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AHy-p(imine) = AHsom(o-bond) + AHe4(m-bond)

H
~ ©  AHpg(r-bond) = ? \® © © AHpm(o-bond)=? | ©
C—N_ +H — C—N_+H —m > —N
/TN AN AN
AHy-a(imine) = ? (kcal/mol) T

A series of 61 imines with various typical structures were synthesized, and the thermodynamic
affinities (defined as enthalpy changes or redox potentials in this work) of the imines to abstract
hydride anions, hydrogen atoms, and electrons, the thermodynamic affinities of the radical anions
of the imines to abstract hydrogen atoms and protons, and the thermodynamic affinities of the
hydrogen adducts of the imines to abstract electrons in acetonitrile were determined by using titration
calorimetry and electrochemical methods. The pure heterolytic and homolytic dissociation energies
of the C=N m-bond in the imines were estimated. The polarity of the C=N double bond in the imines
was examined using a linear free-energy relationship. The idea of a thermodynamic characteristic
graph (TCG) of imines as an efficient “Molecule ID Card” was introduced. The TCG can be used to
quantitatively diagnose and predict the characteristic chemical properties of imines and their various
reaction intermediates as well as the reduction mechanism of the imines. The information disclosed in
this work could not only supply a gap of thermodynamics for the chemistry of imines but also

strongly promote the fast development of the applications of imines.

Introduction

Imines are one class of the most important and funda-
mental unsaturated organic compounds with a C=N double
bond as their characteristic chemical bond and are exten-
sively present in natural products and many drugs.' Since
imines have many interesting biological activities> ’ and
roles® and can be converted into various very useful amines,
imines have received much intense attention of chemists for a
long time.” Especially, in recent years, the reductions and
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additions of imines by various chemical agents, such as
reducing agents,'®"!” nucleophilic agents,'® ' neutral radi-
cals,” and many other agents,”> 2 to yield various desired
amines are increasingly drawing the attention of many
researchers, especially synthesis chemists. Since reductions
of imines with hydride agents are the most important reac-
tions and thermodynamics and kinetics of the reductions
are not only dependent on the hydride-donating ability

(3) (a) Neu, M.; Germershaus, O.; Mao, S.; Voigt, K.-H.; Behe, M ;
Kissel, T. J. Controlled Release 2007, 118, 370-380. (b) Neu, M.; Sitterberg,
J.; Bakowsky, U.; Kissel, T. Biomacromolecules 2006, 7, 3428-3438.

(4) (a) Ogita, K.; Shuto, M.; Yoneda, Y. Neurochem. Int. 1998, 33, 1-9.
(b) Enomoto, R.; Ogita, K.; Kawanami, K.; Azuma, Y.; Yoneda, Y. Brain
Res. 1996, 723, 100-109.

(5) Schnellmann, J. G.; Pumford, N. R.; Kusewitt, D. F.; Bucci, T. J.;
Hinson, J. A. Toxicol. Lett. 1999, 106, 79-88.

(6) Hinson, J. A.; Pike, S. L.; Pumford, N. R.; Mayeux, P. R. Chem. Res.
Toxicol. 1998, 11, 604-607.

J. Org. Chem. 2010, 75, 789-808 789



JOC Article

(hydricity) of hydride agents” but also directly dependent on
the hydride-obtaining ability (hydride affinity) of imines, the
hydride affinities of imines in solution can provide a very
useful thermodynamic clue for chemists to diagnose chemi-
cal activities of imines®® and select suitable reducing agents to
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reduce imines. However, systematic examination of the past
publications on the chemistry of imines shows that, although
there are many chemists who have devoted much time to the
study of imines, the main attention was limited to the
preparation, reactions, and application of imines. Rather
scant attention has been paid to the study on the funda-
mental thermodynamics of the characteristic reactions of
imines, especially to the determination of hydride affinities of
imines in solution by using experimental method. It is evident
that the terrible lack of the knowledge about the hydride
affinities of imines in solution makes it difficulties to under-
stand the characteristic reactions of imines and to further
develop the applications of imines. In addition, since the
reductions of imines by hydride agents could involve a
multistep hydride transfer mechanism, such ase —H"—e",
e —H, and H—¢™, etc. (Scheme 1), it is evident that, besides
the hydride affinity of imines, hydrogen affinity of imines
(X), hydrogen affinity and proton affinity of the radical
anions of imines (X°7), reduction potentials of imines (X),
and the hydrogen adducts of imines (XH) as well as the
heterolytic and homolytic C=N z-bond dissociation ener-
gies of imines are also very important and desired thermo-
dynamic parameters for chemists to thoroughly elucidate the
reduction mechanism of imines and quantitatively diagnose
the chemical reactivity of imines and their various reaction
intermediates in solution. Therefore, determination of the
hydride affinity, hydrogen affinity, proton affinity, and
electron affinity of imines and their various reaction inter-
mediates in solution has been a strategic goal in our research
program for a long time. In this paper, the following eight
contributions are provided: (1) 61 typical imines (X) (X =
1—11 in Scheme 2) were designed and synthesized according
to the convenient synthetic strategies. (2) Hydride affinities
of the 61 imines in acetonitrile were determined by using
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Soc. 1998, 120, 13121-13137.

(28) Since the most special characteristic reactions of imines are all
involved in reduction or nucleophilic additions of the C=N double bond,
the hydride affinities of imines should be the most intrinsic thermodynamic
scale to measure their chemical activities and reactivities (hydride anion is the
size-smallest nucleophilic agent).
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SCHEME 1. Possible Pathways of Reduction of Imines (X) by Hydride Anion
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titration calorimetry. (3) Standard reduction potentials of
the 61 imines (X) and their hydrogen adducts (XH) were
determined by using the electrochemical methods of CV
(cyclic voltammetry) and OSWV (Osteryoung square wave
voltammetry), respectively. (4) Hydrogen affinities of the 61
imines in acetonitrile as well as hydrogen affinities and proton
affinities of the 61 X°™ in acetonitrile were estimated quanti-
tatively by using thermodynamic cycle method according to
Hess’s law. (5) Heterolytic and homolytic C=N m-bond
dissociation energies of some typical imines in acetoni-
trile were safely estimated. (6) Polarity of C=N double bond
in some typical imines were rationally examined according
to the effect of remote substituents on the hydride affinities.
(7) Effects of charge and protonation of imines on the hyd-
ride affinities, on the hydrogen affinities, on the proton
affinities, and on the electron affinities of imines and their
various reaction intermediates were examined quantitatively.
(8) Thermodynamic characteristic graphs (TCGs) of imines
in acetonitrile as a “Molecule ID Card” was proposed,
which can be used to quantitatively diagnose the characteristic
chemical properties of imines and their various reac-
tion intermediates. It is clear that all of these important
experimental results not only supply a gap of the chemical

3
g.
=p-éH30( a), p-CHs (b), p-H (c), p-Cl (d), p-Br (e), p-CFs (f),

10 1
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)
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3
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(b), CI
B

thermodynamics of imines to satisfy chemists’ growing need
for the thermodynamic parameters but also strongly promote
the fast development of the chemistry and applications of
imines.

Results

The hydride affinity of imines (X) [AHz—A(X)] in this
work is defined as the enthalpy change of the reaction of
imines X with a free hydride anion in acetonitrile to form the
corresponding nitranions XH  (eqs 1 and 2) at 298 K. The
determinations of the enthalpy changes of the 61 imines to
gain hydride anions in acetonitrile were performed according
to three different experimental strategies: (i) For the imines
which have weak ability to accept a hydride anion (1—8), the
hydride affinities can be obtained according to eq 4, which
were formed from hydride exchange reaction of the corre-
sponding nitranions of imines (IH™—8H ™) with the strong
hydride acceptor N-methylacridinium (AcrH*CIO4 ) in
acetonitrile (eq 3). In eq 4, AH, is the reaction enthalpy
change of eq 3, which can be determined by using titration
calorimetry (Figure 1); AHy_a(AcrH") is the hydride affi-
nity of AcrH™ in acetonitrile, which is available from our
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previous work.? (ii) For the protonated imines (9), the
hydride affinities can be obtained according to eq 6. In
eq 6, AH, is the reaction enthalpy change of eq 5 in acetoni-
trile, which can be determined by using titration calorime-
try; AHy_A(PhXn™) is the hydride affinity of PhXn™
in acetonitrile, which is available from our previous work.*
(iii) For the salts of imines (10 and 11), the hydride affi-
nities can be obtained according to eq 8. In eq 8, AH, is the
reaction enthalpy changes of eq 7 in acetonitrile, which
can be determined by using titration calorimetry; AHy_(1)
is the hydride affinity of 1 (G = Cl) in acetonitrile,
which is available from this work. The detailed hydride
affinities of the 61 imines in acetonitrile are summarized in

Table 2.
©  AHuaX) H, ©
GOE=NPh *H " omon GOC —n~ph (1)
(X) (XH)
AHy-A(X) = He(XH ™) —[H¢(X) + He(H )] (2)

Strategy (i) for 1—8:

H
Hy © S AH
G C —NPh + e
N CH4CN
|
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H N
éH3
1 AcrH;
AHH_A(X) = AHH _A(ACIH+) _AHr (4)

Strategy (ii) for 9:
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EtO,C ﬁCOZEt \ AH
L, OO0 =
H,C” N7 CH, o7 MeCN
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9 PhXnH
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Strategy (iii) for 10 and 11:

(29) Zhu, X.-Q.; Zhang, M.-T.; Yu, A.; Wang, C.-H.; Cheng, J.-P. J. Am.
Chem. Soc. 2008, 130, 2501-2516.

(30) Zhu, X.-Q.; Liang, H.; Zhu, Y.; Cheng, J.-P. J. Org. Chem. 2008, 73,
8403-8410.
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FIGURE 1. Isothermal titration calorimetry (ITC) for the reaction
heat of carbanion 1dH~ with N-methylacridinium (AcrH"ClO4")
in acetonitrile solution at 298 K. Titration was conducted by adding
5 uL of AcrH"ClO4~ (2.0 mM) every 300 s into the acetonitrile
solution containing the carbanion 1dH™ (15 mM), which was
obtained in situ from the reactions of the corresponding saturated
neutral compounds of imines 1dH, with KH.

