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Time-Resolved Resonance Raman Study of the Reaction of Isodiiodomethane with
Cyclohexene: Implications for the Mechanism of Photocyclopropanation of Olefins Using
Ultraviolet Photolysis of Diiodomethane
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We examine the chemical reaction of isodiiodomethane,(€H with cyclohexene using time-resolved
resonance Raman spectroscopy. Our results indicate thét-Ctéacts with cyclohexene to produce an iodine
molecule leaving group on the-30 ns time scale which then almost immediately forms:eytlohexene
complex. This in conjunction with previous results from photochemistry experiments and recent density
functional theory calculations indicates that isodiiodomethane is the methylene transfer agent mainly responsible
for cyclopropanation of olefins when using ultraviolet photolysis of diiodomethane. We present a mechanism
for photocyclopropanation that is consistent with both experimental and theoretical characterization of reaction
intermediates and products formed after ultraviolet photolysis of diiodomethane in a condensed phase
environment. We briefly discuss the differences and similarities in the behavior of the isodiiodomethane and
the Simmons-Smith carbenoids toward cyclopropanation reactions with olefins.

Introduction femtoseconds that was then followed by a fast decay of several

Although cyclopropanation reactions are very important in hundreq femtoseconds and 'then a slower rise in f[he .tranS|ent
organic and organometallic chemistry, the reaction mechanisms2PSOrption on the 520 ps time scale. The fast rise in the
and the details of the structures and properties of the reactiontfansient absorption was agreed to be due to the initial C
intermediates are often not well understood. Diiodomethane hasP0nd cleavage to give GiHand | or k* fragments, and the fast
found utility as a reagent for cyclopropanation reactions with decay was attributed to some recombination of the fragments
olefins. Diiodomethane can be activated by either a-Zn within the solvent cage. However, three different interpretations
couple in the SimmonsSmith reactioh or by ultraviolet ~ for these femtosecond experiments were given depending on
photolysis2~5 Cyclopropanated products can be produced with Which product species was assigned to the transient absorption
high stereospecificif’® upon ultraviolet photolysis of di-  signal being followed in each experimental stdéy:>
iodomethane in solutions containing olefins. The lack of  The ambiguity about the photoproduct species responsible
appreciable €H insertion reaction and the high stereospeci- for the characteristic-385 nm absorption band observed in both
ficity of the dilodomethane photocyclopropanation reaction the photochemistry experimefitd2 and the femtosecond tran-
indicate that the methylene transfer agent is not a free carbenesjent absorption experimef#s’® led us to employ transient
Several different reaction intermediates have been proposed toresonance Raman spectroscopy to directly probe the identity
be the carbenoid that reacts with olefins to give a cyclopro- of this photoproduct® The vibrational frequencies observed in
panated product (proposed species have included an excitedhe transient resonance Raman spectra were compared to the
diiodomethane state, an iodocarbenitiodide ion pair, and  ¢a|culated frequencies obtained from density functional theory
others):™> However, the lack of direct observation of the (pET) computations for several of the proposed photoproduct
reaction mFermedla_tes with experiments that can prow_de deta'ledspecies, and this clearly showed that the isodiiodomethane
structural information about the identity and properties of the CH,l—1) species is mostly responsible for the characteristic
carbenoid species have_ hampered w_ork done to better L_Jnderstan rong-385 nm transient absorption baHWe subsequently
the hature of t?e _feactlonr:ntermed@tﬁs anld m(_aclharll_|sm. used density functional theory computations to investigate the

