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Time-resolved resonance Raman spectroscopy and density functional

theory investigation of the CH ,I-1 isomer and CH ,l,- -1 molecular complex
products produced from ultraviolet photolysis of CH -l In the solution
phase: Comparison of the structure and chemical reactivity

of polyhalomethane isomers and polyhalomethane—halogen

atom molecular complexes

Yun-Liang Li, Donggi Wang, and David Lee Phillips®
Department of Chemistry, University of Hong Kong, Hong Kong

(Received 10 July 2002; accepted 14 August 2002

Time-resolved resonance Raman spectra are reported for different concentrations!efitCH
cyclohexane solution. The GH-1 species is observed at low concentrations and it decays on the
order of tens of nanoseconds to almost no signal at 100 ns and no other signal is observed up to 15
microseconds. Two species are observed at high concentrations. The first spedie$ spidctra

and lifetime are about the same as that found at low concentration gf @arent molecule and the
second species is a GH: - -| molecular complex observed on the nanosecond to microsecond time
scale and formed from bimolecular reaction of iodine atoms withlgholecules. The chemical
reactivity of the CHI—I species and the CH},- - -| molecular complex towards carbon double bonds
were investigated using density functional theory calculations. The structure and properties of the
CH,l—1 species and the CHb---I molecular complex and their reaction towards ethylene were
compared. The CH-1 species and the CH,---I both have weak I-I bonds that are the
chromophores responsible for similar intense transient absorption bands. However, the geometry of
the I-I bond relative to the C—I bond is noticeably different for these two species and this leads to
distinctly different chemical reactivity toward carbon double bonds. Thel€Hisomer readily

reacts with ethylene to produce a cyclopropane product atehling group via a single step and

low barrier to reaction while the CH,---I molecular complex reacts with ethylene to form an
ethylene/l intermediate and a GH leaving group. Probable ramifications for other related
molecule—halogen atom complexes are briefly discussed20@2 American Institute of Physics.

[DOI: 10.1063/1.1511724

I. INTRODUCTION age reactiort’ ~3*Molecular beam anisotropy measurements
indicate these reactions occur in time much less than a rota-
The photochemistry and chemistry of polyhalomethanaional period of the parent molecuté!%22-26293}ime-of-
molecules have long been an active subject of investigatioflight photofragment spectroscopy experiments for several
from several viewpoints. A number of polyhalomethane mol-polyhalomethanes indicate that the polyatomic fragments
ecules such as G#,, CH,Br,, CH,C1l, CH,Brl, CHBr;  usually receive substantial degrees of internal excitation
and others have been observed in the troposphere and as their rotational and/or vibrational degrees of
thought to be important sources of reactive halogens in théreedom!®?2-262Resonance Raman studies of a range of
atmospheré-® Some polyhalomethanes have also found util-polyhalomethanes showed that the photodissociation reac-
ity as reagents for the cyclopropanation of olefins and ditions typically had significant multidimensional character
iodomethylation of carbonyl compounds in synthetic and short-time dynamics qualitatively consistent with a semi-
chemistry?~'®For example, the ultraviolet photoexcitation of rigid radical description of the dissociation in both gas and
CHyl, in the presence of olefins in room temperature solusolution phased!=43
tions can be used to produce cyclopropanated products in Ultraviolet excitation of polyhalomethanes in condensed
reasonably good yields with high stereospecifitlt}**®*  phase environments leads to production of photoprdglct
Polyhalomethane molecules have also been useful molecul@sat have characteristic transient absorption bands in the ul-
to study in order to better understand fundamental aspects @faviolet and visible regions that were tentatively assigned to
photodissociation reactiort§: 3 be due to a range of possible species such as cations, radi-
Ultraviolet photolysis of polyhalomethanes in the gascals, and/or isomer products-®° Recent femtosecond tran-
phase typically leads to a direct carbon—halogen bond cleasient absorption experiments suggest these species are
formed by geminate recombination of the fragments within
3Author to whom correspondence should be addressed. Electronic maifl€ solvent cag®: > Time-resolved resonance Raman ex-
phillips@hkucc.hku.hk periments in conjunction with density functional theory cal-
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culations for proposed photoproduct species demonstratetieir reaction towards ethylene. Our results indicate that both

that polyhalomethane isomer product§sopolyhalom- the CHl-1 species and the Ci---1 molecular complex

ethaneswere mostly responsible for the ultraviolet transienthave loosely bound I-I bonds that give rise to similar strong

absorption bands observed on the picosecond and nanosdransient absorption bands. However, their structures are no-

ond time scales in liquid solutiort§7%3 ticeably different(especially for the geometry of the I-I
Both theory and experiment were recently used to exambond relative to the C—I bondand this leads to distinctly

ine the chemical reactivity of isopolyhalomethanes towarddifferent chemical reactivity toward carbon double bonds.

olefins®* =% The chemical reactivity of isodiiodomethane We briefly discuss implications for other related molecule—

(CH,l=1), the CH,l radical and the CH* cation species halogen atom complexes.

