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Abstract. The review is devoted to the catalytic amination of
chloroarenes and chlorohetarenes. Examples of the forma-
tion of the C—N bond in the presence of iron-, nickel- and
copper-based catalytic systems are given. The bibliography
includes 96 references.

I. Introduction

The role of aromatic and heteroaromatic amines in modern
pharmacology,' agriculture,? photo- and copying technolo-
gies >4 is difficult to overestimate. They are used in the
synthesis of natural compounds and polymers,> ¢ conduct-
ing materials and their precursors; certain examples are
shown in the next page.”-®

It is not surprising that the paramount industrial impor-
tance of chemistry of aromatic amines requires more
sophisticated synthetic methods. Recently, books?® 1 and a
review !! have been published that covered modern methods
of arylamine synthesis. The present review considers the
amination reactions catalyzed by transition metals and their
compounds.

In reactions of the C—N bond formation, palladium
was used most widely as a catalyst that allows the C—C,
C—N, C—0, C—S cross-coupling reactions to be carried
out under mild conditions and with high efficiency. A
considerable contribution to this line of research was made
by Buchwald and Hartwig with their coworkers who dealt
with palladium catalysts (e.g., see Refs 12 and 13). How-
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ever, the high cost of palladium and the fact that in industry
preference is given to heterogeneous processes have stimu-
lated the search for new catalysts based on other, cheaper
and more accessible transition metals.

The catalysis by palladium complexes was discussed in
detail in a review.!* In addition, reviews devoted to reac-
tions of new C—N bond formation catalyzed by palladium
and nickel complexes,!> !¢ cross-coupling reactions of
chloroarenes in the presence of palladium,!” palladium-
catalyzed reactions of aryl halides with amines in industry '8
were published. A general survey of patented technologies
of cross-coupling'” and reviews of the C—N and C—O
couplings 2%-2! have appeared.

In the present review, attention is focused on the
examples of the C—N bond formation in the presence of
iron, nickel and copper, their compounds and complexes,
i.e., to amination and amidation of haloarenes and N-ary-
lation of heterocycles.

Transition metals are known to play an important role
in the synthesis of heterocyclic compounds and their func-
tionalization.?? Thus intramolecular catalytic amination
reactions can be used in constructing the heterocyclic
framework. Like intermolecular reactions, they proceeded
faster and under milder conditions on microwave irradia-
tion.??> However, publications describing the reactions
under microwave radiation are less common and beyond
the scope of the present review.

The impressive number of publications on this subject
made us to restrict our consideration chiefly to examples of
amination of the most available and cheapest substrates,
namely, chloroarenes?* and their heterocyclic analogues.
The majority of cited studies were published in 2000 —-2008.

I1. Catalysis by iron and cobalt compounds

Iron as the catalyst has for a long time been in the shadow
of other transition metals. Catalysts based on it were used in
cross-coupling reactions rather seldom (for details of reac-
tions in the presence of iron-containing catalysts, see a
review 2°). Despite their certain advantages (low cost, acces-
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sibility and environmental safety), it was only recently that
iron compounds and complexes have been recognized as a
serious alternative to other catalysts (see reviews 26~ 28). At
present, only a few examples of N-arylation of azoles in the
presence of iron compounds are known.?? 3!

Thus iodo-, bromoarenes and 4-trifluoromethylchloro-
benzene reacted with pyrazole, imidazole, 1,2,4- and
1,2,5-triazoles, indole in the presence of copper(ll) oxide
and Fe(acac);; for example,?®

0.2 equiv. Cs,CO3, DMF,

H
N
\
140 °C, 24 h
N
/
T F3C@N\j
_—

(40%)

0.1 equiv. CuO,
0.3 equiv. Fe(acac)s

The yields in this reaction are 40% —98%, it was not
accompanied by the formation of side products, i.e., arenes
and biaryls. It is noteworthy that the reaction did not occur
in the absence of either component of this bimetallic
catalyst. However, the use of N,N-dimethylethylenediamine
as the additive to FeCl; or Fe,Os3 allowed carrying out the
reaction of azoles with iodo- or bromoarenes in the absence
of the copper co-catalyst.?? The reaction mechanism is not
clear yet.

Cobalt salts are ineffective as the catalysts of amination
of chloroarenes. Thus in the presence of cobalt(IT) chloride
at 210 °C over a period of 6 h, only 5% of chlorobenzene
reacted with dimethylamine (1% reacted in the absence of
the catalyst).3?> Under analogous conditions, bromobenzene
gave the product in ~62% yield.

I1I. Catalysis by nickel and its compounds

1. Reactions of chloroarenes with secondary aliphatic

and aromatic amines

Nickel-based catalysts have firmly occupied their niche in
synthetic organic chemistry. They were widely used in
asymmetric synthesis, cycloisomerization, cyclooligomeri-
zation, carbonylation, cross-coupling reactions.33

As early as in 1950, in studies on the activity of copper
or other metal catalysts in the reaction of chlorobenzene
with methylamine it was assumed 3* that nickel salts could
also serve as efficient catalysts of various reactions of
haloarenes including amination. Indeed, the yield in the
reaction of chlorobenzene with dimethylamine for 6 h at
210 °C in the presence of NiCl, was 68%.3? At the same
time, the rather severe conditions of this reaction and its low
efficiency restricted its application field for a long period.
The discovery of new palladium-based catalytic systems,
particularly, trialkylphosphine palladium complexes for the
amination of chloroarenes revived the interest of synthetic
chemists in nickel catalysts.

The first example 3> of amination of chloroarenes in the
presence of nickel complexes was reported in 1997. Thus the
reaction of chloroarenes in secondary aromatic and ali-
phatic amines proceeded in good yields in the presence of
catalytic amounts of Ni(cod), (cod is cycloocta-1,5-diene)
and 1,1’-bis(diphenylphosphino)ferrocene (dppf, 1). This
reaction is similar to amination in the presence of palladium
complexes with the corresponding ligands that stabilize the
metal in the zero oxidation state and favour the oxidative
addition.'* Under these conditions, primary amines
afforded large amounts of side products, namely, imines
and arenes due to B-hydride elimination.
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Cl NR2R3
(2—7) mol % Ni(cod),,
4-14)mol % 1 (2)
NaOBut, PhMe,
]l 100 °C, 15-36 h ]
(55% —87%)

+ NHR?R?

