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Abstract: Mixed anhydrides of carbonic acid with phosphonic or carbamic acid, are
mimic of relevant biological systems, and behave as key intermediates in trans-
esterification processes that afford carbamates of industrial interest. They are formed
in the phosphonic acids mediated or direct transesterification reaction of organic
carbonates with amines to afford carbamates and have been isolated and
characterised in the solid state and solution. Their conversion into the products
has been demonstrated to occur with high regioselectivity. The application of such
intermediates in some synthetic processes is discussed.
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Introduction

Mixed anhydrides, compounds of general formula
Xn(O)EOE�(O)Ym, play an important role as intermediates
in biological[1] and chemical processes.[2] According to the
nature of E and E� they can be categorized as reported in
Figure (1).
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organic                                                    E = E' = C (organic)
                                                                X, Y = alkyl, aryl, other

organic/                                                    E = C (organic)
inorganic                                                  E' = N, P, S, C (carbonic acid)
                                                                 X = alkyl, aryl, other; Y = OH, OM, OR, R
                                                                 m = 1, 2; M = metal ion

inorganic                                                   E = C (carbonic acid)
                                                                  E, E' = N, P, S
                                                                  X, Y = OH, OM, OR, R
                                                                  n, m = 1, 2; M = metal ion

Figure 1. Categorization of mixed anhydrides.

Although they are common intermediates in organic,[3]

organometallic,[4] and inorganic[5] reactive processes, they
have only seldom been used for solving synthetic problems.
Their role is rarely emphasized and the only review available
in the literature dates back to early sixties.[2a] In biochemical
systems, mixed anhydrides play a key role in synthetic

processes as active form of otherwise much less reactive
species. However, one of the most interesting compounds is
carboxyphosphate (see below) which represents the active
form of hydrogencarbonate anion, HCO3

�, used instead of
CO2 in some natural carboxylation reactions.[1]

In this paper we report the characterisation and reactivity
of mixed anhydrides of formula MAA and MAB which have a
key role in transesterification reactions which convert amines
and organic carbonates into organic carbamates.
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The conversion of the mixed anhydride into the final
product is 100% regioselective, which ensures that mixed
anhydrides react in very selective processes in vitro as they do
in biosystems.

Results and Discussion

Organic carbamic esters, RR�NCOOR��, find a large utilisa-
tion in the chemical,[6] pharmaceutical,[7] and agrochemical[8]

industry. Presently, they are synthesized from phosgene,
mainly as in Equation (1), but also by alternative synthetic
routes if necessary to meet environmental and raw material
diversification issues.

B
ROH  +  COCl2                      ROCOCl  +  BHCl (1a)

B
ROCOCl  +  R'R''NH                        R'R''NCOOR  +  BHCl (1b)
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Innovative synthetic pathways are reported in Equa-
tions (2) and (3).

B
RR'NH  +  CO2  +  R''X                        RR'NC(O)OR''  +  BHX (2)

RR'NH  +  (R''O)2C=O                         RR'NC(O)OR''  +  R''OH (3)

which also correspond to the atom economy principle and
reduction of waste.[9] These reactions could find an industrial
exploitation, given that fast and selective reactions were to be
developed.

In particular, Reaction (3) is attractive, as routes alternative
to phosgene are now available for the synthesis of organic
carbonates as the ENIChem[10] [Eq. (4)] and Ube[11] processes
[Eq. (5)]:

2 CH3OH  +  CO  +  1/2 O2                        (CH3O)2CO  +  H2O
CuI/CuII (4)

2 CH3OH  +  CO  +  1/2 O2                        (CH3O)2CO  +  H2O
PdII/NO (5)

Reaction (3) requires a catalyst which is often a transition
metal system.[12] The major drawback is the concurrent
alkylation/arylation reaction of the amine [Eq. (6), R��� alk-
yl, aryl].

RR'NH  +  (R''O)2CO                   RR'R''N  +  R''OH  +  CO2 (6)

Therefore, the ideal catalyst should not promote the amine
alkylation/arylation [Eq. (6)], while enhancing the carbama-
tion reaction, at moderate temperature, as this parameter may
also play an important role in the byproduct formation.

