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Abstract: The chemical properties of phenyl radicals with different chemically inert charged substituents in the
ortho, metg andpara positions were examined in the gas phase in a Fourier-transform ion cyclotron resonance mass
spectrometer. The radicals were generated by replacing a chlorine, bromine, or iodine atom in a radical cation of
dihalobenzene with a nucleophile and by cleaving the remaining iodine or bromine atom by collision-activated
dissociation. The radicals’ structures were characterized bynwiecule and dissociation reactions and by comparison

to the reactivity of isomeric reference ion#\b initio molecular orbital calculations (ROMP2/6-31G*//ROHF/6-

31G* + ZPE) carried out for the 2-, 3-, and 4-dehydrophenylsulfonium ions suggest that these three species are
nearly equal in energy and significantly less stable than the isomeric thiophenol radical cation. Most of the charge
density is localized on the substituent in the charged phenyl radicals examined computationally. The odd-spin density
at the radical site is calculated to be the same as in the neutral phenyl radical. These computational results predict
chemical properties drastically different from those typical for conventional organic radical catignthe radical

cation of thiophenol. This was found to be the case. Phenyl radicals with different charged groupmatdbe

para position yield the same reaction products as the neutral phenyl radicabiihe isomers rearrange upon
collisions). Further, charged and neutral phenyl radicals show similar reactivity trends toward different substrates.
Examination of the reactivity of radicals of various sizes and with the charged group in different locations with
respect to the radical site suggests that the reaction efficiency toward a given substrate is predominantly determined
by the electron deficiency at the reacting radical site. All these findings parallel those reported earlier for neutral
phenyl radicals, and suggest that phenyl radicals with a chemically inert charged substituent in a remote position
provide a useful model for the examination of the properties of neutral phenyl radicals in the gas phase.

Introduction For a distonic radical cation to provide a useful model of a

Distonic radical catiorigionized biradicals, zwitterions, and ~ "€@ctive neutral radical, the ion must have a coordinatively
ylides) commonly possess two potentially reactive, spatially satl_Jrateq and che_mlcally inert charge site separated from the
separated sites, a charge site and a radical site. In principle radical site by a rigid spacés?13.14 This arrangement prevents
these species can undergo ionic as well as radical readtions. @ neutral reagent from reacting or binding at the charge site.
Both types of reactivity have been reporfed Distonicions ~ We recently published a short preliminary ream the use of
with a chemically inert charge site are expected to predominantly Fourier-transform ion cyclotron resonance mass spectrometry
undergo radical reactions and thereby provide a means to study(FT/ICR) to generate distonic radical cations wherein the charge
gas-phase radical chemistry by using mass spectrorfiétmhis and radical sites are held apart by a phenyl ring. We describe
possibility is attractive because mass spectrometry experimentshere in detail the synthesis and experimental and computational
would allow the purification and manipulation of gaseous free characterization of a number of gaseous phenyl radicals with
radicals carrying a charged substituent. different chemically inert charged substituents. The reactivity

© Abstract published irhdvance ACS Abstractgyugust 15, 1996. of these radicals toward various substrates is reported and the
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The halogenated benzenes (diiodo, bromoiodo, and chloroiodo) wereScheme 1
introduced at a nominal pressure of (3D5) x 1077 Torr into one N ;
uc uc

.
side of the dual cell by using a heated solids probe or a variable leak C |

valve. The appropriate nucleophile was added at a nominal pressure -

of about 2x 1077 Torr into the same cell through a batch inlet system -
or by using the solids probe. The mixture was subjected to electron

ionization (typically 20 eV electron energy &\ emission current, 50 | Nuc

ms ionization time) which resulted in an abundant signal for the

halobenzene radical cation. These radical cations were allowed to reaclssheme 2
with the nucleophile to produce a halogen displacement product (the

reaction times used ranged from 750 ms up to 10 s).

The ions formed upon the halogen displacement reaction were
transferred into the other side of the dual cell and cooledlfs by
collisions with the neutral molecules present in this cell (the reagent
to be used in the final stage of the experiment). The ions were then
isolated by ejecting all unwanted ions from the cell through the
application of a stored-waveform inverse Fourier transform (SWHFT) ] —
excitation pulse to the excitation plates of the cell (Extrel SWIFT it R= Ny
module). After isolation, argon was pulsed into the cell via a pulsed
valve assembly (peak nominal pressure wag 806 to 1 x 10°°
Torr in the cell), and the remaining carbeindine bond was cleaved
by collisionally activating the ions for abbd s by employing the
sustained off-resonance (SORKechnique at a frequency 6-3.0 kHz was used for a few calculations as specified in the text). Zero-point
higher than the cyclotron frequency of the ions. The product ions were vibrational energies (ZPE) were calculated from the ROHF/6-3b6G
cooled for about 0.5 s through collisions with the neutral molecules ROHF/3-21G if so specified) harmonic frequencies and scaled by a
present in the cell. factor of 0.9 to account for the systematic overestimation of the