R! = 4-Me, 4-MeO, 2,5-Me;, 4-CN;

R?R3NH = o HNC> HN MeNHPh

Chlorohetarenes HetCl (e.g., Het = 3-Py, 4-Py; Py is
pyridyl) reacted in the similar way. In place of dppf,
1,10-phenanthroline (phen, 2) could act as the ligand.
Other phosphines, such as PPhs, P(o-tol)s, 1,3-bis(diphenyl-
phosphino)propane, 1,2-bis(diphenylphosphino)ethane and
several other, were shown to be ineffective in this reaction.3>

It should be noted that the activity of a catalyst based on
nickel and a substituted phenanthroline depended on the
position of substituents in the ligand aromatic system rather
than on their nature. Thus in this reaction, phenanthrolines
3a,b and 5,6-methylenedioxyphenanthroline containing
electron-donating groups in their pyridine fragments pro-
duced the results similar to those observed for unsubstituted
phenanthroline (2), whereas a catalyst based on phenan-
throline 3¢ exhibited virtually zero activity. At the same
time, nickel complexes with 4,7-diaryl- or 4,7-dihalogen-
substituted phenanthrolines (3d,e) and with phenanthroline
4 surpassed a complex containing unsubstituted analogue 2
in their activity.3°

X

3a-e

X =H:Y = OMe (a), N-Pyr (b); X = Me, Y = H (¢);
X =H:Y = Ph(d), Cl (e) (Pyr is pyrrolidino).

In the presence of small amounts of nickel acetylaceto-
nate, phenanthroline 4 and polymethylhydrosiloxane
(PMHS), various chloroarenes reacted with secondary aro-
matic and aliphatic amines.?® In these reactions, polyme-

thylhydrosiloxane functioned as a reducing agent,
Nill - Ni°.
Cl NR2R3
0.005 mol Ni(acac),,
0.01 mol % 4, PMHS
+ NHR?2R?
NaOBut, PhMe, DME,
130°C, 18 h
R! R!

(53% —97%)

R! = 4-Me, 4-MeO, 2-Me, 4-Bz, 4-CF3, 4-CH(OCH>),, 3-CO>But,
3-F-2-CH(OCH2)2 N

R2R3NH = HN  N—Boc, HN ), HNG , MeNHPh,

n-Ce¢H13NHMe, Bu,NH, MeNHBn.

A nickel complex with 2,2'-bipyridine (5) can serve as a
catalyst.37=42 In this case, substituted chloroarenes reacted
with amines under sufficiently mild conditions.3® However,
the presence of a strong base substantially narrowed the

range of functional groups that can be present in the
substrate.

Cl NRZ2R?
(10—20) mol % Ni(OAc),,
(34—40) mol % 5
+ NHRZ2R? >
NaH, NaOAm!, THF,

] 63°C,3-15h ]

(22% — 87%)
R! = 2-Me, 3-Me, 4-Me, 4-MeO, 4-CF3;

R2R’NH =HN O, HN ) HNO HN NMe
s > > >

HN  NCOEt, NHPrj, NHMeBu”, NHMeAm®,
MeNHBn, BnoNH (Am = CsHy)).

Under the mentioned conditions, diarylation of piper-
azine,?® amination of 1,3,5-trichlorobenzene and 1,2-, 1,3-
and 1,4-dichlorobenzene,**~42 including selective reactions,
proceeded quite easily. For example, the reaction of
1,3,5-trichlorobenzene with 2 mol of an amine led to the
monosubstitution product, whereas the use of 4 mol of the
amine afforded mainly 1,3,5-triaminobenzene. The addition
of small amount of styrene that reacted with excess hydro-
gen made it possible to avoid a side reaction, namely, the
reduction of the C—Hal bond.

Cl
25 mol % Ni(OAc)2,
75 mol % 5, PhCH—CH>
+ 4 NHR'R? >
NaH, NaOAm*, THF,
Cl Cl 63 °C,2-3h
NRI!R2 NRI!R?2
> +
R!'R2N NRI!R2 (I NR!R2
Amine Ratio products
of tri- and disubstituted
¢ NH 71:14
MeN NH 60:7
_/
EtO.CN NH 75:7

N-Heterocyclic carbenes (nhc) can be used as the ligands
that stabilize Ni® and facilitate the reaction, their precursors
are imidazolium salts 6—14.

52 S,

6 (IPr- HCl) 7 (IMes - HCI)
[\ N N
NN Y
Me Me
8 (ITol- HCI) 9 (SIPr -HCI)
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A catalyst based on a Ni° complex with the SIPr-HCI
ligand (9) exhibited the highest activity in the amination. In
the presence of this catalyst, substituted chloroarenes
reacted with secondary aliphatic amines with the highest
efficiency.*?4* The catalyst was generated in situ from
Ni(acac)>, an imidazolium salt, fert-butyl alcohol and
sodium hydride. The latter reacted with ButOH to afford
the alkoxide NaOBut, which deprotonated the imidazolium
salts nhc- HCI and reduced Ni'! to Ni°.

Cl NRZ2R?
5 mol % Ni(acac)s,
Smol % 9

NaH, HOBu', THF,

g 65°C.5-10h ~

+ R?R3*NH

(53% —99%)
R! = 2-Me, 3-Me, 4-Me, 3-MeO, 4-CN, 4-Bz;

R?R3NH = HN HN ) H@ HN NM
3 = O e
, s s s

MeNHBn, Bn,NH, MeNHCH,>CH(OMe), .

Heating under reflux of nickelocene and imidazolium
salt 9 in tetrahydrofuran smoothly affords complex 15,
which can serve as the amination catalyst.

Ni -+ SIPr-HCl LA P
1 ' —CpH .
9 A\
O N
Pri / Pri
15

Presumably, the driving force of the reaction was the
formation of the Ni—Cl bond, because an analogous
reaction failed to proceed with tetrafluoroborate
(nhc-HBF4). In the system dioxane—KOBu'-15 at
105 °C, p-chlorobenzonitrile reacted with morpholine for
7 h to give the corresponding amino derivative in 82%
yield.*>

[Oj
_Smol%15 N

KOBuU!, dioxane,
105°C,7-20h

@U

R = CN (82%), Me (48%). R

A complex -catalyst comprising IPr-HCI (6) and
Ni(PPh3)>(Ph)Br (16) proved more efficient in reactions of
chloroarenes with cyclic alkylamines.*® In the presence of
this catalyst, no additional reduction was required and the
transformation took 1-3 h.

