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Characterization of Two Chloro-Substituted m-Benzyne Isomers: Effect of Substitution on
Reaction Efficiencies and Products

Jason M. Price and Hilkka I. Kentta&maa*
Department of Chemistry, Purdue Usersity, West Lafayette, Indiana 47907-1393
Receied: May 9, 2003

Two isomeric chloro-substituted-phenylpyridinium-typem-benzyne analogues were generated and examined

in a Fourier transform ion cyclotron resonance mass spectrometer with the goal of comparing the reactivity
and singlet-triplet gaps of the chlorinated and nonchlorinated benzynes. Theoretical calculations predict that
the chloro isomers should have singt¢tiplet gaps that differ by about 4 kcal/mol. Indeed, experiments
confirm that the two singlet benzynes are separated in energy by 1.9 kcal/mol. Despite this difference, both
isomers react at nearly identical rates that are as much as 2 orders of magnitude greater than the rates of the

corresponding unchlorinated-benzyne analogue. An interesting finding is that all oflfhphenylpyridinium
mbenzyne ions react wittert-butyl isocyanide to form a strained, cyclic allene (although to different extents)

that is almost 70 kcal/mol less stable than one of its hydrogen-shift isomers. The cyclic allene was characterized

and quantified by collision-activated dissociation and-+omlecule reactions.

Introduction
The three isomeric didehydrobenzenes, the m-, and

p-benzynes, are important reactive intermediates and funda-

mentally interesting moleculeg-Benzyne 1) is by far the

experimentally best characterized isomer in terms of both its

structure and its reactivity. It has been isolated in a magmd
probed with both IR and UV-vis® spectroscopy. In addition,

o-benzyne intermediates are readily generated in solution from

a variety of commercially available precursors and are known
to react by concerted pericyclic pathways (e.g., Diditder

reactions)t
sRele
1 2 3
U m
2b 3b

Recent interest in bottm-benzyne 2) andp-benzyne 8) has
stemmed largely from the discovery thmbenzyne intermedi-
ates are likely responsible for the antitumor activity of ene-
diynes® Despite the importance of these intermediates, chal-
lenges in finding suitable precursors for the unambiguous
generation ofn- andp-benzynes, as well as the high reactivity
of these species, has resulted in a paucity of experimental dat
regarding their structure and reactivity. Of the few condensed-
phase experiments on the reactivityrof and p-benzyne that
do exist, many are inconclusive. For example, trapping experi-
ments in solution have provided evidence for both the bic§clic
(2b and 3b) and biradical (2 and 3) structures ofm and

p-benzyne. On the other hand, infrared spectroscopy of matrix-

isolatedm andp-benzyne in combination with a growing body
of high-level calculations, support the diradicaloid structites
and3.?

*To whom correspondence should be addressed. E-mail: hilkka@
purdue.edu.

Perhaps the key parameter that influences the structure,
thermochemistry, and reactivity of the benzynes is the degree
of interaction between the formally nonbonding orbitals contain-
ing the “biradical” electrons. A measure of this interaction is
the singlet-triplet (ST) gap, which is defined as the energy
difference between the singlet ground state and the lowest energy
triplet state. An important step forward in the understanding of
the chemistry ob-, m-, andp-benzynes was the utilization of
negative ion photoelectron spectroscopy to measure accurately
their ST gaps €37.5+ 0.3, —21.0£ 0.3, and—3.8 £ 0.4
kcal/mol, respectively}? Direct through-space interaction of the
nonbonding orbitals in both and2 causes their relatively large
ST gaps and low degree of biradical character (calcutated
be 11% and 20%, respectively) as well as their significantly
distorted geometries. In contra8thas only a small preference
for a singlet ground state and hence enhanced biradical
charactef* (65%) due to the weaker interactions of the non-
bonding orbitals through the-bond framework of the mol-
ecule’?

Even though the ST gap & is small, its effect on the
molecule’s radical reactivity may be profound. It has been
suggestet¥athat the energetically favorable interaction between
the biradical electron pair must be overcome for a radical
reaction to occur, resulting in a larger reaction barrier and a
decreased thermodynamic driving force relative to those of the
same reaction for the analogous phenyl radical. However, this

athinking was challengééPin a recent computational study that

provides evidence for the involvement of the ground-state singlet
and first excited singlet states, but not a triplet state, in the
transition state of benzynes’ radical reactions. Nevertheless,
solution experiments show that the hydrogen atom abstraction
rates ofp-benzyne, 1,4-didehydronaphthalene, and 9,10-dide-
hydroanthracene are-R orders of magnitude lower than those
of the corresponding monoradicafst® In addition, ab initio
molecular orbital calculations predict that the barrier for
hydrogen abstraction from methanol is about 1.5 kcal/mol larger
for p-benzyne than for phenyl radick® These observations
have led to the suggestion that enediynes could be made more

10.1021/jp035285r CCC: $25.00 © 2003 American Chemical Society
Published on Web 09/30/2003



8986 J. Phys. Chem. A, Vol. 107, No. 42, 2003 Price and Kenttamaa

SCHEME 1 SCHEME 2
X \ | N | N | N
@N/ 3 . P N/ @N/
N (2 @ Immhei
N NO,
N o N/\ ) ds
=
NO
4 5 4-d5 ! ! g
Cl
selective by increasing the ST gap of the biradical warhead (e.qg., N N N
by adding appropriate substituents or by usingxd®enzyne | | |
rather than g-benzyne derivative)® no, ©N SR R eN
2

—_—
I.