As we have anticipated, biological systems use mixed
anhydrides in processes related to those described above. A
relevant case is represented by the enzyme carboxyphosphate
(CP)[13] in the carbamation of ammonia or amines [Eq. (7)].
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+ RNH2                 (  O)2P(O)OH  +  RHNCOO
(7)

CP represents the active form of HCO3
� from which it is

generated by reaction with ATP [Eq. (8a)].
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Despite several attempts, CP has not yet been synthesized
in vitro starting from phosphate and HCO3

� or CO2. Thus, it
has not been possible to demonstrate so far and exploit its
peculiar properties [Eq. (7)] nor those of relevant species.
Mixed anhydrides (MAA) derived from phosphoric/phos-
phonic acids and organic carbonates have structural proper-
ties similar to CP. They can be easily synthesized starting from
the sodium salt of the commercial phosphonic acid, XY-
P(O)OH, and an alkyl ester of the chlorocarbonic acid,[14]

ClC(O)OR [Eq. (8b)].
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XYP(O)ONa  +  ClCOOOR (8b)

However, in order to evaluate the potential of such mixed
anhydrides in synthetic chemistry, we have prepared such
compounds and treated them with amines. XYP(O)ONa, the
sodium salts of the commercially available acids Ph2P(O)OH,
(PhO)2P(O)OH, (BuO)2P(O)OH, promptly react with organ-
ic chloroformates ClC(O)OR to afford mixed anhydrides of
general formula MAA [Eq. (8b)]. The latter then easily
reacts with aliphatic and aromatic amines to afford organic
carbamates [Eq. (9)] and ammonium phosphonate:
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Y
MAA

+  2 R'R''NH              XYP(O)OR'R''NH2  +  R'R''NC(O)OR (9)

Thus, MAA acts as an active organic carbonate in a
transesterification process, a reaction of great potential
interest [Eq. (3)] that can be implemented as alternative to
the phosgene amination/alcoholation for the synthesis of
carbamates. However, the synthetic strategy based on the use
of sodium salts of phosphonic acids and chloroformates
[Eq. (8b)] is not economically viable, although it is interesting
for the easy synthesis of MAA. Therefore, we have inves-
tigated alternative ways to the synthesis of the mixed
anhydride MAA. As the acid XYP(O)OH itself promptly
reacts with amines to afford the corresponding ammonium
salt [Eq. (10)], the question arose whether the latter would
efficiently substitute the sodium salt used in our first attempts
or not.

 XYP(O)OH +  R'R''NH              XYP(O)O   R'R''NH2 (10)

The discovery that the ammonium salts of phosphonic and
phosphinic acids react with organic carbonates [Eq. (11)]

(11)

opened the way to the exploitation of phosphonic acids as
catalysts in the transesterification reaction described in
Scheme 1, which shows how a catalytic cycle can be run based

Scheme 1. Use of phosphonic acids as catalysts in transesterification
reactions for the selective synthesis of carbamates from amines and organic
carbonates.

on the reactions described in Equations (10), (11) and (9),
respectively.

However, the net reaction is represented by Equation (12):

(RO)2CO  +  R'R''NH2                 R'R''NC(O)OR  +  ROH (12)
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The practical interest of such a reaction is demonstrated by
the fact that phosphonic acids have been used as efficient
catalysts in the carbamation of industrially relevant amines
such as TDA and MDA.[15, 16]

MDA

CH3

NH2

NH2

H2N CH2 NH2

TDA

The transesterification reaction is carried out treating the
diamine with the organic carbonate under mild conditions
(360 K) using the carbonate itself as the solvent. The reaction
seems to be of general application. In fact, we have used either
dimethylcarbonate (DMC) or diphenylcarbonate (DPC) or
methylphenylcarbonate (MPC) for the carbamation of both
mono-aromatic amines as aniline or naphthylamine, and the
diamines reported above.

The reaction is very selective (see Experimental Section)
and the alkylation/arylation of the amine is not observed
under the experimental conditions reported above. The
reactivity of carbonates is in the order DPC�MPC�DMC.

Interestingly, MPC behaves as a very selective carboxy-
methylating reagent for aromatic amines with selective
release of phenol instead of methanol [Eq. (13)].
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 +  MeOH

(13)

Thus, MPC is more reactive and selective than DMC[16] in
the synthesis of the methylcarbamate, and neither the
alkylation nor the arylation of the substrate is observed. The
fact that the carbonate itself can be used as solvent, either
liquid or low melting solid, makes the reaction and recycling
of the catalyst easier as the phosphonic acid can be easily
separated as ammonium phosphate and, thus, does not
contaminate the product.[9a, 15]

The catalyst runs for hours, with a 1 ± 3% load with respect
to the amine, the carbonate being both reagent and solvent.
The intermediacy of the mixed anhydride is of crucial
importance in the overall reaction. The deactivation of the
catalyst is caused by the formation of esters of the acid which
can, in principle, be produced either by an intramolecular
rearrangement of the mixed anhydride as in Reaction (14c) or
by reaction of the acid or the mixed anhydride with the
alcohol present in the reaction medium as in Reactions
(14a, b)].

