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An efficient synthesis of aryl carbamates was achieved by introducing alcohols into the reaction of
palladium-catalyzed cross-coupling of ArX (X = Cl, OTf) with sodium cyanate. The use of aryl
triflates as electrophilic components in this transformation allowed for an expanded substrate
scope for direct synthesis of aryl isocyanates. This methodology provides direct access to major
carbamate protecting groups, S-thiocarbamates, and diisocyanate precursors to polyurethane
materials.

Carbamates are found both in biologically active compounds® and in polymers,2 and are
valuable protecting groups in organic synthesis.® As a result, many methods are available for
their synthesis,* including the aminolysis of acid anhydrides® and chloroformates,® the
coupling of amines with CO, and alkyl halides,” and the reaction of alcohols with
isocyanates. These are often generated in situ in the presence of alcohols via the Hofmann,?
Curtius,® Lossen,10 and Schmidt!! rearrangements or the reductive carbonylation of
nitroaromatic compounds.2 These methods, however, suffer from a limited substrate scope,
harsh reaction conditions, multiple-step preparations or the lack of readily available starting
materials.

The shortcomings of the existing methods have prompted the development of new
approaches to synthesize these important building blocks. Transition-metal catalyzed
reactions of the isocyanate anion with aryl electrophiles or nucleophiles have shown
potential for accessing the corresponding aryl isocyanate intermediates in the carbamate
synthesis. Previously, Tkatchenko showed that Ni(0) catalysts promote the cross coupling of
simple aryl halides with potassium cyanate.13 While this was the first example of using an
isocyanate anion in a cross-coupling reaction, the yields of the carbamate products were low
to moderate. More recently, a copper-catalyzed reaction of boronic acids with the same
cyanate source has been reported by Baghersad.14 While the method allowed for improved
yields of the carbamates, the substrate scope was limited in both the alcohols as well as the
aromatic nucleophiles. During the completion of this work a related copper-catalyzed
method for the /n situ generation of aryl isocyanates has been introduced by Ma, where aryl
bromides and iodides were used as electrophiles.1> While the substrate scope with respect to
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the aryl halide was broad, the authors reported that they were unable to prepare N-Boc
substituted amines. Furthermore, the range of other alcohols utilized was narrow.

Recently, we reported that the palladium-catalyzed cross-coupling of aryl chlorides and
triflates with sodium cyanate affords aryl isocyanates that can be trapped /n s/t with amines
to produce the corresponding ureas in a one-pot process.16 We felt that this could be
extended to the synthesis of aryl carbamates by using alcohols as the nucleophilic trapping
agents [Eq. (1)]. We now describe a general one-pot method for the palladium-catalyzed
synthesis of aryl carbamates - including six of the most important carbamate protecting
groups - from aryl chlorides and triflates.
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For the synthesis of A-aryl ureas we demonstrated that the addition of phenol as a
nucleophile to form a phenyl carbamate intermediate broadened the substrate scope of the
process. We thought that the use of other alcohols would lead to general conditions for the
synthesis of Aaryl carbamates.1® On this basis we began our current work by examining the
Pd-catalyzed cross-coupling of 2,4-dimethoxy-5-chloropyrimidine with sodium cyanate
using methanol as the nucleophilic trapping agent. No product of direct C-O cross-coupling
reactions (alkyl-aryl ether) was observed and the desired A-aryl-C-alkyl carbamate was
obtained in 86% yield (Table 1, entry 1a).

It was necessary to preheat Pdodbag with L 1 prior to their introduction to the reaction
mixturel6-17 and to use triethylamine as an additivel® in order to obtain a high-yielding
process. Using longer chain primary alcohols did not affect the course of the reaction and
the corresponding carbamates were obtained in 82 - 92% yields (Table 1, entries 1b, 1c).
Alcohols bearing trialkylsilyl functional groups could be employed, providing access to
Teoccarbamates (Table 1, entries 1d, 1e).

