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The present work explores different cyclic allylic carbonates as a
potential class of allylcarbamate precursors. The 5-membered car-
bonate formed a carbamate with very good thermal and pH stabi-
lity, which could be cleanly deprotected in aqueous solution, in
just 30 min with 2 mol% Pd(OAc), as catalyst. The polar nature of
the installed motif made it possible to deprotect highly unpolar
substrates in water as solvent.

Introduction

The ability to veil and unveil the functional groups of mole-
cules constitutes a fundamental strategy in organic synthesis."
Different protecting groups, with strict and clear removal
boundaries, make it possible to synthesize some of nature’s
macromolecules.” Similarly, the creation of protecting groups
with functional handles, more commonly referred to as cleava-
ble linkers, permits the introduction of more versatile func-
tions, ranging from support linkers to highly refined lumines-
cent probes.® Although protecting groups are indispensable in
both chemistry and biology, there are fairly few green
alternatives.*

The question we raised was, whether it would be possible to
develop a new class of amine protecting groups from a renew-
able origin, which has the potential to be readily cleaved off.
Our hypothesis was that a specific alkene functionalized cyclic
carbonate could be used to achieve this.

Cyclic carbonates exist in many different ring-sizes with a
vast array of different functionalities. One useful feature of a
ring opening reaction is that it leads to the formation of a
chemically active chain end, which can be used in further
chemical reactions. The ring-opening reaction between cyclic
carbonates and amine nucleophiles has been shown to work
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effectively in a wide range of organic solvents and under neat
conditions with many different catalytic systems.® Our contri-
bution is that we have shown that it is possible to ring-open
cyclic carbonates selectively with unprotected amino acids in
water.”” This feature and the diversity in accessible cyclic car-
bonate motifs provide ample opportunities to specifically
tailor a protecting group with the desired properties.® The
work presented takes a holistic view of the role and properties
of cyclic carbonates, both as precursors and in the product
carbamate.

Results and discussion
Equilibrium behaviour and its connection to synthesis

When installing a protection group originating from a cyclic
precursor it is important that the system leads to mono-
addition only and avoids oligomerization. The ideal cyclic sub-
strate should be thermodynamically stable under standard
conditions and form a new thermodynamically stable product
upon ring opening. Generally, five membered cyclic carbonates
will be the most thermodynamically stable. However, the equi-
librium between open and closed rings may change with
different ring substituents.”

That the ring size is the most important factor is nicely
demonstrated by the properties of the cyclic carbonates 2A-2C
(Table 1). The equilibria were measured under the same ring
closing conditions, at 2 M concentration of diol with 0.5 equiv.
of triphosgene at an initial temperature of 0 °C for 2 h, fol-
lowed by r.t. for 6 h (Table 1). Under these conditions, 4,5-
divinyl-1,3-dioxolan-2-one (Table 1, compound 2A) was
obtained in a quantitative yield, in contrast to 4,7-dihydro-1,3-
dioxepin-2-one (Table 1 compound 2C) where only oligomers
were formed (for more details see ESI Fig. S1 and S27).® These
results suggest that only the cyclic carbonate 2A is a potential
protecting group precursor because of its stability towards oli-
gomerisation. Accordingly, the equilibrium features of 2A
made it possible to develop a robust, green and scalable proto-
col for its synthesis (Scheme 1). Thermodynamics makes it
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Table 1 Ring-closing equilibrium of different allyl carbamate precursors
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possible to ring-close the diol under quite harsh conditions,
using what is referred to as either ring-closing depolymeriza-
tion or the Braun method.® The diol can be synthesized
through the pinacol coupling of acrolein, which in turn may
be derived from glycerol, providing an overall green route to
this building block.'® The target compound 2A was obtained
by a one-pot, two step synthetic operation (using diethyl car-
bonate as the carbonyl donor) at an overall yield of 70% after
purification by simple distillation (Scheme 1).

Thermal and pH stability window

An important aspect of protecting groups and cleavable linkers
is that they exhibit both great stability under a wide range of
conditions and clearly defined cleavage boundaries. To deter-
mine the stability, ring opened product 4 of 4,5-divinyl-1,3-
dioxolan-2-one was studied at different temperatures and pH
values (for more synthetic details see the ESIT).

