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Preface

About 30 years ago we had at Schering AG the need of synthesizing a series of
N*-substituted cytidines and N°-substituted adenosines as potential antiviral and
biologically active compounds. Because the hitherto used conventional methods of
synthesizing such compounds implied at least four reaction steps, we looked for
new methods and discovered that just heating of uridine or thymidine with excess
hexamethyldisilazane, Me;SiNHSiMe;, (HMDS) in the presence of ammonia, pri-
mary and secondary amines not only O-silylates and thus protects the hydroxyl
groups in the ribose moieties but also silylates-activates the O*-oxygen function in
uridines, which is aminated to give in one reaction step the corresponding persily-
lated cytidines as well as persilylated water=hexamethyldisiloxane, Me;SiOSiMes,
(HMDSO). The O-SiMe; protecting groups in the ribose moieties are subse-
quently removed by in situ transsilylation with added excess boiling methanol,
whereupon the free cytidines crystallize out in high yields. Analogously, the O°
oxygen functions in inosine, guanosine or xanthosine are silylated-aminated in
the presence of catalytic amounts of Lewis acids to the corresponding N°®-substi-
tuted persilylated adenosines, which give on transsilylation with boiling methanol
the corresponding biologically active free crystalline adenosines in high yields.

Thus encouraged, we applied this principle of silylation-activation of oxygen
functions to a number of aliphatic as well as heteroaromatic systems followed by
subsequent or concomitant nucleophilic substitution e.g. with amines, cyanides,
halides or hydrides while removing water as HMDSO. Although we could investi-
gate only a rather limited range of such reactions, we were pleased to note that
this principle of silylating-activating oxygen functions followed by nucleophilic
substitution has subsequently been more and more frequently applied by other
groups as discussed in detail in this review.

Thus we hope that these O-silylations-activations with the readily available
HMDS (Me;SiNHSiMes), TCS (Me;SiCl), dimethyldichlorosilane (Me,SiCl,), hexa-
methylcyclotrisilazane (HNSiMe,);, OMCTS (HNSiMe,),, tetra(alkoxy)silane
(Si(OR)y4) or silicon tetrachloride (SiCly), most of which can also effect the transi-
ent protection of any present hydroxyl group, and the subsequent or concomitant
reaction with nucleophiles accompanied by formation of silylated water as
HMDSO (Me;SiOSiMes), (OSiMe,), or SiO, will be applied more often in the fu-
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ture to those numerous reactions in preparative organic and inorganic chemistry,
in which water is being eliminated.
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1
Introduction

Many common synthetic reactions in preparative organic chemistry, for example
amide (peptide or polyamide synthesis), aliphatic, or heteroaromatic amidine, or
guanidine syntheses and ester and ketal (glycoside) formation or Stobbe and Clai-
sen—-Schmidt condensations involve the generation of water, which usually has to
be removed to achieve clean and quantitative conversions. Because of its high
heat of evaporation removal of water, e.g. during esterification by azeotropic distil-
lation with solvents such as benzene [1], toluene, or xylene, usually implies ex-
tended heating in the presence of Lewis acids, bases, or molecular sieves, which
often causes side reactions or partial decomposition of the desired end products.
Because of these inherent problems associated with removal of water during
chemical reactions, any new technique for activating reaction partners and of
eliminating water in the form of new simple derivatives is of general interest.
Whereas almost all organic chemists are familiar with the different aspects of
silylation for protection of functional groups [2—6], the concept of protecting any alco-
holic or phenolic hydroxyl groups present by silylation while simultaneously silylat-
ing—activating [2, 7] suitable amide, lactam, imide, urea, carboxyl, nitro, or sulfoxide
groups or hydroxy-N-heterocycles such as uracils, imidazolones [7], or 1,2,4-triazo-
lones [7] as well as benzylic or allylic hydroxyl groups [8, 9] (cf. Scheme 1.1) should
always be kept in mind. The activated silylated intermediates that can react with nu-
cleophiles, such as amines, or electrophiles, such as acid chlorides, under rather
mild reaction conditions with elimination of the very non-polar and volatile persily-
lated water (=hexamethyldisiloxane, Me;SiOSiMe;, HMDSO, 7, b.p. 100 °C) instead
of the polar water or of Me;SiCl 14 instead of HCI, are only gradually entering com-
mon chemical knowledge. The included table of sources of surprisingly cheap

[1] N.S. BARTA, K. PAULVANNAN, J.P. ScHwWARzZ, J.R. StirLE, Synth. Commun. 1994, 24, 583
[2] L. BIRKOFER, A. RITTER, Angew. Chem. 1965, 77, 414

[3] J.F. KLEBE, Adv. Org. Chem. 1972, 8, 97

[4] B.E. CooPER, Chem. Ind. 1978, 794

[5] G. vaN Look, Fluka Chemika, Silylating Agents, 1988, 9-105

[6] J. Cossy, P. Park, Tetrahedron Lett. 1987, 28, 6039

[7] L. BIRKOFER, P. RICHTER, A. RITTER, Chem. Ber. 1960, 93, 2804

[8] ].M. MIDGLEY, J.S. MirLERsHIP, W.B. WHALLEY, ]. Chem. Soc. Perkin I 1976, 1384

[9] M. AxiTa, H. Yasupa, A. NAKAMURA, Bull. Chem. Soc. Jpn. 1984, 57, 480
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R R R R
0SiMe, SN2 N2
4
EU\NH HMADS 2 NN HNR|R, MeOH /g
Me33|OH 4 MeOS]Me
NH /g /&o 13a 3 o)

1 OH MeSSIO 3 OSlMe Me SlO 5 OSiMe HO 6 OH

2 Me;SiOH 4 + Me, SiNHSiMe, (HMDS) 284 >02 Me SiOSiMe, 7 + NH3T
2 Me,SiOH 4 —2—> Me,SiOSiMe, 7 + H,0
a. R,R, =H (=cytidine); b. R;,R, = (CH,),;

Scheme 1.1

silicon chemicals should convince chemists in development and production that this
chemistry is also suited to any large scale synthesis.