The charged phenyl radicals were isolated by ejecting all other ions Vibrational frequencies by the HartreBock method? Single-point
from the cell as described above. The isolated ions were allowed to energies were calculated for selected structures at the ROMP2/6-31G
undergo reactions with a neutral reagent for a variable period of time /ROHF/6-31G + ZPE level of theory. The force constant matrices
(typically 1-20 s). After reaction, the ions were excited for detection obtained for the stationary points were confirmed to have the correct
by using “chirp” excitation or the SWIFT excitation method (0.5 cm number of negative eigenvalues (zero for equilibrium structures).
final radius for all ions). All the measured spectra are the average of
50 transients and were recorded as 64 k data points and subjected to
one zero fillprior to Fourier transformation.

Since the reactions studied under the conditions described above
follow pseudo-first-order kinetics, the second-order rate conskag} (
for each ior-molecule reaction was obtained from a semilogarithmic
plot of the relative abundance of the reactant i@msustime. The
collision rate constantk{) were calculated using the parametrized
trajectory theory? The reaction efficiencies are given ky/Keoi. The
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I

O

: R=P(CHg);
: R=P(OCHy);

: R=0P(OCHg)g
: R=SP(OCHj)g
: R=S(CHg),

f: R=©

® Q0 T

Results and Discussion

Synthesis. A multistep procedure (Scheme 1) was used to
generate various charged phenyl radicals in a dual-cell Fourier-
transform ion cyclotron resonance mass spectrometer (FT/ICR).
accuracy of the rate constant measurements is estimatedt6 0, The_flrSt step of the_synthe_SlS Im.l.owes the g?neratlon of a
while the precision is usually better thar10%. The pressure readings hglmodobenzene radical cathn (diiodo, bromo'PdQ' or chlor-
were corrected for the sensitivity of the ion gauge toward each neutral 0i0do; for an example, see Figure ldpso substitutiod® of
reager®® and for the pressure gradient between the dual cell and the an iodine, chlorine, or bromine atom with a neutral nucleophile
ion gauge. The latter correction factor was obtained by measuring theyields the desired substituted iodobenzene ion (Figure 1c).
rates of reactions with known rate constants involving the neutral Different nucleophiles that do not carry heteroatom bonded

molecules of interest.
On-resonance collision-activated dissociat’di©AD) was used to

hydrogen atoms,e., whose ionic forms are not strong Brsted
acids, were used in this study (see Scheme 2 for examples).

examine the structures of some of the product ions. The ions were Thage species were expected (and found) to yield phenyl radicals

generated by the SORI technique as described above except that a stat

argon pressure of X 1077 Torr was used. The use of a lower pressure
resulted in a smaller number of activating collisions during CAD, which
is desirable for ion structure determinatinThe fragment ions were
detected in the usual manner.

Ab initio molecular orbital calculations were carried out using the
Gaussian 92 Revision F suite of prograthsThe geometries were fully
optimized at the ROHF/6-31Cevel of theory (the ROHF/3-21Cevel

(15) Chen, L.; Wang, T.-C. L.; Ricca, T. L.; Marshall, A. 8nal. Chem.
1987, 59, 449.

(16) Gauthier, J. W.; Trautman, T. R.; Jacobson, DABal. Chem1991],

246, 211.

(17) (a) Su, T.; Chesnavich, W. J. Chem. Phys1982 76, 5183. (b)
Chesnavich, W. J.; Su, T.; Bowers, M. J..Chem. Phys198Q 72, 2641.

(18) (a) Bartmess, J. E.; Georgiadis, R. Wacuum1983 33, 149. (b)
Miller, K. J.; Savchick, J. AJ. Am. Chem. Sod.979 101, 7206.

(19) Cody, R. B.; Freiser, B. 3nt. J. Mass Spectrom. lon Phys982
41, 199.

(20) Holmes, J. LOrg. Mass Spectronl985 20, 169.

