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Homodesmotic reactions were designed to study substituent effects on stability and isomerization
energies of isocyanides and nitriles. Good correlations between isocyanide and nitrile stabilization
energies and Taft’s dual-substituent parameters have been found. As to substituent effects of
isocyanides, σ-donating N-substituents stabilize isocyanides while σ-accepting N-substituents
destabilize them; π-donating N-substituents destabilize isocyanides while π-accepting N-substituents
stabilize them. Regarding substituent effects of nitriles, σ-donating substituents stabilize nitriles
while σ-accepting substituents destabilize them; π-donating substituents stabilize nitriles while
π-accepting substituents destabilize them. Sensitivity of nitrile stability to substituent resonance
and inductive effects is much less than that of isocyanides does. Isocyanide-nitrile isomerization
energies have a good correlation with Taft’s dual-substituent parameters; σ-donating substituents
disfavor isomerization of isocyanides to nitriles while σ-accepting substituents favor it; π-donating
substituents favor the isomerization while π-accepting substituents disfavor it. The isomerization
of isocyanides to nitriles is exothermic, except for isocyanides with highly electropositive substituents
such as Li, MgH, Na, AlH2, and BeH.

Introduction
The substituent effects on structures and stabilities

of a variety of organic compounds, such as ketenes,1a-c

isocyanates,1d imines,1d allenes,1c,2 cyclopropanes,3 diazir-
ines,1c,4a,b diazomethanes,1c,4c-e alkanes,3c alkenes,3a,c,5

alkynes,3a,5b 1,3-dienes,6a cyclopropenes,1c carbonyl com-
pounds,5a,6b and carbocations,7 have been extensively
studied by ab initio calculations in recent years. Recently
we have studied substituent effects on stablity of keten-
imines by ab initio calculations.8 It has been found that
σ-donating and π-accepting substituents stabilize keten-
imines, while σ-accepting and π-donating substituents
destabilize them.

Organic isocyanides were prepared as early as 19th
century, but their exact structures could only be deter-
mined after modern spectroscopic methods were devel-
oped.9 The isocyanides have two resonance structures,
1a,b, and their characteristic IR absorption at ca. 2000

cm-1 indicates that 1b resonance structure gives more
contribution.9 Compared with nitriles, their isomers,
isocyanides are unusal and interesting in terms of
structure and reactivity.9,10 Isocyanide-nitrile rearrange-
ment is not a new subject, but it has been becoming an
interesting topic.9,11-13 The isocyanide-nitrile rearrange-
ment of aliphatic and aromatic isocyanides has little
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dependence of the reactivity on the structure of sub-
strates, and they isomerize quantitatively at 210-250 °C
with half-life of few hours.12 However, this is not the case
for isocyanides with heteroatom substituents, such as
silyl isocyanides. The silyl isocyanides are reported to be
in equilibrium with silyl nitriles at room temperature.13

Therefore, structure-reactivity relationship for the isomer-
ization appears ambiguous.

Hammett equation and its extensions (eq 1) have
developed substituent effects on reaction rates (k) or

equilibrium constants (K), and there exits a linear free-
energy relationship between the two sets of effects.14

It is confirmed that the extent (∆∆G‡) to which an
activation free energy of a particular reaction is altered
by adding a substituent is linearly related to the ex-
tent (∆∆G) to which an ionization free-energy change of
benzoic acid is altered by putting the same substi-
tuent on the benzene ring.14 Besides, the same series of
changes in conditions affects the rate or equilibrium
of a second reaction in exactly the same way as it
affected the first except attenuated by an amount that
depends on the second substrate.14 The phenomena and
concept have been applied to substituent effects on
isodesmic and homodesmotic stabilization energies of
cyclopropanes, ethylenes, acetylenes, benzenes, allenes,
and ketenimines.2a,3a,8 Since entropy changes of isodesmic
and homodesmotic reactions are so small as to be
negligible, it is reasonable that isodesmic and homodes-
motic stabilization energies are directly correlated with
substituent constants (σ) (eq 2). Both sign and magnitude
of σ for a substituent are a measure of its capacity to
perturb its environment electronically. Substituent con-
stants σp and σm may involve both inductive and reso-
nance contributions of substituents, but Taft’s dual-
substituent parameters (DSP) provide a good way to
divide the substituent constant (σ) into σI for inductive
contribution only and σR for resonance contribution
only.15 Therefore, in this article we study substituent
effects on stability and isomerization energies of isocya-
nides and nitriles by ab initio calculations and by
correlating the stabilization energies and isomerization
energies with Taft’s DSP.

