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An ab initio study of the reactions of CH,X—X (X=Cl, Br, I)
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XUFENG LIN, CUNYUAN ZHAO and DAVID LEE PHILLIPS*

Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong SAR, P.R. China

(Received November 2004, in final form December 2004)

An ab initio investigation of the reactions of the CH,X—X (X==Cl, Br, I) isodihalomethanes with nCH;OH is reported.
The reactions are found to be catalyzed by the methanol molecules and the barriers to reaction increase as the halogen atoms

are varied from Cl to Br to L.
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1. Introduction

Polyhalomethane molecules are of interest in a wide range
of areas including atmospheric chemistry (as sources of
reactive halogen molecules) [1-3] and synthetic chem-
istry (as reagents for the cyclopropanation of olefins and
diiodomethylation of carbonyl compounds) [4—7]. Ultra-
violet photolysis of a number of polyhalomethanes in the
condensed phase results in photoproduct(s) that have
characteristic and intense transient absorption bands in the
ultraviolet and visible wavelengths [8—10]. Recent
femtosecond time-resolved absorption experiments indi-
cate these photoproduct species are produced by solvent
induced geminate recombination of the initially formed
fragments [11-13]. Time-resolved resonance Raman
spectroscopy (TR?) experiments showed that the intense
transient absorption bands observed on the ultrafast to
nanosecond time-scales in liquid solutions were mostly
due to isopolyhalomethane products [14—18].

Both theory and experiment were utilized to examine
the chemical reactivity of the isopolyhalomethane
photoproduct species. It was discovered that these species
can be effective carbenoids for cyclopropanation of olefins
[19-23]. For instance, density functional theory (DFT)
calculations found that isodiiodomethane (CH,I—I) can
readily react with ethylene to produce a cyclopropane
product and I, leaving group via a single step reaction with
a low barrier of about 2.9kcal/mol [19]. The TR?
experiments were also done under conditions similar to
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the original photochemical studies that produced
norcarane (the cyclopropanated product of cyclohexene)
[21]. These TR? experiments showed that CH,I—1 reacts
with cyclohexene on 5-10ns time scale and then
immediately forms a I/cyclohexene complex (from the
I, leaving group and the cyclohexene solvent [21]. This
and the DFT calculation results indicates that the CH,I—I
species is the predominant methylene transfer agent
for cyclopropanation reactions utilizing the ultraviolet
photolysis of CH,I, in the presence of olefins [5, 19, 21].
A reaction mechanism was proposed to account for the
experimental and computational results [5, 19, 21].

It is known that carbenoid species as well as carbenes
can also undergo OH insertion reactions with alcohols and
water [24, 25]. Recent picosecond TR? experiments have
directly observed the reaction of isobromoform with water
to form a CHBr,OH product via an O—H insertion
reaction [26, 27]. A combined experimental and
theoretical study also found that CH,I—I can react with
water via an O—H insertion/HI elimination reaction [28]
More recently, ab initio calculations also indicate that
CH,LI—TI can react with methanol (CH30H) by an O—H
insertion/HI elimination reaction to produce a iodoether
(CH30CH,]) product and an HI leaving group [29]. In this
paper, we use ab initio calculations to study the CH,X—X
(X=Cl, Br, I) +nCH3;0H (n=1,2,3) reactions and
examine how the identity and properties of the halogen
atom influences these types of O—H insertion/HX
elimination reactions.
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2. Computational details

All of the ab initio calculations reported here utilized the
Gaussian 98 program suite [30]. The MP2 method was
used in the calculations. The 6-31G* basis set was
employed for all the C, H, O, Cl and Br atoms and the
lanl2dz basis set with a d polarization of 0.266 was used
for the I atoms. The geometry of the reactants,
intermediates, transition states and products were fully
optimized. Analytical frequency computations were done
to confirm the optimized structures to be either a minimum
or first-order saddle point and to obtain the zero-point
energies. Intrinsic reaction coordinate (IRC) calculations
[31] were done to confirm the transition states connected
the related reactants and products.