Glycine was selected as a suitable nucleophile for the main
reason that the formed carbamate 4 is highly soluble in water.
The degradation occurred mainly by two pathways, direct
hydrolysis or ring closure, processes which are both increased
in polar environments.'" Pleasingly, 4 displayed high thermal
stability in DMSO-d at both 50 °C and 100 °C, with only 20%
degradation after 20 h at 100 °C (Fig. 1a). For comparison, the
ring-opened product 5, from the reaction between glycine and
ethylene carbonate, was also studied. The thermal stability of 5
was even higher, with 10% degradation after 20 h at 100°
(Fig. 1b). The difference is interpreted as a combination of the
PK, of the alkoxy next to the carbamate and the Thorpe-Ingold
effect exerted by the external substituents.’” The high thermal
stability of 4 is in sharp contrast to the classical Fmoc-protec-

This journal is © The Royal Society of Chemistry 2018

Fig. 1 Thermal stability at 50 °C and 100 °C in DMSO-dg¢ at a concen-
tration of 0.16 M of both 4 (a) and 5 (b).

tion group that is completely removed in just 15 minutes at
120 °C in DMSO."

To get a clearer picture of pH stability, the degradation of 4
and 5 was analysed as a function of both pH and time (Fig. 2).
It was found that 4 is quite stable between pH 1 to 10, with a
moderate degradation rate between pH 10 to 12.5; however, at
PH 14, fast degradation occurred and only 20% remained after
6 h (Fig. 2b). Compound 5 was slightly more stable than 4
under the same conditions.

Deprotection behavior

We envisioned the creation of a robust protocol for the selec-
tive removal of our protecting group, without the necessity of
inert or dry conditions. Chemical motifs similar to 4 are sus-
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Fig. 2 pH stability as a function of time and pH in D,O at a concen-
tration of 0.16 M of both 4 (a) and 5 (b).
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Table 2 Optimization of deprotection conditions

)J\/H o HN NH 7 9
HQ T = — HoP A
0 ~ PA(OAC), 8
4 D,0 °
2

Entry 1(M) Temp.(°C) 4:6:7:8 Yield, 9 [%]
1 0.16 50 [1.0]:[6.0]:[0.02]: [0.0]  3%(13)"

2 0.16 75 [1.0]:[6.0]:[0.02]:[0.0]  28(40)

3 0.16 100 [1.0]:[6.0]:[0.02]:[0.0]  32(100)
4 0.16 50 [1.0]:[6.0]:[0.02]:[3.0]  13(36)

5 0.16 75 [1.0]:[6.0]:[0.02]:[3.0]  67(100)
6 0.16 100 [1.0]:[6.0]:[0.02]:[3.0]  100(100)
7 0.16 50 [1.0]:[6.0]:[0.02]°:[3.0]  4(13)¢

8 0.16 75 [1.0]:[6.0]:[0.02]°:[3.0]  10(60)*
9 0.16 100 [1.0]:[6.0]:[0.02]°:[3.0]  14(68)"
10 0.16 50 [1.0]:[6.0]:[0.50]°:[3.0]  9(91%*
11 0.16 50 [1.0]:[6.0]:[1.0]°:[3.0]  18(92°)

Reaction conditions: 1 equiv. of 4 with 2 mol% of [Pd] with 6 equiv. of
6 and 3 equiv. of 7 in D,O at different temperatures. “After 0.5 h.
b c : d . .

After 2 h. “Pd/C basic support. “Major deprotection found was the
corresponding diol. ¢ After 24.5 h.

ceptible to transition metal catalysed nucleophilic substitu-
tion.®*' In the initial experiments we used triethylamine,
TEA, 6 as a nucleophile. At room temperature, using 2% palla-
dium catalyst, the deprotection was very slow but at 100° C de-
protection was complete after 2 h; Table 2, entries 1-3. Under
these conditions the simple carbamate 5 was completely
stable. It was found that addition of a more nucleophilic
amine, piperazine (7), led to a considerable increase in the rate
to give complete deprotection, 2 h at 75° or 0.5 h at 100°
(Fig. 4b and Table 2, entries 5 and 6). By contrast, the addition
of less nucleophilic bases, such as pyridine and 4-hydroxy-
aniline, had no effect (Fig. 4 and ESI, Table S27).

In order to study the influence of the catalyst concentration,
a series of kinetic experiments were performed. It was found
that at very high catalyst concentration, 13 mol% at ambient
temperature in water under air, with 5.4 equiv. of TEA, com-
plete deprotection was observed after 24 h, whereas the carba-
mate 5 was stable, as might be expected (see the ESI,
Table S1t). The major species formed, besides free glycine,
was the positively charged TEA adduct (for more details see
the ESI Fig. 20, $23-5251)."
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Fig. 3 Initial rate dependence as a function of mol% Pd(OAc), in the

reaction mixture (a), revealing a second order dependence in [Pd] (b).
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Fig. 4 Deprotection conversion of 4 in the presence of different allyl
scavengers after 2 h at r.t., (b) deprotection conversion as a function of
temperature between alloc-GLY-OH and 3 under identical condition
after 2 h. All deprotections were performed in 0.16 M concentration of
substrate in D,O with 2 mol% of Pd(OAC), and 6 equiv. of TEA. In the
case of (b) additional 3 equiv. of piperazine was added.