 XYP(O)OH  +  ROH                XYP(O)OR  +  H2O (14a)

 XYP(O)OC(O)OR  +  ROH                XYP(O)OR  +  HOC(O)OR (14b)

HOC(O)OR                H2O  +  CO2  +  ROH (14b ×)

 XYP(O)OC(O)OR                XYP(O)OR  +  CO2 (14c)

Although all routes described in Reactions (14 a ± c) have
been proven to occur independently, Reaction (14c) is most
likely to be operative under the reaction conditions at least
until a low concentration of free alcohol is present in the
reaction medium. The direct deactivation of the MAA
undergoes an intramolecular rearrangement, and the rate of
deactivation depends on the alcohol used. In the case of
PhOH or MeOH, we have observed that it occurs that the rate
is MeOH�PhOH. It may be worth to note that the rate of the
intramolecular rearrangement reaction follows the trend of
the acidity of the alcohol (pKaPhOH 9.89, pKaMeOH 16), that
means that Reaction (14b) may be operative when the
concentration of free alcohol increases in the medium.

We have found that the species XYP(O)OR is not active in
catalysis when R�Me, while with R�Ph it still has a catalytic
activity. However, the deactivation of the catalyst has been
observed essentially when DMC or MPC is used, while DPC
does not produce any negative effect on the catalyst.

Reaction (14c) is an example of CO2 elimination from a
mixed anhydride. The process takes place with high regiose-
lectivity. Two pathways are possible for the CO2 expulsion, as
depicted in Scheme 2: a) nucleophilic attack at the P atom by
the RO group; b) electrophilic
attack by R at the bridging O
atom. Path a) is actually ob-
served as was demonstrated by
labeling the O atoms.

Carbamates of TDA and
MDA find an industrial use as
precursor of isocyanates (TDI
and MDI) which are formed upon controlled thermal treat-
ment of the relevant carbamates.

The purity of the carbamates is, thus, of crucial importance
in order to avoid side reactions (for example, ureas formation)
and the reaction based on mixed anhydrides has a good
potential for application purposes.[17]

The high regioselectivity of CO2 elimination has been also
demonstrated using mixed anhydride MAB, which is formed
by reacting ammonium carbamates with organic carbonates.
Mixed anhydrides of the MAB type are known since time.[18]

According to the amine used, they have been shown to have a
different stability at room temperature, undergoing CO2

elimination.[19]

For a complete characterisation of the system we have
synthesized[19] MAB by reacting sodium N-alkylcarbamates
with ClC(O)OMe [Eq. (15), R� benzyl, cyclohexyl, allyl] .

RNHCO2Na  +  ClC(O)OMe                RNHC(O)OC(O)OMe  +  NaCl (15)

Either aliphatic or aromatic amine derivatives can be
synthesized in this way and characterized.[19] The subsequent
elimination of CO2 affords organic carbamates as in Equa-
tion (16).

RNHC(O)OC(O)OMe                RNHC(O)OMe  +  CO2 (16)

Again, the reaction per se may have a synthetic interest, but
the reagents used in Reaction (15) render it of no economic
interest.

C

O

O OR
PX

O

Y a)

b)

Scheme 2. Possible pathways
for CO2 elimination from the
mixed anhydrides.
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However, Reaction (15) provides a means for the isolation
of various MAB, which have been studied for the elimination
mechanism. By using labelled *CO2, the reaction has been
shown to occur according to the mechanism presented in
Scheme 3a, which represents a quite unique CO2-catalyzed
transesterification process. In fact, 13CO2 has been recovered

Scheme 3. CO2 catalysis in the formation of mixed anhydrides and their
reactivity.

