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ABSTRACT: A highly efficient TMSI-mediated deprotection
and direct isolation method to obtain zwitterionic compounds
from the corresponding N-Boc derivatives has been developed.
This method has been demonstrated in the final deprotection/
isolation of the β-lactamase inhibitor MK-7655 as a part of its
manufacturing process. Further application of this process toward other zwitterionic compounds, such as dipeptides and
tripeptides, has been successfully developed. Furthermore, a catalytic version of this transformation has been demonstrated in the
presence of BSA or BSTFA.

Zwitterions are commonly encountered in biologically
active compounds (Scheme 1) because of their unique

properties, such as high solubility in aqueous media and high
permeability in biological environments.1 Unfortunately, the
isolation of those compounds from aqueous solutions presents
significant operational challenges to enable the removal of
water. Although numerous industrial technologies have been
developed to specifically address the isolation of these types of
intermediates for commercial purposes,2 the difficulty of this
operation exponentially increases with scale, especially in the
case that the zwitterionic target compounds are thermodynami-
cally unstable. It would be ideal if the zwitterionic species could
be isolated directly from the organic reaction medium without
aqueous workup and/or extraction. Herein we report a TMSI-
mediated deprotection of N-Boc amino acids that enables the
direct isolation of zwitterionic products.
MK-7655 (1) is a β-lactamase inhibitor3 that is currently in

phase II studies in coadministration with Primaxin to treat
serious infections by multidrug-resistant microorganisms.4 MK-
7655 is a zwitterionic species and is soluble only in water or
aprotic polar solvents such as DMSO or NMP. In addition, the
urea bond of 1 is highly reactive toward nucleophiles because of
its highly strained bicyclic ring system, which is further
activated by the O-sulfonate group.5 Therefore, 1 possesses
limited stability in an aqueous environment within a narrow pH
window (pH 4−8).
MK-7655 was prepared by removal of the N-Boc group from

the N-Boc tetrabutylammonium salt (2) (Scheme 2).6

However, because of its instability and zwitterionic property,
this deprotection of the N-Boc group from 2 and isolation of 1
were found to be very challenging, despite the broad usage of
the Boc protecting group in organic syntheses.7 Extensive
studies of the Boc deprotection of 2 by our colleagues revealed
that the only conditions suitable for this transformation were a
combination of HBF4OEt2 and 2,2,2-trifluoroethanol. Under

the optimal conditions, 1 could be isolated via aqueous workup
and crystallized as the monohydrate from an isopropanol/water
mixture in 68% yield on a laboratory scale (Scheme 2).6

However, during further scale-up of this process, we
encountered serious difficulties due to the instability and
physical characteristics of 1. As a result of these liabilities,
alternative approaches to the Boc deprotection of 2 were
examined in order to develop a simple and efficient
deprotection/isolation protocol to obtain 1.8

It is well-documented that Lewis acid-mediated deprotection
of the N-Boc group can be achieved under mild conditions. For
example, the N-Boc group can be easily converted to N-
(CO2TMS) using either TMSOTf or TMSI, and subsequent
solvolysis/decarboxylation of N-(CO2TMS) affords the corre-
sponding deprotected amine under mild conditions (Scheme
3).9 In addition, the tert-butyl halide generated from this system
can be converted to isobutylene and hydrogen halide, which
can be easily removed from the reaction system.
We envisioned that this approach would be suitable for the

deprotection of 2 to afford 1 under mild conditions, and direct
isolation of 1 would be possible as a result of its zwitterionic
property. Therefore, a variety of mainly silicon-based Lewis
acids were studied for the deprotection of 2, and the results are
summarized in Table 1. We noticed that the Lewis acidity of
TMSX has a big influence on this transformation. For example,
treatment of 2 with 1.1 equiv of TMSCl in MeCN at 0 °C gave
no reaction at all (entry 1). Only 35% conversion was achieved
with TMSBr under identical conditions (entry 2). Full
conversion was obtained with TMSOTf, but numerous
impurities were quickly generated over the course of the
reaction (entry 3). To our delight, when 2 was treated with
TMSI in MeCN, full conversion was obtained in less than 30
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min at 0 °C with minimal generation of impurities. The
deprotection of 2 with TMSI could be accomplished in several
solvents (entries 4−7), with MeCN and methylene chloride
being the best choices for this transformation. MeCN was
selected for further development from an environmental point
of view. The optimal amount of TMSI was studied (entries 4
and 8−11), and 1.25 equiv was found to be the most suitable
for this transformation (entry 10). It is interesting to point out
that 1 equiv of TMSI is sufficient for this transformation (entry

