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ABSTRACT
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CuMeSal = Cu(l) 3-methylisalicylate; AA =

ascorbic acid; HQ = hydroquinone

A mild method for the reductive amination of aryl boronic acids with nitroso aromatic compounds is reported. This C-N bond formation is
mediated by a stoichiometric amount of CuCl as both a catalyst and a reducing agent. Alternatively, 10% Cu(l)-3-methylsalicylate (CuMeSal)
catalyzes the same reaction in the presence of either ascorbic acid or hydroguinone as the terminal reducing agent. Diarylamines bearing a

variety of functional groups can be obtained in good yields.

Oxidative addition of a lower-valent transition metal catalyst
L.M to a heteroatomheteroatom bond XY generates a
species kM(X)Y capable of further functionalization in a
variety of ways (i.e., Scheme 1). Transformations that
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logues with unsaturated organics such as alkymdiscnes,
CO32 and isonitriles! Sulfenamides have been shown to react
with CO} andO-sulfonylated oximes and related derivatiR/es
as well asN-haloamineSparticipate in palladium-catalyzed
aza-Heck-like reactions that are presumably initiated by
oxidative addition to an N—X bond.

Less common are nominal cross-coupling reactions in
which the LM(X)Y intermediate is intercepted with an
organometallic carbon nucleophile to provide, after reductive
elimination, products with newly generated carbon—hetero-
atom bonds (lower cycle of Scheme 1). In this way Narasaka
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and co-workers relied on cleavage of the-® bond of

N,O-diacyl-N-benzenesulfohydroxamic acid) generated only

oxime derivatives to establish a copper-catalyzed aminationmodest results! Attention was then transferred from hy-

of cuprates and Grignard reagehts.

droxylamine to nitroso derivativéswith the objective of

Further development of this tactic as a general synthetic gaining additional insight into the reaction chemistry of
sequence could provide a useful complement to the variousboronic acids with N—O systems, in general.
palladium- and copper-catalyzed cross-coupling reactions that Heating 2-nitrosotoluene with a stoichiometric amount of

have revolutionized the way in which synthetic chemists
generate carboerheteroatom bonds. These cross-coupling
reactions currently fall into two broad categories: the

Cu(l)-thiophene-2-carboxylate (CuT®€gnd a slight molar
excess of phenylboronic acid at 36 in THF for 16 h gave
2-methyldiphenylamine in 61% isolated yiéltl.Control

anaerobic, metal-catalyzed cross-coupling of N, O, S, and Pexperiments demonstrated the requirement for a stoichio-

nucleophiles with organic halides or their equivalérasd
complementary “oxidative” aminations, amidations, alkoxy-
lations, aryloxylations, and thiations of boronic acids medi-
ated by Cu(Il)!°1! Guided by the cross-coupling concept
depicted in the bottom cycle of Scheme 1, we have initiated
an exploration of metal-catalyzed reactions of various
heteroatom-heteroatom reactants with mild reaction partners

metric amount of Cu(l), suggesting that Cu(l) functioned as
both a catalyst for the transformation as well as a stoichio-
metric reducing agent for the requisite-D bond generated
during the reactioA® Premixing the nitroso aromatic com-
pound with a stoichiometric amount of the Cu(l) salt prior
to addition of the boronic acid greatly diminished the
formation of undesired side products derived from copper-

such as boronic acids to seek out new and mild approachesnediated oxidative homocoupling and protodeborylation of
to C-heteroatom bonded systems. We have previouslythe boronic acid? Among the different Cu(l) compounds

demonstrated that boronic acids easily couple whith
thioimide derivatives to give thioethers under neutral condi-
tions in the presence of a Cu(l) catalystThis Letter

assayed (Cu(l) thiophene-2-carboxylate, CUTCu(l) 3-m-
ethylsalicylate, CuMeS&F, Cul; CuCl; CuOAc; (CuS@
CHR;)2*CsHsCHs; and (CuSQCHRs),:CeHg) CuCl gave the best

describes a second new method uncovered as part of thatesults and DMF was the preferred solvent of those probed

study.