toward ethylene was investigated using density functional

theory calculation§? This study showed the G-I species

easily reacts with ethylene to produce a cyclopropane prod!- EXPERIMENT AND CALCULATIONS

uct and } leaving group via a one-step reaction with a barrier Samples of CHl, (99% were prepared with 0.25 M and

height of about 2.9 kgal/m(?l“. However, the CHll radical 62 M concentrations in spectroscopic grade cyclohexane
and CHI™ cation species have much more difficult reactionsgg|yent. The nanosecond time-resolved resonance Raman
with ethylene to make a cyclopropane product via a two stepTR3) experimental apparatus and methods have been de-
mechanism that forms relatively stable iodopropyl radical orjleqd elsewhefé%8so only a brief description will be given
iodopropy! cation intermediates and have much greater bakere. The pumg266 nm and probe(416 nm excitation
riers to reaction for the rate-determining step to form cyclo-yayelengths were obtained from the fourth harmonic and the
propane than the C#-I speciesX’ The reaction of Chl~1  first Stokes hydrogen Raman shifted laser line of the third
with cyclohexene was directly probed using time-resolvetharmonic of two nanosecond pulsed Nd:YAG las@pectra
resonance Raman spectroscopy {JIexperiment® under Physics GCR-150-10 and LAB-1701(A pulse delay gen-
conditions similar to the original photochemical studies ofgrator(Stanford Research Systemsas used to set and syn-
Blomstrom, Herbig and Simmotfsthat found significant  chronize the firing of both the flashlamps and Q-switches of
conversion of CH, into the norcarane produce.g., the the two lasers in order to control the relative timing of the
cyclopropanated product of cyclohexgn® These TR ex-  pump and probe laser pulses. A fast photodiode and its out-
periments demonstrated that gIHI reacts with cyclohex-  put displayed on a 500 MHz oscilloscoffdewlett-Packary
ene on the 5-10 ns time scale and then almost immediatelyas used to measure the relative timing between the two
forms a b: cyclohexene comple% This in conjunction with  |aser pulses.
the results from the density functional theory calculations  The pump and probe laser beams were loosely focused
indicates that Chl—I is the carbenoidor methylene transfer onto a flowing liquid stream of sample using a near-collinear
agent mostly responsible for the cyclopropanation of olefinsand backscattering geometry. Reflective optics were used to
when utilizing the ultraviolet photolysis of Gi,. Further  collect the Raman scattered light and image it through a
experimental and theoretical work indicates that a number ofiepolarizer and entrance slit of a 0.5 meter spectrograph
isopolyhalomethanes can act as carbenoids with varying devhose grating dispersed the light onto a liquid nitrogen
grees of reactivity towards carbon double bofif® cooled CCD detector. The CCD collected signal for about
TR® experiments indicate that the GH| isomer spe- 300 s before being readout to an interfaced PC computer and
cies decays fairly fast in cyclohexane soluti@m the order 5 to 10 of these readouts were summed to obtain a spectrum
of tens of nanoseconds and there is almost ngl€Hsignal  at each time delay. For each time delay, a probe only spec-
by 80-100 n¥® while some pulse radiolysis and laser flashtrum, a pump only spectrum in the probe wavelength region,
photolysis experiments for a number of iodoalk&fieSob-  and a pump—probe spectrum were obtained. A background
served a transient absorption spectrum on the microsecorstan was also acquired before and after each experimental
time scale that is very similar to that observed forGH on  trial. The known vibrational frequencies of the cyclohexane
the picosecond to nanosecond time scale$:In this paper, solvent Raman bands were used to calibrate the Raman shifts
we report TR experiments done at different concentrationsof the resonance Raman spectra. Probe only and pump only
of CH,l, in cyclohexane solution. At low concentration we spectra were subtracted from the pump—probe spectra so as
mainly observe the CH-I species and see it decay on the to remove solvent and parent Raman bands and obtain the
order of tens of nanoseconds to almost no signal at 100 ndme-resolved resonance Raman spectra.
and nothing else is observed up to 15 microseconds. At high The reactions of the CHI isomer species and the
concentration we observe spectra from two species. The fir@€H,l,---1 molecular complex with ethylene were investi-
species is CH—I and its spectra and decay are essentiallygated using density functional theory calculations. The sta-
identical to that found at low concentration of @kl parent  tionary structures were fully optimized using Gymmetry
molecule. The second species is a/GH ‘| molecular com- and B3LYP theor{#~"8and the 6-31G** , TZVP?! and/or
plex that appears to be formed from bimolecular reaction ofSadlej-pVTZ basis setS- 8! Analytical frequency computa-
iodine atoms with CHI, molecules. Density functional tions were performed to confirm the optimized structure to
theory computations are used to explore the chemical reade a minimum or first-order saddle point and to also find the
tivity of the CH,l—1 species and the CHb---1 molecular  zero-point energy correction. Intrinsic reaction coordinate
complex. We compare the structure and properties of thélRC) calculation§ were also performed to confirm the tran-
CH,l—1 species and the CHb---I molecular complex and sition states connected the related reactants and products and
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FIG. 1. Overview of 416 nm time-resolved resonance Raman spectra o
tained after 266 nm photolysis of 0.25 M GH in cyclohexane solution.
Spectra are shown for time delays of about 0, 20, 80, and 500 ns, and 1,

and 15us. The assignments of the larger Raman bands for thel-GH and Table ). The asterisks mark regions where solvent/parent subtraction

