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ABSTRACT: Telechelic polypeptides add structural diversity to their homo- and NCAmonomer .

o) Poorly controlled

block-analogues and have potentially expanded applications in supramolecular oA R v =
chemistry, drug delivery, and tissue engineering. Their synthesis via the ring-opening )\(NH - vy TN o o HN"En
polymerization of amino acid N-carboxyanhydride (NCA), however, is limited by slow ~ © }, G ki ol E/Vm QYKR
polymerization rates or poor control over molecular weights (MWs). Here, we report & - E B b5 il

a diamine-initiated, diphenyl phosphate (DPP)-regulated cooperative covalent HN"T NH, 060" Well controlled
polymerization to achieve a controlled synthesis of telechelic polypeptides with Diamine initiator bPP

predictable MWs and narrow dispersity (P < 1.1). Mechanistic studies reveal that

DPP mediates noncovalent interactions with propagating amino chain-ends, suppressing side reactions, and facilitating controlled
chain propagation. Remarkably, this robust method is compatible with crude NCAs, avoiding tedious purification steps that enable
the scalable synthesis of telechelic polypeptides with tailored architectures and unprecedented simplicity.

P olypeptides have gained significant attention in biomedical polypeptide chains in proximity.”> However, the intrinsic
applications owing to their distinctive structures, versatile kinetic disparity between the two stages of CCP, namely, the
functions, and inherent biocompatibility,'~” which frequently slow first stage and the fast second stage, led to significantly
serve as building blocks for hierarchical architectures and elevated MWs and broad molecular weight distributions
advanced biomaterials.””'” Among various polypeptide (MWDs) in the synthesis of telechelic polypeptides.’”** This
materials being developed, telechelic polypeptides, which limitation inevitably hinders the full potential of CPP in
feature functional end groups at both termini, have emerged constructing well-defined polypeptide structures in diamine-
as structurally unique building blocks relative to their homo- initiated polymerization.

and block-polypeptide analogues for further expanded Organic acids have emerged as promising organocatalysts for
opportunities in supramolecular chemistry and biomedical achieving well-controlled ROPs by regulating the activity of
applications.ls_n In theory, telechelic polypeptides can be both chain-propagating centers and monomers. Several
synthesized through two primary approaches: diamine-initiated research groups, including ours, demonstrated the rapid and
ring-opening polymerization (ROP) of N-carboxyanhydrides controlled ROP of NCAs and their analogues catalyzed by
(NCAs) that generate polymers with identical terminal groups acetic acid or benzoic acid.**”*® To improve the MW control
at both ends, or alternatively, through ROP processes during the preparation of telechelic polypeptides, it is crucial to

employing functionalized initiators in combination with end-
capping reagents to produce telechelic architectures with either
identical or differentiated end-group structures.”””>> Of these
synthetic strategies, the diamine-initiated NCA polymerization
approach demonstrates particularly advantageous operational
convenience.

However, a few previously reported telechelic polypeptide
syntheses via diamine-initiated ROP of NCA in DMF undergo
a poorly controlled process, depicting a slow polymerization
rate, competing side reactions, and the requirement of
ultrapure NCA monomers.”*"** In our previous studies, we
observed that diamine could initiate NCA polymerization in
solvent with a low dielectric constant at a rate a few orders of
magnitude higher than that of monoamine, indicating the
added complexity of controlling the polymerization.”” The
surprising acceleration of polymerization is presumably due to
the covalent cooperative polymerization (CCP) in which the
polymerization rates can be greatly affected by the neighboring

have a balanced growth of polypeptides on both chain ends
instead of just on one end. We thus attempted to use organic
acids to coregulate the a-helix-induced (macrodipole-induced)
auto-acceleration of polypeptide chain propagation, by slowing
down the second stage of CPP.

In this Letter, we report the controlled synthesis of telechelic
polypeptides from diamine initiators through the introduction
of diphenyl phosphate (DPP) (Figure 1a), a kinetic modulator,
which balances the growth of two propagating sites. Compared
to the reported diamine-initiated CCP,” the incorporation of
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Figure 1. Living polymerization of BLG-NCA in CHCl; with DPP. (a) Schematic overview of the ROP of NCA in the presence and absence of
DPP. (b) Normalized GPC-LS traces of the diamine macroinitiators C4-di-PBLG;, and the resulting telechelic PBLG after CCP in the absence of
DPP ([M],/[1], = 60). (c) Normalized GPC-LS traces of telechelic PBLG from the C4diNH,-initiated polymerization of BLG-NCA in the

