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A new electrochemical procedure for the synthesis of organic carbamates from amines and carbon dioxide
has been developed using selective cathodic reduction of carbon dioxide-se@@ated room-temperature

ionic liqguid BMIm-BF, solutions containing amines 4§ followed by addition of Etl as an alkylating

agent. The synthesis was carried out under nilgh{= 1.0 atm,t = 55 °C) and safe conditions, and the

use of volatile and toxic solvents and catalysts (according to the growing demand for ecofriendly synthetic
methodologies), as well as of any supporting electrolyte (for a very easy workup of the reaction mixture),
was avoided. Carbamat@s—j were isolated in good to high yields.

Introduction Nevertheless, the reactivity of carbamate anion versus the
alkylating reagent (O-alkylation or N-alkylation) is strongly
The chemistry of organic carbamat@souses a continuous  affected by the nature of the ion pair, i.e., carbamate anion
and strong interest in many researchers, concerning both newmetal cation or carbamate anienonmetal cation. Metal
synthetic pathways and practical applications (synthesis of carbamates give predominantly nitrogen-derived products (N-
pharmaceuticals, agricultural chemistry, protective groups for alkylation with elimination of carbon dioxid&and are converted
the amine function, etc?.In recent years, efforts have been into organic carbamates (O-alkylation) in low to moderate yields
directed toward the use of carbon dioxide, a safe and abundanionly under drastic conditionsto obtain acceptable values of
source of carbof,as a possible raw material in the synthesis carbamate yield, the use of crown ethers is necessary.
of linear and cyclic carbamatem place of toxic and harmful Consequently, to establish an efficient procedure of the
classical reactives (phosgene and its derivatives). Consequentlysynthesis of carbamates via reaction of ami#teSO, + alkyl
alternative ecofriendly routes carried out by direct incorporation halides, one of the key problems is identification of the
of CO; into amines, yielding the carbamate anion, and alkylation conditions suitable to promote O-alkylation versus N-alkylation.
(via alkyl halides) of this intermediate anion have been  Some electrochemical procedures for the synthesis of organic

established. carbamates from amines and £@ the organic solvents CH
CN and DMF, containing tetraalkylammonium salts as sup-
t Universita“La Sapienza’. porting electrolytes) have been reported. These syntheses were
*Universitadegli Studi. carried out by cathodic reduction of G& of a mixture Q

§ Universitadi Roma Tre.

(1) (a) For a comprehensive review on organic carbamates, see: Adams,
P.; Baron, F. AChem. Re. 1965 65, 567—-602. (b) Aresta, M.; Quaranta,
F. In Proceedings of the International Conference on Carbon Dioxide (2) Feroci, M.; Casadei, M. A.; Orsini, M.; Palombi, L.; Inesi, ;A.Org.
Utilization, Bari, Italy, 1993 Department of Chemistry, University of Chem.2003 68, 1548-1551 and refs 24 therein.

and CQ,° of a suitable probas¥, or of the supporting

Bari: Bari, Italy, 1993; pp 6377 and references therein. (c) Babad, H.; (3) For the general strategy for G@xation in organic substrates, see:
Zeiler, A. G.Chem. Re. 1973 73, 75-91. (d) Rossi, L. InScience of (a) Aresta, M.; Dibenedetto, ACatal. Today2004 98, 455-462 and
Synthesis: HoubenWeyl Method of Molecular TransformatipKnight, references therein. (b) Omae, Catal. Today2006 115 33—52 and
J. C., Ed.; George Thieme Verlag: Stuttgart, Germany, 2005; Vol. 18, pp references therein. (c) Song, Catal. Today2006 115 2—32 and references
461-648. therein.
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SCHEME 1
o
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R ‘ PhCH, | PhCH, | ¢-C;Hy3 | ¢-CgHyy | c-CsHg | Ph(CH,); | ¢-CgH,,CH, | CH,=CHCH, | Ph |4-C1-Ph
R | H | CH; H | H | H | H | H | H | H | H

