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Introduction

Development of efficient and low-cost methodologies is be-
coming more and more relevant for the synthesis of fine
chemicals and advanced building blocks.[1] Whereas traditional
organic synthesis focused mainly on high-yield procedures,
modern protocols demand improvements in terms of sustaina-
bility, waste prevention, and toxicity.[2] Obviously, greener
methodologies should replace hazardous reagents by more
eco-friendly resources. In addition, it is highly desired to im-
prove the step-economy and increase the atom efficiency of
a given transformation, thus minimizing the amount of resi-
dues.

Advantageously, compared to stoichiometric reactions, catal-
ysis offers a tool for controlling the reactivity and selectivity of
the substrates.[3] In recent years, iron-based catalysts are of par-
ticular interest owing to their low toxicity and high abundance.
For example, a variety of iron salts are easily available at low
prices, being effectively applied to the development of several
catalytic processes.[4] In this regard, we herein propose to
study the iron-catalyzed reaction of urea with common nucleo-
philes. Initially, we focused on the synthesis of primary carba-
mates from simple alcohols and urea, two cheap and non-toxic
substrates. The resulting products represent an important class
of compounds showing various interesting properties. Notably,
they are applied on large scale in industry as ingredients of
agrochemicals (i.e. , herbicides, fungicides, and pesticides),[5]

pharmaceuticals,[6] as well as precursors in polymer synthesis
(polyurethanes and peptides).[7] Furthermore, such compounds
are present in biologically active natural products and have re-
cently gained importance in the field of drug design.[8] More-
over, this moiety plays an important role in many useful trans-

formations. For example, carbamates are frequently used in or-
ganic synthesis as protecting groups for amines owing to high
stability towards acids, bases, and hydrogenation.[9]

Among numerous conventional processes for the synthesis
of carbamates,[10] the most widely applied involves the use of
highly corrosive and toxic phosgene or its derivatives
(Scheme 1 a).[11] Alternative catalytic protocols have been sub-
sequently developed, such as rearrangement reactions through
isocyanate intermediates (Hoffmann, Curtius, Lossen),[12] reduc-
tive carbonylation of nitroaromatics,[13] or carboxylation of
amines with CO2 in presence of electrophilic agents or alcohols
(Scheme 1 b–d).[14] However, all these strategies cannot be
easily applied to the synthesis of N-unsubstituted (primary) car-
bamates. In this case, traditional methods are focused on the
reaction of alcohols with organic isocyanates or cyanate salts
(Scheme 1 e–f).[15] Such procedures present drawbacks, such as
the preparation of carbamoylation agents from toxic precur-
sors or the requirement of specific acidic catalysts. In this con-
text, a benign alternative for the synthesis of primary carba-

A general study of the iron-catalyzed reaction of urea with nu-
cleophiles is here presented. The carbamoylation of alcohols
allows for the synthesis of N-unsubstituted (primary) carba-
mates, including present drugs (Felbamate and Meprobamate),
without the necessity to apply phosgene and related deriva-
tives. Using amines as nucleophiles gave rise to the respective

mono- and disubstituted ureas via selective transamidation re-
action. These atom-economical transformations provide
a direct and selective access to valuable compounds from
cheap and readily available urea using a simple Lewis-acidic
iron(II) catalyst.

Scheme 1. Conventional procedures for the synthesis of N-substituted and
primary carbamates. Iron-catalyzed reaction of urea with alcohols.

[a] Dr. M. PeÇa-L�pez, Dr. H. Neumann, Prof. Dr. M. Beller
Leibniz-Institut f�r Katalyse e.V. an der Universit�t Rostock
Albert-Einstein-Straße 29a, 18059 Rostock (Germany)
E-mail : Matthias.Beller@catalysis.de

The ORCID identification number(s) for the author(s) of this article can
be found under http://dx.doi.org/10.1002/cssc.201600587.

ChemSusChem 2016, 9, 1 – 7 � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1 &

These are not the final page numbers! ��These are not the final page numbers! ��

Full PapersDOI: 10.1002/cssc.201600587

http://orcid.org/0000-0001-5709-0965
http://orcid.org/0000-0001-5709-0965
http://dx.doi.org/10.1002/cssc.201600587


mates would be the catalytic reaction of urea with alcohols
(Scheme 1 g). Limited precedents of this transformation have
been published using polyphosphoric acid-, PbO-, BF3- or Pd-
catalyzed methodologies, although they are exclusively applied
to the preparation of methyl carbamate and N-protected deriv-
atives.[16] For the first time, we describe a general iron-
catalyzed substitution reaction of urea with hydroxy- and
amino-based nucleophiles for the synthesis of a variety of pri-
mary carbamates and unsymmetrical ureas.

