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Abstract—Extended Hiickel Self Consistent Change (EH-SCC) molecular orbital calculations have been
made for some molecules of possible importance in prebiotic organic synthesis: hydrogen cyanide, hydrogen
isocyanide and cyanide ion. In this paper, attention is focused on the bonding picture for these species
which emerges from the calculations. Notably, isocyanide carbon appears to have very electron deficient
pi orbitals as well as non-bonding electrons, and cyanide ion has essentially equal negative charge on carbon
and nitrogen and no non-bonding electrons. Aspects of prebiotic organic synthesis and the organic
chemistry of cyanides, isocyanides and cyanide ion are discussed in terms of these and other conclusions
derived from the calculations. In addition, insight is gained into the energetics of hydrogen cyanide and
hydrogen isocyanide formation from a study of the potential energy variation in the reverse process, linear
stretching of the H—CN and H—NC bonds to the point of heterolytic dissociation, thus providing a
basis for a discussion of the possible formation and existence of hydrogen isocyanide.

I. INTRODUCTION

IN A PREVIOUS paper® we reported some of the results of a MO calculation for HCN,
HNC and CN~ using the EH-SCC method. The main purpose of that study was to
compare the energies and charge distributions obtained for HCN from this approxi-
mate, semi-empirical calculation with those obtained previously from more exact
SCF calculations.?* Specifically we calculated and compared total energies, ioniza-
tion potentials, dipole moments, and electronic transitions. We also calculated the
valence configuration energy variation as a function of bond angle and bond lengths
in the ground and excited states of HCN. Our results correctly predicted that HCN
has a linear ground state, bent excited state and is more stable than its HNC isomer.
The success with this trial system, together with a general analysis of the expected
behavior of valence configuration energies with conformation changes made pre-
viously by Pan and Allen, allowed the conclusion that the EH-SCC MO model can
be used to predict correct relative energies for different molecular conformations for
most small molecules.

The more exact MO calculations do not in general focus attention on the chemical
properties of the molecules which they study. Instead, together with accurate total
energy values, the emphasis in these calculations is on the more physical properties
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such as electric polarizability, quadrupole moments, spin interactions, and so on. In
addition to energy-conformation studies, one of the main applications we wish to
make of the results of the EH-SCC MO calculations is to understand and predict the
nature of the bonding and chemical properties in a series of molecules such as HCN,
its dimer, trimer, terramer and related small amines, nitriles and imines which may
have been important as precursors in prebiotic synthesis of proteins and nucleic acids
under primitive Earth conditions. Such an investigation of chemical properties is
based on the use of the electron density distributions obtained from the calculated
MO’s in the EH-SCC MO approach. Our exploratory studies indicate that this
description of electron distribution is realistic enough to warrant such use. The chemi-
cal interpretation is characterized by a regrouping of the MO results into the more
classical bonding orbital picture with a description of the atomic orbitals participating
in each bond. Thus the way in which the atoms form the molecule, their participation
in bonding, and their expected properties in the molecule can be more easily elucidated
and discussed. In this paper, we shall discuss aspects of the possible formation of
HNC and describe the more chemical aspects of HCN, HNC and CN~. The bonding
analysis to be presented is based on the same MO calculation described in a previous
paper® and is typical of the type we shall make for other molecules in this series.

1I. POSSIBLE FORMATION OF HNC

Our recent calculations’ indicate that HNC is less stable (higher binding energy)
than HCN by about 2 eV or 50 kcal. mole ™! We have also studied the potential energy
variation as the H—C bond in HCN and the H—N bond in HNC is stretched
linearly. In both cases, at distances (six times the normal bond length) where H no
longer interacts with CN, the original bond appears to cleave heterolytically rather
than homolytically, forming H* and CN~ (Fig 1). According to the principle of
microscopic reversibility, the reverse reactions, formation of HCN and HNC from
a common ground state involving H* and CN~, should follow the same energetic
pathways.

Strictly speaking, activated complexes in a reaction are species of maximum free
energy, but not necessarily maximum potential energy. Because of difficulties in
constructing free-energy surfaces, however, we make the reasonable assumption that
in the simple H* and CN~ system, activation entropies for the activated complexes
in HCN and HNC formation are essentially the same and that the activated complexes
are located at maximum potential energy.® The difference in potential energy between
the pathways at the respective energy maxima, then, is taken to represent the difference
in free energies of activation for formation of HCN and HNC from H* and CN".
Accordingly, the free energy of activation for HCN formation appears to be 0'5 eV
lower than that for HNC. indicating that the ratio of rate constants for the respective
processes would be kycn/kine = 10° (T = 300° K). This conclusion appears valid for
the-gas phase.

