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Abstract: An efficient copper-catalyzed protocol has
been developed for the synthesis of carbamates from
dialkylformamides and phenols possessing directing
groups such as benzothiazole, quinoline and formyl
at the ortho-position. In this chelation assisted ap-
proach, C-O bond formation takes place via a cross
dehydrogenative coupling (CDC) between the
formyl C—H of dialkylformamide and phenolic O—H
in the presence of copper(Il)acetate/aqueous fert-
butyl hydroperoxide. Under identical reaction condi-

tions, salicylic acid derivatives underwent amidation
with the carboxylic group rather than formamidation
of the phenolic OH. The use of a cheap and environ-
mentally benign catalyst along with the tolerance of
a wide range of functional groups makes this an easy,
phosgene-free route to carbamates.

Keywords: carbamates; C—H activation; copper cat-
alysis; cross dehyrogenative coupling

Introduction

The transition metal-catalyzed cross-coupling reac-
tions are useful for the construction of C—C and C—
heteroatom bonds.! However, these traditional cou-
plings suffer from some serious drawbacks due to the
use of stoichiometric organometallic reagents as well
as requirements of pre-functionalized substrates. To
overcome some of these problems, the direct C—H
functionalization processes have emerged as viable al-
ternatives in modern organic synthesis.”) Two pillars
on which the activation of inert C—H bonds stand
are: (a) chelation assisted functionalization® and (b)
the cross dehydrogenative coupling (CDC)." In par-
ticular, the CDC is an important tool employed
mainly for the construction of C—Cl*3 and C-N
bonds.[) However, of late the number of C—O bond
forming processes is increasing. In this respect our
group and others have developed several CDC proto-
cols for C—O bond formation leading to the synthesis
of various esters.”!

Organic carbamates are useful agrochemicals, phar-
maceuticals and are also present in a range of biologi-
cally active natural products.®! In addition, carb-
amates play an important role as intermediates in or-
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ganic synthesis and serve as a protecting group during
peptide synthesis.”’ However, the general methods for
their synthesis require intermediates such as chloro-
formates or isocyanates which, in turn, are prepared
from phosgene or its derivatives.'”’ Thus, a phosgene-
free synthesis of carbamates is most appreciable from
the environmental point of view.''l This motive has
led to the synthesis of carbamates by other methods
such as (i) oxidative and reductive carbonylation of
amines and nitro aromatics;''*“'"?l (ii) reaction of
amines with CO,;"'**¥ (iii) metal-catalyzed cross-cou-
pling of isocyanate with phenols; and (iv) various re-
arrangement reactions.”) N N-Dialkylformamides
have attracted much attention because of their poly-
gonal utility in C—H functionalizations. They are re-
ported as surrogates of various functional groups de-
pending upon the reaction conditions."* For example
N,N-dimethylformamide (DMF) is known to act as
the source of Me, CO, NMe,, CONMe,, CHO and
CN groups in various synthetic protocols.") Among
these groups, the synthetic utility of dialkylform-
amides as an aminocarbonyl (CONR,) group is well
documented in the literature. Some recent achieve-
ments include aminocarbonyl (from DMF) insertion
into alkenes and alkynes,"" synthesis of a-keto am-
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e No_mH R TBHP N s [Cu]
O - o %@
B¢ N-R S H omdant
coupling R ™ (a) temperature
R H+ H DG this work DG Entry  Catalyst Oxidant Temp.  Yield
N—=<+0 Cu catalyst 0. .0 (mol%) (equiv.) [°C] [%]®!
R O
TBHP f 1 CuBr (5) TBHPY (2) 80 34
R™R 2 CuBr, (5) TBHP! (2) 80 41
N 2
DG =©S‘t- @Q 3 CuCl (5) TBHP!! (2) 80 30
! 4 CuCl, (5) TBHP (2) 80 39
Scheme 1. Methods for carbamate synthesis from phenols 5 Cu(OTt), (5) TBHP! (2) 80 32
and formamides. 6 Cu(OAc), (5)  TBHP! (2) 80 57
7 Cu(OAc), (10) TBHP (2) 80 59
8 Cu(OAc), (5)  TBHPY (2) 80 63
. . . . 9 Cu(OAc), (5 TBHP" (3 80 74
ides’" and direct aminocarbonylation of a;oles..m] All CuEO Ac;z 25§ TBHP 24; 30 74
of the aforementioned reactions proceed via oxidative 11 Cu(OAc), (5) H,0,1 (3) 30 <10
C—C or C—-N bond formations. In the C—O bond 12 Cu(OAc), (5)  DTBP! (3) 80 <8
forming segment, the use of dialkylformamides as an 13 Cu(OAc), (5)  BPO! (3) 80 <6
aminocarbonyl surrogate has been utilized for the 14 Cu(OAc), (5)  (NH,),S,05(3) 80 <3
synthesis of carbamates by reacting them with phe- 15 Cu(OAc), (5) TBHP[{Z} (3) 100 73
nols and enols possessing ortho carbonyl directing 10 Cu(OAc), (5) ~ TBHP . ®) 70 70
groups.l™ 17 none TBHPY (3) 80 00
On the other hand, benzothiazole derivatives have 18 Cu(OAc), (5) hone [d] 80 00
, , yarves i 19 TBAI (20) TBHPY! (3) 80 00
found immense importance due to their biological
and pharmaceutical activities.'” Therefore, function- ' Reaction  conditions: ~ 2-(benzo[d]thiazol-2-yl)phenol