3. Results and discussion

3.1 Reaction of CH,X—X (X—=CI, Br, I) + nCH3;0H

The optimized geometries for all the stationary states were
fully optimized. Figures 1-3 presents schematic diagrams
for the optimized geometry for the stationary structures
found for the CH,X—X (X=Cl, Br, I) + nCH;OH
reactions. Figure 4 presents schematic diagrams for the
relative energy profiles for the CH,X—X (X==ClI, Br, I)
+ nCH;0H reactions from the MP2 calculations.
Examination of figures 1-3 reveals that the reactant
complexes (RCs) have some moderate H—X (where
X=Cl, Br, I) and C—O interactions between the
isopolyhalomethane species and the methanol molecule(s)
accompanied by some lengthening of the X—X bond
compared to their starting materials. These changes are
consistent with the methanol molecule(s) stabilizing the
reaction system and the relative energies of the RCs being
lower than the starting materials (SMs) in figure 4.

As the RCs proceed towards their respective transition
states (TSs) the H—X and C—O distances decrease
noticeably indicating there is partial H—X and C—O bond
formation in the TSs. For example, the H—Br and C—0O
distances go from 2.509-2.843 A in RC21 to 2.245 and
2.236 A in TS21 for the CH,Br—Br + CH;OH reaction.
These changes in the H—X and C—O distances are
accompanied by a significant weakening of the X—X bond
suggesting this bond is starting to break. For example,

the Br—Br distance goes from 2.689 AinRC21 t02.878 A
in TS21 for the CH,Br—Br 4+ CH;OH reaction.
The changes in the H—X, C—0O and X—X
distances as the RCs go to their respective TSs are
consistent with an O—H insertion/HX elimination
reaction occurring and this is similar to O—H insertion/HI
elimination reactions previously observed for isodiiodo-
methane (CH,I—I) with both H,O and methanol solvent
molecules [28, 29].

Inspection of figures 2 and 3 reveals that as the number
of methanol molecules explicitly involved in the reaction
system, the RCs and TSs have cyclic structures with
increasing hydrogen-bonding interactions. In the RCs, the
H—X interaction becomes stronger as the number of
methanol molecules increases in the reaction system.
For example, the HBr distance decreases from 2.509 A
in RC21 with one methanol molecule to 2.395 A in RC23
with three methanol molecules for the CH,Br—Br +
nCH;OH reactions. This is consistent with greater solvent
stabilization of the RCs as more methanol molecules are
added. This leads to the relative energies going from
—7.7Tkcal/mol for RC21 with one methanol molecule to
—30.2 kcal/mol for RC23 with three methanol molecules
as shown in figure 4 for the CH,Br—Br 4+ nCH;OH
reactions as an example.

Inspection of the relative energies for the CH,X—X +
nCH;OH reactions in figure 4 reveals that as the number of
methanol molecules in the reaction system increases, the
reaction barrier decreases. For example, the barrier
to reaction from RC31 to TS31 is 9.9kcal/mol for
the CH,I—I 4+ CH;OH reaction and decreases to 6.1 kcal/
mol from RC33 to TS33 for the CH,I—I + 3CH;0H
reaction. A similar trend is found in the Br case where the
barrier to reaction from RC21 to TS21 is 4.1 kcal/mol
for the CH,Br—Br + CH3OH reaction and decreases to
2.8 kcal/mol from RC23 to TS23 for the CH,Br—Br + 3
CH;O0H reaction. These changes observed in the barriers
to reaction suggest that addition of the methanol
molecules is catalyzing the O—H insertion/HX elimin-
ation reaction. This is similar to what we have previously
observed for the O—H insertion/HI elimination reactions
for isodiiodomethane (CH,I—I) with both H,O and
methanol solvent molecules [28, 29].

