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ABSTRACT

Trimethylsilyl halide activation of Fmoc-protected N,O-acetals yields reactive intermediates capable of efficiently adding to a variety of enamines.
NMR studies have provided evidence that a stable halomethyl carbamate intermediate forms in solution. Good yields are obtained over a
broad range of enamine nucleophiles encompassing both cyclic and acyclic ketone-derived and aldehyde-derived enamines. Preliminary studies
suggest that the enamine additions occur through a concerted, SN2-type mechanism.

N-Fluoren-9-ylmethoxycarbonyl (Fmoc)-protected amines
and amino acids are valuable building blocks for synthesis,
particularly for the solid-phase synthesis of peptides.1,2

Despite their importance, the methods for the preparation
of unnatural Fmoc-protected amines and amino acids are
limited. Due to the base lability of the Fmoc-protecting
group, Fmoc protection is typically reserved for the final step
of synthetic sequences. Often, these syntheses require dif-
ferent protecting groups early in the synthesis, resulting in
inefficient procedures requiring multiple protection and
deprotection steps.

We envisioned efficient routes to Fmoc-protected amines
through C-C bond-forming reactions involving Fmoc-
protected acyl iminium ion precursors. While acyl iminium
ion chemistry is well established,3 there were only two
reported carbon-carbon bond-forming reactions using Fmoc-

protected N,O-acetals prior to our studies.4 Recently, we
reported a model study of additions of weakly basic
nucleophiles to an Fmoc-protected N,O-acetal.5 Catalyzed
by Lewis acids (10 mol %), allylsilane, silyl enol ether/silyl
ketene acetal, and ketone enamine nucleophiles were found
to be compatible with the Fmoc-protecting group in these
reactions.

The addition of the ketone enamine, which was the most
basic of our nucleophiles, to the Fmoc-protected N,O-acetal
required careful control of reaction conditions. Surprisingly,
no Lewis acid was required for the enamine addition.
Furthermore, competing reaction pathways, mostly involving
Fmoc-deprotection, severely limited the scope and yields of
enamine additions. Examination of the prior literature
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revealed that there were few examples of enamine additions
to N,O-acetals or acyl iminium ions.6

To expand the scope of enamine additions to Fmoc-
protected N,O-acetals, we were interested in identifying
alternative strategies for activating Fmoc-protected N,O-
acetals. We felt that the ability to exchange the oxygen
leaving group in the N,O-acetal for a more reactive halide,
as had recently been done using TMSCl, held great promise
for expanding the scope of N,O-acetal chemistry.7,8 Herein,
we report a mechanistic and synthetic study of the activation
of Fmoc-protected N,O-acetals using trimethylsilyl halides
and subsequent addition of enamines.

Preliminary experiments using N,O-acetal 1a with TMSCl
followed by addition of morpholinocyclohexene cleanly
afford the desired Fmoc-protected amino ketone 3 (eq 1).
Reaction optimization indicated that using an excess of
TMSCl was beneficial and that the reaction worked best if
the TMSCl was premixed with the N,O-acetal compound
prior to addition of the enamine. Simultaneous addition of
TMSCl and the enamine resulted in little or no product
formation.

1H NMR experiments clarified the operative reaction
pathway (Figure 1). Reaction of N,O-acetal 1a with TMSCl

in CDCl3 afforded slow conversion to a new intermediate.
The conversion is roughly complete at room temperature after

4 h using a 10-fold excess of TMSCl; the intermediate
appears to be relatively stable under the reaction conditions.
Following addition of morpholinocyclohexene, the interme-
diate is completely consumed before an NMR spectrum can
be acquired (not shown).9 Workup affords the expected
Fmoc-protected amino ketone 3.

We assign the intermediate in the reaction as the chlo-
romethyl carbamate 2. The observed 1H NMR chemical shift
for the chloromethyl group agrees well with the chemical
shifts observed for stable chloromethyl carbamates and
amides reported previously.10,11 Further evidence for the
chloromethyl carbamate was obtained by examining inter-
mediates formed from the addition of TMSCl to Fmoc-
protected N,O-acetals 1a-c (Figure 2). When starting with
either the hydroxy, acetoxy, or isopropoxy N,O-acetal, the
reactions converge to a common intermediate (eq 2).9 This
result is consistent with replacement of the oxygen group
resulting in the formation of a chloromethyl carbamate.

Additional evidence for formation of a halomethyl car-
bamate intermediate was obtained by treating N,O-acetals
with different trimethyl silyl halide reagents. Reaction of
Fmoc-protected N,O-acetal 1a in CDCl3 with TMSBr af-
forded an insoluble white precipitate, presumably the cor-
responding bromide, that could not be characterized using
NMR. Addition of enamine to the intermediate results in
rapid consumption of the solid and smooth conversion to
the corresponding Fmoc-protected amino ketone. Spectro-
scopic evidence of soluble halide-containing intermediates
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Figure 1. Activation of N,O-acetal 1a with TMSCl over 4 h.
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was obtained using Cbz-protected hydroxy N,O-acetal 4 (eq
3). Activation of 4 with TMSCl or TMSBr led to intermedi-
ates with distinct 1H and 13C NMR spectra, consistent with
formation of different halide-containing intermediates 5a and
5b.9 Intermediates 5a and 5b were both competent electro-
philes in subsequent reactions with enamines.

