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Abstract: Fourier transform ion cyclotron resonance mass spectrometry has been employed to systematically
investigate the intrinsic (solvent-free) reactivity of a 1,3-dehydrobenzeitefizyne) with a pyridinium charge

site in the 5-position. Therbenzyne was generated by using a combination ofiranlecule reactions and
photodissociation and isolat@dior to examination of its gas-phase reactions. The ionic reaction products and
reaction efficiencies (second-order reaction rate constant/collision rate constant) were compared to those
measured for the isomer@benzyne and the analogous phenyl monoradical. mMienzyne yields some of

the products formed for the-benzyne but it also reacts via distinct radical pathways characteristic of the
corresponding phenyl radical. These radical pathways are not observed deoéneyne. However, the reaction
efficiencies measured for thre-benzyne are significantly lower than those measured for the analogous phenyl
radical or the isomerio-benzyne. These findings are partially rationalized by the relatively strong coupling
(about 21 kcal moll) between the two formally unpaired electrons in thébenzyne that hinders radical
reactions. On the other hand, the greater distance between the reactive sitestibetheyne makes alkyne-

type addition reactions sterically and energetically less favorable than farlteazyne.

Introduction The latter twom-benzyne derivatives were found to be unre-
active toward all neutral reagents studied, including N@, O

The reactivity of benzynes and other aromatje-biradicals . . .
has received renewed interest since the discovery that such 1,45ijd NQ. The lack of observation of radical-type reactivity for

N ; ; . . . . the threem-benzyne derivatives was taken as evidence for a
biradicals are likely to be the key intermediates in the biological _. - . -
. : . S singlet electronic ground stat,in analogy with the parent
action of the enediyne group of antitumor antibioti¢sowever, hydrocarbon AEs = —21 kcal mot-t).3
their high reactivity has thus far prevented the detailed y ST )

experimental characterization of most of these species. Indeed, Fourier transform ion cyclotron resonance mass spectrometry
out of the three prototypical benzynes, i.e., te m-, and provides a powerful tool for the study of the intrinsic or solvent-

p-benzynes, the reactivity of only the-benzyne can be free reactivity of many charged radicals and biradicals. This
considered 'to be well-characterized. Numerous stédies- experimental approach allows the isolation (purification) of the
onstrate that this species readily undergoes addition reactiong@dical of interest and the examination of its properties under
with electrophilic as well as nucleophilic substrates. clean conditions (i.e., in the presence of only the_des‘.lred ionic
In sharp contrast to the vast amount of literature describing 21d neutral reagenté)The properties of the radical can be

the reactivity of thed-benzyne and its derivatives, only a handful StUd'ed. in grgat detail, .9, reaction rate.constants, product
of publicationd report results on reactions afrbenzyne branching ratios, and various thermochemical parameters are

derivatives. The most conclusive reactivity studymenzyne readily det(_ermineé.We recently published a prelimina_ry study

derivatives has been carried out by Squires and co-wofRers. wherein this approach was used to generate the f|rst_known

This work focused on the gaseous 3,5-dehydrophenyl anion gaseousn-benzyne that carries a posmvely charged substltﬁe.nt.

examined in a flowing afterglow apparatus. The carbanionic We report here a systematic comparison of the_ chemical

nature of this biradical anion dominates its reactivity. For properties of then-benzyne de_r ivative, ite-benzyne isomer,

example, the reactions with carbon dioxide and carbon disulfide and the analogous phenyl radical.

yield two othemm-benzyne derivatives, the 3,5-dehydrobenzoate ) .

