LETTER

2429

Exceptionally Active Catalysts for the Formation of Carbamates from
Alcohols and Isocyanates: Molybdenum(VI) Dichloride Dioxide and Its

DMF Complex

Christian Stock, Reinhard Briickner*

Institut fiir Organische Chemie und Biochemie, Albert-Ludwigs-Universitit, Albert-Str. 21, 79104 Freiburg, Germany
Fax +49(761)2036100; E-mail: reinhard.brueckner @organik.chemie.uni-freiburg.de

Received 21 June 2010

Abstract: Small amounts of MoO,Cl, or MoO,Cl,(DMF), catalyze
carbamate formation from an alcohol and isocyanates: 0.1 mol% of
the respective additive allow primary, secondary or tertiary alcohols
to add to aliphatic or aromatic isocyanates of varied steric hindrance
within 20 minutes at room temperature. Typically the correspond-
ing carbamate resulted in 100% yield. Only particularly hindered
substrates required 1.0 mol% of the catalyst while as little as 0.01%
sufficed for the phenylcarbamoylation of menthol. Catalytic
amounts of DMAP accelerate carbamate formation from certain al-
cohols and isocyanates, too.
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Carbamates are of pivotal importance because of their oc-
currence in polyurethanes and polyurethane foams.! Scat-
tered usage of carbamates is made in insecticides® or
pharmaceuticals.? In the laboratory, carbamates are inter-
mediates of the Curtius degradation route to amines. They
abound as nitrogen or oxygen protecting groups, directing
agents for aromatic* or aliphatic lithiations,’> and in asym-
metric synthesis as a constituent of oxazolidinone auxilia-
ries.

Arguably, the most frequently employed synthesis of car-
bamates is the addition of alcohols to isocyanates.” In
principle this addition works fine as such. For non-hin-
dered alcohols and aromatic isocyanates it is so reliable
that in qualitative functional group analysis it was recog-
nized as a proof for the presence of such an alcohol. Ster-
ically hindered alcohols and/or isocyanates are known to
provide carbamates upon sheer heating,® possibly in the
respective alcohol as the solvent, or by accelerating their
reaction by an additive. Depending on whether the latter
is used in stoichiometric or overstoichiometric amounts or
whether substoichiometric amounts suffice, such addi-
tives may be classified as ‘promotors’ or genuine ‘cata-
lysts’. Promotors of carbamate formation from alcohols
and isocyanates are lithium® or potassium!® alkoxides,
DBU,!! DMAP (Scheme 1!>'%), Me;SiCL,"> CuCl,!o!3
CuCl-Bu,NCL,!" and CuBr-SMe,.!® Catalysts for carbam-
ate formation from alcohols and isocyanates are lithium,'”
MeLi," lithium alkoxide,?’ K,CO/H,O/EtOH,*' Ti(Oi-
Pr),,?2 concentrated HCI,?> Me,SiCl,?* tin carboxylates®
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[e.g. dibutyltin(IV) dilaurate>** or Sn(Il) di(2-ethylhex-
anoate)*], SnCl,-H,0,%° Sml, in the presence of HMPA,?’
SnCl,,?® and unspecified amounts of CuCl,.?> For mea-
sure, Table 1 compiles such methods for the particularly
demanding case of tert-alkylcarbamoylations of tertiary
alcohols.

In polyurethane syntheses catalysts beside the mentioned
ones are encountered. This may in part reflect the need to
co-catalyze the urea-forming addition of amine, which is
the by-product of hydrolytic in situ CO, formation, to re-
sidual isocyanate.

During ongoing work in this laboratory we had to convert
the alcohols 10 and (E,E)-13 into the corresponding N-
phenyl carbamates 12 (Table 2) and (E,E)-15 (Table 3),
respectively. The presence of CO,Me groups in these sub-
strates, the fact that these esters were o,B-unsaturated, i.e.
Michael acceptors, and the tendency of the desired car-
bamates to decompose through heat- or base-induced f3-
eliminations (— respective o,f,y,6-unsaturated ester) put
some serious restraints on viable reaction conditions. To
our delight DMAP catalyzes both N-phenyl carbamoyla-
tions efficiently, which might be a first-time observation
relative to the literature precedence shown in Scheme 1.
DMAP seemed to be a better catalyst for that purpose than
Et;N when the alcohol 10 was concerned (Table 2).
DMAP was definitely a superior catalyst compared to
Et;N for the carbamoylation of alcohol (E,E)-13
(Table 3): in spite of employing only half as much DMAP
(5 mol%) vs. Et;N (10 mol%), of diluting the reactants
threefold when DMAP rather than Et;N was present, and
of working at room temperature with DMAP but at 40 °C
with Et;N, the former reaction furnished almost as much
carbamate (E,E)-15 after 2.7 hours (83%) as resulted from
the latter reaction after 6.5 hours (87%).

