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Polypeptides have been extensively utilized in drug delivery,1

tissue engineering,2 sensing,3 and catalysis.4 To prepare polypep-
tides for these applications, it is essential to control their molecular
weights (MWs)5-10 as well as their end groups8,11-13 during the
ring-opening polymerizations (ROPs) of amino acid N-carboxyan-
hydrides (NCAs).14 We recently reported hexamethyldisilazane
(HMDS)-mediated, controlled NCA polymerization.15 This polym-
erization proceeds via a unique, trimethylsilyl carbamate (TMS-
CBM) propagating group (Scheme 1a), which involves cleavage
of the Si-N bond of HMDS during the initiation step. The resulting
TMS-amine (red, Scheme 1a) opens the NCA ring at its CO-5
position to form a TMS-amide at the C-end while the TMS group
(blue, Scheme 1a) is attached to the N-end to form a TMS-CBM
(the propagating chain end). The propagation of polypeptide chains
proceeds through the transfer of the TMS group from the terminal
TMS-CBM to the incoming monomer and forms a new TMS-CBM
propagating chain end (Scheme 1a). We postulate that when a
N-TMS amine is used as the initiator, cleavage of its Si-N bond
will generate an amine and a TMS group (Scheme 1b) that will
subsequently form the corresponding amide at the C-end and a
TMS-CBM at the N-end after NCA ring opening (Scheme 1b).
Thus, chain propagation should proceed in the same manner as
HMDS-mediated polymerization (Scheme 1a). Because a large
variety of N-TMS amines are readily available, this method should
allow facile functionalization of the C-termini of polypeptides
(Scheme 1b).

To demonstrate this concept, N-TMS allylamine (1-TMS, 1 )
allylamine, Scheme 1c) was utilized as the initiator for the
polymerization of γ-benzyl-L-glutamate NCA (Glu-NCA) (Scheme
1b). As shown in Figure 1a, 1-TMS had remarkable control of Glu-
NCA polymerization and gave poly(γ-benzyl-L-glutamate) (PBLG)
with the expected MWs and narrow MWDs over a broad range of
monomer/initiator (M/I) ratios (M/I ) 20-300). The obtained Mn’s
of PBLG at an M/I ratio of 20 and 300 were 4.6 × 103 and 7.01
× 104 g/mol, respectively, both of which were nearly identical to
the expected Mn’s (4.4 × 103 and 6.57 × 104 g/mol, respectively).
All polymerizations were finished within 12-24 h at room
temperature under atmospheric pressure, in contrast to a few recently
reported controlled polymerizations that require either reduced
temperature10 or vacuum.9 The Mn’s of PBLG showed a linear
correlation with the conversions of Glu-NCA, which were in good
agreement with the expected Mn’s (Figure 1b). This experiment
demonstrated that the propagation of PBLG chains proceeded
through a living chain end. 1-TMS also showed remarkable control
of polymerizations of ε-Cbz-L-lysine NCA (Lys-NCA) and resulted
in poly(ε-Cbz-L-lysine) (PZLL) with the expected MWs and very
narrow MWDs (Figure S1). Block copolypeptides, such as PZLL-
b-PBLG, can also be readily prepared with the anticipated MWs

and narrow MWDs via sequential addition of Lys- and Glu-NCA
(Table S1 and Figure S2).

We next compared the polypeptides obtained through 1-initiated
and 1-TMS-initiated Glu-NCA polymerizations. The PBLG result-
ing from 1-initiated polymerization at an M/I ratio of 20 had a
broad MWD (Mw/Mn ) 1.52) based on the MALDI-TOF MS
analysis (red, Figure 1c). In contrast, a similar polymerization
mediated by 1-TMS resulted in PBLG with a much narrower MWD
(Mw/Mn ) 1.17). The MALDI-TOF MS spectrum of the latter
polymer showed a Poisson distribution centered at the exact