Cl NR2ZR?
3 mol % 16,
3 mol % IPr-HCI

B —
NaOBut, dioxane,

4 80 °C or THF, 4

R 65°C,1-3h R

+ NHR?R?
(43% —99%)

R! = H, 2-Me, 4-Me, 4-Bz, 4-Cl;
2R3 HN O, HN ) HN(j
R*R°NH = N s .

Such c-aryl Nill complexes are easily accessible (from
NiCl, - H,0) 47 and convenient in handling being resistant to
air and moisture. The following mechanism of activation of
this complex was assumed.

PPh; PPh;
Ph—Ni'—Br R ph NIl —NR» —=»
! T base ! 2 _HBr
PPh; PPh;,
16

—> (PPhs),Ni’L,, + PhNR,
L = IPr-HCI (6).

2. Reactions of chloroarene with primary aromatic amines
Nickel complex 17 (an analogue of complex 16) effectively
catalyzed the reaction of chloroarenes with aromatic

amines.
0 PPhs

\
Ac Ni'' —Cl

17 PPh;

With this catalyst, the reaction proceeded for 3 h in vir-
tually quantitative yields.*®
NalOBul dioxane,

@ @ 100 °C,3-6h

~" O,

(78% —99%)

Smol % 17,
10 mol % 6

R! = H, 2-Me, 4-Me, 4-Bz; R? = H, 4-Me, 4-MeO, 3-Me, 2,6-Me,.



Transition metals in the amination of chloroarenes

1035

Nickel complex 18 was somewhat less active;

Cl*Nl*Cl
©/P\©
18

it catalyzed the reactions of bromoarenes and activated
chloroarenes (e.g., p-chlorobenzophenone) with aniline.*®
This catalyst is easily accessible and stable in air.

: Q.
NH

N\
..
(44%)

Amination in the presence of the Ni®—SIPr complex
proceeded with higher efficiency with the exception of
certain ortho-substituted anilines, for instance, o-anisidine.
Incomplete transformation could in this case be explained
by the reduction of the catalyst activity due to the coordi-
nation of nickel to the oxygen and nitrogen atoms of the
arylamine.** In this reaction, one should maintain the ratio
ligand : metal = 2: 1 with small excess of the amine and use
dioxane as the solvent.

NaOH, HOBut, dioxane,

Cl NH;
+
; f E % 100 °C,5-10h
R! R?

~" O

(55% —99%)

10 mol % 18

NaOBut, PhMe
100 °C, 24 h

5 mol % Ni(acac),,
10 mol % 9

R! = H, 2-Me, 3-Me, 4-Me, 3-F, 2,5-Me;
R2 = H, 4-Me, 2-Et, 2.4,6-Mes, 2,6-Pr, 3-MeO, 4-MeO, 3-F, 2-F.

The systems Ni(cod),—dppf and Ni(cod)>—phen cata-
lyze the reactions of chloroarenes with aromatic amines
with equal efficiency.33

NaOBut, PhMe,

Cl NH>
+
;i ;i 100 °C, 15-21.5h
R! R?

~" O,

(83% —96%)

(2—3) mol % Ni(cod)s,
(4—6)mol % 1 (2)

R! = 4-Me, 4-MeO, 2,5-Me,, 4-CN; R2 = 2-Me, 4-Me, 4-MeO.

3. Reactions of chloroarenes with primary aliphatic amines
and benzophenonimine

In the presence of catalytic amounts of Ni(cod), and
dppf (1) or phenanthroline (2), chloroarenes reacted with
n-hexylamine giving the reaction products in yields from
moderate to high.35

Cl NHC@H]}-H
(2—6) mol % Ni(cod),,
(4-12)mol % 1 (2)
NaOBut, PhMe,
100 °C, 15-30h

+ n-Cg¢H3NH>

R
(50% —91%)

R = 2,5-Me;, 4-Bz.

The reaction of 3-chloropyridine and substituted
bromo- and iodoarenes with benzopheno imine proceeded
in a similar fashion.*®

The reaction of activated chloroarenes with primary
aliphatic amines was catalyzed by the Ni®—SIPr complex.
The reaction with unsubstituted chlorobenzene proceeded
more slowly. The low yield of products in the case of
alkylamines was explained** by the formation of non-
reactive bisamino- or bisamido-bridged nickel complexes.

Cl NHC@H]}-H
10 mol % Ni(acac),,
10 mol % 9

+ n-C¢Hi3sNH >
613 2 NaH, HOBu!, dioxane,

100 °C
R R

R = Bz (65%), H (37%).

4. Intramolecular amination reactions in the synthesis

of heterocycles

Intramolecular catalytic amination can be used in the syn-
thesis of N-heterocycles, namely, dihydroindoles, tetrahy-
droquinolines, tetrahydrobenzazepines as well as tetra-
hydrobenzoxazines and tetrahydrobenzoxazepines. In this
case, nickel complexes with 2,2'-bipyridine (5) or SIPr
served as the catalysts (Scheme 1).5°

@(JH

(84 or 95%

@[j%

(95 or 93%

@%
(72 or 78%)

(a) 5 mol % Ni% 15 mol % 5, 1 mol % NaOBut, 9.5 mol % NaH,
5 mol % PhCH=CH,, THF, 65 °C;
(b) 2 mol % Ni°, 2 mol % SIPr, 15 mol % NaOBut, dioxane, 100 °C.

Scheme 1

O
aorb @: j
—

N

B

(51% or 47%)

(49%) Bn

@[ MNHBH

X = CH,, O
n=1-3

This method made it possible also to synthesize
benzo[e]indolizines and 5,6-dihydroindolo[2,1-alisoquino-
lines.>°
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aorb
N

(85% or 81%)

Pd/C, HCO,NH.,
MeOH
MeO MeO

(87% or 719%)

OMe

(98%)

(a) 5mol % Ni° 15 mol % 5, 1 mol % NaOBut, 9.5 mol % NaH,
5mol % PhCH=CH,, THF, 65 °C, 5 h;
() 2 mol % Ni° 2 mol % SIPr, 15mol % NaOBu!, dioxane, 100 °C, 6 h.