presence and absence of DPP ([

M]y/[1]y = 100). (d) Semilogarithmic kinetic plot illustrating the C4-diNH,-initiated polymerization of BLG-NCA,

as monitored by FT-IR, in the presence and absence of DPP ([M],/[I], = 100). (e) Changes in MWs and dispersity of C4-di-PBLGgj, through the
polymerization of BLG-NCA in the presence of DPP at various monomer conversions ([M],/[I], = 100). (f) Normalized GPC-LS traces of
telechelic PBLG from Cg4-diNH,-initiated polymerization of BLG-NCA at various [M],/[I], ratios. (g) Normalized GPC-LS traces of diblock
copolypeptide Cg-di-PBLG;(-b-PELG;, and its first-block intermediate Cy-di-PBLG;, synthesized from sequential polymerization of NCA in the

presence of DPP ([M],/

[I]o = 60). All polymerizations were conducted at a [M], of 0.1 M and a [DPP],/[I], of 1.

DPP mediates effective noncovalent interactions with partially
protonated, propagating amino chain-ends, thus guaranteeing
the simultaneous growth of all polypeptide chains (D < 1.1). A
series of telechelic polypeptides with different chain lengths,
side-chain structures, and block compositions can be efficiently
prepared within hours. Notably, the DPP strategy is
compatible with the direct polymerization of crude NCAs,
circumventing tedious NCA purifications. This robust method
offers the scalable synthesis of telechelic polypeptides with
tailored architectures, expanding their potential in the
construction of complex structures.

In order to validate that the poor control over MWs for
diamine-initiated CCP originates from the two-stage polymer-
ization kinetics, we first prepared a diamine macroinitiator by
polymerizing y-benzyl-| -glutamate NCA (BLG-NCA) initiated
by 1,6-diaminohexane (C4-diNH,) in DMF (Scheme S1).%’
The macroinitiator was then used to initiate the CCP of BLG-
NCA in CHCl,, resulting in well-defined telechelic polypep-
tides with predictable MWs (P < 1.1) (Figures 1b and S1,
Table S1), demonstrating the concurrent growth of all
propagating chains is crucial to regulate the MW in diamine-
initiated CCP. To address the challenge of uncontrolled
reaction kinetics in chlorinated solvents, we evaluated the
impact of a range of weak organic acids on the polymerization
of BLG-NCA ([M], = 0.1 M, [M],/[1]o/[Acid], = 100/1/1,
[I] refers to the concentration of initiation molecule) (Table
S2). Among various acids, the presence of DPP resulted in
well-controlled polymerization initiated by C4-diNH, in
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CHCl,, yielding well-defined telechelic polypeptides (B =
1.07) with a molecular weight (M,) of 25.8 kDa that agreed
well with the expected value (M, = 22.0 kDa) (Figure I,
Table 1). In fact, DPP has been reported to enable the living
and controlled ROP of J-valerolactone and &-caprolac-

tone.”® " In contrast, other acids failed to suppress the

Table 1. Polymerization of BLG-NCA in the Presence of
DPP“

b

n theo. n GPC

entry [M]o/[1], t (min) (kDa) (kDa) b’

1° 100 15 22.0 65.7 1.14

2 100 35 22.0 25.8 1.07

3 40 20 8.9 10.3 1.31

4 80 30 17.6 22.9 1.07

S 120 45 26.4 30.2 1.0S

6 160 60 35.2 39.7 1.05

7 200 90 43.9 49.6 1.0S
8¢ 60 + 60 30 + 20 13.3/22.5 16.7/22.8 1.18/1.07
99¢ 100 40 22.0 23.5 1.05

“All polymerizations were initiated by C¢-diNH, in CHCL, ([M], =
0.1 M and [DPP],/[1], = 1). The monomer conversions were >95%
for all polymerizations, as determined by FT-IR. “Determined by
GPC; dn/dc = 0.095. “Polymerization in the absence of DPP.
lebIock copolypeptide synthesis through sequential addition of
BLG-NCA and ELG-NCA monomers. “Polymerization of racemic p -
NCA monomers.
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Figure 2. DPP-mediated polymerization of various monomers with different diamine initiators. (a) Chemical structures of different diamine
initiators and NCA monomers. (b) Normalized GPC-LS traces of telechelic polypeptides with different aliphatic diamine initiators in the presence
and absence of DPP ([M], = 0.1 M, [M],/[1]o/[DPP], = 100/1/1). (c) Normalized GPC-LS traces of telechelic polypeptides initiated with PEG-
diNH, at various [M],/[1], ratios ([ M]O =0.1 M, [DPP]y/[I], = 2). (d) Normalized GPC-LS traces showing the synthesis of block copolypeptides

from various NCA monomers ([M]

o = 0.1 M, [M]y/[I]o/[DPP], = 60/1/1).

