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The synthesis of ureas from amines has traditionally been
accomplished with stoichiometric reactions of phosgene or
its derivatives, which are associated with environmental and
waste disposal issues. Because of the prevalence of urea moi-
eties in molecules of interest for several applications, alterna-
tive catalytic routes for the oxidative conversion of amines to

Introduction

The development of new synthetic protocols for the prep-
aration of ureas has recently attracted interest because of
the presence of this functional group in pharmaceutical
candidates,[1–5] agrochemicals, resin precursors, dyes and
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ureas using CO as the carbonyl source have been developed.
This microreview discusses recent developments in transition
metal-catalyzed oxidative carbonylation of amines to ureas
as an alternative to phosgene and its derivatives.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

additives to petrochemicals and polymers.[6] The classical
syntheses of ureas from amines have been based on the use
of toxic and/or corrosive reagents, such as phosgene or iso-
cyanates.[7,8] In recent years, however, alternative routes
have been developed that utilize phosgene derivatives, CO2,
or CO itself as the source of the carbonyl moiety.[9] Particu-
larly attractive from the standpoint of atom economy[10] is
oxidative carbonylation,[11,12] which employs amines, car-
bon monoxide and an oxidant as starting materials and
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produces only the reduced form of the oxidant and protons
as byproducts.

In an effort to develop new methodologies for preparing
moieties with carbonyl–nitrogen bonds, metal-catalyzed
carbonylation of amines has been extensively studied.
Mono- and dicarbonylations of amines catalyzed by
Mn,[13,14] Fe,[15] Co,[16,17] Ni,[18,19] Ru,[20–23] Rh,[23,24]

Pd,[25–34] W,[35–40] Pt,[41] Ir,[41] or Au[42,43] have been re-
ported, and many different types of products, including
ureas,[14,16,18,23,44] urethanes,[45] oxamides,[46] form-
amides,[47–51] and oxazolidinones,[52] have been obtained.
These carbonylations have generally been carried out at
high temperatures under moderate-to-high pressures of CO
and efforts to find catalysts that are effective under mild
conditions continue. This microreview highlights some se-
lected recent advances in the transition metal catalyzed oxi-
dative carbonylation of amines to ureas.

1. Palladium-Catalyzed Oxidative Carbonylation
of Amines

Carbonylation of amines using Pd catalysts has been ex-
tensively studied since Tsuji reported the first Pd-catalyzed
carbonylation of amines in 1966.[34] Methods for oxidative
carbonylation using PdCl2 as catalyst with copper oxidants
or O2 as the terminal oxidant and CuX or CuX2 as a medi-
ator have been developed for preparation of ureas,[53–55] car-
bamates,[25,56] and oxamides.[25,44,57,58] Since a recent review
of Pd-catalyzed reactions is available,[12] this Microreview
will highlight a few selected examples.

1.1. Homogeneous Carbonylation of Amines to Ureas

Fukuoka[59] and Chaudhari[60] reported the oxidative
carbonylation of alkylamines using Pd/C as catalyst and io-
dide salts as promoters in the presence of O2, which af-
forded the corresponding ureas and/or carbamates in good
yields. Related results have been reported by Gabriele[61] for
the oxidative carbonylation of amines using PdI2 and O2,
which led to formation of ureas, carbamates, and their cy-
clic derivatives in good yields. New conditions for the PdI2-
catalyzed oxidative carbonylation of amines to ureas [Equa-
tions (1) and (2)], afforded ureas in high yields with turn-
over numbers as high as 4950.[28,62] Carbonylations of pri-
mary aliphatic amines [Equation (1), R = alkyl] were car-
ried out at 100 °C under a mixture of CO, air, and CO2 in
the presence of a simple catalytic system consisting of PdI2

in conjunction with a KI promoter. In the absence of CO2,
less satisfactory results were obtained.[62] The choice of sol-
vent was critical to product selectivity. Monocarbonylation
to the urea was favored in dioxane or 1,2-dimethoxyethane
(DME), while double carbonylation to the oxamide pre-
dominated in the more polar solvents N,N-dimethylacet-
amide (DMA) or N-methylpyrrolidinone (NMP). The selec-
tivity was attributed to higher nucleophilicity of the amine
substrates in DMA or NMP, which favors the formation of
Pd(CONHBu)2 species that generate the oxamide by re-
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ductive elimination. Primary aromatic amines [Equa-
tion (1), R = Ar] were generally less reactive than primary
aliphatic amines under these conditions but addition of an
electron-donating methoxy group increased the nucleophi-
licity of the aromatic amine enough to improve the activity.

(1)

(2)

The mechanism for the carbonylation of primary amines
was examined in more detail after it was determined that
the secondary amines diethylamine, dibutylamine, and
morpholine were unreactive under the same conditions. The
difference in reactivity was attributed to the formation of
isocyanate intermediates from the primary amine, with car-
bamoylpalladium complex 1 formed in preequilibrium with
starting materials (Scheme 1). In agreement with this hy-
pothesis, isocyanates were detected (by GLC, TLC, and
GLC/MS) in the reaction mixtures in low-conversion ex-
periments. Under these conditions, Pd0 is reoxidized to PdII

by oxidative addition of I2, which is regenerated through
oxidation of HI by oxygen.

Scheme 1.

This catalytic system proved to be effective for the syn-
thesis of cyclic ureas from the corresponding diamines, with
1,3-dihydrobenzoimidazol-2-one obtained in 99% isolated
yield [Equation (3)]. This particularly high reactivity was at-
tributed to increased nitrogen nucleophilicity and a less
negative entropy of activation due to the proximity of the
ortho amino groups.[28]

(3)

Direct catalytic preparation of trisubstituted ureas in
high selectivity [Equation (2)] was possible under these con-
ditions if the primary amine was carbonylated in the pres-
ence of an excess of a secondary amine.[28] This method-
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ology has proven to be effective for the synthesis of several
types of urea derivatives, such as cyclic ureas from primary
diamines and N,N-bis(methoxycarbonylalkyl)ureas from
primary α-amino esters. A showcase synthesis of the neuro-
peptide Y5 receptor antagonist NPY5RA-972 was also re-
ported [Equation (4)].[28]

(4)

1.2 Palladium Catalysis in Ionic Liquids

Recently, many catalytic reactions have been reported to
proceed in ionic liquids with excellent results.[63] This ap-
proach has been adapted by Deng for Pd-catalyzed carbon-
ylation of amines to ureas.[64] A solubility study of the cata-
lyst Pd(phen)Cl2 established that the ionic liquids
BMImBF4 (BMIm = 1-butyl-3-methylimidazolium),
BMImPF6, BMImFeCl4, and BMImCl were candidate me-
dia for the carbonylation reaction and that catalyst solubil-
ity could be adjusted through the tuning of either the cation
or anion of the ionic liquids. Carbonylation of aniline to
the carbamate in the presence of O2 and methanol was used
to demonstrate catalytic activity and recyclability of the cat-
alyst/ionic liquid mixture.

