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Abstract: We examine the chemical reactions of the isodiiodomethanel(@) -CH,l and CHI™ species

with ethylene using density functional theory computations. Thel EHspecies readily reacts with ethylene

to give the cyclopropane product and anproduct via a one-step reaction with a barrier height~@.9
kcal/mol. However, theCH,l and CHl™ species have much more difficult pathways (with larger potential
barriers) to react with ethylene via a two-step reaction mechanism. Comparison of experimental results to our
present calculation results indicates that thelCH photoproduct species is most likely the methylene transfer
agent for the cyclopropanation reaction of olefins via ultraviolet photoexcitation of diiodomethane.

Introduction Excitation of diiodomethane in condensed phases (liquids and
solid-state matrixes) by ultraviolet light? direct photoioniza-
tion,1° and radiolysis12 all generate products that exhibit
characteristic absorption bang885 nm (strong) anet570 nm
(weak). These product absorption bands have been attributed
to several possible species such as trapped ele&tbas;ation

of diiodomethané?12and the isomer of diiodomethane (gH

).8° Femtosecond transient absorption stutfié§ have also
been done in the solution phase to examine the initial photo-
dissociation of diiodomethane and the formation of the photo-
product species. These ultrafast transient absorption experiments
all showed similar results: a fast rise of several hundred
femtoseconds which was agreed to be due to the initial C
bond cleavage to giveCH,l and I or I-* fragments; this was

Cyclopropanation reactions are very important in organic and
organometallic chemistry, but their reaction mechanisms are not
well understood. In this paper we investigate the long utilized
cyclopropanation reaction that makes use of ultraviolet pho-
tolysis of diiodomethane to better understand the reaction
mechanism and the nature of the methylene transfer agent.
Diiodomethane is commonly used as a reagent for cyclopro-
panation reactions with olefins where diiodomethane is activated
by either a Zr-Cu couple in the SimmonrsSmith reactiof or
by ultraviolet photolysi€~> The ultraviolet excitation of di-
iodomethane in solutions containing olefins affords cyclopro-
panes with high sterospecificiy® This high stereospecificity

and the lack pf an appreqable(H insertion reaction indicates . then followed by a fast decay of several hundred femtoseconds
that the reactive species is not a free carbene. A range of possible, - 4 then a slower rise in the transient absorption on thes

intermediat_es have be?’” pf_op‘_’sed_ eg. an excited diiodomethanﬁs time scale. However, three different interpretations of these
state, an iodocarbenium-iodide ion pair, and others) as theexperiments were put forward, depending on which product

species that reacts with olefins to give _cyclopropane produgts. species was attributed to the transient absorption signal being
Efforts to elucidate the key reaction intermediates and mech-
anism of the cyclopropanation reactions that use ultraviolet ™ (g) Simons, J. P.; Tatham, P. E. ®.Chem. Soc. A966 854—859.
excitation of diiodomethane have been hampered by the lack (7) Mohan, H.; Rao, K. N.; lyer, R. MRadiat. Phys. Chen1.984 23,
of direct observation of the reaction intermediates with experi- 505-508.

ments that can reveal detailed structural information about the 81§(,§)8'\2/|§_'er’ G.; Reisenauer, H. Rngew. Chem., Int. Ed. Endl986 25,

identity and properties of the reaction intermediates. (9) Maier, G.; Reisennauer, H. P.; Hu, J.; Schaad, L. J.; Hess, B. A., Jr.
J. Am. Chem. S0d.99Q 112 5117-5122.
* Authors to whom correspondence should be addressed. (10) Andrews, L.; Prochaska, F. T.; Ault, B. 8. Am. Chem. S0d979
T The University of Hong Kong. 101, 9—-15.
* Beijing Normal University. (11) Mohan, H.; lyer, R. MRadiat. Eff.1978 39, 97—101.
(1) Simmons, H. E.; Smith, R. Ol. Am. Chem. Sod.959 81, 4256~ (12) Mohan, H.; Moorthy, P. N.J. Chem. Soc., Perkin Trans.1®9Q
4264. 277—-282.
(2) Blomstrom, D. C.; Herbig, K.; Simmons, H. B. Org. Chem1965 (13) Schwartz, B. J.; King, J. C.; Zhang, J. Z.; Harris, COBem. Phys.
30, 959-964. Lett. 1993 203 503-508.
(3) Pienta, N. J.; Kropp, P. J. Am. Chem. Sod.978 100, 655-657. (14) saitow, K.; Naitoh, Y.; Tominaga, K.; Yoshihara, &hem. Phys.
(4) Kropp, P. J.; Pienta, N. J.; Sawyer, J. A.; Polniaszek, R. P. Lett. 1996 262 621-626.
Tetrahedron1981, 37, 3229-3236. (15) Tarnovsky, A. N.; Alvarez, J.-L.; Yartsev, A. P.; Sundstrov.;
(5) Kropp, P. JAcc. Chem. Red984 17, 131-137. Akesson, EChem. Phys. Letfl999 312, 121—130.
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monitored in each particular experiment. The differing assign-
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by the Gaussian program) were added to the active space. Finally, the

