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The N[1,3]-sigmatropic shift in the benzidine rearrangement has been studied in depth experimentally
with the aid of the density functional theory (DFT) calculations. The designed substituted N, N -diaryl
hydrazines rearrange exclusively to the expected o/p-semidines and diphenylines. The intercrossing

experiments support the intramolecular rearrangement process. Radical trapping experiments exclude the

10 intermediacy of biradicals in the rearrangements. Computational results demonstrate that the o-semidine

rearrangement involves a novel N[1,3]-sigmatropic shift and the p-semidine rearrangement proceeds

tandem N[1,3]/N[1,3]-sigmatropic shifts, while the diphenyline rearrangement occurs through a cascade

NI[1,3])/[3,3]-sigmatropic shifts. The proposed mechanism involving the key N[1,3]-sigmatropic shift as

the rate-limiting step is well consistent with reported kinetic isotope measurements. The combined

15 methods provide the new insight into the formation mechanism of o/p-semidines and diphenylines in the

benzidine rearrangement and propose the suprafacial symmetry allowed N[1,3]-sigmatropic shift with an

inversion of the configuration in the migrating nitrogen atom unprecedentedly.

Introduction

The [1,3]-sigmatropic shift, as one of typical rearrangements in
20 the thermal pericyclic rearrangements, is a powerful strategy for
the construction of biologically active molecules in the synthetic
organic chemistry.l'5 The structure of the transition state and the
configuration of the products in the [1,3]-sigmatropic shift have
been predicted by the Woodward-Hoffmann selection rule
25 through the suprafacial symmetry of the frontier molecular orbital
approach with an inversion of the configuration in the migrating
groups (Figure 1).° Among them, C[1,3]-sigmatropic shift has
been widely explored experimentally and theoretically,? while
O/N[1,3]-sigmatropic shift was rarely reported. Recently, we
30 have offered mechanistic insight of the O[1,3]-sigmatropic shift
in the abnormal Claisen rearrangement.” Now we are particularly
interested in the N[1,3]-sigmatropic shift in some cases.
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Fig. 1 Concerted [1,3]-sigmatropic shift with an inversion of the
35 configuration in the migrating group.

Acid-catalyzed benzidine rearrangements have been studied
extensively for more than 150 years,® in which the parent N,N’-
diphenyl hydrazine (1) gives p-benzidine (2, 70%) and
diphenyline (3, 3»0%)9’]0 as the main products and some other

40 secondary products such as o-benzidine (4), p-semidine (5), and
o-semidine (6) (Scheme 1).!' In some cases, o-benzidine, p-

semidine, and o-semidine type products were obtained in
considerable yields from certain substituted N,N’-diaryl
hydrazines.
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Scheme 1 Benzidine rearrangement of N,N’-diphenylhydrazine (1).

A large amount of work has been devoted to the mechanistic
investigation of the benzidine rearrangements, where the
controversies were concentrated on the polar transition state
theory (one concerted step) and Dewar’s m complex theory (two
stepwise steps).'> The question as to whether the rearrangement
was stepwise or concerted mechanism was remained unresolved
until measurements of heavy-atom kinetic isotope effects (KIEs)
were performed by Shine and co-workers.'*'> A concerted [5,5]-
sigmatropic shift was proposed on the basis of KIE results on
nitrogen and carbon atoms for the formation of 2. Furthermore,
an inverse secondary deuterium isotopic effect for the
disappearance of 1 supported the conclusion drawn from the
nitrogen and carbon KIE results.'*®® In contrast, the formation of
diphenyline (3) was characterized via a substantial KIE for the N
atom but with slight 2,2°,6,6’-"°C4 KIE, in accord with an
intramolecular and nonconcerted mechanism.'* In addition, KIE
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results for the formation of o-benzidines from N,N’-di(2-
naphthyl)hydrazine and N-2-naphthyl-N’-phenylhydrazine were
clearly indicative of a [3,3]-sigmatropic rearrangement.'* The
nitrogen and carbon KIEs for the conversion of N-4-
methoxyphenyl-N’-phenylhydrazine to the corresponding p-
semidine and o-semidine were observed and the p-semidine
rearrangement was assumed to be likely a concerted [1,5]-
sigmatropic shift, whereas there was a slight 2,2°,6,6’-1*C, KIE
for the o-semidine rearrangement. '>*° Accordingly, the w-
complex theory was ruled out by Shine’s kinetic experiments, but
it has been revived by recent calculations.'®!”

To date, the mechanisms for the formations of p-benzidines
and o-benzidines in benzidine rearrangements have been verified
clearly as [5,5]- and [3,3]-sigmatropic shifts, respectively.
is However, to the best of our knowledge, the formations of
diphenylines, p-semidines, and o-semidines seem to undergo the
amphibolous pathways.'® Further unraveling the mechanisms
remain highly desirable in organic chemistry. After analyzing the
structures of diphenylines, p-semidines, and o-semidines and
considering the existence of the C[1,3] and O[1,3]-sigmatropic
shifts, we proposed that the N[1,3]-sigmatropic shift may involve
in the formations of diphenylines, p-semidines, and o-semidines
in the benzidine rearrangement. Herein, we present our detailed
experimental and computational studies on the N[1,3]-
sigmatropic shift in the formations of semidines and diphenyline
in the benzidine rearrangement. We believe that our in-depth
mechanistic insight of the N[1,3]-sigmatropic shift in the
benzidine rearrangement is critical not only to understand the
benzidine rearrangement completely, but also to enrich the theory
of heteroatom [1,3]-sigmatropic shifts.
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Results and discussion

Experimental Investigation on the Acid-catalyzed Semidines
and Diphenyline Rearrangements

Since the benzidine rearrangements can undergo a concerted
[5,5]-sigmatropic rearrangement to produce p-benzidines as
major products, or a [3,3]-sigmatropic shift to yield o-benzidines,
we designed N,N’-diaryl hydrazines with 2,4’,6-substituents in
order to prevent the formation of p-benzidine and o-benzidine
products, simplifying the separation and determination of the
rearrangement products. N,N’-Diaryl hydrazines 7 with different
substituents were synthesized from 2,6-disubstituted N’-Boc-N-
aryl hydrazines and 4-substituted aryl halides by the Cu (I)-
catalyzed coupling reaction. '

We envisioned that the 2,4’°,6-trisubstituted N,N’-diaryl
hydrazines 7 would give rise to semidines and diphenylines
(Scheme 2). N,N’-Diaryl hydrazine 7a was first examined upon
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reflux in 95% ethanol for 2 h in the presence of concentrated HCI.

After workup, we obtained the expected diphenyline 8a in 5%
yield and p-semidine 9a in 5% yield, concomitant with the
disproportionation products such as azobenzene 1la and
corresponding arylamines 12a and 13a. However, no o-semidine
type product 10a was observed. Other two nitro substituted N,N’-
diaryl hydrazines 7b-c gave the similar results. With
trifluoromethyl  substituent, N,N’-diaryl hydrazines 7d-f
ss underwent the acid-catalyzed rearrangement to provide better

results, affording 10~21% yields of the diphenylines 8d-f and

16~18% yields of p-semidines 9d-f with the corresponding

S

=

disproportionation products (see ESI for details). Moreover, all
reactions were subjected to the LC-MS analysis without the
6 observation of the o-semidines 10.

