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Abstract: The Wheland intermediate in electrophilic aromatic nitrosation, viz. the nitrosoarertomplex,

is directly observed by transient absorption spectroscopy. Femtosecond time-resolved laser experiments based
on charge-transfer photoexcitation of electron donor/acceptor (EDA) complexes of nitrosonium cation with
various arenes reveal the ultrafast formation of nitrosobenzenium to occur in less than 10 ps via the radical/
radical coupling of arene cation radicals and nitric oxide. The lifetimes aftbemplexes in dichloromethane
solution are strongly temperature dependeararying from nanosecondd (< 298 K) to microsecondsl(=

195 K). Steady-state photolysis of arene/Né@mplexes im-BuCl glasses af = 77 K leads to nitrosoarenium
og-complexes which persist for several hours. Based on a reaction scheme that includes an ultrafast equilibrium
between the [ArH*,NO*] radical pair and the nitrosoareniumcomplex, energy diagrams are constructed
which establish the highly endergonic reaction profile of electrophilic aromatic nitrosations with the arene/
nitrosoniums-complex as the thermodynamic sink.

Introduction (not easily deprotonated) are examples of persista@mplexes
that were originally identified by Olah and co-workers via NMR
spectroscopy at low temperatufe.
Aromatic nitrosations, as commonly carried out with nitrous
acid generated in situ in acidic mili@ware estimated to be 101
E times less effective than the corresponding nitratf®i3 This
[j VB e @ B o @@ H mE (1) difference in reactivity is generally attributed to a poorer
N7 electrophilicity of the nitrosating agents, viz., protonated nitrous
acid and nitrosonium (N©O, as compared to the nitronium ion

Electrophilic aromatic substitutions are commonly considered
to occur via transientr- and o-complexes as sequential
intermediates,i.e.,

n-complex o-complex

In fact, numerousr-complexes of arenes with electrophiles have (4) (@) Only hexasubstituted areniumcomplexes such as chloro-

been observed during substitution reactions due to their char-hexamethylbenzeniurit ¢ nitrohexamethylbenzeniuffi, © heptamethyl-
benzeniuntfs etc. have been characterized by NMR spectroscopy and/or

?CteriStic_ (Charge'FranSfer) colctand many of them have been  x yay crystallography. (b) Rathore, R.; Hecht, J.: Kochi, JJKAm. Chem.
isolated in crystalline form and characterized by X-ray crystal- Soc.1998 120 13278. (c) Olah, G. A.; Lin, H. C.; Mo, Y. KI. Am. Chem.

lography? In contrast, the observation ef-complexes, also 30031972 9‘% 3|66|7- @ ’\fa?a?éUk’t V. '-?VReAZZ‘;]ngi”v AKh' Dlzt%”% A
. - - . .; Buraev, V. |.; Isaev, I. S.; Koptyug, V. . Org. Khim. \
known as Wheland intermediates, remains an exper|mentalz429. () See also: Koptyug. V. Aop. Curr. Chem1984 122, 1. (f)

challenge owing to their generally ultrashort lifetimes which Borodkin, G. I.; Nagi, S. M.; Gatilov, Y. V.; Shakirov, M. M.; Rybalvo, T.
result in extremely low steady-state concentrations during the V.; Shubin, V. G.Zh. Org. Khim.1992 28, 1806. (g) Doering, W. von E.;

- : A ; Saunders, M.; Boyton, H. G.; Earhart, H. W.; Wadley, E. F.; Edwards, W.
substitution reactiofi. In general, such limitations in the R.. Laber. G Tetrahedron1958 4, 178. (h) Recently, protonated hexa-

detection of short-lived intermediates in thermal reactions are methylbenzene, pentamethylbenzene, and mesitylene have been isolated as
readily overcome if the reactive intermediates can be generatedcrystalline salts, and the structure of protonated pentamethylbenzenium has

h hemical mean nd th rvi | r-flashbeen determined by X-ray crystallography. See: Reed, C. A.; Fackler, N.
b% P |0tc.)c € hc.a eans and thus qbse edl b)é aser-flas L. P.; Kim, K.-C.; Stasko, D.; Evans, D. R.; Boyd, P. D. W.; Rickard, C.
photolysis techniquesHowever, even time-resolved spectro- £ £'; am. Chem. S04999 121 6314.

scopic methods using ultrashort laser pulses have not been (5)(a) We have demonstrated the power of time-resolved (laser)
successfully applied to observe Wheland intermediates in spectroscopy for the detection and identification of short-lived intermediates

A . : s : in various electrophilic aromatic substitution reactions including nitréion,
aromatic nitrations in real time, which is due to their very fast ¢\ ic e mercuratiorte etc. (b) Bockman, T. M. Kochi, J. KI. Phys.

deprotonation to form the nitroarene produttsOn the other Org. Chem.1994 7, 325 and references therein. (c) Wallis, J. M.; Kochi,

hand, the homologous hexaalkyl-substituted nitroarenium ions J. K.J. Am. Chem. Sod98§ 110, 8207. (d) Hubig, S. M.; Kochi, J. K. In

Electron Transfer in ChemistrBalzani, V., Ed.; Wiley-VCH: New York,
(1) (@) Lowery, T. H.; Richardson, K. Svlechanism and Theory in in press.

Organic Chemistry3rd ed.; Harper and Row Publishers: New York, 1987; (6) Olah, G. A.; Malhotra, R.; Narang, S. ®litration: Methods and

p 623. (b) March, JAdvanced Organic Chemistrydohn Wiley & Sons: MechanismsVCH: New York, 1989.

New York, 1992; p 501. (7) The lack of deuterium isotope effects in the kinetics of nitrations
(2) Rathore, R.; Kochi, J. KAdv. Phys. Org. Chen200Q 35, 193. confirms the fast deprotonation rates. See ref 6.
(3) See, for example: (a) McMullan, R. K.; Koetzle, T. F.; Fritchie, C. (8) See also Koptyug et al. in refs 4d and 4e.
J. Acta Crystallogr.1997 B53 645. (b) Mascal, M.; Hansen, J.; Blake, A. (9) Williams, D. L. H. Nitrosation Cambridge University Press: Cam-
J.; Li, W.-S.Chem. Commurl998 355. (c) Baysanov, A. S.; Crabtree, S.  bridge, 1988.
P.; Howard, J. A. K.; Lehmann, C. W.; Kilner, M. Organomet. Chem. (10) Challis, B. C.; Higgins, R. J.; Lawson, A.J.Chem. Soc., Perkin
1998 550, 59. (d) See also refs 2 and 15. Trans. 21972 1831.
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(NO;™) generated in nitrations. However, the kinetic deuterium

Hubig and Kochi

to cogenerate the arene cation radical and nitric oxide by

isotope effects observed during nitrosations of various aromatic deliberate charge-transfer photoexcitation of arene/nitrosonium

and heteroaromatic substrafe$suggest that the deprotonation
of the Wheland intermediate, viz., nitrosoarenium, is the rate-
determining step responsible for the difference in the kinetics
of nitrosation versus nitration. Substantial kinetic isotope effects
(kq/kp = 3.8—7.4) are also observed in nitrosations with the
nitrosonium cation if it is employed as a pure salt (e.g.,
NO*BF4") in acetonitrile solutiod* Under these nonaqueous
reaction conditions, the nitrosating capabilities of nitrosonium