Subsequent work by the Deng group developed a new
method using silica gel-immobilized ionic liquids, in which
a Pd complex acts as a heterogenized catalyst for the car-
bonylation of amines and nitrobenzene to ureas. Heterogen-
ization of the metal catalyst by preparation of a silica gel
confined ionic liquid was followed by the carbonylation of
amines and nitrobenzene to the corresponding ureas
(Scheme 2).[65] No additional oxidant is necessary since the
nitrobenzene serves as both substrate and oxidant. In terms
of green chemistry, the advantages of this method are the
low quantities of ionic liquids used and the avoidance of
potentially explosive CO/O2 mixtures. The authors sug-
gested that the enhanced catalytic activity of this system
may be derived from the high concentration of ionic liquid
containing the metal complex confined within the cavities
of the silica gel matrix.[65]
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Scheme 2.

Experiments with the ionic liquids DMImBF4 (1-decyl-
3-methylimidazolium tetrafluoroborate) and EMImBF4 (1-
ethyl-3-methylimidazolium tetrafluoroborate) and the cata-
lysts HRu(PPh3)2Cl2, Rh(PPh3)3Cl, Pd(PPh3)2Cl2 and
Co(PPh3)3Cl2 afforded good to excellent yields of N,N�-di-
phenylurea (DPU) from nitrobenzene and aniline. The Rh-
DMImBF4/silica gel catalyst produced 93% conversion of
starting materials with a selectivity of 92% for the urea.
Conversion of aliphatic amines and nitrobenzene to the un-
symmetrically substituted ureas could also be achieved with
this particular catalyst.

1.3 Electrocatalytic Carbonylation

Another method for the synthesis of alkylureas is the
electrocatalytic carbonylation of aliphatic amines, as re-
ported by Deng.[66] Electrocatalytic carbonylation of a
series of aliphatic amines to dialkylureas and isocyanates
using PdII complexes with a CuII cocatalyst could be
achieved under mild reaction conditions, with particularly
good results for primary amines [Equation (5)]. The ad-
ditional steric hindrance in secondary amines apparently
prevents the reaction, as diisopropylamine was unreactive
under the same conditions. In addition, no conversion of
primary diamines to cyclic ureas was observed although
one long chain diamine did afford a low yield of the corre-
sponding isocyanate.

(5)

Although products were obtained with a single complex
as catalyst [Cu(OAc)2, PdCl2 or Pd(OAc)2], catalytic ac-
tivity and selectivity for the urea were improved when both
a Pd complex and Cu(OAc)2 were present in the reaction
mixtures. Quantitative conversion and 98% selectivity for
the urea were achieved in the case of n-butylamine when
Pd(PPh3)2Cl2 and Cu(OAc)2 were used together as cata-
lysts.[66] The authors suggested a synergistic effect between
PdII and CuII, as opposed to simple mediation of electron
transfer, which had been invoked in a related case of electro-
catalysis.[67]

1.4 Mechanistic Studies

Recent progress has also been made in understanding the
mechanism of the carbonylation of amine nucleophiles. Shi-
mizu and Yamamoto have reported a mechanistic study fo-
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Scheme 3.

cusing on the role of the reoxidation of Pd0 species formed
in the principal catalytic cycle to electrophilic PdII species
during the selective carbonylation of amines to oxamides
and ureas.[46] Their work revealed the importance of the
oxidant in selectivity as 1,4-dichloro-2-butene (DCB) af-
forded oxamides from primary and secondary amines while
the use of I2 as the oxidizing agent resulted in formation of
ureas. Further insight was obtained through independent
generation of carbamoylpalladium complexes as models for
species in the catalytic cycle.

Two possible mechanisms for the conversion of primary
amines to ureas by palladium-catalyzed carbonylation were
discussed in conjunction with this study. In the first, the
critical step is reductive elimination of carbamoyl and
amido ligands to generate the urea, as previously proposed
by Alper.[44] The crucial step in the second possible route
involves formation of an intermediate alkyl isocyanate from
N-monoalkylcarbamoylpalladium species 3 (Scheme 3).
The urea product is then derived from nucleophilic attack
of a primary or secondary amine on the isocyanate to re-
lease a symmetrically or unsymmetrically substituted urea.
This second possibility is based on an earlier proposal by
Gabriele for a related system.[62] Support for the isocyanate
pathway came from the inability of secondary amines to
form tetrasubstituted ureas. Kinetic studies on the reaction
of the N-monoalkylcarbamoyl complex in the presence of
triethylamine provided further evidence for generation of
isocyanates by the deprotonation pathway.[46]

2. Other Late Transition Metal Catalysts

2.1 Nickel-Catalyzed Oxidative Carbonylation

The extensive development of palladium-catalyzed oxi-
dative carbonylation reactions along with the ability of Ni
complexes to undergo carbonylation and produce stable
carbamoyl derivatives suggested investigation of nickel
complexes as catalysts for the oxidative carbonylation of
amines.[18] Giannoccaro obtained N,N�-dialkylureas, rather
than the previously reported oxamides,[19] by reacting ali-
phatic primary amines with the nickel amine complexes
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NiX2(RNH2)4 (X = Cl, Br; R = alkyl). However, yields were
low, and at temperatures higher than 50 °C, side reactions
became significant. On the other hand, at lower tempera-
tures the reductive step, in which amine carbonylation oc-
curs, failed. The product selectivity depended on the
amount of water present, with anhydrous conditions favor-
ing the oxamide, while the presence of water promoted urea
formation (Scheme 4). The authors suggested that water
could coordinate to the nickel center, allowing the forma-
tion of only one carbamoyl group. Under aqueous condi-
tions, this intermediate would then undergo nucleophilic at-
tack by the amine to form the urea. In the absence of water,
the oxamide would arise from reductive elimination of two
carbamoyl groups.[18]

Scheme 4.

