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Summary: A novel N—N coupling reaction was developed
through the oxidation of rare-earth-metal—nitrogen bonds
produced by treatment of the easily available rare-earth-metal
amides [(Me;Si);N;RE(u-Cl)Li( THF); with aromatic primary
or secondary amines. The reaction provides the symmetrical
or unsymmetrical azo compounds and hydrazine derivatives
in good to high yields within a very short time under mild
conditions.

Recently, various metal-initiated coupling reactions have
emerged as promising synthetic reactions. Much progress
has been made on the C—X (X = C, N, O, S) coupling
reactions' initiated by such metals as palladium,” copper,’
ruthenium,4 silver,” and rare-earth-metal complexes.("7
However, N—N coupling reactions initiated by metal com-
plexes still present a challenge.

The N—N coupling reaction provides a useful strategy for
the preparation of hydrazine derivatives and azo compounds,
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which can be applied as drugs, pharmaceuticals, agrochemicals,
and dyes in industries or precursors in organic synthesis.®
However, until now only a very limited number of methods
have been devised for the synthesis of hydrazine derivatives.
Alkylation of hydrazines has become the most frequently
used method.” Almost all these transformations originating
from hydrazine demand several steps (protection and deprotec-
tion) for obtaining the required products.'® On the other
hand, some methodologies for azobenzenes were obtained:
(i) oxidation of aromatic primary amines;'" (ii) reduction of
nitro-aromatic compounds;'? (iii) coupling of primary aryl-
amines with nitroso compounds (Mills reaction); (iv) elec-
trophilic reactions of diazonium salts;"® (v) oxidation of
hydrazo derivatives; (vi) reduction of azoxybenzene deriva-
tives.® However, long reaction time (10 h to 3 days)'* and
generally low chemical selectivity with many byproducts
leave some space for these methods to be improved. It was
reported that aromatic azo compounds could be synthesized
from anilines catalyzed by expensive gold nanoparticles
using O, (3—35 bar) as an oxidant at 100 °C."* Very recently
Jiao and co-workers developed the inexpensive catalyst
CuBr/pyridine to prepare symmetric and unsymmetric azo
compounds.'® Though new advances have been made, the
long reaction time is still a challenge to be improved. Most
important of all, until now, the direct synthesis of hydrazine
derivatives starting from the easily available secondary
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Table 1. Optimization Reactions Conditions for the Preparation of Azo Compounds

1. base

Ph—NH, ——> Ph—N=N-Ph
2. air

entry base ratio” temp (°C) t1 + 2 (min)” solvent yield (%)°
1 YN;¢ 1:1 room temp 30 + 30 THF 92
2 YN, 1:1 room temp 15+ 30 THF 92
3 YN; 1:1 room temp 10 + 30 THF 83
4 YN; 1:1 room temp 5+30 THF 80
5 YN; 1:1 room temp 15+ 15 THF 86
6 YN; 1:1 room temp 15420 THF 93
7 YN, 1:1 room temp 15+35 THF 92
8 Y[N(SiMes)>]3 1:1 room temp 15+ 20 THF 97
9 3 1:1 60 15+ 20 THF 95
10 LiN(SiMes), 1:1 room temp 15+ 20 THF 79
11 NaN(SiMejs), 1:1 room temp 15420 THF 35
12 KN(SiMes), 1:1 room temp 15420 THF 40
13 Mg[N(SiMe;),],(THF), 1:1 room temp 15+ 20 THF no
14 Ca[N(SiMes),]»(THF), 1:1 room temp 15+20 THF no
15 n-BuLi 1:1 room temp 15+ 20 THF 73
16 C,HsONa 1:1 room temp 15+ 20 THF 25
17 NaOH 1:1 room temp 15 +20 THF trace
18 YN; 1:0.5 room temp 15+ 20 THF 48
19 YN; 1:0.8 room temp 15 +20 THF 72
20 YN; 1:1.5 room temp 15+20 THF 98
21 YN; 1:1.3 room temp 15+ 20 THF 97
22 YN; 1:1.3 room temp 15+ 20 toluene 60
23 YN; 1:1.3 room temp 15420 hexane 32
24 YN; 1:1.3 room temp 15+ 20 Et,O 76
25 YN; 1:1.3 room temp 15420 CH,Cl, 65

“@Ratio of aniline to base. ”t1 = reaction time under an argon atmosphere; t2 = reaction time on exposure to the air. ¢ Isolated yield based on the

aniline. “YN; = [(Me;Si),N];Y (u-C)Li(THF);.

amines has remained unexplored. Herein, we wish to report a
novel N—N coupling reaction by oxidation of rare-earth-
metal—nitrogen bonds for the generation of the symmetrical
azo and hydrazine derivatives in good to high yields from
easily available amines with only one step within a very short
time (35 min) under mild conditions. The N—N coupling
reaction mechanism was proposed on the basis of experi-
mental evidence.