EDA complexegli.e.,

+H

K
C . Av
N

4 hve . .
[AtH, NOlepa ——% [ArH, NO'] (7)

(0]

Laser excitation with a femtosecond-1sapphire laser system
leads to the formation of the [ArH,NO] radical pair in less
than 1 pg? which will allow us to monitor the ultrafast

are significantly enhanced, as demonstrated by the efficient formation of the Wheland intermediate as the result of the

nitrosation of various polyalkylbenzenes and aniséte¥et,

the deprotonation of the Wheland intermediates (viz., nitroso-
areniumo-complexes) remains the critical, rate-limiting step,
which obviously occurs with much lower rates as compared to
those of the corresponding nitroarenium ions which do not show
kinetic isotope effect8.This conclusion leads to the question
of whether the lifetimes of Wheland intermediates in nitrosation
are long enough to allow their direct observation by fast time-
resolved spectroscopic techniques.

In nitrosations under nonaqueous conditions, the formation
of donor/acceptor complexes [ArH,NQ)'516 arene cation
radicals (ArH™),1718 and cation-radical derived binuclear by-
products such as biphenyfsdiphenylmethane®,and pyridine

collapse Kkc) of the ion-radical pair in eq 7. Time-resolved
spectroscopy on the nanosecond/microsecond time scale at
various temperatures is then utilized to study the kinetics
and thermodynamics of the decay of the nitrosoareniizm
complexes.

Besides substrates that are nitrosated by nitrosonium cation
in a thermal reaction, we examine in this study various
hexasubstituted arenes such as hexamethylbenzene (HMB),
hexaethylbenzene (HEB), etc. Upon CT excitation of their EDA
complexes with nitrosonium, nitrosoareniwrcomplexes are
formed which are analogues of the Wheland intermediate in
nitrosation, but without any readily abstractatiproton to form
nitrosoarene products. As a result, the decay of these transients

adduct&is observed, and thus the electron-transfer mechanism results in the complete recovery of the initial (ground-state) EDA

shown in Scheme 1 has been propokelh this mechanism,

Scheme 1
K
AH + NO* —22  [ArH, NO'lepa (2)
+ Ket R
[ArH,NO'Jepa ——=  [ArH, NO] (3)
. K H
[ArHY NO] C AF (4)
NO
H k
Ar M A-NO + H (5)
NO

the critical step for the formation of the nitrosoarenium
o-complex is the radicatradical coupling of the arene cation

radical with nitric oxide, analogous to the formation of the
nitroarenium intermediate by the diffusion-controlled coupling
of arene cation radical with NQ% i.e.,

fas H
fast. A

AH"T + NO
NO,

(6)

Thus, to observe the short-lived Wheland intermediate in nitro-
sation, we need to exploit in this work the alternative method

(11) Electrophilic nitrosations with (agueous) nitrous acid are generally
restricted to only electron-rich substrates such as phenols and aflilines.

complex, e.g.,

[ IJ;( . NO"Jepa

(m-complex)

hver
_

/
NO

(o-complex)

Thus, kinetic studies of the back reaction in eq 8 and its
temperature dependence will shed light on the energetics of
nitrosoarenium cations relative to the corresponding [ArH/NO
complexes and [Arf*,NO] radical pairs.

Results

I. Charge-Transfer Excitation of Arene/Nitrosonium Com-
plexes. 1. Observation of Nitrosobenzeniung-Complexes.
The colorless suspensions of NBF,~ in argon-saturated
dichloromethane developed yellow to orange/brown colors after
polymethylbenzenes were added in millimolar concentrations.
The color changes were caused by two new absorption bands
positioned at ca. 340 and ca. 500 nm, which were previously
shown to be charge-transfer transitions from the polymethyl-
benzene to nitrosonium within the electron donor/acceptor
complex!415 The stability of these polymethylbenzene/NO
s-complexes in dichloromethane solution at room temperature
varied among the various substrates due to nitrositmrother

However, under acidic, NO-saturated, nonaqueous conditions, nitrosationsreaction pathways. Therefore, to avoid thermal reactions, the

of toluene and xylene can be achieved in moderate yields. See: Atherton,
J. H.; Moodie, R. B.; Noble, D. RJ. Chem. Soc., Perkin Trans.1®99
699.

(12) Challis, B. C.; Higgins, R. . Chem. Soc., Perkin Trans.1®73
1597.

(13) Dix, L. R.; Moodie, R. B.J. Chem. Soc., Perkin Trans.1D68
1097.

(14) Bosch, E.; Kochi, J. KJ. Org. Chem.1994 59, 5573. For a
rationalization of the deuterium kinetic isotope effect, see: Lindeman, S.
V.; Bosch, E.; Kochi, J. KJ. Chem. Soc., Perkin Trans, & press.

(15) Kim, E. K.; Kochi, J. K.J. Am. Chem. S0d.991, 113 4962.

(16) Reents, W. D.; Freiser, B. 3. Am. Chem. Sod.98Q 102, 271.

(17) Kim, E. K.; Kochi, J. K.J. Org. Chem1989 54, 1692.

(18) Eberson, L.; Radner, Acta Chem. Scand.984 B38, 861.

(19) Lee, K. Y.; Kochi, J. KJ. Chem. Soc., Perkin Trans.1®294 237.

(20) The radicatradical coupling of ArH* and NG* occurs at nearly
diffusion-controlled rates which are independent of the donor strength of
the aromatic substrate. See: Kim, E. K.; Bockman, T. M.; Kochi, JJ.K.
Am. Chem. Sod 993 115 3091.

laser-flash photolysis experiments for the photogeneration
and detection of the reaction intermediates in nitrosation,
viz., polymethylbenzene cation radicals and nitrosobenzenium
o-complexes (see eq 7), were mostly carried out at low
temperatures.

For example, a suspension of NBF,~ in dichloromethane
containing mesitylene showed a charge-transfer absorption band
at 340 nm when shaken at room temperature and then cooled
to —60 °C to avoid further reaction. Photoexcitation of the CT
absorption band at 60 °C with a 10-ns laser pulse at 355 nm

(21) Bockman, T. M.; Karpinski, Z. J.; Sankararaman, S.; Kochi, J. K.
J. Am. Chem. S0d.992 114, 1970.

(22) Charge-transfer excitation of EDA complexes effects the transfer
of an electron from the donor to the acceptor to result in the formation of
an ion-radical pair in less than 500%.
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Figure 1. Transient absorption spectra obtained at 0.5, 1.5, 4.2, and
18 us (top to bottom) following the charge-transfer excitation of the
mesitylene/NO EDA complex in dichloromethane at60 °C with a

10-ns laser pulse at 355 nm. The spectra consist of the two overlapping

absorption bands of mesitylene cation radical (centered at 470 nm) and
nitrosomesitylenium cation (centered at 430 nm).

