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Abstract: The different channels for the abstraction of an allylic hydrogen in the chlorine atom reaction with
isoprene were explored using ab initio methodology. It is shown that the metathesis reaction proceeds through
an associatior-elimination mechanism in which a weakly bound intermediate (HClsH7*) is formed first

(formal addition). Further evolution by HCI elimination leads to the finadHG* radical. QCISD(T)/aug-cc-
pVDZ/IMP2/6-31G(d,p) calculations show that for two of the possible pathways the barrier heights involved
are moderate and the formation of the intermediates are exergdBie (0). Therefore, the mechanism proposed

is both kinetically and thermodynamically feasible. The pressure dependence experimentally observed for the
Cl + isoprene reaction can be rationalized in terms of the assoctaiomination mechanism proposed.

Introduction abstraction and addition reactions, respectively (it has been

It has been recently reported that 2-methyl-1,3-butadiene ~ @SSUmed that, as in the case of the alkanes, the abstraction
(isoprene) is produced in seawater by phytoplankton. On the reaction of chlorine atqms with isoprene is pressure indepen-
other hand, the possibility that atomic chlorine contributes to dent)*° Chart 1 summarizes the expected values of the observed
the oxidation of organics in the marine boundary layer has also rate constantigyg for the reaction using either isoprene or fully
been discussed in the recent literateré. deuterated isoprene (isopretg-at different pressures. It should

The reaction between chlorine atoms and alkenes proceedse noted® that, on one hand, the addition reaction is expected
primarily by addition to a double bond to form a chlorine- to have a negligible isotope effect and that, on the other hand,
containing alkyl radical, which then adds,@o ultimately the assumption that abstraction becomes negligible for the fully
generate characteristic chlorine-containing oxygenated protlucts. deuterated compound is reasonable. According to this scheme,
However, gsmall portion of.the reaqtion proceeds via gbstraction one would expect thats for the reactions involving isoprene
of thq allyllc hydroger?.Particularly, in the case of the isoprene  ang isoprenals should differ by a constant amouriagg no
reaction it has been shown that about 15% of the overall reaction \awer the pressure under which the experiments were carried
at 1 atm pressure and room temperature proceeds by abstractlolaut_ However, the experimental results showed that whereas at

i 0
of an allylic hyqlrogeril. . . 760 Torr the two values dfqps are different, at low-pressure
The mechanism of these reactions is not fully underst§od. . L o . .
conditions they coincide within the experimental uncertainty.

Indeed, we focus on the reaction between Cl and isoprene: ) 4 i
Ragains and Finlayson-Pitfsspeculated that a possible expla-
Cl + isoprene—~ HCIl 4+ C;H,’ abstraction (1) nation is that the formation of HCl is not a direct bimolecular
abstraction but rather involves addition followed by elimination

M
Cl + isoprene= [Clmisoprene]*u» CH.ClI addition of HCl,

)

M
Cl + isoprene= [CI---isoprene]*u> HCl + C;H/
with kaps and kaedP) denoting the rate constants for the

addition+ elimination (3)
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Chart 1. Contributions to the Observed Rate Constants All the geometrical parameters were fully optimized and all the
(ko for the Isoprenet Cl and Isoprenals (Fully structures located on the PES were characterized at the MP2/6-31G-
Deuteratedi- Cl Reactions at High (760 Torr) and Low (d,p) level by computing the corresponding Hessian matrix, examining
(0.2-5 Torr) Pressures the number of imaginary frequencies from it.
The reaction paths of the different channels (see below) were
) Pressure P=760 Torr P=0.2-5 Torr followed starting from the geometries of the transition structures by
Reaction using the intrinsic reaction coordinate (IRC) algorithm in the mass-
Isoprene + Cl kaaa (P=760) + ks Kaga (P=0.2-5) + Kaps weighted internal coordinaté$!®
Isoprene-ds + Cl ko (P=760) Koy (P=0.2-5) Itis well-established (see refs 389 and references cited therein)
that the use of the coupled-cluster method with singles, doubles, and a

quasi-perturbative estimate of the contributions of triple excitations
A similar conclusion was reached by Kaiser and Wallington provides, in general, quite accurate energetics. Accordingly, QCISD-

in their study on the pressure dependence of the reactien Cl (T)//IMP2 single-point calculations were carried out in order to improve
CaHe 1t the energy predictions. On the other hand, it is well-known that the