electrolyte-solvent system.In any case, after addition of Etl

Room-temperature ionic liquids [RTILs; e.g., salts of qua-

as an alkylating agent, the carbamates were isolated from theternary ammonium, phosphonium, imidazolium, or pyridinium
cathodic solutions in good or high yields. Therefore, under the cations with inorganic counterions (BF, (PF)~, (CRSGs),

above-indicated experimental conditions (i.e., in organic solvents etc.] are molten salts with melting points close to room
containing large nonmetal cations such as tetraalkylammoniumtemperaturé? In recent years, RTILs, because of their low vapor
ions), the O-alkylation reaction of the carbamate anions (yielding pressure, chemical and thermal stability, solvating ability,

organic carbamates) is strongly competitive with the N-
alkylation reaction (yieldindN-ethylamines).

Nevertheless, the use of volatile and toxic solvents{CH]

nonflammability, and ability to act as catalysts, have been
frequently used as “green” reaction media in clean organic
synthetic processes as substitutes for conventional toxic and

DMF, etc.) and of large amounts of supporting electrolytes Volatile solvents.

makes more complex the workup of the reaction mixture

Recently, chemical fixation of carbon dioxide with epoxides

targeted at the isolation of the products and the recovery of thein RTILs to form cyclic carbonates has been described (tem-

solvents. In addition, with the growing demand of environmental

perature, 110C; CO; pressure, 1.5 MP; catalyst, Znttime,

friendly technologies, any effort should be devoted to avoid the 1.0 h)!! In addition, 5-methylene-1,3-oxazolidin-2-ones were

use of volatile and damaging solvents.

(4) For reviews on the utilization of GOn the synthesis of organic
carbamates, see: (a) Chaturvedi, D.; RayM8natsh. Chem2006 137,
127—-145. (b) Belli Del’Amico, D.; Calderazzo, F.; Labella, L.; Marchetti,
F.; Pampaloni, GChem. Re. 2003 103 3857-3897. In addition: (c)
Srivastava, R.; Srinivas, D.; Ratnasamy, TRetrahedron Lett2006 47,
4213-4217. (d) Chaturvedi, D.; Ray, $onatsh. Chem2006 137, 459—
463. (e) Feroci, M.; Orsini, M.; Sotgiu, G.; Rossi, L.; Inesi, A. Org.
Chem. 2005 70, 7795-7798. (f) Selva, M.; Tundo, P.; Perosa, A.;
Dall’Acqua, F.J. Org. Chem2005 70, 2771-2777. (g) Fidlich, J.; Berger,
S. Synlett2005 2522-2524. (h) Sudo, A.; Morioka, Y.; Sanda, F.; Endo,
T. Tetrahedron Lett2004 45, 1363-1365. (i) Dinsmore, C.; Mercer,
S. P.Org. Lett. 2004 6, 2885-2888. (j) Tang, Y.; Zakharov, L. N.;
Rheingold, A. L.; Kemp, R. AOrganometallics2004 23, 4788-4791.
(k) Srivastava, R.; Manju, M. D.; Ratnasamy,Gatal. Lett.2004 97, 41—
47. (I) Mormeneo, D.; Llebaria, A.; Delgado, Aetrahedron Lett2004
45, 6831-6834. (m) Bratt, M. O.; Taylor, P. Cl. Org. Chem2003 68,
5439-5444,

(5) (a) Chaturvedi, D.; Ray, SMonatsh. Chem2006 137, 201—206.
(b) Srivastava, R.; Srinivas, D.; RathasamyABpl. Catal. A: Gen2005
289 128-134. (c) Srivastava, R.; Srinivas, D.; Ratnasamy,) PCatal.
2005 233 1-15. (d) Peez, E. R.; Odnicki da Silva, M.; Costa, V. C.;
Rodrigues-Filho, U. P.; Franco, D. Wetrahedron Lett2002 43, 4091~
4093. (e) Salvatore, R. N.; Shin, S. I.; Nagle, A. S.; Jung, K.JWOrg.
Chem.2001 66, 1035-1037. (f) Salvatore, R. N.; Ledger, J. A.; Jung,
K. W. Tetrahedron Lett2001, 42, 6023-6025. (g) Salvatore, R. N.; Chu,
F.; Nagle, A. S.; Kapxhiu, E. A.; Cross, R. M.; Jung, K. WWetrahedron
2002 58, 3329-3347 and references therein. (h) McGhee, W.; Riley, D.;
Christ, K.; Pan, Y.; Parnas, B. Org. Chem1995 60, 2820-2830.

