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Ionization Potentials, Electron Affinities, and Reactivities of
Cyanoalkenes and Related Electron-Deficient Alkenes. A
Frontier Molecular Orbital Treatment of Cyanoalkene
Reactivities in Cycloaddition, Electrophilic, Nucleophilic,
and Radical Reactions

K. N. Houk* and Linda L. Munchausen

Contribution from the Department of Chemistry, Louisiana State University, Baton Rouge,
Louisiana 70803. Received June 17, 1975

Abstract: The He(I) photoelectron spectra of nine cyanoalkenes (acrylonitrile, a-methylacrylonitrile, crotononitrile, vinyli-
dene cyanide, tetracyanoethylene, 1,2-bis(trifluoromethyl)fumaronitrile, methyl a-cyanoacrylate, a-acetoxyacrylonitrile, a-
chioroacrylonitrile) and two models (vinyl acetate and isopropenyl acetate) are reported. The experimental ionization poten-
tials of these compounds and of fumaronitrile and maleonitrile have been used to estimate electron affinities of all the
cyanoalkenes. The electron affinities calculated in this way correlate with other theoretical and experimental electron affini-
ty estimates. The nature of the cyano substituent effect on  orbital energies is discussed, and correlations between frontier
orbital stabilization energies and rates of Diels~Alder reactions (measured by Sauer et al.) are demonstrated. Whereas these
reactions involve the partial formation of two bonds in the transition state, attack on cyanoalkenes by simple nucleophiles
will involve formation of only one bond in the transition state. The calculated relative reactivities of cyanoalkenes toward
“two-bond” nucleophiles is markedly different from the calculated relative reactivities with “one-bond” nucleophiles. The
“one-bond” reactivities are in agreement with the available qualitative data on reactions of cyanoalkenes with nucleophiles
such as amines and water. “One-bond” and “two-bond” nucleophilicities of cyanoalkenes are approximately the same. These
reactivity indexes are also of use in the prediction of rates of radical addition to, and excited state quenching by, cyanoaik-

enes.

Introduction

Substituent effects on chemical reactivity are valuable
probes of reactivity. Quantification of substituent effects in
organic reactions has been achieved with varying degrees of
success through use of Hammett- or Taft-type relation-
ships, where rates or equilibria of standard reactions are
used to define the magnitude and mechanism of electron
withdrawal or release by substituents. Photoelectron spec-
troscopy provides a physical means to evaluate substituent
effects, where the reference process is ionization of the neu-
tral molecule. A comparison of the vertical {onization po-
tentials (IP) of an unsubstituted molecule with a substitut-
ed molecule gives a direct measure of the influence of the
substituent on the relative energies of the ground state and
the radical cation in the ground state geometry. In the con-
text of a charge-transfer (CT) or configuration interaction
(CI) model of reactivity,!-3 the IP’s and electron affinities
(EA) of molecules are partial indexes to the reactivity of a
molecule with electrophiles, or with nucleophiles, respec-

tively. Thus, changes in IP’s (EA’s) of molecules induced by
substituents are not only valuable measures of substituent
effects, but will have a direct relationship to the reactivity
of a molecule.

Frontier molecular orbital treatments of reactivity,!-2 in
which the energies and shapes of the highest occupied mo-
lecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of a molecule dictate the reactivity of that
molecule toward electrophiles or nucleophiles, respectively,
provide a useful, if not rigorous, language in which to dis-
cuss chemical reactivity. Frontier molecular orbital treat-
ments are a first approximation to a complete perturbation
treatment of chemical reactivity.!>4-¢ By application of
Koopmans’ theorem,” where the negatives of the SCF orbit-
al energies of a molecule are equated to the IP’s of the mol-
ecule, the frontier molecular orbital method becomes equiv-
alent to the CT or CI models of reactivity.?2 Furthermore,
the use of orbital language is so convenient that it out-
weighs the opprobrium heaped by referees on those who
pretend that orbitals, rather than states, have any reality.
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Figure 1. CNDO/2 calculations on ethylene, HCN, and acrylonitrile
without and with = conjugation. The coefficients of = orbitals are given
above the line, and calculated orbital energies and experimental 1P’
(in parentheses) are given below the lines.

In this paper, we wish to report photoelectron spectra of a
series of cyanoalkenes and related molecules, to show how
EA'’s of these molecules can be estimated, and to show near-
ly quantitative correlations between rates of reactions of the
cyanoalkenes and calculated reactivities based on computed
reactivity indexes. In addition, a new criterion for the mech-
anism of cycloadditions is proposed, based on the different
reactivities of cyanoalkenes toward nucleophilic reagents
which form one bond or two bonds in the rate-determining
step of the reaction.

A Model of the Cyano Substituent Effect. Relative to hy-
drogen, the cyano group is both “inductively” electron with-
drawing owing to its N and sp-hybridized carbon, and is
conjugating owing to the presence of the = system. Substi-
tution of a cyano group for a hydrogen in ethylene will lead
to a lowering of the energies of the = and «* orbitals of the
vinyl group because of the “inductive” effect and to further
energy changes due to conjugation of the vinyl and cyano =
systems. One way to probe the relative magnitudes of these
effects is through calculations with various matrix elements
deleted.? Figure 1 shows CNDO/2 calculations for ethyl-
ene, hydrogen cyanide, acrylonitrile with the deletion of all
the « matrix elements between the vinyl and cyano
moieties, and acrylonitrile with all interactions included.
The coefficients are calculated, but the energy scale used is
experimental as far as possible. Union of the cyano and
vinyl groups results in a lowering of the orbital energies of
both groups due to “inductive” effects, while inclusion of
conjugation causes mixing of both the filled « orbitals and
the vacant m orbitals of the two moieties. The energy
changes which occur upon including conjugation indicate
some mixing of the vinyl HOMO with the cyano LUMO.
The coefficient changes are particularly revealing. As noted
in our earlier discussions of the HOMO coefficients in elec-
tron-deficient alkenes,26 the “inductive effect” of the elec-
tron-withdrawing group polarizes the orbitals in the direc-

tion expected (cf. the 7 system of formaldehyde), while con-
jugation increases the ethylene LUMO polarization and re-
verses the HOMO polarization. The coefficients show that
55% of the acrylonitrile HOMO density resides on the vinyl
moiety, while 73% of the LUMO density is on the vinyl
moiety.