Moreover, the carbamate products were obtained in good yields (79 - 89%) when secondary
alcohols were used (Table 1, entries 1f - 1i), including more sterically demanding alcohols
with branching at the b-positions, such as 2-adamantyl alcohol and L-menthol (Table 1,
entries 1g, 1h). Phenols could also be employed in the reaction,16 however, the stability of
the resulting products is significantly lower. Isolation of Aaryl-O-phenyl carbamates was
generally problematic as these products underwent significant decomposition during
chromatographic purification on silica gel. However, with 4-fluorophenol the more stable
carbamate could be isolated in 90% vyield (Table 1, entry 1k).18

The above-described cross-coupling conditions could be applied to an array of aryl
electrophiles. Aryl chlorides bearing an ester, an unprotected acid or a secondary amide
(Table 1, entries 1b, 1g and 1k) were successfully converted to the corresponding A-aryl—
O-alkyl carbamates. In our work on urea formation we showed that transmetallation of the
isocyanate anion to the Pd-X intermediate was the most difficult step of the catalytic
cycle.16 Thus, aryl bromides were found to be less reactive than the corresponding aryl
chlorides or triflates. Here, too, the same trend was observed, although we were able to
couple an electron-deficient aryl bromide, 3,5-bis(trifluoromethyl)bromobenzene; the
corresponding carbamate product was obtained in 93% yield (Table 1, entry 1I).
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Aryl chlorides with one or two bulky ortho-substituents were generally less reactive under
our standard conditions, producing the corresponding aryl carbamates in lower yields.
Believing transmetallation to be the difficult step of the catalytic cycle, we felt that
switching to aryl triflates might ameliorate this situation.16-19 In fact, the coupling reaction
of 2,6-dimethylphenyl trifluoromethanesulfonate in the presence of 2-phenoxyethanol
provided the carbamate product in 74% yield, while no product was observed with the
corresponding aryl chloride (Table 1, entry 1j).

We next sought to apply our method to the synthesis of the widely used fer-butyl carbamate
(Boc) functional group. While the first set of conditions allowed for the efficient carbamate
synthesis using primary and secondary alcohols, the use of 1.2 — 5-fold excess of tert
butanol afforded the corresponding Boc-protected anilines only in low yields (<50%). This
result is consistent with the significantly lower reactivity of isocyanates towards tertiary
alcohols.29 However, employing Zert-butanol as the solvent afforded the desired tert-
butylcarbamates in 60 - 94% vyield (Table 2).

Additionally there was no need either to preheat Pd,dbaz and L 1 or to use triethylamine as
an additive. These reaction conditions tolerated aldehyde and cyano groups as well as a
variety of heteroaryl electrophiles (Table 2, entries 2c-2i).

Although the conditions described above (Tables 1 and 2) provided a process that
manifested a broad substrate scope with respect to both aryl electrophile and the alcohol
nucleophile, they were not suitable for use with certain alcohols, such as benzyl alcohols or
trichloroethanol, and in these cases reduced yields of the carbamate products were observed.
Additionally, byproducts resulting from direct C-S cross-coupling (thioethers) rather than
aryl carbamates were observed when we attempted to use thiols as substrates. Thus, we
attempted to utilize a phenyl carbamate, as before, followed by displacement with the
alcohol or thiol (Scheme 1a).16 Unfortunately, this approach did not lead to a general
protocol.

We felt that a more reactive intermediate, that could still be generated efficiently /n situ, was
needed in order to extend the scope of these reactions. Aryl isocyanates would be the ideal
reactive intermediates needed for these reactions.2! Unfortunately in our previous work their
synthesis was of limited success for sterically hindered aryl chlorides and with many
heteroaryl chlorides.16

In fact, switching from aryl chlorides to aryl triflates allowed access to a broader range of
aryl isocyanates (Scheme 1b). These include substrates bearing a variety of ortho-
substituents (methyl, phenyl and isopropyl groups; Table 3, entries 3b, 3e-3g), as well as
other less reactive aryl-based electrophiles? (Table 3, entries 3c, 3d). Trichloroethanol and
benzyl alcohol were used to produce Troc- and Chz-carbamates in 75% — 84% yields (Table
3, entries 3a-3d). Butanethiol could also be used to provide the corresponding S-
thiocarbamate in 86% yield (Table 3, entry 3e). Additionally, the two-step approach enables
the use of nucleophiles bearing otherwise reactive functional groups, such as aryl bromides,
which could interfere with the cross-coupling process in the one-step procedure (Table 3,
entry 3d), thus allowing for further functionalization of the initial carbamate products.