(via addition to carbon dioxide) and the 3,5-dehydrothiophe- EXperimental Section

nolate (via abstraction of a sulfur atom from carbon disulfide). A the experiments were performed in an Extrel model FTMS 2001
(1) () Nicolau, K. C.; Dai, W.-MAngew. Chem., Int. Ed. Engl991 Fc_)urier transform ion cyclc_)tron resonance mass spectrometer equipped
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Fourier Transform) cell controller. The instrumérbntains a differ- Scheme 1
entially pumped dual cell placed within the pole gapa 3 T F
superconducting magnet operated at-2® T. The two sides of the Br

/
dual cell are separated by a common wall (the conductance limit). lon *e I O/ SN
transfer between the reaction chambers occurs tir@augd mmhole [ ’ N * ho | +
located in the center of the conductance limit. The three trapping plates . Br -Br* /i)\ 266 nm @
were kept at+2 V unless otherwise specified. The nominal base . .
pressure in each side of the dual celll(x 10-° Torr) was maintained Br Br
by two turbomolecular pumps (Balzers TPU 330 L/s), each backed
with an Alcatel 2012 mechanical pump. The pressure was measured
with two ionization gauges, one located on each side of the dual cell. / F P F
The samples were introduced into the cell at a nominal pressure of e, A F | |
approximately 1x 107 Torr by using a heated solids probe, a Varian N N SORI-CAD

N + +
leak valve, a pulsed valve system (consisting of two General Valve - A
Corporation pulsed valves and a reservoir), or one of two batch inlet | -Cl r

Scheme 2

systems equipped with an Andonian variable leak valve. The pressure
readings were corrected for the sensitivity of the ion gauges toward
each neutral reageiand for the pressure differential between the cell
and the ion gauge, as described previo&shhe latter correction factor
was obtained by measuring the rates of reactions with known rate follow pseudo-first-order kinetics, their second-order rate constemts (

constants involving the neutral molecules of interest. were obtained from a semilogarithmic plot of the relative abundance
The precursors to the ions (1,3,5-triboromobenzene fontihenzyne of the reactant ion as a function of time. The collision rate constants
derivative, 1-chloro-3,4-diiodobenzene for thébenzyne derivative, (keon) were calculated by using the parametrized trajectory th&ory.

1,4-dibromo-2-chlorobenzene for tipebenzyne derivative, 1-bromo- ~ The reaction efficiencies are given ke The accuracy of the
3-iodobenzene for the monoradical, and iodobenzene for the even-rate constant measurements is estimated toH3©%, while the
electron ion) were introduced into one side of the dual cell by using a precision is better thas=10%. Primary products were distinguished
heated solids probe or a variable leak valve and ionized by electron from secondary products based on their constant relative abundances
impact. The ionization conditions were optimized for the maximum at short reaction times and, in some cases, isolation of a product ion
ion signal for each experiment (typically 420 eV electron energy, ~ and examination of its reactivity.

70—80 ms beam time,-810 us emission current). The radical cations 1-Chloro-3,4-diiodobenzene was synthesized from 4-chloroanthra-
were reacted with 3-fluoropyridine (added into the same cell through nilic acid by conversion of the anthranilic acid tebenzyne in the

a batch inlet system) to introduce a pyridinium charge site via presence of iodin& All other reagents were obtained commercially
replacement of a halogen atom (chlorine, bromine, or iodine atom; and used as received. The purity of each reagent was verified by mass
3-fluoropyridine was used instead of pyridine to avoid generation of a spectrometry and in some instances also by gas chromatography.
product ion with the same mass as that of the reactant ion when a

bromine atom is replaced). After an adequate amount of the desired Results and Discussion

replacement product was formed (typically €8 s), the ions were . .

transferred into the other side of the dual cell by grounding the  Generation and Structural Characterization of Charged
conductance limit plate (for 1061504s) and collisionally cooled for ~ Benzynes.A method published earlier for the generafibH

abou 1 s with the neutral reagent present in that cell. Before the transfer of charged phenyl radicals in the gas phase was agyleitie

of ions into this cell, however, ions already present due to electron synthesis of chargeal, m-, andp-benzyne biradicals in a dual-

ionization were removed by applying a negative potentie? () to cell Fourier transform ion cyclotron resonance mass spectro-
the remote trapping plate of that cell (typically for 10 ms). The product meter (Schemes 1 and 2; Figure 1). Electron ionization of
ion obtained upon replacement of a chlorine atom (for theand 1-chloro-3.4-diiodo-. 1.3.5-tribromo-. or 1.4-dibromo-2-chlo-

