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Hammett plot reveals that there is a significant electronic effect on the rate of resonance assisted hydrogen
bond (RAHB) directed diaza-Cope rearrangement reaction with a F value of 1.6. DFT computation shows
that the rearrangement reaction becomes thermodynamically more favorable for the substrates with electron
withdrawing substituents. A substrate with the nitro substituent (1a) reacts about 50-fold faster than that
with the methoxy substituent (1g).

Introduction

The resonance assisted hydrogen bond (RAHB)1 directed
diaza-Cope rearrangement (DCR) reaction is of considerable
interest for its synthetic applications and mechanistic analysis.
The rearrangement reaction has been used to make a variety of
meso2 and chiral3 vicinal diamines that are important as
intermediates for making bioactive compounds4 and stereose-
lective catalysts.5 In addition to the practical interest, the diaza-
Cope rearrangement reaction represents one of many important

[3,3]-sigmatropic reactions including the Cope,6 Claisen,7 oxy-
Cope,8 and aza-Cope9 reactions. Over the years there has been
much interest in understanding the mechanism of their reactions.
Previously we reported that the two RAHBs in 2 are more stable
than the two regular H-bonds in 1 and that the difference in the
strength of the H-bonds can be used to direct the diaza-Cope
rearrangement to one side.2b,3c,10 The rearrangement of the meso
diimine (1) is well suited for studying the substitutent effects
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in [3,3]-sigmatropic reactions since the starting materials can
be readily prepared from the diamines and aldehydes. Here we
report the electronic effect on the rate of the RAHB directed
DCR reaction (Scheme 1).

Results and Discussion

NMR Study. To investigate the electronic effect on diaza-
Cope rearrangement, we synthesized a series initial diimines
(1a-g) with para substituents that cover a range of Hammett
σp values.11 The diimines were prepared by adding 2 equiv
of aldehydes to meso-1,2-bis(2-hydroxyphenyl)ethylenedi-
amine12 in methanol at room temperature. The rearrangement
reaction of the initial diimine (1) to the product diimine (2)
was monitered by 1H NMR spectroscopy (Figure 1). The
phenolic proton signals of 1 were dramatically downfield
shifted from 9.7 toward 12.9 ppm while the imine CH protons

showed a moderate downfield shift from 8.2 toward 8.5 ppm
with the rearrangement reactions (Figure 1), whereas the
methine protons were slightly upfield shifted.

The RAHB directed rearrangement reactions (Scheme 1)
went cleanly to completion from the initial meso-diimines
(1a-g) to the corresponding product meso-diimines (2a-g).2a

The first order rate constant for the rearrangement reaction
could be obtained from the time dependent changes in the
integration values of the imine CH proton signal at various
temperatures. The rate constants for the rearrangement
reactions were dependent not only on the reaction temper-
ature, but also on the substituents. The rate of the rearrange-
ment reaction increases with increase in electron withdrawing
ability of the substituents. Thus the diimine (1a) with a highly
electron withdrawing substituent rearranges about 50-fold
faster than the diimine (1g) with an electron donating group
(entries 1 vs. 7 in Table 1). The strong electronic effect on
the rearrangement reaction can be seen from the slope (F )
1.6) of the Hammett plot of log k vs. σp (Figure 2).
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SCHEME 1. Diaza-Cope Rearrangement for a Series of
Diimines

FIGURE 1. Time dependent change in 1H NMR spectra due to the
diaza-Cope rearrangement of 1c in DMSO-d6 at 25 °C: (a) 0, (b) 15,
(c) 23, and (d) 43 h.

TABLE 1. Kinetic Parameters for the Diaza-Cope Rearrangement
Reactionsa

entry R σp 105k b (s-1)
∆Hq

(kcal/mol)
T∆Sq c

(kcal/mol)
∆Gq c

(kcal/mol)

1 1a 0.78 3.63 28.15 4.64 23.51
2 1b 0.66 3.35 19.42 -4.27 23.69
3 1c 0.45 1.42 28.28 4.15 24.13
4 1d 0.23 4.34 × 10-1 30.06 5.23 24.83
5 1e 0 1.94 × 10-1 25.13 -0.13 25.26
6 1f -0.15 2.34 × 10-1 27.96 2.57 25.39
7 1g -0.27 7.35 × 10-2 29.93 4.13 25.80

a [diimine] ) 20 mM in DMSO-d6. b Rate constant at 25 °C. c Energy
at 25 °C.