alizations of benzothiazole would provide pathways
for the synthesis of intermediates that may find po-
tential applications in various other fields.”” This has
been realized through some of our recent achieve-
ments on transition metal-catalyzed directing group-
assisted (N-atom) functionalizations of the ortho-C—H
bond of the 2-aryl moiety in benzothiazole.”!! Thus,
we envisaged that the directing N-atom of benzothia-
zole could facilitate a metal-catalyzed aminocarbony-
lation of the hydroxy group present at the proximal
carbon atom. Such an aminocarbonylation would lead
to the formation of a hybrid benzothiazole-carbamate
moiety (Scheme 1).

Results and Discussion

To verify our above envisaged hypothesis, 2-(ben-
zo[d]thiazol-2-yl)phenol (1) and DMF (a) were react-
ed in the presence of copper(I) bromide (5 mol%)
and TBHP in decane (2 equiv.) at 80°C. As anticipat-
ed phenol carbamate (1la) was formed but in a low
yield of 34% (Table 1, entry 1). To arrive at the opti-
mized reaction conditions different salts of copper
such as CuBr,, CuCl, CuCl,, Cu(OAc), and Cu(OTY),
were tested among which Cu(OAc), provided the best
yield of 57% (Table 1, entries 2-6). When the catalyst
loading was increased from 5 mol% to 10 mol% the
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(0.5 mmol), formamide (1 mL), at 80°C for 10 h.
] Tsolated yield.
[l 5_6M decane solution.
4l 70% aqueous solution.
[l 50% aqueous solution.
1 Di-tert-butyl peroxide.
[l Benzoyl peroxide.

yield did not improve significantly (Table 1, entry 7).
The use of aqueous TBHP (70%) provided an im-
proved yield (63%) compared to the decane solution
of TBHP (Table 1, entry 8). The yield was enhanced
up to 74% (Table 1, entry 9) when 3 equiv. of oxidant
were used. No further improvement in the yield was
observed even when the oxidant quantity was in-
creased beyond 3 equiv. (Table 1, entry 10). The oxi-
dant, 70% aqueous TBHP, turned out to be the best
(Table 1, entry 9) compared to other peroxides such
as aqueous H,0,, DTBP, BPO and (NH,),S,04
(Table 1, entries 11-14) screened. An increase
(100°C) or decrease (70°C) in the reaction tempera-
ture led to a slight reduction in the yield (Table 1, en-
tries 15 and 16). The absence of either copper catalyst
or oxidant failed to produce any cross-coupled prod-
uct revealing the requirement of both Cu(Il) and
TBHP in bringing about this transformation (Table 1,
entries 17 and 18). When the reaction was carried out
under metal-free conditions using tetrabutylammoni-
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Scheme 2. Oxidative coupling of phenols with formamides. Reaction conditions: phenols (1-11) (0.5 mmol), formamides (a—
g) (1 mL), Cu(OAc), (0.05 mmol), TBHP (3 equiv.), 80°C, for 8-12 h. Yields of isolated pure products given.