ments and controversy over which photoproduct species is dissociation pathways were optimized with 10 electrons in eight orbitals,

responsible for the characteristic intens885 nm absorption
band observed in both the photochemistry experinfeftand
the ultrafast transient absorption experim&ht$ prompted us

to investigate this photoproduct species using transient resonance;,

Raman spectroscop§ The vibrational frequencies observed in

denoted by CAS(10,8) hereafter in the paper. At the CAS(10,8)
optimized structures, the dissociation energy to,ICH | was further
calculated with a larger active space (14,10) that includes 5s and 5p
electrons of the two | atoms. The dissociation energy te:CH I,

as also computed at the CAS(14,10) level, but thel G electrons
were used as active electrons by excluding the two 5s electrons of the

the transient resonance Raman spectra were compared to theatom. Since the Gaussian 98W suite only allows a maximum of 10

calculated frequencies obtained from density functional theory
(DFT) computations for several of the proposed photoproduct

electrons, the CAS(14,10) single-point calculations were performed
using the MOLPRO program suitéAnalytical frequency calculations

species. This vibrational frequency comparison and comparisonwere performed to confirm the optimized structure to be a minimum
to the computed electronic absorption transition energies andor a first-order saddle point as well as to carry out zero-point energy
oscillator strengths for the proposed photoproduct species clearlycorrection. The transition states were confirmed to connect the related

demonstrated that the GH-1 species is mainly responsible for
the intense~385 nm transient absorption band observed
following ultraviolet excitation of diiodomethane in room-
temperature solution$.In this paper, we examine the chemical
reactivity of the CHI—I, -CHyl, and CHI* species toward
olefins (alkenes) using density functional theory (DFT) com-
putations. We find that CHi—I readily reacts with ethylene to
give formation of the cyclopropane product and amproduct

via a one-step reaction with a barrier height~a2.9 kcal/mol
(after the initial formation of a very weak GH-l/ethylene
complex). The:CH,l and CHI* species have much more
difficult routes to react with ethylene via a two-step reaction
mechanism that contains much larger barriers to reaction.
Comparison of our present computational results with experi-

mental observations in the literature leads us to conclude that

the CHI—I photoproduct species is most likely the methylene

reactants and products by using IRC calculat®Smsfter a preliminary
search was done using the 6-311G** basis set, all of the stationary
structures were further optimized with the Sadlej-PVTZ basis set to
assess the dependence of the structure and energy on the basis set
employed for the computations. The Sadlej-PVTZ basis set was
contracted as (6s4p//3s248)10s6p4d//5s3p2df,and (19s15p12d4f//
11s9p6d2f§! for the H, C, and | atoms, respectively. For the £H

+ CH,=CHj; system investigated here, this basis set was composed of
290 basis functions contracted from 996 primitive Gaussian functions.
All calculations except the CAS(14,10) were carried out using the
Gaussian 98 program packageés.

