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DFT B3LYP calculations with the 6-31G(d,p), 6-311G(d,p), 6-3C(d,p), and 6-31%+G(d,p) basis sets

were carried out to explore the mechanisms of the €,(X3Z;") — CO, + H (1) and CH+ Oy(X3%4")

— CO + OH (2) reactions. On the basis of the calculated reaction paths, the two reaction channels are
predicted to occur via the following reaction steps. The CH radical initially attacks one of the O atoms of the
O(%247) molecule, leading to an intermediate HCOO (IMA)), followed by formation of a bond between

the C atom and the distal O atom in IM1, leading to an nonplanar structure (intermediate IM2) having a COO
ring. The rupture of the ©0 bond in IM2 leads to the formyloxyl radical (HGOplanar) in its?B, state
(IM3a). The?B, formyloxyl radical (IM3a) can be easily converted into fifg formyloxyl radical (IM3b)

via either a transition statéA’) or crossing of théB, and?A; potential energy surfaces. The final products

of reaction channels 1 and 2 are obtained from IM3b via trivial chemical processes: (i) for channel 1, an H
dissociation process and (ii) for channel 2, H migration from the C center to one of the two O centers leading
to an intermediate (OCOH, IM4), followed by cleavage of the centralObond in IM4. All these reaction

steps have transitions states except the initial step and the step from IM4 to @B. The energies of all

the transition states, all the intermediates, #e—2?B, crossing region, and the final products are lower or
much lower than that of the reactants, which indicates that reaction channels 1 and 2 are energetically feasible.
The energy levels, structures, and characteristics of the thetates A1, °B,, and?A’) of the formyloxy!

radical were carefully studied at the B3LYP levels, and the results are compared with previous theoretical
results. The initial attack via the least-motion approach (insertion of CH iatdit@ctly, leading to IM3b)

was examined, but the calculations imply that it is not feasible. The CASSCF and CASPT2 methods were
also attempted for the reaction path calculations. It has been noted that quantitatively reliable CAS calculations
for these radical reactions would be technically difficult to make at the present stage.

Introduction reaction and collisional excitation in #t CO,, and their paper
The reaction of the methylidyne radical CHX) with the is somewhat related to the CH O, reaction. S S
oxygen molecule is well-known to be of great importance in We have devoted our efforts to the theoretical investigation
combustion chemistry. Work on the CH# O, reaction was of the CH+ O, reaction mechanisms and have tried for years

begun at least 20 years ajand many experimental studie® LO obtarllrg ?ncohmm(ietel dla}gr?rrt\i Or]: ths Cﬂn?lz rsvactloln pla:hz th
on this reaction have been reported in the literature. Experiment Y quantum chemical calculations. Recently, we caiculated the

. . ) eaction paths for the two CH- O, reactions by using DFT
suggests that the reaction has two main channels: one leads t . ) :
f ; o _ density functional theord) B3LYP (Becke's three-parameter
the final products C&+ H with a AH" value of ~184.0 keal hybrid functiona? (B3) with the nonlocal correlation of Lee

[
mo Yang—Pari? (LYP)) method. We have noted that the DFT
CH+0,—CO,+H (1) B3LYP method was used by experimentalists and theoretidians
to make successful predictions of the reaction paths (reaction
and the other leads to the final products GaDH with a AH® mechanisms) of the f; + O reactions. In the present

theoretical study, we have predicted the feasible reaction paths
from the CH+ O(X3Z4") reactants to the final products of
CH+ 0O,— CO+ OH (2) reactions 1 and 2 on the basis of B3LYP calculations. We refer
to these paths as “the predicted reaction paths” of thetGBj

It is understood that the nolecule as a reactant in reactions reactions. We also examined other possible (plausible) reaction

1 and 2 is in its triplet ground state $X;). paths, but they were determined to be unfeasible or represent
The purpose of the present work is to study the mechanismsless important channels by the B3LYP calculations. We refer

of reactions 1 and 2 theoretically. To our knowledge, there are to these paths as “the examined reaction paths”. In addition,

very few theoretical papers in the literature that address the CHWe also performed CASSCF (complete active space self-

+ O, reaction. In 1993, Okada et&presented some preliminary ~ consistent field) reaction path calculations and CASP¥2

calculation results on reaction 1 in their experimental paper. In Single-point energetic calculations for stationary points.

