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Abstract

The geometries and relative energies of the singlet and triplet states of the three didehydrobenzenes (benzynes),
didehydropyridines (pyridynes), and six didehydropyridinium (pyridynium) cations are compared at the density functional,
multiconfigurational self-consistent field, and coupled cluster levels of theory. The title Bergman cyclization, which produces
a metadiradical, is characterized at the density functional theory level and compared to the analogous Bergman cyclization:
generating all of thepara diradicals in the subject aryne series. Singlet—triplet splittings in the pyridynium cation¥Hand
hyperfine couplings in théN-protonated pyridyl radicals are found to be well correlated by proportionality constants
determined previously for other arynes. Heats of formation (298 K) are predicted for all six pyridynes. (Int J Mass Spectrom
201 (2000) 1-15) © 2000 Elsevier Science B.V.
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1. Introduction atom-abstraction processes whereby these biradical
intermediates function [8]. Chen and co-workers have
advanced a simple model addressing this issue. They
correlate the reactivity of singlet-state biradicals with
the magnitude of their singlet—triplet (ST) energy
splittings, AEg; the larger the splitting, the greater
the barrier for H-atom abstraction and, hence, the
more selective the biradical [9—-11]. In principle, then,
understanding what controls the magnitude of ST
splittings in biradicals can facilitate the rational de-
sign of more selective DNA-cleaving agents.
Systematic theoretical studies of all possible
arynes derived from a single aromatic parent molecule
* Corresponding author. E-mail: cramer@pollux.cnem.umn.edu  have appeared for the three didehydrobenzenes [12—

Enediyne and related antitumor antibiotics effect
the double-stranded cleavage of DNA. Since the
discoveries that the reactive intermediates formed
from these drugs include-benzyne- [1,2], didehy-
droindene- [3,4], andy,3-dehydrotoluene-type [5,6]
biradicals, considerable effort has been expended to
further understand the electronic structure, and poten-
tially thereby optimize thein vivo activity [7], of
didehydroarenes (arynes). A key goal in this regard is
controlling the reactivity/selectivity of the hydrogen-
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18] (benzynes) and ten didehydronaphthalenes overcome an instability in estimating the effects of
[17,19] (naphthalynes). The effect of heteroatom in- triple excitations otherwise inherent in the CCSD(T)
corporation into the aromatic ring has been examined approach.
for the six didehydropyridines [20,21] (pyridynes). We compare the structures and relative energies of
Substantial experimental data on the structure andthe benzynes, pyridynes, and pyridyniums at consis-
reactivity of various members of the benzyne, naph- tent levels of theory. We discuss inter alia the role of
thalyne, and pyridyne families have also been re- the nitrogen lone pair, protonated or not, in the
ported [11,22-52]. thermodynamics of these isomers, and the sensitivity

Much less well characterized has been the influ- of the singlet—triplet gap to the distance between the
ence of charge on aryne properties. Thoen and Kent- radical centers. We also provide a DFT characteriza-
tamaa [49,52] have provided gas-phase dataNer tion of the Bergman cyclization [64] pathway by
arylated pyridinium ions where the arylating which Z-but-1-en-3-yn-1-yl isonitrile generates 2,4-
substituent is a benzyne, and Hoffner et al. [11] and pyridyne; this is a unique reaction in the sense that
Cramer [53] have characterized certain aspects of the Bergman cyclizations typically genergpara-related
structure and reactivity oN-protonated 2,5-didehy-  diradicals, nometarelated ones. Finally, we examine
dropyridine. One purpose of this article is to extend H isotropic hyperfine splittings in thBl-protonated
that record by systematically characterizing the six pyridyl radical cations to determine if they correlate
N-protonated didehydropyridinium cations (pyridyni- with singlet—triplet splittings in corresponding pyri-
ums) at levels of electronic structure theory previ- dynium cations as previously observed for analogous
ously employed for the isoelectronic benzynes and radicals/arynes in the benzyne [17,19], naphthalyne
pyridynes in order to better understand the influence [17,19], pyridyne [21], and didehydroquinone [63]
of charge and heteroatom effects on biradical struc- series.
tures and energetics.

Aromatic biradicals pose a number of interesting
challenges to computational technology [11,13-17, 2. Computational methods
19-21,53-63]. Single-determinant levels of theory
(e.g. Hartree-Fock) are generally inappropriate for Molecular geometries for all arynes were opti-
systems whose two frontier orbitals are nearly degen- mized at the MCSCF and DFT levels of theory using
erate, as is the case with arynes characterized by smallthe correlation-consistent polarized valence-double-
ST splittings, since important nondynamical correla- (cc-pVDZ) basis set [65]. The geometriesfbut-1-
tion effects are neglected. These effects can be ac-en-3-yn-1-yl isonitrile and its Bergman cyclization
counted for by multireference self-consistent-field transition state structure were optimized only at the
(MCSCF) calculations, but in order to calculate state DFT level.

energy splittings to chemically useful levels of accu- The MCSCF calculations were of the complete
racy, dynamical correlation effects must also be taken active space (CAS) variety [66]. CAS geometry opti-
into account. mizations were carried out for the benzynes and