(6) Yoshida, Y.; Ishii, S.; Watanabe, M.; YamashitaBLill. Chem. Soc.
Jpn.1989 62, 1534-1538.

(7) Hori, Y.; Nagano, Y.; Nakao, J.; Fukuoka, T.; Taniguchi,Ghem.
Expressl986 1, 224-227.

(8) (a) Belforte, A.; Calderazzo, B. Chem. Soc., Dalton Tran$989
1007-1009. (b) Aresta, M.; Quaranta, E Org. Chem1988 53, 4154—
4156. (c) Aresta, M.; Quaranta,JEChem. Soc., Dalton Trans992 1893-
1899. (d) Aresta, M.; Quaranta, Eetrahedron1992 48, 1515-1530.

(9) (a) Casadei, M. A.; Inesi, A.; Micheletti Moracci, F.; RossiGhem.
Commun.1996 2575-2576. (b) Casadei, M. A.; Micheletti Moracci, F.;
Zappia, G.; Inesi, A.; Rossi, L1. Org. Chem1997, 62, 6754-6759. (c)
Feroci, M.; Inesi, A.; Rossi, LTetrahedron Lett200Q 41, 963—966.

isolated via reaction of propargyl alcohols, aliphatic primary
amines, and C&in ionic liquids under relatively mild conditions
(temperature, 100C; CO; pressure, 2.5 MPa; catalyst, CuCl;
time, 10 h)!?

In addition to the above-reported properties, RTILs show a
high ionic conductivity and a wide electrochemical potential
window 13 Accordingly, ionic liquids have been frequently used
as electrolytes for studies related to organic electrosynthesis and
to the evaluation of the redox behavior of electroactive
substrates? as well as metal deposition, batteries, photovoltaic
devices, fuel cells, and solar celf&:c As concerns electro-

(10) (a)lonic Liquids in SynthesjaVasserscheid, P., Welton, T., Eds.;
Wiley-VCH: New York, 2003. (b) Zhao, H.; Malhotra, S. Ydrichimica
Acta2002 35, 75-83. (c) Sheldon, RChem. Commur2001, 2399-2407.

(11) Sun, J.; Fujita, S.-l.; Arai, MJ. Organomet. Chen2005 690,
3490-3497. (b) Xiao, L.-F.; Li, F.-W.; Peng, J.-J.; Xia, C.-6.Mol. Catal.

A: Chem.2006 253 265-269. (c) Zhang, S.; Chen, Y.; Li, F,; Lu, X,;
Dai, W.; Mori, R. Catal. Today2006 115 61—69.

(12) (a) Gu, Y.; Zhang, Q.; Duan, Z.; Zhang, J.; Zhang, S.; Deng,
Y. J. Org. Chem2005 70, 7376-7380. (b) Zhang, Q.; Shi, F.; Gu, Y.;
Yang, J.; Deng, YTetrahedron Lett2005 46, 5907-5911.

(13) For reviews, see: (a) Buzzeo, M. C.; Evans, R. G.; Compton,
R. G.Chem. Phys. Chen2004 5, 1106-1120. (b) Kroon, M. C.; Buijs,
W.; Peters, C. J.; Witkamp, G.-Green Chem2006 8, 241-245. (c) Bhatt,

A. I.; Bond, A. M.; MacFarlane, D. R.; Zhang, J.; Scott, J. L.; Strauss,
C. R.; lotov, P. |.; Kalcheva, S. \Green Chem2006 8, 161—-171.

