Efficient Preparation of Carbamates by Rh-Catalysed Oxidative
Carbonylation: Unveiling the Role of the Oxidant
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The synthesis of a broad variety of carbamates from amines,
alcohols and carbon monoxide has been achieved by means of a
Rh-catalysed oxidative carbonylation reaction that uses Oxone as
stoichiometric oxidant. In-depth studies on the reaction
mechanism shed light on the intimate role of Oxone in the
catalytic cycle.

The importance of developing new routes that permit a more
efficient and straightforward access to organic carbamates is
well illustrated by the extensive application of these molecules
as pharmaceuticals, agrochemicals or materials in the chemical
industry.1 In addition, carbamates are commonly used as
amine protecting groups and are, therefore, important
intermediates or starting materials in modern synthetic
chemistry.2

Classic approaches to the synthesis of carbamates from amines
and alcohols usually entail the use of phosgene or its
derivatives.> Other relevant stoichiometric methods use
azides,4 isocyanates,5 and CO, or carbonates.® Several
catalysed processes that employ CO, as a C1 source, amines
and alcohols have also been developed.7

The synthesis of carbamates by oxidative carbonylation of N-H
bonds from readily available amines and alcohols has been
achieved by means of Pd® and Au° catalysts under high
pressures of CO, usually above 40 bar. Noteworthy exceptions
that operate under milder conditions are the methods
reported by Orito™ and Guang.11 An alternative method for
the synthesis of carbamates by carbonylation under low CO
pressure requires the use of aromatic and aliphatic azides as
starting materials.”

The excellent activity of Rh catalysts towards carbonylation
reactions™ prompted us to investigate the activity of
commercially available rhodium complexes in the synthesis of
carbamates from amines, alcohols and carbon monoxide under
mild conditions. Moreover, in order to broaden the synthetic
significance and scope of this reaction we assessed Oxone
(Potassium peroxymonosulfate, KHSOs) as oxidant, which is an
inexpensive, safe and environmentally friendly reagent.13e
Initial catalytic tests aimed at evaluating the activity of various
commercially available rhodium complexes in the oxidative
carbonylation of aniline with 1-hexanol (5 equivalents). The
reaction was completed after stirring at 100 2C in toluene for
18 h under a carbon monoxide atmosphere (2 bar) using [Rh(p-
Cl)(COD)],, [Rh(n-MeO)(COD)I, or [Rh(u-Cl)(CI)(Cp*)], (COD =
cyclooctadiene; Cp* = pentamethylcyclopentadienyl) as
catalysts and Oxone as oxidant (3 equivalents). The Rh(lll)
catalyst,  [Rh(u-Cl)(Cl)(Cp*)],, led to formation of
carbamate/urea mixtures, while [Rh(u-Cl)(COD)], and [Rh(p-
MeQ)(COD)], afforded exclusively the carbamate in identical
isolated yields (75%). Building on these results we decided to

explore the scope of [Rh(u-Cl)(COD)], as a catalyst for this
reaction using a variety of amines and alcohols.

Aniline can be efficiently converted into its corresponding
carbamates employing a variety of primary and secondary
alcohols without the formation of decarboxylation products or
ureas (Scheme 1). The compatibility of this methodology with
a variety of amines was also tested (Scheme 2).
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Scheme 1 Oxidative carbonylation of aniline with various alcohols (isolated yields after
16 h). ® Isolated yield after 5 d.

In view of the potential applicability of this methodology in the
synthesis of bioactive molecules it is significant that the
presence of carboxylic acids does not seem to thwart the
reaction, in fact, 2h is obtained in excellent yields. In addition,
compounds 2i and 2j were obtained from 2-aminopyridine and
cyclohexylamine, respectively, which demonstrates that the
catalyst performs well even with potentially chelating
substrates and with aliphatic amines.

