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1. INTRODUCTION

Cyanosilanes have been known in the chemical literature for almost fifty years. For
the first thirty of those years, literature reports dealt primarily with the inorganic
or organometallic pseudohalide nature of these materials. Aside from the develop-
ment of synthetic methods, the majority of studies were concerned with spectro-
scopic characterization and the question of the actual structure, cyanide vs.
isocyanide, of these compounds. These topics have been touched upon briefly in
the context of early general reviews of organometallic pseudohalidesl and cyano
group containing organosilicon compounds.” A more recent review of or-
ganometalhc pseudohalides contains amuch more detailed accounting of this early
work.> The potential utility of cyanosilanes in synthetic organic chemistry was first
demonstrated less than twenty years ago by Evans and co-workers when they
conducted the elaboration of some p-quinones’ and converted ketones and al-
dehydes into p- -aminoalcohols.’ Subsequently, the utilization of this class of
organosilanes in a variety of synthetic transformations has grown tremendously,
and cyanotrimethylsilane 1, the most commonly utilized cyanosilane, has been
described as one of the most versatile silicon reagents for the purposes of organic
synthesis.6

{CHy),SiCN
1

The preparation and chemistry of cyanosilanes has been described within the
context of several broad reviews on the utilization of silicon compounds in organic
synthesis,7_14 and in references therein. In general, these have been only limited
accounts, with the most detailed being those of Pike and Mangano3 and of Weber®
which cover the literature only through 1980 and 1981, respectively. An English
language review of cyanosilanes is not available. Although the relative importance
of cyanotrimethylsilane 1 is indicated by the title, the present survey is intended to
be a comprehensive review of the chemistry of cyanosilanes which covers both the
scientific journal and chemical patent literature through 1988. When possible,
Chemical Abstracts citations to referenced patents have been included.
Cyanosilanes are currently indexed in Chemical Abstracts under the headings
“Silanecarbonitrile” or “Silanedicarbonitrile”. Whenever possible, we have fol-
lowed the commonly used nomenclature rules for organosilicon compounds,
naming these materials as derivatives of silane. Substituents are generally named
in alphabetical order when this does not create confusion. In addition, some
common abbreviations have been utilized, including TMS for trimethylsilyl,
TMSCN (trimethylsilyl cyanide) for cyanotrimethylsilane 1, and TMCS
(trimethylchlorosilane) for chlorotrimethylsilane.

1f one considers the interaction of a cyanosilane with a generalized compound
EN containing both electrophilic (E) and nucleophilic (N) sites, reaction might be
expected to occur via one of two possible pathways (Scheme 1), both of which have
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+ RSi—C=N 32 RySi—N=C:

TN

+ .
CN + E'"N—SiR R3Si—N=C—FE--N
3

N/

N=C—E--N—SiR,

Scheme 1.

been suggested in the literature.%!! In pathway a, the reaction is initiated by
silylation of the nucleophilic site, followed by collapse of the incipient jon pair to
give the final product. According to pathway b, nucleophilic attack by the isonitrile
form of the cyanosilane upon the electrophilic site occurs prior to silicon migration.
Catalysis of many of the reactions of cyanosilanes, especially by Lewis acids, has
been frequently described in the literature. It is readily apparent that coordination
of a Lewis acid with the nucleophilic site would result in catalysis of pathway b.
Alternatively, interaction of a Lewis acid with the cyano group of the organosilicon
reagent would, in effect, make it a better silylating agent, thus catalyzing pathway
a. Evidence for both of these mechanistic pathways, as well as for nucleophilic
catalysis of cyanosilane reactions, have been presented.

For the purposes of this review, reactions of cyanosilanes have been classified
into three main groups. The largest of these, “cyanosilylations”, describe reactions
in which both the cyano group and the silyl group become incorporated into the
final product. Also included are cases in which the above statement is true, except
that the silyl group is hydrolyzed (solvolyzed) during workup of the reaction
mixture. The second largest group of reactions are “cyanations”, in which the sole
purpose is the incorporation of a nitrile group into the product. In these cases, the
silyl group generally ends up as a volatile silane byproduct, typically a halosilane.
The third classification is that of “silylation”, in which the cyanosilane scrves
simply as a silylating agent for active hydrogen containing compounds. Hydrogen
cyanide is a product of these reactions. Finally, a short section has been included
describing “miscellaneous” reactions which do not fit into the above general
classification scheme.

2. PREPARATION AND PROPERTIES OF CYANOSILANES

2.1. Preparation

The first reported preparation of a cyanosilane appeared in 1941 when Emelius
described the reaction of gaseous iodosilane, H3Sil, with solid silver cyanide under



68 j. K. RASMUSSEN, S. M. HEILMANN, and L. R. KREPSKI

reduced pressure.15 The product, a colorless solid of mp 34°C, was assigned the
structure H3SiCN. Subsequent syntheses of a variety of silyl cyanides, initially
assigned the isonitrile structure, followed this metathetical route (equation 1).

R' R'
i i

R2-Si—X +  AGCN —e  R2-Si—CN  +  AgX @
R? R?

Eaborn prepared the first alkyl derivatives, obtaining cyanotriethylsilane
(57%), cyanotripropylsilane 50%) and dicyanodiethylsilane (22%) from the
corresponding iodides in 1949. ’A higher yield (90%) was reported for the triethyl
derivative in 1950, as was the synthesis of cyanotrimethylsilane (TMSCN, 1) from
the iodide, the sulfide, and the bromlde 7 Using refluxing benzene as a reaction
medium, McBride and Beachell'® obtained TMSCN in yields of 80%, 79.5%, and
14% from the iodide, bromide, and chloride, respectively. Although DuPont
workers reported improved yields (38%) from the chloride by carrying out the
reaction in an autoclave at elevated temperatures, 19 Evers et al.?° discovered that
the real problem was that TMSCN partially reverts to the chloride when distilled
directly from the by product, AgClL. Removal of the latter by flltratlon prior to
distillation resulted in an 86% yield of the desired product. Evans, et al. 3 obtained
similar yields in a later modification of this procedure.

In spite of the expense of silver cyanide, its effectiveness made it the reagent
of choice for the preparation of cyanosilanes for many years. Muller and Neef*!
used it to prepare ethyldimethyl-, triisopropyl-, tributyl-, and triisobutyl-
cyanosilanes, as well as the bis(dialkylcyano)disiloxanes 2, from the jodides. Other

Rlei—O—?Rz Rei-C4Hy. 8- CHg .- CiHg, CeHy,
CN CN
2

yanosﬂanes greparcd using s11ver5cyan1de as reagent mclu%e methyl-
cyanosﬂane cyanodimethylsilane,” t-butylcyanodimethylsilane,”” cyanotri-
butylsilane, dlcyanodlphenylsxlanezs, cyanodiphenylmethylsilane, % cgano-
dimethylphcnylsﬂanc28 cyanotnphcnylsilane,28 dicyanodimethylsilane,”” and
pentamethyldisilanyl (and higher polysilanyl) cyanides. 3031 Analogous techni-
ques have been used to prepare the related organogermyl and tin cyanides. 26,32,33

As a final simplification of the silver cyanide synthetic route, Ryu et al. 34
employed a Soxhlet extractor as the reaction vessel, thus eliminating the need for
a filtration step, and obtained dicyanodimethylsilane (85%) and TMSCN (74%)
from the corresponding chlorides.

Although cyanotrimethylsilane was reported as a by-product of the interaction
of chlorotrimethylsilane, acetonitrile, and sodium,™ the first systematic search for
alternative symhetlc methods for organosilyl cyanides was that by the DuPont
workers in 1958.1 Moderate yields were obtained from the reaction of
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chlorotrimethylsilane with potassium mercuricyanide in DMF, from the reaction
of hexamethyldisilazane with hydrogen cyanide, from the reaction of
methoxytriethylsilane with pivaloylcyanide in the presence of aluminum chloride,
and from cyanide exchange between chlorotriphenylsilane and cyanotriethylsilane.
The first of these procedures was later modified to prepare r-butylcyanodimethyl-
silane.®® In 1959, TMSCN was prepared in 63% yield on a two-mole scale by
reacting a diethyl ether solution of TMCS and HCN with a lithium dis_,persion in
petroleum ether.2’ A modification of this process was later patemed.3 Utilizing
preformed lithium cyanide (from LiH and HCN), Evans et al> improved the yield
to the 71-84% range. Recognizing the problems associated with the handling of
HCN, Livinghouse 8 obtained LiCN from the reaction of acetone cyanohydrin and
LiH, and subsequently prepared TMSCN in yields of 59-82%. Thallium(I)
cyanide, prepared from the corresponding phenoxide and HCN, reacts with TMCS
to produce 1 in 84% yield.39 Amine bases have also been utilized in the reaction
of halosilanes and HCN.**~*2 Reaction of anhydrous HCN with 4-dimethylamino-
phenyltrimethylsilane at 50°C produced 1 in 88% yield.*?

Cyanosilanes have been prepared by a variety of other reactions. Moedritzer
and Van Wazer**™® have studied the exchange equilibria between organosilicon
dicyanides and tricyanides 3 (cyanates and thiocyanates were also studied) and
other organosilicon compounds (equation 2). Equilibrium was established by

R,..SICN), + R ,SiX, R 4w SHON) (XD

3 @

(n=2,3)

heating various ratios of the starting materials at 50-150°C in a sealed tube and
monitoring the reaction by NMR. These exchange reactions allowed the prepara-
tion of a number of mixed cyanosilanes containing additional halo, dimethylamino,
alkoxy, mercapto, thiocyano, phenoxy, azido, and cyanato substituents. In another
example of an exchange reaction, reaction of bis(trimethylsilyl)sulfide with
dicyanodimethylsilane yielded 72% TMSCN along with a quantitative yield of
dimethylcyclosilthianes.” Cyanotriethylsilane has been obtained from the reaction
between mercuric cyanide and bis(triethylsilyl)mf:rcury48 or chlorotriethyl-
silane.*? Interaction of mercuric cyanide with n-heptylsilane produced cyano-n-
heptylsilane in 44% yield.50 Cyanotrichlorosilane has been prepared by reaction
of hexachlorodisilane with mercuric cyanide5 Yor by gas phase reaction of
trichlorosilane with cyanogen chloride in the presence of triethylamine.5 2 At-
tempted extension of the latter reaction to trimethylsilane or trifluorosilane failed.
Reaction of silyl enol ethers with cyanogen bromide 3produced TMSCN along with
high yields of the corresponding a-bromoketones.’ Upon attempted C-silylation
of phenylacetonitrile and allylcyanide with the TMCS/Li/THF system, Calas
obtained complex product mixtures including TMSCN (40% and 30%, respective-
ly).5 4 TMSCN has been observed as the by-product of photosubstitution of o0- and
p-dicyanobenzenes by allylic and benzylic silanes.>> Reaction of isonitrile 4 with
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heterocumulenes § produced 1 in 86% and 29%, respectively, along with other
products (equation 3).5 6

(TMS),N—NC  + TMS—N=8=X — TMSCN + products

4 5 (X=0,NTMS) 3)

As part of a general study on the utility of cyanide salt 6, Parker observed
quantitative conversion of bromotnmethglsxlane into 1 by reaction with 6 for 1 h
at room temperature in dichloromethane.

+
PhsP=N=PPh, CN

6

Reaction of trimethylsilylisoselenocyanate with triphenylphosphine yields 1, 58,59
while TMCS reacts w1th potassium tellurocyanate to give 1 as the only or-
ganometallic product

Recent syntheses of cyanosilanes generally involve reaction of a chlorosilane
with a more conveniently handled cyanide source, usually an alkali metal cyanide
(equation 4). In an early report, KCN and TMCS were heated at 400°C in a

R' R’
| !
RZ-8i=Ct  * MCN —_— RZ-?s—oN + MC! @
!
R® (M=Na,K) R?

LiCl/KCl melt to produce TMSCN in 80% yield.60 Crown ether-mediated phase
transfer catalysis has been utilized in a number of synthetic procedures leading to
cyanosilanes. In the first report, Durst and co-workers used methylene chloride as
solvent to obtain 1 in moderate but practical yield (45%) ! This procedure was
later modified for the preparation of ¢-butylcyanodimethylsilane in 75% y1e1d
Reaction of chlorotri-¢- butylsﬂane with KCN/18-crown-6 in refluxing toluene led
to the cyanosilane in 66% y1eld 3 Other methods of attempted preparation of this
highly hindered cyanosilane failed. Dxmethylsﬂa 17-crown-6/KCN in acetonitrile
at room temperature produced 1 in 85% yield. 64 Finally, crown ethers have been
shown to influence the reaction of KCN with bis(triethylsilyl)mercury, producing
cyanotriethylsilane in 38% y1e1d

Currently preferred routes, however, utilize a high boiling, dipolar, aprotic
solvent, typically N-methylpyrrolidinone, from which the product can be distilled
directly. In initial reports Rasmussen and Heilmann obtained a 71% yield of 1
using excess KCN, %6 while Hiinig and Wehner obtained 60-70% yield from excess
NaCN in the presence of a catalytic amount of a quatenary ammonium salt. 7 A
Japanese patent claimed 42% yield using N,N’-dimethylimidazolidinone as sol-
vent.%® Further improvements on these methods have been reported subsequently.
Catalysis of the reaction by a heavy metal cyanide (copper(I) cyanide, copper(Il)
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cyanide, or zinc cyanidc),69 or by an alkali metal jodide’ 72 reportedly allowed
utilization of equimolar amounts of alkali cyanide to TMCS and shorter reaction
times, and resulted in yields of >90%. The latter of these procedures undoubtedly
involved the intermediacy of iodotrimethylsilan<=,.70 Reaction of KCN with
bromotrimethylsilane in DMF (2.5 h, 25°C) gave 1 at 80% yield.” Alternatively,
impregnation of the alkali metal cyanide on Amberlite XAD resins afforded rapid
reaction rates and high yields of a variety of cyanosilanes.”ﬂ5 Another recent
alternative is the use of tetraethylammonium cyanide, which was efficacious in the
preparation of tri(z-butoxy)silyl cyanide/isocyanide from the corresponding
chloride.”® Rapid reaction rates have also been obtained by the use of bis(trimethyl-
silyl)sulfate instead of TMCS.8 The very hindered cyanosilane 7 may be
prepared by direct nucleophilic displacement of iodide from the corresponding
iodosilane using KCN in refluxing methanol or acetonitrile.3!

PHa
(TMS);C—Si—CN

CHy

7

In a few instances, TMSCN (1) has been utilized as the starting material to
prepare other cyanosilanes. Subsequent to the original report of this procedu;c,19
it was utilized to prepare z-butylcyanodimethylsilane in 77% yield.82 In a patented
process, dicyanodimethylsilane was produced in 85% yield from the correspording
chloride and 1 in the presence of zinc chloride catalyst.83 Yields of 90-100% were
reported for the synthesis of n-butyldimethylsilyl, t-butglldim ethylsilyl, and phenyl-
dimethylsilyl cyanides using fluoride ion catalysis. 4 These reactions involve
equilibria (equation 5), and in many instances were driven to completion by

c
?H:, catalyst le
TMSCN + R—Si-Cl ———* R—Si-CN 4 T™CS § )
1
CH, CHs

distillation of the TMCS by-product as it was formed. Mai and Patil found that
LiCN, prepared by reaction of 1 with butyl lithium, reacted with a variety of
chlorosilanes to give good yields (58-76%) of the corresponding cyanides.85

2.2 Structure and Properties
2.2.1. Spectral Studies

As indicated above, early workers in the area of cyanosilanes referred to these
compounds as organo(iso)cyanosilancs.16_18’22’25’2 86 This interpretation was
based largely upon a comparison of physical properties of the silanes and those of
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analogous organic nitriles and isonitriles with the same properties of the cor-
responding iodides. Early chemical evidence also pointed to the existence of the
isonitrile isomer, particularly the formation of isonitrile complexes upon reaction
with metal carbonyl compounds (see Section 4.1.1.). By 1958, evidence began to
accumulate indicating that the “normal” nitrile structure was the predominant form.
Bitheretal.," using variable-temperature infrared analyses, proposed the existence
of a reversible equilibrium between the two forms with the normal form
E)gedom inating at room temperature. An examination of natural abundance Bcand
N isotopic shifts in the CN stretching frequency was cited as clear evidence of
the normal cyanide structure.8” This evidence was not convincing to some,%’89
however, while Raman spectroscopic studies were inconclusive.”® Whereas
general NMR studies of substituent effects on Bcn coupling constants did not
comment on the structure of cyanotrimethylsilane,g1’92 Ebsworth and Frankiss®?
reported a detailed NMR study of the series, HiSiMe3,CN (n=0-3). Chemical
shifts, 3C_H and #’si-H coupling constants, and the absence of N-H coupling
all provided evidence for the normal nitrile structure, a fact which had earlier been
confirmed by infrared”* and by microwave spectroscopygs’96 for H3SiCN. IR and
Raman studies of cyanopentamethyldisilane and higher cyanopolysilanes were
interpreted to be consistent with the normal cyanide as being the major isomer.
Infrared spectral shifts due to h;drogcn bonding of 1 with phenol provided further
support for the nitrile structure. 8 Additional hydrogen-bonding studies have been
reported subsequently.gg’loo
It is now generally accepted that Booth and Frankiss provided the first
unequivocal evidence for the trimethylsilyl cyanide/isocyanide equilibrium (equa-
tion 6). A variable-pressure IR study of TMSCN vapor clearly established the

101,102

(CH3)sSi—CN = (CH,)3Si—N=C: ©)

existence of a minor component, to which was assigned the isonitrile structure.
Subsequent synthesis of 3¢ and N enriched 1, and a detailed study of the isotopic
shifts in the IR spectrum provided strong confirmation of this assignment. A
variable-temperature IR study allowed estimation of AH® = 16.75 + 0.17 kJmol™*
and AS° = +2.34 I'K 'moI™! for the equilibrium depicted in equation 6. This
allowed the estimation that 0.15 mol % of the isonitrile is present in the mixture at
25°C, an estimate which was later confirmed by Seckar and ’I‘hayer.lo3 A complete
vibrational assignment for TMSCN was also provided, including the assignments
for the cyano (2198 cm™ in the vapor, 2190 em™! in the liquid stateg and the
isocyano (2095 em™ in the vapor, 2100 cm™! in the liquid) stretches."? Others
have reported similar assignments.m4 Detailed IR spectra of other hydrosilanes
and cyanosilanes have been publjshcd.10

Subsequent studies have confirmed the conclusions of Booth and Frankiss.
Muller and Nccf,21 on the basis of IR studies of a series of trialkylsilyl cyanides,
concluded that chain length and/or branching had little or no effect upon the
position of equilibrium. On the other hand, siloxanes 2 contained significantly more
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of the isonitrile form at room temperature. Additional studies on H3SiCN, 106
cyanotriphenylsilane, 197 and on cyanodlmethylsxlane 198 showed no evidence of
the 1son1tr11e isomer, while CI3SiCN displayed a weak IR absorption at 2086
cm 1 199 thus providing additional evidence for substituent effects upon the posi-
tion of the equilibrium. Durig and co-workers'!® estimated, on the basis of
microwave spectroscopy in the gas phase, the presence of 5.3% of the isonitrile
form in equilibrium with 1. A more recent reinvestigation has now indicated that
the ongmal estimate was too high and that <0.3% of the isonitrile is actually
prcsent 1 An IR bandshape analy31s112 and reorientational and vibrational cor-
relation functions! '3 have been determined for liquid TMSCN.

In terms of the mechanism of the nitrile/isonitrile interconversion, a
bimolecular intermediate was originally proposed (equation 7).19 Insupport of this

C=N,
———

2 R,SICN = RS g, — 2msnc (D)
‘N=C

idea, extensive literature exists which documents bimolecular exchange reactions
of cyanosilanes with other silyl halides and pseudohalides (see section 2.1.).

14CN-labeled 1 was shown to undergo complete scrambling with unlabeled
cyanotributylsilane within 30 min at room temPcrature in decalin solution.?” On
the other hand, exchange between 1 and Et3Si 3CN in 1-chloronaphthalene was
incomplete after S days at room temperature, although exchange was rapid (30 min)
at 100°C.1% In NMR spectral studies, the observation of couplings across the Si-C
bond in cyanosilane and TMSCN have shown that if intermolecular exchange
occurs, it is not fast on the NMR time scale.!*> The collapse of coupling in CH2Cl2
solutions upon standing at room temperature, however, led to the proposal that
reaction with polar solvents or with impurities might influence intermolecular
exchange. Such an effect might provide an explanation for some of the apparent
inconsistencies described above.,

A careful kinetic analysis of thermal IR data on the nitrile/isonitrile rearrange-
ment has led Seckar and Thayer 103 16 conclude that the reaction was in fact
first-order, not second-order as would be expected according to equation 7. Thus,
rearrangement may simply involve intramolecular migration of silicon from
nitrogen to carbon. The ease of this interconversion as compared to that in
analogous carbon compounds, where it is also known to occur, probably explains
a number of the transformations and reactions observed in the organosilicon
series, 38103

Recent work has shed new light on the nitrile/isonitrile equilibrium and on the
reactivity of the two species. Hertler et al. 76 have prepared and were able to separate

(1-CHORSICN o= (t-CMH,0),SINC

8a 8b
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tri(¢-butoxy)silyl cyanide 8a and -isocyanide 8b. Equilibration in this case occurred
with a half-life of about 3 months, which allowed independent study of the
reactivity of the two isomers. The isocyanide was found to be much more reactive
in the silylation of acetic acid. Isonitrile 8b also underwent coordination with
ethylenebis(triphenylphosphine)platinum, whereas 8a appeared to be unreactive.
Degenerate cyanide exchange was readily observable for TMSCN and for
triisopropylsilyl cyanide with tetracthylammonium cyanide, as evidenced by a
single time-averaged CN resonance in the respective Be NMR spectra.116 Al-
though similar exchange with 8a/8b was too slow to be observed on thie NMR time
scale, exchange of CPN was complete over a 3-h period. Exchange appeared to
occur via a pentacoordinate cyanosiliconate. Tetrabutylammonium dicyano-
trimethylsiliconate 9 was isolated as a relatively unstable crystalline solid. ! 16

Bu,N* Me,Si(CN),’

9

In studies of the reaction of 1 with sodium and lithium bis(trimethylsilyl)amide

10, evidence was obtained for complex formation.'!” Whereas the equilibrium was
fast on the NMR time scale for M=Li (leading to a single, averaged signal for the

TMSCN  + MN(SiMe,), -—_————* ‘“complex”

10 (M=Li,Na) \
MCN + N(SiMey),

silyl amide) the spectrum for the sodium salt displayed signals for both free and
complexed amide. Increasing the ratio of 10 : 1 led to a longer half-life for the
silylation reaction. These observations are analogous to those observed in the group
transfer polymerizations catalyzed by 1/CN™ (see Section 3.2.2.), and this “com-
plex” may be another example of a pentacoordinate cyanosiliconate.

The gas phase molecular structure as well as the cr¥stal structure at 140°K of
TMSCN has been determined by electron diffraction 18 and by X-ray crystal-
lography,1 19 pes ively. The crystal structure of dicyanodimethylsilane has also
been reported.2 The molecules are both approximately tetrahedral, and both pack
head-to-tail with the nitrogen atom of the nitrile group of one molecule pointing
toward the silicon atom of the nearest neighboring molecule, implying a weak
interaction.

A number of additional studies have reported NMR parameters of
cyamosilanc:s.lzo'122 Typical values relative to tetramethylsilane for 1 are listed in
Table I.

2.2.2. Theoretical Calculations

Experimental results on cyanosilanes have been correlated and compared with
a variety of theoretical calculations. These studies have centered around bond

strengths and stretching frequencics76’123'126 as well as on molecular
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Tablel. NMR Parameters for Cyanotrimethylsilane

13C
Solvent P CH3 CN g Jc-u(Hz) Reference
CClg 0.33s 98
CDCl3 0.27s 126.8 -123 122 121
CHClz -1.76 -11.28 121.7 122
CsHe 0.069 1.8 126.9 -12.1 122 115
CsHi2 0.27 121.8 93

gcomelries.76’127’128 MNDO results for the molecular cations H,,SigCN)i_,,* (n=0-
3) have been reported along with those of the parent molecules.'®® Earlier CNDO
calculations which predicted cyanosilane, SiH3CN, to be about 55 kcal/mol more
stable than the isocyamidc:1 ? have recently been shown’® to have significantly
underestimated the stability of the latter compound. Ab initio calculations at the
SCF level predicted the isonitrile to be slightly more stable than the nitrile;
inclusion of electron correlation (MP-2 level), however, predicted the nitrile to be
more stable by 7.8 kcal/mol. Likewise, calculations (MP-2) on trihydroxysilyl
cyanide, (HO)3SiCN, indicated the nitrile to be more stable by 3.7 kcal/mol. This
is in good agreement with the experimentally observed value of 2.6 kcal/mol for
the tri(r-butoxy)silyl cyanide/isocyanide system."'5 Ab initio calculations have also
been reported on pentacoordinate cyanosiliconatcs,116 and on monosubstituted
silenes including cyanosilene, 11.1%°

CH,=SIHCN
11

3. CYANOSILYLATIONS
3.1. 1,2-Addition to “Simple” Aldehydes and Ketones

3.1.1. Reaction with Preformed Cyanosilanes

General. The 1,2-addition of cyanosilanes to carbonyl compounds, primarily
aldehydes and ketones, provides a facile method for the preparation of the cor-
responding silylated cyanohydrins (equation 8). As correctly pointed out by Evans
et al.>13! this addition is energetically more favorable than the corresponding
reaction with HCN, and has allowed preparation of protected cyanohydrin deriva-
tives from even those substrates which do not react with HCN. Consequently, this
transformation has been of tremendous utility in a variety of synthetic schemes,
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" 2 P
1 1

R2-8i—CN + R¢—C—R’ —— RZ-Si-o—cl:—CN 6]
IvI’!:’ l|=x3 RS

12

either as a protective strategy for carbonyl groups (which can subsequently be

unmasked) or as an efficient route to valuable intermediates for further elaboration.
The first reported synthesis of silylated cyanohydrins was that of Frisch and

Wolf,132' 133 in which acetone cyanohydrin was reacted with chlorotrimethylsilane,

dichlorodimethylsilane, and methyltrichlorosilane in benzene in the presence of

pyridine. With the latter two silanes, reaction conditions could be manipulated so

' o on

(CHy),SICl + CHa—?—CHa —— CH;—Si—0—C—CN
95 % I [
CN CH;  CH,

13

asto substitute either one or two of the chlorides. Whereas this procedure can result
in high yields of product, it can become cumbersome on a large scale due to the
copious amounts of hydrochloride salt which are produced. A convenient alterna-
tive appears to be that described by Hall, who obtained a 76% I'ield of 13 from the
reaction of acetone cyanohydrin and hexamethyldisilazane.13

A second synthetic route to silylated cyanohydrins involves the sulfuric-acid-
catalyzed addition of HCN to O-silylated enolates.'>>13¢ Moderate to good yields
were reported.

OSi(CHa)y NC  OSi(CHy),

H,S0,
+  HCN

76 %

The initial reports of the preparation of silylated cyanohydrins via 1,2-addition
of cyanosilanes to aldehydes and ketones (equation 8) appeared in the patent
literature,!37-140 Subsequently, reports of the independent investigations by three

o OSiR,
R’-C—Rz-(,:—Ra (10-72%)

R,SICN

/ oN
\ OSiR; OSiR,
2 R,SICN ! !

R’-]C—Rz-(I:—R:’ (53-95%)
CN oN

n i
R'-C—R?>-C—R?
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groups were published in the open literature in 1973. Neef and Muller'*! detailed

the synthesis and characterization of the compounds described in their earlier
patents. Good-to-excellent yields were obtained by simply heating the reactants to
reflux for 10-18 h. Both 1:1 and 2:1 adducts could be prepared from dicarbonyl
compounds by appropriate modification of reaction conditions.

In their studies, Evans et al.'>! reported that silyl enol ether by-products were
formed in the uncatalyzed reaction but that these were suppressed in the presence
of catalytic amounts of zinc iodide or cyanide ion. The mono- and bis-adducts of
p-benzoquinone were also prepared. Lidy and Sundermeyer142 found that

O
Me;Sio CN

TMSCN 2 TMSCN

-—— ]  ——

Me,SI0” “CN o MesSi0” “CN

aluminum chloride could be utilized as an effective catalyst, especially for reactions
with ketones. Evans et al.*? subse uently extended their results to a number of
additional quinoncs143 and ketones.” The exclusive formation of 1,2-adducts from
a,B-unsaturated carbonyl compounds was also noted.>!3! In many cases, the
silylated cyanohydrin products were formed quantitatively and could be utilized
for subsequent reactions without purification. When purification is necessary, the
most feasible method is distillation due to the labile nature of the most commonly
utilized trimethylsilyl group. This may not be entircly satisfactory, since with
higher boiling adducts, partial reversion to starting materials has been noted
occasionally. 143-145 Use of t-butylcyanodimethylsilane was shown to provide
chromatographically stable and more hydrolytically resistant products.36

Catalysis. Although the early reports showed that silylated cyanohydrins would
form in the absence of catalysts, the advantazges of catalysis in terms of both reaction
rate and yield were quickly realized,!3!14 Catalysis could be accomplished with
Lewis acids or with anionic materials, and a variety of ¢ither class was shown to
be effective. Evans and Truesdale'*® pointed out in 1973 that there appeared to be
advantages to the use of the anionic catalysts. Although azide, thiocyanate, and
methoxide were also found to be effective, cyanide ion has become the most
popular of these anionic materials. Crown-ether complexes of alkali metal
cyanides, tetrabutylammonium cyanide, and cyanide bound to tctraalkéylam-
monium ion exchange resins were all reported to be effective.}*® For
transcyanosilylations (equation 9), Evans found that cyanide-ion catalysis was
much more effective than zinc iodide. For the cyanosilylation of 3-pentanone with
1, on the other hand, zinciodide, aluminum chloride, potassium cyanide/18-crown-
6, and tetrabutylammonium cyanide were all reported to be of comparable efficien-
cy.

Vyazankin and co-workers have studied the cyanide-catalyzed reactions of
pentafluorophenyltrimethylsilane, cyanotrimethylsilane 1, and cyanomethyl-
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trimethylsilane with a variety of carbonyl com pounds.l‘”_152 In general, exclusive
formation of silylated cyanohydrins was observed in reactions of 1, even with some
highly hindered ketones which would not react with the other two silicon reagents.
However, 2,4,6-trimethylacetophenone was transformed into its silyl enol ether in
a very slow (6 months) reaction. This was in contrast to a,o,a-trifluoro-2,4,6-
trlmethylacetolphenone which readily yielded the normal silylated
cyanchydrin. 2 A review of synthetic uses of organosmcon compounds under
nucleophilic catalysis conditions has recently appeared

Despite the above studies describing the effectiveness of anionic catalysis, zinc
iodide has remained the most popular catalyst. For over ten ;!ears, only the reactions
of p-quinones were known to require anionic cataly51s In 1983, Greenlee and
Hangauer reported that a-acylaminoketones also failed to react in the presence of
zinc jodide but could be readily transformed into the silylated cyanohydrms
(81-88% yield, <3 h) in the presence of potassium cyanide/18-crown- 6.4 Inter-
estingly, related BOC-a-aminoaldehydes apparently react with 1/zinc iodide to
produce the silylated cyanohydrins in quantitative yield. 155 Ketones containing
other, typically electron w1thdrawmg, subsmuents were also found to react slug-
gishly in the presence of zinc iodide. > Complexatlon of the Lewis acid at sites
other than the ketone carbonyl was suggested as a contributing factor, although this
would not explain the catalyst specificity with quinones. Reaction of 1-ben-
zylimidazole-2-carboxaldehyde with 1/zinc iodide has more recently been reported
to be sluggish, whereas ¢-butylcyanodimethylsilane/potassium cyanide/18-crown-
6 works well.!*® In an interesting but related example of cyanide-catalyzed
cyanosilylation, 2-acylimidazoles were readily reacted with 1 in the presence of a
catalytic amount of n-butyllithium. 57 Lithium cyanide is presumably the catalytic
species in these reactions. Thus, it now appears that anionic catalysis provides the
most general, efficient, and substrate independent method for the 1,2-addition of
TMSCN to aldehydes and ketones.

As part of a general investigation of the cata g]tlc utility of protonic acids (e.g.,
HCIO4) generated by electrolysis, Torii et al! reported that cyanosilylation of
aldehydes and ketones proceeded in yields of 82-97%. Tnmethylsﬂyl triflate was
also described as an excellent cyanosilylation mtalyst Tnphenylphosphme has
been utilized as a catalyst, although it did not appear to be particularly effective. 160

Stereochemistry. As expected, the cyanosilylation of aldehydes and ketones in
general produces racemic mixtures of adducts 2 (equation 8). Comments have
appeared occasionally, however, regarding the stereochem 1ca1 course of the addi-
tion to certain conformationally rigid substrates. Evans et al® initially reported that
4-t-butylcyclohexanone produced a 90 : 10 mixture of isomers a and b. It was
postulated that this ratio was the result of kinetic control since equilibration to
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a 78 :22 ratio could be accomplished in the presence of catalytic potassium
cyanide/18-crown-6. Additional support for Evans’ proposal has been provided by
Agami, who has studied the stereoselectivity of the cyanosilylation of the steroidal
ketones 4-cholesten-3-one, 4-methyl-4-cholesten-3-one, 2-cholesten-1-one, 1-
- cholesten-3-one, and 3-cholestanone as catalyzed by zinc iodide.'®! In an cases,
predominant formation (75-100% selectivity) of the axial nitrile via attack from
the a-face was observed.

Ketone 14, which reacted stcreoselcctivcl¥ with Grignard reagents, was found
to exhibit no selectivity in its reaction with 1. %2 Similar results were reported for
diketone 15.1%% Whereas reaction with sodium cyanide regiospecifically and

stereospecifically produced the cyanohydrin at position 2 with the nitrile in the
axial position, reaction with 1 resulted in loss of stereoselectivity. It is interesting
to speculate whether any selectivity would have been observed had anionic
catalysts been used rather than zinc iodide, as was the case in both of these
examples.

Ketosugar 16 was found to react with 1 in the presence of boron trifluoride
etherate to give 17 as the sole isomer in 86% yield.1 4

Ph e
S TMSCN o
——
7 NC
O \ OCH NH
Ac

TMSO v OCH;,
16 17

With the recent general advent of effective methodology for chelation-control-
led synthesis and chiral catalysis, efforts have been directed toward stereoselective
cyanohydrin syntheses as well. Reetz et al.!3 have utilized the chelation of Lewis
acids to chiral a-and B-alkoxy acyl cyanides to control asymmetric nucleophilic
addition to the carbonyl groups of these substrates. For example, complexation of
one equivalent of TiCls to acyl cyanide 18, followed by reaction with al-
lyltrimethylsilane, resulted in isolation, after acidic workup, of the adduct
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cyanohydrin in 92% ee (98% conversion) (Scheme 2). Similar results were reported
for the addition of the silyl enol ether of acetophenone to 18. These reactions were
originally described by Kraus and Shimagakj,166 who prepared a number of
racemic cyanohydrins in 31-92% yield. Presumably, silylated cyanohydrins are
the initial products prior to hydrolytic workup. In related studies, a variety of Lewis
acids could be utilized for chelation-controlled addition of either TMSCN or
t-butylcyanodimethylsilane to alkoxyaldehydes although maximum
diastereomeric ratios of 85:15 were obtained.'®

In the first example of the use of a chiral catalyst for enantioselective trimethyl-
cyanosilylation, chiral boron compounds led to 12-16% enantiomeric excesses of
the cyanohydrin derived from 2-mcthylbutyraldcl'lyde.1673 In a brief report, the
chiral alkoxytitanium and aluminum chlorides 19 and 20 were utilized to prepare

e

18 20

the same cyanohydrin in 82% and 32% ee, respc:ctively.167b In a somewhat more
detailed study, the chiral titanium reagent derived from diol 21 and
dlchlorodnsopropoxytltamum was used for the reaction of several aldehydes with
1.168 Optical purities of 68-98% were obtained. Similarly, the combination of
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21

tetraisopropyltitanate and diisopropyl-L-(+)-tartrate was reported to be useful in
converting benzaldehyde to its (R)-(+)-cyanohydrin (94% yield, 93% ee)
Optically pure chiral arenechromium tricarbonyl complexes 22 react with
TMSCN 1 in the presence of zinc iodide, followed by decomplexation, to yield the
chiral adducts 23 in 94% e¢ (R=CHz) and 80% ee (R=CF3), respectively.!’®

CN
@ 30 1) TMSCN , Znl, /.. OTMS
| 2)hv H

R
Cr(CO), R
22 R=CH,.CF, 23

In a somewhat different approach, Brussee et al.t"! utilized the enzyme

oxynitrilase to prepare essentially optically pure cyanohydrins (>98% ee) from
benzaldehyde and 4-methoxybenzaldehyde. Silylation with chlorotrimethylsilane
or t-butylchlorodimethylsilane in the presence of imidazole proceeded in high yield
(90-100%) with little or no racemization.