Excitation of diiodomethane by either ultraviolet ligh€ chemical reactivity of the CH—1, «CHyl, and CHI* specie¥’

i i i inR0 i A2
direct phot.0|on|zat|oﬁ, or pulsed radiolysis-'2in condensed . .toward olefins (alkenes) and found that @€HI easily reacts
phase environments all produce products that have characteristic

transient absorption bands385 nm (with strong intensity) and With ethylene to give formation of thg cyc!opropang proquct
~570 nm (with weak intensity) that have been assigned to a and an § product via a one step reaction ij a barner height
variety of transient species such as trapped elecfrtimscation of ~2.9 kcal/ mql. H_owever, theCI-.|2I. and CHI™ species were

of diiodomethan®12or the isomer of diiodomethane (GH- found to h{;\ve significantly more difficult pathways to react with
1).89 The condensed phase photolysis of diiodomethane has a|sdethylene via a two step reaction mechanism that had much larger
been examined by several femtosecond transient absorptiorpa"iers to reaction. These computational results combined with
studiest315 These femtosecond experiments displayed similar "€C€nt experimental results suggested that thel €Hphoto-

behavior for the most part of a fast rise of about several hundred Product species is likely the methylene transfer agent for
photocyclopropanation reaction of olefins (alkenes) using di-

*To whom correspondence should be addressed. iodomethane, and a reaction mechanism was proposed.
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In this paper, we report a time-resolved resonance Raman In Cyclohexane In Cyclohexene
experimental study to directly examine the reaction of isodi- Vs v o
iodomethane with cyclohexene in room temperature solutions. /‘\ i ﬁ’\\ 4}‘ .
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We find that ultraviolet excitation of diiodomethane leads to Ve L y x5 e e

formation of isodiiodomethane in both cyclohexane and cyclo- [ ”;‘“’”‘J\”‘W ‘\‘0“} W bt daflg SR
hexene solvents. The lifetime of isodiiodomethane is noticeably | /"‘ : : :
shorter in cyclohexene solvent compared to cyclohexane solvent ¥
due to reaction with cyclohexene to give an iodine molecule :
product that rapidly forms a complex with cyclohexene solvent :
molecules. We present a reaction mechanism for the cyclopro- [
panation reactions of olefins that use ultraviolet excitation of
diiodomethane that is consistent with both experimental and
theoretical work characterizing the reaction intermediates
produced following ultraviolet excitation of diiodomethane in
condensed phase environments. We discuss the differences and
similarities in the structure, properties, and carbenoid behavior :
of the isodiiodomethane species and the Simmd@mith Mo Lo
methylene transfer agent. P e
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Experimental Section

Samples of diiodomethane (99% from Lancaster) were
prepared with concentrations of approximately 0.24 M in
cyclohexane (spectroscopic grade) and cyclohexene %89 :
The time-resolved resonance Raman spectroscopy experiments Vi
were done using an experimental apparatus and methods similar e T sons
to those described previously for transient resonance Raman 0 500 o 500 1000
experiment¥-18-23 with the exception that the present experi-

. -1
ments utilized a second nanosecond pulsed Nd:YAG laser which Raman Shift (cm )

was electronically synchronized with the first laser. Excitation Figure 1. Time-resolved resonance Raman spectra of isodiiodomethane
wavelengths for the pump and probe laser beams were generategh cyclohexane (left) and cyclohexene (right) solvents obtained using
using either the harmonics or the hydrogen Raman shifted lines266 nm pump and 416.0 nm probe beams. The time delay between the
from the two nanosecond pulsed Nd:YAG lasers (Spectra- pump and probe beams is indicated to the right of each spectrum. Some
Physics GCR-150-10 and LAB-170-10). Excitation wavelength ©f the larger Raman bands are labeled with their assignment@g,
combinations of 266 nm pump and 416.0 nm probe and 266 andwvg). The text and ref 16 provide more details of the vibrational

. - assignments for isodiiodomethane. The 5800 cnt? region has been
nm pump and 341.5 nm probe were used in the tIrm:""’esolvedenlarged by a factor of 5 in the inset above each spectrum to make it

resonance Raman experiments. The time delay between thegsier to see changes in the intensity ofithRaman band as a function
pump and probe beams was synchronized using a pulse delayf time delay. Asterisks label places where solvent or parent Raman
generator (Stanford Research Systems model DG-535) to controband subtraction artifacts are present. Crosses label stray light or
the timing of the two lasers (both firing of the lamp and ambient light artifacts.

