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Zirconium(IV)-catalyzed exchange processes have been developed to prepare both carbamates and ureas from dialkyl carbonates and carbamates

employing 2-hydroxypyridine (HYP) and 4-methyl-2-hydroxyquinoline (MeHYQ) as catalytic additives, respectively. A microwave acceleration
effect was observed in Zr(IV)-catalyzed carbamate —urea exchange.

Carbamate and urea functional groups play important roles Recently, dialkyl carbonatéfhave emerged as environ-

in organic, medicinal, supramolecular, and material chem- mentally friendly and nontoxic substitutes for phosgene and
istry. For example, recent reports have cited examples of phosgene derivatives in alkoxycarbonylation reactions. For
ureas as potent HIV-1 protease inhibité38 MAP kinase instance, metal-catalyzed carbamate syntheses using dim-
inhibitors for the treatment of inflammatory diseademsd ethylcarbonate and amines have been repdrieelated
peptidomimetics with increased metabolic stability. Although syntheses of ureas froBralkyl carbamates and amines have

a number of methodologies, including oxidative carbonyla- ajso been accomplished in the presence of stoichiometric
tion of amines! have been developed, the standard prepara- amounts of mediator.Direct conversion of carbamates to
tion of carbamates and ureas generally involves use of toxic ,reas obviates the need for intermediate deprotection and
and highly reactive phosgefiephosgene derivativésor activation steps. On the basis of our previous work concern-

isocyanates.
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ing Zr(IV)-catalyzed esteramide exchang®,we wished to || N N

extend our methodology to the synthesis of carbamates andr e o Scope of CarbonateCarbamate Exchange
ureas by reaction of amines with both dialkyl carbonates and

carbamates. R R R Spanzomas
In line with our previous studies concerning the additive N T ROOR zn N R
acceleration effects in Zr(IV)-catalyzed estemide ex- entry product yield (%)
changéi!? initial experiments focused on evaluation of o R=Me, 2b 88
catalytic amounts of Zr(GBu), and a series of nucleophilic ! Ph/\NJLOR Ez itl’lyzlc 2 ggc
additives in the reaction df-Me benzylamine and dimeth- H R=Bn, 2¢ 95
ylcarbonate in the absence of solvent (Table 1). Among ) Me¢eo . 9%
O\)\/N\H/OMe
I 'y
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Table 1. Optimization of CarbonateCarbamate Exchange 3 @\uj\we 97
o} o N‘:'Z
Ph/\H’Me + MeO)J\OMe — PhAN)J\OMe . 1 i -
Me 1 MeO H;?(M:H OMe
entry conditions conversion (%)° o 3
B g e8!
1 none 7 N~ “OMe
2 Zr(Ot-Bu)s (5 mol %) 69 L
3 Zr(Ot-Bu)s (5 mol %), HOAt (5 mol %) 75 6 | Y 98/
4 Zr(Ot-Bu)s (5 mol %), HOBt (5 mol %) 47 OJ\A N oH
5  Zr(Ot-Bu)s (5 mol %), MeHYQ (5 mol %) 58 Ty
6  Zr(Ot-Bu)s (5 mol %), HYP (5 mol %) 79 7 (X < 95°
7 Zr(Ot-Bu)s (5 mol %), HYP (10 mol %) 87 (85) C o
8  Zr(Ot-Bu)y (5 mol %), HYP (20 mol %) 88
9 HYP (10 mol %) 17 a8 Reaction conditions: amine (1.0 equiv), carbonate (1.5 equiv),tZr(O

. L . . . . Bu)s (5 mol %), HYP (10 mol %), neat, 87C, 12 h.? Isolated yield after
aReaction conditions: amine (1.0 equiv), dimethylcarbonate (1.1 equiv), purification by silica gel chromatograph¥y1.1 equiv of carbonate employed.

neat, 80°C, 16 h.PHOAt = 1-hydroxy-7-azabenzotriazole, HOBt d ) 19%). HYP (20 mol % loved 3 iv of carbonat
1-hydroxybenzotriazole, MeHY& 4-methyl-2-hydroxyquinoline, HYR= eér;()%yig?f‘léle%gi%n ‘::)c’mduct(ed ;rgolog.emp Oyed.s equiv of carbonate

2-hydroxypyridine ¢ Conversions based dil NMR analysis of the crude
reaction mixtured Isolated yield indicated in parenthesis.

