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In fact, due to the huge steric congestion of hexaphenylethane and the stability of the

homolysis product, this compound has not been prepared so far. The dimer that Gomberg

speculated actually contained a quinonemethide-like structure in which the aromatic

structure of one benzene ring is destroyed. Although Gomberg's structural predictions for

the triphenylmethyl radical dimer were incorrect, his courageous and correct guess about

triphenylmethyl radicals became one of the greatest achievements in the history of

organic chemistry. Triphenylmethyl radicals, hence, are called Gomberg radicals.

Afterwards, in 1933, Kharasch[13] discovered that oxygen can alter the negioselectivity in

the addition of HBr to olefins, the well-known peroxide effect often mentioned in

textbooks, which did not seem to obey the Markovnikov selectivity. Although the

mechanism of the reaction was uncertain at the time, Kharasch realized that free radicals

were involved in this transformation, which represents the earliest radical chain process.

In the 50s, there were many exciting discoveries in the field of radical reaction: Waters[14]

discovered that sulfur radicals can be used to abstract hydrogen atom from aldehyde

groups to access acyl radicals. This discovery subsequently led to Walling's[15] research

on the polarity effect in free radicals and led to the entire field of radical polarity reversal

catalysis. Almost at the same time, van der Kerk[16] began developing the use of

stannanes in synthesis. The dissociation energy of Sn-H bonds in stannane is low,

allowing the generation of stannyl radicals which in turn can be used to produce carbon

radicals selectively and under very mild conditions.

In 1967, Davies[17] discovered that trialkyl boron can form alkyl radicals in the presence

of oxygen. This reaction can also be carried out at low temperatures down to -78 °C,

which is currently commonly used as a low temperature radical initiation system. Around

the 70s, the development of radical reactions and the study of their mechanisms showed

an accelerated and deepening trend. In 1975, the powerful Barton-Mecombie

deoxygenation[26] of alcohols was reported and found immediately widespread

applications, especially in the carbohydrate field, where deoxygenations by classical

methods are particularly difficult.
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source, from xanthates, and the xanthate transfer chemistry found numerous applications

in both polymerization and organic synthesis which is also related to this work and will

be discussed further (Scheme 1-3).

Radical reactions have thus become one of the backbones of organic chemistry. These

spectacular discoveries will continue to be milestones and it has been proven that radicals

can be utilized in unique and exciting ways to provide useful structures in an efficient

fashion and in some cases, in a more concise manner.

1.2 Typical radical reactions

1.2.1 Chain reactions

Radical reaction, as the name implies, refers to the reaction in which radical transfer

dominates the cleavage of old bonds and the formation of new ones. However, the radical

transfer process is quite different from the traditional ionic reactions and usually the

former is faster. In the case of radical chain reactions, a sequence consisting of

elementary steps starting with chain initiation, then chain propagation, and finally chain

termination is involved[21].

During the initiation step, the radicals are generated from some specific species (initiator)

which generally require heat or light to be applied, or a redox process involving an

electron transfer to generate in turn a radical from the reactant. The initiator is like the

starter of an engine, and the generated radicals can participate in the subsequent

transformations. Basically, the initiation process can be accomplished in various ways

depending on the type of the initiator used. While the core feature of all initiators is that

they all have low bond dissociation energy (BDE, around 30-39 kcal/mol), the lower the

bond dissociation energy, the easier the homolysis of initiators to produce active radicals.

There are many kinds of initiators, and the most important classes are organic peroxides

(for instance, dilauroyl peroxide generates radicals upon heating through homolysis of the

oxygen-oxygen bond) and azo-compounds (for instance, azobisisobutyronitrile AIBN

generates radicals upon heating through homolysis of carbon-nitrogen bond and

liberation of molecular nitrogen). It is worth noting that the characteristic parameters of
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Alternatively, a new radical source, xanthate, was developed, allowing the generation of a

variety of radicals in a mild and metal-free environment. The unique xanthate

addition-transfer process presents tremendous synthetic potential both for intra- and

intermolecular reactions and provides plenty of opportunities for the formation of

structures not readily available through the traditional routes.

1.3 The xanthate addition-transfer process

1.3.1 Discovery of xanthate in radical synthesis

Since the discovery of xanthates (dithiocarbonates) by Zeise[25] in 1822, they were barely

used in organic synthesis, and were not considered as radical precursors. It was not until

1975 that the Barton-McCombie[26] reaction for deoxygenating secondary alcohols

(primary and tertiary alcohols present specific problems) was conceived and thus opened

the door for the use of xanthate in radical chemistry.

Normally, the deoxygenation of alcohols can not take place by direct reaction of alcohols

with an organotin hydride. A more applicable approach, developed by Barton and

McCombie, takes advantage of the affinity of tin for sulfur, and involves the first

conversion of the alcohol into a reactive carbonothioyl intermediate such as a xanthate.

Treatment of the thiocarbonyl group of xanthate I-6 with a stannyl radical results in the

formation of a co-product I-7 and radicals R. In this process, carbon-centered radical

intermediates are first generated and then undergo -scission of the carbon-oxygen bond.

Co-product I-7 is unstable and prone to elimination of carbon oxysulfide. Radicals R then

abstract a hydrogen from the organotin hydride and give rise to the deoxygenated product

(Scheme 1-8).
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xanthate I-10 would not have been recovered largely unchanged); b) the obtained

propane illustrates that the  -scission of carbon-sulfur bond is more preferable than

carbon-oxygen bond in cases when radicals of similar stability are produced (here, both

the isopropyl radical and 3-cholestanyl are secondary) [29, 21b].

