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Hindered Ureas as Masked Isocyanates: Facile Carbamoylation of
Nucleophiles under Neutral Conditions**
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Ureas are normally rather inert towards alcohols, amines, and
thiols: they require high temperatures, acidic or basic
conditions, or metal catalysis, to undergo nucleophilic sub-
stitution reactions.) Whilst this feature makes them robust
protecting groups for aromatic and aliphatic amines, it
somewhat limits their subsequent utility. Herein we demon-
strate that, in stark contrast to this general behavior, hindered
trisubstituted ureas undergo efficient substitution reactions
with a range of O, N, and S nucleophiles under neutral
conditions, and that in some cases reactions proceed to
completion in less than an hour at 20°C.

We have recently reported on the development of a Pd"-
catalyzed ortho-carbonylation of alkyl aryl ureas, during
which we noted that N,N-diisopropyl urea 1 underwent slow
hydrolysis to aniline 2 at 100°C (Scheme 1), whereas the
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Scheme 1. Neutral hydrolysis of aryl diisopropyl urea 1.

corresponding dimethyl and diethyl urea analogues failed to
react.”) The key structural features responsible for this
remarkable difference in reactivity have now been elucidated
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by carrying out methanolysis on a range of simple urea
derivatives (Table 1).

As with hydrolysis, the aniline-based N,N-dimethyl (3a)
and N,N-diethyl ureas (3b) were unreactive, whereas after

Table 1: Solvolysis of ureas in neutral methanol. Bn=benzyl.

)OJ\ MeOH, 20-70°C
RHN” "NRR" — > RHN” OMe * HNRR"
3 4
Entry 3 R R R"  T[°Q t[h] Yield of 4 [%]"
1 3a Ph Me Me 70 18 <1
2 3b Ph Et Et 70 18 <2
3 3c  Ph iPr iPr 70 18 81
4 3d Ph H tBu 70 18 0
5 3e Ph Me tBu 70 <5 min >99
6 3e Ph Me tBu 50 1 >99
7 3f Ph Et tBu 50 1 >99
8 3f Ph Et tBu 20 18 >99
9 3g Ph nPr tBu 50 1 >99
10 3g Ph nPr  tBu 20 18 >99
11 3h Ph iPr tBu 20 1 >99
12 3i Bn iPr iPr 70 18 33
13 3i Bn iPr iPr 70 72 85
14 3j tBu iPr iPr 70 18 26
15 3j tBu iPr iPr 70 72 85
16 3k tBu iPr tBu 20 1 >99

[a] Yield of isolated product.

18 hours at reflux the more hindered N,N-diisopropyl urea
(3¢) gave the corresponding carbamate in 81 % yield (Table 1,
entries 1-3). The requirement for N,N disubstitution at the
leaving group is evident from the extreme contrast in
reactivity of the rBu-N-H substrate 3d with the Bu-N-Me
substrate 3e (Table 1, entries 4 and 5), the latter underwent
methanolysis in minutes at 70°C. As the Me group in 3e was
changed for the increasingly bulky Et (3f), nPr (3g), and iPr
(3h) substituents (Table 1, entries 7-11), the reactivity
increased further; indeed the iPr derivative 3h underwent
quantitative methanolysis in less than an hour at 20°C. This
phenomenon was not just limited to aryl ureas as the
benzylamine (3i) and fert-butylamine (3k) examples attest
(Table 1, entries 12-16). The latter derivative is of similar
reactivity to 3h, and underwent quantitative methanolysis in
under an hour at 20°C.

An explanation for this reactivity was initially sought by
comparison of the physical data of 3a and 3c¢. The IR
stretching frequencies and “CNMR signals of the C=0
groups showed no significant differences (v, =1641 vs.
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1635cm™ and 6 =155.8 vs. 154.5 ppm, respectively). Their
single-crystal X-ray structures!'® showed no significant differ-
ences in C—N bond lengths, and DFT calculations on the urea
compounds as well as their tetrahedral methanol adducts
showed few differentiating structural features.!