NO,
AN H, © AH |
@l +cCl C'—NPh ——
Nag CH4CN
1dH

NO,
N
Nt CIOE=NPh (7)
G
H H

1d

AHp -A(X) = AHu-a(1,G = C1)+ AH, (8)

Hydrogen affinities of the imines (X) and hydrogen affi-
nities and proton affinities of the radical anions of imines
(X™), in this work, are also defined as the enthalpy changes
of the imines (X) to gain a neutral hydrogen atom in
acetonitrile and the enthalpy changes of the radical anions
(X™°) to gain a neutral hydrogen atom or to gain a proton in
acetonitrile, which can be used to measure hydrogen-obtaining
abilities of X, hydrogen-obtaining abilities of X*~ and
proton-obtaining abilities of X*~, respectively. In order to
obtain the enthalpy change values of the 61 imines to obtain
hydrogen atom in acetonitrile and the enthalpy change
values of the 61 X°~ to obtain hydrogen atom and to obtain
proton in acetonitrile, three thermodynamic cycles were
constructed according to the chemical process of X to obtain
a hydride anion in acetonitrile (Scheme 3). From the three
thermodynamic cycles, eqs 9—11,%' were formed according
to Hess’slaw. Ineqs 9—11, AHy_A(X) and AHyA(X) are the

(31) It should be pointed out here that we used the term free-energy
change AG,, to replace the enthalpy change AH, in eqs 9—11for the electron
transfer processes. The validation of this treatment is that entropies asso-
ciated with electron transfer are negligible, which has been verified by the
previous papers: (a) Arnett, E. M.; Amarnath, K.; Harvey, N. G.; Cheng,
J.-P. J. Am. Chem. Soc. 1990, 112, 344. (b) Li, X.; Zhu, X.-Q.; Zhang, F.;
Wang, X.-X.; Cheng, J.-P. J. Org. Chem. 2008, 130, 2501.
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SCHEME 3. Three Thermodynamic Cycles Were Constructed on the Basis of the Reaction of Imines (X) by Hydride Anion (H ")
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hydride affinities and hydrogen affinities of X in acetonitrile,
respectively; AHuA(X®") and AHpa(X" ) are the hydrogen
affinities and proton affinities of X* in acetonitrile, respec-
tively; E°rea(XH), E°ea(X), E°(HY7), and E°(H) are the
standard redox potentials of XH, X, HT, and H™ in aceto-
nitrile, respectively. Evidently, it is not difficult to obtain the
hydrogen affinities of X in acetonitrile and the hydrogen
affinities and proton affinities of X~ in acetonitrile, if only
AHy-A(X), E°rea(XH), E%rea(X), E°(H"), and E°(H"") are
available. In fact, AHy_A(X) can be available from the
above work (Table 1), the standard redox potentials of
E°(HY7) and E°(H"°) can be obtained from literature,*?
E°q(XH), E°.4(X) can be obtained from direct experimen-
tal measurements (Table 1, Figures 2 and 3). The detailed
values of AHyA(X), AHga(X" "), and AHpa(X") for the 61
imines in acetonitrile are also summarized in Table 2.

AHya(X) = AHy A (X) —F[E°(HY ") —E°o(XH)]  (9)
AHua(X ™) = AHy-A(X) —F[E°(H” 7) —E°(X)] (10)

AHpa(X™*) = AHya(X ") — FIE°(H™/) —E° o (XH))
(11)
Discussion

Hydride Affinities of the Imines in Acetonitrile. The second
column in Table 2 shows that the hydride affinity scale of the
61 imines (1—11) in acetonitrile ranges from —39.0 to —45.8
kcal for 1, from —37.2 to —45.4 kcal for 2, from —37.4 to
—40.3 kcal for 3, from —35.6 to —43.7 kcal for 4, from —35.7
to —42.1 kcal for 5, from —45.9 to —51.5 kcal for 6, from
—39.2 to —39.8 kcal for 7, from —37.2 to —42.8 kcal for 8,
from —68.8 to —74.7 kcal for 9, from —73.9 to —73.6 kcal for
10, and from —72.9 to —75.5 kcal for 11. By simply compar-
ing the hydride affinities of the imines (1—11) with the same
substituent (e.g., G = H in Figure 4), it is found that the
hydride affinity of the imines decreases in the follow-
ing order: 10a (—73.9 kcal, G = CHj rather than H) > 11¢
(—=73.5 keal) > 9¢ (—70.9 kcal) > 6¢ (—47.5 kecal) > 1¢ (—40.8
kcal) =2¢ (—40.8 kcal) > 7a (—39.2 kcal) > 3¢ (—38.9 kcal) =
4¢ (—38.9 kcal) > 8¢ (—38.1 kcal) > 5S¢ (—37.1 kcal), that is,
the hydride-obtaining abilities of the imines are decreased in
the order: 10a > 11¢ > 9¢ > 6¢ > 1c¢ (2¢) > 7a > 3¢ (4¢) >
8¢ >5¢.* If the neutral imines (1—8) are examined, it is found
that the hydride affinities are generally smaller (i.e., more
positive) than —50 kcal, which indicates that the neutral
imines generally belong to very weak hydride acceptors, and
in living body, these neutral imines generally could not be

(32) Wayner, D. D. M.; Parker, V. D. Acc. Chem. Res. 1993, 26, 287.

(33) Unless specified, the magnitude of the hydride affinities in this paper
indicates the absolute value rather than the pure mathematical values
(negative values) for the sake of convention.

. Hpa(X) - @
(G)PhCH,-NPh (G)PhCH=NPh + H
directly reduced into the corresponding amines by some well-
known natural reducing agents, such as NADH, Vitamin C,
etc.; the reason is that these natural reducing agents generally
need at least 50 kcal energy to release hydride anion in water
(e.g., 53.6 kcal for NADH to release hydride anion in
water).”* However, when the positively charged imines
(9—11) are examined, it is found that the hydride affinities
of the charged imines (9—11) are generally larger (i.e., more
negative) than —70 kcal, which indicates that these positively
charged imines are generally due to strong or good hydride
acceptors and generally can be directly reduced into the
corresponding amines by some natural reducing agents in
living body.

If the hydride affinities of the imines (1—11) and some
primary benzyl carboniums ions in acetonitrile solution
(e.g., —106, —112, —118, and —121 kcal for 4-CH3;0C4H4-
CH2+, 4-MCC6H4CH2+, C6H5CH2+, and 4-C1C6H4CH2+,
respectively)®® are compared, it is found that the hydride
affinities of the imines (1—11) are much smaller than those of
the corresponding primary benzyl carboniums ions. Examin-
ing reaction 1 shows that, unlike the reduction of benzyl
carbonium ions by hydride, the reduction of imines by
hydride anion does not only involve the formation of one
new C—H bond to release energy but also involves dissocia-
tion of one old C=N z-bond to consume energy; that is, the
magnitude of hydride affinities of the imines should be equal
to the heterolytic dissociation energy of the newly formed
C—H o-bond minus the heterolytic dissociation energy of the
broken C=N m-bond. Thus, it is easy to understand why the
hydride affinities of imines in acetonitrile are much smaller
than those of the corresponding primary benzyl carbonium
ions in acetonitrille; the reason is that the reduction of the
primary benzyl carbonium ions by hydride anion does not
involve the heterolytic dissociation of any z-bond.

In order to estimate the C=N s-bond heterolytic dissociation
energies of the imines in acetonitrile, the hydride affinities of
some benzyl cations in acetonitrile solution can be regarded as
the approximations of the releasing energy due to the new C—H
o-bond formation after the C=N z-bond heterolytic dissocia-
tion when the imines 1, 3, 8, and 9 were reduced by hydride
anion; the reason is that the structure of the benzyl cation is
the kindred efficient structure of imines 1, 3, 8, and 9 when
the C=N z-bond was broken by heterolytic dissociation.*®

(34) Zhu, X.-Q.; Yang, Y.; Zhang, M.; Cheng, J.-P. J. Am. Chem. Soc.
2003, /25, 15298-15299.

(35) Cheng, J.-P.; Handoo, K. L.; Parker, V. D. J. Am. Chem. Soc. 1993,
115, 2655.

(36) Although the structures of the benzylic cations formed from imines
by m-bond dissociation of C=N are different from the structures of the
corresponding benzyl cations, the relative efficient positive charges on the
center carbon atom in the two cases should be quite close to each other,
the reason is that the Fvalues (Fis inductive parameter) of R(Ph)N™ are quite
small, which could be close to zero (the F value of H atom).

J. Org. Chem. Vol. 75, No. 3, 2010 793



JOC Article

TABLE 1.
298 K (V vs Fc ™)

Zhu et al.

Reaction Enthalpy Changes of Equations 3, 5, and 7 in Acetonitrile at 298 K (kcal) and Reduction Potentials of X and XH in Acetonitrile at

Erea(X)” Erea(XH)” Erea(X) Erea(XH)”
imines (X)  AH,“ Ccv OSWV cv OSWV imines (X) AHS cv OSWV Ccv OSWV

1(a—g) 6(a—f)

CH,0 (a) =352 —1974 —1933  —0.821 —0.790 H (c) -33.6  —1905 —1864 —0.766  —0.735
CH; (b) —346  —1949  —1.908  —0.801 —0.771 Cl (d) -31.5  —1.852 —1811 —0.731  —0.700
CH;O (a)  —42.1 —2444  —2406 —0.529 —0.572 Br (e) -318 —1.850 —1.809 —0.730  —0.699
CH; (b) —412  —2415  —2377  —0.519 —0.562 CF; () -296 —1751 —1710 —0.706  —0.677
H (¢) —403  —2363  —2.325  —0.488 —0.531
Cl(d) —38.5  —2295  —2257 —0.432 —0.475 7(a,b)
Br () -390  —2290  —2252  —0.430 —0.473 H (a) T419 - —2480  —2446 - —0.670 —0.695
NO; (g) -353  —2.021 —1983  —0.292 —0.335 8(a—g)

p-CH;O (a) —444  —2.663  —2.611  —0.469  —0.497

2(a—t) p-CH; (b) —440  —2.632 —2.580 —0.463  —0.491
CH;O (a)  —439  -2451 -2413 —0.554 —0.597 H (¢) —430  -2.580  —2.528  —0.449  —0.479
CH; (b) —429 2425 —2387  —0.542 —0.585 p-Cl(d) —41.6  —2.505 —2.453  —0416  —0.444
H (c) —403  —2363  —2325  —0.488 —0.531 p-Br () —415  —2507  —2455  —0.417  —0.445
Cl () -382  —2301 —2.263 —0.396 —0.439 p-CF; () -39.9  —2422 —-2370 —0.382 —0.4l1
Br (e) —384  —2282  —2244  —0.395 —0.438 p-NO; (g) —383  —2341 —2289  —0.354  —0.382
CF; () —357 2144  —2.106  —0.300 —0.343

9(a—f)

3(a—e) p-CH;0 (a)  —28.0  —1.011  —0.980 0.741 0.712
CH;O (a)  —43.7 —2.654 —2.606 —0.667 —-0.713 p-CH; (b) -272  —0.964  —0.932 0.750 0.721
CH; (b) —429  —2.634  —2.586  —0.647 —0.687 H (c) -259  —0.885  —0.856 0.762 0.731
H (¢) —422 2576 —2530  —0.611 —0.659 p-Cl () -250  —0.806  —0.775 0.776 0.745
Cl () —40.8  —2.447  —2394  —0.564 —0.607 m-NO, (e) -229  —0.683  —0.655 0.806 0.776
NO, (e) —372  —2.095 —2.018 —0472 —0.514 p-NO, () -22.1  —0.665 —0.634 0.810 0.781

