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❘❡♠❡r❝✐❡♠❡♥ts

❚♦✉t ❞✬❛❜♦r❞✱ ❥❡ t✐❡♥s à r❡♠❡r❝✐❡r ▼▼✳ ●✐❧❧❡s ❖❤❛♥❡ss✐❛♥✱ ❖❧✐✈✐❡r P❛r✐s❡❧✱ ❇❡r♥❛r❞

❇✐❣♦t✱ ❈❤r✐st♦♣❤❡ ■✉♥❣ ❡t ❘✐❝❤❛r❞ ❆♥❞❡rs❡♥✱ q✉✐ ♦♥t ❛❝❝❡♣té ❞❡ ❥✉❣❡r ♠♦♥ tr❛✈❛✐❧ ❞❡

t❤ès❡ ❡t ♦♥t ❡✉ ❧❡ ❝♦✉r❛❣❡ ❞❡ ❧✐r❡ ❛✈❡❝ ❛tt❡♥t✐♦♥ ❧❡s ♣r❡sq✉❡ ✸✵✵ ♣❛❣❡s ❞❡ ❝❡ ♠❛♥✉s❝r✐t✳

❏❡ ✈♦✉❞r❛✐s r❡♠❡r❝✐❡r P❤✐❧✐♣♣❡ ▼❛îtr❡✱ ❋r❛♥ç♦✐s ❱♦❧❛tr♦♥ ❡t ❏❛❝q✉❡s ❋♦ss❡② q✉✐

♠✬♦♥t ✐♥✐t✐é❡ à ❧❛ ❝❤✐♠✐❡ t❤é♦r✐q✉❡ ❡t ♠✬♦♥t ❝♦♥s❡✐❧❧é ❞❡ ♣❛rt✐r ❛♣♣r♦❢♦♥❞✐r ♠❡s ❝♦♥♥❛✐s✲

s❛♥❝❡s à ❚♦✉❧♦✉s❡✳ ▼❡r❝✐ é❣❛❧❡♠❡♥t à t♦✉s ❧❡s ❡♥s❡✐❣♥❛♥ts ❞✉ ❉✳❊✳❆✳ P❤②s✐❝♦✲❈❤✐♠✐❡

❚❤é♦r✐q✉❡ ❞❡ ❚♦✉❧♦✉s❡✱ ❣râ❝❡ à q✉✐ ❥✬❛✐ ♣✉ ❞é❝♦✉✈r✐r ❧❡s r♦✉❛❣❡s ❞❡ ❝❡tt❡ ❞✐s❝✐♣❧✐♥❡ ❝❛♣t✐✲

✈❛♥t❡✳

▼❡r❝✐ à ▲❛✉r❡♥t ▼❛r♦♥✱ q✉✐ ♠✬❛ s✉✐✈✐❡ ❡t ❡♥❝❛❞ré❡ ❞❡♣✉✐s ❧❡ st❛❣❡ ❞❡ ❉✳❊✳❆✳✱ ♣♦✉r

t♦✉t ❝❡ q✉✬✐❧ ♠✬❛ ❛♣♣r✐s✱ ❡t ♣♦✉r êtr❡ t♦✉❥♦✉rs ❞✐s♣♦♥✐❜❧❡✱ ♣❛t✐❡♥t ❡t ❞❡ ❜♦♥♥❡ ❤✉♠❡✉r✳

▼❡r❝✐ à ❖❞✐❧❡ ❊✐s❡♥st❡✐♥✱ q✉✐ ♠❛❧❣ré ❧❛ ❞✐st❛♥❝❡ ❡t ❧❡ ♠❛♥q✉❡ ❞❡ t❡♠♣s ❛ ré✉ss✐ à

s✬✐♠♣❧✐q✉❡r ❞❛♥s ♠♦♥ tr❛✈❛✐❧ ❞❡ t❤ès❡✳ ●râ❝❡ à ✈♦✉s ❞❡✉①✱ ❥✬❛✐ ❝♦♠♣r✐s ❧✬✐♥térêt ❞❡ s❡ ♣❧❛❝❡r

à ❧❛ ❢r♦♥t✐èr❡ ❡♥tr❡ ❧❛ ❝❤✐♠✐❡ ❡t ❧❛ t❤é♦r✐❡✱ ❡♥ ❣❛r❞❛♥t t♦✉❥♦✉rs ✉♥ ♦❡✐❧ s✉r ❧✬❡①♣ér✐❡♥❝❡

❡t ❧✬❛✉tr❡ s✉r ❧❡s ❛✈❛♥❝é❡s ♠ét❤♦❞♦❧♦❣✐q✉❡s✳ ❏✬❡s♣èr❡ ♣♦✉✈♦✐r ❝♦♥t✐♥✉❡r ❞❛♥s ❝❡tt❡ ✈♦✐❡

q✉❡ ✈♦✉s ♠✬❛✈❡③ ♠♦♥tré❡ ❡t q✉✐ ♠✬❛ ♣❛ss✐♦♥♥é❡ ❞✉r❛♥t ❧❡s q✉❛tr❡ ❛♥♥é❡s ♣❛ssé❡s ❡♥ ✈♦tr❡

❝♦♠♣❛❣♥✐❡✳

❏❡ r❡♠❡r❝✐❡ ◆❛❞✐♥❡❍❛❧❜❡rst❛❞t✱ ❳❛✈✐❡r▼❛r✐❡ ❡t ❏❡❛♥✲P✐❡rr❡❉❛✉❞❡② ♣♦✉r ♠✬❛✈♦✐r

❛❝❝✉❡✐❧❧✐❡ ❞❛♥s ❧❡✉r ❧❛❜♦r❛t♦✐r❡ ❡t ♣❡r♠✐s ❞❡ ❜é♥é✜❝✐❡r ❞✬✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t s❝✐❡♥t✐✜q✉❡ ❞❡

q✉❛❧✐té✳

❏❡ t✐❡♥s à r❡♠❡r❝✐❡r ❧❡s ♠❡♠❜r❡s ❞✉ ▲❛❜♦r❛t♦✐r❡ ❞❡ ❈❤✐♠✐❡ ❡t P❤②s✐q✉❡ ◗✉❛♥t✐q✉❡✱

❛✈❡❝ q✉✐ ❥✬❛✐ ♣❛ssé ❞❡s ♠♦♠❡♥ts ❛❣ré❛❜❧❡s ❡t ✐♥str✉❝t✐❢s✱ ❡t ❡♥ ♣❛rt✐❝✉❧✐❡r ❋❛❜✐❡♥♥❡✱ ❙♦♣❤✐❡

❡t ❉❛♥✐❡❧ ❛✈❡❝ q✉✐ ❥✬❛✐ ❡✉ ❧❡ ♣❧❛✐s✐r ❞❡ ♣❛rt❛❣❡r ♠♦♥ ❜✉r❡❛✉ ♣❡♥❞❛♥t ❞❡✉① ❛♥s✳

▼❡r❝✐ ❛✉① ♠❡♠❜r❡s ❞✉ ▲❛❜♦r❛t♦✐r❡ ❞❡ P❤②s✐q✉❡ ❡t ❈❤✐♠✐❡ ❞❡s ◆❛♥♦ ❖❜❥❡ts✱ q✉❡ ❥✬❛✐

❛♣♣r✐s à ❝♦♥♥❛îtr❡ ❡t ❛♣♣ré❝✐❡r ❛✉ ❝♦✉rs ❞❡s ❞❡✉① ❞❡r♥✐èr❡s ❛♥♥é❡s✳ ❏❡ r❡♠❡r❝✐❡ s♣é❝✐❛❧❡✲

♠❡♥t ❋r❛♥❝❦✱ ❘♦♠✉❛❧❞ ❡t ●❡♦r❣❡s✱ ♣♦✉r ❧❡✉rs ❝♦♥s❡✐❧s ❛✈✐sés ❡t ♥♦s ❞✐s❝✉ss✐♦♥s s❝✐❡♥t✐✜q✉❡s

♣❛ss✐♦♥♥é❡s✳ ❯♥ ❣r❛♥❞ ♠❡r❝✐ é❣❛❧❡♠❡♥t à ◆❛t❤❛❧✐❡✱ ■❦❡r✱ ▼❛① ❡t ❆❤♠❡❞✱ ❡t ❜♦♥ ❝♦✉r❛❣❡

à ✈♦✉s ♣♦✉r ❧❛ s✉✐t❡✳

❏❡ r❡♠❡r❝✐❡ ❧✬éq✉✐♣❡ ❈❤✐♠✐❡ ❚❤é♦r✐q✉❡✱ ▼ét❤♦❞♦❧♦❣✐❡s ❡t ▼♦❞é❧✐s❛t✐♦♥s ❞❡ ❧✬■♥st✐t✉t

❈❤❛r❧❡s ●❡r❤❛r❞t ❛✐♥s✐ q✉❡ ❧❡s ♠❡♠❜r❡s ❞✉ ▲❛❜♦r❛t♦✐r❡ ❞❡ ❈♦♥❝❡♣t✐♦♥ ❞❡s ❆r❝❤✐t❡❝t✉r❡s
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▼♦❧é❝✉❧❛✐r❡s ❞✉ ❈❊❆✱ q✉✐ à ❝❤❛❝✉♥❡ ❞❡ ♠❡s ✈✐s✐t❡s ♠✬♦♥t ❛❝❝✉❡✐❧❧✐❡ ❝❤❛❧❡✉r❡✉s❡♠❡♥t

❡t ♠✬♦♥t ♣rêté ♠❛✐♥✲❢♦rt❡ ❞❛♥s ❧❡s tr❛❝❛ss❡r✐❡s ❛❞♠✐♥✐str❛t✐✈❡s✳ ❊♥ ♣❛rt✐❝✉❧✐❡r ♠❡r❝✐ à

❉♦♠✐♥✐q✉❡ ●✉✐❧❧❛✉♠♦♥t ❞✬❛✈♦✐r ❛❝❝❡♣té ❧❡ rô❧❡ ❞❡ ❝♦rr❡s♣♦♥❞❛♥t❡ ❈❊❆✳

▼❡r❝✐ à t♦✉s ❧❡s ❡①♣ér✐♠❡♥t❛t❡✉rs ❛✈❡❝ q✉✐ ❥✬❛✐ ❡✉ ❧❛ ❝❤❛♥❝❡ ❞✬✐♥t❡r❛❣✐r ❛✉ ❝♦✉rs ❞❡ ♠❛

t❤ès❡✳ ❏❡ r❡♠❡r❝✐❡ ❡♥ ♣❛rt✐❝✉❧✐❡r ❘✐❝❤❛r❞ ❆♥❞❡rs❡♥✱ ❏❡❛♥✲❈❧❛✉❞❡ ❇❡rt❤❡t ❡t ❙♦♣❤✐❡

●✉✐❧❧❛✉♠❡ ♣♦✉r ❧❡✉r ❝♦❧❧❛❜♦r❛t✐♦♥ ❡t ❧✬✐♥térêt q✉✬✐❧s ♣♦rt❡♥t à ❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ❝❤✐♠✐❡

t❤é♦r✐q✉❡ ✲ ❝❤✐♠✐❡ ❡①♣ér✐♠❡♥t❛❧❡✳ ❏✬❛✐♠❡r❛✐s é❣❛❧❡♠❡♥t r❡♠❡r❝✐❡r ❧❡s ♠❡♠❜r❡s ❞❡ ❧✬■♥st✐t✉t

❞❡ ❈❤✐♠✐❡ ❙é♣❛r❛t✐✈❡✱ q✉✐ ♠❛❧❣ré ♥♦s ❞✐✛ér❡♥❝❡s ❞❡ ❞♦♠❛✐♥❡s s❝✐❡♥t✐✜q✉❡s ❡t ♣❛r❢♦✐s ❞❡
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❏❡ t✐❡♥s à r❡♠❡r❝✐❡r ❧❡ ❈❊❆ ❡t ❧✬■❈❙▼ ♣♦✉r ♠✬❛✈♦✐r ✜♥❛♥❝é❡ ❛✉ ❝♦✉rs ❞❡ ❝❡ tr❛✈❛✐❧ ❞❡
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▼❡r❝✐ é❣❛❧❡♠❡♥t ❛✉ ❈❆▲▼■P ❡t ❛✉ ❈■◆❊❙ ♣♦✉r ❧❡✉rs ❣é♥ér❡✉s❡s ❞♦t❛t✐♦♥s ❞✬❤❡✉r❡s ❞❡

❝❛❧❝✉❧✳

❊♥✜♥✱ ♠❡r❝✐ à ♠❛ ❢❛♠✐❧❧❡ ❡t à ♠❡s ❛♠✐s ❞❡ ♣❛rt♦✉t ❡t ❞✬❛✐❧❧❡✉rs ♣♦✉r ❧❡✉r ♣rés❡♥❝❡ ❡t
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❈✳✹✳✶ ❆❝t✐✈❛t✐♦♥ ❞❡ ❧✐❛✐s♦♥s s✐♠♣❧❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷✼

❈✳✹✳✷ ❘é❛❝t✐♦♥ ❛✈❡❝ ❧❡s ②❧✉r❡s ❞❡ ♣❤♦s♣❤♦r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸✵

❈✳✺ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸✸

❉ ❈♦♥❝❧✉s✐♦♥ ✷✸✺

❈♦♥❝❧✉s✐♦♥ ❡t ♣❡rs♣❡❝t✐✈❡s ✷✸✻

❆♥♥❡①❡ ✷✸✾

❇✐❜❧✐♦❣r❛♣❤✐❡ ✷✹✶

✽



■♥tr♦❞✉❝t✐♦♥ ❣é♥ér❛❧❡

▲✬♦❜❥❡❝t✐❢ ❞❡ ❧❛ ❝❤✐♠✐❡ ❡st ❞❡ tr❛♥s❢♦r♠❡r ❧❛ ♠❛t✐èr❡✱ ❡t ❞✬ét✉❞✐❡r✱ ❛♥❛❧②s❡r ❡t é✈❡♥t✉❡❧✲

❧❡♠❡♥t ♣ré❞✐r❡ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❝❡s tr❛♥s❢♦r♠❛t✐♦♥s✳ ▲♦rs ❞❡ ❧✬ét✉❞❡ ❞✬✉♥❡ ré❛❝t✐♦♥

❝❤✐♠✐q✉❡✱ tr♦✐s q✉❡st✐♦♥s s♦♥t ❡♥ ❡✛❡t ♣♦sé❡s ✿ q✉❡❧❧❡ ❡st ❧❛ ré❛❝t✐♦♥ q✉✐ s❡ ♣r♦❞✉✐t✱ ❝♦♠✲

♠❡♥t s❡ ♣r♦❞✉✐t✲❡❧❧❡✱ ❡t ♣♦✉rq✉♦✐ ❄ ▲❛ ré♣♦♥s❡ ♥❡ ♣❡✉t êtr❡ ♦❜t❡♥✉❡ q✉✬❡♥ s❡ ré❢ér❛♥t ❛✉

♣r♦♣r✐étés ♠✐❝r♦s❝♦♣✐q✉❡s✱ ✈♦✐r❡ ♠♦❧é❝✉❧❛✐r❡s✱ ❞❡s s②stè♠❡s ét✉❞✐és✳ ❆✉ ❝♦✉rs ❞❡ ❧✬❤✐st♦✐r❡

❞❡ ❧❛ ❝❤✐♠✐❡✱ ❞❡s ♠♦❞è❧❡s ❞❡ ♣❧✉s ❡♥ ♣❧✉s ♣ré❝✐s ♦♥t ❛✐♥s✐ été ❞é✈❡❧♦♣♣és ♣♦✉r r❛t✐♦♥❛❧✐s❡r

❧❡s ♦❜s❡r✈❛t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s✳

▲❛ ♣r❡♠✐èr❡ ét❛♣❡ ❝r✉❝✐❛❧❡ ❞❛♥s ❧❛ t❤é♦r✐s❛t✐♦♥ ❞❡ ❧❛ ❝❤✐♠✐❡ ❡st ❧✬✐♥✈❡♥t✐♦♥ ❞❡ ❧❛ ♥♦t✐♦♥

❞❡ ❧✐❛✐s♦♥ ❝♦✈❛❧❡♥t❡ ♣❛r ●✳ ▲❡✇✐s✳ ❆ ♣❛rt✐r ❞❡ ❝❡ ❝♦♥❝❡♣t✱ ✉♥❡ ♥♦✉✈❡❧❧❡ ❞é✜♥✐t✐♦♥ ❞❡ ❧❛

ré❛❝t✐♦♥ ❝❤✐♠✐q✉❡ ❛ ♣✉ êtr❡ ♣r♦♣♦sé❡ ✿ ✉♥❡ ré❛❝t✐♦♥ ❝♦rr❡s♣♦♥❞ à ❧❛ ❢♦r♠❛t✐♦♥ ♦✉ à ❧❛

r✉♣t✉r❡ ❞✬✉♥❡ ♦✉ ♣❧✉s✐❡✉rs ❧✐❛✐s♦♥✭s✮ ❝♦✈❛❧❡♥t❡✭s✮✳ ❈❡♣❡♥❞❛♥t✱ ❧❡ ♠♦❞è❧❡ ❞❡ ▲❡✇✐s ❡st

♣✉r❡♠❡♥t ❞❡s❝r✐♣t✐❢✱ ❡t ♥❡ ♣❡r♠❡t ♣❛s ❞❡ ❝♦♠♣r❡♥❞r❡ ♣♦✉rq✉♦✐ ✉♥❡ ré❛❝t✐♦♥ s❡ ♣r♦❞✉✐t

♦✉ ♥♦♥✳ ❆✜♥ ❞❡ r❛t✐♦♥❛❧✐s❡r ❧❛ ré❛❝t✐✈✐té ❞❡s ❝♦♠♣♦sés ❝❤✐♠✐q✉❡s✱ ♣❧✉s✐❡✉rs ❝❧❛ss✐✜❝❛t✐♦♥s✱

❜❛sé❡s s✉r ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❡♠♣✐r✐q✉❡ ❞❡ ♣r♦♣r✐étés ❝❤✐♠✐q✉❡s✱ ♦♥t ❞♦♥❝ été ét❛❜❧✐❡s✳

❈✐t♦♥s ♣❛r ❡①❡♠♣❧❡ ❧✬é❝❤❡❧❧❡ ❛❝✐❞♦✲❜❛s✐q✉❡ ❞❡ ❇rö♥st❡❞✱ q✉✐ ♣❡r♠❡t ❞❡ ♣ré✈♦✐r ❧❛ ré❛❝t✐♦♥

❡♥tr❡ ✉♥ ❛❝✐❞❡ ❡t ✉♥❡ ❜❛s❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉r ♣❑❛✱ ♦✉ ❡♥❝♦r❡ ❧❛ t❤é♦r✐❡ ❞❡ P❡❛rs♦♥✳

❉❛♥s ❧❡s ❛♥♥é❡s ✶✾✸✵✱ ❣râ❝❡ à ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞❡s ❝♦♥❝❡♣ts ❞❡ ❧❛ ♣❤②s✐q✉❡ q✉❛♥t✐q✉❡ ❛✉①

s②stè♠❡s ❝❤✐♠✐q✉❡s✱ ✉♥ ♥♦✉✈❡❛✉ ♠♦❞è❧❡ ❡st ♣rés❡♥té ✿ ❧❛ t❤é♦r✐❡ ❞❡s ♦r❜✐t❛❧❡s ♠♦❧é❝✉❧❛✐r❡s✳

❈❡tt❡ t❤é♦r✐❡✱ q✉✐ ✐♥❝❧✉t ❡t ♣r♦❧♦♥❣❡ ❧❡ ♠♦❞è❧❡ ❞❡ ▲❡✇✐s✱ ♣r♦♣♦s❡ ✉♥❡ ♥♦✉✈❡❧❧❡ ❞é✜♥✐t✐♦♥

♣♦✉r ❧❛ ❧✐❛✐s♦♥ ❝❤✐♠✐q✉❡ ✿ ❡❧❧❡ ♣r♦✈✐❡♥t ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❞❡✉① ♦r❜✐t❛❧❡s✳ ❊♥ ♦✉tr❡✱ ❞❡

♥♦✉✈❡❛✉① t②♣❡s ❞✬✐♥t❡r❛❝t✐♦♥s ♣❡✉✈❡♥t ❛❧♦rs êtr❡ ❞é✜♥✐❡s✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❡s ✐♥t❡r❛❝t✐♦♥s

❞♦♥♥❡✉r ✲ ❛❝❝❡♣t❡✉r✱ q✉✐ ♣❡r♠❡tt❡♥t ❞✬❡①♣❧✐q✉❡r ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞❡ ❧✐❣❛♥❞s à ✉♥ ❝❡♥tr❡

♠ét❛❧❧✐q✉❡✳

●râ❝❡ à ❧❛ t❤é♦r✐❡ ❞❡s ♦r❜✐t❛❧❡s ♠♦❧é❝✉❧❛✐r❡s✱ ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ♣r♦❜❧è♠❡s ❞❡ ré❛❝t✐✲

✈✐té ✐rrés♦❧✉s ❡♥ ❝❤✐♠✐❡ ♦r❣❛♥✐q✉❡ ♦♥t ♣✉ êtr❡ ❡①♣❧✐q✉és✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧❡ rô❧❡ ♣ré❞♦♠✐♥❛♥t

❞❡ ❧❛ s②♠étr✐❡ ❞❛♥s ❧❛ ré❛❝t✐✈✐té ❝❤✐♠✐q✉❡ ❛ été ❞é♠♦♥tré✳ ❉❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧❛ ❝❤✐♠✐❡

♦r❣❛♥♦♠ét❛❧❧✐q✉❡✱ ❧❛ t❤é♦r✐❡ ❞❡s ♦r❜✐t❛❧❡s ♠♦❧é❝✉❧❛✐r❡s ❛ ♣❡r♠✐s ❞❡s ❛✈❛♥❝é❡s ✐♠♣♦rt❛♥t❡s✳

❊♥ ❡✛❡t✱ à ♣❛rt✐r ❞❡ ❧✬ét✉❞❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❧❡ ♠ét❛❧ ❡t ❧❡s ❞✐✛ér❡♥ts ❧✐❣❛♥❞s✱ ❡❧❧❡

❛ ♣❡r♠✐s ❞❡ ❝♦♠♣r❡♥❞r❡ ❧❛ str✉❝t✉r❡ ❞❡s ❝♦♠♣❧❡①❡s ♠ét❛❧❧✐q✉❡s✱ s♦✉✈❡♥t ♣ré✈✉❡ ❞❡ ❢❛✲

✾



ç♦♥ ❡rr♦♥é❡ ♣❛r ❧❛ ♠ét❤♦❞❡ ❱❙❊P❘ ✭❱❛❧❡♥❝❡ ❙❤❡❧❧ ❊❧❡❝tr♦♥ P❛✐r ❘❡♣✉❧s✐♦♥✮✳ ▲❛ st❛❜✐❧✐té

❞❡ ❞✐✛ér❡♥ts ❝♦♠♣❧❡①❡s ❛ é❣❛❧❡♠❡♥t ♣✉ êtr❡ r❛t✐♦♥❛❧✐sé❡ ❣râ❝❡ à ❞❡s ❝♦♥s✐❞ér❛t✐♦♥s ♦r✲

❜✐t❛❧❛✐r❡s✳ ❊♥✜♥✱ ❧❛ ré❛❝t✐✈✐té ❞❡s ❝♦♠♣♦sés ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s✱ ♣♦✉r ❧❛q✉❡❧❧❡ ❧❡s t❤é♦r✐❡s

❡♠♣✐r✐q✉❡s ét❛✐❡♥t ✐♥❡✣❝❛❝❡s✱ ❛ ♣✉ êtr❡ ét✉❞✐é❡ q✉❛❧✐t❛t✐✈❡♠❡♥t✳

❊♥ ♣❛r❛❧❧è❧❡✱ ❧❡s ♣r❡♠✐èr❡s ♠ét❤♦❞❡s q✉❛♥t✐t❛t✐✈❡s ❞❡ ❧❛ ❝❤✐♠✐❡ t❤é♦r✐q✉❡ s♦♥t ❛♣♣❛✲

r✉❡s✳ ❈❡♣❡♥❞❛♥t✱ ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ❧✐♠✐t❛t✐♦♥ ❞❡s ♠♦②❡♥s ❞❡ ❝❛❧❝✉❧s✱ s❡✉❧s ❞❡s s②stè♠❡s ❞❡

t❛✐❧❧❡ ❡①trê♠❡♠❡♥t ré❞✉✐t❡ ♣♦✉✈❛✐❡♥t êtr❡ tr❛✐tés✳ ❆✈❡❝ ❧❡s ♣r♦❣rès ❞❡ ❧✬✐♥❢♦r♠❛t✐q✉❡✱ ❡t

❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♥♦✉✈❡❧❧❡s ♠ét❤♦❞❡s t❤é♦r✐q✉❡s✱ ❝♦♠♠❡ ❧❛ t❤é♦r✐❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥♥❡❧❧❡

❞❡ ❧❛ ❞❡♥s✐té ✭❉❋❚✮✱ ❧❛ t❛✐❧❧❡ ❞❡s ❝♦♠♣♦sés tr❛✐tés ❞❡ ❢❛ç♦♥ q✉❛♥t✐t❛t✐✈❡ ❛ ♣✉ ❛✉❣♠❡♥t❡r

♣r♦❣r❡ss✐✈❡♠❡♥t✳ ❆❝t✉❡❧❧❡♠❡♥t✱ ❧❛ ❝❤✐♠✐❡ q✉❛♥t✐q✉❡ ♣❡r♠❡t ❞❡ ❝❛❧❝✉❧❡r ❞❡ ❢❛ç♦♥ ♣ré❝✐s❡ ❧❡s

❣r❛♥❞❡✉rs é♥❡r❣ét✐q✉❡s ❞é❝r✐✈❛♥t ✉♥❡ ré❛❝t✐♦♥ ❝❤✐♠✐q✉❡✱ ♣♦✉r ❞❡s s②stè♠❡s ❝♦♠♣♦rt❛♥t

♣❧✉s ❞✬✉♥❡ ❝✐♥q✉❛♥t❛✐♥❡ ❞✬❛t♦♠❡s✳ ❉❡ ♣❧✉s✱ ❞❡ ♥♦♠❜r❡✉s❡s ♠ét❤♦❞❡s ❞✬❛♥❛❧②s❡ ❞❡ ❧✐❛✐s♦♥

s♦♥t ❞✐s♣♦♥✐❜❧❡s ♣♦✉r ❛♥❛❧②s❡r ❧❛ ♥❛t✉r❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ✐♥tr❛✲ ♦✉ ✐♥t❡r♠♦❧é❝✉❧❛✐r❡s✳ ▲❛

❝❤✐♠✐❡ q✉❛♥t✐q✉❡ ♣❡✉t ❞♦♥❝ êtr❡ ❡♠♣❧♦②é❡ ♣♦✉r tr❛✐t❡r ❞❡s ♣r♦❜❧è♠❡s ❞✐✣❝✐❧❡s ❞❡ sé❧❡❝t✐✲

✈✐té✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❡❧❧❡ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ❞✬❡①❝❡❧❧❡♥ts rés✉❧t❛ts ♣♦✉r ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡

♠é❝❛♥✐s♠❡s ré❛❝t✐♦♥♥❡❧s ❢❛✐s❛♥t ✐♥t❡r✈❡♥✐r ❞❡s ❝♦♠♣❧❡①❡s ❞❡ ♠ét❛✉① ❞❡ tr❛♥s✐t✐♦♥✳

❈♦♥tr❛✐r❡♠❡♥t ❛✉① ♣ré❞✐❝t✐♦♥s ♣❡ss✐♠✐st❡s ❞✬❆✉❣✉st❡ ❈♦♠t❡ ✐❧ ② ❛ ♣r❡sq✉❡ ❞❡✉① ❝❡♥ts

❛♥s✱ ❧✬❡♠♣❧♦✐ ❞❡ ❧✬♦✉t✐❧ ♠❛t❤é♠❛t✐q✉❡✱ ❝♦♠♣❧é♠❡♥t❛✐r❡ à ❧✬❡①♣ér✐❡♥❝❡✱ ♣❡r♠❡t ❞♦♥❝ ❞✬❛♠é✲

❧✐♦r❡r ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ♣❤é♥♦♠è♥❡s ❝❤✐♠✐q✉❡s✳

❬✳✳✳❪ s✐✱ ♣❛r ✉♥❡ ❛❜❡rr❛t✐♦♥ ❤❡✉r❡✉s❡♠❡♥t ✐♠♣♦ss✐❜❧❡✱ ❧✬❡♠♣❧♦✐ ❞❡ ❧✬❛♥❛❧②s❡

♠❛t❤é♠❛t✐q✉❡ ❛❝q✉ér❛✐t ❥❛♠❛✐s✱ ❡♥ ❝❤✐♠✐❡✱ ✉♥❡ s❡♠❜❧❛❜❧❡ ♣ré♣♦♥❞ér❛♥❝❡✱ ✐❧

❞ét❡r♠✐♥❡r❛✐t ✐♥é✈✐t❛❜❧❡♠❡♥t ❬✳✳✳❪✱ ❞❛♥s ❧✬é❝♦♥♦♠✐❡ ❡♥t✐èr❡ ❞❡ ❝❡tt❡ s❝✐❡♥❝❡✱

✉♥❡ ✐♠♠❡♥s❡ ❡t r❛♣✐❞❡ rétr♦❣r❛❞❛t✐♦♥✱ ❡♥ s✉❜st✐t✉❛♥t ❧✬❡♠♣✐r❡ ❞❡s ❝♦♥❝❡♣t✐♦♥s

✈❛❣✉❡s à ❝❡❧✉✐ ❞❡s ♥♦t✐♦♥s ♣♦s✐t✐✈❡s✱ ❡t ✉♥ ❢❛❝✐❧❡ ✈❡r❜✐❛❣❡ ❛❧❣é❜r✐q✉❡ à ✉♥❡

❧❛❜♦r✐❡✉s❡ ❡①♣❧♦r❛t✐♦♥ ❞❡s ❢❛✐ts✳

❆✉❣✉st❡ ❈♦♠t❡✱ ❈♦✉rs ❞❡ P❤✐❧♦s♦♣❤✐❡ P♦s✐t✐✈❡✱ ✶✽✸✵

❈❡tt❡ t❤ès❡ ❡st ❝♦♥s❛❝ré❡ à ❧✬ét✉❞❡ t❤é♦r✐q✉❡ ❞❡ ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞❡ ❧❛♥✲

t❤❛♥✐❞❡s ❡t ❞✬❛❝t✐♥✐❞❡s✳ ❈❡s ♠ét❛✉① s♦♥t é❣❛❧❡♠❡♥t ❝♦♥♥✉s s♦✉s ❧❡ ♥♦♠ ❞✬✓ é❧❡♠❡♥ts

f ✔ ❝❛r ✐❧s ♣rés❡♥t❡♥t ✉♥❡ s♦✉s✲❝♦✉❝❤❡ f é❧❡❝tr♦♥✐q✉❡ ✐♥❝♦♠♣❧èt❡✱ q✉✐ ❧❡✉r ❝♦♥❢èr❡ ❞❡s

♣r♦♣r✐étés ♣❤②s✐❝♦✲❝❤✐♠✐q✉❡s ♣❛rt✐❝✉❧✐èr❡s✳ ■❧s ❝♦♥❞✉✐s❡♥t ❡♥ ♣❛rt✐❝✉❧✐❡r à ❞❡s str✉❝t✉r❡s

♠♦❧é❝✉❧❛✐r❡s ❛t②♣✐q✉❡s✱ ✐♥❛❝❝❡ss✐❜❧❡s ❛✈❡❝ ❞❡s ♠ét❛✉① ❞❡ tr❛♥s✐t✐♦♥✱ q✉✐ ♣❡✉✈❡♥t ♣rés❡♥t❡r

❞❡s ♣r♦♣r✐étés ♦r✐❣✐♥❛❧❡s✳

❉✉ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡ ❧❛ ré❛❝t✐✈✐té✱ ❧❡s ♣♦t❡♥t✐❛❧✐tés ❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦❧❛♥t❤❛♥✐❞❡s

♣♦✉r ❧✬❛❝t✐✈❛t✐♦♥ ❞❡ ❧✐❛✐s♦♥s s✐♠♣❧❡s ❞❡ t②♣❡ ❈✲❍✱ ❙✐✲❍✱ ❈✲❋✳✳✳ ♦♥t été ❞é♠♦♥tré❡ ❞❛♥s ✉♥

❣r❛♥❞ ♥♦♠❜r❡ ❞❡ tr❛✈❛✉① ❡①♣ér✐♠❡♥t❛✉①✳ ❊♥ ♦✉tr❡✱ ❝❡s ❝♦♠♣♦sés ♣rés❡♥t❡♥t ✉♥❡ ❡✣❝❛✲

❝✐té r❡♠❛rq✉❛❜❧❡ ❝♦♠♠❡ ❝❛t❛❧②s❡✉rs ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ♦✉ ❞✬❤②❞r♦❢♦♥❝t✐♦♥♥❛❧✐s❛t✐♦♥ ❞❡s

❛❧❝è♥❡s ❡t ❞❡s ❛❧❝②♥❡s✱ ❡t s♦♥t à ❝❡ t✐tr❡ ✉t✐❧✐sés ✐♥❞✉str✐❡❧❧❡♠❡♥t✳

✶✵



❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ❛❝t✐♥✐❞❡s✱ ❧❡s ét✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s ❞❡ ré❛❝t✐✈✐té s♦♥t ♣❧✉s r❛r❡s✱

❡♥ ♣❛rt✐❝✉❧✐❡r ❡♥ r❛✐s♦♥ ❞❡ ❧✬❛❝t✐✈✐té r❛❞✐♦❧②t✐q✉❡ ✐♠♣♦rt❛♥t❡ ❞❡ ❝❡s ♠ét❛✉①✳ ❯♥ ❝❡rt❛✐♥

♥♦♠❜r❡ ❞❡ tr❛✈❛✉① ❡①♣ér✐♠❡♥t❛✉① ♦♥t t♦✉t❡❢♦✐s ♣❡r♠✐s ❞❡ ♠♦♥tr❡r q✉❡ ❧❡s ❝♦♠♣❧❡①❡s

❞✬❛❝t✐♥✐❞❡s ♦♥t ✉♥❡ ré❛❝t✐✈✐té ♣❛rt✐❝✉❧✐èr❡♠❡♥t r✐❝❤❡✱ ♠❛✐s ❧é❣èr❡♠❡♥t ❞✐✛ér❡♥t❡ ❞❡ ❝❡❧❧❡

❞❡s ❝♦♠♣♦sés ♦r❣❛♥♦❧❛♥t❤❛♥✐❞❡s✳ ❈❡tt❡ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ❧❛♥t❤❛♥✐❞❡s ❡t ❧❡s ❛❝t✐♥✐❞❡s✱

❛ttr✐❜✉é❡ à ✉♥❡ ♣❧✉s ❢♦rt❡ ♣❛rt✐❝✐♣❛t✐♦♥ ❞❡s ♦r❜✐t❛❧❡s f ❞❡s ❛❝t✐♥✐❞❡s ❞❛♥s ❧❡s ❧✐❛✐s♦♥s

❝❤✐♠✐q✉❡s✱ ❡st ♥♦t❛♠♠❡♥t ❡①♣❧♦✐té❡ ❧♦rs ❞❡ ❧❛ sé♣❛r❛t✐♦♥ sé❧❡❝t✐✈❡ ❞❡s ❛❝t✐♥✐❞❡s ♣rés❡♥ts

❞❛♥s ❧❡ ❝♦♠❜✉st✐❜❧❡ ♥✉❝❧é❛✐r❡ ✉sé✳

❈❡♣❡♥❞❛♥t✱ ❧❡s ♣r♦♣r✐étés ❞❡s ❝♦♠♣♦sés ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞✬é❧é♠❡♥ts f s♦♥t ❡♥❝♦r❡

♠❛❧ ❝♦♠♣r✐s❡s✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ♣❛rt✐❝✐♣❛t✐♦♥ ❞❡s ♦r❜✐t❛❧❡s f ❛✉① ❧✐❛✐s♦♥s

❝❤✐♠✐q✉❡s s✉r ❧❛ ré❛❝t✐✈✐té ❞❡ ❝❡s ❝♦♠♣♦sés ❞❡♠❡✉r❡ ♠②stér✐❡✉s❡✳ ❉✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡

t❤é♦r✐q✉❡✱ ❥✉sq✉✬à ré❝❡♠♠❡♥t✱ ♣❡✉ ❞❡ tr❛✈❛✉① ét❛✐❡♥t ❝♦♥s❛❝rés à ❧✬ét✉❞❡ ❞❡ ❧❛ ré❛❝t✐✈✐té

❞❡s ❝♦♠♣❧❡①❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s ❡t ❞✬❛❝t✐♥✐❞❡s✱ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ❞✐✣❝✉❧té

s✉♣♣❧é♠❡♥t❛✐r❡ ❛♣♣♦rté❡ ♣❛r ❧❛ ♣rés❡♥❝❡ ❞✬é❧❡❝tr♦♥s f ♥♦♥ ❛♣♣❛r✐és✳

❉❛♥s ❧❡ ❝❛s ❞❡s ❧❛♥t❤❛♥✐❞❡s✱ ✐❧ ❛ été ♠♦♥tré q✉❡ ❧❡s é❧❡❝tr♦♥s 4f ✱ ❞♦♥t ❧❛ ❝♦♥tr✐❜✉t✐♦♥

❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s ❡st ♥é❣❧✐❣❡❛❜❧❡✱ ♣❡✉✈❡♥t êtr❡ ✐♥❝❧✉s ❞❛♥s ❧❡ ❝♦❡✉r ❡t ❧❡✉r ❝♦♥✜❣✉✲

r❛t✐♦♥ ❣❡❧é❡✳ P❛r ❝♦♥séq✉❡♥t✱ ❛✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ■■■✱ ❧❡ ♣❧✉s ❝♦✉r❛♥t ❡♥ ❝❤✐♠✐❡ ♦r❣❛♥♦✲

♠ét❛❧❧✐q✉❡✱ ❧❡s ❧❛♥t❤❛♥✐❞❡s ♣❡✉✈❡♥t êtr❡ ❢♦r♠❡❧❧❡♠❡♥t ❝♦♥s✐❞érés ❝♦♠♠❡ ❞❡s ♠ét❛✉① d0✳

❆ ♣❛rt✐r ❞❡ ❝❡tt❡ ❝♦♥st❛t❛t✐♦♥✱ ❧❛ ré❛❝t✐✈✐té st♦❡❝❤✐♦♠étr✐q✉❡ ❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧✲

❧✐q✉❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s ❛ ♣✉ êtr❡ ét✉❞✐é❡ ❞❡ ❢❛ç♦♥ t❤é♦r✐q✉❡✳ ▲✬✉♥ ❞❡s rés✉❧t❛ts ♣r✐♥❝✐♣❛✉①

❡st q✉❡ ❧❡s ❧❛♥t❤❛♥✐❞❡s ❝♦♥❞✉✐s❡♥t à ❞❡s ❧✐❛✐s♦♥s très ✐♦♥✐q✉❡s✱ ❡t ❞é✈❡❧♦♣♣❡♥t ❞❡s ✐♥t❡r✲

❛❝t✐♦♥s ❢♦rt❡s ❛✈❡❝ ❧❡s ❧✐❣❛♥❞s très é❧❡❝tr♦♥é❣❛t✐❢s✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ❛❝t✐♥✐❞❡s✱ ❡♥

r❡✈❛♥❝❤❡✱ ❧❡s é❧❡❝tr♦♥s 5f s❡♠❜❧❡♥t ♣❛rt✐❝✐♣❡r ❞❡ ❢❛ç♦♥ ❛❝t✐✈❡ ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s✳ P❛r

❝♦♥séq✉❡♥t✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ❧❡s tr❛✐t❡r ❡①♣❧✐❝✐t❡♠❡♥t✳

❉❛♥s ❝❡tt❡ t❤ès❡✱ ❞❡✉① ❛①❡s ❞❡ r❡❝❤❡r❝❤❡ s❡r♦♥t ♣r♦♣♦sés✳ ▲❡ ♣r❡♠✐❡r ❝♦♥❝❡r♥❡ ❧✬ét✉❞❡

❞❡ ❧❛ ré❛❝t✐✈✐té ❝❛t❛❧②t✐q✉❡ ❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦❧❛♥t❤❛♥✐❞❡s ❀ ❧❡ s❡❝♦♥❞ ❡st ❝♦♥s❛❝ré à

❧✬❛♥❛❧②s❡ ❞❡ ❧❛ str✉❝t✉r❡ ❡t ❞❡ ❧❛ ré❛❝t✐✈✐té st♦❡❝❤✐♦♠étr✐q✉❡ ❞❡ ❝♦♠♣♦sés ❞✬✉r❛♥✐✉♠✳

❉❛♥s ✉♥❡ ♣r❡♠✐èr❡ ♣❛rt✐❡✱ ♥♦✉s ❥✉st✐✜❡r♦♥s ❧❡ ❝❤♦✐① ❞❡ ❧❛ ♠ét❤♦❞❡ t❤é♦r✐q✉❡ ♣♦✉r

❧✬ét✉❞❡ ❞❡ ❝♦♠♣♦sés ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞✬é❧é♠❡♥ts f ✳ ◆♦✉s ❡①♣❧✐q✉❡r♦♥s ❡♥s✉✐t❡ ❝♦♠♠❡♥t

❝❡tt❡ ♠ét❤♦❞❡ ♣❡✉t ❡♥ ♣r❛t✐q✉❡ êtr❡ ❛♣♣❧✐q✉é❡ à ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧❛ str✉❝t✉r❡ ❡t ❞❡

❧❛ ré❛❝t✐✈✐té ❞❡ ❝❡s ❝♦♠♣♦sés✳

❉❛♥s ✉♥❡ s❡❝♦♥❞❡ ♣❛rt✐❡✱ ♥♦✉s ét✉❞✐❡r♦♥s ❧❡s ♣r♦♣r✐étés ❝❛t❛❧②t✐q✉❡ ❞❡s ❝♦♠♣❧❡①❡s

♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s ❡♥ ♥♦✉s ✐♥tér❡ss❛♥t✱ ❞✬✉♥❡ ♣❛rt✱ à ❧✬❤②❞r♦❢♦♥❝t✐♦♥♥❛❧✐s❛✲

t✐♦♥ ❞❡s ❛❧❝è♥❡s✱ ❡t ❞✬❛✉tr❡ ♣❛rt✱ à ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ♠♦♥♦♠èr❡s ♣♦❧❛✐r❡s✳ P♦✉r ❝❤❛q✉❡

ré❛❝t✐♦♥ ❝♦♥s✐❞éré❡✱ ♥♦✉s ♣r♦♣♦s❡r♦♥s ❡t ✈❛❧✐❞❡r♦♥s ✉♥ ♦✉ ♣❧✉s✐❡✉rs ❝②❝❧❡✭s✮ ❝❛t❛❧②t✐q✉❡✭s✮

❡t ❡♥✈✐s❛❣❡r♦♥s ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ré❛❝t✐♦♥s s❡❝♦♥❞❛✐r❡s ♥♦♥ ♣r♦❞✉❝t✐✈❡s✳ ❈❡s ét✉❞❡s ♥♦✉s

♣❡r♠❡ttr♦♥t ❡♥ ♣❛rt✐❝✉❧✐❡r ❞❡ ré♣♦♥❞r❡ à ❧❛ q✉❡st✐♦♥ s✉✐✈❛♥t❡ ✿ ❝♦♠♠❡♥t ❧❡ ❢❛✐t q✉❡ ❧❡s

✶✶



❧❛♥t❤❛♥✐❞❡s s♦✐❡♥t ♣❧✉s ✐♦♥✐q✉❡s q✉❡ ❧❡s ♠ét❛✉① ❞❡ tr❛♥s✐t✐♦♥ s❡ tr❛❞✉✐t✲✐❧ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛

ré❛❝t✐✈✐té ❝❛t❛❧②t✐q✉❡ ❄

▲❛ tr♦✐s✐è♠❡ ♣❛rt✐❡ s❡r❛ ❝♦♥s❛❝ré❡ à ❧✬ét✉❞❡ ❞❡ ❧❛ str✉❝t✉r❡ ❡t ❞❡ ❧❛ ré❛❝t✐✈✐té ❞❡s

❝♦♠♣♦sés ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞✬✉r❛♥✐✉♠✳ ❆♣rès ❛✈♦✐r ✈❛❧✐❞é ❧✬❡♠♣❧♦✐ ❞❡ ❧❛ ❉❋❚ ♣♦✉r ❧❡

❝❛❧❝✉❧ ❞❡ ❣r❛♥❞❡✉rs ré❛❝t✐♦♥♥❡❧❧❡s ❞❛♥s ❧❡ ❝❛s ❞❡s s②stè♠❡s ét✉❞✐és✱ ♥♦✉s ❛♥❛❧②s❡r♦♥s

❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ♣❛rt✐❝✐♣❛t✐♦♥ ❞❡s ♦r❜✐t❛❧❡s 5f ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s s✉r ❧❛ str✉❝t✉r❡ ❡t ❧❛

ré❛❝t✐✈✐té ❞❡s ❝♦♠♣♦sés ❞✬✉r❛♥✐✉♠✳ ◆♦✉s ❞ét❡r♠✐♥❡r♦♥s é❣❛❧❡♠❡♥t s✐ ❝❡ ❞❡r♥✐❡r ❝♦♥❞✉✐t

s②sté♠❛t✐q✉❡♠❡♥t✱ ❝♦♠♠❡ ♣♦st✉❧é ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✱ à ❞❡s ❧✐❛✐s♦♥s ♣❧✉s ❝♦✈❛❧❡♥t❡s q✉❡

❧❡s ❧❛♥t❤❛♥✐❞❡s✳

❊♥ ❝♦♥❝❧✉s✐♦♥✱ ❥✬✐♥s✐st❡r❛✐ s✉r ❧❡ ❢❛✐t q✉❡ ❧✬♦❜❥❡❝t✐❢ ❞❡s tr❛✈❛✉① ♣rés❡♥tés ❡st ❞❡ ❞é❣❛❣❡r

❧❡s s♣é❝✐✜❝✐tés ❞❡s ❝♦♠♣❧❡①❡s ❞✬é❧é♠❡♥ts f ✱ ❡t ❞❡ ❝♦♠♣r❡♥❞r❡ ❡♥ q✉♦✐ ❧❡✉r str✉❝t✉r❡ ❡t ❧❡✉r

ré❛❝t✐✈✐té s♦♥t ♦r✐❣✐♥❛❧❡s ❡t ❧✐é❡s ❧✬✉♥❡ à ❧✬❛✉tr❡✳ P❛r ❝♦♥séq✉❡♥t✱ ♥♦✉s ♥❡ ❝❤❡r❝❤❡r♦♥s ♥✐

à r❡♣r♦❞✉✐r❡ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ❞❡ ❢❛ç♦♥ q✉❛♥t✐t❛t✐✈❡✱ ♥✐ à ♣ré✈♦✐r ❛✈❡❝ ❝❡rt✐t✉❞❡

❧❛ ré❛❝t✐✈✐té ❞❡s ❝♦♠♣♦sés ét✉❞✐és✳

✶✷



Pr❡♠✐èr❡ ♣❛rt✐❡

▼ét❤♦❞❡s ❡t ♦✉t✐❧s

✶✸





❈❤❛♣✐tr❡ ❆

■♥tr♦❞✉❝t✐♦♥

▲✬ét✉❞❡ ❞❡ ❧❛ str✉❝t✉r❡ ❡t ❞❡ ❧❛ ré❛❝t✐✈✐té ❞❡ ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ♣❛r ❧❡s

♠ét❤♦❞❡s ❞❡ ❧❛ ❝❤✐♠✐❡ q✉❛♥t✐q✉❡ ❡st ❛❝t✉❡❧❧❡♠❡♥t ❡♥ ♣❧❡✐♥ ❡ss♦r✳ ❊♥ ❡✛❡t✱ ❧❡s ❛✈❛♥❝é❡s

♠ét❤♦❞♦❧♦❣✐q✉❡s✱ ❝♦♠❜✐♥é❡s à ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡s r❡ss♦✉r❝❡s ✐♥❢♦r♠❛t✐q✉❡s✱ ♣❡r♠❡tt❡♥t

❛✉❥♦✉r❞✬❤✉✐ ♥♦♥ s❡✉❧❡♠❡♥t ❞❡ ❞ét❡r♠✐♥❡r ❡t ❞✬❛♥❛❧②s❡r ❧❡s str✉❝t✉r❡s ❣é♦♠étr✐q✉❡s ❡t

é❧❡❝tr♦♥✐q✉❡s ❞❡ ❝❡s ❝♦♠♣♦sés✱ ♠❛✐s é❣❛❧❡♠❡♥t ❞❡ ❝❛❧❝✉❧❡r ❞❡ ❢❛ç♦♥ q✉❛♥t✐t❛t✐✈❡ ❞❡s ❣r❛♥✲

❞❡✉rs é♥❡r❣ét✐q✉❡s✳ ❉❡ ♣❧✉s ❡♥ ♣❧✉s✱ ❝❡s ♠ét❤♦❞❡s s♦♥t ❞♦♥❝ ❡♠♣❧♦②é❡s ♣♦✉r tr❛✐t❡r ❞❡s

♣r♦❜❧è♠❡s ❞❡ sé❧❡❝t✐✈✐té✱ ♦ù ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ♣ré❝✐s❡ ❞❡ ❣r❛♥❞❡✉rs t❤❡r♠♦❞②♥❛♠✐q✉❡s ❡t

❝✐♥ét✐q✉❡s ❡st ✐♥❞✐s♣❡♥s❛❜❧❡✳

❉❛♥s ❧❡ ❝❛s ❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s ❡t ❞✬❛❝t✐♥✐❞❡s✱ ❞❡s ❞✐✣✲

❝✉❧tés s✉♣♣❧é♠❡♥t❛✐r❡s ❛❥♦✉t❡♥t à ❧❛ ❝♦♠♣❧❡①✐té ❞❡s ét✉❞❡s t❤é♦r✐q✉❡s✳ ❊♥ ❡✛❡t✱ ♣♦✉r ❝❡s

♠ét❛✉①✱ q✉✐ ♣♦ssè❞❡♥t ✉♥ ♥♦♠❜r❡ ✐♠♣♦rt❛♥t ❞✬é❧❡❝tr♦♥s✱ ❧❡s ❡✛❡ts ❞❡ ❧❛ r❡❧❛t✐✈✐té s♦♥t

♣ré♣♦♥❞ér❛♥ts ❡t ❞♦✐✈❡♥t ❞♦♥❝ êtr❡ ♣r✐s ❡♥ ❝♦♠♣t❡✳ ❉❡ ♣❧✉s✱ ❧❛ ♣rés❡♥❝❡ ❞✬✉♥❡ ❝♦✉❝❤❡ 5f

✐♥❝♦♠♣❧èt❡ ♥é❝❡ss✐t❡ ❛ ♣r✐♦r✐ ❧✬❡♠♣❧♦✐ ❞❡ ♠ét❤♦❞❡s ✓ ♣♦st ❍❛rtr❡❡✲❋♦❝❦ ✔ ♠✉❧t✐ré❢ér❡♥✲

t✐❡❧❧❡s✱ q✉✐ ♣❡r♠❡tt❡♥t ❞❡ tr❛✐t❡r ❞❡ ❢❛ç♦♥ r✐❣♦✉r❡✉s❡ ❧❛ ❝♦rré❧❛t✐♦♥ é❧❡❝tr♦♥✐q✉❡✳

❖r✱ ❧❡s ❝♦♠♣♦sés ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s ❡t ❞✬❛❝t✐♥✐❞❡s ❝♦♠♣♦rt❛♥t ❧❛ ♣❧✉✲

♣❛rt ❞✉ t❡♠♣s ❞❡s ❧✐❣❛♥❞s très ✈♦❧✉♠✐♥❡✉①✱ ❧❛ t❛✐❧❧❡ ❞❡s s②stè♠❡s ❝♦♥s✐❞érés ❡st ❞♦♥❝

✐♠♣♦rt❛♥t❡ ✭❛✉ ♠✐♥✐♠✉♠ ✉♥❡ ✈✐♥❣t❛✐♥❡ ❞✬❛t♦♠❡s✮✳ ❊♥ ♦✉tr❡✱ ❛✜♥ ❞✬ét✉❞✐❡r ❧❛ str✉❝t✉r❡ ❡t

❧❛ ré❛❝t✐✈✐té ❞✬✉♥ ❝♦♠♣❧❡①❡✱ ✐❧ s❡r❛ ♥é❝❡ss❛✐r❡ ❞✬♦♣t✐♠✐s❡r s❛ ❣é♦♠étr✐❡ s❛♥s ❝♦♥tr❛✐♥t❡ ❞❡

s②♠étr✐❡ ❡t ❞❡ ❝❛❧❝✉❧❡r s♦♥ s♣❡❝tr❡ ✈✐❜r❛t✐♦♥♥❡❧✳ P♦✉r ❝❡s s②stè♠❡s✱ ❧❡ tr❛✐t❡♠❡♥t ❡①♣❧✐❝✐t❡

❞❡s ❡✛❡ts ❞❡ s♣✐♥✲♦r❜✐t❡ ❡t ❞❡ ❝♦rré❧❛t✐♦♥ ❡st ❞♦♥❝ ✐♥❡♥✈✐s❛❣❡❛❜❧❡✳

❯♥ ♣r❡♠✐❡r ❝❤❛♣✐tr❡ s❡r❛ ❞♦♥❝ ❝♦♥s❛❝ré à ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞✬✉♥❡ ♠ét❤♦❞❡ t❤é♦r✐q✉❡

❛❞❛♣té❡ ♣♦✉r ❧✬ét✉❞❡ ❞❡ ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s ❡t ❞✬❛❝t✐♥✐❞❡s✳ ❚♦✉t

❞✬❛❜♦r❞✱ ❞✐✛ér❡♥t❡s ♠ét❤♦❞❡s ❞❡ ❧❛ ❝❤✐♠✐❡ q✉❛♥t✐q✉❡✱ q✉✐ ♣❡r♠❡tt❡♥t ❧❛ ❞ét❡r♠✐♥❛t✐♦♥

❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ❡t ❞❡ ❧✬é♥❡r❣✐❡ ❞✬✉♥ s②stè♠❡ s❡r♦♥t ♣rés❡♥té❡s✳ ▲❡s ❡✛❡ts ❞❡ ❧❛

❝♦rré❧❛t✐♦♥ é❧❡❝tr♦♥✐q✉❡ ❡t ❞❡ ❧❛ r❡❧❛t✐✈✐té s❡r♦♥t ❞✐s❝✉tés✳ ◆♦✉s ❥✉st✐✜❡r♦♥s ❡♥s✉✐t❡ ❧❡

❝❤♦✐① ❞❡ ❧❛ ❉❋❚✱ ❝♦✉♣❧é❡ à ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ♣s❡✉❞♦♣♦t❡♥t✐❡❧s ❞❡ ❝♦❡✉r✱ ♣♦✉r tr❛✐t❡r ❧❡s

✶✺



❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s ❡t ❞✬❛❝t✐♥✐❞❡s✳

❉❛♥s ✉♥ s❡❝♦♥❞ ❝❤❛♣✐tr❡✱ ♥♦✉s ♠♦♥tr❡r♦♥s ❝♦♠♠❡♥t ❧❛ ♠ét❤♦❞❡ ❝❤♦✐s✐❡ ♣❡✉t êtr❡ ❡♥

♣r❛t✐q✉❡ ❛♣♣❧✐q✉é❡ à ❧✬ét✉❞❡ ❞❡ ❧❛ str✉❝t✉r❡ ❡t ❞❡ ❧❛ ré❛❝t✐✈✐té ❞❡ ❝♦♠♣♦sés ❞✬é❧❡♠❡♥ts f ✳

◆♦✉s ♠♦♥tr❡r♦♥s q✉✬✉♥ ♣ré❧✐♠✐♥❛✐r❡ ✐♥❞✐s♣❡♥s❛❜❧❡ à t♦✉t❡ ét✉❞❡ t❤é♦r✐q✉❡ ❝♦♥s✐st❡ à r❡♠✲

♣❧❛❝❡r ❧❡ s②stè♠❡ ré❡❧ ♣❛r ✉♥ s②stè♠❡ ♠♦❞è❧❡✱ ❞♦♥t ❧❡ ❝❤♦✐① ❞♦✐t êtr❡ ❡✛❡❝t✉é ❞❡ ♠❛♥✐èr❡

❥✉❞✐❝✐❡✉s❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❝♦♠♣❧❡①❡s ét✉❞✐és✱ ❞❡s ♣r♦♣r✐étés ♣❤②s✐❝♦✲❝❤✐♠✐q✉❡s ❝❛❧❝✉❧é❡s✱

❞❡ ❧❛ ♣ré❝✐s✐♦♥ ❞és✐ré❡ ❡t ❞❡ ❧❛ ♣✉✐ss❛♥❝❡ ❞❡ ❝❛❧❝✉❧ ❞✐s♣♦♥✐❜❧❡✳ ◆♦✉s ❡①♣❧✐q✉❡r♦♥s ❡♥s✉✐t❡

❝♦♠♠❡♥t ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ❝❛❧❝✉❧é❡ ♣❡✉t êtr❡ ✐♥t❡r♣rété❡ ❡♥ t❡r♠❡s ❞❡ ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s

❡t ❞✬✐♥t❡r❛❝t✐♦♥s ✐♥tr❛✲ ♦✉ ✐♥t❡r♠♦❧é❝✉❧❛✐r❡s✳ ❊♥✜♥✱ ♥♦✉s ♣rés❡♥t❡r♦♥s ❧❡s ♣r✐♥❝✐♣❡s ❞❡

❧✬ét✉❞❡ q✉❛♥t✐t❛t✐✈❡ ❞❡ ré❛❝t✐♦♥s ❝❤✐♠✐q✉❡s ♣❛r ❧❡s ♠ét❤♦❞❡s ❞❡ ❧❛ ❝❤✐♠✐❡ t❤é♦r✐q✉❡✱ ❡t

❥✉st✐✜❡r♦♥s ❧❡ ❝❤♦✐① ❞✬✉♥❡ ét✉❞❡ st❛t✐q✉❡ ♣♦✉r ❧✬ét✉❞❡ ❞❡ ❧❛ ré❛❝t✐✈✐té ❞❡ ❝♦♠♣❧❡①❡s ♦r❣❛✲

♥♦♠ét❛❧❧✐q✉❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s ❡t ❞✬❛❝t✐♥✐❞❡s✳

✶✻



❈❤❛♣✐tr❡ ❇

❈❤♦✐① ❞✬✉♥❡ ♠ét❤♦❞❡ ❞❡ ❝❛❧❝✉❧ ❛❞❛♣té❡

❛✉① é❧é♠❡♥ts ❧♦✉r❞s

❇✳✶ ❇❛s❡s ❞❡ ❧❛ ❝❤✐♠✐❡ q✉❛♥t✐q✉❡

❇✳✶✳✶ ❊q✉❛t✐♦♥ ❞❡ ❙❝❤rö❞✐♥❣❡r

❈♦♥s✐❞ér♦♥s ✉♥ s②stè♠❡ st❛t✐♦♥♥❛✐r❡ ❞✬✐♥térêt ❝❤✐♠✐q✉❡ ✭❛t♦♠❡✱ ♠♦❧é❝✉❧❡✱ s♦❧✐❞❡✳✳✳✮

❝♦♥st✐t✉é ❞❡ N ♥♦②❛✉① ❡t n é❧❡❝tr♦♥s✳ ❙❡❧♦♥ ❧❡ ♣r❡♠✐❡r ♣♦st✉❧❛t ❞❡ ❧❛ ♣❤②s✐q✉❡ q✉❛♥t✐q✉❡✱ ✐❧

♣❡✉t êtr❡ ❝❛r❛❝tér✐sé t♦t❛❧❡♠❡♥t ♣❛r ❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡ s❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ Ψ({−→RA}, {−→ri })✱
♦ù ❧❡s

−→
RA s♦♥t ❧❡s ♣♦s✐t✐♦♥s ❞❡s ♥♦②❛✉① ✭A = 1, ..., N✮✱ ❧❡s −→ri s♦♥t ❧❡s ♣♦s✐t✐♦♥s ❞❡s

é❧❡❝tr♦♥s ✭i = 1, ..., n✮✳ ❈❡tt❡ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ♣❡✉t êtr❡ ♦❜t❡♥✉❡ ❡♥ rés♦❧✈❛♥t ❧✬éq✉❛t✐♦♥

❞❡ ❙❝❤rö❞✐♥❣❡r ✐♥❞é♣❡♥❞❛♥t❡ ❞✉ t❡♠♣s ✿ HΨ({−→RA}, {−→ri }) = EΨ({−→RA}, {−→ri })✱ ♦ù E ❡st

❧✬é♥❡r❣✐❡ ❞✉ s②stè♠❡ ❬✶❪✳ ▲✬❤❛♠✐❧t♦♥✐❡♥ H s✬é❝r✐t ❛❧♦rs✱ ❡♥ ✉♥✐tés ❛t♦♠✐q✉❡s ✿

H = T̂N + V̂NN + T̂e + V̂ee + V̂Ne ✭❇✳✶✮

♦ù T̂N ❡st ❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❞❡s ♥♦②❛✉①

T̂N = −
N∑

A=1

mA
▽2

A

2
✭❇✳✷✮

V̂NN ❡st ❧✬é♥❡r❣✐❡ ♣♦t❡♥t✐❡❧❧❡ ❞✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❡♥tr❡ ❧❡s ♥♦②❛✉①

V̂NN =
1

2

N∑

A,B=1

ZAZB∥∥∥−→RA −−→
RB

∥∥∥
✭❇✳✸✮

✶✼



T̂e ❡st ❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❞❡s é❧❡❝tr♦♥s

T̂e = −
n∑

i=1

▽2
i

2
✭❇✳✹✮

V̂ee ❡st ❧✬é♥❡r❣✐❡ ♣♦t❡♥t✐❡❧❧❡ ❞✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❡♥tr❡ ❧❡s é❧❡❝tr♦♥s

V̂ee =
1

2

n∑

i,j=1

1

rij

✱ ❛✈❡❝ rij = ‖−→ri −−→rj ‖ ✭❇✳✺✮

❡t V̂Ne ❡st ❧✬é♥❡r❣✐❡ ❞✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❡♥tr❡ ❧❡s ♥♦②❛✉① ❡t ❧❡s é❧❡❝tr♦♥s

V̂Ne = −
N∑

A=1

n∑

i=1

ZA∥∥∥−→ri −−→
RA

∥∥∥
✭❇✳✻✮

▲✬éq✉❛t✐♦♥ ❞❡ ❙❝❤rö❞✐♥❣❡r ♥✬❛ ❞❡ s♦❧✉t✐♦♥ ❛♥❛❧②t✐q✉❡ ❡①❛❝t❡ q✉❡ ♣♦✉r ❧❡s ❛t♦♠❡s ❤②❞r♦✲

❣é♥♦ï❞❡s✱ q✉✐ ♥❡ ♣♦ssè❞❡♥t q✉✬✉♥ é❧❡❝tr♦♥✳ ❉❛♥s t♦✉s ❧❡s ❛✉tr❡s ❝❛s✱ ✐❧ s❡r❛ ❞♦♥❝ ♥é❝❡ss❛✐r❡

❞✬❡✛❡❝t✉❡r ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞✬❛♣♣r♦①✐♠❛t✐♦♥s s✉r ❧❛ ♥❛t✉r❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡✳

❇✳✶✳✷ ❆♣♣r♦①✐♠❛t✐♦♥ ❞❡ ❇♦r♥✲❖♣♣❡♥❤❡✐♠❡r

▲❛ ♣r❡♠✐èr❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❞❡ ❧❛ ❝❤✐♠✐❡ q✉❛♥t✐q✉❡ ❡st ❝❡❧❧❡ ❞❡ ❇♦r♥✲❖♣♣❡♥❤❡✐♠❡r ❬✷❪✳

❊❧❧❡ s❡ ❜❛s❡ s✉r ❧❡ ❢❛✐t q✉❡ ❧❡s ♥♦②❛✉①✱ ❡♥✈✐r♦♥ ✷✵✵✵ ❢♦✐s ♣❧✉s ❧♦✉r❞s q✉❡ ❧❡s é❧❡❝tr♦♥s✱

♣❡✉✈❡♥t êtr❡ ❝♦♥s✐❞érés ❝♦♠♠❡ q✉❛s✐♠❡♥t ✐♠♠♦❜✐❧❡s ♣❛r r❛♣♣♦rt à ❝❡✉①✲❝✐✳ P❛r ❝♦♥sé✲

q✉❡♥t✱ ❧❡ t❡r♠❡ ❞✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❞❡s ♥♦②❛✉① T̂N ♣❡✉t êtr❡ ♥é❣❧✐❣é✳ ▲❡s ♣♦s✐t✐♦♥s ❞❡s

♥♦②❛✉① {−→RA}A=1,...,N ❞❡✈✐❡♥♥❡♥t ❞♦♥❝ ❞❡s ♣❛r❛♠ètr❡s ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ ❙❝❤rö❞✐♥❣❡r✱ ❡t ♦♥

♣❡✉t ❛❧♦rs ❞✐✈✐s❡r ❧✬❤❛♠✐❧t♦♥✐❡♥ ❡♥ ❞❡✉① t❡r♠❡s ✿ H = Ĥel + V̂NN ✱ ♦ù Ĥel = T̂e + V̂ee + V̂Ne

❡st ❛♣♣❡❧é ✓ ❤❛♠✐❧t♦♥✐❡♥ é❧❡❝tr♦♥✐q✉❡ ✔ ❡t ❧❡ t❡r♠❡ ❞✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❞❡s ♥♦②❛✉①

V̂NN ❡st ✉♥❡ ❝♦♥st❛♥t❡✳ ❘és♦✉❞r❡ ❧✬éq✉❛t✐♦♥ ❞❡ ❙❝❤rö❞✐♥❣❡r r❡✈✐❡♥t ❞♦♥❝ à ❝❤❡r❝❤❡r ❞❡s

✓ ❢♦♥❝t✐♦♥s ❞✬♦♥❞❡s é❧❡❝tr♦♥✐q✉❡s ✔ Φ(−→r1 , ...,−→rn)✱ ♥❡ ❞é♣❡♥❞❛♥t q✉❡ ❞❡s ♣♦s✐t✐♦♥s ❞❡s é❧❡❝✲

tr♦♥s✱ q✉✐ s❡r♦♥t s♦❧✉t✐♦♥s ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ ❙❝❤rö❞✐♥❣❡r é❧❡❝tr♦♥✐q✉❡ ✿

ĤelΦ(−→r1 , ...,−→rn) = EelΦ(−→r1 , ...,−→rn) ✭❇✳✼✮

▲✬é♥❡r❣✐❡ t♦t❛❧❡ ❞✉ s②stè♠❡ E s❡r❛ ❛❧♦rs ❧❛ s♦♠♠❡ ❞❡ ❧✬é♥❡r❣✐❡ é❧❡❝tr♦♥✐q✉❡ Eel ❡t ❞❡

❧✬é♥❡r❣✐❡ ❞✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❞❡s ♥♦②❛✉① V̂NN ✳ ❉❛♥s ❧❛ s✉✐t❡ ❞❡ ❝❡ ❞♦❝✉♠❡♥t✱

❧✬❤❛♠✐❧t♦♥✐❡♥ é❧❡❝tr♦♥✐q✉❡ s❡r❛ ♥♦té Ĥ ❡t ❧✬é♥❡r❣✐❡ é❧❡❝tr♦♥✐q✉❡ E✳ P❛r ❛❜✉s ❞❡ ❧❛♥❣❛❣❡✱

♥♦✉s ❞és✐❣♥❡r♦♥s ♣❛r ✓ é♥❡r❣✐❡ ❞✉ s②stè♠❡ ✔ ❧✬é♥❡r❣✐❡ é❧❡❝tr♦♥✐q✉❡✳
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❇✳✶✳✸ ❆♣♣r♦①✐♠❛t✐♦♥ ♦r❜✐t❛❧❛✐r❡

❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ♠❡♥t✐♦♥♥é ♣ré❝é❞❡♠♠❡♥t✱ ❧✬éq✉❛t✐♦♥ ❞❡ ❙❝❤rö❞✐♥❣❡r ♣♦ssè❞❡ ✉♥❡

s♦❧✉t✐♦♥ ❡①❛❝t❡ ♣♦✉r ❧❡s s②stè♠❡s ❤②❞r♦❣é♥♦ï❞❡s✳ ❯♥❡ ❞❡s str❛té❣✐❡s ❝♦♥s✐st❡ ❞♦♥❝ à r❛♠❡✲

♥❡r ❧✬éq✉❛t✐♦♥ ❇✳✼ à ✉♥ s②stè♠❡ ❞✬éq✉❛t✐♦♥s ❞❡ t②♣❡ ♠♦♥♦é❧❡❝tr♦♥✐q✉❡s ✿ ❝✬❡st ❧❛ ♠ét❤♦❞❡

❍❛rtr❡❡✲❋♦❝❦ ❬✸✱✹❪✳ P♦✉r ❝❡ ❢❛✐r❡✱ ♥♦✉s s✉♣♣♦s❡r♦♥s t♦✉t ❞✬❛❜♦r❞ q✉❡ ❝❤❛❝✉♥ ❞❡s é❧❡❝tr♦♥s

♣❡✉t êtr❡ ❞é❝r✐t ♣❛r ✉♥❡ ✓ s♣✐♥✲♦r❜✐t❛❧❡ ✔ ♠♦♥♦é❧❡❝tr♦♥✐q✉❡ χi(−→ri , ωi) ❞é♣❡♥❞❛♥t ✉♥✐q✉❡✲

♠❡♥t ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧✬é❧❡❝tr♦♥ −→ri ❡t ❞✬✉♥❡ ✈❛r✐❛❜❧❡ ❞❡ s♣✐♥ ω✱ ❡t q✉❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡

é❧❡❝tr♦♥✐q✉❡ à ♥ ♣❛rt✐❝✉❧❡s Φ ♣❡✉t êtr❡ ❝♦♥str✉✐t❡ à ♣❛rt✐r ❞❡ ❝❡s s♣✐♥✲♦r❜✐t❛❧❡s✳

▲❛ ♠❛♥✐èr❡ ❧❛ ♣❧✉s s✐♠♣❧❡ ❞❡ ❝♦♥str✉✐r❡ Φ à ♣❛rt✐r ❞❡s s♣✐♥✲♦r❜✐t❛❧❡s ❡st ❞✬❡♥ ❢❛✐r❡ ✉♥

♣r♦❞✉✐t ❞❡ ❍❛rtr❡❡ ❬✸❪ ✿

Φ(−→r1 , ...,−→rn) = χ1(−→r1 ,−→ω1) · χ2(−→r2 ,−→ω2) . . . χn(−→rn ,−→ωn) ✭❇✳✽✮

❈❡♣❡♥❞❛♥t✱ ✉♥❡ t❡❧❧❡ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ♥✬❡st ♣❛s ❛❝❝❡♣t❛❜❧❡ ♣❤②s✐q✉❡♠❡♥t✳ ❊♥ ❡✛❡t✱ ❡❧❧❡

♥✬♦❜é✐t ♣❛s ❛✉ ♣r✐♥❝✐♣❡ ❞❡ P❛✉❧✐ ❬✺❪✱ q✉✐ ♣r♦✈✐❡♥t ❞❡ ❧✬✐♥❞✐s❝❡r♥❛❜✐❧✐té ❞❡s é❧❡❝tr♦♥s✱ ❡t

s❡❧♦♥ ❧❡q✉❡❧ ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ❞♦✐t êtr❡ ❛♥t✐s②♠étr✐q✉❡ ♣❛r r❛♣♣♦rt à ❧✬é❝❤❛♥❣❡ ❞❡ ❞❡✉①

é❧❡❝tr♦♥s✳ ◆♦✉s ❝❤♦✐s✐r♦♥s ❞♦♥❝ ❞✬é❝r✐r❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ é❧❡❝tr♦♥✐q✉❡ ❝♦♠♠❡ ✉♥ ♣r♦❞✉✐t

❞❡ ❙❧❛t❡r ❬✻❪ ❞❡s n s♣✐♥✲♦r❜✐t❛❧❡s ✿

ΦHF (−→r1 , ...,−→rn) =
1√
n!

∣∣∣∣∣∣∣∣∣∣

χ1(−→r1 ,−→ω1) χ2(−→r1 ,−→ω1) · · · χn(−→r1 ,−→ω1)

χ1(−→r2 ,−→ω2) χ2(−→r2 ,−→ω2) · · · χn(−→r2 ,−→ω2)
✳✳✳

✳✳✳
✳ ✳ ✳

✳✳✳

χ1(−→rn ,−→ωn) χ2(−→rn ,−→ωn) · · · χn(−→rn ,−→ωn)

∣∣∣∣∣∣∣∣∣∣

✭❇✳✾✮

▲✬é❝❤❛♥❣❡ ❞❡ ❞❡✉① é❧❡❝tr♦♥s✱ q✉✐ ❝♦rr❡s♣♦♥❞ à ❧❛ ♣❡r♠✉t❛t✐♦♥ ❞❡ ❞❡✉① ❧✐❣♥❡s✱ ❡♥tr❛î♥❡

✉♥ ❝❤❛♥❣❡♠❡♥t ❞❡ s✐❣♥❡ ❞✉ ❞ét❡r♠✐♥❛♥t✱ s✐ ❜✐❡♥ q✉❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ é❧❡❝tr♦♥✐q✉❡ ❛✐♥s✐

❞é✜♥✐❡ r❡s♣❡❝t❡ ❧❡ ♣r✐♥❝✐♣❡ ❞✬❛♥t✐s②♠étr✐❡ ❞❡ P❛✉❧✐✳ ❙✐ ❧❡s s♣✐♥✲♦r❜✐t❛❧❡s s♦♥t ♦rt❤♦♥♦r✲

♠é❡s✱ ❝❡ q✉❡ ♥♦✉s s✉♣♣♦s❡r♦♥s ♣❛r ❧❛ s✉✐t❡✱ ❧❡ t❡r♠❡ ❡♥ 1√
n!

❛ss✉r❡ ❧❛ ♥♦r♠❛❧✐s❛t✐♦♥ ❞❡ ❧❛

❢♦♥❝t✐♦♥ ❞✬♦♥❞❡✳ ■❧ ❡st ✐♠♣♦rt❛♥t ❞❡ s♦✉❧✐❣♥❡r q✉✬❡♥ ❝♦♥str✉✐s❛♥t ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ❝♦♠♠❡

✉♥ s❡✉❧ ❞ét❡r♠✐♥❛♥t ❞❡ ❙❧❛t❡r✱ ✉♥❡ ♣❛rt✐❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦♥✐q✉❡ ❡st ♥é❣❧✐❣é❡✳ ▲❡ ♠♦✲

❞è❧❡ ❍❛rtr❡❡✲❋♦❝❦ r❡st❡ ❞♦♥❝ ✉♥❡ ❛♣♣r♦①✐♠❛t✐♦♥✱ ❞♦♥t ❧❡s ❧✐♠✐t❡s s❡r♦♥t ❞é❝r✐t❡s ❞❛♥s ❧❡

♣❛r❛❣r❛♣❤❡ ❇✳✷✳

❇✳✶✳✹ ❊q✉❛t✐♦♥s ❍❛rtr❡❡✲❋♦❝❦

❆✜♥ ❞❡ r❛♠❡♥❡r ❧✬éq✉❛t✐♦♥ ❇✳✼ à ✉♥ s②stè♠❡ ❞✬éq✉❛t✐♦♥s ♠♦♥♦é❧❡❝tr♦♥✐q✉❡s✱ ❧❛ ♠é✲

t❤♦❞❡ ❍❛rtr❡❡✲❋♦❝❦ ❬✹❪ ♣r♦♣♦s❡ ❡♥s✉✐t❡ ❞✬✉t✐❧✐s❡r ❧❡ ♣r✐♥❝✐♣❡ ✈❛r✐❛t✐♦♥♥❡❧✱ s❡❧♦♥ ❧❡q✉❡❧ ❧❛

❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ q✉✐ ❞é❝r✐t ❧❡ s②stè♠❡ à ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ ❡st ❝❡❧❧❡ q✉✐ ♠✐♥✐♠✐s❡ ❧✬é♥❡r❣✐❡

✶✾



❞✉ s②stè♠❡✳ ❊♥ ❛♣♣❧✐q✉❛♥t ❝❡ ♣r✐♥❝✐♣❡ à ❧✬éq✉❛t✐♦♥ ❞❡ ❙❝❤rö❞✐♥❣❡r é❧❡❝tr♦♥✐q✉❡ ✭❇✳✼✮✱ ❡t

❡♥ s✉♣♣♦s❛♥t q✉❡ ❧❛ s♦❧✉t✐♦♥ ❞❡ ❝❡tt❡ éq✉❛t✐♦♥ ♣❡✉t êtr❡ ❝♦♥str✉✐t❡ ❝♦♠♠❡ ✉♥ ❞ét❡r♠✐✲

♥❛♥t ❞❡ ❙❧❛t❡r ✭❇✳✾✮✱ ♦♥ ♣❡✉t ♠♦♥tr❡r q✉❡ ♣♦✉r t♦✉t é❧❡❝tr♦♥ i = 1, ..., n✱ ❧❡s s♣✐♥✲♦r❜✐t❛❧❡s

❞♦✐✈❡♥t ✈ér✐✜❡r ✿

f(i)χa(−→ri , ωi) = ǫaχa(−→ri , ωi) ✭❇✳✶✵✮

♦ù f(i) ❡st ❧✬♦♣ér❛t❡✉r ❞❡ ❋♦❝❦ ❛ss♦❝✐é à ❧✬é❧❡❝tr♦♥ i✱ q✉✐ ❝♦♥t✐❡♥t ✉♥ t❡r♠❡ ♠♦♥♦é❧❡❝✲

tr♦♥✐q✉❡✱ ❛✐♥s✐ q✉❡ ❞❡✉① t❡r♠❡s ❜✐é❧❡❝tr♦♥✐q✉❡s ♣r♦✈❡♥❛♥t r❡s♣❡❝t✐✈❡♠❡♥t ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥

❝♦✉❧♦♠❜✐❡♥♥❡ ♠♦②❡♥♥❡ ✭t❡r♠❡ ❞❡ ❈♦✉❧♦♠❜✮ ❡t ❞❡ ❧✬✐♥❞✐s❝❡r♥❛❜✐❧✐té ❞❡s é❧❡❝tr♦♥s ✭t❡r♠❡

❞✬é❝❤❛♥❣❡✮✳

▲❛ ♠ét❤♦❞❡ ❍❛rtr❡❡✲❋♦❝❦ ♣❡r♠❡t ❞♦♥❝ ❞❡ s❡ r❛♠❡♥❡r à ✉♥ s②stè♠❡ ❞✬éq✉❛t✐♦♥s ♠♦✲

♥♦é❧❡❝tr♦♥✐q✉❡s✱ ❞♦♥t ❧❛ rés♦❧✉t✐♦♥ ❢♦✉r♥✐t ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ▼ s♣✐♥✲♦r❜✐t❛❧❡s ♠♦❧é❝✉❧❛✐r❡s

χa(−→ri , ωi)✱ ❛ss♦❝✐é❡s ❝❤❛❝✉♥❡ à ✉♥❡ é♥❡r❣✐❡ ♦r❜✐t❛❧❛✐r❡ ǫa✳ ❆✜♥ ❞❡ ❞é❝r✐r❡ ❧❡ s②stè♠❡ à

❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧✱ ❧❡ r❡♠♣❧✐ss❛❣❡ ❞❡s s♣✐♥✲♦r❜✐t❛❧❡s ♣❛r ❧❡s é❧❡❝tr♦♥s ❡st ❡✛❡❝t✉é ♣❛r

é♥❡r❣✐❡ ♦r❜✐t❛❧❛✐r❡ ❝r♦✐ss❛♥t❡ ❀ ❧❡s n ♣r❡♠✐èr❡s s♣✐♥✲♦r❜✐t❛❧❡s s♦♥t ❛♣♣❡❧é❡s ✓ s♣✐♥✲♦r❜✐t❛❧❡s

♦❝❝✉♣é❡s ✔ ❡t ❧❡s M − n ♦r❜✐t❛❧❡s s✉✐✈❛♥t❡s s♦♥t ❛♣♣❡❧é❡s ✓ s♣✐♥✲♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ✔✳ ▲❛

❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ❞✉ s②stè♠❡ ❞❛♥s ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ ΦHF ♣❡✉t ❡♥s✉✐t❡ êtr❡ ❝♦♥str✉✐t❡

❝♦♠♠❡ ❧❡ ❞ét❡r♠✐♥❛♥t ❞❡ ❙❧❛t❡r ❞❡s n s♣✐♥✲♦r❜✐t❛❧❡s ♠♦❧é❝✉❧❛✐r❡s ♦❝❝✉♣é❡s✳

▲✬é♥❡r❣✐❡ ❞✉ s②stè♠❡ ❡st ❝❛❧❝✉❧é❡ ❝♦♠♠❡ ❧❛ ♠♦②❡♥♥❡ ❞❡ ❧✬❤❛♠✐❧t♦♥✐❡♥ à ❧✬ét❛t ❢♦♥❞❛✲

♠❡♥t❛❧ ✿ EHF = 〈ΦHF | Ĥ |ΦHF 〉✳ ❖♥ ♦❜t✐❡♥t ❧❛ ❢♦r♠✉❧❡ s✉✐✈❛♥t❡ ✭❇✳✶✶✮✱ ♦ù Jab ❡st ❛♣♣❡❧é❡

✓ ✐♥té❣r❛❧❡ ❝♦✉❧♦♠❜✐❡♥♥❡ ✔ ❡t Kab ✓ ✐♥té❣r❛❧❡ ❞✬é❝❤❛♥❣❡ ✔✳ ■❧ ❡st ✐♠♣♦rt❛♥t ❞❡ ♥♦t❡r q✉❡

❧✬é♥❡r❣✐❡ t♦t❛❧❡ ❞✉ s②stè♠❡ ❡st ❞✐✛ér❡♥t❡ ❞❡ ❧❛ s♦♠♠❡ ❞❡s é♥❡r❣✐❡s ♦r❜✐t❛❧❛✐r❡s✱ ❝❛r ❧❛

♠ét❤♦❞❡ ❍❛rtr❡❡✲❋♦❝❦ s❡ s✐t✉❡ ❛✉✲❞❡❧à ❞❡ ❧❛ s✐♠♣❧❡ ❛♣♣r♦①✐♠❛t✐♦♥ ♠♦♥♦é❧❡❝tr♦♥✐q✉❡✳

EHF =
n∑

a=1

(ǫa +
∑

b>a

Jab − Kab) ✭❇✳✶✶✮

❉❛♥s ❧❡ ❝❛s ❞✬✉♥ s②stè♠❡ à ❝♦✉❝❤❡s ❢❡r♠é❡s✱ ♦ù t♦✉s ❧❡s é❧❡❝tr♦♥s s♦♥t ❛♣♣❛r✐és✱ ✐❧ ❡st

♣♦ss✐❜❧❡ ❞✬é❧✐♠✐♥❡r ❧❛ ✈❛r✐❛❜❧❡ ❞❡ s♣✐♥ ❀ ❧✬éq✉❛t✐♦♥ ❍❛rtr❡❡✲❋♦❝❦ ✭❇✳✶✵✮ ❞❡✈✐❡♥t ❛❧♦rs ✿

f̃(i)ϕa(−→ri ) = ǫaϕa(−→ri ) ✭❇✳✶✷✮

♦ù ❧❡s ϕa s♦♥t ❞❡s ♦r❜✐t❛❧❡s ♠♦❧é❝✉❧❛✐r❡s ♥❡ ❞é♣❡♥❞❛♥t ♣❧✉s q✉❡ ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧✬é❧❡❝tr♦♥

i✳ ▲❛ rés♦❧✉t✐♦♥ ❞❡ ❝❡tt❡ éq✉❛t✐♦♥ ✓ s♣❛t✐❛❧❡ ✔✱ ❛♣♣❡❧é❡ éq✉❛t✐♦♥ ✓❘❡str✐❝t❡❞ ❍❛rtr❡❡ ❋♦❝❦ ✔

✭❘❍❋✮✱ ❢♦✉r♥✐t ✉♥ ❡♥s❡♠❜❧❡ ❞❡ M ′ = M/2 ♦r❜✐t❛❧❡s s♣❛t✐❛❧❡s✱ ❞♦♥t ❧❡s n/2 ♣r❡♠✐èr❡s s♦♥t

♦❝❝✉♣é❡s✳

✷✵



❇✳✶✳✺ ❆♣♣r♦①✐♠❛t✐♦♥ ▲❈❆❖

▲❡ ♠♦❞è❧❡ ▲❈❆❖ ❡st ❢♦♥❞é s✉r ❧✬❤②♣♦t❤ès❡ q✉❡✱ ❞❛♥s ❧❡ s②stè♠❡ ❞✬✐♥térêt ❝❤✐♠✐q✉❡

❝♦♥s✐❞éré✱ ❧❡s ❛t♦♠❡s ❣❛r❞❡♥t ♣❛rt✐❡❧❧❡♠❡♥t ❧❡✉r ✐❞❡♥t✐té✱ ❡t q✉❡ ♣❛r ❝♦♥séq✉❡♥t ❝❤❛q✉❡

♦r❜✐t❛❧❡ ♠♦❧é❝✉❧❛✐r❡ ϕa ❞✉ s②stè♠❡ ♣❡✉t êtr❡ ❝♦♥str✉✐t❡ ❝♦♠♠❡ ✉♥❡ ❝♦♠❜✐♥❛✐s♦♥ ❧✐♥é❛✐r❡

❞❡s ♦r❜✐t❛❧❡s ❛t♦♠✐q✉❡s ❬✼❪ ✿

ϕa(−→ri ) =
K∑

µ=1

cµaφµ(−→ri ) ✭❇✳✶✸✮

❈❤❛q✉❡ φµ ❝♦rr❡s♣♦♥❞ à ✉♥❡ ♦r❜✐t❛❧❡ ❛t♦♠✐q✉❡✱ s♦❧✉t✐♦♥ ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ ❙❝❤rö❞✐♥❣❡r

♣♦✉r ✉♥ ❛t♦♠❡ ❞♦♥♥é✱ ❡t ❝❡♥tré❡ s✉r ❝❡❧✉✐✲❝✐✳ ❊♥ ♣r❛t✐q✉❡✱ ❞❛♥s ❧❡ ❝❛s ❞❡s ❛t♦♠❡s ♣♦❧②é❧❡❝✲

tr♦♥✐q✉❡s✱ ❧❡s {φµ}µ=1,...,K ✉t✐❧✐sé❡s ♣♦✉r ❧❡s ❝❛❧❝✉❧s s❡r♦♥t ❞❡s ❢♦♥❝t✐♦♥s ♠❛t❤é♠❛t✐q✉❡s

❛♣♣r♦❝❤é❡s ✭❝❢✳ ♣❛r❛❣r❛♣❤❡ s✉✐✈❛♥t✮✳ ▲❛ ♣ré❝✐s✐♦♥ ❞❡s ♦r❜✐t❛❧❡s ▲❈❆❖ s❡r❛ ❞♦♥❝ ❧✐é❡ ♥♦♥

s❡✉❧❡♠❡♥t ❛✉ ♥♦♠❜r❡ K ❞✬♦r❜✐t❛❧❡s ♣r✐s❡s ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❡ ♠♦❞è❧❡✱ ♠❛✐s é❣❛❧❡♠❡♥t à

❧❛ q✉❛❧✐té ❞❡ ❧❛ ❜❛s❡ ❞❡ ❢♦♥❝t✐♦♥s ❛♣♣r♦❝❤é❡s ✉t✐❧✐sé❡ ❞❛♥s ❧❡ ❝❛❧❝✉❧✳ ❚♦✉t❡❢♦✐s✱ q✉❡❧❧❡ q✉❡

s♦✐t ❧❛ ❜❛s❡ ❝❤♦✐s✐❡✱ ❧✬é♥❡r❣✐❡ ❝❛❧❝✉❧é❡ s❡r❛ s✉♣ér✐❡✉r❡ à ❧✬é♥❡r❣✐❡ q✉✐ s❡r❛✐t ♦❜t❡♥✉❡ ❞❛♥s

❧❡ ❝❛s ✐❞é❛❧ ❞✬✉♥❡ ❜❛s❡ ❞❡ t❛✐❧❧❡ ✐♥✜♥✐❡✱ ❡t q✉❡ ❧✬♦♥ ♥♦t❡r❛ E∞
HF ✳

❆ ♣❛rt✐r ❞❡ ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ▲❈❆❖✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ tr❛♥s❢♦r♠❡r ❧✬éq✉❛t✐♦♥ ❘❡str✐❝t❡❞

❍❛rtr❡❡✲❋♦❝❦ ✭❇✳✶✷✮ ❡♥ ✉♥❡ éq✉❛t✐♦♥ ♠❛tr✐❝✐❡❧❧❡✳ ❉é✜♥✐ss♦♥s ♣♦✉r ❝❡❧❛ ✿

✕ ❧❛ ♠❛tr✐❝❡ ❞❡s ❝♦❡✣❝✐❡♥ts C ✿

C = {cµa} a = 1, ...,M ′ ❡t µ = 1, ...K ✭❇✳✶✹✮

✕ ❧❛ ♠❛tr✐❝❡ ❞❡s é♥❡r❣✐❡s ǫ✱ ❞♦♥t ❧❡s é❧é♠❡♥ts ❞✐❛❣♦♥❛✉① s♦♥t ❧❡s é♥❡r❣✐❡s ♦r❜✐t❛❧❛✐r❡s

ǫa (a = 1, ...,M ′) ❡t ❧❡s é❧é♠❡♥ts ❤♦rs✲❞✐❛❣♦♥❛✉① s♦♥t ♥✉❧s

✕ ❧❛ ♠❛tr✐❝❡ ❞❡ r❡❝♦✉✈r❡♠❡♥t S ✿

S = {Sµν} µ = 1, ..., K ❡t ν = 1, ...K

❛✈❡❝ Sµν =

∫

esp

d3−→ri φ
⋆
µ(−→ri ) · φν(−→ri ) ✭❇✳✶✺✮

✕ ❧❛ ♠❛tr✐❝❡ ❞❡ ❋♦❝❦ F ✿

F = {Fµν} µ = 1, ..., K ❡t ν = 1, ...K

❛✈❡❝ Fµν =

∫

esp

d3−→ri φ
⋆
µ(−→ri ) f̃(i) φν(−→ri ) ✭❇✳✶✻✮

▲✬éq✉❛t✐♦♥ ✭❇✳✶✷✮ ♣❡✉t ❛❧♦rs s✬é❝r✐r❡ s♦✉s ❧❛ ❢♦r♠❡ ❞❡ ❧✬éq✉❛t✐♦♥ ♠❛tr✐❝✐❡❧❧❡ s✉✐✈❛♥t❡✱ ♦✉

éq✉❛t✐♦♥ ❞❡ ❘♦♦t❤❛❛♥ ❬✽❪ ✿

FC = SCε ✭❇✳✶✼✮

✷✶



❈❡tt❡ éq✉❛t✐♦♥ s❡ rés♦✉t ❞❡ ♠❛♥✐èr❡ ✐tér❛t✐✈❡ à ♣❛rt✐r ❞✬✉♥ ❥❡✉ ❞❡ ❝♦❡✣❝✐❡♥ts ❞✬❡ss❛✐✳

❉❛♥s ❧❡ ❝❛s ❞✬✉♥ s②stè♠❡ à ❝♦✉❝❤❡s ♦✉✈❡rt❡s✱ q✉✐ ♣♦ssè❞❡ ✉♥ ♦✉ ♣❧✉s✐❡✉rs é❧❡❝tr♦♥s ♥♦♥

❛♣♣❛r✐és✱ ❧❡ ❢♦r♠❛❧✐s♠❡ ✓ ❯♥r❡str✐❝t❡❞ ❍❛rtr❡❡✲❋♦❝❦ ✔ ✭❯❍❋✮ ♣❡r♠❡t ❞❡ s❡ r❛♠❡♥❡r à ❞❡✉①

éq✉❛t✐♦♥s ❞❡ ❘♦♦t❤❛❛♥ ✐♥❞é♣❡♥❞❛♥t❡s ♣♦✉r ❧❡s é❧❡❝tr♦♥s ❞❡ s♣✐♥ α ❞✬✉♥❡ ♣❛rt ❡t β ❞✬❛✉tr❡

♣❛rt✳

❇✳✶✳✻ ❇❛s❡s ❞✬♦r❜✐t❛❧❡s ❛t♦♠✐q✉❡s

❆✜♥ ❞❡ ♠❡ttr❡ ❡♥ ♦❡✉✈r❡ ❧❡ ♠♦❞è❧❡ ▲❈❆❖✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞✬❛♣♣r♦❝❤❡r ❧❡s ♦r❜✐✲

t❛❧❡s ❛t♦♠✐q✉❡s ré❡❧❧❡s ♣❛r ❞❡s ❢♦♥❝t✐♦♥s ♠❛t❤é♠❛t✐q✉❡s✳ ❉✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ str✐❝t❡♠❡♥t

♠❛t❤é♠❛t✐q✉❡✱ ❞❡ ♥♦♠❜r❡✉s❡s ❢♦♥❝t✐♦♥s ♣❡✉✈❡♥t ❝♦♥✈❡♥✐r✳ ❈❡♣❡♥❞❛♥t✱ ❡♥ ♣r❛t✐q✉❡ s❡✉❧s

❞❡✉① ❣r❛♥❞s t②♣❡s ❞❡ ❢♦♥❝t✐♦♥s s♦♥t ❡♠♣❧♦②é❡s ✿ ❧❡s ♦r❜✐t❛❧❡s ❞❡ ❙❧❛t❡r ❡t ❧❡s ♦r❜✐t❛❧❡s

❣❛✉ss✐❡♥♥❡s✳

▲❡s ♦r❜✐t❛❧❡s ❞❡ ❙❧❛t❡r ❬✾❪✱ ✐♥s♣✐ré❡s ❞❡s s♦❧✉t✐♦♥s ❡①❛❝t❡s ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ ❙❝❤rö❞✐♥❣❡r

♣♦✉r ❧❡s ❛t♦♠❡s ❤②❞r♦❣é♥♦ï❞❡s✱ ♦♥t ♣♦✉r ❡①♣r❡ss✐♦♥ ❣é♥ér❛❧❡ ✿

sn,ℓ,m(−→r ) = Nrn−1e−ζrYℓm(θ, ϕ) ✭❇✳✶✽✮

♦ù n✱ ℓ ❡t m s♦♥t ❧❡s ♥♦♠❜r❡s q✉❛♥t✐q✉❡s ♣r✐♥❝✐♣❛❧✱ ♦r❜✐t❛❧❛✐r❡ ❡t ♠❛❣♥ét✐q✉❡✱ Yℓm(θ, ϕ) ❧❡s

❤❛r♠♦♥✐q✉❡s s♣❤ér✐q✉❡s ❡t N ✉♥❡ ❝♦♥st❛♥t❡ ❞❡ ♥♦r♠❛❧✐s❛t✐♦♥✳ ▲❡ ♣❛r❛♠ètr❡ ζ✱ q✉✐ ✈❛r✐❡

❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬♦r❜✐t❛❧❡ ❝♦♥s✐❞éré❡ ❡t ❞✉ ♥✉♠ér♦ ❛t♦♠✐q✉❡✱ ❡st ❞ét❡r♠✐♥é s❡❧♦♥ ❞❡s rè❣❧❡s

❡♠♣✐r✐q✉❡s ❬✾❪ ♦✉ ♦♣t✐♠✐sé ❞❡ ❢❛ç♦♥ à ♠✐♥✐♠✐s❡r ❧✬é♥❡r❣✐❡ ❛t♦♠✐q✉❡ ❬✶✵❪✳ ▲❡s ♦r❜✐t❛❧❡s ❞❡

❙❧❛t❡r✱ ❝♦♠♠❡ ❧❡s ♦r❜✐t❛❧❡s ❛t♦♠✐q✉❡s ré❡❧❧❡s✱ ♣rés❡♥t❡♥t ✉♥❡ ❞ér✐✈é❡ ❞✐s❝♦♥t✐♥✉❡ ❡♥ r = 0✳

❉❡ ♣❧✉s✱ ❡❧❧❡s ♣❡r♠❡tt❡♥t ❞❡ r❡♣rés❡♥t❡r ❝♦rr❡❝t❡♠❡♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❧✬é❧❡❝tr♦♥ ❞❛♥s

❧❛ ♣❛rt✐❡ ❡①t❡r♥❡ ❞❡ ❧✬❛t♦♠❡✱ q✉✐ ❡st ❧❛ ♣❧✉s ❛✛❡❝té❡ ♣❛r ❧❡s ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s✳ ❈❡♣❡♥❞❛♥t✱

❧❡✉r ❢♦r♠❡ ♠❛t❤é♠❛t✐q✉❡ r❡♥❞ ✐♠♣♦ss✐❜❧❡ ❧❡ ❝❛❧❝✉❧ ❛♥❛❧②t✐q✉❡ ❞❡s ✐♥té❣r❛❧❡s ❝♦✉❧♦♠❜✐❡♥♥❡s

❡t ❞✬é❝❤❛♥❣❡ ♠✉❧t✐❝❡♥tr✐q✉❡s q✉✐ ❛♣♣❛r❛✐ss❡♥t ❞❛♥s ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❧❛ ♠❛tr✐❝❡ ❞❡ ❋♦❝❦

F ❞❛♥s ❧❡ ❝❛s ❞❡s s②stè♠❡s ♣♦❧②❛t♦♠✐q✉❡s✳ ❈❡s ✐♥té❣r❛❧❡s ❞♦✐✈❡♥t ❞♦♥❝ êtr❡ tr❛✐té❡s ❞❡

♠❛♥✐èr❡ ♥✉♠ér✐q✉❡✱ ❝❡ q✉✐ ❛✉❣♠❡♥t❡ ❧✬✐♠♣ré❝✐s✐♦♥ ❡t ❧❡ ❝♦ût ❝❛❧❝✉❧❛t♦✐r❡✳

P♦✉r ❝♦♥t♦✉r♥❡r ❝❡tt❡ ❧❛ ❞✐✣❝✉❧té✱ ✉♥ ❛✉tr❡ t②♣❡ ❞✬♦r❜✐t❛❧❡s ❛ été ✐♥tr♦❞✉✐t ✿ ❧❡s ♦r❜✐✲

t❛❧❡s ❣❛✉ss✐❡♥♥❡s ❬✶✶❪✱ ❞♦♥t ❧❛ ❢♦r♠✉❧❡ ❣é♥ér❛❧❡ ❡st ✿

gn,ℓ,m(−→r , α) = Nxnymzℓe−αr2

✭❇✳✶✾✮

▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❝❡s ♦r❜✐t❛❧❡s ♣❡r♠❡t ❞✬❡✛❡❝t✉❡r ✉♥ ❝❛❧❝✉❧ ❛♥❛❧②t✐q✉❡ ❞❡s ✐♥té❣r❛❧❡s✱

❣râ❝❡ ❛✉① ♣r♦♣r✐étés ❞❡ ♠✉❧t✐♣❧✐❝❛t✐♦♥ ❞❡s ❣❛✉ss✐❡♥♥❡s✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s ♦r❜✐t❛❧❡s ❣❛✉s✲

s✐❡♥♥❡s ♣rés❡♥t❡♥t ❞❡✉① ❞é❢❛✉ts ♣r✐♥❝✐♣❛✉① ♣❛r r❛♣♣♦rt ❛✉① ♦r❜✐t❛❧❡s ❞❡ ❙❧❛t❡r ✿ ❞✬✉♥❡

♣❛rt✱ ❡❧❧❡s ♦♥t ✉♥❡ ❞ér✐✈é❡ ♥✉❧❧❡ ❛✉ ✈♦✐s✐♥❛❣❡ ❞✉ ♥♦②❛✉✱ ❡t ❞✬❛✉tr❡ ♣❛rt✱ ❡❧❧❡s ❞é❝r♦✐ss❡♥t

♣❧✉s ✈✐t❡ q✉❡ ❧❡s ♦r❜✐t❛❧❡s ré❡❧❧❡s✱ ❡t ♣❛r ❝♦♥séq✉❡♥t ♥❡ s♦♥t ♣❛s ❛❞❛♣té❡s ♣♦✉r r❡♣rés❡♥t❡r

✷✷



❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❧✬é❧❡❝tr♦♥ ❞❛♥s ❧❛ ré❣✐♦♥ ❞❡ ✈❛❧❡♥❝❡✳ ❯♥❡ ❞❡s str❛té❣✐❡s ❝♦♥s✐st❡ ❞♦♥❝

à r❡♠♣❧❛❝❡r ✉♥❡ ♦r❜✐t❛❧❡ ❞❡ ❙❧❛t❡r ♣❛r ✉♥❡ ❝♦♠❜✐♥❛✐s♦♥ ❧✐♥é❛✐r❡ ❞❡ ♣❧✉s✐❡✉rs ✭❛✉ ♠✐♥✐♠✉♠

tr♦✐s✮ ♦r❜✐t❛❧❡s ❣❛✉ss✐❡♥♥❡s ✭❇✳✷✵✮✱ ❛♣♣❡❧é❡s ♣r✐♠✐t✐✈❡s ✿ ❧❛ ❢♦♥❝t✐♦♥ φGC ❡st ❛❧♦rs ❛♣♣❡❧é❡

✓ ❣❛✉ss✐❡♥♥❡ ❝♦♥tr❛❝té❡ ✔✳ P♦✉r ❝❤❛q✉❡ ❣❛✉ss✐❡♥♥❡ ❝♦♥tr❛❝té❡✱ ❧❡s ❝♦❡✣❝✐❡♥ts dp ❡t αp s♦♥t

♦♣t✐♠✐sé❡s ❞❡ ♠❛♥✐èr❡ à ❛♣♣r♦❝❤❡r ❧❡ ♠✐❡✉① ♣♦ss✐❜❧❡ ❧✬♦r❜✐t❛❧❡ ❞❡ ❙❧❛t❡r q✉❡ ❧✬♦♥ s♦✉❤❛✐t❡

r❡♣r♦❞✉✐r❡✳ ■❧ ❡st ♣♦ss✐❜❧❡ ❞✬❛♠é❧✐♦r❡r ❡♥❝♦r❡ ❧❛ q✉❛❧✐té ❞❡ ❧❛ ❜❛s❡ ❡♥ r❡♣rés❡♥t❛♥t ❝❤❛q✉❡

♦r❜✐t❛❧❡ ♣❛r ❞❡✉① ❣❛✉ss✐❡♥♥❡s ❝♦♥tr❛❝té❡s ✭❜❛s❡s ❞♦✉❜❧❡ ③❡t❛✮✱ ✈♦✐r❡ tr♦✐s ✭❜❛s❡s tr✐♣❧❡

③❡t❛✮✳

φGC
n,l,m(−→r ) =

P∑

p=1

dpgn,l,m(−→r , αp) ✭❇✳✷✵✮

❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ✈✉ ♣ré❝❡❞❡♠♠❡♥t✱ ♣❧✉s ❧❡ ♥♦♠❜r❡ ❞✬♦r❜✐t❛❧❡s ❛t♦♠✐q✉❡s ❝♦♥s✐❞é✲

ré❡s ❡st é❧❡✈é✱ ♣❧✉s ❧❡ ♠♦❞è❧❡ ▲❈❆❖ ❡st ❝♦rr❡❝t✳ ❙❡❧♦♥ ❧❛ ♣ré❝✐s✐♦♥ ❞✉ ❝❛❧❝✉❧ ❞és✐ré✱ ✐❧ ❡st

❞♦♥❝ ♣♦ss✐❜❧❡ ❞✬❡♠♣❧♦②❡r ❞✐✛ér❡♥t❡s t❛✐❧❧❡s ❞❡ ❜❛s❡s ❞✬♦r❜✐t❛❧❡s ❛t♦♠✐q✉❡s✳ P♦✉r ✉♥ ❛t♦♠❡

❞♦♥♥é✱ ❧❡ ♥♦♠❜r❡ q✉❛♥t✐q✉❡ ♣r✐♥❝✐♣❛❧ ❞❡ ❧❛ ♣❧✉s ❤❛✉t❡ ♦r❜✐t❛❧❡ ♦❝❝✉♣é❡ ❡st ♥♦té nmax ❡t

❧❡ ♥♦♠❜r❡ q✉❛♥t✐q✉❡ ♦r❜✐t❛❧ ♠❛①✐♠❛❧ ℓmax = nmax − 1✳ ▲❡s ❜❛s❡s ♠✐♥✐♠❛❧❡s ♥❡ ❞é❝r✐✈❡♥t✱

♣♦✉r ✉♥ ❛t♦♠❡ ❞♦♥♥é✱ q✉❡ ❧❡s ♦r❜✐t❛❧❡s ❞❡ ❝♦❡✉r ❡t ❞❡ ✈❛❧❡♥❝❡✱ ❡t ♥❡ ❝♦♥t✐❡♥♥❡♥t ❞♦♥❝ q✉❡

❞❡s ❣❛✉ss✐❡♥♥❡s φGC
n,ℓ,m ❛✈❡❝ n ≤ nmax ❡t ℓ ≤ ℓmax✳ ❈✐t♦♥s ♥♦t❛♠♠❡♥t ❧❛ ❜❛s❡ ❙❚❖✲✸● ❬✶✷❪✱

❞❛♥s ❧❛q✉❡❧❧❡ ❝❤❛q✉❡ ♦r❜✐t❛❧❡ ❡st r❡♣rés❡♥té❡ ♣❛r ✉♥❡ s❡✉❧❡ ❣❛✉ss✐❡♥♥❡ ❝♦♥tr❛❝té❡✱ ❛✐♥s✐ q✉❡

❧❡s ❜❛s❡s ✹✲✸✶● ❬✶✸❪ ❡t ✻✲✸✶● ❬✶✹❪✱ ❞❡ t②♣❡ ❞♦✉❜❧❡ ③❡t❛ ❞❡ ✈❛❧❡♥❝❡✱ q✉✐ s♦♥t ❝♦✉r❛♠♠❡♥t

✉t✐❧✐sé❡s✳ ❆✜♥ ❞❡ ♣♦✉✈♦✐r ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❛ ♣♦❧❛r✐s❛❜✐❧✐té ❞❡ ❧✬❛t♦♠❡✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡

❞✬❛❝❝r♦îtr❡ ❧❛ ✢❡①✐❜✐❧✐té ❞❡ ❧❛ ❜❛s❡ ❡♥ ❛❥♦✉t❛♥t ❞❡s ♦r❜✐t❛❧❡s ❞✐t❡s ❞❡ ♣♦❧❛r✐s❛t✐♦♥✱ ❝♦rr❡s✲

♣♦♥❞❛♥t à ✉♥❡ ✈❛❧❡✉r ❞✉ ♠♦♠❡♥t ♦r❜✐t❛❧ ℓ = ℓmax +1✳ ❈✬❡st ❧❡ ❝❛s ♣❛r ❡①❡♠♣❧❡ ❞❡ ❧❛ ❜❛s❡

✻✲✸✶●✭❞✱♣✮ ❬✶✺❪✱ ♣r✐♥❝✐♣❛❧❡♠❡♥t ✉t✐❧✐sé❡ ❞❛♥s ❝❡tt❡ t❤ès❡ ♣♦✉r ❧❡s ❛t♦♠❡s ❧é❣❡rs✱ ❝♦♥st✐✲

t✉é❡ ❞✬✉♥❡ ❜❛s❡ ❞♦✉❜❧❡ ③❡t❛ ❞❡ ✈❛❧❡♥❝❡ ❛✉❣♠❡♥té❡ ❞✬✉♥❡ ❢♦♥❝t✐♦♥ ❞❡ ♣♦❧❛r✐s❛t✐♦♥ ❞❡ t②♣❡

p ♣♦✉r ❧✬❤②❞r♦❣è♥❡ ❡t ❞❡ t②♣❡ d ♣♦✉r ❧❡s ❛t♦♠❡s ❞❡s s❡❝♦♥❞❡ ❡t tr♦✐s✐è♠❡ ♣ér✐♦❞❡s✳ ❊♥✜♥✱

♣♦✉r ✉♥❡ ♠❡✐❧❧❡✉r❡ r❡♣rés❡♥t❛t✐♦♥ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❢❛✐❜❧❡s✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ❛❥♦✉t❡r ❞❡s

♦r❜✐t❛❧❡s ♣rés❡♥t❛♥t ❞❡s ❡①♣♦s❛♥ts αp ❢❛✐❜❧❡s✱ ❞♦♥❝ très ét❡♥❞✉❡s s♣❛t✐❛❧❡♠❡♥t✱ ❞✐t❡s ♦r❜✐✲

t❛❧❡s ❞✐✛✉s❡s✳ ◆♦t♦♥s q✉❡ ❧❡ ❝♦ût ❝❛❧❝✉❧❛t♦✐r❡ ❞✬✉♥ ❝❛❧❝✉❧ ❍❛rtr❡❡✲❋♦❝❦ ❛✉❣♠❡♥t❡ ❝♦♠♠❡

K3✱ ♦ù K ❡st ❧❡ ♥♦♠❜r❡ ❞❡ ❢♦♥❝t✐♦♥s ❞❡ ❜❛s❡✳ P♦✉r ❧✬ét✉❞❡ ❞❡ ❣r❛♥❞s s②stè♠❡s✱ ❧❡ ❝❤♦✐①

❞❡ ❧❛ ❜❛s❡ s❡r❛ ❞♦♥❝ ❧❡ ♣r♦❞✉✐t ❞✬✉♥ ❝♦♠♣r♦♠✐s ❡♥tr❡ ❧❛ ♣ré❝✐s✐♦♥ ❡t ❧❡ t❡♠♣s ❞❡ ❝❛❧❝✉❧✳

✷✸



❇✳✷ ❈♦rré❧❛t✐♦♥ é❧❡❝tr♦♥✐q✉❡

❇✳✷✳✶ ❉é✜♥✐t✐♦♥ ❞❡ ❧❛ ❝♦rré❧❛t✐♦♥ é❧❡❝tr♦♥✐q✉❡

❉❛♥s ❧❛ ♠ét❤♦❞❡ ❍❛rtr❡❡✲❋♦❝❦✱ ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ é❧❡❝tr♦♥✐q✉❡ ΦHF (−→r1 , ...,−→rn) ❡st

❝♦♥str✉✐t❡ ❝♦♠♠❡ ✉♥ s❡✉❧ ❞ét❡r♠✐♥❛♥t ❞❡ ❙❧❛t❡r ❞❡ s♣✐♥✲♦r❜✐t❛❧❡s ♠♦♥♦é❧❡❝tr♦♥✐q✉❡s

✭éq✉❛t✐♦♥ ❇✳✾✮✳ ❈❡tt❡ ❛♣♣r♦①✐♠❛t✐♦♥✱ q✉✐ r❡s♣❡❝t❡ ❧❡ ♣r✐♥❝✐♣❡ ❞✬❛♥t✐s②♠étr✐❡ ❞❡ P❛✉❧✐✱

♣❡r♠❡t ❞✬❡♠♣ê❝❤❡r ❞❡✉① é❧❡❝tr♦♥s ❞❡ ♠ê♠❡ s♣✐♥ ❞❡ s❡ tr♦✉✈❡r ❛✉ ♠ê♠❡ ♣♦✐♥t✳ ❈❡♣❡♥✲

❞❛♥t✱ ❡❧❧❡ ♥❡ t✐❡♥t ♣❛s ❝♦♠♣t❡ ❞❡ ❧❛ ré♣✉❧s✐♦♥ ✐♥st❛♥t❛♥é❡ ❞❡ ❞❡✉① é❧❡❝tr♦♥s✳ P❛r ❝♦♥sé✲

q✉❡♥t✱ ❧✬é♥❡r❣✐❡ ❍❛rtr❡❡✲❋♦❝❦✱ ♠ê♠❡ ❞❛♥s ❧❛ ❧✐♠✐t❡ ❞✬✉♥❡ ❜❛s❡ ❞✬♦r❜✐t❛❧❡s ❛t♦♠✐q✉❡s ❞❡

t❛✐❧❧❡ ✐♥✜♥✐❡✱ ❡st t♦✉❥♦✉rs s✉♣ér✐❡✉r❡ à ❧✬é♥❡r❣✐❡ ❡①❛❝t❡ ✭♥♦♥ r❡❧❛t✐✈✐st❡✮ ❞✉ s②stè♠❡✱ q✉❡

❧✬♦♥ ♥♦t❡r❛ Enr
0 ✳ ▲❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ❞❡✉① t❡r♠❡s ❡st ❛♣♣❡❧é❡ é♥❡r❣✐❡ ❞❡ ❝♦rré❧❛t✐♦♥

é❧❡❝tr♦♥✐q✉❡ ❬✶✻❪ ✿

Ecorr = Enr
0 − E∞

HF ✭❇✳✷✶✮

▲❛ ❝♦rré❧❛t✐♦♥ é❧❡❝tr♦♥✐q✉❡ ♣❡✉t êtr❡ ❞é❝♦♠♣♦sé❡ ❡♥ ❞❡✉① t❡r♠❡s ✿ ❧❛ ❝♦rré❧❛t✐♦♥ ❞②♥❛✲

♠✐q✉❡ ❡t ❧❛ ❝♦rré❧❛t✐♦♥ ♥♦♥✲❞②♥❛♠✐q✉❡✳ ▲❛ ♣r❡♠✐èr❡✱ q✉✐ ❝♦♥st✐t✉❡ s♦✉✈❡♥t ❧❛ ♣❧✉s ❣r❛♥❞❡

♣❛rt ❞❡ ❧❛ ❝♦rré❧❛t✐♦♥✱ ❡st ❞✉❡ à ❧❛ ré♣✉❧s✐♦♥ ✐♥st❛♥t❛♥é❡ ❡♥tr❡ ❞❡✉① é❧❡❝tr♦♥s très ♣r♦❝❤❡s

s♣❛t✐❛❧❡♠❡♥t✱ ❝❡ q✉✐ ❡♥❣❡♥❞r❡ ✉♥ ♠♦✉✈❡♠❡♥t ❝♦rré❧é ❞❡ ❝❡s ❞❡✉① é❧❡❝tr♦♥s✳ ▲❛ s❡❝♦♥❞❡

❡st r❡♥❝♦♥tré❡ ❞❛♥s ❧❡ ❝❛s ❞❡ s②stè♠❡s ♣♦ssé❞❛♥t ❞❡s ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡ q✉❛s✐✲❞é❣é♥érés✱

q✉✬✐❧ ❡st ❛❧♦rs ♥é❝❡ss❛✐r❡ ❞❡ ❞é❝r✐r❡ ♣❛r ♣❧✉s✐❡✉rs ❞ét❡r♠✐♥❛♥ts ❞❡ ❙❧❛t❡r✳

❇✳✷✳✷ ▼ét❤♦❞❡s ♣♦st✲❍❛rtr❡❡ ❋♦❝❦

❆✜♥ ❞✬❛♠é❧✐♦r❡r ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡s s②stè♠❡s ❞✬✐♥térêt ❝❤✐♠✐q✉❡ ❡♥ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡

❧❛ ❝♦rré❧❛t✐♦♥ é❧❡❝tr♦♥✐q✉❡✱ ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ♠ét❤♦❞❡s ❝♦♥ç✉❡s ❝♦♠♠❡ ❞❡s ❡①t❡♥s✐♦♥s

❞✉ ♠♦❞è❧❡ ❍❛rtr❡❡✲❋♦❝❦ ♦♥t été ♣r♦♣♦sé❡s✳ P❛r♠✐ ❝❡s ♠ét❤♦❞❡s✱ ❞✐t❡s ✓ ♣♦st ❍❛rtr❡❡✲

❋♦❝❦ ✔✱ ♥♦✉s ♥❡ ❞ét❛✐❧❧❡r♦♥s ✐❝✐ q✉❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❞❡ ❝♦♥✜❣✉r❛t✐♦♥s ❡t ✉♥ ❝❛s ♣❛rt✐❝✉❧✐❡r ❞❡

♠ét❤♦❞❡s ♠✉❧t✐ré❢ér❡♥t✐❡❧❧❡s✱ ❧❛ ♠ét❤♦❞❡ ❈❆❙❙❈❋✳

■♥t❡r❛❝t✐♦♥ ❞❡ ❝♦♥✜❣✉r❛t✐♦♥s

◆♦✉s ♥♦✉s ♣❧❛❝❡r♦♥s ✐❝✐ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ s②stè♠❡ à ❝♦✉❝❤❡s ❢❡r♠é❡s✱ ♣♦✉r ❧❡q✉❡❧ ❧❡

❢♦r♠❛❧✐s♠❡ ❘❡str✐❝t❡❞ ❍❛rtr❡❡ ❋♦❝❦ ♣❡✉t êtr❡ ❛♣♣❧✐q✉é✳ ▲❛ rés♦❧✉t✐♦♥ ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡

❍❛rtr❡❡✲❋♦❝❦ ✭❇✳✶✷✮ ❢♦✉r♥✐t ✉♥ ❡♥s❡♠❜❧❡ ❞❡ M ′ ♦r❜✐t❛❧❡s ♠♦❧é❝✉❧❛✐r❡s ϕa(−→ri )✱ q✉❡ ❧✬♦♥

♣❡✉t ❞✐✈✐s❡r ❡♥ n/2 ♦r❜✐t❛❧❡s ♦❝❝✉♣é❡s ❡t M ′−n/2 ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s✳ ▲❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡

❍❛rtr❡❡✲❋♦❝❦ ❞✉ s②stè♠❡ ❞❛♥s ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ ΦHF (−→r1 , ...,−→rn) ❡st ❡♥s✉✐t❡ ❝♦♥str✉✐t❡

❝♦♠♠❡ ❧❡ ❞ét❡r♠✐♥❛♥t ❞❡ ❙❧❛t❡r ❞❡s n/2 ♦r❜✐t❛❧❡s ♠♦❧é❝✉❧❛✐r❡s ♦❝❝✉♣é❡s✳ ❆ ♣❛rt✐r ❞❡

❝❡s ♦r❜✐t❛❧❡s ♠♦❧é❝✉❧❛✐r❡s✱ ♦♥ ♣❡✉t é❣❛❧❡♠❡♥t ❝♦♥str✉✐r❡ ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ❞ét❡r♠✐♥❛♥ts ❞❡

✷✹



❙❧❛t❡r ❞❛♥s ❧❡sq✉❡❧ ❧✬✉♥ ❞❡s é❧❡❝tr♦♥s ❡st ❞é♣❧❛❝é ❞✬✉♥❡ ♦r❜✐t❛❧❡ ♦❝❝✉♣é❡ ϕa(a = 1, ..., n/2)

✈❡rs ✉♥❡ ♦r❜✐t❛❧❡ ✈❛❝❛♥t❡ ϕr(r = n/2 + 1, ...,M ′)✳ ▲❡s ❢♦♥❝t✐♦♥s ❞✬♦♥❞❡ ❝♦rr❡s♣♦♥❞❛♥t❡s✱

❛♣♣❡❧é❡s ✓ ❝♦♥✜❣✉r❛t✐♦♥s ♠♦♥♦❡①❝✐té❡s ✔✱ s♦♥t ♥♦té❡s Φr
a(
−→r1 , ...,−→rn)✳ ❉❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡✱

♦♥ ♣❡✉t ❞é✜♥✐r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❝♦♥✜❣✉r❛t✐♦♥s ❞✐✲✱ tr✐✲ ✳✳✳ ❡①❝✐té❡s✱ ♥♦té❡s r❡s♣❡❝t✐✈❡♠❡♥t

Φrs
ab(

−→r1 , ...,−→rn)✱ Φrst
abc(

−→r1 , ...,−→rn)✳✳✳✱ ❞❛♥s ❧❡sq✉❡❧❧❡s ♣❧✉s✐❡✉rs é❧❡❝tr♦♥s s♦♥t ❞é♣❧❛❝és ✈❡rs ❞❡s

♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s✳ ▲❛ ♠ét❤♦❞❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❞❡ ❝♦♥✜❣✉r❛t✐♦♥s ❬✶✼❪ ❝♦♥s✐st❡ à r❡❝❤❡r❝❤❡r

❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ❞✉ s②stè♠❡ ❝♦♠♠❡ ✉♥❡ ❝♦♠❜✐♥❛✐s♦♥ ❧✐♥é❛✐r❡ ❞❡ t♦✉t❡s ❧❡s ❝♦♥✜❣✉r❛t✐♦♥s

é❧❡❝tr♦♥✐q✉❡s ♣♦ss✐❜❧❡s ✿

ΦIC = C0ΦHF +
∑

a,r

Cr
aΦ

r
a +

∑

a 6=b,r 6=s

Crs
abΦ

rs
ab + . . . ✭❇✳✷✷✮

▲✬é♥❡r❣✐❡ ❞✉ s②stè♠❡ ❡st ❝❛❧❝✉❧é❡ ❝♦♠♠❡ ❧❛ ♠♦②❡♥♥❡ ❞❡ ❧✬❤❛♠✐❧t♦♥✐❡♥ é❧❡❝tr♦♥✐q✉❡ ❞❛♥s

❧✬ét❛t ΦIC ❛✐♥s✐ ❞é✜♥✐ ✿ EIC = 〈ΦIC | Ĥ |ΦIC〉✳ ❈♦♠♠❡ ❞❛♥s ❧❛ ♠ét❤♦❞❡ ❍❛rtr❡❡✲❋♦❝❦✱ ❧❡

♣r✐♥❝✐♣❡ ✈❛r✐❛t✐♦♥♥❡❧ ♣❡✉t ❛❧♦rs êtr❡ ❡♠♣❧♦②é ♣♦✉r ❧✐♥é❛r✐s❡r ❝❡tt❡ éq✉❛t✐♦♥ ❡t ♦♣t✐♠✐s❡r

❧❡s ✈❛❧❡✉rs ❞❡s ❝♦❡✣❝✐❡♥ts Cr
a✱ Crs

ab ✳✳✳ ❙✐ t♦✉t❡s ❧❡s ❝♦♥✜❣✉r❛t✐♦♥s ❡①❝✐té❡s ♣♦ss✐❜❧❡s s♦♥t

♣r✐s❡s ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡✱ ❧✬é♥❡r❣✐❡ EIC ❡st é❣❛❧❡ à

❧✬é♥❡r❣✐❡ ❡①❛❝t❡ ❞✉ s②stè♠❡ Enr
0 ✳

❊♥ ♣r❛t✐q✉❡✱ ♣♦✉r ❧❛ ♣❧✉♣❛rt ❞❡s s②stè♠❡s ❞✬✐♥térêt ❝❤✐♠✐q✉❡✱ ✐❧ ❡st ✐♠♣♦ss✐❜❧❡ ❞❡

♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ t♦✉s ❧❡s ❡①❝✐t❛t✐♦♥s✳ ❊♥ ❡✛❡t✱ ♣♦✉r n/2 ♦r❜✐t❛❧❡s ♦❝❝✉♣é❡s ❡t M ′ −
n/2 ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❣é♥éré❡s ♣❛r ❧❡ ❝❛❧❝✉❧ ❍❛rtr❡❡✲❋♦❝❦✱ ❧❡ ♥♦♠❜r❡ ❞❡ ❞ét❡r♠✐♥❛♥ts à

❝♦♥s✐❞ér❡r s❡r❛✐t ❞❡ ✿

Ndet =
M ′!(M ′ + )!

(n

)!(n


+ )!(M ′ − n


)!(M ′ − (n


+ )!

✭❇✳✷✸✮

P♦✉r ✉♥ ♥♦♠❜r❡ ❞✬é❧❡❝tr♦♥s n ✜①é✱ ❧❡ ♥♦♠❜r❡ ❞❡ ❞ét❡r♠✐♥❛♥ts ✈❛r✐❡ ❞♦♥❝ ❝♦♠♠❡

M ′n✳ ❯♥❡ ❛♣♣r♦①✐♠❛t✐♦♥ ✉s✉❡❧❧❡ ❝♦♥s✐st❡ à ♥❡ ❝♦♥s✐❞ér❡r q✉❡ ❧❡s ❞ét❡r♠✐♥❛♥ts ♠♦♥♦✲ ❡t

❞✐❡①❝✐tés✳ ❖♥ ♣❛r❧❡ ❛❧♦rs ❞❡ ❝❛❧❝✉❧ ■❈❙❉ ✭✐♥t❡r❛❝t✐♦♥ ❞❡ ❝♦♥✜❣✉r❛t✐♦♥s ✓ ❞❡s s✐♠♣❧❡s ❡t

❞♦✉❜❧❡s ✔✮✳ ▲❛ ♠ét❤♦❞❡ ■❈❙❉✱ ❞♦♥t ❧❡ ❝♦ût ❝♦♠♣✉t❛t✐♦♥♥❡❧ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ M ′7✱ ❡st

❡✣❝❛❝❡ ♣♦✉r ❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡s ❡✛❡ts ❞❡ ❝♦rré❧❛t✐♦♥ ❞②♥❛♠✐q✉❡✳ ❈❡♣❡♥❞❛♥t✱ ❡❧❧❡ ♥❡

♣rés❡♥t❡ ♣❛s ❧❛ ♣r♦♣r✐été ❞❡ ❝♦❤ér❡♥❝❡ ❞❡ t❛✐❧❧❡✱ ❝✬❡st✲à✲❞✐r❡ q✉❡ ♣♦✉r ✉♥ s②stè♠❡ ❝♦♠♣♦sé

❞❡ ❞❡✉① s♦✉s✲s②stè♠❡s ❆ ❡t ❇ s❛♥s ✐♥t❡r❛❝t✐♦♥✱ ❧✬é♥❡r❣✐❡ EICSD({A + B}) ❞✉ s②stè♠❡

s❡r❛ ❞✐✛ér❡♥t❡ ❞❡ ❧❛ s♦♠♠❡ ❞❡s é♥❡r❣✐❡s EICSD(A) + EICSD(B)✳ ❈✬❡st ♣♦✉rq✉♦✐ ❞✬❛✉tr❡s

♠ét❤♦❞❡s ❝♦♠♠❡ ❧❡ ❝♦✉♣❧❡❞ ❝❧✉st❡r ❬✶✽❪✱ q✉✐ ♣♦ssè❞❡♥t ❝❡tt❡ ♣r♦♣r✐été✱ ❧✉✐ s♦♥t ♣❛r❢♦✐s

♣ré❢éré❡s✳ ❚♦✉t❡❢♦✐s✱ ❧❡ ❝♦ût ❝❛❧❝✉❧❛t♦✐r❡ ❞❡ ❧✬■❈❙❉ ❝♦♠♠❡ ❞✉ ❝♦✉♣❧❡❞✲❝❧✉st❡r ✐♥t❡r❞✐t ❧❡

tr❛✐t❡♠❡♥t ❞❡ s②stè♠❡s ❞❡ t❛✐❧❧❡ ét❡♥❞✉❡✳
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❈❆❙❙❈❋

❉❛♥s ❧❡ ❝❛s ❞❡ s②stè♠❡s ♣♦ssé❞❛♥t ❞❡s ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡ q✉❛s✐✲❞é❣é♥érés✱ ✐❧ ♣❡✉t êtr❡

♥é❝❡ss❛✐r❡ ❞❡ ❝♦♥str✉✐r❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ❝♦♠♠❡ ❧❛ ❝♦♠❜✐♥❛✐s♦♥ ❧✐♥é❛✐r❡ ❞❡ ♣❧✉s✐❡✉rs

❞ét❡r♠✐♥❛♥ts ❞❡ ❙❧❛t❡r ❀ ♦♥ ♣❛r❧❡ ❛❧♦rs ❞❡ ♠ét❤♦❞❡s ♠✉❧t✐ré❢ér❡♥t✐❡❧❧❡s ❬✶✾❪✳ P❛r♠✐ ❝❡s

♠ét❤♦❞❡s✱ ❧✬✉♥❡ ❞❡s ♣❧✉s s✐♠♣❧❡s ❝♦♥❝❡♣t✉❡❧❧❡♠❡♥t ❡t ❞❡s ♣❧✉s ❡♠♣❧♦②é❡s ❡st ❧❛ ♠ét❤♦❞❡

❈❆❙❙❈❋ ✭❈♦♠♣❧❡t❡ ❆❝t✐✈❡ ❙♣❛❝❡ ❙❡❧❢ ❈♦♥s✐st❡♥t ❋✐❡❧❞✮ ❬✷✵❪✳ ❊❧❧❡ ❝♦♥s✐st❡ à ♣❛rt✐t✐♦♥♥❡r

❧❡s ♦r❜✐t❛❧❡s ♠♦❧é❝✉❧❛✐r❡s✱ ✐ss✉❡s ❞✬✉♥ ❝❛❧❝✉❧ ♣ré❧✐♠✐♥❛✐r❡ ❍❛rtr❡❡✲❋♦❝❦✱ ❡♥ ❞é✜♥✐ss❛♥t ✉♥

✓ ❡s♣❛❝❡ ❛❝t✐❢ ✔✱ ❝♦♥st✐t✉é ❞✬✉♥ ♥♦♠❜r❡ K ❞✬♦r❜✐t❛❧❡s ❝♦♥t❡♥❛♥t k é❧❡❝tr♦♥s✳ ✭❝❢✳ ✜❣✉r❡ ❇✳✶✮✳

▲❡s ♦r❜✐t❛❧❡s r❡st❛♥t❡s s♦♥t ❡♥s✉✐t❡ ❞✐✈✐sé❡s ❡♥ ♦r❜✐t❛❧❡s ♦❝❝✉♣é❡s✱ ❛♣♣❡❧é❡s é❣❛❧❡♠❡♥t

✓ ♦r❜✐t❛❧❡s ✐♥❛❝t✐✈❡s ✔✱ ❡t ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s✳ ▲❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ❈❆❙❙❈❋ ❡st ❡♥s✉✐t❡

❝♦♥str✉✐t❡ ❡♥ ré♣❛rt✐ss❛♥t ❧❡s k é❧❡❝tr♦♥s ❞❡ ❧✬❡s♣❛❝❡ ❛❝t✐❢ ❞❛♥s ❧❡s K ♦r❜✐t❛❧❡s ❛❝t✐✈❡s✳

❈❡❝✐ ❝♦rr❡s♣♦♥❞ à ❡✛❡❝t✉❡r ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❞❡ ❝♦♥✜❣✉r❛t✐♦♥s t♦t❛❧❡ à ❧✬✐♥tér✐❡✉r ❞❡ ❧✬❡s♣❛❝❡

❛❝t✐❢✳ ■❧ ❡st à ♥♦t❡r q✉✬❛✉ ❝♦✉rs ❞✉ ♣r♦❝❡ss✉s✱ ♣❛r❛❧❧è❧❡♠❡♥t à ❧✬♦♣t✐♠✐s❛t✐♦♥ ❞❡s ❝♦❡✣❝✐❡♥ts

❈❆❙❙❈❋✱ ❧❡s ♦r❜✐t❛❧❡s s♦♥t ré♦♣t✐♠✐sé❡s ❛✜♥ ❞❡ ♠✐♥✐♠✐s❡r ❧✬é♥❡r❣✐❡✳

▲❛ ♠ét❤♦❞❡ ❈❆❙❙❈❋ ♣❡r♠❡t ❞❡ ❝❛❧❝✉❧❡r ❧❛ ♣❧✉s ❣r❛♥❞❡ ♣❛rt✐❡ ❞❡ ❧✬é♥❡r❣✐❡ ❞❡ ❝♦r✲

ré❧❛t✐♦♥ ♥♦♥✲❞②♥❛♠✐q✉❡ ♣❛r ❡①❡♠♣❧❡ ❞❛♥s ❧❡ ❝❛s ❞❡ s②stè♠❡s ♠ét❛❧❧✐q✉❡s ♣rés❡♥t❛♥t ❞❡s

❝♦✉❝❤❡s ❞ ♦✉ ❢ ✐♥❝♦♠♣❧èt❡s✱ ♦✉ ♣♦✉r ❞❡s s②stè♠❡s ❛r♦♠❛t✐q✉❡s ♣rés❡♥t❛♥t ❞❡s ♦r❜✐t❛❧❡s

❧✐❛♥t❡s π ❡t ❛♥t✐❧✐❛♥t❡s π⋆ très ♣r♦❝❤❡s ❡♥ é♥❡r❣✐❡✳ ❈❡♣❡♥❞❛♥t✱ ❧❡ ❝♦ût ❞✬✉♥ ❝❛❧❝✉❧ ❈❆❙❙❈❋

ét❛♥t ♣r♦♣♦rt✐♦♥♥❡❧ à Kk✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❡♥ ♣r❛t✐q✉❡ ❞❡ ❧✐♠✐t❡r ❧❛ t❛✐❧❧❡ ❞❡ ❧✬❡s♣❛❝❡ ❛❝t✐❢

à ✉♥❡ ❞✐③❛✐♥❡ ❞✬é❧❡❝tr♦♥s ❡t ❞✬♦r❜✐t❛❧❡s✳

❋✐❣✳ ❇✳✶✿ ❘❡♣rés❡♥t❛t✐♦♥ s❝❤é♠❛t✐q✉❡ ❞✬✉♥ ❡s♣❛❝❡ ❈❆❙❙❈❋

P♦✉r ❞❡s s②stè♠❡s ♣rés❡♥t❛♥t à ❧❛ ❢♦✐s ❞❡s ❡✛❡ts ❞❡ ❝♦rré❧❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❡t ❞❡ ❝♦rré✲

❧❛t✐♦♥ ♥♦♥✲❞②♥❛♠✐q✉❡✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ❝✉♠✉❧❡r ❧❡s ♣r♦♣r✐étés ❞❡ ❧✬■❈❙❉ ❡t ❞✉ ❈❆❙❙❈❋

❡♥ ✉t✐❧✐s❛♥t ❞❡s ♠ét❤♦❞❡s ✓ ♠✐①t❡s ✔ ✭❈❆❙✰❙✱ ❈❆❙❉■✳✳✳✮ q✉✐ ❝♦♠♣r❡♥♥❡♥t ❧❛ ❞é✜♥✐t✐♦♥

❞✬✉♥ ❡s♣❛❝❡ ❛❝t✐❢ ❡t ② ❛❥♦✉t❡♥t ❞❡s ❡①❝✐t❛t✐♦♥s ❞❡s ♦r❜✐t❛❧❡s ✐♥❛❝t✐✈❡s ♦✉ ❞❡s ♦r❜✐t❛❧❡s ❛❝✲
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t✐✈❡s ✈❡rs ❧❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❬✷✶❪✳ ❈❡rt❛✐♥❡s ♠ét❤♦❞❡s✱ ❝♦♠♠❡ ❧❡ ❈❆❙P❚✷✱ ♣r♦♣♦s❡♥t

é❣❛❧❡♠❡♥t ❞❡ tr❛✐t❡r ❧❛ ❝♦rré❧❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❝♦♠♠❡ ✉♥❡ ✉♥ ❡✛❡t ♣❡rt✉r❜❛t✐❢ ❬✷✷❪✳

❇✳✷✳✸ ❚❤é♦r✐❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥♥❡❧❧❡ ❞❡ ❧❛ ❞❡♥s✐té ✭❉❋❚✮

❚❤é♦rè♠❡s ❞❡ ❍♦❤❡♥❜❡r❣ ❡t ❑♦❤♥

▲❛ t❤é♦r✐❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥♥❡❧❧❡ ❞❡ ❧❛ ❞❡♥s✐té ❡st ❜❛sé❡ s✉r ❧❡ ♣♦st✉❧❛t ♣r♦♣♦sé ♣❛r

❚❤♦♠❛s ❡t ❋❡r♠✐ ❬✷✸❪✱ ❬✷✹❪ s❡❧♦♥ ❧❡q✉❡❧ t♦✉t❡ ♣r♦♣r✐été é❧❡❝tr♦♥✐q✉❡ ❞✬✉♥ s②stè♠❡ ♣❡✉t

êtr❡ ❝❛❧❝✉❧é❡ à ♣❛rt✐r ❞❡ s❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡✳ ❍♦❤❡♥❜❡r❣ ❡t ❑♦❤♥✱ ❡♥ ✶✾✻✹✱ ♦♥t r❡♣r✐s

❝❡tt❡ t❤é♦r✐❡ ❡t ❞é♠♦♥tré q✉✬✐❧ ❡①✐st❡ ✉♥❡ ❝♦rr❡s♣♦♥❞❛♥❝❡ ❜✐✉♥✐✈♦q✉❡ ❡♥tr❡ ❧✬é♥❡r❣✐❡ ❞✬✉♥

s②stè♠❡ E ❡t s❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ ρ(−→r ) ❬✷✺❪✳ ▲✬é♥❡r❣✐❡ ♣❡✉t ❞♦♥❝ êtr❡ ❝❛❧❝✉❧é❡ ❝♦♠♠❡

✉♥❡ ❢♦♥❝t✐♦♥♥❡❧❧❡ ❞❡ ❧❛ ❞❡♥s✐té ✿ E = F [ρ(−→r )]✳ ❉❛♥s ✉♥ s❡❝♦♥❞ t❤é♦rè♠❡✱ ❍♦❤❡♥❜❡r❣

❡t ❑♦❤♥ ♦♥t ét❛❜❧✐ ❧❡ ♣r✐♥❝✐♣❡ ✈❛r✐❛t✐♦♥♥❡❧ ♣♦✉r ❧✬é♥❡r❣✐❡✱ ❡♥ ♠♦♥tr❛♥t q✉❡ ❧❛ ❞❡♥s✐té

é❧❡❝tr♦♥✐q✉❡ ❞✉ s②stè♠❡ à ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ ρ0 ❡st ❝❡❧❧❡ q✉✐ ♠✐♥✐♠✐s❡ ❧✬é♥❡r❣✐❡ ❝❛❧❝✉❧é❡

❣râ❝❡ à ❝❡tt❡ ♠ê♠❡ ❢♦♥❝t✐♦♥♥❡❧❧❡✱ ❝✬❡st✲à✲❞✐r❡ q✉❡
(

δF
δρ

)

ρ=ρ0

= 0✳ ❈❡ t❤é♦rè♠❡ ❛ été ♣❛r

❧❛ s✉✐t❡ ❣é♥ér❛❧✐sé à ❧✬ét❛t ❞❡ ♣❧✉s ❜❛ss❡ é♥❡r❣✐❡ ❞✬✉♥❡ s②♠étr✐❡ ❞♦♥♥é❡✱ à ❝♦♥❞✐t✐♦♥ q✉✬✐❧

s♦✐t ♥♦♥ ❞é❣é♥éré✳

P♦✉r ✉♥ s②stè♠❡ ❝♦♥st✐t✉é ❞❡ ◆ ♥♦②❛✉① ❡t ♥ é❧❡❝tr♦♥s✱ ❧✬é♥❡r❣✐❡ ♣❡✉t ❞♦♥❝ s✬é❝r✐r❡ ✿

E = T [ρ] +

∫

esp

vNe(−→r )ρ(−→r )d−→r + J [ρ] + EXC [ρ] ✭❇✳✷✹✮

♦ù T [ρ] ❡st ❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❞✉ s②stè♠❡

vNe(−→r ) ❡st ❧✬é♥❡r❣✐❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❞✬✉♥ é❧❡❝tr♦♥ ❛✈❡❝ ❧❡s N ♥♦②❛✉①

J [ρ] ❡st ❧✬✐♥té❣r❛❧❡ ❜✐é❧❡❝tr♦♥✐q✉❡ ❞é❝r✐✈❛♥t ❧✬✐♥t❡r❛❝t✐♦♥ ❝♦✉❧♦♠❜✐❡♥♥❡ ❡♥tr❡ ❧❡s é❧❡❝✲

tr♦♥s✱ q✉✐ s✬❡①♣r✐♠❡ s✐♠♣❧❡♠❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞❡♥s✐té ρ(−→r )✳

Exc[ρ] ❡st ✉♥❡ ✐♥té❣r❛❧❡ ♥♦♥ ❝❧❛ss✐q✉❡✱ ❛♣♣❡❧é❡ ✓ é♥❡r❣✐❡ ❞✬é❝❤❛♥❣❡ ❡t ❞❡ ❝♦rré❧❛t✐♦♥ ✔✱

❡t q✉✐ ♥❡ ♣♦ssè❞❡ ♣❛s ❞✬❡①♣r❡ss✐♦♥ ❛♥❛❧②t✐q✉❡ ❝♦♥♥✉❡✳ ❊❧❧❡ ♣❡r♠❡t ❞✬❛ss✉r❡r ❧✬❡①❝❧✉s✐♦♥ ❞❡

❞❡✉① é❧❡❝tr♦♥s ❞❡ ♠ê♠❡ s♣✐♥ ✭♣❛rt✐❡ ❞✬é❝❤❛♥❣❡✮ ❡t ❞❡ s♣✐♥ ♦♣♣♦sé ✭♣❛rt✐❡ ❞❡ ❝♦rré❧❛t✐♦♥✮✳

▲✬❡①♣r❡ss✐♦♥ ❞❡ ❝❡tt❡ ✐♥té❣r❛❧❡ ❞♦✐t ❞♦♥❝ êtr❡ ❛♣♣r♦❝❤é❡ ♣❛r ❞❡s ♠♦❞è❧❡s ♣❤②s✐q✉❡s✱ q✉✐

s❡r♦♥t ❞ét❛✐❧❧és ✉❧tér✐❡✉r❡♠❡♥t✳

▼ét❤♦❞♦❧♦❣✐❡ ❞❡ ❑♦❤♥ ❡t ❙❤❛♠

▲❛ ♠ét❤♦❞♦❧♦❣✐❡ ❞❡ ❑♦❤♥ ❡t ❙❤❛♠ ❬✷✻❪ ♣❡r♠❡t ❞❡ s❡ r❛♠❡♥❡r à ✉♥ s②stè♠❡ ❞✬éq✉❛t✐♦♥s

♠♦♥♦é❧❡❝tr♦♥✐q✉❡s✱ q✉❡ ❧✬♦♥ ♣❡✉t ❡♥s✉✐t❡ rés♦✉❞r❡ ❣râ❝❡ ❛✉① ♠ê♠❡s ❛❧❣♦r✐t❤♠❡s q✉❡ ❧❛

♠ét❤♦❞❡ ❍❛rtr❡❡✲❋♦❝❦✳ ❊❧❧❡ ❝♦♥s✐st❡ à ✐♠❛❣✐♥❡r ✉♥ s②stè♠❡ ❞✬é❧❡❝tr♦♥s s❛♥s ✐♥t❡r❛❝t✐♦♥s✱

q✉✐ ❛✉r❛✐t ❧❛ ♠ê♠❡ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ ρ(−→r ) q✉❡ ❧❡ s②stè♠❡ ré❡❧✳ ❉❛♥s ❧❡ ❝❛s ❞✬✉♥ s②stè♠❡

à ❝♦✉❝❤❡s ❢❡r♠é❡s✱ ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ❞✉ s②stè♠❡ ♣❡✉t ❛❧♦rs êtr❡ ❝♦♥str✉✐t❡ ❝♦♠♠❡ ❧❡
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❞ét❡r♠✐♥❛♥t ❞❡ ❙❧❛t❡r ❞❡ n ♦r❜✐t❛❧❡s ♠♦♥♦é❧❡❝tr♦♥✐q✉❡s ϕi✳ ▲❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ ❞✉

s②stè♠❡ s✬é❝r✐t ❛❧♦rs ✿ ρ(−→r ) =
∑

i 2ϕ
⋆
i (
−→r )ϕi(−→r )✳ ▲✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❞✉ s②stè♠❡ ✜❝t✐❢

❡st ✿ TS[ρ] =
∑

i 〈ϕi| ▽2

2
|ϕi〉✱ ❡t ❧✬é♥❡r❣✐❡ ❞✉ s②stè♠❡ ré❡❧ ♣❡✉t êtr❡ ❡①♣r✐♠é❡ ❞❡ ❧❛ ❢❛ç♦♥

s✉✐✈❛♥t❡ ✭éq✉❛t✐♦♥ ❇✳✷✺✮✱ ♦ù ẼXC [ρ] = EXC [ρ]+T [ρ]−TS[ρ]✳ ▲❡ ♣❧✉s s♦✉✈❡♥t✱ ❧❛ ❞✐✛ér❡♥❝❡

T [ρ] − TS[ρ] ❡st ♥é❣❧✐❣❡❛❜❧❡ ❡t ẼXC [ρ] ♣❡✉t êtr❡ ❛ss✐♠✐❧é❡ à ❧✬é♥❡r❣✐❡ ❞✬é❝❤❛♥❣❡ ❡t ❞❡

❝♦rré❧❛t✐♦♥ EXC [ρ]✳

E = TS[ρ] +

∫

esp

vNe(−→r )ρ(−→r )d−→r + J [ρ] + ẼXC [ρ] ✭❇✳✷✺✮

❊♥ ✉t✐❧✐s❛♥t ❧❡ ♣r✐♥❝✐♣❡ ✈❛r✐❛t✐♦♥♥❡❧✱ ♦♥ ♠♦♥tr❡ ❛❧♦rs q✉❡ ❧✬éq✉❛t✐♦♥ ❇✳✷✺ ♣❡✉t êtr❡

tr❛♥s❢♦r♠é❡ ❡♥ ✉♥ s②stè♠❡ ❞✬éq✉❛t✐♦♥s ❝♦✉♣❧é❡s ❞♦♥t ❧❡s ✐♥❝♦♥♥✉❡s s♦♥t ❧❡s ♦r❜✐t❛❧❡s

♠♦♥♦é❧❡❝tr♦♥✐q✉❡s ϕi ✿

fKS[ρ]ϕi(−→r ) = ǫiϕi(−→r ) ✭❇✳✷✻✮

▲✬♦♣ér❛t❡✉r ❞❡ ❑♦❤♥✲❙❤❛♠ fKS s✬❡①♣r✐♠❛♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ ρ✱

q✉✐ ❡st ❡❧❧❡✲♠ê♠❡ ❝❛❧❝✉❧é❡ à ♣❛rt✐r ❞❡s ♦r❜✐t❛❧❡s ϕi✱ ❝❡s éq✉❛t✐♦♥s ❞♦✐✈❡♥t êtr❡ rés♦❧✉❡s ❞❡

♠❛♥✐èr❡ ✐tér❛t✐✈❡✱ ❝♦♠♠❡ ❧✬éq✉❛t✐♦♥ ❞❡ ❍❛rtr❡❡✲❋♦❝❦✳ ❖♥ ♣r♦❝è❞❡ ❞♦♥❝ ❞❡ ❧❛ ♠ê♠❡ ❢❛ç♦♥

❡♥ ✐♥tr♦❞✉✐s❛♥t ❞❡s ❜❛s❡s ❞✬♦r❜✐t❛❧❡s ❛t♦♠✐q✉❡s✳ ▲❛ rés♦❧✉t✐♦♥ ❢♦✉r♥✐t ✉♥ ❥❡✉ ❞✬♦r❜✐t❛❧❡s

♠♦♥♦é❧❡❝tr♦♥✐q✉❡s ❞✐t❡s ✓ ♦r❜✐t❛❧❡s ❑♦❤♥✲❙❤❛♠ ✔✱ à ♣❛rt✐r ❞❡sq✉❡❧❧❡s ♦♥ ❝❛❧❝✉❧❡ ❧❛ ❞❡♥s✐té

é❧❡❝tr♦♥✐q✉❡ ❞✉ s②stè♠❡ ρ(−→r )✱ ♣✉✐s ❧✬é♥❡r❣✐❡ ❞✉ s②stè♠❡ ré❡❧ ❣râ❝❡ à ❧✬éq✉❛t✐♦♥ ❇✳✷✺✳

❉❛♥s ❧❡ ❝❛s ❞✬✉♥ s②stè♠❡ ♣rés❡♥t❛♥t ❞❡s ❝♦✉❝❤❡s ♦✉✈❡rt❡s✱ ❧❡ ❢♦r♠❛❧✐s♠❡ ❯❉❋❚ ♣❡r♠❡t

❞✬❛♣♣❧✐q✉❡r ❧❛ ♠ét❤♦❞❡ ❑♦❤♥✲❙❤❛♠ ❡♥ ❞é✜♥✐ss❛♥t ❧❡s ❞❡♥s✐tés ❞❡ s♣✐♥ ρα(−→r ) ❡t ρβ(−→r )✳

■❧ ❡st ✐♥❞✐s♣❡♥s❛❜❧❡ ❞❡ s❡ r❛♣♣❡❧❡r q✉❡ ❧❡s ♦r❜✐t❛❧❡s ♠♦♥♦é❧❡❝tr♦♥✐q✉❡s ❑♦❤♥✲❙❤❛♠

♥❡ s♦♥t q✉❡ ❞❡s ✐♥t❡r♠é❞✐❛✐r❡s ♠❛t❤é♠❛t✐q✉❡s ❞é❝r✐✈❛♥t ✉♥ s②stè♠❡ ✜❝t✐❢✳ ❚♦✉t❡❢♦✐s✱ ❡❧❧❡s

♣♦ssè❞❡♥t s♦✉✈❡♥t ❞❡ ♥♦♠❜r❡✉s❡s s✐♠✐❧✐t✉❞❡s ❛✈❡❝ ❧❡s ♦r❜✐t❛❧❡s ♦❜t❡♥✉❡s ♣❛r ❞❡s ♠ét❤♦❞❡s

❍❛rtr❡❡✲❋♦❝❦ ♦✉ ♣♦st✲❍❛rtr❡❡✲❋♦❝❦ ❡t s♦♥t à ❝❡ t✐tr❡ ♣❛r❢♦✐s ✉t✐❧✐sé❡s ♣♦✉r ❞❡s ✐♥t❡r♣rét❛✲

t✐♦♥s q✉❛❧✐t❛t✐✈❡s✳

❉✐✛ér❡♥t❡s ❢♦♥❝t✐♦♥♥❡❧❧❡s

▲❛ ♣r✐♥❝✐♣❛❧❡ ❞✐✣❝✉❧té ❞❡ ❧❛ ❉❋❚ ❝♦♥s✐st❡ à tr♦✉✈❡r ✉♥❡ ❡①♣r❡ss✐♦♥ s❛t✐s❢❛✐s❛♥t❡ ♣♦✉r

❧✬é♥❡r❣✐❡ ❞✬é❝❤❛♥❣❡ ❡t ❞❡ ❝♦rré❧❛t✐♦♥ EXC [ρ]✱ q✉✐ ♣❡✉t êtr❡ ❝♦♥s✐❞éré❡ ❝♦♠♠❡ ❧❛ s♦♠♠❡

❞✬✉♥❡ é♥❡r❣✐❡ ❞✬é❝❤❛♥❣❡ EX [ρ] ❡t ❞✬✉♥❡ é♥❡r❣✐❡ ❞❡ ❝♦rré❧❛t✐♦♥ EC [ρ]✳

❉❛♥s ❧❡ ♠♦❞è❧❡ ❧❡ ♣❧✉s s✐♠♣❧❡✱ ❛♣♣❡❧é ▲❉❆ ✭✓ ▲♦❝❛❧ ❉❡♥s✐t② ❆♣♣r♦①✐♠❛t✐♦♥ ✔✮✱ ❧❡

s②stè♠❡ ❡st ❛ss✐♠✐❧é à ✉♥ ❣❛③ ❞✬é❧❡❝tr♦♥s ❤♦♠♦❣è♥❡s ❬✷✻❪✳ ▲✬é♥❡r❣✐❡ ❞✬é❝❤❛♥❣❡ ❡st ❞♦♥♥é❡

♣❛r ❧❛ ❢♦r♠✉❧❡ ❞❡ ❉✐r❛❝ ✿ ELDA
X [ρ] = −CX

∫
ρ(−→r )4/3d−→r ✳ ▲✬é♥❡r❣✐❡ ❞❡ ❝♦rré❧❛t✐♦♥ ❡st

❝❛❧❝✉❧é❡ ♥✉♠ér✐q✉❡♠❡♥t ❬✷✼❪✳ ❈❡♣❡♥❞❛♥t✱ ❝❡ ♠♦❞è❧❡ s✬❡st ré✈é❧é ✐♥s✉✣s❛♥t ♣♦✉r ❞é❝r✐r❡

❞❡s s②stè♠❡s ♣♦ssé❞❛♥t ❞✬✐♠♣♦rt❛♥t❡s ✐♥❤♦♠♦❣é♥é✐tés ❞❡ ❧❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡✱ ❝♦♠♠❡

✷✽



❧❡s s②stè♠❡s ♠♦❧é❝✉❧❛✐r❡s✳

▲✬❛♣♣r♦①✐♠❛t✐♦♥ ▲❉❆ ❛ ❞♦♥❝ été ♣❡r❢❡❝t✐♦♥♥é❡ ❡♥ ❢❛✐s❛♥t ❛♣♣❛r❛îtr❡ ❧❡ ❣r❛❞✐❡♥t ❞❡

❧❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ ▽ρ✳ ▲✬é♥❡r❣✐❡ ❞✬é❝❤❛♥❣❡ ❡st ❛❧♦rs ❡①♣r✐♠é❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ρ ❡t

❞❡ ▽ρ ✿ EGGA
X [ρ] = ELDA

X [ρ] −
∫

FGGA[ρ(−→r ),▽ρ(−→r )]d−→r ✳ ▲❡ t❡r♠❡ FGGA ❝♦♥t✐❡♥t ✉♥

♦✉ ♣❧✉s✐❡✉rs ♣❛r❛♠ètr❡s✱ q✉✐ s♦♥t ❛❥✉stés s✉r ❞❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉① ♣♦✉r ❧❛ sér✐❡

❞❡s ❣❛③ ♥♦❜❧❡s ❬✷✽❪✳ ❈❡rt❛✐♥❡s ❢♦♥❝t✐♦♥♥❡❧❧❡s ♣r♦♣♦s❡♥t ❞❡ ♣❧✉s ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❛♥s

❧❡ ❝❛❧❝✉❧ ❞❡ ❧✬é♥❡r❣✐❡ ❞❡ ❝♦rré❧❛t✐♦♥✱ ❡♥ ② ❛❥♦✉t❛♥t ✉♥ ♣❛r❛♠ètr❡ ❛❥✉sté s✉r ❧✬❡①♣ér✐❡♥❝❡

❬✷✾✕✸✶❪✳ ▲❡s ❢♦♥❝t✐♦♥♥❡❧❧❡s ❞❡ ❞❡✉①✐è♠❡ ❣é♥ér❛t✐♦♥ ❛✐♥s✐ ❝♦♥str✉✐t❡s✱ ♦✉ ❢♦♥❝t✐♦♥♥❡❧❧❡s

●●❆ ✭✓ ●❡♥❡r❛❧✐③❡❞ ●r❛❞✐❡♥t ❆♣♣r♦①✐♠❛t✐♦♥ ✔✮✱ ❞♦♥♥❡♥t ❞❡ ♠❡✐❧❧❡✉rs rés✉❧t❛ts ❞❛♥s ❧❡

❝❛❧❝✉❧ ❞❡s é♥❡r❣✐❡s t♦t❛❧❡s ❡t ❞❡s ♦❜s❡r✈❛❜❧❡s ❘▼◆✳

❆✜♥ ❞✬❛✉❣♠❡♥t❡r ❡♥❝♦r❡ ❧❡s ♣❡r❢♦r♠❛♥❝❡s ❞❡ ❧❛ ❉❋❚✱ ✉♥❡ tr♦✐s✐è♠❡ ❣é♥ér❛t✐♦♥ ❞❡

❢♦♥❝t✐♦♥♥❡❧❧❡s✱ q✉✐ ✐♥❝❧✉❡♥t ✉♥❡ ♣❛rt✐❡ ❞❡ ❧✬é❝❤❛♥❣❡ ♥♦♥ ❧♦❝❛❧ ❍❛rtr❡❡✲❋♦❝❦✱ ♦♥t été ❞é✜✲

♥✐❡s✳ P❛r ❡①❡♠♣❧❡✱ ♣♦✉r ❧❡s ❢♦♥❝t✐♦♥♥❡❧❧❡s ❇✸▲❨P ❬✷✾✱ ✸✷❪ ❡t ❇✸P❲✾✶ ❬✸✶✱ ✸✷❪✱ ❧✬é♥❡r❣✐❡

❞✬é❝❤❛♥❣❡ ❡t ❞❡ ❝♦rré❧❛t✐♦♥ s✬é❝r✐t E3G
XC = (1−a)ELDA

X +a.EHF
X +b.EGGA

X +ELDA
C +c.EGGA

C ✱

♦ù EHF
X ❡st ❧✬é♥❡r❣✐❡ ❞✬é❝❤❛♥❣❡ ❍❛rtr❡❡✲❋♦❝❦✳ ▲❡s ♣❛r❛♠ètr❡s a✱ b ❡t c s♦♥t ❛❥✉stés à ❧✬❛✐❞❡

❞❡ ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ♦✉ ❛❜ ✐♥✐t✐♦ s✉r ✉♥ ❣r♦✉♣❡ ❞❡ ♠♦❧é❝✉❧❡s ♦r❣❛♥✐q✉❡s✳ ❈❡s ❢♦♥❝✲

t✐♦♥♥❡❧❧❡s✱ ❛♣♣❡❧é❡s é❣❛❧❡♠❡♥t ❢♦♥❝t✐♦♥♥❡❧❧❡s ❤②❜r✐❞❡s✱ ♣❡r♠❡tt❡♥t ❞❡ ❝❛❧❝✉❧❡r ❧✬é♥❡r❣✐❡

❞❡ s②stè♠❡s ♠♦❧é❝✉❧❛✐r❡s ❛✈❡❝ ✉♥❡ ❣r❛♥❞❡ ♣ré❝✐s✐♦♥✱ ♣♦✉r ✉♥ ❝♦ût ❝♦♠♣✉t❛t✐♦♥♥❡❧ éq✉✐✲

✈❛❧❡♥t à ❝❡❧✉✐ ❞✬✉♥ ❝❛❧❝✉❧ ❍❛rtr❡❡✲❋♦❝❦✳ ❊❧❧❡s ❞♦♥♥❡♥t ❡♥ ♣❛rt✐❝✉❧✐❡r ❞✬❡①❝❡❧❧❡♥ts rés✉❧t❛ts

❞❛♥s ❧✬ét✉❞❡ ❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞❡ ♠ét❛✉① ❞❡ tr❛♥s✐t✐♦♥ ❬✸✸❪✳ ❈❡♣❡♥❞❛♥t✱ ❧❛

❉❋❚ ♥❡ ♣❡✉t êtr❡ ❡♥ ♣r✐♥❝✐♣❡ ✉t✐❧✐sé❡ q✉❡ ♣♦✉r ❧❡s s②stè♠❡s ♣♦ssé❞❛♥t ✉♥ ét❛t ❢♦♥❞❛♠❡♥✲

t❛❧ ♠♦♥♦ré❢ér❡♥t✐❡❧✱ ❡t ❞♦✐t ❞♦♥❝ êtr❡ ❡♠♣❧♦②é❡ ❛✈❡❝ ♣ré❝❛✉t✐♦♥ ❞❛♥s ❧❡ ❝❛s ❞❡ ❝♦♠♣❧❡①❡s

♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ♣♦ssé❞❛♥t ❞❡s ♦r❜✐t❛❧❡s d ♦✉ f q✉❛s✐♠❡♥t ❞é❣é♥éré❡s✳

❇✳✸ ❘❡❧❛t✐✈✐té ❡t ♣s❡✉❞♦♣♦t❡♥t✐❡❧s ❛t♦♠✐q✉❡s

❇✳✸✳✶ ❊q✉❛t✐♦♥ ❞❡ ❉✐r❛❝

❉❛♥s ❧❡s ♣❛r❛❣r❛♣❤❡s ♣ré❝é❞❡♥ts✱ ♥♦✉s ❛✈♦♥s ❝♦♥s✐❞éré q✉✬✉♥ s②stè♠❡ ❞✬✐♥térêt ❝❤✐✲

♠✐q✉❡ ♣♦✉✈❛✐t êtr❡ ❞é❝r✐t ♣❛r ✉♥❡ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ♥♦♥ r❡❧❛t✐✈✐st❡✱ s♦❧✉t✐♦♥ ❞❡ ❧✬éq✉❛t✐♦♥

❞❡ ❙❝❤rö❞✐♥❣❡r ♥♦♥ r❡❧❛t✐✈✐st❡✳ ❈❡♣❡♥❞❛♥t✱ ✐❧ ❛ été ♠♦♥tré q✉❡ ♣♦✉r ❧❡s é❧é♠❡♥ts ❧♦✉r❞s

à ♣❛rt✐r ❞✉ ♣♦t❛ss✐✉♠✱ ❧❡s é❧❡❝tr♦♥s ❞❡ ❝♦❡✉r✱ très ❝♦♥tr❛✐♥ts s♣❛t✐❛❧❡♠❡♥t✱ ❛tt❡✐❣♥❡♥t ❞❡s

✈✐t❡ss❡s ♣r♦❝❤❡s ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❧❛ ❧✉♠✐èr❡✳ P♦✉r ❝❡s ❛t♦♠❡s✱ ❧❡s ❡✛❡ts ❞❡ ❧❛ r❡❧❛t✐✈✐té

❞♦✐✈❡♥t ❞♦♥❝ êtr❡ ♣r✐s ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❡ ❝❛❧❝✉❧ ❞❡s ♦❜s❡r✈❛❜❧❡s ♣❤②s✐❝♦✲❝❤✐♠✐q✉❡s✳ ■❧ ❡st

❛❧♦rs ♥é❝❡ss❛✐r❡ ❞✬❛♣♣❧✐q✉❡r ❧❡ ❢♦r♠❛❧✐s♠❡ ❞❡ ❧❛ r❡❧❛t✐✈✐té r❡str❡✐♥t❡✳ ▲❡ s②stè♠❡ ✭t♦✉❥♦✉rs

❝♦♥st✐t✉é ❞❡ ◆ ♥♦②❛✉① ❡t ❞❡ ♥ é❧❡❝tr♦♥s✮ ♣❡✉t ❛❧♦rs êtr❡ ❞é❝r✐t ♣❛r ❧✬❤❛♠✐❧t♦♥✐❡♥ é❧❡❝tr♦✲

♥✐q✉❡ r❡❧❛t✐✈✐st❡ ✿

✷✾



Ĥel
rel =

n∑

i=1

ĥD(i) +
1

2

n∑

i,j=1

1

rij

✭❇✳✷✼✮

♦ù ĥD ❡st ❧✬❤❛♠✐t♦♥✐❡♥ ♠♦♥♦é❧❡❝tr♦♥✐q✉❡ ❞❡ ❉✐r❛❝ ❬✸✹❪ ✿

ĥD(i) = −c−̂→α (−̂→p − q
−→
A ) − βmc2 + qV ✭❇✳✷✽✮

❉❛♥s ❧❡ ❝❛s ❞❡ s②stè♠❡s ❢❛✐❜❧❡♠❡♥t r❡❧❛t✐✈✐st❡s✱ ❧✬❤❛♠✐❧t♦♥✐❡♥ ❞❡ ❉✐r❛❝ ♣❡✉t êtr❡ ❞é✲

✈❡❧♦♣♣é ❛✉ s❡❝♦♥❞ ♦r❞r❡ ♣❛r r❛♣♣♦rt ❛✉ t❡r♠❡ v/c✱ ♦ù v ❡st ❧❛ ✈✐t❡ss❡ ❞❡ ❧✬é❧❡❝tr♦♥ ❡t c ❧❛

✈✐t❡ss❡ ❞❡ ❧❛ ❧✉♠✐èr❡ ❬✸✺❪✳ ❖♥ ♣❛r❧❡ ❛❧♦rs ❞✬❤❛♠✐❧t♦♥✐❡♥ ❞❡ P❛✉❧✐ ✭❇✳✷✾✮

ĥPauli(i) = −▽2
i

2
−

N∑

A=1

ZA∥∥∥−→ri −
−→
RA

∥∥∥
+ ŵmv(i) + ŵD(i) + ŵSO(i) + ŵS(i) ✭❇✳✷✾✮

❆ ❧✬❤❛♠✐❧t♦♥✐❡♥ ♠♦♥♦é❧❡❝tr♦♥✐q✉❡ ♥♦♥ r❡❧❛t✐✈✐st❡ s✬❛❥♦✉t❡♥t ❞♦♥❝ ✉♥❡ sér✐❡ ❞❡ t❡r♠❡s

❝♦rr❡❝t✐❢s q✉✐ ♣❡✉✈❡♥t êtr❡ ❝❧❛ssés ❡♥ ❞❡✉① ❝❛té❣♦r✐❡s ❬✸✻❪ ✿

▲❡s t❡r♠❡s ŵmv ❡t ŵD✱ ❛♣♣❡❧é❡s ❝♦rr❡❝t✐♦♥s s❝❛❧❛✐r❡s✱ ❝♦♥s❡r✈❡♥t ❧❡s s②♠étr✐❡s ♥♦♥

r❡❧❛t✐✈✐st❡s✳ ■❧s ♦♥t ♣♦✉r ❡✛❡t ❞❡ ♠♦❞✐✜❡r ❧❡s é♥❡r❣✐❡s ❡t ❧❡s ❢♦r♠❡s ❞❡s ♦r❜✐t❛❧❡s é❧❡❝tr♦✲

♥✐q✉❡s ❞♦♥♥é❡s ♣❛r ❧❡ ❝❛❧❝✉❧ ♥♦♥ r❡❧❛t✐✈✐st❡✳ ❖♥ ♣❛r❧❡ ❛❧♦rs ❞✬❡✛❡ts r❡❧❛t✐✈✐st❡s s❝❛❧❛✐r❡s✳

❈❡s ❡✛❡ts s♦♥t ♣ré♣♦♥❞ér❛♥ts ❞❛♥s ❧❡ ❝♦❡✉r✳

▲❡s t❡r♠❡s ŵSO ❡t ŵS✱ ❞♦♥t ❧❡ s❡❝♦♥❞ ❡st ♥✉❧ ❡♥ ❧✬❛❜s❡♥❝❡ ❞❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✱ ❜r✐s❡♥t

❧❡s s②♠étr✐❡s r❡❧❛t✐✈✐st❡s✳ ■❧s s♦♥t à ❧✬♦r✐❣✐♥❡ ❞❡ ❧✬é❝❧❛t❡♠❡♥t ❞❡s ♥✐✈❡❛✉① é❧❡❝tr♦♥✐q✉❡s ♥♦♥

r❡❧❛t✐✈✐st❡s ♣❛r ❝♦✉♣❧❛❣❡ s♣✐♥✲♦r❜✐t❡ ✭ŵSO✮ ♦✉ ♣❛r ✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ s♣✐♥ é❧❡❝tr♦♥✐q✉❡

❡t ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①tér✐❡✉r ✭ŵS✮✳ ❈❡s t❡r♠❡s ♥♦♥✲s❝❛❧❛✐r❡s✱ q✉✐ ❞♦✐✈❡♥t êtr❡ ♣r✐s

❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❡ ❝❛❧❝✉❧ ❞✬♦❜s❡r✈❛❜❧❡s s♣❡❝tr♦s❝♦♣✐q✉❡s✱ s❡r♦♥t ♦♠✐s ❞❛♥s ❝❡tt❡ t❤ès❡✳ ❊♥

❡✛❡t✱ t♦✉t❡s ❧❡s ré❛❝t✐♦♥s ❝♦♥s✐❞éré❡s s❡ ♣r♦❞✉✐s❡♥t s❛♥s ❝❤❛♥❣❡♠❡♥t ❞❡ ❞❡❣ré ❞✬♦①②❞❛✲

t✐♦♥ ❞✉ ♠ét❛❧✳ ❊♥ ♣r❡♠✐èr❡ ❛♣♣r♦①✐♠❛t✐♦♥✱ ♥♦✉s ❝♦♥s✐❞ér❡r♦♥s ❞♦♥❝ q✉❡ ❧❡s ❝♦rr❡❝t✐♦♥s

r❡❧❛t✐✈✐st❡s ♥♦♥ s❝❛❧❛✐r❡s s♦♥t ✐❞❡♥t✐q✉❡s ♣♦✉r t♦✉s ❧❡s ♣♦✐♥ts s✐♥❣✉❧✐❡rs ❞❡ ❧❛ s✉r❢❛❝❡ ❞❡

♣♦t❡♥t✐❡❧ ✭ré❛❝t✐❢✱ ❛❞❞✉✐ts✱ ét❛t ❞❡ tr❛♥s✐t✐♦♥✱ ♣r♦❞✉✐t✮✱ ❡t ♣❡✉✈❡♥t ❞♦♥❝ êtr❡ ♥é❣❧✐❣é❡s ♣❛r

❡✛❡t ❞✐✛ér❡♥t✐❡❧ ❞❛♥s ❧❡ ❝❛❧❝✉❧ ❞❡s ❣r❛♥❞❡✉rs é♥❡r❣ét✐q✉❡s ❞❡ ré❛❝t✐♦♥✳

❇✳✸✳✷ ❊✛❡ts r❡❧❛t✐✈✐st❡s s❝❛❧❛✐r❡s

▲❡s ❡✛❡ts ❞✐r❡❝ts ❞❡ ❧❛ r❡❧❛t✐✈✐té s❝❛❧❛✐r❡ s✬❛♣♣❧✐q✉❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t s✉r ❧❡s é❧❡❝tr♦♥s

❞❡ ❝♦❡✉r ❞❡ ❧✬❛t♦♠❡✱ s✉rt♦✉t s✉r ❧❡s é❧❡❝tr♦♥s 1s✱ ❡t ❡♥tr❛î♥❡♥t ✉♥❡ st❛❜✐❧✐s❛t✐♦♥ é♥❡r✲

❣ét✐q✉❡ ❡t ✉♥❡ ❝♦♥tr❛❝t✐♦♥ s♣❛t✐❛❧❡ ✐♠♣♦rt❛♥t❡ ❞❡s ♦r❜✐t❛❧❡s ❧❡s ♣❧✉s ✐♥t❡r♥❡s✱ q✉✐ ♣❡✉t

❛tt❡✐♥❞r❡ ❧❡s ✶✺✪ ♣♦✉r ❧❡s ♠ét❛✉① ♥♦❜❧❡s ✭❈✉✱ ❆❣✱ ❆✉✮ ❬✸✼✱ ✸✽❪✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ r❡❧❛t✐✈✐té

s❝❛❧❛✐r❡ s❡ tr❛❞✉✐t é❣❛❧❡♠❡♥t ♣❛r ❞❡s ❡✛❡ts ✐♥❞✐r❡❝ts s✉r ❧❡s é❧❡❝tr♦♥s ❞❡ ✈❛❧❡♥❝❡✱ ❞✉s à

✸✵



❧✬é❝r❛♥t❛❣❡ ❛❝❝r✉ ❞✉ ♥♦②❛✉ ♣❛r ❧❡s é❧❡❝tr♦♥s ❞❡ ❝♦❡✉r✳ ❖♥ ♦❜s❡r✈❡ ❡♥ ♣❛rt✐❝✉❧✐❡r ✉♥❡ st❛✲

❜✐❧✐s❛t✐♦♥ é♥❡r❣ét✐q✉❡ ❡t ✉♥❡ ❝♦♥tr❛❝t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ♦r❜✐t❛❧❡s ❞❡ ✈❛❧❡♥❝❡ s ❡t p ❡t ✉♥❡

❞✐❧❛t❛t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ♦r❜✐t❛❧❡s d ❡t f ✳ ❈❡tt❡ ❞✐❧❛t❛t✐♦♥ ♣❡✉t ❞é♣❛ss❡r ❧❡s ✶✵✪✱ ❡♥ ♣❛r✲

t✐❝✉❧✐❡r ♣♦✉r ❧❡s ♦r❜✐t❛❧❡s ❞❡ t②♣❡ f ✳ ❉❡ ♣❧✉s✱ ❧❛ r❡❧❛t✐✈✐té s❝❛❧❛✐r❡ ❡st à ❧✬♦r✐❣✐♥❡ ❞✬✉♥❡

♣❛rt✐❡ ❞❡ ❧❛ ❝♦♥tr❛❝t✐♦♥ ❞❡s ❧❛♥t❤❛♥✐❞❡s ✭❝❢✳ ♣❛r❛❣r❛♣❤❡ ❇✳✹✮✳ ❆✉ ♥✐✈❡❛✉ ♠♦❧é❝✉❧❛✐r❡✱ ❧❛

r❡❧❛t✐✈✐té s❝❛❧❛✐r❡ ♣❡✉t ❛✈♦✐r ✉♥ ❡✛❡t ✐♠♣♦rt❛♥t s✉r ❧❡s ❧♦♥❣✉❡✉rs ❞❡ ❧✐❛✐s♦♥✱ ❧❡s é♥❡r❣✐❡s

❞❡ ❞✐ss♦❝✐❛t✐♦♥✱ ❡t ✐♥✢✉❡ ❞♦♥❝ s✉r ❧❛ str✉❝t✉r❡ ❡t ❧❛ ré❛❝t✐✈✐té ❞❡s ♠♦❧é❝✉❧❡s✳

❇✳✸✳✸ P♦t❡♥t✐❡❧s ❡✛❡❝t✐❢s ❛t♦♠✐q✉❡s

▲❡ ♣r✐♥❝✐♣❡ ❞❡s ♣♦t❡♥t✐❡❧s ❡✛❡❝t✐❢s ❛t♦♠✐q✉❡s r❡♣♦s❡ s✉r ❧✬❤②♣♦t❤ès❡ q✉✬✐❧ ❡①✐st❡ ✉♥❡

sé♣❛r❛t✐♦♥ s♣❛t✐❛❧❡ ❡t é♥❡r❣ét✐q✉❡ ♥❡tt❡ ❡♥tr❡ ❧❡s é❧❡❝tr♦♥s ❞❡ ❝♦❡✉r ❡t ❧❡s é❧❡❝tr♦♥s ❞❡

✈❛❧❡♥❝❡✳ ▲❡s ♣r❡♠✐❡rs✱ très ✐♥t❡r♥❡s ❡t st❛❜✐❧✐sés é♥❡r❣ét✐q✉❡♠❡♥t✱ ♥❡ ♣❛rt✐❝✐♣❡♥t ❛❧♦rs

q✉❡ très ♣❡✉ ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ é❧❡❝tr♦♥✐q✉❡ ❞❡

❝♦❡✉r ♣❡✉t êtr❡ ❝♦♥s✐❞éré❡ ❝♦♠♠❡ ✐♥✈❛r✐❛♥t❡ ❞❛♥s ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ♠♦❧é❝✉❧❛✐r❡✳ ❉❡ ♣❧✉s✱

❝♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ♠❡♥t✐♦♥♥é ♣ré❝é❞❡♠♠❡♥t✱ ❧❡s ❡✛❡ts ❞✐r❡❝ts ❞❡ ❧❛ r❡❧❛t✐✈✐té s❝❛❧❛✐r❡

s✬❛♣♣❧✐q✉❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t s✉r ❧❡s é❧❡❝tr♦♥s ❞❡ ❝♦❡✉r✳ ■❧ ❡st ❞♦♥❝ ♣❡rt✐♥❡♥t ❞❡ ❝❤❡r❝❤❡r

à sé♣❛r❡r ❧❡s é❧❡❝tr♦♥s ❞❡ ✈❛❧❡♥❝❡ ❡t ❧❡s é❧❡❝tr♦♥s ❞❡ ❝♦❡✉r s♦✐t ❡♥ ❣❡❧❛♥t ❝❡s ❞❡r♥✐❡rs✱

s♦✐t ❡♥ ❧❡s r❡♠♣❧❛ç❛♥t ♣❛r ✉♥ ♣♦t❡♥t✐❡❧ ❡✛❡❝t✐❢✱ ❡t ❞❡ r❡str❡✐♥❞r❡ ❧❡ ❝❛❧❝✉❧ ♠♦❧é❝✉❧❛✐r❡

à ❧❛ s❡✉❧❡ ♦♣t✐♠✐s❛t✐♦♥ ❞❡ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ é❧❡❝tr♦♥✐q✉❡ ❞❡ ✈❛❧❡♥❝❡✳ ❈❡tt❡ ❛♣♣r♦❝❤❡✱ q✉✐

♣❡r♠❡t ❞✬✐♥❝❧✉r❡ ❧❡s ❡✛❡ts r❡❧❛t✐✈✐st❡s s❝❛❧❛✐r❡s à ❧✬✐♥tér✐❡✉r ❞✉ ♣♦t❡♥t✐❡❧ ❡✛❡❝t✐❢✱ ♦✛r❡ ❡♥

♦✉tr❡ ❧✬❛✈❛♥t❛❣❡ ❝❡rt❛✐♥ ❞❡ ❞✐♠✐♥✉❡r ❧❡ ♥♦♠❜r❡ ❞✬é❧❡❝tr♦♥s ❡①♣❧✐❝✐t❡s ❡t ❞♦♥❝ ❞✬❛❧❧é❣❡r

❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❧❡s ❝❛❧❝✉❧s t❤é♦r✐q✉❡s✳

❆♣♣r♦①✐♠❛t✐♦♥ à ❝♦❡✉r ❣❡❧é

❈♦♥s✐❞ér♦♥s ✉♥ ❛t♦♠❡ ♣♦ssé❞❛♥t n é❧❡❝tr♦♥s✱ ❞♦♥t nc é❧❡❝tr♦♥s ❞❡ ❝♦❡✉r✳ ▲✬❛♣♣r♦①✐♠❛✲

t✐♦♥ à ❝♦❡✉r ❣❡❧é ❡st ❢♦♥❞é❡ s✉r ❧✬❤②♣♦t❤ès❡ q✉❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ❞✉ s②stè♠❡ Φ(−→r1 , ...,−→rn)

♣❡✉t êtr❡ ❞é❝♦♠♣♦sé❡ ❡♥ ✉♥❡ ♣❛rt✐❡ ❞❡ ❝♦❡✉r ΦC(−→r1 , ...,−→rnc
) ❡t ✉♥❡ ♣❛rt✐❡ ❞❡ ✈❛❧❡♥❝❡

ΦV (−→rnc
, ...,−→rn)✱ ❝❡ q✉✐ ❡st ❧❡ ❝❛s ❞❛♥s ❧❡ ❢♦r♠❛❧✐s♠❡ ❍❛rtr❡❡✲❋♦❝❦ ♠❛✐s ♣❛s ❞❛♥s ❧❡s

♠ét❤♦❞❡s ❝♦rré❧é❡s✳ ▲✬❤❛♠✐❧t♦♥✐❡♥ ❞✉ s②stè♠❡ ♣❡✉t ❛❧♦rs êtr❡ ❞✐✈✐sé ❡♥ ❞❡✉① t❡r♠❡s

Ĥ rel
C ❡t Ĥ rel

V ✭éq✉❛t✐♦♥s ❇✳✸✵ ❡t ❇✳✸✶✮ ❡t ❧✬é♥❡r❣✐❡ ❞❡ ❧✬❛t♦♠❡ ❡st ❧❛ s♦♠♠❡ ❞❡s ❞❡✉①

é♥❡r❣✐❡s ❞❡ ❝♦❡✉r ❡t ❞❡ ✈❛❧❡♥❝❡✱ t❡❧❧❡s q✉❡ Ĥ rel
C ΦC(−→r1 , ...,−→rnc

) = ECΦC(−→r1 , ...,−→rnc
) ❡t

Ĥ rel
V ΦV (−→rnc

, ...,−→rn) = EV ΦV (−→rnc
, ...,−→rn)✳

Ĥ rel
C =

nc∑

i=1

ĥD(i) +
1

2

nc∑

i,j=1

1

rij

✭❇✳✸✵✮

✸✶



Ĥ rel
V =

n∑

i=nc

[
ĥD(i) +

nc∑

j=1

1

rij

]
+

1

2

n∑

i,j=nc+1

1

rij

✭❇✳✸✶✮

❯♥ ❝❛❧❝✉❧ t♦✉s é❧❡❝tr♦♥s r❡❧❛t✐✈✐st❡ ❡✛❡❝t✉é s✉r ❧✬❛t♦♠❡ s❡✉❧ ♣❡r♠❡t ❞❡ ❞ét❡r♠✐♥❡r ΦC ❡t

EC ✱ q✉✐ s❡r♦♥t ❡♥s✉✐t❡ ✜①és✳ P♦✉r ♦❜t❡♥✐r ❧❡s ♣r♦♣r✐étés ❞❡ ❧✬❛t♦♠❡ ❞❛♥s ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t

♠♦❧é❝✉❧❛✐r❡✱ ✐❧ s✉✣t ❞♦♥❝ ❞❡ rés♦✉❞r❡ ❧✬éq✉❛t✐♦♥ ✓ ❞❡ ✈❛❧❡♥❝❡ ✔ Ĥ rel
V ΦV (−→rnc

, ...,−→rn) =

EV ΦV (−→rnc
, ...,−→rn)✳ ❖r✱ ❧✬❤❛♠✐❧t♦♥✐❡♥ ❞❡ ✈❛❧❡♥❝❡ Ĥ rel

V ❝♦♥t✐❡♥t ✉♥ t❡r♠❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❝♦❡✉r✲

✈❛❧❡♥❝❡
∑nc

j=1
1

rij
✐♥❝❧✉❛♥t ❧✬✐♥t❡r❛❝t✐♦♥ ❝♦✉❧♦♠❜✐❡♥♥❡ ❡♥tr❡ ❝❤❛q✉❡ é❧❡❝tr♦♥ ❞❡ ❝♦❡✉r ❡t

❝❤❛q✉❡ é❧❡❝tr♦♥ ❞❡ ✈❛❧❡♥❝❡✳ ▲❛ rés♦❧✉t✐♦♥ ❞❡ ❧✬éq✉❛t✐♦♥ ✓ ❞❡ ✈❛❧❡♥❝❡ ✔ ✐♠♣❧✐q✉❡ ❞♦♥❝ ❧❡

❝❛❧❝✉❧ ❡①♣❧✐❝✐t❡ ❞❡ t♦✉t❡s ❧❡s ✐♥t❡r❛❝t✐♦♥s ❜✐é❧❡❝tr♦♥✐q✉❡s ❝♦❡✉r✲✈❛❧❡♥❝❡✳ ▲✬❛♣♣r♦①✐♠❛t✐♦♥

à ❝♦❡✉r ❣❡❧é ♥❡ ♣❡r♠❡t ❞♦♥❝ ♣❛s ❞❡ ❞✐♠✐♥✉❡r ❞❡ ♠❛♥✐èr❡ ❛♣♣ré❝✐❛❜❧❡ ❧❡ ❝♦ût ❞❡s ❝❛❧❝✉❧s

t❤é♦r✐q✉❡s✳ ❆✜♥ ❞❡ ♣❛❧❧✐❡r ❝❡ ♣r♦❜❧è♠❡✱ ❞❡s ♣♦t❡♥t✐❡❧s ❡✛❡❝t✐❢s s✐♠✉❧❛♥t ❧✬❡✛❡t ❞❡s é❧❡❝tr♦♥s

❞❡ ❝♦❡✉r s✉r ❧❛ ✈❛❧❡♥❝❡ ♦♥t été ✐♥tr♦❞✉✐ts✳

P♦t❡♥t✐❡❧s ♠♦❞è❧❡s

▲❡ ❢♦r♠❛❧✐s♠❡ ❞❡s ♣♦t❡♥t✐❡❧s ♠♦❞è❧❡s ❛❜ ✐♥✐t✐♦ ✭❆■▼P✮ ❬✸✾✱ ✹✵❪ ❝♦♥s✐st❡ à r❡♠♣❧❛✲

❝❡r ❧✬✐♥t❡r❛❝t✐♦♥ ❝♦❡✉r✲✈❛❧❡♥❝❡ ♣❛r ✉♥ ♣♦t❡♥t✐❡❧ ❡✛❡❝t✐❢ ♣❛r❛♠étré ♠♦♥♦é❧❡❝tr♦♥✐q✉❡ Ŵeff