The isodesmic reaction is one in which the total
number of each type of bond is identical in the reactants
and products, but there may be changes in the relation-
ship of one bond to another.16a The homodesmotic reaction
is defined as a reaction in which not only is the number
of bonds of each type conserved but the number of carbon
atoms with zero, one, two, or three hydrogen atoms is
also conserved.16b The isodesmic and homodesmotic reac-

tions are widely used in theoretical studies because errors
in the energies of reactants and products are more likely
to cancel, thereby allowing simple computational ap-
proaches to give accurate estimates of heats of reactions.16c

Generally speaking, reactants are more stable than
products if the isodesmic or homodesmotic reactions are
endothermic; products are more stable than reactants if
the reactions are exothermic.

Computation

All the calculations reported here were performed with the
Gaussian94 program.17 Geometry optimizations were carried
out at the level of HF/6-31+G* without any symmetry restric-
tion. After geometry optimizations were performed, analyti-
cally vibrational frequencies were calculated at the same level
to determine the nature of the located stationary points. Thus,
all the stationary points found were properly characterized by
evaluation of the harmonic frequencies. Single point energies
of the optimized structures were carried out by density
functional theory (DFT) at level of B3LYP/6-311+G(2d,p)//HF/
6-31+G*, and energies of all the stationary points were
calculated at the same level with scaled zero-point vibrational
energies included. The scaled factor of 0.8929 for zero-point
vibrational energies is used according to the literature.1b,c,16a

The method of B3LYP/6-311+G(2d,p)//HF/3-21G* was re-
ported to have 3.2 kcal/mol of mean absolute deviation and
3.0 kcal/mol of standard deviation in prediction of thermo-
chemical quantities.16a In this article we used a better basis
set (6-31+G*) to optimize all the compounds, so the mean
absolute deviation and standard deviation are supposed to be
smaller for our reults.

Results

Substituent effects on stability of isocyanides were
studied with the homodesmotic reaction of eq 3, which
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∆E (for isodesmic and homodesmotic reactions) )
Fσ ) FIσI + FRσR (2)

Figure 1.
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measures the stabilizing effect of N-substituent, R, on
isocyanides relative to the effect of the substituent on
imines. The stabilization energies (SE1) were correlated
with Taft’s DSP to study the influence of N-substituents
on stability of isocyanides via inductive and resonance
routes (Table 1). Two independent parameters (σI and
σR) of Taft’s DSP were taken from Charton’s compen-
dium.18 The substituents were divided into two catego-
ries, π-donating and π-accepting substituents. In each
category, values of σI and σR of the substituents were
correlated with substituent stabilization energies by eq
4. In the category of π-donating substituents, eight

substituents were chosen and the stabilization energies
(SE1) of isocyanides have a good correlation with the
Taft’s dual-substituent parameters with r2 ) 0.85 and
sey ) 6.57 (eq 5). Coefficients of σI and σR are -51.29
and +20.62, respectively. In the category of π-accepting
substituents, six substituents were chosen and a correla-
tion between the isocyanide stabilization energies (SE1)
and the Taft’s dual-substituent parameters is good with
r2 ) 0.80 and sey ) 5.08 (eq 6). Coefficients of σI and σR

are -33.10 and +2.93, respectively.

Substituent effects on stability of nitriles were studied
with a homodesmotic reaction of eq 7, which measures

the stabilizing effect of substituent, R, on nitriles relative
to the effect of the substituent on alkynes. To study how
inductive and resonance effects of the substituents influ-
ence on stability of nitriles, Taft’s DSP was applied and
correlated with the stabilization energies (SE2) by eq 4
(Table 2).