Table 1. Spectral and Kinetic Properties of
Nitrosopolymethylbenzeniura-Complexe3d
A [0 < [ns]®
Arene Cation Radical g-Complex T=298K T=195K
| © 440 430 <10 d
O 470 430 e >3000
3 485 430 <4 100
NN
|
N 490 430 <10 285

495 430 14 >2000

a|n dichloromethane? Absorption maximum¢ Lifetime of the
nitrosobenzeniumo-complex.¢ Not measured: Solution thermally
unstable at room temperature.

generated a transient spectrum which showed an absorptio
maximum at 470 nm and an additional strong absorption in the
380-450 nm range, peaking at 430 nm (see Figure 1). The 470-
nm absorption band, which partially decayed on the2@ime
scale with mixed-order kinetics, was readily assigned to the
mesitylene cation radic&f.On the other hand, the absorption
at 430 nm, which decayed completely to the baseline by first-
order kinetics with a rate constant bf= 3 x 10° s71, clearly
belonged to a different transient species. This transient was
tentatively assigned to the nitrosomesityleniarnomplex, i.e.,
the Wheland intermediate in the nitrosation of mesityl&ne.
Similar transient spectra were obtained with other poly-
methylbenzenes such pstylene, durene, pentamethylbenzene,

and hexamethylbenzene (see Table 1). Thus, the cation radical%

of the alkyl-substituted benzenes exhibited absorption maxima
at different wavelengths betweél. = 440 and 495 nm®
However, the overlapping absorption bands of the corresponding

(23) (a) Wynne, K.; Galli, C.; Hochstrasser, R. 8.Chem. Physl994
100, 4797. (b) Asahi, T.; Mataga, NI. Phys. Chem1989 93, 6575. (c)
Hubig, S. M.; Bockman, T. M.; Kochi, J. KI. Am. Chem. S0d.996 118
3842.

(24) Sehested, K.; Holcman, J.; Hart, E.JJ.Phys. Chem1977, 81,
1363.

(25) The preliminary assignment will be substantiated throughout this
report by a thorough analysis of its spectroscopic and kinetic properties.

(26) For the absorption spectra of polyalkylbenzene cation radicals, see
refs 21, 24, and 32 and references therein.
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Figure 2. (A) Transient absorption spectrum obtained 25 ps upon
charge-transfer (laser) excitation (at 355 nm) of the hexamethylbenzene/
NO* EDA complex in dichloromethane. (B) Deconvolution of the broad
absorption band in (A) as two Gaussian absorption bands with maxima
at 495 and 430 nm assigned to the hexamethylbenzene cation radical
and the nitrosohexamethylbenzenivatomplex, respectively.

og-complexes or Wheland intermediates appeared in identical

r}oositions and shapes with maximum/gt.,x = 430 &+ 10 nm.

Importantly, the lifetimes of the nitrosobenzeniuatomplexes
varied among the differently substituted benzene derivatives.
o-Complexes that could be observed at room temperature
were generally short-lived. Nitrosopentamethylbenzenium and
nitrosodurenium were short-lived even at low temperature
(see Table 1). In contrast, the nitrosohexamethylbenzenium
o-complex was longer lived even at room temperature, and the
solution did not react thermally or upon laser irradiation. Thus,
we focus on this complex as a model to study the spectroscopic,
kinetic, and thermodynamic properties of nitrosobenzenium
o-complexes in more detail.

2. Spectroscopic and Kinetic Examination of the Nitroso-
examethylbenzeniume-Complex. Upon photoexcitation of

the CT absorption bands of a ca. 0.5 mM solution of hexa-
methylbenzene/NOcomplex in dichloromethane with a 25-ps
mode-locked Nd:YAG laser at either 355 nm (high-energy band)
or 532 nm (low-energy band), a transient spectrum with a broad,
flat absorption band was observed (see Figure 2A), which could
be readily deconvoluted into two (Gaussian) bands with maxima
at 430 and 495 nm, respectively (see Figure 2B). The 495-nm
absorption band was readily ascribed to the hexamethylbenzene
cation radicaf* and the 430-nm band was assigned to the
nitrosohexamethylbenzeniumcomplex?> Time-resolved spec-
troscopy at room temperature on the nanosecond time scale
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o Table 2. Spectral and Kinetic Properties of Hexaalkyl- and

018} Hexaphenyl-Substituted NitrosobenziwrComplexe$

== ?"max[nm]b < [ns]°
Arene Cation Radical o-Complex T=298K T=195K

0.12}F

1 S 495 430 14 >2000

[ 22 44 =

Time / ns

0.06 +
520 430 56 >2000

Absorbance

000 R~ — E

-~
| 3 @@ 515 450 300 4
006} A %@
QJ

50 350 430 470 510 550 4 475 440 300 4

Wavelength [nm]

0.12} O

N O 700 560 200 >2000
&

aln dichloromethane? Absorption maximum¢ Lifetime of the
nitrosobenzeniunw-complex.¢ Not measured.

0.08F-932

0.04f o e 38 3. Other Hexasubstituted Benzene DonorsSimilar transient

Time ns
\ ' absorption spectra on the picosecond through microsecond time
scales were observed upon CT excitation of EDA complexes
of nitrosonium with various other hexaalkyl- or hexaphenyl-
substituted benzenes (see Table 2) including hexaethylbenzene,
B hexaphenylbenzene, and two sterically hindered benzene donors
------ . (see entries 3 and 4). For hexaphenylbenzene, different transient
B0 om0 40 40 S0 S0 spectra were obtained with a broad absorption band of the cation
Wavelength [nm] radical at 700 nm8 and the absorption of thecomplex shifted
t0 Amax = 560 nm.

Absorbance

00 fF= - A~ —— A~ —— ——

Figure 3. (A) First-order decay of the nitrosohexamethylbenzenium .
o-complex at room temperature. [Spectra recorded at 13, 17, 21, 25 4. Temperature Effects.When the nanosecond/microsecond

32, 44, and 83 ns (top to bottom) upon 10-ns laser excitation.] (B) ’timg-resolved transient absorption spectra were recorded at
Subsequent second-order decay of the hexamethylbenzene cation radica@rious temperatures between 298 and 195 K, two temperature
(at 495 nm) and recovery of the ground-state charge-transfer absorptioneffects were observed. First, the relative intensities of the
(at 400 nm). [Spectra recorded at 0.46, 0.67, 0.88, 1.7, 2.1, ans4.2  absorption bands of the cation radical and theomplexes
upon laser excitation.] changed dramatically. For example, upon lowering the temper-
ature, the transient absorption spectra with hexamethylbenzene
. ) changed as follows. The absorption band centered at 430 nm
(upon application of a 10-ns laser pulse of a Q-switched pecame increasingly stronger as compared to that at 495 nm,
Nd:YAG laser at 355 nm) revealed a kinetic behavior similar ultimately leading to a spectrum at 195 K which consisted
to that observed with mesitylene at low temperature (vide Supra). 5imost exclusively of the-complex and relatively little hexa-
Thus, theo-complex decayed completely within 40 ns with @ - methyibenzene cation radical absorption (see Figure 4). Second,
first-order rate constant ok = 7 x 10" s™!, whereas the ¢ jifetime of the nitrosohexamethylbenzeniurcomplex
absorption band of the hexamethylbenzene cation radical atjncreased by orders of magnitude on going from room temper-
495 nm remained more or less unchanged over the same timey ;e ¢ = 14 ns) toT = 195 K (r > 1 us, see Table 3P
span (see Figure 3A). The complete decay of #Reomplex Accordingly, the Arrhenius plot of the decay rate constants
resulted in a residual spectrum with th‘i absorption band of |y versus the reciprocal temperature yielded an activation
the HMB cation radical aflmax = 495 nn#* and a bleach of  gnergy ofEx = 7 kcal molt and a preexponential factor of
the CT absorption band around 400 nm. Both decayed on ap — 7' 10251 The Eyring evaluation led to a free activation
longer (microsecond) time scale by second-order kinetics with enthalpy ofAG* = 6.4 kcal mot?. For hexaethylbenzene and
diffusion-controlled rate¥ (see Figure 3B). , hexaphenylbenzene, the Arrhenius evaluation of the temperature-
Similar transient absorption spectra on the picosecond anddependent decay rates of thecomplex yielded activation
nanosecond time scales were obtained in chloroform and gnergies similar to those for hexamethylbenzene, but the fre-