The ground state for HCN and HNC formation is the same in the liquid phase or in
aqueous media, and solvation of H* and CN~ ions, would certainly lower their
energy relative to that in the gas phase. However, differential solvation of the respec-
tive transition states for HCN and HNC formation will lead to greater or smaller
differences in activation energy for the two pathways. The states involved in formation
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FiG 1. Variation of Potential Energy with Stretching of H—CN and H—NC Bonds.

of HCN or HNC in the gas (g) and solution (s) phase are illustrated in Fig 2. AG? is the
free energy of solvation of H* and CN~; AG} and AG". the free energies of activation
in gas and solution, respectively; and AG]. the free energy of solvation of the transi-
tion state.” Since

AGP(HCN) = AG?(HNC), and AG}(HNC) — AG}(HCN) = 0'5eV,
A(AG?) = AG}*(HNC) — AG}(HCN) = 0'5eV + [AG}(HNC) — AG}(HCN)].
In liquid HCN or water, both strongly solvating by virtue of H-bonding and high
dielectric constant, the free energy of solvation will be lower for the transition state
with greater polarity or charge separation. Thus formation of HNC in the solution
phase will be more or less favorable depending on whether the transition state is more
or less polar than that for HCN formation. By inspection of the two linear transition

states, H* ....(CN)" and H* ....(NC)™, itis clear that the orientation of the cyanide
ion dipole in the former case results in greater charge separation. We conclude,

8
lﬂg) + x%(g) —Gg— [H'....X T(g) —= HX(g)

ag? l a6y ‘ Gy

HY$) + X7(s) —== [H® ... X7)(8) —= HX(s)

FIG 2. Free Energy Cycles for Combination of H* and X~ (X~ = CN~ or NC ") in the gas
phase and in solution.
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therefore, that in pure liquid HCN or in aqueous solution, formation of HCN from
H* and CN ~ is favoured over HNC by at least 0'5 eV. Thus our calculations indicate
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HNC from H* and CN~ in the gas phase, liquid HCN or aqueous solution phase is
highly unfavorable, and that once formed HCN will not undergo transformation to
HNC via dissociation to ions and recombination. In the absence of a means for
generating free radicals, rearrangement via homolysis is prohibited by the high
H—CN bond energy.® Recent calculations® also show that an intramolecular
rearrangement of HCN to HNC must overcome a formidable 525 eV potential
energy barrier. However, there is one report'? that gamma-irradiation of methacrylo-
nitrile led to rearrangement to the corresponding isonitrile in 259/ yield. Generation
and recombination of the free radicals were postulated. In addition, trimethylsily]
cyanide appears to be in labile equilibrium with trimethylisocyanide.!! Whether the
rearrangements involve dissociation and recombination of cyanide radical or cyanide
ion is not known.

Our results are in accord with the past failures'? to find any clear evidence for the
existence of HNC in gaseous and liquid HCN or its aqueous solutions. Raman spectra
of saturated aqueous solutions of HCN contained a weak band at 495 p attributed to
HNC.!? Either this band, which was absent in pure HCN,?* was due to some impurity,
or the concentration of HNC is higher in aqueous solutions than in liquid HCN. The
latter explanation is unlikely in light of chemical evidence that pure liquid and aqueous
solutions of HCN contained no HNC.!?%¢

Our results do not exclude the possibility that HNC may be formed through
reactions involving free radicals. Reactions of HNC with other species in the medium
may then be significant. However, if it is formed or dissolved in aqueous media, HNC
must react before it dissociates to H* and CN ™, recombination of which will yield
HCN. With very few exceptions in the cases studied, weak acids in water have dis-
sociation rate constants greater than 10° sec.”! '* If HNC behaves as a weak acid,
a reasonable assumption, a maximum half-life for dissociation of the order of
7 x 107* sec is expected. Clearly, other competing reactions would have to occur
faster in order to leave any chemical evidence of HNC formation in aqueous media.

III. NATURE OF THE BONDING IN HCN, HNC AND CN~

A. Characterization of the molecular orbitals

HCN has 10 valence atomic orbitals which when allowed to interact in molecule
formation yield 10 MO’s each of which are linear combinations of the original atomic
orbitals (LCAO-MO’). From a calculation of the electron density contribution of
each atomic orbital to each MO, these MO’s can be described in terms of their
bonding characteristics. Results of such an analysis of the five filled and first empty
MO’s for linear HCN, HNC and CN~ are presented pictorially in Table 1. The
10 valence electrons in the systems fill half of the available molecular orbitals pairwise
in the ground state configuration. The lowest lying excited configurations appear to
be those due to promotion of an electron from the two highest filled MO’s to the
lowest empty orbital. The numbers under the MO diagrams indicate the fraction of
electron charge in each atomic orbital. As shown in Table 1 the electron distribution
in these three linear systems is divided into the traditional pi ahd sigma orbitals. The
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lowest empty orbitals (6, 7) for each system are doubly degenerate, polar, anti-bonding
pi orbitals with a polarity C™—N*. Orbitals (3) and (4) are the lower energy, n bonding
partners of these orbitals and have a complementary polarity N™—C*, which
increases from HCN to CN~ to HNC.

TABLE 1. NATURE OF MO's IN HCN, HNC, CN -

| T N -
MO® | HCN HNC cN
T(R.A/) T(R,R) Y(R,R)
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The three remaining filled orbitals represent the sigma electron distribution. For
the CN~ ion, all three sigma orbitals indicate bonding between the C and N atoms.
The highest filled orbital MO (5) is p,-sigma, MO (2) is sp,-sigma, and MO (I) is pure
s-sigma bonding. For HCN and HNC there are only two sigma bonds. The top filled
sigma orbital (5) represents an essentially non-bonding orbital for both isomers. In
HCN it is 84 %/ localized on the cyanide nitrogen, and in HNC 81 ¢; on the isocyanide
carbon. Thus it appears that in interchanging positions in the molecule, the cyanide
nitrogen and isocyanide carbon have also interchanged their non-bonding charac-
teristics. Examination of MO’s (1) and (2) for both molecules show that this inter-
changeable behavior is also true for their sigma bonding. In MO (2), of HCN, the
carbon uses sp, orbitals to bond to s orbitals of nitrogen and hydrogen as does the
nitrogen atom in HNC. MO (1) of each molecule, is essentially an s-sigma bond
between the carbon and nitrogen with slight bonding to the hydrogen atom.