We note that relativistic effects may have considerable influence
on the calculated energy of systems that contain heavy atoms (such as
bromine and iodine atoms). However, we are concerned about the
relative energies (i.e., barrier heights and reaction energies) in our
chemical reaction computations, and the energy errors originating from
relativistic effects will partially be canceled out in the calculated relative
energies. Thus, we expect that relativistic effects will have little

transfer agent (i.e., carbenoid species) for the cyclopropanationinfluence on the reaction processes investigated here. We note the caveat

reaction of olefins (alkenes) via ultraviolet excitation of di-
iodomethane. We discuss the implications of this carbenoid
behavior observed for the GH-I species for related cyclo-
propanated reactions that use ultraviolet photoexcitation of
polyhalomethanes or a Zn(Cu) couple in the SimmeBmith
reaction.

Computational Details

Density functional theory (DFT) was used to investigate the potential
energy surfaces of addition reactions of ethylene with isodiiodomethane
and related species (th€H,l and the CHI* species). The stationary
structures on the surfaces were fully optimized at the B3LYP or
UB3LYP level of theory usingz; symmetry*’-2% In our present work,
only the isodiiodomethane dissociation©H,l + -I- or CH;: + I,

that relativistic effects due to spiorbit coupling may be noticeable
and may modestly affect the results. We have not considered-spin
orbit relativistic effects since they are beyond the scope of the present
study.

Results

A. Reaction of Isodiiodomethane and Ethylene.The
isodiiodomethane molecule approaches,€8H, in an asym-
metric way, preferentially attacking one of the £gfoups of
ethylene from above the molecular plane. A complex may be
formed when the two molecules approach each other. Since the
binding energy is very small, the formation of this complex
has little influence on the chemical reaction. A transition state
(TS1) was found on the way to the products cyclopropane

were calculated using the complete active-space SCF (CASSCF)(C,H¢) and b. The TS1 structure is shown in Figure 1 along

approact?>~26 Ten electrons originating from the 5p orbitals of the two

iodine atoms were employed as active electrons for the dissociation

reaction to give Chl + I. For the dissociation reaction to give @H
+ 12 (which involves the &1 ¢ bond cleavage) the € ¢ bond

electrons were also used as active electrons with one lone pair of the

terminal | atom excluded from the active space. To obtain proper
configurations, two low-energy virtual orbitals (chosen automatically

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

(17) Becke, A. D.J. Chem. Phys1993 98, 1372-1377.
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(19) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200~
1211.

(20) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.

(21) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 58, 785-789.

(22) Roos, B. O.; Taylor, P. RChem. Phys198Q 48, 157—173.
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Phys.1981, 74, 2384-2396.
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Thorsteinsson.
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Figure 1. Schematic diagram showing the optimized geometry for selected reactants, transition state(s), intermediates, and reaction products for
the reactions of CH—I, -CH,l, CH.l* with ethylene. The numbers present selected key structural parameters from the DFT/sadlej-PVTZ computations
(bond lengths in A and bond angles in degrees) for the species showh«{CHS1, cyclopropaneCHal, TS2, IM, CH,CH,CH,I*, and TS3). The

key structural parameters shown in parentheses were found using a 6-311G** basis set as described in the text.

with selected key bond parameters. TheCand C-1 bonds indicates that the internal coordinate reaction vector is mainly
in the TS1 structure are increased by 0.025 and 0.116 A, composed of changes in thg-&C;, bond lengths and the+
respectively, compared to those found for the reactants. Thel;—C; bond angle. The reaction vector has been identified as
largest change is associated with thd+C angle that varies 0.44Rc1-c3 + 0.55Rc1-c2 — 0.19 Ap—jp—c1. On the basis of
from 123.3 in CHyl—I to 143.5 in the TS1 structure. The the reaction vector and the structure (the-C,—Cj3; angle=
structural changes are consistent with the fact that th&¢C  96.8) of TS1, it at first appears possible that an intermediate
bond between Ci#=CH, and CHIl—1 is partially formed in TS1, radical like :CH,CH,CHal+ or -:CH,CH,CHal + 1+ is formed
which weakens the intramolecular<C and C-| bonds. The starting from the TS1 structure. However, the IRC calculations
I—1 and I-C bond lengths are reduced by about 0.02 A, while at the B3LYP/6-311G** level confirm the transition state to
the C-C and C-H bond lengths are increased a little on going connect the reactants of GHCH, + CH,l—I and the products
from the 6-311G** basis set to the Sadlej-PVTZ basis set. The of C3Hg + . A transition state was found for the reaction of
increase in the size of the basis set has almost no influence onCH,Br—Br and CH=CH,, and this was confirmed to be the
the bond angles. first-order saddle point governing formation of products gflg