4(a—f) 10(a—c)

CH;O (a)  —455 —2.674 —2.624 —0.711 —0.760 CH; (a) -313  —0.959  —0.924 0.150 0.115

CH; (b) —444  —2638  —2.596  —0.672 —0.712 C,Hs (b) =31.1  —0.963  —0.928 0.131 0.095

H (¢) —422 2576  —2.530  —0.611 —0.659 n-C3H; (c) -31.0  —0.965  —0.930 0.158 0.119

Cl (@) —40.7  —2444  —2394  —0.550 —0.596 N

Br (e) —404 2434  —2384  —0.546 ~0.592 11(a—g)

CF; (f) 374 2331 2985 —0468 0512 p-CH;O (a) =303  —0953  —0.927 0.237 0.204
p-CH; (b) -30.5  —0.949  —0.923 0.243 0.210

5(a—f) H () -30.9  —0.944  —0.918 0.257 0.224
CH;0 (a)  —454  —-2406 —2371  —0.563 —0.603 p-Cl (d) -31.5  —0.938  —0.912 0.276 0.243
CH; (b) —450 2385  —2350  —0.541 —0.581 p-Br (e) -31.6  —0.936  —0.910 0.278 0.245
H () —44.1  —2344  —2309  —0.509 —0.549 p-CF;5 (f) -322  —0.926  —0.900 0.303 0.270
Cl(d) —43.1  —2300 —2.265 —0.476 —0.516 »-NO, (g) -329  —0919  —0.893 0.325 0.292
Br (e) —43.6  —2295  —2260 —0.475 —0.515
CF; () —410 —2215 —2.180  —0.395 —0.435

“AH, obtained from the reaction heats of eqs 3, 5, and 7 by switching the sign; the latter were measured by titration calorimetry in acetonitrile at 298 K.
The data given in kcal were average values of at least three independent runs. The reproducibility is 0.5 kcal. “Measured by CV and OSWV methods in

acetonitrile at 298 K, the unit in volts vs F¢™/°

and reproducible to 5 mV or better.

Thus, the C=N s-bond heterolytic dissociation enthalpies of 1,
3, 8, and 9 in acetonitrile solution can be estimated according to
the difference in the hydride affinities of the imines and the
corresponding benzyl cations. The detailed C=N s-bond het-
erolytic dissociation enthalpies of imines 1, 3, 8, and 9 in
acetonitrile are listed in Table 3. By using the similar method,
the homolytic C=N z-bond dissociation enthalpies of 1, 3, 8,
and 9 and (C=N) * z-bond dissociation enthalpies of 1°°, 37",
87, and 9™ * can also be estimated;>” the detailed results are also
listed in Table 3. From Table 3, it is clear that the heterolytic
C=N s-bond dissociation enthalpies of imines 1, 3, 8, and 9
range from 68.0 to 83.2 kcal for 1, from 69.6 to 85.1 kcal

(37) The hydrogen affinity of benzylic cation in acetonitrile is 88.0 kcal/
mol. See: Berkowitz, J. Ellison, G. B.; Gutman, D. J. Phys. Chem. 1994, 98,
2744—2765. Since the remote substituent effect on the hydrogen affinity of
benzyl cation is quite small (Luo, Y.-R. Handbook of Bond Dissociation
Energies, 3rd ed.; Science Press, ISBN: 7-03-014707-3; pp 35—36 (Chinese
Version, 2005), hydrogen affinity of benzyl cation in acetonitrile herein is
used to replace the hydrogen affinities of the other remote substituted
benzylic cations to estimate the C=N z-bond homolytic dissociation energies
of the other remote substituted imines in acetonitrile.
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for 3, from 70.3 to 86.2 kcal for 8, and from 38.2 to 54.3 kcal
for 9; the homolytic C=N s-bond dissociation enthalpies of
imines 1, 3, 8, and 9 range from 62.6 to 61.3 kcal for 1, from 61.0
to 59.0 kcal for 3, from 66.8 to 63.4 kcal for 8, and from 62.3 to
58.0 kcal for 9. Since the heterolytic C=N z-bond dissociation
enthalpies of the neutral imines (1, 3, and 8) are quite large, it is
not difficult to understand why the hydride affinities of the
neutral imines are generally quite smaller. However, if the
hydride affinities and the heterolytic C=N s-bond dissociation
enthalpies of imines 1a and 1g are examined together (see
Figure 5), an illegitimate result can be surprisingly found that,
for the neutral imines, the larger the heterolytic C=N s-bond
dissociation energy of the imines, the larger the hydride affinity
of the imines. The reason could be that the large C=N s-bond
heterolytic dissociation energy can result in the larger releasing
energy to form the new C—H o-bond.

From Table 3, if the heterolytic C=N s-bond dissociation
energies and the corresponding homolytic C=N z-bond
dissociation energies are compared, it is found that,
when the imine is neutral, the heterolytic C=N m-bond
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FIGURE 2. Cyclic voltammetry (CV) and Osteryoung square wave
voltammetry (OSWYV) of 10a in deaerated acetonitrile containing

0.1 M n-BuyNPF; as supporting electrolyte. Dashed line: CV graph
(sweep rate = 0.1 V/s). Solid line: OSWV graph.
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FIGURE 3. Cyclic voltammetry (CV) and Osteryoung square wave
voltammetry (OSWV) of 1gH ™ in deaerated acetonitrile containing
0.1 M n-BuyNPF; as supporting electrolyte. Dashed line: CV graph
(sweep rate = 0.1 V/s). Solid line: OSWV graph.

dissociation enthalpy is quite greater than the corresponding
homolytic C=N s-bond dissociation enthalpy, but when the
imine is positively charged, the heterolytic C=N z-bond
dissociation enthalpy is remarkably smaller than the corre-
sponding homolytic C=N z-bond dissociation enthalpy.
This result indicates that, in the addition reaction of C=N
double bond of imines, the radical mechanism is preferable
to the ionic mechanism for the neutral imines, but for the
positively charged imines, the case is just reverse.

In addition, from Figure 4, if the hydride affinities of
Hantzsch pyridine 8 and the protonated Hantzsch pyridine 9
are compared, it is found that the hydride affinity of proto-
nated Hantzsch pyridine 9 is greater than that of the corre-
sponding neutral Hantzsch pyridine by about 32 kcal, which
means that the protonation of Hantzsch pyridine can greatly
promote its hydride-obtaining ability. This result can be used
to reply why in most cases the reduction of neutral imines
needs catalysts of protonic acids.

Hydrogen Affinities of the Imines in Acetonitrile. The third
column in Table 2 shows that the hydrogen affinity scale of
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the 61 imines (1—11) in acetonitrile ranges from —26.0 to
—27.4 kcal for 1, from —24.8 to —27.1 kcal for 2, from —27.6
to —29.6 kcal for 3, from —26.9 to —29.3 kcal for 4, from
—23.2 to —25.9 kcal for 5, from —37.9 to —40.9 kcal for 6,
from —27.3to —29.0 kcal for 7, from —22.0 to —25.4 kcal for
8, from —26.2 to —30.5 kcal for 9, from —44.7 to —45.3 kcal
for 10, and from —42.0 to —42.6 kcal for 11. If the hydrogen
affinities of the 11 types of the imines (1—11) are compared, it
is found that when the substituent is same (e.g., G = H) the
hydrogen affinities of the imines decrease in the following
order: 10a (—45.1 kcal, G = CH3) > 11c¢ (—42.2 kcal) > 6¢
(—38.2 kcal) > Hantzch pyridine 7¢ (—29.0 kcal) > 3¢
(—27.9 kcal) > protonated Hantzsch pyridine 9¢ (—27.8
kcal) > 1c (—26.8 kcal) > Sc (—23.6 kcal) > 4-phenyl
Hantzsch pyridine 8¢ (—22.9 kcal) (see Figure 6). Since the
hydrogen affinities of the 61 imines all are quite small,
generally much smaller than the corresponding hydride
affinities, the imines whether charged or not should belong
to very weak hydrogen atom acceptors. This result suggests
that, when the imines are reduced by a hydride anion, it is
unlikely that the hydride transfer was initiated by hydrogen
atom transfer. If hydrogen affinity of Hantzsch pyridine 8¢
(—22.9 kcal) and the corresponding protonated species 9¢
(9c = 8cH™) (—27.8 kcal) are compared, it is interesting to
find that, unlike the large difference of the two hydride
affinities, the difference of the corresponding hydrogen
affinities is small; that is, the protonation effect on the
hydrogen affinities of imines is not remarkable, and the main
reason could be that the hydrogen atom does not carry
charge. This finding can be used to diagnose the mechanism
for the reduction of imines by altering the acidity of reaction
medium; that is, if the reductions of imines are initiated by
hydrogen atom transfer, the effect of the acidity of reaction
medium on the reaction rate should not be quite large, but if
the reductions of imines are reduced by hydride anion in one
step, the effect of the acidity of reaction medium on the
reaction rate should be quite large.

Hydrogen Affinities and Proton Affinities of Neutral and
Charged Radical Intermediates of Imines in Acetonitrile. As
stated in the Introduction, if reductions of imines (X) by
hydride donors were initiated by single-electron transfer, the
corresponding charged or uncharged radicals (X° ™) as incipient
reaction intermediates could be formed. Since hydrogen affi-
nities and proton affinities of the reaction intermediates (X* )
as very important thermodynamic parameters both can be used
to diagnose the chemical activities of the reaction intermediates
and predict the second step reaction for the reductions of
imines, it is necessary to examine and compare the hydrogen
affinities and proton affinities of the reaction intermediates in
acetonitrile. From columns 4 and 5 in Table 2, we found that
the hydrogen affinity scale and proton affinity scale of the
reaction intermediates (X° ) range from —62.8 to —71.6 kcal
and from 8.3 to —34.5 kcal, respectively. If the hydrogen
affinities of the reaction intermediates X°~ are examined in
detail, it is found that, when the substituent is same (such as,
G = H), the hydrogen affinities of the reaction intermediates
decrease in the order 4¢” (—71.0 kcal) > 8¢ (—70.1 kcal)
>7¢" (—69.3 kecal) > 102" (—69.0 kcal, G = CH3) > 11¢"
(—68.5 kcal) > 1¢” (—68.2 kcal) > 9¢* (—64.4 kcal) > 6¢”
(—64.2kcal) > 5¢" (—64.1 kcal) (see Figure 7). From Figure 7,
it is clear that whether the reaction intermediates X are
charged (X = 1—8) or uncharged (X = 9—11), the hydrogen
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TABLE 2. Hydride and Hydrogen Affinities of Imines (X), Hydrogen, and Proton Affinities of X ° (kcal) and Reduction Potentials of X and XH
(V vs Fc*/°% and Activation Coefficients of the C=N 7-Bond by Electron Addition (A4.%) in Acetonitrile