B. Atomic orbital electron densities and net atomic charges
From a Mulliken population analysis of the electron distribution in each filled
MO, as described above, the number of electrons in each atomic orbital of each atom
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can be calculated and the resulting net charge in the atom determined. These results
are given below for HCN, HNC and CN~

H—C——N H——N—2C C—-N
010 + 029 - 039 +022 - 012 -011 —049 — 051

2s px py pz 2s px Py pz 2 px Py pz

N 15 111 111 168 128 136 136 110 146 118 1118 167
C 103 08 089 08 144 064 064 139 145 082 082 142

These charge distributions will be further discussed in the next section.

C. Composite valence bond picture of bonding in each species

From a summation of the contribution of each molecular orbital to a given bond,
the nature of the bonds formed by each atom can be described in terms of their
“bond hybridization.” This redistribution of MO’s to more localized bonding
orbitals is shown in Tables 2 A. B. and C for HCN. HNC and CN~ where the bonds
for each atom are identified in column 1, the MO’s contributing to each bond are
listed in column 2, the bond character or hybridization is given in column 3, and the
total number of electrons contributed by the atom to the bond is given in column 4.

Data in Table 2A show that in HCN the cyanide nitrogen uses an almost pure s
orbital to form its single sigma bond with carbon, whereas its non-bonding orbital is
almost pure p,-sigma. The former orbital contains 1'52 and the latter 1-66 electrons
making a total of over 3 electrons in the sigma system. This distribution of sigma
electrons is quite different from the more traditional chemical description of a cyanide
nitrogen which assigns one electron to a sp, bonding orbital and 2 electrons to an
equivalent sp, non-bonding orbital. The present description of the pi bonding places
about one electron in each of two cyanide pi bonds in agreement with the usual
picture. The cyanide carbon’s sigma bonding also does not conform to the standard
valence bond picture in that, instead of two equivalent sp, bonding orbitals, one to
hydrogen and one to nitrogen, the linear carbon uses an orbital which is mostly
p. (sp?) to bond the hydrogen and one which is almost all s to bond to the nitrogen.
It has no non-bonding character, and its pi bonds have slightly less than one electron
in each. The charge separation between carbon and nitrogen does agree with the
conventional view of the polarized cyanide bond. The hydrogen atom acquires a
slight positive charge as it bonds to either carbon or nitrogen with its only valence
atomic 1s orbital.

As we have already noted, the trivalent isocyanide carbon in HNC has bonding
properties similar to those of the trivalent cyanide nitrogen in HCN. Results in Table
2B indicate that the carbon atom also forms two inequivalent sigma orbitals. Its
sigma bonding to nitrogen has mainly 2s character, but with somewhat less electron
density than cyanide nitrogen, and its non-bonding orbital has mainly p, character
with 1'62 non-bonding electrons, almost identical to the 1'66 on the cyanide nitrogen.
Its pi bonding system is qualitatively similar to that of cyanide nitrogen, but the
carbon has much less electron density with 0-64 electrons in each pi bond compared
to 1-11 for the cyanide nitrogen of HCN. In HNC the isocyanide nitrogen appears to
have two equivalent sp,-sigma bonds to hydrogen and carbon in contrast to the
inequivalent sigma bonds of the cyanide carbon in HCN. Moreover, there are nearly
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TABLE 2. BONDING PICTURE POR EACH ATOM IN HCN, HNC AND CN ™ : DISTRIBUTION OF ATOMIC ORBITAL
ELECTRON DENSITY IN MOLECULAR ORBITALS AFTER BOND FORMATION

Electrons
Atom Bond MO’s Bond character in bond
A. HCN. N o bond to C 1,2 142s + 010 p, 152
2 xbondsto C 34 I'11 p, (p,) 222
non-bonding 5 008s + 158 p, 1 66
C ocbondto H 2 041s + 057 p, 098
o bond to N 1.5 062s + 032 p, 094
27 bonds to N 34 089 p,(p,) 178
H o bond to C 2 086s 086
B. HNC. C gbond to N 1,2 1'15s + 006 p, 121
non-bonding S 029s +133p, 162
2z bonds to N 34 064 p.(p,) 1-28
N o bonds to H and C 1,2 128s + 110 p, 2:38
2x bonds to C 34 136 p,(p,) 272
non-bonding —_ 00
H obond to N 1,2 078s 078
C. CN. (& o bonds to N 1,2,5 145s + 142 p, 2:87
2n bonds to N 34 081 p, (p,) 1-62
non-bonding — 00
N o bonds to C 12,5 1'46s + 1'67 p, 313
2rn bonds to C 34 119 p, (p,) 237
non-bonding — 00

24 sigma electrons in these bonds in contrast to less than 2 in the carbon sigma bonds
of HCN. The two pi bonds on nitrogen are identical in nature in both isomers, but
the isocyanide nitrogen has substantially more pi electron density than the cyanide
carbon. The isocyanide nitrogen has no-bonding electrons which is unusual for nitro-
gen but similar to the normal cyanide carbon with which it has exchanged roles. For
HNC the calculations place almost equivalent amounts of negative charge on nitrogen
and carbon. This contradicts the conventional view that the nitrogen is electron
deficient and that the isocyanide group is best depicted as R—N==C "~ (compare with
CH,;N =C"* below).