p-benzyne derivatives) or bromine atom (for thebenzyne derivative

and the monoradical) was partially isolated via ejection of the most . - "
abundant unwanted ions by using the SWIFT technfijTiee radical with 3-fluoropyridine, generates thi-(3,4-diiodophenyl)-3-

site(s) were generated by sustained off-resonance irradiated collision-fU0ropyridinium,N-(3,5-dibromophenyl)-3-fluoropyridinium, or
activated dissociatidh (SOR—CAD) applied for approximately 1 s N-(2,5-dibromophenyl)-3-fluoropyridinium ion, respectively.

at a frequency 051 kHz higher than the cyclotron frequency of the Homolytic cleavage of the carbetbromine bonds by photo-
ions, with argon pulsed into the cell to reach a nominal peak pressure dissociation or the carbetiodine bonds by sustained off-

of about 1x 10°° Torr, or by photodissociation at 266 nm by using a resonance irradiated collision-activated dissociation (SORI-
Nd:YAG laser. The ions were collisionally and irradiationally cooled CAD19) yields the desired biradicals. The charged biradicals
by allowing them to collide for 041 s with the neutral molecules  ere isolated by ejecting all unwanted ions from the cell and
present in the cell. The desired bi- or monoradical was isolated by using j1owed to react with a neutral reagent for a variable period of
the SWIFT technique and allowed to react with a neutral reagent (atatime to determine the reaction products and the second-order

nominal pressure of 6.& 1070 1.4 x 10°7 Tom) for a variable reaction rate constants (given as reaction efficiencies, i.e
period of time (typically +-20 s). After reaction, the ions were excited . g . o
reaction rate constaritg/collision rate constaritcor).

for detection by using “chirp” excitation. All the measured spectra are e N
an average of at least 20 transients and were recorded as 64K data 1he structure of then-benzyne derivative was verified by
points and subjected to one zero fillior to Fourier transformation. examining its reactivity toward two radical traps, benzyl

Since the reactions studied under the conditions described aboveisocyanide and benzeneselenol. These reagents rapidly transfer
*CN or*H, respectively, to the analogols(3-dehydrophenyl)-

robenzene, followed by reaction of the resulting radical cation

(7) () Farrell, J. T., Jr.; Lin, P.; Kenittzaa, H. l.Anal. Chim. Actal991

246 227. (b) Zeller, L.; Farrell, J. T., Jr.; Vainiotalo, P.; Kémtaa, H. 1. 3-fluoropyridinium monoradical. About half of the-benzyne
J. Am. Chem. Sod.992 114, 1205. (c) Kiminkinen, L. K. M.; Stirk, K. molecules undergo consecutive abstraction of G groups
G.; Kentfanaa, H. I.J. Am. Chem. S0d992 114, 2027.
(8) (a) Bartmess, J. E.; Georgiadis, R. Macuum1983 33, 149. (b) (11) Su, T.; Chesnavich, W. J. Chem. Phys1982 76, 5183.
Stirk, K. M.; Kenttanaa, H. I.J. Phys. Chem1992 96, 5272. (12) Friedman, L.; Logullo, F. MAngew. Chem., Int. Ed. Engl965
(9) Wang, T.-C. L.; Ricca, T. L.; Marshall, A. G\nal. Chem1986 58, 4, 239.
2938. (13) Smith, R. L.; Kenttanaa, H. I.J. Am. Chem. S0d995 117, 1393.
(10) Gauthier, J. W.; Trautman, T. R.; Jacobson, DABal. Chim. Acta (14) Thoen, K. K.; Smith, R. L.; Nousiainen, J. J.; Nelson, E. D,