Q-switch pulses). The relative timing of the pump and probe
beams was monitored using the output from two fast photo-
diodes displayed on a 500 MHz oscilloscope (Hewlett-Packard Figure 1 presents time-resolved resonance Raman spectra of
54522A), and the jitter observed was ns between the two  the isodiiodomethane species in cyclohexane and in cyclohexene
laser pulses. A near collinear geometry was utilized to lightly solvents (using 266 nm pump and 416.0 nm probe excitation
focus the pump and probe laser beams onto a flowing liquid wavelengths). The resonance Raman spectra for isodiiodomethane
stream of sample. Reflective optics were used to collect the shown in Figure 1 are essentially the same as those reported
Raman scattered light and image it through a polarization earlier for transient resonance Raman spectra using 309.1 nm
scrambler positioned at the entrance slit of a 0.5 m spectrographpump and 416.0 nm probe excitation wavelengfEhe larger
(Acton model 505-F). The grating (blazed at 250 nm with 1200 isodiiodomethane Raman bands include the nominbétretch
grooves/mm) of the spectrograph dispersed the Raman signaimode §s) fundamental at 128 cnt and its overtones (2 and

onto a liquid nitrogen cooled CCD detector (Photometrics 3vs) as well as the nominal €l stretch modeis) fundamental
SDS9000) and was accumulated 6800 s before being readout  at~701 cnt?, the nominal CHwag (v4) fundamental at-619

to an interfaced PC computer. Three to five of these of these cm™, and the partially overlapped combination bandsgf-
readouts were summed to obtain a resonance Raman spectrumvs and vg + vs in the 586-600 cnT! region. The reader is

at each time delay. A pump only, probe only, and ptipmpbe referred to ref 16 for more details of the assignment of the
spectrum were acquired at each time delay. A background scanRaman vibrational bands to the isodiiodomethane species.
was also obtained before and after an experimental trial. The Inspection of Figure 1 shows that the isodiiodomethane
known cyclohexane and cyclohexene Raman bands were usedpecies has a noticeably longer lifetime in cyclohexane solvent
to calibrate the wavenumber shifts of the resonance Ramanthan in cyclohexene solvent. In addition, the transient isodi-
spectra. The solvent and parent diiodomethane Raman bandsodomethane signal appears somewhat weaker in the cyclohex-
were removed from the pumiprobe spectra by subtraction of  ene solvent although both experiments were done under virtually
the relevant probe only and pump only resonance Raman spectradentical experimental conditions (i.e., done with the same beam
in order to obtain the time-resolved resonance Raman spectraalignment with only a change of the sample solutions). The
at each time delay. shorter lifetime and smaller signal for the isodiiodomethane

Results and Discussion
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species in cyclohexene may be due to reaction of the iso-
diiodomethane species with the cyclohexene solvent on the
5—10 ns time scale. On the basis of recent density functional
theory chemical reaction computatidhsand experimental
resultsl3-16.21.22.2426 \ye proposed the following reaction mech-
anism for cyclopropanation of olefins using ultraviolet photolysis
of dilodomethane in room-temperature solutions:

initiation step  CHI, + hv — ¢CH,| + le 1)

recombination to produce isomer
oCH,l + le = CH,I—I (2)

Intensity

reaction of CHI—1 with olefin
CH,I—1 + olefin — cyclopropanated produst I, (3)

formation of L,—olefin complex
|, + olefin = | ,—olefin complex (4)

Several experimentd2>have unequivocally demonstrated that
some of the initially formedCHjl and l fragments in reaction :
step 1 can recombine within a few picoseconds to form the 0 500
isodiiodomethane (Chti—I) photoproduct (this has a charac- . -1
teristic intense~385 nm transient absorption bafd®23 in Raman Shift (cm )
reaction step 2. Our recent density functional theory computa- rigyre 2. Time-resolved resonance Raman spectra of isodiiodomethane
tions'” indicate that the ChH—I species readily reacts with  and L:cyclohexene complexes in cyclohexene solvent obtained using
olefins to give cyclopropanated product and iodine molecule 266 nm pump and 341.5 nm probe beams. The time delay is indicated
as in step 3. Brown and Simdisbserved that the characteristic  to the right of each spectrum. Some of the larger Raman bands are
~385 nm transient absorption formed after photoexcitation of labeled with their assignmentss( 2vs, andvs for isodiiodomethane
diiodomethane in hydrocarbon glasses (thatveed Maier and 2N the vi-i, 2, vec, ve-c=v, and ve-c + w-y for the
9 . : " . I2:cyclohexene complex). The reader is referred to the text for more