2

. ol
Indeed, there has been an increased effort to generate and e
study substituted benzynes. In a series of nice experiments,
Sander and co-workers have used matrix-isolation techniques ! ! '

and spectroscopically characterized several substituted
benzynes, including 2,4-didehydropheht, 3,5-didehydro-
fluorobenzene, 3,5-didehydrotolueh&, and tetrafluoro-3,5-

anilines and benzonitrilé$¢ However, there have been very ©/

few studies on the effect of substituents on the reactivitynof

or p-benzyne. One notable exception is the work of Chen et

al., who examined the effect of protonation on the hydrogen mass spectrometer that has been described in detail elsei#here.

atom abstraction reactions of 2,5-didehydropyridihe. The primary advantage of this instrument with respect to the
Some of the difficulties inherent to studies of reactive study of complex ior-molecule reactions is that it contains a

intermediates in condensed phases can be overcome by examindifferentially pumped dual cef® This design allows neutral

ing their reactivity in the low-pressure regime of a mass precursors to be leaked into one side of the dual cell and ionized.

spectrometer. Gas-phase synthesis techniques have been deveélultiple ion isolation and reaction steps (W)Scan be per-

oped to generate phenyl radicals and biradicals that bear an inertformed, if necessary, until the desired ion is synthesized. The

charged substituent which allows for their mass spectrometric ion of interest can then be selectively transferred into the second

didehydrobenzen®¢ Cramer and co-workers have systematically | \ @
calculated the ST gaps of isomeric didehydropyridines and their _|® S&%“ @N/ Sc Fg @N/
protonated analogué® didehydrophenol® and didehydro- NG, @: s

()

manipulation and study. Utilizing these techniques, the intrinsic
reactivity ofo-, m-,20 andp-benzyne¥! has been examined in a
Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometer.

lon—molecule reactions of chargem-benzyne analogues
have revealed a new type of electrophilic reactivity for this
species (Scheme #3.This nucleophilic additiorelimination

cell by grounding the middle plate common to both cells
(conductance limit). In this way, the second cell can be used to
conduct kinetic studies between an ion and a selected neutral
reagent under conditions that are essentially free from contami-
nation by neutral reagents that were necessary for generation
of the ion.

Chargedn-benzyne analoguésand? were synthesized using

mechanism circumvents the need to uncouple the biradicala previously described technique that involves the formation
electron pair and therefore explains many of the unexpectedly of N-phenylpyridinium-type ions via aipsosubstitution reaction

facile reactions of these chargedbenzynes. In this work, we
report the synthesis of two isomeric chloro-substituted
benzyne analogues-(4-chloro-3,5-didehydrophenyl)pyridin-
ium (6) and N-(2-chloro-3,5-didehydrophenyl)pyridiniuny),

A X
®N eN
Cl
Q. L
Cl
6 7

and compare their reactivity to that of the nonchlorinated
m-benzyne analogué Of particular interest is the influence of
the electron-withdrawing chloro substituent on reaction rates,
and its likely ability to stabilize charge-separated intermediates
(e.g.,5). In addition, the chloro substituent should affect the
relative stabilities o6 and7. This was examined experimentally
via substitution reactions.

Experimental Section

All ion —molecule reactions were examined using a dual-cell
Extrel model 2001 Fourier transform ion cyclotron resonance

between a pyridine nucleophile and a halobenzene radical
cation? In this case, botlé and7 can be synthesized by using
the same halobenzene precursor, 4-chloro-3,5-diiodonitroben-
zene. Electron ionization of 4-chloro-3,5-diiodonitrobenzene
(typically 12—17 eV electron energy, BA beam current, and
50—100 ms beam time), followed by reaction with pyridine or
3-fluoropyridine (typical reaction times—46 s) resulted in
abundant signals correspondingipso substitution occurring

at the chloro, nitro, and iodo substituen&-(0, Scheme 2).
N-Phenylpyridinium ion® and 10 are the precursors #®and

7, respectively. The desirdd-phenylpyridinium precursor was
selectively transferred into the other side of the dual cell by
grounding the conductance limit for a short time (¥210us).

The technique of quadrupolar axialization was utilized to
maximize transfer efficiency by refocusing the ions’ cyclotron
radius along the magnetic field axis prior to trangfeAfter
transfer into the other cell, the biradicals were synthesized by
homolytically cleaving two carboniodo bonds in the case of

9 and a carbonrnitro bond followed by a carbeniodo bond

in the case ofl0. Sequential bond cleavage was effected by
using the technique of sustained off-resonance irradiated col-
lision-activated dissociation (SORI-CAD; typically 1 kHz off-
resonance for 200 ms) concurrent with a pulse of argon
(maximum pressure in the cell107° Torr).26 After SORI-CAD,
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a time delay of +2 s was used to allow the ions to release any results from placing both odd spins in the same ring. The BSEs
excess translational and internal energy via collisions with calculated according to eq 1 were corrected for the difference

neutral molecules and emission of IR photons. The biradicals
were isolated by removing all other ions through the application
of stored-waveform inverse Fourier transform (SWIFT) ejection
pulses?’

Kinetic data were obtained by allowing the isolated ions to
react for variable periods of time with a neutral reagent present

between the BSEs calculated forbenzyne by using eq 2

@)

and its experimentally determined singlet and triplet BSEs
(—20.6+ 3.6 and 0.8+ 2.8 kcal/mol, respectively’ For 2,6-

2(phenyl radicaly> m-benzynet benzene

at a constant pressure prior to excitation and detection. A didehydrochlorobenzene and 2,4-didehydrochlorobenzene, BSEs

background correction was applied to ensure that the ionic
products observed were formed from the desired ion population.

Background spectra were generated by ejecting the reactant ions

prior to the reaction time. Pseudo-first-order reaction rate
constants were determined from the slope of a plot of the natural
logarithm of the relative abundance of the reactant ion versus
time. Second-order reaction rate constakig,(cm® molecule?

s™1) were obtained by dividing the pseudo-first-order rate
constant by the absolute pressure (converted to moleculed cm
of the neutral reagent. Corrections for the difference between

the absolute pressure and the pressure measured by the io

gauges were obtained by measuring the rates formalecule

reactions assumed to proceed at the theoretical collision rate
(e.g., exothermic electron-transfer reactions). Electron transfer

to carbon disulfide radical cation was the reaction of choice to
obtain correction factors for most of the neutral reagents in this
work with the exception of ammonia anelrt-butyl isocyande.
For these two reagents, a reaction involving exothermic proton
transfer from protonated ethanol was utilized. Theoretical
collision rates Keonision) Were calculated using a parametrized
trajectory theory® Reaction efficiencies used in this work are
defined axn/Keoliision X 100 (i.e., the percent of collisions that
are reactive).

4-Chloro-3,5-diiodonitrobenzene was synthesized by iodina-
tion of p-chloronitrobenzene via a procedure identical to that
used for iodination ofp-bromonitrobenzen&. The only devia-
tion from the literature procedure was that the product was
purified by recrystallization from methanol instead of ethanol.
The elemental composition of the product was confirmed by
measuring its exact mass, and its identity was confirmed by its
fragmentation pattern upon 70 eV electron ionization. All other

were also calculated using the BD(T)/cc-pVDZ//BLYP/cc-pVDZ

level of theory.