(21) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W_;
Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M.
A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,
J. S.; Gonzalez, C.; Martin, R. L; Fox, D. J.; Defrees, D. J.; Baker, J.;
Stewart, J. J. P.; Pople, J. A. Gaussian, Inc., Pittsburgh: PA, 1992.

ith chemically inert charge sites when the iodine atom was

cleaved by sustained off-resonance induced collision-activated
dissociatiof® in the other side of the dual cell (Figures 1e and
1f).°

Structural Characterization. The structures of the charged
phenyl radicals were examined by allowing them to react with
neutral reagents that have proven useful in the structural
characterization of other organic radical cationg, dimethyl
disulfide® and triethylaminé# All the radicals studied react with
dimethyl disulfide by exclusiveSCH; abstraction that provides
strong support for a distonic structure for the reactant fons.
Plots of the natural logarithm of the relative abundance

(22) Pople, J. A.; Schlegel, H. B.; Krishnan, R.; DeFrees, D. J.; Binkley,
J. S.; Frisch, M. J.; Whiteside, R. A.; Hount, R. F.; Hehre, WInd. J.
Quantum Chem. Symf981, 15, 269.

(23) (a) THdman, D.; Gfdzmacher, H.-FJ. Am. Chem. So0d991, 113
3281. (b) Théman, D.; Grizmacher, H.-FOrg. Mass Spectronil989
24, 439.

(24) Leeck, D. T.; Stirk, K. M.; Zeller, L. C.; Kiminkinen, L. K. M,;
Castro, L. M.; Vainiotalo, P.; Kentteaa, H. 1.J. Am. Chem. Sod.994
116, 3028.
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Figure 1. An example of the method used to generate charged phenyl radicals. (a) Electron ionization of 1,4-diiodobe@a3860¢ (as followed

by (b) isolation of the radical cation of 1,4-diiodobenzen®z330) in one side of the dual cell (this step was skipped in most experiments). (c)
Reaction of the radical cation of 1,4-diiodobenzene with trimethyl phosphite yielded the 4-iodophenyltrimethoxyphosphoniunmta8an) (
which was (d) transferred into the other side of the dual cell and isolated. (e) Collision-activated dissociation (SORI) of th#z82 dproduced

the 4-dehydrophenyltrimethoxyphosphonium catibnrti/z 200) (f) that was isolated. (g) The reaction of the charged phenyl radical with allyl
iodide occurs by iodine atom abstraction (shownZcs reaction time at a nominal pressure of .20 Torr).

of the reactant ions vs. time demonstrate that the reactions follow (minor loss of*SCH; was also observed; Scheme 3). This
pseudefirst order kinetics (for example, see Figures 2a and 2b; dissociation behavior is analogous to that observed for proto-
the orthoisomers are an exception: Figure 2c). The reactions nated dimethyl sulfoxide (loss 6€H; dominates; Scheme 3),
were found to proceed to completion (again, with the exception suggesting a sulfonium charge site for In order to provide
of the ortho isomers). These findings suggest that the entire further support for this structural assignment, the reactivity of
reactant ion population has the same distonic structure. e was compared to that of two isomeric reference ions, the
The structure ok (R = S(CHs),; Scheme 2) was examined  radical cations of benzyl methyl sulfide apanethylthioanisole.
earlieP by collision-activated dissociation experiments. This The radical cation of benzyl methyl sulfide readily abstracts an
radical was found to dissociate by predominant lossGi; electron from dimethyl disulfide while the radical cation of
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Figure 2. Temporal variation of ions during reaction of allyl iodide
with (a) the charged phenyl radichl(the nominal pressure of allyl
iodide was 1.0< 1077 Torr), (b) itsmetaisomer (the nominal pressure
of allyl iodide was 2.4x 107 Torr), and (c) itsortho isomer (the
nominal pressure of allyl iodide was 241077 Torr). The data points
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measured for the products and the reactant in (c) are connected by

arbitrary smooth lines.
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p-methylthioanisol® is unreactive?’®® These findings clearly
distinguish the charged phenyl radiegtom the reference ions.
Different distonic isomers of some of the charged phenyl
radicals were also examined. The charged phenyl radigiéh
the trimethylphosphonium charge site {ROP(OCH)s) in the
para position (Scheme 2) was shown to be distinct from its
metaisomer based on different reaction efficienciegy( the
efficiency for the reaction with allyl iodide is 0.24 for timeeta
isomer and 0.12 for thparaisomer). The same applies to the
metaandparaforms of the radical with the dimethylsulfonium
charge site (R= S(CHs),;). However, the radical thought to be
the ortho isomer was found to be unreactive toward dimethyl
disulfide and to readily abstract an electron from triethylamine

(25) (a) Conventional radical cations with ionization energies ¢B)1
eV are usually (ref 6) unreactive toward dimethyl disulfide §£7.5 eV
for p-methylthioanisole, ref 26a; IE 8.1 eV for dimethyl disulfide, refs
26b,c). (b) Theo-methylthioanisole radical cation was not examined but

can be expected to show the same behavior as the radical cation of

Thoen et al.
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Figure 3. The relative abundances of the reactant and product ions

are shown as a function of time for the reaction of ¢indhno isomer of

f with allyl iodide (nominal pressure 24 10~7 Torr). The lines drawn

through the data points represent the best fit to the rate equation

corresponding to two parallel reaction pathways, abstraction of an iodine

atom from allyl iodide byf in competition with isomerization df to

an unreactive ion upon collisions with allyl iodide.