acetonitrile solutions. However, the lifetime of thecomplex  quency factors varied by 4 orders of magnitude (see Tabi 3).
was significantly shorter in acetonitrile € 4 ns). Variation of
the relative concentrations of HMB donor and N@cceptor (28) The hexaphenylbenzene cation radical was also generated by

. . ; [ ; ; electron-transfer quenching of photoexcited chloranil. Compare: Rathore,
from 30:1 to 1:20 in acetonitrile did not affect the relative R.. Hubig, S. M. Kochi, J. KJ. Am. Chem. S0d997 119, 11468,

absorptions of the-complex at 430 nm and the HMB cation (29) Note that the lifetime of the-complex was found to depend linearly
radical at 495 nm. on the HMB concentration. Thus, the decay rate constant changed by a
factor of 10 on going from [HMBJ~ 2 mM to 20 mM. Accordingly, a

(27) Diffusion-controlled reactions generally exhibit second-order rate second-order rate constant for the HMB-assisted decay of nitrosohexa-
constants ok~ 10 M~1 s7%, See: Moore, J. W.; Pearson, R.dnetics methylbenzenium was determined tole= 1 x 108 M~t s at 195 K.
and Mechanism2nd ed.; Wiley: New York, 1981; p 239f. Extrapolation to [HMB]= 0 led to a lifetime ofr = 20 us at 195 K.
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Figure 4. First-order decay of the nitrosohexamethylbenzenium
o-complex afT = 223 K. [Spectra recorded at 0.77, 1.2, 1.4, 2.5, and
4.6 us upon 10-ns laser excitation at 532 nm.]

Table 3. Temperature Dependence of the Lifetime of
Nitrosobenzeniunw-Complexesd

J. Am. Chem. Soc., Vol. 122, No. 34, 3283

Table 4. Spectral and Kinetic Properties of Methoxy-Substituted
Nitrosobenzenium and NitrosonaphthalenisgniComplexed

Arene Ao [nm]? T [ws]
Cation Radical ~ ¢-Complexes
OMe
1 430/460 460/530 3.67
Me
OMe
2 ® 495 465/570 25
OMe
OMe
3 ( : ) 485/515 485/530 1.1
Me
4 aYe 590 520 0.025
OMe
5 ‘OO‘ 620/680 570 g

2In dichloromethane? Absorption maximume¢ Lifetime of the
nitrosoareniumy-complex afl = 195 K. 97 = 16 us for [DMB] = 0.
Compare refs 29 and 30At T = 248 K. f At T= 238 K in acetonitrile.

9 Not measured.

the nitrosoarenium-complexes at liquid-nitrogen temperatures.

Arene Temperature T E, (AGH A_?
Xi [ns] [keal mol™!) [s71
298 14 6.940.1 (6.4) 7.5x 10%?
1 O 264 71
# 223 1000
208 1960°
208 56 4.040.1 (3.7) 1.6x 10
) 288 71
273 91
253 136 -
233 345
203 1590
® 298 200 3.0+0.1 (2.5) 68x10°
) ) 273 430
N 250 670
3 29Qe 238 910
» 223 1100
¢ 208 2130

a|n dichloromethane? Lifetime of thes-complex.¢ EA = activation
energy,AG* = activation free enthalpy. Frequency factortz > 20
us for [HMB] = 0.29.

5. Methoxy-Substituted Arenes and NaphthaleneThe first
four entries in Table 4 show spectral and kinetic data for
nitrosoareniunw-complexes with methoxy substituents. Whereas
the lifetimes of these transients at low temperatures did not differ
significantly from those of alkyl-substituted nitrosobenzenium

o-complexes, the absorption maxima in the transient spectra
were shifted in all cases to longer wavelengths (compare Tables

1, 2, and 4). Thus, the methoxy-substituted nitrosobenzenium
ions showed absorption bands with maxima around-48D
nm and tails extending beyond 550 nm. Similarly, the nitroso-
naphthaleniuna-complex showed a strongly red-shifted absorp-
tion band with maximum at 570 nm (see Table*4).

Il. Photogeneration of the g-Complexes in a Butyl
Chloride Matrix at 77 K. The strong temperature effect on
the decay rate constants (see Table 3) prompted us to examin

(30) We note that hexaethylbenzene showed a much weaker effect
of the arene concentration on the rate constants for the decay afthe
complex as compared to hexamethylbenz€n€hus, the second-order
rate constant for HEB-assisted decay of theomplex was calculated to
bek, =3 x 106 M~1s1atT = 195 K, which is 30 times slower than that
of HMB.

(31) The nitrosonaphthaleniurma-complex was obtained by charge-
transfer excitation of the naphthalene/N&DA s-complex which is stable
at low (—78 °C) temperatures.

n-Butyl chloride was chosen as the solvent for these experiments
since it forms transparent glasseSat 77 K suitable for laser
photolysis and UV/vis spectroscopic measureméhirst, the

EDA complex of nitrosonium with hexamethylbenzene was
prepared inn-butyl chloride solution and its concentration
adjusted to reach an absorbance of about 0.5 at 532 nm. Charge-
transfer (laser) excitation (at 532 nm) of the complex at room
temperature resulted in transient absorption spectra very similar
to those shown in Figures 2 and 3 for dichloromethane; the
lifetime of the nitrosohexamethylbenzeniumcomplex was
determined to be about 10 ns. Moreover, lowering of the
temperature tol = 195 K led to the same changes in the
spectra and kinetics of the photogenerated transients as reported
for dichloromethane solutions; i.e., the predominance of the
o-complex with a lifetime of about ks was observed.