1991 246 211. Kenttamaa, H. 1.J. Am. Chem. Sod.996 118 8669.
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Figure 1. (a) Electron ionization of 1,3,5-tribromobenzene. (b)
Reaction of the radical cation of 1,3,5-tribromobenzemé 312 +
isotopes) with 3-fluoropyridine yields thd-(3,5-dibromophenyl)-3-
fluoropyridinium ion (n/z 330+ isotopes). (c) Photodissociation (266
nm) of the ion ofm/z 330 (+ isotopes) results in cleavage of one and
two carbor-bromine bonds to yield thi-(3-bromo-5-dehydrophenyl)-
3-fluoropyridinium ion (/z 251 + isotopes) and th&l-(3,5-dehydro-
phenyl)-3-fluoropyridinium ion 1fyz 172), respectively. (d) Isolation
of the N-(3,5-dehydrophenyl)-3-fluoropyridinium ionm(z 172). (e)
Reaction of this species with benzyl isocyanide 8cs at 1.2x 1077
Torr occurs byCN abstraction (to yield an ion afvz 198), followed
by abstraction of anothexCN from a second molecule of benzyl
isocyanide (to produce an ion afz 224), as well as by addition (to
yield an adduct ofr/z 289).
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Figure 2. (a) Reaction of theN-(3,5-dehydrophenyl)-3-fluoropyri-
dinium ion (Wz 172) with 2,3-dimethoxy-1,3-butadiene (12107
Torr) occurs via elimination of methanol from the adduct (to produce
an ion of m/'z 254; reaction time 4 s). (b) Reaction of tiN(3,4-
dehydrophenyl)-3-fluoropyridinium iom§z 172) with 2,3-dimethoxy-
1,3-butadiene (1.2 1077 Torr) occurs primarily via elimination of
formaldehyde from the adduct (to yield an ion mfz 256; reaction
time 2 s).

T
160.0

sites in the reactant ion, i.e., a biradical structure. Analogous
ions with no radical sites, e.g., the even-electhéphenyl-3-
fluoropyridinium ion, are unreactive toward both benzeneselenol
and benzyl isocyanide.

Theo-benzyne derivative displays reactivity that is strikingly
different from that of the isomerim+benzyne. The-benzyne
abstracts HSCkfrom dimethyl disulfide, while thenetaisomer
is unreactive toward this reagent. Thebenzyne reacts with
2,3-dimethoxy-1,3-butadiene primarily by addition followed by
elimination of formaldehyde (Figure 2b), whereas elimination
of methanol was observed for tinebenzyne (Figure 2a). The
observation of pseudo-first-order kinetics for all reactions of
both theo- and m-benzyne species (for examples, see Figure
3) suggests that the ion populations are composed of only one
isomer. On the basis of all these results, it is concluded that the
m-benzyne derivative does not rearrange to the more stable
o-benzyne, and that the two benzynes likely maintain their
structural integrity.

The reactivity of the species thought to be thdenzyne
derivative was found to be distinctly different from that of the
chargedo- and mbenzynes and the analogous monoradical.
Despite the expectation that thpebenzyne derivative should
undergo radical reactions more readily than the isomeric
m-benzyne (due to its very small singletiplet gae-t6of about
3.8 kcal mot?), this species was found to be unreactive toward
all the reagents examined. For example, no reaction was
observed withtert-butyl isocyanide or 2,3-dimethoxy-1,3-
butadiene, although both readily react with th@ndmrisomers
and the monoradical. The lack of reactivity toward these radical
traps is readily understood if thebenzyne derivative undergoes
rapid ring-opening via a reverse Bergman cyclization before
bimolecular reactions. This well-documented reaction is exo-
thermic for the unsubstitutg@tbenzyne in solutionAH = —8.5
kcal molL; E; = 20 kcal mof?),*>and it has been estimaféd

(15) Roth, W. R.; Hopf, H.; Horn, CChem. Ber1994 127, 1765.
(16) (a) Schottelius, M. J.; Chen, P.Am. Chem. S0d996 118 4896.
(b) Logan, C. F.; Chen, R.. Am. Chem. So0d.996 118 2113. (c) Chen,

(the rest of the biradical molecules form a stable addition product P. Angew. Chem., Int. Ed. Engl996 35, 1478.

that is likely to be covalently bonded, since no such product is
formed for the corresponding monoradical or its even-electron