Table 2C contains the bonding and electron distribution obtained for CN ~. From
the total electron density on each atom, it is clear that the extra electron (and negative
charge) is equally distributed on the C and N atoms. The calculated distribution of
the 45 electrons on C and the 55 electrons on N also indicates that neither atom has
any non-bonding electron character. Instead, there appears to be an sp, hybridized
sigma bond with approximately three electrons from each atom in this bond, i.e., the
calculations indicate a “‘triple sigma bond” in CN ™, composed of s, sp, and p, MO’s.
In addition, there are two rather polar pi bonds with substantially more electron
density on N than C, that is, 081 electrons on carbon and 118 electrons on N per
bond. The pi bonds are then more polar than the sigma bonds. Thus the calculations
depict CN~ as (C=N)7, indicating three sigma, two pi bonds, no non-bonding
electrons, and equal negative charge on each atom. The conventional view of CN ~,
TC=N}, is a consequence of the concepts of electron pair bonds and integral number
of bonding and non-bonding electrons. As such there is one sigma (sp,) bond between
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the C and N, each atom contributing one electron to it, and two pi bonds with each
contributing two electrons. Neither bond is polar. The N atom is left with two non-
bonding electrons. Consequently, the extra electron acquired by CN in becoming
CN ™~ must be formally placed on the C, giving it the total (— 1) charge and also two
non-bonding electrons. All the nucleophilic character of the CN~ is attributed to the
non-bonding electrons on C. If the present picture of CN ~ has any physical reality,
it indicates that the usual bonding description is a misleading basis for explaining
the chemical behavior of CN~, even though predictions based on it are correct for
the most part.

In another study® employing the EH method, all the charge in CN~ was located
on N. Since that method tended to exaggerate charge separation, ' whereas the present
method employs charge iteration as well as an additional quadratic term in the overlap
Hamiltonian, the charge distribution in CN~ depicted above is considered more
reliable. Moreover, a recent SCF calculation'® revealed a value of 0-:3792D for the
dipole moment of CN~. This very low value corresponds to a 0'04 unit charge
difference between C and N, in good agreement with the 0-02 charge difference shown
above. From data tabulated by the same authors, it is possible to calculate the charge
distribution per atom in acetonitrile and methyl isocyanide as follows:

H,—C C N H,—C N—C
+025 —065 +009 —017 +024 —049 —036 +014

In addition the net positive charges on cyanide and isocyanide carbon appear to
result from electron deficiency in pi orbitals, the isocyanide carbon containing only
0'57 electrons in each, compared to the 064 in HNC. Apparently, the charges on
carbon and nitrogen in cyanide and isocyanide groups derived from the present
EH-SCC method are in good qualitative agreement with those obtained from the
SCF calculations.

IV. SOME ASPECTS OF THE CHEMISTRY OF HCN. HNC AND CN-~

A. HCN.

We have recently made a study of the relative basicity of amino, imino and cyanide
nitrogens in a number of small related compounds and deduced that the greater the
number of non-bonding electrons, the more p character—especially pi character—in
them, and the greater the negative charge on the nitrogen, the more basic it is.!” We
have further deduced that very small quantitative variations in these three properties
appear to manifest themselves in significant changes in basicity. On the basis of these
criteria, our present calculations for HCN verify that the cyanide nitrogen is very
weakly basic, much less so than ammonia, for example. In ammonia!’ the negative
charge is greater than the value of —0-30 found here, the number of non-bonding
electrons is 1'96 as compared to 166, and they are totally p electrons with some pi
character.

The calculations indicate a charge on the carb.u of +0-29 relative to a charge on
the nitrogen of —0-39, which gives good agreement with the dipole moment. A study
has not been made of the relative electrophilicity of carbon in different functional
groups, thus criteria from MO calculations for the relative magnitude of this property
in carbon were not established. But electrophilicity should stem directly from net
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electron deficiency on the atom or in specific orbitals. Both of these properties are
present in HCN and the net positive charge on the carbon appears to be associated
with an electron deficiency primarily in its pi-bonding orbitals. Similar conclusions
can be drawn from an SCF calculation for CH,CN! (see above). In accord with the
greater charge on carbon in HCN, which is reflected in a greater susceptibility to
nucleophilic attack on cyanide carbon than in CH,CN, base-catalyzed polymeriza-
tion is much more facile with HCN than with CH,CN or other nitriles.!82 The present
calculations are consistent with the known electrophilicity of carbon in the cyanide
group.

In the polymerization of HCN,!8-!® considered an important process in prebiotic
synthesis, formation of HCN dimer through reaction of HCN with HNC has been
suggested.' % This reaction may be possible in the gas phase, but in liquid HCN or its
aqueous solutions, it must compete with ionization of HNC. Furthermore, HCN
polymerization requires either substantial energy input or base catalysis,!® which is
difficult to account for if polymerization involved HNC. In aqueous media, the rate
of HCN polymerization depends on the concentration of HCN and CN~, pointing
to nucleophilic attack of CN ™ at the electron deficient carbon in HCN in the rate-
determining step.*

B. HNC.

Unlike HNC, alkyl and aryl isocyanides have been isolated and studied extensively.23
Apparently, except in HNC, non-bonding electrons on isocyanide carbon are not too
destabilizing. Possibly delocalization of non-bonding electrons may be more extensive
in RNC than HNC. Though they are more stable than HNC, organic isocyanides
are still less stable than the corresponding cyanides. The thermal isomerizations of
RNC to RCN are clear demonstrations of the stability difference. The isomerizations
proceed at temperatures from 140° to 250°C, corresponding to energy differences of
about 0-02 eV between isomers, much less than the calculated difference of 2 eV
between HCN and HNC.