Following the cross-coupling concept depicted in the lower
cycle of Scheme 1, the reaction of hydroxylamine derivatives
with boronic acid®® could provide a means of generalizing
the “oxidative” amination of boronic aciésby using an
oxidized form of the amine coupling partner rather than an
external oxidant! However, exploratory metal-catalyzed
reactions of boronic acids with various hydroxylamine
derivatives (O-aryl-N-acyl hydroxylamines acid3;alkyl-
N-acylhydroxylaminesiN,O-diacyl-N-phenylhydroxylamine,
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S.; Adams, J.; Winters, M. P.; Chan, D. M. T.; Combs, Tetrahedron
Lett. 1998, 39, 2941. Finet, J. P.; Fedorov, A. Y.; Combes, S.; Boyer, G.
Curr. Org. Chem.2002,6, 597. Lam, P. Y. S.; Vincent, G.; Bonne, D.;
Clark, C. G.Tetrahedron Lett2003,44, 4927. Chan, D. M. T.; Monaco,
K. L.; Li, R.,; Bonne, D.; Clark, C. G.; Lam, P. Y. Setrahedron Lett.
2003,44, 3863. Lam, P. Y. S.; Bonne, D.; Vincent, G.; Clark, C. G.; Combs,
A. P. Tetrahedron Lett2003,44, 1691.
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(13) The amination of organoboron reagents with hydroxylantne
sulfonic acid is also known, but a metal-catalyzed amination of boron
reagents with hydroxylamine derivatives would greatly expand the scope

of this chemistry. SeEncyclopedia of Reagents for Organic Synthekss,
ed.; Paquette, L. A., Ed.; John Wiley & Sons: New York, 1995; Vol. 4.
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(toluene, THF, DMF, DMA, NMP, and pyridine).

As depicted in Table 1 a variety of unsymmetrical
diarylamines bearing different functional groups were easily
prepared using the optimized conditichsBoronic acids
bearing both electron-donating and electron-withdrawing
groups led to good yields of the products (entries 2, 3, and
6), and functional groups such as aldehyde and ester (entries
4, 5, 7, and 9) were compatible with the almost neutral
reaction conditions.

(14) Both hydroxylamine and hydrazine derivatives are known to

participate in palladium- or copper-catalyzed carbbeteroatom bond
formation without cleavage of the heteroateheteroatom bond: Petrassi,
H. M.; Sharpless, K. B.; Kelly, J. WOrg. Lett.2001,3, 139. Wolter, M.;
Klapars, A.; Buchwald, S. LOrg. Lett. 2001, 3, 3803. Kwong, F. Y.;
Klapars, A.; Buchwald, S. LOrg. Lett. 2002, 4, 581. Kabalka, G. W.;
Guchhait, S. K.Org. Lett.2003,5, 4129. Lim, Y.-K.; Lee, K.-S.; Cho,
C.-G.Org. Lett.2003,5, 979.

(15) Arylnitroso compounds are easily generated from nitroaromatics and
have been widely used in organic synthesis. S&&omprehensie Organic
Synthesis; Trost, B. M., Fleming, I., Eds.; Pergamon Press: Oxford, 1991;
Vol 6, Chapter 1.4 by Askani, R.; Taber, D. F.; Yogt, P. F.; Miller, M. J.
Tetrahedron1998,54, 1317.

(16) Allred, G.; Liebeskind, L. SJ. Am. Chem. S0d.996,118, 2748.

(17) A related preparation of diarylamines from arylmagnesium reagents
and nitroarenes has been described: Sapountzis, |.; Knoclehf. Chem.
Soc.2002,124, 9390.

(18) The use of substoichiometric quantities of Cu(l) did not lead to the
formation of the correspondiniy,N-diarylhydroxylamine.

(19) The efficiency of the protodeborylation of boronic acids with CuTC
varies with the reaction conditions. For reference, see: Srogl, J.; Liebeskind,
L. S.J. Am. Chem. So000,122, 11260.

(20) See Supporting Information for Savarin, C.; Srogl, J.; Liebeskind,
L. S. Org. Lett.2001,3 (1), 91.

(21) Typical Experimental Procedure. 2-Nitrosotoluene (38 mg, 0.3
mmol) and CuClI (30 mg, 0.3 mmol) were placed in a Schlenk tube that
was flushed with argon. Dry DMF (8 mL) was added, and the dark brown
mixture was stirred at 55C for 40 min. Phenylboronic acid (41 mg, 0.33
mmol) was dissolved in DMF (3 mL) and added to the reaction tube. The
mixture was heated at 5% for 16 h, cooled, and then partitioned between
Et,O (20 mL) and 1 M NHOH (20 mL). The aqueous layer was extracted
with EtO (2 x 10 mL), and the combined organic layers were dried with
MgSQs. The oily residue obtained after evaporation was subjected to
preparative plate silica gel chromatography (gradient of hexanes/EtOAc)
giving 2-methyldiphenylamine (46 mg, 83%) as brown oil. Full character-
ization details are available in Supporting Information.
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s the oxidant. However, when a mixture of Phpi2-nitro-