In order to assess the scope of this methodology, a secondary
alcohol, 2-propanol, was used instead of 1-hexanol (Scheme
3). Except for 3c, 3e and 3j the expected carbamates were
obtained successfully, although the use of a secondary alcohol
seems to bring about somewhat lower yields in most cases,
probably due to its increased steric hindrance. In fact, bulky
amines such as ortho-substituted anilines or cyclohexylamine
are particularly affected. Remarkably, this methodology
permits the phosgene-free preparation of chlorpropham (3g),
an example of carbamate-based marketed drug.3a’12

The use of imines as starting materials also yields directly the
corresponding carbamates without the need for previous
transformation into the related amines. Compounds 1a and 1c
were obtained by reaction of imines 4 and 5 with 1-hexanol or
2-propanol (Scheme 4). A plausible explanation for this
reaction would be that, in the presence of adventitious water,
the imines deliver in situ the corresponding amines.
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Scheme 2 Oxidative carbonylation of amines with 1-hexanol (isolated yields after 16 h).
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Scheme 3 Oxidative carbonylation of amines with 2-propanol (isolated yields after 16
h).
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Scheme 4 Direct preparation of carbamates form imines (isolated yields).

the formation of the carbamate and
generation of a H,O molecule the
consumption of free amine from the reaction mixture would
drive the hydrolysis equilibrium toward the formation of more
amine.

Subsequently,

concomitant and

The mechanistic information on Rh-catalysed oxidative-

coupling reactions is limited, and the role played by the

oxidant is still a source of controversy. Moreover, the studies
published so far have focused mainly on Rh(lll) catalysts that
14,15

Recently,
various examples of alkoxycarbonylation of C—H bonds that

make use of Cu(OAc), as stoichiometric oxidant.

use Rh(l) catalysts and persulfates as the oxidant have been
reported.16 Two different mechanisms have been postulated
for this type of reactions.'” The first, proposed by Zhang et al.
for the directed alkoxycarbonylation of arenes, entails the
abstraction of a hydrido ligand, formed by previous oxidative
addition of the substrate’s C—H bond, and the proton of a
coordinated alcohol by Oxone (Scheme Sa).m On the other
hand, a report by Li and co-workers proposes the oxidation of
[Rh(p-Cl)(COD)], to a Rh(lll) species by K,S,05 as first step of
the catalytic cycle for the non-directed alkoxycarbonylation of
indenes (Scheme 5b).17b

Prompted by the scarce mechanistic knowledge on this type of
oxidations, we set off to study the role played by Oxone in the
catalytic cycle and the intimate mechanism through which the
complex or substrates interact with the oxidant.

An NMR study showed that a solution of 0.5 equivalents of
[Rh(p-Cl)(COD)],, 1 equivalent of aniline, 1-hexanol and Oxone
afforded complex [Rh(CI)(CO)z(aniIine)]18 under a CO
atmosphere at room temperature in CD,Cl,. No further
reaction was observed upon an increase of the temperature to
50 °C. Attempts to detect CO insertion intermediates by
reaction of [Rh(p-Cl)(COD)], with aniline or 1-hexanol under a
CO atmosphere in toluene-dg at 100 °C were unsuccessful.
However, when Oxone, 1-hexanol, aniline and 0.5 equivalents
of [Rh(u-Cl)(COD)], were reacted at 100 °C in toluene under a
CO atmosphere, the carbamate and [Rh(CI)(CO),(aniline)] were
obtained; conversely, at room temperature no carbamate
formation was observed. This suggests that, in this case, Oxone
acts before any metal-mediated substrate activation takes
place.
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Scheme 5 Differences between the role played by the oxidant in the mechanisms
proposed by Zhang and Li.



Fig. 1 DFT calculated Gibbs free energy profile (in kcal-mol™ and relative to A and isolated molecules) for the Rh-catalysed oxidative carbonylation of amines.
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Fig. 2 DFT calculated Gibbs free energy profile (in keal-mol™ and relative to A and
isolated molecules) for Rh-catalysed oxidative carbonylation of amines.