As the methanol molecules are added to the reaction
system, there tends to be smaller structural changes
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Figure 1. Schematic diagram displaying the MP2 optimized geometry for selected reactants, intermediates, transition states and products for the

reaction of CH,Cl—ClI + CH3;0H — CH,Cl—O—CHj; + HCI. Selected geometry parameters are also given with bond lengths in A and bond angles

in degrees.
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Figure 2. Schematic diagram displaying the MP2 optimized geometry for selected reactants, intermediates, transition states and products for the
reaction of CH,Br—Br + nCH30H — CH,Br—O—CH; + HBr + (n — 1)CH;0H where n = 1,2, 3. Selected geometry parameters are also given with

bond lengths in A and bond angles in degrees.

occurring as the reaction proceeds from its RC to its TS.
For example, the changes in the H—Br distance as the
reactions go from the RCs to their respective TSs are
—0.264A from RC21 to TS21 (for one methanol
molecule), —0.121 A from RC22 to TS22 (for
two methanol molecules) and —0.057 A from RC23 to
TS23 (for three methanol molecules) for the CH,.
Br—Br + nCH3;OH reactions as an example. Similarly,
the changes in the Br—Br distance as the reactions go from
the RCs to their respective TSs are +0.189 A from
RC21 to TS21 (for one methanol molecule), +0.134 A
from RC22 to TS22 (for two methanol molecules)
and +0.0129A from RC23 to TS23 (for three
methanol molecules) for the CH,Br—Br + nCH;OH
reactions. Similar trends are also observed for the
CH,I—I + nCH30H reactions. The smaller structural
changes observed in going from the RCs to their
respective TSs as the number of methanol molecules
increases suggest less energy will be needed to go from the
RCs to their TSs and this is consistent with methanol
catalyzing these reactions.

3.2 Comparison of the Reactions of CH,X—X
(X=Cl, Br, I) + nCH;0H and Influence
of the Halogen Atoms

Inspection of figures 1-3 reveals there are some
noticeable trends as the halogen atoms are varied from
Cl to Br to I. In the RCs, the H—X distance becomes
weaker as one goes from CI to Br to I. For example, the
H—ClI distance in RC11 is 2.267 A, the H—Br distance in
RC21 is 2.509 A and the H—T distance 2.882 A in RC31.
These changes are accompanied by weaker C—O
interactions as the halogens are varied from CI to Br to
I. For example, the C—O distances are 2.626 A in RC11
(X=Cl), 2.843 A in RC21 (X=Br) and 3.167 A in RC31
(X=I) for the CH,X—X + CH3;OH reactions. The
weaker H—X and C—O interactions as the halogens
vary from Cl to Br to I correlate with the stabilization
energies observed for the RCs which have values of
—7.8kcal/mol for RCI11 (X=Cl), —7.7kcal/mol for
RC21 (X=Br) and —6.4kcal/mol for RC31 (X=ClI).
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Figure 3. Schematic diagram displaying the MP2 optimized geometry for selected reactants, intermediates, transition states and products for the
reaction of CHI—I + nCH3;0H — CH,1—O—CH3 + HI + (n — 1)CH3;0H where n = 1,2, 3. Selected geometry parameters are also given with bond

lengths in A and bond angles in degrees.

This suggests that greater H—X and C—O interactions are
largely responsible for the stabilization of the RCs and
the RCs will be stabilized more by the more electro-
negative halogen atoms (C1 > Br > I).

The TSs also show noticeable trends in their structures
as the halogen atoms are varied from Cl to Br to I. The
H—X distances become weaker and go from 2207 A in
TS11 (X=CI) to 2.245 A in TS21 (X=Br) to 2.401 A in
TS31 (X=I). The C—O bond formation becomes stronger
and go from 2.492 A in TS11 (X=Cl) to 2.236 A in TS21
(X=Br) to 2.134A in TS31 (X=I). These changes
indicate that the H—X interaction becomes weaker while
the C—O interaction becomes stronger in the TSs as the
halogen atoms are varied from CI to Br to L.