(17) (a) Cramer, C. JJ. Am. Chem. Sod998 120, 6261. See also:
Hoffner, J.; Schottelius, M. J.; Feichtinger, D.; ChenJPAm. Chem. Soc.
1998 120, 376. (b) Cramer, C. J.; Debbert, Shem. Phys. Lettn press.

analog). These findings demonstrate the presence of two radicalc) Cramer, C. J. Manuscript in preparation.
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Figure 3. (a) Temporal variation of the ion abundances for the reaction
of the N-(3,5-dehydrophenyl)-3-fluoropyridinium ionm(z 172; see
Figure 2a) with 2,3-dimethoxy-1,3-butadiene (MW 114; %2107
Torr). The only reaction observed is elimination of methanol from the
adduct to yield an ion ofvz 254. (b) Temporal variation of the ion
abundances for the reaction of tNg3,4-dehydrophenyl)-3-fluoropyr-
idinium ion (M/z 172) withtert-butyl isocyanide (MW 83; 1.2 1077
Torr). HCN abstraction produces the primary product ioméf 199.

computationally to be even more favorable (more exothermic;
smaller E;) for the protonated pyridine analogue (the 2,5-
dehydropyridinium ion).

Issues Concerning Singlet/Triplet Gaps of BiradicalsThe
singlet-triplet gap (or energy difference between the lowest-
energy singlet and triplet stateSEsy) of a singlet biradical is
thought to affect its ability to undergo radical reactions due to
the requirement for partial uncoupling of the biradical electrons
in the transition stat&” Hence, a larger singletriplet gap, i.e.,

a more negative value &Esg, is expected to lead to a greater
barrier and a slower reaction.

The singlet-triplet gaps of the prototypicab-, m-, and

J. Am. Chem. Soc., Vol. 121, No. 4, 8099

Table 1. Reactions of the N-(3,4-Dehydrophenyl)-3-
fluoropyridinium lon

branching reaction

ratio  efficiency
neutral reagent reaction obser%ed (%) (Kexp/Keon)
benzeneselenol addition 100 0.34
thiophenol addition 100 b
tetrahydrofuran no reaction C
dimethyl addition 71 0.29
diselenide HSeCkabstraction 29
dimethyl disulfide HSCHabstraction 100 0.26
allyl iodide no reaction c
tert-butyl HCN abstraction 100 0.65
isocyanide
benzyl isocyanide addition 100 b
di-tert-butyl [addition— C4Hg — *CHj] 100 0.53
nitroxide
2,3-dimethoxy-1,3- [additior- CH,O] 71 0.45
butadiene [additior- *CH3 17
[addition— C;H,O] 12
ethyl 1-propenyl  addition 100 b
ether
furan addition 92 0.13
[addition— C;H7] 8
2-pyrone addition 100 b
benzene no reaction c
triethylamine addition 42 0.47
[addition— C;H4] 6
[addition— 23
3-fluoropyridine]
C,Hg abstraction 15
*C;Hs abstraction 8
H, abstraction 6

aThere are no major secondary reactidghReaction efficiency not
measuredS A reaction with an efficiency less than 0.001 is too slow
to be observed under these conditions.

the energy of the singlet relative to that of the triplet state (the
value of AEs/r was estimated to be 12 kcal méimore negative
than that forp-benzyne)’® However, protonation of N was
calculated to remove most of the interaction of the N lone pair
with the biradical center§2¢The AEs/r values of the protonated
forms of the dehydropyridines were estimated to be ap-
proximately the same as those of the corresponding prototypical
(unsubstituted) benzyné&cFor example, the 3,5-dehydropyr-
idium ion was calculatéd® to haveAEsr equal to that of the
prototypicalm-benzyne (21 kcal mal).