Photoelectron Spectra

The photoelectron spectra (PES) reported here were re-
corded on a Perkin-Elmer PS-18 photoelectron spectrome-
ter with a He(I) source, using xenon and argon as internal
calibrants. Resolution was 20~30 MeV in every case.

The photoelectron spectral data for the cyanoalkenes
studied here [acrylonitrile, a-methylacrylonitrile, trans-cro-
tononitrile, vinylidene cyanide (1,1-dicyanoethylene), tetra-
cyanoethylene, 1,2-bis(trifluoromethyl)fumaronitrile,
methyl a-cyanoacrylate, a-acetoxyacrylonitrile, and a-chlo-
roacrylonitrile] are reported in Table I. Table I also lists
ionization potentials of several cyanoalkenes (acrylonitrile,®
fumaronitrile,!® maleonitrile,'% cyanoacetylene,!! and dicy-
anoacetylene!!), studied by others and IP’s of several model
compounds (ethylene,!! acetylene,!! acetonitrile,%!2 methyl
acrylate,!? and vinyl chloride4?), reported earlier in the lit-
erature. The table also lists data for vinyl acetate and iso-
propenyl acetate, model compounds whose PES we report
here for the first time. The vertical ionization potentials list-
ed are the maxima of each band.

The simply cyanoalkenes show rich vibrational structure
which aid in the assignments. As shown in Table I, both
C==C stretching and C==N stretching vibrations are excit-
ed in each of the lowest ionizations, consistent with the loss
of an electron from a « level which is traditionally identified
as “mcc” even though it is an orbital delocalized over both
the alkene and cyano groups as shown in Figure 1.

The second band in these compounds is assigned to an or-
bital localized mainly on the CN moiety, as evidenced by
the CN stretching mode observed in the vibrational struc-
ture. The orbital involved in this ionization is labeled #'cn
and is an in-plane orbital which has its origin in one of the
degenerate wcn orbitals of HCN. In the polycyanoalkenes,
there are several “m’cn> orbitals which, because of
through-bond coupling, are not degenerate.!0

The third band (or group of bands in the polycyano com-
pounds) is due to ionizations from the “ncN” orbital. This is
an orbital identified with the sp hybrid lone pair on nitrogen
or, in molecular orbital terms, with a o orbital mainly local-
ized on nitrogen.!?

With tetracyanoethylene, a number of maxima are ob-
served in the region in which four ncn and four n’cn ion-
izations are expected. We have not attempted to decipher
this region of the spectrum but list the maxima observed.
The assignments for the cyanoalkenes and cyanoalkynes!!
are correlated in Figure 2,

Turning to the compounds containing both nitrile and
ester functions, assignments must be made mainly on the
basis of model compounds. The correlations deduced in this
way are shown in Figures 3 and 4. The assignments for
methyl acrylate were made by Sustmann and Trill,!3 while
those for the enol acetates have not been reported previous-
ly. Since vibrational structure is absent in the spectra of
those compounds, correlations between methyl acetate
(Iv(nco) = 10.59 eV)!3 and ethylene (I, (wvcc) = 10.52
eV)!! were used to assign the vinyl acetate I,’s at 9.85 and
10.75 eV to wcc and nco ionizations, respectively. That is,
the vinyl group is electron withdrawing with respect to the
methyl group, so that the nco orbital of methyl acetate
should be inductively stabilized by vinyl substitution. The
mcc orbital, by contrast, should be destabilized by acetoxy
substitution.
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Table I. Vertical lonization Potentials (£0.05 eV), Vibrational Structure (2400 cm™), and Band Assignments in Photoelectron Spectra

of Cyanoalkenes
EA
Cyanoalkenes and models nce T'CN neN Other Ref (calcd)
Ethylene 10.52 (1230, 430, 11 -1.3
1340)
Acetonitrile 12.20 (2010, 13.14 (1370) 14.11-15.62 9
800)
12.18 (1925, 13.11 (1360) 15.15 12
900)
Acrylonitrile 10.92 (1226, 1395, 12.35 (1820) 13.00 This work 0.02
2081)
10.91 (1450, 2000) 12.36 (2000, 13.04 (100) 9
1100)
a-Methylacrylonitrile 10.37 (1390) 12,11 (1860) 12.82 (1300) ~13.2 This work
Crotononitrile 10.23 (1410,850)  12.04 (1830) 12.89 ~13.4 This work
Maleonitrile 11.15 (2080, 1440) 12.77 (1960) ~13.5 14.30 (2160, 800, 400)
-m; 15.75, 17.4, 19.1 10 0.78
13.35
Fumaronitrile 11.15 (2160,1360) 12.78 (2160, 13.44 (880) 13.67 (2080, 960) — =; 10 0.78
640) 14.41 (2160, 480) — =;
13.10 (480) 15.62;18.2;19.7
Vinylidene cyanide 11.38 (1250, 2140) 12.97 13.25 (1370) 13.67;1390 This work 1.54
~13.1
Tricyanoethylene 11.55 (estd; This work 2.10
see text)
Tetracyanoethylene 11.79 (1250, 2130) 13.45 (1950), This work 2.88
13.80, 13.93,
14.05, 14.23,
14.45, 14.64,
14.81
trans-1;2-Bis(trifluoromethyl)- 11.85 (1210, 1500) 13.14 (690) 13.84 (890) 14.81
fumaronitrile 13.63 14.06 (890)
Compound TCce nco 7'CN nOMe neN Other Ref
Acrylic esters
Methyl a-cyanoacrylate 10.98 11.62 12.56 13.03 14.48 This work
(1290, 2400) (1450)
Methyl acrylate 10.72 11.12 13
a-Acetoxyacrylonitrile 10.76 11.23 This work
Vinyl acetate 9.85 10.73 12.60 This work
[sopropenyl acetate 9.74 10.52 11.36
Cyanoalkynes and models
Acetylene 11.40 11
Cyanoacetylene 11.60 13.54 14.03 11
Dicyanoacetylene 11.81 13.89 14.95 11
(3 bands?)
Vinyl chlorides ncy
a-Chloroacrylonitrile 10.58 12.27 12.70 13.40 This work
1390) 2010)
Vinyl chloride 10.15 11.61 13.07 44