In the category of π-donating substituents, seven
substituents were chosen and the nitrile stabilization
energies (SE2) have a good correlation with Taft’s dual-
substituent parameters with r2 ) 0.85 and sey ) 0.99
(eq 8). Coefficients of σI and σR are -9.33 and -4.32,

respectively. In the category of π-accepting substituents,
six substituents were chosen and a correlation between
the nitrile stabilization energies (SE2) and Taft’s dual-
substituent parameters is better with r2 ) 0.99 and sey
) 0.34 (eq 9). Coefficients of σI and σR are -12.57 and
-5.58, respectively.

Substituent effects on isomerization energies (∆Eiso)
between isocyanides and nitriles (eq 10) were studied by
correlating the isomerization energies with Taft’s DSP
(Table 3). In the category of π-donating substituents,
eight substituents were chosen and the isomerization
energies (∆Eiso) have a good correlation with Taft’s dual-
substituent parameters with r2 ) 0.89 and sey ) 7.69(18) Charton, M. Prog. Phys. Org. Chem. 1981, 13, 119.

Figure 2.

:CdNR + H2CdNH98
∆E ) SE 1

:CdNH + H2CdNR (3)

SE ) FIσI + FRσR + constant (4)

π donors (F, Cl, OH, NH2, vinyl, ethynyl, CH3, H):

SE1 ) (-51.29)σI + (20.62)σR - 5.14 (5)

r2 ) 0.85 sey ) 6.57

π acceptors (CO2H, CN, C(O)H, NO2, CF3, H):

SE1 ) (-33.10)σI + (2.93)σR + 1.36 (6)

r2 ) 0.80 sey ) 5.08

Figure 3.

RCtN + HCtCH98
∆E ) SE2

HCtN + RCtCH (7)

π donors (F, Cl, OH, NH2, vinyl, CH3, H):

SE2 ) (-9.33)σI + (-4.32)σR + 1.21 (8)

r2 ) 0.85 sey ) 0.99

π acceptors (CO2H, CN, C(O)H, NO2, CF3, H):

SE2 ) (-12.57)σI + (-5.58)σR - 0.05 (9)

r2 ) 0.99 sey ) 0.34
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(eq 11). Coefficients of σI and σR are -55.38 and +40.42,
respectively. In the category of π-accepting substituents,
six substituents were chosen and a good correlation
between the isomerization energies (∆Eiso) and Taft’s

dual-substituent parameters is found with r2 ) 0.87 and
sey ) 3.18 (eq 12). Coefficients of σI and σR are -27.84
and +41.89, respectively.

Substituent effects on the stability of isocyanides were
also studied by correlating the isocyanide stabilization
energies (SE1) with substituent group electronegativity
(øBE) (Figure 1). A good linear relationship (SE1 )
-22.87øBE + 52.73) between them was found with a
correlation coefficient of 0.95. The same method is applied
to substituent effects on stability of nitriles, but a poor
correlation (SE2 ) -4.78øBE + 11.64) between the nitrile
stabilization energies (SE2) and substituent group elec-
tronegativity was found with a correlation coefficient of
0.40 (Figure 2). Substituent effects on the isomerization
energies between isocyanides and nitriles were studied
by correlating the isomerization energies (∆Eiso) with
substituent group electronegativity (Figure 3). A good
linear relationship (∆Eiso ) -23.39øBE + 37.18) between
them was found with a correlation coefficient of 0.84.

Discussion

As to isocyanides with π-donating N-substituents, a
good correlation (r2 ) 0.85) between SE1 and Taft’s DSP
was obtained (eq 5). The σI coefficient (-51.29) implies
that σ-donating N-substituents stabilize isocyanides
while σ-accepting N-substituents destabilize them. The
σR coefficient (+20.62) implies that π-donating N-sub-
stituents destabilize isocyanides while π-accepting N-
substituents stabilize them. As far as sensitivity of
isocyanides stability to the π-donating substituents is
concerned, electronegativity of substituents plays
much more important role than their resonance effect
does.