In this article, we apply several levels of theory, pyridynium cations employing an eight-electron/
including multireference second-order perturbation eight-orbital active space comprised of the six
theory (CASPT2), density functional theory (DFT), orbitals and the two nonbonding orbitals. Active
and coupled-cluster theory including all single, dou- spaces reduced by one and two electrons/orbitals were
ble, and perturbatively estimated triple excitations used for optimization of the benzyl amtprotonated
using single-determinant reference wave functions pyridyl radicals, and benzene ahdprotonated pyri-
expanded in both Hartree-Fock [CCSD(T)] and dinium cation, respectively. Analogous active spaces
Brueckner [BCCD(T)] orbitals. One of the pyridy- in the pyridyne series also included the nitrogen lone
nium singlets required the use of Brueckner orbitals to pair (additional two electrons/one orbital).
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Fig. 1. Calculated heavy-atom bond lengths and biradical separations (angstroms) for singlet and triplet (in parentheses) benzyne isomers
the BPW91/cc-pVDZ and CAS(8,8)/cc-pVDZ (italics) levels of theory. The simmlleénzyne DFT structure is from a broken-spin-symmetry

calculation.

The DFT calculations employed the gradient-cor-
rected functionals of Becke [67] and Perdew et al.
[68] (BPW91). Both restricted and broken-spin-sym-
metry unrestricted DFT optimizations were carried
out for those molecules exhibiting restricted singlet
instability—this has been shown to give more accu-
rate geometries for a number of relevant aromatic
singlet biradicals [53,57,62,69]. The natures of all
DFT stationary points were confirmed by computation
of analytic vibrational frequencies, which were also
used to compute zero-point vibrational energies
(ZPVE) and 298 K thermal contributions to enthal-
pies. Total spin expectation values for Slater determi-
nants formed from the optimized (unrestricted) Kohn-
Sham orbitals did not exceed 0.76 and 2.02 for the
monoradicals and biradical triplets, respectively.

Dynamic electron correlation using the CAS refer-
ence was accounted for at the CASPT2 level [70-72].
Some caution must be applied in interpreting the
CASPT2 results since this level of theory is known to
suffer from a systematic error proportional to the
number of unpaired electrons [71]. Coupled-cluster
calculations for single-configuration reference wave
functions expanded in Hartree-Fock {CCSD(T)
[73,74]} or Brueckner {BD(T) [75]} orbitals were
also carried out including all single and double
excitations and a perturbative estimate for triple
excitations. Brueckner orbitals eliminate contribu-
tions from single excitations in the coupled cluster

cc-pVDZ calculations were of the single-point vari-
ety.

Isotropic hyperfine coupling constants (hfs) were
calculated as [77]

ay = (4m/3)(S) " 'gox BBxp(X) (1)

where g is the electronic g factof3 is the Bohr
magneton, g andBy are the corresponding values for
nucleus X, ang(X) is the Fermi contact integral

p(X) = 2 PP (R, (Rx), (2)

v
where P*# is the BPW91/cc-pVDZ one-electron
spin density matrix, and evaluation of the overlap
between basis functiong, and ¢, is only at the
nuclear positionRy.

All multireference and single-reference calcula-
tions were carried out with the MOLCAS [72] and
GAUSSIAN 94 [78] electronic structure program
suites, respectively.

3. Results and discussion

The DFT and CAS(8,8) optimized heavy-atom
bond lengths for the singlet and triplet states of the
benzynes, pyridynes, and pyridynium cations are
provided in Figs. 1-3. The energies of all of the
biradicals relative to their singlet 3,4-isomers (the

ansatz, and this alleviates instabilities [76] associated lowest energy isomer in each case) are collected in
with very large singles amplitudes in the more com- Table 1 for the different levels of theory. We first

mon CCSD(T) method that have previously been
observed in aromatic biradicals having low degrees of
symmetry [53]. BCCD(T)/cc-pVDZ and CCSD(T)/

discuss the pyridynium cations, as these have not seen
prior computational study as a complete isomeric

series. We then compare the benzynes, pyridynes, and
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Fig. 2. Calculated heavy-atom bond lengths and biradical separations (angstroms) for singlet and triplet (in parentheses) pyridyne isomers
the BPW91/cc-pVDZ and CAS(8,8)/cc-pVDZ (italics) levels of theory.

pyridyniums to one another at consistent levels of electron correlation (by construction of the functional)
theory so as to elucidate the effects of heteroatom lacking at the CAS(8,8) level. We come to this
and/or charge incorporation on structures and ener- conclusion since absolute energies calculated at the
getics. CASPT2 level are lower for the DFT geometries than
for the CAS(8,8) geometries for all structures other
than singlet 3,5-pyridynium (data not shown)—the
We note that, at least for molecular geometries, 3,5-singlet is one of two special cases discussed
DFT appears to successfully account for dynamical further below. Unless otherwise specified, we there-

3.1. Pyridynium cations
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Fig. 3. Calculated heavy-atom bond lengths and biradical separations (angstroms) for singlet and triplet (in parentheses) pyridynium catic
isomers at the BPW91/cc-pVDZ and CAS(8,8)/cc-pVDZ (italics) levels of theory. The 2,6- and 3,5-singlet DFT structures are from
broken-spin-symmetry calculations.
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Table 1
Relative energies (kcal/mol) of arynes relative to their respective singlet global minima at various levels of theory