um iodide (TBAI) as the catalyst and TBHP as the
oxidant the desired carbamate did not form at all
(Table 1, entry 19). No further improvement in the
product yield was observed even when a standard re-
action was performed under an inert (nitrogen) at-
mosphere. Hence, it was found that the use of
5mol% of Cu(OAc), in the presence of aqueous
TBHP (3 equiv.) at 80°C were the best conditions for
the conversion of (1) to (1a).
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With this optimized conditions in hand, we further
investigated the scope of this transformation with dif-
ferent formamides and phenols possessing N-directing
groups (Scheme 2). Initially various formamides (a-g)
were reacted with 2-(benzo[d]thiazol-2-yl)phenol (1)
and it was found that both acyclic (a—¢) and cyclic
(d-g) formamides coupled well with (1) giving the
corresponding carbamates in moderate to good yields
(Scheme 2, 1a—¢ and 1d-g). However, cyclic form-
amides (d-g) gave marginally lower yields compared
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Figure 1. ORTEP view of 6a.*!

to acyclic ones (a—c). Further, the effect of substitu-
ents on the phenol moiety was investigated by react-
ing them with various formamides and the results are
summarized in Scheme 2. Phenol rings bearing elec-
tron-donating groups such as p-MeO (2) underwent
efficient coupling with N,N-dimethylformamide (a)
and N,N-diethylformamide (b) affording carbamates
(2a) and (2b) in 81% and 78% yields, respectively.
However, yields of the product (3a) and (3b) dropped
to 61% and 48% when the MeO group is present
ortho to the OH (3), which could be due to the ortho
steric hindrance. The phenol ring bearing a moderately
electron-withdrawing group such as p-Br (4) when re-
acted with DMF provided its carbamate (4a) in slight-
ly lower yield (63% ) compared to the electron-donat-
ing counterpart (2a). Relative to the electron-neutral
(H) analogue (1) the presence of the moderately elec-
tron-withdrawing group Cl (5) and the strongly elec-
tron-withdrawing group CF; (6) on the aryl ring of
benzothiazole moiety had negligible influence on the
product yields (Scheme 2, 5a, b, 6a, b and 6d). The
structure of the product (6a) was further confirmed
by single X-ray crystallography (Figure 1). Syntheses
of different carbamates (7a), (8a) and (9a) from their
respective coupling partners reveal the versatility of
this protocol. This methodology is also equally appli-
cable for the synthesis of 3-naphthyl carbamates (10a)
and (10b) by reacting 1-(benzo[d]thiazol-2-yl) naph-
thalen-2-ol (10) with formamides (a) and (b). Beside
benzothiazoles, the N-atom in 8-hydroxyquinoline
(11) provided similar chelation assistance towards O-
formamidation giving products (11a) and (11b) when
treated with the respective formamides (a) and (b)
under otherwise identical reaction conditions. When
2-(benzo|[d]thiazol-2-yl)phenol (1) and 8-hydroxyqui-
noline (11) were reacted with N-methylformamide or
an arylformamide such as the monoaryl (N-methyl-N-
phenylformamide) and diaryl (N,N-diphenylforma-
mide) species in all cases the reaction failed to pro-
vide any carbamates. It may be mentioned here that
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traditionally the phenolic OH group is protected as
its ether, ester, silyl ether, acetate etc. which require
harsh reaction conditions as well as expensive and
toxic chemicals.’”” Compared to these, the present
phenolic OH protection via carbamate formation
using simple formamides may find useful applications
in organic synthesis.

For the past few years our group has developed var-
ious CDC reactions using metals as well as metal-free
conditions.”™ 2! During one of the investigations, we
have demonstrated the oxidative coupling of alkyl-
benzenes with salicylaldehydes which formed phenol
esters without affecting the formyl group.”! Inspired
by this result, we envisaged a similar cross dehydro-
genative coupling of formamide and salicylaldehyde.
Thus, when salicylaldehyde (12) and DMF (a) were
reacted under the above optimized conditions 2-for-
mylphenyl carbamate was obtained in 77% isolated
yield. Gratifyingly, similar to our previous report on
esterfication,”! herein as well the oxidation sensitive
formyl group remained unaffected under the reaction
conditions which can be transformed into other useful
functionality if desired. Coincidentally, while the work
was under progress the group of Wang and Chang*!
independently reported a similar O-formamidation of
salicylaldehyde; the only difference being the use of
copper(I) chloride instead of Cu(II)(OAc), and a dif-
ferent stoichiometry of TBHP. The same group has
also demonstrated an Fe-catalyzed selective C—O
bond formation via oo C—H bond functionalization of
cyclic ethers in the presence of a labile formyl
group.” Thus, the present methodology using Cu(II)
was demonstrated only with a limited number of sub-
strates. Salicylaldehyde (12) when treated with form-
amides (a) and (b) resulted in the formation of carb-
amates (12a) and (12b) in good yields (Scheme 3).
The reaction of methoxy-substituted salicylaldehyde
(13) led to the formation of expected carbamates
(13a) and (13b) in better yields compared to unsubsti-
tuted salicylaldehyde (12) when coupled with forma-
mides (a) and (b) respectively (Scheme 3). Salicylal-
dehydes bearing halogen substituents such as Cl (14)
and Br (15) afforded slightly lower yields compared
to the unsubstituted salicylaldehyde (12) when treated
with various dialkylformamides (a), (b) and (c¢) as
shown in Scheme 3.