Comparison of data in Table 2 shows that the total electron density and net negative
charge are greater on cyanide nitrogen (5-39 electrons, —0-39 charge) than on iso-
cyanide nitrogen (512 electrons, —0'12 charge), findings which are supported by
'¥N NMR studies of aliphatic cyanides and isocyanides.?* Significantly, H-bonding
to the isocyanide group occurs at carbon and is considered to be comparable in
strength to hydrogen-bonding to nitrogen in cyanides.2® The absence of such bonding
to isocyanide nitrogen is consistent with its lack of non-bonding electrons. It follows
that protonation of the isocyanide group is expected to occur at carbon. In reports2®
where protonation of isocyanide nitrogen was proposed as the initial step in reactions
with ketones. oxalic acid. dimethyl sulfoxide. and a beta-keto function. equally
plausible mechanistic pathways involving initial reaction at carbon can be formulated

* Most reactions of HCN that are considered interesting from the prebiotic synthesis standpoint are
ionic in nature. That very little attention has been paid to the free radical chemistry of HCN in the gas or
condensed phase is surprising because many of the energy types presumably available on the primitive
earth? are radical forming in nature, e.g. UV and gamma radiation and heat. Some interesting findings
which may be the result of free radical chemistry are the formation of propionitrile during passage of a
silent electric discharge through a mixture of HCN and ethylene?! and the formation of pyrrole. pyridine.
aniline and quinoline during pyrolysis of HCN and acetylene.2?
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(Eqgs 1-4). On the other hand, the net negative charge and the greater electron density
on isocyanide nitrogen (512 electrons) relative to that on cyanide carbon (3-71
electrons) mean that nucleophilic reactions at isocyanide nitrogen are much less
likely. In fact organic isocyanides are known to be inert to hot aqueous alkali; and
reaction with sodium amide in liquid ammonia occurs at the alpha carbon rather than
at isocyanide nitrogen, yielding an amine and sodium cyanide.?” Further examination
of the results reveals that cyanide nitrogen has a larger net negative charge (—0-39)
than isocyanide carbon (—0-11). Similarly, there are more non-bonding electrons with
greater p-character on cyanide nitrogen (166 sp*'¢) than on isocyanide carbon
(1-62 sp*©). These differences suggest greater basicity for cyanide nitrogen than
isocyanide carbon (See ref. 23, however). If in this instance basicity and nucleophilicity
can be related. it is not unreasonable to expect that the reactivity of isocyanide
carbon may not be associated wholly with its non-bonding electrons (see below).

HO: HO R,
() IT, CE=NR — \czna — = HO —CCNHR
/0=¢C Ho — ¢, | ll)
® | | R,
H R, R,
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® e
HsNCHRCO, I
dipeptide + RNHCH
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(6) RNC + O,CCHR'NHy —= RN=C
OC—CHRNH,

o

It appears that the foregoing qualitative conclusions regarding the nature of
carbon and nitrogen in cyanide and isocyanide groups, based on calculations for
HCN and HNC, are valid for CH,CN and CH;NC and other organic derivatives.
Indeed the experimental support for many of the conclusions are based on the
chemistry of organic cyanides and isocyanides. Thus the present bonding pictures for
cyanide and isocyanide groups constitute valid models. Interestingly, the SCF
calculations'® predicted higher electron density on isocyanide than cyanide nitrogen
in CH3NC and CH,CN (see above), a prediction which was not borne out by
14N NMR experiments.2*

The characteristic feature of isocyanides is their well-known tendency to undergo
a, ¢ addition reactions.?® Aside from Passirini-type reactions, some oxidations with
O, or HgO to cyanate and with sulfur to thiocyanate, and formation of transition
metal complexes. many isocyanide reactions can be viewed as insertions of isocyanide
carbon between X—Y bonds, where X = carbon or heteroatom and Y = hydrogen,
heteroatom or X.28 While catalysts, Lewis acids or bases, are required in some
instances. many reactions occur without them. In those which are acid-catalyzed
the isocyanide carbon can exhibit initially nucleophilic behavior. In uncatalyzed and
base-catalyzed reactions, electrophilic behavior is possible. Thus, depending on the
electronic demands made on it by other components in the reaction mixtures, the
isocyanide may react initially as an electrophile or a nucleophile. In either case, the
reactions it undergoes can be dissected into electrophilic and nuclephilic aspects, as
will be shown below. With the reasonable presumption that the isocyanide group in
HNC is a valid model for other isocyanides, examination of the bonding in HNC can
provide some insight into the electronic reasons why isocyanides undergo myriad
insertion reactions and why isocyanide carbon often appears to function as an electron-
acceptor despite the presence of non-bonding electrons.