R3
COHC Hel HZN O O \©\
2Boc

95% EtOH
reflux 2h
7af 8a-f Qaf
Diphenyline p-Semidine
a: Rl=R?=Me, R3=NO, 5% 5%
b: R=Me, R?>=Et, R®=NO, 3% 3%
¢: R1=R%=Et, R®=NO, 4% 4%
d: R'=R?=Me, R3=CF4 21% 18%
e: R'=Me, R?=Et, R=CF, 10% 18%

f: R1=R2=Et, R3=CF, 14% 16%

(i@ o QNH“O

10a-f
o-Semidine

Dlsproportlonanon products

Scheme 2 Acid-catalyzed rearrangement of 2,4°,6-trisubstituted N, N -
diarylhydrazines 7.

6s To obtain o-semidine type products, we designed 2,4,4°,6-
tetrasubstituted N, N -diaryl hydrazines 14, which would suppress
the formation of diphenyline and p-semidine products. Similarly,
N,N’-diaryl hydrazines 14 were synthesized from 2.,4,6-
trisubstituted N’-Boc-N-aryl hydrazines and 4-substituted aryl

70 halides via the Cu (I)-catalyzed coupling reaction. To our delight,
the substrates 14a and 14b underwent the acid-catalyzed
rearrangement to obtain the designed o-semidine type products
15a and 15b in 35% and 16% yields, respectively (Scheme 3),
concomitant with the disproportionation products 13, 16 and 17

75 (see ESI for details).

g NH2
Conc HCI N
95% EtOH Rl
reflux 2h 1
La-b aRl=Me 35% 15a-b
b:RI=Et 16% o-Semidine

Scheme 3 Acid-catalyzed rearrangement of 2,4,4° ,6-tetrasubstituted N,N -

diarylhydrazines 14.
80 Therefore, 2,4’,6-trisubstituted N, N’-diaryl  hydrazines
underwent the acid-catalyzed rearrangement to produce

diphenyline type products (up to 21% yield) and p-semidine type
products (up to 18% yield), while 2,4,4’,6-tetrasubstituted N,N -
diaryl hydrazines gave rise to o-semidine type products (up to

85 35% yield). In all the acid-catalyzed rearrangements, competitive
disproportionation reactions were inevitable.

Control Experiments

It is unclear that the formations of semidines and diphenylines

are intramolecular or intermolecular processes, although it is
s well-known that the benzidine rearrangement is an intramolecular
reaction for the formation of o- and p-benzidines,20 We
performed the intercrossing experiments to clarify the mechanism
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(Scheme 4). A mixture of equimolar amounts of N,N’-diaryl

hydrazines 14a and 14b was treated under the standard conditions.

Only two o-semidines 15a and 15b were detected without the
intercrossing o-semidines, as determined by LC-MS analysis (see
ESI for details). Likewise, the intercrossing experiment with
equimolar amounts of the N,N’-diaryl hydrazines 7a and 7e was
conducted to offer two diphenylines 8a and 8e, as well as two p-
semidines 9a and 9e without any intercrossing products (see ESI
for details). No intercrossing products indicate that all
rearrangements are intramolecular processes.

No Crossing Products
HN O,N NH
) O . @
2 N

standard conditions 8a
Ta+7e ———————————>

No Crossing Products HaN
. ~ @

Scheme 4 Intercrossing experiments for the formation of o-semldlnes, p-
semidines, and diphenylines

[
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standard conditions
14a + 14b

To rule out the solvent-caged biradical mechanism of the
rearrangements, the radical trapping experiments were performed
as well (Scheme 5). Treatment of hydrazine 7d under the
standard conditions with TEMPO gave rise to diphenyline 8d in
22% yield and p-semidine 9d in 17% yield. Hydrazine 14a
afforded o-semidine 15a in 33% yield with TEMPO under the
standard conditions. The radical trapper has no significant effect
on the conversion of the rearrangements, excluding the radical
mechanism in a solvent cage. This is consistent with the radical-
free process reported by Shine."> The results indicate that even
the biradicals were generated, they formed disproportionation
products rather than semidines and diphenylines.

HoN
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standard conditions 8d 22% Fa

1.0 eq TEMPO

9d 17%
/©/standard conditions
1.0 eqg TEMPO
33%

Scheme 5. Radical trapping experiments in the formation of o-semidine,
p-semidine, and diphenyline type products.

Computational Studies

w
S

DFT calculations® using the B3LYP/6-311++G(d,p) level
were employed to locate all the stationary points involved.?
Frequency calculations at the same level were performed to

confirm each stationary point to be either an intermediate or a
35 transition state structure. The free energies in solution were
computed by a self-consistent reaction field (SCRF) using the
conductor polarizable continuum model (CPCM) method in
ethanol at the same level.
0-Semidine Rearrangement. Our intercrossing and radical
40 trapping experiments have excluded the ionic and radical
mechanisms. Thus, the formation of o-semidine products should
be an intramolecular process in the acid-catalyzed benzidine
rearrangement. We proposed two possible intramolecular
mechanisms for the o-semidine rearrangement: 1) a concerted
as N[1,3]-sigmatropic shift with a configuration inversion of the
nitrogen atom, which is orbital symmetry allowed (Scheme 6,
Pathway A); 2) a tandem [3,3]- and C[1,3]-sigmatropic shifts
process with a configuration inversion of the carbon atom
(Scheme 6, Pathway B).

15a H
CN
H +/©/ 3
. N[1,
H [1.3]
NC 2 Pathway A| H_HZN
NS
14a-H H ’i’\Q/H o-Int1
[3,3]l Pathway B o-TS1
1 +
H H,N HN*
o H\\‘ NC ﬂ //\\H
HNES O " Ne -
CN NH N,
H
50 0-Ts2 o-Int2 0-TS3

Scheme 6. Proposed mechanism of the o-semidine rearrangement.

To understand the above possible mechanisms,
protonated hydrazine 14a-H as a representative model system
was examined with the DFT calculation (Figure 2). Diprotonated

ss hydrazine 14a-2H was also taken into account, whereas the
scission of the N-N bond took place spontaneously possibly due
to the unstable vicinal dicationic structure. Another mono-
protonated hydrazine 14a-H’ is unstable over 14a-H by 1.6
kcal/mol in the terms of Gibbs free energy due to protonation on
e the weaker basic nitrogen atom. 14a-H undergoes the concerted
N[1,3]-sigmatropic shift through a transition state 0-TS1 with an
activation free energy of 11.0 kcal/mol to afford a stable
intermediate 0-Intl (Pathway A). In the 0-TS1, the computed
distances of the N-N bond breaking and the N-C bond making are
65 2.75 and 2.95 A, respectively (Figure 3). The alternative Pathway
B involves the [3,3]-sigmatropic shift via a transition state 0-TS2
with an activation free energy of 20.4 kcal/mol, leading to an
intermediate 0-Int2. The distances of the N-N bond cleavage and
the C-C bond formation in the 0-TS2 are 2.83 and 2.13 A,
70 respectively (Figure 3). The following C[1,3]-sigmatropic shift
via a transition state 0-TS3 is almost barrierless to form the 0-
Intl. In the 0-TS3, the computed C-C and C-N bonds in the four-
membered ring transition state are almost dissociated due to the
rigid ring. Finally, the assistance of water molecule facilitates the
75 tautomerization from the o-Intl to 15a-H.

mono-
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In addition, the potential profiles from 14a-H’ were attemped
to calculated for sake of comparison. However, unfortunately, its
0-TS1 cannot be located. On the other hand, the two
stereoisomers of the 0-TS1 were also considered in calculation
(Fig. 2). When optimization, the potential energy of the 0-TS1
with exo-H decreased continuously till the 0-TS1 with exo-H was
converted to the 0-TS1 with endo-H because the endo-H 0-TS1
shows less steric hindrance than exo-H one. Additionally, a weak
H-r interaction exists in the endo-H 0-TS1 due to the distance of
H and the benzene ring approximate 2.6 A (see ESI for details)
and without the repelling interaction between the lone pair of
electrons on the nitrogen and the 7 electron cloud of benzene ring
(or called cyclohexadiene part). Both steric and electronic effects
indicate that the transition state endo-H 0-TS1 is more stable than
the exo-H 0-TS1. A similar phenomenon was observed in the 0-
TS3. The results indicate that the steric hindrance plays an
important role in the stabilization of the endo-H transition states
in both N and C[1,3] sigmatropic shifts.