uneven growth of polypeptide chains from different propagat-
ing chain-ends, leading to much higher MWs (48.3—59.2 kDa)
with broad MWD (P > 1.2) (Figure S2, Table S2). Indeed, the
gel permeation chromatography (GPC) characterization
revealed a shoulder peak at the low-MW region, suggesting
the existence of oligomeric species.”’ The polymerization
kinetics in the presence and absence of DPP were then
monitored by FT-IR, which also revealed that DPP preserves
the characteristic two-stage profile but crucially attenuates the
polymerization rates compared with that without DPP (Figure
1d). The slightly slower polymerization rate contributed to the
concurrent growth of polypeptide chains while remaining
significantly faster than the conventional polymerization in
DMF or the monoamine-initiated CCP. Indeed, the ratio
between the reaction rate constants for the first and second
stages (k,/k,) became larger in the presence of DPP,
suggesting a more balanced polymerization at both kinetic
stages (Figure S3).

To further optimize the reaction conditions, the molar ratio
between DPP and initiators ([DPP],/[I],) was tuned from 0.1
to 10 while maintaining [M],/[1], = 100. At substoichiometric
DPP (ie., [DPP]y/[1], = 0.1), poor control over MWs was
observed (M, = 46.4 kDa, D = 1.17), which was presumably
attributed to the insufficient suppression of unbalanced
propagation. The increase in [DPP],/[I], led to a monotonous
decrease in MWs as well as elongated polymerization time
(Figure S4, Table S3). The addition of equimolar DPP resulted
in the overall best control over polypeptide MW and narrow
MWD (D = 1.07), whose obtained M, matched the theoretical
value. Further increases in [DPP]y/[1],, nevertheless, yielded
telechelic polypeptides with significantly smaller MWs and
broad dispersity (P > 1.3) (Table S3). The existence of
excessive DPP protonated most propagating chain-ends,
leading to elongated polymerization time. Since the polymer-
ization was conducted under open-air conditions, the
hydrolysis of NCA monomers is inevitable with the slow
polymerization rate.” These findings highlight the importance
of accelerated polymerization in inhibiting side reactions, thus
simplifying the preparation of polypeptide materials. In
addition, the monomer concentration was also varied, which
revealed insignificant impact on the MW control, with all
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obtained telechelic polypeptides showed predictable MWs and
low dispersity (P < 1.1) (Figure SS). Nevertheless, the
polymerization at lower [M], (0.01 M) required prolonged
polymerization time to finish (>4 h), in contrast to the fast
polymerization at higher [M],, which reached >95%
conversion within 30 min (Figure SS, Table S4).

With the optimized conditions, we moved on to explore the
preparation of various telechelic polypeptides in the presence
of DPP. The MWs and monomer conversion exhibited a linear
correlation throughout the polymerization (Figures le and
S6), suggesting a living polymerization process. As a result, the
MWs of telechelic polypeptides were easily modulated by
changing the [M],/[1],. GPC traces showed monomodal
peaks correlating linearly with [M],/[1], (Figures 1f and S7).
Moreover, the living nature of DPP-mediated polymerization
enabled an efficient chain extension. Sequential addition of
BLG-NCA ([M],/[1], = 60) and p-ethyl- -glutamate NCA
(ELG-NCA) ([M]y/[1], = 60) yielded diblock copolymers
with narrow dispersity (D = 1.07) (Figure lg, Table 1). The
clear MW shift on GPC traces substantiated the high end-
group fidelity for chain extension.