2.2 Ruthenium-Catalyzed Oxidative Carbonylation

Gupte utilized ruthenium catalysts for the selective for-
mation of N,N�-diphenylurea (DPU) from the oxidative car-
bonylation of aniline.[23] High selectivity (99%) for the for-
mation of DPU was obtained with [Ru(CO)3I3]NBu4 as the
catalyst and NiI as the promoter. The key step in the pro-
posed mechanism involves the formation of the carbamoyl
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Scheme 5.

species 8 (Scheme 5). Loss of CO from the catalyst precur-
sor [Ru(CO)3I3]– (4) generates the intermediate 5, which re-
acts with aniline to form 6 and HI. Addition and insertion
of CO affords the carbamoyl complex 8, which reacts with
aniline to yield the urea and the hydrido carbonyl species
9. Addition of aniline to form 10 is followed by oxidation
with O2 to regenerate the active species 6 (Scheme 5).[23]

Related chemistry with alkylamines has been reported by
Chaudhari.[60,68]

2.3 Cobalt- and Rhodium-Catalyzed Oxidative
Carbonylation

Rindone reported the synthesis of acyclic and cyclic
ureas from aromatic primary amines, using N,N�-bis(salicyl-
idene)ethylenediaminocobalt(II) [Co(salen)] as the cata-
lyst.[16] Optimal reaction conditions varied with the sub-
strate. For example, the urea yields from 4-methylaniline
were higher at high pressure of O2, while 4-fluoroaniline
reacted better at lower O2 pressure. Substituent effects were
also examined. Electron-withdrawing groups in the para po-
sition lowered the conversion of the starting amine while
ortho-aminophenol was more reactive than the other
amines. The substituent effects were elaborated in a subse-
quent paper.[69]
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The proposed mechanism involved equilibrium between
planar and non-planar salen ligands (11 and 12) on a co-
balt(III) amido complex, either of which could undergo car-
bon monoxide insertion to give an equilibrium mixture of
carbamoyl complexes 13 and 14. Compound 13, having the
planar salen ligand and a trans relationship between the
carbamoyl and amine ligands, could lead to free isocyanate
or carbamate, while complex 14, having a nonplanar salen
and a cis relationship between the carbamoyl and amine
ligands, would lead to the urea (Scheme 6).[16]

Scheme 6.
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Claver prepared modified Co(salen) complexes (Figure 1)

and utilized them as catalysts for oxidative carbonylation
of aniline.[70] Results revealed that the tert-butyl-substituted
catalyst 16 produced 100% selectivity for diphenylurea in
the presence of butanol, while the other complexes afforded
mixtures of the urea and the corresponding butyl carba-
mate. The phenanthroline derivative 19 also showed high
selectivity (94%) for the urea.

Figure 1. Co(salen) (15) and modified Co(salen) complexes 16–20.

Efforts in the rhodium-catalyzed carbonylation of amines
to ureas have been sparse in recent years. An early study by
Chaudhari investigated various factors that affect activity
and selectivity of rhodium-catalyzed oxidative carbon-
ylation.[71] Although the primary objective was the synthe-
sis of carbamates, some conditions were found to favor the
formation of ureas. In studies focused on the oxidative car-
bonylation of aniline, a Rh/C-NaI system was determined
to be best for the catalytic process. Using this catalyst, polar
solvents like acetonitrile or DMF favored formation of di-
phenylurea, while most other solvents favored the carba-
mate. Modifying pressure, temperature, and concentration
also affected selectivity and activity.[71]

Giannoccaro reported preparation of Rh3+ and Rh3+–
diamine complexes intercalated into γ-titanium phosphate
(TiP), and measured their activity towards oxidative car-
bonylation of aniline.[72] Intercalation provided a way to
heterogenize an otherwise homogeneous catalyst. Typical
conditions involved acetonitrile or methanol as the solvent,
a CO/O2 mixture at atmospheric or higher pressure, tem-
peratures between 70–120 °C, and the presence of
PhNH3

+I– as a promoter. The highest catalyst activities
were obtained with increased pressure of the CO/O2 mix-
ture, higher temperature, and a molar ratio of co-catalyst
to Rh3+(PhNH3

+I–/Rh3+) between 5 and 6. It was found
that the materials containing simple Rh3+ salts worked bet-
ter than those prepared from Rh3+–diamine complexes. The
key intermediate in the postulated reaction mechanism
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(Scheme 7) is the Rh3+–carbamoyl complex 21 which reacts
with molecular iodine to form the iodoformate intermedi-
ate, ICONHPh. The latter reacts with aniline to afford di-
phenylurea.[72]

Scheme 7.

2.4 Gold-Catalyzed Oxidative Carbonylation

Deng has investigated gold compounds as catalysts for
the carbonylation of amines.[43,73–76] Although simple AuI

salts afforded carbamates from aniline, the reactions of ali-
phatic amines also yielded the urea in some cases.[73] Poly-
mer-immobilized gold catalysts, prepared from commer-
cially available ion exchange resins and HAuCl4, were found
to catalyze the carbonylation of arylamines to their methyl
carbamates in the presence of methanol.[43] In the absence
of methanol, the diarylureas became the major products. In
contrast to previously reported gold catalysts, the polymer-
immobilized variety showed enhanced catalytic efficiency,
could easily be separated from the product, and could be
used in the absence of organic solvents. Subsequent work
demonstrated that use of this system with aliphatic amines
and CO2 could afford symmetrical dialkylureas, with high
yields and turnover frequencies (Scheme 8).[76] The mecha-
nism is unclear, but it was postulated that the high activity
can be attributed to some synergistic relationship between
gold nanoparticles and the polymer support.

Scheme 8.

3. Tungsten-Catalyzed Oxidative Carbonylation
of Amines

3.1 Carbonylation of Primary Amines

Despite extensive investigation of transition-metal-cata-
lyzed carbonylation reactions, examples involving Group 6
metals still remain rare. During the last decade, we have
been exploring conversion of amine substrates to the corre-
sponding ureas using carbonyl tungsten complexes as the
catalysts and I2 as the oxidant.
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The initial report described catalytic oxidative carbon-
ylation of primary amines using the iodo-bridged tungsten
dimer [(CO)2W(NPh)I2]2 (22) as the precatalyst.[35] During
those studies, it was shown that primary aromatic and ali-
phatic amines could be carbonylated to 1,3-disubstituted
ureas, while secondary amines afforded formamides in
modest yields.