Regarding isocyanides with π-accepting N-substitu-
ents, there is also a good correlation (r2 ) 0.80) between
SE1 and Taft’s DSP (eq 6). The σI coefficient is -33.10,
indicating that σ-donating N-substituents stabilize iso-
cyanides while σ-accepting N-substituents destabilize
isocyanides. The σR coefficient is +2.93, indicating that
π-donating N-substituents destabilize isocyanides while
π-accepting N-substituents stabilize them. Sensitivity of

Table 1. Calculated Energies (B3LYP/6-311+G(2d,p)//HF/6-31+G*) (Hartrees) for Isocyanides :CdNR and Imines
H2CdNR and SE1 (kcal/mol) for the Homodesmotic Reaction of Eq 3

R øBE σI σR E(isocyanides) E(imines) SE1

Na 1.00 -255.177 62 -256.326 70 36.31
Li 1.00 -100.410 64 -101.569 24 30.34
MgH 1.33 -293.562 21 -294.730 79 24.08
BeH 1.47 -108.220 01 -109.405 32 13.58
AlH2 1.62 -336.508 81 -337.696 67 11.98
SiH3 1.91 -384.158 48 -385.349 09 10.25
BH2 1.93 -118.882 75 120.100 55 6.81
PH2 2.17 -435.392 34 -436.594 33 3.11
H 2.20 0 0 -93.418 85 -94.625 80 0
HSO2 2.53 -642.047 21 -643.276 13 -13.79
CH3 2.56 -0.01 -0.16 -132.716 92 -133.921 35 1.58
C(O)H 2.60 0.25 0.20 -206.757 38 -207.974 70 -6.51
CHdCH2 2.61 0.11 -0.15 -170.803 62 -172.013 81 -2.03
SH 2.63 -491.613 48 -492.833 30 -8.08
ethynyl 2.66 0.29 -0.04 -169.558 91 -170.733 07 -4.52
CO2H 2.66 0.30 0.11 -282.026 02 -283.244 75 -7.39
CF3 2.68 0.40 0.11 -430.549 73 -431.774 90 -11.43
CN 2.69 0.57 0.08 -185.656 89 -186.881 18 -10.88
Cl 3.05 0.47 -0.25 -532.993 88 -554.229 80 -20.03
NH2 3.10 0.17 -0.80 -148.732 65 -149.960 27 -12.97
NO2 3.22 0.67 0.10 -297.914 76 -299.163 70 -26.35
OH 3.64 0.24 -0.62 -168.582 33 -169.831 09 -26.24
F 4.00 0.54 -0.48 -192.579 85 -193.848 99 -39.02

Table 2. Calculated Energies (B3LYP/6-311+G(2d,p)//HF/
6-31+G*) (Hartrees) for Nitriles RCtN and Alkynes
RCtCH and SE2 (kcal/mol) for the Homodesmotic

Reaction of Eq 7

R øBE σI σR E(nitriles) E(alkynes) SE2

Na 1.00 -255.176 90 -239.044 27 15.23
Li 1.00 -100.405 42 -84.276 49 12.91
MgH 1.33 -293.559 48 -277.440 01 6.97
BeH 1.47 -108.211 61 -92.101 74 0.95
AlH2 1.62 -336.506 33 -320.394 58 2.13
SiH3 1.91 -384.165 32 -368.055 56 0.88
BH2 1.93 -118.885 44 -102.780 11 -1.90
PH2 2.17 -435.416 15 -419.306 32 0.92
H 2.20 0 0 -93.439 86 -77.331 50 0
HSO2 2.53 -642.065 73 -625.968 49 -6.98
CH3 2.56 -0.01 -0.16 -132.754 85 -116.641 46 3.16
C(O)H 2.60 0.25 0.20 -206.776 45 -190.675 03 -4.35
CHdCH2 2.61 0.11 -0.15 -170.837 05 -154.727 42 0.80
SH 2.63 -491.659 71 -475.551 45 -0.06
CO2H 2.66 0.30 0.11 -282.050 07 -265.948 60 -4.32
CF3 2.68 0.40 0.11 -430.572 98 -414.473 83 -5.78
CN 2.69 0.57 0.08 -185.693 96 -169.598 51 -8.10
Cl 3.05 0.47 -0.25 -553.061 95 -536.955 59 -1.26
NH2 3.10 0.17 -0.80 -148.803 68 -132.690 53 3.01
NO2 3.22 0.67 0.10 -297.961 86 -281.867 30 -8.66
OH 3.64 0.24 -0.62 -168.675 22 -152.564 26 1.63
F 4.00 0.54 -0.48 -192.689 10 -176.584 59 -2.42