imimes (X) AHy_A(X)’ AHua(X) AHyAXY AHpa(XY EreaX) Eeq(XH)' A%
1(a—g)
CH;0 (a) —39.0 —26.0 —68.2 —28.3 —2.406 —0.572 61.88
CH; (b) —39.9 —26.7 —68.5 —28.3 —2.377 —0.562 61.02
H (¢) —40.8 —26.8 —68.2 —27.3 —2.325 —0.531 60.70
Cl(d) —42.6 —274 —68.4 —26.2 —2.257 —0.475 59.94
Br (e) —42.1 —26.8 —67.8 —25.5 —2.252 —0.473 60.47
CF; (f) —44.3 —27.3 —66.8 —22.8 —2.114 —0.397 59.13
NO; (g) —45.8 —27.3 —65.3 —19.9 —1.983 —0.335 58.19
2(a—f)
CH;0 (a) —37.2 —24.8 —66.6 —27.2 —2.413 —0.597 62.76
CH; (b) —38.2 —25.5 —67.0 —27.3 —2.387 —0.585 61.94
H (¢c) —40.8 —26.8 —68.2 —27.3 —2.325 —0.531 60.70
Cl(d) —42.9 —26.6 —68.8 —25.8 —2.263 —0.439 61.34
Br (e) —42.7 —26.6 —68.2 —25.2 —2.244 —0.438 61.00
CF; (f) —45.4 —27.1 —67.7 —22.5 —2.106 —0.343 59.97
3(a—e)
CH;0 (a) —-37.4 —27.6 =71.2 —34.5 —2.606 —0.713 61.23
CH; (b) —38.2 —27.8 =71.6 —343 —2.586 —0.687 61.17
H (¢) —38.9 —27.9 =71.0 —33.0 —2.530 —0.659 60.70
Cl(d) —40.3 —28.1 —69.2 —30.1 —2.394 —0.607 59.39
NO; (e) —43.9 —29.6 —64.2 —22.9 —2.018 —0.514 53.89
4(a—f)
CH;0 (a) —35.6 —26.9 —69.8 —34.2 —2.624 —0.760 61.46
CH; (b) —36.7 —26.9 =70.3 —33.6 —2.596 —0.712 61.73
H (¢) —38.9 -27.9 =71.0 —33.0 —2.530 —0.659 60.70
Cl(d) —40.4 —27.9 —69.3 —29.9 —2.394 —0.596 59.74
Br (e) —40.7 —28.1 —69.4 —29.9 —2.384 —0.592 59.51
CF; () —43.7 —29.3 —70.1 —28.8 —2.285 —0.512 58.20
S(a—1f)
CH;0 (a) —35.7 —234 —64.1 —24.9 —2.371 —0.603 63.49
CH; (b) —36.1 —23.3 —64.0 —243 —2.350 —0.581 63.59
H (¢c) —37.1 —23.6 —64.1 —23.6 —2.309 —0.549 63.18
Cl(d) —38.0 —23.7 —64.0 —22.7 —2.265 —0.516 62.97
Br (e) —37.5 —23.2 —63.4 —22.1 —2.260 —0.515 63.41
CF; (f) —42.1 —259 —66.1 —23.0 —2.180 —0.435 60.81
6(a—f)
CH;0 (a) —45.9 —37.9 —64.2 —29.3 —1.933 —0.790 40.97
CH; (b) —46.5 —38.1 —64.3 —28.9 —1.908 —0.771 40.74
H (¢) —47.5 —38.2 —64.2 —28.0 —1.864 —0.735 40.50
Cl(d) —49.6 —39.5 —65.1 —28.1 —1.811 —0.700 39.32
Br (e) —49.3 —39.2 —64.8 —27.7 —1.809 —0.699 39.51
CF; (f) =51.5 —40.9 —64.7 —27.2 —-1.710 —0.677 36.79
7(a,b)
H (a) —39.2 —29.0 —69.3 —32.2 —2.446 —0.695 58.15
i-C3H7 (b) —39.8 —27.3 —70.0 —30.6 —2.450 —0.595 61.00
8(a—g)
p-CH;0 (a) —36.7 —22.0 —70.6 —29.0 —2.611 —0.497 68.84
p-CHj; (b) —37.1 —222 —70.3 —28.5 —2.580 —0.491 68.42
p-H (¢) —38.1 —22.9 —70.1 —28.0 —2.528 —0.479 67.33
p-Cl(d) —39.5 —23.5 —69.8 —26.9 —2.453 —0.444 66.33
p-Br (e) —39.6 —23.7 —70.0 —27.1 —2.455 —0.445 66.14
p-CF3 (f) —41.2 —24.5 —69.6 —259 —2.370 —0.411 64.80
p-NO, (g) —42.8 —254 —69.3 —25.0 —2.289 —0.382 63.35
9(a—1)
p-CH;0 (a) —68.8 —26.2 —65.2 44 —0.980 0.712 59.82
p-CHj; (b) —69.6 —26.8 —64.9 5.0 —0.932 0.721 58.71
p-H (¢) —70.9 —27.8 —64.4 5.6 —0.856 0.731 56.83
p-Cl(d) —71.8 —28.4 —63.5 6.9 —0.775 0.745 55.28
m-NO; (e) —=74.7 —30.5 —63.1 8.1 —0.634 0.776 52.55
p-NO; (f) —73.9 —29.8 —62.8 8.3 —0.655 0.781 51.66
10(a—c)
CH; (a) —73.9 —45.1 —69.0 —13.2 —0.924 0.115 34.63
C,Hs (b) —73.7 —453 —68.9 —13.6 —0.928 0.095 34.25
n-C3H; (¢) —73.6 —44.7 —68.8 —13.0 —0.930 0.119 35.03
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TABLE 2. Continued
imimes (X) AHy A(X)* AHuAX) AHuAX) AHpA(X™) Erea(X) Erea(XH) A%
11(a—g)
p-CH;0 (a) =729 —42.0 —68.1 —10.2 —0.927 0.204 38.33
p-CHj; (b) —73.1 —42.1 —68.2 —10.2 —0.923 0.210 38.27
p-H (¢) —73.5 —422 —68.5 —10.2 —0.918 0.224 38.39
p-Cl(d) —74.1 —423 —68.9 —10.2 —0.912 0.243 38.61
p-Br (e) —742 —424 —69.0 —10.2 —0.910 0.245 38.55
p-CF; () —74.8 —42.4 —69.3 —10.0 —0.900 0.270 38.82
p-NO, (g) =755 —42.6 —69.9 —10.0 —0.893 0.292 39.06
“AHy—a(X) values of imines 1—8 were estimated from eq 4, taking AHy—a(AcrH") = —81.1 keal from ref 29; AHy;—4(X) values of imines 9 were

estimated from eq 6, taking AHy;_A(PhXn*)=—96.8 keal;>° AHy—A(X) values of imines 10 and 11 were estimated from eq 8, taking AHy—A(1, G=CI) =
—42.6 keal. "AHpA(X), AHua(X™) and AHpa(X™) were estimated from eqs 9-11, respectively, taking E°(H'%) = —2.307 (V vs Fc'/?), E°(H?") =
—1.137 V (V vs Fc*%) (Fc = ferrocene),” and choosing the reduction potentials of X and XH measured by OSWV method (Table 1) as E°(X°") and
E°(XH"), since the values from OSWV were identified to be closer to the corresponding standard redox potentials than the values from CV.?* “The
values derived by OSWV were chosen as the standard reduction potentials of X and XH. “Derived from eq 12.

11c 6¢c 7c 8c
NO. H Ph
’ N O EtO; B COZEt EtO,C. A CO,Et
10a EN. 9c =N@ HsC™N?~CH &
CH,Ph 3 3 H,C” N”CH,
NO, Ph O 3c 5
©© EtOZCﬁCOZEt 1c @L . 5
@ |®_ CH=N C=N ‘C=N
’N‘CH3 H,C N CH, O @ HsC @ Ph’C —Q
. (-73.5) H 475 408 (-39.2) -38.9 -38.1 37
| | | | |
-70.0 -60.0 -50.0 -40.0 -30.0

AHy-a(X) (kcal/mol)

FIGURE 4. Comparison of hydride affinities of some typical neutral and charged imines in acetonitrile.

affinities of X all are quite large (generally more negative than
—62 kcal), which means that whether the reaction intermediates
X*" are charged or not, they all belong to strong hydrogen
acceptors. When the proton affinities of the reaction intermedi-
ates X°~ are examined in detail, it is found that, when the
substituent is the same (such as, G = H), the proton affinities of
the reaction intermediates X°~ decrease in the order 4°~ (—33.0
kecal) > 777 (—32.2kcal) > 6° (—28.0 kcal) ~ 8"~ (—28.0 kcal)
> 1" (=273 kcal) > 57 (—23.6 kcal) > 10°~ (—13.2 kcal,
G = CH;) > 11" (—10.2 kcal) > 9° (5.6 kcal) (see Figure 8),
and from Figure 8, it is found that when the reaction
intermediates X*~ are charged (X = 1—8) the proton affinities
are quite large (generally more negative than —19.0 kcal),
indicating that the negatively charged radicals of imines are
ascribed to strong bases; however, when the reaction inter-
mediates X*~ are uncharged (X = 9—11), the proton affinities
all are quite small (generally more positive than —13.0 kcal);
even more, some of them become positive values (such as 8.3
kcal for X = 9, when G = m-NO,), indicating that the
uncharged radicals X*~ (X = 9—11) are generally ascribed to
very weak bases, and the basicities of some uncharged reaction
intermediates X*, such as X = 9 are weaker than that of
acetonitrile. These results indicate that the charge effect on
proton affinities of the reaction intermediates X° is markedly
larger than that on the corresponding hydrogen affinities.
Since the hydrogen affinities of the reaction intermediates
X" are larger than the corresponding proton affinities by more
than 34.9 kcal for the negatively charged radicals X*~ (X =
1—8) and by more than 55.3 kcal for the uncharged radicals X*™
(X = 9—11), respectively, it is conceived that when the imines

(X), especially the protonated or positively charged imines
(9—11), are reduced by organic hydride donors, such as NADH
orits models, the hydrogen-atom transfer should be much more
favorable than the corresponding proton transfer in the second
step reaction when the reductions of imines were initiated by
electron transfer. As a consequence, we can suggest that the
e~ —H" sequence hydride transfer should be most likely among
the possible multistep mechanisms for the reductions of imines,
especially for the imines with positive charge by organic redu-
cing agents (Scheme 1), if the hydride transfer were initiated by
single-electron transfer.