1987, the HCOO potential energy surface (PES) was partially In the present paper, we report the predicted reaction paths

calculated at the Cl level by Schatz efdtom their study on ~ (mechanisms) of CH- O, reactions 1 and 2 and discuss the
results for the examined reaction paths. B3LYP results for the

* Corresponding author. E-mail: huangmb@es1.gsbustc.ac.cn. 2A; and 2B, states of the formyloxyl radical, as a reaction

value of —159.0 kcal/mol
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Figure 1. Schematic diagram of the potential energy curvey#long the predicted reaction paths for the &HD,(X%%4") — CO, + H and CH

+ O(X3%y") — CO + OH reactions. The values in parentheses are the B3LYP/6-3Q(d,p) relative energies in kcal/mol (corrected with the
B3LYP/6-31G(d,p) zero-point energies).

intermediate, are described in some details. CASSCF andare listed in Table 1. The relative energies given in Table 1
CASPT2 calculation results for the reactions will also be thatwere used include the B3LYP/6-31G(d,p) ZPE corrections.

reported and discussed briefly. We note that the B3LYP/6-3#1G(d,p) and B3LYP/6-311+G-
(d,p) calculations predict very similar energies and almost
Computational Procedure identical geometries for each of the IMs and TSs along the

(U)B3LYP calculations were carried out with the Gaussian Predicted reaction paths. The B3LYP/6-31£G(d p) relative
94W suite of programi§ using 6-31G(d,p), 6-311G(d,p), €nergies and optimized geometries are used unless otherwise
6-311+G(d,p), and 6-31%+G(d,p) basis set$ The stationary ~ noted:
points along the (predicted and examined) reaction paths were The predicted reaction paths (mechanisms) o-£B,(X%%y")
scanned in the B3LYP geometry optimization calculations with reactions 1 and 2 in the present study are briefly described as
the four basis sets (“at the four B3LYP levels”). B3LYP/6-31G- follows (see Figure 1). The CH radical initially attacks one of
(d,p) frequency analysis calculations were performed to char- the O atoms of the €°>) molecule, leading to an intermediate
acterize stationary points as intermediate complexes (IMs) or HCOO (IM1,2A"), and this reaction step is strongly exothermic
transition states (TSs) and to evaluate zero-point energies (ZPEsind has no transition state. The initial attack (“side-attack ")
that were used to correct the relative energies calculated at thestep is followed by the formation of a bond between the C atom
four B3LYP levels. To check the reaction path of each reaction and the distal O atom in IM1 via a transition state TS1, leading
step (see below), we performed B3LYP/6-31G(d,p) (B3LYP/ to a nonplanar structure (intermediate IM2) having-a@-0O
6-31H-G(d,p)) IRC (intrinsic reaction coordinate) calculations ring. The ring-opening (the rupture of the-@ bond) in IM2
starting at the transition state and B3LYP/6-31G(d,p) (B3LYP/ leads to the formyloxyl radical (HCQplanar) in its?B; state
6-31H-G(d,p)) point-wise calculations from reactants to prod- (IM3a) via a transition state TS2, and this reaction step is
ucts (or from products to reactants). The point-wise calculations strongly exothermic. TheéB, formyloxyl radical (IM3a) is
were needed to check the paths of the reaction steps having ne&onverted into théA; formyloxyl radical (IM3b) via either a
transition states (see below). TR®[values for all the IMs transition state (TS5) or the conical crossing of#Bgand?A;
and TSs along the (U)B3LYP/6-334-G(d,p) reaction paths  potential energy surfaces. The final products of reaction channels
were less than 0.775. 1 and 2 are obtained from IM3b via trivial chemical processes:

CASSCF geometry optimization calculations and CASPT2 (i) for channel 1, an H dissociation process via a transition state
single-point calculations (incorporating dynamical electron (TS3) and (ii) for channel 2, H migration from the C center to
correlation) were performed for the IMs and TSs along the one of the two O centers, leading to an intermediate (OCOH,
reaction paths using Gaussian 94W and MOLCAS 15.0, [M4) via a transition state (TS4), followed by cleavage of the

respectively. central C-O bond in IM4. The energies of all the transition
states, all the intermediates, the crossing point between IM3a
Predicted Reaction Paths and IM3b, and the final products are lower or much lower than

Figure 1 shows a schematic diagram of the predicted reactionthat of the reactants, which _indicates that reaction channels 1
paths for reactions 1 and 2. B3LYP/6-32+G(d,p) energies ~ and 2 are energetically feasible.