The computational studi&sdiscussed above indicate that
introduction of a charge directly into the benzymesystem in
the form of a protonated N has little or no effect on the value
of AEst. We conclude that the values afEsgt for the
pyridinium-substitutecb- and m-benzynes discussed here (bi-
phenyl-type nonplanar, isolatedsystems) are unlikely to differ
from those of the corresponding prototypical benzynes. Hence,
the species studied are ground-state singlets Ml values
of about—38 and—21 kcal mot?, respectively. Due to the
large singlet-triplet gaps, neither benzyne is expected to readily
undergo radical reactions. However, radical reactions of the

p-benzynes have been measured to be 37.5, 21.0, and 3.8 kcain-benzyne are likely to be associated with lower (although still

mol~1, respectively’® Recent computational studies illustrate the

significant) barriers than those of the isomesibenzyne.

dependence of these values on structural changes in the Reactivity of the o-Benzyne Derivative. In general, the

benzynes’ Replacement of a CH fragment in the ring by N at

charged gaseousbenzyne derivative exhibits reactivity patterns

a position that is not adjacent to the biradical centers was found (Table 1) that are analogous to those reported for the prototypical

to have only a small effect oAEs/r (a change of 46 kcal
mol~! is due to unequal mixing of the N lone pair with the
bonding and antibonding orbitals of the dehydro centers).
larger effect was predicted for the 2,5-dehydropyridine with N
adjacent to one of the biradical centers. At this position, N

o-benzyne in solution (Table Z)Neither one of these biradicals
undergoes radical reactions. Most of the reactions are dominated
by formation of a stable addition product. For example, both
biradicals readily form a stable adduct with furan (Scheme 3)
and thiophenol (Tables 1 and 2). Further, both eliminate ethylene

stabilizes zwitterionic resonance structures and hence lowersfrom the adduct formed with triethylamine (Tables 1 and 2; a
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Table 2. Solution Reactions of the NeutratBenzyne Reported in Table 3. Reactions of thé\-(3-Dehydrophenyl)-3-fluoropyridinium

the Literature lon
neutral reagent reaction observed ref branching reaction
: " ratio  efficiency
:ehtlr?)ﬁk\]/?r?ﬁlether ggg:::gg %‘g neutral reagent reaction observed (%) (Kexp/Keon)
furan addition 2a, 2c benzeneselenol ‘Hbstraction 100 0.15
2-pyrone [addition— COy] 2a, 2c thiophenol H abstraction 83 0.03
benzene addition 2a, 2c, 2d addition 17
triethylamine [addition— CH,] 2a, 2c tetrahydrofuran Habstraction 100 0.008
dimethyl *SeCH; abstraction 100 0.25
diselenide
Scheme 3 dimethy! disulfide *SCH; abstraction 100 0.05
//\ allyl iodide I* abstraction 90 0.19
O 7, o@ “CsHs abstraction 10
. __ tert-butyl *CN abstraction 100 0.20

\/ isocyanide
benzyl isocyanide *CN abstraction 100 b

di-tgrt—bqtyl H abstract!on 2 0.38
substantial amount of a stable adduct was also observed for the nitroxide gHagzgﬁggggn @ 2
chargedo-benzyne derivative). Predominant addition reactions [addition— C4Hg — *CH] 4
have been reported earlier also for the gaseodrenzyne [addition — *C4Hg]
coordinated to metal ion's. [addition — C4Hg] 19
2,3-dimethoxy- [additior- *CH;] 100 0.32

In some instances, howeyer, the chargdaenzyne derivative 1 3-butadiene
seemed to be less reactive than the ne_u]:rhbnzyne._ _For benzene [additior H- o5 0.007
example, the neutrakbenzyne undergoes Diet#\lder addition addition 75
to benzene in solution (Table 2), while the chargeldenzyne
is unreactive toward benzene (Table 1). Further, addition ,
followed by elimination of CQwas observed upon reaction of
the neutralo-benzyne with 2-pyrone in solution (Table 2), but Table 4. Reactions of theN-(3,5-Dehydrophenyl)-3-
the gaseous-benzyne simply adds to this reagent (Table 1). fluoropyridinium lon

a2 There are no major secondary reactions unless so indicated (2
Reaction efficiency not measured.