Mechanistic studies on this process established that pri-
mary amines reacted stoichiometrically with the dimer 22
to yield the amine complexes (CO)2I2W(NPh)(NH2R) (23)
(Scheme 9), which undergo reaction with excess amine to
afford the corresponding ureas.[37] Nucleophilic attack of
the amine on a carbonyl ligand of 24, followed by proton
abstraction using a second equivalent of the amine would
afford the carbamoyl complex 25. IR spectra of the reaction
mixtures were consistent with the presence of the carbamoyl
complexes. The intermediacy of the carbamoyl complex 25
is precedented by Angelici’s work on the carbonylation of
methylamine by [(η5-C5H5)W(CO)4]PF6,[77] for which the
first step is conversion of [(η5-C5H5)W(CO)4]+ to the car-
bamoyl complex (η5-C5H5)W(CO)3(CONHCH3) upon re-
action with 2 equiv. of methylamine.

Scheme 9.

Assignment of the next step as oxidation was supported
by IR spectra that showed the disappearance of the car-
bamoyl stretches after the reaction mixtures were exposed
to air. It is expected that following oxidation of the com-
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plex, the carbamoyl proton would be more acidic and de-
protonation of 25 with the excess amine would produce the
isocyanate complex 26. Nucleophilic attack of an amine on
either coordinated or free isocyanate would afford the 1,3-
disubstituted urea, producing coordinatively unsaturated
complex 27, which could undergo addition of CO to regen-
erate the cationic intermediate 24 and close the catalytic
cycle.

The previous results implied that other tungsten carbonyl
iodide complexes might also serve as catalysts. The simplest
choice as precatalyst was the readily available, inexpensive,
and air stable W(CO)6. Preliminary studies were carried out
using W(CO)6 as catalyst for the catalytic carbonylation of
n-butylamine. Reaction of W(CO)6, 100 equiv. of n-bu-
tylamine, 50 equiv. of I2, and 100 equiv. of K2CO3 in a 125-
mL Parr high-pressure vessel pressurized with 100 atm CO
produced di-n-butylurea in an amount corresponding to 39
turnovers per equivalent of W(CO)6, or 80% yield with re-
spect to amine.[37]

Subsequent optimization studies using n-propylamine es-
tablished that N,N�-disubstituted ureas could be obtained
in good to excellent yields using the W(CO)6/I2 oxidative
carbonylation system.[38] Once W(CO)6 (2 mol-%) was es-
tablished as the preferred catalyst, other variables were ex-
amined. Optimal conditions were 90 °C, 80 atm CO,
1.5 equiv. of K2CO3, and a chlorinated solvent such as
CH2Cl2 or CHCl3. Selected primary amines were converted
into the corresponding N,N�-disubstituted ureas using these
conditions. The results of these experiments showed that the
yields decreased when the substrate contained secondary or
tertiary alkyl substituents. In the case of aniline, it was not
possible to find conditions under which diphenylurea could
be obtained, presumably due to lower nucleophilicity of the
arylamine.

3.2 Carbonylation of Primary and Secondary Diamines to
Cyclic Ureas

Many methods for conversion of diamines to the corre-
sponding cyclic ureas have been reported.[7,8] Most of them
are stoichiometric reactions based on nucleophilic attack of
amines on phosgene and related derivatives. Catalytic oxi-
dative carbonylation of diamine substrates provides an al-
ternative route to cyclic ureas in which CO is used as the
carbonyl source. However, the synthesis of cyclic ureas via
metal-catalyzed carbonylation has received limited atten-
tion. Early reports of transition-metal-catalyzed carbon-
ylation of diamines mentioned cyclic ureas only as minor
side products. In the case of Mn2(CO)10-catalyzed carbon-
ylation of the diamines H2N(CH2)nNH2 (n = 2–4 and 6),
no cyclic products were observed when n = 2, 4, or 6 and
only 6% of the six-membered urea when n = 3.[78] We thus
explored the catalytic carbonylation of diamines to cyclic
ureas using W(CO)6 as the catalyst, I2 as the oxidant, and
CO as the carbonyl source.[36] Both primary and secondary
α,ω-diamines were substrates for the reaction, with second-
ary diamines being converted directly to the corresponding
N,N�-disubstituted cyclic ureas.
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Synthesis of the five-, six-, and seven-membered cyclic

ureas from the primary diamines could be achieved in mod-
erate to good yields [Equation (6)],[36] with the highest iso-
lated yield for the six-membered cyclic urea. Only trace
amounts of the eight-membered ring compound could be
detected in the reaction mixtures, which was not surprising
as there are no reports in the literature of preparation of
this compound from 1,5-pentanediamine. In addition, (+)-
(1R,2R)-1,2-diphenyl-1,2-ethanediamine was carbonylated
to the 2-imidazolidinone in 46% yield with no epimeri-
zation. Reaction of the secondary diamines
RNHCH2CH2NHR [Equation (6)]; [R = Me, Et, iPr, Bn]
under similar conditions resulted in conversion of the di-
amines to the corresponding N,N�-disubstituted cyclic
ureas. For both primary and secondary substrates, it was
necessary to employ high dilution conditions to minimize
formation of oligomers, a problem also encountered during
the reactions of phosgene and its derivatives with di-
amines.[79]

(6)

Steric effects on the ring-closure reaction were probed
by carbonylating N,N�-dimethyl, diethyl, diisopropyl, and
dibenzyl diamines under the standard conditions.[36] As ex-
pected, 1,3-diethyl-2-imidazolidinone and 1,3-dimethyl-2-
imidazolidinone were produced in nearly identical yields.
Changing the substituents to benzyl groups lowered the
yield only modestly but the presence of bulky isopropyl
groups dramatically reduced the yield of the imidazolid-
inone to only 10%. Yields in the sterically hindered cases
could not be improved by raising the reaction temperature.
Although primary amines reacted much more readily than
secondary amines, N-methylpropanediamine reacted under
the oxidative carbonylation conditions to produce the cor-
responding monosubstituted N-methyl cyclic urea in prefer-
ence to acyclic urea formation through the more reactive
primary amines.[36]

A more extensive study on the carbonylation of α,ω-di-
amines to cyclic ureas involved further optimization of the
conditions using propane-1,3-diamine as the test substrate,
W(CO)6 as catalyst and I2 as the oxidant.[80] Effects of sol-
vent and temperature variation on the yields of the cyclic
urea from propane-1,3-diamine were examined. Additional
experiments probed the effect of alkyl substituents in the
linker of primary diamines (Table 1). In the cases of simple
n-alkyl substituents, the yields of cyclic ureas are signifi-
cantly higher for the 2,2-dialkyl-1,3-propanediamines than
for the parent propane-1,3-diamine as a result of the
Thorpe–Ingold effect[81] and improved solubility in organic
solvents during workup.
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Table 1. Tungsten-catalyzed oxidative carbonylation of substituted
primary diamines.