(14) (a) Yang, H.; Gu, Y.; Deng, Y.; Shi, Ehem. Commur2002 274~
275. (b) Barhdadi, R.; Courtinard, C.;"Neec, J. Y.; Troupel, MChem.
Commun2003 1434-1435. (c) Sweeny, B. K.; Peters, D. Blectrochem.
Commun.200% 3, 712-715. (d) Mellah, M.; Gmouh, S.; Vaultier, M.;
Jouikov, V. Electrochem. Commur2003 5, 591-593. (e) Gaillon, L.;
Bedioui, F.Chem. Commur2001, 1458-1459. (f) Naudin, E.; Ho, H. A.;
Branchaud, S.; Breau, L.; Belanger, D Phys. Chem. B002 106, 10585~
10593. (g) Sekiguchi, K.; Atobe, M.; Fuchigami, BElectrochem. Commun.
2002 4, 881-885. (h) Lagrost, C.; Hapiot, P.; Vaultier, NGreen Chem.
2005 7, 468-474. (i) Fry, A. J.J. Electroanal. Chen003 546, 35—39.

(g) Zhang, D.; Okajima, T.; Matsumoto, F.; Ohsaka,JT Electrochem.
Soc.2004 151, D31-D37.
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chemically promoted C@fixation, the synthesis of cyclic

Feroci et al.

TABLE 1. Reactivity of Amine 1la versus Electrochemically

carbonates from epoxides in ionic liquids has been reported byActivated COz in BMim-BF 42 Effect of Q" and Cathode Material on

Deng et a4

Conversely, as far as we know, investigations concerning
chemical fixation of carbon dioxide with amines in ionic liquids
(to form linear carbamates) have not been reported. With this
in mind, we began studying the reactivity of aliphatic and
aromatic amines in electrolyzed G®aturated RTIL solutions.
The aim of this investigation was to set up an alternative
methodology for the synthesis of linear carbamates via elec-
trochemically induced €N bond formation from amines and
carbon dioxide. The synthesis was carried out in an RTIL (i.e.,
in the absence of the conventional solvestipporting electro-
lyte system) by cathodic activation of GQunder mild condi-
tions (temperature, 55C; CO, pressure, 1.0 atm) and without
catalysts.

Results and Discussion

The reactivity of amines versus electrochemically activated
CO; in an RTIL was analyzed according to the following
procedure. A solution of ionic liquid 1-butyl-3-methylimida-
zolium tetrafluoroborate (BMIm-Bff containing amine 1, with
continuous bubbling of C& was electrolyzed under potentio-
static control in a divided cell§ = —2.4 V vs Ag electrodet
= 55°C). At the end of electrolysis, after,Nbubbling for 1.0
h to eliminate residual C&an excess of Etl, as an alkylating

the Nature and Yield of Products

products (yield, %)

entry Q cathode 2a 3a 4a
1 0.0 - - 13 62
2 1.0 Cu 5 14 54
3 15 Cu 28 - 45
4 2.0 Cu 36 38
5 25 Cu 55 5 18
6 3.0 Cu 61 - 15
7 35 Cu 61 - 13
8 4.0 Cu 63 - 10
9 1.0 Pt 10 13 54
10 15 Pt 23 21 48
11 2.0 Pt 38 11 44
12 25 Pt 57 - 32
13 3.0 Pt 80 - -
14 35 Pt 82 - -
15 4.0 Pt 82 - -
16 3.0 NH 60 - 26
17 2.0 Pt 27 19 59
18 2.0 Pt 32 14

aNumber of faradays per mole of amine supplied to the electrodes.
b Electrolyses carried out under potentiostatic contEo(—2.4V, vs Ag),
divided cell, Pt anode, 5%C, in the presence of 1a, with continuous £O
bubbling. Etl added at the end of the electrolysegields of isolated
products, based on starting F&&£ = —2.7 V vs Ag.© Amine la added to
the cathodic solution after the end of the electrolys@athodic solution
extracted only with diethyl ether.

agent, was added. Workup of the cathodic solution (see yerived carbonate (with loss of CO) and oxalate anins.

Experimental Section) provided the corresponding CarbamateConsequently

2 (O-alkylation product) and alkylated amin@sand 4 (N-
alkylation products) (Scheme 1).

To optimize the experimental conditions for the electrochemi-

the carboxylation of amines to carbamate anions
might be related to the presence, in BMIm-Bif the CQ/
COz%~ system.