. . . . . . presence of diffuse functions in the basis set allows for an appropriate
Under this hypothesis, Chart 1 is still valid with the only representation of the dispersion forces which may play an important

change that the rate constant for the abstraction reaction (eq 3)je in the stabilization of the weakly bound comples@&8Since some

is now pressure dependent; ilewns= KandP). At P = 760 Torr, of the structures in the present work belong to this latter class, we
kobs for the two reactions should be different, whereas, as used Dunning’s correlation-consistent augmented bagistagterform
Ragains and Finlayson-Pitts concluded, in the case khat QCISD(T)/aug-cc-pVDZ//MP2/6-31G(d,p) single-point calculations on
(P=0.2-5) ~ 0, the values okgs for the reactions involving the structures located in the different channels. Each such calculation

isoprene and isoprerd-should be the same, in agreement with for a Cl-isoprene structure (214 basis functions) required about 111 h
the experimental findings. of CPU time on a SGI Origin 2000 computer running with 700 MB

Bedjanian and co-workefscarried out a low-pressure study RAM.

. . All the MP2 energy values reported in this work correspond to spin
of the same reaction at different temperatures {2320 K) and projected calculations (PMP2) to correct for spin contamina#on.

fOU“U,' tha't Kabs i,s greater than the corresponding value in Regarding the QCISD(T) energies, Starifdmas shown that, even in
reactions involving alkanes. These authors concluded that twoccsp, all spin contamination is esentially removed from the coupled-

possible explanations can be invoked: (&) in addition to the cjuster wave functions.
direct hydrogen atom transfer channel that occurs it @lkane The thermodynamic functionsAH, AS, and AG) were estimated
reactions, the additiorelimination process suggested by Ragains within the ideal gas, rigid-rotor, and harmonic oscillator approxima-
and Finlayson-Pitts can operate, and/or (b) the allylic hydrogen tions?* as implemented in Gaussian®38&vhich was the package of
abstraction can proceed faster than the hydrogen abstraction irPrograms employed to carry out all the calculations reported in this
alkanes as a consequence of the fact that théi®ond for work. A temperature of 298.15 K and a pressure of 1 atm. were
allylic hydrogens is weaker than the-& bond for alkanes. ~ assumed.
This latter point could be questioned by realizing that although
the activation barrier predicted by these authors for the abstrac-
tion reaction ClH+ isoprene is rather small (0.22 0.35 kcal/ Chart 2 shows the four different channels{B) located on
mol),12it is still greater than the barrier associated with the direct the PES through which a chlorine atom abstracts an allylic
hydrogen abstraction in the G+ butane reaction which is  hydrogen atom from isoprene, and Figurestldepict two views
predicted to be ni.In any case, as concluded by Bedjanian Of the structures involved in each channel (in what follows we
and co-workerd? since thekapsthey report was not measured will use the notation introduced in these figures to denote the
as a function of pressure (only the pressure dependerikgsof different structures). An exhaustive search on the PES failed to
= Kabs+ kadqWas studied), the distribution between hydrogen locate a transtion structure like that proposed by Ragains and
atom direct abstraction and additiealimination mechanism  Finlayson-Pitt¥ (see structure 4 above). Therefore, according
was not possible. to our MP2/6-31G(d,p) calculations, an additieglimination

In the present work we carried out an ab initio Study of the mechanism inVOIVing the transition structure 4 can be ruled out.

different channels thropgh which the gbstra_ction of an allylic "~ (14) Gonzalez, C.; Schlegel, H. B. Phys. Chem1989 90, 2154.
hydrogen in the chlorine atom reaction with 2-methyl-1,3- (15) Gonzalez, C.; Schelegel, H. B. Phys. chem199Q 94, 5523.
butadiene (isoprene) proceeds. As remarked in previous experi- (16) Feller, D.; Sordo, J. AJ. Chem. Phys200Q 112, 5604.