FIGURE 2. The Hammett plot of log k vs. σp.

Kinetics of the Diaza-Cope Rearrangement
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Thermodynamic Parameters Using the Eyring Plot. The
activation parameters (∆Hqand ∆Sq) for the rearrangement
of diimines 1 to 2 were obtained from the slopes and
intercepts of the Eyring plot (Supporting Information).13 The
rearrangement rates are dominated by the enthalpy of
activation (∆Hq g 19.4 kcal/mol) over the entropy of
activation (-4.3 e T∆Sq e 5.2 kcal/mol at 25 °C). The
activation parameters (∆Gq, ∆Hq, and ∆Sq) for the diaza-
Cope rearrangement reactions are summarized in Table 1.
The energy barriers (∆Gq values in Table 1) for the
rearrangement of diimines (1a, 1b) with electron withdrawing
groups (nitro, cyano) are low and the reaction takes place
rapidly. In contrast, the energy barriers for the rearrangement
of diimines (1f, 1g) with electron donating groups are high
and the reaction takes place slowly.

The electron donating methoxy substituent is expected to
stabilize the starting diimine (1g) by conjugation and slow
the rearrangement reaction. In contrast, the nitro substituent
is expected to destabilize the starting diimine (1a) and
increase the rearrangement rate. Electronic effects have been
shown to be important in other [3,3]-sigmatropic rearrange-
ments including the anionic oxy-Cope14 and iminium aza-
Cope15 rearrangements.

DFT Computation. In addition to the Hammett plot (Figure
2), it is informative to analyze the electronic effect in the
diaza-Cope rearrangement by DFT computation (B3LYP at
the 6-31G* level).16 There is an excellent linear relationship
between the experimental energy barrier (∆Gq values in Table
1) for the rearrangement reactions and the difference in
computed energies of the starting (1a-g) and product (2a-g)
diimines (Figure 3).

It is interesting that the slope of the plot in Figure 3 is
about 0.50, indicating that the electronic effect on the kinetic
barrier is half of the electronic effect on the thermodynamic
barrier. This is in excellent agreement with the Marcus

equation18 that was originally derived for electron transfer
reactions but was also used to analyze proton transfer
reactions and other organic reactions.19 This equation has
also been derived from the extended Hammond postulate or
the reactivity selectivity principle.20 According to the Marcus
equation (eq 1), the kinetic barrier of a reaction (∆G‡) is a
function of the thermodynamic barrier (∆G0) and the so-called
intrinsic barrier of the reaction (∆G0

‡) defined as the kinetic
barrier in the absence of thermodynamic influence (∆G0 )
0).

Expansion of eq 1 gives eq 2 with three terms.

The last term in eq 2 can be neglected to give eq 3 if the
second term is larger (∆G0/2 . (∆G0)2/16∆G0

‡, thus 8∆G0
‡

. ∆G0) as it is in our rearrangement reactions.21 Equation 3
shows that the change in the kinetic barrier of a reaction is
half of the change in the thermodynamic barrier of the
reaction (Figure 4). Thus our slope (0.50) in Figure 3 is in
accordance with eq 3. Figure 4 shows this relationship in
terms of an energy profile for the rearrangement of 1a and
1g.

Conclusion

In conclusion, we synthesized a series of diimines from
meso-1,2-bis(2-hydroxyphenyl)ethylenediamine and p-sub-
stututed-benzaldehyde derivatives to investigate the electronic
effect on the kinetics of the RAHB directed diaza-Cope
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FIGURE 3. Plot of experimental ∆Gq for the diaza-Cope rearrangement
vs. DFT computational energy difference (∆E) between 1 and 2.