We became involved in silylation—activation-amination ca. 30 years ago while
trying to simplify the amination of uridine 1 to modified cytidines 6 [10, 11]
(Scheme 1.1), which using conventional procedures requires at least three or four
reaction steps (cf. Section 4.2.3). In the first cytidine synthesis 2’,3',5"-tri-O-acetyl-
4-O-ethyluridine (cf. compound 211 in Section 4.2.3) was converted on heating with
ammonia into cytidine 6a and ethanol as the leaving group [12]. Because the UV
spectrum of 2',3’,5'-tri-O-acetyl-4-O-ethyluridine 211 is very similar to that of per-
silylated uridine 3, which is readily obtained from uridine 1 by heating with hexam-
ethyldisilazane (HMDS) 2, we heated uridine 1 with excess hexamethyldisilazane
(HMDS) 2, whereupon NHj is evolved, and excess primary or secondary amines,
without solvent, to give, in a one-step/one-pot reaction, persilylated uridine 3, fol-
lowed by addition of the amines to the activated 4-position of 3 (cf. structure 214
in Scheme 4.15 in Section 4.2.3) and, after elimination of trimethylsilanol 4 as the
leaving group, the persilylated cytidines 5 [10, 11]. The leaving group trimethylsila-
nol 4, which is more acidic [13] (cf. Section 3.1) and thus much more reactive than
tert-butanol, is silylated in situ by excess hexamethyldisilazane (HMDS) 2 to the
rather non-polar hexamethyldisiloxane (HMDSO) 7 and ammonia, which escapes
at normal pressure. Thus elimination of the polar water in these aminations is re-
placed by elimination of persilylated water (=Me;SiOSiMe;, HMDSO, 7). Because
trimethylsilanol 4 and the water, which is formed by the acid- or base catalyzed di-
merization of two equivalents of trimethylsilanol 4 to hexamethyldisiloxane 7 [14],
can deactivate the activated 4-trimethylsilyloxy group in 3 to give deactivated 2,3,5-
O-silylated uridine and HMDSO 7, silylation of trimethylsilanol 4 by excess hexam-

[10] H. VorBRUGGEN, K. Krorikiewicz, U. N1EBALLA, Angew. Chem. Int. Ed. 1971, 10, 657
[11] H. VorBRUGGEN, K. KroL1kiEwICz, U. NIEBALLA, Liebigs Ann. Chem. 1975, 988

[12] G.A. Howarp, B. LyrHGOE, A.R. Topp, J. Chem. Soc. 1947, 1052

[13] R. WEest, R.H. BaNEY, J. Am. Chem. Soc. 1959, 81, 6145

[14] W.T. GruBs, J. Am. Chem. Soc. 1954, 76, 3408



1 Introduction

ethyldisilazane (HMDS) 2 to hexamethyldisiloxane (HMDSO) 7 is mandatory to
achieve high yields. To shift all these equilibria to the right it is, furthermore, opti-
mum for preparative scale silylation-aminations employing higher boiling amines
(b.p. >120-130°C), to remove hexamethyldisiloxane (HMDSO) (b.p. 100°C) [15]
or its azeotrope (b.p.89-91°C) [13] with trimethylsilanol 4 (b.p.99°C) (cf. Sec-
tion 2.1) by distillation over a short Vigreux column during the reaction.

After silylation—amination in situ transsilylation (cf. Section 2.3) of the intermedi-
ate persilylated cytidines 5 with excess boiling methanol for 3-5h gives the de-
sired free cytidines 6 and methoxytrimethylsilane 13a (b.p. 57°C) [13]. Thus protec-
tion of the alcoholic hydroxyl groups of the ribose moiety and silylation—activation
of the 4-position in the pyrimidine moiety in persilylated uridine 3, and the con-
comitant amination of 3, all in one reaction step, to 5 is followed finally by in situ
transsilylation (cf. Section 2.3) with excess boiling methanol in one reaction vessel.
All these steps proceed to afford free or N*-substituted crystalline cytidines 6 in
high yields [11] (cf. the preparation of N*(tetramethylene)cytidine 6b in 95.4%
yield in Section 1.1.). This simple one-pot reaction is also very easy to perform on
a technical scale, as are the subsequently discussed analogous silylation—amina-
tions of purine nucleosides and other hydroxy-N-heterocycles (cf. Sections 4.2.4
and 4.2.5). The concept of silylation—activation while simultaneously protecting hy-
droxyl groups in alcohols, phenols, or phosphoric acids by silylation was subse-
quently “rediscovered” and appropriately termed “transient protection’ [16-18].

Most of the other silylation—activation—substitution reactions reported in this re-
view are mechanistically related. Several new reactions (such as those discussed in
Sections 7.1, 7.2, and 7.4) have been discovered by following these lines of think-
ing about activation of functional groups by O-silylation and subsequent or con-
comitant reaction with nucleophiles giving the expected products and hexamethyl-
disiloxane 7. It can thus be expected that current and new silylation—activation reac-
tions will be more commonly used in preparative chemistry in the future.

In retrospect, the first review [19] on the subsequently discussed mobility of tri-
methyl- or other trialkylsilyl groups (cf. Section 2.4), which discusses the equilib-
rium between the N-silylated form 8 and the O-silylated form 9 of the 6,7-benzo-
caprolactam as determined by "H NMR, (Scheme 1.2) should have drawn general
attention to this field, because 9 is a reactive O-trimethylsilyl iminoether, which
can be expected to undergo addition—elimination reactions of nucleophiles Nu-H
or Nu-SiMe;s, in particular in the presence of Lewis acids to give 10 and trimethyl-
silanol 4 as the leaving groups and, eventually, HMDSO 7. Likewise, the N- or O-
trimethylsilyl groups in the subsequently discussed N,O-bis(trimethylsilyl)aceta-
mides or formamides 22 can be assumed to be in equilibrium [19].