The carbonylation of N,N�-dialkyl-2,2-dimethylpropane-
1,3-diamines afforded tetrasubstituted ureas; however, the
products were obtained in modest yields, and tetra-
hydropyrimidine byproducts were formed in significant
amounts when the substrates bore N-alkyl substituents
larger than methyl. Comparison of these results with the
carbonylations of secondary diamines to form five-mem-
bered cyclic ureas suggested that the effects of ring size and
N-substituent size on the carbonylation reaction are com-
plex.

Success with conversion of diamines to cyclic ureas sug-
gested the use of W(CO)6-catalyzed oxidative carbonylation
in the synthesis of complex targets. However, before con-
sidering applications in synthesis, it was necessary to evalu-
ate the functional group compatibility of the catalyst, often
a critical issue in the use of early metal systems. Studies of
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Table 2. Tungsten-catalyzed oxidative carbonylation of substituted benzylamines to ureas.

[a] Reaction conditions: amine (7.1 mmol), W(CO)6 (0.14 mmol), I2 (3.5 mmol), K2CO3 (10.7 mmol), solvent: CH2Cl2 (20 mL), 70 °C,
80 atm CO, 24 h. [b] Solvent: CH2Cl2 +H2O (21+3 mL, respectively). Other conditions are as in footnote a.

functional group compatibility using a series of substituted
benzylamines [Equation (7), Table 2] demonstrated that the
oxidative carbonylation of amines using the W(CO)6/I2 sys-
tem is tolerant of a wide variety of functionality, including
halides, esters, alkenes, and nitriles. A distinguishing feature
is the tolerance of unprotected alcohols, which would be
problematic with phosgene derivatives.[38] A critical result
of this study is the observation that the addition of water
to generate a biphasic solvent system produced dramatic
increases in the yields of functionalized ureas. In order for
the reaction to work efficiently, it is necessary to solubilize
the catalyst, the starting amine, the hydroiodide salt of the
starting material which is formed when protons are scav-
enged, and the base (K2CO3). The biphasic solvent system
provides phase transfer conditions in which the amine salt
can be deprotonated by aqueous carbonate and then re-
turned to the organic phase for carbonylation.

(7)

After broad functional group tolerance during W(CO)6/
I2-catalyzed oxidative carbonylation of amines to ureas had
been established,[38] use of this methodology to install the
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urea moiety into the core structure of the HIV protease
inhibitors DMP 323 and DMP 450 (Figure 2)[82,83] was in-
vestigated.[84] Direct comparison of the catalytic carbon-
ylation reaction with stoichiometric reaction of the same
substrates with phosgene derivatives was possible due to the
extensive literature on the synthesis of these targets.

Figure 2. Structures of the HIV protease inhibitors DMP 323 and
DMP 450.

It has been reported in the literature that the urea moiety
of DMP 323 and DMP 450 was installed by reaction of
phosgene or a phosgene equivalent with an O-protected di-
amine diol. In the initial small-scale preparations, a primary
diamine was treated with the phosgene derivative 1,1�-car-
bonyldiimidazole (CDI)[83,85–87] followed by N-alkylation as
appropriate. The practical preparation of DMP 450 in-
volves reaction of a secondary diamine with phosgene to
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form the cyclic urea. Since use of phosgene or CDI requires
protection of the diol, extensive protecting group studies
have been carried out.[85,88] Three of the previously de-
scribed O-protected diamine diols, acetonide 28,[88] MEM
ether 29,[83,89] and SEM ether 30[83] were tested in the cata-
lytic carbonylation reaction as representative examples con-
taining cyclic and acyclic protecting groups, respectively
[see Equation (8)].[84]

(8)

Carbonylation of the diamine substrates 28–30 [Equa-
tion (8)] to the cyclic ureas 31–33 provided a means for
comparison of the W(CO)6-catalyzed process to the stoi-
chiometric reactions of the phosgene derivative CDI. Yields
of the ureas from the catalytic reaction depended on the
protecting group on the diol, as was also observed for ring
closure with stoichiometric CDI (Table 3). These results
demonstrate that the catalytic oxidative carbonylation reac-
tion can be used to convert diamines to cyclic ureas in ex-
amples relevant to the preparation of complex targets.

Table 3. Tungsten-catalyzed oxidative carbonylation of diamines
28–30 to ureas 31–33.

Diamine Reagent Solvent Urea Ref.
% yield

28 CDI CH3CN 15 [85]

28 CDI TCE 67 [85]

28 W(CO)6/CO CH2Cl2/H2O 38 [84]

28 W(CO)6/CO CH2Cl2 23 [84]

29 CDI CH2Cl2 62, 76 [83,86,89]

29 W(CO)6/CO CH2Cl2/H2O 49 [84]

30 CDI CH2Cl2 52, 93 [83,86]

30 W(CO)6/CO CH2Cl2/H2O 75 [84]

Efforts to avoid the protecting-group chemistry in re-
ported syntheses of DMP 323 and DMP 450 by carbonylat-
ing the diamine diol 34 were frustrated by the reaction of
the diol hydroxy groups to generate oxazolidinones 35 and
36 [Equation (9)].[40] Oxazolidinone formation had also

(9)
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been reported as the result of reaction of 34 with CDI and
phosgene.[90] The earlier functional group compatibility
study had suggested that the catalyst was tolerant of -OH
groups [Equation (7), Table 2] but the test substrate in that
study was [4-(aminomethyl)phenyl]methanol, in which the
-OH group is para with respect to the amine so as to elimin-
ate the possibility of formation of a cyclic carbamate. For
that substrate, the corresponding urea was produced with-
out competing carbamate or carbonate formation.[38] For
the diamine diol 34, oxazolidinone formation had been pre-
ferred under the reaction conditions tested.