If the hydrogen affinities of the reaction intermediates X*™
and their corresponding parent imines (X) were compared
(see columns 3 and 4 in Table 2 or Figures 6 and 7), it is clear
that the hydrogen affinities of the reaction intermediates X* ™
are generally much larger than those of the corresponding
parent imines (X). Since the value of the hydrogen affinity
is dependent not only on the formation energy of new C—H
o-bond but also on the breaking energy of the old C=N
m-bond, the term that the differences of the two hydrogen
affinities of X*~ and X is divided by the hydrogen affinities of
the reaction intermediates X°~ (eq 12) can be used to scale the
activation degree (or the weaken degree) of the C=N z-bond
in the imines by electron addition. This term, in this work,
may be defined as activation coefficients of C=N sz-bond by
electron (A4.% in eq 12). The detailed activation coefficients
of the 61 imines in acetonitrile are summarized in Table 2.
From Table 2, it is clear that when the imines are 1—5 and 8,
the activation coefficients (4.%) are generally larger than
50% but smaller than 60%; when the imines are 9, the
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FIGURE 5. Comparison of potential energy changes for the reductions of imine 1a (G = CH;0) and imine 1g (G = NO,) by hydride anion in

acetonitrile.

TABLE 3.  Heterolytic and Homolytic Dissociation Energies of C=N
7-Bond in the Imines (kcal)

A}Ihct— A}Ihomo'

AH, homo™

imines (X)  (7-bond)® (n-bond)” (m-bond)” ¢ AAH? AAH*¢
1(a—g)
CH;0 (a) 68.0 62.5 20.3 55 422
CH; (b) 72.1 61.8 20.0 103 418
H (c) 77.2 61.7 20.3 155 414
Cl (@) 76.4 61.1 20.1 153 41.0
Br (e) 77.4 61.7 20.7 157 410
CF; () 81.5 61.2 21.7 203 39.5
NO, (g) 83.2 61.2 23.2 220  38.0
3(a—e)
CH;0 (a) 69.6 60.9 17.3 8.7  43.6
CH; (b) 76.8 60.7 16.9 16.1 438
H (c) 79.1 60.6 17.5 185 43.1
Cl (d) 78.7 60.4 19.3 183  41.1
NO, (e) 85.1 58.9 243 262 34.6
8(a—g)
p-CH50 (a) 70.3 66.5 17.9 3.8 48.6
p-CHj (b) 74.9 66.3 18.2 8.6  48.1
p-H (¢) 79.9 65.6 18.4 143 472
p-Cl (d) 79.5 65.0 18.7 145 463
p-Br (e) 79.9 64.8 18.5 151 463
CF; () 84.6 64.0 18.9 20.6  45.1
p-NO, (g) 86.2 63.1 19.2 231 439
9(a—e)
p-CH;O (a) 38.2 62.3 233 —24.1  39.0
p-CHj (b) 42.4 61.7 23.6 -193 381
p-H (¢) 47.1 60.7 24.1 —13.6  36.6
p-Cl (d) 47.2 60.1 25.0 -129 351
p-NO, (e) 54.3 58.0 25.4 -37 326

“Derived from the eq: AHy(r-bond) = AHy-A(X) — AHu-Al(G)-
PhCH,"1.¥ ’AHyomo(t-bond) = AHua(X) — AHga(PhCH,).Y’
‘AHyomo(-bond)”™ = AHyA(X"") — AHyA(PhCH,'). “AAH = AHyo-
(-bond) — AHomo(t-bond). ‘AAH* = AHjpomo(t-bond) — AHyomo-
(7-bond)"".

activation coefficients (4.%) are generally larger than 40%
but smaller than 50%; when the imines are 6, 10, and 11, the

m-bond activation coefficients (A4.%) are generally larger
than 30% but smaller than 40%. According to the molecular
structure resonance of view,”® the objective (or natural)
structure of X*~ could be expressed by several different
subjective (or theoretical) resonance structures, such as
the idealized Lewis-type structure with the C=N s-bond
retained (I), the idealized Lewis-type resonance structure
with C=N z-bond broken (II), and some others. Since the
resonance structure (IT) is merely one efficient (or allowable)
Lewis-type structure of X*~ among the resonance structures
of X*~ with C=N z-bond broken to accept hydrogen atom
or proton,* it is conceivable that the activation coefficient
(A.%) can scale the percent of the resonance structure (IT) of
X*" in the total of the all resonance structures of X* .
Since the idealized Lewis-type structure with C=N s-bond
broken (II) directly express the localized state of single
electron and negative charge in reaction intermediates X°
A.% can be used to measure the relative effective spin
intensity on the molecular spin center atom or to measure
the relative effective negative charge on the molecular nega-
tively charged center atom. Figures 9 and 10 show the
relative effective spin density and the relative effective nega-
tive charge on the center atom in the reaction intermediates
X7, respectively. From Table 2, it is clear that the relative
effective spin density on the molecular center atom increases
in the order 10a™ " < 1lc ° < 6¢ ° < 7¢ "< 9¢ °< 1¢°
(2¢7°) <3¢ *(4c¢™") < 5¢ ° < 8¢ . Evidently, for the radical
reaction intermediates of imines (X °), the activation coeffi-
cients of C=N m-bond by electron (A4.%) can be used to
predict the kinetic driving force of the radicals for dimeriza-
tion or polymerization with other radicals since the dimer-
ization or polymerization rates of the radicals should be
directly dependent on the effective spin density on the
molecular center atom. Meanwhile, for the charged radicals
of imines (see Figure 10), since the effective spin density on

(38) (a) Pauling, L.; Wheland, G. W. J. Chem. Phys. 1933, 1, 362. (b)
Whelang, G. W.; Pauling, L. J. Am. Chem. Soc. 1935, 57, 2086. (c) Wheland,
G. W. The Theory of Resonance and Its Application to Organic Chemistry; John
Wiley: New York, 1955. (d) Pauling, L. Nature of the Chemical Bond, 3rd ed.;
Cormell University Press: Ithaca, NY, 1960.
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(39) Although the protonated Hantzsch ester 9 still has some other
resonance structures with two z-bonds in the pyridine ring, such as the
resonance structures with positive charge on the 2-position carbon, these
resonance structures all are regarded as inefficient resonance structures
because they cannot be converted into 1,4-dihydropyridine esters.
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the molecular spin center atom is equal to effective negative
charge density on the molecular negative charge center atom,
the activation coefficients of C=N z-bond by electron (4.%)
can be also used to measure the kinetic driving force of the
radical anions of imines for nucleophilic additions or nu-
cleophilic substitutions. In fact, these predictions have been

(40) (a) Marquet, J.; Moreno-Manas, M.; Pacheco, P.; Prat, M.; Katritzky, A.
R.; Brycki, B. Tetrahedron 1990, 46, 5333-5346.

(41) (a) Kano, K.; Matsuo, T. Bull. Chem. Soc. Jpn. 1976, 49, 3269-3273.
(b) Kano, K.; Matsuo, T. Tetrahedron Lett. 1975, 16, 1389-1392.

(42) Sato, T.; Inoue, T.; Mukaiyama, T. Chem. Lett. 1975, 637-640.

(43) (a) Khan, N. H.; Zuberi, R. H.; Siddiqui, A. A. Synth. Commun.
1980, 70, 363-371. (b) Zuberi, R. H. Sci. Environ. 1982, 4, 71-76.

well supported by some experimental observations.**~*

AHpa(X"7) —AHpa(X)
AHpa (X' 7)

4% = (12)

Electron Affinities of the Imines (X) and Their Reaction
Intermediate XH in Acetonitrile. As well-known, the standard
reduction potentials of imines and their reaction intermediates
XH are very important electrochemical parameters, which
can be used as an indicator of the electron-obtaining ability
of X and XH in thermodynamics. From column 6 in Table 2, it
is found that the one-electron reduction potentials of the
imines (1—11) [E°(X" )] range from —1.710 to —2.624 (V vs
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Fc'/%) for the neutral imines (1—8) and from —0.634 to —0.980
(V vs F¢*/°) for the positively charged imines (9—11). Since the
one-electron reduction potentials of the neutral imines are
quite negative values, generally more negative than —1.7 V
relative to ferrocene, the neutral imines (1—8), especially
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attached by electron-donating groups, should belong to very
weak one-electron acceptors, but the positively charged imines
(9—11), especially attached by electron-withdrawing groups,
should belong to good electron acceptors. This result suggests
that, in living body, when the neutral imines were reduced by
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natural organic reducing agents (NADH and Vitamin C), the
mechanism initiated by one-electron transfer is impossible
because the oxidation potentials of NADH and Vitamin C in
pH = 7 aqueous solution are 0.280 and —0.276 (V vs Fc*/9),
respectively, and electron transfer to the neutral imines takes at
least 46 and 33 kcal heat (or other energy) from NADH and
from Vitamin C, respectively. However, for the positively
charged imines especially attached by one or multiple strong
electron-withdrawing groups, it is likely that the reduction was
initiated by electron transfer, especially when vitamin C was
used as the hydride donor.

In order to more intuitively disclose the effect of structure,
charge, and protonation of imines on the electron-obtaining
abilities of the imines, the 11 imines (1—11, G = H) were
ranked in a row according to their one-electron reduction
potentials from negative (left) to positive (right) (Figure 11).
From Figure 11, it is clear that the electron-obtaining
abilities of 11 imines (1—11, G = H) increase in the order
3c(4e) < 8¢ < 7c < 1¢(2¢) < 5¢ < 6¢ < 10a < 11c < 9c.
Comparison of imine 8¢ and its protonated imine 9¢ shows
that the reduction potential of 9¢ is more positive than that of
8c by about 1.672 V, which means that protonation of imines
can increase the electron-obtaining ability of imines by about
1.672 V (equivalent to 38.6 kcal), which is not only much
larger than the effect of the protonation on the hydrogen-
obtaining ability of the imine (5.1 kcal) but also markedly
larger than the effect of the protonation on the hydride-
obtaining ability of the imine (32.8 kcal). This result suggests
that the protonation of imines is more propitious to the

reduction of imines by electron transfer than by hydrogen
atom or by hydride anion.

From column 7 in Table 2, it is found that the one-electron
reduction potentials of the reaction intermediates of imines
(XH) [E°(XH” )] range from —0.790 (V vs F¢*°) for 6aH to
0.781 (V vs Fc°) for 9fH. Figure 12 shows an intuitive
comparison of some representative reduction potentials of
XH. From Figure 12, it is clear that the reduction potentials
of the positively charged XH (X = 9—11) are much more
positive than those of the neutral XH (X = 1-—8), which
suggests that the positive charge on the reaction intermedi-
ates of imines (XH) can markedly promote their electron-
obtaining abilities. If the reduction potentials of 8H and their
corresponding protonated species (9H) are compared, it is
found that protonation can promote the reduction potentials
of XH by about 1.2 V (equivalent to 27.7 kcal), which means
that the effect of protonation on the reduction potentials of
XH is smaller than that on the reduction potentials of the
corresponding parent imine (X) (about 1.7 V).