The DPP-mediated, accelerated and controlled synthesis of
telechelic polypeptides encouraged us to further evaluate the
polymerization with other diamine initiators or NCA
monomers. Diamines with varied alkyl spacers (i.e., C5- and
Cy,-diNH,) were first used as the initiators to polymerize
BLG-NCA in CHCI; in the absence of DPP, yielding
polypeptides with bimodal GPC distributions (P > 1.27)
that agreed well with the previous reports (Figure 2a,b, Table
§5).*” In contrast, the polymerization in the presence of DPP
produced polypeptides with monomodal GPC traces (D <
1.1), regardless of the spacer lengths (Table SS). Moreover,
DPP was also incorporated in the polymerization initiated by
PEGylated diamines (M, = 1.0 kDa), which balanced the chain
growth that led to reduced obtained MWs compared to that in
the absence of DPP (Figure S8). It should be noted that due to
the catalytic role of PEG segments in CHCly,* higher
[DPP],/[1], at 2.0 was necessary to suppress the unbalanced
chain growth (Figure S9, Table S6), forming polypeptides with
monomodal distributions and predictable M, through the
tuning of [M]y/[1], (Figure 2c, Table S7). Additionally, DPP-
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Figure 3. Mechanism study of DPP-mediated polymerization of NCA. (a) Semilogarithmic kinetic plot illustrating the polymerization of BDLG-
NCA initiated by C4-diNH, in CHCl,. (b) Semilogarithmic kinetic plot of C¢-diNH,-initiated BLG-NCA polymerization in CHCl, in the presence
of different small molecules ([M], = 0.1 M, [M],/[I], = 100). (c) Normalized GPC-LS traces of telechelic polypeptides obtained from the
polymerization in the presence of various small molecules ([M], = 0.1 M, [M],/[I], = 100). (d, e) Overlaid 'H NMR spectra of DPP/C¢-diNH,
complexes with DPP or C¢-diNH, as control ([DPP],/[C¢-diNH,], = 1).

mediated polymerization was extended to other NCA
monomers for the preparation of sequence-defined block
copolypeptides via the sequential addition of NCAs. BLG-
NCA, ELG-NCA, and N¢-benzyloxycabonyl- -lysine NCA
(ZLL-NCA) were employed as A, B, and C, respectively
(Figure 2a). All block polymerizations proceeded as expected
with monomodal GPC peaks and negligible low-MW tailing
(P < 1.1) (Figure 2d, Table S8), demonstrating the successful
synthesis of well-defined block copolymers.

With excellent control over MWs, we moved on to study the
mechanism for the balanced growth of telechelic polypeptides
in the presence of DPP. Since the uncontrolled polymerization
initiated by diamine in the absence of DPP was attributed to
the two-stage kinetics, we first checked the polymerization of
racemic p;-NCA monomers that do not have conformational
transition processes. As expected, the polymerization of
BDLG-NCA proceeded in a one-stage manner, yielding well-
defined telechelic polypeptides with predictable MWs (Figures
3aand S10, Table 1). The macrodipole-induced acceleration of
chain propagation, evidenced by the coil-to-helix transition, is
clearly better regulated in DPP-mediated system (Figure
S11)," substantiating the importance of DPP for balanced
growth of polypeptide chains. Considering the controlled
preparation of telechelic polypeptides with helical macro-
initiators, all of these results collectively suggested that the
DPP improved the MW control of diamine-initiated polymer-
ization by reducing the kinetic differences in the coiled and
helical stage among all polypeptide chains. Meanwhile, the use
of low-polarity solvent led to accelerated polymerization that is
still much faster than that in conventional DMF or THF
solvent,” even in the presence of DPP. Adding DPP into the
polymerization in DMF or THF, on the other hand, resulted in
slow kinetics (i.e., >12 h) that generated telechelic
polypeptides with much higher MWs than expected values,
underscoring the necessity of low-polarity solvent for DPP-
mediated, balanced polymerization (Figure S12, Table S9).

The polymerization mechanism was further explored by
designing two molecules with similar structures to DPP and
checking their impact on polymerization behaviors. Both
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dimethyl phosphate (DMP) lacking aromatics and diphenyl
carbonate (DPC) without phosphoric acid exhibited a fast
polymerization that was comparable with that in the absence of
any added molecules (Figure 3b). While both DPP and DMP
showed strong acidity (pK, = 1.6 and 2.5 for DPP and DMP,
respectively), their impacts on the polymerization kinetics are
completely different from that of organic carboxylic acids,
which will completely inhibit the polymerization with strong
acidity (Figure S13). The unbalanced polymerization gen-
erated polypeptides with much larger MWs than the
theoretical values, which were 63.8 and 83.6 kDa in the
presence of DMP and DPC, respectively (Figure 3c, Table
S10). The DPP-mediated balanced polymerization was thus
correlated with both the phosphoric acid group and the
benzene rings. Specifically, we hypothesize that DPP partially
protonates the propagating chain-end that reversibly converts
NH, into NH;", whose cationic form further complexes with
DPP through noncovalent interactions, thereby modulating the
balanced growth of polypeptides from different initiation sites.