These exciting findings indicated that the cleavage of the weaker carbon-sulfur bond of

xanthates may be implicated in a much more general radical-chain process not involving

stannane. The reversible addition of carbon radicals on the thiocarbonyl group of

xanthates was thus developed in our group. Since then, the use of xanthates as direct

radical precursors has really been explored in organic synthesis.

1.3.2 Mechanism of xanthate addition-transfer process

Instead of relying on the addition of stannyl radicals to the thiocarbonyl group of

xanthates, an alternative form of xanthates is designed which can generate

carbon-centered radicals under a chemical or photochemical initiation step. It actually

represents the behavior of xanthates such as I-13 where the  -scission process for

generating radical R occurrs by rupturing the carbon-sulfur bond rather than the

carbon-oxygen bond[30].

A simplified mechanism of the xanthate transfer process is shown in Scheme I-11.

Radical R is formed by the initiation process from its precursor, xanthate I-13. It has the

choice of either attacking the thiocarbonyl sulfur atom of xanthate I-13 to form

carbon-centered radical I-14 (the xanthate here serves as a radical trap) or reacting with a

given trap such as an olefin. The former transformation results in the adduct radical I-14
which is bulky and stabilized by three heteroatoms and thus rather persistent. However,

the -scission of carbon-oxygen bond of radical I-14 is unfavorable since it will extrude

an ethyl radical which is thermodynamically less stable than radical R. Therefore, it can

essentially only fragment back to radical R, via -scission of the carbon-sulfur bond, and

the starting xanthate I-13. The same fragmentation scheme will apply to each case where
the ethyl group attached to the oxygen atom is replaced by another group, as long as the

stability of the corresponding radical is lower than that of radical R. Since the reaction of
radical R with xanthate I-14 is fast but reversible, this process does not consume radical
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intermolecular olefinic traps. No toxic metals are involved in such a process, and the mild

reaction conditions are noteworthy: mere heating of the xanthate and olefinic trap in an

inert solvent under an inert atmosphere and in the presence of a small amount of an

initiator. The initiation process can be accomplished by using different initiators,

depending on the reaction temperature. One of the most used and simplest is the dilauroyl

peroxide (DLP) which decomposes upon mild heating. Moreover, most of the olefinic

traps in the xanthate addition-transfer process are non-activated and therefore can not be

implemented in many other radical methods. Notably, the desired compounds I-19 are

obtained by creating a new C(sp3)-C(sp3) bond, demonstrating the powerful synthetic

utilities of the degenerative reversible transfer process of xanthates in organic chemistry.

1.4 Synthetic utilities of xanthate

1.4.1 Convergent xanthate route to pyrroles

Pyrrole and its derivatives belong to one of the most fundamental heteroaromatic families

in organic chemistry, they consist of a five-membered ring containing four carbon atoms

and one nitrogen atom. They have a characteristic smell and are found in various natural

sources such as coal tar, bone oil, and crude oil. In addition, they are a component of

certain biological molecules, including some amino acids (such as pyrrolysine) and

porphyrins, which are essential for various biological processes. Furthermore, pyrrole is

widely used in organic synthesis and serves as a building block for the production of

various compounds. It is particularly important in the synthesis of pharmaceuticals,

agrochemicals, and dyes. Pyrrole derivatives exhibit a range of properties and can be

tailored to possess specific characteristics depending on the desired application.

The pyrrole ring exists in various alkaloids and biologically active molecules[31], such as

Lipitor I-20, drug used to lower cholesterol levels in the blood. Another more recent

example, compound I-21, also known by its generic name vonoprazan (TAK-438), is a

medication used for the treatment of gastric acid-related conditions (Scheme 1-12).
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synthesized in generally high yields. Thus, the mild reaction conditions and the high

yields of this approach provide a general and powerful tool for the synthesis pyrrole

derivatives.

The pyrroles presented above are all substituted on C-1 or C-2 atom, and C-3 and C-4

positions remain free. Therefore, another xanthate precursor with a 1,4-dicarbonyl form

can be further designed for the synthesis of 1,3-substituted pyrroles. Pyrroles with a

different substitution pattern can be accessed by the addition of α-ketonyl xanthates I-22

onto azetine I-25 as the olefinic partner. Importantly, the corresponding adduct I-26 also
acts as a masked 1,4-diketoaldehyde, lurking in the guise of a geminal xanthyl carbamate

moiety. Therefore, its condensation with amines will result in the formation of pyrroles

I-27 in a similar manner to adduct I-23. Both largely similar reaction mechanisms will be

described later in Chapter II. This conception was also easily reduced to practice, as

presented in Scheme 1-14. It is worth noting that this strategy can also be performed in a

one pot synthesis, directly obtaining the desired 1,3-substituted, and even

1,2,3-substituted pyrroles I-27 (such as compound I-27l) in good yields from the starting

xanthate I-22[33].

Numerous amines can be employed in this synthetic strategy, in particular primary

amines, aniline, and even ammonia. Notably, the structure of pyrroles I-27 is related to

TAK-438, I-21, which also bears an aminomethyl substituent on the same carbon. In this
respect, it is the fact that by simply changing the substituents on pyrrole I-27, we can

obtain a wide range of pyrrolic building blocks.

The use of radical addition of xanthates has created diverse compound libraries for

substituted pyrroles and as an efficient approach, has gained more and more momentum.

Xanthates offer plenty of outstanding synthetic advantages in terms of cheapness, variety

functional group tolerance, and mild experimental procedures. Thus, it’s worth exploring

more broadly the synthetic potential of this uniquely powerful chemistry, such as in the

synthesis of valuable silane-substituted and boron-substituted pyrroles which is normally

difficult to achieve by other means.