More recently, the catalytic carbonylation of a series of
amino alcohols of varying tether lengths and substitution
patterns was carried out to probe the selectivity of the
W(CO)6/I2 carbonylation system for reactivity of alcohols
vs. amines. The phosgene derivatives dimethyl dithiocar-
bamate (DMDTC) and 1,1�-carbonyldiimidazole (CDI)
were used as representative stoichiometric reagents for com-
parison purposes.[40]

A series of 1,2-, 1,3-, 1,4- and 1,5-amino alcohol sub-
strates was subjected to W(CO)6-catalyzed oxidative car-
bonylation for evaluation of the selectivity of the W(CO)6/
I2 system toward formation of the ureas or carbamates,
either cyclic or acyclic (Table 4). As a comparison of the
stoichiometric reactions of phosgene derivatives to the cata-
lytic W(CO)6/I2 methodology, the results of reaction of CDI
and DMDTC with the amino alcohol substrates also ap-
pear in Table 4.

The results indicated that the W(CO)6/I2 methodology
can indeed be applied to carbonylation of amino alcohols
to the ureas without protection of the hydroxy group. The
W(CO)6-catalyzed oxidative carbonylation was consistently
selective for the urea over the cyclic carbamate for all tether
lengths and substitution patterns studied. Acyclic carba-
mates were not detected in the reaction mixtures. In con-
trast, reactions of the phosgene derivatives CDI and
DMDTC with 1,3- and 1,2-amino alcohol substrates exhib-
ited variable selectivities between ureas and cyclic carba-
mates. It is important to note that the reaction conditions
for these studies were not the same as for the initial work
on diamine diol 34. Optimized conditions for carbonylation
of amino alcohols to the ureas involved use of pyridine as
the base, removing the necessity for the biphasic solvent
system used in the original functional group compatibility
study.[38]

Other targets that were prepared to investigate the scope
of the W(CO)6/I2 system were biotin and related heterocy-
clic ureas.[91] Biotin (37b), also known as Vitamin H, is pro-
duced on large scale as a feed additive for poultry and
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Table 4. Carbonylation of amino alcohols to ureas and carbamates.

swine. It has also been the target of more than 40 total and
formal syntheses.[92] One recurring theme in these syntheses
has been installation of the urea moiety by reaction of
phosgene with a diaminotetrahydrothiophene derivative.

Although biotin itself could not be produced directly
from the carboxylic acid 37a [Equation (10)], biotin methyl
ester (38b) was obtained in 84% yield upon W(CO)6-cata-
lyzed oxidative carbonylation of diamine 38a. The related
heterocycles 39b–42b were also prepared by the carbon-
ylation procedure and the yields compared to those ob-

(10)
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(11)

Table 5. Yields of bicyclic ureas from diamines 39a–42a.

Amine Urea W(CO)6/I2 CDI
% yield % yield

39a 39b Trace 20
40a 40b 47 67
41a 41b 46 37
42a 42b 57 56
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tained by reaction of the same substrates with CDI [Equa-
tion (11), Table 5]. Yields of the ureas were moderate to
good and depended on the solubility of the diamine and
urea in dichloromethane.

4. Conclusions

Transition-metal-catalyzed carbonylation of amines of-
fers new and efficient methodology for the selective synthe-
sis of ureas under relatively mild reaction conditions. Use
of CO as the carbonyl source in the presence of a catalyst
and an oxidant provides an alternative to the traditional
methods for conversion of amines to ureas, which involve
stoichiometric use of phosgene and its derivatives. From the
perspective of green chemistry, the replacement of phosgene
and the minimization of the waste streams associated with
phosgene derivatives would be beneficial.

Recent developments in metal-catalyzed oxidative car-
bonylation of amines include new techniques such as the
use of ionic liquids, microwave irradiation and electrocata-
lytic carbonylation. In addition to extensive work with pal-
ladium complexes, carbonylation reactions that utilize other
late transition metals, such as Ni, Ru, Rh, Co, Au, have
also been demonstrated to afford ureas. Indications that
tungsten-catalyzed oxidative carbonylation of function-
alized amines could be of use in the synthesis of complex
targets have also been reported. Given the prevalence of
urea functionality in compounds with a wide range of ap-
plications, further work in this area is no doubt forthcom-
ing.

Acknowledgments

We thank the donors of the Petroleum Research Fund for partial
support of this work.

[1] R. A. Chrusciel, J. W. Strohbach, Curr. Top. Med. Chem. 2004,
4, 1097–1114.

[2] G. V. De Lucca, P. Y. S. Lam, Drugs Future 1998, 23, 987–994.
[3] P. S. Dragovich, J. E. Barker, J. French, M. Imbacuan, V. J. Kal-

ish, C. R. Kissinger, D. R. Knighton, C. T. Lewis, E. W.
Moomaw, H. E. Parge, L. A. K. Pelletier, T. J. Prins, R. E.
Showalter, J. H. Tatlock, K. D. Tucker, J. E. Villafranca, J.
Med. Chem. 1996, 39, 1872–1884.

[4] G. Semple, H. Ryder, D. P. Rooker, A. R. Batt, D. A. Kendrick,
M. Szelke, M. Ohta, M. Satoh, A. Nishida, S. Akuzawa, K.
Miyata, J. Med. Chem. 1997, 40, 331–341.

[5] T. W. vonGeldern, J. A. Kester, R. Bal, J. R. WuWong, W.
Chiou, D. B. Dixon, T. J. Opgenorth, J. Med. Chem. 1996, 39,
968–981.

[6] T. P. Vishnyakova, I. A. Golubeva, E. V. Glebova, Russ. Chem.
Rev. (Engl. Transl.) 1985, 54, 249–261.

[7] G. Sartori, R. Maggi, in Science of Synthesis, vol. 18 (Eds.:
S. V. Ley, J. G. Knight), Thieme, Stuttgart, 2005, pp. 665–758.

[8] A. F. Hegarty, L. J. Drennan, in Comprehensive Organic Func-
tional Group Transformations, vol. 6 (Eds.: A. R. Katritzky, O.
Meth-Cohn, C. W. Rees), Pergamon, Oxford, 1995, pp. 499–
526.

[9] F. Bigi, R. Maggi, G. Sartori, Green Chem. 2000, 2, 140–148.
[10] B. M. Trost, Angew. Chem. Int. Ed. Engl. 1995, 34, 259–281.

www.eurjoc.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2007, 4453–44654464

[11] A. Klausener, J.-D. Jentsch, in Applied Homogeneous Catalysis
with Organometallic Compounds, 2nd ed., vol. 1 (Eds.: B.
Cornils, W. A. Herrmann), Wiley-VCH, Weinheim, 2002, pp.
164–182.