An imaginary frequency of 246.&m~1 was found for the + Br, by IRC calculations at the UB3LYP/6-31G* level 33
TS1 structure by vibrational analysis. The eigenvector corre- ~(33y7znheng, X.; Fang, W.-H.; Phillips, D. L. Chem. Phys200Q 113
sponding to the negative eigenvalue of the force constant matrix 10934-10946.
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2.9) reaction of CHI—I and CH=CHj to give cyclopropane and |
©0) .- TSIy is reasonable.
CH,;=CH, + B. Reaction of lodomethyl Radical and Ethylene Similar
CH,H . to CHl—I, the -CHal radical preferentially attacks one of the
CH, groups of CH=CH, from above the molecular plane.
However, the reaction ofCH,l and CH=CH, to form
cyclopropane and iodine atom is a two-step process, which is
distinctly different from the one-step reaction betweernICH
and CH=CH, described in the preceding section. The first step
* (-49.9) involves a transition state (referred to as TS2 in Figure 1) in
A+, which the C-C bond betweernCH,l and CH=CH; is partially
(@) formed with the G—C, separation of 2.328 A at the B3LYP/
sadlej-PVTZ level of theory. The £ C,—C; angle in TS2 is
about 107, which suggests that cyclopropane is not formed from
TS2 but instead leads to formation of an intermediate tike
CH,CH,CH,l. The evidence for this comes from the IRC
% calculations. The optimized geometry of the intermediate (IM)
09 .-~ | is shown in Figure 1, together with selected key parameters
gﬂigﬂz L from the 6-311G** and Sadlej-PVTZ calculations. The heavy
; 9.5 atoms are in the same plane with the-C,—C;—I; dihedral
JTS3, angle of 180.0, while the six hydrogen atoms lie above and
! \ below the heavy-atom plane symmetrically. In fact, the inter-
mediate hasCs symmetry, despite the initial-guess geometry

“-\(_18 7) with C; symmetry. An analogous situation takes places for the

! N transition state of TS2, which also h@ symmetry. As noted
Y(-23.0) before and discussed further in this section, the 6-311G**
*CH;CH,CH,1 calculated structural parameters are close to those found from
Sadlej-PVTZ calculations.
(b) There exist two possible pathways from the intermediate

Figure 2. Schematic diagram showing the computed relative energies CH2CH2CHzl to cyclopropane and | atom products: first a
(in kcal/mol) for the reactants, transition state(s), intermediates, and sequential process where the—[C bond cleavage occurs
reaction products for the reactions of @HI with ethylene (a) and  followed by cyclopropanation and second a concerted process
*CHl with ethylene (b). All energies are from B3LYP computations where the breaking of the - bond is accompanied by the
except for the relative energies of the £H- 1, and-CHzl + | products cyclopropanation. A transition state, labeled TS3 in Figure 1,
which were ob_talned from CASSCF (CAS(10,8)) calculations. See text \y45 found on the way from IM to the products. The reaction
for more details. vector associated with the imaginary frequency {(5267%) of
TS3 has been mainly identified as 082 c1 — 0.57Ac3-c2-c1.

The transition state for the reaction of gBi—Br and CH= It is obvious that TS3 is the transition state, governing the direct
CH; is structurally very similar to that found for the reaction reaction from-CH,CHCHl to cyclopropane and | atom. To
of CH,l—1 and CH=CH,. Thus, we conclude that the reaction provide additional evidence for the two-step mechanism of the
of CH,l—1 or CH,Br—Br and CH=CH, is a one-step process, reaction fromrCH,l and CH=CH to cyclopropane and | atom,
namely, an elementary reaction. Inspection of the TS1 for the the reaction ofCH,Br and CH=CH, was also investigated at
reaction of CHI—I with ethylene shows that the barrier to the B3LYP/6-34G* level3® A similar two-step process was
reaction is in the entrance channel. traced and confirmed by the IRC calculations at the UB3LYP