[15] R.O. SAUER, J. Am. Chem. Soc. 1944, 44, 1707

[16] G.S. T1, B.L. GAFENEY, R.A. JoNEs, J. Am. Chem. Soc. 1982, 104, 1316

[17] N.D. SinHA, P. Davis, L.M. ScHULTZE, K. UPADHYA, Tetrahedron Lett. 1995, 36, 9277
[18] Z. Cui, L. ZHANG, B. ZHANG, Tetrahedron Lett. 2001, 42, 561

[19] J.F. KiEBE, Acc. Chem. Res. 1970, 3, 299
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?
10° NuH (NuSiMe,)
o — -
ca. 1:1 _ -Me,SiOH 4 _
/N N (-HMDSO 7) N
Me,Si 8 O 9 OSiMe, A 10 Nu

Scheme 1.2

After three previous short reviews [20-22] covering mainly our own work, this
review discusses initially, in Chapters 1-3, the techniques of preparative silylation,
the properties of the different silyloxy leaving groups, and the techniques of de-
silylation. The major part of this review, beginning with Chapter 4, however, sur-
veys the different applications of silylation—activation and silicon-induced reac-
tions of a whole range of functional groups in which hydroxy groups are elimi-
nated as silyloxy-leaving groups ranging from trimethylsilanol 4 to hydrated forms
of SiO, or Cl3SiOH while these functional groups are transformed into amino-,
oxygen-, halogen, or C-substituents; in these chapters we describe our own work
as well as that by other groups. Because of the large number of publications, e.g.
on reductions with silanes in Section 12.2, this review is not, and cannot be, com-
prehensive but tries to indicate the most important trends and to quote reviews in
each particular field.

1.1
Experimental Example

OSiMe, O O O

HMDS 2 ( MeOH

' _NH /gMe3s|0H 1 /gMeosn\Ae /&o

1 OH M938|O 3 OSlMe Me, SIO 5b OS|Me HO 6b OH

2 Me,SiOH 4 + Me,SINHSiMe, (HMDS) 2 ——= 2 Me,SiOSiMe, 7 + NH,}
2 Me,SiOH 4 Me,SiOSiMe, 7 + H,0

NH

Scheme 1.3

[20] H. VorBRUGGEN, K. KroLrikiEwicz, U. N1EDBALLA, Ann. N.Y. Acad. Sci. 1975, 255, 82

[21] H. VorRBRUGGEN in “Current Trends in Organic Chemistry’, Ed. H. Nozaki, Pergamon
Press, Oxford, 1983, pp. 323-330

[22] H. VorBRUGGEN, Acc. Chem. Res. 1995, 28, 509



1.1 Experimental Example | 5

In a 100 mL round-bottomed flask connected to a reflux condenser, 4.88 g
(20 mmol) uridine 1 is suspended and stirred in 12.44 mL (60 mmol) HMDS 2,
4.15mL (50 mmol) pyrrolidine, 0.1 mL Me;SiCl 14, and 15 mL abs. pyridine.
After 4.5 h heating in an oil bath at 140-145°C the reaction mixture turns yellow-
ish and is complete according to TLC (acetone-methanol, 3:1). After evaporation
of the solvents in vacuo, the yellowish, partly crystalline residue of crude 5b is
boiled for 3h in 100 mL methanol and then kept at room temperature for 16 h.
After evaporation of the solvent, 6.09 g crude 4-pyrrolidino-1-(f-p-ribofuranosyl)-
1,2-dihydropyrimidine-2-one 6b is obtained. This is recrystallized from 90 mL boil-
ing methanol and subsequently from 30 mL methanol to give, in two crops,
5.677 g (95.4%) pure 6b, m.p. 211-213°C [11].






2
Techniques for Preparative Silylations—Desilylations

2.1
Silylations with Monofunctional Silylating Reagents

Polar functional groups such as alcohols or phenols 11 or trimethylsilanol 4 are
transformed by monofunctional silylating reagents Me;SiX 12 into their lipophilic
and often volatile trimethylsilyl ethers 13 whereas water is converted into persilyl-
ated water (=Me;SiOSiMe;, hexamethyldisiloxane, HMDSO, 7, b.p. 100°C). The
persilylation of phenols and, in particular, catechol (or hydroquinone) systems
(Scheme 2.1) protects them efficiently against air oxidation even at temperatures
of up to 180°C. (cf,, e.g., the silylation—-amination of purine nucleosides with do-
pamine hydrochloride in Section 4.2.4)

For preparative purposes the most important and cheapest monofunctional re-
agents Me;SiX 12 are trimethylchlorosilane (TCS) 14 (b.p. 57°C) (12, X=Cl) and
hexamethyldisilazane (HMDS) 2=Me;SiNHSiMe; (b.p. 126°C) (12, X=NHSiMe;),
which are both produced on a large technical scale. Because HCI is formed on
silylation of functional groups with TCS 14, bases such as triethylamine must be
added, e.g., on silylation of amino acids or peptides [1, 1a, 1b, 2], preferably in
boiling CH,Cl,, to give the desired N,O-bis(trimethylsilylated) amino acids or di-
peptides and the insoluble Et;N - HCI [2]. The silylation of a-amino acids [1] with

ROH 11 + Me,SiX 12 ROSiMe; 13 + HX
a. R=Me; b. R=Et; c. R=CH,Ph; d. R=0Ph

Me,SiOH 4 + Me,SiX 12 Me,SiOSiMe, 7 + HX
H,O + 2 Me,SiX 12 Me,SiOSiMe, 7 + 2 HX
X = Cl, NHSiMe,, OTf, ONf, Br, I, CN, N,

Scheme 2.1

[1] L. BIRKOFER, A. RITTER, Chem. Ber. 1960, 93, 424

[1a] K. RtHLMANN, Chem. Ber. 1961, 94, 1876

[1b] K. RoHLMANN, J. Hills, H.-J. Graubaum, J. Prakt. Chem. 1966, 32, 37
[2] H.R. KrRICHELDORF, Liebigs Ann. Chem. 1972, 763, 17
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boiling HMDS 2 at 130°C affords the desired N,O-bis(trimethylsilylated)amino
acids whereas on silylation of 3- or 4-aminocarboxylic acids and dipeptides with
boiling HMDS 2 the corresponding pyrrolidones, piperidones, or diketopipera-
zines [2, 2a] are obtained, as discussed in Section 9.2.

On silylation with HMDS 2 only ammonia is formed, and is normally evolved
without participating in the reactions. Exceptions are silylation—aminations of car-
boxylic acids with HMDS 2 at room temperature to give 80-85% of the desired O-
trimethylsilyl esters and up to 15% of ammonium carboxylates RCO;NHZ [2D].
But, as subsequently shown in Scheme 4.1, the corresponding amides can also be
formed. Furthermore, silylation-aminations of heterocyclic lactam systems with
HMDS 2 afford, at higher temperatures under pressure, amino-N-heterocycles (cf.
Sections 4.2.1-4.2.5). HMDS 2 can also add to pyrones in the presence of DBU to
give pyridine-2-ones [3] or to 2-(trifluoromethyl)acrylic acid in CH,Cl, to give 2-tri-
fluoro-3-aminopropionic acid [4]. HMDS 2 converts f-diketones into pyridines (cf.
Section 5.5.1) and 1,4-diones into pyrroles [4a,b] (cf. Section 9.4).