The 298 K ST gaps of the benzynes were obtained from the
difference in their singlet and triplet BSEs. These values are
reported in the text. The difference between the 298 and 0 K
ST gaps was less than 0.3 kcal/mol. The ST gaps of the benzynes

were also estimated using the hyperfine coupling constant

method developed by Cramer and Squie$hey found that

there was a correlation between the ST gaps of benzynes,

naphthalynes, and pyridynes calculated at the CASPT2/cc-

RVDZ/ICASSCF/cc-pVDZ level and the BPW91/cc-pVDZ-

calculated isotropic hyperfine spitting (hfs) constant of the
corresponding monoradical at the hydrogen atom that would
have to be removed to generate the biradical of interest. For
example, the hyperfine coupling constant at the 4-hydrogen in
2-dehydrochlorobenzene can be used to estimate the ST gap of
2,4-didehydrochlorobenzene. The relation betwegho and
metahfs’s in monoradicals and the calculated ST gaps of the
biradicals at the CASPT2/cc-pVDZ//CASSCF/cc-pVDZ level
has been reported to ¥e

ST gap (kcal/moly= [—1.39¢H hfs, G)— 9.48]— 3.0 (3)

The correction of 3.0 kcal/mol is needed to correct for the
difference in the CASPT2-calculated ST gap farbenzyne
(—18.0 kcal/mol) and its experimentally determit&8T gap
of —21.0 & 0.3 kcal/mol. When this method was used, the
geometries of the monoradicals were optimized and the hfs
constants calculated using the BPW91/cc-pVDZ level of theory.

Results and Discussion

reagents were commercially available and were used as received. lon Generation and Characterization. Chlorobenzyne

Calculations. All geometries and energies reported in this
work were calculated utilizing the Gaussian 98 suite of
programs® Geometry optimizations were carried out using
density functional theory (DFT) with either the BLYP or
BPWO9L1 functional (vide infra). Each structure was verified to

isomers6 and 7 were synthesized in the mass spectrometer
according to previously published methdd8riefly, electron
ionization of 4-chloro-3,5-diiodonitrobenzene followed by sub-
sequent reaction of the resulting radical cation with pyridine
produces three major products correspondiriggo substitution

be a stationary point on the potentia] energy surface by ana]ysisOf the Ch'OrO, nitrO, and iodo substituents of the radical cation

of vibrational frequencies at the same level of theory used to
optimize the geometry. All reported energies include zero-point
vibrational energy. The BLYP functional in conjunction with
Dunning’s correlation-consistent polarized valence double-
basis set (cc-pVDZ) was used in the calculation of the biradical
stabilization energies (BSESs). The singlet and triplet BSEs were

(8—10, Scheme 2). Biradica®and?7 are produced fror® and
10 by isolating the appropriate precursor and homolytically
cleaving two carbortiodine bonds i or a carbor-nitro bond
followed by a carborriodine bond in10. Bond cleavage was
effected by using SORI-CAB?

The structures of ion§ and 7 can be verified and distin-

calculated using the same isodesmic reaction scheme employe@uished by examining their reactivity. Bothand?7 react with

previously by Cramer and co-workers for the study of substituted
benzyned?® First, the AH,gg for the reaction in eq 1 was

m-CgH XCl + n-CgH XCl —

19" Imn-CH,XCI] + CH,XCI (1)
calculated, where X= H in the case of the neutral molecules
and X = pyridinium in the case of the charged molecus

and 7. The enthalpy of this reaction is a measure of the
stabilization or destabilization (relative to the monoradicals) that

dimethyl disulfide by sequential abstraction of two thiomethyl
groups, indicating the presence of two radical sifesomer-
ization to more stabl@-benzyne isomers is ruled out since
neither 6 nor 7 reacts with furan or thiophenol while the
0-benzyneN-(3,4-didehydrophenyl)pyridinium forms addition
products with these reagerfsBiradicals 6 and 7 can be
interconverted via the charge-site substitution mechanism previ-
ously reported foN-phenylpyridinium analogues of-benzyne
(Schemes 1 and 3%.The charge-site substitution produétsls
and 7-ds in Scheme 3 and by analog§ and 7 can be
distinguished on the basis of their reaction products wetk
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SCHEME 3 TABLE 1: Singlet and Triplet BSEs (kcal/mol, 298 K)2 of
Various Benzynes
A
) | BN | A » ds Benzyne Theory [ Singlet BSE | Triplet BSE
_ Z P
®N A
> @N 9 _, oN | RN BLYP |-245 17
P Cl N\ BD(T) |-23.1 13
N ® N Cl
bo ° | \rJ\l e) ° () 12d
X Cl Cl
Cl ds BLYP |-19.7 0.3
6 1 7-d5 . ° BD(T) |[-19.3 0.5
14d
B S X
) N | | \/d5
| SNZ N
Ny ds ON 9, ol ® | e BLYP  |-26.1 19
| 2 Cl ® N 3
N . . | N o‘e ° . 6: X = pyridinium

. X
d5 Cl
7 1 6-d5 BLYP |[-215 0.8
L] [

SCHEME 4 7:X= p;/(ridinium
i 1 1 tRZNH, BLYP 21.0 1.0
° ° ° :R=0H -21. E
:R=CN . .
[ ) [ ]
[ ]
12 13 14

:R=Cl 4: X = pyridinium
:R=NH;"
© Exp® |-206+-36 |08+-28
° [ ]
butyl isocyanide. Isomes reacts withtert-butyl isocyanide by 2
abstraction of cyanide and loss of chloride, whilereacts 2 BLYP/cc-pVDZ-optimized geometries; see the text for the defini-
predominately by abstraction of hydrogen cyanide (vide infra). tion of BSEs.” Reference 10.

The reactions_confirm _that pyridine adds exclusively to the 1ABLE 2: ST Gaps (kcal/mol, 298 K) of Various Benzynes
m-benzyne moiety and, in the case of the nonsymmetric isomer

Q0T O

T X N . Benzyne Theory ST gap

7, that pyridine adds regioselectively to the 5 position.