Relative to the separated reactants, the barrier height was'®Vel- All of these results provide strong evidence that the
calculated to be 3.2 kcal/mol at the B3LYP/6311G** level. |t reaction of-CH,l and CH=CH, to cyclopropane and latom
becomes 4.5 kcal/mol with zero-point energy correction. The Proceeds via a two-step mechanism.
barrier height is lowered to 1.6 kcal/mol when the Sadlej-PvTz  Figure 2b schematically shows the potential energy surface
basis set is used. Inclusion of the B3LYP/6311G** zero-point Of the reaction of-CH,l and CH=CH,, obtained from the
energy correction gives us an estimate of the barrier height to UB3LYP/Sadlej-PVTZ calculations with the UB3LYP/6-
be ~2.9 kcal/mol. The potential energy profile of the reaction 311G** zero-point energy correction included. The first step
is shown in Figure 2a. It is evident that the reaction between Of the reaction has a barrier of 7.4 kcal/mol at the UB3LYP/
CH,=CH, and CHI—I proceeds easily, due to a very small 6-311G** level. Increasing the size of the basis set to Sadlej-
barrier on the way to cyclopropane and | PVTZ, the barrier is reduced to 5.2 kcal/mol, as shown in Figure

We also used B3LYP/6-311G** computations to examine 2b. The barrier height for the second step of the reaction is 12.1

the reaction of singlet carbene and ethylene to form cyclopro- kcal/mol from the 6-311G** calculations, and this is increased

pane as a benchmark system. The B3LYP/6-311G** calculated to 13.5 kpal/mol upon changing.the basis set from 6 to 3119**
potential energy surface of the reaction of singlet,CMith to Sadlej-PVTZ. Since the barrier of 5.2 kcal/mol on the first

CH,=CH is downhill from the reactants to the cyclopropane St€P is much lower than that on the second step, cyclopropa-
product. This is in good agreement with conclusions from nation from the intermediate is the rate-determining step of the
previous calculations that showed the energy along the reaction™®action from-CHal 4+ CH,=CH to cyclopropanet I-.

pathway from the CB=CH, and CH:. reactants to cyclopro- (34) Zurawski, B.; Kutzelnigg, WJ. Am. Chem. S0d.978 100, 2654
pane product decreases montonically without a bati&This 2659.

leads us to expect that the B3LYP calculated barrier for the  (35) Sakai, Sint. J. Quantum Chenil99§ 70, 291-302.
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found above endothermicity for the two dissociation reactions.
The dissociation energies t€H,l + |- and CH: + |, were

estimated to be 2.2 and 36.1 kcal/mol, respectively, at the CAS-
(10,8) level. These values become 3.5 and 32.0 kcal/mol,
%) respectively, using the CAS(14,10) calculations at the CAS-
S 22 (10,8) computed structures. The differences between the CAS-
Cl\-I(ZOI_OI)‘ """""""" CH1+ T (10,8) and CAS(14,10) results are moderate and suggest that
the CAS(10,8) computations provide a reasonable estimate for
the dissociation reactions.
D. Reaction of CH,I* and Ethylene. We have previously
(404 noted that the charge distribution of the £Hart of the CHI—I
CH,I, molecule is similar to that of C#i™ which has been proposed
(a) to be the species that reacts with olefins in cyclopropanation
reactions using ultraviolet photoexcitation of diiodomethatfe.
The B3LYP calculations show that the reaction of £Hand
CH,=CH, takes place very easily, but does not generate
cyclopropane. When the GH approaches Cy#+=CHy, a stable
(66.5) cation of CHCH,CH,l " is formed (shown in Figure 1). With
N respect to the system of GH + CH,=CHy, the CHCH,CHal*
cation has a stabilization energy of 28.2 kcal/mol. The,CH
CH,CH,I™ cation can dissociate into cyclopropane aridot
into the cyclopropane cation and Inspection of these reaction
pathways in Figure 3b shows that there is very little possibility
0.0) ; . (.7 for either of these reactions to occur.
Ci,=CH;, e . _
+CHI' ; . Discussion
We note that the B3LYP method tends to modestly under-
| . estimate reaction barrier heights. The intramolecular proton
(-28.2) transfer in the ground state and in the lowest two triplet states
CH,CH,CH,I"* of malonaldehyde was investigated using both B3LYP and
CSSD(T) methods with a 6-311G** basis $&T his study found
barrier heights of 3.0 kcal/mol ingS4.3 kcal/mol in |, and