:CdNR98
∆Eiso

RCtN (10)

π donors (F, Cl, OH, NH2, vinyl, ethynyl, CH3, H):

∆Eiso ) (-55.38)σI + (40.42)σR - 11.99 (11)

r2 ) 0.89 sey ) 7.69

π acceptors (CO2H, CN, C(O)H, NO2, CF3, H):

∆Eiso ) (-27.84)σI + (41.89)σR - 11.97 (12)

r2 ) 0.87 sey ) 3.18
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isocyanides stability to resonance effect of the π-accepting
substituents is very small, compared to their inductive
effect.

As to nitriles with π-donating substituents, a good
correlation (r2 ) 0.85) between SE2 and Taft’s DSP was
obtained (eq 8). The σI coefficient (-9.33) implies that
σ-donating substituents stabilize nitriles while σ-accept-
ing substituents destabilize them. The σR coefficient
(-4.32) implies that π-donating substituents stabilize
nitriles while π-accepting substituents destabilize them.
Regarding nitriles with π-accepting substituents, there
is also a good correlation (r2 ) 0.99) between SE2 and
Taft’s DSP (eq 9). The σI coefficient is -12.57, indicating
that σ-donating substituents stabilize nitriles while σ-ac-
cepting substituents destabilize them. The σR coefficient
is -5.58, indicating that π-donating substituents stabilize
nitriles while π-accepting substituents destabilize them.
Nitrile stability does not depend on substituent inductive
and resonance effects as much as isocyanide stability
does. Sensitivity of nitrile stability to the substituent
resonance effect is less important than that to the
substituent inductive effect.

In most of cases, isomerization of isocyanides to nitriles
is exothermic. However, isocyanides with electropositive
substituents such as Li, MgH, Na, AlH2, and BeH
isomerize to nitriles endothermically. Only isocyanides
with highly electropositive substituents such as Li, MgH,
Na, AlH2, and BeH are more stable than their corre-
sponding nitriles. The isomerization energies of isocya-
nides with π-donating substituents have a good correla-
tion (r2 ) 0.89) with Taft’s DSP (eq 11). The σI coefficient
is -55.38, indicating that σ-donating substituents dis-
favor isomerization of isocyanides to nitriles while σ-
accepting substituents favor it. The σR coefficient is
+40.42, indicating that π-donating substituents favor the
isomerization while π-accepting substituents disfavor
it. The isomerization energies of isocyanides with π-ac-
cepting substituents have a good correlation (r2 ) 0.87)
with Taft’s DSP (eq 12). The σI coefficient is -27.84,
indicating that σ-donating substituents disfavor the
isomerization while σ-accepting substituents favor it. The
σR coefficient is +41.89, indicating that π-donating sub-

stituents favor the isomerization while π-accepting sub-
stituents disfavor it. The calculated isomerization energy
for CH3CN/CNCH3 is 23.8 kcal/mol, which is in good
agreement with an experimental value of 23.7 ( 0.1 kcal/
mol.19

The stabilization energies (SE1) of isocyanides have a
good correlation (SE1 ) -22.87øBE + 52.73) with sub-
stituent group electronegativity (øBE), indicating electro-
positive substituents stabilize isocyanides while elec-
tronegative substituents destabilize them. This is con-
sistent with the results obtained by correlating the
stabilization energies with Taft’s DSP. There is a poor
correlation (SE2 ) -4.78øBE + 11.64) between the nitrile
stabilization energies (SE2) and substituent group elec-
tronegativity because of interruption of substituent reso-
nance effect, and the correlation implies that electropos-
itive substituents stabilize nitriles while electronegative
substituents destabilize them. The result is the same as
what we found by correlating the stabilization energies
with Taft’s DSP. The isomerization energies between
isocyanides and nitriles have a good linear relationship
(∆Eiso ) -23.39øBE + 37.18) with substituent group
electronegativity, indicating electropositive substituents
disfavor the isomerization of isocyanides to nitriles while
electronegative substituents favor it. This result is
consistent with what we found by correlating the isomer-
ization energies with Taft’s DSP.