Silylations of alcohols or phenols 11 with HMDS 2 are accelerated by acidic cat-
alysts [5-7] such as small amounts of trimethylchlorosilane (TCS) 14, whereupon
ammonium chloride is generated during silylation. On silylation of alcohols or
phenols 9 with equivalent amounts of HMDS 2 and TCS 14 [8] at ambient tem-
perature in absolute acetonitrile the silylated alcohols or phenols 13 are obtained,
and an equivalent amount of ammonium chloride, which rapidly precipitates
from acetonitrile during the reaction, indicating the progress of silylation [9]. Ob-
viously, the ammonium chloride can be removed by filtration during work-up
with exclusion of humidity. Alternatively, on boiling such a reaction mixture in
acetonitrile the ammonium chloride sublimes into the reflux condenser and can
thus be removed by changing the reflux condenser. Several publications report
use of other ratios of HMDS 2 and TCS 14, from a ratio of two equivalents of
HMDS 2 to one equivalent TCS 14 to a ratio of one equivalent of HMDS 2 to two
equivalents of TCS 14 [10]. In the latter reaction the generated HCI is only par-
tially neutralized by the liberated ammonia. In the rapid reaction of TCS 14 with
small amounts of water in the presence of bases such as triethylamine trimethyl-
silanol 4 is formed as an intermediate which dimerizes on heating, especially in

[2a] L. BIRKOFER, A. RITTER, P. NEUHAUSEN, Liebigs Ann. Chem. 1962, 659, 190

[2b] K. A. Abrianov, V. V. AsTakHIN, B. P. Nikirorov, Zh. Org. Khim. 1964, 34, 914; Chem.
Abstr. 1964, 60, 90966

[3] V. Kvita, Synthesis 1991, 883

[4] L Ojima, K. Karo, K. NakaHAsHI, T. FucHIkAMI, M. FujITa, J. Org. Chem. 1989, 54, 4511

[4a] B. RiGo, D. VALLIGNY, S. TaIsNE, Synth. Commun. 1988, 18, 167

[4b] B. Rousseau, F. NYDEGGER, A. GOSSAUER, B. BENNUA-SkaLMOWwsKI, H. VORBRUGGEN,
Synthesis 1996, 1336

[5] B.E. Coorer, Chem. Ind. 1978, 794

[6] J. Cossy, P. PaLE, Tetrahedron Lett. 1987, 28, 6039

[71 C.A. Bruynes, T.K. JurrieNs, J. Org. Chem. 1982, 47, 3966

[8] S.L. LANGER, S. CoNNELL, I. WENDER, J. Org. Chem. 1958, 23, 50

[9] H. VorBRUGGEN, Acc. Chem. Res. 1995, 28, 509

[10] R. Hassig, H. S1eGEL, D. SEEBACH, Chem. Ber. 1982, 115, 1990
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MegSiNHSiMey 2/MesSICI1A 4 pocinre 15, N G
24°/MeCN 3 R = Me; b. R=Et; c. R = CH,Ph; d. R = OPh

2 Me,SiCl 14 + H,0-2NEb . Me,SiOSiMe, 7 + 2 NEt;HCI ¥

2 Me,SiOH 4 + Me,SiNHSiMe, 2 ——= 2 Me,SiOSiMe, 7 + NH,}

Me,SiNHSiMe, 2 200 Me,SiNH, 15 + Me,SiOH 4 N Me,SiOSiMe, 7

ROH 11 + Me,SiOSiMe, 7 —=—> ROSiMe, 13 + Me,SiOH 4

3 ROH 11

Scheme 2.2

the presence of acidic catalysts, to HMDSO 7 and water (cf. Chapter 3). This
water must be removed by additional amounts of TCS 14/triethylamine, TCS 14/
HMDS 2 or HMDS 2 alone, as depicted in Scheme 2.2. The reaction of two
equivalents of trimethylsilanol 4 with HMDS 2 to HMDSO 7 and ammonia has
already been mentioned in the Introduction (Chapter 1). Even HMDSO 7, which
is cleaved by alkali hydroxides to the crystalline alkali trimethylsilanolates (cf. Sec-
tion 3.1), has been used as a mild silylation reagent [11-13] to give, in equilibrium
with alcohols ROH 11, the silylated alcohols 13. Addition of HMDSO 7 to a radi-
cal reaction of lauroyl peroxide with an olefin containing a tertiary alcohol appar-
ently protects the alcohol against dehydration [13]. The slow reaction of HMDS 2
with water affords trimethylsilanol 4 and trimethylsilylamine 15, which is prob-
ably an intermediate in silylations with HMDS 2 but can, however, only be iso-
lated under special reaction conditions [14]. Trimethylsilanol 4 and trimethyl-
silylamine 15 combine normally on heating to HMDSO 7 and ammonia, which
evolves. On preparative silylations, silylation-aminations (cf. Sections 4.2.1-4.2.5)
or silylation—C-substitutions (cf. Section 4.8) employing HMDS 2, the initially gen-
erated trimethylsilanol 4 (b.p. 99°C) and the subsequently formed HMDSO 7
(b.p. 100°C) give rise to an azeotropic mixture (b.p. 89-91°C) [15] which, like
pure 7, can be readily removed by distillation over a small distillation column and
thus separated from as yet unreacted HMDS 2 (b.p. 126 °C). In the closely related
reaction of methoxytrimethylsilane 13a with trimethylsilanol 4 to give HMDSO 7
and MeOH, HCI as catalyst is 500 times more active than KOH [16].