In order to shed light on the reaction mechanism, a
computational study at the DFT level was performed using the
B3LYP-D3 functional, considering [Rh(CI)(CO),(aniline)] as the
catalyst (A) and MeOH as the alcohol. Fig. 1 shows the most
plausible mechanism of action of Oxone according to the
theoretical calculations and experimental data. Two related
pathways can be postulated. In the first, Oxone interacts
directly with [Rh(CI)(CO),(aniline)] (blue lines) while, in the
second, previous substitution of aniline by MeOH is required
(red lines). In both cases, the oxidation of the Rh centre and
the deprotonation of the substrate (alcohol or aniline) take
place according to a concerted mechanism at the beginning of
the catalytic cycle,qt prior to substrate activation or migratory
insertion.® Under the reaction conditions both reaction
pathways may occur simultaneously although the second path
(red lines) features a slightly lower activation barrier. This
mechanism entails that, after formation of A’, the coordinated
methanol molecule interacts with Oxone by a hydrogen bond
to give adduct B’. This triggers the oxidation of Rh(l) to Rh(lll)
by means of a concerted transition state (TSB’D) in which

Oxone deprotonates the methanol ligand and transfers the
hydroxo group to the metal. Simultaneously, release of HSO,
and formation of D upon coordination of aniline take place.
The presence of the OH ligand allows for the deprotonation of
the coordinated amine, thus affording the aquo-complex E via
TSDE, surmounting an energetic barrier of 8.1 kcalmol™.
Carbonylation and isomerisation of E gives Rh(lll)-amido
complex F. The downslope pathway thereafter (Fig. 2) entails
the migratory insertion of the carbonyl ligand into the M—N
bond, thus forming intermediate G. Finally, reductive
elimination of the carbamoyl (RNHC(O)-) and alkoxo (RO-)
ligands, according to transition state TSGH, affords the
corresponding carbamate and regenerates the catalyst (A)
after exchange of the carbonyl ligand by aniline.

Noteworthy, the relatively low energy span calculated for the
catalytic cycle (23.0 kcal-mol™) from intermediate D to the
transition state TSFG does not seem to justify the high
temperatures required for this reaction. This apparent
inconsistency, however, is in accord with the almost negligible
solubility of Oxone in organic solvents and the ensuing
reactivity problems reported in the literature.” Therefore, the
reaction rate probably depends on the concentration of Oxone
in the solution, which increases at higher temperatures. In this
regard, we performed the synthesis of 1a (Scheme 1) in the
presence of a phase transfer catalyst, namely 4 mol% of
tetrabutylammonium tetrafluoroborate, which acts as a
surfactant that solubilises Oxone. In this case, the reaction
takes place at 50 2C; however, ca. 40% of aldehyde was
obtained as a by-product due to alcohol oxidation.

In conclusion, we have disclosed a Rh(l)-catalysed three-
component reaction that allows for the preparation of
carbamates from amines (or imines), alcohols and carbon
monoxide under mild conditions, affording water and KHSO, as
the only reaction by-products. This process is catalysed by the
commercially available complex [Rh(u-Cl)(COD)], in the
presence of Oxone. This methodology shows a good tolerance
to several functional groups and is compatible with primary



and secondary alcohols. Theoretical and experimental data
suggest that Oxone plays a dual role as base and oxidant, thus
allowing for initial oxidation of the Rh(l) pre-catalyst to a Rh(lll)
species—this step being essential to achieve substrate
activation. Remarkably, this transformation requires previous
coordination of the alcohol because its deprotonation and the
oxidation of the metal centre occur by a concerted
mechanism.
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¥ The use of 3-chloroperoxybenzoic acid as oxidant with or
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corresponding carbamates, which suggests that oxidant and
base act according to a concerted mechanism.

§ Alternative mechanisms where substrate activation precedes

Rh(I)=>Rh(lll) oxidation by Oxone or Rh(l)=>Rh(lll) oxidation by

Oxone occurs without substrate coordination show higher

activation energies (see ESI).
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