3.1.2. One-Pot Procedures

Although the addition of TMSCN (1) to carbonyl compounds has provided a
general method for the preparation of silylated cyanohydrins, the expense of
commercially available 1 (currently $1-2/g) or disadvantages in its modes of
synthesis have led to the development of a number of so-called “one-pot” proce-
dures (equation 10). The first such procedure was designed to overcome the fact

R o R! R*
. L - MCN | I
RI—Si-Cl  + RI—C—R® ——r R2—SI-0—C—CN (10)
73 " és Ar.

that the reaction of silyl chlorides with silver cyanide is an equilibrium reaction
(see Section 2.1). Reaction of an aldehyde or ketone with trimethylsilyl chloride
and silver cyanide in the presence of a catalytic amount of aluminum Chlorlde
provided the silylated cyanohydrins 12 in 60-85% yield based on silver cyamde

as compared with 15-20% yield based on AgCN by the then current two- step
methods, i.e., preparation and isolation of the cyanosilane prior to reaction with the
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carbonyl component. The results of independent studies showed that inexpensive
potassium cyanide (3 equivalents) could be utilized as the cyanide source, provid-
ing excellent yields (87-99%) of the adducts 12 in reasonable reaction times.144173
The reaction was conveniently conducted at reflux in either acetonitrile in the
presence of catalytic zinc salts, or in DMF. With ketone reactants, silyl enol ethers
were often observed as by-products when the reaction was conducted in
acetonitrile. In DMF solution, silyl enol ether formation was observed only during
early stages of the reaction. Further heating resulted in complete conversion to the
desired product, possibly due to HCN addition to the carbon—carbon double bond
{equation 11). This procedure has been modified by Rawal et all’* to provide

(¢] 2 OTMS
1] TMCS TMSO\ ,-R 1
R'—C—CHRR? ——— c=c — R—C—CcHRF (11)
KCN PRI M !
CN
+ HCN

excellent yields of silylated cyanohydrins (86-98% after chromatographic isola-
tion) using hindered silanes. ¢-Butylchlorodimethylsilanes, t-butylchlorodiphenyl-
silanes, and chlorotriisopropylsilanes were effectively utilized for the preparation
of silylated cyanohydrins from aldehydes, while ketones again led to silyl enol ether
by-products. Crown-ether catalysis of this reaction was not found to be benefi-
cial.'”® A similar result was found employing dichloromethane as solvent in that
benzaldehyde was converted to its silylated cyanohydrin in only 60% yield using
TMCS/potassium cyanide/18-crown-6.17>

Duboudin and co-workers! "% have observed the rapid (about 2 h) and quan-
titative formation of TMSCN from TMCS and potassium cyanide in acetonitrile in
the presence of catalytic amounts of sodium iodide and pyridine (see also Section
2.1.). Addition of a carbonyl compound to this mixture led to rapid formation of
the silylated cyanohydrin with no by-products being observed. By this procedure,
overall reaction times could be reduced to a few hours at room temperature. In an
extension of this method, use of methyltrichlorosilane allowed facile preparation
of triscyanohydrins 24,170

R‘l
R'COR? 1

CH,SiCl; ——= CHgSI(CN); ——————= cH;,Si(o—lc—Fz?)3
N

24

Rapid reaction rates and high yields have been reported utilizing two
equivalents of TMCS and three equivalents of lithium cyanide in THF.!”’ This
method was later extended to the synthesis of t-butyldimethylsilylated
cyanohydrins.178 Once again, this one-pot procedure was not generally applicable
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to ketones, although quantitative conversion of cyclohexanone to its silylated
cyanohydrin was noted.

A final one-pot procedure has been reported by Sukata®” using sodium or
potassium cyanide (3 equivalents) impregnated on Amberlite resins. Aldehydes
and ketones were readily converted into the corresponding trimethylsilylated
cyanohydrins (80-97% yield) by reaction in acetonitrile at 60°C for 4-8 h.
Formation of adducts 12 also occurred in other solvents although at much slower
rates. Comparison of these rates with the rates of formation of TMSCN from
TMCS under similar conditions’* led the author to postulate that reactions in
acetonitrile proceeded via the intermediacy of 1 while those in other solvents
involved addition of cyanide to the carbonyl followed by trapping of the
cyanoalkoxide with chlorosilane.

3.2. Cyanosilylations of a,B-Unsaturated Carbonyl Compounds
3.2.1. 1,2-Addition

In principle, the reaction of a,B-unsaturated carbonyl compounds with
cyanotrimethylsilane 1 might be expected to occur via either 1,2- or 1,4-addition
(Scheme 3). 1,4-Addition is the predominate route observed with HCN.'*® As
stated previously, however, exclusive 1,2-addition of 1 was observed by Evans et
al.!3! This result was confirmed by others foravariety of enones,5 142,148,158,181,182
acetylenic ketones and aldehydes,”&149’183 and quinones.38’143‘184 Yields of
1,2-adducts using zinc iodide generally range (with few exceptions) from 80—
99%,131’181’182 whereas the cyanide ion catalyzed reactions with acetylenic sub-
strates were reported to be more variable.

Cyanosilylation of p-quinones deserves mention as a special case of 1,2-addi-
tion to an a,B-unsaturated ketone (equation 12). Although it was reported that
p-benzoquinone (25, R1=R2=R3=H) could be monocyanosilylated at elevated
temperatures in the absence of a catalyst,131 cfficient catalysis of this reaction was

| ™
C—_—C—(I:—
OTMS
N TMSCN
c=C—C—
[}
o
[
CN OTMS

Scheme 3.
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found to be restricted to cyanide ion.!4>146 With substituted benzoquinones and
naphthoquinones, regioselectivity was quite high, generally leading to 9:1 selec-
tivity for the adduct of the most electrophilic carbonyl group. Stcric effects were
usually minimal, except with ¢-butyl and isopropyl substituents. Subsequent
work has verlﬁed these early results, and has extended the scope and utility of the
reaction!®® (scc Section 3.4.1 ) S1m11ar results have been reported with
quinoline and isoquinoline qumones 84 Reaction of TMSCN 1 with 2 6 dibromo-
p-benzoquinone 26 is reported to be sensitive to reaction conditions.'*® Adduct 27
was produced in 100% yield in acetonitrile at 0°C in the presence of a catalytic
amount of triphenylphosphine. Other solvents or higher temperatures gave a

O
Br Br
TMSCN
:: Phs E j :/ ;
o TMSO  CN

26 27 28

mixture of 27 and 28, whereas 27 could be isomerized completely into 28 at 40°C
in acetonitrile in the presence of the phosphine. In an interesting extension of the
quinone reaction, 2- methoxy 1,4-cyclopentenedione has been regiospecifically
protected in 91% yleld

o ™SO CN
ﬁ/w&; TMSCN Q/oow
KCN/18-C-6
o o

3.2.2. Conjugate Additions

The formal conjugate addition of cyanosilanes to o,fB-unsaturated ketones has
been accomplished by 1,4-addition of diethylaluminum cyanide (Nagata’s proce-
dure!® followed by trapping of the aluminum enolate with chlorotrimethyl-
silane.!®? Formation of B-cyano silyl enol ethers from mesityl oxide 29 and a
variety of cyclic unsaturated ketones generally proceeded in good-to-excelient
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yield (80-95%). Utimoto and co-workers!3-195 subsequently reported that similar
results could be obtained from the reaction of TMSCN and unsaturated ketones in
the presence of a variety of Lewis acid catalysts in THF or toluene solution. These
conjugate additions of 1, however, require somewhat special conditions. For
example, formation of 1,4-adducts 31 and 32 from ketone 30 required the use of

E13A1 (200) e

32
TMSCN MSCN
Et,Al (0.2eq. Et,Al (26q.)

NC
33

excess cyanosilane (2.2 equivalents) and “catalyst” (2.0 equivalents of Et3Alor 3.1
equivalents Et2AICI). Reaction in the presence of 0.2 equivalents EtzAl led
exclusively to the 1,2-adduct 33, which could be converted to the 1,4-adduct by
treatment with additional 1 and Et3Al. Attempted isomerization in the absence of
1 led to a complex mixture. Thus, the 1,2-adduct has been proposed to be the initial
product which subsequently rearranges in the presence of excess 1 and EtzAl via
34. Reaction time, temperature, and solvent influence the ratio of the 1,4-adducts,
with 31 apparently being the thermodynamic product. A variety of other Lewis

Et,AICN S ELAING

TMSO

34

acids (aluminum chloride, boron fluoride etherate, tripropylboron, trimethylsilyl
triflate, zinc jodide, and stannous chloride) were found to roduce a40 : 60 mixture
of 31/32 when employed at a <0.1 equivalent level.!** Although the reaction
appeared to be fairly general with cyclic unsaturated ketones, several acyclic
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aldehydes and ketones, with the exception of mesityl oxide, produced only 1,2-ad-
ducts. Unfortunately, attempted reaction with similar acyclics was not attempted
via the diethylaluminum cyanide/TMCS procedure1 92 50 that a direct com parison
of the two processes cannot be made. In a modification of Utimoto’s procedure,
hexane solvent was stated to give better results in the 1,4-addition of 1 to cyclopen-
tenone.'*®

Conjugate addition of TMSCN to a cyclic vinylogous lactone in the presence
of boron fluoride etherate proceeded in high yield and stereoselectivity and was a
key step in the synthesis of (+)-benzoylpedamide.197 Exclusive conjugate addition
has also been observed in the reaction of 4,4-dimethyl-1-cholesten-3-one with 1 in
the presence of zinc iodide. 1!

One example of 1,6-addition of TMSCN has been reported. Dienone 35 was
quantitatively transformed into adduct 36 in the presence of boron fluoride etherate
whereas other conditions and catalysts led to lower yields or mixtures of 36 and
1,2-adduct.!*>1%

TMSCN

——

BF, OEt,

35 36

A fascinating example of 1,7-addition has been observed with the benzal-
dehydes 37 (Y=H, F, C}, Br, CF3, NO2), Fnoducing the ring-closed products as a
mixture of two readily separable isomers. 8

Y
»
ZNao TMSCN
CO,CoH;s Znl,
CH;y " CHs,
H

37

Tropone and 2-phenyltropone react with cyanotrimethylsilane to give the
products of apparent 1,8-addition 38 in 54% and 59% yield, respectively.1 ° These
products could be converted to the corresponding 2-cyanotropones via a

hydrolysis/selenium dioxide oxidation sequence.
o) oTMs

R TMSCN NC R

Znl,

R=H,Ph 38
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Aninteresting example of conjugate addition of silyl cyanides, and perhaps the
only one involving an ester substrate, is that encountered in group-transfer
polymerization, a new polymerization technique introduced by DuPont scientists
in 1983. This process involves repeated transfer of a trialkylsilyl group from the
growing polymer chain end to the incoming monomer (Scheme 4), and is usually
initiated by a trialkylsilylketene acetal in the presence of an anionic or a Lewis acid
catalyst. However, the use of other trialkglsilanes as initiators, notably TMSCN,
has been exemplified in numerous patents 00-208 ang publications. When 1 is used
for the initiation of methyl methacrylate polymerization, initial conjugate addition
in the presence of cyanide-ion catalyst has been proposed to occur to produce the
reactive intermediate 39.2°°2!4 NMR kinetic studies have provided some support

CHa
Chy TMSCN \
o o T o
cocH;  © ™SO
39

for this proposal.zw’211 An induction period was observed in these polymeriza-
tions, which was proposed to be attributed to strong complexation of the catalyst
by 1 (eq 13).

Bandermann and co-workers have reported detailed kinetic studies of these

CO,CH;
OCH;, Nu OCH; CH,
OTMS O-SiMe,
Nu
Nu
HaCrs, :, «CH .
-Siag' Vs Nu-- SiMe;
CHO_ O™ i ~CH, OCH,
H - HgOOzC | — i

Scheme 4.
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CHSICN  + CN ST (CH,),Si(CN), (13)
40

polymerizations catalyzed by cyanide and bifluoride jon. 212213215216 Although
the tetrabutylammonium salt of complex 40 has been isolated!1® (sce Section
2.2.1.), direct supporting evidence for the intermediacy of 39 has not been publish-
ed. It has been reported that the cyanosilane initiator can be formed in situ by
reaction of TMCS and tetraalkylammonium cyanide.217 A Japanese patent
described the in situ preparation of an initiator for group-transfer polymerization
by reacti% a f-diketone or f-ketoester with a base and a silylating agent such as
TMSCN.?8 Finally, initial reaction of two equivalents of 1 with a,w-
poly(caprolactone)diacrylate, followed by the addition of methyl methacrylate,
allowed [frezparation of the ABA block polymer, copoly(MMA-b-caprolactone-b-
MMA).2 4,219

3.2.3. Rearrangement of 1,2-Adducts

Whereas clean formation of 1,2-adducts from o,f-unsaturated ketones and
TMSCN is generally seen under normal conditions, anomalous results have oc-
casionally been noted with aldehydes. In a study of the cyanosilylation of 2-
ethoxyacrolein, Voronkov and co-workers?2® observed formation of the normal
1,2-adduct 41 in the presence of zinc iodide or freshly prepared H2PtCl2-6H20
(Speier’s catalyst). An “old” Speier’s catalyst (aged for more than 3 months),
however, led to formation of rearranged 1,2-adduct 42 (81%). Rearrangement of
41 to 42 could be accomplished by heating (105°C) in the presence of the “old”

™
CHOTMS

OCHs
/ 41
CHO
% + TMSCN l
OCHs \
NC

Oom™s
o—l

OCHs
42

catalyst or by heating alone at 160°C. In a subsequent study, the 1,2-adduct of
acrolein was found to isomerize to adduct 43 in the presence of a secondary or
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tertiary amine.??! The formation of a 1 : 1 mixture of conjugated and noncon-
jugated silylated cyanohydrins from 3-diethylphosphonoacrolein has been noted
as well.

a amine oS
CHOTMS crgou=<

! 106 - 170°C CN

43

Reaction of cinnamaldehyde with 1 catalyzed bgf potassium cyanide/18-crown-
6 was found to produce acrylonitrile 45 (R = Ph),14 whereas44 (R = }9 rearranged
to 45 (R = H) in the presence of potassium t-butoxide in HMPT.’ Hiinig and

RCH= CHCHO
\ OTMS
Ronm-=<
CN
/ 45
RCH==CH~CHOTMS

CN
44

Reichelt?? later observed rearrangements in the cinnamaldehyde series catalyzed
by triethylamine or tetrabutylammonium iodide. Rearrangement of adducts 44 to
trimethylsilyloxyacrylonitriles 45 was subsequently shown to be a general reac-
tion.?* When R is an aromatic group, cyanide ion is sufficient to catalyze
isomerization. When R is not aromatic, however, a much stronger base is needed.
1,8-Diazabicyclo[5.4.0]Jundec-7-ene (DBU) was found to be a particularly efficient
catalyst for this isomerization, allowing isolation of the products 45 in good-to-ex-
cellent yields (6&—95%).224 Thus, proper choice of reaction conditions allows
isolation of high yields of either isomer of the carbonyl adduct.

Although a-silyloxyacrylonitriles may be prepared by the rearrangement
reaction described above, the first approach to the synthesis of this class of
compounds was the 1,2-addition of cyanosilanes to ketenes.?52%7 Adducts 47
were obtained in yields of 60-97% from free ketenes 46 or from ketenes generated
in situ by dehydrochlorination of aliphatic acid chlorides. This latter route appears,
at least in some cases, to involve not only ketenes but also acyl cyanides 48 as
intermediates’ (see Section 3.3.2.). The effect of the substituents on the acidity of
the a-proton was found to dictate conditions necessary for the conversion of 48

into 47. A general approach to 47 (Rl, R?= alkyl) was developed which involved

1 1
R \ TMSCN R oS
C=C=0 H
n{ R CN

46 47
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Rl
A Y
c=0c=0

r? TMSCN
EtN
R R' OT™S

\
CH-COCI > <
R CN

TMSCN Rl A

CH-COCN
48 + TMCS

dropwise addition of the mixture of 48 and TMCS to excess tricthylamine. A
modification of this procedure, utilizing pyridine as the base, has been described
as a convenient preparative method for 2-(trimethylsilyloxy)acrylonitrile itself.??
Reaction of this compound with diazoalkanes provided a convenient route to the
silylated cyanohydrins of substituted cglclopropanoncs 49,228 compounds which
could not be prepared by other routes.??

RZ
R R'
OT™S \ OTMS
% + CN, —_—
rf N
48

CN

Trialkylsilyl- and trialkylgermylketenes (46, R! = RsSi or R3Ge; R® = H or
CH3) have similarly been transformed into the corresponding adducts 47 148,230
Reaction of trimethylsilylacetyl chloride with 1, however, results in rapid
isomerization of the initially formed acyl cyanide.230

OTMS

TMSCN _
Me,SICH,COCI ———— [ Me;SICH,COCN |  ——mem =<
oN

Vinyl substituted 2-(trimethylsilyloxy)acrylonitriles 50 may be prepared via
1,4-elimination reactions.

llR CHy CHs
x/w \/k OH_oms LDA R,.¢\/‘§,,,ows
1
CN

CN
(R=H,CHO) 50
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3.3. Cyanosilylation of Other Carbonyl Compounds
3.3.1. Reaction with B-Diketones

The reaction of B-diketones with TMSCN 1 has been known in the literature
since the earliest reports on cyanosilylation, yet the mechanistic details of these
reactions remained unclear until recently. Neef and Muller! 4141 initially reported
that acetylacetone 51 produced silyl enol ether 52 or adduct §3 upon thermal (90°C?
reaction with one equivalent or excess 1, respectively (Scheme 5). Ryu et al.®
commented that it was not possible to prcgare 53 without formation of substantial
amounts of isomer 54. Gostevskii et al.,1 %150 on the other hand, were unable to
verify the formation of 54. In agreement with Neef and Muller, they obtained 52
at room temperature or §3 at elevated temperature in the absence of catalyst.
However, 55 was formed in the presence of either zinc iodide or potassium
cyanide/18-crown-6 catalysts. Reactions with other p-diketones, 1-phenyl-1,3-
butanedione, 1,3-cyclohexanedione, and 5,5-dimethyl-1,3-cyclohexanedione, led
to similar results with the exception that the cyclic ketones did not yield products
analogous to 53 or 54.22 Detailed studies on the course of these reactions and of
the reactions of the related substrate, methyl 2 4-dioxopentanoate 56, have led to
a clarification of the reaction mechanism.>3%* Using 'H NMR, Foley has
discovered that in room temperature reactions, the initially formed products, in the
presence or absence of catalysts, are the silyl enol ethers 52 and HCN. These
products were shown to be in equilibrium with the starting materials. The product
actually isolated, however, was dependent upon a number of factors, notably the
stoichiometric amount of TMSCN added and the catalyst used. For example, with
one equivalent of 1, zinc-iodide catalysis produced adducts 53 while potassium
cyanide/18-crown-6 catalysis led to adducts 57. With an excess of 1, additional
products such as 55 were formed. The mechanistic sequences have been worked

™SO O™Ss TMSO O™S

TMSO OTMS / 5! \ ™SO o)

55 52
Scheme 5.
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[e] (e}

RM CH,
+ A
l + TMSCN N CH,

HO o 54
R)\/u\cH, ™SO Oo™™S

o ¢
: 213
a

51:R=CH, NG oN
56 :R=CO,CH, 55
;MM
NC CHy
57

out in detail.2>* These results again emphasize the fact that the two types of

catalysis are not equivalent (see also Sections 3.1.1. and 3.2.3.).
Whereas room temperature reactions of 1 and f-diketones do not lead, as

discussed above, to adducts of the type 53 in the absence of catalysts, related
adducts 58 are readily obtained even at —-40°C utilizing dicyanodimethylsilane.231
When R! = R3, mixtures of double bond isomers were generally obtained. Adducts
59 and 60 were also obtained from the corresponding phenols in 85% and 62%,
respectively.

HsC, ,CHy
o fo) Si
(CH3),Si(CN), o7 o .
e ——- R
R' R® 81-98% RM
oN
2
R R
58

Silyl enol ether 61 was postulated as an intermediate.



Cyanotrimethylsilane 93

HC_ ,CHs H,C. c
si e HiC_ ON
0/ \O O/ \O \Si
H,C~
CN N 3 \
o
9@ N
RZ
o]
59 60 61

Normal 1,2-addition of TMSCN to a variety of substituted glyoxylic esters has
been rcported.23 5,236

(o] Oo™™S

TMSCN
]
R‘)kOOZRz Znl, R EN CoR¢

(R'=H,CH,,Ph)

3.3.2. Addition to Acid Halides

The reaction of carboxylic acid halides with TMSCN has been exploited as a
mild, general procedure for the preparation of the corresponding acyl cyanides, a
class of highly reactive cor?rgpounds which are particularly prone to hydrolysis and
dimerization reactions.2"%8 Depending upon the nature of the substrate and the
reaction conditions, silyloxydinitriles may also be produced. The first reports
concerning the reaction of 1 with acid halides were from Sundermeyer and
co-workers,142239-241 Carbonyl fluoride was converted to fluorocarbonyl cyanide
(64,R=F)in26% yif:ld.23 o Phosgene, oxalyl chloride, and trifluoroacetyl chloride,

i OITMS TMSX (l? SC CI)TMS
il T - TMSCN
R—C—X -—M—*— R—(']J—X ———» R—~C—CN ——» R——(])-—CN
CN CN
62 63 64 65

on the other hand, produced only bisadducts 65 (R = CN, C(CN)2(OTMS), and
CF3, res‘})ectively), presumably due to the high reactivity of their carbonyl
groups.1 2 Independently prepared 64, R = CF3, was shown to react quantitatively
with 1 to produce 65, R = CF3.2*! Reaction of acetyl and benzoyl chloride with 1
at reflux in the presence of a catalytic amount of fxridine led to the corresponding
malononitriles 65 (65% and 85%, respectively). 4

More detailed studies of these reactions subsequently led to the development
of general syntheses for aliphatic acyl cyanides. Herrmann and Simchen?” found
that the reaction exhibited an induction period, but that this could be eliminated by
utilizing a catalytic amount of a halotrimethylsilane in the reaction mixture. The
silylated cglanohydrin 63 was postulated as an intermediate. Hiinig and co-
workers’ 278 found that Lewis acids also catalyzed the reaction. Yields via these
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two procedures are generally high, although the reported range is from 33—100%
A 46% yield of 64, R = pentachloro-1,3-butadienyl, has been reported. 242
Several aroyl cyanides have been prepared as useful derivatization reagents for
chromatographic separation of hydroxyl compounds. Zinc iodide was used as the
catalyst in methylene chlorlde solution at room temperature, allowing preparation
of naphthoyl cyanide 66,°4> 1- and 9- -anthroyl cyanides (approximately 80%

coc! OOCN
TMSCN OO
——————-
Znl,
N
N VN
HaC” “CH, HiC™  "CHy

66
yields), and the racemic and optically pure isomers of 2-methyl-1,1'-binaph-

thalene-2'-carbonyl cyanide. 246 Ferrocenoyl chloride, on the other hand, yielded
only about 20% of the cyanide under these conditions.

Olah and (:o-workers,248 citing problems with the zinc-iodide catalyzed proce-
dure and other earlier procedures for the preparation of aroyl cyanides, developed
a new, general procedure employing stannic chloride as the catalyst. Reaction in
dichloromethane at room temperature for 2 h provided the aroyl cyanides in
80-95% yield.

3-Chloro-2,6-dimethylpropionyl chlonde chloroformates,240 and car-
bamoyl chlondes25 % have also been converted to the corresponding cyanides.

Although a second equivalent of 1 will react with acyl cyanide 64 to produce
the dinitrile 65, this second step is normally much slower than that which produces
64. In the presence of tetrabutylammonium jodide catalyst, however, rapid forma-
tion of 65 was observed, even when only one equivalent of 1 was used.”2%8
Formation of tetrabutylammonium cyanide (equation 14), addition of cyanide to

244,245

n-BuN'T + TMSCN =" n-BuN‘CN' + Me,Sil (14)

the carbonyl of 64, and trapping by iodotrimethylsilane were proposed to account
for this result.”? Alternatively, it is conceivable that 64 could be first silylated by
the iodosilane followed by trap%mgﬁ Y cyanide.

Yamaguchi and co-workers have utilized the reaction of aromatic acid
chlorides with TMSCN in the presence of pyridine at 120°C to prepare the
corresponding silyloxymalononitriles in yields generally exceeding 70% (see also
Section 3.4.4.).

Findeisen and coworkers>>> 2> have patented a number of processes for the
preparation of acyl cyanides 64 and silyloxymalononitriles 65, both of which are
useful intermediates for herbicide and insecticide syntheses (see Section 3.4.3.).
Reaction of carboxylic acid anhydrides with one equivalent of TMSCN provided
a general and industrially feasible process for 64 productlon 3 The by-product
trimethylsilyl ester could be recycled by reaction with the corresponding acid
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(RCO),0
RCOC!I TMCS TMSCN RCOCN
\_/‘ o
M*CN’
RCO,TMS

chloride; likewise, recycling of TMCS was possible, thus suggesting the feasibility
of continuous processing. This reaction may be catalyzed by Lewis acids or by
bases, particularly tertiary amines such as triethylamine or DABCO, leading to
product yields in the range of 81-99%. Similarly, reaction of anhydrides with two
equivalents of 1 was found to produce dinitriles 65 in excellent yield (78—98%).254

OTMS

2 TMSCN !
(RCO),L0 ———m—— R—C(CN); + RCO,TMS

65

Similar advantages of this process to that described above were cited. Lewis acids
again were found to be useful catalysts. Finally, improved processes for the
preparation of malononitriles have been described.>> In process a, an acid halide,
was treated with at least two equivalents of TMSCN under such conditions that the
TMCS produced was constantly removed from the reaction mixture. Catalysts may
be used although this process was preferrably carried out in their absence. Process
b, avariant of a, was conducted by reacting the acid halide with at least an equimolar
amount of 1, removing the TMCS by-product, then treating the acyl cyanide thus
formed with additional 1 at a temperature of 10-40°C. Process ¢ was identical to
process b except that the starting material was an acyl cyanide. In a previously
unreported reaction, process d reacted dimeric acyl cyanides 67 with two
equivalents of 1 to give the desired products. Although Lewis acids or bases were
optional in all of the processes, DABCO was cited as being particularly ad-
vantageous, especially for sensitive substrates, since it considerably lowered the
required reaction temperatures.
OoT™™S
] 2 TMSCN ]
R—C—CN ——— R—C(CN),
CN
67

The reaction of cyclopropyl acid chlorides 68, R = Cl or Br,with TMSCN has
been used to prepare malononitriles 69, which are useful intermediates for the
production of insecticides. 2

65
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—=Cd = OT™S
R 2 TMSCN R 1
coct ——— C(CN),
H3 H3
CH, CH;
68 69

3.3.3. Miscellaneous

Reaction of hexafluoroacetone with TMSCN has been found to take an unusual
course. In the presence of excess 1, the unstable 1 : 1 adduct 70 was produced.
Excess ketone, on the other hand, led to 3 : 1 adduct 71. The 2 : 1 adduct 72 was
postulated to be an intermediate.

o cl)ms
it
CF;—C—CF; + TMSCN ——= CF3—<|3—CF3
oN
70
CF,
CF;
CF
ch g “Fa - | CFs
N—C—OTMS N—TMS
CFs I CFy
CF,
71 72

The dark green ketone 4,5-dihydro-3H-benzo[cd]azulen-3-one 73 has been
reported to yield silylated cyanohydrin 74 (50%) as a violet colored 0il.2

3.4. Utility of Silylated Cyanohydrins

3.4.1. Carbonyl Protection

The use of cyanotrimethylsilane to temporarily block or protect a carbonyl
group, thereby allowmg functlonahzatlon of another site in a molecule, was first
described by Evanset al.1*3 in connection with the elaboration of some p-quinones.
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A number of substituted p-benzoquinones and p-naphthoquinones 75 were found
toreact cleanly with TMSCN to give good yields (65-100%) of the mono-protected
adducts 76 (see also Section 3.2.1). Organolithium and magnesium reagents (R4M,
R*= Me, n-Bu, Ph) were shown to react selectively with the carbony! groups of
76 without interferring with the nitrile or silyl ether groups. Desilylation to produce
the quinol 77 could be effected in high yield under mild conditions by treatment
with silver fluoride in aqueous THF. This methodology has been extended to the

o}

R\ RZ R! ™SO, oN RZ
TMSCN R*M
————————- —————
Ra R3
o o]
75 76
™SO N O
R R? R' R?
AgF
———-
Ra RS
HO" ‘R* HO" ‘R

77

reactions of mono-protected quinones with ester and amide enolates for the
synthesis of some antibacterial p-quinols 78 (R = OEt or NH2) of marine originlgo
and for the preparation of some p-quinol benzoates.?>® The approach has also been
utilized in studies directed toward the synthesis of naphthoquinols189 and in the
synthesis of the antitumor agent jacaranone 798 and of (iso)quinoline quinols
related to 79.1% 2-Lithio-1,3-dithiane, (phenylthio)methyllithium, and (ben-
zyloxy)methylithium were shown to add efficiently to the carbonyl of 75 (R7, R?
R= H).188 Alkylation of the protected cyclopentanone 80 has been reported, !
as has the attempted metallation of 81 with (CO)5RcH.26°

o o)
Br Br NG OTMS NC_ OTMS
o
R OCH;4
78 78

80 81
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In an extension of the above strategy, Evans and Hoffman!®® developed a new
procedure for quinone isoprenylation via [3,3] sigmatropic rearrangements of
intermediate quinols (e.g., 82 - 83). Insome cases, quinols 82 have been isolated. 187

™SO ,ON o oH
NaF 13.3] 4
———. ——
82 83

Protection of carbonyl groups as the silylated cyanohydrms prior to other
rearrangements have also been reported. Stork and KrausZ6! prepared a prostaglan-
din precursor via a thermal ene reaction of enyne 84, and Ziegler developed a new
synthesis of §,&- unsaturated esters based on the Cope rearrangement of 1,5-dienes
such as 85.252 Adam et a1.2> found that silylated cyanohydrins of a,f-unsaturated
aldehydes exhibited different reactivities and diastereoselectivities in ene reactions
with singlet oxygen than did the unprotected aldehydes. For example, although the
precursor aldehyde was completely unreactive, 86 reacted readily with singlet
oxygen to give a mixture of ene-type products.

oR OR
™ % W = TMSO
CN \ CsHy CN == CsHyy
oR OR
84

CH,OH
OTMS —= oms — CO,CH,

A

§ 02 t

—— +

H N H
HOO

™s0” “en OTMS ™so” oN

86
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In other studies, protection of the ketone carbonyl of §-ketoesters such as 87
prior to desulfurization with aluminum amalgam was necessary for clean reduc-
tion,” and protected compounds 88 were found to be more reactive toward
nucleophiles than the corresponding 2-acylimidazolium salts.!®?

TMSO

o] ON - CH,
N +
COCHs “>ﬂ4 x
___S0,Ph NJ
g
87 88
3.4.2. Umpolung
265,266

The term “umpolung” was suggested by Seebach to describe “reactivity
reversal”, i.e., transforming a normally electrophilic carbonyl group into a
protected or masked form which can subsequently function as a nucleophile. A
variety of acyl anion equivalents %7 have been developed, the most common of
Wthh are metallated derivatives of 1, 3 dithiane 89 and of protected cyanohydrins
90.%° Although a number of R! groups, including ethoxyethyl and 2-
tetrahydropyranyl have been used for the latter reagents, the trimethylsilylated
derivatives (90, R' = TMS) ? are certainly among the most useful acyl anion

equivalents.
n-BuLi R 8
RCHO ———— X > >< )
Li S

s / R
RXS:> E>'=O
T
S— >< 2 >< _.E><

80

m1

CN

E* = glectrophile
LDA = lithium diisopropylamide

Described initially by Hiinig in 1973, the utilization of silylated
cyanohydrins as umpolung reagents has seen continuous expansion and develop-
ment. As noted previously, an advantage of the use of cyanotrimethylsilane for the
protection of aldehydes and ketones is the facility and high yield of the addition
reaction. When the silylated cyanohydrin product is derived from an aromatic,
heteroaromatic, or o,f-unsaturated aldehyde, the methine proton is relatively



100 J. K. RASMUSSEN, S. M. HEILMANN, and L. R. KREPSKI

acidic and can be removed by strong base. Although 1,3-dithiane derivatives 89
may be metallated by treatment with n-BuLi, a non-nucleophilic base usually must
be used to deprotonate silylated cyanohydrins in order to avoid reaction with the
nitrile group. Lithjum diisopropylamide (LDA) is the base most commonly used
for this purpose. Thus, treatment of the silylated cyanohydrin 91 with 1.0-1.1
equivalents of LDA (usually in tetrahydrofuran (THF) or dimethoxyethane (DME)
solution at —78°C) affords the lithiated acyl anion equivalent 92. This reactive
intermediate may be trapped by a variety of electrophiles (EX) to yield the new
silylated cyanohydrin 93.

1 1 1
R><OTMS tpa B OMS g R OMS _nalLHolorF >
W Ve A £ T2y diNaon
o1 82 93 94

Another real advantage of the use of silylated cyanohydrins as umpolung
reagents is revealed in the next step. Removal of the protecting group to give the
new, elaborated ketone may be accomplished chemoselectively in high yield and
under very mild conditions, by treatment with dilute acid followed by dilute base
or with a source of fluoride ion. As noted by the representative examples in Table
11, alkylation of 92 to yield ketones worked well when EX (RX in Table II) was g
primary or secondary alkyl iodide, bromide, chloride, tosylate, or sulfonate.?’%-%"2
The reaction was also successful when E = r-butyl but failed when E = neopentyl
or adamantyl. The possibility that these coupling reactions proceed via one electron
transfer from 92 to the electrophile followed by radical coupling has been raised.”’

The above carbon—carbon bond forming reaction has been applied to the

TableIl. Alkylation of Anios from Silylated

Cyanohydrins of Aromatic Aldehydes?’%-272
R! RY Yield of 94 (E = R), %
CeHs CH3l 98
CeHs n-C4HoBr 72
CéHs C2H50Ts 85
CeHs (CH30%S02 92
CeHs i-C3H7l 95
Cg¢Hs ¢-CsH11Br 48
CsHs +-C4Hol 75
m-CeHa CeHsCHzBr (2 equiv.) 52
3-pyridyl CeHsCHzBr 84

2-furyl CH3l 92
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preparation of elaborated ketone 95, a precursor to the antifungal natural product
trichostatin A (96).%7*

OTMS 1)LDA
CN 2) BrYY\/COzCsz
H
(CHy) N 3)dil. HCI
4)dil. NaOH
o} o o}
/@)H/\'/\/ CO,CoHs /@)W\/‘L NHOH
(CHa)N (CHa)oN
95 96

Trapping the anions derived from 97 with tropylium tetrafluoroborate, fol-
lowed by hydrolysis, generated the 2,4,6-cycloheptatrien-1-yl ketones 98.275 Note
that in this case, n-BuLi was used to metallate the silylated cyanohydrin.

