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The Cation—Dinitrogen Interaction in the ‘“Benzyldiazonium lon”:
Preferential Electrostatic Complex Formation and Dinitrogen Catalysis of
Benzyl Cation Rotational Automerization**

Rainer Glaser* and David Farmer

Dedicated 1o Professor Giinter Hdfelinger on the occasion of his 60th birthday

Abstract: Diazonium ions are reactive in-
termediates in deamination reactions per-
tinent to chemical carcinogenesis. While
methyldiazonium ion has been shown to
exist as a short-lived intermediate in the
gas phasc and in solution, benzyldiazoni-
um ions have never been observed, and
the reaction intermediates in deamina-
tions of benzyl systems remain a matter of
debate. We therefore studied the benzyl
cation—dinitrogen interaction by ab initio
methods; several important conclusions
resulted. Analysis of the potential energy
surface at the level MP4(sdtq)/6-31 G*//
MP2(full)/6-31 G* + AVZPE(MP 2(full)/
6-31 G*) revealed that a classical “‘benzyl-
ion” does not exist. The
interaction of N, with benzyl cation M-1
results in an electrostatically bound com-

diazonium

Introduction

Diazonium ionst are thought to play a crucial role in chemical
carcinogenesis.?! A variety of amine derivatives form alkyldia-

plex 2C with a long C-N distance
(2.935 A) as the most stable structure. A
covalently bound planar benzyldiazoni-
um ion 2A with a “normal” C-N bond
length (1.514 f\) is the transition-state
structure for automerization of the elec-
trostatic complex with concomitant rota-
tion about the exocyclic C—C bond. The
potential energy surface characteristics re-
sult from the highly efficient n-dative
Ph — CH, bonding in M-1; this is clearly
demonstrated in its structure and that of
1t$ transition state for rotational automer-

Keywords
ab initio calculations - benzyldiazoni-
um ion - dative bonding - electrostatic
interactions - gas-phase chemistry

ization TS-1 by the very high activation
barrier for rotation (47.6 kcalmol™ 1)
and by the gradient vector ficlds of the
total clectron densities of conformers of 1
and 2. The rotational barner for 1 1s re-
duced to 27.9 kcalmol ™! in the N, com-
plex 2, and the potential energy surface
characteristics of benzyldiazonium ion es-
sentially facilitate the N,-catalyzed rota-
tional isomerization of benzyl cation. The
benzyldiazonium ion system shows for the
first time that the interaction of a donor
molecule with a carbenium 1on with a va-
lence LUMO can lead to the formation of
an electrostatic complex as opposed to da-
tive bond formation. Dative &-bond for-
mation between N, and the CH, carbon
of 1 is energetically not competitive with
dative Ph - CH, n-bond formation.

tween N, and carbenium ions.!®! The approach of N, to a cation
with a valence electron sextet leads to internal polarization of

N,, and the binding energy steadily increases as the initial elec-
trostatic attraction progresses to dative bond formation.!®! The-

zohydroxides, which can be heterolysed to diazoni-

H
um ions as the primary alkylating reagents Osn R yH K R P
~ 13.4] At . 5 | F +
(Scheme 1). The determmduf)n Aof acc1_1rate H'j, N, — N=N . >: N=N D products
binding energics and the characterization of diazo- Y X OH Hyg
nium ions are therefore pertinent to discussions of R
mechanisms of chemical carcinogenesis, and we
have studied the formation of dative bonds be- HH (*jl\H
R—‘é\ A ke A t_ kp
N— N=N >N=N  —2. products
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oretical!” ®! and experimental!”-®- ' studies have established
that this bonding pattern applies generally to many carbon-cen-
tered cations. The decompositions of benzyl systems (R = Ph in
Scheme 1) may follow the same mechanisms but the nature of
the intermediates remains controversial. While methyldiazoni-
um ion has been unequivocally shown to exist as a reactive
intermediate in the gas phase!'! and in aqucous solution,'?!
benzyldiazonium ions have never been observed directly ']
Studies of the putative benzyldiazonium ion in solution have
focused on protonation reactions of aryldiazomcthanes and on
heterolyses of diazoates and triazenes (Scheme 1). Early solu-
tion studies were concerned with the protonation of dia-
zomethanes.I'* 1% Benzyldiazonium ions had been postulated
as stable species in proton-transfer reactions of phenyldia-
zoalkanes but labeling experiments contradicted this hypothe-
sis.[!¥ The early physical - organic studies of the acid-catalyzed
decompositions of phenyldiazomethanes by Jungelt and
Berseck!'* and by Dahn and Diderich!* established the proto-