Singlets Triplets
Theory? 2,3 2,4 2,5 2,6 3% 3,5 2,3 2,4 2,5 2,6 3,4 3,5
Benzyne$ ortho meta para meta ortho meta ortho meta para meta ortho meta
BPW91 29.8 8.7 0.0 26.7 27.9 31.8
CASPT2 21.7 10.1 0.0 26.3 27.6 30.8
CCSD(T) 27.2 14.6 0.0 28.8 324 33.1
Pyridynium cations
BPW91 8.9 3.9 25.4 23.2 0.0 6.1 335 28.7 29.3 31.1 32.1 29.8
CASPT2 8.6 10.1 245 20.3 0.0 12.8 32.7 28.4 29.2 30.7 315 29.9
CCSD(T) 9.4 10.6 260 228 0.0 14.4 35.1 32.2 31.8 34.6 335 33.7
Pyridyne$§
BPW91 5.1 3.9 13.1 215 0.0 15.2 23.0 27.2 26.8 18.1 35.9 27.4
CASPT2 7.1 1.2 11.3 175 0.0 14.7 21.7 245 24.0 14.9 335 28.2
CCSD(T) 5.9 4.9 14.5 211 0.0 18.7 24.8 28.7 26.3 20.6 34.2 31.8

2CASPT2 results are for CAS(8,8) geometries; CCSD(T) results are for BPW91 geometries unless otherwise noted. See Figs. 1-3 fc
geometries.

® Absolute energies h) for this column: —230.902 76, —230.195 45, —230.262 47; —247.297 32, —246.518 17, —246.629 32;
—246.950 03,-246.166 11,—-246.277 20.

¢ For convenience, the relationship between the three benzyne isomers and the six pyridyne(ium) isomers is indicated.

4 BCCD(T) relative energy.

€ See [21]; note that for consistency the CCSD(T) numberaatinclude contributions from CCSD/cc-pVTZ calculations and thus differ
from those in [21].

fCAS(8,8) geometry.

9 This value appears in [21], where it is incorrect. The corresponding value in [21] should be 26.8 kcal/mol.

fore report all coupled-cluster energetic datdy for Given the present paucity of experimental data, how-
the DFT geometries. We note that the broken-spin- ever, there is not yet any way to judge which is the
symmetry geometries of the 2,5- and 2,6-pyridynium most accurate. The failure of CCSD(T) theory for the
cations (the only isomers with restricted singlet insta- 2,5-singlet has been discussed elsewhere [53], so no
bilities) were predicted to be from 1 to 4 kcal/mol comparison to that level is possible for this isomer.
lower than their respective restricted geometries at  Fig. 3 illustrates two particularly large differences
various levels of theory; no single geometrical coor- in geometric predictions between the DFT and
dinate shows a particularly large change in either CAS(8,8) levels of theory. In particular, DFT predicts
instance. As a final technical point, we found that, in the 2,4- and 3,5-singlets to have bicyclic structures
most cases, the differences between the absolutewith bond lengths between the dehydrocarbons of
energies computed at the BCCD(T) and CCSD(T) 1.479 and 1.561 A, respectively. At the CAS(8,8)
levels were small. For all singlets with the exception level, on the other hand, “typical” aromatic six-
of the 2,5-singlet, the average difference was 0.4 membered ring structures are maintained, with non-
kcal/mol, with the CCSD(T) energy being the lowest bonded separation of the two dehydrocarbons exceed-
in every case. For all triplets, the average difference ing 2.1 A. In this instance, the ring contraction
was 0.8 kcal/mol, with the BCCD(T) energy being the appears to be a function of dynamical electron corre-
lowest in every case. The systematic nature of the lation that is included in the DFT Hamiltonian but
differences implies that ST splittings predicted at the absent in the MCSCF process—the bicyclic 2,4- and
BCCD(T) level must on average be 1.2 kcal/mol 3,5-singlet DFT structures are predicted to be lower in
larger than those predicted at the CCSD(T) level. energy than their CAS(8,8) counterparts by 2.4 and
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Table 2
ST splittings H,, kcal/mol) of arynes at various levels of theory

Benzyne8 Pyridynium cations Pyridyné&s
Theory ortho meta para 2,3 2,4 2,5 2,6 3,4 3,5 2,3 2,4 2,5 2,6 3,4 3,5

BPW91 —31.3 —19.4 2.0 —24.1 -248 -43 —-81 -315 -240 -17.9 -234 -140 21 -352 -129
CASPT2 -30.4 —180 -58 —-23.6 —-183 -52 -10.6 —-309 -17.5 —-14.6 —-233 -13.0 1.2 -329 -14.2
CCSD(T) —32.6 —18.3 —2.8 —252 -215 -56 -121 -329 -19.6 -189 -251 -129 -0.3* —-344 -1438
Expt! —-375 -21.0 -38

+0.3 *0.3 =*05

2BPW91 and CASPT2 data from [17].

b See [21]; note that for consistency the CCSD(T) numberaatinclude contributions from CCSD/cc-pVTZ calculations and thus differ
from those in [21].

¢ CASPT2 results are for CAS(8,8) geometries; CCSD(T) results are for BPW91 geometries unless otherwise noted; ZPVE from BPW9!
level. See Figs. 1-3 for geometries.

4 BCCD(T) splitting.

€ CAS(8,8) geometry for singlet.

f[51].