The distortion/interaction analysis,”* which is a powerful tool
to understand the factors that stabilize the transition states, was
employed to allow for deep understanding of the main reasons
why 0-TS1 is lower in energy than 0-TS2 (Fig. 3). The activation
energy (AE¥) can be mainly separated into the distortion energy
of anilines (AEdisf) and the interaction energy between two
distorted fragments (AE;,). In 0-TS1, the interaction energy
between the two fragments is very small, but both fragments are
hardly distorted from initial equilibrium geometries. In contrast,
there is much more distortion of the fragments in 0-TS2, and this
is only partially compensated for by more effective interaction.
Thus, the pathway through 0-TS1 is favorable for the o-semidine
rearrangement, dominantly attributed to low distortion in the
transition state.

AGsol .
kcal/mol H i

-29.4

Fig. 2. Free energy profiles for the o-semidine rearrangement.
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Fig. 3. Structures and distortion/interaction analysis of transition states for
the o-semidine rearrangement. Distances of concern are reported in
angstroms.

In terms of the o-semidine rearrangement, Shine and co-
workers have reported KIE for the rearrangements of N-4-
methoxyphenyl-N’-phenylhydrazine  (18)'* and N,N’-di(4-
chlorophenyl)hydrazine (21) (Scheme 7).'**¢ The formation of o-
semidine 19 from ["°N,"’N’]-18 resulted in an averaged KIE of
1.074, while the generation of o-semidine 22 from ["*N,""N’]-21
and [2,2°,6,6’-"°C4]-21 furnished KIEs of 1.0155 and 0.9963,
respectively. The '*N KIE is more obvious than *C KIE, even an
inverse "*C kinetic isotope effect was observed close to unity.
The KIE results indicate that the transition state in the rate-
determining step should be an early (reactant-like) transition state
rather than a late transition state, consistent with the calculated
results because the 0-TS1 in the N[1,3] sigmatropic shift is an
early transition state, while the 0-TS2 in the [3,3] sigmatropic
shift is a late transition state. Thus, Shine’s KIE results support
the N[1,3]-sigmatropic shift mechanism for the formation of o-

semidine.
NH, "
N
- 00
H,N OMe
OMe

HN—NH

S o=

OQ @ﬁ: selem

Scheme 7. Acid-catalyzed rearrangement of N, N -diarylhydrazines 18
and 21.

Diphenyline and p-Semidine Rearrangements. For the
diphenyline rearrangement, we put forward two possible
intramolecular but stepwise pathways: tandem N[1,3]/[3,3]-
sigmatropic shifts (Pathway C1) and cascade [3,3]/C[1,3]-
sigmatropic shifts (Pathway D1). For the formation of p-
semidines, we also propose two possible intramolecular but
stepwise pathways: tandem N[1,3]/N[1,3]-sigmatropic shifts
(Pathway C2) and cascade [3,3]/[3,3]-sigmatropic shifts
(Pathway D2) ( Scheme 8).

A representative model system with mono-protonated
hydrazine 7a-H was examined with DFT calculation to
understand the proposed pathways (Figure 4). 7a-H could
undergo the N[1,3]-sigmatropic shift via a transition state dp-TS1
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with an activation free energy of 17.0 kcal/mol. This step of the
reaction is exergonic by 15.8 kcal/mol, giving a stable
intermediate dp-Intl (pathway C). Once the intermediate dp-Intl
is formed, two pathways can be followed: (i) the [3,3]-
s sigmatropic shift of dp-Intl via a transition state d-TS2 requires
an activation energy of 31.5 kcal/mol (but only 15.7 kcal/mol in
terms of the Gibbs free energy) to yield an unstable intermediate
d-Int2, followed by tautomerization to deliver mono-protonated
diphenyline 8a-H (pathway C1); (ii) dp-Intl undergoes another
10 N[1,3]-sigmatropic shift via a transition state p-TS2, requiring an
activation energy of 36.3 kcal/mol (20.5 kcal/mol in terms of the
Gibbs free energy) to give rise to a stable intermediate p-Int2
(pathway C2). Alternatively, 7a-H could also undergo a [3,3]-
sigmatropic shift via a transition state dp-TS3 with an activation
15 energy of 24.2 kcal/mol to yield an unstable intermediate dp-Int3
(Pathway D), which can further undergo two different
rearrangements: (i) the consequent C[1,3]-sigmatropic shift of dp-
Int3 through d-TS4 requires 32.9 kcal/mol in terms of the Gibbs
free energy (the activation energy of 16.2 kcal/mol), leading to
20 8a-H (Pathway D1); (ii) the [3,3]-sigmatropic shift of dp-Int3
results in the formation of 9a-H with an activation energy of 5.0
kcal/mol (21.7 kcal/mol in terms of the Gibbs free energy)
(Pathway D2).
Therefore, pathway C is more favored over pathway D by 7.2
s keal/mol in the first step of the tandem processes and
predominant in each of the second steps in terms of the Gibbs

free energy. Although the two second steps in pathway D could
occur with relative lower activation energies (16.2 kcal/mol and
5.0 kcal/mol, respectively) than those in pathway C, it is very
30 difficult for the first step reaction in pathway D due to its higher
activation energy (24.2 kcal/mol) and endergonic process.
However, the intermediate dp-Intl is more stable than dp-Int3 by
32.5 kcal/mol. In the consequent step from dp-Intl, two different
pathways can correspond to mono-protonated diphenyline 8a-H
35 (pathway C1) and mono-protonated p-semidine 9a-H (pathway
C2). Eventually, our calculated results draw the conclusion that
the first N[1,3] shift is the rate-limiting step for the formation of
diphenyline 8a, while the second N[1,3] shift is both the rate-
limiting and the rate-determining step for the generation of p-
40 semidine 9a. The computed distances of all transition states are in
reasonable range except for those of d-TS4 reach the extent of
scission (Figure 5).
Shine and co-workers had reported the KIEs for the
rearrangement of N,N’-diphenylhydrazine (1) into diphenyline
45 (3).%%1% The KIEs for ['°N,®N’]-1 and [2,2,6,6-°C,4]-1 are
1.0367 and 0.9953, respectively. For [4,4-1*C,]-1, no carbon KIE
was observed. These findings imply that the cleavage of the N-N
bond and the formation of the N-C2 bond are in the rate-limiting
step. Similarly, more obvious '°N KIE (variation magnitude) was
s0 observed than ">C KIE, an inverse '°C KIE. The KIE results
reveal that the transition state in the rate-limiting step should be
an early (reactant-like) transition state rather than a late transition
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Scheme 8. Proposed mechanism for diphenyline and p-semidine rearrangements.
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Fig. 4. Potential energy profiles of the diphenyline and p-semidine rearrangements.