To ascertain the specific roles of GO anion and of neutral

cal synthesis of carbamates (i.e., high yields of carbamates 2,00, an alternative procedure was set up. The electrolysis of a
absence of alkylamineésand4 as possible byproducts and high CO,-saturated BMIm-BE solution was carried out in the
current yields), the influence of various parameters was checked;psence ofla. At the end of the electrolysis, and after a

using aminela as a model compound (Table 1). Accordingly,

prolonged bubbling of M(until complete CQelimination),la

several electrolyses were carried out using different numbers,, 1< added to the cathodic solution. The usual workup, after

of faradays per mole of amine supplied to the electrod®s (
different cathode materials, different workups of the cathodic
solutions, and different procedures (see below). The yields of
isolated products depend, inter alia, on the amount of electricity
supplied to the electrodes during the reduction o, @OCO,".

In fact, using a Cu cathode as well as a Pt cathode, the
chemical yield of isolated 2a increases with increasihghe
yields of isolated3a and 4a move in the opposite direction,
i.e., decrease with increasi@(Table 1, entries 26 and 9-13).

The yield of2a remains almost unchanged above 3.0 FThol

addition of Etl, provided carbamatza. The yield of isolated
2aby this alternative procedur®(= 2.0 F mol'%; 1laadded at
the end of the electrolysis, after the elimination of @
comparable to that obtained by the previous proced@re=(
2.0;laadded in the presence of GO able 1, entry 11 vs entry
17). Consequently, the carboxylating power in BMImiBF
solutions of C@~ anion versus amines is unrelated to the
presence of neutral GO

Last, when the alkylating agent Etl was added to the catodic
solution after a high supply of currer®(> 3.0 Fmoi?), i.e. in

in accordance with a notable decrease of the current efficiency e presence of an excess of £0anions, carbamate 2a was

(Table 1, entries 68 and 13-15). The maximum chemical yield

of 2a(80%, in the absence of byprodu@sand4a) is obtained
(using a Pt cathode) at 3.0 F per mole2# (Table 1, entry
13). Further changes of the cathode material (Ni instead of Cu
or Pt) do not increase the chemical yields of isol&2aqTable

1, entry 16).

To evaluate the nature of the carboxylating agent, it should
be considered that carbamates were isolated only frorp- CO
saturated BMIm-BFr electrolyzed solutions containing 1a and
not from nonelectrolyzed solutions (Table 1, entries62vs
entry 1). The cathode potentidt & —2.4V vs Ag electrode)
is negative enough to induce the selective reduction of ©O
CO»~.1421n aprotic solvents, the radical anion g0 yields,
via CO;~—CO, and CQ*~—COy~ coupling reactions, the

202 J. Org. Chem.Vol. 72, No. 1, 2007

isolated in high yields, and alkylated amings and 4a were
completely absent (Table 1, entries115). Therefore, BMIm-
BF, enhances the nucleophilic nature of the oxygen center of
the carbamate anion and promotes O-alkylation with respect to
N-alkylation. (O-alkylation is a completely selective reaction
versus Etl.) As previously reported, in BMIm-BRhe interac-
tion between the carbamate anion and the BMiIcation (a