Results and Discussion

Initially, we studied the reaction of urea (1) with 1-undecanol
(2 a) as a model system. To our delight, the treatment of
0.5 mmol of 1 with 3 equivalents of 2 a in the presence of
4 mol % of FeBr2 in tert-amyl alcohol at 150 8C for 18 h provid-
ed undecyl carbamate (3 a) selectively in a good 76 % yield
(Table 1, entry 1).[17] Despite the excess of alcohol used, the nu-
cleophilic substitution on urea only takes place once, so the
formation of the corresponding acyclic carbonate is completely
avoided.[18]

Next, we optimized this reaction owing to the high selectivi-
ty observed. Performing the experiment in toluene gave
a slightly better 81 % yield, whereas the use of 1,4-dioxane af-
forded 3 a in 92 % yield (Table 1, entries 2 and 3). Different iron
salts showed good reactivity, although we selected FeBr2 as
optimal pre-catalyst (Table 1, entries 4–8). Then, we varied the
ratio urea/alcohol since only monosubstitution was detected.
In this way, the reaction of urea with 1.5 equivalents of 2 a al-
lowed the synthesis of the desired product in a similar 89 %

yield, while a different ratio implied a decrease of the effectivi-
ty (Table 1, entries 9–11). For further optimization we analyzed
the effect of the catalyst loading and temperature. The reac-
tion in the presence of 0.01 mmol of FeBr2 provided the un-
decyl carbamate (3 a) in an excellent 92 % yield, but the use of
higher catalyst loading did not yield a better result (Table 1,
entries 12 and 13). Regarding the temperature, a considerable
decrease of the reactivity was observed when the reaction was
performed at 140 8C, whereas the experiment at 130 8C result-
ed in the same product in a moderate 48 % yield (Table 1, en-
tries 14 and 15). Finally, the reaction time could be reduced to
6 h, obtaining the desired product in 91 % yield (Table 1,
entry 16). Notably, the experiment in absence of catalyst pro-
ceeded slower providing 3 a in much lower yield (45 %).

Following, we extended the scope of this reaction by study-
ing the reactivity of different alcohols under the previously de-
veloped best conditions [urea (0.5 mmol), alcohol (0.75 mmol),
and FeBr2 (0.01 mmol) in 1,4-dioxane at 150 8C for 6 h]. As
shown in Scheme 2, the reaction with alkyl alcohols 2 b and 2 c
gave the corresponding N-unsubstituted carbamates in good
86 and 85 % yield, respectively. Analogously, the treatment of
urea with the more demanding secondary substrate 2 d pro-
vided the desired cyclohexyl derivative 3 d, in this case in
a slightly lower 72 % yield. On the other hand, the same experi-
ment with phenol (2 e) as nucleophile showed no conversion,
whereas the use of a more electron-rich derivative, such as the
4-hydroxyanisol (2 f), afforded the carbamate 3 f in a low isolat-
ed yield (15 %). Apparently, phenol is not nucleophilic enough

Table 1. Screening of reaction conditions for the iron-catalyzed synthesis
of undecyl carbamate (3 a) from urea (1) and 1-undecenol (2 a).[a]

Entry Catalyst Solvent T [8C] Yield[b] [%]

1 FeBr2 t-amyl alc. 150 76
2 FeBr2 toluene 150 81
3 FeBr2 1,4-dioxane 150 92
4 FeCl2 1,4-dioxane 150 86
5 Fe(OAc)2 1,4-dioxane 150 85
6 FeO 1,4-dioxane 150 90
7 FeBr3 1,4-dioxane 150 89
8 Fe2O3 1,4-dioxane 150 87
9[c] FeBr2 1,4-dioxane 150 89

10[d] FeBr2 1,4-dioxane 150 89
11[e] FeBr2 1,4-dioxane 150 75
12[d,f] FeBr2 1,4-dioxane 150 92
13[d,g] FeBr2 1,4-dioxane 150 86
14[d,f] FeBr2 1,4-dioxane 140 75
15[d,f] FeBr2 1,4-dioxane 130 48
16[d,f,h] FeBr2 1,4-dioxane 150 91

[a] Unless otherwise specified, all reactions were carried out with catalyst
(0.02 mmol), urea (1, 0.5 mmol), and 1-undecenol (2 a, 1.5 mmol) in a sol-
vent (1 mL) at the indicated temperature for 18 h. [b] Isolated yields.
[c] 2 a (1.0 mmol). [d] 2 a (0.75 mmol) [e] 2 a (0.6 mmol). [f] Catalyst
(0.01 mmol). [g] Catalyst (0.03 mmol). [h] Reaction time: 6 h.