(corrected with the B3LYP/6-31G(d,p) ZPEs) of IMs, TSs, and  In the remainder of this section, we describe the predicted
the final products relative to that of the Cht Ox(X3%,) reaction paths step-by-step. However, we must first give a
reactants are given in Figure 1. The optimized structures of IMs description on the electronic states of the formyloxyl radical
and TSs at the four B3LYP levels are given in Figure 2. The on the basis of our B3LYP calculations.

relative energies at the four B3LYP levels together with the ¢ States of the Formyloxyl Radical.The formyloxyl (HCQ)
B3LYP/6-31G(d,p) ZPEs and imaginary frequencies for TSs radical is characterized by several low-lying electronic states,
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Figure 2. Optimized structures of the intermediate complexes (IMs) and transition states (TSs) along the predicted reaction paths for CH
O,(X3Z47) reactions 1 and 2. The values given in the first, second, third, and fourth rows are the parameters optimized at the B3LYP/6-31G(d,p),
B3LYP/6-311G(d,p), B3LYP/6-31tG(d,p), and B3LYP/6-31++G(d,p) levels, respectively. Bond lengths are given in A and angles, in deg.
HCO'C? denotes the dihedral angle in TS1 and TS2, and H,C,0,0 denotes the angle ofithba@d out of the OCO plane.

and the three lowest-lyingr states {A;, 2B,, and 2A") are energy levels, structures, and characteristics of low-lying (three
involved in the present study. TH&; and 2B, states of the o and threen) states of HC®@ using various ab initio (MP2,
formyloxyl radical were experimentally observed, and the MRCI, QCISD, CASSCF, and CASPT2) methods. Some of
experimental fact§ indicate that the former state is slightly more these states were also studied by Stanton ét aking the
stable than the latter. Rauk and co-work&e8 studied the EOMIP-CCSD method and by Ayala et4lusing nonorthogo-
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TABLE 1: Relative Energies? of the Intermediate Complexes, Transition States, and Products along the Predicted Reaction

Paths for CH + O, (X3%

~) Reactions 1 and 2 Calculated at the Four B3LYP Levels (with the Four Basis Sets), Together with

the Zero-Point Energie§?ZPE) and Imaginary Frequencie$ (IMG) for Transition States

IMG ZPE 6-31G(d,p) 6-311G(d,p) 6-311G5(d,p) 6-313-+G(d,p) exptt
CH + 05(324") 6.4 0.0 0.0 0.0 0.0
(—188.80084) (—188.85676) £188.86442) £188.86452)

IM1(?A") 105 —53.1 —52.3 —52.8 —52.7

TS1 1077i 9.9 —48.5 —46.6 —46.5 —46.4

IM2 11.9 —85.0 —81.7 —81.1 —81.1

TS2 2733i 10.7 —83.6 —80.6 —80.3 —80.3

IM3a(*B>) 12.4 —169.4 —168.8 —168.7 —168.7

crossing point {168.1% (—167.6% (—167.6% (—167.5%

TS5CA") 709i 11.3 —167.1 —166.7 —166.6 —166.5

IM3b(?Ay) 10.2 —170.8 —-171.1 —171.0 —170.9

TS3 986i 7.9 —165.3 —167.8 —167.3 —167.2

Co;+H 7.3 —175.0 —178.9 —=177.7 —-177.7 —184.0
TS4 1882i 9.1 —1455 —146.6 —146.8 —146.8

IM4 13.2 —178.0 —179.6 —180.0 —179.9

CO+ OH 8.4 —146.7 —151.0 —152.9 —152.9 —159.0

aGiven in kcal/mol and corrected with the B3LYP/6-31G(d,p) ZPE3ased on the B3LYP/6-31G(d,p) frequency analysis calculations. ZPEs
are given in kcal/mol, and imaginary frequencies are given in'cAExperimentaAH° values from ref 19 Values in parentheses are total energies
in au.® Relative energies evaluated using total energies (with no ZPE corrections).

TABLE 2: Theoretical Results for the 2A;, 2A’, and 2B, States of the Formyloxyl Radical Predicted at the Four B3LYP Levels
(with the Four Basis Sets) Including Optimized Geometries, Total Energies, and Numbers of Imaginary Frequencies (NInfg)

geometry
state r(H—C) r(C-0Y R(C-®) OHCO* OHCC®? total energy NImg
6-31G(d,p) 2A; 1.156 1.231 108.8 —189.07919 q
A’ 1.116 1.319 1.208 107.7 126.2 —189.07506 1
2B, 1.100 1.257 123.5 —189.08041 0
6-311G(d,p) °Aq 1.165 1.222 107.6 —189.13558 q
A 1.115 1.315 1.201 108.1 126.4 —189.13036 1
B, 1.099 1.251 123.4 —189.13529 0
6-3114+G(d,p) 27, 1.165 1.222 107.6 —189.14306 0
A 1.115 1.315 1.202 108.0 126.3 —189.13781 1
B, 1.098 1.252 123.5 —189.14288 0
6-311++G(d,p) 2A, 1.165 1.222 107.6 —189.14308 0
A’ 1.115 1.315 1.202 108.0 126.3 —189.13784 1
B, 1.098 1.252 123.5 —189.14291 0

aBond lengths are given in A, angles in degrees, and energies fiTae. imaginary frequency values are 225i and 527 tat the B3LYP/