These differences in reactivity between the twvbenzynes can branching reaction
be rationalized by considering the different environments ral . fon obserded f%/tlo efficiency
wherein they were examined, i.e., solution vs dilute gas phase._ €4 reagen feaction observe %) (kexflcon)
First, addition products are not commonly observed in dilute benzeneselenol addition 37 0.01
gas phase due to their fast back-dissociation. Further, the ;'Xaa?t;%‘;tt'gltion @ 63
formation of the final cycloaddition products from the prototypi-  hiophenol no reaction b
calo-benzyne in solution is likely to be associated with relatively tetrahydrofuran no reaction b
high barriers in many instances (e.g., see the reaction in Schemelimethy! diselenide addition 100 0.01
3). A reacting system studied at low pressures (as in this study) g:lr;‘leighgi'dg'su'f'de n”(;’rfg‘cctfg’nn E
cannot overcome barriers that exceed the energy level of thetert_butyl HCN abstraction 51 011
separated reactants (due to the absence of a heat source, solvent). jsocyanide *CN abstraction 33
Hence, any barrier over £320 kcal moi™ (typical “solvation” addition N 2
energy available for the gas-phase collision complex) prevents [Zadd'g?\l”_b3t'ﬂu‘t)_r°m(’gd'”e] 14
. X ® apstraction

the rea}ct|or.1'of the gaseouasbenzyne. o benzyl isocyanide _ addition 52 c

The inability of the charged-benzyne derivative to undergo *CN abstraction 48
radical reactions was further probed by allowing it to react with 2 x "CN abstraction (2
benzeneselenol, thiophenol, dimethyl disulfide, dimethy! dis- d"te_{t'bq(tjy' [agg'tt_'f’”* CaHg — *CHy 13}7 0.13
elenide, tert-butyl isocyanide, allyl iodide, and dert-butyl nitroxide g, alblsot?action 5o
nit!ro_xide. Each of these reagents_has l_)een demonstrated to reagt 3_gimethoxy-1,3- [additior- CH;OH] 100 0.15
efficiently with charged phenyl radicals in the gas pifasé* 1920 butadiene
However, the charged-benzyne does not react with these ethyl 1-propenyl  no reaction b
reagents via radical pathways; in each case, either electrophilic ether )

. . . . uran no reaction b
addition or no reaction was c_)bserved (Table 1). These findings 2-pyrone no reaction b
reflect the substantial singtetriplet gap of theo-benzyne AEgt benzene no reaction b
~ —38 kcal mof?). triethylamine [addition— 3-fluoropyridine] 100 0.10

Reactivity of the m-Benzyne Derivative. The charged a0nly the predominant secondary reactions are shéwreaction

m-benzyne derivative reacts very differently fromatbenzyne with an efficiency less than 0.001 is too slow to be observed under
isomer. In addition to addition reactions, the-benzyne these conditions: Reaction efficiency not measured.

undergoes radical reactions typical for analogous phenyl radicalsmych more slowly than the reactions of the phenyl radical and
(Tables 1, 3, and 4). However, both types of reactions occur the jsomerico-benzyne. For example, the-benzyne abstracts
two hydrogen atoms and adds to benzeneselenol (6:4 ratio) at

(18) (a) Wittneben, D.; Gitzmacher, H.-F.; Butens¢hpH.; Wey, H.

G. Organometallics1992 11, 3111. (b) Huang, Y.; Freiser, B. 3. Am. an efficiency of 0.01 (1% of collisions lead to a reaction; Table
Chem. Soc199Q 112, 1682. 4), while the monoradical abstracts a hydrogen atom an order
115(3122)'&% R.; Smith, R. L.; Kenttenaa, H. I.J. Am. Chem. Sod996 of magnitude faster (efficiency= 0.15; Table 3), and the