✭❇✳✸✷✮

Ŵeff (i) = −Z − nc

ri

−
∑

I

AI
e−αIr2

i

ri

+
∑

C

BC |ϕC〉 〈ϕC | ✭❇✳✸✷✮

▲❡ ♣♦t❡♥t✐❡❧ st❛t✐q✉❡
∑

I AI
e−αIr2

i

ri
♣❡r♠❡t ❞❡ s✐♠✉❧❡r ❧❛ ré♣✉❧s✐♦♥ ❡t ❧✬é❝❤❛♥❣❡ ❛✈❡❝ ❧❡s

é❧❡❝tr♦♥s ❞❡ ❝♦❡✉r ❡t ❧❡ ♣r♦❥❡❝t❡✉r
∑

C BC |ϕC〉 〈ϕC | ♣❡r♠❡t ❞✬é✈✐t❡r ❧✬❡✛♦♥❞r❡♠❡♥t ❞❡s

é❧❡❝tr♦♥s ❞❡ ❝♦❡✉r s✉r ❧❡ ♥♦②❛✉ ❡♥ ❛ss✉r❛♥t ❧✬♦rt❤♦❣♦♥❛❧✐s❛t✐♦♥ ❞❡s ♦r❜✐t❛❧❡s ❞❡ ❝♦❡✉r ϕC ❡t

❞❡s ♦r❜✐t❛❧❡s ❞❡ ✈❛❧❡♥❝❡✳ ▲❡s ♣❛r❛♠ètr❡s AI ✱ αI ❡t BC s♦♥t ❛❥✉stés ❞❡ s♦rt❡ à r❡tr♦✉✈❡r ❧❛

str✉❝t✉r❡ ❡①❛❝t❡ ❞❡s ♦r❜✐t❛❧❡s ❞❡ ✈❛❧❡♥❝❡ ❡♥ ♣rés❡♥❝❡ ❞✉ ♣♦t❡♥t✐❡❧ ❡✛❡❝t✐❢✳ ❈❡tt❡ ♠ét❤♦❞❡

❝♦♥s❡r✈❡ ❧❛ str✉❝t✉r❡ ♥♦❞❛❧❡ ❞❡s ♦r❜✐t❛❧❡s✱ ❡t ♥é❝❡ss✐t❡ ❞♦♥❝ ❧✬❡♠♣❧♦✐ ❞✬✉♥❡ ❜❛s❡ ❛❞❛♣té❡

❛✉ ❝♦❡✉r ❛✐♥s✐ q✉✬à ❧❛ ✈❛❧❡♥❝❡✱ ❝❡ q✉✐ ❡♥tr❛î♥❡ ❞❡s ❝♦ûts ❝❛❧❝✉❧❛t♦✐r❡s ✐♠♣♦rt❛♥ts✳

Ps❡✉❞♦♣♦t❡♥t✐❡❧s

▲❛ ♠ét❤♦❞❡ ❞❡s ♣s❡✉❞♦♣♦t❡♥t✐❡❧s ❝♦♥s✐st❡ à r❡♠♣❧❛❝❡r ❧❡s ♦r❜✐t❛❧❡s ❞❡ ✈❛❧❡♥❝❡ ré❡❧❧❡s

ϕV ✱ ♦❜t❡♥✉❡s ♣❛r ✉♥ ❝❛❧❝✉❧ r❡❧❛t✐✈✐st❡ t♦✉s é❧❡❝tr♦♥s✱ ♣❛r ❞❡s ♣s❡✉❞♦✲♦r❜✐t❛❧❡s χV ❡t ❧✬✐♥✲

t❡r❛❝t✐♦♥ ❝♦❡✉r✲é❧❡❝tr♦♥ ♣❛r ✉♥ ♣♦t❡♥t✐❡❧ ❡✛❡❝t✐❢ Ŵps✱ ❛♣♣❡❧é ❞❛♥s ❝❡ ❝❛s ♣s❡✉❞♦♣♦t❡♥t✐❡❧

❛t♦♠✐q✉❡ r❡❧❛t✐✈✐st❡ ❞❡ ❝♦❡✉r ✭❘❊❈P✮ ❬✹✶❪✳ ▲❛ ❢♦r♠❡ ❧❛ ♣❧✉s ❝♦✉r❛♥t❡ ❞❡ ♣s❡✉❞♦♣♦t❡♥t✐❡❧

❡st s❡♠✐✲❧♦❝❛❧❡ ✭❇✳✸✸✮✳ ❊♥ ❡✛❡t✱ ❝♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ♣ré❝é❞❡♠♠❡♥t ✐♥❞✐q✉é✱ ❧❡s é❧❡❝tr♦♥s

❞❛♥s ❞❡s ♦r❜✐t❛❧❡s ❛t♦♠✐q✉❡s ❞❡ s②♠étr✐❡ ❞✐✛ér❡♥t❡s s✉❜✐ss❡♥t ❧❡s ❡✛❡ts ✐♥❞✐r❡❝ts ❞❡ ❧❛

✸✷



r❡❧❛t✐✈✐té ❞❡ ❢❛ç♦♥ ❞✐✛ér❡♥t❡✳ ▲❡ ♣r♦❥❡❝t❡✉r |ℓ〉 〈ℓ| ♣❡r♠❡t ❞♦♥❝ ❞✬❛ss✉r❡r ❧❛ ❞é♣❡♥❞❛♥❝❡

❡♥ s②♠étr✐❡ ❞✉ ♣s❡✉❞♦♣♦t❡♥t✐❡❧✳

Ŵps(i) = −Z − nc

ri

−
ℓmax∑

ℓ=0

Ŵ ℓ
ps(i) |ℓ〉 〈ℓ| ✭❇✳✸✸✮

❛✈❡❝ Ŵ ℓ
ps(i) =

∑

k

Ck,ℓe
−αk,ℓr

2

i r
nk,ℓ

i ✭❇✳✸✹✮

❉❛♥s ❧✬❛♣♣r♦❝❤❡ ✓ s❤❛♣❡✲❝♦♥s✐st❡♥t ✔ ❬✹✷✱✹✸❪✱ ❧❡s ♣s❡✉❞♦✲♦r❜✐t❛❧❡s r❡♣r♦❞✉✐s❡♥t ❧❛ str✉❝✲

t✉r❡ ❞❡s ♦r❜✐t❛❧❡s ré❡❧❧❡s ❞❛♥s ❧❛ ré❣✐♦♥ ❞❡ ✈❛❧❡♥❝❡ ♠❛✐s ♦♥t ✉♥❡ ❢♦r♠❡ ♣♦❧②♥♦♠✐❛❧❡ s❛♥s

♥♦❡✉❞ ❞❛♥s ❧❛ ré❣✐♦♥ ❞❡ ❝♦❡✉r ✭❝❢✳ ✜❣✉r❡ ❇✳✷✮ ✳ ▲❡ ♣s❡✉❞♦♣♦t❡♥t✐❡❧ ❡st ❡♥s✉✐t❡ ❡①tr❛✐t ❡♥

♠✐♥✐♠✐s❛♥t à ❧✬❛✐❞❡ ❞❡s ♠♦✐♥❞r❡s ❝❛rrés ❧❡s t❡r♠❡s 〈χV |Veff |χV 〉 − ǫV ✱ ♦ù ǫV ❡st ❧✬é♥❡r✲

❣✐❡ ♦r❜✐t❛❧❛✐r❡ ❞❡ ❧✬♦r❜✐t❛❧❡ ϕV ✳ ❉❛♥s ❧✬❛♣♣r♦❝❤❡ ✓ ❡♥❡r❣②✲❝♦♥s✐st❡♥t ✔ ❬✹✹❪✱ ❧✬✐♥❢♦r♠❛t✐♦♥

♦r❜✐t❛❧❛✐r❡ ❡st t♦t❛❧❡♠❡♥t ✐❣♥♦ré❡ ❡t ❧❡ ♣s❡✉❞♦♣♦t❡♥t✐❡❧ ❡st ❡①tr❛✐t ❡♥ r❡♣r♦❞✉✐s❛♥t ❞❡s

♦❜s❡r✈❛❜❧❡s t❡❧❧❡s q✉❡ ❧✬é♥❡r❣✐❡ t♦t❛❧❡ ❞❡ ❧✬❛t♦♠❡✱ s♦♥ ♣♦t❡♥t✐❡❧ ❞✬✐♦♥✐s❛t✐♦♥✱ s♦♥ ❛✣♥✐té

é❧❡❝tr♦♥✐q✉❡✱ ❧❡s é♥❡r❣✐❡s ❞❡ tr❛♥s✐t✐♦♥ é❧❡❝tr♦♥✐q✉❡s✳✳✳ ❊♥ ♣r❛t✐q✉❡✱ ♦♥ r❡♠❛rq✉❡ q✉❡ ❧❡s

❞❡✉① ♣r♦❝é❞✉r❡s ❝♦♥❞✉✐s❡♥t s♦✉✈❡♥t à ❞❡s rés✉❧t❛ts ♣r♦❝❤❡s✱ ❝❡ q✉✐ ♣❡r♠❡t ❞❡ ❝♦♥✜r♠❡r

❧❡✉r ✈❛❧✐❞✐té✳

❋✐❣✳ ❇✳✷✿ Ps❡✉❞♦✲♦r❜✐t❛❧❡ ❞❡ ✈❛❧❡♥❝❡ ❞❛♥s ❧❛ ♣r♦❝é❞✉r❡ ✓ s❤❛♣❡✲❝♦♥s✐st❡♥t ✔

❇✳✹ ❈❤♦✐① ❞✬✉♥❡ ♠ét❤♦❞❡ ❞❡ ❝❛❧❝✉❧ ❛❞❛♣té❡ ❛✉① é❧é✲

♠❡♥ts ❧♦✉r❞s

P❛r♠✐ ❧❡s ♠ét❤♦❞❡s ❞❡ ❝❛❧❝✉❧ ♣rés❡♥té❡s ❞❛♥s ❧❡s ♣❛r❛❣r❛♣❤❡s ♣ré❝é❞❡♥ts✱ ✐❧ ♥♦✉s ❢❛✉t à

♣rés❡♥t ❞é✜♥✐r ❧❛ ♠✐❡✉① ❛❞❛♣té❡ à ❧✬ét✉❞❡ ❞❡ ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s

❡t ❞✬❛❝t✐♥✐❞❡s✳ ▲❡s ❝♦♠♣♦sés ét✉❞✐és ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ♥♦s tr❛✈❛✉① ❝♦♠♣♦rt❛♥t ❛✉ ♠✐♥✐♠✉♠

✸✸



✉♥❡ ✈✐♥❣t❛✐♥❡ ❞✬❛t♦♠❡s✱ ❧❛ ♠ét❤♦❞❡ ❝❤♦✐s✐❡ ❞♦✐t êtr❡ ❝❛♣❛❜❧❡ ❞❡ tr❛✐t❡r ❞❡s s②stè♠❡s ❞❡

t❛✐❧❧❡ ✐♠♣♦rt❛♥t❡ ❛✈❡❝ ♣ré❝✐s✐♦♥✳ ❉❡ ♣❧✉s✱ ✐❧ s❡r❛ ♥é❝❡ss❛✐r❡ ♥♦♥ s❡✉❧❡♠❡♥t ❞✬❛❝❝é❞❡r à

❧✬é♥❡r❣✐❡ ❞✬✉♥ ❝♦♠♣❧❡①❡✱ ♠❛✐s é❣❛❧❡♠❡♥t ❞❡ ♣♦✉✈♦✐r ♦♣t✐♠✐s❡r s❛ ❣é♦♠étr✐❡ s❛♥s ❝♦♥tr❛✐♥t❡

❞❡ s②♠étr✐❡ ❡t ❝❛❧❝✉❧❡r s♦♥ s♣❡❝tr❡ ✈✐❜r❛t✐♦♥♥❡❧✳ ▲❡ ❝❛❧❝✉❧ ❞✉ ❣r❛❞✐❡♥t ❡t ❞✉ ❤❡ss✐❡♥ ❞❡

❧✬é♥❡r❣✐❡ ♣❛r r❛♣♣♦rt ❛✉① ❝♦♦r❞♦♥♥é❡s ❛t♦♠✐q✉❡s ❞♦✐t ❞♦♥❝ êtr❡ ❛❝❝❡ss✐❜❧❡✳ ❈✬❡st ♣♦✉rq✉♦✐

♥♦✉s ❛✈♦♥s ♦♣té ♣♦✉r ❧❛ ❉❋❚✱ ❞♦♥t ❧✬✉t✐❧✐s❛t✐♦♥ ♣♦✉r ❧✬ét✉❞❡ ❞❡ ❝♦♠♣❧❡①❡s ❞❡ ♠ét❛✉①

❞❡ tr❛♥s✐t✐♦♥ ❛ été ❧❛r❣❡♠❡♥t ✈❛❧✐❞é❡ ❬✸✸❪✳ ▲❡s ❝❛❧❝✉❧s s❡r♦♥t ❡✛❡❝t✉és ❛✈❡❝ ❧❡ ❧♦❣✐❝✐❡❧

●❛✉ss✐❛♥ ✭✈❡rs✐♦♥ ✾✽ ❬✹✺❪ ♦✉ ✵✸ ❬✹✻❪✮✱ q✉✐ ✉t✐❧✐s❡ ❞❡s ❜❛s❡s ❣❛✉ss✐❡♥♥❡s✳ ❆✜♥ ❞❡ ❞é❝r✐r❡

❧❡s ✐♥t❡r❛❝t✐♦♥s ❛t♦♠✐q✉❡s ❞❡ ❢❛ç♦♥ ♣❡rt✐♥❡♥t❡✱ ❧❡s ❛t♦♠❡s ❧é❣❡rs s❡r♦♥t tr❛✐tés ❛✈❡❝ ✉♥❡

❜❛s❡ ❞❡ t②♣❡ ✻✲✸✶●✭❞✱♣✮ ❬✶✺❪✱ q✉✐ ❝♦♥t✐❡♥t ❞❡s ❢♦♥❝t✐♦♥s ❞❡ ♣♦❧❛r✐s❛t✐♦♥✳ P♦✉r ❧❡s é❧é♠❡♥ts

❞❡ ❧❛ tr♦✐s✐è♠❡ ♣ér✐♦❞❡ ✭❙✐✱ ❈❧✮✱ ❞❡s ♣s❡✉❞♦♣♦t❡♥t✐❡❧s r❡❧❛t✐✈✐st❡s s❡r♦♥t ✉t✐❧✐sés ❬✹✼❪✱ ❡♥

❛ss♦❝✐❛t✐♦♥ ❛✈❡❝ ❧❡✉r ❜❛s❡ ❞❡ ♣s❡✉❞♦✲♦r❜✐t❛❧❡s ❛✉❣♠❡♥té❡ ❞✬✉♥❡ ❢♦♥❝t✐♦♥ ❞❡ ♣♦❧❛r✐s❛t✐♦♥

❞❡ t②♣❡ d ❬✹✽✱ ✹✾❪✳ ■❧ ♥♦✉s r❡st❡ ❞♦♥❝ à ❝❤♦✐s✐r ❧❛ ♠ét❤♦❞❡ ❧❛ ♣❧✉s ❛❞❛♣té❡ ❛✉ tr❛✐t❡♠❡♥t

❞❡s ❛t♦♠❡s ❧♦✉r❞s ✿ ❧❛♥t❤❛♥✐❞❡s ❡t ❛❝t✐♥✐❞❡s✳

❇✳✹✳✶ ❚r❛✐t❡♠❡♥t ❞❡s ❧❛♥t❤❛♥✐❞❡s

▲❡s ❧❛♥t❤❛♥✐❞❡s✱ ♦✉ t❡rr❡s r❛r❡s✱ s♦♥t ❧❡s é❧é♠❡♥ts ❞❡ ❧❛ ❝❧❛ss✐✜❝❛t✐♦♥ ♣♦ssé❞❛♥t ✉♥❡

❝♦✉❝❤❡ 4f ✐♥❝♦♠♣❧èt❡✳ P❛r♠✐ ❝❡✉①✲❝✐✱ ♥♦✉s ♥♦✉s ✐♥tér❡ss❡r♦♥s ❡♥ ♣❛rt✐❝✉❧✐❡r ❛✉ ❧❛♥t❤❛♥❡✱

❛✉ s❛♠❛r✐✉♠✱ à ❧✬❡✉r♦♣✐✉♠ ❡t ❛✉ ❧✉té❝✐✉♠✱ ❞♦♥t ❧❡s ❝♦♥✜❣✉r❛t✐♦♥s é❧❡❝tr♦♥✐q✉❡s s♦♥t

r❛ss❡♠❜❧é❡s ❡♥ t❛❜❧❡ ❇✳✶ ❬✺✵❪✳ ❊♥ ❝❤✐♠✐❡ ♦r❣❛♥♦♠ét❛❧❧✐q✉❡✱ ❧❡ ❧❛♥t❤❛♥❡ ❡t ❧❡ ❧✉té❝✐✉♠✱

❝♦♠♠❡ ❧❛ ♣❧✉♣❛rt ❞❡s ❧❛♥t❤❛♥✐❞❡s✱ ♥✬❡①✐st❡♥t q✉✬❛✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ■■■✳ ❉❛♥s ❧❡ ❝❛s

❞✉ s❛♠❛r✐✉♠ ❡t ❞❡ ❧✬❡✉r♦♣✐✉♠✱ ❧❡s ♣♦t❡♥t✐❡❧s ❞✬♦①②❞♦ré❞✉❝t✐♦♥ ❞❡s ❝♦✉♣❧❡s Ln3+/Ln2+

✭Ln❂❧❛♥t❤❛♥✐❞❡✮ s♦♥t très ♥é❣❛t✐❢s ❬✺✶❪✱ ❞❡ t❡❧❧❡ s♦rt❡ q✉❡ ❧❡s ❝♦♠♣❧❡①❡s ❝♦♠♣♦rt❛♥t ❝❡s

é❧é♠❡♥ts ❛✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ■■ s♦♥t ✐♥st❛❜❧❡s✳ ❉❛♥s ❝❡tt❡ t❤ès❡✱ ♥♦✉s ♥❡ ❝♦♥s✐❞ér❡r♦♥s

❞♦♥❝ q✉❡ ❞❡s ❝♦♠♣❧❡①❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s ❛✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ■■■✳ ❆✐♥s✐ q✉✬✐❧ ♣❡✉t êtr❡

♦❜s❡r✈é ❞❛♥s ❧❛ t❛❜❧❡ ❇✳✶✱ ✉♥❡ ❞❡s ♣r♦♣r✐étés s♣é❝✐✜q✉❡s ❞❡s ❧❛♥t❤❛♥✐❞❡s ❡st ❧❛ ❞✐♠✐♥✉t✐♦♥

❞✉ r❛②♦♥ ✐♦♥✐q✉❡ ❧❡ ❧♦♥❣ ❞❡ ❧❛ sér✐❡✱ ❛♣♣❡❧é❡ ✓ ❝♦♥tr❛❝t✐♦♥ ❞❡s ❧❛♥t❤❛♥✐❞❡s ✔✳ ▲✬❡①♣❧✐❝❛t✐♦♥

✓ ❝❧❛ss✐q✉❡ ✔ ❞❡ ❝❡ ♣❤é♥♦♠è♥❡ ❡st ❧❛ s✉✐✈❛♥t❡ ✿ ❧♦rsq✉❡ ❧✬♦♥ ♣❛ss❡ ❞✬✉♥ ❧❛♥t❤❛♥✐❞❡ ❞♦♥♥é à

s♦♥ s✉❝❝❡ss❡✉r ❞❛♥s ❧❛ sér✐❡✱ ❧❛ ❝❤❛r❣❡ ♥✉❝❧é❛✐r❡ ❛✉❣♠❡♥t❡ ❡t ❧❡s é❧❡❝tr♦♥s ❞❡ ✈❛❧❡♥❝❡ s♦♥t

♣❧✉s ❛tt✐rés ✈❡rs ❧❡ ♥♦②❛✉✳ ❈♦♥tr❛✐r❡♠❡♥t ❛✉① sér✐❡s ❞❡s ♠ét❛✉① ❞❡ tr❛♥s✐t✐♦♥ d✱ ❝❡t ❡✛❡t

♥✬❡st ♣❛s ❝♦♠♣❡♥sé ♣❛r ❧✬é❝r❛♥t❛❣❡ ❞❡ ❧✬é❧❡❝tr♦♥ 4f s✉♣♣❧é♠❡♥t❛✐r❡ ❬✺✵❪✳ ❈❡♣❡♥❞❛♥t✱ ✐❧ ❡st

♣r♦✉✈é q✉❡ ✶✵ à ✶✺✪ ❞❡ ❧❛ ❝♦♥tr❛❝t✐♦♥ s♦♥t ❞✉s à ❞❡s ❡✛❡ts ❞❡ r❡❧❛t✐✈✐té s❝❛❧❛✐r❡ ❬✺✷✱✺✸❪✳

▲❡s ❧❛♥t❤❛♥✐❞❡s ❛✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ■■■✱ à ❧✬❡①❝❡♣t✐♦♥ ❞✉ ❧❛♥t❤❛♥❡✱ ♣rés❡♥t❡♥t ❞❡s é❧❡❝✲

tr♦♥s 4f ♥♦♥ ❛♣♣❛r✐és ❡t ❞❡✈r❛✐❡♥t ❞♦♥❝ ❡♥ t♦✉t❡ r✐❣✉❡✉r êtr❡ tr❛✐tés ❛✈❡❝ ❞❡s ♠ét❤♦❞❡s

♠✉❧t✐ré❢ér❡♥t✐❡❧❧❡s✳ ❈❡♣❡♥❞❛♥t✱ ét❛♥t ❞♦♥♥é ❧❛ t❛✐❧❧❡ ❞❡s s②stè♠❡s ét✉❞✐és✱ ✐❧ ❡st ✐♠♣♦s✲

s✐❜❧❡ ❞✬❡♠♣❧♦②❡r ❞❡s ♠ét❤♦❞❡s ♣♦st✲❍❛rtr❡❡✲❋♦❝❦ ♠✉❧t✐ré❢ér❡♥t✐❡❧❧❡s ❝♦♠♠❡ ❧❡ ❉❉❈■ ♦✉

❧❡ ❈❆❙P❚✷✱ q✉✐ ♣r❡♥♥❡♥t ❡♥ ❝♦♠♣t❡ ❧❛ ❝♦rré❧❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❡t ♥♦♥ ❞②♥❛♠✐q✉❡✳ P♦✉r

✸✹



❊❧é♠❡♥t ❈♦♥✜❣✉r❛t✐♦♥ é❧❡❝tr♦♥✐q✉❡ ❉❡❣ré✭s✮ ❞✬♦①②❞❛t✐♦♥ ❘❛②♦♥ ✐♦♥✐q✉❡ ❬✺✹❪
▲❛ ❬❳❡❪6s25d14f0 ■■■ ✶✳✶✻✵
❙♠ ❬❳❡❪6s25d04f6 ■■✱ ■■■ ✶✳✵✼✾
❊✉ ❬❳❡❪6s25d04f7 ■■✱ ■■■ ✶✳✵✻✻
▲✉ ❬❳❡❪6s25d14f14 ■■■ ✵✳✾✼✼

❚❛❜✳ ❇✳✶✿ ❈♦♥✜❣✉r❛t✐♦♥ é❧❡❝tr♦♥✐q✉❡ ❞❡s ❧❛♥t❤❛♥✐❞❡s✳ ▲❡s ❞❡❣rés ❞✬♦①②❞❛t✐♦♥ ✐♥❞✐q✉és s♦♥t ❧❡s
s❡✉❧s ❛❝❝❡ss✐❜❧❡s ❡♥ ❝❤✐♠✐❡ ♦r❣❛♥♦♠ét❛❧❧✐q✉❡✳ ▲❡s r❛②♦♥s ✐♦♥✐q✉❡s s♦♥t ❞♦♥♥és ♣♦✉r ❧❡ ❞❡❣ré
❞✬♦①②❞❛t✐♦♥ ■■■✱ ♣♦✉r ✉♥❡ ❝♦♦r❞✐♥❛t✐♦♥ ❞❡ ✽✳

❧✬ét✉❞❡ ❞❡ ❝❡s s②stè♠❡s✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ❉❋❚ ❛ ❞♦♥❝ été ♣r♦♣♦sé❡✳ ❉❡ ♣❧✉s✱ ❛✜♥ q✉❡

❧❛ ♠ét❤♦❞❡ ❞❡ ❝❛❧❝✉❧ ❡♠♣❧♦②é❡ r❡♣r♦❞✉✐s❡ ❝♦rr❡❝t❡♠❡♥t ❧❛ ❝♦♥tr❛❝t✐♦♥ ❞❡s ❧❛♥t❤❛♥✐❞❡s✱

❡❧❧❡ ❞♦✐t ❞♦♥❝ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡s ❡✛❡ts r❡❧❛t✐✈✐st❡s✳ ❆✐♥s✐ q✉✬✐❧ ❛ été ♠♦♥tré ❞❛♥s ❧❛

❧✐ttér❛t✉r❡✱ ❧❛ ❢♦♥❝t✐♦♥♥❡❧❧❡ ❤②❜r✐❞❡ ❇✸P❲✾✶ ❬✸✶✱ ✸✷❪✱ ❝♦✉♣❧é❡ à ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ♣s❡✉❞♦✲

♣♦t❡♥t✐❡❧s r❡❧❛t✐✈✐st❡s ✓ ♣❡t✐t ❝♦❡✉r ✔ ❬✺✺❪ ✭♥✬✐♥❝❧✉❛♥t ♣❛s ❧❡s é❧❡❝tr♦♥s 4f ❞❛♥s ❧❡ ❝♦❡✉r✮✱

❞♦♥♥❡ ❞✬❡①❝❡❧❧❡♥ts rés✉❧t❛ts ❬✺✻❪✳

❙❡❧♦♥ ❞❡ ♥♦♠❜r❡✉s❡s ét✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s ❡t t❤é♦r✐q✉❡s ❬✺✵✱✺✼❪✱ ❧❡s é❧❡❝tr♦♥s 4f s♦♥t

très ✐♥t❡r♥❡s ❡t s❡♠❜❧❡♥t ♥❡ ♣❛rt✐❝✐♣❡r q✉❡ très ♣❡✉ ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s✳ ❉❡ ♣❧✉s✱ ❞❡s

❛♥❛❧②s❡s ❞❡ ❧✐❛✐s♦♥ ♣❛r ❧❛ ♠ét❤♦❞❡ ◆❇❖ ✭❝❢✳ ♣❛r❛❣r❛♣❤❡ ❈✳✷✳✷✮ ❞❡ ❝♦♠♣❧❡①❡s ♦r❣❛♥♦❧❛♥✲

t❤❛♥✐❞❡s ♠♦♥tr❡♥t q✉❡ ❧❛ ❞♦♥❛t✐♦♥ ❞❡s ❧✐❣❛♥❞s ✈❡rs ❧❡s ♦r❜✐t❛❧❡s 4f ❞❡s ❧❛♥t❤❛♥✐❞❡s ❡st

très ❢❛✐❜❧❡ ❡t ❧❛ rétr♦❞♦♥❛t✐♦♥ ❞❡s é❧❡❝tr♦♥s 4f ❡st ♥é❣❧✐❣❡❛❜❧❡✳ ❆✜♥ ❞❡ ✈ér✐✜❡r ❧❛ ♥♦♥

♣❛rt✐❝✐♣❛t✐♦♥ ❞❡s é❧❡❝tr♦♥s 4f ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s✱ ❞❡s ❝❛❧❝✉❧s ❛✈❡❝ ✉♥ ♣s❡✉❞♦♣♦t❡♥t✐❡❧

✓ ❣r❛♥❞ ❝♦❡✉r ✔ ❬✺✽✱✺✾❪✱ ✐♥❝❧✉❛♥t ❝❡s ❞❡r♥✐❡rs ❞❛♥s ❧❡ ❝♦❡✉r✱ ♦♥t été ❡✛❡❝t✉és ♣♦✉r ❧❛ sér✐❡

❞❡s ❝♦♠♣❧❡①❡s Ln(NH2)3 ✭▲♥❂▲❛ à ▲✉✮ ❬✺✻❪✳ ▲❡s rés✉❧t❛ts ♠♦♥tr❡♥t q✉❡ ❧❡s ❣é♦♠étr✐❡s

♦♣t✐♠✐sé❡s ❛✈❡❝ ❧❡ ♣s❡✉❞♦♣♦t❡♥t✐❡❧ ✓ ❣r❛♥❞ ❝♦❡✉r ✔ s♦♥t très ♣r♦❝❤❡s ❞❡ ❝❡❧❧❡ ♦❜t❡♥✉❡s

❛✈❡❝ ❧❡ ♣s❡✉❞♦♣♦t❡♥t✐❡❧ ✓ ♣❡t✐t ❝♦❡✉r ✔✳ ▲❛ ♣❛rt✐❝✐♣❛t✐♦♥ ❞❡s é❧❡❝tr♦♥s 4f ❛✉① ❧✐❛✐s♦♥s

❝❤✐♠✐q✉❡s ❡st ❜✐❡♥ ❞♦♥❝ ♥é❣❧✐❣❡❛❜❧❡✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞❡s ♣s❡✉❞♦♣♦t❡♥t✐❡❧s ✓ ❣r❛♥❞ ❝♦❡✉r ✔ ❛

été ✈❛❧✐❞é❡ ✉❧tér✐❡✉r❡♠❡♥t ♣♦✉r ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ❝♦♠♣❧❡①❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s✱ ❡♥ ❝♦♠✲

♣❛r❛♥t ❛✈❡❝ ❧✬❡①♣ér✐❡♥❝❡ ♥♦♥ s❡✉❧❡♠❡♥t ❞❡s ❞♦♥♥é❡s str✉❝t✉r❛❧❡s ❬✻✵✱ ✻✶❪✱ ♠❛✐s ❛✉ss✐ ❞❡s

❣r❛♥❞❡✉rs s♣❡❝tr♦s❝♦♣✐q✉❡s ❬✻✷❪ ❡t é♥❡r❣ét✐q✉❡s ❬✻✸✱ ✻✹❪✳ ❈❡ t②♣❡ ❞❡ ♣s❡✉❞♦♣♦t❡♥t✐❡❧ ♦✛r❡

✉♥ ❞♦✉❜❧❡ ❛✈❛♥t❛❣❡ ✿ ❞✬✉♥❡ ♣❛rt✱ ✐❧ ♣❡r♠❡t ❞✬❛❧❧é❣❡r ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❧❡s ❝❛❧❝✉❧s ❀ ❞✬❛✉tr❡

♣❛rt✱ ❧❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ♣❡✉✈❡♥t ❛❧♦rs êtr❡ ❝♦♥s✐❞érés ❝♦♠♠❡ ❞❡s ♣s❡✉❞♦✲

❝♦✉❝❤❡s ❢❡r♠é❡s✱ s✐ ❜✐❡♥ q✉❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥❡ ♠ét❤♦❞❡ ♠♦♥♦ré❢ér❡♥t✐❡❧❧❡ ❝♦♠♠❡ ❧❛ ❉❋❚

❡st ♣❧❡✐♥❡♠❡♥t ❥✉st✐✜é❡✳

❉❛♥s ❝❡tt❡ t❤ès❡✱ ♥♦✉s ✉t✐❧✐s❡r♦♥s ❞♦♥❝ ♣♦✉r ❞é❝r✐r❡ ❧❡s ❧❛♥t❤❛♥✐❞❡s ❞❡s ♣s❡✉❞♦♣♦✲

t❡♥t✐❡❧s r❡❧❛t✐✈✐st❡s ✓ ❣r❛♥❞ ❝♦❡✉r ✔ à ✶✶ é❧❡❝tr♦♥s ❡①♣❧✐❝✐t❡s ✭❝♦rr❡s♣♦♥❞❛♥t ❛✉① ♥✐✈❡❛✉①

é❧❡❝tr♦♥✐q✉❡s 5s✱ 5p ❡t 5d✮✳ ▲❡s ❜❛s❡s ❞✬♦r❜✐t❛❧❡s ❛ss♦❝✐é❡s s❡r♦♥t ❛✉❣♠❡♥té❡s ♣❛r ✉♥❡

❢♦♥❝t✐♦♥ ❞❡ ♣♦❧❛r✐s❛t✐♦♥ ❞❡ t②♣❡ f ✳ ▲❛ ✈❡rs✐♦♥ ✵✸ ❞❡ ●❛✉ss✐❛♥ ♥❡ ♣❡r♠❡tt❛♥t ♣❛s ❧✬❡♠♣❧♦✐

❞❡ ♣s❡✉❞♦♣♦t❡♥t✐❡❧s ❝♦♥t❡♥❛♥t ✉♥ ♥♦♠❜r❡ ✐♠♣❛✐r ❞✬é❧❡❝tr♦♥s✱ ♣♦✉r ❧❡s ❝♦♠♣❧❡①❡s ❞❡ s❛♠❛✲

✸✺



r✐✉♠ ✭❝❤❛♣✐tr❡ ❈✮ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❛ ✈❡rs✐♦♥ ✾✽ ✶✳ ❉❛♥s ❧❡ ❝❛s ❞❡s ❝♦♠♣❧❡①❡s ❞✬❡✉r♦♣✐✉♠

❡t ❞❡ ❧✉té❝✐✉♠ ✭❝❤❛♣✐tr❡s ❇ ❡t ❉✮✱ ❧❛ ✈❡rs✐♦♥ ✵✸ ❞❡ ●❛✉ss✐❛♥ ❛ ♣✉ êtr❡ ❡♠♣❧♦②é❡✳

❇✳✹✳✷ ❚r❛✐t❡♠❡♥t ❞❡s ❛❝t✐♥✐❞❡s

▲❡s ❛❝t✐♥✐❞❡s s♦♥t ❧❡s é❧é♠❡♥ts ❞❡ ❧❛ ❝❧❛ss✐✜❝❛t✐♦♥ ❝♦♠♣♦rt❛♥t ✉♥❡ ❝♦✉❝❤❡ 5f ✐♥❝♦♠✲

♣❧èt❡✳ ❈♦♥tr❛✐r❡♠❡♥t ❛✉① ❧❛♥t❤❛♥✐❞❡s✱ ✐❧s ♣❡✉✈❡♥t ❡①✐st❡r ❡♥ ❝❤✐♠✐❡ ♦r❣❛♥♦♠ét❛❧❧✐q✉❡ à

❞✐✛ér❡♥ts ❞❡❣rés ❞✬♦①②❞❛t✐♦♥ ❬✻✺❪✳ ❉❛♥s ❝❡tt❡ t❤ès❡✱ ♥♦✉s ♥♦✉s ✐♥tér❡ss❡r♦♥s ♣r✐♥❝✐♣❛❧❡✲

♠❡♥t à ❞❡s ❝♦♠♣❧❡①❡s ❞✬✉r❛♥✐✉♠ ❛✉① ❞❡❣rés ❞✬♦①②❞❛t✐♦♥ ■■■ à ❱■✳ ▲❛ ❝♦♥✜❣✉r❛t✐♦♥ é❧❡❝✲

tr♦♥✐q✉❡ ❞❡ ❧✬✉r❛♥✐✉♠ à ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ ❡st ❬❘♥❪7s26d15f 3 ❬✺✶❪✳ ❆✉① ❞❡❣rés ❞✬♦①②❞❛t✐♦♥

■■■ à ❱✱ ✐❧ ♣♦ssè❞❡ ❞♦♥❝ ❞❡s é❧❡❝tr♦♥s 5f ♥♦♥ ❛♣♣❛r✐és ❡t ♣❡✉t ❞♦♥❝ ♣rés❡♥t❡r ✉♥ ❝❛r❛❝tèr❡

♠✉❧t✐ré❢ér❡♥t✐❡❧✳ ❚♦✉t❡❢♦✐s✱ ❧❛ t❛✐❧❧❡ ❞❡s s②stè♠❡s ❝♦♥s✐❞érés ♥♦✉s ✐♥t❡r❞✐s❛♥t ❧✬✉t✐❧✐s❛t✐♦♥

❞❡s ♠ét❤♦❞❡s ♣♦st✲❍❛rtr❡❡✲❋♦❝❦ ♠✉❧t✐ré❢ér❡♥t✐❡❧❧❡s✱ ♥♦✉s ❛✈♦♥s ♦♣té ♣♦✉r ❧✬❡♠♣❧♦✐ ❞❡ ❧❛

❉❋❚✱ q✉✐ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ❞❡s ❣é♦♠étr✐❡s ❡♥ ❜♦♥ ❛❝❝♦r❞ ❛✈❡❝ ❧✬❡①♣ér✐❡♥❝❡ ❬✻✻✕✻✾❪✳ ❉❡

♣❧✉s✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ❢♦♥❝t✐♦♥♥❡❧❧❡ ❇✸P❲✾✶ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ❞❡s ♣ré❝✐s✐♦♥s s✉r ❧❡s ❣é♦✲

♠étr✐❡s ❡t s✉r ❧❡s s♣❡❝tr❡s é❧❡❝tr♦♥✐q✉❡s ❝♦♠♣❛r❛❜❧❡s à ❞❡s ♠ét❤♦❞❡s ♣♦st✲❍❛rtr❡❡✲❋♦❝❦

♠✉❧t✐ré❢ér❡♥t✐❡❧❧❡s ❬✼✵✱ ✼✶❪✳ ▲❛ ✈❛❧✐❞✐té ❞❡ ❧✬❛♣♣r♦❝❤❡ ❉❋❚ s❡r❛ ❞✐s❝✉té❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡

❈✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡ ❝❤♦✐① ❞✉ ♣s❡✉❞♦♣♦t❡♥t✐❡❧✱ ✐❧ ❡st ♦❜s❡r✈é ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t

q✉❡✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉① é❧❡❝tr♦♥s 4f ❞❡s ❧❛♥t❤❛♥✐❞❡s✱ ❧❡s é❧❡❝tr♦♥s 5f ❞❡ ❧✬✉r❛♥✐✉♠ ♣❛r✲

t✐❝✐♣❡♥t ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s ❬✼✷✱ ✼✸❪✱ ❝❡ q✉✐ ❛ été ❝♦♥✜r♠é ♣❛r ❞❡ ♥♦♠❜r❡✉s❡s ét✉❞❡s

t❤é♦r✐q✉❡s ❬✼✹✕✼✽❪✳ P❛r ❝♦♥séq✉❡♥t✱ ❝❡s é❧❡❝tr♦♥s ❞♦✐✈❡♥t êtr❡ tr❛✐tés ❡①♣❧✐❝✐t❡♠❡♥t✳ ◆♦✉s

✉t✐❧✐s❡r♦♥s ❞♦♥❝ ✉♥ ♣s❡✉❞♦♣♦t❡♥t✐❡❧ r❡❧❛t✐✈✐st❡ ✓ ♣❡t✐t ❝♦❡✉r ✔ à ✶✹ é❧❡❝tr♦♥s ❡①♣❧✐❝✐t❡s ❬✼✾❪

✭❝♦rr❡s♣♦♥❞❛♥t ❛✉① ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡ 5f ✱ 6s✱ 6p✱ 6d ❡t 7s✮✳ ▲❛ ❜❛s❡ ❞✬♦r❜✐t❛❧❡s ❛ss♦❝✐é❡

s❡r❛ ❛✉❣♠❡♥té❡ ♣❛r ✉♥❡ ❢♦♥❝t✐♦♥ ❞❡ ♣♦❧❛r✐s❛t✐♦♥ ❞❡ t②♣❡ g✳

✶◆♦t❡ t❡❝❤♥✐q✉❡ ✿ ▲✬❡♠♣❧♦✐ ❞❡ ♣s❡✉❞♦♣♦t❡♥t✐❡❧s ❞❡ t②♣❡ ✓ ❣r❛♥❞ ❝♦❡✉r ✔ ❝♦♠♣♦rt❛♥t ✉♥ ♥♦♠❜r❡ ✐♠♣❛✐r
❞✬é❧❡❝tr♦♥s ✹❢ ❡st ✐♥❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ❧❛ ❢♦♥❝t✐♦♥ ❞✬❡ss❛✐ ❞❡ ❍❛rr✐s✱ ♣r♦♣♦sé ♣❛r ❞é❢❛✉t ♣❛r ❧❛ ✈❡rs✐♦♥ ✵✸ ❞❡
●❛✉ss✐❛♥✳ P❛r ❝♦♥séq✉❡♥t✱ ♣♦✉r ❡✛❡❝t✉❡r ✉♥❡ ♦♣t✐♠✐s❛t✐♦♥ ❞❡ ❣é♦♠étr✐❡ ❛✈❡❝ ✉♥ ♣s❡✉❞♦♣♦t❡♥t✐❡❧ ✓ ❣r❛♥❞
❝♦❡✉r ✔✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞✬❡✛❡❝t✉❡r ✉♥ ♣r❡♠✐❡r ❝❛❧❝✉❧ ✓ s✐♠♣❧❡ ♣♦✐♥t ✔ ❛✈❡❝ ❧❡ ♠♦t ❝❧é ✓ ❣✉❡ss❂❝♦r❡ ✔✱ s✉✐✈✐
❞✬✉♥❡ ♦♣t✐♠✐s❛t✐♦♥ ❞❡ ❣é♦♠étr✐❡ ❛✈❡❝ ❧❡s ♠♦ts ❝❧és ✓ ❣✉❡ss❂r❡❛❞ ✔ ❡t ✓ ✐♦♣✭✹✴✺❂✶✱ ✹✴✶✻❂✶✮ ✔✳ ❈❡♣❡♥❞❛♥t✱
♥♦✉s ♥✬❛✈♦♥s ré✉ss✐ à rés♦✉❞r❡ ❝❡ ♣r♦❜❧è♠❡ q✉✬à ❧❛ ✜♥ ❞❡ ❧❛ t❤ès❡✳✳✳

✸✻



❈❤❛♣✐tr❡ ❈

❖✉t✐❧s t❤é♦r✐q✉❡s ❞✬❛♥❛❧②s❡ ❞❡ ❧❛

str✉❝t✉r❡ ❡t ❞❡ ❧❛ ré❛❝t✐✈✐té

❞❡ ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s

❈✳✶ ❈❤♦✐① ❞✬✉♥ ♠♦❞è❧❡ ❝❤✐♠✐q✉❡

▲❡s ❝♦♠♣♦sés ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s ❡t ❞✬❛❝t✐♥✐❞❡s s♦♥t ❞❡s s②stè♠❡s ❝♦♠✲

♣❧❡①❡s✱ ❝♦♠♣♦rt❛♥t ❧❡ ♣❧✉s s♦✉✈❡♥t ❞❡s ❧✐❣❛♥❞s très ✈♦❧✉♠✐♥❡✉① ❡t ❛②❛♥t t❡♥❞❛♥❝❡ à s✬❛❣ré✲

❣❡r✳ ❉❡ ♣❧✉s✱ ❤♦r♠✐s ❝❡rt❛✐♥s ❝❛s ♣❛rt✐❝✉❧✐❡rs✱ ❧❡s ré❛❝t✐♦♥s ❝❤✐♠✐q✉❡s ♦♥t ❧✐❡✉ ❡♥ s♦❧✉t✐♦♥✳

❯♥❡ tr❛✐t❡♠❡♥t r✐❣♦✉r❡✉① ❞✉ s②stè♠❡ ❡①♣ér✐♠❡♥t❛❧ ❡①✐❣❡r❛✐t ❞♦♥❝ ✉♥❡ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❡①✲

♣❧✐❝✐t❡ ❞✉ ❝♦♠♣❧❡①❡ ❞❛♥s s♦♥ ✐♥té❣r❛❧✐té ❛✐♥s✐ q✉✬✉♥❡ é✈❛❧✉❛t✐♦♥ ❞❡ s❡s ✐♥t❡r❛❝t✐♦♥s ❛✈❡❝ ❧❡s

♠♦❧é❝✉❧❡s ❞❡ s♦❧✈❛♥t✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s ❧✐♠✐t❛t✐♦♥s ❞❡s ♠ét❤♦❞❡s t❤é♦r✐q✉❡s ❡t ❞❡s r❡ss♦✉r❝❡s

✐♥❢♦r♠❛t✐q✉❡s ♥❡ ♣❡r♠❡tt❡♥t ♣❛s ❞❡ t❡❧s ❝❛❧❝✉❧s✳ P❛r ❝♦♥séq✉❡♥t✱ ❧✬ét❛♣❡ ♣ré❧✐♠✐♥❛✐r❡ à

t♦✉t❡ ét✉❞❡ t❤é♦r✐q✉❡ ❝♦♥s✐st❡ à ré❞✉✐r❡ ❧❛ t❛✐❧❧❡ ❞✉ s②stè♠❡ à tr❛✐t❡r ❡①♣❧✐❝✐t❡♠❡♥t ❡♥ ✐♥✲

tr♦❞✉✐s❛♥t ❞✐✛ér❡♥t❡s ❛♣♣r♦①✐♠❛t✐♦♥s✳ ❈❡tt❡ ♠♦❞é❧✐s❛t✐♦♥ ❞♦✐t êtr❡ ❡✛❡❝t✉é❡ ❞❡ ♠❛♥✐èr❡

❥✉❞✐❝✐❡✉s❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♥❛t✉r❡ ❞✉ s②stè♠❡ ét✉❞✐é✱ ❞❡s ♣r♦♣r✐étés ♣❤②s✐❝♦✲❝❤✐♠✐q✉❡s

❝❛❧❝✉❧é❡s✱ ❞❡ ❧❛ ♣ré❝✐s✐♦♥ ❞és✐ré❡ ❡t ❞❡ ❧❛ ♣✉✐ss❛♥❝❡ ❞❡ ❝❛❧❝✉❧ ❞✐s♣♦♥✐❜❧❡✳

❈✳✶✳✶ Pr✐s❡ ❡♥ ❝♦♠♣t❡ ❞✉ s♦❧✈❛♥t

▲❛ ♠♦❞é❧✐s❛t✐♦♥ ❞✬✉♥ s♦❧✈❛♥t ♣❡✉t s✬❡✛❡❝t✉❡r ❞❡ ♣❧✉s✐❡✉rs ♠❛♥✐èr❡s✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡

s♦♥ ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❡ ❝♦♠♣❧❡①❡ ♦r❣❛♥♦♠ét❛❧❧✐q✉❡ ét✉❞✐é✳ ▲♦rsq✉❡ ❞❡s ♠♦❧é❝✉❧❡s ❞❡ s♦❧✲

✈❛♥t s♦♥t ❞✐r❡❝t❡♠❡♥t ❧✐é❡s ❛✉ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ❧❡s tr❛✐t❡r ❞❡ ♠❛♥✐èr❡

❡①♣❧✐❝✐t❡ ✭❝❢✳ ♣❛r ❡①❡♠♣❧❡ ❬✼✽❪✮✳ ❊♥ ❡✛❡t✱ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ s♦❧✈❛♥t ❡♥tr❛î♥❡ ❛❧♦rs ❞❡s ♠♦✲

❞✐✜❝❛t✐♦♥s ❞❡s ♣r♦♣r✐étés é❧❡❝tr♦♥✐q✉❡s ❞✉ ♠ét❛❧ ❛✐♥s✐ q✉❡ ❞❡ s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t stér✐q✉❡✳

❙✐ ❧❡ s♦❧✈❛♥t ❡st ♥♦♥ ❝♦♦r❞✐♥❛♥t✱ ♦✉ ❢❛❝✐❧❡♠❡♥t ❞é♣❧❛❝é ♣❛r ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✬✉♥ s✉❜✲
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str❛t✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ♥❡ ❝♦♥s✐❞ér❡r q✉❡ s♦♥ ❡✛❡t é❧❡❝tr♦st❛t✐q✉❡ s✉r ❧❡ ❝♦♠♣❧❡①❡ ♦r✲

❣❛♥♦♠ét❛❧❧✐q✉❡✳ ■❧ ♣❡✉t ❛❧♦rs êtr❡ ♠♦❞é❧✐sé ❝♦♠♠❡ ✉♥ ♠✐❧✐❡✉ ❞✐é❧❡❝tr✐q✉❡ ❤♦♠♦❣è♥❡ ❡t

✐s♦tr♦♣❡✳ ❉❛♥s ❧❡ ♠♦❞è❧❡ ❞❡ ❝♦♥t✐♥✉✉♠ ♣♦❧❛r✐s❛❜❧❡ ✭P❈▼✮ ❬✽✵❪ ❧❡ s♦❧✈❛♥t ❡st r❡♣rés❡♥té

♣❛r ✉♥ ❝♦♥t✐♥✉✉♠ ❞❡ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ε✱ ❡t ❧❡ ❝♦♠♣❧❡①❡ ✐♥❝❧✉s ❞❛♥s ✉♥❡ ❝❛✈✐té ❝réé❡

à ❧✬✐♥tér✐❡✉r ❞✉ s♦❧✈❛♥t✳ ▲✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞❡ s♦❧✈❛t❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ ❡st ❛❧♦rs ❝❛❧❝✉❧é❡ ❞❡

❧❛ ❢❛ç♦♥ s✉✐✈❛♥t❡ ✿ ∆Gsolv = ∆Gcav + ∆Gdisp + ∆Gelec✳ ▲❡ ♣r❡♠✐❡r t❡r♠❡ ❝♦rr❡s♣♦♥❞ ❛✉

tr❛✈❛✐❧ ♥é❝❡ss❛✐r❡ à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧❛ ❝❛✈✐té à ❧✬✐♥tér✐❡✉r ❞✉ s♦❧✈❛♥t ❀ ❧❡ s❡❝♦♥❞ rés✉❧t❡ ❞❡s

✐♥t❡r❛❝t✐♦♥s ✐♥st❛♥t❛♥é❡s ❡♥tr❡ ❧❡ ♠♦♠❡♥t ❞✐♣♦❧❛✐r❡ ❞✉ s♦❧✈❛♥t ❡t ❞✉ ❝♦♠♣❧❡①❡ ❀ ❧❡ tr♦✐✲

s✐è♠❡ ♣r♦✈✐❡♥t ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❡♥tr❡ ❧❡ ❝♦♠♣❧❡①❡ ❡t ❧❡ s♦❧✈❛♥t✳ ▲❛ ❞✐✣❝✉❧té

❞❡ ❝❡ t②♣❡ ❞❡ ♠♦❞è❧❡ rés✐❞❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❛♥s ❧❛ ❞é✜♥✐t✐♦♥ ❝♦rr❡❝t❡ ❞❡ ❧❛ ❝❛✈✐té✳

❊♥✜♥✱ ❞❛♥s ❧❡ ❝❛s ❞❡ s♦❧✈❛♥ts ❛♣♦❧❛✐r❡s ❡t ❢❛✐❜❧❡♠❡♥t ❝♦♦r❞✐♥❛♥ts✱ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡

❧❡ s♦❧✈❛♥t ❡t ❧❡ ❝♦♠♣❧❡①❡ ♣❡✉t ❞♦♥❝ ❡♥ ♣r❡♠✐èr❡ ❛♣♣r♦①✐♠❛t✐♦♥ êtr❡ ♥é❣❧✐❣é❡ ❞❛♥s ❧❛

♠♦❞é❧✐s❛t✐♦♥ t❤é♦r✐q✉❡✳ ▲❡s ❝❛❧❝✉❧s s❡r♦♥t ❛❧♦rs ❡✛❡❝t✉és ♣♦✉r ❞❡s ♠♦❧é❝✉❧❡s ✐s♦❧é❡s ❡♥

♣❤❛s❡ ❣❛③❡✉s❡✳ ❈✬❡st ❧❡ ❝❛s ❧❡ ♣❧✉s ❢réq✉❡♥t ❡♥ ❝❤✐♠✐❡ ♦r❣❛♥♦♠ét❛❧❧✐q✉❡ ❞❡s é❧é♠❡♥ts f ✳

❊♥ ❡✛❡t✱ ❧❡s ❝♦♠♣❧❡①❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s ❡t ❞✬❛❝t✐♥✐❞❡s s♦♥t s♦❧✉❜❧❡s ❡t st❛❜❧❡s ❞❛♥s ❞❡s

s♦❧✈❛♥ts ❛♣♦❧❛✐r❡s ♦✉ ❢❛✐❜❧❡♠❡♥t ♣♦❧❛✐r❡s✳ ❉❡ ♣❧✉s✱ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬ét✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s

❞❡ ré❛❝t✐✈✐té✱ ❧❡ ❝❤♦✐① ❞✉ s♦❧✈❛♥t ❞♦✐t ♦❜é✐r ❛✉① ❝♦♥❞✐t✐♦♥s s✉✐✈❛♥t❡s ✿ ❞✬✉♥❡ ♣❛rt✱ ❧❡ s♦❧✈❛♥t

❞♦✐t ♣♦✉✈♦✐r êtr❡ ❞é♣❧❛❝é ❢❛❝✐❧❡♠❡♥t ♣❛r ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞❡ s✉❜str❛ts ❡t ♥❡ ❞♦✐t ♣❛s ❞♦♥❝

♣❛s êtr❡ tr♦♣ ❝♦♦r❞✐♥❛♥t ❀ ❞✬❛✉tr❡ ♣❛rt✱ ❛✜♥ ❞❡ ♠✐♥✐♠✐s❡r ❧❡s ré❛❝t✐♦♥s ❞✬❛❝t✐✈❛t✐♦♥ ❞✉

s♦❧✈❛♥t ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ♠ét❛❧❧✐q✉❡✱ ❧❡s s♦❧✈❛♥ts ♣r♦t✐q✉❡s ❞♦✐✈❡♥t êtr❡ é✈✐tés ❀ ❡♥✜♥✱ ✐❧ ♥❡

❞♦✐t ♣❛s s❡ ❞é✈❡❧♦♣♣❡r ❞✬✐♥t❡r❛❝t✐♦♥s s♦❧✈❛♥t✲s✉❜str❛t✳ ▲❡s ❡①♣ér✐♠❡♥t❛t❡✉rs s❡ t♦✉r♥❡♥t

❞♦♥❝ ❧❛ ♣❧✉♣❛rt ❞✉ t❡♠♣s ✈❡rs ❞❡s s♦❧✈❛♥ts ❛♣r♦t✐q✉❡s ❡t ❢❛✐❜❧❡♠❡♥t ❝♦♦r❞✐♥❛♥ts✱ ❝♦♠♠❡

❧❡ ❝②❝❧♦❤❡①❛♥❡ ♦✉ ❧❡ t♦❧✉è♥❡✳

❈✳✶✳✷ ❆❣ré❣❛t✐♦♥ ❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s

▲❛ ♣❧✉♣❛rt ❞❡s ❝♦♠♣❧❡①❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s ❡t ❞✬❛❝t✐♥✐❞❡s ❝♦♠♣♦rt❡♥t ♠♦✐♥s ❞❡ ✶✽ é❧❡❝✲

tr♦♥s ❞❡ ✈❛❧❡♥❝❡ ❡t ♦♥t t❡♥❞❛♥❝❡ à s✬❛❣ré❣❡r✳ ❈✬❡st ❧❡ ❝❛s ❡♥ ♣❛rt✐❝✉❧✐❡r ♣♦✉r ❧❡s ❤②❞r✉r❡s ❞❡

❧❛♥t❤❛♥✐❞❡s ♦✉ ❞✬❛❝t✐♥✐❞❡s Cp′2MH ✭Cp′ = η5 −C5H5 ♦✉ η5 − C5(CH3)5✱ M =❧❛♥t❤❛♥✐❞❡

♦✉ ❛❝t✐♥✐❞❡✮✱ q✉✐ s♦♥t ♦❜s❡r✈és à ❧✬ét❛t s♦❧✐❞❡ ✉♥✐q✉❡♠❡♥t s♦✉s ❧❛ ❢♦r♠❡ ❞✐♠ér✐q✉❡ [Cp′2MH]2✱

♦ù ❧❡s ❞❡✉① ❝❡♥tr❡s ♠ét❛❧❧✐q✉❡s s♦♥t ❧✐és ♣❛r ❞❡✉① ❤②❞r♦❣è♥❡s ♣♦♥t❛♥ts ❬✽✶❪✳ ❯♥ tr❛✐t❡♠❡♥t

r✐❣♦✉r❡✉① ❞❡ ❧❛ ré❛❝t✐✈✐té ❞❡ ❝❡s ❝♦♠♣❧❡①❡s ❡①✐❣❡r❛✐t ❞♦♥❝ ❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❡①♣❧✐❝✐t❡ ❞✉

❞✐♠èr❡✱ ❝❡ q✉✐ ❝♦♥❞✉✐r❛✐t à ❞❡s t❡♠♣s ❞❡ ❝❛❧❝✉❧ ♣r♦❤✐❜✐t✐❢s✳

❈❡♣❡♥❞❛♥t✱ ♣❧✉s✐❡✉rs ét✉❞❡s ❝✐♥ét✐q✉❡s ❡①♣ér✐♠❡♥t❛❧❡s ❬✽✶✱ ✽✷❪ ♦♥t ♣r♦✉✈é q✉✬❡♥ s♦✲

❧✉t✐♦♥✱ ❧❡s ❞❡✉① ❢♦r♠❡s ♠♦♥♦♠ér✐q✉❡ ❡t ❞✐♠ér✐q✉❡ s♦♥t ❡♥ éq✉✐❧✐❜r❡✱ ❡t q✉❡ ❧✬❡s♣è❝❡ ❛❝✲

t✐✈❡ ❡st ♠♦♥♦♠ér✐q✉❡✳ ❉❛♥s ❧❡ ❝❛s ♣❛r ❡①❡♠♣❧❡ ❞❡ ❧❛ ré❛❝t✐♦♥ ❞✬❤②❞r♦❣é♥❛t✐♦♥ ❝❛t❛❧②✲

t✐q✉❡ ❞❡s ❛❧❝è♥❡s ♣❛r ❧❡s ❤②❞r✉r❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s✱ ❧❛ ❧♦✐ ❞❡ ✈✐t❡ss❡ ❡①♣ér✐♠❡♥t❛❧❡ ❡st ✿

v = k[cat]1/2[alcene],♦ù [cat] ❡st ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ✐♥✐t✐❛❧❡ ❡♥ ❞✐♠èr❡ [Cp′2MH]2✳ ❈❡ rés✉❧✲
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t❛t ❡st ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ✉♥❡ ❞✐ss♦❝✐❛t✐♦♥ r❛♣✐❞❡ ❞✉ ❞✐♠èr❡✱ s✉✐✈✐❡ ❞✬✉♥ ♠é❝❛♥✐s♠❡ ❡♥ ❞❡✉①

ét❛♣❡s ❝❛t❛❧②sé ♣❛r ❧❛ ❢♦r♠❡ ♠♦♥♦♠ér✐q✉❡✳ ❈❡tt❡ ❤②♣♦t❤ès❡ ❛ été ét❛②é❡ ♣❛r ❧❛ s✉✐t❡ ❣râ❝❡

à ❧❛ s②♥t❤ès❡ ❞❡ ❝♦♠♣❧❡①❡s ❜✐s❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡ s✉❜st✐t✉és très ❡♥❝♦♠❜rés✱ st❛❜❧❡s s♦✉s

❢♦r♠❡ ♠♦♥♦♠ér✐q✉❡✱ ❡t ❞♦♥t ❧❛ ré❛❝t✐✈✐té ❡st s✐♠✐❧❛✐r❡ à ❝❡❧❧❡ ❞❡s ❝♦♠♣♦sés [Cp′2MH]2 ❬✻✹❪✳

❉❛♥s ❝❡tt❡ t❤ès❡✱ s❡✉❧❡ ❧❛ ❢♦r♠❡ ♠♦♥♦♠ér✐q✉❡ ❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦❧❛♥t❤❛♥✐❞❡s ❡t

♦r❣❛♥♦❛❝t✐♥✐❞❡s s❡r❛ ❞♦♥❝ ❝♦♥s✐❞éré❡✳

❈✳✶✳✸ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ❧✐❣❛♥❞s ❡①♣ér✐♠❡♥t❛✉①

▲❡s ❝♦♠♣❧❡①❡s ❡①♣ér✐♠❡♥t❛✉① ❞❡ ❧❛♥t❤❛♥✐❞❡s ❡t ❞✬❛❝t✐♥✐❞❡s ❝♦♠♣♦rt❡♥t s♦✉✈❡♥t ❞❡s

❧✐❣❛♥❞s ✈♦❧✉♠✐♥❡✉①✱ q✉✐ é✈✐t❡♥t ❧❡✉r ❛❣ré❣❛t✐♦♥ ♦✉ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞❡ ♠♦❧é❝✉❧❡s ❞❡ s♦❧✲

✈❛♥t✳ ■❧ ❡st ❞♦♥❝ ♥é❝❡ss❛✐r❡ ❞❡ ré❞✉✐r❡ ❧❛ t❛✐❧❧❡ ❡①♣❧✐❝✐t❡ ❞✉ s②stè♠❡ ❡♥ ❝❤♦✐s✐ss❛♥t ✉♥

♠♦❞è❧❡ ❛❞❛♣té ♣♦✉r ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞✉ ❧✐❣❛♥❞✳ ❆✜♥ ❞❡ ❞✐♠✐♥✉❡r ❧❡ ❝♦ût ❝❛❧❝✉❧❛t♦✐r❡✱ ❧❡

❧✐❣❛♥❞ ❡①♣ér✐♠❡♥t❛❧ ♣❡✉t êtr❡ ♠♦❞é❧✐sé ♣❛r ✉♥ ❧✐❣❛♥❞ s✐♠♣❧✐✜é r❡♣r♦❞✉✐s❛♥t s❡s ♣r♦♣r✐é✲

tés é❧❡❝tr♦♥✐q✉❡s✱ ♦✉ r❡♠♣❧❛❝é ♣❛rt✐❡❧❧❡♠❡♥t ♣❛r ✉♥ ♣♦t❡♥t✐❡❧ ❡✛❡❝t✐❢ ❀ ✉♥❡ ❛✉tr❡ ❛♣♣r♦❝❤❡

❝♦♥s✐st❡ à tr❛✐t❡r ✉♥❡ ♣❛rt✐❡ ❞✉ ❧✐❣❛♥❞ à ✉♥ ♥✐✈❡❛✉ ❞❡ ❝❛❧❝✉❧ ✐♥❢ér✐❡✉r ✭♣❛r ✉♥ ❝❤❛♠♣ ❞❡

❢♦r❝❡ ♦✉ ✉♥❡ ♠ét❤♦❞❡ s❡♠✐✲❡♠♣✐r✐q✉❡✮✳

❙✐♠♣❧✐✜❝❛t✐♦♥ ❞✉ ❧✐❣❛♥❞ ré❡❧

❯♥❡ ♣r❡♠✐èr❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❝♦♥s✐st❡ à r❡♠♣❧❛❝❡r ❧❡ ❧✐❣❛♥❞ ❡①♣ér✐♠❡♥t❛❧ ♣❛r ✉♥ ❧✐✲

❣❛♥❞ ♠♦❞è❧❡ ❞❡ t❛✐❧❧❡ ré❞✉✐t❡✱ s✉♣♣♦sé r❡♣r♦❞✉✐r❡ ❛✉ ♠✐❡✉① ❧❡s ♣r♦♣r✐étés é❧❡❝tr♦♥✐q✉❡s

❞✉ ❧✐❣❛♥❞ ré❡❧✳ ▲✬❛♥❛❧♦❣✐❡ ✐s♦❧♦❜❛❧❡ ❬✽✸❪✱ ❜❛sé❡ s✉r ❧❛ t❤é♦r✐❡ ❞❡s ♦r❜✐t❛❧❡s ❢r♦♥t✐èr❡s✱ ♣❡r✲

♠❡t ❞❡ ♠♦❞é❧✐s❡r ✉♥ ❧✐❣❛♥❞ ♣❛r ✉♥ ❢r❛❣♠❡♥t ❞❡ t❛✐❧❧❡ ré❞✉✐t❡ ♣♦ssé❞❛♥t ❞❡s ♣r♦♣r✐étés

é❧❡❝tr♦♥✐q✉❡s s✐♠✐❧❛✐r❡s✳ ❉❡✉① ❢r❛❣♠❡♥ts s♦♥t ❞✐ts ✐s♦❧♦❜❛✉① s✐ ❧❡ ♥♦♠❜r❡✱ ❧❡s ♣r♦♣r✐étés

❞❡ s②♠étr✐❡✱ ❧❡s é♥❡r❣✐❡s ❡t ❧❡s ❢♦r♠❡s ❛♣♣r♦①✐♠❛t✐✈❡s ❞❡ ❧❡✉rs ♦r❜✐t❛❧❡s ❢r♦♥t✐èr❡s ❛✐♥s✐

q✉❡ ❧❡ ♥♦♠❜r❡ ❞✬é❧❡❝tr♦♥s ❧❡s ♣❡✉♣❧❛♥t s♦♥t s✐♠✐❧❛✐r❡s✳ ❈❡tt❡ ❛♣♣r♦❝❤❡ ♣❡r♠❡t ❞✬❛❝❝é❞❡r

à ✉♥❡ ❞❡s❝r✐♣t✐♦♥ q✉❛❧✐t❛t✐✈❡ ❞❡ ❧❛ str✉❝t✉r❡ ❡t ❞❡ ❧❛ ré❛❝t✐✈✐té ❞❡s ❝♦♠♣❧❡①❡s✳ ❚♦✉t❡❢♦✐s✱

♣♦✉r tr❛✐t❡r ❞❡s ♣r♦❜❧è♠❡s ❞❡ sé❧❡❝t✐✈✐té✱ ✉♥❡ ❞ét❡r♠✐♥❛t✐♦♥ q✉❛♥t✐t❛t✐✈❡ ❞❡ ❣r❛♥❞❡✉rs

❞❡ ré❛❝t✐♦♥ ❡st ♥é❝❡ss❛✐r❡ ❡t ❧✬❛♥❛❧♦❣✐❡ ✐s♦❧♦❜❛❧❡ s❡ ré✈è❧❡ ❛❧♦rs s♦✉✈❡♥t ✐♥s✉✣s❛♥t❡✳ ■❧ ❡st

❛❧♦rs ♥é❝❡ss❛✐r❡ ❞✬❛✉❣♠❡♥t❡r ❧❛ t❛✐❧❧❡ ❞✉ ❧✐❣❛♥❞ ♠♦❞è❧❡✱ ❡♥ ✐♥tr♦❞✉✐s❛♥t ♣r♦❣r❡ss✐✈❡♠❡♥t

❞❡s ❣r♦✉♣❡s ❢♦♥❝t✐♦♥♥❡❧s s✉♣♣❧é♠❡♥t❛✐r❡s✱ ❥✉sq✉✬à ♦❜t❡♥✐r ❧❛ ♣ré❝✐s✐♦♥ ❞és✐ré❡✳

Ps❡✉❞♦♣♦t❡♥t✐❡❧s ❞❡ ❣r♦✉♣❡

▲❛ ♠ét❤♦❞❡ ❞❡s ♣s❡✉❞♦♣♦t❡♥t✐❡❧s ❞❡ ❣r♦✉♣❡ ✭❊●P✮ ❬✽✹❪ r❡♣♦s❡ s✉r ❧✬♦❜s❡r✈❛t✐♦♥ q✉❡ ❧❡s

♣r♦♣r✐étés ❝❤✐♠✐q✉❡s ❞✬✉♥ ❣r♦✉♣❡ ❢♦♥❝t✐♦♥♥❡❧ s♦♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❣♦✉✈❡r♥é❡s ♣❛r ✉♥ ♣❡t✐t

♥♦♠❜r❡ ❞✬é❧❡❝tr♦♥s✳ ❊❧❧❡ ♣r♦♣♦s❡ ❞♦♥❝ ❞❡ s✉❜st✐t✉❡r ✉♥ ❧✐❣❛♥❞ ❝♦♠♣❧❡①❡ ♣❛r ✉♥ ♣s❡✉❞♦✲

s②stè♠❡✱ ❝♦♠♣♦rt❛♥t ✉♥ ♥♦♠❜r❡ ❞✬é❧❡❝tr♦♥s ré❞✉✐t✱ q✉✐ s✐♠✉❧❡ ❧❡s ♣r♦♣r✐étés é❧❡❝tr♦♥✐q✉❡s
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❞✉ ❧✐❣❛♥❞ ré❡❧✳ ▲❛ ♣r❡♠✐èr❡ ét❛♣❡ ❡st ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡s ♦r❜✐t❛❧❡s ♠♦❧é❝✉❧❛✐r❡s ❞❡ ❧✐❛✐s♦♥

♠ét❛❧✲❧✐❣❛♥❞ ❡t ❞❡s é❧❡❝tr♦♥s ❞✉ ❧✐❣❛♥❞ ✐♠♣❧✐q✉és ❞❛♥s ❝❡s ❧✐❛✐s♦♥s✳ ▲❡s ♣s❡✉❞♦s✲❧✐❣❛♥❞s

s♦♥t ❡♥s✉✐t❡ ❝♦♥str✉✐ts ❝♦♠♠❡ ❧❛ s♦♠♠❡ ❞❡ ♣s❡✉❞♦s✲❛t♦♠❡s ❡t ❞✬✉♥ ♣♦t❡♥t✐❡❧ ❡✛❡❝t✐❢✳

▲❡ ♣♦t❡♥t✐❡❧ ❡✛❡❝t✐❢ ❡st ❡♥s✉✐t❡ ♦♣t✐♠✐sé ❞❡ ♠❛♥✐èr❡ à r❡♣r♦❞✉✐r❡ ❛✉ ♠✐❡✉① ❧❡s ♦r❜✐t❛❧❡s

♠♦❧é❝✉❧❛✐r❡s ré❡❧❧❡s✱ ❡♥ s❡ ❜❛s❛♥t s✉r ❞❡s ❝r✐tèr❡s ❞❡ ❢♦r♠❡✱ ❞✬é♥❡r❣✐❡✱ ❞❡ s②♠étr✐❡ ❡t

❞✬♦❝❝✉♣❛t✐♦♥✳ ❖♥ ♣❡✉t r❡♠❛rq✉❡r q✉❡ ❝❡s ❝r✐tèr❡s s♦♥t s✐♠✐❧❛✐r❡s à ❝❡✉① ❞❡ ❧✬❛♥❛❧♦❣✐❡

✐s♦❧♦❜❛❧❡✳

▲❛ ♠ét❤♦❞❡ ❞❡s ❊●P ❛ ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❛✉ ♣♦✐♥t ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ ♣s❡✉❞♦✲❧✐❣❛♥❞s

❞♦♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❛ été t❡sté ❞❛♥s ❧❡ ❝❛s ❞❡ ♠♦❧é❝✉❧❡s ♦r❣❛♥✐q✉❡s ❡t ✐♥♦r❣❛♥✐q✉❡s ❬✽✺❪✳

❈❡♣❡♥❞❛♥t✱ ❡❧❧❡ ♣rés❡♥t❡ ♣❧✉s✐❡✉rs ❞✐✣❝✉❧tés ✿ ❞✬✉♥❡ ♣❛rt✱ ❧✬❡①tr❛❝t✐♦♥ ❞❡s ❊●P s❡ ré✈è❧❡

s♦✉✈❡♥t ❢❛st✐❞✐❡✉s❡ ❡t ❧❡s ♣s❡✉❞♦✲s②stè♠❡s ❡①tr❛✐ts ♥❡ s♦♥t ♣❛s t♦✉❥♦✉rs tr❛♥s❢ér❛❜❧❡s✳

❉✬❛✉tr❡ ♣❛rt✱ ❧❡s ❊●P ♥❡ ❝♦♠♣♦rt❡♥t ♣❛s ❞❡ t❡r♠❡ ré♣✉❧s✐❢✱ ❡t ♥❡ ♣❡r♠❡tt❡♥t ❞♦♥❝ ♣❛s

✉♥❡ ♦♣t✐♠✐s❛t✐♦♥ ❞❡ ❧❛ ❞✐st❛♥❝❡ ♣s❡✉❞♦✲❧✐❣❛♥❞ ✲ ♠ét❛❧✳ ❈❡tt❡ ❛♣♣r♦❝❤❡ ♥❡ s❡r❛ ❞♦♥❝ ♣❛s

❡♠♣❧♦②é❡ ❞❛♥s ❝❡tt❡ t❤ès❡✳

▼ét❤♦❞❡s ❤②❜r✐❞❡s ◗▼✴▼▼

❉❛♥s ❧❡s ❛♣♣r♦❝❤❡s ♣ré❝é❞❡♠♠❡♥t ❝✐té❡s✱ ❧❡s ❧✐❣❛♥❞s ❡①♣ér✐♠❡♥t❛✉① s♦♥t r❡♠♣❧❛❝és

♣❛r ❞❡s ❣r♦✉♣❡♠❡♥ts ♣❡r♠❡tt❛♥t ❞❡ r❡♣r♦❞✉✐r❡ ❧❡✉rs ♣r♦♣r✐étés é❧❡❝tr♦♥✐q✉❡s✳ ❈❡♣❡♥❞❛♥t✱

❞❛♥s ❧❡s ét✉❞❡s ❞❡ sé❧❡❝t✐✈✐té✱ ❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡s ❡✛❡ts stér✐q✉❡s s❡ ré✈è❧❡ s♦✉✈❡♥t

✐♥❞✐s♣❡♥s❛❜❧❡✳ ▲❡s ♠ét❤♦❞❡s ❤②❜r✐❞❡s ◗▼✴▼▼ ❬✽✻✱ ✽✼❪ ❝♦♥s✐st❡♥t à ❞✐✈✐s❡r ✉♥ ❧✐❣❛♥❞ ❡♥

✉♥❡ ♣❛rt✐❡ ❞✐t❡ ✓ ❛❝tr✐❝❡ ✔✱ q✉✐ s❡r❛ tr❛✐té❡ ❡♥ ♠é❝❛♥✐q✉❡ q✉❛♥t✐q✉❡✱ ❡t ✉♥❡ ♣❛rt✐❡ ❞✐t❡

✓ s♣❡❝t❛tr✐❝❡ ✔✱ ♥❡ ♣❛rt✐❝✐♣❛♥t ♣❛s à ❧❛ ❧✐❛✐s♦♥ ❝❤✐♠✐q✉❡ ❛✈❡❝ ❧❡ ♠ét❛❧✱ ❡t q✉✐ s❡r❛ tr❛✐té❡

❡♥ ♠é❝❛♥✐q✉❡ ❝❧❛ss✐q✉❡ ♣❛r ❞❡s ♠ét❤♦❞❡s ❞❡ ❝❤❛♠♣s ❞❡ ❢♦r❝❡✳ ▲✬❤❛♠✐❧t♦♥✐❡♥ ❞✉ s②stè♠❡

❡st ❛❧♦rs ❧❛ s♦♠♠❡ ❞❡ tr♦✐s t❡r♠❡s ✭❈✳✶✮✱ q✉✐ ❞é❝r✐✈❡♥t r❡s♣❡❝t✐✈❡♠❡♥t ❧❛ ♣❛rt✐❡ q✉❛♥t✐q✉❡✱

❧❛ ♣❛rt✐❡ ❝❧❛ss✐q✉❡ ❡t ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❝❡s ❞❡✉① ♣❛rt✐❡s✳

Ĥ = ĤQM/QM + ĤMM/MM + ĤQM/MM ✭❈✳✶✮

▲❡s ❛♣♣r♦❝❤❡s ❞❡ t②♣❡ ◗▼✴▼▼ ♣❡r♠❡tt❡♥t ❞♦♥❝ ❞❡ tr❛✐t❡r ❞❡ ❢❛ç♦♥ ♣❧✉s ♣ré❝✐s❡

❧❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s✱ ❡♥ ✐♥❝❧✉❛♥t ❧❡s ❡✛❡ts stér✐q✉❡s ❞❡s ❧✐❣❛♥❞s ✭✈♦✐r ♣❛r

❡①❡♠♣❧❡ ❬✽✽❪✮✳ ❈❡♣❡♥❞❛♥t✱ ❝❡s ♠ét❤♦❞❡s s♦♥t à ♠❛♥✐❡r ❛✈❡❝ ♣ré❝❛✉t✐♦♥✱ ❝❛r ❧❡s rés✉❧t❛ts

♣❡✉✈❡♥t ✈❛r✐❡r ❞❡ ❢❛ç♦♥ ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡ ❡♥ ❝❤❛♥❣❡❛♥t ❧❛ ♥❛t✉r❡ ❞✉ ❝❤❛♠♣ ❞❡ ❢♦r❝❡ ✉t✐❧✐sé

♦✉ ❧✬❤❛♠✐❧t♦♥✐❡♥ ❞✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❛ ♣❛rt✐❡ q✉❛♥t✐q✉❡ ❡t ❧❛ ♣❛rt✐❡ ❝❧❛ss✐q✉❡ ❬✽✾❪✳ ❉❡

♣❧✉s✱ ❝❡rt❛✐♥s ❝❤❛♠♣s ❞❡ ❢♦r❝❡ ♥✬✐♥❝❧✉❡♥t ♣❛s ❞❡ t❡r♠❡ ❞❡ ♣♦❧❛r✐s❛t✐♦♥✱ ❝❡ q✉✐ ❡♥tr❛î♥❡ ❞❡s

❡rr❡✉rs ✐♠♣♦rt❛♥t❡s ❞❛♥s ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ♠♦❧é❝✉❧❡s ♣♦❧❛✐r❡s✳
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❈❛s ❞❡s ❧✐❣❛♥❞s ❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡s s✉❜st✐t✉és

▲❡s ❧✐❣❛♥❞s ❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡s s✉❜st✐t✉és η5 −C5R5 ✭R = H✱ CH3✱ C(CH3)3✱ ✳✳✳✮ s♦♥t

♦♠♥✐♣rés❡♥ts ❡♥ ❝❤✐♠✐❡ ♦r❣❛♥♦♠ét❛❧❧✐q✉❡ ❞❡s ❧❛♥t❤❛♥✐❞❡s ❡t ❞❡s ❛❝t✐♥✐❞❡s ✭❝❢✳ ✜❣✉r❡ ❈✳✶✮✳

❍✐st♦r✐q✉❡♠❡♥t✱ ❝❡s ❧✐❣❛♥❞s✱ ❞❡ t②♣❡ L2X✱ ♦♥t été ♠♦❞é❧✐sés ♣❛r H ♦✉ ❧❡✉r ❛♥❛❧♦❣✉❡ ✐s♦❧♦✲

❜❛❧ Cl✳ ❈❡s ❛♣♣r♦❝❤❡s✱ q✉✐ ♣❡r♠❡tt❡♥t ❞❡ r❡♣r♦❞✉✐r❡ ❝❡rt❛✐♥❡s t❡♥❞❛♥❝❡s ❡①♣ér✐♠❡♥t❛❧❡s

❞❛♥s ❧❡ ❝❛s ❞❡s ♠ét❛✉① d0 ❡t d0fn ❬✻✸✱✾✵✕✾✷❪✱ s❡ s♦♥t t♦✉t❡❢♦✐s ré✈é❧és ✐♥s✉✣s❛♥ts ♣♦✉r tr❛✐✲

t❡r ❞❡s ♣r♦❜❧è♠❡s ❞❡ sé❧❡❝t✐✈✐té ❞❡ ❢❛ç♦♥ q✉❛♥t✐t❛t✐✈❡ ❬✾✸✕✾✺❪✳ ❈❡❝✐ ❡st ❞û ♣r✐♥❝✐♣❛❧❡♠❡♥t

❛✉ ❢❛✐t q✉❡ ❧❡s ❧✐❣❛♥❞s ❞❡ t②♣❡ ❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡ s♦♥t ♣❧✉s ❞♦♥♥❡✉rs q✉❡ Cl✳

❯♥❡ ♠♦❞é❧✐s❛t✐♦♥ ♣❧✉s ❛❝❝❡♣t❛❜❧❡ ❞❡s ❧✐❣❛♥❞s ❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡s s✉❜st✐t✉és ❝♦♥s✐st❡ à

❧❡s r❡♠♣❧❛❝❡r ♣❛r ❧❡✉r ❛♥❛❧♦❣✉❡ ♣❡r❤②❞r♦❣é♥é η5 − C5H5✱ ♥♦té Cp✳ ❈❡tt❡ ❛♣♣r♦❝❤❡✱ ❢ré✲

q✉❡♠♠❡♥t ✉t✐❧✐sé❡ ❛✈❡❝ s✉❝❝ès ❡♥ ❝❤✐♠✐❡ t❤é♦r✐q✉❡ ♦r❣❛♥♦♠ét❛❧❧✐q✉❡ ❞❡s ♠ét❛✉① d0 ❡t d0fn

❬✻✹✱✻✽✱✼✻✱✾✶✱✾✻✱✾✼❪✱ ❛ été ✈❛❧✐❞é❡ ❞❛♥s ❧❡ ❝❛s ❞❡s ❝♦♠♣❧❡①❡s Cp⋆
2Ln−R ✭Cp⋆ = η5−C5Me5✱

Ln❂❧❛♥t❤❛♥✐❞❡✱ R❂❣r♦✉♣❡ ❛❧❦②❧❡✮ ❬✾✺❪✳ ❊♥ ❡✛❡t✱ ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡s str✉❝t✉r❡s✱ ❝❤❛r❣❡s ❡t

❣r❛♥❞❡✉rs ré❛❝t✐♦♥♥❡❧❧❡s ♦❜t❡♥✉❡s ❛✈❡❝ ❧❡s ❧✐❣❛♥❞s Cp⋆ ❡①♣❧✐❝✐t❡s✱ Cp⋆ tr❛✐tés ❡♥ ◗▼✴▼▼

❡t Cp ❛ ♣❡r♠✐s ❞❡ ♠♦♥tr❡r q✉❡ Cp r❡♣r♦❞✉✐t ❞❡ ♠❛♥✐èr❡ ❛❝❝❡♣t❛❜❧❡ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s

é❧❡❝tr♦♥✐q✉❡s ❞❡ Cp⋆✱ ❧✬❡✛❡t ❞❡ ❧❛ s✉❜st✐t✉t✐♦♥ ét❛♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t stér✐q✉❡✳ ❉❛♥s ❧❛

s✉✐t❡ ❞❡ ❝❡tt❡ t❤ès❡✱ ❧❡s ❧✐❣❛♥❞s ❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡s s✉❜st✐t✉és s❡r♦♥t ❞♦♥❝ ♠♦❞é❧✐sés ♣❛r

Cp✳ ❚♦✉t❡❢♦✐s✱ ♥♦✉s ❣❛r❞❡r♦♥s à ❧✬❡s♣r✐t q✉❡ ❝❡ ♠♦❞è❧❡ ♣❡✉t êtr❡ ✐♥s✉✣s❛♥t ❞❛♥s ❧❡ ❝❛s ❞❡

s②stè♠❡s ♣rés❡♥t❛♥t ✉♥ ❡♥❝♦♠❜r❡♠❡♥t stér✐q✉❡ ✐♠♣♦rt❛♥t ❬✾✹✱✾✽❪✳

Cp ✭η5 − C5H5✮ Cp⋆ ✭η5 − C5Me5✮ Cp
′

✭η5 − 1, 2, 4 − (Me3C)3C5H2✮

❋✐❣✳ ❈✳✶✿ ▲✐❣❛♥❞s ❞❡ t②♣❡ ❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡ ❡♠♣❧♦②és ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❡t ♠♦❞é❧✐sés ♣❛r Cp
❞❛♥s ❝❡tt❡ t❤ès❡✳
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❈✳✷ ❆♥❛❧②s❡ ❞❡ ❧❛ ❧✐❛✐s♦♥ ❝❤✐♠✐q✉❡

❆✜♥ ❞❡ ❝♦♠♣r❡♥❞r❡ ❧❡s ♣r♦♣r✐étés ♣❤②s✐❝♦✲❝❤✐♠✐q✉❡s ❞✬✉♥ s②stè♠❡✱ ✐❧ ❡st ✐♥❞✐s♣❡♥s❛❜❧❡

❞✬❛♣♣ré❤❡♥❞❡r ❧❡s ✐♥t❡r❛❝t✐♦♥s q✉✐ ❧❡ ré❣✐ss❡♥t✳ ❈✬❡st ♣♦✉rq✉♦✐ ❧❛ ❝❤✐♠✐❡ t❤é♦r✐q✉❡ ♣r♦♣♦s❡

✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞✬♦✉t✐❧s ♣❡r♠❡tt❛♥t✱ à ♣❛rt✐r ❞❡ ❧❛ str✉❝t✉r❡ ❣é♦♠étr✐q✉❡ ❡t é❧❡❝tr♦✲

♥✐q✉❡ ❞✬✉♥ s②stè♠❡✱ ❞✬❛♥❛❧②s❡r ❧❡s ❞✐✛ér❡♥t❡s ✐♥t❡r❛❝t✐♦♥s q✉✐ ♣❡✉✈❡♥t ❛♣♣❛r❛îtr❡ ❡♥tr❡

❧❡s ❛t♦♠❡s ♦✉ ❧❡s ♠♦❧é❝✉❧❡s✱ ❛✉ ♠♦②❡♥ ❞❡ ❣r❛♥❞❡✉rs t❡❧❧❡s q✉❡ ❧❡s ❝❤❛r❣❡s é❧❡❝tr♦♥✐q✉❡s✱ ❧❡s

✐♥❞✐❝❡s ❞❡ ❧✐❛✐s♦♥✱ ❧❡s é♥❡r❣✐❡s ❞✬✐♥t❡r❛❝t✐♦♥✳✳✳ ❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ♥♦✉s ré❝❛♣✐t✉❧❡r♦♥s

❜r✐è✈❡♠❡♥t ❧❡s ❞✐✛ér❡♥t❡s ✐♥t❡r❛❝t✐♦♥s r❡♥❝♦♥tré❡s ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧❛ ❝❤✐♠✐❡ ♦r❣❛♥♦✲

♠ét❛❧❧✐q✉❡✱ ♣✉✐s ♥♦✉s ❞é❝r✐r♦♥s q✉❡❧q✉❡s✲✉♥s ❞❡s ♦✉t✐❧s t❤é♦r✐q✉❡s ♣❡r♠❡tt❛♥t ❞✬❛❝❝é❞❡r

à ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥ ❝❤✐♠✐q✉❡✳

❈✳✷✳✶ ▲❡s ❞✐✛ér❡♥t❡s ✐♥t❡r❛❝t✐♦♥s ❡♥ ❝❤✐♠✐❡ ♦r❣❛♥♦♠ét❛❧❧✐q✉❡

▼♦❞è❧❡ ❞❡ ▲❡✇✐s

❉❛♥s ❧❡ ♠♦❞è❧❡ ♣r♦♣♦sé ♣❛r ▲❡✇✐s ❬✾✾❪✱ ✉♥❡ ❧✐❛✐s♦♥ ❝♦✈❛❧❡♥t❡ ❡♥tr❡ ❞❡✉① ❛t♦♠❡s ❆ ❡t

❇ ❝♦rr❡s♣♦♥❞ à ❧❛ ♠✐s❡ ❡♥ ❝♦♠♠✉♥ ❞❡ ❞❡✉① é❧❡❝tr♦♥s ❞❡ ✈❛❧❡♥❝❡✳ ❙❡❧♦♥ ❝❡ ♠♦❞è❧❡✱ ❞❛♥s

❧❡ ❝❛s ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ♣♦ssé❞❛♥t ✉♥ ♥♦♠❜r❡ ♣❛✐r ❞✬é❧❡❝tr♦♥s ❞❡ ✈❛❧❡♥❝❡✱ ❝❡✉①✲❝✐ ♣❡✉✈❡♥t

êtr❡ ré♣❛rt✐s ❡♥ ♣❛✐r❡s ❧✐❜r❡s ❧♦❝❛❧✐sé❡s s✉r ❧❡s ❛t♦♠❡s ❡t ❡♥ ❧✐❛✐s♦♥s ✐♥t❡r❛t♦♠✐q✉❡s ✿ ❝✬❡st

❧❡ s❝❤é♠❛ ❞❡ ▲❡✇✐s ❞❡ ❧❛ ♠♦❧é❝✉❧❡✳

▼♦❞è❧❡ ♦r❜✐t❛❧❛✐r❡

❉❛♥s ❧❡ ♠♦❞è❧❡ ♦r❜✐t❛❧❛✐r❡ ❬✶✵✵✕✶✵✷❪✱ ❧❛ ❧✐❛✐s♦♥ rés✉❧t❡ ❞✬✉♥❡ ✐♥t❡r❛❝t✐♦♥ à ❞❡✉① é❧❡❝✲

tr♦♥s ❡♥tr❡ ❞❡✉① ♦r❜✐t❛❧❡s ❛t♦♠✐q✉❡s ❞❡ ❞❡✉① ❛t♦♠❡s ❞✐✛ér❡♥ts✱ q✉✐ ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥

❞✬✉♥❡ ♦r❜✐t❛❧❡ ❧✐❛♥t❡ ♦❝❝✉♣é❡ ❡t ❞✬✉♥❡ ♦r❜✐t❛❧❡ ❛♥t✐❧✐❛♥t❡ ✈❛❝❛♥t❡ ✭❝❢✳ ❈✳✷✮✳ ❈♦♥tr❛✐r❡♠❡♥t

❛✉ ♠♦❞è❧❡ ❞❡ ▲❡✇✐s✱ ❧❡s é❧❡❝tr♦♥s ♣❡✉✈❡♥t ♣r♦✈❡♥✐r ❞❡s ❞❡✉① ❛t♦♠❡s ♦✉ ❞✬✉♥ s❡✉❧ ❛t♦♠❡✳

❈❡rt❛✐♥❡s ❧✐❛✐s♦♥s✱ ♣r♦✈❡♥❛♥t ❞✬✉♥❡ ✐♥t❡r❛❝t✐♦♥ ♦r❜✐t❛❧❛✐r❡ ❡♥tr❡ ♣❧✉s ❞❡ ❞❡✉① ❛t♦♠❡s✱

s♦♥t ❞✐t❡s ✓ ❞é❧♦❝❛❧✐sé❡s ✔✳ ▲❛ ❞é❧♦❝❛❧✐s❛t✐♦♥ é❧❡❝tr♦♥✐q✉❡ ❝♦♥❞✉✐t ❛❧♦rs à ✉♥❡ st❛❜✐❧✐s❛t✐♦♥

é♥❡r❣ét✐q✉❡✱ ❝♦♠♠❡ ❞❛♥s ❧❡s ❝♦♠♣♦sés ❛r♦♠❛t✐q✉❡s ❬✶✵✸✱✶✵✹❪✳

❋✐❣✳ ❈✳✷✿ ❋♦r♠❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥ ❝♦✈❛❧❡♥t❡ ❞❛♥s ❧❡ ♠♦❞è❧❡ ♦r❜✐t❛❧❛✐r❡
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▲✬✐♥t❡r❛❝t✐♦♥✱ ❡t ❞♦♥❝ ❧❛ st❛❜✐❧✐s❛t✐♦♥ é♥❡r❣ét✐q✉❡ ❞❡ ❧✬♦r❜✐t❛❧❡ ❧✐❛♥t❡✱ ❡st ♣r♦♣♦rt✐♦♥✲

♥❡❧❧❡ à S2/∆E✱ ♦ù S ❡st ❧❡ r❡❝♦✉✈r❡♠❡♥t s♣❛t✐❛❧ ❞❡s ♦r❜✐t❛❧❡s ❛t♦♠✐q✉❡s ❡t ∆E ❧❡✉r

é❝❛rt é♥❡r❣ét✐q✉❡✳ ❉❛♥s ❧❡ ❝❛s ❞✬✉♥ r❡❝♦✉✈r❡♠❡♥t ♦♣t✐♠❛❧ ✭S = 1)✱ ❧✬✐♥t❡♥s✐té ❞❡ ❧✬✐♥t❡r✲

❛❝t✐♦♥ s❡r❛ ❞♦♥❝ ❞✐r❡❝t❡♠❡♥t ❧✐é❡ à ❧✬é❝❛rt é♥❡r❣ét✐q✉❡ ❡♥tr❡ ❧❡s ❞❡✉① ♦r❜✐t❛❧❡s ❛t♦♠✐q✉❡s

✭❝❢✳ ✜❣✉r❡ ❈✳✸✮✳ ❙✐ ❝❡❧❧❡s✲❝✐ s♦♥t ❞é❣é♥éré❡s✱ ❧❛ ❧✐❛✐s♦♥ ❡st s②♠étr✐q✉❡✳ ▲❛ ❞❡♥s✐té é❧❡❝tr♦✲

♥✐q✉❡ ♣rés❡♥t❡ ❛❧♦rs ✉♥ ♠❛①✐♠✉♠ ❞❡ ♣r♦❜❛❜✐❧✐té à ♠✐✲❞✐st❛♥❝❡ ❞❡s ❞❡✉① ❛t♦♠❡s✳ ▲♦rsq✉❡

❧✬♦r❜✐t❛❧❡ ❛t♦♠✐q✉❡ ❞❡ ❆ ❡st ♣❧✉s st❛❜❧❡ q✉❡ ❝❡❧❧❡ ❞❡ ❇✱ ❧✬♦r❜✐t❛❧❡ ❧✐❛♥t❡ rés✉❧t❛♥t❡ ❡st ♣r✐♥✲

❝✐♣❛❧❡♠❡♥t ❞é✈❡❧♦♣♣é❡ s✉r ❧✬❛t♦♠❡ ❆✳ ▲❡ ♠❛①✐♠✉♠ ❞❡ ❧❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ s❡ r❛♣♣r♦❝❤❡

❛❧♦rs ❞❡ ❧✬❛t♦♠❡ ❆ ✿ ❧❛ ❧✐❛✐s♦♥ ❡st ❞✐t❡ ♣♦❧❛r✐sé❡ ✈❡rs ❆✳ ❙✐ ∆E ❞❡✈✐❡♥t tr♦♣ ✐♠♣♦rt❛♥t✱

❧✬✐♥t❡r❛❝t✐♦♥ ❡st tr♦♣ ❢❛✐❜❧❡ ♣♦✉r ❞♦♥♥❡r ♥❛✐ss❛♥❝❡ à ✉♥❡ ❧✐❛✐s♦♥ ❝♦✈❛❧❡♥t❡✳

❋✐❣✳ ❈✳✸✿ ■♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❞❡✉① ♦r❜✐t❛❧❡s ❞✬é♥❡r❣✐❡s ❞✐✛ér❡♥t❡s

❆✉tr❡s ✐♥t❡r❛❝t✐♦♥s

▲✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡s ❛t♦♠❡s ♥❡ ♣❡✉t ♣❛s ❡①❝❧✉s✐✈❡♠❡♥t êtr❡ ✐♥t❡r♣rété❡ ❡♥ t❡r♠❡ ❞❡

❧✐❛✐s♦♥ ❝♦✈❛❧❡♥t❡✳ P❧✉s✐❡✉rs t②♣❡s ❞✬✐♥t❡r❛❝t✐♦♥s✱ ♣❧✉s ❢❛✐❜❧❡s ❡♥ ❣é♥ér❛❧ q✉❡ ❧❡s ❧✐❛✐s♦♥s

❝♦✈❛❧❡♥t❡s ❡t ♥❡ ❢❛✐s❛♥t ♣❛s ✐♥t❡r✈❡♥✐r ❧❛ ❢♦r♠❛t✐♦♥ ❞✬♦r❜✐t❛❧❡s ❧✐❛♥t❡s ❥♦✉❡♥t é❣❛❧❡♠❡♥t ✉♥

rô❧❡ ♣ré❞♦♠✐♥❛♥t ❡♥ ❝❤✐♠✐❡ ♦r❣❛♥♦♠ét❛❧❧✐q✉❡ ❬✶✵✺✕✶✵✼❪ ✿

✲ ▲✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ✭❛ttr❛❝t✐♦♥ ♦✉ ré♣✉❧s✐♦♥ ❝♦✉❧♦♠❜✐❡♥♥❡✮ ❡♥tr❡ ❞❡✉① ❛t♦♠❡s

❝❤❛r❣és✳

✲ ▲✬✐♥t❡r❛❝t✐♦♥ ❞♦♥♥❡✉r✲❛❝❝❡♣t❡✉r✱ q✉✐ ❛♣♣❛r❛ît ❧♦rsq✉✬✉♥❡ ♦r❜✐t❛❧❡ ❞♦✉❜❧❡♠❡♥t ♦❝❝✉✲

♣é❡ ❞❡ ❆ ❡t ✉♥❡ ♦r❜✐t❛❧❡ ✈❛❝❛♥t❡ ❞❡ ❇ s♦♥t é❧♦✐❣♥é❡s é♥❡r❣ét✐q✉❡♠❡♥t ♠❛✐s ♣rés❡♥t❡♥t ✉♥

❜♦♥ r❡❝♦✉✈r❡♠❡♥t s♣❛t✐❛❧ ✭❝❢✳ ❈✳✸✮✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❡ ❞♦✉❜❧❡t é❧❡❝tr♦♥✐q✉❡ r❡st❡ ❧♦❝❛❧✐sé s✉r

❧✬❛t♦♠❡ ❆✱ ♠❛✐s ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥❣❡♥❞r❡ ✉♥❡ ♣❡rt✉r❜❛t✐♦♥ st❛❜✐❧✐s❛♥t❡ ❛✉ s❡❝♦♥❞ ♦r❞r❡✳

✲ ▲✬ ✐♥t❡r❛❝t✐♦♥ ❛❣♦st✐q✉❡ à tr♦✐s ❝❡♥tr❡s ❬✶✵✽❪✱ q✉✐ ♣❡✉t s❡ ❝ré❡r ❡♥tr❡ ✉♥❡ ❧✐❛✐s♦♥

❝♦✈❛❧❡♥t❡ ❆✲❇ ❡t ✉♥❡ ♦r❜✐t❛❧❡ ✈❛❝❛♥t❡ ❞✬✉♥ ♠ét❛❧✱ ❡t rés✉❧t❡ ❝♦♠♠❡ ❧❛ ♣ré❝é❞❡♥t❡ ❞✬✉♥❡

♣❡rt✉r❜❛t✐♦♥ ❛✉ s❡❝♦♥❞ ♦r❞r❡✳

✲ ▲❡s ✐♥t❡r❛❝t✐♦♥s ❞❡ ❱❛♥ ❞❡r ❲❛❛❧s✱ ♣❛r♠✐ ❧❡sq✉❡❧❧❡s ♦♥ r❡tr♦✉✈❡ ❧❡s ✐♥t❡r❛❝t✐♦♥s
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❡♥tr❡ ❞❡✉① ♠♦❧é❝✉❧❡s ♣♦❧❛✐r❡s✱ ❧❡s ✐♥t❡r❛❝t✐♦♥s ❞✐♣♦❧❡✲❞✐♣♦❧❡ ✐♥❞✉✐t ❡t ❧❡s ✐♥t❡r❛❝t✐♦♥s ❞❡

❞✐s♣❡rs✐♦♥✳

❈✳✷✳✷ ◗✉❡❧q✉❡s ♦✉t✐❧s ❞✬❛♥❛❧②s❡ ❞❡ ❧✐❛✐s♦♥

❆♥❛❧②s❡ ❞❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ ▼✉❧❧✐❦❡♥

❆ ♣❛rt✐r ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ Φ(−→r1 ,−→r2 ...,−→rn) ❞é❝r✐✈❛♥t ❧❡ s②stè♠❡✱ ❧✬♦♣ér❛t❡✉r ❞❡♥s✐té

à ✉♥❡ ♣❛rt✐❝✉❧❡ s✬é❝r✐t ✭❈✳✷✮ ✿

ρ1(1, 1
′) = n

∫

esp

Φ(−→r1 ,−→r2 ...,−→rn)Φ⋆(
−→
r′1 ,−→r2 ...,−→rn)d−→r2 ...d−→rn ✭❈✳✷✮

▲❛ ♠❛tr✐❝❡ ❞❡♥s✐té ❡st ❛❧♦rs ❞é✜♥✐❡ ❞❡ ❧❛ ♠❛♥✐èr❡ s✉✐✈❛♥t❡ ✭❈✳✸✮✱ ♦ù ❧❡s φµ s♦♥t ❧❡s

♦r❜✐t❛❧❡s ❛t♦♠✐q✉❡s ✿

P = {Pµν} ❛✈❡❝ Pµν =
∫

esp
φ⋆

µ(−→r1 )ρ1(1, 1
′)φν(

−→
r′1 )d−→r1d

−→
r′1 ✭❈✳✸✮

▼✉❧❧✐❦❡♥ ❬✶✵✾❪ ♣r♦♣♦s❡ ❛❧♦rs ❞❡ ❝❛❧❝✉❧❡r ❧❛ ♣♦♣✉❧❛t✐♦♥ ❞✬✉♥ ❛t♦♠❡ ❞♦♥♥é ❆✱ ❝✬❡st à ❞✐r❡

❧❡ ♥♦♠❜r❡ ❞✬é❧❡❝tr♦♥s ❛♣♣❛rt❡♥❛♥t ❡♥ ♣r♦♣r❡ à ❆✱ ♣❛r ❧❛ ❢♦r♠✉❧❡ ✿ n
(Mull)
A =

∑
µ∈A Pµµ✳ ▲❛

❝❤❛r❣❡ ❞❡ ❝❡t ❛t♦♠❡ ❡st ❛❧♦rs ✿ q
(Mull)
A = ZA − n

(Mull)
A ✳ ❈❡tt❡ ❛♥❛❧②s❡ ♣❡r♠❡t ❞✬❛❝❝é❞❡r à

✉♥❡ ❞❡s❝r✐♣t✐♦♥ q✉❛❧✐t❛t✐✈❡ ❞❡ ❧❛ ré♣❛rt✐t✐♦♥ é❧❡❝tr♦♥✐q✉❡✱ ♠❛✐s ❞♦♥♥❡ ♣❛r❢♦✐s ❞❡s rés✉❧t❛ts

❛❜❡rr❛♥ts ✿ ♣♦♣✉❧❛t✐♦♥s ♥é❣❛t✐✈❡s s✉r ✉♥ ❛t♦♠❡✱ ♦✉ ❝❤❛r❣❡ ♥é❣❛t✐✈❡ s✉r ✉♥ ♠ét❛❧✳✳✳ ❉❡ ♣❧✉s✱

❝❡tt❡ ♠ét❤♦❞❡ ❡st très s❡♥s✐❜❧❡ à ❧❛ ❜❛s❡ ❛t♦♠✐q✉❡ ✉t✐❧✐sé❡ ❬✶✶✵❪✳ ❯♥❡ ♠❛♥✐èr❡ ❞✬❛♠é❧✐♦r❡r

❧❛ ❞❡s❝r✐♣t✐♦♥ ❡st ❞❡ ♣❛rt✐r ❞✬✉♥❡ ❜❛s❡ ❞✬♦r❜✐t❛❧❡s ❛t♦♠✐q✉❡s ♦rt❤♦♥♦r♠é❡s ❬✶✶✶❪✳

❖r❜✐t❛❧❡s ♥❛t✉r❡❧❧❡s ❛t♦♠✐q✉❡s ✭◆❆❖✮

▲❛ ♠❛tr✐❝❡ ❞❡♥s✐té P ♣❡✉t êtr❡ s❝✐♥❞é❡ ❡♥ ♣❧✉s✐❡✉rs ❜❧♦❝s✱ ❝♦♠♠❡ ❧❡ s❝❤é♠❛t✐s❡ ❧✬éq✉❛✲

t✐♦♥ ❈✳✹✳ ▲❡s ❜❧♦❝s ✓ ❞✐❛❣♦♥❛✉① ✔ ❞❡ t②♣❡ PI ❝♦♥t✐❡♥♥❡♥t ❡①❝❧✉s✐✈❡♠❡♥t ❞❡s é❧é♠❡♥ts Pµν

❝♦♥str✉✐ts à ♣❛rt✐r ❞✬♦r❜✐t❛❧❡s φµ ❡t φν ❞✉ ♠ê♠❡ ❛t♦♠❡ ■✳ ▲❡s ❜❧♦❝s ✓ ❡①tr❛✲❞✐❛❣♦♥❛✉① ✔ ❞❡

t②♣❡ PIJ ❝♦♥t✐❡♥♥❡♥t ❞❡s t❡r♠❡s ❝r♦✐sés Pµν ♦ù ❧❡s ♦r❜✐t❛❧❡s φµ ❛♣♣❛rt✐❡♥♥❡♥t à ❧✬❛t♦♠❡

■ ❡t ❧❡s φν à ❧✬❛t♦♠❡ ❏✳

P =





PA PAB · · · PAL

PBA PB · · · PBL

✳✳✳
✳✳✳

✳ ✳ ✳
✳✳✳

PLA PLB · · · PL




✭❈✳✹✮

❈♦♥s✐❞ér♦♥s ❧❡ ❜❧♦❝ PA sé♣❛ré♠❡♥t✳ ❊♥ ❞✐❛❣♦♥❛❧✐s❛♥t ❝❡ ❜❧♦❝✱ ♦♥ ♦❜t✐❡♥t ✉♥ ❥❡✉ ❞❡

✈❡❝t❡✉rs ♣r♦♣r❡s γA
µ (−→r )✱ ❛ss♦❝✐és ❛✉① ✈❛❧❡✉rs ♣r♦♣r❡s nA

µ ✳ ▲❡s ✈❡❝t❡✉rs ♣r♦♣r❡s s♦♥t ❛♣✲

♣❡❧és ✓ ♦r❜✐t❛❧❡s ♥❛t✉r❡❧❧❡s ❛t♦♠✐q✉❡s ✔ ✭◆❆❖✮✱ ❡t ❧❡s ✈❛❧❡✉rs ♣r♦♣r❡s ❛ss♦❝✐é❡s ✓ ♦❝❝✉✲

✹✹



♣❛t✐♦♥s ✔ ❬✶✶✷❪✳ ▲❡s ◆❆❖ s♦♥t ❡♥s✉✐t❡ ❝❧❛ssé❡s ♣❛r ♦❝❝✉♣❛t✐♦♥ ❝r♦✐ss❛♥t❡✱ ❡t ❞✐✈✐sé❡s ❡♥

❞❡✉① ❝❛té❣♦r✐❡s ✿ ❧❡s ♣r❡♠✐èr❡s✱ ❝♦rr❡s♣♦♥❞❛♥t ❛✉① s♦✉s✲❝♦✉❝❤❡s r❡♠♣❧✐❡s ❞❛♥s ❧✬❛t♦♠❡

✐s♦❧é✱ s♦♥t ❧❡s ♦r❜✐t❛❧❡s ✓ ♠✐♥✐♠❛❧❡s ✔ ❀ ❧❡s ♦r❜✐t❛❧❡s r❡st❛♥t❡s s♦♥t ❞✐t❡s ♦r❜✐t❛❧❡s ✓ ❞❡

❘②❞❜❡r❣ ✔✳ ▲❛ ♣♦♣✉❧❛t✐♦♥ ❞❡ ❧✬❛t♦♠❡ ❆ ❡st ❡♥s✉✐t❡ ❝❛❧❝✉❧é❡ ❝♦♠♠❡ ❧❛ s♦♠♠❡ ❞❡s ♦❝❝✉♣❛✲

t✐♦♥s ❞❡s ♦r❜✐t❛❧❡s ♠✐♥✐♠❛❧❡s ✿ n
(NPA)
A =

∑
µ∈min nA

µ ✳ ❈❡tt❡ ❛♥❛❧②s❡✱ ❝♦♥♥✉❡ s♦✉s ❧❡ ♥♦♠

❞❡ ◆P❆ ✭◆❛t✉r❛❧ P♦♣✉❧❛t✐♦♥ ❆♥❛❧②s✐s✮✱ ♣❡r♠❡t ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❝♦rr❡❝t❡ ❞❡ ❧❛ ré♣❛rt✐t✐♦♥

❞❡s ❝❤❛r❣❡s ❞❛♥s ❧❡s s②stè♠❡s ♦r❣❛♥✐q✉❡s ❡t ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❬✶✶✵❪✳

❖r❜✐t❛❧❡s ♥❛t✉r❡❧❧❡s ❞❡ ❧✐❛✐s♦♥ ✭◆❇❖✮

❉❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s ❝❛s✱ ❧❡s ♦r❜✐t❛❧❡s ♥❛t✉r❡❧❧❡s ❛t♦♠✐q✉❡s s♦♥t ❛ss♦❝✐é❡s à ❞❡s ♦❝❝✉✲

♣❛t✐♦♥s ♣r♦❝❤❡s ❞❡ ❞❡✉①✱ ✉♥ ♦✉ ③ér♦✳ ❆ ♣❛rt✐r ❞❡ ❝❡tt❡ ♦❜s❡r✈❛t✐♦♥✱ ✉♥❡ ❛♥❛❧♦❣✐❡ ❛✈❡❝ ❧❡

s❝❤é♠❛ ❞❡ ▲❡✇✐s ❞❡s ♠♦❧é❝✉❧❡s ❛ été ♣r♦♣♦sé ❬✶✶✸❪ ✿

✕ ▲❡s ◆❆❖ ❞♦✉❜❧❡♠❡♥t ♦❝❝✉♣é❡s ❝♦rr❡s♣♦♥❞❡♥t à ❞❡s ♣❛✐r❡s ❧✐❜r❡s s✉r ❧✬❛t♦♠❡ ❆

✕ ▲❡s ◆❆❖ s✐♠♣❧❡♠❡♥t ♦❝❝✉♣é❡s ❝♦rr❡s♣♦♥❞❡♥t à ❞❡s ♦r❜✐t❛❧❡s ♣❡r♠❡tt❛♥t ❞✬ét❛❜❧✐r

❞❡s ❧✐❛✐s♦♥s ❝♦✈❛❧❡♥t❡s ❛✈❡❝ ❞✬❛✉tr❡s ❛t♦♠❡s

✕ ▲❡s ◆❆❖ ♥♦♥ ♦❝❝✉♣é❡s ❝♦rr❡s♣♦♥❞❡♥t à ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s

❈♦♥s✐❞ér♦♥s ♠❛✐♥t❡♥❛♥t ✉♥ ❜❧♦❝ ✓ q✉❛❞r✉♣❧❡ ✔ ❢♦r♠é ❞❡s q✉❛tr❡ ❜❧♦❝s PA✱ PAB✱ PBA

❡t PB✱ ♥♦té P(AB)✭❝❢✳ éq✉❛t✐♦♥ ❈✳✺✮✱ ❛ss♦❝✐é ❛✉① s❡✉❧s ❛t♦♠❡s ❆ ❡t ❇✳ ❊♥ ❞✐❛❣♦♥❛❧✐s❛♥t

❝❡ ❜❧♦❝✱ ♦♥ ♦❜t✐❡♥t ✉♥ ❥❡✉ ❞✬♦r❜✐t❛❧❡s ♣r♦♣r❡s γ
(AB)
µ (−→r ) ❝♦♥str✉✐t❡s à ♣❛rt✐r ❞❡s ♦r❜✐t❛❧❡s

❛t♦♠✐q✉❡s ❞❡ ❆ ❡t ❞❡ ❇ ❡t ❛ss♦❝✐é❡s ❛✉① ✈❛❧❡✉rs ♣r♦♣r❡s nA
µ ✳ ▲❡s ♦r❜✐t❛❧❡s ❞♦✉❜❧❡♠❡♥t

♦❝❝✉♣é❡s ♣❡✉✈❡♥t ❛❧♦rs êtr❡ s♦✐t ❞❡s ♣❛✐r❡s ❧✐❜r❡s ❞❡ ❆ ♦✉ ❞❡ ❇✱ s♦✐t ❞❡s ❧✐❛✐s♦♥s ❆✲❇✱ s♦✐t

✉♥ ♠é❧❛♥❣❡ ❞❡s ❞❡✉①✳ ❆✜♥ ❞✬é✈✐t❡r ❧❡ ♠é❧❛♥❣❡ ❡♥tr❡ ❧❡s ♦r❜✐t❛❧❡s ❞❡ ❧✐❛✐s♦♥ ❡t ❧❡s ♣❛✐r❡s

❧✐❜r❡s✱ ♦♥ ❞é✜♥✐t ✉♥❡ ♥♦✉✈❡❧❧❡ ♠❛tr✐❝❡ ❞❡♥s✐té P̃(AB) ✭❝❢✳ éq✉❛t✐♦♥ ❈✳✻✮✳ ❉❛♥s ❧❡s s②stè♠❡s

♥❡ ♣rés❡♥t❛♥t ♣❛s ❞❡ ❞é❧♦❝❛❧✐s❛t✐♦♥ é❧❡❝tr♦♥✐q✉❡✱ ❧❛ ❞✐❛❣♦♥❛❧✐s❛t✐♦♥ ❞❡ P̃(AB) s✉✐✈✐❡ ❞✬✉♥❡

♦rt❤♦❣♦♥❛❧✐s❛t✐♦♥ ❢♦✉r♥✐t ❛❧♦rs ✉♥ ❥❡✉ ❞✬♦r❜✐t❛❧❡s✱ ❞♦♥t ❧❡s ❞♦✉❜❧❡♠❡♥t ♦❝❝✉♣é❡s s♦♥t ❛s✲

s♦❝✐é❡s ❛✉① ❧✐❛✐s♦♥s ❝♦✈❛❧❡♥t❡s ❆✲❇✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ❧✐❛✐s♦♥s ❞❡ t②♣❡ σ✱ ♦♥ ♦❜s❡r✈❡ q✉❡ ❝❡s

❞❡r♥✐èr❡s ♣rés❡♥t❡♥t ✉♥ ♠❛①✐♠✉♠ ❞❡ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ s✉r ❧✬❛①❡ ❆✲❇✱ ❝❡ q✉✐ ❛♣♣♦rt❡

✉♥❡ ❥✉st✐✜❝❛t✐♦♥ ♣❤②s✐q✉❡ à ❧✬❛♥❛❧♦❣✐❡ ❛✈❡❝ ❧❡ s❝❤é♠❛ ❞❡ ▲❡✇✐s✳

P(AB) =

[
PA PAB

PBA PB

]
✭❈✳✺✮

P̃(AB) =

[
PA −

∑
nA

µ

∣∣γA
µ (−→r )

〉 〈
γA

µ (−→r )
∣∣ PAB

PBA PB − ∑
nB

µ

∣∣γB
µ (−→r )

〉 〈
γB

µ (−→r )
∣∣

]
✭❈✳✻✮

❈❡tt❡ ♣r♦❝é❞✉r❡ ♣❡r♠❡t ❞♦♥❝ ❞✬❛❝❝é❞❡r à ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❞❡s ❧✐❛✐s♦♥s ❝♦✈❛❧❡♥t❡s ❡♥

❛❝❝♦r❞ ❛✈❡❝ ❧❡ s❝❤é♠❛ ❞❡ ▲❡✇✐s✳ ❆ ♣❛rt✐r ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ❞✉ s②stè♠❡✱ ♦♥ ♣❡✉t ❞♦♥❝

✹✺



❝♦♥str✉✐r❡ ❞❡s ✓ ♦r❜✐t❛❧❡s ♥❛t✉r❡❧❧❡s ❞❡ ❧✐❛✐s♦♥ ✔ ✭◆❇❖✮ ❝♦rr❡s♣♦♥❞❛♥t à ❞❡s ♣❛✐r❡s ❧✐❜r❡s

♦✉ à ❞❡s ❧✐❛✐s♦♥s ❝♦✈❛❧❡♥t❡s✱ ❝♦♥str✉✐t❡s à ♣❛rt✐r ❞❡s ♦r❜✐t❛❧❡s ❛t♦♠✐q✉❡s✳

▲❛ ♠ét❤♦❞❡ ❞✬❛♥❛❧②s❡ ◆❇❖ ❞é✜♥✐t é❣❛❧❡♠❡♥t ❧✬é♥❡r❣✐❡ ✓ ❞❡ ▲❡✇✐s ✔ ELewis✱ ❝♦rr❡s♣♦♥✲

❞❛♥t à ❧✬é♥❡r❣✐❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ❝♦♥str✉✐t❡ à ♣❛rt✐r ❞❡s ◆❇❖ s❡✉❧❡s✳ ▲❛ ❞✐✛ér❡♥❝❡

E −ELewis ♣❡r♠❡t ❞✬é✈❛❧✉❡r ❧❛ ♣❡rt✐♥❡♥❝❡ ❞✉ s❝❤é♠❛ ❞❡ ▲❡✇✐s ♣r♦♣♦sé✳ ❯♥ ❝❛❧❝✉❧ ♣❡rt✉r✲

❜❛t✐❢ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ♣❡r♠❡t ❡♥s✉✐t❡ ❞✬❛♥❛❧②s❡r ❧❡s ✐♥t❡r❛❝t✐♦♥s ❞❡ t②♣❡ ❞♦♥♥❡✉r✲❛❝❝❡♣t❡✉r

❡t ❛❣♦st✐q✉❡s ♣❛rt✐❝✐♣❛♥t à ❧❛ st❛❜✐❧✐s❛t✐♦♥ é♥❡r❣ét✐q✉❡ ❞✉ s②stè♠❡ ❬✶✵✼❪✳

■❧ ❡st à ♥♦t❡r q✉❡ ❧❛ ♠ét❤♦❞❡ ◆❇❖ ♥✬ét❛♥t ♣❛s ❛❞❛♣té❡ ❛✉ tr❛✐t❡♠❡♥t ❞❡s ❧❛♥t❤❛♥✐❞❡s

♣❛r ✉♥ ♣s❡✉❞♦♣♦t❡♥t✐❡❧ ✓ ❣r❛♥❞ ❝♦❡✉r ✔✱ ❞❛♥s ❝❡tt❡ t❤ès❡ ❧❡s ❛♥❛❧②s❡s ❞❡ ❧✐❛✐s♦♥ ♦♥t été

❡✛❡❝t✉é❡s s❡❧♦♥ ❧❛ t❡❝❤♥✐q✉❡ ♣r♦♣♦sé❡ ♣❛r ❇r❛❞② ❡t ❛❧✳ ❬✶✶✹❪✱ q✉✐ ❝♦♥s✐st❡ à r❡♠♣❧❛❝❡r

❢♦r♠❡❧❧❡♠❡♥t ❧❡ ❧❛♥t❤❛♥✐❞❡ ❝♦♥s✐❞éré ♣❛r ✉♥ ❛t♦♠❡ ❞❡ ❧❛♥t❤❛♥❡✳

▼ét❤♦❞❡ ◆❖❙❈❋

▲❛ ♠ét❤♦❞❡ ◆❖❙❈❋ ❬✶✶✺❪ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ❞❡s ♦r❜✐t❛❧❡s ♥❛t✉r❡❧❧❡s ❧♦❝❛❧❡s à ✉♥ ♥✐✈❡❛✉

❞❡ ❝❛❧❝✉❧ ❝♦rré❧é ✭❈❆❙✰❙✮✳ ❈❡s ♦r❜✐t❛❧❡s ♣❡✉✈❡♥t êtr❡ ❡♠♣❧♦②é❡s ♣♦✉r ❞é❝r✐r❡ ❧❛ str✉❝t✉r❡

♠♦❧é❝✉❧❛✐r❡✱ ♦✉ ❝♦♠♠❡ ♦r❜✐t❛❧❡s ❞✬❡ss❛✐ ♣♦✉r ✉♥ ❝❛❧❝✉❧ ♠✉❧t✐ré❢ér❡♥t✐❡❧✳

❈✳✸ ❊t✉❞❡ t❤é♦r✐q✉❡ ❞❡ ❧❛ ré❛❝t✐✈✐té ❝❤✐♠✐q✉❡

❈✳✸✳✶ ❆♣♣r♦❝❤❡ st❛t✐q✉❡ ❞❡ ❧❛ ré❛❝t✐✈✐té

▲✬❛♣♣r♦❝❤❡ st❛t✐q✉❡ ❞❡ ❧❛ ré❛❝t✐✈✐té ❝❤✐♠✐q✉❡ ❝♦♥s✐st❡ à ❞ét❡r♠✐♥❡r✱ s✉r ❧❛ s✉r❢❛❝❡

❞✬é♥❡r❣✐❡ ♣♦t❡♥t✐❡❧❧❡✱ ❧❡ ❝❤❡♠✐♥ ❞✬é♥❡r❣✐❡ ♠✐♥✐♠❛❧❡ ❝♦♥❞✉✐s❛♥t ❞❡s ré❛❝t✐❢s ❛✉① ♣r♦❞✉✐ts✱

❛♣♣❡❧é ❝♦♦r❞♦♥♥é❡ ré❛❝t✐♦♥♥❡❧❧❡✳ ▲❡s ♣♦✐♥ts ❞✬é♥❡r❣✐❡ ♠✐♥✐♠❛❧❡ ❧❡ ❧♦♥❣ ❞❡ ❧❛ ❝♦♦r❞♦♥♥é❡

❝♦rr❡s♣♦♥❞❡♥t ❛✉① ré❛❝t✐❢s✱ ✐♥t❡r♠é❞✐❛✐r❡s ré❛❝t✐♦♥♥❡❧s ❡t ♣r♦❞✉✐ts✱ ❡t ❧❡s ♣♦✐♥ts ❞✬é♥❡r❣✐❡

♠❛①✐♠❛❧❡ ❛✉① ét❛ts ❞❡ tr❛♥s✐t✐♦♥✳ ▲❛ ♥❛t✉r❡ ❞❡s ❡①tr❡♠❛ ❡st ✈ér✐✜é❡ ♣❛r ✉♥ ❝❛❧❝✉❧ ❞❡s

❢réq✉❡♥❝❡s ❞❡ ✈✐❜r❛t✐♦♥✳ ❉❛♥s ❧❡ ❝❛s ❞✬✉♥ ét❛t ❞❡ tr❛♥s✐t✐♦♥✱ ❝♦rr❡s♣♦♥❞❛♥t à ✉♥ ♣♦✐♥t

s❡❧❧❡ ❞✬♦r❞r❡ ✶ s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ♣♦t❡♥t✐❡❧✱ ❧❡ s♣❡❝tr❡ ✈✐❜r❛t✐♦♥♥❡❧ ♣rés❡♥t❡ ✉♥❡ ❢réq✉❡♥❝❡

✐♠❛❣✐♥❛✐r❡✳ ❊♥ s✉✐✈❛♥t ❧❡ ✈❡❝t❡✉r ♣r♦♣r❡ ❛ss♦❝✐é à ❝❡tt❡ ❢réq✉❡♥❝❡ ✐♠❛❣✐♥❛✐r❡ ✭♠ét❤♦❞❡ ❞❡

❧❛ ❝♦♦r❞♦♥♥é❡ ✐♥tr✐♥sèq✉❡ ❞❡ ré❛❝t✐♦♥✮✱ ♦♥ ♣❡✉t ❛❧♦rs ❝♦♥✜r♠❡r ❧❛ ❝♦♥♥❡❝t✐✈✐té ❞❡ ❧✬ét❛t

❞❡ tr❛♥s✐t✐♦♥✳

▲❡s ❣r❛♥❞❡✉rs t❤❡r♠♦❞②♥❛♠✐q✉❡s s♦♥t ❝❛❧❝✉❧é❡s ❣râ❝❡ ❛✉ ❢♦r♠❛❧✐s♠❡ ❞❡ ❧❛ t❤❡r♠♦❞②✲

♥❛♠✐q✉❡ st❛t✐st✐q✉❡ ❬✶✶✻✱✶✶✼❪ ✿

✶✳ P♦✉r ❝❤❛q✉❡ ♣♦✐♥t st❛t✐♦♥♥❛✐r❡ ❞❡ ❧❛ s✉r❢❛❝❡ ❞✬é♥❡r❣✐❡ ♣♦t❡♥t✐❡❧❧❡✱ ❧❛ ❢♦♥❝t✐♦♥ ❞❡

♣❛rt✐t✐♦♥ ♠♦❧é❝✉❧❛✐r❡ q(V, T ) ❡st ❝❛❧❝✉❧é❡ ❝♦♠♠❡ ❧❡ ♣r♦❞✉✐t ❞❡s ❝♦♥tr✐❜✉t✐♦♥s tr❛♥s✲

❧❛t✐♦♥♥❡❧❧❡✱ r♦t❛t✐♦♥♥❡❧❧❡✱ ✈✐❜r❛t✐♦♥♥❡❧❧❡ ❡t é❧❡❝tr♦♥✐q✉❡✳ ◆♦t♦♥s q✉❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡

✹✻



♣❛rt✐t✐♦♥ ✈✐❜r❛t✐♦♥♥❡❧❧❡ s✬é❝r✐t ❞❡ ❧❛ ❢❛ç♦♥ s✉✐✈❛♥t❡ ✭éq✉❛t✐♦♥ ❈✳✼✮ ♦ù νK ❡st ❧❛ ❢ré✲

q✉❡♥❝❡ ❞✉ ♠♦❞❡ ❞❡ ✈✐❜r❛t✐♦♥ K✱ kB ❧❛ ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥ ❡t T ❧❛ t❡♠♣ér❛t✉r❡

❡♥ ❑❡❧✈✐♥✳ P♦✉r ❧❡s ét❛ts ❞❡ tr❛♥s✐t✐♦♥✱ s❡✉❧❡s ❧❡s ❢réq✉❡♥❝❡s ré❡❧❧❡s s♦♥t ❝♦♥s✐❞éré❡s✳

qvib(V, T ) =
∏

K

1

1 − e−hνK/kBT
✭❈✳✼✮

✷✳ ▲✬❡♥t❤❛❧♣✐❡ ❡t ❧✬❡♥tr♦♣✐❡ ❞✉ s②stè♠❡ ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s st❛♥❞❛r❞ s♦♥t ❛❧♦rs é✈❛❧✉é❡s

✭éq✉❛t✐♦♥s ❈✳✽ ❡t ❈✳✾✮

H0(T ) = E(0K) + kBT 2

(
∂ ln(q(V, T ))

∂T

)

V

+ kBT ✭❈✳✽✮

S0(T ) = R(1 + ln(q(V, T )) + T

(
∂ ln(q(V, T ))

∂T

)

V

✭❈✳✾✮

✸✳ ▲✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ st❛♥❞❛r❞ ❡st ❡♥s✉✐t❡ êtr❡ ❞é❞✉✐t❡ ✿ G0(T ) = H0(T ) − TS0(T )

❯♥❡ ré❛❝t✐♦♥ ❝❤✐♠✐q✉❡ é❧é♠❡♥t❛✐r❡ ♥❡ ❢❛✐s❛♥t ♣❛s ✐♥t❡r✈❡♥✐r ❞✬✐♥t❡r♠é❞✐❛✐r❡ ré❛❝t✐♦♥♥❡❧

♣❡✉t êtr❡ ❝❛r❛❝tér✐sé❡ ♣❛r ❞❡✉① ❣r❛♥❞❡✉rs t❤❡r♠♦❞②♥❛♠✐q✉❡s ✿ ❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞❡ ré❛❝t✐♦♥

∆G0✱ ❝❛❧❝✉❧é❡ ❝♦♠♠❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ st❛♥❞❛r❞ ❡♥tr❡ ❧❡s ♣r♦❞✉✐ts ❡t ❧❡s

ré❛❝t✐❢s✱ ❡t ❧✬é♥❡r❣✐❡ ❞✬❛❝t✐✈❛t✐♦♥ ∆G‡✱ ❞é✜♥✐❡ ❝♦♠♠❡ ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡

st❛♥❞❛r❞ ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❡t ❞❡s ré❛❝t✐❢s✳ P♦✉r q✉✬✉♥❡ ré❛❝t✐♦♥ ❝❤✐♠✐q✉❡ s♦✐t ♣♦ss✐❜❧❡✱

✐❧ ❢❛✉t q✉✬❡❧❧❡ s♦✐t t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t ❢❛✈♦r❛❜❧❡ ✭♦✉ ❡①❡r❣♦♥✐q✉❡✮✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞

à ∆G0 < 0✱ ❡t ❝✐♥ét✐q✉❡♠❡♥t ❛❝❝❡ss✐❜❧❡✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ ♣♦✉r ✉♥❡ t❡♠♣ér❛t✉r❡ ❞❡ ✷✾✽

❑ à ✉♥❡ ❜❛rr✐èr❡ ❞✬❡♥✈✐r♦♥ ✸✵ ❦❝❛❧✳♠♦❧−1✳

❉❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ré❛❝t✐♦♥ ❜✐♠♦❧é❝✉❧❛✐r❡ ❞é❜✉t❛♥t ♣❛r ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞❡s ❞❡✉① ❡s♣è❝❡s✱

♦♥ ♣❡✉t é❣❛❧❡♠❡♥t ❞é✜♥✐r ❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞❡ ❝♦♦r❞✐♥❛t✐♦♥ ∆G0
c ✱ ❝❛❧❝✉❧é❡ ❝♦♠♠❡ ❧❛ ❞✐✛é✲

r❡♥❝❡ ❞✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ st❛♥❞❛r❞ ❡♥tr❡ ❧✬❛❞❞✉✐t rés✉❧t❛♥t ❡t ❧❡s ré❛❝t✐❢s ❧✐❜r❡s✳ ❖r✱ ❧✬ét❛♣❡

❞❡ ❝♦♦r❞✐♥❛t✐♦♥ ❞❡s ❞❡✉① ♠♦❧é❝✉❧❡s s✬❛❝❝♦♠♣❛❣♥❡ ❞✬✉♥❡ ♣❡rt❡ ❞✬❡♥tr♦♣✐❡ tr❛♥s❧❛t✐♦♥♥❡❧❧❡✳

P♦✉r ❞❡s ❝❛❧❝✉❧s ❡♥ ♣❤❛s❡ ❣❛③❡✉s❡✱ ✐❧ ❛ été ♠♦♥tré q✉❡ ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❝♦rr❡s♣♦♥❞❛♥t❡ à

❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞❡ ❝♦♦r❞✐♥❛t✐♦♥ ❡st ❞✬❡♥✈✐r♦♥ ✽✲✶✵ ❦❝❛❧✳♠♦❧−1 ❬✶✶✽❪✳ ▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s

st❛♥❞❛r❞ ❞❡ ❝♦♦r❞✐♥❛t✐♦♥ ❝❛❧❝✉❧é❡s s♦♥t ❞♦♥❝ ❣é♥ér❛❧❡♠❡♥t s✉♣ér✐❡✉r❡s ❞❡ ✽✲✶✵ ❦❝❛❧✳♠♦❧−1

❛✉① é♥❡r❣✐❡s ❞❡ ❝♦♦r❞✐♥❛t✐♦♥✱ ❡t ♣❡✉✈❡♥t êtr❡ ♣♦s✐t✐✈❡s✳ ▲✬❛❞❞✉✐t ♦❜t❡♥✉ t❤é♦r✐q✉❡♠❡♥t

❝♦rr❡s♣♦♥❞ ❛❧♦rs à ✉♥ ♠✐♥✐♠✉♠ s✉r ❧❛ s✉r❢❛❝❡ ❞✬é♥❡r❣✐❡ ♣♦t❡♥t✐❡❧❧❡✱ ♠❛✐s ♥❡ s❡r❛ ♣❛s ♦❜✲

s❡r✈é ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✳ ◆♦t♦♥s q✉✬❡♥ r❛✐s♦♥ ❞❡ ❧❛ ♥♦♥ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❡①♣❧✐❝✐t❡ ❞❡s

❡✛❡ts ❞❡ s♦❧✈❛♥t✱ ❝❡tt❡ ✈❛❧❡✉r ❡st ❧é❣èr❡♠❡♥t s✉r❡st✐♠é❡ ♣❛r r❛♣♣♦rt à ❧✬❡①♣ér✐❡♥❝❡✳

❊♥ ♣r❛t✐q✉❡✱ ❧❡s ❢réq✉❡♥❝❡s ❞❡ ✈✐❜r❛t✐♦♥ s♦♥t ❝❛❧❝✉❧é❡s ❞❛♥s ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❤❛r♠♦✲

♥✐q✉❡✱ ❡♥ ❛ss✐♠✐❧❛♥t ❧❡s s✉r❢❛❝❡s ❞✬é♥❡r❣✐❡ ♣♦t❡♥t✐❡❧❧❡s à ❞❡s ♣❛r❛❜♦❧❡s✳ ❈❡tt❡ ❛♣♣r♦①✐♠❛✲

t✐♦♥✱ ✈❛❧✐❞❡ ♣♦✉r ❧❛ ♣❧✉♣❛rt ❞❡s s✉r❢❛❝❡s✱ ❡st ✐♥s✉✣s❛♥t❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ♣♦t❡♥t✐❡❧s ❢♦rt❡♠❡♥t

❛♥❤❛r♠♦♥✐q✉❡s ♦✉ ❞❡ s✉r❢❛❝❡s très ♣❧❛t❡s✱ ❡t ❝♦♥❞✉✐t ❛❧♦rs à ✉♥❡ ♠❛✉✈❛✐s❡ ❡st✐♠❛t✐♦♥ ❞❡s

✹✼



❣r❛♥❞❡✉rs ré❛❝t✐♦♥♥❡❧❧❡s ❬✶✶✾❪✳ ■❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ❝❛❧❝✉❧❡r ❡①♣❧✐❝✐t❡♠❡♥t ❧❡s ❝♦rr❡❝t✐♦♥s ❛♥✲

❤❛r♠♦♥✐q✉❡s ❛✉① tr♦✐s✐è♠❡ ❡t q✉❛tr✐è♠❡ ♦r❞r❡✱ ♠❛✐s ❧❡ ❝♦ût ❝❛❧❝✉❧❛t♦✐r❡ ❞❡✈✐❡♥t ❛❧♦rs

très é❧❡✈é✳ ❯♥❡ ❛❧t❡r♥❛t✐✈❡ ❝♦♥s✐st❡ ❛❧♦rs à ❡✛❡❝t✉❡r ✉♥❡ ét✉❞❡ ❞②♥❛♠✐q✉❡ ❞❡ ❧❛ ré❛❝t✐♦♥

❝❤✐♠✐q✉❡✳

❈✳✸✳✷ ❆♣♣r♦❝❤❡ ❞②♥❛♠✐q✉❡ ❞❡ ❧❛ ré❛❝t✐✈✐té

▲❛ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❛❜ ✐♥✐t✐♦ ❡st ❜❛sé❡ s✉r ❧❛ ré✐♥tr♦❞✉❝t✐♦♥ ❞❡ ❧❛ ❞✐♠❡♥s✐♦♥

t❡♠♣♦r❡❧❧❡✱ é❧✉❞é❡ ❞❛♥s ❧✬éq✉❛t✐♦♥ ❞❡ ❙❝❤rö❞✐♥❣❡r✳ ❊❧❧❡ ❝♦♥s✐st❡ à ❝❛❧❝✉❧❡r ❡①♣❧✐❝✐t❡♠❡♥t ❧❛

tr❛❥❡❝t♦✐r❡ ❞❡s ♥♦②❛✉① ❡t ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ❛✉ ❝♦✉rs ❞✉ t❡♠♣s✱ ❡♥ rés♦❧✈❛♥t

❧❡ s②stè♠❡ ❞✬éq✉❛t✐♦♥s ❝♦✉♣❧é❡s ✿

MA
−̈→
RA = ▽A

∫
Ψ⋆ĤelΨd−→r ♣♦✉r ❧❡s ♥♦②❛✉① ✭❈✳✶✵✮

i~
∂Ψ

∂t
= Ĥel({−→r i}, {−→RA(t)})Ψ({−→r i}, {−→RA(t)}) ♣♦✉r ❧❡s é❧❡❝tr♦♥s ✭❈✳✶✶✮

▲✬✉♥❡ ❞❡s ❛♣♣r♦❝❤❡s ❧❡s ♣❧✉s ❡♠♣❧♦②é❡s ❡♥ ❝❤✐♠✐❡ ♠♦❧é❝✉❧❛✐r❡ ❡st ❧❛ ❞②♥❛♠✐q✉❡ ♠♦❧é✲

❝✉❧❛✐r❡ ✓ ❈❛r✲P❛rr✐♥❡❧❧♦ ✔ ✱ q✉✐ ♣❡r♠❡t ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❝❧❛ss✐q✉❡ s✐♠✉❧t❛♥é❡ ❞❡s ♥♦②❛✉① ❡t

❞❡s ♦r❜✐t❛❧❡s ✉t✐❧✐sé❡s ♣♦✉r ❞é❝r✐r❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ é❧❡❝tr♦♥✐q✉❡ ❬✶✷✵❪✳ ❈❡tt❡ ♠ét❤♦❞❡✱

✐♥✐t✐❛❧❡♠❡♥t ❝♦♥ç✉❡ ♣♦✉r ❧❛ ❞❡s❝r✐♣t✐♦♥ ❡♥ ❞②♥❛♠✐q✉❡ ❛❜ ✐♥✐t✐♦ ❞❡s s♦❧✐❞❡s✱ ✉t✐❧✐s❡ ❞❡s

❢♦♥❝t✐♦♥s ❞❡ ❜❛s❡ ❞❡ t②♣❡ ♦♥❞❡s ♣❧❛♥❡s ♣♦✉r ❞é❝r✐r❡ ❧❛ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡✳

❆✜♥ ❞✬ét✉❞✐❡r ❧❛ ré❛❝t✐✈✐té ❝❤✐♠✐q✉❡ ♣♦✉r ❞❡s s②stè♠❡s ♠♦❧é❝✉❧❛✐r❡s✱ ❞❡s ♠ét❤♦❞❡s

s✐♠✐❧❛✐r❡s ✐♥❝❧✉❛♥t ❞❡s ❢♦♥❝t✐♦♥s ❞❡ ❜❛s❡ ❣❛✉ss✐❡♥♥❡s s♦♥t ❛♣♣❛r✉❡s ❛✉ ❝♦✉rs ❞❡ ❧❛ ❞❡r♥✐èr❡

❞é❝❡♥♥✐❡ ❬✶✷✶✱✶✷✷❪✳ ▲✬❡✛❡t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ♣❡✉t êtr❡ s✐♠✉❧é ♣❛r ❧✬❛❥♦✉t ❞❡ t❤❡r♠♦st❛ts✳

❊♥✜♥✱ ❣râ❝❡ à ❧✬✐♥tr♦❞✉❝t✐♦♥ ❞❡ ❝♦♥tr❛✐♥t❡s ❣é♦♠étr✐q✉❡s✱ ❧❛ ❞✐✛ér❡♥❝❡ ❞✬é♥❡r❣✐❡ ❧✐❜r❡ ❧❡

❧♦♥❣ ❞✬✉♥❡ ❝♦♦r❞♦♥♥é❡ ré❛❝t✐♦♥♥❡❧❧❡ ♣❡✉t êtr❡ ❝❛❧❝✉❧é❡✳

❈❡tt❡ ♠ét❤♦❞❡ ❛ été t❡sté❡ ♣♦✉r ❧❛ ré❛❝t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ ❞✉ ❞✐❤②❞r♦❣è♥❡ ♣❛r ❧❡s ❝♦♠✲

♣❧❡①❡s ♠♦❞è❧❡s Cl2LaH ❡t Cl2LaCH3 ❬✶✶✾❪✳ ❙❡❧♦♥ ❝❡tt❡ ét✉❞❡✱ ❧✬❛♣♣r♦❝❤❡ st❛t✐q✉❡ ♣❡✉t

❞❛♥s ❝❡ ❝❛s ❝♦♥❞✉✐r❡ à ❞❡s ❡rr❡✉rs ❞❛♥s ❧✬é✈❛❧✉❛t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❧✐❜r❡ ❞❡ tr❛♥s✐t✐♦♥ ∆rF
‡

❞✬❡♥✈✐r♦♥ ✸ ❦❝❛❧✳♠♦❧−1✱ ♣r♦❜❛❜❧❡♠❡♥t ❧✐é❡s à ❧❛ ❢❛✐❜❧❡ ❝♦✉r❜✉r❡ ❞❡ ❧❛ s✉r❢❛❝❡ ❞❡ ♣♦t❡♥t✐❡❧

❛✉① ❡♥✈✐r♦♥s ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥✳

▲✬❛♣♣r♦❝❤❡ ❞②♥❛♠✐q✉❡ ❡♥ ❜❛s❡ ❧♦❝❛❧❡ ♣❡r♠❡t ❞♦♥❝ ❞❡ ❝❛❧❝✉❧❡r ❞❡s ❣r❛♥❞❡✉rs t❤❡r♠♦✲

❞②♥❛♠✐q✉❡s ❛✉✲❞❡❧à ❞❡ ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❤❛r♠♦♥✐q✉❡✳ ❈❡♣❡♥❞❛♥t✱ ❡❧❧❡ r❡st❡ ❣❧♦❜❛❧❡♠❡♥t

❝♦ût❡✉s❡ ❝❛r ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ r❡❝❛❧❝✉❧❡r ❧❡s ❣r❛❞✐❡♥ts ❡♥ ❝❤❛q✉❡ ♣♦✐♥t ❞❡ ❧❛ tr❛❥❡❝t♦✐r❡✳

P❛r ❝♦♥séq✉❡♥t✱ ❝❡tt❡ ❛♣♣r♦❝❤❡ ❡st r❡str❡✐♥t❡ à ❞❡s ❝♦♠♣♦sés s✐♠♣❧❡s✱ ❝♦♠♣♦rt❛♥t ✉♥

♥♦♠❜r❡ ❧✐♠✐té ❞✬❛t♦♠❡s✳ ❊❧❧❡ ♥✬❡st ❞♦♥❝ ♣❛s ❛♣♣❧✐❝❛❜❧❡ ❛❝t✉❡❧❧❡♠❡♥t à ❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛✲

♥♦♠ét❛❧❧✐q✉❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s ❡t ❞✬❛❝t✐♥✐❞❡s ré❛❧✐st❡s✳ ❊❧❧❡ ❛ t♦✉t❡❢♦✐s ♣❡r♠✐s ❞❡ ❞é♠♦♥tr❡r

❧❡s ❧✐♠✐t❡s ❞❡ ❧✬❛♣♣r♦❝❤❡ st❛t✐q✉❡ ❞❛♥s ❧✬ét✉❞❡ t❤é♦r✐q✉❡ ❞❡ ❧❛ ré❛❝t✐✈✐té ❝❤✐♠✐q✉❡✳

✹✽



❉❡✉①✐è♠❡ ♣❛rt✐❡

❘é❛❝t✐✈✐té ❝❛t❛❧②t✐q✉❡ ❞❡s ❝♦♠♣❧❡①❡s

♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s

✹✾





❈❤❛♣✐tr❡ ❆

■♥tr♦❞✉❝t✐♦♥

❆✳✶ ❈♦♥t❡①t❡ ❡①♣ér✐♠❡♥t❛❧ ❡t t❤é♦r✐q✉❡

▲❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s ♦♥t ✉♥❡ ré❛❝t✐✈✐té ♣r♦❝❤❡ ❞❡ ❝❡❧❧❡ ❞❡s

❝♦♠♣❧❡①❡s ❞❡ ♠ét❛✉① ❞✉ ❣r♦✉♣❡ ■■■ ✭Sc✱Y ✮✳ ❈❡♣❡♥❞❛♥t ❧❡s ❧❛♥t❤❛♥✐❞❡s ❡t ❧❡s ♠ét❛✉① ❞✉

❣r♦✉♣❡ ■■■ ❞✐✛èr❡♥t ♣❛r ❧❡✉r r❛②♦♥ ✐♦♥✐q✉❡ ❡t ♣❛r ❧❡✉r é❧❡❝tr♦♥é❣❛t✐✈✐té✳ ▲❡s ét✉❞❡s ❡①♣ér✐✲

♠❡♥t❛❧❡s ♠♦♥tr❡♥t q✉❡ ❧❡s ❝♦♠♣❧❡①❡s ♣♦ssé❞❛♥t ❧❛ ❢♦♥❝t✐♦♥ Ln(III)−R ✭Ln =❧❛♥t❤❛♥✐❞❡✱

R❂ ❤②❞r♦❝❛r❜②❧✮ ré❛❣✐ss❡♥t ❛✈❡❝ ❧❡s ❧✐❛✐s♦♥s C−H✱ Si−H ♦✉ C−F ✳ ■❧s ♣❡✉✈❡♥t é❣❛❧❡♠❡♥t

✐♥sér❡r ❞❡s ❛❧❝è♥❡s ♣❛r ❧❛ r✉♣t✉r❡ ❞❡ ❧❛ ❧✐❛✐s♦♥ π(C = C)✳ P❛r ❝♦♥séq✉❡♥t✱ ❝❡s ❝♦♠♣♦✲

sés s♦♥t ❞❡s ❝❛t❛❧②s❡✉rs ❞❡ ❝❤♦✐① ❡t s♦♥t ❡♠♣❧♦②és ✐♥❞✉str✐❡❧❧❡♠❡♥t ♣♦✉r ❧❡s ré❛❝t✐♦♥s ❞❡

♣♦❧②♠ér✐s❛t✐♦♥ ❡t ❞❡ ❢♦♥❝t✐♦♥♥❛❧✐s❛t✐♦♥ ❞❡s ❛❧❝è♥❡s ❬✺✵❪✳ ◆♦t♦♥s q✉❡ ❞❛♥s ❧❛ s✉✐t❡ ❞❡ ❝❡

tr❛✈❛✐❧✱ ♥♦✉s ❞és✐❣♥❡r♦♥s ♣❛r ✓ ❛❝t✐✈❛t✐♦♥ ✔ ❞✬✉♥❡ ❧✐❛✐s♦♥ ❝❤✐♠✐q✉❡ ❧❛ r✉♣t✉r❡ ❞❡ ❝❡❧❧❡✲❝✐✳

❊♥ ❝❤✐♠✐❡ ♦r❣❛♥♦♠ét❛❧❧✐q✉❡✱ ❧❛ ♣❧✉♣❛rt ❞❡s ❧❛♥t❤❛♥✐❞❡s ♥❡ s♦♥t st❛❜❧❡s q✉✬❛✉ ❞❡❣ré

❞✬♦①②❞❛t✐♦♥ ✰■■■✳ P❛r ❝♦♥séq✉❡♥t✱ ❧✬❛❝t✐✈❛t✐♦♥ ❞❡ ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s ♣❛r ✉♥ ♠é❝❛♥✐s♠❡

❝❧❛ss✐q✉❡ ❞✬❛❞❞✐t✐♦♥ ♦①②❞❛♥t❡✴é❧✐♠✐♥❛t✐♦♥ ré❞✉❝tr✐❝❡ ✭q✉✐ ♥é❝❡ss✐t❡r❛✐t ❧✬❡①✐st❡♥❝❡ ❞✉ ❞❡✲

❣ré ❞✬♦①②❞❛t✐♦♥ ✰❱✮ ♥❡ ♣❡✉t ♣❛s êtr❡ ❡♥✈✐s❛❣é❡✳ ▲❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦❧❛♥t❤❛♥✐❞❡s ♥❡

♣❡✉✈❡♥t ❞♦♥❝ ré❛❣✐r q✉❡ ♣❛r ❞❡s ♠é❝❛♥✐s♠❡s ❞❡ ♠ét❛t❤ès❡ ❞❡ ❧✐❛✐s♦♥✱ q✉✐ ✐♥t❡r✈✐❡♥♥❡♥t

s❛♥s ❝❤❛♥❣❡♠❡♥t ❞❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞✉ ♠ét❛❧✳ ▲❛ ♠ét❛t❤ès❡ ❞❡ ❧✐❛✐s♦♥ σ ❝♦♥❞✉✐t à

❧✬❛❝t✐✈❛t✐♦♥ ❞❡ ❧✐❛✐s♦♥s s✐♠♣❧❡s ❀ ❧❛ ♠ét❛t❤ès❡ ❞❡ ❧✐❛✐s♦♥ π ♣❡r♠❡t ❧✬✐♥s❡rt✐♦♥ ❞❡s ❛❧❝è♥❡s

✭❝❢✳ ✜❣✉r❡ ❆✳✶✮✳ ❉❛♥s ❧❡s ❞❡✉① ❝❛s✱ ❧❛ ré❛❝t✐♦♥ ♣❛ss❡ ♣❛r ✉♥ ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❝♦♥❝❡rté à

q✉❛tr❡ ❝❡♥tr❡s✳

❆✐♥s✐ q✉❡ ♥♦✉s ❧✬❛✈♦♥s ♠❡♥t✐♦♥♥é ♣ré❝é❞❡♠♠❡♥t✱ ❞❛♥s ❧❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧✲

❧✐q✉❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s✱ ❧❡s é❧❡❝tr♦♥s 4f ♥❡ ♣❛rt✐❝✐♣❡♥t q✉❡ très ♣❡✉ ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s✳

P❛r ❝♦♥séq✉❡♥t✱ ❝❡s é❧❡❝tr♦♥s ♣❡✉✈❡♥t êtr❡ ✐♥❝❧✉s ❞❛♥s ❧❡ ❝♦❡✉r ❬✺✻❪✳ ▲❡s ❝♦♠♣❧❡①❡s ♦r❣❛✲

♥♦❧❛♥t❤❛♥✐❞❡s s♦♥t ❞♦♥❝ s♦✉✈❡♥t ❛ss✐♠✐❧és à ❞❡s ❝♦♠♣❧❡①❡s ❞❡ ♠ét❛✉① ❞❡ tr❛♥s✐t✐♦♥ d0✳

❈❡♣❡♥❞❛♥t✱ ❧❡s ❧❛♥t❤❛♥✐❞❡s ❝♦♥❞✉✐s❡♥t à ❞❡s ❧✐❛✐s♦♥s ♣❧✉s ✐♦♥✐q✉❡s q✉❡ ❧❡s ♠ét❛✉① d0 ❬✾✽❪ ✿

❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡ ❡t ❧❡s ❧✐❣❛♥❞s ♦r❣❛♥✐q✉❡s ❡st ❛❧♦rs ♣r✐♥❝✐♣❛❧❡♠❡♥t

✺✶



❋✐❣✳ ❆✳✶✿ ❊①❡♠♣❧❡s ❞❡ ré❛❝t✐♦♥s ❞❡ ♠ét❛t❤ès❡ à ♣❛rt✐r ❞✬✉♥ ❝♦♠♣❧❡①❡ ♦r❣❛♥♦❧❛♥t❤❛♥✐❞❡ [Sm]−R
✭[Sm] r❡♣rés❡♥t❡ ✉♥ ❢r❛❣♠❡♥t ♠ét❛❧❧✐q✉❡ ❝♦♥t❡♥❛♥t ❞✉ s❛♠❛r✐✉♠✱ R ✉♥ ❧✐❣❛♥❞✳✮✳

é❧❡❝tr♦st❛t✐q✉❡✳ ❈❡❧❧❡✲❝✐ s❡r❛ ❞♦♥❝ ❞✬❛✉t❛♥t ♣❧✉s ❢♦rt❡ q✉❡ ❧❡ ❧✐❣❛♥❞ ❡st é❧❡❝tr♦❛ttr❛❝t❡✉r✳

❆✐♥s✐✱ ✐❧ ❛ été ♠♦♥tré ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❡t t❤é♦r✐q✉❡♠❡♥t q✉❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s ❧✐❛✐s♦♥s

Ln − F ❡t Ln − O ❡st très ❢❛✈♦r❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t ✭✈♦✐r ♣❛r ❡①❡♠♣❧❡ ❬✻✹❪✮✳

▲❛ ré❛❝t✐✈✐té st♦❡❝❤✐♦♠étr✐q✉❡ ❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s ❛ ❢❛✐t

❧✬♦❜❥❡t ❞❡ ♥♦♠❜r❡✉s❡s ét✉❞❡s t❤é♦r✐q✉❡s ❬✻✷✱ ✻✹✱ ✾✹✱ ✾✽✱ ✶✷✸✕✶✷✺❪✳ ❈❡s ét✉❞❡s ♦♥t ♣❡r♠✐s

❞❡ ✈❛❧✐❞❡r ❧✬✉t✐❧s❛t✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞❡ t❤é♦r✐q✉❡ ♣r♦♣♦sé❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ❇✳ ❙❡❧♦♥ ❧❡s

rés✉❧t❛ts ♦❜t❡♥✉s✱ ❧❡s ❣r❛♥❞❡✉rs é♥❡r❣ét✐q✉❡s ❞❡ ré❛❝t✐♦♥s ♣❡✉✈❡♥t êtr❡ ❝❛❧❝✉❧é❡s ❛✈❡❝ ✉♥❡

♣ré❝✐s✐♦♥ ✐♥❢ér✐❡✉r❡ à ✺ ❦❝❛❧✳♠♦❧−1✱ ❡t ❧✬♦r❞r❡ ré❛❝t✐♦♥♥❡❧ ❡①♣ér✐♠❡♥t❛❧ ❡st r❡♣r♦❞✉✐t ❛✈❡❝

✉♥❡ ♣ré❝✐s✐♦♥ r❡❧❛t✐✈❡ ❞❡ ❧✬♦r❞r❡ ❞❡ ✶ ❦❝❛❧✳♠♦❧−1 ❡♥tr❡ ❞❡✉① ❜❛rr✐èr❡s s✉❝❝❡ss✐✈❡s✳

❊♥ ♦✉tr❡✱ ✐❧ été ♠♦♥tré q✉❡ ❧❛ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥ ♣❛r ❧❡ ♠é❝❛♥✐s♠❡ ❞❡

♠ét❛t❤ès❡ ❞❡ ❧✐❛✐s♦♥ σ ♥❡ ❞é♣❡♥❞ ♣❛s ❞❡ ❧❛ ❢♦r❝❡ ❞❡ ❧❛ ❧✐❛✐s♦♥✱ ♠❛✐s ❞❡ s❛ ♣♦❧❛r✐s❛❜✐❧✐té✳

▲❛ ✜❣✉r❡ ❆✳✷ s❝❤é♠❛t✐s❡ ❧❛ ré♣❛rt✐t✐♦♥ ❞❡ ❝❤❛r❣❡s ♦♣t✐♠❛❧❡ ❧♦rs ❞✬✉♥ ét❛t ❞❡ tr❛♥s✐t✐♦♥

❞❡ ♠ét❛t❤ès❡✳ ▲✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❝♦rr❡s♣♦♥❞❛♥t à ❧✬❛❝t✐✈❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥ A − B s❡r❛

❞✬❛✉t❛♥t ♣❧✉s st❛❜✐❧✐sé q✉❡ ❧❛ ré♣❛rt✐t✐♦♥ ré❡❧❧❡ ❞❡s ❝❤❛r❣❡s à ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❡st ♣r♦❝❤❡

❞❡ ❧❛ ré♣❛rt✐t✐♦♥ ♦♣t✐♠❛❧❡✱ ❝✬❡st✲à✲❞✐r❡ q✉❡ A st❛❜✐❧✐s❡ ❧❛ ❝❤❛r❣❡ ♥é❣❛t✐✈❡ ❡t q✉❡ B st❛❜✐❧✐s❡

❧❛ ❝❤❛r❣❡ ♣♦s✐t✐✈❡ ❬✶✷✸❪✳ P❛r ❡①❡♠♣❧❡✱ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬❛❝t✐✈❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥ C − H✱

❧✬♦r✐❡♥t❛t✐♦♥ ❧❛ ♣❧✉s ❢❛✈♦r❛❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t ❡st ❝❡❧❧❡ q✉✐ ♣❧❛❝❡ ❧❡ ❝❛r❜♦♥❡ ❡♥ ♣♦s✐t✐♦♥ α à

❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥✳

▲❛ ♠ét❤♦❞❡ t❤é♦r✐q✉❡ ❛②❛♥t été ❞é✜♥✐❡ ❡t ✈❛❧✐❞é❡ ❞❛♥s ❧❡ ❝❛s ❞❡s ré❛❝t✐♦♥s st♦❡❝❤✐♦✲

♠étr✐q✉❡s✱ ✐❧ ❡st à ♣rés❡♥t ♣♦ss✐❜❧❡ ❞❡ ❧✬❛♣♣❧✐q✉❡r à ❧✬ét✉❞❡ ❞❡ ♣r♦♣r✐étés ❝❛t❛❧②t✐q✉❡s

❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦❧❛♥t❤❛♥✐❞❡s✳ ❈❡tt❡ s❡❝t✐♦♥ s❡r❛ ❞♦♥❝ ❝♦♥s❛❝ré❡ à ❧❛ ❞ét❡r♠✐♥❛t✐♦♥

❞❡s ♠é❝❛♥✐s♠❡s ❞❡ ré❛❝t✐♦♥s ❝❛t❛❧②sé❡s ♣❛r ❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦❧❛♥t❤❛♥✐❞❡s✳ ◆♦t♦♥s q✉❡

❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✱ ❧❡s ét✉❞❡s t❤é♦r✐q✉❡s ❝♦♥❝❡r♥❛♥t ❧❛ ré❛❝t✐✈✐té ❝❛t❛❧②t✐q✉❡ ❞❡s ♦r❣❛♥♦✲

❧❛♥t❤❛♥✐❞❡s s♦♥t r❡❧❛t✐✈❡♠❡♥t r❛r❡s ❡t ❝♦♥❝❡r♥❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡s

❛❧❝è♥❡s ❬✾✼✱ ✶✷✻✕✶✷✽❪✳ ❘é❝❡♠♠❡♥t✱ ❡t ❡♥ ♣❛r❛❧❧è❧❡ ❞❡ ♥♦s tr❛✈❛✉①✱ ❧❡s ♠é❝❛♥✐s♠❡s ❝❛t❛❧②✲

✺✷



❋✐❣✳ ❆✳✷✿ ❘é♣❛rt✐t✐♦♥ ❞❡ ❝❤❛r❣❡s ♦♣t✐♠❛❧❡s ❧♦rs ❞✬✉♥ ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❞❡ ♠ét❛t❤ès❡✳ [Ln] r❡♣ré✲
s❡♥t❡ ❧❡ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡ ❝♦♥t❡♥❛♥t ❧❡ ❧❛♥t❤❛♥✐❞❡✱ R ✉♥ ❧✐❣❛♥❞✱ A − B ✉♥❡ ♠♦❧é❝✉❧❡ ♦r❣❛♥✐q✉❡✳

t✐q✉❡s ❞❡ ❧✬❤②❞r♦❜♦r❛t✐♦♥ ❬✶✷✾❪✱ ❞❡ ❧✬❤②❞r♦❛♠✐♥❛t✐♦♥ ❬✶✸✵❪ ❡t ❞❡ ❧✬❤②❞r♦♣❤♦s♣❤✐♥❛t✐♦♥ ❬✶✸✶❪

❝❛t❛❧②t✐q✉❡s ❞❡s ❛❧❝è♥❡s ♦♥t é❣❛❧❡♠❡♥t été ❞ét❡r♠✐♥és✳

❆✳✷ ❈❤♦✐① ❞✬✉♥❡ str❛té❣✐❡ t❤é♦r✐q✉❡

▲❛ ♣r❡♠✐èr❡ ét❛♣❡ ❞❛♥s ❧✬ét✉❞❡ t❤é♦r✐q✉❡ ❞✬✉♥❡ ré❛❝t✐♦♥ ❝❛t❛❧②t✐q✉❡ ❡st ❧❛ ❞ét❡r♠✐♥❛✲

t✐♦♥ ❡t ❧❛ ✈❛❧✐❞❛t✐♦♥ ❞✉ ♦✉ ❞❡s ❝②❝❧❡✭s✮ ❝❛t❛❧②t✐q✉❡✭s✮ ♣❡r♠❡tt❛♥t ❞❡ ❞é❝r✐r❡ ❧❛ ré❛❝t✐♦♥✳

❆ ❧✬❛✐❞❡ ❞❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✱ ✉♥ ♣r❡♠✐❡r ♠é❝❛♥✐s♠❡ ❡st ♣♦st✉❧é ❡t ❞é❝♦♠♣♦sé ❡♥

ré❛❝t✐♦♥s é❧é♠❡♥t❛✐r❡s✳ P♦✉r ❝❤❛❝✉♥❡✱ ❧❡ ❝❤❡♠✐♥ ré❛❝t✐♦♥♥❡❧ ❝♦♠♣❧❡t ❡st ❞ét❡r♠✐♥é✱ ❝❡ q✉✐

♣❡r♠❡t ❞❡ ❝❛❧❝✉❧❡r ❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞❡ ré❛❝t✐♦♥ ∆G0 ❡t ❧❛ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ∆G‡✳ ▲❛

ré❛❝t✐♦♥ ❡st ❛❧♦rs ❞✐t❡ ❢❛✈♦r❛❜❧❡ s✐ ✿

✲ ❡❧❧❡ ❡st ❡①❡r❣♦♥✐q✉❡ ✭∆G0 < 0 ❦❝❛❧✳♠♦❧−1✮ ♦✉ ❢❛✐❜❧❡♠❡♥t ❡♥❞❡r❣♦♥✐q✉❡ ✭∆G0 < ✺

❦❝❛❧✳♠♦❧−1✮✳ ❈❡❝✐ ❝♦rr❡s♣♦♥❞ à ❧❛ ♣ré❝✐s✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞❡ ❡♠♣❧♦②é❡✳

✲ ❡❧❧❡ ❡st ❛❝❝❡ss✐❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t ✭∆G‡ < ✸✵ ❦❝❛❧✳♠♦❧−1✮✳

❉❛♥s ❧❡ ❝❛s ♦ù t♦✉t❡s ❧❡s ré❛❝t✐♦♥s é❧é♠❡♥t❛✐r❡s ❞✉ ♠é❝❛♥✐s♠❡ ♣♦st✉❧é s♦♥t ❢❛✈♦r❛❜❧❡s

t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t ❡t ❝✐♥ét✐q✉❡♠❡♥t✱ ❝❡❧✉✐✲❝✐ ❡st ❛❧♦rs ❝♦♥s✐❞éré ❝♦♠♠❡ ✈❛❧✐❞❡✳

▲❛ s❡❝♦♥❞❡ ét❛♣❡ ❝♦♥s✐st❡ à ❡①♣❧♦r❡r ❧❡s ❞✐✛ér❡♥t❡s ♣♦ss✐❜✐❧✐tés ❞❡ ré❛❝t✐♦♥s ♣❛r❛s✐t❡s

♥♦♥ ♣r♦❞✉❝t✐✈❡s✱ ♣♦✉✈❛♥t ❝♦♥❞✉✐r❡ à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ♣r♦❞✉✐ts s❡❝♦♥❞❛✐r❡s ♦✉ à ❧✬❛♣♣❛r✐t✐♦♥

❞❡ ♥♦✉✈❡❛✉① ❝②❝❧❡s ❝❛t❛❧②t✐q✉❡s✳ ◆♦✉s s✉♣♣♦s❡r♦♥s q✉✬✉♥❡ ré❛❝t✐♦♥ ♣❛r❛s✐t❡ ♣❡✉t ❡♥tr❡r

❡♥ ❝♦♠♣ét✐t✐♦♥ ❛✈❡❝ ✉♥❡ ré❛❝t✐♦♥ é❧é♠❡♥t❛✐r❡ ❞✉ ❝②❝❧❡ s✐ ❧✬é❝❛rt ❡♥tr❡ ❧❡s ❞❡✉① ❜❛rr✐èr❡s

❞✬❛❝t✐✈❛t✐♦♥ ❡st ✐♥❢ér✐❡✉r à ✺ ❦❝❛❧✳♠♦❧−1✳

❊♥✜♥✱ ❞❛♥s ❧✬❤②♣♦t❤ès❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ♣r♦❞✉✐ts s❡❝♦♥❞❛✐r❡s✱ ✐❧ ❡st ❥✉❞✐❝✐❡✉① ❞❡

❞ét❡r♠✐♥❡r s✐ ✉♥❡ ré❛❝t✐♦♥ ♣❡r♠❡t ❞❡ r❡✈❡♥✐r à ❧✬✐♥tér✐❡✉r ❞✉ ❝②❝❧❡ ❝❛t❛❧②t✐q✉❡ ✐♥✐t✐❛❧❡♠❡♥t

♣♦st✉❧é✳ ❯♥ ♥♦✉✈❡❛✉ ♠é❝❛♥✐s♠❡ ❝❛t❛❧②t✐q✉❡✱ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧❡ ♣❛ss❛❣❡ ♣❛r ❧❡s ♣r♦❞✉✐ts

s❡❝♦♥❞❛✐r❡s✱ ♣❡✉t ❛❧♦rs êtr❡ ♣r♦♣♦sé✳

✺✸



❆✳✸ ❖❜❥❡❝t✐❢s ❞❡ ❧✬ét✉❞❡

❉❛♥s ❝❡tt❡ s❡❝t✐♦♥✱ ♥♦✉s ♥♦✉s s♦♠♠❡s t♦✉t ❞✬❛❜♦r❞ ✐♥tér❡ssés à ❞❡✉① ré❛❝t✐♦♥s ❞❡

❢♦♥❝t✐♦♥♥❛❧✐s❛t✐♦♥ ❞❡s ❛❧❝è♥❡s ✿ ❧✬❤②❞r♦♠ét❤②❧❛t✐♦♥ ❡t ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥✳

❉❛♥s ❧❡ ♣r❡♠✐❡r ❝❛s✱ ✉♥ s❡✉❧ ♠é❝❛♥✐s♠❡ ❝❛t❛❧②t✐q✉❡ ♣♦ss✐❜❧❡ ❛ ♣✉ êtr❡ ❞ét❡r♠✐♥é ❡t

✈❛❧✐❞é✳ ▲✬ét✉❞❡ ❝♦♠♣❛ré❡ ❞❡ ❞❡✉① ❝❛t❛❧②s❡✉rs à ❜❛s❡ ❞❡ s❝❛♥❞✐✉♠ ❡t ❞❡ ❧✉té❝✐✉♠ ♥♦✉s

❛ ♣❡r♠✐s ❞✬❛♥❛❧②s❡r ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ré❛❝t✐✈✐té ❡♥tr❡ ❧❡s ♠ét❛✉① ❞❡ tr❛♥s✐t✐♦♥ d0 ❡t ❧❡s

❧❛♥t❤❛♥✐❞❡s✳ ◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t ♣✉ ❝♦♠♣r❡♥❞r❡ ❧✬❡✛❡t ❞❡ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ ❧✐❣❛♥❞

❜✐s❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡ Cp⋆
2 ♣❛r ✉♥ ❧✐❣❛♥❞ ♣♦♥té ❞❡ t②♣❡ ansa✳ ❈❡s tr❛✈❛✉①✱ ❡✛❡❝t✉és ❡♥

❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧✬éq✉✐♣❡ ❡①♣ér✐♠❡♥t❛❧❡ ❞❡ ❚✳ ❉✳ ❚✐❧❧❡② ✭❇❡r❦❡❧❡②✮✱ ♦♥t ❢❛✐t ❧✬♦❜❥❡t ❞❡

❞❡✉① ♣✉❜❧✐❝❛t✐♦♥s q✉✐ s❡r♦♥t ❝♦♠♠❡♥té❡s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✶✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❝❛t❛❧②t✐q✉❡ ❞❡s ❛❧❝è♥❡s✱ ♣rés❡♥té❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡

✷✱ ❧✬ét✉❞❡ ❡st ♣❧✉s ❝♦♠♣❧❡①❡ ❝❛r ❞❡✉① ❝②❝❧❡s ❝❛t❛❧②t✐q✉❡s ❞✐✛ér❡♥ts ♦♥t été ♣r♦♣♦sés✳ ❆♣rès

❛✈♦✐r ❝♦♠♣❛ré ❧✬❡✣❝❛❝✐té ❞❡s ❞❡✉① ♠é❝❛♥✐s♠❡s ♣♦st✉❧és ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ s②stè♠❡ ♠♦❞è❧❡✱

♥♦✉s ❛✈♦♥s ❛♥❛❧②sé ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ s✉❜st✐t✉t✐♦♥ ❞❡ ❧✬❛❧❝è♥❡ ❡t ❞✉ s✐❧❛♥❡ s✉r ❧✬❡✣❝❛❝✐té

❝❛t❛❧②t✐q✉❡ ❡t ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❞❡ ❧❛ ré❛❝t✐♦♥✳

❊♥✜♥✱ ❧❡ ❝❤❛♣✐tr❡ ✸ ❡st ❝♦♥s❛❝ré à ❧✬ét✉❞❡ ❞❡ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ♠♦♥♦♠èr❡s ♣♦❧❛✐r❡s

♣❛r ❧❡s ❝♦♠♣❧❡①❡s ❜♦r♦❤②❞r✉r❡s ❞❡ ❧❛♥t❤❛♥✐❞❡✳ ❊♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧❡ ❣r♦✉♣❡ ❡①♣ér✐♠❡♥✲

t❛❧ ❞❡ ❙✳ ●✉✐❧❧❛✉♠❡ ✭❘❡♥♥❡s✮✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ✐♥tér❡ssés à ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ ♠é✲

t❛❝r②❧❛t❡ ❞❡ ♠ét❤②❧❡ ❡t à ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ♣❛r ♦✉✈❡rt✉r❡ ❞❡ ❝②❝❧❡ ❞❡ ❧❛ ε−❝❛♣r♦❧❛❝t♦♥❡✳

▲✬♦❜❥❡❝t✐❢ ét❛♥t ❞❡ ❞ét❡r♠✐♥❡r ❧❡s s♣é❝✐✜❝✐tés ❞❡s ❜♦r♦❤②❞r✉r❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s✱ ❡♥ ♣❛r✲

t✐❝✉❧✐❡r ♣❛r r❛♣♣♦rt ❛✉① ❝♦♠♣❧❡①❡s ❤②❞r✉r❡s✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ❢♦❝❛❧✐sés s✉r ❧❛ ♣❤❛s❡

❞✬✐♥✐t✐❛t✐♦♥ ❞❡s ré❛❝t✐♦♥s ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥✳
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❈❤❛♣✐tr❡ ❇

❍②❞r♦♠ét❤②❧❛t✐♦♥ ❞❡s ❛❧❝è♥❡s ❝❛t❛❧②sé❡

♣❛r ❞❡s ❝♦♠♣❧❡①❡s

❞❡ s❝❛♥❞✐✉♠ ❡t ❧✉té❝✐✉♠

❇✳✶ ❘és✉♠é ❞❡s ❛rt✐❝❧❡s

▲✬❤②❞r♦♠ét❤②❧❛t✐♦♥ ❞✬✉♥❡ α✲♦❧é✜♥❡ ❞❡ t②♣❡ CH2 = CR1R2 ♣❛r ❧❡ ♠ét❤❛♥❡ ♣❡r♠❡t

❞❡ tr❛♥s❢♦r♠❡r ❝❡tt❡ ❞❡r♥✐èr❡ ❡♥ ✉♥ ❛❧❝❛♥❡ s✉❜st✐t✉é ✭❝❢✳ ✜❣✉r❡ ❇✳✶✮✳ ❘é❝❡♠♠❡♥t✱ ❞❡s

tr❛✈❛✉① ❞❡ ❧✬éq✉✐♣❡ ❡①♣ér✐♠❡♥t❛❧❡ ❞❡ ❚✳ ❉♦♥ ❚✐❧❧❡② ❬✶✸✷❪ ♦♥t ♠♦♥tré q✉❡ ❞❡s ❝♦♠♣❧❡①❡s

♦r❣❛♥♦♠ét❛❧❧✐q✉❡s à ❜❛s❡ ❞❡ s❝❛♥❞✐✉♠ ♣❡r♠❡tt❡♥t ❞❡ ❝❛t❛❧②s❡r ❝❡tt❡ ré❛❝t✐♦♥✳ ❙❡❧♦♥ ❧❡✉rs

rés✉❧t❛ts✱ ❧✬❤②❞r♦♠ét❤②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❡✉t êtr❡ ❝❛t❛❧②sé❡ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ Cp⋆
2ScCH3✳

▲❡s r❡♥❞❡♠❡♥ts r❡st❡♥t t♦✉t❡❢♦✐s ♠♦❞❡st❡s ❀ ❡♥ ♦✉tr❡✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ♣r♦❞✉✐ts s❡❝♦♥❞❛✐r❡s

❡st ♦❜s❡r✈é❡✳ ❉❛♥s ❧❡ ❝❛s ❞✬❛❧❝è♥❡s ♣❧✉s s✉❜st✐t✉és ❝♦♠♠❡ ❧✬✐s♦❜✉tè♥❡✱ ❧✬❤②❞r♦♠ét❤②❧❛t✐♦♥

♥❡ s❡ ♣r♦❞✉✐t ♣❛s✳

❋✐❣✳ ❇✳✶✿ ❇✐❧❛♥ ❞❡ ❧✬❤②❞r♦♠ét❤②❧❛t✐♦♥ ❞✬✉♥❡ α✲♦❧é✜♥❡ CH2 = CR1R2✳ ❈❛s ❞✬✉♥ ❝❛t❛❧②s❡✉r à
❜❛s❡ ❞❡ s❝❛♥❞✐✉♠✳

❆✜♥ ❞✬❛♠é❧✐♦r❡r ❧✬❡✣❝❛❝✐té ❞✉ ❝❛t❛❧②s❡✉r✱ ❞❡✉① str❛té❣✐❡s ♦♥t été ❡♠♣❧♦②é❡s✳ ❚♦✉t

❞✬❛❜♦r❞✱ ❧❛ ré❛❝t✐♦♥ ❞✬❤②❞r♦♠ét❤②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ❛ été t❡sté❡ ❛✈❡❝ ❧❡ ❝♦♠♣❧❡①❡ ❞❡ ❧✉✲

té❝✐✉♠ Cp⋆
2LuCH3✱ ré♣✉té ♣❧✉s ré❛❝t✐❢ q✉❡ ❧❡ ❝♦♠♣❧❡①❡ ❞❡ s❝❛♥❞✐✉♠✳ ❈❡♣❡♥❞❛♥t✱ ❝♦♥tr❛✐✲

r❡♠❡♥t ❛✉① ❛tt❡♥t❡s ❡①♣ér✐♠❡♥t❛❧❡s✱ ❛✉❝✉♥❡ ❢♦r♠❛t✐♦♥ ❞✬✐s♦❜✉t❛♥❡ ♥✬❛ ❛❧♦rs été ♦❜s❡r✲

✈é❡ ❬✶✸✸❪✳ ▲❡s ❡①♣ér✐♠❡♥t❛t❡✉rs s❡ s♦♥t ❛❧♦rs t♦✉r♥és ✈❡rs ❞❡s ❝♦♠♣❧❡①❡ ❞❡ t②♣❡ ansa✱
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❞❛♥s ❧❡sq✉❡❧s ❧❡s ❞❡✉① ❧✐❣❛♥❞s ❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡s s♦♥t r❡❧✐és ♣❛r ✉♥ ♣♦♥t à ✉♥ ♦✉ ❞❡✉①

❛t♦♠❡s✳ ▲✬✐❞é❡ s♦✉s✲❥❛❝❡♥t❡ ❡st q✉❡ ❧❡ ❧✐❣❛♥❞ ✓ ansa − Cp⋆
2 ✔ ♦❜t❡♥✉ ❡st ❛❧♦rs ♠♦✐♥s ❡♥✲

❝♦♠❜r❛♥t q✉❡ ❧❡ ❧✐❣❛♥❞ ❜✐s❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡ Cp⋆
2 ❀ ❧❡ ♠ét❛❧ ❡st ❛❧♦rs ♣❧✉s ❛❝❝❡ss✐❜❧❡ ❡t ❧❛

ré❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ ❞❡✈r❛✐t êtr❡ ❛❝❝r✉❡✳ ❉❛♥s ❧❡ ❝❛s ❞✉ ❝♦♠♣❧❡①❡ ansa ❞❡ s❝❛♥❞✐✉♠

Op2ScCH3 ✭❝❢✳ ✜❣✉r❡ ❇✳✷✮✱ ✐❧ ❛ été ♠♦♥tré q✉❡ ❧✬❤②❞r♦♠ét❤②❧❛t✐♦♥ ❝❛t❛❧②t✐q✉❡ ❞✉ ♣r♦✲

♣è♥❡ ♥❡ s❡ ♣r♦❞✉✐t ♣❛s✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧✬❤②❞r♦♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬✐s♦❜✉tè♥❡ CH2 = C(CH3)2

❞❡✈✐❡♥t ❛❧♦rs ♣♦ss✐❜❧❡ ❬✶✸✹❪ ❀ ❝❡♣❡♥❞❛♥t✱ ❧❡ r❡♥❞❡♠❡♥t ♦❜t❡♥✉ ❡st ❢❛✐❜❧❡✳ ❊♥✜♥✱ ❧✬❤②❞r♦♠é✲

t❤②❧❛t✐♦♥ ❞✬❛❧❝è♥❡s ♣❧✉s ❡♥❝♦♠❜rés ♥✬❡st ♣❛s ♦❜s❡r✈é❡✳

❋✐❣✳ ❇✳✷✿ ❙❝❤é♠❛ ❞✉ ❝♦♠♣❧❡①❡ ansa Op2ScCH3

❆✜♥ ❞❡ ❝♦♠♣r❡♥❞r❡ ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s✱ ❧❛ ♣r❡♠✐èr❡ ét❛♣❡ ❛ t♦✉t ❞✬❛❜♦r❞ ❝♦♥s✐sté

❡♥ ✉♥❡ ✈❛❧✐❞❛t✐♦♥ t❤é♦r✐q✉❡ ❞✉ ♠é❝❛♥✐s♠❡ ♣♦st✉❧é ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✱ ❞❛♥s ❧❡ ❝❛s ❞❡

❧✬❤②❞r♦♠ét❤②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ❡♥ ♣rés❡♥❝❡ ❞❡ Cp⋆
2ScCH3✳ ▲❡ ❝②❝❧❡ ♣r♦♣♦sé ❡st ❝♦♥st✐t✉é

❞❡ ❞❡✉① ét❛♣❡s é❧é♠❡♥t❛✐r❡s ✭✜❣✉r❡ ❇✳✸✮ ✿ ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ❧❡ ❝♦♠♣❧❡①❡ Cp⋆
2ScCH3

✐♥sèr❡ ✉♥❡ ♠♦❧é❝✉❧❡ ❞❡ ♣r♦♣è♥❡✱ ❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥ ✶✱✷✱ ♣♦✉r ❞♦♥♥❡r ❧❡ ❝♦♠♣❧❡①❡ ✐s♦❜✉t②❧❡

Cp⋆
2ScCH2 − CH(CH3)2 ❀ ✉♥❡ ❛❝t✐✈❛t✐♦♥ ❞✉ ♠ét❤❛♥❡ ❝♦♥❞✉✐t ❡♥s✉✐t❡ à ❧❛ ré❣é♥ér❛t✐♦♥

❞✉ ❝❛t❛❧②s❡✉r ❡t ❧✐❜èr❡ ❧✬✐s♦❜✉t❛♥❡✳

❋✐❣✳ ❇✳✸✿ ❈②❝❧❡ ❝❛t❛❧②t✐q✉❡ ♣♦st✉❧é ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❡t ✈❛❧✐❞é t❤é♦r✐q✉❡♠❡♥t ♣♦✉r ❧✬❤②❞r♦♠é✲
t❤②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r Cp⋆

2ScCH3✳ [Sc] r❡♣rés❡♥t❡ ❧❡ ❢r❛❣♠❡♥t ♠ét❛❧❧✐q✉❡ Cp⋆
2Sc✳

❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧❡ ♠é❝❛♥✐s♠❡ ♣r♦♣♦sé ❡st ❢❛✈♦r❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t ❡t ❝✐✲

♥ét✐q✉❡♠❡♥t✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ré❣é♥ér❛t✐♦♥ ❞✉ ❝❛t❛❧②s❡✉r ♣❛r ❧✬❛❝t✐✈❛t✐♦♥ ❞✉ ♠ét❤❛♥❡ ❡st ❡♥

✺✻



❝♦♠♣ét✐t✐♦♥ ❛✈❡❝ ❧✬❛❝t✐✈❛t✐♦♥ ✈✐♥②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✱ q✉✐ ❢♦r♠❡ ❧❡ ❝♦♠♣❧❡①❡ Cp⋆
2ScCH =

CH −CH3 ✭❝❢✳ ✜❣✉r❡ ❇✳✹✮✳ ❈❡tt❡ ré❛❝t✐♦♥ ❝♦♥❞✉✐t à ✉♥❡ ❞és❛❝t✐✈❛t✐♦♥ ❞✉ ❝❛t❛❧②s❡✉r ❀ ♣❛r

❝♦♥séq✉❡♥t ❧❡ r❡♥❞❡♠❡♥t ❝❛t❛❧②t✐q✉❡ r❡st❡ ♠♦❞❡st❡✳

❋✐❣✳ ❇✳✹✿ ❆❝t✐✈❛t✐♦♥ ✈✐♥②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ♣❛r Cp⋆
2ScCH2 −CH(CH3)2✳ [Sc] r❡♣rés❡♥t❡ ❧❡ ❢r❛❣✲

♠❡♥t ♠ét❛❧❧✐q✉❡ Cp⋆
2Sc✳

❉❛♥s ❧❡ ❝❛s ❞✉ ❝♦♠♣❧❡①❡ ❞❡ ❧✉té❝✐✉♠ Cp⋆
2LuCH3✱ ♥♦✉s ❛✈♦♥s ♣✉ ♠♦♥tr❡r q✉❡ ❧❛

♣r❡♠✐èr❡ ✐♥s❡rt✐♦♥ ❞❡ ♣r♦♣è♥❡ ❡st ❢❛✈♦r✐sé❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t ❡t ❝✐♥ét✐q✉❡♠❡♥t✱ ♣❛r

❝♦♥séq✉❡♥t ❧❡ ❝♦♠♣❧❡①❡ Cp⋆
2LuCH2 − CH(CH3)2 ❞❡✈r❛✐t êtr❡ ❢♦r♠é q✉❛♥t✐t❛t✐✈❡♠❡♥t ❀

❝❡ ❝♦♠♣♦sé ❞❡✈r❛✐t ❡♥s✉✐t❡ ré❛❣✐r ❛✈❡❝ ❧❡ ♣r♦♣è♥❡ ♣♦✉r ❞♦♥♥❡r ✉♥ ❝♦♠♣❧❡①❡ π−❛❧❧②❧❡ très

st❛❜❧❡ ✭❝❢✳ ✜❣✉r❡ ❇✳✺✮✳ ❈❡tt❡ ré❛❝t✐♦♥ ♣❡r♠❡t ❞❡ ❧✐❜ér❡r ✉♥❡ ♠♦❧é❝✉❧❡ ❞✬✐s♦❜✉tè♥❡✱ ♠❛✐s

❞és❛❝t✐✈❡ ❧❡ ❝❛t❛❧②s❡✉r✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧✬❛❝t✐✈❛t✐♦♥ ❞✉ ♠ét❤❛♥❡ ♥✬❡st ♣❛s ❝♦♠♣ét✐t✐✈❡✳ ▲❡

❝❛t❛❧②s❡✉r Cp⋆
2LuCH3 ♥❡ ❞❡✈r❛✐t ❞♦♥❝ ♣❛s êtr❡ ré❣é♥éré✱ ❡t ❛✉ ♠❛①✐♠✉♠ ✉♥ éq✉✐✈❛❧❡♥t

❞✬✐s♦❜✉t❛♥❡ ❞❡✈r❛✐t êtr❡ ❢♦r♠é✳

❋✐❣✳ ❇✳✺✿ ❆❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ♣❛r Cp⋆
2LuCH2 −CH(CH3)2✳ [Lu] r❡♣rés❡♥t❡ ❧❡ ❢r❛❣✲

♠❡♥t ♠ét❛❧❧✐q✉❡ Cp⋆
2Lu✳

❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ré❛❝t✐✈✐té ❡♥tr❡ Cp⋆
2ScCH3 ❡t Cp⋆

2LuCH3 ♥✬❡st

♣❛s ❧✐é❡ ❛✉ r❛②♦♥ ✐♦♥✐q✉❡ ❞✉ ♠ét❛❧✱ ♠❛✐s à ❞❡s ❢❛❝t❡✉rs é❧❡❝tr♦♥✐q✉❡s✳ ❊♥ ❡✛❡t✱ ❧❡ ❧✉té❝✐✉♠✱

♣❧✉s ✐♦♥✐q✉❡✱ ❝♦♥❞✉✐t à ❞❡s ✐♥t❡r❛❝t✐♦♥s ❢♦rt❡s ❛✈❡❝ ❧❛ ❧✐❛✐s♦♥ π(C = C) ❞✉ ♣r♦♣è♥❡✱ q✉✐

✐♥❞✉✐s❡♥t ✉♥❡ st❛❜✐❧✐s❛t✐♦♥ ❞❡s ❛❞❞✉✐ts ♣ré❝✉rs❡✉rs ❞❡ ♣r♦♣è♥❡✳ ❆✐♥s✐ q✉❡ ♥♦✉s ♣♦✉✈♦♥s

❧✬♦❜s❡r✈❡r s✉r ❧❛ ✜❣✉r❡ ❇✳✻✱ à ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ♣❛r

Cp⋆
2LuCH2 −CH(CH3)2✱ ❝❡tt❡ ✐♥t❡r❛❝t✐♦♥ ❡st ♠❛✐♥t❡♥✉❡✱ ❝❡ q✉✐ ❡①♣❧✐q✉❡ q✉❡ ❧❛ ❜❛rr✐èr❡

❞✬❛❝t✐✈❛t✐♦♥ ❝♦rr❡s♣♦♥❞❛♥t❡ ❡st ❜❛ss❡✳

❊♥✜♥✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ✐♥tér❡ssés à ❧✬❤②❞r♦♠ét❤②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ❡t ❞❡ ❧✬✐s♦❜✉tè♥❡

♣❛r ❧❡ ❝♦♠♣❧❡①❡ Op2ScCH3✳ ❉✬❛♣rès ♥♦tr❡ ét✉❞❡✱ ❡t ❝♦♥❢♦r♠é♠❡♥t ❛✉① rés✉❧t❛ts ❡①♣ér✐✲

♠❡♥t❛✉①✱ ❝❡ ❝♦♠♣♦sé ♥❡ ♣❡r♠❡t ♣❛s ❞❡ ❝❛t❛❧②s❡r ❧✬❤②❞r♦♠ét❤②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ❀ ❡♥ ❡✛❡t✱

s✐ ❧❡ ❝♦♠♣❧❡①❡ Op2ScCH2−CH(CH3)2 ❡st ❜✐❡♥ ❧❡ ♣r♦❞✉✐t ♠❛❥♦r✐t❛✐r❡ ❞❡ ❧❛ ♣r❡♠✐èr❡ ét❛♣❡

é❧é♠❡♥t❛✐r❡✱ ❡♥s✉✐t❡ ❧❛ ré❣é♥ér❛t✐♦♥ ❞❡ Op2ScCH3 ♣❛r ❧✬❛❝t✐✈❛t✐♦♥ ❞✉ ♠ét❤❛♥❡ ♥✬❡st ♣❛s
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❋✐❣✳ ❇✳✻✿ ●é♦♠étr✐❡s ❞❡s ét❛ts ❞❡ tr❛♥s✐t✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ♣❛r Cp⋆
2ScCH2−

CH(CH3)2 ✭❣❛✉❝❤❡✮ ❡t Cp⋆
2LuCH2 − CH(CH3)2 ✭❞r♦✐t❡✮✳ ▲❛ ❞✐st❛♥❝❡ Lu...C1 ❡st ♣❧✉s ❢❛✐❜❧❡

q✉❡ ❧❛ ❞✐st❛♥❝❡ Sc...C1✱ ❛❧♦rs q✉❡ ❧❡ r❛②♦♥ ✐♦♥✐q✉❡ ❞✉ ❧✉té❝✐✉♠ ❡st s✉♣ér✐❡✉r ❞❡ ✵✳✶✵ ➴ ✿ ❝❡❝✐
✐♥❞✐q✉❡ q✉❡ ❧✬✐♥t❡r❛❝t✐♦♥ ♠ét❛❧ ✲ ❛❧❧②❧❡ ❡st s✉♣ér✐❡✉r❡ ❞❛♥s ❧❡ ❝❛s ❞✉ ❧✉té❝✐✉♠✳

❝♦♠♣ét✐t✐✈❡✱ ❡t ❧✬✐♥té❣r❛❧✐té ❞✉ ❝❛t❛❧②s❡✉r ❞❡✈r❛✐t êtr❡ ❞és❛❝t✐✈é ♣❛r ❧✬❛❝t✐✈❛t✐♦♥ ✈✐♥②❧✐q✉❡

♦✉ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✳ ❈❡tt❡ ❞✐✛ér❡♥❝❡ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞✉❡ à ❞❡s ❡✛❡ts é❧❡❝tr♦♥✐q✉❡s✳

❊♥ ❡✛❡t✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉ ❧✐❣❛♥❞ Op2 ❛✉❣♠❡♥t❡ ❧✬❛❝✐❞✐té ❞✉ ❢r❛❣♠❡♥t ♠ét❛❧❧✐q✉❡✱ s✐ ❜✐❡♥

q✉❡ ❧❡ ❝♦♠♣❧❡①❡ Op2ScCH3 ❝♦♥❞✉✐t à ✉♥❡ ♠❡✐❧❧❡✉r❡ ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❡ ♣r♦♣è♥❡ q✉❡ ❧❡

❝♦♠♣❧❡①❡ Cp⋆
2ScCH3✳

▲❡ ❝♦♠♣♦sé ansa ❡st t♦✉t❡❢♦✐s ❡✣❝❛❝❡ ♣♦✉r ❧✬❤②❞r♦♠ét❤②❧❛t✐♦♥ ❝❛t❛❧②t✐q✉❡ ❞❡ ❧✬✐s♦❜✉✲
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A DFT study of the catalytic properties of Cp2ScCH3 and Cp2LuCH3 in the hydromethylation of propene
has been performed. The catalytic behavior of Cp2ScCH3 is confirmed, and the formation of secondary
products is rationalized. It is shown that Cp2LuCH3 cannot exhibit catalytic behavior and that only
stoichiometric conversion of propene to isobutane could be observed. The difference in reactivities between
the two metallocenes has been investigated, and an electronic explanation is given based on differences
in the coordination of propene. However, the intrinsic reactivities of the two metallocenes is proposed to
be driven by both electronic and steric effects.