23

1.6 References

[1] For selected general reviews of radical chemistry, see: a) Clayden, J.; Greeves, N.;

Warren, S. G. Organic chemistry (2nd ed.). Oxford: Oxford University Press. 2012. b)

Carey, F. A.; Giuliano, R. M. Organic Chemistry, 10th ed.; McGraw-Hill Education:

New York, 2016. c) Wade, L. G. Organic Chemistry, 8th ed.; Pearson: New York,

2011. d) McMurry, J. Organic Chemistry, 9th ed.; Cengage Learning: Boston, 2015.

[2] Forrester, A. R. Organic Chemistry of Stable Free Radicals. London: Academic

Press. pp. 1–6. 1968.

[3] Parsons, A. F. An introduction to free radical chemistry. Blackwell Science, Oxford.

2000.

[4] (a) Walling, C. Tetrahedron. 1985, 41, 3887. (b) Ingold, K. U. Pure Appl. Chem.
1997, 69, 241.

[5] Togo, H. Advanced Free Radical Reactions for Organic Synthesis; Elsevier:

Amsterdam. 2003.

[6] Renaud, P.; Sibi, M. P. Radicals in Organic Synthesis, 1st ed. Wiley-VCH:

Weinheim, 2001.

[7] Shaw, M. H.; Twilton, J.; MacMillan, D. W. C. J. Org. Chem. 2016, 81, 6898.
[8] Kolbe, H. Ann. Chem. Pharm. 1848, 64, 339.

[9] Fittig, R. Liebigs Ann. Chem. 1859, 110, 17.
[10](a) Borodin, A. Ann. Chem. Pharm. 1861, 119, 121. (b) Hunsdiecker, H.;

Hunsdiecker, C. Ber. Dtsch. Chem. Ges. B. 1942, 75, 291.
[11](a) Hofmann, A. W. Ber. Dtsch. Chem. Ges. 1879, 12, 984. (b) Hofmann, A. W. Ber.

Dtsch. Chem. Ges. 1885, 18, 5. (c) Loffler, K.; Freytag, C. Ber. Dtsch. Chem. Ges.
1909, 42, 3427.

[12]Gomberg, M. J. Am. Chem. Soc. 1900, 22, 757.
[13](a) Kharasch, M. S.; Mayo, F. R. J. Am. Chem. Soc. 1933, 55, 2468. (b) Kharasch, M.

S.; Engelmann, H.; Mayo, F. R. J. Org. Chem. 1937, 2, 288. (c) Kharasch, M. S.;

Jensen, E. V.; Urry, W. H. Science. 1945, 102, 128.

[14](a) Hey, D. H.; Waters, W. A. Chem. Rev. 1937, 21, 169. (b) Hey, D. H. J. Chem.
Soc. 1934, 1966.

https://www.worldcat.org/oclc/761379371


24

[15](a) Walling, C. Free Radicals in Solution; John Wiley & Sons: New York, 1957 (b)
Walling, C. Pure Appl. Chem. 1967, 15, 69. (c) Walling, C. Fifty Years of Free

Radicals: Profiles Pathways, and Dreams; Seeman, J. I., Ed.; American Chemical

Society: Washington, DC, 1995.
[16](a) van der Kerk, G .J. M.; Noltes, J. G.; Luijten, J. G. A. J. Appl Chem. 1957, 7, 356.

(b) Noltes, J. G.; van der Kerk, G. J. M. Chem. Int. (London). 1959, 294. (c) Kuivila,
H. G. Acc. Chem. Res. 1968, 1, 299.

[17](a) Davies, A. G.; Roberts, B. P. J. Chem. Soc. B. 1967, 17. (b) Davies, A. G.;
Roberts, B. P. Acc. Chem. Res. 1972, 5, 387.

[18](a) Namy, J. L.; Girard, P.; Kagan, H. B. Nouv. J. Chim. 1977, 1, 5. (b) Girard, P.;
Namy, J. L.; Kagan, H. B. J. Am. Chem. Soc. 1980, 102, 2693.

[19]Beckwith, A. L.; Ingold, K. U. In Rearrangements in Ground and Excited States; de

Mayo, P., Ed.; Academic Press: New York, 1980; (b) Beckwith, A. L. J. Tetrahedron.

1981, 37, 3073.
[20](a) Delduc, P.; Tailhan, C.; Zard, S. Z. J. Chem. Soc., Chem. Commun. 1988, 308. (b)

Destarac, M.; Charmot, D.; Franck, X.; Zard, S. Z. Macromol. Rapid Commun. 2000,
21, 1035.

[21](a)Zard, S. Z. In Radicals in Organic Synthesis; Renaud, P., Sibi, M. P., Eds.; Wiley:

New York, 2008; (b) Zard, S. Z. Radical reactions in organic synthesis. Oxford

University Press, Oxford. 2003.
[22]Fossey, J.; Lefort, D.; Sorba, J.; Lomas, J. Free Radicals in Organic Chemistry. J.

Wiley and Sons Masson, Chichester New York Brisbane Paris Milan Barcelone.

1995.

[23]Ametti, J. A.; Hamanaka, E. S.; Johnson, D. A.; Kellogg, M. S. Tetrahedron Lett.

1979, 20, 4631.

[24]Curran, D. P.; Rakiewicz, D. M. J. Am. Chem. Soc. 1985, 107, 1448.
[25]Zeise, W. C. J. Chem. Phys. 1822, 35, 173.

[26]Barton, D. H. R.; McCombie, S. W. J. Chem. Soc. Perkin. 1. 1975, 1574.
[27]Barker, P. J.; Backwith, A. L. J. J. Chem. Soc. Chem. Commun. 1984, 683.

[28]Barton, D. H. R.; Crich, D.; Lobberding, A.; Zard, S. Z. J. Chem. Soc. Chem.

Commun. 1985, 646.