During our earlier substrate directed O-aroylation,
both formyl (CHO) and acetyl (COCH,;) served as ex-
cellent directing groups while the carboxy (COOH)
group was completely ineffective."! So curiosity arose
whether O-formamidation can be achieved with car-
boxy (COOH) as the directing group in salicylic acid?
Salicylic acid (16) bearing a COOH directing group at
the ortho position when treated with DMF (a) gave
an amide (16a) rather than the expected phenol car-
bamate (Scheme 4). The structure of the product
(16a) has been confirmed by single X-ray crystallogra-
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Scheme 3. Synthesis of carbamates from salicylaldehydes.
Reaction conditions: salicylaldehydes (12-15) (1.0 equiv.),
formamide (a—¢) (1 mL), Cu(OAc), (0.05mmol), TBHP
(3 equiv.), 80°C for 3 h. Yields of isolated pure products
given.

OH O OH O
(0] o )
N OH Jk R? Cu(OAc), 5 mol% N N R
R *HOONT T Ao Ry -
= S TBHP (3 equiv.) = R2
R 80 °C
(16 or 17) (aorb) (16a-17b)
OH O OH O

(16b, 44%)

OH O
- NS

N
TP K

(17a, 56%) (17b, 47%)

Scheme 4. Oxidative coupling of salicylic acids with form-
amides. Reaction conditions: salicylic acids (16 or 17)
(1.0 equiv.), formamide (a or b) (1mL), Cu(OAc),
(0.05 mmol), TBHP (3 equiv.), 80°C for 6 h. Yields of isolat-
ed pure products given.

phy (Figure 2). This is not a singular exception; sali-
cylic acid (16) with the other formamide (b) and
methyl-substituted salicylic acid (17) with formamides
(a) and (b) also yielded amides (16b), (17a) and (17b)
as the major products. A similar amidation of benzoic
acid with formamide has been reported under identi-
cal conditions.”® Thus this reaction might be proceed-
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ing via a radical path as has been proposed in the lit-
erature.”

So far as the mechanism of O-formamidation with
other directing groups is concerned, the complex
forming ability of 2-(benzo[d]thiazol-2-yl)phenol and
salicylaldehyde through co-ordination with Cu metal
could be one of the crucial factors. Furthermore, reac-
tion of simple phenols with formamides failed to pro-
duce the target phenol carbamates; thus suggesting
the involvement of an adjacent directing group. The
reaction between 2-(benzo[d]thiazol-2-yl)phenol (1)
and DMF (a) in the presence of a radical scavenger
such as TEMPO [2,2,6,6-tetramethylpipridine 1-oxyl]
resulted in the formation of carbamate (1a) in <5%
yield indicating a radical path for the reaction.”?! Sur-
prisingly, when the reaction was performed in the
presence of another radical scavenger such as 1,4-cy-
clohexadine there was no retardation of the reaction
rate and the yield remained unaltered. A significant
kinetic isotope effect (Ky/Kp~3.2) was observed in
the reaction between 4-methoxy-2-(5-(trifluorome-
thyl)benzo[d]thiazol-2-yl)phenol with DMF-d; dem-
onstrating that sp> C—H bond cleavage of formamide
is possibly the slow step in the reaction. Based on lit-
erature precedents and our experimental observa-
tions, a radical mechanism for this transformation is
predicted that involves formation of an aminoacyl
radical (a’) as the crucial step.”*"”?*! A six-membered
copper complex (A) is formed via the chelation of
Cu(Il) with (1) through N-binding of benzothiazole
and O-binding of phenolic group. Simultaneously,
a butoxy radical generated by the dissociation of
TBHP abstracts a hydrogen atom from the DMF to
produce an aminoacyl radical (a’). This aminoacyl
radical (a") reacts with complex (A) to form a Cu(III)
intermediate (B). Reductive elimination of intermedi-
ate (B) results in the formation of desired carbamate
(1a) and releasing a Cu(I) species, which is reoxidized
to Cu(Il) in the medium for a further catalytic cycle
(Scheme 5). A similar mechanism is likely to operate
for the other directing groups as well.
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Scheme 5. Proposed reaction mechanism.