FIGURE 4. Proposed energy profile for the diaza-Cope rearrangement
of 1a and 1g.
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rearrangement reaction. The Hammett plot shows that there
is a significant electronic effect for the reaction with a F value
of 1.6. DFT computation reveals that the rearrangement
reaction becomes thermodynamically more favorable for
substrates with electron withdrawing substituents. The di-
imine substrate with a nitro substitutent (1a) rearranges about
50 times faster (∆∆Gq ) -2.3 kcal/mol) than the one with
a methoxy substituent (1g) at room temperature. In addition,
the electronic effect measured from the experimental kinetic
barriers is about half of the electronic effect determined from
the computed thermodynamic barriers in accord with the
Marcus equation. It is interesting that the experimental kinetic
data and the DFT computational thermodynamic data can be
combined in a meaningful way to confirm that the Marcus
equation is applicable in this reaction. An in-depth under-
standing of the electronic effects on the rate and equilibrium
for the rearrangement reaction should be useful for the
synthesis of a wide range of diamines.

Experimental Section

General Procedure for the Synthesis of Compounds 1a-g
and 2a-g. meso-1,2-Bis(2-hydroxylphenyl)ethylenediamine (0.10
mmol) and 2 equiv of p-nitrobenzaldehyde (0.20 mmol) were
dissolved in 2.0 mL of methanol each. And then the two solutions
were mixed and stirred for an hour at room temperature to give
initial diimine 1a as a white precipitate. As a purification process,
the solid was filtered, washed with 0.5 mL of methanol, and
dried under vacuum as a white solid. Temperature dependent
quantitative conversion of 1a to 2a was monitored by a nuclear
magnetic resonance spectroscopy.

1a: white solid in 70% yield; 1H NMR (DMSO-d6, 300 MHz,
TMS) δ 9.56 (br, 2H), 8.34 (s, 2H), 8.26 (d, J ) 8.7 Hz, 4H),
7.91 (d, J ) 8.7 Hz, 4H), 7.37 (d, J ) 7.2 Hz, 2H), 7.01-6.99
(m, 2H), 6.73-6.71 (m, 4H), 5.42 (s, 2H); 13C NMR (DMSO-
d6, 75 MHz) δ 160.2, 155.6, 149.1, 141.8, 129.7, 129.4, 128.4,
126.5, 124.4, 119.2, 115.8, 73.2.

2a: yellow solid in a quantitative yield; 1H NMR (DMSO-d6,
300 MHz, TMS) δ 12.69 (br, 2H), 8.54 (s, 2H), 8.21 (d, J )
8.4 Hz, 4H), 7.62 (d, J ) 8.4 Hz, 4H), 7.38-7.32 (m, 4H),
6.89-6.87 (m, 4H), 5.38 (s, 2H); 13C NMR (DMSO-d6, 75 MHz)
δ 167.8, 160.4, 147.6, 147.4, 133.5, 132.4, 129.8, 124.0, 119.5,
119.0, 117.0, 76.8; MS (ESI, positive, MeOH) m/z calcd for
C28H22N4O6 510.15, found [M + H]+ 511.30, [M + Na]+ 533.30.

1b: white solid in 75% yield; 1H NMR (DMSO-d6, 300 MHz,
TMS) δ 9.59 (br, 2H), 8.24 (s, 2H), 7.89 (d, J ) 8.1 Hz, 4H),
7.81 (d, J ) 8.1 Hz, 4H), 7.31 (d, J ) 7.5 Hz, 2H), 6.99 (t, J )
7.8 Hz, 2H), 6.71-6.69 (m, 4H), 5.37 (s, 2H); 13C NMR (DMSO-
d6, 75 MHz) δ 160.6, 155.6, 140.1, 133.2, 129.7, 129.0, 128.4,
126.6, 119.1, 119.0, 115.8, 113.5, 73.0.