25

[29]Barton, D. H. R.; Crich, D.; Lobberding, A.; Zard, S. Z. Tetrahedron. 1986, 42,
2329.

[30]Zard, S. Z. Angew. Chem. Int. Ed. Engl. 1997, 36, 672.

[31]Quiclet-Sire, B.; Zard, S. Z. Synlett. 2017, 28, 2685.
[32]Quiclet-Sire, B.; Quintero, L.; Sanchez-Jumenez, G.; Zard, S. Z. Synlett. 2003, 1, 75.

[33]Han, S. Z.; Zard, S. Z. Org. Lett. 2014, 16, 1992.
[34]Debien, L.; Quiclet-Sire, B.; Zard, S. Z. Org. Lett. 2011, 13, 5676.



26

Chapter Ⅱ. The xanthate route to acylsilanes

2.1 Introduction

Acylsilanes (R’COSiR3) are a class of compounds that are of wide interest and have been

investigated as important synthetic intermediates and products with useful chemical and

physical properties[1]. The bulky trisubstituted silyl group in acyl silanes endows them

with unique steric and electronic features, which have proven to be pivotal for gaining

excellent regio- and diastereo-selectivities in several of their synthetic applications.

The use of acylsilanes in organic synthesis has improved significantly over the past few

decades due to the disclosure of powerful new reactions and the development of synthetic

methods for accessing acylsilanes and for their subsequent transformations[2-3]. In

principle, acylsilanes can be viewed as carbonyl compounds. Therefore, one of their

long-standing uses in organic synthesis is as an aldehyde equivalent, whereby the

nucleophilic addition reaction of acylsilanes with nucleophiles to afford silyl alkoxides,

which are further hydrolysed to furnish α-silyl alcohols (Entry 1, Scheme 2-1)[4]. In

addition, the Brook rearrangement, after carbonyl addition with nucleophiles, is a

commonly observed transformation, in which the silyl group migrates from the carbon

atom to the oxygen atom. The silyloxalkenes are then formed when an anion stabilizing

group is attached to the carbonyl group (Entry 2, Scheme 2-1)[5].

The unique reactivity of acylsilanes as an acyl anion equivalent has attracted significant

attention. Treatment of acylsilanes with a nucleophile, such as fluoride anions, would

provide the desilylated acyl anion, which can be readily converted into ketones in the

presence of electrophiles (Entry 3, Scheme 2-1)[6]. Particularly, the cyclization of

1,4-dicarbonyl acylsilanes under acid condition would afford the substituted 2-silylfurans

(Entry 4, Scheme 2-1)[7]. The intramolecular cyclization of acylsilanes with alkyl or aryl

radicals could be facilitated by trialkyltin radicals, followed by Brook rearrangement, and

furnishes the cyclic silyl enol ether (Entry 5, Scheme 2-1)[8].

In light of their remarkable synthetic utility, the synthesis of acylsilanes is extraordinarily

important, especially for the modular assembly of complex scaffolds. Many efforts have
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of acylsilanes were still rare. Developing a general and modular radical synthesis route to

acylsilanes could enrich their structural diversity and subsequent transformations.

At the same time, it is well known that acylsilanes could undergo a series of radical

transformations, such as acyl radicals generation under photoredox-catalyzed conditions

with the loss of the silane moiety, which was developed by Fagnoni and co-workers[32] in

2018 (Path A, Scheme 2-13a). The formed acyl radicals were used for the acylation of

Michael acceptors to give ketones, despite the process of producing acyl radicals being

more complicated.

Complementary to these results, one can consider whether it is feasible that the silyl acyl

radicals could also be generated and further added onto Michael acceptors. This would

associate the acylsilanes with functional groups from alkenes while retaining the

acylsilane moiety to furnish more useful acylsilane compounds (Path B, Scheme 2-13a).

However, the generation and applications of silyl acyl radicals has not been reported so

far. It is likely that C-Si bond can cleave to furnish carbon monoxide and a silyl radical.

The stability of silyl acyl radicals is thus questionable.

Moreover, in 2000, Kaloyeros and co-workers[33] reported an interesting acylsilane anion

equivalent B, generated from the corresponding acylsilane A by deprotonation in the

presence of lithium reagent. Its capture with an electrophile provided the desired

acylsilane C. This approach opens a new pathway for the synthesis of this family of

compounds. However, the harsh reaction conditions for the generation of the anion

equivalent limit its synthetic applications, thus there were no more follow-up research

(Scheme 2-13a).
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2.4 Results and Discussion

2.4.1 Scope of alkenes

We thus turned our attention to examining the scope as far as the olefinic partners are

concerned. A series of olefins bearing different functional groups were tested in the

xanthate addition-transfer process with xanthate II-1a. The addition reactions were

accomplished in refluxing ethyl acetate (0.2M) in the presence of DLP as initiator. All the

products of the radical addition reaction were isolated by column chromatography and

were stable in air, water and their structures were characterized by NMR, IR and

HPLC-MS.

To our delight, the reaction was satisfactory, and a wide variety of corresponding adducts

II-3aa-3ax were obtained in good yields regardless of the nature of the alkene. Some

valuable compounds, such as pinacolato derivatives II-3as and II-3at, caffeine derivative
II-3au and glucose derivative II-3av, were readily obtained. Sulfones, nitriles and

heterocycles are tolerated, and the protected amino acid II-3an and II-3ao are

noteworthy. In the case of compound II-3ai, the xanthate group was eliminated directly

upon heating to form an enamide. Further notable products are II-3aq and II-3ar which
contain a four-membered heterocyclic ring, and thus confirming the excellent reactivity

of radical II-2a derived from the xanthate II-1a. For compounds II-3ab and II-3ar, the
addition reaction could be easily scaled up to 5 mmol and 3.5 mmol scale respectively,

and the isolated yields were comparable. In most cases, the isolated yields were

synthetically useful. In particular, the yields of compound II-3ak and II-3ar are higher

than 80%.