ISomer are shown above the spedisae text_and Tfable i The asterisks artifacts are present and the daggers label stray light or ambient light arti-
mark regions where solvent/parent subtraction artifacts are present and ttggcts

daggers label stray light or ambient light artifacts.

quG. 2. Expanded view of the time-resolved resonance Raman spectra of
ig. 1 for time delays of 0, 20, 80, and 500 ns. The assignments of the larger
aman bands for the GH-1 isomer are shown above the spedsae text

cyclohexane solution at delay times ranging from about 0 ns
to 15 us. Figure 4 gives an enlarged view of the 0, 10, 20,
and 80 ns, and 1s spectra of Fig. 3. Comparison of the
spectra shown in Figs. 3 and 4 to those in Figs. 1 and 2
shows that there are clearly two species seen after photolysis

to characterize the reaction coordinate. TdrJISSIAN 98W
program suitt® was used for all of the calculations.

IIl. RESULTS AND DISCUSSION

A. Time-resolved resonance Raman spectra, density of higher CHl, concentrations in Figs. 3 and 4. The first
functional theory computational results, and species observed in the 0, 10, and 20 ns spectra of Figs. 3
assignment of CH |1 and CH,,"--| species to the and 4 are clearly the CH-1 isomer species that are also

time-resolved resonance Raman spectra seen in the lower concentration spectra of Figs. 1 and 2 at the

Figure 1 shows time-resolved resonance Raman specteame delay times. The appearance of the second species has
obtained after 266 nm photolysis of 0.25 M @hlin cyclo-  a very strong dependence on the concentration ofl Ctised
hexane solution at delay times ranging from about 0 ns to 1@h the experiments and the second species has a significantly
us. Figure 2 presents an expanded view of the 0 ns, 20 ns, 86nger lifetime on the order of microseconds. This suggests
ns and 500 ns spectra of Fig. 1. The spectra observed at O ribe second species may be formed from a bimolecular reac-
20 ns and 80 ns in Figs. 1 and 2 are in very good agreemetibn and not from a geminate recombination process as was
with those obtained in earlier studies using similar concenmostly the case for the G-I species. Several previous
trations of CHl, in cyclohexane solverif®”®®The Raman laser flash photolysis and pulse radiolysis studies of iodoal-
bands observed in Figs. 1 and 2 are mainly due to th&anes have observed transient absorption spectra on the
CH,l—1 isomer species. The larger GH| isomer Raman nanosecond to microsecond time scale with an absorption
bands include the nominal I-I stretch fundamenta)(at maximum around 390 nf~"2 similar to that observed for
~123 cm ! and its overtones @ and %5), the nominal the CHI—I species on the picosecond to nanosecond time
C—I stretch fundamentabg) at ~698 cmi !, and the nomi-  scales>~>® These longer lived transient absorption bands
nal CH, wag fundamentaly(,) at ~620 cm *. Table | pre- were assigned to iodoalkane—iodine molecular complexes
sents selected optimized geometry parameters for thike the CHl---1 species for the case of photolysis of gH
CH,l—I species from previous density functional theoryin solutions®’® These iodoalkane—iodine molecular com-
calculations®%* Table Il compares the experimental Ramanplexes were thought to be formed from bimolecular reaction
vibrational band frequencies to those predicted from previof | atoms(that escape the solvent cage associated with the
ous density functional theory calculations and the reader iitially produced CH and | fragmentswith an iodoalkane
referred to Ref. 56 for more details of the Raman band asmolecule. Thus, we suspect that the second species observed
signment to the CKl—1 isomer product. in Figs. 3 and 4 is the analogous gkt -1 molecular com-

Figure 3 presents time-resolved resonance Raman speglex. We have done density functional theory calculations for
tra obtained after 266 nm photolysis of 0.62 M gKHin  this species to estimate its structure and vibrational frequen-
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TABLE |. Parameters for the optimized geometry computed from the B3LYP density functional theory com-
putations for the CHl—I isomer and the CHl,- - | molecular complex proposed as photoproduct species formed
following ultraviolet excitation of CHl, in cyclohexane solution. Bond lengths are in A and bond angles are in

degrees.

Parameter B3LYP Calc. B3LYP Calc.

CH,l-1 isomer TZVP Sadlej-pVTZ  CH,l, --| molecular complex Sadlej-pVTZ

C—I 1.957 1.968 Cl 2.144

I—I 3.042 3.019 C—J 2.166

C-H 1.091 1.093 3 3.357

C—I-I 118.2 121.8 Cl 3.774

I-C-H 19.1 118.1 C-H 1.093

D(H-C-I-) 90 78.8 -C-1 115.1
C—lr—I3 83.2
I,.—C-H 108.7
I,—C—H 106.4
D(l1,—C—=hL—13) 173.5

aalues from Ref. 56.
bValues from Ref. 64.

cies (shown in Tables | and Il, respectivelyThe second puted to be at 487 cnt; the Raman band at 574 cthis
species time resolved vibrational frequencies in Figs. 3 and 4ssigned to the nominaC—I antisymmetric stretchu(;)

are in excellent agreement with those predicted by theomputed to be at 582 cm.