A more extensive mechanistic investigation was then
undertaken by choosing a pair of reasonably reactive
substrates (3¢ and 3f) and exploring the kinetics of their
methanolysis. A Hammett analysis (see the Supporting
Information) of the pseudo-first-order rates of solvolysis
(MeOH, 70°C) of 3¢ and its Ph-substituted analogues (p/m
MeO, Br, and NO,) revealed a weak activating effect of the
electron-withdrawing substitutents (0=0.740.1, R*=0.92;
Figure 1). Irreversible methanolysis of 3 f in toluene at 35°C,
under pseudo-first-order conditions, indicated a fractional
dependence on MeOH concentration (—d[3f]/dt=3.2x10"°
[3 f][MeOH]**), and no dependence on the concentration of
tBuN(H)Et, with a predicted half-life of 2 hours for 3 fin pure
MeOH.
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Figure 1. Methanolysis of 3 f (0.11 M) in toluene at 35°C. Open circles:
reaction in the presence of added tBuN (H)Et (0.28 to 0.83 m).

The mechanism of hydrolysis of N-aryl ureas has been the
subject of a number of detailed studies,*>® with a general
consensus that N-aryl isocyanates are generated as transient
intermediates through the expulsion of R,NH from a
zwitterion of the form Ar-N=C(O")-NR,H". Pioneering
work by O’Connor and co-workers," led to the suggestion
that water mediates a “proton switch”-*l (see A; Scheme 2)
to generate the zwitterion from the urea at neutral pH, or to
generate the R,N-protonated urea under acidic conditions
(pH <6.5). In the most recent study, Capasso and co-work-
erst® presented a unified mechanism to account for reactions
at low, neutral, and high pH: all of which proceed through the
zwitterion, with buffer species (carboxylic acids, hydrogen
phosphates etc.) mediating the proton switch. Nonetheless,
there are alternative interpretations of the data, for example
Laudien and Mitzner have suggested that a simple addition/
elimination mechanism occurs under both acidic and basic
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Scheme 2. N-phenyl isocyanate 5 liberation from 3 f through a proton
switch by MeOH (A), and by amine transfer (B) to p-bromophenyl
isocyanate 7.

hydrolysis conditions (A-2, B-2 mechanisms), without any
involvement of an isocyanate. Recently, Clayden and Hen-
necke! reported on the butanolysis of N,N'-dimethyl-N'-alkyl
ureas at 118°C and suggested the intermediacy of alkyl
isocyanates.

The finding of increased rates of methanolysis of N-
phenyl ureas 3a-3h as the steric hindrance of the N',N' sub-
stituents increases weighs against an analogous addition/
elimination mechanism. Certainly, nucleophilic attack would
be more hindered and the greater nucleofugacity of an
anilinium over N,N-dialkylammonium moiety would give a
carbamate of the form R,NCO,Me, rather than 4.1° The data
is, however, consistent with the increased basicity of the
dialkylamino group for participation in the proton switch, a
substantial steric decompression!"! upon liberation of R,NH
and N-phenyl isocyanate 5, and a positive Hammett p-value
(+0.7) arising from a proton transfer from PhNH. The
isocyanate 5 may be liberated directly, or through the much
postulated zwitterionic precursor 6, the latter being driven by
relief of allylic strain in 6. Monomeric methanol can facilitate
the proton switch (A; Scheme 2) in an identical manner to
that proposed for water;* the fractional order in MeOH/
toluene reflects the tendency for alcohols to aggregate by
hydrogen bonding in hydrocarbon media, nominally as a
cyclic trimer.""! Importantly, the lack of any rate suppression
upon methanolysis of 3 f by added tBuN(H)Et suggests that
the generation of the isocyanate or zwitterion is rate limiting.

The facile liberation of isocyanate from urea 3f under
neutral conditions in toluene (0.2M) was confirmed by the
addition of 0.2M of N-p-bromophenyl isocyanate (7,
Scheme 2), which generated an equilibrium mixture with
isocyanate 5 and urea 8 (K =1.0). However, the rate of this
equilibration (< 1 min at 20°C; 3:2 ratio of 8/3 f) is faster than
would be predicted based on the kinetics of methanolysis at
35°C and suggests a direct reaction (B; Scheme 2) between
isocyanate (5/7) and urea (3 £/8).1"?