Isomer Thermochemistry. Johnson and Cramer have cal- BLYP -26.2

. : o o BD(T) -24.4

culated the ST gaps of a variety of substituteebenzynes hfc® 238
(12a—c, 13a-c, l4a-c, Scheme 4) and rationalized the 1§'d
observed trends as a function of the inductive and conjugative Cl
properties of the substituetf¢ Briefly, o-withdrawing and .©f EETTP) 209
m-donating groups stabilize the singlet relative to the triplet state 14d hfc® -19.4
(i.e., the magnitude of the ST gap is larger) for the 2,6-isomers X
12 (Scheme 4) and 3,5-isomet8 (Scheme 4), although the BLYP 28,0
effect is weaker in the latter case. For the 2,4-isoniets . . hfc® 242
(Scheme 4), singlets are stabilized bywithdrawing and
m-accepting substituents. The singlets are destabilized relative 6: X = p(yzlidimum
to the triplets (i.e., the magnitude of the ST is smaller) if the X
properties of the substituent are opposite those listed above. In ©/CI BLYP 23
the case of ther-donating amino substituent, the ST gap trend . . hfc® -20.2
is 12a> 13a> 14awith an almost 10 kcal/mol difference in 7: X = pyridinium
the calculated ST gaps df2a and 14a The same trend is X
observed for hydroxy substitution although the calculated ST @ BLYP 220
gap difference betweeb2b and 14b is about 2 kcal/mol less N o hfc® -20.9
than for the corresponding amino isomers since the hydroxy 4 X = pyridinium
substituent is a pooret-donor® In the case of ther-with- .
drawing cyano substituent, all three isomers have similar ST .@, Exp. 210403
gaps (2c~ 13c~ 140 calculated to be within about 1 kcal/ 2

mol_of that Ofm-benzyr_le Itse_lf. . . aBLYP/cc-pVDZ-optimized geometries unless indicated otherwise.
Since a chloro substituentéswithdrawing and very weakly b UBpw91/cc-pVDz-optimized geometry; see the text for the definition
m-donating, it is reasonable to assume that the ST gaps ofof the method¢ Reference 10.
m-didehydrochlorobenzynd®d—14d (Scheme 4) should follow
the same trend as those of thredidehydrophenold2b—14b singlet and triplet BSEs df2d, 14d, 6, 7, and4 were calculated
although potentially somewhat muted. In addition, the chloro- (Table 1) via an isodesmic reaction scheme identical to that
substituted distonien-benzyness and7 should have ST gaps  used in previous studi¥son substituted didehydrobenzenes and
similar to those of their neutral counterpaft®d and 14d on didehydronaphthalenes (see the Experimental Section). The
the basis of calculatioA® showing that the protonated amino BSEs were used to calculate the ST gaps of the chloro-
group does not perturb the ST gap of 3,5-didehydroanilinium substitutedn-benzynes (Table 2). ST gap estimates were also
(13e Scheme 4) relative toxbenzyne. To determine whether made on the basis of a previously established correlation
chloro substitution produces the anticipated ST gap effects, thebetween the CASPT2/cc-pVDZ-calculated ST gaps of benzynes,
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N e ) TABLE 3: Efficiencies? and Products’ of the Reactions of
Y 1395 I® 1395 I@/ Distonic m-Benzyne lons with Selected Neutral Reagents
i
N™1.375 1.468N 1.373 N™1.373
1.460 1.429 1416 1.426$| ) 1.474 1447 I N F | N F I B F
T
@ 1.391 1.385 1.376 @ 1.383 P P P
o (3 [ o o ° N o @V
1.722 1.362 1.364 1.368 1.372 cl
Cl
d=1.604 d=1.847 d=1.966 ° ) ) ° L) Y
Cl
1.420 1413 1418 ¢
1.785 7F 6F 4F
1.384 @ 1.386 380 pyridine substitution (100%)° | substitution (100%)° | substitution (100%)°
) () L d () eff = 25% eff = 22% eff=2.0%
1.775] 1:3%5 1370~ 1.376 t-butylisocyanide | HCN abs (90%)° CN =CI (57%) HCN abs (51%)°
Cl 2° adduct 2° HCN abs 2° adduct
d=1.928 d=1.975 CN abs (5%) HCN abs (43%)° CN abs (33%)

i . . . 2° CN abs 2° adduct 2° CN abs
Figure 1. Heavy-atom bond lengths (A) of singlet distoniebenzyne substitution (5%)° subsitution (14%)°
ions and their neutral analogues as calculated at the BLYP/cc-pVDZ off = 46% off = 42% Zﬁ;‘ﬂ(% ?
level of theory. dimethyl disulfide | SCH3 abs (100%) | SCHs abs (100%) | SCH; abs (100%)

2° SCH; abs 2° SCH; abs 2° SCH; abs

. __ eff =4.1% eff = 3.3% eff = 0.05%

naphthalynes, and pyridynes and the BPW91/cc-pVDZ-calcu- allyl iodide it o) Not done No reaction
lated isotropic hfs constant at the hydrogen atom of the fZdabe
. . off ~ 0.039

corresponding monoradical that would be removed to generate  [tranyarofuran o reaciion o reaction o reaction

H H H H 5 thiophenol No reaction o reaction o reaction

the biradical of interest (see the Experimental Section and Table 28 % sagens Tho reaction AT T