(1290, 800)

The 0.67 eV destabilization of the vinyl = orbital by ace-
toxy substitution should be compared with the 1.47-eV de-
stabilization caused by methoxy substitution,*’ in accord
with the weaker = donor ability of the acetoxy group as
compared to a methoxy group. Methyl substitution on eth-
ylene raises the = orbital energy by 0.78 eV,!! so that the
acetoxy group is a poorer donor than methyl, according to
this measure. )

The = ionization potential of a-chloroacrylonitrile (10.58
eV) is nearly the same as that of ethylene, since the chlorine
lowers the IP, and the cyano group raises it to approximate-
ly the same extent.

Calculation of Electron Affinities from Ionization Potentials

The cyanoalkenes studied here are all more or less elec-
trophilic species, and their reactivities will be dominated
primarily by their lowest vacant orbital energies, which, by
an extension of Koopmans’ theorem,’ can be equated to the
negatives of the electron affinities of these compounds. In a
perturbation treatment of cyanoalkene cycloadditions, or of
reactions of nucleophiles with cyanoalkenes, the electron af-

finities of the cyanoalkenes are the quantities of interest.
For reasons discussed later, we suspected that, in the
cyanoalkenes, the ionization potentials and electron affini-
ties might be linearly related.

This contention can be qualitatively justified in several
ways. Since all of the hydrocarbon analogues of ethylene
through tetracyanoethylene are alternate hydrocarbons, in
a one-electron (Hiickel) treatment, the raising of the
HOMO energy and lowering of the LUMO energy by sub-
stitution along the series will be identical. If one then con-
siders substitution of one or more nitrogens for carbons in
these systems, both the LUMO and the HOMO will be low-
ered to the same extent, because the coefficients at a single
position will be the same in the HOMO and LUMO of an
alternate hydrocarbon. Thus, the LUMO stabilization
caused by both conjugation and substituent electronegativi-
ty will be greater than, but linearly related to, the HOMO
energy change caused by conjugative destabilization and
electronegativity stabilization. On a somewhat more sophis-
ticated level, from the standpoint of substituent effects in a
perturbation model, the LUMO and HOMO will both be
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Figure 2. Correlations between ionization potentials of cyanoalkenes, cyanoalkynes, and nonconjugated models.

OAc
= == MeOAc =\ =
OAc =OAc CN CN

Mee==>~_
\
lO - \\
\
\
\
N e —
= e=Tlec
" T~
- -~
Nope = T —
I.P |
12 -
L
13+

Flgure 3. Correlations between ionization potentials of enol acetates.

stabilized as a result of modification of the core potentials
and electron repulsions resulting from mixing of o orbitals
on ethylene and the substituent. These parts of the HOMO
and LUMO energy changes will be functionally related.
Secondly, the conjugative change in energy of the frontier
orbitals (stabilization of the LUMO, destabilization of the
HOMO) depends on the difference in energy of ethylene
and substituent w-systems. A functional relationship be-
tween the conjugative change is also expected. However,
those qualitative considerations do not reveal whether the
LUMO and HOMO changes will be linearly related, or will
be related by some more complex functional relationship.
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Figure 4. Correlations between ionization potentials of a-cyanoacry-
late and several model compounds.

Although insufficient electron affinities are available to
test this functional relationship directly, electron affinities
have been measured by the magnetron technique for tetra-
cyanoethylene (EA = 2.88 + 0.06 eV) and fumaronitrile
(EA = 0.78 £ 0.10 eV).!4 Using these values and the first
vertical ionization potentials of fumaronitrile and tetracya-
noethylene listed in Table I, the following equation can be
derived (all energies in eV):

EA = 3.3(IP) - 36
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This equation was used to calculate the electron affinities of
the cyanoalkenes, and these are listed in the last column of
Table I. Interestingly, this equation leads to a predicted
electron affinity of —1.3 eV for ethylene, whereas a spectro-
scopic estimate of the EA of the vinyl group gives a value of
—~1.84 eV,!5 and ab initio calculations for the EA of ethyl-
ene give values ranging from —1.7 to —6.7 eV.! In our ear-
lier treatment of 1,3-dipolar cycloadditions, we adopted the
“reasonable” value of —1.5eV .6