9), which suggests that silylation of the sulfonate group of 2 is
not a competing pathway.
To further understand this transformation, a detailed NMR

study was performed. It was observed that facile formation of
the intermediate 2-N(CO2TMS) occurred upon treatment of 2
with TMSI in an NMR tube even at −20 °C (see Figure 1,
NMR-2 in the Supporting Information). This TMS carbamate
species underwent subsequent solvolysis/decarboxylation upon
addition of water to form 1, which precipitated from the
reaction mixture (Scheme 4).10

In addition to mild reaction conditions and high-yield
conversion, the TMSI-mediated deprotection of the N-Boc
group from 2 provided the biggest advantage due to the
zwitterionic characteristic of 1. MK-7655 was directly crystal-
lized from the reaction medium after a limited amount of water
addition, rejecting both organic and inorganic impurities in the

Scheme 1. Important Biologically Active Zwitterionic Compounds

Scheme 2. Deprotection of Penultimate 2 with HBF4OEt2 and Isolation of 1

Scheme 3. TMSI-Mediated Deprotection of the N-Boc
Group

Table 1. Screening of Silicon-Based Lewis Acids for Boc Deprotection of Compound 2

entrya TMSX solvent equiv of Lewis acid % conv. % yield of 1b

1 TMSCl MeCN 1.1 n.r. n.r.
2 TMSBr MeCN 1.1 55 n.d.
3 TMSOTf MeCN 1.1 100 n.d.c

4 TMSI MeCN 1.1 100 91
5 TMSI DCM 1.1 100 90
6 TMSI EtOAc 1.1 93 82
7 TMSI toluene 1.1 42 n.d.
8 TMSI MeCN 0.8 98 91d

9 TMSI MeCN 1.0 100 92d

10 TMSI MeCN 1.25 100 93
11 TMSI MeCN 1.3 100 93

aThe reaction volume was 6 mL/g at 0 °C under N2, and water was used to quench the reaction when full conversion was obtained. bn.r. = no
reaction; n.d. = not determined. cAPI degradation was observed. dImpurities were generated.
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reaction mixture. For example, tetrabutylammonium iodide,
which has very high solubility in MeCN,11 was easily washed
away during the isolation. Under our optimal conditions, 1
could be directly isolated in 93% yield by filtration. This
method has been successfully demonstrated on a large scale.
This highly efficient Boc deprotection/isolation method

could be applied to other zwitterionic substrates, such as
peptides. Protection and deprotection are standard steps in
most peptide syntheses. However, Boc as a protecting group
has not been widely applied in peptide synthesis because of the
relatively harsh conditions required for its removal.12 In
addition, because of their zwitterionic properties, the isolation
and purification of peptides often encounter extra challenges.
We proposed that our Boc deprotection/isolation protocol
would be suitable for peptide synthesis and examined this
hypothesis.
Boc-protected peptide tetrabutylammonium salt 4, prepared

from Boc-Phe-Gly-OH (3), was treated with TMSI in MeCN at

room temperature. Full conversion required 2 equiv of TMSI
since the first equivalent of TMSI was consumed for the
generation of TMS ester 5.13 Consequently, a base was
required to neutralize HI, and the desired zwitterionic product
6 could be directly isolated from the reaction mixture in 95%
yield by filtration (Scheme 5).
In order to simplify the deprotection/isolation sequence and

reduce the amount of TMSI, 5 was prepared by treating 3 with
the silylation reagent N,O-bis(trimethylsilyl)acetamide (BSA).
Indeed, deprotection of 5, prepared in situ from 3 with 1 equiv
of BSA, proceeded smoothly upon the addition of 1 equiv of
TMSI. The desired zwitterion 6 was directly isolated in 98%
yield after neutralization of the reaction mixure with base
(Scheme 6). A variety of N-Boc dipeptides were also
deprotected using this methodology, with all of the substrates
affording the corresponding dipeptides in excellent yields by
direct crystallization. Furthermore, this protocol was expanded