We noticed a certain sensitivity of carbamate (E,E)-15 to-
wards the excess of 0.1 equivalent of phenyl isocyanate
(14), which we used. This implied the necessity of a chro-
matographic separation at high conversions. In order to
circumvent this complication we started to search for an
even better catalyst. We considered a number of literature
conditions (cf. Table 1) less promising for our polyfunc-
tional substrate. Accordingly, we tried additives of our
own choice and included MoO,Cl, because of the in-
creasing number of transformations brought about by this
catalyst?*-#13424304 or jts congeners MoO,CL(DMF),,*b4345.46
Mo0O,CL,(DMSO0),,4* Mo00,Cl,(H,0),,*'343" other spe-

Downloaded by: University of Victoria. Copyrighted material.



2430 C. Stock, R. Briickner LETTER

X | AN

S 2PN
Ph

OH > o) N Ph
DMAP (1.4 equiv), H
NN no solvent, 135 °C, 9 h; | NN
o/ 12
P 84% _
rac-1

—Ns

5

~900/013

DMAP (unknown amount),
toluene, 90 °C, 2 weeks;

Y

toluene, A, 2 d;
19-92%4

Scheme 1 DMAP-assisted carbamate syntheses from the literature

cies MoO,CL,L,>® or MoO,Cl,(B-ketophosphonate).’! In-
deed, a suspension of MoO,Cl, (5.0 mol%) in CH,CI,
effected carbamate formation from alcohol (E,E)-13 and
phenyl isocyanate (14) at room temperature within barely
over one hour. Carbamate (E,E)-15 resulted in the hitherto
highest yield (89%). Moreover, this specimen was easily
purified because of the complete absence of the previous-
ly mentioned overreaction product.

Motivated by this success we optimized the novel carbam-
oylation towards another sterically hindered yet commer-
cially available alcohol, namely towards (—)-menthol (16;
Table 4). We lowered the MoO,Cl, loading gradually
from 5.0 mol% (entry 1) to 0.1% (entry 5) and always ob-
tained an essentially quantitative yield of carbamate 17 af-
ter 20 minutes, aqueous workup, and purification by flash
chromatography on silica gel.>> We could even do without
chromatography and still obtained a carbamate, which
was pure according to its '"H NMR spectrum (300 MHz)
and the correctness (£0.30%) of its elemental analysis.
For decreasing the catalyst loading even further we would
have preferred working with a stock solution of the cata-
lyst. This would have facilitated accurate dosages of the
catalyst at preset values. However, MoO,Cl, was com-
pletely insoluble in CH,Cl, no matter how much solvent
was employed. In an effort to escape this nuisance we syn-
thesized MoO,Cl,(DMF), from potassium molybdate,
concentrated HC1, and DMF.*? We were surprised to find
that MoO,Cl,(DMF), was no more soluble in the concen-
tration range of interest. It was nonetheless as good a cat-
alyst as MoO,Cl, for turning menthol (16) and phenyl
isocyanate (14) into carbamate 17 at room temperature
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with or without DMAP,

within 20 minutes (Table 4, entries 6 and 7). This included
an experiment with just 100 ppm of MoO,CIl,(DMF), (en-
try 7; quantitative yield). As far as we can tell both
MoO,Cl, and MoO,Cl,(DMF), did not remain insoluble
throughout the reaction but seemed to dissolve upon the
addition of the isocyanate.

Since our MoO,Cl,(DMF), was crystalline but MoO,Cl,
a fluffy powder, the former species was more convenient-
ly weighed. For this reason all subsequent carbamoyla-
tions were performed exploiting MoO,Cl,(DMF), rather
than MoO,Cl, catalysis. With the single exception of the
sterically hindered carbamate depicted in Scheme 2,
where we used 1.0 mol% MoO,Cl,(DMF),, we were sat-
isfied to observe that as little as 0.1 mol% of the catalyst
was enough to achieve uniform yields of 290%. In fact,
most yields were quantitative.