(15) (a) Peez, E. R.; Garcia, J. R.; Cardoso, D. R.; McGarvey, B. R;
Batista, E. A.; Rodrigues-Filho, U. P.; Vielstich, W.; Franco, D. W.
J. Electroanal. ChenR005 578 87—94. (b) Lamy, E.; Nadjo, L.; Saet,
J.-M. J. Electroanal. Chem1977, 78, 403—407. (c) Gennaro, A.; Isse,
A.-A.; Severin, M.-G.; Vianello, E.; Bhugun, |.; Saaet, J.-M.J. Chem.
Soc., Faraday Trans1996 92, 3963-3968. (d) Amatore, C.; Saaet,
J.-M.J. Am. Chem. S0d.981 103 5021-5023.
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TABLE 2. Synthesis of Carbamates 2 via Reaction of Amine 1 into ethyl carbanilat®i in only moderate yield (38%, Table 2,
with Electrochemically Activated CO, in BMIm-BF 4,2 Followed by entry 9). Last, in accordance with a considerable substituent
Addition of Etl ( Q = 3.0 F mol-LP Pt Cathode) - . .
effect, p-chloroanilinelj was converted into ethyl carbamate
entry amine carbamate yi€lo) 2j in good yield (76%, Table 2, entry 10).
1 la 2a 80
2 1b 2b 87 Conclusions
3 1c 2c 85 . .
4 1d 2d 76 In conclusion, a new electrochemical procedure for the
5 le 2e 78 synthesis of organic carbamates from amines and carbon dioxide
6 1f 2f 83 has been established by selective cathodic reduction of carbon
g iﬁ gﬁ ;‘31 dioxide in CQ-saturated BMIm-BEF solutions containing
9 1 2i 38 amines laj, followed by addition of Etl as an alkylating agent.
10 1j 2j 76 The use of volatile and toxic solvents and catalysts (according
aExperimental conditions described in Table 1, footnot& lMumber to the growing demand Of, ecofriendly synthetic methodologies),
of faradays per mole of amine supplied to the electrogli¥elds of isolated as well as of any supporting electrolyte (for a very easy workup
carbamates based on starting amines. of the reaction mixture), has been avoided. The synthesis was

carried out under mild condition®¢o, = 1.0 atm,t = 55°C),

and carbamate@a—j were isolated in good to high yields.
Further investigations using different classes of RTILs and
alkylating agents, to establish the scope and the generality of
this procedure, are in progress.

highly polarizable organic counterion) is not significant enough
to depress the oxygen nucleophilicity and the carbamate anion
can be considered as a “naked” anion with a strong oxygen
nucleophilicity versus Eff" As concerns this problem, it must
be considered that, although carbanizdevas not obtained at

all from nonelectrolyzed C@saturated BMIm-BE solutions
containing aminela, the alkylated amine8a and 4a were Typical Experiment. The potentiostatic electrolysis was per-
isolated in good yields (Table 1, entry 1). In additiGa,(22% formed in a divided glass cell (Pt spiral cathode and anode;_apparent
yield) and4a (32%) were also obtained by us via simple addition 2"€& 0.8 ¢ volume of catholyte and anolyte, 1 mL) using an
of Etl to BMIm-BF; solutions containinda in the absence of Amel model 552 potentiostat equipped with an Amel model 572

16 . . o integrator. The third electrode was an Ag wire, and it was used as
CO,. " Consequently, the formation 82 and4a, via addition a quasireference electrofe(All potentials are given with respect

of Etl to electrolyzed C@saturated RTIL solutions containing (4 ths reference electrode.) Anolyte and catholyte were separated

Experimental Section

1a, might be related to the direct alkylation of unreactid  through a G-5 glass septum. The electrolysis was carried out under
unrelated to the N-alkylation of the carbamate anion (which is carbon dioxide atmosphere at 55, at a constant potential &=
not competitive). —2.4 V, on a solution of aminéa (1 mmol) in 1 mL of BMIm-

To test the effectiveness and generality of this methodology, BFs At the end of the electrolysis, Etl was added in 3-fold molar
we extended the investigation to amiriés-j, carrying out the excess, and the catholyte was allowed to stand at room temperature,
; fo . i der stirring, for 2 h. The reaction mixture was washed with
reactions under optimized conditions (see Table 1, entry 13). Y" ' T
With all amines, carbamates were obtained. Moreover, the yieldsaqueous NaHCEX10 mL) and extracted with diethyl ether (35

o . mL), and the combined organic layers were dried over anhydrous
were strongly affected by the nucleophilicity of the amine, as N&SQ.. After the solvent had been removed under reduced

previously reported. pressure, produca was purified using flash chromatography: (
In fact, carbamates 2é& were obtained in good to high yields  hexane/ethyl acetate 8/2). The product spectral data were in
(76—87%) from primary La,c—h) and secondarylp) aliphatic accordance with those reported in the literattire.

amines (Table 2, entries-B), whereas aniline 1i was converted R .
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