Introduction

The problem of functionalizing olefins via selective reactions
with saturated hydrocarbons is still an important research
area.1-12 Some stoichiometric reactions have been proposed,
but the number of catalytic processes are rather limited.5-12

Recently, a study by Sadow and Tilley13 reported the possibility
of the catalytic hydromethylation of propene by a permethyl-
scandocene methyl complex. Indeed, at room temperature and
after 3 days of reaction, a mixture of propene and methane (9
and 10 equiv, respectively) was transformed to isobutane in the
presence of Cp*2ScCH3 (Cp* ) C5Me5). The yield was 3 equiv

of isobutane for 1 equiv of catalyst. However, a part of the
catalyst was transformed into [Sc]-CH2CHMe2 (isobutyl com-
plex; [Sc] ) Cp*2Sc) and [Sc]-CHdCHMe (vinyl complex).
Heating the mixture led to decomposition of the catalyst to
unknown products and a yield of 4 equiv of isobutane. More-
over, the authors found that there is no evidence for Cp*2ScH
formation and, thus, have concluded that the methyl complex
is the active species. In addition, the lack of detected isobutene
implies thatâ-hydride elimination does not represent a major
decomposition pathway. Thus, the catalytic cycle given in Figure
1 is favored. However, experimental observations suggested the
occurrence of several secondary processes that are competitive
with this cycle, including degradation of the catalyst.

The permethylscandocene methyl complex was previously
used by Thompson et al.14 for a stoichiometric reaction with
propene. The main products of reaction were isobutane and the
vinyl complex, also observed by Sadow and Tilley.13 Since the
lanthanide complexes are very often observed to exhibit the
same reactivity as the corresponding group III complexes, a
related study by Watson and Parshall should be mentioned.15

In a study of propene polymerization in the presence of the
lutetium complex Cp*2LuCH3, the authors speculated on the
possibility of observing the allylic and vinylic activation of
propene. Thus, it seems that a difference in reactivity between
scandocene and lutenocene might be expected.

In the last few years, theoretical investigations of chemical
reactivity involving lanthanide centers have been of increasing
interest. Indeed, the use of relativistic effective core potentials

* Corresponding author. E-mail: odile.eisenstein@univ-montp2.fr.
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(RECPs) that include the 4f electrons in the core16 allowed
systematic studies of bond activations17-20 and bond insertions.21

Investigation of catalytic hydromethylation by theoretical
methods appears to be an interesting problem since a number
of competitive reactions should be considered and compared.
Moreover, on the basis of analysis of electron densities, such
as with the natural bonding orbital (NBO) analysis,22 the origin
of the difference between scandium and lutetium can be
addressed. Differences in reactivities between complexes of
scandium and lutetium are usually attributed to steric effects
steming from the difference in ionic radius between these two
metals.

In this paper, the productive and competing reactions of the
proposed catalytic cycle have been investigated by DFT
methods, for both Cp2ScCH3 and Cp2LuCH3 (Cp ) C5H5). In
particular, the potential catalytic behavior of Cp2ScCH3 is
predicted, and the formation of side products is rationalized. In
the case of Cp2LuCH3, it will be argued that hydromethylation
cannot be catalytic and that the reaction can only release 1 equiv
of isobutane per equiv of catalyst. The formation of allyl and
vinyl complexes appears to be the most likely competing
reactions. Moreover, the differences in reactivities between Sc
and Lu will be addressed.

Computational Details

In previous studies16-18 we have shown that large core relativistic
effective core potentials (RECPs) optimized by the Stuttgart-

Dresden group23-25 are well adapted to the calculation of geometries
of lanthanide complexes, as 4f electrons do not participate in a
lanthanide-ligand bond. A basis set adapted to the RECP aug-
mented by a polarization f function was used for lutetium. Similarly,
the scandium atom has been treated with a RECP optimized by
the Stuttgart group23 and the corresponding optimized basis set,
augmented by a set of f polarization functions. Carbon and hydrogen
have been treated with an all-electron 6-31G(d,p) basis set.26

Calculations were carried out at the DFT level using the hybrid
functional B3PW9127,28 with the Gaussian 98 suite of programs.29

Geometry optimizations were carried out without any symmetry
restrictions. The nature of the extrema (minimum or transition state)
was verified with analytical frequency calculations. ZPE and
entropic contributions were calculated using the approximation of
harmonic frequencies. The free energiesG are given forT ) 298.15
K. All of the calculations have been carried out with the Cp (C5H5)
ligands.

Results and Discussion

Validation of the Experimentally Proposed Mechanism.
(a) Energetic Profile.The experimentally proposed mechanism
for propene hydromethylation was first investigated for the
scandium-based compound Cp2ScCH3. The assumed mechanism
consists of two elementary reactions. In the first one, the propene
inserts into the Sc-C bond of Cp2ScCH3, to give the isobutyl
complex Cp2ScCH2CH(CH3)2. The second step is the activation
of methane byσ-bond metathesis with the isobutyl complex,
to regenerate Cp2ScCH3 and release isobutane. The computed
free energy profile (∆G), relative to the separated reactants Cp2-
ScCH3 and propene, is shown in Figure 2.

Propene insertion is exergonic (∆G0 ) -3.22 kcal mol-1).
It begins with the formation of aπ-bonded adduct of propene
with the scandium center2. This adduct has a free energy of
formation of 11.50 kcal mol-1, which is principally caused by
the loss of entropy associated with coordination of free propene.
The adduct then proceeds to a four-membered transition state
for insertion,3. The latter is 13.31 kcal mol-1 above the adduct.
The activation energy for insertion is calculated to be 24.81
kcal mol-1 above the separated reactants, which corresponds
to a kinetically accessible process.

The second step in the catalytic cycle (methane activation)
is exergonic with a free energy of reaction of-4.85 kcal mol-1
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Figure 1. Experimentally postulated mechanism for the hydro-
methylation of propene.

Figure 2. Free energy profile (∆G) in kcal mol-1 for the
hydromethylation of propene with Cp2Sc-CH3; [Sc] ) Cp2Sc.
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with respect to the separated isobutyl complex and methane.
Despite a considerable computational search, no CH4 adduct
was located as a minimum on the potential energy surface. The
transition state5 leads directly to Cp2ScCH3 and isobutane. No
isobutane adduct was located as a minimum. Since the activation
energy, relative to the separated isobutyl complex4 and
methane, for this reaction is 31.27 kcal mol-1, this process is
also kinetically accessible. Theσ-bond metathesis process
appears to be the rate-determining step. The two-step mechanism
proposed for the hydromethylation of propene with Cp2ScCH3

catalyst is therefore calculated to have accessible transition states
and could be catalytic since the initial complex is regenerated.
However these activation energies are not negligible and other
reactions can compete with any of these two elementary steps.
Thus, the possibility of competing reactions should be inves-
tigated for both steps in the catalytic cycle.

(b) Geometries.The geometries of the minima and transition
states are presented in Figure 3. For the catalyst1, the Sc-C
distance is 2.22 Å. TheC3 axis of the methyl group, corre-
sponding to the direction of the sp3 orbital involved in bonding
to the metal, points toward the metal center. The CdC double
bond distance is equal to 1.33 Å for free propene.

In the precursor adduct2, the π orbital of the propene is
oriented toward the scandium center. The Sc-Cc distance (2.90
Å) is shorter than the Sc-Cb distance (3.10 Å), which is due to

a slight charge difference between the two carbons (a NBO
analysis gives charges of-0.03 on CcH2 and+0.07 on CbH-
(CH3)). However, the propene molecule is little affected by the
coordination: the CdC double bond distance is hardly modified
(Cc-Cb length) 1.34 Å) and no pyramidalization is observed
at Cc or Cb. In the same way, the methyl group coordinated to
Sc is not distorted. The Sc-methyl distance is equal to 2.23 Å,
and theC3 axis is still pointing toward scandium. In the adduct
2, the geometry of the metal moieties and of the coordinated
propene is essentially that of the separated reactants, and the
geometry of2 is therefore far from that of the transition state.
In other words, the coordination of the propene to Sc does not
prepare the two species to cross the transition state. The higher
energy of the adduct compared to the separated reactant is
essentially associated with the loss of entropy upon the formation
of one molecule from the union of two molecules.

Adduct2 leads to the transition state3, in which the scandium
and the three carbon atoms are coplanar in a four-membered-
ring transition state. The Sc-Cc distance is equal to 2.35 Å,
and the double bond of propene is elongated to 1.41 Å. Both
olefinic carbons are slightly pyramidalized. The Sc-Ca bond,
which is to be cleaved, is equal to 2.31 Å (0.09 Å longer than
in the reactant1). The methyl group, now interacting with the
propene, has tilted so that itsC3 axis (and thus its sp3 orbital)
is oriented toward Cb. The distance between Cb (propene) and

Figure 3. Optimized geometries (distances in Å) of the extrema for the hydromethylation of propene with Cp2Sc-CH3. The number of
imaginary frequencies is given in parenthesis (0 for a minium and 1 for a transition state). The hydrogen atoms have been omitted from the
C5H5 ligands for all structures except1.
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Ca (methyl) is 2.18 Å. A consequence of the tilt of the methyl
group is that one of its hydrogens is closer to the metal (2.19
Å) and the Sc-Ca-Ha angle is close to 70°. The slight
elongation of Ca-Ha indicates a weak agostic interaction. The
NBO analysis of3 showed that Ha carries the same charge as
the other hydrogen atoms of the methyl group. However, at the
level of second-order perturbation theory, there is a charge
delocalization between theσCH bond and an empty d orbital of
the metal center, which indicates a stabilizing interaction. To
go from the propene adduct2 to the transition state3, it is
necessary to pyramidalize the propene carbons and change the
orientation of the methyl group’sC3 axis. These two distorsions
are energy-demanding, which explains the high activation energy
from 2 to 3.

The transition state3 gives the isobutyl compound Cp2ScCH2-
CH(CH3)2, 4, in which the Cb-Ca bond distance is equal to
1.53 Å. The Sc-Cc distance is 2.26 Å (0.04 Å longer than the
Sc-Ca bond) in reactant1, and the Sc-Cc-Cb angle is about
127°. The hydrogen Ha is far from scandium, the Sc-Ca-Ha

angle is equal to 103°, and there is no evidence for aγ-agostic
interaction, which is consistent with the absence ofR-agostic
assistance in the transition state.

In the second step of the catalytic cycle, the Cd-He bond of
methane is broken in aσ-bond metathesis process. The transition
state5 has the four-membered-ring geometry formed by Sc,
Cc, He, and Cd, with the three atoms Cc-He-Cd nearly collinear
(Cc-He-Cd ) 179.1°). Similar geometrical features have been
found in manyσ-bond metathesis reactions with early and
lanthanide metals.17,18 This transition state, with a Sc-He

distance of 1.88 Å, can be viewed as involving a proton transfer
between the methyl and isobutyl groups, as it was found for
relatedσ-bond metathesis reactions with lanthanide metals.17,18

Other geometric features are summarized in Table 1. The C3

axes of both alkyl groups are directed toward He, so that Hc

and Hd are close to scandium. The Cc-Hc and Cd-Hd bonds
are not significantly elongated and the NBO charges of the
hydrogens on Cc and Cb are not significantly modified, although
second-order perturbation theory indicates some charge delocal-
ization between the twoσ CH bonds and empty Sc d orbitals.
This is indicative of weakR-agostic interactions. Comparing5
with the perfectly symmetric transition state for Watson’s
methyl-exchange reaction,30 it appears that5 is similar to the
latter but is slightly less symmetric due to the difference in the
nature of the two organic groups involved in the proton transfer
reactions.

During the reaction, the distance between the metal and the
centroids of the Cp groups (X) is little affected (ranging from
2.17 to 2.20 Å). The X-Sc-X angle decreases slightly from
the reactant1 (137.4°) to the more crowded isobutyl compound
4 (134.7°). This could be explained by either electronic or steric
effects. Indeed, the decrease of the X-Sc-X angle would
increase the permanent dipole moment of the Cp2Sc+ fragment

and provide a stronger interaction with the alkyl group. How-
ever, an NBO analysis indicated that the ionic character of the
Sc-C bond remains constant. Thus, the variation in X-Sc-X
angles for the two alkyl complexes is principally caused by the
steric hindrance of the alkyl group.

Investigation of Possible Competing Reactions.Apart from
the productive steps described in the previous section, a number
of competing secondary reactions may occur for the species
involved in the catalytic cycle of Figure 1. The aim of this
section is to determine which of these might compete with the
catalytic process and potentially prevent the formation of
isobutane and/or lead to the experimentally observed secondary
products. In the following, two thermodynamically favored
reactions will be considered to be kinetically competitive if the
difference between their activation energies is less than 5 kcal
mol-1. This corresponds to the precision of the computing
method.

Among all possible reactions, some can be easily eliminated,
such as activation of theσC-C bond of propene, which is unlikely
to occur for steric reasons. Consequently, this reaction has not
been considered. Theσ-bond metathesis reactions that would
involve a four-electron, four-center transition state with carbon
at theâ-position are known to have a high activation energy.30

This has been confirmed in the case of methane activation by
Cp2ScCH3 (forming Cp2ScH and releasing ethane); the calcu-
lated activation energy is over 90 kcal mol-1. These types of
reactions have therefore not been considered. Finally,â-hydro-
gen elimination has been experimentally and theoretically found
to be strongly disfavored as a termination process in polymer-
ization (energy barriers around 70 kcal mol-1),31 which is
consistent with the observation by Sadow and Tilley13 that
neither Cp*2ScH nor isobutene was observed during hydro-
methylation. Theâ-hydrogen elimination from the isobutyl
complex was, however, calculated as a benchmark test for the
calculations. An endergonic formation of Cp2Sc-H and isobutene
definitely rules out this reaction, which will not be considered
further in the following discussion.

Reactions that may compete with the first catalytic step
(propene insertion) include activations of the vinylic or allylic
C-H bonds of propene and the 2,1-insertion of propene into
the M-C bond of1. Figure 4 provides a schematic representa-
tion of these reactions. Reactions that may compete with the
second catalytic step (σ-bond metathesis between methane and
4) also include activations of vinylic or allylic C-H bonds of
propene as well as 1,2- and 2,1-insertions of propene, and
â-hydrogen andâ-methyl transfers (see Figure 6). In addition,
methyl exchange between Cp2ScCH3 and CH4 (methane activa-
tion) was also studied.

As the geometries are very similar to those described in the
previous section, we will focus on the energetics of the reactions.
For all reactions, the entire pathways have been computed.
However, to simplify the analysis, only the free energy of
reaction (∆G0) and the activation energies (∆Gq), using the
separated Cp2ScCH3 and propene as reference, are presented
for each reaction considered. The results are summarized in
Tables 2 and 3.

All reactions are nearly thermoneutral except for the allylic
activation of propene, which is significantly exergonic. This
reaction leads to aπ-allyl compound, which is very stable
because of electronic delocalization (cf. Figure 5). Since all
reactions are thermodynamically favorable or almost thermo-
neutral (2,1 propene insertion), the selectivities must be under
kinetic control. The 1,2 propene insertion has the lowest barrier,

(30) Maron, L.; Perrin, L.; Eisenstein, O.J. Chem. Soc., Dalton Trans.
2002, 534. (31) Margl, P.; Deng, L.; Ziegler, T.J. Am. Chem. Soc. 1998, 121, 154.

Table 1. Geometric Data for the Transition State 5a

[Sc]CH2CH(CH3)2 part [Sc]CH3 part

Sc-Cc 2.37 Sc-Cd 2.39
Cc-He 1.48 Cd-He 1.41
Sc-Hc 2.38 Sc-Hd 2.48
Cc-Hc 1.10 Cd-Hd 1.10
Sc-Cc-He 76.6 Sc-Cd-He 81.5

a Distances are in Å and angles in deg. The [Sc]CH2CH(CH3)2 and
[Sc]CH3 parts refer to the right- and left-hand sides of species5, respectively,
as shown in Figure 3, where the atomic labels are given.

5702 Organometallics, Vol. 25, No. 24, 2006 Barros et al.



but the vinylic activation of propene is also competitive with
an activation energy of 27.94 kcal mol-1. Insertion errors could
also occur, as the 2,1-insertion activiation energy is only 28.81
kcal mol-1. Other reactions, i.e., the allylic activation of propene
and methane activation, have higher activation energies and are
less likely to occur. In the case of the allylic activation, the
geometry of the transition state is presented in Figure 5. The
π-allyl group is nearly formed, corresponding to a late transition
state. However the activation energy is rather high, which may
be due to the considerable geometrical and electronic reorga-
nization from reactants to transition state. Thus, according to
the calculations, the isobutyl complex is the major product of
the reaction of1 with propene. This is in agreement with the
experimental data for the Cp*2Sc system.13 However, two minor
products may be formed with comparable activation energies,
namely, the propenyl complex, resulting from vinylic activation,
and the 1-methylpropyl complex, resulting from 2,1-insertion.

For the processes competing with the second catalytic step
(methane activation), only reactions starting from the isobutyl
complex, which is the major product of the reaction of1 with
propene, have been investigated. These are listed in Table 3,
along with values for the reaction of methane with the isobutyl

complex for comparison. All energy values are given relative
to the separated Cp2ScCH2CH(CH3)2 and organic molecules.

All reactions are exergonic. The vinylic activation is the most
kinetically favored, with an activation energy of only 26.50 kcal
mol-1. The productive methane activation is nevertheless
competitive (∆Gq ) 31.26 kcal mol-1). Consequently, the
hydromethylation of propene is among the most favorable
pathways with the postulated catalytic mechanism. It is impor-
tant to note that, if both competing reactions release isobutane,
only the methane activation regenerates the catalyst. Indeed,
the vinylic activation destroys the catalyst, as the latter cannot
be regenerated by C-H activation of methane, since this reaction
is found to be endergonic by 3.72 kcal mol-1 with an activation
energy of 32.02 kcal mol-1. This result may explain the
relatively low turnover that is experimentally observed.

It should also be noted that on the basis of these calculations,
insertion reactions involving the isopropyl complex are not
competitive. This is also in agreement with the fact that group
III metallocene complexes do not efficiently polymerize pro-
pene; the main secondary products were vinyl and allyl
complexes, and poly(propene)s were not observed.13 Our
calculations agree with this observation. Moreover, the theoreti-
cal data are in line with experimental observations of Thompson
et al.,14 that, in the absence of methane, the vinylic product Cp*2-
ScCHdCH-CH3 is preferentially formed from reaction of the
isobutyl complex with propene.

Results with the Lutetium Complex Cp2LuCH 3. (a) Ener-
getic Profile. A similar theoretical study was carried out with
the lutetium-based catalyst Cp2LuCH3, 6. The free energy profile
of the catalytic cycle, which could form isobutane, is given in
Figure 7. Propene insertion is slightly exergonic (∆G0 ) -3.84
kcal mol-1). This reaction begins with the coordination of
propene to form aπ-adduct of propene,7. Structure7 is
calculated to be 7.05 kcal mol-1 above the separated reactants,
which is roughly 4 kcal mol-1 less than for Sc. As the loss of
entropy is similar, it means that propene interacts more strongly
with Lu than with Sc. The subsequent propene insertion has an
activation energy of 22.66 kcal mol-1 (transition state8) with
respect to the separated reactants. Thus, this reaction,6 to 9
via 8, has an accessible activation energy. As for Sc, the
π-adduct does not adequately prepare the transition state, and
the activation energy relative to the propene adducts is found
to be similar for Sc and Lu (around 13.5 kcal mol-1).

The second catalytic step (methane activation) is exergonic
(∆G0 )-4.22 kcal mol-1). In contrast to scandium, this process
begins by coordination of methane to the lutetium center. The
free energy of formation of the resultingσ-adduct,10, is 12.13
kcal mol-1 above the separated isobutyl complex and methane.
It is followed by the four-membered-ring transition state11,
which is 19.01 kcal mol-1 above the adduct. The total activation
energy for the reaction from9 to 11 is thus 31.14 kcal mol-1.
The released isobutane then stays in the coordination sphere of
the metal to form theσ-adduct12, which is 7.49 kcal mol-1 (in
free energy) above the separated isobutyl complex and methane.
This is also a difference between the Lu and Sc systems, since
no alkane adducts were identified for the Sc reactions.

(b) Geometries.The geometries of Cp2ScCH3 and Cp2LuCH3

are very similar. In the latter, the Lu-C bond distance is 2.35 Å,
which is 0.13 Å longer than that in the scandium compound.
This difference is comparable to the difference of ionic radii
between the two metals (0.11 Å). The same conclusion can be
drawn for the distance between the lutetium and the centroids

Figure 4. Reactions competing with propene insertion with a
schematic representation of the transition states; [Sc]) Cp2Sc.

Figure 5. Optimized geometries (distances in Å) of the transition
state (left) for allylic propene activation with Cp2ScCH3 and the
correspondingπ-allyl complex (right). The hydrogen atoms have
been omitted from the C5H5 ligands.
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X of the Cp rings (2.35 Å), which is about 0.15 Å longer than
for the scandium coumpound. The X-Lu-X angle is equal to
136.2°.

In the propeneπ-adduct7, the Lu-Cc and Lu-Cb distances
are equal to 2.93 and 3.10 Å, respectively, which are similar to
corresponding distances for the scandium adduct. As in the case
of Sc, the metal-C(propene) bond distance is shorter with the
methylene carbon, which has the higher negative charge (NBO
charges are equal to-0.04 on CcH2 and equal to+0.06 on
CbHCH3). The larger ionic radius for Lu compared to Sc should
have led to longer metal-propene distances in the case of Cp2-
LuCH3(η2-CH3CHdCH2). As this is not the case, this suggests
that lutetium interacts more strongly with propene. This is in

agreement with the lower free energy of theπ-adduct for Lu
vs Sc (by roughly 4 kcal mol-1) compared to corresponding
separated reactants. This stronger interaction is also confirmed
by an NBO analysis. The interaction between theπ-system of
propene and the lowest vacant orbital of the metal (mainly d),
evaluated by second-order perturbation theory, is stronger by
2.5 kcal mol-1 for Lu. However, this stronger interaction does
not significantly modify the geometry of the propene, which is
planar with a C-C double bond equal to 1.34 Å in Cp2-
LuCH3(η2-CH3CHdCH2).

Figure 6. Representation of the reactions competing with methane activation with schematic representation of the transition states; [Sc])

Cp2Sc.

Table 2. Free Energies (in kcal mol-1) for Reactions with
Cp2ScCH3 Described in Figure 4a

reaction ∆G0 ∆Gq

1,2 propene insertion -3.22 24.81
2,1 propene insertion 3.64 28.81
methane activation 0.00 32.49
vinylic propene activation -3.72 27.94
allylic propene activation -12.72 31.69

a All energies are given relative to the separated Cp2ScCH3 and propene.

Table 3. Free Energies (kcal mol-1) for Reactions with
Cp2ScCH2CH(CH 3)2 Described in Figure 6a

reaction ∆G0 ∆Gq

methane activation -4.85 31.26
1,2 propene insertion -6.50 35.59
2,1 propene insertion -4.67 40.69
vinylic propene activation -8.57 26.50
allylic propene activation -17.57 32.51
â-hydrogen transfer -1.61 43.26
â-methyl transfer 0.00 88.32

a All energies are given relative to the separated Cp2ScCH2CH(CH3)2

and organic molecules.
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The geometries of the transition state for 1,2 propene insertion
(8) to yield the isobutyl compound9 and of the transition state
for methane metathesis (11) are essentially equal for scandium
and lutetium. The Lu-C and Lu-H distances are about 0.12 Å
longer than the corresponding Sc-C and Sc-H distances, and
the C-C and C-H distances are very similar. The difference
in stabilization energies for theπ-adducts for Sc (2) and Lu (7)
is translated to the transition states3 vs 8. The transition state
8 is calculated to be more stable for Lu than for Sc by
approximately 2.5 kcal mol-1, showing that the interaction
between the metal and propene is stronger for Lu than for Sc.
Consequently, as the free energy necessary to go from the
π-adduct to the transition state is the same for both metals, the
more stable adduct leads to a lower activation energy for the
propene insertion step.

For the activation of CH4, going through transition state11,
the activation energies relative to the isobutyl compound are
similar for Sc (27.93 kcal mol-1) and Lu (28.61 kcal mol-1).
The presence of aσ-adduct between Cp2M(CH2-CH(CH3)2) and
CH4, in the case of Lu only, does not lower the activation energy
because the bonding interaction between the Lu fragment and
methane is weak, as evidenced by the high free energy of the
methaneσ-adduct, which is 12 kcal mol-1 above the separated
reactants. The bonding energy between these two species being
small, the free energy of the CH4 adduct is mostly controlled
by the entropy. In other words, the energy of theσ-adduct is
not low enough to pull down the energy of the transition state.

In the adducts of Cp2Lu(CH2-CH(CH3)2) with methane (10)
and isobutane (12), the Lu-C distances are 3.20 and 3.13 Å,

respectively. In both cases, two hydrogens of the coordinated
alkane are oriented toward the metal, such that the Lu‚‚‚H
distances are around 2.70 Å. The relatively short Lu‚‚‚H
distances do not result in elongated C-H bonds. To determine
the nature of these adducts, NBO analyses were performed. The
interacting carbon is negatively charged (-0.96), whereas the
hydrogens are positively charged (+0.23 to+0.26). Therefore,
in these adducts, the lutetium interacts only with the carbon.

(c) Competing Reactions.The calculations show that the
hydromethylation of propene is thermodynamically accessible
because the free energies of the products (Cp2Lu-CH3 +

isobutane) are lower than those of the reactants (Cp2Lu-CH3

+ propene+ CH4) by 8 kcal mol-1, and the activation energies
along the postulated pathways are not too high. However, to
determine if this reaction may occur, it is necessary to compare
the energy profiles of competing reactions to that of the hydro-
methylation of propene. The reactions that have been considered
for scandium have also been considered for Lu. Only the
â-methyl transfer, which has been shown to have a very high
activation energy, has been ignored. The free energies of reaction
and the activation energies are shown in Table 4.

For Cp2LuCH3, all reactions are nearly thermoneutral or
exergonic. The vinylic and allylic activations of propene have
similar activations energies (26.21 and 24.07 kcal mol-1,
respectively) and are therefore competitive. The 2,1-insertion
of propene has an activation energy of 26.16 kcal mol-1. The
1,2-insertion of propene, which has the lowest activation energy
(22.66 kcal mol-1), still corresponds to the favored path. All of
the reactions involving propene are competitive. The calculations
show that theπ-propene adduct7 is the starting reactant for all
reactions (the 1,2 and 2,1 propene insertions, the vinylic and

Figure 7. Free energy profile (∆G), in kcal mol-1, for the hydromethylation of propene with Cp2LuCH3; [Lu] ) Cp2Lu.

Figure 8. Optimized geometries (distances in Å) of the Cp2Lu-
isobutyl-methane complex (left) and the Cp2Lu-methyl-isobutane
complex (right). The hydrogen atoms have been omitted from the
C5H5 ligands.

Table 4. Energetics for Reactions of the Lu-Based Catalysta

Lu reactant reaction ∆G0 ∆Gq

1,2 propene insertion -3.84 22.66
2,1 propene insertion 0.58 26.16

Cp2LuCH3 methane activation 0.00 33.11
vinylic propene activation -4.67 26.21
allylic propene activation -15.82 24.07
methane activation -4.22 31.14
1,2 propene insertion -4.42 29.41

Cp2LuCH2CH(CH3)2 vinylic propene activation -8.01 24.98
allylic propene activation -19.80 25.39
â-hydrogen transfer -2.17 34.72

a Free energies (kcal mol-1) are given relative to the separated reactants.
See Figures 4 and 6 for definition of the reactions.
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the allylic propene activations) and that all reactions involving
propene have lower activation energies for Lu than for Sc. In
particular, the more stableπ-propene adduct in the case of Lu
lowers the activation energies associated with propene reactions.
The interaction of the metal center with theπ-system of the
olefin is thus a key factor for determining the reactivity of the
lutetium complex. Other reactions such as methane activation
(Table 4) are less favorable.

The transition state for allylic propene activation is shown
in Figure 9. Its geometry is very close to that found for the Sc
case. Thus, the difference in activation energies between Sc and
Lu (7 kcal mol-1 lower for Lu) is in large part due to the
difference in energy of the precursorπ-adducts (4 kcal mol-1

lower for Lu). As in the Sc case, the isobutyl complex is the
major product of the interaction of Cp2LuCH3 with propene,
since it is associated with a lower activation energy. However,
three minor products should also be observed, namely, the
propenyl, theπ-allyl, and the 1-methylpropyl complexes.

Similar reactions involving Cp2LuCH2CH(CH3)2 in place of
Cp2LuCH3 have been considered. All reactions are exergonic
(Table 4). The two reactions with the lowest activation energies
are the vinylic (∆Gq ) 24.98 kcal mol-1) and allylic (∆Gq )
25.39 kcal mol-1) activations of propene. Both reactions yield
isobutane but destroy the catalyst by forming CpLuCHdCHCH3

and theπ-allyl complex, respectively. The methane activation
has a higher activation energy (∆Gq ) 31.14 kcal mol-1). Thus,
as in the reactions with Cp2LuCH3, processes initiated by
formation of a propene adduct have lower activation energies.
As a consequence, the favored first step for reaction of Cp2-
LuCH3 in the presence of a mixture of propene and CH4 is the
insertion of propene. This yields the isobutyl complex, which
also prefers to react with propene. The catalyst Cp2LuCH3 can-
not be regenerated and, consequently, the hydromethylation reac-
tion cannot be a catalytic reaction with the lutetium complexes.
In contrast, it can produce a stoichiometric amount of isobutane
from the reaction of Cp2LuCH3 and one molecule of propene.

Influence of the Nature of the Cyclopentadienyl Ligand.
A few comments should be made concerning use of the Cp
ligand (Cp) C5H5) as a model for the Cp* ligand (Cp*)
C5Me5), which was employed in the experimental studies on
the hydromethylation reaction. This is particularly relevant given
the small differences in activation energies (ca. 5 kcal mol-1)
for competitive reactions examined in this study (e.g., methane,
vinylic, and allylic activations). Calculations with Cp* ligands
are computationaly demanding, and only a few examples can
be found in the literature.19,31-34 Indeed, the influence of
modeling Cp* with Cp has been considered for the activation

of methane by Cp*2MCH3 complexes19,32 and for the poly-
merization of ethylene by Cp*2NdCH2CH3.21 Calculations show
that methane activation has a higher activation energy with Cp*
(vs Cp) ligands,19,32but the replacement of Cp by Cp* increases
the activation energy for Sc (4 kcal mol-1) more than for Lu
(∼1.5-2 kcal mol-1), since a reaction at the smaller Sc atom
is more sensitive to the steric influence. Related results obtained
by Perrin et al. reveal that the increase in the activation energy
to ethylene insertion into the Nd-CH2CH3 bond is attributed
to the steric influence of the cyclopentadienyl methyl groups
and not to an electronic factor.21 On the basis of these results,
it is expected that all the activation energies calculated in this
study should be higher with Cp* than with Cp. In the case of
Lu, the methyl cyclopentadienyl groups should have only
moderate influence because of the large ionic radius of the metal
and the relative activation energies of all reactions should be
similar for Cp and Cp*. For the scandium systems, the
replacement of Cp by Cp* should increase relatively more the
activation energies for the reaction involving the propene
compared to those involving the small CH4 molecule. Notably,
the vinylic activation of propene should still be competitive with
methane activations because the activation energies involving
Cp complexes are lower by around 5 kcal mol-1. Therefore, all
activation energies should be higher with Cp* (vs Cp), but the
relative results found for propene and methane should be similar
for these two cases. We believe that the trend calculated with
the Cp ligand should also apply in the case of Cp*.

Comparison of Reactivities for Scandium and Lutetium
Complexes.The activation energies for the C-H bond activa-
tion of several alkanes (methane, propane, isobutane) byσ-bond
metathesis with Cp2ScCH3 and Cp2LuCH3 are shown in Figure
10. The vinylic and allylic activations for propene are included
for comparison. The lutetium catalyst favors the activation of a
C-H bond of propene over that of any alkane since the activa-
tion energies with propene are lower by at least 6 kcal mol-1.
On the contrary, for Cp2ScCH3, the preference for activation
of a C-H bond of propene is less pronounced since this differ-
ence in activation energy is smaller than 4 kcal mol-1. We also
note that the activation energies increase for a given metal with
the size of the alkane and that the activation energies for a given
alkane are close for Sc and Lu. We discuss first the relative
activation energies for alkanes, and second, we discuss the
propene.

(a) Influence of the Alkane. As can be seen from Figure
10, for a given metal, the activation energies for alkyl group
exchange between Cp2MCH3 and HR to give Cp2MR and CH4

depend on the size of the alkane. Larger alkanes give higher
activation energies. It has been shown that the activation energies
of theseσ-bond metathesis reactions can be related to the charge
redistribution that occurs from reactant to product.32 Two
parameters have been used:∆q (charge difference for the
metallic fragment between the reactant and the TS) and “pol”
(the polarization of the incoming alkane molecule). The values
for these parameters are identical for propane and isobutane for
a given metal fragment (Table 5). Therefore, the higher acti-
vation energies for isobutane relative to propane (Table 5) do
not originate from different charge redistributions during the
reaction. The larger size of the isobutane is most likely
responsible for the higher activation energies.

The activation energies for alkyl group exchange in the
reaction of propane with Cp2ScCH3 and Cp2LuCH3 are similar

(32) Barros, N.; Maron, L.; Eisenstein, O.Dalton Trans. 2006, 3052.
(33) Burckhardt, U.; Casty, G. L.; Tilley, T. D.; Woo, T. K.; Rothlis-

berger, U.Organometallics 2000, 19, 3830.

(34) Zachmanoglo, C. E.; Docrat, A.; Bridgewater, B. M.; Parkin, G.;
Brandow, C. G.; Bercaw, J. E.; Jardine, C. N.; Lyall, M.; Green, J. C.;
Keister, J. B.J. Am. Chem. Soc. 2002, 124, 9525.

Figure 9. Optimized geometry (distances in Å) of the transition
state for allylic activation with Cp2LuCH3. The hydrogen atoms
have been omitted from the C5H5 ligands.
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(34.35 kcal mol-1 for scandium and 33.38 kcal mol-1 for
lutetium), as shown in Figure 10. Earlier studies have shown
that the smaller ionic radius of Sc (75 pm) compared to Lu (86
pm) makes a reaction at Sc more sensitive to steric effects.32

Therefore the activation energies will increase more for Sc (vs
Lu) with the Cp-to-Cp* replacement. The relative activation
energy for the alkyl exchange reaction between the scandocene
reactant and HR′ is therefore under significant steric control.
The reaction is hampered for large alkanes and probably more
for Sc than Lu.

(b) Reactions with Propene.The main difference between
Sc and Lu is the stability of theπ-adduct of propene. The
π-complex is more stable with Lu, although it has not been
isolated. In the absence of back-donation, the alkene ligand is
only weakly bonded to the metal and the interaction between
the metal and the propene is essentially electrostatic, as shown
by the NBO analysis in the case of Cp2LuCH3(η2-CH2dHCH3),
7. The electrostatic interaction between the metal and propene
is most conveniently analyzed in terms of the charge on the
entire metallocene fragment. The charge on the Cp2Lu fragment
in Cp2LuCH3 is equal to+0.69. In Cp2ScCH3, the bonds
between Sc and the ligand have a stronger covalent character,
which decreases the positive charge on the metal; the charge
on the Cp2Sc fragment is equal to+0.56. In Cp2YCH3, the
charge on the Cp2Y fragment is+0.68 and the ionic radius is
larger than that of Lu (1.019 vs 0.977).32 This is consistent with
the alkene adducts observed for Cp*2YR (R ) primary alkyl)35

and the absence of an observable propene adduct in the case of
Cp2ScCH3. The propene adduct should be even less favored in
Cp*2ScCH3 because of the larger steric hindrance between the
metal fragment and the olefin.

Although the geometry of the propene is hardly modified by
coordination to the metal, theπ-electron density is slightly

stabilized by the electron-deficient metal center, as shown by
the second-order perturbation theory in the NBO analysis. This
stabilizing interaction does not exist with an alkane because
the electron density of a C-H bond is significantly less
perturbed by the metal even in an agostic interaction. There is
therefore no methane adduct for Sc and no significant ones for
Lu. Thus, in the case of Cp2ScR, there is no preference for the
propene (vs methane) to interact with the metal. In contrast,
Cp2LuR prefers to interact with propene when R is either methyl
or isobutyl. These stabilizing interactions between the Lu
fragment and the propene are maintained in the transition states,
which results in Cp2LuR having lower activation energies for
all reactions involving propene. Therefore, Cp2LuR reacts
preferentially with alkene over alkane. It also accounts for the
lower activation energy for the allylic propene activation
compared to the vinylic activation because the interaction
between theπ orbital of propene and Lu is more efficiently
maintained at the transition state for the former. Thus, the
successive reactions of propene and alkane in the hydromethyl-
ation of the propene are possible for Sc but less favored for
Lu. The reactivities of Cp2ScR and Cp2LuR are determined by
the relative coordination energies ofσ- andπ-bonded substrates,
which are partly determined by electronic factors reinforced by
steric effects.

Conclusion and Perspectives

In this paper, it has been possible to rationalize some exper-
imental observations on the catalytic properties of a scandocene
complex. In particular, in agreement with the observations of
Sadow and Tilley13 and Thompson et al.,14 it has been possible
to demonstrate that, in the presence of scandocene, propene can
be converted into isobutane, with a relatively good yield, in
the presence of CH4. Moreover, it has been shown that, mainly
for the second step of the catalytic cycle, vinylic and allylic
activations of propene become competitive, which accounts for
the secondary products. These reactions, although releasing
isobutane, destroy the catalyst since no regeneration, from C-H
activation of methane, is possible.

In the case of the lutenocene catalyst, even though propene
insertion is the major reaction for the methyl complex, all
reactions involving propene are possible, which is disfavorable
for selectivity. The reactivity pattern is even less favorable for
the second catalytic step, since methane activation is not
competitive with the vinylic and allylic activation of propene.
Thus, the reaction cannot be catalytic and the highest possible

(35) Casey, C. P.; Tunge, J. A.; Lee, T. Y.; Fagan, M. A.J. Am. Chem.
Soc. 2003, 125, 2641.

Figure 10. Activation energies (∆G), in kcal mol-1, for the C-H activation of alkanes and alkenes with Cp2MCH3 (M ) Sc, Lu).

Table 5. Calculated Activation Energies and Parameters∆q
and “pol” for Alkane Activation in the Reaction Cp 2M-CH3

+ HR to Give Cp2MR + CH4
a

reaction ∆Gq ∆q “pol”

Cp2ScCH3 propane activation 34.35 -0.20 -0.06
isobutane activation 36.12 -0.21 -0.05

Cp2LuCH3 propane activation 33.38 -0.09 -0.17
isobutane activation 35.36 -0.10 -0.19

a See ref 32 for definitions.
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yield of isobutane would correspond to one molecule of
isobutene for one molecule of catalyst.

The difference in reactivity between the scandocene and
lutenocene complexes has been investigated. Rather than the
classical steric explanation, based on the differences in sizes of
the two metals, we have proposed an electronic argument. This
is based on a difference in the stabilities of propeneπ-adducts
for the two metals. This difference, which is found to be around
4 kcal mol-1 in favor of lutenocene, is also observed in the
activation energies. This stronger interaction with theπ-system
is more stabilizing for the more electron-deficient Lu center.
Thus, the lutenocene favors all reactions with propene over
reactions with alkanes, sinceσ-adducts of alkane are not so
stabilizing. Steric factors cannot be neglected, however, and it
was found that they mostly influence the relative reactivity of
alkanes. In order to gain more insight into the influence of
electronic and steric factors, similar studies with theansa-
(silylene)metallocenes are being carried out. In this system, both

electronic and steric effects change relative to the Cp*2MCH3

analogues. Indeed, the metal should be more electron deficient
and the coordination site less crowded than in Cp2MCH3. These
effects have in fact been observed in recent studies of [Me2Si-
(C5Me4)2]ScR ansa complexes.37
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Abstract 

 DFT(B3PW91) calculations have been carried out for the hydromethylation of propene and isobutylene in 
presence of ansa-Me2Si(C5Me4)2ScCH3, modelled by H2Si(C5H4)2ScCH3. The calculations show that the 
hydromethylation of isobutene could be catalytic, but not that for propene, because of a proper combination of 
electronic and steric factors. Several side-reactions have also been considered. Calculations show that the ansa complex 
favors the coordination of an olefin over that of methane,  because of its exalted Lewis acidity, which disfavors 
catalysis. In the case of the more bulky isobutylene, the coordinated olefin complex is less energetically favored, 
allowing the alkane to approach the metal and thus favoring the catalytic reaction.  
 
 

Introduction 

  The functionalization of single bond and 
notably of carbon-hydrogen bonds has been a long-
term goal for its potential applications in the selective 
synthesis of fine chemical. Transition metal complexes 
have had a key role to play in the crucial C-H 
activation step.1 The functionalization of olefins by 
lanthanide or related metal complexes has been widely 
studied. While stoichiometric reactions have been well 
established, catalytic reactions are considerably more 
scarce,2,3 especially in the case of hydromethylation.4,5  

 We have been interested in the 
hydromethylation reaction of olefin catalyzed by 
(C5Me5)2ScCH3, Cp*2ScCH3. Experimental results 
suggest that the reaction of hydromethylation occurs by 
insertion of the olefin into the Sc-methyl bond, 
followed by the activation of methane in a concerted 
metathesis step (Figure 1). This last step regenerates 
the catalyst Cp*2ScCH3 and releases the product of 
addition of methane across the olefin.4 The challenge in 
this reaction is to avoid the unwanted side-reactions 
and in particular the olefin polymerization.  
Experimental results have shown that the ansa complex 
Me2Si(C5Me4)ScMe, 1,  reacts twice as fast with 
methane than Cp*2ScMe, 2,  and is an efficient catalyst 
for the addition of methane across the double bond of 
secondary terminal olefins.5  In contrast, the same 
catalyst is inefficient for primary terminal olefins such 
as propene. For instance, 1 exhibits far less selectivity 
for isobutane formation as compared to 2.4 Furthermore 
it has been shown that that propene inserts into the Sc-
Me bond of 1 to produce the isobutyl complex but the 
catalytic transformation of the methane does not occur.  
 

Cp*2Sc-CH2-CH

CH3

CH3 Propene
Insertion

Cp*2Sc-CH3

CH4

Methane
activation  

 

Figure 1.  Postulated mechanism for the hydromethylation 
of propene 

 
 Computational studies can be useful to get further 
insight in these questions. Earlier computational studies on 
closely related complexes have shown that the energy 
profiles of the hydromethylation of propene by Cp2ScCH3 
and Cp2LuCH3 (Cp = C5H5) results from a subtle balance 
between the Lewis acidity of the metal fragment and steric 
factors.6 Metal Lewis acidity favors the coordination of 
the olefin, which is a better Lewis base than methane. 
However steric factors, directly related to the ion size, 
disfavor the coordination of the olefin for metals with a 
small ion radius and thus favors the hydromethylation 
reaction. We want to extend our studies to ansa complexes 
and show that similar arguments account for the catalytic 
hydromethylation in the case of secondary terminal olefins 
but not in the case primary terminal olefins. Related 
computational studies, have shown the importance of the 
steric factors and the role of the ansa ligand on σ bond 
metathesis.7 The effect influence of ansa bridge has been 
probed by a combination of IR spectroscopy, 
electrochemistry and computational studies in the case of 
zirconocene.8 



 

 We use DFT calculations to analyze the 
energy profiles for the hydromethylation of olefins 
(propene and isobutylene) with the ansa complex 
Me2Si(C5Me4)2ScCH3, 1,  modelled by 
H2Si(C5H4)ScCH3, named Op2ScCH3, 1H. The present 
results are compared with those obtained previously on 
a non-ansa complex, Cp2ScCH3, for a better 
understanding of the role of the ansa ligand.  
 
Computational details.   

 Calculations were carried out at the DFT level 
using the hybrid functional B3PW918 with the 
Gaussian 98 suite of programs.9 Scandium has been 
treated with a RECP from the Stuttgart group10 and the 
corresponding optimized basis set, augmented by a set 

of f polarization function. Si was also treated with a large 
core RECP in combination with the adapted basis set, 
augmented by a polarization d function (exp = 0.284). An 
all-electron 6-31G(d,p) basis set is used for C and H.11 
Geometry optimizations were carried out without any 
symmetry restriction. The nature of the extrema 
(minimum or transition state) was verified with analytical 
frequency calculations. ZPE and entropic contributions 
were calculated using the approximation of harmonic 
frequencies. The results are discussed in term of Gibbs 
free energies G, calculated for T = 298.15K but it has been 
verified that using G, E and E+ZPE gives similar results. 
The population analysis was carried out using the NBO 
method.12  
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Figure 2.  Gibbs free energy profile (kcal mol-1) of the hydromethylation of propene (red) and isobutylene (black) with 
Op2ScCH3.  a-[Sc] = Op2Sc. 
 
 
Results 

 Hydromethylation of propene by Op2ScCH3.   

a) The hydromethylation pathway 

The Gibbs free energy profile of the two-step reaction 
presented in Figure 2 is similar to that found for the 
reaction with Cp2Sc-CH3 and only a brief description is 
necessary.6 The propene binds only weakly to Sc via its π- bond to form, 3, because of the lack of backbonding 
interaction. The Gibbs free energy of coordination of 
the propene is thus dominated by the entropic term and 
the coordination of propene is endergonic by 8.8 kcal 
mol-1. The insertion of the propene occurs via a 4-
center transition state, 4, with a free energy of 13.1 kcal 
mol-1 above the propene adduct. The overall activation 

energy for the propene insertion is 21.9 kcal mol-1and the 
resulting isobutyl complex Op2ScCH2CH(CH3), 5, is 
formed in an exergonic manner (∆G0 = -4.7 kcal mol-1). 

The reaction of methane with the isobutyl complex 
releases isobutane and regenerates the catalyst. This step is 
also exergonic with a ∆G0 of -3.4 kcal mol-1 relative to the 
isobutyl compound and of -8.1 kcal mol-1 relative to the 
separated reactants, Op2ScCH3 and propene. No adduct of 
methane is found as an intermediate before the 4-member 
transition state of the σ-bond metathesis, 6. The activation 
energy of this elementary step is 32.4 kcal mol-1 (27.7 kcal 
mol-1 above the separated reactants). The transition state 
yields directly separated Op2ScCH3 and isobutane.  
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Figure 3. Optimized structures (distances in Å, angles 
in degrees) of the extrema for the hydromethylation of 

propene by Op2ScCH3. 
 
 

The optimized geometries of the minima and 
transition states are shown in Figure 3. In Op2ScCH3, 
the Sc-C bond length is 2.21 Å and the absence of 
agostic interaction is indicated by the direction of the 
C3 axis of the methyl group, which is aligned with the 
Sc-Ca axis. The Sc-Cpct (ct = cyclopentadienyl center) 
distance is 2.17 Å and the angle between the two Sc-
Cpct directions is 130°, which is 7° less than in 
Op2ScCH3. 

In the adduct 3, the propene is almost planar with a 
C=C distance equal to that of free propene (1.34 Å).  
The propene is η2-bonded with a slight shift of Sc 
towards the less substituted carbon (2.87 Å versus 3.04 
Å for the substituted carbon), which is associated with 
the higher electron density on the less substituted 
propene carbon. The geometry of the metal fragment, 
which is essentially not affected by coordinated 

propene, resembles that of Op2ScCH3; for instance the Sc-
C(Me) distance is lengthened by only 0.02 Å.  These 
geometrical features are indicative a weak bonding 
interaction between propene and Op2ScCH3 and account for 
the endergonic formation of this complex.  
 The transition state, 4, for the insertion of propene 
into the Sc-CH3 bond has a planar 4-member ring formed 
by Sc, the carbon of the methyl group and the two carbons 
of the propene π-bond. The two Sc-C bond lengths are 
essentially equal (2.31 and 2.32 Å) and the C-C distance is 
equal to 1.41 Å. The C3 axis of the methyl group points 
towards the closer carbon of propene. As a result, one of the 
hydrogens of the methyl group is pushed towards Sc. This 
lengthens the corresponding C-H bond to 1.12 Å, indicating 
the formation of an agostic interaction. This is further 
supported by the second order pertubation analysis from the 
NBO analysis, which confirms that the σC-H orbital interacts 
with an empty Sc d orbital. 

The isobutyl complex Op2ScCH2CH(CH3)2, 5, 
yield by the insertion of propene into the Sc-Me bond, has 
no remarkable structural features. The Sc-C bond length is 
equal to that in the methyl complex and all hydrogens are 
far from the metal showing the absence of agostic 
interaction. The transition state, 6, for the reaction of the 
isobutyl complex with CH4 to form Op2Sc-CH3 and 
isobutane has the geometrical features previously noted for σ bond metathesis reaction. The squashed Sc-C-H-C 
rhombus with a C-H-C angle of 180° is characteristic of a 
proton transfer between the two alkyl groups (the NBO 
charge of the transferring H is +0.26).  The proton is closer 
to the methyl (1.41 Å) than to the isobutyl group (1.46 Å) in 
agreement with the Hammond postulate.  At the transition 
state, the sp3 lone pairs of the carbon nearer to the metal are 
significantly oriented towards the transfering proton, in 
order to optimize the interaction with the latter. The loss of 
interaction between the alkyl groups and the scandium is 
partially compensated by the agostic interactions at the α-
carbons of the methyl and isobutyl groups. These features 
(free energy profiles and geometries of extrema) are very 
similar to those found in the study of the hydromethylation 
of propene with Cp2Sc-CH3 and subtle differences will be 
discussed later. 
 
b) The side-reactions 

The main reaction path, which gives the expected 
isobutane, has two individual steps with relatively large 
activation energies. Other reactions could lead to by-
products and/or prevent the regeneration of the catalyst. In 
the following, the free energy of reactions and activation 
energies of several plausible reactions described in Figure 
4, are shown in Table 1. Exergonic reactions whose 
activation energies differ by less than 5 kcal mol-1 will be 
considered as able to give side-products, in parallel to the 
main hydromethylation reaction  (this value stems from the 
currently recognized accuracy of computations). 
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Figure 4. Schematic representation of possible reactions forming an alkane derivative between Op2ScCH3, CH4 and 

propene , a[Sc] = ansa-Cp2Sc. 

 

 
Reactant Reaction ΔG0

 ΔG‡ 

 1,2 Propene insertion -4.7 21.9 

 2,1 Propene insertion 2.2 26.2 

Op2ScCH3 Methane activation 0.0 30.6 

 Allylic Propene activation -15.3 28.5 

 Vinylic Propene activation -4.5 26.6 

Op2ScCH2CH(CH3)2 1,2 Propene insertion -4.8 32.3 

 Methane activation -3.4 32.4 

 Allylic Propene activation -18.7 30.7 

 Vinylic Propene activation -7.9 26.1 

Table 1. Energetics for reactions involving propene with Op2ScCH3 and Op2ScCH2CH(CH3)2. Gibbs free energies, ∆G, 
are given in kcal mol-1 relative to the associated reactants. See Figure 4 for definition of the reactions. 

 
 
In our previous study of the hydromethylation of 

propene with Cp2ScCH3,
6 it has been established that 

only the reactions shown on Figure 4 had activation 
energies sufficiently close to those involved in the 
hydromethylation process to yield side-products. Since 
one should not expect major changes in the reactivity 
pattern between the non-ansa and the ansa species, we 
have considered the same reactions. In addition, it 
should be noted that the β-H transfer from the 
isopropyl group to the coordinated propene, (a type of 
reaction often considered as mainly responsible for 
polymerization termination), has been found to have a 
high activation energy (over 40 kcal mol-1) in our study 
of hydromethylation with Cp2ScCH3.

6 This is in 
agreement with the computational studies of Ziegler et 

al.13: it was noted that the β-H transfer, which is a 

facile reaction (low energy barrier) in the absence of steric 
bulk, is strongly disfavored for bulky ligands and 
substituents. In the systems studied here, the presence of 
several methyl groups on the alkyl chain and on the olefin 
should raise sufficiently the energy barrier to make the β-H 
transfer unlikely. Finally, the β-H elimination was not 
studied in the present case because we focus on the 
formation of the alkane with or without regeneration of the 
catalyst. 

 The reactions, which have been considered, are the 
insertion reaction of the propene along the two possible 
orientations and the C-H activations from the propene. The 
metal fragment can be Op2ScCH3 or the isopropyl 
intermediate Op2ScCH2CH(CH3)2. Table 1 shows that the 
propene 2,1 insertion in Op2ScCH3 is endergonic with a 
barrier higher than that of the 1,2 insertion of propene. It 



 

was not considered further because we consider only 
exergonic reactions. 
 The preferred reaction with Op2ScCH3 is the 
1,2 insertion and it forms the isobutyl complex. Only 
the allylic activation of propene would give a 
significantly more stable product but the associated 
activation energy is higher by almost 7 kcal mol-1. This 
difference in activation energy could be sufficient to 
make the 1,2 insertion the only feasible reaction in the 
case of Op2ScCH3. All activation energies are higher 
with the Op2ScCH2CH(CH3)2 intermediate, as expected 
from the increased size of the alkyl chain. Two 
reactions, the vinyl and allylic C-H activations, have 
barriers lower than the C-H activation of CH4. These 
two reactions yield also isobutane but do not regenerate 
the catalyst. The formation of the allylic complex, 
which is very thermodynamically favored, (optimized 
structure shown in Figure 5) would be especially 
efficient in destroying the catalyst. These results agree 
with the experimental observations that isobutane is 
formed in the reaction of Me2Si(C5Me4)ScCH3 with 
propene, even in the absence of methane, and that the 
reaction is not catalytic. The reasons for these 
preferences will be discussed later. 
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Figure 5.  Optimized structure (distances in Å) of 

Op2Sc(η3-CH2-CH-CH2). 
 

Hydromethylation of  isobutylene by Op2ScCH3.   

 The reaction path for hydromethylation of 
isobutylene by the ansa complex Op2ScCH3 was calculated. 
The overall features of the extrema are similar to that found 
for propene: while the distance between Sc and isobutylene 
is larger than for propene (average 0.2 Å longer), the 
geometries of the two transition states are very close for 
isobutylene and propene. The free energy profile from 
Figure 2 shows that all extrema (intermediates as well as 
transition states) are at higher energies (4 to 5 kcal mol-1) 
relative to separated reactants than in the case of propene 
but the formation of neopentane is still exergonic.  

 The activation energies for side-reactions  shown 
in Figure 4, are shown in Table 2. The reaction with the 
lowest activation energy with Op2ScCH3 is the 1,2 
isobutylene insertion; it forms an intermediate 
Op2ScCH2C(CH3)3, which is less stable than the separated 
reactants so that the reverse reaction, the β-Me elimination, 
has a lower activation energy (23.8 kcal mol-1) and is 
favored entropically. The vinylic activation of isobutylene 
has an activation energy only 3 kcal mol-1 higher than the 
1,2 insertion reaction and lead to more stable products. This 
could efficiently yield observable species. The allylic 
activation of isobutene has a high activation energy and 
should not occur even if it would lead to a stable allylic 
complex. The 2,1 isobutylene insertion has a significantly 
higher activation energy, hence isopentyl complex should 
be formed in negligible quantity resulting in the lack of 
formation of isopentane in any significant amount. Thus, 
the steric bulk of the isobutylene raises the activation 
energy of the reactions, where the two methyl groups have 
to be near the cyclopentadienyl rings at the transition states. 
Only the transition state of the vinylic activation of 
isobutylene is less influenced by these steric interactions 
since the two methyl groups remain far from the 
cyclopentadienyl  rings.  

 
Reactant Reaction ΔG0

 ΔG‡ 

 1,2 isobutylene insertion 3.0 26.8 

 2,1 isobutylene insertion 7.9 37.0 

Op2ScCH3 Methane activation  0.0  30.6 

 Vinylic isobutylene activation  -2.7  29.6 

 Allylic isobutylene activation -12.6 31.3 

Op2ScCH2CH(CH3)2 1,2 isobutylene insertion 5.2 37.6 

 Methane activation -7.6 30.3 

 Vinylic isobutylene activation -10.4 30.9 

 Allylic isobutylene activation -20.2 35.7 
 

Table 2. Energetics for reactions involving isobutylene with Op2ScCH3 and Op2ScCH2CH(CH3)2. Gibbs free energies, 
∆G, (kcal mol-1) are given relative the corresponding reactants. See Figures 4 and 6 for definition of the reactions. 

 
These results are in agreement with the 

experimental observations.  The product of vinylic 
activation of isobutylene, Me2Si(C5Me4)Sc-
CH=C(CH3)2 has been observed but is slowly 
consumed during the reaction. The intermediate 
Me2Si(C5Me4)2ScCH2C(CH3)3, resulting from the 1,2 
insertion of isobutylene, has not been isolated but has 
been assigned via incorporation of 13CH3. The 
experiments indicate that the formation of 
Me2Si(C5Me4)2ScCH2C(CH3)3 is reversible through β-

Me elimination, which is well accounted by the endergonic 
formation of Me2Si(C5Me4)2Sc-CH2C(CH3)3. 
 In the case of Op2ScCH2CH(CH3)2, the reaction 
with the lowest activation energy is the C-H activation with 
methane, which yields the desired neopentane and reforms 
the catalyst Op2ScCH3. The vinylic activation of 
isobutylene has almost the same activation energy. The 
other reactions have significantly higher activation energies. 
These computational results are qualitatively in agreement 
with the experimental results. It was shown that the 



 

formation of neopentane requires methane and that the 
reaction is catalytic. No neopentane is formed in 
absence of CH4, which suggests that the activation 
energy of the vinylic activation of isobutylene by 
Op2ScCH2C(CH3)2 has been underestimated. This is 
probably due to the lack of methyl groups on the 
cyclopentadienyl ligands.  
 
Discussion. Comparison between Cp2ScCH3 and 

Op2ScCH3 and between propene and isobutylene.  

The activation energies for the reactions 
studied in this work are given in Figure 6 for 
Cp2ScCH3

6 and Op2ScCH3. For sake of discussion, the 
activation energies for the activation of a primary C-H 
bond in propane (∆G‡ = 34.6 and 33.1 kcal mol-1 for 
Cp2ScCH3 and Op2ScCH3 respectively) and isobutane 
(∆G‡ = 36.1 and 35.8 kcal mol-1 for Cp2ScCH3 and 
Op2ScCH3 respectively) have been added.  

The activation energies are systematically lower 
for the ansa Op2ScCH3 complex, the difference being larger 
for reactions involving the propene when it reacts with the π 
system (insertion and allylic activation) but smaller when it 
reacts with the vinylic CH bond. The activation energies are 
similar for Cp2ScCH3 and Op2ScH3 for alkanes, the 
difference in activation energies decreasing with the alkane 
size. There is no marked geometrical difference between the 
geometries of the transition states for Cp2ScCH3 and 
Op2ScCH3 and in particular the metal-ligand distances are 
essentially equal. A purely steric interpretation of the 
difference in activation energies is therefore not sufficient. 
All reactions with the propene start from the π adduct of 
propene to the metal. The activation energy ∆G‡ was thus 
decomposed into two components: the free energy for 
coordination of the olefin ∆Gc and the difference in free 
energy between the transition state and the π-adduct ∆Ga. 
These values are given for the four reactions studied here 
between propene and Cp2ScCH3 or Op2ScCH3
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Figure 6. Activation Energies (∆G‡ in kcal mol-1) with Cp2ScCH3 (blue), Op2ScCH3 (red) and difference between the 

two values (green). 

Cp2ScCH3 Op2ScCH3 Reaction 

∆Gc
 ∆Ga

 ∆G‡
 ∆Gc

 ∆Ga
 ∆G‡

 

1,2 propene 
insertion 

11.5 13.3 24.8 8.8 13.1 21.9 

2,1 propene 
insertion 

11.6 17.6 28.8 7.7 18.4 26.2 

Allylic 
activation 

11.3 20.4 31.7 9.0 19.5 28.5 

Vinylic 
activation 

11.5 16.5 27.9 9.7 16.6 26.35 

 
Table 3. Decomposition of the activation energies (kcal mol-1) for the reaction of propene with Cp2ScCH3 and 

Op2ScCH3. See text for definition of terms. 
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Figure 7. Optimized geometries (distance in Å) of the transition states for allylic (left) and vinylic (right) activation 
of propene by Op2ScCH3.  

 
 
This analysis shows that the ∆Ga values are similar 

for Cp2ScCH3 and Op2ScCH3 and that the lower 
activation energies for Op2ScCH3 originate from a 
systematically lower (less positive) ∆Gc, indicating a 
stronger interaction between the olefin π-bond and Sc.  

The geometries of the transition states show that the π interactions remain at the transition states (Figure 7). In 
the case of allylic activation, the propene π-bond  of 
points towards and the allyl ligand is almost formed (Sc-
C distances are from 2.8 to 2.55 Å for the two outsides 
carbons). The transferring proton is closer to the allylic 
than the isobutyl ligand. In the case of the vinylic 
addition, the propene π-bond interacts with the metal via 
one carbon, 2.38 Å from Sc. An NBO analysis confirms 
this analysis and the second order pertubation term shows 
that the occupied π orbital of propene interacts with a Sc 
empty d orbital.  

The stronger interaction of the π orbitals of propene 
with Op2ScCH3 than with Cp2ScCH3 is due to the smaller 
angle between the two Cp ligands forced by the ansa 
group. This smaller angle increases the dipole moment of 
Op2ScCH3 relative to Cp2ScCH3. Propene acts as a better 

coordinating ligand than an alkane, which is a very poor 
Lewis base. As a consequence, everything being equal, 
coordination and consequent reactions with propene are 
preferred over reactions with CH4. It results that, after 
propene has inserted into the Sc-CH3 bond, (the most 
favorable reaction for Op2ScCH3), the following step still 
involves preferably propene. This preference holds even 
in the case of Op2ScCH2CH(CH3)2 but the steric effects 
increase the energies of all intermediates and transition 
states.  

To allow CH4 to react with the product of olefin 
insertion, the olefin coordination should be prevented. 
This can be done by increasing the steric bulk of the 
olefin, hence a secondary terminal olefin such as 
isobutylene in place of propene. To analyse further the 
effect of the replacement of propene by isobutylene, we 
have carried the energy decomposition scheme as done in 
the case of propene. The total activation energy has been 
decomposed in the free energy for coordination of the 
olefin ∆Gc and remaining ∆Ga in the case of reaction with 
Op2ScCH3.  

 
 

Reaction ∆Gc
 ∆Ga

 ∆G‡
 

1,2 isobutylene insertion 10.0 16.8 26.8 

2,1 isobutylene insertion 10.5 26.5 37.0 

Allylic activation 9.3 21.9 29.6 

Vinylic activation 10.0 19.7 31.3 
 
Table 4. Decomposition of the activation energies (kcal mol-1) for the reaction of isobutylene with Op2ScCH3. See 

text for details. 
 

 
Comparing the values of Tables 3 and 4 shows that 

the coordination energies are weaker for isobutylene 
(higher free energies of coordination) by as high as 2 kcal 
mol-1. This has mostly a steric origin because isobutylene 
is more electron rich than propene. However, the main 
origin of the higher activation energies for the reactions 
involving isobutylene compared to propene originate 
from the other term ∆Ga. Since the geometries of the 
transition states are essentially the same when the olefin 
or the alkyl group bonded to Sc change, increasing bulk 

in the olefin and alkyl group raises the energy of these 
transition states. The steric effect is maximized in the 
allylic activation  because of the methyl groups of the 
olefin pointing towards the cyclopentadienyl rings. It is 
much smaller for the vinylic activation since the two 
methyl groups remain far from the cyclopentadienyl 
rings. In total the reaction of the isobutylene is 
significantly hampered, allowing the methane group to 
react preferentially with Op2ScCH2C(CH3)3. This favors 
the catalytic hydromethylation to occur. 



 

Conclusion  

The analysis presented here shows how the 
electronic factors determined by the Lewis acidity of the 
metal fragment, the Lewis basicity of the organic systems 
and the steric factors play a role in determining the 
catalytic properties of metallocene complexes. The key 
point in this reaction is to manipulate the Lewis 
acidity/basicity of the metallic and organic species by 
appropriate steric factors to prevent the metal center to 
systematically prefer the olefin over the very inert 
methane. The same argument has been developed in the 
comparison of Cp2ScCH3 and Cp2LuCH3. The latter was 
a stronger Lewis acid and this did not permit the 
hydromethylation to be catalytic.6 In the present case, the 
presence of the ansa group increased the Lewis acidity of 
the metal fragment which in turn disfavors the catalytic 
process. The calculations show that the activation 
energies of all reactions involving the olefin, including 
the CH vinylic activation are lowered by the interaction 
between π bond and the metal center.  This accounts in 
particular for the presence of intermediate like 
Me2Si(C5Me4)ScCH=(CH3)2. These studies illustrate the 
sensitivity of the catalytic activity to small modifications 
of the reactants. 
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❈❤❛♣✐tr❡ ❈

❍②❞r♦s✐❧②❧❛t✐♦♥ ❞❡s ❛❧❝è♥❡s ❝❛t❛❧②sé❡

♣❛r ❞❡s ❤②❞r✉r❡s ❞❡ ❧❛♥t❤❛♥✐❞❡

❈✳✶ ■♥tr♦❞✉❝t✐♦♥ ❡t ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s

▲❛ ré❛❝t✐♦♥ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ♣❡r♠❡t ❞❡ tr❛♥s❢♦r♠❡r ✉♥ ❛❧❝è♥❡ ❡♥ s✐❧❛♥❡ s❡❧♦♥ ❧✬éq✉❛✲

t✐♦♥ s✉✐✈❛♥t❡ ✭❈✳✶✮✳ ▲✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✬✉♥ ❛❧❝è♥❡ ❞♦♥♥é ♣❡✉t ❝♦♥❞✉✐r❡ à ❞❡✉① ✐s♦♠èr❡s

❞✐✛ér❡♥ts ✿ ❧❡ ♣r♦❞✉✐t ❞✐t ✧❧✐♥é❛✐r❡✧✱ ❞❛♥s ❧❡q✉❡❧ ❧❡ ❣r♦✉♣❡ s✐❧②❧ s✬❡st ❛❞❞✐t✐♦♥♥é s✉r ❧❡

❝❛r❜♦♥❡ ✶ ❞❡ ❧❛ ❞♦✉❜❧❡ ❧✐❛✐s♦♥ ❞❡ ❧✬❛❧❝è♥❡ ❡t ❧✬❤②❞r♦❣è♥❡ s✉r ❧❡ ❝❛r❜♦♥❡ ✷✱ ❡t ❧❡ ♣r♦❞✉✐t

❞✐t ✧❜r❛♥❝❤é✧✱ ♣♦✉r ❧❡q✉❡❧ ❧✬❛❞❞✐t✐♦♥ s✬❡st ♣r♦❞✉✐t❡ ❛✈❡❝ ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ✐♥✈❡rs❡✳ ❈❡

❞❡r♥✐❡r ♣rés❡♥t❡ ✉♥ ❣r❛♥❞ ✐♥térêt ❝❛r ✐❧ ♣❡✉t êtr❡ ❝♦♥✈❡rt✐ ❡♥ ✉♥ ❛❧❝♦♦❧ s❡❝♦♥❞❛✐r❡ ♣❛r ✉♥❡

♦①②❞❛t✐♦♥ ❡♥ ❝♦♥❞✐t✐♦♥ ❛❝✐❞❡ ♦✉ ❜❛s✐q✉❡ ❬✺✵❪✳

❋✐❣✳ ❈✳✶✿ ❇✐❧❛♥ ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✬✉♥ ❛❧❝è♥❡✳ ❊①❡♠♣❧❡ ❛✈❡❝ SiH4✳

▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s ❝♦♠♠❡ ❝❛t❛❧②s❡✉rs ❞✬❤②✲

❞r♦s✐❧②❧❛t✐♦♥ ❛ ❢❛✐t ❧✬♦❜❥❡t ❞❡ ♥♦♠❜r❡✉s❡s ét✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s ❬✽✷✱ ✶✸✺✕✶✹✷❪✳ ▲❡s ❝♦♠✲

♣❧❡①❡s ❧❡s ♣❧✉s ❡♠♣❧♦②és s♦♥t ❞❡ t②♣❡ ♠ét❛❧❧♦❝è♥❡ Cp′2LnR✱ ❛✈❡❝ Cp′ = C5H5 ♦✉ C5Me5✱

Ln = Nd✱ Sm✱ Lu ♦✉ Y ❡t R = H✱ CH3 ♦✉ CH(TMS)2✳ ❙❡❧♦♥ ❧❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥✲

t❛✉①✱ ❝❡s ❝♦♠♣♦sés ❝❛t❛❧②s❡♥t ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞❡ ❞✐✈❡rs ❛❧❝è♥❡s ❛✈❡❝ ❞❡ ❜♦♥s r❡♥❞❡♠❡♥ts✱

s♦✉✈❡♥t s✉♣ér✐❡✉rs à ✾✵✪✳ ❆✐♥s✐ q✉❡ ♥♦✉s ❧❡ ♠♦♥tr❡r♦♥s ❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ ❈✳✶✳✷✱ ❧❛ ré✲

❣✐♦sé❧❡❝t✐✈✐té ❞❡ ❧❛ ré❛❝t✐♦♥ ✈❛r✐❡ q✉❛♥t à ❡❧❧❡ ❡♥ ❢♦♥❝t✐♦♥ ❧❛ ♥❛t✉r❡ ❞❡ ❧✬❛❧❝è♥❡ ❡t ❞✉ s✐❧❛♥❡

❡♠♣❧♦②és✱ ❞✉ ❝❛t❛❧②s❡✉r ✉t✐❧✐sé ❡t ❞❡s ❝♦♥❞✐t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s✳ ▲❛ ♣❧✉♣❛rt ❞❡s ét✉❞❡s
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s♦♥t ❡✛❡❝t✉é❡s ❛✈❡❝ ❧❡ ♣❤é♥②❧s✐❧❛♥❡ PhSiH3✱ ❞❛♥s ✉♥ s♦❧✈❛♥t ❛♣♦❧❛✐r❡ ❡t ❛♣r♦t✐q✉❡✱ ❡t à

t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ❀ ❧❛ ré❛❝t✐♦♥ ❡st ♣❛r❢♦✐s ✐♥✐t✐é❡ ♣❛r ❧✬❛❥♦✉t ❞✬✉♥❡ ♣❡t✐t❡ q✉❛♥t✐té ❞❡

❞✐❤②❞r♦❣è♥❡✳

❈✳✶✳✶ ❉♦♥♥é❡s ❝✐♥ét✐q✉❡s ❡t ♠é❝❛♥✐s♠❡s ♣r♦♣♦sés

◆♦✉s ♥♦✉s ❢♦❝❛❧✐s❡r♦♥s à ♣rés❡♥t ❧❛ ré❛❝t✐♦♥ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❝❛t❛❧②sé❡ ♣❛r ❧❡s ❝♦♠✲

♣❧❡①❡s ♦r❣❛♥♦❧❛♥t❤❛♥✐❞❡s ❞❡ t②♣❡ ♠ét❛❧❧♦❝è♥❡ Cp′2LnR✳ ❙❡❧♦♥ ❧❡s ét✉❞❡s ♠é❝❛♥✐st✐q✉❡s

❡①♣ér✐♠❡♥t❛❧❡s✱ ❧❛ ré❛❝t✐♦♥ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❡st ❞✬♦r❞r❡ ✵ ♣❛r r❛♣♣♦rt à ❧✬❛❧❝è♥❡ ❡t ❞✬♦r❞r❡

✶ ♣❛r r❛♣♣♦rt ❛✉ s✐❧❛♥❡ ❡t ❛✉ ❝❛t❛❧②s❡✉r ❬✽✷✱ ✶✸✼❪✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ♣❛r ✉♥

❝❛t❛❧②s❡✉r ❞❡ t②♣❡ Cp′2LnCH(TMS)2 ✭TMS = SiMe3✮ ❡t ❡♥ ♣rés❡♥❝❡ ❞❡ ❞✐❤②❞r♦❣è♥❡✱

♦♥ ♦❜s❡r✈❡ ❧❛ ❢♦r♠❛t✐♦♥ r❛♣✐❞❡ ❞❡s ❝♦♠♣♦sés CH2(TMS)2 ❡t PhH2SiCH(TMS)2✱ ❝❡ q✉✐

❡st ♣r♦❜❛❜❧❡♠❡♥t ❛ss♦❝✐é à ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❤②❞r✉r❡ ❞❡ ❧❛♥t❤❛♥✐❞❡ Cp′2LnH ♣❛r ❛❝t✐✈❛✲

t✐♦♥ ❞✉ s✐❧❛♥❡ ♦✉ ❞✉ ❞✐❤②❞r♦❣è♥❡✳ ❊♥✜♥✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❞✐s✐❧❛♥❡✱ ✐ss✉ ❞✬✉♥❡ ré❛❝t✐♦♥

❞❡ ❞é❤②❞r♦♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ s✐❧❛♥❡✱ ❡st ♣❛r❢♦✐s ♦❜s❡r✈é❡✳

❆ ♣❛rt✐r ❞❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉①✱ ❞❡✉① ❝②❝❧❡s ❝❛t❛❧②t✐q✉❡s ♦♥t été ♣r♦♣♦sés ♣♦✉r

❞é❝r✐r❡ ❧❡ ♠é❝❛♥✐s♠❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❝❛t❛❧②t✐q✉❡ ❞❡s ❛❧❝è♥❡s ♣❛r ❧❡s ♠ét❛❧❧♦❝è♥❡s ❞❡

❧❛♥t❤❛♥✐❞❡s ❬✶✸✼✱✶✹✸❪ ✭❝❢✳ ✜❣✉r❡ ❈✳✷✮✳

❋✐❣✳ ❈✳✷✿ ❙❝é♥❛r✐♦s ♠é❝❛♥✐st✐q✉❡s ♣♦ss✐❜❧❡s ♣♦✉r ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞❡s ❛❧❝è♥❡s ❝❛t❛❧②sé❡ ♣❛r ❞❡s
❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s✳ ❊①❡♠♣❧❡ ❛✈❡❝ ❧❡ ♣r♦♣è♥❡ ❡t SiH4✳ [Ln] r❡♣rés❡♥t❡
❧❡ ❢r❛❣♠❡♥t ♠ét❛❧❧✐q✉❡ Cp′2Ln

❉❛♥s ❧❡ ♠é❝❛♥✐s♠❡ ❆✱ ❧✬❡s♣è❝❡ ❛❝t✐✈❡ ❡st s✉♣♣♦sé❡ êtr❡ ❧✬❤②❞r✉r❡ ❞❡ ❧❛♥t❤❛♥✐❞❡✱ ❣é♥éré
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✐♥ s✐t✉ ♣❛r ❧✬❛❝t✐✈❛t✐♦♥ ❞✉ s✐❧❛♥❡ ✭♦✉ ❞✉ ❞✐❤②❞r♦❣è♥❡ s✬✐❧ ❡st ♣rés❡♥t✮ ♣❛r ❧❡ ❝♦♠♣❧❡①❡

♦r❣❛♥♦❧❛♥t❤❛♥✐❞❡✱ ❝❡❧✉✐✲❝✐ t❡♥❛♥t ❛❧♦rs ❧❡ rô❧❡ ❞❡ ♣ré❝❛t❛❧②s❡✉r✳ ❈❡ ❝②❝❧❡ ❡st ❝♦♥st✐t✉é ❞❡

❞❡✉① ré❛❝t✐♦♥s é❧é♠❡♥t❛✐r❡s ✿ ❧❛ ♣r❡♠✐èr❡ ❡st ❧✬✐♥s❡rt✐♦♥ ❞❡ ❧✬❛❧❝è♥❡ ❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥ ✶✱✷

❞❛♥s ❧❛ ❧✐❛✐s♦♥ Ln − H ❞❡ ❧✬❤②❞r✉r❡✱ ♣♦✉r ❞♦♥♥❡r ✉♥ ❝♦♠♣❧❡①❡ ❛❧❦②❧❡ ❀ ❝❡ ❞❡r♥✐❡r ❛❝t✐✈❡

❡♥s✉✐t❡ ✉♥❡ ❞❡s ❧✐❛✐s♦♥s Si−H ❞✉ s✐❧❛♥❡✱ ♣❛r ✉♥ ♠é❝❛♥✐s♠❡ ❞❡ ♠ét❛t❤ès❡✱ ❛✈❡❝ ❧❡ s✐❧✐❝✐✉♠

❡♥ ♣♦s✐t✐♦♥ β ♣❛r r❛♣♣♦rt ❛✉ ♠ét❛❧ à ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ✭❝❢✳ ✜❣✉r❡ ❈✳✷✮✳ ❈❡tt❡ ré❛❝t✐♦♥

❧✐❜èr❡ ❧❡ ♣r♦❞✉✐t ❧✐♥é❛✐r❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❡t ré❣é♥èr❡ ❧✬❤②❞r✉r❡✳ ❯♥ ♠é❝❛♥✐s♠❡ ❛♥❛❧♦❣✉❡

❛ été ♣r♦♣♦sé ❡t ✈❛❧✐❞é ♣♦✉r ❧✬❤②❞r♦❜♦r❛t✐♦♥ ❝❛t❛❧②t✐q✉❡ ❞❡s ❛❧❝è♥❡s ♣❛r ❞❡s ❝♦♠♣♦sés ❞❡

❧❛♥t❤❛♥✐❞❡ ❬✶✷✾✱✶✹✹❪✳

▲❡ ♠é❝❛♥✐s♠❡ ❇ ✐♠♣❧✐q✉❡ ❧❛ ❢♦r♠❛t✐♦♥ ✐♥ s✐t✉ ❞✬✉♥ ❝♦♠♣❧❡①❡ s✐❧②❧❡ q✉✐ ❝♦♥st✐t✉❡ ❛❧♦rs

❧✬❡s♣è❝❡ ❛❝t✐✈❡✳ ❉❛♥s ❝❡ ❝❛s✱ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ s❡ ♣r♦❞✉✐t ♣❛r ✉♥❡ ✐♥s❡rt✐♦♥ ✶✱✷ ❞❡ ❧✬❛❧❝è♥❡

❞❛♥s ❧❛ ❧✐❛✐s♦♥ Ln − Si ❞✉ ❝❛t❛❧②s❡✉r✱ s✉✐✈✐❡ ♣❛r ❧✬❛❝t✐✈❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥ Si − H ❞✉

s✐❧❛♥❡ ❛✈❡❝ ❧❡ s✐❧✐❝✐✉♠ ❡♥ ♣♦s✐t✐♦♥ α ♣❛r r❛♣♣♦rt ❛✉ ♠ét❛❧ à ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥✱ ❝❡ q✉✐

❧✐❜èr❡ ❧❡ ♣r♦❞✉✐t ❜r❛♥❝❤é ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❡t ré❣é♥èr❡ ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡✳ ❈❡ ♠é❝❛♥✐s♠❡ ❡st

s✐♠✐❧❛✐r❡ à ❝❡❧✉✐ ❞❡s ré❛❝t✐♦♥s ❞✬❤②❞r♦❛♠✐♥❛t✐♦♥ ❬✶✸✶✱✶✹✺❪✱ ❞✬❤②❞r♦♣❤♦s♣❤✐♥❛t✐♦♥ ❬✶✸✵✱✶✹✻❪

❡t ❞✬❤②❞r♦♠ét❤②❧❛t✐♦♥ ✭❝❢✳ ❝❤❛♣✐tr❡ ❇✮ ❝❛t❛❧②sé❡s ♣❛r ❞❡s ♦r❣❛♥♦❧❛♥t❤❛♥✐❞❡s✳

❆✐♥s✐ q✉✬✐❧ ❛ été ♠♦♥tré ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ❬✶✷✹✱ ✶✷✺✱ ✶✹✼❪✱ ❧❡ s✐❧✐❝✐✉♠ ♣❡✉t s❡ tr♦✉✈❡r

❛✉ss✐ ❜✐❡♥ ❡♥ ♣♦s✐t✐♦♥ α q✉✬❡♥ ♣♦s✐t✐♦♥ β ❞❛♥s ❧❡s ét❛ts ❞❡ tr❛♥s✐t✐♦♥ ❞❡ ♠ét❛t❤ès❡✳ P❛r

❝♦♥séq✉❡♥t✱ ❧❡s ❞❡✉① ❝②❝❧❡s ♣r♦♣♦sés s♦♥t ♣❡rt✐♥❡♥ts✳ ❚♦✉t❡❢♦✐s✱ s❡❧♦♥ ❧❡s ❡①♣ér✐♠❡♥t❛t❡✉rs✱

❧❡ ❝❤❡♠✐♥ ❆✱ ♣♦✉r ❧❡q✉❡❧ ❧✬❡s♣è❝❡ ❛❝t✐✈❡ ❡st ❧✬❤②❞r✉r❡ ❞❡ ❧❛♥t❤❛♥✐❞❡✱ ❡st ♣ré❞♦♠✐♥❛♥t

❬✽✷✱ ✶✸✼✱ ✶✸✽❪✳ ❊♥ ❡✛❡t✱ ❧❡s ❞♦♥♥é❡s ❝✐♥ét✐q✉❡s s♦♥t ❝♦♠♣❛t✐❜❧❡s ❛✈❡❝ ✉♥❡ ✐♥s❡rt✐♦♥ r❛♣✐❞❡

❞❡ ❧✬❛❧❝è♥❡ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Ln − H✱ ❡t ❧✬ét❛♣❡ ❧✐♠✐t❛♥t❡ s❡r❛✐t ❛❧♦rs ❧✬❛❝t✐✈❛t✐♦♥ ❞✉ s✐❧❛♥❡✳

▲❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬✐s♦♠èr❡ ❜r❛♥❝❤é ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❡st ❛❧♦rs s✉♣♣♦sé❡ ♣r♦✈❡♥✐r ❞✬❡rr❡✉rs

❞✬✐♥s❡rt✐♦♥ ❞❡ ❧✬❛❧❝è♥❡✳ ❈❡♣❡♥❞❛♥t✱ ❝❡ t②♣❡ ❞✬❡rr❡✉r ❡st r❛r❡ ❡t ♥❡ s✉✣t ♣r♦❜❛❜❧❡♠❡♥t ♣❛s

à ❥✉st✐✜❡r ♣♦✉rq✉♦✐ ❧❡ ♣r♦❞✉✐t ❜r❛♥❝❤é ❡st ♣❛r❢♦✐s ♠❛❥♦r✐t❛✐r❡ ✭❝❢✳ ♣❛r❛❣r❛♣❤❡ ❈✳✶✳✷✮✳

❈✳✶✳✷ ❊✈♦❧✉t✐♦♥ ❞❡ ❧✬❡✣❝❛❝✐té ❝❛t❛❧②t✐q✉❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ré❛❝t✐❢s✱

❞✉ ❝❛t❛❧②s❡✉r ❡t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡

▲❡s rè❣❧❡s ❣♦✉✈❡r♥❛♥t ❧✬❡✣❝❛❝✐té ❝❛t❛❧②t✐q✉❡ ❛✐♥s✐ q✉❡ ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❞❡ ❧✬❤②❞r♦s✐✲

❧②❧❛t✐♦♥ s♦♥t ❞✐✣❝✐❧❡s à ❞ét❡r♠✐♥❡r✳ ❊♥ ❡✛❡t✱ ❧❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉① s❡♠❜❧❡♥t ✈❛r✐❡r

❞❡ ❢❛ç♦♥ ❞r❛st✐q✉❡ ❡♥ ❢♦♥❝t✐♦♥ ♥♦♥ s❡✉❧❡♠❡♥t ❞❡s ré❛❝t✐❢s ❡♠♣❧♦②és✱ ♠❛✐s é❣❛❧❡♠❡♥t ❞✉

❝❛t❛❧②s❡✉r ❝❤♦✐s✐ ❡t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❧❛ ré❛❝t✐♦♥✳

■♥✢✉❡♥❝❡ ❞❡s ré❛❝t✐❢s

▲❛ t❛❜❧❡ ❈✳✶ ♣rés❡♥t❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉① ❡♥ ❢♦♥❝t✐♦♥ ❞✉ s✐❧❛♥❡

❡♠♣❧♦②é✱ ♣♦✉r ✉♥ ❛❧❝è♥❡ ❞♦♥♥é ❡t ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s ✜①é❡s✳ ❖♥ ♦❜s❡r✈❡
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✉♥❡ ♥❡tt❡ ❞✐♠✐♥✉t✐♦♥ ❞✉ r❡♥❞❡♠❡♥t ❛✈❡❝ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡✳ ❉❡ ♣❧✉s✱ ❧❡s ❞ér✐✈és ❞✉

♣❤é♥②❧s✐❧❛♥❡ s❡♠❜❧❡♥t êtr❡ ♣❧✉s ❡✣❝❛❝❡s q✉❡ ❧❡s s✐❧❛♥❡s n✲❧✐♥ér❛✐r❡s✳ ❈✬❡st ♣♦✉rq✉♦✐ ❧❡ ♣❤é✲

♥②❧s✐❧❛♥❡ ❡st ❡♠♣❧♦②é ❞❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s ét✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s✳ ▲✬❡✛❡t ❞❡ ❧❛ s✉❜st✐t✉t✐♦♥

❞✉ s✐❧❛♥❡ s✉r ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❡st q✉❛♥t à ❧✉✐ ❞✐✣❝✐❧❡ à ❛♥❛❧②s❡r✳

❙✐❧❛♥❡ ❘❡♥❞❡♠❡♥t ✭✪✮ ■s♦♠èr❡ ❧✐♥é❛✐r❡ ✭✪✮
PhSiH3 ✽✼ ✸✶

PhMeSiH2 ✽✷ ✶✸
PhMe2SiH ✵ ♥✳❞✳

n − C6H13 − SiH3 ✻✹ ✷✸

❚❛❜✳ ❈✳✶✿ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡ s✉r ❧❡ r❡♥❞❡♠❡♥t ❡t ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❞❡ ❧✬❤②❞r♦s✐✲
❧②❧❛t✐♦♥✳ ❈♦♥❞✐t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s ✿ ❝❛t❛❧②s❡✉r= Cp⋆

2NdH✱ ❛❧❝è♥❡=st②rè♥❡✱ t❡♠♣ér❛t✉r❡=✽✵✝❈✱
❛❜s❡♥❝❡ H2✱ s♦❧✈❛♥t=❜❡♥③è♥❡✱ t❡♠♣s=✷ ❥♦✉rs ❬✶✸✺❪

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧✬é✈♦❧✉t✐♦♥ ❞✉ r❡♥❞❡♠❡♥t ❡t ❞❡ ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❞❡ ❧✬❤②❞r♦s✐❧②❧❛✲

t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛❧❝è♥❡ ❡♠♣❧♦②é✱ ❝❡rt❛✐♥❡s t❡♥❞❛♥❝❡s ❣é♥ér❛❧❡s ♣❡✉✈❡♥t êtr❡ ❞é❣❛❣é❡s

✭❝❢✳ t❛❜❧❡ ❈✳✷✮✳ ●❧♦❜❛❧❡♠❡♥t✱ ♦♥ ♣❡✉t ♦❜s❡r✈❡r q✉❡ ❧❡ r❡♥❞❡♠❡♥t ❡t ❧❡ t✉r♥✲♦✈❡r ❞❡ ❧❛

ré❛❝t✐♦♥ s♦♥t ❞✬❛✉t❛♥t ♣❧✉s ❢❛✐❜❧❡s q✉❡ ❧❛ ❞♦✉❜❧❡ ❧✐❛✐s♦♥ ❡st s✉❜st✐t✉é❡✳ ▲❛ ré❣✐♦sé❧❡❝t✐✈✐té

s❡♠❜❧❡ ❧✐é❡ ❛✉ t②♣❡ ❞✬❛❧❝è♥❡ ✿ ❧❡ st②rè♥❡ ❡t s❡s ❞ér✐✈és ❝♦♥❞✉✐s❡♥t ❞❡ ♣ré❢ér❡♥❝❡ ❛✉ ♣r♦❞✉✐t

❜r❛♥❝❤é✱ ❛❧♦rs q✉❡ ❧❡s ❛❧❝è♥❡s n✲❧✐♥é❛✐r❡s s♦♥t ❝♦♥✈❡rt✐s ♣r✐♥❝✐♣❛❧❡♠❡♥t ❡♥ ♣r♦❞✉✐t ❧✐♥é❛✐r❡✳

❈❡♣❡♥❞❛♥t✱ ❡♥ r❛✐s♦♥ ❞✉ ❣r❛♥❞ ♥♦♠❜r❡ ❞✬❡①❝❡♣t✐♦♥s ♦❜s❡r✈é❡s✱ ✐❧ ❡st ❞✐✣❝✐❧❡✱ à ♣❛rt✐r ❞❡s

s❡✉❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✱ ❞❡ r❡❧✐❡r ❞❡ ❢❛ç♦♥ s②sté♠❛t✐q✉❡ ❧❛ s✉❜st✐t✉t✐♦♥ ❞❡ ❧✬❛❧❝è♥❡

❡t ❧❡ r❡♥❞❡♠❡♥t ♦✉ ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❞❡ ❧❛ ré❛❝t✐♦♥ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✳

■♥✢✉❡♥❝❡ ❞✉ ❝❛t❛❧②s❡✉r

▲❡ r❡♥❞❡♠❡♥t ❡t s✉rt♦✉t ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ s♦♥t é❣❛❧❡♠❡♥t ✐♥✢✉❡♥✲

❝és ♣❛r ❧❡ ♠ét❛❧❧♦❝è♥❡ ❡♠♣❧♦②é✳ ▲❛ t❛❜❧❡ ❈✳✸ ♣rés❡♥t❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡s rés✉❧t❛ts ❞✬❤②❞r♦✲

s✐❧②❧❛t✐♦♥ ❞✉ ✶✲❞é❝è♥❡ ❛✈❡❝ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ ❧❛♥t❤❛♥✐❞❡ ♦✉ ❧❡ ❝❤❛♥❣❡♠❡♥t ❞❡s ❧✐❣❛♥❞s✳

◗✉❡❧ q✉❡ s♦✐t ❧❡ ❝❛t❛❧②s❡✉r✱ ❧❡ r❡♥❞❡♠❡♥t ❡st é❧❡✈é✱ ♠❛✐s ✢✉❝t✉❡ ❞❡ ✽✸ à ✾✽✪✳ P♦✉r ✉♥

❧✐❣❛♥❞ ❞♦♥♥é✱ ❧❡s ❧❛♥t❤❛♥✐❞❡s ❞❡ ❧❛ ✜♥ ❞❡ ❧❛ sér✐❡ ✭Y b✱ Lu✮✱ q✉✐ ♣♦ssè❞❡♥t ❧❡ ♣❧✉s ♣❡t✐t

r❛②♦♥ ✐♦♥✐q✉❡✱ ❝♦♥❞✉✐s❡♥t à ❧❛ ❢♦r♠❛t✐♦♥ ❡①❝❧✉s✐✈❡ ❞✉ ♣r♦❞✉✐t ❧✐♥é❛✐r❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❀

❛✉ ❝♦♥tr❛✐r❡✱ ❞❛♥s ❧❡ ❝❛s ❞❡s ❧❛♥t❤❛♥✐❞❡s ❞✉ ❞é❜✉t ❞❡ ❧❛ sér✐❡ ✭La✱ Nd✱ Sm✮✱ ❧❛ ❢♦r♠❛t✐♦♥

❞✉ ♣r♦❞✉✐t ❜r❛♥❝❤é ❡st é❣❛❧❡♠❡♥t ♦❜s❡r✈é❡✳ ❉❡ ♣❧✉s✱ ♣♦✉r ✉♥ ♠ét❛❧ ❞♦♥♥é✱ ❧✬♦✉✈❡rt✉r❡ ❞❡

❧❛ s♣❤èr❡ ❞❡ ❝♦♦r❞✐♥❛t✐♦♥ ♣❛r ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥ ❧✐❣❛♥❞ ♣♦♥té ❞❡ t②♣❡ ❛♥s❛ s❡♠❜❧❡ ❢❛✈♦r✐s❡r

❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❜r❛♥❝❤é✳

✽✷



❆❧❝è♥❡ ❘é❢✳
❘❡♥❞❡♠❡♥t

✭✪✮
❚✳❖✳❋✳ ✭❤−1✮ ■s♦♠èr❡ ❧✐♥é❛✐r❡ ✭✪✮

❛✮ ✽✼ ♥✳❞✳ ✸✶

❛✮ ✽✼ ♥✳❞✳ ❃ ✾✾

❛✮ ✶✾ ♥✳❞✳ ❃ ✾✾

❜✮ ✾✽ ✷✺ ❁ ✶

❜✮ ✽✺ ✶✷ ❁ ✶

❜✮ ✾✽ ✶✵ ❁ ✶

❜✮ ✼✹ ✶✷✵ ✷✹

❜✮ ✾✻ ✶✵ ✶✵✵

❜✮ ✾✽ ✶✵ ✶✵✵

❚❛❜✳ ❈✳✷✿ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ s✉❜st✐t✉t✐♦♥ ❞❡ ❧✬❛❧❝è♥❡ s✉r ❧❡ r❡♥❞❡♠❡♥t ❡t ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❞❡
❧✬❤②❞r♦s✐❧②❧❛t✐♦♥✳ ❚✳❖✳❋✳ ✿ ❢réq✉❡♥❝❡ ❞❡ t✉r♥✲♦✈❡r✳ ❈♦♥❞✐t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s ✿ ❛✮ ❝❛t❛❧②s❡✉r=
Cp⋆

2NdH✱ s✐❧❛♥❡= PhSiH3✱ t❡♠♣ér❛t✉r❡=✽✵✝❈✱ ❛❜s❡♥❝❡ H2✱ s♦❧✈❛♥t=❜❡♥③è♥❡✱ t❡♠♣s=✷ ❥♦✉rs
❬✶✸✺❪ ❜✮ ❝❛t❛❧②s❡✉r= Me2SiCp”2SmCH(TMS)2✱ s✐❧❛♥❡ = PhSiH3✱ t❡♠♣ér❛t✉r❡=✷✸✝❈✱ ♣r❡ss✐♦♥
H2 =✶ ❛t♠✱ s♦❧✈❛♥t=❜❡♥③è♥❡✲❞✻ ❬✶✸✼❪

■♥✢✉❡♥❝❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡

❊♥✜♥✱ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ré❛❝t✐♦♥ s❡♠❜❧❡ ❛✈♦✐r ✉♥ ❡✛❡t ✐♠♣♦rt❛♥t ❛✉ss✐ ❜✐❡♥ s✉r ❧❡

r❡♥❞❡♠❡♥t ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ q✉❡ s✉r s❛ ré❣✐♦sé❧❡❝t✐✈✐té✳ ❆✐♥s✐ q✉❡ ❧✬✐♥❞✐q✉❡ ❧❛ t❛❜❧❡ ❈✳✹

❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ✶✲❤❡①è♥❡✱ ❜✐❡♥ q✉❡ ❧❛ ❢réq✉❡♥❝❡ ❞❡ t✉r♥✲♦✈❡r ❛✉❣♠❡♥t❡

❞❡ ❢❛ç♦♥ ❝♦♥st❛♥t❡ ❛✈❡❝ ❧❛ t❡♠♣ér❛t✉r❡✱ ❧❡ r❡♥❞❡♠❡♥t ✜♥❛❧ ❡st ♠❛①✐♠❛❧ ♣♦✉r ✉♥❡ t❡♠♣é✲

r❛t✉r❡ ❞❡ ✷✸✝❈✳ ❈❡❝✐ ✐♥❞✐q✉❡ ❧❛ ♣rés❡♥❝❡ ❞❡ ré❛❝t✐♦♥s ♣❛r❛s✐t❡s ♥♦♥ ♣r♦❞✉❝t✐✈❡s ♣♦✉✈❛♥t

❡♥tr❡r ❡♥ ❝♦♠♣ét✐t✐♦♥ ❛✈❡❝ ❧❛ ré❛❝t✐♦♥ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✱ ❝❡ q✉✐ ❡♥tr❛î♥❡ ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞✉

r❡♥❞❡♠❡♥t ♣♦✉r ❧❡s ❤❛✉t❡s t❡♠♣ér❛t✉r❡s✳ ❊♥✜♥✱ ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té s❡♠❜❧❡ êtr❡ ✐♥✢✉❡♥❝é❡

♣❛r ❧❛ t❡♠♣ér❛t✉r❡✱ ♠❛✐s ❛✉❝✉♥❡ t❡♥❞❛♥❝❡ ❝❧❛✐r❡ ♥❡ ♣❡✉t êtr❡ ❞é❣❛❣é❡✳

✽✸



❈❛t❛❧②s❡✉r ❘❡♥❞❡♠❡♥t ✭✪✮ ■s♦♠èr❡ ❧✐♥é❛✐r❡ ✭✪✮
Cp⋆

2LaCH(TMS)2 ✾✵ ✻✻
Cp⋆

2NdCH(TMS)2 ✽✺ ✼✻
Cp⋆

2SmCH(TMS)2 ✾✵ ✾✷
Cp⋆

2Y bCH(TMS)2 ✾✶ ✶✵✵
Cp⋆

2LuMe(THF ) ✾✽ ✶✵✵
CpTMS

2 SmMe ✽✸ ✽✼
Cp2SmCH(TMS)2 ✾✽ ✾✾

Me2SiCp”2SmCH(TMS)2 ✾✽ ✸✸

❚❛❜✳ ❈✳✸✿ ■♥✢✉❡♥❝❡ ❞✉ ❝❛t❛❧②s❡✉r s✉r ❧❡ r❡♥❞❡♠❡♥t ❡t ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥
✭CpTMS = C5H4SiMe3✱ Cp” = C5Me4✮✳ ❈♦♥❞✐t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s ✿ ❛❧❝è♥❡=✶✲❞❡❝è♥❡✱ s✐❧❛♥❡
= PhSiH3✱ t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✱ ❛❜s❡♥❝❡ H2✱ s♦❧✈❛♥t=❝②❝❧♦❤❡①❛♥❡✱ t❡♠♣s=✹ ❥♦✉rs ❬✶✸✽❪

❚❡♠♣ér❛t✉r❡ ✭✝❈✮ ❘❡♥❞❡♠❡♥t ✭✪✮ ❚✳❖✳❋✳ ✭❤−1✮ ■s♦♠èr❡ ❧✐♥é❛✐r❡ ✭✪✮
✲✸✵ ✺✾ ✶✷ ✸✾
✵ ✻✸ ✸✺ ✸✻
✷✸ ✼✹ ✶✷✵ ✷✹
✻✵ ✻✹ ✹✵✵ ✸✸
✾✵ ✹✾ ❃ ✶✵✵✵ ✹✾

❚❛❜✳ ❈✳✹✿ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ s✉r ❧❡ r❡♥❞❡♠❡♥t ❡t ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❞❡ ❧✬❤②✲
❞r♦s✐❧②❧❛t✐♦♥✳ ❚✳❖✳❋✳ ✿ ❢réq✉❡♥❝❡ ❞❡ t✉r♥✲♦✈❡r✳ ❈♦♥❞✐t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s ✿ ❝❛t❛❧②s❡✉r
= Me2SiCp”2SmCH(TMS)2✱ s✐❧❛♥❡= PhSiH3✱ ❛❧❝è♥❡=✶✲❤❡①è♥❡✱ ♣r❡ss✐♦♥ ✭H2✮=✶ ❛t♠✳✱
s♦❧✈❛♥t=❜❡♥③❡♥❡✲❞✻ ❬✶✸✼❪

❈✳✶✳✸ ❖❜❥❡❝t✐❢s ❞❡ ❧✬ét✉❞❡ t❤é♦r✐q✉❡

❆✐♥s✐ q✉❡ ♥♦✉s ❧✬❛✈♦♥s ✈✉ ♣ré❝é❞❡♠♠❡♥t✱ ❞❡✉① ❝②❝❧❡s ❝❛t❛❧②t✐q✉❡s ♦♥t été ♣r♦♣♦sés

♣♦✉r ❧❛ ré❛❝t✐♦♥ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✳ ❙❡❧♦♥ ❧❡s ❡①♣ér✐♠❡♥t❛t❡✉rs✱ ❧❡ ♠é❝❛♥✐s♠❡ ❢❛✐s❛♥t ✐♥✲

t❡r✈❡♥✐r ❧✬❤②❞r✉r❡ ❞❡ ❧❛♥t❤❛♥✐❞❡ ❡st ♣ré♣♦♥❞ér❛♥t✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ♣r♦❞✉✐ts

❜r❛♥❝❤és ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❡st ❛❧♦rs ❞✐✣❝✐❧❡ à ❡①♣❧✐q✉❡r✳ ❉❡ ♣❧✉s✱ ❝❡s ❞❡✉① ♠é❝❛♥✐s♠❡s ♥❡

t✐❡♥♥❡♥t ♣❛s ❝♦♠♣t❡ ❞❡s ré❛❝t✐♦♥s ♣❛r❛s✐t❡s ♣♦ss✐❜❧❡s✱ q✉✐✱ ❝♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ✈✉ ❞❛♥s

❧❡ ♣❛r❛❣r❛♣❤❡ ♣ré❝é❞❡♥t✱ ♣❡✉✈❡♥t ❛❧tér❡r ❞❡ ❢❛ç♦♥ ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡ ❧✬❡✣❝❛❝✐té ❝❛t❛❧②t✐q✉❡✳

❉❛♥s ✉♥❡ ♣r❡♠✐èr❡ s❡❝t✐♦♥✱ ♥♦✉s ♥♦✉s ✐♥tér❡ss❡r♦♥s à ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r

SiH4 ❝❛t❛❧②sé❡ ♣❛r ❧✬❤②❞r✉r❡ ❞❡ s❛♠❛r♦❝è♥❡ Cp2SmH✳ ▲✬♦❜❥❡❝t✐❢ ❞❡ ❝❡tt❡ ét✉❞❡ ❡st ❞❡

❞ét❡r♠✐♥❡r ❧❡ ♠é❝❛♥✐s♠❡ ❞❡ ❧❛ ré❛❝t✐♦♥ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ♣♦✉r ❝❡ s②stè♠❡ ♠♦❞è❧❡✳ ▲❛

ré❛❝t✐♦♥ s❡ ♣r♦❞✉✐t✲❡❧❧❡ ♣ré❢ér❡♥t✐❡❧❧❡♠❡♥t s❡❧♦♥ ❧❡ ❝②❝❧❡ ✧❡①♣ér✐♠❡♥t❛❧✧ ❆✱ ♣♦✉r ❧❡q✉❡❧

❧✬❡s♣è❝❡ ❛❝t✐✈❡ ❡st ❧✬❤②❞r✉r❡ ❞❡ s❛♠❛r✐✉♠✱ ♦✉ ♣❧✉tôt s❡❧♦♥ ❧❡ ❝②❝❧❡ ✧❛❧t❡r♥❛t✐❢✧ ❇✱ ❝❛t❛❧②sé

♣❛r ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ❄ ❆✜♥ ❞❡ ❝♦♠♣❧ét❡r ❧✬ét✉❞❡ ♠é❝❛♥✐st✐q✉❡✱ ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ré❛❝t✐♦♥s

s❡❝♦♥❞❛✐r❡s✱ t❡❧❧❡s ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✱ s❡r❛ é❣❛❧❡♠❡♥t ❡♥✈✐s❛❣é❡✳

❯♥❡ s❡❝♦♥❞❡ ét✉❞❡ s❡r❛ ❝♦♥s❛❝ré❡ à ❧✬❡✛❡t ❞❡ ❧❛ s✉❜st✐t✉t✐♦♥ ❞❡ ❧✬❛❧❝è♥❡ s✉r ❧❡ ♠é❝❛✲
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♥✐s♠❡ ❞ét❡r♠✐♥é ♣ré❝é❞❡♠♠❡♥t✳ ▲✬ét✉❞❡ ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞❡ ❧✬✐s♦❜✉tè♥❡ ❡t ❞❡ ❧✬❤❡①è♥❡

♥♦✉s ♣❡r♠❡ttr❛ ❞❡ ♠♦♥tr❡r q✉❡ ❧❡s ❡✛❡ts ❞❡ ❧❛ s✉❜st✐t✉t✐♦♥ ❞❡ ❧✬❛❧❝è♥❡ s♦♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t

stér✐q✉❡s ❀ ♣❛r ❝♦♥séq✉❡♥t✱ ❧❡ ♣r♦♣è♥❡ ❡st ✉♥ ❜♦♥ ♠♦❞è❧❡ é❧❡❝tr♦♥✐q✉❡ ♣♦✉r ❞❡s ❛❧❝è♥❡s

♣❧✉s s✉❜st✐t✉és✳ ❉❡ ♣❧✉s✱ ❧❛ s✉❜st✐t✉t✐♦♥ ❞❡ ❧✬❛❧❝è♥❡ ♣❡r♠❡t ❞❡ ❞é❢❛✈♦r✐s❡r ❝❡rt❛✐♥❡s ré❛❝✲

t✐♦♥s✱ ❝❡ q✉✐ s❡❧♦♥ ❧❡ ❝❛s ♣❡✉t ❡♥tr❛î♥❡r ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ♦✉ ✉♥ ❞✐♠✐♥✉t✐♦♥ ❞✉ r❡♥❞❡♠❡♥t

❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✳

❆✜♥ ❞✬❛♥❛❧②s❡r ❧✬❡✛❡t ❞❡ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡✱ ♥♦✉s ét✉❞✐❡r♦♥s ❡♥s✉✐t❡ ❧✬❤②❞r♦s✐❧②✲

❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r ❧❛ sér✐❡ SiH4✱ MeSiH3✱ Me2SiH2 ❡t Me3SiH✳ ❊♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s

rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉①✱ ♥♦✉s ✈ér✐✜❡r♦♥s q✉❡ ❧❛ s✉❜st✐t✉t✐♦♥ ❞❡s ❤②❞r♦❣è♥❡s ❞✉ s✐❧❛♥❡ ♣❛r

❞❡s ❣r♦✉♣❡s ♠ét❤②❧❡ ✐♥❞✉✐t ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❝♦♥séq✉❡♥t❡ ❞✉ r❡♥❞❡♠❡♥t✳ ❊♥✜♥✱ ♥♦✉s ♥♦✉s

✐♥tér❡ss❡r♦♥s à ✉♥ s②stè♠❡ ♣❧✉s ré❛❧✐st❡ ✿ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r ❧❡ ♣❤é♥②❧s✐❧❛♥❡

PhSiH3✳ ❊♥ ❛♥❛❧②s❛♥t ❧❡s s♣é❝✐✜❝✐tés ❞❡ ❝❡ s✐❧❛♥❡ ♣❛r r❛♣♣♦rt ❛✉① s✐❧❛♥❡s n✲❧✐♥é❛✐r❡s✱ ♥♦✉s

❥✉st✐✜❡r♦♥s ♣♦✉rq✉♦✐ ✐❧ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ❞✬❡①❝❡❧❧❡♥ts r❡♥❞❡♠❡♥ts ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✳

❈✳✷ ❍②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r SiH4

▲✬♦❜❥❡❝t✐❢ ❞❡ ❝❡tt❡ s❡❝t✐♦♥ ❡st ❞❡ ❞ét❡r♠✐♥❡r ❧❡ ♠é❝❛♥✐s♠❡ ❞❡ ❧❛ ré❛❝t✐♦♥ ❞✬❤②❞r♦s✐❧②❧❛✲

t✐♦♥ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ s②stè♠❡ ♠♦❞è❧❡ ✿ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r SiH4 ❝❛t❛❧②sé❡ ♣❛r

❧✬❤②❞r✉r❡ ❞❡ s❛♠❛r♦❝è♥❡ Cp2SmH✳ ▲❛ ♣♦ss✐❜✐❧✐té ❞❡ ré❛❝t✐♦♥s ♣❛r❛s✐t❡s✱ ♣♦✉✈❛♥t ❝♦♥❞✉✐r❡

à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ♣r♦❞✉✐ts s❡❝♦♥❞❛✐r❡s ❡t ❞✐♠✐♥✉❡r ❧❡s r❡♥❞❡♠❡♥ts ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ s❡r❛

é❣❛❧❡♠❡♥t ❡♥✈✐s❛❣é❡✳

❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ♥♦✉s ❡✛❡❝t✉❡r♦♥s ✉♥ ❜✐❧❛♥ ❞❡s ❞✐✛ér❡♥t❡s ré❛❝t✐♦♥s ♣♦✉✈❛♥t

✐♥t❡r✈❡♥✐r ❡♥tr❡ ✉♥ ❝♦♠♣❧❡①❡ ♠ét❛❧❧♦❝è♥❡ ❞❡ s❛♠❛r✐✉♠✱ ❧❡ ♣r♦♣è♥❡ ❡t ❧❡ s✐❧❛♥❡ SiH4✳ ◆♦✉s

❞ét❡r♠✐♥❡r♦♥s ❡♥s✉✐t❡ ♣❛r q✉❡❧ ♠é❝❛♥✐s♠❡ ♣ré❢ér❡♥t✐❡❧ s❡ ♣r♦❞✉✐t ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦✲

♣è♥❡ ♣❛r SiH4 ❡♥ ♣rés❡♥❝❡ ❞✉ ❝♦♠♣❧❡①❡ Cp2SmH ✿ s✬❛❣✐t✲✐❧ ❞✬✉♥ ❝②❝❧❡ ✐♥s❡rt✐♦♥✴❛❝t✐✈❛t✐♦♥

❝❛t❛❧②sé ♣❛r ❧✬❤②❞r✉r❡ ✭♠é❝❛♥✐s♠❡ ❆✮ ❝♦♠♠❡ ♣♦st✉❧é ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✱ ♦✉ ❧✬❡s♣è❝❡ ❛❝✲

t✐✈❡ ❡st✲❡❧❧❡ ❞❛♥s ❝❡ ❝❛s ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✭♠é❝❛♥✐s♠❡ ❇✮ ❄ ❊♥✜♥✱ q✉❡❧ ❡st ❧✬✐♠♣❛❝t ❞❡s

ré❛❝t✐♦♥s s❡❝♦♥❞❛✐r❡s s✉r ❧❡ r❡♥❞❡♠❡♥t ❡t ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❞❡ ❧❛ ré❛❝t✐♦♥ ❄ P♦✉r ♣❧✉s ❞❡

❝❧❛rté✱ ❧❡ ❢r❛❣♠❡♥t ♠ét❛❧❧✐q✉❡ Cp2Sm s❡r❛ ♣❛r ❧❛ s✉✐t❡ ♥♦té [Sm]✳ P♦✉r ❝❤❛q✉❡ ré❛❝t✐♦♥

❝♦♥s✐❞éré❡✱ ❧❡ ❝❤❡♠✐♥ ré❛❝t✐♦♥♥❡❧ ❝♦♠♣❧❡t ❛ été ❞ét❡r♠✐♥é ❡t ❧❡s ❣r❛♥❞❡✉rs ré❛❝t✐♦♥♥❡❧❧❡s

∆G0 ❡t ∆G‡ ❝❛❧❝✉❧é❡s✳

❈✳✷✳✶ ❈❤♦✐① ❞❡s ré❛❝t✐♦♥s s❡❝♦♥❞❛✐r❡s ❡♥✈✐s❛❣é❡s

❆ ♣❛rt✐r ❞✬✉♥ ♠é❧❛♥❣❡ ré❛❝t✐♦♥♥❡❧ ❝♦♥t❡♥❛♥t ❧❡ ❝♦♠♣❧❡①❡ ❞❡ s❛♠❛r✐✉♠ [Sm] − R

✭R =❤②❞r✉r❡✱ ❛❧❦②❧❡✱ s✐❧②❧❡✳✳✳✮✱ ❞✉ ♣r♦♣è♥❡ ❡t SiH4✱ ❧❡s ré❛❝t✐♦♥s s✉✐✈❛♥t❡s ♣❡✉✈❡♥t êtr❡

❡♥✈✐s❛❣é❡s ✿
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❘é❛❝t✐♦♥s ❛✈❡❝ ❧❡ ♣r♦♣è♥❡

■♥s❡rt✐♦♥s ▲✬✐♥s❡rt✐♦♥ ❞✉ ♣r♦♣è♥❡ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Sm − R ❞✉ ❝♦♠♣❧❡①❡ ♣❡✉t s❡

♣r♦❞✉✐r❡ ❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥ ✶✱✷ ♦✉ ❧✬♦r✐❡♥t❛t✐♦♥ ✷✱✶ ✭❝❢✳ ✜❣✉r❡ ❈✳✸✮ à ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥✳

P❛r ❛❜✉s ❞❡ ❧❛♥❣❛❣❡✱ ♦♥ ♣❛r❧❡r❛ ❛❧♦rs ❞✬✐♥s❡rt✐♦♥ ✶✱✷ ♦✉ ✷✱✶✳

❋✐❣✳ ❈✳✸✿ ■♥s❡rt✐♦♥ ❞✉ ♣r♦♣è♥❡ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Sm − R

❆❝t✐✈❛t✐♦♥s ❈✲❍ ▲❡ ❝♦♠♣❧❡①❡ [Sm] − R ♣❡✉t é❣❛❧❡♠❡♥t ❛❝t✐✈❡r ✉♥❡ ❧✐❛✐s♦♥ C −
H ❞✉ ♣r♦♣è♥❡✳ P❛r♠✐ ❧❡s ❞✐✛ér❡♥t❡s ♣♦ss✐❜✐❧✐tés ❞✬❛❝t✐✈❛t✐♦♥✱ ♥♦✉s ♥❡ ❝♦♥s✐❞ér❡r♦♥s q✉❡

❧✬❛❝t✐✈❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥ C1 − H ✈✐♥②❧✐q✉❡✱ ♦✉ ❛❝t✐✈❛t✐♦♥ ✈✐♥②❧✐q✉❡✱ q✉✐ ❝♦♥❞✉✐t à ❧❛

❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ [Sm] − CH = CH − CH3✱ ❡t ❧✬❛❝t✐✈❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥ C3 − H

❛❧❧②❧✐q✉❡✱ ♦✉ ❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡✱ q✉✐ ❞♦♥♥❡ ✉♥ ❝♦♠♣♦sé ❞❡ t②♣❡ ❛❧❧②❧❡ [Sm] · · ·CH2 −
CH = CH2 ✭❝❢✳ ✜❣✉r❡ ❈✳✹✮✳ ❉❛♥s ❝❡ ❞❡r♥✐❡r✱ ❧❡s é❧❡❝tr♦♥s π s♦♥t ❞é❧♦❝❛❧✐sés ❡t ❧✬✐♥t❡r❛❝t✐♦♥

❛✉ ♠ét❛❧ s✬❡✛❡❝t✉❡ ♣❛r ❧❡s tr♦✐s ❝❛r❜♦♥❡s✳ ❊♥ r❛✐s♦♥ ❞❡ ❝❡tt❡ ❞é❧♦❝❛❧✐s❛t✐♦♥✱ ❧❡ ❝♦♠♣❧❡①❡

❛❧❧②❧❡ ❡st très st❛❜❧❡✳

❋✐❣✳ ❈✳✹✿ ❆❝t✐✈❛t✐♦♥s ✈✐♥②❧✐q✉❡ ❡t ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ [Sm] − R

▲✬❛❝t✐✈❛t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥ ✈✐♥②❧✐q✉❡ C2−H ♥❡ s❡r❛ ♣❛s ❡♥✈✐s❛❣é❡✱ ❝❛r ❡❧❧❡ s❡♠❜❧❡ très ♣❡✉

♣r♦❜❛❜❧❡ ♣♦✉r ❞❡s r❛✐s♦♥s ❞✬❛❝❝❡ss✐❜✐❧✐té✳ ❊♥✜♥✱ ❛✐♥s✐ q✉✬✐❧ ❛ été ♠♦♥tré ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t
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❡t t❤é♦r✐q✉❡♠❡♥t✱ ❧❡s ét❛ts ❞❡ tr❛♥s✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ C −H ❢❛✐s❛♥t ✐♥t❡r✈❡♥✐r ✉♥ ❝❛r❜♦♥❡

❡♥ ♣♦s✐t✐♦♥ β s♦♥t ❢♦rt❡♠❡♥t ❞ést❛❜✐❧✐sés ❬✻✷✱ ✶✹✽✱ ✶✹✾❪✳ P❛r ❝♦♥séq✉❡♥t✱ ❝❡s ré❛❝t✐♦♥s✱

✐♥❛❝❝❡ss✐❜❧❡s ❝✐♥ét✐q✉❡♠❡♥t✱ ♥❡ s❡r♦♥t ♣❛s ❝♦♥s✐❞éré❡s ❞❛♥s ❝❡tt❡ ét✉❞❡✳

❆❝t✐✈❛t✐♦♥s ❈✲❈ ❙❡❧♦♥ ❧❛ ❧✐ttér❛t✉r❡✱ ❧✬❛❝t✐✈❛t✐♦♥ ❞❡ ❧✐❛✐s♦♥s σ(C−C) ❡st ❢♦rt❡♠❡♥t

❞é❢❛✈♦r✐sé❡ ❝✐♥ét✐q✉❡♠❡♥t ♣❛r r❛♣♣♦rt ❛✉① ❛❝t✐✈❛t✐♦♥s C −H✳ ❊♥ ❡✛❡t✱ ❝❡s ré❛❝t✐♦♥s ❢♦♥t

✐♥t❡r✈❡♥✐r ✉♥ ❝❛r❜♦♥❡ ❡♥ ♣♦s✐t✐♦♥ β à ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥✳ ▲❛ ♣♦ss✐❜✐❧✐té ❞✬❛❝t✐✈❛t✐♦♥ C−C

❞❡s ❛❧❝è♥❡s ❡t ❛❧❝❛♥❡s ♥❡ s❡r❛ ❞♦♥❝ ♣❛s ❡♥✈✐s❛❣é❡✳

❘é❛❝t✐♦♥s ❛✈❡❝ SiH4

❉❡✉① ♣♦ss✐❜✐❧✐tés s♦♥t ❡♥✈✐s❛❣❡❛❜❧❡s ♣♦✉r ❧✬❛❝t✐✈❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥ Si−H ❞✉ s✐❧❛♥❡✳ ❆

❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥✱ ❧❡ s✐❧✐❝✐✉♠ ♣❡✉t s❡ ♣❧❛❝❡r ❡♥ ♣♦s✐t✐♦♥ α ♣❛r r❛♣♣♦rt ❛✉ ♠ét❛❧ ✭❝❢✳ ✜❣✉r❡

❈✳✺✮✳ ▲❡ ♣r♦❞✉✐t ♦❜t❡♥✉ ❡st ❛❧♦rs ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ [Sm]−SiH3✳ P❛r ❧❛ s✉✐t❡✱ ❝❡tt❡ ré❛❝t✐♦♥

s❡r❛ ♥♦té❡ ✧❛❝t✐✈❛t✐♦♥ Si(α)−H(β)✧✳ ▲❡ s✐❧✐❝✐✉♠ ♣❡✉t é❣❛❧❡♠❡♥t s❡ ♣❧❛❝❡r ❡♥ ♣♦s✐t✐♦♥ β

à ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥✱ ❝❡ q✉✐ ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ [Sm]−H✳ ❈❡tt❡

ré❛❝t✐♦♥ s❡r❛ ♥♦té❡ ✧❛❝t✐✈❛t✐♦♥ Si(β)−H(α)✧✳ ❙❡❧♦♥ ❧❛ ❧✐ttér❛t✉r❡ ❬✶✷✹✱✶✷✺❪✱ ❝♦♥tr❛✐r❡♠❡♥t

❛✉ ❝❛r❜♦♥❡✱ ❧❡ s✐❧✐❝✐✉♠ st❛❜✐❧✐s❡ ❧❡s ❞❡✉① t②♣❡s ❞✬ét❛ts ❞❡ tr❛♥s✐t✐♦♥✱ ❧❡s ❞❡✉① ré❛❝t✐♦♥s

❞✬❛❝t✐✈❛t✐♦♥ ❞❡✈r❛✐❡♥t ❞♦♥❝ êtr❡ ❝✐♥ét✐q✉❡♠❡♥t ❛❝❝❡ss✐❜❧❡s✳

❋✐❣✳ ❈✳✺✿ ❆❝t✐✈❛t✐♦♥s ❙✐✲❍ ❞✉ s✐❧❛♥❡ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ [Sm] − R

❈✳✷✳✷ ❉ét❡r♠✐♥❛t✐♦♥ ❞✉ ♠é❝❛♥✐s♠❡ ❝❛t❛❧②t✐q✉❡

❊t✉❞❡ ❞✉ ♠é❝❛♥✐s♠❡ ✓ ❡①♣ér✐♠❡♥t❛❧ ✔ ❆

❆✐♥s✐ q✉✬✐❧ ❛ été ♠❡♥t✐♦♥♥é ♣ré❝é❞❡♠♠❡♥t✱ ❧❡ ♠é❝❛♥✐s♠❡ ♣♦st✉❧é ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t

✭♠é❝❛♥✐s♠❡ ❆✮✱ ❝❛t❛❧②sé ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ [Sm] − H ✭✶✮✱ ❡st ❝♦♠♣♦sé ❞❡ ❞❡✉①

ét❛♣❡s é❧é♠❡♥t❛✐r❡s✳ ▲❛ ♣r❡♠✐èr❡ ❡st ❧✬✐♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Sm−H ❞❡

❧✬❤②❞r✉r❡✱ q✉✐ ❞♦♥♥❡ ❧❡ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ [Sm] − CH2 − CH2 − CH3 ✭✷✮ ❀ ❧❛ s❡❝♦♥❞❡ ❡st
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❧✬❛❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ♣❛r ❝❡ ❞❡r♥✐❡r✱ q✉✐ ❧✐❜èr❡ ❧❡ ♣r♦❞✉✐t ❧✐♥é❛✐r❡ ❞✬❤②❞r♦✲

s✐❧②❧❛t✐♦♥ SiH3 − CH2 − CH2 − CH3 ❡t ré❣é♥èr❡ ❧✬❤②❞r✉r❡ ✶✳

❘é❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ✶ ▲❛ ♣r❡♠✐èr❡ ét❛♣❡ é❧é♠❡♥t❛✐r❡ ❞✉ ❝②❝❧❡ ❆ ❡st

❧✬✐♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Sm−H ❞❡ ❧✬❤②❞r✉r❡ ✶✳ ❊♥ ♣rés❡♥❝❡ ❞❡ ♣r♦♣è♥❡

❡t ❞❡ s✐❧❛♥❡ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ré❛❝t✐♦♥♥❡❧✱ ♣❧✉s✐❡✉rs ré❛❝t✐♦♥s s❡❝♦♥❞❛✐r❡s s♦♥t é❣❛❧❡♠❡♥t ❡♥✈✐✲

s❛❣❡❛❜❧❡s ✿ ❧✬✐♥s❡rt✐♦♥ ✷✱✶ ❞✉ ♣r♦♣è♥❡✱ ❧❡s ❛❝t✐✈❛t✐♦♥s ❛❧❧②❧✐q✉❡s ❡t ✈✐♥②❧✐q✉❡s ❞✉ ♣r♦♣è♥❡✱

❡t ❧❡s ❛❝t✐✈❛t✐♦♥s Si(α) − H(β) ❡t Si(β) − H(α) ❞✉ s✐❧❛♥❡✳ ▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s ❡t ❧❡s

❜❛rr✐èr❡s ❞✬❛❝t✐✈❛t✐♦♥ ❝❛❧❝✉❧é❡s ♣♦✉r ❝❡s ré❛❝t✐♦♥s s♦♥t r❛ss❡♠❜❧é❡s ❞❛♥s ❧❛ t❛❜❧❡ ❈✳✺✳

❘é❛❝t✐♦♥ ∆G0 ∆G‡

■♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡ ✲✶✵✳✼ ✹✳✽
■♥s❡rt✐♦♥ ✷✱✶ ❞✉ ♣r♦♣è♥❡ ✲✸✳✻ ✼✳✼

❆❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ✲✾✳✻ ✾✳✺
❆❝t✐✈❛t✐♦♥ ✈✐♥②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ✰✻✳✷ ✶✾✳✽

❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ✲✷✳✾ ✶✸✳✽
❆❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ✵✳✵ ✽✳✻

❚❛❜✳ ❈✳✺✿ ❈❛r❛❝tér✐st✐q✉❡s é♥❡r❣ét✐q✉❡s ♣♦✉r ❧❡s ré❛❝t✐♦♥s ❡♥✈✐s❛❣é❡s à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ❤②✲
❞r✉r❡ [Sm] − H ✭✶✮✳ ▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s s♦♥t ❡♥ ❦❝❛❧✳♠♦❧−1

❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ t♦✉t❡s ❧❡s ré❛❝t✐♦♥s s♦♥t ❡①❡r❣♦♥✐q✉❡s✱ à ❧✬❡①❝❡♣t✐♦♥ ❞❡ ❧✬❛❝t✐✈❛✲

t✐♦♥ ✈✐♥②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✳ ▲✬✐♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡ ❡st ❧❛ ré❛❝t✐♦♥ ❧❛ ♣❧✉s ❢❛✈♦r❛❜❧❡

❝✐♥ét✐q✉❡♠❡♥t✱ ❛✈❡❝ ✉♥❡ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ✐♥❢ér✐❡✉r❡ à ✺ ❦❝❛❧✳♠♦❧−1✳ P❛r ❝♦♥séq✉❡♥t✱

❧❡ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷ ❞❡✈r❛✐t ❜✐❡♥ êtr❡ ❧❡ ♣r♦❞✉✐t ♠❛❥♦r✐t❛✐r❡ ❞❡ ❧❛ ♣r❡♠✐èr❡ ét❛♣❡✱ ❡t ❧❛

ré❛❝t✐♦♥ ❞❡✈r❛✐t êtr❡ r❛♣✐❞❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳ ▲❛ ré❛❝t✐♦♥ ❞✬✐♥s❡rt✐♦♥ ✷✱✶ ❞✉ ♣r♦✲

♣è♥❡ ét❛♥t ❞é❢❛✈♦r✐sé❡ ❝✐♥ét✐q✉❡♠❡♥t ❞❡ ♠♦✐♥s ❞❡ ✸ ❦❝❛❧✳♠♦❧−1 ♣❛r r❛♣♣♦rt à ❧✬✐♥s❡rt✐♦♥

✶✱✷✱ ❞❡s ❡rr❡✉rs ❞✬✐♥s❡rt✐♦♥ ♣♦✉rr❛✐❡♥t é❣❛❧❡♠❡♥t s❡ ♣r♦❞✉✐r❡ ❡t ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡

✐s♦♣r♦♣②❧❡ [Sm] − CH(CH3)2 ✭✷✬✮ ❞❡✈r❛✐t êtr❡ ♦❜s❡r✈é❡✳ ❊♥ ♦✉tr❡✱ ❧❡ ❝♦♠♣❧❡①❡ π✲❛❧❧②❧❡✱

♣r♦✈❡♥❛♥t ❞❡ ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✱ ❞❡✈r❛✐t êtr❡ ❢♦r♠é ❞❡ ❢❛ç♦♥ très ♠✐♥♦✲

r✐t❛✐r❡✳ ❊♥✜♥✱ ❧✬❛❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡✱ q✉✐ ❝♦rr❡s♣♦♥❞ à ✉♥ é❝❤❛♥❣❡ ❢♦r♠❡❧

❞✬❤②❞r♦❣è♥❡s ❡♥tr❡ ❧❡ ❝♦♠♣❧❡①❡ ✶ ❡t ❧❡ s✐❧❛♥❡✱ ❡st ❝♦♠♣ét✐t✐✈❡✳ ❈♦♥❢♦r♠é♠❡♥t ❛✉① rés✉❧✲

t❛ts t❤é♦r✐q✉❡s ❞❡ P❡rr✐♥ ❡t ❛❧✳ ❬✶✷✹❪✱ ❧✬❛❝t✐✈❛t✐♦♥ Si(α)−H(β) ❞✉ s✐❧❛♥❡ ♣❛r ❧❡ ❝♦♠♣❧❡①❡

❤②❞r✉r❡ ✶ ❡st ❢❛✈♦r❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t ♠❛✐s ♥♦♥ ❝♦♠♣ét✐t✐✈❡ ❝✐♥ét✐q✉❡♠❡♥t ❛✈❡❝

❧✬❛❝t✐✈❛t✐♦♥ Si(β) − H(α)✳

▲❛ ré❛❝t✐♦♥ ❞✬✐♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡ ❞❡✈r❛✐t ❞♦♥❝ s❡ ♣r♦❞✉✐r❡ ♠❛❥♦r✐t❛✐r❡♠❡♥t à

♣❛rt✐r ❞❡ ❧✬❤②❞r✉r❡ ✶✳ ❙❡❧♦♥ ♥♦s ❝❛❧❝✉❧s✱ ❝❡tt❡ ré❛❝t✐♦♥ ❞é❜✉t❡ ♣❛r ✉♥❡ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉

♣r♦♣è♥❡ s✉r ❧❡ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡✱ ❧é❣èr❡♠❡♥t ❡♥❞❡r❣♦♥✐q✉❡ ❞❡ ✶✳✶ ❦❝❛❧✳♠♦❧−1✳ ▲❡s ❣é♦♠é✲

tr✐❡s ♦♣t✐♠✐sé❡s ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ✶✱ ❞❡ ❧✬❛❞❞✉✐t ♣ré❝✉rs❡✉r✱ ❞✉ ♣r♦❞✉✐t ❞✬✐♥s❡rt✐♦♥ ✷ ❡t
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❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❧❡s ❝♦♥♥❡❝t❛♥t s♦♥t ♣rés❡♥té❡s ✜❣✉r❡ ❈✳✻✳ ▲❡ t❛❜❧❡❛✉ ❈✳✻ r❛ss❡♠❜❧❡

❧❡s ♣r✐♥❝✐♣❛❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❣é♦♠étr✐q✉❡s ❞❡ ❝❡s str✉❝t✉r❡s✳

❋✐❣✳ ❈✳✻✿ ■♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ ❙♠✲❍ ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ✶ ✿ ●é♦♠étr✐❡s
♦♣t✐♠✐sé❡s ❞❡s ❡①tr❡♠❛ s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ♣♦t❡♥t✐❡❧ ✿ ❛✮ ❍②❞✉r❡ ✶ ❀ ❜✮ ❆❞❞✉✐t ❞❡ ♣r♦♣è♥❡ s✉r ✶ ❀
❝✮ ❊t❛t ❞❡ tr❛♥s✐t✐♦♥ ❀ ❞✮ ❈♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷✳ P♦✉r ♣❧✉s ❞❡ ❝❧❛rté✱ ❧❡s ❤②❞r♦❣è♥❡s ❞✉ ❧✐❣❛♥❞ Cp
♥❡ s♦♥t ♣❛s r❡♣rés❡♥tés✳

❙tr✉❝t✉r❡ ❈♦♠♣❧❡①❡ ❤②❞r✉r❡ ✭❛✮ ❆❞❞✉✐t ❞❡ ❊t❛t ❞❡ ❈♦♠♣❧❡①❡
♦✉ ♣r♦♣è♥❡ ❧✐❜r❡ ♣r♦♣è♥❡ ✭❜✮ tr❛♥s✐t✐♦♥ ✭❝✮ ♣r♦♣②❧❡ ✭❞✮

Sm...H1 ✷✳✵✽ ✷✳✵✽ ✷✳✵✾ ✷✳✹✵
Sm...C1 ✴ ✸✳✵✵ ✷✳✼✵ ✷✳✹✺
Sm...C2 ✴ ✸✳✶✻ ✷✳✾✼ ✷✳✽✼
C1...C2 ✶✳✸✹ ✶✳✸✹ ✶✳✸✼ ✶✳✺✷
C2...H1 ✴ ✸✳✵✼ ✷✳✵✶ ✶✳✶✹

❚❛❜✳ ❈✳✻✿ ■♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ ❙♠✲❍ ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ✶ ✿ ❈❛r❛❝tér✐st✐q✉❡s
❣é♦♠étr✐q✉❡s ❞❡s ❡①tr❡♠❛ s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ♣♦t❡♥t✐❡❧✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t ❡♥ ➴✳

▲❛ ❝♦♦r❞✐♥❛t✐♦♥ ❛✛❡❝t❡ ♣❡✉ ❧❡s ❣é♦♠étr✐❡s ❞❡s ré❛❝t✐❢s ✿ ❞❛♥s ❧✬❛❞❞✉✐t ♣ré❝✉rs❡✉r ✭❜ ❞❡

❈✳✻✮✱ ❧❛ ❧✐❛✐s♦♥ Sm−H1 ♥✬❡st ♣❛s ❛❧❧♦♥❣é❡ ❡t ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❧❛ ❞♦✉❜❧❡ ❧✐❛✐s♦♥ C1 −C2 ❡st

✐❞❡♥t✐q✉❡ à ❝❡❧❧❡ ❞✉ ♣r♦♣è♥❡ ❧✐❜r❡✳ ❉❡ ♣❧✉s✱ ❧❡s ❝❛r❜♦♥❡s C1 ❡t C2 ♥❡ s♦♥t ♣❛s ♣②r❛♠✐❞❛❧✐sés✳

▲❡s ❞✐st❛♥❝❡s Sm...C1 ❡t Sm...C2 s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ✸✳✵✵ ❡t ✸✳✶✻ ➴ ❀ ❧❛ ❞✐ss②♠étr✐❡ ♣❡✉t

êtr❡ ❡①♣❧✐q✉é❡ ♣❛r ❧❛ ré♣✉❧s✐♦♥ ❡♥tr❡ ❧❡ ❣r♦✉♣❡ ♠ét❤②❧❡ ❞✉ ♣r♦♣è♥❡ ❡t ❧❡ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡✳

❙❡❧♦♥ ✉♥❡ ❛♥❛❧②s❡ ◆❇❖✱ ❧✬❛❞❞✉✐t ❡st st❛❜✐❧✐sé ♣❛r ✉♥❡ ❞é❧♦❝❛❧✐s❛t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥ π(C1−C2)

❞✉ ♣r♦♣è♥❡ ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞✉ ♠ét❛❧✳ ❈❡tt❡ ✐♥t❡r❛❝t✐♦♥ ❡st q✉❛s✐♠❡♥t s✉✣s❛♥t❡

♣♦✉r ❝♦♠♣❡♥s❡r ❧❛ ♣❡rt❡ ❞✬❡♥tr♦♣✐❡ tr❛♥s❧❛t✐♦♥♥❡❧❧❡ ❞✉❡ à ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ♣r♦♣è♥❡✳

▲✬❛❞❞✉✐t ♣ré❝✉rs❡✉r ❝♦♥♥❡❝t❡ ✉♥ ét❛t ❞❡ tr❛♥s✐t✐♦♥ à q✉❛tr❡ ❝❡♥tr❡s ✭❝ ❞❡ ❈✳✻✮✱ ❞❛♥s

❧❡q✉❡❧ ❧❡s ❛t♦♠❡s Sm✱ H1✱ C1 ❡t C2 s♦♥t ❝♦♣❧❛♥❛✐r❡s✳ ▲❡s ❧✐❛✐s♦♥s Sm − H1 ❡t C1 − C2

s♦♥t à ♣❡✐♥❡ ét✐ré❡s ❀ ❧❡s ❧✐❛✐s♦♥s Sm − C1 ❡t C2 − H1 ♥❡ s♦♥t ♣❛s ❡♥❝♦r❡ ❢♦r♠é❡s✳ ▲✬ét❛t
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❞❡ tr❛♥s✐t✐♦♥ ♣❡✉t ❞♦♥❝ êtr❡ q✉❛❧✐✜é ❞❡ ♣ré❝♦❝❡ ❀ ❧❛ ré❛❝t✐♦♥ ét❛♥t ❡①❡r❣♦♥✐q✉❡✱ ❝❡❝✐ ❡st ❡♥

❛❝❝♦r❞ ❛✈❡❝ ❧❡ ♣♦st✉❧❛t ❞❡ ❍❛♠♠♦♥❞✳

▲✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❝♦♥❞✉✐t ❛✉ ❝♦♠♣♦sé ♣r♦♣②❧❡ ✷ ✭❞ ❞❡ ❈✳✻✮✳ ▲❛ ❧✐❛✐s♦♥ C2 − H1

s❡♠❜❧❡ êtr❡ β✲❛❣♦st✐q✉❡✱ ❝❛r ❡❧❧❡ ❡st ❧é❣èr❡♠❡♥t ❛❧❧♦♥❣é❡ ❡t H1 ❡st ♣r♦❝❤❡ ❞✉ ♠ét❛❧✳ ❈❡❝✐

❡st ❝♦♥✜r♠é ♣❛r ✉♥❡ ❛♥❛❧②s❡ ◆❇❖✱ q✉✐ ✐♥❞✐q✉❡ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥ ✉♥❡ ❧é❣èr❡

❞é❧♦❝❛❧✐s❛t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥ C2 − H1 ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞✉ ♠ét❛❧✳

❘é❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷ ❆ ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷✱ ♣r♦❞✉✐t ♠❛✲

❥♦r✐t❛✐r❡ ❞❡ ❧❛ ♣r❡♠✐èr❡ ét❛♣❡ é❧é♠❡♥t❛✐r❡ ❞✉ ♠é❝❛♥✐s♠❡✱ s✐① ré❛❝t✐♦♥s ♣❡✉✈❡♥t à ♥♦✉✈❡❛✉

êtr❡ ❡♥✈✐s❛❣é❡s✳ ❈❡❧❧❡ q✉✐ ♣❡r♠❡ttr❛✐t ❞❡ ré❣é♥ér❡r ❧✬❤②❞r✉r❡ ❡t ❞❡ ❧✐❜ér❡r ❧❡ ♣r♦❞✉✐t ❞✬❤②✲

❞r♦s✐❧②❧❛t✐♦♥ ❡st ❧✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡✳

❙❡❧♦♥ ♥♦s rés✉❧t❛ts ✭❝❢✳ t❛❜❧❡ ❈✳✼✮✱ t♦✉t❡s ❧❡s ré❛❝t✐♦♥s s♦♥t ❡①❡r❣♦♥✐q✉❡s✳ ▲❛ ré❛❝t✐♦♥

❧❛ ♣❧✉s ❢❛✈♦r❛❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t ❡st ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✱ q✉✐ ❡st ❞❡ ♣❧✉s très

❡①❡r❣♦♥✐q✉❡ ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ❣r❛♥❞❡ st❛❜✐❧✐té ❞✉ ❝♦♠♣♦sé ❛❧❧②❧❡ ❢♦r♠é✳ ❈❡ ❞❡r♥✐❡r ❞❡✈r❛✐t

❞♦♥❝ êtr❡ ❢♦r♠é ♠❛❥♦r✐t❛✐r❡♠❡♥t✳

▲✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡✱ q✉✐ ♠è♥❡ à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡

[Sm]−SiH3 ✭✸✮ ❡st t♦✉t❡❢♦✐s ❝♦♠♣ét✐t✐✈❡ ♣❛r r❛♣♣♦rt à ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✳

❈❡tt❡ ré❛❝t✐♦♥ ❡st é❣❛❧❡♠❡♥t très ❡①❡r❣♦♥✐q✉❡✳ ▲✬❡♥t❤❛❧♣✐❡ ❝❛❧❝✉❧é❡ ❞❡ ❝❡tt❡ ré❛❝t✐♦♥ ❡st

✲✶✺ ❦❝❛❧✳♠♦❧−1✳ ❖r✱ s❡❧♦♥ ❧❛ ❧✐ttér❛t✉r❡✱ ❧✬❡♥t❤❛❧♣✐❡ ❞❡ ❞✐ss♦❝✐❛t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥ C − H

❢♦r♠é❡ ❡st s✉♣ér✐❡✉r❡ ❞✬❡♥✈✐r♦♥ ✶✵ ❦❝❛❧✳♠♦❧−1 à ❝❡❧❧❡ ❞❡ ❧❛ ❧✐❛✐s♦♥ Si − H ❞✐ss♦❝✐é❡ ✭❝❢✳

❛♥♥❡①❡s✮✳ ❈❡❝✐ ♣❡r♠❡t ❞✬é✈❛❧✉❡r ❧❛ ❢♦r❝❡ ❞❡ ❧❛ ❧✐❛✐s♦♥ Sm − Si ❞❛♥s ❧❡ ❝♦♠♣♦sé s✐❧②❧❡ ✸ ✿

❡❧❧❡ ❡st à ♣❡✉ ♣rès éq✉✐✈❛❧❡♥t❡ à ❝❡❧❧❡ ❞❡ ❧❛ ❧✐❛✐s♦♥ Sm − C ❞❛♥s ❧❡ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷✳

❊♥✜♥✱ ❧✬❛❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ❡st ❞é❢❛✈♦r✐sé❡ ❞❡ ♣❧✉s ❞❡ ✹ ❦❝❛❧✳♠♦❧−1

♣❛r r❛♣♣♦rt à ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❀ ❝❡tt❡ ré❛❝t✐♦♥ ♥❡ ❞❡✈r❛✐t ❞♦♥❝ s❡ ♣r♦❞✉✐r❡ q✉❡ ❞❡

❢❛ç♦♥ très ♠✐♥♦r✐t❛✐r❡✳ P❛r ❝♦♥séq✉❡♥t✱ s❡✉❧❡ ✉♥❡ ♣❛rt✐❡ ♥é❣❧✐❣❡❛❜❧❡ ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡

✶ ❞❡✈r❛✐t êtr❡ ré❣é♥éré❡ ❡t ✉♥❡ très ❢❛✐❜❧❡ q✉❛♥t✐té ❞❡ ♣r♦❞✉✐t ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❧✐♥é❛✐r❡

❞❡✈r❛✐t êtr❡ ❢♦r♠é❡✳ ▲❡s ❛✉tr❡s ré❛❝t✐♦♥s ét✉❞✐é❡s ♥❡ s♦♥t ♣❛s ❝♦♠♣ét✐t✐✈❡s✳

❘é❛❝t✐♦♥ ∆G0 ∆G‡

■♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡ ✲✹✳✶ ✷✶✳✸
■♥s❡rt✐♦♥ ✷✱✶ ❞✉ ♣r♦♣è♥❡ ✲✷✳✵ ✷✹✳✸

❆❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ✲✷✸✳✾ ✶✻✳✾
❆❝t✐✈❛t✐♦♥ ✈✐♥②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ✲✽✳✶ ✷✸✳✹

❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ✲✶✼✳✷ ✶✽✳✽
❆❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ✲✹✳✷ ✷✶✳✸

❚❛❜✳ ❈✳✼✿ ❈❛r❛❝tér✐st✐q✉❡s é♥❡r❣ét✐q✉❡s ♣♦✉r ❧❡s ré❛❝t✐♦♥s ❡♥✈✐s❛❣é❡s à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ♣r♦✲
♣②❧❡ [Sm] − CH2 − CH2 − CH3 ✭✷✮✳ ▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s s♦♥t ❡♥ ❦❝❛❧✳♠♦❧−1
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✶✳ ❆❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ♣❛r ✷

❈♦♥s✐❞ér♦♥s t♦✉t ❞✬❛❜♦r❞ ❧❛ ré❛❝t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✳ ❈♦♠♠❡ ❧❡

♠♦♥tr❡ ❧❛ ✜❣✉r❡ ❈✳✼✱ ❡❧❧❡ ❞é❜✉t❡ ♣❛r ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ s✉r ❧❡ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡

✭❛ ❞❡ ❈✳✼✮✱ q✉✐ ♥✬❡♥tr❛î♥❡ ♣❛s ❞❡ ♠♦❞✐✜❝❛t✐♦♥ ♥♦t❛❜❧❡ s✉r ❧❛ ❣é♦♠étr✐❡ ❞❡s ré❛❝t✐❢s ✭❝❢✳

t❛❜❧❡ ❈✳✽✮✳ ▲❡s ❞✐st❛♥❝❡s Sm...C3 ❡t Sm...C4 ét❛♥t r❡❧❛t✐✈❡♠❡♥t ❝♦✉rt❡s✱ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥

s❡♠❜❧❡ s✬❡✛❡❝t✉❡r ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞❡ ❧❛ ❞♦✉❜❧❡ ❧✐❛✐s♦♥ C3 = C4✳ ❈❡❝✐ ❡st ❝♦♥✜r♠é ♣❛r

✉♥❡ ❛♥❛❧②s❡ ◆❇❖ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥✱ q✉✐ ✐♥❞✐q✉❡ ✉♥❡ ❧é❣èr❡ ❞é❧♦❝❛❧✐s❛t✐♦♥

❞❡ ❧❛ ❧✐❛✐s♦♥ π(C3 = C4) ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞✉ ♠ét❛❧✳ ❈❡♣❡♥❞❛♥t✱ ❝❡tt❡ ✐♥t❡r❛❝t✐♦♥

♥❡ s✉✣t ♣❛s à ❝♦♠♣❡♥s❡r t♦t❛❧❡♠❡♥t ❧❛ ♣❡rt❡ ❞✬❡♥tr♦♣✐❡ tr❛♥s❧❛t✐♦♥♥❡❧❧❡ ❞✉❡ à ❧❛ ❝♦♦r✲

❞✐♥❛t✐♦♥✱ q✉❡ ♥♦✉s ♣♦✉✈♦♥s ❡st✐♠❡r à ❡♥✈✐r♦♥ ✽✲✶✵ ❦❝❛❧✳♠♦❧−1 ❬✶✶✽❪✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❛

❢♦r♠❛t✐♦♥ ❞❡ ❧✬❛❞❞✉✐t ❞❡ ♣r♦♣è♥❡ ❡st ❞✬❛♣rès ♥♦s ❝❛❧❝✉❧s ❡♥❞❡r❣♦♥✐q✉❡ ❞❡ ✺✳✸ ❦❝❛❧✳♠♦❧−1✳

❈❡t ❛❞❞✉✐t ❝♦♥♥❡❝t❡ ✉♥ ét❛t ❞❡ tr❛♥s✐t✐♦♥ à q✉❛tr❡ ❝❡♥tr❡s ✭❜ ❞❡ ❈✳✼✮✱ ❞❛♥s ❧❡q✉❡❧ ❧❡s

❧✐❛✐s♦♥s Sm−C1 ❡t C5 −H2 s♦♥t ❛❧❧♦♥❣é❡s ❡t ❧❡s ❧✐❛✐s♦♥s Sm−C5 ❡t C1 −H2 ♥❡ s♦♥t ♣❛s

❡♥❝♦r❡ ❢♦r♠é❡s✳ ❉❛♥s ❧❛ str✉❝t✉r❡ ❝♦rr❡s♣♦♥❞❛♥t❡ ❜✮✱ ❧❡s ❛t♦♠❡s C3 ❡t C4 s♦♥t ♣r♦❝❤❡s ❞✉

♠ét❛❧✱ s✐ ❜✐❡♥ q✉❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❝❡s ❝❛r❜♦♥❡s ❡t ❧❡ ♠ét❛❧ s❡♠❜❧❡ êtr❡ ♠❛✐♥t❡♥✉❡✳ ❉❡

♣❧✉s✱ ❧❛ ❧✐❛✐s♦♥ C3 = C4 ❡st ét✐ré❡ ❡t ❧❛ ❧✐❛✐s♦♥ C4 −C5 r❛❝❝♦✉r❝✐❡ ♣❛r r❛♣♣♦rt ❛✉ ♣r♦♣è♥❡

❧✐❜r❡ ❀ ♥♦✉s ♣♦✉✈♦♥s ❞♦♥❝ s✉♣♣♦s❡r q✉❡ ❧✬❛❧❧②❧❡ ❡st ❞é❥à q✉❛s✐♠❡♥t ❢♦r♠é ❞ès ❧✬ét❛t ❞❡

tr❛♥s✐t✐♦♥✱ ❡t ❡st ❡♥ ✐♥t❡r❛❝t✐♦♥ ❛✉ ♠ét❛❧✳ ❈❡❝✐ ❡st ❝♦♥✜r♠é ♣❛r ✉♥❡ ❛♥❛❧②s❡ ◆❇❖ ❛✉

s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥✱ q✉✐ ✐♥❞✐q✉❡ ✉♥❡ ❞é❧♦❝❛❧✐s❛t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥ π(C3 = C4) à

❧❛ ❢♦✐s ✈❡rs ✉♥❡ ♦r❜✐t❛❧❡ ✈❛❝❛♥t❡ ❞❡ C5 ❡t ✈❡rs ❧❡ ♠ét❛❧✳ ▲❛ ❢❛✐❜❧❡ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥

❝♦rr❡s♣♦♥❞❛♥t❡ ✭✶✶✳✻ ❦❝❛❧✳♠♦❧−1 ♣❛r r❛♣♣♦rt à ❧✬❛❞❞✉✐t✱ ✶✻✳✾ ❦❝❛❧✳♠♦❧−1 ♣❛r r❛♣♣♦rt ❛✉①

ré❛❝t✐❢s sé♣❛rés✮✱ ♣❡✉t ❞♦♥❝ êtr❡ ❛ss♦❝✐é❡ à ❧❛ ❞é❧♦❝❛❧✐s❛t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥ π s✉r ❧❡s tr♦✐s

❝❛r❜♦♥❡s C3✱ C4 ❡t C5 ❡t à ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❝❡❧❧❡✲❝✐ ❡t ❧❡ ♠ét❛❧✳

❆ ♣❛rt✐r ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥✱ ❧❡ ❝♦♠♣❧❡①❡ ❛❧❧②❧❡ ✭❝ ❞❡ ❈✳✼✮ ❡st ❞✐r❡❝t❡♠❡♥t ❢♦r♠é

s❛♥s ♣❛ss❡r ♣❛r ✉♥ ❛❞❞✉✐t ❞❡ ♣r♦♣❛♥❡✳ ❉❛♥s ❝❡ ❝♦♠♣♦sé✱ ❧❡s ❞✐st❛♥❝❡s C3...C4 ❡t C4...C5

s♦♥t é❣❛❧❡s ❡t ✐♥t❡r♠é❞✐❛✐r❡s ❡♥tr❡ ✉♥❡ s✐♠♣❧❡ ❡t ✉♥❡ ❞♦✉❜❧❡ ❧✐❛✐s♦♥ ❀ ❧❡s ❞✐st❛♥❝❡s Sm...Ci

✭i = 3..5✮ s♦♥t ❢❛✐❜❧❡s✳ ❯♥❡ ❛♥❛❧②s❡ ◆❇❖ ❝♦♥✜r♠❡ ❧❛ ♣rés❡♥❝❡ ❞✬✉♥❡ ❧✐❛✐s♦♥ π ❞é❧♦❝❛❧✐sé❡

s✉r ❧❡s tr♦✐s ❝❛r❜♦♥❡s C3✱ C4 ❡t C5 ❡t ✐♥❞✐q✉❡ q✉❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧✬❛❧❧②❧❡ ❡t ❧❡ ♠ét❛❧❧✐q✉❡

❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t é❧❡❝tr♦st❛t✐q✉❡ ❀ t♦✉t❡❢♦✐s✱ ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❞❡ t②♣❡ ❞♦♥♥❡✉r✲❛❝❝❡♣t❡✉r

❡♥tr❡ ❧❛ ❧✐❛✐s♦♥ π ❡t ❧❡ ♠ét❛❧ ❝♦♥tr✐❜✉❡ à st❛❜✐❧✐s❡r ❞❛✈❛♥t❛❣❡ ❧❡ ❝♦♠♣❧❡①❡✳

❙❡❧♦♥ ♥♦s ❝❛❧❝✉❧s✱ ❧❡ ❝♦♠♣♦sé ❛❧❧②❧❡ ❡st très st❛❜❧❡✱ s✐ ❜✐❡♥ q✉❡ ❧❛ ré❣é♥ér❛t✐♦♥ ❞✉

❝♦♠♣♦sé ✶ ♣❛r ❧✬❛❝t✐✈❛t✐♦♥ Si(β)−H(α) ❞✉ s✐❧❛♥❡ ❡st très ❡♥❞❡r❣♦♥✐q✉❡ ❡t ❞é❢❛✈♦r❛❜❧❡ ❝✐✲

♥ét✐q✉❡♠❡♥t ✭∆G0 = ✶✽✳✸ ❦❝❛❧✳♠♦❧−1 ❡t ∆G‡ =✸✷✳✽ ❦❝❛❧✳♠♦❧−1✮✳ ❊♥ ❡✛❡t✱ ❡❧❧❡ ♥é❝❡ss✐t❡r❛✐t

✉♥❡ r❡❧♦❝❛❧✐s❛t✐♦♥ ❞❡s é❧❡❝tr♦♥s π ❞✉ ♣r♦♣è♥❡✱ très ❞é❢❛✈♦r❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t✳ ❉❡

❧❛ ♠ê♠❡ ❢❛ç♦♥✱ ❧✬✐♥s❡rt✐♦♥ ❞✬✉♥❡ s❡❝♦♥❞❡ ♠♦❧é❝✉❧❡ ❞❡ ♣r♦♣è♥❡ ❡st ❡♥❞❡r❣♦♥✐q✉❡ ❞❡ ✶✵✳✹

❦❝❛❧✳♠♦❧−1 ❡t ♣♦ssè❞❡ ✉♥❡ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ❞❡ ✷✾✳✵ ❦❝❛❧✳♠♦❧−1✱ ❡t ♥❡ ❞❡✈r❛✐t ❞♦♥❝ ♣❛s

êtr❡ ♦❜s❡r✈é❡✳
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❋✐❣✳ ❈✳✼✿ ❆❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷ ✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s
❡①tr❡♠❛ s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ♣♦t❡♥t✐❡❧✳ ❛✮ ❆❞❞✉✐t ❞❡ ♣r♦♣è♥❡ ❀ ❜✮ ❊t❛t ❞❡ tr❛♥s✐t✐♦♥ ❀ ❝✮ ❈♦♠♣❧❡①❡
❛❧❧②❧❡✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t ❡♥ ➴✳ P♦✉r ♣❧✉s ❞❡ ❝❧❛rté✱ ❧❡s ❤②❞r♦❣è♥❡s ❞✉ ❧✐❣❛♥❞ Cp ♥❡ s♦♥t ♣❛s
r❡♣rés❡♥tés✳

❙tr✉❝t✉r❡ ❆❞❞✉✐t ❞❡ ❊t❛t ❞❡ ❈♦♠♣❧❡①❡
♣r♦♣è♥❡ ✭❛✮ tr❛♥s✐t✐♦♥ ✭❜✮ ❛❧❧②❧❡ ✭❝✮

Sm...C1 ✷✳✹✽ ✷✳✻✼ ✴
C1...H2 ✸✳✸✼ ✶✳✺✻ ✶✳✶✵
Sm...H3 ✸✳✵✵ ✷✳✼✼ ✴
C1...H3 ✶✳✶✶ ✶✳✶✶ ✶✳✶✵
Sm...H2 ✸✳✽✸ ✸✳✹✽ ✴
Sm..C5 ✸✳✾✻ ✷✳✼✾ ✷✳✻✽
C5...H2 ✶✳✶✵ ✶✳✸✹ ✴
Sm...C4 ✸✳✷✹ ✷✳✼✼ ✷✳✼✶
C5...C4 ✶✳✺✵ ✶✳✹✻ ✶✳✹✵
Sm...C3 ✸✳✵✵ ✷✳✽✼ ✷✳✻✽
C4...C3 ✶✳✸✹ ✶✳✸✻ ✶✳✹✵

❚❛❜✳ ❈✳✽✿ ❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷ ✿ ❈❛r❛❝tér✐st✐q✉❡s ❣é♦✲
♠étr✐q✉❡s ❞❡s ❡①tr❡♠❛ s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ♣♦t❡♥t✐❡❧✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t ❡♥ ➴✳

❊♥✜♥✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ à ♣❛rt✐r ❞✉ π✲❛❧❧②❧❡ ♣❛r ❧✬❛❝t✐✈❛t✐♦♥ Si(α) −
H(β) ❡st ❡♥❞❡r❣♦♥✐q✉❡ ❞❡ ✻✳✼ ❦❝❛❧✳♠♦❧−1 ❡t ♣♦ssè❞❡ ✉♥❡ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ❞❡ ✷✹✳✶

❦❝❛❧✳♠♦❧−1 ✳ ❉❛♥s ❧❡ ❝❛s ♦ù ❧❡ π✲❛❧❧②❧❡ s✬❛❝❝✉♠✉❧❡r❛✐t ❡♥ ❣r❛♥❞❡ q✉❛♥t✐té✱ ✐❧ ❡st ♣♦ss✐❜❧❡

q✉❡ ❧✬éq✉✐❧✐❜r❡ s♦✐t ❞é♣❧❛❝é✱ ❝❡ q✉✐ ♣♦✉rr❛✐t ❝♦♥❞✉✐r❡ à ❧❛ ❢♦r♠❛t✐♦♥ très ♠✐♥♦r✐t❛✐r❡ ❞✉

❝♦♠♣❧❡①❡ [Sm]−SiH3✳ ❈❡tt❡ ré❛❝t✐♦♥ r❡st❡ t♦✉t❡❢♦✐s ♣❡✉ ♣r♦❜❛❜❧❡✳ ❉✬❛♣rès ❝❡s rés✉❧t❛ts✱

❧❡ ❝♦♠♣❧❡①❡ ❛❧❧②❧❡ ♣❡✉t ❞♦♥❝ êtr❡ ❝♦♥s✐❞éré ❝♦♠♠❡ ❣❧♦❜❛❧❡♠❡♥t ✐♥❡rt❡✱ ❡t ❧✬❛❝t✐✈❛t✐♦♥

❛❧❧②❧✐q✉❡ ❝♦♥❞✉✐t ❞♦♥❝ à ❧❛ ❞és❛❝t✐✈❛t✐♦♥ ❞✉ ❝❛t❛❧②s❡✉r✳

✷✳ ❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ♣❛r ✷

❈♦♥s✐❞ér♦♥s à ♣rés❡♥t ❧❡ ♣r♦✜❧ ❞❡ ❧❛ ré❛❝t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡

❞❡ ❢❛ç♦♥ ♣❧✉s ❞ét❛✐❧❧é❡✳ ▲❡s ❣é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s ❡①tr❡♠❛ s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ♣♦t❡♥t✐❡❧

✾✷



✭♠✐♥✐♠❛ ❡t ét❛t ❞❡ tr❛♥s✐t✐♦♥✮ s♦♥t ♣rés❡♥té❡s s✉r ❧❛ ✜❣✉r❡ ❈✳✽✳ ❈♦♠♠❡ ♣ré❝é❞❡♠♠❡♥t✱ ❧❛

ré❛❝t✐♦♥ ❞é❜✉t❡ ♣❛r ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❛❞❞✉✐t ♣ré❝✉rs❡✉r ❞❡ SiH4 s✉r ❧❡ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡

✭❛ ❞❡ ❈✳✽✮✱ ❡♥❞❡r❣♦♥✐q✉❡ ❞❡ ✽✳✻ ❦❝❛❧✳♠♦❧−1 ❀ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ♥❡ ♠♦❞✐✜❡ q✉❡ très ♣❡✉

❧❡s ❣é♦♠étr✐❡s ❞❡s ré❛❝t✐❢s✳ ▲✬❤②❞r♦❣è♥❡ H4 ❞✉ s✐❧❛♥❡ ❡st très ♣r♦❝❤❡ ❞✉ ♠ét❛❧ ✭✷✳✻✵ ➴✮ ❀

✉♥❡ ❛♥❛❧②s❡ ◆❇❖ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥ ✐♥❞✐q✉❡ ✉♥❡ ❧é❣èr❡ ❞é❧♦❝❛❧✐s❛t✐♦♥ ❞❡

❧❛ ❧✐❛✐s♦♥ Si − H4 ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞✉ ♠ét❛❧✳ ❈❡♣❡♥❞❛♥t✱ ❝❡tt❡ ✐♥t❡r❛❝t✐♦♥

♥❡ ♣❡r♠❡t ♣❛s ❞❡ ❝♦♠♣❡♥s❡r ❧❛ ♣❡rt❡ ❞✬❡♥tr♦♣✐❡ tr❛♥s❧❛t✐♦♥♥❡❧❧❡ ❞✉❡ à ❧❛ ❝♦♦r❞✐♥❛t✐♦♥

❞✉ s✐❧❛♥❡✱ ❝❡ q✉✐ ❡①♣❧✐q✉❡ ❧❛ ❞ést❛❜✐❧✐s❛t✐♦♥ r❡❧❛t✐✈❡ ❞❡ ❧✬❛❞❞✉✐t ♣❛r r❛♣♣♦rt ❛✉① ré❛❝t✐❢s

sé♣❛rés✳

❋✐❣✳ ❈✳✽✿ ❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷ ✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s
❞❡s ❡①tr❡♠❛ s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ♣♦t❡♥t✐❡❧✳ ❛✮ ❆❞❞✉✐t ❞❡ s✐❧❛♥❡ s✉r ✷ ❀ ❜✮ ❊t❛t ❞❡ tr❛♥s✐t✐♦♥ ❀ ❝✮
❆❞❞✉✐t ❞❡ ♣r♦♣è♥❡ s✉r ✸ ❀ ❞✮ ❈♦♠♣❧❡①❡ s✐❧②❧❡ ✸✳ P♦✉r ♣❧✉s ❞❡ ❝❧❛rté✱ ❧❡s ❤②❞r♦❣è♥❡s ❞✉ ❧✐❣❛♥❞
Cp ♥❡ s♦♥t ♣❛s r❡♣rés❡♥tés✳

❙tr✉❝t✉r❡ ❆❞❞✉✐t ❞❡ ❊t❛t ❞❡ ❆❞❞✉✐t ❞❡ ❈♦♠♣❧❡①❡ s✐❧②❧❡ ✭❞✮
SiH4 ✭❛✮ tr❛♥s✐t✐♦♥ ✭❜✮ ♣r♦♣❛♥❡ ✭❝✮ ♦✉ ♣r♦♣❛♥❡ ❧✐❜r❡

Sm...C1 ✷✳✹✻ ✷✳✺✺ ✸✳✶✹ ✴
C1...H4 ✸✳✻✹ ✶✳✻✽ ✶✳✶✵ ✶✳✶✵
Sm...H3 ✸✳✵✸ ✷✳✺✾ ✷✳✼✶ ✴
C1...H3 ✶✳✶✵ ✶✳✶✷ ✶✳✶✵ ✶✳✶✵
Sm...H4 ✷✳✻✵ ✷✳✶✾ ✷✳✻✾ ✴
Sm..Si ✸✳✽✼ ✸✳✶✷ ✸✳✵✶ ✸✳✵✶
Si...H4 ✷✳✻✵ ✶✳✼✹ ✸✳✷✺ ✴
Sm...H5 ✸✳✾✽ ✸✳✷✵ ✸✳✽✹ ✸✳✽✺
Si...H5 ✶✳✹✾ ✶✳✺✶ ✶✳✺✷ ✶✳✺✷

❚❛❜✳ ❈✳✾✿ ❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷ ✿ ❈❛r❛❝tér✐st✐q✉❡s ❣é♦✲
♠étr✐q✉❡s ❞❡s ❡①tr❡♠❛ s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ♣♦t❡♥t✐❡❧✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t ❡♥ ➴✳

❆ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ✭❜ ❞❡ ❈✳✽✮✱ ❧❡s ❛t♦♠❡s Sm✱ Si✱ H4 ❡t C1 s♦♥t ❝♦♣❧❛♥❛✐r❡s ❀ ❧✬❛♥❣❧❡

Si−H4−C1 ❡st ❞❡ ✶✼✹ ❞❡❣rés✱ s✐ ❜✐❡♥ q✉❡ ❧❡ s✐❧✐❝✐✉♠✱ ❧✬❤②❞r♦❣è♥❡ H4 ❡t ❧❡ ❝❛r❜♦♥❡ C1 s♦♥t

✾✸



♣r❡sq✉❡ ❛❧✐❣♥és✳ ▲❛ ré❛❝t✐♦♥ ♣❡✉t ❞♦♥❝ êtr❡ ✈✉❡ ❝♦♠♠❡ ✉♥ tr❛♥s❢❡rt ❞✬❤②❞r♦❣è♥❡ ❡♥tr❡ ❧❡

s✐❧②❧❡ ❡t ❧❡ ♣r♦♣②❧❡✳ ▲❡s ❧✐❛✐s♦♥s Sm − C1 ❡t Si − H4 s♦♥t ét✐ré❡s ❡t ❧❡s ❧✐❛✐s♦♥s Sm − Si

❡t C1 −H4 ♥❡ s♦♥t ♣❛s ❡♥❝♦r❡ ❢♦r♠é❡s✳ ▲✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ s❡♠❜❧❡ êtr❡ st❛❜✐❧✐sé ♣❛r ❞❡✉①

✐♥t❡r❛❝t✐♦♥s α✲❛❣♦st✐q✉❡s✱ ❞✬✉♥❡ ♣❛rt ❡♥tr❡ ❧❛ ❧✐❛✐s♦♥ Si − H5 ❡t ❧❡ ♠ét❛❧ ✭H5 ❡st ♣r♦❝❤❡

❞✉ ♠ét❛❧ ❡t ❧✬❛♥❣❧❡ Sm−Si−H5 ❡st ❢❛✐❜❧❡✮✱ ❡t ❞✬❛✉tr❡ ♣❛rt ❡♥tr❡ ❧❛ ❧✐❛✐s♦♥ C1 −H3 ❡t ❧❡

♠ét❛❧ ✭H3 ❡st ♣r♦❝❤❡ ❞✉ ♠ét❛❧ ❡t ❧✬❛♥❣❧❡ Sm−C −H3 ❡st ❢❛✐❜❧❡✮✳ ▲❡ ❝❛r❛❝tèr❡ ❛❣♦st✐q✉❡

❞❡ ❝❡s ❧✐❛✐s♦♥s ❡st ❝♦♥✜r♠é ♣❛r ✉♥❡ ❛♥❛❧②s❡ ◆❇❖ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥✳

▲✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❝♦♥❞✉✐t à ✉♥ ❛❞❞✉✐t ❞❡ ♣r♦♣❛♥❡ s✉r ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸✱ st❛❜✐❧✐sé

❞❡ ✾✳✵ ❦❝❛❧✳♠♦❧−1 ♣❛r r❛♣♣♦rt ❛✉① ré❛❝t✐❢s sé♣❛rés ✭❝ ❞❡ ❈✳✽✮✳ ▲✬✐♥t❡r❛❝t✐♦♥ ❞✉ ♣r♦♣❛♥❡

❛✉ ♠ét❛❧ s✬❡✛❡❝t✉❡ ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞❡s ❞❡✉① ❤②❞r♦❣è♥❡s H3 ❡t H4✳ ❯♥❡ ❛♥❛❧②s❡ ◆❇❖

✐♥❞✐q✉❡ ✉♥❡ ❧é❣èr❡ ❞é❧♦❝❛❧✐s❛t✐♦♥ ❞❡s ❧✐❛✐s♦♥s C1−H3 ❡t C1−H4 ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s

❞✉ s❛♠❛r✐✉♠✱ ❧❡ ♣r♦♣❛♥❡ ❡st ❞♦♥❝ ❢♦r♠❡❧❧❡♠❡♥t η3 ❝♦♦r❞✐♥é✳ ▲❛ ❧✐❛✐s♦♥ Si − H5✱ ♥♦♥

❛❧❧♦♥❣é❡✱ ♥✬❡st ♣❧✉s ❛❣♦st✐q✉❡✳

❊♥✜♥✱ ❧❛ ❧✐❜ér❛t✐♦♥ ❞✉ ♣r♦♣❛♥❡ ❝♦♥❞✉✐t ❛✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ ✭❞ ❞❡ ❈✳✽✮✳ ❊❧❧❡ ❡st ❡①❡r✲

❣♦♥✐q✉❡ ❞✬❡♥✈✐r♦♥ ✾ ❦❝❛❧✳♠♦❧−1✱ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞✉s ❛✉ ❣❛✐♥ ❞✬❡♥tr♦♣✐❡ tr❛♥s❧❛t✐♦♥♥❡❧❧❡✱ ❝❡

q✉✐ ✐♥❞✐q✉❡ q✉❡ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ♣r♦♣❛♥❡ ❛✉ ♠ét❛❧ ét❛✐t ♣❡✉ st❛❜✐❧✐s❛♥t❡✳

❘é❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ ✐s♦♣r♦♣②❧❡ ✷✬ ▲❛ ré❛❝t✐✈✐té ❞✉ ❝♦♠♣♦sé ✐s♦♣r♦♣②❧❡ ✷✬✱

❢♦r♠é ♠✐♥♦r✐t❛✐r❡♠❡♥t à ♣❛rt✐r ❞❡ ❧✬❤②❞r✉r❡✱ ❡st s✐♠✐❧❛✐r❡ à ❝❡❧❧❡ ❞✉ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷ ✿

s❡❧♦♥ ♥♦s ❝❛❧❝✉❧s ✭❝❢✳ t❛❜❧❡ ❈✳✶✵✮✱ ❧❛ ré❛❝t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ❡st ❧❛ ♣❧✉s

❢❛✈♦r❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t ❡t ❝✐♥ét✐q✉❡♠❡♥t ❀ ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ ♣❡✉t t♦✉t❡❢♦✐s êtr❡

❢♦r♠é ❞❡ ❢❛ç♦♥ ♠✐♥♦r✐t❛✐r❡ ♣❛r ❛❝t✐✈❛t✐♦♥ Si(α)−H(β) ❞✉ s✐❧❛♥❡✳ ❊♥✜♥✱ ❧❛ ré❣é♥ér❛t✐♦♥ ❞❡

❧✬❤②❞r✉r❡ ❡t ❧❛ ❧✐❜ér❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❜r❛♥❝❤é ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ♣❛r ❛❝t✐✈❛t✐♦♥ Si(β)−H(α)

❞✉ s✐❧❛♥❡ ♥✬❡st ♣❛s ❝♦♠♣ét✐t✐✈❡✳ ▲❡s ❛✉tr❡s ré❛❝t✐♦♥s s❡❝♦♥❞❛✐r❡s ✭✐♥s❡rt✐♦♥s ❞✉ ♣r♦♣è♥❡ ❡t

❛❝t✐✈❛t✐♦♥ ✈✐♥②❧✐q✉❡✮ ♥✬♦♥t ♣❛s été ét✉❞✐é❡s✱ ♠❛✐s ❞❡✈r❛✐❡♥t êtr❡ ❞é❢❛✈♦r✐sé❡s ❝✐♥ét✐q✉❡♠❡♥t

❝♦♠♠❡ ❞❛♥s ❧❡ ❝❛s ❞✉ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷✳

❘é❛❝t✐♦♥ ∆G0 ∆G‡

❆❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ✲✸✶✳✵ ♥✳❞✳
❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ✲✷✹✳✸ ✶✹✳✵
❆❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ✲✾✳✽ ✷✵✳✷

❚❛❜✳ ❈✳✶✵✿ ✳ ❈❛r❛❝tér✐st✐q✉❡s é♥❡r❣ét✐q✉❡s ♣♦✉r ❧❡s ré❛❝t✐♦♥s ❡♥✈✐s❛❣é❡s à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡
✐s♦♣r♦♣②❧❡ [Sm] − CH(CH3) − CH3 ✭✷✮✳ ▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s s♦♥t ❡♥ ❦❝❛❧✳♠♦❧−1

❇✐❧❛♥ ❆ ♣❛rt✐r ❞❡s rés✉❧t❛ts ♣ré❝é❞❡♥ts✱ ♣❧✉s✐❡✉rs ❝♦♥❝❧✉s✐♦♥s ✐♠♣♦rt❛♥t❡s ♣❡✉✈❡♥t

êtr❡ t✐ré❡s ✿

✾✹



✶✳ ▲❡ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ✶ ♥❡ ♣❡r♠❡t ♣❛s ❞❡ ❝❛t❛❧②s❡r ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡

♣❛r SiH4 s❡❧♦♥ ❧❡ ♠é❝❛♥✐s♠❡ ✓ ❡①♣ér✐♠❡♥t❛❧ ✔ ❆✳ ❊♥ ❡✛❡t✱ ❜✐❡♥ q✉❡ ❧❛ ♣r❡♠✐èr❡ ét❛♣❡

é❧é♠❡♥t❛✐r❡ ❝♦♥❞✉✐s❡ ♠❛❥♦r✐t❛✐r❡♠❡♥t ❛✉ ❝♦♠♣♦sé ♣r♦♣②❧❡ ✷✱ ❡♥s✉✐t❡ ❧✬❛❝t✐✈❛t✐♦♥ Si(β)−
H(α) ♥✬❡st ♣❛s ❝♦♠♣ét✐t✐✈❡✳ ▲❡ ♣r♦❞✉✐t ❧✐♥é❛✐r❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ♥❡ ❞❡✈r❛✐t ❞♦♥❝ êtr❡

❢♦r♠é q✉✬❡♥ q✉❛♥t✐té très ❢❛✐❜❧❡ ❡t ❧❛ ré❣é♥ér❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ✶ ❞❡✈r❛✐t êtr❡

♥é❣❧✐❣❡❛❜❧❡✳ ❉❡ ❧❛ ♠ê♠❡ ❢❛ç♦♥✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬✐s♦♠èr❡ ❜r❛♥❝❤é ♣❛r ✉♥❡ ✐♥s❡rt✐♦♥ ✷✱✶ ❞✉

♣r♦♣è♥❡ s✉✐✈✐❡ ❞✬✉♥❡ ❛❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ♥❡ ❞❡✈r❛✐t ♣❛s êtr❡ ♦❜s❡r✈é❡✳

✷✳ ❯♥❡ q✉❛♥t✐té ✐♠♣♦rt❛♥t❡ ❞❡ ❝❛t❛❧②s❡✉r ❡st ♣❡r❞✉❡ ♣❛r ❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦✲

♣è♥❡✳ ❊♥ ❡✛❡t✱ ❧❡ ❝♦♠♣♦sé π✲❛❧❧②❧❡ ❛✐♥s✐ ❢♦r♠é ❡st tr♦♣ st❛❜❧❡ ♣♦✉r ♣❡r♠❡ttr❡ ✉♥❡ ré✐♥s❡r✲

t✐♦♥ ❞❛♥s ❧❡ ❝②❝❧❡ ❝❛t❛❧②t✐q✉❡✳

✸✳ ▲❡ ❝♦♠♣♦sé s✐❧②❧❡ ✸ ♣❡✉t êtr❡ ❢♦r♠é ❡♥ ❞❡✉① ét❛♣❡s à ♣❛rt✐r ❞❡ ❧✬❤②❞r✉r❡ ✶✱ ❡♥

♣❛ss❛♥t s♦✐t ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ♣r♦♣②❧❡ ✷✱ s♦✐t ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ✐s♦♣r♦♣②❧❡ ✷✬✳ ▲❡ ♣r♦✜❧

é♥❡r❣ét✐q✉❡ ❞❡ ❧❛ ♣r❡♠✐èr❡ ré❛❝t✐♦♥ ❡st ♣rés❡♥té ✜❣✉r❡ ❈✳✾✳ ▲✬✐♥s❡rt✐♦♥ ✶✱✷ ❞✬✉♥❡ ♠♦❧é❝✉❧❡

❞❡ ♣r♦♣è♥❡ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Sm−Si ❞✉ ❝♦♠♣❧❡①❡ ✸✱ s✉✐✈✐❡ ❞✬✉♥❡ ❛❝t✐✈❛t✐♦♥ Si(α)−H(β) ❞✉

s✐❧❛♥❡✱ ♣❡r♠❡ttr❛✐t ❛❧♦rs ❞❡ ❣é♥ér❡r ❧❡ ♣r♦❞✉✐t ❜r❛♥❝❤é ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ♣❛r ❧❡ ♠é❝❛♥✐s♠❡

✓ ❛❧t❡r♥❛t✐❢ ✔ ❇✳

✹✳ ▲✬❛❝t✐✈❛t✐♦♥ ✈✐♥②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ❡st s②sté♠❛t✐q✉❡♠❡♥t ❞é❢❛✈♦r✐sé❡ t❤❡r♠♦❞②♥❛✲

♠✐q✉❡♠❡♥t ❡t ❝✐♥ét✐q✉❡♠❡♥t ❞❡ ♣❧✉s ❞❡ ✺ ❦❝❛❧✳♠♦❧−1 ♣❛r r❛♣♣♦rt à ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡✳

P❛r ❝♦♥séq✉❡♥t✱ ❝❡tt❡ ré❛❝t✐♦♥ ♥❡ s❡r❛ ♣❧✉s ❡♥✈✐s❛❣é❡ ❞❛♥s ❧❛ s✉✐t❡ ❞❡ ❧✬ét✉❞❡✳ ❈❡ rés✉❧t❛t

❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s t❡♥❞❛♥❝❡s ♦❜s❡r✈é❡s ❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬❤②❞r♦♠ét❤②❧❛t✐♦♥ ❝❛t❛❧②t✐q✉❡

❞✉ ♣r♦♣è♥❡ ♣❛r ❧❡ ❝♦♠♣♦sé Cp2LuCH3 ✭❝❢✳ ❝❤❛♣✐tr❡ ❇✮✳

❊t✉❞❡ ❞✉ ♠é❝❛♥✐s♠❡ ✓ ❛❧t❡r♥❛t✐❢ ✔ ❇

▲❡ ♠é❝❛♥✐s♠❡ ❇✱ ♣♦✉r ❧❡q✉❡❧ ❧✬❡s♣è❝❡ ❛❝t✐✈❡ ❡st ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸✱ ❡st ✉♥ ♠é❝❛♥✐s♠❡

✐♥s❡rt✐♦♥✴❛❝t✐✈❛t✐♦♥ ❝♦♠♣♦sé ❞❡ ❞❡✉① ét❛♣❡s é❧é♠❡♥t❛✐r❡s ✭❝❢✳ ✜❣✉r❡ ❈✳✶✵✮✳ ▲❛ ♣r❡♠✐èr❡ ❡st

❧✬✐♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Sm−Si ❞❡ ✸✱ q✉✐ ❞♦♥♥❡ ❧❡ ❝♦♠♣❧❡①❡ [Sm]−CH2−
CH(SiH3)−CH3 ✭✹✮ ❀ ❧❛ s❡❝♦♥❞❡ ❡st ❧✬❛❝t✐✈❛t✐♦♥ Si(α)−H(β) ❞✉ s✐❧❛♥❡ ♣❛r ❝❡ ❞❡r♥✐❡r✱ q✉✐

❧✐❜èr❡ ❧❡ ♣r♦❞✉✐t ❜r❛♥❝❤é ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❡t ré❣é♥èr❡ ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸✳ ❯♥❡ ✈❛r✐❛♥t❡

à ❝❡ ♠é❝❛♥✐s♠❡ ✭❝❢✳ ✜❣✉r❡ ❈✳✶✵✮ ❞é❜✉t❡ ♣❛r ❧✬✐♥s❡rt✐♦♥ ✷✱✶ ❞✉ ♣r♦♣è♥❡ ❞❛♥s ❧❛ ❧✐❛✐s♦♥

Sm − Si ❞❡ ✸✱ q✉✐ ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ [Sm] − CH(CH3) − CH2 − SiH3

✭✹✬✮✳ ▲✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ♣❛r ❝❡ ❞❡r♥✐❡r ❧✐❜èr❡ ❛❧♦rs ❧❡ ♣r♦❞✉✐t ❧✐♥é❛✐r❡

❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✳ ▲❛ ré❣✐♦sé❧❡❝t✐✈✐té ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ s❡r❛ ❞♦♥❝ ❧✐é❡ à ❧✬♦r✐❡♥t❛t✐♦♥ ❞✉

♣r♦♣è♥❡ ❧♦rs ❞❡ s♦♥ ✐♥s❡rt✐♦♥✳

❘é❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ ❖✉tr❡ ❧❡s ✐♥s❡rt✐♦♥s ✶✱✷ ❡t ✷✱✶ ❞✉ ♣r♦♣è♥❡✱ ❧❡

❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ ♣❡✉t ❛❝t✐✈❡r ✉♥❡ ❧✐❛✐s♦♥ C − H ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✱ ❝❡ q✉✐ ❝♦♥❞✉✐t à

❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ❞❡ ♣r♦♣❛♥❡ ❡t ❞✉ ❝♦♠♣❧❡①❡ ❛❧❧②❧❡✳ ■❧ ♣❡✉t é❣❛❧❡♠❡♥t ❛❝t✐✈❡r

✾✺



❋✐❣✳ ❈✳✾✿ Pr♦✜❧ é♥❡r❣ét✐q✉❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ [Sm] − SiH3 ✭✸✮ à ♣❛rt✐r ❞❡
❧✬❤②❞r✉r❡ [Sm] − H ✭✶✮✳

❋✐❣✳ ❈✳✶✵✿ ▼é❝❛♥✐s♠❡ ✓ ❛❧t❡r♥❛t✐❢ ✔ ❇ ❡t ✈❛r✐❛♥t❡✳ ▲❡s ❞❡✉① ♦r✐❡♥t❛t✐♦♥s ❞✐✛ér❡♥t❡s ❞✉ ♣r♦♣è♥❡
❧♦rs ❞❡ ❧✬✐♥s❡rt✐♦♥ ❝♦♥❞✉✐s❡♥t à ❞❡✉① ♣r♦❞✉✐ts ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✐✛ér❡♥ts✳

✉♥❡ ❧✐❛✐s♦♥ Si − H ❞✉ s✐❧❛♥❡ ✿ ❧✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❝♦rr❡s♣♦♥❞ ❛❧♦rs à ✉♥ é❝❤❛♥❣❡

❢♦r♠❡❧ ❞✉ ❣r♦✉♣❡ s✐❧②❧❡✱ t❛♥❞✐s q✉❡ ❧✬❛❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞♦♥♥❡ ❧❡ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡

✶ ❡t ❧✐❜èr❡ ❧❡ ❞✐s✐❧❛♥❡ H3Si − SiH3✳

▲❡s ❣r❛♥❞❡✉rs é♥❡r❣ét✐q✉❡s ❝❛❧❝✉❧é❡s ♣♦✉r ❧❡s ❝✐♥q ré❛❝t✐♦♥s ❝♦♥s✐❞éré❡s s♦♥t r❛s✲

✾✻



s❡♠❜❧é❡s ❞❛♥s ❧❛ t❛❜❧❡ ❈✳✶✶✳ ❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ s❡✉❧❡ ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡

❡st ❡①❡r❣♦♥✐q✉❡✱ ❧❡s ré❛❝t✐♦♥s ❞✬✐♥s❡rt✐♦♥ ét❛♥t ❧é❣èr❡♠❡♥t ❡♥❞❡r❣♦♥✐q✉❡s✳ ▲❛ ré❛❝t✐♦♥ ❧❛

♣❧✉s ❢❛✈♦r❛❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t ❡st ❧✬❛❝t✐✈❛t✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡✱ ❧❡ ❝♦♠♣❧❡①❡ [Sm] − CH2 −
CH(SiH3)−CH3 ✭✹✮ ❞❡✈r❛✐t ❞♦♥❝ êtr❡ ❢♦r♠é ♠❛❥♦r✐t❛✐r❡♠❡♥t✳ ▲✬✐♥s❡rt✐♦♥ ✷✱✶✱ q✉✐ ♠è♥❡

❛✉ ♣r♦❞✉✐t ❞✬✐♥s❡rt✐♦♥ [Sm] − CH(CH3) − CH2 − SiH3 ✭✹✬✮✱ ❛ ✉♥❡ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥

♣❧✉s ❤❛✉t❡ ❞❡ ✶ ❦❝❛❧✳♠♦❧−1 ❡♥✈✐r♦♥ q✉❡ ❧✬✐♥s❡rt✐♦♥ ✶✱✷✱ ♣❛r ❝♦♥séq✉❡♥t ❡❧❧❡ ❞❡✈r❛✐t é❣❛✲

❧❡♠❡♥t s❡ ♣r♦❞✉✐r❡✳ ❊♥✜♥✱ ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ❡st é❣❛❧❡♠❡♥t ♣♦ss✐❜❧❡✳ P❛r

❝♦♥séq✉❡♥t✱ ❧❛ ❢♦r♠❛t✐♦♥ ♠✐♥♦r✐t❛✐r❡ ❞✉ ❝♦♠♣❧❡①❡ ❛❧❧②❧❡ ❞❡✈r❛✐t é❣❛❧❡♠❡♥t êtr❡ ♦❜s❡r✈é❡✳

▲❡s ré❛❝t✐♦♥s ❞✬❛❝t✐✈❛t✐♦♥ ❞✉ s✐❧❛♥❡✱ q✉❛♥t à ❡❧❧❡s✱ ♥❡ s♦♥t ♣❛s ❝♦♠♣ét✐t✐✈❡s✳

❘é❛❝t✐♦♥ ∆G0 ∆G‡

■♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡ ✰✶✳✵ ✶✸✳✾
■♥s❡rt✐♦♥ ✷✱✶ ❞✉ ♣r♦♣è♥❡ ✰✹✳✷ ✶✺✳✷

❆❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ✲✻✳✼ ✶✼✳✹
❆❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ✵✳✵ ✷✵✳✵
❆❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ✰✻✳✽ ✶✽✳✸

❚❛❜✳ ❈✳✶✶✿ ✳ ❈❛r❛❝tér✐st✐q✉❡s é♥❡r❣ét✐q✉❡s ♣♦✉r ❧❡s ré❛❝t✐♦♥s ❡♥✈✐s❛❣é❡s à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡
s✐❧②❧❡ [Sm] − SiH3 ✭✸✮✳ ▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s s♦♥t ❡♥ ❦❝❛❧✳♠♦❧−1

❆✐♥s✐ q✉❡ ♥♦✉s ♣♦✉✈♦♥s ❧✬♦❜s❡r✈❡r s✉r ❧❛ ✜❣✉r❡ ❈✳✶✶✱ ❧✬✐♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡ ❞❛♥s

❧❛ ❧✐❛✐s♦♥ Sm − Si ❞❡ ✸ ❞é❜✉t❡ ♣❛r ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ s✉r ❧❡ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡✱

♣♦✉r ❞♦♥♥❡r ✉♥ ❛❞❞✉✐t ♣ré❝✉rs❡✉r ❧é❣èr❡♠❡♥t ❞ést❛❜✐❧✐sé ❞❡ ✶✳✸ ❦❝❛❧✳♠♦❧−1 ♣❛r r❛♣♣♦rt

❛✉① ré❛❝t✐❢s sé♣❛rés✳ ❈♦♠♠❡ ♣ré❝é❞❡♠♠❡♥t✱ ❧❛ str✉❝t✉r❡ ❣é♦♠étr✐q✉❡ ❞❡s ré❛❝t✐❢s ❡st ♣❡✉

❛✛❡❝té❡ ♣❛r ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ✭❝❢✳ ✜❣✉r❡ ❈✳✶✶✮ ✿ ❧❡s ❧✐❛✐s♦♥s Sm−Si ❡t C6−C7 s♦♥t ❛❧❧♦♥❣é❡s

❞❡ ♠♦✐♥s ❞❡ ✵✳✵✶ ➴ ❡t ❧❡ ♣r♦♣è♥❡ ♥✬❡st ♣❛s ♣②r❛♠✐❞❛❧✐sé✳ ❙❡❧♦♥ ✉♥❡ ❛♥❛❧②s❡ ◆❇❖ ❛✉ s❡❝♦♥❞

♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥✱ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ♣r♦♣è♥❡ ❡t ❧❡ ♠ét❛❧ rés✉❧t❡ ❞✬✉♥❡ ❞é❧♦❝❛❧✐s❛t✐♦♥

s✐❣♥✐✜❝❛t✐✈❡ ❞❡ ❧❛ ❧✐❛✐s♦♥ π ❞✉ ♣r♦♣è♥❡ ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞✉ ♠ét❛❧✳

▲✬❛❞❞✉✐t ♣ré❝✉rs❡✉r ❝♦♥♥❡❝t❡ ✉♥ ét❛t ❞❡ tr❛♥s✐t✐♦♥ à q✉❛tr❡ ❝❡♥tr❡s ✭❜ ❞❡ ❈✳✶✶✮✱ ❞❛♥s

❧❡q✉❡❧ ❧❡s q✉❛tr❡ ❛t♦♠❡s Sm✱ Si✱ C6✱ ❡t C7 s♦♥t ❝♦♣❧❛♥❛✐r❡s✱ ❧❛ ❞♦✉❜❧❡ ❧✐❛✐s♦♥ ❞✉ ♣r♦♣è♥❡

❡st ét✐ré❡ ❡t ❧❛ ❧✐❛✐s♦♥ Si − C7 ♥✬❡st ♣❛s ❡♥❝♦r❡ ❢♦r♠é❡✳ ❈❡t ét❛t ❞❡ tr❛♥s✐t✐♦♥ s❡♠❜❧❡

st❛❜✐❧✐sé ♣❛r ✉♥❡ ✐♥t❡r❛❝t✐♦♥ α✲❛❣♦st✐q✉❡ ❡♥tr❡ ❧❛ ❧✐❛✐s♦♥ Si − H5 ❞✉ ❣r♦✉♣❡ s✐❧②❧❡ ❡t ❧❡

♠ét❛❧ ✿ ❧❛ ❧✐❛✐s♦♥ Si − H5 ❡st ❧é❣èr❡♠❡♥t ❛❧❧♦♥❣é❡✱ H5 ❡st ♣r♦❝❤❡ ❞✉ ♠ét❛❧ ❡t ❧✬❛♥❣❧❡

Sm − Si − H5 ❡st ❢❛✐❜❧❡✳ ▲❡ ❝❛r❛❝tèr❡ ❛❣♦st✐q✉❡ ❞❡ ❝❡tt❡ ❧✐❛✐s♦♥ ❡st ❝♦♥✜r♠é ♣❛r ✉♥❡

❛♥❛❧②s❡ ◆❇❖✱ q✉✐ ✐♥❞✐q✉❡ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥ ✉♥❡ ❢♦rt❡ ❞é❧♦❝❛❧✐s❛t✐♦♥ ❞❡ ❧❛

❧✐❛✐s♦♥ Si − H5 ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞✉ ♠ét❛❧✳

■❧ ❡st à ♥♦t❡r q✉❡ ❧❡ ♣r♦♣è♥❡ s✬✐♥sèr❡ ♣❧✉s ❢❛❝✐❧❡♠❡♥t ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Sm− Si ❞❡ ✸ q✉❡

❞❛♥s ❧❛ ❧✐❛✐s♦♥ Sm − C ❞✉ ❝♦♠♣❧❡①❡ [Sm] − CH3 ✭♣♦✉r ❧❡q✉❡❧ ❧❛ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥

❞✬✐♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡ ❡st ❞✬❡♥✈✐r♦♥ ✶✽ ❦❝❛❧✳♠♦❧−1✮✳ ❈❡❝✐ ♣❡✉t êtr❡ ❧✐é ❛✉ ❢❛✐t q✉❡ ❧❡s

❧✐❛✐s♦♥s ♠ét❛❧ ✲ s✐❧✐❝✐✉♠ s♦♥t ♣❧✉s ♣♦❧❛r✐s❛❜❧❡s q✉❡ ❧❡s ❧✐❛✐s♦♥s ♠ét❛❧ ✲ ❝❛r❜♦♥❡ ❀ ❞❡ ♣❧✉s ❧❛

✾✼



st❛❜✐❧✐s❛t✐♦♥ ❡st ♣❧✉s ✐♠♣♦rt❛♥t❡ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ❧✐❛✐s♦♥ Si−H α✲❛❣♦st✐q✉❡ q✉❡ ❞❛♥s ❧❡

❝❛s ❞✬✉♥❡ ❧✐❛✐s♦♥ C − H α✲❛❣♦st✐q✉❡✳

❉❛♥s ❧❡ ♣r♦❞✉✐t ❞✬✐♥s❡rt✐♦♥ ✹ ✭❝ ❞❡ ❈✳✶✶✮✱ ❧❛ ❧✐❛✐s♦♥ Si − C7 ❢♦r♠é❡ ❡st ❞❡ ✶✳✽✾ ➴✳

▲❛ ❧✐❛✐s♦♥ Si − H5 ❡st ❧é❣èr❡♠❡♥t ❛❧❧♦♥❣é❡ ❡t ❧✬❤②❞r♦❣è♥❡ H5 ♣r♦❝❤❡ ❞✉ ♠ét❛❧✱ ❧❛ ❧✐❛✐s♦♥

Si−H3 s❡♠❜❧❡ ❞♦♥❝ êtr❡ γ✲❛❣♦st✐q✉❡✱ ❝❡ q✉✐ ❡st ❝♦♥✜r♠é ♣❛r ✉♥❡ ❛♥❛❧②s❡ ◆❇❖ ❛✉ s❡❝♦♥❞

♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥✳ ▲✬✐♥t❡r❛❝t✐♦♥ ❛❣♦st✐q✉❡ ❡♥tr❡ ❧❛ ❧✐❛✐s♦♥ Si−H5 ❡t ❧❡ ♠ét❛❧ ❡st ❞♦♥❝

♠❛✐♥t❡♥✉❡ t♦✉t ❛✉ ❧♦♥❣ ❞✉ ❝❤❡♠✐♥ ré❛❝t✐♦♥♥❡❧✳

❋✐❣✳ ❈✳✶✶✿ ■♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Sm − Si ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ ✿ ●é♦♠étr✐❡s
♦♣t✐♠✐sé❡s ❞❡s ❡①tr❡♠❛ s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ♣♦t❡♥t✐❡❧✳ ❛✮ ❆❞❞✉✐t ❞❡ ♣r♦♣è♥❡ s✉r ✸ ❀ ❜✮ ❊t❛t ❞❡
tr❛♥s✐t✐♦♥ ❞✬✐♥s❡rt✐♦♥ ✶✱✷ ❀ ❝✮ Pr♦❞✉✐t ❞✬✐♥s❡rt✐♦♥ ✶✱✷ ✭✹✮ ❀ ❞✮ Pr♦❞✉✐t ❞✬✐♥s❡rt✐♦♥ ✷✱✶ ✭✹✬✮✳ P♦✉r
♣❧✉s ❞❡ ❝❧❛rté✱ ❧❡s ❤②❞r♦❣è♥❡s ❞✉ ❧✐❣❛♥❞ Cp ♥❡ s♦♥t ♣❛s r❡♣rés❡♥tés✳

❙tr✉❝t✉r❡ ❆❞❞✉✐t ❞❡ ❊t❛t ❞❡ Pr♦❞✉✐t ❞✬✐♥s❡rt✐♦♥ Pr♦❞✉✐t ❞✬✐♥s❡rt✐♦♥
♣r♦♣è♥❡ ✭❛✮ tr❛♥s✐t✐♦♥ ✭❜✮ ✶✱✷ ✭❝✮ ✷✱✶ ✭❞✮

Sm...Si ✸✳✵✷ ✷✳✾✵ ✸✳✺✵ ✸✳✹✾
Sm...C6 ✷✳✾✽ ✷✳✺✼ ✷✳✺✶ ✸✳✷✾
Sm...C7 ✸✳✷✸ ✷✳✾✼ ✸✳✹✷ ✷✳✺✸
C6...C7 ✶✳✸✺ ✶✳✹✷ ✶✳✺✹ ✶✳✺✺
C7...Si ✸✳✼✸ ✷✳✹✾ ✶✳✽✾ ✭C7...Si✮ ✶✳✽✾
Sm...H5 ✸✳✾✶ ✷✳✺✹ ✷✳✺✸ ✷✳✺✹
Si...H5 ✶✳✺✷ ✶✳✺✻ ✶✳✺✸ ✶✳✺✸

❚❛❜✳ ❈✳✶✷✿ ❈❛r❛❝tér✐st✐q✉❡s ❣é♦♠étr✐q✉❡s ❞❡ ❧✬❛❞❞✉✐t ♣ré❝✉rs❡✉r ❡t ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ✶✱✷ ❞✉
♣r♦♣è♥❡ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Sm − Si ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸✱ ❡t ❞❡s ♣r♦❞✉✐ts ❞✬✐♥s❡rt✐♦♥ ✶✱✷ ✭✹✮ ❡t ✷✱✶
✭✹✬✮✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t ❡♥ ➴✳

❘é❛❝t✐✈✐té ❞✉ ♣r♦❞✉✐t ❞✬✐♥s❡rt✐♦♥ ✶✱✷ ✭✹✮ ❆ ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ✹✱ ✉♥❡ ❛❝t✐✈❛t✐♦♥

Si(α) − H(β) ❞✉ s✐❧❛♥❡ ré❣é♥èr❡r❛✐t ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ ❡t ❧✐❜èr❡r❛✐t ❧❡ ♣r♦❞✉✐t ❜r❛♥❝❤é

❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✳ ❚r♦✐s ré❛❝t✐♦♥s s❡❝♦♥❞❛✐r❡s ♣♦✉✈❛♥t ❡♥tr❡r ❡♥ ❝♦♠♣ét✐t✐♦♥ ❛✈❡❝ ❝❡tt❡

✾✽



ré❛❝t✐♦♥ ♦♥t été ❡♥✈✐s❛❣é❡s ✿ ❧✬✐♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡✱ ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✱ ❡t

❧✬❛❝t✐✈❛t✐♦♥ Si(β)−H(α) ❞✉ s✐❧❛♥❡✱ q✉✐ ❝♦♥❞✉✐r❛✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬❤②❞r✉r❡ ❡t ❞✉ ❞✐s✐❧❛♥❡

SiH3 − CH2 − CH(SiH3) − CH3✳ ❘❡♠❛rq✉♦♥s q✉❡✱ ❝♦♠♠❡ ❧✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β)✱

❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ♣❡r♠❡t ❞❡ ❢♦r♠❡r ❧❡ ♣r♦❞✉✐t ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❜r❛♥❝❤é✱

♠❛✐s ❡❧❧❡ ❝♦♥❞✉✐t à ❧❛ ❞és❛❝t✐✈❛t✐♦♥ ❞✉ ❝❛t❛❧②s❡✉r✳

❙❡❧♦♥ ♥♦s rés✉❧t❛ts ✭❝❢✳ t❛❜❧❡ ❈✳✶✸✮✱ t♦✉t❡s ❧❡s ré❛❝t✐♦♥s s♦♥t ❡①❡r❣♦♥✐q✉❡s✳ ▲❛ ré❛❝t✐♦♥

❧❛ ♣❧✉s ❢❛✈♦r❛❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t ❡st ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✱ ♣❛r ❝♦♥séq✉❡♥t ✉♥❡

q✉❛♥t✐té ✐♠♣♦rt❛♥t❡ ❞❡ ❝❛t❛❧②s❡✉r ❞❡✈r❛✐t êtr❡ ✉♥❡ ♥♦✉✈❡❧❧❡ ❢♦✐s ❞és❛❝t✐✈é❡✳ ▲✬❛❝t✐✈❛t✐♦♥

Si(α)−H(β) ❞✉ s✐❧❛♥❡ ❡st t♦✉t❡❢♦✐s ❝♦♠♣ét✐t✐✈❡✱ ♣❛r ❝♦♥séq✉❡♥t ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ ♣❡✉t

êtr❡ ♣❛rt✐❡❧❧❡♠❡♥t ré❣é♥éré ❡t ❧❡ ♣r♦❞✉✐t ❜r❛♥❝❤é ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❢♦r♠é✳ ▲✬❛❝t✐✈❛t✐♦♥

Si(β) − H(α) ❞✉ s✐❧❛♥❡ ♥✬❡st ♣❛s ❝♦♠♣ét✐t✐✈❡✱ s✐ ❜✐❡♥ q✉❡ ❧❡ ❝♦♠♣♦sé ❤②❞r✉r❡ ✶ ♥❡ ♣❡✉t

♣❛s êtr❡ ❢♦r♠é✳ ❊♥✜♥✱ ❧✬✐♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡ ♥✬❡st ♣❛s ❝♦♠♣ét✐t✐✈❡ ❝✐♥ét✐q✉❡♠❡♥t ❀ ♥♦✉s

♣♦✉✈♦♥s s✉♣♣♦s❡r q✉✬✐❧ ❡♥ ❡st ❞❡ ♠ê♠❡ ♣♦✉r ❧✬✐♥s❡rt✐♦♥ ✷✱✶✱ q✉✐ ❡st t♦✉❥♦✉rs ❧é❣èr❡♠❡♥t

❞é❢❛✈♦r✐sé❡ ♣❛r r❛♣♣♦rt à ❝❡tt❡ ❞❡r♥✐èr❡✳

❘é❛❝t✐♦♥ ∆G0 ∆G‡

■♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡ ♥✳❞✳ ✷✹✳✸
❆❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ✲✷✹✳✶ ✶✾✳✽

❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ✲✶✹✳✸ ✷✶✳✽
❆❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ✲✵✳✹ ✸✶✳✶

❚❛❜✳ ❈✳✶✸✿ ✳ ❈❛r❛❝tér✐st✐q✉❡s é♥❡r❣ét✐q✉❡s ♣♦✉r ❧❡s ré❛❝t✐♦♥s ❡♥✈✐s❛❣é❡s à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡
[Sm] − CH2 − CH(SiH3) − CH3 ✭✹✮✳ ▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s s♦♥t ❡♥ ❦❝❛❧✳♠♦❧−1

❈♦♥s✐❞ér♦♥s ❧❡ ♣r♦✜❧ ré❛❝t✐♦♥♥❡❧ ❞❡ ❧✬❛❝t✐✈❛t✐♦♥ Si(α)−H(β) ❞✉ s✐❧❛♥❡ ♣❛r ❧❡ ❝♦♠♣♦sé

✹✳ ▲❡s ❣é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s ❡①tr❡♠❛ s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ♣♦t❡♥t✐❡❧ ✭♠✐♥✐♠❛ ❡t ét❛t

❞❡ tr❛♥s✐t✐♦♥✮ s♦♥t ♣rés❡♥té❡s ✜❣✉r❡ ❈✳✶✷✳ ▲❛ ré❛❝t✐♦♥ ❞é❜✉t❡ ♣❛r ✉♥❡ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉

s✐❧❛♥❡ s✉r ❧❡ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡✱ ❡♥❞❡r❣♦♥✐q✉❡ ❞❡ ✶✵✳✺ ❦❝❛❧✳♠♦❧−1✱ q✉✐ ♥✬❡♥tr❛î♥❡ ♣❛s ❞❡

♠♦❞✐✜❝❛t✐♦♥ ❣é♦♠étr✐q✉❡ s✉❜st❛♥t✐❡❧❧❡ ❞❡s ré❛❝t✐❢s✳ ▲❡ s✐❧✐❝✐✉♠ Si2 ❡t ❧✬❤②❞r♦❣è♥❡ H6 s♦♥t

♣r♦❝❤❡s ❞✉ ♠ét❛❧✱ ♣❛r ❝♦♥séq✉❡♥t ❧❡ s✐❧❛♥❡ s❡♠❜❧❡ ❝♦♦r❞✐♥é ❛✉ ♠ét❛❧ ♣❛r ✉♥❡ ❞♦♥❛t✐♦♥ ❞❡ ❧❛

❧✐❛✐s♦♥ Si2−H6✱ ❝❡ q✉✐ ❡st ❝♦♥✜r♠é ♣❛r ✉♥❡ ❛♥❛❧②s❡ ◆❇❖ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥✳

❈❡♣❡♥❞❛♥t✱ ❧✬✐♥t❡r❛❝t✐♦♥ s✐❧❛♥❡✲♠ét❛❧ ❡st tr♦♣ ❢❛✐❜❧❡ ♣♦✉r ❝♦♠♣❡♥s❡r ❧❛ ♣❡rt❡ ❞✬❡♥tr♦♣✐❡

tr❛♥s❧❛t✐♦♥♥❡❧❧❡ ❞✉❡ à ❧❛ ❝♦♦r❞✐♥❛t✐♦♥✳

❈❡t ❛❞❞✉✐t ❝♦♥♥❡❝t❡ ✉♥ ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❞❡ ♠ét❛t❤ès❡ à q✉❛tr❡ ❝❡♥tr❡s ✭❜ ❞❡ ❈✳✶✷✮✱

très s✐♠✐❧❛✐r❡ à ❝❡❧✉✐ ♦❜t❡♥✉ ♣♦✉r ❧✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ♣❛r ❧❡ ❝♦♠♣❧❡①❡

♣r♦♣②❧❡ ✷✳ ▲❡ s✐❧✐❝✐✉♠ Si2✱ ❧✬❤②❞r♦❣è♥❡ H6 ❡t ❧❡ ❝❛r❜♦♥❡ C6 s♦♥t q✉❛s✐♠❡♥t ❛❧✐❣♥és✳ ▲❡s

❧✐❛✐s♦♥s Sm − C6 ❡t Si2 − H6 s♦♥t ❛❧❧♦♥❣é❡s✱ ❡t ❧❡s ❧✐❛✐s♦♥s Sm − Si2 ❡t C6 − H6 ♥❡ s♦♥t

♣❛s ❡♥❝♦r❡ ❢♦r♠é❡s✳ ❈❡t ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❡st st❛❜✐❧✐sé ♣❛r ❞❡✉① ✐♥t❡r❛❝t✐♦♥s α✲❛❣♦st✐q✉❡s

❡♥tr❡ ❧❛ ❧✐❛✐s♦♥ C6 − H7 ❡t ❧❡ ♠ét❛❧ ❞✬✉♥❡ ♣❛rt✱ ❡t ❧❛ ❧✐❛✐s♦♥ Si2 − H8 ❡t ❧❡ ♠ét❛❧ ❞✬❛✉tr❡

✾✾



♣❛rt✱ ❝♦♥✜r♠é❡s ♣❛r ✉♥❡ ❛♥❛❧②s❡ ◆❇❖ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥✳

▲✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❝♦♥❞✉✐t à ✉♥ ❝♦♠♣♦sé ❞❛♥s ❧❡q✉❡❧ ❧❡ ♣r♦❞✉✐t ❜r❛♥❝❤é ❞✬❤②❞r♦s✐✲

❧②❧❛t✐♦♥ r❡st❡ ❝♦♦r❞✐♥é ❛✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞❡s ❞❡✉① ❤②❞r♦❣è♥❡s H6

❡t H7 ✭❝ ❞❡ ❈✳✶✷✮✳ ❈❡t ❛❞❞✉✐t ❡st st❛❜✐❧✐sé ❞❡ ✻✳✻ ❦❝❛❧✳♠♦❧−1 ♣❛r r❛♣♣♦rt ❛✉① ré❛❝t✐❢s

sé♣❛rés✳ ❉❛♥s ❝❡ ❝♦♠♣♦sé✱ ❧❛ ❧✐❛✐s♦♥ Si2 − H8✱ ♥♦♥ ❛❧❧♦♥❣é❡✱ ♥✬❡st ♣❧✉s ❛❣♦st✐q✉❡✳

▲❛ ❧✐❜ér❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ♣♦✉r ❢♦r♠❡r ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ ❡st ❡①❡r✲

❣♦♥✐q✉❡ ❞✬❡♥✈✐r♦♥ ✾ ❦❝❛❧✳♠♦❧−1✱ ❝❡ q✉✐ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞û ❛✉ ❣❛✐♥ ❞✬❡♥tr♦♣✐❡ tr❛♥s❧❛✲

t✐♦♥♥❡❧❧❡ ❀ ❝❡❝✐ ✐♥❞✐q✉❡ q✉❡ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❛✉ ♠ét❛❧ ♥✬ét❛✐t

q✉❡ ♣❡✉ st❛❜✐❧✐s❛♥t❡✳

❋✐❣✳ ❈✳✶✷✿ ✿ ❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ✹ ✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s
❡①tr❡♠❛ s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ♣♦t❡♥t✐❡❧✳ ❛✮ ❆❞❞✉✐t ❞❡ SiH4 s✉r ✹ ❀ ❜✮ ❊t❛t ❞❡ tr❛♥s✐t✐♦♥ ❀ ❝✮ ❆❞❞✉✐t
❞✉ ♣r♦❞✉✐t ❜r❛♥❝❤é ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ s✉r ✸✳ P♦✉r ♣❧✉s ❞❡ ❝❧❛rté✱ ❧❡s ❤②❞r♦❣è♥❡s ❞✉ ❧✐❣❛♥❞ Cp ♥❡
s♦♥t ♣❛s r❡♣rés❡♥tés✳

❙tr✉❝t✉r❡ ❆❞❞✉✐t ❞❡ ❊t❛t ❞❡ ❆❞❞✉✐t ❞✉ ♣r♦❞✉✐t
SiH4 ✭❛✮ tr❛♥s✐t✐♦♥ ✭❜✮ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ✭❝✮

Sm...C6 ✷✳✹✾ ✷✳✺✻ ✸✳✶✺
C6...H6 ✸✳✾✸ ✶✳✼✶ ✶✳✶✶
Sm...H7 ✷✳✾✾ ✷✳✺✷ ✷✳✼✹
C6...H7 ✶✳✶✵ ✶✳✶✷ ✶✳✶✵
Sm...H6 ✷✳✺✾ ✷✳✶✾ ✷✳✻✼
Sm..Si2 ✸✳✽✾ ✸✳✶✶ ✸✳✵✶
Si2...H6 ✶✳✺✶ ✶✳✼✹ ✸✳✷✶
Sm...H8 ✹✳✵✵ ✸✳✷✹ ✸✳✽✺
Si2...H8 ✶✳✹✾ ✶✳✺✶ ✶✳✺✷

❚❛❜✳ ❈✳✶✹✿ ❆❝t✐✈❛t✐♦♥ Si(α)−H(β) ❞✉ s✐❧❛♥❡ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ✹ ✿ ❈❛r❛❝tér✐st✐q✉❡s ❣é♦♠étr✐q✉❡s
❞❡s ❡①tr❡♠❛ s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ♣♦t❡♥t✐❡❧✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t ❡♥ ➴✳

✶✵✵



❘é❛❝t✐✈✐té ❞✉ ♣r♦❞✉✐t ❞✬✐♥s❡rt✐♦♥ ✷✱✶ ✭✹✬✮ ▲❡s ❝♦♠♣❧❡①❡s ✹ ❡t ✹✬ ♥❡ ❞✐✛ér❛♥t

q✉❡ ♣❛r ❧❛ ♣♦s✐t✐♦♥ ❞✬✉♥ ❣r♦✉♣❡ ♠ét❤②❧❡✱ ♥♦✉s s✉♣♣♦s❡r♦♥s q✉❡✱ ❝♦♠♠❡ ❧❡s ❝♦♠♣❧❡①❡s ✷

❡t ✷✬✱ ❧❡✉r ré❛❝t✐✈✐té ❡st s✐♠✐❧❛✐r❡✱ ❝✬❡st✲à✲❞✐r❡ q✉❡ ❧✬♦r❞r❡ ré❛❝t✐♦♥♥❡❧ s❡r❛ ❝♦♥s❡r✈é✳ ❊♥

r❛✐s♦♥ ❞❡ ❧❛ t❛✐❧❧❡ ❞❡s s②stè♠❡s ét✉❞✐és✱ ♥♦✉s ♥✬❛✈♦♥s ❞♦♥❝ ♣❛s ♦♣t✐♠✐sé ❧❡s ❣é♦♠étr✐❡s

❞❡s ét❛ts ❞❡ tr❛♥s✐t✐♦♥ ❞✬✐♥s❡rt✐♦♥ ♦✉ ❞✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✱ ♥✐ ❞❡ ❧✬❛❝t✐✈❛t✐♦♥

Si(β) − H(α) ❞✉ s✐❧❛♥❡✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡✱ ❡❧❧❡ ❡st✱

s❡❧♦♥ ♥♦s ❝❛❧❝✉❧s✱ ❡①❡r❣♦♥✐q✉❡ ❞❡ ✶✹✳✾ ❦❝❛❧✳♠♦❧−1 ❡t ❛❝❝❡ss✐❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t ✭∆G‡ ❂ ✶✽✳✸

❦❝❛❧✳♠♦❧−1✮✳ ❈♦♠♠❡ ♣♦✉r ❧❡ ❝♦♠♣❧❡①❡ ✹✱ ♥♦✉s s✉♣♣♦s❡r♦♥s ❞♦♥❝ q✉❡ ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸

♣❡✉t êtr❡ ♣❛rt✐❡❧❧❡♠❡♥t ré❣é♥éré ❡t ❧❡ ♣r♦❞✉✐t ❧✐♥é❛✐r❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❢♦r♠é✳

❇✐❧❛♥ ❙❡❧♦♥ ♥♦s rés✉❧t❛ts t❤é♦r✐q✉❡s✱ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❝❛t❛❧②t✐q✉❡ ❞✉ ♣r♦♣è♥❡ ❡st

♣♦ss✐❜❧❡ ❛✈❡❝ ❧❡ ♠é❝❛♥✐s♠❡ ❇✳ ▲❡ r❡♥❞❡♠❡♥t ❝❛t❛❧②t✐q✉❡ ❞❡✈r❛✐t t♦✉t❡❢♦✐s êtr❡ ❢❛✐❜❧❡✱ ❡♥

r❛✐s♦♥ ❞❡ ❧❛ ❞és❛❝t✐✈❛t✐♦♥ ❞✉ ❝❛t❛❧②s❡✉r ♣❛r ❧❛ ré❛❝t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡

à ❞❡ ♥♦♠❜r❡✉s❡s ét❛♣❡s ❞✉ ❝②❝❧❡ ❝❛t❛❧②t✐q✉❡✳

▲❡ ♣r♦✜❧ é♥❡r❣ét✐q✉❡ ❞❡ ❧❛ ré❛❝t✐♦♥ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✱ à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸✱

❞✬✉♥❡ ♠♦❧é❝✉❧❡ ❞❡ ♣r♦♣è♥❡ ❡t ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ❞❡ s✐❧❛♥❡✱ ❡st s❝❤é♠❛t✐sé ✜❣✉r❡ ❈✳✶✸✳ ▲❡ ❜✐❧❛♥

❣❧♦❜❛❧ ❞✬✉♥ ❝②❝❧❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❡st ❡①❡r❣♦♥✐q✉❡ ❞❡ ✶✹✳✾ ❦❝❛❧✳♠♦❧−1 ✭✐s♦♠èr❡ ❧✐♥é❛✐r❡✮ ♦✉

✶✸✳✹ ❦❝❛❧✳♠♦❧−1 ✭✐s♦♠èr❡ ❜r❛♥❝❤é✮✳ ▲❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ à ♣❛rt✐r ❞❡ ❧✬❤②❞r✉r❡

✶ ét❛♥t ❡①trê♠❡♠❡♥t ❡①❡r❣♦♥✐q✉❡✱ t♦✉s ❧❡s ♠✐♥✐♠❛ ❡t ét❛ts ❞❡ tr❛♥s✐t✐♦♥ ✐♥t❡r✈❡♥❛♥t ❞❛♥s

❧❡ ♠é❝❛♥✐s♠❡ ❇ s♦♥t s✐t✉és é♥❡r❣✐q✉❡♠❡♥t ❡♥ ❞❡ss♦✉s ❞❡ ❧❛ ✈♦✐❡ ❞✬❡♥tré❡✱ s✐ ❜✐❡♥ q✉❡ ❧❛

ré❛❝t✐♦♥ ❞❡✈r❛✐t êtr❡ ✐♠♠é❞✐❛t❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳ ▲✬ét❛♣❡ ❧✐♠✐t❛♥t ❧❛ ❢réq✉❡♥❝❡ ❞❡

t✉r♥✲♦✈❡r ❡st ❧✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡✱ ♣❛r ❝♦♥séq✉❡♥t q✉❡ ❧❛ ré❛❝t✐♦♥ ❞❡✈r❛✐t

êtr❡ ❞✬♦r❞r❡ ✶ ♣❛r r❛♣♣♦rt ❛✉ s✐❧❛♥❡ ❡t ❛✉ ♠ét❛❧ ❡t ❞✬♦r❞r❡ ✵ ♣❛r r❛♣♣♦rt ❛✉ ♣r♦♣è♥❡✱ ❝❡

q✉✐ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉①✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❞❡ ❧❛ ré❛❝t✐♦♥✱ ❡❧❧❡ ❡st ❞✐✣❝✐❧❡ à ♣ré✈♦✐r✳ ❊♥

❡✛❡t✱ ❧❡s ❞❡✉① ❝❤❡♠✐♥s ❝♦♥❞✉✐s❛♥t r❡s♣❡❝t✐✈❡♠❡♥t à ❧✬✐s♦♠èr❡ ❧✐♥é❛✐r❡ ❡t à ❧✬✐s♦♠èr❡ ❜r❛♥✲

❝❤é s♦♥t très ♣r♦❝❤❡s é♥❡r❣ét✐q✉❡♠❡♥t✳ ▲✬✐♥t❡r♠é❞✐❛✐r❡ ✹✬ ét❛♥t ❧é❣èr❡♠❡♥t ♣❧✉s st❛❜❧❡

q✉❡ ❧✬✐♥t❡r♠é❞✐❛✐r❡ ✹✱ ❧❡ ♠é❝❛♥✐s♠❡ ✐♥s❡rt✐♦♥ ✶✱✷ ✴ ❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❡st ❢❛✈♦r✐sé✳

P❛r ❝♦♥séq✉❡♥t✱ ❧✬✐s♦♠èr❡ ❜r❛♥❝❤é✱ ❜✐❡♥ q✉✬✐❧ s♦✐t ♠♦✐♥s st❛❜❧❡ q✉❡ ❧✬✐s♦♠èr❡ ❧✐♥é❛✐r❡✱ ❞❡✲

✈r❛✐t êtr❡ ❧é❣èr❡♠❡♥t ♠❛❥♦r✐t❛✐r❡✳ ❈❡♣❡♥❞❛♥t✱ ét❛♥t ❞♦♥♥é ❧❛ ♣r♦①✐♠✐té é♥❡r❣ét✐q✉❡ ❞❡s

❞❡✉① ❝❤❡♠✐♥s✱ ❞❡ ❧é❣èr❡s ♠♦❞✐✜❝❛t✐♦♥s ❛✉ ♥✐✈❡❛✉ ❞❡s ❝♦♥❞✐t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s ❞❡ t❡♠✲

♣ér❛t✉r❡ ❡t ❞❡ ♣r❡ss✐♦♥ ♣❡✉✈❡♥t ❛✈♦✐r ✉♥❡ ré♣❡r❝✉ss✐♦♥ s✐❣♥✐✜❝❛t✐✈❡ s✉r ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té

❞❡ ❧❛ ré❛❝t✐♦♥✱ ❝❡ q✉✐ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ♣rés❡♥té❡s ❞❛♥s ❧❡

♣❛r❛❣r❛♣❤❡ ❈✳✶✳✷✳

❊♥✜♥✱ ❧♦rs ❞❡s ❞❡✉① ét❛♣❡s é❧é♠❡♥t❛✐r❡s ❞✉ ♠é❝❛♥✐s♠❡✱ ❧❛ ré❣é♥ér❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡

❤②❞r✉r❡ ♥✬❡st ♣❛s ❝♦♠♣ét✐t✐✈❡✱ ♣❛r ❝♦♥séq✉❡♥t ✐❧ ♥✬② ❛ ❛✉❝✉♥ ♠♦②❡♥ ❞❡ r❡♥tr❡r à ♥♦✉✈❡❛✉

❞❛♥s ❧❡ ❝②❝❧❡ ❝❛t❛❧②t✐q✉❡ ❆✳

✶✵✶



❋✐❣✳ ❈✳✶✸✿ Pr♦✜❧ é♥❡r❣ét✐q✉❡ ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r SiH4 ❝❛t❛❧②sé❡ ♣❛r ❧❡ ❝♦♠♣❧❡①❡
s✐❧②❧❡ [Sm] − SiH3 ✭✸✮ ✳ P♦✉r ♣❧✉s ❞❡ ❝❧❛rté✱ ❧❡s ♠♦❧é❝✉❧❡s ♦r❣❛♥✐q✉❡s ♥❡ s♦♥t ♣❛s r❡♣rés❡♥té❡s
✭à ❧✬❡①❝❡♣t✐♦♥ ❞❡s ♣r♦❞✉✐ts ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✮✳

❈♦♥❝❧✉s✐♦♥

❉❛♥s ❝❡tt❡ s❡❝t✐♦♥✱ ♥♦✉s ❛✈♦♥s ♣✉ ♠♦♥tr❡r q✉❡✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉ ♣♦st✉❧❛t ❡①♣ér✐♠❡♥✲

t❛❧✱ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r SiH4 ❡♥ ♣rés❡♥❝❡ ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ [Sm] − H

♥❡ ❞❡✈r❛✐t ♣❛s s✬❡✛❡❝t✉❡r s✉✐✈❛♥t ❧❡ ♠é❝❛♥✐s♠❡ ❝❛t❛❧②t✐q✉❡ ❆✳ ❊♥ ❡✛❡t✱ ❝❡❧✉✐✲❝✐ ♥✬❡st ♣❛s

❝♦♠♣ét✐t✐❢✱ ❝❛r ❧❛ ré❣é♥ér❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ❡st ❞é❢❛✈♦r❛❜❧❡✳

❊♥ r❡✈❛♥❝❤❡✱ ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡✱ [Sm] − SiH3✱ ❢♦r♠é ❡♥ ❞❡✉① ét❛♣❡s à ♣❛rt✐r ❞❡ ❧✬❤②✲

❞r✉r❡✱ ♣❡✉t ❝❛t❛❧②s❡r ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ s✉✐✈❛♥t ❧❡ ♠é❝❛♥✐s♠❡ ❇ ✭❝❢✳ s❝❤é♠❛ ❈✳✶✹✮✳ ❈❡ ♠é✲

❝❛♥✐s♠❡ ❞é❜✉t❡ ♣❛r ✉♥❡ ✐♥s❡rt✐♦♥ ❞✉ ♣r♦♣è♥❡ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Sm − Si ❞✉ s✐❧②❧❡✱ ❛✈❡❝

❧✬♦r✐❡♥t❛t✐♦♥ ✶✱✷ ♦✉ ✷✱✶✱ s✉✐✈✐❡ ❞✬✉♥❡ ❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡✱ q✉✐ ré❣é♥èr❡ ❧❡

❝❛t❛❧②s❡✉r ❡t ❧✐❜èr❡ ❧❡ ♣r♦❞✉✐t ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✳

❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝❛t❛❧②s❡✉r ❡st ❢❛✈♦r❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t

❡t ❛❝❝❡ss✐❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t ❀ ❧❛ ré❛❝t✐♦♥ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✱ ❣❧♦❜❛❧❡♠❡♥t ❡①❡r❣♦♥✐q✉❡✱ s❡

♣r♦❞✉✐t ❡♥s✉✐t❡ ❡♥t✐èr❡♠❡♥t s♦✉s ❧❛ ✈♦✐❡ ❞✬❡♥tré❡✱ ❡t ❞❡✈r❛✐t ❞♦♥❝ êtr❡ ✐♠♠é❞✐❛t❡ à t❡♠✲

♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳ ❊♥✜♥✱ ❧✬ét❛♣❡ é❧é♠❡♥t❛✐r❡ ❞✉ ❝②❝❧❡ ❝❛t❛❧②t✐q✉❡ ❧✐♠✐t❛♥t ❧❛ ❢réq✉❡♥❝❡
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❞❡ t✉r♥✲♦✈❡r ❡st ❧✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β)✱ ❝❡ q✉✐ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐✲

♠❡♥t❛❧❡s ❝✐♥ét✐q✉❡s✳

❚♦✉t❡❢♦✐s✱ ❧❡ r❡♥❞❡♠❡♥t ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞❡✈r❛✐t êtr❡ ❢❛✐❜❧❡✱ ❝❛r à ❝❤❛q✉❡ ❝②❝❧❡ ✉♥❡

q✉❛♥t✐té ✐♠♣♦rt❛♥t❡ ❞❡ ❝❛t❛❧②s❡✉r ❡st ❞és❛❝t✐✈é❡ ♣❛r ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✱ q✉✐

❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❝♦♠♣❧❡①❡ ❛❧❧②❧❡ ✐♥❡rt❡ ❝❤✐♠✐q✉❡♠❡♥t✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❞❡ ❧❛ ré❛❝t✐♦♥✱ ❧❡s ❞❡✉① ♣r♦❞✉✐ts ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥

♣♦✉rr❛✐❡♥t êtr❡ ❢♦r♠és ❀ ❡♥ ❡✛❡t✱ ❧✬✐♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡ ❝♦♥❞✉✐t ✐♥ ✜♥❡ à ❧❛ ❢♦r♠❛t✐♦♥

❞✉ ♣r♦❞✉✐t ❜r❛♥❝❤é✱ ❡t ❧✬✐♥s❡rt✐♦♥ ✷✱✶ ❛✉ ♣r♦❞✉✐t ❧✐♥é❛✐r❡✳ ▲❛ ❢♦r♠❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❜r❛♥❝❤é✱

q✉✐ ♣❛ss❡ ♣❛r ✉♥ ✐♥t❡r♠é❞✐❛✐r❡ ♣❧✉s st❛❜❧❡✱ ❞❡✈r❛✐t êtr❡ ❧é❣èr❡♠❡♥t ❢❛✈♦r✐sé❡ ❀ t♦✉t❡❢♦✐s✱

❧❡s ❞❡✉① ❝❤❡♠✐♥s ré❛❝t✐♦♥♥❡❧s ét❛♥t très ♣r♦❝❤❡s é♥❡r❣ét✐q✉❡♠❡♥t✱ ✉♥❡ ❧é❣èr❡ ♠♦❞✐✜❝❛t✐♦♥

❞❡s ❝♦♥❞✐t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s ♣❡✉t ❛✈♦✐r ✉♥ ✐♠♣❛❝t ✐♠♣♦rt❛♥t s✉r ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❞❡

❧❛ ré❛❝t✐♦♥✳

❋✐❣✳ ❈✳✶✹✿ ▼é❝❛♥✐s♠❡ ❝♦♠♣❧❡t ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r SiH4 ❡♥ ♣rés❡♥❝❡ ❞✉ ❝♦♠♣❧❡①❡
[Sm] − H✳

❈✳✸ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ s✉❜st✐t✉t✐♦♥ ❞❡ ❧✬❛❧❝è♥❡

❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ♠♦♥tré ❞❛♥s ❧❛ s❡❝t✐♦♥ ♣ré❝é❞❡♥t❡✱ ❧❛ ré❛❝t✐♦♥ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥

❝❛t❛❧②t✐q✉❡ ❞✉ ♣r♦♣è♥❡ ♣❛r SiH4 ❡♥ ♣rés❡♥❝❡ ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ [Sm] − H s❡ ♣r♦❞✉✐t

♣r✐♥❝✐♣❛❧❡♠❡♥t s❡❧♦♥ ❧❡ ♠é❝❛♥✐s♠❡ ❇✱ ♣♦✉r ❧❡q✉❡❧ ❧✬❡s♣è❝❡ ❛❝t✐✈❡ ❡st ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡

[Sm] − SiH3✳ ❈❡ ❞❡r♥✐❡r ❡st ❢♦r♠é ❡♥ ❞❡✉① ét❛♣❡s à ♣❛rt✐r ❞❡ ❧✬❤②❞r✉r❡✱ ❞✬✉♥❡ ♠♦❧é❝✉❧❡

❞❡ ♣r♦♣è♥❡ ❡t ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ❞❡ s✐❧❛♥❡✳ ❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧❡s ❞❡✉① ✐s♦♠èr❡s ❧✐♥é❛✐r❡ ❡t

❜r❛♥❝❤é ♣❡✉✈❡♥t êtr❡ ❢♦r♠és✳ ❈❡♣❡♥❞❛♥t✱ ❧❡ r❡♥❞❡♠❡♥t ❝❛t❛❧②t✐q✉❡ ❞❡ ❧❛ ré❛❝t✐♦♥ ❞❡✈r❛✐t
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êtr❡ ❢❛✐❜❧❡ ❝❛r✱ à ❝❤❛q✉❡ ❝②❝❧❡✱ ✉♥❡ ❣r❛♥❞❡ ♣❛rt✐❡ ❞✉ ❝❛t❛❧②s❡✉r ❡st ❞és❛❝t✐✈é❡ ♣❛r ❛❝t✐✈❛t✐♦♥

❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✳

❊①♣ér✐♠❡♥t❛❧❡♠❡♥t✱ ❧❛ ré❛❝t✐♦♥ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❛ été t❡sté❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t s✉r ❞❡s

❛❧❝è♥❡s n✲❧✐♥é❛✐r❡s ✭n ≥ 6✮✱ ❞❡s ❞ér✐✈és ❞✉ st②rè♥❡✱ ❡t ❞❡s ❛❧❝è♥❡s s✉❜st✐t✉és ❞✉ t②♣❡

CH2 = CR′
1R

′
2✱ ♦ù R′

1 ❡t R′
2 s♦♥t ❞❡s ❣r♦✉♣❡s ❛❧❦②❧❡✳ ▲❡ ♣r♦♣è♥❡✱ ❞♦♥t ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥

❛ été ét✉❞✐é❡ ❞❛♥s ❧❛ s❡❝t✐♦♥ ❈✳✷✱ ❡st ❞♦♥❝ ✉♥ ♠♦❞è❧❡ ♣♦✉r ❞❡s ❛❧❝è♥❡s ♣❧✉s ❡♥❝♦♠❜rés✳

❆✜♥ ❞❡ ❞ét❡r♠✐♥❡r ❧❛ ✈❛❧✐❞✐té ❞❡ ❝❡tt❡ ♠♦❞é❧✐s❛t✐♦♥✱ ♥♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞✬ét✉❞✐❡r ❧✬❤②❞r♦✲

s✐❧②❧❛t✐♦♥ ❞✉ ✶✲❤❡①è♥❡ ❡t ❞❡ ❧✬✐s♦❜✉tè♥❡ ♣❛r SiH4✳

P♦✉r ❝❤❛❝✉♥ ❞❡s ❛❧❝è♥❡s✱ ❧✬❡✛❡t ❞❡ ❧❛ s✉❜st✐t✉t✐♦♥ s✉r ❧❡ ♠é❝❛♥✐s♠❡ ré❛❝t✐♦♥♥❡❧ s❡r❛

❛♥❛❧②sé✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ♥♦✉s ♠♦♥tr❡r♦♥s q✉❡ ❧❛ s✉❜st✐t✉t✐♦♥ ❡♥ ♣♦s✐t✐♦♥ ✷ ♦✉ ✸ ❞✉ ♣r♦♣è♥❡

✐♥❞✉✐t ✉♥❡ ❞ést❛❜✐❧✐s❛t✐♦♥ ❞❡s ét❛ts ❞❡ tr❛♥s✐t✐♦♥ ❞✬✐♥s❡rt✐♦♥ ❡t ❞✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡✱ ❝❡

q✉✐ s❡❧♦♥ ❧❡ ❝❛s ♣❡✉t ❝♦♥❞✉✐r❡ ✐♥ ✜♥❡ à ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ♦✉ ✉♥ ❞✐♠✐♥✉t✐♦♥ ❞✉ r❡♥❞❡♠❡♥t

❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✳

❈✳✸✳✶ ❍②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ✶✲❤❡①è♥❡

▲✬♦❜❥❡❝t✐❢ ❞❡ ❝❡ ♣❛r❛❣r❛♣❤❡ ❡st ❞❡ ❞ét❡r♠✐♥❡r ❧❡ ♠é❝❛♥✐s♠❡ ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉

✶✲❤❡①è♥❡ ✭q✉❡ ♥♦✉s ♥♦t❡r♦♥s s✐♠♣❧❡♠❡♥t ❤❡①è♥❡ ♣❛r ❧❛ s✉✐t❡✮ ♣❛r SiH4✳ ❙❡ ♣r♦❞✉✐t✲❡❧❧❡

s❡❧♦♥ ❧❡ ♠é❝❛♥✐s♠❡ ❆✱ ❝❛t❛❧②sé ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ [Sm]−H✱ ❝♦♠♠❡ ♣♦st✉❧é ❡①♣ér✐✲

♠❡♥t❛❧❡♠❡♥t✱ ♦✉ ❧✬❤②❞✉r❡ ♥✬❡st✲✐❧ q✉✬✉♥ ♣ré❝❛t❛❧②s❡✉r✱ ❡t ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ s❡ ♣r♦❞✉✐t✲❡❧❧❡

❛❧♦rs s✉✐✈❛♥t ❧❡ ♠é❝❛♥✐s♠❡ ❇✱ ♣♦✉r ❧❡q✉❡❧ ❧✬❡s♣è❝❡ ❛❝t✐✈❡ ❡st ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ❄ ❊♥ ♦✉tr❡✱

q✉❡❧❧❡ ❡st ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ s✉❜st✐t✉t✐♦♥ s✉r ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❡t ❧❡ r❡♥❞❡♠❡♥t ❞❡ ❧❛ ré✲

❛❝t✐♦♥ ❄ ❈❡tt❡ ét✉❞❡ ♥♦✉s ♣❡r♠❡ttr❛ ♣❛r ❛✐❧❧❡✉rs ❞❡ ✈❛❧✐❞❡r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❛❧❝è♥❡s

n✲❧✐♥é❛✐r❡s ♣❛r ❧❡ ♣r♦♣è♥❡✳

❋♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡

❘é❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ✶ ❆✐♥s✐ q✉❡ ♥♦✉s ❧✬❛✈♦♥s ♠♦♥tré ❞❛♥s ❧❛ s❡❝✲

t✐♦♥ ❈✳✷✱ ❧❛ ♣r❡♠✐èr❡ ét❛♣❡ é❧é♠❡♥t❛✐r❡ ❞✉ ♠é❝❛♥✐s♠❡ ❆ ❝♦♠♠❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠✲

♣❧❡①❡ s✐❧②❧❡ ❡st ❧✬✐♥s❡rt✐♦♥ ✶✱✷ ❞❡ ❧✬❤❡①è♥❡ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Sm −H ❞❡ ❧✬❤②❞r✉r❡ ✶✳ ❉✬❛♣rès

♥♦s rés✉❧t❛ts ✭❝❢✳ t❛❜❧❡ ❈✳✶✺✮✱ ❝❡tt❡ ré❛❝t✐♦♥ ❡st ❧❛ ♣❧✉s ❢❛✈♦r❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t

❡t ❝✐♥ét✐q✉❡♠❡♥t✱ s✐ ❜✐❡♥ q✉❡ ❧❡ ❝♦♠♣❧❡①❡ ❤❡①②❧❡ [Sm]−CH2−CH2−C4H9 ✭✷hex✮ ❞❡✈r❛✐t

êtr❡ ❢♦r♠é ♠❛❥♦r✐t❛✐r❡♠❡♥t✳ ▲✬✐♥s❡rt✐♦♥ ✷✱✶ ét❛♥t ❞é❢❛✈♦r✐sé❡ ❞❡ ♠♦✐♥s ❞❡ ✷ ❦❝❛❧✳♠♦❧−1✱ ❧❛

❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ [Sm] − CH(CH3) − C4H9 ✭✷✬hex✮ ❞❡✈r❛✐t é❣❛❧❡♠❡♥t êtr❡ ♦❜s❡r✲

✈é❡✳ ❊♥✜♥✱ ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞❡ ❧✬❤❡①è♥❡✱ ❝♦♥❞✉✐s❛♥t ❛✉ ❝♦♠♣❧❡①❡ ❛❧❧②❧❡✱ ❡t ❧✬❛❝t✐✈❛t✐♦♥

Si(β) − H(α) ❞✉ s✐❧❛♥❡✱ ♥♦♥ ♣r♦❞✉❝t✐✈❡✱ ♣♦✉rr❛✐❡♥t é❣❛❧❡♠❡♥t s❡ ♣r♦❞✉✐r❡ ❞❡ ❢❛ç♦♥ ♠✐✲

♥♦r✐t❛✐r❡✳ ◆♦✉s s✉♣♣♦s❡r♦♥s q✉❡ ❧✬❛❝t✐✈❛t✐♦♥ ✈✐♥②❧✐q✉❡ ❞❡ ❧✬❤❡①è♥❡ ♥✬❡st ♣❛s ❝♦♠♣ét✐t✐✈❡✱

❝❡ q✉✐ ét❛✐t ❧❡ ❝❛s ♣♦✉r ❧❡ ♣r♦♣è♥❡✳

✶✵✹



❘é❛❝t✐♦♥ ∆G0 ∆G‡

■♥s❡rt✐♦♥ ✶✱✷ ❞❡ ❧✬❤❡①è♥❡ ✲✶✶✳✶ ✺✳✷
■♥s❡rt✐♦♥ ✷✱✶ ❞❡ ❧✬❤❡①è♥❡ ✲✹✳✷ ✼✳✷

❆❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ✲✶✵✳✹ ✾✳✸
❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ✲✷✳✾ ✶✸✳✽
❆❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ✵✳✵ ✽✳✻

❚❛❜✳ ❈✳✶✺✿ ❈❛r❛❝tér✐st✐q✉❡s é♥❡r❣ét✐q✉❡s ♣♦✉r ❧❡s ré❛❝t✐♦♥s ❡♥✈✐s❛❣é❡s à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡
❤②❞r✉r❡ [Sm] − H ✭✶✮ ✳ ▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s s♦♥t ❡♥ ❦❝❛❧✳♠♦❧−1✳

▲❡s ❣é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❞✬✐♥s❡rt✐♦♥ ✶✱✷ ❞❡ ❧✬❤❡①è♥❡ ❡t ❞✉

❝♦♠♣❧❡①❡ ❤❡①②❧❡ ✷hex s♦♥t ♣rés❡♥té❡s ✜❣✉r❡ ❈✳✶✺✳ ❈♦♠♠❡ ♥♦✉s ♣♦✉✈♦♥s ❧✬♦❜s❡r✈❡r✱ ❧❡s

str✉❝t✉r❡s s♦♥t très s✐♠✐❧❛✐r❡s à ❝❡❧❧❡s ♦❜t❡♥✉❡s ♣♦✉r ❧❡ ♣r♦♣è♥❡✳ ❉❡ ♠ê♠❡ q✉❡ ❧❡ ❝♦♠♣❧❡①❡

♣r♦♣②❧❡ ✷✱ ❧❡ ❝♦♠♣❧❡①❡ ❤❡①②❧❡ ✷hex ♣rés❡♥t❡ ✉♥❡ ❧✐❛✐s♦♥ C −H α✲❛❣♦st✐q✉❡✱ ❝♦♥✜r♠é❡ ♣❛r

✉♥❡ ❛♥❛❧②s❡ ◆❇❖ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥✳

❋✐❣✳ ❈✳✶✺✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❞✬✐♥s❡rt✐♦♥ ✶✱✷ ❞❡ ❧✬❤❡①è♥❡ ✭❣❛✉❝❤❡✮ ❡t
❞✉ ❝♦♠♣❧❡①❡ ❤❡①②❧❡ [Sm] − CH2 − CH2 − C4H9 ✭✷hex✮ ✭❞r♦✐t❡✮✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t ❡♥ ➴✳ P♦✉r
♣❧✉s ❞❡ ❝❧❛rté✱ ❧❡s ❤②❞r♦❣è♥❡s ❞✉ ❧✐❣❛♥❞ Cp ♥❡ s♦♥t ♣❛s r❡♣rés❡♥tés✳

❘é❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ ❤❡①②❧❡ ✷hex ❆✜♥ ❞❡ ré❣é♥ér❡r ❧✬❤②❞r✉r❡ ✶ ❡t ❞❡ ❧✐❜ér❡r

❧❡ ♣r♦❞✉✐t ❧✐♥é❛✐r❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✱ ❧❡ ❝♦♠♣❧❡①❡ ❤❡①②❧❡ [Sm]−CH2−CH2−C4H9 ✭✷hex✮

❞♦✐t ❛❝t✐✈❡r ✉♥❡ ❧✐❛✐s♦♥ Si − H ❞✉ s✐❧❛♥❡ ❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥ Si(β) − H(α)✳ ▲✬♦r✐❡♥t❛t✐♦♥

✐♥✈❡rs❡ ❝♦♥❞✉✐r❛✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ Sm−SiH3 ✭✸✮ ❡t à ❧❛ ❧✐❜ér❛t✐♦♥ ❞✬✉♥❡

♠♦❧é❝✉❧❡ ❞✬❤❡①❛♥❡✳ ◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t ❡♥✈✐s❛❣é ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ❧✬✐♥s❡rt✐♦♥ ❞✬✉♥❡ s❡✲

❝♦♥❞❡ ♠♦❧é❝✉❧❡ ❞✬❤❡①è♥❡ ❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥ ✶✱✷✱ ❛✐♥s✐ q✉❡ ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞❡ ❧✬❤❡①è♥❡✳

▲❡ ♣r♦✜❧ ❞❡ ❧✬✐♥s❡rt✐♦♥ ✷✱✶ ♥✬❛ ♣❛s été ❝❛❧❝✉❧é ♣♦✉r ❧✐♠✐t❡r ❧❡ ❝♦ût ❝❛❧❝✉❧❛t♦✐r❡ ❀ ♥♦✉s

s✉♣♣♦s❡r♦♥s q✉✬❡❧❧❡ ❡st ❞é❢❛✈♦r✐sé❡ ♣❛r r❛♣♣♦rt à ❧✬✐♥s❡rt✐♦♥ ✶✱✷✳

✶✵✺



❆✐♥s✐ q✉❡ ♥♦✉s ♣♦✉✈♦♥s ❧✬♦❜s❡r✈❡r ❞❛♥s ❧❛ t❛❜❧❡ ❈✳✶✻✱ ❧❡s tr♦✐s ré❛❝t✐♦♥s ❧❡s ♣❧✉s ❢❛✲

✈♦r❛❜❧❡s ❝✐♥ét✐q✉❡♠❡♥t s♦♥t ❧✬✐♥s❡rt✐♦♥ ❡t ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞❡ ❧✬❤❡①è♥❡✱ ❛✐♥s✐ q✉❡ ❧✬❛❝✲

t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡✳ ▲❡s ♣r♦❞✉✐ts ♠❛❥♦r✐t❛✐r❡s ❞❡ ❝❡tt❡ ét❛♣❡ é❧é♠❡♥t❛✐r❡

❞❡✈r❛✐❡♥t ❞♦♥❝ êtr❡ ❧❡ ❝♦♠♣♦sé [Sm]−CH(C4H9)−CH2 −C4H9 ✭✐ss✉ ❞❡ ❧✬✐♥s❡rt✐♦♥ ✶✱✷✮✱

❧❡ ❝♦♠♣❧❡①❡ ❛❧❧②❧❡ ❡t ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸✳ ▲✬❛❝t✐✈❛t✐♦♥ Si(β)−H(α) ❡st ❞é❢❛✈♦r✐sé❡ ❞✬❡♥✲

✈✐r♦♥ ✷✳✺ ❦❝❛❧✳♠♦❧−1 ♣❛r r❛♣♣♦rt ❛✉① tr♦✐s ❛✉tr❡s ré❛❝t✐♦♥s✱ s✐ ❜✐❡♥ q✉❡ ❧❛ ré❣é♥ér❛t✐♦♥ ❞❡

❧✬❤②❞r✉r❡ ✶ ❡t ❧❛ ❧✐❜ér❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❧✐♥é❛✐r❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞❡✈r❛✐❡♥t êtr❡ ♦❜s❡r✈é❡s

❞❡ ❢❛ç♦♥ très ♠✐♥♦r✐t❛✐r❡✳

❘é❛❝t✐♦♥ ∆G0 ∆G‡

■♥s❡rt✐♦♥ ✶✱✷ ❞❡ ❧✬❤❡①è♥❡ ✹✳✼ ✶✽✳✻
■♥s❡rt✐♦♥ ✷✱✶ ❞❡ ❧✬❤❡①è♥❡ ♥✳❞✳ ♥✳❞✳

❆❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ✲✷✹✳✺ ✶✾✳✷
❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ✲✶✼✳✵ ✶✾✳✶
❆❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ✲✸✳✷ ✷✶✳✼

❚❛❜✳ ❈✳✶✻✿ ❈❛r❛❝tér✐st✐q✉❡s é♥❡r❣ét✐q✉❡s ♣♦✉r ❧❡s ré❛❝t✐♦♥s ❡♥✈✐s❛❣é❡s à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡
❤❡①②❧❡ [Sm] − CH2 − CH2 − C4H9 ✭✷hex✮ ✳ ▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s s♦♥t ❡♥ ❦❝❛❧✳♠♦❧−1✳

❘é❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ ✷✬hex ❆✐♥s✐ q✉❡ ♥♦✉s ❧✬❛✈♦♥s ♠♦♥tré ♣ré❝é❞❡♠♠❡♥t✱ ❧❡

❝♦♠♣❧❡①❡ [Sm] − CH(CH3) − C4H9 ✭✷✬hex✮ ❞❡✈r❛✐t êtr❡ ❢♦r♠é ♠✐♥♦r✐t❛✐r❡♠❡♥t à ♣❛rt✐r

❞❡ ❧✬❤②❞r✉r❡✳ ❆✜♥ ❞❡ ❧✐♠✐t❡r ❧❡ ❝♦ût ❝❛❧❝✉❧❛t♦✐r❡✱ ♥♦✉s ♥✬❛✈♦♥s ♣❛s ❝❛❧❝✉❧é ❧❡s ♣r♦✜❧s ❞❡s

ré❛❝t✐♦♥s ♣♦ss✐❜❧❡s à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ✷✬hex✳ ◆♦✉s s✉♣♣♦s❡r♦♥s q✉❡ s❛ ré❛❝t✐✈✐té ❡st

s✐♠✐❧❛✐r❡ à ❝❡❧❧❡ ❞✉ ❝♦♠♣❧❡①❡ ✷hex✱ ❡t q✉✬✐❧ ❝♦♥❞✉✐t ❞♦♥❝ ✭❡♥tr❡ ❛✉tr❡s✮ à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉

❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸✳

❈♦♠♠❡ ❞❛♥s ❧❡ ❝❛s ❞✉ ♣r♦♣è♥❡✱ ❧❡ ❝♦♠♣♦sé ❛❧❧②❧❡✱ ❞♦♥t ❧❛ ❣é♦♠étr✐❡ ♦♣t✐♠✐sé❡ ❡st

♣rés❡♥té❡ ✜❣✉r❡ ❈✳✶✻✱ ❡st ❡①trê♠❡♠❡♥t st❛❜❧❡✳ ❆ ♣❛rt✐r ❞❡ ❝❡ ❝♦♠♣❧❡①❡✱ ❧✬❛❝t✐✈❛t✐♦♥ Si(α)−
H(β) ❞✉ s✐❧❛♥❡✱ q✉✐ ♣❡r♠❡ttr❛✐t ❞❡ ❢♦r♠❡r ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸✱ ❡st ❡♥❞❡r❣♦♥✐q✉❡ ❞❡ ✼✳✻

❦❝❛❧✳♠♦❧−1 ❡t ♥❡ ❞❡✈r❛✐t ❞♦♥❝ ♣❛s s❡ ♣r♦❞✉✐r❡✳ ◆♦✉s s✉♣♣♦s❡r♦♥s q✉❡ ❧❛ ré❣é♥ér❛t✐♦♥ ❞❡

❧✬❤②❞r✉r❡ ✶ ♣❛r ❛❝t✐✈❛t✐♦♥ Si(β)−H(α) ❞✉ s✐❧❛♥❡ ❡st é❣❛❧❡♠❡♥t ✐♠♣♦ss✐❜❧❡✳ ▲❡ ❝♦♠♣❧❡①❡

❛❧❧②❧❡ ♣❡✉t ❞♦♥❝ êtr❡ ❝♦♥s✐❞éré ❝♦♠♠❡ ✐♥❡rt❡ ✿ ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞❡ ❧✬❤❡①è♥❡ ✐♥❞✉✐t

❞♦♥❝ ✉♥❡ ❞és❛❝t✐✈❛t✐♦♥ ❞✉ ❝❛t❛❧②s❡✉r✳

❉✐✛ér❡♥❝❡s ❛✈❡❝ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ❉❛♥s ❧❡ ❝❛s ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥

❞❡ ❧✬❤❡①è♥❡ ♣❛r SiH4✱ ❝♦♠♠❡ ♣♦✉r ❧❡ ♣r♦♣è♥❡✱ ❧❡ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ t✐❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t

❧❡ rô❧❡ ❞✬✉♥ ♣ré❝❛t❛❧②s❡✉r✳ ❊♥ ❡✛❡t✱ ❛♣rès ✉♥❡ ♣r❡♠✐èr❡ ✐♥s❡rt✐♦♥ ✶✱✷ ❞✬❤❡①è♥❡✱ ❧❛ ré❛❝t✐♦♥

❞✬❛❝t✐✈❛t✐♦♥ Si(β)−H(α)✱ q✉✐ ❝♦♥❞✉✐r❛✐t à ❧❛ ré❣é♥ér❛t✐♦♥ ❞❡ ❧✬❤②❞r✉r❡ ❡t à ❧❛ ❧✐❜ér❛t✐♦♥

❞✉ ♣r♦❞✉✐t ❧✐♥é❛✐r❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✱ ♥❡ ❞❡✈r❛✐t s❡ ♣r♦❞✉✐r❡ q✉❡ ❞❡ ❢❛ç♦♥ ♠✐♥♦r✐t❛✐r❡✳

❊♥ r❡✈❛♥❝❤❡✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ ❞❡✈r❛✐t êtr❡ q✉❛♥t✐t❛t✐✈❡✱ ❧❛ ré❛❝t✐♦♥

✶✵✻



❞✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ét❛♥t ❧✬✉♥❡ ❞❡s ♣❧✉s ❢❛✈♦r❛❜❧❡s✳ ■❧ ❡st ❞♦♥❝ ♣❡rt✐♥❡♥t ❞❡ s❡

❞❡♠❛♥❞❡r s✐ ❝❡ ❝♦♠♣❧❡①❡ ♣❡✉t ❝❛t❛❧②s❡r ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞❡ ❧✬❤❡①è♥❡ s❡❧♦♥ ❧❡ ♠é❝❛♥✐s♠❡

✓ ❛❧t❡r♥❛t✐❢ ✔ ❇✳

❋✐❣✳ ❈✳✶✻✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡ ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞❡ ❧✬❤❡①è♥❡ ♣❛r
❧❡ ❝♦♠♣❧❡①❡ ❤❡①②❧❡ ✷hex ✭❣❛✉❝❤❡✮ ❡t ❞✉ ❝♦♠♣❧❡①❡ ❛❧❧②❧❡ ❛✐♥s✐ ❢♦r♠é ✭❞r♦✐t❡✮✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t
❡♥ ➴✳ P♦✉r ♣❧✉s ❞❡ ❝❧❛rté✱ ❧❡s ❤②❞r♦❣è♥❡s ❞✉ ❧✐❣❛♥❞ Cp ♥❡ s♦♥t ♣❛s r❡♣rés❡♥tés✳

▲❛ ❞✐✛ér❡♥❝❡ ♣r✐♥❝✐♣❛❧❡ ♣❛r r❛♣♣♦rt à ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡✱ ét✉❞✐é❡ ❞❛♥s ❧❛

s❡❝t✐♦♥ ❈✳✶✱ ❡st q✉✬à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ❤❡①②❧❡ ✷hex✱ ❧❛ ré❛❝t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❡t ❧❛

ré❛❝t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ Si(α)−H(β) ❞✉ s✐❧❛♥❡ ♦♥t ❞❡s ❜❛rr✐èr❡s éq✉✐✈❛❧❡♥t❡s✳ P❛r ❝♦♥séq✉❡♥t✱

❧❛ q✉❛♥t✐té ❞❡ ❝❛t❛❧②s❡✉r ❞és❛❝t✐✈é ♣❛r ❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞❡✈r❛✐t êtr❡ ✐♥❢ér✐❡✉r❡ ❞❛♥s ❧❡

❝❛s ❞❡ ❧✬❤❡①è♥❡ ❡t ❧❛ ♣r♦♣♦rt✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ✶ ❝♦♥✈❡rt✐❡ ❡♥ s✐❧②❧❡ ✸ ❞❡✈r❛✐t

❛✉❣♠❡♥t❡r ❞❡ ❢❛ç♦♥ ❝♦♥séq✉❡♥t❡✳ ❆✐♥s✐ q✉✬✐❧ ♣❡✉t êtr❡ ♦❜s❡r✈é s✉r ❧❛ ✜❣✉r❡ ❈✳✶✻✱ ❧❛

❞ést❛❜✐❧✐s❛t✐♦♥ r❡❧❛t✐✈❡ ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞❡ ❧✬❤❡①è♥❡ ♣❛r ❧❡

❝♦♠♣❧❡①❡ ✷hex ✭à ❣❛✉❝❤❡✮ ♣❡✉t êtr❡ ❛ttr✐❜✉é❡ à ❧❛ ré♣✉❧s✐♦♥ stér✐q✉❡ ❡♥tr❡ ❧❡ ❝❛r❜♦♥❡ ✹✬

❞❡ ❧✬❤❡①è♥❡ ❛rr✐✈❛♥t ❡t ❧❡ ❝❛r❜♦♥❡ ✶ ❞❡ ❧✬❤❡①②❧❡✳

❊t✉❞❡ ❞✉ ♠é❝❛♥✐s♠❡ ❇

▲❡ ♠é❝❛♥✐s♠❡ ❇✱ ❞é❝r✐t ❞❛♥s ❧❛ s❡❝t✐♦♥ ❈✳✷✱ ❡st ❝♦♥st✐t✉é ❞❡ ❞❡✉① ét❛♣❡s é❧é♠❡♥t❛✐r❡s✳

❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ Sm − SiH3 ✭✸✮ ✐♥sèr❡ ✉♥❡ ♠♦❧é❝✉❧❡ ❞✬❤❡①è♥❡

❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥ ✶✱✷ ♦✉ ✷✱✶✳ ▲❡ ❝♦♠♣♦sé ❛✐♥s✐ ❢♦r♠é ❛❝t✐✈❡ ❡♥s✉✐t❡ ✉♥❡ ❧✐❛✐s♦♥ Si − H

❞✉ s✐❧❛♥❡ ❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥ Si(α) − H(β)✱ ❝❡ q✉✐ ré❣é♥èr❡ ❧❡ s✐❧②❧❡ ❡t ❧✐❜èr❡ ❧❡ ♣r♦❞✉✐t

❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✳ ▲✬✐♥s❡rt✐♦♥ ✶✱✷ ❞❡ ❧✬❤❡①è♥❡ ❝♦♥❞✉✐t ✐♥ ✜♥❡ à ❧✬✐s♦♠èr❡ ❜r❛♥❝❤é ❀ ❧✬✐♥s❡r✲

t✐♦♥ ✷✱✶ à ❧✬✐s♦♠èr❡ ❧✐♥é❛✐r❡✳ ▲❛ ré❣✐♦sé❧❡❝t✐✈✐té ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞é♣❡♥❞r❛ ❞♦♥❝ ❞❡ ❧❛

❝♦♠♣ét✐t✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ❝❤❡♠✐♥s✳

✶✵✼



❘é❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ ❙❡❧♦♥ ♥♦s ❝❛❧❝✉❧s ✭❝❢✳ t❛❜❧❡ ❈✳✶✼✮✱ s❡✉❧❡ ❧✬❛❝t✐✈❛✲

t✐♦♥ ❛❧❧②❧✐q✉❡ ❞❡ ❧✬❤❡①è♥❡ ❡st ❡①❡r❣♦♥✐q✉❡ ❀ ❧✬✐♥s❡rt✐♦♥ ✶✱✷ ❞❡ ❧✬❤❡①è♥❡ ❡st ❧é❣èr❡♠❡♥t ❡♥✲

❞❡r❣♦♥✐q✉❡✳ ▲❛ ré❛❝t✐♦♥ ❢❛✈♦r✐sé❡ ❝✐♥ét✐q✉❡♠❡♥t ❡st ❧✬✐♥s❡rt✐♦♥ ✶✱✷ ❞❡ ❧✬❤❡①è♥❡✳ ▲❡ ♣r♦❞✉✐t

❞✬✐♥s❡rt✐♦♥ ✶✱✷ [Sm] − CH2 − CH(SiH3) − C4H9 ✭✹hex✮ ❞❡✈r❛✐t ❞♦♥❝ êtr❡ ❢♦r♠é ♠❛❥♦r✐✲

t❛✐r❡♠❡♥t✳ ▲❛ ❢♦r♠❛t✐♦♥ ♠✐♥♦r✐t❛✐r❡ ❞❡ ❧✬❛❧❧②❧❡ ❞❡✈r❛✐t é❣❛❧❡♠❡♥t êtr❡ ♦❜s❡r✈é❡✳ ❊♥✜♥✱ ❧❛

ré❛❝t✐♦♥ ❞✬✐♥s❡rt✐♦♥ ✷✱✶✱ ❜✐❡♥ q✉✬❡♥❞❡r❣♦♥✐q✉❡✱ ♣♦✉rr❛✐t s❡ ♣r♦❞✉✐r❡ ❞❡ ❢❛ç♦♥ ♠✐♥♦r✐t❛✐r❡ ❡t

❝♦♥❞✉✐r❡ à ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥❡ ❢❛✐❜❧❡ q✉❛♥t✐té ❞✉ ❝♦♠♣❧❡①❡ [Sm]−CH(C4H9)−CH2−SiH3

✭✹✬hex✮✳

❘é❛❝t✐♦♥ ∆G0 ∆G‡

■♥s❡rt✐♦♥ ✶✱✷ ❞❡ ❧✬❤❡①è♥❡ ✶✳✶ ✶✺✳✺
■♥s❡rt✐♦♥ ✷✱✶ ❞❡ ❧✬❤❡①è♥❡ ✺✳✹ ✶✺✳✶

❆❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ✲✼✳✻ ✶✼✳✻
❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ✵✳✵ ✷✵✳✵
❆❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ✻✳✽ ✶✽✳✸

❚❛❜✳ ❈✳✶✼✿ ❈❛r❛❝tér✐st✐q✉❡s é♥❡r❣ét✐q✉❡s ♣♦✉r ❧❡s ré❛❝t✐♦♥s ❡♥✈✐s❛❣é❡s à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡
[Sm] − SiH3 ✭✸✮ ✳ ▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s s♦♥t ❡♥ ❦❝❛❧✳♠♦❧−1✳

▲❡s ❣é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s ❝♦♠♣❧❡①❡s ✹hex ❡t ✹✬hex s♦♥t ♣rés❡♥té❡s ✜❣✉r❡ ❈✳✶✼✳

❈♦♠♠❡ ❞❛♥s ❧❡ ❝❛s ❞❡s ❝♦♠♣❧❡①❡s ✹ ❡t ✹✬✱ ✐❧s s♦♥t st❛❜✐❧✐sés ♣❛r ✉♥❡ ✐♥t❡r❛❝t✐♦♥ γ✲❛❣♦st✐q✉❡

❡♥tr❡ ✉♥❡ ❧✐❛✐s♦♥ Si − H ❞✉ ❣r♦✉♣❡ s✐❧②❧❡ ❡t ❧❡ ♠ét❛❧✱ q✉✐ ❡st ❝♦♥✜r♠é❡ ♣❛r ✉♥❡ ❛♥❛❧②s❡

◆❇❖ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥✳

❋✐❣✳ ❈✳✶✼✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s ❝♦♠♣❧❡①❡s ✹hex✭❣❛✉❝❤❡✮ ❡t ✹✬hex ✭❞r♦✐t❡✮✳ ▲❡s ❞✐st❛♥❝❡s
s♦♥t ❡♥ ➴✳ P♦✉r ♣❧✉s ❞❡ ❝❧❛rté✱ ❧❡s ❤②❞r♦❣è♥❡s ❞✉ ❧✐❣❛♥❞ Cp ♥❡ s♦♥t ♣❛s r❡♣rés❡♥tés✳

❘é❛❝t✐✈✐té ❞✉ ♣r♦❞✉✐t ❞✬✐♥s❡rt✐♦♥ ✶✱✷ ✭✹hex✮ ❆✜♥ ❞❡ ❞✐♠✐♥✉❡r ❧❡ ❝♦ût ❝❛❧❝✉✲

❧❛t♦✐r❡✱ ♥♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞❡ ♥♦✉s ❢♦❝❛❧✐s❡r s✉r ❧✬ét✉❞❡ ❞❡ ❞❡✉① ré❛❝t✐♦♥s ✿ ❧✬❛❝t✐✈❛t✐♦♥
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Si(α) − H(β) ❞✉ s✐❧❛♥❡✱ q✉✐ ré❣é♥èr❡ ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ ❡t ❧✐❜èr❡ ❧❡ ♣r♦❞✉✐t ❜r❛♥❝❤é

❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❀ ❡t ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡✱ q✉✐ ❝♦♥❞✉✐t é❣❛❧❡♠❡♥t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ♣r♦✲

❞✉✐t ❜r❛♥❝❤é ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✱ ♠❛✐s ❞és❛❝t✐✈❡ ❧❡ ❝❛t❛❧②s❡✉r✳ ▲❡s ❛✉tr❡s ré❛❝t✐♦♥s ✭✐♥s❡r✲

t✐♦♥s ❞❡ ❧✬❤❡①è♥❡✱ ❛❝t✐✈❛t✐♦♥ Si(β)−H(α) ❞✉ s✐❧❛♥❡✮✱ s♦♥t s✉♣♣♦sé❡s ♥♦♥ ❝♦♠♣ét✐t✐✈❡s✱ ❝❡

q✉✐ ét❛✐t ❧❡ ❝❛s ♣♦✉r ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡✳ ❙❡❧♦♥ ♥♦s rés✉❧t❛ts ✭❝❢✳ t❛❜❧❡ ❈✳✶✽✮✱ ❧❛

ré❛❝t✐♦♥ ♣❧✉s ❢❛✈♦r❛❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t ❡st ❧✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡✳ P❛r ❝♦♥sé✲

q✉❡♥t✱ ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ ❞❡✈r❛✐t êtr❡ ré❣é♥éré ❡t ❧❡ ♣r♦❞✉✐t ❜r❛♥❝❤é ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥

❢♦r♠é q✉❛♥t✐t❛t✐✈❡♠❡♥t✳ ▲✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ét❛♥t ❝♦♠♣ét✐t✐✈❡✱ ❧❡ ❝♦♠♣❧❡①❡ ❛❧❧②❧❡ ❞❡✲

✈r❛✐t êtr❡ ❢♦r♠é ♠✐♥♦r✐t❛✐r❡♠❡♥t✳ ▲❛ ❞ést❛❜✐❧✐s❛t✐♦♥ ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥

❛❧❧②❧✐q✉❡ ♣❡✉t êtr❡ ❛ttr✐❜✉é❡✱ ❝♦♠♠❡ ♣ré❝é❞❡♠♠❡♥t✱ à ✉♥❡ ré♣✉❧s✐♦♥ stér✐q✉❡ ❡♥tr❡ ❧❡

❣r♦✉♣❡ −CH2 − CH(SiH3) − C4H9 ❡t ❧✬❤❡①è♥❡ ❡♥tr❛♥t✳

❘é❛❝t✐♦♥ ∆G0 ∆G‡

■♥s❡rt✐♦♥ ✶✱✷ ❞❡ ❧✬❤❡①è♥❡ ♥✳❞✳ ♥✳❞✳
■♥s❡rt✐♦♥ ✷✱✶ ❞❡ ❧✬❤❡①è♥❡ ♥✳❞✳ ♥✳❞✳

❆❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ✲✶✷✳✽ ✷✸✳✵
❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ✲✶✼✳✵ ✶✾✳✶
❆❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ✵✳✾ ♥✳❞✳

❚❛❜✳ ❈✳✶✽✿ ❈❛r❛❝tér✐st✐q✉❡s é♥❡r❣ét✐q✉❡s ♣♦✉r ❧❡s ré❛❝t✐♦♥s ❡♥✈✐s❛❣é❡s à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡
[Sm] − CH2 − CH(SiH3) − C4H9 ✭✹hex✮ ✳ ▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s s♦♥t ❡♥ ❦❝❛❧✳♠♦❧−1✳

❘é❛❝t✐✈✐té ❞✉ ♣r♦❞✉✐t ❞✬✐♥s❡rt✐♦♥ ✷✱✶ ✭✹✬hex✮ ▲✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉

s✐❧❛♥❡ ♣❛r ❧❡ ❝♦♠♣♦sé [Sm] − CH(C4H9) − CH2 − SiH3 ✭✹✬hex✮ ♣❡r♠❡t ❞❡ ré❣é♥ér❡r ❧❡

s✐❧②❧❡ ✸ ❡t ❞❡ ❧✐❜ér❡r ❧❡ ♣r♦❞✉✐t ❧✐♥é❛✐r❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✳ ❙❡❧♦♥ ♥♦s ❝❛❧❝✉❧s✱ ❝❡tt❡ ré❛❝t✐♦♥

❡st ❡①❡r❣♦♥✐q✉❡ ❞❡ ✶✾✳✽ ❦❝❛❧✳♠♦❧−1 ❡t ♣♦ssè❞❡ ✉♥❡ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ❞❡ ✶✽✳✻ ❦❝❛❧✳♠♦❧−1✳

❊❧❧❡ ❡st ❞♦♥❝ ❢❛✈♦r❛❜❧❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳

❇✐❧❛♥ ❡t ♣r♦✜❧ é♥❡r❣ét✐q✉❡

❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❝❛t❛❧②t✐q✉❡ ❞❡ ❧✬❤❡①è♥❡ ♣❛r SiH4 ❡♥ ♣rés❡♥❝❡ ❞✉

❝♦♠♣❧❡①❡ [Sm] − H ❞❡✈r❛✐t êtr❡ ♣♦ss✐❜❧❡✳ ❈♦♥tr❛✐r❡♠❡♥t ❛✉ ♣♦st✉❧❛t ❡①♣ér✐♠❡♥t❛❧✱ ❡❧❧❡

❞❡✈r❛✐t s❡ ♣r♦❞✉✐r❡ ♣ré❢ér❡♥t✐❡❧❧❡♠❡♥t s✉✐✈❛♥t ❧❡ ♠é❝❛♥✐s♠❡ ❇✱ ♣♦✉r ❧❡q✉❡❧ ❧✬❡s♣è❝❡ ❛❝t✐✈❡

❡st ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ [Sm] − SiH3✱ ❢♦r♠é ✐♥ s✐t✉✳ ▲❡ ♣r♦✜❧ é♥❡r❣ét✐q✉❡ ❞❡ ❧❛ ré❛❝t✐♦♥

❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ✶ ❡st s❝❤é♠❛t✐sé s✉r ❧❛ ✜❣✉r❡ ❈✳✶✽✳ ❉❛♥s

✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ❡st ❢♦r♠é ❡♥ ❞❡✉① ét❛♣❡s à ♣❛rt✐r ❞✉ ♣ré❝❛t❛❧②s❡✉r ✶✳

▲❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝❛t❛❧②s❡✉r ❡st très ❡①❡r❣♦♥✐q✉❡ ❡t ❧❛ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ❧❛ ♣❧✉s ❤❛✉t❡

❡st ❞❡ ✽✳✵ ❦❝❛❧✳♠♦❧−1✳ ♣❛r r❛♣♣♦rt à ❧❛ ✈♦✐❡ ❞✬❡♥tré❡✱ ❝❡tt❡ ré❛❝t✐♦♥ ❡st ❞♦♥❝ ❛❝❝❡ss✐❜❧❡ à
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t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳ ❈♦♠♠❡ ❞❛♥s ❧❡ ❝❛s ❞✉ ♣r♦♣è♥❡✱ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ s❡ ♣r♦❞✉✐t ❡♥s✉✐t❡

s❡❧♦♥ ❧❡ ♠é❝❛♥✐s♠❡ ❇✳

▲❡ ❜✐❧❛♥ ❣❧♦❜❛❧ ❞✬✉♥ ❝②❝❧❡ ❡st ❡①❡r❣♦♥✐q✉❡ ❞✬❡♥✈✐r♦♥ ✶✵ ❦❝❛❧✳♠♦❧−1✳ ▲❛ ré❛❝t✐♦♥ ❧✐♠✐✲

t❛♥t ❧❡ t✉r♥✲♦✈❡r ❡st ❧✬❛❝t✐✈❛t✐♦♥ Si(α)−H(β) ❞✉ s✐❧❛♥❡ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ✹hex✱ s✐ ❜✐❡♥ q✉❡✱

❝♦♥❢♦r♠é♠❡♥t ❛✉① ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✱ ❧❛ ré❛❝t✐♦♥ ❞❡✈r❛✐t êtr❡ ❞✬♦r❞r❡ ✵ ♣❛r r❛♣♣♦rt

à ❧✬❤❡①è♥❡ ❡t ✶ ♣❛r r❛♣♣♦rt ❛✉ s✐❧❛♥❡✳ ▲✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❝♦rr❡s♣♦♥❞❛♥t ❡st ❝❡♣❡♥❞❛♥t

s✐t✉é s♦✉s ❧❛ ✈♦✐❡ ❞✬❡♥tré❡✱ ♣❛r ❝♦♥séq✉❡♥t✱ ✉♥❡ ❢♦✐s ❧❡ ❝❛t❛❧②s❡✉r ❢♦r♠é✱ ❧❛ ré❛❝t✐♦♥ ❞✬❤②✲

❞r♦s✐❧②❧❛t✐♦♥ ❞❡✈r❛✐t êtr❡ r❛♣✐❞❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳

❋✐❣✳ ❈✳✶✽✿ Pr♦✜❧ é♥❡r❣ét✐q✉❡ ❞❡ ❧❛ ré❛❝t✐♦♥ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞❡ ❧✬❤❡①è♥❡ ♣❛r SiH4 à ♣❛rt✐r ❞✉
♣ré❝❛t❛❧②s❡✉r [Sm] − H✳ P♦✉r ♣❧✉s ❞❡ ❝❧❛rté✱ ❧❡s ♠♦❧é❝✉❧❡s ♦r❣❛♥✐q✉❡s ♥❡ s♦♥t ♣❛s r❡♣rés❡♥té❡s
✭à ❧✬❡①❝❡♣t✐♦♥ ❞❡s ♣r♦❞✉✐ts ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✮✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥✱ ❧✬❤❡①è♥❡ s✬✐♥sér❛♥t ♣ré❢ér❡♥✲

t✐❡❧❧❡♠❡♥t ❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥ ✶✱✷ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Sm−Si ❞✉ ❝❛t❛❧②s❡✉r✱ ❧❛ ré❛❝t✐♦♥ ❞❡✈r❛✐t

❞♦♥♥❡r ❧✐❡✉ ♠❛❥♦r✐t❛✐r❡♠❡♥t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❜r❛♥❝❤é ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✱ ❜✐❡♥

q✉✬✐❧ s♦✐t ♠♦✐♥s st❛❜❧❡ q✉❡ ❧✬✐s♦♠èr❡ ❧✐♥é❛✐r❡✳ ▲❛ s✉❜st✐t✉t✐♦♥ ❞❡ ❧✬❛❧❝è♥❡ ❛ ❞♦♥❝ ♣❡r♠✐s

❞✬❛✉❣♠❡♥t❡r ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❡♥ ❢❛✈❡✉r ❞❡ ❧✬✐s♦♠èr❡ ❜r❛♥❝❤é✳ ❈❡s rés✉❧t❛ts s♦♥t ❡♥ ❛❝✲

❝♦r❞ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✱ s❡❧♦♥ ❧❡sq✉❡❧❧❡s ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞❡ ❧✬❤❡①è♥❡ ❝♦♥❞✉✐t
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♠❛❥♦r✐t❛✐r❡♠❡♥t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❜r❛♥❝❤é ✭❝❢✳ t❛❜❧❡ ❈✳✷✮✳

❈♦♠♠❡ ♥♦✉s ❛✈♦♥s ♣✉ ❧❡ ✈ér✐✜❡r à ♣❧✉s✐❡✉rs r❡♣r✐s❡s ❛✉ ❝♦✉rs ❞❡ ❝❡tt❡ ét✉❞❡✱ ❧❛ s✉❜✲

st✐t✉t✐♦♥ ❛ é❣❛❧❡♠❡♥t ✐♥❞✉✐t ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❝♦♥séq✉❡♥t❡ ❞❡s ❜❛rr✐èr❡s ❞✬❛❝t✐✈❛t✐♦♥

❛❧❧②❧✐q✉❡✱ s✐ ❜✐❡♥ q✉❡✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉ ❝❛s ❞✉ ♣r♦♣è♥❡✱ s❡✉❧❡ ✉♥❡ ♣❡t✐t❡ q✉❛♥t✐té ❞❡ ❝❛✲

t❛❧②s❡✉r ❞❡✈r❛✐t êtr❡ ❞és❛❝t✐✈é❡ ♣❛r ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❝♦♠♣❧❡①❡ ❛❧❧②❧❡✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❡

r❡♥❞❡♠❡♥t ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞❡✈r❛✐t êtr❡ ♣❧✉s é❧❡✈é ♣♦✉r ❧✬❤❡①è♥❡ q✉❡ ♣♦✉r ❧❡ ♣r♦♣è♥❡✳

❊♥ ❝♦♥❝❧✉s✐♦♥✱ ♥♦✉s ❛✈♦♥s ♣✉ ♠♦♥tr❡r ❞❛♥s ❝❡tt❡ ét✉❞❡ q✉❡ ❧❡s ❞✐✛ér❡♥❝❡s ❞❡ ❝♦♠♣♦r✲

t❡♠❡♥t ❡♥tr❡ ❧❡ ♣r♦♣è♥❡ ❡t ❧✬❤❡①è♥❡ s♦♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞✉❡s à ❞❡s ❡✛❡ts stér✐q✉❡s✳ P❛r

❝♦♥séq✉❡♥t✱ ❧❡ ♣r♦♣è♥❡ ♣❡r♠❡t ❞❡ ♠♦❞é❧✐s❡r ❞❡ ❢❛ç♦♥ ❛♣♣r♦♣r✐é❡ ❧❡s ♣r♦♣r✐étés é❧❡❝tr♦✲

♥✐q✉❡s ❞❡s ❛❧❝è♥❡s n✲❧✐♥é❛✐r❡s✳

❈✳✸✳✷ ❍②❞r♦s✐❧②❧❛t✐♦♥ ❞❡ ❧✬✐s♦❜✉tè♥❡

❆✐♥s✐ q✉❡ ♥♦✉s ❧✬❛✈♦♥s ♠♦♥tré ❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ ♣ré❝é❞❡♥t✱ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ ❝❛r✲

❜♦♥❡ ✸ ❞✉ ♣r♦♣è♥❡ ❡♥tr❛î♥❡ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ❜❛rr✐èr❡s ❞✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡✳ P❛r

❝♦♥séq✉❡♥t✱ ❧❡ t❡♠♣s ❞❡ ✈✐❡ ❞✉ ❝❛t❛❧②s❡✉r✱ ❡t ❞♦♥❝ ❧❡ r❡♥❞❡♠❡♥t ❣❧♦❜❛❧ ❞❡ ❧❛ ré❛❝✲

t✐♦♥ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✱ ❞❡✈r❛✐❡♥t ❛✉❣♠❡♥t❡r ❞❡ ❢❛ç♦♥ ♥♦t❛❜❧❡✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ❧✬✐s♦❜✉tè♥❡

CH2 = CH(CH3)2✱ ❝✬❡st ❧❡ ❝❛r❜♦♥❡ ✷ ❞✉ ♣r♦♣è♥❡ q✉✐ ❡st s✉❜st✐t✉é ♣❛r ✉♥ ❣r♦✉♣❡ ♠é✲

t❤②❧❡✳ ◆♦✉s ♣♦✉✈♦♥s s✉♣♣♦s❡r q✉❡ ❧❛ ré♣✉❧s✐♦♥ stér✐q✉❡ ❡♥tr❡ ❧❡ ♠ét❤②❧❡ ❛❞❞✐t✐♦♥♥❡❧ ❡t ❧❡s

❧✐❣❛♥❞s ❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡ ♣❡r♠❡ttr❛ ❛❧♦rs ❞❡ ❞ést❛❜✐❧✐s❡r ❡♥❝♦r❡ ❞❛✈❛♥t❛❣❡ ❧❡ ❝♦♠♣❧❡①❡

❛❧❧②❧❡✱ ♣❛r ❝♦♥séq✉❡♥t ❧❛ ❞és❛❝t✐✈❛t✐♦♥ ❞✉ ❝❛t❛❧②s❡✉r ♣❛r ❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ♥❡ ❞❡✈r❛✐t

♣❧✉s êtr❡ ♦❜s❡r✈é❡✳

❈❡♣❡♥❞❛♥t✱ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✱ ♦♥ ♦❜s❡r✈❡ q✉❡ ❧❡s ❢réq✉❡♥❝❡s ❞❡ t✉r♥✲♦✈❡r ❡t ❧❡s r❡♥✲

❞❡♠❡♥ts ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✐♠✐♥✉❡♥t ❛✈❡❝ ❧❛ s✉❜st✐t✉t✐♦♥ ❞❡ ❧❛ ❞♦✉❜❧❡ ❧✐❛✐s♦♥✳ ❆✜♥ ❞❡

❝♦♠♣r❡♥❞r❡ ❝❡ rés✉❧t❛t ♣❛r❛❞♦①❛❧✱ ❧✬ét✉❞❡ q✉✐ s✉✐t ❡st ❞♦♥❝ ❝♦♥s❛❝ré❡ à ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥

❞❡ ❧✬✐s♦❜✉tè♥❡ ♣❛r SiH4 ❡♥ ♣rés❡♥❝❡ ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ [Sm] − H✳

▼é❝❛♥✐s♠❡ ❆ ♦✉ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ❄

❘é❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ✶ ❙❡❧♦♥ ♥♦s ❝❛❧❝✉❧s✱ à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ❤②✲

❞r✉r❡ ✶✱ ❧❛ ré❛❝t✐♦♥ ❧❛ ♣❧✉s ❢❛✈♦r❛❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t ❡st ❧✬✐♥s❡rt✐♦♥ ✶✱✷ ❞❡ ❧✬✐s♦❜✉tè♥❡ ✭❝❢✳

t❛❜❧❡ ❈✳✶✾✮✳ P❛r ❝♦♥séq✉❡♥t ❧❡ ♣r♦❞✉✐t ♠❛❥♦r✐t❛✐r❡ ❞❡ ❝❡tt❡ ♣r❡♠✐èr❡ ét❛♣❡ é❧é♠❡♥t❛✐r❡

❞❡✈r❛✐t êtr❡ ❧❡ ❝♦♠♣❧❡①❡ ✐s♦❜✉t②❧❡ [Sm] − CH2 − CH(CH3)2 ✭✷isob✮✳ ❈♦♠♠❡ ❞❛♥s ❧❡ ❝❛s

❞✉ ♣r♦♣è♥❡✱ ♥♦✉s ♣♦✉✈♦♥s ♥♦t❡r q✉❡ ❧✬❛❝t✐✈❛t✐♦♥ ✈✐♥②❧✐q✉❡ ❞❡ ❧✬✐s♦❜✉tè♥❡ ❡st très ❞é❢❛✈♦✲

r✐sé❡ ❝✐♥ét✐q✉❡♠❡♥t ♣❛r r❛♣♣♦rt à ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡✳ ❉❛♥s ❧❛ s✉✐t❡ ❞❡ ❝❡tt❡ ét✉❞❡✱ ❧❛

♣♦ss✐❜✐❧✐té ❞✬❛❝t✐✈❛t✐♦♥ ✈✐♥②❧✐q✉❡ ❞❡ ❧✬✐s♦❜✉tè♥❡ ♥❡ s❡r❛ ❞♦♥❝ ♣❧✉s ❡♥✈✐s❛❣é❡✳

❉✬❛♣rès ❧❡s rés✉❧t❛ts ♣rés❡♥tés t❛❜❧❡ ❈✳✶✾✱ ♥♦✉s ♣♦✉✈♦♥s r❡♠❛rq✉❡r q✉❡ ❧❡s ❜❛rr✐èr❡s

❞✬❛❝t✐✈❛t✐♦♥ ♦❜t❡♥✉❡s ♣♦✉r ❧✬✐♥s❡rt✐♦♥ ❡t ❧✬❛❝t✐✈❛t✐♦♥ ❞❡ ❧✬✐s♦❜✉tè♥❡ s♦♥t s✉♣ér✐❡✉r❡s ❞✬❛✉

✶✶✶



❘é❛❝t✐♦♥ ∆G0 ∆G‡

■♥s❡rt✐♦♥ ✶✱✷ ❞❡ ❧✬✐s♦❜✉tè♥❡ ✲✻✳✾ ✼✳✼
■♥s❡rt✐♦♥ ✷✱✶ ❞❡ ❧✬✐s♦❜✉tè♥❡ ✰✷✳✹ ✶✷✳✹

❆❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞❡ ❧✬✐s♦❜✉tè♥❡ ✲✼✳✻ ✶✶✳✺
❆❝t✐✈❛t✐♦♥ ✈✐♥②❧✐q✉❡ ❞❡ ❧✬✐s♦❜✉tè♥❡ ♥✳❞✳ ✷✶✳✺
❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ✲✷✳✾ ✶✸✳✽
❆❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ✵✳✵ ✽✳✻

❚❛❜✳ ❈✳✶✾✿ ❈❛r❛❝tér✐st✐q✉❡s é♥❡r❣ét✐q✉❡s ♣♦✉r ❧❡s ré❛❝t✐♦♥s ♣♦✉✈❛♥t s❡ ♣r♦❞✉✐r❡ à ♣❛rt✐r ❞✉
❝♦♠♣❧❡①❡ ❤②❞r✉r❡ [Sm] − H ✭✶✮✳ ▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s s♦♥t ❡♥ ❦❝❛❧✳♠♦❧−1

♠♦✐♥s ✷✳✺ ❦❝❛❧✳♠♦❧−1 à ❝❡❧❧❡s ♦❜t❡♥✉❡s ❞❛♥s ❧❡ ❝❛s ❞✉ ♣r♦♣è♥❡✱ ❝❡ q✉✐ ✐♥❞✐q✉❡ q✉❡ ❧✬✐s♦✲

❜✉tè♥❡ ❡st ♠♦✐♥s ré❛❝t✐❢ q✉❡ ❧❡ ♣r♦♣è♥❡✳ ❊♥ ♦✉tr❡✱ ❧✬✐♥s❡rt✐♦♥ ✷✱✶ ❞❡ ❧✬✐s♦❜✉tè♥❡ ❡st très

❞é❢❛✈♦r✐sé❡ ❝✐♥ét✐q✉❡♠❡♥t ♣❛r r❛♣♣♦rt à ❧✬✐♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡✳ ❆✐♥s✐ q✉✬✐❧ ♣❡✉t êtr❡

♦❜s❡r✈é s✉r ❧❛ ✜❣✉r❡ ❈✳✶✾✱ ❝❡tt❡ ❞✐✛ér❡♥❝❡ ❡st ♣r♦❜❛❜❧❡♠❡♥t ❞✉❡ à ❧❛ ré♣✉❧s✐♦♥ ❡♥tr❡ ❧❡s

❣r♦✉♣❡s ♠ét❤②❧❡ ❞❡ ❧✬✐s♦❜✉tè♥❡ ❡t ❧❡ ❢r❛❣♠❡♥t ♠ét❛❧❧✐q✉❡✳

❋✐❣✳ ❈✳✶✾✿ ❛✮ ●é♦♠étr✐❡ ♦♣t✐♠✐sé❡ ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ✶✱✷ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Sm−H ❞❡ ❧✬❤②❞r✉r❡
✶✳ ❜✮ ●é♦♠étr✐❡ ♦♣t✐♠✐sé❡ ❞✉ ❝♦♠♣❧❡①❡ ✐s♦❜✉t②❧❡ ✷isob✱ ♣r♦❞✉✐t ♠❛❥♦r✐t❛✐r❡ ❞❡ ❧❛ ♣r❡♠✐èr❡ ét❛♣❡
é❧é♠❡♥t❛✐r❡✳ ❝✮ ●é♦♠étr✐❡ ♦♣t✐♠✐sé❡ ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❞❡ ❧✬✐♥s❡rt✐♦♥ ✷✱✶ ❞❡ ❧✬✐s♦❜✉tè♥❡ ❞❛♥s
❧❛ ❧✐❛✐s♦♥ Sm − H ❞❡ ❧✬❤②❞r✉r❡ ✶✳

❘é❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ ✐s♦❜✉t②❧❡ ✷isob ❊t✉❞✐♦♥s à ♣rés❡♥t ❧❛ ré❛❝t✐✈✐té ❞✉ ♣r♦✲

❞✉✐t ♠❛❥♦r✐t❛✐r❡ ✷isob✳ ❈❡ ❝♦♠♣♦sé ♣❡✉t ✐♥sér❡r ✉♥❡ ♠♦❧é❝✉❧❡ ❞✬✐s♦❜✉tè♥❡ ❀ ❛✜♥ ❞❡ ♠✐♥✐♠✐✲

s❡r ❧❡ ❝♦ût ❝❛❧❝✉❧❛t♦✐r❡✱ s❡✉❧❡ ❧✬✐♥s❡rt✐♦♥ ✶✱✷ ❛ été ét✉❞✐é❡✳ ❆✉ ✈✉ ❞❡s rés✉❧t❛ts ❞❡ ❧✬ét❛♣❡

♣ré❝é❞❡♥t❡✱ ♥♦✉s s✉♣♣♦s❡r♦♥s q✉❡ ❧✬✐♥s❡rt✐♦♥ ✷✱✶ ❡st ❞é❢❛✈♦r✐sé❡ ♣❛r r❛♣♣♦rt à ❝❡tt❡ ❞❡r✲

♥✐èr❡✳ ▲❡ ❝♦♠♣❧❡①❡ ✷isob ♣❡✉t é❣❛❧❡♠❡♥t ❛❝t✐✈❡r ✉♥❡ ❧✐❛✐s♦♥ C −H ❛❧❧②❧✐q✉❡ ❞❡ ❧✬✐s♦❜✉tè♥❡

♦✉ ✉♥❡ ❧✐❛✐s♦♥ Si−H ❞✉ s✐❧❛♥❡✳ ▲✬❛❝t✐✈❛t✐♦♥ Si(β)−H(α) ré❣é♥èr❡ ❧✬❤②❞r✉r❡ ✶ ❡t ❧✐❜èr❡

❧❡ ♣r♦❞✉✐t ❧✐♥é❛✐r❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ SiH3 −CH2 −CH(CH3)2 ❀ ❧✬❛❝t✐✈❛t✐♦♥ Si(α)−H(β)

✶✶✷



❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ [Sm]−SiH3 ✭✸✮ ❡t ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ❞✬✐s♦❜✉t❛♥❡✳

❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧❛ ré❛❝t✐♦♥ ❧❛ ♣❧✉s ❢❛✈♦r❛❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t ❡st ❧✬❛❝t✐✈❛t✐♦♥ Si(α)−
H(β)✱ ♣❛r ❝♦♥séq✉❡♥t ❧❡ ♣r♦❞✉✐t ♠❛❥♦r✐t❛✐r❡ ❞❡✈r❛✐t êtr❡ ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸✳ ▲✬❛❝t✐✈❛t✐♦♥

❛❧❧②❧✐q✉❡ ❞❡ ❧✬✐s♦❜✉tè♥❡ ét❛♥t ❞é❢❛✈♦r✐sé❡ ❞❡ ♠♦✐♥s ❞❡ ✷ ❦❝❛❧✳♠♦❧−1✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠✲

♣❧❡①❡ ❛❧❧②❧❡ ❞❡✈r❛✐t êtr❡ ♦❜s❡r✈é❡✳ ▲✬❛❝t✐✈❛t✐♦♥ Si(β)−H(α) ❡st é❣❛❧❡♠❡♥t ❝♦♠♣ét✐t✐✈❡ ❡t

♣♦✉rr❛✐t ❞♦♥❝ s❡ ♣r♦❞✉✐r❡ ❞❡ ❢❛ç♦♥ ♠✐♥♦r✐t❛✐r❡✱ ❝♦♥❞✉✐s❛♥t à ❧❛ ré❣é♥ér❛t✐♦♥ ♣❛rt✐❡❧❧❡ ❞❡

❧✬❤②❞r✉r❡ ✶ ❡t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥❡ ❢❛✐❜❧❡ q✉❛♥t✐té ❞❡ ♣r♦❞✉✐t ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❧✐♥é❛✐r❡✳

❊♥✜♥✱ ❧✬✐♥s❡rt✐♦♥ ❞❡ ❧✬✐s♦❜✉tè♥❡ ♥✬❡st ♣❛s ❝♦♠♣ét✐t✐✈❡✳

❘é❛❝t✐♦♥ ∆G0 ∆G‡

■♥s❡rt✐♦♥ ✶✱✷ ❞❡ ❧✬✐s♦❜✉tè♥❡ ✰✸✳✵ ✷✼✳✹
❆❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞❡ ❧✬✐s♦❜✉tè♥❡ ✲✷✷✳✻ ✷✵✳✼
❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ✲✶✼✳✽ ✶✾✳✷
❆❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ✲✸✳✾ ✷✷✳✼

❚❛❜✳ ❈✳✷✵✿ ❈❛r❛❝tér✐st✐q✉❡s é♥❡r❣ét✐q✉❡s ♣♦✉r ❧❡s ré❛❝t✐♦♥s ♣♦✉✈❛♥t s❡ ♣r♦❞✉✐r❡ à ♣❛rt✐r ❞✉
❝♦♠♣❧❡①❡ ✐s♦❜✉t②❧❡[Sm] − CH2 − CH(CH3)2 ✭✷isob✮✳ ▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s s♦♥t ❡♥ ❦❝❛❧✳♠♦❧−1

❉✐✛ér❡♥❝❡s ♣❛r r❛♣♣♦rt ❛✉ ♣r♦♣è♥❡ P❛r r❛♣♣♦rt à ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡

❞é❝r✐t❡ ❞❛♥s ❧❛ s❡❝t✐♦♥ ❈✳✷✱ ❧❛ ❞✐✛ér❡♥❝❡ ♣r✐♠♦r❞✐❛❧❡ ♣♦✉r ❝❡tt❡ ét❛♣❡ é❧é♠❡♥t❛✐r❡ ❡st q✉❡

❧❛ ré❛❝t✐♦♥ ❢❛✈♦r✐sé❡ ❝✐♥ét✐q✉❡♠❡♥t ♥✬❡st ♣❧✉s ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞❡ ❧✬❛❧❝è♥❡✳ ❊♥ ❡✛❡t✱ ❧❛

❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ❞❡ ❝❡tt❡ ré❛❝t✐♦♥ ❡st ❡♥✈✐r♦♥ ✹ ❦❝❛❧✳♠♦❧−1 s✉♣ér✐❡✉r❡ ❞❛♥s ❧❡ ❝❛s ❞❡

❧✬✐s♦❜✉tè♥❡✳ ❆✐♥s✐ q✉❡ ♥♦✉s ♣♦✉✈♦♥s ❧✬♦❜s❡r✈❡r s✉r ❧❛ ✜❣✉r❡ ❈✳✷✵✱ ❧❡s ét❛ts ❞❡ tr❛♥s✐t✐♦♥

❞✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷ ✭❣❛✉❝❤❡✮ ❡t ❞❡ ❧✬✐s♦❜✉tè♥❡

♣❛r ❧❡ ❝♦♠♣❧❡①❡ ✐s♦❜✉t②❧❡ ✷isob ✭❞r♦✐t❡✮ ♦♥t ❞❡s ❣é♦♠étr✐❡s s✐♠✐❧❛✐r❡s✳ ▲❛ ❞ést❛❜✐❧✐s❛t✐♦♥

r❡❧❛t✐✈❡ ❞✉ s❡❝♦♥❞ ♣❡✉t êtr❡ ❛ttr✐❜✉é❡ à ❧❛ ré♣✉❧s✐♦♥ stér✐q✉❡ ❡♥tr❡ ❧❡s ❣r♦✉♣❡s ♠ét❤②❧❡ ❞❡

❧✬✐s♦❜✉tè♥❡ ❡t ❧❡s ❧✐❣❛♥❞s Cp✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ ❞❡✈r❛✐t êtr❡ ❢♦r♠é ❛✈❡❝

✉♥ r❡♥❞❡♠❡♥t s✐❣♥✐✜❝❛t✐❢✱ ❡t s❡✉❧❡ ✉♥❡ ❢❛✐❜❧❡ q✉❛♥t✐té ❞❡ ❝❛t❛❧②s❡✉r ❞❡✈r❛✐t êtr❡ ❞és❛❝t✐✈é❡

♣❛r ❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡✳

P❛r ❛✐❧❧❡✉rs✱ ✉♥ ❞❡s ❡✛❡ts ✐♥❞✐r❡❝ts ❞❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ❛❧❧②✲

❧✐q✉❡ ❡st q✉❡ ❧✬❛❝t✐✈❛t✐♦♥ Si(β)−H(α) ❞✉ s✐❧❛♥❡ ❞❡✈✐❡♥t ❛❧♦rs ❝♦♠♣ét✐t✐✈❡✳ ❈♦♥tr❛✐r❡♠❡♥t

❛✉ ❝❛s ❞✉ ♣r♦♣è♥❡✱ ❧❛ ré❣é♥ér❛t✐♦♥ ♣❛rt✐❡❧❧❡ ❞❡ ❧✬❤②❞r✉r❡ ✶✱ q✉✐ s✬❛❝❝♦♠♣❛❣♥❡ ❞❡ ❧❛ ❧✐❜é✲

r❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❧✐♥é❛✐r❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✱ ❡st ❛❧♦rs ♣♦ss✐❜❧❡✳ ❈❡♣❡♥❞❛♥t✱ ❝❡tt❡ ré❛❝t✐♦♥

❞❡✈r❛✐t r❡st❡r ♠✐♥♦r✐t❛✐r❡ ♣❛r r❛♣♣♦rt à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸✳

❱❛❧✐❞❛t✐♦♥ ❞✉ ♠é❝❛♥✐s♠❡ ❝❛t❛❧②t✐q✉❡ ❇

❉❛♥s ❧❡ ❝❛s ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞❡ ❧✬✐s♦❜✉tè♥❡ ♣❛r SiH4✱ ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ ❞❡✈r❛✐t

❞♦♥❝ êtr❡ ❢♦r♠é ❛✈❡❝ ✉♥ r❡♥❞❡♠❡♥t s✐❣♥✐✜❝❛t✐❢✳ ▲✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞❡ ❧✬✐s♦❜✉tè♥❡ ❝❛t❛❧②sé❡

✶✶✸



❋✐❣✳ ❈✳✷✵✿ ●é♦♠étr✐❡s ❞❡s ét❛ts ❞❡ tr❛♥s✐t✐♦♥ tr❛♥s✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ♣❛r ❧❡
❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷ ✭❣❛✉❝❤❡✮ ❡t ❞❡ ❧✬✐s♦❜✉tè♥❡ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ✐s♦❜✉t②❧❡ ✷isob ✭❞r♦✐t❡✮

♣❛r ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ s❡❧♦♥ ❧❡ ♠é❝❛♥✐s♠❡ ❇ ♣❡✉t ❞♦♥❝ êtr❡ ❡♥✈✐s❛❣é❡✳

❘é❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ ❆ ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸✱ ❝✐♥q ré❛❝t✐♦♥s

♣❡✉✈❡♥t êtr❡ ❡♥✈✐s❛❣é❡s ✿ ❧❡s ✐♥s❡rt✐♦♥s ✶✱✷ ❡t ✷✱✶ ❞❡ ❧✬✐s♦❜✉tè♥❡ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Sm−Si ❞❡

✸✱ q✉✐ ❞♦♥♥❡♥t ❧❡s ♣r♦❞✉✐ts ❞✬✐♥s❡rt✐♦♥ ✹isob ❡t ✹✬isob✱ ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞❡ ❧✬✐s♦❜✉tè♥❡✱

❡t ❧❡s ❛❝t✐✈❛t✐♦♥s Si−H ❞✉ s✐❧❛♥❡✳ ▲✬❛❝t✐✈❛t✐♦♥ Si(α)−H(β)✱ ♥♦♥ ♣r♦❞✉❝t✐✈❡✱ ❝♦rr❡s♣♦♥❞

à ✉♥ é❝❤❛♥❣❡ ❢♦r♠❡❧ ❞❡ ❣r♦✉♣❡s s✐❧②❧❡ ❀ ❧✬❛❝t✐✈❛t✐♦♥ Si(β) − H(α) ré❣é♥èr❡ ❧✬❤②❞r✉r❡ ✶ ❡t

❧✐❜èr❡ ❧❡ ❞✐s✐❧❛♥❡ H3Si − SiH3✳

❆✐♥s✐ q✉✬✐❧ ♣❡✉t êtr❡ ♦❜s❡r✈é ❞❛♥s ❧❛ t❛❜❧❡ ❈✳✷✶✱ t♦✉t❡s ❧❡s ré❛❝t✐♦♥s s♦♥t ❡♥❞❡r❣♦✲

♥✐q✉❡s ❞❡ ♣❧✉s ❞❡ ✺ ❦❝❛❧✳♠♦❧−1✱ à ❧✬❡①❝❡♣t✐♦♥ ❞❡ ❧✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡✱ ♥♦♥

♣r♦❞✉❝t✐✈❡✱ ❡t ❞❡ ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞❡ ❧✬✐s♦❜✉tè♥❡✳ P❛r ❝♦♥séq✉❡♥t✱ ❜✐❡♥ q✉✬❡❧❧❡ s♦✐t

♠♦✐♥s ❢❛✈♦r❛❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t q✉❡ ❧✬✐♥s❡rt✐♦♥ ✶✱✷ ❞❡ ❧✬✐s♦❜✉tè♥❡✱ ❝✬❡st ❝❡tt❡ ❞❡r♥✐èr❡ q✉✐

❞❡✈r❛✐t s❡ ♣r♦❞✉✐r❡ ♠❛❥♦r✐t❛✐r❡♠❡♥t✳ ▲❛ ♣❧✉s ❣r❛♥❞❡ ♣❛rt ❞✉ ❝❛t❛❧②s❡✉r ❞❡✈r❛✐t ❞♦♥❝ êtr❡

❞és❛❝t✐✈é ♣❛r ❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡✳

◆♦✉s s✉♣♣♦s❡r♦♥s t♦✉t❡❢♦✐s q✉❡ ❧❡s ré❛❝t✐♦♥s ❞✬✐♥s❡rt✐♦♥ ✶✱✷ ❞❡ ❧✬✐s♦❜✉tè♥❡ ❡t ❞✬❛❝t✐✲

✈❛t✐♦♥ Si(β)−H(α) ♣❡✉✈❡♥t s❡ ♣r♦❞✉✐r❡ ❞❡ ❢❛ç♦♥ très ♠✐♥♦r✐t❛✐r❡✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❞❛♥s ❧❡

❝❛s ❞✬✉♥❡ ❛❝❝✉♠✉❧❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ ✸ ❞❛♥s ❧❡ ♠✐❧✐❡✉r ré❛❝t✐♦♥♥❡❧✱ q✉✐ ❞é♣❧❛❝❡r❛✐t ❧✬éq✉✐✲

❧✐❜r❡✳ P❛r ❝♦♥séq✉❡♥t✱ ✉♥❡ très ❢❛✐❜❧❡ q✉❛♥t✐té ❞❡ ♣r♦❞✉✐t ❞✬✐♥s❡rt✐♦♥ ✹isob ❡t ❞❡ ❝♦♠♣❧❡①❡

❤②❞r✉r❡ ✶ ❞❡✈r❛✐❡♥t êtr❡ ❢♦r♠é❡s✳

❘é❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ ✹isob ❆✜♥ ❞❡ ♠❡♥❡r à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❞✬❤②❞r♦s✐✲

❧②❧❛t✐♦♥✱ ❧❡ ❝♦♠♣❧❡①❡ ✹isob✱ ❢♦r♠é ❞❡ ❢❛ç♦♥ très ♠✐♥♦r✐t❛✐r❡ à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸✱

❞♦✐t ❡♥s✉✐t❡ ❛❝t✐✈❡r ❧❡ s✐❧❛♥❡ ❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥ Si(α) − H(β)✳ ❈❡tt❡ ré❛❝t✐♦♥ ♣❡✉t ❡♥tr❡r

❡♥ ❝♦♠♣ét✐t✐♦♥ ❛✈❡❝ ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✱ q✉✐ ❝♦♥❞✉✐r❛✐t ❛✉ ♣r♦❞✉✐t ❜r❛♥❝❤é

❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ♠❛✐s ❞és❛❝t✐✈❡r❛✐t ❧❡ ❝❛t❛❧②s❡✉r✱ ♦✉ ❛✈❡❝ ❧✬❛❝t✐✈❛t✐♦♥ Si(β)−H(α) ❞✉ s✐✲

✶✶✹



❘é❛❝t✐♦♥ ∆G0 ∆G‡

■♥s❡rt✐♦♥ ✶✱✷ ❞❡ ❧✬✐s♦❜✉tè♥❡ ✰✼✳✺ ✶✽✳✼
■♥s❡rt✐♦♥ ✷✱✶ ❞❡ ❧✬✐s♦❜✉tè♥❡ ✰✾✳✽ ✷✸✳✶

❆❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞❡ ❧✬✐s♦❜✉tè♥❡ ✲✹✳✽ ✶✾✳✾
❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ✵✳✵ ✷✵✳✵
❆❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ✰✻✳✽ ✶✽✳✸

❚❛❜✳ ❈✳✷✶✿ ❈❛r❛❝tér✐st✐q✉❡s é♥❡r❣ét✐q✉❡s ♣♦✉r ❧❡s ré❛❝t✐♦♥s ♣♦✉✈❛♥t s❡ ♣r♦❞✉✐r❡ à ♣❛rt✐r ❞✉
❝♦♠♣❧❡①❡ s✐❧②❧❡ [Sm] − SiH3 ✭✸✮✳ ▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s s♦♥t ❡♥ ❦❝❛❧✳♠♦❧−1✳

❧❛♥❡✱ q✉✐ ré❣é♥èr❡r❛✐t ❧✬❤②❞r✉r❡ ✶ ❡t ❧✐❜èr❡r❛✐t ❧❡ ❝♦♠♣❧❡①❡ SiH3−CH2−C(SiH3)(CH3)2✳

❆✜♥ ❞❡ ❞✐♠✐♥✉❡r ❧❡ ❝♦ût ❝❛❧❝✉❧❛t♦✐r❡✱ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s é♥❡r❣ét✐q✉❡s ❞❡ ❧✬✐♥s❡rt✐♦♥ ✶✱✷

❞❡ ❧✬✐s♦❜✉tè♥❡ ♥✬♦♥t ♣❛s été ❝❛❧❝✉❧é❡s ✿ ❝❡tt❡ ré❛❝t✐♦♥ ét❛✐t très ❞é❢❛✈♦r❛❜❧❡ à ♣❛rt✐r ❞✉

❝♦♠♣❧❡①❡ ✷isob✱ ♥♦✉s s✉♣♣♦s❡r♦♥s ❞♦♥❝ q✉✬✐❧ ❡♥ ❡st ❞❡ ♠ê♠❡ à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ✹isob✳

▲❡s ❞♦♥♥é❡s é♥❡r❣ét✐q✉❡s ❝❛❧❝✉❧é❡s ♣♦✉r ❧❡s tr♦✐s ré❛❝t✐♦♥s ❝♦♥s✐❞éré❡s s♦♥t r❛ss❡♠❜❧é❡s

❞❛♥s ❧❛ t❛❜❧❡ ❈✳✷✷✳

❙❡❧♦♥ ♥♦s ❝❛❧❝✉❧s✱ ❧❛ ré❣é♥ér❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸✱ q✉✐ s✬❛❝❝♦♠♣❛❣♥❡ ❞❡ ❧❛ ❧✐✲

❜ér❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❜r❛♥❝❤é ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✱ ❞❡✈r❛✐t s❡ ♣r♦❞✉✐r❡ ❞❡ ❢❛ç♦♥ ♠❛❥♦r✐t❛✐r❡✳

▲✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❡st ❝♦♠♣ét✐t✐✈❡✱ s✐ ❜✐❡♥ q✉❡ ❧❡ ❝♦♠♣❧❡①❡ ❛❧❧②❧❡ ❞❡✈r❛✐t êtr❡ ❢♦r♠é

♠✐♥♦r✐t❛✐r❡♠❡♥t✳ ❈♦♠♠❡ ♣ré❝é❞❡♠♠❡♥t✱ ♥♦✉s ♣♦✉✈♦♥s ♦❜s❡r✈❡r ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❝♦♥sé✲

q✉❡♥t❡ ❞❡ ❧❛ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ♣❛r r❛♣♣♦rt à ❧❛ s❡❝t✐♦♥ ❈✳✷ ❀ ❝❡❧❧❡✲❝✐ ♣❡✉t êtr❡

❛ttr✐❜✉é❡ à ✉♥❡ ré♣✉❧s✐♦♥ stér✐q✉❡ ❡♥tr❡ ✉♥ ❣r♦✉♣❡ ♠ét❤②❧❡ ❞❡ ❧✬✐s♦❜✉tè♥❡ ❡t ❧❡s ❧✐❣❛♥❞s

❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡ à ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥✳

❘é❛❝t✐♦♥ ∆G0 ∆G‡

❆❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞❡ ❧✬✐s♦❜✉tè♥❡ ✲✷✵✳✾ ✷✺✳✶
❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ✲✶✻✳✷ ✷✷✳✷
❆❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ✲✶✳✸ ✷✽✳✽

❚❛❜✳ ❈✳✷✷✿ ❈❛r❛❝tér✐st✐q✉❡s é♥❡r❣ét✐q✉❡s ♣♦✉r ❧❡s ré❛❝t✐♦♥s ♣♦✉✈❛♥t s❡ ♣r♦❞✉✐r❡ à ♣❛rt✐r ❞✉
❝♦♠♣❧❡①❡ [Sm] − CH2 − C(SiH3)(CH3)2 ✭✹isob✮✳ ▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s s♦♥t ❡♥ ❦❝❛❧✳♠♦❧−1✳

❇✐❧❛♥

❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞❡ ❧✬✐s♦❜✉tè♥❡ ♣❛r SiH4 ❡♥ ♣rés❡♥❝❡

❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ✶✱ ❧❡ ♣r♦❞✉✐t ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ♣♦✉rr❛✐t êtr❡ ❢♦r♠é ♣❛r ❧❡s ♠é❝❛♥✐s♠❡s

❆ ❡t ❇ ✭❝❢✳ ✜❣✉r❡ ❈✳✷✶✮✳ ❈❡♣❡♥❞❛♥t✱ ❞❛♥s ❧❡s ❞❡✉① ❝❛s✱ ❧❡ r❡♥❞❡♠❡♥t ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥

♦❜t❡♥✉ ❞❡✈r❛✐t êtr❡ ❡①trê♠❡♠❡♥t ❢❛✐❜❧❡ ✿

✲ ❉❛♥s ❧❡ ❝❛s ❞✉ ♠é❝❛♥✐s♠❡ ❆✱ ❝❛t❛❧②sé ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ✶✱ ❧❛ ♣r❡♠✐èr❡ ét❛♣❡

❞✬✐♥s❡rt✐♦♥ ✶✱✷ ❞❡ ❧✬✐s♦❜✉tè♥❡ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Sm−H ❞❡ ✶ ❡st ❢❛✈♦r❛❜❧❡✱ ♠❛✐s ❡♥s✉✐t❡ s❡✉❧❡

✶✶✺



✉♥❡ ❢❛✐❜❧❡ q✉❛♥t✐té ❞❡ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ❞❡✈r❛✐t êtr❡ ré❣é♥éré ♣❛r ❧✬❛❝t✐✈❛t✐♦♥ Si(β)−H(α)

❞✉ s✐❧❛♥❡✱ q✉✐ ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❧✐♥é❛✐r❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✳ ❊♥ ❡✛❡t✱ ❧❛

♣❧✉s ❣r❛♥❞❡ ♣❛rt ❞✉ ❝❛t❛❧②s❡✉r ❞❡✈r❛✐t êtr❡ ❝♦♥✈❡rt✐❡ ❡♥ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ ♣❛r ❧✬❛❝t✐✈❛t✐♦♥

Si(α)−H(β) ❞✉ s✐❧❛♥❡✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❡ t✉r♥✲♦✈❡r ❞✉ ♠é❝❛♥✐s♠❡ ❆ ❞❡✈r❛✐t êtr❡ ❢❛✐❜❧❡✱

❡t ❛♣rès q✉❡❧q✉❡s ❝②❝❧❡s ✐❧ ♥❡ ❞❡✈r❛✐t ♣❧✉s r❡st❡r q✉✬✉♥❡ q✉❛♥t✐té ♥é❣❧✐❣❡❛❜❧❡ ❞❡ ❝♦♠♣❧❡①❡

❤②❞r✉r❡ ✶ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ré❛❝t✐♦♥♥❡❧✳

✲ ❉❛♥s ❧❡ ❝❛s ❞✉ ♠é❝❛♥✐s♠❡ ❇✱ ♣♦✉r ❧❡q✉❡❧ ❧✬❡s♣è❝❡ ❛❝t✐✈❡ ❡st ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸✱ ❝✬❡st

❛✉ ❝♦♥tr❛✐r❡ ❧❛ ♣r❡♠✐èr❡ ét❛♣❡ ❞✬✐♥s❡rt✐♦♥ ❞❡ ❧✬✐s♦❜✉tè♥❡ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Sm− Si ❞❡ ✸ q✉✐

❡st ❞é❢❛✈♦r❛❜❧❡✱ ❝❛r très ❡♥❞❡r❣♦♥✐q✉❡✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❛ ♠❛❥❡✉r❡ ♣❛rt✐❡ ❞✉ ❝❛t❛❧②s❡✉r

❞❡✈r❛✐t êtr❡ ❞és❛❝t✐✈é❡ ♣❛r ❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡✱ ❡t s❡✉❧❡ ✉♥❡ q✉❛♥t✐té ♥é❣❧✐❣❡❛❜❧❡ ❞❡ ♣r♦❞✉✐t

✹isob✱ ✐ss✉ ❞❡ ❧✬✐♥s❡rt✐♦♥ ✶✱✷ ❞❡ ❧✬✐s♦❜✉tè♥❡✱ ❞❡✈r❛✐t ❞♦♥❝ êtr❡ ❢♦r♠é❡✳ ❈❡ ❝♦♠♣❧❡①❡ ♣❡✉t

❡♥s✉✐t❡ ❛❝t✐✈❡r ✉♥❡ ❧✐❛✐s♦♥ Si−H ❞✉ s✐❧❛♥❡ ❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥ Si(α)−H(β)✱ ❝❡ q✉✐ ré❣é♥èr❡

❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ ❡t ❧✐❜èr❡ ❧❡ ♣r♦❞✉✐t ❜r❛♥❝❤é ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✳

❋✐❣✳ ❈✳✷✶✿ ❇✐❧❛♥ ❞❡s ❞✐✛ér❡♥t❡s ré❛❝t✐♦♥s ♣♦✉✈❛♥t s❡ ♣r♦❞✉✐r❡ à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡
[Sm] − H ✭✶✮

❆✐♥s✐ q✉❡ ❧❡ ♠♦♥tr❡ ❝❡tt❡ ét✉❞❡✱ ❧❛ s✉❜st✐t✉t✐♦♥ ❞❡ ❧❛ ❞♦✉❜❧❡ ❧✐❛✐s♦♥ ♣❛r ✉♥ ❣r♦✉♣❡♠❡♥t

♠ét❤②❧❡ ✐♥❞✉✐t ❡✛❡❝t✐✈❡♠❡♥t ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ❜❛rr✐èr❡s ❞✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡✱ ♠❛✐s

❡❧❧❡ ❡♥tr❛î♥❡ é❣❛❧❡♠❡♥t ✉♥❡ ❞ést❛❜✐❧✐s❛t✐♦♥ ❞❡s ♣r♦❞✉✐ts ❞✬✐♥s❡rt✐♦♥✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❡s

r❡♥❞❡♠❡♥ts ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✐♠✐♥✉❡♥t ❞❡ ❢❛ç♦♥ s✐❣♥✐✜❝❛t✐✈❡✳ ❈❡❝✐ ❡①♣❧✐q✉❡ ♣♦✉rq✉♦✐ ❧❡s

❢réq✉❡♥❝❡s ❞❡ t✉r♥✲♦✈❡r ❡t ❧❡s r❡♥❞❡♠❡♥ts ❡①♣ér✐♠❡♥t❛✉① s♦♥t ❞✬❛✉t❛♥t ♣❧✉s ❢❛✐❜❧❡s q✉❡ ❧❛

❞♦✉❜❧❡ ❧✐❛✐s♦♥ ❡st s✉❜st✐t✉é❡✱ ❡t ♣♦✉rq✉♦✐ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ❛❧❝è♥❡ ♣♦ssé❞❛♥t ❞❡✉① ❞♦✉❜❧❡s

❧✐❛✐s♦♥s✱ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ s✬❡✛❡❝t✉❡ ♣ré❢ér❡♥t✐❡❧❧❡♠❡♥t s✉r ❧❛ ♠♦✐♥s s✉❜st✐t✉é❡✳

✶✶✻



❈♦♥❝❧✉s✐♦♥

❆✐♥s✐ q✉❡ ♥♦✉s ❛✈♦♥s ♣✉ ❧❡ ♠♦♥tr❡r ❞❛♥s ❝❡ ♣❛r❛❣r❛♣❤❡✱ ❧❡ ✶✲❤❡①è♥❡ ❡t ❧✬✐s♦❜✉tè♥❡ ♦♥t

❞❡s ❝♦♠♣♦rt❡♠❡♥ts très ❞✐✛ér❡♥ts ✈✐s✲à✲✈✐s ❞❡ ❧❛ ré❛❝t✐♦♥ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✳ ❊♥ ❡✛❡t✱ s❡❧♦♥

♥♦s rés✉❧t❛ts✱ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞❡ ❧✬❤❡①è♥❡ ♣❛r SiH4 ❡st ♣♦ss✐❜❧❡ ❡♥ ♣rés❡♥❝❡ ❞✉ ❝♦♠♣❧❡①❡

[Sm] − H✳ ❊❧❧❡ ❞❡✈r❛✐t s❡ ♣r♦❞✉✐r❡ ♣ré❢ér❡♥t✐❡❧❧❡♠❡♥t s❡❧♦♥ ❧❡ ♠é❝❛♥✐s♠❡ ❇✱ ❝❛t❛❧②sé

♣❛r ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ [Sm] − SiH3✱ ❢♦r♠é ✐♥ s✐t✉ à ♣❛rt✐r ❞❡ ❧✬❤②❞r✉r❡✳ ❊♥ ❛❝❝♦r❞ ❛✈❡❝

❧❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉①✱ ❧❡ r❡♥❞❡♠❡♥t ❞❡ ❧❛ ré❛❝t✐♦♥ ❞❡✈r❛✐t êtr❡ é❧❡✈é ❡t ❧❡ ♣r♦❞✉✐t

❜r❛♥❝❤é ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞❡✈r❛✐t êtr❡ ❢♦r♠é ♠❛❥♦r✐t❛✐r❡♠❡♥t✳

❊♥ r❡✈❛♥❝❤❡✱ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬✐s♦❜✉tè♥❡✱ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ♣❡✉t s❡ ♣r♦❞✉✐r❡ s❡❧♦♥ ❧❡

♠é❝❛♥✐s♠❡ ❆ ♦✉ ❧❡ ♠é❝❛♥✐s♠❡ ❇✱ t♦✉t❡❢♦✐s ❧❡s r❡♥❞❡♠❡♥ts ♦❜t❡♥✉s ❞❡✈r❛✐❡♥t êtr❡ très

❢❛✐❜❧❡s✳ ❈❡tt❡ ét✉❞❡ ♥♦✉s ❛ ❞♦♥❝ ♣❡r♠✐s ❞❡ ♠♦♥tr❡r q✉❡ ❧❛ s✉❜st✐t✉t✐♦♥ ❞❡ ❧❛ ❞♦✉❜❧❡ ❧✐❛✐s♦♥✱

q✉✐ ✐♥❞✉✐t ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ❜❛rr✐èr❡s ❞✬✐♥s❡rt✐♦♥✱ ♣❡✉t ❡♥tr❛î♥❡r ✉♥❡ ❞✐♠✐♥✉t✐♦♥

❝♦♥séq✉❡♥t❡ ❞✉ r❡♥❞❡♠❡♥t ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✳

❉❛♥s ❧❡s ❞❡✉① ❝❛s✱ ♥♦✉s ❛✈♦♥s ♦❜s❡r✈é q✉❡ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ ♣r♦♣è♥❡ ✐♥❞✉✐t ✉♥❡

❞ést❛❜✐❧✐s❛t✐♦♥ ❞❡s ét❛ts ❞❡ tr❛♥s✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❛ ❢♦r♠❛t✐♦♥

❞❡ ❧✬❛❧❧②❧❡✱ q✉✐ ét❛✐t ♣ré❞♦♠✐♥❛♥t❡ ❞❛♥s ❧❡ ❝❛s ❞✉ ♣r♦♣è♥❡✱ ❡st ❞é❢❛✈♦r✐sé❡ ❝✐♥ét✐q✉❡♠❡♥t

❞❛♥s ❧❡ ❝❛s ❞❡s ❛❧❝è♥❡s s✉❜st✐t✉és✳

❊♥✜♥✱ ❛✐♥s✐ q✉❡ ♥♦✉s ❧✬❛✈♦♥s ♦❜s❡r✈é✱ ❧❡s ❞✐✛ér❡♥❝❡s ❞❡ ré❛❝t✐✈✐té ❡♥tr❡ ❧❡ ♣r♦♣è♥❡ ❡t

❧❡s ❛❧❝è♥❡s s✉❜st✐t✉és ét✉❞✐és s♦♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞✉❡s à ❞❡s ❡✛❡ts stér✐q✉❡s ❀ ♣❛r ❝♦♥sé✲

q✉❡♥t✱ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❛❧❝è♥❡s s✉❜st✐t✉és ♣❛r ❧❡ ♣r♦♣è♥❡ ♣❡r♠❡t ❞❡ r❡♥❞r❡ ❝♦♠♣t❡

❞❡ ♠❛♥✐èr❡ ❡✣❝❛❝❡ ❞❡s ♣r♦♣r✐étés é❧❡❝tr♦♥✐q✉❡s ❞❡ ❝❡✉①✲❝✐✳ ❉❛♥s ❧❛ s✉✐t❡ ❞❡ ♥♦tr❡ ét✉❞❡✱

♥♦✉s ❝♦♥t✐♥✉❡r♦♥s ❞♦♥❝ à ❡♠♣❧♦②❡r ❧❡ ♣r♦♣è♥❡ ❝♦♠♠❡ ♠♦❞è❧❡ ♣♦✉r ❧❡s ❛❧❝è♥❡s n✲❧✐♥é❛✐r❡s

✉t✐❧✐sés ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✳ ■❧ s❡r❛ t♦✉t❡❢♦✐s ♥é❝❡ss❛✐r❡ ❞❡ ❣❛r❞❡r ❡♥ ♠é♠♦✐r❡ q✉❡ ❝❡tt❡

♠♦❞é❧✐s❛t✐♦♥ ❡♥tr❛î♥❡ ✉♥❡ s♦✉s✲❡st✐♠❛t✐♦♥ ❞❡s ❜❛rr✐èr❡s ❞✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡✳

❈✳✹ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡

❉❛♥s ❧❡s s❡❝t✐♦♥s ♣ré❝é❞❡♥t❡s✱ ♥♦✉s ❛✈♦♥s ❞ét❡r♠✐♥é ❧❡ ♠é❝❛♥✐s♠❡ ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥

❞❡ ♣❧✉s✐❡✉rs ❛❧❝è♥❡s ♣❛r ❧❡ s✐❧❛♥❡ SiH4✳ ❈❡♣❡♥❞❛♥t✱ SiH4✱ ♣②r♦♣❤♦r✐q✉❡ ❡t ❡①♣❧♦s✐❢✱ ♥✬❡st

♣❛s ❡♠♣❧♦②é ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✳ ❆✜♥ ❞✬ét❡♥❞r❡ ♥♦tr❡ ét✉❞❡ t❤é♦r✐q✉❡ à ✉♥ s②stè♠❡ ♣❧✉s

ré❛❧✐st❡✱ ♥♦✉s ❛❧❧♦♥s à ♣rés❡♥t ♥♦✉s ✐♥tér❡ss❡r à ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r ❞❡s s✐❧❛♥❡s

s✉❜st✐t✉és✳ ▲✬♦❜❥❡❝t✐❢ ❞❡ ❝❡tt❡ s❡❝t✐♦♥ ❡st ❞❡ ❞ét❡r♠✐♥❡r ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉

s✐❧❛♥❡ s✉r ❧❡ ♠é❝❛♥✐s♠❡ ❡t ❧✬❡✣❝❛❝✐té ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥✳ ❈❡tt❡ ét✉❞❡ ♣❡r♠❡ttr❛ ❞♦♥❝ ❞❡

❞ét❡r♠✐♥❡r s✐ SiH4 ❡st ✉♥ ❜♦♥ ♠♦❞è❧❡ ♣♦✉r ❧❡s s✐❧❛♥❡s ✉t✐❧✐sés ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✱ ♦✉ s✐

❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❡①♣❧✐❝✐t❡ ❞❡s s✉❜st✐t✉❛♥ts ❡st ✐♥❞✐s♣❡♥s❛❜❧❡✳

▲❛ s✉❜st✐t✉t✐♦♥ ❞✬✉♥ ❤②❞r♦❣è♥❡ ♣❛r ✉♥ ❣r♦✉♣❡♠❡♥t ♠ét❤②❧❡ ♦✉ ♣❤é♥②❧❡ ♣❡✉t s❡ tr❛✲

❞✉✐r❡ ❛✉ ♥✐✈❡❛✉ ❞✉ ♠é❝❛♥✐s♠❡ ♣❛r ♣❧✉s✐❡✉rs ❝♦♥séq✉❡♥❝❡s✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❡❧❧❡ ♣❡✉t ✐♥❞✉✐r❡

✶✶✼



❞❡s ré♣✉❧s✐♦♥s stér✐q✉❡s ❡t ❞é❢❛✈♦r✐s❡r ❝❡rt❛✐♥❡s ré❛❝t✐♦♥s✳ P❛r ❛✐❧❧❡✉rs✱ ❧❛ ♣♦ss✐❜✐❧✐té ❞❡

r❡❞✐str✐❜✉t✐♦♥ ❞✉ s✐❧❛♥❡ ♣❛r ❛❝t✐✈❛t✐♦♥ Si − C ♣❡✉t ❝♦♥❞✉✐r❡ à ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ♥♦✉✈❡❛✉①

❝❤❡♠✐♥s ré❛❝t✐♦♥♥❡❧s✱ q✉✐ ♣❡✉✈❡♥t ❛✛❡❝t❡r à ❧❛ ❢♦✐s ❧❡ r❡♥❞❡♠❡♥t ❡t ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❞❡

❧❛ ré❛❝t✐♦♥✳ ❊♥✜♥✱ ❞❛♥s ❧❡ ❝❛s ❞✉ ♣❤é♥②❧s✐❧❛♥❡✱ ❧❛ ❝♦♥❥✉❣❛✐s♦♥ ❛✉ s❡✐♥ ❞✉ ❣r♦✉♣❡ ♣❤é♥②❧❡

♣❡✉t ❡♥tr❛î♥❡r ✉♥❡ st❛❜✐❧✐s❛t✐♦♥ ❞❡s ét❛ts ❞❡ tr❛♥s✐t✐♦♥ ❞❡ ♠ét❛t❤ès❡ ❞✉ s✐❧❛♥❡✳

❆✜♥ ❞✬♦❜t❡♥✐r ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❝♦♠♣❧èt❡ ❞✉ s②stè♠❡✱ ✐❧ s❡r❛ ❞♦♥❝ ♥é❝❡ss❛✐r❡ ❞✬❡①♣❧♦r❡r

s②sté♠❛t✐q✉❡♠❡♥t ♥♦♥ s❡✉❧❡♠❡♥t ❧❡s ré❛❝t✐♦♥s ❝♦♥❞✉✐s❛♥t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❞✬❤②✲

❞r♦s✐❧②❧❛t✐♦♥✱ ♠❛✐s é❣❛❧❡♠❡♥t ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ré❛❝t✐♦♥s ♣❛r❛s✐t❡s ♥♦♥ ♣r♦❞✉❝t✐✈❡s✳

❊①♣ér✐♠❡♥t❛❧❡♠❡♥t✱ ❧❡ s✐❧❛♥❡ ✉t✐❧✐sé ❞❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s ét✉❞❡s ❡st ❧❡ ♣❤é♥②❧s✐❧❛♥❡✳ ❊♥

❡✛❡t✱ ❧❡s s✐❧❛♥❡s n✲❧✐♥é❛✐r❡s ❝♦♥❞✉✐s❡♥t à ❞❡s r❡♥❞❡♠❡♥ts ♣❧✉s ❢❛✐❜❧❡s✳ ❉❡ ♣❧✉s✱ ❝♦♠♠❡ ♥♦✉s

❧✬❛✈♦♥s ✈✉ ❞❛♥s ❧❛ s❡❝t✐♦♥ ❈✳✶✱ ❧❡ r❡♥❞❡♠❡♥t ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞é❝r♦ît ♣r♦❣r❡ss✐✈❡♠❡♥t

❛✈❡❝ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡ ♣❛r ❞❡s ❣r♦✉♣❡s ♠ét❤②❧❡✳

❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ♥♦✉s ♥♦✉s ✐♥tér❡ss❡r♦♥s ❞♦♥❝ à ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡

♣❛r ❧❛ sér✐❡ ❞❡s ❛❧❦②❧s✐❧❛♥❡s MeSiH3 ✭s✐❧❛♥❡ ✓ ♣r✐♠❛✐r❡ ✔✮✱ Me2SiH2 ✭s✐❧❛♥❡ ✓ s❡❝♦♥✲

❞❛✐r❡ ✔✮✱ Me3SiH ✭s✐❧❛♥❡ ✓ t❡rt✐❛✐r❡ ✔✮✱ ♦ù ❧❡s ❤②❞r♦❣è♥❡s ❞❡ SiH4 s♦♥t ♣r♦❣r❡ss✐✈❡♠❡♥t

r❡♠♣❧❛❝és ♣❛r ❞❡s ❣r♦✉♣❡s ♠ét❤②❧❡✳ ◆♦✉s ❛♥❛❧②s❡r♦♥s ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉

s✐❧❛♥❡ ♣❛r ❞❡s ❣r♦✉♣❡♠❡♥ts ♠ét❤②❧❡ s✉r ❧❡ ♠é❝❛♥✐s♠❡ ❝❛t❛❧②t✐q✉❡ ❡t ❥✉st✐✜❡r♦♥s ❧❛ ❞✐♠✐✲

♥✉t✐♦♥ ❞✉ r❡♥❞❡♠❡♥t ❛✈❡❝ ❧❛ s✉❜st✐t✉t✐♦♥✳ ▲❛ s❡❝♦♥❞❡ ♣❛rt✐❡ ❞❡ ❝❡tt❡ s❡❝t✐♦♥ s❡r❛ ❝♦♥s❛✲

❝ré❡ à ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r ❧❡ ♣❤é♥②❧s✐❧❛♥❡✳ ❈❡tt❡ ét✉❞❡ ♥♦✉s ♣❡r♠❡ttr❛ ❞❡

❝♦♠♣r❡♥❞r❡ ♣♦✉rq✉♦✐ ❝❡ ❞❡r♥✐❡r ❝♦♥❞✉✐t à ❞❡s r❡♥❞❡♠❡♥ts ♣❧✉s é❧❡✈és q✉❡ ❧❡s s✐❧❛♥❡s n✲

❧✐♥é❛✐r❡s✳

❈✳✹✳✶ ❍②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r ❧❡s ❛❧❦②❧s✐❧❛♥❡s MenSiH4−n

✭♥❂✶✳✳✸✮

❋♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✭s✐❧❛♥❡= MeSiH3✱ Me2SiH2 ♦✉ Me3SiH✮

❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ✈✉ ❞❛♥s ❧❡s s❡❝t✐♦♥s ♣ré❝é❞❡♥t❡s✱ à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡

[Sm]−H ✭✶✮✱ ❞❡✉① s❝é♥❛r✐♦s s♦♥t ❞♦♥❝ ♣♦ss✐❜❧❡s✳ ▲✬✐♥s❡rt✐♦♥ ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ❞❡ ♣r♦♣è♥❡✱

s✉✐✈✐❡ ❞❡ ❧✬❛❝t✐✈❛t✐♦♥ Si(β)−H(α) ❞✉ s✐❧❛♥❡✱ ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❞✬❤②❞r♦s✐✲

❧②❧❛t✐♦♥ s❡❧♦♥ ❧❡ ♠é❝❛♥✐s♠❡ ❆ ❡t ré❣é♥èr❡ ❧✬❤②❞r✉r❡✳ ❙✐ ❛✉ ❝♦♥tr❛✐r❡ ❧✬✐♥s❡rt✐♦♥ ❞✉ ♣r♦♣è♥❡

❡st s✉✐✈✐❡ ❞❡ ❧✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡✱ ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ❡st ❛❧♦rs ❢♦r♠é✱ ❡t

❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ♣❡✉t s❡ ♣r♦❞✉✐r❡ s✉✐✈❛♥t ❧❡ ♠é❝❛♥✐s♠❡ ❇✳ ▲❡ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ t✐❡♥t ❛❧♦rs

❧❡ rô❧❡ ❞✬✉♥ ♣ré❝❛t❛❧②s❡✉r✳

❘é❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ✶ ❆ ♣❛rt✐r ❞✬✉♥ ♠é❧❛♥❣❡ ré❛❝t✐♦♥♥❡❧ ❝♦♥t❡♥❛♥t

❧❡ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ✶✱ ❞✉ ♣r♦♣è♥❡ ❡t ✉♥ s✐❧❛♥❡ MenSiH4−n(n = 1...3)✱ ♣❧✉s✐❡✉rs ré❛❝t✐♦♥s

s♦♥t ❡♥✈✐s❛❣❡❛❜❧❡s✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❧❡ ♣r♦♣è♥❡ ♣❡✉t s✬✐♥sér❡r ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Sm − H ❞❡

✶✶✽



❧✬❤②❞r✉r❡ ✶✱ ❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥ ✶✱✷ ♦✉ ✷✱✶✳ ▲❡ ❝♦♠♣❧❡①❡ ✶ ♣❡✉t é❣❛❧❡♠❡♥t ❛❝t✐✈❡r ✉♥❡ ❧✐❛✐s♦♥

C − H ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✳ ❆✐♥s✐ q✉❡ ♥♦✉s ❧✬❛✈♦♥s ♠♦♥tré ♣ré❝❡❞❡♠♠❡♥t✱ ❧✬❛❝t✐✈❛t✐♦♥

✈✐♥②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ❡st t♦✉❥♦✉rs très ❞é❢❛✈♦r✐sé❡ ♣❛r r❛♣♣♦rt à ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❡t ♥❡

s❡r❛ ❞♦♥❝ ♣❛s ❝♦♥s✐❞éré❡ ♣❛r ❧❛ s✉✐t❡✳ P❛r♠✐ ❧❡s ré❛❝t✐♦♥s ❢❛✐s❛♥t ✐♥t❡r✈❡♥✐r ❧❡ ♣r♦♣è♥❡✱ ❧❛

♣❧✉s ❢❛✈♦r❛❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t ❡t t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t ❡st ❧✬✐♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡✱ q✉✐

❞♦♥♥❡ ❧❡ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ [Sm]−CH2 −CH2 −CH3 ✭✷✮✳ ▲✬✐♥s❡rt✐♦♥ ✷✱✶ ♣❡✉t é❣❛❧❡♠❡♥t

s❡ ♣r♦❞✉✐r❡✱ ❡♥ r❡✈❛♥❝❤❡ ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ♥✬❡st ♣❛s ❝♦♠♣ét✐t✐✈❡✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ré❛❝t✐♦♥s ❢❛✐s❛♥t ✐♥t❡r✈❡♥✐r ❧❡ s✐❧❛♥❡✱ ❧✬❛❝t✐✈❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥

Si−H ♣❡✉t êtr❡ ❡♥✈✐s❛❣é❡✱ ❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥ Si(α)−H(β) ♦✉ Si(β)−H(α)✳ ▲❛ ♣r❡♠✐èr❡

❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ [Sm]− SiMenH3−n ❡t ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ❞❡ ❞✐❤②✲

❞r♦❣è♥❡✱ ❧❛ s❡❝♦♥❞❡ ❝♦rr❡s♣♦♥❞ à ✉♥ é❝❤❛♥❣❡ ❢♦r♠❡❧ ❞✬❤②❞r♦❣è♥❡ ❡♥tr❡ ❧❡ ❝♦♠♣❧❡①❡ ❡t ❧❡

s✉❜str❛t✳

❊♥ ♦✉tr❡✱ ❛✈❡❝ ❧❛ s✉❜st✐t✉t✐♦♥ ❞❡s ❤②❞r♦❣è♥❡s ❞✉ s✐❧❛♥❡ ♣❛r ❞❡s ❣r♦✉♣❡s ♠ét❤②❧❡✱ ✉♥❡

♥♦✉✈❡❧❧❡ ré❛❝t✐♦♥ ♣❛r❛s✐t❡ ♣♦ss✐❜❧❡ ❛♣♣❛r❛ît ✿ ❧✬❛❝t✐✈❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥ Si − C ❞✉ s✐❧❛♥❡✳

◆♦✉s ❞é✜♥✐r♦♥s ❧❛ ré❛❝t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ ✓ Si(α) − C(β) ✔✱ ❧♦rs ❞❡ ❧❛q✉❡❧❧❡ ❧❡ s✐❧✐❝✐✉♠ s❡

♣❧❛❝❡ ❡♥ ♣♦s✐t✐♦♥ β à ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥✱ ❡t ❧✬❛❝t✐✈❛t✐♦♥ ✓ Si(β)−C(α) ✔✱ ♦ù ❧❛ ♠ét❛t❤ès❡

s❡ ♣r♦❞✉✐t ❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥ ✐♥✈❡rs❡✳ ❆ ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ✶✱ ❧✬❛❝t✐✈❛t✐♦♥ Si(α)−
C(β) ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ [Sm] − SiMen−1H4−n ❡t ❞✬✉♥❡ ♠♦❧é❝✉❧❡

❞❡ ♠ét❤❛♥❡ ❀ ❧✬❛❝t✐✈❛t✐♦♥ Si(β) − C(α) ❞♦♥♥❡ ❧❡ ❝♦♠♣❧❡①❡ ♠ét❤②❧❡ [Sm] − CH3 ❡t ❧✐❜èr❡

❧❡ s✐❧❛♥❡ Men−1SiH4−n+1✳ ❈❡tt❡ ré❛❝t✐♦♥ ❝♦♥❞✉✐t ❞♦♥❝ à ✉♥❡ r❡❞✐str✐❜✉t✐♦♥ ❞✉ s✐❧❛♥❡✱

♣❡r♠❡tt❛♥t ♣❛r ❡①❡♠♣❧❡ ❞❡ ❢♦r♠❡r SiH4 à ♣❛rt✐r ❞✉ s✐❧❛♥❡ ♣r✐♠❛✐r❡ Me3SiH3✳

❊♥✜♥✱ ❧✬❛❝t✐✈❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥ C − H ❞✬✉♥ ❣r♦✉♣❡♠❡♥t ♠ét❤②❧❡ ❞✉ s✐❧❛♥❡✱ ❛✈❡❝

❧❡ ❝❛r❜♦♥❡ ❡♥ ♣♦s✐t✐♦♥ α à ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥✱ ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡

[Sm]−CH2−SiMen−1H4−n✳ ❈❡tt❡ ré❛❝t✐♦♥ s❡r❛ ♥♦té❡ ♣❛r ❧❛ s✉✐t❡ ✓ ❛❝t✐✈❛t✐♦♥ C−H ❞✉

s✐❧❛♥❡ ✔✳ ▲✬♦r✐❡♥t❛t✐♦♥ ✐♥✈❡rs❡ ♥❡ s❡r❛ ♣❛s ❡♥✈✐s❛❣é❡✱ ❝❛r ❛✐♥s✐ q✉❡ ♥♦✉s ❧✬❛✈♦♥s ♠❡♥t✐♦♥♥é

♣ré❝é❞❡♠♠❡♥t✱ ❧❡s ré❛❝t✐♦♥s ❞✬❛❝t✐✈❛t✐♦♥ C − H ✐♠♣❧✐q✉❛♥t ✉♥ ❝❛r❜♦♥❡ ❡♥ ♣♦s✐t✐♦♥ β à

❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ s♦♥t ✐♥❛❝❝❡ss✐❜❧❡s ❝✐♥ét✐q✉❡♠❡♥t✳

▲❡s ❣r❛♥❞❡✉rs t❤❡r♠♦❞②♥❛♠✐q✉❡s ❡t ❝✐♥ét✐q✉❡s ❝❛❧❝✉❧é❡s ♣♦✉r ❝❡s ré❛❝t✐♦♥s s♦♥t r❛s✲

s❡♠❜❧é❡s ❞❛♥s ❧❛ t❛❜❧❡ ❈✳✷✸✳ ❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❞❛♥s ❧❡ ❝❛s ❞❡s s✐❧❛♥❡s s✉❜st✐t✉és✱ s❡✉❧❡

❧✬❛❝t✐✈❛t✐♦♥ Si(α) − C(β) ❡st ❡①❡r❣♦♥✐q✉❡✳ ▲❛ ré❛❝t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β)✱ q✉✐

ét❛✐t ❡①❡r❣♦♥✐q✉❡ ❞❛♥s ❧❡ ❝❛s ❞❡ SiH4✱ ❞❡✈✐❡♥t ❞❡ ♣❧✉s ❡♥ ♣❧✉s ❡♥❞❡r❣♦♥✐q✉❡ ❛✈❡❝ ❧❛ s✉❜✲

st✐t✉t✐♦♥✱ ✐♥❞✐q✉❛♥t ✉♥❡ ❞ést❛❜✐❧✐s❛t✐♦♥ ♣r♦❣r❡ss✐✈❡ ❞❡ ❧❛ ❧✐❛✐s♦♥ Sm− Si✳ ▲❡s ❣é♦♠étr✐❡s

♦♣t✐♠✐sé❡s ❞❡s ❝♦♠♣❧❡①❡s s✐❧②❧❡ [Sm] − SiMenH3−n (n = 1...3)✱ ❛✐♥s✐ q✉❡ ❧❡✉rs ❝❛r❛❝té✲

r✐st✐q✉❡s é❧❡❝tr♦♥✐q✉❡s✱ s❡r♦♥t ❝♦♠♠❡♥té❡s ❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ ❈✳✹✳✶✳ ❊♥✜♥✱ ♣♦✉r t♦✉s ❧❡s

s✐❧❛♥❡s s✉❜st✐t✉és✱ ❧✬❛❝t✐✈❛t✐♦♥ Si(β) − C(α) ❡st ❡♥❞❡r❣♦♥✐q✉❡ ❞✬❡♥✈✐r♦♥ ✸ ❦❝❛❧✳♠♦❧−1✳

◆♦✉s ♣♦✉✈♦♥s ♥♦t❡r ✉♥❡ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ♣❛rt✐❝✉❧✐èr❡♠❡♥t é❧❡✈é❡ ♣♦✉r ❧✬❛❝t✐✈❛t✐♦♥

Si(α) − C(β) ❞✉ s✐❧❛♥❡ ♣r✐♠❛✐r❡✱ ❝❡ q✉✐ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s rés✉❧t❛ts t❤é♦r✐q✉❡s ❞❡

✶✶✾



❋✐❣✳ ❈✳✷✷✿ ❆❝t✐✈❛t✐♦♥s Si − C ❡t C − H ❞✉ s✐❧❛♥❡ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ [Sm] − H ✭✶✮

❙✐❧❛♥❡ SiH4 MeSiH3 Me2SiH2 Me3SiH

❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ✶✸✳✽ ✭✲✷✳✾✮ ✶✹✳✽ ✭✰✶✳✼✮ ✶✺✳✻ ✭✰✻✳✶✮ ✷✵✳✻ ✭✰✶✵✳✺✮
❆❝t✐✈❛t✐♦♥ Si(β) − H(α) ✽✳✻ ✭✵✳✵✮ ✶✵✳✹ ✭✵✳✵✮ ✶✶✳✸ ✭✵✳✵✮ ✶✷✳✾ ✭✵✳✵✮
❆❝t✐✈❛t✐♦♥ Si(α) − C(β) ✴ ✻✼✳✵ ✭✲✶✶✳✾✮ ♥✳❞✳ ✭✲✼✳✹✮ ♥✳❞✳ ✭✲✸✳✵✮
❆❝t✐✈❛t✐♦♥ Si(β) − C(α) ✴ ✷✹✳✵ ✭✰✸✳✵✮ ✷✺✳✺✸ ✭✰✸✳✵✮ ✷✻✳✷ ✭✰✸✳✵✮

❆❝t✐✈❛t✐♦♥ C − H ✴ ✶✽✳✺ ✭✰✷✳✷✮ ♥✳❞✳ ✭♥✳❞✳✮ ♥✳❞✳ ✭♥✳❞✳✮

❚❛❜✳ ❈✳✷✸✿ ❈❛r❛❝tér✐st✐q✉❡s é♥❡r❣ét✐q✉❡s ∆G‡ ✭∆G0✮ ♣♦✉r ❧❡s ré❛❝t✐♦♥s ♣♦✉✈❛♥t s❡ ♣r♦❞✉✐r❡ à
♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ [Sm] − H ✭✶✮ ❡t ❞❡s s✐❧❛♥❡s MenSiH4−n(n = 0...3)✳ ▲❡s ❡♥t❤❛❧♣✐❡s
❧✐❜r❡s s♦♥t ❡♥ ❦❝❛❧✳♠♦❧−1✳

P❡rr✐♥ ❡t ❛❧ ❬✶✷✺❪✳ P❛r ❝♦♥séq✉❡♥t✱ ❝❡tt❡ ré❛❝t✐♦♥✱ ❜✐❡♥ q✉✬❡①❡r❣♦♥✐q✉❡✱ ❡st ✐♥t❡r❞✐t❡ ❝✐♥é✲

t✐q✉❡♠❡♥t✳ ◆♦✉s s✉♣♣♦s❡r♦♥s q✉✬✐❧ ❡♥ ❡st ❞❡ ♠ê♠❡ ♣♦✉r ❧❡s s✐❧❛♥❡s s❡❝♦♥❞❛✐r❡ ❡t t❡rt✐❛✐r❡✳

❉❛♥s ❧❛ s✉✐t❡ ❞❡ ❝❡tt❡ ét✉❞❡✱ ❧❛ ♣♦ss✐❜✐❧✐té ❞✬❛❝t✐✈❛t✐♦♥ Si(α) − C(β) ❞✉ s✐❧❛♥❡ ♥❡ s❡r❛

❞♦♥❝ ♣❛s ❝♦♥s✐❞éré❡✳ ▲✬é✈♦❧✉t✐♦♥ ❛✈❡❝ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡ ❞❡s ❜❛rr✐èr❡s ❞✬❛❝t✐✈❛t✐♦♥

❝❛❧❝✉❧é❡s ♣♦✉r ❧❡s ❛✉tr❡s ré❛❝t✐♦♥s ❡♥✈✐s❛❣é❡s ❡st ♣rés❡♥té❡ ✜❣✉r❡ ❈✳✷✹✳

P❛r♠✐ ❧❡s ré❛❝t✐♦♥s ❢❛✐s❛♥t ✐♥t❡r✈❡♥✐r ❧❡ s✐❧❛♥❡✱ ❧❛ ♣❧✉s ❢❛✈♦r❛❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t✱ ♣♦✉✈❛♥t

s❡✉❧❡ ❡♥tr❡r ❡♥ ❝♦♠♣ét✐t✐♦♥ ❛✈❡❝ ❧✬✐♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡✱ ❡st ❧✬❛❝t✐✈❛t✐♦♥ Si(β)−H(α) ❞✉

s✐❧❛♥❡✱ ♥♦♥ ♣r♦❞✉❝t✐✈❡✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ❧✬❛❝t✐✈❛t✐♦♥ Si(α)−H(β)✱ ♥♦✉s ♣♦✉✈♦♥s r❡♠❛rq✉❡r

q✉❡ ❧❛ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡✱ ❝❡ q✉✐ s❡r❛ ❛♥❛❧②sé

✉❧tér✐❡✉r❡♠❡♥t✳ ❊♥✜♥✱ ❧❡s ré❛❝t✐♦♥s ❞✬❛❝t✐✈❛t✐♦♥ Si − C ❡t C − H ❞✉ s✐❧❛♥❡ ♥❡ s♦♥t ♣❛s

❝♦♠♣ét✐t✐✈❡s✳ P❛r ❝♦♥séq✉❡♥t✱ ❛✉❝✉♥❡ r❡❞✐str✐❜✉t✐♦♥ ❞✉ s✐❧❛♥❡ s❡r❛ ♦❜s❡r✈é❡ à ❝❡tt❡ ét❛♣❡

❞❡ ❧❛ ré❛❝t✐♦♥✳
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❋✐❣✳ ❈✳✷✸✿ ❊✈♦❧✉t✐♦♥ ❞❡s ❜❛rr✐èr❡s ❞✬❛❝t✐✈❛t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡ ♣♦✉r
t♦✉t❡s ❧❡s ré❛❝t✐♦♥s ♣♦✉✈❛♥t s❡ ♣r♦❞✉✐r❡ à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ [Sm] − H ✭✶✮

❘é❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷ ❈♦♠♠❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉

♣r♦♣è♥❡ ♣❛r SiH4✱ ❧❡ ♣r♦❞✉✐t ♠❛❥♦r✐t❛✐r❡ ❞❡ ❧❛ ♣r❡♠✐èr❡ ét❛♣❡ é❧é♠❡♥t❛✐r❡ ❡st ❞♦♥❝ ❧❡

❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷✳ ❆ ♣❛rt✐r ❞❡ ❝❡ ❝♦♠♣♦sé✱ ❧❡s ré❛❝t✐♦♥s ❡♥✈✐s❛❣❡❛❜❧❡s s♦♥t ❧❡s s✉✐✈❛♥t❡s ✿

✲ ❧❡s ✐♥s❡rt✐♦♥s ✶✱✷ ❡t ✷✱✶ ❞✉ ♣r♦♣è♥❡

✲ ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡

✲ ❧❡s ❛❝t✐✈❛t✐♦♥s Si−H ❞✉ s✐❧❛♥❡✳ ▲✬❛❝t✐✈❛t✐♦♥ Si(α)−H(β) ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉

❝♦♠♣❧❡①❡ s✐❧②❧❡ [Sm] − SiMenH3−n ❡t ❞✉ ♣r♦♣❛♥❡✱ t❛♥❞✐s q✉❡ ❧✬❛❝t✐✈❛t✐♦♥ Si(β) − H(α)

ré❣é♥èr❡ ❧✬❤②❞r✉r❡ ✶ ❡t ❧✐❜èr❡ ❧❡ ♣r♦❞✉✐t ❧✐♥é❛✐r❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ SiMenH3−n − CH2 −
CH2 − CH3✳

✲ ❧✬❛❝t✐✈❛t✐♦♥ Si(β) − C(α) ❞✉ s✐❧❛♥❡✱ q✉✐ ❢♦r♠❡ ❧❡ ❝♦♠♣❧❡①❡ ♠ét❤②❧❡ [Sm] − CH3 ❡t

❧✐❜èr❡ ❧❡ ❝♦♠♣♦sé SiMen−1H4−n − CH2 − CH2 − CH3✳

✲ ❧✬❛❝t✐✈❛t✐♦♥ C −H ❞✉ s✐❧❛♥❡✱ q✉✐ ❝♦♥❞✉✐t ❛✉ ❝♦♠♣❧❡①❡ [Sm]−CH2 − SiMen−1H4−n

❡t à ❧❛ ❧✐❜ér❛t✐♦♥ ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ❞❡ ♣r♦♣❛♥❡✳

❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ t♦✉t❡s ❧❡s ré❛❝t✐♦♥s s♦♥t ❡①❡r❣♦♥✐q✉❡s✳ ▲✬é✈♦❧✉t✐♦♥ ❛✈❡❝ ❧❛ s✉❜✲

st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡ ❞❡s ❜❛rr✐èr❡s ❞✬❛❝t✐✈❛t✐♦♥ ❝❛❧❝✉❧é❡s ♣♦✉r ❧❡s ré❛❝t✐♦♥s ❡♥✈✐s❛❣é❡s ❡st

♣rés❡♥té❡ ✜❣✉r❡ ❈✳✷✹✳

❆✐♥s✐ q✉❡ ♥♦✉s ♣♦✉✈♦♥s ❧✬♦❜s❡r✈❡r✱ q✉❡❧ q✉❡ s♦✐t ❧❡ s✐❧❛♥❡✱ ❧❛ ré❛❝t✐♦♥ ❧❛ ♣❧✉s ❢❛✈♦✲

r❛❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t ❡st ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✱ q✉✐ ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥

❝♦♠♣❧❡①❡ ❛❧❧②❧❡ très st❛❜❧❡ ❡t ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ❞❡ ♣r♦♣❛♥❡✳ ❆✐♥s✐ q✉❡ ♥♦✉s ❧✬❛✈♦♥s ♠♦♥tré

❞❛♥s ❧❛ s❡❝t✐♦♥ ❈✳✷✱ ❧✬✐♥s❡rt✐♦♥ ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ❞❡ ♣r♦♣è♥❡ ❞❛♥s ❝❡ ❝♦♠♣♦sé ❡st ❞é❢❛✈♦✲

r❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t ❡t ❝✐♥ét✐q✉❡♠❡♥t✳ ▲❛ ré❣é♥ér❛t✐♦♥ ❞❡ ❧✬❤②❞r✉r❡ ♣❛r ❛❝t✐✈❛t✐♦♥

Si(β)−H(α) ❞✉ s✐❧❛♥❡ ét❛♥t ❞✐✣❝✐❧❡ ❝✐♥ét✐q✉❡♠❡♥t ❞❛♥s ❧❡ ❝❛s ♦ù ❧❡ s✐❧❛♥❡ ❡st SiH4✱ ♥♦✉s

✶✷✶



❋✐❣✳ ❈✳✷✹✿ ❊✈♦❧✉t✐♦♥ ❞❡s ❜❛rr✐èr❡s ❞✬❛❝t✐✈❛t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡ ♣♦✉r ❧❡s
ré❛❝t✐♦♥s ♣♦✉✈❛♥t s❡ ♣r♦❞✉✐r❡ à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ [Sm] − CH2 − CH2 − CH3 ✭✷✮

s✉♣♣♦s❡r♦♥s q✉✬✐❧ ❡♥ ❡st ❞❡ ♠ê♠❡ ♣♦✉r ❧❡s s✐❧❛♥❡s s✉❜st✐t✉és✳ ❊♥✜♥✱ s❡❧♦♥ ♥♦s ❝❛❧❝✉❧s✱ ❧❛

♣♦ss✐❜✐❧✐té ❞❡ ❢♦r♠❡r ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ♣❛r ❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❡st é❣❛❧❡♠❡♥t ❞é❢❛✲

✈♦r❛❜❧❡ ♣♦✉r ❧❡s s✐❧❛♥❡s s✉❜st✐t✉és✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❡ ❝♦♠♣♦sé ❛❧❧②❧❡ ♣❡✉t êtr❡ ❝♦♥s✐❞éré

❝♦♠♠❡ ❣❧♦❜❛❧❡♠❡♥t ✐♥❡rt❡✳

◗✉❡❧ q✉❡ s♦✐t ❧❡ s✐❧❛♥❡ MenSiH4−n(n = 0...4)✱ ♥♦✉s ♣♦✉✈♦♥s é❣❛❧❡♠❡♥t r❡♠❛rq✉❡r q✉❡

❧❛ ré❣é♥ér❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ✶ ♣❛r ❧✬❛❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ♥✬❡st ♣❛s

❝♦♠♣ét✐t✐✈❡✳ P❛r ❝♦♥séq✉❡♥t✱ ♣♦✉r ❧❛ sér✐❡ ❞✬❛❧❦②❧s✐❧❛♥❡s ❝♦♥s✐❞éré❡✱ ❝♦♠♠❡ ♣♦✉r SiH4✱

❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ s❡❧♦♥ ❧❡ ♠é❝❛♥✐s♠❡ ❆ ❡st ✐♠♣♦ss✐❜❧❡✳

❊♥✜♥✱ ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ♣❛r ❛❝t✐✈❛t✐♦♥ Si(α) −
H(β) ❞✉ s✐❧❛♥❡✱ ❡❧❧❡ ❡st ❝♦♠♣ét✐t✐✈❡ s❡✉❧❡♠❡♥t ❞❛♥s ❧❡ ❝❛s ❞✉ s✐❧❛♥❡ ♣r✐♠❛✐r❡ MeSiH3

✭∆G‡ =✷✵✳✷ ❦❝❛❧✳♠♦❧−1✮✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❛ ❢♦r♠❛t✐♦♥ très ♠✐♥♦r✐t❛✐r❡ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡

[Sm] − SiMeH2 ✭✸pri✮ ❡st ♣♦ss✐❜❧❡✳ ❊♥ r❡✈❛♥❝❤❡✱ ♣♦✉r ❧❡s s✐❧❛♥❡s s❡❝♦♥❞❛✐r❡ ❡t t❡rt✐❛✐r❡✱

❧❛ ❢♦r♠❛t✐♦♥ ❞❡s ❝♦♠♣❧❡①❡s s✐❧②❧❡ ✭r❡s♣❡❝t✐✈❡♠❡♥t [Sm]−SiMe2H ❡t [Sm]−SiMe3✮ ♣❛r

❧✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ♥✬❡st ♣❛s ❝♦♠♣ét✐t✐✈❡✳ P♦✉r ❝❡s ❞❡r♥✐❡rs✱ ❧✬✐♥té❣r❛❧✐té

❞✉ ❝♦♠♣❧❡①❡ ♠ét❛❧❧✐q✉❡ ❞❡✈r❛✐t ❞♦♥❝ êtr❡ ❞és❛❝t✐✈é❡ ♣❛r ❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✱

❡t ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ s❡❧♦♥ ❧❡ ♠é❝❛♥✐s♠❡ ✓ ❛❧t❡r♥❛t✐❢ ✔ ❇ ♥❡ ❞❡✈r❛✐t ❞♦♥❝ ♣❛s êtr❡ ♦❜s❡r✈é❡✳

❱❛❧✐❞❛t✐♦♥ ❞✉ ♠é❝❛♥✐s♠❡ ❝❛t❛❧②t✐q✉❡ ❇ ✭s✐❧❛♥❡= MeSiH3✮

❆✐♥s✐ q✉✬✐❧ ❛ été ♠♦♥tré ❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ ♣ré❝é❞❡♥t✱ ❞❛♥s ❧❡ ❝❛s ❞❡s s✐❧❛♥❡s s❡✲

❝♦♥❞❛✐r❡ Me2SiH2 ❡t t❡rt✐❛✐r❡ Me3SiH✱ ❧❡ ❝♦♠♣♦sé s✐❧②❧❡ ♥❡ ❞❡✈r❛✐t ♣❛s êtr❡ ❢♦r♠é ❡t

❧✬✐♥té❣r❛❧✐té ❞✉ ❝❛t❛❧②s❡✉r ❞❡✈r❛✐t êtr❡ ❞és❛❝t✐✈é❡ ♣❛r ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❝♦♠♣❧❡①❡ ❛❧❧②❧❡✳

✶✷✷



P❛r ❝♦♥séq✉❡♥t✱ ❧❛ ❢❛✐s❛❜✐❧✐té ❞✉ ♠é❝❛♥✐s♠❡ ❝❛t❛❧②t✐q✉❡ ❇ ♥❡ s❡r❛ ét✉❞✐é❡ q✉❡ ♣♦✉r ❧❡ s✐✲

❧❛♥❡ ♣r✐♠❛✐r❡ MeSiH3✱ ♣♦✉r ❧❡q✉❡❧ ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸pri ♣❡✉t êtr❡ ❢♦r♠é ❡♥ ❞❡✉① ét❛♣❡s

à ♣❛rt✐r ❞❡ ❧✬❤②❞r✉r❡✳

❘é❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸pri ❙❡❧♦♥ ♥♦s ❝❛❧❝✉❧s✱ ❧❡ ❝♦♠♣♦sé s✐❧②❧❡ ✸pri ♣❡✉t

✐♥sér❡r ✉♥❡ ♠♦❧é❝✉❧❡ ❞❡ ♣r♦♣è♥❡ ❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥ ✶✱✷ ♦✉ ✷✱✶✳ ❊♥ ❡✛❡t✱ ❝♦♠♠❡ ❧❡ ♠♦♥tr❡

❧❛ t❛❜❧❡ ❈✳✷✹✱ ❝❡s ré❛❝t✐♦♥s s♦♥t ❧é❣èr❡♠❡♥t ❡①❡r❣♦♥✐q✉❡s ❡t ❝✐♥ét✐q✉❡♠❡♥t ❢❛✈♦r✐sé❡s✳ ▲❡s

❝♦♠♣❧❡①❡s [Sm] − CH2 − CH(SiH2Me) − CH3 ✭✹pri✮ ❡t [Sm] − CH(CH)3 − CH2 −
SiH2Me ✭✹✬pri✮ ✭❝❢✳ ✜❣✉r❡ ❈✳✷✺✮ ❞❡✈r❛✐❡♥t ❞♦♥❝ êtr❡ ❧❡s ♣r♦❞✉✐ts ♠❛❥♦r✐t❛✐r❡s ❞❡ ❝❡tt❡

ét❛♣❡ é❧é♠❡♥t❛✐r❡✳ ▲✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ❡st ❝♦♠♣ét✐t✐✈❡ ❝✐♥ét✐q✉❡♠❡♥t✱ s✐

❜✐❡♥ q✉❡ ❧❡ ❝♦♠♣❧❡①❡ ❛❧❧②❧❡ ♣♦✉rr❛✐t êtr❡ ❢♦r♠é ❞❡ ❢❛ç♦♥ ♠✐♥♦r✐t❛✐r❡✳

❘é❛❝t✐♦♥ ∆G‡ ✭∆G0✮
■♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡ ✶✵✳✾ ✭✲✶✳✵✮
■♥s❡rt✐♦♥ ✷✱✶ ❞✉ ♣r♦♣è♥❡ ✶✷✳✼ ✭✲✵✳✹✮

❆❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ✶✺✳✹ ✭✲✶✶✳✸✮
❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ✶✾✳✶ ✭✵✳✵✮
❆❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ✷✺✳✹ ✭✰✸✳✼✮

❚❛❜✳ ❈✳✷✹✿ ❈❛r❛❝tér✐st✐q✉❡s é♥❡r❣ét✐q✉❡s ∆G‡ ✭∆G0✮ ♣♦✉r ❧❡s ré❛❝t✐♦♥s ♣♦✉✈❛♥t s❡ ♣r♦❞✉✐r❡ à
♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ [Sm] − SiMeH2 ✭✸pri✮✳ ▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s s♦♥t ❡♥ ❦❝❛❧✳♠♦❧−1✳

❋✐❣✳ ❈✳✷✺✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s ♣r♦❞✉✐ts ❞✬✐♥s❡rt✐♦♥ ✹pri ✭❣❛✉❝❤❡✮ ❡t ✹✬pri ✭❞r♦✐t❡✮✳ ▲❡s
❞✐st❛♥❝❡s s♦♥t ❡♥ ➴✳ P♦✉r ♣❧✉s ❞❡ ❝❧❛rté✱ ❧❡s ❤②❞r♦❣è♥❡s ❞✉ ❧✐❣❛♥❞ Cp ♥❡ s♦♥t ♣❛s r❡♣rés❡♥tés✳

❘é❛❝t✐✈✐té ❞❡s ❝♦♠♣❧❡①❡s ✹pri ❡t ✹✬pri ❆✜♥ ❞❡ ré❣é♥ér❡r ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸pri

❡t ❞❡ ❧✐❜ér❡r ❧❡s ♣r♦❞✉✐ts ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✱ ❧❡s ❝♦♠♣❧❡①❡s ✹pri ❡t ✹✬pri ❞♦✐✈❡♥t ❛❝t✐✈❡r ✉♥❡

❧✐❛✐s♦♥ Si − H ❞✉ s✐❧❛♥❡ ❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥ Si(α) − H(β)✳

✶✷✸



❉❛♥s ❧❡ ❝❛s ❞✉ ❝♦♠♣♦sé ✹pri✱ ♦✉tr❡ ❝❡tt❡ ré❛❝t✐♦♥✱ ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡

❡t ❧✬❛❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ♦♥t é❣❛❧❡♠❡♥t été ❡♥✈✐s❛❣é❡s✳ ❆✉ ✈✉ ❞❡s rés✉❧t❛ts

♦❜t❡♥✉s ♣♦✉r ❧❡ ❝♦♠♣♦sé ♣r♦♣②❧❡ ✷✱ ❧❡s ❛✉tr❡s ré❛❝t✐♦♥s ✭✐♥s❡rt✐♦♥s ❞✉ ♣r♦♣è♥❡✱ ❛❝t✐✈❛t✐♦♥s

Si−C ❡t C−H ❞✉ s✐❧❛♥❡✮ ♦♥t été s✉♣♣♦sé❡s ♥♦♥ ❝♦♠♣ét✐t✐✈❡s✳ ❉✬❛♣rès ♥♦s ❝❛❧❝✉❧s ✭❝❢✳ t❛❜❧❡

❈✳✷✺✮✱ ❧❛ ré❛❝t✐♦♥ ❧❛ ♣❧✉s ❢❛✈♦r❛❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t ❡st ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡✱ q✉✐ ❝♦♥❞✉✐t à ❧❛

❢♦r♠❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❜r❛♥❝❤é ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ♠❛✐s ❞és❛❝t✐✈❡ ❧❡ ❝❛t❛❧②s❡✉r✳ ▲✬❛❝t✐✈❛t✐♦♥

Si(α)−H(β) ❞✉ s✐❧❛♥❡ ❡st ♥é❛♥♠♦✐♥s ❝♦♠♣ét✐t✐✈❡✱ ♣❛r ❝♦♥séq✉❡♥t ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸pri

❞❡✈r❛✐t êtr❡ ♣❛rt✐❡❧❧❡♠❡♥t ré❣é♥éré ❡t ❧❡ ♣r♦❞✉✐t ❜r❛♥❝❤é ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❢♦r♠é✳ ❊♥✜♥✱

❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ♣❛r ❧✬❛❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ❞❡✈r❛✐t êtr❡

♦❜s❡r✈é❡ ❞❡ ❢❛ç♦♥ très ♠✐♥♦r✐t❛✐r❡✳

❘é❛❝t✐♦♥ ∆G‡ ✭∆G0✮
❆❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ✷✵✳✼ ✭✲✷✸✳✹✮

❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ✷✷✳✾ ✭✲✶✷✳✶✮
❆❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ✷✹✳✷ ✭✲✷✳✺✮

❚❛❜✳ ❈✳✷✺✿ ❈❛r❛❝tér✐st✐q✉❡s é♥❡r❣ét✐q✉❡s ∆G‡ ✭∆G0✮ ♣♦✉r ❧❡s ré❛❝t✐♦♥s ♣♦✉✈❛♥t s❡ ♣r♦❞✉✐r❡ à
♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ [Sm] − CH2 − CH(SiH2Me) − CH3 ✭✹pri✮✳ ▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s s♦♥t ❡♥
❦❝❛❧✳♠♦❧−1✳

❊♥ r❛✐s♦♥ ❞❡ ❧❛ t❛✐❧❧❡ ❞❡s s②stè♠❡s ❝♦♥s✐❞érés✱ ♥♦✉s ♥✬❛✈♦♥s ♣❛s ét✉❞✐é ❞❡ ❢❛ç♦♥ ❡①✲