The wide functional group tolerance opens access to structures that are not available by

the existing methods summarized in this chapter. Nevertheless, due to the rich chemistry

of xanthate, the presence of xanthate group in the adducts provides an entry into all

manner of sulfur-containing compounds by further creating new carbon-carbon bonds. It

can also be reductively removed with tris(trimethylsilyl)silane and AIBN to provide

simpler acylsilane compounds II-5 in a high yield, in which a new C-C bond was created
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bond which was shown in Scheme 2-1. Thus, we tested the potential rearrangement

ability of adducts II-3a and then applied it to more useful transformations.

In the proposed strategy, adduct II-3al was first prepared through the addition of xanthate

II-1a and allyl cyanide. We expected that the xanthate group could act as a leaving group

and be eliminated in the presence of base such as diazabicycloundecene (DBU) or

N,N-Diisopropylethylamine (DIPEA) to afford the α,-unsaturated acylsilane II-6, which

allows bis-functionalization of the original carbonyl carbon. The subsequent nucleophilic

attack of a lithium reagent would facilitate the carbon to oxygen silyl migration and

would result in the formation of intermediate II-7. In principle, the resultant carbanion

should participate in an intramolecular Michael addition with the tethered unsaturated

nitrite, providing a one-pot tandem sequence for the synthesis of four-membered ring

carbocyclic product II-8 [37]. The main challenge of this strategy is whether the

α, -unsaturated acylsilane II-6 and the corresponding carbanion could be generated in

situ and what role the xanthate group plays.

However, the elimination of adduct II-3al didn’t give the desired compound II-6. In the

case where DBU was used as a base, adduct II-3al decomposed rapidly, even when

slowing the reaction rate by decreasing the reaction temperature and adding CH3I to

irreversibly capture the eliminated xanthate. In the case of when DIPEA was used as a

base, the conversion rate of the elimination reaction was less than 5%, and no target

compound II-6 was found. Possibly this is because the DIPEA was not strong enough to

deprotonate hydrogen from adduct II-3al (Scheme 2-18 and Table 2-1).
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2.4.3 The thiol group from xanthate and its subsequent transformations

Sulfur-containing heterocyclic compounds widely exist in numerous natural products and

biologically active molecules which are important building blocks used in the production

of pharmaceuticals, agrochemicals, and dyes[38]. The existence of C=S bond in xanthate

group as an analogue of C=O bond gives plenty of opportunities for many

transformations, such as nucleophilic addition with amines leading to the formation of a

thiol. In light of this consideration, we proposed a conceivable synthesis route depicted in

Scheme 2-19 in which adduct II-3al was synthesized as the starting precursor for this

strategy. Not only because its simple structure could simplify the spectral analysis, but

also because the stable nitrile group will not interfere with the subsequent

transformations.

In principle, the nucleophilic addition of compound II-3al with ethylenediamine would

generate the thiol intermediate II-9 which was then engaged in the allylation with allyl

bromide or allyl chloride to access compound II-10[39]. To construct the sulfur-containing

heterocyclic compounds, we hoped to take advantage of the carbene-formation ability of

acylsilanes upon irradiation with blue light whereby the corresponding silyl group

undergo 1,2-shift to generate α-siloxycarbenes II-11. Indeed, these are highly versatile

synthetic intermediates that contain a divalent carbon atom with two unshared

electrons[40]. In this case, the sulfur atom can act as a nucleophile and attack the carbon

atom of the carbene in an intramolecular fashion, forming a new C-S bond to furnish

sulfur ylide II-12. This would be followed by a 2,3-wittig to give the desired

sulfur-containing allyl heterocycles II-13.
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of adduct II-3ab and II-3ar gave byproducts II-17 with loss of silyl group. The causes of
this behavior are not obvious at this moment and more work is needed to clarify the

matter.

Finally, it is worth noting that in the related approach involving addition to vinyl pivalate,

2-substituted pyrroles II-16 are readily available, but not 2,4-disubstituted pyrroles.

While the double condensation of amine with adduct II-3ar successfully provides various
2,4-disubstituted pyrroles as a complement and opens numerous pathways to

multi-substituted pyrrolyl silanes.

2.4.5 Carbene generation of acylsilanes and subsequent synthetic applications

Photochemistry has recently gained great attention in synthetic chemistry, since light is

cheap, allows for spatiotemporal control and can be turned in terms of its wavelength and

intensity, without producing any waste. These features render photochemistry highly

valuable in synthesis and light-mediated processes have also found applications in

biological chemistry[45].

Particularly, acylsilanes feature an elongated bond between the carbonyl group and the

silyl moiety which is cleaved upon visible light irradiation (for acylsilanes with a

π-system on conjugation to the carbonyl group) [46]. Thereby, siloxycarbene is generated,

a reactive intermediate whose utility in organic synthesis has so far remained limited.

Thus, the ability to generate reactive carbenes which can undergo fast insertion reactions

with high selectivity by visible light irradiation, along with their ready access render

acylsilanes promising candidates as reactive functionalities in organic chemistry[47].