co-worker&? have assigned to isodiiodomethane) is quenched gegails of the vibrational assignments for isodiiodomethane and
by alkenes to produce a new iodine molectdgkene complex I:cyclohexene complexes. The section 5800 cnt! has been
absorption band when the solid sample was allowed to warm expanded by a factor of 5 in the inset above each spectrum in order to
and melt. This also suggests that isodiiodomethane may reactmore easily observe changes in the intensity ofithRaman band as
with olefins to produce a cyclopropanated product and iodine a function of time dela_y. Aste_risks label places where solvent or parent
molecule leaving group consistent with reaction step 3. In Raman_banc_i subtra_tctlon artifacts are present. Crosses label stray light

o . .., Oor ambient light artifacts.
addition, halogen molecules are known to very easily react with
olefins to form halogen molecuteolefin complexes as in step  Raman bands appearaf00, 395,~1625,~1425, and~1825
4 for the b—olefin complexé’—3! cm~1 that are due to formation of an:¢yclohexene complex.

To further investigate the potential reaction of isodi- Resonance Raman spectra of sevepalkene complex&3
iodomethane with olefins in room-temperature solutions, we obtained with excitation in the absorption band around 300 nm
have done additional time-resolved resonance Raman experi-were very similar to one another with most of their Raman
ments using 266 nm pump and 341.5 nm probe excitation intensity appearing in the overtones and combination bands of
wavelengths where the probe wavelength is near the isobesticthe nominal +1 stretch mode (fundamentat200 cn!) and
point between the decay of the385 nm transient absorption  the G=C stretch mode (fundamentall620-1630 cnt?). The
band associated with isodiidodomethane and the formation of fact that the +I stretch mode forms combination bands with
the ~320 nm absorption band due tadlefin complex (see the nominal G=C stretch mode indicates these resonance Raman
Figure 5 of reference 26). These experiments allow us to spectra and the associated absorption band in the 300 nm region
simultaneously monitor the formation and decay of the isodi- are due to amplalkene complex and not their separated species.
iodomethane species and the potential iodine molecule productTherefore, the new resonance Raman bands seen in Figure 2
(in the form of its complex with cyclohexene) from cyclopro- are assigned to the:tyclohexene complex as follows: the
panation reaction of isodiiodomethane with cyclohexene. fundamental of the nominaHI stretch to the band-200 cnt?,

Figure 2 presents the time-resolved resonance Raman spectréhe first overtone of the- stretch to the band-395 cnt?,
obtained for 266 nm photolysis of diiodomethane in cyclohexene the nominal G=C stretch fundamental to the band 625 cnr?,
solution using a 341.5 nm probe wavelength. Examination of and the difference band and combination band of tkeCC
Figure 2 shows that Raman bands associated with the isodi-stretch and +I stretch to the bands-1425 cnt! and ~1825
iodomethane molecule{at~700 cnt?, v3 + v5 at~830 cnT, cm1, respectively. We note that the Raman bands due to the
andva/vs — vs/vg + dvs andvg + vs that are partially overlapped  1,:alkene complex are not present in the abegtns delay time
in the 580-620 cnT! region) appear strongest a0 ns and between the pump and probe beams, and this indicates the new
then decrease in intensity between 0 and 20 ns. This decreas¢ransient Raman bands are not due to an iodine impurity or due
in intensity of the isodiidomethane Raman bands in cyclohexeneto iodine buildup of photoproducts in the bulk sample.
at the 341.5 nm probe wavelength in Figure 2 parallels that The new Raman bands in Figure 2 substantially increase in
observed at the 416.0 nm probe wavelength shown in Figure 1.intensity from 0 to 10 ns at the same time the isodiiodomethane
Over this same 920 ns region of time delay, new resonance resonance Raman bands in the cyclohexene solvent decrease