As the RCs go to their respective TSs, the changes in the
structures also exhibit trends as the halogen atoms are
varied from Cl to Br to I. The change in the H—X
distances as the RCs go to their respective TSs are
—0.060 A from RC11 to TS11 (X=Cl), —0.264 A from
RC21 to TS21 (X=Br) and — 0.481 A from RC31 to TS31

(X==I). The change in the C—O distances as the RCs go to
their respective TSs are —0.134 A from RC11 to TS11
(X=Cl), —0.607A from RC21 to TS21 (X=Br) and
—1.033 A from RC31 to TS31 (X==I). The changes in the
X—X distances as the RCs go to their respective TSs are
+0.047 A from RC11 to TS11 (X=Cl), +0.189 A from
RC21 to TS21 (X=Br) and +0.254 A from RC31 to TS31
(X==I). The smallest structural changes as the RCs go to
their respective TSs occur for X=CI. These barriers to
reaction become larger for X=Br and even larger for
I (e.g. Cl < Br < I) and suggests that less energy is
required to go from the RC to the TS for the X=ClI
compared to X=Br and in turn compared to X=I. These
structural changes correlate well with the trends in the
barriers to reaction from the RCs to their respective TSs.
The barriers to reaction are 0.2 kcal/mol from RCI11 to
TS11 for the CH,Cl—Cl + CH30H reaction, 4.1 kcal/
mol from RC21 to TS21 for the CH,Br—Br + CH;0H
reaction, and 9.9 kcal/mol from RC31 to TS31 for the
CH,I—I + CH3;OH reaction. Smaller structural changes



18: 23 14 January 2011

Downl oaded At:

CH>,X—X (X==ClI, Br, I) isopolyhalomethanes with nCH;OH 487

2 from the RCs to TSs correlate with lower barriers to

o- — reaction with CI < Br < I. Our present study indicates
— | 00 % that the isopolyhalomethanes become substantially more
E 2] SM ' reactive for the O—H insertion/HX elimination reactions
= 1 with methanol molecules as the halogen atoms go from I
i 49 to Br to CI with the CH,CI—Cl species being particularly
5 & : reactive.
2 76 il RC ™ T
5 ] 2 pe Acknowledgements
= 78 %.79.0

o0 1 o This research has been supported by grants from the

Reaction Coordinate

(CH,CI-CI) + CH;0H— CH,C1-O-CH; + HCI,

where SM = separated (CH.CI-Cl) + CH;0H.

-20+ "'-.:‘A—A_w'z T g ah
302 L2l

40 4 RC

-B60 4

Relative energy (Kcal mol‘1)

-80

S B o

Dﬂj
w N =

-100

Reaction Coordinate

(CH,Br-Br) + n CH;0H— CH,1-O-CH; + HBr +

(n-1) CH;0H (n=1,2,3), where SM = separated
(CH,Br-Br) + n CH;0H.

(e ]
1

-204

404

-60 4

Relative energy (Kcal mol ")

Lo e]
JﬁD
W N =

-804

Reaction Coordinate
(CH.I-1) + n CH;0H— CH,I-O-CH; + HI +
{n-1) CH;O0OH (n=1,2,3), where SM =
separated (CH,I-1) + n CH;0H.

Research Grants Council of Hong Kong (HKU 7021/03P)
and the Committee for Research and Conference Grants
(CRCQG) of the University of Hong Kong.

References

(1]

(2]

[3]

(4]
[5]

(6]

(7]

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

C.T. McElroy, C.A. McLinden, J.C. McConnell. Evidence for
bromine monoxide in the free troposphere during the arctic polar
sunrise. Nature (Lond.), 397, 338-341 (1999).

L.J. Carpenter, W.T. Sturges, S.A. Penkett, P.S. Liss. Short-lived
alkyl iodides and bromides at mace head, Ireland: Links to biogenic
sources and halogen oxide production. J. Geophys. Res. [Oceans],
104, 1679-1689 (1999).

B. Alicke, K. Hebstreit, J. Stutz, U. Platt. Iodine oxide in the marine
boundary layer. Nature (Lond.), 397, 572574 (1999).

H.E. Simmons, R.D. Smith. A new synthesis of cyclopropanes.
J. Am. Chem. Soc., 81, 4256-4264 (1959).

D.C. Blomstrom, K. Herbig, H.E. Simmons. Photolysis of
methylene iodide in the presence of olefins. J. Org. Chem., 30,
959-964 (1965).

P.J. Kropp. Photobehavior of alkyl halides in solution: Radical
carbocation and carbene intermediates. Acc. Chem. Res., 17,
131-137 (1984).