OTMS 1)n-Buli OT™S

R 0
2
H ) + BF,
97
R=H,CN,CF,,Ci,

CH, , OCH, , N(CHy), 40 - B5%

1)Et,N HF A 0
2)NaOH
or
1)HCI
2)NaOH

98

Application of the umpolung reactions of 91 (R1 = Ph, 3- or 4-pyridyl) enroute
to substituted 2,3-dihydroimidazo{2,1-b]thiazoles 99 has been described,”’® as
have alkylations of 91 (R1 = 3-thienyl or 2-benzofuranyl) leading2%o7 izr’lltgermediates
for the preparation of compounds with antihypertensive activity®’"“*" and of 91
(RI = 2-pyrazinyl) for the preparation of antifungal agents.

it

99

Ar
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As is the case with silylated cyanohydrins derived from (hetero)aromatic
aldehydes, those derived from o,B-unsaturated aldehydes (see Section 3.2.1.) may
also be smoothly deprotonated by treatment with a stron%, non-nucleophilic base
and utilized as umpolung reagents. Hertenstein et al. 18182 have shown that the
allylic anions 100 may be effectively trapped with the same types of alkylating

R‘l
A Oo™™S
T L*
R?Z N R*X R3
¥ - attack \
100 0TS
RA
R? N
102

agents that react with anions derived from the aromatic species. In this case, the
product that results after deprotection is an o, B-unsaturated ketone. A complication
present with the allylic anions 100, however, is the possibility of alkylation at both
the a-site, forming silylated intermediate 101, and the y-site, forming product 102.
As indicated in Table I1I, studies by Hiinig and co—workersé23 280,281 have shown
that, in most cases, reaction at the a-site greatly predominated over reaction at the

Table III. Alkylation of Allylic Anions 100

! R R3 R% 101, % Yield 102, % Yield®
H H H CHsl 77 —
CHs H H CoHsl 85 —
CHs H H i-C3H7Br 78 —
CH3 H H CsHsCHaBr 76 —
CHs CHs H CHul 88 —
CeHs CHs H CHil 73 —
CeHs H CHs CHsl 66 —
CéHs H H {-C3H1Br 80 —
CsHs H H CHil 45 32
p-CH;OCsHs H H CHil 77 10
p-ClICsH4 H H CHil 22 29
p-CNCsHy H H CHil — 42

“The product of y-alkylation was usually isolated as the amide after treatment of the reaction mixture with aqueous
ammonium chloride.
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y-site. Although temperature and leaving group in the electrophile had little effect
on the ratio of a/y alkylation, increasing amounts of y-alkylation were observed in
more polar solvents (DME vs. THF) or upon addition of HMPT, with larger alkali
metal ions, and with smaller alkyl groups in the electrophile.

Alkylation of anion 103 with the substituted benzyl bromide 104 has been
reported to be a useful approach to dihydroisocoumarin precursors 105. 282 Addi-

CHy
CHng RO, ™ CH;,
%\/S(oms . ]:IY\/
CO,CoHs COEHs
oR
105

R = MEM (8- methoxymethyl)

tion of anion 106 to allylic chloride 107 was reported as an early step in an approach
to the macrocychc antibiotic kijanolide, 283 and um polung reactlons of 100 (R
R*=R3 = H) with other allylic halides provided 1,5-dienes 108.%

CHj Ch,
™S
CH"\/P(O: + m\A/\CI —_— FO\/W\/CHS*
i
© a. CH,OCH,
106 107

OT™S

z CN

X

108

Silylated cyanohydrin carbanions which are not stabilized by an adjacent
(hetero)aromatic group or double bond are generally difficult or impossible to
prepare and react with electrophiles,284 although one example of an intramolecular
alkylation has been reported as aroute to transhydrindenones. 285 The most efficient

1) LDA
———-

2)n - Bu,NF :
65 % H

route to other cyanohydrin ethers is often via the silylated cyanohydrin, however,
since it may be prepared in high yield and be easily cleaved to the cyanohydrin (see
Section 3.4.4.). Reaction of the cyanohydrin with ethyl vinyl ether or dihydropyran
then provides the new protected cyanohydrin. This strategy was used in the
preparation of an “unstabilized” 2-tetrahydropyranyl cyanohydrm for umpolung
alkylation in the synthesis of antihypercholesterolemic agents ® 1t has also been
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used for preparation of some macrocycles by intramolecular umpolung reactions
in which the anions of the trimethylsilylated cyanohydrins (e.g., 109, R = TMS)
were apparently too labile to survive the reaction conditions (refluxing THF or
benzene). Conversion to the ethoxyethyl cyanohydrins (R = CH(CH3)OCH2CHz)
allowed successful cych’zation.287‘

108

Fischer and Hijnigzgo have shown that reactions of lithiated silylated
cyanohydrins of dienals with alkylating agents containing a terminal double bond
provided products 110. These adducts contained both diene and dienophilic
moieties, and underwent nearly quantitative intramolecular Diels—Alder cycload-

OTMS
OT™S 1) LDA I N CN
Wm (CHany
R H 2) NCH,) X R /\/
ne2 N 3
110
™SO N o]
180°C 1) Et,N 3HF

— (CH,) —— {CH,),.
24 hr Ao’ "' 2)NaOH/H,0 . : wnt

R B H

ditions. The carbonyl group was regenerated under very mild conditions, avoiding
isomerization of the double bond. Reactions of analogues of 110 (n = 3) having an
unprotected carbonyl group gave products in which the double bond had migrated
into conjugation with the carbonyl group.

Intramolecular Diels—Alder reactions of the furan containing umpolung
products111 and 112 have alsobeen reported.zgl’292 Similar reactions of analogues
of 111 containing a free carbonyl group did not proceed. The authors noted that the
previously unknown tricyclic ketones 113 could prove very useful in the synthesis
of furan containing sesquiterpenes.

° 0
o (o]
/ \ OM™S  1)120°C/30-36hr
o [ « f
2) PhCH,NEY, HF
3) dil. NaOH
= exo endo

88 12
111
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\ (CH), 1)240°C/30- 36 hr
M 2) EL,N 3HF

™SO ON 3} NaOH and/or NaOMe

112

In addition to reactions with alkylating agents to generate new ketones, addi-
tions of the lithiated cyanohydrins 92 to carbonyl compounds have proven to be
very useful in organic synthesis for the generation of new a-hydroxy ketones 114.
Extensive studies by Hiinig have shown that suitably stabilized anions 92 added
readily to ketones and aldehydes to form intermediates 115. These intermediates
underwent a 1,4-shift of the TMS group with subsequent loss of LiCN, providing

AL OTMS o ™SO OLi Lo oms
A Y
s MR R RI—0—C—R? R—G—C-F
Li© oN oN R N R
92 115
o oms o o
= R'—C—C—R? —a R'—C—C-F
i |
R? R?
116 114

protected acyloins 1162928 Desilylation (dilute acid or base, or fluoride ion)
provided the free acyloins 114 in excellent overall yield. For example, addition of
the lithiated TMS cyanohydrin of benzaldehyde to various aldehydes and ketones
produced the correspondmg acyloins in 78-96% yield. 294 This sequence has been
used by Bertz?*° for the regiospecific preparation of 3C-1abeled benzoin 117.
Although the labeled benzoin was very sensitive to base and heat, the mildness of
the deprotection step (aqueous acetic acid) avoided isomerization to 118. The
author noted that isomerization could have been a serious problem if a different
acyl anion equivalent (e.g., a dithiane), which would have required more vigorous
conditions for deprotection, had been used.

o]
C OH
Ph\ ’OTMS ?:‘ deprotect i (R
C *op” N —+ ———= Ph—C~—C—Ph
A Ph H )
Li ON H
O "z

1 1
Ph—C—C—Ph

H
118
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Since many acyloin ethers are useful photoinitiators for free radical
polymerization of vinyl monomers, the umpolung reactions of some substituted
benzaldehyde silylated cyanohydrins have been used to prepare the substituted
acyloin silyl ethers 119. 30 These photoinitiators may be mco%orated into
polymers through copolymerization or hydrosilylation reactions.

O OH
R (':'_ (‘: —R R' = CH,CHCH,0 or HSI(CH;),08i(CH,),(CH,);
C R RZ,R%= (CH,), o Ph, CH,

119

In studies related to the total synthesis of some pentacyclic alkaloids, Overman
and co-workers %% have reported the addition of 120 to 121 in 80% yield. The
authors noted that attempts to add basic nucleophiles to cyclopentanone substrates
were often frustrated by the facile enolization of the cyclopentanone. This problem
was not experienced with dianion 120.

™SO CN o CO,CHy
0 - 8o ==
CH,O'
COt-Bu
120 121

The addition of lithiated TMS cyanohydrins of substituted benzaldehydes to
the ketone carbonyl of N- acety1-4 3% 5pendone has been reported in the synthesis of
some analgesic benzazepmes latlon reactions of anions 92 with ethyl
chloroformate also proceeded as expected. 3% Similar acylations have been ap-

TMSO, CN
Z L DDA
. I 2) CICO,C,Hg
CHy omMs 3 ELNHF

plied to substituted salicylaldehydes to prepare intermediates in the synthesis of
lipoxygenase inhibiting (2-hydroxyphenyl)glyoxylamides. 307

O

o] RZ
oo OCH; .
R‘\/ l —_— R‘\/dg‘/ — R‘q&(&/ﬁr
N oH X gqo A G—io

Addition of allylic anions 100 to carbonyl compounds has been reported to
7,308,309

occur by predominant, if not exclusive, reaction at the a-position of 100.
In the isolated products, 1,4-migration of the silyl group was again observed.
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R! R? [o]
4 o™™MS R R®
Li ©CN
100
R R? R! R?
OLi OTMS
— R4 ——— — k R4
A 4
R® R®
™SO N 1)
308,309

Jacobson and coworkers have developed a high-yield process for cyclopen-
tanone annelation based on this reaction. Thus, for example, deprotection of initial
adducts 122, followed by dehydration with p-toluene sulfonic acid, afforded
3-keto-1,4-diene intermediates 123 which underwent electrocyclic ring closure
(Nazarov cyclization).

™SO R?

(o]
TMSO, CN
Li + g2 — —
7 R3 Z R
R‘
R 122
: o
R2
p-TsOH R?
7 R®
R' R®
R' R' R?

123

Another entry into substrates for intramolecular cycloaddition reactions was
reported by Fischer and H(jnig.298 Addition of 100 to dienal 124, for example,
afforded adducts 125 after hydrolysis. Cyclization to 126 occurred at temperatures
from ambient to 100°C, depending on the substituents.

R! R?
R R?
R>=§TOTMS + ANANNgp — Z%G‘O —_—
Y 4
100 124 Y 4
125
R
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Attempted addition of anion 127 to the aldehyde group of silylated vanillin
derivatives reportedly failed, resulting in attack at silicon and formation of 128. 310

/Y CN
ocH, ocH, RS oms

OSiR;

12 5 =t- Bu(CH,), ort - Bu(Ph), 128

Umpolung reagents derived from sﬂ%lated cyanohydrins have been reported to
react with a,B-unsaturated enones. ‘The course of the reaction (1,2- vs.
1,4-addition) was greatly affected by solvent. The reagent derived from benzal-
dehyde, for example, added to enones by exclusive 1,4-addition in ether. In the
more polar solvents THF or DME, the 1,2-addition product predominated, becom-
ing the exclusive product if HMPT or 12-crown-4 was added to the reaction
mixture.

Ph  OTMS
+ —
Li’ oN 0
Et,0 THF or DME
14 12
deprotact

Mm

Conjugate additions to a,f-unsaturated esters have also been reported.
Similarly, conjugate additions to the electrophilic butadienes 129 occurred readi-
312

ly.
™SO CN
~
>——)< )\/\s(o — >.=)</l\/\5<om

n=1or2

295,297,311

Umpolung reactions of silylated cyanohydrins denved from glyoxylic esters
130 have been reported as a route to enol acetates 131.2
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H OTMS  1)LDA Ph OTMS - HCN COR
—_— —_— ,—<_
2) PhCH,Br
NC CO.R NC COR Ph OTMS
130R = CH, or C,Hy
Ac,0 CO,R
Ph OAc

131

Finally, amination of anions 132 with N,N-dimethyl-O-(diphenylphos-
phinyl)hydroxylamine provided a mild method for the oxidation of an aldehyde to
an amide.*'

At OTMS o At NCH2 oo @
+ PhPON(CH,), — ——
L oN ™SO CN Ar” TN(CHy)
132

3.4.3. Elaborations of the Nitrile Functional Group

The synthetic potential of silylated cyanohydrins as intermediates in organic
synthesis is due in part to the presence of the nitrile functional group. In this section,
we consider manipulations of this group and have classified these reactions as
reductions, additions of organometallic reagents, and hydrolyses.

Reduction. Reduction of the nitrile group of a silylated cyanohydrin followed
by hydrolysis of the silyl ether represents overall conversion of an aldehyde or
ketone to a §-aminoalcohol. This transformation was first reported by Evans et al.,5
who utilized excess lithjum aluminum hydride in ether for the reduction followed
by hydrolysis with aqueous sodium hydroxide to effect conversion of a variety of
ketones to f-aminoalcohols 133 in high overall yields. Like many of the other
transformations discussed in this section, it was often not necssary to isolate or
purify the silylated cyanohydrin prior to reduction. This reaction sequence sub-

R1>= TMSCN  R' OTMS 1) Liam, R1><OH
O ————
R AN 2)aq.NaOH  R? CH,NH,

133
sequently has become well-established in organic synthesis as a route to a variety
of useful aminoalcohols. It has been used to prepare intermediates for conversion
into indoles and tryptamines,““’315 pyrroles,31 pyrrolizidines,3l7 prostaglandin
analo§s1,9 18 oxazolidinone derivatives with central r1erv01u650 system (CNS) ac-
tivity,”~ oxazolidines with activity as herbicidal antidotes,”™ and cardiovascular
agems.32° The preparations of elaborated catechol estrogens for evaluation of CNS
activity321 and of a derivative of %giandrosterone as an affinity ligand for the
separation of human serum proteins 2 have been reported.
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Since the f-aminoalcohol moiety is a common structural feature of the
phenethanolamine adrenergic agents related to epinephrine 134, LiA1H4 reductions
of silylated cyanohydrins of various substituted aldehydes and ketones have been
used to prepare a large number of analogs of 134 for evaluation of biological
activity.

H
HO NCH,

HO
134

A typical utilization of B-aminoalcohols in organic synthesis is as substrates
for the Tiffeneau—Demjanov ring expansmn via treatment with nitrous acid. The
ring expansion of benzosuberone is typlcal

1) TMSCN HONO
2) LIAIK, oe%
84%
(o]

CHNH,

This general sequence of converting a cyclic ketone to the silylated cyanohydrin
followed by LiAlH4 reduction and nitrous acid initiated ring expansion has been
utlhzed in the syntheses of cyclohexadccanone,343 carbathromboxane precursor
135, 344 and various bicyclic and tricyclic ketones such as bicyclo[3.3.0]oct-2-en-
6-one 136, 345 b1cyclo[3 1.1]heptan-2-one 137 69. -oxabicyclo[4.2. l]non -7-en-3-
one 138> 4-homoadamantanone- 5 ’C 139 (using MesSi CN) 348
1,3-bishomoadamantane precursor 140 2 4-bishomobrendan-2-one 141°°%31
and an isomer 142,%°%353 (pe 3. oxawurtznane precursor 143 354,355
homobrexanone 144,3°° and tricyclo[5.3.1 ob ]undecan 10-one 145.%

Although reduction of the nitrile group of silylated cyanohydrins has been
accomplished most often with LiAlH4, other reagents have been used as well for
this purpose. Reductipn of the TMS cyanohydrin of p-anisaldehyde with BH3-THF
was reported to afford a higher yield of the B-aminoalcohol than was obtained with
LiAIHs 38 A general method for the catalytic hydrogenation of the nitrile group
of silylated cyanohydrins using Raney nickel or Ru/Al203 catalysts in dioxane or
THF at elevated pressures (ca. 100 atm) has been patented ® Under these
conditions the silyl ether survived the reduction, allowing isolation of the p-
silyloxyamine 146. Catalytic hydrogenation of the nitrile group of 147 (X = CH,
N) using a cobalt boride catalyst gave the primary amine which underwent
cyclization to 148 in the synthesis of some nucleoside antibiotic analogs. 360,361 11
studies directed toward similar goals, however, attempted reduction of 149 (R1
CH3 or CHzPh, R? = NO; or NHACc) using LiAlH4, BH3-Me3S, or catalytic
hydrogenation was not successful.



Cyanotrimethylsilane

Solb e

OSi{CH3)ot-Bu

135 136 137
o o}
@ B ; o j O
138 139 140 141
[o) [¢]
142 143 144 145
R' OMMS
RZ CHNH,
146

OT™S 0TS

X HN /
EHINTN ) [N NC
Si(CH),1-Bu
AcO. ___> O
I
kY

AcO  OAc AcO  OAc

>

147 148 149
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Reductive silylation of silylated cyanohydrins with lithium metal in the
presence of chlorommethylsﬂanc led to a mixture of enamines of acylsilanes 150
and the a-silyloxy silanes 151.3¢

oms R Si(CHa)s R OSi(CHy);
e —- e +
on ChaSC R N(SICH), B Si(CHa)
150 151

The reaction of diisobutylaluminum hydride (DIBAL-H) with silylated
cyanohydrins was reported to result in reduction of the nitrile to the imine, which
usually was converted to the aldehyde in siru by hydrolysis with cold, dilute
H2504.36%%% Since the silyl ether survived this treatment, the sequence represents
a general method for the one-carbon homologation of ketones to protected a-
hydroxyaldehydes 152. The authors noted that use of THF as solvent in the
reduction was essential, since reaction in hydrocarbons or other solvents of poor
complexing ability resulted in overreduction of the nitrile to the amine.

Rl tmscn R\ ,O™S 1)i-Bu,AH R’ OTMS

>=O _— >< —_— ><
Ho

R? R Non AMO rR? cHo

152

Addition of Organometaliic Reagents. Further elaboration of silylated
cyanohydrins has been accomplished by reaction with organolithium reagents.
This represents another method for the synthesis of B-aminoalcohols, in this case
B-aminoalcohols 153 in which the amine group is attached to a tertiary carbon
Because of the high reactivity of organolithium reagents, the two additions of RLi
(R = Me or Bu) generally proceeded with 81m11ar rates, and it was not possible to
limit the addition to one eqmvalent of R® Li, or to successively introduce two
different organic groups. 365 This procedure was utilized to prepare aminoalcohols
as intermediates for the preparation of N-acyloxazolidinones. 66

R\ OTMS )23  TMSO NH, ACOH HO  NH,
X me T o Mg
l 17
CN 2 R? Rs 75 - 92% R g

overall
153
When the hindered reagent t-Buli was reacted with the hindered TMS
cyanohydrin of norcamphor, however, the product, after hydrolysis, was the
a-hydroxyketone (acyloin) 15436

1) t-BuLi o)
et r——- 1l
CN 2) H,80, Ci.By
o™s 40% oH
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In an isolated example, an unspecified yield of the corresponding acyloin was
obtained upon reaction of methyl magnesium iodide with the silylated cyanohydrin
of acetone.!32 This reaction was subsequently improved upon and developed into
a general method for the efficient preparation of a-hydroxyketones, including
benzoins.>*®3" The decreased reactivity of Grignard reagents compared to or-
ganolithiums resulted in addition of only one equivalent of Grignard reagent to the
nitrile group. An interesting feature of this process was a simple purification step
— extraction of the etheral reaction mixture from the Grignard reaction with dilute
aqueous acid resulted in extraction of the desired imine intermediate into the
aqueous phase. Subsequent slow hydrolysis of the imine to the ketone caused the
a-hydroxyketone 155 to separate from the aqueous phase in very pure form.

1

R' OMS ™SO NMgX |y o H ©

R3MgXx ) [l
X ——| R'—Cc—C—R’| —™=R'—C—Cc—FR®
RZ N |
R? R?
155

A number of acyloins 155 where R? is an aromatic group are efficient
photoinitiators for radical polymerization, and have been prepared by the Grig-
nard/silylated cyanohydrin route.>”! This method has also been successfully ap-
plied to the preparation of the unsymmetrical benzyl acyloin 156 in the syntheses
of some fungal pigmf:nts,372‘374 in the syntheses of optically active acyloins from
optically active silylated cyanohydrir)s,171 and in the preparation of an acyloin

derived from acetol.3” Attempted reaction of 157 with either MeLi or MeMgl,

o™s
+ —-
CN
oo /Q/\( :
OCH,
L
2) H,0*
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1) LIAIH or BH, HO NH,
1

orcal H, .
R CH,
2) hydrolysis 'lz
133
R' OTMS 1y2 R HO  NH,
4~
2} hydrolysis
af “on ) hydroly LI
153
HO N
1) R®MgX | IH"
R\ RB
2) NaBH, ol
3) hydrolysis R H
160
Scheme 4.

however, was reported to effect desilylation rather than nitrile functionalization.!®?

The Grignard route to hydroxyketones 159, intermediates to 1,2,3-aminodiols, was
reported to proceed in >99% overall yield from BOC-alaninols 158.15

HO HO
W'Mm —— — = BOC- + BOC- ;
R R O R ©

158 159
(8:1)

The synthetic potential of the Grignard reagent/silylated cyanohydrin reaction
has been extended recently. Treatment of the imine intermediate with a reducing
agent such as sodium borohydride/methanol 7prior to hydrolysis allowed isolation
of B-aminoalcohols 160 in high yield.376’3 7 Thus, depending on the reagent,
B-aminoalcohols of varying substitution pattern can be prepared from silylated
cyanohydrins (Scheme 4).

With B-aminoalcohols 160, diastereomers are possible when R! = R? Choice
of reducing agent (3NaBH4, LiAlH4, or Zn(BH4)2) was shown to effect the
diastereomeric ratio.> 3"’ Highest selectivity (erythro : threo = 24) was obtained
with NaBHj at reduced temperatures. This selectivity was attributed to reduction
of the chelated intermediate from the least hindered side (R1 substituent smaller
than R2) as indicated below. This method was used to prepare optically active

- \ N NHZ
H R
TMSO R! HO
H ——
~_/ i H
R® R2 R?

erythro 160
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aminoalcohols with high diastereoselectivities from optically active silylated
cyanohydrins. 170

Reformatsky reagents have also been shown to be reactive with the nitrile
group.of silylated cyanohydnns Hydrolysxs of the intermediate adduct 161 with
aqueous acid produced a y-hydroxy- [3 -keto-ester which readily cyclized to form a
B-keto-y-butyrolactone 162. When R* = H, 162 isomerized to the tetronic acid 163,
a common structural feature of a large number of sponge, fungal, and lichen

™SO R®

R' Omws R Br 2ZnCu u'fZ"B'

)< * X w| ° I ¢ l COEt

RZ CN RY CO,Et R? R¢

161

o R HO R?

- R'=H

Sl SV €
R2 o ° R2 e) 0o

162 163

metabolites. Although yields from this process were moderate (21-72%), the
method constituted a simple, one-pot procedure for the preparation of otherwise
difficultly accessible compounds. This method has been agghed to the synthesis of
fluorinated, optically active analogues, e.g., 164. The lower reac-
tivity/stability of the fluorinated organozinc reagents necessitated the use of
ultrasound to promote these reactions.

HO E
CF;  OTMS F Br han —
>< X ultrasound CF
* + ————— 3 .
H ON H CO,Et 2)HO* W o o

34%
164

One example of a magnesmm ester enolate addition to a silylated cyanohydrin
has been reported

™SO
C'“%XUW‘S 1) MgCH,COt-Bu
—_
A 2)H,0 CHs/kI/\COZ,t-Bu

NH,

Finally, attempted radical cychzatlon onto the nitrile of silylated cyanohydrin

165 reportedly was unsuccessful.>®
T™™SO ™so M

CN
Br
SO,Ph AIBN

165 Ph,SnH
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Hydrolysis. In addition to the various reductive treatments of the nitrile group
of silylated cyanohydrins described above, a number of hydrolytic procedures for
the elaboration of the nitrile group have been reported.

Hydrolysis of the nitrile group of the -butyldimethylsilylated cyanohydrin 166
to the amide with basic H202 was used to prepare an intermediate in the total
synthesis of the antitumor agent cam plotbecm % Conversion of silylated
cyanohydrins of aromatic ketones to a-hydroxyamides, e.g., 167 by reaction with
concentrated HCl or HNO3/HCO2H have also been descnbed ’Ihls method was
used to prepare a-hydroxyamides for evaluation as antiatherosclerotic agents, 385
and hydrolysis of silyloxydinitriles such as 168 with sulfuric acid was used to
prepare o-hydroxydiamides 169 which exhibited insecticidal activity. 254,386-388

(02 l(CHg)zt -Bu
Hzoz
Il
K. CO
CH:OH

RxH, sm,

TMSC  CN HO,
©)< conc. HCI ©)<
I

73% from acetophenone

c\ NH,
2304

168 189

Hydrolysis of silylated cyanohydrin 170 to the correspondmg amide was
accompanied by ring closure to the epoxide, albeit in low yield. 389

OTMS
¢l eonc HCI w\JH?
>N 25 %

Conversion of silylated cyanohydrins 171 to protected o- hydroxythroamrdes
172 by treatment with diphenylphosphinodithioic acid has been reported

Cl
170
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s
R OSi(CHy)pt-Bu S
X Ph}SH NH,
H - .
N 32- 63% OSi{CHy)zt-Bu
17 172

Hydrolysis of silylated cyanohydrins to a-hydroxyacids with concentrated
HCI, generally under reaction conditions more rigorous than those for hydrolysis
to the a-hydroxyamide, has also been inv%tigated.390’391 In some studies, the
hydrolysis was carried out in two stages, i.e., hydrolysis of the silylated
cyanohydrin to the cyanohydrin (see also Section 3.4.4.) in the first step, followed
by isolation and further hydrolysis in the second stcp.392’3 93 Usually, however, this
two-step procedure was not necessary.3

Conducting the nitrile solvolysis reaction in acidic alcoholic media allowed
isolation of o-hydroxyesters after aqueous workup.395 This transformation of
silylated cyanohydrins was used to prepare o-hydroxyester intermediates in the
syntheses of compounds with antibiotic,>*® cholinergic,396 and antiasthmatic>®’
activities. On the other hand, treatment of silylated cyanohydrins of aromatic
aldehydes with gaseous HClin alcohol solvents under strictly anhydrous conditions
has been reported as a route to imidate esters 173. Cyclization of 173 with phosgene
gave the oxazolidin-2,4-diones 174, a number of which displayed hypoglycemic
activities. 12 The spirohydantoins 178§, prepared by Bucherer—Bergs reactions

—

o o}
Ar  OTMS  nci () NHHCI CLCO A, E
Ar — NH
H CN ROH . H

[0}

173 174

of the silylated cyanohydrins of indoline-2,3-diones*!? and the related

spirooxazolidinediones 17 6,*14 were also reported to be useful for the treatment of

certain complications of diabetes.
o]

) -
™SO N N
{NH,),C04 o
(o] ————— o]}
N H,0 N
R R
175

o
-
™SO N H 00,CoHs O, o)
HC!
o — o] —— (o]
N EtOH N N
R R R

68-82%
176
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Finally, reductive hydrolysis of silylated cyanohydrins of unhindered aromatic
ketones, e.g., 177, to the acids 178 w1th stannous chloride, acetic acid, and
concentrated HC1 has been reported 5 Some analogs of 178 were reported to be
biologically active agents for the treatment of complications of diabetes.*’ The
method was also used to prepare phenylacetic acid intermediates in the syntheses
of diethylstilbestrol *17 and antithrombotic agents. 48 Slmxlarly, carbazole 179 was

™SO N

SnCI2
HoAc
HCI

177 178

converted to the corresponding acid in high yield,145 and dihydroisobenzofuran

180 was produced in 39% yield from 2-acetoxymethyl-3-benzoylbenzaldehyde via
a cyanosilylation/hydrolysis sequence.4

O Q oms 2o COH
HOAc/HCl
TMSCN conc. HCI
— Ph
o Znl, heat cOH

CH,0AC o o}
180

3.4.4. Elaborations of the Silyloxy Functional Group

Hydrolysis. An effective utilization of cyanotrimethylsilane (1) is to prepare
cyanohydrins of carbonyl compounds which are otherwise drfﬁcult or unabletobe
prepared by conventional methods. Boutte and Auroux*? first reported this
method in the patent literature. Benzophenone cyanohydrin was synthesized in
90% yield by aqueous hydrochloric acid treatment of the corresponding silylated
cyanohydrin, obtained quantitatively by aluminum chloride catalyzed addition of
1 to benzophenone.

o)
)j\ + TMSCN ——= X A X
100 % 90 %
Ph" Ph

Gassman and Talley“l’422 extended this reaction to other ketones using zinc

iodide as the catalyst for formation of the silylated cyanohydrins and aqueous
hydrochloric acid (3N; 25-45°C; 0.5-3.0 h) to effect desilylation. Selected dialkyl,
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A clever application of the elimination reaction to the synthesis of 7,7,8,8-
tetracyan umodlmethane (TCNQ, 183) was developed by Yamaguchi and
Hanafusa % and recently extended to hydroxy-functional derivatives by Miura
et al.**” The method is illustrated by cyanosilylation of terephthaloy! chloride (see
Section 3.3.2), followed by loss of two molecules of trimethylsilanol from the
silylated cyanohydrin intermediate to form TCNQ.

O™™S
I NC\ /CN
cocCl NC—C—CN CI
xs TMSCN POCI,
————- S———-
70 % pyr.
% |
S oo
OTMS

The general transformation of silylated cyanohydrins to o,f-unsaturated
nitriles has been effectlvely applied in the syntheses of highly strained, multicyclic
ring systems. 438-440 tilization of 1,8- -diazabicyclo[5.4.0Jundec-7-ene (DBU) as
a co-catalyst has also been reported to result in markedly increased yields in certain
instances. 280440 Thionyl chloride or phosphorous trichloride may be used in lieu
of phosphorous oxytrichloride; pyridine may be replaced with collidines, lutidines,
or quinoline. 441 Alternatively, strong acid catalgzed eliminations have been used
in the preparation of cyanomdenes such as 184, cyanomdoles 442 and deriva-
tives of naphthacene carbonitriles.**

T™MSO CN
CN
CF,COH
ettt
toluene / heat O‘
Cho 35% CHO
OCH;4 OCH;

184

Oxtdauon The oxidation of silylated cyanohydrins was first reported by Corey
and Schmidt.*** A%-Butenolides were the major products resulting from oxidation
using pyridinium dichromate, provided that the silylated cyanohydrin was disub-
stitued on the B-carbon and the y-carbon possessed at least one hydrogen. This
refresented a somewhat general transformation of a,B-unsaturated aldehydes to

-butenolides, although several exceptions were indicated. The oxidation of
geranial 185 is illustrative. Acyl cyanides, proposed as key reaction intermediates,
were actually isolated in certain instances.

Bal et al.** reported oxidation of silylated cyanohydrins using manganese
dioxide in methanol containing acetic acid. Transformation of o,B-unsaturated
aldehydes to o,fB-unsaturated methyl esters was observed to be very efficient,
providing 83-92% isolated yields. Although the mechanism of this oxidation was
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CH, CH, CHy
l TMSCN | PDC |
\ CHO \ (l}‘DTMS \ COCN
CN

185

—
ILLINE G U R
~ % {
O
4:1

not specified, desilylation and subsequent oxidation of a manganese ester of the
cyanohydrin to an intermediate acyl cyanide probably occurs in analogous fashion
to that with pyridinium dichromate.

OTMS
CHO TMSCN cH MnO
PR RS A v S s
CH,OH
HOAc

Harle and Jochims**® reported the oxidation of silylated cyanohydrins under
Wohl-Ziegler conditions (with N-bromosuccinimide). Either thermal or
photochemical activation of the NBS resulted in variable yields (42-93%j of acyl
cyanides 186. The oxidation procedure could not be applied to silylated
cyanohydrins which contained other oxidizable functional groups or to a,f§-un-
saturated derivatives, the latter of which were recovered unchanged. Bromine and
N-bromophthalimide were effective oxidizing agents as well, while N-chlorosuc-
cinimide, trichloroisocyanuric acid, sulfuryl chloride, and chloramine-T were
ineffective. The proposed mechanism involved free-radical formation of an a-
bromo intermediate followed by ionic elimination of bromotrimethysilane.

X

186

R ,OMS  y\ps R ,O™S  _arsicHy),
———

H oN Br

R CN

Substitution. A common synthetic manipulation involving the silyloxy group
of silylated cyanohydrins focusses on the very high strength of the Si-F bond (160
kcal/mole)446 leading to highly chemoselective attack at the silicon atom. Treat-
ment of silylated cyanohydrins with fluoride ion causes desilylation by formation
of fluorotrimethylsilane. The resulting alkoxide can then react with an electrophilic
reagent (E* in equation 15 below) to effect overall transformation into a different
cyanohydrin derivative.
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R OTMS £+

)( _ (15)

R CN - (CH:’)SSIF

Riess and co-workers, in a series of papers, first exploited this idea using
phenyltetrafluorophosphorane as the source of fluoride. 447449 The
monoalkoxyfluorophosphoranes 187 which resulted were thermally unstable and
provided carbon-fluorinated products 188. Yields were considerably better from
the a-carboalkoxy stabilized compounds than from the nitriles.

c cl F
Ha ,OMS _PUPE, XO\I _Ph Hy
————l—
H Y -(CH 3);5iF - PRP(O)F, H Y
187 188
Y=CN 26 %

Y=COCHs 68%

Ykman and Hall'>* extended the fluoride desilylation to more conventional
electrophilic reagents by examining the reaction of silylated cyanohydrins and
benzenesulfonyl fluoride in the presence of a catalytic amount of fluoride ion. Thus,
1,3-dicyano-1-(trimethylsilyloxy)cyclobutane 189 was converted to the cor-
responding sulfonate in 61% isolated yield.

oN ELN'F CN
NC_O< + PhSOF e Nc—<><
o™vs " (CHa),SIF 0S0,Ph

61 %
189
Hertenstein and co-workers applied the procedure to 2-trimethylsilyloxy-2-
propenitriles 47, obtaining a variety of other protected cyanohydrin derivatives
including mesylates, phosphates, and carbonates. 2450 The overall procedure
involved desilylation either with fluoride or by attack at silicon by alkoxide.

R o™S R' o
_ LiOMe / THF / -60°C >_<
D
R oN or KF / THF /-40°C R CN
18 -crown -6
47
MeS0,C! OSO,Me

=

EtOP(O)(OEY), OP(O){OEt),

EtOC(O)CI OCO,Et

=
e =
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Alternative procedures have also been developed for the preparation of acylated
cyanohydrin derivatives. Ganem and Small**! ori ginally formulated acetic an-
hydride containing ferric chloride as amild reagent for cleaving ethers. The purpose
of the ferric chloride was to complex and activate the anhydride (or ether) so that
an oxonium jon intermediate might form. Hertenstein et al.”? first examined the

o o)
FeCl OYCHG Sy?
L ONR? . o S.2 )L : o/Lk
R R 0" CH; R CHy

AGO avrONpe orSy2 R
+

effect of this reagent on 2-trimethylsilyloxy-2-propenitriles. The trimethylsilyl
group was cleanly removed, and high yields, i.e., 91-96%, of the corresponding
a-acetoxynitriles 190 were obtained. The reaction also worked well using tri-
fluoroacetic anhydride.n’450 More recently, the reaction has been applied in the
syntheses of grecursors to substituted trimctt‘laylem:methancs,452 of 4-amino-2(5H)-
furanones,45 and of 2-arylpropanoic acids. >4

OTMS OC(O)CH,
e I
H

oN 20°C H CN
180
a-Acetoxynitriles may also be prepared ina two-step sequence involving initial
hydrolysis to the cyanohydrin followed by acylation. This procedure has been
utilized primarily for the preparation of the allylic derivatives 191,455“457 although
OTMS o] OAc
] l Ac,0 1
R—CH=CH-CHCN —— R-—CH=CH-CHCN —————= R—CH=CH-CHCN

base
181

modifications of the procedure were utilized in the preparation of H¢ labeled
insecticide 192*°% and of some insecticidal phosphate esters.*58® Also, the sily-

192

lated cyanohydrin of (R)-2,3-isopropylideneglyceraldehyde has been converted to
the corresponding benzyloxycarbonyl-protected cgranohydrin by hydrolysis and
subsequent treatment with benzylchloroformatc.45
The reaction of silylated cyanohydrins with amines was first reported by Mai
and Patil.**%*¢1 The reaction worked best with silylated cyanohydrins derived from
R' OTMS MeOH R' NRZR?
+  HNRR? ———

H ON 80-95% W en
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aldehydes and required an alcohol solvent. At first glance the reaction would appear
to involve a nucleophilic substitution of the amine for the silyloxy group. This was
later shown to be unlikely.462 The authors proposed the following sequence of
reactions:

R' OTMS MeOH R' OH H,NR? R' NHR
X —_— )( —=RICHO ——= RICH=NR? —= X
H CN H CN H ON

If this proposal were correct, one should be able to treat an aldehyde directly with
the amine and 1 in methanol. This was found to be possible, and an improved
procedure was developed which involved combining a neat mixture of the al-
dehyde, the amine, and 1.4%3 With the im proved procedure, it was even possible to
extend the reaction to ketones in high yield. The reaction was subsequently applied
to asymmetric synthesis of aminontriles using opticallyl active amine
reagents.'w“’465 With (R)-a-methylbenzylamine and o-chlorobenzaldehyde, for
example, the reaction proceeded to give a ratio of R,R:R,S diastereomers of 5.7 :
1. Similar selectivity has been observed in the syntheses of modified polyoxin
derivatives and was integpreted by applying Cram’s rule to the addition of HCN to
the imine intermediate.*®® This one-step reaction has also been effectively applied
in a regio-controlled synthesis of tetrahydropyridines467 and in the synthesis of
quinocarcin™ .