10 . (17) Feller, D.; Sordo, J. Al. Chem. Phys200Q 113 485.
mental workst? the study of that process is of fundamental (18) Sordo, J. AJ. Chem. Phys2001 114, 1974.

mechanistic and kinetics interest since its understanding is  (19) Dunning, T. H., JrJ. Phys. Chem. £00Q 104, 9062.
critical for assessing the sinks of both isoprene and atomic g% ﬁpogelrl, JR.;:otE)za, B. PhTysHCf}[almF.’ éROOC(),: #Oril 3332% 6796

H H H enaall, R. A.; bunning, |. A., . yS. e 2 .
chiorine in the marine boundary layer. (22) Sekusak, S.; Liedl, K. R.; Sabljic, A. Phys. Chem1998 102,
1583.
Methodology (23) Stanton, J. FJ. Chem. Phys1994 101, 371.

. . . (24) McQuarrie, D. A Statistical Thermodynamig&/niversity Science
The potential energy surface (PES) corresponding to the abstractionBooks: Mill Valley, CA, 1973.

of an allylic hydrogen in the reaction between chlorine atom and (25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
isoprene was extensively explored at the MP2/6-31G(d,p) level of M- A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;

; i PR ; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
theory. A previous study on a similar reaction |nv0_IV|ng a smaller D.: Kudin, K. N.: Strain, M. C.. Farkgsp, 0.: Tomasi. J.: Barone, V. Cossi.
alkene (ethylene), where the use of larger basis sets and morey ' cammi, R.- Mennucci, B.: Pomelli, C.. Adamo, C.: Clifford, S.:
sophisticated theoretical methods were feasible, allowed us to concludegchterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
that, in general, such a level provides reliable structural information. D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,

Results and Discussion

(11) Kaiser, E. W.; Wallington, T. 1. Phys. Chem1996 100, 9788. I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
(12) Bedjanian, Y.; Laverdet, G.; Le Bras, G.Phys. Chem. A998 Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
102, 953. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

(13) Brdra, P.; Menadez, B.; Ferfadez, T.; Sordo, J. Al. Phys. Chem. M.; Replogle, E. S.; Pople, J. AGaussian 98 Revision A.6; Gaussian,
A 200Q 104 10842. Inc.: Pittsburgh, PA, 1998.
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Figure 1. Reactive (ISOR), intermediate @hsy), transition structure
(TSabs), and product (P1) for the abstraction reaction (channel A; see
Chart 3) between chlorine atom and isoprene.

Chart 2. Different Channels for the Allylic Hydrogen
Abstraction in the CH Isoprene Reaction
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Figure 2. Reactive (ISOB), intermediate (s, transition structures

(TSas, TSas), and product (P1) for the abstraction reaction (channel
B; see Chart 3) between chlorine atom and isoprene.

TSap2 (C1)

A and B, and T&; allows a connection to P2 in channel C with
P4 in channel D).

In the first channel (see channel A in Chart 3), the chlorine
atom approaches isoprene, forming an angle of abouwith
the quasi-planar carbon skeleton of the isoprene moiety (see
TSaps1in Figure 1). As the chlorine atom approaches, the allylic
hydrogen below the plane of the paper (see channel A in Chart
2) moves up in such a way that the;EG+=C—CH,* moiety
becomes planar, with the remainingCH=CH, perpendicular
to it (see TGps1 and P1 in Figure 1). After overcoming a
moderate barrierAE¥ = 4.4—5.2 kcal/mol;AG* = 8.5-10.0
kcal/mol) the intermediateysiis obtained.