❤❛✉st✐✈❡ ❧❛ ré❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ ✹✬pri✱ s✉♣♣♦sé ♣rés❡♥t❡r à ♣❡✉ ♣rès ❧❡ ♠ê♠❡ ♦r❞r❡ ré❛❝✲

t✐♦♥♥❡❧ q✉❡ ❧❡ ❝♦♠♣❧❡①❡ ✹pri✳ ❙❡❧♦♥ ♥♦s ❝❛❧❝✉❧s✱ ❧✬❛❝t✐✈❛t✐♦♥ Si(α)−H(β) ❞✉ s✐❧❛♥❡ ♣❛r ❧❡

❝♦♠♣♦sé ✹✬pri ❡st ❡①❡r❣♦♥✐q✉❡ ❞❡ ✶✹✳✾ ❦❝❛❧✳♠♦❧−1 ❡t ❛❝❝❡ss✐❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t ✭∆G‡ =✶✽✳✸

❦❝❛❧✳♠♦❧−1✮✳ ❈♦♠♠❡ ❞❛♥s ❧❡ ❝❛s ❞✉ ❝♦♠♣❧❡①❡ ✹pri✱ ♥♦✉s s✉♣♣♦s❡r♦♥s ❞♦♥❝ q✉❡ ❧❡ ❝♦♠♣❧❡①❡

s✐❧②❧❡ ✸pri ♣❡✉t êtr❡ ♣❛rt✐❡❧❧❡♠❡♥t ré❣é♥éré ❡t ❧❡ ♣r♦❞✉✐t ❧✐♥é❛✐r❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❢♦r♠é✳

Pr♦✜❧ é♥❡r❣ét✐q✉❡ ❞❡ ❧❛ ré❛❝t✐♦♥ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ✭s✐❧❛♥❡= MeSiH3✮

❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❝❛t❛❧②t✐q✉❡ ❞✉ ♣r♦♣è♥❡ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸pri

s❡❧♦♥ ❧❡ ♠é❝❛♥✐s♠❡ ❇ ❞❡✈r❛✐t ❞♦♥❝ êtr❡ ♣♦ss✐❜❧❡✳ ▲❡ ♣r♦✜❧ ❝♦♠♣❧❡t ❞❡ ❧❛ ré❛❝t✐♦♥ ❞✬❤②❞r♦✲

s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r ❧❡ s✐❧❛♥❡ ♣r✐♠❛✐r❡ MeSiH3 ❡♥ ♣rés❡♥❝❡ ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ✶

❡st ♣rés❡♥té ✜❣✉r❡ ❈✳✷✻✳ ◆♦✉s ♣♦✉✈♦♥s ♦❜s❡r✈❡r q✉❡ ❝❡ ♣r♦✜❧ ❡st s✐♠✐❧❛✐r❡ à ❝❡❧✉✐ ♦❜t❡♥✉

❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r SiH4✳ ▲❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝❛t❛❧②s❡✉r ✸pri ❡♥

❞❡✉① ét❛♣❡s à ♣❛rt✐r ❞❡ ❧✬❤②❞r✉r❡ ❡st très ❡①❡r❣♦♥✐q✉❡ ❡t ❞❡✈r❛✐t êtr❡ r❛♣✐❞❡ à t❡♠♣ér❛t✉r❡

❛♠❜✐❛♥t❡✳ ❈❡♣❡♥❞❛♥t✱ ❝❡tt❡ ré❛❝t✐♦♥ ❡st très ❞é❢❛✈♦r✐sé❡ ❝✐♥ét✐q✉❡♠❡♥t ♣❛r r❛♣♣♦rt à ❧✬❛❝✲

t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✱ s✐ ❜✐❡♥ q✉❡ s❡✉❧❡ ✉♥❡ ❢❛✐❜❧❡ ❢r❛❝t✐♦♥ ❞❡ ❧✬❤②❞r✉r❡ ✶ ♣♦✉rr❛

êtr❡ tr❛♥s❢♦r♠é ❡♥ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸pri✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❡ r❡♥❞❡♠❡♥t ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥

❞❡✈r❛✐t êtr❡ ♣❧✉s ❢❛✐❜❧❡ q✉❡ ❞❛♥s ❧❡ ❝❛s ❞❡ SiH4✳

▲❡ ❜✐❧❛♥ ❣❧♦❜❛❧ ❞✬✉♥ ❝②❝❧❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❡st ❡①❡r❣♦♥✐q✉❡✱ ❡t t♦✉s ❧❡s♠✐♥✐♠❛ ❡t ét❛ts

✶✷✹



❞❡ tr❛♥s✐t✐♦♥ ✐♥t❡r✈❡♥❛♥t ❞❛♥s ❧❡ ♠é❝❛♥✐s♠❡ ❇ s♦♥t s✐t✉és é♥❡r❣✐q✉❡♠❡♥t ❡♥ ❞❡ss♦✉s ❞❡ ❧❛

✈♦✐❡ ❞✬❡♥tré❡✱ s✐ ❜✐❡♥ q✉✬✉♥❡ ❢♦✐s ❧❡ ❝❛t❛❧②s❡✉r ❢♦r♠é✱ ❧❛ ré❛❝t✐♦♥ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞❡✈r❛✐t

êtr❡ r❛♣✐❞❡✳ ▲✬ét❛♣❡ ❧✐♠✐t❛♥t ❧❛ ❢réq✉❡♥❝❡ ❞❡ t✉r♥✲♦✈❡r ét❛♥t ❧✬❛❝t✐✈❛t✐♦♥ Si(α)−H(β) ❞✉

s✐❧❛♥❡✱ ❧❛ ré❛❝t✐♦♥ ❞❡✈r❛✐t êtr❡ ❞✬♦r❞r❡ ✶ ♣❛r r❛♣♣♦rt ❛✉ s✐❧❛♥❡ ❡t ❛✉ ♠ét❛❧ ❡t ❞✬♦r❞r❡ ✵ ♣❛r

r❛♣♣♦rt ❛✉ ♣r♦♣è♥❡✱ ❝❡ q✉✐ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉①✳ ❊♥✜♥✱ ✐❧ ❛ été

♠♦♥tré q✉❡ ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸pri ♣❡✉t ✐♥sér❡r ❧❡ ♣r♦♣è♥❡ ❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥ ✶✱✷ ♦✉ ✷✱✶✱ ♣❛r

❝♦♥séq✉❡♥t ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❡st ❞✐✣❝✐❧❡ à ♣ré✈♦✐r✳ ▲❡s ❞❡✉① ✐s♦♠èr❡s

❧✐♥é❛✐r❡ ❡t ❜r❛♥❝❤é ❞❡✈r❛✐❡♥t ❞♦♥❝ êtr❡ ❢♦r♠és✳

❋✐❣✳ ❈✳✷✻✿ Pr♦✜❧ é♥❡r❣ét✐q✉❡ ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r MeSiH3 ❡♥ ♣rés❡♥❝❡ ❞✉ ❝♦♠✲
♣❧❡①❡ ❤②❞r✉r❡ Cp2SmH ✳ P♦✉r ♣❧✉s ❞❡ ❝❧❛rté✱ ❧❡s ♠♦❧é❝✉❧❡s ♦r❣❛♥✐q✉❡s ♥❡ s♦♥t ♣❛s r❡♣rés❡♥té❡s
✭à ❧✬❡①❝❡♣t✐♦♥ ❞❡s ♣r♦❞✉✐ts ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✮✳

P♦✉rq✉♦✐ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ❞❡✈✐❡♥t✲❡❧❧❡ ♠♦✐♥s ❢❛✈♦r❛❜❧❡ ❛✈❡❝ ❧❛

s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡ ❄

❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ♠♦♥tré ♣ré❝é❞❡♠♠❡♥t✱ ❧✬ét❛♣❡✲❝❧é ❞❛♥s ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦✲

♣è♥❡ ❡st ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ [Sm]−SiMenH3−n à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡

✷ ♣❛r ❧✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡✳ ❖r s❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❡t ❧❛

✶✷✺



❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ❞❡ ❝❡tt❡ ré❛❝t✐♦♥ ❛✉❣♠❡♥t❡♥t ♣r♦❣r❡ss✐✈❡♠❡♥t ❛✈❡❝ ❧❛ s✉❜st✐t✉t✐♦♥

❞✉ s✐❧❛♥❡✳ ❆✜♥ ❞✬❛♥❛❧②s❡r ❝❡ rés✉❧t❛t✱ ét✉❞✐♦♥s à ♣rés❡♥t ❧❡s ❝❛r❛❝tér✐st✐q✉❡s str✉❝t✉r❛❧❡s

❡t é❧❡❝tr♦♥✐q✉❡s ❞❡s ❞✐✛ér❡♥ts ❝♦♠♣❧❡①❡s s✐❧②❧❡ ❡t ❞❡s ét❛ts ❞❡ tr❛♥s✐t✐♦♥ ② ❝♦♥❞✉✐s❛♥t à

♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷ ❡t ❞❡s s✐❧❛♥❡s MenSiH4−n(n = 0...3)✳

❈♦♠♣❧❡①❡s s✐❧②❧❡ ❆✐♥s✐ q✉❡ ♥♦✉s ♣♦✉✈♦♥s ❧✬♦❜s❡r✈❡r s✉r ❧❛ ✜❣✉r❡ ❈✳✷✼✱ ❧❛ ❞✐st❛♥❝❡

Sm...Si ✈❛r✐❡ très ♣❡✉ ❛✈❡❝ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧②❧❡✳ ▲❡s ❣r♦✉♣❡♠❡♥ts ♠ét❤②❧❡ s✉❜st✐t✉❛♥ts

s♦♥t é❧♦✐❣♥és ❞✉ ♠ét❛❧✱ s✐ ❜✐❡♥ q✉❡ ❧❛ ré♣✉❧s✐♦♥ stér✐q✉❡ ❡♥tr❡ ❝❡s ❞❡r♥✐❡rs ❡t ❧❡ ♠ét❛❧

❞❡✈r❛✐t êtr❡ ❢❛✐❜❧❡✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❛ ❞ést❛❜✐❧✐s❛t✐♦♥ ♣r♦❣r❡ss✐✈❡ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ♥❡

♣❡✉t ♣❛s êtr❡ ❡①♣❧✐q✉é❡ s✐♠♣❧❡♠❡♥t ♣❛r ❧❡s s❡✉❧s ♣❛r❛♠ètr❡s str✉❝t✉r❛✉①✳

❋✐❣✳ ❈✳✷✼✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s ❝♦♠♣❧❡①❡s s✐❧②❧❡ ❛✮ [Sm] − SiH3 ❜✮ [Sm] − SiMeH2 ❝✮
[Sm] − SiMe2H ❞✮[Sm] − SiMe3✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t ❡♥ ➴✳ P♦✉r ♣❧✉s ❞❡ ❝❧❛rté✱ ❧❡s ❤②❞r♦❣è♥❡s
❞✉ ❧✐❣❛♥❞ Cp ♥❡ s♦♥t ♣❛s r❡♣rés❡♥tés✳

❙❡❧♦♥ ✉♥❡ ❛♥❛❧②s❡ ◆❇❖✱ ❞❛♥s ❧❡s ❝♦♠♣❧❡①❡s s✐❧②❧❡✱ ❧❛ ❧✐❛✐s♦♥ ❡♥tr❡ ❧❡ ♠ét❛❧ ❡t ❧❡ s✐❧✐✲

❝✐✉♠ ♥✬❡st ♣❛s ❞❡ ♥❛t✉r❡ ❝♦✈❛❧❡♥t❡✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❡ ❝♦♠♣❧❡①❡ ♣❡✉t êtr❡ ✈✉ ❝♦♠♠❡ ✉♥

❢r❛❣♠❡♥t ♠ét❛❧❧✐q✉❡ [Sm]⊕ ❡♥ ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ✉♥ ❧✐❣❛♥❞ s✐❧②❧❡ [SiMenH3−n]⊖ ❀ ❧❛ ❝♦♦r✲

❞✐♥❛t✐♦♥ ❞✉ ❧✐❣❛♥❞ s✐❧②❧❡ s✬❡✛❡❝t✉❡ ♣❛r ✉♥❡ ❢♦rt❡ ✐♥t❡r❛❝t✐♦♥ ❞❡ t②♣❡ ❞♦♥♥❡✉r ✲ ❛❝❝❡♣t❡✉r

❡♥tr❡ ❧❛ ♣❛✐r❡ ❧✐❜r❡ ❞✉ ❣r♦✉♣❡ [SiMenH3−n]⊖ ❡t ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞✉ ♠ét❛❧✳

▲❡s ❝❤❛r❣❡s ◆P❆ ♣♦rté❡s ♣❛r ❧❡ ♠ét❛❧ ❡t ❧❡ ❧✐❣❛♥❞ s✐❧②❧❡ s♦♥t ♣rés❡♥té❡s ❞❛♥s ❧❛

t❛❜❧❡ ❈✳✷✻✳ ❈❡❧❧❡s✲❝✐ s♦♥t ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡ s❝❤é♠❛ ❞❡ ❧✐❛✐s♦♥ ♣r♦♣♦sé ♣ré❝é❞❡♠♠❡♥t ✿

❧❛ ❝❤❛r❣❡ ❞✉ ♠ét❛❧ ❡st très é❧❡✈é❡✱ t❛♥❞✐s q✉❡ ❧❛ ❝❤❛r❣❡ ❣❧♦❜❛❧❡ ❞✉ s✐❧②❧❡ ❡st très ♥é❣❛t✐✈❡✳

◆♦✉s ♣♦✉✈♦♥s ♦❜s❡r✈❡r q✉❡ ❧❛ s✉❜st✐t✉t✐♦♥ ♥✬✐♥❞✉✐t q✉✬✉♥❡ ❧é❣èr❡ ✈❛r✐❛t✐♦♥ ❞❡ ❝❡s ❝❤❛r❣❡s

✭✰✷✳✸✷ à ✰ ✷✳✷✽ ♣♦✉r ❧❡ ♠ét❛❧✱ ✵✳✼✵ à ✲✵✳✻✹ ♣♦✉r ❧❡ ❧✐❣❛♥❞ s✐❧②❧❡✮✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ré♣❛rt✐t✐♦♥

❞❡ ❧❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ ❛✉ s❡✐♥ ❞✉ ❧✐❣❛♥❞ s✐❧②❧❡ ❡st ♠♦❞✐✜é❡ ❞❡ ❢❛ç♦♥ ❝♦♥séq✉❡♥t❡ ♣❛r

❧❛ s✉❜st✐t✉t✐♦♥✳ ❊♥ ❡✛❡t✱ ❧❡s ❧✐❛✐s♦♥s Si − CH3 s♦♥t ♣❧✉s ♣♦❧❛✐r❡s q✉❡ ❧❡s ❧✐❛✐s♦♥s Si − H✱

❝❡ q✉✐ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧✬é❧❡❝tr♦♥é❣❛t✐✈✐té s✉♣ér✐❡✉r❡ ❞✬✉♥ ❝❛r❜♦♥❡ ♣❛r r❛♣♣♦rt à ✉♥

❤②❞r♦❣è♥❡✳ P❛r ❝♦♥séq✉❡♥t✱ ♠ê♠❡ s✐ ❧❛ ❝❤❛r❣❡ ❣❧♦❜❛❧❡ ❞✉ ❧✐❣❛♥❞ s✐❧②❧❡ ❞❡♠❡✉r❡ q✉❛s✐♠❡♥t

✐♥❝❤❛♥❣é❡✱ ❧❡ s✐❧✐❝✐✉♠ ❞❡✈✐❡♥t ❞❡ ♣❧✉s ❡♥ ♣❧✉s ❝❤❛r❣é ♣♦s✐t✐✈❡♠❡♥t ❛✈❡❝ ❧❛ s✉❜st✐t✉t✐♦♥

✶✷✻



✭✲✵✳✷✵ à ✰✵✳✽✶✮✳

❙✐❧❛♥❡ ❙tr✉❝t✉r❡ ∆H0 ∆BDE q(Sm) q(silyle) q(Si) q(H) q(Me)

SiH4 ❛ ✲✶✺ ✵ ✰✷✳✸✷ ✲✵✳✼✵ ✲✵✳✷✵ ✲✵✳✶✻ ✴
MeSiH3 ❜ ✲✶✵ ✲✼ ✰✷✳✸✶ ✲✵✳✻✽ ✰✵✳✶✹ ✲✵✳✶✾ ✲✵✳✹✷
Me2SiH2 ❝ ✲✻ ✲✶✷ ✰✷✳✷✾ ✲✵✳✻✹ ✰✵✳✹✽ ✲✵✳✷✷ ✲✵✳✹✷
Me3SiH ❞ ✲✸ ✲✶✹ ✰✷✳✷✽ ✲✵✳✻✹ ✰✵✳✽✶ ✴ ✲✵✳✹✾

❚❛❜✳ ❈✳✷✻✿ ❉♦♥♥é❡s é♥❡r❣ét✐q✉❡s ❡t ❝❤❛r❣❡s ◆P❆ ♣♦✉r ❧❡s ❝♦♠♣❧❡①❡s s✐❧②❧❡ [Sm] − SiMenH3−n

(n = 0..3)✳
∆H0 =❡♥t❤❛❧♣✐❡ ❝❛❧❝✉❧é❡ ♣♦✉r ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ à ♣❛rt✐r ❞❡ ✷ ✰ s✐❧❛♥❡ ✭❡♥
❦❝❛❧✳♠♦❧−1✮✳
∆BDE =❡♥t❤❛❧♣✐❡ ❞❡ ❞✐ss♦❝✐❛t✐♦♥ r❡❧❛t✐✈❡ ❝❛❧❝✉❧é❡ ❞❡ ❧❛ ❧✐❛✐s♦♥ Sm− SiMenH3−n ♣❛r r❛♣♣♦rt
à ❧❛ ❧✐❛✐s♦♥ [Sm] − SiH3✭❡♥ ❦❝❛❧✳♠♦❧−1✮✳
q(silyle) =❝❤❛r❣❡ ❣❧♦❜❛❧❡ ❞✉ ❧✐❣❛♥❞ s✐❧②❧❡ SiMenH3−n✳
q(H) =❝❤❛r❣❡ ♠♦②❡♥♥❡ s✉r ❧❡s ❤②❞r♦❣è♥❡s ❞✉ ❧✐❣❛♥❞ s✐❧②❧❡✳
q(Me) =❝❤❛r❣❡ ♠♦②❡♥♥❡ s✉r ❧❡s ❣r♦✉♣❡s ♠ét❤②❧❡ ❞✉ ❧✐❣❛♥❞ s✐❧②❧❡

❈❡❝✐ ❛ ❞❡✉① ❝♦♥séq✉❡♥❝❡s ♠❛❥❡✉r❡s ✿ ❞✬✉♥❡ ♣❛rt✱ ❧❛ ré♣✉❧s✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❞✉ s✐❧✐❝✐✉♠

❛✈❡❝ ❧❡ ♠ét❛❧ ❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❛ s✉❜st✐t✉t✐♦♥✱ ❝❡ q✉✐ ❡♥tr❛î♥❡ ✉♥❡ ❞ést❛❜✐❧✐s❛t✐♦♥ ❞❡ ❧❛

❧✐❛✐s♦♥ Sm− Si ❀ ❞✬❛✉tr❡ ♣❛rt✱ ❧❡ ❞♦✉❜❧❡t ♥♦♥ ❧✐❛♥t ❞✉ s✐❧✐❝✐✉♠✱ ❞❡ ♣❧✉s ❡♥ ♣❧✉s ❞é❧♦❝❛❧✐sé

s✉r ❧❡s ❣r♦✉♣❡♠❡♥ts ♠ét❤②❧❡✱ ❡st ❞❡ ♠♦✐♥s ❡♥ ♠♦✐♥s ❞✐s♣♦♥✐❜❧❡ ♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥ ❛✉

♠ét❛❧✳ P❛r ❝♦♥séq✉❡♥t ❝❡❧❧❡✲❝✐ ❞é❝r♦ît ❛✈❡❝ ❧❛ s✉❜st✐t✉t✐♦♥✳ ❈❡❝✐ ♣❡r♠❡t ❞♦♥❝ ❞✬❡①♣❧✐q✉❡r ❧❛

❞✐♠✐♥✉t✐♦♥ ❞❡ ❧✬❡♥t❤❛❧♣✐❡ ❞❡ ❞✐ss♦❝✐❛t✐♦♥ ❝❛❧❝✉❧é❡ ♣♦✉r ❧❛ ❧✐❛✐s♦♥ ❙♠✲❙✐✱ q✉✐ s❡ tr❛❞✉✐t ♣❛r

✉♥❡ ❞ést❛❜✐❧✐s❛t✐♦♥ ♣r♦❣r❡ss✐✈❡ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ [Sm]−SiMenH3−n ❛✈❡❝ ❧❛ s✉❜st✐t✉t✐♦♥✳

❊t❛ts ❞❡ tr❛♥s✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞❡s s✐❧❛♥❡s ♣❛r ❧❡ ❝♦♠♣❧❡①❡

♣r♦♣②❧❡ ▲❡s ❣é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s ét❛ts ❞❡ tr❛♥s✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ Si(α)−H(β) ❞❡s

s✐❧❛♥❡s MenSiH4−n (n = 0..3) ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷ s♦♥t ♣rés❡♥té❡s s✉r ❧❛ ✜❣✉r❡ ❈✳✷✽✳

❈❡tt❡ ré❛❝t✐♦♥ ♣❡✉t êtr❡ ❝♦♥s✐❞éré❡ ❝♦♠♠❡ ✉♥ é❝❤❛♥❣❡ ❞❡ ♣r♦t♦♥ ❡♥tr❡ ❧❡ ❣r♦✉♣❡ s✐❧②❧❡

❡♥tr❛♥t ❡t ❧❡ ❣r♦✉♣❡ ♣r♦♣②❧❡✳ ▲❡ s❛♠❛r✐✉♠✱ ❧❡ ❝❛r❜♦♥❡ C1✱ ❧✬❤②❞r♦❣è♥❡ H4 ❡t ❧❡ s✐❧✐❝✐✉♠ s♦♥t

❝♦♣❧❛♥❛✐r❡s✳ ▲❡s tr♦✐s ❞❡r♥✐❡rs s♦♥t q✉❛s✐♠❡♥t ❛❧✐❣♥és ✭❧✬❛♥❣❧❡ ❝♦rr❡s♣♦♥❞❛♥t C1−H4−Si

❡st ❞✬❡♥✈✐r♦♥ ✶✼✺ ❞❡❣rés✮✳ ▲❡s ❧✐❛✐s♦♥s Sm − C1 ❡t Si − H4 s♦♥t ❛❧❧♦♥❣é❡s ❡t ❧❡s ❧✐❛✐s♦♥s

Sm−Si ❡t C1 −H4 ♥❡ s♦♥t ♣❛s ❡♥❝♦r❡ ❢♦r♠é❡s✳ ❈❡s ét❛ts ❞❡ tr❛♥s✐t✐♦♥ s♦♥t st❛❜✐❧✐sés ♣❛r

❞❡✉① ✐♥t❡r❛❝t✐♦♥s α✲❛❣♦st✐q✉❡s ✿ ❧✬✉♥❡ ❡♥tr❡ ❧❛ ❧✐❛✐s♦♥ C1 − H3 ❞✉ ♣r♦♣②❧❡ ❡t ❧❡ ♠ét❛❧✱ ❡t

❧❛ s❡❝♦♥❞❡ ❡♥tr❡ ❧❛ ❧✐❛✐s♦♥ Si − H5 ❞✉ s✐❧②❧❡ ❡t ❧❡ ♠ét❛❧ ✭s❛✉❢ ♣♦✉r ❧❛ str✉❝t✉r❡ ❞✬✮✳ ❈❡s

✐♥t❡r❛❝t✐♦♥s s♦♥t ❝♦♥✜r♠é❡s ♣❛r ✉♥❡ ❛♥❛❧②s❡ ◆❇❖ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥✳

▲❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡s str✉❝t✉r❡s ❛✬✱ ❜✬ ❡t ❝✬ ♣❡r♠❡t ❞✬♦❜s❡r✈❡r ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡s ❞✐s✲

t❛♥❝❡s Sm...Si ❡t C1...H4 ❛✈❡❝ ❧❛ s✉❜st✐t✉t✐♦♥✱ t❛♥❞✐s q✉❡ ❧❡s ❞✐st❛♥❝❡s Sm...C1 ❡t Si...H4

❛✉❣♠❡♥t❡♥t✳ P❛r ❝♦♥séq✉❡♥t✱ ♣❧✉s ❧❡ s✐❧❛♥❡ ❡st s✉❜st✐t✉é✱ ♣❧✉s ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ s❡♠❜❧❡

êtr❡ t❛r❞✐❢✳ ❈❡❝✐ ❡st ❝♦♥❢♦r♠❡ ❛✉ ♣♦st✉❧❛t ❞❡ ❍❛♠♠♦♥❞ ♣✉✐sq✉❡✱ ❝♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s
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❋✐❣✳ ❈✳✷✽✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s ét❛ts ❞❡ tr❛♥s✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ Si(α)−H(β) ❞✉ s✐❧❛♥❡ ♣❛r
❧❡ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷✳ ❛✬✮ ❛✈❡❝ SiH4 ❜✬✮ ❛✈❡❝ MeSiH3 ❝✬✮ ❛✈❡❝ Me2SiH2 ❞✬✮ ❛✈❡❝ Me3SiH✳ ▲❡s
❞✐st❛♥❝❡s s♦♥t ❡♥ ➴✳ P♦✉r ♣❧✉s ❞❡ ❝❧❛rté✱ ❧❡s ❤②❞r♦❣è♥❡s ❞✉ ❧✐❣❛♥❞ Cp ♥❡ s♦♥t ♣❛s r❡♣rés❡♥tés✳

♠♦♥tré ♣ré❝é❞❡♠♠❡♥t✱ ❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞❡ ❧❛ ré❛❝t✐♦♥ ❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❛ s✉❜st✐t✉t✐♦♥✳

❆✐♥s✐ q✉❡ ♥♦✉s ❧✬❛✈♦♥s ♦❜s❡r✈é✱ ❧❛ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ❞❡ ❧❛ ré❛❝t✐♦♥ ét✉❞✐é❡ ❛✉❣♠❡♥t❡

❛✈❡❝ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡✱ ❝❡ q✉✐ ✐♥❞✐q✉❡ q✉❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❡st ❞❡ ♣❧✉s ❡♥ ♣❧✉s

❞ést❛❜✐❧✐sé✳ ❉❛♥s ❧❡ ❝❛s ❞✉ s✐❧❛♥❡ t❡rt✐❛✐r❡ Me3SiH ✭str✉❝t✉r❡ ❞✬✮✱ ❝❡❝✐ ♣❡✉t êtr❡ ❛ttr✐❜✉é

à ❧❛ ré♣✉❧s✐♦♥ stér✐q✉❡ ❡♥tr❡ ❧❡ ❣r♦✉♣❡♠❡♥t ♠ét❤②❧❡ ❛❞❞✐t✐♦♥♥❡❧ ❡t ❧❡ ♠ét❛❧ ❡t ♣❛r ❧❛

s✉♣♣r❡ss✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥ Si−H α✲❛❣♦st✐q✉❡✳ P♦✉r ❧❡s ❛✉tr❡s str✉❝t✉r❡s✱ ❧❛ ❞ést❛❜✐❧✐s❛t✐♦♥

♥❡ ♣❡✉t ♣❛s êtr❡ ❡①♣❧✐q✉é❡ ♣❛r ❞❡s ❢❛❝t❡✉rs stér✐q✉❡s✱ ❡t ❞❡s ❛r❣✉♠❡♥ts é❧❡❝tr♦♥✐q✉❡s

❞♦✐✈❡♥t ❞♦♥❝ êtr❡ ✐♥✈♦q✉és✳

▲❡s ❝❤❛r❣❡s ◆P❆ ♦♥t été ❝❛❧❝✉❧é❡s ♣♦✉r ❧❡s str✉❝t✉r❡s ❛✬ à ❞✬ ✭❝❢✳ t❛❜❧❡ ❈✳✷✼✮✳ ❆✐♥s✐ q✉❡

♥♦✉s ♣♦✉✈♦♥s ❧✬♦❜s❡r✈❡r✱ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡ ♥✬✐♥❞✉✐t ♣❛s ❞❡ ♠♦❞✐✜❝❛t✐♦♥s ✐♠♣♦r✲

t❛♥t❡s ❞❡s ❝❤❛r❣❡s ♣♦rté❡s ♣❛r ❧❡ ♠ét❛❧✱ ❧✬❤②❞r♦❣è♥❡ H2 ♦✉ ❧❡s ❢r❛❣♠❡♥ts s✐❧②❧❡ ♦✉ ♣r♦♣②❧❡✳

❈♦♠♠❡ ♣ré❝é❞❡♠♠❡♥t✱ ❧❡s ❧✐❛✐s♦♥s Si − C s♦♥t ♣♦❧❛r✐sé❡s ✈❡rs ❧❡ ❝❛r❜♦♥❡✱ s✐ ❜✐❡♥ q✉❡ ❧❛

❝❤❛r❣❡ ❞✉ s✐❧✐❝✐✉♠ ❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❛ s✉❜st✐t✉t✐♦♥✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❛ ré♣✉❧s✐♦♥ é❧❡❝tr♦✲

♥✐q✉❡ ❡♥tr❡ ❧❡ s✐❧✐❝✐✉♠ ❡t ❧❡ ♠ét❛❧ ❛✉❣♠❡♥t❡✱ ❡t ❧✬✐♥t❡r❛❝t✐♦♥ s✐❧✐❝✐✉♠ ✲ ♠ét❛❧ ❞✐♠✐♥✉❡ ❛✈❡❝

❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡✱ ❝❡ q✉✐ ❡st ❝♦♥✜r♠é ♣❛r ❧✬❛♥❛❧②s❡ ◆❇❖ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r✲

❜❛t✐♦♥✳ ▲✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❞❡ ❧✬❛❝t✐✈❛t✐♦♥ Si(α)−H(β) ❞❡s s✐❧❛♥❡s MenSiH4−n(n = 0...3)

✶✷✽



♣❛r ❧❡ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷ ❡st ❞♦♥❝ ❣❧♦❜❛❧❡♠❡♥t ❞ést❛❜✐❧✐sé ♣❛r ❧❛ s✉❜st✐t✉t✐♦♥✳

❙✐❧❛♥❡ ❙tr✉❝t✉r❡ ∆G‡ q(Sm) q(silyle) q(H2) q(propyle) q(Si) q(Me)

SiH4 ❛✬ ✶✽✳✽ ✰✷✳✹✹ ✲✵✳✺✾ ✲✵✳✵✾ ✲✵✳✶✷ ✰✵✳✸✾ ✴
MeSiH3 ❜✬ ✷✵✳✷ ✰✷✳✹✸ ✲✵✳✺✽ ✲✵✳✶✶ ✲✵✳✶✶ ✰✵✳✻✾ ✲✵✳✹✷
Me2SiH2 ❝✬ ✷✸✳✵ ✰✷✳✹✸ ✲✵✳✺✼ ✲✵✳✶✶ ✲✵✳✶✶ ✰✶✳✵✵ ✲✵✳✹✻
Me3SiH ❞✬ ✷✻✳✾ ✰✷✳✹✷ ✲✵✳✺✺ ✲✵✳✵✾ ✲✵✳✶✷ ✰✶✳✸✵ ✲✵✳✹✽

❚❛❜✳ ❈✳✷✼✿ ❉♦♥♥é❡s é♥❡r❣ét✐q✉❡s ❡t ❝❤❛r❣❡s ◆P❆ ♣♦✉r ❧❡s ét❛ts ❞❡ tr❛♥s✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ Si(α)−
H(β) ❞❡s s✐❧❛♥❡s MenSiH4−n(n = 1...3) ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷✳
∆G‡ =❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ❝❛❧❝✉❧é❡ ♣♦✉r ❧❛ ré❛❝t✐♦♥ ✭❡♥ ❦❝❛❧✳♠♦❧−1✮✳
q(silyle) =❝❤❛r❣❡ ❣❧♦❜❛❧❡ ❞✉ ❧✐❣❛♥❞ s✐❧②❧❡ SiMenH3−n✳
q(propyle) =❝❤❛r❣❡ ❣❧♦❜❛❧❡ ❞✉ ❧✐❣❛♥❞ ♣r♦♣②❧❡ CH2 − CH2 − CH3✳
q(Me) =❝❤❛r❣❡ ♠♦②❡♥♥❡ s✉r ❧❡s ❣r♦✉♣❡s ♠ét❤②❧❡ ❞✉ ❧✐❣❛♥❞ s✐❧②❧❡

❇✐❧❛♥

❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r ❧❡ s✐❧❛♥❡ ♣r✐♠❛✐r❡ MeSiH3 ❡♥

♣rés❡♥❝❡ ❞❡ ❧✬❤②❞r✉r❡ ❞❡ s❛♠❛r♦❝è♥❡ [Sm] − H ❡st ♣♦ss✐❜❧❡✳ ▲❡ ♠é❝❛♥✐s♠❡ ❞❡ ❧✬❤②❞r♦s✐✲

❧②❧❛t✐♦♥ ❡st ✐❞❡♥t✐q✉❡ à ❝❡❧✉✐ ♣ré❝é❞❡♠♠❡♥t ❞ét❡r♠✐♥é ❞❛♥s ❧❡ ❝❛s ❞❡ SiH4 ✿ ✐❧ s✬❛❣✐t ❞✉

♠é❝❛♥✐s♠❡ ❇✱ ♣♦✉r ❧❡q✉❡❧ ❧✬❡s♣è❝❡ ❛❝t✐✈❡ ❡st ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ [Sm]− SiMeH2✱ ❢♦r♠é ✐♥

s✐t✉ à ♣❛rt✐r ❞❡ ❧✬❤②❞r✉r❡✳ ❈❡♣❡♥❞❛♥t✱ ❧❡ r❡♥❞❡♠❡♥t ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞❡✈r❛✐t êtr❡ ♣❧✉s

❢❛✐❜❧❡ q✉❡ ❞❛♥s ❧❡ ❝❛s ❞❡ SiH4✳ ❊♥ ❡✛❡t✱ ❞ès ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬❡s♣è❝❡ ❛❝t✐✈❡✱ ❧❛ ♣❧✉s ❣r❛♥❞❡

♣❛rt ❞✉ ❝♦♠♣❧❡①❡ ♠ét❛❧❧✐q✉❡ ❞❡✈r❛✐t êtr❡ ❞és❛❝t✐✈é❡ ♣❛r ❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❞❡ ❧❛ ré❛❝t✐♦♥✱ ❝♦♠♠❡ ❞❛♥s ❧❡ ❝❛s ❞❡ SiH4✱ ❧❡s ❞❡✉①

✐s♦♠èr❡s ❧✐♥é❛✐r❡ ❡t ❜r❛♥❝❤é ❞❡✈r❛✐❡♥t êtr❡ ❢♦r♠és✳

❉❛♥s ❧❡ ❝❛s ❞❡s s✐❧❛♥❡s s❡❝♦♥❞❛✐r❡ Me2SiH2 ❡t t❡rt✐❛✐r❡ Me3SiH✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠✲

♣❧❡①❡ s✐❧②❧❡ ♥✬❡st ❡♥ r❡✈❛♥❝❤❡ ♣❛s ❝♦♠♣ét✐t✐✈❡ ❝✐♥ét✐q✉❡♠❡♥t ❛✈❡❝ ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉

♣r♦♣è♥❡✳ P❛r ❝♦♥séq✉❡♥t✱ ❧✬✐♥té❣r❛❧✐té ❞✉ ❝❛t❛❧②s❡✉r ❞❡✈r❛✐t êtr❡ ❞és❛❝t✐✈é❡ ♣❛r ❛❝t✐✈❛t✐♦♥

❛❧❧②❧✐q✉❡ ❡t ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ♥❡ ❞❡✈r❛✐t ♣❛s s❡ ♣r♦❞✉✐r❡✳ ❊♥ ❡✛❡t✱ ❛✐♥s✐ q✉❡ ♥♦✉s ❧✬❛✈♦♥s

♠♦♥tré ❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ ❈✳✹✳✶✱ ❧❛ ré❛❝t✐✈✐té ❞✉ s✐❧❛♥❡ ♣♦✉r ❧✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β)

❡t ❧❛ st❛❜✐❧✐té ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ [Sm] − SiMenH3−n(n = 0..3) ❞✐♠✐♥✉❡♥t ❛✈❡❝ ❧❛ s✉❜st✐✲

t✉t✐♦♥✱ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❡♥ r❛✐s♦♥ ❞❡ ❢❛❝t❡✉rs é❧❡❝tr♦♥✐q✉❡s✳ ❈❡s rés✉❧t❛ts s♦♥t ❞♦♥❝ ❡♥ ❜♦♥

❛❝❝♦r❞ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✱ s❡❧♦♥ ❧❡sq✉❡❧❧❡s ❧❡ r❡♥❞❡♠❡♥t ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥

❞✐♠✐♥✉❡ s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ❛✈❡❝ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡ ♣❛r ❞❡s ❣r♦✉♣❡s ♠ét❤②❧❡✳

❈✳✹✳✷ ❍②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r ❧❡ ♣❤é♥②❧s✐❧❛♥❡

❉❛♥s ❝❡ ♣❛r❛❣r❛♣❤❡✱ ♥♦✉s ♥♦✉s ✐♥tér❡ss❡r♦♥s à ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r ❧❡

♣❤é♥②❧s✐❧❛♥❡ PhSiH3 ❡♥ ♣rés❡♥❝❡ ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ [Sm]−H ✭✶✮✳ ❙❡❧♦♥ ❧❛ ♣r♦♣♦s✐t✐♦♥
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❡①♣ér✐♠❡♥t❛❧❡✱ ❝❡tt❡ ré❛❝t✐♦♥ s❡ ♣r♦❞✉✐t s❡❧♦♥ ❧❡ ♠é❝❛♥✐s♠❡ ❆✱ ❝❛t❛❧②sé ❞✐r❡❝t❡♠❡♥t ♣❛r

❧✬❤②❞r✉r❡✳ ❈❡♣❡♥❞❛♥t✱ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r SiH4 ❡t MeSiH3✱

♥♦✉s ❛✈♦♥s ♠♦♥tré q✉❡ ❧❛ ré❛❝t✐♦♥ s❡ ♣r♦❞✉✐t ♣ré❢ér❡♥t✐❡❧❧❡♠❡♥t s✉✐✈❛♥t ❧❡ ♠é❝❛♥✐s♠❡

✓ ❛❧t❡r♥❛t✐❢ ✔ ❇✱ ♣♦✉r ❧❡q✉❡❧ ❧✬❡s♣è❝❡ ❛❝t✐✈❡ ❡st ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡✱ ❢♦r♠é ✐♥ s✐t✉ à ♣❛rt✐r

❞❡ ❧✬❤②❞r✉r❡✳

▼é❝❛♥✐s♠❡ ❆ ♦✉ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ❄

❘é❛❝t✐✈✐té ❞❡ ❧✬❤②❞r✉r❡ ❆✐♥s✐ q✉❡ ♥♦✉s ❧✬❛✈♦♥s ❞ét❡r♠✐♥é ❞❛♥s ❧❛ s❡❝t✐♦♥ ❈✳✷✱

❧✬✐♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Sm−H ❞❡ ❧✬❤②❞r✉r❡ ✶ ❡st ❡①❡r❣♦♥✐q✉❡ ✭∆G0 =

✲✶✵✳✼ ❦❝❛❧✳♠♦❧−1✮ ❡t s❛ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ❡st ❜❛ss❡ ✭∆G‡ =✹✳✽ ❦❝❛❧✳♠♦❧−1✮✳ ❈❡tt❡ ré❛❝✲

t✐♦♥ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ❧❡ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ [Sm]−CH2 −CH2 −CH3 ✭✷✮✳ ❈❡♣❡♥❞❛♥t✱ ❧❛

❢♦r♠❛t✐♦♥ ❞❡ ✷ ♣❡✉t êtr❡ r❛❧❡♥t✐❡ ♣❛r ❞❡s ré❛❝t✐♦♥s s❡❝♦♥❞❛✐r❡s✱ s❝❤é♠❛t✐sé❡s s✉r ❧❛ ✜❣✉r❡

❈✳✷✾✳ P❛r♠✐ ❧❡s ❞✐✛ér❡♥t❡s ♣♦ss✐❜✐❧✐tés ❞✬❛❝t✐✈❛t✐♦♥ C −H ❞✉ ❣r♦✉♣❡ ♣❤é♥②❧❡✱ ♥♦✉s ❛✈♦♥s

❝❤♦✐s✐ ❞✬ét✉❞✐❡r ❧✬❛❝t✐✈❛t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥ C − H s✐t✉é ❡♥ ♣❛r❛ ❞✉ s✐❧✐❝✐✉♠✱ q✉✐ ❡st ❧❛ ♣❧✉s

ré❛❝t✐✈❡ s❡❧♦♥ ❧❛ ❧✐ttér❛t✉r❡✳ P♦✉r ❝❤❛❝✉♥❡ ❞❡s ré❛❝t✐♦♥s ❡♥✈✐s❛❣é❡s✱ ❧❡ ♣r♦✜❧ ré❛❝t✐♦♥♥❡❧

❝♦♠♣❧❡t ❛ été ♦♣t✐♠✐sé ❡t ❧❡s ❣r❛♥❞❡✉rs t❤❡r♠♦❞②♥❛♠✐q✉❡s ❡t ❝✐♥ét✐q✉❡s ♦♥t été ❝❛❧❝✉❧é❡s

✭t❛❜❧❡ ❈✳✷✽✮✳

❋✐❣✳ ❈✳✷✾✿ ❘é❛❝t✐♦♥s ❡♥✈✐s❛❣é❡s à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡[Sm] − H ✭✶✮✱ ❞✉ ♣r♦♣è♥❡ ❡t ❞❡ PhSiH3✳

❆✐♥s✐ q✉❡ ♥♦✉s ♣♦✉✈♦♥s ❧✬♦❜s❡r✈❡r s✉r ❧❛ t❛❜❧❡ ❈✳✷✽✱ ❞✬❛♣rès ♥♦s ❝❛❧❝✉❧s ❧❡ ❝♦♠♣❧❡①❡

♣r♦♣②❧❡ [Sm]−CH2 −CH2 −CH3 ✭✷✮ ❞❡✈r❛✐t êtr❡ ❢♦r♠é ♠❛❥♦r✐t❛✐r❡♠❡♥t✳ ❈♦♠♠❡ ❞❛♥s

❧❡ ❝❛s ❞❡ SiH4 ❡t ❞❡s ❛❧❦②❧s✐❧❛♥❡s✱ ❧❡s s❡✉❧❡s ré❛❝t✐♦♥s ❝♦♠♣ét✐t✐✈❡s s♦♥t ❧✬✐♥s❡rt✐♦♥ ✷✱✶

✶✸✵



❘é❛❝t✐♦♥ ∆G0 ∆G‡

■♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡ ✲✶✵✳✼ ✹✳✽
■♥s❡rt✐♦♥ ✷✱✶ ❞✉ ♣r♦♣è♥❡ ✲✸✳✻ ✼✳✼

❆❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ✲✾✳✻ ✾✳✺
❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ✲✹✳✵ ✶✸✳✽
❆❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ✵✳✵ ✽✳✵
❆❝t✐✈❛t✐♦♥ Si(α) − C(β) ❞✉ s✐❧❛♥❡ ✲✶✵✳✺ ✹✵✳✾
❆❝t✐✈❛t✐♦♥ Si(β) − C(α) ❞✉ s✐❧❛♥❡ ✲✵✳✷ ✶✾✳✹

❆❝t✐✈❛t✐♦♥ C − H ❞✉ s✐❧❛♥❡ ✰✼✳✹ ✷✷✳✽

❚❛❜✳ ❈✳✷✽✿ ❊♥t❤❛❧♣✐❡s ❧✐❜r❡s ❞❡ ré❛❝t✐♦♥ ❡t ❜❛rr✐èr❡s ❞✬❛❝t✐✈❛t✐♦♥ ♣♦✉r ❧❡s ré❛❝t✐♦♥s ❡♥✈✐s❛❣é❡s à
♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ [Sm] − H ✭✶✮✳ ▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s s♦♥t ❡♥ ❦❝❛❧✳♠♦❧−1✳

❞✉ ♣r♦♣è♥❡✱ q✉✐ ♠è♥❡ ❛✉ ❝♦♠♣❧❡①❡ ✐s♦♣r♦♣②❧❡ ✷✬✱ ❡t ❧✬❛❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡✱

♥♦♥ ♣r♦❞✉❝t✐✈❡✳ ❈♦♠♠❡ ❞❛♥s ❧❡ ❝❛s ❞❡s ❛❧❦②❧s✐❧❛♥❡s✱ ♥♦✉s ♣♦✉✈♦♥s ♥♦t❡r q✉❡ ❧✬❛❝t✐✈❛t✐♦♥

Si(α) − C(β) ❞✉ s✐❧❛♥❡ ❡st ✐♥❛❝❝❡ss✐❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t ✭∆G‡ = ✹✵ ❦❝❛❧✳♠♦❧−1✮✱ ❝❡ q✉✐ ❡st

❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s rés✉❧t❛ts t❤é♦r✐q✉❡s ❞❡ P❡rr✐♥ ❡t ❛❧✳ ❬✶✺✵❪✳ ❈❡tt❡ ré❛❝t✐♦♥ ♥❡ s❡r❛ ❞♦♥❝

♣❛s ❝♦♥s✐❞éré❡ ❞❛♥s ❧❛ s✉✐t❡ ❞❡ ❝❡tt❡ ét✉❞❡✳

❘é❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷ ▲❡ ♣r♦❞✉✐t ♠❛❥♦r✐t❛✐r❡ ❞❡ ❧❛ ♣r❡♠✐èr❡ ét❛♣❡

é❧é♠❡♥t❛✐r❡ ❡st ❞♦♥❝ ❧❡ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷✳ ❆✜♥ ❞❡ ré❣é♥ér❡r ❧✬❤②❞r✉r❡ ✶ ❡t ❞❡ ❧✐❜ér❡r

❧❡ ♣r♦❞✉✐t ❧✐♥é❛✐r❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✱ ❝❡ ❝♦♠♣♦sé ❞♦✐t ❛❝t✐✈❡r ✉♥❡ ❧✐❛✐s♦♥ Si − H ❞✉ ♣❤é✲

♥②❧s✐❧❛♥❡ ❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥ Si(β)−H(α)✳ ❈❡tt❡ ré❛❝t✐♦♥ ♣❡✉t ❡♥tr❡r ❡♥ ❝♦♠♣ét✐t✐♦♥ ❛✈❡❝

♣❧✉s✐❡✉rs ré❛❝t✐♦♥s s❡❝♦♥❞❛✐r❡s✱ ❞♦♥t ❧❡ ❜✐❧❛♥ ❡st ❡✛❡❝t✉é ❞❛♥s ❧❛ t❛❜❧❡ ❈✳✷✾✳

❘é❛❝t✐♦♥ ∆G0 ∆G‡

■♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡ ✲✹✳✶ ✷✶✳✸
■♥s❡rt✐♦♥ ✷✱✶ ❞✉ ♣r♦♣è♥❡ ✲✷✳✵ ✷✹✳✸

❆❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ✲✷✹✳✵ ✶✻✳✾
❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ✲✶✽✳✸ ✷✵✳✻
❆❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ✲✸✳✼ ✷✵✳✸
❆❝t✐✈❛t✐♦♥ Si(β) − C(α) ❞✉ s✐❧❛♥❡ ✲✹✳✹ ✸✸✳✹

❆❝t✐✈❛t✐♦♥ C − H ❞✉ s✐❧❛♥❡ ✲✻✳✾ ✷✺✳✷

❚❛❜✳ ❈✳✷✾✿ ❊♥t❤❛❧♣✐❡s ❧✐❜r❡s ❞❡ ré❛❝t✐♦♥ ❡t ❜❛rr✐èr❡s ❞✬❛❝t✐✈❛t✐♦♥ ♣♦✉r ❧❡s ré❛❝t✐♦♥s ❡♥✈✐s❛❣é❡s à
♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ [Sm] − CH2 − CH2 − CH3 ✭✷✮✳ ▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s s♦♥t ❡♥ ❦❝❛❧✳♠♦❧−1✳

❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ t♦✉t❡s ❧❡s ré❛❝t✐♦♥s ét✉❞✐é❡s s♦♥t ❡①❡r❣♦♥✐q✉❡s ❡t ❛❝❝❡ss✐❜❧❡s ❝✐✲

♥ét✐q✉❡♠❡♥t✳ ▲❛ ♣❧✉s ❢❛✈♦r❛❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t ❡st ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✱ q✉✐

❝♦♥❞✉✐t ❛✉ ❝♦♠♣❧❡①❡ ❛❧❧②❧❡✳ ❈❡❧✉✐✲❝✐ ❞❡✈r❛✐t ❞♦♥❝ êtr❡ ❢♦r♠é ♠❛❥♦r✐t❛✐r❡♠❡♥t✳ ❈♦♠♠❡

❞❛♥s ❧❡ ❝❛s ❞❡ SiH4✱ ✐❧ ♣❡✉t êtr❡ ❝♦♥s✐❞éré ❝♦♠♠❡ ❣❧♦❜❛❧❡♠❡♥t ✐♥❡rt❡ ❝❤✐♠✐q✉❡♠❡♥t✳

✶✸✶



▲✬❛❝t✐✈❛t✐♦♥ Si(β)−H(α) ❡st t♦✉t❡❢♦✐s ❝♦♠♣ét✐t✐✈❡✱ s✐ ❜✐❡♥ q✉✬✉♥❡ ♣❛rt✐❡ ❞❡ ❧✬❤②❞r✉r❡

❞❡✈r❛✐t êtr❡ ré❣é♥éré ❡t ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❧✐♥é❛✐r❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞❡✈r❛✐t êtr❡

♦❜s❡r✈é❡✳ P❛r ❛✐❧❧❡✉rs✱ ❧✬❛❝t✐✈❛t✐♦♥ Si(α)−H(β)✱ ❡st é❣❛❧❡♠❡♥t ❝♦♠♣ét✐t✐✈❡✳ ❈❡tt❡ ré❛❝t✐♦♥✱

très ❡①❡r❣♦♥✐q✉❡✱ ♣❡r♠❡t ❞❡ ❢♦r♠❡r ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ [Sm]− SiH2Ph ✭✸ph✮ ❡t ❧✐❜èr❡ ✉♥❡

♠♦❧é❝✉❧❡ ❞❡ ♣r♦♣❛♥❡✳ ▲❡s ❣é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❝♦rr❡s♣♦♥❞❛♥t ❛✐♥s✐

q✉❡ ❞✉ ❝♦♠♣♦sé ✸ph s♦♥t ♣rés❡♥té❡s ✜❣✉r❡ ❈✳✸✵✳

❋✐❣✳ ❈✳✸✵✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ Si(α)−H(β) ❡t ❞✉ ❝♦♠♣♦sé
✸ph✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t ❡♥ ➴✳

❆ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ Si(α)−H(β) ❞✉ ♣❤é♥②❧s✐❧❛♥❡ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡

✭❝❢✳ ✜❣✉r❡ ❈✳✸✵✮✱ ❧❡s q✉❛tr❡ ❝❡♥tr❡s Sm✱ Si✱ C ❡t H s♦♥t ❝♦♣❧❛♥❛✐r❡s✱ ❡t Si✱ H ❡t C s♦♥t

q✉❛s✐♠❡♥t ❛❧✐❣♥és✳ ▲❡s ❞✐st❛♥❝❡s Sm...Si✱ Sm...C✱ Si...H ❡t C...H s♦♥t très ♣r♦❝❤❡s ❞❡

❝❡❧❧❡s ♦❜t❡♥✉❡s ❞❛♥s ❧❡ ❝❛s ❞✉ ♠ét❤②❧s✐❧❛♥❡✳ ▲❡s ❝❤❛r❣❡s ◆P❆ s✉r ❧❡ ♠ét❛❧ ❡t ❧❡ s✐❧✐❝✐✉♠ s♦♥t

r❡s♣❡❝t✐✈❡♠❡♥t ❞❡ ✷✳✹✸ ❡t ✵✳✼✶✳ ❉❡✉① ❧✐❛✐s♦♥s C − H ❡t Si − H s❡♠❜❧❡♥t α✲❛❣♦st✐q✉❡s✱

❝❡ q✉✐ ❡st ❝♦♥✜r♠é ♣❛r ✉♥❡ ❛♥❛❧②s❡ ◆❇❖ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥✳ ▲✬ét❛t ❞❡

tr❛♥s✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ ♣❤é♥②❧s✐❧❛♥❡ ♣rés❡♥t❡ ❞♦♥❝ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s

❣é♦♠étr✐q✉❡s ❡t é❧❡❝tr♦♥✐q✉❡s s✐♠✐❧❛✐r❡s à ❝❡❧❧❡s ♦❜t❡♥✉❡s ❞❛♥s ❧❡ ❝❛s ❞✉ ♠ét❤②❧s✐❧❛♥❡✳

■❧ ❡st ❞♦♥❝ ❝♦❤ér❡♥t q✉❡ ❧❡s ❜❛rr✐èr❡s ❞✬❛❝t✐✈❛t✐♦♥ ❝♦rr❡s♣♦♥❞❛♥t❡s s♦✐❡♥t ♣r♦❝❤❡s ✭✷✵✳✻✹

♣♦✉r PhSiH3 ❡t ✷✵✳✷✶ ♣♦✉r MeSiH3✮✳

▲❛ ❣é♦♠étr✐❡ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ph✱ ❢♦r♠é ♣❛r ❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ ♣❤é♥②❧s✐✲

❧❛♥❡✱ ❡st é❣❛❧❡♠❡♥t ♣rés❡♥té❡ ✜❣✉r❡ ❈✳✸✵✳ ❉❛♥s ❝❡ ❝♦♠♣♦sé✱ ❧❛ ❞✐st❛♥❝❡ Sm...Si ❡st ♣❧✉s

❝♦✉rt❡ q✉❡ ❝❡❧❧❡ ♦❜s❡r✈é❡ ❞❛♥s ❧❡s ❝♦♠♣❧❡①❡s ✸ ❡t ✸pri✱ ❡t ❧❡s ❝❤❛r❣❡s ◆P❆ s✉r ❧❡ s❛♠❛r✐✉♠

❡t ❧❡ s✐❧✐❝✐✉♠ s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ✷✳✸✺ ❡t ✵✳✷✵✱ ❝❡ q✉✐ ❡st ♣❧✉s ♣r♦❝❤❡ ❞✉ ❝♦♠♣❧❡①❡ ✸✳ ❉❡s

❞✐st❛♥❝❡s Sm...C(Ph) ❢❛✐❜❧❡s ❡t ✉♥ ❛♥❣❧❡ Sm−Si−C(Ph) ❞❡ ✼✷ ❞❡❣rés ♣rés❛❣❡♥t ❞✬✉♥❡

✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ❣r♦✉♣❡ ♣❤é♥②❧❡ ❡t ❧❡ ♠ét❛❧✳ ❈❡❝✐ ❡st ❝♦♥✜r♠é ♣❛r ✉♥❡ ❛♥❛❧②s❡ ◆❇❖✱

q✉✐ ✐♥❞✐q✉❡ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥ ✉♥❡ ❧é❣èr❡ ❞é❧♦❝❛❧✐s❛t✐♦♥ ❞❡s é❧❡❝tr♦♥s π ❞✉

♣❤é♥②❧❡ ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞✉ s❛♠❛r✐✉♠✳ ❈❡tt❡ ✐♥t❡r❛❝t✐♦♥ ❡st ♣r♦❜❛❜❧❡♠❡♥t à

❧✬♦r✐❣✐♥❡ ❞❡ ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ❞✐st❛♥❝❡ Sm...Si ❡t ❞❡ ❧❛ st❛❜✐❧✐s❛t✐♦♥ r❡❧❛t✐✈❡ ❞❡ ✸ph ♣❛r

✶✸✷



r❛♣♣♦rt à ✸pri✳

P♦✉rq✉♦✐ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ Si(β) − H(α) ❡st✲✐❧ st❛❜✐❧✐sé ♣❛r ❧❡

♣❤é♥②❧s✐❧❛♥❡ ❄ ❆✐♥s✐ q✉❡ ♥♦✉s ❧✬❛✈♦♥s ♠♦♥tré ❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ ♣ré❝é❞❡♥t✱ ❧❛ s✉❜st✐t✉✲

t✐♦♥ ❞✉ s✐❧❛♥❡ ♣❛r ✉♥ ❣r♦✉♣❡ ♣❤é♥②❧❡ st❛❜✐❧✐s❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ Si(β)−H(α)

♣❛r ❧❡ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷ ♣❛r r❛♣♣♦rt à ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡ ♣❛r ✉♥ ❣r♦✉♣❡ ♠é✲

t❤②❧❡✳ ❊♥ ❡✛❡t✱ ❧❛ ❜❛rr✐èr❡ ♦❜t❡♥✉❡ ♣♦✉r ❝❡tt❡ ré❛❝t✐♦♥ ❡st ❞❡ ✷✵✳✸ ❦❝❛❧✳♠♦❧−1 ❞❛♥s ❧❡ ❝❛s

❞✉ ♣❤é♥②❧s✐❧❛♥❡✱ ❛❧♦rs q✉✬❡❧❧❡ ét❛✐t ❞❡ ✷✸✳✾ ❦❝❛❧✳♠♦❧−1 ❞❛♥s ❧❡ ❝❛s ❞✉ ♠ét❤②❧s✐❧❛♥❡✳ P❛r

❝♦♥séq✉❡♥t✱ ❧❛ ré❣é♥ér❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ✶ ❡t ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❧✐♥é❛✐r❡

❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞❡✈✐❡♥♥❡♥t ❛❧♦rs ❝♦♠♣ét✐t✐✈❡s✳

▲❡s ❣é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s ét❛ts ❞❡ tr❛♥s✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ Si(β)−H(α) ❞❡ RSiH3

✭R = Me,Ph✮ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷ s♦♥t ♣rés❡♥té❡s ✜❣✉r❡ ❈✳✸✶✳ ▲❡s ❞❡✉① str✉❝t✉r❡s

s♦♥t très s✐♠✐❧❛✐r❡s ❀ ❧❛ ❣é♦♠étr✐❡ ❛✉t♦✉r ❞✉ s✐❧✐❝✐✉♠ ❡st ❝❡❧❧❡ ❞✬✉♥❡ ❜✐♣②r❛♠✐❞❡ tr✐❣♦♥❛❧❡

❞❛♥s ❧❛q✉❡❧❧❡ ❧❛ ❜❛s❡ ❡st ❢♦r♠é❡ ♣❛r ❧❡s tr♦✐s ❤②❞r♦❣è♥❡s ❡t ❧❡s s♦♠♠❡ts s♦♥t ❧❡s ❞❡✉①

❝❛r❜♦♥❡s C(propyle) ❡t C(R)✳ ▲❛ ♣r✐♥❝✐♣❛❧❡ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ❞❡✉① str✉❝t✉r❡s ❡st ❧❛

❞✐st❛♥❝❡ Sm...C(propyle)✱ ✐♥❢ér✐❡✉r❡ ❞❡ ✵✳✵✽ ➴ ❞❛♥s ❧❡ ❝❛s ❞✉ ♣❤é♥②❧s✐❧❛♥❡✳

❋✐❣✳ ❈✳✸✶✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞❡s s✐❧❛♥❡s
RSiH3 ✭R = Me,Ph✮ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t ❡♥ ➴✳

❙❡❧♦♥ ✉♥❡ ❛♥❛❧②s❡ ◆❇❖✱ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ♣❡✉t êtr❡ ❞é❝r✐t ❝♦♠♠❡ ✉♥ ♣❡♥t❛✈❛❧❡♥t

[R − SiH3 − C3H7]
⊖ ❡♥ ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❡ ❢r❛❣♠❡♥t ♠ét❛❧❧✐q✉❡ [Sm]⊕✳ ❯♥❡ ❞✐st❛♥❝❡

Sm...C(propyle) ♣❧✉s ❢❛✐❜❧❡ s❡♠❜❧❡ ❞♦♥❝ ✐♥❞✐q✉❡r ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ♣❧✉s ❢♦rt❡ ❡♥tr❡ ❧❡ ♣❡♥t❛✲

✈❛❧❡♥t ❡t ❧❡ ♠ét❛❧✳ ❉❡ ♣❧✉s✱ ❧❛ ❝❤❛r❣❡ ❣❧♦❜❛❧❡ ◆P❆ ❞✉ ♣❡♥t❛✈❛❧❡♥t ❡st ❧é❣èr❡♠❡♥t ♣❧✉s

♥é❣❛t✐✈❡ ❞❛♥s ❧❡ ❝❛s ❞✉ ♣❤é♥②❧❡✳ ◆♦✉s ♣♦✉✈♦♥s s✉♣♣♦s❡r q✉❡ ❧❛ ♣rés❡♥❝❡ ❞✬✉♥ ❣r♦✉♣❡

♣❤é♥②❧❡ ♣❡r♠❡t ❞❡ st❛❜✐❧✐s❡r ❧❛ ❝❤❛r❣❡ ♥é❣❛t✐✈❡ ❞✉ ♣❡♥t❛✈❛❧❡♥t [R − SiH3 − C3H7]
⊖✳ P❛r

❝♦♥séq✉❡♥t✱ ❧✬✐♥t❡r❛❝t✐♦♥ ♣❡♥t❛✈❛❧❡♥t ✲ ♠ét❛❧✱ ❞❡ ♥❛t✉r❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t é❧❡❝tr♦st❛t✐q✉❡✱

❡st ♠❡✐❧❧❡✉r❡ ❞❛♥s ❧❡ ❝❛s ❞✉ ♣❤é♥②❧s✐❧❛♥❡✳ ❈❡❝✐ ❡♥tr❛î♥❡ ✉♥❡ st❛❜✐❧✐s❛t✐♦♥ r❡❧❛t✐✈❡ ❞❡ ❧✬ét❛t

❞❡ tr❛♥s✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ Si(β)−H(α)✱ s✐ ❜✐❡♥ q✉❡ ❧❛ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ❝♦rr❡s♣♦♥❞❛♥t❡
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❞✐♠✐♥✉❡ ❞✬❡♥✈✐r♦♥ ✹ ❦❝❛❧✳♠♦❧−1✳

▲❡ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ✶ ✿ ❝❛t❛❧②s❡✉r ❡t ♣ré❝❛t❛❧②s❡✉r ❈♦♥tr❛✐r❡♠❡♥t ❛✉ ❝❛s ❞❡

SiH4 ❡t ❞❡ MeSiH3✱ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r PhSiH3 ❡♥ ♣rés❡♥❝❡ ❞✉ ❝♦♠♣❧❡①❡

[Sm] − H ✭✶✮ ♣❡✉t ❞♦♥❝ s❡ ♣r♦❞✉✐r❡ s❡❧♦♥ ❧❡ ♠é❝❛♥✐s♠❡ ❆ ♣♦st✉❧é ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✳

▲❛ ré❛❝t✐♦♥ ❡st ❣❧♦❜❛❧❡♠❡♥t ❡①❡r❣♦♥✐q✉❡ ❞❡ ✶✹✳✺ ❦❝❛❧✳♠♦❧−1 ✭❝❢✳ ✜❣✉r❡ ❈✳✸✷✮✳ ❆ ♣❛rt✐r ❞❡

❧✬❤②❞r✉r❡ ✶✱ ❧❡ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷ ❞❡✈r❛✐t êtr❡ ❢♦r♠é r❛♣✐❞❡♠❡♥t à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳

▲✬ét❛♣❡ ❧✐♠✐t❛♥t❡ ❞❡✈r❛✐t êtr❡ ❧✬❛❝t✐✈❛t✐♦♥ Si(β)−H(α) ❞✉ s✐❧❛♥❡✱ q✉✐ ré❣é♥èr❡ ❧❡ ❝♦♠♣❧❡①❡

❤②❞r✉r❡ ✶ ❡t ❧✐❜èr❡ ❧❡ ♣r♦❞✉✐t ❧✐♥é❛✐r❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✳ ▲❡ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ t✐❡♥t ❞♦♥❝

✐❝✐ ❧❡ rô❧❡ ❞❡ ❝❛t❛❧②s❡✉r✳

❈❡♣❡♥❞❛♥t✱ ❧❡ r❡♥❞❡♠❡♥t ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ♣❛r ❧❡ ♠é❝❛♥✐s♠❡ ❆ ❞❡✈r❛✐t êtr❡ ❢❛✐❜❧❡ ❝❛r à

❝❤❛q✉❡ ❝②❝❧❡✱ ✉♥❡ q✉❛♥t✐té ✐♠♣♦rt❛♥t❡ ❞❡ ❝❛t❛❧②s❡✉r ❞❡✈r❛✐t êtr❡ ❞és❛❝t✐✈é❡ ♣❛r ❛❝t✐✈❛t✐♦♥

❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✳

❉❡ ♣❧✉s✱ ❧❛ ré❣é♥ér❛t✐♦♥ ❞❡ ❧✬❤②❞r✉r❡ ❡st ❡♥ ❝♦♠♣ét✐t✐♦♥ ❛✈❡❝ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡

s✐❧②❧❡ [Sm] − SiH2Ph ✭✸ph✮ ♣❛r ❧✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ ♣❤é♥②❧s✐❧❛♥❡✳ ▲❡ ❝♦♠♣❧❡①❡

s✐❧②❧❡ ✸ph ❞❡✈r❛✐t ❞♦♥❝ êtr❡ ❢♦r♠é q✉❛♥t✐t❛t✐✈❡♠❡♥t à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ✷✳ ❙✐

♥♦✉s ❞é♠♦♥tr♦♥s ♣❛r ❧❛ s✉✐t❡ q✉❡ ❝❡ ❝♦♠♣❧❡①❡ ♣❡r♠❡t ❞❡ ❝❛t❛❧②s❡r ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉

♣r♦♣è♥❡ s❡❧♦♥ ❧❡ ♠é❝❛♥✐s♠❡ ✓ ❛❧t❡r♥❛t✐❢ ✔ ❇✱ ❝♦♠♠❡ ❝✬❡st ❧❡ ❝❛s ♣♦✉r ❧❡s ❝♦♠♣❧❡①❡s ✸ ❡t

✸pri✱ ♥♦✉s ♣♦✉rr♦♥s ❛❧♦rs é❣❛❧❡♠❡♥t ❝♦♥s✐❞ér❡r ❧✬❤②❞r✉r❡ ❝♦♠♠❡ ✉♥ ♣ré❝❛t❛❧②s❡✉r✳

▲❡ ♣r♦✜❧ é♥❡r❣ét✐q✉❡ ❞❡s ré❛❝t✐♦♥s ♣♦✉✈❛♥t s❡ ♣r♦❞✉✐r❡ à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡

✶ ❡st s❝❤é♠❛t✐sé s✉r ❧❛ ✜❣✉r❡ ❈✳✸✷✳ ❈♦♠♠❡ ♥♦✉s ♣♦✉✈♦♥s ❧✬♦❜s❡r✈❡r✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s

❝♦♠♣❧❡①❡s ❛❧❧②❧❡ ❡t s✐❧②❧❡ ❡st très ❡①❡r❣♦♥✐q✉❡✳

❋✐❣✳ ❈✳✸✷✿ Pr♦✜❧ é♥❡r❣ét✐q✉❡ ❞❡s ré❛❝t✐♦♥s ♣♦✉✈❛♥t s❡ ♣r♦❞✉✐r❡ à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡
[Sm] − H ✭✶✮

✶✸✹



❊t✉❞❡ ❞✉ ♠é❝❛♥✐s♠❡ ❇

❆✐♥s✐ q✉✬✐❧ ❛ été ♠♦♥tré ❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ ♣ré❝é❞❡♥t✱ ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ [Sm]−SiH2Ph

✭✸ph✮ ♣❡✉t êtr❡ ❢♦r♠é ❡♥ ❞❡✉① ét❛♣❡s à ♣❛rt✐r ❞❡ ❧✬❤②❞r✉r❡ ✶✳ ▲✬♦❜❥❡❝t✐❢ ❞❡ ❝❡ ♣❛r❛❣r❛♣❤❡

❡st ❞❡ ✈ér✐✜❡r s✐ ❝❡ ❝♦♠♣♦sé ♣❡✉t ❝❛t❛❧②s❡r ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r PhSiH3 s❡❧♦♥

❧❡ ♠é❝❛♥✐s♠❡ ✓ ❛❧t❡r♥❛t✐❢ ✔ ❇✳

❘é❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ph ❆✜♥ ❞❡ ❝❛t❛❧②s❡r ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥✱ ❧❡ ❝♦♠♣❧❡①❡

s✐❧②❧❡ ❞♦✐t t♦✉t ❞✬❛❜♦r❞ ✐♥sér❡r ✉♥❡ ♠♦❧é❝✉❧❡ ❞❡ ♣r♦♣è♥❡ ❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥ ✶✱✷ ♦✉ ✷✱✶✳

❙❡❧♦♥ ♥♦s rés✉❧t❛ts ✭t❛❜❧❡ ❈✳✸✵✮✱ ❝❡s ❞❡✉① ré❛❝t✐♦♥s s♦♥t ❧é❣èr❡♠❡♥t ❡♥❞❡r❣♦♥✐q✉❡s✳ ▲❛

♣❧✉s ❢❛✈♦r❛❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t ❡st ❧✬✐♥s❡rt✐♦♥ ✶✱✷ ❀ ♣❛r ❝♦♥séq✉❡♥t ❧❡ ♣r♦❞✉✐t ❞✬✐♥s❡rt✐♦♥

[Sm]−CH2 −CH(SiH2Ph)−CH3 ✭✹ph✮ ❞❡✈r❛✐t êtr❡ ❢♦r♠é ♠❛❥♦r✐t❛✐r❡♠❡♥t✳ ▲✬✐♥s❡rt✐♦♥

✷✱✶ ♥✬ét❛♥t ❞é❢❛✈♦r✐sé❡ ❝✐♥ét✐q✉❡♠❡♥t q✉❡ ❞❡ ✷ ❦❝❛❧✳♠♦❧−1 ❡♥✈✐r♦♥ ♣❛r r❛♣♣♦rt à ❧✬✐♥s❡rt✐♦♥

✶✱✷✱ ❧❡ ♣r♦❞✉✐t [Sm] − CH(CH3) − CH2 − SiH2Ph ✭✹✬ph✮ ❞❡✈r❛✐t é❣❛❧❡♠❡♥t êtr❡ ❢♦r♠é

q✉❛♥t✐t❛t✐✈❡♠❡♥t✳ ❊♥✜♥✱ ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ♣♦✉rr❛✐t é❣❛❧❡♠❡♥t s❡ ♣r♦❞✉✐r❡✱

♠❡♥❛♥t à ❧❛ ❢♦r♠❛t✐♦♥ ♠✐♥♦r✐t❛✐r❡ ❞✉ ❝♦♠♣❧❡①❡ ❛❧❧②❧❡✳ ▲✬❛❝t✐✈❛t✐♦♥ Si(β) − H(α) ❡st

❢❛✈♦r❛❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t ♠❛✐s très ❡♥❞❡r❣♦♥✐q✉❡✱ ❡t ♥❡ ❞❡✈r❛✐t ❞♦♥❝ ♣❛s êtr❡ ♦❜s❡r✈é❡✳

❘é❛❝t✐♦♥ ∆G0 ∆G‡

■♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡ ✰✶✳✾ ✶✻✳✸
■♥s❡rt✐♦♥ ✷✱✶ ❞✉ ♣r♦♣è♥❡ ✰✹✳✾ ✶✽✳✽

❆❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ✲✺✳✻ ✷✶✳✵
❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ✵✳✵ ✷✹✳✵
❆❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ✰✽✳✼ ✶✽✳✽
❆❝t✐✈❛t✐♦♥ Si(β) − C(α) ❞✉ s✐❧❛♥❡ ✰✽✳✸ ✸✾✳✶

❆❝t✐✈❛t✐♦♥ C − H ❞✉ s✐❧❛♥❡ ✰✶✶✳✹ ✸✸✳✵

❚❛❜✳ ❈✳✸✵✿ ❊♥t❤❛❧♣✐❡s ❧✐❜r❡s ❞❡ ré❛❝t✐♦♥ ❡t ❜❛rr✐èr❡s ❞✬❛❝t✐✈❛t✐♦♥ ♣♦✉r ❧❡s ré❛❝t✐♦♥s ❡♥✈✐s❛❣é❡s à
♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ [Sm] − SiH2Ph ✭✸ph✮✳ ▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s s♦♥t ❡♥ ❦❝❛❧✳♠♦❧−1✳

▲❡s ❣é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s ❝♦♠♣❧❡①❡s ✹ph ❡t ✹✬ph s♦♥t ♣rés❡♥té❡s ✜❣✉r❡ ❈✳✸✸✳ ❉❛♥s

❝❤❛❝✉♥ ❞❡s ❝♦♠♣❧❡①❡s✱ ❧✬✉♥ ❞❡s ❤②❞r♦❣è♥❡s ❞✉ ❣r♦✉♣❡ s✐❧②❧❡ ❡st très ♣r♦❝❤❡ ❞✉ ♠ét❛❧✱ ♣❛r

❝♦♥séq✉❡♥t ❧❛ ❧✐❛✐s♦♥ Si−H ❝♦rr❡s♣♦♥❞❛♥t❡ s❡♠❜❧❡ êtr❡ γ✲❛❣♦st✐q✉❡✳ ❈❡❝✐ ❡st ❝♦♥✜r♠é ♣❛r

✉♥❡ ❛♥❛❧②s❡ ◆❇❖✱ q✉✐ ✐♥❞✐q✉❡ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥ ✉♥❡ ❧é❣èr❡ ❞é❧♦❝❛❧✐s❛t✐♦♥

❞❡ ❧❛ ❧✐❛✐s♦♥ Si − H ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞✉ ♠ét❛❧✳

❘é❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ ✹ph ❊♥ r❛✐s♦♥ ❞✉ ❝♦ût ❝❛❧❝✉❧❛t♦✐r❡ é❧❡✈é ❛ss♦❝✐é à ❧❛ t❛✐❧❧❡

✐♠♣♦rt❛♥t❡ ❞❡s s②stè♠❡s ❝♦♥s✐❞érés✱ ♥♦✉s ❛✈♦♥s ❞é❝✐❞é ❞❡ ♥♦✉s ❢♦❝❛❧✐s❡r s✉r ❝✐♥q ré❛❝t✐♦♥s ✿

❧✬✐♥s❡rt✐♦♥ ✶✱✷ ❡t ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✱ ❡t ❧❡s ❛❝t✐✈❛t✐♦♥s Si − H ❡t C − H ❞✉

s✐❧❛♥❡✳ ◆♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞❡ ♥é❣❧✐❣❡r ❧✬✐♥s❡rt✐♦♥ ✷✱✶ ❞✉ ♣r♦♣è♥❡✱ ❡♥ s✉♣♣♦s❛♥t q✉✬❡❧❧❡ s❡r❛

✶✸✺



❋✐❣✳ ❈✳✸✸✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s ❝♦♠♣❧❡①❡s ✹ph ✭❣❛✉❝❤❡✮ ❡t ✹✬ph ✭❞r♦✐t❡✮✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t
❡♥ ➴✳

❞é❢❛✈♦r✐sé❡ ♣❛r r❛♣♣♦rt à ❧✬✐♥s❡rt✐♦♥ ✷✱✶✳ ❆✐♥s✐ q✉❡ ♥♦✉s ❧✬❛✈♦♥s ♦❜s❡r✈é ♣ré❝é❞❡♠♠❡♥t✱

❧✬❛❝t✐✈❛t✐♦♥ Si(β)−C(α) ❞✉ s✐❧❛♥❡ ❡st ❧❛ ♣❧✉♣❛rt ❞✉ t❡♠♣s ❞é❢❛✈♦r✐sé❡✱ ✈♦✐r❡ ✐♥❛❝❝❡ss✐❜❧❡

❝✐♥ét✐q✉❡♠❡♥t ❀ ♥♦✉s ❛✈♦♥s ❞♦♥❝ s✉♣♣♦sé q✉✬❡❧❧❡ ♥❡ s❡r❛ ♣❛s ❝♦♠♣ét✐t✐✈❡✳

❚r♦✐s ❞❡s ré❛❝t✐♦♥s ❝♦♥s✐❞éré❡s ❝♦♥❞✉✐s❡♥t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❜r❛♥❝❤é ❞✬❤②❞r♦✲

s✐❧②❧❛t✐♦♥ ✿ ❧✬❛❝t✐✈❛t✐♦♥ Si(α)−H(β) ❞✉ s✐❧❛♥❡✱ ❧✬❛❝t✐✈❛t✐♦♥ C−H ❞✉ s✐❧❛♥❡ ❡t ❧✬❛❝t✐✈❛t✐♦♥

❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✳ ❈❡♣❡♥❞❛♥t✱ s❡✉❧❡ ❧❛ ♣r❡♠✐èr❡ ♣❡r♠❡t ❧❛ ré❣é♥ér❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡

s✐❧②❧❡ ✸ph✳

▲❡s ❝❛r❛❝tér✐st✐q✉❡s é♥❡r❣ét✐q✉❡s ❝❛❧❝✉❧é❡s ♣♦✉r ❧❡s ❝✐♥q ré❛❝t✐♦♥s ❝♦♥s✐❞éré❡s s♦♥t

r❛ss❡♠❜❧é❡s ❞❛♥s ❧❛ t❛❜❧❡ ❈✳✸✶✳ ▲✬♦r❞r❡ ré❛❝t✐♦♥♥❡❧ ♦❜s❡r✈é ❡st s✐♠✐❧❛✐r❡ à ❝❡❧✉✐ ♦❜t❡♥✉ ♣♦✉r

❧❡ ❝♦♠♣♦sé ♣r♦♣②❧❡ ✷✳ ▲❛ ré❛❝t✐♦♥ ❧❛ ♣❧✉s ❢❛✈♦r❛❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t ❡st ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡

❞✉ ♣r♦♣è♥❡✱ ♣❛r ❝♦♥séq✉❡♥t ❧❡ ♣r♦❞✉✐t ❜r❛♥❝❤é ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞❡✈r❛✐t êtr❡ ❢♦r♠é ❞❡

❢❛ç♦♥ q✉❛♥t✐t❛t✐✈❡✱ ♠❛✐s ❧❛ ♠❛❥♦r✐té ❞✉ ❝❛t❛❧②s❡✉r ❞❡✈r❛✐t êtr❡ ❞és❛❝t✐✈é❡✳ ▲✬❛❝t✐✈❛t✐♦♥

Si(α) − H(β) ❞✉ s✐❧❛♥❡ ét❛♥t ❞é❢❛✈♦r✐sé❡ ❝✐♥ét✐q✉❡♠❡♥t ❞❡ ♠♦✐♥s ❞❡ ✷ ❦❝❛❧✳♠♦❧−1✱ ❧❛

ré❣é♥ér❛t✐♦♥ ♣❛rt✐❡❧❧❡ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ph ❞❡✈r❛✐t t♦✉t❡❢♦✐s êtr❡ ♦❜s❡r✈é❡✳ P❛r ❛✐❧❧❡✉rs✱

❧❛ ré❛❝t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ Si(β) − H(α) ❡st é❣❛❧❡♠❡♥t ❝♦♠♣ét✐t✐✈❡✱ s✐ ❜✐❡♥ q✉❡ ❧❡ ❝♦♠♣❧❡①❡

❤②❞r✉r❡ ✶ ♣♦✉rr❛✐t êtr❡ ❢♦r♠é ❡t ❧❡ ❞✐s✐❧❛♥❡ SiH2Ph−CH2−CH(SiH2Ph)−CH3 ❧✐❜éré✳

❊♥✜♥✱ ❧✬✐♥s❡rt✐♦♥ ❞✬✉♥❡ s❡❝♦♥❞❡ ♠♦❧é❝✉❧❡ ❞❡ ♣r♦♣è♥❡ ♣♦✉rr❛✐t é❣❛❧❡♠❡♥t s❡ ♣r♦❞✉✐r❡ ❞❡

❢❛ç♦♥ ♠✐♥♦r✐t❛✐r❡✳

❘é❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ ✹✬ph ▲❡s ❝♦♠♣♦sés ✹ph ❡t ✹✬ph ♥❡ ❞✐✛ér❛♥t q✉❡ ♣❛r ❧❛

♣♦s✐t✐♦♥ ❞✬✉♥ ❣r♦✉♣❡♠❡♥t ♠ét❤②❧❡✱ ❧❡✉rs ré❛❝t✐✈✐tés ❞❡✈r❛✐❡♥t êtr❡ ♣r♦❝❤❡s✱ ❡t ❧✬♦r❞r❡

ré❛❝t✐♦♥♥❡❧ ❞ét❡r♠✐♥é ♣♦✉r ❧❡ ❝♦♠♣❧❡①❡ ✹ph ❞❡✈r❛✐t êtr❡ ❣❧♦❜❛❧❡♠❡♥t ❝♦♥s❡r✈é ♣♦✉r ❧❡

❝♦♠♣❧❡①❡ ✹✬ph✳ ❆✜♥ ❞❡ ❧✐♠✐t❡r ❧❡ ❝♦ût ❝❛❧❝✉❧❛t♦✐r❡✱ s❡✉❧❡ ❧✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉

s✐❧❛♥❡ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ✹✬ph✱ q✉✐ ré❣é♥èr❡ ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ph ❡t ❧✐❜èr❡ ❧❡ ♣r♦❞✉✐t ❧✐♥é❛✐r❡

✶✸✻



❘é❛❝t✐♦♥ ∆G0 ∆G‡

■♥s❡rt✐♦♥ ✶✱✷ ❞✉ ♣r♦♣è♥❡ ✰✸✳✽ ✷✹✳✻
❆❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡ ✲✷✵✳✻ ✷✶✳✼

❆❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡ ✲✶✺✳✵ ✷✸✳✺
❆❝t✐✈❛t✐♦♥ Si(β) − H(α) ❞✉ s✐❧❛♥❡ ✰✵✳✺ ✷✹✳✽

❆❝t✐✈❛t✐♦♥ C − H ❞✉ s✐❧❛♥❡ ✲✸✳✻ ✷✾✳✹

❚❛❜✳ ❈✳✸✶✿ ❊♥t❤❛❧♣✐❡s ❧✐❜r❡s ❞❡ ré❛❝t✐♦♥ ❡t ❜❛rr✐èr❡s ❞✬❛❝t✐✈❛t✐♦♥ ♣♦✉r ❧❡s ré❛❝t✐♦♥s ❡♥✈✐s❛❣é❡s
à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ [Sm] − CH2 − CH(SiH2Ph) − CH3 ✭✹ph✮✳ ▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s s♦♥t ❡♥
❦❝❛❧✳♠♦❧−1✳

❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✱ ❛ été ét✉❞✐é❡✳ ❉✬❛♣rès ♥♦s ❝❛❧❝✉❧s✱ ❝❡tt❡ ré❛❝t✐♦♥ ❡st ❡①❡r❣♦♥✐q✉❡ ❞❡ ✶✾✳✹

❦❝❛❧✳♠♦❧−1 ❡t s❛ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ❡st ✷✷✳✵ ❦❝❛❧✳♠♦❧−1✱ ❝❡ q✉✐ ❡st ♣r♦❝❤❡ ❞❡ ❧❛ ✈❛❧❡✉r

♦❜t❡♥✉❡ ♣♦✉r ✹ph✳

Pr♦✜❧ é♥❡r❣ét✐q✉❡ ❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ph ♣❡✉t ❞♦♥❝ ❝❛t❛❧②s❡r

❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r ❧❡ ♣❤é♥②❧s✐❧❛♥❡ s✉✐✈❛♥t ❧❡ ♠é❝❛♥✐s♠❡ ✓ ❛❧t❡r♥❛t✐❢ ✔ ❇✳

▲❛ ✜❣✉r❡ ❈✳✸✹ ♣rés❡♥t❡ ❧❡ ♣r♦✜❧ é♥❡r❣ét✐q✉❡ ❞❡ ❝❡tt❡ ré❛❝t✐♦♥✳ ❈❡❧❧❡✲❝✐ ❡st ❣❧♦❜❛❧❡♠❡♥t

❡①❡r❣♦♥✐q✉❡ ❞❡ ✶✸✳✶ ❦❝❛❧✳♠♦❧−1 ✭❢♦r♠❛t✐♦♥ ❞❡ ❧✬✐s♦♠èr❡ ❜r❛♥❝❤é✮ ♦✉ ✶✹✳✺ ❦❝❛❧✳♠♦❧−1 ✭❢♦r✲

♠❛t✐♦♥ ❞❡ ❧✬✐s♦♠èr❡ ❧✐♥é❛✐r❡✮✳ ▲❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ph ❡st très ❡①❡r❣♦♥✐q✉❡✱

s✐ ❜✐❡♥ q✉❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ s❡ ♣r♦❞✉✐t ❡♥s✉✐t❡ ❡♥t✐èr❡♠❡♥t s♦✉s ❧❛ ✈♦✐❡ ❞✬❡♥tré❡✳ ❯♥❡ ❢♦✐s

❧❡ ❝❛t❛❧②s❡✉r ❢♦r♠é✱ ❧❛ ré❛❝t✐♦♥ ❞❡✈r❛✐t ❞♦♥❝ êtr❡ ✐♠♠é❞✐❛t❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳

▲✬ét❛♣❡ ❧✐♠✐t❛♥t ❧❛ ❢réq✉❡♥❝❡ ❞❡ t✉r♥✲♦✈❡r ❡st ❧✬❛❝t✐✈❛t✐♦♥ Si(α) − H(β) ❞✉ s✐❧❛♥❡✳

◗✉✐❞ ❞❡ ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❄ ❆✐♥s✐ q✉❡ ♥♦✉s ♣♦✉✈♦♥s ❧✬♦❜s❡r✈❡r s✉r ❧❛ ✜❣✉r❡ ❈✳✸✹✱ ❧❡

❝❤❡♠✐♥ ré❛❝t✐♦♥♥❡❧ q✉✐ ❝♦♠♠❡♥❝❡ ♣❛r ❧✬✐♥s❡rt✐♦♥ ✷✱✶ ❞✉ ♣r♦♣è♥❡✱ ❡st ❧é❣èr❡♠❡♥t ❞é❢❛✈♦✲

r❛❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t✱ ❡t ♣❛ss❡ ♣❛r ✉♥ ✐♥t❡r♠é❞✐❛✐r❡ ✹✬ph ♠♦✐♥s st❛❜❧❡ q✉❡ ✹ph✳ ▲❡ ♣r♦❞✉✐t

❜r❛♥❝❤é ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✱ ❜✐❡♥ q✉❡ ♠♦✐♥s st❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t q✉❡ ❧✬✐s♦♠èr❡ ❧✐✲

♥é❛✐r❡✱ ❞❡✈r❛✐t ❞♦♥❝ êtr❡ ❧é❣èr❡♠❡♥t ♠❛❥♦r✐t❛✐r❡✳ ❚♦✉t❡❢♦✐s✱ ❧❡s ❞❡✉① ❝❤❡♠✐♥s ré❛❝t✐♦♥♥❡❧s

ét❛♥t très ♣r♦❝❤❡s é♥❡r❣ét✐q✉❡♠❡♥t✱ ✉♥❡ ❧é❣èr❡ ♠♦❞✐✜❝❛t✐♦♥ ❞❡s ❝♦♥❞✐t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s

♣❡✉t ❛✈♦✐r ✉♥ ✐♠♣❛❝t ✐♠♣♦rt❛♥t s✉r ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❞❡ ❧❛ ré❛❝t✐♦♥✳

❇✐❧❛♥

❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r ❧❡ ♣❤é♥②❧s✐❧❛♥❡ ❡♥ ♣rés❡♥❝❡ ❞✉

❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ✶ ❡st ♣♦ss✐❜❧❡✳ ❊❧❧❡ ♣❡✉t s❡ ♣r♦❞✉✐r❡ s♦✐t ♣❛r ❧❡ ♠é❝❛♥✐s♠❡ ❆✱ ❝❛t❛❧②sé

❞✐r❡❝t❡♠❡♥t ♣❛r ❧✬❤②❞r✉r❡ ✶✱ s♦✐t ♣❛r ❧❡ ♠é❝❛♥✐s♠❡ ❇✱ ♣♦✉r ❧❡q✉❡❧ ❧✬❡s♣è❝❡ ❛❝t✐✈❡ ❡st ❧❡

❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ph ❢♦r♠é ✐♥ s✐t✉✳

❊♥ ❡✛❡t✱ ❛♣rès ✉♥❡ ♣r❡♠✐èr❡ ✐♥s❡rt✐♦♥ ❞❡ ♣r♦♣è♥❡✱ ❧❡ ❝♦♠♣❧❡①❡ ♣r♦♣②❧❡ ❛✐♥s✐ ❢♦r♠é

♣❡✉t ❛❝t✐✈❡r ✉♥❡ ❧✐❛✐s♦♥ Si − H ❞✉ s✐❧❛♥❡ ❛✈❡❝ ❧❡s ❞❡✉① ♦r✐❡♥t❛t✐♦♥s Si(α) − H(β) ♦✉

Si(β)−H(α) ✭❝❢✳ s❝❤é♠❛✮✳ ▲❛ ♣r❡♠✐èr❡ ré❛❝t✐♦♥ ré❣é♥èr❡ ❧❡ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ ✶ ❡t ❧✐❜èr❡ ❧❡

✶✸✼



❋✐❣✳ ❈✳✸✹✿ Pr♦✜❧ é♥❡r❣ét✐q✉❡ ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r PhSiH3 ❝❛t❛❧②sé❡ ♣❛r ❧❡ ❝♦♠✲
♣❧❡①❡ s✐❧②❧❡ [Sm] − SiH2Ph ✭✸ph✮ s✉✐✈❛♥t ❧❡ ♠é❝❛♥✐s♠❡ ❇✳ P♦✉r ♣❧✉s ❞❡ ❝❧❛rté✱ ❧❡s ♠♦❧é❝✉❧❡s
♦r❣❛♥✐q✉❡s ♥❡ s♦♥t ♣❛s r❡♣rés❡♥té❡s ✭à ❧✬❡①❝❡♣t✐♦♥ ❞❡s ♣r♦❞✉✐ts ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✮✳

♣r♦❞✉✐t ❧✐♥é❛✐r❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ ❛✉ ♠é❝❛♥✐s♠❡ ❆✳ ▲❛ s❡❝♦♥❞❡ ♣❡r♠❡t

❞❡ ❢♦r♠❡r ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ✸ph✱ q✉✐ à s♦♥ t♦✉r ♣♦✉rr❛ ❝❛t❛❧②s❡r ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ s✉✐✈❛♥t

❧❡ ♠é❝❛♥✐s♠❡ ❇✳ ▲❡ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ t✐❡♥t ❞♦♥❝ à ❧❛ ❢♦✐s ❧❡ rô❧❡ ❞❡ ❝❛t❛❧②s❡✉r ♣♦✉r ❧❡

♠é❝❛♥✐s♠❡ ❆ ❡t ❞❡ ♣ré❝❛t❛❧②s❡✉r ♣♦✉r ❧❡ ♠é❝❛♥✐s♠❡ ❇✳

▲❡ ❢❛✐t q✉❡ ❧❡ ♠é❝❛♥✐s♠❡ ❆ s♦✐t ❝♦♠♣ét✐t✐❢ ❡st s♣é❝✐✜q✉❡ ❞✉ ♣❤é♥②❧s✐❧❛♥❡✳ ❊♥ ❡✛❡t✱

❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡ ♣❛r ✉♥ ❣r♦✉♣❡♠❡♥t ♣❤é♥②❧❡ ♣❡r♠❡t ❞❡ st❛❜✐❧✐s❡r ❧❡s ét❛ts ❞❡

tr❛♥s✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ Si(β) − H(α)✱ q✉✐ ❝♦♥❞✉✐s❡♥t à ❧❛ ré❣é♥ér❛t✐♦♥ ❞❡ ❧✬❤②❞r✉r❡✳

❆✐♥s✐ q✉❡ ♥♦✉s ♣♦✉✈♦♥s ❧✬♦❜s❡r✈❡r s✉r ❧❡ s❝❤é♠❛ ❈✳✸✺✱ ❧❡s ❞❡✉① ♠é❝❛♥✐s♠❡s s♦♥t ✐♥t❡r✲

❝♦♥♥❡❝tés ❡t ✐❧ ❡st ❛✐sé ❞❡ ♣❛ss❡r ❞❡ ❧✬✉♥ à ❧✬❛✉tr❡✳ ❉❛♥s t♦✉s ❧❡s ❝❛s✱ ❛♣rès ✉♥ ♣r❡♠✐❡r ❝②❝❧❡✱

❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞❡✈r❛✐t s❡ ♣r♦❞✉✐r❡ ❡♥t✐èr❡♠❡♥t s♦✉s ❧❛ ✈♦✐❡ ❞✬❡♥tré❡ ❡t ❞❡✈r❛✐t ❞♦♥❝ êtr❡

r❛♣✐❞❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳ ▲✬✐s♦♠èr❡ ❧✐♥é❛✐r❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞❡✈r❛✐t êtr❡ ❢♦r♠é

♠❛❥♦r✐t❛✐r❡♠❡♥t ❝❛r ✐❧ ❡st ❧❡ ♣r♦❞✉✐t ❡①❝❧✉s✐❢ ❞✉ ♠é❝❛♥✐s♠❡ ❆ ❀ ❝❡♣❡♥❞❛♥t ❧❛ ❢♦r♠❛t✐♦♥ ❞❡

❧✬✐s♦♠èr❡ ❜r❛♥❝❤é ♣❛r ❧❡ ♠é❝❛♥✐s♠❡ ❇ ❞❡✈r❛✐t é❣❛❧❡♠❡♥t êtr❡ ♦❜s❡r✈é❡✳

❈♦♠♠❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ♣❡✉t s❡ ♣r♦❞✉✐r❡ ♣❛r ❧❡s ❞❡✉① ♠é❝❛♥✐s♠❡s ❆ ❡t ❇✱ ❧❡ r❡♥❞❡✲

♠❡♥t ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r ❧❡ ♣❤é♥②❧s✐❧❛♥❡ ❞❡✈r❛✐t ❞♦♥❝ êtr❡ ♣❧✉s é❧❡✈é q✉❡

❞❛♥s ❧❡ ❝❛s ❞✉ ♠ét❤②❧❡s✐❧❛♥❡✳ ▲❡ r❡♥❞❡♠❡♥t ❞❡✈r❛✐t t♦✉t❡❢♦✐s r❡st❡r ♠♦❞❡st❡✱ ❝❛r à ❝❤❛q✉❡

❝②❝❧❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✱ q✉❡❧ q✉❡ s♦✐t ❧❡ ♠é❝❛♥✐s♠❡✱ ✉♥❡ ♣❛rt ✐♠♣♦rt❛♥t❡ ❞✉ ❝❛t❛❧②s❡✉r
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❞❡✈r❛✐t êtr❡ ❞és❛❝t✐✈é❡ ♣❛r ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✳

❋✐❣✳ ❈✳✸✺✿ ▼é❝❛♥✐s♠❡ ❝♦♠♣❧❡t ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r PhSiH3 ❡♥ ♣rés❡♥❝❡ ❞❡ [Sm]−H

❈♦♥❝❧✉s✐♦♥

❉✬❛♣rès ❝❡tt❡ ét✉❞❡✱ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡ ♣❡✉t ❛✈♦✐r ❞❡s ❝♦♥séq✉❡♥❝❡s ✐♠♣♦rt❛♥t❡s

t❛♥t ❛✉ ♥✐✈❡❛✉ ❞✉ ♠é❝❛♥✐s♠❡ ♣ré❢ér❡♥t✐❡❧ ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ q✉❡ ❞✉ r❡♥❞❡♠❡♥t ✜♥❛❧✳ ❊♥

❡✛❡t✱ ❧❡s ♣r♦♣r✐étés é❧❡❝tr♦♥✐q✉❡s ❞❡s ❛❧❦②❧s✐❧❛♥❡s MenSiH4−n (n = 1...3) ❡t ❞✉ ♣❤é♥②❧s✐✲

❧❛♥❡ PhSiH3 s♦♥t très ❞✐✛ér❡♥t❡s ❞❡ ❝❡❧❧❡s ❞❡ SiH4✳ ❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ♦❜s❡r✈é✱ q✉❡❧ q✉❡

s♦✐t ❧❡ s✉❜st✐t✉❛♥t ✭Me ♦✉ Ph✮✱ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡ ❡♥tr❛î♥❡ ✉♥❡ ❞ést❛❜✐❧✐s❛t✐♦♥ ❞❡s

ét❛ts ❞❡ tr❛♥s✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ Si(α) −H(β)✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡

s✐❧②❧❡ ❞❡✈✐❡♥t ❞❡ ♠♦✐♥s ❡♥ ♠♦✐♥s ❢❛✈♦r❛❜❧❡ ❛✈❡❝ ❧❛ s✉❜st✐t✉t✐♦♥ ❀ ❞❡ ♠ê♠❡ ❧❡ r❡♥❞❡♠❡♥t

❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ♣❛r ❧❡ ♠é❝❛♥✐s♠❡ ✓ ❛❧t❡r♥❛t✐❢ ✔ ❇ ❞✐♠✐♥✉❡✳ ❈❡❝✐ ♣❡r♠❡t ❞✬❡①♣❧✐q✉❡r

❧❛ t❡♥❞❛♥❝❡ ♦❜s❡r✈é❡ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✱ s❡❧♦♥ ❧❛q✉❡❧❧❡ ❧❡ r❡♥❞❡♠❡♥t ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥

❞✐♠✐♥✉❡ ❛✈❡❝ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡ ♣❛r ❞❡s ❣r♦✉♣❡s ♠ét❤②❧❡✳

❉❛♥s ❧❡ ❝❛s ♣❛rt✐❝✉❧✐❡r ❞✉ ♣❤é♥②❧s✐❧❛♥❡✱ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡ ♣❛r ❧❡ ❣r♦✉♣❡♠❡♥t

♣❤é♥②❧❡ ✐♥❞✉✐t ✉♥❡ st❛❜✐❧✐s❛t✐♦♥ ❞❡s ét❛ts ❞❡ tr❛♥s✐t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ Si(β) − H(α)✳ P❛r

❝♦♥séq✉❡♥t✱ ❧❛ ré❣é♥ér❛t✐♦♥ ❞❡ ❧✬❤②❞r✉r❡ ❞❡✈✐❡♥t ❝♦♠♣ét✐t✐✈❡✳ ▲✬❤②❞r♦s✐❧②❧❛t✐♦♥ ♣❡✉t ❛❧♦rs
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s❡ ♣r♦❞✉✐r❡ ♣❛r ❧❡ ♠é❝❛♥✐s♠❡ ❆ ♣♦st✉❧é ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✳ ❈✬❡st ♣♦✉rq✉♦✐ ❧❡ ♣❤é♥②❧s✐✲

❧❛♥❡ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ❞❡s r❡♥❞❡♠❡♥ts ♣❧✉s é❧é✈és q✉❡ ❧❡s s✐❧❛♥❡s n✲❧✐♥é❛✐r❡s✳ ❊♥ ♦✉tr❡✱ ❧❡

♠é❝❛♥✐s♠❡ ❆ ❝♦♥❞✉✐t ❡①❝❧✉s✐✈❡♠❡♥t ❛✉ ♣r♦❞✉✐t ❧✐♥é❛✐r❡ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✱ t❛♥❞✐s q✉❡ ❧❡

♠é❝❛♥✐s♠❡ ❇ ❝♦♥❞✉✐t ♣ré❢ér❡♥t✐❡❧❧❡♠❡♥t à ❧✬✐s♦♠èr❡ ❜r❛♥❝❤é✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❛ ré❣✐♦sé✲

❧❡❝t✐✈✐té ❣❧♦❜❛❧❡ ❡st très ❞✐✣❝✐❧❡ à ♣ré✈♦✐r✱ ❡t ❞é♣❡♥❞r❛ ❞❡ ❧❛ ❝♦♠♣ét✐t✐✈✐té ❡♥tr❡ ❧❡s ❞❡✉①

♠é❝❛♥✐s♠❡s✳

❉✬❛♣rès ❝❡s rés✉❧t❛ts✱ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s s✐❧❛♥❡s s✉❜st✐t✉és ♣❛r SiH4 ❡st ✐♥s✉✣s❛♥t❡✳

❈❡♣❡♥❞❛♥t✱ ❡❧❧❡ ❛ ♣❡r♠✐s ❞❡ ♠❡ttr❡ à ❥♦✉r ❧❛ ♣♦ss✐❜✐❧✐té ❞✬✉♥ ♠é❝❛♥✐s♠❡ ❛❧t❡r♥❛t✐❢✱ q✉✐ ❡st

❧❡ s❡✉❧ ♣♦ss✐❜❧❡ ❞❛♥s ❧❡ ❝❛s ❞✉ ♠ét❤②❧s✐❧❛♥❡ ❡t✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉ ♣♦st✉❧❛t ❡①♣ér✐♠❡♥t❛❧✱

❡st ❝♦♠♣ét✐t✐❢ ❞❛♥s ❧❡ ❝❛s ❞✉ ♣❤é♥②❧s✐❧❛♥❡✳

❈✳✺ ❈♦♥❝❧✉s✐♦♥

❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ♥♦✉s ❛✈♦♥s ét✉❞✐é ❣râ❝❡ à ❞❡s ♠ét❤♦❞❡s t❤é♦r✐q✉❡s ❧❛ ré❛❝t✐♦♥ ❞✬❤②✲

❞r♦s✐❧②❧❛t✐♦♥ ❝❛t❛❧②t✐q✉❡ ❞❡s ❛❧❝è♥❡s ♣❛r ❞❡s ❝♦♠♣❧❡①❡s ❞❡ s❛♠❛r✐✉♠✳ ❆✜♥ ❞❡ ❝♦♠♣r❡♥❞r❡

❧❡ ♠é❝❛♥✐s♠❡ ❞❡ ❝❡tt❡ ré❛❝t✐♦♥✱ ❞❡✉① ❝②❝❧❡s ❝❛t❛❧②t✐q✉❡s ♦♥t été ❝♦♥s✐❞érés✳ ▲❡ ♣r❡♠✐❡r✱

❝❛t❛❧②sé ♣❛r ❧✬❤②❞r✉r❡ ❞❡ s❛♠❛r♦❝è♥❡✱ ❝♦♥❞✉✐t ♣ré❢ér❡♥t✐❡❧❧❡♠❡♥t ❛✉ ♣r♦❞✉✐t ❧✐♥é❛✐r❡ ❞✬❤②✲

❞r♦s✐❧②❧❛t✐♦♥✳ ❈❡♣❡♥❞❛♥t✱ ✉♥ s❡❝♦♥❞ ♠é❝❛♥✐s♠❡ ✓ ❛❧t❡r♥❛t✐❢ ✔ ♣❡✉t êtr❡ ❡♥✈✐s❛❣é✱ ♣♦✉r

❧❡q✉❡❧ ❧✬❡s♣è❝❡ ❛❝t✐✈❡ ❡st ✉♥ ❝♦♠♣❧❡①❡ s✐❧②❧❡✱ ❢♦r♠é ✐♥ s✐t✉✳ ❈♦♥tr❛✐r❡♠❡♥t ❛✉ ♣♦st✉❧❛t

❡①♣ér✐♠❡♥t❛❧✱ ♥♦✉s ❛✈♦♥s ♣✉ ♠♦♥tr❡r✱ à ♣❛rt✐r ❞❡ ❧✬ét✉❞❡ ❞✬✉♥ s②stè♠❡ ♠♦❞è❧❡ ④♣r♦♣è♥❡

✰ SiH4⑥✱ q✉❡ ❧❡ ♠é❝❛♥✐s♠❡ ✓ ❛❧t❡r♥❛t✐❢ ✔ ❡st ❝♦♠♣ét✐t✐❢✳ ❈❡❝✐ ♣❡r♠❡t ❛❧♦rs ❞❡ ❥✉st✐✜❡r ❧❛

❢♦r♠❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❜r❛♥❝❤é ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥✱ ♦❜s❡r✈é❡ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✳ ❊♥ ♦✉tr❡✱

♥♦✉s ❛✈♦♥s ♣✉ ✐❞❡♥t✐✜❡r ✉♥❡ ré❛❝t✐♦♥ ♣❛r❛s✐t❡✱ ❧✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❞❡ ❧✬❛❧❝è♥❡✱ q✉✐ s❡❧♦♥

♥♦s rés✉❧t❛ts ❞❡✈r❛✐t ❝♦♥❞✉✐r❡ à ❧❛ ❞és❛❝t✐✈❛t✐♦♥ ❞✬✉♥❡ ♣❛rt ✐♠♣♦rt❛♥t❡ ❞✉ ❝❛t❛❧②s❡✉r✳

▲✬ét✉❞❡ ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ✶✲❤❡①è♥❡ ❡t ❞❡ ❧✬✐s♦❜✉tè♥❡ ♣❛r SiH4 ♥♦✉s ❛ ♣❡r♠✐s

❞✬❛♥❛❧②s❡r ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ s✉❜t✐t✉t✐♦♥ ❞❡ ❧✬❛❧❝è♥❡ s✉r ❧❡ r❡♥❞❡♠❡♥t ❡t ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té

❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥✳ ❉✬❛♣rès ♥♦s ❝❛❧❝✉❧s✱ ❧❡s ❞✐✛ér❡♥❝❡s ❞❡ ré❛❝t✐✈✐té ❡♥tr❡ ❧❡ ♣r♦♣è♥❡ ❡t ❧❡s

❛❧❝è♥❡s s✉❜st✐t✉és ét✉❞✐és s♦♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞✉❡s à ❞❡s ❡✛❡ts stér✐q✉❡s✳ ❉❛♥s ❧❡ ❝❛s ❞❡

❧✬❤❡①è♥❡✱ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ❜❛rr✐èr❡s ❞❡ ❧❛ ré❛❝t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ ❛❧❧②❧✐q✉❡ ❡st ♦❜s❡r✈é❡✱

s✐ ❜✐❡♥ q✉❡ ❧❡ r❡♥❞❡♠❡♥t ❞❡✈r❛✐t ❛✉❣♠❡♥t❡r ♣❛r r❛♣♣♦rt ❛✉ ♣r♦♣è♥❡✳ ❊♥ r❡✈❛♥❝❤❡✱ ❡♥ ❝❡

q✉✐ ❝♦♥❝❡r♥❡ ❧✬✐s♦❜✉tè♥❡✱ ❧❛ s✉❜s✐t✉t✐♦♥ ❞❡ ❧❛ ❞♦✉❜❧❡ ❧✐❛✐s♦♥ ❞ést❛❜✐❧✐s❡ é❣❛❧❡♠❡♥t ❧❡s ét❛ts

❞❡ tr❛♥s✐t✐♦♥ ❞✬✐♥s❡rt✐♦♥✱ ❝❡ q✉✐ ❞❡✈r❛✐t ✐♥❞✉✐r❡ ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❝♦♥séq✉❡♥t❡ ❞✉ r❡♥❞❡♠❡♥t✳

❈♦♥❢♦r♠é♠❡♥t ❛✉① ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✱ ❧❡ r❡♥❞❡♠❡♥t ❝❛t❛❧②t✐q✉❡ ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥

❞❡✈r❛✐t ❞♦♥❝ êtr❡ ❞✬❛✉t❛♥t ♣❧✉s ❢❛✐❜❧❡ q✉❡ ❧❛ ❞♦✉❜❧❡ ❧✐❛✐s♦♥ ❡st ❡♥❝♦♠❜ré❡✳

❆✜♥ ❞✬❛♥❛❧②s❡r ❧✬❡✛❡t ❞❡ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ❡♥s✉✐t❡ ✐♥tér❡ssés

à ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r ❞❡s ❛❧❦②❧s✐❧❛♥❡s ❡t ❧❡ ♣❤é♥②❧s✐❧❛♥❡✳ ❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱

❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ SiH4 ❡t ❧❡s s✐❧❛♥❡s s✉❜st✐t✉és ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t é❧❡❝tr♦♥✐q✉❡✳ ❊♥ ❛❝❝♦r❞
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❛✈❡❝ ❧❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉①✱ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡ ♣❛r ❞❡s ❣r♦✉♣❡s ❛❧❦②❧❡ ❞❡✈r❛✐t

✐♥❞✉✐r❡ ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❝♦♥séq✉❡♥t❡ ❞✉ r❡♥❞❡♠❡♥t ❝❛t❛❧②t✐q✉❡✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧✬✉t✐❧✐s❛t✐♦♥

❞✉ ♣❤é♥②❧s✐❧❛♥❡ ♣❡r♠❡t ❞❡ ❢❛✈♦r✐s❡r ❧❛ ❝❛t❛❧②s❡ ♣❛r ❧✬❤②❞r✉r❡ ❞❡ s❛♠❛r♦❝è♥❡✱ ❡t ❞♦♥♥❡

❞♦♥❝ ❞❡s ♠❡✐❧❧❡✉rs rés✉❧t❛ts q✉❡ ❧❡s ❛❧❦②❧s✐❧❛♥❡s✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té ❞❡ ❧✬❤②❞r♦s✐❧②❧❛t✐♦♥✱ ❛✉❝✉♥❡ ❝♦♥❝❧✉s✐♦♥ ❞é✜♥✐t✐✈❡

♥✬❛ ♣✉ êtr❡ ❛rrêté❡✳ ❊♥ ❡✛❡t✱ ❝❡❧❧❡✲❝✐ ❡st ❞✐r❡❝t❡♠❡♥t ❧✐é❡ à ❧✬♦r✐❡♥t❛t✐♦♥ ❞❡ ❧✬❛❧❝è♥❡ ❧♦rs ❞❡

s♦♥ ✐♥s❡rt✐♦♥✳ ❖r✱ ❞❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s ❝❛s ❝♦♥s✐❞érés✱ ❧❛ ❞✐✛ér❡♥❝❡ é♥❡r❣ét✐q✉❡ ❡♥tr❡ ❧❡s

❞❡✉① ♦r✐❡♥t❛t✐♦♥s ✐♥s✉✣s❛♥t❡ ♣♦✉r ❣❛r❛♥t✐r ❧❛ ❢♦r♠❛t✐♦♥ ♣ré♣♦♥❞ér❛♥t❡ ❞❡ ❧✬✉♥ ❞❡s ✐s♦✲

♠èr❡s✳ ❈✬❡st ♣♦✉rq✉♦✐ ❞❡ ❧é❣❡rs ❝❤❛♥❣❡♠❡♥ts ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s ♣❡✉✈❡♥t

❝♦♥❞✉✐r❡ à ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❝♦♥séq✉❡♥t❡s ❞❡ ❧❛ ré❣✐♦sé❧❡❝t✐✈✐té✳ ❊♥ ♦✉tr❡✱ ❝❡ rés✉❧t❛t ♣❡r✲

♠❡t ❞✬❡①♣❧✐q✉❡r ♣♦✉rq✉♦✐ ❧❛ ♠✐s❡ ❛✉ ♣♦✐♥t ❞✬✉♥❡ ♣r♦❝é❞✉r❡ ❡①♣ér✐♠❡♥t❛❧❡ ♣❡r♠❡tt❛♥t ❞❡

❢♦r♠❡r s②sté♠❛t✐q✉❡♠❡♥t ❧❡ ♣r♦❞✉✐t ❜r❛♥❝❤é ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ♥✬❛ ♣❛s ♣✉ êtr❡ ❡✛❡❝t✉é❡✳

❈❡s tr❛✈❛✉① ♦♥t ❞♦♥❝ ♣❡r♠✐s ❞❡ ✈❛❧✐❞❡r ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞❡ ♣r♦♣♦sé❡ ♣♦✉r

❧✬ét✉❞❡ ❞❡ ré❛❝t✐♦♥s ❝❛t❛❧②t✐q✉❡s ❞✬❤②❞r♦❢♦♥❝t✐♦♥♥❛❧✐s❛t✐♦♥ ❞❡s ❛❧❝è♥❡s✳ ▲❛ str❛té❣✐❡ t❤é♦✲

r✐q✉❡ ❡♠♣❧♦②é❡ ❛ ❛✐♥s✐ ♣✉ êtr❡ ❛♣♣❧✐q✉é❡ à ❧✬ét✉❞❡ ❞❡ ❧✬❤②❞r♦❛♠✐♥❛t✐♦♥ ❡t ❞❡ ❧✬❤②❞r♦♣❤♦s✲

♣❤✐♥❛t✐♦♥ ❞❡s ❛❧❝è♥❡s ❡t ❞❡s ❞✐è♥❡s ❬✶✺✶❪✳
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❈❤❛♣✐tr❡ ❉

P♦❧②♠ér✐s❛t✐♦♥ ❞❡ ♠♦♥♦♠èr❡s ♣♦❧❛✐r❡s

♣❛r ❞❡s ❜♦r♦❤②❞r✉r❡s ❞❡ ❧❛♥t❤❛♥✐❞❡

❉✳✶ ■♥tr♦❞✉❝t✐♦♥ ❡t ❞♦♥♥é❡s ❜✐❜❧✐♦❣r❛♣❤✐q✉❡s

▲❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ♠♦♥♦♠èr❡s ♣♦❧❛✐r❡s ❝♦♥❞✉✐t à ❞❡s ♣♦❧②♠èr❡s ❜✐♦❞é❣r❛❞❛❜❧❡s ❡t

❜✐♦❝♦♠♣❛t✐❜❧❡s ❞✬✉♥ ❣r❛♥❞ ✐♥térêt ♣♦✉r ❧❡ ❞♦♠❛✐♥❡ ♠é❞✐❝❛❧✳ ❖r✱ ✐❧ ❛ été ♠♦♥tré q✉❡ ❧❡s

❝✐♥ét✐q✉❡s ❞❡ ❞é❣r❛❞❛t✐♦♥ ❞❡ ❝❡s ♣♦❧②♠èr❡s ❡♥ ♠✐❧✐❡✉ ❜✐♦❧♦❣✐q✉❡ ❞é♣❡♥❞❡♥t ♥♦♥ s❡✉❧❡♠❡♥t

❞❡s ❝♦♥❞✐t✐♦♥s ❡①t❡r♥❡s✱ ♠❛✐s é❣❛❧❡♠❡♥t ❞❡ ♣❧✉s✐❡✉rs ♣❛r❛♠ètr❡s str✉❝t✉r❛✉① ✐♥tr✐♥sèq✉❡s

❬✶✺✷❪✱ t❡❧s q✉❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ♣♦❧②♠èr❡✱ s❛ ♠❛ss❡ ♠♦❧é❝✉❧❛✐r❡✱ s❛ ♣♦❧②❞✐s♣❡rs✐té✱ s❛

t❛❝t✐❝✐té✳✳✳ P❛r ❝♦♥séq✉❡♥t✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ♠❡ttr❡ ❛✉ ♣♦✐♥t ❞❡s ♠ét❤♦❞❡s ♣❡r♠❡tt❛♥t

❧❛ ♣ré♣❛r❛t✐♦♥ ❞❡ ❝❡s ♣♦❧②♠èr❡s ❞❡ ❢❛ç♦♥ r❡♣r♦❞✉❝t✐❜❧❡ ❡t ❝♦♥trô❧é❡✳ ❯♥❡ ❞❡s ✈♦✐❡s ❞❡

r❡❝❤❡r❝❤❡ ❧❡s ♣❧✉s ♣r♦♠❡tt❡✉s❡s ❡st ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ♣❛r ❝♦♦r❞✐♥❛t✐♦♥ ✲ ✐♥s❡rt✐♦♥ ❝❛t❛❧②sé❡

♣❛r ❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s✳

▲✬✉t✐❧✐s❛t✐♦♥ ❞✬❤②❞r✉r❡s ❞❡ ❧❛♥t❤❛♥✐❞❡ ♣♦✉r ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ♠♦♥♦♠èr❡s ♣♦❧❛✐r❡s

❛ ❢❛✐t ❧✬♦❜❥❡t ❞❡ ♥♦♠❜r❡✉① tr❛✈❛✉① ❡①♣ér✐♠❡♥t❛✉① ❬✽✶❪✳ ❙❡❧♦♥ ❝❡s ét✉❞❡s✱ ❝❡s ❝♦♠♣♦✲

sés ♣❡r♠❡tt❡♥t ❞❡ ❝❛t❛❧②s❡r ❡✣❝❛❝❡♠❡♥t ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ ♠ét❤❛❝r②❧❛t❡ ❞❡ ♠ét❤②❧❡

✭▼▼❆✮ ❬✶✺✸✕✶✺✺❪✱ ❛✐♥s✐ q✉❡ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ♣❛r ♦✉✈❡rt✉r❡ ❞❡ ❝②❝❧❡ ❞❡ ❞✐✈❡rs ❡st❡rs ❝②✲

❝❧✐q✉❡s ❬✶✺✻❪ ✭❧❛❝t♦♥❡s✱ ❧❛❝t✐❞❡s✳✳✳✮✳ ❈❡♣❡♥❞❛♥t✱ ❡♥ r❛✐s♦♥ ❞❡ ❧❡✉r très ❣r❛♥❞❡ ré❛❝t✐✈✐té✱ ❧❡

❝♦♥trô❧❡ ❞❡ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❡st ❞✐✣❝✐❧❡ ❡t ❧❡s ♠❛♥✐♣✉❧❛t✐♦♥s s♦✉✈❡♥t ♣❡✉ r❡♣r♦❞✉❝t✐❜❧❡s✳

❉❡ ♣❧✉s✱ ❧❛ s②♥t❤ès❡ ✐♥ s✐t✉ ❞❡s ❤②❞r✉r❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s✱ ♦❜t❡♥✉s ♣❛r ❤②❞r♦❣é♥♦❧②s❡ ❞❡s

❛❧❦②❧❡s✱ ❞♦✐t êtr❡ ❡✛❡❝t✉é❡ ❡♥ ❧✬❛❜s❡♥❝❡ t♦t❛❧❡ ❞✬♦①②❣è♥❡ ❡t ❞✬❤✉♠✐❞✐té✳ ▲❡s r❡❝❤❡r❝❤❡s

❡①♣ér✐♠❡♥t❛❧❡s s❡ s♦♥t ❞♦♥❝ t♦✉r♥é❡s ✈❡rs ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❝♦♠♣♦sés ♣❧✉s st❛❜❧❡s✳ ❊♥ ♣❛rt✐✲

❝✉❧✐❡r✱ ❧❡s ❛❧❦♦①②❞❡s tr✐✈❛❧❡♥ts Ln(OR)3 ✭Ln❂❧❛♥t❤❛♥✐❞❡✱ R❂❣r♦✉♣❡ ❛❧❦②❧❡ ♦✉ ❛r②❧❡✮ ♦♥t

♠♦♥tré ❞❡s ❛❝t✐✈✐tés très é❧❡✈é❡s ❡t s❛♥s ♣ré❝é❞❡♥t ♣♦✉r ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡s ❧❛❝t♦♥❡s ❡t

❞❡s ❝❛r❜♦♥❛t❡s ❬✶✺✼✕✶✻✶❪✳ ❈❡s ❝♦♠♣❧❡①❡s ♦♥t t♦✉t❡❢♦✐s ✉♥❡ ❣r❛♥❞❡ ♣r♦♣❡♥s✐♦♥ à ❢♦r♠❡r

❞❡s ❛❣ré❣❛ts✱ ❝❡ q✉✐ r❡♥❞ ❞é❧✐❝❛ts ❧❡ ❝♦♥trô❧❡ ❞❡ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❡t ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s

✶✹✸



♠é❝❛♥✐s♠❡s ✐♠♣❧✐q✉és✳

❯♥❡ ❛♣♣r♦❝❤❡ ❛❧t❡r♥❛t✐✈❡ ❛ été ❢♦✉r♥✐❡ ♣❛r ❧❛ s②♥t❤ès❡ ❞❡ ❝♦♠♣❧❡①❡s ❝♦♠♣♦rt❛♥t ❞❡s

❧✐❣❛♥❞s ❜♦r♦❤②❞r✉r❡s BH⊖
4 ✱ q✉✬✐❧s s♦✐❡♥t ❤♦♠♦❧❡♣t✐q✉❡s ✭Ln(BH4)3✮ ♦✉ ❤étér♦❧❡♣t✐q✉❡s

✭L2LnBH4✱ ♣♦✉r ❧❡sq✉❡❧s ❧❡s ❧✐❣❛♥❞s L s♦♥t ❧❡ ♣❧✉s s♦✉✈❡♥t ❞❡ t②♣❡ ❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡✮✳

❈❡s ❝♦♠♣♦sés✱ s②♥t❤ét✐sés à ♣❛rt✐r ❞❡ ♣ré❝✉rs❡✉rs ❤❛❧♦❣é♥és ❡t ❞❡ LiBH4 ♦✉ NaBH4✱ s♦♥t

st❛❜❧❡s ❡t ♠♦♥♦♠ér✐q✉❡s ❡♥ s♦❧✉t✐♦♥ ❬✽✶❪ ❡t ❢❛❝✐❧❡♠❡♥t ✐❞❡♥t✐✜❛❜❧❡s ♣❛r ❘▼◆ 1H✳ ▲✬ét✉❞❡

❞✉ ♠♦❞❡ ❞❡ ❝♦♦r❞✐♥❛t✐♦♥ ❞❡ BH⊖
4 ❛✉① ♠ét❛✉① d0 ❡t d0f 0 ❛ ❢❛✐t ❧✬♦❜❥❡t ❞❡ ♥♦♠❜r❡✉s❡s

ét✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s ❡t t❤é♦r✐q✉❡s ❬✶✻✷✕✶✻✺❪✳ ❈♦♠♠❡ s❝❤é♠❛t✐sé s✉r ❧❛ ✜❣✉r❡ ❉✳✶✱ ❝❡s

❧✐❣❛♥❞s s❡ ❝♦♦r❞♦♥♥❡♥t ❛✉ ♠ét❛❧ ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞✬❤②❞r♦❣è♥❡s ♣♦♥t❛♥ts ❡t ♣❡✉✈❡♥t

êtr❡ ♠♦♥♦❞❡♥t❛t❡s ✭❛✮✱ ❜✐❞❡♥t❛t❡s ✭❜✮ ♦✉ tr✐❞❡♥t❛t❡s ✭❝✮✳

❋✐❣✳ ❉✳✶✿ ❉✐✛ér❡♥ts ♠♦❞❡s ❞❡ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ❜♦r♦❤②❞r✉r❡✳ [Ln] r❡♣rés❡♥t❡ ✉♥ ❢r❛❣♠❡♥t ♠ét❛❧✲
❧✐q✉❡ ❝♦♥t❡♥❛♥t ✉♥ ❧❛♥t❤❛♥✐❞❡✳

❙❡❧♦♥ ❧❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉①✱ ❧❡s ❜♦r♦❤②❞r✉r❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s ❝❛t❛❧②s❡♥t ❡✣❝❛✲

❝❡♠❡♥t ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ♣❛r ♦✉✈❡rt✉r❡ ❞❡ ❝②❝❧❡ ❞❡s ❧❛❝t♦♥❡s ❡t ❞❡s ❧❛❝t✐❞❡s ❬✶✻✻✕✶✻✽❪✳

▲❡s ♠❛ss❡s ♠♦❧é❝✉❧❛✐r❡s ♦❜t❡♥✉❡s s♦♥t ♣r♦❝❤❡s ❞❡s ♠❛ss❡s t❤é♦r✐q✉❡s ❡t ❧❡s ♣♦❧②❞✐s♣❡r✲

s✐tés ❢❛✐❜❧❡s✱ ✐♥❞✐q✉❛♥t ✉♥ t❛✉① ♥é❣❧✐❣❡❛❜❧❡ ❞❡ ré❛❝t✐♦♥s ❞❡ tr❛♥s❢❡rt✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ❧❛

♣♦❧②♠ér✐s❛t✐♦♥ ❞❡s ❡st❡rs ❝②❝❧✐q✉❡s✱ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ❝♦♠♣❧❡①❡s ❜♦r♦❤②❞r✉r❡ ♣rés❡♥t❡

❞♦♥❝ ❞❡s s✐♠✐❧✐t✉❞❡s ❛✈❡❝ ❝❡❧✉✐ ❞❡s ❤②❞r✉r❡s ❞❡ ❧❛♥t❤❛♥✐❞❡✳ ❈❡♣❡♥❞❛♥t✱ ❝♦♥tr❛✐r❡♠❡♥t à

❝❡s ❞❡r♥✐❡rs✱ ❧❡s ❜♦r♦❤②❞r✉r❡s ❞❡ ❧❛♥t❤❛♥✐❞❡ ❞❡ ♥❡ ♣♦❧②♠ér✐s❡♥t ♣❛s ❧❡ ▼▼❆ s❛♥s ❧✬❛❥♦✉t

❞✬✉♥ ❝♦❝❛t❛❧②s❡✉r ❞❡ t②♣❡ BuLi ♦✉ MgnBu2 ❬✶✻✾✱✶✼✵❪✳ ■❧ ❡st ❞♦♥❝ ♣❡rt✐♥❡♥t ❞❡ s✬✐♥t❡rr♦✲

❣❡r s✉r ❧❡s ♠é❝❛♥✐s♠❡s ❣♦✉✈❡r♥❛♥t ❧❛ ré❛❝t✐✈✐té ❞❡s ❜♦r♦❤②❞r✉r❡s ❞❡ ❧❛♥t❤❛♥✐❞❡ ✿ q✉❡❧❧❡s

s✐♠✐❧✐t✉❞❡s ❡t q✉❡❧❧❡s ❞✐✛ér❡♥❝❡s ❝❡s ❞❡r♥✐❡rs ♣rés❡♥t❡♥t✲✐❧s ❛✈❡❝ ❧❡s ❝♦♠♣❧❡①❡s ❤②❞r✉r❡ ❄

❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧❡ ❣r♦✉♣❡ ❡①♣ér✐♠❡♥t❛❧ ❞❡ ❙✳ ●✉✐❧❧❛✉♠❡ à

❧✬❯♥✐té ❙❝✐❡♥❝❡s ❈❤✐♠✐q✉❡s ❞❡ ❘❡♥♥❡s✱ ♥♦✉s ♥♦✉s ✐♥tér❡ss❡r♦♥s à ❧✬ét✉❞❡ ❞❡ ❧❛ ré❛❝t✐✲

✈✐té ❝❛t❛❧②t✐q✉❡ ❞✉ ❝♦♠♣❧❡①❡ Cp⋆
2SmBH4(THF ) ♣♦✉r ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ♠♦♥♦♠èr❡s

♣♦❧❛✐r❡s✳ ❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❣é♦♠étr✐q✉❡s ❡t é❧❡❝tr♦♥✐q✉❡s ❞❡

❝❡ ❝♦♠♣♦sé s❡r♦♥t ét✉❞✐é❡s ❡t ❧❛ ❢♦r❝❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ♠ét❛❧✲❜♦r♦❤②❞r✉r❡ é✈❛❧✉é❡✳ ❯♥❡

s❡❝♦♥❞❡ ♣❛rt✐❡ s❡r❛ ❝♦♥s❛❝ré❡ à ❧✬ét✉❞❡ ❞❡ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ ▼▼❆ ✿ ❛♣rès ❛✈♦✐r ✈❛✲

❧✐❞é ❧❡ ♠é❝❛♥✐s♠❡ ré❛❝t✐♦♥♥❡❧ ❞❡ ❧✬✐♥✐t✐❛t✐♦♥ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ {Cp⋆
2SmH}2✱ ♥♦✉s

❞ét❡r♠✐♥❡r♦♥s ♣♦✉rq✉♦✐ ❧❡ ❝♦♠♣❧❡①❡ Cp⋆
2SmBH4(THF ) ♥❡ ❝❛t❛❧②s❡ ♣❛r ❧❛ ♣♦❧②♠ér✐s❛✲

t✐♦♥ ❞✉ ▼▼❆✳ ❊♥✜♥✱ ♥♦✉s ♥♦✉s ✐♥tér❡ss❡r♦♥s ❛✉ ♠é❝❛♥✐s♠❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ❧❛

✶✹✹



ε✲❝❛♣r♦❧❛❝t♦♥❡ ❝❛t❛❧②sé❡ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ Cp⋆
2SmBH4(THF )✳

◆♦t♦♥s q✉✬✉♥❡ ré❛❝t✐♦♥ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❝❛t❛❧②sé❡ ♣❛r ✉♥ ❝♦♠♣❧❡①❡ ❞❡ t②♣❡ L2Ln−R

✭R = H ♦✉ BH4✮ ❡st ❝♦♠♣♦sé❡ ❞❡ tr♦✐s ♣❤❛s❡s ✿ ❧✬✐♥✐t✐❛t✐♦♥✱ q✉✐ ❝♦rr❡s♣♦♥❞ à ❧❛ ♣r❡♠✐èr❡

❝♦♦r❞✐♥❛t✐♦♥ ✲ ✐♥s❡rt✐♦♥ ❞❡ ♠♦♥♦♠èr❡ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Ln − R ❀ ❧❛ ♣r♦♣❛❣❛t✐♦♥✱ q✉✐ ❝♦r✲

r❡s♣♦♥❞ ❛✉① ❝♦♦r❞✐♥❛t✐♦♥s ✲ ✐♥s❡rt✐♦♥s s✉✐✈❛♥t❡s ❀ ❡t ❧❛ t❡r♠✐♥❛✐s♦♥✳ ▲❛ s✉❜st✐t✉t✐♦♥ ❞✬✉♥

❧✐❣❛♥❞ ❤②❞r✉r❡ ♣❛r ✉♥ ❧✐❣❛♥❞ ❜♦r♦❤②❞r✉r❡ s❡ tr❛❞✉✐r❛ ♣❛r ✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ❞✉ ♠é❝❛✲

♥✐s♠❡ ❞✬✐♥✐t✐❛t✐♦♥✳ ▲❡s ♠é❝❛♥✐s♠❡s ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❡t ❞❡ t❡r♠✐♥❛✐s♦♥✱ q✉❛♥t à ❡✉①✱ s❡r♦♥t

✐❞❡♥t✐q✉❡s✳ ❆✜♥ ❞❡ ❞ét❡r♠✐♥❡r ❧❡s s♣é❝✐✜❝✐tés ❞❡ Cp⋆
2SmBH4(THF ) ♣❛r r❛♣♣♦rt à ✉♥

❝❛t❛❧②s❡✉r ❞❡ t②♣❡ ❤②❞r✉r❡✱ ✐❧ s✉✣r❛ ❞♦♥❝ ❞❡ r❡str❡✐♥❞r❡ ❧✬ét✉❞❡ à ❧❛ ♣❤❛s❡ ❞✬✐♥✐t✐❛t✐♦♥✳

❉✳✷ ❈❛r❛❝tér✐st✐q✉❡s é❧❡❝tr♦♥✐q✉❡s ❞❡ Cp⋆
2SmBH4(THF)

❉❛♥s ❝❡ ♣❛r❛❣r❛♣❤❡✱ ♥♦✉s ♥♦✉s ✐♥tér❡ss❡r♦♥s ❛✉① ❝❛r❛❝tér✐st✐q✉❡s ❣é♦♠étr✐q✉❡s ❡t à

❧❛ ♥❛t✉r❡ ❞❡s ❧✐❛✐s♦♥s ❞❛♥s ❧❡ ❝♦♠♣❧❡①❡ Cp⋆
2SmBH4(THF )✳ ❉❛♥s ❧❛ s✉✐t❡ ❞❡ ❝❡ tr❛✈❛✐❧✱

❧❡ ❧✐❣❛♥❞ Cp⋆ s❡r❛ ♠♦❞é❧✐sé ♣❛r s♦♥ ❛♥❛❧♦❣✉❡ ♣❡r❤②❞r♦❣é♥é Cp✳ P♦✉r ❞❡s r❛✐s♦♥s ❝❛❧❝✉✲

❧❛t♦✐r❡s✱ ❧❡ s❛♠❛r✐✉♠ s❡r❛ r❡♠♣❧❛❝é ♣❛r ❧✬❡✉r♦♣✐✉♠✱ q✉✐ ❧❡ s✉✐t ✐♠♠é❞✐❛t❡♠❡♥t ❞❛♥s ❧❛

❝❧❛ss✐✜❝❛t✐♦♥ ♣ér✐♦❞✐q✉❡✱ ❡t ❞♦♥t ❧❡ r❛②♦♥ ✐♦♥✐q✉❡ ❞✐✛èr❡ ❞✬❡♥✈✐r♦♥ ✵✳✵✶ ➴✳ ▲❡s é❧❡❝tr♦♥s

4f ❞❡s ❧❛♥t❤❛♥✐❞❡s ♥❡ ♣❛rt✐❝✐♣❛♥t ♣❛s à ❧❛ ré❛❝t✐✈✐té ❝❤✐♠✐q✉❡ ✭❝❢✳ ❝❤❛♣✐tr❡ ❇✮✱ ❝❡ r❡♠♣❧❛✲

❝❡♠❡♥t ❞❡✈r❛✐t êtr❡ q✉❛s✐♠❡♥t s❛♥s ❡✛❡t s✉r ❧❡s ❣é♦♠étr✐❡s ❡t ❧❡s ❣r❛♥❞❡✉rs é♥❡r❣ét✐q✉❡s

❝❛❧❝✉❧é❡s✳ P♦✉r ♣❧✉s ❞❡ s✐♠♣❧✐❝✐té✱ ♥♦✉s ♥♦t❡r♦♥s ♣❛r ❧❛ s✉✐t❡ [Ln] ❧❡ ❢r❛❣♠❡♥t ♠ét❛❧❧✐q✉❡

Cp2Eu✳

❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ♥♦✉s ét✉❞✐❡r♦♥s ❧❛ ❣é♦♠étr✐❡ ❞✉ ❝♦♠♣❧❡①❡ [Ln]BH4(THF ) ❡t

❝♦♠♣❛r❡r♦♥s ❧❛ str✉❝t✉r❡ ♦♣t✐♠✐sé❡ ❛✉① ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✳ ◆♦✉s ❛♥❛❧②s❡r♦♥s ❡♥s✉✐t❡

❧❛ ♥❛t✉r❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❧❛♥t❤❛♥✐❞❡ ✲ ❜♦r♦❤②❞r✉r❡ ❡t ❧❛♥t❤❛♥✐❞❡ ✲ ❚❍❋ ❞❛♥s ❝❡ ❝♦♠♣♦sé✳

❊♥✜♥✱ ❧❛ ❢♦r❝❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ♠ét❛❧ ✲ ❧✐❣❛♥❞ ❞❛♥s ❧❡ ❝♦♠♣♦sé ❜♦r♦❤②❞r✉r❡ s❡r❛ é✈❛❧✉é❡

❡♥ ❝♦♠♣❛r❛♥t ❛✈❡❝ ❧✬❤②❞r✉r❡ [Ln] − H✳

❉✳✷✳✶ ❙tr✉❝t✉r❡ ❣é♦♠étr✐q✉❡ ❞✉ ❝♦♠♣❧❡①❡ [Ln]BH4(THF)

▲❛ str✉❝t✉r❡ ❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡ ❞✉ ❝♦♠♣❧❡①❡ ❡①♣ér✐♠❡♥t❛❧ été ❞ét❡r♠✐♥é❡ ♣❛r ❞✐✛r❛❝✲

t✐♦♥ ❞❡s ❘❳✱ ♠❛✐s ❧❡s ❤②❞r♦❣è♥❡s ❞❡ BH⊖
4 ♥✬♦♥t ♣❛s ♣✉ êtr❡ ❧♦❝❛❧✐sés ❬✶✼✶❪✳ ❚♦✉t❡❢♦✐s✱

❞❡s ❞♦♥♥é❡s ✐♥❢r❛r♦✉❣❡ ❡t ❘❛♠❛♥ s✉❣❣èr❡♥t ✉♥❡ ❝♦♦r❞✐♥❛t✐♦♥ tr✐❞❡♥t❛t❡ ❞✉ ❜♦r♦❤②❞r✉r❡

❛✉ ♠ét❛❧ ❬✶✻✷❪✳ ▲❛ ❣é♦♠étr✐❡ ♦♣t✐♠✐sé❡ ❞✉ ❝♦♠♣❧❡①❡ [Ln]BH4(THF )✱ ♣rés❡♥té❡ ✜❣✉r❡

❉✳✷✱ ❡st très ♣r♦❝❤❡ ❞❡ ❧❛ str✉❝t✉r❡ ❘❳ ❞✉ ❝♦♠♣❧❡①❡ ❡①♣ér✐♠❡♥t❛❧✱ ❡t ❧❡ ❝❛❧❝✉❧ t❤é♦r✐q✉❡

❝♦♥✜r♠❡ q✉❡ ❧❡ ❜♦r♦❤②❞r✉r❡ ❡st ❧✐é ❞❡ ♠❛♥✐èr❡ tr✐❞❡♥t❛t❡ ❛✉ ♠ét❛❧✳

▲❡s ♣r✐♥❝✐♣❛✉① ♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s t❤é♦r✐q✉❡s ❡t ❡①♣ér✐♠❡♥t❛✉① s♦♥t r❛ss❡♠❜❧és

❞❛♥s ❧❡ t❛❜❧❡❛✉ ❉✳✶✳ ❖♥ ♦❜s❡r✈❡ q✉❡ ❧❡s ❞✐st❛♥❝❡s t❤é♦r✐q✉❡s s♦♥t ❡♥ ❜♦♥ ❛❝❝♦r❞ ❛✈❡❝

✶✹✺



❧❡s ❞✐st❛♥❝❡s ❡①♣ér✐♠❡♥t❛❧❡s✳ ▲❛ ❞✐st❛♥❝❡ Ln...B✱ ❞✬❡♥✈✐r♦♥ ✷✳✻✵ ➴✱ ❡st ❧é❣èr❡♠❡♥t s♦✉s✲

❡st✐♠é❡ ♣❛r ❧❡ ❝❛❧❝✉❧ t❤é♦r✐q✉❡✳ ▲❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ X...Ln...X ♣❛r r❛♣♣♦rt à ❧❛ ✈❛❧❡✉r

❡①♣ér✐♠❡♥t❛❧❡ ❡st ❞✉❡ à ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ Cp⋆ ♣❛r ❧❡ ❧✐❣❛♥❞ Cp ♠♦✐♥s ❡♥❝♦♠❜r❛♥t✳ ❙❡❧♦♥

❧❡s rés✉❧t❛ts t❤é♦r✐q✉❡s✱ ❧❡s ❞✐st❛♥❝❡s Ln...H ❝♦rr❡s♣♦♥❞❛♥t❡s ✈❛r✐❡♥t ❞❡ ✷✳✸✸ à ✷✳✹✸ ➴✱

❝❡ q✉✐ ❡st s✉♣ér✐❡✉r à ❧❛ ❞✐st❛♥❝❡ Ln...H ❞❛♥s ❧❡ ❝♦♠♣♦sé ❤②❞r✉r❡ [Ln] − H ✭✷✳✵✼➴✮✳ ▲❛

❣é♦♠étr✐❡ ❞✉ ❧✐❣❛♥❞ BH⊖
4 ❡st ❧é❣èr❡♠❡♥t ♠♦❞✐✜é❡ ♣❛r ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ✿ ❧❛ ❧✐❛✐s♦♥ B −Hα

❡st ❛❧❧♦♥❣é❡✱ ❧❛ ❧✐❛✐s♦♥ B − Hδ r❛❝❝♦✉r❝✐❡ ❡t ❧❡ tétr❛è❞r❡ ❧é❣èr❡♠❡♥t ❞✐st♦r❞✉✱ ❧❡s ❛♥❣❧❡s

Hi − B − Hδ (i = α, β, γ) ét❛♥t ❞❡ ✶✶✷ ❞❡❣rés ❡♥✈✐r♦♥✳

❋✐❣✳ ❉✳✷✿ ●é♦♠étr✐❡ ♦♣t✐♠✐sé❡ ❞❡ [Ln]BH4(THF )

❚❤é♦r✐q✉❡ ❊①♣ér✐♠❡♥t❛❧
❉✐st❛♥❝❡s
Ln...X ✷✳✹✺ ✷✳✹✼
Ln...O ✷✳✹✻ ✷✳✺✵
Ln...B ✷✳✻✷ ✷✳✺✽

Ln...Hα/β/γ ✷✳✸✸ ✴ ✷✳✹✺ ✴ ✷✳✹✻ ♥✳❞✳
B...Hα/β/γ/δ ✶✳✷✺ ✴ ✶✳✷✹ ✴ ✶✳✷✹ ✴ ✶✳✷✵ ♥✳❞✳

❆♥❣❧❡s
X − Ln − X ✶✸✹ ✶✷✺
B − Ln − O ✽✾ ✾✶

Ln − B − Hα/β/γ ✻✹ ✴ ✼✵ ✴ ✼✵ ♥✳❞✳

❚❛❜✳ ❉✳✶✿ Pr✐♥❝✐♣❛✉① ♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s ❞❡ [Ln]BH4(THF )✳ X❂ ❝❡♥tr♦ï❞❡ ❞✉ ❧✐❣❛♥❞
❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t ❡♥ ➴ ❡t ❧❡s ❛♥❣❧❡s ❡♥ ❞❡❣rés✳

✶✹✻



❉✳✷✳✷ ▼♦❞❡ ❞❡ ❝♦♦r❞✐♥❛t✐♦♥ ❞❡ BH⊖
4
❡t ❞✉ ❚❍❋

❇♦r♦❤②❞r✉r❡

❉❛♥s ❧✬✐♦♥ ❜♦r♦❤②❞r✉r❡ ❧✐❜r❡✱ ❧❡s ❞✐st❛♥❝❡s B...H s♦♥t ❞❡ ✶✳✷✹ ➴ ❡t ❧❡s ❛♥❣❧❡s ❞❡ ✶✵✾✳✺

❞❡❣rés✳ ❯♥❡ ❛♥❛❧②s❡ ◆❇❖ ✐♥❞✐q✉❡ q✉❡ ❧❡s ❧✐❛✐s♦♥s B − H s♦♥t ❧é❣èr❡♠❡♥t ♣♦❧❛r✐sé❡s ✈❡rs

❧✬❤②❞r♦❣è♥❡✱ ❝❡ q✉✐ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❛ ❞✐✛ér❡♥❝❡ ❞✬é❧❡❝tr♦♥é❣❛t✐✈✐té ❡♥tr❡ B ❡t H ✭✷✳✵✹

❡t ✷✳✷✵ r❡s♣❡❝t✐✈❡♠❡♥t s✉r ❧✬é❝❤❡❧❧❡ ❞❡ P❛✉❧✐♥❣✮✳ ❙❡❧♦♥ ❧❛ ❧✐ttér❛t✉r❡✱ ❧❡s ❧✐❛✐s♦♥s B − H

s♦♥t r❡❧❛t✐✈❡♠❡♥t ❢❛✐❜❧❡s ✭❝❢✳ ❛♥♥❡①❡✮✳

❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ♠❡♥t✐♦♥♥é ♣ré❝é❞❡♠♠❡♥t✱ ❞❛♥s ❧❡ ❝♦♠♣❧❡①❡ [Ln]BH4(THF ✮✱ ❧❡

❧✐❣❛♥❞ BH⊖
4 s❡ ❝♦♦r❞✐♥❡ ❛✉ ♠ét❛❧ ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞❡ tr♦✐s ❤②❞r♦❣è♥❡s ♣♦♥t❛♥ts✳ ❉❛♥s

❝❡ ❝♦♠♣♦sé✱ ❧❡s ❝❤❛r❣❡s ◆❇❖ ❞✉ ♠ét❛❧ ❡t ❞✉ ❧✐❣❛♥❞ BH⊖
4 s♦♥t ✐♠♣♦rt❛♥t❡s ✭✰✷✳✺✶ ❡t ✲

✵✳✾✵ r❡s♣❡❝t✐✈❡♠❡♥t✮✳ ❉❡ ♣❧✉s✱ ❛✉❝✉♥❡ ❧✐❛✐s♦♥ ❝♦✈❛❧❡♥t❡ ❡♥tr❡ ❧❡ ♠ét❛❧ ❡t ❧❡s ❤②❞r♦❣è♥❡s

❞✉ ❜♦r♦❤②❞r✉r❡ ♥✬❡st tr♦✉✈é❡ ♣❛r ❧✬❛♥❛❧②s❡ ◆❇❖✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ rés✉❧t❡

♣r✐♥❝✐♣❛❧❡♠❡♥t ❞✬✉♥❡ ✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❢♦rt❡ ❡♥tr❡ ❧❡ ❧✐❣❛♥❞ ❡t ❧❡ ♠ét❛❧✳ ❊♥ ♦✉tr❡✱

❧✬❛♥❛❧②s❡ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥ ✐♥❞✐q✉❡ ✉♥❡ ❢♦rt❡ ❞♦♥❛t✐♦♥ ❞❡s tr♦✐s ❧✐❛✐s♦♥s

B−H ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞✉ ♠ét❛❧✳ ▲❛ ❞é❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ❜♦r♦❤②❞r✉r❡ ✐♠♣❧✐q✉❡r❛

❞♦♥❝ ✉♥❡ r✉♣t✉r❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❛✐♥s✐ q✉❡ ❧❛ ♣❡rt❡ ❞❡s tr♦✐s ✐♥t❡r❛❝t✐♦♥s

❞♦♥♥❡✉r✲❛❝❝❡♣t❡✉r✱ ❡t ❞❡✈r❛✐t ❞♦♥❝ êtr❡ ❢♦rt❡♠❡♥t ❞é❢❛✈♦r❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t✳

❚❍❋

▲❡ ❚❍❋ s❡ ❝♦♦r❞✐♥❡ ❛✉ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡ ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞❡ ❧✬❛t♦♠❡ ❞✬♦①②❣è♥❡✳

❉❛♥s ❧❡ ❝♦♠♣❧❡①❡ [Ln]BH4(THF )✱ ❧❛ ❝❤❛r❣❡ s✉r ❧✬♦①②❣è♥❡ ❡st ✲✵✳✻✽✱ ❝❡ q✉✐ ❡st ✐♥❢ér✐❡✉r

❞❡ ✲✵✳✶✵ à ❧❛ ❝❤❛r❣❡ ❞❛♥s ❧❡ ❚❍❋ ❧✐❜r❡✳ ▲❛ ❝♦♦r❞✐♥❛t✐♦♥ ❛ ❞♦♥❝ ✐♥❞✉✐t ✉♥❡ ♣♦❧❛r✐s❛t✐♦♥ ❞❡s

❧✐❛✐s♦♥s ét❤❡r✳ ▲✬❛♥❛❧②s❡ ◆❇❖ ♥✬✐♥❞✐q✉❡ ❛✉❝✉♥❡ ❧✐❛✐s♦♥ ❡♥tr❡ Ln ❡t O ❀ ▲✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡

❧❡ ♠ét❛❧ ❡t ❧❡ ❚❍❋ ❡st ❞♦♥❝ ♣r✐♥❝✐♣❛❧❡♠❡♥t é❧❡❝tr♦st❛t✐q✉❡✳ ❖♥ ♥♦t❡ t♦✉t❡❢♦✐s ❛✉ s❡❝♦♥❞

♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥ ✉♥❡ ❧é❣èr❡ ❞♦♥❛t✐♦♥ ❞❡s ❞❡✉① ❞♦✉❜❧❡ts ❧✐❜r❡s ❞❡ ❧✬♦①②❣è♥❡ ❞✉ ❚❍❋

✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞✉ ♠ét❛❧✱ q✉✐ ♣❡r♠❡t ❞❡ st❛❜✐❧✐s❡r ❞❛✈❛♥t❛❣❡ ❧❡ ❝♦♠♣♦sé✳

❆✜♥ ❞✬é✈❛❧✉❡r ❧❛ st❛❜✐❧✐s❛t✐♦♥ ✐♥❞✉✐t❡ ♣❛r ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ❚❍❋✱ ❧❛ ❣é♦♠étr✐❡ ❞✉

❝♦♠♣❧❡①❡ [Ln]BH4 ❛ été ♦♣t✐♠✐sé❡ ❡t ❡st ♣rés❡♥té❡ ✜❣✉r❡ ❉✳✸✳ ❖♥ ♦❜s❡r✈❡ q✉❡ ❧❛ ❞é❝♦♦r✲

❞✐♥❛t✐♦♥ ❞✉ ❚❍❋ ♥✬✐♥❞✉✐t q✉❛s✐♠❡♥t ❛✉❝✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ❞❛♥s ❧❛ str✉❝t✉r❡ ❞✉ ❝♦♠♣♦sé ✿

❧❡s ❞✐st❛♥❝❡s Ln − X✱ Ln − B ❡t Ln − H ❞✐♠✐♥✉❡♥t ❞❡ ♠♦✐♥s ❞❡ ✵✳✵✷ ➴✳ ❉✬✉♥ ♣♦✐♥t ❞❡

✈✉❡ é❧❡❝tr♦♥✐q✉❡✱ ❧❡s ❝❤❛r❣❡s ◆❇❖ ❞✉ ♠ét❛❧ ❡t ❞✉ ❧✐❣❛♥❞ BH⊖
4 s♦♥t très ♣❡✉ ❛✛❡❝té❡s

♣❛r ❧❛ ❞é❝♦♦r❞✐♥❛t✐♦♥✳ ❙❡❧♦♥ ♥♦s ❝❛❧❝✉❧s✱ ❧❛ ❞é❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ❚❍❋ ❡st ❡①♦t❤❡r♠✐q✉❡ ❞❡

✶✺✳✾ ❦❝❛❧✳♠♦❧−1 ❡t ❡①❡r❣♦♥✐q✉❡ ❞❡ ✸✳✾ ❦❝❛❧✳♠♦❧−1✳ ▲✬✐♥t❡r❛❝t✐♦♥ ♠ét❛❧ ✲ ❚❍❋ ❞❛♥s ❧❡ ❝♦♠✲

♣❧❡①❡ [Ln]BH4(THF ) ❡st ❞♦♥❝ r❡❧❛t✐✈❡♠❡♥t ❢❛✐❜❧❡ ❡t ❧❛ ♣❡rt❡ ❞❡ st❛❜✐❧✐s❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡

♣❛r ❧❛ ❞é❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ❚❍❋ ❡st ♣r❡sq✉❡ ❡♥t✐èr❡♠❡♥t ❝♦♠♣❡♥sé❡ ♣❛r ❧❡ ❣❛✐♥ ❞✬❡♥tr♦♣✐❡

tr❛♥s❧❛t✐♦♥♥❡❧❧❡ ❞û à ❧❛ ❧✐❜ér❛t✐♦♥ ❞❡ ❧❛ ♠♦❧é❝✉❧❡ ❞❡ ❚❍❋✳
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❋✐❣✳ ❉✳✸✿ ●é♦♠étr✐❡ ♦♣t✐♠✐sé❡ ❞✉ ❝♦♠♣❧❡①❡s [Ln] − BH4 ✭s❛♥s ❚❍❋✮

❉✳✷✳✸ ❊✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ ❢♦r❝❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ♠ét❛❧✲❜♦r♦❤②❞r✉r❡

❆✜♥ ❞❡ ❝♦♠♣❛r❡r ❧❡s ❢♦r❝❡s ❞❡s ✐♥t❡r❛❝t✐♦♥s ❧❛♥t❤❛♥✐❞❡ ✲ ❤②❞r✉r❡ ❡t ❧❛♥t❤❛♥✐❞❡ ✲ ❜♦r♦✲

❤②❞r✉r❡✱ ♥♦✉s ❛✈♦♥s ét✉❞✐é ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ❢♦r♠❡r ❧✬❤②❞r✉r❡ [Ln]−H à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡

[Ln]BH4 s❡❧♦♥ ❧❛ ré❛❝t✐♦♥ ✿ [Ln]BH4 → [Ln]−H+BH3✳ ▲✬❡♥t❤❛❧♣✐❡ ❝❛❧❝✉❧é❡ ❞❡ ❝❡tt❡ ré❛❝✲

t✐♦♥ ❡st ❞❡ ✺✺✳✺ ❦❝❛❧✳♠♦❧−1✱ ❡t ❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞❡ ✹✸✳✶ ❦❝❛❧✳♠♦❧−1✳ ❙❛❝❤❛♥t q✉❡ ❧✬❡♥t❤❛❧♣✐❡

❞❡ ❞✐ss♦❝✐❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥ B − H ❡st ❞✬❡♥✈✐r♦♥ ✾✵ ❦❝❛❧✳♠♦❧−1 ✭❝❢✳ ❛♥♥❡①❡✮✱ ♥♦✉s ♣♦✉✲

✈♦♥s ❡♥ ❞é❞✉✐r❡ q✉❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❧❛♥t❤❛♥✐❞❡ ✲ ❜♦r♦❤②❞r✉r❡ ❡st ♣❧✉s ❢❛✐❜❧❡ q✉❡ ❧✬✐♥t❡r❛❝t✐♦♥

❧❛♥t❤❛♥✐❞❡ ✲ ❤②❞r✉r❡✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ré❛❝t✐♦♥ ❡st très ❞é❢❛✈♦r❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t

❡♥ r❛✐s♦♥ ❞❡ ❧❛ ♣❡rt❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ BH3 ❡t ❧❛ ❜❛s❡ ❢♦rt❡ H⊖✳ P❛r ❝♦♥séq✉❡♥t✱ ♣♦✉r

q✉✬✉♥❡ ré❛❝t✐♦♥ ✐♠♣❧✐q✉❛♥t ❧❡ ❝♦♠♣❧❡①❡ [Ln]BH4 s♦✐t ❢❛✈♦r❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t✱

✐❧ ❢❛✉t s♦✐t q✉✬❡❧❧❡ r❡♠♣❧❛❝❡ ❧✬✐♥t❡r❛❝t✐♦♥ BH3...H
⊖ ♣❛r ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ BH3 ❡t ✉♥❡

❛✉tr❡ ❜❛s❡ ❢♦rt❡✱ s♦✐t q✉✬❡❧❧❡ ❝♦♠♣❡♥s❡ ❧❛ ♣❡rt❡ ❞❡ ❝❡tt❡ ✐♥t❡r❛❝t✐♦♥ ♣❛r ❧❛ ❝ré❛t✐♦♥ ❞❡

❧✐❛✐s♦♥s ♦✉ ❞✬✐♥t❡r❛❝t✐♦♥s très ❢♦rt❡s✳

P♦✉r ❝❡tt❡ r❛✐s♦♥✱ ❧❡ ❝♦♠♣❧❡①❡ [Ln]BH4(THF ) ♣rés❡♥t❡ ✉♥❡ ré❛❝t✐✈✐té s♣é❝✐✜q✉❡✱ ❞✐❢✲

❢ér❡♥t❡ ❞❡ ❝❡❧❧❡ ❞❡ ❧✬❤②❞r✉r❡ [Ln] − H✳ ◆♦✉s ✐❧❧✉str❡r♦♥s ❝❡❝✐ ♣❛r ❞❡✉① ❡①❡♠♣❧❡s ✿ ❧❛

♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ ▼▼❆ ✭❉✳✸✮ ❡t ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ❧❛ ε✲❝❛♣r♦❧❛❝t♦♥❡ ✭s❡❝t✐♦♥ ❉✳✹✮✳

❉✳✸ P♦❧②♠ér✐s❛t✐♦♥ ❞✉ ♠ét❤❛❝r②❧❛t❡ ❞❡ ♠ét❤②❧❡

❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ♠❡♥t✐♦♥♥é ❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ ❉✳✶✱ ❛❧♦rs q✉❡ ❧❡s ❤②❞r✉r❡s ❞❡ ❧❛♥✲

t❤❛♥✐❞❡ ❝❛t❛❧②s❡♥t ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ ♠ét❤❛❝r②❧❛t❡ ❞❡ ♠ét❤②❧❡ ✭▼▼❆✮ ❛✈❡❝ ❞❡ ❜♦♥s

r❡♥❞❡♠❡♥ts ❡t ✉♥❡ ❢❛✐❜❧❡ ♣♦❧②❞✐s♣❡rs✐té✱ Cp⋆
2SmBH4(THF ) s❡✉❧ ♥✬❛ ❛✉❝✉♥❡ ❛❝t✐✈✐té ❝❛t❛✲

❧②t✐q✉❡ ❡♥ ♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ ▼▼❆✳ ❆✜♥ ❞❡ ❝♦♠♣r❡♥❞r❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ré❛❝t✐✈✐té ❡♥tr❡

❧❡s ❝♦♠♣❧❡①❡s ❤②❞r✉r❡ ❡t ❜♦r♦❤②❞r✉r❡✱ ♥♦✉s ❞ét❡r♠✐♥❡r♦♥s ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s ❧❡

♠é❝❛♥✐s♠❡ ❞✬✐♥✐t✐❛t✐♦♥ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ {Cp⋆
2SmH}2 ❀ ♥♦✉s ♠♦♥tr❡r♦♥s ❡♥s✉✐t❡
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♣♦✉rq✉♦✐ Cp⋆
2SmBH4(THF ) ♥❡ ♣❡r♠❡t ♣❛s ❞✬✐♥✐t✐❡r ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ ▼▼❆ s❡❧♦♥ ❝❡

♠é❝❛♥✐s♠❡✳ ▲✬ét✉❞❡ t❤é♦r✐q✉❡ s❡r❛ ❡✛❡❝t✉é❡✱ ❝♦♠♠❡ ♣ré❝❡❞❡♠♠❡♥t✱ ❡♥ ♠♦❞é❧✐s❛♥t Cp⋆

♣❛r Cp ❡t ❡♥ r❡♠♣❧❛ç❛♥t ❧❡ s❛♠❛r✐✉♠ ♣❛r ❧✬❡✉r♦♣✐✉♠✳ P♦✉r ♣❧✉s ❞❡ ❣é♥ér❛❧✐té✱ ❧❡ ❢r❛❣♠❡♥t

♠ét❛❧❧✐q✉❡ Cp⋆
2Sm ✭❡①♣ér✐♠❡♥t❛❧✮ ♦✉ Cp2Eu ✭t❤é♦r✐q✉❡✮ s❡r❛ ♥♦té [Ln]✳

❉✳✸✳✶ ■♥✐t✐❛t✐♦♥ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ {[Ln] − H}2

▲❡ ♠é❝❛♥✐s♠❡ ❞✬✐♥✐t✐❛t✐♦♥ ♣♦st✉❧é ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❡st ❝♦♥st✐t✉é ❞❡ tr♦✐s ét❛♣❡s ✭❝❢✳

✜❣✉r❡ ❉✳✹✮ ❬✽✶✱✶✺✸❪✳ ❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ❧❡ ❞✐♠èr❡ {[Ln]−H}2 s❡ ❞✐ss♦❝✐❡ ♣♦✉r ❞♦♥♥❡r

❧✬❡s♣è❝❡ ♠♦♥♦♠ér✐q✉❡ [Ln]−H✳ ❈❡tt❡ ét❛♣❡ ❡st très r❛♣✐❞❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ❬✽✶❪✱

❡t ♥❡ s❡r❛ ❞♦♥❝ ♣❛s ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❛♥s ♥♦tr❡ ét✉❞❡✳ ❯♥❡ ♣r❡♠✐èr❡ ♠♦❧é❝✉❧❡ ❞❡ ▼▼❆ s❡

❝♦♦r❞♦♥♥❡ ❛❧♦rs ❛✉ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡✱ ❞é♣❧❛ç❛♥t ❧❡ ❚❍❋✱ ♣✉✐s s✬✐♥sèr❡ ❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥

✶✱✹ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Ln−H✱ ❝❡ q✉✐ ❞♦♥♥❡ ✉♥ ❝♦♠♣♦sé ❞❡ t②♣❡ é♥♦❧❛t❡ ❇✳ ❊♥✜♥✱ ✉♥❡ s❡❝♦♥❞❡

♠♦❧é❝✉❧❡ ❞❡ ▼▼❆ s❡ ❝♦♦r❞♦♥♥❡ ❛✉ ♠ét❛❧✱ ♣✉✐s s❡ ❝♦✉♣❧❡ ❛✈❡❝ ❧✬é♥♦❧❛t❡ ♣♦✉r ❢♦r♠❡r ✉♥

❝♦♠♣❧❡①❡ ❝ét♦é♥♦❧❛t❡ ❉✳ ❈❡ ❞❡r♥✐❡r✱ ✐s♦❧é ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✱ ❛ ♣✉ êtr❡ ❝r✐st❛❧❧✐sé ❡t s❛

str✉❝t✉r❡ ❘❳ ét❛❜❧✐❡✳ ❊♥ ♣rés❡♥❝❡ ❞✉ ♠♦♥♦♠èr❡✱ ✐❧ ❝❛t❛❧②s❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ P▼▼❆ ❡t

♣❡✉t ❞♦♥❝ êtr❡ ❝♦♥s✐❞éré ❝♦♠♠❡ ❧✬❡s♣è❝❡ ❛❝t✐✈❡✳

▲✬♦❜❥❡❝t✐❢ ❞❡ ❝❡ ♣❛r❛❣r❛♣❤❡ ❡st ❞❡ ✈❛❧✐❞❡r ❝❡ ♠é❝❛♥✐s♠❡ ❞❡ ❢❛ç♦♥ t❤é♦r✐q✉❡✳ ◆♦✉s ❡①❛✲

♠✐♥❡r♦♥s é❣❛❧❡♠❡♥t ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❝♦♠♣❧❡①❡ ❝❛r❜♦①②❧❛t❡✱ q✉✐ ♣♦✉rr❛✐t

❡♥tr❡r ❡♥ ❝♦♠♣ét✐t✐♦♥ ❛✈❡❝ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝ét♦é♥♦❧❛t❡✳

❋✐❣✳ ❉✳✹✿ P♦❧②♠ér✐s❛t✐♦♥ ❞✉ ▼▼❆ ♣❛r {[Ln]−H}2 ✿ ♠é❝❛♥✐s♠❡ ❞✬✐♥✐t✐❛t✐♦♥ ♣♦st✉❧é ❡①♣ér✐♠❡♥✲
t❛❧❡♠❡♥t✳

❘é❛❝t✐❢s

❉❛♥s ❧✬❤②❞r✉r❡ ❞✬❡✉r♦♣✐✉♠ [Ln] − H✱ ❧❛ ❞✐st❛♥❝❡ Ln . . .H ❡st ❞❡ ✷✳✵✼ ➴✳ ▲❡s ❝❤❛r❣❡s

s✉r ❧❡ ♠ét❛❧ ❡t ❧✬❤②❞r✉r❡ s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ❞❡ ✰✷✳✸✻ ❡t ✲✵✳✼✵ ❀ s❡❧♦♥ ✉♥❡ ❛♥❛❧②s❡ ◆❇❖✱ ❧❛

✶✹✾



❧✐❛✐s♦♥ ❝♦✈❛❧❡♥t❡ Ln−H ❡st très ♣♦❧❛r✐sé❡ ✈❡rs ❧✬❤②❞r♦❣è♥❡✳ ▲❡ ▼▼❆ ♣❡✉t s❡ tr♦✉✈❡r ❞❛♥s

✉♥❡ ❝♦♥✜❣✉r❛t✐♦♥ tr❛♥s ♦✉ ❝✐s ✭❝❢✳ ✜❣✉r❡ ❉✳✺✮✳ ❙❡❧♦♥ ♥♦s ❝❛❧❝✉❧s✱ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ tr❛♥s

❡st ❧é❣èr❡♠❡♥t ♣❧✉s st❛❜❧❡ ✭❞❡ ✵✳✸ ❦❝❛❧✳♠♦❧−1✮✳ ❉❛♥s ❧❡s ❞❡✉① ❝♦♥✜❣✉r❛t✐♦♥s✱ ❧❛ ❞✐st❛♥❝❡

C1...O1 ❞✉ ❝❛r❜♦♥②❧❡ ❡st ❞❡ ✶✳✷✶ ➴ ❡t ❧❛ ❞✐st❛♥❝❡ C1...O2 ❞❡ ✶✳✸✺ ➴✳ ▲❡s ❝❤❛r❣❡s ◆P❆ ❞❡

C1✱ O1 ❡t O2 s♦♥t ❞❡ ✵✳✽✵✱ ✲✵✳✻✵ ❡t ✲✵✳✺✹ r❡s♣❡❝t✐✈❡♠❡♥t✳

❋✐❣✳ ❉✳✺✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞✉ ▼▼❆ ❡♥ ❝♦♥✜❣✉r❛t✐♦♥s tr❛♥s ✭à ❣❛✉❝❤❡✮ ❡t ❝✐s ✭à ❞r♦✐t❡✮

❈♦♦r❞✐♥❛t✐♦♥ ❞✉ ▼▼❆

❉❡✉① s❝é♥❛r✐♦s s♦♥t ❡♥✈✐s❛❣❡❛❜❧❡s ♣♦✉r ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ▼▼❆ ✿ ❡❧❧❡ ♣❡✉t s✬❡✛❡❝t✉❡r

s♦✐t ❧❛ ❞♦✉❜❧❡ ❧✐❛✐s♦♥ C2 = C3✱ s♦✐t ♣❛r ❧✬♦①②❣è♥❡ O1 ❞✉ ❝❛r❜♦♥②❧❡✳ ❙❡❧♦♥ ♥♦s rés✉❧t❛ts

t❤é♦r✐q✉❡s✱ ❛❧♦rs q✉❡ ❝❡tt❡ ❞❡r♥✐èr❡ ❡st ❢❛✈♦r❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t✱ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥

♣❛r ❧❛ ❞♦✉❜❧❡ ❧✐❛✐s♦♥ ❡st ❞é❢❛✈♦r✐sé❡ ❞✬❡♥✈✐r♦♥ ✶✵ ❦❝❛❧✳♠♦❧−1✳ ❈❡tt❡ ❞✐✛ér❡♥❝❡ ♣❡✉t êtr❡

❡①♣❧✐q✉é❡ ♣❛r ❧❛ ♣❧✉s ❣r❛♥❞❡ ❜❛s✐❝✐té ❞❡ ▲❡✇✐s ❞❡ ❧✬♦①②❣è♥❡ ♣❛r r❛♣♣♦rt à ✉♥❡ ❧✐❛✐s♦♥

C = C✳ ◆♦✉s s✉♣♣♦s❡r♦♥s ❞♦♥❝ q✉❡ s❡✉❧s ❧❡s ❛❞❞✉✐ts O✲❝♦♦r❞♦♥♥és ♣❡✉✈❡♥t s❡ ❢♦r♠❡r✳

P❛r♠✐ ❝❡✉①✲❝✐✱ ❧❡s ❞❡✉① ♣❧✉s st❛❜❧❡s s♦♥t ❧❡s ❝♦♠♣♦sés ❆1 ❡t ❆2 ✭❝❢✳ ✜❣✉r❡ ❉✳✻✮✱ ❞♦♥t

❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞❡ ❢♦r♠❛t✐♦♥ à ♣❛rt✐r ❞❡s ré❛❝t✐❢s sé♣❛rés ❡st r❡s♣❡❝t✐✈❡♠❡♥t ❞❡ ✲ ✺✳✾

❡t ✲ ✺✳✽ ❦❝❛❧✳♠♦❧−1✳ ❈❡s ❛❞❞✉✐ts✱ q✉✐ ❢♦♥t t♦✉s ❞❡✉① ✐♥t❡r✈❡♥✐r ❧❛ ❢♦r♠❡ ❝✐s ❞✉ ▼▼❆✱

❞✐✛èr❡♥t ♣❛r ❧✬♦r✐❡♥t❛t✐♦♥ ❞❡ ❧❛ ❞♦✉❜❧❡ ❧✐❛✐s♦♥ C2 = C3✳ ❉❛♥s ❧✬❛❞❞✉✐t ❆1✱ ❝❡❧❧❡✲❝✐ ♣♦✐♥t❡

❡♥ ❞✐r❡❝t✐♦♥ ❞❡ ❧✬❤②❞r✉r❡ ❀ ❞❛♥s ❧✬❛❞❞✉✐t ❆2 ❝✬❡st ❧❡ ❣r♦✉♣❡ ♠ét❤♦①② q✉✐ ❡st ♦r✐❡♥té ✈❡rs

❧✬❤②❞r✉r❡✳

❈♦♠♣♦sé ❆1 ❆2

Ln...H1 ✷✳✵✽ ✷✳✵✾
Ln...O1 ✷✳✹✸ ✷✳✹✸
Ln...C3/C4 ✸✳✶✽ ✸✳✶✽
C1...O1 ✶✳✷✸ ✶✳✷✹
Ln − O1 − C1 ✶✻✵ ✶✺✹

❚❛❜✳ ❉✳✷✿ Pr✐♥❝✐♣❛❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❣é♦♠étr✐q✉❡s ❞❡s ❛❞❞✉✐ts ❆1 ❡t ❆2✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t ❡♥
➴ ❡t ❧❡s ❛♥❣❧❡s ❡♥ ❞❡❣rés✳

◆♦✉s ♣♦✉✈♦♥s ♦❜s❡r✈❡r ❞❛♥s ❧❡ t❛❜❧❡❛✉ ❉✳✷ q✉❡ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ♥❡ ♠♦❞✐✜❡ q✉❡ très

♣❡✉ ❧❡s ❞✐st❛♥❝❡s Ln...H ❡t C1...O1 ♣❛r r❛♣♣♦rt ❛✉① ré❛❝t✐❢s ✐s♦❧és✳ P♦✉r ❧❡s ❞❡✉① ❛❞❞✉✐ts✱

✶✺✵



❋✐❣✳ ❉✳✻✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s ❛❞❞✉✐ts A1 ❡t A2 ❞❡ ▼▼❆ s✉r [Ln] − H✳

❧❛ ❞✐st❛♥❝❡ Ln...O1 ❡st ❞❡ ✷✳✹✸ ➴✳ ❉❛♥s ❝❡s ❝♦♠♣♦sés✱ ❧❡s ❝❤❛r❣❡s ◆P❆ s✉r C1 ❡t O1

s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ❞❡ ✵✳✽✽ ❡t ✲✵✳✼✼✱ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❛ ❞♦♥❝ ✐♥❞✉✐t ✉♥❡ r❡♣♦❧❛r✐s❛t✐♦♥

❞❡ ❧❛ ❧✐❛✐s♦♥ C1 = O1✳ ▲✬❛♥❛❧②s❡ ◆❇❖ ♥✬✐♥❞✐q✉❛♥t ❛✉❝✉♥❡ ❧✐❛✐s♦♥ ❝♦✈❛❧❡♥t❡ Ln...O1✱

❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ▼▼❆ ❡t ❧❡ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t é❧❡❝tr♦st❛t✐q✉❡✳

❖♥ ♦❜s❡r✈❡ t♦✉t❡❢♦✐s ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥ ✉♥❡ ❧é❣èr❡ ❞♦♥❛t✐♦♥ ❞✬✉♥ ❞♦✉❜❧❡t

❞❡ O1 ✈❡rs ✉♥❡ ♦r❜✐t❛❧❡ ✈❛❝❛♥t❡ ❞✉ ♠ét❛❧✱ q✉✐ st❛❜✐❧✐s❡ ❞❛✈❛♥t❛❣❡ ❧❡s ❝♦♠♣♦sés✳

❋♦r♠❛t✐♦♥ ❞❡ ❧✬é♥♦❧❛t❡ ❇

❆ ♣❛rt✐r ❞❡ ❧✬❛❞❞✉✐t ❆1✱ ❧❡ ❝♦♠♣♦sé é♥♦❧❛t❡ ❇ ♣❡✉t êtr❡ ❢♦r♠é ♣❛r ❧✬✐♥s❡rt✐♦♥ ✶✱✹ ❞✉

▼▼❆ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Ln−H ✭❝❢✳ ✜❣✉r❡ ❉✳✼✮✳ ▲❡s ♣r✐♥❝✐♣❛✉① ♣❛r❛♠ètr❡s str✉❝t✉r❛✉① ❞❡ ❝❡

❝♦♠♣♦sé s♦♥t r❛ss❡♠❜❧é❡s ❞❛♥s ❧❛ t❛❜❧❡ ❉✳✸✳ ❉❛♥s ❧✬é♥♦❧❛t❡ ❇✱ ❧❛ ❢❛✐❜❧❡ ❞✐st❛♥❝❡ Ln...O1

✭✷✳✶✹ ➴✮ ♣rés❛❣❡ ❞✬✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❢♦rt❡ ❡♥tr❡ ❧✬♦①②❣è♥❡ O1 ❡t ❧❡ ♠ét❛❧✳ ❉❡ ♣❧✉s✱ ❧✬❛♥❣❧❡

Ln−O1−C1 ❡st très s✉♣ér✐❡✉r à ✶✷✵ ❞❡❣rés✱ ❝❡ q✉✐ ♣❡r♠❡t ❛ ♣r✐♦r✐ ❞✬é❧✐♠✐♥❡r ❧✬❤②♣♦t❤ès❡

❞✬✉♥❡ ❧✐❛✐s♦♥ ❞❡ t②♣❡ ❝♦✈❛❧❡♥t❡ ❡♥tr❡ O1 ❡t ❧❡ ♠ét❛❧✳

❈♦♠♣♦sé ❚❙ ❆1−❇ ❇

Ln...H1 ✷✳✵✾ ✸✳✺✺
Ln...O1 ✷✳✹✽ ✷✳✶✹
Ln...C3/C4 ✸✳✺✶ ✹✳✸✺
C1...O1 ✶✳✷✹ ✶✳✸✸
C1...C2 ✶✳✹✼ ✶✳✸✺
C2...C3 ✶✳✸✺ ✶✳✺✵
Ln − O1 − C1 ✶✷✽ ✶✺✸

❚❛❜✳ ❉✳✸✿ Pr✐♥❝✐♣❛❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❣é♦♠étr✐q✉❡s ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❞✬✐♥s❡rt✐♦♥ ❆1−❇ ❡t
❞✉ ❝♦♠♣❧❡①❡ é♥♦❧❛t❡ ❇✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t ❡♥ ➴ ❡t ❧❡s ❛♥❣❧❡s ❡♥ ❞❡❣rés✳

✶✺✶



❋✐❣✳ ❉✳✼✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❞✬✐♥s❡rt✐♦♥ ❆1−❇ ❡t ❞✉ ❝♦♠♣❧❡①❡ é♥♦❧❛t❡
❇✳

❯♥❡ ❛♥❛❧②s❡ ◆❇❖ ✐♥❞✐q✉❡ q✉❡ ❧❡s ❝❤❛r❣❡s s✉r ❧✬♦①②❣è♥❡ ❡t ❧❡ ♠ét❛❧ s♦♥t r❡s♣❡❝t✐✈❡✲

♠❡♥t ❞❡ ✲✶✳✵✹ ❡t ❞❡ ✰✷✳✺✹✳ ❉❡ ♣❧✉s✱ ❛✉❝✉♥❡ ❧✐❛✐s♦♥ ❝♦✈❛❧❡♥t❡ ❡♥tr❡ ❧❡ ♠ét❛❧ ❡t ❧✬♦①②❣è♥❡

O1 ♥✬❡st tr♦✉✈é❡ ♣❛r ❧✬❛♥❛❧②s❡✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❡ ❝♦♠♣❧❡①❡ ♣❡✉t êtr❡ ❞é❝r✐t ❝♦♠♠❡ ✉♥

❧✐❣❛♥❞ é♥♦❧❛t❡ [(CH3)2C = C(O)(OCH3)]
⊖✱ ♣♦✉r ❧❡q✉❡❧ ❧❛ ❝❤❛r❣❡ ♥é❣❛t✐✈❡ ❡st ❧♦❝❛❧✐sé❡

s✉r ❧✬♦①②❣è♥❡ O1✱ ❡♥ ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❡ ❢r❛❣♠❡♥t ♠ét❛❧❧✐q✉❡ [Ln]⊕♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞❡

❧✬♦①②❣è♥❡✳ ▲✬✐♥t❡r❛❝t✐♦♥ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t é❧❡❝tr♦st❛t✐q✉❡ ❀ t♦✉t❡❢♦✐s✱ ❧✬❛♥❛❧②s❡ ◆❇❖ ❛✉

s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥ ✐♥❞✐q✉❡ ✉♥❡ ❞é❧♦❝❛❧✐s❛t✐♦♥ s✉❜st❛♥t✐❡❧❧❡ ❞✬✉♥ ❞♦✉❜❧❡t ❞❡ O1

✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞✉ ♠ét❛❧✱ q✉✐ ♣❡r♠❡t ❞❡ st❛❜✐❧✐s❡r ❞❛✈❛♥t❛❣❡ ❧❡ ❝♦♠♣♦sé✳ ▲✬❡♥✲

t❤❛❧♣✐❡ ❞❡ ré❛❝t✐♦♥ ❝❛❧❝✉❧é❡ ♣♦✉r ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬é♥♦❧❛t❡ ❇ à ♣❛rt✐r ❞❡s ré❛❝t✐❢s sé♣❛rés

❡st ❞❡ ✲✹✶✳✶ ❦❝❛❧✳♠♦❧−1✳ ❆ ♣❛rt✐r ❞❡s ❡♥t❤❛❧♣✐❡s ❞❡ ❞✐ss♦❝✐❛t✐♦♥s r❡♣♦rté❡s ❞❛♥s ❧✬❛♥♥❡①❡✱

♥♦✉s ♣♦✉✈♦♥s ❛❧♦rs ♠♦♥tr❡r q✉❡ ❧✬✐♥t❡r❛❝t✐♦♥ Ln...O1 ❞❛♥s ❧✬é♥♦❧❛t❡ ❇ ❡st ♣❧✉s ❢♦rt❡ q✉❡

❧✬✐♥t❡r❛❝t✐♦♥ Ln...H ❞❛♥s ❧❡ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ [Ln] − H✳

▲✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❞✬✐♥s❡rt✐♦♥ ✶✱✹ ❝♦♥❞✉✐s❛♥t ❞❡ ❆1 à ❇ ❛ ♣✉ êtr❡ ♦♣t✐♠✐sé ✭❝❢ ✜❣✉r❡

❉✳✼✮✳ ❙❡✉❧❡s ❞❡ ❢❛✐❜❧❡s ❞✐✛ér❡♥❝❡s ❣é♦♠étr✐q✉❡s s♦♥t ♦❜s❡r✈é❡s ♣❛r r❛♣♣♦rt à ❧✬❛❞❞✉✐t ❆1 ❀

❧❛ ❞♦✉❜❧❡ ❧✐❛✐s♦♥ C2−C3✱ ♣❡✉ ❛❧❧♦♥❣é❡✱ s✬❡st r❛♣♣r♦❝❤é❡ ❞❡ ❧✬❤②❞r✉r❡ ❡t s✬❡st ré♦r✐❡♥té❡ ❛✜♥

q✉❡ ❧❡ ❝❛r❜♦♥❡ C3 ♣✉✐ss❡ ✐♥t❡r❛❣✐r ❛✈❡❝ ❧✬❤②❞r♦❣è♥❡ H1✳ ▲✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❡st ❞ést❛❜✐❧✐sé

❞❡ s❡✉❧❡♠❡♥t ✸✳✽ ❦❝❛❧✳♠♦❧−1 ♣❛r r❛♣♣♦rt à ❧✬❛❞❞✉✐t ❆1✱ ❝❡ q✉✐ ❧❡ s✐t✉❡ ❡♥✲❞❡ss♦✉s ❞❡ ❧❛ ✈♦✐❡

❞✬❡♥tré❡✳ ❊♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬é♥♦❧❛t❡ ❇ ❞❡✈r❛✐t

❞♦♥❝ êtr❡ ✐♥st❛♥t❛♥é❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳

❋♦r♠❛t✐♦♥ ❞✉ ❝ét♦é♥♦❧❛t❡ ❉

▲❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✬✉♥❡ s❡❝♦♥❞❡ ♠♦❧é❝✉❧❡ ❞❡ ▼▼❆ s✉r ❧✬é♥♦❧❛t❡ ❇ ♣❡r♠❡t ❞✬♦❜t❡♥✐r

❧✬❛❞❞✉✐t ❈✱ ❞♦♥t ❧❛ ❣é♦♠étr✐❡ ♦♣t✐♠✐sé❡ ❡st ♣rés❡♥té❡ ✜❣✉r❡ ❉✳✽✳ ❉❛♥s ❝❡ ❞❡r♥✐❡r✱ ❧❛ ❞✐s✲

t❛♥❝❡ Ln...O3 ✭❝❢✳ t❛❜❧❡ ❉✳✹✮ ❡st éq✉✐✈❛❧❡♥t❡ ❛✉① ❞✐st❛♥❝❡s Ln...O1 ❞❛♥s ❧❡s str✉❝t✉r❡s ❆1

✶✺✷



❡t ❆2✳ ▲❛ ❝♦♦r❞✐♥❛t✐♦♥ ♥✬❡♥tr❛î♥❡ ❛✉❝✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ♥♦t❛❜❧❡ ❞❡ ❧❛ ❣é♦♠étr✐❡ ❞✉ ▼▼❆✳

❉❡ ❧❛ ♠ê♠❡ ❢❛ç♦♥✱ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❣é♦♠étr✐q✉❡s ❞✉ ❧✐❣❛♥❞ é♥♦❧❛t❡ s♦♥t très ♣r♦❝❤❡s

❞❡ ❝❡❧❧❡s r❡❧❡✈é❡s ❞❛♥s ❧❡ ❝♦♠♣♦sé ❇✳ P❛r r❛♣♣♦rt à ❝❡ ❞❡r♥✐❡r✱ ❧❛ ❞✐st❛♥❝❡ Ln...O1 ❛ ❛✉❣✲

♠❡♥té ❞❡ ✵✳✵✹ ➴✳ ▲❡s ❝❤❛r❣❡s ◆P❆ ❞✉ ♠ét❛❧ ❡t ❞❡ O1 ❞❛♥s ❧✬❛❞❞✉✐t❈ ét❛♥t r❡s♣❡❝t✐✈❡♠❡♥t

✰✷✳✺✸ ❡t ✲✶✳✵✶✱ ❧✬✐♥t❡r❛❝t✐♦♥ Ln...O1 r❡st❡ ✐♠♣♦rt❛♥t❡✳

❉✬❛♣rès ♥♦s ❝❛❧❝✉❧s✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬❛❞❞✉✐t❈ à ♣❛rt✐r ❞❡❇ ❡t ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ❞❡ ▼▼❆

❡st ❡①❡r❣♦♥✐q✉❡ ❞❡ ✶✳✸ ❦❝❛❧✳♠♦❧−1✱ ❝❡ q✉✐ ✐♥❞✐q✉❡ q✉❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ O3 ❡t ❧❡ ♠ét❛❧

❡st s✉✣s❛♠❡♥t ✐♠♣♦rt❛♥t❡ ♣♦✉r ❝♦♠♣❡♥s❡r ❧❛ ♣❡rt❡ ❞✬❡♥tr♦♣✐❡ tr❛♥s❧❛t✐♦♥♥❡❧❧❡ ❞✉❡ à ❧❛

❝♦♦r❞✐♥❛t✐♦♥✳ ❙❡❧♦♥ ✉♥❡ ❛♥❛❧②s❡ ◆❇❖✱ ❝❡tt❡ ✐♥t❡r❛❝t✐♦♥ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t é❧❡❝tr♦st❛t✐q✉❡ ❀

❡♥ ♦✉tr❡✱ ✉♥❡ ❧é❣èr❡ ❞♦♥❛t✐♦♥ ❞✬✉♥ ❞♦✉❜❧❡t ❞❡ O3 ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞✉ ♠ét❛❧ ♣❡✉t

êtr❡ r❡❧❡✈é❡✳

❆ ♣❛rt✐r ❞❡ ❝❡t ❛❞❞✉✐t✱ ✉♥❡ ré❛❝t✐♦♥ ❞❡ ❝♦✉♣❧❛❣❡ C − C✱ ♦✉ ré❛❝t✐♦♥ ❞✬❛❞❞✐t✐♦♥ ❞❡

▼✐❝❤❛❡❧✱ ❝♦♥❞✉✐t ❛✉ ❝ét♦é♥♦❧❛t❡ ❉✳ ❆✐♥s✐ q✉❡ ♥♦✉s ♣♦✉✈♦♥s ❧✬♦❜s❡r✈❡r ✭✜❣✉r❡ ❉✳✽ ❡t t❛❜❧❡

❉✳✹✮✱ ❧❛ ❣é♦♠étr✐❡ ♦♣t✐♠✐sé❡ ♣♦✉r ❝❡ ❝♦♠♣♦sé ❡st ♣r♦❝❤❡ ❞❡ ❧❛ str✉❝t✉r❡ ❘❳ ❡①♣ér✐♠❡♥✲

t❛❧❡✳ ▲❛ ❢❛✐❜❧❡ ❞✐st❛♥❝❡ Ln...O3 ✭✷✳✶✹ ➴✮ ♣rés❛❣❡ ❞✬✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❢♦rt❡ ❡♥tr❡ ❧✬♦①②❣è♥❡