at the end of the cycle and 13C NMR experiments have clearly
shown that no 13C was incorporated into the methylcarbamate
isolated in quantitative yield. This estimate is easily done by
comparing the intensity of the peaks for the carbamic C in
reactions with labelled and unlabelled CO2 by allowing the
decomposition reaction to occur in an NMR tube. The
reaction clearly takes place through a nucleophilic attack of
carbamic N at carbonic C (path a), Scheme 4) with expulsion

of 13CO2. The nucleophilic at-
tack by OR at 13C would also
have generated the carbamate,
but with 13C incorporation.
The global reaction is repre-
sented in Scheme 3a. A better
exploitation of this reaction to
a synthetic end is achieved by
performing the reaction of

amines with organic carbonates under a CO2 atmosphere.
As shown in Scheme 3b, CO2 behaves as a catalyst and mixed
anhydride MAB has a crucial importance in the formation of
the carbamates from amines and organic carbonates. The
catalytic property of CO2 is clearly demonstrated by kinetic
studies which have shown that in absence of CO2 the reaction
of amines with organic carbonates has an induction time
(Figure 2) of a few hours (c). The marked difference of
reactivity in presence (a) and absence of CO2 (c) stimulated us
to investigate and explain the reason for such behaviour.

We have shown that in absence of CO2, the organic
carbonate primarily acts as an alkylating/arylating (depending
on the nature of R) agent for the amine [Eq. (6)].[19]

This reaction eventually releases CO2, which is formed and
can be detected in the reaction medium. Once CO2 is formed,
it reacts with the amine and generates the carbamate, which,
in turn, produces MAB according to Scheme 5b. This explains
why the carbamation reaction starts with a long delay under
N2 with respect to the case of the reaction carried out under

Figure 2. Formation trend of aliphatic carbamates.

CO2 and why it can be accelerated under nitrogen by using
ammonium salts, which can speed up the formation of CO2

according to Reaction (17).

RNH3Cl  +  (R'O)2CO                RNH2  +  R'OH  +  CO2  +  R'Cl (17)

However, also if CO2 is not added to the amine/carbonate
system, there may be a CO2 catalysis, but obviously much less
important, due to the limited amount of CO2 formed
concurrently with the alkylation/arylation of the amine by
the organic carbonate.

Noteworthy under CO2 catalysis the alkylation/arylation of
the amine proceeds at a much less extent with respect to a
metal catalysed reaction, with a benefit for the whole process.
The usefulness of such synthetic methodology is demonstrat-
ed by the fact that it can be applied to the conversion of
functionalized amines, such as silylamines, into carbamates.
We have reported in a preliminary note[20, 21] that silylamines
of formula H2N(CH2)3Si(OMe)3, H2N(CH2)3Si(OEt)3, H2N-
(CH2)2NH(CH2)3Si(OMe)3, and H2NC(O)NH(CH2)2NH-
(CH2)3Si(OMe)3 can be selectively converted into the
corresponding carbamates MeO(O)CNH(CH2)3Si(OMe)3,
MeO(O)CNH(CH2)3Si(OEt)3, MeO(O)CNH(CH2)2NH-
(CH2)3Si(OMe)3, MeO(O)CNHC(O)NH(CH2)2NH(CH2)3-
Si(OMe)3 under mild conditions. The CO2 catalysis, which
bears to the formation of mixed anhydrides, appears to be
useful for substituting more drastic conditions and harsh
catalysts.

Mixed anhydrides MAA and MAB are, thus, quite useful
intermediates in a chemistry which is relevant to industrial
processes. They can be used for developing innovative
synthetic methodologies with both waste elimination at the
source and energy-saving costs.

Conclusion

We have shown that mixed anhydrides of formula XYP(O)O-
C(O)OR and RR�NC(O)OC(O)OR�� can be easily formed
under different conditions in which amines, an organic
carbonate and a phosphonic acid and/or CO2 are present.
They have an important role as intermediates in chemical

C
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O OR
CN

O
R

R'
a) b)

1213

Scheme 4. Elimination of CO2

from the mixed anhydride to
afford an organic carbamate.



Mixed Anhydrides 685±690

Chem. Eur. J. 2002, 8, No. 3 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0803-0689 $ 17.50+.50/0 689

syntheses, recalling the role of similar compounds in bio-
logical systems. Their formation represents the key step for
evolving selective synthesis of organic carbamates from
amines and organic carbonates in transesterification reactions
to be useful in obtaining industrially relevant compounds.

Experimental Section

All reactions and manipulations were carried out under an inert
atmosphere, by using vacuum line techniques. All solvents were dried as
described in the literature[22] and stored under N2.

IR spectra were obtained with a Perkin ±Elmer 883 spectrophotometer. 1H
and 13C NMR spectra were recorded with a Varian XL-200 spectrometer.
31P NMR shifts were referenced to the peak of H3PO4 (85%, ext. ref). GC/
MS analyses were carried out with a gas chromatograph Shimadzu 17A
(capillary column: 1000 (30 m� 0.00025 m, 0.25 �m thickness) detector
linked to a Shimadzu GCMS-QP 5050 mass. HPLC analyses were
performed with a Perkin Elmer Series 4LC connected with a LC 290
UV/Vis spectrophotometer detector.