Upon removal of the argon, thebutyl chloride solution was
cooled toT = 77 K and the light brown solution turned into a
dark purple/brown glass, the absorption spectrum of which
showed the characteristic high-energy,d« = 337 nm) and
low-energy fmax = 500 nm) CT bands of the EDA an-
complex of nitrosonium with the hexamethylbenzene ddfér.
Irradiation of then-butyl chloride glass af = 77 K with either
the second-harmonic (532 nm) or the third-harmonic (355 nm)
output of a Nd:YAG laser resulted in the complete bleaching
of the dark purple/brown color, and a persistent yellow color
remained. The color changes with increasing number of incident
laser pulses were followed spectroscopically on a (steady-state)
spectrophotometer equipped with a quartz dewar containing
liquid nitrogen. Thus, with extended exposure of the glass to
laser irradiation, an increasing bleaching of the CT absorption
bands at 337 and 500 nm and the growth of a new absorption
between 400 and 500 nm were observed, which resulted in the
éormation of two isosbestic points (see Figure 5A). The
difference spectra obtained either by subtraction of the spectra
of irradiated and un-irradiated glass (see Figure 5B) or by
pump—probe laser photolysis experiments (see Figure 5C)
clearly revealed that the photogenerated yellow product showed
an absorption spectrum identical to that of thecomplex
observed by transient spectroscopy (compare Figures 4 and 5).

(32) Shida, T Electronic Absorption Spectra of Radical Igridsevier:
Amsterdam, 1988; p 19.
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Figure 5. (A) Absorption spectra of the hexamethylbenzene/NEDA complex inn-butyl chloride glass af = 77 K before and after exposure

to 50, 100, and 400 laser pulses at 355 nm (1.5 mJ/pulse). (B) Change in absorbance between the first (0 pulses) and the last (400 pulses) spectrum
in (A). (C) Difference absorption spectrum obtained upon charge-transfer excitation of the hexamethylbenzeeBMANGomplex inn-butyl

chloride glass al = 77 K in a pump-probe laser experiment. The absorption bands centered at 430 nm in (B) and (C) are assigned to the
nitrosohexamethylbenzeniumcomplex.

The yellow color persisted for hours &t= 77 K. However, A .08
a slight increase of the temperature above the melting point of T |
the butyl chloride glassT(> 150 K) caused the yellow color s
to revert to purple/brown, and the spectrum of the molten glass
was identical with the original CT spectrum prior to irradiation.
As a result, multiple freezephotolysis-thaw cycles could be
carried out without any overall changes in the absorption spectra
of the solution at room temperature. The color changes from
purple/brown to yellow (aff = 77 K) could also be achieved
by irradiation with a pencil-style low-pressure mercury lamp 0.02
with or without a 500-nm cutoff filter and even with a He/Ne
laser at 633 nm (2 mW), which merely irradiates the extreme |
tail of the low-energy CT band. 002l

Similarly, the yellow photoproduct was obtained upon355- ¢ ...~~~
nm photolysis of the [HEB,N®] complex inn-butyl chloride 380 420 460 500 540 580
glass aff = 77 K. It could be repeatedly generated in freeze Wavelength [nm]
photolysis-thaw cycles as described for hexamethylbenzene 030
complexes (vide supra). Again, the spectrum of the stable yellow B
photoproduct al = 77 K closely matched that of thecomplex
observed afl = 195 K (compare parts A and B of Figure 6).

Irradiation of the nitrosonium complex with a substituted
naphthalene (see entry 5 in Table 4) in i8uCl matrix at
T = 77 K resulted in a photoproduct with the spectrum shown
in Figure 7. This absorption spectrum with a maximum at 570
nm was identical with the spectrum of the nitrosonaphthalenium
o-complex obtained by transient spectroscopy at higher tem-
peratures.

Ill. The Kinetics for the Formation of the Nitrosoarenium 0.00 ) . .
o-Complex. Charge-transfer excitation of the polyalkylbenzene/ 400 450 500 550 600
NO™ complexes with a 25-ps laser pulse consistently resulted
in the simultaneous formation of arene cation radical and
o-complex within the time period of the laser pulse (see, for Figure 6. Absorption spectra of the nitrosohexaethylbenzenium
example, Figure 2). Thus, to observe the interconversion o-complex obtained upon charge-transfer excitation of the hexaethyl-
between these two transients, a Ti:sapphire laser system with 2?€nzene/NO EDA complex at 355 nm (A) in dichloromethane at
200-fs pulse at 400 nm was emplog&do improve the time _T= 195 K and (B). |n_n-buty| chloride glass af = 77 K. The spectrum
resolution. As model system, we chose the hexamethylbenzene)n (A) decayed within 1Q:s.

NO™ complex because its solution in dichloromethane is stable

at room temperature. The transient spectrum obtained 1 pskinetic traces recorded at= 490 and 440 nm revealed a slight
following the laser excitation showed a narrow absorption band decay of the hexamethylbenzene cation radical and the con-
with maximum atl = 495 nm which was readily assigned to comitant growth of the nitrosohexamethylbenzenisicomplex,

the HMB™ cation radical. Subsequently, a broadening of this respectively (see Figure 9). Both the decay and the growth traces
absorption band was observed over a time span of about 10 pscould be fitted to first-order kinetics with identical rate constants
ultimately leading to a broad, flat absorption band similar to of k = 3 x 10" s™%

that observed upon 25-ps excitation with the mode-locked Similar spectral changes on the early picosecond time scale
Nd:YAG laser (compare Figures 2 and 8). Accordingly, the were observed upon 200-fs laser excitation of the nitrosonium

.01
0.10}

[
Time / Ms

0.06

Absorbance

0.20 |

n-BuCl glass
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Absorbance

Wavelength [nm]
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0.35 " T " T " Table 5. Absorption Maxima may) and BandwidthsAv) of
Various Hexamethylbenzenium lonsgCHz)sE]" in
Dichloromethan#®

E Amax (NM) Av (cm™) ref

H 398+ 2 3400 33
CHs 399+ 1 2900 34
Cl 410+ 2 3200 4b
Br 460+ 2 3500 35
NO, 430+ 2 3400 35
NO 430+ 5 2900 this work

0.25

Absorbance
=)
-
2

0.05
Subsequently, the formation of tlkecomplex from the cation

radical was observed on the early picosecond time scale.

-0.05 4
450 550 650 750 ] . o
Wavelength [nm] |. Direct Observation and Identification of the Wheland

Figure 7. Absorption spectrum of nitrosonaphthaleniuntomplex Intermediate in Aromatic Nitrosation. To substantiate the
in n-butyl chloride glass aT = 77 K. identity of the Wheland intermediate in nitrosation, viz., the
nitrosoareniunp-complex observed in the time-resolved and
0.04 steady-state photolysis experiments of this study, let us sum-
marize the important findings about its spectroscopic and
thermodynamic properties as well as its formation and decay
kinetics. First, we note that the Wheland intermediate is
efficiently generated by charge-transfer irradiatitmd) of
arene/NO EDA complexes. Since charge-transfer excitation
of the EDA complex initially generates the arene cation
radical?223the Wheland intermediate is formed in the subse-
guent coupling of arene cation radical with nitric oxide, i.e.,

Discussion

0.03

Absorbance

0.00

hv¢ . .
[AH, NO'Jepn —<% [ArH' NO] — AF;:O (9)

v

'°'°Loo 450 500 550 600 The reaction sequence in eq 9 is unambiguously revealed in
Wavelength [nm] the femtosecond/picosecond time-resolved spectra recorded upon
CT excitation of the NO complex of hexamethylbenzene (see

the charge-transfer excitation (at 400 nm) of the hexamethylbenzene/':Igures 8 and 9). Thus, we f'rSt_Obtam _the abs_orpt'on spe(?trl_Jm
NO* EDA complex in dichloromethane with a 200-fs laser pulse at ©f the hexamethylbenzene cation radical which forms within
room temperature. The broadening of the absorption band in the the time period (200 fs) of the laser pulse. Subsequently, a partial
430-nm region is due to the ultrafast formation of the nitrosohexa- decay of the cation radical and the concomitant formation of
methylbenzeniunw-complex. the nitrosohexamethylbenzeniusrcomplex (with identical
rates) are observed.