5. The mechanism of amination

The mechanism of amination of chloroarenes in the pres-
ence of nickel complexes is similar to that of palladium-
catalyzed amination.!'* However, the activity of Ni® com-
plexes was considerably higher as compared with Pd°
complexes.?*

According to modern concepts, the first stage of the
catalytic cycle includes the formation of active Ni° catalyst
species and their coordination to the ligand. Electron-
donating properties of the latter favour the oxidative
addition of chloroarene to Ni°, i.e., the second stage, after
which transmetallation (the third stage) occurs. In turn, the
steric characteristics, particularly, bulkiness of the ligand
favoured the reductive elimination (the final stage)
(Scheme 2).44

§ Scheme 2
NiX; + L

KNaH
H, + 2NaX

ArNR'R? L=Ni® Ar—l
NR'R? \< /Cl

L—Ni!
HNR‘R/HNR‘RZ

\
L— Nll

Bu'OH + NaCl ‘%\
NaOBut

Ar = Ph, 2-MCC6H4 N 3-M6C5H4 N 4-MCC6H4 N 3-MCOC5H4 N
4-MeOCgHj, 4-NCCgHy, 2-Py, 3-Py, 3-CIC¢H, etc.;

2R3 HN O, HN HN ) HNO HN NM
R*RNH = , s , > <,

MeNHBn, Bn,NH, MeNHCH>CH(OMe), .

Ar

X = acac; L are ligands 6—14.

For complex 18, the oxidative addition (stage a) pro-
ceeded quickly due to the high activity of Ni® species and
did not affect substantially the reaction rate (Scheme 3).43

Scheme 3
nhc
lel‘\lifCI
]LPhg Q‘aOBu‘
nhc
lili Ar—X
PP,
nhc
ArNR'R? Ar—l‘wi—x
‘ PP,
he b HNR'R?
Arfllh' —NRIR?
l‘)Phg

nhc = 18; Ar = RC¢Hy4 (R = H, 4-MeO, 4-Bz, 4-CF3); X = Cl, Br;
R] —R2 = (CHz)zo(CHz)z; Rl = H: R2 = 2,4,6-MC3C6H2, Z-Pl‘iC6H4,
2,6-Pri2C(,H3, Ph, 4-CIC¢H4, 4-F;CCgHy, 4-MeOC¢Hy; R! = R2 = Ph.

In contrast to the palladium-catalyzed amination, the
relationship between the amine basicity and the yield of the
amination product was observed. Thus less basic amines
reacted with haloarenes to give higher yields of the prod-
ucts, which stressed the role of transmetallation in the
catalytic cycle (stage b).*3

O NH»
| MeO@Br
+
O O 10 mol % 18, NaOBut,
NHZ PhMe, 100 OC. 24 h
1:1
O
‘ MeO
—> NH +
OMe 5.5:1

6. Heterogeneous catalyst Ni®/C: synthesis, transformations
and mechanism of catalysis

In certain cases, as the alternative to homogeneous palla-
dium catalysts, one can use nickel on charcoal (Ni%/C)
heterogeneous catalyst, which also enables reduction of
chloroarenes and Negishi, Kumada and Suzuki coupling
reactions.®! The catalyst was prepared by the reduction of
5% —10% Ni(NOj3),/C with butyllithium.

In the presence of Ni/C and dppf (1) as a ligand,
chloroarenes reacted with primary and secondary aromatic
amines.>? No reaction was observed with imidazole and aza-
crown ethers.
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Cl NRZ2R?
(5-10) mol % Nill/C,
(2.5-20) mol % dppf
] PhMe or dioxane, K
reflux, 2.5-52 h (69% —93%)

+ NHR?R?

R! = 4-Me, 4-MeO, 4-Bz, 4-CN, 2-Me-5-F;

R2R3NH =HN O, HN >, HN(] 5 anNH, l’l-C(,H13NH2,

4-MCC6H4NH2 5 2-M6C6H4NH2 5 PhNH2 .

In the majority of cases, it was sufficient to employ
5 mol % of the catalyst and 2.5 mol % of phosphine 1. High
boiling toluene and dioxane should be preferred to THF as
the solvent. The reaction is known to proceed more easily
with lithium alkoxides than with sodium and potassium
alkoxides. Other bases proved to be ineffective in this
reaction. The catalyst was easily removed by filtration
and, after the completion of the reaction, the solution
contained only traces of nickel, which was especially impor-
tant in the industrial-scale synthesis of drugs.

It should be noted that with the increase in the nickel
content on the charcoal support, the degree of conversion of
chloroarenes decreased. The reduction of Nil/C with
hydrogen to afford reactive Ni®/C species proceeded at
425 °C and also reduced the catalyst activity. The use of
Bu"Li made it possible to decrease the temperature of the
Nil/C — Ni%/C reduction and increase the catalyst activity
as compared with the Ni?/C species prepared at 425 °C.
How can we explain this dependence?

It was found 33 that homogeneous nickel species took
part in the catalytic cross-coupling cycle, i.e., during the
reaction, nickel partly passed from the solid charcoal sup-
port to solution. Its content in solution somewhat increased
when the reaction mixture was heated and Ni'l/C was
reduced with Bu"Li. The reduction with hydrogen produced
coarser nickel particles for which it was more difficult to
pass into solution. The higher nickel content on the char-
coal surface led to blocking of pores, which also hindered
the migration of Ni particles to solution and decreased the
catalyst activity.

The Ni'l/C — Ni%/C reduction could proceed as a result
of a reaction of a metal fert-butoxide with an amine in the
absence of Bu"Li; however, in this case it took several
minutes (the induction period) for the reaction to proceed.
The key Ni'' I amide complex can be formed by different
routes (Scheme 4).

Scheme 4
Nill —X Nill —X HNR'R? + Bu'OM
l( HNR'R? l( Bu'OM [
a b
X~ MX
1
o NilOBu! MNRIR? + Bu'OH
Nill —N
N I
H R
I HNR'R2
Bu'OM ¢ /- Nill —X
Bu'OH
M* + Bu'OH Ni" ?NRIRZ MX
M = Li, Na, K.