2) furan No reaction o reaction o reaction

As predicted, a chloro substituent between the radical sites 2 Reaction efficiencies (eff) reported ksy/Keoision X 100.? Product
stabilizes the singlet states d2d and6 relative tom-benzyne branching ratios are given in parentheses. Secondary proddgtsf (2
by 3.9 and 5.5 kcal/mol, respectively (Table 1). In contrast, the any were observed, are given underneath the primary product that
someric "2 4-ype” chorobenzynestd and 7, a5 well as the -~ PCLEE’ A SIbSIEE ler o adeer o UE et egert
unchlorma’[edm—benzyne dISFOI’lIC iord, have singlet BSEs product corresponding to net HCN abstraction did not completely react
within 1 kcal/mol of the experimental value forbenzyne. The  yay by adduct formation (see the text).
triplet states are essentially unaffected by substitution as all
triplet BSEs are within 1.1 kcal/mol of that of-benzyne. The occurring with a reaction efficiency of 0.6%. These reaction
net result is thatl2d and 6 have larger ST gaps than their rates yield an equilibrium constant 24, which corresponds
isomersl4d and7 by about 4-6 kcal/mol (Table 2). The size  to a AAGygg of ~1.9 kcal/mol. BLYP/cc-pVDZ calculations
of 6 and7 precludes the use of BD(T) for calculating their ST predict aAHzgg difference between isomeésand7 of 4.9 kcal/
gaps, so only BLYP and hfc estimates are available. BLYP mol and aAGggg difference of 4.0 kcal/mol. This is consistent
predicts an ST gap fd® of —28.0 kcal/mol, which seems too  with the observation that BLYP appears to overstabilize singlet
large considering that the average CASPT2 and coupled-cluster6 relative to7. If one assumes that the hfc method provides a
values for the corresponding 2,6-didehydroaniline and 2,6- better estimate of the ST gaps ®fand 7 (A(ST gap)= 4.0
didehydrophenol are-28.3 and—27.0 kcal/mol, respectivef#b:c kcal/mol) and that~1 kcal/mol of this difference is due 6
Since the hfc method predicts ST gaps that are within 1 kcal/ having a~1 kcal/mol larger triplet BSE thai (see Table 1),
mol of the BD(T) calculations fot2d and14d, it is likely that then one obtains AHygg difference of~3 kcal/mol (or aAGygs
the hfc ST gap values of24.2 and—20.2 kcal/mol are more  difference of ~2.1 kcal/mol, on the basis of the BLYP
appropriate estimates fé&and?7. calculations). The small experiment&AGaygg 0f 1.9 kcal/mol

The geometries of then-benzynes studied are shown in is consistent with the fact that chlorine is a very paedonor
Figure 1 along with their uniqgue heavy-atom bond lengths. and should only marginally stabilize the singtetelative to7.
Perhaps the only remarkable difference between the isomers is Reaction Efficiencies.Since the reactivity of the unchlori-
that BLYP/cc-pVDZ predicts a bicyclic structure fér Pure nated N-(3,5-didehydrophenyl)-3-fluoropyridinium ion4F;
DFT functionals have predicted bicyclic structures for other Table 3) has been examined previou¥lgnalogues 06 and7
m-benzynes as well, including 3,5-didehydropyridine; however, were synthesized with a 3-fluoropyridineK and7F, Table 3)
higher level calculations at the CCSD(T) level predict essentially rather than a pyridine charge site to facilitate comparison
the same energy for the bicyclic and monocyclic structéfes. between the systems. The effect of chlorine substitution on
In fact, the bimolecular reactivity d is more consistent with  reaction rates is perhaps best illustrated by the reactions of the
a monocyclic rather than a bicyclic structure (vide infra). The mbenzynes with pyridine and dimethyl disulfide. In the case
fact that BLYP appears to overestimate the bonding betweenof pyridine, all threem-benzynes react to yield a charge-site
the radical sites i is likely the reason it predicts a ST gap for  substitution product where pyridine replaces the weaker nu-
6 that appears too large. cleophile 3-fluoropyridine; however, this charge-site substitution

Isomers6 and 7 can be intercoverted through a common reaction occurs an order of magnitude faster 66rand 7F
zwitterionic intermediatel(1, Scheme 3) by substitution of the  (reaction efficiencies of 25% and 22%, respectively) than for
pyridine charge site with perdeuterated pyridine (Scheme 3). 4F (reaction efficiency of 2.0%). The situation is much the same
By measuring the rates of the “forward7 (o 6-ds, Scheme with dimethyl disulfide, wher&F and7F abstract a thiomethyl
3B) and “reverse” § to 7-ds, Scheme 3A) charge-site substitu- group with similar reaction efficiencies (4.1% and 3.3%,
tion reactions, an equilibrium constant for a putatit-els/6 respectively) whiledF reacts to yield the same product but at
equilibrium can be determined. On the basis of the calculated a significantly slower rate (efficiency of 0.05%).
singlet BSEs, the forward reaction should be exothermic, and Previous work? has demonstrated that distoniebenzyne
indeed, the charge-site substitution occurs with a moderateanalogues react to give net-radical products not via radical
reaction efficiency KreactiodKeoliision) Of 14.5%. The endothermic  mechanisms but instead by nucleophilic addition pathways
reverse charge-site substitution reaction is considerably slower,(Scheme 5) akin to the charge-site substitution reaction. The
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controlling factor between the formation of a charge-site l l
substitution product and a net-radical abstraction product is the
relative ability of the incoming nucleophile to replace the charge | X
site (Scheme 5, path b) or to fragment (Scheme 5, path c) after
addition to the benzyne moiety (Scheme 5, path a). For weak
nucleophiles, such as dimethyl disulfide, substitution of a
pyridine charge site is endothermic and only the fragmentation NG
pathway is possible. For stronger nucleophiles that can fragment, o]
such agert-butyl isocyanide, both substitution and fragmentation /®<\/ \
pathways are feasible. Indeed, both charge-site substitution and \®(
net-radical products (e.g., CN abstraction) are observed in the l l
reactions of7F and4F with tert-butyl isocyanide (Table 3).
If either the substitution or fragmentation pathway is exo- [ |
thermic, then the initial nucleophilic addition (Scheme 5, path ®N
a) is typically the rate-limiting stef?. The barrier to nucleophilic /@ /ﬁ\
addition is due in part to an increase in charge separation. An
electron-withdrawing substituent, such as chlorinegsihand NC™ ™
7F, should increase the electron deficiency of the benzyne
moiety and therefore lower the energy of the unoccupied reactions, however, reveals more about the ionic reactivity of
benzyne orbital, making it more susceptible to attack by m-benzyne. For example, the major product in the reaction
nucleophiles. The increased electron deficiency of the chloro- betweentert-butyl isocyanide andF corresponds to a net
substituted benzynésand6 is evident in their larger calculated  transfer of cyanide with an accompanying loss of chloride. The
adiabatic electron affinities of 5.7 and 5.5 eV compared to 5.2 reaction could conceivably occur by addition tdrt-butyl
eV for the unchlorinated benzynk®? The calculated electron  isocyanide to one of the dehydro carbons followed by frag-
affinities follow the same trend as the reaction efficiencis, mentation and loss dért-butyl chloride to form aro-benzyne
~ 6F > 4F, in the reactions of these ions with nucleophilic (Scheme 6, path a) or by addition wrt-butyl isocyanide to
reagents. In addition, the chlorine substituent should also the ipso position relative to the chlorine substituent followed
stabilize the developing negative charge in the addition inter- by fragmentation and loss ¢ért-butyl chloride to form a new
mediate. Indeed, pyridine addition to chlorobenzyre form substitutedn-benzyne (Scheme 6, path b).
zwitterion11 (Scheme 3B) is calculated to bet kcal/mol more Calculations at the BLYP/6-31G(d) level predict that
exothermic than pyridine addition #to form 5 (Scheme 1). formation of the cyano-substitutegbenzyne (Scheme 6, path
In general, these results indicate that the barrier for nucleophilic a) is exothermic by 23 kcal/mol and formation of the cyano-
addition tom-benzyne is lowered by-electron-withdrawing substitutedn-benzyne (Scheme 6, path b) is exothermic by 14
substituents. kcal/mol, suggesting that both pathways are feasible. However,
While nucleophilic addition tan-benzyne is enhanced by a the reactivity of the product corresponding to transfer of cyanide
chlorine substituent, hydrogen atom abstraction is not. Neither followed by loss of chloride is consistent with it possessing an
6 nor 7 reacts with the hydrogen atom donor tetrahydrofuran, o-benzyne structure. The isolated product reacts teithbutyl
thiophenol, or 1,4-cyclohexadiene. That no radical abstraction isocyanide exclusively by HCN abstraction and with furan by
is observed is not surprising and is in agreement with Chen’s addition and addition followed by loss of acetylene. Such
reactivity paradigm for singlet biradicalé.The large ST gap reactivity is characteristic ob-benzyne but notm-benzyne?
of mbenzyne causes a proportionally large barrier for radical The fact that addition occurs at the-benzyne moiety has
abstraction such that radical reactions are not energeticallyimplications on the structure of the-benzyne. As Kraka and
feasible in the gas phase. co-workers point out, the LUMO of a bicyclierbenzyne is a
Reaction Products with tert-Butyl Isocyanide. Insomuch sr* orbital that should direct a nucleophile to the positipso
as the reaction efficiencies witart-butyl isocyanide follow the to the chlorine atom i6F, yielding am-benzyne (Scheme 6,
same pattern as the electron affinitigs; ~ 6F > 4F, these path b) rather than ambenzyne’2 Since them-benzyne product
reactions do not appear on the surface to be particularly is not observed, it is likely thaF possesses a “monocyclic”
interesting. A closer inspection of the unique products of these rather than bicyclic structure.