Scheme 1

Figure 1. (a) MW and MWD of the PBLG prepared via 1-TMS-mediated
ROP of Glu-NCA at various M/I ratios. (b) MW and MWD of the PBLG
prepared via 1-TMS-mediated ROP of Glu-NCA at an M/I ratio of 100
relative to the conversion of Glu-NCA. (c) MALDI-TOF MS spectra of
the PBLG prepared via 1-TMS (blue)- and 1 (red)-mediated Glu-NCA
polymerization at an M/I ratio of 20. The number on the MS spectra denotes
the number of repeating units of PBLG (n). (d) GPC curve of the PBLG
prepared via 1-TMS (blue)- and 1 (red)-mediated Glu-NCA polymerization
at an M/I ratio of 50, respectively.
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theoretical MW of the PBLG containing the anticipated allyl amide
end group (MW ) allylamine + (Glu)20) (blue, Figure 1c). This
MS distribution pattern differed dramatically from that of the former
PBLG (red, Figure 1c). The bimodal GPC curve of the former
PBLG (red, Figure 1d) compared to the monomodal curve of the
latter PBLG (blue, Figure 1d) further demonstrated the improved
control of polymerization through subtle modification of the amine
initiator.

To confirm the formation of TMS-CBM during 1-TMS-mediated
NCA polymerization, we mixed equal molar Lys-NCA and 1-TMS
in DMSO-d6 and then analyzed the mixture using ESI-MS. As
expected, 1-Lys-TMS-CBM (iii, m/z 436.5) was successfully
identified as the dominating component in the mixture (Figure 2).
This experiment demonstrated cleavage of the Si-N bond of
1-TMS and subsequent NCA ring opening by 1 at CO-5 and
formation of TMS-CBM (Scheme 1b). When the MS experiment
was performed under anhydrous conditions, iii and its decomposed
derivatives ii and i were detected (Figure 2). However, when the
reaction mixture was exposed to air or when D2O was added, only
i was detected (data not shown). These observations were in
agreement with the expected moisture sensitivity of TMS-CBM.15

Formation of TMS-CBM during the initiation step was further
confirmed by 13C NMR (Figure S3).

To evaluate whether this 1-TMS-mediated, controlled NCA
polymerization can be extended to other N-TMS amines, we
selected benzylamine (2), morpholine (3), propargylamine (4),
N-(aminoethylene)-5-norbornene-endo-2,3-dicarboximide (5), and
mPEG2000 amine (6) to represent primary (2) and secondary amines
(3), amines containing functional groups that can be used for further
reactions such as click chemistry (4)16 and ring-opening metathesis
polymerization (5),17 and terminal amines of polymers (6).12

N-TMS’s of 2-6 were prepared (see Supporting Information) and
used to initiate Glu-NCA polymerization. As expected, all initiators
gave excellent control of PBLG MWs. At an M/I ratio of 100, the
Mn’s of PBLG were 2.35 × 104, 2.18 × 104, 2.19 × 104, 2.38 ×
104, and 2.85 × 104 g/mol for PBLG derived from 2-TMS through
6-TMS mediated Glu-NCA polymerizations, respectively, which
were in nearly perfect agreement with the expected Mn’s (Table
1). Polymerizations of Glu- and Lys-NCAs with these initiators
over a broad range of M/I ratios all gave corresponding polypeptides
with controlled MWs and narrow MWDs (Table S2).

In amine-initiated NCA polymerization, an amine can function
in two ways. It can be a nucleophile that attacks the CO-5 of the
NCA by following the so-called “amine mechanism”. It can also
function as a base to deprotonate the NH-3 of NCA by following
the so-called “activated monomer mechanism”.18,19 These complex
and concurrent mechanisms make it very difficult to achieve
controlled NCA polymerization using amine initiators. When
N-TMS amine is used as an initiator, polypeptide chain transfer

via the “activated monomer mechanism” is eliminated since TMS-
CBM is unable to deprotonate the NH-3. Chain propagation thus
can only proceed through the ring opening at the CO-5 position of
the NCA, resembling ammonium-mediated NCA polymerization,
but occurring much faster.7

In conclusion, N-TMS amines can initiate controlled NCA
polymerizations and allow facile functionalization at the C-termini
of polypeptides. Polymerizations initiated by N-TMS amines are
fast, give quantitative monomer conversion, and do not require
excessive monomer purification.9 This methodology is useful for
controlled synthesis of functional polypeptides, polypeptide mac-
romonomers, and polypeptide copolymers.
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Figure 2. ESI-MS of equal molar mixture of 1-TMS and Lys-NCA.

Table 1. N-TMS Amines for Glu-NCA Polymerization (M/I ) 100)
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