On exploration of the reactivity of the rare-earth-metal
amides [(Me;Si),N];RE(u-Cl)Li(THF);'” with benzene-1,2-
diamine, the unexpected azo product 2,2'-(diazene-1,2-diyl)-
dianiline, which was confirmed by X-ray analysis (see the
Supporting Information), was isolated upon exposure of the
reaction mixture to air after 10 min of reaction. When aniline
was used to react with [(Me;Si),N]3Y (u-Cl)Li(THF);, a
good yield of the azo product was also obtained. Therefore,
optimization experiments for the reaction of aniline with the
yttrium amide [(Me3Si),N]3Y (u-Cl)Li(THF); or other bases
were performed (Table 1). It was found that the isolated
yields for reactions initiated by other bases such as MN-
(SiMes), (M = Li, Na, K) (Table 1, entries 10—12), M[N-
(SiMe3),),(THF), (M =Mg, Ca) (Table 1, entries 13 and 14),
n-BuLi (Table 1, entry 15), and NaOR (R = H, C,Hs)
(Table 1 entries 16 and 17) were lower than those initiated
by yttrium amide under the given conditions. Reaction
conditions such as the reaction ratio, temperature, reaction
time, and solvents were examined. The optimized conditions
were reaction of aniline with yttrium amide [(Me3Si),N]s-
Y (u-Cl)Li(THF); (1:1.3 mol) for 15 min and then exposure
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to the air for 20 min (Table 1, entry 21) at room temperature.
It is noteworthy that only the azo product was isolated and
no other byproducts such as azoxy, anil, or hydroxylamine
compounds were observed, indicating the advantage of our
methods in comparison with others.''"¢ In addition, the
reaction was completed within a very short time.

Under the optimized conditions, various substituted aro-
matic primary amines were reacted with [(Me;Si),N]3Y (u-
CDHLi(THF)s, providing azo compounds in moderate to
quantitative yields (Table 2). The electronic nature of the
substituents on the benzene ring of anilines affects the efficiency
of the reaction greatly. The electron-rich anilines were almost
quantitatively converted to the corresponding products
(>92% yield) (Table 2, entries 2, 3, and 5). The reaction of
4-NH,C¢H4NH, (Table 2, entry 5) afforded the azo product
in 99% yield within 10 min. 4-Isopropylaniline (entry 4) led
to low yield, probably due to steric effects. A 54% yield of the
azo product could be obtained with 4-BrCsH4NH, (Table 2,
entry 6). However, the electron-deficient aniline 4-O,NCg-
H4NH, did not undergo the coupling reaction under the
optimized reaction conditions. Anilines with substituents at
the 2- or 2,6-positions were also effective in spite of large or
small substituent groups, but large substituents gave low
yields of products due to steric effects (Table 2, comparison
of the result of entry 9 with the results of entries 10 and 11).
Again, in all the examined cases, only the azo products were
isolated and no other byproducts such as azoxy, anil, or
hydroxylamine compounds were observed, indicating the
advantage of our methods in comparison with others.

The scope of the reaction was further examined by treatment
of secondary amines such as N-substituted anilines with rare-
earth-metal amides, as the N—N coupling reactions of
secondary amines remained unexplored. It was found that
hydrazine derivatives as the only N—N coupling products
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Table 2. Products of Reactions of Primary Amines with Yttrium
Amide”

YN; air
R—-NH, - R-N=N-R
THF (15 min) 20 min 1

entry R product tl -+ t2 (min) yield (%)” trans:cis®
1 CeHs 1a 15+20 97 87:13
2 4-CH;C¢Hy4 1b 15 + 20 92 84:16
3 4CH;0C¢H; 1c 15 + 20 98 89:11
4 4-PrC¢H, 1d 15420 45 84:16
57 4-NH,CeHy4 1e 545 96 100:0
6  4-BrCeHy4 1f 15+ 20 54 90:10
7 2-CH;C¢Hy 1g 15 + 20 93 78:22
8¢ 2-NH,CeH,4 1h 545 99 100:0
9  2,6-Me>CgHs 1i 15 + 20 90 66:34
10 2,6-Et,C¢Hs 1j 15 + 20 47 67:33
11 2,6-Pr,C¢H; 1k 15420 45 81:19
12 CioHy 1 15+20 60 100:0

“Reaction conditions: reaction of aniline with YN;3 (1:1.3 mol)
at room temperature for 15 min and then exposure to the air for
20 min.  Isolated yield, based on the amine. ¢ Determined by '"H NMR.
 Conditions: reaction of amine (1 mmol) with YNj3 (1.3 mmol) in THF at
room temperature for S min in a Schlenk line and then exposure to the air
for 5 min.