Conclusions

The isocyanide stabilization energies (SE1) have a good
correlation with Taft’s dual-substituent parameters. The
σ-donating N-substituents stabilize isocyanides while the
σ-accepting N-substituents destabilize them; the π-donat-
ing N-substituents destabilize isocyanides while the
π-accepting N-substituents stabilize them.

The nitrile stabilization energies (SE2) have a good
correlation with the Taft’s dual-substituent parameters
too. The σ-donating substituents stabilize nitriles

(19) Baghai-Vayjovee, M. H.; Collister, J. L.; Pritchard, H. O. Can.
J. Chem. 1977, 55, 2634.

Table 3. Calculated Energies (B3LYP/6-311+G(2d,p)//HF/6-31+G*) (Hartrees) for Nitriles RCtN and Isocyanides :CdNR
and Their Isomerization Energies ∆Eiso (kcal/mol) of Eq 10

R øBE σI σR E(nitriles) E(isocyanades) ∆Eiso

Na 1.00 -255.176 90 -255.177 62 0.45
Li 1.00 -100.405 42 -100.410 64 3.28
MgH 1.33 -293.559 48 -293.562 21 1.71
BeH 1.47 -108.211 61 -108.220 01 5.27
AlH2 1.62 -336.506 33 -336.508 81 1.56
SiH3 1.91 -384.165 32 -384.158 48 -0.88
BH2 1.93 -118.885 44 -118.882 75 -1.69
PH2 2.17 -435.416 15 -435.392 34 -14.94
H 2.20 0 0 -93.439 86 -93.418 85 -13.18
HSO2 2.53 -642.065 73 -642.047 21 -11.62
CH3 2.56 -0.01 -0.16 -132.754 85 -132.716 92 -23.80
C(O)H 2.60 0.25 0.20 -206.776 45 -206.757 38 -11.97
CHdCH2 2.61 0.11 -0.15 -170.837 05 -170.803 62 -20.98
SH 2.63 -491.659 71 -491.613 48 -29.01
ethynyl 2.66 0.29 -0.04 -169.599 00 -169.558 91 -25.16
CO2H 2.66 0.30 0.11 -282.050 07 -282.026 02 -15.09
CF3 2.68 0.40 0.11 -430.572 98 -430.549 73 -14.59
CN 2.69 0.57 0.08 -185.693 96 -185.656 89 -23.26
Cl 3.05 0.47 -0.25 -553.061 95 -532.993 88 -42.7
NH2 3.10 0.17 -0.80 -148.803 68 -148.732 65 -44.57
NO2 3.22 0.67 0.10 -297.961 86 -297.914 76 -29.56
OH 3.64 0.24 -0.62 -168.675 22 -168.582 33 -58.29
F 4.00 0.54 -0.48 -192.689 10 -192.579 85 -68.56
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while the σ-accepting substituents destabilize them.
The π-donating substituents stabilize nitriles while
the π-accepting substituents destabilize them. The sen-
sitivity of nitrile stability to the substituent resonance
and inductive effects is much less than that of the
isocyanides.

The isocyanide-nitrile isomerization energies (∆Eiso)
have a good correlation with Taft’s dual-substituent
parameters. The σ-donating substituents disfavor the
isomerization while the σ-accepting substituents favor it;
the π-donating substituents favor the isomerization while
the π-accepting substituents disfavor it. The isomeriza-

tion of isocyanides to nitriles is exothermic, except for
isocyanides with highly electropositive substituents such
as Li, MgH, Na, AlH2, and BeH.
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