Pathway a includes the formation of a Ni'! complex with
amine (II) followed by its deprotonation; pathway b implies

the preliminary formation of a Nil complex with the rert-
butoxide ion (III), deprotonation of the amine and its
reaction with complex III. According to pathway ¢, the
rate-determining step is the reaction of amine with metal
tert-butoxide to form metal amide MNR!R? which is
subsequently complexed with Ni'l (I). It was found exper-
imentally that of three possible versions, the reaction rate
was determined by amine deprotonation and complexation
with compound III (pathway b).>*

IV. Catalysts based on copper and its compounds

Cross-coupling reactions to form new C—C, C—N, C—-0,
C—S bonds in the presence of copper have been known for
more than a century. Thus the already classical Ullmann
condensation (synthesis of diarylamines by the reaction of
aryl halides with aromatic amines) was discovered in 1903.
However, drastic conditions of this reaction, namely, high
temperature, the presence of strong bases and the use of
stoichiometric amounts of copper or its salts did not favour
its wide application. The revived interest in the Ullmann
condensation was associated with the progress in the chem-
istry of palladium, the elaboration of new palladium-based
catalytic systems, the synthesis of new ligands and the
detailed studies of the mechanism of different cross-cou-
pling reactions. Several reviews were devoted to the modern
synthetic methods of the formation of new C—N, C—O0,
C—S bonds in the presence of copper.>>3° Despite rapid
progress in this field, the majority of amination reactions in
the presence of copper catalysts concerned iodo-and bro-
moarenes, while the amination reactions of chloroarenes
were less abundant.

1. Reaction of chloroarenes with ammonia and hydrazines
The ability of chloroarenes to react with amines and
ammonia in the presence of copper has been known for a
long time. Thus chlorobenzene reacts with ammonia in the
presence of copper(l) salts (Cul, CuCl). The latter exhibited
the higher activity in this reaction than copper(Il) salts.
Copper(IT) oxide can act as the catalyst. Thus in its
presence, N-methylhydrazine reacted with 2-chloroaryl
ketones and substituted o-chlorobenzoic acids and played
the role of both the amination agent and the solvent. The
subsequent spontaneous intramolecular cyclization of the
arylhydrazines formed resulted in 1-methyl-1H-indazoles.

Rl
R2
~0 + NH.NHM 2 mol % CuO
_— >
a 2 ¢ K»COs, 110 °C, 20 h
R! R!
2 2
R SN R { S
— —
N/NHQ N
\ \
Me (16% —83%) Me

R!' = Me, Ph, OH; R? = H, Cl, NO>, MeO.

The use of more expensive Cu,O and Cu/CuO gave the
same results.®® Unsubstituted o-chlorobenzoic acid is insuf-
ficiently soluble in N-methylhydrazine; hence, the reaction
was carried out in benzene.
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2. Reaction of choroarenes with aromatic amines

The reaction of o-chlorobenzoic acid with aromatic amines
in water in the presence of 1 equiv. of K»CO3 and 3 mol %
of copper-containing catalyst proceeded, as a rule, with high
efficiency (Table 1). In this case, Cu,O, Cul, CuOAc,
Cu,SOy4 could serve as the copper source.°!

The reaction could also be carried out in butanol,
ethylene glycol and ethoxyethanol. Amination in ethoxy-
ethanol was catalyzed most efficiently by Cu/Cu0O. In the
series of bases (NaxCOs;, K,COj3;, Cs,CO3;, K;3POu,
NaOAc, KOBut, tetramethylpiperidine), the amination
product was formed in the highest yield in the presence of
potassium and sodium carbonates.®3 63

However, from the standpoint of practice, the complex
Cu(py)2Cl, proved to be more convenient as the catalyst
because it allowed amination of o-chlorobenzoic acid with
sufficiently high efficiency in the absence of inert atmos-
phere (see Table 1).64

The amination of haloarenes in the presence of atmos-
pheric oxygen was also efficiently catalyzed by CuO nano-
particles (Aldrich, particle size 33 nm). The reaction of
chlorobenzene with aniline in DMSO in the presence of
KOH and CuO nanoparticles carried out at 110 °C for 18 h
afforded diphenylamine in 60% yield. Under these condi-
tions, conventional copper oxide and copper(I) salts
afforded the amination product in lower yields.°

Complexes 19 and 20 resistant to air and moisture and
soluble in many organic solvents (dichloromethane, chloro-
form, toluene, benzene, DMF, DMSO) proved to be equally
practical.®’

7/ 7
Ph;P  'Br

7/
PhsP  Br
19 20

Complexes 19 and 20 catalyzed the reaction of haloar-

X
H
N N 10 mol % 20
_—
KOBut, PhMe,
110 °C, 36 h

A

The system Cul -PBuj proved to be one of the most
effective catalysts for the amination of chloroarenes. In the
presence of Cul —PBuj and KOBu! in toluene, the reaction
of substituted chloroarenes with primary aromatic amines
proceeded with high efficiency. The conversion was incom-

plete only with p-nitroaniline as a weak nucleophile and
p-nitrochlorobenzene.®®

X = Cl (49%), Br (77%).

Cul, PBu3

KOBu‘ PhMe,
135°C,10.5h

H
2 N 2
R! R?

R1 R]
A

R!, R2 Yield (%)

A B

H, 2- Me, 4-MeO 80-87 2-5
4-NO, 29-41 8-11

Diphosphine 21 can serve as the ligand.

enes with secondary aromatic amines; however, for chloro- /P\ /P\
. . .. Mes Mes
benzene, the reaction proceeded with low efficiency. Other
bases such as K3PO4, K>CO3, CsF, NaOMe, NaH were not —
effective under the given conditions. Ph",, Ph
Table 1. Reaction of o-chlorobenzoic acid with aromatic amines.
OH NH, OH
R
+ —_—
Cl N
R H
R Catalyst Solvent T/)°C t/h Yield (%)  Ref.
4-Me, 3-NO3, 3-Cl, 4-NO;, 4-MeO, 3 mol % Cu,O H,O 100 5 9-89 61
4-SOsH
See? 3 mol % Cu H-»O 100 6 64 62
H, 2-Me, 3-Me, 2-Pr, 2-But, 3-But, 9 mol % Cu/4 mol % Cu,O EtOCH,CH,OH 130 24 65-99 63
2-Ph, 4-MeO, 4-NO,, 3-Cl,
4-COzH, 3,5-Me>, 2,6-Me>, 2,3-benzo
H, 4-Me, 4-MeO, 4-NO, ,4-CO,H, 10 mol % Cu(py).Clz HOCH,CH,OH 130 24 5684 64

4-CN, 3-Cl, 3-Br, 2,3-benzo

2 Amine is 2-aminopyridine.
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Thus the reactions of chlorobenzene and p-chloro-
toluene with aniline or N-methylaniline in the presence of
the Cul-21-Bu'OK system afforded amination products
in high yields. The reaction was carried out in the absence of
solvent; chloroarenes played the role of solvent.®®

P R?
a NHR 2mol % Cul, \
1 mol % 21 N
s
+ KOBut, 100 °C, 12 h
Rl

.y (60% —80%)

R!,R? = H, Me.