Aromatic aldehydes and ketones have been converted in one pot to the cor-
responding a-chloronitriles 193 by treatment with TMSCN and titanium
tetrachloride at 0°C.*%° Only cyanohydrins were isolated from nonaromatic car-
bonyl compounds, however. A proposed reaction intermediate was the titanium-
complexed silylated cyanohydrin, which internally collapsed to form the
a-chloronitrile.

™s Cla
0 ‘o-Ti-Cl ci CN
/U\ TMSCN ]'.‘/I H,0 X
AR T — A" R
TiCl, Ar—C—R
CHCl oN 193

With other silylated cyanohydrins, especially those in which elimination of
trimethylsilanol is disfavored, 4phosphorous oxytrichloride:,251 phosyhorous pen-
tachloride,*”® thionyl chloride,*** and diethylaminosulfur trifluoride*’ ! have been
shown to be effective reagents as well for a-halonitrile formation.

o] Cl_ CN
CHsO O OCH; 1) TMSCN /2n1, CHO O O OCHy

2) PCI
) PCls 90 %

3.4.5. Other Reactions of Silylated Cyanohydrins

2-Trim ethylsilyloxy-Z-propem'triles72 and related com pounds445 have demon-

strated silyl enol etherlike reactivity in their reactions with bromine/triethylamine.
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O

R om™MSs gy, ’[k ELN R OoTMS
= —| R—CH | — =
H CN Br Br CN
+ MeSiBr 88-91%

The free-radical dimerization of the trimethylsilylated cyanohydrin of benzal-
dehyde by di--butyl peroxide has been reported by Harle and Jochims.*** In a

Ph OTMS TM&]) lOTMS

132°C
+ 1-BuOOt-Bu Ph—C—C—Ph
H ©CN PhCI/ 20 hr ! 'CN

26 %

related study examining the stability of free radicals of silylated cyanohydrins
derived from aldehydes, it was determined that free radicals with both silyloxy and
cyano érzoups enjoy significant stabilization because of the so-called capto-dative
effect.”’“ Thus, free radical 194 showed no rearrangement by ring opening of the
cyclopropyl ring up to 305K, whereas radical 195 provided ring-opened products

OTMS OT™S

> '

CN
194 195

at 90K. Reactions of 196 with various free radicals have provided additional
evidence for capto-dative stabilization #3473

O™™S

(ReH— :c—+2

7
OTMS OT™MS

. ’
_— RCH,—C

oN N R+
196 OTMS

¥
RCH,—C—R
CN

3.5. Cyanosilylation of Carbon-Nitrogen Multiple Bonds

3.5.1. Carbon-Nitrogen Double Bonds

Imines. The cyanosilylation of imines by TMSCN, which proceeds analogously
to that of sim_Ple carbonyl com Pounds, was reported simultaneously by two groups
in 1975474475 Nakajimaet al. 74 converted the initial cyanosilylated products into
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a-aminoacids via hydrolysis and subsequent reduction. Ojima et al.*75476 ox

amined the reaction at room temperature in the presence of several Lewis acids
including aluminum chloride, zinc iodide, titanium tetrachloride, and aluminum
isopropoxide. The cyanosilylated adducts 197 could be isolated but were generally

™
TMSCN
N L B LN
2Znl, | [
CHs; CN  CH,

H
[
1) MeOH ¢ . ,Ph H H
: H3\w N\CH 2 % S\CH‘NHZ
2}H 1 | Pd(OH), I
COH CHy COH

37 %

hydrolyzed under mild conditions to o-aminonitriles or under more severe condi-
tions to a-aminoamides and a-aminoacids (Scheme 6).

The reaction has been extended to optically active imines, where sig-
nificantly greater enantiomeric excesses were observed with 1 than with HCN.
Choice of Lewis acid was also important, with zinc chloride providing the highest
optical yields of the catalysts evaluated. A series of N-alkylidene-(1-methylben-
zyl)amines gave excellent chemical yields (>97%) of predominantly S,S
diastereomeric products 198.

The reactivity of a,f-unsaturated imines has been examined as well. Reaction
of 1 and a series of cinnamaldehyde anils in the presence of aluminum chloride
provided 80-90% isolated yields of the corresg)ondmg 1,2-addition products; no
evidence of conjugate addition was indicated.

477,478

R! RY s

S VSN 2 b

R? AlCl o R
187

OAc aq. HCt

H0, /EV / aq. HCI
/H /
Rq— N\ 3 + N/ Rq_ N\ 3
CN R COH R

81-988%

Scheme 6.
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R, _N_ H
N__Ph  TMSCN  HO LN c \
RCH cl — 1 I H
Y CH;  zncl, E,0 H’w p O
198 (S.8)
R % ee
Et 634
n-Bu 68.4
i-Pr 750
i-Bu 614

Although the essential procedure had been conducted carlier*’* and apparently
gone unnoticed, a one-pot synthesis of o, -unsaturated aminonitriles was described
utilizing an a,B-unsaturated aldehyde, an amine, and 1 in the absence of any
catalyst.480 The o,B-unsaturated amines 199 were somewhat unstable and were
generally hydrolyzed to aminoacids 200 prior to isolation.

1 3 1 3
R . R R‘NHZ R R

R? CHO

mol. sieves R2
CH,Cl,

R’ R®

=

R? ?H-NR‘
oN COH

198 200
40-70%

TMSCN
—

6N HCI

D

With perfluoroalkyl substitution on the o,f-unsaturated imine, significant
1,4-addition has been observed although the ratio of 1,2- to 1,4-addition was
CF,CF,

TMSCN CN CF.CF.
b—\“ CF3CF, N
CHy=N R vy N\ =
Me,SIOT! CHy—NH R CH—NH  CHR
cN
R total % yield
c-CeHyy 91 18 : 82
Ph 8s 100 : 0

dependent on other substituents as well.*®! Products resulting from reaction of
TMSCN and 1-hetero-3-aza-1,3-dienes 201 have been ‘Postulated as being derived
from initial cyanosilylation of the imine functionality. 82

CF3 CF; CF, CF,
PN ms XK oF
CF; TMSCN CN ? 3
TR Ph X Ph’k NTMS

201 (X=NR,S,0)
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Cyanosﬂylatlon of imines by 1 is currently utilized fairly extensively and even

routmely

3 in synthesis. Syntheses conducted in the patent literature employing

the reaction have been directed toward the preparatron of cyanoazabrcyclohcxanc

plant stenlants,
tibacterial agems,486

umdazopyrrolopyrrdme hcrb1c1des
and bicyclic lactam cholecystokinin antagonists.

53. halovmyr?l;'cme an-

The reaction has also been employed to intercept imines formed in situ in an

overall transformation of secondary amines to or-cyanoamines.48

® The secondary

amine was dehydrogenated with phenylselenic anhydride, and the resultant imine,

e.g. 202, reacted with 1.

o
I
( 5 +  (PhSe),0

H

- PhSeOH

202

(A

CH,Cl, H
———————-
- PhSeOH
It 'f H
° /Se 0
Ph
TMSCN (3(“
———
N
H CN
95 %

Imine cyanosilylation has been found to give rise to a number of unexpected,

rearranged products with iminocyclohexadienyl acetates 203,
% and 1,4-diaza-1,3-butadienes 205.*!

204
CH,
CHs Chs
OAc
NTs
203

2- pyr_<\ >_2 pyr

204

E
N
NAr

205

NAr

489 4 ,2,4 5-tetrazines

CH,
TMSCN CHy
ELN \ /
N “en
CHs Ts
81 %
NH,
CN
TMSCN 2-pyre P
toluene / reflux 2 - pyr
N=N
21 %
TMSCN NC NHAr
————--
CH4CN / refiux l
NHAr
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Oximes and Derivatives. Cyanosilylation of oximes was first reported by Ojima
and co-workers.*’>#92 Reaction of oximes with TMSCN in the presence of zinc
iodide gave N-trimethylsilyloxy-a-aminonitriles in high yield. These compounds
could be isolated but were generally treated with methanol to yield N-hydroxy-a-
aminonitriles 206. Reaction was thought to take place by initial silylation of the

?:NJ—{ _— =N —_—

R R? .

HCN

1 1

R LO™S  eoH R

Ra%—N«l —_— - R +m
oN oN
206
66-81%

hydroxy group followed by addition of the hydrogen cyanide generated in the
process to the C=N bond. Aninteresting modification of the reaction was developed
by Maruokaet al.**3 Whenthe hydroxy group was transformed into a better leaving
group such as a mesylate, action of 1 and diethylaluminum chloride on the oxime
derivative promoted Beckmann rearrangements which provided high yields of
iminonitriles, e.g. 207.
hoH 1) MsCI, EtN N
AA~AAA AN~
2) TMSCN , ELAIC] oN
91 % 207

Carbodiimides. The reaction of 1 with carbodiimides in the presence of a
catalytic amount of aluminum chloride has been shown to lead to the formation of
the corresponding 1 : 1 adducts 208 in 84-96% yield at room temperature. 494-496
The reaction took place even in the absence of catalyst under more severe condi-
tions, €.g., 190°C for 24 h. In some instances, the 1 : 1 adducts were stable enough

TMSCN , AICH, oN
RAN=C=NR ———— RN—C"
22°C,4nr
RN=C=NR
V
NR
NR
RNH—C=NR
Ry— t=nR th NR TMSN NR
c=0 H 210
cH TMSN NR
3

208
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_-to be vacuum distilled, but generally the adducts were converted into more stable
products by hydrolysis or acetylation. Cycloaddition reactions of the 1 : 1 adducts
with isocyanates and carbodiimides were also examined, leading to the correspond-
ing diazolidine heterocycles 209 and 210, respectively.

Isocyanates and Isothiocyanates. The reaction of TMSCN with several
aromatic isocyanates was reported by Ojima and Inaba®®’ in 1974. This studg was
subsequently extended to aliphatic isocyanates498 and to isothiocyamatcs.4 6,439
The authors proposed initial cyanosilylation of the C=N bond (Scheme 7). The
initial adduct, however, was very reactive and engaged in further reactions. With
isocyanates and a 2: 1 isocyanate : 1 stoichiometry, high yields (79-94%) of
iminodiazolidinediones (211, X = O) were obtained. Only with tosyl isocyanate,
presumably because of decreased nucleophilicity of the nitrogen, wasal : 1 adduct
able to be isolated. In a full paper more complete details of the reactions were
given.496 Attempts to isolate 1 : 1 adducts by employing large excesses of 1 were
unsuccessful, with the exception of the tosyl isocyanate reaction which provided
the 1 : 1 adduct in 95% yield. The structure of this adduct was assigned largely on
an intuitive basis. The inability of the electron attracting N-tosyl derivative to
engage in further reaction seemed to sup;l)ort cyanosilylation of C=N rather than
C=0. An infrared absorption at 1610 cm™" was attributed to C=0, but the absorp-
tion might equally well be assigned to a C=N group that would remain after
cyanosilylation of C=0.

™ X
TMSCN [ RN=C=X RN NR
2RN=C=X ——— RN—C—CN ’

X=0,8 N"

Scheme 7.
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Lutz and Sundermeyersoo reported the reaction of trifluoromethyl isocyanate
with 1. As with tosyl isocyanate, trifluoromethyl isocyanate formed an isolable 1:1
adduct when equimolar reactants and reaction temperatures less than 50°C were
employed. When two-fold stoichiometry of the isocyanate and higher temperatures
were utilized, a S-iminodiazolidinedione product analogous to those reported by
Ojima et al,,** was formed. Lutz and Sundermeyer assigned structure 212 to the
1: 1 addudt, resulting from cyanosilylation of the C=0 group, largely on the basis
of spectral characteristics, e.g., 1650 em™ for infrared absorption for the C=N

group.

/OTMS
CFy—N= C\

N
212

Whether initial cyanosilylation of C=N or C=0 takes place with isocyanates
cannot be ascertained from subsequent reactions of the adducts. Either 1:1
addition product would yield the same 1 :2 adduct with additional isocyanate.
From a bond-energy standpoint, however, it would seem that cyanosilylation of
C=0 would be favored because of the substantially greater bond strength of Si-O
(129 kcal/mole) compared to Si-N (105 kcal/mole). 46

o]

TMSCN N/u\
OCN—(CHplg ——NCO ~ ———= OCN(CH.)g N(CH,)gNCO
160°C
TMSN o]
213

The reaction to form 1 : 2 adducts has been effectively utilized industrially to
prepare unusual diisocyanate monomers 21351

The reaction of 1 and isothiocyanates proceeded to a slightly different [13%6485
reaction product than those obtained with isocyanates and carbodiimides.””™
The 4-thione group in intermediate 211 (X = S) was apparently subject to
nucleophilic attack by another molecule of 1. The resultant silylated cyanohydrin
underwent sigmatropic extrusion of sulfur to form the 4-cyano derivative 214 (R
= CHzs) in 54% yield (Scheme 7).

3.5.2. Carbon-Nitrogen Triple Bonds

Electrophilic activation was found to be necessary in order for TMSCN to add
to nitrile functional groups. Trichloroacetonitrile and trifluoroacetonitrile reacted
with 1 in the presence of triethylamine to give the cyanosilylated adducts 215 in
72% and 60% yields, respectivc:ly.so2 The adducts were further subjected to several
interesting reactions.
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ch— C= X3C— C= NCI
CI

X3C—C-—N—P013
o\ / iy

TMSCN
XCO=N —— X,C—C=NTMS
EtN soci,
CN : (l:[
215 \COCl)z XsC—lC—N=S=O
CN

-

3.6. Cyanosilylation of Carbon—Carbon Multiple Bonds

3.6.1. Allenes

Allenes have been reported to react with TMSCN in the presence of palladium
or nickel catalysts and organic bases such as pyridine.503 With the allenes ex-
amined, the trimethylsilyl group always added to the central carbon atom, and the
cyano group was introduced on the least substituted carbon terminus. The vinyl

silanes thus produced were chiefly E-stereoisomers.
CeHia, CeHis, ,CHCN
,c= C=CH, C—
H PdCl, / pyr. H SuMe;,

TMSCN

66% (E/Z=95/5)
3.6.2. Alkynes

Alkynes have also been found to require complexation with nickel or palladium
before reaction with 1 can occur. The nature of the reaction product was reported
by Eisch and co-workers>** to depend strongly on whether electron-donor ligands
were present on the catalyst. Reaction of diphenylacetylene and nickel(0) in THF
with 2,2'-bipyridine, a strong donor ligand, gave rise to a complex which when
reacted with 1 gave o,f-unsaturated nitrile 216 in 70% yield. In the absence of

Ph Ph
Ni {0) \F/ TMSCN
PhC=CPh — d
bipy Ni
bipy

-_ \ <
CN
b‘DY NTMS

70 %
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strong donor ligands as with bis(1,5-cyclooctadiene)nickel(0), for example, the
nickelacyclobutenimine intermediate depicted above gave way to a nickelole
intermediate 217. Now reaction with 1 followed by protodenickelation gave
tetracyclone in 50% yield. In both of these reactions, 1 was proposed to react in its
isonitrile form.

Ph Ph
( COD ),Ni TMSCN
PhC=CPh — % = 7\ —_—,
Ph
Ni Ph
217
Ph Ph Ph Ph
HCI
Ph Ph ™ pPh Ph
NTMS 0

Palladium(II) chloride was later reported by Chatani and Hanafusa®*>*% to

effectively cyanosilylate arylacetylenes by cis-addition. The regiochemistry of the
addition was always such that the trimethylsilyl group was added to the unsub-
stituted terminus of the arylacetylene to provide (Z)-p-cyano-f-arylalkenylsilanes,
in excellent yields in some cases.

TMSCN Ph, H
PRC=ECH ———— = >=<
PdCl, . pyr. NC  SiMe;

93 %

The reaction was subsequently examined with disubstituted alkynes in the
absence of solvent by two research groups employing both palladium and nickel
catalysts. Kusuomoto et al.5%7 examined the interaction of silylated alkynes such
as 2-phenyl-1-(trimethylsilyl)ethyne with 1 and palladium (II) chloride at 120°C
for 9 h. Upon worku& pyrrole 218 was isolated in 84% yield. Similarly, Chatani
and co-workers %> reported pyrrole products (52-88%) to result from the
reaction of both arylacetylenes and diarylacetylenes with excess 1 employing
catalysts such as palladium chloride/pyridine and nickel(0) catalysts. A mechanism
has not yet been proposed for the formation of these pyrroles or for the formation
of the analogous furans 219 obtained from cyclopropenones.

Ph SiMe,
TMSCN
PRC=CSMe; w—— o 7\
PdCl, NC N N(TMS),
H

218
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R Ph
xs TMSCN
PhC=CR —_—
Ni (0)/20 hr NC N(TMS),
H
R=Ph,87% ; R=H 58%
Rt R? R! R?
\7 TMSCN ] \
———————————(—-
catalyst NC N(TMS),
o]
219

3.7. Cyanosilylation of Dipolar Compounds

3.7.1. Nitrones

The original report of the reaction of a nitrone and TMSCN was that of Tsuge
et al>!! These workers reported that aldonitrones reacted with 1 in refluxing
benzene solution to form high yields (>95%} of the corresponding 1,3-cyanosily-

_ /N TMSCN AT ,Pn
ArCH= N\+ —— , CH- N\
o NC oS
220

lated products 220. Of the four aldonitrones examined, crystalline 1,3-cyanosily-
lated products resulted in every case. The products were desilylated upon treatment
with hydrochloric acid in ethanol affording the corresponding N-hydroxy-a-
aminonitriles in good yield. It was also observed that the cyanosilylated adducts
were thermally unstable upon extended exposure to high temperatures, and among
the decomposition products was the iminonitrile resulting from 1,2-elimination of
trimethylsilanol. The reaction did not work with ketonitrones, however, which gave
no reaction in refluxing benzene and products of radical disproportionation at
120°C in the absence of solvent.

Ph, /Ph TMSCN Ph\
CH-N i C=NPh
’ \ xylenes / reflux /
NC OTMS 30 hr

75 %

The above report bg Tsuge et al>!! seems to have been overlooked by
subsequent workers.> 1214 The elimination of trimethylsilanol from cyanosily-
lated aldonitrone products was shown to be base-catalyzed.5 12 yields of between
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70-90%: of iminonitriles were obtained at room temperature in the presence of
triethylamine. Cyanosilylation was also shown to be an effective blocking proce-
dure with aldonitrones, the nitrone being regenerated quantitatively upon reaction

with silver ﬂuoride.sm‘
Ry TMSCN = Ar R
ArCH==N+ ____;F—_’ CH=N
o g N o™s

3.7.2. Nitrile Oxides

Acctonitrile oxide was reported to react with several organosilicon reagents,
among them TMSCN, to form the corresponding 1,3-adducts.”® IR, 'H, and '3C
NMR were reported on the cyanosilylated product.

3.7.3. Iminium Imides

A report dealing with nucleophilic additions to triazolinedione ylides can be
considered to involve 1,3-cyanosilylation of an iminium imide intermediate 221,
followed by desilylation with fluoride ion.>!

CHs CHy

A o 1)t- BuOCi N\
NoonAk 2) ELN N
o}

H ,HNPh Hee-.. N-\‘(NPh
H

c CH,
He CN CN

TMSCN N\ o 1) Bu,N*F A o
——— ———

N NJ< 2) HC! : A,

H v NPh

/W H,N
™S
o) (o]
- 89 %

3.7.4. Other Dipolar Compounds

Cyanotrimethylsilane has been proposed to be an excellent trapping agent for
dipolar peroxide intermediates, e.g. 2225 Other photooxygenation inter-
mediates were similarly trapped. Cyanosilylation of furan photoox%%%lation
products, however, did not appear to involve zwitterionic intermediates.
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TMSCN
PRty

222

3.8. Strained Heterocyclic Compounds
3.8.1. Oxiranes and Oxetanes

Catalysis using Aluminum Lewis Acids. Ring-opening addition of cyano-
trimett}‘ylsilane (1) to oxiranes was first reported by Lidy and Sundermeyer in
1973.2%° They reported 75-93% yiclds of 2-(trimethylsilyloxy)ethyl nitriles from
the aluminum chloride catalyzed addition of 1 to oxiranes. With 2,2-
dimethyloxirane, the reaction was reported to take place regiospecifically, produc-
ing adduct 223 in which the nitrile group had added to the most substituted carbon
of the oxirane.

o TMSCN CH
CHy oL Me3SIOCH; — C—CN
CHy CHs

223

The reaction was later extended to oxetanes by Mullis and Weber '8 using
diethylaluminum chloride instead of aluminum chloride; no reaction took place in
the absence of a catalyst. The authors observed high yields of 3-(trimethyl-

o TMSCN
l | ————  Me3SiOCH,CH,CH,—CN
ELAICI
100 %
CHy CH,
TMSCN 1
CHy o Me;,SiOCHz-(l:CHzCN
ELAIC!
o A CHs
86 %
CH, TMSCN ‘,:Ha
Me,SiO- CH CN
l ol ELACI 510~ CHOH, O

224
47 %
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silyloxy)propyl nitriles by reaction of 1 with oxetane and 3,3-dimethyloxetane, but
2-methyloxetane provided the unexpected product 224 in which the
regiospecificity of the reaction was opposite to that predicted by Lidy and Sunder-
meyer. 240 In an effort to resolve this apparent discrepancy, Mullis and Weber 1
examined the reaction of 1 and 2,2-dimethyloxirane employing both aluminum
chloride and diethylaluminum chloride catalysts. In both instances, 2,2-dimethyl-
3-[(trimethylsilyljoxy ]propionitrile 225 was isolated, i.e., the addition product in
which the nitrile function had added to the least substituted carbon of the oxirane—
the opposite regiochemistry of that reported by Lidy and Sundermeyer.zw

o) TMSCN o P .
Me;SiO- CCH,ON
CHs AICl; or ELAIC! ]
CH, CH,
225

Mullis and Weber® '8 further reported that 1 itself reacted with diethylaluminum

chloride to give chlorotrimethylsilane and dlethylalummum cyanide, the latter of
519

which had earlier been reported to react with oxiranes.” ~ In the one case studied

TMSCN  +  EBACI Me,SICI  + ELAICN

where regiochemical differences could arise, the regiochemistry in which the nitrile
moiety Wwas mtroduced on the least substituted carbon of the oxirane reactant had
been observed.

—eOH

e

ELAICN

AcO AcO

The observed C nucleophlhcuy of diethylaluminum cyanide, as later proposed
by Spessard et al> %o explain differences between aluminum Lewis acid catalysts
and others vide infra, can be accounted for by HSAB theory. The “hard” nitrogen
end of cyanide ion complexes with the “hard” aluminum ion, leaving the “soft”
carbon end to attack the relatively “soft” oxirane carbon. Spessard proposed that
diethylaluminum cyanide could actually be written as the isonitrile structure 226.
Some support for this kind of arrangement is derived from the reported tetrameric
solution structure 227 of dimethylaluminum cyanide.5 2

Mo Al——C=N--v-o AiMe,
E c
Et,AIN=C N 1
il N
226 c :
I 0

MegAl ~-eee- N=C—AiMe,

227
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Concerning the utilization of the aluminum Lewis acid catalyzed reaction in
additional syntheses, a highly efficient asymmetric sythesis of a-amino-§-
hydroxyacids employing dlethylalummum chloride catalyzed addition of 1 to
oxirane intermediates has been reported. 522 The aluminum chloride catalyzed
reaction has also recently been extended to the regioselective synthesis of
cyanodeoxy sugars in which a considerable directing effect was shown by neigh-
boring hydroxyl groups.

Catalysis using Zinc Lewis Acids. The discovery that the nature of the addition
products of TMSCN with oxiranes was very much dependent on the Lewis acid
catalyst was independently reported by Gassman and Guggenheim (using zinc
1od1de) 24 and by Spessard et al. 520 (employing zinc chloride). Utilization of the
zinc(I]) catalysts provided 2-(trimethylsilyloxy)ethyl isonitrile products instead of
the corresponding nitrile products obtained with the aluminum catalysts. Further-
more, the regiochemistry of the zinc-catalyzed reaction was opposite to that
observed with aluminum, in that the isonitrile function was attached to the most
highly substituted carbon of the oxirane reactant.

TMSCN oms
o)
. Znl, A
oH, - CH
7% %

The zinc(Il) catalyzed reaction of 1 with oxiranes has provided high-yield
syntheses of 2-(trimethylsilyloxy)ethyl isonitriles®® which have been used as
valuable intermediates for the synthesis of 2- hydroxyethyl amines via
hydrolysis, 524 of oxazolines by treatment with palladlum chlorlde 524 and of the
corresponding N-methylamine compounds via reduction.>’ The reaction was also
extended to the symhems of compounds in which three contiguous chiral centers
have been established.”?® For example, cyclohexenol 228 was converted into
amine 229 in an overall 61% yield from the oxirane intermediate; in a similar
fashion, the epimer of 228 provided amine 230 in 70% yield.

229 230
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The zinc(II) catalyzed reaction has also been extended to oxetanes.> 27528 High
yields of 3-(trimethylsilyloxy)propyl isonitriles resulted which, of course, could
readily be converted into useful 3-aminoalcohols. The reaction was again shown
to be regiospecific; in all cases the isonitrile function was attached to the most
electropositive a-carbon center of the starting oxetane.

Mechanistically, the zinc catalyzed ring opening addition of 1 to oxiranes and
oxetanes perhaps can best be described as involving an SN2 process in which
considerable positive charge is developed in the transition state. Support for the
SN2 nature of the reaction is the trans stereochemistry of the addition observed in
virtually all cases. A further indication that the process is largely SN2 comes from
the observation that r-butylcyanodimethysilane reacted 10-20 times slower than
did 1, presumably because of steric crowding in the transition state.”?® That
considerable positive charge is developed in the transition state was indicated by
the observed regiospecificity in which the isonitrile moiety became attached to the
a-carbon atom of the oxirane/oxetane that could best support a positive charge.
Also, methyl-substituted oxiranes have been reported to react faster than unsub-
stituted 0x1ranes,52 and certain oxirane reactants which would be particularly
prone to rearrange if carbocationic intermediates were involved did in fact provide
rearranged products. Thus, the tricyclic oxirane 231 prov1ded approximately 90%
rearranged products with the major product being 232.53%A useful way of picturing

H TMSCN CH,
o, —— .
[-+'O 2nl, 3 I‘:J’C
H 72% ‘oH, e
231 232

the transition state is structure 233 proposed by Utimoto et al.>*! An obvious piece
of missing information relevant to discussions of mechanism and transition state
structure, however, is a determination of the rate equation for the reaction.

Catalysis using Other Lewis Acids. Palladium cyanide, stannous chloride, and
trimethylgallium have been reported to catalyze ring opening of oxiranes by
TMSCN to afford 2-(trimethylsilyloxy)ethyl isonitrile products in high yield, with
the palladium and gallium catalyzcd reactlons proceeding under milder conditions
than those with the zinc catalysts ! Boron trifluoride etherate catalyzed the
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reaction of 1 with certain anhydro sugars to provide excellent yields (after
hydrolysis) of the corresponding hydroxy nitrile derivatives, although certain ketal
functions, notably benzylidene ketals, apparently interferred with the normal
addition to the oxirane in some instances.!®® Lanthanide compounds such as
SmCl3, CeCl3, and LnCl3 catalyzed ring-opening to the corresponding cyano
alcohol derivatives in good to excellent yield.”~“ Titanium tetraisopropoxide has
been shown to be only moderately effective as a catalyst for adding 1 to 2,3-epoxy
alcohols to provide cyano alcohol products.

3.8.2. Thiiranes

In analogous fashion with oxirane reactants and aluminum catalysts, aluminum
chloride catalyzed reaction of TMSCN with 2-methylthiirane provided the cor-
responding B-mercapto nitrile 234 in which the cyano group had added to the least
substituted carbon atom of the heterocyclc.5 3 Zinc chloride, zinc bromide, and
titanium tetrachloride were ineffective as catalysts. The reaction was apparently of
limited scope, since polymerization rather than addition was observed with
cyclohexene thiirane.

S TMSCN MeOH CHy
7 AlCI ﬁ/\CN
CH; 3
SH
234
43 %

3.8.3. Oxaziridines

Reaction of 1 with 2-(trifluoromethyl)-3,3-difluorooxaziridine resulted in a
high yield of 1-(trifluoromethyl)-3-(trimethylsilyljcarbodiimide 235.>*> The reac-
tion was proposed to take place only with fluorinated oxaziridines and involved
cycloaddition followed by rearrangement with loss of COF>.

F F
N/
CFay TMSCN C - COF,
N—CF, ——— | cF—N O 2 CF,N=C=NTMS
‘O' -1001022°C \ 4 235
19 hr N=C\ms e

4.0. CYANATIONS
4.1. Substitution Reactions
4.1.1. Substitution on Elements Other Than Carbon

Group Il Elements. Many of the early reactions of TMSCN and boron
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100°/10 hr
= (BHCN), +  MeSiH
KOH / H,0 )
p——= {Mg;Si),0 + KCN + KBO, + H,
Me,SiCN- BH, HC! () oo
[T  Me;SiCN: BH,CI — Me,SICI + (BH,CN),
-78
Me N
————— Mg N'BH, + Me,SiCN
Scheme 8.

compounds actually originated in Germany during World War IL. 536,537 Reaction

of 1 and diborane growdcd awhite solid which melted at 69°C and possessed a 1:
BHa ratio of 1.03.”" A summary of the reactions of the adduct is given in Scheme
8, where (BH2CN), is a polymeric product of undetermined structure.
Trimethylborane reacted with 1 and provided a white solid, presumably an

adduct as above, although the solid could not be characterized. 538 Adducts with 1

: 1 stoichiometry were also formed with boron halides, but they were much less
thermally stable than the borane adduct.”®® Di-n- butylboron chloride reacted
metathetically with 1 at low temperature to give 236 as a colorless, viscous liquid
that was highly aggregated 540 The reaction of dimethylaminoboron dichloride and
an excess of 1 provided a relatively stable adduct; dimethylaminoboron dicyanide
could be obtained in pure form by heating the adduct at 100°C.>%

19610 -78°C
BuBCl + TMSCN =——————— BuBCN + TMSCI
98 %
236

100°C
Me,NBCl, + xs TMSCN — Mg,SiCN-Me,NB(CN), TTeon Ms,NB(CN),
- N

Reaction of either diethylaluminum chloride® or triethylaluminum™ * with

TMSCN has been shown to provide diethylaluminum cyanide, the latter proceed-
ing in 85% yield at room temperature. These results are pertinent to earlier
discussion of the reactions of 1 with enones (see Section 3.2.2.) and oxiranes (see
Section 3.8.).

542

ELAICI + TMSCN

ELACN + TMSCI

Group IV Elements. As discussed in Section 2.1, chlorosilanes react with 1 by
chloride-cyanide interchange to produce new cyanosilanes and TMCS. Ger-
manium halides similarly exchange halogcn for cyanide. This reaction has been

29
used to prepare tetracyanogermanium 237, d1cyanod1methylgennamum and
germanium(II) cyanide from germanium(II) fluoride.

GeCl, + TMSCN ————— TMSCI + Ge(CNj},
237
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Whercas dimethyltin dichloride was readily converted to the corresponding
dlcyamde ? tin tetrachloride was reported to react with 1 to form 4product 238
resulting from initial addition followed by substitution of chloride.’

- TMSCI
SnCl, + TMSCN ——= [ SNCI(TMSCN),] — Mo SnCI,CN(TMSCN)

238

Group V Elements. N-Halogenated compounds are N-cyanated by the action
of TMSCN. Thus, N-chloromorpholine and 1 gave N-cyanomorpholine 239 in 50%

/ TMSCN 7\
0 N—CI —_— o N-—CN
cuCl —_/
238

yicld.545 Phosphorous halides also readily exchanged cyanide with 1.19546.547
With certain phosphorous halides, titanium tetrachloride and other Lewis acids

o TMSCN ﬁ
(EtO)PCl ~ ———————e  (EOL,PCN + TMSCI
Ticl,

were shown to be effective catalysts by increasing the electrophilicity of the
phosphorous5 8-552 Likewise, halide salts of arsenic, antimony, and bismuth
formed the corresponding cyanides 240 upon reaction with 1.

MCl; + TMSCN

M(CN); + TMSCI

M= As,Sb,andBi 240

Group VI Elements. Elemental sulfur has been reported to react with TMSCN
to form trimethylsilyl isothiocyanate, 1859 and certain disulfide linkages were
cleaved to the corresponding thiocyanates with 1. 553

Sulfur halides readily exchange cyanide with 1, and many sulfur-halogen
compounds with varying sulfur oxidation states have been examined. Thus, reac-
tions of 1 with several kinds of sulfcnyl hahdcs and rclatcd compounds have been
studied, including CliC- SCL,2* RSC1,3%* ArSCL,>*8%% RpSCL>> (RO)P(O)-
SCI 6-559 SCl, 42,560,561 g, Clz, 142562 and (SCN).. 562 Perhaps the most general-
ly useful report of the reactions of sulfenyl chlorides with 1 is that by Harpp and
co-workers.>>* High yields (70-94%) of thiocyanates 241 were obtained at room
temperature by dropwise addition of 1 to sulfenyl chlorides in very dry acetonitrile.

RSCI + TMSCN ~————emee=  RSCN  + TMSCI
241

ArSOCH;  + TMSCN . ASCN  + (CH,),SiOCH,
242
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Harpp et al.>63

similar fashion.

Sulfur(IV)- and sulfur(VI)-halogen compounds also undergo reaction with
TMSCN. Thionyl chloride reacted with 1 to provide thionyl cyanide when the
reaction was conducted in the cold,5 %0 while cyanogen chloride was produced at

have also shown that alkyl arenesulfenates 242 react with 1 in a

- 19610 -30°C SO(CN),

6010 80°C

elevated temperatures.5 48 Sulfuryl chloride also gave cyanogen chloride when
reacted with 1 at 60-80°C.5*8 Sulfur trioxide provided bis(trimethylsilyl)sulfate
243 in 72% yield.>®?

SOCI, + TMSCN

[NCSOCI] —e-QICN + 125 + 17250,

- (]
SO, + TMSCN ——2C _  (MeSi0),50,

243

Benzeneselenenyl chloride reacted with TMSCN to give phenyl selenocyanate
e 5645657 . . : . :
in high yield, while tellurium chloride pentafluoride was proposed to react
with 1 to form an intermediate cyanated substitution product 244 that decomposed
to give cyanogen chloride and tellurium tetrafluoride.>®

TMSCN + PhSeCN
96 %

PhSeCl + TMSCN

- FSiMe
TeFCl + TMSCN —— [TeF,CICN] —= TeF, + CION

244

Group VII Elements. Chlorine and bromine reacted with TMSCN to provide
the corresponding chlorotrimethylsilanes and bromotrimethylsilanes.5 45 A varia-
tion of this reaction involving interaction with cyano&en chloride was shown to be

. : : 5
a viable method for the preparation of dicyanogen.