Table 1. CuCl-Mediated Amination of Arylboronic Acids with sotoluene, phenylboronic acid, 10% CuMeSal, and 1 equiv

Nitroso Aromatic Compounds of ascorbic acid in DMF was heated at 55 for 16 h, only
2-methyldiphenylamine was observed. The absence of di-
. cucl 1. DMF, 55 °C, 30-40 min /H\ ‘ phenylamine in the reaction mixture argues against the

Ar—N 2.1.1-1.2 equiv APB(OH),, AT A intervention of free anilines in thil-arylation process. In

DMF, 55 °C, 16 h any event the formation of the undesired aniline and azoxy

byproducts was greatly minimized by adding the ascorbic

entry Ar Ar product yield (%) ! : i X - )
: - acid to the reaction mixture portion-wise. Under optimal
1 o-to P 83 reaction conditions a DMF solution of the nitrosoarene, the
2 o-tol 4-MeOCgHa4 81 . .
boronic acid, and 10% CuMeSal was heated atG3or 2

3 Ph 4-CgH4CF3 70 . . .
4 Ph 4-CoH4CO,Me 72 h, then 0.5 equiv of ascorbic acid was added followed by a
5 Ph 3-C¢H4CHO 81 second 0.5 equiv 1 h later. After a totdldh aclear yellow
6 Ph 2-CeH4F 61 solution was obtained that was subjected to workup. Some
7 Ph 4-MeO-2-C¢H3zCHO 78 diarylamines that were prepared in this fashion are sum-
8 Ph 2-dibenzofuranyl 64 marized in Table 24
9 4-Cl-o-tol  4-CeH4CO,Me 70

aDry DMF (8 mL) was added to a reaction vessel holding a mixture of _

the nitroso aromatic (0.3 mmol) and CuCl (0.3 mmol), which was then
heated to 55C for 30-40 min. The aryl boronic acid (0.33 mmol) was  Table 2. CuMeSal-Catalyzed Amination of Arylboronic Acids

dissolved in 3 mL of DMF and then added, and the reaction mixture was ., ; ; ; ; i (AA
stirred at 55°C for another 16 h® Isolated yields, average of two runs. with Nitroso Aromatlc Compqunds Using Ascorbic Acid (AA)
and Hydroquinone as Reducing Agents

Method I:
0
. o . S % 10% CuMeSal, DMF, 55 °C, 1 h
In the reductive amination of the boronic acid with the Ar-N 0_5°eq‘:,ivAA, 1h: 0.5 equiv AA, 4 h. H
. . . . . . + .N\ )
nitrosoarene, 1 equiv of a reduqng agentis requw_ed in order APB(OH), Method It: arN-ar
to complete the transformation from a putative-®& 11equiv.  10-15% CuMeSal, 1.0-1.5 equiv HQ
intermediate to the observed diarylamine product. The role DMA, 60 °C, 16 h. ,
. . Lo . CuMeSal = Cu(l) 3-methylsalicylate
of reducing agent is served by a stoichiometric amount of AA = ascorbic acid: HQ = hydroquinone
CuCl, although control experiments demonstrated that an
additional equivalent of the boronic acid could also function product yield (%)?
as the terminal reducing agent (forming an equivalent of gn¢ry Ar Ar' | I
phenol in the process). Thus, in the presence of 20 mol %
- . . . 1 o-tol Ph 87 80
CuTC, 2 equiv of phenylboronic acid and 1 equiv of > Ph 4-CeHiCFs 84 65
2-nitrosotoluene gave 60% of 2-methyldiphenylamine. 3 Ph 4-CeHaCOMe 79 68
To render the reaction catalytic in copper without sacrific- 4 Ph 2-CeHaF 78 65
ing an equivalent of the boronic acid, the reaction was 5 Ph 3-CeH4CHO 75 74
explored in the presence of various terminal reducing agents. 6 Ph 2-dibenzofuranyl 80
In fact, heating 1 equiv of ascorbic acitlphenylboronic a|solated yield from the average of two runs.

acid, and 2-nitrosotoluene in the presence of 10% Cu(l)-3-
methylsalicylate (CuMeSal) gave 2-methyldiphenylamine in