Scheme 4
Mulliken Charge Distribution (ROHF/6-31G*)
H. + H. o+ H. +
0.819 'S 0.824 S 0.841 i
{H’ { HT N H” \0 67
0.351 0.353 B ’
'\ 0.120
0.117 0.0850
Spin Density
H. + H. + H. +

S

H’S H” H’S
.\ R

0.931 0.928

(efficiency about 0.6). Both these findings suggest thaottte
radical has rearranged to a conventional radical cation, likely
that of o-methylthioanisolé&>?

The charged phenyl radicélis distinguished from itsneta
isomer based on different products formed upon reaction with
allyl iodide. Complete and exclusive iodine atom abstraction
was observed fof (Figure 2a) while itsmetaisomer shows
both iodine and allyl abstraction (Figure 2b). The reactions of
these two ions followpseudefirst-order kinetics, which dif-
ferentiates them from theiortho isomer (Figure 2c). Time-
resolved reaction data measured for drtho isomer were fit
to various rate equations. The best fit (Figure 3) was obtained
for the rate equation corresponding to two parallel reaction
pathways, abstraction of an iodine atom in competition with
isomerization of the reactant ion to an unknown unreactive form
upon collisions with allyl iodide. Based on this fit, ap-
proximately 50% of thexrtho isomer undergoes isomerization
within the collision complex (Figure 3).

Ab Initio Molecular Orbital Calculations. Ab initio
molecular orbital calculations were used to examine the relative
stabilities and the charge and odd-spin distributions of isomeric
charged phenyl radicals by using the radical cation of thiophenol
and its three distonic isomers as the model system (Schemes 4
and 5). At the ROMP2/6-31@ROHF/6-31G + ZPE level
of theory, the three distonic ions were found to be nearly

(26) (a) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,

p-methylthioanisole. Both radical cations are expected to be unreactive R. D.; Mallard, W. G.J. Phys. Chem. Ref. Data SuppB88 17. (b) Li,

toward dimethyl disulfide (see ref 25a). However, triethylamine has a low
enough ionization energy (IE 7.5 eV; ref 26a) to be readily oxidized by
both radical cations.

W.-K.; Chiu, S.-W.; Ma, Z.-W.; Liao, C.-L.; Ng, C. YJ. Chem. Phys.
1993 99, 8440. (c) Leeck, D. T.; Kenttaaa, H. 1.Org. Mass Spectrom.
1994 29, 106.
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Scheme 5 Scheme 6
Mulliken Charge Distribution (ROHF/6-31G*) Mulliken Charge Distribution (ROHF/3-21G*)
Ht* H.+ 0701 HaCo. t
~7 s gl N
0.150 H O HsC
Noars el 0.806
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0088 Spin Density
Spin Density HoCo +

H..
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+
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S 0280 H O
0.239\ - \ - \
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all other carbons ?

0.03-0.11 *
\0 590 0.931 \ 0.929 Table 2. Efficiency (Kex/Keor) Of *SCH; Abstraction from Dimethyl
’ ’ ’ Disulfide and t Abstraction from Allyl lodide by Selected

Table 1. Calculated Absolute and Relative Energies of the para-Substituted Charged Phenyl Radicals

Conventional Thiophenol Radical Cation and Its Distonic Isomers charge site Kexp/Keoll
(Structures Are Shown in Schemes 4, 5 and 6)

ion? R= dimethyl disulfide allyl iodide
_ absolute energy relative energy a —P*(CH)s ~0.04 0.13
ion (hartrees) (kcal moi) b —P*(OCHy)s ~0.08 ~0 18
ortho isomer —628.607116 53.2 c —OP*(OCH)s 0.01 0.12
metaisomer —628.606383 53.6 d —SP"(OCH)s 0.02 0.13
paraisomer —628.606141 53.8 e —S*(CHa): 0.06 0.19
ionized thiophenol —628.691870 0 f —N*CsHs 0.03 0.14
aEnergy at the ROMP2/6-313ROHF/6-31G + ZPE level of #lons are shown in Scheme PInterfering reaction of the ion with
theory. the phosphorus nucleophile ((@&P or (CHO)s)P) diffusing from the