Further important silylating reagents Me;SiX 12 are MesSiBr 16 [17], Me;Sil 17
[18, 19] (Scheme 2.3), Me;SiCN 18 [19, 20a], and Me;SiN; 19 [19, 20], most of

[11] M.G. VoroNKov, Z.1. SHABAROVA, Zh. Obshch. Khim. 1959, 29, 1528
[12] H.W. PiNNICK, B.S. Bar, N.H. Laj1s, Tetrahedron Lett. 1978, 44, 4261
[13] J. BowvaN, J. Pothier, L. Ramos, S.Z. Zard, Tetrahedron Lett. 1999, 40, 2939
[14] N. WiBErG, W. UHLENBROCK, Chem. Ber. 1971, 104, 2643

[15] R.O. SAUER, J. Am. Chem. Soc. 1944, 66, 1707

[16] M. Gruss, J. Am. Chem. Soc. 1954, 76, 3408

[17] E.C. FriEDERICH, G. DE Luca, J. Org. Chem. 1983, 48, 1678

[18] G.A. O1aH, S.C. NaRANG, Tetrahedron 1982, 38, 2225

[19] W.C. GrouTas, D. FELKER, Synthesis 1980, 861

[20] H. VorBRUGGEN, K. KroLikIEWCZ, Synthesis 1979, 35

[20]  G. ScHIrawsKI, U. WANNAGAT, Monatsh. Chem. 1969, 100, 1901
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MeCN
DMF

Me.SiCl 14 + Nal MeSil 17 + NaCl

Me.SiCl 14 + NaCN Me,SICN 18 + NaCl)

CF,SO,H + Me,SiCl 14 —1€3L» CF,S0,SiMe, 20 + HC! |

3 CF,SO,H + Me,SiCI 14 + HMDS 2 MECN. 3 GF 50,SiMe, 20 + NH,CI |
CF4(CF,),SOH + Me,SiCl  —1€a o ¢ F 50 SiMe, 21 + HCI}
CF4(CF,),SOK + Me,SiCI MeCN o G, F 50 SiMe, 21 + KCH
CF,S0,5iMe, 20 + NR,R,R, —~—» CF,S0,0 Me,SiNR,R,R,

Scheme 2.3

which can be readily prepared in situ from TCS 14 in combination with Nal
[22, 23] (cf. Section 12.1), NaCN, KCN [19, 24] (cf. Section 7.1), or NaNj [19, 20] in
acetonitrile or DMF. A very reactive silylating agent is trimethylsilyl triflate
CF3S0,0S8iMe; (TMSOTY) 20 [25, 25a, 25b, 26], which is prepared on boiling trif-
lic acid with TCS 14, with evolution of HCl [27], in situ from triflic acid and a
mixture of TCS 14 and HMDS 2 [28, 29], or, much less economically, on reaction
of triflic acid with allyltrimethylsilane 82 [30], tetramethylsilane [31], or 3-tri-
methylsilyl-2-oxazolidinone [32]. The even more reactive trimethylsilyl nonaflate,
n-C4F9SO,0SiMe; (TMSON() 21, is synthesized analogously from free nonaflic
acid with TCS 14, with evolution of HCl, or prepared in situ from potassium non-
aflate and TCS 14 in acetonitrile with formation of KCl [28, 29]. TMSOT{ 20 and
TMSONT 21 are used in combination with tertiary bases such as triethylamine
[33], diisopropylethylamine (DIPEA; Hunig's base) [33, 34], or DBU [35, 36].
Although trimethylsilyl iodide 17 [18, 19] is very reactive in some silylations in the
presence of triethylamine, e.g. in the conversion of ketones into their trimethyl-

[20a] K. Mar, G. PatiL, J. Org. Chem. 1986, 51, 3545

[21] E.J. CorEy, J.-J. Wu, J. Am. Chem. Soc. 1993, 115, 8871

[22] G.A. O1aH, S.C. NARANG, B.G.B. GurTa, R. MALHOTRS, J. Org. Chem. 1979, 44, 1247

[23] M. AREND, J. Prakt. Chem. 1998, 340, 760

[24] J. RasMmMuUsseN, S.M. HEiLMANN, Synthesis 1978, 219

[25] H.W. RoEesky, H.H. Gierg, Z. Naturforsch. 1970, 25b, 773

[25a] M. SCHMEISSER, P. SARTORI, B. LippsMEYER, Chem. Ber. 1970, 103, 868

[25b] H. EmpE, D. DomscH, H. FEGer, U. Frick, A. Gotz, H.H. HErGcotT, K. HOFMANN,
W. KoBeR, K. KRAGELOH, T. OESTERLE, W. STEPPAN, W. WEST, G. SIMCHEN, Synthesis
1982, 1

[26] R. Novori, S. MURATA, M. Suzuki, Tetrahedron 1981, 37, 3910

[27] H.C. MarsMANN, H.-G. HorN, Z. Naturforsch. 1972, 27b, 1448

[28] H. VorBRUGGEN, B. BENNUA, Tetrahedron Lett. 1978, 1339

[29] H. VOorRBRUGGEN, B. BENNUA, Chem. Ber. 1981, 114, 1279

[30] G.A. O1aH, A. HusaiN, B.G.B. Gurrta, G.F. SaLEM, S.C. NARANG, J. Org. Chem. 1981,
46, 5212

[31] M. DemutH, G. MikHATIL, Tetrahedron 1983, 39, 991

[32] M. BALLISTER, A.L. PAromo, Synthesis 1983, 571

[33] H. EmDE, A. Gotz, K. HoFMANN, G. SIMCHEN, Liebigs Ann. Chem. 1981, 1657

[34] T BacH, H. BRUMMERHOP, ]. Prakt. Chem. 1999, 341, 410
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silyl enol ethers [37, 38], 17 can cause a number of side-reactions such as readily
cleaving esters and ethers. Trimethylsilyl cyanide 18, which has the least bulky
cyanide as leaving group, has been used successfully for silylation of sterically
hindered 2,6-dimethylphenol [20] or tertiary alcohols [20a, 21].

It is obvious that the silylating power of all these silylating agents Me;SiX
depends on the leaving group capability of X. Consequently one can expect the
following sequence of the silylating power of Me;SiX: X=NHSiMe; < Cl < I <
0S0,CF; < 0SO,C4Fy, although Me;Sil 17 occasionally seems to be superior to
TMSOTT 20 [37, 38]. In particular, the very strong silylating agents TMSOTS 20 or
TMSON( 21 can be expected to interact with tertiary bases such as triethylamine
or diisopropylethylamine (DIPEA) and with aromatic heterocyclic bases such as
pyridine or substituted (O-trimethylsilylated) pyridines or pyrimidines to form o-
complexes [38, 38a], whose amounts in the equilibria can be measured by NMR
[38, 38a] and which are the active silylating species (c.f. the last reaction in
Scheme 2.3).