Second, the decay of thecomplex results in the recovery
of the original [ArH,NO"] z-complex, as best demonstrated
© e 440 nm with the multiple freeze-photolysis-thaw cycles carried out
in the n-butyl chloride glass. Moreover, the lifetimes of
the o-complexes are highly temperature dependent and vary

. . from a few nanoseconds at room temperature to several hours
o.02F o %o at T = 77 K. Accordingly, the Arrhenius and the Eyring
hd evaluations result in activation energies and free activation
enthalpies of up to 7 kcal mol (see Table 3).

Third, the UV/vis absorption spectra of the nitrosoarenium
og-complexes closely resemble those of otlecomplexes.
For example, a spectral comparison of various hexamethyl-

-0.02 — benzenium ions is given in Table 5, including protonated
-§ 0 5 10 15 20 25 30 35 hexamethylbenzeri&, heptamethylbenzeniuf, and nitro-35
Time [ps] chloro-#» and bromo-substitutédhexamethylbenzenium iodg.
Figure 9. Kinetics of the ultrafast decay of hexamethylbenzene cation |n particular, we note invariant wavelength positions and similar

radical (monitored at 490 nm) and the formation of nitrosohexamethyl- shapes (bandwidths) of the absorption bands of the nitroso- and
benzeniumo-complex (monitored at 440 nm) upon charge-transfer

Figure 8. Transient absorption spectra obtained at 1 and 7 ps following

0.06
© 490 nm

0.04

Absorbance

0.00

excitation of the hexamethylbenzene/NE&DA complex in dichloro- (33) (a) Kilpatrick, M.; Hyman, W. HJ. Am. Chem. Sod.958 80, 77.
methane with a 200-fs laser pulse at room temperature. (57)98‘9”‘) N.'C; Groves, P. T.; Saines, &.Am. Chem. Sod959 81,

(34) (a) See Rathore et al. in ref 4b. (b) See ref 4e, p 97.

; (35) Dhanasekaran, T.; Kochi, J. K., unpublished results.
complex with pentamethylbenzene, and both femtosecond (36) For a detailed report on the spectroscopic properties (U\/’/MlS

laser experiments clearly revealed the arene cation radicalyyr, 3c NMR) and X-ray structures of various hexaalkylbenzenium ions,
as the primary intermediate upon charge-transfer excitation. see: Hubig, S. M.; Kochi, J. KI. Org. Chem.in press.
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the nitro-substituted-complexes (see entries 5 and 6 in Table the temperature-dependent partitioning between them and the

5).36 Successful X-ray crystallography of the=Echloro, bromo, nitrosoarenium ions.

and methyl analogues show that the hexamethylbenzenium First, the long lifetimes of the arene cation radicals and their

moieties have structural features that are also strikingly com- second-order decays on the microsecond time scale with

mon: the skeletal structure showing clos€to symmetry, i.e., diffusion-controlled rate€ (see Figure 3B) clearly show that

they exist as free, solvated ion radicals and not as-radical

pairs as depicted in eq $3.Second, the ultrafask(~ 10

s™1) formation of nitrosoarenium from the arene cation radical,

its much slowerk ~ 10" s71) decay, and the comparable yields

of both transients at room temperature (see Figure 2) cannot

with all the carbor-carbon distances rather invariant with the € reconciled with the simple reaction scheme in eq 11. Thus,

ipsosubstituent B7 We thus judge that the Wheland intermedi- an additional pathway must be included in the reaction scheme

ates with E= NO and NG also have the same basic structure. {0 account for the formation of solvated arene cation radicals
The spectroscopic, thermodynamic, and kinetic data presentecPy _(reversible) —dissociation kfiss and kassod of the

in this work confirm the identity of the nitrosoareniusmcom- [ArCH3™*,NOT radical pair?“® as shown in Scheme 3. In

plexes. These intermediates readily formed in the radicalical

- . . g ... Scheme 3
coupling of the corresponding arene cation radicals with nitric
; ; . hve .. N
oxide, i.e., [ArCHs, NO'leon ——SL [ArCHY  NO] —Cu A7CMs 0
keeT keL NO (12)
. fast H
@. no =L GFNo (10) koiss | kassoo
In the case of mesitylene and xylene, these nitroso-substituted ACHY + NO

o-complexes are the Wheland intermediates in nitrosdtion.

Moreover, the time-resolved studies which establish the forma- other words, the initially formed radical pair [ArGk,NO"]

tion of the nitrosobenzenium+-complexes from the correspond-  can either undergo back-electron transtesef) to restore the
ing arene cation radicals represent the direct experimentaloriginal EDA complex, or dissociatekgss) to form solvated
verification of the reaction mechanism put forward in Scheme arene cation radicals and nitric oxide, or collapke) to the
114 Accordingly, we now analyze the formation and decay nitrosoareniunw-complex. The competition between these three
kinetics of the nitrosoarenium ions in more detail. The temper- pathways is confirmed experimentally by the quantum yields
ature studies will provide thermodynamic data for energy of less than unity for the formation of free solvated ion radicals
diagrams, which will then be used to discuss the mechanism of which were reported previoush.Thus, free-ion yields as low

aromatic nitrosat_ion. _ _ _ as 0.1 have been found upon CT excitation of various poly-
Il. The Reversible Formation of Nitrosoarenium and Its alkylbenzene/NO complexes, and the highest yield obtained
Temperature-Dependent Partitioning with the Arene Cation for the HMB/NO' complex in various solvents does not exceed

Radical. The hexasubstituted arenes examined in this study 0.7. These quantum yields of less than unity have been originally
play a key role in our understanding the formation and decay ascribed to the competition between back electron trarisfer)(
kinetics and energetics of nitrosoarenium ions since theseand dissociationkpss) of the radical pair [ArCH™,NO*.2L In
substrates formr-complexes with nitrosonium which cannot  view of the new findings in this work, we must include the
readily lose a proton to yield the corresponding nitrosoarene. formation of nitrosoarenium. The limited quantum yields for
As aresult, the decay of hexasubstituted nitrosoarenium resultsfree, solvated arene cation radicals are thus the result of the
in the complete recovery of the original arene/nitrosonium EDA competition between back-electron transfisc(), reversible
complex. Since the generation of the nitrosoarenitoomplex radical-pair collapsek¢ andkei), and reversible dissociation
by CT photolysis of the EDAr-complex occurs in a two-step  (kpiss and kassod in Scheme 3. However, since the back-
process via the arene catieradical intermediate (vide supra), electron transfer within the [Ark,NO’] radical pair exhibits

the simplestdescription of the formation and decay pathways pronounced inner-sphere characerthere is no clear-cut

of nitrosohexaalkylbenzenium includes a pair of reversible steps, distinction between direct (inner-sphere) back-electron transfer
as shown in Scheme 2, whekgeT, ke, andke, are the first- (kget) and the sequence of ultrafast radical-pair collapeg (
followed by cleavage of the nitrosoareniukg,() combined with