O3 ✭s✐♠♣❧❡♠❡♥t ❧✐é à C5✮ ❡t ❧❡ ♠ét❛❧ ❀ ✉♥❡ ❛♥❛❧②s❡ ◆❇❖ ✐♥❞✐q✉❡ q✉❡ ❝❡tt❡ ✐♥t❡r❛❝t✐♦♥

❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t é❧❡❝tr♦st❛t✐q✉❡✳ ▲❡ ❝ét♦é♥♦❧❛t❡ r❡st❡ é❣❛❧❡♠❡♥t ❝♦♦r❞✐♥é ❛✉ ♠ét❛❧ ♣❛r

❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞❡ ❧✬♦①②❣è♥❡ O1✱ ❞♦✉❜❧❡♠❡♥t ❧✐é à C1 ❀ ❧✬✐♥t❡r❛❝t✐♦♥ Ln...O1✱ ♣❧✉s ❢❛✐❜❧❡ q✉❡

❧✬✐♥t❡r❛❝t✐♦♥ Ln...O3✱ ❡st é❣❛❧❡♠❡♥t ❞❡ ♥❛t✉r❡ é❧❡❝tr♦st❛t✐q✉❡✳

▲✬❡♥t❤❛❧♣✐❡ ❞❡ ré❛❝t✐♦♥ ❝❛❧❝✉❧é❡ ♣♦✉r ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝ét♦é♥♦❧❛t❡❉ à ♣❛rt✐r ❞❡ ❧✬❛❞❞✉✐t

❈ ❡st ✲✶✶✳✻ ❦❝❛❧✳♠♦❧−1✳ ❈❡❝✐ ♣❡✉t êtr❡ ❡①♣❧✐q✉é ❡♥ ét✉❞✐❛♥t ❧❡ ❜✐❧❛♥ ❣❧♦❜❛❧ ❞❡ ❧❛ ré❛❝t✐♦♥ ✿

❧❡ ❝♦✉♣❧❛❣❡ ❛ ♣❡r♠✐s ❞❡ r❡♠♣❧❛❝❡r ✉♥❡ ❧✐❛✐s♦♥ π(C = C) ♣❛r ✉♥❡ ❧✐❛✐s♦♥ s✐♠♣❧❡ σ(C −C)✳

❊♥✜♥✱ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❝♦♥❞✉✐s❛♥t ❞❡ ❈ à❉ ♥✬❛ ♣❛s ♣✉ êtr❡ ❧♦❝❛❧✐sé s✉r ❧❛ s✉r❢❛❝❡ ❞❡

♣♦t❡♥t✐❡❧✳ ◆♦✉s s✉♣♣♦s❡r♦♥s q✉❡ ❧❛ ré❛❝t✐♦♥ ❞❡ ❝♦✉♣❧❛❣❡ ❡st ❛❝❝❡ss✐❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t✱ ❡t

q✉❡ s❛ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ❡st ✐♥❢ér✐❡✉r❡ à ✸✵ ❦❝❛❧✳♠♦❧−1✱ s✐ ❜✐❡♥ q✉❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥

❞❡✈r❛✐t êtr❡ s✐t✉é é♥❡r❣ét✐q✉❡♠❡♥t s♦✉s ❧❛ ✈♦✐❡ ❞✬❡♥tré❡✳

❈♦♠♣♦sé ❈ ❉ ❉ ✭❡①♣✳✮
Ln...O1 ✷✳✶✽ ✷✳✹✹ ✷✳✸✾
Ln...O3 ✷✳✹✹ ✷✳✶✽ ✷✳✶✾
O1...C1 ✶✳✸✸ ✶✳✷✹ ✶✳✷✸
C1...C2 ✶✳✸✺ ✶✳✺✷ ✶✳✺✸
O3...C5 ✶✳✷✸ ✶✳✸✻ ✶✳✸✶
C5...C6 ✶✳✹✽ ✶✳✺✻ ✶✳✸✾
C6...C7 ✶✳✸✹ ✶✳✺✶ ✶✳✺✷
C2...C7 ✹✳✷✼ ✶✳✺✻ ✶✳✻✶

❚❛❜✳ ❉✳✹✿ Pr✐♥❝✐♣❛❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❣é♦♠étr✐q✉❡s ❞❡ ❧✬❛❞❞✉✐t ❈ ❡t ❞✉ ❝♦♠♣❧❡①❡ ❝ét♦é♥♦❧❛t❡
❉✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t ❡♥ ➴✳ ❉ ✭❡①♣✳✮ ✿ str✉❝t✉r❡ ❘❳ ❡①♣ér✐♠❡♥t❛❧❡ ❬✶✺✸❪✳

✶✺✸



❋✐❣✳ ❉✳✽✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡ ❧✬❛❞❞✉✐t ❈ ❡t ❞✉ ❝♦♠♣❧❡①❡ ❝ét♦é♥♦❧❛t❡ ❉✳

❋♦r♠❛t✐♦♥ ❞✉ ❝❛r❜♦①②❧❛t❡ ❊

▲❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬é♥♦❧❛t❡ ♣✉✐s ❞✉ ❝ét♦é♥♦❧❛t❡ à ♣❛rt✐r ❞❡ ❧✬❛❞❞✉✐t ❆1 ♥✬❡st ♣❛s ❧❛

s❡✉❧❡ ré❛❝t✐♦♥ ♣♦ss✐❜❧❡✳ ❊♥ ❡✛❡t✱ à ♣❛rt✐r ❞❡ ❧✬❛❞❞✉✐t ❆2✱ ♦♥ ♣❡✉t ❡♥✈✐s❛❣❡r ✉♥ tr❛♥s❢❡rt ❞❡

❧✬❤②❞r✉r❡ H1 s✉r ❧❡ ❝❛r❜♦♥❡ C4 ❞✉ ❣r♦✉♣❡ ♠ét❤♦①②✱ s✉✐✈✐❡ ❞✬✉♥❡ ❧✐❜ér❛t✐♦♥ ❞❡ ❧❛ ♠♦❧é❝✉❧❡ ❞❡

♠ét❤❛♥❡ ❛✐♥s✐ ♦❜t❡♥✉❡✱ ❝❡ q✉✐ ❝♦♥❞✉✐r❛✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❝♦♠♣❧❡①❡ ❞❡ t②♣❡ ❝❛r❜♦①②❧❛t❡

❊✳ ▲✬ét✉❞❡ t❤é♦r✐q✉❡ ❞❡ ❝❡tt❡ ré❛❝t✐♦♥ ♠♦♥tr❡ q✉✬❡❧❧❡ s❡ ♣r♦❞✉✐t ❡♥ ✉♥❡ s❡✉❧❡ ét❛♣❡✳ ▲❡s

❣é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❡t ❞✉ ❝♦♠♣❧❡①❡ ❝❛r❜♦①②❧❛t❡ s♦♥t ♣rés❡♥té❡s

✜❣✉r❡ ❉✳✾✳

❋✐❣✳ ❉✳✾✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ A1 − E ❡t ❞✉ ❝♦♠♣❧❡①❡ ❝❛r❜♦①②❧❛t❡ E

▲✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❡st s✐♠✐❧❛✐r❡ à ❝❡❧✉✐ ❞✬✉♥❡ ré❛❝t✐♦♥ ❞❡ SN2 ✿ ❧❡ ❝❛r❜♦♥❡ C4 ❡st

❛✉ ❝❡♥tr❡ ❞✬✉♥❡ ❜✐♣②r❛♠✐❞❡ tr✐❣♦♥❛❧❡✱ ❞♦♥t ❧❛ ❜❛s❡ ❡st ❢♦r♠é❡ ♣❛r ❧❡s tr♦✐s ❤②❞r♦❣è♥❡s

✶✺✹



❡t ❧❡s s♦♠♠❡ts s♦♥t ❧❡s ❛t♦♠❡s H1❡t O2✳ ▲❛ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ❝♦rr❡s♣♦♥❞❛♥t❡ ❡st ❞❡

✷✹✳✸ ❦❝❛❧✳♠♦❧−1 ♣❛r r❛♣♣♦rt à ❧✬❛❞❞✉✐t A2✱ ❡t ✶✽✳✺ ❦❝❛❧✳♠♦❧−1 ♣❛r r❛♣♣♦rt à ❧❛ ❜❛rr✐èr❡

❞✬❡♥tré❡✳ ▲❡ ♣❛ss❛❣❡ ❞✬✉♥ ❝❛r❜♦♥❡ tétr❛é❞r✐q✉❡ à ✉♥ ❝❛r❜♦♥❡ ♣❡♥t❛✈❛❧❡♥t ❡st ♣r♦❜❛❜❧❡♠❡♥t

à ❧✬♦r✐❣✐♥❡ ❞❡ ❧❛ ❞ést❛❜✐❧✐s❛t✐♦♥ ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ♣❛r r❛♣♣♦rt à❆2✳ ▲✬ét❛t ❞❡ tr❛♥s✐t✐♦♥

❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ❞❡ ♠ét❤❛♥❡ ✐♠♠é❞✐❛t❡♠❡♥t ❧✐❜éré❡ ❡t ❞✉ ❝♦♠♣❧❡①❡

❝❛r❜♦①②❧❛t❡ ❊✳

❉❛♥s ❝❡ ❝♦♠♣♦sé✱ ❧❡s ❞❡✉① ❛t♦♠❡s ❞✬♦①②❣è♥❡ O1 ❡t O2 s♦♥t éq✉✐❞✐st❛♥ts ❞✉ ♠ét❛❧ ✭✷✳✸✾

➴✮ ❀ ❧❡s ❞✐st❛♥❝❡s C1...O1 ❡t C1...O2 s♦♥t ✐❞❡♥t✐q✉❡s ✭✶✳✷✽ ➴✮ ❡t ✐♥t❡r♠é❞✐❛✐r❡s ❡♥tr❡ ✉♥❡

s✐♠♣❧❡ ❡t ✉♥❡ ❞♦✉❜❧❡ ❧✐❛✐s♦♥ C − O✳ ❈❡❝✐ ❡st ❧❡ s✐❣♥❡ ❞✬✉♥❡ ❞é❧♦❝❛❧✐s❛t✐♦♥ ❞❡s é❧❡❝tr♦♥s π

s✉r ❧❡s tr♦✐s ❛t♦♠❡s O1✱ C1 ❡t O2✱ ❝❡ q✉✐ ❡st ❝♦♥✜r♠é ♣❛r ❧✬❛♥❛❧②s❡ ◆❇❖✳ ▲❛ ❝❤❛r❣❡s ◆P❆

s✉r ❧❡ ♠ét❛❧ ❡t ❧❡s ♦①②❣è♥❡s O1 ❡t O2 s♦♥t ✐♠♣♦rt❛♥t❡s ✭✷✳✺✷ ❡t ✲✵✳✽✸✮✱ ♣❛r ❝♦♥séq✉❡♥t

❧✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❡♥tr❡ ❧❡ ♠ét❛❧ ❡t ❧❡ ❝❛r❜♦①②❧❛t❡ ❡st très ❢♦rt❡✳ ❉❡ ♣❧✉s✱ ❧✬❛♥❛❧②s❡

❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥ ✐♥❞✐q✉❡ ✉♥❡ ❧é❣èr❡ ❞♦♥❛t✐♦♥ ❞❡s ❞♦✉❜❧❡ts ❞❡ O1 ❡t O2

✈❡rs ❧❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞✉ ♠ét❛❧✳

▲❡ ❝♦♠♣❧❡①❡ ❊ ❡st ❡①trê♠❡♠❡♥t st❛❜❧❡ ✿ s❛ ❢♦r♠❛t✐♦♥ ❞❡♣✉✐s ❧✬❛❞❞✉✐t A2 ❡st ❡①❡r❣♦✲

♥✐q✉❡ ❞❡ ✼✸✳✸ ❦❝❛❧✳♠♦❧−1✳ ❈❡❝✐ ♣❡✉t êtr❡ ❡①♣❧✐q✉é ♣❛r ❧❛ ❞é❧♦❝❛❧✐s❛t✐♦♥ é❧❡❝tr♦♥✐q✉❡ ❛✉

s❡✐♥ ❞✉ ❣r♦✉♣❡ ❝❛r❜♦①②❧❛t❡✱ ❛✐♥s✐ q✉❡ ♣❛r ❧❛ ❝ré❛t✐♦♥ ❞✬✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❢♦rt❡ ❡♥tr❡ ❝❡❧✉✐✲

❝✐ ❡t ❧❡ ♠ét❛❧✳ ❊♥ ♦✉tr❡✱ ❧❛ ❧✐❜ér❛t✐♦♥ ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ❞❡ ♠ét❤❛♥❡ ❛ ♣❡r♠✐s ❞❡ ❣❛❣♥❡r

❞❡ ❧✬❡♥tr♦♣✐❡ tr❛♥s❧❛t✐♦♥♥❡❧❧❡✳ ▲✬✐♥s❡rt✐♦♥ ❞✬✉♥❡ ♥♦✉✈❡❧❧❡ ♠♦❧é❝✉❧❡ ❞❡ ▼▼❆ ❡st ❛❧♦rs ✐♠✲

♣♦ss✐❜❧❡ ✿ ❡♥ ❡✛❡t✱ ❡❧❧❡ ♥é❝❡ss✐t❡r❛✐t ✉♥❡ r❡❧♦❝❛❧✐s❛t✐♦♥ ❞❡s é❧❡❝tr♦♥s π ❞✉ ❝❛r❜♦①②❧❛t❡ ❡t

✉♥❡ r✉♣t✉r❡ ❞✬✉♥❡ ♣❛rt✐❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❛✉ ♠ét❛❧✱ ❝❡ q✉✐ s❡r❛✐t ❢♦rt❡♠❡♥t ❞é❢❛✈♦r❛❜❧❡

t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t✳

Pr♦✜❧s é♥❡r❣ét✐q✉❡s ❡t ❝♦♥❝❧✉s✐♦♥

▲❡s ♣r♦✜❧s é♥❡r❣ét✐q✉❡s ❞❡s ❞❡✉① ré❛❝t✐♦♥s ❡♥ ❝♦♠♣ét✐t✐♦♥✱ ❝♦♥❞✉✐s❛♥t r❡s♣❡❝t✐✈❡♠❡♥t

à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s ❝♦♠♣❧❡①❡s ❝ét♦é♥♦❧❛t❡❉ ❡t ❝❛r❜♦①②❧❛t❡ ❊✱ s♦♥t s❝❤é♠❛t✐sés ✜❣✉r❡ ❉✳✶✵✳

❖♥ ♦❜s❡r✈❡ q✉❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝❛r❜♦①②❧❛t❡ ❡st ❧❛ ♣❧✉s ❢❛✈♦r❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t✳

❈❡♣❡♥❞❛♥t✱ ❡❧❧❡ ♥é❝❡ss✐t❡ ❧❡ ♣❛ss❛❣❡ ♣❛r ✉♥ ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❞ést❛❜✐❧✐sé é♥❡r❣ét✐q✉❡♠❡♥t

❞❡ ✶✽✳✺ ❦❝❛❧✳♠♦❧−1 ♣❛r r❛♣♣♦rt à ❧❛ ✈♦✐❡ ❞✬❡♥tré❡✳ ❆✉ ❝♦♥tr❛✐r❡✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝ét♦é♥♦❧❛t❡✱

♣❛r ✐♥s❡rt✐♦♥ ✶✱✹ ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ❞❡ ▼▼❆ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Ln − H ♣✉✐s ❛❞❞✐t✐♦♥ ❞✬✉♥❡

s❡❝♦♥❞❡ ♠♦❧é❝✉❧❡ ❞❡ ▼▼❆✱ s❡ ♣r♦❞✉✐t s❛♥s ❜❛rr✐èr❡ ♣❛r r❛♣♣♦rt à ❧❛ ✈♦✐❡ ❞✬❡♥tré❡✱ ❡t ❡st

❞♦♥❝ ❢❛✈♦r✐sé❡ ❝✐♥ét✐q✉❡♠❡♥t✳ ▲❛ ré❛❝t✐♦♥ ❡st ❞♦♥❝ s♦✉s ❝♦♥trô❧❡ ❝✐♥ét✐q✉❡ ❡t ❧❡ ❝ét♦é♥♦❧❛t❡

❉ ❞❡✈r❛✐t êtr❡ ❢♦r♠é ♠❛❥♦r✐t❛✐r❡♠❡♥t✳ ❈❡s rés✉❧t❛ts s♦♥t ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s

❡①♣ér✐♠❡♥t❛❧❡s✱ s❡❧♦♥ ❧❡sq✉❡❧❧❡s ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝ét♦é♥♦❧❛t❡ ❡st ✐♥st❛♥t❛♥é❡ à t❡♠♣ér❛t✉r❡

❛♠❜✐❛♥t❡ ❡t ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝❛r❜♦①②❧❛t❡ ♥✬❡st ♣❛s ♦❜s❡r✈é❡✱ ❡t ♣❡r♠❡tt❡♥t ❞❡ ✈❛❧✐❞❡r ❧❡

♠é❝❛♥✐s♠❡ ❞✬✐♥✐t✐❛t✐♦♥ ♣♦st✉❧é✳

✶✺✺



❋✐❣✳ ❉✳✶✵✿ Pr♦✜❧s é♥❡r❣ét✐q✉❡s ❞❡s ❞❡✉① ré❛❝t✐♦♥s ❡♥ ❝♦♠♣ét✐t✐♦♥ à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡
❡t ❞✉ ▼▼❆✳

❉✳✸✳✷ ■♥✐t✐❛t✐♦♥ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ❜♦r♦❤②❞r✉r❡ [Ln]BH4(THF)

❈♦♥s✐❞ér♦♥s à ♣rés❡♥t ❧❡ ❝❛s ❞✉ ❝♦♠♣❧❡①❡ ❜♦r♦❤②❞r✉r❡ [Ln]BH4(THF )✱ ❞♦♥t ❧❡s ❝❛r❛❝✲

tér✐st✐q✉❡s str✉❝t✉r❛❧❡s ❡t é❧❡❝tr♦♥✐q✉❡s ♦♥t été ét✉❞✐é❡s ❞❛♥s ❧❛ s❡❝t✐♦♥ ❉✳✷✳ ▲✬♦❜❥❡❝t✐❢ ❞❡

❝❡ ♣❛r❛❣r❛♣❤❡ ❡st ❞❡ ✈ér✐✜❡r s✐ ❧✬✐♥✐t✐❛t✐♦♥ ❞❡ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ ▼▼❆ ♣❛r ❝❡ ❝♦♠♣♦sé

❡st ♣♦ss✐❜❧❡ s❡❧♦♥ ❧❡ ♠é❝❛♥✐s♠❡ ❝♦♦r❞✐♥❛t✐♦♥✴✐♥s❡rt✐♦♥ ❞ét❡r♠✐♥é ♣ré❝é❞❡♠♠❡♥t✳

❈♦♦r❞✐♥❛t✐♦♥ ❞✉ ▼▼❆

▲❛ ♣r❡♠✐èr❡ ét❛♣❡ ❡st ❧❛ ❞é❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ❚❍❋ ❡t ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ▼▼❆ ❛✉ ❝❡♥tr❡

♠ét❛❧❧✐q✉❡✳ ❈♦♠♠❡ ✐♥❞✐q✉é ♣ré❝é❞❡♠♠❡♥t✱ ❝❡tt❡ ❞❡r♥✐èr❡ ♣❡✉t s✬❡✛❡❝t✉❡r ♣❛r ❧✬✐♥t❡r♠é✲

❞✐❛✐r❡ ❞❡ ❧❛ ❞♦✉❜❧❡ ❧✐❛✐s♦♥ ❞✉ ▼▼❆ ♦✉ ♣❛r ❧✬♦①②❣è♥❡✳ ❆ ♥♦✉✈❡❛✉✱ ♦♥ ♦❜s❡r✈❡ q✉❡ ❧❛

❝♦♦r❞✐♥❛t✐♦♥ ♣❛r ❧❛ ❞♦✉❜❧❡ ❧✐❛✐s♦♥ C = C ❡st ❞é❢❛✈♦r❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t✱ ❛❧♦rs

q✉❡ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ♣❛r ❧✬♦①②❣è♥❡ ❞✉ ❝❛r❜♦♥②❧❡ ❡st ✐s❡r❣♦♥✐q✉❡✳ ▲❡s ❞❡✉① ❛❞❞✉✐ts ❧❡s ♣❧✉s

st❛❜❧❡s✱ ❞♦♥t ❧❛ ❣é♦♠étr✐❡ ❡st ♣rés❡♥té❡ ✜❣✉r❡ ❉✳✶✶✱ ❢♦♥t ✐♥t❡r✈❡♥✐r ❧❛ ❢♦r♠❡ ❝✐s ❞✉ ▼▼❆✳

❉❛♥s ❧✬❛❞❞✉✐t❆′
1✱ ❧❛ ❞♦✉❜❧❡ ❧✐❛✐s♦♥ C2 = C3 ❡st ♣r♦❝❤❡ ❞✉ ❜♦r♦❤②❞r✉r❡ ✭❞✭C3−H1✮ ❂ ✸✳✸✶

➴✮ ❀ ❞❛♥s ❧✬❛❞❞✉✐t ❆′
2✱ ❝✬❡st ❧❡ ❣r♦✉♣❡ ♠ét❤♦①② q✉✐ ❡st ♣r♦❝❤❡ ❞✉ ❜♦r♦❤②❞r✉r❡ ✭❞✭C4−H1✮

❂ ✸✳✸✽ ➴✮

❉❛♥s ❧❡s ❞❡✉① ❝♦♠♣♦sés ❆′
1 ❡t ❆

′
2✱ ❧❡ ❜♦r♦❤②❞r✉r❡ r❡st❡ tr✐❝♦♦r❞✐♥é ❀ ❧❛ ❞✐st❛♥❝❡ Ln...B

❡st é❣❛❧❡ à ✷✳✺✾ ➴✱ s♦✐t s❡✉❧❡♠❡♥t ✵✳✵✸ ➴ ❞❡ ♣❧✉s q✉❡ ❞❛♥s ❧❡ ❝♦♠♣❧❡①❡ ✐s♦❧é✳ ▲❛ ❝♦♦r❞✐♥❛t✐♦♥

❞✉ ▼▼❆ ❛ ❞♦♥❝ ✉♥❡ ✐♥✢✉❡♥❝❡ ♥é❣❧✐❣❡❛❜❧❡ s✉r ❧❛ ❧✐❛✐s♦♥ ❧❛♥t❤❛♥✐❞❡ ✲ ❜♦r♦❤②❞r✉r❡✳ ▲❡s

✶✺✻



❋✐❣✳ ❉✳✶✶✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s ❛❞❞✉✐ts ❆′
1 ❡t ❆′

2 ❞❡ ▼▼❆ s✉r [Ln] − BH4✳

❞✐st❛♥❝❡s Ln...O1 s♦♥t éq✉✐✈❛❧❡♥t❡s à ❝❡❧❧❡s ♦❜t❡♥✉❡s ❞❛♥s ❧❡ ❝❛s ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡

✭✷✳✹✸ ➴✮✳ ❙❡❧♦♥ ✉♥❡ ❛♥❛❧②s❡ ◆❇❖✱ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ♠ét❛❧ ❡t O1 ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t

é❧❡❝tr♦st❛t✐q✉❡✳ ▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s ❞❡ ❢♦r♠❛t✐♦♥ ❞❡❆′
1 ❡t ❆

′
2 à ♣❛rt✐r ❞❡s ré❛❝t✐❢s sé♣❛rés

s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ❞❡ ✵✳✵ ❦❝❛❧✳♠♦❧−1 ❡t ✵✳✸ ❦❝❛❧✳♠♦❧−1✱ ❝❡ q✉✐ ✐♥❞✐q✉❡ q✉❡ ❧✬✐♥t❡r❛❝t✐♦♥

▼▼❆ ✲ ♠ét❛❧ ❞❛♥s ❆′
1 ❡t ❆′

2 ❡st ❞✉ ♠ê♠❡ ♦r❞r❡ q✉❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❚❍❋ ✲ ♠ét❛❧ ❞❛♥s

[Ln]BH4(THF )✳ ▲❡ ❚❍❋ ❡t ❧❡ ▼▼❆ ♦♥t ❞♦♥❝ ❞❡s ♣♦✉✈♦✐rs ❝♦♦r❞✐♥❛♥ts éq✉✐✈❛❧❡♥ts✳

❋♦r♠❛t✐♦♥ ❞❡ ❧✬é♥♦❧❛t❡

❆ ♣❛rt✐r ❞❡s ❛❞❞✉✐ts ❆′
1 ❡t ❆

′
2✱ ♦♥ ♣❡✉t ❝♦♠♠❡ ♣ré❝é❞❡♠♠❡♥t ❡♥✈✐s❛❣❡r ❞❡✉① ❝❤❡♠✐♥s

ré❛❝t✐♦♥♥❡❧s✱ ♠❡♥❛♥t ❧✬✉♥ ❛✉ ❝ét♦é♥♦❧❛t❡ ❡t ❧✬❛✉tr❡ ❛✉ ❝❛r❜♦①②❧❛t❡✳ ❊t✉❞✐♦♥s t♦✉t ❞✬❛❜♦r❞

❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬é♥♦❧❛t❡ à ♣❛rt✐r ❞❡ ❆′
1✳ ❈❡❧❧❡✲❝✐ ♣❡✉t s✬❡✛❡❝t✉❡r ❞❡ ♣❧✉s✐❡✉rs ♠❛♥✐èr❡s✱

s❝❤é♠❛t✐sé❡s s✉r ❧❛ ✜❣✉r❡ ❉✳✶✷ ✿ s♦✐t ♣❛r ✉♥ ❛tt❛q✉❡ ♥✉❝❧é♦♣❤✐❧❡ ❞✉ ❜♦r♦❤②❞r✉r❡✱ q✉✐

❝♦♥❞✉✐t ❛✉ ♣r♦❞✉✐t ❇✬✱ s♦✐t ♣❛r ✉♥ tr❛♥s❢❡rt ❞❡ ❧✬❤②❞r✉r❡✱ ❧❡ ❜♦r❡ r❡st❛♥t ❛✉ ✈♦✐s✐♥❛❣❡ ❞✉

♠ét❛❧✱ q✉✐ ♠è♥❡ ❛✉ ♣r♦❞✉✐t ❇”✳ ❆ ♣❛rt✐r ❞❡ ❇✬ ♦✉ ❇”✱ ✉♥❡ ❞é❝♦♦r❞✐♥❛t✐♦♥ ❞❡ BH3 ❞♦♥♥❡

❧✬é♥♦❧❛t❡ ❇ ♦❜t❡♥✉ ❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ ♣ré❝é❞❡♥t✳ ❊♥✜♥✱ ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ❝♦♦r❞✐♥❛t✐♦♥ ❞❡

BH3 à ❧✬♦①②❣è♥❡ O2 ♥✬❛ ♣❛s été ❡♥✈✐s❛❣é❡ ❝❛r ❝❡❧✉✐✲❝✐ ❡st ❧♦✐♥ ❣é♦♠étr✐q✉❡♠❡♥t✳

❋✐❣✳ ❉✳✶✷✿ ❈♦♠♣❧❡①❡s é♥♦❧❛t❡s ♣♦✉✈❛♥t êtr❡ ❢♦r♠és à ♣❛rt✐r ❞✉ ❜♦r♦❤②❞r✉r❡ ❞❡ ❧❛♥t❤❛♥✐❞❡ [Ln]−
BH4

✶✺✼



▲✬ét✉❞❡ t❤é♦r✐q✉❡ ♥♦✉s ❛ ♣❡r♠✐s ❞✬♦♣t✐♠✐s❡r ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦❞✉✐t ❇” ❀ ❡♥ r❡✈❛♥❝❤❡

❧❡ ♣r♦❞✉✐t ❇✬ ♥✬❛ ♣❛s ♣✉ êtr❡ ❧♦❝❛❧✐sé ❝♦♠♠❡ ✉♥ ♠✐♥✐♠✉♠ s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ♣♦t❡♥t✐❡❧✳ ❈❡❝✐

♣❡✉t êtr❡ ❡①♣❧✐q✉é ♣❛r ❧❡ ❢❛✐t q✉❡ CH3 ♥✬❡st ♣❛s ✉♥❡ ❜❛s❡ ❞❡ ▲❡✇✐s s✉✣s❛♠♠❡♥t ❢♦rt❡

♣♦✉r st❛❜✐❧✐s❡r BH3✳

❋✐❣✳ ❉✳✶✸✿ ●é♦♠étr✐❡ ♦♣t✐♠✐sé❡ ❞✉ ❝♦♠♣❧❡①❡ é♥♦❧❛t❡ ❇✑ ✳ ▲❛ ✈✉❡ ❞❡ ❞r♦✐t❡ ♣❡r♠❡t ❞❡ ✈ér✐✜❡r q✉❡
❧❡ ❜♦r❡ r❡st❡ ♣r♦❝❤❡ ❞✉ ♠ét❛❧✳

❉✐st❛♥❝❡s

Ln...O1 ✷✳✶✷ Ln...B ✷✳✻✸ C5...C6 ✶✳✹✼
O1...C1 ✶✳✸✸ Ln...H2 ✷✳✸✼ C6...C7 ✶✳✸✼
C1...C2 ✶✳✸✺ Ln...H3 ✷✳✹✺ C7...C8 ✶✳✹✻
C2...C3 ✶✳✺✵ C5...B ✶✳✼✾ C8...C9 ✶✳✸✼
C3...H3 ✶✳✵✾ C5...C9 ✶✳✹✼
❆♥❣❧❡s

Ln − O1 − C1 ✶✻✸✳✵ C1 − C2 − C3 ✶✷✶✳✸
O1 − C1 − C2 ✶✷✺✳✽ C2 − C3 − H3 ✶✶✶✳✾

❚❛❜✳ ❉✳✺✿ Pr✐♥❝✐♣❛✉① ♣❛r❛♠ètr❡s str✉❝t✉r❛✉① ❞❡ ❧✬é♥♦❧❛t❡ ❇✑ ✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t ❡♥ ➴ ❡t ❧❡s
❛♥❣❧❡s ❡♥ ❞❡❣rés✳

▲❛ ❣é♦♠étr✐❡ ♦♣t✐♠✐sé❡ ❞❡ ❇” ❡st ♣rés❡♥té❡ ✜❣✉r❡ ❉✳✶✸ ❡t ❧❡s ♣r✐♥❝✐♣❛✉① ♣❛r❛♠ètr❡s

str✉❝t✉r❛✉① s♦♥t r❛ss❡♠❜❧és ❞❛♥s ❧❡ t❛❜❧❡❛✉ ❉✳✺✳ ❉❛♥s ❧❡ ❝♦♠♣♦sé❇” ✱ ❧❡ ❜♦r❡ ❡st tr❛♥s❢éré

s✉r ✉♥ ❞❡s ❧✐❣❛♥❞s ❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡s ❡t ✐♥t❡r❛❣✐t ❛✈❡❝ ❧✬✉♥ ❞❡s ❝❛r❜♦♥❡s✳ ▲❡s ❞✐st❛♥❝❡s

C...C ❞❛♥s ❧❡ ❧✐❣❛♥❞ ❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡ s♦♥t ❛❧t❡r♥é❡s ❡t ❧❛ ❞✐st❛♥❝❡ ❞✉ ♠ét❛❧ ❛✉ ❝❡♥tr♦ï❞❡

❞✉ Cp ♣♦rt❛♥t BH3 ❛ ❛✉❣♠❡♥té ❞❡ ✵✳✶✺ ➴ ♣❛r r❛♣♣♦rt ❛✉ ❝♦♠♣❧❡①❡ ✐♥✐t✐❛❧✳ ❉✬❛♣rès ❝❡s

❝❛r❛❝tér✐st✐q✉❡s str✉❝t✉r❛❧❡s✱ ♥♦✉s ♣♦✉✈♦♥s s✉♣♣♦s❡r q✉✬✉♥❡ ❧✐❛✐s♦♥ B − C ❛ été ❢♦r♠é❡ ❀

❞❛♥s ❧❡ ❧✐❣❛♥❞ rés✉❧t❛♥t C4H4CH(BH3)
⊖✱ ❧❡s ❧✐❛✐s♦♥s π ❞✉ ❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡ ♦♥t été

r❡❧♦❝❛❧✐sé❡s✳ ▲❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ❧✐❣❛♥❞ C4H4CH(BH3)
⊖✱ ❞❡ t②♣❡ ❜✉t❛❞✐é♥✐q✉❡✱ s❡ ❢❛✐t

❛❧♦rs à ❧❛ ❢♦✐s ♣❛r ❧✬✐♥tér♠é❞✐❛✐r❡ ❞❡ ❞❡✉① ❤②❞r♦❣è♥❡s ♣♦♥t❛♥ts ❡t ♣❛r ❧❡s ❞❡✉① ❧✐❛✐s♦♥s π

❞✉ ❧✐❣❛♥❞ C4H4CH(BH3)
⊖✳

✶✺✽



❈❡tt❡ ❤②♣♦t❤ès❡ ❡st ét❛②é❡ ♣❛r ✉♥❡ ❛♥❛❧②s❡ ◆❇❖✱ q✉✐ ✐♥❞✐q✉❡ ✉♥❡ ❧✐❛✐s♦♥ B − C

❢♦rt❡♠❡♥t ♣♦❧❛r✐sé❡ ✈❡rs ❧❡ ❝❛r❜♦♥❡✱ ❡t ❞❡✉① ❧✐❛✐s♦♥s π ♣❡✉ ❞é❧♦❝❛❧✐sé❡s s✉r ❧❡ ❝②❝❧❡✳ ❙❡❧♦♥

❧✬❛♥❛❧②s❡ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥✱ ❧❡ ❧✐❣❛♥❞ C4H4CH(BH3)
⊖ ✐♥t❡r❛❣✐t ❛✈❡❝ ❧❡

♠ét❛❧ ♥♦♥ s❡✉❧❡♠❡♥t ♣❛r ✉♥❡ ✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡✱ ♠❛✐s é❣❛❧❡♠❡♥t ♣❛r ✉♥❡ ❞♦♥❛t✐♦♥

❞❡s ❧✐❛✐s♦♥s π(C − C) ✭♣❧✉s ❢❛✐❜❧❡ ❝❡♣❡♥❞❛♥t q✉❡ ❞❛♥s ❧❡ ❧✐❣❛♥❞ Cp✮ ❡t ❞❡ ❞❡✉① ❧✐❛✐s♦♥s

B − H ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞✉ ♠ét❛❧✳

❊♥✜♥✱ ❧❡s ❝❤❛r❣❡s ◆P❆ s✉r ❧❡ ♠ét❛❧ ❡t O1 ét❛♥t très é❧❡✈é❡s ✭✷✳✺✹ ❡t ✲✶✳✵✹ r❡s♣❡❝t✐✈❡✲

♠❡♥t✮✱ ❝♦♠♠❡ ❞❛♥s ❧❡ ❝♦♠♣♦sé ❇✱ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ♠ét❛❧ ❡t ❧✬♦①②❣è♥❡ ❡st ❛✈❛♥t t♦✉t

é❧❡❝tr♦st❛t✐q✉❡✳ ❊♥ ♦✉tr❡✱ ❧✬❛♥❛❧②s❡ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥ ✐♥❞✐q✉❡ ✉♥❡ ❧é❣èr❡

❞♦♥❛t✐♦♥ ❞❡s ❞♦✉❜❧❡ts ❞❡ ❧✬♦①②❣è♥❡ O1 ✈❡rs ❧❡ ♠ét❛❧✳

❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬é♥♦❧❛t❡ ❇” ❡st ❡♥❞❡r❣♦♥✐q✉❡ ❞❡ ✶✷✳✵ ❦❝❛❧✳♠♦❧−1

♣❛r r❛♣♣♦rt à ❧✬❛❞❞✉✐t ❆′
1✳ ❈❡❝✐ s✐❣♥✐✜❡ ❞♦♥❝ q✉❡ ❧❛ ❝ré❛t✐♦♥ ❞✬✉♥❡ ✐♥t❡r❛❝t✐♦♥ ♠ét❛❧ ✲

♦①②❣è♥❡ ❢♦rt❡ ❡t ❞✬✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ BH3 ❡t ❧❡ ❧✐❣❛♥❞ ❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡✱ q✉✐ ❞♦♥♥❡

❧✐❡✉ à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❧✐❣❛♥❞ C4H4CH(BH3)
⊖✱ ♥❡ s✉✣s❡♥t ♣❛s à ❝♦♠♣❡♥s❡r ❧❛ ♣❡rt❡ ❞❡

❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ BH3 ❡t H⊖✳ ▲❡ ❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡ ♥✬❡st ❞♦♥❝ ♣❛s ✉♥❡ ❜❛s❡ ❞❡ ▲❡✇✐s

s✉✣s❛♠♠❡♥t ❢♦rt❡ ♣♦✉r st❛❜✐❧✐s❡r BH3✳ P❛r ❝♦♥séq✉❡♥t✱ ❧✬é♥♦❧❛t❡ ❇” ♥❡ ❞❡✈r❛✐t ♣❛s êtr❡

❢♦r♠é✳ ■❧ ❡♥ ❡st ❞❡ ♠ê♠❡ ♣♦✉r ❧✬é♥♦❧❛t❡ ❇✱ ❞♦♥t ❧❛ ❢♦r♠❛t✐♦♥✱ ❛❝❝♦♠♣❛❣♥é❡ ❞❡ ❧❛ ❧✐❜ér❛t✐♦♥

❞❡ BH3✱ ❡st ❡♥❞❡r❣♦♥✐q✉❡ ❞❡ ✶✺✳✾ ❦❝❛❧✳♠♦❧−1 à ♣❛rt✐r ❞❡ ❆′
1✳ ▲❡ ❝♦♠♣❧❡①❡ ❜♦r♦❤②❞r✉r❡

[Ln]BH4 ♥❡ ♣❡r♠❡t ❞♦♥❝ ♣❛s ❞✬✐♥✐t✐❡r ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ ▼▼❆ ♣❛r ❧❡ ♠é❝❛♥✐s♠❡ ❝♦✲

♦r❞✐♥❛t✐♦♥ ✲ ✐♥s❡rt✐♦♥ ✈❛❧✐❞é ♣♦✉r ❧✬❤②❞r✉r❡✳

❊♥✜♥✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s é♥♦❧❛t❡s ❇ ❡t ❇” ét❛♥t ❞é❢❛✈♦r✐sé❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t✱ ❧❡s

ét❛ts ❞❡ tr❛♥s✐t✐♦♥ ② ❝♦♥❞✉✐s❛♥t ♥✬♦♥t ♣❛s été r❡❝❤❡r❝❤és✳

❋♦r♠❛t✐♦♥ ❞✉ ❝❛r❜♦①②❧❛t❡

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝❛r❜♦①②❧❛t❡ à ♣❛rt✐r ❞❡ ❧✬❛❞❞✉✐t ❆′
2✱ ❡❧❧❡ ♥❡ ♣❡✉t

s❡ ♣r♦❞✉✐r❡ q✉❡ ♣❛r tr❛♥s❢❡rt ❞✬❤②❞r✉r❡✳ ❊♥ ❡✛❡t✱ ✉♥❡ ❛tt❛q✉❡ ♥✉❝❧é♦♣❤✐❧❡ ❞✉ ❜♦r♦❤②❞r✉r❡

❝♦♥❞✉✐r❛✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣♦sé ♦r❣❛♥✐q✉❡ CH4 · · ·BH3✱ q✉✐ ♥✬❛ ♣❛s ♣✉ êtr❡ ♦♣t✐♠✐sé

❝♦♠♠❡ ✉♥ ♠✐♥✐♠✉♠ s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ♣♦t❡♥t✐❡❧✳ ▲❡s ❞❡✉① ♣r♦❞✉✐ts ♣♦✉✈❛♥t ❛❧♦rs êtr❡

♦❜t❡♥✉s s♦♥t ❧❡ ❝♦♠♣❧❡①❡ ❊ ❞é❝r✐t ♣ré❝❡❞❡♠♠❡♥t ✭s✐ BH3 ❡st ❧✐❜éré✮✱ ♦✉ ✉♥ ❝♦♠♣♦sé ❊”✱

♦ù ❧❡ ❜♦r❡ r❡st❡ ❛✉ ✈♦✐s✐♥❛❣❡ ❞✉ ♠ét❛❧✳ ▲❛ ❣é♦♠étr✐❡ ♦♣t✐♠✐sé❡ ❞❡ ❊” ❡st ♣rés❡♥té❡ ✜❣✉r❡

❉✳✶✹✳ ▲❡s ❞✐st❛♥❝❡s Ln...O s♦♥t s✐♠✐❧❛✐r❡s à ❝❡❧❧❡s ♦❜s❡r✈é❡s ❞❛♥s ❧❡ ❝♦♠♣❧❡①❡ ❊ ✭✷✳✸✽ ❡t

✷✳✹✶➴✮✳

❈♦♠♠❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬❤②❞r✉r❡✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s ❝♦♠♣♦sés ❝❛r❜♦①②❧❛t❡ ❡st très ❡①❡r✲

❣♦♥✐q✉❡ ✭✲✸✻✳✵ ❦❝❛❧✳♠♦❧−1 ♣♦✉r ❊ ❡t ✲✸✼✳✼ ❦❝❛❧✳♠♦❧−1 ♣♦✉r ❊” à ♣❛rt✐r ❞❡s ré❛❝t✐❢s sé♣❛rés✮✱

❡♥ r❛✐s♦♥ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❞❡✉① ✐♥t❡r❛❝t✐♦♥s ❢♦rt❡s Ln − O ❡t ❞❡ ❧❛ ❞é❧♦❝❛❧✐s❛t✐♦♥ é❧❡❝✲

tr♦♥✐q✉❡ ❛✉ s❡✐♥ ❞✉ ❣r♦✉♣❡♠❡♥t ❝❛r❜♦①②❧❛t❡✳

▲❛ ❣é♦♠étr✐❡ ♦♣t✐♠✐sé❡ ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❧✬❛❞❞✉✐t ❆′
2 ❡t ❧❡ ❝❛r❜♦①②❧❛t❡ ❊”

✶✺✾



❋✐❣✳ ❉✳✶✹✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞✉ ❝♦♠♣❧❡①❡ ❝❛r❜♦♥①②❧❛t❡ ❊✑ ❡t ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥❆′
2−❊✑

✳

❡st ♣rés❡♥té❡ ✜❣✉r❡ ❉✳✶✹✳ ▲❛ ❧✐❛✐s♦♥ B−H s✉r ❧❡ ♣♦✐♥t ❞❡ s❡ r♦♠♣r❡ ❡st ét✐ré❡ ✭✶✳✸✵ ➴✮✱ ❞❡

♠ê♠❡ q✉❡ ❧❛ ❧✐❛✐s♦♥ C = O✳ ▲❡ ❣r♦✉♣❡♠❡♥t CH3 ❞✉ ♠ét❤♦①② ❡st ♣❧❛♥✳ ❈♦♠♠❡ ❞❛♥s ❧❡ ❝❛s

♣ré❝é❞❡♥t✱ ❧❛ ré❛❝t✐♦♥ ♣❡✉t ❞♦♥❝ êtr❡ ✈✉❡ ❝♦♠♠❡ ❧❛ s✉❜st✐t✉t✐♦♥ ♥✉❝❧é♦♣❤✐❧❡ ❞✬✉♥ ♦①②❣è♥❡

♣❛r ✉♥ ❤②❞r✉r❡✳ ▲❛ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ❝♦rr❡s♣♦♥❞❛♥t❡ ❡st ❞❡ ✸✼✳✾ ❦❝❛❧✳♠♦❧−1 à ♣❛rt✐r

❞❡ ❆′
2✳ ▲❡ ♣❛ss❛❣❡ ❞✬✉♥ ❝❛r❜♦♥❡ tétr❛é❞r✐q✉❡ à ✉♥ ❝❛r❜♦♥❡ ♣❡♥t❛✈❛❧❡♥t ❡st ♣r♦❜❛❜❧❡♠❡♥t

à ❧✬♦r✐❣✐♥❡ ❞❡ ❧❛ ❢♦rt❡ ❞ést❛❜✐❧✐s❛t✐♦♥ ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ♣❛r r❛♣♣♦rt à ❆′
2✳

Pr♦✜❧s é♥❡r❣ét✐q✉❡s ❡t ❜✐❧❛♥

▲❡s ♣r♦✜❧s é♥❡r❣ét✐q✉❡s ❞❡s ré❛❝t✐♦♥s ♣♦ss✐❜❧❡s à ♣❛rt✐r ❞❡ [Ln]BH4(THF ) ❡t ❞✬✉♥❡

♠♦❧é❝✉❧❡ ❞❡ ▼▼❆ s♦♥t s❝❤é♠❛t✐sés s✉r ❧❛ ✜❣✉r❡ ❉✳✶✺✳ ❙❡❧♦♥ ♥♦s rés✉❧t❛ts t❤é♦r✐q✉❡s✱

❝♦♥tr❛✐r❡♠❡♥t ❛✉ ❝❛s ❞❡ ❧✬❤②❞r✉r❡✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s ❝♦♠♣♦sés é♥♦❧❛t❡ ❡st ❞é❢❛✈♦r❛❜❧❡

t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t ❡t ♥❡ ❞❡✈r❛✐t ❞♦♥❝ ♣❛s êtr❡ ♦❜s❡r✈é❡✳ ▲❛ ❢♦r♠❛t✐♦♥ ❞❡s ❝♦♠♣♦sés

❝❛r❜♦①②❧❛t❡✱ ❜✐❡♥ q✉❡ très ❡①❡r❣♦♥✐q✉❡✱ ❡st très ❞✐✣❝✐❧❡ ❝✐♥ét✐q✉❡♠❡♥t ❡t ♥❡ ❞❡✈r❛✐t ❞♦♥❝

♣❛s s❡ ♣r♦❞✉✐r❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳ ❊♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✱ ❝❡s

rés✉❧t❛ts ❡①♣❧✐q✉❡♥t ❧❛ ♥♦♥ ♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ ▼▼❆ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ❜♦r♦❤②❞r✉r❡✳ ❉❡ ♣❧✉s✱

✐❧s ♣❡r♠❡tt❡♥t ❞❡ ❝♦♠♣r❡♥❞r❡ ♣♦✉rq✉♦✐ ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❝❛r❜♦②①❧❛t❡ ❡t ❧❛ ❧✐❜ér❛t✐♦♥ ❞❡

♠ét❤❛♥❡ ♥❡ s♦♥t ♣❛s ♦❜s❡r✈é❡s ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✳

❈♦♥❝❧✉s✐♦♥

▲❛ ré❛❝t✐✈✐té ❞❡ ❧✬❤②❞r✉r❡ ❡t ❞✉ ❜♦r♦❤②❞r✉r❡ ✈✐s✲à✲✈✐s ❧❡ ▼▼❆ ❡st ❞♦♥❝ ❞✐✛ér❡♥t❡✳ ▲❡

♣r❡♠✐❡r ♣❡r♠❡t ❞✬✐♥✐t✐❡r ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❣râ❝❡ à ❧❛ ❢♦r♠❛t✐♦♥✱ ❢❛✈♦r❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐✲

q✉❡♠❡♥t ❡t ❝✐♥ét✐q✉❡♠❡♥t✱ ❞✬✉♥ é♥♦❧❛t❡ ♣✉✐s ❞✬✉♥ ❝ét♦é♥♦❧❛t❡ ❀ ❧❡ s❡❝♦♥❞✱ ♣♦✉r ❞❡s r❛✐s♦♥s

t❤❡r♠♦❞②♥❛♠✐q✉❡s✱ ♥❡ ♣❡✉t ♣❛s ❝♦♥❞✉✐r❡ à ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ é♥♦❧❛t❡ ❡t ♥❡ ♣❡✉t ❞♦♥❝

✶✻✵



❋✐❣✳ ❉✳✶✺✿ Pr♦✜❧s é♥❡r❣ét✐q✉❡s ❞❡s ❞❡✉① ré❛❝t✐♦♥s ❡♥ ❝♦♠♣ét✐t✐♦♥ à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ❜♦r♦❤②✲
❞r✉r❡ [Ln]BH4(THF ) ❡t ❞✉ ▼▼❆✳

♣❛s ✐♥✐t✐❡r ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥✳ ❊♥ ♣rés❡♥❝❡ ❞✬✉♥ ❝♦❝❛t❛❧②s❡✉r ❞❡ t②♣❡ BuLi✱ ♥♦✉s ♣♦✉✈♦♥s

s✉♣♣♦s❡r q✉❡ ❧❡ ❧✐❣❛♥❞ ❜♦r♦❤②❞r✉r❡ ❡st ❞é❝♦♦r❞✐♥é ♣♦✉r ❢♦r♠❡r ❧❡ s❡❧ Li⊕BH⊖
4 ❡t ✉♥ ❝♦♠✲

♣❧❡①❡ ❛❧❦②❧❡ [Ln]−C4H9✱ ❞♦♥t ❧❛ ré❛❝t✐✈✐té ❞❡✈r❛✐t êtr❡ s✐♠✐❧❛✐r❡ à ❝❡❧❧❡ ❞❡ ❧✬❤②❞r✉r❡✳ ❯♥❡

❛✉tr❡ ♣♦ss✐❜✐❧✐té ❡♥✈✐s❛❣❡❛❜❧❡ s❡r❛✐t ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣♦sé ❤②❞r✉r❡ à ♣❛rt✐r ❞❡ ❧✬❛❧❦②❧❡

♣❛r ✉♥❡ ré❛❝t✐♦♥ ❞❡ β✲é❧✐♠✐♥❛t✐♦♥ ❞✉ ❜✉tè♥❡✳

❉✳✹ P♦❧②♠ér✐s❛t✐♦♥ ❞❡ ❧❛ ε✲❝❛♣r♦❧❛❝t♦♥❡

▲❛ ♣♦❧②♠ér✐s❛t✐♦♥ ♣❛r ♦✉✈❡rt✉r❡ ❞❡ ❝②❝❧❡ ❞❡ ❧❛ ε✲❝❛♣r♦❧❛❝t♦♥❡✱ ❧❛❝t♦♥❡ ❝♦♠♣♦rt❛♥t ✉♥

❝②❝❧❡ à ✼ ❝❤❛î♥♦♥s✱ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ✉♥ ♣♦❧②❡st❡r ❜✐♦❝♦♠♣❛t✐❜❧❡ ❡t ❜✐♦❞é❣r❛❞❛❜❧❡ ✭❝❢✳ ✜✲

❣✉r❡ ❉✳✶✻✮ ❞✬✉♥ ❣r❛♥❞ ✐♥térêt ♣♦✉r ❧❡ ❞♦♠❛✐♥❡ ♠é❞✐❝❛❧✳ ❙❡❧♦♥ ❧❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉①✱

❧❡ ❝♦♠♣❧❡①❡ Cp⋆
2SmBH4(THF ✮ ❝❛t❛❧②s❡ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ❧❛ ε✲❝❛♣r♦❧❛❝t♦♥❡ ❛✈❡❝ ❞❡

❜♦♥s r❡♥❞❡♠❡♥ts ❡t ✉♥❡ ❢❛✐❜❧❡ ♣♦❧②❞✐s♣❡rs✐té✳ ▲✬♦❜❥❡❝t✐❢ ❞❡ ❝❡tt❡ ét✉❞❡ t❤é♦r✐q✉❡ ❡st ❞❡

❞ét❡r♠✐♥❡r ❧❡ ♠é❝❛♥✐s♠❡ ❞✬✐♥✐t✐❛t✐♦♥ ❞❡ ❝❡tt❡ ré❛❝t✐♦♥ ❡t ❞❡ ❝♦♠♣r❡♥❞r❡ q✉❡❧s ❢❛❝t❡✉rs

s♣é❝✐✜q✉❡s ❢♦♥t q✉❡ Cp⋆
2SmBH4(THF )✱ ✐♥❡✣❝❛❝❡ ❡♥ ♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ ▼▼❆✱ ♣❡r♠❡t

❞✬✐♥✐t✐❡r ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ❧❛ ε✲❝❛♣r♦❧❛❝t♦♥❡✳ ❈♦♠♠❡ ❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ ♣ré❝é❞❡♥t✱ ❧❛

✈❛❧✐❞❛t✐♦♥ ❞✉ ♠é❝❛♥✐s♠❡ s❡r❛ ❡✛❡❝t✉é❡ ❡♥ ♠♦❞é❧✐s❛♥t ❧❡ ❧✐❣❛♥❞ Cp⋆ ♣❛r Cp ❡t ❡♥ r❡♠♣❧❛✲

ç❛♥t ❧❡ s❛♠❛r✐✉♠ ♣❛r ❧✬❡✉r♦♣✐✉♠✳ P♦✉r ♣❧✉s ❞❡ ❣é♥ér❛❧✐té✱ ❧❡ ❢r❛❣♠❡♥t ♠ét❛❧❧✐q✉❡ Cp⋆
2Sm

✭❡①♣ér✐♠❡♥t❛❧✮ ♦✉ Cp2Eu ✭t❤é♦r✐q✉❡✮ s❡r❛ ♥♦té [Ln]✳

✶✻✶



❋✐❣✳ ❉✳✶✻✿ P♦❧②♠ér✐s❛t✐♦♥ ❞❡ ❧❛ ε✲❝❛♣r♦❧❛❝t♦♥❡

❉✳✹✳✶ ❉♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s

P♦✉r ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ❧❛ ε✲❝❛♣r♦❧❛❝t♦♥❡ ♣❛r ✉♥ ❜♦r♦❤②❞r✉r❡ ❞❡ ❧❛♥t❤❛♥✐❞❡✱ ❧❡

♠é❝❛♥✐s♠❡ ❞✬✐♥✐t✐❛t✐♦♥ ♣♦st✉❧é ❡st ❝♦♠♣♦sé ❞❡ tr♦✐s ét❛♣❡s ❬✶✻✼❪ ✭❝❢✳ ✜❣✉r❡ ❉✳✶✼✮ ✿ ❞❛♥s

✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ✉♥❡ ♠♦❧é❝✉❧❡ ❞❡ ε✲❝❛♣r♦❧❛❝t♦♥❡ s❡ ❝♦♦r❞♦♥♥❡ ❛✉ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡✱

❞é♣❧❛ç❛♥t ❧❡ ❚❍❋✱ ♣♦✉r ❞♦♥♥❡r ✉♥ ❛❞❞✉✐t ❆ ❀ ✉♥❡ ❛tt❛q✉❡ ♥✉❝❧é♦♣❤✐❧❡ ❞✉ ❜♦r♦❤②❞r✉r❡

❝♦♥❞✉✐t ❛❧♦rs à ❧✬♦✉✈❡rt✉r❡ ❞✉ ❝②❝❧❡ ❡t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ✐♥t❡r♠é❞✐❛✐r❡ ❇ ❀ ❡♥✜♥✱ ✉♥❡

s❡❝♦♥❞❡ ❛❝t✐✈❛t✐♦♥ B − H ♣❡r♠❡t ❞✬♦❜t❡♥✐r ❧❡ ♣r♦❞✉✐t ❈✱ ❞❛♥s ❧❡q✉❡❧ ❧❡ ❝❛r❜♦♥②❧❡ ❛ été

ré❞✉✐t✳ ▲✬❤②♣♦t❤ès❡ ❞❡ ❧❛ ré❞✉❝t✐♦♥ ❞✉ ❝❛r❜♦♥②❧❡ ❡st ét❛②é❡ ♣❛r ❧❡ ❢❛✐t q✉❡ ❧❡ ♣♦❧②♠èr❡ ✜♥❛❧

♣rés❡♥t❡ ✉♥❡ ❡①tré♠✐té CH2 −O−BH2✱ q✉✐ ❞♦♥♥❡ ✉♥❡ t❡r♠✐♥❛✐s♦♥ ❛❧❝♦♦❧ ♣❛r ❤②❞r♦❧②s❡✳

▲✬✐♥t❡r♠é❞✐❛✐r❡ ❇ ♥✬❛ ♣❛s ♣✉ êtr❡ ♦❜s❡r✈é ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❀ s❛ ❢♦r♠❛t✐♦♥ r❡st❡ ❞♦♥❝

❤②♣♦t❤ét✐q✉❡✳ ❊♥ r❡✈❛♥❝❤❡ ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❈ ❛ ♣✉ êtr❡ ✐s♦❧é✱ ♠❛✐s ♥♦♥ ❝❛r❛❝tér✐sé✱ ❞❛♥s ❧❡

❝❛s ❞✬✉♥ ♠é❧❛♥❣❡ ✶ ✿✶ ❞✉ ❝♦♠♣❧❡①❡ [Ln]BH4(THF ) ❡t ❞❡ ❧❛ ε✲❝❛♣r♦❧❛❝t♦♥❡✳ ▲✬❤②❞r♦❧②s❡

❞❡ ❈ ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ✶✱✻ ❤❡①❛♥❡❞✐♦❧ HO − (CH2)6 − OH✱ ❝❡ q✉✐ ❝♦♥✜r♠❡ ❧❛

ré❞✉❝t✐♦♥ ❞✉ ❝❛r❜♦♥②❧❡ ❞ès ❧✬✐♥✐t✐❛t✐♦♥✳ ❉❡ ♣❧✉s✱ ❡♥ ♣rés❡♥❝❡ ❞✉ ♠♦♥♦♠èr❡✱ ✐❧ ❝❛t❛❧②s❡ ❧❛

❢♦r♠❛t✐♦♥ ❞✉ ♣♦❧②❡st❡r ❡t ♣❡✉t ❞♦♥❝ êtr❡ ❝♦♥s✐❞éré ❝♦♠♠❡ ❧✬❡s♣è❝❡ ❛❝t✐✈❡✳

❋✐❣✳ ❉✳✶✼✿ ▼é❝❛♥✐s♠❡ ❞✬✐♥✐t✐❛t✐♦♥ ♣♦st✉❧é ♣♦✉r ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ❧❛ ε✲❝❛♣r♦❧❛❝t♦♥❡ ♣❛r
[Ln](BH4)(THF )

▲✬❤②♣♦t❤ès❡ ❞✉ ♣❛ss❛❣❡ ♣❛r ✉♥ ❛❞❞✉✐t❆ ❛ ♣✉ êtr❡ ❝♦♥✜r♠é❡ ❡♥ ét✉❞✐❛♥t ❧❛ ré❛❝t✐✈✐té ❞❡

❧❛ γ✲❜✉t②r♦❧❛❝t♦♥❡ ❛✈❡❝ ❧❡ ❝♦♠♣❧❡①❡ ❜♦r♦❤②❞r✉r❡ ✭❝❢✳ ✜❣✉r❡ ❉✳✶✽✮✳ ❊♥ ❡✛❡t✱ ❝❡ ♠♦♥♦♠èr❡

❛ ✉♥❡ ❡♥t❤❛❧♣✐❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ♣♦s✐t✐✈❡ ❡t ♥❡ ♣❡✉t ❞♦♥❝ ♣❛s êtr❡ ♣♦❧②♠ér✐sé ❬✶✻✼❪✳

❙❡❧♦♥ ❧❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉①✱ ❧❛ ré❛❝t✐♦♥ ❞❡ [Ln]BH4(THF ) ❛✈❡❝ ❧❛ γ✲❜✉t②r♦❧❛❝t♦♥❡

❝♦♥❞✉✐t à ✉♥ ❝♦♠♣♦sé ♣♦✉r ❧❡q✉❡❧ ✉♥❡ ❝❛r❛❝tér✐s❛t✐♦♥ ❘▼◆ ♣❡r♠❡t ❞❡ ❝♦♥✜r♠❡r ✉♥❡

✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ✉♥ ❝❛r❜♦♥②❧❡ ❡t ❧❡ ♠ét❛❧✱ ❡t q✉✐ r❡❞♦♥♥❡ ♣❛r ❤②❞r♦❧②s❡ ❧❛ γ✲❜✉t②r♦❧❛❝t♦♥❡✳

✶✻✷



■❧ s✬❛❣✐t ❞♦♥❝ très ♣r♦❜❛❜❧❡♠❡♥t ❞❡ ❧✬❛❞❞✉✐t ♠♦♥♦❝♦♦r❞✐♥é ❆γ−BL s❝❤é♠❛t✐sé ✜❣✉r❡ ❉✳✶✽✳

❋✐❣✳ ❉✳✶✽✿ ❘é❛❝t✐♦♥ ❞❡ ❧❛ γ✲❜✉t②r♦❧❛❝t♦♥❡ ❛✈❡❝ [Ln](BH4)(THF )

❉✳✹✳✷ ❱❛❧✐❞❛t✐♦♥ t❤é♦r✐q✉❡ ❞✉ ♠é❝❛♥✐s♠❡ ❞✬✐♥✐t✐❛t✐♦♥

❈♦♦r❞✐♥❛t✐♦♥

▲❛ ❣é♦♠étr✐❡ ♦♣t✐♠✐sé❡ ❞❡ ❧❛ ❧❛ ε✲❝❛♣r♦❧❛❝t♦♥❡ ❡st ♣rés❡♥té❡ ✜❣✉r❡ ❉✳✶✾✳ ❉❛♥s ❧❛ ε✲

❝❛♣r♦❧❛❝t♦♥❡ ❧✐❜r❡✱ ❧❛ ❞✐st❛♥❝❡ C1...O1 ❡st ✶✳✷✵ ➴ ❡t ❧❛ ❞✐st❛♥❝❡ C1...O2 ❞❡ ✶✳✸✼ ➴✳ ▲❡s

❝❤❛r❣❡s ◆P❆ s✉r C1✱ O1 ❡t O2 s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ❞❡ ✵✳✽✸✱ ✲✵✳✺✺ ❡t ✲✵✳✻✵✳

❙❡❧♦♥ ❧❡s ♣r♦♣♦s✐t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s✱ ❧✬✐♥✐t✐❛t✐♦♥ ❞é❜✉t❡ ♣❛r ✉♥❡ ❞é❝♦♦r❞✐♥❛t✐♦♥ ❞✉

❚❍❋ ❡t ✉♥❡ ❝♦♦r❞✐♥❛t✐♦♥ ❞❡ ❧❛ ε✲❝❛♣r♦❧❛❝t♦♥❡ s✉r ❧❡ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡✳ ❈❡❧❧❡✲❝✐ ♣❡✉t

s✬❡✛❡❝t✉❡r ♣❛r O1 ♦✉ O2 ✭❛❞❞✉✐ts ♠♦♥♦❝♦♦r❞✐♥és✮ ♦✉ ♣❛r ❧❡s ❞❡✉① ♦①②❣è♥❡s s✐♠✉❧t❛♥é♠❡♥t

✭❛❞❞✉✐t ❜✐s❝♦♦r❞✐♥é✮✳ ❚♦✉t❡❢♦✐s✱ s❡✉❧❡ ✉♥❡ ❞❡s ❢♦r♠❡s ♠♦♥♦❞❡♥t❛t❡s✱ ♦ù ❧❛ ε✲❝❛♣r♦❧❛❝t♦♥❡

❡st ❝♦♦r❞✐♥é❡ ♣❛r ❧✬♦①②❣è♥❡ ❞✉ ❝❛r❜♦♥②❧❡ O1✱ ❛ ♣✉ êtr❡ ❧♦❝❛❧✐sé❡ ❝♦♠♠❡ ✉♥ ♠✐♥✐♠✉♠ s✉r

❧❛ s✉r❢❛❝❡ ❞❡ ♣♦t❡♥t✐❡❧✳

▲❛ ❣é♦♠étr✐❡ ♦♣t✐♠✐sé❡ ❞❡ ❆ ❡st ♣rés❡♥té❡ ✜❣✉r❡ ❉✳✶✾✳ ▲❛ ❞✐st❛♥❝❡ Ln...O1 ❡st ❞❡ ✷✳✹✸

➴✳ ▲❛ ❧✐❛✐s♦♥ C1 = O1 ❡st ét✐ré❡ ❞❡ ✵✳✵✸ ➴ ♣❛r r❛♣♣♦rt à ❧❛ ❝❛♣r♦❧❛❝t♦♥❡ ❧✐❜r❡✳ ❉❛♥s ❝❡

❝♦♠♣♦sé✱ ❧❡ ❜♦r♦❤②❞r✉r❡ r❡st❡ tr✐❞❡♥t❛t❡ ❀ ❧❡s ❞✐st❛♥❝❡s Ln...B ❡t Ln...H s♦♥t ❧é❣èr❡♠❡♥t

❛❧❧♦♥❣é❡s ❞❡ ✵✳✵✷ ➴ ♣❛r r❛♣♣♦rt ❛✉ ❝♦♠♣❧❡①❡ ✐♥✐t✐❛❧✳ ▲❡s ❣é♦♠étr✐❡s ❞✉ ❜♦r♦❤②❞r✉r❡ ❡t ❞❡

❧❛ ε✲❝❛♣r♦❧❛❝t♦♥❡ ♥❡ s♦♥t ❞♦♥❝ q✉❡ ❢❛✐❜❧❡♠❡♥t ❛✛❡❝té❡s ♣❛r ❧❛ ❝♦♦r❞✐♥❛t✐♦♥✳

❉✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ é❧❡❝tr♦♥✐q✉❡✱ ❧❡s ❝❤❛r❣❡s ◆P❆ s✉r ❧❡ ♠ét❛❧ ❡t ❧❡ ❧✐❣❛♥❞ BH⊖
4 s♦♥t

✐❞❡♥t✐q✉❡s à ❝❡❧❧❡s ❞✉ ❝♦♠♣❧❡①❡ ✐♥✐t✐❛❧ ❀ ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❛ ε✲❝❛♣r♦❧❛❝t♦♥❡✱ s❛ ❝♦♦r❞✐✲

♥❛t✐♦♥ ❛✉ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡ ❛ ✐♥❞✉✐t ✉♥❡ ♣♦❧❛r✐s❛t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥ C1 = O1✱ ❝❡ q✉✐ s❡

tr❛❞✉✐t ♣❛r ✉♥❡ ❝❤❛r❣❡ très ♥é❣❛t✐✈❡ ❞❡ ✲✵✳✼✸ s✉r ❧✬♦①②❣è♥❡ ❞✉ ❝❛r❜♦♥②❧❡ O1✳ ▲✬✐♥t❡r❛❝t✐♦♥

❡♥tr❡ ❡t O1 ❡t ❧❡ ♠ét❛❧ ❡st ❞♦♥❝ ♣r✐♥❝✐♣❛❧❡♠❡♥t é❧❡❝tr♦st❛t✐q✉❡ ❀ ♦♥ ♣❡✉t t♦✉t❡❢♦✐s ♥♦t❡r

❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥ ✉♥❡ ❞♦♥❛t✐♦♥ ❞✬✉♥ ❞♦✉❜❧❡t ❞❡ O1 ✈❡rs ✉♥❡ ♦r❜✐t❛❧❡ ✈❛✲

❝❛♥t❡ ❞✉ ♠ét❛❧✳ ❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬❛❞❞✉✐t ♠♦♥♦❝♦♦r❞✐♥é à ♣❛rt✐r ❞❡

[Ln]BH4(THF ) ❡st ❡①❡r❣♦♥✐q✉❡ ❞❡ ✼✳✾✵ ❦❝❛❧✳♠♦❧−1✳

✶✻✸



❋✐❣✳ ❉✳✶✾✿ ●é♦♠étr✐❡ ♦♣t✐♠✐sé❡ ❞❡ ❧❛ ❝❛♣r♦❧❛❝t♦♥❡ ❡t ❞❡ ❧✬❛❞❞✉✐t A✳

❋♦r♠❛t✐♦♥ ❞❡ ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❇

❆ ♣❛rt✐r ❞❡ ❧✬❛❞❞✉✐t ❆✱ ♣❧✉s✐❡✉rs ✐♥t❡r♠é❞✐❛✐r❡s ré❛❝t✐♦♥♥❡❧s ♣❡✉✈❡♥t êtr❡ ❢♦r♠és✱ ❛✐♥s✐

q✉❡ ❧❡ s❝❤é♠❛t✐s❡ ❧❛ ✜❣✉r❡ ❉✳✷✵✳ ▲❡ ♣r❡♠✐❡r ♠é❝❛♥✐s♠❡ ♣♦ss✐❜❧❡ ❡st ❧✬❛tt❛q✉❡ ♥✉❝❧é♦♣❤✐❧❡

❞❡ BH⊖
4 s✉r ❧❡ ❝❛r❜♦♥②❧❡✱ q✉✐ ♣❡✉t s♦✐t ♣r♦✈♦q✉❡r ❧✬♦✉✈❡rt✉r❡ ❞✉ ❝②❝❧❡ ✭✐♥t❡r♠é❞✐❛✐r❡ ❇′

1✮✱

s♦✐t ✐♥❞✉✐r❡ ✉♥❡ ré❞✉❝t✐♦♥ ❞✉ ❝❛r❜♦♥②❧❡ ✭✐♥t❡r♠é❞✐❛✐r❡ ❇′
2✮✳ ❉❛♥s ❧❡s ❞❡✉① ✐♥t❡r♠é❞✐❛✐r❡s

❇′
1 ❡t ❇′

2✱ ❧❡ ❣r♦✉♣❡♠❡♥t BH3 r❡st❡ ❝♦♦r❞✐♥é ❛✉ ❝❛r❜♦♥❡ ❞✉ ❝❛r❜♦♥②❧❡ ❀ ✐❧ ♣❡✉t é❣❛❧❡♠❡♥t

êtr❡ ❧✐❜éré✱ ❝❡ q✉✐ ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s ✐♥t❡r♠é❞✐❛✐r❡s ❇1 ❡t ❇2✳ ❯♥ ❛✉tr❡ ♠é❝❛♥✐s♠❡

❡♥✈✐s❛❣❡❛❜❧❡ ❡st ❧❡ tr❛♥s❢❡rt ❞✬❤②❞r✉r❡ ❡♥tr❡ ❧❡ ❜♦r♦❤②❞r✉r❡ ❡t ❧❡ ❝❛r❜♦♥②❧❡✳ ❈❡❧✉✐✲❝✐ ♣❡✉t

❝♦♥❞✉✐r❡ à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❇1”✱ ❞❛♥s ❧❡q✉❡❧ ❧❡ ❝②❝❧❡ ❛ été ♦✉✈❡rt ❀ ✐❧ ♣❡✉t

é❣❛❧❡♠❡♥t ♠❡♥❡r à ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❇2”✱ ❞❛♥s ❧❡q✉❡❧ ❧❡ ❝❛r❜♦♥②❧❡ ❛ été ré❞✉✐t✳

❋✐❣✳ ❉✳✷✵✿ ■♥t❡r♠é❞✐❛✐r❡s ♣♦✉✈❛♥t êtr❡ ❢♦r♠és à ♣❛rt✐r ❞❡ ❧✬❛❞❞✉✐t A✳

▲❡s ❣é♦♠étr✐❡s ❞❡s ✐♥t❡r♠é❞✐❛✐r❡s ❇1✱ ❇1”✱ ❇2✱ ❇′
2 ❡t ❇2” ♦♥t ♣✉ êtr❡ ♦♣t✐♠✐sé❡s ❡t

✶✻✹



s♦♥t ♣rés❡♥té❡s s✉r ❧❛ ✜❣✉r❡ ❉✳✷✶ ❀ ❧❡s ♣r✐♥❝✐♣❛✉① ♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s ❛✐♥s✐ q✉❡ ❧❡s

❡♥t❤❛❧♣✐❡s ❧✐❜r❡s ❞❡ ❢♦r♠❛t✐♦♥ ❞❡ ❝❡s ❝♦♠♣♦sés s♦♥t r❛ss❡♠❜❧é❡s ❞❛♥s ❧❡ t❛❜❧❡❛✉ ❉✳✻✳ ❊♥ r❡✲

✈❛♥❝❤❡✱ ❧❡s ❡ss❛✐s ❞✬♦♣t✐♠✐s❛t✐♦♥ ❞❡ ❇′
1 ♦♥t s②sté♠❛t✐q✉❡♠❡♥t ❝♦♥❞✉✐t à ❧❛ ❞é❝♦♦r❞✐♥❛t✐♦♥

❞❡ BH3 ❡t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣♦sé ❇1✳

❉✬❛♣rès ♥♦s ❝❛❧❝✉❧s✱ s❡✉❧❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❇2” ❡st ❢❛✈♦r❛❜❧❡ t❤❡r♠♦❞②✲

♥❛♠✐q✉❡♠❡♥t✳ ▲❡s ❛✉tr❡s ✐♥t❡r♠é❞✐❛✐r❡s✱ ❞ést❛❜✐❧✐sés ❞❡ ♣❧✉s ❞❡ ✶✵ ❦❝❛❧✳♠♦❧−1 ♣❛r r❛♣♣♦rt

à ❧✬❛❞❞✉✐t ❆✱ ♥❡ ❞❡✈r❛✐❡♥t ♣❛s êtr❡ ❢♦r♠és✳ ❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧❛ s❡❝♦♥❞❡ ét❛♣❡ ❞❡ ❧✬✐♥✐✲

t✐❛t✐♦♥ ♥✬❡st ❞♦♥❝ ♣❛s ❧✬♦✉✈❡rt✉r❡ ❞✉ ❝②❝❧❡ ❧❛❝t♦♥❡ ♣❛r ❧✬❛tt❛q✉❡ ♥✉❝❧é♦♣❤✐❧❡ ❞❡ BH⊖
4 ✱ ♠❛✐s

❧❛ ré❞✉❝t✐♦♥ ❞✉ ❝❛r❜♦♥②❧❡ ❡♥ ❛❧❝♦♦❧ ♣❛r ✉♥ tr❛♥s❢❡rt ❞✬❤②❞r✉r❡✳

❋✐❣✳ ❉✳✷✶✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s ✐♥t❡r♠é❞✐❛✐r❡s ❇i✱ ❇′
2 ❡t ❇i” (i = 1, 2)✳

❉❛♥s ❧❡ ❝♦♠♣♦sé ❇2”✱ ❧❛ ❞✐st❛♥❝❡ C1...O1 ❡st ❞❡ ✶✳✸✽ ➴✱ ❝❡ q✉✐ ❝♦♥✜r♠❡ ❧❛ ré❞✉❝t✐♦♥ ❞✉

❝❛r❜♦♥②❧❡✳ ▲❛ ❞✐st❛♥❝❡ O1...B très ❝♦✉rt❡ ♣rés❛❣❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥ ❡♥tr❡ O1 ❡t

B✳ ❈❡❝✐ ❡st ❝♦♥✜r♠é ♣❛r ✉♥❡ ❛♥❛❧②s❡ ◆❇❖✱ q✉✐ ✐♥❞✐q✉❡ ✉♥❡ ❧✐❛✐s♦♥ s✐♠♣❧❡ ♣♦❧❛r✐sé❡ ✈❡rs

❧✬♦①②❣è♥❡✳ P❛r ❝♦♥séq✉❡♥t✱ ♦♥ ♣❡✉t ❝♦♥s✐❞ér❡r ❢♦r♠❡❧❧❡♠❡♥t q✉✬✉♥ ❜♦r❛t❡ [BH3OR]⊖ ❛ été

❢♦r♠é✳ ❈❡ ❜♦r❛t❡ ❡st ❢♦rt❡♠❡♥t ❝❤❛r❣é ♥é❣❛t✐✈❡♠❡♥t ✭✲✶✳✶✶✮✱ ❞❡ s♦rt❡ q✉❡ s♦♥ ✐♥t❡r❛❝t✐♦♥

é❧❡❝tr♦st❛t✐q✉❡ ❛✈❡❝ ❧❡ ♠ét❛❧ ❡st ✐♠♣♦rt❛♥t❡✳ ❊♥ ♦✉tr❡✱ ✐❧ s❡♠❜❧❡ ❝♦♦r❞✐♥é ❛✉ ❝❡♥tr❡ ♠é✲

✶✻✺



■♥t❡r♠é❞✐❛✐r❡ ❇1 ❇1” ❇2 ❇
′
2 ❇2”

∆rG
0 ✶✻✳✵✾ ✶✻✳✸✸ ✶✹✳✸✽ ✷✸✳✺✻ ✲✼✳✻✶

❈②❝❧❡ ❖✉✈❡rt ❖✉✈❡rt ❋❡r♠é ❋❡r♠é ❋❡r♠é
Ln...O1 ✷✳✺✵ ✸✳✽✼ ✷✳✷✷ ✷✳✷✸ ✷✳✹✽
Ln...O2 ✷✳✶✶ ✷✳✶✷ ✸✳✼✾ ✷✳✹✾ ✷✳✺✸
Ln...B ✴ ✸✳✸✷ ✴ ✴ ✷✳✻✾
C1...O1 ✶✳✷✷ ✶✳✷✸ ✶✳✸✹ ✶✳✸✹ ✶✳✸✽
C1...B ✴ ✴ ✴ ✸✳✽✹ ✴
O1...B ✴ ✶✳✺✾ ✴ ✴ ✶✳✺✸

❚❛❜✳ ❉✳✻✿ Pr✐♥❝✐♣❛❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❣é♦♠étr✐q✉❡s ❡t é♥❡r❣ét✐q✉❡s ❞❡s ✐♥t❡r♠é❞✐❛✐r❡s ❇i✱ ❇′
2 ❡t

❇i” (i = 1, 2) ✳ ∆rG
0 ❂ ❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞❡ ❢♦r♠❛t✐♦♥ à ♣❛rt✐r ❞❡ ❧✬❛❞❞✉✐t ❆ ✭❡♥ ❦❝❛❧✳♠♦❧ −1✮✳ ▲❡s

❞✐st❛♥❝❡s s♦♥t ❡♥ ➴✳

t❛❧❧✐q✉❡ à ❧❛ ❢♦✐s ♣❛r ✉♥ ❞❡s ❤②❞r✉r❡s ♣r♦❝❤❡s ❞✉ ♠ét❛❧ ❡t ❧✬♦①②❣è♥❡ O1✳ ❈❡❝✐ ❡st ❝♦♥✜r♠é

♣❛r ❧❡ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥ ❞❡ ❧✬❛♥❛❧②s❡ ◆❇❖✱ q✉✐ ré✈è❧❡ ✉♥❡ ❞é❧♦❝❛❧✐s❛t✐♦♥ ✈❡rs

❧❡ ♠ét❛❧ ❞❡ ❧❛ ❧✐❛✐s♦♥ B − H ❡t ❞❡ ❧❛ ❧✐❛✐s♦♥ O1 − B ❛✐♥s✐ q✉✬✉♥❡ ❧é❣èr❡ ❞♦♥❛t✐♦♥ ❞✬✉♥

❞♦✉❜❧❡t ❞❡ ❧✬♦①②❣è♥❡ ✈❡rs ❧❡ ♠ét❛❧✳ ▲❛ st❛❜✐❧✐s❛t✐♦♥ ❞❡ ❇2” ♣❛r r❛♣♣♦rt à ❧✬❛❞❞✉✐t ❆ ♣❡✉t

êtr❡ ❛ttr✐❜✉é❡ à ❧❛ ❢♦r❝❡ ❞❡ ❧❛ ❧✐❛✐s♦♥ B−O ❞✉ ❜♦r❛t❡ ♣❛r r❛♣♣♦rt à ❧❛ ❧✐❛✐s♦♥ B−H ❞❛♥s

BH⊖
4 ✭❝❢✳ ❛♥♥❡①❡✮✳

▼❛❧❣ré ♥♦s ❡✛♦rts ❝❛❧❝✉❧❛t♦✐r❡s✱ ❧❛ ❣é♦♠étr✐❡ ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❝♦♥❞✉✐s❛♥t ❞❡

❧✬❛❞❞✉✐t ❆ à ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❇2” ♥✬❛ ♣❛s ♣✉ êtr❡ ♦♣t✐♠✐sé❡ ❡①❛❝t❡♠❡♥t✳ ❚♦✉t❡❢♦✐s✱ à ♣❛rt✐r

❞✬✉♥❡ ❣é♦♠étr✐❡ ❛♣♣r♦❝❤é❡✱ ♥❡ ♣rés❡♥t❛♥t q✉✬✉♥❡ s❡✉❧❡ ❢réq✉❡♥❝❡ ✐♠❛❣✐♥❛✐r❡✱ ❡t ❝♦♥♥❡❝t❛♥t

♣❛r ✉♥ s✉✐✈✐ ❞❡ ❧❛ ❝♦♦r❞♦♥♥é❡ ✐♥tr✐♥sèq✉❡ ✭■❘❈✮ ❧✬❛❞❞✉✐t ❆ ❡t ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❇2”✱ ♥♦✉s

❛✈♦♥s ♣✉ ❡st✐♠❡r q✉❡ ❧❛ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ♣♦✉r ♣❛ss❡r ❞❡ ❆ à ❇2” ❡st ♣r♦❜❛❜❧❡♠❡♥t

✐♥❢ér✐❡✉r❡ à ✷✵ ❦❝❛❧✳♠♦❧−1♣❛r r❛♣♣♦rt à ❧✬❛❞❞✉✐t❆✳ ❈❡tt❡ ét❛♣❡ ❞❡✈r❛✐t ❞♦♥❝ êtr❡ ❛❝❝❡ss✐❜❧❡

❝✐♥ét✐q✉❡♠❡♥t✳

❋♦r♠❛t✐♦♥ ❞❡ ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❈

❯♥❡ ❛❝t✐✈❛t✐♦♥ B − H ❡t ✉♥ s❡❝♦♥❞ tr❛♥s❢❡rt ❞✬❤②❞r✉r❡ s✉r ❧❡ ❝❛r❜♦♥❡ C1 ❝♦♥❞✉✐s❡♥t

à ♣❛rt✐r ❞❡ ❇2” à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❈✳ ▲❛ ré❛❝t✐♦♥ ❡st ❡①❡r❣♦♥✐q✉❡ ❞❡ ✾✳✼

❦❝❛❧✳♠♦❧−1✱ ❡t ❧❛ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ❡st ❞❡ ✸✹✳✾ ❦❝❛❧✳♠♦❧−1 ♣❛r r❛♣♣♦rt à ❇2”✳ ▲❡s

❣é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡ ❈ ❡t ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❝♦♥❞✉✐s❛♥t ❞❡ ❇2” à ❈ ✭♥♦té ❚❙

❇2”−❈✮ s♦♥t ♣rés❡♥té❡s ✜❣✉r❡ ❉✳✷✷✳ ▲❡ t❛❜❧❡❛✉ ❉✳✼ ♣❡r♠❡t ❞❡ ✈✐s✉❛❧✐s❡r ❧✬é✈♦❧✉t✐♦♥ ❞❡s

♣r✐♥❝✐♣❛❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❣é♦♠étr✐q✉❡s ❞❡ ❇2” à ❈✳

❆ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥✱ ❧❛ ❧✐❛✐s♦♥ B−H1 ❡st ❧é❣èr❡♠❡♥t ❛❧❧♦♥❣é❡✱ ❡t ❧❡s ❛♥❣❧❡s C1−O1−B

❡t O1 − B − H1 ❞✐♠✐♥✉❡♥t✱ ♣❛r ❝♦♥séq✉❡♥t H1 s❡ r❛♣♣r♦❝❤❡ ❞❡ C1✳ ▲❛ ❧✐❛✐s♦♥ C1 − O2

❡st ét✐ré❡✱ ❞❡ t❡❧❧❡ s♦rt❡ q✉❡ ❧✬♦✉✈❡rt✉r❡ ❞✉ ❝②❝❧❡ ❡st ❞é❥à ❧❛r❣❡♠❡♥t ❡♥t❛♠é❡✳ ▲❡s tr♦✐s

❛t♦♠❡s H1✱ C1 ❡t O2 s♦♥t q✉❛s✐♠❡♥t ❛❧✐❣♥és✱ s✐ ❜✐❡♥ q✉❡ ❧❡ ❝❛r❜♦♥❡ C1 ❡st s✐t✉é ❛✉

✶✻✻



❝❡♥tr❡ ❞✬✉♥❡ ❜✐♣②r❛♠✐❞❡ tr✐❣♦♥❛❧❡ ❞♦♥t ❧❛ ❜❛s❡ ❡st ❢♦r♠é❡ ♣❛r ❧❡s ❛t♦♠❡s O1✱ C ❡t H

❞✐r❡❝t❡♠❡♥t ❧✐és à C1 ❡t ❧❡s s♦♠♠❡ts s♦♥t ❧❡s ❛t♦♠❡s H1 ❡t O2✳ ▲❛ ré❛❝t✐♦♥ ♣❡✉t ❞♦♥❝

êtr❡ ✈✉❡ ❝♦♠♠❡ ✉♥❡ s✉❜st✐t✉t✐♦♥ ♥✉❝❧é♦♣❤✐❧❡ ❞❡ ❧✬♦①②❣è♥❡ O2 ♣❛r ❧✬❤②❞r✉r❡ H1✱ ❡t ♣❛ss❡

♣❛r ✉♥ ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❞❡ t②♣❡ SN2 ❢❛✐s❛♥t ✐♥t❡r✈❡♥✐r ✉♥ ❝❛r❜♦♥❡ ♣❡♥t❛✈❛❧❡♥t✳ ❊♥✜♥✱

❧❛ ❞✐st❛♥❝❡ Ln...O2 r❛❝❝♦✉r❝✐t✱ ❝❡ q✉✐ ✐♥❞✐q✉❡ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ O2

❡t ❧❡ ♠ét❛❧✳ ▲❡ ♣❛ss❛❣❡ ❞✬✉♥ ❝❛r❜♦♥❡ tétr❛é❞r✐q✉❡ à ✉♥ ❝❛r❜♦♥❡ ♣❡♥t❛✈❛❧❡♥t✱ ❛✐♥s✐ q✉❡ ❧❛

❞é❢♦r♠❛t✐♦♥ ❞❡s ❛♥❣❧❡s C1 − O1 − B ❡t O1 − B − H1 s♦♥t ♣r♦❜❛❜❧❡♠❡♥t à ❧✬♦r✐❣✐♥❡ ❞❡ ❧❛

❢♦rt❡ ❞ést❛❜✐❧✐s❛t✐♦♥ ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ♣❛r r❛♣♣♦rt à ❇2” ✭✸✹✳✾ ❦❝❛❧✳♠♦❧−1✮✳

❉❛♥s ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❈✱ ❧❡ ❝②❝❧❡ ❡st t♦t❛❧❡♠❡♥t ♦✉✈❡rt✱ ❡t ❧❛ ❧✐❛✐s♦♥ C1 − H1 ❢♦r♠é❡✳

▲❛ ❧✐❛✐s♦♥ C1 −O1 ❡st ✉♥❡ ❧✐❛✐s♦♥ s✐♠♣❧❡ ❧é❣èr❡♠❡♥t ❛❧❧♦♥❣é❡ ✭✶✳✹✻ ➴✮✳ ▲❛ ❝♦✉rt❡ ❞✐st❛♥❝❡

O1...B ✭✶✳✸✻ ➴✮✱ ❧❡s ❛♥❣❧❡s O1 − B − H ♣r♦❝❤❡s ❞❡ ✶✷✵✝ ❛✐♥s✐ q✉❡ ❧❛ ♣❧❛♥é✐té ❞✉ ❜♦r❡

♣❡r♠❡tt❡♥t ❞✬❡♥✈✐s❛❣❡r ✉♥❡ ❧✐❛✐s♦♥ ❞♦✉❜❧❡ O1 = B✳ ❈❡❝✐ ❡st ✈❛❧✐❞é ♣❛r ✉♥❡ ❛♥❛❧②s❡ ◆❇❖✱

q✉✐ ✐♥❞✐q✉❡ ✉♥❡ ❞♦✉❜❧❡ ❧✐❛✐s♦♥ O1 = B très ♣♦❧❛r✐sé❡ ✈❡rs ❧✬♦①②❣è♥❡✳ P❛r ❝♦♥séq✉❡♥t✱

❧❡s ❞♦✉❜❧❡t ❞❡ ❧✬♦①②❣è♥❡ s♦♥t ♠♦✐♥s ❛❝❝❡ss✐❜❧❡s ♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❡ ♠ét❛❧✱ ❝❡ q✉✐

❡①♣❧✐q✉❡ ❧✬❛❧❧♦♥❣❡♠❡♥t ❞❡ ❧❛ ❞✐st❛♥❝❡ Ln...O1 ♣❛r r❛♣♣♦rt à ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❇2”✳ ❊♥✜♥✱ ❧❛

❝♦✉rt❡ ❞✐st❛♥❝❡ Ln...O2 ❡st ❞✉❡ à ✉♥❡ ❢♦rt❡ ✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧✬♦①②❣è♥❡ O2 ❡t ❧❡ ♠ét❛❧✱ ❞❡

♥❛t✉r❡ à ❧❛ ❢♦✐s é❧❡❝tr♦st❛t✐q✉❡ ❡t ❞♦♥♥❡✉r✲❛❝❝❡♣t❡✉r✱ ❝♦♥✜r♠é❡ ♣❛r ❧✬❛♥❛❧②s❡ ◆❇❖✳ ◆♦✉s

♣♦✉✈♦♥s s✉♣♣♦s❡r q✉❡ ❧❛ st❛❜✐❧✐s❛t✐♦♥ r❡❧❛t✐✈❡ ❞❡ ❈ ♣❛r r❛♣♣♦rt à ❇2” ♣❡✉t êtr❡ ❡①♣❧✐q✉é❡

♣❛r ❧❛ ❝ré❛t✐♦♥ ❞❡ ❝❡tt❡ ✐♥t❡r❛❝t✐♦♥✱ ❛✐♥s✐ q✉❡ ♣❛r ❧❛ ❢♦r❝❡ ❞❡ ❧❛ ❧✐❛✐s♦♥ O1 = B ❢♦r♠é❡✳

❋✐❣✳ ❉✳✷✷✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡ ❈ ❡t ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❇2” ❡t ❈✳

❇✐❧❛♥

❙❡❧♦♥ ♥♦s rés✉❧t❛ts t❤é♦r✐q✉❡s✱ ❧✬✐♥✐t✐❛t✐♦♥ ❞❡ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ❧❛ ε✲❝❛♣r♦❧❛❝t♦♥❡

♣❛r [Ln]BH4(THF ) s❡ ♣r♦❞✉✐t ❞♦♥❝ ❡♥ tr♦✐s ét❛♣❡s s✉❝❝❡ss✐✈❡s✱ s❝❤é♠❛t✐sé❡s s✉r ❧❛ ✜❣✉r❡

✶✻✼



❙tr✉❝t✉r❡ ❇2” ❚❙ ❇2”−❈ ❈

❉✐st❛♥❝❡s
B...H1 ✶✳✷✸ ✶✳✷✻ ✷✳✺✷
O1...B ✶✳✺✸ ✶✳✺✼ ✶✳✸✻
C1...H1 ✷✳✻✺ ✷✳✸✽ ✶✳✵✾
C1...O2 ✶✳✹✻ ✷✳✽✽ ✸✳✺✾
Ln...O1 ✷✳✹✽ ✷✳✹✸ ✷✳✻✹
Ln...O2 ✷✳✺✸ ✷✳✷✸ ✷✳✶✵
❆♥❣❧❡s
O1 − B − H1 ✶✵✽✳✹ ✾✾✳✸ ✴
C1 − O1 − B ✶✶✽✳✸ ✽✾✳✻ ✶✷✵✳✵
H1 − C1 − O2 ✴ ✶✻✷✳✸ ✴

❚❛❜✳ ❉✳✼✿ Pr✐♥❝✐♣❛❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❣é♦♠étr✐q✉❡s ❞❡ ❇2”✱ ❈ ❡t ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❧❡s
❝♦♥♥❡❝t❛♥t✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t ❡♥ ➴ ❡t ❧❡s ❛♥❣❧❡s ❡♥ ❞❡❣rés✳

❉✳✶✺✳ ❚♦✉t ❞✬❛❜♦r❞✱ ✉♥❡ ♠♦❧é❝✉❧❡ ❞❡ ε✲❝❛♣r♦❧❛❝t♦♥❡ s❡ ❝♦♦r❞✐♥❡ ❛✉ ♠ét❛❧ ♣❛r ❧✬✐♥t❡r♠é✲

❞✐❛✐r❡ ❞✉ ❝❛r❜♦♥②❧❡✱ ♣♦✉r ❞♦♥♥❡r ❧✬❛❞❞✉✐t ♠♦♥♦❝♦♦r❞✐♥é ❆✳ ❈❡tt❡ ét❛♣❡ ❡st ❢❛✈♦r❛❜❧❡

t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t✱ ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ❝ré❛t✐♦♥ ❞✬✉♥❡ ✐♥t❡r❛❝t✐♦♥ st❛❜✐❧✐s❛♥t❡ ❡♥tr❡ ❧✬♦①②✲

❣è♥❡ ❞✉ ❝❛r❜♦♥②❧❡ ❡t ❧❡ ♠ét❛❧✳ ❉❛♥s ✉♥ s❡❝♦♥❞ t❡♠♣s✱ ❧❡ tr❛♥s❢❡rt ❞✬✉♥ ❤②❞r✉r❡ ❞✉ ❜♦r❡

✈❡rs ❧❡ ❝❛r❜♦♥②❧❡ ❡♥tr❛î♥❡ ❧❛ ré❞✉❝t✐♦♥ ❞❡ ❝❡❧✉✐✲❝✐✱ ❡t ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❜♦r❛t❡ [BH3OR]⊖

r❡st❛♥t ❝♦♦r❞✐♥é ❛✉ ♠ét❛❧ ✭✐♥t❡r♠é❞✐❛✐r❡ ❇2”✮✳ ❈❡tt❡ ét❛♣❡ ❡st ❡①❡r❣♦♥✐q✉❡✱ ♣r✐♥❝✐♣❛❧❡✲

♠❡♥t ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❜♦r❛t❡✱ ❡t ❛❝❝❡ss✐❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t✳ ❊♥✜♥✱ ❧❡ tr❛♥s❢❡rt

❞✬✉♥ s❡❝♦♥❞ ❤②❞r✉r❡ ❞✉ ❜♦r❡ ✈❡rs ❧❡ ❝❛r❜♦♥❡ ❝♦♥❞✉✐t à ❧✬♦✉✈❡rt✉r❡ ❞✉ ❝②❝❧❡✱ ❡t à ❧❛ ❢♦r♠❛✲

t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥ ❢♦r♠❡❧❧❡♠❡♥t ❞♦✉❜❧❡ O = B✳ ▲❛ st❛❜✐❧✐s❛t✐♦♥ r❡❧❛t✐✈❡ ❞❡ ❈ ♣❛r r❛♣♣♦rt

à ❇2” ❡st ❛ss♦❝✐é❡ à ♣❧✉s✐❡✉rs ❢❛❝t❡✉rs ✿ ❧❛ ♣❡rt❡ ❞❡ ❧❛ t❡♥s✐♦♥ ❞❡ ❝②❝❧❡✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧❛

❧✐❛✐s♦♥ ❞♦✉❜❧❡ O = B ❛✐♥s✐ q✉❡ ❧❛ ❝ré❛t✐♦♥ ❞✬✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❢♦rt❡ ♦①②❣è♥❡✲♠ét❛❧✳ ❈❡tt❡

ét❛♣❡✱ q✉✐ ♣❛ss❡ ♣❛r ✉♥ ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❛ss❡③ ❤❛✉t ❡♥ é♥❡r❣✐❡✱ ❞❡✈r❛✐t êtr❡ ❧✬ét❛♣❡ ❧✐✲

♠✐t❛♥t❡✳ ❈❡ ♠é❝❛♥✐s♠❡ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✱ s❡❧♦♥ ❧❡sq✉❡❧❧❡s ❧❛

♣♦❧②♠ér✐s❛t✐♦♥ ❞é❜✉t❡ ♣❛r ✉♥❡ ❝♦♦r❞✐♥❛t✐♦♥ ❞❡ ❧❛ ε✲❝❛♣r♦❧❛❝t♦♥❡ ❡t ❧❡ ❝❛r❜♦♥②❧❡ ❡st ré❞✉✐t

❞ès ❧❛ ♣❤❛s❡ ❞✬✐♥✐t✐❛t✐♦♥✳

❈♦♥❝❧✉s✐♦♥

●râ❝❡ à ❝❡tt❡ ét✉❞❡ t❤é♦r✐q✉❡✱ ♥♦✉s ❛✈♦♥s ❞♦♥❝ ♣✉ ré❢✉t❡r ❧❡ ♠é❝❛♥✐s♠❡ ♣♦st✉❧é ❡①✲

♣ér✐♠❡♥t❛❧❡♠❡♥t ❡t ♣r♦♣♦s❡r ❡t ✈❛❧✐❞❡r ✉♥ ♠é❝❛♥✐s♠❡ ❛❧t❡r♥❛t✐❢✳ ◆♦✉s ❛✈♦♥s ♣✉✱ ♣❛r♠✐

♣❧✉s✐❡✉rs ✐♥t❡r♠é❞✐❛✐r❡s ♣♦ss✐❜❧❡s✱ ♠♦♥tr❡r q✉❡ s❡✉❧ ❧❡ ♣❛ss❛❣❡ ♣❛r ❇2”✱ ❞❛♥s ❧❡q✉❡❧ BH3

r❡st❡ ❝♦♦r❞✐♥é ❛✉ ♠ét❛❧✱ ❡st ❢❛✈♦r❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t✳ ❈♦♥tr❛✐r❡♠❡♥t ❛✉ ♠é❝❛✲

♥✐s♠❡ ♣♦st✉❧é ♣❛r ❧❡s ❡①♣ér✐♠❡♥t❛t❡✉rs✱ ❧❡ ♣r❡♠✐❡r tr❛♥s❢❡rt ❞✬❤②❞r✉r❡ s❡rt à ré❞✉✐r❡ ❧❡

❝❛r❜♦♥②❧❡ ❀ ❝✬❡st ❧❡ s❡❝♦♥❞ tr❛♥s❢❡rt q✉✐ ♣❡r♠❡t ❧✬♦✉✈❡rt✉r❡ ❞✉ ❝②❝❧❡✳

✶✻✽



❋✐❣✳ ❉✳✷✸✿ Pr♦✜❧ é♥❡r❣ét✐q✉❡ ❞❡ ❧✬✐♥✐t✐❛t✐♦♥ ❞❡ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ❧❛ ε✲❝❛♣r♦❧❛❝t♦♥❡ ♣❛r
[Ln](BH4)(THF )

❉✳✺ ❈♦♥❝❧✉s✐♦♥

❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ♥♦✉s ❛✈♦♥s ét✉❞✐é ❧❛ ré❛❝t✐✈✐té ❝❛t❛❧②t✐q✉❡ ❞✉ ❝♦♠♣❧❡①❡ ❜♦r♦❤②❞✉r❡

Cp⋆
2SmBH4(THF ) ♣♦✉r ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ♠♦♥♦♠èr❡s ♣♦❧❛✐r❡s✳ ❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱

❝❡❧❧❡✲❝✐ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ré❣✐❡ ♣❛r ❞❡s ❢❛❝t❡✉rs t❤❡r♠♦❞②♥❛♠✐q✉❡s✳ ❊♥ ❡✛❡t✱ ❧❛ ♣❡rt❡

❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ BH3 ❡t ❧✬❤②❞r✉r❡ H⊖ ❡st très ❞é❢❛✈♦r❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t✳

P❛r ❝♦♥séq✉❡♥t✱ ♣♦✉r q✉✬✉♥❡ ré❛❝t✐♦♥ ✐♠♣❧✐q✉❛♥t ❧❡ ❝♦♠♣❧❡①❡ Cp⋆
2SmBH4(THF ) s♦✐t

❡①❡r❣♦♥✐q✉❡✱ ✐❧ ❢❛✉t s♦✐t q✉✬❡❧❧❡ ❝ré❡ ✉♥❡ ♥♦✉✈❡❧❧❡ ✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ BH3 ❡t ✉♥❡ ❜❛s❡ ❞❡

▲❡✇✐s ❢♦rt❡✱ s♦✐t q✉✬❡❧❧❡ ❝♦♠♣❡♥s❡ ❧❛ ♣❡rt❡ ❞❡ ❝❡tt❡ ✐♥t❡r❛❝t✐♦♥ ♣❛r ❧❛ ❝ré❛t✐♦♥ ❞❡ ❧✐❛✐s♦♥s

❝♦✈❛❧❡♥t❡s ♦✉ ❞✬✐♥t❡r❛❝t✐♦♥s très ❢♦rt❡s✳

❉❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ ▼▼❆✱ ♥♦✉s ❛✈♦♥s ✈ér✐✜é q✉❡✱ ❝♦♥❢♦r♠é♠❡♥t ❛✉

♣♦st✉❧❛t ❡①♣ér✐♠❡♥t❛❧✱ ❧✬❡s♣è❝❡ ❛❝t✐✈❡ ❡st ✉♥ ❝♦♠♣❧❡①❡ é♥♦❧❛t❡✳ ❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧❛

❢♦r♠❛t✐♦♥ ❞❡ ❝❡ ❝♦♠♣♦sé à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ❤②❞r✉r❡ {Cp⋆
2SmH}2 ❡st ❡①❡r❣♦♥✐q✉❡ ❡t

s❛♥s ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥✱ ♣❛r ❝♦♥séq✉❡♥t ❝❡ ❝♦♠♣❧❡①❡ ♣❡r♠❡t ❞✬✐♥✐t✐❡r ❧❛ ♣♦❧②♠ér✐s❛✲

t✐♦♥ ❞✉ ▼▼❆✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬é♥♦❧❛t❡ à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡ ❜♦r♦❤②❞r✉r❡

Cp⋆
2SmBH4(THF ) ❡st ❞é❢❛✈♦r❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t ❡t ♥❡ ❞❡✈r❛✐t ❞♦♥❝ ♣❛s êtr❡

♦❜s❡r✈é❡✱ s✐ ❜✐❡♥ q✉❡ Cp⋆
2SmBH4(THF ) ❡♠♣❧♦②é s❡✉❧ ❡st ✐♥❡✣❝❛❝❡ ❡♥ ♣♦❧②♠ér✐s❛t✐♦♥

❞✉ ▼▼❆✳ ▲✬❛❥♦✉t ❞✬✉♥ ❝♦❝❛t❛❧②s❡✉r ❞❡ t②♣❡ BuLi ❡st ❛❧♦rs ♥é❝❡ss❛✐r❡ ♣♦✉r ❞é❝♦♦r❞✐✲

✶✻✾



♥❡r ❧❡ ❜♦r♦❤②❞r✉r❡ ❡t ❢♦r♠❡r ❧❡ ❝♦♠♣❧❡①❡ Cp⋆
2SmBu✱ q✉✐ ❞❡✈r❛✐t ♣rés❡♥t❡r ✉♥❡ ré❛❝t✐✈✐té

s✐♠✐❧❛✐r❡ à ❝❡❧❧❡ ❞❡ ❧✬❤②❞r✉r❡✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ♣❛r ♦✉✈❡rt✉r❡ ❞❡ ❝②❝❧❡ ❞❡ ❧❛ ε✲❝❛♣r♦❧❛❝t♦♥❡✱ ♥♦✉s

❛✈♦♥s ♠♦♥tré q✉✬❡❧❧❡ ♣❡✉t êtr❡ ✐♥✐t✐é❡ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ ❜♦r♦❤②❞r✉r❡ Cp⋆
2SmBH4(THF )✳ ▲❛

❢♦r♠❛t✐♦♥ ❞❡ ❧✬❡s♣è❝❡ ❛❝t✐✈❡✱ q✉✐ ❝♦rr❡s♣♦♥❞ à ❧✬✐♥s❡rt✐♦♥ ❞✉ ♣r❡♠✐❡r ♠♦♥♦♠èr❡✱ ❞❡✈r❛✐t

s❡ ♣r♦❞✉✐r❡ ❡♥ tr♦✐s ét❛♣❡s é❧é♠❡♥t❛✐r❡s ✿ ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ✉♥❡ ♠♦❧é❝✉❧❡ ❞❡ ε✲

❝❛♣r♦❧❛❝t♦♥❡ s❡ ❝♦♦r❞✐♥❡ ❛✉ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡ ❀ ❧❡ tr❛♥s❢❡rt ❞✬✉♥ ❤②❞r✉r❡ ❞✉ ❜♦r❡ ✈❡rs ❧❡

❝❛r❜♦♥②❧❡ ❡♥tr❛î♥❡ ❡♥s✉✐t❡ ❧❛ ré❞✉❝t✐♦♥ ❞❡ ❝❡❧✉✐✲❝✐ ❀ ❡♥✜♥✱ ❧❡ tr❛♥s❢❡rt ❞✬✉♥ s❡❝♦♥❞ ❤②❞r✉r❡

❞✉ ❜♦r❡ ✈❡rs ❧❡ ❝❛r❜♦♥❡ ❝♦♥❞✉✐t à ❧✬♦✉✈❡rt✉r❡ ❞✉ ❝②❝❧❡✳ ▲❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬❡s♣è❝❡ ❛❝t✐✈❡ ❡st

❢❛✈♦r❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t ❀ ❝❡❝✐ ♣❡✉t êtr❡ ❡①♣❧✐q✉é ♣❛r ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥

B = O ❢♦r♠❡❧❧❡♠❡♥t ❞♦✉❜❧❡✱ ❛✐♥s✐ q✉❡ ♣❛r ❧❛ ❝ré❛t✐♦♥ ❞✬✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❢♦rt❡ ❡♥tr❡ ✉♥

♦①②❣è♥❡ ❡t ❧❡ ♠ét❛❧✱ q✉✐ ❝♦♠♣❡♥s❡♥t ❧❛ ♣❡rt❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ BH3 ❡t ❧✬❤②❞r✉r❡✳

▲❡s rés✉❧t❛ts ♦❜t❡♥✉s ❧♦rs ❞❡ ❝❡tt❡ ét✉❞❡ ♠♦♥tr❡♥t q✉❡ ❧❛ ♠ét❤♦❞❡ t❤é♦r✐q✉❡ ♣r♦♣♦sé❡

❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ❇ ♣❡✉t êtr❡ ❡♠♣❧♦②é❡ ♣♦✉r ét✉❞✐❡r ❧✬✐♥✐t✐❛t✐♦♥ ❞❡ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡

♠♦♥♦♠èr❡s ♣♦❧❛✐r❡s✳ ❊♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧✬❡①♣ér✐❡♥❝❡✱ ✐❧ s❡r❛ ❞♦♥❝ ♣♦ss✐❜❧❡ ❞✬❛♥❛❧②s❡r✱

❡t é✈❡♥t✉❡❧❧❡♠❡♥t ❞❡ ♣ré✈♦✐r ❧❛ ré❛❝t✐✈✐té ❞❡ ❝❡s ❝♦♠♣♦sés ✈✐s✲à✲✈✐s ❞❡ ❞✐✛ér❡♥ts ♠♦♥♦✲

♠èr❡s ♣♦❧❛✐r❡s✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧✬ét✉❞❡ t❤é♦r✐q✉❡ ❞❡ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ♣❛r ♦✉✈❡rt✉r❡ ❞❡

❝②❝❧❡ ❞❡s O− ❡t N− ❝❛r❜♦①②❛♥❤②❞r✐❞❡s ❞❡✈r❛✐t ♣❡r♠❡ttr❡ ❞✬✐❞❡♥t✐✜❡r ❧❡s ♣❛r❛♠ètr❡s ✲

❝❧és ✭stér✐q✉❡s✱ é❧❡❝tr♦♥✐q✉❡s✮ q✉✐ ❝♦♥trô❧❡♥t ❧❛ sé❧❡❝t✐✈✐té ❡t ❧✬❡✣❝❛❝✐té ❞❡ ❧❛ ré❛❝t✐♦♥ ❞❡

♣♦❧②♠ér✐s❛t✐♦♥✳
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❈❤❛♣✐tr❡ ❊

❈♦♥❝❧✉s✐♦♥

❙❡❧♦♥ ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s✱ ❧❛ ♠ét❤♦❞❡ t❤é♦r✐q✉❡ ♣r♦♣♦sé❡ ❡t ✈❛❧✐❞é❡ ♣♦✉r ❞é❝r✐r❡ ❧❛ ré✲

❛❝t✐✈✐té st♦❡❝❤✐♦♠étr✐q✉❡ ❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❧❛♥t❤❛♥✐❞❡s ♣❡✉t êtr❡ ❡♠♣❧♦②é❡

❞❛♥s ❧❡ ❝❛s ❞❡ ré❛❝t✐♦♥s ❝❛t❛❧②t✐q✉❡s✳ ❉❛♥s ❝❡tt❡ s❡❝t✐♦♥✱ ♥♦✉s ❛✈♦♥s ♣✉ ❞ét❡r♠✐♥❡r ❧❡s

♠é❝❛♥✐s♠❡s ❞❡ ré❛❝t✐♦♥s ❝❛t❛❧②sé❡s ♣❛r ❞❡s ❝♦♠♣❧❡①❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s ❞❡ t②♣❡ ♠ét❛❧❧♦❝è♥❡✳

▲❡s rés✉❧t❛ts ♦❜t❡♥✉s s♦♥t ❡♥ ❜♦♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ♠é❝❛♥✐st✐q✉❡s ❡①♣ér✐♠❡♥t❛❧❡s✳

▲❛ ❢♦r♠❛t✐♦♥ ❞❡s ♣r♦❞✉✐ts s❡❝♦♥❞❛✐r❡s ♦❜s❡r✈és ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❛ été ❥✉st✐✜é❡ ❡♥ ❡♥✈✐✲

s❛❣❡❛♥t ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ré❛❝t✐♦♥s ♣❛r❛s✐t❡s✳ ❊♥ ♦✉tr❡✱ ❞❛♥s ❝❡rt❛✐♥s ❝❛s✱ ❧❛ ♣rés❡♥❝❡ ❞❡ ❝❡s

ré❛❝t✐♦♥s ❛ ♣❡r♠✐s ❞✬❡①♣❧✐q✉❡r ❧✬❡✛♦♥❞r❡♠❡♥t ❞❡s r❡♥❞❡♠❡♥ts ❝❛t❛❧②t✐q✉❡s ❡①♣ér✐♠❡♥t❛✉①✳

❈♦♥❢♦r♠é♠❡♥t ❛✉① ♣r♦♣♦s✐t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s✱ ♥♦✉s ❛✈♦♥s ♠♦♥tré q✉❡ ❧❛ ré❛❝t✐♦♥

❞✬❤②❞r♦♠ét❤②❧❛t✐♦♥ ❞❡s α−♦❧é✜♥❡s s❡ ♣r♦❞✉✐t ♣❛r ✉♥❡ ✐♥s❡rt✐♦♥ ❞✉ ♣r♦♣è♥❡ s✉✐✈✐❡ ❞✬✉♥❡

❛❝t✐✈❛t✐♦♥ ❞✉ ♠ét❤❛♥❡✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ❧✬❤②❞r♦♠ét❤②❧❛t✐♦♥ ❞✉ ♣r♦♣è♥❡ ♣❛r Cp⋆
2ScCH3✱ ❧❡

❝②❝❧❡ ❝❛t❛❧②t✐q✉❡ ❡st ❢❛✈♦r❛❜❧❡ ❀ ❝❡♣❡♥❞❛♥t✱ ❧❡ r❡♥❞❡♠❡♥t ❞❡♠❡✉r❡ ♠♦❞❡st❡ ❡♥ r❛✐s♦♥ ❞❡ ❧❛

❞és❛❝t✐✈❛t✐♦♥ ❞✉ ❝❛t❛❧②s❡✉r ♣❛r ❧✬❛❝t✐✈❛t✐♦♥ ✈✐♥②❧✐q✉❡ ❞✉ ♣r♦♣è♥❡✳ ▲❡ ❝♦♠♣❧❡①❡ ❞❡ ❧✉té❝✐✉♠

Cp⋆
2LuCH3✱ q✉❛♥t à ❧✉✐✱ ❢❛✈♦r✐s❡ ❧❡s ré❛❝t✐♦♥s ❛✈❡❝ ❧❡ ♣r♦♣è♥❡✱ s✐ ❜✐❡♥ q✉❡ ❧✬❛❝t✐✈❛t✐♦♥ ❞✉

♠ét❤❛♥❡ ♥✬❡st ♣❧✉s ❝♦♠♣ét✐t✐✈❡ ❡t q✉❡ ❧❡ ❝❛t❛❧②s❡✉r ♥❡ ♣❡✉t ♣❛s êtr❡ ré❣é♥éré✳ ❊♥✜♥✱

❧✬✉t✐❧✐s❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ ❞❡ t②♣❡ ❛♥s❛ Op2ScCH3 ♣❡r♠❡t ❞✬❡✛❡❝t✉❡r ❧✬❤②❞r♦♠ét❤②❧❛t✐♦♥

❞❡ ❧✬✐s♦❜✉tè♥❡✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ré❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ Op2ScCH3 s❡ r❛♣♣r♦❝❤❡ ❛❧♦rs ❞❡

❝❡❧❧❡ ❞❡ Cp⋆
2LuCH3✱ ♣❛r ❝♦♥séq✉❡♥t✱ q✉❡❧ q✉❡ s♦✐t ❧✬❛❧❝è♥❡ ❡♠♣❧♦②é✱ ❧❛ ré❣é♥ér❛t✐♦♥ ❞✉

❝❛t❛❧②s❡✉r ❡st ❞✐✣❝✐❧❡ ❡t ❧❡s r❡♥❞❡♠❡♥ts ❞❡✈r❛✐❡♥t r❡st❡r ❢❛✐❜❧❡s✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❛ ré❛❝t✐♦♥ ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ❝❛t❛❧②t✐q✉❡ ❞❡s ❛❧❝è♥❡s✱ ❧✬ét✉❞❡ t❤é♦✲

r✐q✉❡ ❡st ♣❧✉s ❝♦♠♣❧❡①❡✳ ❊♥ ❡✛❡t✱ ❞❡✉① ♠é❝❛♥✐s♠❡s s♦♥t ❡♥ ❝♦♠♣ét✐t✐♦♥ ✿ ❧✬✉♥ ❡st ❝❛t❛❧②sé

♣❛r ❧✬❤②❞r✉r❡ ❞❡ ❧❛♥t❤❛♥✐❞❡✱ ❡t ❧✬❛✉tr❡ ♣❛r ✉♥ ❝♦♠♣❧❡①❡ s✐❧②❧❡✱ ❢♦r♠é ✐♥ s✐t✉✳ ❉❡ ♣❧✉s✱ ✉♥

❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ré❛❝t✐♦♥s ♣❛r❛s✐t❡s ❞♦✐✈❡♥t êtr❡ ❝♦♥s✐❞éré❡s ♣♦✉r ❞é❝r✐r❡ ❧❡ s②stè♠❡ ❞❡ ❢❛✲

ç♦♥ ❡①❤❛✉st✐✈❡✳ ❆ ♣❛rt✐r ❞✬✉♥ ♠♦❞è❧❡ s✐♠♣❧✐st❡✱ ♥♦✉s ❛✈♦♥s ♣✉ ♠♦♥tr❡r q✉❡✱ ❝♦♥tr❛✐r❡♠❡♥t

❛✉ ♣♦st✉❧❛t ❡①♣ér✐♠❡♥t❛❧✱ ❧❡ ♠é❝❛♥✐s♠❡ ❝❛t❛❧②sé ♣❛r ❧❡ ❝♦♠♣❧❡①❡ s✐❧②❧❡ ❡st ❝♦♠♣ét✐t✐❢✳ ❈❡❝✐

r❡st❡ ✈ér✐✜é ♣♦✉r ❧❡s s②stè♠❡s ♣❧✉s ré❛❧✐st❡s ét✉❞✐és ♣❛r ❧❛ s✉✐t❡✳ ❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧❡s
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❡✛❡ts ❞❡ ❧❛ s✉❜st✐t✉t✐♦♥ ❞❡ ❧✬❛❧❝è♥❡ s♦♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t stér✐q✉❡s ❀ ❡♥ r❡✈❛♥❝❤❡✱ ❧✬✐♥✢✉❡♥❝❡

❞❡ ❧❛ s✉❜st✐t✉t✐♦♥ ❞✉ s✐❧❛♥❡ ♥❡ ♣❡✉t êtr❡ ❡①♣❧✐q✉é❡ q✉❡ ♣❛r ❞❡s ❢❛❝t❡✉rs ❞✬♦r❞r❡ é❧❡❝tr♦✲

♥✐q✉❡✳ ❊♥✜♥✱ ❧❛ ❝♦♠♣❧❡①✐té ❞❡s ♠é❝❛♥✐s♠❡s ✐♠♣❧✐q✉és ♣❡r♠❡t ❞❡ ❝♦♠♣r❡♥❞r❡ ♣♦✉rq✉♦✐✱

♠❛❧❣ré ❧❡s ❡✛♦rts ❞❡s ❡①♣ér✐♠❡♥t❛t❡✉rs✱ ❧❛ ♠✐s❡ ❛✉ ♣♦✐♥t ❞✬✉♥❡ ♣r♦❝é❞✉r❡ ❡①♣ér✐♠❡♥t❛❧❡

♣❡r♠❡tt❛♥t ❞❡ ❢♦r♠❡r s②sté♠❛t✐q✉❡♠❡♥t ❧❡ ♣r♦❞✉✐t ❜r❛♥❝❤é ❞✬❤②❞r♦s✐❧②❧❛t✐♦♥ ♥✬❛ ♣❛s ♣✉

êtr❡ ❡✛❡❝t✉é❡✳

❊♥✜♥✱ ♥♦✉s ❛✈♦♥s ♠♦♥tré q✉❡ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ♠♦♥♦♠èr❡s ♣♦❧❛✐r❡s ♣❛r ❞❡s ❝♦♠✲

♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s s✬❡✛❡❝t✉❡ ♣❛r ✉♥ ♠é❝❛♥✐s♠❡ ❞❡ ❝♦♦r❞✐♥❛t✐♦♥ ✴

✐♥s❡rt✐♦♥✳ ▲❡s rés✉❧t❛ts ♦❜t❡♥✉s s♦♥t ❡♥ ❜♦♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✳ ❉❛♥s

❧❡ ❝❛s ❞❡ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ ♠ét❤❛❝r②❧❛t❡ ❞❡ ♠ét❤②❧❡✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬❡s♣è❝❡ ❛❝t✐✈❡

é♥♦❧❛t❡ ❡st ❞é❢❛✈♦r❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t ❝❛r ❡❧❧❡ ❡♥tr❛î♥❡ ❧❛ ♣❡rt❡ ❞❡ ❧❛ st❛❜✐❧✐s❛✲

t✐♦♥ ❞❡ BH3 ♣❛r ❧✬❤②❞r✉r❡✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ♣❛r ♦✉✈❡rt✉r❡ ❞❡ ❝②❝❧❡ ❞❡ ❧❛

ε−❝❛♣r♦❧❛❝t♦♥❡ ❡st ❢❛✈♦r❛❜❧❡ ❝❛r✱ ❞❛♥s ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❢♦r♠é✱ ❝❡tt❡ ✐♥t❡r❛❝t✐♦♥ ❡st r❡♠✲

♣❧❛❝é❡ ♣❛r ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❧❛♥t❤❛♥✐❞❡ ✲ ♦①②❣è♥❡ ❡t ✉♥❡ ❧✐❛✐s♦♥ ♦①②❣è♥❡ ✲ ❜♦r❡ ❢♦rt❡s✳

❊♥ ❝♦♥❝❧✉s✐♦♥✱ ❧✬ét✉❞❡ t❤é♦r✐q✉❡ ❞❡ ré❛❝t✐♦♥s ❝❛t❛❧②t✐q✉❡s ❛ ♣❡r♠✐s ❞✬❛♣♣♦rt❡r ✉♥❡

♠❡✐❧❧❡✉r❡ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ♣r♦♣r✐étés ❝❛t❛❧②t✐q✉❡s ❞❡s ❝♦♠♣♦sés ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞❡

❧❛♥t❤❛♥✐❞❡s✳ ■❧ ❡st à ♥♦t❡r q✉❡ ❝❡ t②♣❡ ❞✬ét✉❞❡ ❡st r❡❧❛t✐✈❡♠❡♥t ❛r❞✉❡ ❝❛r ❧❡s ❝♦♠♣❧❡①❡s

♦r❣❛♥♦❧❛♥t❤❛♥✐❞❡s✱ très ré❛❝t✐❢s✱ ❝♦♥❞✉✐s❡♥t à ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ré❛❝t✐♦♥s ♣❛r❛s✐t❡s✳ ❊♥

♣❛rt✐❝✉❧✐❡r✱ ✐❧s t❡♥❞❡♥t à ❢♦r♠❡r ❞ès q✉❡ ♣♦ss✐❜❧❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❢♦rt❡s ❛✈❡❝ ❞❡s ❧✐❣❛♥❞s

très é❧❡❝tr♦♥é❣❛t✐❢s✱ ❝❡ q✉✐ ♣❡✉t ❡♥tr❛î♥❡r ✉♥❡ ❞és❛❝t✐✈❛t✐♦♥ ❞✉ ❝❛t❛❧②s❡✉r✳ ❆✜♥ ❞✬é✈✐t❡r ❞❡

t❡❧❧❡s ré❛❝t✐♦♥s✱ ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ✜♥❡ ❞❡s ♠é❝❛♥✐s♠❡s ✐♠♣❧✐q✉és ❡st ✐♥❞✐s♣❡♥s❛❜❧❡✳ ❈✬❡st

❛❧♦rs ❧❡ rô❧❡ ♣r✐♠♦r❞✐❛❧ ❞✉ t❤é♦r✐❝✐❡♥ ❞❡ ♣r♦♣♦s❡r ❞❡s ♥♦✉✈❡❧❧❡s ♣✐st❡s✱ q✉✐ ♣❡r♠❡ttr♦♥t ✐♥

✜♥❡ ❞✬❛♠é❧✐♦r❡r ❧❡s r❡♥❞❡♠❡♥ts ❝❛t❛❧②t✐q✉❡s✳

✶✼✷



❚r♦✐s✐è♠❡ ♣❛rt✐❡

❙tr✉❝t✉r❡ ❡t ré❛❝t✐✈✐té ❞❡ ❝♦♠♣❧❡①❡s

♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞✬✉r❛♥✐✉♠

✶✼✸





❈❤❛♣✐tr❡ ❆

■♥tr♦❞✉❝t✐♦♥

▲❛ ❝❤✐♠✐❡ ♦r❣❛♥♦♠ét❛❧❧✐q✉❡ ❞❡s ❛❝t✐♥✐❞❡s✱ ♥♦t❛♠♠❡♥t ❞❡ ❧✬✉r❛♥✐✉♠✱ ❝♦♥♥❛ît ❞❡♣✉✐s

✉♥❡ q✉✐♥③❛✐♥❡ ❞✬❛♥♥é❡s ✉♥ ❡ss♦r s♣❡❝t❛❝✉❧❛✐r❡✱ ❛✈❡❝ ❧❛ s②♥t❤ès❡ ❞❡ ♥♦✉✈❡❛✉① ❝♦♠♣♦sés

♠♦❧é❝✉❧❛✐r❡s ✐♥tér❡ss❛♥ts t❛♥t ♣❛r ❧❡✉r str✉❝t✉r❡ q✉❡ ♣❛r ❧❡✉rs ♣r♦♣r✐étés ♣❤②s✐q✉❡s ❡t

❝❤✐♠✐q✉❡s ❬✶✼✷❪✳ ▲❡s ❛❝t✐♥✐❞❡s ❝♦♥❞✉✐s❡♥t ❡♥ ❡✛❡t à ✉♥❡ très ❣r❛♥❞❡ ✈❛r✐été ❞❡ ❝♦♠♣❧❡①❡s✱

♣rés❡♥t❛♥t ♣❛r❢♦✐s ❞❡s str✉❝t✉r❡s ✓ ❡①♦t✐q✉❡s ✔ ✐♥❡①✐st❛♥t❡s ❡♥ ❝❤✐♠✐❡ ♦r❣❛♥♦♠ét❛❧❧✐q✉❡ ❞❡s

♠ét❛✉① ❞❡ tr❛♥s✐t✐♦♥ ❡t ❞❡s ❧❛♥t❤❛♥✐❞❡s ✭✈♦✐r ♣❛r ❡①❡♠♣❧❡ ❬✶✼✸❪✮✳ ❉❡ ♣❧✉s✱ ❝❡s ❝♦♠♣♦sés

♣rés❡♥t❡♥t ✉♥❡ ré❛❝t✐✈✐té très ❞✐✛ér❡♥t❡ ❞❡ ❝❡❧❧❡ ❞❡s ♦r❣❛♥♦❧❛♥t❤❛♥✐❞❡s✱ ❛✐♥s✐ q✉❡ ♥♦✉s ❧❡

❞ét❛✐❧❧❡r♦♥s ❞❛♥s ❧❛ s❡❝t✐♦♥ ❈✳✶✳

▲❛ r✐❝❤❡ss❡ ❞❡ ❧❛ ❝❤✐♠✐❡ ❞❡s ♦r❣❛♥♦❛❝t✐♥✐❞❡s ❡st ❧✐é❡ à ♣❧✉s✐❡✉rs ❢❛❝t❡✉rs ✿ t♦✉t ❞✬❛❜♦r❞✱

❧❡s ❛❝t✐♥✐❞❡s s♦♥t ♣❧✉s ✈♦❧✉♠✐♥❡✉① q✉❡ ❧❡s ❧❛♥t❤❛♥✐❞❡s ❬✺✹❪✱ ❡t ♣❡✉✈❡♥t ❞♦♥❝ ❞♦♥♥❡r ❧✐❡✉ à

❞❡s ❝♦♠♣❧❡①❡s ❛②❛♥t ❞❡s ♥♦♠❜r❡s ❞❡ ❝♦♦r❞✐♥❛t✐♦♥ ♣❧✉s é❧❡✈és✳ ❉❡ ♣❧✉s✱ ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡

❞❡❣rés ❞✬♦①②❞❛t✐♦♥ s♦♥t ❛❝❝❡ss✐❜❧❡s ♣♦✉r ❧❡s ❛❝t✐♥✐❞❡s✱ ❛❧♦rs q✉❡ ❧❡s ❧❛♥t❤❛♥✐❞❡s ♥❡ ♣❡✉✈❡♥t

♣rés❡♥t❡r ❛✉ ♠❛①✐♠✉♠ q✉❡ ❞❡✉① ❞❡❣rés ❞✬♦①②❞❛t✐♦♥✳ ❊♥✜♥✱ ✐❧ ❡st ❝♦♥♥✉ q✉❡ ❧✬❡①t❡♥s✐♦♥

r❛❞✐❛❧❡ ❞❡s ♦r❜✐t❛❧❡s 5f ❡st très s✉♣ér✐❡✉r❡ ❞❡ ❝❡❧❧❡ ❞❡s ♦r❜✐t❛❧❡s 4f ✱ ✐♠♣❧✐q✉❛♥t ❧✬✉t✐❧✐s❛t✐♦♥

❞❡s ♦r❜✐t❛❧❡s 5f ♣♦✉r ❢♦r♠❡r ❞❡s ❧✐❛✐s♦♥s ❬✼✷✱ ✼✸✱ ✶✼✹❪✳ P❛r ❝♦♥séq✉❡♥t✱ ❧✬✐♥t❡r❛❝t✐♦♥ ❞❡s

❛❝t✐♥✐❞❡s ❛✈❡❝ ❧❡s ❧✐❣❛♥❞s ♦r❣❛♥✐q✉❡s ❡st très ❞✐✛ér❡♥t❡ ❞❡ ❝❡❧❧❡ ❞❡s ❧❛♥t❤❛♥✐❞❡s✳ ❈❡tt❡

❞✐✛ér❡♥❝❡ ❡st ❡①♣❧♦✐té❡ ❧♦rs ❞❡ ❧✬❡①tr❛❝t✐♦♥ sé❧❡❝t✐✈❡ ❞❡s ❛❝t✐♥✐❞❡s ❞❛♥s ❧❡ ❝♦♠❜✉st✐❜❧❡

♥✉❝❧é❛✐r❡ ✉sé✳

▲❛ ♥❛t✉r❡ ❞❡s ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s ❞❛♥s ❧❡s ❝♦♠♣♦sés ♦r❣❛♥♦❛❝t✐♥✐❞❡s ❡t ❧❡s ♠é❝❛♥✐s♠❡s

ré❣✐ss❛♥t ❧❡✉r ré❛❝t✐✈✐té r❡st❡♥t ♠❛❧ ❝♦♥♥✉s✳ ❈❡❝✐ ♣❡✉t êtr❡ ❡①♣❧✐q✉é ❡♥ ♣❛rt✐❝✉❧✐❡r ♣❛r ❧❡s

❞✐✣❝✉❧tés ✐♥❤ér❡♥t❡s à ❧❛ ♠❛♥✐♣✉❧❛t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ❞❡s ❛❝t✐♥✐❞❡s✳ ❊♥ ♦✉tr❡✱ ❧❛ ♣rés❡♥❝❡

❞✬é❧❡❝tr♦♥s 5f ♥♦♥ ❛♣♣❛r✐és r❡♥❞ ❛r❞✉❡s ❧❡s ❛♥❛❧②s❡s s♣❡❝tr♦s❝♦♣✐q✉❡s ❞❡ ❝❡s ❝♦♠♣❧❡①❡s✳

❈✬❡st ♣♦✉rq✉♦✐ ❧✬❛♣♣♦rt ❞❡ ❧❛ t❤é♦r✐❡ à ❧❛ ❝❤✐♠✐❡ ♦r❣❛♥♦♠ét❛❧❧✐q✉❡ ❞❡s ❛❝t✐♥✐❞❡s s❡ ré✈è❧❡

✐♥❞✐s♣❡♥s❛❜❧❡✳

❉✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ t❤é♦r✐q✉❡✱ ❧✬ét✉❞❡ ❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞✬❛❝t✐♥✐❞❡s s❡

❤❡✉rt❡ t♦✉t❡❢♦✐s à ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ❞✐✣❝✉❧tés✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❧❡s ❡✛❡ts ❞❡ ❧❛ r❡❧❛t✐✈✐té✱

✶✼✺



q✉✐ ❞❡✈✐❡♥♥❡♥t ♣ré♣♦♥❞ér❛♥ts ❞❛♥s ❧❡ ❝❛s ❞❡s ♠ét❛✉① ❧♦✉r❞s✱ ❞♦✐✈❡♥t êtr❡ ♣r✐s ❡♥ ❝♦♠♣t❡

❬✸✼❪✳ ▲❛ ♣❧✉♣❛rt ❞❡s ét✉❞❡s t❤é♦r✐q✉❡s s❡ s♦♥t ❞♦♥❝ ❝❡♥tré❡s s✉r ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡ ♣❡t✐t❡s

♠♦❧é❝✉❧❡s✳ ❆ ♣❛rt✐r ❞❡ ❝❛❧❝✉❧s ♣♦st ❍❛rtr❡❡✲❋♦❝❦ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❞❡ ❢❛ç♦♥ r✐❣♦✉r❡✉s❡ ❧❛

r❡❧❛t✐✈✐té ❡t ❧❛ ❝♦rré❧❛t✐♦♥✱ ✐❧ été ❝♦♥✜r♠é t❤é♦r✐q✉❡♠❡♥t q✉❡ ❧❡s ♦r❜✐t❛❧❡s 5f ❞❡s ❛❝t✐♥✐❞❡s✱

❡♥ ♣❛rt✐❝✉❧✐❡r ❝❡✉① ❞✉ ❞é❜✉t ❞❡ ❧❛ sér✐❡ ✭Pa, U, Np, Pu✮✱ ♣❛rt✐❝✐♣❡♥t ❞❡ ❢❛ç♦♥ ❛❝t✐✈❡ ❛✉①

❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s ❬✼✼✱✶✼✺✕✶✼✼❪✳ ❈♦♥tr❛✐r❡♠❡♥t ❛✉ ❝❛s ❞❡s ❧❛♥t❤❛♥✐❞❡s✱ ✐❧ ❡st ❞♦♥❝ ❞✐✣❝✐❧❡

❞✬✐♥❝❧✉r❡ ❧❡s é❧❡❝tr♦♥s 5f ❞❛♥s ✉♥ ♣s❡✉❞♦♣♦t❡♥t✐❡❧ ❞❡ ❝♦❡✉r✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❛ ♣rés❡♥❝❡ ❞❡

❝♦✉❝❤❡s ♦✉✈❡rt❡s 5f ❛❝t✐✈❡s ♥é❝❡ss✐t❡ ❡♥ t♦✉t❡ r✐❣✉❡✉r ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ♠ét❤♦❞❡s ❞❡ ❝❛❧❝✉❧

♠✉❧t✐ré❢ér❡♥t✐❡❧❧❡s✱ q✉✐ ♥❡ ♣❡✉✈❡♥t êtr❡ ❛♣♣❧✐q✉és q✉❡ s✉r ❞❡s s②stè♠❡s ❞❡ ♣❡t✐t❡ t❛✐❧❧❡✳ ▲❛

❉❋❚✱ q✉✐ ❡st ♣❛r ❡ss❡♥❝❡ ♠♦♥♦ré❢ér❡♥t✐❡❧❧❡✱ ♥✬❡st ❛ ♣r✐♦r✐ ♣❛s ❛❞❛♣té❡ à ❧✬ét✉❞❡ ❞❡ t❡❧s

s②stè♠❡s✳

❈❡♣❡♥❞❛♥t✱ ♣❧✉s✐❡✉rs tr❛✈❛✉① t❤é♦r✐q✉❡s ♦♥t été ❝♦♥s❛❝rés à ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡ ❞✐❢✲

❢ér❡♥t❡s ♠ét❤♦❞❡s ❞❡ ❧❛ ❝❤✐♠✐❡ q✉❛♥t✐q✉❡ ♣♦✉r ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡s ❝♦♠♣♦sés ❞✬❛❝t✐♥✐❞❡s✳

❙❡❧♦♥ ❧❛ ❧✐ttér❛t✉r❡✱ ❧❛ ❉❋❚ s❡♠❜❧❡ ❞♦♥♥❡r ❞❡ ❜♦♥s rés✉❧t❛ts ♣♦✉r ❧✬♦♣t✐♠✐s❛t✐♦♥ ❞❡ ❣é♦✲

♠étr✐❡s ❡t ❧❡ ❝❛❧❝✉❧ ❞❡ ❢réq✉❡♥❝❡s ❞❡ ✈✐❜r❛t✐♦♥✱ ♠ê♠❡ ❞❛♥s ❧❡ ❝❛s ❞❡ s②stè♠❡s ♣♦ssé❞❛♥t

✉♥ ❢♦rt ❝❛r❛❝tèr❡ ♠✉❧t✐ré❢ér❡♥t✐❡❧ ❬✼✵✱✼✼❪✳ ❊♥ ♦✉tr❡✱ ❡❧❧❡ ♣❡r♠❡t ❞✬❛♥❛❧②s❡r ❧❡s ✐♥t❡r❛❝t✐♦♥s

♠ét❛❧✲❧✐❣❛♥❞ ❞❡ ♠❛♥✐èr❡ ❛❞éq✉❛t❡ ❬✶✶✹❪✳

▲✬❡♠♣❧♦✐ ❞❡ ❧❛ ❉❋❚ ❛ ❞♦♥❝ ♣❡r♠✐s ❞✬❛✉❣♠❡♥t❡r ❧❛ t❛✐❧❧❡ ❞❡s s②stè♠❡s ❝♦♥s✐❞érés ❛✜♥

❞❡ s❡ r❛♣♣r♦❝❤❡r ❞❡s ❝♦♠♣❧❡①❡s ❡①♣ér✐♠❡♥t❛✉①✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧❛ ❣é♦♠étr✐❡ ❡t ❧❛ str✉❝✲

t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞❡ ❝♦♠♣❧❡①❡s ❝♦♠♣♦rt❛♥t ❞❡s ❧✐❣❛♥❞s ❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡✱ très ♣rés❡♥ts ❡♥

❝❤✐♠✐❡ ♦r❣❛♥♦♠ét❛❧❧✐q✉❡ ❞❡s ❛❝t✐♥✐❞❡s✱ ♦♥t ♣✉ êtr❡ ❞ét❡r♠✐♥é❡s ❬✻✻✱ ✻✽✱ ✶✼✽❪✳ ❉❡ ❧❛ ♠ê♠❡

❢❛ç♦♥✱ ❧✬✐♥t❡r❛❝t✐♦♥ ❞❡s ❛❝t✐♥✐❞❡s ❛✈❡❝ ❧❡s ❧✐❣❛♥❞s ❛③♦tés✱ ✉t✐❧✐sés ♣♦✉r ❧✬❡①tr❛❝t✐♦♥ sé❧❡❝✲

t✐✈❡ ❞❡s ❛❝t✐♥✐❞❡s✱ ❛ ♣✉ êtr❡ ❛♥❛❧②sé❡ ❬✼✽✱ ✶✼✾❪✳ ❈❡s ét✉❞❡s ❝♦♥✜r♠❡♥t ❧❛ ♣❛rt✐❝✐♣❛t✐♦♥

❞❡s ♦r❜✐t❛❧❡s 5f ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s✱ ❝❡ q✉✐ ❡♥tr❛î♥❡ ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ♥♦✉✈❡❛✉① ♠♦❞❡s

❞✬✐♥t❡r❛❝t✐♦♥ ♠ét❛❧✲❧✐❣❛♥❞✳

❊♥ r❡✈❛♥❝❤❡✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ❉❋❚ ♣♦✉r ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ♠é❝❛♥✐s♠❡s ré❛❝t✐♦♥♥❡❧s

❡t ❧❡ ❝❛❧❝✉❧ ❞❡ ❣r❛♥❞❡✉rs é♥❡r❣ét✐q✉❡s ♣❡r♠❡tt❛♥t ❞❡ ❞é❝r✐r❡ ❧❡s ré❛❝t✐♦♥s ❝❤✐♠✐q✉❡s r❡st❡

❡①trê♠❡♠❡♥t ♠❛r❣✐♥❛❧❡ ❬✶✽✵❪✳ ▲❛ ré❛❝t✐✈✐té ❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞✬❛❝t✐♥✐❞❡s

❞❡♠❡✉r❡ ❞♦♥❝ ✉♥ ❞♦♠❛✐♥❡ q✉❛s✐♠❡♥t ✐♥❡①♣❧♦ré ❡♥ ❝❤✐♠✐❡ t❤é♦r✐q✉❡✳ P♦✉rt❛♥t✱ ❧✬ét✉❞❡ ❞❡

❧❛ ré❛❝t✐✈✐té ❝❤✐♠✐q✉❡ ❡st ✉♥ ♠♦②❡♥ s✉♣♣❧é♠❡♥t❛✐r❡ ❞✬❛❝❝é❞❡r à ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧❛

♥❛t✉r❡ ❞❡s ❧✐❛✐s♦♥s ❞❛♥s ❝❡s ❝♦♠♣♦sés✳

❉❛♥s ❝❡ ❝♦♥t❡①t❡✱ ♥♦✉s ♣rés❡♥t❡r♦♥s ✐❝✐ ❞❡✉① ❛♣♣r♦❝❤❡s ❞✐✛ér❡♥t❡s ❞❡ ❧✬ét✉❞❡ t❤é♦✲

r✐q✉❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ♠ét❛❧ ✲ ❧✐❣❛♥❞ ❞❛♥s ❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞✬✉r❛♥✐✉♠✳

▲❛ ♣r❡♠✐èr❡ ❛♣♣r♦❝❤❡ ❝❤♦✐s✐❡ s❡r❛ ❞❡ t②♣❡ str✉❝t✉r❛❧❡✳ ❊♥ ❡✛❡t✱ ❧❡ ♣r❡♠✐❡r ❝❤❛♣✐tr❡✱ ❡♥

❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧❡ ❣r♦✉♣❡ ❡①♣ér✐♠❡♥t❛❧ ❞❡ ▼✳ ❊♣❤r✐t✐❦❤✐♥❡ ✭❈✳❊✳❆✳ ❙❛❝❧❛②✮✱ s❡r❛ ❝♦♥s❛✲

❝ré à ❧✬❛♥❛❧②s❡ str✉❝t✉r❛❧❡ ❞❡ ❝♦♠♣❧❡①❡s ❜✐s❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡ ❞✬✉r❛♥✐✉♠ ♣rés❡♥t❛♥t ✉♥❡

❣é♦♠étr✐❡ ❧✐♥é❛✐r❡✳ ◆♦✉s ♠♦♥tr❡r♦♥s q✉❡ ❧✬❡①✐st❡♥❝❡ ♠ê♠❡ ❞❡ ❝❡s ❝♦♠♣❧❡①❡s ✐♠♣❧✐q✉❡ ❧❛

✶✼✻



♣❛rt✐❝✐♣❛t✐♦♥ ❞❡s ♦r❜✐t❛❧❡s 5f ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s✳ ◆♦✉s ❛♥❛❧②s❡r♦♥s ❡♥s✉✐t❡ ❧❛ st❛❜✐❧✐té

❞❡ ❝❡s ❝♦♠♣♦sés ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞❡ ❧✬✉r❛♥✐✉♠✳ ❊♥✜♥✱ ❛♣rès ❛✈♦✐r ❞é♠♦♥✲

tré ❧✬❛♥❛❧♦❣✐❡ ✐s♦❧♦❜❛❧❡ ❡♥tr❡ ❧❡ ❧✐❣❛♥❞ Cp2− ❡t ❧❡ ❧✐❣❛♥❞ ♦①♦ O3−✱ ♥♦✉s ♠♦♥tr❡r♦♥s q✉❡ ❧❛

st❛❜✐❧✐té ❞❡ ❝♦♠♣❧❡①❡s ❞❡ ❧✬✉r❛♥②❧❡ UO2+
2 ♣❡✉t êtr❡ ♣ré❞✐t❡ ♣❛r ✉♥❡ ❞é♠❛r❝❤❡ s✐♠✐❧❛✐r❡✳

❉❛♥s ✉♥ s❡❝♦♥❞ ❝❤❛♣✐tr❡✱ ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧✬éq✉✐♣❡ ❞❡ ❘✳ ❆✳ ❆♥❞❡rs❡♥ ✭❇❡r❦❡❧❡②✮✱

♥♦✉s ♠♦♥tr❡r♦♥s ❝♦♠♠❡♥t ❧✬ét✉❞❡ ❞❡ ❧❛ ré❛❝t✐✈✐té ♣❡✉t ❛♣♣♦rt❡r ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧❛

♥❛t✉r❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ♠ét❛❧ ✲ ❧✐❣❛♥❞ ❞❛♥s ❧❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞✬✉r❛♥✐✉♠✳

P♦✉r ❝❡❧❛✱ ♥♦✉s ♥♦✉s ✐♥tér❡ss❡r♦♥s à ❧❛ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❡t à ❧❛ ré❛❝t✐✈✐té ❞❡ ❞❡✉①

❝♦♠♣❧❡①❡s ✐s♦é❧❡❝tr♦♥✐q✉❡s ❞✬✉r❛♥✐✉♠ ✭■❱✮ ✿ ❧❡s ❝♦♠♣♦sés Cp
′

2UO ❡tCp
′

2UNMe✳ ❚♦✉t

❞✬❛❜♦r❞✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ❉❋❚ ♣♦✉r ❧✬ét✉❞❡ ❞❡ ❧❛ ré❛❝t✐✈✐té ❞❡ ❝❡s ❝♦♠♣♦sés s❡r❛ ✈❛❧✐❞é❡✳

◆♦✉s ❞ét❡r♠✐♥❡r♦♥s ❡♥s✉✐t❡ s✐ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ré❛❝t✐✈✐té ❡♥tr❡ ❧❡s ❞❡✉① ❝♦♠♣♦sés✱ ♦❜s❡r✈é❡

❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✱ ♣❡✉t êtr❡ ❡①♣❧✐q✉é❡ ♣❛r ❞❡s ♥❛t✉r❡s ❞❡ ❧✐❛✐s♦♥ ❞✐✛ér❡♥t❡s✳

✶✼✼
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❈❤❛♣✐tr❡ ❇

❊t✉❞❡ ❞❡ ❝♦♠♣❧❡①❡s ♠ét❛❧❧♦❝è♥❡s

❞✬✉r❛♥✐✉♠ ❧✐♥é❛✐r❡s ❡t ❝♦✉❞és

❇✳✶ ❈♦♥t❡①t❡ ❡①♣ér✐♠❡♥t❛❧

❇✳✶✳✶ ▼ét❛❧❧♦❝è♥❡s ❧✐♥é❛✐r❡s ❡t ❝♦✉❞és ❞❡ ♠ét❛✉① ❞❡ tr❛♥s✐t✐♦♥

▲❡s ❝♦♠♣❧❡①❡s ♠ét❛❧❧♦❝è♥❡s ❞❡ t②♣❡ Cp”
2MXn✱ ♦ù Cp” ❡st ✉♥ ❧✐❣❛♥❞ ❝②❝❧♦♣❡♥t❛❞✐é✲

♥②❧❡ s✉❜st✐t✉é ♦✉ ♥♦♥✱ M ✉♥ ♠ét❛❧ ❡t X ✉♥ ❧✐❣❛♥❞✱ s♦♥t très ♣rés❡♥ts ❡♥ ❝❤✐♠✐❡ ♦r❣❛✲

♥♦♠ét❛❧❧✐q✉❡✳ ▲❛ ♥❛t✉r❡ ❞❡s ❧✐❛✐s♦♥s ♠ét❛❧ ✲ ❧✐❣❛♥❞ ❞❛♥s ❝❡s ❝♦♠♣♦sés ❛ ❢❛✐t ❧✬♦❜❥❡t ❞❡

♥♦♠❜r❡✉s❡s ét✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s ❡t t❤é♦r✐q✉❡s✳ ❊♥ ❡✛❡t✱ ✐❧s ♣❡✉✈❡♥t ❡①✐st❡r s♦✉s ❞❡✉①

❢♦r♠❡s✳ ❉❛♥s ❧❡s ♠ét❛❧❧♦❝è♥❡s ✓ ❧✐♥é❛✐r❡s ✔✱ q✉✐ ♣ré❞♦♠✐♥❡♥t ♣♦✉r ❧❡s ♠ét❛✉① ❞❡ tr❛♥s✐✲

t✐♦♥ ❞❡ ❧❛ ✜♥ ❞❡ ❧❛ sér✐❡ ✭Cr, Mn, Fe,Ru, Os✳✳✳✮✱ ❧❡s ❞❡✉① ❝②❝❧❡s Cp” s♦♥t ♣❛r❛❧❧è❧❡s✱ ❡t

❛✉❝✉♥ ❧✐❣❛♥❞ ❛❞❞✐t✐♦♥♥❡❧ ♥✬❡st ♣rés❡♥t✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❡s ♠ét❛✉① ❞❡ tr❛♥s✐t✐♦♥ ❞✉ ❞é❜✉t

❞❡ ❧❛ sér✐❡ ✭Sc, T i, V, Y, Zr...✮✱ ❛✐♥s✐ q✉❡ ❧❡s ❧❛♥t❤❛♥✐❞❡s✱ ❝♦♥❞✉✐s❡♥t ❡①❝❧✉s✐✈❡♠❡♥t à ❞❡s

♠ét❛❧❧♦❝è♥❡s ✓ ❝♦✉❞és ✔✱ ❞❛♥s ❧❡sq✉❡❧s ❧✬❛♥❣❧❡ ❡♥tr❡ ❧❡s ❞❡✉① ❧✐❣❛♥❞s Cp” ❡st ✐♥❢ér✐❡✉r à

✶✼✵ ❞❡❣rés✳ ▲❛ s♣❤èr❡ ❞❡ ❝♦♦r❞✐♥❛t✐♦♥ ❞❡s ♠ét❛✉① ❡st ❛❧♦rs ❝♦♠♣❧été❡ ♣❛r ❧✬❛❥♦✉t ❞❡ ✶ à

✸ ❧✐❣❛♥❞s ❞❡ t②♣❡ X ❞❛♥s ❧❡ ♣❧❛♥ éq✉❛t♦r✐❛❧ ✭❝❢✳ ✜❣✉r❡ ❇✳✶✮✳

●râ❝❡ à ❞❡s ❝♦♥s✐❞ér❛t✐♦♥s ♦r❜✐t❛❧❛✐r❡s✱ ✐❧ ❛ été ♠♦♥tré q✉❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ st❛❜✐❧✐té

❡♥tr❡ ❧❡s ❞❡✉① ❢♦r♠❡s ❡st ❞✉❡ à ❞❡s ❢❛❝t❡✉rs é❧❡❝tr♦♥✐q✉❡s ❬✶✽✶✱✶✽✷❪✳ P♦✉r ✉♥ ♠ê♠❡ ♠ét❛❧✱ à

✉♥ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞♦♥♥é✱ ❧❡ ♣❛ss❛❣❡ ❞❡ ❧❛ ❢♦r♠❡ ❝♦✉❞é❡ à ❧❛ ❢♦r♠❡ ❧✐♥é❛✐r❡ ♥❡ ♣❡✉t ❞♦♥❝

êtr❡ ♦❜t❡♥✉ q✉✬❡♥ ❛✉❣♠❡♥t❛♥t ❧✬❡♥❝♦♠❜r❡♠❡♥t stér✐q✉❡ ❞❡s s✉❜st✐t✉❛♥ts s✉r ❧❡s ❧✐❣❛♥❞s

Cp” ❬✶✽✸❪ ❀ ❛✉ ❝♦♥tr❛✐r❡✱ ❧✬✉♥✐q✉❡ ❢❛ç♦♥ ❞❡ ❢♦r❝❡r ❧❡ ✓ ❝♦✉❞❛❣❡ ✔ ❞✬✉♥ ♠ét❛❧❧♦❝è♥❡ ❧✐♥é❛✐r❡

❡st ❞❡ ❝♦♥tr❛✐♥❞r❡ ❧✬❛♥❣❧❡ Cp” −M −Cp” ❡♥ ✐♥tr♦❞✉✐s❛♥t ✉♥ ♣♦♥t ✐♥t❡r❛♥♥✉❧❛✐r❡ ❡♥tr❡ ❧❡s

❧✐❣❛♥❞s Cp” ❬✶✽✹❪✳

✶✼✾



❋✐❣✳ ❇✳✶✿ ❉❡✉① ❡①❡♠♣❧❡s ❞❡ ♠ét❛❧❧♦❝è♥❡s ✿ ❧❡ ❝♦♠♣❧❡①❡ ❧✐♥é❛✐r❡ ❢❡rr♦❝è♥❡ Cp2Fe ✭❣❛✉❝❤❡✮ ❡t ❧❡
❝♦♠♣❧❡①❡ ❝♦✉❞é Cp2ZrMe2 ✭❞r♦✐t❡✮✳

❇✳✶✳✷ ❈♦♠♣❧❡①❡s ❧✐♥é❛✐r❡s ❞✬✉r❛♥✐✉♠

❯♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ❝♦♠♣❧❡①❡s ♠ét❛❧❧♦❝è♥❡s ❞✬✉r❛♥✐✉♠ ♦♥t été r❡♣♦rtés ❞❛♥s ❧❛ ❧✐ttér❛✲

t✉r❡ ✭✈♦✐r ♣❛r ❡①❡♠♣❧❡ ❬✽✶✱✶✽✺✕✶✽✾❪✮✳ ❏✉sq✉✬à très ré❝❡♠♠❡♥t✱ ♣♦✉r ❧❡s ❞❡❣rés ❞✬♦①②❞❛t✐♦♥

❞❡ ❧✬✉r❛♥✐✉♠ ❞❡ ■■■ à ❱■✱ ❝❡s ❝♦♠♣♦sés ♣rés❡♥t❛✐❡♥t s②sté♠❛t✐q✉❡♠❡♥t ✉♥❡ str✉❝t✉r❡ ❝♦✉✲

❞é❡✳ ❊♥ ✷✵✵✻✱ ❧✬éq✉✐♣❡ ❞❡ ▼✳ ❊♣❤r✐t✐❦❤✐♥❡ ❛ ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❢♦✐s r❡♣♦rté ❧❛ s②♥t❤ès❡ ❞✬✉♥

♠ét❛❧❧♦❝è♥❡ ❧✐♥é❛✐r❡ ❞✬✉r❛♥✐✉♠ ✭■❱✮ ✿ ❧❡ ❝♦♠♣❧❡①❡ [Cp⋆
2U(NCMe)5]

2+ ❬✶✾✵❪✳ ❈❡ ❝♦♠♣♦sé✱

❢♦r♠é à ♣❛rt✐r ❞❡ Cp⋆
2UI2 ❞❛♥s ❧✬❛❝ét♦♥✐tr✐❧❡✱ ❛ ♣✉ êtr❡ ✐s♦❧é ❡t s❛ str✉❝t✉r❡ ❘❳ ét❛❜❧✐❡✳

❉✬❛♣rès ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✱ ✐❧ ♣rés❡♥t❡ ❝✐♥q ❧✐❣❛♥❞s ❛❝ét♦♥✐tr✐❧❡ ❞❛♥s ❧❡ ♣❧❛♥ éq✉❛✲

t♦r✐❛❧ ❀ ❡♥ ♦✉tr❡✱ ❧❡s ❞❡✉① ❧✐❣❛♥❞s Cp⋆ s♦♥t é❝❧✐♣sés✱ s✐ ❜✐❡♥ q✉❡ ❧❛ ♠♦❧é❝✉❧❡ ♣rés❡♥t❡ ✉♥❡

s②♠étr✐❡ D5h✳

❯♥❡ sér✐❡ ❞❡ ❝♦♠♣❧❡①❡s ♣rés❡♥t❛♥t ❞❡s ❧✐❣❛♥❞s ❝②❛♥✉r❡ CN− ♦♥t ❡♥s✉✐t❡ été s②♥t❤ét✐sés

à ♣❛rt✐r ❞❡ ♣ré❝✉rs❡✉rs ✐♦❞és ❡t ❞❡ KCN ❞❛♥s ❧✬❛❝ét♦♥✐tr✐❧❡ ❬✶✾✶❪✳ ❙❡❧♦♥ ❧❡s ❞♦♥♥é❡s

❡①♣ér✐♠❡♥t❛❧❡s✱ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞❡ ❧✬✉r❛♥✐✉♠ ❡t ❞❡ ❧❛ st♦❡❝❤✐♦♠étr✐❡ ❞❡

❧❛ ré❛❝t✐♦♥✱ ❞✐✛ér❡♥t❡s str✉❝t✉r❡s ♣❡✉✈❡♥t êtr❡ ♦❜t❡♥✉❡s✳

✲ ❆ ♣❛rt✐r ❞✉ ♣ré❝✉rs❡✉r ❞✬✉r❛♥✐✉♠ ✭■■■✮ Cp⋆
2UI(py) ❡t ❞❡ tr♦✐s éq✉✐✈❛❧❡♥ts ❞✬✐♦♥s

❝②❛♥✉r❡✱ ❧❡ ♠ét❛❧❧♦❝è♥❡ ❝♦✉❞é [Cp⋆
2U(CN)3]

2− ❡st ❢♦r♠é ✭❝❢✳ ✜❣✉r❡ ❇✳✷✮✳ ❈❡ ❝♦♠♣❧❡①❡ ❡st

✐♥❡rt❡ ✈✐s✲à✲✈✐s ❞✬✉♥ ❡①❝ès ❞✬✐♦♥s ❝②❛♥✉r❡✳

✲ ❆ ♣❛rt✐r ❞✉ ♣ré❝✉rs❡✉r ❞✬✉r❛♥✐✉♠ ✭■❱✮ Cp⋆
2UI2 ❡t ❞❡ tr♦✐s éq✉✐✈❛❧❡♥ts ❞✬✐♦♥s ❝②❛♥✉r❡✱

❧❡ ♠ét❛❧❧♦❝è♥❡ ❝♦✉❞é [Cp⋆
2U(CN)3]

− ❡st ♦❜t❡♥✉✳ ❊♥ ♣rés❡♥❝❡ ❞✬✉♥ ❡①❝ès ❞✬✐♦♥s ❝②❛♥✉r❡✱

❝❡ ❝♦♠♣❧❡①❡ ❡st ❝♦♥✈❡rt✐ ❡♥ ✉♥ ♠ét❛❧❧♦❝è♥❡ ♣❡♥t❛❝②❛♥♦ [Cp⋆
2U(CN)5]

3−✱ q✉✐ ♣rés❡♥t❡ ✉♥❡

str✉❝t✉r❡ ❧✐♥é❛✐r❡✳

✲ ❊♥✜♥✱ ❧✬♦①②❞❛t✐♦♥ ♣❛r ❧✬❛✐r ❞✉ ❝♦♠♣❧❡①❡ [Cp⋆
2U(CN)5]

3− ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉

❝♦♠♣♦sé ❞✬✉r❛♥✐✉♠ ✭❱✮ [Cp⋆
2U(CN)5]

2−✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ ❝♦✉❞é

❞✬✉r❛♥✐✉♠ ✭❱✮ ♥✬❛ ♣❛s été ♦❜s❡r✈é❡✳

▲❡s str✉❝t✉r❡s ❘❳ ❞❡s ❝❡s ❝♦♠♣♦sés s♦♥t ♣rés❡♥té❡s ✜❣✉r❡ ❇✳✷✳ ❆✐♥s✐ q✉❡ ♥♦✉s ♣♦✉✲

✈♦♥s ❧✬♦❜s❡r✈❡r ❞❛♥s ❧❛ t❛❜❧❡ ❇✳✶✱ ❧❡s ❞✐st❛♥❝❡s ✉r❛♥✐✉♠ ✲ ❧✐❣❛♥❞ ❞✐♠✐♥✉❡♥t q✉❛♥❞ ❧❡ ❞❡❣ré
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❞✬♦①②❞❛t✐♦♥ ❛✉❣♠❡♥t❡✱ ❝❡ q✉✐ s❡r❛ ❝♦♠♠❡♥té ❞❛♥s ❧❛ s❡❝t✐♦♥ ❇✳✷✳ ❉❡ ♣❧✉s✱ ♣♦✉r ❧❡s ❝♦♠✲

♣❧❡①❡s ❞✬✉r❛♥✐✉♠ ✭■❱✮✱ ❧♦rs ❞✉ ♣❛ss❛❣❡ ❞❡ ❧❛ ❢♦r♠❡ ❝♦✉❞é❡ à ❧❛ ❢♦r♠❡ ❧✐♥é❛✐r❡✱ ♦♥ ♦❜s❡r✈❡

✉♥ ❛❝❝r♦✐ss❡♠❡♥t ❞❡s ❞✐st❛♥❝❡s ♠ét❛❧ ✲ ❧✐❣❛♥❞✳ ❈❡❧❧❡✲❝✐ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧✬❛✉❣♠❡♥t❛t✐♦♥

❞✉ ♥♦♠❜r❡ ❞❡ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ♠ét❛❧✳

❋✐❣✳ ❇✳✷✿ ❙tr✉❝t✉r❡s ❘❳ ❞❡s ❝♦♠♣❧❡①❡s ♠ét❛❧❧♦❝è♥❡s ❞✬✉r❛♥✐✉♠ [Cp⋆
2U(CN)3]

2−✭❣❛✉❝❤❡✮ ❡t
[Cp⋆

2U(CN)5]
3− ✭❞r♦✐t❡✮✳ ▲❡s ♣r✐♥❝✐♣❛✉① ♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s ❞❡ ❝❡s ❝♦♠♣❧❡①❡s s♦♥t ♣ré✲

s❡♥tés ❞❛♥s ❧❛ t❛❜❧❡ ❇✳✶✳

❈♦♠♣❧❡①❡ [Cp⋆
2U(CN)3]

2− [Cp⋆
2U(CN)3]

− [Cp⋆
2U(CN)5]

3− [Cp⋆
2U(CN)5]

2−

❉❡❣ré ❞✬♦①②❞❛t✐♦♥ ❯✭■■■✮ ❯✭■❱✮ ❯✭■❱✮ ❯✭❱✮
❚②♣❡ ❞❡ ♠ét❛❧❧♦❝è♥❡ ❈♦✉❞é ❈♦✉❞é ▲✐♥é❛✐r❡ ▲✐♥é❛✐r❡
< U...C(Cp⋆) > ✷✳✽✵✽✭✶✻✮ ✷✳✼✷✼✭✶✺✮ ✷✳✽✻✭✷✮ ✷✳✼✾✺✭✶✷✮
< U...ct > ✷✳✺✸✹ ✷✳✹✹✻ ✷✳✺✾✹ ✷✳✺✷✶
U...C1 ✷✳✻✸✻✭✺✮ ✷✳✺✵✹✭✼✮ ✷✳✺✽✹✭✻✮ ✷✳✺✺✵✭✹✮
U...C2 ✷✳✻✹✸✭✸✮ ✷✳✺✹✶✭✻✮ ✷✳✻✸✹✭✼✮ ✷✳✺✹✵✭✷✮
U...C3 ✷✳✻✹✸✭✸✮ ✷✳✺✶✺✭✼✮ ✷✳✻✻✽✭✼✮ ✷✳✺✹✵✭✷✮
< N...C > ✶✳✶✺✻✺✭✷✺✮ ✶✳✶✺✽✭✶✶✮ ✶✳✶✻✷✭✽✮ ✶✳✶✺✷✭✼✮
ct − U − ct ✶✹✷✳✵ ✶✹✹✳✻ ✶✼✼✳✺ ✶✼✾✳✶
N1 − C1 − U ✶✼✼✳✻✭✸✮ ✶✼✻✳✻✭✺✮ ✶✼✺✳✽✭✻✮ ✶✼✼✳✻✭✷✮
C1 − U − C2 ✼✸✳✻✾✭✼✮ ✼✷✳✻✵✭✶✾✮ ✼✸✳✻✭✷✮ ✼✶✳✻✾✭✼✮
C2 − U − C3 ✼✸✳✻✾✭✼✮ ✼✶✳✺✹✭✶✾✮ ✼✺✳✽✵✭✶✾✮ ✼✶✳✻✾✭✼✮

❚❛❜✳ ❇✳✶✿ P❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s sé❧❡❝t✐♦♥♥és ♣♦✉r ❧❡s ❝♦♠♣❧❡①❡s ❡①♣ér✐♠❡♥t❛✉①
[Cp⋆

2U(CN)3]
2−✱ [Cp⋆

2U(CN)3]
−✱ [Cp⋆

2U(CN)5]
3− ❡t [Cp⋆

2U(CN)5]
2−✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t ❡♥ ➴

❡t ❧❡s ❛♥❣❧❡s ❡♥ ❞❡❣rés✳ ct =❝❡♥tr♦ï❞❡ ❞✬✉♥ ❧✐❣❛♥❞ Cp⋆✳

❉✬❛♣rès ❝❡s rés✉❧t❛ts✱ ❧❡s ❝♦♠♣❧❡①❡s ♠ét❛❧❧♦❝è♥❡s ❧✐♥é❛✐r❡s ❞❡ t②♣❡ [Cp⋆
2U(CN)5]

(7−p)−

✭♦ù p ❡st ❧❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞❡ ❧✬✉r❛♥✐✉♠✮ ♥❡ ♣❡✉✈❡♥t êtr❡ ❢♦r♠és q✉❡ ♣♦✉r ❧✬✉r❛♥✐✉♠

❛✉① ❞❡❣rés ❞✬♦①②❞❛t✐♦♥ ■❱ ❡t ❱✳ ▲✬♦❜❥❡❝t✐❢ ❞❡ ♥♦tr❡ ét✉❞❡ t❤é♦r✐q✉❡ ❡st ❞♦♥❝ ❞✬❛♥❛❧②s❡r

❧❛ st❛❜✐❧✐té r❡❧❛t✐✈❡ ❞❡s ❝♦♠♣❧❡①❡s ❧✐♥é❛✐r❡s ❡t ❝♦✉❞és ❞✬✉r❛♥✐✉♠✱ ❛✜♥ ❞❡ ❝♦♠♣r❡♥❞r❡ s✐

❝❡❧❧❡✲❝✐ ❡st ❞✉❡ à ❧❛ ♣❛rt✐❝✐♣❛t✐♦♥ ❞❡s ♦r❜✐t❛❧❡s 5f ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s✳ ❉❛♥s ✉♥ ♣r❡♠✐❡r

✶✽✶



t❡♠♣s✱ ♥♦✉s ❛♥❛❧②s❡r♦♥s ❧❛ ♥❛t✉r❡ ❞❡s ❧✐❛✐s♦♥s ❞❛♥s ❧❡s ❝♦♠♣❧❡①❡s ♠ét❛❧❧♦❝è♥❡s ❝♦✉❞és

❡t ❧✐♥é❛✐r❡s ❞✬✉r❛♥✐✉♠✳ ❆♣rès ❛✈♦✐r ♣r♦♣♦sé ✉♥ ❞✐❛❣r❛♠♠❡ ♦r❜✐t❛❧❛✐r❡ q✉❛❧✐t❛t✐❢ ♣♦✉r ❝❡s

❝♦♠♣♦sés✱ ♥♦✉s ❞✐s❝✉t❡r♦♥s ❡♥s✉✐t❡ ❧❡s ❞✐✛ér❡♥ts ❢❛❝t❡✉rs ♣♦✉✈❛♥t ✐♥✢✉❡r s✉r ❧❡✉r st❛❜✐✲

❧✐té✱ ❡t ♣♦st✉❧❡r♦♥s ❧✬❡①✐st❡♥❝❡ ❞✬✉♥ ❝♦♠♣❧❡①❡ ❧✐♥é❛✐r❡ ♣♦✉r ❧❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❱■ ❞❡

❧✬✉r❛♥✐✉♠✳ ❊♥✜♥✱ ❣râ❝❡ à ❧✬❛♥❛❧♦❣✐❡ ✐s♦❧♦❜❛❧❡✱ ♥♦✉s ét❛❜❧✐r♦♥s ✉♥ ♣❛r❛❧❧è❧❡ ❡♥tr❡ ❧❡s ♠é✲

t❛❧❧♦❝è♥❡s ❧✐♥é❛✐r❡s ❞✬✉r❛♥✐✉♠ ❡t ❧❡s ❝♦♠♣❧❡①❡s ❞❡ ❧✬✉r❛♥②❧❡ UO2+
2 ✱ q✉✐ ♥♦✉s ♣❡r♠❡ttr❛ ❞❡

❥✉st✐✜❡r ❧❛ st❛❜✐❧✐té ❞❡s ❝♦♠♣♦sés ❝②❛♥✉r❡ ❞✬✉r❛♥②❧❡ ❡t ❞❡ ♣ré❞✐r❡ ❧❛ st❛❜✐❧✐té ❞❡ ❝♦♠♣♦sés

✐s♦❝②❛♥❛t❡ ❞❡ t②♣❡ [UO2(NCO)5]
(9−p)− ❡t [Cp⋆

2U(NCO)5]
(7−p)−✳

❉❛♥s ❝❡tt❡ ét✉❞❡✱ ♥♦✉s s✉♣♣♦s❡r♦♥s q✉❡ ❧❡s ❝♦♠♣❧❡①❡s ♣❡✉✈❡♥t êtr❡ ❞é❝r✐ts ♣❛r ❧❛ ❉❋❚✱

q✉✐ ♣❡r♠❡t s❡❧♦♥ ❧❛ ❧✐ttér❛t✉r❡ ❞✬♦❜t❡♥✐r ❞❡s ❣é♦♠étr✐❡s ❡♥ ❜♦♥ ❛❝❝♦r❞ ❛✈❡❝ ❧✬❡①♣ér✐❡♥❝❡

❡t ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❝♦rr❡❝t❡ ❞❡s str✉❝t✉r❡s é❧❡❝tr♦♥✐q✉❡s ❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s

❞✬✉r❛♥✐✉♠✳

❇✳✷ ❆♥❛❧②s❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❞❛♥s ❧❡s ♠ét❛❧❧♦❝è♥❡s ✲

❞✬✉r❛♥✐✉♠

▲✬♦❜❥❡❝t✐❢ ❞❡ ❝❡tt❡ s❡❝t✐♦♥ ❡st ❞✬❛♥❛❧②s❡r ❧❛ ♥❛t✉r❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ♠ét❛❧ ✲ ❧✐❣❛♥❞

❞❛♥s ❧❡s ♠ét❛❧❧♦❝è♥❡s ❝♦✉❞és ❡t ❧✐♥é❛✐r❡s ❞✬✉r❛♥✐✉♠✱ ❛✜♥ ❞❡ ❞ét❡r♠✐♥❡r s✐ ❧❡s ♦r❜✐t❛❧❡s

5f ♣❛rt✐❝✐♣❡♥t ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s✳ ❆♣rès ❛✈♦✐r ♦♣t✐♠✐sé ❧❡s ❣é♦♠étr✐❡s ❞❡s ❝♦♠♣❧❡①❡s

❝♦✉❞és [Cp⋆
2U(CN)3]

(5−p)− ❡t ❧✐♥é❛✐r❡s [Cp⋆
2U(CN)5]

(7−p)− ♣♦✉r ❧❡s ❞❡❣rés ❞✬♦①②❞❛t✐♦♥

p =■■■ à ❱ ❞❡ ❧✬✉r❛♥✐✉♠✱ ♥♦✉s ♣r♦♣♦s❡r♦♥s ✉♥ ❞✐❛❣r❛♠♠❡ q✉❛❧✐t❛t✐❢ ❞❡s ♦r❜✐t❛❧❡s ❞✉

❢r❛❣♠❡♥t [Cp⋆
2U ](p−2)+✱ q✉✐ ♥♦✉s ♣❡r♠❡ttr❛ ❞❡ ♣♦st✉❧❡r ❧❛ ♣❛rt✐❝✐♣❛t✐♦♥ ❞❡s ♦r❜✐t❛❧❡s 5f

❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s ❞❛♥s ❧❡ ❝❛s ❞❡s ♠ét❛❧❧♦❝è♥❡s ❧✐♥é❛✐r❡s✳ ▲❡s rés✉❧t❛ts ♦❜t❡♥✉s s❡r♦♥t

❡♥s✉✐t❡ ❝♦♥✜r♠és ♣❛r ✉♥❡ ❛♥❛❧②s❡ ♣❛r ❧❛ ♠ét❤♦❞❡ ◆❇❖ ❞❡s ❧✐❛✐s♦♥s ♠ét❛❧ ✲ ❧✐❣❛♥❞ ❞❛♥s

❧❡s ❞❡✉① t②♣❡s ❞❡ ♠ét❛❧❧♦❝è♥❡s✳

❇✳✷✳✶ ❖♣t✐♠✐s❛t✐♦♥ ❞❡s ❣é♦♠étr✐❡s

▲❡s ❣é♦♠étr✐❡s ❞❡s ❝♦♠♣❧❡①❡s ♠ét❛❧❧♦❝è♥❡s ❝♦✉❞és ❡t ❧✐♥é❛✐r❡s ♦♥t été ♦♣t✐♠✐sé❡s s❛♥s

❝♦♥tr❛✐♥t❡ ❞❡ s②♠étr✐❡ ♣♦✉r ❧❡s ❞❡❣rés ❞✬♦①②❞❛t✐♦♥ ■■■ à ❱ ❞❡ ❧✬✉r❛♥✐✉♠✳ ▲❡s ❧✐❣❛♥❞s Cp⋆

♦♥t été ♠♦❞é❧✐sés ♣❛r ❧❡✉r ❛♥❛❧♦❣✉❡ ♣❡r❤②❞r♦❣é♥é Cp✳ ◆♦✉s s✉♣♣♦s❡r♦♥s q✉❡ ❧❡s ❝♦♠♣❧❡①❡s

❞✬✉r❛♥✐✉♠ ✭■■■✮ ❡t ❞✬✉r❛♥✐✉♠ ✭■❱✮ ♦♥t ✉♥ ét❛t ❢♦♥❞❛♠❡♥t❛❧ r❡s♣❡❝t✐✈❡♠❡♥t q✉❛❞r✉♣❧❡t ❡t

tr✐♣❧❡t✳ ❊♥ ❡✛❡t✱ ❧❡s ét✉❞❡s r❡♣♦rté❡s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ t❡♥❞❡♥t à ♣r♦✉✈❡r q✉❡ ❧❛ rè❣❧❡ ❞❡

❍✉♥❞ ❡st ✈ér✐✜é❡ ♣♦✉r ❧❡s ❝♦♠♣❧❡①❡s ❞✬✉r❛♥✐✉♠✳ ❈❡❝✐ ❛ été ✈ér✐✜é ❞❛♥s ❧❡ ❝❛s ❞✉ ❝♦♠♣❧❡①❡

❞✬✉r❛♥✐✉♠ ✭■❱✮ [Cp2U(CN)5]
3−✱ ❡♥ ♦♣t✐♠✐s❛♥t é❣❛❧❡♠❡♥t ❧❛ str✉❝t✉r❡ à ❧✬ét❛t s✐♥❣✉❧❡t ✿

❧✬é❝❛rt é♥❡r❣ét✐q✉❡ tr✐♣❧❡t ✲ s✐♥❣✉❧❡t ❝❛❧❝✉❧é ❡st ❛❧♦rs s✉♣ér✐❡✉r à ✸✵ ❦❝❛❧✳♠♦❧−1✳ ❊♥✜♥✱ ❞❛♥s

t♦✉s ❧❡s ❝❛s✱ s❡✉❧❡ ✉♥❡ ❢❛✐❜❧❡ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡ s♣✐♥ ❡st ♦❜s❡r✈é❡✳

✶✽✷



P♦✉r ❝❤❛❝✉♥ ❞❡s ❞❡❣rés ❞✬♦①②❞❛t✐♦♥✱ ❧❡s ❞❡✉① ❝♦♠♣♦sés ❝♦✉❞é [Cp2U(CN)3]
(5−p)− ❡t

❧✐♥é❛✐r❡ [Cp2U(CN)5]
(7−p)− ♦♥t ♣✉ êtr❡ ♦♣t✐♠✐sés ❝♦♠♠❡ ❞❡s ♠✐♥✐♠❛ s✉r ❧❛ s✉r❢❛❝❡ ❞❡

♣♦t❡♥t✐❡❧✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❞❡s str✉❝t✉r❡s ♦♥t ♣✉ êtr❡ ♦❜t❡♥✉❡s ♣♦✉r ❧❡ ❝♦♠♣❧❡①❡ ❝♦✉❞é ❞✬✉r❛✲

♥✐✉♠ ✭❱✮ Cp2U(CN)3 ❡t ❧❡ ❝♦♠♣❧❡①❡ ❧✐♥é❛✐r❡ ❞✬✉r❛♥✐✉♠ ✭■■■✮ [Cp2U(CN)5]
4−✱ ♥♦♥ ♦❜s❡r✲

✈és ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✳ ▲❡s ❣é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡ [Cp2U(CN)3]
− ❡t [Cp2U(CN)5]

3−✱

♣♦✉r ❧❡sq✉❡❧s ❧✬✉r❛♥✐✉♠ ❡st ❛✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ■❱✱ s♦♥t ♣rés❡♥té❡s ✜❣✉r❡ ❇✳✸✳ ▲❡s ♣r✐♥✲

❝✐♣❛✉① ♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s ❞❡s str✉❝t✉r❡s ♦❜t❡♥✉❡s ♣♦✉r ❧❡s ❞❡❣rés ❞✬♦①②❞❛t✐♦♥ ■■■ à

❱ ❞❡ ❧✬✉r❛♥✐✉♠ s♦♥t r❛ss❡♠❜❧é❡s ❞❛♥s ❧❡s t❛❜❧❡s ❇✳✷ ✭❝♦♠♣♦sés ❝♦✉❞és✮ ❡t ❇✳✸ ✭❝♦♠♣♦sés

❧✐♥é❛✐r❡s✮✳

❋✐❣✳ ❇✳✸✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s ❝♦♠♣❧❡①❡s ♠ét❛❧❧♦❝è♥❡s ❞✬✉r❛♥✐✉♠ ✭■❱✮
[Cp2U(CN)3]

−✭❣❛✉❝❤❡✮ ❡t [Cp2U(CN)5]
3− ✭❞r♦✐t❡✮✳

▼ét❛❧❧♦❝è♥❡s ❝♦✉❞és

❉❛♥s ❧❡s ❝♦♠♣❧❡①❡s ❝♦✉❞és [Cp2U(CN)3]
(5−p)− ✭p =■■■ ❡t ■❱✮✱ ❧❡s ❞✐st❛♥❝❡s ❡①♣ér✐✲

♠❡♥t❛❧❡s U...Ci ❡t Ni...Ci ✭i = 1..3✮ s♦♥t r❡♣r♦❞✉✐t❡s ❛✈❡❝ ✉♥❡ ❡rr❡✉r ✐♥❢ér✐❡✉r❡ à ✵✳✵✹

➴✳ ▲❡s ❞✐st❛♥❝❡s ❡♥tr❡ ❧❡ ♠ét❛❧ ❡t ❧❡s ❝❡♥tr♦ï❞❡s ❞❡s ❧✐❣❛♥❞s Cp s♦♥t s♦✉s✲❡st✐♠é❡s ♣❛r ❧❡

❝❛❧❝✉❧✱ ❛✐♥s✐ q✉❡ ❧❡s ❛♥❣❧❡s ct − U − ct ✭♦ù ct r❡♣rés❡♥t❡ ❧❡ ❝❡♥tr♦ï❞❡ ❞✬✉♥ Cp✮✳ ❈❡❝✐ ♣❡✉t

êtr❡ ❛ttr✐❜✉é ❛✉ ❢❛✐t q✉❡ ❧❡s ❧✐❣❛♥❞s ♠♦❞è❧❡s Cp s♦♥t ♠♦✐♥s ❡♥❝♦♠❜r❛♥ts q✉❡ ❧❡s ❧✐❣❛♥❞s

ré❡❧s Cp⋆✳ ▲❡ ♣✐♥❝❡♠❡♥t ❞❡ ❧✬❛♥❣❧❡ ct − U − ct ❡♥tr❛î♥❡ ✉♥❡ ♦✉✈❡rt✉r❡ ❞❡ ❧❛ s♣❤èr❡ ❞❡

❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ♠ét❛❧ ❀ ♣❛r ❝♦♥séq✉❡♥t✱ ❧❡s ❛♥❣❧❡s ❡♥tr❡ ❞❡✉① ❧✐❣❛♥❞s ❝②❛♥✉r❡ ❛✉❣♠❡♥t❡♥t

♣❛r r❛♣♣♦rt ❛✉① str✉❝t✉r❡s ❡①♣ér✐♠❡♥t❛❧❡s✳

❯♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡s ❞✐st❛♥❝❡s U...Ci ✭i = 1..3✮ ❡t U...Cp ❡st ♦❜s❡r✈é❡ ❛✈❡❝ ❧✬❛✉❣♠❡♥✲

t❛t✐♦♥ ❞✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞❡ ❧✬✉r❛♥✐✉♠✳ ❈❡ rés✉❧t❛t✱ ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡s

r❛②♦♥s ✐♦♥✐q✉❡s✱ ♣❡✉t êtr❡ ❛ ♣r✐♦r✐ ✐♥t❡r♣rété ♣❛r ✉♥ ❛❝❝r♦✐ss❡♠❡♥t ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ é❧❡❝✲

tr♦st❛t✐q✉❡ ❡♥tr❡ ❧❡ ♠ét❛❧ ❡t ❧❡s ❧✐❣❛♥❞s✳

✶✽✸



❈♦♠♣❧❡①❡ [Cp2U(CN)3]
2− [Cp2U(CN)3]

− Cp2U(CN)3
❉❡❣ré ❞✬♦①②❞❛t✐♦♥ ❯✭■■■✮ ❯✭■❱✮ ❯✭❱✮
< U...C(Cp) > ✷✳✽✻ ✷✳✼✼ ✷✳✼✺
< U...ct > ✷✳✺✾ ✷✳✹✽ ✷✳✹✼
U...C1 ✷✳✽✾ ✷✳✺✵ ✷✳✹✸
U...C2 ✷✳✻✻ ✷✳✺✸ ✷✳✹✻
U...C3 ✷✳✻✾ ✷✳✺✸ ✷✳✹✻
< U...Ci > ✭i = 1..3✮ ✷✳✻✽ ✷✳✺✷ ✷✳✹✺
< N...C > ✶✳✶✽ ✶✳✶✻ ✶✳✶✼
ct − U − ct ✶✷✷✳✾ ✶✷✶✳✹ ✶✶✽✳✼
N1 − C1 − U ✶✼✹✳✶ ✶✼✻✳✶ ✶✼✹✳✹
C1 − U − C2 ✽✶✳✶ ✽✵✳✽ ✽✼✳✻
C2 − U − C3 ✽✶✳✷ ✽✵✳✼ ✽✼✳✶

❚❛❜✳ ❇✳✷✿ Pr✐♥❝✐♣❛✉① ♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s ♦❜t❡♥✉s ♣♦✉r ❧❡s ♠ét❛❧❧♦❝è♥❡s ❝♦✉❞és ❞✬✉r❛♥✐✉♠✳
▲❡s ❞✐st❛♥❝❡s s♦♥t ❡♥ ➴ ❡t ❧❡s ❛♥❣❧❡s ❡♥ ❞❡❣rés✳ cent =❝❡♥tr♦ï❞❡ ❞✬✉♥ ❧✐❣❛♥❞ Cp✳

▼ét❛❧❧♦❝è♥❡s ❧✐♥é❛✐r❡s

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ♠ét❛❧❧♦❝è♥❡s ❧✐♥é❛✐r❡s [Cp2U(CN)5]
(7−p)− ✱ ❧❡s ❣é♦♠étr✐❡s ♦♣✲

t✐♠✐sé❡s s♦♥t ❡♥ ❜♦♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s str✉❝t✉r❡s ❡①♣ér✐♠❡♥t❛❧❡s ♦❜t❡♥✉❡s ♣♦✉r ❧❡s ❞❡❣rés

❞✬♦①②❞❛t✐♦♥ p =■❱ ❡t ❱✳ ▲❡s ❞❡✉① ❧✐❣❛♥❞s Cp s♦♥t q✉❛s✐♠❡♥t ♣❛r❛❧❧è❧❡s✱ ❛✈❡❝ ❞❡s ❛♥❣❧❡s

ct − U − ct s✉♣ér✐❡✉rs à ✶✼✺ ❞❡❣rés✳ ❊♥ ♦✉tr❡✱ ✐❧s s♦♥t é❝❧✐♣sés✱ ❡t ❧❡s ❧✐❣❛♥❞s ❝②❛♥✉r❡

s✬✐♥t❡r❝❛❧❡♥t ❡♥tr❡ ❞❡✉① ❤②❞r♦❣è♥❡s ❞❡ Cp✳

◆♦✉s ♣♦✉✈♦♥s r❡♠❛rq✉❡r q✉❡ ❧❡s ❞✐st❛♥❝❡s U...Cp ❞✐♠✐♥✉❡♥t ❞✬❡♥✈✐r♦♥ ✵✳✵✺ ➴ ♣❛r

r❛♣♣♦rt à ❧✬❡①♣ér✐❡♥❝❡✳ ▲❛ ❞✐✛ér❡♥❝❡ ❡st ♣r♦❜❛❜❧❡♠❡♥t ❞✬♦r❞r❡ stér✐q✉❡ ✿ ❧❛ s✉❜st✐t✉t✐♦♥

❞❡s ❤②❞r♦❣è♥❡s ❞✉ Cp ♣❛r ❞❡s ❣r♦✉♣❡s ♠ét❤②❧❡ ♣❡✉t ✐♥❞✉✐r❡ ✉♥❡ ré♣✉❧s✐♦♥ ❡♥tr❡ ❧❡ ♠ét❛❧

❡t ❧❡s ❧✐❣❛♥❞s Cp⋆✱ ♦✉ ❡♥tr❡ ❝❡s ❞❡r♥✐❡rs ❡t ❧❡s ❧✐❣❛♥❞s ❝②❛♥✉r❡✳

❊♥ ♦✉tr❡✱ ✉♥❡ ❧é❣èr❡ s✉r❡st✐♠❛t✐♦♥ ❞❡s ❞✐st❛♥❝❡s U...Ci ✭i = 1..5✮ ♣❡✉t é❣❛❧❡♠❡♥t

êtr❡ ♦❜s❡r✈é❡✳ ❈❡❝✐ ❡st ♣r♦❜❛❜❧❡♠❡♥t ✉♥ ❡✛❡t ✐♥❞✐r❡❝t ❞❡ ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡s ❞✐st❛♥❝❡s ❡♥tr❡