B3LYP computed values shown in Table Il. This indicates

the second species is most likely indeed the,lGH:l1 mo- )

lecular complex and its Raman band vibrational frequencie§- Comparison of the structures of CH  ,1-1 and

can be assigned as follows: the strong band at 118'dm H,l,- -1 species and their chemical reactivity toward
assigned to the nominat-C—I bend mode i) that is com- ethylene

puted to be at 118 cnt; the Raman band at 486 crhis Figure 5 displays schematic diagram of the computed
assigned to the nominatC—1 symmetric stretchug) com-  optimized geometry determined from the B3LYP/6-311G

TABLE Il. Comparison of experimental vibrational frequencigscm %) found for the two species observed
in the time-resolved resonance Raman ¥JTBpectra of Figs. 1-4 to the B3LYP calculated vibrational frequen-
cies for the species whose optimized geometry is given in Table I.

TR® spectra

Vibrational mode B3LYP Calc. Vibrational frequencyin cm™?)
CH,l—I isomer TZVP (from Ref. 56 First species
(see in Figs. 1-4

Possible assignment This work From Ref. 56
A’'v,, C—H sym. stretch 3131

v,, C—H, scissor 1340

vz, C—I stretch 755 698 701

v4, CH, wag 619 620 619

vs, |1 stretch 128 123 128

vg, C—I-I bend 99
A"v;, C—H asym. stretch 3281

vg, CH, rock 865

vg, CH, twist 447 491 487
CHo,l, - | molecular complex Sadlej-pVT#his work) Second species

(seen in Figs. 3 and)4

Possible assignment This work
A’'v,, C—H asym. stretch 3207

v,, C—H sym. strech 3111

v3, H-C—Hbend(in plang 1376

v4, H-C—Hbend(o.p) sym. 1116

vs, H-C—Hbend(o.p) asym. 1040

vg, CH, rock 707

v7, I;—C—b asym. stretch 582 574

vg, l;—C—L sym. stretch 487 486

vg, 1;—C—L bend(in plane 118 118

v1g, lo—I3 stretch 76

v11, 1;—C—=L bend(o.p) a7

v15, C—lg stretchtH-C—Hasym. bend 31
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Fig. 5 are available in the supporting informatf$nCom-

; 3’ parison of the structures shown in Fig. 5 and geometry pa-
5 . R rameters presented in Table | for the £HI isomer species
& 8 FE5s 4 ons and the CHlI,:--I molecular complex reveals that they have
j\ﬁ_ﬂ//kwq 10ns some similarities as well as significant differences in their
/L A 20ns| structures. Both species contain a loosely bound I-I bond
> A A ) 80ns that is somewhat weaker in the Gl - -| molecular complex
| A i soons (3.357 A compared to the CHi—1 isomer specie$3.019 A).
qc, J A | _8oons This difference in the I-I bond is accompanied by significant
E N A 14s differences in other parts of the structures. For example, the
k e 345 C—I-I angle is substantially different in the two species with
JL, JA: :Zi a value of about 122° for the GH-1 species Compqred_to
JLN L Tops about 83.7° for the CH,- -1 molecular complex. This dif-
\ ( ference in the C—I-I angle leads to a small but noticeable
/

WL 15us interaction between the C atom and the loosely bound termi-

nal | atom(C—I distance of 3.788 A and contributes to the
. P low frequency mode ;, at 31 cmi %) for the CHl,: -+l mo-
Raman Shift (cm ) lecular complex. This interaction is essentially absent in the

FIG. 3. Overview of 416 nm time-resolved resonance Raman spectra oh—CHZI_I Isomer species. We note that the structures for the

tained after 266 nm photolysis of 0.62 M Ghl in cyclohexane solution. 1SOMers of a range of po'Vhalomethanegs Gnggx_x or
Spectra are shown for time delays of about 0, 10, 20, 80, 500, and 800 n&;—Y—X angles in the 115° to 150° ramje®~°264%%and this

and 1, 3, 5, 8, 10, and Jﬁs The assignments of the Iarger Raman bands IOSuggestS that the tern’"nal halogen atom Of the halogen_

the CH,l-I1 isomer and the CH,:--I molecular complex are shown above . : . - :
the spectraisee text and Table il The assignments for the GH-+1 mo- halogen bond has little direct interaction with the carbon

lecular complex are shown in parentheses. The asterisks mark regions whefd0m for isopolyhalomethanes. The C-I bond lengths are
solvent/parent subtraction artifacts are present and the daggers label strapticeably different with the CH-1 isomer specie$1.968

light or ambient light artifacts. A) being noticeably stronger than those in the,GH -1 mo-