Although the bonding of trivalent isocyanide carbon is similar to trivalent cyanide
nitrogen, there are two major differences: the isocyanide carbon has a smaller
negative charge and its pi bonds are quite electron deficient, containing only 0-64
electrons each as compared to the 1'11 electrons of cyanide nitrogen. In CH;NC
(see above) the +0°14 charge and the presence of only 0'57 electron in each pi bond
indicate a correspondingly more pronounced electron deficiency on the isocyanide
carbon. It should be noted here that the electrophilicity of cyanide carbon is also
associated with electron deficiency in its pi orbitals. The presence of non-bonding
electrons and quite electron deficient pi orbitals give isocyanide carbon a dual nature
which helps explain why it is peculiarly suited for its characteristic reactions. The
unusual ability of isocyanides to function as pi-donor ligands in complexes with
zero-valent metals may be taken as a clear reflection of their dual nature. An attractive
scheme for the reactions of isocyanide carbon is depicted in Fig 3. In step (1) the
non-bonding (sp,) electrons on isocyanide carbon (in the highest filled MO) initiate
nucleophilic attack on the electrophilic site, Y. As C—Y bond formation proceeds,
X, becomes more e¢lectron rich facilitating bond formation in the same XZ plane
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between it and the electron deficient p, pi orbital on the isocyanide carbon, as shown
in step (2). The two steps may be sequential as indicated, reversed, or may occur as a

single concerted step. In instances where hydrogen-bonding is possible (Y = H), the
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depicted sequence would be particularly favorable. In cases where mmal reactivity
may not be associated with the non-bonding electrons, e.g. base-catalyzed reactions,
bond formation will initially involve the electron deficient pi orbitals (step 2). Regard-
less of the timing of bond formation, the MO calculations serve to point out the origin
of the dual role played by isocyanide carbon during its reactions. The mechanism of
the Passirini reaction has been depicted as shown in equation 5.2° This formulation
is quite analogous to the scheme depicted in Fig 3, except that X and Y (C and O,
respectively) are in different molecules.

SE, X Y

c \c/ -
| ||

N N

| N\

R R

F1G 3. Scheme for Isonitrile Insertion Reactions.

When in Fig 3, X = N and Y = H, the reaction amounts to formation of a form-
amidine by insertion of isocyanide carbon into the N—H bond of an amine. This
reaction occurs with aryl isocyanides, but transition metal catalysts are required with
alkyl isocyanides.3® This difference in reactivity is consistent with the isocyanide
functioning as an electrophile. Initial bonding (step 2 in this case) is more favorable
for aryl derivatives because the inductive effect of the aromatic ring lowers the electron
density of the polarizable pi orbitals at the isocyanide carbon rendering them more
electron deficient and thus more reactive than in the alkyl derivatives. Delocalization
of pi electrons into the aromatic ring would also lead to more electron deficient pi
orbitals on carbon, but the insensitivity of C=N absorption in the infrared to para
substitution in free and complexed aryl isonitriles suggests that interaction between
pi orbitals on isocyanide carbon and aromatic ring is not extensive.*! Because the
non-bonding electrons in less polarizable sigma orbital are not expected to be as
strongly affected by inductive or resonance effects, the net result is to increase the
electrophilicity and thus the reactivity of the pi orbitals on carbon. This also explains
why methyl isocyanide is a poorer pi-acceptor than aryl isocyanides in transition metal
complexes®! and why isocyanides substituted with strongly electron-attracting
groups adjacent to the isocyanide group are extremely reactive.?® Interestingly, the
dual nature of the isonitrile carbon, the presence of non-bonding electrons and electron
deficient orbitals, is also characteristic of the reactive carbon in methylenes,?? to
which isocyanides have been compared®? 28 and which also exhibit nucleophilic®?
as well as electrophilic behavior.

If HNC were formed under prebiotic conditions and if its lifetime were sufficiently
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long, it would be expected to undergo many of the reactions characteristic of organic
isocyanides,3 giving rise to more complex molecules. Thus HNC and other isocyanides

could have contributed to the pool of organic compounds in the primeval soup.

Isocyanides, like some cyanides, undergo polymerization reactions; however, these
reactions are generally catalyzed by Lewis acids and yield products of the type
R'—(C=NR)—R’3* 35 which do not appear to be of much relevance for prebiotic
synthesis. Although results were not encouraging in the only report*® of a search for
isocyanides in prebiotic-type experiments, the recent finding'® that gamma-irradiation
of cyanides results in partial rearrangement to isocyanides should renew interest in
them. One potentially significant reaction which has been explored is the phosphory-
lation of nucleosides with alkyl isocyanides and inorganic phosphate,® the reaction
presumably involving an imidoyl phosphate formed by addition of inorganic phos-
phate to the isocyanide carbon. A related reaction worth exploring is carboxyl
activation of amino acids for peptide synthesis: addition of an amino acid to RNC
could yield a mixed imidoyl acid anhydride, which could subsequently react with the
amino group of a second amino acid molecule to produce a dipeptide and an N-formyl
amine (Eq 6). Since isocyanides are relatively inert to aqueous base. addition of an
amino acid may compete favorably with hydrolysis under the mildly basic (pH 8-9)
conditions generally accepted for primitive waters.

C.CN".

Formation of cyanides by alkylation of cyanide ion using organic halides or esters
of sulfuric and sulfonic acids is a well known synthetic route. Addition of HCN to
carbon-carbon and carbon-heteroatom multiple bonds takes place, but since these
reactions generally involve basic catalysis, they can also be viewed as cyanide
alkylations.>” In the present MO picture for the ambident CN~ ion, net negative
charge and sigma electron density in the highest filled MO (5) are essentially the same
on carbon as on nitrogen. In the next lower MO’s (3) and (4), however, the pi electron
density is higher on nitrogen. Thus the bonding picture for CN~ suggests that both
C— and N— alkylation will occur, with the latter perhaps predominating. In fact
isocyanides are formed in very low yields, if at all, except when heavy metal cyanides
or transition metal cyanide complexes3® are employed. Clearly, unaccounted factors
in the calculations such as solvent, cation, and alkylating agent play influential roles
in the course of alkylation.