Aryl diisocyanates are key intermediates in the industrial production of polyurethanes and
are usually produced by phosgenation of the corresponding dianilines.?2 To examine the
potential of accessing these building blocks using our methodology, 5-chloro-2-
methylphenyl trifluoromethanesulfonate was subjected to the one-pot two-step procedure.
The in situ generated aryl diisocyanate was reacted with benzyl alcohol to afford the bis-
Chz-protected dianiline in 85% yield (92%/each carbamate formed; Table 3, entry 3f).
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9-fluorenylmethyl carbamate (Fmoc) is a protecting group for amino acids widely used in
peptide synthesis. It can be easily cleaved by weak bases, such as piperidine and
triethylamine.23 Therefore, it is unsurprising that our standard conditions that employed
triethylamine led to deprotection of the resulting carbamate and the formation of anilines as
the major products. To overcome this problem, tris(2-(2-methoxyethoxy)ethyl)amine (TDA)
was used in lieu of triethylamine.24 The use of this milder base did not affect the stability of
the resulting carbamate products and the Fmoc-protected amines 3g and 3h were obtained in
83% and 67% yields (Table 3). TDA was also employed for the cross-coupling of certain
aryl triflates, as it was found to improve the yields of the corresponding carbamate products
(Table 3, entries 3b, 3c, 3¢).

The synthesis of allyl carbamates typically requires the use of allyl chloroformate or allyl
alcohol as the solvent, both of which are particularly hazardous substances. Therefore,
applying the developed methodology to the synthesis of allyl carbamates would be
advantageous, since it requires only a slight excess of the nucleophile. Allyl-esters and
carbamates are known to easily undergo palladium(0)-catalyzed deprotection25 in the
presence of nucleophiles. Formation of the palladium p-allyl complex from the allyl
carbamate generates the deprotonated carbamic acid, which readily decarboxylates to give
the free amine.26 In order to circumvent the undesired p-allyl pathway, the reactive
palladium(0) species needed to be removed from the reaction mixture prior to the addition of
allyl alcohol. Filtration of the reaction mixture through a plug of celite or silica gel did not
remove the palladium species completely, which lead to diminished yields of the allyl
carbamates. We envisioned that addition of an iodobenzene to the reaction mixture would
provide an operationally simple procedure to rapidly convert the Pd(0) present to Pd(l1),
thus minimizing cleavage of the allyl carbamates without significantly altering the reaction
conditions.? Indeed, stirring the reaction mixture with 10 mol % of iodobenzene prior to the
introduction of allyl alcohol provided carbamates 3i and 3j in 63% and 67% yields (Table 3)
using only 2-fold excess of the allyl alcohol.

In summary, we have shown that using alcohols as nucleophiles in the palladium-catalyzed
cross-coupling of aryl chlorides and triflates with sodium isocyanate provides a broad range
of aryl carbamate products in good yields. The substrate scope of the direct isocyanate
coupling producing aryl isocyanates /n sifuwas extended by using aryl triflates instead of
aryl chlorides, allowing for the use of alcohols and thiols not compatible with cross-coupling
conditions.
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Scheme 1.
Synthesis of N-aryl carbamates, involving a) O-phenyl carbamate or b) isocyanate
intermediates.
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Table 1
. a
Synthesis of aryl carbamates.
R NaOCN (2 equiv), ROH (1.2 equiv) R H oR
X Pdydbag (x mol %), L1 (y mol %) AN ~c”
‘ — NEt, (25 mol %), PhMe — o
110°C, 16 h
X =Br, Cl, OTf
MeO. N_ _N_ _OMe MeOOC N o 0
e e
S O/ T N 01CH G,
N~ O o
O
1a0¢ 107 1c?
86% 92% 82%
X =Cl X =Cl X=cl
o X °
Me— T T™S iPr
1g%¢ 167 17
88% 90% 89%
X =Cl X =Cl X =Cl

1
74%
X = OTf

FUHIO@

lhd lid
86% 79%
X=Cl X =OTf
H 0. M;MP
bl o~
AC(H)NO/ o) \©\F FSC\Q/HYO\/K/O
o)
CF,
wh” 19
90% 92%
X =Cl X =Br
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aReaction conditions (isolated yields, average of 2 runs): ArX (1 mmol), NaOCN (2 mmol), ROH (1.2 mmol), Pd2dba3 (x mol %), L1 (y mol %),