Professor Warren J. Hehre has recently informed us of
the results of his ab initio STO-3G calculations on the
cyanoalkenes.!” These calculations give both a good ac-
count of ionization potentials (/,/(exptl) = 1.04/,/(calcd) +
1.46 + 0.06 eV) and show a reasonable correlation between
calculated HOMO energies and LUMO energies, with the
change in LUMO energy about five times the change in
HOMO energy. Thus, at the STO-3G level, the correlation
between HOMO and LUMO energies and, assuming Koop-
mans’ theorem, between IP and EA obtains for the cyanoal-
kenes. There is also a good correlation between the electron
affinities estimated here and the reduction potentials of
three cyanoalkenes. Such a relationship has been noted be-
fore in aromatic hydrocarbons.'® Unfortunately, data are
only available for acrylonitrile (E;,2(H,0) = —1.84 V),'?
fumaronitrile (E;/2(H,0) = —1.28 V),?® maleonitrile
(E1/2(H;0) = =129 V)20 and tetracyanoethylene
(E1/2(MeCN) = —0.16 V),2! so the extrapolation for tricy-
anoethylene and vinylidene cyanide cannot be tested. Using
the known values, the following relationship is obtained:

Ey)2(V) = +0.59(EA,eV) — 1.80 £ 0.06 V

The predicted reduction potentials of vinylidene cyanide
and tricyanoethylene are —0.89 and —0.56 V, respectively.

Although only two values of relevant charge-transfer
transition energies are known to us, the energies of charge-
transfer transitions for complexes of TCNE and tricy-
anoethylene with durene (2.5 and 3.40 eV, respectively)??
also lend support to the calculated electron affinities. The
difference in electron affinities of these acceptors should be
related to the difference in CT transition energies (0.82
eV).18 The corresponding EA difference is 0.78 eV accord-
ing to our estimate.

Estimates of the TCNE EA from charge transfer spectra
and reduction potentials have been summarized by Brie-
gleb.!® Values ranging from 1.5 to 2.2 eV, with an average
of 1.8 eV, have been obtained in this way. Although these
values are consistently smaller than the magnetron value
used here, it is interesting that estimates of the EA of I,
from charge-transfer spectra (1.0 — 2.0 eV)!® are lower
than recently determined gas-phase measurements of the
EA of I (2.42 £ 0.02 eV).23 Thus, the value of the EA of
TCNE used here (2.88 eV) is not unreasonably large.

Substituent Effects on Ionization Potentials and Electron
Affinities

For the cyanoalkenes, including ethylene, there is an ap-
proximate correlation of the lowest ionization potential and
the number of cyano groups (n) in the molecule:

IP = 10.52 + n(0.32 eV)

There is a slight curvature in this plot resulting from the
gradual decrease in the effect of successive cyano groups,
and the site of substitution is important as can be seen from
a comparison of the IP’s of 1,1- and 1,2-dicyanoethylenes.
Since the EA’s were calculated from IP’s, there is a similar
approximate relationship for the EA’s:

EA = -1.3 + n(1.06 eV)

941
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Figure 5. The CI model of Diels-Alder reactions.

The change in EA caused by cyano substitution is 3.3~
3.5 times the change in IP. This is compatible with the
model of the cyano substituent effect mentioned earlier: the
inductive effect of the cyano group lowers both the HOMO
and LUMO energies, but conjugation of the alkene and
cyano  orbitals lowers the alkene LUMO energy, but rais-
es the alkene HOMO energy.

Finally, the effect of methylation on the ionization poten-
tial of acrylonitrile is of interest. As can be seen in Table I,
a-methylation of acrylonitrile produces a 0.55-eV decrease
in IP, while trans-8-methylation produces a 0.69-eV de-
crease in IP. For comparison, a- and trans-8-methylation of
methyl acrylate reduces the IP by 0.44 and 0.61 eV, respec-
tively, while for acrolein, decreases of 0.47 and 0.79 eV are
observed.!? The trend is for a larger effect of 3-methyl than
of a-methyl substitution, which is compatible with the larg-
er coefficient at the unsubstituted carbon in the HOMO.6
That is, if the methyl substituent effect is hyperconjugative
in nature, the larger effect will be felt at the site of the large
w coefficient.

The cyano substituent effect is larger upon a-substitution
(0.46 eV) of acrylonitrile than upon S-substitution (0.23
eV). This result can be rationalized if the “inductive” effect
is less sensitive to the coefficient at the site of attachment
than the conjugative effect.

Correlations between Ionization Potentials, Electron
Affinities, and Reactivity

The CT, or CI, model of reactivity is represented in Fig-
ure 5.2 The lowest curve represents the energy change at-
tending union of the ground states of addends without
“electronic relaxation,” and the upper curve represents en-
ergy changes in various “charge-transfer” configurations.
As the transition state geometry is approached, the ground
and charge-transfer configurations get nearer in energy by
an amount, C, and the extent of interaction increases, stabi-
lizing the transition state. Higher energy charge-transfer
configurations mix less extensively with the ground configu-
ration owing to the greater difference between the energy of
these configurations. The frontier orbital approximation is
equivalent to the inclusion of only the lowest energy charge-
transfer configuration in the estimate of transition state sta-
bilization. The extent of interaction between the lowest CT
configuration, or, equivalently, between the donor HOMO
and the acceptor LUMO, in the transition state may be cal-
culated according to the second-order perturbation expres-
sion:

Houk, Munchausen | Cyanoalkene Reactivities
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(2CaCp)?8?
IPpb —EAA-C
The numerator of this equation is the square of the reso-
nance integral which measures the extent of interaction be-
tween the HOMO of the donor reactant and the LUMO of
the acceptor reactant. Ca and Cp are the frontier orbital
coefficients of the acceptor and donor, respectively, at sites
of interaction. C is the amount by which the charge-transfer
configuration drops in energy as the molecules are brought
from infinite separation to transition-state separation.