[12] B. Gabriele, G. Salerno, M. Costa, in Catalytic Carbonylation
Reactions (Ed.: M. Beller), Springer, Heidelberg, 2006, pp. 239–
272.

[13] K. T. Li, Y. J. Peng, J. Catal. 1993, 143, 631–634.
[14] S. C. Srivastava, A. K. Shrimal, A. Srivastava, J. Organomet.

Chem. 1991, 414, 65–69.
[15] B. D. Dombek, R. J. Angelici, J. Catal. 1977, 48, 433–435.
[16] A. Bassoli, B. Rindone, S. Tollari, F. Chioccara, J. Mol. Catal.

1990, 60, 41–48.
[17] F. Benedini, M. Nali, B. Rindone, S. Tollari, S. Cenini, G. La-

monica, F. Porta, J. Mol. Catal. 1986, 34, 155–161.
[18] P. Giannoccaro, C. F. Nobile, P. Mastrorilli, N. Ravasio, J. Or-

ganomet. Chem. 1991, 419, 251–258.
[19] H. Hoberg, F. J. Fañanás, H. J. Riegel, J. Organomet. Chem.

1983, 254, 267–271.
[20] T. Kondo, S. Kotachi, Y. Tsuji, Y. Watanabe, T. Mitsudo, Orga-

nometallics 1997, 16, 2562–2570.
[21] S. Kotachi, T. Kondo, Y. Watanabe, Catal. Lett. 1993, 19, 339–

344.
[22] S. A. R. Mulla, S. P. Gupte, R. V. Chaudhari, J. Mol. Catal.

1991, 67, L7–L10.
[23] S. A. R. Mulla, C. V. Rode, A. A. Kelkar, S. P. Gupte, J. Mol.

Catal. A: Chem. 1997, 122, 103–109.
[24] D. Durand, C. Lassau, Tetrahedron Lett. 1969, 10, 2329–2330.
[25] H. Alper, G. Vasapollo, F. W. Hartstock, M. Mlekuz, D. J. H.

Smith, G. E. Morris, Organometallics 1987, 6, 2391–2393.
[26] I. Chiarotto, M. Feroci, J. Org. Chem. 2003, 68, 7137–7139.
[27] B. M. Choudary, K. K. Rao, S. D. Pirozhkov, A. L. Lapidus,

Synth. Commun. 1991, 21, 1923–1927.
[28] B. Gabriele, G. Salerno, R. Mancuso, M. Costa, J. Org. Chem.

2004, 69, 4741–4750.
[29] Y. Imada, Y. Mitsue, K. Ike, K. Washizuka, S. Murahashi, Bull.

Chem. Soc. Jpn. 1996, 69, 2079–2090.
[30] F. Ozawa, H. Soyama, H. Yanagihara, I. Aoyama, H. Takino,

K. Izawa, T. Yamamoto, A. Yamamoto, J. Am. Chem. Soc.
1985, 107, 3235–3245.

[31] F. Ozawa, T. Sugimoto, Y. Yuasa, M. Santra, T. Yamamoto,
A. Yamamoto, Organometallics 1984, 3, 683–692.

[32] F. Ozawa, A. Yamamoto, Chem. Lett. 1982, 865–868.
[33] F. Shi, Y. Q. Deng, T. L. SiMa, H. Z. Yang, Tetrahedron Lett.

2001, 42, 2161–2163.
[34] J. Tsuji, N. Iwamoto, Chem. Commun. (London) 1966, 380.
[35] J. E. McCusker, K. A. Abboud, L. McElwee-White, Organome-

tallics 1997, 16, 3863–3866.
[36] J. E. McCusker, C. A. Grasso, A. D. Main, L. McElwee-White,

Org. Lett. 1999, 1, 961–964.
[37] J. E. McCusker, J. Logan, L. McElwee-White, Organometallics

1998, 17, 4037–4041.
[38] J. E. McCusker, A. D. Main, K. S. Johnson, C. A. Grasso, L.

McElwee-White, J. Org. Chem. 2000, 65, 5216–5222.
[39] J. E. McCusker, F. Qian, L. McElwee-White, J. Mol. Catal. A:

Chem. 2000, 159, 11–17.
[40] D. J. Díaz, K. G. Hylton, L. McElwee-White, J. Org. Chem.

2006, 71, 734–738.
[41] S. Fukuoka, M. Chono, M. Kohno, J. Org. Chem. 1984, 49,

1458–1460.
[42] F. Shi, Y.-Q. Deng, T.-L. Sima, C.-K. Gong, Gaodeng Xuexiao

Huaxue Xuebao 2001, 22, 645–647.
[43] F. Shi, Y. Q. Deng, J. Catal. 2002, 211, 548–551.
[44] I. Pri-Bar, H. Alper, Can. J. Chem.-Rev. Can. Chim. 1990, 68,

1544–1547.
[45] F. J. Waller EP Patent 195515, 1986.
[46] K. Hiwatari, Y. Kayaki, K. Okita, T. Ukai, I. Shimizu, A. Yam-

amoto, Bull. Chem. Soc. Jpn. 2004, 77, 2237–2250.
[47] G. Bitsi, G. Jenner, J. Organomet. Chem. 1987, 330, 429–435.



Oxidative Carbonylation of Amines to Ureas

[48] J. J. Byerley, G. L. Rempel, N. Takebe, B. R. James, J. Chem.
Soc. D 1971, 1482–1483.

[49] G. Jenner, G. Bitsi, Appl. Catal. 1987, 32, 293–304.
[50] G. Süss-Fink, M. Langenbahn, T. Jenke, J. Organomet. Chem.

1989, 368, 103–109.
[51] Y. Tsuji, T. Ohsumi, T. Kondo, Y. Watanabe, J. Organomet.

Chem. 1986, 309, 333–344.
[52] G. P. Chiusoli, M. Costa, B. Gabriele, G. Salerno, J. Mol. Ca-

tal. A: Chem. 1999, 143, 297–310.
[53] P. Giannoccaro, J. Organomet. Chem. 1987, 336, 271–278.
[54] S. P. Gupte, R. V. Chaudhari, J. Catal. 1988, 114, 246–258.
[55] Y. L. Sheludyakov, V. A. Golodov, Bull. Chem. Soc. Jpn. 1984,

57, 251–253.
[56] H. Alper, F. W. Hartstock, J. Chem. Soc. Chem. Commun. 1985,

1141–1142.
[57] S. Murahashi, Y. Mitsue, K. Ike, J. Chem. Soc. Chem. Commun.