(20) Heidbrink, J. L.; Thoen, K. K.; Kerittaaa, H. I. Submitted for ~ O-b€nzyne adds to benzeneselenol at an even faster rate
publication. (efficiency= 0.34; Table 1). Further, reaction of thebenzyne
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derivative withtert-butyl isocyanide occurs via HCN and CN  chemistry: hydrogen atom abstraction from thiophenol by the
abstraction at an efficiency of 0.11 (Table 4), while the charged prototypicalo-benzyne is endothermic by 0.5 kcal m¥lL3e.22.23

o-benzyne abstracts HCN and the monoradt€all at much The rate differences observed for the addition reactions of
greater efficiencies (0.65 and 0.20, respectively; Tables 1 andthe isomerico- and mbenzyne derivatives are also best
3). rationalized by the relative location of the biradical centers, but

The relatively “tame” nature of the charged-benzyne  for a different reason. The substantiabonding between the
derivative is further demonstrated by its reaction with nitroxides. adjacent dehydro centers abenzynes leads to facile alkyne-
Stable nitroxide radicals, such as TEMPO (2,2,6,6-tetramethyl- type addition reactiodgsee Scheme 3 for example). Analogous

1-piperidinyloxy), are widely used to trap reactive free radicals reactions fom-benzynes are not feasible as they would lead to
via addition reactiorfd* 9 that are sometimes followed by-NO highly strained products.

bond homolysis (reporté& recently for the 1,4-dehydronaph-
thalene biradical). The chargedbenzyne derivative reacts with
di-tert-butyl nitroxide by addition as well as oxygen atom
abstraction, but at a low efficiency (0.13; Table 4). In contrast,
the analogous monoradical abstracts an oxygen atom from this
reagent at a significantly greater efficiency (0.38; Table 3) and
the chargedo-benzyne derivative reacts via rapid addition
followed by elimination of 2-methylpropene and a methyl radical
(efficiency = 0.53; Table 1). )
Some of the results described above mirror those obtainedConclusions
by Chen and co-worketéand by Roth and co-workef8.The
work carried out by these two groups demonstrates that the rates, " .~ "=~ - -
of some radical reactions @fbenzyne derivatives in solution, derlvatlve_ n the gas phase has revealed distinct reactivity
specifically, hydrogen atom abstraction from various substrates characteristics that differ from those of the related monoradical

by the 1,4-didehydronaphthalene and 9,1O-dehydroanthracene"’1nOI t_he |somer|o-benzyne. Thempenzyne undergoes fad.'c?"
biradicals, are significantly lower than those of the analogous reactions and also addition reactions that are characteristic of

monoradicals. Hence, radical reactions of singlet biradicals of _o-benzynes. Despite multiple reaction pathwaysiigenzyne

the p-benzyne type are hindered by more substantial barriers 'S much less reactive than either the isomerigenzyne or the
than those associated with the reactions of the related mono-rel‘f"‘ted _monoradlcal. The reduc_ed radical-type react|V|t_y IS
radicals. Even greater barriers are expected felbenzyne rat|onallze_d by the strong co_upllng of the formally unpaired
derivatives since the smaller distance between the radical sitesS/eCtrons in then-benzyne, which results in a reduced thermo-
in these species results in stronger coupling of the formally dynamic driving force and increased barrier for radical reactions.
unpaired electrons. The large singtiplet gap leads not only On the pther hand, the greater distance betwe_en the reactive
to a greater barrier to radical reactions but also to a lesser C€Nters in then-benzyne hinders alkyne-type addition reactions

thermodynamic driving force. For example, hydrogen atom characteristic of theo-benzyne: The influence. of various
abstraction from thiophenol by the prototypical (unsubstituted) Structural features on the reactionsrofbenzyne is currently
phenyl radical is exothermic by 31 kcal méfe.23.24while the under investigation.

same reaction for the prototypicatbenzyne is exothermic by

only 15 kcal mot? (the complete lack of radical reactions for ~ Acknowledgment. Dedicated to the memory of Robert R.
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Finally, it should be noted that the different location of the
charged substituent in the isomenicandm-benzyne derivatives
is not likely to contribute to their reactivity differences. This is
indicated by previous studi¥son isomeric charged phenyl
monoradicals as well as the preceding discussion on the
influence of charged groups on the singlet/triplet gaps of
biradicals.
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