6-31G(d,p) and B3LYP/6-311G(d,p) levels, respectively.

nal Cl and DFT B3LYP(/6-31G(d,p) methods (their B3LYP

At each of the four B3LYP levels, th8, state of the HC@

calculations were performed using a 6-31G(d) basis and only radical is predicted to represent a local minimum and?kie
the2A; and?B; states). Considering the experimental facts, we state, to represent a first-order saddle point in the PES. The

think that the CASPT2 results of Rauk et'&for the threeo
states {A;, 2B,, and 2A’) are quite reliable although they

2A; state is predicted to represent a local minimum at the
B3LYP/6-311G(d,p) and B3LYP/6-311+G(d,p) levels. At

performed point-wise calculations for geometry optimization and the B3LYP/6-31G(d,p) and B3LYP/6-311G(d,p) levels, tAe
frequency analyses (their CASSCF results being less reliablestate was predicted to represent a first-order saddle point with
or unreliable, see ref 19). Their CASPT2 calculations predict small, unique imaginary frequecies (see the footnote for Table
that the?A; and?B; states represent local energy minima and 2), and the failure to predict a local-minimum structure was
that the?A’ state is a transition state. The CASPT2 energetic probably caused by the basis sets not being flexible enough.

results indicate that thé#\; state is the lowest state of the HEO
radical and that théB, and?A’ states are 1.4 and 5.9 kcal/mol
higher in energy, respectively, than th, state. The CASPT2
structure of theA; state has a wide OCO angle of 14%4d&nd
an elongated €H bond of 1.154 A, and théB; structure has
a considerably smaller OCO angle of 11%3a0d a normal-length
C—H bond. The CASPT2 structure of tR&' state has an OCO
angle of 129.8 and the two GO bond lengths were 1.323
and 1.205 A, respectively.

We studied the thre@ states {A;, 2B, and 2A’) of the
formyloxyl radical by performing B3LYP calculations using the

For these reasons, the IRC calculations for the reaction steps
with the?A; formyloxyl radical (IM3b) as the reactant or product
were performed at the B3LYP/6-3+G(d,p) level (see below).

The B3LYP/6-313%+G(d,p) results for théA,, 2B, and?A’
states of the HC®radical are summarized as follows. As
mention above, at this level, tRA; and?B, states are predicted
to represent local energy minima and #4¢ state, a first-order
saddle point. ThéA; state is predicted to be the lowest state of
the HCQ radical, in agreement with experiméfitand the’B,
and?A’ states are predicted to be 0.11 and 3.3 kcal/mol higher
in energy, respectively, (without ZPE corrections) thanhe

four basis sets, and the total energies, structures, and numberstate. The?A; structure has a wide OCO angle of 144&hd
of the imaginary frequencies for these states that were calculatedan elongated €H bond of 1.165 A, and théB; structure has
at the four B3LYP levels are given in Table 2. a considerably smaller OCO angle of 11°3add a normal-length
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C—H bond. In the unsymmetri¢A’ structure, the OCO angle
is 125.7, and the two GO bond lengths are 1.315 and 1.202
A, respectively. We note that the present B3LYP/6-3HG-
(d,p) calculations and the previous CASPT2 calculafidns
predict the same energy ordering for the theestates of the

the 2A’ state along one path, and it maintai@s, symmetry
along the other path.

Previous CASPT2 calculations predicted the (unique) imagi-
nary frequency in théA' state of the HC@radical to be 331i
cm1, and Rauk et al? argued that it was the transition state
HCO, radical and very similar structures for each of the states. for the H migration from the carbon atom to the oxygen atom
Also, as shown in Table 2, the B3LYP/6-3t6(d,p) calcula- that formed OCOH in the anti conformation, namely, our IM4.
tions predict almost the same energetic and geometric resultsoyr B3LYP calculations predict the imaginary frequency in the
f_or the three states as do the B3LYP/6-31G(d,p) calcula- 2A' state to be around 715i crh and normal-mode analysis
tions. indicates that it is not the transition state for the H migration