b
® 8.1 kcal/mol in T, at the B3LYP level of theory and barrier

Figure 3. Schematic diagram showing the computed relative energies . . .
(in kcal/mol) for the reactants, transition state(s), intermediates, and heights of 4.3 kcal/mol in §6.6 kcal/mol in %, and 12.2 keal/

reaction products for the dissociation reactions oflcHi(a) and CHI* mol in T, at the CSSD(T) level of theory. The dissociation

with ethylene (b). All energies are from B3LYP computations except €action of CHCHO (Ti) to CHy(So) + HCO(S) was recently
for the relative energies of the GH+ I, and -CH,l + I- products investigated by Schaefer and co-work€rssing B3LYP and

which were obtained from CASSCF (CAS(10,8)) calculations. See text RCCSD methods and a TZ2PF basis set. They found values of
for more details. 5468 and 6701 cmi, respectively, from the B3LYP/TZ2PF and
RCCSD/TZ2PF computations for the vibrationless barrier height
C. The Isomerization and Dissociation Reactions of CH— to dissociation (without the zero-point energy correction).
I. Since CHI—I is an energetic molecule, the isomerization or Generally, the B3LYP calculations underestimate the barrier
dissociation reactions of GH-I molecules may be in competi-  height by a few kcal/mol with respect to the CSSD(T) vaRfes.
tion with the reaction of Chl—I and CH=CH,. The isomer- We expect that our B3LYP computed barrier heights are likely
ization to the parent Chb molecules has been theoretically accurate to within a few kcal/mol.
investigated beforé®3” The barrier was estimated to be 32.2 The reaction of the CHi™ and CH=CH, is expected to
kcal/mol (134.6 kd/mol) from the MP2/6-31G(d) calculatidhs.  proceed easily. However, our present calculations indicate that
A transition state was found on the isomerization pathway to this reaction does not lead to formation of cyclopropane but to
CHal, and the barrier height was calculated to be 14.4 kcal/ the CHCH,CH,I* cation. Ultraviolet photodissociation of
mol at the B3LYP/Sadlej-PVTZ level of theory. This difference diiodomethane in the presence of olefins in the solution was
in the computed value for the barrier height for isomerization found to give cyclopropanated products with high stereo-
of CHyl—I for the MP2/6-31G(d) and B3LYP/Sadlej-PVTZ  specificity? > Thus, the CHI* cation cannot be the photoprod-
calculations is mainly a method effect since MP2 computations uct of the diiodomethane photodissociation that reacts with
tend to overestimate barrier heights by aboutl® kcal/mol, olefins to give cyclopropanated product, although,CHhas
while the DFT calculations at the B3LYP level of theory tend been proposed to be the species that reacts with olefins to give
to underestimate the barrier height by a few kcal/8iéP.The cyclopropanated products.
potential energy profile for this reaction is shown in Figure 3a.  Excitation of gas-phase diiodomethane with ultraviolet light
The dissociation pathways t&€H,l + I and CH: + |, were (<5 eV) leads to a direct photodissociation reaction that gives
optimized with the CAS(10,8) method. No potential barrier was a CHl radical and an iodine atofff. 44 The -CH,l photofrag-
ment receives substantial excitation of its internal degrees of

(36) Glukhovtsev, M. N.; Bach, R. BChem. Phys. Letfl997 269 145—
150. (40) Kawasaki, M.; Lee, S. J.; Bersohn, R.Chem. Phys1975 63,

(37) Orel, A. E.; Kuhn, OChem. Phys. Lettl999 304, 285-292. 809-814.