Adopting a simple Evans-Polanyi model for calculation
of activation energies,2-2* we assume that the activation en-
ergy in the absence of charge-transfer stabilization will be
some constant, E,9, while stabilization by CT will lower the
activation energy by an amount AE. Making this assump-
tion, the activation energy and rate of reaction becomes:

AE =

E,=E%+- AE

and
k = A—Es/RT

Ink=InA-E,/RT =InA - E,/RT + AE/RT

Assuming A4 and E,° constant for a series of similar reac-
tions, then In k for the series of molecules should be linearly
related to AE. Curvature in such a plot is expected if any of
the following obtain: (1) C is not approximately a constant,
indicating the position of the transition state and/or the
Coulombic attraction in the CT configuration varies along
the series; (2) E,° is not a constant, indicating that closed-
shell repulsion or steric effects, and/or bond and angle dis-
tortions are different in the series; (3) the “goodness” of the
frontier orbital approximation varies along a series (vide
infra).

A number of authors have noted that plots of cycloaddi-
tion rates vs. IP’s or EA’s of the varied addend show good
correlations.>2%-28 Linearity is not expected, except over a
limited series, since AE is the quantity linearly related to In
k, according to theory, and AE contains the term

[IP - EA - C]-!

However, typical electrophiles have EA’s of 1-2 eV, C
will be in the range of 4-6 eV, and typical alkenes which
undergo reactions with electrophiles have IP’s of 8-11 eV,
Over such a narrow range, a plot of rate vs. IP will be near-
ly as linear as a plot of [IP = EA = C]71,

Such plots of rate vs. IP are given in Figure 6 for the re-
actions of cyanoalkenes. The kinetic data on the Diels-
Alder reactions of cyclopentadiene and 9,10-dimethylan-
thracene have been measured by Sauer and coworkers,?®
and, as the plots show, there is a remarkably good correla-
tion between rates and cyanoalkene IP’s. However, the
cyanoalkenes are the electrophilic species in these Diels-
Alder reactions, so a plot of rate vs. alkene EA would be
more appropriate. As noted in previous sections, the IP and
EA’s of cyanoalkenes are nearly linearly related, so that
Figure 6 is equivalent to a plot of rate vs. cyanoalkene EA.
One notable feature of Figure 6 is that cyclopentadiene
(CP) is more reactive than dimethylanthracene (DMA)
with acrylonitrile, but the opposite order of reactivity is ob-
served with TCNE. This, as well as the greater curvature of
the DMA line, can be explained by taking into account the
different IP’s and coefficients of the CP and DMA
HOMOs.

Some relevant data are given in Figure 7. The diene
HOMO-cyanoalkene LUMO gaps are clearly smaller than
the other frontier orbital pairs for all of these reactants.3°
Taking only the diene IP’s into account would suggest that

DMA should be more reactive than CP with all dienophiles.
However, the HOMO coefficients of DMA are smaller
than those of CP (CNDO/2 calculations give 0.439 and
0.573, respectively, at the diene termini), so that overlap
will favor CP reactions. The numerator of the expression
for AE contains a Cp? term, and this is 1.7 times larger for
CP than for DMA. For the mildly electrophilic acryloni-
trile, the denominators of the expression for AE are not
greatly different, and CP is more reactive than DMA. If a
value of 4 eV is chosen for C, AE(CP) — AE(DMA) =
0.08. As the dienophile becomes more electrophilic, the nu-
merators of the AE’s remain constant, but the denominator
of AE for DMA decreases faster than for CP. Again using
C =4 eV, AE(CP) - AE(DMA) = —-1.37 for TCNE. We
have suggested the term “frontier-density controlled” for
reactions such as the Diels-Alder reactions of acrylonitrile,
because the diene HOMO electron density determines the
more reactive diene and “frontier-energy controlled” for re-
actions like those of TCNE, where orbital energies control
rates.2® Both of these are special cases of Klopman’s “fron-
tier-controlled” reactions,*** and so the more descriptive
terminology has been proposed.

Finally, log k vs. the calculated quantity, AE, is plotted
in Figure 8. AE has been plotted using the IP’s and EA’s
discussed in this paper, diene HOMO and cyanoalkene
LUMO coefficients calculated according to the CNDO/2
method (vide infra),34 and a C of 4 eV, which corresponds
to t/}ie attraction of a plus and minus charge separated by
36A.

Eisenstein and Anh have also calculated AE for the reac-
tions of cyclopentadienes with all cyanoalkenes, using the
diene HOMO and dienophile LUMO energies and coeffi-
cients calculated by the Hiickel method.?® A plot of Anh’s
calculated AFE show that 1,2-dicyanoethylenes are calculat-
ed to be more reactive, and 1,1-dicyanoethylene less reac-
tive, than is observed experimentally, so there is a definite
improvement in the use of experimental quantities in the
calculations.

In Figure 8, the only systematic deviation from the line

.occurs for vinylidene cyanide, perhaps due to a slight over-

estimation of the EA of this species. The most remarkable
feature of the plot is that, whereas the theoretically unjusti-
fiable plot of rate vs. IP (Figure 6) is nearly linear, the plot
vs. the theoretically meaningful AE (Figure 8) is decidedly
nonlinear. The rates of reaction do not increase linearly
with AE, but level off for the most reactive cyanoalkenes. A
possible explanation of the lack of linearity in Figure 8 lies
in the assumption that the transition states of all these reac-
tions have nearly identical structures. The calculations of
AE with 8 and C kept constant are equivalent to this as-
sumption. In reality, the transition state may shift toward
reactants in structure for the very reactive addend pairs.
This could be taken into account by calculating 8 and C ex-
plicitly. We note here only that decreasing 8 and C as the
IP — EA difference decreases or using a smaller value of C
throughout would diminish the curvature in the plot. The
lower reactivity of DMA vs. CP for a constant calculated
AE could be attributed to steric effects, but because of the
uncertainty in 8 and C in the transition state, this is not un-
equivocal. For example, C for DMA should be smaller than
that for CP owing to the fact that a positive charge on
DMA will be more diffuse than that on CP. Reducing the
value of C for DMA to 3.14 eV would result in identical
calculated reactivity of CP and DMA with TCNE.