CN
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It is interesting to note that there is precedence for this type
of reactivity. Billups et al. generated 2-chloro-1,3-didehydro-

naphthalene (Scheme 7) by sequential dehydrohalogenation o

1-bromo-3,4-benzo-6,6-dichlorobicyclo[3.1.0]hexane usamng
butoxide in tetrahydrofuraf® While they did observe a product

corresponding to two hydrogen atom abstractions from tetrahy-

drofuran as 7% of their product yield, eight products accounting
for 87% of the product yield can be accounted for by invoking
addition of an anionic nucleophile (chloride, bromide tent-
butoxide) to them-benzyne moiety. One of these products, 1,3-
di-tert-butoxynaphthalene, was proposed to arise by addition
of tert-butoxide followed by loss of chloride to generate the
0-benzyne ltert-butoxy-2,3-didehydronaphthalene (Scheme 7).
Addition of tert-butyl alcohol to theo-benzyne results in the
final observed product.

Chloro-substituted biradicalfF also produces interesting
reaction products. Reaction @F with tert-butyl isocyanide
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Figure 2. Mass spectrum corresponding to a 3.0 s reaction between
7F andtert-butyl isocyanide.

First, continuous ejection of the/z233 ion population during
a given reaction time (i.e., a double-resonance experiment)
results in disappearance of the productréf 316. In addition,
isolation of them/z 233 ion population and subsequent reaction
with tert-butyl isocyanide results in exclusive formationrofz
316. These experiments confirm that thi 316 product arises
from net addition otert-butyl isocyanide to the HCN abstraction
product ofmV/z 233. However, addition aert-butyl isocyanide
to the closed-shell structufs does not appear likely. Second,
collision-activated dissociation (CAD) of thavz 316 ion
population results in loss of a methyl radical at low CAD
energies and loss of a methyl radical and a chlorine atom at
higher energies. This fragmentation suggests that the product
of m/z 316 has a covalently bound structure and rules out a
simple electrostatic adduct betweEmhandtert-butyl isocyanide
(as this adduct should dissociate by losteofbutyl isocyanide).
Finally, thenV/z 233 population does not completely react away.

fter long reaction times, the ratio afvz 233 to m/z 316

ecomes constant at1.27:1. This observation suggests that
them/z 233 ion population may consist of a mixture of isomers,
one of which reacts withert-butyl isocyanide to form the
product ofm/z 316 while the other is unreactive.

A reaction mechanism (Scheme 8) involving the formation
of an HCN abstraction product with a strained cyclic allene
structure 168 can explain the above observatiotesrt-Butyl
isocyanide can add to the benzylic carbonléf (Scheme 8,
path d) followed by fragmentation and addition of tee-butyl
group to the “phenide” moiety to produde’. The adductl?
possesses three benzyhethyl bonds, which would rationalize
the facile loss of methyl radical indicated by the CAD spectrum
of the m/z 316 ion population. In addition, the allene product
16acould rearrange via a base-catalyzed proton shift (Scheme
8, path c) to form the “conventional” HCN abstraction product,

results in the net abstraction of hydrogen cyanide as the majorwhich would explain the unreactive portion of théz 233 ion

product (90% of the product branching ratio, Table 3), which
may reasonably be anticipated to I(2-chloro-5-cyano-
phenyl)-3-fluoropyridinium 15, Scheme 8). However, a careful

population. Calculations at the BLYP/6-8G(d) level of theory
predict that formation of cyclic allen&6a is exothermic by
almost 22 kcal/mol; however, the calculations also show that

examination of secondary reaction products indicates that this 16ais 68 kcal/mol less stable than its more conventional isomer

intuitive assumption may be at least partially incorrect. A mass

15. The calculated geometry @bais more consistent with the

spectrum (Figure 2) taken after an intermediate reaction time strained cyclic allene structure than the zwitterionic dite

between7F (m/z 206) andtert-butyl isocyanide (molecular
weight 83) shows the formation of the primary HCN abstraction