In an extensive kinetic study, the highest loading of
Pd(OAc),, 38 mol% with 5.4 equiv. of TEA, resulted in complete
deprotection after 1.5 hours (for more details see the ESI
Table S11 entry 11). When the initial loading was decreased
from 38 mol% to 6 mol% under identical conditions, the
initial rate of removal was decreased by two orders of magni-
tude but useful rates were still obtained with only 2 mol% cata-
lyst by increasing the temperature (Fig. 3 and Table 2). It was
found that deprotection followed a second-order dependence
on Pd(OAc), (Fig. 3b). This suggests that the active catalyst
here is a dinuclear palladium complex.

Clear differences in removal behaviour were seen between 4
and the parent allyl carbamate 10 (Table 3 entries 1-3).
Specifically, reaction at 50 °C yielded only 2% removal for com-
pound 10 compared to 36% for 4 under identical conditions.
Also commercial Pd/C could be used for efficient deprotection;
see Table 2 entries 7-11.

The generality of divinyl carbonate (DVC) (2A) as a precur-
sor to the protected amino-group and the unmasking behav-
iour in water was studied with four different substrates (Fig. 5).
The substrates were selected on the basis that they would have
very different solubilities in water. Poor solubility in an
aqueous environment was observed for compounds 12 and 13.

Table 3 Deprotection of alloc-glycine under optimized conditions

0 T/@\ 6 &
H
HN. NH 7
HOJ\/N\H/O 2 A,
0o ~ Pd(OAc), 8
10 8
D,0
Entry 1(M) Temp.(°C) 10:6:7:8 Yield. 9[%)]
1 016 25 [1.0]:[6.0]:[0.02]:[3.0]  0%(2)
2 016 75 [1.0]:[6.0]: [0.02]:[3.0]  7(33)
3 0.16 100 [1.0]:[6.0]:[0.02]:[3.0]  16(56)

Reaction conditions: 1 equiv. of 10 with 2 mol% of [Pd] with 6 equiv.
of 6 and 3 equiv. of 7 in D,O at different temperature. “ After 0.5 h.
b After 2 h.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Deprotection behaviors of different substrates in D,O at 75 °C
with 2 mol% of Pd(OAC),, 3 equiv. of piperazine and 6 equiv. of TEA.

The reactions were performed in D,O at 75 °C at a substrate
concentration of 0.16 M and 2 mol% Pd(OAc), with 6 equiv. of
TEA and 3 equiv. of piperazine. To our delight all substrates
were unmasked under these conditions (Fig. 5).

In the case of 4, 11 and 12 nearly complete removal was
achieved within 2 h; however, in the case of substrate 13, 6 h
were required. The ease of unmasking these substrates in
water is attributed to the polar nature of the ring-opened
product of 2A. In all cases the same major cationically charged
TEA-adduct was also formed.

Conclusions

Ring size dictates the equilibrium between cyclic carbonates
and oligomers. Under the same reaction conditions, the five
membered cyclic carbonate ring, 4,5-divinyl-1,3-dioxolan-
2-one, was formed in quantitative yield, whereas the attempt to
prepare the seven membered analogue, 4,7-dihydro-1,3-dioxe-
pin-2-one, gave only oligomers. The stability of 4,5-divinyl-1,3-
dioxolan-2-one enabled the design of a one-pot, two step syn-
thetic protocol, which gave 70% overall yield, based on abun-
dant and green reactants, with only distillation as a final puri-
fication step.

The installed protecting group was found to have excellent
thermal and pH stability. In the pH range of 1 to 10 the carba-
mates were almost inert, even after three days. However, at
more basic pH moderate to high degradation was observed.
Additionally, even at 100 °C for 20 h only 20% loss of the pro-
tecting group was observed.

The unmasking was performed under air, in water, with
catalytic amounts of Pd(OAc),. Detailed kinetic evaluation
revealed a second-order dependence in Pd(OAc),. It was found
that addition of the allyl scavenger piperazine increased the
rate of removal. This, together with increase in temperature,

This journal is © The Royal Society of Chemistry 2018
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permitted full deprotection in just 0.5 h with 2 mol% of
Pd(OAc), as catalyst.

The generality of DVC as a protecting group was shown
with four different substrates with different polarities. Even
though two of the substrates were poorly soluble under the
investigated reaction conditions, clean removal of the protect-
ing group was achieved within 6 h with a substrate concen-
tration of 0.16 M and 2 mol% Pd(OAc), as catalyst.

The results presented here are believed to provide a starting
point for a renewable and inexpensive protection building-
block with potential applications in many facets of chemistry
and biology.
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