A more specific result supporting the intermediacy of
isocyanate 5 during methanolysis came from the reaction of
3f (0.1m) with a mixture of MeOH (1m), EtOH (1m), and
PrOH (1M) in toluene at 35°C, to give the corresponding
carbamates 4y,./4g/4p, (Scheme 3). Control experiments con-
firmed that there is no equilibration under these conditions
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(0] toluene, 35 °
PhN=C=0 | 5
PhHN N(Et)tBu ROH (3 m)
o I\
X X i
PhHN" 'OMe PhHN" "OEt PhHN" OPr
4ye 4gt 4p;
from3f, 0.1 M  46.0% 33.0% 21.0%
from5,0.1mM  46.5% 31.3% 22.2%

Scheme 3. Partitioning of N-phenyl isocyanate 5, which was generated
in situ, with a 1:1:1 mixture of MeOH/EtOH/PrOH (3 m).

and the partitioning between the three carbamates is identi-
cal, within experimental error, to that generated by the
reaction of a reference sample of N-phenyl isocyanate 5 under
the same conditions.

Alcohols, and indeed any species containing an X—H unit
in which the X group bears an available lone pair of electrons,
can in principle act to effect a proton switch in trisubstituted
urea 3f and a range of such species were found to react
readily to give the corresponding carbamates in excellent
yields (Table 2). The substantial reactivity of the N-phenyl

Table 2: Synthetic potential of trisubstituted ureas as masked isocya-
nates.

L w3
u
PhHN™ “N(EtfBu ————>  PhHN" "Nu

3f toluene, 70°C 9a—h
Entry NuH (equiv) t[h] Product Yield [%6]*
1 H,0ob! 1 92l >99
2 MeOH (1.1) 6 9b >99
3 tBuOH® 8 9c 70
4 PhCH,OH (1.1) 8 9d 94
5 9-fluorenylmethanol (2) 5 9e 78
6 PhOH (2) 18 9f 72
7 PhSH (2) 18 9g 62
8 tBuNH, (1.1) 5 9h >99

[a] Yield of isolated product. [b] Used as a solvent. [c] The aniline
generated through decarboxylation is trapped insitu to yield 1,3-
diphenylurea. [d] Reaction was performed at 90°C. Nu = nucleophile.

isocyanate intermediate means that even weak nucleophiles
such as phenol (pK,=9.9) and thiophenol (pK,=6.6) effi-
ciently give the corresponding carbamates. Entries 3-5 of
Table 2 show the synthetic potential of these bulky urea
compounds as precursors with reactivity reminiscent of acyl
halides, for the conversion of a single amine into derivatives
of three of the most common nitrogen protecting groups
under neutral conditions.

In conclusion, we have demonstrated the unique ability of
hindered trisubstituted ureas to undergo rapid and high-
yielding acyl substitution with simple nucleophiles (amines,
alcohols, thiols) under neutral conditions. The mechanism of
the reaction appears to involve a nucleophile-mediated
proton-switch to generate either a zwitterionic precursor (6,
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Scheme 2), or directly, an isocyanate (5, Scheme 2), which is
then captured in a subsequent reaction with the nucleophile.
The remarkable reactivity of hindered trisubstituted ureas
will be of interest to synthetic chemists in the preparation of
amine derivatives. For example, a single urea is efficiently
converted under neutral conditions into N-protected aniline
derivatives incorporating three commonly employed amine
protecting groups: Cbz, Boc, and Fmoc (Table 2, entries 3-5;
Boc = tert-butoxycarbonyl, Cbz = benzyloxycarbonyl,
Fmoc = 9-fluorenylmethyloxycarbonyl). Finally, the crystal-
line nature of these hindered ureas make them highly
convenient as reagents for in situ liberation of isocyanates,
simply requiring release through a proton switch.
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