Under conditions where product formation is kinetically controlled, coulomb
attracting forces are expected to direct a polar electrophilic alkylating agent to bond
at nitrogen, the site in the ambident ion with the highest electron density.3® In cases
where predominant N-alkylation is observed, the reactants include organic halide
and AgCN. The silver cation presumably promotes partial ionization of the halide so
that coulombic forces direct bonding of the electron rich nitrogen in CN~ to the
incipient carbonium center. If incipient carbonium ion formation were not involved,
the fact that CN~ is bound to metal by carbon in most cases*® forces alkylation to
occur as observed on nitrogen. If there is little or no charge on the alkylating agent,
bond formation is expected to occur at carbon, the most polarizable site.3° Since
protic solvents are usually used in alkylations of alkali cyanides, “selective solvation™*?
of the electron rich nitrogen shields it from reaction and, coupled with the greater
polarizability of carbon, directs bond formation almost completely to the carbon of
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the cyanide ion. However, even in dipolar aprotic solvents where selective solvation
is minimized, alkylation of NaCN yields mostly cyanide and little isocyanide.*? Either
selective solvation persists to a significant extent or the importance of carbon
polarizability is paramount or some other factor operates to produce mainly C-
alkylation in dipolar aprotic solvents.

A useful interpretation of the alkylations of CN~ may be couched in terms of hard
and soft acids and bases.** The carbon of CN~ can be viewed as the soft base end and
the nitrogen as the hard. Similarly, the cations of cyanides can also be catorized as
soft (Ag*, Hg*, Hg*2, Cu*) and hard (H*, Li*, Na*, K*) acids. Thus interaction of
soft cations with carbon in CN~ is expected to be stronger than with nitrogen, and
conversely, hard cations should interact more strongly with nitrogen. These expecta-
tions are experimentally verified in the solid state for the soft Ag* and transition metal
complex ions*® and the hard Li cation.** Thus it is reasonable that in solution,
depending on the cation, soft or hard, either the carbon or the nitrogen, respectively,
of CN~ is shielded in the M*(CN)~ ion pair from attack by the alkylating agent. In
accord with this conclusion, alkylation of AgCN and transition metal complex
cyanides takes place at nitrogen while alkylation of LiCN, NaCN and KCN occurs
on carbon regardless of solvent, suggesting that cation proximity rather than solva-
tion effects may be of paramount importance in determining the site of alkylation of
CN-.

The results in section II indicate that in the gas and solution phase reaction of a
proton with CN~ at carbon rather than nitrogen is favored by at least 0'5 eV.
Coulombic considerations apparently are not crucial in this case, otherwise HNC
formation would have been favored. In the gas phase the activated complexes for
HNC and HCN formation appear to occur at a separation between H* and CN~ of
slightly over 3 angstroms (Fig 1). Since coulombic forces between two particles decrease
in the gas phase as the inverse square of the separation, they may be relatively unim-
portant at that distance. Why a proton prefers to bond to carbon in CN~ is not obvious
since H* is a hard acid and nitrogen is the hard end of CN~, but may have something
to do with the greater polarizability of carbon at bonding distances or the possible
greater strength of the incipient H—C bond than the H—N bond.

Since HCN and CN~ occur in many prebiotic-type syntheses, alkylation of CN~
is certainly possible under prebiotic conditions and would lead to a variety of organic
cyanides which could undergo further reactions to enrich the pool of organic matter
in the primitive oceans. Particularly important would be Strecker-type syntheses of
amino cyanides, hydrolysis of which would yield amino acids*® and polymerization
of which would afford peptide precursors.*®

Acknowledgment—One of the*authors (G. H. Loew) wishes to acknowledge partial support for this work
from NASA grant NGR 05-020-405.

REFERENCES
! G. H. Loew, Theor. Chim. Acta 20, 203 (1971)
2 A. D. McLean, J. Chem Phys. 37, 627 (1962)
3 M. Yoshimine, A. D. McLean, Computed Ground State Energies and Dipole Moments for Some Linear
Molecules. 1BM, San Jose Laboratory Research Note, January (1966)
4 D.C. Pan and L. A. Allen, J. Chem. Phys. 46,45, 1797 (1967)
5 G. H. Loew and S. Chang. Tetrahedron 27. 2989 (1971)
& K. J. Laidler, Theories of Chemical Reaction Rates. p. 76. McGraw-Hill, New York, N.Y. (1969)