As pointed by many researchéfsthe different electronic  process. Our B3LYP/6-31G(d,p) IRC calculations starting
states of the HCQradical are related to different chemical at the?A’ state indicate that the HGQadical goes to aGy)
processes. Our B3LYP reaction path calculations for thetCH  structure similar to thatQy,) of IM3a in one direction and to a
Oz reactions indicate that the CiH O, reactants are related to  (C,) structure similar to thai@,) of IM3b in the other direction.
the 2B state (IM3a) of the HC@radical and that the final  Therefore, the?A" structure is considered to be the transition
products of both the reaction channels are related to the 2A state for a process (a reaction step) from IM3a to IM3b along
state (IM3b) (see Figure 1). We should describe how the reactionthe 2A’ reaction path, and it is denoted as TS5. As shown in
system goes from IM3&B,) to IM3b(?A,) (see below), and this  Figure 2, the geometry of TS5 is significantly different from
has been the bottleneck of the present study. However, beforethat of TS4, which is the proper transition state for the process
searching feasible paths linking IM3a and IM3b, one should |eading to IM4 (OCOH in the anti conformation, see above).
correctly describe (in calculations) the two species themselves, The relative energies of TS5 and IM3b are predicted to be
namely, they should be predicted to represent energy minima—166.5 and-170.9 kcal/mol, respectively, and the barrier height

(intermediates along reaction paths) with the latter slightly more
stable than the former.

The previous CASSCF calculatiddqusing the MOLCAS
program) for the HCQ radical predicted that théA; state

for the process (IM3a~> TS5— IM3b) occurring on the?A'’
PES is evaluated to be only 2.2 kcal/mol.

It has been argued that tRB; and?A; states of the HC®
radical are connected via a conical crossing (intersection) (ref

represented a first-order saddle point and had higher energy than g and references therein). However, no detailed descriptions
the®B, andA’ states (both were predicted to represent energy for the crossing of theB, and 2A; PESs on the basis of

minima by CASSCF calculations), in contrast to the experi-
mental facts® We have found the same problems in our
CASSCEF calculations for the reaction paths of the €HD,
reactions using Gaussian and MOLCAS programs (see below)

From the Reactants to IM3a. The process represented by
the portion of the energy profile from the reactants to IM3a
(see Figure 1) consists of the first three reaction steps.

The initial reaction step (CH- O, — IM1) occurs in the?A’

theoretical calculations were reported in the literature. In the
present work, we have studied the crossing by performing
B3LYP/6-31H-G(d,p) and B3LYP/6-31++G(d,p) point-wise

-calculations. For théB; state, the partial geometry optimization

calculations were performed at a sequence of fixed OCO angle
values in increasing order starting with 113.@hich is the
OCO angle value in the B3LYP/6-3%15(d,p) and B3LYP/6-
311++G(d,p) geometries of IM3a, and the energy of g

PES and has no energy barrier (no transition state). The relativestate increases monotonically when the OCO angle value

energy of IM1 is predicted to be52.7 kcal/mol, and the initial

increases. For th&A; state, the partial geometry optimization

step is exothermic and can occur easily. To check the reactioncalculations were performed at a sequence of fixed OCO angle

path of the initial step, B3LYP/6-31G(d,p) and B3LYP/6-
311+G(d,p) point-wise calculations were performed by taking
the C-O! distance as the reaction coordinate, and thé @O
angle was found to be larger than°9@hich indicates that the
initial step is a side attack by the CH radical on then@lecule.
The relative energies of TS1 and IM2 are predicted to be
—46.4 and—81.1 kcal/mol, respectively, the reaction step IM1
— TS1— IM2 is exothermic by 28.4 kcal/mol, and the barrier
energy is evaluated to be 6.3 kcal/mol. Both IM1 and IM2 have
Cs symmetry, but the IM1 structure is planar and the IM2

values in decreasing order starting with 144 &hich is the
OCO angle value in the B3LYP/6-3%15(d,p) and B3LYP/6-
311++G(d,p) geometries of IM3b, and the energy of fg
state also increases monotonically when the OCO angle value
decreases. These facts imply that #Be and?A; PESs should
cross each other at an OCO angle value between 1E3\@
144.8. We located the crossing point (region) at an OCO angle
of around 128, which means that th#éB, and?A; states have
very similar energy values and that tf&, and?A; structures
have similarC,, geometries. The energy of the crossing point

structure is nonplanar (see Figure 2). The structure of TS1 hasis 7.2 kcal/mol higher than that of IM38R>) and 7.3 kcal/mol

no symmetry C,), and the length of the forming-60? bond
(for notation, see Figure 2) is 1.851 A.