CICN + TMSCN —— —  TMSCI + (CN),
67 %

Transition Metals. In general, transition metal complexes react with the
isonitrile form of TMSCN resulting in displacement of a ligand and formation of
metal—carbon bonds. Thus, titanium com glcxes were observed to form Ti—C bonds
rather than the stronger Ti-N bonds.>® Similarly, Group VIB metal carbonyl
compounds reacted with 1 in its isonitrile form, producing complexes 245.%° These
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complexes were also shown to be available via silylation of the corresponding
sodium salts.>®

MCO) + TMSCN —
M(CO)s — C=NSiMe;
NalM(CO)CN] + TMSCI 245

M=Cr,Mo,andW

Displacement of nitrogen from tungsten and molybdenum complexes by 1,
followed by methanolysis, resulted in the first incorporation into a metal complex
of the aminocarbyne group, CNH2>"° Reaction of pentacarbonyl[methoxy-
(phenyl)carbene]tungsten with TMSCN resulted in coupled insertion product 246;
subsequent reg)’}zlaoement of the trimethysilyl group by hydrogen was effected by
wet silica gel.

Pk Pt
(OC)W=C_ + TMSCN  ——= (OC)sW~-N=C—C—SiMe;
Ph
246 "
H,0 i
(OC)sW~N=C—~C—H
Sio, !
Ph

Reaction of TMSCN and pentacarbonyliron resulted in displacement of CO by
the isonitrile form of 1 in a reaction similar to that noted above. 81177

Addition of 1 to rhenium complex 247 provided the corresponding isonitrile
complex. Methanolysis was facile, generating complex 248 containing the HCN
ligand.

trans - [ ReCi(N,){dppe),] + TMSCN ——s trans - [ ReCHCNSiMe,)(dppe), )
247

MeOH
trans - [ ReCI{N=CH)(dppe),

248

Finally, silver and mercuric oxides also have been reported to undergo ex-
change reactions with 1, leading to the corresponding transition-metal
cyanides.ls’

4.1.2. Substitutions on Carbon

Halide Substitutions. Halide substitutions at carbonyl carbon, i.e., the conver-
sion of acyl halides into acyl cyanides, are very facile and were discussed for
mechanistic reasons under cyanosilylations in Section 3.3.2. Cyanation of tertiary
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alkyl halides, on the other hand, has been a long-standing problem in organic
synthesis. Elimination competes with substitution when using cyanide ion, while
N-alkylation and the Ritter reaction often occur under SN1 conditions. Reetz and
Chatziiosifidis,573‘574 however, observed some rather remarkable reactions of
tertiary alkyl chlorides and TMSCN. In the presence of stannic chloride, only
tertiary chloride and not primary chloride was replaced by nitrile in dichloride 249,
and exo-2-chloro-2-methylnorbomane was converted into the exo-nitrile 250 with

100% stereoselectivity.

CH, TMSCN CH,
C%Y\/\CI CHB>§\/\ ol

ci SnCl,
249 2%
Cl CN
TMSCN
—————-
Chy snCl, CH,
84.% 250

Reetz and co-workers> "~ later explored these observations in greater detail in
order to optimize conditions and determine a reaction mechanism. The reaction
was extended to many other tertiary alky! halides and was found to fail only when
electron-withdrawing groups were present on the carbon bearing the halogen.
Optimal conditions to achieve >80% conversions to nitrile products involved use
of 25 mol % stannic chloride at room temperature for about 36 h. The proposed
mechanism, for which considerable support was provided, involved a cationic
chain mechanism as shown in Scheme 9. A key intermediate in the mechanism is
the isonitrile, which could be detected under certain conditions. Stannic chloride
was shown to catalyze the isonitrile to nitrile rearrangement.

More recently, the above method has been applied to a stereospecific synthesis
of o,a'-dicyanoazoalkanes (e.g., 251),576 6,1 1-dihydrodibenzo[b,e;thiepin-1 1-
carbonitrile 252,577 and N-(a-cyanobenzyl)benzimidoyl chloride 253. 78 Also, the

R C—Cl + SnCl, = R,C* SnCly == RyC—NE=C—TMS SnCly”

: Rl

RiC—N=C—CR; SnCl;” ==—= RyC—N=C + TMSCI + SnCi,
R;C— C=N +  RyC*SnCig

Scheme 9.
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corresponding mtrﬂe-for-chlonde substitution products were obtained from halo
ethers such as 254°°°% and from o-halo thloethers,581 with no competitive
displacement of an ether group being observed gsce Ether Substitutions below). No
catalyst was employed in the former reactions. 79-580

N\N/kt Bu _TMSON

SnCl, /- 78°C
tBu ci 4

meso

TMSCN

—p

SnCl, / CH,Cl,

86 %

TMSCN

Ph-CH—N==CPh  ——————>  Ph-CH—N=CPh
1

ci cl N Cl

TMSCN
[FC(NO,),CH0lC—Cl  ———— [FC(NO,);.CH,0],C—CN
254

Olah and co-workers>>2 have shown that with adamanty! halides higher con-
centrations of stannic chloride and refluxing conditions result in improved yields
of the corresponding nitriles. Aluminum bromide also effectively catalyzed the
reaction in certain instances when stannic chloride did not. In contrast, Sasaki and
co-workers o> had reported earlier that 1-adamantyl chloride was converted into
the isonitrile in 78% yield by treatment with 1 and titanium tetrachloride. This latter
report has not been elaborated in subsequent literature.

Br
@/ — @
AiBr, 59 %

SnC] 4%

TMSCN
Cl TTCLICHCy, ./ CH,Cl, N==C

78 %
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Fluoride displacement from glycosyl fluoride derivatives by TMSCN in the
presence of boron trifluoride etherate has been observed. 384,585 Furanosyl fluorides
reacted non-stereospecifically, providing equal quantities of a- and p-anomeric
nitriles 255. Pyranosyl fluorides, however, reacted more stercoselectively. In one
report,5 8 the reaction provided a 90% overall yield witha3 : 1 o : -anomer ratio;
in the other report, 585 in which isocyanide products were isolated under certain
conditions, only the a-isomer 256 was obtained (85% yield).

BrO,
F mscn
BFa OFt,
BrO OBn

255

TMSCN
BF, OFt,

256
predominantly

Nucleophilic aromatic substitution reactions in which TMSCN is the cyanide
source were first reported by Chaykovsky and Adolph.586 Aromatic fluorides
which possessed multiple, powerful electron-withdrawing groups gave aromatic
cyanides when reacted with 1. Thus, picryl fluoride gave picryl cyanide 257 in 75%
yield when refluxed with 1 in nitromethane solution. Picryl chloride, however, was
unreactive. The importance of multiple electron-withdrawing groups was indicated

F CN
0 NG, TMSCN G NG,
CH,NO, / reflux /3 hr
NO, NO,
257

by the observation of only a 26% yield of nitrile from 2,4-dinitrofluorobenzene and
no reaction with 2-nitrofluorobenzene.

Aromatic cyanation has been extended to aryl iodides (aryl chlorides and
bromides were unreactive) by the use of a palladium(0) catalyst. Under these
conditions, electron-withdrawing groups were unnecessary.s8 With 1 as the
cyanating agent, refluxing iodobenzene with tetrakis(triphenylphosphine)pal-
ladium in triethylamine solvent provided benzonitrile in 88% yield. The reaction
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was shown to tolerate a variety of substituents on the ring including methyl, chloro,
bromo, methoxy, and carbomethoxy.

Carboxylate Substitutions. Replacement of acetate by cyanide with TMSCN
as the cyanide source was reported by De Las Heras and co- workers 588 16 occur
in a series of acetylated glucals by an SN2'-like process. 3,4,6-Tri-O-acetyl-D-glu-
cal 258 gave the two 2,3-unsaturated pyranosyl cyanide a- and $§-anomers in 57%
and 42% yields, respectively, when reacted with 1 in the presence of boron

trifluoride etherate.
TMSCN
BF oa2

CHyNO,

OAc

258

Substitution of nitrile for acetate in more convcntlonal alkyl acetates such as
259 has been reported to occur in moderate ylcld

Sn(OTf)‘ o CHO”

CH,Cl, /-78°
43%

Nitro Substitutions. The nitro group was shown to be effectively replaced by
nitrile in a Lewis acid catalyzed reacuon with 1, provided the nitro group occupied
an allylic or benzylic posmon Although this reaction took place readily under
mild conditions and was tolerant of other functional groups such as ester, nitrile,
and carbomethoxy, an unfortunate aspect was poor regiochemical control as
indicated with allylic nitro compound 260. A low yield (27%) of cyanated product
was observed with the one benzylic nitro compound examined.

CH;  CH,0Ac CHy CH;OAc
NO, | TMSCN Z~CH,0Ac
SnCi, / CH,C,
rt./05hr

(1:1)

Subsututlon of nitro by cyano in a-nitro sulfides proceeded very readily and in
excellent yleld ! The reaction of 1 with sulfide 261 was complete in 20 min at
0°C when a full equivalent of stannic chloride was employed. The reaction was
proposed to proceed via an SN1 mechanism involving thio-stabilized carbocationic
intermediates. Extension of the reaction to f-nitro sulfides clearly demonstrated
participation of the B-phenylthio group and that episulfonium ion intermediates
were involved.”*? Because of this type of intermediate, regiochemical control was
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TMSCN
CgH,g-(l}i-NOZ CgH,g-IG-i'CN
SPh SnCl, /CH,CL,/0°C SPh
261 95 %

often poor, although an exception was seen with compound 262. The anti isomers
were reported to react faster than the syn isomers in all cases studied. In fact, only
the anti isomer was consumed when a 1 : 1 mixture of the syn and anti f-nitro
sulfides 262 were allowed to react for 5 min; the syn B-nitro sulfide was recovered
unchanged.

NO; CN

@/k/ CHy  TMSCN @/k/ CHy

: e H

sPh SnCl,/0°C /0.5 hr SPh
262 (anti) 80 % (100 % anti )

Ether Substitutions. Substitution of an ether group by a cyano group upon
reaction with TMSCN requires activation of the ether function. The ring strain
present in small ring heterocycles such as oxiranes and oxetanes apparently
provides enough activation to allow these compounds to react readily with 1 in the
presence of Lewis acids (see Section 3.8). Allylic ethers are also suitably activated,
andhave beenreported toreact with 1 in the presence of trityl perchlorate affording
B,y-unsaturated nitriles such as 263 in moderate to good yields.s93 Kozikowski and
Park® reported the SN2’ displacement of allylic silyl ether 264.

OR cN

/\/[\ TMSCN /\)\
PR X
CH, e, Ph” X CHy
pn0
4510-23°C 263
33-66%
oH OTMS
@ TMSOT! Ej TMSCN O\
r——- ——————-
. N oN
i
CO,CoH; CO,CzHs CO,CzHs
264 70 %

A final activated ether that is reactive with 1 and is cyanated under proper
catalytic conditions is the ketal. The remainder of this section is devoted to the large
body of literature describing reactions of ketals and related derivatives with 1.
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The ability of TMSCN toreact with ketals and replace one of the ether functions
with a nitrile group was originally reported by Becsi and Zbiral’>> in a study
examining cyclic orthoesters. Three orthoesters derived from cis- and trans-1,2-
cyclohexanediols were examined, among them orthoester 265. The methoxy
groups were replaced with excellent selectivity (no ring opening) in 90, 70, and
84% yields; in some instances, p-toluenesulfonic acid was employed as a catalyst.

y4 : ? TMSCN N\ o
p-TsOH / PhH / refiux O)( N

Ch,

265 70 %

The reaction was extended to simple ketals by Utimoto and co-workers.>%®

Treatment of the ketal with 1 in the presence of boron trifluoride etherate or
stannous chloride resulted in 64-97% yields of a-alkoxynitriles.

Application of the reaction to carbohydratc derivatives was reported s1mu1—
taneously by Utimoto and Horiie>” and by De Las Heras, and Ferndndez- Resa’
In these systems, the more reactive derivatives were those in which the ketal
function contained a replaceable carboalkoxy group at carbon-1 of a pyranose or
furanose ring. Utimoto and Horiie obtained an excellent yield of a furanosyl
cyanide when the corresponding acetate was heated at 70°C with 1 and stannous
chloride. Allowing the reaction to stir at room temperature, however, produced a
1,2-O-(1-cyanobenzylidene)ribofuranose product 266 which was converted into
the furanosyl cyanide on warming.

TMSCN o . o
Bzo’\(j’ Ohe o B0 N 1°c Bzo’\(_].. o
— SnCl, —J ., OXON

B0 OBz 70°C B0 ‘OBz BzO'

83 % 266 Ph
| 2°c /

45 %

De Las Heras et al.>% reported that boron trifluoride etherate catalyst and
nitromethane solvent provided improved yields. They also isolated dioxolane
structures similar to Utimoto’s above which were indicative of participation by the
neighboring 2-O-acyl group. Isolation of the dioxolanes plus the observation that
both pyranosyl acetate anomers 267 and 268 gave the same pyranosyl cyanide led

G Qe
§<_—_Z;J\
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G, OAc o
RC(O)W RC(O)OAQ-.., o

B 4+
RCOO  OCOR RC(OI0" 0“ ~R
@)
o, |
CN’
o( O _OoN
RC(O)OAO~..,a RC(O)OAQ/
RC(O)O' ’ ;J RC(O)0 OC(OR
270
Scheme 10.

the authors to propose that the reaction involved acyloxonium jon intermediates
such as structure 269.

Reetz and co-workers, in a study of the cyanation of simple a-acetoxy ethers,
obtained a 98% yield of a ribofuranosyl cyanide using stannic chloride in methylene
chloride at room tempcrature.575 These workers proposed that neighboring group
participation was probably responsible for the retention of configuration observed
in the reaction. Utimoto et al.!®* proposed the detailed mechanism shown in
Scheme 10 involving neighboring group participation by the 2-O-acyl group and
acyloxonium ion formation; retention of configuration was accomplished by a
double inversion at C-1. Product 270 was proposed to be formed either directly
(path a) or from the 1,2-O-(1-cyanoalkylidene) intermediate (path b).

More recent reports of cyanations of O,0-ketals of carbohydrate derivatives
have appeared in which the stereochemical outcome has not been explained and
may not be easily rationalized by the steps in Scheme 10. The trichloroacetimidate
derivative 271 provided only the a-nitrile product in 87% yi¢=,1d.599’600

OBn

OBn
o} TMSCN B0 o
TMSOTt
BnO CH,CI BnO

OYN"‘ o° é ,290 min CN

CCly
27

Also relevant are studies employing trityl perchlorate as catalyst.6°1’602 When
the reaction of acetate 272 with TMSCN was conducted in dimethoxyethane, an
o/ ratio of 63/37 was observed (97% yield). When the reaction was conducted in
diethyl ether, however, an o/ ratio of 93/7 was obtained (93% yield).
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WOAC TICIo, BHOAG, TMSCN O ~CN
—— ——

272

Utilization of the cyanation reaction of O,0-ketals in asymmetric synthesis was
first developed by Johnson and co-workers.5*3%%% A series of chiral ketals, readily
available from aldehydes and (R,R)- or (§,S)-pentane-2,4-diols, provided
cyanohydrin ethers 273 upon treatment with 1 and titanium tetrachloride. These
chiral cyanohydrin ethers were further converted into optically ac-
tivecyanohydrins, p-aminoalcohols, and a-hydroxyesters with ee’s of 90+%.
Predominant formation of one diastereomer upon reaction with 1 was explained as
originating from cleavage of the C-O bond which minimizes a 1,3-diaxial H/Me

F\<G‘J
><H 1) TMSCN / TiCl, o~y

[o) CH,Cl,/-40°C {yields >97 %)
/v —_— c (de>95%)
CHs op, 2 MeOH Hy

PCC HO CHs

%8 }/ 273

F\<CN p-TsOH F\'<ON HCI/ MeOH H\<0020H3
HO™ “H dioxane / H,0 0" “H o7 % H Y H
reflux
93 % CH,
1) BH, THF
2) HCOH / Ac,0 s
85 %
RN CrHCHO 1)CrOs R\ CreweHo
0" “H 2) KOH HO™ “H
THF / MaOH
CH; 89 %
CH,

interaction. In path a, the 1,3-H/Me interaction is lessened because of bond
lengthening; this is not the case with path b.

CH3 CHB h:nxn
o] a o b CHy o
S TR 1S

..... " O\r
dxn Nu CH, H H H."



Cyanotrimethylsilane 153

Ketals 274 derived from 1,3-diols having a single chiral center were also
examined.®’* Here the resultant adduct could be either a primary (path a) or a
secondary (path b) alcohol. The cyanation reaction was found to be extremely

R\<CN H,./<R R CN
1 N a o) b Y

O

—r————— . o]
TMSON I\)__-CH3 TMSCN
CH, :

H OH

274 CH,
sensitive to conditions, providing 1 : 1 to 99 :1 mixtures of primary : secondary
alcohol products depending on rates of addition of reagents and reaction tempera-
ture. Optical yields varied; in one procedure a 71% ee was obtained from a ketal
which was derlved from an alcohol of 80% optical purity.

Seebach et al.>°> made an advancement in asymmetric syntheses of this kind
utilizing 1,3-dioxan-4-ones 275 as chiral substrates. These 1,3-dioxanones offer

R

™ OH pyr. tosylate 0*0
)\/K + RCHO — o /]\/g
CH, (o] PhH /- H,0 CH, o}

275

several advantages: 1) the ketal oxygens are of vastly different nucleofugacities;
2) both enantiomers of 3-hydroxybutanoic acid are available and inexpensive; 3)
the preparation of compounds 275 proceeds in 70-90% yield, providinga 9 : 1
cis : trans mixture from which pure cis may be obtained by recrystallization; and
4) removal of the chiral “auxillary” after ring opening requires a simple p-elimina-
tion. Reaction with TMSCN in the presence of titanium tetrachloride provided the
optically active cyanohydrin derivatives, e.g., 276.

CH,CH,Ph N
1) TMSCN / TiCl, H 1) H;0, / K,CO,
o) CH,CL,/-75°C O)\ MeOH / 1- nonene
CH,CH,Ph
—————-
)\/K 2) H,0 2)LDA/THF
CHy o CHs)\/ COH -20°Cton
99 %
276 (de=98%)
(o]
N)K<CH2CH2Ph
Hyl R
H Yoo

68 %
(de =96 %)
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Kirchmeyer et al.5% extended the reaction to ketals derived from ketones,
obtaining product yields of 63-87%.

CoHs, OCH TMSCN / Zni, CoHs, ON
25°C/12h ><
CHs OCH ' CHY OCH,
73 %

The cyanation reaction was first applied to a-ketols in a synthesis of 6H-diben-
zo[b,d]pyran-6-carboxylic acid derivatives.5%” Reaction of 6H-dibenzo[b,d]pyran-
6-ol, for example, with 1 and zinc iodide provided the corresponding nitrile 277 in
90% yield. By contrast, a-ketol 278 yielded only the comresponding silyl ketal; no
cyanated product was detected. %’

] TMSCN / Zni, g
———————
o PhH /rt. 0

H OH H OCN

277

OR TMSCN O™S CN
D<O<32Hs 2nl, D<0(‘qHs D<OCZ,H5

278 R=MglorH 73%

The cyanation of y-lactols with TMSCN was found to be stereoselective, with
cyanation of lactol 279 being one of the more stereoselective reactions inves-
tigatcd.608 The reaction was proposed to involve oxonium ions formed by com-

Ph Ph
HO_-© TMSON/BF, 0B, O\ -©
—_— g Ph
t-Bu \Q(Ph creCh t-Bu
-76%10-20°C
CO,CH, CO,CH,

279 84 %
(>20:1,trans : Cis )

plexation with the Lewis acid catalyst followed by addition of the nucleophile from
the more accessible side, leading to the observed product. More recently, it was
shown that use of t-butglcyanodimethylsilanc rather than 1 resulted in increased
diastercoselectivities.®’

The cyanation of ketals has been extended effectively toa series of formamidine
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derivatives.>*® Reaction took place in the absence of catalyst at elevated tempera-
ture.

OCH yysen LOCH,
(CH,)p,NCH=N— Q\-{ ——————  (CH3),NCH=N— Q\-{
0
ocH, 10°C oN

B84 %

Another development that has refined the cyanation procedure is 4 recent report
which disclosed that boron trifluoride etherate prov1dcd no detectable ring opening
with cyclic ketals, e.g., 280. 11 Utimoto et al.'®* had earlier shown that stannic
chloride caused significant ring opening to occur.

%\Q.ww‘a TMSCN/ BF, OFt, CHa\@.,-nCN
) CH,Cl, ]

1-Bu(CH3),Si0 90 % t-Bu(CH3),Si0"
280 (1:1)

Electro%enerated acids have been utilized to catalyze the cyanation reac-

158612813 15 one example, heptanal dimethyl ketal and TMSCN were
electrolyzed in methylene chloride using platinum electrodes in an undivided cell.
On workup, the cyanated product 281 was obtained in 89% yield. The nature of
the supporting electrolyte was important as lithium tetrafluoroborate or
tetracthylammonium tosylate gave no product.

TMSCN
SO0 LICIO, / ELN*CIO, .
CeHyg—CH — e T CgHy—CH
N CH,C1, 6713 \
OCH, Pt anode OCH;

281

The cyanation of O,0-ketals by TMSCN has been extensively utilized in
synthesis. Reports include a stereoselective synthesis of asptemic acid ;614 prepara-
tions of 5-O-benzoyl-2,3-O-isopropylidene-B-D-ribofuranosyl cyanide, and the
corresponding O-2,3-carbonate and 0-2,3- benzeneboronate denvatwes 815 the
preparation of 2-B-ribofuranosylselenazole- 4 carboxamlde ® the preparation of
pharmacologically active secondary amines;® 7 the synthesis of 5,6-diphenyl-2-
methylene-1,4-dioxane- 3-one,61 and the synthesis of pleuromutilin

The cyanation of O N ketals using TMSCN and a Lewis acid was ongmally
reported by Asher et al® Plpendme morpholine, and piperazine heterocycles 282
which contained an a-methoxy group underwent cyanation in high yield upon
treatment with 1 and stannic chloride. Trans-N-acetyl-2-methoxy-4-acetoxy-
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piperidine 283 provided an equal mixture of the two nitriles, indicating that the
reaction was not stereospecific.

E’j\ TMSCN (:;\
e ———-
SnCl, / CH,CI
'lq m 4 22 N

?—O X =0, NAc and CH,0Ac ‘C=O
CH, CHs
282
ACOQN\ Ac TMSCN ACOQN\ Ac + AO N~Ac
BF, OF1, N
OCH,

283

An empbhasis of the Anteunis group has been to utilize this cyanation reaction
as a key step in the overall transformatijon of primary amines into aminoacids. 621
This transformation, outlined in Scheme 11, involves anodic oxidation of a
protected primary amine to introduce an a-methoxy group, substitution of the
methoxy group by cyano using 1, and hydrolysis to the aminoacid.

Aminoacids have in turn been anodically oxidized in methanol to replace
carboxyl with methoxy. These O,N-ketal derivatives were then reacted with 1 to
introduce the nitrile functional group.622’623 Titanium tetrachloride was utilized as
the catalyst, and high diastereoselectivities (>90%) were observed. For example,
(2S,4R)-hydroxyproline, after O-silylation, was anodically oxidized to a 1:1
mixture of the O,N-ketals. The (2R,4R)-isomer 284 was essentially the only
cyanation product of this mixture, however, as subsequently indicated by
hydrolysis to aminoacid 285. The overall displacement of methoxy by nitrile
resulted in exclusively a cis configuration between the 2-cyano and 4-hydroxy
groups.

CHy
/'\/ NH O Ptanode NH TMSCN
CoHs "( ———— (s
H Bu,N'BF, / MeOH SnC|‘
2F/mole
CH; CHs
NH O 12N HCI NH;
CoHg ‘( — Csz)\r
CN H COH

Scheme 11.
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OSiR, OSiR, OSiR,
Pt anode d
. ———- .
HOC™ Et;N/MeOH  CHy * CHO™ N\
I 89% |
CO,CHy CO,CH, CO,CH,
(25,4R)
(1:1)
OSiR oH
TMSCN 6N HCI
—r—
TiCl, 75 % HO;
70 % | ]
284 285 (2R,4R)

Ry = OS{(CHy)t-Bu

The cis configuration was also observed with products from reactions of 1 and
2-methoxy-6-substituted piperidines. An a-methoxy piperidine derivative of un-
specified stereochemistry with regard to the methoxy group gave only the cis
substitution product 286 when treated with 1 and titanium tetrachloride. 24

O,Q\ TMSCN / TiCI, /Q\
Ory 1 CocH,  L0C/CHCL N COCH,
CO,CH, CO,CH;3
286

The cyanation reaction was applied to various orthoester and orthocarbonate
derivatives by Kantlehner and co-workers.®? In most instances, the ether function
was replaced by nitrile; only with the orthocarbonate derivative 287 was the
N-substituent replaced and then not exclusively.

oo, o
HO—OCH, TMSCN HO—OCH,
N(CH;), N(CHy),
P2t TMSCN N
CoHsO—C—OC,H, C;HsO—C—0C,Hs
N(CHa), N(CH;),
ot TMSCN D2 N
(CHa)oN—C—0CH, NC—C—0CHs + (CH),N—C—0C;H;
N(CH3), N(CHa), N(CH3),

287 75 % 25 %
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1 R' ?=SR
R' SR snCi, TMSCN

—_— ?:snassm ?( L
R? SR N=C:

SR
R‘Xcaﬁ—(—nzn‘ RN R,

R? SR R° SR R

Scheme 12.

The sﬂylox; moiety was shown to be a useful leaving group in the preparation
of nitrile 288.

Meli TMSCN
OS[RQ
Nf CH;, TCI
63 %

OSiRy
Ry = OSi{CH,),t-Bu 288

The c%anatlon of O,N-ketals has also been applied in the syntheses of 2-cyano
628,629

indoles, “’ 3-cyanobenzoxazines, 6-a- cyanopemcﬂhns % N-1- -Cyano-
2,2 2-trifluoroethyl-N-alkyl-anilines, 831 and biotin®>2,

0,S-Ketals were reported to be unreactive with TMSCN in the presence of
stannic chloride.®** When the thio group was oxidized to sulfoxide, however,
reaction took place very cleanly. Thus, methylthiomethyl cyclohexyl ether was
transformed into cyanomethyl cyclohexyl ether 289 in quantitiative yield.

o)

O__SCH; McPBA O._ SCH;y TMSCN/Znl, QO CN
——-
0° C/CH,Cl, 25°C /16 hr
100 %

100 %

289

S,S-Ketals were smoothly cyanated by 1 in the presence of stannic chloride.83

The yields of a-cyanosulfides 290 obtained were generally in the range 0f 80-95%.
The proposed mechanism was analogous to that proposed for the cyanation of akkyl
halides (Scheme 12).

4.2. Addition Reactions

4.2.1. Iminium Salts

As discussed in Section 3.5.1, imines react with TMSCN when complexed by
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a Lewis acid (LA) to provide the cyanosilylated adducts. Iminium salts 291 are
already activated towards nucleophilic attack and, while cyanosilylation is not
possible, cyanation can readily occur.

\ LA \ . \ + TMSCN \ TMS
C=N— —a C=E4— — c—rIQ— —L-A—— /C‘;_N—
/ /i ’ .
RX R
N+ X TMsCN N\ ]
C=N— — /?_N‘_’
/ [R - TMSX oN

281

Reports of the reaction of 1 and iminium salts that are not part of an aromatic
heterocyclic ring are relatively rare. Essawi and Portoghese635 examined the
reaction of 1 with the iminium salt 292 derived from an N-methylpiperidine-N-
oxide/mesyl chloride adduct. The stereospecificity observed in the aminonitrile.

i1} o O
"
PhN-CC,Hs PhN-CC,Hs PhN-CC,Hs
MsCt - MsOH
—————

+ + + z
PAS "
chy” No- cHy” oms  ©

CH,

282

addition product 293 was surprising and was attributed to kinetic factors, with
reaction occurring from a chairlike transition state without steric interference from
the 4-substituent.

o Ph
Z\_ i TMSCN \ N—cH,

o’ * CCHs N

N’ 38 % /
“ph CZHS/%O

292 293
One other example with nonaromatic iminium groups was reported by Torii
and co-workers.5% Employing electrogenerated acid as the catalyst to form the
iminium salt intermediate, reaction with 1 provided the 2-cyanopiperidine 294 in
50% yield.

N
Q\ = \ e \
——— —ere—
CH,CI 2
h OCH;4 2v2 > l CN
1

CO,C,Hs CO,C,Hs COCoHs
294
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| \ AICly | x TMSCN
—— ——
Z Z
Aicy,
C@(” - ©:><
- TMSC
[} N ) CN
™S c=0
1
R
Scheme 13.

Investigations of cyanation reactions of iminium salts contained within an
aromatic ring are numerous. The carbon—nitrogen double bond in these aromatic
heterocycles still requires activation before reaction will occur with TMSCN,
however, and this has most commonly been accomplished with an acid
chloride/Lewis acid mixture, giving rise to so-called Reissert compounds (Scheme
13). The reaction is usually conducted by adding the acyl chloride to a slurry of the
heterocycle, aluminum chloride, and 1 in methylene chloride. The procedure was
originated by Ruchirawat and co-workers®’ but has been extended, largely by
Popp and co-workers, to a wide variety of nitrogen-containing heterocycles. The
Reissert compounds produced (70-90% yield) can be hydrolyzed to the cor-
responding carboxylic acid as is done in the classical Reissert reaction and are also

valuable synthetic intermediates. Some of this chemistry is outlined in Scheme
14,638-640

Besides quinolines637’641 and isoquinolines, many other nitrogen

heterocycles have been converted to Reissert compounds using 1 as the cyanide
source. These heterocycles include c:llipticines,64 quinine,647
phthalazines, 648,650-652 ghenanthrolines,(’5 3 _%uinazoh‘ne,(’s 4-658 quinoxaline,
cirmoh’ne,“‘f 6p&ridines,6 0,661 pyrimidine,662 64 pyridazine,(’(’2 pyrazines, ~
carbolincs,‘(’6 667 ghcnanthridinc,644’668 benzothiazole,  ’ benzoxazole,
and benzimidazole®'.

An interesting and useful variation of the Reissert chemistry, leading to high
yields of aromatic nitrile products, employs aromatic N-oxides, TMSCN, and
dimethylcarbamoyl chloride. This procedure was developed by Fife and provided
2-cyano derivatives in >90% yields.(m’672 The regioselectivity of the reaction was

X TMSCN X X
l N {CH3),;NCOC! C[ . /@/
Z
& CH,Cl, ™ NG N
) 88 : 2

o (X =OCH, :87%

637,642-646

665
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oH

H DMF o R
HNCH, Raney Ni 3 1) RX
o=¢C 2) OH /H,0
R
= H =
} N\C’ R N\c/ R
\ o " E3
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NH H N O on ©
o HBF, ) RCOC!
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Scheme 14.
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shown to be dependent on the X substituent, with o/p directing substituents (in
electrophilic aromatic substitutions) such as methyl, methoxy, hydroxy, and chloro
leading to cyanation at the 2-positions in 90% selectivity. With m-directing
substituents, such as cyano and carbomethoxy, cyanation took place with ap-
proximately equal selectivity at the 2- and 6-positions. The proposed mechanism
is shown in Scheme 15. The lack of cyanation at the 4-position also suggested an
“intramolecular delivery” of cyanide. The author proposed structures 295 and 296

“ &
S l Jog
) .fiR3
O>< C\]/N(CHa)z
(CHaj)oN > WS) o

295 296
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Scheme 15.

as posmbﬂmes Fife’s method has been utilized to synthesize 1-cyanoiso-
qumohne 3and 6,6’-dicyano- 2,2 -d1py1’1dy1methanol674

Vorbruggen and Krolikiewicz discovered that activation of aromatic N-oxides
need not necessarily be accomphshcd usmg an acid chloride (or equivalent) in
classical Reissert-Henze fashion.5>%7® Reaction of the N-oxide with 3-4
equivalents of TMSCN in the presence of triethylamine produced chiefly 2-
cyanated products (e.g., 297) in good-to-excellent yields. The reaction was thought
to take place by cyanosilylation of the N-oxide followed by triethylamine assisted

CN
O™S 297
l = TMSCN - TMSOH
P ———— + —— +
N Et,N o
1 H
o CcN
N
| | 0.5%
=
N

!
OTMS

1,2-elimination of trimethylsilanol. Although the reaction was regioselective for
the a-carbon positions, selective cyanation of the 2- or the 6-positions was not as
easily accomplished as with Fife’s method. 3-Picoline N-oxide 298, for example,
afforded a 1 : 1 mixture of the 2- and 6-cyanated products in 86% overall yield.
Some substituents, however, directed the cyanation to the same ring positions that
were observed with Fife’s method.
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O/CH& TMSCN @cm /(j/c*‘s
I Z Et,N A\ - N
o

43 % 43 %
298
xH TMSCN o H
—————
] P 90 % | P
- oN
o
Xy OH TMSCN Ny~ P
——-
- »
I' m
o

Sakamoto and co-workers investigated substituent effects in pyridine N-oxides
in greater detail by examining a series of 3-substituted derivatives.®’ They
concluded that when the 3-substituent had an available lone pair of electrons,
cyanation occurred chiefly in the 2-position. Intermediate structures such as 299
were proposed to account for this effect.

r— JR—

X X X
Ny 2 TMSCN l N - TMSCN l >
| P - . SiMe, T H
g *c’ CN
1 ! m 1
o O N OT™S
299 SiMe,
m —
299
X
- TMSOH | =
=
CN

The reaction was also extended to pyrimidine N-oxides by Yamanaka et
al. 57857 1n the case of 4-substituted derivatives such as 300, the 2-position was
more reactive than the 6-position, whereas with other disubstituted derivatives the
2- and 6-positions were of comparable reactivity.

O/(\ﬁ/ o TMSCN D/E\N
300

86 %
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The cyanation of N-oxides has been utilized to prepare substituted pyridines
which are useful as anti-allergy agents.68

4.2.2. Carbocations

Utilization of TMSCN as a cyamde source to react with carbocations was first
reported by Trost and co-workers.%®! The cyanosulfenylation of 2-propyl-1-pen-
tene 301 using dimethyl(methylthio)sulfonium fluoborate and sodium cyanide

sy PN
/\/L/\
/\)]\/\ Me,S*SMe BF cN
———- —— +

OO PN SN

| S SCH,

produced a 98 : 2 mixture with the major product being the anti-Markovnikov
product. Because of “decreased nucleophilicity of the cyanide” with 1, however,
only a 35% yield of that cyanosulfenylated product was obtained along with 52%
of the Markovnikov product.

Alexander and co-workers found that cyanation of trlcarbonyl(n -
cyclohexadienyl)iron(1+) 302 using TMSCN was considerably superior in terms
of yield of nitrile products to cyanatlons conducted with sodium cyanide or
tetrabutyl ammonium cyamdc %83 The reaction was moderately regioselective
with the secondary nitrile product (resulting from attack at the less hindered end
of the dienyl system) predominating 2 to 1 over the tertiary nitrile.

CHy
I
el
i Fe(CO);

NC,
O«CHB ruson_ MO~ O ,O/CHB
7 —_— >
HsC CH,CN Hy / HyC /

Fe(CO); \ CH, Fe(CO), Fe(CO),
302 | * .
Fe(CO),

Hayashi et al.884 reported that the 1,3-dioxolan-2-ylium cation, derived from
an ethylene ketal and trity] cation, afforded the corresponding nitrile 303 in 42%

TMSCN
PhCH,CH,CY + l & °
“ PhCH,CH,” ‘CN

303
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yield when reacted with 1. These workers also investigated cyanations of alkoxy-
stabilized carbocations derived from DDQ oxidation of allyl ethers. %85 For ex-
ample, methyl cinnamyl ether was converted into 1-cyano- 1-methoxy-3-pheny!l-
2-propene 304 in 60% yield using 1 as the cyanating reagent.