Taking into account these facts, we therefore remain highly interested in the

photocatalytic production of carbenes from acylsilanes, since the former strategy didn’t

reach this step. Moreover, we expected the formed carbene intermediate can be involved

in the reaction with functional groups brought about by the xanthate radical-addition

transfer process and in an intramolecular manner. On the basis of this assumption, we

proposed the following strategy to synthesize the target product II-27 which can

theoretically be cyclized upon irradiation to furnish a polycyclic compound with a wide

range of applications in synthesis.
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Chapter Ⅲ. The xanthate chemistry of acyl (MIDA)boronates

3.1 Introduction

Acylboranes and acylboronates are an intriguing class of compounds that are promising

for various fields of chemistry, ranging from organic synthesis to pharmaceuticals[1]. The

unique carbonyl compounds with sp2 hybrid carbon atoms on the carbonyl group directly

attached to the boron atom and oxygen atom have attracted widespread attention[2, 3].

Acylborons have been proposed as reactive intermediates in many transformations[4], but

their remarkable properties and reactivities for synthesis have only recently been

recognized due to that the assumed instability of acylborons hampered both isolation and

characterization of these molecules. Indeed, in 2005, Stevenson stated that “no verified

examples of acylborons derivatives had ever been prepared and theoretical calculations

indicated that acylboranes are highly active species and apt to rearrangement” [5].

In the past decades, much effort has been devoted to investigating both their preparation

and synthetic utility in organic chemistry. The four most common acylboranes subclasses,

such as compounds III-1 to III-4, have recently emerged as highly promising

organoboron compounds profiting from their remarkable stability and high reactivities

(Scheme 3-1). Those are NHC-stabilized acylboranes III-1, potassium

acyltrifluoroborates III-2, monofluoroacylboronates III-3[6] and acyl(MIDA)boronates

III-4. For instance, acyl(MIDA)boronates III-4 react with 2-methylpyridines and then

hydrazonamides to furnish the novel heterocyclic compound III-5 by

condensation-driven reactions[7]. Many other interesting possibilities for their use were

developed, while the number of routes to access acylboranes are relatively limited.





















69

Overall, after ten years of efforts, acyl(MIDA)boronates have become one of the most

attractive acylboron derivatives due to both their remarkable reactivity and wide

applications. Besides, the mild reaction conditions in most applications are also

noteworthy. However, the molecular structures of acyl(MIDA)boronates accessible by

the reported methods are generally relatively simple and devoid of complex functional

substituents. Radical reactions have proven to be powerful tools in organic synthesis in

general, but still rare in the case of acyl(MIDA)boronates, with the notable exception of

the Barton decarboxylation exploited by Yudin as detailed above.

3.3 Experimental design of this project

Of all the reported approaches, only the strategy developed by Bode and co-workers

involves an acylboron anion equivalent[16], but for the same reason, the requirement of

organolithium reagent limited its applications in some cases. In support of this line of

thinking, the formation of an acylboron enolate such as compound III-7 and its capture
with an electrophile would seem to be an optimal path to access various

acyl(MIDA)boronates. However, in fact, this hypothesis has not yet been reported,

probably due to the incompatibility of acylboronates III-6 with strong basic conditions,

which is indispensable for generating the corresponding enolates III-7 (Scheme 3-12a).

In terms of radical chemistry, the initial radical III-10 spontaneously comes into our view
in that it could be easily generated by the xanthate method and implicated in synthetically

widespread transformations. In our group’s previous work, xanthates proved to be quite

effective for producing a number of acetonyl radicals. If so, the active radical III-10

could thus undergo many reactions, especially radical additions to non-activated alkenes

to furnish a series of adduct III-11. In this way, the focus of this project switched to the

synthesis of α-xanthyl acetyl(MIDA)boronate III-9 and its behavior in subsequent

transformations (Scheme 3-12b).
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The results were satisfactory, acylboronates bearing different substituents were

synthesized in good yields. Alkyl, esters, sulfones, and heterocycles are tolerated. More

complex scaffold, for instance, compound III-11e, contains a borane moiety and a silane

moiety. Glucose derivatives III-11q and III-11t, caffeine derivative III-11s are readily
synthesized. Note that compound III-11p constitutes an interesting rigid building block.

For compound III-11f, the isolated yield was comparable when performed on a gram

scale (5mmol scale), demonstrating the stable reactivity of the xanthate III-9 (Scheme

3-15). In the case of adducts (III-11o, III-11p, III-11q, and III-11t), the

diastereoselectivity is as expected low. The low diastereoselectivity is due to the high rate

of the xanthate transfer and its low sensitivity to steric effects.

In order to characterize the molecular structure of the adducts more easily and to

eliminate the presence of diastereoisomers due to the xanthate without harm to the other

functional groups, several of adducts III-11 were reductively dexanthylated with

tris(trimethylsilyl)silane and AIBN to give compounds III-14 in a very high yield. Thus,
the acylMIDA boronate moiety was efficiently attached to the functional alkenes by

creating a new C-C bond.

After extending the olefin scope, we noticed that the isolated yield of adducts III-11 was
unexpectedly low under the usual conditions (Scheme 3-15, condition a) in a few cases.

For instance, the radical addition of xanthate III-9 to allyl acetate and allyl cyanide

produced adducts III-11d and III-11g in 39% and 36% yield, respectively. In order to

improve the yield and get more information from this reaction, we reinspected the

addition reaction carefully by using N-allyl phthalimide as an example, not only because

of its excellent reactivity, but we hope that the bulky phthalimide group would simplify

the tracking of the side products and allowing the obtention of a better mass balance for

this reaction.
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3.4.4 Subsequent transformations of adduct III-11

3.4.4.1 Preliminary attempts

With a series of acyl(MIDA)boronates in hand, we then turned our attention to probe

their synthetic utility. The broad functional group tolerance translates into the ability of

combining the acyl(MIDA)boronate motif with various other groups, thus offering a

number of possibilities for subsequent transformations. For instance, pyrroles are

important compounds found in many biologically active and valuable natural and

pharmaceutical products[27]. By taking advantage of the Paal-Knorr pyrrole synthesis,

1,4-diketones and, more generally, 1,4-dicarbonyls are ideal substrates for the synthesis

of valuable five-membered carbo- and heterocycles such as pyrroles or furans by

condensation with amines or catalysis under acid condition, respectively[28].