1.8 kcal/mol at the CCSD(T) level. Of course, one inevitably open to monocyclic ones. However, this
might worry that these energy differences at the tendency appears to be opposed by energetic effects
CCSD(T) level reflect primarily cumulative contribu-  associated with dynamical correlation, so that individ-
tions from coordinateother than the distance be- ual metaarynes can be highly fluxional. A most
tween the two dehydro centers. To test this point, and remarkable example is found in Fig. 2, where the DFT
moreover to establish whether the didehydro separa- gnd CAS structures for 3,5-pyridyne are predicted to
tion has a single-well potential or a double-well gitfer by only 0.03 kcal/mol at the CCSD(T) level in

potential, constrained optimizations of structures spite of having dehydrocarbon separations that differ
along a putative didehydro bond stretching coordinate by almost 0.4 A [21].

were carried out for the 2,4-singlet at a variety of
theoretical levels. Interestingly, at the CAS(8,8) level
a stationary bicyclic structure for the 2,4-singt&tn

be found, with a bond length between the two dehy-

drocarbons of 1.490 A, but it is higher in energy than . . .
the monocyclic structure by 8.3 kcal/mol. No other and 3,5-singlets, where the stability of the bicyclic

level of theory provides support for there being two §tructures appears t.o be overestlmated' by DFT’. as
stationary structures, however, and the CCSD(T)/ judged by their considerably higher relative energies

BPW91 and CASPT2//BPWO1 coordinates both show &t the CCSD(T) level [note that it is purely coinci-
minima much closer to the DFT bicycle than to the dental that the relative energies of the bicyclic DFT

Turning now to energetic issues, we note first that
for four of the six pyridynium isomers, the relative
singlet and triplet energies are fairly insensitive to
level of theory (Table 1). The exceptions are the 2,4-

CAS(8,8) monocycle. structures at the CCSD(T) level are close to the
The issue of bicyclic structures is a particularly relative energies of the monocyclic CAS structures at

arynes [16,20,21,51,55,57]. Apparently erroneous bi- M-benzyne, and is presumably related to artifacts
cyclic structures have most often been observed at theassociated with the single-determinantal nature of
Hartree-Fock level, where they arise from an artifact DFT (vide supra). Analysis of pyridynium relative
associated with this level being a single-determinantal energies, together with the data compiled in Tables 2
level of theory. When nondynamical correlation is and 3, is most informative when evaluated in the
included at the MCSCEF level, the bicyclic structures context of the benzynes and pyridynes.
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Table 3
Biradical stabilization energiedtqg, kcal/mol) of arynes at the CCSD(T) level of thebry

Singlets Triplets

2,3 2,4 2,5 2,6 34 3,5 2,3 2,4 2,5 2,6 3,4 35
Molecules ortho meta para meta ortho  meta ortho meta para meta ortho  meta
Benzyne 31.2 175 5.7 175) (31.2) (175 -13 -06 3.0 0.6) (-1.3) (-0.6)
Pyridynium cations ~ 22.5 19.4 £3 105 28.8 179 -27 -21 -1.%° -1.6 -41 =17
Pyridynes 22.7 22.7 14.7 f6 327 16.2 38 -24 1.7 1.6 -1.8 1.7

2Results are for BPW91 geometries unless otherwise noted; thermal contributions to enthalpies from BPW91 level. For convenience, th
relationship between the three benzyne isomers and the six pyridyne(ium) isomers is indicated and the benzyne results are multiply tabulat

as necessary.
®BCCD(T) BSE.
°The CCSD(T) value is 0.7.
9 CAS(8,8) geometry.

3.2. Comparison of the benzynes, pyridynes, and
pyridynium cations

Analysis of trends in the data in Table 1 is difficult
to the extent that the different zeros of energy [i.e.
o-benzyne and the 3,4-pyridyne(ium) isomers] are not

necessarily themselves directly comparable in terms

of similar electronic structures, in spite of being
isoelectronic. Further insights can be gained from
alternative energetic analyses.

Table 2 details the ST splittings predicted for the
various aryne isomers at the three different levels of
theory surveyed here. Prior work on a variety of
arynes suggests that the CCSD(T) level of theory is
likely to be the most accurate of the three levels

[16,21,53,62,63]. In the benzyne and pyridyne series,

dicted 298 K enthalpy of reaction for the isodesmic
process

arene+ m,n-aryne— m-aryl radical

+ n-aryl radical

3

i.e. it is the energy gained (or lost) from putting the
two radical centers into thesame aromatic ring.
Earlier work has suggested that alternative isodesmic
reactions may be more accurate for predicting 298 K
heats of formation foortho arynes [15,16,18], but for
the sake of consistency, we will use only Eq. (3) here.

3.3. Orthoisomers

The 3,4-singlets ana-benzyne singlet all have

it has been shown that expanding the basis set tovery similar BSEs. Of the three, the BSE for 3,4-

triple-{ increases the magnitude of CCSD(T)-
predicted ST splittings irrtho arynes by about 2.5
kcal/mol, whereasnetaand para splittings are typi-
cally changed (either up or down) by less than 1
kcal/mol [21]; although we have not undertaken such
calculations for the pyridynium cations, it seems
likely that such corrections would similarly apply in
generating the most accurate predictions for this
series.

Table 3 provides, for the CCSD(T) level of theory
using, for the most part, DFT geometries, the com-
puted biradical stabilization energies (BSEs) for the
different arynes, where BSE is defined as the pre-

pyridynium is the smallest. We speculate that this is
because the formal triple bond “locks” a certain
degree of bond alternation into the six-membered
ring, thereby decreasing the efficiency of resonance-
derived charge delocalization.