DDQ TMSCN /\/k
PN Noo, — [P0 T P Y Nocn,
304

Takeda and co-workers®® generated thionium ions or phenylthio-stabilized
carbocations in situ by treating alkenyl sulfides with titanium tetrachloride and an
alcohol. Reaction with TMSCN resulted in cyanation of the cation and formation
of the corresponding 2-(phenylthio)alkanenitriles (e.g., 305).

SPh 4SPh SF’h

TiCl, SCN
PhCH,~ C-- CHCH, P B PhCH,— C- CH,CHg | ————= PhCH,- O-CHZCHB
MeOH / CH,Cl, 85 % “
305
687

Recently, Gassman and Chavan ' used cyanation by TMSCN to provide
support for a reaction mechanism involving carbocations. Carbocation 306 was
trapped in 24% yield when the reaction was conducted in the presence of 1.

s e}
CH,==CHC(OC,Hs)3 ﬂ. CHy= CHC(OC2H5)2 &

*C(OCZHs)z
CO,CoHs OCsz
CN
25% 24 %

(62 % wio TMSCN )

4.2.3. Olefins

A regiospecific hydrocyanation of olefins using TMSCN was reported by
Buchwald and LaMaire.®®® The reaction involved hydrozirconation of the olefin,
followed by sequential treatment with 1 and iodine. The reaction was proposed to
take place via isonitrile insertion leading to intermediate 307. An illustration of the
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effectiveness of the hydrocyanation procedure was the conversion of 1- octene into
1-nonanitrile in 65% yield.

< ;
M R g IMSCN
Cpi,Zr\ Cp—‘,Zr\ —-—
cl cl
™S
1 N R )
/ + [ R . + \
CpaZr, : —= CH-CH,C=ENTMS —= CH-CHCN
C[ R R’ R'

5. SILYLATIONS

Aside from early reé)orts concerning the facile hydrolysis of cyanosﬂanes gl €.,
silylation of watcr) 8 and of reactions with Grignard reagents, 6.t

utilization of cyanosilanes as silylating agents was overlooked for many years. Thls
potential seems to have been first pointed out by Evans et al. in 1973 in a footnote
to his paper dealing with the protection of p-quinones as silylated cyanohydrins.143
The author reported that alcohols and enols were efficiently silylated with TMSCN
at room temperature. Over the next few years other reports of silylations with 1
appeared in the literature. Stork and Kraus 261 used excess 1 to simultaneously
protect a secondary alcohol as the silyl ether and a ketone as the silylated
cyanohydrin in a prostaglandin intermediate. House and Snobl_c689 reported that
although tertiary alcohol 308 resisted reaction with conventional silylating
reagents, heating 308 and TMSCN in benzene and allowing HCN to escape as it
was formed achieved the desired silyation (97% yield) under essentially neutral
conditions. In addition; the use of TMSCN to readlly silylate mercaptans and
secondary amines was reported by Voronkov et al.’

OH

CH,COt-Bu
308

It has only been quite recently, however, that a number of other groups have
emphasized the oftentimes unique ablhty of TMSCN tosilylate organic compounds
under mild conditions. Mai and Patil®> reported that a variety of alcohols, phenols,
carboxylic acids, amines, and thiols were efficiently silylated with 1, usually in
isolated yields of >90%. Silylations of alcohols, phenols, and carboxylic acids with
1.2 equivalents of TMSCN in the absence of solvent were usually complete within
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5 min; amines and thiols required heating at 70-100°C. Cyanamide, however,
reacted within seconds at room temperature to yield 92% bis(trimethylsilyl)car-
bodiimide.®* For the silylation of a hindered phenol, 2,6-diphenylphenol, the
relative reactivities of various silylating reagents were determined to be as follows:
bis(trimethylsilyl)acetamide > TMSCN > trimethylsilyl triflate = bis(trimethyl-
silyhsulfamide > (Me3Si)2NH > (trimethylsilyl)-2- oxazolidinone > Me3SiCl/LizS
> MeaSiCl/base. The C-silylation of various organolithium and Grignard reagents
was also found to be more facile with TMSCN than with the chloride. The authors
also found that hindered silyl cyanides were effective silylating reagents for
alcohols, phenols, and carboxylic acids under mild and essentially neutral condi-
tions. The reactions of tert-butyldimethylsilyl, triethylsilyl, and dimethylphenyl-
silyl cyanide, and dimethylsilyl, diethylsilyl, and diphenylsilyl dicyanides were
investigated.

Findeisen and Fauss®? have reported the use of TMSCN for the persilylation
and consequent solubilization of difficultly soluble organic compounds. Aspartic
acid, forexample, was reacted with 3.3 equivalents of 1 to yield 92% of the silylated
amino acid 309 which was soluble in petroleum ether. The Bayer group has also
used 1 to prepare the herbicidal triazinones 3105 and the pesticidal malonic acid
diamides 311 and 3123886%¢, Reaction of dicyanodimethylsilane gave the cyclized
derivatives 313.%%° The silylation of both cyanuric acid and trichloroisocganuric
acid with TMSCN was reported to give tris(trimethylsilgé),ggggurate 314.5%°

In arecent series of papers, Anteunis and co-workers have described the
advantages of the use of TMSCN for the persilylation of active hydrogen species,
particularly amino acids, and their subsequent use in peptide synthesis. These
advantages include:

1. extremely good “solubilizing” properties—the persilylated amino acids
(or salts) and peptides are soluble in hydrocarbon solvents as well as in
THF, CH2Clz, EtOAc, etc.;

2. with anexcess of TMSCN, any extraneous water, alcohols, or acids that
are present as impurities are converted into blocked, volatile products
that are easily removed by evaporation;

3. all amino acid side chain hydroxyl and thiol functionalities are blocked
as their silyl ethers and thus require no other protection;

4. silylation of the amine group increases its nucleophilicity, leading to
rapid reaction rates for coupling, and since it is unnecessary to add
additional base to the reaction mixture, racemization of amino acids is
minimized; and

5. the trimethylsilyl blocking groups may be easily removed under acidic,
basic, or neutral (e.g., by hydrolysis or alcoholysis) conditions.

Although N,O-persilylation of amino acids for peptide synthesis is not a new
technique, as Anteunis points out,704’705 difficulties in achieving complete silyla-
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NH, NHTMS
1 3.3 TMSCN p
HO,CCH— CH- COH (TMS)0,CCH,— CH-CO,TMS
308
0 o)
Ph N
%N/ Hy TMSCN Phﬁl/u\ N/NHTMS
———————
N ~#
\N)\CHJ N\N/I\CH;
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o) ™SO ©O
| " ] 1
TNy Tmsen fmomNe
Gy Gt
o) o)
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Me,Si(CN), l 3 X TMSCN
HQC\ ICH3
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\ 1 | i
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314

——————e
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e Lo
LA

tion with “classical” silylating reagents (e.g., Me3SiCl or hexamethyldisilazane)
have resulted in a de-emphasis of this technique. The advantages accrued with the
use of TMSCN in peptide strategies, however, could well lead to a resurgence of
interest in the silyl protecting group.

A number of other silylations with TMSCN have been reported. The lithium
alkoxide 315 was successfully silylated with 1 but not with Me3SiCL’% The
magnesium alkoxide 316, which yielded products of cyclopropanone alkylation
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with organometallic reagents, reacted with TMSCN to yield the silyl acetal rather
than the silylated cyanohydrin of cyclopropanone.229 Sodium trimethylsilanolate
317,77 lithium and sodium bis%rimethylsilyl)amide,“" and the lithium salt of
trimethylsilyldiazomethane 318 8 reacted with 1 to give products of O-, N-, and
C-silylation, respcctivelg. The reaction of TMSCN with the silanol groups of silica
has also been studied.”®

oLi
% omgl
CsHinC, D< (CHySIONa  (CHa);SIC=N,
Sn(CqHg)s OCHs Li
315 3186 317 318

Attempts to form silylated cyanohydrins from 2,4,6-trimethylaoetophenone"10

and anthrone’'! with TMSCN and a potassium cyanide/18-crown-6 complex
yielded the products of enol silylation instead.

Finally, a method for the conversion of alcohols into nitriles by treatment with
Me3SiCl, NaCN, CH3CN and a catalytic amount of Nal may involve in situ
formation of TMSCN (see Section 2.1.) which could be the actual silylating reagent
in the first step of the author’s proposed mechanism. !

™S
ROH + TMSCN ———=  ROTMS RO, r
TMSNCCH, I*I
1NaCN L 2 ™S
TMCS f

T™MCS + CH,CN + Nal

RCN + (TMS),0 + Nal

6. MISCELLANEOUS REACTIONS OF CYANOSILANES

There are a few reports in the patent literature concerning the use of TMSCN as a
convenient, easily handled source of either cyanide jon or silicon in various
reactions or formulations. The synthesis of tetrasubstituted silanes from halosilanes
and organomagnesium reagents was reported to be more efficient if catalytic
amounts of 1 or another cyanide source were added to the reaction mixture.
Since cyanosilanes are very efficient silylating reagents for organometallic
reagents (see Section 5.), a cyanosilane formed in situ (see Sections 2.1. and 3.1.2.)
may be the actual intermediate in this process.

The conversion of B-ketoenol esters 319 to the 2-acyl-1,3-dicarbonyl com-
pounds 320 (intermediates in the synthesis of agricultural chemicals7)1 “\ag]zg also
reported to be catalyzed by cyanide ion from TMSCN or other sources.”” """~ This
process may involve cleavage of 319 to the 1,3-dicarbonyl compound (or its silyl
or metal enolate) which is subsequently acylated on carbon rather than on oxygen
by the acylcyanide.
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R

R
(o]
} o-C—R CN' s
—_— + NC—C—R - R-
o] o] 1%
R R R
318 320

Several patents report the use of TMSCN as an additive for introducing small
amounts of silanes into polymers used as photortxsists.“("718 The inclusion of
silicon species was stated to make the polymers more resistant to electron beam or
oxygen plasma etching.

The self-condensation of TMSCN as well as various dicyanosilanes by heating
at 250°C in a bomb at very high pressures (200 atm) has been reported to 7pr0duce
. . . . . .. 719,720

triazines as well as higher polymers with a -[(R3Si)C=N]- repeating unit.

Heating TMSCN or other cyanosilanes to higher temperatures (1500°C) in a
reducing atmosphere (Ar, Ha, NH;;) has been reported to yield silicon nitride/silicon
carbide composite materials.”2' 72 These materials have potential use as heat
resistant structural elements for gas turbines and diesel engines.

Finally, the reaction of mercury fulminate with bromotrimethylsilane has been
reported as a route to trimethylsilanecarbonitrile oxide 321.7%* The nitrile oxide
321 behaves as a 1,3-dipole and participates in cycloaddition reactions with a
variety of unsaturated partners, e.g., with methyl methacrylate.

O5HG(CND), + (CHy) SiBr ———m——t= (CHj),SIC=R—O

321
oy (CH3)ySi oH
321+ =.< —_— N( cHy 0, NCC}-tz—’—COZCHa
COCH; CO.CH, CH;

7. REFERENCES

. Thayer, 1. S.; West, R. Adv. Organomet. Chem. 1967, 5, 169.

. Vdovin, V. M,; Petrov, A. D. Russ. Chem. Rev. 1962, 31,393.

Pike, R. M.; Mangano, M. F.J. Organomet. Chem. Libr. 1981, 12, 53.

Evans, D. A.; Hoffman, J. M,; Truesdale, L. K. J. Am. Chem. Soc. 1973, 95, 5822.

Evans, D. A; Carroll, G. L.; Truesdale, L. K. J. Org. Chem. 1974, 39, 914.

Weber, W. P. “Silicon Reagents for Organic Synthesis”, Springer-Verlag: Berlin, 1983; p 6.

. Ojima, I. Kagaku No Ryoiki 1977, 31, 127; Chem. Abstr. 1978, 88, 1212574.

Fleming, 1. “Organosilicon Chemistry”, In “Comprehensive Organic Chemistry”, Barton, D. H.
R.; Ollis, W. D.; Neville, J. D., Eds.; Pergamon: Oxford, 1979; Vol. 3, p. 541.

9. Birkofer, L.; Stuhl, O. Top. Curr. Chem. 1980, 88, 33.

10. Groutas, W. C.; Felker, D. Synthesis 1980, 861.

11. Colvin, E. “Silicon in Organic Synthesis”, Butterworths: London, 1981, p. 288.

12. Armitage, D. A. “Organosilanes in Organic Synthesis”, In “Comprehensive Organic

PN NA LN



Cyanotrimethylsilane 171

13.

14.
15.
16.
17.

18.
19.

20.

21.
22.
23,

24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34,
3s.
36.
37.
38.
39.
40.
41.
42,
43.
44.
45.
46.
47.
48.
49.

50.
S1.
52.

53.
54.
SS.

Chemistry”, Barton, D. H. R;; Ollis, W. D,; Neville, J. D., Eds.; Pergamon: Oxford, 1979; Vol.
2,p. 1.

M:gnus, P. D.; Sarkar, T.; Djuric, S. “Organosilicon Compounds in Organic Synthesis”, In
“Comprehensive Organometallic Chemistry”, Wilkinson, G., Ed.; Pergamon: Oxford, 1982;
Vol. 7, p. 515.

Ager, D. J. Chem. Soc. Rev. 1982, 11, 493.

Emeleus, H. J.; Maddock, A. G.; Reid, C. J. Chem. Soc. 1941, 353.

Eaborn, C. J. Chem. Soc. 1949, 2755.

(a) Eaborm, C.J. Chem. Soc. 1950, 3077. (b) Eaborn, C. Nature 1950, 165, 685. (c) Anderson,
H. H,; Fischer, H. J. Org. Chem. 1954, 19, 1296.

McBride, J. 1. Jr.; Beachell, H. C. J. Am. Chem. Soc. 1952, 74, 5247.

Bither, T. A.; Knoth, W. H.; Lindsey, R. V. Jr.; Sharkey, W. H. J. Am. Chem. Soc. 1958, 80,
4151.

Evers, E. C; Freitag, W. O.; Keith, J. N,; Kriner, W. A.; MacDiarmid, A. G.; Sujishi, S.J. Am.
Chem. Soc. 1959, 81, 4493.

Muller, R.; Neef, H. J. Prakt. Chem. 1971, 313, 754.

Emeleus, H.; Onyszchuk, M.; Kuchen, W. Z, Anorg. Allg. Chem. 1956, 283, 74.

Tandon, S. K. Proc. Natl. Acad. Sci., India, Sect. A 1984, 54, 65; Chem. Abstr. 1985, 102,
204019x.

Bellama, J. M.; Tandon, S. K. Inorg. Chim. Acta 1985, 102, 23.

Kuchen, W. Z. Anorg. Allg. Chem. 1956, 288, 101.

Treichel, P. M.; Shaw, D. B. J. Organomet. Chem. 1977, 139, 21.

Blaschette, A.; Schirawski, G.; Wannagat, U. Inorg. Nucl. Chem. Lett. 1969, 5, 707.

McBride, 1. 1. Jr. J. Org. Chem. 1959, 24, 2029.

Konnert, J.; Britton, D.; Chow, Y. M. Acta Crystallogr. Sect. B. 1972, 28, 180.

Craig, A. D.; Urenovitch, J. V.; MacDiarmid, A. G. J. Chem. Soc. 1962, 548.

Urenovitch, J. V.; MacDiarmid, A. G.J. Am. Chem. Soc. 1963, 85, 3372.

Seyferth, D.; Kahlen, N. J. Org. Chem. 1960, 25, 809.

Anderson, H. H.J. Am. Chem. Soc. 1951, 73, 5439.

Ryu, I; Murai, S.; Horiiki, T.; Shinonaga, A.; Sonoda, N. Synthesis 1978, 154.

Prober, M. J. Am. Chem. Soc. 1956, 78, 2274.

Corey, E. J.; Crouse, D. N,; Anderson, J. E. J. Org. Chem. 1975, 40, 2140.

Freitag, W. O.; Evers, E. C. U.S. Patent 3032575, 1962; Chem. Abstr. 1962, 57, 30825b.
Livinghouse, T. Org. Synth. 1981, 60, 126.

Taylor, E. C.; Andrade, J. G,; John, K. C.J. Org. Chem. 1978, 43, 2280.

Hundeck, J. Z. Anorg. Allg. Chem. 1966, 345, 23.

Uznanski, B.; Stec, W. J. Synthesis 1978, 154.

Hundeck, J. Angew. Chem., Intern. Ed. Engl. 1965, 4, 977.

Habich, D.; Effenberger, F. Synthesis 1978, 755.

Moedritzer, K.; Van Wazer, J. R. J. Organomet. Chem. 1966, 6, 242.

Moedritzer, K.; Van Wazer, 1. R. Inorg. Chem. 1968, 7, 2105.

Moedritzer, K.; Van Wazer, J. R. U.S. Patent 3466314, 1969; Chem. Abstr. 1969, 71, 102002k.
Mizhiritskii, M. D.; Reikhsfel’d, V. O. Zh. Obshch. Khim. 19885, 55, 1537.

Kruglaya, O. A,; Petrov, B. I.; Vyazankin, N. S. Zh. Obshch. Khim. 1969, 39, 2365.
Voronkov, M. G.; Chemov, N. F.; Tatarinova, A. A. Izv. Akad. Nauk SSSR, Ser. Khint. 19717,
1839.

Anderson, H. H.; Hendifar, A. J. Org. Chem. 1961, 26, 3033.

Kaczmarczyk, A.; Urry, G.J. Am. Chem. Soc. 1959, 81, 4112.

Noskov, V. G.; Kalinina, L. N.; Kirpichnikova, A. A,; Englin, M. A. Zh. Obshch. Khim. 1973,
43,2419.

Lazukina, L. A.; Kukhar’, V. P.; Pesotskaya, G. V. Zh. Obshch. Khim. 1975, 45, 2100.
Ekouya, A.; Dunogues, J.; Duffaut, N.; Calas, R. J. Organomet. Chem. 1978, 148, 225.
Mizuno, K.; Ikeda, M.; Otsuji, Y. Tetrahedron Lett. 1985, 26, 461.



172

56.
57.
58.
59.
60.
61.
62.
63.
64.
65.

66.
67.
68.

69.
70.
71.
72.
73.
74.
75.
76.

71.

78.

79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
9l.
92.
93.
94,
9s.
96.
97.
98.
99.
100.
101,
102.
103.

J. K. RASMUSSEN, S. M. HEILMANN, and L. R. KREPSKI

Wiberg, N.; Hubler, G. Z. Naturforsch. 1977, 325, 1003.

Dillon, K. B.; Hodgson, M.; Parker, D. Synth. Commun. 1985, 15, 849.

Thayer, J. S. Inorg. Chem. 1968, 7, 2599.

Seckar, J. A,; Thayer, J. S. Inorg. Chem. 1975, 14, 573.

Sundermeyer, W. Z. Anorg. Allg. Chem. 1961, 313, 290.

Zubrick, J. W.; Dunbar, B. L; Durst, H. D. Tetrahedron Lett. 1975, 71.

Hwa, J. R.; Lazar, J. G.; Corless, P. F. Synthesis 1984, 1620.

Weidenbruch, M.; Pesel, H. Z. Naturforsch. B 1978, 33b, 1465.

Arkels, B.; King, K.; Anderson, R.; Peterson, W. Organometallics 1983, 2, 454.

Kruglaya, O. A.; Gostevskii, B. A.; Vyazankin, N. S. Izv. Akad. Nauk SSSR, Ser. Khim. 1977,
250.

Rasmussen, J. K.; Heilmann, S. M. Synthesis 1979, 523.

Hiinig, S.; Wehner, G. Synthesis 1979, 522.

Hiiro, T.; Sakurai, H. Jpn. Kokai Tokkyo Koho 78 132525, 1978; Chem. Abstr. 1979, 90,
168721s.

Findeisen, K.; Linker, K-H. U.S. Patent 4328351, 1982; Chem. Abstr. 1982, 96, 123008y.
Reetz, M. T.; Chatziiosifidis, 1. Synthesis 1982, 330.

Reetz, M. T.; Chatziiosifidis, I. U.S. Patent 4429145, 1984; Chem. Abstr. 1983, 99, 53956s.
Hertenstein, U.; Hiinig, S.; Reichelt, H.; Schaller, R. Chem. Ber. 1982, 115, 261.

Aizpurua, J. M; Palomo, C. Nouv. J. Chim. 1984, 8, 51.

Sukata, K. Bull. Chem. Soc. Jpn. 1987, 60, 2257.

Sukata, K. Jpn. Kokai Tokkyo Koho JP 63 135393, 1988; Chem. Abstr. 1988, 109, 170637z.
Hertler, W. R.; Dixon, D. A.; Mathews, E. W.; Davidson, F.; Kitson, F. G.J. Am. Chem. Soc.
1987, 109, 6532.

Voronkov, M. G.; Roman, V. K.; Maletina E. A. Khim. Elementoorg. Soedin. 1976, 49; Chem.
Abstr. 1976, 85, 177538n.

Voronkov, M. G.; Roman, V. K.; Maletina, E. A. U.S.S.R. Patent 596589, 1978; Chem. Abstr.
1978, 89, 24525p.

Voronkov, M. G.; Roman, V. K; Maletina, E. A. Synthesis 1982, 277.

Kantlehner, W.; Haug, E.; Mergen, W. W. Synthesis 1980, 460.

Al-Shali, S. A. L; Eaborn, C. J. Organomet. Chem. 1983, 246, C34.

Baker, D. C.; Putt, S. R.; Showalter, H. D. H. J. Heterocycl. Chem. 1983, 20, 629.
Findeisen, K.; Fauss, R. U.S. Patent 4570009, 1986; Chem. Abstr. 1985, 103, 178444f.
Becu, C.; Anteunis, M. J. O. Bull. Soc. Chim. Belg. 1987, 96, 115.

Mai, K,; Patil, G.J. Org. Chem. 1986, 51, 3545.

MacDiarmid, A. G. J. Inorg. Nucl. Chem. 1956, 2, 88.

Linton, H. R.; Nixon, E. R. J. Chem. Phys. 1958, 28, 990.

Beachell, H. C. J. Chem. Phys. 1958, 28, 991.

Ebsworth, E. A. V. “Volatile Silicon Compounds”, Pergamon: Oxford, 1963; p. 146.
Goubeau, J.; Reyhing, J. Z. Anorg. Allg. Chem. 1958, 294, 92.

Muller, N.; Pritchard, D. E. J. Chem. Phys. 1959, 31, 1471.

Juan, C.; Gutowsky, H. S. J. Chem. Phys. 1962, 37, 2198.

Ebsworth, E. A. V.; Frankiss, S. G. J. Chem. Soc. 1963, 661.

Linton, H. R.; Nixon, E. R. Spectrochin. Acta 1958, 10, 299.

Sheridan, 1.; Tumer, A. C. Proc. Chem. Soc. 1960, 21.

Muller, N.; Bracken, R. C.J. Chem. Phys. 1960, 30, 1577.

Urenovitch, J. V.; MacDiarmid, A. G.; Nixon, E. R. Appl. Spectrosc. 1965, 19, 80.
Allerhand, A.; Schleyer, P. R.J. Am. Chem. Soc. 1963, 85, 866.

Martin, D.; Brause, W.; Radeglia, R.J. Prakt. Chem. 1979, 312, 797.

Austerheim, A.; Gramstad, T. Acta Chem. Scand. B 1985, 39, 583.

Booth, M. R.; Frankiss, S. G.J. Chem. Soc., Chem. Commun. 1968, 1347.

Booth, M. R.; Frankiss, S. G. Spectrochim. Acta Part A 1970, 26, 859.

Seckar, J. A,; Thayer, 1. S. Inorg. Chem. 1976, 15, 501.



Cyanotrimethylsilane 173

104.
105.

106.
107.
108.
109,
110.
111.
112
113,
114.
115.

116.

117.
118.
119.
120.
121.
122.
123,

124.

125,
126.
127.
128.
129.
130.
131.
132
133.
134.
13s.
136.
137.
138.
136.
140.
141.
142.
143.
144,

14s.

146.
147.

148.

Burger, H.; Schirawski, G. Spectrochim. Acta Part A 1971, 27, 159.

Egorochkin, A. N.; Khorshev, S. Ya.; Vyazankin, N. S.; Chernysheva, T. I.; Kuz’min, O. V.
Izv. Akad. Nauk SSSR, Ser. Khim. 1971, 776.

Careless, A. J.; Kroto, H. W.J. Mol. Spectrosc. 1975, 57, 198.

Thayer, 1. S.; West, R. Adv. Organomet. Chem. 1967, 5, 168.

Durig, J. R;; Cooper, P. 1; Li, Y. S. Inorg. Chem. 1975, 14, 2845.

Miller, A.; Lemmon, D. H. Spectrochim. Acta, Part A 1969, 25,1799.

Durig, J. R.; George, W. O.; Li, Y. S.; Carter, R. O. J. Mol. Struct. 1973, 16, 47.

Georgiou, K.; Legon, A. C. J. Mol. Struct. 1982, 78, 257.

Szostak, R.; Hawranek, J. P. Chem. Phys. Lett. 1981, 84, 331.

Szostak, R.; Hawranek, J. P. Acta Phys. Pol., A 1985, A67, 555.

Pajdowska, M.; Hawranek, J. P.; Sobczyk, L.; Bator, G.J. Mol. Liq. 1986, 32, 1.

Armnold, D. E. J; Cradock, S.; Ebsworth, E. A. V.; Murdoch, J. D.; Rankin, D. W. H.; Skea, D.
C. J.; Harris, R. K.; Kimber, B. 1. J. Chem. Soc., Dalton Trans. 1981, 1349,

Dixon, D. A.; Hertler, W. R.; Chase, D. B.; Farnham, W. B.; Davidson, F. Inorg. Chemn. 1988,
27,4012,

Murray, M.; Schirawski, G.; Wannagat, U. J. Chem. Soc. Dalton Trans. 1972, 911.

Dakkouri, M.; Oberhammer, H. Z. Naturforsch. A 1974, 29, 513.

Barrow, M. J. Acta Crystallogr., Sect. B 1982, 38, 150.

Marsmann, H. C. Chem.-Ztg. 1972, 96, 288,

DeSarlo, F.; Brandi, A.; Guamna, A.J. Mag. Res. 1982, 50, 64.

Samples, M. S.; Yoder, C. H. J. Organomet. Chem. 1986, 312, 149.

Goubeau, J. Silicium, Schwefel, Phosphate, Collog. Sck. Anorg. Chem. Intern. Union Reine u.
Angew. Chem. Munster 1954, 69; Chem. Abstr. 1957, 51, 12576d.

Rao, D. V. R. A; Rai, D. K. Indian J. Pure Appl. Phys. 1969, 7, 276; Chem. Abstr. 1969, 70,
118191m.

Ramaswamy, K.; Rangarajan, S. Acta Phys. Pol., A 1972, 42, 115.

McKean, D. C.J. Mol. Struct. 1984, 113, 251.

Oberhammer, H.; Dakkouri, M. J. Mol. Struct. 1974, 22, 369.

Glidewell, C.J. Organomet. Chem. 1981, 217, 11.

Kosmus, W.; Nachbauer, E.J. Mol. Struct. 1974, 23, 113.

Apeloig, Y.; Karni, M. J. Am. Chem. Soc. 1984, 106, 6676.

Evans, D. A,; Truesdale, L. K.; Carroll, G. L. J. Chem. Soc., Chem. Commun. 1973, 55.
Frisch, K. C.; Wolf, M. J. Org. Chem. 1953, 18, 657.

Frisch, K. C.; Wolf, M. U.S. Patent 2657226, 1953.

Ykman, P.; Hall, H. K. Jr. J. Organomet. Chem. 1976, 116, 153.

Parham, W. E.; Roosevelt, C. S. Tetrahedron Lett. 1971, 923.

Parham, W. E.; Roosevelt, C.S. J. Org. Chem. 1972, 37, 1975.

Mueller, R.; Neef, H. French Patent 1573242, 1969; Chem. Abstr. 1970, 72, 67087p.

Maueller, R.; Neef, H. German (East) Patent 73322, 1970; Chem. Abstr. 1971, 74, 142050¢.
Mueller, R.; Neef, H. British Patent 1227428, 1971; Chem. Abstr. 1971, 75, 6078b.

Mueller, R.; Neef, H. U.S. Patent 3658868, 1972.

Neef, H.; Mueller, R.J. Prakt. Chem. 1973, 315, 367.

Lidy, W.; Sundermeyer, W. Chem. Ber. 1973, 106, 587.

Evans, D. A.; Hoffman, J. M.; Truesdale, L. K.J. Am. Chem. Soc. 1973, 95, 5822.
Rasmussen, J. K.; Heilmann, S. M. Org. Synth. 1984, 62, 196.

Berger, L.; Coffen, D. L.; Manchand, P.; Mandeville, W. H. EP 151423, 1985; Chem. Abstr.
1985, 103, 215168s.

Evans, D. A.; Truesdale, L. K. Tetrahedron Lett. 1973, 4929.

Gostevskii, B. A.; Kruglaya, O. A.; Vyazankin, N. S. Izv. Akad. Nauk SSSR, Ser. Khim. 1978,
2425.

Kruglaya, O. A,; Gostevskii, B. A.; Kalikhman, I. D.; Vyazankin, N. S. Zh. Obshch. Khim. 1979,
49,354,



174

149.

150.

151.

152.
153.

154.
155.
156.
157.

158.

159.
160.

161.
162.
163.
164.

165.
166.
167.

168.
169.

170.
171.
172.
173.
174.
17s.
17e.

177.
178.
179.
180.
181.
182.
183.

184.
185.

186.
187.
188.

J. K. RASMUSSEN, S. M. HEILMANN, and L. R. KREPSKI

Gostevskii, B. A.; Kruglaya, O. A.; Albanov, A.1,; Vyazankin, N.S.J. Organomet. Chem. 1980,
187, 157.

Gostevskii, B. A.; Kruglaya, O. A.; Albanov, A. 1; Vyazankin, N. S. Zh. Obshch. Khim. 1981,
51,817.

Vyazankina, O. A.; Gostevskii, B. A.; Vyazankin, N.S.1zv. Akad Nauk SSSR, Ser. Khim. 1988,
2585.

Vyazankina, O. A.; Gostevskii, B. A.; Vyazankin, N. S. J. Organomet. Chem. 1985, 292, 145.
Furin, G. G.; Vyazankina, O. A,; Gostevsky, B. A.; Vyazankin, N. S. Tetrahedron 1988, 44,
2675.

Greenlee, W. I.; Hangauer, D. G. Tetrahedron Lert. 1983, 24, 4559.

Luly, J. R; Hsiao, C-N.; BaMaung, N.; Plattner, J. J. J. Org. Chem. 1988, 53, 6109.
LaMattina, J. L.; Mularski, C. 1. J. Org. Chem. 1986, 51, 413.

Ohta, S.; Hayakawa, S.; Moriwaki, H.; Harada, S.; Okamoto, M. Chem. Pharm. Bull. 1986, 34,
4916.

Torii, S.; Inokuchi, T.; Takagishi, S.;Horike, H.; Kuroda, H.; Uneyama, K. Bull. Chem. Soc.
Jpn. 1987, 60, 2173.

Noyori, R.; Murata, S.; Suzuki, M. Tetrahedron 1981, 23, 3899.

Gaughan, E. J.; Teach, E. G. Eur. Patent Appl. EP 136016, 1985; Chem. Abstr. 1985, 103,
141939%v.

Agami, C,; Fadlallah, M. Tetrahedron 1983, 39, 777.

Gibson, J. R.; Reusch, W, Tetrahedron 1983, 39, 55.

Hickmott, P. W.; Wood, S.; Murray-Rust, P. J. Chem. Soc., Perkin Trans. 1 1985, 2033.

De las Heras, F. G.; San Felix, A.; Calvo-Mateo, A.; Fernandez- Resa, P. Tetrahedron 1988,41,
3867.

Reetz, M. T.; Kesseler, K.; Jung, A. Angew. Chem., Intern. Ed. Engl. 1985, 24, 985.

Kraus, G. A.; Shimagaki, M. Tetrahedron Lett. 1981, 22,1171.

(a) Reetz, M. T.; Kunisch, F.; Heitmann, P. Tetrahedron Lent. 1986, 27, 4721.(b) Reetz, M. T ;
Kyung, S-H.; Bolm, C.; Zierke, T. Chem. Ind. (London) 1986, 824.

Narasaka, K.; Yamada, T.; Minamikawa, H. Chem. Lett. 1987, 2073.

Inoue, K.; Matsumoto, M.; Takahashi, S.; Ohashi, T.; Watanabe, K. Eur. Patent Appl. EP
271868, 1988; Chem. Abstr. 1988, 109, 210734n.

Solladie-Cavallo, A.; Dreyfus, A-C.; Sanch, F.; Klein, A. Chem. Lett. 1987, 1583.

Brussee, I.; Roos, E. C.; Van Der Gen, A. Tetrahedron Lett. 1988, 29, 4485.

Boutte, D.; Auroux, A. French Patent 2321497, 1977; Chem. Abstr. 1978, 88, 374531.
Rasmussen, J. K.; Heilmann, S. M. Synthesis 1978, 219.

Rawal, V. H.; Rao, J. A.; Cava, M. P. Tetrahedron Lett. 1985, 26, 4275.

Chenevert, R; Plante, R.; Voyer, N. Synth. Commun. 1983, 13, 403.

(a) Duboudin, F.; Cazeau, P.; Moulines, F.; Laporte, O. Synthesis 1982, 212. (b) Duboudin, F;
Cazeau, P.; Babot, O.; Moulines, F. Tetrahedron Lett. 1983, 24, 4335,

Yoneda, R.; Santo, K.; Harusawa, S.; Kurihara, T. Synthesis 1986, 1054.

Yoneda, R.; Hisakawa, H.; Harusawa, S.; Kurihara, T. Chem. Pharm. Bull. 1987, 35, 3850.
Sukata, K. Bull. Chem. Soc. Jpn. 1987, 60, 3820.

Nagata, W.; Yoshioka, M. Org. React. 1977, 25, 255.

Hertenstein, U.; Hiinig, S.; Oller, M. Synthesis 1976, 416.

Hertenstein, U.; Hiinig, S.; Oller, M. Chem. Ber. 1980, 113, 3783.

Demina, M. M.; Medvedeva, A. S.; Protsuk, N. L; Vyazankin, N. S. Zh. Obshch. Khim. 1978,
48, 1563.

Kubo, A,; Kitahara, Y.; Inaba, K.; Sakai, S.; Yamaguchi, K. Heterocycles 1985, 23, 387.
Davis, B. R.; Gash, D. M.; Woodgate, P. D.; Woodgate, S. D. J. Chem. Soc., Perkin Trans. 1
1982, 1499.

Evans, D. A.; Hoffman, J. M. J. Am. Chem. Soc. 1976, 98, 1983.

Hegedus, L. S.; Evans, B. R. J. Am. Chem. Soc. 1978, 100, 3461.

Parker, K. A.; Andrade, J. R. J. Org. Chem. 1979, 44, 3964.



Cyanotrimethylsilane 175

189.
190.
191.
192.
193.

194.

195.

196.
197.
198.
199.
200.
201.
202.
203.
204.
205.

206.
207.
208.
209.

210.
211.
212,
213.

214.
215.

216.
217.
218.

219.

220.

221.

222

223.
224,

225.

Deutsch, H. M,; Zalkow, L. H. J. Nat. Prod. 1982, 45, 390.

Evans, D. A.; Wong, R. Y. J. Org. Chem. 1977, 42, 350.

Fricko, P.; Holocher-Ertl, M.; Kratzl, K. Monatsh. Chem. 1980, 111, 1025.

Samson, M.; Vandewalle, M. Synth. Commun. 1978, 8, 231.

Utimoto, K.; Obayashi, M.; Shishiyama, Y.; Inoue, M.; Nozaki, H. Tetrahedron Lett. 1980, 21,
3389.

Utimoto, K.; Wakabayashi, Y.; Horiie, T.; Inoue, M.; Shishiyama, Y.; Obayashi, M.; Nozaki,
H. Tetrahedron 1983, 39, 967.