NEt3 (0.25 mmol), toluene (2 mL). The Pd2(dba)3 and L 1 were preheated in toluene at 120 °C for 3 minutes.

dezdba3 (0.75 mol %), L1 (1.8 mol %)

ROH (2 mmol), 130 °C

dezdbag (0.5 mol %), L1 (1.2 mol %)

ENEt3 (1.2 mmol), toluene (6 mL)

ftoluene (8 mL)
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9pdpdbag (1.5 mol %), L1 (3.6 mol %), 90 °C.
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Table 2
. a
Synthesis of Boc-carbamates.
NaOCN i H
PN Pd,dbas (x mol "(/f)e 01 “8 mol %) A N~9’°’B”
I % tBuO:-I (2 mL) (o]
X =Cl, OTt 110°C, 16 h
N(H)Boc NC N(H)Boc N(H)Boc
O(H)C” : \©/ AN
~
N
2a0¢ 27 ac?
76% 87% 83%
X=Cl X=cCl X=cCl
XN N(H)Boc (o] (/\/Q/N(H)BOC
| - fk/©/N(H)Boc ,g
B
o u
2d? 2¢? %€
94% 72% 73%
X =Cl X=cCl X=cCl
N N(H)Boc N N(H)Boc OMe
CI 1T Cy
° N LA
MeO N N(H)Boc
27 2n? 2i0¢
60% 70% 93%
X =Cl X=cCl X=cCl

Boc(H)N

be

2
71%
X =OTf

Tpdodbaz (0.75 mol %), L1 (1.8 mol %), 24 h.
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aReaction conditions (isolated yields, average of 2 runs): ArX (1 mmol), NaOCN (2 mmol), Pd2dba3 (x mol %), L1 (y mol %), BuOH (2 mL).

dezdba;J, (1.5 mol %), L 1 (3.6 mol %)
%0 °c
a.

Pd2dba3z (1.5 mol %), L1 (3.6 mol %)

‘130 °C
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Table 3

Synthesis of aryl carbamates.a’[7

NaOCN (2 equiv)

R H
Pdydbag (x mol %), L1 (y mol %) O N°C\ NuH _N__Nu
ArX NRj (10-25 mol %), PhMe O/ “0lgoec ~AT Y
X =Cl, OTf 110°C, 16 h 15h o
N(H)Troc N N(H)Cbz
M 4
o T gt
N(H)Troc
(0]
Me Me
3a%9 3879 3™
75% 91% 79%
X =Cl X =0OTf X =OTf
w T Me Me Ph
N 0.
oy N__SBu 3 N(H)Cbz N(H)Fmoc
MeS \n/
0]
]
Me N(H)Cbz
Sdef 3eafg./ 3fe,f,l 3gc,f/
75% 86% 85% 83%
X =0Tf X =0Tf X1 =Cl, X3=0Tf X =OTf
N(H)Alloc N N(H)Alloc
/©/ | z
Me N
an@ ik 50t 591!
67% 63% 67%
X =OTf X =Cl X =OTf

aReaction conditions (isolated yields, average of 2 runs). Step 1: ArX (1 mmol), NaOCN (2 mmol), Pd2dba3 (x mol %), L1 (y mol %), toluene (2
mL). The Pd2(dba)3 and L 1 were preheated in toluene at 120 °C for 3 minutes. Step 2: NuH (2 mmol), NEt3 (0.1 mmol).

bTroc - 2,2,2-trichloroethoxycarbonyl, Cbz - carboxybenzyl, Fmoc - fluorenylmethyloxycarbonyl, Alloc - allyloxycarbonyl
NR3 = NEt3 (25 mol %)
a
Pd2dba3z (0.5 mol %), L1 (1.2 mol %)
“Tdodbaz (1 mol %), L1 (2.4 mol %)
f
NR3 = TDA (10 mol %)
9130 °C
h
Pd2dba3z (0.75 mol %), L1 (1.8 mol %)
INaOCN (3 mmol)), toluene (3 mL). Step 2: BnOH (3 mmol), NEt3 (0.2 mmol).
jNo NEt3 was used in Step 2.

k0.5 mmol scale.
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/Step 2: Phl (0.1 mmol), 30 min at rt, then AllylOH (2 mmol), NEt3 (0.1 mmol).
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