Figure 1 shows thaty)s; is a weakly bound complex that
can be formally viewed as a long-distance interaction (2.357
A) between HCI and gH;* moieties. As shown by théH
values in Table 1, formation ofds1is an exothermic process.
Our best estimate oAG using the QCISD(T)/aug-cc-pVDZ
electronic energy suggests that, despite the remarkable entropy
contribution—TAS (+4.8 kcal/mol), the formation ofyhs1is a
spontaneous proces§@ = —2.1 kcal/mol). ns1evolves toward
P1 + HCI. This latter process is endothermic but, of course,
entropy favored. The overall process of formation ofHPHCI
from the reaction between chlorine atom and isoprene is thus
exergonic AG = —5.4 kcal/mol). The presence gfd1suggests
that channel A is formally an additionagk)—elimination (P1

Table 1 collects the relative electronic energies and changes+ HCI) pathway (we can denote it associatieglimination)

in enthalpy, entropy, and Gibbs free energy corresponding to
all the structures in channels#D, and in Chart 3 the energy
profiles (electronic energies) of these four pathways are

represented by eq 3, with an expected pressure dependence in
agreement with the experimental evidefAge.
In channel B (see Chart 3), isoprene (ISQRreviously

represented (it should be noted that P1 is common to channelgransforms into a different conformer (ISg)Rvith a nonplanar
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Formation of }ps2is @ spontaneous procegsd = —2.2 kcal/
mol), and the subsequent, entropy favored, abstraction of HCI
finally leads to P1, the same product as in channel A.

In channel C (see Chart 3), the chlorine atom attacks the
methyl group of isoprene (ISQF, forming a smaller angle
(about 40) with the quasi-planar carbon skeleton of isoprene
than in channels A and B (see Zssin Figure 3 and compare
with TSaps1and TSps2in Figures 1 and 2). This process involves
a moderate barrietAE* = 4.5-10.5 kcal/mol;AG* = 8.0—

12.8 kcal/mol) and leads to the intermediaigsthat is a weakly
bound complex in which HCI and<El;* moieties are 2.415 A
apart. An important difference withyds; and bps2 is that the
carbon skeleton in §H" is for Iapssquasi-planar (see Figure 3).
As a consequencespksbecomes more endergonic thaps] and
lasz (AG = +2.3 kcal/mol). Further evolution to obtain a planar
conformer of GH7* (P2) and HCI is enthalpy disfavored but
entropy favored AG = —0.7 kcal/mol). P2 transforms into
another conformer (P3; see Figure 3) passing through (NE*

= 7.1-7.4 kcal/mol; AG* = 11.0-11.2 kcal/mol). Table 1
shows that this latter step is enthalpy disfavored and the overall
process of formation of P3 is endergonicG = +2.9 kcal/

>
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mol).

In channel D (see Chart 3), the chlorine atom abstracts that
allylic hydrogen lying quasi-planar with the carbon skeleton of
the isoprene moiety (see I« in Figure 4), overcoming a
moderate barrierAE* = 5.5—10.7 kcal/mol,AG* = 7.6-14.0
kcal/mol) and leading to the weakly bound complgxdwith
a distance between HCI and:i;* moieties of 2.272 A. This
intermediate is more endergonic than any other of the intermedi-
ates found in channels-AC (AG = +3.9 kcal/mol). Further
evolution gives a 6H;* conformer (P4) quite similar to P2
(compare P2 and P4 in Figures 2 and 4) plus HCI. These two
latter conformers convert into each other through a transition
structure (TQy) involving a practically negligible barrier.

Taking into account the above energy results, it can be
133 concluded that channels A and B represent favorable pathways
= o for the abstraction of an allylic hydrogen in the reaction between

1475 chlorine atom and isoprene. Indeed, the barriers involvegh(TS
Lo TSag, TSas) are moderateXE* < 6 kcal/mol;AG* < 11 kcal/
mol) and the formation of the final product (P4 HCI) is an
exergonic processAG = —5.4 kcal/mol). Therefore, both
kinetic and thermodynamic considerations support the viability
of such channels. The two pathways involve the formation of
intermediatesghsa lansa Which can be considered as the products
of an exergonic addition reaction between chlorine atom and
isoprene AG ~ —2 kcal/mol). Further evolution of these
intermediates leads to the elimination of HCI and formation of
CsH7 (P1). Consequently, these channels represent assoeiation