Table 3. Products of Coupling Reactions of the Secondary

Amines”
2a: 85%, 2b: 87% 2¢ 41%

N—N

2d: 52% 2e:74% 2f 75%
OpUNNOW
O S :
N-N ’jl N
T X0 o
29: 58% 2h: 27%,anti :syn=77 : 23 2i: 37%

“Conditions: reaction of the amine (1 mmol) with [(Me3Si),N]3Y (u-
CD)Li(THF); (1.3 mmol) in THF at room temperature for 15 min in a
Schlenk line and then exposure to the air for 20 min.

were generated (Table 3) in moderate to good yields by
treatment of the corresponding secondary amines with the
yttrium amide [(Me;3Si),N];Y (u-Cl)Li(THF);. Reaction of
the electron-rich N-methyl-4-methylbenzenamide gave a
yield of the product higher than that of the electron-deficient
N-methylbenzenamide (Table 3; 2b,c). The results were
consistent with the reactions of aromatic primary amines
with yttrium amide. The N-ethylbenzenamide reacted with
yttrium amide, resulting in only a 52% yield of the product,
indicating steric effects on the reaction. This process is also
compatible with heterocycles such as indole (2h,i).

As shown in Table 4, almost all the rare-earth-metal amides
exhibited good to high reactivities. It was observed that rare-
earth elements have some effect on the reaction activity. The
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Table 4. Effects of the Rare-Earth Metals on the Coupling
Reaction”

RE
Y Pr Nd Sm Eu Ho Yb

yield (%) 97 82 89 67 64 60 55

“Conditions: reaction of aniline (1 mmol) with [(Me;Si),N];RE
(u-Cl)Li(THF); (1.3 mmol) at room temperature for 15 min in THF in
a Schlenk line and then exposure to the air for 20 min.

Scheme 1. Preparation of Unsymmetrical Azo Compounds”

NH, A _
/ \ o = QN=NO
NH
RQ 2* NHz THE (15min)  1n \ g

NH,
R=H R=H, 3a, 53%
R = 4-CH3- R = 4-CHj-, 3b, 50%
R = 4-Br- R = 4-Br-, 3¢, 55%
R =2-CHg- R = 2-CHs-, 3d, 60%

“Reaction ratio substituted amine:2-amineaniline:YN;3 5:1:2; iso-
lated yield based on the 2-amineaniline.

results were in contrast to the Lewis acidity of the RE*"
cations but were consistent with the oxophilicity of the RE**
cations.'®

Examination of the cross-coupling of different amines for
the syntheses of unsymmetrical azo compounds was con-
ducted. Treatment of benzene-1,2-diamine and aniline with
[(Me3Si),N]3Y (u-CDLi(THF);3 in a 1:1:2 ratio resulted in a
mixture with detectable cross-coupling products that were
difficult to isolate. When the ratio of the reactants benzene-
1,2-diamine and aniline with [(Me3Si),N];Y (u-Cl)Li(THF)3
was changed to 5:1:2 and the reaction was run for 1 h, the
unsymmetrical azo product 2-(phenyldiazenyl)aniline was
isolated in 53% yield (Scheme 1). Other reactions of 2-ami-
neaniline with substituted anilines such as 4-CH;C¢H4NH,,
4-BrC¢H4NH,, and 2-CH3;CsH4NH, in the presence of 2
equiv of yttrium amide were also examined, and the corre-
sponding unsymmetrical azo compounds were obtained.

To investigate the mechanism of the N—N coupling reac-
tion, the complex [(Me3Si),N], Yb(NPh,)(THF) (complex 4)
was isolated by treatment of Ph,NH with [(Me3Si),N]; Y b(u-
CDLi(THF); (1:1) in THF and its structure was determined
(Figure 1). Redissolution of [(Me3Si),N],Yb(NPh,)(THF)
(complex 4) in THF and then exposure of the solution to the
air for 20 min afforded the N—N coupling product Ph,N-
NPh, in 80% yield (Scheme 2). This result suggested that the
above reactions involve the formation of new rare-earth-
metal amido complexes; oxidation of the rare-earth-metal—
nitrogen bonds leads to N—N coupling reactions affording
the azo or hydrazine derivatives. Additional evidence was
that exposure of the THF solution of Yb(NHC4sH;'Pr,-
2,6)3(THF), (complex 5)' to the air for 20 min generated
the corresponding azo products in 45% yield, further in-
dicating that oxidation of the rare-earth-metal—nitrogen
bonds leads to the N—N coupling reaction (Scheme 3).