Alternative silylating reagents such as N,O-bis(trimethylsilyl)acetamide 22a
(BSA) [39-43], N,O-bis(trimethylsilyl)trifluoracetamide 22b (BSTFA) [44], or N,N-
bis(trimethylsilyl)formamide 22¢ (BSF) [41, 46], in which the N- and O-trimethyl-
silyl groups are in equilibrium [45] (Scheme 2.4), are much more powerful silylat-
ing reagents [40, 45] but are more expensive than HMDS 2, because they are
usually prepared by heating formamides or acetamides with TCS 14/triethylamine

_SiMe,

. R O R
OSI'\/Ie3 | | H \N
r— MeSSi—N—ZH;N—SiMea R—0) \24R“
G

22 "NSiMe, i
Me,Si
. . ' . a.R=H;b.R=Ph 3
a. R =Me;b. R' = CF;; R" = H, Me, CF,, OSiMe,
c.R'=H H
. . R'NHR" _ . . .
Me,SiNHCO,SiMe, 25 NO R'R"NCO,SiMe, 26 R—Q/ |NH-SiMe,
3 27 SiMe,

Scheme 2.4

[35] S. MuraTtA, M. Suzuki, R. Novori, J. Am. Chem. Soc. 1979, 101, 2738

[36] S. Murata, M. Suzuki, R. Novori, Bull. Chem. Soc. Jpn. 1982, 55, 247

[37] H.H. Hercotr, G. SIMCHEN, Liebigs Ann. Chem. 1980, 1718

[38] A.R. Bassinpatg, T. Stout, Tetrahedron Lett. 1985, 26, 3403

[38a] H. VOorRBRUGGEN, G. HOFLE, Chem. Ber. 1981, 114, 1256

[39] L. BIRKOFER, A. RITTER, W. GIESSLER, Angew. Chem. 1963, 75, 93

[40] J.F. KiEBE, H. FINKBEINER, D.M. WHITE, . Am. Chem. Soc. 1966, 88, 3390
[41] C.H. Yoper, W.C. COPENHAFER, B. DUBESHTER, . Am. Chem. Soc. 1974, 96, 4283
[42] A.M. E1-KHAwWAGA, H.M.R. HOFFMANN, J. Prakt. Chem. 1995, 337, 332

[43] M.T. E1 Giuan, H. HEaNEY, Synthesis 1998, 357

[44] G. VAN Look, G. SimcHEN, Fluka Chemika, Silylating Agents 1988, 9-105
[45] J.F. KteBg, Acc. Chem. Res. 1970, 3, 299

[46] G. ScHIrawsKI, U. WANNAGAT, Monatsh. Chem. 1969, 100, 1901
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or with HMDS 2. They are, furthermore, less practical for preparative silylations,
because the liberated free formamides or acetamides usually remain in the reac-
tion mixture and can thus complicate work-up of the reaction mixture and the iso-
lation of the final products. On working, however, with equivalent amounts of
BSA 22a, N-trimethylsilylacetamide, which boils at 45-47°C/0.2 mm [40], is
formed and can thus be removed by distillation after silylation of non-volatile end
products. These activated N,O-bis(trimethylsilylated)amides 22 (cf. also N,O-
bis(trimethylsilyl)benzamide 296) or generally 37 (R'=Si(Mes) can, however, be ex-
pected to react with primary or secondary amines in the presence of, e.g., NH,Cl
or NHyI, giving the corresponding amidinium salts (Section 4.2.2).

The mono-silylated or free acetamides, which are liberated during silylation
with 22a, can, furthermore, interfere with any subsequent reaction, e.g. with elec-
trophiles. Thus in the one-pot/one-step silylation, Friedel-Crafts catalyzed, nucleo-
side synthesis starting from protected sugar derivatives and pyrimidine or purine
bases, the mono- or bis-silylated amides such as 22a can compete with less reac-
tive silylated heterocyclic bases for the intermediate electrophilic sugar cation to
form protected 1-acetylamino sugars in up to 49% yield [42, 47]. On silylation
with trimethylsilylated urea 23a the liberated free urea is nearly insoluble in most
solvents, for example CH,Cl,, and thus rapidly precipitated [43].

As already mentioned, the N,O-bis(trimethylsilyl)Jamides 22 (see Scheme 2.4)
and N,N-bis(trimethylsilyl)ureas such as 23a and 23b [48] are much faster silylat-
ing reagents than HMDS 2, because silylation with 22a is energetically favored by
9 kcal mol™ over silylation with HMDS 2 [49]. Thus the highly hindered 2,6-
di(tert-butyl)phenol is converted to its trimethylsilyl ether on heating to 90°C with
BSA 22a in acetonitrile for 15 h whereas Me;SiCl 14/NEt; gives, after boiling for
5 days, only 10% of the trimethylsilyl ether [40]. The N,O-bis-(trimethylsilyl)
amides 22 and ureas such as 23a and 23b probably also react with alcohols or
phenols 11 and with trimethylsilanol 4 via a six-membered cyclic transition state
24. An alternative silylating reagent for preparative applications, which is also
commercially available, N,O-bis(trimethylsilyljurethane or N,O-bis(trimethylsilyl)
carbamate 25 [50] probably silylates similarly via a six-membered transition state
such as 24 giving, however, only carbon dioxide and ammonia as side products.
Yet 25 reacts with primary or secondary amines to give ammonia and trimethyl-
silyloxyurethanes 26 [51], which afford, e.g., with excess aniline at 185°C, N,N'-di-
phenylurea and the replaced secondary amine such as diethylamine and HMDSO
7 [51a).

[47] C. Ocnoa, R. Provencio, M.L. JiMENo, J. Balzarini, E. De Clercq, Nucleos. Nucleot.
1998, 17, 901

[48] J.F. KiEBE, J. Am. Chem. Soc. 1964, 86, 3399

[49] W. HEHRE, “WaveFunction Inc”, Personal Communication, 2000

[50] L. BIRKOFER, P. SOMMER, J. Organomet. Chem. 1975, 99, C1

[51] V.P. Kozyukov, N.V. MiroNova, Zh. Obshch. Khim. 1980, 50, 2022; Chem. Abstr. 1981,
94, 47403

[51a] V.D. Suerubpvakov, A.D. KiririN, V.F. MironNov, Zh. Obshch. Khim. 1977, 47, 1515;
Chem. Abstr. 1977, 87, 201638
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Silylation of alcohols or phenols 11 with HMDS 2 (compared, e.g., with 22) to
their silyl ethers 13 and of trimethylsilanol 4 with HMDS 2 to HMDSO 7 pro-
ceeds more slowly, because 2 silylates the alcohols or phenols 11 and 4 apparently
via an kinetically less favored four-membered cyclic transition state 27
(Scheme 2.4).