lecular complex(2.161 A and 2.144 Awhich are close to

those of the parent Ci, molecule. These results suggest the
computations for the Cji—1 isomer, the CHI radical and C—I bonds are only modestly perturbed by the I-I bonding in
CH,l,: - I molecular complex species as well as the transithe CHl, --| molecular complex compared to the parent
tion statés) for the reaction of these species with ethylene.CH,l, molecule while the CH—1 isomer species experi-
The Cartesian coordinates, total energies and vibrationainces substantially stronger perturbation of its C—I bond due
zero-point energies for selected stationary structures given iy the -1 bond formation. TheJC—H angles are in the
106.4° to 108.7° range for the GH- - -1 molecular complex
and consistent with the C atom haviag® bonding character
as in the CHI, parent molecule. However, the GH | iso-
mer has I-C—Hangles of about 118.1° and more consistent
with the C atom havingp? bonding character.

The DFT calculations found the HOMO of the Gt - -1
molecular complex to be 0.88(C)+0.038P,(C)
—0.128S(1,) + 0.435P,(l,) + 0.215P,(1,) + 0.094P,
(11)—0.218P,(l,) +0.039'S(H,) — 0.044'S(Hs) + 0.090
®S(I3) +0.552°P,(13) +0.421°P,(I5). The greatest contri-
bution comes from the,land k atoms and is consistent with
the bL—I; bond formation. There are also smaller contribu-
tions from the C atom and the &toms suggesting that there
is also some modest interaction between these atoms and the
I,—I3 bond formation. This is consistent with the C atom
interaction with the 4 atom and its contribution to the low
frequency mode 1, at 31 cm* for the CHyl,- - -1 molecular
; ' R ' 1000 complex. The DFT computations found thg HOMO

. - of the CHdl-1 isomer species to be—0.234°P,(l,)
Raman Shift (cm") 1+0.7455P (15) + 0.069'S(H,) — 0.042'S(H.) and this is
FIG. 4. Expanded view of the time-resolved resonance Raman spectra GONsistent with the -1 bond formation.
Fig. 1 for time delays of 0, 10, 20, and 80 ns, andu&S The assignments of The I-I bond formation leads to little changes in the C—I
the larger Raman bands to the @HI isomer and the CH - -| molecular bond lengths and-C—H bond angles in the Cj#,- | mo-

complex are shown above the spedisae text and Table )l The assign-
ments for the CHl,- - -1 molecular complex are shown in parentheses. TheIecular complex compared to the parent Z(DJ_'mOIeCUIe'

asterisks mark regions where solvent/parent subtraction artifacts are presehfliS suggests the charge diStribUtion and chemical reactivity
and the daggers label stray light or ambient light artifacts. of the CHl,- - -1 molecular complex will be close to that of a

|

T T T
0 500 1000
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FIG. 5. Schematic diagram of the
computed optimized geometry deter-
mined from the B3LYP/6-3118
computations for the CH-I isomer,
the CH,l radical and CHI, -1 mo-
lecular complex species as well as the
transition states) for the reaction of
these species with ethylene. TS1
=transition state for reaction of
CH,l-I with ethylene. TS2
=transition state for reaction of GH
radical to produce an iodopropyl radi-
cal (IM). TS3=transition state for re-
action of the iodoproyl radical to form
a cyclopropane product and | atom
leaving group. TS4&transition state
for reaction of CHIl, --1 molecular
complex with ethylene to produce an
iodopropyl  radical (IM). TS5
=transition state for reaction of
CH,l, --1 molecular complex with
ethylene to produce an ethylene/l spe-
cies and CHl, leaving group. Se-
lected structural parameters are shown
for each species with the bond lengths
in A and the bond angles in degrees.
Values for the reactions of the GH-I|
isomer and the CH radical are from
Ref. 64. The values given in parenthe-
ses are those found using the Sadlej-
pVTZ basis set.

CH,l, molecule with an | atom nearby. In contrast, the I-I significantly shorter and stronger in the @HI isomer
bond formation in the CK—I isomer leads to significant (1.968 A compared to the CH radical (2.052 A).5* This
changes in the C—1 bond compared to either the pareptCH leads the CHI—I isomer to have a significantly different
molecule or the CH radical. The difference between the charge distribution than that found in the @Hadical and
parent CHI, molecule and CKH—1 isomer may be expected the CH,l, parent moleculé? The CH,I—I species has a

because the C atom hagp® bonding in the CHI, parent
molecule compared tsp? bonding in the CHI-1 isomer.