(38) Barone, V.; Adamo, CJ. Chem. Phys1996 105 1100711019. (41) Schmitt, G.; Comes, F. J. Photochem198Q 14, 107-123.
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112 5585-5592. 1823-1834.
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freedont*©-44 The -CH,l radical may react with Ck#+=CH, with not appear in the absence of the olefth&lltraviolet photoex-
high efficiency. As shown in Figure 2b, the reaction from{H citation of polybromomethanes in the absence of olefins gave
+ CH,=CH; to CzHe + |- is a two-step process with a barrier no discernible Brproduct?” We have recently shown that these
of 13.5 kcal/mol for the second step that is the rate-determining intense “color center” transient absorption bands produced
step. This reaction pathway is not very likely to take place since following ultraviolet excitation of polyhalomethanes in the
the internal energy of the initially formedCH,l radical would condensed phase are really associated with the isopolyhalo-
be expected to be lost to the surrounding solvent molecules verymethane specié&®248-50 including isodiiodomethan®;**isodi-
quickly (probably on the order of tens of picoseconds). We note bromomethan&® and isobromoforni® These experimental
that collisional deactivation studies ¢€H.l by Baughcum and result$” combined with our recent transient resonance Raman
Leoné“ indicated that deactivation occurs in the range el studied®4>and our present density functional theory investiga-
hardsphere collisions in Gl to about 76-140 hardsphere  tion lead us to conclude that the isodiiodomethane species is
collisions in Ar gas** Similarly, recent ultrafast transient the methylene transfer agent in cyclopropanation of olefins via
absorptio#® and time-resolved resonance Rarfastudies ultraviolet excitation of diiodomethane in room-temperature
showed that the initial vibrationally hot GH-1 species formed  solutions. The following reaction scheme is consistent with the
from -CH,l and |- recombination vibrationally cools in about experimental and theoretical observation of intermediates
1020 ps. In addition, very recent ultrafast transient absorption observed following photolysis of diiodomethane in the con-
experiments done for Gl following excitation of two quanta  densed phase.

of the C—H stretch vibration by a 100 fs laser pulse found L

intramolecular vibrational relaxation of10 ps and energy Initiation step

transfer to the solvent in the range ©20 to ~70 ps?6 These CH,ly + v —-CHyl + I 1)
studies for the initially formedCH,l fragment and the related
vibrationally excited CHl—I and CHl, molecules suggest that
-CHal is thermalized before undergoing reaction with olefins
(like ethylene) and face the relatively large reaction barriers for
each step of the reaction (see Figure 2b). Therefore,Ghkl

recombination to produce isomer
‘CH,l + I+ — CH,I—I (2)

reaction of CHI—I with olefin

produced from the ultraviolet photodissociation of diiodomethane CH,l =1 + olefin — cyclopropanated produet I, (3)
is not likely the carbenoid species that reacts with olefins to . )
give cyclopropanated products. formation of X,—olefin complex

There appears to be no barrier for recombination of the X, + olefin < X,—olefin complex (4)

initially formed -CH,l and I fragments in condensed phase . 6.45 L
environments and the GH-1 molecule can be formed in  Several types of experlmeﬁis%_' clearly show the initially
noticeable quantitie®?15164580th nanosecor and picosec- formed-CHyl and I- fragments in step 1 can recombine within
ond* transient resonance Raman experiments demonstrated tha féW picoseconds to give the @I photoproduct that has
the CHl—I species was readily generated following ultraviolet the characteristic intense385 nm transient absorption band
photoexcitation of diiodomethane in room-temperature solutions N Step 2. Both our present density functional theory computa-
using both nonpolar (cyclohexane) and polar (acetonitrile) fions and the experimental results of Brown and Siribns
solvents. Once the Gi-1 molecule is formed, it can readily indicate that the CH—1 species readily reacts with olefins to
undergo cyclopropanation reaction in the presence oj=€H  9iVe cyclopropanated product and |od|ne_molecule as in step
CH; in solution phase to give &Els and b products via a single (3). Halogen molecules are known to readily react with olefins
step with a low barrier to reaction-@.9 kcal/mol) (see Figure  t0 form halogen mO'egys*fO'ef'n complexes as in step 4 for
2a). There is also additional evidence in the literature that the k—olefin complex? _ o
indicates that isodiiodomethane does indeed react with olefins _1here are several reports that both ultraviolet excitation of
to give cyclopropanated products and an iodine molecule leaving &ither diiodomethane or dlbromomethagse in the presence of
group?’ Brown and Simorf€ found that ultraviolet excitation ~ ©l€fins give cyclopropanated produéts:*® This and obser-