The synthesis of Group 1 carbamates by using MBPh4, CO2 and amines has
been described in ref. [23].

Synthesis of the mixed anhydride Ph2P(O)OC(O)OMe : a) A solution of
Ph2P(O)Cl (0.39 mL, 2.05 mmol) in THF (10 mL) was added to NaO(O)-
COMe (0.201 g, 2.05 mmol), dispersed in THF (20 mL). The reaction
solution was stirred at 253 K for 24 h, then concentrated to half volume and
filtered at 273 K. The solvent was evaporated in vacuo and the residue, a
colorless oil, was identified as Ph2P(O)OC(O)OMe (396 mg, 70%). IR
(Nujol, KBr disks): �� � 1770 (s, br, �CO), 1591 (m), 1440 (s), 1250 cm�1 (s,
br); 1H NMR (CDCl3, 200 MHz, 293 K): �� 7.9 ± 7.3 (10H, Ar), 3.76 (s, 3H,
CH3); 13C NMR (CDCl3, 50.3 MHz, 293 K): �� 149.27 (brd, 2JCOP� 5.6 Hz,
OC(O)O), 132.99 (d, JCP� 2.8 Hz, Cpara), 131.59 (JCP� 10.8 Hz, Cortho),
128.71 (JCP� 14.2 Hz, Cmeta), 56.03 (CH3); 31P NMR (CDCl3, 50.3 MHz,
293 K): �� 31.7; elemental analysis calcd (%) for C14H13PO4: C 60.86, H
4.74, P 11.22; found: C 60.76, H 4.66, P 11.15.

b) ClC(O)OMe (0.201 g, 2.05 mmol) was added to a solution of Ph2P(O)O-
Na (0.39 mL, 2.05 mmol) in THF (10 mL). The reaction solution was stirred
at 253 K for 24 h, then concentrated to half volume and filtered at 273 K.
The filtered solvent was evaporated in vacuo and the residue, a colorless
oil, was identified as Ph2P(O)OC(O)OMe (396 mg, 70%). The 1H, 13C, 31P
NMR spectra were identical with those obtained for the sample isolated
according to procedure a). Elemental analysis calcd (%) for C14H13PO4: C
60.86, H 4.74, P 11.22; found: C 60.81, H 4.72, P 11.20.

Deactivation of the mixed anhydride Ph2P(O)OC(O)OMe : Ph2P(O)O-
C(O)OMe was prepared as described above in the paragraph a). At 293 K,
both in the pure state and in THF solution, the mixed anhydride slowly
decarboxylates and converts into Ph2P(O)OMe and CO2. The GC/MS of
the reaction solution shows the presence of the diphenylphosphinic acid
methyl ester (m/z 232) in the reaction mixture. At 373 K the decarbox-
ylation reaction is much faster and completed within a few minutes. The
same behaviour has been observed when Ph2P(O)C(O)OPh is used. Both
PhP(O)OMe and Ph2P(O)OPh have been used as catalysts in the trans-
esterification reactions replacing the free parent acid (see the following
paragraphs) and shown to have a quite different reactivity. Ph2P(O)OPh
still has good catalytic properties, while Ph2P(O)OMe is totally inactive.

Reaction of Ph2P(O)OC(O)OMe with aniline : The mixed anhydride
Ph2P(O)OC(O)OMe (1.57 g, 5.7 mmol) was treated with aniline (0.5 mL,
5.7 mmol) in THF at room temperature. The reaction immediately took
place and the phosphinic acid Ph2P(O)OH and the carbamate
PhHNCOOMe were formed. The aniline carbamate was isolated by
column chromatography, and shown identical with an authentic sample
synthesized by a different procedure.