The relative energies of TS2 and IM3a are predicted to be
—80.3 and—168.7 kcal/mol, respectively, and the reaction step
IM2 — TS2— IM3a is strongly exothermic (by 87.6 kcal/mol)
and has a negligible barrier energy (0.8 kcal/mol). TS2 may

higher than that of IM3b2A,), and these “ relative energies ”
were evaluated using the B3LYP/6-31t1G(d,p) total energy
values (without ZPE corrections). Though the relative energy
of the crossing point is higher than that of TS5, IM3a can also
easily convert into IM3b via théB,—2A; surface crossing.

From IM3b to CO , + H. The hydrogen dissociation process

disappear in the reaction path calculations of higher levels. The (IM3b — TS3 — (CO, + H)) occurs on the!A; PES. The

structure of IM3a isC,, symmetric, but the structure of TS2
has no symmetry. The lengths of the breaking@bond are
1.540, 1.632, and 2.088 A in IM2, TS2, and IM3a, respectively.
From IM3a to IM3b. The process of the reaction system
from IM3a to IM3b was carefully investigated. We calculated
two paths linking IM3a{B;) and IM3bgA;) at the B3LYP
levels. The reaction system maintai@s symmetry and is in

relative energies of TS3 and GG~ H are predicted to be
—167.2 and—177.7 kcal/mol, respectively, and the last step of
reaction channel 1 is weakly exothermic (by 6.8 kcal/mol) and
has a low energy barrier (3.7 kcal/mol). The relative energy
value of —177.7 kcal/mol for CQ+ H is comparable with the
experimental AH® value of —184.0 kcal/mdl for reaction
channel 1. To check the reaction path, B3LYP/6-31G(d,p) and
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B3LYP/6-31HG(d,p) point-wise calculations from IM3b to  to examine such an approach, the distance between the C atom
CO, + H were performed by taking the-€H distance as the  and the midpoint (X) of the ©0 distance was taken as the
reaction coordinate, and the B3LYP/6-31G(d,p) IRC calcula- reaction coordinateZ). In our single-point B3LYP/6-31tG-
tions were carried out starting at TS3. The leaving species was(d,p) calculations aZ values of 3.0, 2.5, 2.0, and 1.6 A, we
confirmed to be an H atom (not a proton) on the basis of failed to force the reaction system to “enter” the proper
electronic structure analysis. In ti@, structure of TS3 (see  electronic state ofA;. B3LYP/6-311G(d,p) point-wise cal-
Figure 2), the &H bond distance is 1.558 A. culations starting from IM3b were performed on t#e, PES,

From IM3b to CO + OH. The process represented by the and the reaction system did not approach €I,(324~) when
portion of the energy profile from IM3b to C& OH consists theZ value increased. B3LYP/6-3315(d,p) point-wise calcula-
of two reaction steps (see Figure 1), and they occur oAhe  tions starting from IM3b were also performed on f#¢ PES,
PES. and it was found that when thievalue became larger than 1 A

The relative energies of TS4 and IM4 are predicted to be the CH moiety deviated from the perpendicular bisector of the
—146.8 and—179.9 kcal/mol, respectively, the H migration ~O—O distance and the €0 distance was considerably elon-
reaction step (IM3b~ TS4— IM4) is weakly exothermic (by gated. All these testing calculations imply that the assumed one-
9.0 kcal/mol), and the barrier energy is evaluated to be 24.1 step insertion reaction, CH Ox(°%y~) — IM3b(°A), via the
kcal/mol. The H migration from the C atom to thé @om in least-motion approach is not possible. The chemical processes
IM3b (see Figure 2) leads to IM4 via TS4, and in the structure 0of CH + Ox(3%;") reactions 1 and 2 should start with the side
of IM4, the O'CO?H chain is in the trans conformation. To attack.
check the reaction path, B3LYP/6-31G(d,p) and B3LYP/6- - .
311+G(d,p) point-wise calculations from IM3b to IM4 were 'I;rehmlnar_y CASSCF and CASPT2 Caleulations along

. ; e Reaction Paths

performed by taking the HCOangle (see Figure 2) as the ) ] )
reaction coordinate, and B3LYP/6-3tG(d,p) IRC calculations We tried to describe the reaction paths for the €HO;,
were carried out starting at TS4. In the migration process, the 'éactions using the CASSCF method in conjunction with the

values of the HC®angle, the H-C distance, and the HO? 6-31G(d,p), 6-311G(d,p), 6-3¥15(d,p), and 6-31:+G(d,p)
distance of the reaction system vary continuously. The three basis sets. The CASSCF active space consists of seven electrons

parameter values are 107,.6.165 A, and 1.926 A in IM3b; and seven orbitals (denoted as CASSCF(7,7)). In our CASSCF