of dilodomethane and other polyhalomethanes produced “color Vation of a number of isomers of polyhalomethanes formed
centers” that exhibited characteristic intense transient absorption@ftér ultraviolet photoexcitation in room-temperature solu-
bands in the 350470 nm region £385 nm for the di-  ONS>*0334548%% (including CHl—I and CHBr—Br) and our
iodomethane photoproduct) in 77 K frozen hydrocarbons. When Présent DFT computational results suggest that a number of
trace amounts of olefins were added and the 77 K matrix sam'me|sopolyhalomethane species may exhibit carbenoid behavior with

was allowed to warm, new transient absorption bar@40— varying chemical reactivity toward olefins. Further experimental
320 nm appeared with clean isobestic points between the «color@nd theoretical work is needed to better elucidate the chemical
center” transient absorption bands and the ne3£0—320 nm reactivity of these interesting isopolyhalomethane species.

absorption bands (see Figures 4 and 5 in ref 46). These new (48) zheng, X.; Phillips, D. LChem. Phys. LetR00Q 324, 175-182.
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If singlet CH,: radicals exist in solution containing G that the leaving group from the cyclopropanation reaction may
CHa, the reaction between the GHradical and CH=CH, also be important to having an effective species for cyclopro-
could be the dominant channel for formation otHg. As panation reaction with olefins.
pOinted out before, the dissociation of ng to CH2: +1s is The Simmons-Smith reactioh uses a Zn(Cu) Couple to
endothermic by 36.1 kcal/mol. This Clearly shows that the Singlet activate diiodomethane to react with olefins to give Cyclopro_
CHy: radical cannot be formed through the £HI dissociation.  panation products. The SimmonSmith chemical reaction has
Although it is energetically feasible to produce £Hand b by been noted to have a different reactivity toward olefins than

diiodomethane photodissociation at wavelengths below 330 nm, the photochemical reaction of diiodomethane in the presence
this process is symmetry-forbidden for the ultraviolet transi- of glefins2=5 For example, the photochemical reaction of
tion 5”58 photons with high energies~(6.4 eV) are used for  gjiodomethane (via the Ci-I species) reacts with limonene
excitation of diiodomethane, Gh can undergo unimolecular  more rapidly at the more highly substituted cyclohexenyl double
detachment to Ci and b, but still a minor channel compared  pond, while the SimmonsSmith chemical reaction using the
with the -CHyl + | channeR®% Therefore, there is litle  zn—Cuy couple reacts more rapidly at the less highly substituted
possibility that the singlet Ci4 radical will be formed using  jsopropenyl double bontf This suggests that the methylene
ultraviolet CHl, photodissociation, and the singlet €Hadical transfer agent in the Simmon$mith chemical reaction is
is not the species that acts as a reagent of cyclopropanation ofjistinctly different from the isodiiodomethane species that reacts
olefins via ultraviolet excitation of diiodomethane. This conclu- ith olefins in the photocyclopropanation reaction using
sion is in good agreement with previous experimental evidence traviolet excitation of diiodomethane. Thus, the Simmens
that showed a lack of €H insertion products and a high degree = gmjth chemical reaction probably occurs via a carbenoid that
of selectivity for addition to more highly substituted alkef€S. g similar yet distinct from the CHi—I carbenoid found for the
Itis mterestmg 'Fhat C_H—I reacts_ with both a Iower barrier photochemical cyclopropanation reaction. It is interesting to note
to reaction and via a single reaction step in a direct manner ihat the SimmonsSmith reaction has a molecular leaving group
(like an elementary reaction step) with ethylene to give (Znl,) similar to the b leaving group found for the photocy-

cyclopropane and an iodine molecule. This is substantially clopropanation reaction (via the GH-I carbenoid).
different from the reaction of eithetCH,l or CH,l™ with

ethylene which require two reaction steps with both steps having
much larger barriers to overcome. Ti@H,l and CHl™ species
both form relatively stable iodopropyl radical and iodopropyl
cation intermediates, respectively, while @HI does not. This
appears to be an important reason for the effectiveness of the
CHal—1 species as a methylene transfer agent. Thel€H
reaction with ethylene also gives a stable iodine molecule
product while theCH,l and CHl " reactions with ethylene give
either an iodine atom or iodine cation product. This suggests
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