other side of the dual cell makes the value less accurate.
isoenergetic, and to lie 53564 kcal moi? higher in energy than

the radical cation of thiophenol (Table 1). The lowest energy  |n addition to the simple model compounds discussed above,

conformer of all four ions ha€s symmetry. Theortho and calculations were carried out for one of the charged phenyl
metadistonic ions with the Skihydrogens pointing toward the  radicals that was examined experimentally (see the following
radical site were calculated to lie about 1 kcal mdbwer in discussion). The iom (R = S(CH)2) was found to haveCs

energy than the conformers with the hydrogen atoms pointing symmetry (at the ROHF/3-21G* level of theory; Scheme 6),
away from the radical site (not shown). The transition state just like the other charged radicals studied. Again, most of the
energy for rotation of the SHgroup in the most stable charge was found at the sulfur atom (0.806), while an odd-spin
conformer of theparaisomer was found to be low (4 kcalmdl  density (0.939 e) comparable to that of the neutral phenyl radical
at the ROHF/6-31Glevel). (0.938 e) was calculated for the carbon in {h&ra position

The odd spin density in the thiophenol radical cation is (Scheme 6). The charge density at the carbon radical site was
delocalized over the entire molecule (Scheme 5). In contrast, found to be greater than that of the neutral phenyl radical (0.135
the charged phenyl radicals are localizedadicals. In each  vs. 0.052; Scheme 6). These results parallel those obtained for
species, one of the ring carbons has an odd spin density of thethe three distonic isomers of ionized thiophenol. Similar
same magnitude (0.928.931 e; Scheme 4) as in the neutral findings were made for the 4-dehydroanilinium ion (discussed
phenyl radical (0.929 e; Scheme 5). Based on this result, the|ater; also see Scheme 8). At the ROHF/3-21G* level of theory,
chemical properties of the charged phenyl radicals may be this species is calculated to carry most of the charge at the
expected to resemble the properties of the neutral phenyl radicalammonium group (0.448) and most of the odd-spin density at
more than those of the thiophenol radical cation. the para carbon (0.939 e). The radical site carries a Mulliken

Most of the Mulliken charge in the thiophenol radical cation charge similar to that at the radical site of the other model
was found in the SH group (0.465; Scheme 5). Similarly, distonic ions studied (0.128).

much of the charge density is localized on the substituent in  comparison of the Reactivity of Charged Phenyl Radicals

the distonic ions (0.8190.841; Scheme 4). Hence, these a4 Neutral Radicals. The computational results suggest that
species are much more polar than the neutral phenyl rafdical. the charged pheny! radicals studied are localizeddicals with
Further, the radical site of the charged radicals is calculated to 4 gimjlar odd spin density as in the neutral phenyl radical, and
be significantly more electron deficient than that of the neutral {5t the type and location of the charged substituent does not
phenyl radical (0.0850.120 vs. 0.024; Schemes 4 and 5). This greatly affect the odd spin density. Hence, if the charge site of
electron deficiency should enhance the electrophilic characterihese radicals is chemically inert, their reactivity is expected to
of the radical site and thereby modify the reactivity from that esemble that of the neutral phenyl radical and to be quite

characteristic of the neutral phenyl radical. Comparison of the gitferent from the reactivity typical for organic radical cations.
charge and odd-spin distributions in thara distonic isomers This was found to be the case.

of the radical cations of thiophenol and phenoxythiol (Schemes
4 and 5) suggests that the electrophilicity should be somewhatOli
reduced if the charge-bearing sulfur atom is separated from the
phenyl ring by a heavy atom.

The products formed upon reactions of phenyl radicals with
fferent types of charged substituents (with the exception of
the ortho isomers that isomerize readily) were found to be the
same as those reported for neutral phenyl radicals. For example,
(27) Free RadicalsKochi, J. K., Ed., Wiley: New York, 1973. the charged phenyl radicals react with dimethyl disulfide by