~ pTS2

Fig. 5. Structures of transition states for the p-semidine and diphenyline rearrangements. Distances of concern are reported in angstroms.
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Table 1. The calculated energies of transition states and intermediates in the formation of diphenylines and semidines from different diarylhydrozines in
the pathways A and C (AG and AG” in kcal/mol).

Hydrazine AG” AG AG” AG AG” AG AG” AG
(0-TS1) (o-Intl) (dp-TS1) (dp-Intl) (d-TS2) - (d-Int2): (»-TS2) (p-Int2)
1l4a 11.0 -11.0 - - - - - -
7a - - 17.0 -15.0 15.7 4.0 20.5 -22.1
1 14.7 -13.0 14.7 -13.0 15.0 4.7 NL NC
18 14.2 -8.9 14.8 1.7 NL NC 16.4 -12.4
21 12.8 -10.8 12.8 -10.8 NL NC 13.3 -19.1
NL = Not located. NC = Not calculated.
state, consistent with our calculated tandem N[1,3]/[3,3] stretching modes in vibrations. In our investigated

s sigmatropic shift mechanism with the first N[1,3] sigmatropic
shift as the rate-limiting step because the dp-TS1 in the first
NI[1,3] sigmatropic shift is an early transition state with a higher
potential energy of 17.0 kcal/mol, while the d-TS2 in the second
[3,3] sigmatropic shift is a late transition state. On the other hand,

o the transition state dp-TS3 is a late transition state and locates at a

higher potential energy of 24.2 cal/mol as well. Although d-TS4

is also an early transition state, but with the highest potential
energy of 32.9 cal/mol. After this analysis, we can conclude that
our proposed tandem N[1,3]/[3,3]-sigmatropic shifts and the first

N[1,3] sigmatropic shift as the rate-limiting step for the formation

mechanism of the diphenylines are consistent with Shine’s KIE

observation.
The averaged KIEs for the formation of p-semidine 20 from

['°N,!°N’]-18 and [4’-'*C]-18 were measured as 1.0296 and 1.039,

respectively.*™ On the basis of the KIE results, a concerted
[1,5]-sigmatropic shift through a six-membered ring transition
state from the protonated 18 was proposed by Shine. However,
the proposed transition state for the concerted [1,5]-sigmatropic
shift seems to have large distorted energy with the rigid benzene
ring. It is not a reasonable process. However, the KIEs support
our tandem N[1,3]/N[1,3] sigmatropic shift process and the
second one as the rate-limiting step.

In addition, the formation of p-semidine 23 from ["°N,"’N’]-
21, [“N,'°N"]-24, [4,4°-"°C,]-21, [4-"*C]-21, and [2,2°,6,6°-"C4]-
o 21 furnished KIEs of 1.0282, 1.0162, 0.9934, 1.0029, and 0.9973,
respectively.'*®® The results indicate that the rate-limiting step
involves the nitrogen atom, ortho and para carbon atoms, also
matched with our proposed tandem N[1,3]/N[1,3]-sigmatropic
shifts mechanism with the second N[1,3]-sigmatropic shift as the
rate-limiting step for the formation of p-semidine. From
viewpoint of energy, it is reasonable to consider the formation
mechanism of p-semidines as tandem N[1,3]/N[1,3]-sigmatropic
shifts mechanism with the second N[1,3]-sigmatropic shift as the
rate-limiting step. However, the carbon KIEs for both ortho and
o para carbon atoms are very small, unlike the transition states 0-

TS1 and dp-TS1, no obvious relationship between their variation
magnitudes and the transition state structure of p-TS2 is observed
due to the experimental determination precision. The small
carbon KIEs are possibly attributed to the rigid benzene ring
s involved in the transition state p-TS2. Small carbon KIEs were
observed in several cyclic transition states previously.>>?’

In the rearrangements of diphenylines, o- and p-semidines,
the inverse carbon KIE is generally observed. Unlike deuterium
KIE, the heavy atom primary inverse KIEs have seldom observed
previously.”® They were assumed to generate due to nonlinear in
the transition states, causing bending modes in addition to
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rearrangements, all the transition states in the rate-limiting steps
are four-membered ring ones. Thus, the inverse carbon KIE can
be attributable to the nonlinear transition states in the rate-
limiting steps.

Influence of Substituents on Transition States and KIEs.
The substituents can change the transition states (early or late
transition states), resulting in KIE changes, even normal to
inverse or 12 Our investigated N,N’-
diarylhydrazines are different from those in the KIE experiments.
To verify the impact of the substituents on the phenyl group(s)
on the transition states in the semidine and diphenyline
rearrangements, we further calculated the potential energy
profiles for the formation of semidines and diphenylines from
N,N’-diarylhydrazines 1, 18, and 21 (Table 1). The results
indicated that all the transition states 0-TS1 for N,N’-
diarylhydrazines 14a, 1, 18, and 21 are early transition states
(Table 1, coloums 1 and 2), indicating that these diarylhydrazines
should show similar *N and *C KIEs in their o-semidine
rearrangements. That is, the reported KIEs of 18 and 21 can
represent those in our studied system of N,N’-diarylhydrazine 14a.

For p-semidine rearrangements, except for NN’-
diphenylhydrazine 1, of which p-TS2 cannot be located in its
calculation (consistent with trace p-semidine 5 generated in the
experiment), the transition states pP-TS2 for both NN’-
diarylhydrazines 18 and 21 show higher potential energy than the
corresponding dp-TS1 and are early transition states, indicating
that the second N[1,3] sigmatropic shift is the rate-limiting step in
the formation of the corresponding p-semidines 20 and 23 as that
in the formation of p-semidine 9a. The hydrazine 21 shows
similar potential energy profile to that of the hydrazine 7a in the
p-semidine rearrangement. Thus, the KIEs of 21 should represent
those of 7a. However, the hydrazine 21 possesses lower energy
barriers than 7a in both N[1,3] sigmatropic shifts. That is the
reason why 7a yields 9a in a low yield of 5%, while 21 generated
23 in a relatively high yield of 12%.

Considering the diphenyline rearrangements, the transition
states d-TS2 are not located in their calculation for hydrazines 18
and 21, in agreement with no observation of the corresponding
diphenylines experimentally. Thus, only N,N’-diphenylhydrazine
1 was compared with hydrazine 7a. However, the unexpected
results were obtained. For hydrazine 74, its transition state d-TS2
is slightly higher (0.3 kcal/mol) than its dp-TS1 in terms of the
Gibbs free energy, but a less obvious difference on the viewpoint
of calculation. Importanly, the dp-TS1 of hydrazine 1 is an early
transition state as that in hydrazine 7a. It is matched with the
variation magnitudes of its '°N and '*C KIEs. The KIEs of
hydrazine 1 could reflect the feature of the diphenyline

inverse to norma
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rearrangements. Although it is difficult to provide an undoubted
mechanism for the formation of diphenylines in the benzidine
rearragement on the basis of the current information, our
proposed mechanism is more reasonable one till now and our
current investigation provides a further new insight and
comprehensive understanding on the o- and p-semidines and
diphenyline rearrangements.