P2(C) ) elimination pathways which may be responsible for the pressure
Figure 3. Intermediate (), transition structures (TS TS TS4), dependence experimentally observed. The two remaining chan-
and products (P2, P3) for the abstraction reaction (channel C; see Charf€ls involve similar barriers (Tabsz TSapsa TS2s; See Table 1)
3) between chlorine atom and isoprene. but less stable intermediategsés lanss See Table 1), although
the formation of the gH7* radical P4 in channel D, after
eliminating HCI, is exergonicAG = —0.7 kcal/mol). In any
case, channels C and D represent less favorable routes than
channels A and B.

It should be stressed that, as pointed out by Molina and co-
workers?® the presence of weakly bound complexes such as
the intermediates described in the present work are expected to
play a more and more relevant role as the temperature lowers
and the entropy contributions become smaller (upper troposphere
regions).

1481

[N
L
) 107

TS2 (Cp) TS (Cy)

\‘N‘ 1.081

 1os 1081
e

1.080
1081 1481
\ '

S
@/1 356
AN

1.081 \ L 1079

carbon skeleton (see IS@ Figure 2). Such a conformational
transformation involves a rather small energy barriengf AE

= 5.4-5.5 kcal/mol; AG¥ = 5.1-5.3 kcal/mol). Then, the
chlorine atom approaches isoprene in a way similar to that in
channel A (compare Tas1and TSps2 in Figures 1 and 2),
surmounting a moderate barriexf* = 3.4—5.1 kcal/mol,AG*

= 8.9-10.6 kcal/mol) and leading to the intermediaigd As

in the case of 4si lapsz can be formally considered as a
molecular association with HCI andsi87* moieties interacting

at a long distance (2.366 A). As a matter of fact, Figures 1 and
2 show thatdns1and bpsorepresent two conformational varieties
of the same molecular complex.

(26) Molina, M. J.; Molina, L. T.; Golden, D. MJ. Phys. Chem1996
100, 12888.
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Figure 4. Intermediate @ns9, transition structure (T5s9, and product (P4) for the abstraction reaction (channel D; see Chart 3) between chlorine
atom and isoprene.

Table 1. PMP2/6-31G(d,p) 4Epwe) and QCISD(T)/ Chart 3. Energy Profiles for the Different Routes of the ClI

aug-cc-pVDZ//MP2/6-31G(d,p)NEqcisar) Relative Electronic + Isoprene Abstraction Reaction
Energies (kcal/mol) for the Structures Located on the Potential

Energy Surface of the Different Channels for the Abstraction

Reaction between Chlorine Atom and Isoprene ‘Channel A
system channlAEpyps AEQCISD(T) AHC¢ AS AG® ISQPA "',x TSahs1 ‘\‘

TSabst A 5.2 44  3.1(1.7) —25.2 10.0(8.5) a i ]

labs1 A -48 —62 -49(-6.9)—-16.0-0.8(-2.1) rHa

P1+HCI AB -10 -13 -21(3.0) 7.9-51(54) P

TSas B 5.4 55 46(47) —20 51(5.3)

ISORs B 2.3 29 22(2.8) 0.8 2.0(2.6) Channel B

TSabs2 B 7.4 6.3  6.0(4.3) —24.0 12.6 (11.5) ; _

labs2 B —46 —59 —47(-65)—14.6—1.0(-2.2) sop. | T

TSabs3 C 10.5 45  7.0(0.3) —25.7 12.8(8.0) 150P, Pl ;

labsa c 55 1.1 31€21)-150 7.0(2.3) & T @ S

P2+ HCI C 10.0 6.0 6.3 (1.8) 8.5 3.20.7) ’ : —

TS+ HCI C 17.1 13.4 16.4(12.1) 5.4 14.2(10.5) [T

P3+HClI C 12.6 94  9.2(55) 8.7 6.0(2.9) —

TSabsa D 10.7 55  6.2(0.5) —24.1 14.0(7.6) — Chanmdl C

labs4 D 7.1 23  47¢07)-153 8.6(3.9) ;TS

P4+HCI D 10.0 6.0 63(1.8) 85 3.2(07) F— / .