55% yield along with lesser amounts of 2-methylaniline and  compared to the use of a stoichiometric amount of CuCl
2,2-dimethylazoxybenzene as byproducts. A control experi- (Table 1), the ascorbic acid/catalytic Cu(l) system gave
ment revealed formation of aniline by an ascorbic acid generally better results and possessed satisfactory functional
mediated reduction of the nitrosoarene, a process thatgroup compatibility. Hydroguinone also served as an alternate
presumably takes place via the arylhydroxylamine. The and very mild terminal reducing agent (Table 2) but gave
reduction is accelerated in the presence of a catalytic amounts|ightly lower yields of the product diarylamines relative to

of a Cu(l) source, such as CuMeSal. Formation of the ascorbic acid. However, the low acidity of hydroquinone
azoxybenzene is then easily rationalized by condensation

of the nitrosoarene with the transiently generated aryl-  (24)Typical Experimental Procedure. Using ascorbic acid: dry DMF
hydroxy|ammezs (8 mL) was added to an argon-flushed Schlenk tube containing 2-nitroso-
. . . - toluene (38 mg, 0.3 mmol), phenylboronic acid (41 mg, 0.33 mmol), and

Reduction of the nitrosoarene to the aniline suggested acumesal (6 mg, 0.03 mmol). The mixture was stirred at65or 1 h, and
mechanistic pathway to thal,N-diarylamine in which a then ascorbic acid (30 mg, 0.15 mmol) in 1 mL DMF was added. One

. f th . is fi d d h ili hour later an identical portion of ascorbic acid (30 mg, 0.15 mmol) was
portion of the nitrosoarene Is first reduced to the aniline, yged. The mixture was heated at'&for 4 h, cooled to room temperature,

which then undergoes a copper-mediated, oxidative couplingand partitioned between £ (20 mL) and aqueous Ng®H (20 mL, 1

; ; ; ; A ; M). The aqueous layer was extracted with@&t(2 x 10 mL), and the
with the boronic aciéf using the remaining nitrosoarene as combined organic layers were dried with MgSOrhe residue after
evaporation was subjected to preparative plate silica chromatography

(22) Ascorbic acid (vitamin C) functions as a weakly acidic and mild (gradient of hexanes/EtOAc) giving the desired product (48 mg, 87%) as a

reducing agent in biological systems. For a review, see: Paduit. brown oil. A similar reaction using hydroquinone added in one portion gave
Rev.1991,49, 65. the desired product in 80% yield (44 mg). Full characterization details are
(23) Zuman, P.; Shah, BChem. Rev1994,94, 1621. available in Supporting Information.
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helped minimize the formation of the undesired azoxy and

of an N,N-diarylhydroxylamine. This intermediate would

aniline side products. As a result, there was no need for slowsuffer an internal redox generating the diarylamine and an
addition of hydroquinone and all reagents could be heatedoxidized Cu species. Under conditions catalytic in copper,
together to obtain satisfactory yields of the desired amination the oxidized Cu species would be reduced by ascorbicacid

products.

A suggested mechanism for the copper-mediated reductive

amination of arylboronic acids with nitrosoarenes is depicted
in Scheme 2. Side-on complexation of Cu(l) with the nitroso

Scheme 2
H
Ar” N SAr o
ascorbic acid ) Cu—X \(N ~Ar
hydrogLrlinone o cu(l) .
N NfCu-X
Ar” Ar Ar”
_ A
Cl)fCu-Ar' Ar'-B(OH),
N
Ar

moiety?® generates a formal Cu(lll) intermediate that would
be susceptible to transmetalation by the boronic #cid.
Reductive elimination would then generate a Cu(l) alkoxide

(25) Otsuka, S.; Aotani, Y.; Tatsuno, Y.; Yoshida,liforg. Chem1976,
15, 656. lttel, S. DInorg. Chem1977,16, 2589. Lee, J.; Chen, L.; West,
A. H.; Richter-Addo, G. BChem. Re»2002,102, 1019.

or hydroquinone to a catalytically active form of Cu(l).

In summary, a mild reductive amination of arylboronic
acids with nitrosoarenes has been developed. The reaction
is mediated either by a stoichiometric quantity of CuCl or
with catalytic Cu(l) 3-methylsalicylate in the presence of
ascorbic acid or hydroquinone as terminal reducing agents.
The method provides an interesting synthetic complement
to existing protocols for €N bond formation and begins
to expand our understanding of carbdreteroatom cross-
coupling using heteroatorrheteroatom bonded species. For
example, it may prove feasible to couple nitroaromatics with
boronic acids by pairing the chemistry depicted in this Letter
with a mild in situ reduction of a nitroaromatic to the
corresponding nitrosoareA&This and related transforma-
tions based on metal-mediated heteroatdrateroatom
cleavages are under study.
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(26) For transmetalation between zinc and copper leading to effective Takano, S.; Kato. Y.; Tagaki, W.. Chem. Soc., Perkin Trans. 2979,9,
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