The inference that introduction of a charged center
into an aryne destabilizes isomers having dehydro
positions adjacent to one another is further supported
by the data for the 2,3-arynes, although the analysis is
complicated somewhat by interactions of the lone pair
in the singlet and triplet pyridynes. As has been
previously noted [21], relative to the 2- and 3-pyridine
monoradicals, a destabilizing four-electron interaction
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Fig. 4. Some resonance structures for 2,4-didehydroarynes.

between the in-planer bond and the nitrogen lone  hybridization at the two-position fromp? to the more
pair decreases the BSE for the singlet 2,3-pyridyne, electronegativep destabilizes the 2,3-isomer relative
whereas the formation of an in-plane allyl-like delo- to the 3,4-isomer.
calized set of orbitals stabilizes the triplet (so that it The differences in singlet and triplet BSEs between
has a positive BSE of 3.8 kcal/mol). These interac- the two ortho pyridynes and between the twatho
tions are not possible for the 2,3-pyridynium cations, pyridyniums combine in each case to cooperatively
which suggests that it is coincidence that the BSEs for decrease the magnitude of the 2,3 ST splitting relative
2,3-pyridyne and 2,3-pyridynium are similar—further to the 3,4 case. At the CCSD(T) level the difference
consistent with the lack of strong interactions with the between the two splittings is predicted to be 15.5 and
nitrogen lone pair is the “normal” negative BSE for 7.7 kcal/mol. Although this effect of heteroatomic
the triplet. Note that this BSE is the next most substitution is sizable, it is noteworthy that it operates
negative after the already discussed 3,4-triplet, and is over a remarkably short range, insofar as both 3,4
larger in magnitude than the BSE for triplet splittings (where the nitrogen atom is one CH unit
benzyne, again suggesting that charged systems disfurther from the formal triple bond) are predicted to
favor adjacent dehydro positions relative to neutrals. essentially be the same as that computed der
One item of interest is that the BSE for singlet benzyne.
2,3-pyridynium is 6.3 kcal/mol smaller than the BSE
for 3,4-pyridynium. This is somewhat counterintuitive  3.4. Metaisomers
since, if one indulges in drawing resonance structures,
there would appear to be better opportunities for ~ Comparison of themeta diradicals is, at first
charge delocalization in ther system for the 2,3-  glance, complicated by the preference for monocyclic
isomer than for the 3,4-isomer. A careful analysis of structures in some systems and bicyclic structures in
geometric changes in the diradicals relative to the others. On the other hand, the remarkably flat nature
monoradicals suggests no special structural factorsof the potential coordinate associated with bond
contributing to the predicted difference in stability. making/breaking between the two dehydro positions
Mulliken population analysis of the DFT wave func- makes an energetic analysis in some sense indepen-
tions, however, suggests that theéesonance analysis  dent of the structure, so comparison of BSEs remains
represents an oversimplification of the charge-delo- a useful exercise.
calization situation. The partial atomic charges on the  Starting with the 2,4-isomers, Fig. 4 presents some
NH fragments of the 2,3- and 3,4-isomers are 0.200 aryne resonance structures that facilitate a discussion
and 0.161, respectively, i.e. 20% less charge localiza- of differences between the three arynes. In the case of
tion at nitrogen in the latter isomer. It would appear the triplets, only mesomea is relevant (all other
that inductive effects in the cationic system play arole mesomers having formally closed-shell electronic
in charge stabilization of similar magnitude t structures), and the slightly smaller negative BSE for
delocalization effects. Thus, changing the formal triplet m-benzyne compared to its pyridyne and pyri-
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ol _________ B

Fig. 5. Perturbative resonance analysis of in-plane allyl-like interactions for 2,6-pyridyne (left-hand half) and 2,6-pyridynium cation
(right-hand half).

dynium analogs is probably attributable to the smaller ~ The 2,6-arynes are particularly affected by the
ring size in the case of the heterocycles, which nature of the heteroatom (if any) because substitution
increases through-space interaction between the twodictating the ring’s “one” position is necessarily
centers and thereby slightly increases exchange repul-adjacent toboth of the dehydrocenters. Beginning
sion (the separation between the two relevant carbon again with a comparison of the triplets, once more the
atoms is about 0.02 A larger in benzene than in the pyridynium BSE is somewhat more negative than the
other two arenes). Hoffmann et al. [12] predicted the benzyne BSE, and again it is reasonable to ascribe this
direct interaction between these two centers for a to the smaller heterocyclic ring (the 2,6-separation in
model of m-benzyne to have a magnitude of 0.835  pyridinium cation is 0.045 A less than the equivalent
(where B is the standard resonance integral between separation in benzene). Triplet 2,6-pyridyne, on the

two carbonsp? hybrid orbitals overlapping in ar other hand, has a smajpositive BSE. This has
sense), although variation with respect to separation previously been assigned to the stabilization provided
distance was not evaluated. the latter diradical from the presence of an in-plane