Effects of the Remote Substituents on the Chemical Affi-
nities of Imines and Their Various Reaction Intermediates.
From Table 2, it is clear that the hydride affinities, hydrogen
affinities, and proton affinities as well as redox potentials of
imines and their various reduction intermediates are not only
strongly dependent on the structure and charge of imines but
also largely dependent on the nature of the remote substit-
uents on the benzene ring. In order to elucidate the relations
of the nature of substituents with the chemical affinities and
the redox potentials, the remote substituent (G) effects on
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slope = -6.39, intercept = -40.8 (r = 0.998) for imine 1
slope = -10.28, intercept = -40.2 (r = 0.993) for imine 2
slope = -6.11, intercept = -39.0 (r = 0.998) for imine 3
slope = -9.78, intercept = -38.4 (r = 0.996) for imine 4

-60 - slope =-5.84, intercept = -38.2 (r = 0.999) for imine 8
slope = -5.45, intercept = -70.5 (r = 0.995) for imine 9
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FIGURE 13. Plot of AHyu_A(X) against Hammett substituent
parameters o.

the AHHfA(X), AHHA(X), AHPA(Xi.), and AHHA(Xi.) as
well as on the E°4(X) and E°..q(XH) were examined, and
the results show that AHy_A(X), AHyA(X), and AHpa(X ™)
as well as E°q(X) and E°q(XH) of the 45 chemical and
electrochemical processes all are linearly dependent on the
Hammett substituent parameters o with very good correla-
tion coefficients (see Figure 13 and Figures S1—S4 in Sup-
porting Information), which indicates that the Hammett
linear free-energy relationships all hold in the 45 chemical
and electrochemical processes. From the slopes and the
intercepts of the 45 straight lines in Figure 13 and Figures
S1—S4 in the Supporting Information, the corresponding 45
mathematical formulas (eqs 13—57) can be easily derived.
Evidently, for any substituted imines X (1—6, 8,9, and 11) at
the para- and/or meta-position on the benzene ring, it is
not difficult to safely estimate the values of AHpz_A(X),
AHyA(X), and AHpa(X ") according to eqs 13—39 as long
as the corresponding Hammett substituent parameters (o)
are available and the standard deviation of the estimations is
less than 4 0.50 kcal. In the same way, for any substitution at
para- and/or meta-position imines X (1—6, 8,9, and 11) and
their corresponding reduction intermediates XH, the redox
potentials E°..4(X) and E°..q(XH) can also be reliably esti-
mated from eqs 40—57 if only the corresponding Hammett
substituent parameters are available and the standard devia-
tion of the estimations is less than 30 mV. Since the family of
the substituent groups is very large, and the Hammett
parameters of most substituents located at the para- and
meta-position can be easily obtained from literature,** it is
evident that the 45 formulas should have very extensive
application in the prediction of the related chemical potency
of the imines and their various reaction intermediates to
capture hydride, hydrogen atom, proton, and electron.

AHy -A(X) = —6.390, —40.8 for 1 (13)
AHy - A(X) = —10.280, —40.2 for2 (14)
AHy-A(X) = —6.110,—39.0 for3 (15)

(44) Hansch, C.; Leo, A.; Taft, R. W. Chem. Rev. 1991, 91, 165-195.
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AHy-A(X) = —9.780, —38.4 for4

AHy -A(X) = —7.120, —37.1

for 5

AHy-A(X) = —7.080, —47.7 for6

AHy-A(X) = —5.840,—38.2 for8

AHy-A(X) = —5.450,—70.5 for9

AHp-A(X) = —2470,-73.5 for 11

AHua(X) = —1.050, —26.7 for 1

AHua(X) = —2.570, —26.0

AHya(X) =

AHua(X) = —2.860, —27.6

AHpa(X) = —2.550, —23.6
AHpa(X) = —3.700, —38.6

AHya(X) =

AHpa(X) = —3.960, —27.5
AHua(X) = —0.520, —
AHpa (X ™) = 8.060, —27.1
AHps(X ™) = 5.820, —26.4
AHpa(X™") = 11.470, —32.3
AHpa(X ™) = 7.420, 323
AHpa(X™") = 2.800, —23.7
AHpa(X™") = 2450, —28.4
AHpp(X ™) = 3.780, —27.9
AHpa(X™*) =3.510,+5.6
AHpa(X™") = 0.220, —10.2
E°ra(X) = 0.3950, —2.321
E°ra(X) = 0.3710, —2.324

E°a(X) = 0.5760, —2.492

E°a(X) = 0.4460, —2.511

wa(X) = 02320, —2.311
E°ea(X) = 0.2690, —1.864
E°d(X) = 0.3040,

red(X) =
E°ea(X) =

~1.860, —28.0

~3.230, —22.8

~2.528
0.3240, —0.872
0.0320, —0.918

for 2

for 3

for 4

for 5
for 6
for 8

for 9

for 11
for1™*
for2™

for3™*

for4™*

for5™*

for6—*°

for87°

for9™

for11°°

for 1

for 2

for 3

for 4

for 5
for 6
for 8
for 9
for 11

Zhu et al.
(16)
(17)
(18)

(19)
(20)
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E°.q(XH) =0.2310, —0.522 for 1H (49)
E°.q(XH) = 0.3300, —0.520 for 2H (50)
E°.4(XH) =0.1880, —0.657 for 3H (51)
E°d(XH) = 0.3000, —0.667 for 4H (52)
E°q(XH) =0.1970, —0.552  for 5SH (53)
E°d(XH) = 0.1460, —0.742 for 6H (54)
E°q(XH) =0.1130, —0.472 for 8H (55)
E°d(XH) =0.0650, —0.731 for 9H (56)
E°.a(XH) = 0.0840, —0.225 for 11H (57)

In addition, from the line slopes in Figure 13 and Figures
S1—S4 in the Supporting Information, it is clear that electron-
withdrawing groups (G) not only can increase the hydride-
accepting ability and electron-obtaining ability of the imines
but also can increase the hydrogen-obtaining ability of the imines,
which can support the viewpoint that the neutral hydrogen atom
has significant nucleophilicity in the organic reaction system.”

Determination of Polar Direction of C=N Double Bond in
the Imines. As is well-known, C=N double bond is an eigen
bond of imines. Since the electronegativity of the carbon
atom (2.5) is smaller than that of nitrogen atom (3.0),* a
common credendum has been accepted by many chemists
that C=N double bonds of imines are regarded as a polar
chemical bond and the terminal of carbon carries partial
positive charge. According to this viewpoint, the following
conclusions can be drawn: (i) when imines are reduced by
hydride anion, the terminal carbon atom of C=N double
bond should be a privileged atom to accept the hydride
anion; (ii) for the amines formed from the corresponding
imines, acidity of the hydrogen atom contacted with the
nitrogen atom should always be larger than that of hydrogen
atom contacted with the adjacent carbon atom. However,
since the difference in the electronegativities between the
carbon atom (2.5) and nitrogen atom (3.0) are not great, this
credendum is not always appropriate for all imines. So, it is
necessary to develop an efficient method to determine the
polar direction of C=N double bond for some well-known
and important imines. From our previous papers,*® it has
been found that Hammett linear free-energy analysis of
the remote substituents effect on thermodynamics and/or
kinetics of reaction has been verified to be able to provide a
very efficient method to estimate the distance between the
molecular charge center and the substituent location. If
Hammett linear free-energy relationship analysis method
were applied in the reduction process of imines by hydride
anions, one efficient access could be available to diagnose the
polar direction of C=N double bond in the imines. In order
to clearly show how to use of the method to diagnose the
polar direction of C=N double bond in imines, the effects of

(45) Umland, J. B.; Bellama, J. M. General Chemistry, EISBN: 0-534-
35872-1, a division of Thomson Learning Asia Pte Ltd. 2001.

(46) (a) Zhu, X.-Q.; Liu, Y.; Zhao, B.-J.; Cheng, J.-P. J. Org. Chem. 2001,
66, 370-375. (b) Zhu, X.-Q.; Dai, Z.; Yu, A.; Wu, S.; Cheng, J.-P. J. Phys.
Chem. B2008, 112, 11694-11707. (c) Page, M.; Williams, A. Organic and Bio-
organic Mechanisms; Longman, 1997; Chapter 3, pp 52—79.
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the remote substituent on the hydride affinities of imines 1
and 2 were examined together for comparison. From Fig-
ure 13, it is clear that the enthalpy changes for 1 and 2 to
accept hydride anions all are excellently linearly dependent
on the Hammett substituent parameters o}, with line slopes
of —6.39 and —10.28. According to the root cause of the
Hammett substituent effect, it is conceived that the negative
sign of the line slope values reflects increase of negative
charge density on the reaction center atom during the
reduction process of the imines, and the magnitude of
the line slope values reflects the sensitivity of the two reduc-
tions of imines to the effects of the substituent G changes;
that is, the magnitude of the line slope values is a measure of
the distance between the molecular negative center and the
location of the substituents G in XH . Since the absolute
value of the line slope for the reduction of imines 2 (—10.28)
is much larger than that of the line slope for the reduction of
imines 1 (—6.39), it is evident that the negative center atom
in 1H™ should be farther away from the substituent G than
that in 2H . Since both 1H™ and 2H ™ have the same parent
structure, which allows us to safely make a reasonable
proposal that the negative center atom in 1H™ and 2H™
should be the nitrogen atom rather than the carbon atom (see
eqs 58 and 59), that is, the terminal carbon atom of C=N
double bond in 1 and 2 carries partial positive charge and the
acidity of hydrogen atom attached at the carbon atom in 1H,
and 2H, is weaker than that of the hydrogen atom at the
nitrogen atom (see Scheme 4). By the same way, if the imines 3
and 4 were examined, the case is just the same as in 1 and 2;
that is, the terminal carbon atoms of C=N double bond in 3
and 4 carry partial positive charge and the acidity of hydrogen
atom attached at the carbon atom in 3H, and 4H, is also
weaker than that of the hydrogen atom at the nitrogen atom.
However, if 6 is examined, it is found that the line slope for the
reduction of 6 is —7.08. This value is markedly smaller than
that of the line slope for the reduction of 2 (—10.28) but quite
close to that of the line slope for the reduction of 1 (—6.39).
This result means that the reduction route of imines 6 shown in
eq 60 is unreasonable, but the route in eq 61 is reasonable; that
is, the terminal carbon atom of C=N double bond in 6 carries
partial negative charge and the acidity of hydrogen atom
attached at the carbon atom in 6H, is stronger than that of the
hydrogen atom at the nitrogen atom (see Scheme 4). If 5 is
examined, it is found that the line slope for the reduction of 5is
—7.12, which seems to show that the polarity of C=N double
bond in 5 is the same as the case of the C=N double bond in 6.
However, if the r values of the line slopes in Figure 13 are
examined carefully, it is found that the r value for Sis not good
(0.928) (see Figure 13), which means that only according to
the line slope (—7.12), the prediction of polarity of C=N in
imine 5 is in lack of safety. However, if the effects of the
substituents (G) on the AHy—A(5) were examined in detail, it
is found that, when G is electron-withdrawing groups, the
line slope is more negative than —10 (see Figure S5 in
Supporting Information), which means that the polarity of
C=N double bond in 5 is like the case of C=N double
bond in 1 rather than in 6, but when G is electron-donating
groups, the line slope is —5.26 (r = 0.996), which means that,
in these cases, the polarity of C=N double bond in 5 is like
the case in 6. Here, we were interested to find that, when
G changes from electron-withdrawing groups to electron-
donating groups, the polarity of C=N in 5 has a reversion
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(see Scheme 4); the reason could be that the acidities of
aniline and diphenylmethane are quite close to each other.*’
For imine 8 and the corresponding protonated derivative 9,
since the line slopes for the reductions of 8 (—5.84) and 9
(—5.45) are close to the line slope for the reductions of 1
(—6.39), the reduction route of 8 or 9 in eq 62 should be
reasonable, but the reduction route in eq 63 should be
incorrect; that is, the terminal nitrogen atoms of C=N
double bond in 8 could carry partial negative charge, and
the acidity of hydrogen atom at the 4-position in 8H, should
be weaker than that of the hydrogen atom at the 1-position
(see Scheme 4).