Amination of o-alkynylhaloarenes followed by intra-
molecular cyclization of the amino derivatives formed
produced substituted indoles. This reaction proceeded in
toluene in the presence of KOBu' and catalytic amounts of
Cul; the yields were 53% —84% from o-alkynylbromoar-
enes. For the chloro derivative, the reaction took a longer
time and was accompanied by the formation of side pro-
ducts, which reduced the indole yield.”°

Ph

Z

4 4-MeC H.NH 10 mol % Cul

Mt e AN OB, PhMe,
Cl 105°C,2h
Ph
=
— P \ Ph
N
NHCHsMe-4
chule (21%) CgHyMe-4

3. Reactions of chloroarenes with aliphatic amines

The reaction of chlorobenzene with primary and secondary
cyclic alkylamines could be carried out under solvent-free
conditions in the presence of the Cul —21-KOBu! system.®®

Cl NR!R?
2 mol % Cul,
1 mol % 21

_— >
KOBut, 100 °C, 12 h
(50% —75%)

+ NHR'R?

R'R2NH =HN O, HN ), Ph(CH,),NH,
> , .

Copper-containing hydrotalcites Cu/Al-HT (Cu:Al =
2.5:1), i.e., layered materials with the composition
IMiL MY(OH),]A%, -y H,0 (M' and M are cations of
bi- and trivalent metals Cu?>*, Mg?" and AI’>"; the role of
counter ions (A) can be played by OH—, Cl-, NO3, CO3™,
etc.) are useful heterogeneous catalysts of amination. In the
presence of Cu/Al-HT, the activated chloroarenes reacted
with aliphatic amines. The reaction proceeded at 160 °C in
N-methylpyrrolidone or in the absence of solvent; the role
of the latter was played by the amine. The yields were in the
range 45% —93%, the reaction time was 6—16 h.”!

4. Reaction of chloroarenes with amides
The Goldberg reaction, i.e., copper-mediated N-arylation of
amides, was discovered in 1906 following the Ullmann
reaction, and for a long time it had a rather narrow scope
of applicability for the same reasons. To date, the examples
of reactions of chloroarenes with amides are also scarce.
For example, in the presence of Cu on SiO; as a catalyst,
the reactions of 2(3)-nitrochlorobenzene and 3-chloro-

toluene with cyclic amides proceeded with low yields,
whereas the reaction with bromobenzene afforded the
product in 91% yield.”?

: -
N O

[ \ Cu/SiO»
QO +
N KOAC, xylene,
H reflux, 6-8 h

R
R = 3-Me, 2-NO,, 3-NO,. (41% —44%)
N-Arylation of N-(3-pyridyl)acetamide occurred in the
presence of catalytic amounts of tris(3,6-dioxaheptyl)amine
(TDA-1) and copper(I) with azeotropic distillation of
water.”?> Amine TDA-1 is known to increase the solubility
of copper salts in organic solvents and was often used as a
phase-transfer catalyst.”4

A‘C Cl /‘%c
NH N
N " 10 mol % CuCl N
‘ _ KOAc, TDA-1, ‘ _
N reflux, 11 h N
R (56%—82%) R
R = 2-Cl, 3-Cl.
The wuse of trans-N,N’-dimethyl-1,2-cyclohexanedi-

amine (22) as the ligand enabled the amidation of aryl
iodides, bromides and chlorides in high yields (Table 2).
Cul proved to be the substance of choice as the copper
source. Other copper(I) or copper(Il) compounds [CuCl,
CuSCN, Cu,0, Cu(acac),] and copper powder afforded the
reaction products in lower yields. The choice of the base is
even more important. Thus with strong bases, namely,
potassium hexamethyldisilazide (KHDMS) or NaOBu!, the
reaction proceeded in a yield of 1% or 10%, respectively.
However, slow addition of KHDMS to the reaction mixture
resulted in virtually complete conversion of the starting
haloarene. This pointed to the coincidence of rates of amide
deprotonation and amidation. Accumulation of excess of
deprotonated amide resulted in the formation of non-
reactive copper amide complexes (for details, see Section
1V.7). The pKua value of the base should also be lower than

Table 2. Reaction of chloroarenes with carboxamides.”>- 76

R2
R3
\N)*o
5 mol % Cul,
)L Himol%22
KzCO; 23h
R3
R!
R! Amide T/)°C Yield (%)
Me BzNH, 110 93

Me QQO 130 95
H
[ jio 130 51

MeO N
H

COxMe [NBQO 130 62
H
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the pKua value of the amide. Thus, KoCO3; and K5;PO4 were
the most suitable bases for carrying out this reaction, being
thermodynamically strong in aprotic solvents and poorly
soluble in non-polar organic solvents.

5. N-Arylation of NH-heterocycles

Copper, its oxides and salts catalyzed N-arylation of
NH-heterocycles (pyrrole, pyrazole, imidazole, their deriv-
atives and benzo analogues). The catalysis occurred both in
the presence and in the absence of ligands.

a. Ligandless catalysis
On heating to 170—250 °C in the presence of copper powder
and K,COs, carbazole reacted with substituted chloronitro-
benzenes. The yields of the N-arylation products were low
and dropped to 10% in the absence of catalyst; only with
chlorodinitrobenzene, the yield did not change and
amounted to 50% (Table 3).77

The Ullmann condensation with activated chloroarenes
was effectively catalyzed by copper(I) oxide covered with
copper nanoparticles. The latter was prepared by heating

Table 3. Reaction of chloroarenes and chlorohetarenes (ArCl) with NH-heterocycles.