Abstract in German: Diazonium-Ionen sind reaktive Zwischen-
stufen in Desaminierungsreaktionen, die im Hinblick auf die
Krebsentstehung von Bedeutung sind. Das Methyldiazonium-Ion
kann als kurzlebiges Intermediat in der Gasphase und in Losung
existieren. Im Gegensatz dazu konnten Benzyldiazonium-Ionen
noch nicht beobachtet werden, und die Reaktionszwischenstufen
in Desaminierungen von Benzylsystemen bleiben umstritten. In
diesem Zusammenhang haben wir die Benzylkation-Distickstoff-
Wechselwirkung mit  ab-initio-Methoden studiert und dabei
wichiige Ergebnisse erhalten.  Potentialhyperflichenanalyse
auf dem Niveau MP4(sdtq)[6-3{G*[|MP2(full}]6-31G*+
AVZPE(MP2{full)|6-31G* ) zeigte, daf das klassische Benzyl-
diazonium-Ion nicht existiert. Die Wechselwirkung zwischen N,
und dem Benzylkation M-1 ergibt einen elekirostatisch gebunde-
nen Komplex 2C mit einer langen C—N-Bindung (2.935 A) als
stabilste Struktur. Das kovalent gebundene, planare Benzyldiazo-
nium-Ion 2 A mit “normaler’”” C— N-Bindungslinge (1.514 A) ist
eine Ubergangszustandsstruktur fiir die Automerisierung des
elektrostatischen Komplexes mit gleichzeitiger Rotation um die
exocyclische C—C Bindung. Diese Eigenschaften der Potentialhy-
perfliche resultieren aus der hochwirksamen n-Donor Ph — CH,-
bindung im Benzylkation M-1. Klare Indizien fiir diese n-Donor-
bindung finden sich in der Struktur von M-1 und in der Struktur
TS-1 des Ubergangszustandes fiir die Rotations-Automerisierung,
in der sehr hohen Rotationsbarviere (47.6 kcalmol ™ '!) und in den
Gradientenvektorfeldern der Gesamtelektronendichten konforme-
rer Strukturen von 1 und 2. Die Rotationsbarriere von 1 wird im
N,-Komplex 2 auf 27.9 kcalmol™ ' reduziert, und die Potential-
fliiche des **Benzyldiazonium-lons’ kann beschrieben werden als
die Potentialhyperfliche cines N,-Komplexes, der dic “N,-kata-
lysierte Rotations-Isomerisierung des Benzylkations™ sehr er-
leichtert. Das Benzyldiazonium-lon zeigt zum ersten Mal, dafs die
Wechselwirkung zwischen einem Donormolekiil und einem Carbe-
nium-Ion mit einem Valenz-LUMO zur bevorzugten Bildung eines
clektrostatischen Komplexes fithren kann. Die dative o-Bindungs-
bildung zwischen N, und dem CH,-Kohlenstoffatom in 1 ist nicht
welthewerbsfihig mit der dativen Ph — CH ,-n-Bindungsbildung.
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nation as the rate-limiting step. Finneman and Fishbein!!”!
studied the pH dependence of the protonation of aryldia-
zomethanes. Biphasic  behaviour (k, = k,;o[H '] + kypers
Pacia = — 1.14 and p ... = — 2.01) was found and a common
mechanism for both rcactions was deduced. These authors also
investigated decompositions of (E)-arylmethanediazoates in
comparison to the aryldiazomcthanes.!' The unimolecular de-
composition of diazoic acid was found to be the rate-limiting
step in the decomposition of the {(£)-arylmethanediazoates. For
the 3,5-bis(trifluoromethyl)phenyl compound 1t was concluded
that the decomposition proceeds via a free diazonium ion inter-
mediate.l'® While the rate-limiting step for product formation
is likely to be common to all of the substrates included in the
study, the ratios of products formed are sensitive to substrate
characteristics. The azide solvent selcctivities measured for
the decompositions of (3,5-bis(trifluoromethyl)phenyl)diazo-
mcthane and of (3,5-bis(trifluoromethyl)phenyl)diazoate indi-
cate that the same free diazonium ion intermediate is formed in
both decompositions. For the unsubstituted pair, on the other
hand, the azide solvent selectivities are different. The observed
linear Hammett plot for the decompositions of substituted
phenylmethanediazoic acids (p = — 1.23) was interpreted as ev-
idence for diazonium ion formation in the rate-limiting step in
all cases. The reaction constant is negative and only slightly
larger in magnitude than the reaction constant for the protona-
tion of benzylamines (p = —1.07). We find this result surpris-
ing, since one would expect a significant increase in the magni-
tude of p as there is more positive charge on the hydrocarbon
fragment of the diazonium ion compared to the ammonium ion.
The absence of this more negative p indicates that the “benzyl-
diazonium ion” intermediate has hardly formed in the transition
state of the rate-limiting step, and that the transition states are
early with regard to the N-O cleavage. Triazenes are closely
related to diazoic acids, and the same mechanistic issues arise.
Sinnott ct al.!'®! studied the dissociations of substituted benzyl-
aryltriazenes X—Ph—CH,~-N=N-NH-Ar (X = H, NO,, Cl,
Br, Mc, OMe) in aqueous solution. It was claimed that the
benzyldiazonium ion was a “free, solvent-equilibrated interme-
diate’ because the physical—organic evidence shows that the
N-N bond cleavage is rate-limiting in both the acid-catalyzed
and the pH-independent decomposition reactions.

Thus, the physical—organic solution phasc studies of the het-
erolyses of diazoates and triazenes as well as the protonations of
the diazomethanes all show that the step leading to the pre-
sumed benzyldiazonium ion intermediate is rate-limiting. These
results do not imply the existence of benzyldiazonium ion but,
rather, allow for the existence of benzyldiazonium ion and its
fast decomposition (ky> kg) in these processes. On the other
hand, the results are entirely compatible with any degree of
C—-N bond clecavage after the transition state of the rate-limiting
step has been traversed. In a recent study of dcaminations of
benzyl systems, White ct al. proposed the so-called Inert-
Molecule-Separated Ion Pair hypothesis, which holds that ni-
trogen-separated ion pairs play a key role in the mechanisms of
these reactions in nonpolar solvents.!?”! The question as to the
existence of the benzyldiazonium ion and the nature of the C-N
interaction between benzyl cation and dinitrogen remains unan-
swered to this day. In this article, we report the results of an ab
initio study of ““benzyldiazonium 1on” to address some funda-
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mental issues regarding the cation—dinitrogen interaction in the
“benzyldiazonium ion”. We will show that the interaction of N,
with benzyl cation 1 results in an electrostatically bound com-
plex 2C with a long C—N distance as the most stable structure.
A covalently bound benzyldiazonium ion 2 A scrves as the tran-
sition-state structure for automerization of the electrostatic
complex with concomitant rotation about the exocyclic bond.
The “benzyldiazonium ion” system represents the first case in
which the interaction of a donor molecule with a cation with a
valence LUMO does not lead to dative bonding but remains
limited to electrostatic interactions alone. The origin of the un-
expected potential energy surface characteristics lies with the
highly efficient n-dative Ph — CH, bonding in the benzyl cation.
The implications with regard to the involvement of benzyldiazo-
nium ions in deamination reactions are discussed and strategies
are described that may guide the search for other electrostatic
complexes of this type.