(12 h). Four different carbonates (Me, Et, Bn, allyl) examined
showed similar reactivities in reactions with benzylamine.
additives evaluatetf, 2-hydroxypyridine (HYPY was found In terms of the amine scope, both aliphatic and aromatic
to be optimal. Control experiments without catalyst or with  amines performed well. The reaction of 2-aminobenzylamine
10 mol % HYP showed low conversions (Table 1, entries 1 with dimethylcarbonate was found to be chemoselective for
and 9). The effect of the ratio of metal to additive on catalyst aliphatic versus aromatic amines (Table 2, entry 3). In
efficiency was also examined (Table 1, entries-8j. contrast, 2-aminobenzylamine has been shown to react with
Increasing the ratio beyond 1:2 did not show noticeable methyl chloroformate to afford the corresponding bis-
improvement on product conversions. Further optimization carbamate without selectivi#}. Functional groups
to shorten the reaction time using microwave irradiation was
unsuccessful. |
With effective conditions in hand, we next examined the Table 3. Optimization of CarbamateUrea Exchange®
scope of Zr(IV)-catalyzed carbonatearbamate exchange 1o N, o oo HoH
(Table 2). In general, reactions were performed neat with ]@N  Eo N E ]@/\/ e
1.0 equiv of amine and 1.5 equiv of dialkyl carbonate in the MeO H MeO 9
presence of 5 mol % Zr(tzBu), and 10 mol % HYP at 80C

entry conditions conversion (%)°
(11) (a) Han, C.; Lee, J. P.; Lobkovsky, E.; Porco, J. A.JJAm. Chem. 1 none 3
Soc.2005 127, 10039 and references therein. For recent reports on Ti-
(IV)-catalyzed transamidation, see: (b) Eldred, S. E.; Stone, D. A.; Gellman, 2  Zr(O¢-Bu)4 (10 mol %) 74
S. H.; Stahl, S. SJ. Am. Chem. So@003 125 3422. (c) Kissounko, D. 3 Zr(Ot-Bu)4 (10 mol %), HYP (20 mol %) 62
éh Hoerster,z.g).ol\g.;l(z?;gzle;,;éA.; Cui, Q.; Gellman, S. H.; Stahl, SJSAm. 4 Zr(Ot-Bu), (10 mol %), HYQ (20 mol %) 86
em. Soc2007, 129, .
(12) See Supporting Information for complete experimental details. 5 Zx(0t-Bu)s (10 mol %), MeHYQ (20 mol %) 95
(13) For representative examples of metal complexes containing HYyp 6~ MeHYQ (20 mol %) 13
or HYP derivatives, see: Cu, Ni, and Co: (a) Parsons, S.; Winpenny, R.  7¢  Zr(Ot-Bu)4 (10 mol %), MeHYQ (20 mol %) 99 (94)°

E. P.Acc. Chem. Red.997 30, 89. Pd: (b) Maity, S.; Roy, R.; Sinha, C;

Sheen, W.-J.; Panneerselvam, K.; Lu, T.<H.Organomet. Chen2002 aReaction conditions: amine (1.1 equiv), urethane (1.0 equiv), neat,
650, 202. Au: (c) Thwaite, S. E.; Schier, A.; Schmidbaur,lzbrg. Chim. 100 °C, 12 h.bHYQ = 2-hydroxyquinoline Conversions based ot
Acta 2004 357, 1549. Ti and Zr: (d) Takashima, Y.; Nakayama, Y.; NMR analysis of the crude reaction mixtufeuW, 120 °C, 15 min.
Hashiguchi, M.; Hosoda, T.; Yasuda, H.; Hirao, T.; HaradapPalymer ¢ Isolated yield indicated in parenthesis.

2006 47, 5762.
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Table 4. Urea Synthesis by Reaction of Amines and Carbamates or Carbbnates

0 10 mol % Zr(Ot-Bu), 0 0 20 mol % Zr(Ot-Bu), 0
RI-NH, + o )J\N'Rz 20mol % MeHYQ__ Ri, J\N’Rz o RINH; ¢ g0 J\OEt 40mol % MeHYQ__ R, )LN,R1
H uW, temp, 15 min H H LW, temp, 15 min H H
entry amine carbamate product temp yield (%)
R=Me, 10a 120 °C 96
o R=Et, 10b 9 120 °C 96
1 (Y o R=Allyl, 10¢c Pho Ay 100°C 08
NTTOR - R=Bn, 10d H 120 °C 94
R=CH,CCl;, 10e 11 60 °C 98
R=z-Bu, 10f 160 °C 73
2 MeO. NH, o] MeO. H NH
o X .50 SCOIE!
MoO MeO” ~NH, Moo 12 ©
Mey’\ie i
3 0. Q O.
e O\)\/H\H/OMe YRR 140 °C 80°