Reaction of DPCwith aniline in the presence of Ph2P(O)OH–Synthesis of
N-phenylcarbamate : Ph2P(O)OH (0.118 mg, 0.54 mmol) was added to a
solution of aniline (1 mL, 11.4 mmol) and DPC (2.335 g, 10.9 mmol) in
THF (20 mL). The reaction mixture was stirred for 20 hours at 363 K, then
cooled to room temperature and concentrated under reduced pressure.
After addition of hexane (30 mL) the pure carbamate was isolated

(1.170 g, 50%). IR (Nujol, KBr disks): �� � 3321 (ms, br, �NH), 1715 (s,
�CO), 1597 (m-s), 1590 (m), 1530 (s), 1488 (m-s), 1443 (s), 1317 (m-s), 1260
(m), 1223 (s), 1201 (s), 790 (m-s), 755 (s), 724 (m), 694 cm�1 (s); 1H NMR
(CD2Cl2, 200 MHz, 293 K): �� 7.46 (m), 7.42 (m), 7.38 (m), 7.34 (m), 7.29
(m), 7.26 (m), 7.21 (m), 7.18 (m), 7.15 (tt). Addition of D2O reveals the NH
proton at around �� 7.1; 13C ATP NMR (CDCl3, 50.3 MHz, 293 K): ��
151.79 (br, C(O)O), 150.53 (Cipso, OPh), 137.36 (br, Cipso, NHPh), 129.43/
129.15 (Cmeta, OPh/Cmeta , NHPh)), 125.74 (Cpara , OPh), 123.91 (br, Cpara ,
NHPh), 121.68 (Cortho, OPh), 118.78 (br, Cortho, NHPh); elemental analysis
calcd (%) for C13H11NO2: C 73.22, H 5.20, N 6.57; found: C 73.52, H 5.24, N
6.40.

The same methodology has been used for the synthesis of mono- and
dicarbamates of MDA and TDA.[15]

Synthesis of PhCH2NHC(O)OC(O)OMe : A solution of PhCH2NH2

(1.0 mL, 0.981 g, 9.15 mmol) in diethyl ether (40 mL) was saturated with
CO2 at 233 K to afford benzylammonium carbamate, PhCH2NHCOO��

H3NCH2Ph. ClC(O)OMe (0.35 mL, 0.432 g, 4.57 mmol) was added to the
suspension. The reaction mixture was stirred for 4 h at 233 K under CO2,
then filtered. The mother solution was collected and evaporated in vacuo.
A white powder was obtained and identified as PhCH2NHC(O)O-
C(O)OMe. IR (Nujol, KBr disks): �� � 3360, 1805, 1740 cm�1 (s, br, �CO);
elemental analysis calcd (%) for C10H11NO4: C 57.41, H 5.30, N 6.69; found:
C 58, H 5.87, N 7.01.

Synthesis of N-benzylmethylcarbamate : A solution of PhCH2NH2 (1.0 mL,
0.981 g, 9.15 mmol) in DMC (10 mL) was prepared under N2 and then
saturated by bubbling CO2. A white precipitated identified as
PhCH2NH3

�PhCH2NHCO2
� was obtained. The reaction mixture was

heated at 363 K for 24 h. After cooling to room temperature, a small
amount of a white solid was isolated by filtration, which analyzed as
PhCH2NH3

�PhCH2NHCO2
�. The solution was collected and fractionated

on a silica gel column with diethyl ether/hexane (2:1 v/v) mixture as eluent.
After evaporation of the solvent, the pure carbamate was isolated (1.07 g,
71%). IR (Nujol, KBr disks): �� � 3374 (ms), 3350 (m, sh), 1715 (ms, sh),
1690 (vs), 1527 (vs), 1274 cm�1 (vs); 1H NMR (CDCl3, 200 MHz, 293 K):
�� 7.27 (m, 5H, Haromatic), 5.44 (br, 1H, NH), 4.31 (d, 2H; 3JHCNH� 5.32 Hz,
CH2), 3.64 (s, 3H, CH3); 13C NMR (CDCl3, 200 MHz, 293 K): �� 157.16
(sept, C(O)O; 3JCOCH� 3JCNCH� 3.8 Hz); 127.43, 127.41, 128.61, 138.60
(CAr); 52.20 (q; 1JCH� 146.58 Hz, CH3); 45.07 (br t, 1JCH� 137 Hz, CH2);
elemental analysis calcd (%) for C9H11NO2: C 65.45, H 6.67, N 8.48; found:
C 65.70, H 6.87, N 8.37; GC/MS: m/e : 165 [M]� , 150, 133, 121, 106, 91, 79, 77,
28.