Computational Methods

Potential energy surfaces were examined with restricted Hartree—Fock
(RHF) theory and with the inclusion of clectron correlation at the second-or-
der level of Maller—Plesset theory (MP2) with all electrons included in the
active space.l?! 221 Energies were also determined at the full fourth-order level
of Meller - Plesset perturbation theory, MP4(sdtq),””™ for the MP2 opti-
mized structures and with all electrons included in the active space. This high
level of perturbation thcory provides an accuracy that comes close to
quadratic configuration interaction (QCI) and coupted cluster (CC) meth-
0ds.!?*) We showed previously for various diazonium ions RN; (R = H,/”
Me. !5+ #) Et 154 Phl®}) that this theoretical level is more than adequate. The
6-31 G* basis set was used throughout and six Cartesian d-type basis func-
tions were employed. All structures were optimized in C,, and C, symmetry,
respectively, by gradient techniques; constraints were applied to the CN bond
lengths to determine cross-sections of the potential energy surface. The first
and second energy derivatives were computed analytically at RHF/6-31 G*
and MP 2(full)/6-31 G* levels to confirm that stationary structures were in-
deed obtained and to determine harmonic vibrational frequencies. Vibra-
tional 7ero-point energy corrections to binding energies and activation barri-
ers were scaled by factors 09135 (RHE/6-31G*) and  0.9646
(MP2/6-31 G*).[25] The results of the computations are summarized in
Table 1.

Calculations were performed with the program Gaussian94(2%) on IBM RS-
6000 systems on the MU Cluster and the SP2 of the Cornell Theory Center.
The MP4 calculations were performed on an SGI PowerChallenge L systeni.
Molecular orbital plots were generated with the program Spartan'?” on a
Power Macintosh 9500/120. The color-coded gradient vector fields of the
electron density distributions were computed with the program CCGVF,?%!
which combines the display of the gradient vector field lines and of the
molecular graphf?®! with information about the magnitude of the electron
density though color coding. The CCGVF plots were generated on a Silicon
Graphics Indigo workstation.

Results and Discussion

Benzyl cation: Theoretical studies of the benzyl cation, 1, date
back to 1976 when Hehre et al.'*®! provided evidence that 1 can
exist in the gas phase, although it is thermodynamically less
stable than the tropylium ion.3'-32! Calculations at the HF/6-
31 G//HF/3-21G level predicted a preference of 7.6 kcalmol ~*
for the tropylium ion over 1.133! The rotational barrier of 1 has
not been measured to date. Four recent theoretical papers exam-
ined the double-bond character of the exocyclic bond. It was
established that the planar and C,,-symmetric minimum struc-
ture M-1 is the most stable structure and that the nonplanar C,,
symmetric structurc TS-1 is the transition state structure for
rotation. Houk et al.’®¥ reported thc RHF/3-21G structures of
M-134" and TS-1, and discussed the rotational barrier of
45.4 kealmol ™', the short C,, .~ CH, bond length of 1.356 A in
M-1, and the resonance stabilization energy of 38.6 kcalmol ™!
as indicators of strong n donation from the phenyl ring into the
CH, p AO of the planar M-1. Mulliken population analyses of
M-1 at the RHF/STO-3G and RHF/4-31 G levels by Ohwada
and Shudo indicate ring charges in excess ol +0.6 and a high
double-bond character of the exocyclic C,,,~CH, bond.*¥
These results were greatly expanded upon by the study of
Nakata et al. in which the resonance demand factors r of the
Yukawa—Tsuno equation werc compared to resonance indices
(bond lengths, Mulltken populations, and bond orders) of the
RHF/6-31 G* structures of 14 benzyl cations [Ph~CR,R,]*.1*¢)
Eiden et al. recently reported the equilibrium structure and a
detailed vibrational analysis of M-1 at the MP2(full)/6-31 G*
level, in which very good agreement between experiment and
theory was obtained.””! The only available theoretical study of
the rotational barrier did not employ polarized basis sets and the
consideration of electron correlation effects as well was prohib-
ited at the time by the size of the system.1*® In light of the rather
high barriers to rotation (>45 kcalmol™') predicted at the
RHF levels, it seemed pertinent to examinc the rotational barri-
er of the benzyl cation with a larger, polarized basis set and with
the inclusion of electron correlation. We have optimized M-1
and TS-1 at the MP2(full)/6-31 G* level; the optimized struc-
tures are shown in Figure1. The rotational barrier is
45.9 kcalmol ™' at the RHF/6-31 G* level and 49.1 kealmol ™!
at the MP2(full)/6-31 G* level. The vibrational zero-point ener-
gy of M-1 exceeds that of TS-1 by 1.8 and 2.2 kcalmol " !, re-
spectively, at the RHF/6-31 G* and MP 2(full)/6-31 G* levels,
and this difference reduces the rotational barrier by about

Table 1. Total and vibrational zero-point energies (1otal energies in atomic units and unscaled vibrational zero-point energies (VZPE) in kcalmol™ ') {a].