Although the rate of silylation of carboxylic acids 28 is generally considered to be
lower than the rate of silylation of alcohols and phenols (cf. the subsequently dis-
cussed sequence of silylation rates of different functional groups), reactions of car-
boxylic acids 28 (see Scheme 2.5) with HMDS 2 proceed probably likewise via a fa-
vorable six-membered transition state such 29 to afford the trimethylsilyl esters 30,
ammonia, and trimethylsilylamine 15, which converts another equivalent of car-
boxylic acid 28 into 30. Carboxylic acids 28, for example trichloroacetic acid, can also
be readily converted into trimethylsilyl ester 30 by heating with TCS 14 in 1,2-di-
chloroethane at 65 °C with evolution of HCI [52]. Because HMDS 2 is a base, proto-
nation of the nitrogen in the transition state 29 probably proceeds and eases the
transfer of the trimethylsilyl group to the carbonyl group. Thus, the two carboxyl
groups in r-aspartic acid 32 are readily and selectively silylated on reflux with excess
hexamethyldisilazane 2 to afford the bis(trimethylsilyl) ester 33 in quantitative yield,
whereas the less reactive amino group will only be silylated on extensive heating
with HMDS 2, as demonstrated in the subsequently described silylation of allyla-
mine 41 to mono(trimethylsilyl)allylamine 42 and bis(trimethylsilyl) allylamine 43
(cf. also the reactivity scale in Scheme 2.7) [53]. N,O-Bis(trimethylsilyl)amino
acids, which are obtained from amino acids with TCS 14/triethylamine in ben-
zene, can be readily reduced to aminoalcohols, in high yields, by LiAlH, in Et,O [54].

But, as already mentioned, on working at ambient or lower temperatures and
normal pressure, and at higher temperatures under pressure, the trimethylsilyl es-
ters 30 react slowly with the liberated ammonia (or trimethylsilylamine 15) to
form the primary amides 31 (Scheme 2.5) or their N-monosilylated analogs (cf.
Section 4.2.1).

H .SiMe,

O  MNH e si +NH
RCO,H 28 iMDS2 29\éiMeMe—33—"\'—HZ15> RCO,SiMe, 30— RCONH, 31
R 3
RCO,H 28 + Me,SiCl 14 éf(g‘:'hgﬁor RCO,SiMe, 30 + Hel |
2/2
CO,H s CO,SiMe,
Me,SiNHSIMe; 2
5h/ reflux/ 100% o NH, |
HN 32 CO,H HN" 34 CO,SiMe,
Scheme 2.5

[52] H.H. Hercortr, G. SIMCHEN, Synthesis 1980, 626
[53] A.M. CastaNo, A.M. EcHIVARREN, Tetrahedron 1992, 48, 3377
[54] P.S. VENKATESVARAN, T.]. BARDOS, J. Org. Chem. 1967, 32, 1256
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One can also assume that amides, peptides, lactams 34 (Scheme 2.6) and ami-
dines 38 are silylated analogously on heating with HMDS 2, via cyclic six-mem-
bered transition states such as 35 and 39, to their mono(trimethylsilyl)derivatives
36 or 40 (cf. Section 4.2.2). The mono(trimethylsilyl) amides 36, which rearrange
to 37, and the mono(trimethylsilyl)amidines 40 are converted on longer heating
with HMDS 2, when R'=H, via transition states analogous to 35 (R'=SiMej) to
bis(trimethylsilyl)amides such as 37 (with R'=SiMe;=22) or via transition state 39
(R=SiMe;) to the bis(trimethylsilyl) amidines 40 (R'=Si(Me;; see also Sec-
tion 5.1.3).

In view of the above discussed rapid silylation of hydroxy compounds with
silylated amides 22 or ureas 23 compared with silylations with HMDS 2, small
amounts of primary amides such as acetamide, formamide or urea and N-phenyl-
urea might act as catalysts to accelerate silylations of alcohols, phenols, or hydroxy
N-heterocycles with HMDS 2 via formation of 22a, 22¢, or 23. It is, furthermore,
obvious, and has been known for quite a number of years, that addition of pro-
tons or Lewis acids to the nitrogen of HMDS 2 [5-8, 55, 56] in four-membered
transition states 27 and six-membered transition states 24 will weaken the nitro-
gen-silicon bond in HMDS 2, and in other silylating reagents such as 22, and
thus facilitate and accelerate transfer of trimethylsilyl groups in silylations. By sev-
eral different methods the basicity of nitrogen-containing silylating agents such as
hexamethyldisilazane 2 has been estimated to be lower than that of the corre-
sponding substituted amines [55, 56]. Nevertheless, the nitrogen in HMDS 2 is
still basic enough to enable activation of the nitrogen by protonation or addition
of a Lewis acid [8]. Because alcoholic hydroxyl groups apparently form alcoholates
with the strong base DBU, these alcoholates will also attack HMDS 2 to give the
corresponding silylated alcohols. It should, furthermore, be noted that different
functional groups are silylated with quite different reaction rates by HMDS 2 (or
other silylating agents) [5]. Whereas alcohols, phenols, and carboxylic acids are
usually silylated most rapidly, amines and, in particular, mercaptans react much
more slowly. Mercaptans are usually only silylated under special conditions, be-
cause compounds R-S—SiMe; are less favored combinations between the “hard”

R' H, .SiMe \
. NTOANHS S8 NR N—SiMe
RCONHR' 3¢ HMDS 35 " Me,SiNH, 15 RS —R ; 3
RS Ve, 36 OSiMe, O
A HWHSiMeS
N e HMDS 2 —  _ __ ~ RC(=N-R")-N(R)SiMe, 40
RC(NHR)=NR' —=22£ N 39 - 3
( 38) R)X&\SiMe-sMesslNHzﬁ
|
Scheme 2.6 R"

[55] A.W.Jarwig, D. LEwis, J. Chem. Soc. 1963, 1073
[56] G. HuBer H. ScHMIDBAUR, Z. Naturforsch. 1998, 53b, 1103
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ROH = ArOH = RCOOH = RCONH; >> R-NH; >>R-SH

Scheme 2.7

potential Me;Si cation and the “soft” mercaptide anion [57, 58] (Scheme 2.7) (cf.
also Chapter 8).