S. Durandetti, S. Sibille, J. Pérchon. Electrochemical cyclopropa-
nation of alkenes using dibromomethane and zinc in CH,Cl,/DMF
mixture. J. Org. Chem., 56, 32553258 (1991).

L. Andrews, F.T. Prochaska, B.S. Ault. Matrix photoionization and
radiolysis of CH,Cl, and CH,Br,. Infrared and ultraviolet
absorption spectra and photolysis of CH,Cl3 and CH,Br. J. Am.
Chem. Soc., 101, 9-15 (1979).

H. Mohan, K.N. Rao, R.M. Iyer. Identity of intermediates formed on
photolysis of CH,I, and CHI; in 3-methylpentane at 77 K. Radiat.
Phys. Chem., 23, 505—508 (1984).

G. Maier, H.P. Reisenauer, J. Lu, L.J. Schaad, B.S. Hess Jr.
Photochemical isomerization of dihalomethanes in argon matrices.
J. Am. Chem. Soc., 112, 5117-5122 (1990).

B.J. Schwartz, J.C. King, J.Z. Zhang, C.B. Harris. Direct
femtosecond measurements of single collision dominated geminate
recombination times of small molecules in liquids. Chem. Phys.
Lett., 203, 503—508 (1993).

K. Saitow, Y. Naitoh, K. Tominaga, Y. Yoshihara. Photoinduced
reactions of CHjl, in solution studied by the ultrafast
transient absorption spectroscopy. Chem. Phys. Lett., 262,
621-626 (1996).

A.N; Tarnovsky, J.L. Alvarez, A.P. Yartsev, V. Siindstrom,
E. Akesson. Photodissociation dynamics of diiodomethane in
solution. Chem. Phys. Lett., 312, 121-130 (1999).

X. Zheng, D.L. Phillips. Solvation can open the photoisomerization
pathway for the direct photodissociation reaction of diiodomethane:
Transient resonance raman observation of the iso-diiodomethane
photoproduct from ultraviolet excitation of diiodomethane in the
solution phase. J. Phys. Chem. A, 104, 6880—6886 (2000).

W.M. Kwok, C. Ma, A.W. Parker, D. Phillips, M. Towrie,
P. Matousek, D.L. Phillips. Picosecond time-resolved resonance

Figure 4. Relative energy (in kcal/mol) profiles are shown for the
CH,X—X + nCH;0H reactions obtained for the structures shown in
figures 1-3 from the MP2 calculations.

Raman observation of the iso-CH,l, photoproduct from the
“photoisomerization” reaction of diiodomethane in the solution
phase. J. Chem. Phys., 113, 7471-7478 (2000).



18: 23 14 January 2011

Downl oaded At:

488

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

X. Lin et al.

X. Zheng, D.L. Phillips. Photoisomerization reaction of CH,Brl
following A-band and B-band photoexcitation in the solution phase:
Transient resonance raman observation of the iso—CH,IBr
photoproduct. J. Chem. Phys., 113, 3194-3203 (2000).

X. Zheng, W.H. Fang, D.L. Phillips. Transient resonance raman
spectroscopy and density functional theory investigation of iso-
polyhalomethanes containing bromine and/or iodine atoms.
J. Chem. Phys., 113, 10934-10946 (2000).

X. Zheng, C.W. Lee, Y.L. Li, W.H. Fang, D.L. Phillips. Transient
resonance raman spectroscopy and density functional theory
investigation of iso-CHBr,Cl and iso-CCl3Br photoproducts
produced following ultraviolet excitation of CHBr,Cl and CCl;Br.
J. Chem. Phys., 114, 8347-8356 (2001).

D.L. Phillips, W.H. Fang, X. Zheng. Iso-diiodomethane is
the methylene transfer agent in cyclopropanation reactions
with olefins using ultraviolet photolysis of diiodomethane
in solutions: A density functional theory investigation of the
reactions of iso-dilodomethane, iodomethyl radical and iodomethyl
radical cation with ethylene. J. Am. Chem. Soc., 123, 4197-4203
(2001).