Nozaki, H.; Utimoto, K.; Oshima, K.; Takai, K. Kenkyu Hokoku-Asahi Garasu Kogyo Gijutsu
Shoreikai 1982, 40, 83; Chem. Abstr. 1983, 99, 1389544.

Froissant, J.; Huet, F.; Conia, J-M. Nouv. J. Chim. 1983, 7, 599.

Kocienski, P.; Willson, T. M. J. Chem. Soc., Chem. Commun. 1984, 1011.

Remy, D. C. U.S. Patent 4605660, 1986; Chem. Abstr. 1986, 105, 226376a.

Saito, K.; Kojima, H. Bull. Chem. Soc. Jpn. 1985, 58, 1918.

Farnham, W. B.; Sogah, D. Y. U.S. Patent 4414372, 1983; Chem. Abstr. 1984, 100, 68964f.
Webster, O. W. U.S. Patent 4417034, 1983; Chem. Abstr. 1984, 100, 86327¢.

Webster, O. W. U.S. Patent 4508880, 1985.

Farnham, W. B,; Sogah, D. Y. U.S. Patent 4524196, 1985.

Farnham, W. B.; Sogah, D. Y. U.S. Patent 4581428, 1986.

Dicker, L.B.; Farnham, W. B; Hertler, W. R.; Laganis, E. D.; Sogah, D. Y.; Del Pesco, T. W.;
Fitzgerald, P. H. U.S. Patent 4588795, 1986.

Webster, O. W, U.S. Patent 4681918, 1987.

Webster, O. W. U.S. Patent 4711942, 1987.

Sogah, D. Y. Eur. Patent Appl. EP 249436, 1987; Chem. Abstr. 1988, 108, 222263a.

Webster, O. W.; Hertler, W. R.; Sogah, D. Y.; Farnham, W. B.; RanjanBabu, T. V.J. Am. Chem.
Soc. 1983, 105, 5706.

Webster, O. W.; Hertler, W. R.; Sogah, D. Y.; Farnham, W. B.; RanjanBabu, T. V. Poly. Prepr.
(Am. Chem. Soc., Div. Polym. Chem.) 1983, 24(2), 52.

Webster, O. W.; Hertler, W. R.; Sogah, D. Y.; Farnham, W. B.; RanjanBabu, T. V.J. Macromol.
Sci., Chem. 1984, A21, 943.

Bandermann, F.; Speikamp, H-D. Makromol. Chem., Rapid Commun. 1988, 6, 335.

Hertler, W. R. Polym. Prepr. (Am. Chem. Soc., Div. Polym. Chem.} 1986, 27(1), 165.

Sogah, D. Y.; Hertler, W. R.; Webster, O. W.; Cohen, G. M. Macromolecules 1987, 20, 1473.
(a) Bandermann, F.; Sitz, H. D.; Speikamp, H. D. Polym. Prepr. (Am. Chem. Soc., Div. Polym.
Chem.) 1986, 27(1), 169. (b) Sitz, H-D.; Speikamp, H-D.; Bandermann, F. Makromol. Chem.
1988, 189, 429.

Speikamp, H-D.; Bandermann, F. Makromol. Chem. 1988, 189, 437.

Webster, O. W. Polym. Prepr. (Am. Chem. Soc., Div. Polym. Chem.) 1986, 27(1), 161.

Denki Kagaku Kogyo K.K. Jpn. Kokai Tokkyo Koho JP 60 76504, 1985; Chem. Abstr. 1985,
103, 124099d.

Sogah, D. Y.; Hertler, W. R.; Webster, O. W. Polym. Prepr. (Am. Chem. Soc., Div. Polym.
Chem.) 1984, 25(2), 3.

(a) Voronkov, M. G.; Keiko, N. A.; Kuznetsova, T. A;; Tsetlina, E. O.; Pestunovich, V. A;
Roman, V. K. Izv. Akad. Nauk SSSR, Ser. Khim. 1977, 403. (b) Voronkov, M. G.; Keiko, N. A,;
Kuznetsova, T. A.; Pestunovich, V. A.; Tsetlina, E. O.; Keiko, V. V. Zh. Obshch. Khim. 1979,
49, 2490.

Voronkov, M. G.; Keiko, N. A.; Kuznetsova, T. A.; Keiko, V. V.; Tsetlina, E. O.; Pestunovich,
V. A.Izv. Akad. Nauk SSSR, Ser. Khim. 1978, 906.

Just, G.; Potvin, P.; Hakimelahi, G. H. Can. J. Chem. 1980, 58, 2780.

Hiinig, S.; Reichelt, H. Chem. Ber. 1986, 119, 1772.

Krepski, L. R.; Jensen, K. M.; Heilmann, S. M; Rasmussen, J. K.; Lynch, L. E. Synthesis 1986,
16,617.

Hertenstein, U.; Hiinig, S. Angew. Chen., Intern. Ed. Engl. 1975, 14, 179.



176

226.
227.
228.
229.
230.

231.
232.
233.
234.
23s.
236.
237.
238,
239,
240.
241.
242.
243.
244.

245.

246.
247.
248.
249.

250.

251.
252.
253.
254.
255,
256.

257.
258.
259.
260.
261.
262.
263.
264.
265.
266.
267.
268.
269.
270.
271.
272.

J. K. RASMUSSEN, S. M. HEILMANN, and L. R. KREPSKI

Hertenstein, U.; Hiinig, S. Ger. Offen. 2506798, 1976; Chem. Abstr. 1976, 85, 1928764.
Hertenstein, U.; Hiinig, S. Ger. Offen. 2506805, 1976; Chem. Abstr. 1976, 85, 192875p.

Oku, A.; Yokoyama, T.; Harada, T. J. Org. Chem. 1983, 48, 5333.

Salaun, J.; Bennani, F.; Compain, I-C,; Fadel, A,; Ollivier, J. J. Org. Chem. 1980, 45, 4129.
Zaitseva, G. S.; Novikova, O. P.; Kostyuk, A. S.; Baukov, Yu. I. Zh. Obshch. Khim. 1985, 55,
942.

Ryu,L; Murai, S.; Shinonaga, A.; Horiike, T.; Sonoda, N. J. Org. Chem. 1978, 43, 780.
Gostevskii, B. A.; Vyazankina, O. A.; Vyazankin, N. S. Zh. Obshch. Khim. 1983, 53, 1843.
Foley, L. H. Synth. Commun. 1984, 14, 1291.

Foley, L. H.J. Org. Chem. 1988, 50, 5204.

Ojima, I.; Inaba, S. Jpn. Kokai 78 34729 1978; Chem. Abstr. 1978, 89, 109942x.

Mukaiyama, T.; Oriyama, T.; Murakami, M. Chem. Lett. 1983, 985.

Herrmann, K.; Simchen, G. Synthesis 1979, 204.

Hiinig, S.; Schaller, R. Angew. Chem., Intern. Ed. Engl. 1982, 21, 36.

Verbeek, W.; Sundermeyer, W. Angew. Chem., Intern. Ed Engl. 1967, 6, 871.

Lidy, W.; Sundermeyer, W. Tetrahedron Lett. 1973, 1449,

Lidy, W.; Sundermeyer, W. Chem. Ber. 1976, 109, 1491.

Roedig, A.; Gopfert, H. Liebigs Ann. Chem. 1980, 403.

Goto, J.; Sakae, K.; Goto, N.; Nambara, T. Chem. Pharm. Bull. 1981, 29, 899.

Goto, 1.; Goto, N; Shamsa, F.; Saito, M.; Komatsu, S.; Suzaki, K.; Nambara, T. Anal. Chim.
Acta 1983, 147, 397.

Shimadzu Seisakusho Ltd. Jpn. Kokai Tokkyo Koho JP 58 57356, 1983; Chem. Abstr. 1984,
101, 74306e.

Goto, 1.; Goto, N.; Nambara, T. Chem. Pharm. Bull. 1982, 30, 4597.

Shimada, K.; Orii, S.; Tanaka, M.; Nambara, T.J. Chromatog. 1986, 352, 329.

Olah, G. A;; Arvanaghi, M.; Surya Prakash, G. K. Synthesis 1983, 636.

Kranz, E.; Findeisen, K.; Euve, L.; Schmidt, R. R. Ger. Offen. DE 3201110, 1983; Chem. Abstr.
1983, 99, 158473%.

Findeisen, K.; Heywang, G.; Kuehle, E.; Becker, B.; Himmann, I; Homeyer, B. Ger. Offen.
DE 3317384, 1984; Chem. Abstr. 1985, 102, 11307 7y.

Yamaguchi, S.; Araki, H.; Hanafusa, T. Chem. Lett. 1985, 685.

Yamaguchi, S.; Hanafusa, T. Chem. Lett. 1985, 689.

Findeisen, K.; Kranz, E. U.S. Patent 4455264, 1984; Chem. Abstr. 1983, 99, 87837u.
Findeisen, K. U.S. Patent 4430503, 1984; Chem. Abstr. 1983, 99, 105507t,

Findeisen, K.; Fauss, R. U.S. Patent 4620022, 1986; Chem. Abstr. 1985, 102, 113728m.
Ackermann, P.; Drabek, J.; Farooq, S.; Gsell, L.; Wehirli. R. U.S. Patent 4309555, 1982; Chem.
Abstr. 1982, 96, 34673u.

Burger, K.; Huber, E. Chem.-Ztg. 1986, 110, 211.

Neidlein, R.; Kramer, W.; Krotz, R. Arch. Pharm. 1984, 317, 984.

Guildford, A. J.; Turner, R. W. Synthesis 1982, 46.

Vaughn, G. D.; Strouse, C. E.; Gladysz, J. A.J. Am. Chem. Soc. 1976, 108, 1462.

Stork, G.; Kraus, G.J. Am. Chem. Soc. 1976, 98, 6747.

Ziegler, F. E.; Nelson, R. V.; Wang, T. Tetrahedron Lett. 1980, 21, 2125.

Adam, W.; Catalani, L. H.; Griesback, A.J. Org. Chem. 1986, 51, 5494.

Ohnuma, T.; Hata, N.; Fujiwara, H;; Ban, Y.J. Org. Chem. 1982, 47, 4713.

Seebach, D; Kolb, M. Chem. Ind. (London) 1974, 687.

Seebach, D. Angew. Chem., Intern. Ed. Engl. 1979, 18, 239.

Lever, O. W. Tetrahedron 1976, 32, 1943.

Albright, J. D. Tetrahedron 1983, 39, 3207.

Hiinig, S. Chimia 1982, 36, 1.

Deuchert, K.; Hertenstein, U.; Hiinig, S. Synthesis 1973, 777.

Hiinig, S.; Wehner, G. Synthesis 1975, 180.

Deuchent, K.; Hertenstein, U.; Hiinig, S.; Wehner, G. Chem. Ber. 1979, 112, 2045.



Cyanotrimethylsilane 177

273.

274.
275.
276.
271.
278.
279.
280.
281.
282.

283.
284.

285.
286.

287.
288.
289.

290.
291.
292,
293.
294.
295.
296.
297.
298.
299.
300.
301.
302.
303.
304.
305.
306.
307.

308.
309.
310.
311.
312
313.
314.
31s.
316.
317.
318.

Viehe, H. G.; Merenyi, R.; Stella, L.; Janousek, Z. Angew. Chem., Intern. Ed. Engl. 1979, 18,
917.

Fleming, I; Iqbal, J.; Krebs, E.-P. Tetrahedron 1983, 39, 841.

Ritter, K.; Hanack, M. Chem. Ber. 1986, 119, 3704.

Klose, W.; Schwarz, K. J. Heterocycl. Chem. 1985, 22, 669.

Preston, J.; Carling, W. R. U.S. Patent 4528252, 1985; Chem. Abstr. 1984, 100, 23015f.
Walker, E. R. H. U.S. Patent 4533656, 1985; Chem. Abstr. 1984, 101, 23947g.

Dormn, F. Eur. Patent Appl. EP 117485, 1984.

Hiinig, S.; Oller, M. Chem. Ber. 1980, 113, 3803.

Hertenstein, U.; Hiinig, S.; Reichelt, H.; Schaller, R. Chem. Ber. 1986, 119, 722.

Colombo, L.; Gennari, C.; Santandrea, M.; Narisano, E.; Scolastico, C. J. Chem. Soc. Perkin
Trans. 1 1980, 136.

Takeda, K.; Yano, S.; Sato, M.; Yoshii, E.J. Org. Chem. 1987, 52, 4135.

Sekine, M.; Nakajima, M.; Kume, A.; Hashizume, A.; Hata, T. Bull. Chem. Soc. Jpn. 1982, 55,
224.

Narula, A. S.; Sethi, S. P. Tetrahedron Lett. 1984, 25, 685.

Volante, R. P.; Verhoeven, T. R,; Sletzinger, M.; McNamara, J. M,; Liu, T. M. H,; Corley, E.
G. U.S. Patent 4582914, 1986; Chem. Abstr. 1986, 105, 42566f.

Takahashi, T.; Nemoto, H.; Tsuji, J.; Miura, 1. Tetrahedron Lett. 1983, 24, 3485.

Takahashi, T.; Kitamura, K.; Nemoto, H.; Tsuji, J.; Miura, I. Tetrahedron Lett. 1983, 24, 3489.
Takahashi, T.; Nemoto, H.; Kanda, Y.; Tsuji, J.; Fukazawa, Y.; Okajima, T.; Fujise, Y.
Tetrahedron 1987, 43, 5499.

Fischer, K; Hiinig, S. Chem. Ber. 1986, 119, 2590.

Fischer, K.; Hiinig, S.J. Org. Chem. 1987, 52, 564.

Fischer, K.; Hiinig, S. Chem. Ber. 1987, 120, 325.

Hiinig, S.; Wehner, G. Synthesis 1975, 391.

Hiinig, S.; Wehner, G. Chem. Ber. 1979, 112, 2062.

Hiinig, S.; Wehner, G. Chem. Ber. 1980, 113, 302.

Hiinig, S.; Wehner, G. Chen. Ber. 1980, 113, 324.

Hiinig. S.; Oller, M. Cherm. Ber. 1981, 114, 959.

Fischer, K.; Hiinig, S. Chem. Ber. 1986, 119, 3344.

Bertz, S. J. Chem. Soc., Chem. Commun. 1980, 831.

Lien, Q. S.; Humphreys, R. W.R. U.S. Patent 4587276, 1986; Chem Abstr. 1986, 105, 115549q.
Loctite Corp. Jpn. Kokai Tokkyo Koho JP 62179506, 1986; Chem. Abstr. 1988, 108, 205255g.
Overman, L. E.; Sworin, M.; Burk, R. M. J. Org. Chem. 1983, 48, 2685.

Overman. L. E;; Angle, S. R.J. Org. Chem. 1985, 50, 4021.

Kosley, R. W. Ir.; Seuring, B. U.S. Patent 4654336, 1987, Chem. Abstr. 1986, 106, 102110k,
Kosley, R. W. Jr.; Seuring, B. U.S. Patent 4723009, 1988.

Showalter, H. D. H.; Haskell, T. H. J. Heterocycl. Chem. 1981, 18, 367.

Connor, D. T.; Cetenko, W. A_; Sircar, 1. C.; Schwender, C. F.; Johason, E. A,; Sorenson, R. J;
Unangst, P. C. Eur. Patent Appl. EP 221346, 1987; Chem. Abstr. 1987, 107, 197805y.
Jacobson, R. M.; Lahm, G. P.J. Org. Chem. 1979, 44, 462.

Jacobson, R. M.; Lahm, G. P.; Clader, J. W. J. Org. Chem. 1980, 45, 395.

Hase, T. A.; Lahtinen, L. Synth. Commun. 1978, 8, 573.

Gajewski, J. J.; Conrad, N. D.J. Am. Chem. Soc. 1979, 101, 6693.

Guittet, E.; Julia, S. Synth. Commun. 1981, 11,709,

Boche, G.; Bosold, F.; Niessner, M. Tetrahedron Lett. 1982, 23, 3255.

Fleming, 1.; Woolias, M. J. Chem. Soc., Perkin Trans. 1 1979, 821.

Fleming, 1.; Woolias, M. J. Chem. Soc., Perkin Trans. 1 1979, 829.

Utimoto, K.; Miwa, H.; Nozaki, H. Tetrahedron Lett. 1981, 22, 4277.

Doedens, R. 1.; Meier, G. P.; Overman, L. E. J. Org. Chem. 1988, 53, 685.

Moore, R. W.; Cassidy, F.; Wootton G. U.S. Patent 4156730, 1979.



178

319.

320.

321.
322.

323.
324.

325.

326.

327.

328.
329.
330.
331

332
333.
334.

33s.

336.
337.
338.

339.

340.
341.

342.
343.
344.
345.
346.
347.
348.
349.
350.
351.

352
353.
354.
35s.
356.

J. K. RASMUSSEN, S. M. HEILMANN, and L. R. KREPSKI

Huth, A.; Schmiechen, R.; Kehr, W.; Paschelke, G.; Wachtel, H.; Schneider, H. H.; Palenschat,
D. U.S. Patent 4186129, 1980; Chem. Abstr. 1978, 89, 109448r.

Beeley, N. R. A,; Cremer, G.; Dorlhene A.; Mompon, B.; Pascard, C.; Dau, E. T. H. /. Chem.
Soc., Chem. Commun. 1983, 1046.

Takadate, A.; Fishman, 1. J. Org. Chem. 1979, 44, 67.

Huebner, A.; Belovsky, O.; Mueller, W.; Grill, H. I; Manz, B,; Juchem, M.; Pollow, K. J.
Chromatogr. 1987, 397, 419.

Bartholow, R. M.; Walaszek, E. J. J. Med. Chem. 1976, 19, 189.

Kirk, K. L.; Cantacuzere, D.; Nimitkitpaisan, Y.; McCulloh, D.; Padgett, W. L.; Daly, J. W,;
Creveling, C. R.J. Med. Chem. 1979, 22, 1493,

Kirk, K. L.; Cantacuzene, D.; Collins, B.; Chen, G. T.; Nimit, Y.; Creveling, C. R.J. Med. Chem.
1982, 25, 680.

Thakker, D. R.; Boehlert, C.; Kirk, K. L.; Antkowiak, R.; Creveling, C. R.J. Biol. Chem. 1986,
261,178.

Adejare, A.; Gusovsky, F.; Padgett, W.; Creveling, C. R.; Daly, I. W.; Kirk, K. L.J. Med. Chem.
1988, 31, 1972.

Vincek, W. C.; Aldrich, C. S.; Borchardt, R. T.; Grunewald, G. L. J. Med. Chem. 1981, 24, 7.
Davis, D. P.; Borchardt, R. T.; Grunewald, G. L. J. Med. Chem. 1981, 24, 12.

Grunewald, G. L.; Carter, A. E.; Sall, D. V.; Monn, J. A.J. Med. Chem. 1988, 31, 60.

Squier, G. J.; Venter, D. P.; Oliver, D. W. In “Development of Drugs & Modem Medicines”;
Gorrod, J. W.; Gibson, G. G.; Mitchard, M., Eds.; Horwood: Chichester, 1986; p. 90; Cheim.
Abstr. 1987, 107, 32594r.

Ferris, M. J. U.S.Patent 4341793, 1982; Chem. Abstr. 1981, 95, 168976h.

Ferris M. J. U.S. Patent 4432993, 1984; Chem. Abstr. 1982, 97, 144754z,

DeBemnardis, J. F.; Kyncl, 1. J.; Winn, M. Fr. Demande FR 2500823, 1982; Chem. Abstr. 1983,
98, 107012f.

Guillaume, J.; Nedelec, L.; Plassard, G.; Brown, N. L. Fr. Demande FR 2512817, 1983; Chem.
Abstr. 1983, 99, 88048z,

Duckworth, D. M. U.S. Patent 4382958, 1983;Chem. Abstr. 1982, 97, 162563r.

Jpn. Kokai Tokkyo Koho JP 59212430, 1984; Chem. Abstr. 1985, 102, 166490;.

Widdig, A.; Kabbe, H. J.; Knorr, A.; Benz, U. U.S. Patent 4563458, 1986; Chem. Abstr. 1985,
102, 6203q.

Hamilton, H. W.; Patt, W. C.; Trivedi, B. K. U.S. Patent 4614732, 1986; Chem. Abstr. 1986,
105, 79309a.

Hamilton, H. W.; Patt, W. C.; Trivedi, B. K. U.S. Patent 4673670, 1987.

Trivedi, B. K.; Moos, W.; Hamilion, H. W_; Patt, W. C. Eur. Patent Appl. EP 179667, 1986;
Chem. Abstr. 1986, 105, 9787 7p.

Thies, R. W.; Seitz, E. P.J. Org. Chem. 1978, 43, 1050.

Anet, F. A. L; Cheng, A. K. J. Am. Chem. Soc. 1975, 97, 2420.

Maxey, K. M.; Bundy, G. L. Tetrahedron Lett. 1980, 21, 445.

Nee, M.; Roberts, J. D.J. Org. Chem. 1981, 46, 67.

Della, E. W.; Pigou, P. E. Aust. J. Chem. 1983, 36, 2261.

Buchs, P.; Ganter, C. Helv. Chim. Acta. 1980, 63, 1420.

Mlinaric-Majerski, K.; Majerski, Z.; Pretsch, E.J. Org. Chem. 1975, 40, 3772.

Polley, J. S.; Murray, R. K. Jr. J. Org. Chem. 1976, 41, 3294,

Takaishi, N.; Fujikura, Y.; Inamoto, Y.; Aigami, K. J. Org. Chem. 1977, 42, 1737.

Fujikura, Y.; Inamoto, Y.; Aigami, K.; Takaishi, N. Jpn. Kokai 78 77045, 1976; Chem. Abstr.
1978, 89, 214994p.

Fujikura, Y.; Takaishi, N.; Inamoto, Y. Tetrahedron 1981, 37, 4465.

Kao Soap Co. Jpn Kokai Tokkyo Koho JP 82 42641, 1982; Chem. Abstr. 1982, 97, 5537 Le.
Klaus, R. O.; Tobler, H.; Ganter, C. Helv. Chim. Acta 1974, 57, 2517.

Tobler, H.; Klaus, R. O.; Ganter, C. Helv. Chim. Acta 1975, 58, 1455.

Nickon, A.; Stern, A. G. Tetrahedron Lett. 1988, 26, 5915.



Cyanotrimethylsilane 179

357.
358.
359.
360.
361.
362.

363.
364.

365.
366.

367.
368.
369.
370.
371

372
373.
374.
37s.
376.
3717.

378.
379,
380.
381.
382.
383.
384.
385.

386.
387.

388.
389.

390.
391.

392.
393.

394.

395.

Patel, H. A.; Stothers, I. B. Can. J. Chem. 1984, 62, 1926.

Somanathan, R.; Aguilar, H. R,; Ventura, G. M; Smith, K. M. Synth. Commun. 1983, 13, 273.
Findeisen, K.; Ziemann, H. U.S. Patent 4434289, 1984; Chem. Abstr. 1983, 98, 215791¢.
Acevedo, O. L,; Krawczyk, S. H.; Townsend, L. B. Tetrahedron Lezt. 1983, 24, 4789.
Acevedo, O. L,; Krawczyk, S. H.,; Townsend, L. B.J. Org. Chem. 1986, 51, 1050.

Picard, J.-P.; Aziz-Elyusufi, A,; Calas, R.; Dunogues, J.; Duffaut, N. Organometallics 1984, 3,
1660.

Ortiz de Montellano, P. R.; Vinson, W. A.J. Am. Chem. Soc. 1979, 101, 2222.

Vinson, W. A.; Prickett, K. S.; Spahic, B.; Ortiz de Montellano, P. R.J. Org. Chem. 1983, 48,
4661.

Amouroux, R.; Axiotis, G. P. Synthesis 1981, 270.

Terashima, S.; Ito, Y.; Kawabata, T.; Sakai, K.; Hiyama, T.; Kimura, Y.; Sunagawa, M.; Tamoto,
K.; Sasaki, A. Eur. Patent Appl. EP 232786, 1987; Chem. Abstr. 1988, 108, 204408x.

Creary, X.; Geiger, C. C.J. Am. Chem. Soc. 1982, 104, 4151.

Krepski, L. R; Heilmann, S. M.; Rasmussen, J. K. Tetrahedron Lett. 1983, 24, 4075.
Heilmann, S. M,; Krepski, L. R.; Rasmussen, J. K. U.S. Patent 4524221, 1985.

Heilmann, S. M,; Krepski, L. R.; Rasmussen, J. K. U.S. Patent 4556723, 1985.

Huesler, R.; Rutsch, W.; Dietliker, K. U.S. Patent 4498964, 1985; Chem. Abstr. 1984, 100,
87345w.

Gill, M.; Kiefel, M. J.; Lally, D. A. Tetrahedron Lett. 1986, 27, 1933.

Pattenden, G.; Pegg, N. A.; Kenyon; R. W. Tetrahedron Lett. 1987, 28, 4749.

Gill, M,; Kiefel, M. 1. Tetradedron Lert. 1988, 29, 2085.

Still, I. W. J; Drewery, M. 1. J. Org. Chem. 1989, 54, 290.

Krepski, L. R.; Jensen, K. M.; Heilmann, S. M.; Rasmussen, J. K. Synthesis 1986, 301.
Krepski, L. R;; Heilmann, S. M.; Rasmussen, J. K. Eur. Patent Appl. EP 170517, 1986; Chem.
Abstr. 1986, 105, 60104h.

Krepski, L. R.;. Lynch, L. E.; Heilmann, S. M.; Rasmussen, J. K. Tetrahedron Lett. 1985, 26,
981.

Kitazume, T. Synthesis 1986, 855.

Kitazume, T.J. Fluorine Chem. 1987, 35, 287.

Hiyama, T.; Kobayaski, K. Tetrahedron Lett. 1982, 23, 1597.

Hiyama, T.; Kobayashi, K.; Nishide, K. Bull. Chem. Soc. Jpn. 1987, 60, 2127.

Clive, D. L. J; Boivin, T. L. B.; Angoh, A. G.J. Org. Chem. 1987, 52, 4943.

Grunewald, G. L.; Brouillette, W. J.; Finney, J. A. Tetrahedron Lett. 1980, 21, 1219.
Albright, J. D.; DeVries, V. G.; Du, M. T; Largis, E. E.; Miner, T. G.; Reich, M. F.; Shepherd,
R.G.J. Med. Chem. 1983, 26, 1393.

Kranz, E.; Findeisen, K. U.S. Patent 4536353, 1985.

Fauss, R.; Findeisen, K.; Becker, B.; Hammann, I.; Homeyer, B. U.S. Patent 4581375, 1986;
Chem. Abstr. 1985, 102, 24298d.

Fauss, R.; Lantzsch, R.; Findeisen, K.; Jaeger, G.; Himmann, L; Becker, B.; Homeyer, B. U.S.
Patent 4698333, 1987; Chem. Abstr. 1984, 101, 912204.

Clough, J. M.; Worthington, P. A.; Beautement, K. GB 2120235, 1983; Chem. Abstr. 1984, 100,
139115¢.

Westkaemper, R. B.; Hanzlik, R. P. Arch. Biochem. Biophys. 1981, 208, 195.

Boyle, E. A.; Mangan, F. R.; Markwell, R. E.; Smith, S. A.; Thomson, M. J.; Ward, R. W.;
Wyman, P. A.J. Med Chem. 1986, 29, 894,

Johnson, R.L.J. Med. Chem. 1982, 25, 605.

Crossley, N. S;; Glen, A. T.; Hughes, L. R. U.S. Patent 4386080, 1983; Chem. Abstr. 1982, 96,
142477s.

Boyle, E. A.; Mangan, F. R.; Markwell, R. E.; Smith, S. A;; Thomson, M. I.; Ward, R. W,;
Wyman, P. A.J. Med. Chem. 1986, 29, 894.

Creary, X.; Mehrsheikh-Mohammadi, M. E.J. Org. Chem. 1986, 51, 2664.



180

396.

397.

398.
399,
400.
401.
402.
403.
404.
405.
406.
407.
408.
409.
410.
411.
412.
413.
414.
415.
416.
417.
418.

419.
420.
421.
422,
423.
424,

425.
426.

421.
428.
429,
430.
431.
432.
433.

434.
43S,

436.
437.
438.

439

J. K. RASMUSSEN, S. M. HEILMANN, and L. R. KREPSKI

Saunders, J.; Showell, G. A.; Snow, R. J.; Baker, R.; Harley, E. A,; Freedmann, S. B. J. Med.
Chem. 1988, 31, 486.

Gleason, I. G.; Wen-Fu Ku, T.; Hall, R. F; Perchonock, C. D. Eur. Patent Appl. 202759, 1986;
Chem. Abstr. 1987, 106, 213567].

Schnur, R. C.; Sarges, R.; Peterson, M. 1. J. Med. Chem. 1982, 25, 1451.

Schnur, R. C.; Morville, M. J. Med. Chem. 1986, 29, 770.

Schaur, R. C. U.S. Patent 4753956, 1988.

Schnur, R. C. U.S. Patent 4695634, 1987.

Schnur, R. C. U.S. Patent 4689336, 1987.

Schour, R. C. U.S. Patent 4622406, 1986.

Schnur, R. C. U.S. Patent 4562267, 1985.

Schnur, R. C. U.S. Patent 4423233, 1983.

Schnur, R. C. U.S. Patent 4399296, 1983.

Schnur, R. C. U.S. Patent 4381308, 1983.

Schnur, R. C. U.S. Patent 4367234, 1983.

Schnur, R. C. U.S. Patent 4332952, 1982; Chem. Abstr. 1982, 97, 162962v.

Schour, R. C. U.S. Patent 4305877, 1981.

Schnur, R. C. U.S. Patent 4267342, 1981.

Schnur, R. C. U.S. Patent 4200642, 1980.

Brittain, D. R.; Wood, R. U.S. Patent 4490381, 1984; Chem. Abstr. 1981, 95, 150660r.
Hutchinson, A. J. Eur. Patent Appl. EP 799675, 1983; Chem. Abstr. 1983, 99, 194977y.
Belletire, J. L.; Howard, H.; Donahue, K. Synth. Commun. 1982, 12, 763.

Belletire, J. L. U.S. Patent 4210663, 1980; Chem. Abstr. 1981, 94, 121325].

Belletire, J. L.; Conroy, G. M. Synth. Commun. 1988, 18, 403.

Foguet, R.; Forne, E.; Sacristan, A; Castello, J. M.; Ortiz, J. A. Eur. Patent Appl. EP 275104,
1988; Chem. Abstr. 1988, 109, 170433¢.

Ward, R. W.; Smith, S. A.; Markwell, R. E. Eur. Patent Appl. EP 117675, 1984.

Boutte, D.; Auroux, A. FR 2321484, 1977; Chem. Abstr. 1978, 88, 37454u.

Gassman, P. G.; Talley, J. J. Tetrahedron Lett. 1978, 3773.

Gassman, P. G.; Talley, 1. J. Org. Synth. 1981, 60, 14.

Solaja, B.; Huguet, J.; Karpf, M.; Dreiding, A. A. Helv. Chim. Acta 1986, 69, 1163.

Bartlett, P. A.; Nakagawa, Y.; Johnson, C. R.; Reich, S. H.; Luis, A.J. Org. Chem. 1988, 53,
3195.

Ohwada, T.; Shudo, K. J. Am. Chem. Soc. 1988, 110, 1862.

(a) Takahashi, T.; Minami, L; Tsuji, J. Tetrahedron Lent. 1981, 22, 2651. (b) Hoye, T. R.; Kurth,
M.1.J. Org. Chem. 1979, 44,3461.

Braish, T.F.; Fuchs, P.L. Synth. Commun. 1985, 15, 549.

Okazaki, K.; Nomura, K.; Yoshii, E. Synth. Commun. 1987, 17, 1021.

Zimmerman, H. E.; Aasen, S. M. J. Org. Chem. 1978, 43, 1493.

Zimmerman, H. E.; Pasteris, R. 1. J. Org. Chem. 1980, 45, 4864.

Confalone, P. N.; Pizzolato, G.J. Am. Chem. Soc. 1981, 103, 4251.

Herold, T. U.S. Patent 4645856, 1987; Chem. Abstr. 1987, 106, 102799s.

(a) Weinstock, J.; Oh, H.-J.; DeBrosse, C. W.; Eggleston, D. S.; Wise, M.; Flaim, K. E.; Gessner,
G. W; Sawyer, J. L,; Kaiser, C. J. Med. Chem. 1987, 30, 1303. (b) Kaiser, C.; Oh, H.-J;
Weinstock, J. U.S. Patent 4769368, 1988.

Oda, M.; Yamamuro, A.; Watabe, T. Chem. Lett. 1979, 1427.

(a) Jacobs, S. A; Harvey, R. G. J. Org. Chem. 1983, 48, 5135. (b) Bernardis, 1. F.; Kerkman,
D. J.; McClellan, W. J. U.S. Patent 4618683, 1986.

Hanafusa, A.; Yamaguchi, T. JP 61 36250, 1986; Chem. Abstr. 1986, 105, 114648;.

Miura, Y.; Torres, E.; Panetta, C. A.J. Org. Chem. 1988, 53, 439.

(a) Murata, 1; Sugihara, Y.; Sugimura, T.; Wakabayashi, S. Tetrahedron 1986, 42, 1745. (b)
Sugihara, Y.; Wakabayashi, S.; Saito, N.; Murata, . J. Am. Chem. Soc. 1986, 108, 2773.

. (a) Quast, H.; Gorlach, Y.; Stawitz, J.; Peters, E;; Peters, K.; von Schnering, H. G. Chen. Ber.



Cyanotrimethylsilane 181

440.
441.

442,

443,
444.
445,
446.

447.
448.
449,
450.
451.
452.
453.
454.
45S.
456.
457.
458.

459.
460.
461.
462.
463.
464.
465.
466.

467.
468.
469.
470.
471.
472.
473.
474,
475.
476.

4717.
478.

479.
480.
481.

1984, 117, 2745. (b) Quast, H,; Christ, J.; Peters, E.; Peters, K.; von Schnering, H. G. Chem.
Ber. 1985, 118, 1154.

Paquette, L. A.; Okazaki, M. E,; Caille, J. C.J. Org. Chem. 1988, 53, 477.

Mitsubishi Chemical Industries Co., Ltd. Jpn. Kokai Tokkyo Koho IP 81 75467, 1982; Chem.
Abstr. 1982, 96, 34698f.

(a) Hatanaka, N.; Matsumoto, M. Heterocycles 1986, 24, 1963. (b) Matsumoto, M.; Hatanaka,
N. JP 61 205288, 1986; Chem Abstr. 1987, 106, 33305p. (c) Fugiwara, A.; Hoshino, T. U.S.
Patent 4405713, 1983; Chem. Abstr. 1983, 99, 120690r. (d) Fugiwara, A.; Hoshino, T. U.S.
Patent 4472571, 1984; Chem. Abstr. 1983, 99, 120690r.

Corey, E. 1; Schmidt, G. Tetrahedron Ler. 1980, 731.

Bal, B. S.; Childers, W. E_; Pinnick, H. W. Tetrahedron 1981, 37, 2091.

Harle, H.; Jochims, J. C. Chem. Ber. 1986, 119, 1400.

Kerr, J. A. In “CRC Handbook of Chemistry and Physics”, 69th ed.; Weast, R. C., Ed.; CRC
Press: Boca Raton, Florida, 1988-1989, p. F-174.

Costa, D. J; Boutin, N. E; Riess, 1. G. Tetrahedron 1974, 30, 3793.

Riess, J. G.; Robert, D. U. Bull. Soc. Chim. Fr. 19758, 425.

Poulin, D. D.; Demay, C.; Riess, J. G. Inorg. Chem. 1977, 16, 2278,

Hertenstein, U.; Hiinig, S.; Reichelt, H.; Schaller, R. Chem. Ber. 1986, 119, 699.

Ganem, B.; Small, V. R.J. Org. Chem. 1974, 39,3728.

Trost, B. M.; Nanninga, T. N.; Satoh, T.J. Am. Chem. Soc. 1988, 107, 721.

Hiyama, T.; Oishi, H.; Saimoto, H. Tetrahedron Lett. 1985, 26, 2459.

Hiyama, T.; Inoue, M.; Saito, K. Synthesis 1986, 645.