Scheme 4. TMSI as a Lewis Acid for Boc Deprotection

Scheme 5. TMSI-Mediated Boc Deprotection of a Dipeptide Salt

Scheme 6. Boc Deprotection of Peptides with BSA/TMSI
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to tripeptides. For example, Phe-Gly-Gly-OH was directly
isolated in 91% yield from Boc-Phe-Gly-Gly-OH.
On the basis of our investigations with BSA in the Boc

deprotection of peptides, we envisioned that it would be
possible to regenerate TMSI from HI by reaction with excess
BSA, since a stoichiometric amount of HI is generated from this
transformation (Scheme 7). To test this hypothesis, 3 was

treated with 2.2 equiv of BSA followed by the addition of 0.2
equiv of TMSI. Over 97% conversion was achieved after 2 days
at room temperature, and 6 was directly isolated in 94% yield
after the addition of water. The reaction time was shortened to
15 h by employing a more potent silylation reagent, N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA). Interestingly,
the catalytic process had a similar generality and efficiency as
the stoichiometric process (Scheme 8). Furthermore, this
process could be applied back to N-Boc tetrabutylammonium
salt 2, and the corresponding compound MK-7655 (1) could
be isolated in 75% yield. To the best of our knowledge, this is
the first example of the deprotection of a Boc group with a
catalytic amount of TMSI.
In summary, we have reported a highly efficient TMSI-

mediated method for deprotection of Boc groups. This sets the
stage for the direct isolation of zwitterionic compounds such as
MK-7655 and peptides in high yields with excellent purities by
simple filtration. In addition, it has been demonstrated that
TMSI can be used as a catalyst in the presence of silylating
agents.

■ EXPERIMENTAL SECTION
General Information. All commercially available chemicals were

used without further purification. NMR spectra were recorded at 500
or 400 MHz for 1H NMR and at 125 or 100 MHz for 13C{1H}NMR.
Chemical shifts are reported in parts per million relative to the residual
protic solvent for 1H and the deuterated solvent for 13C. TMSI, BSA,
and BSTFA are commercially available compounds. Compound 2 was
prepared according to a previously reported procedure.6

General Procedure for N-Boc Deprotection of Compound 2
with TMSI. Compound 2 (37.5 g, 54.3 mmol) was dissolved in
MeCN, and the reaction mixture was cooled with a ice bath, after
which TMSI (10.3 mL, 70.7 mmol) was added via addition funnel over
30 min between 0 and 5 °C. The resulting mixture was allowed to
agitate for 1−2 h and then quenched with H2O/MeCN (1:1, 6 mL) to
afford a slurry. The slurry was warmed to room temperature and
agitated for 12 h. Tetrabutylammonium acetate (13.6 mL, 13.6 mmol)
was slowly added over 30 min to neutralize the excess acid. The slurry
was agitated for 1 h and then filter to collect the solid. The solid was
washed with MeCN/water (94:6, 60 mL × 4) to afford the crystalline
product 1 (19.5 g, 95 wt %, 93% corrected yield).8 The spectral data
matched that of the previously reported compound.6

General Procedure for N-Boc Deprotection of Peptides with
BSA/TMSI. To a slurry of N-Boc-peptide (1.00 g) in MeCN (6 mL)
was added 1 equiv of BSA. The resulting clear solution was charged
with 1 equiv of TMSI and stirred at ambient temperature for 30 min.
Bu4NOH solution (1 equiv, 1 M in MeOH) was added to afford a
slurry, and then 3 equiv of water and methyl tert-butyl ether (6 mL)
were added. The slurry was stirred for 2 h. The product was isolated by
filtration of the slurry followed by a DCM wash to afford the desired
peptide. Compounds 9,14 10,15 11,16 and 1217 are known compounds.