MP2 MPxi{iMP2

E(MP2) VZPE $ o] N [b] E(MP3) E(MP4(schq))

Molecule RHF

C-N E(RHF) VZPE N [b] C-N
1, Ph-CH,
M-1, Cy, 1.3574 —268.886732 7887 0 1.3721
TS-1. C,, 1.4544 —268.813607 7687 1 1.4214
N, —108.943950 394 0
2. PhCH,N;
2A, C,, in plane 1.5412 —377.771923 8547 1 1.4666
207, C,, perp. 1.5412 (f) —377.782707 1.4666 (f)
2C, C,. perp. 3.3390 377.832867  83.17 0 2.9349

- 269.776757 7412 74.31 0
--269.698585  71.89 78.83
—109.261574 3.12 45.87 0

—269.812280
—269.733657
—109.251950

—269.867036
—269.787586
—109.278925

—

—379.006461  79.73 83.09 1 —379.023315 —379.108750
-379.015156 —379.031099  —379.116997
—379.042724 7777 10231 0 —379.067239 379.150041

[a] Alldatacomputed with the 6-31 G* basis set. [b] N indicates the number of imaginary frequencies of the stationary structure. [c] Entropies Sincalmol™ 'K ™' for standard

conditions.
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Figure t. The optimized structures of henzyl cation M-1 and the transition-state
structure for rotational automerization TS-1. Molecular models are shown of the
MP 2(full)/6-31 G* optimized structurcs and structural parameters are given for the
MP 2(full)/6-31 G* level and also for the RHF/6-31 G* level (italics).

2 kcalmol !, Higher levels of perturbation theory affect the
rotational barrier only slightly. The activation energies for CH,
rotation of 49.3 and 49.9 kcalmol ™! computed at the MP3/6-
31 G*//MP 2(full)/6-31 G* and MP 4(sdtq)/6-31 G*//MP 2(full)/
6-31 G* levels are within 1 kcalmol ™! of the value determined at
the MP 2(full)/6-31 G* level. Our best estimate of the rotational
barrier is 47.7 kcalmol ! at the level MP4(sdtq)/6-31 G*//
MP2(full)/6-31 G* + AVZPE(MP 2(full)/6-31 G*). We conclude
that the previously reported high rotational barrier is not an
artifact caused by the modest theoretical levels employed. In
fact, our higher-level data indicate an even greater rotational
barrier that comes close to the rotational barriers of alkenes.
Gas-phase measurements of the unimolecular cis—trans isomer-
izations on the singlet surfaces of ethene and butene, respective-
ly, gave activation energies of 65kcalmol™! and 51~
62 kcalmol ~ .13

The CH, carbon is trigonal planar in M-1 and TS-1, and the
C,peo~CH, bond is shorter in M-1 than TS-1 by 0.049 A at
MP2/6-31 G*. It is this C,,,—CH, bond shortening that is the
primary structural evidence for stabilization of the primary car-
benium ion center by the phenyl substituent by m donation.
While the structural changes associated with rotation about the
C,,..—CH, bond show the same trends at the MP 2/6-31 G* and
RHF/6-31 G* levels, RHF theory would predict a much larger
C, o~ CH,; bond length difference of 0.097 A between M-1 and
TS-1. A significant structural difference between M-1 and TS-1
concerns the magnitude of the bond length alternation in the
arene system: these bonds are longer and alternate more in M-1
(1.40740.029 A) than in TS-1 (1.40040.012 A). These struc-
tural results are consistent with a larger positive charge in the
phenyl ring in M-1 (less = bonding) and indicate a significant
contribution by the quinoid resonance forms to M-1. The recent
natural resonance theoretical analysis of benzyl systems by Ei-
den et al. indicates bond orders of 1.7 for the C,,,,—CH, bonds
in the benzyl cation and anion, while the corresponding bond
order in the radical is only 1.5.1373) These structural results can
be readily understood in terms of frontier molecular orbital
theory, and pertinent FMOs are displayed in Figure 2. The
methylene group perturbs the phenyl 1 MO that is asymmetric

Chem. Eur. J. 1997, 3, No. 8
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LUMO

HOMO

SHOMO

Figure 2. Ab initio computed MOs of benzyl cation M-1 and of the transition-state
structure for rotation about the exocyclic C-- C bond TS-1. The LUMO in M-1 is
delocalized, while the LUMO in TS-1 is almost completely localized at the
methylene carbon. Strong n-conjugative donation Ph — CH, is clearly evident in the
SHOMO of M-1.

with respect to the main rotational axis (SHOMO). Strong
Ph — CH, m-conjugative donation is clearly evident in the
SHOMO of M-1. There are no hyperconjugative interactions
across the C,,,—CH, bond in the SHOMO or LUMO of TS-1,
and hyperconjugative donation from the C,—C,;, bonds into
the in-plane CH, p AQO plays only a minor role.

Several gas-phase studies provide evidence for the high dou-
ble-bond character of the exocyclic bond. Tsuno et al. measured
chloride ion affinities of substituted benzyl cations using ion
cyclotron resonance. ™% Linear free energy analysis of the ther-
mochemical data for chloride exchange reactions showed that
the resonance demand of the benzyl cation formation (reso-
nance demand factor r* =1.31) was higher than that of the
1,1-dimethylbenzyl cation system (r* =1.0). These gas-phase
results parallel the enhanced resonance effects described with ¢ *
plots for benzylic solvolyses!!! and photosolvolyses.[*?! Evi-
dence for m stabilization of benzyl cations also stems from
Olah’s demonstration of the absence of such stabilization mech-
anisms in highly crowded benzyl cations.'** The relative stabil-
ities computed and measured for 2-, 3-, and 4-chlorobenzyl
cations in the gas phase are also consistent with significant con-
tributions by quinoid resonance structures.[*# Eiden et al. stud-
ied several isotopomers of 1 with zero kinetic energy photoelec-
tron spectroscopy (ZEKE-PES); vibrational frequencies were
measured in the range 0-650 cm™ 1137 The frequencies of the
out-of-plane modes were determined indirectly from combina-
tion bands and ab initio calculations and provide a quantitative
measure of the bond order of the exocyclic C;,—~CH, bond. 1t
was concluded that M-1 has a substantially greater double-bond
character than the benzyl radical in the CH, torsion and quasi-
umbrella modes. In particular, Eiden et al. pointed out that the
torsional frequency of M-1 of 627 cm™*! is similar to those of
alkenes.27%