Conclusion

In summary, to search for the existence of the N[1,3]-sigmatropic
shift and to further elucidate the formation mechanisms of o/p-
semidines and diphenylines, we have investigated the
mechanisms for the acid-catalyzed semidines and diphenyline
rearrangements with designed N,N’-diarylhydrazines. After a
systematic investigation on experiments and theoretical
calculations, it is reasonable to consider the acid-catalyzed o-
semidine rearrangement as a N[1,3]-sigmatropic shift, p-semidine
rearrangement as tandem NJ[1,3]/N[1,3]-sigmatropic shifts, and
diphenyline rearrangement as cascade N[1,3]/[3,3]-sigmatropic
shifts. The N[1,3]-sigmatropic shift is orbital suprafacial
symmetry allowed with an inversion of the migrating nitrogen
atom. The proposed intramolecular processes are supported by
intercrossing experiments, radical trapping experiments, and KIE
observation measured by Shine. The current results not only
provide a comprehensive understanding on the formation of o/p-
semidines and diphenylines in the benzidine rearrangement, but
also disclose a novel N[1,3]-sigmatropic shift that has potential
mechanistic possibility in other reactions.

Experimental section

General information

Melting points were obtained on a melting point apparatus and
are uncorrected. "H NMR and >C NMR spectra were recorded on
a 300 MHz or 400 MHz spectrometer with TMS as an internal
standard in the CDCl; solution. IR spectra were taken on a FT-IR
spectrometer in KBr. HRMS data were obtained with an
LC/MSD TOF mass spectrometer. Purification of reaction
products was carried out by column chromatography using silica
gel (200-300 mesh). TLC separations were performed on silica
gel G plates with petroleum ether/ethyl acetate, and the plates
were visualized with UV light.

General procedure for the synthesis of N-Boc-N,N’-diaryl
hydrazines 7 and 14

To a round bottom flask were charged with an N’-Boc-N-aryl
hydrazines (24, 48 mmol), 4-substituent iodobenzene (40 mmol),
Cul (0.78 g, 4 mmol), 1,10-phenanthroline (1.44 g, 8 mmol),
Cs,CO; (15.64 g, 48 mmol) and 40 mL of dry DMF at room
temperature. The reaction mixture was degassed, charged with N,
gas and heated to 80 °C. After 4-5 hrs, the resulting mixture was
cooled to room temperature, diluted with ethyl acetate (100 mL),
filtered. The filtrate was then washed twice with brine (2x100
mL). The organic layer was dried over anhydrous magnesium
sulfate, filtered, concentrated under reduced pressure, The residue
was purified by flash chromatography with a mixture of
petroleum ether and ethyl acetate as an eluent to afford the
desired product, which was recrystallized from a mixture of

ss petroleum ether and ethyl acetate to give crystals 7 or 14.

60

6:

>

70

7

S

80

8

73

90

9:

S

100

10:

11

&

=5

tert-Butyl 2-(2,6-dimethylphenyl)-1-(4-
nitrophenyl)hydrazinecarboxylate (7a). Orange crystals, 2.57 g,
yield 18%, m.p. 153-154 °C, 'H NMR (300 MHz, CDCL3) 6: 1.27
(s, 9 H), 2.17 (s, 6 H), 6.27 (s, 1H), 6.82 (t, J= 7.4 Hz, 1 H), 6.97
(d, J=7.4 Hz, 2 H), 8.07-8.12 (m, 2 H), 8.19-8.25 (m, 2 H). 1*C
NMR (75 MHz, CDCl3) ¢: 153.3, 149.3, 143.3, 142.8, 129.7,
124.8, 124.1, 121.9, 119.7, 83.7, 27.6, 19.0. IR (KBr) v (cm™):
3359, 2978, 2932, 1721, 1590, 1514, 1476, 1308. HRMS (ESI )
calcd. for C;gH»3N30, [M+H]" m/z: 358.1761, found 358.1769.
tert-Butyl 2-(2-ethyl-6-methylphenyl)-1-(4-
nitrophenyl)hydrazinecarboxylate (7b). Orange crystals, 2.38 g,
yield 16%, m.p. 118-119°C, "H NMR (300 MHz, CDCl;) 6: 1.19
(t, J=7.5Hz, 3 H), 1.26 (s, 9 H), 2.15 (s, 3 H), 2.56 (q, J = 7.5
Hz, 2 H), 6.34 (s, 1H), 6.85-7.03 (m, 3 H), 8.06-8.12 (m, 2 H),
8.20-8.25 (m, 2 H). >C NMR (50 MHz, CDCl3) §: 153.4, 149.4,
143.0, 142.8, 131.2, 129.8, 127.3, 125.3, 124.1, 122.1, 119.8,
83.7,27.6, 24.7, 19.5, 14.2. IR (KBr) v (cm™): 3359, 2974, 2932,
2875, 1716, 1590, 1515, 1469, 1342, 1113. HRMS (ESI) calcd.
for C,oHpsN30, [M+H]" m/z: 372.1918, found 372.1914.
tert-Butyl 2-(2,6-diethylphenyl)-1-(4-
nitrophenyl)hydrazinecarboxylate (7c). Orange crystals, 2.00 g,
yield 13%, m.p. 164-165°C, '"H NMR (300 MHz, CDCl;) 8: 1.15
(t, J=7.5Hz, 6 H), 1.26 (s, 9 H), 2.52 (q, J = 7.5 Hz, 4 H), 6.37
(s, 1 H), 6.94-7.04 (m, 3 H), 8.07-8.12 (m, 2 H), 8.21-8.26 (m, 2
H). °C NMR (50 MHz, CDCly) &: 153.5, 149.4, 143.2, 142.3,
131.9, 127.3, 124.1, 122.6, 120.1, 83.8, 27.7, 24.9, 14.4. IR (KBr)
v (cm‘l): 3349, 2983, 1721, 1589, 1492, 1441, 1339. HRMS (ESI)
caled. for Cy1Hp7N30, [M+H]" m/z: 386.2074, found 386.2089.
tert-Butyl 2-(2,6-dimethylphenyl)-1-(4-
(trifluoromethyl)phenyl)hydrazinecarboxylate (7d). Colorless
crystals, 5.63 g, yield 37%, m.p. 105-106°C, 'H NMR (300 MHz,
CDCly) o: 1.28 (s, 9 H), 2.19 (s, 6 H), 6.23 (s, 1 H), 6.80 (t, J =
7.5 Hz, 1 H), 6.95 (d, J= 7.5 Hz, 2 H), 7.59 (d, J = 8.7 Hz, 2 H),
7.95 (d, J = 8.7 Hz, 2 H). '>*C NMR (50 MHz, CDCl;) &: 153.8,
146.7, 143.6, 129.6, 125.3 (q, J, = 3.8 Hz), 1252 (q, J, = 32.5
Hz), 125.0, 124.3 (q, J; = 270 Hz), 121.6, 120.4, 82.8, 27.6, 18.9.
IR (KBr) v (em™): 3340, 2982, 1697, 1618, 1525, 1474, 1323.
HRMS (ESI) caled. for CyoHy3F3N,0, [M+H]" m/z: 381.1784,
found 381.1799.