The feasibility of the synthetic strategy to access pyrrole compounds was evaluated by

using a common xanthate III-15. First, xanthate III-15 was subjected to addition with

N-vinyl pyrrolidone to afford adduct III-16, which spontaneously eliminates xanthic acid
to give enamide III-17 upon heating in 60% yield[29]. Similarly, enol-keto tautomerism

enamide III-17 could also tautomerize with acyliminium III-23. The latter could be

viewed as a 1,4-dicarbonyl analogue and in principle engage in a similar condensation

with primary amines by analogy with the Paal-Knorr reaction[30]. To our delight, pyrrole

compound III-20 was obtained smoothly although the isolated yield was unexpectedly

low in 19% yield (Route A, Scheme 3-18).
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III-37, and the amount of adduct III-11a produced reflects in turn the higher real-time

concentration of radical III-10. The difference is, however, too small to allow attributing

it to one factor or the other, or even both.

3.5 Conclusion

In conclusion, this work developed a novel and reactive xanthate III-9 as an acylboron

transfer reagent for synthesizing various acyl(MIDA)boronates. Its remarkable reactivity

and synthetic utility were underlined comprehensively. By taking advantage of xanthate

addition-transfer processes, a series of acyl(MIDA)boronates were synthesized in good

yields that could then be further transformed in certain cases into pyrroles and furans.

Importantly, the mildness of the reaction conditions and broad tolerance for a variety of

functional groups provide an array of new synthetic strategies for multifarious and rare

acyl(MIDA)boronate compounds that are not readily accessible by other routes and

confirm further the remarkable synthetic potential of xanthates.
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General Experimental Methods

All reactions were carried out under an inert atmosphere of nitrogen or argon. Thin Layer

Chromatography (TLC) was performed on alumina plates precoated with silica gel

(Merck silica gel, 60 F254). Products spots were visualized by the quenching of UV

fluorescence when applicable (max = 254 nm and/or 366 nm) and/or by staining with

vanillin in ethanol and/or KMnO4 in ethanol followed by heating. Most products were

purified by flash chromatography on Kieselgel 60 (40-63 μm). Preparative TLC was

performed on glass plates coated with silica gel (Merck PLC silica gel, 60 F254). Infrared

spectra were recorded on a Perkin-Elmer Spectrum Two. Absorption maxima (υmax) are

reported in wavenumbers (cm-1). Nuclear magnetic resonance spectra were recorded at

ambient temperature on a Bruker Avance DPX 400 instrument. Proton magnetic

resonance spectra (1H NMR) were recorded at 400 MHz and coupling constants (J) are

reported to ± 0.5 Hz. The following abbreviations were utilized to describe peak patterns

when appropriate: br = broad, s = singlet, d = doublet, t = triplet, q = quartet and m =

multiplet. Carbon magnetic resonance spectra (13C NMR) were recorded at 101 MHz.

Chemical shifts (H, C) are quoted in parts per million (ppm) and are referenced to the

residual solvent peak ((CD3)2CO: δH= 2.05 and δC= 29.84, 206.26 and CD3CN: δH=

1.94 and δC= 1.32, 118.26). Carbons exhibiting significant line broadening brought about

by boron substituents were not reported (quadrupolar relaxation). The CH2 carbon

neighboring the acylboron functionality (usually around 44 ppm) gave a weak signal

most of the time. High-resolution mass spectra were recorded by electrospray ionization

in positive mode (ESI+) on a timsTOF mass spectrometer (Bruker, France). The quoted

masses are accurate to ± 5 ppm.
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chromatography on silica gel (petroleum ether/dichloromethane = 9/1 to 7/3) afforded the

desired product II-1.

General procedure B: Radical addition with non-activated alkenes

Xanthate (1.0 equiv.), olefin (1.5-3.0 equiv.) and dilauroyl peroxide (DLP) (0.1 equiv.,

according to xanthate) were mixed in a vial and dissolved in EtOAc (2n mL), then air in

the vial was excluded by argon. The vial was sealed and heated at 83 ℃. Additional

dilauroyl peroxide (DLP) was added portion-wise (0.1 equiv.) every hour until total

consumption of the starting xanthate (typically 3-5 portions of DLP)[3]. The reaction

mixture was then cooled down to room temperature and purified by flash

chromatography on silica gel.

General procedure C: Reduction of the xanthate group

A solution of xanthate (1.0 equiv.) and tris(trimethylsilyl)silane (TTMSS, 1.1 equiv.) in

Toluene/cyclohexane (1:1, 0.1M according to xanthate) was refluxed under nitrogen for

10 min. Then AIBN was added portionwise (20 mol% according to xanthate) every hour

until total consumption of the starting xanthate (2 h total reaction time)[4]. The reaction

mixture was then cooled down to room temperature and volatiles were removed by rotary

evaporation (CAUTION: manipulate under well-ventilated fumehoods due to the strong

smell!). Flash chromatography on silica gel of the crude material gave the desired

product.