8674 J. Am. Chem. Soc., Vol. 118, No. 36, 1996 Thoen et al.

Scheme 7 far have been fourfd to abstract a hydrogen atom from
a) S~ benzeneselenol more readily than from thiophenol (the differ-
. ;O' " - "CHy (HiCO) ;OP(OCH ) ence in the enthalpy change for these two reactions is determined
(HsC0) HacO™ | SocH, e e by the relative homolytic bond dissociation energies of the
JOCH substratesP2%S—H) = 83 kcal/mol for thiophendf® and
by D2%Se-H) = 78 kcal/mol for benzeneseledel ). For
PR ~ *CHs i example,e (R = S(CHs),) reacts with benzeneselenol at an
@’ oo ook F(OCHs), efficiency of 0.07 and with thiophenol at an efficiency of 031.
OCH;z When there is no difference in the thermodynamic driving force
for abstraction reactions involving different neutral substrates
exclusive *SCH; abstraction (see Table 2 for examples), a (A(AHreaction = 0), a neutral radical is usually more reactive
reaction that also occurs for the neutral phenyl radi¢aln toward the substrate with the lower homolytic bond dissociation
sharp contrast, most conventional radical cations either¥gact energy>® The same trend was observed here for the charged
with dimethyl disulfide by electron transfer or are unreactive phenyl radicals. For example, all the species studied react
(for isomers of the charged phenyl radicals studied here, seesignificantly more efficiently with allyl iodide than with
discussion on structural characterization). Further, neutral alkyl dimethy! disulfide (Table 2) in spite of the fact that the driving
and aryl radicals readily abstract an iodine atom from alkyl force for both reactiori§ is approximately 20 kcal mot (e.g,
iodides, e.g, allyl iodide?”30 Similarly, all the charged f, R = NCsHs, reacts with allyl iodide and dimethyl disulfide
phenyl radicals studied rapidly abstract an iodine atom from at efficiencies of 0.14 and 0.03, respectively; Table 2). The
allyl iodide (Table 2; also a trace of allyl radical abstraction enhanced reactivity toward allyl iodide is attributed to the fact
was occasionally observed). On the other hand, conventionalthat the homolytic &1 bond strength in this reagent is less
organic radical cations typically abstract both an allyl group thanthe S-S bond strength in dimethyl sulfide (41 and 65 kcal
and an iodine atom from allyl iodid&. mol~1, respectivelyy5a

The above results demonstrate that the types of products Effects of the Charged Substituent. The findings discussed
obtained upon reactions of the charged phenyl radicals do notabove demonstrate that the charged phenyl radicals react with
depend on the structure of the charged group. Hence, theneutral reagents via pathways analogous to those of the neutral
reactivity toward different substrates was further explored by phenyl radical. However, the reaction rates (efficiencies) are
allowing just a few selected charged phenyl radicals to react likely to be influenced by the presence of the charged substitu-
with a number of additional substrates whose reactions with ent. Several experiments were carried out in order to investigate
neutral alkyl or phenyl radicals have been examined earlier by the effects of the charged group.
others. Comparison of the reaction efficiencies measured for phenyl

The neutral phenyl radical has been repoited react with radicals with different charged groups attached to plaea
trimethyl phosphite in solution by CiMreplacement (Scheme  carbon suggests that their reactivity is not very sensitive to the
7b). The same reaction was observed for the gaseous chargediature of the charged group (Table 2). For example, the phenyl
phenyl radicab (R = P(OCH)s; Scheme 7a). Interaction of radicalsa (R = P(CH)s), b (R = P(OCH)s), e (R = S(CHb)2),
the charged phenyl radical(R = P(CH)3) with trimethylphos- andf (R = NCsHs) carry different charged groups and yet react
phine also leads to Cireplacement. The reaction of this at comparable efficiencies (Table 2: dimethyl disulfide, 8:03
reagent has not been examined with the neutral phenyl radical.0.06; allyl iodide, 0.13-0.19).

Neutral radicals are known to readily undergo addition  The distance separating the charge and radical sites appears
reactions. For example, the phenyl radical reacts with oxygen to have some control over the reactivity of the charged phenyl
to form GsHs—O—0Or in solution and in the gas pha%e Adduct radicals. This is best illustrated by considering the reactivity
formation was also observed for charged phenyl radicals uponof species with identical charged groups separated from the

reaction with oxygen (the species studied warR = P(CHg)s, radical site by differing distances. The charged phenyl radicals
b, R = P(OCH);, and themetaisomer ofe, R = S(CH)y). f andg contain the same pyridinium charge site. However, the
Further, neutral radicals commonly react with cyclohexene by radical site ofg is approximatet 3 A further away from the
addition and by hydrogen atom abstracf®nSimilarly, interac- charge site since these sites are separated by two phenyl rings

tion of charged phenyl radicals with cyclohexene was found to instead of one. As expecteg,was found to be less reactive

lead to addition and abstraction of a hydrogen atom (the speciesthanf (g: no observable products k. 0.03 efficiency toward

studied wereb, R = P(OCHp)s, andf, R = NCsHs). Reaction dimethyl disulfide;g: 0.02 vs.f: 0.14 efficiency toward allyl

of the neutral phenyl radical with allyl bromide occurs via iodide; see Figure 4 for reactions with allyl iodide). In order

addition to the terminal methylene carbon followed by loss of to rule out the possibility that the differing sizes blnd g

a bromine atoni® Likewise, the charged phenyl radical(R cause the observed difference in reactivity, two isomerg of