In the pyridyniumsingletcase, this same smaller aza-allylic system formed from the nitrogen lone pair
separation described previously leads to ring closure, and the two dehydrsp? orbitals [21].
suggesting a dominance of mesordeaind a slightly The 2,6-singlets show the largest variation in BSE
larger positive BSE for 2,4-pyridynium compared to across the three arynes, owing to the very small
singlet m-benzyne. For 2,4-pyridyne, on the other positive BSE predicted for the pyridyne case. As
hand, mesomec, which has nitrilium ion character, depicted in Fig. 5 (left-hand side), the relative desta-
can be a favorable contributor—as a result, this bilization of the singlet derives from an unfavorable
2,4-aryne is predicted to have the most positive BSE four-electron interaction between the bonding combi-
of the 7metadiradicals in this paper. We note that a nation of the dehydro-orbitals and the nitrogen lone
more detailed analysis supporting the relevance of pair [21]. This destabilization is so large that the
mesomerc in the latter aryne has been presented antibonding hybrid orbital is comparable in energy to
elsewhere [21]. the antibonding singly-occupied molecular orbital of
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the triplet, and thus the ST gap in 2,6-pyridyne is BCCD(T) level is required because of instability
predicted to be a mere 1.0 kcal/mol at the CCSD(T) engendered by large singles amplitudes in the stan-
level. When the lone pair is “bound up” with a proton, dard CCSD expansion [53]. If the BCCD(T) level is
thereby making the orbital in question a N-H bond, it applied top-benzyne, the predicted ST splitting of
is sufficiently lowered in energy that resonance be- —4.5 kcal/mol is in close agreement with the splitting
tween it and the bonding didehydro hybrid is substan- of —5.6 kcal/mol predicted for 2,5-pyridynium.
tially reduced, although the BSE of singlet 2,6- Neutral 2,5-pyridyne, on the other hand, has a
pyridynium is still 7 kcal/mol smaller than that of much larger ST splitting, owing primarily to a larger
singletm-benzyne (right-hand side Fig. 5). In addition BSE associated with the singlet state. This additional
to possible resonance interactions, however, the cat-stabilization for the pyridyne is attributable to ener-
ionic charge on the central NH fragment must con- getically favorable mixing of a zwitterionic mesomer
tribute to some of the destabilization relative to into the overall electronic structure as described above
m-benzyne, since any transfer efcharacter to the  for 2,4-pyridyne [53]. As pointed out by Hoffner et al.
didehydro bonding orbital to lower its energy will be [11], this difference in the ST splitting between
balanced by some unfavorable transfesaharacter protonated and unprotonated 2,5-pyridyne offers in-
to the closely aligned C—N- bond. teresting opportunities for designing less cytotoxic
As for the 3,5-arynes, the triplets have essentially antitumor agents, and experiment does suggest that
identical BSEs as predicted for the 2,6-arynes. The whereas the protonated diradical is an avid hydrogen
singlets, on the other hand, all have BSE values within atom abstracting agent the neutral diradical, being a
2 kcal/mol of each other. That the pyridyne congener more stable singlet, is not [11,50].
has the smallest positive BSE may reflect some
remaining destabilization from interaction with the 3.6. An unusual Bergman cyclization
lone pair (i.e. a similar analysis to that appearing on
the left-hand side of Fig. 5, but the dehydro orbitals As just discussedpara arynes are readily gener-
are moved to the three and five positions thereby ated from Bergman cyclization of appropriate
decreasing resonance through reduced overlap), butenediynes. Most of the other diradicals discussed in

the difference is small in any case. this article, not beingpara, would require alternative
methodologies—there is, however, one interesting
3.5. Paraisomers exception. The 2,4-pyridyne diradical is in principle

derivable as the product from a Bergman cyclization
Detailed comparisons gd-benzyne, 2,5-pyridyne,  of Z-but-1-en-3-yn-1-yl isonitrile (Fig. 6). We have
and 2,5-pyridynium have previously appeared characterized the reaction coordinate for this process
[11,53], and this present study does not add anything at the BPW91/cc-pVDZ level, and Fig. 6 provides
substantive to these prior analyses. Interest in thesesome geometric details for the reactant and transition-
particular diradicals derives from their potential use as state structure. Fig. 7 provides the 298 K activation
reactive agents for the cleavage of DNA [2] when enthalpy and overall enthalpy change for the reaction
formed from Bergman cyclization of appropriate (aza) (reactioniii) along with data at the same level for five
enediyne precursors [64]. For the sake of complete- other previously studies Bergman cyclizations [53].
ness, we summarize here the key points deriving from  Previous studies on the Bergman cyclization of var-
prior studies on these molecules. ious enediynes have shown DFT to be reasonably robust
First, the p-benzyne and 2,5-pyridynium singlets for predicting cyclization barriers [53,59,61,79], owing
are very similar in all respects. Although the data in to the very low degree of diradical character in the
Tables 2 and 3 do not necessarily make this obvious, transition state [53,55,56,59,61]. It must be noted, how-
this derives in part from the failure of the CCSD(T) ever, that DFT can be less than ideal for predicting the
level when applied to 2,5-pyridynium; recourse to the overall reaction thermicity if the product diradical has a
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Fig. 6. Bergman cyclization ofZ-but-1-en-3-yn-1-yl isonitrile.
Heavy-atom bond lengths (angstroms) for the reactant and transi-
tion state structures at the BPW91/cc-pVDZ level are provided.

large degree of multiconfigurational character. As our
intent is simply to provide some qualitative comparisons
between this reaction and other characterized Bergman
cyclizations, we restrict ourselves here to the efficient
DFT level. We note that for the five other Bergman
reactions listed in Fig. 7, by comparison to well con-
verged levels of electronic structure theory (and also
experiment in the case of reactidy) the DFT level
underestimates the 298 K activation enthalpy by about 5
kcal/mol and predicts the overall cyclizations to be 5-10
kcal/mol more favorable than is correct [53]. Thus
estimates of the activation enthalpy and exothermicity
for the Bergman cyclization oZ-but-1-en-3-yn-1-yl

isonitrile that may be assumed to be reasonably accurate

are about 18 and 0 kcal/mol, respectively.