Carbamate formations within 20 minutes at room temper-
ature from a variety of alcohols and phenyl isocyanate
(14) as the reference derivatizing agent are summarized in
Table 5. Primary alcohols, benzyl alcohol, geraniol, and
propargyl alcohol, as well as secondary alcohols, cyclo-
hexanol and (-)-menthol, gave the respective carbamates
24-27 and 17 in 95% to quantitative yields. Tertiary alco-
hols, tert-butyl alcohol or 2-methyl-3-butyn-2-ol (23), did
not react completely under the identical conditions yet
they did so in the presence of 1.0 mol% rather than 0.1
mol% MoO,Cl,(DMF),: the respective carbamates 28 and
29 resulted in yields of 98% and more. However, alcohol
23 called for increased initial concentrations, perhaps due
to inductively lowered nucleophilicity.
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Table 1 Literature Syntheses of N,0-Di-tert-alkyl Carbamates from Tertiary Alcohols and Tertiary Isocyanates

O
RO-OH  + O0==N—-RV —— RO\OJ\N/RN
H
Entry RO RN Additive Temp Time Yield
18 By} §—(\N - (jointly with Curtius rearrangement) >45%
o
# "NHCbz
COztBU B OK
10 -bu _~2 0
2 Bu-§ $ (1.7 equiv) 0-23 °C calh >71%
$ .
9 - n-BuLi .
3 /% E—’Bu (1.0 equiv) r.t. uncertain 92%
Ti(Ot-Bu)
22 4 o
4 Bu-§ § (10 mol%) 120 °C 96 h 56%
O
GO2Bu CuCl, Bu,NCI
17 ut-l, buy -
3 Bu—§ § (2 + 2 equiv) rt. 38%
CO,Et
SnCl
28 4 .
6 By~ § (6 mol%) reflux; r.t. 1+17h >T71%
Me;SiCl
15 3
7 Bu-§ , (1.4 equiv) r.t. 5h 78%
CbzHN
Me,;SiCl
24 3
8 : $S_iBy (5 mol%) r.t. 18 h 100%

9 g}é By R B Sh 96%

Table 2 Carbamoylations of Alcohol 10 with Aryl Isocyanate 11: DMAP Effect

MeO,C MeO,C

N\ O—=—N—anisyl \ o]
11 )I\ _-anisyl
OH U ——— O N
additive (cat.), H
CHuCly, r.t., time
PH Ph
10 12
Entry Additive mol% (amine) [10], [11], Time Yield

1 Et;N 10 1.0M 1.0M 7h 78%
2 DMAP 5 0.30 M 0.33M 5h 91%
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Table 3 Carbamoylations of Alcohol (£,E)-13 with N-Phenyl Isocyanate (14): DMAP and MoO,Cl, Effects
MeO.C MeO,C
N O==—=N—Ph N\ Q
14 )J\ _Ph
OH ———(————— O N
amine (cat.), H
/ CHyCly, temp, time /
MeOQC MeOzC
(E,F)-13 (E,E)-15
[91:9 mixture with (E,2)-13] [separated from (E,2)-15]
Entry Additive mol% (amine)  [13], [14], Temp Time Yield
1 Et;N 10 1.OM 1.1 M 40 °C 6.5h 87%
2 DMAP 5 0.30 M 0.33 M r.t. 2.7h 83%
3 MoO,Cl, 5 0.30 M 0.33M r.t. 70 min 89%

Swapping partners we also combined (—)-menthol (16)
with a variety of isocyanates to yield the corresponding
carbamates 34-39 and 17 (Table 6). Primary alkyl isocy-
anates (Bu, Bn) or aromatic isocyanates (with electroni-
cally varied para-substituents: Ac, H, OMe) provided
>98% of their respective carbamate after 20 minutes. The
sterically more hindered cyclohexyl isocyanate furnished
carbamate 38 in slightly lower yield (90%). With the rou-
tine amount of 0.1 mol% MoO,Cl,(DMF), fert-butyl iso-
cyanate required 19 hours for converting (—)-menthol into
carbamate 39 in 97% yield. A higher amount of the cata-
lyst (1.0 mol%) lowered the time expenditure for attaining
a quantitative yield to two hours.