= P(CH)s) reacts with allyl bromide by predominant allyl were also examined. The speciesandi have the same size

radical abstraction (slower bromine atom abstraction also takesasg but their charge and radical sites are separated by a similar

place). distance as irf. Both h andi react with allyl iodide at an
The rate of abstraction of a specific atom or group of atoms €fficiency comparable to that 6f(h: 0.09,i: 0.11 vsf: 0.14;

from different substrates by a given neutral radical generally Figure 4). This result suggests that the factor controlling the

increases with the exothermicity of the reactfé® Hence, it — .

is not suprising that all the charged phenyl radicals studied thusllggz)lgg.R" Smith, R. L; Kenftenaa, H. 1.J. Am. Chem. Sod.996

(35) (a) Leeck, D. T.; Li, R.; Chyall, L. J.; Kentteaa, H. 1.J. Phys.
(28) Migita, T.; Takayama, K.; Abe, Y.; Kosugi, Ml. Chem. Soc., Chem.1996 100 6608. (b) McMillen, D. F.; Golden, D. MAnnu. Re.

Perkin. Trans. 21979 1137. Phys. Chem1982 33, 493.
(29) Fu, J. J. L.; Bentrude, W. G. Am. Chem. Sod972 94, 7710. (36) The homolytic S'S bond strength is 65 kcal mdlin dimethyl
(30) Takayama, K.; Kosugi, M.; Migita, TChem. Lett1973 193. disulfide; the newly formed homolytic €S bond strength is estimated to
(31) Smith, R. L.; Thoen, K. K.; Stirk, K. M.; Kenttaaa, H. I. be 85 kcal mot! based on neutral thioanisole (ref 26a); the homolytid C
Manuscript in preparation. bond strength is 41 kcal mol in allyl iodide; the newly formed homolytic
(32) Stork, G.; Sher, P. Ml. Am. Chem. So0d.983 105, 6765. C—1 bond strength is estimated to be 65 kcal mplbased on neutral

(33) See, for example: Tedder, J. Metrahedron1982 38, 313. iodobenzene (ref 26a).
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Figure 4. Reaction of allyl iodide (nominal pressure 1x210~7 Torr) for 9—10 s with several charged phenyl radicals: f(a) g, (c) h, and (d)
1.
reactivity of these charged phenyl radicals is the distance molecular orbital calculations. Chlorine atom transfer from
between the charge and radical sites rather than the size of thamethyl chloride to the neutral phenyl radical and to the
radical. 4-dehydroanilinium ion (Scheme 8) and thiomethyl transfer from
The findings discussed above are readily rationalized baseddimethyl disulfide to the neutral phenyl radical and to the
on the observation that electron-withdrawing substituents gener-charged phenyl radicaé (R = S(CHs)2; Scheme 9) were
ally enhance the reactivity of neutral radicals toward electron- examined as model reactions. All four reactions were found
rich substrates. For example, thaitrophenyl radical abstracts  to pe highly exothermic (at the ROHF/3-216& ZPE level of
a*SCH; group from dimethyl disulfide eleven times faster than  theory; Table 3). The enthalpy change calculated for the
the unsubstituted phenyl radic@l.Further, perfluorinated alkyl  chlorine atom abstraction by the 4-dehydroanilinium ion
radicals have been reported to be more reactive than the(AHOreactionz —10.9 kcal mot®; Scheme 8) is slightly smaller
corresponding unfluorinated radicals toward various substrates(by 3 kcal mot?) than that calculated for the neutral phenyl
(e.9.,CRCF;* reacts with tributyltin hydride approximately 100 ragical AH%eacion = —13.9 kcal mot?; this value is in
times faster than C¥CH,").3” Hence, the enhanced reactivity  oasonable agreement witkH2% o,cion= —11.3 kcal mot?,
observed for the charged phenyl radicals with the smaller charge/,iained by using experimental literature values; see Table 3).