TSu+HCI C,D 103 64 59(15 69 3.30.6) sop, | ' prenict) P3+HCL
a All the energies are referred to isoprene (ISPP Cl except T@s a H s o

and ISOR which are referred to ISQPRelative enthalpies\H¢, kcal/

mol), entropiesAS cal/(K-mol)), and Gibbs free energieAG¢, kcal/ P2 g, 0 P4

mol) are also given (298.15 K and 1 atm were assunfe8ge Scheme Channel D

3. P Using AEpwrz and AEqcisp(ryaug-cc—pvpz (Parentheses) electronic
energies and MP2/6-31G(d,p) frequencies.

’." TSubss l\‘
\ P4+HC

ISOP, !
o Y Tabss
Before ending, we would like to make a short comment on 2 —
the reliability of the energetics collected in Table 1. In a previous
work3we have shown that the QCISD(T)/aug-cc-pVDZ//MP2/
6-31G(d,p) level provides estimates for the activation barriers the Cl + ethylene reaction, 9.4 kcal/mél (experimental
and exo-/endothermicities which were consistent with the estimate: 3-7 kcal/mol)?7~30
experimental data available. As mentioned in the Introduction
section, Bedjanian and co-work&festimated the activation
barrier for the abstraction reaction €lisoprene to be 0.2z An exhaustive exploration of the different possible channels
0.35 kcal/mol. Our best theoretical estimate of this experimental for the abstraction of an allylic hydrogen in the chlorine atom
parameter E, = AH* + 2RT), using the QCISD(T)/aug-cc-  reaction with isoprene has been carried out at the MP2/6-31G-
pVDZ/IMP2/6-31G(d,p) electronic energy in Table 1 for the (d.p) level. Further QCISD(T)/aug-cc-pVDZ//MP2/6-31G(d,p)
abstraction barrier in channel A (IS), is 2.9 kcal/mol. Bearing ~ c@lculations were performed in order to improve the energy
in mind the limitations inherent in our calculations, especially pred|ct|ons. )
the use of harmonic frequencies for the highly anharmonic Four @fferent pathways were chara_cte_n_ze_d. I_n all of them
intermolecular vibrations in Ts31° as well as the experimental abstraction proceeds through an associatilmination mech-

uncertaintied? the agreement is acceptable. This rather small ~ (27) Parmer, S. S.; Benson, S. W.Phys. Chem1988 92, 2652.

At : : : (28) Dobis, O.; Benson, S. W. Am. Chem. Sod.991, 113 6377.
activation energy contrasts with the clearly higher barrier found (29) Kaiser, E. W.. Wallingnton, T. 4. Phys. Chem1996 100, 4111.

using a similar level of theory for the hydrogen abstraction in  (30) Pilgrim, J. S.; Taatjes, C. Al. Phys. Chem1997 101, 4172.

Conclusion
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anism. In a first step, the chlorine atom approaches isoprenedynamically favored, allows for the rationalization of the
forming a weakly bound intermediate after overcoming a pressure dependence experimentally observed for the reaction
moderate barrier. In particular, the activation energy theoretically of chlorine atom with isoprene.

estimated for the most favorable channel is 2.9 kcal/mol. This o ) )
barrier, which is consistent with the experimentally estimated  Acknowledgment. Partial financial support by DGES (Madrid,
value of 0.22+ 0.35 kcal/mol, is substantially smaller than that Spain) under Project PB97-0399-C03-03 is greatly acknowl-
for the hydrogen abstraction in the Gi ethylene reaction  €dged.

[QCISD(T)/IMP2 estimate, 9.4 kcal/mol; experimental estimate,
3—7 kcal/mol]. For two of the pathways, this first step, that
can be formally considered to be an addition, is exergof(® (

< 0). Further entropy favored evolution leads tos4¢ radical,
after elimination of HCI. Therefore, the proposed association
elimination mechanism, which is both kinetically and thermo- JA011302J
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