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Abstract

2-(Trimethylsilyl)ethyl ~ 2,2,2-trichloroacetimidate  is  readily = synthesized from 2-
trimethylsilylethanol in high yield. This imidate is an effective reagent for the formation of 2-
trimethylsilylethyl esters without the need for an exogenous promoter or catalyst, as the carboxylic
acid substrate is acidic enough to promote ester formation without an additive. Deuterium labeling

studies indicate that a B-silyl carbocation intermediate is involved in the transformation.

Esters are ubiquitous protecting groups for organic molecules with carboxylic acid
functionality. Demand for specialized esters that can be cleaved under mild conditions in complex
molecules has led to the development of a number of creative solutions.! The trimethylsilylethyl

(TMSE) ester? has become popular in this context, as the ester can be easily cleaved (with acid,?



base? or flouride®) without disturbing most other benzyl or alkyl esters. TMSE esters may also be
transformed to other esters or lactones by capturing the carboxylate resulting from treatment with
fluoride with an electrophile.® Similar chemistry can be employed to decarboxylate TMSE
protected P-keto esters, facilitating the enantioselective formation of all carbon quaternary
centers.” Despite its synthetic utility, the most common methods of forming TMSE esters directly
from a carboxylic acid remain dependent on carbodiimide based reagents,?*® Mukaiyama’s
reagent,” or utilize the Mitsunobu conditions.!® While effective these transformations are often
plagued by issues with the separation of side products and also create significant waste streams.

Recently we have been involved in a number of studies evaluating the promoter free
reactivity of trichloroacetimidate electrophiles with nitrogen,!! sulfur!? and oxygen'® nucleophiles.
Carboxylic acids have been noted to be alkylated under promoter free conditions via symbiotic
activation by trichloroacetimidates that are precursors to stabilized carbocations, including the 2-
phenylisopropyl,!* 4-methoxybenzyl,!> diphenylmethyl'® and zerz-butyl imidates.!” Given that
trichloroacetimidates are simple to prepare form inexpensive starting materials and that the
esterifications often proceed under mild conditions without the need for an exogenous promoter
or catalyst, the formation of TMSE esters using this chemistry was investigated. Use of the
previously unknown trimethylsilylethyl trichloroacetimidate 2, which may be a precursor to a f3-
silyl stabilized carbocation that can be trapped with an carboxylic acid, would provide a mild
method for installing a TMSE ester with trichloroacetamide 4 as the sole by product, which is
easily removed by washing with aqueous sodium hydroxide.

Initially the preparation of trimethylsilylethyl 2,2,2-trichloroactimidate 2 was investigated.
Imidate 2 was readily formed in 97% yield by reaction of commercially available 2-

trimethylsilanol with trichloroacetonitrile using DBU as a catalyst following the conditions



developed by Schmidt and co-workers.'® With the imidate in hand the esterification reaction was
explored (Table 1) using 3-nitrobenzoic acid 1 as a test substrate. Use of TMSOTT led to the
destruction of the imidate without formation of any ester product. Switching to the Bronsted acids
CSA and PPTS did provide some ester product when catalytic amounts of the acids were used,
however the yields were low (entry 4 and 6). These poor yields were attributed to decomposition
of the imidate in the presence of the strong acid catalysts. Esterification under promoter free
conditions!>17 was then explored by heating carboxylic acid 1 and imidate 2 in refluxing toluene
for 24 hours (entry 7). These conditions gave complete conversion to the TMSE ester, but the ester
product was difficult to separate from the excess imidate. Allowing the reaction mixture to cool to
rt and treating the mixture with 1% TFA/H>O was able to hydrolyze the excess imidate, and led to
the isolation of an 81% yield of the desired ester 3.

Table 1. Esterification of 3-Nitrobenzoic acid 1 with TMSE Imidate 2.

NH2

OzN\©)OLOH CISC)J\O/\/SiMeii ON \©)O(O A~ SiMes j’\
1 conditions 3 HoN 4 CClg
entry ii?il(l;:té promoter solvent | time | temp. | yield (%)*
1 1.2 TMSOTIS (1 equiv) DCM 1h rt ob
2 1.2 TMSOTf (20 mol %) | DCM 1h rt ob
3 1.2 CSA (1 equiv) DCM 1h rt ob
4 1.2 CSA (20 mol %) DCM 1h rt 22
5 1.2 PPTS (1 equiv DCM | lh rt ob
6 1.2 PPTS (20 mol %) DCM l1h rt 17
7 2.0 none toluene | 24 h | reflux 81°

“isolated yields.
bimidate was consumed, but SM acid remained.
‘crude reaction was subjected to 1% aq. TFA to remove excess imidate.