radical site separation may be attributed to a more electron rpe thiomethyl abstraction reaction was calculated to be slightly
def|C|en.t radlqal site. - Indeedab Initio molecular orbital ... _more exothermic (1.7 kcal mof) for the charged phenyl radical
calculations (d|sc.usse'd above) predict a notably greater po§|t|vee than for the neutral phenyl radical (Scheme 9). Hence, the
_cha_rge at the radical site when the c_harged sulfor_uum SUIOStItuentchatrged substituent does not significantly affect the driving force
Is directly attached to the phenyl ring.g, 0.117 in thepara for either reaction. The same has been fédnd be true for
distonic isomer of ionized thiophenol, Scheme 4) than when it hvdrogen atom aﬁstraction reactions

is separated from the phenyl ring by one oxygen atemg,( ydrog o

0.088; Scheme 5). The increased electron deficiency at the !N the most stable gas-phase collision complex found for the
radical site may affect both the reaction exothermicity (unknown 4-dehydroanilinium ion and methyl chloride, the methyl chioride
for most of the reactions studied here) and the barrier heights. Molecule is hydrogen bonded to the ammonium moiety (Scheme
The curve crossing mod&lrationalizes the lowering of barrier ~ 10a; Table 4). The most stable product complex contains the
heights for reactions of electron deficient radicals as originating methy! radical about 3.4 A apart from the chlorine atom that is
from a significant contribution of a charge transfer configuration attached to the phenyl ring (Scheme 10b). This complex lies

in the transition staté 1.6 kcal mot? lower in energy than the reactant complex (Table
Other Considerations. The factors controlling the reactivity ~ 4). Hence, chlorine atom abstraction is an exothermic (although
of the charged phenyl radicals were further exploredlynitio not barrierless) process within this collision complex, in spite

fth ibility for a stabilizing hydrogen bond formation at

(37) (a) Avila, D. V.; Ingold, K. U.; Lusztyk, J.; Dolbier, W. R. Jr.; oh ehpOSS b. y for a stab g hydrogen bond formation a
Pan, H.-Q.; Muir, M.J. Am. Chem. Sod994 116 99. (b) Sidebottom, ~ the charge site.

H.; Treacy, Jint. J. Chem. Kinet1984 16, 579.

(38) Pross, A.; Yamataka, H.; Nagase JSPhys. Org. Chen1991 4, (39) Berkowitz, J.; Ellison, G. B.; Gutman, D. Phys. Cheni994 98,
135. 2744.
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Table 3. Experimental Heats of Formation and Calculated

Absolute Energies for the Reactants and Products of Two Chlorine
Atom Transfer Reactions and Two Thiomethyl Transfer Reactions

absolute energy

molecule AHexp (kcal mol?) (hartrees)
p-CsHsNHz* b —283.73639
p-Cl-CsHa-NH3* 17¢ —741.20053
CsHsCl 13.¢ —686.15231
CeHs* 78.9 —228.68348
CHgCI -19.6 —496.75847
CHz 35.00 —39.31178
p-(CHs),SGH4 ™ —702.26254
p-(CHs),St-CeH4a-SCH; —1137.36058
CsHsSCHs 23.# —663.77878
CH;SSCH 5.8 —870.05141
CHsS 29.4 —435.00107

2Energy at the ROHF/3-21Gt ZPE level of theory? Value not

known. ¢ Reference 269 Reference 39.

Table 4. Calculated Absolute and Relative Energies of the Two

Collision Complexes Shown in Scheme 10

absolute energy

relative energy

molecule (hartrees) (kcal mol?)
CH;3Cle+*HzN*-CgHge —780.51000 +1.6
H3N*-CgHy-Cl+++CHge —780.51252 0

aEnergy at the ROHF/3-21Gt ZPE level of theory.

Conclusions

Thoen et al.

Scheme 10
ROHF/3-21G*
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spin density at the appropriate ring carbon in those charged
phenyl radicals that were examined computationally.

The charged groups employed here do not directly participate
in the reactions of the charged phenyl radicals. Further, the
reactivity of these species is not a sensitive function of the type
of charge site or size of the radical. However, decreasing the
distance between the charge-bearing atom and the radical site
increases the reaction efficiency toward electron-rich substrates.
This finding is attributed to an increased electron deficiency at
the radical site.

The chemical properties of the charged phenyl radicals were
found to be markedly different from those of related conven-
tional organic radical cations. However, the charged radicals
show the same reaction pathways and similar reactivity trends
toward different substrates as the neutral phenyl radical. These
findings suggest that charged phenyl radicals with a chemically
inert charge site provide a useful model for the mass spectro-
metric study of the properties of substituted phenyl radicals in
the gas phase.
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