Because steric factors strongly influence the rate of silylations, primary alcohols
are normally silylated much more rapidly than secondary alcohols whereas tertiary
alcohols are silylated much more slowly. The same is true for phenols — ortho-sub-
stituted phenols such as o-cresol are silylated much more slowly than unsubsti-
tuted phenols. Obviously, the same applies to cleavage of silylated alcohols or phe-
nols on transsilylation, e.g. with excess boiling methanol (Section 2.3).

The relatively slow rate of silylation of amines ensures the presence of free
amines in silylation-aminations (Sections 4.2.1-4.2.5) and enables selective silyla-
tion of alcoholic or phenolic hydroxyl groups or carboxyl groups in mono- or poly-
hydroxy amines or amino acids (cf. also the ready formation of 33). This order of
reactivity reflects the thermodynamic stability of O-trimethylsilyl derivatives, be-
cause the O-trimethylsilyl bond in trimethylsilylated alcohols and phenols 11 is
much stronger than, e.g., a nitrogen-silicon bond as in silylated amines, which
are silylating agents. Typically, primary amines such as allylamine 41
(Scheme 2.8) are only silylated to mono-silylated allylamine 42 on heating for 18 h
with HMDS 2/(NH,),80, [59, 59a] or with HMDS 2/TCS 14 [59b]. Allylamine 41
(and other primary amines) can, however, be silylated with TCS 14 in the pres-
ence of triethylamine and TiCl, in 83% yield to the persilylated allylamine 43 (or
to other N,N-bis(trimethylsilyl)-amines) [60]. Additional methods for preparation
of N,N-bis(trimethylsilyl) primary amines such as benzylamine, aniline, or alanine
employing trimethylsilyl triflate 20 or Me;Sil 17 in combination with triethyla-
mine without solvent or in boiling 1,2-dimethoxyethane have recently been sum-
marized [60]. Persilylated amines such as 43 or the more stable stabase derivatives
46, which are obtained from primary amines 44 on treatment with the bifunc-
tional silylating agent 1,2-bis(chlorodimethylsilyl)ethane 45 [44, 61], are not af-
fected by quite a range of organometallic reagents [61, 62]. On treatment with
aqueous acids the amine 44 is recovered and the bis(sila)hydrofuran 47 is ob-
tained; this compound is also commercially available.

For silylation of mercapto groups or hindered amide systems, the combination
of HMDS 2 with TCS 14 [8] (cf. also Section 5.1.5), or the combination of tri-

[57] T-L. Ho, Chem. Rev. 1975, 75, 1

[58] T-L. Ho, “Hard and Soft Acids And Bases Principle in Organic Chemistry’, Academic
Press, New York, 1977

[59] J.L. SPEIER R. ZIMMERMAN, J. WEBSTER, . Am. Chem. Soc. 1956, 78, 2278

[59a] J. Hits, V. HaGeN, H. Lupwig, K. RtHIMANN, Chem. Ber. 1966, 99, 776

[59b] L. BIRKOFER, D. BROKMEIER, Tetrahedron Lett. 1968, 1325

[60] M. ScHorRr, W. ScuMmItT, Phosphorus, Sulfur, Silicon 1992, 68, 25

[61] S. Djuric, J. Venit, P. Magnus, Tetrahedron Lett. 1981, 22, 1787

[62] F.Z. BasHa, J.F. DEBERNARDIS, Tetrahedron Lett. 1984, 25, 5271
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2 Techniques for Preparative Silylations—Desilylations

HMDS 2 L TCS14rTicl, SiMe
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Scheme 2.8

methylsilyl triflate 20, trimethylsilyl nonaflate 21, or trimethylsilyl cyanide 17 with
triethylamine or a strong base such as DBU (cf. cyclizations in Chapter 9) or reac-
tion of the lithium salts of mercaptans with TCS 14 or trimethylsilyl triflate 20
should always be regarded as a last resort.

Whereas silylations with trimethylchlorosilane (TCS) 14 (b.p. 57°C) demand the
presence of a base to neutralize the HCl evolved, giving rise to the hydrochloride
of the base, the use of hexamethyldisilazane (HMDS) 2 (b.p. 126°C), in particular
in the presence of 0.01-0.05 equivalents of acidic catalysts such as TCS 14 or am-
monium sulfate, should normally be preferred as the preparative silylating re-
agent, because HMDS 2:

e gives, on silylation, only volatile ammonia as a side product and traces of am-
monium chloride if small amounts of TCS 14 are used as a catalyst, and
o enables silylations at normal pressure at temperatures of up to ca. 130°C.

Last but not least HMDS 2 is, in the laboratory and in pilot plants, quite stable
when stored in a normal closed vessel whereas trimethylchlorosilane (TCS) 14
should be stored in a hood, because it reacts with humidity to hexamethyldisilox-
ane 7 and HCIl. Because HMDS 2 is a very non-polar compound, the silylation of
very polar compounds, e.g. purines or pteridines, with HMDS 2 will often pro-
ceed only on addition of a polar solvent such as pyridine which is, however, read-
ily removed after silylation, with excess HMDS 2, on codistillation with abs. xy-
lene. Interestingly, it was recently reported that addition of catalytic amounts of io-
dine dramatically accelerates the silylation of alcohols, in particular tertiary alco-
hols, with HMDS 2 in CH,Cl, at room temperature [63].

It should be noted here that the lithium salt of hexamethyldisilazane Li-HMDS
492 (and Na-HMDS-(486) and K-HMDS in Sections 5.1.2 and 5.1.3), which is
readily obtained on treatment of a solution of HMDS 2 in hexane or THF with
butyllithium at —=78°C, is not only a very useful and selective strong base, e.g. for
Wittig reactions, but can also add to carbonyl groups to yield the silylated Schiff
bases or nitriles (cf. Sections 4.7 and 5.1.3) or to nitriles to afford N-silylated ami-
dines. Alkylation of the Li-HMDS 492, e.g. with allyl bromide, affords, further-
more, N,N-bis(trimethylsilylated) primary amines such as 43 [64]. The combina-

[63] B. Karimi, B. GorsHANT, J. Org. Chem. 2000, 65, 7228
[64] K. Paurini, H.-U. ReissiG, Liebigs Ann. Chem. 1991, 455