o ° o 120°C 99¢
(o)
4 Mes o~ -Me ©/ \©\NJ\OM ©/ N)J\N/\/\/Me

H © H y [ de
6 H 14 Me 120 °C 95
HN H o] HN\ [o]
5 | cre_o N s Ot-Bu . .
@J\/\NHZ ST o N H/\(f)r 100 °C 85
15 16
¢ LA SUN O
O NH, cgc/\o)l\N/\)J\oa O N N/\)I\OEt 100 °C 817
H 47 H H
18
SN o I\N o Q\
7
/©\ Q\NJ\O/\CCIS QHJ\H cl 100 °C 98¢
cl NH i s
2 0Bn 19 " e
OMe

’ [Z@NH Me N” 80°C 974

d
22 °©
NH, Et0” TOEt H °
23
Me NH
10 Me><:NH2 o) >=0
140 °C 85
Me” \—NH, EtO)J\OEt Me 24"""

aReaction conditions: amine (1.0 equiv), carbamate (1.1 equiv),tZB(Q: (10 mol %), MeHYQ (20 mol %), neayW, temp, 15 min. For entries
9-10: amine (2.2 equiv), carbonate (1.0 equiv), Zrg), (20 mol %), MeHYQ (40 mol %), chlorobenzene (1.0 M)V, temp, 15 min® Isolated yield
after purification by silica gel chromotagraptyCarbamate (1.5 equiv) employetReaction performed in chlorobenzene (2.0 MEarbamates was
prepared in situ without purification.

including acetonide (Table 2, entry 2), indole (entry 6), and 3,4-dimethoxyphenethylamine aidethyl urethane (Table
cyclic ketal (entry 7) were found to be tolerated under the 3). Control experiments without catalyst or with 20 mol %
reaction conditions. For diamine substrates, cyclic urea MeHYQ showed low conversions (Table 3, entries 1 and
products were not observed (Table 2, entries 3 and 4). 6). In contrast to carbamate formation, we found that urea
We next explored urea formation through carbamatea formation was significantly accelerated using microwave
exchange. In contrast to the carbamate formation, additiveirradiation® For instance, 12 h was required for the model
screening identified 4-methyl-2-hydroxyquinoline (Me- reaction to reach completion at 106G under conventional
HYQ)® as an optimal additive in model reactions between heating, whereas only 15 min was needed if the reaction was
performed at 120C under microwave irradiation (Table 3,

(14) Selva, M.; Tundo, P.; Perosa, A.; DallAcqua, F.Org. Chem.
2005 70, 2771.

(15) For examples of MeHYQ-containing metal complexes, see: Li: (a) (16) (a) Kim, Y. J.; Varma, R. STetrahedron Lett2004 45, 7205. (b)
Liddle, S. T.; Clegg, WJ. Chem. Soc., Dalton Tran2002 3923. Ru: (b) Bridgeman, E.; Tomkinson, N. C. Gynlett2006 243. For recent reviews
Steed, J. W.; Tocher, D. Al. Chem. Soc., Dalton Tran£992 2765. (c) on microwave-mediated synthesis, see: (c) Loupy, A.; Petit, A.; Hamelin,
Wilton-Ely, J. D. E. T.; Wang, M.; Honarkhah, S. J.; Tocher, D.l#org. J.; Texier-Boullet, F.; Jacquault, P.; MatHe. Synthesisl998 1213. (d)
Chim. Acta2005 358 3218. Rh: (d) Kawamura, T.; Kachi, H.; Fuijii, H.; Perreux, L.; Loupy, ATetrahedror2001, 57, 9199. (e) Larhed, M.; Moberg,
Kachi-Terajima, C.; Kawamura, Y.; Kanematsu, N.; Ebihara, M.; Sugimoto, C.; Hallberg, A.Acc. Chem. Re2002 35, 717. (f) Kappe, C. OAngew.