Table 4 Carbamoylation of (-)-Menthol (16) with N-Phenyl Iso-
cyanate (14) Catalyzed by Decreasing Amounts of MoO,Cl, or
MoO,Cl,(DMF),

O—=—N—Ph
14
(1.2 equiv), o)
M Io (" lyst A" _Ph
OH 00,Cl, ("catalyst A") O)J\H

or

/\ MoO,Clo(DMF); (“catalyst B"), /\
CH2C|2,
16 r.t., 20 min 17
([16]o = 0.3 M)
Entry Catalyst mol% (catalyst) Yield?
1 A 5 quant.
2 A 2 quant.
3 A 1 quant.
4 A 0.5 99%
5 A 0.1 98%°
6 B 0.1 quant.
7 B 0.01¢ quant.

* All reactions provided analytically pure carbamate 17 after aqueous
workup and removal of the solvent.

® After purification by flash chromatography.

°[16],=1.0 M.

The most sterically hindered substrate combination,
which we studied comprised of fert-butanol (22) and terz-
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butyl isocyanate (33; Scheme 2). In the presence of 1.0
mol% MoO,Cl,(DMF), and after two hours we isolated
92% of the N,O-di-tert-butyl carbamate (40), provided we
increased the alcohol concentration from 1.0 M to 5.0 M.
Otherwise the yield of 40 reached 90% after nine hours.

MoO,Cl(DMF), 0
(1.0 mol%), [ i
Bu—OH + O===N-'Bu BU\OJ\N/Bu
CH,Cly, r.t., 2 h; H
22 33 92% 40

(22lo=5.0 M) (1.1 equiv)

Scheme 2 Carbamoylation of tert-butanol (22) with fert-butyl iso-
cyanate (33) catalyzed by MoO,Cl,(DMF),

Table5 Carbamoylation of Representative Alcohols with N-Phenyl
Isocyanate (14) Catalyzed by MoO,Cl,(DMF),

O===N—Ph
B X
(1.2 equiv),
R—OH R—O N/Ph
MoO5Cla(DMF), (0.1 mol%), N
HoCly,
16, 18-23 £, 20 min 17,24-29
([alcohol]g = 1.0 M)
R Alcohol Carbamate Yield®
Bn 18 24 quant.
geranyl 19 25 quant.
propargyl 20 26 quant.
cyclohexyl 21 27 95%
(-)-menthyl 16 17 quant.
+-Bu® 22 28 98%
a,0-dimethylpropargyl® 23 29 quant.

2 All reactions provided analytically pure carbamate after aqueous
workup and removal of the solvent.

® The reaction was carried out with 1.0 mol% of the catalyst.

¢ The reaction was carried out with 1.0 mol% of the catalyst and an
initial alcohol concentration of 5.0 M.

In summary, we have developed an efficient method for
the carbamoylation of alcohols with aliphatic and aromat-
ic isocyanates.>**> In the presence of as little as 0.1 mol%
of the inexpensive catalyst MoO,Cl,(DMF), most car-

Downloaded by: University of Victoria. Copyrighted material.



LETTER

Molybdenum(VI) Dichloride Dioxide and its DMF Complex 2433

Table 6 Carbamoylation of (—)-Menthol (16) with Representative
Isocyanates Catalyzed by MoO,Cl,(DMF),>

O=—=—N—R
8, 11, 14, 30-33 0
(1.2 equiv), )J\ _R

(-)-Menthyl—O N
MoO,Clz(DMF), (0.1 mol%), H

(-)-Menthyl—OH

16 CHzCla, 20,34-39
([16]g = 1.0 M) r.t., time
R Isocyanate Time (min) Carbamate Yield*
Bu 30 20 34 98%
Bn 31 20 35 quant.
4-acetylphenyl 32 20 36 quant.
Ph 14 20 17 quant.
4-methoxyphenyl 11 20 37 quant.
cyclohexyl 8 20 38 90%
+-Bu® 33 120 39 quant.

* All reactions provided analytically pure carbamate after aqueous
workup and removal of the solvent.
® The reaction was carried out with 1.0 mol% of the catalyst.

bamoylation reactions proceeded to completion after 20
minutes at room temperature. Only tertiary substrates
needed more time and/or higher catalyst loadings for
reaching 90-100% yield like the less hindered substrates.
The purity of our carbamates after aqueous workup but
without chromatography was noteworthy. The mildness
of our procedure suggests that it may be applied advanta-
geously to many other polyfunctional substrates beside
our Michael acceptors 10 and (E,E)-13.
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