A second source of nonlinearity arises from the frontier
orbital approximation itself. For example, we have neglect-
ed the interaction of the diene HOMO-dienophile next to
lowest unoccupied orbital (NLUMO), as well as the inter-
action of the cyanoalkene HOMO’s with the diene
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Figure 6. A plot of relative rates of Diels-Alder reactions of DMA (@)
and CP (O) with (1) acrylonitrile, (2) vinylidene cyanide, (3) maleoni-
trile, (4) fumaronitrile, (S) tricyanoethylene, and (6) tetracyanoethyl-
ene vs. the ionization potential of the alkenes.

LUMOs.

To test the importance of “extra-frontier” interactions,
calculations were performed using coefficients from Figure
1 for the acrylonitrile LUMO and NLUMO and estimated
orbital energies of —0.02 and +3.0 eV for these orbitals, re-
spectively, the CP energies shown in Figure 7, terminal
coefficients of 0.57 and 0.49 for the CP HOMO and
LUMO, respectively, and a C of 4 eV. For the CP-acrylo-
nitrile pair, the CP HOMO-acrylonitrile LUMO interac-
tion provides a stabilization energy of AE = 0.10332, while
the CP NHOMO-acrylonitrile NLUMO interaction gives
a AE = 0.02442, and the CP LUMO-acrylonitrile HOMO
interaction gives AE = 0.036832. Of the total stabilization
provided by these three interactions, 63% results from the
CP HOMO-acrylonitrile LUMO, and 15% from the CP
LUMO-acrylonitrile HOMO interactions.

This calculation was performed for the most stringent
test of the frontier MO theory of the cases discussed here.
That is, as the EA of the cyanoalkene increases, the princi-
pal frontier MO interaction will become more dominant,
and the diene LUMO-cyanoalkene HOMO interaction will
rapidly diminish. Thus, part of the curvature in the plot re-
sults from the fact that the AE calculation is quite complete
for TCNE and gives a smaller percentage of the total stabi-
lization energy for acrylonitrile.

All of the foregoing discussion has been based on the
premise that both new bonds which are formed in the reac-
tion are partially formed to the same extent in the transition
state. In fact, the frontier MO model can provide evidence
in favor of the timing of the bond formation, as shown in
the next section.

Nucleophilic Reactivity of Cyanoalkenes

In the frontier orbital treatment of nucleophilic additions
to electrophilic alkenes, the EA of the alkene and the larger
LUMO coefficient should be good indexes. That is, for
“‘one-center” nucleophiles such as amines and hydroxide (as
opposed to the “two-center’ nucleophilic dienes discussed in
the previous section), interaction between the nucleophile
HOMO and alkene LUMO will facilitate reaction, and the
transition state will be most stabilized when the nucleophile
attacks at the site of largest alkene LUMO coefficient.
Thus, AE for a nucleophilic reaction is:

(CpCa)?p?
IPp - EAA~C
For the cyanoalkenes, the denominator of this equation is

identical with that discussed in the last section, predicting
the same order of reactivity. However, the numerator of the
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expression depends only the larger cyanoalkene LUMO
coefficient.

Table II shows the CNDO/2 LUMO coefficients of the
cyanoalkenes discussed so far. For the previously discussed
series of cyanoalkenes, there is a remarkable regularity in
coefficients, 0.66 for CH3, 0.54-0.56 for CHCN, and 0.49
for C(CN), positions. The result is that the term, (CL +
Cs)?, used in calculations of Diels-Alder reactivity de-
creases monotonically as EA increases (as the LUMO be-
comes less ethylene-centered and more nitrile-centered)
with the exception of vinylidene cyanide, which has larger
LUMO coefficients than expected from its EA. In Diels-
Alder reactions, the increase in reactivity caused by increas-
ing EA is somewhat tempered by decreasing LUMO coeffi-
cients. The situation is markedly different for reactions with
nucleophiles in which only one bond is partially formed in
the transition state.
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Table lI. Properties of Cyanoalkene LUMO Coefficients and Calculated Cyanoalkene Electrophilicities

CL¥12.6 — CL*8 -

Cyanoalkene e Cgd EA (CL + Cg)? Ll EA -4 EA-4
Acrylonitrile 0.66 0.54 0.02 1.44 0.44 0.051 0.109
Fumaronitrile 0.56 0.56 0.78 1.25 0.31 0.040 0.097
Maleonitrile 0.56 0.56 0.78 1.25 0.31 0.040 0.097
Vinylidene cyanide 0.66 0.49 1.54 1.32 0.44 0.062 0.177
Tricyanoethylene 0.56 0.49 2.10 1.10 0.31 0.048 0.165
Tetracyanoethylene 0.49 0.49 2.88 0.96 0.24 0.042 0.214

4 These quantities are absolute values of the LUMO coefficients (CNDQ/2); C is the larger coefficient and is always at the less substituted
carbon; Cg is the smaller coefficient and is always at the more substituted carbon.

The quantity Ci2 is considerably larger for the unsym-
metrical species than for the symmetrical, and there is no
semblance of monotonic behavior. As a result, the reactivi-
ties with “one-bond’’ nucleophilies and “two-bond™ nucleo-
philes are different. Table II gives calculated reactivities for
reactions of cyanoalkene with two model nucleophiles, one
with an IP of 12,6 eV (water)!! and the second with an IP
of 8.0 eV, which is a typical value for tertiary amines.