56.3, 1.335 A, and 1.241 A in TS4: and 29,01.890 A, and geometry optimizations calculations, we located all the IMs and
0.966 A in IM4, respectively. The €02 bond lengths in TS4 1TSS along the B3LYP reaction paths (see Figure 1) except TS2
and IM4 are 1.295 and 1.343 A, which are significantly longer and TS5. IM1fA’) was located only at the CASSCF(7,7)/6-
than the lengths in IM3b. 31G(d,p) level. IM3bfA;) was predicted to be a local energy
The last step of reaction channel 2 is a dissociation processMinima at the CASSCF(7,7)/6-31G(d,p) level but to be a
(IM4 — (CO' + O2H)). To check the reaction path, point-wise transition state having large imaginary frequencies (around 2800i
calculations from IM4 to COF OH were performed by taking ~ ™M ) at the CASSCF(7,7)/6-311G(d,p), CASSCF(7,7)/6-
the CC distance (see Figure 2) as the reaction coordinate, and311+G(d,p), and CASSCF(7,7)/6-3¥H-G(d,p) levels. In the
no transition state was found. The relative energy of €OH rema_under of this section, we describe and discuss the_re_sults
is predicted to be-152.9 kcal/mol, and the dissociation step is Predicted by the CASSCF(7,7)/6-31G(d,p) geometry optimiza-
endothermic by 27.0 kcal/mol. The relative energy value of CO tion calculations and CASPT2/6-31G(d,p) single-point energetic
+ OH is comparable with the experimentaH® value of calculations at the CASSCF(7,7)/6-31G(d,p) geometries.
—159.0 kcal/md! for reaction channel 2. The relative energies (including ZPE corrections) of the IMs

o : : : d TSs and products at both the CASSCF(7,7)/6-31G(d,p) and
After describing the portions of the predicted reaction path an .
from IM3b to the final products of reactions 1 and 2, we will CASPT2/6-31G(d,p) (CASPT2//CASSCF) levels together with

comment on some previous studies reported in the Iiterature.the coefficients for the leading configurations in their CASSCF

; : functions are listed in Table 3.
In a 1993 experimental paper, Okada et gkesented their wave -
speculation that in the mechanism of reaction 2 the reaction  '"e CASSCF and CASPT2 relative energy values for each

path producing CG- OH might be possible via HCOfollowed of the calculated IMs a}nd TSs are cons@derably di.fferent. Fpr
by migration of H. However, their (UHF/4-31G) calculation all the calculated stationary-point species, the d|sprepan0|es
results for the reaction were very limited and preliminary (they between the CASSCF and B3LYP (/6-31G(d,p)) relative energy

failed to find transition state(s)). In 1987, Schatz étealculated values (the BBLYP c_alculatiqns with the four different basis
part of the HCOO PES at the Cl level in their theoretical study sets predlct very similar relative energy values for each of the
of H + CO, reactions. Among the species reported in their species, see Table 1) are large (between 4 and 26 kcal/mol),
paper, we found analogues to IMn and TSn along the correct and the discrepancies between the CASPT2 and B3LYP values
portions of our predicted reaction path to IM3b (see Figure 1). are even larger (between 17 and 45 I.<caI/moI).. We note that the
However, their HC@species (characterized as a local minimum absolute values of the CASPT?2 relative energies are all smaller

: . . than the absolute values of the B3LYP relative energies. The
at the ClI level) had a highly unsymmetric structure that is very . -
similar to that of the?A’ state reported in ref 19 and in the CASPT2 (//CASSCF/6-31G(d,p)) calculations predict that IM3a-

present study. (°By) is more stable than IM3B4,), which is different from
the experimental factéand the prediction based on the B3LYP

calculations (see above). The CASPT2 relative energy value of
—152.3 kcal/mol for C@ + H is much smaller in magnitude

Because the structure of IM3¥(;) is Cp,-symmetric, it is than the B3LYP/6-31G(d,p) value 6f175.0 kcal/mol and the
plausible to assume a one-step reaction process from thé CH experimentalAH® value of —184.0 kcal/mol The CASPT2
O(%%¢") reactants to IM3b via the least-motion approach, relative energy value of129.9 kcal/mol for COt+ OH is also
namely, that the CH radical (with its C atom) attacks the O much smaller in magnitude than the B3LYP/6-31G(d,p) value
molecule along one of the perpendicular bisectors of th€dO of —146.7 kcal/mol and the experimental value-59.0 kcal/
distance. In the B3LYP/6-31#G(d,p) calculations that we made  mol.!