Mandai, T.; Gotoh, J.; Otera, J.; Kawada, M. Chem. Lett. 1980, 313.

Mandai, T.; Hashio, S.; Goto, J.; Kawada, M. Tetrahedron Lert. 1981, 22, 2187.

Keinan, E.; Peretz, M. J. Org. Chem. 1983, 48, 5302.

(a) McKendry, L. H. J. Labelled Compd. Radiopharm. 1984, 21, 401. (b) Hodakowski, L. E;;
Ayad, H. M. U.S. Patent 4496493, 1985; Chem. Abstr. 1982, 97, 6520u.

Herranz, R. An. Quim., Ser. C 1987, 83, 318.

Mai, K,; Patil, G. Tetrahedron Lett. 1984, 25, 4583.

Mai, K. H. X.; Patil, G. U.S. Patent 4551526, 1985.

Mai, K,; Patil, G. Org. Prep. Proc. Int. 1985, 17, 183.

Mai, K,; Patil, G. Synth. Commun. 1985, 15, 157.

Mai, K.; Patil, G. Synth. Commun. 1984, 14, 1299.

Mai, K. H. X,; Patil, G. U.S. Patent 4551537, 1985.

Fiandor, J.; Garcia-Lopez, M. T.; De Las Heras, F. G.; Mendez-Castrillon, P. P. Synthesis 1987,
978.

Flann, C.; Malone, T. C.; Overman, L. E.J. Am. Chem. Soc. 1987, 109, 6097.

Fukuyama, T.; Nunes, J. J. J. Am. Chem. Soc. 1988, 110, 5196.

Kiyooka, S;; Fujiyama, R.; Kawaguchi, K. Chem. Lett. 1984, 1979.

Dharanipragada, R.; Diederich, F. Tetrahedron Lett. 1987, 28, 2443.

Bohme, E. H.; Gerhart, F.; Higgins, W. U.S. Patent 4730006, 1988.

Laurie, D.; Lucas, E.; Nonhebel, D. C.; Suckling, C. J. Tetrahedron 1986, 42, 1035.
Neumann, W. P.; Stapel, R. Chem. Ber. 1986, 119, 3432.

Nakajima, Y.; Makino, T.; Oda, J.; Inouye, Y. Agr. Biol. Chem. 1975, 39, 571.

Ojima, [; Inaba, S.; Nakatsugawa, K. Chem. Lett. 1975, 331.

Nagai, Y.; Ojima, I.; Inaba, S.; Nakatsagawa, K. Ipn. Kokai 76125219, 1975; Chem. Abstr. 1977,
86, 140238;.

Ojima, L; Inaba, S. Chem. Lett. 1975, 737.

Nagai, Y.; Ojima, I; Inaba, S.; Nakatsagawa, K. Jpn. Kokai 76131828, 1975; Chem. Abstr. 1977,
86, 140254m.

Prajapati, D.; Boruah, R. C.; Sandhu, J. S.; Baruah, J. N. Indian J. Chem. 1984, 23B, 853,
Greenlee, W. J. J. Org. Chem. 1984, 49, 2632. )

Yamasaki, Y.; Maekawa, T.; Ishihara, T.; Ando, T. Chem. Lett. 1985, 1387.



182

482.
483.
484.

48S.
486.
487.
488.
489.
490.
491.
492.
493,

494.
495.
496.
497.
498.
499.
500.
501.

502.
503.
504.
505.
506.

507.
508.
509.
510.
511.
512.
513.
514.
515.
516.
517.

518.
519.
520.

521.
522.
523.

524
525

§. K. RASMUSSEN, S. M. HEILMANN, and L. R. KREPSKI

Burger, K.; Huber, E.; Kahl, T.; Partscht, H.; Ganzer, M. Synthesis 1988, 44.

Padwa, A.; Koehler, K. F.; Rodriguez, A.J. Org. Chem. 1984, 49, 282.

Wood, D. A.; Mason, R. F.; Day, l. A,; Searle, R. J. G. Eur. Patent Appl. 10799, 1980; Chem.
Abstr. 1980, 93, 2392151

Draber, W.; Eue, L.; Santel, H. J.; Schmidt, R. R. U.S. Patent 4565566, 1986.

Taub, D.; Abeles, R. H.; Patchett, A. A. U.S. Patent 4727062, 1988.

Parsons, W. H. U.S. Patent 4757068, 1988.

Barton, D. H. R,; Billion, A.; Boivin, J. Tetrahedron Lett. 1985, 26, 1229.

Perst, H.; Massa, W.; Lumm, M.; Baum, G. Angew. Chem., Intern. Ed. Engl. 1985, 24, 875.
Takahashi, M.; Kikuchi, H. Tetrahedron Let. 1987, 28, 2139.

Takahashi, M.; Miyahara, H.; Yoshida, N. Heterocycles 1988, 27, 155.

Nagai, Y.; Ojima, J.; Inaba, S. Jpn. Kokai 76125218, 1975; Chem. Abstr. 1977, 86, 14023%k.
Maruoka, K.; Miyazaki, T.; Ando, M.; Matsumura, Y.; Sakane, S.; Hattori, K.; Yamamoto, H.
J.Am. Chem. Soc. 1983, 105, 2831.

Ojima, L.; Inaba, S. J. Organomet. Chem. 1975, 99, CS.

Nagai, Y.; Ojima, J.; Inaba, S. Ipn. Kokai 76101921, 1975; Chem. Abstr. 1977, 86, 106769y.
Inaba, S.; Ojima, L. J. Organomet. Chem. 1979, 169, 171.

Ojima, I.; Inaba, S. J. Chem. Soc., Chem. Commun. 1974, 826.

Nagai, Y.; Ojima, I; Inaba, S. Ipn. Kokai 75160273, 1975; Chem. Abstr. 1976, 85, 21603u.
Ojima, I.; Inaba, S. Tetrahedron Leit. 1979, 817.

Lutz, W.; Sundermeyer, W. Chem. Ber. 1979, 112, 2158.

Buschhaus, H. U.; Findeisen, K.; Bock, M. Ger. Offen. DE 3202101, 1983; Chem. Abstr. 1983,
99, 195552f.

Lazukina, L. A.; Kukhar, V. P. Synthesis 1979, 747.

Chatani, N.; Takeyasu, T.; Hanafusa, T. Tetrahedron Lett. 1986, 27, 1841.

Eischl 1. 1.; Aradi, A. A.; Han, K. L. Tetrahedron Lett. 1983, 24, 2073.

Chatani, N.; Hanafusa, T. J. Chem. Soc., Chem. Commun. 1985, 838.

Hanafusa, A.; Chatani, N. Jpn. Kokai Tokkyo Koho JP 86268689, 1986; Chem. Abstr. 1987,
106, 176657r.

Kusumoto, T.; Hiyama, T.; Ogata, K. Tetrahedron Lett. 1986, 27, 4197.

Chatani, N.; Hanafusa, T. Tetrahedron Lett. 1986, 27, 4201.

Chatani, N.; Takeyasu, T.; Horiuchi, N.; Hanafusa, A.J. Org. Chem. 1988, 53, 3539.
Chatani, N.; Hanafusa, T.J. Org. Chem. 1987, 52, 4408.

Tsuge, O.; Urano, S.; Iwasaki, T. Bull. Chem. Soc. Jpn. 1980, 53, 485.

Dutta, D. K.; Prajapati, D.; Sandhu, J. S.; Baruah, J. N. Synth. Commun. 1988, 15, 335.
Hosomi, A.; Shoji, H.; Sakurai, H. Chem. Lett. 1985, 1049.

Padwa, A.; Koehler, K. F.J. Chem. Soc., Chem. Commun. 1986, 789.

Cunico, R. F.; Bedell, L. J. Organomet. Chem. 1985, 281, 135.

Wilson, R. M.; Hengee, A.J. Org. Chem. 1981, 52, 2699.

(a) Saito, L.; Nakagawa, H.; Kuo, Y-H,; Obata, K.; Matsuura, T.J. Am. Chem. Soc. 1985, 107,
5279. (b) Saito, L; Kuo, Y-H.; Matsuura, T. Tetrahedron Lett. 1986, 27, 2757.

Mullis, J. C.; Weber, W. P.J. Org. Chem. 1982, 47, 2873.

Nagata, W.; Yoshioka, M.; Okumura, T. Tetrahedron Lett. 1966, 847.

Spessard, G. O.; Rilter, A. R.; Johnson, D. M.; Montgomery, A. M. Tetrahedron Lett. 1983, 24,
655.

Coates, G. E.,; Mukherjee, R. N. J. Chem. Soc. 1963, 229.

Cardani, S.; Prati; L. Synthesis 1986, 1032.

Kazmi, S. N.; Ahmed, Z.; Khan, A, Q.; Malik, A. Synth. Commun. 1988, 18, 151.

. Gassman, P. G.; Guggenheim, T. L.J. Am. Chem. Soc. 1982, 104, 5849,
. Gassman, P. G.; Guggenheim, T. L. Org. Synth. 1985, 64, 39.

526.
5217.
528.

Gassman, P. G.; Gremban, R. S. Tetrahedron Lett. 1984, 25, 3259.
Carr, S. A.; Weber, W. P. Synth. Commun. 1988, 15, 775.
Gassman, P. G.; Haberman, L. M. Tetrahedron Lett. 1985, 26, 4971.



Cyanotrimethylsilane 183

529
530
531

532
533.
534.
53s.
536.

537.

538.
539.

540.

541.
542.

543.
544.
545.

546.
547.
548.

549.

550.
551.
552.
553.
554.
55sS.
556.
557.
558.

559.
560.
561.
562.
563.

564.
565.
566.
567.

. Gassman, P. G.; Haberman, L. M. J. Org. Chem. 1986, 51, 5010.

. Gassman, P. G.; Okuma, K.; Lindbeck, A.; Allen, R. Tetrahedron Lett. 1986, 27, 6307.

. (a) Nozaki, H.; Utimoto, K.; Oshima, K.; Takai, K. Kenkyu Hokoku—Asahi Garasu Kogyo
Gijutsu Shoretkai 1986, 49, 27; Chem. Abstr. 1988, 108, 167515g. (b) Imi, K.; Yanagihara, N,;
Utimoto, K. J. Org. Chem. 1987, 52, 1013.

Vougioukas; A. E.; Kagan, H. B. Tetrahedron Lett. 1987, 28, 5513.

Caron, M.; Sharpless, K. B. J. Org. Chem. 1985, 50, 1557.

Taddei, M.; Papini, A.; Fiorenza, M,; Ricci, A. Tetrahedron Lett. 1983, 24, 2311.

Lam, W. Y.; DesMarteau, D. D.J. Am. Chem. Soc. 1982, 104, 4034.

Evers, E. C,; Freitag, W. O.; Kriner, W. A.; MacDiarmid, A. G. U.S. Dept. Com., Office Tech.
Serv., PB Repts., 1958, 143, 219; Chem. Abstr. 1961, 55, 20918:.

Evers, E. C,; Freitag, W. O.; Keith, J. N.; Kriner, W. A. U.S. Dept. Com., Office Tech. Serv.,
PB Repts., 1958, 143,047; Chem. Abstr. 1961, 55, 209195.

Kriner, W. A. Dist. Abstr. 1959, 20, 1570.

Evers, E.C.; Freitag, W. O.; Kriner, W. A.; MacDiarmid, A. G.; Sujishi, S.J. Inorg. Nucl. Chem.
1960, 13, 239.

Evers, E. C,; Freitag, W. O.; Kriner, W. A.; MacDiarmid, A. G. J. Am. Chem. Soc. 1959, 81,
5106.

Bessler, E.; Goubeau, J. Z. Anorg. Allg. Chem. 1967, 352, 67.

Fauss, R.; Findeisen, K.; Haebich, D. Ger. Offen. DE 3430019, 1986; Chem. Abstr. 1986, 105,
134115m.

Onyszchuk, M.; Castel, A.; Riviere, P.; Satge, J. J. Organomet. Chem. 1986, 317, C35.
Tudela, D.; Fernandez, V.; Tornero, J. D. Inorg. Chem. 1985, 24, 3892,

Lazukina, L. A.; Khaskin, G. I.; Kukhar, V. P. Ukr. Khim. Zh. 1979, 45, 471; Chem. Abstr. 1979,
91, 74547j.

Noth, H.; Ullmann, R. Chem. Ber. 1976, 109, 1942.

Tattershall, B. W.J. Chem. Soc., Dalton Trans. 1987, 1515.

Lazukina, L. A.; Kukhar, V. P,; Romanov, G. V_; Khaskin, G. I; Dubinina, T. N,; Ofitserov, E.
N.; Volkova, V. N,; Pudovik, A. N. Zh. Obshch. Khim. 1980, 50, 985.

Pudovik, A. N.; Romanov, G. V.; Khaskin, G. I. U.SS.R. 771107, 1980; Chem. Abstr. 1981,
94,175253¢.

Horner, L.; Gehring, R. Phosphorus Sulfur 1981, 11, 157.

Pudovik, A. N.; Romanov, G. V.; Volkova, V. N.Izv. Akad. Nauk SSSR, Ser. Khim. 1982, 939.
Maziers, M. R.; Roques, C.; Sanchez, M.; Majoral, J. P.; Wolf, R. Tetrahedron 1987, 43, 2109.
Lopusinski, A.; Luczak, L.; Brzezinska, E. Phosphorus Sulfur 1987, 31, 101.

Harpp, D. N.; Friedlander, B. T.; Smith, R. A. Synthesis 1979, 181.

Roesky, H. W.; Benmohamed, N.; Schimkowiak, J. Z. Anorg. Allg. Chem. 1987, 544, 209.
Lopusinski, A.; Michalski, J.; Stec, W. . Angew. Chem., Intern. Ed. Engl. 1975, 14, 108.
Lopusinski, A.; Michalski, J.; Stec, W. J. Liebigs Ann. Chem. 1977, 924.

Lopusinski, A.; Luczak, L.; Michalski, J.; Kabachuik, M. M.; Moriyama, M. Tetrahedron 1981,
37,2011.

Lopusinski, A.; Luczak, L.; Michalski, J. Tetrahedron 1982, 38, 679.

Kumar, R. C; Shreeve, J. M. Z. Naturforsch. B 1981, 36, 1407.

Kumar, R. C,; Shreeve, J. M. Inorg. Synth. 1986, 24, 125.

Lazukina, L. A.; Kukhar, V. P. Zh. Obshch. Khim. 1983, 53, 2239.

Harpp, D. N,; Friedlander, B. T.; Larsen, C.; Steliou, K.; Stockton, A.J. Org. Chem. 1978, 43,
3481.

Tomoda, S.; Takeuchi, Y.; Nomura, Y. Chem. Lett. 1981, 1069.

Tomoda, S.; Takeuchi, Y.; Nomura, Y. Synthesis 1985, 212.

Thrasher, 1. S.; Clark, M.; Morken, P. A.J. Fluorine Chem. 1988, 39, 235.

Fauss, R.; Linker, K. H.; Findeisen, K. U.S. Patent 4503025, 1985; Chem. Abstr. 1984, 100,
123527



184

568.

569.
570.

571
572
573.
574.
575.
576.
577.

578.

579.

580.

581.
582.
583.
584.

585.
586.
587.
588.
589.
590.
591.
592.
593.
594.
595.
596.

597.
598.
599.
600.
601.
602.
603.
604.
605.
606.
607.

608.
609.
610.
611.

J. K. RASMUSSEN, S. M. HEILMANN, and L. R. KREPSKI

Bochmann, M.; Wilson, L. M.; Hursthouse, M. B.; Motevalli, M. Organometallics 1988, 7,
1148.

King, R. B. Inorg. Chem. 1961, 6, 25.

Pombeiro, A.J. L.; Hughes, D. L.; Pickett, C. J; Richards, R. L. J. Chem. Soc., Chem. Commun.
1986, 246.

Fischer, H.; Markl, R.; Zeuner, S. J. Organomet. Chem. 1985, 286, 17.

Seyferth, D.; Kahlen, N. J. Am. Chem. Soc. 1960, 82, 1080.

Reetz, M. T.; Chatziiosifidis, I. Angew. Chem., Intern. Ed. Engl. 1981, 20, 1017.

Reetz, M. T.; Chatziiosifidis, I. U.S. Patent 4419296, 1983; Chem. Abstr. 1983, 98, 106857y.
Reetz, M. T.; Chatziiosifidis, I.; Kunzer, H.; Muller-Starke, H. Tetrahedron 1983, 39, 961.
Danek, S. K.; Kelly, D. P; Serelis, A. K,; Steel, P. J.J. Org. Chem. 1987, 52, 2911.

Sindelar, K.; Budesinsky, M.; Vanek, T.; Holubek, J.; Svatek, E.; Matousova, O.; Rees, C. W.;
Protiva, M. Collect. Czech. Chem. Commun. 1987, 52, 2281.

Subalova, E. A.; Chudakova, T. I; Onys’ko, P. P.; Sinitsa, A. D. Zh. Obshch. Khim. 1987, 57,
1514.

(a) Gilligan, W. H.; Sitzmann, M. E.J. Energ. Mater. 1983, 1, 95. (b) Sitzmann, M. E; Gilligan,
W. H. U.S. Patent 4499309, 1985; Chem. Abstr. 1984, 100, 24077q.

Koppes, W. M.; Adolph, H. G. Statutory Invent. Regist. U.S. 181 1986; Chem. Abstr. 1987, 106,
158923v.

Bates, H. A.; Rosenblum, S. B.J. Org. Chem. 1986, 51, 3447.

Olah, G. A,; Farooq, O.; Prakash, G. K. S. Synthesis 1985, 1140.

Sasaki, T.; Nakanishi, A.; Ohno, M. J. Org. Chem. 1981, 46, 5445.

Nicolaou, K. C.; Dolle, R. E.; Chucholowski, A.; Randall, J. L. J. Chem. Soc., Chem. Commun.
1984, 1153.

Araki, Y.; Kobayashi, N.; Watanabe, K.; Ishido, Y. J. Carbohydr. Chem. 1985, 4, 565.
Chaykovsky, M.; Adolph, H. G. Synth. Commun. 1986, 16, 205.

Chatani, N.; Hanafusa, T.J. Org. Chem. 1986, 51, 4714.

De Las Heras, F. G.; San Felix, A.; Fernandez-Resa, P. Tetrahedron 1983, 39, 1617.

Hiyama, T.; Inoue, M. Synthesis 1986, 689.

Miyake, H.; Yamamura, K. Tetrahedron Lett. 1986, 27, 3025.

Ono, N.; Jun, T. X.; Hashimoto, T.; Kaji, A. J. Chem. Soc., Chem. Commun. 1987, 947.

Ono, N.; Kamimura, A.; Sasatani, H.; Kaji, A.J. Org. Chem. 1987, 52, 4133.

Murakami, M.; Kato, T.; Mukaiyama, T. Chem. Lett. 1987, 1167.

Kozikowski, A. P.; Park, P.J. Org. Chem. 1984, 49, 1674.

Becsi, F.; Zbiral, E. Monatsh. Chem. 1979, 110, 955.

Utimoto, K.; Wakabayashi, Y.; Shishiyama, Y.; Inoue, M.; Nozaki, H. Tetrahedron Lett. 1981,
22, 4279.

Utimoto, K.; Horlie, T. Tetrahedron Lett. 1982, 23, 237.

De Las Heras, F. G.; Ferndndez-Resa, P. J. Chem. Soc., Perkin Trans. 1 1982, $03.

Schmidt, R. R.; Hoffmann, M. Angew. Chem., Intern. Ed. Engl. 1983, 22, 406.

Hoffmann, M. G.; Schmidt, R. R. Liebigs Ann. Chem. 1985, 2403.

Mukaiyama, T.; Kobayashi, S.; Shoda, S. Chem. Letr. 1984, 1529.

Mukaiyama, T.; Kobayashi, S. Carbohydr. Res. 1987, 171, 81.

Elliott, J. D.; Choi, V. M. F.; Johnson, W. S.J. Org. Chem. 1983, 48, 2294.

Choi, V. M. F.; Elliott, J. D.; Johnson, W. S. Tetrahedron Lett. 1984, 25, 591.

Seebach, D.; Imwinkelried, R.; Stucky, G. Angew. Chem., Intern. Ed. Engl. 1986, 25, 178.
Kirchmeyer, S.; Mertens, A.; Arvanaghi, M.; Olah, G. A. Synthesis 1983, 498.

Banzatti, C.; Branzoli, U.; Lovisolo, P. P.; Melloni, P.; Orsini, G.; Salvadori, P. Arzneim.-
Forsch.[Drug Res. 1984, 34, 864.

Bruckner, C.; Lorey, H.; Reissig, H. U. Angew. Chem., Intern. Ed. Engl. 1986, 25, 556.
Bruckner, C.; Holzinger, H.; Reissig, H. U. J. Org. Chem. 1988, 53, 2450.

Kantlehner, W.; Haug, E. Chem.-Ztg. 1985, 109, 433.

Pirrung, M. C.; DeAmicis, C. V. Tetrahedron Lett. 1988, 29, 159.



Cyanotrimethylsilane 185

612.
613.

614.

615.
616.
617.
618.
619.
620.
621.

622.
623.
624.
625.
626.

627.
628.

629.
630.
631.
632.
633.
634.
635.
636.
637.

638.
639.
640.
641.
642.
643.
644.
645.

646.
647.
648.
649.
650.
651.
652.
653.
654.
655.
656.
657.

Torii, S.; Inokuchi, T.; Kobayashi, T. Chem. Lett. 1984, 897.

Torii, S.; Iguchi, T.; Kobayashi, T.; Kubota, M. Jpn. Kokai Tokkyo Koho JP 61 03891, 1986;
Chem. Abstr. 1986, 104, 195529a.

Harayama, T.; Shinkai, Y.; Hashimoto, Y.; Fukushi, H.; Inubushi, Y. Tetrahedron Lett. 1983,
24,5241.

Farkas, J.; Fric, 1. Collect. Czech. Chem. Commun. 1985, 50, 1291.

Cook, P. D.; McNamara, D. J. U.S. Patent 4619996, 1986; Chem. Abstr. 1986, 104, 168786a.
Cantello, B. C. C. U.S. Patent 4629737, 1986; Chem. Abstr. 1984, 101, 6799:.

Bailey, W. J.; Chou, J. L.; Zeng, P. Z.; Kuruganti, V.; Zhou, L. L. Acta Polym. 1988, 39, 335.
Paquette, L. A.; Pansegrau, P. D.; Wiedeman, P. E.; Springer, J. P.J. Org. Chem. 1988, 53, 1461.
Asher, V.; Becu, C.; Anteunis, M. J. O.; Callens, R. Tetrahedron Lett. 1981, 22, 141.
Anteunis, M. J. O.; Callens, R.; De Witte, M.; Reyniers, M. F.; Spiessens, L. Bull. Soc. Chim.
Belg. 1986, 545.

Renaud, P.; Seebach, D. Angew. Chem., Intern. Ed. Engl. 1986, 25, 843.

Renaud, P.; Seebach, D. Helv. Chim. Acta 1986, 69, 1704.

Irie, K.; Aoe, K.; Tanaka, T.; Saito, S.J. Chem. Soc., Chem. Commun. 1985, 633.

Kantlehner, W.; Haug, E.; Frick, W. Synthesis 1984, 358.

(a) Tokitoh, N.; Okazaki, R. Chem. Lett. 1985, 241. (b) Tokitoh, N.; Okazaki, R. Bull. Chem.
Soc.Jpn. 1988, 61, 735.

Saito, I.; Morii, T.; Matsugo, S.; Matsuura, T. J. Chem. Soc., Chem. Commun. 1982, 977.

(a) Bartsch, H.; Schwarz, O. J. Heterocycl. Chem. 1983, 20, 45. (b) Bartsch, H.; Schwarz, O.;
Neubauer, G. Heterocycles 1986, 24, 3483.

Bartsch, H. Monatsh. Chem. 1987, 118, 273.

Stachulski, A. V.J. Chem. Soc., Chem. Commun. 1986, 401.

Fuchigami, T.; Nakagawa, Y.; Nonaka, T.J. Org. Chem. 1987, 52, 5489.

Poetsch, E.; Casutt, M. U.S. Patent 4732987, 1988.

Schwindeman, J. A.; Magnus, P. D. Tetrahedron Lett. 1981, 22, 4925,

Reetz, M. T.; Muller-Starke, H. Tetrahedron Lett. 1984, 25, 3301.

Essawi, M. Y. H,; Portoghese, P. S. J. Org. Chem. 1983, 48, 2138.

Torii, S.; Inokuchi, T.; Takagishi, S.; Akahoshi, F.; Uneyama, K. Chem. Lett. 1987, 639.
Ruchirawat, S.; Phadungkul, N.; Chuankamnerdkarn, M.; Thebtaranonth, C. Heterocycles 1977,
6, 43.

Popp, F. D. Adv. Heterocycl. Chem. 1979, 24, 187.

Cooney, . V. J. Heterocycl. Chem. 1983, 20, 823,

Popp, F. D. Heterocycles 19885, 23, 731.

Anderson, W. K,; DeRuiter, J.; Heider, A. R.J. Org. Chem. 1985, 50, 722.

Ruchirawat, S.; Suparlucknaree, S.; Prasitpan, N. Heterocycles 1978, 9, 859.

Ruchirawat, S.; Lertwanawatana, W.; Thepchumrune, P. Tetrahedron Lert. 1980, 21, 189.
Anderson, W. K.; McPherson, H. L.; New, 1. S.J. Heterocycl. Chem. 1980, 17, 513.

Tanaka, K.; Masuda, H.; Mitsuhashi, K. Nippon Kagaku Kaishi 1985, 2211; Chem. Abstr. 1986,
105, 208803h.

Popp, F. D.; Duarte, F. F.; Utf, B. C.J. Heterocycl. Chem. 1987, 24, 1353.

Veeraraghavan, S.; Popp, F. D. Synthesis 1980, 384.

Veeraraghavan, S.; Popp, F. D.J. Heterocycl. Chem. 1981, 18, 71.

Popp, F. D.; Veeraraghavan, S. J. Heterocycl. Chem. 1982, 19, 1275.

Bhattacharjee, D.; Popp, F. D. J. Pharmaceut. Sci. 1980, 69, 120.

Ruchirawat, S.; Thepchumrune, P. Org. Prep. Proc. Internat. 1980, 12, 263.

Bhattacharjee, D.; Popp, F. D. J. Heterocycl. Chem. 1980, 17, 433.

Bhattacharjee, D.; Popp, F. D. J. Heterocycl. Chem. 1980, 17, 1207.

Bhattacharjee, D.; Popp, F. D. J. Heterocycl. Chem. 1980, 17, 1211.

Veeraraghavan, S.; Popp, F. D.J. Heterocycl. Chem. 1982, 19, 425.

Kant, J.; Popp, F. D. Chem. Ind. (London) 1984, 415.

Uff, B. C,; Joshi, B. L.; Popp, F. D.J. Chem. Soc., Perkin Trans. 1 1986, 2295.



186

658.

659.
660.
661.
662.
663.
664.
665.
666.
667.
668.
669.

670.
671.
672.
673.
674.
675.
676.
677.
678.
679.
680.
681.
682.
683.
684,
685.
686.
687.
688.
689.
690.

691.
692,
693.

694.

695.

696.
697.
698.
699.
700.
701.
702.
703.
704.

J. K. RASMUSSEN, S. M. HEILMANN, and L. R. KREPSKI

Higashino, T.; Sato, S.; Suge, H.; Tnaji, K.; Miyashita, A.; Katori, T. Chem. Pharm. Bull. 1988,
36, 930.

Veeraraghavan, S.; Popp, F. D. J. Heterocycl. Chem. 1981, 18, 775.

Kant, J.; Popp, F. D. Chem. Ind. (London) 1985, 125.

Vorbruggen, H.; Maas, M. Heterocycles 1988, 27, 2659.

Veeraraghavan, S.; Bhattacharjee, D.; Popp, F. D. J. Heterocycl. Chem. 1981, 18, 443.
Higashino, T.; Sato, S.; Miyashita, A.; Katori, T. Chem. Pharm. Bull. 1986, 34, 4569.
Higashino, T.; Sato, S.; Miyashita, A.; Katori, T. Chem. Pharm. Bull. 1987, 35, 4803.

Rioult, J. P.; Desevricourt, M. C.; Rault, S.; Robba, M. J. Heterocycl. Chem. 1984, 21, 1449.
Veeraraghavan, S.; Popp, F. D.J. Heterocycl. Chem. 1981, 18, 909.

Popp, F. D.; Veeraraghavan, S. Heterocycles 1981, 15, 481.

Kant, J.; Popp, F. D. J. Heterocycl. Chem. 1984, 21, 425.

Uff, B. C.; Chen, S. L. A. A,; Ho, Y. P,; Popp, F. D.; Kant, J. J. Chem. Soc., Chem. Commun.
1984, 1245.

Uff, B. C;; Ho, Y. P,; Burford, D. L.; Popp, F. D. J. Heterocycl. Chem. 1987, 24, 1349.

Fife, W. K. J. Org. Chem. 1983, 48, 1375.

Fife, W. K. Heterocycles 1984, 22, 93.

Eiman, B.; Moberg, C. Tetrahedron 1986, 42, 223.

Elman, B.; Moberg, C.; Rakos, L. React. Polymers 1988, 8, 41.

Vorbruggen, H.; Krolikiewicz, K. Synthesis 1983, 316.

Vorbruggen, H. PCT WO 83/01446, 1983.

Sakamoto, T.; Kaneda, S.; Nishimura, S.; Yamanaka, H. Chem. Pharm. Bull. 1985, 33, 565.
Yamanaka, H.; Nishimura, S.; Kaneda, S.; Sakamoto, T. Synthesis 1984, 681.

Yamanaka, H.; Sakamoto, T.; Nishimura, S.; Sagi, M. Chem. Pharm. Bull. 1987, 35, 3119.
Misra, R. N.; Karanewsky, D. S. U.S. Patent 4555520, 1985; Chem. Abstr. 1986, 104, 186314z,
Trost, B. M.; Shibata, T.; Martin, S. J.J. Am. Chem. Soc. 1982, 104, 3228.

Alexander, R. P; Stephenson, G. R. J. Organomet. Chem. 1986, 299, C1.

Alexander, R. P.; James, T. D.; Stephenson, G. R. J. Chem. Soc., Dalton Trans. 1987, 2013.
Hayashi, Y.; Wariishi, K.; Mukaiyama, T. Chem. Lett. 1987, 1243.

Hayashi, Y.; Mukaiyama, T. Chem. Lett. 1987, 1811.

Takeda, T.; Kaneko, Y.; Nakagawa, H.; Fujiwara, T. Chem. Lett. 1987, 1963.

Gassman, P. G.; Chavan, S. P.J. Org. Chem. 1988, 53, 2392.

Buchwald, S. L.; LaMaire, S. J. Tetrahedron Lett. 1987, 28, 295.

House, H. O.; Snoble, K. A. J. J. Org. Chem. 1976, 41, 3076.

Voronkov, M. G.; Keiko, N. A.; Kuznetsova, T. A.; Tsetlina, E. O. Zh. Obshch. Khim. 1978, 48,
2138.

Mai, K,; Patil, G. J. Org. Chem. 1987, 52, 275.

Findeisen, K.; Fauss, R. Ger. Offen. DE 3505746, 1985; Chem. Abstr. 1986, 105, 133013g.
Fauss, R.; Findeisen, K.; Mueller, K. H.; Schmidt, R. R.; Eue, L.; Santel, H. J. Ger. Offen. DE
3421649, 1985; Chem. Abstr. 1986, 105, 186454v.

Salzburg, H.; Fauss, R.; Findeisen, K;; Homeyer, B. U.S. Patent 4556649, 1985; Chem. Abstr.
1986, 104, 129649p.

Jaeger, G.; Fauss, R.; Findeisen, K.; Becker, B;; Homeyer, B. U.S. Patent 4562185, 1985; Chem.
Abstr. 1985, 102, 62247u.

Nachbaur, E.; Kosmus, W.; Krannich, H. J.; Sundermeyer, W. Monatsh. Chem. 1978, 109, 1211
Aanteunis, M. J. O.; Becu, C. Bull. Soc. Chim. Belg. 1987, 96, 119.

Anteunis, M. J. O.; Van Damme, S. Bull. Soc. Chim. Belg. 1987, 96, 131.

Anteunis, M. 1. O.; Becu, C.; Becu, F.; Callens, R. Bull. Soc. Chim. Belg. 1987, 96, 133.
Anteunis, M. J. O.; Becu, C. Bull. Soc. Chim. Belg. 1987, 96, 555.

Hosten, N.; Anteunis, M. J. O. Bull. Soc. Chim. Belg. 1988, 97, 45.

Callens, R.; Anteunis, M. Pept. Chem. 1987, 259; Chem. Abstr. 1988, 109, 211460g.
Anteunis, M.; Becu, C. U.S. Patent 4725645, 1988.

Birkofer, L.; Ritter, A.; Neuhausen, P. Liebigs Ann. Chem. 1962, 659, 190.



Cyanotrimethylsilane 187

705.
706.
707.
708.
709.

710.
711.
712.
713.
714.
715.
716.

717.
718.
719.
720.
721.

722.
723.
724.
725.

726.
727.

Kricheldotf, H. R. Liebigs Ann. Chem. 1972, 763, 17.

Linderman, R. J.; Ghannam, A.J. Org. Chem. 1988, 53, 2878.

Wannagat, U.; Seyfert, H. Angew. Chem., Intern. Ed. Engl. 1965, 4, 438.

Aoyama, T.; Sudo, K.; Shiori, T. Chem. Pharm. Bull. 1982, 30, 3849.

Varvarin, A. M.; Belyakova, L. A; Tertykh, V. A.; Lazukina, L. A; Kukhar, V. P. Teor. Eksp.
Khim. 1987, 23, 117; Chem. Abstr. 1987, 106, 144769n.

Gostevskii, B. A.; Vyazankina, O. A.; Vyazankin, N. S. Zh. Obsch. Khim. 1984, 54, 1209,
House, H. O.; Ghali, N. L.; Haack, J. L.; VanDerveer, D. J. Org. Chem. 1980, 45, 1807.

Davis, R.; Untch, K. G.J. Org. Chem. 1981, 46, 2985.

Lennon, P. J. U.S. Patent 4650891, 1987.

Heather, J. B.; Milano, P. D. U.S. Patent 4695673, 1987.

Bay, E. U.S. Patent 4774360, 1988.

Naito, J.; Yoneda, Y.; Kitamura, K. U.S. Patent 4481279, 1989; Chem. Abstr. 1983, 98,
117134m.

Ogura, K. U.S. Patent 4686280, 1987; Chem. Abstr. 1986, 105, 143578s.

Nakase, M. Jpn. Kokai Tokkyo Koho JP 62 70838, 1987; Chem. Abstr. 1987, 107, 124637k.
Johns, I. B. U.S. Patent 3274128, 1966.

Johns, 1. B. U.S. Patent 3410809, 1968.

Suzuki, T.; Kawakami, T.; Koyama, T.; Orisaku, M.; Izaki, K.; Nakano, R.; Mori, A. U.S. Patent
4594330, 1986; Chem. Abstr. 1986, 104, 94103b.

Suzuki, T.; Kawakami, T.; Nakano, R.; Koyama, T ; Izaki, K.; Mori, A.; Orisaku, M. U.S. Patent
4613490, 1986.

Izaki, K.; Kawakami, T.; Kahhei, K.; Ando, K. Eur. Patent Appl. EP 276334, 1988; Chem. Abstr.
1988, 109, 154954v.

Brandi, A.; De Sarlo, F.; Gurna, A.; Speroni, G. Synthesis 1982, 719.

DeSarlo, F.; Brandi, A.; Guama, A.; Goti, A.; Corezzi, S. Tetrahedron Lert. 1983, 24, 1815.
DeSarlo, F.; Brandi, A.; Goti, A.; Guarana, A.; Rovero, P. Heterocycles 1983, 20, 511.
DeSarlo, F.; Guama, A.; Brandi, A.; Goti, A. Tetrahedron 1985, 41, 5181.



	Text4: "Advances in Silicon Chemistry"
Gerald L. Larson, Editor
VP, Research Products
Gelest, Inc.
11 East Steel Road
Morrisville, PA 19067