1987, 125–127.
[58] W. Tam, J. Org. Chem. 1986, 51, 2977–2981.
[59] S. Fukuoka, M. Chono, M. Kohno, J. Chem. Soc. Chem. Com-

mun. 1984, 399–400.
[60] A. A. Kelkar, D. S. Kolhe, S. Kanagasabapathy, R. V. Chaud-

hari, Ind. Eng. Chem. Res. 1992, 31, 172–176.
[61] B. Gabriele, G. Salerno, D. Brindisi, M. Costa, G. P. Chiusoli,

Org. Lett. 2000, 2, 625–627.
[62] B. Gabriele, R. Mancuso, G. Salerno, M. Costa, Chem. Com-

mun. 2003, 486–487.
[63] T. Welton, Chem. Rev. 1999, 99, 2071–2083.
[64] F. Shi, J. Peng, Y. Deng, J. Catal. 2003, 219, 372–375.
[65] F. Shi, Q. Zhang, Y. Gu, Y. Deng, Adv. Synth. Catal. 2005,

347, 225–230.
[66] H. Z. Yang, Y. Q. Deng, F. Shi, J. Mol. Catal. A: Chem. 2001,

176, 73–78.
[67] F. W. Hartstock, D. G. Herrington, L. B. McMahon, Tetrahe-

dron Lett. 1994, 35, 8761–8764.
[68] S. Kanagasabapathy, S. P. Gupte, R. V. Chaudhari, Ind. Eng.

Chem. Res. 1994, 33, 1–6.
[69] E. Bolzacchini, S. Meinardi, M. Orlandi, B. Rindone, J. Mol.

Catal. A: Chem. 1996, 111, 281–287.
[70] A. Orejón, A. Castellanos, P. Salagre, S. Castillón, C. Claver,

Can. J. Chem. 2005, 83, 764–768.
[71] K. V. Presad, R. V. Chaudhari, J. Catal. 1994, 145, 204–215.
[72] P. Giannoccaro, E. De Giglio, M. Garganno, M. Aresta, C.

Ferragina, J. Mol. Catal. A: Chem. 2000, 157, 131–141.
[73] F. Shi, Y. Q. Deng, Chem. Commun. 2001, 443–444.
[74] T.-L. Sima, F. Shi, Y.-Q. Deng, Fenzi Cuihua 2001, 15, 435–

437.
[75] F. Shi, Y.-Q. Deng, C.-K. Gong, T.-L. Sima, H.-Z. Yang, Hu-

axue Xuebao 2001, 59, 1330–1334.

Eur. J. Org. Chem. 2007, 4453–4465 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 4465

[76] F. Shi, Q. Zhang, Y. Ma, Y. He, Y. Deng, J. Am. Chem. Soc.
2005, 127, 4182–4183.

[77] W. Jetz, R. J. Angelici, J. Am. Chem. Soc. 1972, 94, 3799–3802.
[78] B. D. Dombek, R. J. Angelici, J. Organomet. Chem. 1977, 134,

203–217.
[79] S. G. Davies, A. A. Mortlock, Tetrahedron Lett. 1991, 32,

4791–4794.
[80] F. Qian, J. E. McCusker, Y. Zhang, A. D. Main, M. Chlebow-

ski, M. Kokka, L. McElwee-White, J. Org. Chem. 2002, 67,
4086–4092.

[81] S. W. Smith, M. S. Newman, J. Am. Chem. Soc. 1968, 90, 1249–
1253.

[82] G. V. De Lucca, J. Org. Chem. 1998, 63, 4755–4766.
[83] P. Y. S. Lam, Y. Ru, P. K. Jadhav, P. E. Aldrich, G. V. DeLucca,

C. J. Eyermann, C. H. Chang, G. Emmett, E. R. Holler, W. F.
Daneker, L. Z. Li, P. N. Confalone, R. J. McHugh, Q. Han,
R. H. Li, J. A. Markwalder, S. P. Seitz, T. R. Sharpe, L. T. Ba-
cheler, M. M. Rayner, R. M. Klabe, L. Y. Shum, D. L. Wins-
low, D. M. Kornhauser, D. A. Jackson, S. Erickson-Viitanen,
C. N. Hodge, J. Med. Chem. 1996, 39, 3514–3525.

[84] K.-G. Hylton, A. D. Main, L. McElwee-White, J. Org. Chem.
2003, 68, 1615–1617.

[85] P. N. Confalone, R. E. Waltermire, in Process Chemistry in the
Pharmaceutical Industry (Ed.: K. G. Gadamasetti), Marcel
Dekker, New York, 1999, pp. 201–219.

[86] P. Y. Lam, P. K. Jadhav, C. J. Eyermann, C. N. Hodge, G. V.
De Lucca, J. D. Rodgers US Patent 5,610,294, 1997.

[87] D. A. Nugiel, K. Jacobs, T. Worley, M. Patel, R. F. Kaltenbach,
D. T. Meyer, P. K. Jadhav, G. V. DeLucca, T. E. Smyser, R. M.
Klabe, L. T. Bacheler, M. M. Rayner, S. P. Seitz, J. Med. Chem.
1996, 39, 2156–2169.

[88] L. T. Rossano, Y. S. Lo, L. Anzalone, Y. C. Lee, D. J. Meloni,
J. R. Moore, T. M. Gale, J. F. Arnett, Tetrahedron Lett. 1995,
36, 4967–4970.

[89] C. N. Hodge, P. E. Aldrich, L. T. Bacheler, C. H. Chang, C. J.
Eyermann, S. Garber, M. Grubb, D. A. Jackson, P. K. Jadhav,
B. Korant, P. Y. S. Lam, M. B. Maurin, J. L. Meek, M. J. Otto,
M. M. Rayner, C. Reid, T. R. Sharpe, L. Shum, D. L. Winslow,
S. Erickson-Viitanen, Chem. Biol. 1996, 3, 301–314.

[90] M. E. Pierce, G. D. Harris, Q. Islam, L. A. Radesca, L. Storace,
R. E. Waltermire, E. Wat, P. K. Jadhav, G. C. Emmett, J. Org.
Chem. 1996, 61, 444–450.

[91] Y. Zhang, K. Forinash, C. R. Phillips, L. McElwee-White,
Green Chem. 2005, 7, 451–455.

[92] P. J. DeClercq, Chem. Rev. 1997, 97, 1755–1792.
Received: April 7, 2007

Published Online: June 25, 2007