—
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substantially in Figures 1 and 2 (probe wavelengths of 416.0 modes of activation. Density functional theory computational
and 341.5 nm, respectively). This clearly suggests that isodi- results for the SimmonrsSmith (ICHZnl) cyclopropanation
iodomethane reacts with cyclohexene very fast to give an iodine reaction with ethylene found a barrier to reaction of about 11.5
molecule leaving group that then forms the observed | to 14.6 kcal/moi® to 17 kcal/mot® depending on the level of
cyclohexene complex. There is noticeable intensity in the | theory and basis sets employed, whereas similar calculations
cycloexene complex Raman bands at the nominal 0 ns timefor the cyclopropanation of isodiiodomethane with ethylene
delay between the pump and probe pulses, and this indicatesfound much smaller barrier heights to reaction of about 2.9 kcal/
the reaction between isodiiodomethane occurs on a similar timemol. The Simmons Smith reaction only occurs efficiently at
scale as the laser pulse-widths of about 4 ns (i.e., some reactiorhigh temperatures which is consistent with the large barriers to
occurs between the rising edge of the pump pulse and thereaction observed in the DFT studies of this reactioi?:®
decaying edge of the probe pulse). This is consistent with the However, the photocyclopropanation reaction occurs efficiently
weaker isodiiodomethane intensity and shorter lifetime observedin room temperature solutions consistent with a methylene
in cyclohexene compared to cyclohexane solutions observed intransfer agent that has a substantially lower barrier to reaction
Figure 1. The original studies of Blomstrom et?dbund that than the SimmonsSmith carbenoid. Although, the isodi-
ultraviolet photolysis of diiodomethane in a cyclohexene solution iodomethane and SimmonrS$mith ICHZnl carbenoids have
led to substantial conversion of the diiodomethane into norcane significantly different chemical reactivity and chemical structure,
(the cyclopropanated cyclohexene product) and an iodine color DFT studied’333536indicate that their reactions with the<C
that rapidly developed during the reaction. The key cyclopro- bond of olefins are similar in that they both occur via a single
panation reaction step 3 in our proposed reaction mechanism isreaction step and attack the<C bond asymmetrically with
consistent with the present nanosecond time-resolved resonanc@eakening of the &C bond accompanied by an asymmetric
Raman spectroscopy results that show a very fast decay of theC—C bond formation.
isodiiodomethane photoproduct giving rise almost immediately ~ Comparison of the structures and chemical reactivity of the
to formation of an j:cyclohexene complex, previous density isodiiodomethane and SimmonSmith ICHZnl carbenoids
functional theory computations that indicate isodiiodomethane suggests a couple of strategies for finding better carbenoid agents
can readily react with olefins to produce a cyclopropanated for particular applications. For organometallic methylene transfer
product and4 leaving group via a single step with a low barrier agents, it seems likely that activation of the methylene moiety
to reactiod” and previous synthetic photochemical studies. in an organometallic carbenoid in which the molecular leaving
Our present time-resolved resonance Raman spectroscopy@roup is attached by one bond (as in the organic isodi-
experiments indicate that isodiiodomethane is the methyleneiodomethane carbenoid) could provide a methylene transfer
transfer agent (or carbenoid) mainly responsible for the cyclo- agent that is much more reactive toward olefins as well as
propanation reaction with olefins that employ ultraviolet pho- capable of efficiently cyclopropanating highly substituted alk-