Scheme 2. Iron-catalyzed synthesis of carbamates (3) from urea (1) and alco-
hols (2). [a] Reactions performed with FeBr2 (0.01 mmol), urea (1, 0.5 mmol),
and alcohol (2 a–p, 0.75 mmol) in 1,4-dioxane (1 mL) at 150 8C for 6 h. [b] Iso-
lated yields. n.d. : not detected.
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to perform efficiently the substitution reaction on the iron-
activated urea, a factor that can be modulated by the introduc-
tion of electron-donor groups. Benzyl derivatives provided the
desired products in excellent yields, allowing even the intro-
duction of electron-withdrawing groups without lack of effec-
tiveness (3 g–h, 92 and 87 % yield, respectively). Gratifyingly,
the reaction of urea with the more stericly hindered 1-phenyle-
thanol (2 i) gave place to the product 3 i in a bit lower 78 %
yield. However, the introduction of a second phenyl group at
the nucleophile led to a drastic decrease of the conversion,
and the reaction with diphenylmethanol (2 j) only afforded the
corresponding primary carbamate in 44 % isolated yield. Relat-
edly, the product expected from the reaction of urea with the
tertiary alcohol 2 k was not detected.

Alternatively, this transformation takes place with allyl alco-
hols. Thus, cinnamyl alcohol (2 l) gave rise to allyl carbamate 3 l
in a good yield (73 %). Then, we tested alcohols presenting
heteroatoms in their structure. In this way, ethyl glycolate (2 m)
was effectively converted into the desired product 3 m in 80 %
yield. Besides to the ester group, this reaction also tolerates
functional groups, such as tertiary amines, halides, or silanes.
Hence, the iron-catalyzed treatment of urea with alcohols 2 n–
p afforded the respective carbamates in good yields and selec-
tivities (3 n–p, 76-83 %). Unfortunately, corresponding thiols
showed no conversion under the same reaction conditions. In
general, all these reactions showed to be highly selective to-
wards the synthesis of primary carbamates producing only one
equivalent of ammonia as stoichiometric residue. This selectivi-
ty and the possibility of using differently substituted alcohols
provide an added value to this methodology.

To increase the versatility of this protocol, we tested differ-
ent electrophiles in the iron-catalyzed reaction with 1-undece-
nol (2 a). Initially, we proposed the use of N-monosubstituted
ureas to study the potential formation of N-substituted carba-
mates. Unfortunately, the reaction of 2 a (0.75 mmol) with N-
tert-butylurea (4 a, 0.5 mmol) under FeBr2 catalysis (0.01 mmol)
in 1,4-dioxane at 150 8C, led to a mixture of products. The cor-
responding N-tert-butylcarbamate 7 a was obtained in 49 %
yield, whereas the formation of the corresponding product 3 a
was observed in 40 % yield (Table 2, entry 1). The use of benzy-
lurea (4 b) afforded a similar result (Table 2, entry 2). However,
when phenlyurea (4 c) was used as electrophile, the N-phenyl
substituted carbamate 7 c was obtained in a good yield (80 %;
Table 2, entry 3). Here, 3 a was isolated in only 15 % yield,
which demonstrates the lower reactivity of aniline to act as
leaving group. At that point, we investigated the synthesis of
thiocarbamates, but the reaction of 1-undecenol (2 a) with thi-
ourea (5) showed no conversion (Table 2, entry 4). Apparently,
in this case the iron(II) bromide is unable to activate the elec-
trophile by coordination to the sulfur atom, disfavoring the nu-
cleophilic substitution. On the other hand, the iron-catalyzed
transcarbamoylation reaction using different substituted carba-
mates (6 a–c) works well.[19] As shown in Table 2 (entries 5–7),
this latter transformation provided the primary carbamate 3 a
in excellent yields using either O-methyl, -benzyl, and -phenyl
carbamates. In this case a competitive substitution reaction be-
tween the starting alcohol and the leaving group can take

place, but 1-undecenol was shown to be more reactive in all
examples. Since aromatic alcohols are not active in this trans-
formation as discussed above, the use of phenyl carbamate
(6 c) afforded 3 a in quantitative yield.