Ar Heterocycle Catalyst Base Solvent T/°C t/h Yield (%) Ref.
2-0,NCgHg, 2-NO»-4-MeCeH3, Cu K,CO;  — 170-250  3-12  15-50 77
2-NO»-4-ClCeH3, O
2,4-(NO»)2CH3, N
2-NO,-4-CNCgH3
4-0,NCH,, 4-AcCeHy, @ \ \/—\/ )\ 5mol % Cu,0/Cu  Cs,CO;  DMSO 150 18 63-97 78
4-F3CCeHs, 4-CHOCH. , NN
4-FC¢Hy, 4-CIC¢Hy4, H H
2-Py, 4-Py N
q
N
H
4-F3CCgHy, 2-Py I\ 10mol% Cu,0  KOH  DMSO 130 24 88-89 79
N
H
3,6-Dialkylpyrazin-2-yl 5 mol % Cul K>CO3 DMA?® reflux 12 37-72 80
(Alk = Me, Bu'), /
3,5-diphenylpyrazin-2-yl g
F
4Py e Q CuBr K»CO; NMPb " 18 31 81
U
N
H
5-Nitropyridin-2-yl, R? R CuO K,COs  pyridine " 24 20-58 82
6-methylpyridin-2-yl Rs/z—/(N
N
H
(R'=R3=H:
R2 = H, NO»;
R! = R3 = Ph, R2 = NO»)
6-Methoxy-4-methyl- Me CuO K-CO; " " 28 6 83
quinolin-2-yl MeﬂN
N
H
2-NO»-4-CICeH; Ph 0_y, Cuo K,CO; " " 24 45 84
€
m/O\Et
N\
H O
Anthraquinon-1-yl N Cu(OAc), KOAc PhNO, " — — 85
NQ
N
H
See® Cu(OAc)» KOAc PhNO, " — — 86

aDMA is N,N-dimethylacetamide; ® NMP is N-methyl-2-pyrrolidone; ¢ ArCl is 6,11-dichloronaphthacene-5,12-dione.
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copper acetylacetonate in oleylamine and afforded no
arylation products only with unsubstituted chlorobenzene
and its analogues with electron-donating substituents. The
reaction proceeded in DMSO at 150 °C in the presence of
caesium carbonate as the base.”® The high catalytic activity
was explained by the large surface and also by the possible
coordination of oleylamine to copper nanoparticles. This
assumption was confirmed by the fact that conventional
copper(I) oxide was slightly less active in amination of
chloroarenes containing strong electron-withdrawing sub-
stituents. The reaction was carried out in the DMSO-KOH
system at 130 °C for 24 h. For iodo- and bromoarenes, the
product yield was 85% —92%.

Copper(I) and copper (II) salts can also be used as the
catalysts (see Table 3).

The high activity was manifested by the heterogeneous
catalyst CuFAP prepared from the in situ formed fluoro-
apatite by ion exchange with Cu'l.

Ca(NO3)2-4H>0 + (NH4),HPO4 + NH4F —>
Cu(OAc),

—> Cao(PO4)sF2 CuFAP

In the presence of CuFAP, chloro- and fluoroarenes
reacted with pyrrole, pyrazole, benzimidazole, piperidine.
The reaction proceeded in DMF (K,COj3, 120 °C) with
activated haloarenes for 1—-10 h in yields of 88% —95%
and also with deactivated haloarenes for 136 h in yields of
55% —85%.87

b. Catalysis in the presence of ligands

The reaction of 2-chloropyridine with pyrazole and benzi-
midazole was catalyzed by copper powder in the presence of
1,1-binaphthyl-2,2'-diol (BINOL) in DMSO at 125 °C with

caesium carbonate as the base. The yield of the arylation
product was 85% —88%.88

The role of bidentate O,0-ligands could also be played
by compounds 23—-28 of which the Cu,O—-23 system was
the most effective (Table 4);3° KOH proved to be the base
of choice. In this case, low yields were obtained with
potassium and caesium carbonates and potassium phos-
phate. The role of a solvent was of no lesser importance.
Thus virtually no reaction occurred upon the exchange of
DMSO for the less polar toluene.

In the presence of copper(l) bromide, 2-aminopyrimi-
dine-4,6-diol (29) and Bu;NF, different imidazoles under-
went N-arylation in moderate yields. High yields (up to
100%) were obtained in the reactions of azoles with
2-chloropyrimidine. The transformation took place at high
temperature and under solvent-free conditions.”?

With the system Cul—30, milder conditions can be
employed.®! N-[(S)-Pyrrolidin-2-ylmethyl]imidazole deriva-
tive 30 is sufficiently stable and can be obtained from
inexpensive reagents in high yields. The arylation should
be carried out in polar solvents in the presence of caesium
carbonate with the ratio Cul:30 ~ 1:2.

In the series of ligands 31-35, the highest arylation
yields were obtained in the presence of caesium carbonate,
copper acetate and hippuric acid (35) as the ligand. Other
bases were not effective in this case.®?

0
// H
©i><OH Phw—FPh AcCO:K
( OH O OH 25
23 0 24

Table 4. Reaction of chloroarenes and chlorohetarenes (ArCl) with NH-heterocycles in the presence of different ligands.

Ar Heterocycles Catalyst Ligand Base Solvent T/°C t/h Yield (%) Ref.
2-Py Y N 1 mmol Cu BINOL#® Cs,CO; DMSO 125 48 85-88 88
( N
N N
H H
Ph, 4-MeC¢H4, // \ 0.1 mmol Cu,O 23 KOH DMSO 130-150 24-48 46-91 89
N
4-F3CCgHy, N
2-Py H
Ph, 4-O,NCeHg4, /2@ / \N 10 mol % CuBr 29 Bu;NF — 145-150 24 40-100 90
2-Py, pyrimi- R™ N P RO
din-2-yl H H
y (R = H, Me)
4-OoNCgHy, // \\N 5 mol % Cul 30 Cs;CO;  DMF 110 24 92-97 91
4-NCC¢Hy, N
3-Py H
Ph, 4-O,NC¢H4 f N FQ 20 mol % 35 Cs,CO; DMF 140 20 55-87 92
( VU : Cu(OAc),- H,0
N N
H H
F;C

aBINOL is 1,1"-binaphthyl-2,2'-diol.
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H H Ph NH>
Me+cozﬂ Ph—‘»COzﬁ Ph+cozﬁ (XV aorh ©f>
OH OH OH Cl N
27 28

H
26

(a) 5mol % Cul, 20 mol % 38, Cs2CO3, DMF, 60 °C, 10 h, yield 86%;
OH Me N (b) 5mol % CuOAc, 20 mol % 39, K3PO4, DMF, 50-100 °C,

‘ S O\/\Nrj C@ 14—48 h, yicld 78%.
N
/)\ | SN

HO N NH»

2 2 Bn 3 7. Mechanisms of amination, amidation and N-arylation
The mechanism of copper-catalyzed formation of a C—N
N 10) bond is not reliably elucidated so far.>®
( NHAc /H\ P Generally, the catalytic cycle of the Ullmann intra- and
N-_—-N P(NMez); Me COH Ph™ 'N° "COH  intermolecular reactions is described by Schemes 5 and 6.
N—/ 33 NHAc H Presumably, the reaction proceeds via Cu! and Cu'!! inter-
32 34 35 mediates involved in the oxidative addition, transmetalla-
tion and reductive elimination steps.
The reaction of activated chloroarenes with imidazole Scheme 5
and benzimidazole proceeded with high efficiency when
catalyzed by the complex {Cu,l>[(—)-sparteinely} (36).73 v-
At the same time, non-activated chlorobenzene (R = H) ©/
afforded <10% of the arylation product even after 24 h. Cu'X,L X
@X T G T
7\
H H X
2Ny
Ny SN

\N/ N \N X\ Y
> /Cu'” — + {Cu'X + L}
H H N\
36 Y
/ N
a )
N

N
/ Wy Smol %36 X =Cl Br. I Y = NH, O.