|i4 o  slope=-6.39 T
S S AU R S SR Ve g
H
1H
e o5 =7 15 e
2 2H

slope = - 7.08
unreasonable route

‘(O
resalggﬁaztal_(e7fggte T‘ : . 61)
' W

G
slope = - 5.84 H
reasonable route EtO, O,Et
| ] (62)
HaC” >N~ “CHjg
©
4
EtO, \COEt ©
HaC | N cH o
3 3 slope = - 5.84
1 unreasonable route
/ EtO, OEt
/4 | S) | (63)
H3C l}j CH3
H

Thermodynamic Characteristic Graphs (TCGs) of Imines
as a “Molecule ID Card”. It is well-known that the structure
of an organic compound (such as an imine) can be safely
diagnosed or determined according to its characteristic
spectra, such as NMR spectrum, IR spectrum, and MS,
but the chemical properties of an organic molecule (such as
an imine) and its various reaction intermediates could not be
directly diagnosed or determined only according to a certain
spectrum or graph of the molecule until now. If a certain

(47) Bordwell, F. G. Acc. Chem. Res. 1988, 21, 456-463.
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characteristic chemical information graph of a molecule can
be produced and can be efficiently used to quantitatively
diagnose or scale the characteristic chemical properties of the
molecule and its various reaction intermediates, which is like
the case of the NMR spectrum and IR spectrum of a
molecule, where it can be used to determine the molecular
structure, the chemists’ dream for a long time could become
reality in that the characteristic graphs of molecules could be
reliably designed with various new chemical reactions, safely
predicting the possible products of reactions and exactly
parse the reaction mechanism. Therefore, developing a
characteristic graph of molecule as its “Molecule ID Card”,
which contains the essential information about the chemical
properties of molecule and its various reaction intermedi-
ates, has been my ambition for a long time.

In Table 2, it is found that there are six primary thermo-
dynamic parameters about the characteristic chemical or
electrochemical properties of imines (X) and their reaction
intermediates (X and XH), which have been obtained by
using experimental methods in this work. Since the sizes of
proton, hydride anion, hydrogen atom, and electron all are
quite small, it is conceived that the hydride affinity, hydrogen
affinity, proton affinity, and electron affinity of imines and
their various reaction intermediates should be the most
intrinsic thermodynamic parameters to quantitatively scale
the characteristic chemical properties of imines and their
various reaction intermediates, such as acidity, basicity,
nucleophilicity, electrophilicity, reducibility, oxidizability,
and so on, which gives us one efficient access to quantita-
tively scale the chemical properties of imines and their
various reaction intermediates. If the six thermodynamic
parameters scaling the different chemical characters of imine
and its various reaction intermediates are gathered together
according to their mutual conversion to build a graph, it is
clear that, for any species among the imines and their various
reaction intermediates, one can obtain three characteristic
thermodynamic parameters from the graph to quantitatively
diagnose the characteristic chemical properties of the species.
Since this graph only consists of thermodynamic parameters
of imine and its reaction intermediates, this graph, in this
work, is defined as the thermodynamic characteristic graph
(TCG) of imine, which can be used as a “Molecule ID Card”
of the imine to quantitatively diagnose the characteristic
chemical properties of the imines and their various reaction
intermediates in acetonitrile solution.

Schemes 5 and 6 are the thermodynamic characteristic
graphs of imines 6¢ and 7¢. From the TCGs of 6¢ and 7c, the
characteristic chemical properties of 6¢ and 7¢ as well as their
various reaction intermediates in acetonitrile can be easily
and quantitatively diagnosed (see Tables 4 and 5). In addi-
tion, if the reaction system of imines 6¢ and 7cH ™ is examined
or diagnosed according to the TCGs of 6¢ and 7c¢, the
following predictions can be safely made (Scheme 7): (i) when
6cand 7cH ™ are mixed in acetonitrile, hydride anion transfer
is allowed from 7cH™ to 6¢ to yield 7¢ and 6cH ™, but
hydrogen atom transfer and electron transfer are both for-
bidden; (ii) when radical anion 6¢™° and neutral radical 7cH
contacted each other in acetonitrile, 6cH ™ and 7c as well as 6¢
and 7cH™ can be formed by hydrogen atom transfer and
electron transfer, respectively, but 7¢”* and 6¢H® cannot be
formed by proton transfer; (iii) when 6¢cH and 7¢ " met
together in acetonitrile, 6c and 7cH , 6¢ *and 7cH, as well as
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SCHEME 4.
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Polar Direction of C=N Double Bond of the Imines and Relative Acidity of the Two Hydrogen Atoms Attached at the

Carbon Atom and the Nitrogen Atom in the Corresponding 2H Adduct of Imines
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"Molecule ID Card" of Imine 6c

6¢cH™ and 7c all can be formed by hydrogen atom transfer,
proton transfer, and electron transfer, respectively, which
means that the couple of 7¢ ° and 6cH is the most active
couple of the species in the reaction system; (iv) when
imines 7¢ and 6cH™ were mixed in acetonitrile, no reaction
was found, which means that the couple of 7c and 6¢H "~ is the
most stable couple of the species in this reaction system.
Evidently, the thermodynamic characteristic graph (TCG) of
the molecule is a very useful chemical information memor-
izer of molecules, which not only can be used to diagnose the
chemical characters of molecules and their various reaction
intermediates but also can be used to construct a thermo-
dynamic analysis platform to predict reaction products and
analyze the reaction mechanism.

Conclusions

In this work, 61 typical neutral and positively charged
imines (X) as a class of very important unsaturated organic
compounds were synthesized. Enthalpy changes of the 61

-69.3 keal

-2.446 V CH3
+ H -32.2 kcal

H H
Etoch\l(COZE‘ 1 EtOZCﬁcozEt re B0 O OO
N -29.0 keal HiC Hy 0695V HCT N

HsC CHs CHs
(7c) o (7cH)
| +H }
-39.2 kcal

"Molecule ID Card" of Imine 7¢

imines to accept a hydride anion and to accept a neutral
hydrogen atom as well as the enthalpy changes of their
corresponding reaction intermediate (X °) to accept a hy-
drogen atom and to accept a proton in acetonitrile were
estimated by using experimental method. The standard
reduction potentials of the 61 imines (X) and their corre-
sponding radicals (XH) were examined by using CV and
OSWYV methods, respectively. After detailed examination of
the determined enthalpy changes and redox potentials as well
as the remote substituent effects on the enthalpy changes and
the redox potentials, the following conclusions can be made:
(1) The neutral imines, especially attached by strong
electron-donating groups, belong to very weak hydride
acceptors; they cannot directly be reduced by some
organic reducing agents, such as NADH and its model
BNAH. However, if the neutral imines are positively
charged or protonated, especially carrying strong
electron-withdrawing groups, they become strong or
midstrong hydride acceptors and can be directly re-
duced by some natural reducing agents and many
man-made models without any aid. These results
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TABLE 4. Chemical Properties of Imine 6¢ and Its Various Reaction Intermediates Are Diagnosed According to the TCG of 6¢ (Scheme 5)
species parameters™ diagnoses of the characteristic properties
N AHy-a(6¢) = -47.5 keal mild hydride acceptor, mild electrophilic agent

AHpa(6¢) = -38.2 keal
Eeq(6c)=-1.864 V

= P AHpp(6¢™) = -28.0 keal
AHya(6¢°) = -64.2 kcal
Eo6¢™) = -1.864 V

~Pn AHpp(6¢H) = 28.0 kcal
AHyp(6¢H) = 38.2 kcal
Ere(6¢H) = -0.735 V

~Ph AHyp(6¢H) = 47.5 keal
AHyp(6¢H) = 64.2 keal
Eox(6¢H) =-0.735 V

mild hydrogen acceptor, small dimerizability
weak one-e oxidant

strong base
strong hydrogen acceptor, large dimerizability
strong one-e reductant

weak acid
strong hydrogen donor
good one-e oxidant

strong hydride donor, strong nucleophilic agent
good hydrogen donor, mild-strong antioxidant
strong one-e reducdant

“Note: AHpp(6cH), AHyp(6¢H), AHy_p(6¢H ™), and AHyp(6¢H ) are defined as the enthalpy changes of 6¢H to release proton, to release hydrogen
atom, and the enthalpy changes of 6cH ™ to release hydride anion and to release in acetonitrile, respectively. The values are equal to the enthalpy changes
of the corresponding opposite species to capture proton, to capture hydrogen atom, or to capture hydride anion in acetonitrile by switch the signs.

TABLE 5.

Chemical Properties of Imine 7c¢ and Its Various Reaction Intermediates Are Diagnosed According to the TCG of 7c (Scheme 6)

species parameters®

diagnoses of the characteristic properties

H —
Et0,C_J\_CO,Et AHy-A(7¢) = -39.2 keal
| AHua(7¢) = -29.0 kcal

HiC N cH, Erea(7€) = -2.446 V

H .
Et0,c._A_COEt AHPA(7C_.) =-32.2 kcal
' AHya(7¢*) = -69.3 keal

HC I ek, En(7¢") = -2.446 V

AHyp(7cH) = 28.0 kcal
Eeqd(7cH) = -0.695 V

EtOQCHfiCOZEt AHpp(7cH) = 32.2 kcal
||

H,C” N CH,

EtO,C % COLE AHy-p(7¢H’) = 39.2 keal
' AHyp(7eH) = 69.3 keal
HC g oHe Eo(TeH) = -0.695 V

weak hydride acceptor, weak electrophilic agent
weak hydrogen acceptor, small dimerizability
very weak one-e oxidant

strong base
strong hydrogen acceptor, large dimerizability
very strong one-e reductant

weak acid
strong hydrogen donor, strong anti-oxidant
mild-strong one-e oxidant

very strong hydride donor, strong nucleophilic agent
mild-strong hydrogen donor, good antioxidant
strong one-e reductant

“Note: AHpp(7cH), AHyp(7cH), AHy_p(7¢H ™), and AHyp(7¢H ) are defined as the enthalpy changes of 7¢H to release proton, to release hydrogen
atom, and the enthalpy changes of 7cH ™ to release hydride anion and to release in acetonitrile, respectively. The values are equal to the enthalpy changes
of the corresponding opposite species to capture proton, to capture hydrogen atom, or to capture hydride anion in acetonitrile by switch the signs.

suggest that reduction of neutral imines generally
needs promotion by protonation or methylation at
the nitrogen atom in advance.