The scope of the esterification reaction was then explored (Table 2). Benzoic acids bearing
electron withdrawing groups generally gave higher yields than benzoic acids with electron
donating groups. This is rationalized by the acid being both a substrate and a proton source which

can activate the imidate. The lower yield observed with compound 7 was attributed to the



sensitivity of this substrate, which has been shown to decompose when exposed to mild acid like
silica gel or wet CDCl3.!" Esters conjugated with alkenes (like 9) and alkynes (like 10) were also
successfully formed under these reaction conditions. No isomerization of the Z alkene in ester 9
was observed in the crude '"H NMR or the purified product. Alkyl substituted esters were also good
substrates for the esterification reaction (Table 2, entries 6-12). The lower yield in the case of
alkynyl ester 13 was due to difficulties in handling this volatile product. No racemization was
observed in the formation of the naproxen ester 15, demonstrating that the conditions are
compatible with nearby chiral centers. The presence of alcohols in the carboxylic acid was
detrimental to the esterification process, however, as some of the alcohol was converted to the
OTMS ether by the excess imidate. Clean conversion to the TMSE ester could be accomplished
by using one equiv of imidate 2, however the yield of ester was lower when compared to other
acids. In the case of ester 19 the yield was low, and the ester appeared to be undergoing
decomposition. This may be due to side reactions between the indole and the imidate, as indoles
are known to be alkylated with imidate electrophiles,? although these reactions usually require a
Lewis acid promoter. Lowering the reaction temperature to 100 °C and increasing the reaction

time to 29 h improved the yield to 78% in this case.



Table 2. Esterifications with 2-(Trimethylsilyl)ethyl 2,2,2-trichloroacetimidate
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aProduct was volatile.
Only 1 equiv of imidate was used.
“Performed at 100°C.

In earlier cases of thermal esterifications with trichloroacetimidates evidence suggested
that carbocation intermediates were involved.!” For the esterification with 2-(trimethylsilyl)ethyl
2,2,2-trichloroacetimidate 2 this implicates the proposed mechanism shown in Figure 1. Proton
transfer from the acid 5 to the imidate 2 forms the protonated imidate 20, which then dissociates
trichloroacetamide 4 leading to the formation of the B-silyl carbocation 21. B-Silyl carbocations

like 21 are known to be unusually stable due to hyperconjugation from the nearby silicon-carbon



bond.?! Based on experimental and computational evidence, the structure of this cation is best
represented by the bridged resonance structure 22 rather than the primary carbocation structure

represented by 21.2122 Addition of the carboxylate to the cation 22 then provides the observed

ester product.
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Figure 1. Proposed mechanism of the esterification.

While the ability of the trimethylsilyl group to stabilize a -carbocation is well known, an
Sn2 mechanism where the carboxylate directly displaced the acetamide from the protonated
imidate 20 could not be ruled out. To gain further insight into the reaction mechanism a deuterated
version of imidate 2 was synthesized (Scheme 1). This involved the reduction of ethyl
trimethylsilylacetate 24 with lithium triethylborodeuteride to provide the deuterated alcohol. This
alcohol was then converted to the corresponding deuterated imidate 2-d>, which was then subjected
to esterification with 4-methoxybenzoic acid 25. This esterification resulted in the formation of
two deuterated esters (26 and 27) in roughly equal amounts, implying that the -silyl cation was

indeed an intermediate in the esterification reaction.



Scheme 1
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Attempts were also made to form trimethylsilylethyl ethers with alcohols and phenols
under similar conditions (toluene, reflux). These experiments showed no formation of the TMSE
ether, with the starting materials being recovered. Evidently phenols and alcohols are not acidic
enough to promote etherification through activation of the imidate. Employing Lewis or Bronsted
acids to catalyze or promote the formation of TMSE ethers (TMSOTf and CSA were used) led to
decomposition of the imidate and only trace amounts of the desired TMSE ether, so these attempts
were abandoned.

In summary, 2-(trimethylsilyl)ethyl 2,2,2-trichloroacetimidate has been prepared from the
corresponding alcohol. This reagent provides a new method for the formation of the valuable
TMSE esters by simply heating the unprotected carboxylic acid with the imidate. These thermal
reactions proceed under near neutral conditions and create significantly less waste than other
transformations which depend on carbodiimide and diazodicarboxylate based reagents.

Mechanistic studies imply that the esterifications proceed through a carbocation manifold.
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Copies of 'TH NMR and *C NMR spectra of new compounds and full experimental details. This
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