tert-Butyl 2-(2-ethyl-6-methylphenyl)-1-(4-
(trifluoromethyl)phenyl)hydrazinecarboxylate (7e). Colorless
crystals, 7.10 g, yield 45%, m.p. 121-121.5 °C, 'H NMR (300
MHz, CDCl;) d: 1.18 (t, J= 7.5 Hz, 3 H), 1.28 (s, 9 H), 2.17 (s, 3
H), 2.56 (q, J = 7.5 Hz, 2 H), 6.30 (s, 1H), 6.84-7.02 (m, 3 H),
7.58-7.61 (m, 2 H), 7.93-7.96 (m, 2 H). *C NMR (50 MHz,
CDCly) o: 153.9, 146.6, 143.0, 131.4, 129.7, 127.2, 125.5, 125.5
(q, J» = 32.5 Hz), 125.4 (q, Js = 3.7 Hz), 124.3 (q, J, = 270 Hz),
122.0, 120.7, 83.0, 27.7, 24.7, 19.5, 14.3. IR (KBr) v (cm™): 3367,
2975, 2932, 2869, 1720, 1615, 1469, 1322, 1160, 1115. HRMS
(ESI) caled. for C,H,sF3N,O, [M+H]" m/z: 395.1941, found
395.1937.

tert-Butyl 2-(2,6-diethylphenyl)-1-(4-
(trifluoromethyl)phenyl)hydrazinecarboxylate (7f). Colorless
crystals, 4.41 g, yield 27%, m.p. 83-84°C, 'H NMR (300 MHz,
CDCly) 6: 1.15 (t, J = 7.5 Hz, 6 H), 1.27 (s, 9 H), 2.54 (q, J = 7.5
Hz, 4 H), 6.34 (s, 1H), 6.90-7.03 (m, 3 H), 7.58-7.61 (m, 2 H),
7.92-7.95 (m, 2 H). *C NMR (50 MHz, CDCl) 6: 154.1, 146.7,
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142.5, 132.1, 127.3, 125.7 (q, J, = 32.3 Hz), 1254 (q, J; = 3.7 reduced pressure and purified by flash chromatography with a
Hz), 124.3 (q, J; = 270 Hz), 122.4, 120.9, 83.0, 27.8, 24.9, 14.5. ¢ mixture of petroleum ether and ethyl acetate as an eluent to afford
IR (KBr) v (cm™): 3365, 2971, 2935, 2876, 1720, 1615, 1456, 8c. Yellowish solid, 15 mg, yield 4%, m.p. 230-232°C, '"H NMR
1322, 1160, 1123. HRMS ( ESI) calcd. for C»,H,,F3N,0, [M+H]" (300 MHz, DMSO-dy) 6: 1.17(t, J, = 7.5 Hz, 6 H), 2.03 (s, 3 H),
m/z: 409.2097, found 409.2086. 2.10 (s, 3 H), 2.59 (q, J1 = 7.5 Hz, 4 H), 7.23 (s, 2 H), 7.99 (d, J5
tert-Butyl 2-(4-cyano-2,6-dimethylphenyl)-1-(p- = 8.9 Hz, 1H), 8.12 (d, J, = 2.6 Hz, 1H), 8.22 (dd, J, = 2.6 Hz, J;
tolyl)hydrazinecarboxylate (14a). Colorless crystals, 4.50 g, & = 8.9 Hz, 1H), 9.34 (s, 1 H), 9.68 (s, 1 H). >C NMR (126 MHz,
yield 32%, m.p. 157-159°C, "H NMR (300 MHz, CDCl;) 6: 1.33 DMSO-dg) &: 169.1, 168.8, 143.9, 142.0, 141.3, 135.2, 135.1,
(s, 9 H),2.23 (s, 6 H), 2.32 (s, 3 H), 6.43 (s, 1 H), 7.14 (m, 2 H),  134.5, 126.4, 126.0, 125.3, 122.8, 24.4, 23.4, 22.6, 14.8. IR (KBr)
7.21 (s, 2 H), 7.47 (m, 2 H). >*C NMR (75 MHz, CDCl5) §: 154.1, v (cm™): 3250, 3246, 2962, 2928, 2866, 2847, 1654, 1508, 1350,
148.0, 140.4, 134.3, 133.2, 128.9, 125.6, 121.6, 119.6, 103.7, 1274. HRMS (ESI) calcd. for C,oH3N30, [M+H]" m/z: 370.1761,
82.5,27.9,20.7, 19.0. IR (KBr) v (cm']): 3356, 2977, 2926, 2218, 7 found 370.1768.
1717. HRMS (ESI) calcd. for C,;H,sN30, [M+H]" m/z: 352.2020, 3',5'-Dimethyl-5-trifluoromethyl-1,1'-biphenyl-2,4'-diamine
found 352.2031. (8d). Colorless Crystals, 59 mg, yield 21%, m.p. 74-75 °C, 'H
tert-Butyl 2-(4-cyano-2-ethyl-6-methylphenyl)-1-(4- NMR (300 MHz, CDCls) d: 2.23 (s, 6 H), 3.70 (brs, 2 H), 4.06
ethylphenyl)hydrazinecarboxylate (14b). Colorless crystals, (brs, 2 H), 6.73 (d, J=9.0 Hz, 1 H), 7.02 (s, 2 H), 7.32 (m, 2 H).
5.62 g, yield 37%, m.p. 164-164.5 °C, '"H NMR (300 MHz, s *C NMR (126 MHz, CDCL;) J: 146.8, 142.4, 128.6, 127.5, 127.5
CDCl;) 6: 1.20 (t, J=7.5Hz, 3 H), 1.23 (t, /= 7.5 Hz, 3 H), 1.33 (q, J = 3.6 Hz), 127.3, 124.9 (q, J = 270.6 Hz), 124.7 (q, J = 3.6
(s, 9 H), 2.24 (s, 3 H), 2.59 (g, /= 7.5 Hz, 2 H), 2.64 (q, J= 7.5 Hz), 122.11, 120.0 (q, J = 32.4 Hz), 114.4, 17.6. IR (KBr) v (cm’
20 Hz, 2 H), 6.45 (d, J=4.1 Hz, 1 H), 7.17 (m, 2 H), 7.23 (s, 1 H), "): 3481, 3386, 2933, 2857, 1108. HRMS (ESI) calcd. for