t
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Reaction X Y z AH_zrgx &Q
i CH c CH 22.0 0.9)
ii CH C N 29.3 23.6
iii CH N C 12.8 -7.3
iv N (o} CH 14.5 -14.5
v CH C NH* 32.5 (22.4)
vi NH* (o} CH 18.3 (-6.9)
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The transition state structure in Fig. 6 is similar to
previously published structures at the same level for
reactionsi, iv, andvi; e.g. the forming C—C bond
lengths in the latter three TS structures are 2.116,
2.272, and 2.163 A, respectively [53]. (Reactidns
andv are unique in that the forming bond is a C—N
bond, so direct comparison is not warranted.) From a
structural standpoint, then, reactidnis a “typical”
Bergman cyclization. An energetic analysis, on the
other hand, indicates reactioimsndiii to be possibly
unique relative to the others.

Reactioniii is predicted to be the second most
exothermic of the six reactions in Fig. 7; exothermic-
ity is not necessarily unexpected given the compara-
tively low stability of an isonitrile compared to an
alkyne or nitrile in the reactant. More interesting is
that reactionii has the lowest activation enthalpy of
the six cyclizations. A more careful analysis indicates
there to be an excellent linear relationship [80] be-
tween activation enthalpy and reaction thermicity for
all of the reactions except fair andiii , data points for
both of which fall substantially below the line (Fig. 8).
The inference then is that the activation enthalpies for
these two reactions are lower than would be expected
given their overall thermicities. These lower barriers
are probably associated with the lack of a hydrogen atom
on the isonitrile carbon or nitrile nitrogen compared to
all of the other bond-forming termini in the remaining
Bergman cyclizations. In the absence of unfavorable
steric and/or other interactions involving the H atoms on
the bond-forming termini, atomic orbital hybridizations
need not change prior to the onset of favorable heavy-
atom bonding interactions. Based on comparison to the
correlating line in Fig. 8, this effect is worth 3-5
kcal/mol in reducing the activation enthalpy.

3.7. Hyperfine couplings as predictors for diradical
ST splittings

Cramer and Squires [17] have reported that

CASPT2/cc-pVDZ ST splittings in aryne diradicals

correlate remarkably well with BPW91/cc-pVDZ

Fig. 7. Energetic comparison of different Bergman cyclizations.
Predicted enthalpies of activation and reaction (298 K) are from the
BPW91/cc-pVDZ level of theory. Reaction enthalpies in parenthe-
ses are from broken-spin-symmetry DFT calculations.

monoradicalH hfs constants, where the hfs is com
puted for the hydrogen atom on the diradical position

that is “capped” in the monoradical (one may assume
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Fig. 8. Activation enthalpies vs. reaction thermicities (298 K) for
the reactions listed in Fig. 7.

that the correlation with experiment might be of
similarly high quality, but there are insufficient ex-
perimental data to correlate). For strongly interacting
ortho- andmetarelated diradicals (defined as having
singlet ground states with ST gaps larger in magnitude
than —10 kcal/mol), the regression equation, which
has amR value of 0.997 when computed over 11 data
points for relevant benzynes [17], pyridynes [21], and
naphthalynes [17,19], is

(ST splitting, kcal/mol = —1.39 X (*H hfs, G

~9.48 (4)

In the case of nonstrongly interactimgeta or para-
related diradical centers, the correlating equation
(R = 0.987, 9data points) analogous to Eq. (4) is

(ST splitting, kcal/mol = —1.99X (*H hfs, §

- 0.30 (5)

Note that Eq. (5) has a near-zero intercept, which
meets with qualitative expectations that if a proton
does not feel any unpaired electron spin density, an
electron localized in the same position would not be

expected to show much preference for singlet versus

triplet coupling. The reason Eq. (5) differs so much
from Eqg. (4) is because weakly coupled diradicals in
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their singlet and triplet states and the monoradicals
from which they might be generated typically all have
very similar geometries. Thus, unpaired spin density
in the monoradical may be regarded as a good
measure of spin density from an electron at the same
position in the diradical, and thus a zero intercept for
the correlating line is expected. In the strongly cou-
pled diradicals, on the other hand, there are typically
large geometry differences between the individual
states of the diradicals and/or between the diradicals
and their related monoradicals. It is to some extent
surprising that the correlation is as good as it is for Eq.
(4), but that is the situation that obtains.

In any case, Table 4 lists the ST splittings predicted
for the various pyridynium diradicals based on hfs
values in the three pyridinium monoradicals. Compar-
ison to CASPT2/cc-pvVDZ predicted ST splittings
(electronic energy only) indicates that the regression
equations can be applied to the pyridynium series with
an average error of about 1.6 kcal/mol. It is notewor-
thy that the largest errors are associated with the 2,4-
and 3,5-isomers—both involve large geometric dif-
ferences between bicyclic singlets and monocyclic
triplets. Also worth noting is that hfs values from the
2-pyridinium radical are less predictive than those
from the 3- or 4-pyridinium radicals for the same
diradical (e.g. 2,4-pyridynium can be predicted from
the hfs of proton 4 in the 2-radical or from the hfs of
proton 2 in the 4-radical). This was observed previ-
ously for the congeneric unprotonated pyridine/pyri-
dyne series [21] and seems to indicate a general trend
for greater robustness in the correlations when the
radical position in the monoradical is well insulated
from strongly perturbing influences like lone pairs or
formal charges.