N K>CO3, DMSO,

H 110-125°C, 12-19h Scheme 6

R

R H
(65% —92%) N
| R
R = 4-NO,, 2-NO>, 4-CN, 2-CN, 4-CF3, 4-Ac, 4-CHO. H Cu—0O
N\ X \;M
R Y/
6. Intramolecular amination and amidation reactions < Y

in the synthesis of heterocycles

Intramolecular amination and amidation in the presence of
copper-containing catalysts can also be used in the synthesis
R . . . CuOAc _N
of heterocycles and their derivatives. Such reactions proceed Cdi Sp
more readily than intermolecular reactions, e.g., for bro- o (‘)
. X
mides they occur at room temperature.”> \(
Me

5mol %Cul,

\‘/ 10 mol % 37

K2C05, 25-100 °C, N N
4-23h — R

H o X = Hal; R = H, Bu", Bn, etc.

X = C1(88%), Br (100%); 37 = MeNH(CH,),NHMe.
In contrast to palladium and nickel, copper can take
Diketone 38 and amide 39 can serve as the ligands.?* 9> part in the single-electron transfer by the radical mechanism
(e.g., in the Sandmeyer reaction).”®

17 @
I . - i
Pri NEL RX + Cu! — R + X= + Cull,
R’ + Nu~ ——> RNu
—¢
38 39

Another peculiarity of copper is its ability to easily

In the latter case, the reaction should be carried out acquire oxidation states from 0 to + 3, whereas palladium

either for 48 h at 50 °C or for 14 h at higher temperature and nickel are for the most part characterized by oxidation
(100 °C). states 0 and +2.
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Moreover, copper compounds including its complexes
are poorly soluble in many organic solvents. It is quite
difficult to assess the catalyst fraction involved in trans-
formations. It is due to insufficient solubility that these
reactions were initially carried out at high temperatures in
the presence of stoichiometric amounts of copper or its
salts. The use of either ligands capable of stabilizing Cu'!!
intermediates or readily soluble copper complexes made it
possible to carry out amination under substantially milder
conditions.

Let us consider in more detail several specific examples
of the catalytic cycle of the Ullmann reaction.

With CuO nanoparticles (A) as the catalyst (Scheme 7),
the amination also involves the oxidative addition and
reductive elimination steps. The stabilization of CuO by
dimethyl sulfoxide and the amine results in an active cluster
B. The oxidative addition of chloroarene to the latter
produced intermediate C with the positive charge shared
among CuO nanoparticles on the surface of the cluster. The
intermediate C transforms by reductive elimination provid-
ing the formation of a new C— N bond. The heterogeneous
catalyst is recyclable without loss of activity.°

Scheme 7

KH + H>O

. 2/ @ XHNR'Rz

i

/& .
RI7 \
RIR2N /@ X

B R!

(O—CuO; R, R? = H, Alk, Ar; R3 = H, NOz, MeO; X = I, Br, CL

Scheme 8 presents the catalytic cycle of amidation of
chloroarenes in the presence of copper complexes and
diamines (for example, amine 22). Note that in the presence
of an excess of the deprotonated amide, unreactive cuprate
complexes are presumably formed.”3

On the whole, the mechanism of reactions of chloroare-
nes with NH-heterocycles catalyzed by the copper complex
with ligand 29, conforms to the general scheme of N-aryla-
tion (Scheme 9). The formation of a chelate complex of Cu!
with diol 29 (A) results in an increase in the reactivity of Cu!
thus favouring the oxidative addition of the chloroarene to
chelate A and simultaneously stabilizing intermediate B. In
the presence of a base, the latter reacts with imidazole to
form intermediate C and the reductive elimination of the
latter affords the final N-arylation product.®®

Scheme 10 shows the tentative catalytic cycle that
involves the heterogeneous catalyst CuFAP. In the aryla-
tion of imidazole (HetNH), its blue complex with copper-
containing catalyst A was formed in the first step. The
subsequent reaction with chlorobenzaldehyde afforded the
final N-arylimidazole and converted the catalyst into either
its Cu'! form B under ambient conditions or its Cu! form in
nitrogen atmosphere.8’

1043
O‘ Scheme 8
H
N
ki
X
H L O
L1 i (‘) TNTUREB “er M
N Cu R! RN R?
(‘Iu L/ \N*Rz N l\{]
“ R! RS0
i ArCl
Ar
N7 OR2
L
L is a diamine, B is a base; for Ar, R!, R2, see Table 2.
Scheme 9
—Cu
S
ArNu ‘ /)\ ArX
HO N NH»
A
/‘%r /‘%r
O—Cu O—Cu—
N N
L P
HO N NH» HO N NH,
C B

X~ NuH + B

Ar = 4-MeOCg¢Hy4, 4-O,NC¢Hy4, 2-Py, 2-thienyl, etc.; X = Br, Cl;
NuH is imidazole.

Scheme 10

The oxidative addition of a chloroarene to
Cu'—(—)-sparteine complex (36) produced Cu!'l interme-
diate A (Scheme 11). Nucleophilic substitution of the imi-
dazole anion for I~ in intermediate A led to complex B.”3
This assumptions was substantiated by the results of calcu-
lations which explained the high reactivity of complex 36
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towards aryl chlorides: the key role is played by the diffe-
rences in the geometry and the binding energy of Culll

their application in the syntheses based on cross-coupling
reactions carried out in both laboratories and industry.

intermediates A and B.

H H
1
N AN N
Cu Cul ™S e
~n~ N N
H p H R

Scheme 11
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