CH,I*1™ radical ion pair character and very different chemi-
cal reactivity towards €C bonds than the CH radical or

However the C atom in both the GH-1 isomer and the the CHl, molecule®® Previous density functional theory
CH,! radical have botts p? bonding but the C—1 bond is still calculations demonstrated that the {LHI isomer readily re-
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acts with ethylene to give a cyclopropane product and |
molecule leaving group via a one step reaction with a small
barrier of about 2.9 kcal/m8ft However, the CHI radical
reacts with ethylene via a barrier of about 5.2 kcal/mol to
produce an iodopropyl radical that is difficult to produce a
cyclopropane product and | atom leaving group via a large
barrier of about 13.5 kcal/méf. Similarly the CHI* cation
reacts with little or no barrier to give a relatively stable io-
dopropyl cation that is even more difficult to undergo ring
closure to produce a cyclopropane molecule or cyclopropane
cation via large barriers of 96.7 kcal/mol and 35.9 kcal/mol,
respectively’* This work and further experimental work in-
dicates the CH—1 isomer is the species mainly responsible
for production of cyclopropanated products from olefins
when using ultraviolet photolysis of Gl in the presence of
olefins®%¢ We have done similar density functional theory
calculations for the reactions of the Gl --1 molecular
complex with ethylene. The optimized geometry for the re-
actants, transition states, intermediates and products for these
reactions are shown in Fig. 5 and the computed relative en-
ergies(in kcal/mo) for these reactions are shown in Fig. 6.
We have also included the GH-1 isomer reaction with eth-
ylene optimized geometry and relative energies from our pre-
vious work in Figs. 5 and 6 for comparison purpo&tsve
note the structures, vibrational frequencies and energies are
only modestly affected upon changing the basis set from the
Sadlej-pVTZ to the smaller 6-312& for the CH,l-1 iso-
mer and its reaction with ethylef&.Since the CHll, I
molecular complex contains three | atoms and is noticeably
more computationally demanding, we have used the
6-311G* basis set for the B3LYP calculations for the reac-
tion of the CHl,* - -1 molecular complex with ethylene given
in Figs. 5 and 6.

Inspection of Fig. 6 shows that the Gl - | molecular
complex reaction with ethylene can break the weak I-1 bond
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0.0 |
CH;=CH;
+ CHalz 'l

(d)
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C@Hz
+ CHalz "'l

-5.1 C'C H, + |
CH,CH,CH,| (+ 1))

3.2

TS5 . 0.6

ICH,=CH,
+CH,l,

to produce an ethylene/l species and an,lGHeaving group
relatively easily with a small barrier to reaction of about 3.2FiG. 6. Schematic diagram showing the computed relative enefiies
kcal/mol. The CHI,---1 molecular complex can also react kcal/mo) for reactions of the Chi-I isomer (a), the CHl radical (b), and
with ethylene to break the stronger C—I bond to from anthe CHl, -1 molecular complex species with ethylefreactions(c) and

. . . . ] ) (d)] with the transition state, intermediate, and product energies given rela-
|0dopropyl radical intermediate and apléavmg group via a tive to the separated reactants. Values for reactiarsnd(b) are those from

large barrier of about 21.4 kcal/mol. This iodopropy! radical g31yp/Sadlej-pVTZ computations of Ref. 64. Values for reacti¢gjsand
intermediate can then proceed to produce a cycloproparne) are those from B3LYP/6-311G calculations of this worksee text for

product and | atom leaving group via a barrier of about 12.1more details
kcal/mol. It is very hard for the CH,---I molecular com-
plex to break a C—I bond when it reacts with ethylene to
produce the iodopropyl radical intermediate or proceed tq106.9° and 106.6°, respectivelyithe ethylene €=C bond
produce a cyclopropane product. This is very different tharlength is the samél.355 A), the G—C, bond length is about
the CHI—1 isomer species that very easily reacts with eth-the same(2.308 A and 2.312 A, respectiveéland the C—I
ylene via a one step mechanism and small barrier of abouiond length is about the san@117 A and 2.118 A, respec-
2.9 kcal/mol to make a cyclopropane product aptebving  tively). This indicates the CHl,- -1 molecular complex re-
group® Our results indicate that the GH---| molecular  action with ethylene to form the iodopropyl radical interme-
complex will mostly react with ethylene to transfer the ter- diate is very similar to the reaction of the GiHadical with
minal | atom to form an ethylene/l species and a,GHeav-  ethylene®® This also indicates the larger barrier to reaction of
ing group. This is similar to the reaction of an | atom with about 21.4 kcal/mol for the CHi,---1 molecular complex
ethylene and consistent with the gkt --1 molecular com- compared to the lower barrier of about 5.2 kcal/fiébr the
plex structure being only modestly different from that of the CH,l radical to form the iodopropyl radical intermediate is
CHyl, parent molecule. mainly due to the need to break the strong C—I bond of the
Comparison of TS2 and TS4 in Fig. 5 reveals some in-CH,l,: --1 molecular complex which is lengthened to 4.567
teresting similarities: the CCC angle is about the same\ in TS4 compared to about 2.179 A in the @kl --| com-
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plex. The strengthening of the I1-1 bond from 3.396 A in thewould have a different chemical reactivity than the reaction
CH,l,- -1 complex to about 2.736 A in TS4 is not enough to of a free halogen atom. There is a range of evidence in the
compensate the energy needed to break the C—I bond atiterature to support this hypothesis.
TS4 is much higher than TS2. Recent studies of free radical chlorination of alkanes in
Comparison of the chemical reactivity of the @b --I several halogenated solvents found that the tertiary selectiv-
molecular complex, the CHiradical and the CKH—I isomer ity was enhanced in these types of solvéh#éas was pre-
species with ethylene reveals that several factors contributdously found for reactions in aromatic and £S
to the very different and remarkable reactivity of the LH  solvent2~1%This work and other investigations suggested
isomer toward E=C bonds. First, the greater perturbation of that halogenated solvent—Cl atom molecular complexes were
the C—I bond in the CH—I isomer by the I-I bond forma- responsible for the enhanced tertiary selectivity for chlorina-
tion leads the CH—I isomer to have a significantly different tion of alkanes observed in these halogenated solf&fifé
charge distribution than found in the GHadical, the CHI, similar CS/Cl complex with a characteristic transient ab-
parent molecule or the G-I molecular complex. This sorption band around 370 nm was shown to be responsible
leads to the Chl-I species having a CH"I~ radical ion  for the increased tertiary selectivity in chlorination of al-
pair character and activates the ZHnoiety (e.g., like @ kanes in C$ solvent'® We recently directly characterized
CH,I" cation that readily reacts with ethylerfé Second, the structure of this CSCI complex using transient reso-
the sp? bonding character of the C atom in the gHI iso-  nance Raman spectroscopy in conjunction with density func-
mer or the CHl radical compared to thep® bonding char-  tional theory calculation’’ The CS/Cl complex was
acter of the C atom in the Gib:-I molecular complex  found to have a structure with the Cl atom attached to the S
means that a C-I bond does not need to be almost conktom of CS (e.g., an S=C=S --Cl molecular complex*°’
pletely broken as in TS4 for the GH---1 molecular com-  This S=C=S5--Cl molecular complex has the Cl| atom