For practical applications the use of diols as nucleophiles on
our process is highly interesting, since the resulting bifunction-
al products are valuable building blocks for polymers/oligo-
mers (Scheme 3). Notably, these substrates might promote also
an intramolecular reaction to afford the cyclic carbonate. In
fact, the reaction of urea (1, 0.5 mmol) with 2-phenyl-1,3-pro-
panediol (9 a, 0.75 mmol) under FeBr2 catalysis (0.01 mmol)
gave a mixture of the respective mono- and dicarbamates.
Owing to the biological relevance of 10 a, an anticonvulsant
drug used for the treatment of epilepsy (Felbamate),[20] we op-
timized this reaction to favor its synthesis. In this way, the use
of 2.0 mmol of urea and 0.5 mmol of 9 a in the presence of

Table 2. Iron-catalyzed reaction of 1-undecenol (2 a) with different substi-
tuted ureas and carbamates (4–6).[a]

Entry Electrophile Product
structure R label structure label yield[b] [%]

1 tBu 4 a 7 a 49[c]

2 Bn 4 b 7 b 31[d]

3 Ph 4 c 7 c 80[e]

4 – 5 8 n.d.[f]

5 Me 6 a 3 a 84
6 Bn 6 b 3 a 83
7 Ph 6 c 3 a 97

[a] Unless otherwise specified, all reactions were carried out with FeBr2

(0.01 mmol), urea or carbamate (4–6, 0.5 mmol), and 1-undecenol (2 a,
0.75 mmol) in 1,4-dioxane (1 mL) at 150 8C for 6 h. [b] Isolated yields.
[c] 3 a was isolated in 40 % yield. [d] 3 a was isolated in 27 % yield. [e] 3 a
was isolated in 15 % yield. [f] n.d. : not detected.

Scheme 3. Iron-catalyzed reaction of urea (1) with diols (9). [a] Reactions per-
formed with FeBr2 (0.02 mmol), urea (1, 2.0 mmol), and diol (9 a–d,
0.5 mmol) in 1,4-dioxane (1 mL) at 150 8C for 6 h. [b] Isolated yields.
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0.02 mmol of iron(II) bromide afforded 10 a in 61 % yield, to-
gether with 22 % of the monocarbamate as a side product. In-
terestingly, the related 6-membered cyclic carbonate was not
detected. An increase of the catalyst loading, temperature, and
reaction times, as well as higher amounts of urea, did not yield
better efficiency. Analogously, Meprobamate (10 b),[21] was syn-
thesized following the same procedure. This product is a seda-
tive used for the treatment of anxiety and insomnia. It was pre-
pared from urea and the corresponding 1,3-diol 9 b in 65 %
yield (Scheme 3). Classical methodologies for the synthesis of
such bioactive compounds generally involve a two-step se-
quence starting from the same diols. In this case, the formation
of a sensitive and toxic chloroformate is followed by treatment
with ammonia. Advantageously, here their synthesis is accom-
plished in one step using an eco-friendly iron-catalyzed meth-
odology from cheap urea as the carbamoylation agent. We ap-
plied this methodology to different-sized diols. Thus, sub-
strates 9 c and 9 d were converted into the respective primary
biscarbamates in moderate yields (10 c–d, 52 and 59 %, respec-
tively; Scheme 3).

Finally, we were interested to use amines as nucleophiles in-
stead of alcohols (Scheme 4). Obviously, the corresponding
iron-catalyzed transamidation reaction would allow accessing
different substituted ureas,[22] structures with several applica-
tions in organic chemistry, in a straightforward and convenient
manner. With this aim, we analyzed the reaction of urea (1,
0.5 mmol) with hexylamine (11 a, 0.75 mmol) under the previ-
ously optimized conditions. In this case, the monosubstituted
urea 12 a was isolated in 47 % yield (0.23 mmol), whereas the
double substitution was also favored affording 70 % yield of
the 1,3-dihexylurea (13 a, 0.26 mmol of a maximum of
0.375 mmol).

To improve the selective formation of unsymmetrically sub-
stituted ureas, we decreased the concentration of the amine
substrate and performed an experiment using a 1:1 ratio urea/
amine obtaining 12 a in 54 % yield and 13 a in 45 % yield
(Scheme 4). Similarly, furfurylamine 11 b afforded the mono-

substituted compound in comparable yield (57 %). Interesting-
ly, using 4-hydroxyphenethylamine (11 c) containing both
amino and hydroxyl groups this iron-catalyzed nucleophilic
substitution selectively leads to 1- and 1,3-disubstituted ureas
12 c and 13 c in 56 and 43 % yields, respectively. Cyclohexyla-
mine 11 d performed analogously. To our delight, transforma-
tions with secondary amines, such as morpholine (11 e) and di-
benzylamine (11 f), provided the corresponding unsymmetrical
ureas 12 e–f in excellent yields (97 and 93 %, respectively).
Here, the second nucleophilic substitution is completely avoid-
ed under the used reaction conditions.