General Procedure for N-Boc Deprotection of Peptides with
BSTFA and a Catalytic Amount of TMSI. To a slurry of N-Boc-
peptide (1.00 g) in MeCN (6 mL) was added 2.2 equiv of BSTFA.
The resulting clear solution was charged with 0.2 equiv of TMSI and
stirred at ambient temperature for 15 h to achieve full conversion.
Water (6 equiv) was added to afford a slurry, and then methyl tert-
butyl ether (6 mL) was added. The slurry was stirred for 2 h. The
product was isolated by filtration of the slurry followed by a DCM
wash to afford the desired peptide.

H-Phe-Gly-OH (6). The indicated compound was obtained in 98%
yield (0.73 g) as a white solid (mp 240−242 °C). 1H NMR (400 MHz,
D2O) δ 2.98−3.10 (m, 2H), 3.38 (d, J = 17.3 Hz, 1H), 3.70 (d, J =
17.3 Hz, 1H), 4.08 (t, J = 7.3 Hz, 1H), 7.13−7.28 (m, 5H); 13C{1H}
NMR (100 MHz, D2O) δ 36.6, 43.1, 54.5, 127.8, 129.0, 129.3, 133.8,
168.9, 175.9; LC/MS (M 222.10) 223.12 (M + H+).

H-Ala-Pro-OH (7). The indicated compound was obtained in 99%
yield (0.64 g) as a white solid (mp 154−155 °C). 1H NMR (1.5:1
rotamer ratio, asterisks denote minor rotamer peaks, 400 MHz, D2O)
δ 1.37* (d, J = 7.0 Hz, 1.2H), 1.44 (d, J = 7.0 Hz, 1.8H), 1.72−2.25
(m, 4H), 3.35−3.60 (m, 2H), 3.87* (q, J = 6.8 Hz, 0.39H), 4.15−
4.19* (m, 0.39H), 4.22−4.26 (m, 1.2H); 13C{1H}NMR (asterisks
denote minor rotamer peaks, 100 MHz, D2O) δ 14.9, 15.3*, 22.0*,

Scheme 7. Proposed Catalytic Cycle with the Combination
of TMSI and BSA

Scheme 8. Use of a Catalytic Amount of TMSI for Boc Deprotection of Peptides and MK-7655

a1.1 equiv of BSA or BSTFA was applied.
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24.9, 29.2, 31.4*, 47.2*, 47.3, 47.9, 48.1*, 61.8*, 62.1, 168.4, 169.2*,
178.6*, 179.0; LC/MS (M 186.10) 187.03 (M + H+).
H-Phe-Pro-OH (8). The indicated compound was obtained in 95%

yield (0.71 g) as a white solid (mp 104−106 °C). 1H NMR (2.7:1
rotamer ratio, asterisks denote minor rotamer peaks, 400 MHz, D2O)
δ 1.51−1.55 (m, 2.16H), 1.64−1.70* (m, 0.77H), 1.70−1.89 (m,
0.74H), 2.08−2.15* (m, 0.27H), 2.87−2.95 (m, 1.04H), 3.07 (dd, J =
13.0, 7.5 Hz, 0.74H), 3.15−3.22 (m, 1.48 H), 3.26* (dd, J = 14.7, 4.8
Hz, 0.28H), 3.33−3.40 (m, 0.74H), 3.42−3.46* (m, 0.27H), 3.57−
3.63* (m, 0.27H), 3.94 (dd, J = 9.9, 5.7 Hz, 0.73H), 4.17* (dd, J = 8.5,
5.8 Hz, 0.27H), 4.35* (dd, J = 8.9, 4.7 Hz, 0.27H), 7.10−7.31 (m,
5H); 13C{1H}NMR (asterisks denote minor rotamer peaks, 100 MHz,
D2O) δ 21.9, 24.6*, 29.2*, 30.9, 35.3*, 37.1, 47.0, 47.5*, 53.1, 53.2*,
61.8, 62.3*, 127.9*, 128.1, 129.1, 129.2, 129.6*, 133.5, 133.7*, 167.1*,
167.7, 178.2, 178.9*; LC/MS (M 262.13) 263.15 (M + H+).
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