tolysis of diiodomethane in room-temperature solutions. Un- enes. One could also try to tune the steric effects and the
derstanding the identity and structure of the isodiiodomethane chemical reactivity of the carbenoid to optimize conditions for
carbenoid leads to interesting chemical insight into the similari- Selecting cyclopropanation of particular=C bonds. For
ties and differences between activation of diiodomethane by a€xample, itis already known that the photocycloproanation via
Zn(Cu) couple in the SimmonsSmith reactioh and by ultraviolet photolysis of diiodomethane preferentially reacts at
ultraviolet photolysis in the photocycloproanation reacfion. ~ the more highly substituted cyclohexenyl double bond in
The Simmons Smith “ICH,Znl” carbenoid reaction with eth-  limonene, whereas the SimmerSmith carbenoid preferentially
ylene has recently been studied using density functional theoryéacts with the less substituted isopropeneyl double B6nd.
computations?® This study obtained a calculated optimized For cycloproanation reactions, we expect that both the lifetime
geometry for the ICkZnl species that displayed reasonable and barrier to reaction with olefins to give cyclopropanated
agreement with an X-ray crystal structure for the related bis- products and halogen molecule leaving groups would vary
(iodomethyl)zinc intermediate complexed with a glycolettfer. ~ significantly with the type and number of halogen atoms
The ICH:ZnI carbenoid has its Zplleaving group attached to  attached to the carbon atom in isopolyhalomethane species.
the methylene by two bonds (&Zn and C-1), whereas the Thus, it may be worthwhile to systematically explore the
isodiiodomethane carbenoid has ifsléaving group attached  carbenoid behavior of these species and seek improvements in
by one bond (the lone €1 bond). This difference in structure  photocyclopropanation reactions and also explore cyclopropa-
and activation of the methylene moiety leads to significantly nation reaction that add -HC—X or CX; groups to the €&C
different chemical reactivity. For example, the photocycloproa- bond of the olefins. We have observed that ultraviolet photolysis
nation reaction associated with the isodiiodomethane carbenoidof a number of different polyhalomethanes (such as&
displays increasing reaction rates upon going from mono- to CHzBrl, CHBr;, CFBr, CHBrCI, and CBrC}) in room
tetra-substituted alkenes, whereas the Simm@mith car- solutions produce isomer photoproducts with at least nanosecond
benoid (the dilodomethareZn complex) typically displays a lifetimes®-223738similar to diiodomethan& We are currently
reduced rate of reaction toward highly substituted alkénes.  exploring their photocyclopropanation reactions with olefins and
This can largely be attributed to steric effects and a different results will be reported in due course.
mode of activation of the methylene group. The isodi-
iodomethane carbenoid has a much more open structure that is Acknowledgment. We thank Professor John McGarvey and
not much more sterically demanding than a fkadical or Dr. Colin Coates for advice and Dr. Keith Gordon for assistance
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and react with more highly substituted alkenes than the second lasers. This work was supported by grants from the
noticeably more bulky and sterically demanding Simmens  Committee on Research and Conference Grants (CRCG), the
Smith carbenoid that has its Zrieaving group attached to the = Research Grants Council (RGC) of Hong Kong, and the Large
methylene moiety by two bonds. The rates of reaction for the Items of Equipment Allocation 1993-94 from the University of
two types of carbenoids are also affected by their different Hong Kong.