General procedure D: Synthesis of 2-pyrrole silanes

To a solution of adduct II-3ab or II-3ar (n mmol, 1 equiv.) in Toluene (10n mL) was

added amines (2.5n mmol, 2.5 equiv.)[5]. The flask was equipped with a condenser and

the suspension was stirred at 40 ℃ with a heating block until completion of the reaction

(followed by TLC, usually 1 h). The reaction mixture was then cooled down to room

temperature, purified by flash chromatography on silica gel.
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Chapter III. The xanthate chemistry of acyl(MIDA)boronates

General procedure A: Radical addition with non-activated alkenes

Xanthate (1.0 equiv.), olefin (1.5-3.0 equiv.) and dilauroyl peroxide (DLP) (0.05 equiv.,

according to xanthate) were mixed in a vial and dissolved in EtOAc, then air in the vial

was excluded by argon (note: the air was excluded by using a balloon filled with argon

and a long needle, which goes deep into the reaction mixture and slowly bubbles for 1

min and repeats 2-3 times). The vial was sealed and heated at 83 ℃. Additional dilauroyl

peroxide (DLP) was added portion-wise (0.05 equiv.) every hour until total consumption

of the starting xanthate (typically 8-10 portions of DLP) [3]. The reaction mixture was then

cooled down to room temperature and purified by flash chromatography on silica gel.

General procedure B: Reduction of the xanthate group

A solution of xanthate (1.0 equiv.) and tris(trimethylsilyl)silane (TTMSS, 1.1 equiv.) in

MeCN (0.2M according to xanthate) was refluxed under nitrogen for 10 min. Then AIBN

was added portionwise (20 mol% according to xanthate) every hour until total

consumption of the starting xanthate (2 h total reaction time)[4]. The reaction mixture was

then cooled down to room temperature and volatiles were removed by rotary evaporation

(CAUTION: manipulate under well ventilated fumehoods due to the strong smell!). Flash

chromatography on silica gel of the crude material gave the desired product.

General procedure C: Synthesis of 2-pyrrole(MIDA) boronates

To a solution of adduct III-11f (n mmol, 1 equiv.) in MeCN (8n mL) was added primary

amines (2n mmol, 2 equiv.)[5a, 5b, 5c]. The flask was equipped with a condenser and the

suspension was stirred at 75 ℃ with a heating block until completion of the reaction

(followed by TLC, usually 1 h). The reaction mixture was then cooled down to room

temperature, purified by flash chromatography on silica gel.
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cooled to 0 °C and stirred for 10 min. To the solution was added Dess–Martin

periodinane DMP (20.6 g, 48.5 mmol, 1.2 equiv.) in one portion and then allowed to stir

at 0 °C for 1 h. The resulting mixture was followed diluted with a 1:1 mixture of EtOAc

and MeCN (400 mL), whereby the liquid phase was slowly decanted through a funnel by

vacuum filtration and the volatiles of the filtrate were removed in vacuo to afford a

yellow residue. The resulting residue was suspended with EtOAc (300 mL) and stirred at

room temperature for 0.5 h under ambient atmosphere. The mixture was filtered through

a pad of Celite via vacuum filtration and the volatiles of the filtrate were removed in

vacuo and to the resulting residue was added a 1:1 mixture of EtOAc/acetone (30 mL)

which was sonicated and stirred to afford a thick suspension. Diethyl ether (300 mL) was

added slowly and then stirred at room temperature for an additional 10min. The

suspension was filtered via vacuum filtration where the filter cake was allowed to dry

under vacuum. The filter cake was collected and then added EtOAc (150 mL) and DCM

(250 mL). The suspension was stirred at room temperature for 0.5 h. Toluene (1 L) was

then added to the stirred suspension over 5 min and stirred at room temperature for 16 h.

The suspension was filtered through a medium fritted funnel by vacuum filtration, then

the filter cake was collected and dried under vacuo. Acetone (250 mL) was then added to

the resulting filter cake and stirred at 0 °C for 1 h. After 1h, the suspension was filtered

through a pad of Celite by vacuum filtration and the volatiles filtrate were removed in

vacuo (20 °C, 10 mmHg) to obtain the desired product (2-Bromoacetyl) MIDA boronate

III-12 as a colorless solid (7.6 g, 67% yield).

To a solution of (2-Bromoacetyl) MIDA boronate III-12 (4.3 g, 15.5 mmol, 1 equiv.) in
acetone (75 mL) at 0 ℃ under N2 was added potassium O-ethylxanthate salt (2.8 g, 17.0

mmol, 1.1 equiv.) portionwise over 5 min[2]. The mixture was stirred for 2 h. Then, water

at 0 ℃ and CH2Cl2 was added to the suspension and the resulting aqueous solution was

extracted twice with dichloromethane. The combined organic layer was washed by brine,

dried over anhydrous MgSO4, filtered and concentrated under reduced pressure. Flash

chromatography on silica gel (Dichloromethane /acetonitrile = 9/1 to 8/2) afforded

desired product III-9 as a colorless solid (3.3 g, 10.2 mmol, 68% yield).
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1H NMR
(400 MHz,

(CD3)2CO)

δ (ppm) = 4.62 (q, J = 7.1 Hz, 2H), 4.46 (s, 2H), 4.42 (d, J =

17.0 Hz, 2H), 4.19 (d, J = 16.9 Hz, 2H), 3.13 (s, 3H), 1.39 (t, J =

7.1 Hz, 3H).
13C NMR
(101 MHz,

(CD3)2CO)

δ (ppm) = 214.8, 168.5 (2C), 71.1, 63.2 (2C), 47.5, 30.1, 13.9.

(B-C=O not observed).

IR (neat) � (cm-1) = 2976, 1769, 1677, 1458, 1336, 1278, 1226, 1139,

1113, 1051, 991, 961, 891, 819, 691.

HRMS (EI +) m/z: [M + H] +, Calcd for [C10H15BNO6S2+]: 320.0428; Found 320.0429

mp: 117-120℃
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1376, 1334, 1277, 1249, 1148, 1124, 1101, 1055, 1027, 960,

902, 700, 594.

HRMS (EI +) m/z: [M + H] +, Calcd for [C35H44BN2O12S2+]: 759.2423; Found 759.2396
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