plex reaction with ethylene in order to have the C atomjposely bound to the S atom and the QBoiety structure is
added to the &=C bond. This leads to lower barriers for the On|y S||ght|y perturbed from that of the parent ;S

CH,l-I isomer or the CHl radical to add to the €&C bond  molecule!?” This is very similar to the CHl,:-+| molecular

Of ethylene. Th|rd, the transition state structure TS1 Whicrbomp|ex where the C-l bonds are On'y S||ght|y perturbed
has a smaller CCC angle around 95°-97° and the radical |Oﬂ0m that Of the parent Cflz m0|ecu|e_ Th|s Suggests the
pair character for the Citi-I isomer species appear to com- hajogenated solvent—Cl atom molecular complexespon-
bine to give a concerted ring closure so that the,lcH  sjple for the enhanced tertiary selectivity for chlorination of
isomer is a very effective methylene transfer ageng., car-  glkanes observed in halogenated solvefisve structures
benoid specigs The radical ion pair character of GH-I similar to the CHIl,--I and the S=C—=S --Cl molecular
appears to promote formation of two molecular productscomp|exes_ It is also very likely these halogenated
rather than ion or radical leaving groups when forming thegqyent—Cl atom molecular complexes have a chemical reac-
cyclopropane product. However, the analogous CCC struGyyity similar to the S=C=S --Cl molecular complex that
ture in TS2 for the Chl radical reaction with ethylene has |eads to the enhanced tertiary chlorination selectivity of al-
an angle near 107¢further away from ring closude The  kanes in halogenated alkane solvef§t
CH,l radical also lacks the radical ion pair character of the ¢ differing chemical reactivity for the G#H-1 species
CH,l—1 isomer. Thus, addition of the Gitiradical to ethyl- 44 the CHI,: -1 molecular complex is consistent with the
ene leads to formation of the relatively stable iodopropylymount of cyclopropanated product that is formed as the
radical intermediate rather than to directly give a cyclopro-coneentration of alkene reactant is varied. For example,
pane product. Kropp and co-workers found that the yield of cyclopropan-
o ated product increased substantially from 16% to 66% to
C. Implications for other molecule—halogen 80% as the concentration of cyclohexene increased from
complexes and their reactions 0.18 to 1.8 to 10 M, respectively, and the &K precursor
The CHl,- - -1 molecular complex appears to be able to concentration was kept constant at 0.05"4At low cyclo-
relatively easily transfer its terminal | atom of the I1-I bond hexene concentration the longer lifetime of the SCiH I
when it reacts with a €C bond. We also recently observed molecular complex and other long-lived species like the
the CHl---1 molecular complex using transient resonanceCH,l radical and | atoms would be more likely to react with
Raman spectroscopy and density functional theory calculasyclohexene to produce additional products and relatively
tions suggest that it has a structure similar to that of thdow amounts of cyclopropanated product from reaction with
CH,l, -1 molecular complex with a C—I-I angle in the the short-lived CHI-I carbenoid species. However, the
80°-90° rang&® We note that similar haloalkane molecule— shorter-lived but more highly reactive GHI carbenoid spe-
halogen atom complexes have been observed following pulsges can better compete with the addition reactions of the
radiolysis and/or photolysis of a variety of haloalkanes andonger-lived species to produce a higher yield of cyclopro-
polyhaloalkane&®~"3In so far as the structures and chemical panated product at high cyclohexene concentrations as found
reactivity of the haloalkane—halogen atom complexes arin Kropp and co-workers experimeris.The chemical
similar to that of the CHl,---I molecular complex one may reactivity of the CHI,---1 molecular complex to mainly
expect that these types of complexes will transfer the termitransfer an | atom and not produce a cyclopropanated prod-
nal halogen atom of the halogen—halogen bond in reactionsct is also consistent with the chemical reactivity of related
with other molecules but the halogen atom thus transferretialogenated solvent—Cl atom molecular complexes that have
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been proposed for being responsible for the enhanced tertiagH, |1 isomer species was observed between 0 and 100 ns
selectivity for chlorination of alkanes observed in these haand no other discernible species was seen up to asliime
logenated solvent§:®’ delay. At high concentrations, the GHI| isomer species
Breslow, Krogh-Jesperson and co-workers showed thajas observed with spectra and a lifetime almost identical to