ortho
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Potential energy surface analysis of “benzyldiazonium ion”: In
the course of the RHF/6-31 G* potential energy surface analy-
sis. several cross-sections were studied; we use small letters to
differentiate between these types of structures, while capital Ict-
ters denote stationary structures. Thus, for example, 2A is a
stationary structure along the cross-section involving structures
of type 2a. We began the potential energy surface analysis of
benzyldiazonium ion 2 with that C, symmetric conformation in
which the diazo function lies in the plane of the benzene ring, 2a
(Scheme 2). Structure 2A cxhibited a C-N bond length of

N
11§
H N H =N N
N~ HoZ N7 H G H
His E
H

2a 2b 2c

Scheme 2. Conformations of the benzyldiazonium ion.

1.541 A (Figure 3) and was found to correspond to a transition-
state structure. The displacement vector associated with the
imaginary mode of 2A (887 cm ™!, a”) indicates an out-of-plane
bending of the -CH, N, function, and we anticipated finding an
asymmetrical minimum 2B in the vicinity of 2A with a stag-

gered arrangement about the C, ~CH, bond. Howcver, opti-
mization of 2 beginning with a distorted structure 2 A resulted in
rotation about the C,,,,—CH, bond such as to realize the stag-
gered arrangement in which the diazo function lies in the C|
plane perpendicular to the (best) molecular plane of the benzene
ring, 2¢, and, surprisingly, the optimization indicated a steadily
increasing C—N bond length! We then studied the cross-section
with structures of type 2¢ (Figure 4). The energy steadily de-

50

= 40 G/we/e—e—e—e—e——o
=
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< 30

;
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204

="
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) 10_
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2
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-10 . . . ‘ .

1 1.5 2 25 3 35 4
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Figure 4. Cross-sections of the potential energy surface of 2 as a function of the
C -N bond length for structures of types 2a (circles) and 2 ¢ (squares). Energies are
relative to the combined energies of benzyl cation M-1 and dinitrogen.

creased as d(C—N) increased and a shallow minimum 2C (Fig-
ure 3) was recached at d(C—N) = 3.339 A. Hence, a “classical”
benzyldiazonium ion does not correspond to a minimum on the
potential energy surface and such an ion does not exist in the gas
phase. The only minimum located on the potential energy sur-
face corresponds to a weakly bound electrostatic complex 2C
between benzyl cation and N,. The potential energy surface
characteristics of 2 might scem unexpected
and puzzling. For most cations, the ap-
proach of N, results in a steady lowering of
energy and the formation of a diazonium

- W @. : ) . .
(‘:)‘ y _‘_']"m i @ | @ ion usually without any barrier. In the case
|| 1514 B 45 of 2, however, the benzyl cation prefers to
114.9" || 1.513 1.492 || 1.374 . . .-
11570 gin 149" S | 7350 form merely an electrostatic complex 2 C as
Q. A f'{f‘” 2] Q. . B ___._(_i e {i‘} ® the most stable “‘diazonium ion™ while the
T _: el (:,) 1.4unQ Q 1 4;(0'” diazonium ion structure 2 A with its shorrer
92 - 38 1.395 | .39 Il 1.39 g . . .
:.'::)“ I ;._;,:; ol }:jf | L35 | :;T': C N bond remains higher in energy. At the
- ﬂ g o RHF/6-31 G* level, the electrostatic com-
e N S ’ — 1s c -t
139 @ ® o 0 i plex 2C is boun_d by a mere 1.4 kcalmol
1.383 1.402 and the benzyldiazonium ion type structure
© 2A is 36.9 kcalmol ™! [ess stable than the
isolated fragments benzyl cation +N,. We
2A ¢ L g »e b0 ®  also optimized a structure 2C for which we
1074 ] ® kept the C~N bond length fixed to the val-
¥/ / . . .
,/!"f-eo . ‘ty,, ue realized in 2A; this structure 2C’ may
ol 1467 s [/ 2935 Aassical s .
©9—Co i 1541 oo 3339 serve as a model for the classical staggered
fosbet J‘"“ o - @O—0GOCo benzyldiazonium ion. As can be seen from
4.9° 1167 . -
115.7° ;;;:’ Table 2, structure 2C’ is slightly favored

I'igure 3. The optimized structures of the clectrostatic complex 2C and of the transition-state structure 2A of
the benzyldiazonium ion. In the model structure 2C the C—N bond was kept fixed at its value in 2A. As in
Figurc 1, molecular models are shown of the MP 2(full)/6-31 G* optimized structures, and structural parame-
ters arc given for the MP 2([ull)/6-31 G* Jevel and also for the RHF/6-31 G* level (italics).
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over 2A (in part due to reduction of steric
interaction with ortho-H in 2A) but is still
more than 30 kcalmol ! less stable than
the free fragments.
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Table 2. Rotational barriers and binding energies in kealmol ' [a.b].