(vide infra).
Despite the fact that6ais significantly less stable thalb,

product (z 233) and an unexpected secondary reaction product collision-activated dissociation experiments and-omolecule

of m/z316. The following experimental observations regarding
them/z233 andmz 316 ion populations cast doubt on assigning
structurel5 to the entirem/z 233 ion population.

reactions confirm that6ais indeed formed in the reaction of
7F with tert-butyl isocyanide. After short reaction times, low-
energy CAD of the isolatedvz 233 ion population results in
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Figure 3. (a) Mass spectrum showing SORI-CAD of the isolated HCN
abstraction productnfz 233) after a 3.0 s reaction betwe@&k and
tert-butyl isocyanide. (b) Mass spectrum measured after a 3.0 s reaction
between the isolated HNC loss produciZ 206) formed from (a) and
tert-butyl isocyanide. (c) Mass spectrum measured after a 5.0 s reaction
of 7F (m/z 206) withtert-butyl isocyanide. The identical spectra in (b)
and (c) confirm that the CAD fragmemt/z 206 in (a) has structure
TF.
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225

facile loss of hydrogen isocyanide to form an ionmf 206
(Figure 3a). Loss of hydrogen isocyanide from the allé6a
should result in formation of biradicalF. Indeed, reaction of
the fragment oz 206 (resulting from CAD ofL6a) with tert-
butyl isocyanide (Figure 3b) results in a product distribution
identical to that of independently generai#el(Figure 3c). After
long reaction times, allen&6a should have completely rear-
ranged to lower energy isom&b (Scheme 8, path c) assuming
thattert-butyl isocyanide is basic enough to remove the proton
from the benzonitrile moiety inl6a Indeed, CAD of the
remainingm/z 233 ion population after long reaction times
results in loss of HCI and HF, while no HNC loss is observed
(Figure 4a). The exact same fragmentation pattern is produce
by CAD of authenticl5 (Figure 4b) generated by aipso
substitution reaction between 3-fluoropyridine and 4-chloro-3-
nitrobenzonitrile. As expected, the independently generd$ed
is unreactive towardert-butyl isocyanide.

A simple kinetic scheme (Scheme 9) based on the propose
mechanism (Scheme 8) provides a method for utilizing-ion
molecule reactions to verify the existence of alldiaand to
obtain at least semiquantitative information regarding the
amounts of allend6aand its lower energy isomdi5 that are
initially formed in the reaction of F with tert-butyl isocyanide.
The final ratio (i.e., the ratio at infinite reaction time) of the
abundance o015 (m/z 233) to the sum of the abundanceslf
and 17 (m/z 233 andm/z 316) is determined by the initial
amounts of primary products5 and 16a and the partitioning
of allenel6abetween rearrangement to fokb (m/z 233) and
adduct formation withtert-butyl isocyanide to fornil7 (m/z
316). This partitioning is controlled by the relative rate constants
for rearrangement biert-butyl isocyanide k1, Scheme 9) and
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adduct formation withert-butyl isocyanide Kagguci Scheme 9).

dIf a basic reagent is added that only reacts with the all§ze

via the rearrangement pathway, then the rearrangement pathway
is enhanced at the expense of adduct formation and the fraction
of m/z233 produced should increase as a function of the pressure
of the basic reagent. If one makes the assumption that the rate

geonstants for isomerization of alleri®a caused bytert-butyl

isocyanide k1) and the added bask) are equall; = ko =
k., then the initial amounts df5 (1 — [164d];) and16a([164];)
formed, as well as the ratio of rate constakigdk,, can be
found by fitting eq 4, wher@nomaiized= (Ptaunc T Pbasd/PBunc.

[mz233] B
[M/z 233]+ [M/z316]

I:)normalized

Pnormalized+ (kadduc{kr)

The assumption that the added basic reagent only reacts by
rearranging the allen&6ais easily verified by observing that
no additional products appear in the reaction spectrum. The

1—[164; + [164d); (4)
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are obscured by the best fit line for ammonta)( The best fit lines for ethyl acetate (- - -) (to eq 4) and furan-() (to y = mx+ b) are also

shown.

assumption that the rearrangement rate conskgrasdk;, are

equal is reasonable since any base capable of removing th

proton from the benzonitrile group df6a should deposit the
proton at the thermodynamically favored phenide moiety. If this
assumption is valid, then the fraction mwfz 233 produced as a

function of the pressure of the added base should be independent

of the base used.
Indeed, the fraction of the ions @fVz 233 produced does

increase when basic reagents are added (Figure 5), and the

dependence of the ratio of the abundancd®fo the sum of
the abundances df5 and17 on the pressure of the added base

is modeled well by eq 4. The nonlinear least-squares curve fits
to eq 4 are shown in Figure 5 and are nearly identical for the

bases 3-fluoropyridine, ammonia, atett-butyl methyl ether
(proton affinities (PAs) of 215.6, 204.0, and 201.1 kcal/fol,
respectively). Ethyl acetate (PA of 199.7 kcal/nibljives a
similar curve; however, this experiment was complicated by

the fact that a slow addition reaction occurred between ethyl

acetate and alleng6a The best fit parameters to eq 4 for the

nonlinear curves obtained via experiments in which the ratio

of the abundance dif5 to the sum of the abundancesid& and

TABLE 4: Best Fit Parameters to Eq 4 for Several

eDifferent Basic Reagent3

F F F
odiedie
Z Z S
® N @N N
Cl
° ° o ° ° °
Cl
Base Fit parameters 7F 6F 4F
t-butyl methyl | [16a]° 0.84 +/-0.07 0.24 +/- 0.02 0.30 +-0.04
ether Kadauct/Ki® 0.91 +/-0.11 0.98 +/-0.12 0.93 +/- 0.18
r squared 0.9949 0.9930 0.9769
[16a]” 0.97 +/-0.15 0.27 +/- 0.03
ammonia Kadduct/Ki® 0.77 +/-0.18 1.15 +/- 0.20
r squared 0.9908 0.9902
[16a)® 0.88 +/- 0.08
ethyl acetate Kadduct/Ki® 1.04 +/-0.14
r squared 0.9883

aSee the text for eq 4 and a description of the isomerization
experiment. The best fit curves are shown with the raw data in Figure
5. The errors shown are the standard errors of the nonlinear least-squares
curve fit. ® Fraction of HCN abstraction product that is initially allene
16a ° Ratio of rate constants for adduct formation and rearrangement
(see Scheme 9).

molecule collision complex does not release enough energy from

17was measured as a function of the pressure of a basic reagengolvation (10—15 kcal/mol) to drive such an endothermic

(varied) in the presence of a constant pressureéedfbutyl
isocyande are shown in Table 4. In the cas&lefa majority
(>80%) of the initial HCN abstraction product corresponds to
the higher energy isomé6a In contrast, reaction dért-butyl
isocyanide with bott6F and 4F produces much less@5—
30%) of 16arelative to the conventional isoméb. For all of
the biradicals, the curve fits indicate that the ratio of rate
constantaddudfks is ~1.0, which is not surprising considering

process.