Reaction of DMC with cyclohexylamine in the presence of 13CO2 : A
solution of CyNH2 (2 mL, 1.734 g, 1.75 mmol) in DMC (20 mL) was
prepared under N2 and then saturated with 13CO2 to give CyN-
H3

�CyNH13CO2
�. The reaction mixture was heated to 343 K. The pathway

of the reaction was monitored by GC/MS and IR spectroscopy. After 2 h
the main product was the cyclohexyl carbamate. IR (Nujol, KBr disks): �� �
3350 (s), 3320 (ms, sh), 1710 (s, sh), 1685 (vs), 1529 (vs), 1450 (vs), 1317 (v),
1275 (s), 1250 (s), 1228 (s), 1052 cm�1 (vs); GC/MS: m/e : 157 [M]� , 142, 114,
101, 82, 76, 59, 28.

The related mass spectrum showed the I(M�H)/I(M) isotope ratio which is
in agreement with the value expected for unlabelled carbamate. Moreover,
the IR spectrum of the isolated carbamate showed that 13CO2 was not
incorporated into the product.

In a similar manner several other aliphatic amines[24] and aminofunctional
silanes[20] were converted into their respective carbamates using organic
carbonates.

Kinetic studies to demonstrate the catalytic role of CO2 : The reaction flask
was a 30 mL tube sealed with a two-way valve which allowed withdrawing
of the solution with a chromatography syringe without no air contact. The
reaction was carried out using three different conditions.
1) PhCH2NH3

�PhCH2NHCO2
� (9.15 mmol) obtained from PhCH2NH2

and CO2; pCO2
� 0.1 MPa; DMC (20 mL);

2) PhCH2NH2 (18.3 mmol); PhCH2NH3Cl (9.06 mmol); pN2
� 0.1 MPa;

DMC (20 mL);
3) PhCH2NH2 (18.3 mmol); pN2

� 0.1 MPa; DMC (20 mL).
In all cases the reaction vessel was heated to 393 K. At fixed times, the
reaction mixture was cooled to room temperature and a sample analyzed
by HPLC. Data are represented in Figure 3. The complete kinetic study
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with evaluated �G�and isokinetic temperature estimation can be found in
ref. [24].

Kinetic measurements to study the formation trend of mono- and
dicarbamate of MDA and TDA in the presence of P acids : The reaction
was performed into a 25 mL tube equipped with a two-way valve as
reported above. Amine (0.267 g, 1.35 mmol) was added into the reactor
containing Ph2P(O)OH (0.0299 g, 0.135 mmol). The carbonate (DPC) or
THF (when the carbonate was MPC) were used as solvent. The reaction
was carried out at 363 K. At intervals of time a sample was withdrawn and
analyzed by HPLC.

[1] W. B. Knight in Enzymatic and Model Reaction for Carbon Dioxide
Carboxylation and Reduction Reactions (Eds.: M. Aresta, J. V.
Schloss), Elsevier, 1990, pp. 239 ± 258.

[2] a) D. P. N. Satchell, Q. Rev. 1963, 17, 160 ± 203; b) E. Guibe¬-Jampel, Z.
Chalecki, M. Bassir, M. Gelo-Pujic, Tetrahedron 1996, 52, 4397 ± 4402;
c) M. M. Vaghefi, K. A. Langley, Tetrahedron Lett. 1996, 37, 4853 ±
4856.

[3] a) J. Tsuji, J. Kiji, S. Imamura, M. Morikawa, J. Am. Chem. Soc. 1964,
86, 4350 ± 4353; b) K. Kikukawa, K. Kono, K. Nagira, F. Wada, T.
Matsuda, J. Org. Chem. 1981, 46, 4413 ± 4416; c) E. C. Taylor, G. W.
McLay, J. Am. Chem. Soc. 1968, 90, 2422 ± 2423; d) A. C. Duckworth,
J. Org. Chem. 1962, 27, 3146 ± 3148.

[4] a) M. H. Karger, Y. Mazur, J. Org. Chem. 1971, 36, 528 ± 531; b) M. H.
Karger, Y. Mazur, J. Org. Chem. 1971, 36, 532 ± 540; c) W. D. Emmons,
K. S. McCallum, A. F. Ferries, J. Am. Chem. Soc. 1953, 75, 6047 ± 6048.

[5] M. J. Ahlmark, J. J. Vepsalainen, Tetrahedron 2000, 56, 5213 ± 5219.
[6] F. Rivetti, U. Romano, M. Sasselli (ECS), US Patent 4514339, 1985 ;

[Chem. Abstr. 1985, 102, 9546w].
[7] J. Barthelemy, Lyon Pharm. 1986, 37, 6; J. Barthelemy, Lyon Pharm.