Examined Reaction Paths
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TABLE 3: Relative Energies¥(AE) of the Intermediate
Complexes, Transition States, and Products along the
(B3LYP) Reaction Paths for CH + O, (X3%,7) Reactions 1
and 2 Calculated at the CASSCF/6-31G(d,p) and CASPT2/
6-31G(d,p) Levels, Together with the Coefficients for the
Leading Configurations in the CASSCF Wave Functions

AE CASSCF CASPT2 AE  CASSCF CASPT2
CH+0; 0.0 0.0 TS5
IM1 -79.8 8.0 IM3bfA;) —152.6  —133.3
(0.964% (0.954)
TS1 ~59.4 -19.6 TS3 -157.1  —137.2
(0.935) (0.969)
IM2 -89.5 -57.0 CQ+H -192.2 -152.3
(0.957) TS4 1370 -116.3
TS2 (0.975)
IM3a@B;) —161.6  —136.4 IM4 —203.7  -143.1
(0.966) (0.974)
CO+OH -165.F  —129.9

aGiven in kcal/mol and corrected with the CASSCF(7,7)/6-31G(d,p)
ZPEs.” Values in parentheses are the coefficients for the leading
configurations of the CASSCF wave functioishe reactant and
product groups (CH- O, CO + OH, and CQ + H) were treated as

Huang et al.

the 2B,—2A; PES crossing. The final products of the two
channels are obtained from IM3b via trivial chemical pro-
cesses: (i) for channel 1, an H dissociation process and (ii) for
channel 2, H migration from the carbon atom to the oxygen
atom to form IM4, followed by cleavage of the central-O
bond in IM4. TS1, IM2, and TS2 have nonplanar structures,
whereas the structures of all the other intermediates and
transition states along the predicted reaction paths are planar.
The energetic results indicate that reaction channels 1 and 2
are energetically feasible. Our testing calculations imply that
the plausible one-step least-motion insertion reaction, €H
O2(3%g7) — IM3b(?A,), is not possible. The chemical processes
of CH + Oy reactions 1 and 2 should start with the side attack.
We also carried out CASSCF and CASPT2//CASSCEF calcula-
tions for the reaction paths. It has been noted that quantitatively
reliable CAS calculations for these radical reactions are techni-
cally difficult at the present stage.

The2A;, 2B, and?A’ states of the formyloxyl radical were
carefully studied by performing DFT B3LYP calculations. At
the B3LYP/6-31#G(d,p) and B3LYP/6-311+G(d,p) levels,

three united systems with the distances between the subsystems fixedhe 2A; and?B, states represent local energy minima, and the

at separations 3.0 A.

The geometric parameter values in most of the IM and TS
structures obtained in the CASSCF optimized calculations (with
the four basis sets) are quite different from the B3LYP values.
For example, the CASSCI(31G(d,p)) optimized value of
1.347 A for the G-H bond length in TS3 is 0.237 A smaller
than the B3LYP/6-31G(d,p) value, and the CASSCF value of
100 for the HCG angle in IM1 is 14 smaller than the B3LYP/
6-31G(d,p) value. The CASS@-31G(d,p) calculations predict
that the crossing between tRa;(IM3b) and?B,(IM3a) PESs
occurs atJOCO = 130, whereas the B3LYP calculations
predict that the crossing occurs@OCO = 128°.

As shown above, the results of our preliminary CASSCF and
CASPT2//ICASSCF calculations for the reaction paths of the

CH + O, reactions are not satisfactory. Reliable results for these
radical reactions may be obtained in the CASPT2 path calcula-

tions with the full-valence active space. The CASPT2 path
calculations involve geometry optimization, whereas automatic
geometry optimization at the CASPT2 level is not possible at

the present stage. Because the structures of the IMs and TSs

along the paths have different symmetri€s (planar), G, Cs
(nonplanar), an€,,), it is difficult to find correlations between
the molecular orbitals in the electronic structures of all the IMs

A state is predicted to be lower in energy than 1Be state,

in agreement with experimeHkt.The 2A’ state is predicted to
be higher in energy thaPA; and 2B, and represents a first-
order saddle point. On the basis of the B3LYP IRC calculations,
the 2A" structure is considered to be the transition state for a
process (reaction step) from IM3Bg) to IM3b(?A;). The
crossing of the?B, and?A; PESs was studied by performing
B3LYP calculations.
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