❧✬✉r❛♥✐✉♠ ❡t ❧❡s Cp✳ ❊♥ ❡✛❡t✱ ❧✬✉r❛♥✐✉♠✱ ♣❧✉s ✐♠♣❧✐q✉é ❞❛♥s ❧❡s ✐♥t❡r❛❝t✐♦♥s ❛✈❡❝ ❧❡s Cp✱ ❡st

❛❧♦rs ♠♦✐♥s ❞✐s♣♦♥✐❜❧❡ ♣♦✉r ❢♦r♠❡r ❞❡s ✐♥t❡r❛❝t✐♦♥s ❛✈❡❝ ❧❡s ❝②❛♥✉r❡✳ ❊♥✜♥✱ ❧❡s ❞✐st❛♥❝❡s

Ni...Ci ✭i = 1..5✮ s♦♥t ❜✐❡♥ r❡♣r♦❞✉✐t❡s ♣❛r ❧❡ ❝❛❧❝✉❧✳

❊♥✜♥✱ ♥♦✉s ♣♦✉✈♦♥s à ♥♦✉✈❡❛✉ ♦❜s❡r✈❡r q✉❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞❡

❧✬✉r❛♥✐✉♠ s❡ tr❛❞✉✐t ♣❛r ✉♥❡ r❛❝❝♦✉r❝✐ss❡♠❡♥t ❞❡s ❞✐st❛♥❝❡s U...Ci ✭i = 1..5✮ ❡t U...Cp✳

◗✉❡❧ q✉❡ s♦✐t ❧❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞❡ ❧✬✉r❛♥✐✉♠✱ ❧❡ ♣❛ss❛❣❡ ❞✉ ♠ét❛❧❧♦❝è♥❡ ❝♦✉❞é ✭à

tr♦✐s ❧✐❣❛♥❞s CN✮ ❛✉ ♠ét❛❧❧♦❝è♥❡ ❧✐♥é❛✐r❡ ✭à ❝✐♥q ❧✐❣❛♥❞s CN✮ ❡♥tr❛î♥❡ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥

❞❡s ❞✐st❛♥❝❡s ♠ét❛❧ ✲ ❧✐❣❛♥❞✳ ❈❡❝✐ ♣❡✉t êtr❡ ❡①♣❧✐q✉é ❛ ♣r✐♦r✐ ♣❛r ❞❡s ❝♦♥s✐❞ér❛t✐♦♥s ♣✉r❡✲

♠❡♥t é❧❡❝tr♦st❛t✐q✉❡s ✿ ❡♥ ❡✛❡t✱ ❧✬❛❥♦✉t ❞❡ ❞❡✉① ❧✐❣❛♥❞s ❝②❛♥✉r❡ ❡♥tr❛î♥❡ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥

❞❡ ❧❛ ré♣✉❧s✐♦♥ ❡♥tr❡ ❧❡s ❧✐❣❛♥❞s✳

✶✽✹



❈♦♠♣❧❡①❡ [Cp2U(CN)5]
4− [Cp2U(CN)5]

3− [Cp2U(CN)5]
2−

❉❡❣ré ❞✬♦①②❞❛t✐♦♥ ❯✭■■■✮ ❯✭■❱✮ ❯✭❱✮
< U...C(Cp) > ✸✳✵✸ ✷✳✽✶ ✷✳✼✻
< U...ct > ✷✳✼✻ ✷✳✺✺ ✷✳✹✾
< U...Ci > ✭i = 1..5✮ ✷✳✽✾ ✷✳✻✼ ✷✳✺✻
< Ni...Ci > ✭i = 1..5✮ ✶✳✶✽ ✶✳✶✽ ✶✳✶✼
ct − U − ct ✶✼✽✳✺ ✶✼✾✳✾ ✶✼✾✳✵
< Ni − Ci − U > ✭i = 1..5✮ ✶✼✾✳✺ ✶✼✾✳✻ ✶✼✾✳✵
< Ci − U − Ci+1 > ✭i = 1..5✮ ✼✷✳✵ ✼✷✳✵ ✼✷✳✵

❚❛❜✳ ❇✳✸✿ Pr✐♥❝✐♣❛✉① ♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s ♦❜t❡♥✉s ♣♦✉r ❧❡s ♠ét❛❧❧♦❝è♥❡s ❧✐♥é❛✐r❡s ❞✬✉r❛✲
♥✐✉♠✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t ❡♥ ➴ ❡t ❧❡s ❛♥❣❧❡s ❡♥ ❞❡❣rés✳ ct =❝❡♥tr♦ï❞❡ ❞✬✉♥ ❧✐❣❛♥❞ Cp✳

❇✳✷✳✷ P❛rt✐❝✐♣❛t✐♦♥ ❞❡s ♦r❜✐t❛❧❡s 5f ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s

❆✜♥ ❞❡ ❞ét❡r♠✐♥❡r ❧❛ ♣❛rt✐❝✐♣❛t✐♦♥ ❞❡s ♦r❜✐t❛❧❡s 5f ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s✱ ♥♦✉s ❛✈♦♥s

ét❛❜❧✐ ✉♥ ❞✐❛❣r❛♠♠❡ q✉❛❧✐t❛t✐❢ ❞✬♦r❜✐t❛❧❡s ♣♦✉r ❧❡s ❞❡✉① ❢r❛❣♠❡♥ts [Cp2U ](p−2)+ ❝♦✉❞é ❡t

❧✐♥é❛✐r❡ ✭p =■■■ à ❱✮✳ P♦✉r ♣❧✉s ❞❡ ❝❧❛rté✱ ❧❡s ❞✐❛❣r❛♠♠❡s ♦♥t été ❡✛❡❝t✉és ❡♥ s②♠étr✐❡ ❀

❧❡ ❣r♦✉♣❡ ❞❡ s②♠étr✐❡ ❡st C2v ♣♦✉r ❧❡ ❢r❛❣♠❡♥t [Cp2U ](p−2)+ ❡t D5h ♣♦✉r ❧❡ ❢r❛❣♠❡♥t

[Cp2U ](p−2)+ ❧✐♥é❛✐r❡✳

❙✉♣♣♦s♦♥s ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s q✉❡ ❧❡s ♦r❜✐t❛❧❡s 5f ♥❡ ♣❛rt✐❝✐♣❡♥t ♣❛s ❛✉① ❧✐❛✐s♦♥s

❝❤✐♠✐q✉❡s✳ ▲✬✉r❛♥✐✉♠✱ q✉❡❧ q✉❡ s♦✐t s♦♥ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥✱ ❡st ❛❧♦rs éq✉✐✈❛❧❡♥t à ✉♥ ♠ét❛❧

❞❡ tr❛♥s✐t✐♦♥ d0✳ ▲❡s ❞✐❛❣r❛♠♠❡s ♦r❜✐t❛❧❛✐r❡s ❞❡s ❢r❛❣♠❡♥ts [Cp2U ](p−2)+ ❝♦✉❞é ❡t ❧✐♥é❛✐r❡

♣❡✉✈❡♥t ❛❧♦rs êtr❡ s❝❤é♠❛t✐sés ❞❡ ❧❛ ❢❛ç♦♥ s✉✐✈❛♥t❡ ✭❝❢✳ ✜❣✉r❡ ❇✳✹✮✳

❉❛♥s ❧❡ ❢r❛❣♠❡♥t [Cp2U ](p−2)+ ❝♦✉❞é✱ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡s ♦r❜✐t❛❧❡s ♦❝❝✉♣é❡s ❞✉

❢r❛❣♠❡♥t Cp2−
2 ❡t ❧❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s 6d✱ 7s ❡t 7p ❞❡ ❧✬✉r❛♥✐✉♠ ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡

tr♦✐s ❜❧♦❝s ❞✐st✐♥❝ts ❞✬♦r❜✐t❛❧❡s ❞❡ ❢r❛❣♠❡♥t✳ ▲❡ ♣r❡♠✐❡r ❡st ❝♦♥st✐t✉é ❞❡s ♦r❜✐t❛❧❡s ❧✐❛♥t❡s✱

❢♦rt❡♠❡♥t ❞é✈❡❧♦♣♣é❡s s✉r ❧❡ ❧✐❣❛♥❞ Cp2−
2 ✱ q✉✐ s♦♥t t♦✉t❡s ♦❝❝✉♣é❡s ❀ ❧❡ s❡❝♦♥❞ r❡❣r♦✉♣❡

❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s✱ ♣rés❡♥t❛♥t ✉♥ ❢♦rt ❝❛r❛❝tèr❡ ♠ét❛❧❧✐q✉❡ 6d✱ q✉✐ s♦♥t ❣❧♦❜❛❧❡♠❡♥t

♥♦♥ ❧✐❛♥t❡s ❀ ❡♥✜♥✱ ❧❡ ❞❡r♥✐❡r ❜❧♦❝ ❡st ❝♦♠♣♦sé ❞❡s ♦r❜✐t❛❧❡s ❛♥t✐❧✐❛♥t❡s✳ ▲❡s tr♦✐s ♦r❜✐t❛❧❡s

♥♦♥ ❧✐❛♥t❡s s♦♥t s②♠étr✐q✉❡s ♣❛r r❛♣♣♦rt ❛✉ ♣❧❛♥ éq✉❛t♦r✐❛❧✳ ❖r✱ ❧❛ ♣❛rt✐❡ ❝♦✈❛❧❡♥t❡ ❞❡

❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ✉♥ ❧✐❣❛♥❞ ❝②❛♥✉r❡ CN− ❡t ❧❡ ♠ét❛❧ s✬❡✛❡❝t✉❡ ♣❛r ❧❡ ❞♦✉❜❧❡t ♥♦♥ ❧✐❛♥t

❧♦❝❛❧✐sé s✉r ❧❡ ❝❛r❜♦♥❡✱ s②♠étr✐q✉❡ ♣❛r r❛♣♣♦rt ❛✉ ♣❧❛♥ éq✉❛t♦r✐❛❧✳ P❛r ❝♦♥séq✉❡♥t✱ ❛✉

♠❛①✐♠✉♠ tr♦✐s ❧✐❣❛♥❞s ❝②❛♥✉r❡ ♣❡✉✈❡♥t ❞♦♥❝ êtr❡ ❝♦♦r❞✐♥és✳ ◆♦✉s r❡tr♦✉✈♦♥s ❞♦♥❝ ✐❝✐ ❧❛

rè❣❧❡ ❞❡s ✶✽ é❧❡❝tr♦♥s✳

▲❛ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞❡s ❝♦♠♣❧❡①❡s ❝♦✉❞és [Cp2U(CN)3]
(5−p)− ♣❡✉t ❞♦♥❝ êtr❡

❞é❝r✐t❡ s❛♥s ♣rés✉♣♣♦s❡r ❧❛ ♣❛rt✐❝✐♣❛t✐♦♥ ❞❡s ♦r❜✐t❛❧❡s 5f ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s✳ ❊♥ ❡❢✲

❢❡t✱ ❞❡s ❝♦♠♣❧❡①❡s s✐♠✐❧❛✐r❡s ❛✈❡❝ ❞❡s ♠ét❛✉① ❞❡ tr❛♥s✐t✐♦♥ d0 ♦♥t été r❡♣♦rtés ❞❛♥s ❧❛

❧✐ttér❛t✉r❡ ❬✶✾✷❪✳ P❛r ❝♦♥séq✉❡♥t✱ ❝❡tt❡ ❛♥❛❧②s❡ q✉❛❧✐t✐t❛t✐✈❡ ♥❡ ♣❡r♠❡t ♥✐ ❞✬✐♥✜r♠❡r ♥✐ ❞❡

❝♦♥✜r♠❡r ❧❛ ♣❛rt✐❝✐♣❛t✐♦♥ ❞❡s é❧❡❝tr♦♥s 5f ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s ❞❛♥s ❧❡ ❝❛s ❞❡s ♠ét❛❧✲

✶✽✺



❋✐❣✳ ❇✳✹✿ ❉✐❛❣r❛♠♠❡s q✉❛❧✐t❛t✐❢s ❞❡s ❢r❛❣♠❡♥ts [Cp⋆
2U ](p−2)+ ❝♦✉❞é ✭❣❛✉❝❤❡✮ ❡t ❧✐♥é❛✐r❡ ✭❞r♦✐t❡✮✱

❞❛♥s ❧✬❤②♣♦t❤ès❡ ♦ù ❧❡s ♦r❜✐t❛❧❡s 5f ♥❡ ♣❛rt✐❝✐♣❡♥t ♣❛s ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s ❡t ♥❡ s♦♥t ♣❛s
r❡♣rés❡♥té❡s✳

❧♦❝è♥❡s ❝♦✉❞és ❞✬✉r❛♥✐✉♠✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡ ❢r❛❣♠❡♥t [Cp2U ](p−2)+ ❧✐♥é❛✐r❡✱ ❧❡s tr♦✐s ♠ê♠❡s ❜❧♦❝s ❞✬♦r❜✐t❛❧❡s

♣❡✉✈❡♥t êtr❡ r❡tr♦✉✈é❡s✳ ❈♦♠♠❡ ❞❛♥s ❧❡ ❢r❛❣♠❡♥t ❝♦✉❞é✱ s❡✉❧❡s tr♦✐s ♦r❜✐t❛❧❡s ♥♦♥ ❧✐❛♥t❡s

s♦♥t ❛❧♦rs s②♠étr✐q✉❡s ♣❛r r❛♣♣♦rt ❛✉ ♣❧❛♥ éq✉❛t♦r✐❛❧✳ ■❧ ❡st ❞♦♥❝ ✐♠♣♦ss✐❜❧❡ ❞❡ ❝♦♦r❞✐♥❡r

♣❧✉s ❞❡ tr♦✐s ❧✐❣❛♥❞s ❝②❛♥✉r❡ ❞❡ ❢❛ç♦♥ ❝♦✈❛❧❡♥t❡ s✉r ❧❡ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡✳ ▲❡s ♠ét❛❧❧♦❝è♥❡s

❧✐♥é❛✐r❡s [Cp2U(CN)5]
(7−p)−✱ q✉✐ ❝♦♠♣♦rt❡♥t ❝✐♥q ❧✐❣❛♥❞s ❝②❛♥✉r❡ ❞❛♥s ❧❡ ♣❧❛♥ éq✉❛t♦r✐❛❧✱

♥❡ ♣❡✉✈❡♥t ❞♦♥❝ ♣❛s êtr❡ ❢♦r♠és✳ P❛r ❝♦♥séq✉❡♥t✱ ❛✜♥ ❞❡ ❞é❝r✐r❡ ❧❛ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡

❞❡s ❝♦♠♣❧❡①❡s ❧✐♥é❛✐r❡s [Cp2U(CN)5]
(7−p)−✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞✬✐♠♣❧✐q✉❡r ❧❡s ♦r❜✐t❛❧❡s 5f

❞❛♥s ❧❡s ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s✳

▲❡ ❞✐❛❣r❛♠♠❡ ♦r❜✐t❛❧❛✐r❡ q✉❛❧✐t❛t✐❢ ❛❧♦rs ♦❜t❡♥✉ ♣♦✉r ❧❡ ❢r❛❣♠❡♥t [Cp2U ]4+✱ ❝❡ q✉✐

❝♦rr❡s♣♦♥❞ à ❧✬✉r❛♥✐✉♠ ❛✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❱■✱ ❡st s❝❤é♠❛t✐sé ✜❣✉r❡ ❇✳✺✳ ▲❡s ♦r❜✐t❛❧❡s

♦❜t❡♥✉❡s✱ ✐ss✉❡s ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡s ♦r❜✐t❛❧❡s ❞✉ ❢r❛❣♠❡♥t Cp2−
2 ❡t ❞❡s ♦r❜✐t❛❧❡s

5f ✱ 6d✱ 7s ❡t 7p ❞❡ ❧✬✉r❛♥✐✉♠✱ ♣❡✉✈❡♥t êtr❡ ré♣❛rt✐❡s ❡♥ tr♦✐s ❜❧♦❝s✳ ❉❛♥s ❧❡ ❜❧♦❝ ❧✐❛♥t✱

♥♦✉s ♣♦✉✈♦♥s ❡♥ ♣❛rt✐❝✉❧✐❡r r❡♠❛rq✉❡r ✉♥❡ st❛❜✐❧✐s❛t✐♦♥ ❞❡ tr♦✐s ♦r❜✐t❛❧❡s ❞✉ ❧✐❣❛♥❞✱ ❞❡

s②♠étr✐❡ a”
2 ❡t e”

1✱ ♣❛r r❛♣♣♦rt ❛✉ ❞✐❛❣r❛♠♠❡ ♣ré❝é❞❡♥t✳ ❊♥ ❡✛❡t✱ ❝❡s ♦r❜✐t❛❧❡s ✐♥t❡r❛❣✐ss❡♥t

r❡s♣❡❝t✐✈❡♠❡♥t ❛✈❡❝ ❞❡s ♦r❜✐t❛❧❡s 5f0 ❡t 5f1 ❞❡ ❧✬✉r❛♥✐✉♠ ✭❝❢✳ ✜❣✉r❡ ❇✳✻✮✳ ▲❡ s❡❝♦♥❞ ❜❧♦❝ ❡st

❝♦♠♣♦sés ❞❡ s❡♣t ♦r❜✐t❛❧❡s 5f ❡t 6d ❣❧♦❜❛❧❡♠❡♥t ♥♦♥ ❧✐❛♥t❡s✱ ❞♦♥t ❝✐♥q s♦♥t s②♠étr✐q✉❡s

♣❛r r❛♣♣♦rt ❛✉ ♣❧❛♥ éq✉❛t♦r✐❛❧✳ ❆✉ ♠❛①✐♠✉♠ ❝✐♥q ❧✐❣❛♥❞s ❝②❛♥✉r❡ ♣♦✉rr♦♥t ❞♦♥❝ s❡

✶✽✻



❋✐❣✳ ❇✳✺✿ ❉✐❛❣r❛♠♠❡ q✉❛❧✐t❛t✐❢ ❞✉ ❢r❛❣♠❡♥t [Cp⋆
2U ]6+ ❧✐♥é❛✐r❡✱ ♣rés✉♣♣♦s❛♥t ❧❛ ♣❛rt✐❝✐♣❛t✐♦♥

❞❡s ♦r❜✐t❛❧❡s 5f ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s✳

❝♦♦r❞✐♥❡r ❛✉ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡✳ ❊♥✜♥✱ ❧❡s ♦r❜✐t❛❧❡s ❛♥t✐❧✐❛♥t❡s s♦♥t r❡❣r♦✉♣é❡s ❞❛♥s ❧❡

❞❡r♥✐❡r ❜❧♦❝✳

❊♥ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧❛ ♣❛rt✐❝✐♣❛t✐♦♥ ❞❡s ♦r❜✐t❛❧❡s 5f ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s✱ ✐❧ ❡st

❞♦♥❝ ♣♦ss✐❜❧❡ ❞❡ ❞é❝r✐r❡ q✉❛❧✐t❛t✐✈❡♠❡♥t ❧❛ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞✬✉♥ ♠ét❛❧❧♦❝è♥❡ ✜❝t✐❢

❞✬✉r❛♥✐✉♠ ✭❱■✮ [Cp2U(CN)5]
−✳ ▲❡ ❞✐❛❣r❛♠♠❡ ♦r❜✐t❛❧❛✐r❡ ❞❡s str✉❝t✉r❡s ♦♣t✐♠✐sé❡s ♣♦✉r

❧✬✉r❛♥✐✉♠ ❛✉① ❞❡❣rés ❞✬♦①②❞❛t✐♦♥ ■■■ à ❱ s❡r❛ ❛❧♦rs ♦❜t❡♥✉ ❡♥ ❛❥♦✉t❛♥t ♣r♦❣r❡ss✐✈❡♠❡♥t

❧❡s é❧❡❝tr♦♥s 5f ❞❛♥s ❧❡s ♦r❜✐t❛❧❡s ♥♦♥ ❧✐❛♥t❡s✳ ■❧ ❡st à ♥♦t❡r q✉✬à ❧✬❛✐❞❡ ❞❡ ❧❛ s✉✐t❡ ❞❡

♣r♦❣r❛♠♠❡s ❆❉❋ ❬✶✾✸❪✱ q✉✐ ♣❡r♠❡t ❞❡ tr❛❝❡r ❞❡s ❞✐❛❣r❛♠♠❡s ❞✬✐♥t❡r❛❝t✐♦♥ ❝❛❧❝✉❧és ❛✉

♥✐✈❡❛✉ ❉❋❚✱ ✉♥ ❞✐❛❣r❛♠♠❡ s✐♠✐❧❛✐r❡ ❛ été r❡tr♦✉✈é✳

❇✳✷✳✸ ❆♥❛❧②s❡ q✉❛♥t✐t❛t✐✈❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ♠ét❛❧ ✲ ❧✐❣❛♥❞

❆✐♥s✐ q✉❡ ♥♦✉s ❧✬❛✈♦♥s ♠♦♥tré ❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ ♣ré❝é❞❡♥t✱ ❧❛ ♣❛rt✐❝✐♣❛t✐♦♥ ❞❡s ♦r✲

❜✐t❛❧❡s 5f ❡st ✐♥❞✐s♣❡♥s❛❜❧❡ à ❧❛ st❛❜✐❧✐té ❞❡s ♠ét❛❧❧♦❝è♥❡s ❧✐♥é❛✐r❡s [Cp2U(CN)5]
(7−p)−✳

✶✽✼



■♥t❡r❛❝t✐♦♥ ❞✬✉♥❡ ♦r❜✐t❛❧❡
a”

2 ❛✈❡❝ ❧✬♦r❜✐t❛❧❡ 5f0

■♥t❡r❛❝t✐♦♥ ❞✬✉♥❡ ♦r❜✐t❛❧❡
e”
1 ❛✈❡❝ ✉♥❡ ♦r❜✐t❛❧❡ 5f1

❋✐❣✳ ❇✳✻✿ ❙❝❤é♠❛ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❧❡s ♦r❜✐t❛❧❡s ❞✉ ❢r❛❣♠❡♥t Cp2−
2 ❡t ❞❡s ♦r❜✐t❛❧❡s 5f ❞❡

❧✬✉r❛♥✐✉♠✳

❊♥ r❡✈❛♥❝❤❡✱ ♥♦✉s ♥✬❛✈♦♥s ♣❛s ♣✉ ❞ét❡r♠✐♥❡r s✐ ❧❡s ♦r❜✐t❛❧❡s 5f ♣❛rt✐❝✐♣❡♥t ❛✉① ❧✐❛✐s♦♥s

❝❤✐♠✐q✉❡s ❞❛♥s ❧❡s ❝♦♠♣❧❡①❡s ❝♦✉❞és [Cp2U(CN)3]
(5−p)−✳ ❆✜♥ ❞❡ ✈❛❧✐❞❡r ❧❛ ♣r❡♠✐èr❡ ♣r♦✲

♣♦s✐t✐♦♥ ❡t ❞❡ ❧❡✈❡r ❧✬✐♥❞ét❡r♠✐♥❛t✐♦♥ s✉r ❧❡ s❡❝♦♥❞ ♣♦✐♥t✱ ✉♥❡ ❛♥❛❧②s❡ q✉❛♥t✐t❛t✐✈❡ ❞❡ ❧❛

str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞❡ ❝❡s ❝♦♠♣♦sés ❡st ❞♦♥❝ ♥é❝❡ss❛✐r❡✳

▼ét❛❧❧♦❝è♥❡s ❝♦✉❞és

P♦✉r ❝❤❛q✉❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥✱ ❧❡s ❝❤❛r❣❡s ◆P❆ s✉r ❧✬✉r❛♥✐✉♠ ❡t ❧❡s ❧✐❣❛♥❞s Cp ❡t

CN s♦♥t r❡♣♦rté❡s ❞❛♥s ❧❛ t❛❜❧❡ ❇✳✹✳ ▲❛ ♣r❡♠✐èr❡ ✐♥❢♦r♠❛t✐♦♥ ❡st q✉❡ ❧❡s ✐♥t❡r❛❝t✐♦♥s

❡♥tr❡ ❧❡s ❧✐❣❛♥❞s ❡t ❧❡ ♠ét❛❧ ♥❡ s♦♥t ♣❛s ♣✉r❡♠❡♥t é❧❡❝tr♦st❛t✐q✉❡s ❞❛♥s ❧❡s ❝♦♠♣❧❡①❡s

[Cp2U(CN)3]
(5−p)−✳ ❊♥ ❡✛❡t✱ ❧❛ ❝❤❛r❣❡ ❞❡ ❧✬✉r❛♥✐✉♠ ❡st très ✐♥❢ér✐❡✉r❡ à s♦♥ ❞❡❣ré ❞✬♦①②✲

❞❛t✐♦♥ ❢♦r♠❡❧ ❡t ❧❡s ✈❛❧❡✉rs ❛❜s♦❧✉❡s ❞❡s ❝❤❛r❣❡s ❞❡s ❧✐❣❛♥❞s s♦♥t ✐♥❢ér✐❡✉r❡s à ✶✳

❉✬❛♣rès ❧❛ t❛❜❧❡ ❇✳✹✱ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞✉ ♠ét❛❧ ✐♥❞✉✐t ✉♥❡ ❞✐♠✐✲

♥✉t✐♦♥ ❞❡ ❧❛ ❝❤❛r❣❡ ♥é❣❛t✐✈❡ ♠♦②❡♥♥❡ ❞❡s ❧✐❣❛♥❞s Cp ❡t CN ✳ ❈❡ rés✉❧t❛t ❡st r❡❧❛t✐✈❡♠❡♥t

✐♥t✉✐t✐❢ ét❛♥t ❞♦♥♥é q✉❡ ❧❛ ❝❤❛r❣❡ ❣❧♦❜❛❧❡ ❞✉ ❝♦♠♣❧❡①❡ ❞é❝r♦ît é❣❛❧❡♠❡♥t✳ ❊♥ r❡✈❛♥❝❤❡✱

❧❡s ✈❛r✐❛t✐♦♥s ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❧✬✉r❛♥✐✉♠ s♦♥t ♣❧✉s ✐♥❤❛❜✐t✉❡❧❧❡s✳ ❊♥ ❡✛❡t✱ ❝❡ ❞❡r♥✐❡r ❡st

❧é❣èr❡♠❡♥t ♠♦✐♥s ❝❤❛r❣é ❞❛♥s ❧❡ ❝♦♠♣❧❡①❡ ❞✬✉r❛♥✐✉♠ ✭❱✮ q✉❡ ❞❛♥s ❧❡ ❝♦♠♣❧❡①❡ ❞✬✉r❛♥✐✉♠

✭■❱✮✳ ▲❡ ♠ét❛❧❧♦❝è♥❡ ❝♦✉❞é ❞✬✉r❛♥✐✉♠ ✭❱✮ Cp2U(CN)3 s❡♠❜❧❡ ❞♦♥❝ êtr❡ ♣❛rt✐❝✉❧✐èr❡♠❡♥t

❝♦✈❛❧❡♥t✳

▲❡ ❝❛r❛❝tèr❡ ❝♦✈❛❧❡♥t ❞❛♥s ❝❤❛q✉❡ ♠ét❛❧❧♦❝è♥❡ ♣❡✉t êtr❡ é✈❛❧✉é ❡♥ ❝❛❧❝✉❧❛♥t ❧❡ r❛♣♣♦rt

❡♥tr❡ ❧❛ ❝❤❛r❣❡ ◆P❆ ❡t ❧❛ ❝❤❛r❣❡ ❢♦r♠❡❧❧❡ ❞❡ ❧✬✉r❛♥✐✉♠✱ é❣❛❧❡ à s♦♥ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❬✶✾✹❪✳

P❧✉s ❝❡ r❛♣♣♦rt ❡st ❢❛✐❜❧❡✱ ♣❧✉s ❧❡ ♠ét❛❧ ❡st ❝♦✈❛❧❡♥t✳ ❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧❛ ❝♦✈❛❧❡♥❝❡ ❛✉❣✲

♠❡♥t❡ ❛✈❡❝ ❧❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞❡ ❧✬✉r❛♥✐✉♠✳ ▲❛ ❞✐♠✐♥✉t✐♦♥ ❞❡s ❞✐st❛♥❝❡s ♠ét❛❧ ✲ ❧✐❣❛♥❞

♥❡ s❡r❛✐t ❞♦♥❝ ♣❛s ❞✉❡ à ✉♥ ❡✛❡t ♣✉r❡♠❡♥t ✐♦♥✐q✉❡✱ ♠❛✐s é❣❛❧❡♠❡♥t à ✉♥ r❡♥❢♦r❝❡♠❡♥t ❞✉

✶✽✽



❈♦♠♣❧❡①❡ [Cp2U(CN)3]
2− [Cp2U(CN)3]

− Cp2U(CN)3
❞✳♦✳✭U✮ ❯✭■■■✮ ❯✭■❱✮ ❯✭❱✮
q(U) ✰✶✳✾✶ ✰✷✳✶✾ ✰✷✳✶✽

< q(Cp) > ✲✵✳✼✺ ✲✵✳✺✺ ✲✵✳✶✾
< q(CN) > ✲✵✳✽✶ ✲✵✳✼✵ ✲✵✳✻✵
q(U)/❞✳♦✳✭U✮ ✵✳✻✸ ✵✳✺✺ ✵✳✹✸

❚❛❜✳ ❇✳✹✿ ❈❤❛r❣❡s ◆P❆ ♦❜t❡♥✉❡s ♣♦✉r ❧❡s ♠ét❛❧❧♦❝è♥❡s ❝♦✉❞és ❞✬✉r❛♥✐✉♠✳ ❞✳♦✳✭U✮ r❡♣rés❡♥t❡ ❧❡
❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❢♦r♠❡❧ ❞❡ ❧✬✉r❛♥✐✉♠ ❞❛♥s ❧❡ ❝♦♠♣❧❡①❡✳

❝❛r❛❝tèr❡ ❝♦✈❛❧❡♥t✳

▲✬❛♥❛❧②s❡ ◆❇❖ ♥✬✐♥❞✐q✉❡ ❛✉❝✉♥❡ ❧✐❛✐s♦♥ ❝♦✈❛❧❡♥t❡ ❡♥tr❡ ❧❡s ❧✐❣❛♥❞s Cp ❡t CN ❡t ❧✬✉r❛✲

♥✐✉♠✳ ❚♦✉t❡❢♦✐s✱ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥✱ ✉♥❡ ✐♠♣♦rt❛♥t❡ ❞♦♥❛t✐♦♥ ❞✉ s②stè♠❡ π

❞❡s ❧✐❣❛♥❞s ❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡ ❡t ❞❡s ❞♦✉❜❧❡ts ♥♦♥ ❧✐❛♥ts ❞❡s ❧✐❣❛♥❞s ❝②❛♥✉r❡ ✈❡rs ❧✬✉r❛♥✐✉♠

❡st ❞ét❡❝té❡✳ ❈❡❧❧❡✲❝✐ s✬❡✛❡❝t✉❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ❤②❜r✐❞❡s 7s/6d/5f ♣♦s✲

sé❞❛♥t ✉♥ ❢♦rt ❝❛r❛❝tèr❡ f ✳ ❊♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s rés✉❧t❛ts ♣ré❝é❞❡♥ts✱ ❝❡tt❡ ✐♥t❡r❛❝t✐♦♥ ❝r♦ît

❢♦rt❡♠❡♥t ❛✈❡❝ ❧❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞✉ ♠ét❛❧✳ ❊♥✜♥✱ ❧❡s é❧❡❝tr♦♥s ❞❡ ✈❛❧❡♥❝❡ ❞❡ ❧✬✉r❛♥✐✉♠

s♦♥t ❧♦❝❛❧✐sés ❞❛♥s ❞❡s ♦r❜✐t❛❧❡s 5f ♣✉r❡s✳ ❆✉❝✉♥❡ rétr♦❞♦♥❛t✐♦♥ ❞❡ ❝❡s é❧❡❝tr♦♥s ♥✬❡st

♦❜s❡r✈é❡✳

❉✬❛♣rès ❝❡tt❡ ❛♥❛❧②s❡✱ ❞❛♥s ❧❡s ❝♦♠♣❧❡①❡s ❝♦✉❞és [Cp2U(CN)3]
(5−p)−✱ ❧❡s ✐♥t❡r❛❝t✐♦♥s

♠ét❛❧ ✲ ❧✐❣❛♥❞ s✬❡✛❡❝t✉❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ♣❛r ✉♥❡ ❞♦♥❛t✐♦♥ ✐♠♣♦rt❛♥t❡ ❞❡s ❧✐❣❛♥❞s ✈❡rs

❞❡s ♦r❜✐t❛❧❡s à ❢♦rt ❝❛r❛❝tèr❡ f ❞❡ ❧✬✉r❛♥✐✉♠✳ ❈❡❝✐ ❝♦♥✜r♠❡ ❞♦♥❝ q✉❡ ❧❡s ♦r❜✐t❛❧❡s 5f

♣❛rt✐❝✐♣❡♥t ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s✳ ▲❛ ❝♦✈❛❧❡♥❝❡✱ ❡t ❞♦♥❝ ❧❛ ♣❛rt✐❝✐♣❛t✐♦♥ ❞❡s ♦r❜✐t❛❧❡s 5f ✱

❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞❡ ❧✬✉r❛♥✐✉♠✳

▼ét❛❧❧♦❝è♥❡s ❧✐♥é❛✐r❡s

❉❛♥s ❧❡ ❝❛s ❞❡s ♠ét❛❧❧♦❝è♥❡s ❧✐♥é❛✐r❡s ✭❝❢✳ t❛❜❧❡ ❇✳✺✮✱ ❧❡s ❝❤❛r❣❡s ◆P❆ ♦❜t❡♥✉❡s s✉r

❧✬✉r❛♥✐✉♠ s♦♥t ✐♥❢ér✐❡✉r❡s à ❝❡❧❧❡s ❞❡s ❝♦♠♣❧❡①❡s ❝♦✉❞és✳ ❈❡❝✐ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧✬❛✉❣✲

♠❡♥t❛t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❧✐❣❛♥❞s✱ ♠❛✐s ♥❡ ♣rés❛❣❡ ♣❛s ♥é❝❡ss❛✐r❡♠❡♥t ❞✬✉♥ r❡♥❢♦r❝❡♠❡♥t

❞❡ ❧❛ ❝♦✈❛❧❡♥❝❡✳ ❊♥ ❡✛❡t✱ ❧❡s ❝❤❛r❣❡s ◆P❆ s✉r ❧❡s ❧✐❣❛♥❞s Cp ❡t CN s♦♥t ❣❧♦❜❛❧❡♠❡♥t

✐♥❝❤❛♥❣é❡s ♣❛r r❛♣♣♦rt ❛✉① ♠ét❛❧❧♦❝è♥❡s ❧✐♥é❛✐r❡s✳

❈♦♠♠❡ ♣ré❝é❞❡♠♠❡♥t✱ ♥♦✉s ♣♦✉✈♦♥s ♦❜s❡r✈❡r ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ❝❛r❛❝tèr❡ ❝♦✈❛❧❡♥t

❛✈❡❝ ❧❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞❡ ❧✬✉r❛♥✐✉♠✳ ❙❡❧♦♥ ❧✬❛♥❛❧②s❡ ◆❇❖✱ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ♠ét❛❧

❡t ❧❡s ❧✐❣❛♥❞s ♥❡ ❝♦♥❞✉✐t ♣❛s à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✐❛✐s♦♥s ❝♦✈❛❧❡♥t❡s ❀ t♦✉t❡❢♦✐s✱ ❧✬❛♥❛❧②s❡

❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥ ✐♥❞✐q✉❡ ✉♥❡ ❢♦rt❡ ✐♥t❡r❛❝t✐♦♥ ❞♦♥♥❡✉r ✲ ❛❝❝❡♣t❡✉r ❡♥tr❡

❧❡s ❧✐❣❛♥❞s Cp ❡t CN ❡t ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞❡ ❧✬✉r❛♥✐✉♠✳ ▲❛ ❞♦♥❛t✐♦♥✱ q✉✐ ❝r♦ît ❛✈❡❝

❧❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞✉ ♠ét❛❧✱ s✬❡✛❡❝t✉❡ ❞❛♥s ❝❡ ❝❛s ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ❤②❜r✐❞❡s 7s/5f ✳

❊♥✜♥✱ ❧❡s é❧❡❝tr♦♥s ❞❡ ✈❛❧❡♥❝❡ ❞❡ ❧✬✉r❛♥✐✉♠ s♦♥t ❧♦❝❛❧✐sés ❞❛♥s ❞❡s ♦r❜✐t❛❧❡s 5f ♣✉r❡s✳ ❆

✶✽✾



❈♦♠♣❧❡①❡ [Cp2U(CN)5]
4− [Cp2U(CN)5]

3− [Cp2U(CN)5]
2−

❞✳ ♦✳ ✭U✮ ❯✭■■■✮ ❯✭■❱✮ ❯✭❱✮
q(U) ✰✶✳✼✶ ✰✶✳✻✻ ✰✶✳✻✺
q(Cp) ✲✵✳✽✵ ✲✵✳✹✽ ✲✵✳✷✵
q(CN) ✲✵✳✽✷ ✲✵✳✼✵ ✲✵✳✻✺

q(U)/❞✳♦✳✭U✮ ✵✳✺✼ ✵✳✹✶ ✵✳✸✸

❚❛❜✳ ❇✳✺✿ ❈❤❛r❣❡s ◆P❆ ♦❜t❡♥✉❡s ♣♦✉r ❧❡s ♠ét❛❧❧♦❝è♥❡s ❝♦✉❞és ❞✬✉r❛♥✐✉♠✳ ❞✳♦✳✭U✮r❡♣rés❡♥t❡ ❧❡
❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❢♦r♠❡❧ ❞❡ ❧✬✉r❛♥✐✉♠ ❞❛♥s ❧❡ ❝♦♠♣❧❡①❡✳

♥♦✉✈❡❛✉✱ ❛✉❝✉♥❡ rétr♦❞♦♥❛t✐♦♥ ❞❡ ❝❡s é❧❡❝tr♦♥s ♥✬❡st ♦❜s❡r✈é❡✳

▲✬❛♥❛❧②s❡ ◆❇❖ ❞❡ ❧❛ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞❡s ♠ét❛❧❧♦❝è♥❡s ❧✐♥é❛✐r❡s ❞✬✉r❛♥✐✉♠ ❝♦♥✜r♠❡

❞♦♥❝ ❧❛ ♣❛rt✐❝✐♣❛t✐♦♥ ❞❡s ♦r❜✐t❛❧❡s 5f ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s✳ ◆♦✉s ♣♦✉✈♦♥s r❡♠❛rq✉❡r

q✉❡✱ ❧♦rs ❞✉ ♣❛ss❛❣❡ ❞❡ ❧❛ str✉❝t✉r❡ ❝♦✉❞é❡ à ❧❛ str✉❝t✉r❡ ❧✐♥é❛✐r❡✱ ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡s

♦r❜✐t❛❧❡s 6d ❛✉① ❧✐❛✐s♦♥s ❞✐♠✐♥✉❡ t❛♥❞✐s q✉❡ ❝❡❧❧❡ ❞❡s ♦r❜✐t❛❧❡s 5f ❛✉❣♠❡♥t❡✳ ▲❛ ✓ ❧✐♥é❛r✐✲

s❛t✐♦♥ ✔ ❞✉ ❝♦♠♣❧❡①❡ ♣❡r♠❡t ❞♦♥❝ ✉♥❡ ♠❡✐❧❧❡✉r❡ ✉t✐❧✐s❛t✐♦♥ ❞❡s ♦r❜✐t❛❧❡s 5f ✳ ■❧ ❡st à ♥♦t❡r

q✉❡✱ s❡❧♦♥ ❧❛ ❧✐ttér❛t✉r❡✱ ❧❛ ◆❇❖ ❛ t❡♥❞❛♥❝❡ à s✉r❡st✐♠❡r ❧é❣èr❡♠❡♥t ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡s

♦r❜✐t❛❧❡s 5f ❛✉① ❧✐❛✐s♦♥s✱ ❡t à s♦✉s✲❡st✐♠❡r ❝❡❧❧❡ ❞❡s 6d ❬✶✾✺❪✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s t❡♥❞❛♥❝❡s

♦❜t❡♥✉❡s ❞❡✈r❛✐❡♥t êtr❡ ❝♦rr❡❝t❡s✳

❇✳✷✳✹ ❇✐❧❛♥

▲❡s ❣é♦♠étr✐❡s ❞❡s ♠ét❛❧❧♦❝è♥❡s ❝♦✉❞és ❡t ❧✐♥é❛✐r❡s ❞✬✉r❛♥✐✉♠ ♦♥t ♣✉ êtr❡ ♦♣t✐♠✐sé❡s

♣♦✉r ❧❡s ❞❡❣rés ❞✬♦①②❞❛t✐♦♥ ■■■ à ❱ ❞❡ ❧✬✉r❛♥✐✉♠✳ ❊♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐✲

♠❡♥t❛❧❡s✱ ✉♥ r❛❝❝♦✉r❝✐ss❡♠❡♥t ❞❡s ❞✐st❛♥❝❡s ♠ét❛❧ ✲ ❧✐❣❛♥❞ ❛✈❡❝ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ❞❡❣ré

❞✬♦①②❞❛t✐♦♥ ❞❡ ❧✬✉r❛♥✐✉♠ ❡st ♦❜s❡r✈é❡✳ ●râ❝❡ à ✉♥ ❞✐❛❣r❛♠♠❡ q✉❛❧✐t❛t✐❢ ❞✬♦r❜✐t❛❧❡s ❞✉

❢r❛❣♠❡♥t [Cp2U ](p−2)+ ❧✐♥é❛✐r❡✱ ♥♦✉s ❛✈♦♥s ♠♦♥tré q✉❡ ❧✬❡①✐st❡♥❝❡ ❞❡s ❝♦♠♣❧❡①❡s ❧✐♥é❛✐r❡s

[Cp2U(CN)5]
(7−p)− à ❝✐♥q ❧✐❣❛♥❞s ❝②❛♥✉r❡ ✐♠♣❧✐q✉❡ ♥é❝❡ss❛✐r❡♠❡♥t ❧❛ ♣❛rt✐❝✐♣❛t✐♦♥ ❞❡s

♦r❜✐t❛❧❡s 5f ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s ❞❛♥s ❝❡s ❝♦♠♣♦sés✳ ❈❡❝✐ ❛ été ❝♦♥✜r♠é ♣❛r ✉♥❡ ❛♥❛❧②s❡

◆❇❖ ❞❡ ❝❡s ❝♦♠♣♦sés✳ ❉❛♥s ❧❡ ❝❛s ❞❡s ♠ét❛❧❧♦❝è♥❡s ❝♦✉❞és✱ ❧❛ ♣❛rt✐❝✐♣❛t✐♦♥ ❞❡s ♦r❜✐t❛❧❡s

5f ❛✉① ❧✐❛✐s♦♥s ❛ é❣❛❧❡♠❡♥t été ❞é♠♦♥tré❡✱ ♠❛✐s ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡s ♦r❜✐t❛❧❡s 6d ❞❡✈r❛✐t

êtr❡ s✉♣ér✐❡✉r❡✳ ❊♥✜♥✱ s❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡s ❞✐st❛♥❝❡s ❧♦rs ❞✉ ♣❛ss❛❣❡ ❞❡

❧✬✉r❛♥✐✉♠ ✭■■■✮ à ❧✬✉r❛♥✐✉♠ ✭❱✮ ❡st ❧✐é❡ à ✉♥ r❡♥❢♦r❝❡♠❡♥t ❞❡ ❧❛ ❝♦✈❛❧❡♥❝❡✳

❇✳✸ ❙t❛❜✐❧✐té ❞❡s ❢♦r♠❡s ❝♦✉❞é❡ ❡t ❧✐♥é❛✐r❡

❉✬❛♣rès ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✱ ❧❛ st❛❜✐❧✐té r❡❧❛t✐✈❡ ❞❡s ♠ét❛❧❧♦❝è♥❡s ❝♦✉❞és

[Cp⋆
2U(CN)3]

(5−p)− ❡t ❧✐♥é❛✐r❡s [Cp⋆
2U(CN)5]

(7−p)− ✭p =■■■ à ❱✮ ❞é♣❡♥❞ ❞✉ ❞❡❣ré ❞✬♦①②❞❛✲

t✐♦♥ ❞❡ ❧✬✉r❛♥✐✉♠✳ ▲♦rsq✉❡ ❝❡❧✉✐✲❝✐ ❡st ❛✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ■■■✱ ♠ê♠❡ ❡♥ ❡①❝ès ❞❡ ❝②❛♥✉r❡✱

✶✾✵



s❡✉❧❡ ❧❛ ❢♦r♠❡ ❝♦✉❞é❡ ❡st ♦❜s❡r✈é❡✳ ❈❡tt❡ ❞❡r♥✐èr❡ ❡st ❞♦♥❝ ♣❧✉s st❛❜❧❡ q✉❡ ❧❛ ❢♦r♠❡ ❧✐✲

♥é❛✐r❡✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❡ ❝♦♠♣❧❡①❡ ❧✐♥é❛✐r❡ ❞✬✉r❛♥✐✉♠ ✭❱✮ ❡st st❛❜❧❡ ❡t s❛ ❞✐ss♦❝✐❛t✐♦♥ ♣♦✉r

❞♦♥♥❡r ❧❡ ❝♦♠♣♦sé ❝♦✉❞é Cp⋆
2U(CN)3 ♥✬❡st ♣❛s ♦❜s❡r✈é❡✳ ❉❛♥s ❧❡ ❝❛s ✐♥t❡r♠é❞✐❛✐r❡ ♦ù

❧✬✉r❛♥✐✉♠ ❡st ❛✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ■❱✱ ❧❡s ♠ét❛❧❧♦❝è♥❡s ❝♦✉❞é ❡t ❧✐♥é❛✐r❡ ♣❡✉✈❡♥t êtr❡

❢♦r♠és ❀ ♣❛r ❝♦♥séq✉❡♥t✱ ♥♦✉s ♣♦✉✈♦♥s s✉♣♣♦s❡r q✉❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s ❞❡✉① ❝♦♠♣❧❡①❡s ❡st

q✉❛s✐♠❡♥t ✐s♦é♥❡r❣ét✐q✉❡✱ ❡t q✉✬✉♥ ❡①❝ès ❞✬✐♦♥s ❝②❛♥✉r❡ s✉✣t à ❞é♣❧❛❝❡r ❧✬éq✉✐❧✐❜r❡ ❡♥

❢❛✈❡✉r ❞✉ ❝♦♠♣❧❡①❡ ❧✐♥é❛✐r❡ [Cp⋆
2U(CN)5]

3−✳

❇✳✸✳✶ ❊♥❡r❣✐❡s ❞❡ ❞✐ss♦❝✐❛t✐♦♥ ❞❡s ♠ét❛❧❧♦❝è♥❡s ❧✐♥é❛✐r❡s

P♦✉r ❧❡s ❞❡❣rés ❞✬♦①②❞❛t✐♦♥ ■■■ à ❱✱ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s é♥ér❣ét✐q✉❡s ❞❡ ❧❛ ré❛❝t✐♦♥ ❞❡

❞✐ss♦❝✐❛t✐♦♥ ❞✉ ♠ét❛❧❧♦❝è♥❡ ❧✐♥é❛✐r❡ ✭éq✉❛t✐♦♥ ❇✳✶✮ ♦♥t été ❝❛❧❝✉❧é❡s ✭❝❢✳ t❛❜❧❡ ❇✳✻✮✳

[Cp2U(CN)5]
(7−p)− → [Cp2U(CN)3]

(5−p)− + 2 CN− ✭❇✳✶✮

❉✬❛♣rès ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s✱ ❧❡ ❝♦♠♣❧❡①❡ ❧✐♥é❛✐r❡ [Cp⋆
2U(CN)5]

4−✱ ❞❛♥s ❧❡q✉❡❧ ❧✬✉r❛✲

♥✐✉♠ ❡st ❛✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ■■■✱ ❡st ✐♥st❛❜❧❡ ❡t ❞❡✈r❛✐t s❡ ❞✐ss♦❝✐❡r s♣♦♥t❛♥é♠❡♥t ♣♦✉r

❞♦♥♥❡r ❧❡ ❝♦♠♣❧❡①❡ ❝♦✉❞é [Cp⋆
2U(CN)3]

2−✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❛ ❞✐ss♦❝✐❛t✐♦♥ ❞✉ ♠ét❛❧❧♦❝è♥❡

❧✐♥é❛✐r❡ ❞✬✉r❛♥✐✉♠ ✭❱✮ ❡st très ❞é❢❛✈♦r❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡

❧✬✉r❛♥✐✉♠ ❛✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ■❱✱ ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s s♦♥t ❡♥ ❞és❛❝❝♦r❞ ❛✈❡❝ ❧✬❡①♣é✲

r✐❡♥❝❡✳ ❊♥ ❡✛❡t✱ ❞✬❛♣rès ♥♦s ❝❛❧❝✉❧s✱ ❧❛ ❞✐ss♦❝✐❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ ❧✐♥é❛✐r❡ [Cp⋆
2U(CN)5]

3−

❞❡✈r❛✐t êtr❡ s♣♦♥t❛♥é❡✳

❉❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞❡ ❧✬✉r❛♥✐✉♠ ■■■ ■❱ ❱
∆G0 ✲✷✾✷ ✲✶✶✹ ✼✺
∆E0 ✲✷✺✻ ✲✾✸ ✲✺✸

❚❛❜✳ ❇✳✻✿ ❈❛r❛❝tér✐st✐q✉❡s é♥❡r❣ét✐q✉❡s ❝❛❧❝✉❧é❡s ❞❡ ❧❛ ré❛❝t✐♦♥ ❞❡ ❞✐ss♦❝✐❛t✐♦♥ ❞❡s ♠ét❛❧❧♦❝è♥❡s

❧✐♥é❛✐r❡s [Cp⋆
2U(CN)5]

(7−p)−✳ ▲✬é♥❡r❣✐❡ ❞❡ ré❛❝t✐♦♥ ∆E0 ❡t ❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞❡ ré❛❝t✐♦♥ ∆G0

s♦♥t ❡♥ ❦❝❛❧✳♠♦❧−1✳

▲✬✐♥❝❡rt✐t✉❞❡ s✉r ❧❡s ❞♦♥♥é❡s é♥❡r❣ét✐q✉❡s ❝❛❧❝✉❧é❡s ♣❡✉t êtr❡ ❧✐é❡ à ❞❡✉① ❢❛❝t❡✉rs✳

❉✬✉♥❡ ♣❛rt✱ ❧❡s s②stè♠❡s ❝❛❧❝✉❧és ét❛♥t ❛ ♣r✐♦r✐ ♠✉❧t✐ré❢ér❡♥t✐❡❧s✱ ✐❧ ❡st ♣♦ss✐❜❧❡ q✉❡ ❧❛ ❉❋❚

♥❡ s♦✐t ♣❛s ❛❞❛♣té❡ ♣♦✉r ❧❡ ❝❛❧❝✉❧ ❞❡ ❣r❛♥❞❡✉rs é♥❡r❣ét✐q✉❡s✳ ❉✬❛✉tr❡ ♣❛rt✱ ♥♦✉s ❛✈♦♥s ❧♦rs

❞❡ ❝❡tt❡ ét✉❞❡ ♥é❣❧✐❣é ❧✬❡✛❡t ❞✉ s♦❧✈❛♥t✳ ❖r✱ ❧✬❛❝ét♦♥✐tr✐❧❡ ❡st ✉♥ s♦❧✈❛♥t ♣♦❧❛✐r❡ ❡t ♣❡✉t

❞♦♥❝ st❛❜✐❧✐s❡r ❧❡s ❡s♣è❝❡s ❝❤❛r❣é❡s✱ ❝❡ q✉✐ ♣❡✉t ❡♥tr❛î♥❡r ✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ❝♦♥séq✉❡♥t❡

❞❡s é♥❡r❣✐❡s ❡t ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s ❞❡ ré❛❝t✐♦♥✳

❇✐❡♥ q✉❡ ❧❡s ✈❛❧❡✉rs ❛❜s♦❧✉❡s ♦❜t❡♥✉❡s ♥❡ s♦✐❡♥t ♣❛s s✐❣♥✐✜❝❛t✐✈❡s✱ ❧❛ t❡♥❞❛♥❝❡ ♦❜t❡♥✉❡

❡st t♦✉t❡❢♦✐s ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✳ ❊♥ ❡✛❡t✱ s❡❧♦♥ ♥♦s ❝❛❧❝✉❧s✱ ❧✬é♥❡r❣✐❡

❡t ❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞❡ ❧❛ ré❛❝t✐♦♥ ❛✉❣♠❡♥t❡♥t très ❢♦rt❡♠❡♥t ❧♦rs ❞✉ ♣❛ss❛❣❡ ❞❡ ❧✬✉r❛♥✐✉♠
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✭■■■✮ à ❧✬✉r❛♥✐✉♠ ✭❱✮✳ ▲❛ st❛❜✐❧✐té ❞✉ ♠ét❛❧❧♦❝è♥❡ ❧✐♥é❛✐r❡ ❛✉❣♠❡♥t❡ ❞♦♥❝ ❛✈❡❝ ❧❡ ❞❡❣ré

❞✬♦①②❞❛t✐♦♥ ❞❡ ❧✬✉r❛♥✐✉♠✳

❇✳✸✳✷ ■♥t❡r♣rét❛t✐♦♥

▲❡s ❝❛❧❝✉❧s t❤é♦r✐q✉❡s ❝♦♥✜r♠❡♥t ❞♦♥❝ ❧❛ t❡♥❞❛♥❝❡ ♦❜s❡r✈é❡ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✱ s❡❧♦♥

❧❛q✉❡❧❧❡ ❧❛ st❛❜✐❧✐té ❞❡s ♠ét❛❧❧♦❝è♥❡s ❧✐♥é❛✐r❡s [Cp⋆
2U(CN)5]

(7−p)− ❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❡ ❞❡✲

❣ré ❞✬♦①②❞❛t✐♦♥ ❞❡ ❧✬✉r❛♥✐✉♠✳ ❈❡❝✐ ♣❡✉t êtr❡ ✐♥t❡r♣rété✱ ❞✉ ♠♦✐♥s ♣❛rt✐❡❧❧❡♠❡♥t✱ ♣❛r ❞❡s

❝♦♥s✐❞ér❛t✐♦♥s ♦r❜✐t❛❧❛✐r❡s✳

❘❡♣r❡♥♦♥s t♦✉t ❞✬❛❜♦r❞ ❧❡ ❞✐❛❣r❛♠♠❡ ❞✉ ❢r❛❣♠❡♥t ♠ét❛❧❧✐q✉❡ ❧✐♥é❛✐r❡ ♣rés❡♥té ✜❣✉r❡

❇✳✺✳ ❙✉♣♣♦s♦♥s q✉❡ ❝✐♥q ❧✐❣❛♥❞s ❝②❛♥✉r❡ s♦✐❡♥t ❝♦♦r❞✐♥és ❛✉ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡✳ ▲❡s ♦r✲

❜✐t❛❧❡s ♥♦♥ ❧✐❛♥t❡s ❞❡ s②♠étr✐❡ a
′

1✱ e
′

1 ❡t e
′

2 s♦♥t ❛❧♦rs ✉t✐❧✐sé❡s ♣♦✉r ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞❡s

❧✐❣❛♥❞s ✭❝❢✳ ✜❣✉r❡ ❇✳✼✮✳ ❙❡✉❧❡s ❞❡✉① ♦r❜✐t❛❧❡s ♥♦♥ ❧✐❛♥t❡s✱ ❞❡ s②♠étr✐❡ e”
2✱ s♦♥t ❛❧♦rs ❛❝❝❡s✲

s✐❜❧❡s ♣♦✉r ❧❡s é❧❡❝tr♦♥s 5f ✳ ❉❛♥s ❧❡ ❝❛s ❞❡s ❝♦♠♣♦sés ❞✬✉r❛♥✐✉♠ ✭■❱✮ ❡t ✭❱✮✱ ❧❡s é❧❡❝tr♦♥s

5f s❡r♦♥t ❞♦♥❝ ré♣❛rt✐s ❞❛♥s ❝❡s ❞❡✉① ♦r❜✐t❛❧❡s✳ ❊♥ r❡✈❛♥❝❤❡✱ ♣♦✉r ❧❡ ❝♦♠♣❧❡①❡ ❞✬✉r❛♥✐✉♠

✭■■■✮✱ q✉✐ ♣♦ssè❞❡ tr♦✐s é❧❡❝tr♦♥s 5f ✳ ✐❧ ❡st ❛❧♦rs ♥é❝❡ss❛✐r❡ s♦✐t ❞✬❛♣♣❛r✐❡r ❞❡✉① é❧❡❝tr♦♥s

❞❛♥s ❧✬✉♥❡ ❞❡s ♦r❜✐t❛❧❡s ❞❡ s②♠étr✐❡ e”
2✱ s♦✐t ❞❡ ♣❡✉♣❧❡r ✉♥❡ ♦r❜✐t❛❧❡ ❛♥t✐❧✐❛♥t❡✱ ❝❡ q✉✐ ❡st

❞é❢❛✈♦r❛❜❧❡ é♥❡r❣ét✐q✉❡♠❡♥t✳ ❈❡tt❡ ❛♥❛❧②s❡✱ q✉✐ ♣❡r♠❡t ❞✬✐♥t❡r♣rét❡r ❧❛ ❞ést❛❜✐❧✐s❛t✐♦♥

r❡❧❛t✐✈❡ ❞✉ ♠ét❛❧❧♦❝è♥❡ ❧✐♥é❛✐r❡ ❞✬✉r❛♥✐✉♠ ✭■■■✮✱ ❛ ❢❛✐t ❧✬♦❜❥❡t ❞✬✉♥❡ ♣✉❜❧✐❝❛t✐♦♥ ❬✶✾✶❪✳

❋✐❣✳ ❇✳✼✿ ❉✐❛❣r❛♠♠❡ q✉❛❧✐t❛t✐❢ ❞✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ❢r❛❣♠❡♥t [Cp⋆
2U ](p−2)+ ❧✐♥é❛✐r❡ ❡t ❧❡s ❝♦♠✲

❜✐♥❛✐s♦♥s ❞❡s ♣❛✐r❡s ❧✐❜r❡s ❞❡s ❝❛r❜♦♥❡s ❞❡s ❝✐♥q ❧✐❣❛♥❞s ❝②❛♥✉r❡✳

▲✬❛♥❛❧②s❡ ◆❇❖ ♣❡r♠❡t ❞❡ ♣r♦♣♦s❡r ✉♥❡ ❡①♣❧✐❝❛t✐♦♥ ♣❧✉s q✉❛♥t✐t❛t✐✈❡✳ ❊♥ ❡✛❡t✱ s❡❧♦♥

✶✾✷



❝❡tt❡ ❛♥❛❧②s❡✱ ❧❡s é❧❡❝tr♦♥s ❞❡ ✈❛❧❡♥❝❡ ❞❡ ❧✬✉r❛♥✐✉♠ s♦♥t ❧♦❝❛❧✐sés ❞❛♥s ❞❡s ♦r❜✐t❛❧❡s 5f

♣✉r❡s✳ ▲♦rs ❞✉ ♣❛ss❛❣❡ ❞✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❱ à ■■■✱ ❧❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ ❧♦❝❛❧✐sé❡ s✉r

❧❡ ♠ét❛❧✱ ❡t ❞✉❡ à ❝❡s é❧❡❝tr♦♥s✱ ❛✉❣♠❡♥t❡ ❞♦♥❝ ❝♦♥s✐❞ér❛❜❧❡♠❡♥t✳ ❈❡❝✐ ♣❡✉t ✐♥❞✉✐r❡ ✉♥❡

ré♣✉❧s✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❛✈❡❝ ❧❡s ❞♦✉❜❧❡ts ♥♦♥ ❧✐❛♥ts ❞❡s ❧✐❣❛♥❞s ❝②❛♥✉r❡✱ s✐ ❜✐❡♥ q✉❡ ❧❛

❞♦♥❛t✐♦♥ ❞❡ ❝❡s ❞♦✉❜❧❡ts ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞❡ ❧✬✉r❛♥✐✉♠ ❞é❝r♦ît✳ P❛r ❝♦♥séq✉❡♥t✱

❧❛ st❛❜✐❧✐té ❞✉ ♠ét❛❧❧♦❝è♥❡ ❞✐♠✐♥✉❡ ❡t ❧❛ ❞✐ss♦❝✐❛t✐♦♥ ❞✬✉♥ ❧✐❣❛♥❞ ❝②❛♥✉r❡ ❡st ❛❧♦rs ♣❧✉s

❢❛✈♦r❛❜❧❡ é♥❡r❣ét✐q✉❡♠❡♥t✳ ❈❡tt❡ ❡①♣❧✐❝❛t✐♦♥ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❛ ❞✐♠✐♥✉t✐♦♥ ♦❜s❡r✈é❡ ❞❡

❧❛ ❝♦✈❛❧❡♥❝❡ ❛✈❡❝ ❧❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥✳

❙❡❧♦♥ ❝❡tt❡ ❛♥❛❧②s❡✱ ❧❛ st❛❜✐❧✐té ❝r♦✐ss❛♥t❡ ❞✉ ❝♦♠♣❧❡①❡ ❧✐♥é❛✐r❡ ❛✈❡❝ ❧❡ ❞❡❣ré ❞✬♦①②❞❛✲

t✐♦♥ ❞❡ ❧✬✉r❛♥✐✉♠ ❡st ❧✐é❡ à ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ré♣✉❧s✐♦♥ ❡♥tr❡ ❧❡s é❧❡❝tr♦♥s 5f ❧♦❝❛❧✐sés

s✉r ❧✬✉r❛♥✐✉♠ ❡t ❧❡s ❧✐❣❛♥❞s✳ ❉✬❛♣rès ❝❡s ❝♦♥s✐❞ér❛t✐♦♥s✱ ❧❡ ♠ét❛❧❧♦❝è♥❡ ❧✐♥é❛✐r❡ ❞✬✉r❛♥✐✉♠

✭❱■✮ [Cp⋆
2U(CN)5]

−✱ q✉✐ ♥❡ ♣♦ssè❞❡ ❛✉❝✉♥ é❧❡❝tr♦♥ 5f ✱ ❞❡✈r❛✐t êtr❡ st❛❜❧❡✳ ▲❛ ❣é♦♠é✲

tr✐❡ ❞❡ ❝❡ ❝♦♠♣❧❡①❡ ❤②♣♦t❤ét✐q✉❡ ❛ ♣✉ êtr❡ ♦♣t✐♠✐sé❡ ❡t s❡r❛ ♣rés❡♥té❡ ❞❛♥s ❧❛ s❡❝t✐♦♥

s✉✐✈❛♥t❡✳

❇✳✹ ❆♥❛❧♦❣✐❡ ❛✈❡❝ ❧❡s ❝♦♠♣❧❡①❡s ❞✬✉r❛♥②❧❡

❇✳✹✳✶ ❘és✉♠é ❞❡ ❧✬❛rt✐❝❧❡

❉❛♥s ❝❡tt❡ ❛rt✐❝❧❡✱ ✉♥ ♣❛r❛❧❧è❧❡ ❛ été ét❛❜❧✐ ❡♥tr❡ ❧❡s ❝♦♠♣❧❡①❡s ❞❡ t②♣❡ [UO2L5]
(9−p)−

❡t ❧❡s ❝♦♠♣❧❡①❡s ♠ét❛❧❧♦❝è♥❡s ❞✬✉r❛♥✐✉♠ [Cp2UL5]
(7−p)−✱ ♦ù p ❡st ❧❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞❡

❧✬✉r❛♥✐✉♠ ✭p =■❱ à ❱■✮ ❡t L ❡st ✉♥ ❧✐❣❛♥❞ ❝❤❛r❣é ♥é❣❛t✐✈❡♠❡♥t✱ ❞❡ t②♣❡ ❝②❛♥✉r❡ CN−

♦✉ ❝②❛♥❛t❡ OCN−✳ ❊♥ ❡✛❡t✱ ❧❡s ❞✐❛❣r❛♠♠❡s ♦r❜✐t❛❧❛✐r❡s ❞❡ UO
(p−4)+
2 ❡t ❞✉ ❢r❛❣♠❡♥t

[Cp2U ](p−2)+ ♣rés❡♥t❡♥t ❞❡ ❣r❛♥❞❡s s✐♠✐❧❛r✐tés✳ P❛r ❝♦♥séq✉❡♥t✱ ❝❡s ❢r❛❣♠❡♥ts ♣❡✉✈❡♥t

êtr❡ ❝♦♥s✐❞érés ❝♦♠♠❡ ✐s♦❧♦❜❛✉①✳

❉❛♥s ❧❡ ❝❛s ❞❡s ❝♦♠♣❧❡①❡s ❞❡ ❧✬✐♦♥ ✉r❛♥②❧❡ UO2+
2 ✱ ❞❡s ❝❛❧❝✉❧s t❡sts ♦♥t ♣❡r♠✐s ❞❡ ✈❛❧✐❞❡r

❧✬❡♠♣❧♦✐ ❞✬✉♥ ♣s❡✉❞♦♣♦t❡♥t✐❡❧ à ✼✽ é❧❡❝tr♦♥s ♣♦✉r ❧✬✉r❛♥✐✉♠✳ ▲❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡s ❝♦♠✲

♣❧❡①❡s ❝②❛♥✉r❡ [UO2(CN)5]
3− ❡t ✐s♦❝②❛♥✉r❡ [UO2(NC)5]

3− ❛ ♣❡r♠✐s ❞❡ ♠♦♥tr❡r q✉❡ ❧✬✐♦♥

❝②❛♥✉r❡ s❡ ❝♦♦r❞✐♥❡ ♣ré❞ér❡♥t✐❡❧❧❡♠❡♥t ✈✐❛ ❧❡ ❝❛r❜♦♥❡✳ ❉❡ ♠ê♠❡✱ ❧✬✐♦♥ ❝②❛♥❛t❡ ❝♦♥❞✉✐t

♣ré❢ér❡♥t✐❡❧❧❡♠❡♥t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ ✐s♦❝②❛♥❛t❡ [UO2(NCO)5]
3−✱ ♦ù ❧❡s ❧✐❣❛♥❞s

s♦♥t ❝♦♦r❞✐♥és ✈✐❛ ❧✬❛③♦t❡✳ ▲❛ st❛❜✐❧✐té ❞❡s ❝♦♠♣❧❡①❡s ❝②❛♥✉r❡ ❡t ✐s♦❝②❛♥❛t❡ ❞✬✉r❛♥✐✉♠

✭❱✮ ❡t ✭❱■✮ ❛ ♣✉ êtr❡ ♣ré❞✐t❡ ❡t r❛t✐♦♥❛❧✐sé❡ ❣râ❝❡ à ❞❡s ❝♦♥s✐❞ér❛t✐♦♥s ♦r❜✐t❛❧❛✐r❡s ❀ ❡♥ r❡✲

✈❛♥❝❤❡✱ ❧❡s ❣é♦♠étr✐❡s ❞❡s ❝♦♠♣❧❡①❡s ❞✬✉r❛♥✐✉♠ ✭■❱✮ [UO2(CN)5]
5− ❡t [UO2(NCO)5]

5−✱

très ❝❤❛r❣és ♥é❣❛t✐✈❡♠❡♥t✱ ♥✬♦♥t ♣❛s ♣✉ êtr❡ ♦♣t✐♠✐sés ❝♦♠♠❡ ❞❡s ♠✐♥✐♠❛ s✉r ❧❛ s✉r❢❛❝❡

❞❡ ♣♦t❡♥t✐❡❧✳

▲❡s ❣é♦♠étr✐❡s ❞❡s ♠ét❛❧❧♦❝è♥❡s ❧✐♥é❛✐r❡s [Cp2U(CN)5]
(7−p)− ❡t [Cp2U(NCO)5]

(7−p)−

♦♥t été ♦♣t✐♠✐sé❡s ♣♦✉r ❧❡s ❞❡❣rés ❞✬♦①②❞❛t✐♦♥ ■❱ à ❱■ ❞❡ ❧✬✉r❛♥✐✉♠✳ ❯♥❡ ❛♥❛❧②s❡ q✉❛❧✐✲
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Linear Uranium Complexes X2UL 5 with L=cyanide, isocyanate: 
DFT evidence for similarities between Uranyl (X=O) and Uranocenes (X=Cp) derivatives
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Abstract:   A DFT study of the isostructural compounds [UO2L5]n- with n=3-5 and linear [Cp2UL5]m- with m=1-3 has been 
carried out for two different anionic ligands. Structurally stable structures are obtained for all  systems. The coordination 
competition between cyanide (CN-) and isocyanide (NC-) as well as between cyanate (OCN-) and isocyanate (NCO-) has been 
studied in the uranyl case. A clear preference for cyanide and isocyanate complexes is reported. The coordination of five 
ligands in the equatorial plane is rationalized by the analysis of the MO diagram of both systems. Moreover, the qualitative 
comparison of the two MO diagrams shows a high similarity in agreement with the isolobality concept. The existence of linear 
[Cp2UL5] - organometallic U(VI) complexes is thus proposed as well as the possibility of obtaining complexes of both type for 
U(VI) and U(V) with OCN- ligands. In addition, the U(IV) linear metallocene is calculated to be stable for the later ligand. 

Introduction
The  development  of  actinide  chemistry  has  been 

increased  in  the  last  decade  mainly  supported  by  the 
problem  of  nuclear  waste  storage.  This  problem  is  still 
challenging for both theoretical and experimental chemists. 
From the experimental  point  of  view, the manipulation of 
radioactive  species  requires  special  facilities  and  results 
reported  in  the  literature  are  generally  limited  to  early 
actinides up to uranium. In particular, the case of the uranyl 

ion  UO2
2

has  been  extensively  investigated  both 

experimentally  and  theoretically  [1-7].  The  nature  of  the 
bonding  in  such  a  dication  has  been  unequivocally 
determined and the role of  the 5f orbitals in  the bonding 
demonstrated  [1-7]. Adopting an ionic picture, the U-O bond 
can be described as a sigma bond with two strong donor-
acceptor  (with  strong  electrostatic  character)  interactions 
between the px and py lone pairs on oxygen and empty d/f 
orbitals  on  uranium.  However,  other  kind  of  mesomeric 
forms can be drawn (figure 1).

U4+-
O O

- U2+
OO U O

++
O

Figure 1: Different bonding models for uranyl ion

These different bonding models can be drawn since in U(VI) 
both the 5f or 6d orbitals are unoccupied and can be used for 
establishing the bond with the oxo ligand. It should be kept 
in mind that the third model in figure 1, which looks rather 
inappropriate with a plus charge on the oxygen, is the one 
obtained from a pure covalent bonding model. Indeed, the 
MO diagram (figure 2)  clearly  indicates that  the  uranium 
atom has enough symmetry-adapted orbitals to establish 3 

bonds with each oxygen atom. The analysis of such a MO 
diagram  shows  that  seven  non-bonding  orbitals  are  still 
accessible, so such a dication can coordinate more ligands. 
In particular, the remaining orbitals are mainly oriented in 
the equatorial plane (5 orbitals) whereas other two are more 
out-of-plane. The coordination in the equatorial  plane has 
thus  been  experimentally  widely  studied  for  a  variety  of 
ligands such as chlorides  [8], hydroxides  [9-10], carbonate  [11], 
iodates [12] and very recently cyanides [13] and isocyanates [14]. 
The understanding of the metal-ligand interaction is thus a 
key question that has been investigated by different groups 
using theoretical methods [1-7].

U-O interaction
interaction with f and/or 
p orbitals (ungerade)

interaction with d and/or 
s orbitals (gerade)

non bonding 5f orbitals (ungerade)

non bonding 6d orbitals (ungerade)

antibonding orbitals

Figure 2: Qualitative MO diagram of the uranyl ion in Dnh 

symmetry



Parallel  to  the  experimental  studies  on  uranyl-ligand 
interaction, the group of Ephritikhine has also been working 
on organometallic uranium complexes such as Cp2U. This 
group has recently reported the synthesis of linear uranocene 
compounds  of  U(IV)  and  U(V)  exhibiting  either  five 
cyanides   or  five  acetonitrile  molecules  in  the  equatorial 
plane  [15-17]:  in  this  context,  a  linear  complex  is  one  that 
contains a five-fold axis that passes trough the U atom. This 
result seems puzzling, since the Cp2M fragment is bent for 
transition  metals  or  lanthanides,  due  to  the  use  of  the  d 
orbitals.  This  kind  of  compound was obtained for  U(III). 
These  experimental  facts  were  explained  by  DFT 
calculations  [17] and rationalized by the analysis of the MO 
diagram (figure 3). As can be seen in figure 3, the linear 
structure can be obtained for U(IV) and U(V) since seven or 
six non-bonding orbitals are occupied, respectively, but in 
the case of U(III) an additional antibonding one has to be 
occupied. The latter thus appears not to be structurally stable 
and the bent structure is obtained by means of a the second-
order Jahn-Teller effect. It  should be noticed that the MO 
diagrams of uranyl (figure 2) and of linear uranocene (left 
hand side figure 3) seem rather similar and thus a parallel 
between the two systems seems plausibl.

Figure 3: Qualitative MO diagrams for the linear  [Cp2U]4+ 

fragment in D5h symmetry

This observation clearly defines an isolobality between the 
Oxo-ligand and the Cyclopentadienyl  one as proposed by 
Hoffmann [18]. Thus, in this paper, the isolobality between the 
uranyl  and  uranocene  systems  has  been  investigated  by 
theoretical  approaches.  Five coordinated U(IV),  U(V)  and 
U(VI) complexes of both types have been investigated and 
found  to  be  structurally  stable.  In  a  first  part,  test 
calculations on the choice of the core size of the uranium 
ECP have been carried out on [UO2L5]3-. For that purpose, 

the  possibility  of  obtaining  either  cyanide  or  isocyanide 
compounds as well as cyanate or isocyanate complexes has 
been explored. This was related to the difference of results 
obtained by Clavaguerra-Sarrio et al. [19] and Sonneberg et al. 
[20].  In the case of UO2L2,  the isocyanide compounds was 
found to be more energetically stable whereas the cyanide 
one was obtained for [UO2L5]3-.  The results are compared 
with  the  experimental  structures  when  known  and  the 
structure of linear Cp2U(VI) complex is proposed. Moreover, 
structurally stable linear uranocene structures are proposed 
in the case of isocyanate auxiliary ligands.

Computational Details
Uranium has been represented by either a very small core 
RECP [21] (32 valence electrons) or a small-core RECP[22] (14 
valence electrons) extracted by the Stuttgart-Dresden-Bonn 
group in combination with the corresponding basis set (up to 
g functions). Carbon, nitrogen, oxygen and hydrogen have 
been represented by either an all-electron, double-  quality,ζ  
6-31G(d,p)  basis  set[23] or  an  ECP  for  Carbon,  nitrogen, 
oxygen  in  combination  with  the  adapted  basis  set  [24]. 
Calculations have been carried out at the DFT(B3LYP and 
B3PW91)  level[25,26,27]  of  theory  with  Gaussian  03.[28] The 
nature of the extrema has been established with analytical 
vibrational frequency calculations. The reaction enthalpy has 
been calculated at 298 K using the harmonic approximation.

Results and Discussion
Test calculations on [UO2L5]3- with L= CN-, NC-, OCN-, 
NCO-. 

In  order  to  perform  calculations  on  the  Cp2U 
system, the possibility of performing the calculations with 
the small core ECP (14 valence electrons) has been tested. 
Geometry optimisation were carried out on [UO2L5]3- with 
L=CN- and NCO- using both small core and very small core 
ECPs.  These  two  compounds  were  considered  since 
experimental data are available  [13,14]. The geometries of the 
optimized complexes are presented in figures 4 and 5. The 
key geometrical parameters as well as the experimental ones 
are  reported  in  table  1.  As  can  be  seen,  the  geometries 
obtained are in very good agreement with each other as well 
as with the experimental results. 

32 valence electrons RECP 14 valence electrons RECP

Figure 4: Optimized structure of [UO2(CN)5]3- (upper part) 
and [UO2(NC)5]3- (lower part) at the DFT(B3LYP) level 

using two different RECP



Indeed, the U-O distance differs by 0.02 Å and the U…C 
ones by only 0.04 Å for the [UO2(CN)5]3- complex optimized 
at the two levels of theory. Comparing with experiment, the 
major discrepancy is found to be 0.01Å for the U-O and U…
C distances and around 0.02Å for C-N. A similar result is 
obtained for the isocyanate complex. Indeed, the difference 
obtained with both RECP is  in  the same range as  for the 
cyanide  complex:  0.02  –  0.03  Å  for  the  U-O  and  U…N 
distances,  respectively.  The  comparison  with  the 
experimental structure is more complicated since only two 
isocyanates  are  coordinated  and  two  phosphine  oxides. 
Thus,  the  optimized  U…N  distances  are  found  to  be 
underestimated by 0.2 Å. In order to verify the validity of 
the  DFT  approach  in  reproducing  geometries  of  uranium 
complexes,  the  experimental  isocyanate  complex  has  also 
been  optimized  (the  Me  groups  on  the  nitrogen  were 
replaced by hydrogens). The U…N distance as well as the 
U…O one are found to be in excellent agreement with the 
experiment (U…N B3LYP 2.379 Å, B3PW91: 2.351 Å, exp: 
2.336 Å and U…O B3LYP: 2.367 Å,  B3PW91:  2.354 Å, 
exp:  2.277  Å).  The  geometry  were  optimized  either  with 
B3LYP or  B3PW91 functional  and  the  results  are  almost 
identical. The energetic difference between a cyanate and an 
isocyanate  complex  has  also  been  investigated  for  the 
experimental complex. Experimentally, only the isocyanate 
complex has been reported. The calculation finds the cyanate 
complex  to  be  22.5  kcal.mol-1 higher  in  energy  than  the 
corresponding isocyanate one. This is in agreement with the 
experimental  data  since  no  cyanate  complex  has  been 
reported  and  thus  the  validity  of  the  theoretical  approach 
used hereafter has been demonstrated. 
The difference between both types of calculation (small core 
ECPs  and  very  small  core  ECPs)  can  be  explained  by  a 
slightly better treatment of core-valence interaction with the 
very small  core ECP since  the whole  5 shell  is  explicitly 
included in the calculation which is  not  the case with the 
small core one.
From an  energetic  point  of  view,  the  coordination  of  the 
anionic auxiliary ligand in the equatorial plane is calculated 
to  be very favourable.  Indeed,  the  total  binding energy is 
calculated to be -447.0 kcal.mol-1 and -438.0 kcal.mol-1 for 
the  isocyanate  and  cyanide  ligands  respectively  using  the 
very small core RECP. For comparison, the binding energies 
are  found  to  be  433.0  kcal.mol-1 and   420.0  kcal.mol-1 , 
respectively,  using  the  small  core  ECP. These  results  are 
found to be in fair agreement with each other. The binding 
energy is obtained by computing the free energy of reaction 
in the gas phase of the reaction (equation 1):

UO2
25L− [UO2 L5 ]

3 −
             equation 1 

It should be kept in mind at this stage that the absolute value 
is clearly overestimated since no solvent effects have been 
considered that should favour the left-hand side of equation 
1.  However, this favourable coordination can be explained 
by  the  important  electrostatic  interaction  between  the 
cationic uranium centre and the anionic ligand. This would 
clearly  not  be  overcome  by  solvation  effects.  This 
interaction  overcomes  both  the  electrostatic  repulsion 
between two auxiliary ligands and the entropic loss due to 
coordination.

To ensure the comparison between the two RECP 
as well as to study the possibility of both type of 

coordination proposed in the literature [19,20], the geometry of 
isocyanide and cyanate complexes has been optimized 
(figure 4 and 5). For the later, a similar study was already 
done for the experimental system reported by Crawford et 
al. and a preference for the isocyanate complex by more 
than 20 kcal.mol-1 is found. 
In the isocyanide case, both structures have been optimized 
as  minimum  on  the  potential  energy  surface.  This  is  in 
agreement with the earlier work by Clavaguerra-Sarrio et al. 
[19] and Sonnenberg et al.  [20]. From the geometrical point of 
view, as expected, the U…N distance is found to be smaller 
than the U…C one by roughly 0.1Å. This can be explained 
by two facts. First, the nitrogen lone pair is found to be more 
localized then the carbon one in the cyanide ligand, as might 
be expected given the higher effective nuclear charge for N 
than for C, so that the interaction between the lone pair on 
the ligand and an empty orbital on the uranium centre should 
be  at  shorter  distance.  Secondly,  the  interaction  in  the 
isocyanide complex should overcome the attractive charge-
dipole  interaction  present  in  the  cyanide  case.  From  the 
energetic point of view, the cyanide complex is found to be 
more  structurally  stable  than  the  isocyanide  one  by  17 
kcal.mol-1.  This  result  is  in  agreement  with  the  work  of 
Sonnenberg et al. who reported that the more stable structure 
in pentacoordination is found with a cyanide ligand and the 
change in stability between the cyanide and the isocyanide 
was found for a tetracoordination.

32 valence electrons RECP 14 valence electrons RECP

Figure 5: Optimized structure of [UO2(NCO)5]3- (upper part) 
and [UO2(OCN)5]3- (lower part) at the DFT(B3LYP) level 

using two different RECP

Concerning  the  cyanate/isocyanate  coordination  problem, 
the situation is  somewhat different.  Using both RECP, the 
cyanate complex is not found as a minimum. The structure 
presented on figure 5 exhibits 5 or 6 imaginary vibrational 
frequencies.  Thus  only  the  isocyanate  compound  is 
structurally stable, in agreement with the work of Crawford 
et al. [14]. 
To  conclude,  the  use  of  small  core  RECP  leads  to 
satisfactory results for the uranyl complexes so that such an 
ECP will be used in the following, in particular, for the Cp2U 
complexes. Moreover, test calculations on the choice of the 
functional  (B3LYP or B3PW91) has given results  in good 
agreement with each other. The results are, as expected, not 
strongly dependant on the choice of the functional. Thus, in 
the  following,  the  calculations  will  be  performed  either 
using one or the other functional. 



U-O U…L N-C
[UO2(CN)5]3- (32e ECP) 1.789 2.653 1.180
[UO2(CN)5]3- (14e ECP) 1.761 2.691 1.180

[UO2(CN)5]3- exp. 1.772  From 2.549 to 2.579 From 1.156 to 1.166

[UO2(NCO)5]3- (32e ECP) 1.791 2.506 1.190
[UO2(NCO)5]3- (14e ECP) 1.763 2.526 1.191

UO2(NCO)2(OP(NR2)3)2 exp. 1.765 2.336 1.145

Table 1: Key geometrical parameters of the optimized structures as well as the experimental ones. Distances are given in Å

Calculations on [UO2L 5]q- q=3-5 with L= CN-, NCO-. 
In  this  section,  the  structure  obtained  for  U(IV), 

U(V)  and  U(VI)  derivatives  of  the  uranyl  ion  will  be 
presented. The discussion on the stability will be proposed 
in  another  section  by  comparison  with  the  Cp2U  linear 
system. Geometry optimisations have been performed at the 
DFT level for [UO2L5]5-,  [UO2L5]4- and [UO2L5]3- with the 
cyanide and the isocyanate ligands. The optimised structures 
are presented in figures 6 (cyanide) and 7 (isocyanate) and 
the key geometrical parameters in table 2. 

[UO2(CN)5]
4- [UO2(CN)5]

3-

Figure 6: DFT Optimised structures of the U(V) and U(VI) 
cyanide complexes

It  should be noticed at  this  stage that  the  complexes  are 
highly negatively charged so that the geometry optimisation 
has been difficult to perform. In particular, in the U(IV) case 
(charge  of  -5),  the  structures  were  impossible  to  obtain. 
From an  experimental  point  of  view,  the  UO2 moiety  is 
difficult to dissolve so that such a structure would certainly 
never been observed. 

[UO2(NCO)5]
4- [UO2(NCO)5]

3-

Figure 7: DFT Optimised structures of the U(IV), U(V) and 
U(VI) isocyanate complexes

For  the  U(VI)  complexes,  it  should  be  noticed  that  the 
coordination of the ligand leads to an appreciable elongation 
of  the  U-O bond  by  0.08Å.  Thus,  the  coordination  of  a 
strong anionic  σ donor in the equatorial plane results in a 
weakening of the strong -yl bond, so the U-O bond would be 
more reactive.

U-O U…L N-C
[UO2(CN)5]4- 1.803 3.029 1.186
[UO2(CN)5]3- 1.761 2.691 1.180

[UO2(NCO)5]4- 1.808 2.783 1.190
[UO2(NCO)5]3- 1.763 2.526 1.191

Table 2: Key geometrical parameters of the optimized 
structures. Distances are given in Å

A similar result  is obtained in the U(V) case. The ligand 
coordination  weakens  the  U-O  bond  since  the  bond  is 
elongated by 0.06Å. From the energetic point of view, the 
coordination  according  to  equation  1  is  calculated  to  be 
endergonic by 83.2 and 67.7 kcal.mol-1 for the isocyanate 
and the cyanide complexes, respectively. These results have 
to be compared with the coordination energies for the U(VI) 
which were highly exergonic (around 440 kcal.mol-1). The 
difference between the two results can be attributed to the 
longer U…L distances found and a lower positive charge of 
the  uranium  centre,  leading  to  a  lower  electrostatic 
interaction. Moreover, in the U(V) case, there is an unpaired 
electron that is leading to an electronic repulsion with the 
ligand lone pairs. However, such a structure is found to be a 
minimum on the potential energy surface and under specific 
experimental  conditions U(V) complexes may be isolable. 
Using a similar argument, the U(IV) complexes should be 
even  less  structurally  stable  than  the  U(V)  ones,  in 
agreement with the fact that the geometry optimisation was 
not possible. 

Comparing  the  two  ligands,  it  should  be  noticed 
that the U…L distances are found to be systematically lower 
for the isocyanate ligand than for the cyanide one. This can 
simply  be  explained  by  the  difference  of  dipole  moment 
between the two ligands. The calculated dipole moments are 
found to be equal to 0.0173 D for the cyanide and 1.5061 D 
for the isocyanate ion. Thus, for the later, a stronger charge-
dipole  interaction  is  obtained  leading  to  a  smaller  U…L 
distance. Thus, isocyanate ligands are found to be slightly 
better ligand than the cyanide ones for uranyl complexes in 
terms  of  charge-dipole  interaction,  leading  to  stronger 
coordination.  A  similar  study  has  been  performed on  the 
Cp2UL5 family.

Calculations on [Cp2UL 5]q- q=1-3 with L= CN-, NCO-. 
Geometry  optimisations  have  been  performed  on 

the U(IV), U(V) and U(VI) linear uranocene complexes for 
both  ligands.  The  optimized  geometries  are  presented  in 
figures  8  (cyanide  complexes)  and  9  (isocyanate 
complexes). The key geometrical parameters are reported in 
table 3.

[Cp2U(CN)5]
3- [Cp2U(CN)5]

2- [Cp2U(CN)5]
-

Figure 8: DFT optimised geometry of the cyanide 
complexes



Let us start by analyzing the cyanide complexes. The U(IV) 
and  U(V)  systems  are  known  experimentally  [17].  The 
optimized  geometries  are  in  good  agreement  with  the 
experimental ones. The U…L distances are well reproduced 
with a maximum discrepancy of 0.05  Å in the U(IV) case. 
The U-X distances are much more complicated to compare 
since  the  experimental  structures  were  obtained  with 
Cp*(C5Me5)  ligands  and  the  calculations  were  performed 
with Cp(C5H5). Thus, for steric reasons, the optimized U-X 
distances are expected to be shorter than the experimental 
ones.  This  is  what  we find.  It  should be  noticed  that  the 
short  U-X  distances  is  not  influencing  the  cyanide 
coordination to the uranium centre. This clearly means that 
the  cyanide  coordination  is  driven  by  electronic  effects 
whereas the U-X distances are mainly affected by the steric 
influence  of  the  methyl  groups.  To summarize,  the  linear 
structure  was  found  to  be  possible  for  pentacoordinated 
uranium complexes according to the MO diagram (figure 3). 
Indeed,  the  use  of  the  5f  orbitals  to  make  the  bonding 
induces the presence of seven nonbonding orbitals for the 
Cp2U fragment with five pointing in the equatorial plane and 
two out  of  the  plane.  Thus,  from a  MO point  of  view, a 
pentacoordinated complex with a maximum of two unpaired 
electrons can adopt a linear structure. It means that U(IV), 
U(V)  and  U(VI)  can  adopt  such  a  structure.  It  was  also 
shown that  in  the case of  U(IV),  the presence of  the two 
unpaired  electrons  on  the  uranium  centre  induces  an 
electrostatic  repulsion  with  the  lone  pairs  located  on  the 
ligands,  so both linear and bent structures  can exist.  This 
repulsion becomes smaller when going from U(IV) to U(V) 
so that  the later is  experimentally found to be stable in a 
linear form.

U-X
(Cp centroid)

U…L N-C

[UCp2(CN)5]3- 2.547 2.673 1.176
[UCp2(CN)5]2- 2.485 2.559 1.174
[UCp2(CN)5]- 2.436 2.477 1.176

[UCp2(NCO)5]3- 2.573 2.540 1.191
[UCp2(NCO)5]2- 2.526 2.421 1.195
[UCp2(NCO)5]- 2.491 2.330 1.200

Table 3: Key geometrical parameters of the optimized 
structures. Distances are given in Å

Following this argument, the repulsion is non-existent in the 
U(VI) case, so that the linear complex should be structurally 
the most  stable  of  the  series.  From a  theoretical  point  of 
view, such a structure has been optimized. As expected, the 
U-X and the U…L distances are calculated to  be smaller 
than  in  the  corresponding  ones  for  the  U(IV)  and  U(V) 
complexes. This can be explained both by the increase of the 
positive charge at the uranium centre and also by the non-
existence of the electrostatic repulsion between the lone pair 
on  the  ligand  and  the  uranium  unpaired  electrons. 
Experimental  work  is  in  progress  to  generate  such  a 
complex  that  would  be  the  first  linear  organometallic 
complex of U(VI).

Since it was shown in the first part of the paper that 
the  coordination  of  five  isocyanate  ligands  to  the  uranyl 

moiety  was  even  more  exergonic  than  of  cyanide,  the 
possibility of obtaining structurally stable linear uranocene 
with  five  isocyanates  in  the  equatorial  plane  has  been 
investigated.  The  optimised  structures  are  presented  on 
figure  9.  As  expected,  it  has  been  possible  to  obtain 
structurally  stable  structures  for  U(IV),  U(V)  and  U(VI). 
This finding is in agreement with the MO diagram (figure 3) 
and the argument proposed for the cyanide case.

[Cp2U(NCO)5]
2- [Cp2U(NCO)5]

-[Cp2U(NCO)5]
3-

Figure 9: DFT optimised structures of the isocyanate 
complexes

In terms of geometry, a similar variation is observed with 
respect to the oxidation state of the uranium centre as for the 
cyanide  complexes.  The  distances  are  decreasing  as 
expected and following the argument  stated  before.  For a 
given oxidation state,  it  should be  noticed  that  the  U…L 
distance  as  well  as  the  U-X  distances  is  smaller  for  the 
isocyanate  ligand  than  for  the  cyanide.  This  was  already 
observed in the uranyl derivatives case and attributed to a 
better charge-dipole interaction with the isocyanate ligand.
As for the U(VI) linear uranocene complex of cyanide, the 
three  isocyanate  linear  complexes  are  predicted  to  be 
structurally stable.

Comparison of the two types of systems.
Comparing the two families of  systems a parallel 

seems to be drawn since U(VI) and U(V) linear systems are 
predicted to be structurally stable from our computational 
point of view. The validity of the isolobality concept is these 
examples is thus firmly established. The comparison of the 
MO diagrams clearly shows that both uranyl and uranocene 
derivatives  should  exhibit  a  similar  stability.  The  same 
number of non-bonding orbitals is found for both systems, 
so a system existing for one family should also exists in the 
other  family.  This  has  been  verified  in  the  cases  of 
[UO2(CN)5]4- where the linear Cp2-homologue exists and for 
[Cp2U(CN)5]- where the uranyl equivalent is also structurally 
stable.   Considering  this  similarity  of  the  MO  diagrams, 
[UO2(CN)5]5- would be structurally stable but here, the limit 
of a pure covalent model applies. Even though the orbital 
interaction is favourable, the electrostatic repulsion between 
ligands  and  the  electron-electron  repulsion  between  lone 
pairs on the ligands and the unpaired uranium electrons have 
to be taken into account.
On the other hand, the MO diagrams show that every ligand 
possessing  a  lone  pair  can  in  principle  coordinate  in  the 
equatorial  plane  of  a  uranium  complex  of  both  families. 
Thus,  it  should be possible to obtain the linear uranocene 
structures  with  other  kind  of  ligands.  In  particular, 
isocyanate  can  possibly  be  used  for  such  a  purpose.  To 
overcome the problem of the electrostatic repulsion between 
ligands in the uranyl case, where it appears to be crucial, the 
use of neutral ligands can be considered. Work is in progress 
in that  direction: preliminary results  show that  the U(IV), 



U(V) and U(VI) uranyl-type pentacoordinated complexes of 
CO are structurally stable. 

Conclusion
In  this  paper,  we  have  reported  a  comprehensive 

study  of  pentacoordinated  cyanide  and  isocyanate  linear 
complexes of U(IV), U(V) and U(VI) with either two oxo 
ligands (uranyl-type) or two cyclopentadienyl ligands (Cp-
type).  In  a  first  part,  the  use  of  a  small  core  RECP (14 
electrons) to treat the uranium center has been checked and 
validated by comparison with either experimental structures 
or  very  small  core  RECP  (32  electrons)  results.  The 
possibility of getting either cyanide or isocyanide as well as 
cyanate or  isocyanate  complexes  has  been investigated.  It 
has  been  shown  that  the  cyanide  pentacoordination  is 
preferred but that the isocyanide is also a minimum whereas 
only the isocyanate complexation leads to a minimum on the 
PES.

Two  structurally  stable  structures  have  been 
predicted  with  cyanide  ligands:  [UO2(CN)5]4- and 
[Cp2U(CN)5]-.  Their  existence  has  been  rationalized  by 
analysis of the MO diagrams (figure 2 and 3) and follows 
the isolobality concept. In particular, the similarity between 
the two MO diagrams allows us to draw a parallel between 
the two families of complexes.

The influence of the electrostatic repulsion between 
anionic ligands has been considered to explain the difficulty 
of  characterizing  highly  negatively  charged  complexes  of 
uranyl-type. This was verified by test calculations using the 
neutral  ligand (CO). Work is  in progress  in  that  direction 
and the results will be presented in a forthcoming paper.
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❇✳✺ ❈♦♥❝❧✉s✐♦♥

❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ❧❡s str✉❝t✉r❡s é❧❡❝tr♦♥✐q✉❡s ❞❡s ♠ét❛❧❧♦❝è♥❡s ❝♦✉❞és [Cp⋆
2U(CN)3]

(5−p)−

❡t ❧✐♥é❛✐r❡s [Cp⋆
2U(CN)5]

(7−p)− ♦♥t été ❛♥❛❧②sé❡s q✉❛❧✐t❛t✐✈❡♠❡♥t ❡t q✉❛♥t✐t❛t✐✈❡♠❡♥t✳

❉✬❛♣rès ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s✱ ❞❛♥s ❝❡s ❝♦♠♣♦sés✱ ❧❡s ♦r❜✐t❛❧❡s 5f ❞❡ ❧✬✉r❛♥✐✉♠ ♣❛rt✐✲

❝✐♣❡♥t ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s ♠ét❛❧ ✲ ❧✐❣❛♥❞✳ ❊♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✱

♥♦✉s ❛✈♦♥s ♣✉ ♠♦♥tr❡r q✉❡ ❧❛ st❛❜✐❧✐té ❞❡s ♠ét❛❧❧♦❝è♥❡s ❧✐♥é❛✐r❡s ❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❡ ❞❡✲

❣ré ❞✬♦①②❞❛t✐♦♥ ❞❡ ❧✬✉r❛♥✐✉♠✳ ❈❡❝✐ ♣❡✉t êtr❡ ❡①♣❧✐q✉é ♣❛r ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ré♣✉❧s✐♦♥

é❧❡❝tr♦♥✐q✉❡ ❡♥tr❡ ❧❡s é❧❡❝tr♦♥s 5f ✱ ❧♦❝❛❧✐sés s✉r ❧✬✉r❛♥✐✉♠✱ ❡t ❧❡s ❧✐❣❛♥❞s✱ ❝❤❛r❣és ♥é❣❛t✐✈❡✲

♠❡♥t✳ P♦✉r ❧❛ ♠ê♠❡ r❛✐s♦♥✱ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ✐♥❞✉✐t ✉♥ r❡♥❢♦r❝❡♠❡♥t

❞❡ ❧❛ ❝♦✈❛❧❡♥❝❡✳ ❊♥✜♥✱ à ♣❛rt✐r ❞❡ ❝♦♥s✐❞ér❛t✐♦♥s ♦r❜✐t❛❧❛✐r❡s✱ ♥♦✉s ❛✈♦♥s ♣✉ ét❛❜❧✐r ✉♥❡

❛♥❛❧♦❣✐❡ ❡♥tr❡ ❧❡s ♠ét❛❧❧♦❝è♥❡s ❧✐♥é❛✐r❡s ❞✬✉r❛♥✐✉♠ ❡t ❧❡s ❝♦♠♣♦sés ❞❡ t②♣❡ [UO2L2]
9−p✱

♣♦✉r ❞❡s ❞❡❣rés ❞✬♦①②❞❛t✐♦♥ ■❱ à ❱■ ❞❡ ❧✬✉r❛♥✐✉♠✳ ◆♦✉s ❛✈♦♥s ❛✐♥s✐ ♣♦st✉❧❡r ❧❛ st❛❜✐✲

❧✐té ❞❡ ❝♦♠♣❧❡①❡s ❞✬✉r❛♥✐✉♠ ❝♦♠♣♦rt❛♥t ❝✐♥q ❧✐❣❛♥❞s ❝②❛♥✉r❡ ♦✉ ✐s♦❝②❛♥❛t❡ ❞❛♥s ❧❡ ♣❧❛♥

éq✉❛t♦r✐❛❧✳ ❊♥✜♥✱ ❣râ❝❡ à ❝❡tt❡ ét✉❞❡✱ ♥♦✉s ❛✈♦♥s ♣✉ ✐❧❧✉str❡r ❝♦♠♠❡♥t✱ à ♣❛rt✐r ❞❡ ❝♦♥s✐✲

❞ér❛t✐♦♥s ♦r❜✐t❛❧❛✐r❡s q✉❛❧✐t❛t✐✈❡s ❡t ❣râ❝❡ à ❧✬❛♥❛❧②s❡ q✉❛♥t✐t❛t✐✈❡ ❞❡s ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s

❛✉ ♥✐✈❡❛✉ ❉❋❚✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬❛♣♣ré❤❡♥❞❡r ❧❛ ♥❛t✉r❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ♠ét❛❧ ✲ ❧✐❣❛♥❞

❞❛♥s ❧❡s ❝♦♠♣❧❡①❡s ♠ét❛❧❧♦❝è♥❡s ❞✬✉r❛♥✐✉♠✳
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❈❤❛♣✐tr❡ ❈

❙tr✉❝t✉r❡ ❡t ré❛❝t✐✈✐té ❞❡s ❝♦♠♣❧❡①❡s

Cp
′
2UO ❡t Cp

′
2UNMe

❈✳✶ ■♥tr♦❞✉❝t✐♦♥ ❡t ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s

❈✳✶✳✶ ❈♦♥t❡①t❡

❆✐♥s✐ q✉❡ ♥♦✉s ❧✬❛✈♦♥s ♠❡♥t✐♦♥♥é ♣ré❝é❞❡♠♠❡♥t✱ ❧❛ ré❛❝t✐✈✐té ❞❡s ❝♦♠♣♦sés ♦r❣❛♥♦✲

♠ét❛❧❧✐q✉❡s ❞✬✉r❛♥✐✉♠ ❡st très r✐❝❤❡ ✿ s❡❧♦♥ ❧❛ ❧✐ttér❛t✉r❡✱ ✐❧s ♣❡✉✈❡♥t r♦♠♣r❡ ❞❡s ❧✐❛✐s♦♥s

s✐♠♣❧❡s ❞❡ t②♣❡ C − H✱ C − N ✱ ❡t C − O ❬✶✾✻✕✶✾✾❪✳ ▲✬✐♥s❡rt✐♦♥ ❞❡ ♥✐tr✐❧❡s ❞❛♥s ❞❡s

❧✐❛✐s♦♥s U − R ✭R = ❣r♦✉♣❡ ❛❧❦②❧❡ ♦✉ ❛r②❧❡✮ ❛ é❣❛❧❡♠❡♥t été r❡♣♦rté❡ ❬✷✵✵❪✳ ❊♥✜♥✱ ❞❛♥s

❝❡rt❛✐♥s ❝❛s✱ ✐❧ ❛ été ♠♦♥tré q✉❡ ❧❡s ❝♦♠♣♦sés ❞✬✉r❛♥✐✉♠ ♣❡✉✈❡♥t ré❛❣✐r ❛✈❡❝ CO✱ CO2

❡t ❧✬✐♦♥ ❛③✐❞❡ N−
3 ❬✷✵✶✕✷✵✸❪✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❛ ré❛❝t✐✈✐té ❝❛t❛❧②t✐q✉❡✱ ❧❡s ❝♦♠♣❧❡①❡s

Cp⋆
2UMe2 ❡t [(Et2N)3U ]BPh4 s♦♥t ❞✬❡①❝❡❧❧❡♥ts ❝❛t❛❧②s❡✉rs ♣♦✉r ❧✬♦❧✐❣♦♠ér✐s❛t✐♦♥ ❡t ❧✬❤②✲

❞r♦❢♦♥❝t✐♦♥♥❛❧✐s❛t✐♦♥ ❞✬❛❧❝②♥❡s t❡r♠✐♥❛✉① ❬✶✾✾❪✳ ■❧s ♣❡r♠❡tt❡♥t é❣❛❧❡♠❡♥t ❞❡ ❝❛t❛❧②s❡r ❧❛

♣♦❧②♠ér✐s❛t✐♦♥ ♣❛r ♦✉✈❡rt✉r❡ ❞❡ ❝②❝❧❡ ❞❡ ❧❛❝t♦♥❡s ❡t ❞❡ ❧❛❝t✐❞❡s ❬✷✵✹❪✱ ❡t✱ ❡♥ ♣rés❡♥❝❡ ❞✬✉♥

❝♦❝❛t❛❧②s❡✉r✱ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡s α−♦❧é✜♥❡s✳

▲❡s ♠é❝❛♥✐s♠❡s ré❣✐ss❛♥t ❧❛ ré❛❝t✐✈✐té ❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞✬✉r❛♥✐✉♠

r❡st❡♥t t♦✉t❡❢♦✐s ♠❛❧ ❝♦♥♥✉s✳ ❊♥ ❡✛❡t✱ ❧❛ ♣❛rt✐❝✐♣❛t✐♦♥ ❞❡s é❧❡❝tr♦♥s 5f ❛✉① ❧✐❛✐s♦♥s ❝❤✐✲

♠✐q✉❡s ♣❡✉t ❡♥tr❛î♥❡r ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ♥♦✉✈❡❛✉① ♠♦❞❡s ❞❡ ❝♦♦r❞✐♥❛t✐♦♥ ❡t ❞❡ ré❛❝t✐♦♥✳

❉❡ ♣❧✉s✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉① ❧❛♥t❤❛♥✐❞❡s✱ ❧✬✉r❛♥✐✉♠ ❡st st❛❜❧❡ ❡♥ ❝❤✐♠✐❡ ♦r❣❛♥♦♠ét❛❧❧✐q✉❡

à ♣❧✉s✐❡✉rs ❞❡❣rés ❞✬♦①②❞❛t✐♦♥✳ ▲❡s ❝♦♠♣♦sés ❞✬✉r❛♥✐✉♠ ♣❡✉✈❡♥t ❞♦♥❝ ré❛❣✐r s♦✐t ♣❛r

✉♥ ♠é❝❛♥✐s♠❡ ❞❡ ♠ét❛t❤ès❡✱ s♦✐t ♣❛r ✉♥ ♠é❝❛♥✐s♠❡ ❞✬❛❞❞✐t✐♦♥ ♦①②❞❛♥t❡ ✲ é❧✐♠✐♥❛t✐♦♥

ré❞✉❝tr✐❝❡✳

▲❡s tr❛✈❛✉① t❤é♦r✐q✉❡s ❝♦♥❝❡r♥❛♥t ❧❛ ré❛❝t✐✈✐té ❞❡ ❝♦♠♣❧❡①❡s ❞✬✉r❛♥✐✉♠ s♦♥t r❛r❡s✳ ❊♥

❡✛❡t✱ ❧❛ t❛✐❧❧❡ ❞❡s s②stè♠❡s ❝♦♥s✐❞érés ✐♥t❡r❞✐t ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s ♠ét❤♦❞❡s ♣♦st✲❍❛rtr❡❡✲❋♦❝❦

♠✉❧t✐ré❢ér❡♥t✐❡❧❧❡s ♣♦✉r ❧✬♦♣t✐♠✐s❛t✐♦♥ ❞❡s ❣é♦♠étr✐❡s ❡t ❧❡ ❝❛❧❝✉❧ ❞❡s ❣r❛♥❞❡✉rs ré❛❝t✐♦♥✲

✷✵✸



♥❡❧❧❡s✳ ▲✬❡♠♣❧♦✐ ❞❡ ❧❛ ❉❋❚ ❡st ❛❧♦rs ❧❛ s❡✉❧❡ ♦♣t✐♦♥✳ ❙❡❧♦♥ ❧❛ ❧✐ttér❛t✉r❡✱ ❝❡tt❡ ♠ét❤♦❞❡

♣❡r♠❡t ❞✬♦❜t❡♥✐r ❞❡s ❣é♦♠étr✐❡s ❡♥ ❜♦♥ ❛❝❝♦r❞ ❛✈❡❝ ❧✬❡①♣ér✐❡♥❝❡ ❡t ❞❡s s❝❤é♠❛s ❞❡ ❧✐❛✐s♦♥

♣❡rt✐♥❡♥ts ❬✻✻✕✻✾❪✳ ❊❧❧❡ ❛ t♦✉t❡❢♦✐s ♣❡✉ été t❡sté❡ ♣♦✉r ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ♠é❝❛♥✐s♠❡s

ré❛❝t✐♦♥♥❡❧s ❡t ❧❡ ❝❛❧❝✉❧ ❞❡ ❣r❛♥❞❡✉rs t❤❡r♠♦❞②♥❛♠✐q✉❡s ❡t ❝✐♥ét✐q✉❡s✳

❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧✬éq✉✐♣❡ ❡①♣ér✐♠❡♥t❛❧❡ ❘✳ ❆✳ ❆♥❞❡rs❡♥✱ ♥♦✉s

♥♦✉s ✐♥tér❡ss❡r♦♥s à ❧❛ ré❛❝t✐✈✐té ❞❡ ❞❡✉① ❝♦♠♣❧❡①❡s ❞✬✉r❛♥✐✉♠ ✭■❱✮ ✿ ❧❡s ❝♦♠♣♦sés Cp
′

2UO

❡t Cp
′

2UNMe ✭Cp
′

= η5−1, 2, 4− (Me3C)3C5H2✱ Me = CH3✮✳ ❈❡tt❡ ét✉❞❡ ♥♦✉s ♣❡r♠❡t✲

tr❛ ❞❡ ✈ér✐✜❡r s✐ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ❉❋❚ ❡st ❡✣❝❛❝❡ ♣♦✉r ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❡t ❧❛ ✈❛❧✐❞❛t✐♦♥

❞❡ ♠é❝❛♥✐s♠❡s ré❛❝t✐♦♥♥❡❧s ❞❡ ❝♦♠♣❧❡①❡s ❞✬✉r❛♥✐✉♠✳ ❈❡ tr❛✈❛✐❧ ❛ ❢❛✐t ❧✬♦❜❥❡t ❞✬✉♥❡ ♣✉❜❧✐✲

❝❛t✐♦♥ ❬✶✾✹❪✳

❈✳✶✳✷ ❉♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s

❙②♥t❤ès❡ ❞❡ Cp
′

2
UO ❡t Cp

′

2
UNMe

▲❡s ❝♦♠♣❧❡①❡s Cp
′

2UO ❡t Cp
′

2UNMe ♦♥t été s②♥t❤ét✐sés ♣❛r ❧✬éq✉✐♣❡ ❡①♣ér✐♠❡♥t❛❧❡s

❞❡ ❘✳ ❆✳ ❆♥❞❡rs❡♥✳ ▲❛ s②♥t❤ès❡ s✬❡✛❡❝t✉❡ s❡❧♦♥ ❧❡s ♣r♦t♦❝♦❧❡s s✉✐✈❛♥ts ❬✶✽✾✱✷✵✺❪ ✿

Cp
′

2
UO ▲❛ ré❛❝t✐♦♥ ❞❡ ❧❛ ♣②r✐❞✐♥❡ ◆✲♦①②❞❡ s✉r ❧❡ ❝♦♠♣❧❡①❡Cp

′

2U✭❜✐♣②r✐❞✐♥❡✮ ♣❡r♠❡t

❞❡ ❢♦r♠❡r ❧❡ ❝♦♠♣♦sé Cp′2UO✭♣②✮ ✭❝❢✳ ✜❣✉r❡ ❈✳✶✮✳ ▲✬❛❥♦✉t ❞❡ ❧❛ ✹✲✭N, N ✲❞✐♠❡t❤②❧❛♠✐♥♦✮♣②r✐❞✐♥❡

✭❞♠❛♣✮ ❞é♣❧❛❝❡ ❧❛ ♣②r✐❞✐♥❡ ❡t ❞♦♥♥❡ ❧❡ ❝♦♠♣❧❡①❡ Cp
′

2UO✭❞♠❛♣✮✱ ❞♦♥t ❧❛ str✉❝t✉r❡ ❘❳ ❛

♣✉ êtr❡ ét❛❜❧✐❡✳ ❆✜♥ ❞❡ ♣ré♣❛r❡r ❧❡ ❝♦♠♣❧❡①❡ Cp
′

2UO s❛♥s ❜❛s❡✱ ❧❡s ❝♦♠♣♦sés Cp
′

2UO✭♣②✮

♦✉ Cp
′

2UO✭❞♠❛♣✮ s♦♥t ♠✐s ❡♥ ♣rés❡♥❝❡ ❞❡ BPh3 ❞❛♥s ❧❡ t♦❧✉è♥❡✱ ❝❡ q✉✐ ❡♥tr❛î♥❡ ❧❛ ♣ré✲

❝✐♣✐t❛t✐♦♥ ❞❡ BPh3✭♣②✮ ♦✉ BPh3✭❞♠❛♣✮ ❀ ❧❡ ❝♦♠♣❧❡①❡ Cp
′

2UO ♣❡✉t ❛❧♦rs êtr❡ ✐s♦❧é✳ ❙❡❧♦♥

❧❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉①✱ Cp
′

2UO ❡st ♠♦♥♦♠ér✐q✉❡ ❡♥ ♣❤❛s❡ ❣❛③❡✉s❡✳

❋✐❣✳ ❈✳✶✿ ❙②♥t❤ès❡ ❞❡ Cp′2UO à ♣❛rt✐r ❞❡ Cp′2U✭❜✐♣②r✐❞✐♥❡✮

✷✵✹



Cp
′

2
UNMe ▲❛ ♣r❡♠✐èr❡ ét❛♣❡ ❞❡ ❧❛ s②♥t❤ès❡ ❝♦♥s✐st❡ à ♣ré♣❛r❡r ❧❡ ❞✐❛♠✐❞❡ Cp

′

2U(NHMe2)

à ♣❛rt✐r ❞✉ ❝♦♠♣♦sé Cp
′

2UMe2 ❡t ❞❡ ❧❛ ♠ét❤②❧❛♠✐♥❡ H2NMe✳ ❈❡ ❝♦♠♣♦sé✱ ♠✐s ❡♥ s♦✲

❧✉t✐♦♥ ❞❛♥s ❧❡ ❜❡♥③è♥❡✱ ❡st ❡♥ éq✉✐❧✐❜r❡ ❛✈❡❝ Cp
′

2UNMe✱ q✉✐ ♣❡✉t ❛❧♦rs êtr❡ ✐s♦❧é ❡t

♣✉r✐✜é✳ ❉✬❛♣rès ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✱ Cp
′

2UNMe ❡st ♠♦♥♦♠ér✐q✉❡ ❡♥ ♣❤❛s❡ ❣❛✲

③❡✉s❡✳ ❈❡ ❝♦♠♣❧❡①❡ ♥✬❛ ♣❛s été ❝r✐st❛❧❧✐sé ❀ ❝❡♣❡♥❞❛♥t✱ ❧❡ ❝♦♠♣♦sé Cp
′

2UN✭♣✲t♦❧②❧✮ ✭♣✲

t♦❧②❧= ♣❛r❛− MeC6H4✮✱ ♣ré♣❛ré ❞❡ ❢❛ç♦♥ ✐❞❡♥t✐q✉❡✱ ❛ ♣✉ êtr❡ ❝r✐st❛❧❧✐sé ❡t ❡st ♠♦♥♦♠é✲

r✐q✉❡ à ❧✬ét❛t s♦❧✐❞❡✳

❙tr✉❝t✉r❡

❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ♠❡♥t✐♦♥♥é ♣ré❝é❞❡♠♠❡♥t✱ ❧❡s ❝♦♠♣❧❡①❡s Cp
′

2UO ❡t Cp
′

2UNMe

♥✬♦♥t ♣❛s été ❝r✐st❛❧❧✐sés✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❛ str✉❝t✉r❡ ❘❳ ❞❡s ❝♦♠♣♦sés Cp
′

2UO✭❞♠❛♣✮

❡t Cp
′

2UN✭♣✲t♦❧②❧✮ ❛ ♣✉ êtr❡ ét❛❜❧✐❡ ❡t ❡st ♣rés❡♥té❡ ✜❣✉r❡ ❈✳✷✳ ▲❡s ♣r✐♥❝✐♣❛✉① ♣❛r❛✲

♠ètr❡s str✉❝t✉r❛✉① s♦♥t r❛ss❡♠❜❧és ❞❛♥s ❧❛ t❛❜❧❡ ❈✳✶✳ ❉❛♥s ❧❛ s✉✐t❡✱ ♥♦✉s s✉♣♣♦s❡r♦♥s

q✉❡ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s str✉❝t✉r❛❧❡s ❞❡ Cp
′

2UO ❡t Cp
′

2UNMe s♦♥t ♣r♦❝❤❡s ❞❡ ❝❡❧❧❡s ❞❡

Cp
′

2UO✭❞♠❛♣✮ ❡t Cp
′

2UN✭♣✲t♦❧②❧✮ r❡s♣❡❝t✐✈❡♠❡♥t✳

❋✐❣✳ ❈✳✷✿ ❙tr✉❝t✉r❡s ❘❳ ❞❡s ❝♦♠♣♦sés Cp′2UO✭❞♠❛♣✮ ✭❣❛✉❝❤❡✮ ❡t Cp′2UN✭♣✲t♦❧②❧✮ ✭❞r♦✐t❡✮

◆♦✉s ♣♦✉✈♦♥s r❡♠❛rq✉❡r q✉❡ ❧❛ ❞✐st❛♥❝❡ U...O ❞❛♥s Cp
′

2UO✭❞♠❛♣✮ ❡st éq✉✐✈❛❧❡♥t❡ ❛✉①

❞✐st❛♥❝❡s U...O ❞❛♥s ❧❡s ❝♦♠♣❧❡①❡s Cp⋆
2U(O)(O−2, 6− iPr2C6H3) ❡t Cp⋆

2U(O)(N −2, 6−
iPr2C6H3)✱ ♦❜t❡♥✉s ♣❛r ❧✬éq✉✐♣❡ ❞❡ ❈✳ ❇✉r♥s✱ ❞❛♥s ❧❡sq✉❡❧s ❧✬✉r❛♥✐✉♠ ❡st r❡s♣❡❝t✐✈❡♠❡♥t

❛✉① ❞❡❣rés ❞✬♦①②❞❛t✐♦♥ ✰❱ ❡t ✰❱■ ❬✷✵✻❪✳ ❊♥ r❡✈❛♥❝❤❡✱ ❡❧❧❡ ❡st s✉♣ér✐❡✉r❡ ❛✉① ❞✐st❛♥❝❡s

U...O ❞❛♥s ❧❡s s❡❧s ❞✬✉r❛♥②❧❡ UO2+
2 ✱ q✉✐ s❡ s✐t✉❡♥t ❡♥tr❡ ✶✳✼✵ ❡t ✶✳✼✻ ➴ ❬✼✼❪✳

❉❛♥s ❧❡ ❝♦♠♣❧❡①❡ Cp
′

2UN✭♣✲t♦❧②❧✮✱ ❧❛ ❞✐st❛♥❝❡ U...N ❡st ❞✉ ♠ê♠❡ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r

q✉❡ ❝❡❧❧❡s ♦❜s❡r✈é❡s ❞❛♥s ❧❡ ❝♦♠♣❧❡①❡ ❞✬✉r❛♥✐✉♠ ✭■❱✮ Cp⋆
2U(N − 2, 4, 6 − (tBu)3C6H2)

❬✶✽✼❪ ❡t ❞❛♥s ❧❡s ❝♦♠♣♦sés ❞✬✉r❛♥✐✉♠ ✭❱■✮ Cp⋆
2U(O)(N − 2, 6 − iPr2C6H3) ❬✷✵✻❪ ❡t

✷✵✺



Cp′2UO✭❞♠❛♣✮ Cp′2UN✭♣✲t♦❧②❧✮
U...O ♦✉ U...N U...O ✶✳✽✻✵✭✸✮ ✶✳✾✽✽✭✺✮

U...N ✷✳✺✸✺✭✹✮
U − N − CH3 ✴ ✶✼✷✳✸✭✺✮

❁U...Cp′(cent)❃ ✷✳✻✶ ✷✳✺✸
Cp′(cent) − U − Cp′(cent) ✶✹✷ ✶✹✷

❚❛❜✳ ❈✳✶✿ Pr✐♥❝✐♣❛✉① ♣❛r❛♠ètr❡s str✉❝t✉r❛✉① ❞❡s ❝♦♠♣❧❡①❡s Cp′2UO✭❞♠❛♣✮ ❡t Cp′2UN✭♣✲t♦❧②❧✮✳
▲❡s ❞✐st❛♥❝❡s s♦♥t ❡♥ ➴ ❡t ❧❡s ❛♥❣❧❡s ❡♥ ❞❡❣rés✳ Cp′(cent) = ❝❡♥tr♦ï❞❡ ❞✉ ❧✐❣❛♥❞ Cp′✳

Cp⋆
2U(NPh)2 ❬✶✽✻❪✳ ❊♥✜♥✱ ❛✐♥s✐ q✉❡ ♥♦✉s ♣♦✉✈♦♥s ❧✬♦❜s❡r✈❡r ❞❛♥s ❧❛ t❛❜❧❡ ❈✳✶✱ ❞❛♥s

❧❡ ❝♦♠♣❧❡①❡ Cp
′

2UN✭♣✲t♦❧②❧✮✱ ❧✬❛♥❣❧❡ U − N − CH3 ❡st ♣r♦❝❤❡ ❞❡ ✶✽✵✝✳

❘é❛❝t✐✈✐té

❙❡❧♦♥ ❧❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉①✱ ❧❡ ❝♦♠♣♦sé Cp
′

2UNMe ré❛❣✐t ❛✈❡❝ ❧❛ ❜❡♥③♦♣❤é♥♦♥❡

♣♦✉r ❢♦r♠❡r Cp
′

2UO ❡t Ph2C = NMe ✭éq✉❛t✐♦♥ ❈✳✶✮✳ ❈❡tt❡ ré❛❝t✐♦♥ ❡st ✐♠♠é❞✐❛t❡✱ t♦t❛❧❡

❡t ✐rré✈❡rs✐❜❧❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳ ❊①♣ér✐♠❡♥t❛❧❡♠❡♥t✱ ✐❧ ❡st ❝♦♥♥✉ q✉❡ ❧❛ ❧✐❛✐s♦♥

CO ❞❛♥s Ph2C = O ❡st ♣❧✉s ❢♦rt❡ q✉❡ ❧❛ ❧✐❛✐s♦♥ CN ❞❛♥s Ph2C = NMe ❞✬❡♥✈✐r♦♥ ✸✵

❦❝❛❧✳♠♦❧−1 ❬✷✵✼❪✳ ❆ ♣❛rt✐r ❞❡ ❝❡s ❞♦♥♥é❡s✱ ♥♦✉s ♣♦✉✈♦♥s ❞é❞✉✐r❡ q✉❡ ❧❛ ❧✐❛✐s♦♥ UO ❞❛♥s

Cp
′

2UO ❡st ♣❧✉s ❢♦rt❡ q✉❡ ❧❛ ❧✐❛✐s♦♥ UN ❞❛♥s Cp
′

2UNMe✳

Cp
′

2UNMe + Ph2C = O −→ Cp
′

2UO + Ph2C = NMe ✭❈✳✶✮

Cp
′

2UO ♥❡ ré❛❣✐t ♣❛s ❛✈❡❝ ❧❡ ❞✐♠ét❤②❧✲ ♦✉ ❧❡ ❞✐♣❤é♥②❧❛❝ét②❧è♥❡ R′C ≡ CR′ ✭R′ = Me

♦✉ Ph✮✳ ❊♥ r❡✈❛♥❝❤❡✱ ❡♥ ♣rés❡♥❝❡ ❞❡ Cp
′

2UNMe ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❞❡ ❝②❝❧♦❛❞❞✐t✐♦♥

Cp
′

2U [N(Me)CR′ = CR′] s❡❧♦♥ ❧✬éq✉❛t✐♦♥ ❈✳✷ ❡st ✐♠♠é❞✐❛t❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳

❈❡tt❡ ré❛❝t✐♦♥ ❡st ✐rré✈❡rs✐❜❧❡ ✿ ❡♥ ♣rés❡♥❝❡ ❞✬✉♥ ❛❧❝②♥❡ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ré❛❝t✐♦♥♥❡❧✱ ❛✉❝✉♥

é❝❤❛♥❣❡ ♥✬❡st ♦❜s❡r✈é✳ ▲❛ str✉❝t✉r❡ ❡①♣ér✐♠❡♥t❛❧❡ ❡t ❧❡s ♣r✐♥❝✐♣❛✉① ♣❛r❛♠ètr❡s ❣é♦♠é✲

tr✐q✉❡s ❞✉ ❝♦♠♣♦sé Cp
′

2U [N(Me)CR′ = CR′] s♦♥t ♣rés❡♥tés ✜❣✉r❡ ❈✳✸✳

Cp
′

2UNMe + R′C ≡ CR′ −→ Cp
′

2U [N(Me)CR′ = CR′] (R′ = Me,Ph) ✭❈✳✷✮

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧✬❛❝t✐✈❛t✐♦♥ ❞❡ ❧✐❛✐s♦♥s s✐♠♣❧❡s✱ Cp
′

2UO ré❛❣✐t ❛✈❡❝ ❧❡s ❝♦♠♣♦sés

Me3SiX ✭X = Cl, Br, I, CN✮✱ ♣♦✉r ❢♦r♠❡r ❧❡s ❝♦♠♣❧❡①❡s Cp
′

2U(OSiMe3)(X) ✭éq✉❛t✐♦♥

❈✳✸✮✳ ▲❡ ❝♦♠♣❧❡①❡ Cp
′

2UO ♣❡r♠❡t ❞♦♥❝ ❞✬❛❝t✐✈❡r ❞❡s ❧✐❛✐s♦♥s s✐♠♣❧❡s ❞❡ t②♣❡ Si − X✳

❉❛♥s ❧❡ ❝❛s ♦ù X = CN ✱ ❧❛ str✉❝t✉r❡ ❘❳ ❞✉ ♣r♦❞✉✐t ❞✬❛❝t✐✈❛t✐♦♥ ❛ ♣✉ êtr❡ ét❛❜❧✐❡ ❡t

❡st ♣rés❡♥té❡ ✜❣✉r❡ ❈✳✹ ❀ ♥♦✉s ♣♦✉✈♦♥s r❡♠❛rq✉❡r q✉❡ ❧✬❛♥❣❧❡ U − O − Si ❡st ♣r♦❝❤❡ ❞❡

✶✽✵ ❞❡❣rés✳ ❊♥ r❡✈❛♥❝❤❡✱ Cp
′

2UNMe ♥❡ ré❛❣✐t ♣❛s ❛✈❡❝ Me3SiX✳ ❊♥✜♥✱ s♦✉s ♣r❡ss✐♦♥ ❞❡

✷✵✻



❋✐❣✳ ❈✳✸✿ ❙tr✉❝t✉r❡ ❘❳ ❞✉ ❝♦♠♣♦sé Cp′2U [N(CH3)CMe = CMe]✳
▲❛ ♣♦s✐t✐♦♥ ❞❡ ❧✬❛③♦t❡ ❞❛♥s ❧❡ ♠ét❛❧❧❛❝②❝❧❡ ♥✬❛ ♣❛s ♣✉ êtr❡ ❞ét❡r♠✐♥é❡✳ ❉✐st❛♥❝❡s ✭➴✮ ❡t
❛♥❣❧❡s ✭❞❡❣rés✮ ✿ < U...X > ✷✳✺✺✱ U...N1/C2 ✷✳✷✵✷✭✻✮✱ U...C1/N2 ✷✳✷✼✵✭✻✮✱ C3...N1/C2
✶✳✹✶✵✭✾✮✱ C3...C1/N2 ✶✳✸✾✵✭✾✮✱ N1/C2 − U − C1/N2 ✻✺✳✶✭✷✮✱ N1/C2 − C3 − C1/N2
✶✶✽✳✺✭✼✮✳

❞✐❤②❞r♦❣è♥❡✱ ❛✉❝✉♥❡ ré❛❝t✐♦♥ ❡♥tr❡ Cp
′

2UO ❡t H2 ♥✬❡st ♦❜s❡r✈é❡✳

Cp
′

2UO + Me3SiX −→ Cp
′

2U(OSiMe3)(X) (X = Cl, Br, I, CN) ✭❈✳✸✮

❋✐❣✳ ❈✳✹✿ ❙tr✉❝t✉r❡ ❘❳ ❞✉ ❝♦♠♣♦sé Cp′2U(OSiMe3)(CN)✳✳
❉✐st❛♥❝❡s ✭➴✮ ❡t ❛♥❣❧❡s ✭❞❡❣rés✮ ✿ < U...X > ✷✳✺✶✱ U...O ✷✳✶✵✹✭✹✮✱ U...C ✷✳✹✶✺✭✻✮✱ O−U−C
✽✻✳✻✭✷✮✱ U − O − Si ✶✻✵✳✻✭✸✮✱ U − C − N ✶✻✹✳✺✭✼✮✳

✷✵✼



❈✳✶✳✸ ❖❜❥❡❝t✐❢s ❞❡ ❧✬ét✉❞❡ t❤é♦r✐q✉❡

❉❛♥s ❧❡s ❝♦♠♣❧❡①❡s Cp
′

2UX ✭X = O ♦✉ NMe✮✱ ❧❛ ❧✐❛✐s♦♥ UX ❡st ❢♦r♠❡❧❧❡♠❡♥t ❞♦✉❜❧❡

❡t ❧✬✉r❛♥✐✉♠ ❡st ❛✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ✰■❱✳ P❛r ❝♦♥séq✉❡♥t✱ ❝❡s ❞❡✉① ❝♦♠♣❧❡①❡s s♦♥t ✐s♦✲

é❧❡❝tr♦♥✐q✉❡s✳ ❈❡♣❡♥❞❛♥t✱ ❧❡✉r ré❛❝t✐✈✐té ✈✐s✲à✲✈✐s ❞❡s ❛❝ét②❧è♥❡s ❡t ❞❡s ❝♦♠♣♦sés ❞✉ t②♣❡

Me3SiX ❡st ❞✐✛ér❡♥t❡✳ ❉❡ ♣❧✉s✱ ❧❛ ré❛❝t✐✈✐té ❞❡ Cp
′

2UNMe ❛✈❡❝ ❧❛ ❜❡♥③♦♣❤é♥♦♥❡ s❡♠❜❧❡

✐♥❞✐q✉❡r q✉❡ ❧❛ ❧✐❛✐s♦♥ UO ❡st ♣❧✉s ❢♦rt❡ q✉❡ ❧❛ ❧✐❛✐s♦♥ UN ✳ ▲✬♦❜❥❡❝t✐❢ ❞❡ ❝❡ ❝❤❛♣✐tr❡ ❡st

❞♦♥❝ ❞❡ ❝♦♠♣r❡♥❞r❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ré❛❝t✐✈✐té ❡♥tr❡ ❝❡s ❞❡✉① ❝♦♠♣♦sés ✐s♦é❧❡❝tr♦♥✐q✉❡s ✿

♣❡✉t✲❡❧❧❡ êtr❡ ❡①♣❧✐q✉é❡ s✐♠♣❧❡♠❡♥t ♣❛r ❞❡s ❢❛❝t❡✉rs stér✐q✉❡s✱ ♦✉ ❡st✲❡❧❧❡ ❞✉❡ à ✉♥❡ ♥❛t✉r❡

❞✐✛ér❡♥t❡ ❞❡s ❧✐❛✐s♦♥s UO ❡t UN ❄

▲❛ ♣r❡♠✐èr❡ ♣❛rt✐❡ ❞❡ ❝❡tt❡ ét✉❞❡ s❡r❛ ❞♦♥❝ ❝♦♥s❛❝ré❡ à ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ ♥❛✲

t✉r❡ ❞❡s ❧✐❛✐s♦♥s UX ❞❛♥s ❧❡s ❝♦♠♣❧❡①❡s Cp
′

2UX ✭X = O ♦✉ NMe✮✳ ❆♣rès ❛✈♦✐r ✈❛❧✐❞é

❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ❉❋❚✱ ♥♦✉s ❛♥❛❧②s❡r♦♥s ❧❛ ♥❛t✉r❡ ❞❡s ❧✐❛✐s♦♥s ❣râ❝❡ à ❧❛ ♠ét❤♦❞❡ ◆❇❖✳

❉❛♥s ✉♥❡ s❡❝♦♥❞❡ ♣❛rt✐❡✱ à ♣❛rt✐r ❞❡ ❧✬ét✉❞❡ ❞❡ ❧❛ ré❛❝t✐♦♥ ❈✳✶✱ ♥♦✉s ❝♦♠♣❛r❡r♦♥s ❧❡s

❢♦r❝❡s ❞❡s ❧✐❛✐s♦♥s UO ❡t UN ❡t ❞ét❡r♠✐♥❡r♦♥s ♣♦✉rq✉♦✐ Cp
′

2UO ♥❡ ré❛❣✐t ♣❛s ❛✈❡❝ ❧❡ ❞✐✲

♠ét❤②❧❛❝ét②❧è♥❡ ✭ré❛❝t✐♦♥ ❈✳✷✮✳ ❊♥✜♥✱ ❧✬❡①♣❧♦r❛t✐♦♥ ❞❡ ❧❛ ré❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ Cp
′

2UO

♥♦✉s ♣❡r♠❡ttr❛ ❞❡ ♠♦♥tr❡r q✉❡ ❝❡❧❧❡✲❝✐ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ❣♦✉✈❡r♥é❡ ♣❛r ❞❡s ❢❛❝t❡✉rs

t❤❡r♠♦❞②♥❛♠✐q✉❡s✳

❈✳✷ ❙tr✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞❡ Cp
′
2UO ❡t Cp

′
2UNMe

▲❡s ❝♦♠♣❧❡①❡s Cp
′

2UO ❡t Cp
′

2UNMe✱ ❜✐❡♥ q✉✬✐s♦é❧❡❝tr♦♥✐q✉❡s✱ ♣rés❡♥t❡♥t ✉♥❡ ré❛❝t✐✲

✈✐té ❞✐✛ér❡♥t❡✳ ▲✬✉♥❡ ❞❡s ❤②♣♦t❤ès❡s ♣❡r♠❡tt❛♥t ❞❡ r❛t✐♦♥♥❛❧✐s❡r ❝❡tt❡ ♦❜s❡r✈❛t✐♦♥ ❡st

❞✬♦r❞r❡ é❧❡❝tr♦♥✐q✉❡ ✿ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ré❛❝t✐✈✐té s❡r❛✐t ❞✉❡ à ❧❛ ♥❛t✉r❡ ❞✐✛ér❡♥t❡ ❞❡s

❧✐❛✐s♦♥s UO ❡t UN ❞❛♥s ❝❡s ❝♦♠♣♦sés✳ ❆✜♥ ❞❡ ✈ér✐✜❡r ❝❡tt❡ ♣r♦♣♦s✐t✐♦♥✱ ✐❧ ❡st ♥é❝❡s✲

s❛✐r❡ ❞❡ ❞ét❡r♠✐♥❡r ❧❛ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ à ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ ❞❡s ❝♦♠♣❧❡①❡s Cp
′

2UO

❡t Cp
′

2UNMe✳ ❚♦✉t ❞✬❛❜♦r❞✱ ♥♦✉s ✈❛❧✐❞❡r♦♥s ❧✬❡♠♣❧♦✐ ❞❡ ❧❛ ❉❋❚ ♣♦✉r ❧❛ ❞❡s❝r✐♣t✐♦♥

❞❡s ♣r♦♣r✐étés é❧❡❝tr♦♥✐q✉❡s ❞❡ Cp
′

2UO ❡t Cp
′

2UNMe✳ ◆♦✉s ❝♦♠♣❛r❡r♦♥s ❡♥s✉✐t❡ ❧❡s

❣é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❛✉① str✉❝t✉r❡s ❡①♣ér✐♠❡♥t❛❧❡s ❡t ❛♥❛❧②s❡r♦♥s ❧❛ ♥❛t✉r❡ ❞❡s ❧✐❛✐✲

s♦♥s UO ❡t UN ❞❛♥s ❧❡s ❞❡✉① ❝♦♠♣❧❡①❡s✳ ❉❛♥s ❧❛ s✉✐t❡ ❞❡ ❝❡tt❡ ét✉❞❡✱ ❧❡ ❧✐❣❛♥❞ Cp′

✭Cp′ = η5 − 1, 2, 4 − (Me3C)3C5H2✮ s❡r❛ ♠♦❞é❧✐sé ♣❛r Cp✳

❈✳✷✳✶ ❱❛❧✐❞✐té ❞❡ ❧❛ ❉❋❚

❉❛♥s ❧❡s ❝♦♠♣♦sés Cp2UO ❡t Cp2UNMe✱ ❧✬✉r❛♥✐✉♠ ❡st à ❧✬ét❛t ❞✬♦①②❞❛t✐♦♥ ✰■❱✳ ❙❛

❝♦♥✜❣✉r❛t✐♦♥ é❧❡❝tr♦♥✐q✉❡ à ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ ❡st ❞♦♥❝ [Rn]7s06d05f 2✳ ❊♥ t♦✉t❡ r✐❣✉❡✉r✱

❝❡s ❝♦♠♣❧❡①❡s ❞❡✈r❛✐❡♥t ❞♦♥❝ êtr❡ tr❛✐tés ❛✈❡❝ ❞❡s ♠ét❤♦❞❡s ♠✉❧t✐ré❢ér❡♥t✐❡❧❧❡s✱ q✉✐ ♣❡r✲

♠❡ttr❛✐❡♥t ❞❡ ré♣❛rt✐r ❧❡s ❞❡✉① é❧❡❝tr♦♥s ❞❡ ✈❛❧❡♥❝❡ ❞❡ ❧✬✉r❛♥✐✉♠ s✉r ❧❡s s❡♣t ♦r❜✐t❛❧❡s

✷✵✽



5f ✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ t❛✐❧❧❡ ❞❡s s②stè♠❡s ét✉❞✐és ♥❡ ♣❡r♠❡t ♣❛s ❞✬❡♠♣❧♦②❡r ❧❡s ♠ét❤♦❞❡s ♣♦st

❍❛rtr❡❡✲❋♦❝❦ ♣♦✉r ❧✬♦♣t✐♠✐s❛t✐♦♥ ❞❡s ❣é♦♠étr✐❡s ❡t ❧❡ ❝❛❧❝✉❧ ❞❡s ❣r❛♥❞❡✉rs t❤❡r♠♦❞②♥❛✲

♠✐q✉❡s ❞❡ ré❛❝t✐♦♥✳ ❈✬❡st ♣♦✉rq✉♦✐ ♥♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞✬❡♠♣❧♦②❡r ❧❛ ❉❋❚✳

❯♥ ♣ré❧✐♠✐♥❛✐r❡ ✐♥❞✐s♣❡♥s❛❜❧❡ ❝♦♥s✐st❡ ❞♦♥❝ à ❞ét❡r♠✐♥❡r ❧❛ ✈❛❧✐❞✐té ❞❡ ❧❛ ❉❋❚ ♣♦✉r

❧✬é✈❛❧✉❛t✐♦♥ ❞❡s ♣r♦♣r✐étés é❧❡❝tr♦♥✐q✉❡s à ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ ❞❡s ❝♦♠♣❧❡①❡s Cp2UO ❡t

Cp2UNMe✳ P♦✉r ❝❡ ❢❛✐r❡✱ ♥♦✉s ❝♦♠♣❛r❡r♦♥s ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s ❡♥ ❉❋❚ ❛✈❡❝ ❞❡s ❝❛❧❝✉❧s

♦❜t❡♥✉s ♣❛r ❞❡s ♠ét❤♦❞❡s ♠✉❧t✐ré❢ér❡♥t✐❡❧❧❡s✳

▲♦rs ❞❡ ❝❡tt❡ ét✉❞❡✱ ❧❡s ❝❛❧❝✉❧s ♠✉❧t✐ré❢ér❡♥t✐❡❧s ♦♥t été ❡✛❡❝t✉és ❛✈❡❝ ❧❛ s✉✐t❡ ❞❡ ♣r♦✲

❣r❛♠♠❡s ▼❖▲❈❆❙ ✺✳✹ ❬✷✵✽❪✳ ❉❡✉① ♣r♦❣r❛♠♠❡s ♦♥t été ✉t✐❧✐sés ✿ ❧✬❛❧❣♦r✐t❤♠❡ ❘❆❙❙❈❋✱

q✉✐ ♣❡r♠❡t ❞❡ ❝❛❧❝✉❧❡r ❞❡s ❢♦♥❝t✐♦♥s ❞✬♦♥❞❡ ♠✉❧t✐ré❢ér❡♥t✐❡❧❧❡s ❛✉ ♥✐✈❡❛✉ ❈❆❙❙❈❋✱ ❡t ❧❡

♣r♦❣r❛♠♠❡ ◆❖❙❈❋ ❬✶✶✺❪✱ ❞é✈❡❧♦♣♣é à ❚♦✉❧♦✉s❡✱ q✉✐ ❣é♥èr❡ ❞❡s ♦r❜✐t❛❧❡s ❧♦❝❛❧❡s ♦♣t✐♠✐✲

sé❡s ❛✉ ♥✐✈❡❛✉ ❈❆❙❙❈❋✳ ▲✬❛t♦♠❡ ❞✬✉r❛♥✐✉♠ ❛ été tr❛✐té ♣❛r ✉♥ ♣♦t❡♥t✐❡❧ ♠♦❞è❧❡ ❛❜ ✐♥✐t✐♦

✭❆■▼P✮ ✐♥❝❧✉❛♥t ✼✽ é❧❡❝tr♦♥s ❞❛♥s ❧❡ ❝♦❡✉r✱ ❛✈❡❝ ❧❛ ❜❛s❡ ❞✬♦r❜✐t❛❧❡s ❛ss♦❝✐é❡ ❬✷✵✾❪✳ ❊♥✜♥✱

❧❡s ❛t♦♠❡s ❈✱ ◆✱ ❖ ❡t ❍ ♦♥t été r❡♣rés❡♥tés ♣❛r ❞❡s ❜❛s❡s ❞❡ t②♣❡ ❆◆❖ ❬✷✶✵❪✳

❆✜♥ ❞❡ ré❞✉✐r❡ ❧❛ t❛✐❧❧❡ ❞❡s s②stè♠❡s ❝♦♥s✐❞érés✱ ❧✬ét✉❞❡ ❛ été ❡✛❡❝t✉é❡ ❞❛♥s ❧❡ ❣r♦✉♣❡

❞❡ s②♠étr✐❡ CS✳ ▲❡ ♣❧❛♥ ❞❡ s②♠étr✐❡ ❡st ❧❡ ♣❧❛♥ ❜✐ss❡❝t❡✉r ❞❡s ❧✐❣❛♥❞s Cp✳

❉ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ ♠✉❧t✐♣❧✐❝✐té ❞❡ s♣✐♥

❙❡❧♦♥ ❧❛ ❧✐ttér❛t✉r❡✱ ❧❛ ♣❧✉♣❛rt ❞❡s ❝♦♠♣❧❡①❡s ❞✬✉r❛♥✐✉♠ ✭■❱✮ à ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧

♣rés❡♥t❡♥t ❞❡✉① é❧❡❝tr♦♥s ♥♦♥ ❛♣♣❛r✐és ❧♦❝❛❧✐sés ❞❛♥s ❞❡✉① ♦r❜✐t❛❧❡s 5f ♣✉r❡s✳ ◆♦✉s ❛❧❧♦♥s

à ♣rés❡♥t ✈ér✐✜❡r q✉❡ ❝✬❡st é❣❛❧❡♠❡♥t ❧❡ ❝❛s ♣♦✉r Cp2UO✳

▲❛ ❣é♦♠étr✐❡ ❞✉ ❝♦♠♣❧❡①❡ Cp2UO ❛ été ♦♣t✐♠✐sé❡ ❡♥ ❉❋❚✱ s❡❧♦♥ ❧❛ ♠ét❤♦❞❡ ♣r♦♣♦sé❡

❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ❇✱ ♣♦✉r ✉♥❡ ♠✉❧t✐♣❧✐❝✐té ❞❡ s♣✐♥ ✶ ♦✉ ✸✳ ❉❛♥s ❧❡s ❞❡✉① ❝❛s✱ ❛✉❝✉♥❡

❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡ s♣✐♥ ♥✬❡st ♦❜s❡r✈é❡✳ ▲❡s ❞❡✉① ❣é♦♠étr✐❡s ♦♣t✐♠✐sé❡s s♦♥t s✐♠✐❧❛✐r❡s ❀ ❧❡s

❞✐st❛♥❝❡s ❞✐✛èr❡♥t ❞❡ ♠♦✐♥s ❞❡ ✵✳✶ ➴✳ ▲❛ ❝♦♥✜❣✉r❛t✐♦♥ tr✐♣❧❡t ❡st ❧❛ ♣❧✉s st❛❜❧❡ ❞✬❡♥✈✐r♦♥

✹✵ ❦❝❛❧✳♠♦❧−1✳

❆ ♣❛rt✐r ❞❡ ❧❛ ❣é♦♠étr✐❡ ♦♣t✐♠✐sé❡ ❡♥ ❉❋❚ ❞❛♥s ❧❡ ❝❛s ❞✉ tr✐♣❧❡t✱ ✉♥ ❝❛❧❝✉❧ ✓ s✐♠♣❧❡

♣♦✐♥t ✔ ◆❖❙❈❋ ❝♦rré❧é ❛✉ ♥✐✈❡❛✉ ❈❆❙❙❈❋❬✷✱✼❪ ♣❡r♠❡t ❞✬é✈❛❧✉❡r ❧❡s st❛❜✐❧✐tés r❡❧❛t✐✈❡s ❞❡s

❞✐✛ér❡♥t❡s ❝♦♥✜❣✉r❛t✐♦♥s ♣♦ss✐❜❧❡s✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ s②♠étr✐❡ ❞❡ s♣✐♥ ❡t ❞✬❡s♣❛❝❡✳ ❈❡ ❝❛❧❝✉❧

✐♥❞✐q✉❡ q✉❡ ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ ❡st ✉♥ tr✐♣❧❡t s②♠étr✐q✉❡ ♣❛r r❛♣♣♦rt ❛✉ ♣❧❛♥ éq✉❛t♦r✐❛❧ ❀

❧❡ tr✐♣❧❡t ❛♥t✐s②♠étr✐q✉❡ ❡st ♣❧✉s ❤❛✉t ❡♥ é♥❡r❣✐❡ ❞✬❡♥✈✐r♦♥ ✵✳✸ ❦❝❛❧ ♠♦❧−1✳ ❊♥✜♥✱ ❧❡s

❞❡✉① ❝♦♥✜❣✉r❛t✐♦♥s s✐♥❣✉❧❡t s♦♥t ❞ést❛❜✐❧✐sé❡s ❞❡ ♣❧✉s ❞❡ ✶✵ ❦❝❛❧✳♠♦❧−1 ♣❛r r❛♣♣♦rt ❛✉①

❝♦♥✜❣✉r❛t✐♦♥s tr✐♣❧❡t✳ ❈❡❝✐ ♣❡r♠❡t ❞❡ ❝♦♥✜r♠❡r q✉❡ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❢♦♥❞❛♠❡♥t❛❧❡ ❞✉

❝♦♠♣❧❡①❡ Cp2UO ❡st ✉♥ tr✐♣❧❡t✱ ♦ù ❧❡s ❞❡✉① é❧❡❝tr♦♥s f s♦♥t ♥♦♥ ❛♣♣❛r✐és✳

▲✬é❝❛rt é♥❡r❣ét✐q✉❡ ❡♥tr❡ ❧❡s ❝♦♥✜❣✉r❛t✐♦♥ tr✐♣❧❡t ❡t s✐♥❣✉❧❡t ét❛♥t s✉♣ér✐❡✉r à ✶✵

❦❝❛❧✳♠♦❧−1 ❞❛♥s ❧❡ ❝❛s ❞❡ Cp2UO✱ ♥♦✉s s✉♣♣♦s❡r♦♥s ♣❛r ❧❛ s✉✐t❡ q✉❡ t♦✉s ❧❡s ❝♦♠♣❧❡①❡s

ét✉❞✐és ♣rés❡♥t❡♥t ✉♥❡ ❝♦♥✜❣✉r❛t✐♦♥ tr✐♣❧❡t à ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧✳

✷✵✾



❊✈❛❧✉❛t✐♦♥ ❞✉ ❝❛r❛❝tèr❡ ♠✉❧t✐ré❢ér❡♥t✐❡❧ ❞❡ ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧

❆✐♥s✐ q✉❡ ♥♦✉s ❧✬❛✈♦♥s ♠❡♥t✐♦♥♥é ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ❇✱ ❧❛ t❤é♦r✐❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥♥❡❧❧❡ ❞❡

❧❛ ❞❡♥s✐té s✬❛♣♣❧✐q✉❡ ❡♥ ♣r✐♥❝✐♣❡ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ét❛t ❢♦♥❞❛♠❡♥t❛❧ ♥♦♥ ❞é❣é♥éré✳ ❆✜♥

❞❡ ✈ér✐✜❡r q✉❡ ❝✬❡st ❡✛❡❝t✐✈❡♠❡♥t ❧❡ ❝❛s ♣♦✉r ❧❡ ❝♦♠♣❧❡①❡ Cp2UO✱ ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ à

❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ tr✐♣❧❡t s②♠étr✐q✉❡ ♣❛r r❛♣♣♦rt ❛✉ ♣❧❛♥ ❛ été ❞ét❡r♠✐♥é❡ ❛✉ ♥✐✈❡❛✉

❈❆❙❙❈❋❬✷✱✼❪ ♣♦✉r ❧❛ ❣é♦♠étr✐❡ ♦♣t✐♠✐sé❡ ❡♥ ❉❋❚✳ ❙❡❧♦♥ ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s✱ ❧❡ s②stè♠❡

♣❡✉t êtr❡ ❞é❝r✐t ❝♦rr❡❝t❡♠❡♥t ♣❛r ✉♥ s❡✉❧ ❞ét❡r♠✐♥❛♥t✳ ▲❡s ❞❡✉① é❧❡❝tr♦♥s 5f s♦♥t ❛❧♦rs

ré♣❛rt✐s ❞❛♥s ❞❡✉① ♦r❜✐t❛❧❡s ❧♦❝❛❧✐sé❡s s✉r ❧✬✉r❛♥✐✉♠✱ ❞♦♥t ❧✬✉♥❡ ❝♦rr❡s♣♦♥❞ à ❧✬♦r❜✐t❛❧❡

5f2+ q✉❛s✐♠❡♥t ♣✉r❡✱ ❡t ❧✬❛✉tr❡ ❡st ✉♥❡ ❝♦♠❜✐♥❛✐s♦♥ ❧✐♥é❛✐r❡ ❞❡s ♦r❜✐t❛❧❡s 5f3− ❡t 5f1−✭❝❢✳

✜❣✉r❡ ❈✳✺✮✳ ❈❡❝✐ ✐♥❞✐q✉❡ ❞♦♥❝ q✉❡ ❧❛ ♣rés❡♥❝❡ ❞❡s ❧✐❣❛♥❞s Cp ❡t O ❛ ✐♥❞✉✐t ✉♥❡ ❧é❣èr❡

❧❡✈é❡ ❞❡ ❞é❣é♥ér❡s❝❡♥❝❡ ❞❡s ♦r❜✐t❛❧❡s 5f ❞❡ ❧✬✉r❛♥✐✉♠✳

❋✐❣✳ ❈✳✺✿ ❖r❜✐t❛❧❡s ♦❝❝✉♣é❡s ♣❛r ❧❡s é❧❡❝tr♦♥s 5f ❞❛♥s ❧❡ ❝♦♠♣❧❡①❡ Cp2UO✳

❉✬❛♣rès ❝❡tt❡ ét✉❞❡✱ ❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡ ❝❡s ❞❡✉① ♦r❜✐t❛❧❡s ❞❛♥s ❧✬❡s♣❛❝❡ ❛❝t✐❢

❈❆❙❙❈❋ ❞❡✈r❛✐t êtr❡ s✉✣s❛♥t❡ ♣♦✉r ❞é❝r✐r❡ ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ ❞❡ Cp2UO✳ ▲❛ ❣é♦♠é✲

tr✐❡ ❞✉ ❝♦♠♣❧❡①❡ Cp2UO ❛ ❞♦♥❝ été ré♦♣t✐♠✐sé❡ ❛✉ ♥✐✈❡❛✉ ❈❆❙❙❈❋❬✷✱✷❪✳ ❆ ♣❛rt✐r ❞❡ ❧❛

❣é♦♠étr✐❡ ♦❜t❡♥✉❡✱ ❝♦rr❡s♣♦♥❞❛♥t à ✉♥ ♠✐♥✐♠✉♠ ❞✬é♥❡r❣✐❡ ❛✉ ♥✐✈❡❛✉ ❈❆❙❙❈❋❬✷✱✷❪✱ ✉♥

♥♦✉✈❡❛✉ ❝❛❧❝✉❧ ✓ s✐♠♣❧❡ ♣♦✐♥t ✔ ❛✉ ♥✐✈❡❛✉ ❝♦rré❧é ❈❆❙❙❈❋❬✷✱✼❪ ❛ été ❡✛❡❝t✉é✳ ▲❛ ❢♦♥❝t✐♦♥

❞✬♦♥❞❡ ❝❛❧❝✉❧é❡ ♣♦✉r ❧❡ s②stè♠❡ à ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ tr✐♣❧❡t ♥❡ ♣♦ssè❞❡ q✉✬✉♥ ❢❛✐❜❧❡ ❝❛r❛❝✲

tèr❡ ♠✉❧t✐ré❢ér❡♥t✐❡❧ ✿ ❡❧❧❡ ❡st ❝♦♠♣♦sé❡ ❞❡ ❞❡✉① ❞ét❡r♠✐♥❛♥ts✱ ❞♦♥t ❧✬✉♥ ❡st ♣ré❞♦♠✐♥❛♥t✱

❛✈❡❝ ✉♥ ♣♦✐❞s s✉♣ér✐❡✉r à ✽✵✪✳

❈❡s rés✉❧t❛ts ♣❡r♠❡tt❡♥t ❞❡ ❝♦♥✜r♠❡r q✉❡ ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ ❞✉ ❝♦♠♣❧❡①❡ Cp2UO

♣♦ssè❞❡ ✉♥ ❝❛r❛❝tèr❡ ♠✉❧t✐ré❢ér❡♥t✐❡❧ ❢❛✐❜❧❡✳ P❛r ❝♦♥séq✉❡♥t✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ❉❋❚ ♣♦✉r

❞é❝r✐r❡ ❧❡s ♣r♦♣r✐étés é❧❡❝tr♦♥✐q✉❡s ❞❡ ❝❡ s②stè♠❡ ❡st ♣❡rt✐♥❡♥t❡✳ ▲❛ ♠ê♠❡ ❛♥❛❧②s❡✱ ❡✛❡❝✲

t✉é❡ ♣♦✉r ❧❡ ❝♦♠♣❧❡①❡ Cp2UNMe✱ ❝♦♥❞✉✐t à ✉♥ rés✉❧t❛t s✐♠✐❧❛✐r❡✳ ◆♦✉s s✉♣♣♦s❡r♦♥s ❞♦♥❝

♣❛r ❧❛ s✉✐t❡ q✉❡ t♦✉s ❧❡s ❝♦♠♣❧❡①❡s ❝♦♥s✐❞érés ❞❛♥s ❝❡ ❝❤❛♣✐tr❡ ♣❡✉✈❡♥t êtr❡ ❞é❝r✐ts ❛✉

♥✐✈❡❛✉ ❉❋❚✳
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❈✳✷✳✷ ❆♥❛❧②s❡ ❞❡s ❧✐❛✐s♦♥s UO ❡t UN

●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❡t ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧✬❡①♣ér✐❡♥❝❡

▲❡s ❣é♦♠étr✐❡s ❞❡s ❝♦♠♣❧❡①❡s Cp2UO ❡t Cp2UNMe ♦♥t été ♦♣t✐♠✐sé❡s s❛♥s ❝♦♥tr❛✐♥t❡

❞❡ s②♠étr✐❡ ❡♥ ❉❋❚✳ ▲❡s str✉❝t✉r❡s ♦❜t❡♥✉❡s✱ ♣rés❡♥té❡s ❞❛♥s ❧❛ ✜❣✉r❡ ❈✳✻✱ s♦♥t très

♣r♦❝❤❡s ❞❡s ❣é♦♠étr✐❡s s②♠étr✐q✉❡s ❞ét❡r♠✐♥é❡s ♣ré❝é❞❡♠♠❡♥t✳

❋✐❣✳ ❈✳✻✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s ❝♦♠♣❧❡①❡s Cp2UO ❡t Cp2UNMe✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t ❡♥ ➴
❡t ❧❡s ❛♥❣❧❡s ❡♥ ❞❡❣rés✳

❉❛♥s ❧❡ ❝♦♠♣❧❡①❡ Cp2UO✱ ❧❛ ❞✐st❛♥❝❡ U...O ❡st s✐♠✐❧❛✐r❡s ❞❡ ❧❛ ❞✐st❛♥❝❡ ❡①♣ér✐♠❡♥t❛❧❡

✭✶✳✽✻ ➴✮✳ ▲❡s ❞✐st❛♥❝❡s U...ct ❡t ❧❡s ❛♥❣❧❡s ct...U...ct ✭ct =❝❡♥tr♦ï❞❡ ❞✬✉♥ ❧✐❣❛♥❞ Cp✮ s♦♥t

✐♥❢ér✐❡✉rs ❛✉① ✈❛❧❡✉rs ❡①♣ér✐♠❡♥t❛❧❡s ✿ ❝❡❝✐ ♣❡✉t êtr❡ ❛ttr✐❜✉é ❛✉ ❢❛✐t q✉❡ ❧❡s ❧✐❣❛♥❞s

♠♦❞è❧❡s Cp s♦♥t ♠♦✐♥s ❡♥❝♦♠❜r❛♥ts q✉❡ ❧❡s ❧✐❣❛♥❞s ré❡❧s Cp′✱ s✐ ❜✐❡♥ q✉❡ ❧❛ ré♣✉❧s✐♦♥

stér✐q✉❡ ❡♥tr❡ ❞❡✉① ❝②❝❧❡s ❡st ❢❛✐❜❧❡✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡ ❝♦♠♣❧❡①❡ Cp2UNMe✱ ❧❛ ❣é♦♠étr✐❡ ♦♣t✐♠✐sé❡ ❡st ❡♥ ❜♦♥ ❛❝❝♦r❞

❛✈❡❝ ❧❛ str✉❝t✉r❡ ❡①♣ér✐♠❡♥t❛❧❡ ✿ ❧❛ ❞✐st❛♥❝❡ U...N ❡st s✐♠✐❧❛✐r❡ à ❧❛ ❞✐st❛♥❝❡ ❡①♣ér✐♠❡♥t❛❧❡

✭✶✳✾✾ ➴✮✱ ❡t ❧❡s ❛t♦♠❡s U ✱ N ❡t C s♦♥t ♣r❡sq✉❡ ❛❧✐❣♥és✳ ▲❛ ❞✐st❛♥❝❡ N...C ❡st t②♣✐q✉❡

❞✬✉♥❡ ❧✐❛✐s♦♥ N − C s✐♠♣❧❡✳

❆♥❛❧②s❡ ◆❇❖ ❞❡s ❧✐❛✐s♦♥s UO ❡t UN

▲❡s ❞❡✉① ❝♦♠♣❧❡①❡s Cp2UO ❡t Cp2UNMe ♦♥t été ❛♥❛❧②sés ♣❛r ❧❛ ♠ét❤♦❞❡ ◆❇❖✳ ▲❡s

rés✉❧t❛ts s♦♥t ❧❡s s✉✐✈❛♥ts ✿

Cp2UO ▲❡s ❝❤❛r❣❡s ◆P❆ ❝❛❧❝✉❧é❡s ♣♦✉r ❧✬✉r❛♥✐✉♠ ❡t ❧✬♦①②❣è♥❡ s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t

❞❡ ✰✷✳✹✾ ❡t ✲✶✳✶✶✳ ▲✬❛♥❛❧②s❡ ◆❇❖ ✐♥❞✐q✉❡ ❧❛ ♣rés❡♥❝❡ ❞✬✉♥❡ ❧✐❛✐s♦♥ s✐♠♣❧❡ σ(U − O)✱

♣♦❧❛r✐sé❡ ✈❡rs ❧✬♦①②❣è♥❡ ✭✷✹✪ U ✲ ✼✻✪ O✮✳ ▲❛ ❧✐❛✐s♦♥ s✬❡✛❡❝t✉❡ ♣❛r ✉♥❡ ♦r❜✐t❛❧❡ 2p ❞❡

❧✬♦①②❣è♥❡ ❡t ❞❡s ♦r❜✐t❛❧❡s 5f ❞❡ ❧✬✉r❛♥✐✉♠✳ ❚r♦✐s ❞♦✉❜❧❡ts✱ ❝♦rr❡s♣♦♥❞❛♥t ❛✉① ♦r❜✐t❛❧❡s
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❛t♦♠✐q✉❡s 2s ❡t 2p ♥♦♥ ❧✐❛♥t❡s✱ s♦♥t ❧♦❝❛❧✐sés s✉r ❧✬♦①②❣è♥❡✳ ❊♥✜♥✱ ❧❡s ❞❡✉① é❧❡❝tr♦♥s ♥♦♥

❛♣♣❛r✐és ❞❡ ❧✬✉r❛♥✐✉♠ s♦♥t ré♣❛rt✐s ❞❛♥s ❞❡✉① ♦r❜✐t❛❧❡s 5f ♣✉r❡s✳

❙❡❧♦♥ ❧✬❛♥❛❧②s❡ ◆❇❖ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥✱ ✉♥❡ ❞♦♥❛t✐♦♥ ✐♠♣♦rt❛♥t❡ ❞❡s

❞♦✉❜❧❡ts ❞❡ ❧✬♦①②❣è♥❡ ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞❡ ❧✬✉r❛♥✐✉♠ ♣❡✉t êtr❡ ♦❜s❡r✈é❡✳ ❈❡❧❧❡✲❝✐

s✬❡✛❡❝t✉❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t ✈❡rs ❧❡s ♦r❜✐t❛❧❡s 5f ❞❡ ❧✬✉r❛♥✐✉♠✳ ❆✉❝✉♥❡ rétr♦❞♦♥❛t✐♦♥ ❞❡s

é❧❡❝tr♦♥s 5f ❞❡ ❧✬✉r❛♥✐✉♠ ♥✬❡st ❛♣♣❛r❡♥t❡✳

Cp2UNMe ❉❛♥s ❧❡ ❝❛s ❞✉ ❝♦♠♣❧❡①❡ Cp2UNMe✱ ❧❡s ❝❤❛r❣❡s ◆P❆ ❞❡ ❧✬✉r❛♥✐✉♠ ❡t

❞❡ ❧✬❛③♦t❡ s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ✰✷✳✸✽ ❡t ✲✶✳✶✺ ❀ ❧❛ ❝❤❛r❣❡ ❣❧♦❜❛❧❡ ❞✉ ❧✐❣❛♥❞ NMe ❡st ❞❡

✲✵✳✾✾✳ ❙❡❧♦♥ ❧✬❛♥❛❧②s❡ ◆❇❖✱ ❧❛ ❧✐❛✐s♦♥ U...N ❡st ✉♥❡ ❧✐❛✐s♦♥ ❞♦✉❜❧❡ ✿

✲ ❧❛ ❧✐❛✐s♦♥ σ(U − N)✱ ♥♦♥ ♣♦❧❛✐r❡ ✭✹✾✪❯ ✲✺✶✪◆✮✱ rés✉❧t❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ✉♥❡

♦r❜✐t❛❧❡ ♠❛❥♦r✐t❛✐r❡♠❡♥t 2p ❞❡ ❧✬❛③♦t❡ ❡t ❞❡s ♦r❜✐t❛❧❡s 5f ❞❡ ❧✬✉r❛♥✐✉♠✳

✲ ❧❛ ❧✐❛✐s♦♥ π(U −N✮ ❡st ♣♦❧❛r✐sé❡ ✈❡rs ❧✬❛③♦t❡ ✭✷✵✪❯ ✲ ✽✵✪◆✮✳ ❊❧❧❡ ❢❛✐t ✐♥t❡r✈❡♥✐r ✉♥❡

♦r❜✐t❛❧❡ 2p ❞❡ ❧✬❛③♦t❡ ❡t ✉♥❡ ❝♦♠❜✐♥❛✐s♦♥ ❧✐♥é❛✐r❡ ❞❡s ♦r❜✐t❛❧❡s 6d ❡t 5f ❞❡ ❧✬✉r❛♥✐✉♠✳

▲❛ ❧✐❛✐s♦♥ s✐♠♣❧❡ σ(N − C)✱ ❧é❣èr❡♠❡♥t ♣♦❧❛r✐sé❡ ✈❡rs ❧✬❛③♦t❡ ✭✺✾✪◆✲✹✶✪❈✮✱ ❢❛✐t ✐♥✲

t❡r✈❡♥✐r ✉♥❡ ♦r❜✐t❛❧❡ ❤②❜r✐❞❡ 2s − 2p ❞❡ ❧✬❛③♦t❡✳ ▲✬❛♥❛❧②s❡ ✐♥❞✐q✉❡ é❣❛❧❡♠❡♥t ❧❛ ♣rés❡♥❝❡

s✉r ❧✬❛③♦t❡ ❞✬✉♥ ❞♦✉❜❧❡t ♥♦♥ ❧✐❛♥t✱ ❢♦r♠é à ♣❛rt✐r ❞❡s ♦r❜✐t❛❧❡s 2s ❡t 2p✳ ❊♥✜♥✱ ❧❡s ❞❡✉①

é❧❡❝tr♦♥s ♥♦♥ ❛♣♣❛r✐és ❞❡ ❧✬✉r❛♥✐✉♠ s♦♥t ré♣❛rt✐s ❞❛♥s ❞❡✉① ♦r❜✐t❛❧❡s 5f ♣✉r❡s✳

▲✬❛♥❛❧②s❡ ◆❇❖ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥ ✐♥❞✐q✉❡ ✉♥❡ très ❢♦rt❡ ❞♦♥❛t✐♦♥ ❞✉

❞♦✉❜❧❡t ❞❡ ❧✬❛③♦t❡ ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞✉ ♠ét❛❧✱ ♣r✐♥❝✐♣❛❧❡♠❡♥t ✈❡rs ✉♥❡ ♦r❜✐t❛❧❡

❤②❜r✐❞❡ 7s − 6d − 5f ✳ ❆ ♥♦✉✈❡❛✉✱ ❛✉❝✉♥❡ rétr♦❞♦♥❛t✐♦♥ ❞❡s é❧❡❝tr♦♥s 5f ❞❡ ❧✬✉r❛♥✐✉♠

♥✬❡st ♦❜s❡r✈é❡✳

■♥t❡r♣rét❛t✐♦♥ ❉❛♥s ❧❡s ❝♦♠♣❧❡①❡s Cp2UX ✭X = O, NMe✮✱ ❧❛ ré♣❛rt✐t✐♦♥ ❞❡s

❝❤❛r❣❡s ❡st ❞♦♥❝ s✐♠✐❧❛✐r❡✳ ❈❡♣❡♥❞❛♥t✱ ❞✬❛♣rès ❧❡s rés✉❧t❛ts ❞❡ ❧✬❛♥❛❧②s❡ ◆❇❖✱ ❧❛ ♥❛✲

t✉r❡ ❞❡s ❧✐❛✐s♦♥s ✉r❛♥✐✉♠ ✲ ❧✐❣❛♥❞ ❞❛♥s ❝❡s ❝♦♠♣❧❡①❡s ❡st ❞✐✛ér❡♥t❡✳ ▲❡s ❞❡✉① s❝❤é♠❛s

♣❡r♠❡tt❛♥t ❞❡ ❞é❝r✐r❡ ❧❛ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞❡ ❝❡s ❝♦♠♣❧❡①❡s s♦♥t ♣rés❡♥tés ✜❣✉r❡

❈✳✼✮✳

❋✐❣✳ ❈✳✼✿ ❙tr✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞❡s ❝♦♠♣❧❡①❡s Cp2UX ✭X = O,NMe✮✳ [U ] r❡♣rés❡♥t❡ ❧❡ ❢r❛❣✲
♠❡♥t ♠ét❛❧❧✐q✉❡ Cp2U ✳

❉❛♥s Cp2UO✱ ❧✬✐♥t❡r❛❝t✐♦♥ U...O s✬❡✛❡❝t✉❡ ❞♦♥❝ ♣r✐♥❝✐♣❛❧❡♠❡♥t ♣❛r ✉♥❡ ❧✐❛✐s♦♥ s✐♠♣❧❡

♣♦❧❛r✐sé❡ ✈❡rs ❧✬♦①②❣è♥❡✳ ❊♥ ♦✉tr❡✱ ❧❡s ❝❤❛r❣❡s s✉r ❧✬✉r❛♥✐✉♠ ❡t ❧✬♦①②❣è♥❡ ét❛♥t é❧❡✈é❡s

✷✶✷



❡t ❧❛ ❞✐st❛♥❝❡ U...O ❢❛✐❜❧❡✱ ❧✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❡♥tr❡ ❧❡s ❞❡✉① ❛t♦♠❡s ❡st ❢♦rt❡✳

❊♥✜♥✱ ❧❡ ❝♦♠♣❧❡①❡ ❡st st❛❜✐❧✐sé ♣❛r ✉♥❡ ❞♦♥❛t✐♦♥ ✐♠♣♦rt❛♥t❡ ❞❡s ❞♦✉❜❧❡ts ♥♦♥ ❧✐❛♥ts ❞❡

❧✬♦①②❣è♥❡ ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞❡ ❧✬✉r❛♥✐✉♠✳ ▲❛ ❧✐❛✐s♦♥ UO ❡st ❞♦♥❝ ✉♥❡ ❧✐❛✐s♦♥ ❞❡

t②♣❡ ✓ ✐♦♥♦✲❝♦✈❛❧❡♥t❡ ✔✱ q✉✐ ♣❡✉t êtr❡ ❝♦♠♣❛ré❡ à ❧❛ ❧✐❛✐s♦♥ PO ❞❛♥s ❧❡s ♣❤♦s♣❤✐♥❡s ❬✷✶✶❪✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡ ❝♦♠♣❧❡①❡ Cp2UNMe✱ ❧❛ ❢♦r♠❡ ❧✐♠✐t❡ U = N ❡st ♣ré❞♦♠✐♥❛♥t❡ ❀

❞❡ ♣❧✉s✱ ❧❛ ❞♦♥❛t✐♦♥ ❞✉ ❞♦✉❜❧❡t ♥♦♥ ❧✐❛♥t ❞❡ ❧✬❛③♦t❡ ✈❡rs ❧✬✉r❛♥✐✉♠ ❡st très ✐♠♣♦rt❛♥t❡✱ ❝❡

q✉✐ ♣❡r♠❡t ❞❡ ❥✉st✐✜❡r ❧❛ ❣é♦♠étr✐❡ q✉❛s✐♠❡♥t ❧✐♥é❛✐r❡ ❞❡ ❧✬❛③♦t❡ ❞❛♥s ❝❡ ❝♦♠♣❧❡①❡✳ ❊♥✜♥✱

❧❛ ❞✐st❛♥❝❡ U...N ❞❛♥s Cp2UNMe ét❛♥t s✉♣ér✐❡✉r❡ à ❧❛ ❞✐st❛♥❝❡ U...O ❞❛♥s Cp2UO✱

❧✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❡♥tr❡ ❧✬❛③♦t❡ ❡t ❧✬✉r❛♥✐✉♠ ❞❡✈r❛✐t êtr❡ r❡❧❛t✐✈❡♠❡♥t ❢❛✐❜❧❡✳

▲❛ ❧✐❛✐s♦♥ UN ♣♦ssè❞❡ ❞♦♥❝ ✉♥ ❝❛r❛❝tèr❡ ♣❧✉s ❝♦✈❛❧❡♥t q✉❡ ❧❛ ❧✐❛✐s♦♥ UO✳ ❈❡❝✐ ♣❡✉t

êtr❡ ✐♥t❡r♣rété q✉❛❧✐t❛t✐✈❡♠❡♥t ❡♥ ❝♦♠♣❛r❛♥t ❧❡s é❧❡❝tr♦♥é❣❛t✐✈✐tés ❞❡ ❧✬♦①②❣è♥❡ ❡t ❞✉ ❧✐✲

❣❛♥❞ NMe ✿ ❧❡ ♣r❡♠✐❡r ❡st très é❧❡❝tr♦❛ttr❛❝t❡✉r✱ ❝❡ q✉✐ s❡ tr❛❞✉✐t ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t

♣❛r ✉♥❡ ❛✣♥✐té é❧❡❝tr♦♥✐q✉❡ ✐♠♣♦rt❛♥t❡ ✭✶✳✹✻ ❡❱✮ ❬✺✶❪ ❀ ❡♥ r❡✈❛♥❝❤❡✱ ❧✬❛✣♥✐té é❧❡❝tr♦♥✐q✉❡

❞✉ ❣r♦✉♣❡ NMe ❡st ❞✬❡♥✈✐r♦♥ ✵✳✵✷ ❡❱✱ ♣❛r ❝♦♥séq✉❡♥t ❝❡ ❧✐❣❛♥❞ ❡st ♠♦✐♥s é❧❡❝tr♦♥é❣❛t✐❢

q✉❡ ❧✬♦①②❣è♥❡✳ ▲❡s ♦r❜✐t❛❧❡s ❛t♦♠✐q✉❡s 2s ❡t 2p ❞❡ ❧✬♦①②❣è♥❡ O2− s♦♥t ❞♦♥❝ ♣❧✉s st❛❜✐✲

❧✐sé❡s é♥❡r❣ét✐q✉❡♠❡♥t q✉❡ ❧❡s ♦r❜✐t❛❧❡s ❞✉ ❢r❛❣♠❡♥t NMe2−✳ ▲❛ ✜❣✉r❡ ❈✳✽ ♣rés❡♥t❡ ❧❡

❞✐❛❣r❛♠♠❡ q✉❛❧✐t❛t✐❢ ❞✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡s ❢r❛❣♠❡♥ts Cp2U
2+ ❡t X2− ✭X = O, NMe✮✳

P♦✉r ♣❧✉s ❞❡ ❝❧❛rté✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ♣❧❛❝és ❞❛♥s ❧❡ ❣r♦✉♣❡ ❞❡ s②♠étr✐❡ C2v✱ ❝❡ q✉✐

s✉♣♣♦s❡ q✉❡✱ ❞❛♥s ❧❡ ❝♦♠♣❧❡①❡ Cp2UNMe✱ ❧❡s ❛t♦♠❡s U ✱ N ❡t C s♦♥t ❛❧✐❣♥és✳

❆✐♥s✐ q✉✬✐❧ ❛ été ♠❡♥t✐♦♥♥é ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ❈✱ ❡♥ ♣r❡♠✐èr❡ ❛♣♣r♦①✐♠❛t✐♦♥✱ ❧✬✐♥t❡r❛❝t✐♦♥

❡♥tr❡ ❞❡✉① ♦r❜✐t❛❧❡s ❡st ✐♥✈❡rs❡♠❡♥t ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à ❧❡✉r é❝❛rt é♥❡r❣ét✐q✉❡✳ ❉❛♥s ❧❡

❝♦♠♣❧❡①❡ Cp2UO✱ ❧❛ ❧✐❛✐s♦♥ σ(U − O)✱ q✉✐ rés✉❧t❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧✬♦r❜✐t❛❧❡ 2pz ❞❡

❧✬♦①②❣è♥❡ ❡t ❧❡s ♦r❜✐t❛❧❡s 5f ❡t 6d ❞❡ ❧✬✉r❛♥✐✉♠✱ ❡st ❢♦rt❡♠❡♥t ❞é✈❡❧♦♣♣é❡ s✉r ❧✬♦①②❣è♥❡✳

❊♥ r❡✈❛♥❝❤❡✱ ❡♥ r❛✐s♦♥ ❞❡ ❧✬é❝❛rt é♥❡r❣ét✐q✉❡ ✐♠♣♦rt❛♥t ❡♥tr❡ ❧❡s ❞♦✉❜❧❡ts 2px ❡t 2py ❡t ❧❡s

♦r❜✐t❛❧❡s ❞❡ ❧✬✉r❛♥✐✉♠✱ ❧✬✐♥t❡r❛❝t✐♦♥ ❡st tr♦♣ ❢❛✐❜❧❡ ♣♦✉r ❞♦♥♥❡r ❧✐❡✉ à ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥❡

❧✐❛✐s♦♥ π(U − O✮ ❝♦✈❛❧❡♥t❡✳ P❛r ❝♦♥séq✉❡♥t✱ ❝❡s ❞♦✉❜❧❡ts r❡st❡♥t ♥♦♥ ❧✐❛♥ts✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡ ❝♦♠♣❧❡①❡ Cp2UNMe✱ ❧❡s ♦r❜✐t❛❧❡s ❞✉ ❢r❛❣♠❡♥t NMe2− s♦♥t

♣❧✉s ♣r♦❝❤❡s é♥❡r❣ét✐q✉❡♠❡♥t ❞❡s ♦r❜✐t❛❧❡s 5f ❡t 6d ❞❡ ❧✬✉r❛♥✐✉♠✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❛

❧✐❛✐s♦♥ σ(U − N) ❡st ♠♦✐♥s ♣♦❧❛r✐sé❡✱ ❡t ❧✬é❝❛rt é♥❡r❣ét✐q✉❡ ❡♥tr❡ ❧❡s ❞♦✉❜❧❡ts 2px ❡t 2py

❡t ❧❡s ♦r❜✐t❛❧❡s ❞❡ ❧✬✉r❛♥✐✉♠ ❡st s✉✣s❛♠❡♥t ❢❛✐❜❧❡ ♣♦✉r q✉✬✉♥❡ ❧✐❛✐s♦♥ π(U − N) ♣✉✐ss❡

êtr❡ ❢♦r♠é❡✳ ❈❡❧❧❡✲❝✐ ❡st t♦✉t❡❢♦✐s très ❞é✈❡❧♦♣♣é❡ s✉r ❧✬❛③♦t❡✳

❇✐❧❛♥

▲❡s str✉❝t✉r❡s é❧❡❝tr♦♥✐q✉❡s ❞❡s ❝♦♠♣❧❡①❡s Cp2UO ❡t Cp2UNMe ♦♥t été ❞ét❡r♠✐♥é❡s✳

❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❜✐❡♥ q✉❡ ❧❡s ré♣❛rt✐t✐♦♥s ❞❡ ❝❤❛r❣❡s ❞❛♥s ❧❡s ❞❡✉① ❝♦♠♣❧❡①❡s s♦✐❡♥t

s✐♠✐❧❛✐r❡s✱ ❧❡s ❧✐❛✐s♦♥s UO ❡t UN s♦♥t ❞❡ ♥❛t✉r❡ ❞✐✛ér❡♥t❡✳ ▲❛ ❧✐❛✐s♦♥ UO ❡st ✉♥❡ ❧✐❛✐s♦♥

✓ ✐♦♥♦✲❝♦✈❛❧❡♥t❡ ✔✱ ❝♦♠♣♦sé❡ ❞✬✉♥❡ ❧✐❛✐s♦♥ s✐♠♣❧❡ σ(U − O) ♣♦❧❛r✐sé❡ ✈❡rs ❧✬♦①②❣è♥❡ ❡t

✷✶✸



❋✐❣✳ ❈✳✽✿ ❉✐❛❣r❛♠♠❡ ❞✬✐♥t❡r❛❝t✐♦♥ q✉❛❧✐t❛t✐❢ ❡♥tr❡ ❧❡s ❢r❛❣♠❡♥ts Cp2U
2+ ❡t X2− ✭X = O,NMe✮

❞❛♥s ❧❡ ❣r♦✉♣❡ ❞❡ s②♠étr✐❡ C2v✳

❞✬✉♥❡ ❢♦rt❡ ✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❡♥tr❡ ❧✬✉r❛♥✐✉♠ ❡t ❧✬♦①②❣è♥❡✳ ▲❛ ❢♦r♠❡ ♠és♦♠èr❡

U+ − O− ❧✬❡♠♣♦rt❡ ❞♦♥❝ s✉r ❧❛ ❢♦r♠❡ U = O✳ ❊♥ r❡✈❛♥❝❤❡✱ ❞❛♥s ❧❡ ❝❛s ❞✉ ❝♦♠♣❧❡①❡

Cp2UNMe ✱ ❧❛ str✉❝t✉r❡ ❞♦♠✐♥❛♥t❡ ❡st U = N ❀ ❧❛ ❧✐❛✐s♦♥ ♣♦ssè❞❡ ❞♦♥❝ ✉♥ ❝❛r❛❝tèr❡

♣❧✉s ❝♦✈❛❧❡♥t q✉❡ ❞❛♥s ❧❡ ❝❛s ❞❡ Cp2UO✳ ◆♦✉s ❛❧❧♦♥s à ♣rés❡♥t ❞ét❡r♠✐♥❡r s✐ ❧❛ ♥❛t✉r❡

❞✐✛ér❡♥t❡ ❞❡s ❧✐❛✐s♦♥s ✉r❛♥✐✉♠ ✲ ❧✐❣❛♥❞ ♣❡r♠❡t ❞✬❡①♣❧✐q✉❡r ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ré❛❝t✐✈✐té ❞❡

❝❡s ❞❡✉① ❝♦♠♣❧❡①❡s✳

❈✳✸ ❘é❛❝t✐✈✐té ❝♦♠♣❛ré❡ ❞❡ Cp
′
2UO ❡t Cp

′
2UNMe

▲✬♦❜❥❡❝t✐❢ ❞❡ ❝❡tt❡ s❡❝t✐♦♥ ❡st ❞❡ ❞ét❡r♠✐♥❡r s✐ ❧❛ ♥❛t✉r❡ ❞✐✛ér❡♥t❡ ❞❡s ❧✐❛✐s♦♥s UO ❡t

UN ❞❛♥s ❧❡s ❝♦♠♣❧❡①❡s Cp
′

2UO ❡t Cp
′

2UNMe✱ ❝♦♥✜r♠é❡ ❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ ♣ré❝é❞❡♥t✱

❡st à ❧✬♦r✐❣✐♥❡ ❞❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ré❛❝t✐✈✐té ❡♥tr❡ ❧❡s ❞❡✉① ❝♦♠♣❧❡①❡s✳ ❉❛♥s ✉♥ ♣r❡♠✐❡r

t❡♠♣s✱ ♥♦✉s é✈❛❧✉❡r♦♥s ❧❡s ❢♦r❝❡s r❡s♣❡❝t✐✈❡s ❞❡s ❧✐❛✐s♦♥s UO ❡t UN ❡♥ ét✉❞✐❛♥t ❧❛ ré❛❝t✐♦♥

❞✬❛❞❞✐t✐♦♥ ❞❡ ❧❛ ❜❡♥③♦♣❤é♥♦♥❡ s✉r Cp
′

2UNMe✱ q✉✐ ♣❡r♠❡t ❞❡ ❢♦r♠❡r Cp
′

2UO ✭ré❛❝t✐♦♥

❈✳✶✮✳ ◆♦✉s ❛♥❛❧②s❡r♦♥s ❡♥s✉✐t❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ré❛❝t✐✈✐té ❞❡ Cp
′

2UO ❡t Cp
′

2UNMe ✈✐s✲à✲

✈✐s ❞❡ ❧❛ ❝②❝❧♦❛❞❞✐t✐♦♥ ❞✉ ❞✐♠ét❤②❧❛❝ét②❧è♥❡ ✭ré❛❝t✐♦♥ ❈✳✷✮✳

✷✶✹



❈✳✸✳✶ ❆❞❞✐t✐♦♥ ❞❡ ❧❛ ❜❡♥③♦♣❤é♥♦♥❡ s✉r Cp2UNMe

❊①♣ér✐♠❡♥t❛❧❡♠❡♥t✱ Ph2C = O ré❛❣✐t ❛✈❡❝ Cp
′

2UNMe ♣♦✉r ❞♦♥♥❡r Cp
′

2UO ❡t ❧❡ ❝♦♠✲

♣♦sé Ph2C = NMe✳ ❈❡tt❡ ré❛❝t✐♦♥ ❡st ✐♠♠é❞✐❛t❡ ❡t ✐rré✈❡rs✐❜❧❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳

❆ ♣❛rt✐r ❞❡ ❝❡ rés✉❧t❛t✱ ❧❡s ❢♦r❝❡s r❡s♣❡❝t✐✈❡s ❞❡s ❧✐❛✐s♦♥s UO ❡t UN ❞❛♥s ❧❡s ❞❡✉① ❝♦♠✲

♣❧❡①❡s s❡r♦♥t é✈❛❧✉é❡s ❀ ♥♦✉s ♠♦♥tr❡r♦♥s q✉❡ ❧✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❡♥tr❡ ❧✬✉r❛♥✐✉♠

❡t ❧✬♦①②❣è♥❡ ❡st ❡①trê♠❡♠❡♥t st❛❜✐❧✐s❛♥t❡✳ ▲❡ ♠é❝❛♥✐s♠❡ ❞❡ ❝❡tt❡ ré❛❝t✐♦♥ s❡r❛ ❡♥s✉✐t❡

❞ét❡r♠✐♥é✳

❊✈❛❧✉❛t✐♦♥ ❞❡s ❢♦r❝❡s ❞❡s ❧✐❛✐s♦♥s U − O ❡t U = N

▲✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞❡ ❧❛ ré❛❝t✐♦♥ ❞✬❛❞❞✐t✐♦♥ ❞❡ Ph2C = O s✉r Cp2UNMe ❛ été ❝❛❧❝✉❧é❡

❡♥ r❡♠♣❧❛ç❛♥t ❧❡s ❧✐❣❛♥❞s ❡①♣ér✐♠❡♥t❛✉① Cp′ ♣❛r ❞❡s ❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡s ♥♦♥ s✉❜st✐t✉és

Cp✳ ❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❝❡tt❡ ré❛❝t✐♦♥ ❡st ❡①❡r❣♦♥✐q✉❡ ❞❡ ✲✷✻✳✺ ❦❝❛❧✳♠♦❧−1✳ ❖r✱ ✐❧ ❡st