The reaction of [(Me3Si),N];Y (u-Cl)Li(THF); with the
primary amine 4-CH3CsH;NH,; (see Figure 1, line 1, signal a
in the Supporting Information) was monitored by NMR
techniques (see Figure 1 in the Supporting Information). Under
an argon atmosphere, reaction of the amine 4-CH;C¢sH;NH,
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Figure 1. Crystal structure of complex 4.

Scheme 2. Reaction of Complex 4

[(Me3Si),NI3Yb(u-CI)Li(THF);

PhyNH
THF

air Pho _Ph

[(Me3SNLYBNPh,YTHF) 507 - N"Nep,

Complex 4 80 % yield

Scheme 3. Reaction of Complex 5

iPr Pr.
. air
iDp,._ —_— N=N
Yb(NHCH;Prz-2,6)3(THF), THF, 20 min Q @

Complex 5
45% yield

with [(Me;Si),N]3Y (u-C)Li(THF); immediately generated
anew yttrium amido complex (see Figure 1, lines 2—4, signal
b in the Supporting Information). After exposure to the air,
the intermediate of the hydrazine compound CH3;PhINH—
NHPhCHj; could be observed in 5—10 min (see Figure 1,
lines 6 and 7, signal ¢ in the Supporting Information); the
intermediate CH;PhINH —NHPhCH; was finally oxidized to
CH;PhN=NPhCHj (trans + cis) upon further exposure of
the reaction solution to air (see Figure 1, line 8, signals d, d’ in
the Supporting Information).

To further confirm the radical mechanism,?’ ESR techni-
ques were used to probe the signal of the amino radical with
phenyl tert-butyl nitrone (PBN) as the trapping agent. A
PBN-amino radical signal,”’ which was generated from the
combination of the amino radical with PBN, was observed
during exposure of the YN;/PhNH,/PBN/THF mixture to
air (see Figure 2, panel 3 in the the Supporting Information)
(o =3.44 x 1074 T, oy = 13.68 x 10* T). A typical ESR

(20) The nitrogen radical can be seen: Li, G.; Nelsen, S. F.; Jalilov,
A.S.; Guzei, 1. A. J. Org. Chem. 2010, 75, 2445.
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Nahara, Y. Biomaterials 2003, 24, 2097.
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Scheme 4. Propsed Mechanism for the N—IN Coupling Reaction

R1
7/
Rie REN, TMSIN NS
NH R
-
Rs THF (TMSNT A THF
l air
ar R R R
RN=N-R; <—— Syon’  <—  Ne
R:=H ry/ R, R;
D c B

signal for the PBN-amino radical was also observed by
exposure of the yttrium amido complex Y(NHCgH;'Pr»-
2,6)3(THF),/ PBN/THF to air (see Figure 2, panel 4 in the
Supporting Information). This evidence clearly suggested
that the reaction goes through the amino radical process.

In combination with the above experimental results, a
plausible mechanism for the N—N coupling reaction is
proposed (Scheme 4). Reaction of amine with the rare-earth-
metal amides [(Me;Si),N;RE(u-Cl)Li(THF); generated the
new rare-earth metal amido complex A (as evidenced by
isolation of complex 4), which was oxidized to produce the
radical B (ESR evidence) upon exposure to the air; coupling
of the radical B formed the N—N coupling hydrazine product C
("H NMR evidence). When primary amines were used,
further oxidation of C gave the azo products D.

In summary, a novel N—N coupling reaction for the
generation of symmetrical or unsymmetrical azo compounds
and hydrazine derivatives was developed with the participa-
tion of rare-earth-metal amides. The experimental evidence
supported that the amino radical produced by oxidation of
rare-earth-metal—nitrogen (RE—N) bonds is responsible for
the N—N coupling reaction on the basis of isolation of the
amido complex 4 and NMR and ESR probes of the inter-
mediates. The results indicated that electron-rich amines are
more effective for the coupling reaction. In comparison with
previous approaches, the key advantages of this method are
that both azo products and hydrazine products could be
obtained within a very short time in good to excellent yields
with a wide generality for the substrates.

Acknowledgment. The work was supported by the
National Natural Science Foundation of China (Nos.
20702001, 21072004, 20832001) and grants from the Min-
istry of Education (No. 20103424110001) and the Anhui
Education Department (Nos. TD200707, KJ2007A011).

Supporting Information Available: Text and figures giving
experimental details for the characterization of all compounds,
spectral data for the compounds 1a—1, 2a—i, and 3a—d, and 'H
NMR and ESR spectra for the probe of the intermediates
("HNMR, >*C NMR, IR, HRMS) and CIF files giving crystal-
lographic data for compound 1h and complex 4. This material
is available free of charge via the Internet at http://pubs.
acs.org.