D.L. Phillips, W.H. Fang. Density functional theory investigation of
the reactions of CH,X—X (where X=Cl, Br or I) with ethylene:
Substituent effects on the carbenoid behavior of the CH,X—X
species. J. Org. Chem., 66, 5890—5896 (2001).

Y.L. Li, K.H. Leung, D.L. Phillips. Time-resolved resonance raman
study of the reaction of iso-diiodomethane with cyclohexene:
Implications for the mechanism of photocyclopropanation of olefins
using ultraviolet photolysis of diiodomethane. J. Phys. Chem. A,
105, 10621-10625 (2001).

W.H. Fang, D.L. Phillips, D. Wang, Y.L. Li. A density functional
theory investigation of the Simmons—Smith cyclopropanation
reaction: Examination of the insertion reaction of zinc into the C—I
bond of CH,I, and subsequent cyclopropanation reactions. J. Org.
Chem., 67, 747-752 (2002).

Y.L. Li, DM. Chen, D. Wang, D.L. Phillips. Time-resolved
resonance Raman and density functional theory investigation of
iodocyclopropanation and addition reactions with alkenes after
ultraviolet photolysis of iodoform. J. Org. Chem., 67, 42284235
(2002).

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

C.J. Moody, G.H. Whitman. Reactive Intermediates, S.G. Davies
(Ed.), Oxford University Press, New York (1992).

C. Gonzalez, A. Restrepo-Cossio, M. Marquez, K.B. Wiberg.
Ab initio study of the stability of the ylide-like intermediate
methyleneoxonium in the reaction between singlet methylene and
water. J. Am. Chem. Soc., 118, 5408—5411 (1996).

W.M. Kwok, C. Zhao, Y.-L. Li, X. Guan, D.L. Phillips. Direct
observation of an isopolyhalomethane O—H insertion reaction with
water: Picosecond time-resolved resonance raman study of the
isobromoform reaction with water to produce a CHBr,OH product.
J. Chem. Phys., 120, 3323-3332 (2004).

W.M. Kwok, C. Zhao, Y.-L. Li, X. Guan, D. Wang, D.L. Phillips.
Water-catalyzed dehalogenation reactions of isobromoform and its
reaction products. J. Am. Chem. Soc., 126, 3119-3131 (2004).
W.M. Kwok, C. Zhao, X. Guan, Y.-L. Li, Y. Du, D.L. Phillips.
Efficient dehalogenation of polyhalomethanes and production of
strong acids in aqueous environments: Water catalyzed O—H
insertion/HI elimination reactions of isodiiodomethane (CH,I—I)
with water. J. Chem. Phys., 120, 9017-9032 (2004).

X. Lin, C. Zhao, D.L. Phillips. Ab initio investigation of the O—Y
(Y=CHj3;, H) insertion/HI elimination reactions of CH,I—I with
CH;0H and H,O: Comparison of methanol and water catalyzed
reactions. Chem. Phys. Lett., 397, 488—494 (2004).

M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb,
J.R. Cheeseman, V.G. Zakrzewski, J.A. Montgomery Jr., R.E.
Stratmann, J.C. Burant, S. Dapprich, J.M. Millam, A.D. Daniels,
K.N. Kudin, M.C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi,
R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J.
Ochterski, G.A. Petersson, P.Y. Ayala, Q. Cui, K. Morokuma, D.K.
Malick, A.D. Rabuck, K. Raghavachari, J.B. Foresman, J.
Cioslowski, J.V. Ortiz, A.G. Baboul, B.B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R.L. Martin, D.J.
Fox, T. Keith, M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, C.
Gonzalez, M. Challacombe, M. Challacombe, PM.W. Gill, B.
Johnson, W. Chen, M.W. Wong, J.L. Andres, C. Gonzalez, M.
Head-Gordon, E.S. Replogle, J.A. Pople. Gaussian 98W, Revision
A.7, Gaussian Inc., Pittsburgh, PA (1998).

C. Gonzalez, H.B. Schelegel. An improved algorithm for reaction
path following. J. Chem. Phys., 90, 2154—-2161 (1989).