the pyridine/Cl complexresponsible for enhanced tertiary that found at lower concentrations and a second species was
selectivity in photochlorination of alkanes in pyridine sol- also observed with a much longer lifetime on the order of
veny is a o-complex with three-electron—two-center N—CI microseconds. The second species was assigned to be due to
bonding® The Cl atom is a highly reactive species with high the CHl,- - -| molecular complex formed from the bimolecu-
electronegativity and an unpaired electron in therbital  |ar reaction of | atom with the CH, molecule. Density
and can therefore easily interact with some types of solvenfunctional theory calculations were performed to examine
molecules. A number of radical cations have been shown t¢he chemical reactivity of the C-I isomer and CHl - -1
form 20/10* two-center—three-electron bon@aso known  molecular complex toward -=C using ethylene as an ex-
as Z-—3e bonds from the interaction of a singly occupied ample. The Chli-I isomer reacts with ethylene to give a
sulfur p orbital and lone pairs of O, N, P, or halogen cyclopropane product ang leaving group via a one step
atoms:°®~"9These sulfur(or nitrogen, halogen atonradi-  reaction with a low barrier of about 2.9 kcal/mol. The
cal cation Z—3e bonded radical cation complexes typically CH,l,---1 molecular complex reacts with ethylene to pro-
have intense, broad and structureless UV/visible absorptioguce a etheylene/l intermediate and LHleaving group
band$®®~°similar to transient absorption bands observeduith a barrier to reaction of about 3.2 kcal/mol. Our results
for isopolyhalomethanes and halogenated solvent—halogeandicate that CHI—I acts as an effective methylene transfer
atom complexes that contain the weak halogen—halogeagent while the Chl, -1 molecular complex essentially
bond as a chromophof&!7>1-5569-73.868The isopolyha-  transfers the terminal | atom of the I—-I bond. This very dif-
lomethanes and halogenated solvent—halogen atom corferent chemical reactivity of the Gi-1 and CHl,- - I spe-
plexes also exhibit weak bond formation from th@rbital  cies can be explained by their differing structures and prop-
overlap of the two halogen atoms forming the halogen-erties. While both species contain a weak I-I bond, the
halogen bond similar to the traditionat2 3e bonded radi- geometry of the I-I bond relative to the C—I bond is sub-
cal cation complexe¥®***The actual structure, properties stantially different and leads to greater changes in the case of
and bond strength of@-3e bonds(or p-orbital interactions  the CH,|—I species. This leads the GH-I species to have a
between S, N, O, and/or halogen atgrase expected to be CH,|"|~ radical ion pair character where the gHnoiety
influenced by the structure and properties of the radical cathas a charge distribution similar to a @I cation and thus
ion or molecule that interacts with theorbital of a S, N, O more easily attacks the=C bond®* The sp? bonding char-
or halogen atontF, Cl, Br or |) as well as the solvent envi- acter of the C atom in the G-I isomer compared to the
ronment. A range of quantum mechanical calculations havep?® bonding character of the C atom in the gkl mo-
been done to develop a better understanding of&  |ecular complex also makes the gIHI species more able to
bonding**°~***However, most experimental characterizationform a C—C bond between the=€C bond and the Ck—I
of 2c—3e radical cation bond complexes have been indirecspecies compared to the Gl - -1 molecular complex which
with the transient absorption spectra typically used as an inwould need to essentially break a C—I bond to do the same.
dicator for this kind of bonding and this has made detailedThe structure of the CH,---| molecular complex is very
comparisons between theory and experiment somewhajimilar to the parent CH, molecule and this is consistent
difficult."**~***Recently femtosecond spectroscopy has beewith its transfer of the terminal | atom of the I—I bond in its
used to examine a@-3e bonded sulfur systert® Our  reaction with ethylene. We compare our results for the struc-
present comparison of the weak I-I bond in £H isomer  ture and chemical reactivity of the GH: - | molecular com-
and CHl,:--1 molecular complex using time-resolved reso- plex to other halogenated solvent—halogen atom molecular
nance Raman spectroscopy illustrates the usefulness of timgomplexes and discuss probable implications for photochlo-

resolved vibrational spectroscopy to directly characterize theination reactions of alkanes in halogenated solvents.
structure and properties gforbital interactions similar to

2c—3e bonding in neutral species. We anticipate that similar CKNO G s
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