Scheme 2 back-electron transfer. In other words, the formation of the
+. h M . . k + I I - 1 -
[ACHs, NOleon <L [ArCHS NO| =< A CHe (1) n|tr0.soaren|urm comp!ex prior to b'ack electron transfer can
KeeT ker NO be viewed as the classic case of an inner-sphere electron transfer
(r -complex) (radical pair) (o -complex) in which the formation of a bonded precursor complex, i.e.,

nitrosoareniumprecedes the electron-transfer stép.
order rate constants for back-electron transfer, coupling, and The reversible formatiork{ andke,) of nitrosoarenium from
(homolytic) cleavage, respectively. Although this simple reaction the radical pair [ArCH™,NO7] in Scheme 3 is strongly
sequence in Scheme 2 adequately describes the apparertemperature-dependent, as demonstrated by the temperature
reversibility of theo-complex formatiorfe it does not account  dependence of the relative intensities of the absorptions of ion
for the observation of long-lived arene cation radicals and radicals and nitrosoarenium. Moreover, the fast, temperature-

(37) (a) The carboncarbon bond distances are almost identical (within (39) Back-electron transfer in iefradical pairs follows first-order
30). A small variation in the out-of-plane angle with = 55°, 42°, and kinetics since no diffusional processes are involved.
55° is observed for the chlor®,bromo?’° and methyl analogues37® (b) (40) According to Scheme 3, the pathway for the decay of the

Dhanasekaran, T.; Lindeman, S. V.; Kochi, J. K., unpublished results. nitrosoareniumo-complex back to the EDA is simply taken as the

(38) We take the distinctive (temperature-dependent) spectral changesmicroscopic reverse of its (rate of) formation. Although it is disfavoted,
(compare, e.g., Figures 2 and 4) to reflect the reversible formatigkc() we cannot discount a direct (one-step) alternative suggested by a reviewer
of nitrosoarenium from the radical pair. involving the heterolytic cleavage of the N@rene bond.
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Figure 10. Energy diagrams for the reversible formation of (A)
nitrosohexamethylbenzenium and (B) nitrosomesitylemsoomplexes
upon charge-transfer excitation of the EDA complexes of nitrosonium
with the corresponding arenes. Diagram (B) represents the reaction
energy profile for the thermal nitrosation of mesitylene by nitrosonium
cation.

dependent equilibrium between nitrosoarenium and radical pair
is “drained” by the escapéss) of ArCHz** and NO radicals
out of the solvent cage of the radical pair to yield long-lived

J. Am. Chem. Soc., Vol. 122, No. 34, 32870

calculated from the differences between the oxidation potentials
of the arenes and the reduction potential of nitrosorfiéifrhus,
the electron-transfer activation of the NOr-complexes of
hexamethylbenzene and hexaethylbenzene requires an energy
of about 9 kcal mot?, not considering any additional energies
required for structural and solvent reorganization accompanying
the electron-transfer process. In our time-resolved and steady-
state photolysis experiments, this energy required for the
formation of the radical pair is provided by light.

The subsequent collapse of the radical pair [AYNO"] to
the nitrosoarenium obviously does not require much activation
energy, as judged from the ultrafast rate constant of this reaction
step?® and we therefore locate the transition state (TS) for
nitrosoarenium formation in first approximation on a comparable
energy level to the radical-pair state. Since the decay and
formation of the nitrosoarenium are reversible processes that
occur via the same intermediates (see ScheniétBg energy
level of the nitrosoarenium species can now be calculated using
the activation free enthalpieAG*) of its decay. In other words,
the difference between the free enthalpy of the transition state
(TS) and that of nitrosoarenium can be equated to the activation
free enthalpy AG* in Table 3) for the decay of the latter, which
amounts to 6.4 and 3.7 kcal mélfor hexamethylbenzene and
hexaethylbenzene, respectively. Thus, on the basis of the com-
plete free energy diagram in Figure 10A, we conclude that the
formation of nitrosohexamethylbenzenium is overall exergonic
by 3.2 kcal mot? relative to the uncomplexed starting materials
(HMB and NO"); however, it isendergonicy about 2.9 kcal
mol~! relative to the HMB/NO complex. Similarly, the
formation of nitrosohexaethylbenzenium is exergonic by about
1 kcal mol? relative to uncomplexed hexaethylbenzene and
nitrosonium; however, its formation from the EDA complex is
about 5 kcal moi! endergonicin other words, ther-complexes
of both hexamethylbenzene and hexaethylbenzene with nitro-
sonium represent thermodynamic sinks of the reaction cycle
due to their unusually high formation constantof 30 000
M71_14,15,39

For mesitylene, the energy diagram is qualitatively similar

arene cation radicals. The rate of this process decreases Withg that of hexamethylbenzene; however, the relative energy

lowering of the temperature, and at the same time, the
equilibrium of the formation of nitrosoarenium shifts toward

levels of the various reactive intermediates are shifted (see
Figure 10B). Thus, the EDAz-complex with nitrosonium is

theo-complex. As a result, a decrease in the temperature leadsy, ,ch |ess stabilizedAGepa = —2.4 kcal mot), and the

to reduced amounts of long-lived cation radicals and predomi-
nant formation of nitrosoarenium-complexes with a slow
decay kinetics.

Ill. Energetics of the Formation of Nitrosoarenium. On

electron transfer from mesitylene to nitrosonium is strongly
endergonic by 14.5 kcal mol.44 Taking an activation free
enthalpy for the decay of nitrosomesitylenigatomplex similar
to that of hexamethylbenzene (about 6 kcal Tiplwe calculate

the basis of the reaction sequence in Scheme 3, the temperaturgs tormation free energy to be-8.5 kcal mot? relative to
dependence of the decay rate constants of nitrosoarenium (Se‘ﬁncomplexed mesitylene and nitrosonium, and abelt kcal

Table 3), and the formation constants of the arene/NEDA
complexes determined previoust’® we construct energy
diagrams for the formation of nitrosoarenium as follows.