Finally, some comments should be made regarding the
structure and stability of the cyclic allene product arising from
HCN abstraction by biradicallF. The BLYP/6-34G(d)-
optimized geometry of the pyridinium analogue Ifa (183
Figure 6) shows that the phenyl ring is significantly distorted
from planarity as is characteristic of cyclic allerf&sThe
dihedral angles at the allene moiety are calculated te b& 6

that both pathways should be considerably exothermic and bothand —9.3° within the ring (CtC2—C3—C4, C5-C4—C3—

rate constants may be near the theoretical collision rate.
Figure 5 also shows that adding furan into test-butyl

C2), while the dihedral angles including the attached substituents
are 156.2 and 163.8 (CI2—C2—C3—C4, H4-C4—C3-C2).

isocyanide reaction mixture does not enhance the isomerizationThe bond angle around the allene (823—C4) is 124.3, which

pathway. The proton affinity at the benzonitrile nitrogen of the
conjugate base of alleriéais calculated to be 211.9 kcal/mol
(at BLYP/6-3H-G(d) via an isodesmic reaction with protonated
benzonitrile). The proton affinity of furan is 192.0 kcal/niél.
This suggests that proton transfer from allelfa to furan

is endothermic by~20 kcal/mol. A typical gas-phase ien

is larger than would be expected if C3 possessed a significant
amount of phenyl anion character. For comparison, the analo-
gous C-C—C bond angle in phenyl anion is 112.2 is worthy

to note that the bispyridiniumphenide intermedici¢Scheme

1) and11 (Scheme 3) exhibit some distortion from planarity as
well, however not as dramatic 48a The optimized geometry
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Conclusions

Gas-phase studies of reactive intermediates continue to
provide experimental data that allow for the benchmarking of
high-level theoretical calculations and for prediction of how such
species may react in solutidh.In this work, two chloro-
substituted isomers ofi-benzyne have been generated and the
effect of the chloro-substituent on the reactivity and relative
stability of the isomers has been investigated. In accord
with previous predictions based on computational std8lies
of substitutedmn-benzynesN-(4-chloro-3,5-didehydrophenyl)-
pyridinium (6) was found via equilibrium measurements to be
1.9 kcal/mol more stable than the isomeNe(2-chloro-3,5-
didehydrophenyl)pyridinium™).

In terms of their bimolecular reactivityg and 7 react by
electrophilic pathways, as reported previously for the nonchlo-

Figure 6. Heavy-atom bond lengths and selected angles and dihedral rinated benzynel. However, the chloro substituent serves to

angles calculated at the BLYP/6-8G(d) level of theory for the singlet
and triplet statesl@8aand18t) of the allene product formed upon HCN
abstraction byN-(2-chloro-3,5-didehydrophenyl)pyridinium frotart-
butyl isocyanide, the conventional product arising from HCN abstraction
for the same reactiorl), and the zwitterionic intermediate resulting
from pyridine addition td\-(2-chloro-3,5-didehydrophenyl)pyridinium.

of 11is shown in Figure 6. The dihedral angles at the phenide

moiety are—5.3° and —4.8 within the ring (C+-C2—C3—

C4, C5-C4—C3—-C2) and 168.1 and 171.3 including the

substituents (Cl2C2—C3—C4, H4-C4—C3—C2). The bond

angle around the allene (EZ3—C4) is 119.8, indicating

increased electron density at C31th compared tdl8a
Previously, the phenyl anion characteiSofzas demonstrated

in a flowing afterglow apparatus by its addition reaction with

the strong electrophile boron trifluoridé® 2-Chloro-3,5-bis-

pyridiniumphenide 11) is readily generated in the FT-ICR mass

increase the electrophilicity of the-benzyne moiety. Therefore,
the rates of reaction d& and7 with nucleophilic reagents are
increased relative to that of by as much as 2 orders of
magnitude. The fact th& and7 react at nearly identical rates
despite the fact tha has a larger singlettriplet gap by about

4 kcal/mol provides additional support for the earlier suggestion
thatm-benzynes react via ionic rather than radical mechanisms.
Reaction of6 with tert-butyl isocyanide resulted in formation
of ano-benzyne by a mechanism similar to that propéseder

20 years ago for the reaction of an analogous chloro-substituted
mbenzyne in solution! Even more surprising was the discovery
that the major product in the reaction @f with tert-butyl
isocyanide is a cyclic allene that is 68 kcal/mol less stable than
one of its proton-shift isomers. While it was beyond the scope
of this work, further exploration of the bimolecular reactivity
of this allene would be interesting as it may undergo cyclo-

spectrometer as a product in the endothermic charge-siteaddition reactions with dienes.

substitution reaction shown in Scheme 3a. Isolatiod band
reaction with BE resulted in an addition product even at low
BF; pressures~+1.0 x 1078 Torr). In contrast, the addition of
BFz (~1077 Torr) into the reaction mixture of F with tert-
butyl isocyanide did not result in any BRddition to allene
16a This finding is indicative ofl6a possessing decreased

zwitterionic character and increased allene character relative to

those of11.
The cyclic allenel8acan also exist as an open-shell singlet
or triplet biradical just like the analogows3-dehydrotoluene.

The DFT calculations employed here place the allene 11.8 kcal/

mol lower in energy than the corresponding triplet biraditak,
Figure 6) and 68 kcal/mol higher in energy than the proton-
shift isomer (9, Figure 6). As expected, the tripléBt has a
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