In order to validate our hypothesis, Nuclear Overhauser
Effect Spectroscopy Nuclear Magnetic Resonance (NOESY
NMR) was used to probe the noncovalent interactions
between DPP and C4-diNH,, the latter being a model
compound of propagating chain-ends, as evidenced by the
NOESY NMR result that revealed obvious spatial correlation
between DPP aromatic protons (§ 6.8—7.1 ppm) and NH;*
protons (5 1.3 ppm) (Figure S14). The NH;" species likely
sandwiches between two DPP aromatic rings, which is
consistent with the simulation results in the literature.**
Additionally, the sandwich-like complex structure resulted in
the abnormal upfield shift of the methylene protons adjacent to
the amino groups in C¢diNH, (Figure 3d), which was
attributed to the shielding effect of 7 electrons.” Interestingly,
the aromatic protons in DPP also exhibited an upfield shift
(Figure 3e). The reason for the shift is currently not clear and
will be included in our future studies. In contrast, the
protonation of amines was negligible in the presence of
nonacidic DPC, with unsubstantial interactions observed in the
NMR spectrum (Figure S15). Moreover, DPP also exhibited
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Figure 4. DPP-mediated polymerization of crude NCAs. (a) Normalized GPC-LS traces of the resulting telechelic polypeptides from Cq-diNH,-
initiated polymerization of crude BLG-NCA in the presence and absence of DPP ([M], = 0.1 M, [M],/[I], = 100). (b) Normalized GPC-LS traces
of the resulting telechelic polypeptides from DPP-mediated, C¢-diNH,-initiated polymerization of the crude BLG-NCA at various [M]y/[1], ratios
([M], = 0.1 M). (c) MWs and dispersity of polypeptides obtained from polymerization of the crude BLG-NCA at various [M]y/[I], ratios ([M], =

0.1 M).

weak interactions with the NCA monomer, as evidenced by
the upfield shift of the phosphoric acid proton in "H NMR
(Figure S16) as well as the P atom in *'P NMR (Figure S17).

Based on our findings, we propose a tentative mechanism for
the polymerization of BLG-NCA in the presence of DPP,
which primarily involves noncovalent complexation between
DPP and partially protonated chain-ends that modulates the
chain propagation kinetics. Compared to previously reported
systems employing primary amine hydrochlorides as initia-
tors,* the phosphate ammonium salts generated in this system
exhibit enhanced dissociation properties, allowing the release
of free primary amines.”” In this system, C¢-diNH, or the
terminal amine of the propagating chain is likely protonated by
the phosphate group of DPP, leading to the conversion of NH,
to NH;" and the formation of ammonium salts. The resulting
NHj;" species interacts with the benzene rings of DPP, forming
a complex intermediate that stabilizes the ammonium species
that mediated concurrent growth of polypeptide chains, thus
achieving a controlled synthesis of telechelic polypeptides
(Scheme S2).

Conventional NCA polymerization requires stringent
anhydrous purification to remove acidic or electrophilic
impurities (e.g, HCI, residual phosgene), often sacrificing
the yield of NCA (e.g, 60—80% for BLG-NCA) and
scalability.” It is therefore of great interest to prepare
polypeptide materials from crude NCA monomers. To
evaluate the feasibility of DPP-mediated polymerization with
crude NCAs, we prepared the monomers by skipping the
moisture-free setups and tedious recrystallization procedures.
Due to the circumvention of recrystallization purification steps,
the crude BLG NCAs were obtained with isolation yield
(>95%) in much shorter time (~S h). Elemental analysis
confirmed the higher contents of impurities with 0.24 wt % Cl
(vs 0.02 wt % in purified NCAs, Table S11). As anticipated,
rapid consumption of the crude NCA monomers was observed
after a facile purification step with hexane precipitation,
yielding telechelic polypeptides with the desired MWs (Figure
4a, Table S12). These results highlight the robustness of this
method, which accommodates crude monomers while enabling
the synthesis of well-defined polypeptides and block
copolymers (Figure 4b,c, Table S12).

In summary, we developed a robust method for the
controlled synthesis of telechelic polypeptides via NCA ROP.
By leveraging the synergy of a-helix-induced CCP and a
noncovalent interaction mediated by DPP, this approach
enables rapid and controlled living polymerization of NCAs
initiated by widely available diamine. This enhanced

controllability allows for the efficient synthesis of telechelic
polypeptides with reduced polydispersity and well-defined
amino-terminal functionality at both chain ends. This method
also demonstrates its tolerance to the use of crude NCA
monomers, enabling the robust synthesis of telechelic
polypeptide building blocks without requiring tedious NCA
purification. In addition to facilitating the design of high-
performance telechelic hybrid biomaterials incorporating
polypeptide segments, this strategy also provides new insights
of NCA ROP with diamine initiators.
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