2b: yellow solid in a quantitative yield; 1H NMR (DMSO-d6,
300 MHz, TMS) δ 12.87 (br, 2H), 8.50 (s, 2H), 7.82 (d, J )
8.4 Hz, 4H), 7.51 (d, J ) 8.4 Hz, 4H), 7.39-7.31 (m, 4H),
6.90-6.86 (m, 4H), 5.27 (s, 2H); 13C NMR (DMSO-d6, 75 MHz)
δ 167.7, 160.4, 145.6, 133.5, 132.8, 132.4, 129.4, 119.5, 119.1,
119.0, 117.0, 111.0, 77.1; MS (ESI, positive, MeOH) m/z calcd
for C30H22N4O2 470.17, found [M + H]+ 471.40, [M + Na]+

493.40.
1c: white solid in 80% yield; mp rearrange to 2c from 140

°C, then ends at 198 °C; 1H NMR (DMSO-d6, 300 MHz, TMS)
δ 9.67 (br, 2H), 8.23 (s, 2H), 7.99 (d, J ) 8.1 Hz, 4H), 7.80 (d,
J ) 8.1 Hz, 4H), 7.31 (d, J ) 6.9 Hz, 2H), 6.99-6.98 (m, 2H),
6.72-6.69 (m, 4H), 5.36 (s, 2H), 3.86 (s, 6H); 13C NMR
(DMSO-d6, 75 MHz) δ 166.2, 161.1, 155.6, 140.2, 131.9, 129.9,
129.8, 128.6, 128.4, 126.6, 119.1, 115.9, 74.2, 52.8; HRMS (ESI,
positive, MeOH) m/z calcd for C32H29N2O6 [M + H]+ 537.2020,
found [M + H]+ 537.2009

2c: yellow solid in a quantitative yield; mp 196-198 °C; 1H
NMR (DMSO-d6, 300 MHz, TMS) δ 12.91 (br, 2H), 8.51 (s,
2H), 7.91 (d, J ) 8.1 Hz, 4H), 7.46 (d, J ) 8.1 Hz, 4H),
7.34-7.30 (m, 4H), 6.88-6.86 (m, 4H), 5.24 (s, 2H), 3.83 (s,
6H); 13C NMR (DMSO-d6, 75 MHz) δ 167.4, 166.4, 160.5,
145.5, 133.3, 132.4, 129.6, 129.3, 128.8, 119.4, 119.0, 116.9,
77.5, 52.6; MS (ESI, positive, MeOH) m/z calcd for C32H28N2O6

536.19, found [M + H]+ 537.40, [M + Na]+ 559.40; HRMS
(ESI, positive, MeOH) m/z calcd for C32H29N2O6 [M + H]+

537.2020, found [M + H]+ 537.2026.
1d: white solid in 80% yield; 1H NMR (DMSO-d6, 300 MHz,

TMS) δ 9.76 (br, 2H), 8.13 (s, 2H), 7.66 (d, J ) 8.4 Hz, 4H),
7.49 (d, J ) 8.4 Hz, 4H), 7.23 (d, J ) 6.9 Hz, 2H), 6.99-6.98
(m, 2H), 6.72-6.67 (m, 4H), 5.26 (s, 2H); 13C NMR (DMSO-
d6, 75 MHz) δ 160.8, 155.6, 136.1, 134.9, 130.0, 129.8, 129.3,
128.4, 126.6, 119.0, 115.9, 73.9.

2d: yellow solid in a quantitative yield; 1H NMR (DMSO-d6,
300 MHz, TMS) δ 13.08 (br, 2H), 8.48 (s, 2H), 7.41-7.27 (m,
12H), 6.88-6.86 (m, 4H), 5.11 (s, 2H); 13C NMR (DMSO-d6, 75
MHz) δ 167.1, 160.6, 139.2, 133.3, 132.6, 132.4, 130.2, 128.8,
119.4, 119.0, 116.9, 77.1; MS (ESI, positive, MeOH) m/z calcd
for C28H22Cl2N2O2 488.11, found [M + H]+ 489.30, [M + Na]+

511.30.
1e: white solid in 68% yield; 1H NMR (DMSO-d6, 300 MHz,

TMS) δ 9.59 (br, 2H), 8.15 (s, 2H), 7.65 (d, J ) 7.5 Hz, 4H),
7.44-7.42 (m, 6H), 7.21 (d, J ) 6.9 Hz, 2H), 6.99-6.98 (m,
2H), 6.74-6.65 (m, 4H), 5.26 (s, 2H); 13C NMR (DMSO-d6, 75
MHz) δ 162.1, 155.7, 136.0, 131.5, 129.9, 129.1, 128.4, 128.3,
126.7, 118.9, 116.1, 74.3.