Let us first consider the reversible formation of nitroso-
arenium ions derived from hexamethylbenzene and hexaethyl-
benzene (see Figure 10A). Both arenes form very strong EDA
m-complexes with nitrosonium with formation constants of
Kepa = 31 000415 and Kgpa = 32 500 M1,4! respectively,
which corresponds to a formation free enthalpyAdbgpa ~
—6.1 kcal mot? relative to the uncomplexed arene and
nitrosonium componentsAGr = 0). On the other hand,
electron transfer from (uncomplexed) hexamethylbenzene or
hexaethylbenzene to nitrosonium, resulting in the formation of
arene cation radical and nitric oxide, is endergonid\@GtT =
3.2 kcal mof! and AGer = 2.5 kcal mof?, respectively, as

(41) Rathore, R.; Lindeman, S. V.; Kochi, J. K.Am. Chem. So&997,
119 9393.

mol~! relative to the mesitylene/NQr-complex. This overall
stronglyendergonidormation of the Wheland intermediate in
the nitrosation of mesitylene as well as the even more endergonic
electron transfer that precedes the formation of thgsomplex
causes the pair of equilibria in Scheme 3 to lie far on the side
of the starting materials, viz., the mesitylene/N@omplex.
Thus, it is the (one-way) deprotonation of the Wheland

(42) The oxidation potentials of HMB and HEB are 1.62 and 1.59 V vs
SCE in dichloromethane, respectively. (See: Howell, J. O.; Goncalvez, J.
M.; Amatore, C.; Klasinc, L.; Wightman, R. M.; Kochi, J. K. Am. Chem.
So0c.1984 106, 3968.) The reduction potential of nitrosonium is 1.48 V vs
SCE in dichloromethane. (See: Lee, K. Y.; Kuchynka, D. J.; Kochi, J. K.
Inorg. Chem.199Q 29, 4196.) This approximate determination &Get
does not include any inner-sphere component to electron-transfer.

(43) Rate constants of > 10" s™! approach those of barrier-free
reactions. See ref 27, p 173.

(44) (a) The formation constant for mesitylene/N@omplexes is
Kepa = 56 M~1.1415(b) The oxidation potential of mesitylene is 2.11 V vs
SCE in dichloromethan®.
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intermediate which slowly pulls the highly endergonic reaction hexaphenylbenzerfédimethoxidurené’ CRET (see Table 4, entry 3),

equilibria toward the final nitrosomesitylene prodét. 2-methoxybiphenyt? and the hindered naphthalene (see Table 4, entry
5)* have been described previously. Dichlorometharghlorobutane,
Summary and Conclusions acetonitrile, and chloroform were purified according to standard

) . ) . . laboratory procedurés.

The time-resolved spectroscopy experiments described in this  |nsirumentation. Steady-state absorption spectra were obtained
work lead to the real-time observation of the formation and using a Hewlett-Packard 8453 diode-array spectrophotometer. For the
decay of nitrosoareniunw-complexes upon charge-transfer low-temperature measurements, the spectrophotometer was equipped
photoexcitation of the EDA complexes of nitrosonium cation with a quartz dewar filled with either liquid nitrogen or acetone/dry
with various arenes. For mesitylene apcylene, which are ice mixtures. The nanosecond/microsecond time-resolved absorption
both nitrosated by nitrosoniufdthese results represent the first  SPectra were recorded using the second (532 nm) or third (355 nm)
direct observation of true Wheland intermediates in electrophilic ©UtPut of a 10-ns Q-switched Nd:YAG laser (Continuum) as excitation
aromatic substitution. The lifetimes of the nitrosoarenium SCUrCé and a kinetic spectrometer equipped with a quartz dewar

described in detail elsewheteThe picosecond time-resolved measure-

o-complexes are found to depend strongly on the' temperaturemems were carried out with a pumprobe spectrometer using the
and vary from nar_loseconds at room temperature in solution t0 gacong (532 nm) and third (355 nm) output of a 25-ps mode-locked
hOUfS atT = 77 K na butyl Ch|0|’|de g|aSS. FemtOSGCOﬂd |asel' Nd:YAG laser (Continuum) as excitation SouﬁéeFor the sub-
experiments reveal the ultrafast formatidr{ 10** s7%) of the picosecond time-resolved measurements, a Ti:sapphire laser system
nitrosoareniumo-complexes by radicalradical coupling of (Photonics Instruments) was used consisting of a Ti:sapphire oscillator
arene cation radical with nitric oxide, which confirms the and two Ti:sapphire amplifie®¢ The oscillator is pumped by an argon
electron-transfer mechanism for electrophilic aromatic nitrosa- ion laser (Coherent) to generate 110-fs laser pulses at 400 nm. The
tions proposed previoushk.Based on this reaction scheme and nanOJou_Ie pulses are amplified _;equentlally by a regenerative amplifier
the kinetic and thermodynamic data obtained in this study, 2nd a linear (multipass) amplifier, both of which are pumped by a
energy diagrams are constructed which establish the highly Tequency-doubled (532 nm), Q-switched Nd:YAG laser (Continuum,

. - . - L . 10 ns, 10 Hz). The laser system generates 230-fs laser pulses with an
endergonic reaction profile of electrophilic aromatic nitrosations

. - L ; energy of 10 mJ at 800 nm. The frequency-doubled output (400 nm,
and thus explain the low efficiency of aromatic nitrosations as 5 mJ) was used as excitation souf&e.

compared to the corresponding nitration reactihs. Preparation of Arene/NO* Complexes.The EDA complexes of
. . nitrosonium with arenes were prepared by adding millimolar concentra-
Experimental Section tions of arene to a suspension of NBF, in dichloromethane an-buty!

Materials. Hexamethylbenzene (Acros), hexaethylbenzene (Acros), chloride, respectively. The r_ni)_(ture was stirred until a brown color
pentamethylbenzene (Aldrich), durene (Aldrich), and dimethoxybenzene @PPeared and the characteristic spectrum of the areriefd@plex
(Aldrich) were recrystallized from ethanol. Mesitylene amatylene could be recorded. The residual undissolved nitrosonium salt was
(Aldrich) were purified by distillation. The synthesis and purification émoved and the concentration of the homogeneous solution adjusted
of TMT® and TET® (see Table 2, entries 3 and 4, respectively), (0 obtain absorbances between 0.5 and 1.0 at the excitation wavelength

(355, 400, or 532 nm).

(45) (a) The endergonic equilibria which are slowly drained by depro-
tonation explain not only the sluggish rates of thermal nitrosations but also ~ Acknowledgment. We thank R. Rathore for many helpful

the fact that photonitrosations are extremely inefficiénto) Recently, discussions and for providing the methoxy-substituted and the

energy diagrams for aromatic nitrosations (such as in Figure 10) have been,.: : : : _
reported based on ab inito MO and Hartrdeock/density functional hindered aromatic compounds, and the National Science Foun

calculationg5¢ All theoretical treatments uniformly predict an initial, barrier- ~ dation and the R. A. Welch Foundation for financial support.
free formation of arene/NOEDA complexes. However, there are conflicting

results about the Wheland intermediate, viz., nitrosoarenium, which JA001318U

depending on the method and level of the calculatisobtained either as (46) Rathore, R., unpublished results.

a more or less stable minimum or as a saddle point (transition state) between (47) Rathore, R.; Bosch, E.; Kochi, J. Ketrahedron1994 50, 6727.
the EDA complex and N-protonated nitrosobenzene. Our experimental  (48) Rathore, R.; Kochi, J. KI. Org. Chem1995 60, 4399.
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