3.8. Pyridyne 298 K heats of formation

In previous work [21], we reported the energies of
the pyridyne singlets at an extrapolated level of
coupled cluster theory defined as

extrap. CCSD(T)= CCSD/cc-pVTZ

+ [CCSD(T)/cc-pVDZ — CCSD/cc-pVDZ]  (6)
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Table 4
Predicted and computed ST splittings (kcal/mol) for pyridynium diradicals

ST splitting
Method 2,3 2,4 25 2,6 3,4 3,5
From 2-pyridinium radical hfs —25.6 -19.5 -5.7° -8.4
From 3-pyridinium radical hfs —-25.8 -4.5 -32.5 -17.8
From 4-pyridinium radical hfs —-16.7 —32.4
CASPT2/cc-pVDZ -23.9 —15.5 -5.1 -9.6 -315 -14.5

2 Predictions are from Eq. (4) unless otherwise noted.
®From Eq. (5).
¢ Electronic energies only.

where all geometries were from the BPW91/cc-pVDZ than for the triplet states, and is also larger when the

level. In Eq. (6), then, the effect of triple excitations is nitrogen atom is unprotonated than when it is proto-

evaluated with a smaller basis set than that used for nated and the aryne is a cation. The nitrogen lone pair

the best CCSD calculation. in the pyridynes strongly hybridizes with one or both
This level of theory has previously been shown to of the nonbonding sigma orbitals if the latter is (are)

provide very accurate predictions for the 298 K heats

of formation of the benzynes when used in conjunc- Table 5

tion with isodesmic Eq. (3) and the known heats of ComputedH,qg (a.u.) and experimental and computti?,qg

formation of benzene and the phenyl radical [16]. (*¢a/mol) values

Heats of formation of the pyridyl radicals have AHP208

recently been determined from analysis of shock tube Mmolecule Haoodd Experimental  Predictéd
experiments on pyridine [81]. By using those data and g, cne 93168512 197 0.2

the heat of formation for pyridine, we have carried out Phenyl radical  —231.00656  81.2- 0.6

analogous calculations of the 298 K heats of forma- Pyridine —247.72233 33607

. . . . . 2-Pyridyl radical —247.051 44 86+ 2
tion for all six pyridynes, and those are summarized in 3-Pyridyl radical —247.04222 93 2

Table 5 along with a recapitulation of the benzyne 4pyridyl radical —247.04461  93: 2

results. As no C—H bond dissociation energies for o-Benzyne —230.38155 105433 109.0+0.9
.- . . _ — f
protonated pyridine are available (nor are other esti- MBenzyne 28035971 121931  122.7*09
) ) p-Benzyne -230.33659 137.& 29 137.2+0.9
mates of protonated pyridyl radical heats for forma- 138.0+ 1.C°
tion), we have not attempted to predict values for the 2,3-Pyridyne —246.411 26 121 3
pyridynium cations. The error estimate in the pre- 2:4-Pyridyne —246.411 23 1233
dicted | deri imoly f th t 2,5-Pyridyne —246.395 06 13 3
icted column enyes simply rom _e roo mean  ;'s pyridynd 246333 88 137 3
square of the experimental uncertainties in the mea- 3,4-Pyridyne —246.419 87 1183
sured heats of formation and does not reflect any 3,5-Pyridyne —246.391 98 135-3
attempt to guess the intrinsic accuracy of the elec- 2Electronic energies at extrap. CCSD/BPW91/cc-pVDZ level
tronic structure calculations. unless otherwise specified; see Eg. (6). ZPVE and thermal contri-

butions from BPW91/cc-pVDZ level.
® For singlet diradicals by using Eq. (3) and experimentef,qq
values for arenes and arenyl radicals.

4. Conclusions *See [82].
9 See [44].
Introducing a nitrogen atom into the aromatic ring | 5¢¢ 511
See [44,83].

perturbs the structures and energies of the benzynes. ¢gge [43).
This perturbation is much larger for the singlet states " Electronic energy at extrap. CCSD//CAS/cc-pVDZ level.
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localized on one or both of the carbon atoms adjacent [4] A.G. Myers, S.B. Cohen, B.-M. Kwon, J. Am. Chem. Soc.

to the nitrogen atom. Such hybridization can stabilize
the singlet state by making zwitterionic resonance
structures more favorable than would be the case for
benzyne isomers. Introduction of a positive charge, in
the form of a protonated nitrogen, can also influence
singlet energies, primarily by inductive effects prop-
agated through the framework of the aromatic ring.
There is also a bias towards maintaining structures
that maximizer delocalization in the charged arynes.
The Bergman cyclization of-but-1-en-3-yn-1-yl
isonitrile is unigue insofar as it produces raeta
diradical, namely 2,4-pyridyne. The cyclization itself
is exothermic, and overall similar to other computa-
tionally characterized Bergman processes for acyclic

azaenediynes, except that it exhibits a somewhat

smaller barrier that is associated with the lack of a
terminal hydrogen at the isonitrile carbon atom.

Proton hyperfine splittings in protonated pyridine
monoradicals are good predictors of singlet-triplet
splittings in didehydropyridynium diradicals, in keep-
ing with prior observations in other aryne systems.
When singlet states adopt bicyclic geometries, how-
ever, the predictive utility of the hyperfine splittings is
reduced.
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