Conclusions

In conclusion, we have developed an efficient synthe-
sis of phenol carbamates from dialkylformamides and
phenols possessing benzothiazole, quinoline and
formyl directing groups at their ortho-positions. This
directing group-assisted cross dehydrogenative cou-
pling (CDC) occurs between the formyl C—H bond of
dialkylformamides and the phenolic O—H bond in the
presence of the Cu(Il) catalyst and oxidant aqueous
TBHP. However, an exception was observed for sali-
cylic acid derivatives which gave o-hydroxy amides. A
plausible radical mechanism has been proposed for
the reaction. The use of a cheap and environmentally
benign catalyst and tolerance of a range of functional
groups makes this an alternative phosgene-free route
to phenol carbamates.

Experimental Section

Typical Procedure for the Synthesis of 2-(Benzo[d]-
thiazol-2-yl)phenyl Dimethylcarbamate (1a)

An oven-dried round-bottom flask was charged with 2-(ben-
zo[d]thiazol-2-yl)phenol (0.5 mmol, 114 mg), Cu(OAc),
(0.025 mmol, 4.5mg), 70% aqueous TBHP (1.5 mmol,
215 uL), and DMF as formamide source (1 mL), and the
mixture was stirred in a preheated oil bath at 80°C for 10 h.
After cooling to room temperature, the reaction mixture
was admixed with water (SmL) and the product extracted
with ethyl acetate (2x10 mL). The organic layer was dried
over anhydrous Na,SO, and solvent removed under
vacuum. The crude product so obtained was purified over
a short column of silica gel (ethyl acetate/hexane, 1:9) to
afford 2-(benzo[d]thiazol-2-yl)phenyl dimethylcarbamate
(1a); yield: 110 mg (74%).
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Typical Procedure for the Synthesis of 2-Formyl-
phenyl Dimethylcarbamate (12a)

An oven-dried round-bottom flask was charged with salicyl-
aldehyde (122 mg, 1 mmol), Cu(OAc), (0.050 mmol, 9.0 mg),
70% aqueous TBHP (3 mmol, 430 uL), and DMF as forma-
mide source (1 mL) and the mixture was stirred in a preheat-
ed oil bath at 80°C for 3 h. After cooling to room tempera-
ture, the reaction mixture was admixed with water (5 mL)
and the product extracted with ethyl acetate (2x10 mL).
The organic layer was dried over anhydrous Na,SO, and sol-
vent removed under vacuum. The crude product so obtained
was purified over a short column of silicagel (ethyl acetate/
hexane, 2:8) to afford corresponding 2-formylphenyl dime-
thylcarbamate (12a); yield: 149 mg (77%).

Typical Procedure for the Synthesis of 2-Hydroxy-
N, N-dimethylbenzamide (16a)

An oven-dried round-bottom flask was charged with salicyl-
ic acid (138 mg, 1 mmol), Cu(OAc), (0.05 mmol, 9.0 mg),
70% aqueous TBHP (3 mmol, 430 uL), and DMF as form-
amide source (1 mL), and the mixture was stirred in a pre-
heated oil bath at 80°C for 6 h. After cooling to room tem-
perature, the reaction mixture was admixed with water
(5mL) and the product extracted with ethyl acetate (2x
10 mL). The ethyl acetate layer was washed with 5%
sodium bicarbonate solution (2x2 mL). Organic layer was
dried over anhydrous Na,SO, and solvent removed under
vacuum. The crude product so obtained was purified over
a short column of silica gel (ethyl acetate/hexane, 3:7) to
afford 2-hydroxy-N,N-dimethylbenzamide (16a); yield:
89 mg, 54%.
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