with the cation CHJ leads to the formation of a dative

bond.!*! The approach of N, to the cation leads to inter-

Molecule AVZPE, RHF E, RHF AVZPE, MP2 E, MP2 E,MP3 E. MP4
E,(1) —~183 4589  —2.15 4905 49.34  49.86
EJ2A), C.. in plane +2.43 3687 +2.40 2000 2567 2335
E,2C"), C.. perp. 30.10 1454 2079 1818
E 2C), C.,perp.  +0.33 ~137 4051 ~276 —189 —256
EA(2) +2.10 3824 +1.89 2276 27.56 2591

nal polarization of the N, group and steadily increases
the binding energy; theoretical'”® and experimen-
tall?- 2 19y dies have established that the same bonding
pattern applies generally to many carbon-centered
cations. Significant charge transfer occurs only for more

[a] Al energies computed with the 6-31 G* basis set. The MP 3 and MP 4(sdtq) energies are
based on the MP2(full)/6-31 G* optimized structures. The AVZPE values are scaled by
factors 0.9135 (RHF ) and 0.9646 (MP2).[b] Activation energies E,(1) specify the rotational
barrier for the benzyl cation. Binding energies E, are given for the BzN; systems with respect
to benzyl cation and N, . Activation energies £,(2) specify the rotational barrier of benzyl

cation with N, catalysis.

The structures of 2A and 2C and of the model 2C” werc
refined by optimization at the MP 2(full)/6-31 G* level, and vi-
brational analyses were carried out for 2 A and 2 C at this level.
Furthermore, we computed energies at the full fourth-order lev-
el of Maller—Plesset perturbation theory, MP 4(sdtq)/6-31 G*//
MP 2(full)/6-31 G* for these structures. The results are included
in Tables 1 and 2 and they show that the essential features all
persist al these higher levels. A closer approach of N, isindicated
in the MP2 structure of 2C, but the MP2 binding energy of
2.8 kcalmol ™! again indicates only marginal bonding, and the
same is true at the MP4 level. The in-plane transition-state
structure 2A (89.0icm ™', a”) and the model 2C’ benefit from
electron correlation effects and their relative stabilities with re-
gard to the dissociated fragments are significantly reduced.!**
As can be seen from Table 1, the vibrational zero-point energies
of 2A and 2C exceed those of the isolated fragments benzyl
cation and N, and the vibrational corrections to binding ener-
gies AVZPE are positive (Table 2). Our best estimate for the
binding energy of the clectrostatic complex 2C thus becomes
2.1 kcalmol™! at the MP4(sdtq)/6-31 G*//MP 2(full)/6-
31 G* + AVZPE(MP 2(full)/6-31 G*) level, while 2A is
25.8 kcalmol ! less stable than the free fragments at that same
level. The energy difference between 2C and 2 A is the activation
energy for rotational automerization of 2C and we find a valuc
of E,(2) =27.8 kcalmol ! at our best theoretical level. The
electrostatic complex 2C can only exist so long as the binding
energy dominates the — 7AS term. The entropy data given in
Table 1 result in AS = —17.9 calmol 'K ™! for the formation
of 2C and suggest that 2 C can exist only below temperatures of
about 110 K.

Covalently bound and electrostatically bound cation—neutral
complexes: The approach of a ncutral polarizable and possibly
di- or quadrupolar molecule to a positively charged center will
result in dipole induction and alignment; the overall result is an
electrostatic attraction that increascs as their distance is re-
duced. The ion—molecule interactions of the lithium™% and
potassium ' 9l cations are good examples. Dative bonding oc-
curs when a covalent component is added to the electrostatic
interaction. The primary requirements for dative bonding are
the availability of weakly bonded or nonbonded electron pairs
on the donor (lone pair or n bond) and a low-lying LUMO on
the acceptor. Simple diazonium ions are excellent examples of
the latter. While the bonding in the N, complexes of the cations
Li* and Na™ is primarily electrostatic,!*”! the interaction of N,

Chem. Eur. J.1997, 3, No. 8

electronegative NH;, OH™, and F* acceptors’®* 4 and
dative bonding turns into covalent bonding.*® The
bonding situation in the cation—N, systems is thus quite
different from Lewis acid —basc complexes involving the
N, donor and neutral Lewis acids. For cxample, the
N, --- BF; complex has long been known as a van der
Waals complex with a long B—N bond of 2.875 A.1#
The formation of electrostatically bound complexes is not
limited to complexes involving simple ions with full valence
shells (e.g., Li*); such complexes are also formed with molecu-
lar cations that do not have a low-lying valence LUMO. Lias
has shown that the bonding in the proton-bound “loose com-
plexes™ formed between MH" and N (M, N = NH,, PH,,
H,0, H,S, HCI) is primarily electrostatic.'*% Electrostatically
bound complexes often involve unsaturated donors and occur
for systems where isomer 1 consists of a complex between a
neutral closed-shell donor D' and a cationic acceptor ;A
with a valence electron sextet. The transfer of a proton or of a
cationic fragment!®>!! [eads to isomer 2 in which two closed-shell
compornents, namely the cationic acceptor (sA* and the neutral
donor D?, are complexed. Such isomerizations can be dc-
scribed with Brauman’s double-well model;*2! an example in-
volving the transfer of a proton is illustrated in Scheme 3.

1 1 2 2

csD osA csA csD

CH CH

Rs ’ Rs ! ‘ ’ ¢

AN N

/o — \+\ g ) +/O c\
Rq R, By R4 R. R

covalently electrostatically

& VCH Yerlagsgesellschaft mbH, D-69451 Weinheim, 1997

bound complex bound complex

Scheme 3. Electrostatically bound complexes occur with molecular cations that do
not have a low-lying acceptor LUMO.