As depicted in Scheme 5, we propose the following mecha-
nism for the iron-catalyzed reaction of urea with nucleophiles.
Urea (1) is initially activated by O-coordination to the iron cata-

lyst, which acts as Lewis acid. Subsequently, the nucleophile 2,
probably also activated by hydrogen bonding, attacks the car-
bonyl carbon of intermediate I giving place to species II. Migra-
tion of a proton from nucleophile to an amino group affords
intermediate III, which after dissociation of the iron catalyst
and elimination of ammonia gives rise to the final product 3.

Conclusions

We have developed a general methodology for iron-catalyzed
reactions of urea with common nucleophiles. This straightfor-
ward nucleophilic substitution allows for the synthesis of pri-
mary carbamates and substituted ureas from simple alcohols
and amines, respectively. In addition, the use of diols gives rise
to double carbamoylations which makes bioactive compounds
such as Felbamate and Meprobamate easily accessible. Apply-
ing a safe, inexpensive and less toxic iron(II) salts as catalyst,
a high degree of selectivity is observed avoiding the formation
of side products such as acyclic carbonates, oligo- or polymers.
With the aim of enhancing this methodology, other valuable
Lewis acids and microwave heating might be helpful for future
applications.

Scheme 4. Iron-catalyzed reaction of urea (1) with amines (11). [a] Reactions
performed with FeBr2 (0.01 mmol), urea (1, 0.5 mmol), and amines (11 a–f,
0.5 mmol) in 1,4-dioxane (1 mL) at 150 8C for 6 h. [b] Isolated yields. [c] Reac-
tion performed with 0.75 mmol of 11 a gave 47 % yield of 12 a and 70 %
yield of 13 a. n.d. : not detected.

Scheme 5. Proposed mechanism for the iron-catalyzed reaction of urea with
nucleophiles.
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Experimental Section

General information. Unless otherwise is stated, all reactions were
conducted under an argon atmosphere with exclusion of moisture
from reagents and glassware using standard techniques for manip-
ulation air sensitive compounds. Reaction temperatures refer to ex-
ternal bath temperatures. TLC was effected on silica gel 60 F254

(layer thickness 0.2 mm) and components were located by obser-
vation under UV light and/or by treating the plates with a phospho-
molybdic acid, or p-anisaldehyde reagent followed by heating.
Column chromatography was performed on silica gel (230–400
mesh) using 30 % ethyl acetate/heptane or 10 % methanol/di-
chloromethane as eluent. NMR spectra were performed in a Bruker
Avance 400 spectrometer using the residual solvent signal as inter-
nal standard [chloroform: 7.26 ppm (1H), 77.0 ppm (13C)] . All meas-
urements were carried out at room temperature unless otherwise
stated, and DEPT was used to assign carbon types. Mass spectra
were in general recorded on a MAT 95XP or a HP 5973N mass se-
lective detector. Gas chromatography was performed on a HP
6890N chromatograph with a HP5 column. Unless otherwise state-
ment, commercial reagents were used as received without purifica-
tion.

General procedure for the iron-catalyzed reaction of urea with
alcohols. In a glass pressure tube (25 mL) under an Ar atmosphere,
FeBr2 (2.2 mg, 0.01 mmol), urea (30.1 mg, 0.5 mmol) and alcohol
(0.75 mmol) were dissolved in 1,4-dioxane (1 mL). Next the pres-
sure tube was closed and the resulting mixture was stirred at
150 8C in an oil bath for 6 h. After cooling down to room tempera-
ture, the crude was directly purified by flash chromatography on
silica gel to afford, after concentration and high-vacuum drying,
the corresponding products in the reported yields.
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Iron-Catalyzed Reaction of Urea with
Alcohols and Amines: A Safe
Alternative for the Synthesis of
Primary CarbamatesIron-clad method: An iron-catalyzed re-

action of urea with common nucleo-
philes is described. The synthesis of pri-
mary carbamates is accomplished by
carbamoylation of alcohols, while
a transamidation reaction with amines
provides the respective substituted

ureas. The use of readily available re-
agents and the application of a benign
iron source make this atom-economical
process a green and safe alternative for
the synthesis of such valuable com-
pounds.
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