The predicted order of reactivity for the model calcula-
tion, where IP = 12.6 eV, is 1,1-di- > 1- > tri- > tetra- >
1,2-dicyanoethylene, whereas with a nucleophile of IP = 8
eV, the order is tetra- > 1,l-di- > tri- > 1- > 1,2-dicy-
anoethylene. Depending on the IP of the nucleophile, the
predicted orders of reactivity are diffetent; the trend is
toward “frontier-density control” with nucleophiles of high
IP and “frontier-energy control” with nucleophiles of low
IP. In neither extreme of calculated reactivity noted above
is the order of reactivity calculated for two-bond cycloaddi-
tions observed, so that different behavior is expected de-
pending on whether reactions are of the one-bond or two-
bond type.

Unfortunately, we are aware of no quantitative data on
the rates of addition of nucleophiles to cyanoalkenes. How-
ever, the calculated relative reactivities correspond rather
well to qualitative experience. For example, vinylidene cya-
nide is extraordinarily reactive with nucleophiles, undergo-
ing rapid polymerization in the presence of traces of
water.3” The calculations for IP = 12.6 eV predict acryloni-
trile to be the next most reactive compound, whereas water
and alcohols add readily to acrylonitrile only in the presence
of basic catalysts.3” The calculated reactivity of acryloni-
trile appears too large, but the calculated reactivities are
rather sensitive to the choice of C. Qualitatively, tricy-
anoethylene falls between vinylidene cyanide and tetracya-
noethylene in reactivities with water or hydroxide,?? as pre-
dicted in the first column of calculated reactivities in Table
11. The calculated reactivities of fumaronitrile and maleoni-
trile are probably correct, since these compounds are rela-
tively unreactive with weak nucleophiles.

The last column in Table II gives calculated reactivities
for nucleophiles of low ionization potential. In this column,
TCNE is predicted to be the most reactive, primarily due to
the high EA of this compound which now overcomes the
relatively small LUMO coefficients. Although little is
known to verify or disprove the predicted order of reactivi-
ties, dimethylaniline reacts more rapidly with TCNE than
with tricyanoethylene,?? as predicted for nucleophiles with
low ionization potentials. These reactions may very well in-
volve electron transfer, since IP — EA — 4 eV for N,N-di-
methylaniline~TCNE is only 0.56 eV, and nucleophiles
with low ionization potentials (I~, tertiary amines) are
known to give the TCNE radical anion.’®

Reactivity Criteria for Mechanisms of Cycloadditions

The considerations in the last two sections suggest a sem-
iquantitative test for cycloaddition mechanisms. Figure 9

shows a plot of AE calculated for “two-bond” reactions
such as concerted cycloadditions as a function of the nu-
cleophilicity of the second species. For calibration purposes,
IP — C = 6 eV corresponds to an IP of 10 eV for a C of 4
eV. Although typical Diels-Alder dienes have much lower
IP’s, many 1,3-dipoles and “electron-deficient” dienes have
IP’s in this range. The AE’s indicate little selectivity in cy-
cloaddition rates with the different cyanoalkenes for very
weakly nucleophilic species. As the nucleophilicity of the
diene increases, the reactivity of all the species increases,
and the reactivity becomes the same as the order of EA’s
for normal ranges of diene IP’s (IP < 8.5 eV),

By contrast, the “one-bond” electrophilicities shown in
Figure 10 show entirely different orders for all nucleophiles.
For reasonable nucleophile IP’s of 7-10 eV (IP — C = 3-7
eV) the decreasing order of reactivity is: 1,1-di- > tri- > 1-
> 1,2-dicyanoethylene, with TCNE varying from most re-
active with nucleophiles of low IP, to intermediate in reac-
tivity with higher nucleophile IP’s.

Up to now, all reactions have been discussed in terms of
frontier orbital interactions or CI with the lowest CT state.
In order to show that this is a good approximation, we con-
sider briefly how considerations of other orbital interactions
will modify the calculated reactivities, if at all. As noted
earlier, the inclusion of only the diene HOMO-cyanoalkene
LUMO interactions neglects certain interactions which will
be of more importance for the moderately electrophilic alk-
enes than for the strongly electrophilic ones. Similar calcu-
lations using a model nucleophile of IP = 9 eV and C = 4
eV show that for acrylonitrile, interaction of the nucleophile
HOMO with the acrylonitrile NLUMO contributes only
10% as much stabilization as the HOMO-LUMO interac-
tion. Furthermore, for usual one-bond nucleophiles, no rela-
tively low-lying LUMO’s of the proper symmetry will be
present to give added stabilization. The frontier orbital ap-
proximation is particularly excellent for nucleophilic “one-
bond” reagents.

Coulombic effects may also come into play with charged
or highly polarized nucleophiles. That is, as the site of at-
tack on the cyanoalkene becomes more strongly positively
charged, the attack of negatively charged nucleophiles will
be facilitated. However, for reasonable nucleophile-
cyanoalkene transition-state separations (2.5-3.5 A), the
total Coulombic interaction changes by only a few kcal/
mol, because although the Coulombic attraction for alkene
carbons rapidly increases as more cyano groups are at-
tached to the vinyl group, the repulsion between the nucleo-
phile and the cyano nitrogen, the site of largest negative
charge in the cyanoalkenes, gives a compensatory increase
in repulsion as the number of cyano groups is increased.