The H-bonded electrostatically bound complexes shown in
Scheme 3 were characterized by Norrman and McMahon in
their recent study of the generation of complexes between the
terti-butyl cation and a series of small organic molecules
(CH,CN, EtOH, Me,0, Et,0, Me,C0)."*3 For the systems
examined, the low-temperature, covalently bound species were
characterized by larger —AH” and —AS® values than the elec-
trostatically bound isomers. Several other experimental obser-
vations provide evidence for clectrostatic complexes involving
closed-shell molecular cations. Liehr et al. studied the mass
spectrum of benzyl alcohol after chemical ionization with isobu-
tane and an electrostatic complex between BzOH; and
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isobutene was discussed for the [M + C,H,] " species.’**! Studies
of protonated ethyl cyanide and ethyl isocyanide by Bouchoux
et al. also provided evidence for electrostatic complexes.1>* Pro-
tonated cthyl cyanide can be thought of as the adduct of HCN
or HNC with ethyl cation. Both ions [EtCNH]* and [EtNCH]*
isomerize by f elimination into weakly bound n complexes of
ethene and [HCNH]". In these cation—olefin complexes, the
interaction of the acidic hydrogen with the olefin is principally
an electrostatic charge-induced dipole interaction.

All of the electrostatically bound cation—neutral complexes
characterized to date contain cations with high-lying o*
LUMOs. Most frequently the cation involved is a monoatomic
cation (e.g., Li*) but molecular cations also form electrostatic
complexes. In contrast, no electrostatically bound cation—neu-
tral complexes have been detected or postulated that would
involve cations with valence electron sextets where the LUMO
is part of the valence shell and low-lying. Such cations are intrin-
sically good acceptors and they always have been found to form
covalently bound complexes of the type D — o¢A: methyl
cation and water form protonated methanol, methyl cation and
carbon monoxide form an acylium ion, methyl cation and dini-
trogen form methyldiazonium ion, and so on. The approach of
a donor to a cation with a valence electron sextet, in the absence
of isomerization of the type discussed, is usually characterized
by a single-well potential energy diagram with the minimum
representing the covalently bound complex as the sole minimum
(A in Scheme 4).F5%1 Ab initio calculations at correlated levels

Energy

EBC
EBC

CBC CBC

Distance X* to donor

Scheme 4. Possible potential energy surface characteristics for the approach of a
donor molecule to a cation.

suggest that the approach of N, to nonclassical ethyl cation
involves a local minimum that corresponds to an electrostatic
complex (B).[*7 In other words, the covalently bound complex
osD — oA and an electrostatically bound complex D« oA
both exist on the potential energy surface. The activation barrier
between the minima might be due to the transition from non-
classical to classical ethyl cation in the window of the N, ap-
proach. Petric and Bohme recently presented circumstantial ev-
idence for such a double-well potential energy diagram for the
approach of NH, to fullerene cation.®®! Even if such a local
minimum D -+ oA existed, the potential energy well for the
electrostatically bound complex is rather shallow and it is much
higher in energy than the covalently bound system D — o¢A. It
would appear reasonable to assume this to be the general case.
However, the potential energy surface characteristics of “‘ben-
zyldiazonium lon” presented here exemplify the unprecedented
scenario € where the interaction between a polarizable neutral
molecule and a cation with a valence LUMO results in the
preferential formation of an electrostatic complex and not the
formation of a covalently bound complex. The ab initio calcula-
tions show that the interaction of N, with benzyl cation 1 results
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in an electrostatically bound complex as the most stable struc-
ture. A covalently bound benzyldiazonium ion 2 does exist as a
stationary structure on the potential energy surface but it is
much higher in energy and is a transition-state structure for
automerization of the electrostatic complex.

The inability of N, to engage in dative bonding with M-1
shows that the LUMO is high in energy and not localized at the
exocyclic carbon center (Figure 2). Charge delocalization in
M-1 is highly effective; this is reflected in the high barrier to
CH, rotation and the shortening of the C,,,,— CH, bond in M-1
as compared to TS-1. Only when the n interaction of the phenyl
group with the CH, group is interrupted and replaced by only
a minor hyperconjugative interaction does the LUMO become
localized at the CH, carbon and available for dative bonding.
But even then the Lewis acidity ol TS-1 remains low and the
cross-section 2a (Figure 4) shallow: the methyl cation affini-
ty!> 111 of N, is 44.0 kcalmol ™! and a magnitude higher than
the binding energy of N, in 2A. Aside from being an excellent
n donor in conformation 2¢, the phenyl group also is a very
effective o donor and capable of delocalizing positive charge
even in the conformation 2a.