2e: yellow solid in a quantitative yield; 1H NMR (DMSO-d6,
300 MHz, TMS) δ 13.18 (br, 2H), 8.44 (s, 2H), 7.33-7.20 (m,
12H), 6.86-6.83 (m, 6H), 5.07 (s, 2H); 13C NMR (DMSO-d6,
75 MHz) δ 166.7, 160.6, 140.5, 133.1, 132.3, 128.8, 128.4,
128.0, 119.2, 119.0, 116.9, 78.2; MS (ESI, positive, MeOH) m/z
calcd for C28H24N2O2 420.18, found [M + H]+ 421.40, [M +
Na]+ 443.40.

1f: white solid in 85% yield; mp rearrange to 2f from 143
°C, then ends at 198 °C; 1H NMR (DMSO-d6, 300 MHz, TMS)
δ 10.01 (br, 2H), 8.10 (s, 2H), 7.57 (d, J ) 8.1 Hz, 4H), 7.29
(d, J ) 8.1 Hz, 4H), 7.16 (d, J ) 6.9 Hz, 2H), 6.99-6.98 (m,
2H), 6.73-6.64 (m, 4H), 5.20 (s, 2H), 2.98-2.78 (m, 2H), 1.20
(d, J ) 6.9 Hz, 12H); 13C NMR (DMSO-d6, 75 MHz) δ 161.9,
155.8, 152.2, 133.8, 129.9, 128.6, 128.3, 127.2, 126.7, 118.9,
116.1, 74.6, 33.9, 24.1; HRMS (ESI, positive, MeOH) m/z calcd
for C34H37N2O2 [M + H]+ 505.2849, found [M + H]+ 505.2847

2f: yellow solid in a quantitative yield; mp 196-198 °C; 1H
NMR (DMSO-d6, 300 MHz, TMS) δ 13.23 (br, 2H), 8.38 (s, 2H),
7.29-7.14 (m, 12H), 6.85-6.81 (m, 4H), 4.99 (s, 2H), 2.96-2.76
(m, 2H), 1.14 (d, J ) 6.9 Hz, 12H); 13C NMR (DMSO-d6, 75 MHz)
δ 166.5, 160.6, 148.0, 138.1, 133.0, 132.2, 128.3, 126.7, 119.2,
119.0, 116.8, 77.9, 33.4, 24.3; MS (ESI, positive, MeOH) m/z calcd
for C34H36N2O2 504.28, found [M + H]+ 505.50, [M + Na]+

531.50; HRMS (ESI, positive, MeOH) m/z calcd for C34H37N2O2

[M + H]+ 505.2849, found [M + H]+ 505.2839.
1g: white solid in 74% yield; 1H NMR (DMSO-d6, 300 MHz,

TMS) δ 10.05 (br, 2H), 8.03 (s, 2H), 7.59 (d, J ) 8.1 Hz, 4H),
7.12 (d, J ) 6.9 Hz, 2H), 6.99-6.97 (m, 6H), 6.72-6.61 (m,
4H), 5.13 (s, 2H), 3.78 (s, 6H); 13C NMR (DMSO-d6, 75 MHz)
δ 162.1, 161.4, 155.8, 130.2, 129.9, 128.7, 128.3, 126.8, 118.9,
116.1, 114.6, 74.9, 55.8.

2g: yellow solid in a quantitative yield; 1H NMR (DMSO-d6,
300 MHz, TMS) δ 13.26 (br, 2H), 8.43 (s, 2H), 7.32-7.23 (m,
8H), 6.89-6.82 (m, 8H), 4.99 (s, 2H), 3.69 (s, 6H); 13C NMR
(DMSO-d6, 75 MHz) δ 166.3, 160.7, 158.9, 133.0, 132.6, 132.2,
129.5, 119.2, 119.1, 116.9, 114.2, 77.5, 55.5; MS (ESI, positive,
MeOH) m/z calcd for C30H28N2O4 480.20, found [M + H]+

481.40, [M + Na]+ 517.50.

Kinetics of the Diaza-Cope Rearrangement
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