K.; Kuroda-Sowa, T.; Munakata, MBull. Chem. Soc. Jpr200Q 73, 657. Chem., Int. EA2004 43, 6250.
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entry 7). Further experiments will be pursued to probe this MeHYQ-catalyzed carbamatairea exchange conditions in
apparent microwave effect. an attempt to prepare tetra-substituted ureas. This result
The scope and limitations of urea formation using car- indicates that an isocyanate intermedidteis likely gener-
bamate-urea exchange were evaluated under microwave ated in situ from the carbamate, which is consistent with
irradiation using 10 mol % of Zr(6Bu), and 20 mol % of literature precedents on carbamate decompositichWe
MeHYQ as catalyst (Table 4). In general, reactions to prepare believe that the greater reactivity of MeHYQ versus HYP
mono-, di-, and trisubstituted ureas were completed in 15 for carbamate-urea exchange is likely due to the higher
min at temperatures varying from 60 to 140 depending basicity of the conjugate base of MeHYQ, which facilitates
on the specific substrate. During reaction optimization, we isocyanate formation by deprotonation of the carbarffate.
found that the reactions were best performed without solvent;  In conclusion, zirconium(lV)-catalyzed exchange processes
however, a minimum amount of solvent (chlorobenzene, have been developed to prepare both carbamates and ureas
1.0-2.0 M) was employed in some cases to aid in dissolving from dialkyl carbonates and carbamates employing 2-hy-
substrates. Based on observed reaction temperature differdroxypyridine (HYP) and 4-methyl-2-hydroxyquinoline (Me-
ences, the reactivity of a number of synthetically useful HYQ), respectively, as catalytic additives. Mechanistic
carbamate protecting groups was found to decrease in thestudies and application of the exchange processes to the
following order: Troc> Alloc > methyl carbamate, ethyl  synthesis of complex carbamates and ureas are currently
carbamate, Cbz Boc (Table 4, entry 1)’ The relatively underway and will be reported in due course.
high reactivity of the Troc carbamafeidentifies it as a
desirable precursor for the synthesis of complex ureas via
exchange processes (Table 4, entries8pbincluding 20
(entry 7), a recently reported inhibitor of human cyclophilin
A with potent anti-HIV activity?® Of note is the chemose-
lective addition of amines to the Troc carbamate vetstis
butyl and ethyl esters, respectively (Table 4, entries 5 and
6). However, utilizing HYP as an additive or under conven-
tional heating, a lower selectivity for urea formation was  Supporting Information Available: Experimental pro-
observed in the case of entry 6 (Table 4). cedures and characterization. This material is available free
In comparison to the stepwise protocol, a one-pot urea of charge via the Internet at http://pubs.acs.org.
synthesis sequence was also developed (Table 4, entry 4) iny j;0579g
which carbamaté was prepared in situ from amine and
carbonate and condensed with a second amine in the same (19) For representative metal isocyanate complexes, see: Fe: (a) King,
reaction vessel without purfication. A one-pot synthesis of F & S51°1e,V, 101 Chenisos» 506 0) rapir, 3 eanaers
cyclic ureas by condensation of diamines and diethyl J. P.; Kubota, M.; Vastine, F. D.; Sun, J. Y.; Kang, J. WAm. Chem.
carbonate was also found to be workable (Table 4, entries Qfggjiﬁf 29(?7?32(3; R(g /(Sr? d*;?ssgr?‘a‘é"_afE'rtg\’l‘vvn*f-é)'_sgi_i; fgﬁfr?é;hf%_
and 10). It should be noted that carbamates derived from chem. Soc., Dalton Trand979 152.

secondary amines were found to be inert under Zr(IV)- (20) For zirconium-catalyzed condensation of isocyanates and alcohols,
see: Blank, W. J.; He, Z. A,; Hessell, E. Frog. Org. Coat1999 35, 19.
(21) For dealcoholysis of carbamates to isocyanates, see: (a) Uriz, P.;
(17) Troc= 2,2,2-trichloroethyloxycarbonyl, Alloe allyloxycarbonyl, Serra, M.; Salagre, P.; Castillon, S.; Claver, C.; FernandeketEahedron
Cbz = benzyloxycarbonyl, Boe= tert-butoxycarbonyl. Lett. 2002 43, 1673. (b) Gallou, I.; Eriksson, M.; Zeng, X.; Senanayake,
(18) For urea synthesis via high-pressure-promoted condensation of TrocC.; Farina, V.J. Org. Chem2005 70, 6960.
carbamates and amines, see: Azad, S.; Kumanoto, K.; Uegaki, K.; Ichikawa, (22) pKa (DMSO): HYP, 17.0; HYQ, 20.7; NKCO,Et, 24.6. Bordwell,
Y.; Kotsuki, H. Tetrahedron Lett2006 47, 587. F. G.Acc. Chem. Red.988 21, 456.
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