Mechanisms of Polar [2 + 2] Cycloadditions

For cycloadditions of cyanoalkenes to nucleophilic alk-
enes such as enol ethers, there seems to be ample evidence
for formation of zwitterionic intermediates, but Epiotis has
recently proposed that these reactions can involve concerted
mechanisms, if the charge-transfer configuration is lower in
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Flgure 9. Calculated “two-bond” electrophilicities of cyanoalkenes as a
function of the nucleophile IP.

energy than the “ground configuration”. If the charge-
transfer configuration is lowest in energy, then it can be sta-
bilized by mixing with the excited configurations? or, equiv-
alently, by HOMO-HOMO and HOMO-LUMO interac-
tions. Typical shapes for the frontier MO’s of unsymmetri-
cal electron-rich and electron-defficient alkenes are shown
in Figure 11. For a stepwise mechanism, the reaction of un-
symmetrical alkenes will be stabilized by HOMO (donor)-
LUMO (acceptor) interactions, and the more stabilized
transition state will involve union of the sites of larger coef-
ficients. The experimentally observed ‘“head-to-head” prod-
uct will be obtained. By contrast, if the charge-transfer con-
figuration is lowest in energy as proposed by Epiotis, the
HOMO-HOMO and LUMO-LUMO interactions will be
maximized by union of the larger coefficients. The HOMO-
HOMO interactions will favor formation of the “head-to-
head” isomer, but the LUMO-LUMO interactions will
favor “head-to-tail” adduct formation. Little preference for
one over another isomer is expected, unless Coulombic ef-
fects override the frontier orbital interactions.

Since high “head-to-head” regiospecificity is observed in
polar cycloadditions,*® one-bond mechanisms, rather than
concerted two-bond mechanisms involving a lowest energy
charge-transfer configuration are implicated. Further con-
firmatory evidence for the one-bond (or stepwise, zwitter-
ionic) mechanism for reactions of electron-rich alkenes
could be obtained by a study of the rates of addition of an
electron-rich alkene to the whole series of alkenes. The step-
wise mechanism should follow “one-bond” electrophilici-
ties, while rates of reaction by the Epiotis mechanism would
follow the EA of the cyanoalkene and the alkene electronic
absorption energies.

Reactions of Cyanoalkenes with Radicals and as Excited
State Quenchers

In reactions of alkenes with radicals, interaction of the
radical singly occupied orbital (SOMO) with either the al-
kene HOMO or LUMO, or both, may be important.! Since

“One-bond”

04

Electrophilicities

L | ! | —1 L 1
s 8 7 & 5 4 3
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Figure 10. Calculated “one-bond” electrophilicities of cyanoalkenes as
a function of the nucleophile IP.

# 1

Figure 11. Typical frontier orbitals of an electron-rich and an electron-
deficient alkene.

quantitative rate data are not available for additions of a
single radical to all the cyanoalkenes, details will not be dis-
cussed here, but we will note that the “one-bond” electro-
philicities shown in Figure 9 should apply to “electron-
rich”, or nucleophilic radical additions also. On the other
hand, electrophilic radicals will follow more nearly the
“one-bond” nucleophilicities shown in Table III, where
CNDOj/2 calculated coefficients and the IP’s reported here
are used for the calculations. A model electrophile of EA =
2 eV was chosen for the calculation. Both the “one-bond”
and “two-bond” electrophilicities change by relatively small
amounts along the series, since the IP’s change by relatively
small amounts. Since there is a more or less regular de-
crease in coefficients as the IP increases, few changes in rel-
ative reactivity will be observed with a change in electro-
phile EA. Only vinylidene cyanide deviates from the other-
wise regular decrease in reactivity with increasing ioniza-
tion potential, and this is due to the large terminal coeffi-
cient.

Returning to the question of radical reactivity, qualita-
tive data are available, indicating that in styrene copoly-
merizations, vinylidene cyanide reacts several orders of
magnitude faster than acrylonitrile, maleonitrile, or fu-
maronitrile with the polystyryl radical,*! in qualitative
agreement with the “one-bond” electrophilicities of these
compounds.
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Table IIl. “One-Bond” and “Two-Bond’’ Nucleophilicities
of Cyanoalkenes
(CL) (CL+Cg)
ompoun
Compound L G P P_2_ap-2-4
Acrylonitrile 0.60 0.49 10.92 0.073 0.24
Maleonitrile 0.50 0.50 11.15 0.049 0.19
Fumaronitrile 0.50 0.50 11.15 0.049 0.19
Vinylidene 0.61 0.45 11.38 0.069 0.21
cyanide
Tricyano- 0.52 0.47 11.55 0.049 0.18
ethylene
Tetracyano- 0.45 0.45 11.79 0.035 0.14
ethylene

Turro and coworkers have recently studied the rates of
fluorescence quenching of ketone excited states by cyanoal-
kenes,*? and they suggested that the cyanoalkene LUMO
interaction is crucial in determining the quenching rate.
The nn* singlets of acetone and adamantanone are
quenched 22 and 50 times faster, respectively, by fumaroni-
trile than by acrylonitrile. This is in accord with the action
of the cyanoalkenes as “‘two-bond” electrophiles, as sug-
gested by Turro. Furthermore, the greater sensitivity of the
adamantanone singlet quenching to a change in cyanoalk-
ene is compatible with its expected lower ionization poten-
tial.

Conclusion

The measurement or estimation of experimental vertical
IP’s and EA’s of cyanoalkenes, along with calculated coeffi-
cients for the frontier orbitals of these species, has made the
calculation of reactivity indexes possible. The behavior of
cyanoalkenes toward “‘one-bond” and “two-bond” nucleo-
philes is quite different, so that a theoretical criterion for
concertedness in cycloadditions is established. The cyanoal-
kenes are particularly amenable to frontier orbital treat-
ments, since steric effects are negligible in these planar mol-
ecules. Similar treatments of substituted alkenes involving
groups which are both electronically perturbing and steri-
cally demanding are subjects of continuing investigations.
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