Reaction of Isodiiodomethane with Cyclohexene

References and Notes

(1) Simmons, H. E.; Smith, R. J. Am. Chem. Sod959 81, 4256
4264.

(2) Blomstrom, D. C.; Herbig, K.; Simmons, H. E Org. Chem1965
30, 959-964.

(3) Pienta, N. J.; Kropp, P. J. Am. Chem. S0d.978 100, 655-657.

(4) Kropp, P. J.; Pienta, N. J.; Sawyer, J. A.; Polniaszek, R. P.

Tetrahedron1981, 37, 3229-3236.

(5) Kropp, P. JAcc. Chem. Red.984 17, 131-137.

(6) Simons, J. P.; Tatham, P. E. R.Chem. Soc. A966 854—859.

(7) Mohan, H.; Rao, K. N.; lyer, R. MRadiat. Phys. Cheni984 23,
505-508.

(8) Maier, G.; Reisenauer, H. Angew. Chem., Int. Ed. Endl986
25, 5, 819-822.

(9) Maier, G.; Reisennauer, H. P.; Hu, J.; Schaad, L. J.; Hess, B. A.,

Jr.J. Am. Chem. Sod.99Q 112 5117-5122.

(10) Andrews, L.; Prochaska, F. T.; Ault, B. 5.Am. Chem. Sod979
101, 9-15.

(11) Mohan, H.; lyer, R. MRadiat. Eff.1978 39, 97—-101.

(12) Mohan, H.; Moorthy, P. N.J. Chem. Soc., Perkin Trans.1®9Q
277—-282.

(13) Schwartz, B. J.; King, J. C.; Zhang, J. Z.; Harris, COBem. Phys.
Lett. 1993 203 503-508.

(14) Saitow, K.; Naitoh, Y.; Tominaga, K.; Yoshihara, €hem. Phys.
Lett. 1996 262, 621-626.

(15) Tarnovsky, A. N.; Alvarez, J.-L.; Yartsev, A. P.; Sundstrov.;
Akesson, EChem. Phys. Lettl999 312, 121—130.

(16) zZheng, X.; Phillips, D. LJ. Phys. Chem. 2000 104, 6880~
6886.

(17) Phillips, D. L.; Fang, W.-H.; Zheng, XI. Am. Chem. So2001,
123 4197-4203.

(18) Shoute, L. C. T.; Pan, D.-H.; Phillips, D. Chem. Phys. Letl.998
290, 24-28.

(19) Pan, D.-H.; Phillips, D. LJ. Phys. Chem. A999 103 4737
4743.

J. Phys. Chem. A, Vol. 105, No. 46, 20010625

(20) Zheng, X.; Phillips, D. LChem. Phys. Let200Q 324, 175-182.

(21) Zheng, X.; Phillips, D. LJ. Chem. Phys200Q 113, 3194-3203.

(22) Zheng, X.; Fang, W.-H.; Phillips, D. LJ. Chem. Phy200Q 113
10934-10946.

(23) Zhu, P.; Ong, S. Y.; Chan, P. Y.; Leung, K. H.; Phillips, D.JL.
Am. Chem. So001, 123 2645-2649.

(24) Bingemann, D.; King, A. M.; Crim, F. FJ. Chem. Phys200Q
113 5018-5025.

(25) Kwok, W. M.; Ma, C.; Parker, A. W.; Phillips, D.; Towrie, M.;
Matousek, P.; Phillips, D. LJ. Chem. Phys200Q 113 7471-7478.

(26) Brown, G. P.; Simons, J. Prans. Faraday Socl969 65, 3245-
3257.

(27) Ayres, R. L.; Michejda, C. J.; Pack, E.R.Am. Chem. Sod971,
93, 1389-1394.

(28) Prissette, J.; Seger, G.; Kochanski,JEAm. Chem. Sod978
100, 6941-6947.

(29) Bellucci, G.; Bianchini, R.; Ambrosetti, R. Am. Chem. Sod985
107, 2464-2471.

(30) Ruasse, M.-FAdv. Phys. Org.1993 28, 207.

(31) Bellucci, G.; Chiappe, C.; Bianchini, R.; Lenoir, D.; HergesJR.
Am. Chem. Socl995 117, 12001-12002.

(32) Zheng, X.; Fang, W.-H.; Phillips, D. LChem. Phys. Let2001,
342, 425-433.

(33) Dargel, T. K.; Koch, WJ. Chem. Soc., Perkin Trans1296 877—
881.

(34) Denmark, S. E.; Edwards, J. P.; Wilson, SJRAm. Chem. Soc.
1991 113 723-725.

(35) Hermann, H.; Lohrenz, J. C. W.;'Kn, A.; Boche, GTetrahedron
200Q 56, 4109-4115.

(36) Nakamura, E.; Hirai, A.; Nakamura, Ml; Am. Chem. Sod.998
120, 5844-5845.

(37) Zheng, X.; Kwok, W. M.; Phillips, D. LJ. Phys. Chem. 200Q
104, 10464-10470.

(38) Zheng, X.; Lee, C. W.; Li, Y.-L.; Fang, W. H.; Phillips, D. L.
Chem. Phys2001, 114, 8347-8356.