❝♦♥♥✉ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t q✉❡ ❧❛ ❧✐❛✐s♦♥ CO ❞❛♥s Ph2C = O ❡st ♣❧✉s ❢♦rt❡ q✉❡ ❧❛ ❧✐❛✐s♦♥

CN ❞❛♥s Ph2C = NMe ❞✬❡♥✈✐r♦♥ ✸✵ ❦❝❛❧✳♠♦❧−1✳ ❆✜♥ ❞❡ q✉❛♥t✐✜❡r t❤é♦r✐q✉❡♠❡♥t ❝❡tt❡

❞✐✛ér❡♥❝❡✱ ❧❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s ❞❡s ré❛❝t✐♦♥s ❞❡ ❞✐ss♦❝✐❛t✐♦♥ Ph2C = O → Ph2C + O

❡t Ph2C = NMe → Ph2C + NMe ♦♥t été ❝❛❧❝✉❧é❡s✱ ❧❡s ❣é♦♠étr✐❡s ❞❡ Ph2C✱ O ❡t

NMe ét❛♥t ♦♣t✐♠✐sé❡s à ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ tr✐♣❧❡t✳ ❙❡❧♦♥ ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s✱ ❞❛♥s ❧❡s

❝♦♠♣♦sés Ph2C = O ❡t Ph2C = NMe✱ ❧❡s ❡♥t❤❛❧♣✐❡s ❞❡ ❞✐ss♦❝✐❛t✐♦♥ ❞❡s ❧✐❛✐s♦♥s CO ❡t

CN s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ❞❡ ✶✺✷ ❦❝❛❧✳♠♦❧−1 ❡t ✶✵✼ ❦❝❛❧✳♠♦❧−1✳

❉✬❛♣rès ❝❡s ❞♦♥♥é❡s✱ ❧✬❡♥t❤❛❧♣✐❡ ❞❡ ❞✐ss♦❝✐❛t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥ UO ❞❛♥s Cp2UO ❡st

s✉♣ér✐❡✉r❡ ❞✬❡♥✈✐r♦♥ ✼✵ ❦❝❛❧✳♠♦❧−1 à ❝❡❧❧❡ ❞❡ ❧❛ ❧✐❛✐s♦♥ UN ❞❛♥s Cp2UNMe✳ ❈❡ rés✉❧t❛t

❡st ♣❛r❛❞♦①❛❧ ✿ ❝♦♠♠❡♥t ✉♥❡ ❧✐❛✐s♦♥ s✐♠♣❧❡ ♣❡✉t✲❡❧❧❡ êtr❡ ♣❧✉s ❢♦rt❡ q✉✬✉♥❡ ❧✐❛✐s♦♥ ❞♦✉❜❧❡ ❄

❯♥❡ ✐♥t❡r♣rét❛t✐♦♥ q✉❛❧✐t❛t✐✈❡ ♣❡✉t êtr❡ ❢♦✉r♥✐❡ à ♣❛rt✐r ❞❡s s❝❤é♠❛s ❞❡ ❧✐❛✐s♦♥ ♣r♦♣♦sés

✜❣✉r❡ ❈✳✼✳ ❉❛♥s ❧❡ ❝♦♠♣❧❡①❡ Cp2UO✱ ❧❛ ❞✐st❛♥❝❡ U...O ❡st ❢❛✐❜❧❡ ✭✶✳✽✸ ➴✮✱ ❡t ❧❡s ❝❤❛r❣❡s ❞❡

❧✬✉r❛♥✐✉♠ ❡t ❞❡ ❧✬♦①②❣è♥❡ s♦♥t é❧❡✈é❡s✳ P❛r ❝♦♥séq✉❡♥t✱ ❧✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❡♥tr❡

U ❡t O ❡st très ✐♠♣♦rt❛♥t❡✳ ❊♥ r❡✈❛♥❝❤❡✱ ❞❛♥s ❧❡ ❝❛s ❞❡ Cp2UNMe✱ ❧❛ ❞✐st❛♥❝❡ U...N ❡st

♣❧✉s ✐♠♣♦rt❛♥t❡ ❡t ❧❛ ❝❤❛r❣❡ s✉r ❧❡ ♠ét❛❧ ❞✐♠✐♥✉❡✱ s✐ ❜✐❡♥ q✉❡ ❧✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡

❡♥tr❡ ❧✬✉r❛♥✐✉♠ ❡t ❧✬❛③♦t❡ ❡st ♣❧✉s ❢❛✐❜❧❡✳ ❯♥ ❝❛❧❝✉❧ s✐♠♣❧❡ à ♣❛rt✐r ❞❡s ❞✐st❛♥❝❡s U...O

❡t U...N ❡t ❞❡s ❝❤❛r❣❡s ◆P❆ ♣♦rté❡s ♣❛r ❧✬✉r❛♥✐✉♠✱ ❧✬♦①②❣è♥❡ ❡t ❧✬❛③♦t❡ ♣❡r♠❡t ❡♥ ❡✛❡t

❞✬é✈❛❧✉❡r ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ❞❡✉① ✐♥t❡r❛❝t✐♦♥s é❧❡❝tr♦st❛t✐q✉❡s à ❡♥✈✐r♦♥ ✹✵ ❦❝❛❧✳♠♦❧−1✳

❙❡❧♦♥ ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s✱ ❞❛♥s ❧❡ ❝❛s ❞❡s ❝♦♠♣❧❡①❡s Cp2UO ❡t Cp2UNMe✱ ❧✬✐♥t❡r❛❝✲

t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❡♥tr❡ U ❡t O ❡st ❞♦♥❝ ♣❧✉s st❛❜✐❧✐s❛♥t❡ q✉❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥

❝♦✈❛❧❡♥t❡ π(U = N)✳

✷✶✺



❉ét❡r♠✐♥❛t✐♦♥ ❞✉ ♠é❝❛♥✐s♠❡ ré❛❝t✐♦♥♥❡❧

❆✜♥ ❞❡ ❞ét❡r♠✐♥❡r ❧❡ ♠é❝❛♥✐s♠❡ ré❛❝t✐♦♥♥❡❧ ❞❡ ❧✬❛❞❞✐t✐♦♥ ❞❡ Ph2C = O s✉r Cp2UNMe✱

♥♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞❡ ♠♦❞é❧✐s❡r Ph2C = O ♣❛r ❧❡ ❢♦r♠❛❧❞é❤②❞❡ H2C = O✳ ▲❡ ♣r♦✜❧ é♥❡r✲

❣ét✐q✉❡ ♦❜t❡♥✉ ❡st ♣rés❡♥té ✜❣✉r❡ ❈✳✾✳ ❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧✬❛❞❞✐t✐♦♥ ❞✉ ❢♦r♠❛❧❞é❤②❧❡

♣♦✉r ❢♦r♠❡r Cp2UO s❡ ❞ér♦✉❧❡ ❡♥ q✉❛tr❡ ét❛♣❡s✱ s❛♥s ❝❤❛♥❣❡♠❡♥t ❞❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥

❞✉ ♠ét❛❧✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❧❡ ❢♦r♠❛❧❞é❤②❞❡ s❡ ❝♦♦r❞♦♥♥❡ ❛✉ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡✱ ♣♦✉r ❞♦♥♥❡r

❧✬❛❞❞✉✐t ✶✱ ❧é❣èr❡♠❡♥t st❛❜✐❧✐sé ♣❛r r❛♣♣♦rt ❛✉① ré❛❝t✐❢s sé♣r❛rés✳ ▲❛ ❧✐❛✐s♦♥ π(C = O)

s✬✐♥sèr❡ ❡♥s✉✐t❡ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ π(U = N) ❞❡ Cp2UNMe✱ ❝❡ q✉✐ ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥

❞✬✉♥ ♠ét❛❧❧❛❝②❝❧❡ ✷✳ ❈❡tt❡ ré❛❝t✐♦♥✱ très ❡①❡r❣♦♥✐q✉❡✱ ❡st q✉❛s✐♠❡♥t s❛♥s é♥❡r❣✐❡ ❞✬❛❝✲

t✐✈❛t✐♦♥ ❡t ❞❡✈r❛✐t ❞♦♥❝ êtr❡ ✐♠♠é❞✐❛t❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳ ❯♥ ét❛t ❞❡ tr❛♥s✐t✐♦♥

à q✉❛tr❡ ❝❡♥tr❡s ❝♦♥❞✉✐t ❡♥s✉✐t❡ à ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❛❞❞✉✐t ✸✱ ❧é❣èr❡♠❡♥t st❛❜✐❧✐sé ♣❛r

r❛♣♣♦rt ❛✉ ♠ét❛❧❧❛❝②❝❧❡ ✷✳ ▲✬é♥❡r❣✐❡ ❞✬❛❝t✐✈❛t✐♦♥ ♣♦✉r ♣❛ss❡r ❞❡ ✷ à ✸ ❡st ❢❛✐❜❧❡ ✭∆G‡ ≃
✶✹ ❦❝❛❧✳♠♦❧−1✮✳ ❊♥✜♥✱ ❧❛ ❞é❝♦♦r❞✐♥❛t✐♦♥ ❞❡ H2C = NMe✱ ❡♥❞❡r❣♦♥✐q✉❡ ❞✬❡♥✈✐r♦♥ ✶✵

❦❝❛❧✳♠♦❧−1✱ ❝♦♥❞✉✐t à ❧❛ ❧✐❜ér❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ Cp2UO✳

▲❛ ré❛❝t✐♦♥ ❡st ❣❧♦❜❛❧❡♠❡♥t ❡①❡r❣♦♥✐q✉❡ ❞❡ ✲✸✹✳✼✻ ❦❝❛❧✳♠♦❧−1 ❡t t♦✉s ❧❡s ét❛ts ❞❡ tr❛♥✲

s✐t✐♦♥ s♦♥t s✐t✉és s♦✉s ❧❛ ✈♦✐❡ ❞✬❡♥tré❡✳ P❛r ❝♦♥séq✉❡♥t✱ ❧✬❛❞❞✐t✐♦♥ ❞✉ ❢♦r♠❛❧❞é❤②❞❡ s✉r

Cp2UNMe ❞❡✈r❛✐t êtr❡ ✐♠♠é❞✐❛t❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳ ▲❛ ré❛❝t✐♦♥ ❞❡✈r❛✐t t♦✉t❡✲

❢♦✐s ❞✬❛♣rès ♥♦s ❝❛❧❝✉❧s s✬❛rrêt❡r ❛✉ ❝♦♠♣❧❡①❡ ✸✱ ❞❛♥s ❧❡q✉❡❧ H2C = NMe ❡st ❝♦♦r❞✐♥é

à Cp2UO✳ ▲✬❛❥♦✉t ❞✬✉♥ ❛❝✐❞❡ ❞❡ ▲❡✇✐s✱ ❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡t BPh3✱ ❞❡✈r❛✐t ❡♥s✉✐t❡ ♣❡r✲

♠❡ttr❡ ❞❡ ❧✐❜ér❡r ❧❡ ❝♦♠♣❧❡①❡ Cp2UO✳

▲❡s ❣é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s ♣♦✐♥ts st❛t✐♦♥♥❛✐r❡s s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ♣♦t❡♥t✐❡❧ ✭✐♥t❡r✲

♠é❞✐❛✐r❡s ré❛❝t✐♦♥♥❡❧s ❡t ét❛ts ❞❡ tr❛♥s✐t✐♦♥✮ s♦♥t ♣rés❡♥té❡s ✜❣✉r❡ ❈✳✶✵✳ ▲❡s ♣r✐♥❝✐♣❛✉①

♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s ❡t é❧❡❝tr♦♥✐q✉❡s s♦♥t r❛ss❡♠❜❧és ❞❛♥s ❧❛ t❛❜❧❡ ❈✳✷✳ ◆♦t♦♥s q✉❡

❞❛♥s H2C = O ❧✐❜r❡✱ ❧❛ ❞✐st❛♥❝❡ C...O ❡st ❞❡ ✶✳✷✵ ➴ ❡t ❧❡s ❝❤❛r❣❡s ◆P❆ s✉r ❧✬♦①②❣è♥❡ ❡t

❧❡ ❝❛r❜♦♥❡ s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ✲✵✳✹✾ ❡t ✰✵✳✷✶✳

❈♦♦r❞✐♥❛t✐♦♥ ❞✉ ❢♦r♠❛❧❞é❤②❞❡ ❙❡❧♦♥ ♥♦s ❝❛❧❝✉❧s✱ ❧✬❛❞❞✐t✐♦♥ ❞✉ ❢♦r♠❛❧❞é❤②❞❡

s✉r Cp2UNMe ❞é❜✉t❡ ♣❛r ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ❢♦r♠❛❧❞é❤②❞❡ s✉r ❧❡ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡✱

♣♦✉r ❞♦♥♥❡r ❧✬❛❞❞✉✐t ✶✳ ❉❛♥s ❝❡ ❝♦♠♣❧❡①❡✱ ❧❛ ❧✐❛✐s♦♥ C1O ❞✉ ❢♦r♠❛❧❞é❤②❞❡ ❡st ❧é❣èr❡♠❡♥t

❛❧❧♦♥❣é❡✳ ▲❛ ❣é♦♠étr✐❡ ❞✉ ❢r❛❣♠❡♥t Cp2UNMe ♥✬❡st q✉❡ ♣❡✉ ♠♦❞✐✜é❡ ♣❛r ❧❛ ❝♦♦r❞✐♥❛t✐♦♥✳

▲✬❛♥❣❧❡ U − O − C1 ❞❡ ✶✷✵ ❞❡❣rés ❡st t②♣✐q✉❡ ❞❡ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞❡s ❛❧❞é❤②❞❡s ❡t ❞❡s

❝ét♦♥❡s s✉r ❞❡s ❛❝✐❞❡s ❞❡ ▲❡✇✐s ❬✷✶✷❪✳ ▲❡ ❢♦r♠❛❧❞é❤②❞❡ ❡t ❧❛ ❧✐❛✐s♦♥ UN s♦♥t ❝♦♣❧❛♥❛✐r❡s

s✐ ❜✐❡♥ q✉❡ ❧✬♦r❜✐t❛❧❡ π⋆(C1 = O) ❞✉ ❢♦r♠❛❧❞é❤②❞❡ ♥✬✐♥t❡r❛❣✐t ♣❛s ❛✈❡❝ ❧✬❛③♦t❡✳

❉✬❛♣rès ❧❛ t❛❜❧❡ ❈✳✷✱ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❡♥tr❛î♥❡ ✉♥❡ ❧é❣èr❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ❝❤❛r❣❡ ❞✉

♠ét❛❧✱ ❛✐♥s✐ q✉✬✉♥❡ ♣♦❧❛r✐s❛t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥ π(C1 = O)✳ ❯♥❡ ❛♥❛❧②s❡ ◆❇❖ ❞❡ ❧❛ str✉❝✲

t✉r❡ ✶ ♥✬✐♥❞✐q✉❡ ❛✉❝✉♥❡ ❧✐❛✐s♦♥ ❝♦✈❛❧❡♥t❡ ❡♥tr❡ ❧✬✉r❛♥✐✉♠ ❡t ❧✬♦①②❣è♥❡ ❀ ♣❛r ❝♦♥séq✉❡♥t

❧✬✐♥t❡r❛❝t✐♦♥ U...O ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t é❧❡❝tr♦st❛t✐q✉❡✳ ❆✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥✱

✷✶✻



❋✐❣✳ ❈✳✾✿ Pr♦✜❧ é♥❡r❣ét✐q✉❡ ❞✬❛❞❞✐t✐♦♥ ❞✉ ❢♦r♠❛❧❞é❤②❞❡ s✉r Cp2UNMe✳ [U ] r❡♣rés❡♥t❡ ❧❡ ❢r❛❣✲
♠❡♥t ♠ét❛❧❧✐q✉❡ Cp2U ✳

✉♥❡ ❧é❣èr❡ ❞♦♥❛t✐♦♥ ❞❡s ❞♦✉❜❧❡ts ♥♦♥ ❧✐❛♥ts ❞❡ ❧✬♦①②❣è♥❡ ✈❡rs ❧✬✉r❛♥✐✉♠ ♣❡✉t ❡♥ ♦✉tr❡

êtr❡ ♦❜s❡r✈é❡✱ ❝❡ q✉✐ ♣❡r♠❡t ❞✬❡①♣❧✐q✉❡r ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ❝❤❛r❣❡ ❞✉ ♠ét❛❧✳ ❙❡❧♦♥ ♥♦s

❝❛❧❝✉❧s✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬❛❞❞✉✐t ✶ ❡st ❡①❡r❣♦♥✐q✉❡ ❞❡ ✸✳✷ ❦❝❛❧✳♠♦❧−1 à ♣❛rt✐r ❞❡s ré❛❝t✐❢s

sé♣❛rés✳ ❈❡❝✐ ✐♥❞✐q✉❡ q✉❡ ❧✬✐♥t❡r❛❝t✐♦♥ U...O ❡st s✉✣s❛♠❡♥t ✐♠♣♦rt❛♥t❡ ♣♦✉r ❝♦♠♣❡♥s❡r

❧❛ ♣❡rt❡ ❞✬❡♥tr♦♣✐❡ tr❛♥s❧❛t✐♦♥♥❡❧❧❡ ❞✉❡ à ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ❢♦r♠❛❧❞é❤②❞❡✳

❋♦r♠❛t✐♦♥ ❞✉ ♠ét❛❧❧❛❝②❝❧❡ ▲❛ r♦t❛t✐♦♥ ❞✉ ❢♦r♠❛❧❞é❤②❞❡ ❞❡ ✸✼ ❞❡❣rés ❡♥ ❞❡❤♦rs

❞✉ ♣❧❛♥ O−U −N ❝♦♥❞✉✐t à ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥✱ ♥♦té ❚❙ ✶✲✷✳ P❛r r❛♣♣♦rt à ❧✬❛❞❞✉✐t ✶✱

s❡✉❧s ❞❡ ❧é❣❡rs ❝❤❛♥❣❡♠❡♥ts ❣é♦♠étr✐q✉❡s s♦♥t ♦❜s❡r✈❛❜❧❡s ✿ ❧❛ ❞✐st❛♥❝❡ U...O ❡st r❛❝❝♦✉r✲

❝✐❡ ❞❡ ✵✳✵✹ ➴ ❡t ❧✬❛♥❣❧❡ U − O − C1 ❛ ❞✐♠✐♥✉é s✐ ❜✐❡♥ q✉❡ ❧❡ ❝❛r❜♦♥❡ C1 s✬❡st r❛♣♣r♦❝❤é

❞❡ ❧✬❛③♦t❡✳ ❊♥ r❛✐s♦♥ ❞❡ ❧❛ r♦t❛t✐♦♥ ❞✉ ❢♦r♠❛❧❞é❤②❞❡✱ ✉♥❡ ❢❛✐❜❧❡ ❞é❧♦❝❛❧✐s❛t✐♦♥ ❞❡ ❧❛ ❧✐❛✐✲

s♦♥ π(U = N) ✈❡rs ❧✬♦r❜✐t❛❧❡ ✈❛❝❛♥t❡ π⋆(C1 = O) ❡st ❛❧♦rs ♣♦ss✐❜❧❡✳ ❈❡tt❡ ✐♥t❡r❛❝t✐♦♥✱

❝♦♥✜r♠é❡ ♣❛r ✉♥❡ ❛♥❛❧②s❡ ◆❇❖ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥✱ s✉✣t ❛❧♦rs à r♦♠♣r❡

❧❛ ❧✐❛✐s♦♥ π(C1 = O)✱ ❝❡ q✉✐ ❡♥tr❛î♥❡ ❧✬✐♥s❡rt✐♦♥ ❞✉ ❢♦r♠❛❧❞é❤②❞❡ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ UN ❡t

❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ♠ét❛❧❧❛❝②❝❧❡ ✷✳ ❙❡❧♦♥ ♥♦s ❝❛❧❝✉❧s✱ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❚❙ ✶✲✷ ❡st ✶✳✷

❦❝❛❧✳♠♦❧−1 ❛✉✲❞❡ss✉s ❞❡ ❧✬❛❞❞✉✐t ✶✳ ❈❡tt❡ ❢❛✐❜❧❡ ❜❛rr✐èr❡ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ♠♦❞✐✜❝❛✲

t✐♦♥s ❣é♦♠étr✐q✉❡s ♠✐♥✐♠❡s ♥é❝❡ss❛✐r❡s ♣♦✉r ♣❛ss❡r ❞❡ ❧✬❛❞❞✉✐t à ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥✳ ■❧ ❡st

à ♥♦t❡r q✉✬✉♥ ♠é❝❛♥✐s♠❡ s✐♠✐❧❛✐r❡ ❛ été ♣r♦♣♦sé ❡t ✈❛❧✐❞é t❤é♦r✐q✉❡♠❡♥t ♣♦✉r ❧✬✐♥s❡rt✐♦♥

✷✶✼



❋✐❣✳ ❈✳✶✵✿ ❆❞❞✐t✐♦♥ ❞❡ H2C = O s✉r Cp2UNMe ✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s ♣♦✐♥ts st❛t✐♦♥♥❛✐r❡s
s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ♣♦t❡♥t✐❡❧✳

❞✉ ❢♦r♠❛❧❞é❤②❞❡ ❞❛♥s ❧❛ ❧✐❛✐s♦♥ Ce − H ❞✉ ❝♦♠♣❧❡①❡ Cp
′

2CeH ❬✷✶✷❪✳

❉❛♥s ❧❡ ❧❡ ♠ét❛❧❧❛❝②❝❧❡ ✷✱ ❧❡s ❞✐st❛♥❝❡s U...N ❡t O...C1 ❛✉❣♠❡♥t❡♥t ❞✬❡♥✈✐r♦♥ ✵✳✷ ➴

♣❛r r❛♣♣♦rt à ❧✬❛❞❞✉✐t ✶ ❡t ❧❡s ❞✐st❛♥❝❡s U...O ❡t N...C1 ♦♥t ❞✐♠✐♥✉é✳ ▲❡s ❛t♦♠❡s U ✱ O✱ C1

❡t N s♦♥t ❝♦♣❧❛♥❛✐r❡s ❡t ❧✬❛③♦t❡ ♥✬❡st ♣❛s ♣②r❛♠✐❞❛❧✐sé✳ ❉❛♥s ❝❡ ❝♦♠♣❧❡①❡✱ ❧❡s ❧✐❛✐s♦♥s UN

❡t UO s♦♥t ❢♦r♠❡❧❧❡♠❡♥t s✐♠♣❧❡s✳ ◆♦✉s ♣♦✉✈♦♥s r❡♠❛rq✉❡r q✉❡ ❧❛ ❞✐st❛♥❝❡ U...N ❞❛♥s

❧❡ ♠ét❛❧❧❛❝②❝❧❡ ❡st ✐❞❡♥t✐q✉❡ ❛✉① ❞✐st❛♥❝❡s U...N ♦❜s❡r✈é❡s ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ♣♦✉r ❧❡

❝♦♠♣❧❡①❡ Cp⋆
2U [N(Ph)(CH2Ph)]2 ✭Cp⋆ = C5Me5✮ ❬✷✵✵❪✳ ❉❡ ♠ê♠❡✱ ❧❛ ❞✐st❛♥❝❡ U...O ❡st

s✐♠✐❧❛✐r❡ à ❝❡❧❧❡ ❞❡ ❧❛ ❧✐❛✐s♦♥ s✐♠♣❧❡ U−O ❞❛♥s ❧❡ ❝♦♠♣❧❡①❡ Cp⋆
2U(O)(O−2, 6−iPr2C6H3)

✭✷✳✶✷ ➴✮ ❬✷✵✻❪✳

▲❡ s❝❤é♠❛ ❞❡ ❧✐❛✐s♦♥ ❢♦✉r♥✐ ♣❛r ❧✬❛♥❛❧②s❡ ◆❇❖ ♣♦✉r ❧❡ ❝♦♠♣♦sé ✷ ❡st r❡♣rés❡♥té s✉r

❧❛ ✜❣✉r❡ ❈✳✶✶✳ ❙❡❧♦♥ ❝❡ s❝❤é♠❛✱ ❛✉❝✉♥❡ ❧✐❛✐s♦♥ ❝♦✈❛❧❡♥t❡ ♥✬❡st ♣rés❡♥t❡ ❡♥tr❡ ❧✬✉r❛♥✐✉♠

❡t ❧✬♦①②❣è♥❡ ❀ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ❛t♦♠❡s ❡st ❞♦♥❝ ♣r✐♥❝✐♣❛❧❡♠❡♥t é❧❡❝tr♦st❛t✐q✉❡✳

▲✬❛♥❛❧②s❡ ✐♥❞✐q✉❡ ❡♥ r❡✈❛♥❝❤❡ ❧❛ ♣rés❡♥❝❡ ❞✬✉♥❡ ❧✐❛✐s♦♥ s✐♠♣❧❡ σ(U −N) ❢♦rt❡♠❡♥t ♣♦❧❛r✐✲

sé❡ ✈❡rs ❧✬❛③♦t❡✳ ❆✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥✱ ✉♥❡ ❞♦♥❛t✐♦♥ s✉❜st❛♥t✐❡❧❧❡ ❞❡s ❞♦✉❜❧❡ts

❞❡ ❧✬♦①②❣è♥❡ ❡t ❞❡ ❧✬❛③♦t❡ ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞❡ ❧✬✉r❛♥✐✉♠✱ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡

s②♠étr✐❡ f ✱ ❡st ❡♥ ♦✉tr❡ ♦❜s❡r✈❛❜❧❡✳ ▲❛ ❞é❧♦❝❛❧✐s❛t✐♦♥ ❞✉ ❞♦✉❜❧❡t ❞❡ ❧✬❛③♦t❡ ♣❡r♠❡t ❞❡

❥✉st✐✜❡r s❛ ♣❧❛♥é✐té✳

✷✶✽



❙tr✉❝t✉r❡ ✶ ❚❙ ✶✲✷ ✷ ❚❙ ✷✲✸ ✸
❉✐st❛♥❝❡s

d(U...N) ✷✳✵✵ ✷✳✵✵ ✷✳✶✽ ✷✳✹✵ ✷✳✻✻
d(N...C2) ✶✳✹✸ ✶✳✹✹ ✶✳✹✹ ✶✳✹✻ ✶✳✹✺
d(U...O) ✷✳✻✵ ✷✳✺✻ ✷✳✶✷ ✶✳✾✼ ✶✳✽✺
d(O...C1) ✶✳✷✷ ✶✳✷✸ ✶✳✹✷ ✶✳✽✶ ✸✳✶✺
d(N...C1) ✸✳✷✽ ✸✳✵✾ ✶✳✹✼ ✶✳✸✺ ✶✳✷✼
❆♥❣❧❡s

O − U − N ✽✼✳✽ ✽✼✳✶ ✻✺✳✼ ✼✶✳✻ ✽✻✳✺
U − N − C2 ✶✼✷✳✺ ✶✻✼✳✾ ✶✺✺✳✷ ✶✶✽✳✾ ✶✷✻✳✽
❆♥❣❧❡s ❞✐è❞r❡s

U − O − C1 − N ✲✵✳✼ ✹✳✷ ✵✳✸ ✶✹✳✾ ✲✵✳✺
U − O − C1 − H1 ✲✵✳✹ ✸✼✳✼ ✶✷✵✳✼ ✶✸✾✳✸ ✶✼✽✳✷
U − N − C1 − H1 ✲✶✼✽✳✼ ✲✶✹✼✳✸ ✲✶✷✵✳✷ ✲✶✷✷✳✽ ✲✵✳✻
❈❤❛r❣❡s ◆P❆

U ✰✷✳✸✶ ✰✷✳✸✵ ✰✷✳✸✽ ✰✷✳✸✾ ✰✷✳✹✹
N ✲✶✳✶✼ ✲✶✳✶✻ ✲✵✳✾✶ ✲✵✳✽✵ ✲✵✳✺✺
O ✲✵✳✺✵ ✲✵✳✺✾ ✲✵✳✽✽ ✲✵✳✾✼ ✲✶✳✶✻
C1 ✰✵✳✷✽ ✰✵✳✷✻ ✰✵✳✵✻ ✲✵✳✵✹ ✲✵✳✵✹

❚❛❜✳ ❈✳✷✿ ❆❞❞✐t✐♦♥ ❞❡ H2C = O s✉r Cp2UNMe ✿ Pr✐♥❝✐♣❛✉① ♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s ❡t
é❧❡❝tr♦♥✐q✉❡s ❞❡s ♣♦✐♥ts st❛t✐♦♥♥❛✐r❡s s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ♣♦t❡♥t✐❡❧✳

❙❡❧♦♥ ♥♦s ❝❛❧❝✉❧s✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ✷ à ♣❛rt✐r ❞❡ ❧✬❛❞❞✉✐t ✶ ❡st ❡①❡r❣♦♥✐q✉❡ ❞❡ ✸✸✳✷

❦❝❛❧✳♠♦❧−1 ♣❛r r❛♣♣♦rt à ❧✬❛❞❞✉✐t ✶✳ ❈❡❝✐ ✐♥❞✐q✉❡ q✉❡ ❧❛ ❝ré❛t✐♦♥ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦✲

st❛t✐q✉❡ U...O ❝♦♠♣❡♥s❡ ❧❛r❣❡♠❡♥t ❧❛ r✉♣t✉r❡ ❞❡ ❧❛ ❧✐❛✐s♦♥ π(U = N)✱ ❝❡ q✉✐ ❡st ❡♥ ❛❝❝♦r❞

❛✈❡❝ ❧❡s rés✉❧t❛ts t❤❡r♠♦❞②♥❛♠✐q✉❡s ♦❜t❡♥✉s ♣ré❝é❞❡♠♠❡♥t✳

❋✐❣✳ ❈✳✶✶✿ ❙tr✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞✉ ♠ét❛❧❧❛❝②❝❧❡ ✷✳ [U ] r❡♣rés❡♥t❡ ❧❡ ❢r❛❣♠❡♥t ♠ét❛❧❧✐q✉❡ Cp2U ✳

❋♦r♠❛t✐♦♥ ❞❡ ❧❛ ◆✲♠ét❤②❧ ♠ét❤❛♥✐♠✐♥❡ ❆ ♣❛rt✐r ❞✉ ♠ét❛❧❧❛❝②❝❧❡ ✷✱ ✉♥❡ ❞✐♠✐✲

♥✉t✐♦♥ ❞❡s ❞✐st❛♥❝❡s U...O ❡t N...C1 ❡t ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ❞✐st❛♥❝❡s U...N ❡t O...C1

❝♦♥❞✉✐s❡♥t à ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❚❙ ✷✲✸✳ ❉❛♥s ❝❡ ❞❡r♥✐❡r✱ ❧✬❛③♦t❡ ❡st ♣②r❛♠✐❞❛❧✐sé ✭❧✬❛♥❣❧❡

✷✶✾



❞✐è❞r❡ U − C1 − C2 − N ❡st ❞❡ ✸✾ ❞❡❣rés✮✳ ❙❡❧♦♥ ❧✬❛♥❛❧②s❡ ◆❇❖✱ ❧❡s ❧✐❛✐s♦♥s σ(U − N)

❡t σ(C1 − O) s♦♥t très ♣♦❧❛r✐sé❡s ✈❡rs ❧✬❛③♦t❡ ❡t ❧✬♦①②❣è♥❡ r❡s♣❡❝t✐✈❡♠❡♥t ❀ ❧❡s ❧✐❛✐s♦♥s

σ(U − O) ❡t π(C1 = N) ♥❡ s♦♥t ♣❛s ❡♥❝♦r❡ ❢♦r♠é❡s✳ ❚♦✉t❡❢♦✐s✱ ❧✬❛♥❛❧②s❡ ❛✉ s❡❝♦♥❞ ♦r❞r❡

❞❡ ♣❡rt✉r❜❛t✐♦♥ ✐♥❞✐q✉❡ q✉❡ ❧❛ ❞♦♥❛t✐♦♥ ❞❡s ❞♦✉❜❧❡ts ❞❡ ❧✬♦①②❣è♥❡ ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛✲

❝❛♥t❡s ❞❡ ❧✬✉r❛♥✐✉♠ ❡st ❜❡❛✉❝♦✉♣ ♣❧✉s ❢♦rt❡ q✉❡ ❞❛♥s ❧❡ ♠ét❛❧❧❛❝②❝❧❡ ✷✳ ❈❡❝✐ ❡st ❡♥ ❛❝❝♦r❞

❛✈❡❝ ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ❞✐st❛♥❝❡ U...O✳ ❉❡ ❧❛ ♠ê♠❡ ❢❛ç♦♥✱ ❧✬❛❧❧♦♥❣❡♠❡♥t ❞❡ ❧❛ ❧✐❛✐s♦♥

U − N s❡ tr❛❞✉✐t ♣❛r ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ✐♠♣♦rt❛♥t❡ ❞❡ ❧❛ ❞♦♥❛t✐♦♥ ❞✉ ❞♦✉❜❧❡t ❧✐❜r❡ ❞❡

❧✬❛③♦t❡ ✈❡rs ❧✬✉r❛♥✐✉♠✳ ▲❛ r❡❧♦❝❛❧✐s❛t✐♦♥ ❞✉ ❞♦✉❜❧❡t ❧✐❜r❡ s✉r ❧✬❛③♦t❡ ♣❡r♠❡t ❞✬❡①♣❧✐q✉❡r ❧❛

♣②r❛♠✐❞❛❧✐s❛t✐♦♥ ❞❡ ❝❡ ❞❡r♥✐❡r✳ ▲❛ ❞ést❛❜✐❧✐s❛t✐♦♥ r❡❧❛t✐✈❡ ❞❡ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❚❙ ✷✲✸

♣❛r r❛♣♣♦rt ❛✉ ♠ét❛❧❧❛❝②❝❧❡ ✷ ❡st ❞❡ ✶✹✳✺ ❦❝❛❧✳♠♦❧−1 ❀ ❧❛ ❜❛rr✐èr❡ ❡st r❡❧❛t✐✈❡♠❡♥t ❤❛✉t❡

❡♥ r❛✐s♦♥ ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❣é♦♠étr✐q✉❡s ❡t é❧❡❝tr♦♥✐q✉❡s ✐♠♣♦rt❛♥t❡s ♥é❝❡ss❛✐r❡s ♣♦✉r

♣❛ss❡r ❞✉ ♠ét❛❧❧❛❝②❝❧❡ à ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥✳

▲✬❛❝t✐✈❛t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥ σ(U −N) ❡t ❧❛ ❝ré❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥ π(C1 = N) ❝♦♥❞✉✐s❡♥t

à ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ❞❡ N−♠ét❤②❧ ♠ét❤❛♥✐♠✐♥❡ H2C = NMe✳ ❈❡❧❧❡✲❝✐ r❡st❡

❝♦♦r❞✐♥é❡ s✉r ❧❡ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡ ♣♦✉r ❞♦♥♥❡r ❧✬❛❞❞✉✐t ✸✳ ❉✬❛♣rès ❧❛ t❛❜❧❡ ❈✳✷✱ ❧❛ ❞✐st❛♥❝❡

U...O ❞❛♥s ❝❡ ❝♦♠♣♦sé ❡st s✐♠✐❧❛✐r❡ à ❝❡❧❧❡ ❞✉ ❝♦♠♣❧❡①❡ Cp2UO r❡♣♦rté❡ ♣ré❝é❞❡♠♠❡♥t✳

▲✬❛③♦t❡ s✬❡st é❧♦✐❣♥é ❞✉ ♠ét❛❧ ❡t ❡st à ♥♦✉✈❡❛✉ ♣❧❛♥✳ ▲✬❛♥❛❧②s❡ ◆❇❖ ✐♥❞✐q✉❡ ❧❛ ❢♦r♠❛t✐♦♥

❞✬✉♥❡ ❧✐❛✐s♦♥ s✐♠♣❧❡ σ(U−O) ✱ ❢♦rt❡♠❡♥t ♣♦❧❛r✐sé❡ ✈❡rs ❧✬♦①②❣è♥❡✳ ❊♥ r❡✈❛♥❝❤❡✱ ✐❧ ♥✬② ❛ ♣❧✉s

❞❡ ❧✐❛✐s♦♥ ❝♦✈❛❧❡♥t❡ ❡♥tr❡ ❧✬✉r❛♥✐✉♠ ❡t ❧✬❛③♦t❡✳ ▲✬✐♥t❡r❛❝t✐♦♥ U...N ❡st ❞♦♥❝ ♣r✐♥❝✐♣❛❧❡♠❡♥t

é❧❡❝tr♦st❛t✐q✉❡ ❀ s❡❧♦♥ ❧✬❛♥❛❧②s❡ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥✱ ❧❛ ❞♦♥❛t✐♦♥ ❞✉ ❞♦✉❜❧❡t ❞❡

N ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞❡ U ❡st ❢❛✐❜❧❡✳ ▲❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬❛❞❞✉✐t ✸ ❡st ❡①❡r❣♦♥✐q✉❡

❞❡ ✻✳✸ ❦❝❛❧✳♠♦❧−1 ♣❛r r❛♣♣♦rt ❛✉ ♠ét❛❧❧❛❝②❝❧❡ ✷✱ ❝❡ q✉✐ ♣❡✉t êtr❡ ❛ttr✐❜✉é à ❧❛ ❢♦r♠❛t✐♦♥

❞❡ ❧❛ ❧✐❛✐s♦♥ σ(U − O)✳

▲✐❜ér❛t✐♦♥ ❞❡ Cp2UO ❊♥✜♥✱ ❧❛ ❞é❝♦♦r❞✐♥❛t✐♦♥ ❞❡ H2C = NMe✱ q✉✐ ❧✐❜èr❡ ❧❡

❝♦♠♣❧❡①❡ Cp2UO✱ ❡st ❡♥❞❡r❣♦♥✐q✉❡ ❞❡ ✼✳✾ ❦❝❛❧✳♠♦❧−1 ✳ P❛r ❝♦♥séq✉❡♥t✱ ❧✬✐♥t❡r❛❝t✐♦♥ U...N

❞❛♥s ❧✬❛❞❞✉✐t ❈ ❡st r❡❧❛t✐✈❡♠❡♥t ❢♦rt❡✱ ♣✉✐sq✉❡ s❛ ♣❡rt❡ ♥✬❡st ♣❛s ❝♦♠♣❡♥sé❡ ♣❛r ❧❡ ❣❛✐♥

❞✬❡♥tr♦♣✐❡ tr❛♥s❧❛t✐♦♥♥❡❧❧❡✳ ❈❡❝✐ ♣❡r♠❡t ❞❡ ❝♦♠♣r❡♥❞r❡ ♣♦✉rq✉♦✐ ❧❡ ❝♦♠♣❧❡①❡ Cp2UO ❛

t❡♥❞❛♥❝❡ à s✬❛ss♦❝✐❡r ❛✈❡❝ ❧❛ ♣②r✐❞✐♥❡ ❡t ❧❡s ❜❛s❡s ❛③♦té❡s✳ ❚♦✉t❡❢♦✐s✱ ❧✬❛❥♦✉t ❞✬✉♥ ❛❝✐❞❡ ❞❡

▲❡✇✐s ❞❡✈r❛✐t ♣❡r♠❡ttr❡ ❞❡ ❞é❝♦♦r❞✐♥❡r ❧❛ N−♠ét❤②❧ ♠ét❤❛♥✐♠✐♥❡✳

❆✜♥ ❞❡ ✈ér✐✜❡r ❝❡tt❡ ❤②♣♦t❤ès❡✱ ♥♦✉s ❛✈♦♥s ❝❛❧❝✉❧é ❧✬❡♥t❤❛❧♣✐❡ ❞❡ ❧❛ ré❛❝t✐♦♥ ❈✳✹✳

❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❝❡tt❡ ré❛❝t✐♦♥ ❡st ❡①❡r❣♦♥✐q✉❡ ❞❡ ✶✻✳✷ ❦❝❛❧✳♠♦❧−1✳ P❛r ❝♦♥séq✉❡♥t✱ ❡♥

♣rés❡♥❝❡ ❞✬✉♥ ❛❝✐❞❡ ❞❡ ▲❡✇✐s ❜♦ré✱ ❧❛ ❧✐❜ér❛t✐♦♥ ❞❡ Cp2UO ❞❡✈r❛✐t êtr❡ ♦❜s❡r✈é❡✳ BH3 ❡st

❞♦♥❝ ✉♥ ♠❡✐❧❧❡✉r ❛❝✐❞❡ ❞❡ ▲❡✇✐s q✉❡ Cp2UO✳

3 + BH3 → Cp2UO + H2C = N(Me)(BH3) ✭❈✳✹✮

▲✬❛❞❞✐t✐♦♥ ❞✉ ❢♦r♠❛❧❞é❤②❞❡ s✉r Cp2UNMe ❡st ❣❧♦❜❛❧❡♠❡♥t ❡①❡r❣♦♥✐q✉❡ ❞❡ ✸✹✳✽ ❦❝❛❧✳♠♦❧−1✳
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❆ ♣❛rt✐r ❞❡s ✈❛❧❡✉rs ❞❡s ❡♥t❤❛❧♣✐❡s ❞❡ ❞✐ss♦❝✐❛t✐♦♥ ❞❡s ❧✐❛✐s♦♥s CO ❡t CN ❞✐s♣♦♥✐❜❧❡s ❞❛♥s

❧❛ ❧✐ttér❛t✉r❡✱ ✉♥ ❜✐❧❛♥ ❞❡s ❧✐❛✐s♦♥s ❢♦r♠é❡s ❡t ❛❝t✐✈é❡s ♣❡r♠❡t à ♥♦✉✈❡❛✉ ❞✬❡st✐♠❡r ❧❛ ❞✐❢✲

❢ér❡♥❝❡ ❞❡ st❛❜✐❧✐té ❡♥tr❡ ❧❡s ❧✐❛✐s♦♥s UO ❡t UN à ❡♥✈✐r♦♥ ✼✵ ❦❝❛❧✳♠♦❧−1✳

❇✐❧❛♥

●râ❝❡ à ❧✬ét✉❞❡ ❞❡ ❧❛ ré❛❝t✐♦♥ ❞✬❛❞❞✐t✐♦♥ ❞❡ ❧❛ ❜❡♥③♦♣❤é♥♦♥❡ s✉r Cp2UNMe✱ ♥♦✉s

❛✈♦♥s ♠♦♥tré q✉❡ ❧❛ ❧✐❛✐s♦♥ UO✱ ❜✐❡♥ q✉❡ s✐♠♣❧❡✱ ❡st ♣❧✉s ❢♦rt❡ q✉❡ ❧❛ ❧✐❛✐s♦♥ UN ✳ ❈❡❝✐

♣❡✉t êtr❡ ❡①♣❧✐q✉é ♣❛r ❧❛ ♣rés❡♥❝❡ ❞✬✉♥❡ ❢♦rt❡ ✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❡♥tr❡ ❧✬✉r❛♥✐✉♠

❡t ❧✬♦①②❣è♥❡✳ ❉❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡ q✉❡ ❧❡s ❧❛♥t❤❛♥✐❞❡s✱ ❧✬✉r❛♥✐✉♠ s❡♠❜❧❡ ❞♦♥❝ ✐❝✐ ❝♦♥❞✉✐r❡

♣ré❢ér❡♥t✐❡❧❧❡♠❡♥t à ❞❡s ❧✐❛✐s♦♥s ♣♦ssé❞❛♥t ✉♥ ❢♦rt ❝❛r❛❝tèr❡ ✐♦♥✐q✉❡✳ ◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t

♣✉ ❞ét❡r♠✐♥❡r q✉❡ ❧❛ ré❛❝t✐♦♥ s❡ ♣r♦❞✉✐t ♣❛r ✉♥ ♠é❝❛♥✐s♠❡ ❡♥ ♣❧✉s✐❡✉rs ét❛♣❡s s❛♥s

❝❤❛♥❣❡♠❡♥t ❞❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞✉ ♠ét❛❧✳ ❈❡ ♠é❝❛♥✐s♠❡✱ q✉✐ ♣❛ss❡ ♣❛r ✉♥ ✐♥t❡r♠é❞✐❛✐r❡

❞❡ t②♣❡ ♠ét❛❧❧❛❝②❝❧❡✱ s✬❛♣♣❛r❡♥t❡ à ❝❡❧✉✐ ❞❡ ❧❛ ♠ét❛t❤ès❡ ❞❡s ♦❧é✜♥❡s ❬✷✶✸✱✷✶✹❪✳ ❙❡❧♦♥ ♥♦s

rés✉❧t❛ts✱ ❧❛ ❢♦r❝❡ ♠♦tr✐❝❡ ❧❛ ré❛❝t✐♦♥ ❞✬❛❞❞✐t✐♦♥ ❞❡ ❧❛ ❜❡♥③♦♣❤é♥♦♥♦❡ s✉r Cp2UNMe✱

❡①❡r❣♦♥✐q✉❡ ❡t s❛♥s ❜❛rr✐èr❡✱ ❡st ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥ UO✳

❈✳✸✳✷ ❈②❝❧♦❛❞❞✐t✐♦♥ ❞✉ ❞✐♠ét❤②❧❛❝ét②❧è♥❡

❉✬❛♣rès ❧❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉①✱ ❧❡ ❞✐♠ét❤②❧❛❝ét②❧è♥❡ MeC ≡ CMe ré❛❣✐t ❛✈❡❝

Cp
′

2UNMe ♣♦✉r ❢♦r♠❡r ✉♥ ❝♦♠♣❧❡①❡ ♠ét❛❧❧❛❝②❝❧❡ [Cp
′

2UN(Me)CMe = CMe]✱ ❞♦♥t ❧❛

str✉❝t✉r❡ ❘❳ ❡st ♣rés❡♥té❡ s✉r ❧❛ ✜❣✉r❡ ❈✳✸✳ ▲❛ ré❛❝t✐♦♥ ❡st ✐♠♠é❞✐❛t❡ ❡t ✐rré✈❡rs✐❜❧❡

à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳ ❊♥ r❡✈❛♥❝❤❡✱ ❡♥ ♣rés❡♥❝❡ ❞❡ Cp
′

2UO✱ ❛✉❝✉♥❡ ré❛❝t✐♦♥ ♥✬❡st

♦❜s❡r✈é❡✳ ▲✬♦❜❥❡❝t✐❢ ❞❡ ❝❡ ♣❛r❛❣r❛♣❤❡ ❡st ❞❡ ❞ét❡r♠✐♥❡r s✐ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ré❛❝t✐✈✐té ❞❡s

❞❡✉① ❝♦♠♣❧❡①❡s ❡st ❧✐é❡ ❛✉① ♥❛t✉r❡s ❡t ❛✉① ❢♦r❝❡s ❞✐✛ér❡♥t❡s ❞❡s ❧✐❛✐s♦♥s UO ❡t UN

❞ét❡r♠✐♥é❡s ♣ré❝é❞❡♠♠❡♥t✳

▲❡s ♣r♦✜❧s ré❛❝t✐♦♥♥❡❧s ❞❡ ❧❛ ❝②❝❧♦❛❞❞✐t✐♦♥ ❞✉ ❞✐♠ét❤②❧❛❝ét②❧è♥❡ s✉r ❧❡s ❝♦♠♣❧❡①❡s

♠♦❞è❧❡s Cp2UO ❡t Cp2UNMe ♦♥t été ❞ét❡r♠✐♥és ❡t s♦♥t ♣rés❡♥tés ✜❣✉r❡ ❈✳✶✷✳ ▲❡s

❣é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s ♣♦✐♥ts st❛t✐♦♥♥❛✐r❡s s✉r ❧❡s s✉r❢❛❝❡s ❞❡ ♣♦t❡♥t✐❡❧ s♦♥t ♣rés❡♥té❡s

s✉r ❧❛ ✜❣✉r❡ ❈✳✶✸✳

❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧❛ ❝②❝❧♦❛❞❞✐t✐♦♥ ❞✉ ❞✐♠ét❤②❧❛❝ét②❧è♥❡ s✉r Cp2UNMe ❡st ❢❛❝✐❧❡

❝✐♥ét✐q✉❡♠❡♥t ❡t ❡①❡r❣♦♥✐q✉❡✳ ❈♦♥❢♦r♠é♠❡♥t ❛✉① ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✱ ❧❛ ❢♦r♠❛t✐♦♥

❞✉ ♠ét❛❧❧❛❝②❝❧❡ [Cp2UN(Me)CMe = CMe] ✭✺N✮ ❞❡✈r❛✐t ❞♦♥❝ êtr❡ r❛♣✐❞❡ ❡t ✐rré✈❡rs✐❜❧❡

à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳ ❉❛♥s ❧❡ ❝❛s ❞❡ Cp2UO✱ ❧❛ ré❛❝t✐♦♥ ❡st ❛❝❝❡ss✐❜❧❡ ❝✐♥ét✐q✉❡♠❡♥t

♠❛✐s ❧é❣èr❡♠❡♥t ❡♥❞❡r❣♦♥✐q✉❡✳ ▲❛ ❢♦r♠❛t✐♦♥ ❞✉ ♠ét❛❧❧❛❝②❝❧❡ [Cp2UOCMe = CMe] ✭✺O✮

♥❡ ❞❡✈r❛✐t ❞♦♥❝ ♣❛s êtr❡ ♦❜s❡r✈é❡✳

❆✜♥ ❞❡ ❝♦♠♣r❡♥❞r❡ ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ❞❡✉① ♣r♦✜❧s ré❛❝t✐♦♥♥❡❧s✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡

❞✬❛♥❛❧②s❡r ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❣é♦♠étr✐q✉❡s ❡t é❧❡❝tr♦♥✐q✉❡s ❞❡s ❛❞❞✉✐ts ❞❡ ❞✐♠ét❤②❧❛❝é✲
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t②❧è♥❡ ✹N ❡t ✹O✱ ❞❡s ♣r♦❞✉✐ts ❞❡ ❝②❝❧♦❛❞❞✐t✐♦♥ ✺N ❡t ✺O✱ ❡t ❞❡s ét❛ts ❞❡ tr❛♥s✐t✐♦♥ ②

❝♦♥❞✉✐s❛♥t✳

❋✐❣✳ ❈✳✶✷✿ Pr♦✜❧ é♥❡r❣ét✐q✉❡ ❞❡ ❧❛ ❝②❝❧♦❛❞❞✐t✐♦♥ ❞✉ ❞✐♠ét❤②❧❛❝ét②❧è♥❡ s✉r Cp2UNO ❡t
Cp2UNMe✳ [U ] r❡♣rés❡♥t❡ ❧❡ ❢r❛❣♠❡♥t ♠ét❛❧❧✐q✉❡ Cp2U ✳

❘é❛❝t✐♦♥ ❛✈❡❝ Cp2UNMe

❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧❛ ré❛❝t✐♦♥ ❞é❜✉t❡ ♣❛r ✉♥❡ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ❞✐♠ét❤②❧❛❝ét②❧è♥❡ s✉r

❧❡ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡✱ ♣♦✉r ❞♦♥♥❡r ❧❡ ❝♦♠♣♦sé ✹N ✳ ❈♦♠♠❡ ♥♦✉s ♣♦✉✈♦♥s ❧✬♦❜s❡r✈❡r s✉r

❧❛ ✜❣✉r❡ ❈✳✶✸✱ ❧❛ ❣é♦♠étr✐❡ ❞❡s ré❛❝t✐❢s ♥✬❡st q✉❡ ♣❡✉ ❛✛❡❝té❡ ♣❛r ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ✿ ❧❡s

❧✐❛✐s♦♥s UN ❡t C3C4 s♦♥t ❛❝t✐✈é❡s ❞❡ ♠♦✐♥s ❞❡ ✵✳✵✶ ➴ ❡t ❧❡s ❝❛r❜♦♥❡s C3 ❡t C4 ♥❡ s♦♥t

♣❛s ♣②r❛♠✐❞❛❧✐sés✳ ▲❡s q✉❛tr❡ ❛t♦♠❡s U ✱ N ✱ C3 ❡t C4 s♦♥t ❝♦♣❧❛♥❛✐r❡s✳ ▲❡s ❝❤❛r❣❡s ◆P❆

s✉r C3 ❡t C4 s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ✲✵✳✶✵ ❡t ✵✳✵✵✱ ❛❧♦rs q✉✬❡❧❧❡s ét❛✐❡♥t ❞❡ ✲✵✳✵✸ ❞❛♥s ❧❡

❞✐♠ét❤②❧❛❝ét②❧è♥❡ ❧✐❜r❡✳ ▲❛ ❝♦♦r❞✐♥❛t✐♦♥ ✐♥❞✉✐t ❞♦♥❝ ✉♥❡ ❧é❣èr❡ ♣♦❧❛r✐s❛t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥

π(C3 ≡ C4) ❡♥ ❞✐r❡❝t✐♦♥ ❞❡ C3✳ ▲✬❛♥❛❧②s❡ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥ ✐♥❞✐q✉❡ q✉❡

❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ❞✐♠ét❤②❧❛❝ét②❧è♥❡ ❡t ❧❡ ❝❡♥tr❡ ♠ét❛❧❧✐q✉❡ s✬❡✛❡❝t✉❡ ♣❛r ✉♥❡ ❞♦♥❛t✐♦♥

❞✬✉♥❡ ❧✐❛✐s♦♥ π(C3 ≡ C4) ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞❡ ❧✬✉r❛♥✐✉♠✳ ❈❡tt❡ ✐♥t❡r❛❝t✐♦♥

❡st q✉❛s✐♠❡♥t s✉✣s❛♥t❡ ♣♦✉r ❝♦♠♣❡♥s❡r ❧❛ ♣❡rt❡ ❞✬❡♥tr♦♣✐❡ tr❛♥s❧❛t✐♦♥♥❡❧❧❡ ❞✉❡ à ❧❛

❝♦♦r❞✐♥❛t✐♦♥✱ s✐ ❜✐❡♥ q✉❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬❛❞❞✉✐t ✹N ❡st ❧é❣èr❡♠❡♥t ❡♥❞❡r❣♦♥✐q✉❡✳
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❋✐❣✳ ❈✳✶✸✿ ❈②❝❧♦❛❞❞✐t✐♦♥ ❞✉ ❞✐♠ét❤②❧❛❝ét②❧è♥❡ ✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s ♣♦✐♥ts st❛t✐♦♥♥❛✐r❡s
s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ♣♦t❡♥t✐❡❧✳

❯♥❡ ♣②r❛♠✐❞❛❧✐s❛t✐♦♥ ❞❡s ❝❛r❜♦♥❡s C3 ❡t C4 ❝♦♥❞✉✐t ❡♥s✉✐t❡ à ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❞✬✐♥✲

s❡rt✐♦♥ ❚❙ ✹N ✲✺N ✱ ❞❛♥s ❧❡q✉❡❧ ❧❡s ❧✐❛✐s♦♥s UN ❡t C3C4 s♦♥t à ♣❡✐♥❡ ❛❧❧♦♥❣é❡s ✭❞✬❡♥✈✐r♦♥

✵✳✵✸ ➴✮ ❡t ❧❡s ❧✐❛✐s♦♥s UC3 ❡t C4N ♥❡ s♦♥t ♣❛s ❡♥❝♦r❡ ❢♦r♠é❡s✳ ❉✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ❣é♦♠é✲

tr✐q✉❡✱ ❝❡t ét❛t ❞❡ tr❛♥s✐t✐♦♥ ♣❡✉t ❞♦♥❝ êtr❡ q✉❛❧✐✜é ❞❡ ♣ré❝♦❝❡✱ ❝❡ q✉✐ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝

❧❡ ♣♦st✉❧❛t ❞❡ ❍❛♠♠♦♥❞✳ ❉❡s ♠♦❞✐✜❝❛t✐♦♥s é❧❡❝tr♦♥✐q✉❡s ♣❛r r❛♣♣♦rt à ❧✬❛❞❞✉✐t ✹N s♦♥t

t♦✉t❡❢♦✐s ♦❜s❡r✈❛❜❧❡s ✿ ❧❡s ❝❤❛r❣❡s ◆P❆ s✉r ❧❡s ❝❛r❜♦♥❡s C3 ❡t C4 s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ✲✵✳✸✸

❡t ✰✵✳✵✻✱ ❡t s❡❧♦♥ ❧✬❛♥❛❧②s❡ ◆❇❖ ❧❛ ❧✐❛✐s♦♥ π(C3 ≡ C4) ❡st ♣♦❧❛r✐sé❡ ✈❡rs ❧❡ ❝❛r❜♦♥❡ C3✳

❉❡ ♠ê♠❡✱ ❧❛ ❧✐❛✐s♦♥ π(U = N) ❡st ❞❛✈❛♥t❛❣❡ ♣♦❧❛r✐sé❡ ✈❡rs ❧✬❛③♦t❡✳ ▲❡s ❝❤❛r❣❡s ♦♥t ❞♦♥❝

été r❡❧♦❝❛❧✐sé❡s ♣♦✉r ♣ré♣❛r❡r à ❧✬✐♥s❡rt✐♦♥ ❞✉ ❞✐♠ét❤②❧❛❝ét②❧è♥❡✳ ❈❡t ét❛t ❞❡ tr❛♥s✐t✐♦♥

❡st st❛❜✐❧✐sé ❞❡ ✾✳✵ ❦❝❛❧✳♠♦❧−1 ♣❛r r❛♣♣♦rt à ❧✬❛❞❞✉✐t ✹N ✳

▲✬✐♥s❡rt✐♦♥ ❞✉ ❞✐♠ét❤②❧❛❝ét②❧è♥❡ ♣❡r♠❡t ❞❡ ❢♦r♠❡r ❧❡ ♠ét❛❧❧❛❝②❝❧❡ ✺N ✳ ▲❛ ❣é♦♠étr✐❡

♦♣t✐♠✐sé❡ ❞❡ ✺N ❡st ♣r♦❝❤❡ ❞❡ ❧❛ ❣é♦♠étr✐❡ ❘❳ ♣rés❡♥té❡ ✜❣✉r❡ ❈✳✸✱ ❝❡♣❡♥❞❛♥t ❧❡s ❞✐s✲

t❛♥❝❡s U...N ❡t U...C3 s♦♥t s✉r❡st✐♠é❡s ❞✬❡♥✈✐r♦♥ ✵✳✷ ➴ ♣❛r r❛♣♣♦rt ❛✉① ❞✐st❛♥❝❡s ❡①♣ér✐✲

♠❡♥t❛❧❡s✳ ▲❡s ❞✐st❛♥❝❡s U...N ❡t U...C3 s♦♥t ♣r♦❝❤❡s ❀ ❧❛ ❞✐st❛♥❝❡ U...N ❡st s✉♣ér✐❡✉r❡ ❛✉①
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❞✐st❛♥❝❡s U...N ❞❛♥s ❧❡ ♠ét❛❧❧❛❝②❝❧❡ ✷ ✭❝❢✳ t❛❜❧❡ ❈✳✷✮ ❡t ❞❛♥s ❧❡ ❝♦♠♣❧❡①❡ ❡①♣ér✐♠❡♥t❛❧

Cp⋆
2U [N(Ph)(CH2Ph)]2 ❬✷✵✵❪✳ ▲❡s ❞✐st❛♥❝❡s C3...C4 ❡t C4...N s♦♥t ✐♥t❡r♠é❞✐❛✐r❡s ❡♥tr❡

❞❡s ❧✐❛✐s♦♥s s✐♠♣❧❡s ❡t ❞❡s ❧✐❛✐s♦♥s ❞♦✉❜❧❡s✳ ❊♥✜♥✱ ♥♦✉s ♣♦✉✈♦♥s r❡♠❛rq✉❡r q✉❡ ❧✬❛③♦t❡

♥✬❡st ♣❛s ♣②r❛♠✐❞❛❧✐sé✳

▲✬❛♥❛❧②s❡ ◆❇❖ ♣r♦♣♦s❡ ❞❡✉① ❢♦r♠❡s ♠és♦♠èr❡s ❧✐♠✐t❡s ♣♦✉r ❞é❝r✐r❡ ❧❛ str✉❝t✉r❡ ✺N ✱

r❡♣rés❡♥té❡s s✉r ❧❛ ✜❣✉r❡ ❈✳✶✹✳ ▲❡ ❞♦✉❜❧❡t ❞❡ ❧✬❛③♦t❡ ❡t ❧❛ ❧✐❛✐s♦♥ π(C3 = C4) s♦♥t ❞é✲

❧♦❝❛❧✐sé❡s s✉r ❧❡s tr♦✐s ❝❡♥tr❡s C3✱ C4 ❡t N ✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ à ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❛❧❧②❧❡✳

▲✬❛❜s❡♥❝❡ ❞❡ ❧✐❛✐s♦♥ ❝♦✈❛❧❡♥t❡ σ(U −N) ❥✉st✐✜❡ ❧❛ ❞✐st❛♥❝❡ ✐♠♣♦rt❛♥t❡ ❡♥tr❡ ❧✬✉r❛♥✐✉♠ ❡t

❧✬❛③♦t❡ ❡t ❧❛ ♣❧❛♥é✐té ❞❡ ❝❡ ❞❡r♥✐❡r✳ ▲✬✐♥t❡r❛❝t✐♦♥ ❞❡ ❧✬❛❧❧②❧❡ ❛✉ ♠ét❛❧ s❡ ❢❛✐t ♣❛r ❧❛ ❝ré❛t✐♦♥

❞✬✉♥❡ ❧✐❛✐s♦♥ σ(U − C3) ♣♦❧❛r✐sé❡ ✈❡rs ❧❡ ❝❛r❜♦♥❡✱ ❛✐♥s✐ q✉❡ ♣❛r ✉♥❡ ❧é❣èr❡ ❞♦♥❛t✐♦♥ ❞✉

s②stè♠❡ π ❞❡ ❧✬❛❧❧②❧❡ ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞✉ ♠ét❛❧✳

❋✐❣✳ ❈✳✶✹✿ ❙tr✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞✉ ♠ét❛❧❧❛❝②❝❧❡ ✺N ✳ [U ] r❡♣rés❡♥t❡ ❧❡ ❢r❛❣♠❡♥t ♠ét❛❧❧✐q✉❡
Cp2U ✳

▲❛ ❢♦r♠❛t✐♦♥ ❞✉ ♠ét❛❧❧❛❝②❝❧❡ ✺N à ♣❛rt✐r ❞❡ ❧✬❛❞❞✉✐t ✹N ❡st ❡①❡r❣♦♥✐q✉❡ ❞❡ ✷✺✳✷

❦❝❛❧✳♠♦❧−1✳ ❙❛❝❤❛♥t q✉❡ ❧❡ ❜✐❧❛♥ ❣❧♦❜❛❧ ❞❡ ❧❛ r✉♣t✉r❡ ❞✬✉♥❡ ❧✐❛✐s♦♥ tr✐♣❧❡ π(C ≡ C) ❡t ❞❡

❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥ σ(C −N) ❡st ❡①❡r❣♦♥✐q✉❡ ❞✬❡♥✈✐r♦♥ ✶✼ ❦❝❛❧✳♠♦❧−1✱ ❝❡❝✐ ✐♥❞✐q✉❡

q✉❡ ❧❛ ❞é❧♦❝❛❧✐s❛t✐♦♥ ❞✉ s②stè♠❡ π ❞❛♥s ❧✬❛❧❧②❧❡ ❛✐♥s✐ q✉❡ ❧❛ ❝ré❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥ σ(U−C)

♣❡r♠❡tt❡♥t ❞❡ ❝♦♠♣❡♥s❡r ❧✬❛❝t✐✈❛t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥ UN ✳

❘é❛❝t✐♦♥ ❛✈❡❝ Cp2UO

▲❛ str✉❝t✉r❡ ❞❡ ❧✬❛❞❞✉✐t ✹O ❡st s✐♠✐❧❛✐r❡ à ❝❡❧❧❡ ❞❡ ❧✬❛❞❞✉✐t ✹N ✳ ❈♦♠♠❡ ❞❛♥s ❝❡ ❞❡r♥✐❡r✱

❧❡s ❣é♦♠étr✐❡s ❞❡s ré❛❝t✐❢s s♦♥t q✉❛s✐♠❡♥t ✐♥❝❤❛♥❣é❡s ♣❛r ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ✿ ❧❡s ❞✐st❛♥❝❡s

U...O ❡t C3...C4 ❛✉❣♠❡♥t❡♥t ❞✬❡♥✈✐r♦♥ ✵✳✵✷ ➴ ❡t ❧❡s ❝❛r❜♦♥❡s C3 ❡t C4 ♥❡ s♦♥t ♣❛s ♣②r❛✲

♠✐❞❛❧✐sés✳ ❙❡❧♦♥ ✉♥❡ ❛♥❛❧②s❡ ◆❇❖✱ ❧❛ ❧✐❛✐s♦♥ π(C3 ≡ C4) ❡st ❧é❣èr❡♠❡♥t ♣♦❧❛r✐sé❡ ✈❡rs C3

❡t ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ s✬❡✛❡❝t✉❡ ♣❛r ❧❛ ❞♦♥❛t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥ π(C3 ≡ C4) ✈❡rs ❞❡s ♦r❜✐t❛❧❡s

✈❛❝❛♥t❡s ❞❡ ❧✬✉r❛♥✐✉♠✳ ▲❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬❛❞❞✉✐t ✹O ❡st ❡①❡r❣♦♥✐q✉❡ ❞❡ ✶✳✷ ❦❝❛❧✳♠♦❧−1✱ ❝❡
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q✉✐ ✐♥❞✐q✉❡ q✉❡ ❧❛ ❝ré❛t✐♦♥ ❞✬✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ❞✐♠ét❤②❧❛❝ét②❧è♥❡ ❡t ❧✬✉r❛♥✐✉♠ ❡st

s✉✣s❛♥t❡ ♣♦✉r ❝♦♠♣❡♥s❡r ❧❛ ♣❡rt❡ ❞✬❡♥tr♦♣✐❡ tr❛♥s❧❛t✐♦♥♥❡❧❧❡✳

❆ ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❚❙ ✹O✲✺O✱ ♥♦✉s ♣♦✉✈♦♥s r❡♠❛rq✉❡r q✉❡ ❧❡s ❧✐❛✐s♦♥s UO ❡t

C3C4 s♦♥t ♣❧✉s ❛❧❧♦♥❣é❡s q✉❡ ❞❛♥s ❧❛ str✉❝t✉r❡ ❚❙ ✹N ✲✺N ✳ ▲✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❡st ❞♦♥❝

❧é❣èr❡♠❡♥t ♣❧✉s t❛r❞✐❢ ❞❛♥s q✉❡ ♣ré❝é❞❡♠♠❡♥t✱ ❝❡ q✉✐ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡ ♣♦st✉❧❛t ❞❡

❍❛♠♠♦♥❞✳ ▲✬❛♥❛❧②s❡ ◆❇❖ ✐♥❞✐q✉❡ q✉❡ ❧❡s ❧✐❛✐s♦♥s ❝♦✈❛❧❡♥t❡s σ(U − O) ❡t π(C3 ≡ C4)

s♦♥t t♦✉❥♦✉rs ♣rés❡♥t❡s ❞❛♥s ❧❛ str✉❝t✉r❡ ❚❙ ✹O✲✺O ❀ ❝❡♣❡♥❞❛♥t✱ ❡❧❧❡s s♦♥t très ♣♦❧❛r✐sé❡s

✈❡rs O ❡t C3 r❡s♣❡❝t✐✈❡♠❡♥t✳ ▲❛ ❜❛rr✐èr❡ ❞✬❛❝t✐✈❛t✐♦♥ ❡st ♣❧✉s ❤❛✉t❡ q✉❡ ❞❛♥s ❧❡ ❝❛s ❞❡

Cp2UNMe✱ ❝❡ q✉✐ ♣❡✉t êtr❡ r❡❧✐é ❛✉① ♠♦❞✐✜❝❛t✐♦♥s ❣é♦♠étr✐q✉❡s ❡t é❧❡❝tr♦♥✐q✉❡s ♣❧✉s

✐♠♣♦rt❛♥t❡s ♥é❝❡ss❛✐r❡s ♣♦✉r ♣❛ss❡r ❞❡ ❧✬❛❞❞✉✐t ✹O à ❧✬ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❚❙ ✹O✲✺O✳

❈❡t ét❛t ❞❡ tr❛♥s✐t✐♦♥ ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ♠ét❛❧❧❛❝②❝❧❡ ✺O✳ ❉❛♥s ❝❡ ❞❡r♥✐❡r✱

❧❛ ❞✐st❛♥❝❡ U...O ❡st ✐❞❡♥t✐q✉❡ à ❝❡❧❧❡ ♦❜s❡r✈é❡ ❞❛♥s ❧❡ ❝♦♠♣❧❡①❡ ✷ ✭❝❢✳ t❛❜❧❡ ❈✳✷✮ ❡t

❞❛♥s ❧❡ ❝♦♠♣♦sé ❡①♣ér✐♠❡♥t❛❧ Cp⋆
2U(O)(O− 2, 6− iPr2C6H3) ✭✷✳✶✷ ➴✮ ❬✷✵✻❪✳ ▲❛ ❞✐st❛♥❝❡

C3...C4 ❡st ❧é❣èr❡♠❡♥t s✉♣ér✐❡✉r❡ à ❝❡❧❧❡ ❞✬✉♥❡ ❧✐❛✐s♦♥ ❞♦✉❜❧❡ C = C st❛♥❞❛r❞ ❀ ❝❡♣❡♥❞❛♥t✱

❝♦♥tr❛✐r❡♠❡♥t ❛✉ ❝❛s ❞✉ ♠ét❛❧❧❛❝②❝❧❡ ❛③♦té ✺N ✱ ❧❛ ❞✐st❛♥❝❡ C4...O ❡st t②♣✐q✉❡ ❞✬✉♥❡ ❧✐❛✐s♦♥

C −O s✐♠♣❧❡✳ ❉❛♥s ❧❡ ❝♦♠♣❧❡①❡ ✺O✱ ❧❛ ❢♦r♠❡ ❧✐♠✐t❡ é♥♦❧❛t❡ s❡♠❜❧❡ ❞♦♥❝ êtr❡ ❞♦♠✐♥❛♥t❡✳

❈❡ s❝❤é♠❛ ❞❡ ❧✐❛✐s♦♥ ❡st ❝♦♥✜r♠é ♣❛r ✉♥❡ ❛♥❛❧②s❡ ◆❇❖ ✭❝❢✳ ✜❣✉r❡ ❈✳✶✺✮✱ q✉✐ ✐♥❞✐q✉❡ ❡♥

♦✉tr❡ ❧❛ r✉♣t✉r❡ ❞❡ ❧❛ ❧✐❛✐s♦♥ σ(U −O) ❡t ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥ σ(U −C) ❢♦rt❡♠❡♥t

♣♦❧❛r✐sé❡ ✈❡rs ❧❡ ❝❛r❜♦♥❡✳ ▲❡s ❝❤❛r❣❡s ◆P❆ s✉r ❧✬♦①②❣è♥❡ ❡t ❧✬✉r❛♥✐✉♠ s♦♥t r❡s♣❡❝t✐✈❡✲

♠❡♥t ❞❡ ✲✵✳✽✸ ❡t ✰✷✳✸✶✳ P❛r ❝♦♥séq✉❡♥t✱ ❧✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❡♥tr❡ U ❡t O ❞❡✈r❛✐t

❞✐♠✐♥✉❡r ♣❛r r❛♣♣♦rt ❛✉ ❝♦♠♣❧❡①❡ Cp2UO✳ ❙❡❧♦♥ ❧✬❛♥❛❧②s❡ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛✲

t✐♦♥✱ ✉♥❡ ❞♦♥❛t✐♦♥ ❞❡ ❞❡✉① ❞♦✉❜❧❡ts ❞❡ ❧✬♦①②❣è♥❡ ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞❡ ❧✬✉r❛♥✐✉♠

❝♦♥tr✐❜✉❡ ❡♥ ♦✉tr❡ à ❧❛ st❛❜✐❧✐s❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡✳ ▲❡ tr♦✐s✐è♠❡ ❞♦✉❜❧❡t ❞❡ ❧✬♦①②❣è♥❡ ❡st

♣❛rt✐❡❧❧❡♠❡♥t ❞é❧♦❝❛❧✐sé ✈❡rs ❧❛ ❧✐❛✐s♦♥ π⋆(C3 = C4)✱ ❝❡ q✉✐ ❡①♣❧✐q✉❡ q✉❡ ❝❡tt❡ ❞❡r♥✐èr❡ ❡st

❧é❣èr❡♠❡♥t ❛❧❧♦♥❣é❡✳

❋✐❣✳ ❈✳✶✺✿ ❙tr✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞✉ ♠ét❛❧❧❛❝②❝❧❡ ✺O✳ [U ] r❡♣rés❡♥t❡ ❧❡ ❢r❛❣♠❡♥t ♠ét❛❧❧✐q✉❡
Cp2U ✳

▲❛ ❢♦r♠❛t✐♦♥ ❞✉ ♠ét❛❧❧❛❝②❝❧❡ ❡st ❧é❣èr❡♠❡♥t ❡♥❞❡r❣♦♥✐q✉❡✳ ❖r✱ s❡❧♦♥ ❧❛ ❧✐ttér❛t✉r❡✱

❧❡ ❜✐❧❛♥ ❣❧♦❜❛❧ ❞❡ ❧❛ r✉♣t✉r❡ ❞✬✉♥❡ ❧✐❛✐s♦♥ tr✐♣❧❡ π(C ≡ C) ❡t ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥❡

❧✐❛✐s♦♥ σ(C − O) ❡st ❡①❡r❣♦♥✐q✉❡ ❞❡ ✸✵ ❦❝❛❧✳♠♦❧−1✳ P❛r ❝♦♥séq✉❡♥t✱ ❝❡❝✐ ✐♥❞✐q✉❡ q✉❡ ❧❛

✷✷✺



❢♦r♠❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥ σ(U − C) ❡st très ✐♥s✉✣s❛♥t❡ ♣♦✉r ❝♦♠♣❡♥s❡r ❧✬❛❝t✐✈❛t✐♦♥ ❞❡ ❧❛

❧✐❛✐s♦♥ σ(U − O) ❡t ❧❛ ♣❡rt❡ ❞✬✉♥❡ ♣❛rt✐❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❡♥tr❡ U ❡t O✳

❇✐❧❛♥

❉❛♥s ❝❡ ♣❛r❛❣r❛♣❤❡✱ ♥♦✉s ❛✈♦♥s ♣✉ ❞ét❡r♠✐♥❡r ❧❡ ♠é❝❛♥✐s♠❡ ❞❡ ❧❛ ❝②❝❧♦❛❞❞✐t✐♦♥ ❞✉

❞✐♠ét❤②❧❛❝ét②❧è♥❡ s✉r ❧❡s ❝♦♠♣❧❡①❡s Cp2UO ❡t Cp2UNMe✳ ❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧❛ ré❛❝✲

t✐♦♥ s❡ ♣r♦❞✉✐t ♣❛r ✉♥ ♠é❝❛♥✐s♠❡ ❞❡ ♠ét❛t❤ès❡ s❛♥s ❝❤❛♥❣❡♠❡♥t ❞❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞❡

❧✬✉r❛♥✐✉♠✳ ◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t ♠♦♥tré q✉❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ré❛❝t✐✈✐té ❡♥tr❡ Cp2UO ❡t

Cp2UNMe ♣❡✉t êtr❡ ❡①♣❧✐q✉é❡ ♣❛r ❞❡s ❢❛❝t❡✉rs t❤❡r♠♦❞②♥❛♠✐q✉❡s✳ ❊♥ ❡✛❡t✱ ❧❡s é♥❡r❣✐❡s

❞✬❛❝t✐✈❛t✐♦♥ ❞❡s ré❛❝t✐♦♥s s♦♥t ❜❛ss❡s✱ ❡t ❧❡s ré❛❝t✐♦♥s s♦♥t ❞♦♥❝ s♦✉s ❝♦♥trô❧❡ t❤❡r♠♦❞②✲

♥❛♠✐q✉❡✳ ▲❛ ❢♦r♠❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❞❡ ❝②❝❧♦❛❞❞✐t✐♦♥ [Cp2UN(Me)CMe = CMe] à ♣❛rt✐r

❞❡ Cp2UNMe ❡t ❞✉ ❞✐♠ét❤②❧❛❝ét②❧è♥❡ ❡st très ❡①❡r❣♦♥✐q✉❡✳ ❊♥ r❡✈❛♥❝❤❡✱ ❞❛♥s ❧❡ ❝❛s ❞❡

Cp2UO✱ ❧❛ ré❛❝t✐♦♥ ❡st ❧é❣èr❡♠❡♥t ❡♥❞❡r❣♦♥✐q✉❡✱ ❝❡ q✉✐ ♣❡✉t êtr❡ ❡①♣❧✐q✉é ♣❛r ❧❛ r✉♣✲

t✉r❡ ❞❡ ❧❛ ❧✐❛✐s♦♥ ❝♦✈❛❧❡♥t❡ σ(U − O) ❛✐♥s✐ q✉❡ ♣❛r ❧❛ ♣❡rt❡ ❞✬✉♥❡ ♣❛rt✐❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥

é❧❡❝tr♦st❛t✐q✉❡ ❡♥tr❡ U ❡t O✳ ❈❡tt❡ ét✉❞❡ ♣❡r♠❡t ❞♦♥❝ ❞❡ ❝♦♥✜r♠❡r ❧❡ rés✉❧t❛t ♦❜t❡♥✉

❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ ♣ré❝é❞❡♥t✱ s❡❧♦♥ ❧❡q✉❡❧ ❧❛ ❧✐❛✐s♦♥ UO ❞❛♥s Cp2UO✱ ❜✐❡♥ q✉❡ s✐♠♣❧❡✱

❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❢♦rt❡✳

❈✳✹ ❘é❛❝t✐✈✐té ❞❡ Cp2UO

❉✬❛♣rès ❧❡s rés✉❧t❛ts ❞❡ ❧❛ s❡❝t✐♦♥ ♣ré❝é❞❡♥t❡✱ ❧❛ ❧✐❛✐s♦♥ U−O ❞❛♥s ❧❡ ❝♦♠♣❧❡①❡ Cp
′

2UO

❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❢♦rt❡✱ s✐ ❜✐❡♥ q✉❡ ❧❛ ❝②❝❧♦❛❞❞✐t✐♦♥ ❞✉ ❞✐♠ét❤②❧❛❝ét②❧è♥❡✱ t❤❡r♠♦❞②✲

♥❛♠✐q✉❡♠❡♥t ❞é❢❛✈♦r❛❜❧❡✱ ♥❡ s❡ ♣r♦❞✉✐t ♣❛s✳ ▲❡ ❝♦♠♣❧❡①❡ Cp
′

2UO ♥✬❡st ❝❡♣❡♥❞❛♥t ♣❛s

✐♥❡rt❡✱ ♣✉✐sq✉✬ ✐❧ ❛ été ♠♦♥tré ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t q✉✬✐❧ ♣❡✉t ❛❝t✐✈❡r ❧❛ ❧✐❛✐s♦♥ Si − Cl

❞❡ Me3SiCl✱ ♣♦✉r ❢♦r♠❡r ❧❡ ❝♦♠♣♦sé Cp
′

2U(Cl)(OSiMe3)✳ ❊♥ r❡✈❛♥❝❤❡✱ ❡♥ ♣rés❡♥❝❡ ❞❡

❞✐❤②❞r♦❣è♥❡✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ Cp
′

2U(H)(OH) ♥✬❡st ♣❛s ♦❜s❡r✈é❡✳

❆✜♥ ❞❡ ❝♦♠♣r❡♥❞r❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ré❛❝t✐✈✐té ❞❡ Cp
′

2UO ✈✐s✲à✲✈✐s ❞✉ ❞✐❤②❞r♦❣è♥❡ ❡t

❞❡ Me3SiCl✱ ✉♥ ♣r❡♠✐❡r ♣❛r❛❣r❛♣❤❡ s❡r❛ ❝♦♥s❛❝ré à ❧✬ét✉❞❡ ❞❡ ré❛❝t✐♦♥s ❞✬❛❝t✐✈❛t✐♦♥ ❞❡

❧✐❛✐s♦♥s s✐♠♣❧❡s✳ ❆ ♣❛rt✐r ❞❡ ❧✬❛♥❛❧②s❡ ❞❡s ré❛❝t✐♦♥s ❞❡ Cp
′

2UO ❛✈❡❝ ❧❡ ❞✐❤②❞r♦❣è♥❡✱ ❧❡

s✐❧❛♥❡ SiH4 ❡t ❧❡ ❝❤❧♦r♦s✐❧❛♥❡ SiH3Cl✱ ♥♦✉s ♠♦♥tr❡r♦♥s q✉❡ ❧❛ ré❛❝t✐✈✐té ❞❡ Cp
′

2UO ♣♦✉r

❧✬❛❝t✐✈❛t✐♦♥ ❞❡ ❧✐❛✐s♦♥s s✐♠♣❧❡s ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ❣♦✉✈❡r♥é❡ ♣❛r ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡✳

◆♦✉s ♥♦✉s ✐♥tér❡ss❡r♦♥s ♣❛r ❧❛ s✉✐t❡ à ❧❛ ré❛❝t✐♦♥ ❞❡ Cp
′

2UO ❛✈❡❝ ❧❡s ②❧✉r❡s ❞❡ ♣❤♦s♣❤♦r❡✱

q✉✐ ♣❡r♠❡ttr❛✐t ❞❡ ❢♦r♠❡r ❞❡s ❝❛r❜è♥❡s ❞✬✉r❛♥✐✉♠ ♣❛r ✉♥❡ ré❛❝t✐♦♥ ❞❡ t②♣❡ ❲✐tt✐❣✳ ❈♦♠♠❡

♣ré❝é❞❡♠♠❡♥t✱ Cp
′

2UO s❡r❛ ♠♦❞é❧✐sé ♣❛r ❧❡ ❝♦♠♣❧❡①❡ Cp2UO✳

✷✷✻



❈✳✹✳✶ ❆❝t✐✈❛t✐♦♥ ❞❡ ❧✐❛✐s♦♥s s✐♠♣❧❡s

❊①♣ér✐♠❡♥t❛❧❡♠❡♥t✱ ❧✬❛❝t✐✈❛t✐♦♥ ❞❡ Me3SiCl ♣❛r ❧❡ ❝♦♠♣❧❡①❡ Cp
′

2UO ❡st ✐♠♠é❞✐❛t❡

❡t ✐rré✈❡rs✐❜❧❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ❡t ❞♦♥♥❡ ❧❡ ❝♦♠♣❧❡①❡ Cp
′

2U(Cl)(OSiMe3)✳ ❊♥

r❡✈❛♥❝❤❡✱ Cp
′

2UO ♥❡ ré❛❣✐t ♣❛s ❛✈❡❝ ❧❡ ❞✐❤②❞r♦❣è♥❡✳

❉ét❡r♠✐♥❛t✐♦♥ ❞❡s ♣r♦✜❧s ré❛❝t✐♦♥♥❡❧s

▲❡s ♣r♦✜❧s ré❛❝t✐♦♥♥❡❧s ❞❡ ❧✬❛❝t✐✈❛t✐♦♥ ❞❡ H2 ❡t SiH3Cl ✭✉t✐❧✐sé ❝♦♠♠❡ ♠♦❞è❧❡ ♣♦✉r

Me3SiCl✮ ♣❛r ❧❡ ❝♦♠♣❧❡①❡ Cp2UO s♦♥t s❝❤é♠❛t✐sés ✜❣✉r❡ ❈✳✶✻✳ ❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧❡s

❞❡✉① ré❛❝t✐♦♥s ❞é❜✉t❡♥t ♣❛r ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞❡ ❧❛ ♠♦❧é❝✉❧❡ à ❛❝t✐✈❡r s✉r ❧❡ ❝❡♥tr❡ ♠ét❛❧✲

❧✐q✉❡✱ ♣♦✉r ❢♦r♠❡r ❧❡s ❛❞❞✉✐ts ✻H ❡t ✻Cl✳ ▲❛ ré❛❝t✐♦♥ s✬❡✛❡❝t✉❡ ❡♥s✉✐t ♣❛r ✉♥ ♠é❝❛♥✐s♠❡

❞❡ ♠ét❛t❤ès❡ ❀ ❧❡s ét❛ts ❞❡ tr❛♥s✐t✐♦♥ ❚❙ ✻H ✲ ✼H ❡t ❚❙ ✻Cl ✲ ✼Cl s♦♥t ❞ést❛❜✐❧✐sés ❞❡

♠♦✐♥s ❞❡ ✸✵ ❦❝❛❧✳♠♦❧−1 ♣❛r r❛♣♣♦rt ❛✉① ❛❞❞✉✐ts ✻H ❡t ✻Cl r❡s♣❡❝t✐✈❡♠❡♥t✱ s✐ ❜✐❡♥ q✉❡ ❧❡s

❞❡✉① ré❛❝t✐♦♥s s♦♥t ❛❝❝❡sss✐❜❧❡s ❝✐♥ét✐q✉❡♠❡♥t✳ ▲❡s ét❛ts ❞❡ tr❛♥s✐t✐♦♥ ❝♦♥❞✉✐s❡♥t ❡♥✜♥

à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s ❞❡✉① ♣r♦❞✉✐ts ❞✬❛❞❞✐t✐♦♥ Cp2U(H)(OH) ✭✼H✮ ❡t Cp2U(Cl)(OSiH3)

✭✼Cl✮✳ ❉✬❛♣rès ♥♦s ❝❛❧❝✉❧s✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ✼H ❡st ❡♥❞❡r❣♦♥✐q✉❡ ❞❡ ♣❧✉s ❞❡ ✶✵ ❦❝❛❧✳♠♦❧−1✱

❡t ♥❡ ❞❡✈r❛✐t ❞♦♥❝ ♣❛s êtr❡ ♦❜s❡r✈é❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳ ❆✉ ❝♦♥tr❛✐r❡✱ ❧✬❛❝t✐✈❛t✐♦♥

❞❡ SiH3Cl ❡st très ❡①❡r❣♦♥✐q✉❡ ❀ ❝♦♥❢♦r♠é♠❡♥t ❛✉① ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✱ ❧❛ ❢♦r♠❛t✐♦♥

❞❡ ✼Cl ❞❡✈r❛✐t ❞♦♥❝ êtr❡ ✐rré✈❡rs✐❜❧❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳ ▲❛ ❞✐✛ér❡♥❝❡ ❞❡ ré❛❝t✐✈✐té

❞❡ Cp2UO ✈✐s✲à✲✈✐s ❞✉ ❞✐❤②❞r♦❣è♥❡ ❡t ❞✉ ❝❤❧♦r♦s✐❧❛♥❡ SiH3Cl ❡st ❞♦♥❝ ❧✐é❡ à ❞❡s ❢❛❝t❡✉rs

t❤❡r♠♦❞②♥❛♠✐q✉❡s✳

❆✜♥ ❞❡ ❝♦♠♣r❡♥❞r❡ ❝❡ rés✉❧t❛t✱ ♥♦✉s ❛✈♦♥s ❛❥♦✉té à ❝❡tt❡ ét✉❞❡ ✉♥ ❝❛❧❝✉❧ ✐♥t❡r♠é❞✐❛✐r❡

♣♦rt❛♥t s✉r ❧✬❛❝t✐✈❛t✐♦♥ ❞❡ SiH4 ♣❛r Cp2UO✳ ❈❡tt❡ ré❛❝t✐♦♥✱ q✉✐ ♥✬❛ ♣❛s été t❡sté❡ ❡①✲

♣ér✐♠❡♥t❛❧❡♠❡♥t✱ ❞❡✈r❛✐t ❝♦♥❞✉✐r❡ à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ Cp2U(H)(OSiH3) ✭✼Si✮✳

❉✬❛♣rès ❧❛ ✜❣✉r❡ ❈✳✶✻✱ ❡❧❧❡ ❡st ❧é❣èr❡♠❡♥t ❡♥❞❡r❣♦♥✐q✉❡✳ ▲❛ s✉❜st✐t✉t✐♦♥ ❞✬✉♥ ♣r❡♠✐❡r

❤②❞r♦❣è♥❡ ♣❛r ✉♥ ❣r♦✉♣❡♠❡♥t s✐❧②❧❡ ❡♥tr❛î♥❡ ❞♦♥❝ ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞❡

❧❛ ré❛❝t✐♦♥ ❞✬❛❝t✐✈❛t✐♦♥ ❞✬❡♥✈✐r♦♥ ✶✵ ❦❝❛❧✳♠♦❧−1 ❀ ❧❛ s❡❝♦♥❞❡ s✉❜st✐t✉t✐♦♥ ♣❛r ✉♥ ❝❤❧♦r❡

✐♥❞✉✐t ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ♣❧✉s ❝♦♥séq✉❡♥t❡✱ ❞✬❡♥✈✐r♦♥ ✸✺ ❦❝❛❧✳♠♦❧−1✳ ❖r ❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞❡

❧❛ ré❛❝t✐♦♥ ❞é♣❡♥❞ ❞✉ ❜✐❧❛♥ é♥❡r❣ét✐q✉❡ ❞❡s ❧✐❛✐s♦♥s ♦✉ ✐♥t❡r❛❝t✐♦♥s r♦♠♣✉❡s ❡t ❢♦r♠é❡s✳ ❆

♣❛rt✐r ❞❡s ❣r❛♥❞❡✉rs t❤❡r♠♦❞②♥❛♠✐q✉❡s ❝❛❧❝✉❧é❡s✱ ❧❡s ❢♦r❝❡s r❡s♣❡❝t✐✈❡s ❞❡s ❧✐❛✐s♦♥s UH

❡t UCl ❢♦r♠é❡s ♣❡✉✈❡♥t ❞♦♥❝ êtr❡ ❡st✐♠é❡s✳

❊✈❛❧✉❛t✐♦♥ ❞❡s ❢♦r❝❡s ❞❡s ❧✐❛✐s♦♥s UH ❡t UCl

▲❡s ❣é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s ♣r♦❞✉✐ts ❞✬❛❝t✐✈❛t✐♦♥ ✼H ✱ ✼Si ❡t ✼Cl ♣rés❡♥t❡♥t ♣❧✉✲

s✐❡✉rs ❝❛r❛❝tér✐st✐q✉❡s ❝♦♠♠✉♥❡s ✭✜❣✉r❡ ❈✳✶✼✮✳ ▲❡s ❞✐st❛♥❝❡s U...O s♦♥t ❞✬❡♥✈✐r♦♥ ✷✳✵✾

➴✱ ❝❡ q✉✐ ❡st ❧é❣èr❡♠❡♥t ✐♥❢ér✐❡✉r ❛✉① ❞✐st❛♥❝❡s U...O ❞❛♥s ❧❡s ❝♦♠♣❧❡①❡s ✷ ❡t ✺O ét✉✲

❞✐és ♣ré❝é❞❡♠♠❡♥t✳ ❉❛♥s ❧❡s tr♦✐s str✉❝t✉r❡s✱ ❧✬✉r❛♥✐✉♠✱ ❧✬♦①②❣è♥❡ ❡t ❧✬❤②❞r♦❣è♥❡ ♦✉ ❧❡

✷✷✼



❋✐❣✳ ❈✳✶✻✿ Pr♦✜❧s é♥❡r❣ét✐q✉❡s ❞❡ ❧✬❛❝t✐✈❛t✐♦♥ ❞❡ H2✱ SiH4 ❡t SiH3Cl ♣❛r ❧❡ ❝♦♠♣❧❡①❡ Cp2UO✳
[U ] r❡♣rés❡♥t❡ ❧❡ ❢r❛❣♠❡♥t ♠ét❛❧❧✐q✉❡ Cp2U ✳

s✐❧✐❝✐✉♠ s♦♥t q✉❛s✐♠❡♥t ❛❧✐❣♥és✱ ❛✈❡❝ ❞❡s ❛♥❣❧❡s U − O − H ♦✉ U − O − Si s✉♣ér✐❡✉rs à

✶✼✵ ❞❡❣rés✳ ❈❡s ❣é♦♠étr✐❡s s♦♥t s✐♠✐❧❛✐r❡s à ❧❛ str✉❝t✉r❡ ❘❳ ❞✉ ❝♦♠♣❧❡①❡ ❡①♣ér✐♠❡♥t❛❧

Cp′2U(OSiMe3)(CN) ✭❈✳✹✮✳

❋✐❣✳ ❈✳✶✼✿ ❆❝t✐✈❛t✐♦♥ ❞❡ H2✱ SiH4 ❡t SiH3Cl ♣❛r ❧❡ ❝♦♠♣❧❡①❡ Cp2UO✳ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s
❞❡s ♣r♦❞✉✐ts ❞✬❛❝t✐✈❛t✐♦♥ ✼H ✱ ✼Si ❡t ✼Cl✳

❯♥❡ ❛♥❛❧②s❡ ◆❇❖ ❞❡s ❝♦♠♣♦sés ✼H ✱ ✼Si ❡t ✼Cl ♥✬✐♥❞✐q✉❡ ❛✉❝✉♥❡ ❧✐❛✐s♦♥ ❝♦✈❛❧❡♥t❡

❡♥tr❡ ❧✬✉r❛♥✐✉♠ ❡t ❧✬♦①②❣è♥❡✳ ❉❛♥s ❧❡s tr♦✐s ❝♦♠♣❧❡①❡s✱ ❧❛ ❧✐❛✐s♦♥ σ(U − O) ❛ ❞♦♥❝ été

r♦♠♣✉❡✳ ◗✉❡❧ q✉❡ s♦✐t ❧❡ ❝♦♠♣❧❡①❡ ❝♦♥s✐❞éré✱ ❧❛ ❝❤❛r❣❡ ◆P❆ ♣♦rté❡ ♣❛r ❧✬✉r❛♥✐✉♠ ❡st

é❧❡✈é❡ ✭✰✷✳✷✼ à ✰✷✳✹✼✮ ❡t ❧❛ ❝❤❛r❣❡ ❞❡ ❧✬♦①②❣è♥❡ ❡st très ♥é❣❛t✐✈❡ ✭✲✶✳✶✻ à ✲✶✳✷✼✮ ❀ ♣❛r

✷✷✽



❝♦♥séq✉❡♥t✱ ✉♥❡ ✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ✐♠♣♦rt❛♥t❡ ❡♥tr❡ U ❡t O ❡st ♠❛✐♥t❡♥✉❡✳ ❊♥

♣r❡♠✐èr❡ ❛♣♣r♦①✐♠❛t✐♦♥✱ ♥♦✉s ❡st✐♠❡r♦♥s q✉❡ ❝❡tt❡ ✐♥t❡r❛❝t✐♦♥ ❡st ❞✉ ♠ê♠❡ ♦r❞r❡ ❞❛♥s

❧❡s ❝♦♠♣❧❡①❡s ✼H ✱ ✼Si ❡t ✼Cl ❡t ❞❛♥s ❧❡ ❝♦♠♣♦sé ✐♥✐t✐❛❧ Cp2UO✳ ❙❡❧♦♥ ❧✬❛♥❛❧②s❡ ❛✉ s❡❝♦♥❞

♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥✱ ✉♥❡ ❧é❣èr❡ ❞♦♥❛t✐♦♥ ❞❡s tr♦✐s ❞♦✉❜❧❡ts ♥♦♥ ❧✐❛♥ts ❞❡ O ✈❡rs ❞❡s

♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞✉ ♠ét❛❧ ❝♦♥tr✐❜✉❡ ❡♥ ♦✉tr❡ à ❧❛ st❛❜✐❧✐s❛t✐♦♥ ❞❡s ♣r♦❞✉✐ts ❞✬❛❝t✐✈❛t✐♦♥✳

▲✬❛❜s❡♥❝❡ ❞❡ ❧✐❛✐s♦♥ ❝♦✈❛❧❡♥t❡ ❡♥tr❡ ❧✬✉r❛♥✐✉♠ ❡t ❧✬♦①②❣è♥❡ ♣❡r♠❡t ❞❡ ❥✉st✐✜❡r ❧❛ ❣é♦♠étr✐❡

❧✐♥é❛✐r❡ ❞❡ ❝❡ ❞❡r♥✐❡r✳

❉❛♥s ❧❡s ❝♦♠♣♦sés ✼H ❡t ✼Si✱ ❧❛ ❧✐❛✐s♦♥ ❝♦✈❛❧❡♥t❡ σ(U−H) ❡st ♣♦❧❛r✐sé❡ ✈❡rs ❧✬❤②❞r♦❣è♥❡

✭✷✺✪❯ ✲ ✼✺✪❍✮✳ ❉❛♥s ❧❡ ❝♦♠♣❧❡①❡ ✼Cl✱ ❧✬❛♥❛❧②s❡ ♥✬✐♥❞✐q✉❡ ❡♥ r❡✈❛♥❝❤❡ ❛✉❝✉♥❡ ❧✐❛✐s♦♥

❝♦✈❛❧❡♥t❡ ❡♥tr❡ U ❡t Cl✳ ▲✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❝❡s ❞❡✉① ❛t♦♠❡s ❡st ❞♦♥❝ ♣r✐♥❝✐♣❛❧❡♠❡♥t

é❧❡❝tr♦st❛t✐q✉❡ ❀ ❧✬❛♥❛❧②s❡ ❛✉ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥ ✐♥❞✐q✉❡ t♦✉t❡❢♦✐s ✉♥❡ ❞♦♥❛t✐♦♥

❞❡ tr♦✐s ❞♦✉❜❧❡ts ❞❡ Cl ✈❡rs ❧✬✉r❛♥✐✉♠✳ ▲❡s s❝❤é♠❛s ❞❡ ❧✐❛✐s♦♥ ♣r♦♣♦sés ♣❛r ❧❛ ◆❇❖ ♣♦✉r

❞é❝r✐r❡ ❧❡s str✉❝t✉r❡s é❧❡❝tr♦♥✐q✉❡s ❞❡ ✼H ✱ ✼Si ❡t ✼Cl s♦♥t r❛ss❡♠❜❧és ✜❣✉r❡ ❈✳✶✽✳

❋✐❣✳ ❈✳✶✽✿ ❙❝❤é♠❛s ❞❡ ❧✐❛✐s♦♥ ♣♦✉r ❧❡s ❝♦♠♣❧❡①❡s ✼H ✱ ✼Si ❡t ✼Cl✳

❆✜♥ ❞✬é✈❛❧✉❡r ❧❡s ❢♦r❝❡s r❡s♣❡❝t✐✈❡s ❞❡ ❧❛ ❧✐❛✐s♦♥s σ(U − H) ❡t ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ U...Cl

❝réé❡s✱ ✐❧ ❡st à ♣rés❡♥t ♣♦ss✐❜❧❡ ❞❡ ❞r❡ss❡r ✉♥ ❜✐❧❛♥ q✉❛❧✐t❛t✐❢ ❞❡s ❧✐❛✐s♦♥s ❛❝t✐✈é❡s ❡t

❢♦r♠é❡s ❧♦rs ❞❡s ré❛❝t✐♦♥s ❞✬❛❝t✐✈❛t✐♦♥✳ P♦✉r ❧❡s ❧✐❛✐s♦♥s σ(H −H)✱ σ(Si−H)✱ σ(Si−Cl)

❡t σ(O − Si)✱ ❧❡s ❡♥t❤❛❧♣✐❡s ❞❡ ❞✐ss♦❝✐❛t✐♦♥ ♠♦②❡♥♥❡s s♦♥t s❡❧♦♥ ❧❛ ❧✐ttér❛t✉r❡ ❞✬❡♥✈✐r♦♥

✶✵✹✱ ✾✷✱ ✶✵✾ ❡t ✶✷✵ ❦❝❛❧✳♠♦❧−1 r❡s♣❡❝t✐✈❡♠❡♥t ✭❝❢✳ ❛♥♥❡①❡✮✳

❉✬❛♣rès ♥♦s ❝❛❧❝✉❧s✱ ❧✬❛❝t✐✈❛t✐♦♥ ❞✉ ❞✐❤②❞r♦❣è♥❡ ❡st ❡♥❞♦t❤❡r♠✐q✉❡ ❞✬❡♥✈✐r♦♥ ✼ ❦❝❛❧✳♠♦❧−1✱

t❛♥❞✐s q✉❡ ❧✬❛❝t✐✈❛t✐♦♥ ❞❡ SiH4 ❡st ❡①♦t❤❡r♠✐q✉❡ ❞❡ ✼ ❦❝❛❧✳♠♦❧−1✳ ❙❡❧♦♥ ❧❛ t❛❜❧❡ ❈✳✸✱ ❧❛

❞✐✛ér❡♥❝❡ ❞✬❡♥t❤❛❧♣✐❡ ❡♥tr❡ ❝❡s ❞❡✉① ré❛❝t✐♦♥s ♣❡✉t êtr❡ ❛ttr✐❜✉é❡ à ❧❛ ❢♦r❝❡ ❞❡ ❧❛ ❧✐❛✐s♦♥

H − H ♣❛r r❛♣♣♦rt à ❧❛ ❧✐❛✐s♦♥ Si − H✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡ ❝❤❧♦r♦s✐❧❛♥❡ SiH3Cl✱ ❧✬❡♥✲

t❤❛❧♣✐❡ ❝❛❧❝✉❧é❡ ❡st très ♥é❣❛t✐✈❡✳ ❈❡❝✐ ♥❡ ♣❡✉t êtr❡ ❡①♣❧✐q✉é❡ q✉❡ ♣❛r ❧❛ ❝ré❛t✐♦♥ ❞✬✉♥❡

✐♥t❡r❛❝t✐♦♥ U...Cl ❢♦rt❡✳ ❆ ♣❛rt✐r ❞❡s ❞♦♥♥é❡s ❞❡ ❧❛ t❛❜❧❡ ❈✳✸✱ ♥♦✉s ♣♦✉✈♦♥s ❡♥ ❡✛❡t ❡s✲

✷✷✾



t✐♠❡r q✉❡ ❧✬✐♥t❡r❛❝t✐♦♥ U...Cl ❡st ♣❧✉s ❢♦rt❡ q✉❡ ❧❛ ❧✐❛✐s♦♥ UH ❞✬❡♥✈✐r♦♥ ✺✵ ❦❝❛❧✳♠♦❧−1✳

❈❡❝✐ ✐♥❞✐q✉❡ q✉❡ ❧✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❡♥tr❡ ❧✬✉r❛♥✐✉♠ ❡t ❧❡ ❝❤❧♦r❡ ❡st ❡①trê♠❡♠❡♥t

st❛❜✐❧✐s❛♥t❡✳

❙tr✉❝t✉r❡ ✼H ✼Si ✼Cl

▲✐❛✐s♦♥s ❞✐ss♦❝✐é❡s ✭❇❉❊✮ σ(U − O) σ(U − O) σ(U − O)

σ(H − H) ✭✶✵✹✮ σ(Si − H) ✭✾✷✮ σ(Si − Cl)✭✶✵✾✮
▲✐❛✐s♦♥s ❢♦r♠é❡s ✭❇❉❊✮ σ(U − H) σ(U − H) ✐♥t❡r❛❝t✐♦♥ U...Cl

σ(O − H) σ(O − Si)✭✶✷✵✮ σ(O − Si) ✭✶✷✵✮
∆HO ❝❛❧❝✉❧é❡ ✰✼ ✲✽ ✲✹✻

❚❛❜✳ ❈✳✸✿ ❇✐❧❛♥ ❞❡s ❧✐❛✐s♦♥s ❞✐ss♦❝✐é❡s ❡t ❢♦r♠é❡s ❧♦rs ❞❡ ❧✬❛❝t✐✈❛t✐♦♥ ❞❡ H2✱ SiH4 ❡t SiH3Cl✳ ▲❡s
❡♥t❤❛❧♣✐❡s ❞❡ ❞✐ss♦❝✐❛t✐♦♥ ♠♦②❡♥♥❡s ✭❇❉❊✮ ❡t ❧❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s ❞❡ ré❛❝t✐♦♥ ❝❛❧❝✉❧é❡s ✭∆HO✮
s♦♥t ❡♥ ❦❝❛❧✳♠♦❧−1✳

❇✐❧❛♥

❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧✬❛❝t✐✈❛t✐♦♥ ❞✉ ❞✐❤②❞r♦❣è♥❡ ❡t ❞✉ ❝❤❧♦r♦s✐❧❛♥❡ ♣❛r Cp
′

2UO ❞❡✲

✈r❛✐❡♥t s❡ ♣r♦❞✉✐r❡ ♣❛r ✉♥ ♠é❝❛♥✐s♠❡ ❞❡ ♠ét❛t❤ès❡ s❛♥s ❝❤❛♥❣❡♠❡♥t ❞❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥

❞✉ ♠ét❛❧✳ ▲❡s ❞❡✉① ré❛❝t✐♦♥s ét❛♥t ❛❝❝❡ss✐❜❧❡s ❝✐♥ét✐q✉❡♠❡♥t✱ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ré❛❝t✐✈✐té

❞❡ Cp
′

2UO ✈✐s✲à✲✈✐s ❞❡ ❝❡s ❞❡✉① ❝♦♠♣♦sés ❡st ❞✉❡ à ❞❡s ❢❛❝t❡✉rs t❤❡r♠♦❞②♥❛♠✐q✉❡s✳ ❊♥

❡✛❡t✱ ❧✬❛❝t✐✈❛t✐♦♥ ❞✉ ❞✐❤②❞r♦❣è♥❡ ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥ ❝♦✈❛❧❡♥t❡ σ(U −H)✱

q✉✐ ♥❡ s✉✣t ♣❛s à ❝♦♠♣❡♥s❡r t♦t❛❧❡♠❡♥t ❧✬❛❝t✐✈❛t✐♦♥ ❞❡s ❧✐❛✐s♦♥s σ(H −H) ❡t σ(U −O)✳

❊♥ r❡✈❛♥❝❤❡✱ ❞❛♥s ❧❡ ❝❛s ❞✉ ❝❤❧♦r♦s✐❧❛♥❡✱ ❧❛ ❝ré❛t✐♦♥ ❞✬✉♥❡ ✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡

U...Cl très ❢♦rt❡ ♣❡r♠❡t ❞❡ st❛❜✐❧✐s❡r ❧❡ ❝♦♠♣❧❡①❡ Cp2U(Cl)(OSiH3) ❢♦r♠é✳ ❆ ♥♦✉✈❡❛✉✱

♥♦✉s ♣♦✉✈♦♥s ❞♦♥❝ r❡♠❛rq✉❡r q✉❡ ❧✬✉r❛♥✐✉♠ ❝♦♥❞✉✐t ♣ré❢ér❡♥t✐❡❧❧❡♠❡♥t à ❞❡s ❧✐❛✐s♦♥s

♣♦ssé❞❛♥t ✉♥ ❢♦rt ❝❛r❛❝tèr❡ ✐♦♥✐q✉❡✳

❈✳✹✳✷ ❘é❛❝t✐♦♥ ❛✈❡❝ ❧❡s ②❧✉r❡s ❞❡ ♣❤♦s♣❤♦r❡

❆✐♥s✐ q✉❡ ♥♦✉s ❧✬❛✈♦♥s r❡♠❛rq✉é ❞❛♥s ❧❛ s❡❝t✐♦♥ ❈✳✷✱ ❧❛ ❧✐❛✐s♦♥ UO ❞❛♥s ❧❡ ❝♦♠♣❧❡①❡

Cp
′

2UO ♣❡✉t êtr❡ ❝♦♠♣❛ré❡ à ❧❛ ❧✐❛✐s♦♥ PO ❞❛♥s ❧❡s ♣❤♦s♣❤✐♥❡s✳ ❖r✱ s❡❧♦♥ ❧❛ ❧✐ttér❛✲

t✉r❡ ❬✺✶❪✱ ❝❡tt❡ ❧✐❛✐s♦♥ ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❢♦rt❡✳ ▲❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ♦①②❞❡ ❞❡ ♣❤♦s♣❤✐♥❡

❝♦♥st✐t✉❡ ❧❛ ❢♦r❝❡ ♠♦tr✐❝❡ ❞❡ ❧❛ ré❛❝t✐♦♥ ❞❡ ❲✐tt✐❣✱ q✉✐ ♣❡r♠❡t ❞❡ s②♥t❤ét✐s❡r ✉♥❡ ❛❧❝è♥❡

à ♣❛rt✐r ❞✬✉♥ ②❧✉r❡ ❞❡ ♣❤♦s♣❤♦r❡ Ph3P = CR1R2 ✭R1, R2 =❣r♦✉♣❡ ❛❧❦②❧❡ ♦✉ ❛r②❧❡✮ ❡t

❞✬✉♥❡ ❝ét♦♥❡ ✭❝❢✳ ✜❣✉r❡ ❈✳✶✾✮✳ ❉❡s ét✉❞❡s ♠é❝❛♥✐st✐q✉❡s t❤é♦r✐q✉❡s ❬✷✶✺✕✷✶✼❪ ♦♥t ♠♦♥tré

q✉❡ ❝❡tt❡ ré❛❝t✐♦♥ ❝♦♠♠❡♥❝❡ ♣❛r ✉♥❡ ❝②❝❧♦❛❞❞✐t✐♦♥ ❞❡ ❧❛ ❝ét♦♥❡ s✉r ❧✬②❧✉r❡ ❞❡ ♣❤♦s♣❤♦r❡✱

q✉✐ ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ✐♥t❡r♠é❞✐❛✐r❡ ❝②❝❧✐q✉❡✳ ❯♥❡ ♣s❡✉❞♦r♦t❛t✐♦♥ ❛✉ ♥✐✈❡❛✉ ❞✉

♣❤♦s♣❤♦r❡✱ s✉✐✈✐❡ ❞✬✉♥❡ ❞✐ss♦❝✐❛t✐♦♥ ❝♦♥❝❡rté❡✱ ♣❡r♠❡t ❡♥s✉✐t❡ ❞❡ ❧✐❜ér❡r ❧✬❛❧❝è♥❡ ❢♦r♠é ❡t
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❧✬♦①②❞❡ ❞❡ ♣❤♦s♣❤✐♥❡ Ph3PO✳ ◆♦✉s ♣♦✉✈♦♥s r❡♠❛rq✉❡r q✉❡ ❧❛ ❞❡r♥✐èr❡ ét❛♣❡ ❞❡ ❞✐ss♦✲

❝✐❛t✐♦♥ ♣❡✉t êtr❡ r❛♣♣r♦❝❤é❡ ❞✉ ♠é❝❛♥✐s♠❡ ❞❡ ❧❛ ❝②❝❧♦❛❞❞✐t✐♦♥ ❞✉ ❞✐♠ét❤②❧❛❝ét②❧è♥❡ s✉r

Cp
′

2UO✱ ét✉❞✐é ♣ré❝é❞❡♠♠❡♥t✳

❋✐❣✳ ❈✳✶✾✿ ❘é❛❝t✐♦♥ ❞❡ ❲✐tt✐❣✳

◆♦✉s ❛✈♦♥s ❞♦♥❝ ♣r♦♣♦sé ✉♥❡ ré❛❝t✐♦♥ s✐♠✐❧❛✐r❡✱ q✉✐ ❝♦♥❞✉✐r❛✐t✱ à ♣❛rt✐r ❞✉ ❝♦♠♣❧❡①❡

Cp
′

2UO✱ à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❝❛r❜è♥❡s ❞✬✉r❛♥✐✉♠ Cp
′

2UCR1R2✳ ▲❡ s❝❤é♠❛ ré❛❝t✐♦♥♥❡❧ ❝♦r✲

r❡s♣♦♥❞❛♥t ❡st ♣rés❡♥té ✜❣✉r❡ ❈✳✷✵✳ ▲✬✐❞é❡ ❡st q✉❡ ❧❛ ❞✐ss♦❝✐❛t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥ UO ❞❛♥s

❧❡ ❝♦♠♣❧❡①❡ Cp
′

2UO ❞❡✈r❛✐t êtr❡ ❝♦♠♣❡♥sé❡ ♣❛r ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥ PO ❞❡ ❧✬♦①②❞❡

❞❡ ♣❤♦s♣❤✐♥❡✳

❋✐❣✳ ❈✳✷✵✿ ❘é❛❝t✐♦♥ ✓ ♣s❡✉❞♦✲✇✐tt✐❣ ✔ à ♣❛rt✐r ❞❡ Cp
′

2UO✳ [U ] r❡♣rés❡♥t❡ ❧❡ ❢r❛❣♠❡♥t ♠ét❛❧❧✐q✉❡
Cp

′

2✳

▲✬ét✉❞❡ t❤é♦r✐q✉❡ ❞❡ ❝❡tt❡ ré❛❝t✐♦♥ ❛ été ❡✛❡❝t✉é❡ ❞❛♥s ❧❡ ❝❛s ♦ù R1 ❡t R2 s♦♥t ❞❡s

❣r♦✉♣❡s ♠ét❤②❧❡ ❡t s✐❧②❧❡✳ ◆♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞❡ ♠♦❞é❧✐s❡r ❧✬②❧✉r❡ ❞❡ ♣❤♦s♣❤♦r❡ ♣❛r ❧❡

❝♦♠♣♦sé Me3P = CR1R2✳ ▲❡s ❣é♦♠étr✐❡s ❞❡s ❝♦♠♣❧❡①❡s Cp2UCR1R2 ♦♥t été ♦♣t✐♠✐sé❡s

✭❝❢✳ ✜❣✉r❡ ❈✳✷✶✮ ❡♥ s✉♣♣♦s❛♥t q✉❡ ❧❡s ❝❛r❜è♥❡s s♦♥t ❞❡ t②♣❡ ❙❝❤r♦❝❦✱ ❝✬❡st✲à✲❞✐r❡ q✉❡

❧✬✉r❛♥✐✉♠ r❡st❡ ❛✉ ❞❡❣ré ❢♦r♠❡❧ ❞✬♦①②❞❛t✐♦♥ ■❱ ❡t q✉❡ ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ ❞✉ ❝♦♠♣❧❡①❡ ❡st

✉♥ tr✐♣❧❡t✳

❉❛♥s ❧❡s tr♦✐s st✉❝t✉r❡s ♦❜t❡♥✉❡s✱ ❧❛ ❞✐st❛♥❝❡ U...C ❡st ❞✬❡♥✈✐r♦♥ ✷✳✹✶ ➴✱ ❝❡ q✉✐ ❡st

s✉♣ér✐❡✉r ❛✉① ❞✐st❛♥❝❡s U...O ❡t U...N ❞❛♥s ❧❡s ❝♦♠♣❧❡①❡s Cp2UO ❡t Cp2UNMe✳ ◆♦✉s

♣♦✉✈♦♥s ❡♥ ♦✉tr❡ r❡♠❛rq✉❡r q✉❡ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉ ❝❛r❜è♥❡ CR1R2 ♥❡ s✬❡✛❡❝t✉❡ ♣❛s ❞❡

♠❛♥✐èr❡ s②♠étr✐q✉❡ ✿ ❧✬❛♥❣❧❡ U − C − R1 ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ ✶✵✵ ❞❡❣rés✱ t❛♥❞✐s q✉❡ ❧✬❛♥❣❧❡

U − C − R2 ❡st s✉♣ér✐❡✉r à ✶✸✵ ❞❡❣rés✳ ❈❡❝✐ ♣❡✉t êtr❡ ❡①♣❧✐q✉é ♣❛r ❞❡s ❝♦♥s✐❞ér❛t✐♦♥s

♦r❜✐t❛❧❛✐r❡s ✿ ❧❛ r♦t❛t✐♦♥ ❞✉ ❝❛r❜è♥❡ ✐♥❞✉✐t ✉♥❡ ♠❡✐❧❧❡✉r❡ ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❡s ♦r❜✐t❛❧❡s ❞✉

❢r❛❣♠❡♥t ♠ét❛❧❧✐q✉❡✳ ❊♥ ♦✉tr❡✱ ❞❛♥s ❧❡s tr♦✐s str✉❝t✉r❡s✱ ❧✬✉♥ ❞❡s ❤②❞r♦❣è♥❡s ❞❡s ❣r♦✉♣❡s

✷✸✶



R1 ❡st ♣r♦❝❤❡ ❞✉ ♠ét❛❧✱ ❡t ❧❡s ❧✐❛✐s♦♥s ❝♦rr❡s♣♦♥❞❛♥t❡s C − H ❡t Si − H ❞❡s ❣r♦✉♣❡s

R1 ❡t R2 s♦♥t ❧é❣èr❡♠❡♥t ❛❝t✐✈é❡s✱ ❝❡ q✉✐ ✐♥❞✐q✉❡ ❧❛ ♣rés❡♥❝❡ ❞✬✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❞❡ t②♣❡

❛❣♦st✐q✉❡ ❡♥tr❡ ❝❡s ❧✐❛✐s♦♥s ❡t ❞❡s ♦r❜✐t❛❧❡s ✈❛❝❛♥t❡s ❞✉ ♠ét❛❧✳ ❈❡ t②♣❡ ❞❡ str✉❝t✉r❡ ❡st

t②♣✐q✉❡ ❞❡s ❝❛r❜è♥❡s ❞❡ ❙❝❤r♦❝❦ ❬✶✾✷✱✷✶✽❪✳

▲❡s ❡♥t❤❛❧♣✐❡s ❧✐❜r❡s ❞❡ ré❛❝t✐♦♥ ❝❛❧❝✉❧é❡s s♦♥t ♣rés❡♥té❡s t❛❜❧❡ ❈✳✹✳ ❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱

❧❛ ré❛❝t✐♦♥ ❞❡ Cp2UO ❛✈❡❝ ❧❡s ②❧✉r❡s ❞❡ ♣❤♦s♣❤♦r❡ ❡st très ❡♥❞❡r❣♦♥✐q✉❡✳ ❈❡❝✐ s✐❣♥✐✜❡

❞♦♥❝ q✉❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥ PO ❞❡ ❧✬♦①②❞❡ ❞❡ ♣❤♦s♣❤✐♥❡ ♥❡ s✉✣t ♣❛s à ❝♦♠♣❡♥s❡r

❧✬❛❝t✐✈❛t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥ UO ❞❛♥s Cp2UO✳ ▲❛ ❢♦r♠❛t✐♦♥ ❞❡ ❝❛r❜è♥❡s ❞✬✉r❛♥✐✉♠ ♣❛r ❝❡tt❡

ré❛❝t✐♦♥ ♥❡ ❞❡✈r❛✐t ❞♦♥❝ ♣❛s êtr❡ ♦❜s❡r✈é❡ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✳

❋✐❣✳ ❈✳✷✶✿ ●é♦♠étr✐❡s ♦♣t✐♠✐sé❡s ❞❡s ❝❛r❜è♥❡s ❞✬✉r❛♥✐✉♠ Cp
′

2UCR1R2 ✭R1, R2 = Me,SiH3✮

R1 R2 ∆G0

CH3 CH3 ✰✶✹✳✵
SiH3 CH3 ✰✷✵✳✸
SiH3 SiH3 ✰✷✹✳✽

❚❛❜✳ ❈✳✹✿ ❊♥t❤❛❧♣✐❡s ❧✐❜r❡s ❝❛❧❝✉❧é❡s ♣♦✉r ❧✬❛❞❞✐t✐♦♥ ❞❡s ②❧✉r❡s ❞❡ ♣❤♦s♣❤♦r❡ H3P = CR1R2 s✉r
Cp2UO ✭❦❝❛❧✳♠♦❧−1✮✳

❯♥ ❡①❛♠❡♥ ❛tt❡♥t✐❢ ❞❡s ❢♦♥❝t✐♦♥s ❞✬♦♥❞❡ ré✈è❧❡ ♣❛r ❛✐❧❧❡✉rs ✉♥❡ ❢♦rt❡ ❝♦♥t❛♠✐♥❛t✐♦♥

❞❡ s♣✐♥ ❞❛♥s ❧❡s ❝♦♠♣❧❡①❡s Cp
′

2UCR1R2✳ ❯♥❡ ❛♥❛❧②s❡ ◆❇❖ ✐♥❞✐q✉❡ ❡♥ ❡✛❡t q✉❡ ❧✬✉♥

❞❡s é❧❡❝tr♦♥s ❞✉ ❝❛r❜è♥❡ ❡st tr❛♥s❢éré s✉r ❧❡ ♠ét❛❧✳ ▲✬✉r❛♥✐✉♠ ❡st ❛❧♦rs ❢♦r♠❡❧❧❡♠❡♥t ❛✉

❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ■■■✳ ▲❡ s②stè♠❡ à ❧✬ét❛t tr✐♣❧❡t ♣❡✉t ❛❧♦rs êtr❡ ❞é❝r✐t ♣❛r ❛✉ ♠♦✐♥s

❞❡✉① ❞ét❡r♠✐♥❛♥ts✱ ❝♦rr❡s♣♦♥❞❛♥t ❛✉① ❞❡✉① str✉❝t✉r❡s é❧❡❝tr♦♥✐q✉❡s r❡♣rés❡♥té❡s s✉r ❧❛

✜❣✉r❡ ❈✳✷✷✳ ❖♥ ♣❡✉t ❡♥ ♦✉tr❡ s✉♣♣♦s❡r q✉✬✐❧ ❡①✐st❡ ✉♥ ét❛t q✉✐♥t✉♣❧❡t ♣r♦❝❤❡ ❡♥ é♥❡r❣✐❡ ❞❡

❧✬ét❛t tr✐♣❧❡t✳ ❈❡s rés✉❧t❛ts s♦♥t s✐♠✐❧❛✐r❡s à ❝❡✉① ♦❜t❡♥✉s ♣❛r ▲②♦♥ ❡t ❛❧✳ s✉r ❧❡s ❝♦♠♣❧❡①❡s

♠ét❤②❧✐❞è♥❡ ❞✬✉r❛♥✐✉♠ ❬✷✶✽❪✳

✷✸✷



❋✐❣✳ ❈✳✷✷✿ ❙tr✉❝t✉r❡s é❧❡❝tr♦♥✐q✉❡s ♣♦ss✐❜❧❡s ♣♦✉r ❧❡s ❝♦♠♣❧❡①❡s Cp
′

2UCR1R2✳

▲❡s ❝♦♠♣❧❡①❡s Cp
′

2UCR1R2✱ q✉✐ ♣♦ssè❞❡♥t ✉♥ ❝❛r❛❝tèr❡ ❢♦rt❡♠❡♥t ♠✉❧t✐ré❢ér❡♥t✐❡❧✱

♥❡ ♣❡✉✈❡♥t ❞♦♥❝ ♣❛s êtr❡ ❞é❝r✐ts ❞❡ ♠❛♥✐èr❡ ❛❞éq✉❛t❡ ♣❛r ❧❛ ❉❋❚✳ ❊♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❛

❧✐ttér❛t✉r❡✱ ✐❧ ❡st ♣r♦❜❛❜❧❡ q✉❡ ❧❡s ❣é♦♠étr✐❡s ♦❜t❡♥✉❡s s♦✐❡♥t ❝♦rr❡❝t❡s ❀ ❡♥ r❡✈❛♥❝❤❡✱ ❞❡s

❡rr❡✉rs ❝♦♥séq✉❡♥t❡s ♣❡✉✈❡♥t êtr❡ ❝♦♠♠✐s❡s s✉r ❧❡s é♥❡r❣✐❡s ❝❛❧❝✉❧é❡s✳ ◆♦✉s ❛tt❡✐❣♥♦♥s

❞♦♥❝ ✐❝✐ ❧❡s ❧✐♠✐t❡s ❞❡ ❧❛ ♠ét❤♦❞❡ ♣r♦♣♦sé❡ ❞❛♥s ❧❛ s❡❝t✐♦♥ ❈✳✷✳

❯♥❡ ♣❡rs♣❡❝t✐✈❡ ✐♥tér❡ss❛♥t❡ s❡r❛✐t ❞♦♥❝ ❞✬❡✛❡❝t✉❡r ✉♥ ❝❛❧❝✉❧ ✓ s✐♠♣❧❡ ♣♦✐♥t ✔ ❛✉ ♥✐✲

✈❡❛✉ ❈❆❙❙❈❋❬✷✱✼❪ s✉r ❧❛ ❣é♦♠étr✐❡ ♦♣t✐♠✐sé❡ ❡♥ ❉❋❚✳ ❈❡❝✐ ♣❡r♠❡ttr❛✐t ❞❡ ✈ér✐✜❡r s✐ ❧❛

str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ♣r♦♣♦sé❡ ♣❛r ❧❛ ❉❋❚✱ ❞❛♥s ❧❛q✉❡❧❧❡ ❧✬✉r❛♥✐✉♠ ❡st ❛✉ ❞❡❣ré ❞✬♦①②✲

❞❛t✐♦♥ ■■■✱ ❝♦rr❡s♣♦♥❞ ré❡❧❧❡♠❡♥t à ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧✳ ▲❡ ❝♦♠♣❧❡①❡ ❝❛r❜è♥❡ ♦❜t❡♥✉ s❡r❛✐t

❛❧♦rs ✐♥t❡r♠é❞✐❛✐r❡ ❡♥tr❡ ❧❡s ❝❛r❜è♥❡s ❞❡ ❙❝❤r♦❝❦ ❡t ❞❡ ❋✐s❝❤❡r✳ ■❧ ❡st é❣❛❧❡♠❡♥t ♣♦ss✐❜❧❡

q✉❡ ❧❛ ❉❋❚ ❛✐t ❝♦♥✈❡r❣é s✉r ✉♥ ét❛t ❡①❝✐té✱ ❡t q✉❡ ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ ❢❛ss❡ ❝❧❛ss✐q✉❡♠❡♥t

✐♥t❡r✈❡♥✐r ✉♥ ✉r❛♥✐✉♠ ❛✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ■❱✳ ❉❛♥s ❝❡ ❝❛s✱ ❧✬❡rr❡✉r ❝♦♠♠✐s❡ ♣❛r ❧❛ ❉❋❚

❝♦♥❞✉✐r❛✐t à ✉♥❡ s♦✉s✲❡st✐♠❛t✐♦♥ ❞❡ ❧❛ st❛❜✐❧✐té ❞❡s ❝♦♠♣❧❡①❡s ❝❛r❜è♥❡s✳

❈✳✺ ❈♦♥❝❧✉s✐♦♥

❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧❡s ❝♦♠♣❧❡①❡s Cp
′

2UX ✭X = O, NMe✮✱ ❜✐❡♥ q✉✬✐s♦é❧❡❝tr♦♥✐q✉❡s✱

♣rés❡♥t❡♥t ✉♥❡ ♥❛t✉r❡ ❞❡ ❧✐❛✐s♦♥ ❝❤✐♠✐q✉❡ UX ❞✐✛ér❡♥t❡✳ ▲❛ ❧✐❛✐s♦♥ UO ❡st ✓ ✐♦♥♦✲

❝♦✈❛❧❡♥t❡ ✔✱ ❝♦♠♣♦sé❡ ❞✬✉♥❡ ❧✐❛✐s♦♥ s✐♠♣❧❡ σ(U − O) ♣♦❧❛r✐sé❡ ✈❡rs ❧✬♦①②❣è♥❡ ❡t ❞✬✉♥❡

✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❡♥tr❡ ❧✬✉r❛♥✐✉♠ ❡t ❧✬♦①②❣è♥❡✳ ❊♥ r❡✈❛♥❝❤❡✱ ❞❛♥s ❧❡ ❝❛s ❞✉ ❝♦♠✲

♣❧❡①❡ Cp
′

2UNMe✱ ❧❛ ❧✐❛✐s♦♥ UN ♣❡✉t êtr❡ ❞é❝r✐t❡ ❝♦♠♠❡ ✉♥❡ ❧✐❛✐s♦♥ ❞♦✉❜❧❡ ♣♦❧❛r✐sé❡ ✈❡rs

❧✬❛③♦t❡✳

❉❡ ♣❧✉s✱ ♥♦✉s ❛✈♦♥s ♠♦♥tré q✉❡ ❧❛ ❧✐❛✐s♦♥ UO✱ ❜✐❡♥ q✉❡ s✐♠♣❧❡✱ ❡st ♣❧✉s ❢♦rt❡ q✉❡ ❧❛

❧✐❛✐s♦♥ UN ❞✬❡♥✈✐r♦♥ ✼✵ ❦❝❛❧✳♠♦❧−1✱ ❝❡ q✉✐ ♣❡✉t êtr❡ ❡①♣❧✐q✉é ♣❛r ❧❛ ❢♦r❝❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥

é❧❡❝tr♦st❛t✐q✉❡ ❡♥tr❡ ❧✬✉r❛♥✐✉♠ ❡t ❧✬♦①②❣è♥❡✳ ❈❡❝✐ ❡st à ❧✬♦r✐❣✐♥❡ ❞❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ré❛❝✲

t✐✈✐té ❞❡ Cp
′

2UO ❡t Cp
′

2UNMe ✈✐s✲à✲✈✐s ❞✉ ❞✐♠ét❤②❧❛❝ét②❧è♥❡✳ ❊♥ ❡✛❡t✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉

♣r♦❞✉✐t ❞❡ ❝②❝❧♦❛❞❞✐t✐♦♥ [Cp
′

2UN(Me)CMe = CMe] à ♣❛rt✐r ❞❡ Cp
′

2UNMe ❡t ❞✉ ❞✐♠é✲

t❤②❧❛❝ét②❧è♥❡ ❡st très ❡①❡r❣♦♥✐q✉❡✳ ❊♥ r❡✈❛♥❝❤❡✱ ❞❛♥s ❧❡ ❝❛s ❞❡ Cp2UO✱ ❧❛ ré❛❝t✐♦♥ ❡st

❧é❣èr❡♠❡♥t ❡♥❞❡r❣♦♥✐q✉❡✱ ❝❡ q✉✐ ♣❡✉t êtr❡ ❡①♣❧✐q✉é ♣❛r ❧❛ r✉♣t✉r❡ ❞❡ ❧❛ ❧✐❛✐s♦♥ ❝♦✈❛❧❡♥t❡

σ(U −O) ❛✐♥s✐ q✉❡ ♣❛r ❧❛ ♣❡rt❡ ❞✬✉♥❡ ♣❛rt✐❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ ❡♥tr❡ U ❡t O✳

✷✸✸



❊♥ r❛✐s♦♥ ❞❡ ❧❛ ❢♦r❝❡ ❞❡ ❧❛ ❧✐❛✐s♦♥ UO✱ ❧❡ ❝♦♠♣❧❡①❡ Cp
′

2UO ❡st ❞♦♥❝ très st❛❜❧❡✳ ❈❡♣❡♥✲

❞❛♥t✱ ✐❧ ♥✬❡st ♣❛s ✐♥❡rt❡ ❝❤✐♠✐q✉❡♠❡♥t✳ ▲✬ét✉❞❡ ❞❡ ❧❛ ré❛❝t✐✈✐té ❞❡ Cp
′

2UO ♥♦✉s ❛ ♣❡r♠✐s

❞❡ ♠♦♥tr❡r q✉❡ ❝❡❧❧❡✲❝✐ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ❣♦✉✈❡r♥é❡ ♣❛r ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡ ✿ ❡♥ ❡✛❡t✱

❧❛ ❞✐ss♦❝✐❛t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥ UO ❞♦✐t êtr❡ ❝♦♠♣❡♥sé❡ ♣❛r ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✐❛✐s♦♥s ♦✉ ❞✬✐♥✲

t❡r❛❝t✐♦♥s ♠ét❛❧ ✲ ❧✐❣❛♥❞ ❢♦rt❡s✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧✬❛❝t✐✈❛t✐♦♥ ❞✉ ❝❤❧♦r♦s✐❧❛♥❡ Me3SiCl ❡st

❢❛✈♦r❛❜❧❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ❝ré❛t✐♦♥ ❞✬✉♥❡ ✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡

très st❛❜✐❧✐s❛♥t❡ ❡♥tr❡ ❧✬✉r❛♥✐✉♠ ❡t ❧❡ ❝❤❧♦r❡✳

❊♥✜♥✱ ✐❧ ❡st à ♥♦t❡r q✉✬✉♥❡ ét✉❞❡ ❝♦♠♣❛r❛t✐✈❡ ❞❡s ❝♦♠♣❧❡①❡s Cp2UX ✭X = O, NMe✮

❛✈❡❝ ❧❡s ❝♦♠♣❧❡①❡s Cp2MX ✭M = Ti, Zr,Hf✮ ❡st ❛❝t✉❡❧❧❡♠❡♥t ❡♥ ❝♦✉rs ❛✜♥ ❞❡ ❞ét❡r✲

♠✐♥❡r ❧❡s ❞✐✛ér❡♥❝❡s ❡t ❧❡s s✐♠✐❧✐t✉❞❡s ❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞❡ ✉r❛♥✐✉♠ ❛✈❡❝

❧❡✉rs ❛♥❛❧♦❣✉❡s ❞❡ ♠ét❛✉① ❞❡ tr❛♥s✐t✐♦♥✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ❝♦✈❛❧❡♥❝❡ s✉r ❧❛

ré❛❝t✐✈✐té ❞❡s ❝♦♠♣❧❡①❡s s❡r❛ ❛♥❛❧②sé❡✳

❈❡tt❡ ét✉❞❡ ♥♦✉s ❛ ❞♦♥❝ ♣❡r♠✐s ❞❡ ♠♦♥tr❡r ❧❡s ♣♦t❡♥t✐❛❧✐tés ❞❡ ❧❛ ❉❋❚ ♣♦✉r ❧❛ ❞é✲

t❡r♠✐♥❛t✐♦♥ ❞❡ ♠é❝❛♥✐s♠❡s ré❛❝t✐♦♥♥❡❧s ❡t ❧❡ ❝❛❧❝✉❧ ❞❡ ❣r❛♥❞❡✉rs t❤❡r♠♦❞②♥❛♠✐q✉❡s ❡t

❝✐♥ét✐q✉❡s✳ ❚♦✉t❡❢♦✐s✱ ✐❧ ❢❛✉t r❡st❡r ✈✐❣✐❧❛♥t q✉❛♥t à ❧✬❡♠♣❧♦✐ ❞❡ ❝❡tt❡ ♠ét❤♦❞❡✱ ❝❛r ❡❧❧❡ ♥❡

s✬❛♣♣❧✐q✉❡ q✉❡ ❞❛♥s ❧❡ ❝❛s ❞❡ s②stè♠❡s ♣♦ssé❞❛♥t ✉♥ ❢❛✐❜❧❡ ❝❛r❛❝tèr❡ ♠✉❧t✐ré❢ér❡♥t✐❡❧✳

✷✸✹



❈❤❛♣✐tr❡ ❉

❈♦♥❝❧✉s✐♦♥

❉❛♥s ❝❡tt❡ s❡❝♦♥❞❡ ♣❛rt✐❡✱ ♥♦✉s ❛✈♦♥s ♣✉ t❡st❡r ❧❡s ♣♦t❡♥t✐❛❧✐tés ❞❡ ❧❛ ❝❤✐♠✐❡ t❤é♦r✐q✉❡

♣♦✉r ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡s ✐♥t❡r❛❝t✐♦♥s ♠ét❛❧ ✲ ❧✐❣❛♥❞ ❡t ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ♠é❝❛♥✐s♠❡s

ré❛❝t✐♦♥♥❡❧s ❞❛♥s ❧❡ ❝❛s ❞❡ ❝♦♠♣❧❡①❡s ❞✬✉r❛♥✐✉♠✳ ❙❡❧♦♥ ♥♦s rés✉❧t❛ts✱ ❧❡s str✉❝t✉r❡s ❡t ❧❡s

t❡♥❞❛♥❝❡s ré❛❝t✐♦♥♥❡❧❧❡s ❞ét❡r♠✐♥é❡s ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t s♦♥t r❡♣r♦❞✉✐t❡s ❝♦rr❡❝t❡♠❡♥t✳

▲❛ ♠ét❤♦❞❡ t❤é♦r✐q✉❡ ❝❤♦✐s✐❡ ♣❡r♠❡t é❣❛❧❡♠❡♥t ❞✬♦❜t❡♥✐r ✉♥❡ ❛♥❛❧②s❡ ♣❡rt✐♥❡♥t❡ ❞❡s

str✉❝t✉r❡s é❧❡❝tr♦♥✐q✉❡s ❞❡ ❝❡s ❝♦♠♣❧❡①❡s✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡s ♦r❜✐t❛❧❡s

5f ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s ❡t s♦♥ ✐♥✢✉❡♥❝❡ s✉r ❧❛ st❛❜✐❧✐té ❡t ❧❛ ré❛❝t✐✈✐té ❞❡s s②stè♠❡s

❝♦♥s✐❞érés ❛ ♣✉ êtr❡ ét❛❜❧✐❡✳

▲❡ ♣r❡♠✐❡r ❝❤❛♣✐tr❡ ét❛✐t ❝♦♥s❛❝ré à ❧✬ét✉❞❡ ❞❡ ❧❛ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❡t ❞❡ ❧❛ st❛✲

❜✐❧✐té ❞❡ ❝♦♠♣❧❡①❡s ♠ét❛❧❧♦❝è♥❡s ❞✬✉r❛♥✐✉♠✳ ❊♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✱

♥♦✉s ❛✈♦♥s ♠♦♥tré q✉❡ ❧✬✉r❛♥✐✉♠✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉① ♠ét❛✉① ❞❡ tr❛♥s✐t✐♦♥ d0 ❡t ❛✉① ❧❛♥✲

t❤❛♥✐❞❡s✱ ♣❡✉t ❢♦r♠❡r ❞❡s str✉❝t✉r❡s ♠ét❛❧❧♦❝è♥❡s ✓ ❧✐♥é❛✐r❡s ✔✱ ❞❛♥s ❧❡sq✉❡❧❧❡s ❧❡s ❞❡✉①

❧✐❣❛♥❞s ❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡ s♦♥t ♣❛r❛❧❧è❧❡s✳ ❈❡s ❝♦♠♣♦sés ♥❡ ♣❡✉✈❡♥t êtr❡ st❛❜❧❡s q✉❡ ❣râ❝❡

à ❧❛ ♣❛rt✐❝✐♣❛t✐♦♥ ❞❡s ♦r❜✐t❛❧❡s 5f ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s✳ ❉✬❛♣rès ♥♦tr❡ ❛♥❛❧②s❡✱ ❞❛♥s

❝❡s ❝♦♠♣❧❡①❡s ❧❡s ❧✐❛✐s♦♥s ❢♦r♠é❡s s♦♥t ❞✬❛✉t❛♥t ♣❧✉s ❝♦✈❛❧❡♥t❡s q✉❡ ❧❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥

❞❡ ❧✬✉r❛♥✐✉♠ ❛✉❣♠❡♥t❡✳ ❊♥✜♥✱ à ♣❛rt✐r ❞❡ ❝♦♥s✐❞ér❛t✐♦♥s ♦r❜✐t❛❧❛✐r❡s✱ ♥♦✉s ❛✈♦♥s ét❛✲

❜❧✐ ✉♥❡ ❛♥❛❧♦❣✐❡ ❡♥tr❡ ❧❡s ♠ét❛❧❧♦❝è♥❡s ❧✐♥é❛✐r❡s ❞✬✉r❛♥✐✉♠ ❡t ❧❡s ❝♦♠♣❧❡①❡s ❞✬✉r❛♥②❧❡✳

◆♦✉s ❛✈♦♥s ❛✐♥s✐ ♣✉ ♣♦st✉❧❡r ❧❛ st❛❜✐❧✐té ❞❡ ♣❧✉s✐❡✉rs ❝♦♠♣❧❡①❡s ❞❡ t②♣❡ [UO2L5]
(9−p)− ❡t

[Cp2UL5]
(7−p)− ❝♦♠♣♦rt❛♥t ❝✐♥q ❧✐❣❛♥❞s ❛♥✐♦♥✐q✉❡s ❞❛♥s ❧❡ ♣❧❛♥ éq✉❛t♦r✐❛❧✳

❆ ♣❛rt✐r ❞❡ ❧✬ét✉❞❡ ❞❡ ❧❛ str✉❝t✉r❡ ❡t ❧❛ ré❛❝t✐✈✐té ❞❡s ❞❡✉① ❝♦♠♣❧❡①❡s Cp
′

2UO ❡t

Cp
′

2UNMe✱ ♥♦✉s ❛✈♦♥s ♣✉ ✈❛❧✐❞❡r ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ❉❋❚ ♣♦✉r ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ♠é✲

❝❛♥✐s♠❡s ré❛❝t✐♦♥♥❡❧s ❡t ❧❡ ❝❛❧❝✉❧ ❞❡ ❣r❛♥❞❡✉rs é♥❡r❣ét✐q✉❡s✳ ◆♦✉s ❛✈♦♥s ♠♦♥tré q✉❡ ❧❛

❞✐✛ér❡♥❝❡ ❞❡ ré❛❝t✐✈✐té ❡♥tr❡ ❝❡s ❞❡✉① ❝♦♠♣♦sés ♣❡✉t êtr❡ ❡①♣❧✐q✉é❡ ♣❛r ❞❡s ♥❛t✉r❡s ❞❡

❧✐❛✐s♦♥ ❞✐✛ér❡♥t❡s✳ ❉✬❛♣rès ❝❡tt❡ ét✉❞❡✱ ✐❧ ❡①✐st❡ ❞❡ ♥♦♠❜r❡✉s❡s s✐♠✐❧✐t✉❞❡s ❡♥tr❡ ❧❛ ré✲

❛❝t✐✈✐té ❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❧❛♥t❤❛♥✐❞❡s ❡t ❞❡ ❧✬✉r❛♥✐✉♠✳ ❊♥ ❡✛❡t✱ ❧❡s ❞❡✉①

t②♣❡s ❞❡ ❝♦♠♣♦sés ré❛❣✐ss❡♥t ♣ré❢ér❡♥t✐❡❧❧❡♠❡♥t ♣❛r ❞❡s ♠é❝❛♥✐s♠❡s ❞❡ ♠ét❛t❤ès❡ s❛♥s
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❝❤❛♥❣❡♠❡♥t ❞❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞✉ ♠ét❛❧✳ ❊♥ ♦✉tr❡✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉① ✐❞é❡s ❝♦♠♠✉♥❡s✱

❧✬✉r❛♥✐✉♠ s❡♠❜❧❡ é❣❛❧❡♠❡♥t ❞é✈❡❧♦♣♣❡r ❞❡s ✐♥t❡r❛❝t✐♦♥s ❢♦rt❡s ❛✈❡❝ ❧❡s ❧✐❣❛♥❞s très é❧❡❝tr♦✲

♥é❣❛t✐❢s ❝♦♠♠❡ ❧✬♦①②❣è♥❡ ♦✉ ❧❡ ❝❤❧♦r❡✳ ▲❛ ♣❛rt✐❝✐♣❛t✐♦♥ ❞❡s ♦r❜✐t❛❧❡s 5f ❞❡ ❧✬✉r❛♥✐✉♠ ❛✉①

❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s ♥✬✐♥❞✉✐t ❞♦♥❝ ♣❛s s②sté♠❛t✐q✉❡♠❡♥t ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❝♦♥séq✉❡♥t❡ ❞❡

❧❛ ❝♦✈❛❧❡♥❝❡✳

❈❡s ❞❡✉① ét✉❞❡s ♥♦✉s ❞♦♥❝ ♦♥t ♣❡r♠✐s ❞✬✐❧❧✉str❡r ❧✬❛♠❜✐✈❛❧❡♥❝❡ ❞❡ ❧✬✉r❛♥✐✉♠ ❡♥ ❝❤✐♠✐❡

♦r❣❛♥♦♠ét❛❧❧✐q✉❡✳ ❊♥ ❡✛❡t✱ ❞❛♥s ❧❡s ❝♦♠♣❧❡①❡s ❝♦♥s✐❞érés✱ ❧❡s ✐♥t❡r❛❝t✐♦♥s ❞❡ ❧✬✉r❛♥✐✉♠

❛✈❡❝ ❧❡s ❧✐❣❛♥❞s ❝♦♥❞✉✐s❡♥t à ❞❡s ❧✐❛✐s♦♥s ✐♥t❡r♠é❞✐❛✐r❡s✱ ♥✐ t♦t❛❧❡♠❡♥t ✐♦♥✐q✉❡s ❝♦♠♠❡

❛✈❡❝ ❧❡s ❧❛♥t❤❛♥✐❞❡s✱ ♥✐ ❝♦✈❛❧❡♥t❡s ❝♦♠♠❡ ❛✈❡❝ ❧❡s ♠ét❛✉① ❞❡ tr❛♥s✐t✐♦♥✳ ❊♥ ♦✉tr❡✱ ❧❛

❝♦✈❛❧❡♥❝❡ ❞❡s ❧✐❛✐s♦♥s s❡♠❜❧❡ êtr❡ ❧✐é❡ ♥♦♥ s❡✉❧❡♠❡♥t à ❧✬é❧❡❝tr♦♥é❣❛t✐✈✐té ❞❡s ❧✐❣❛♥❞s

❝♦♥s✐❞érés✱ ♠❛✐s é❣❛❧❡♠❡♥t à ❧❡✉r s②♠étr✐❡ ❡t ❛✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞❡ ❧✬✉r❛♥✐✉♠✳ P❛r

❝♦♥séq✉❡♥t✱ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧✬✉r❛♥✐✉♠ ❡t ❧❡s ❞✐✛ér❡♥ts ❧✐❣❛♥❞s ❡st ❡①trê♠❡♠❡♥t ❝♦♠✲

♣❧❡①❡✱ ❡t ♥❡ ♣❡✉t ♣❛s êtr❡ ♠♦❞é❧✐sé❡ s✐♠♣❧❡♠❡♥t ♣❛r ❞❡s ♠ét❤♦❞❡s s❡♠✐✲❡♠♣✐r✐q✉❡s ♦✉

♠és♦s❝♦♣✐q✉❡s✳ ▲✬❛♣♣♦rt ❞❡ ❧❛ ❝❤✐♠✐❡ q✉❛♥t✐q✉❡ s❡ ré✈è❧❡ ❞♦♥❝ ✐❝✐ ✐♥❞✐s♣❡♥s❛❜❧❡✳

❊♥✜♥✱ ❞❡s ét✉❞❡s ❝♦♥❝❡r♥❛♥t ❧✬❛♣♣❧✐❝❛❜✐❧✐té ❞❡ ❧❛ ♠ét❤♦❞❡ ♣r♦♣♦sé❡ à ❞✬❛✉tr❡s ❛❝t✐✲

♥✐❞❡s✱ ❝♦♠♠❡ ❧❡ t❤♦r✐✉♠✱ ❧❡ ♣❧✉t♦♥✐✉♠ ♦✉ ❧❡s ❛❝t✐♥✐❞❡s ♠✐♥❡✉rs ♣❡✉✈❡♥t êtr❡ ❡♥✈✐s❛❣é❡s✳

❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❞❡s rés✉❧t❛ts t❤é♦r✐q✉❡s s❡♠❜❧❡♥t ✐♥❞✐q✉❡r q✉❡ ❞❛♥s ❧❡ ❝❛s ❞✉ t❤♦r✐✉♠✱ ❧❛

♣❛rt✐❝✐♣❛t✐♦♥ ❞❡s ♦r❜✐t❛❧❡s 5f ❡st ❢❛✐❜❧❡ ❀ ❧❡ t❤♦r✐✉♠ s❡ r❛♣♣r♦❝❤❡r❛✐t ❞♦♥❝ ❞❡s ♠ét❛✉① ❞❡

tr❛♥s✐t✐♦♥✳ ❊♥ r❡✈❛♥❝❤❡✱ ❝♦♥tr❛✐r❡♠❡♥t à ❝❡s ❞❡r♥✐❡rs✱ ❧❡s ❧✐❛✐s♦♥s ♠ét❛❧ ✲ ❧✐❣❛♥❞ ❢♦r♠é❡s

s♦♥t très ✐♦♥✐q✉❡s✳ ❯♥❡ ♣❡rs♣❡❝t✐✈❡ ✐♥tér❡ss❛♥t❡ s❡r❛✐t ❛❧♦rs ❞❡ ❞ét❡r♠✐♥❡r s✐ ❧❡s ❞✐✛é✲

r❡♥❝❡s ♦❜s❡r✈é❡s ♣❛r r❛♣♣♦rt à ❧✬✉r❛♥✐✉♠ s❡ tr❛❞✉✐s❡♥t ♣❛r ❞❡s ❝❤❛♥❣❡♠❡♥ts ❝♦♥séq✉❡♥ts

❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ré❛❝t✐✈✐té ❞❡s ❝♦♠♣❧❡①❡s✳
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❈♦♥❝❧✉s✐♦♥ ❣é♥ér❛❧❡

❈❡tt❡ t❤ès❡ s✬✐♥s❝r✐t ❞❛♥s ❧❛ ❝♦♥t✐♥✉✐té ❞❡s tr❛✈❛✉① ❞❡ r❡❝❤❡r❝❤❡ ♠❡♥és ♣❛r ❖✳ ❊✐✲

s❡♥st❡✐♥✱ ▲✳ ▼❛r♦♥ ❡t ▲✳ P❡rr✐♥ s✉r ❧✬ét✉❞❡ t❤é♦r✐q✉❡ ❞❡ ❧❛ str✉❝t✉r❡ ❡t ❞❡ ❧❛ ré❛❝t✐✈✐té

❞❡s ❧❛♥t❤❛♥✐❞❡s✳ ▲❛ ♠ét❤♦❞❡ t❤é♦r✐q✉❡ ♣r♦♣♦sé❡✱ q✉✐ ❞♦♥♥❡ ❞✬❡①❝❡❧❧❡♥ts rés✉❧t❛ts ♣♦✉r ❧❛

ré❛❝t✐✈✐té st♦❡❝❤✐♦♠étr✐q✉❡ ❞❡s ❧❛♥t❤❛♥✐❞❡s✱ ❛ ♣✉ êtr❡ ❛♣♣❧✐q✉é❡ ♣♦✉r ét✉❞✐❡r ❞❡✉① ❣r❛♥❞s

t②♣❡s ❞❡ ré❛❝t✐♦♥s ❝❛t❛❧②t✐q✉❡s ✿ ❧✬❤②❞r♦❢♦♥❝t✐♦♥♥❛❧✐s❛t✐♦♥ ❞✬❛❧❝è♥❡s ❡t ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥

❞❡ ♠♦♥♦♠èr❡s ♣♦❧❛✐r❡s✳ ◆♦✉s ❛✈♦♥s ❛✐♥s✐ ♣✉ ♥♦♥ s❡✉❧❡♠❡♥t ♣r♦♣♦s❡r ❡t ✈❛❧✐❞❡r ❧❡s ♠é❝❛✲

♥✐s♠❡s ✐♠♣❧✐q✉és ❞❛♥s ❝❡s ré❛❝t✐♦♥s✱ ♠❛✐s é❣❛❧❡♠❡♥t ét✉❞✐❡r ❧✬❡✛❡t ❞❡ ♣♦ss✐❜❧❡s ré❛❝t✐♦♥s

s❡❝♦♥❞❛✐r❡s ♥♦♥ ♣r♦❞✉❝t✐✈❡s✳ ▲❡s rés✉❧t❛ts ♦❜t❡♥✉s ♥♦✉s ♦♥t ♣❡r♠✐s ❞❡ ❝♦♥✜r♠❡r ❧❛ t❡♥✲

❞❛♥❝❡ ❞❡s ❧❛♥t❤❛♥✐❞❡s à ét❛❜❧✐r ❞❡s ✐♥t❡r❛❝t✐♦♥s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❢♦rt❡s ❛✈❡❝ ❞❡s ❧✐❣❛♥❞s

très é❧❡❝tr♦♥é❣❛t✐❢s✳ ❉❛♥s ❝❡rt❛✐♥s ❝❛s✱ ❧❛ ❝ré❛t✐♦♥ ❞✬✐♥t❡r❛❝t✐♦♥s ❢♦rt❡s ♣❡✉t ❝♦♥❞✉✐r❡ à

❧✬✐♥❡rt✐❡ ♦✉ à ❧❛ ❞és❛❝t✐✈❛t✐♦♥ ❞✉ ❝❛t❛❧②s❡✉r✳ ❊♥ r❡✈❛♥❝❤❡✱ ❡❧❧❡ ♣❡✉t é❣❛❧❡♠❡♥t ❝♦♥st✐t✉❡r

❧❡ ♠♦t❡✉r ❞❡ ❧❛ ré❛❝t✐♦♥ ✿ ♣❛r ❡①❡♠♣❧❡✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥ ❧❛♥t❤❛♥✐❞❡ ✲ ♦①②❣è♥❡

♣❡r♠❡t ❛✉① ❝♦♠♣❧❡①❡s ❤②❞r✉r❡s ❞❡ ❧❛♥t❤❛♥✐❞❡s ❞✬✐♥✐t✐❡r ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ ♠ét❛❝r②❧❛t❡

❞❡ ♠ét❤②❧❡✳ ❇✐❡♥ q✉❡ ❧❡s ❧❛♥t❤❛♥✐❞❡s ♥❡ s♦✐❡♥t st❛❜❧❡s ♣♦✉r ❧❛ ♣❧✉♣❛rt q✉✬à ✉♥ s❡✉❧ ❞❡❣ré

❞✬♦①②❞❛t✐♦♥ ❡♥ ❝❤✐♠✐❡ ♦r❣❛♥♦♠ét❛❧❧✐q✉❡✱ ❧❡✉r ré❛❝t✐✈✐té ❝❛t❛❧②t✐q✉❡ ❡st ❞♦♥❝ r❡❧❛t✐✈❡♠❡♥t

❝♦♠♣❧❡①❡✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞❡s ♦r❣❛♥♦❧❛♥t❤❛♥✐❞❡s ❡♥ ❝❛t❛❧②s❡ ♥é❝❡ss✐t❡ ❞♦♥❝ ✉♥❡ ❝♦♠♣ré❤❡♥✲

s✐♦♥ ✜♥❡ ❞❡s ♠é❝❛♥✐s♠❡s ✐♠♣❧✐q✉és✳

✧▲❛♥t❤❛♥✉♠ ❤❛s ♦♥❧② ♦♥❡ ✐♠♣♦rt❛♥t ♦①✐❞❛t✐♦♥ st❛t❡ ✐♥ ❛q✉❡♦✉s s♦❧✉t✐♦♥✱

t❤❡ ✰✸ st❛t❡✳ ❲✐t❤ ❢❡✇ ❡①❝❡♣t✐♦♥s✱ t❤❛t st❛t❡♠❡♥t t❡❧❧s t❤❡ ✇❤♦❧❡ ❜♦r✐♥❣ st♦r②

❛❜♦✉t t❤❡ ♦t❤❡r ❢♦✉rt❡❡♥ ❡❧❡♠❡♥ts✧

P✐♠❡♥t❡❧ ❛♥❞ ❙♣r❛t❧❡②✱ ❯♥❞❡rst❛♥❞✐♥❣ ❈❤❡♠✐str②✱ ✶✾✼✶

❉❛♥s ✉♥❡ s❡❝♦♥❞❡ ♣❛rt✐❡✱ ❧❛ ♠ét❤♦❞❡ t❤é♦r✐q✉❡ ❛ été ❛♣♣❧✐q✉é❡ à ❧✬ét✉❞❡ ❞❡s ✐♥t❡r✲

❛❝t✐♦♥s ♠ét❛❧ ✲ ❧✐❣❛♥❞ ❞❛♥s ❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞✬✉r❛♥✐✉♠✳ ❯♥❡ ♣r❡♠✐èr❡

ét✉❞❡ ♥♦✉s ❛ ♣❡r♠✐s ❞✬✐❧❧✉str❡r ❧❡s ♣❡r❢♦r♠❛♥❝❡s ❞❡ ❧❛ ❉❋❚ ♣♦✉r ❧✬❛♥❛❧②s❡ str✉❝t✉r❛❧❡ ❞❡

❝♦♠♣♦sés ❞❡ t②♣❡ ♠ét❛❧❧♦❝è♥❡ à ❞✐✛ér❡♥ts ❞❡❣rés ❞✬♦①②❞❛t✐♦♥✳ ❙❡❧♦♥ ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s✱

❧❛ ❝♦✈❛❧❡♥❝❡ ❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞❡ ❧✬✉r❛♥✐✉♠✳ ❉❡ ♣❧✉s✱ ❧❛ ♣❛rt✐❝✐♣❛t✐♦♥

❝♦♥✜r♠é❡ ❞❡s ♦r❜✐t❛❧❡s 5f ❛✉① ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s ♣❡r♠❡t ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ str✉❝t✉r❡s ✓ ❧✐✲

♥é❛✐r❡s ✔ ✐♥❛❝❝❡ss✐❜❧❡s ❞❛♥s ❧❡ ❝❛s ❞❡s ❧❛♥t❤❛♥✐❞❡s ❡t ❞❡s ♠ét❛✉① ❞❡ tr❛♥s✐t✐♦♥✳ ❉❛♥s ✉♥

✷✸✼



s❡❝♦♥❞ ❝❤❛♣✐tr❡✱ ♥♦✉s ❛✈♦♥s ✈❛❧✐❞é ❧✬❡♠♣❧♦✐ ❞❡ ❧❛ ❉❋❚ ♣♦✉r ❧✬ét✉❞❡ ❞❡ ❧❛ ré❛❝t✐✈✐té ❞❡

❝♦♠♣❧❡①❡s ❞✬✉r❛♥✐✉♠ ✭■❱✮✳ ❉❛♥s ❧❡s s②stè♠❡s ❝♦♥s✐❞érés✱ ❧✬✉r❛♥✐✉♠ ♣rés❡♥t❡ ✉♥❡ ré❛❝t✐✲

✈✐té ♣r♦❝❤❡ ❞❡s ❧❛♥t❤❛♥✐❞❡s ✿ ✐❧ ré❛❣✐t ♣❛r ❞❡s ♠é❝❛♥✐s♠❡s ❞❡ ♠ét❛t❤ès❡ ❞❡ ❧✐❛✐s♦♥ ❡t t❡♥❞

à ❢♦r♠❡r ❞❡s ✐♥t❡r❛❝t✐♦♥s ❢♦rt❡s ❛✈❡❝ ❧❡s ❧✐❣❛♥❞s très é❧❡❝tr♦♥é❣❛t✐❢s✳ ◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t

♣✉ ét❛❜❧✐r ✉♥❡ r❡❧❛t✐♦♥ ❡♥tr❡ ❧❛ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞❡s ❝♦♠♣❧❡①❡s ❝♦♥s✐❞érés ❡t ❧❡✉r ré✲

❛❝t✐✈✐té✳ ▲✬ét✉❞❡ ❞❡ ❧❛ ré❛❝t✐✈✐té ❝❤✐♠✐q✉❡ ❡st ❞♦♥❝ ✐❝✐ ✉♥ ♠♦②❡♥ s✉♣♣❧é♠❡♥t❛✐r❡ ❞✬❛❝❝é❞❡r

à ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧❛ ♥❛t✉r❡ ❞❡s ❧✐❛✐s♦♥s ❞❛♥s ❝❡s ❝♦♠♣♦sés✳

❉✬❛♣rès ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s ❧♦rs ❞❡ ❝❡s ❞❡✉① ét✉❞❡s✱ ❧❛ ♥❛t✉r❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ♠ét❛❧

✲ ❧✐❣❛♥❞ ❞❛♥s ❧❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞✬✉r❛♥✐✉♠ ❞é♣❡♥❞ ❞❡ ♣❧✉s✐❡✉rs ❞❡ ❢❛❝t❡✉rs✱

♣❛r♠✐ ❧❡sq✉❡❧s ❧❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞✉ ♠ét❛❧ ❡t ❧✬é❧❡❝tr♦♥é❣❛t✐✈✐té ❞❡s ❧✐❣❛♥❞s✳ ❈❡❝✐ ♣❡r♠❡t

❞✬❡①♣❧✐q✉❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ✈❡rs❛t✐❧❡ ❞❡ ❧✬✉r❛♥✐✉♠ ✿ ❜✐❡♥ q✉❡ ♣❧✉s ❝♦✈❛❧❡♥t q✉❡ ❧❡s ❧❛♥✲

t❤❛♥✐❞❡s ❡t ✉t✐❧✐s❛♥t ❧❡s ♦r❜✐t❛❧❡s 5f ❞❛♥s ❧❡s ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s✱ ✐❧ ♣❡✉t ♣♦✉rt❛♥t ❝♦♥❞✉✐r❡

à ❞❡s ✐♥t❡r❛❝t✐♦♥s très ❢♦rt❡s ❛✈❡❝ ❧❡s ❧✐❣❛♥❞s ✓ ❞✉rs ✔✳

▲❡s tr❛✈❛✉① ❡✛❡❝t✉és ❞❛♥s ❝❡tt❡ t❤ès❡ ♦✉✈r❡♥t ❧❛ ✈♦✐❡ à ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ♣❡rs♣❡❝✲

t✐✈❡s✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧✬❡①♣ér✐❡♥❝❡✱ ❧✬✐♥t❡r❛❝t✐♦♥ ❞❡s ❧❛♥t❤❛♥✐❞❡s ❡t ❞❡

❧✬✉r❛♥✐✉♠ ❛✈❡❝ ❞❡s ❧✐❣❛♥❞s ♥♦♥ ❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡ ♣♦✉rr❛✐t êtr❡ ❛♥❛❧②sé❡✳ ❊♥ ❡✛❡t✱ ❡♥ ❝❡

q✉✐ ❝♦♥❝❡r♥❡ ❧❛ ré❛❝t✐✈✐té ❝❛t❛❧②t✐q✉❡✱ ✐❧ ❛ été ♦❜s❡r✈é ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t q✉❡ ❧✬❡♠♣❧♦✐ ❞❡

❧✐❣❛♥❞s ♥♦♥ ❝②❝❧♦♣❡♥t❛❞✐é♥②❧❡✱ ❝♦♠♠❡ ❧❡s ❧✐❣❛♥❞s ❛③♦tés ♦✉ ♦①②❣é♥és✱ ♣❡✉t ✐♥❞✉✐r❡ ❞❡s

♠♦❞✐✜❝❛t✐♦♥s ✐♠♣♦rt❛♥t❡s ❞❡ ❧✬❡✣❝❛❝✐té ❝❛t❛❧②t✐q✉❡✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ♣♦✉r ❧❡s ré❛❝t✐♦♥s ❞❡

♣♦❧②♠ér✐s❛t✐♦♥✳ ■❧ s❡r❛✐t ❞♦♥❝ ❥✉❞✐❝✐❡✉① ❞❡ ❞ét❡r♠✐♥❡r s✐ ❧❡s ❞✐✛ér❡♥❝❡s ♦❜s❡r✈é❡s ❡①♣ér✐✲

♠❡♥t❛❧❡♠❡♥t s♦♥t ❞✉❡s à ❞❡s ❢❛❝t❡✉rs é❧❡❝tr♦♥✐q✉❡s ♦✉ stér✐q✉❡s✱ ❝❡ q✉✐ ♣❡r♠❡ttr❛✐t ✉♥❡

♦♣t✐♠✐s❛t✐♦♥ ❞✉ ❝❤♦✐① ❞❡s ❧✐❣❛♥❞s ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ♣r♦♣r✐étés ré❛❝t✐♦♥♥❡❧❧❡s r❡❝❤❡r❝❤é❡s✳

P❛r ❛✐❧❧❡✉rs✱ ❧✬✐♥t❡r❛❝t✐♦♥ ❞❡s ♠ét❛✉① f ❛✈❡❝ ❧❡s ❧✐❣❛♥❞s ❛③♦tés✱ ✉t✐❧✐sés ♣♦✉r ❧✬❡①tr❛❝t✐♦♥

sé❧❡❝t✐✈❡ ❞❡s ❛❝t✐♥✐❞❡s ❞❛♥s ❧❡ ❝♦♠❜✉st✐❜❧❡ ♥✉❝❧é❛✐r❡ ✉sé✱ ♣♦✉rr❛✐t ❛❧♦rs êtr❡ ❛♥❛❧②sé❡ ✈✐❛

❞❡s ét✉❞❡s ❞❡ ré❛❝t✐✈✐té✳

❆✜♥ ❞❡ ❝♦♥❢r♦♥t❡r ❧❡s ♣r♦♣r✐étés ❞❡ ❧✬✉r❛♥✐✉♠ à ❝❡❧❧❡s ❞❡s ♠ét❛✉① ❞❡ tr❛♥s✐t✐♦♥ ♦✉ ❞❡

❧❛♥t❤❛♥✐❞❡s✱ ❞❡s ét✉❞❡s ❝♦♠♣❛r❛t✐✈❡s ♣❧✉s ❞✐r❡❝t❡s ♣❡✉✈❡♥t êtr❡ ♣r♦♣♦sé❡s✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱

❧✬❛♥❛❧②s❡ ❞❡ ❧❛ str✉❝t✉r❡ ❡t ❞❡ ❧❛ ré❛❝t✐✈✐té ❞❡ ❧❛ sér✐❡ ❞❡s ❝♦♠♣❧❡①❡s Cp2MR2 ✭M = ♠ét❛❧✱

R = ❣r♦✉♣❡ ❛❧❦②❧❡ ♦✉ ❛r②❧❡✮ ♣❡r♠❡ttr❛✐t ❞❡ ❝♦♠♣❛r❡r ❧❡s ♣r♦♣r✐étés ❞❡ ❧✬✉r❛♥✐✉♠ ✭■❱✮ à

❝❡❧❧❡s ❞❡s ♠ét❛✉① ❞✉ ❣r♦✉♣❡ ■❱ ✭Ti, Zr, Hf✮ ❡t é✈❡♥t✉❡❧❧❡♠❡♥t à ❝❡❧❧❡s ❞✉ ❝ér✐✉♠✱ s❡✉❧

❧❛♥t❤❛♥✐❞❡ st❛❜❧❡ ❛✉ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ■❱✳ ❉❡ ♠ê♠❡✱ ❞❡s ét✉❞❡s ♣♦rt❛♥t s✉r ❞❡s ❝♦♠♣❧❡①❡s

❞❡ t②♣❡ Cp2MR ✭M = Sc, Y, ❧❛♥t❤❛♥✐❞❡s ♦✉ ✉r❛♥✐✉♠✮ ♣♦✉rr❛✐❡♥t êtr❡ ❡♥✈✐s❛❣é❡s✳ ❉❡s

ré❛❝t✐♦♥s ❞❡ ❝♦♠♣ét✐t✐✈✐té ❞✐r❡❝t❡ ❡♥tr❡ ❧✬✉r❛♥✐✉♠ ❡t ❧❡s ❧❛♥t❤❛♥✐❞❡s✱ ❝♦♠♠❡ ❧❛ ré❛❝t✐♦♥

❞❡ Cp2CeH ❛✈❡❝ Cp2UF ✱ ♣♦✉rr❛✐❡♥t é❣❛❧❡♠❡♥t êtr❡ ét✉❞✐é❡s✳

❯♥❡ ❛✉tr❡ ♣❡rs♣❡❝t✐✈❡ ✐♥tér❡ss❛♥t❡ s❡r❛✐t ❞✬❡♠♣❧♦②❡r ❧❛ ♠ét❤♦❞❡ t❤é♦r✐q✉❡ ♣r♦♣♦sé❡✱

✈❛❧✐❞é❡ ♣♦✉r ❧✬ét✉❞❡ ❞❡ ❧❛ ré❛❝t✐✈✐té st♦❡❝❤✐♦♠étr✐q✉❡ ❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s
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❞✬✉r❛♥✐✉♠✱ ♣♦✉r ❝♦♠♣r❡♥❞r❡ ❧❛ ré❛❝t✐✈✐té ❝❛t❛❧②t✐q✉❡ ❞❡ ❝❡s ❞❡r♥✐❡rs✳ ❊♥ ❡✛❡t✱ ❜✐❡♥ q✉❡

❝❡s ❞❡r♥✐❡rs ♣rés❡♥t❡♥t ❞❡s ♣r♦♣r✐étés s✐♥❣✉❧✐èr❡s ❡♥ ❝❛t❛❧②s❡✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ♣♦✉r ❧❛ ❢♦♥❝✲

t✐♦♥♥❛❧✐s❛t✐♦♥ ❞✬❛❧❝②♥❡s✱ ❛✉❝✉♥❡ ✐♥t❡r♣rét❛t✐♦♥ ♠é❝❛♥✐st✐q✉❡ ♥✬❡st ❛❝t✉❡❧❧❡♠❡♥t ♣r♦♣♦sé❡✳

❊♥✜♥✱ ❧✬❡①t❡♥s✐♦♥ ❞❡ ❧✬ét✉❞❡ t❤é♦r✐q✉❡ à ❞✬❛✉tr❡s ❛❝t✐♥✐❞❡s s❡♠❜❧❡ ✐♥❞✐s♣❡♥s❛❜❧❡✳ ▲❛

str✉❝t✉r❡ ❡t ❧❛ ré❛❝t✐✈✐té ❞❡s ❝♦♠♣❧❡①❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s ❞❡ t❤♦r✐✉♠✱ ✉t✐❧✐sés ❡①♣ér✐♠❡♥✲

t❛❧❡♠❡♥t ♣♦✉r ❞❡s ré❛❝t✐♦♥s st♦❡❝❤✐♦♠étr✐q✉❡s ❡t ❝❛t❛❧②t✐q✉❡s✱ ♣♦✉rr❛✐❡♥t êtr❡ ❛♥❛❧②sé❡s✳

❉❡s ét✉❞❡s ♣♦rt❛♥t s✉r ❧❛ ré❛❝t✐✈✐té ❞❡ ❝♦♠♣♦sés ❞❡ ♣❧✉t♦♥✐✉♠✱ ❞❡ ♥❡♣t✉♥✐✉♠✱ ♦✉ ❞❡s

❛❝t✐♥✐❞❡s ♠✐♥❡✉rs✱ ♣♦✉r ❧❡sq✉❡❧s ❧❡s ❡①♣ér✐❡♥❝❡s s♦♥t r❛r❡s ❡♥ r❛✐s♦♥ ❞❡ ❧❛ r❛❞✐♦❛❝t✐✈✐té

✐♠♣♦rt❛♥t❡ ❞❡ ❝❡s ♠ét❛✉①✱ ♣♦✉rr❛✐❡♥t é❣❛❧❡♠❡♥t êtr❡ ❡♥✈✐s❛❣é❡s✳ ❊♥ ❡✛❡t✱ ✉♥❡ ❝♦♠♣❛r❛✐✲

s♦♥ ❡♥tr❡ ❧❡s ♣r♦♣r✐étés ré❛❝t✐♦♥♥❡❧❧❡s ❞❡s ❧❛♥t❤❛♥✐❞❡s ❡t ❞❡s ❛❝t✐♥✐❞❡s ♠✐♥❡✉rs✱ ❝♦♥♥✉s

♣♦✉r ❞é✈❡❧♦♣♣❡r ❞❡s ✐♥t❡r❛❝t✐♦♥s très s✐♠✐❧❛✐r❡s ❛✈❡❝ ❧❡s ❧✐❣❛♥❞s ♦r❣❛♥✐q✉❡s✳ ♣♦✉rr❛✐t ♣❡r✲

♠❡ttr❡ ❞❡ ❞ét❡r♠✐♥❡r ❞❡s ❞✐✛ér❡♥❝❡s é✈❡♥t✉❡❧❧❡s ❡♥tr❡ ❝❡s ♠ét❛✉①✳

✷✸✾



❆♥♥❡①❡s

❊♥t❤❛❧♣✐❡s ❞❡ ❞✐ss♦❝✐❛t✐♦♥ st❛♥❞❛r❞

▲✐❛✐s♦♥ ❇❉❊ ▼♦❧é❝✉❧❡ ▲✐❛✐s♦♥ ❇❉❊ ▼♦❧é❝✉❧❡
H − H ✶✵✹ Si − H ✾✷ SiH4

C − H ✶✵✺ ♠ét❤❛♥❡ ✾✵ ❛❧❦②❧s✐❧❛♥❡s
✶✵✵ ét❤❛♥❡ ✽✽ ♣❤é♥②❧s✐❧❛♥❡

C − C ✾✵ ét❤❛♥❡ Si − C ✾✶ ❛❧❦②❧s✐❧❛♥❡s
✶✵✷ 2, 2 ❞✐♠ét❤②❧♣r♦♣❛♥❡ Si − O ✶✸✸ Me3Si − OH

C = C ✶✼✺ ✶✷✸ Me3Si − OMe

C ≡ C ✷✸✵ Si − Cl ✶✵✾ SiH3Cl

C − O ✽✺ B − H ✾✶ BH3

C = O ✶✼✼ ❛❧❞é❤②❞❡ B − C ✽✷ B(CH3)3
✶✼✽ ❝ét♦♥❡ B − O ✶✸✸ B(OH)3

C − N ✼✸ P = O ✶✾✼ ♣❤♦s♣❤✐♥❡s
C = N ✶✹✼ ✶✶✾ Br3P = O

❚❛❜✳ ❉✳✶✿ ❊♥t❤❛❧♣✐❡s ❞❡ ❞✐ss♦❝✐❛t✐♦♥ st❛♥❞❛r❞ ❞ét❡r♠✐♥é❡s ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ✭❡♥ ❦❝❛❧✳♠♦❧−1✮

❘é❢ér❡♥❝❡s

❍❛♥❞❜♦♦❦ ♦❢ ❈❤❡♠✐str② ❛♥❞ P❤②s✐❝s✱ ❉✳ ❘✳ ▲✐❞❡✱ ❡❞✐t♦r✱ ❈❘❈ Pr❡ss✱ ✶✾✾✻
❤tt♣ ✿✴✴✇✇✇✳❝❡♠✳♠s✉✳❡❞✉✴⑦r❡✉s❝❤✴❱✐rt✉❛❧❚❡①t✴r❡❛❝t✷✳❤t♠
❚❤❡ ❈❤❡♠✐str② ♦❢ ❇♦r♦♥ ❛♥❞ ✐ts ❈♦♠♣♦✉♥❞s✱ ❏✳ ❲✐❧❡② ❛♥❞ ❙♦♥s✱ ✶✾✻✼

❖r❜✐t❛❧❡s f ❡t s②♠étr✐❡s ❞❛♥s ❧❡ ❣r♦✉♣❡ D5h

mℓ ✵ ±1 ±1 ±2 ±2 ±3 ±3
❖r❜✐t❛❧❡ fz3 fxz2 fyz2 fxyz fz(x2−y2) fx(x2−3y2) fy(3x2−y2)

❙②♠étr✐❡ a
′

1 e
′

1 e
′

1 e”
2 e”

2 e
′

1 e
′

1

❋✐❣✳ ❉✳✶✿ ❖r❜✐t❛❧❡s f ❡t s②♠étr✐❡s ❞❛♥s ❧❡ ❣r♦✉♣❡ D5h

❘é❢ér❡♥❝❡

❤tt♣ ✿✴✴✐♥t✳❝❤✳❧✐✈✳❛❝✳✉❦✴▲❛♥t❤❛♥✐❞❡✴▲♥❴❈❤❡♠✐str②❴❢♦❧❞❡r✴

✷✹✵



❇✐❜❧✐♦❣r❛♣❤✐❡

❬✶❪ ❊✳ ❙❝❤r♦❞✐♥❣❡r✱ ❆♥♥✳ P❤②s✐❦✱ ✶✾✷✻✱ ✼✾✭✹✮✱ ✸✻✶✳

❬✷❪ ▼✳ ❇♦r♥ ❛♥❞ ❏✳ ▼✳ ❖♣♣❡♥❤❡✐♠❡r✱ ❆♥♥✳ P❤②s✐❦✱ ✶✾✷✼✱ ✽✹✱ ✹✺✼✳

❬✸❪ ❉✳ ❘✳ ❍❛rtr❡❡✱ Pr♦❝✳ ❈❛♠❜r✐❞❣❡ P❤✐❧✳ ❙♦❝✳✱ ✶✾✷✽✱ ✷✹✱ ✽✾✳

❬✹❪ ❱✳ ❋♦❝❦✱ ❩✳ P❤②s✱ ✶✾✸✵✱ ✸✶✱ ✶✷✻✳

❬✺❪ ❲✳ P❛✉❧✐✱ P❤②s✳ ❘❡✈✳✱ ✶✾✹✵✱ ✺✽✱ ✼✶✻✳

❬✻❪ ❏✳ ❈✳ ❙❧❛t❡r✱ P❤②s✳ ❘❡✈✳✱ ✶✾✸✵✱ ✸✺✱ ✷✶✵✳

❬✼❪ ❘✳ ❙✳ ▼✉❧❧✐❦❡♥✱ P❤②s✳ ❘❡✈✳✱ ✶✾✷✽✱ ✸✷✱ ✶✽✻✳

❬✽❪ ❈✳ ❈✳ ❏✳ ❘♦♦t❤❛❛♥✱ ❘❡✈✳ ▼♦❞✳ P❤②s✳✱ ✶✾✺✶✱ ✷✸✱ ✻✾✳

❬✾❪ ❏✳ ❈✳ ❙❧❛t❡r✱ P❤②s✳ ❘❡✈✳✱ ✶✾✸✵✱ ✸✻✱ ✺✼✳

❬✶✵❪ ❊✳ ❈❧❡♠❡♥t✐ ❛♥❞ ❉✳ ▲✳ ❘❛✐♠♦♥❞✐✱ ❏✳ ❈❤❡♠✳ P❤②s✳✱ ✶✾✻✸✱ ✸✽✱ ✷✻✽✻✳

❬✶✶❪ ❙✳ ❋✳ ❇♦②s✱ Pr♦❝✳ ❘♦②✳ ❙♦❝✳✱ ✶✾✺✵✱ ❆ ✷✵✵✱ ✺✹✷✳

❬✶✷❪ ❲✳ ❏✳ ❍❡❤r❡✱ ❘✳ ❋✳ ❙t❡✇❛rt✱ ❛♥❞ ❏✳ ❆✳ P♦♣❧❡✱ ❏✳ ❈❤❡♠✳ P❤②s✳✱ ✶✾✻✾✱ ✺✶✱ ✷✻✺✼✳

❬✶✸❪ ❘✳ ❉✐t❝❤✜❡❧❞✱ ❲✳ ❏✳ ❍❡❤r❡✱ ❛♥❞ ❏✳ ❆✳ P♦♣❧❡✱ ❏✳ ❈❤❡♠✳ P❤②s✳✱ ✶✾✼✶✱ ✺✹✱ ✼✷✹✳

❬✶✹❪ ❲✳ ❏✳ ❍❡❤r❡✱ ❘✳ ❉✐t❝❤✜❡❧❞✱ ❛♥❞ ❏✳ ❆✳ P♦♣❧❡✱ ❏✳ ❈❤❡♠✳ P❤②s✳✱ ✶✾✼✷✱ ✺✻✱ ✷✷✺✼✳

❬✶✺❪ P✳ ❈✳ ❍❛r✐❤❛r❛♥ ❛♥❞ ❏✳ ❆✳ P♦♣❧❡✱ ❚❤❡♦r❡t✳ ❈❤✐♠✐❝❛✳ ❆❝t❛✱ ✶✾✼✸✱ ✷✽✱ ✷✶✸✳

❬✶✻❪ P✳✲❖✳ ▲♦✇❞✐♥✱ ❆❞✈✳ ❈❤❡♠✳ P❤②s✳✱ ✶✾✺✾✱ ✷✱ ✷✵✼✳

❬✶✼❪ ❙✳ ❋✳ ❇♦②s✱ ●✳ ❇✳ ❈♦♦❦✱ ❈✳ ▼✳ ❘❡❡✈❡s✱ ❛♥❞ ■✳ ❙❤❛✈✐tt✱ ◆❛t✉r❡✱ ✶✾✺✽✱ ✶✼✽✱ ✶✷✵✼✳

❬✶✽❪ ❋✳ ❈♦❡st❡r✱ ◆✉❝❧✳ P❤②s✱ ✶✾✺✽✱ ✼✱ ✹✷✶✳

❬✶✾❪ ❇✳ ▲❡✈② ❛♥❞ ●✳ ❇❡rt❤✐❡r✱ ■♥t✳ ❏✳ ◗✉❛♥t✳ ❈❤❡♠✳✱ ✶✾✻✽✱ ✷✱ ✸✵✼✳

❬✷✵❪ ❇✳ ❖✳ ❘♦♦s ❛♥❞ P✳ ❘✳ ❚❛②❧♦r✱ ❈❤❡♠✳ P❤②s✳✱ ✶✾✽✵✱ ✹✽✱ ✶✺✼✳

❬✷✶❪ ◆✳ ❇❡♥❛♠♦r ❛♥❞ ❉✳ ▼❛②♥❛✉✱ ❈❤❡♠✳ P❤②s✳ ▲❡tt✳✱ ✶✾✾✽✱ ✷✽✻✱ ✷✶✶✳

❬✷✷❪ ❑✳ ❆♥❞❡rss♦♥✱ P✳✲❆✳ ▼❛❧♠q✈✐st✱ ❛♥❞ ❇✳ ❖✳ ❘♦♦s✱ ❏✳ P❤②s✳ ❈❤❡♠✱ ✶✾✾✵✱ ✾✹✱ ✺✹✽✸✳

❬✷✸❪ ▲✳ ❍✳ ❚❤♦♠❛s✱ Pr♦❝✳ ❈❛♠❜r✐❞❣❡✳ P❤✐❧✳ ❙♦❝✳✱ ✶✾✷✼✱ ✷✸✱ ✹✺✷✳

❬✷✹❪ ❊✳ ❋❡r♠✐✱ ❩✳ P❤②s✳✱ ✶✾✷✽✱ ✹✽✱ ✼✸✳
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❬✷✺❪ P✳ ❍♦❤❡♥❜❡r❣ ❛♥❞ ❲✳ ❑♦❤♥✱ P❤②s✳ ❘❡✈✳✱ ✶✾✻✹✱ ✶✸✻✱ ❇✽✻✹✳

❬✷✻❪ ❲✳ ❑♦❤♥ ❛♥❞ ▲✳ ❏✳ ❙❤❛♠✱ P❤②s✳ ❘❡✈✳✱ ✶✾✻✺✱ ✶✹✵✱ ❆✶✶✸✸✳

❬✷✼❪ ❙✳ ❍✳ ❱♦s❦♦✱ ▲✳ ❲✐❧❦✱ ❛♥❞ ▼✳ ◆✉s❛✐r✱ ❈❛♥✳ ❏✳ P❤②s✳✱ ✶✾✽✵✱ ✺✽✱ ✶✷✵✵✳

❬✷✽❪ ❆✳ ❉✳ ❇❡❝❦❡✱ P❤②s✳ ❘❡✈✳ ❆✳✱ ✶✾✽✽✱ ✸✽✱ ✸✵✾✽✳

❬✷✾❪ ❈✳ ▲❡❡✱ ❲✳ ❨❛♥❣✱ ❛♥❞ ❘✳ ●✳ P❛rr✱ P❤②s✳ ❘❡✈✳ ❇✱ ✶✾✽✽✱ ✸✼✱ ✼✽✺✳

❬✸✵❪ ❏✳ P✳ P❡r❞❡✇✱ P❤②s✳ ❘❡✈✳ ❇✱ ✶✾✽✻✱ ✸✸✱ ✽✽✷✷✳

❬✸✶❪ ❏✳ P✳ P❡r❞❡✇✱ ❏✳ ❆✳ ❈❤❡✈❛r②✱ ❙✳ ❍✳ ❱♦s❦♦✱ ❑✳ ❆✳ ❏❛❝❦s♦♥✱ ▼✳ ❘✳ P❡❞❡rs♦♥✱ ❉✳ ❏✳

❙✐♥❣❤✱ ❛♥❞ ❈✳ ❋✐♦❧❤❛✐s✱ P❤②s✳ ❘❡✈✳ ❇✱ ✶✾✾✷✱ ✹✻✱ ✻✻✼✶✳

❬✸✷❪ ❆✳ ❉✳ ❇❡❝❦❡✱ ❏✳ ❈❤❡♠✳ P❤②s✳✱ ✶✾✾✸✱ ✾✽✱ ✺✻✹✽✳
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❬✸✽❪ P✳ P②②❦❦♦✱ ❈❤❡♠✳ ❘❡✈✳✱ ✶✾✽✽✱ ✽✽✱ ✺✻✸✳

❬✸✾❪ ❱✳ ❇♦♥✐❢❛❝✐❝ ❛♥❞ ❙✳ ❍✉③✐♥❛❣❛✱ ❏✳ ❈❤❡♠✳ P❤②s✱ ✶✾✼✹✱ ✻✵✱ ✷✼✼✾✳

❬✹✵❪ ❱✳ ❍✉③✐♥❛❣❛✱ ▲✳ ❙❡✐❥♦✱ ❩✳ ❇❛r❛♥❞✐❛r❛♥✱ ❛♥❞ ▼✳ ❑❧♦❜✉❦♦✇s❦✐✱ ❏✳ ❈❤❡♠✳ P❤②s✳✱ ✶✾✽✼✱

✽✻✱ ✷✶✸✷✳
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