1986, 37, 249 ± 263.
[8] W. Tai-The, J. Huang, N. D. Arrington, G. M. Dill, J. Agric. Food

Chem. 1987, 35, 817.
[9] a) M. Aresta, E. Quaranta, C. Berloco, Tetrahedron 1995, 51, 8073 ±

8088; b) M. Aresta, E. Quaranta, Chem. Tech. 1997, March, 32 ± 40;
c) W. McGhee, D. Riley, K. Christ, Y. Pan, B. Parnas, J. Org. Chem.
1995, 60, 2820 ± 2830; d) S. J. Skoog, W. L. Gladfelter, J. Am. Chem.
Soc. 1997, 119, 11049 ± 11060.

[10] U. Romano, F. Vimercate, S. Rivetti, N. Di Muzio (ENIChem), US
Patent 4318862, 1982 [Chem. Abstr. 1982, 95, 80141w]; U. Romano
(ENIChem), EP Patent 365083, 1989 [Chem. Abstr. 1990, 113,

97039g]; N. Di Muzio, C. Fusi, S. Rivetti, G. Sasselli (ENIChem),
EP Patent 460732, 1991 [Chem. Abstr. 1992, 116, 62045r]; G. Paret, G.
Donati, M. Ghirardini (ENIChem), EP Patent 460735, 1991 [Chem.
Abstr. 1992, 116, 62046s]; D. Dreni, S. Rivetti, D. Delledonne
(ENIChem), US Patent 5322958, 1994 [Chem. Abstr. 1994, 120,
76901m]; S. Rivetti, U. Romano, G. Garone, M. Ghirardini (ENI-
Chem), EP Patent 634390, 1995 [Chem. Abstr. 1995, 122, 8100w].

[11] K. Nishihira, K. Mizutare, S. Tanaka (Ube Ind. Ltd.), EP Patent
425197, 1991 [Chem. Abstr. 1991, 115, 136770w]; T. Matsuzaki, T.
Shimamura, S. Fujitsu, Y. Toriyahara (Ube Ind. Ltd.), US Patent
5292916, 1994 [Chem. Abstr. 1994, 117, 47917d]; K. Nishihira, S.
Tanaka, K. Kodama, T. Kaneko, T. Kawashita, Y. Nishida, T.
Matsuzaki, K. Abe (Ube Ind. Ltd.), US Patent 5380906, 1995 [Chem.
Abstr. 1995, 117, 194021k]; S. Yoshida, S. Tanaka (Ube Ind. Ltd.), EP
Patent 655433, 1995 [Chem. Abstr. 1995, 123, 86588r].

[12] F. Porta, S. Cenini, M. Pizzotti, C. Crotti, Gazz. Chim. Ital. 1985, 115,
275 ± 277.

[13] V. Rubio, Biochem. Soc. Trans. 1993, 21, 198 ± 202.
[14] a) M.Aresta, P. Giannoccaro, N. Ravasio, J. Organomet. Chem. 1993,

451, 243 ± 248; b) M. Aresta, P. Giannoccaro, I. Tommasi, A.
Dibenedetto, A. Manotti, F. Ugozzoli, Organometallics 2000, 19,
3879 ± 3889.

[15] M. Aresta, E. Quaranta, A. Dibenedetto, Tetrahedron 1998, 54,
14145 ± 14156.

[16] M. Aresta, E. Quaranta, A. Dibenedetto, Green Chem. 1999, 237 ±
242.

[17] M. Aresta, A. Bosetti, E. Quaranta, Ital. Pat. Appl. 002202, 1996.
[18] C. S. Dean, D. S. Tarbell, J. Org. Chem. 1971, 36, 1180 ± 1183.
[19] M. Aresta, E. Quaranta, Tetrahedron 1991, 47, 9489 ± 9502.
[20] M. Aresta, E. Quaranta, A. Dibenedetto, I. Tommasi, B. Marciniec,

Appl. Organomet. Chem. 2000, 14, 871 ± 873.
[21] M. Aresta, A. Dibenedetto, E. Quaranta 220th National Meeting,

ACS, Washington D.C., August 20 ± 24, 2000.
[22] D. D. Perrin, W. L. F. Armarego, D. R. Perrin Purification of Labo-

ratory Chemicals, Pergamon Press, Oxford, England, 1986.
[23] M. Aresta, A. Dibenedetto, E. Quaranta, J. Chem. Soc. Dalton Trans.

1995, 3359 ± 3363.
[24] M. Aresta, A. Dibenedetto, E. Quaranta, M. Boscolo, R. Larsson, J.

Mol. Catal. 2001, 174, 7 ± 13.

Received: July 24, 2001 [F3436]