Activation of Fmoc-protected N,O-acetal 1a with even
more strongly electrophilic silyl reagents TMSI and TMSOTf
did not afford activated intermediates. Instead, treatment of
a variety of N,O-acetals with both TMSI and TMSOTf
resulted in decomposition of the N,O-acetal and formation
of FmocNH2. TMSOTf12 and TIPSOTf13 have previously
been used as promoters of N,O-acetals in reactions proposed
to involve acyl iminium ion intermediates. Our inability to
identify a stable triflate-containing intermediate may suggest
that these reactions proceed through acyl iminium ion
intermediates without significant participation of stable
triflate-containing intermediates.

Next, we examined the synthetic scope of enamine
additions to TMSCl-activated N,O-acetals. The TMSCl
activation of Fmoc-protected N,O-acetals 1a-c containing
different oxygen leaving groups was explored (Table 1). The

amount of TMSCl, the activation time required, and the
extent of activation all vary on the basis of the oxygen
leaving group. TMSCl activation of N,O-acetals 1a and 1c
typically occurs in >90% conversion (based upon 1H NMR
integrations), and subsequent enamine addition affords good
yields of ketone product. Hydroxy-substituted N,O-acetal 1c
activates the most rapidly and cleanly and also affords the
highest yield of enamine addition products and, thus, was
used in further synthetic studies.

The effect of enamine N-substitution was also investigated
(Table 2). Morpholino-, piperidino-, and pyrrolidinocyclo-

hexene all afford addition products in good yields. The
enamine scope contrasts with our previous studies of enamine
additions to unactivated N,O-acetal 1a, where only the most
nucleophilic pyrrolidinocyclohexene added with an accept-
able yield.5

The TMSCl activation strategy has broadened the scope
of additions of enamines to N,O-acetals (Table 3). A wide

(12) For selected recent examples, see: (a) Mancey, N. C.; Butlin, R. J.;
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Table 1. Effect of Oxygen Leaving Group

entry -OR TMSCl (equiv) activation time (h) yield (%)

1 -OAc (1a) 10 2 60
2 -OiPr (1b) 10 16 46
3 -OH (1c) 2 1 71

Table 2. Effect of Enamine Nitrogen Substitutiona

a TMSCl (2 equiv), CDCl3, 60 min; then enamine (3 equiv), 10 min.
b CH2Cl2 was used as the solvent.

Table 3. Addition of Enamines to TMSCl-Activated
Fmoc-Protected N,O-Acetalsa

a TMSCl (2 equiv), CH2Cl2, 60 min; then enamine (3 equiv), 10 min.
b 10 equiv of TMSCl was used. c CDCl3 was used as the solvent.
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variety of enamines react smoothly with N,O-acetal 1c
following TMSCl activation. Good yields are observed with
enamines derived from cyclic (entries 1 and 2) and acyclic
ketones (entry 3). Notable is the reactivity observed with
the aldehyde-derived enamine (entry 4), which has been
shown to be difficult in the past.14

Two features of the likely reaction mechanism are notable
(Scheme 1). First, since the reaction is conducted using

undistilled solvents, the formation of the chloromethylcar-
bamate intermediate likely proceeds through the action of
HCl generated in situ by hydrolysis of the TMSCl.8a,c

Second, the subsequent enamine addition to the chlorom-
ethylcarbamate intermediate appears to proceed through a
concerted, SN2 displacement of the chloride. While prior
studies using related chloroalkyl carbamate15 and
chlorolactam8a,c intermediates (albeit with weaker nucleo-
philes) have implicated a SN1 mechanism, enamine alkylation
reactions are generally believed to proceed through SN2
mechanisms.16 Preliminary kinetic studies of the enamine
addition display a dependence on the concentration of the

enamine nucleophile, consistent with a second-order reaction
pathway.9,17

An SN2 mechanism is also consistent with our previous
studies of an enamine addition to N,O-acetal 1a (without
TMSCl activation).5 This enamine addition to acetate 1a
proceeded in the absence of Lewis or Brønsted acids, which
are typically required for acyl iminium ion formation.
Nucleophile strength proved to be critical when comparing
enamine additions to N,O-acetal 1a with chloromethylcar-
bamate 2. Only the most nucleophilic pyrrolidine enamine
reacts with acetate 1a, while chloride 2 reacts with a variety
of enamines.18

In summary, TMSCl activation has been investigated in
enamine addition reactions to Fmoc-protected N,O-acetals.
Activation results in formation of a halomethyl carbamate
intermediate, which undergoes SN2 addition with a variety
of enamine nucleophiles. The TMSCl activation strategy
yields reaction pathways that are complementary to acyl
iminium ions.
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Scheme 1. Proposed Mechanism
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