(2) Since the hydrogen atom affinities of imines, whether
charged or not, all are quite small (generally close to
or more positive than —45 kcal), all of the imines
should belong to very weak hydrogen atom acceptors.
The hydrogen atom-obtaining abilities are smaller
than that of O, (the hydrogen affinity of O, is
estimated to be —48.2 kcal).*® As the hydrogen affi-
nities of imines are quite smaller (or much more
positive) than the corresponding hydride affinities, it
is conceived that the reduction of imines is much more
favorable by hydride anion over the neutral hydrogen
atom.

(48) Fisher, E. R.; Armentrout, P. B. J. Phys. Chem. 1990, 94, 4396-4398.
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(3) The one-electron reduction potentials of neutral imines
are generally close to or more negative than —2.000 (V vs
Fc'°), which suggests that neutral imines should be very
poor one-electron acceptors; that is, reduction of the
neutral imines should be difficult with general single-
electron reducing agents. However, for the positively
charged imines, it is possible that the reductions take
place with general single-electron reducing agents be-
cause the one-electron reduction potentials of the posi-
tively charged imines are not quite negative (generally,
more positive than —1.000 V vs Fc¢™?).

(4) For the radicals of imines (X~ °), since the enthalpy
changes of the radicals, whether charged or not, to
accept a hydrogen atom all are quite negative, gen-
erally much more negative than —60.0 kcal/mol, the
radicals whether charged or not should belong to
strong or midstrong hydrogen atom acceptors, which
indicates that the radicals of imines (X °), especially
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Thermodynamic Diagnoses of Possible Hydride Transfer Mechanisms between 7cH ™ and 6c
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without charge (X = 9—10), are easy to form di-
mers.* With the proton-accepting ability of the
radicals, if the radical is neutral, the radicals belong
to weak proton acceptors (weak base), but if the
radical is negatively charged, the radical becomes
a strong proton acceptor (strong base). Since the
oxidation potentials of the charged radicals of imi-
nes are generally negative at —2.000 (V vs Fc™?), it
should be very difficult to directly detect the charged
radicals of imines in the lab because trace oxygen is
enough to oxidize them (the reduction potential of
0, is about —1.200 (V vs Fc*/%) in 1 atm). However,
for the neutral radicals of imines, since the oxidation
potentials are generally more positive than —1.000
(V vs F¢*/9), it should not be very difficult to directly
detect them by using conventional experimental
methods in the lab.

The hydrogen adduct of the imine (XH) is the good
one-electron oxidizing agent, especially with positive
charge. Among the 11 classes of imines, 9H is the most
strong one-electron oxidation agent; the one-electron
oxidizing power is close to that of NO™ (£, = 0.8265
V vs F¢™%)*" and NO," (Ej, = 0.91 V vs FC+/0) 31
Since the electron-accepting ability of XH is much
larger than that of the corresponding parent imines
(X), it is conceived that, if the reduction of the imines
was initiated by electron transfer from a two-electron
reducing agent, the second electron transfer could not
be the rate-determining step.

The substituent effects have excellent Hammett linear
free-energy relationships on the enthalpy changes of
X to accept hydride and to accept a hydrogen atom
and on the enthalpy changes of X to accept a proton
as well as on the reduction potentials of X and XH,
respectively, which means that AHy_A(X), AHya-
(X), and AHpa(X ") as well as E°.q(X) and E°,.q(XH)

(49) The radicals with like charge can repel.

(50) Zhu, X.-Q.; Li, Q.; Hao, W.-F.; Cheng, J.-P. J. Am. Chem. Soc. 2002,
124, 9887-9893.

(51) Lee, K. Y.; Amatore, C.; Kochi, J. K. J. Phys. Chem. 1991, 95, 1285—

1294.

@)

®)

©)

(10)

of any substituted imines X all can be safely estimated
from the corresponding Hammett linear free-energy
relationship formulas (eqs 13—57) if only the Ham-
mett substituent parameters (o) are available and the
standard derivation of the estimations is less than
0.50 kcal and 30 mV for the enthalpy changes and
for the redox potentials, respectively.

For the neutral imines, protonation not only increases
their ability to accept a hydride anion and electron but
also promotes their ability to accept a hydrogen atom.
However, for the radical anions of the imines (X °),
protonation not only greatly decreases their proton-
accepting ability but also markedly decreases their
hydrogen-accepting ability. In addition, the proton-
ation of XH can markedly enhance their electron-
accepting ability. These results can be used to examine
the reduction mechanism of imines catalyzed by proto-
nic acids.

The polarity of the C=N bond in the imines has
been examined according to Hammett substituent
effect, and the results show that, if the imines are
5 (diphenyl imines) with electron-donating groups and
6 (fluorenyl imines), the nitrogen terminal of the C=N
bond should carry partial positive charge, but if the
imine is the others, the carbon terminal carries partial
positive charge.

The C=N s-bond heterolytic and homolytic dissocia-
tion energies of imines 1, 3, 8, and 9 were estimated for
the first time. The results show that, when the imines are
neutral, the C=N z-bond heterolytic dissociation en-
ergies are larger than that corresponding s7-bond homo-
lytic dissociation energies, but if the imines are positively
charged, the C=N z-bond heterolytic dissociation en-
ergies become much smaller than the corresponding 7-
bond homolytic dissociation energies.
Thermodynamic characteristic graphs of imines as a
novel chemical term were proposed for the first time,
which not only quantitatively diagnoses the chemical
properties of imines and their various reaction inter-
mediates but also predicts the most likely products
and reaction mechanisms.
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It is evident that these important and hard-to-get hydride
affinities, hydrogen affinities, proton affinities, and electron
affinities of imines and their various reaction intermediates
in acetonitrile, and the conclusions drawn from the effects of
substitute, structure of imines, protonation, and the charge
on the hydride affinities, hydrogen atom affinities, proton
affinities, and electron affinities can provide very important
clues to examine the electron structure of imines, design the
reduction route of imines, analyze the reaction mechanism,
capture the reaction intermediates, predict the reaction
direction and tendency, and develop the applications of
imines. Especially, the thermodynamic characteristic graphs
(TCGs) of imines as an efficient “Molecule ID Card” are
proposed for the first time, which can be used to quantita-
tively diagnose reactivities of organic compounds and their
various reaction intermediates.

Experimental Section

Materials. All reagents were commercial quality from freshly
opened containers or were purified before use.’> Reagent grade
acetonitrile was refluxed over KMnO, and K,COj; for several
hours and was doubly distilled over P,Os under argon before
use. The commercial tetrabutylammonium hexafluoropho-
sphate (BuyNPFg, Aldrich) was recrystallized from CH,Cl,
and was vacuum-dried at 110 °C overnight before preparation
of supporting electrolyte solution. 9-Phenylxanthylium
(PhXn™ClO,4 ") was synthesized according to literature meth-
ods.> N-Methylacridinium (AcrH"ClO, ) was obtained from
the exchange of Na™ClO,~ with AcrH'I™ in hot water; the
latter was prepared according to literature methods.>* The 61
imines (X in Scheme 1) were synthesized according to conven-
tional synthetic strategies from the corresponding ketones or
aldehydes with primary amines by condensations.”> Com-
pounds XH, were obtained from the reductions of the corre-
sponding parent imines by NaBH, in THF or by Zn in alkalized
C,HsOH, and the final products were identified by '"H NMR
and MS. The hydride adducts of imines (XH ) were prepared
according to Arnett’s method.>® The anion precursor (XH,) was

(52) Perrin, D. D.; Armarego, W. L. F. Purification of Laboratory
Chemicals, 2nd ed.; Pergamon Press Ltd.: Headington Hill Hall, Oxford
0OX3 0BW, England, 1980.

(53) Dauben, H.J. Jr.; Lewis, R. H.; Harmon, K. M. J. Org. Chem. 1960,
25, 1442.

(54) Roberts, R. D.; Ostovic, D.; Kreevoy, M. M. J. Chem. Soc., Faraday
Discuss. 1982, 74, 257.

(55) Wade, Jr. L. G. Organic Chemistry, Sth ed.; Higher Education Press:
Beijing, 2004; pp 807—809.

(56) (a) Arnett, E. M.; Amarnath, K.; Harvey, N. G.; Cheng, J.-P. J. Am.
Chem. Soc. 1990, 112, 344. (b) Arnett, E. M.; Amarnath, K.; Harvey, N. G.;
Cheng, J.-P. Science 1990, 247, 423.
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dissolved in dry acetonitrile, and then a slightly excess amount
of KH was added. The mixture was stirred at room temperature
for about 20 min and then filtered directly into the reac-
tion vessel. All operations were carried out in an argon-filled
glovebox.

Measurment of Redox Potentials. The electrochemical experi-
ments were carried out by cyclic voltammetry (CV) and Oster-
young square wave voltammetry (OSWV) using a BAS-100B
electrochemical apparatus in deaerated acetonitrile under argon
atmosphere at 298 K as described previously.*® n-BuyNPFg
(0.1 M) in acetonitrile was employed as the supporting electro-
lyte. A standard three-electrode cell consists of a glassy carbon
disk as work electrode, a platinum wire as a counter electrode,
and 0.1 M AgNO;z/Ag (in 0.1 M n-BuyNPFg/acetonitrile) as
reference electrode. The ferrocenium/ferrocene redox couple
(Fc'/%) was taken as the internal standard. The reproducibili-
ties of the potentials were usually <5 mV for ionic species and
<10 mV for neutral species.

Isothermal Titration Calorimetry (ITC). The titration experi-
ments were performed on a CSC4200 isothermal titration
calorimeter in acetonitrile at 298 K as described previously.’’
The performance of the calorimeter was checked by measuring
the standard heat of neutralization of an aqueous solution of
sodium hydroxide with a standard aqueous HCl solution. Data
points were collected every 2 s. The heat of reaction was
determined following eight automatic injections from a 250 uL
injection syringe containing a standard solution (2 mM) into
the reaction cell (1.30 mL) containing 1 mL of other concen-
trated reactant (15 mM). Injection volume (5 L) was deliv-
ered at 0.5 s time interval with 300 s between every two
injections. The reaction heat was obtained by integration of
each peak except the first.”®
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