Molecular orbital theory is a useful aid for the rationalization
of structural and energetic data. One should keep in mind, how-
ever, that only the total electron density is physically observable
and that FMO theory merely represents an approximation to
the true electron density deformations associated with chemical
interaction. In Figure 5, we present graphical representations of
the gradient vector fields of the total electron density distribu-
tions computed at the MP 2(full)/6-31 G* level for 1 and 2. The
color coding reflects the magnitude of the electron density and
was selected such that the red regions describe the shape of the
molecule (p>0.01 ea, ?); © bonding is indicated by blue color-
ing in the bonding region. The efficient n-dative bonding across
the C;.,—CH, bond in M-1 is clearly shown by comparison of
the gradient vector fields of M-1 and TS-1 in the =« planes (Fig-
ure 5, top center and top right). Rotation about the C;,,—CH,
bond leads to a narrowing of the x region and a general decrease
of the magnitude of the density in the C,,,,—CH, region. The
gradient vector field lines in M-1 are indicative of strong n
bonding as the GVF lines in bonding region are almost parallel
to the zero-flux surface over a wide area. As can be seen, both
of these features are absent in TS-1 and the N, systems 2 A and
2, while they are clearly maintained in the electrostatic com-
plex 2C. The Ph —» CH, n-dative bond is broken only when a
closer N, approach to the methylene group is forced, as in
model 2C’, or is made impossible by conformation, as in the
transition-state structure 2A. The gradient vector fields of 2C
and 2 A show the drastic differences in the C—N bonding situa-
tions. While a “C—N bond” is formed in 2 A (density increase in
C-N bonding region, anisotropic density deformation), the
outer regions of the electron density of 1 and N, barely touch in
2C. 2A and 2C are a very good demonstration of the fact that
electron density deformations in the “bonding region” and
bond dissociation energies are not related in the simple fashion
that is often assumed. This case illustrates better than any other
that the binding energy is the result of energy changes that are
not limited to the “bonding region” in the molecule. Character-
ization of the electron density distribution in the “bonding re-
gion” cannot describe bond strength.>* >
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Figure 5. Graphical representations of the electron-density color-coded gradient vector fields of the electron density distributions of the benzyl cations M-1 (top left and
center) and TS-1 (top right) and of the electrostatic complex 2C (bottom. left), of the model structure 2C* (bottom, center), and of the benzyldiazonium ion transition-stale
structure 2 A (botiom, right). The color coding reflects the magnitude of the electron density (pink 3-0.7. blue 0.35 0.3, yellow 0.2-0.1. red 0.05--0.01 ca, #). The bond paths
and the cross-sections of the zero-flux surfaces also are shown: the bond critical points occur at their intersections.

Dinitrogen catalysis of cation rotational automerization: Bohme
et al. recently described the N,-catalyzed isomerization of
CH,-NOj; to CH,~ONO™'.1°! The catalytic action was
attributed to the stabilization of CH; in the aggregate
O,N---CH,-N; during NO, rotation and reconnection. By
analogy, the potential energy characteristics of ““benzyldiazoni-
umion’ are best described as an N,-catalyzed rotational isomer-
ization of the benzyl cation. The rotational barrier of
E.(1) = 47.7 kcalmol ™! is drastically reduced to E,(2)=
27.8 kecalmol ! by N, complexation. For the rotational isomer-
ization to progress, the n-dative bond from the phenyl ring to
the CH, groups needs to be broken; the incipient “localized”
carbenium ion is stabilized by N,. Dative o-bond formation
between the CH, carbon of benzyl cation and N, is not compet-
itive with dative n-bond formation between the CH, group and
the pheny! 7 system. Only when the benzyl cation undergocs an
automerization by CH, rotation does a closer approach of N,
become energetically beneficial. One closely related cation—
donor system is protonated ethyl nitrate. Aschi et al. very
recently reported that the isomers EtOH---NOF and
[EtONO,H]* are almost isoenergetic, and MP2/6-31 G* com-
putations showed the EtOH -+ -NO; isomer to be an electro-
static complex with a long O~ N bond of >2.3 A1 Again, the
dative O — N bond formation is not competitive with the in-
tramolecular stabilization of NO, by n bonding.

Conclusion
The potential energy surface characteristics of ““benzyldiazoni-
um ion” show for the first time that the interaction of a donor

with a cation that has a valence electron sextet, and hence a

Chem. Eur. J. 1997, 3, No. 8
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valence LUMO, may lead to the preferential formation of an
electrostatic complex as opposed to the formation of the com-
monly encountered dative or covalently bound complex. The
electrostatic complex is energetically preferred because dative
o-bond formation between the CH, carbon of the benzyl cation
and N, is not competitive with dative Ph — CH, n-bond forma-
tion. This result suggests that, in general, clectrostatic cation—
molecule complexes involving a cation with an unfilled valence
shell have to be expected whenever intramolecular stabilization
mechanisms are more efficient than the formation of a dative or
covalent bond to the cation center. Hence, the binding cnergy
between the unsubstituted parent cation (here methy! cation)
and the neutral donor provides a good estimate for the lower
limit of the magnitude of the intramolecular stabilization neces-
sary to prevent dative bond formation in the substituted cation.
For example, the binding energy of methyldiazonium ion is
44 kcalmol !, and the electrostatic complex 2C exists because
the intramolecular stabilization of the -CH, center in benzyl
cation by the phenyl group (> 47 kcalmol ™! as measured by the
rotational barrier) exceeds the methyl cation affinity of N,.
Aside from the systems [H,_,R,X]"* ---donor with X = C,
n =3, m =1, donor = N,, these considerations of course apply
generally to all kinds of systems in which any of these variables,
or any combination of them, is altered. Variations of the identity
of the atom X of the acceptor, of the charge of the acceptor, of
the type and number of stabilizing groups attached, and of the
nature of the donor molecule present opportunities in the search
for the preferential formation of other such electrostatic com-
plexes. For example, multiply donor-substituted carbenium
ions clearly make promising candidates. Complexes between
neutral acceptors, possibly with several stabilizing groups at-
tached, and with neutral donors (e.g., N, complexes of donor-
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substituted boranes, germanes and so on) are the most likely
candidates for purely electrostatic complexes; some of these
neutral systems are known.'®®*°1 With regard to the specific
system considered hcre, the results presented provide evidence
in support of White’s inert-molecule-separated ion pair hypoth-
esis!?% in that they show that C— N cleavage of an incipient
benzyldiazonium ion occurs in the gas phase and is likely to be
facile in general. It will be interesting to explore in future how
the presence of a counterion affects the nature of the benzyl
cation—dinitrogen interaction. It will also be of interest to inves-
tigate the effects exerted by substituents attached to the phenyl
ring on the nature of the “benzyldiazonium ion”. In the light of
the shallow nature of the energy minimum of electrostatic com-
plexes, small structural and electronic changes may well have
significant geometric consequences that may be reflected in
product distributions.
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