A quantum chemical study of HCN, HNC and CN "~ 3083

7 For an analogous treatment see D. Bethell and V. Gold, Carbonium Ions, and Introduction p. 139,
Academic Press, New York, N.Y., (1967)
8 Handbook of Organic Structural Analysis (Edited by Y. Yukawa), p. 540. Benjamin, New York, N.Y. (1965)
% G. W. Van Dine and R. Hoffmann, J. Am. Chem. Soc. 90, 3227 (1968)
10 N, Talat-Erben, E. Linseren, and N. Seber, AEC Accession No. 46326, Report No. CNAEM 28 Chem.
Abstr. 65, 6565 (1966)
1t M. R. Booth and S. G. Frankiss, Chem. Comm. 1347 (1968)
12 ¢ C, R. McCrosby, F. W, Bergstrom and G. Waitkins, J. Am. Chem. Soc. 64, 722 (1942)
* G. Herzberg, Molecular Spectra and Molecular Structure p. 279. Van Nostrand, Princeton, N. J. (1945)
¢ F. Klages and K. Monkmeyer, Chem. Ber. 83, 501 (1950)
'3 W. Gordy and D. Williams, J. Chem. Phys. 4, 85 (1936)
4 M. Eigen, W. Kruse, G. Maass and L. DeMaeyer, Progress in Reaction Kinetics 2, 285 (1964)
'S R. Hoffmann, J. Chem. Phys. 39, 1397 (1963); 40, 2047, 2474, 2745 (1964)
16 E. Clementi and D. Klint, Ibid., 50, 4899 (1969)
7 G. Loew and S. Chang, unpublished work
'8 o y_ Migrdichlan, The Chemistry of Organic Cyanogen Compounds ACS Monograph No. 105, p. 349
(1947)
* T. Volker, Angew. Chem. 72, 379 (1960)
1% R. A. Sanchez, J. P. Ferris and L. E. Orgel, J. Mol. Biol. 30, 223 (1967)
20 C. Ponnamperuma and N. Gabel, Space Life Sciences 1, 64 (1968)
21 W. M. Campbell. U.S. Patent 2.415.414 (1937)
22 R. Meyer. A. Tanzen and H. Wesche, Ber. Dtsch. Chem. Ges. 36, 3183 (1913)
23 1. Ugi. Isonitrile Chemistry. Academic Press, New York, N. Y. (1971)
24 M. Witanowski, Tetrahedron 23, 4299 (1967)
25 L. L. Ferstandig, J. Am. Chem. Soc. 84, 3553 (1962); A. Allerhand and P. R. Schleyer, Ibid. 85, 866 (1963)
2¢ 1. Hagedorn, J. Eholzer and H. D. Winkelmann, Angew. Chem. Internat. Edit. 3, 647 (1964); D. Martin
and A. Weise, Ibid. 6, 168 (1967)
27 E. C. Franklin, J. Phys. Chem. 27, 167 (1923)
28 « J H. Boyer and J. De Jong, J. Am. Chem. Soc. 91, 5929 (1969);
b T. Saegusa, Y. Ito, S. Kobayashi, K. Hirota and N. Takeda, Canad. J. Chem. 47. 1217 (1969), and
earlier papers in this series;
¢ For a review of isocyanide insertions, see T. Saegusa and Y. Ito, Yuki Gosei Kagu 26, 862 (1968)
2% 1. Ugi, Angew. Chem. Internat. Ed. 1, 8 (1962)
30 T. Saegusa, Y. Ito, S. Kobayashi and K. Hirota, Tetrahedron Letters 521 (1967)
31 F. A. Cotton and F. Zingales, J. Am. Chem. Soc. 83, 351 (1961)
32 ). Hine, Divalent Carbon. The Ronald Press, New York, N. Y., (1964); W. Kirmse, Carbene Chemistry.
Academic Press, New York, N.Y. (1964)
33 ¢ B. Lachmann and H. W. Wanzlick, Liebigs Ann. 729, 27 (1969) and earlier papers in the series;
'S. D. McGregor and W. M. Jones, J. Am. Chem. Soc. 90, 123 (1968), earlier papers in this series and refs.
34 S. Iwatsuki, K. Ito and Y. Yamashita, Kogyo Kagaku Zasshi 70, 1822 (1967); Y. Yamamoto and N.
Hagihora, Nippon Kagaku Zasshi 89, 898 (1968)
3% R. W. Stackman, J. Macromol. Sci. Chem. 2, 225 (1968)
3¢ R. Lohrmann and L. E. Orgel, Science 161, 64 (1968)
37 For a review, see D. Mowry, Chem. Rev. 42, 189 (1948)
38 8. Otsuka. K. Mori and K. Yamagami. J. Org. Chem. 31. 4170 (1966) and Refs therein
3% 2 N. Kornblum and J. W. Powers. Ibid. 22. 455 (1957)
* R. Gompper, Angew. Chem. Internat. Ed. 3, 560 (1964), for a review of reactivity of ambident anions
40 W. H. Jones, J. Chem. Phys. 26, 1578 (1957); 27, 468 (1957); N. A. Curry and W. A. Runciman, Acta
Cryst. 12, 674 (1959); W. P. Griffith, Quart. Rev. 16, 188 (1962)
4! N. Kornblum, P. J. Berrigan and WJ. LeNoble, J. Am. Chem. Soc. 82, 1257 (1960)
42 A ). Parker, Quart. Rev. 16, 163 (1962)
43 R. G. Pearson, J. Chem. Ed. 45, 581, 643 (1968); R. G. Pearson and J. Sonstad, J. Am. Chem. Soc. 89,
1827 (1967); R. G. Pearson, Ibid. 85, 3533 (1963)
44 J. A Lely and J. M. Bijvoet, Rec. Trav. Chim. 61, 244 (1942)
43 8. L. Miller, Biochim. Biophys. Acta 23, 480 (1957)
46 S. Akabori. K. Okawa and M. Sata. Bull. Chem. Soc. Japan 29. 608 (1956): J. H. Reuter. Third Intl.
Meeting on Organic Geochemistry. London