7.28 (s, 1 H), 7.49 (m, 2 H). >*C NMR (75 MHz, CDCl5) §: 154.1, Cy5H,sF3N, [M+H]" m/z: 281.1260, found 281.1276.
147.6, 140.5, 140.5, 133.1, 131.5, 130.8, 127.6, 126.0, 121.6, so 3'-Ethyl-5'-methyl-5-trifluoromethyl-1,1'-biphenyl-2,4'-
119.7, 103.8, 82.3, 28.0, 27.8, 24.3, 19.4, 15.3, 13.6, 8.7. IR (KBr) diamine (8e). Yellowish oil, 29 mg, yield 10%, 'H NMR (300
v (em™): 3343, 2964, 2929, 2219, 1718. HRMS (ESI) caled. for ~ MHz, CDCly) 5: 1.28 (t, J, = 7.5 Hz, 3 H), 2.23 (s, 3 H), 2.58 (q,
Ca3HyoN;0, [M+H]" m/z: 380.2333, found 380.2346. J, =17.5 Hz, 2 H), 3.72 (brs, 2 H), 4.08 (s, 2 H), 6.75 (d, J, = 8.4
General procedure for the acid-catalyzed rearrangements of 1}312’ 1 H), 7.03 (s, 2 H), 7.33 (d, J, = 8.4 Hz, 1H), 7.34 (s, IH).
N,N’-diaryl hydrazines 7 and 14 ss "C NMR (126 MHz, CDCly) o: 146.8, 141.8, 128.4, 127.8, 127.6,
127.4 (q,J=3.6 Hz), 127.4, 126.5, 124.9 (d, J=270.7 Hz), 124.7
To a round bottom flask were charged with an N,N’-diaryl (q, J = 3.7 Hz), 122.3, 119.8 (q, J = 32.3 Hz), 114.4, 24.2, 17.6,
hydrazine (7 or 14, 1 mmol), 95% ethanol (10 mL), and conc. 12.9. IR (KBr) v (cm™): 3481, 3386, 2966, 2873, 1108. HRMS
30 HCI (0.5 mL) under nitrogen at room temperature. The reaction (ESI) caled. for CigH7FsN, [M+H]" m/z: 295.1417, found
mixture was refluxed for 2 hrs, then cooled to room temperature, ;295 1414,
neutralized with solid NaHCO,, filtered, concentrated. The 3" 5'-Diethyl-5-trifluoromethyl-1,1'-biphenyl-2,4'-diamine (8f).
residue was purified by flash column chromatography. Yellowish oil, 43 mg, yield 14%, '"H NMR (300 MHz, CDCl;) ¢:
3',5"-Dimethyl-5-nitro-1,1'-biphenyl-2,4’-diamine (8a). 1.29 (t, J; = 7.5 Hz, 6 H), 2.58 (q, J; = 7.5 Hz, 4 H), 3.77 (brs, 2
35 Yellowish crystals, 13 mg, yield 5%, m.p. 186-188 °C, 'H NMR H), 4.09 (brs, 2 H), 6.75 (d, J, = 8.1 Hz, 1 H), 7.04 (s, 2 H), 7.33
(300 MHz, CDCl3) 4: 2.23 (s, 6 H), 3.73 (s, 2 H), 4.54 (s, 2 H), 4 (d, J,=8.1 Hz, 1 H), 7.35 (s, 1 H). *C NMR (126 MHz, CDCl;)
6.67 (q, J1 = 2.6 Hz, 1 H), 7.01 (s, 2 H), 8.01 (dd, J; = 2.6 Hz, J 5 146.8, 141.3, 128.1, 127.8, 127.6, 127.5 (q, J = 3.7 Hz), 126.4,
=23 Hz, 2 H). °C NMR (126 MHz, CDCly) &: 150.1, 1429, 124.9 (g, J = 270.7 Hz), 124.8 (g, J = 3.7 Hz), 120.0 (g, J = 32.4
139.2, 128.6, 127.1, 126.7, 126.2, 124.5, 122.3, 113.6, 17.7. IR Hz), 114.5, 24.3, 13.0. IR (KBr) v (cm‘l): 3483, 3389, 2966, 2874,
a0 (KBr) v (cm™): 3433, 3340, 2962, 2873, 1284. HRMS (ESI) calcd. 1108. HRMS (ESI) caled. for C;,H;oF3N, [M+H]" m/z: 309.1573,
for C14H;sN30, [M+H]" m/z: 258.1237, found 258.1245. 100 found 309.1577.
3'-Ethyl-5-methyl-5-nitro-1,1"-biphenyl-2,4'-diamine ~ (8b). 3 5.Dimethyl-N'-(4-nitrophenyl)benzene-1,4-diamine  (9a).
Brown crystals, 8 mg, yield 3%, m.p. 131-133°C, '"H NMR (300 Orange crystals, 13 mg, yield 5%, m.p. 193-195 °C, 'H NMR
MHz, CDCl3) : 1.29 (t, J; = 7.5 Hz, 3 H), 2.34 (s, 3 H), 2.58 (q, (300 MHz, CDCls) 6: 2.20 (s, 6 H), 3.63 (s, 2 H), 6.04 (s, 1 H),
45 Jy =7.5 Hz, 2 H), 3.77 (s, 2 H), 4.55 (s, 2 H), 6.68 (dt, J, = 1.6 6.71 (d, J=9.2 Hz, 2 H), 6.83 (s, 2 H), 8.07 (d, J= 9.2 Hz, 2 H).
Hz, J; = 2.7 Hz, 1 H), 7.02 (s, 2 H), 8.00 (d, J; = 2.7 Hz,1 H), ;5 3C NMR (126 MHz, CDCL;) 8: 152.4, 141.0, 138.6, 129.0, 126.4,
8.03 (d, J, = 1.6 Hz, 2 H). °C NMR (126 MHz, CDCl;) 6: 150.3, 124.8, 122.8, 112.3, 17.7. IR (KBr) v (cm™): 3363, 2962, 1301.
142.3, 138.9, 128.4, 128.0, 127.1, 126.7, 126.5, 126.2, 124.4, HRMS (ESI) caled. for Ci,H;sN;O, [M+H]" m/z: 258.1237,
122.5, 113.5, 24.2, 17.7, 12.9. IR (KBr) v (cm™): 3482, 3376, found 258.1249.

50 2966, 2873, 1307. HRMS (ESI) calcd. for C15H17N302 [M""I‘l]Jr N_(2_Ethyl_6_methy|_4_((4_n|tropheny|)amino)phenyl)_
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m/z: 272.1394, found 272.1410. 1o acetamide (9b). The isolated mixture (36 mg) of p-semidine and
N,N’-(3",5'-Diethyl-5-nitro-1,1'-biphenyl-2,4'-diyl)diacetamide p-nitroaniline in 5 mL of (Ac),0 was stirred at room temperature
(8¢). The isolated mixture (48 mg) of diphenyline and p- for 12 hrs. The resulting mixture was diluted with water (50 mL),
nitroaniline in 5 mL of (Ac),0 was stirred at room temperature and extracted with ethyl acetate (2x50 mL). The organic layer
ss for 12 hrs. The resulting mixture was diluted with water (50 mL), was washed with saturated NaHCO; (50 mL), brine (50 mL),

and extracted with ethyl acetate (2x50 mL). The organic layer 5 dried over anhydrous Na,SQ,, filtered, concentrated under

was washed with saturated NaHCO; (50 mL), brine (50 mL), reduced pressure and purified by flash chromatography with a
dried over anhydrous Na,SO,, filtered, concentrated under
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mixture of petroleum ether and ethyl acetate as an eluent to afford
9b. Yellow solid, 9 mg, yield 3%, m.p. 256-259 °C, '"H NMR
(300 MHz, DMSO-dg) &: 1.10 (t, J = 7.5 Hz, 3 H), 2.04 (s, 3 H),
2.12 (s, 3 H), 2.52 (q, J= 7.5 Hz, 2 H), 6.93 (s, 1 H), 6.96 (s, 1 H),
7.04 (m, 2 H), 8.08 (m, 2 H), 9.14 (s, 1 H), 9.22 (s, 1 H). *C
NMR (126 MHz, DMSO-dy) J: 168.5, 151.0, 142.3, 138.2, 137.7,
136.9, 130.5, 126.2, 120.0, 118.5, 113.2, 24.4, 22.5, 18.2, 14.4.
IR (KBr) v (cm™): 3445, 2961, 2920, 1654, 1581, 1312. HRMS
(ESI) caled. for C;;H;oN;O; [M+H]" m/z: 314.1499, found
314.1496.
3,5-Diethyl-N*-(4-nitrophenyl)benzene-1,4-diamine (9c). Red
oil, 12 mg, yield 4%, 'H NMR (300 MHz, CDCly) 6: 1.26 (t, J; =
7.5 Hz, 6 H), 2.54 (q, J, = 7.5 Hz, 4 H), 3.69 (s, 2 H), 6.19 (s, 1
H), 6.72 (m, 2 H), 6.85 (s, 2 H), 8.06 (m, 2H). °C NMR (126
MHz, CDCly) &: 152.5, 139.7, 138.4, 129.5, 128.8, 126.3, 122.3,
112.2, 24.2, 12.8. IR (KBr) v (em™): 3353, 2956, 2866, 1306.
HRMS (ESI) caled. for CigH;oN3;0, [M+H]" m/z: 286.1550,
found 286.1564.
3,5-Dimethyl-N*-(4-(trifluoromethyl)phenyl)benzene-1,4-
diamine (9d). Colorless crystals, 50 mg, yield 18%, m.p. 115-
117°C, '"H NMR (500 MHz, CDCl3) §: 2.18 (s, 6 H), 3.54 (brs, 2
H), 5.63 (brs, 1 H), 6.79 (d, J = 8.4 Hz, 2 H), 6.80 (s, 2 H), 7.38
(d, J=8.4 Hz, 2 H). *C NMR (126 MHz, CDCl5) §: 149.4, 139.9,
130.9, 126.5 (q, J = 3.5 Hz), 124.9 (q, J = 270.4 Hz), 124.0, 122.8,
119.6 (g, J=32.3 Hz), 113.3, 17.7. IR (KBr) v (cm™): 3382, 2929,
2853, 1109. HRMS (ESI) caled. for CisHysFsN, [M+H]" m/z:
281.1260, found 281.1274.
3-Ethyl-5-methyl-N*-(4-(trifluoromethyl)phenyl)benzene-1,4-
diamine (9e). Yellowish oil, 53 mg, yield 18%, 'H NMR (300
MHz, CDCl3) d: 1.25 (t, J; = 7.5 Hz, 3 H), 2.18 (s, 3 H), 2.52 (q,
Jy=17.5 Hz, 2 H), 3.60 (brs, 2 H), 5.65 (s, 1 H), 6.80 (d, J, = 8.4
Hz, 2 H), 6.81 (s, 2 H), 7.38 (d, J, = 8.4 Hz, 2H). *C NMR (126
MHz, CDCls) o: 149.4, 139.3, 131.1, 128.6, 126.5 (d, J= 3.7 Hz),
124.9 (d, J = 270.4 Hz), 123.8, 123.1, 121.9, 119.6 (q, J = 32.4
Hz), 113.3,24.2, 17.8, 13.0. IR (KBr) v (cm™): 3385, 2934, 2873,
1110. HRMS (ESI) caled. for CigH,F3N, [M+H]" m/z: 295.1417,
found 295.1411.
3,5-Diethyl-N*-(4-(trifluoromethyl)phenyl)benzene-1,4-
diamine (9f). Yellow oil, 49 mg, yield 16%, 'H NMR (300 MHz,
CDCly) d: 1.26 (t, J; = 7.5 Hz, 6 H), 2.54 (q, J; = 7.5 Hz, 4 H),
3.63 (brs, 2 H), 5.69 (s, 1 H), 6.82 (d, J, = 8.4 Hz, 2 H), 6.84 (s, 2
H), 7.39 (d, J, = 8.4 Hz, 2 H). *C NMR (126 MHz, CDCl;) &:
149.4, 138.7, 131.3, 128.9, 126.6 (q, J = 3.5 Hz), 1249 (q, J =
270.3 Hz), 121.7, 119.7 (q, J = 33.1 Hz), 113.3, 24.3, 13.0. IR
(KBr) v (cm™): 3385, 2965, 2874, 1111. HRMS (ESI) calcd. for
Cy7H,F3N, [M+H]" m/z: 309.1573, found 309.1572.
4-[(2-Amino-5-methylphenyl)amino]-3,5-dimethylbenzonitrile
(15a). Pink crystals, 88 mg, yield 35%, m.p. 133-134 °C, 'H
NMR (300 MHz, CDCl3) 8: 2.13 (s, 9 H), 3.65 (s, 2 H), 5.02 (s, 1
H), 6.17 (s, 1 H), 6.70 (s, 2 H), 7.36 (m, 2H). *C NMR (75 MHz,
CDCly) o: 145.5, 135.4, 132.5, 131.3, 131.2, 129.0, 123.7, 119.6,
119.3, 116.3, 105.4, 20.6, 18.5. IR (KBr) v (cm‘l): 3459, 3365,
2924, 2855, 2220, 1601. HRMS (ESI) caled. for C;¢H;7N3
[M+H]" m/z: 252.1495, found 252.1502.
4-[(2-Amino-5-ethylphenyl)amino]-3-ethyl-5-methylbenzo-
nitrile (15b). Pink oil, 45 mg, yield 16%, '"H NMR (300 MHz,
CDCLy) §: 1.07 (t, J; = 7.6 Hz, 3H), 1.17 (t, J, = 7.5 Hz, 3H), 2.08
(s, 3 H), 2.40 (q, J, = 7.6 Hz, 2H), 2.53 (q, J, = 7.5 Hz, 2H), 3.64

(s,2 H), 5.10 (s, 1 H), 6.15 (s, 1 H), 6.68-6.75 (m, 2 H), 7.35 (s, 1

o0 H), 7.39 (s, 1 H). °C NMR (75 MHz, CDCly) §: 144.8, 137.3,
135.8, 135.2, 132.5, 132.1, 131.9, 130.5, 122.1, 119.7, 117.6,
116.4,105.9, 28.1, 24.4, 18.6, 16.0, 13.8. IR (KBr) v (cm’"): 3366,
2964, 2917, 2871, 2849, 2221, 1599. HRMS (ESI) calcd. for
CsHy N3 [M+H]" m/z: 280.1808, found 280.1814.
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Typical procedure for the intercrossing experiments

A solution of N,N’-diaryl hydrazine 14a (35 mg, 0.1 mmol), 14b
(38 mg, 0.1 mmol) [or 7a (36 mg, 0.1 mmol), 7¢ (39 mg, 0.1
mmol)], and conc. HCI (0.15 mL) in 10 mL of 95% ethanol was
refluxed for 2 hrs under nitrogen. The reaction mixture was

70 cooled to room temperature, neutralized with solid NaHCOs;,
filtered, concentrated. The residue was subjected to the LC-MS
analysis.

Typical procedure for the radical trapping experiments

A solution of N,N’-diaryl hydrazine 7d (190 mg, 0.5 mmol) or
14a (176 mg, 0.5 mmol), TEMPO (78 mg, 0.5 mmol, 2,2,6,6-
tetramethyl-1-piperidinyloxy, free radical), and conc. HCI (0.2
mL) in 10 mL of 95% ethanol was refluxed for 2 hrs under
nitrogen. The reaction mixture was cooled to room temperature,
neutralized with solid NaHCO;, filtered, concentrated. The
so residue was purified by flash column chromatography on silica
gel to afford 8d (22% yield) and 9d (17% yield), respectively, or
41 mg of 15a as pink crystals in 33% yield.
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