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Mechanism and Dynamic Correlation Effects in Cycloaddition Reactions of Singlet
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Mechanisms of the cycloaddition reactions of singlet difluorocarbene (CF,) to alkenes and disilene were
studied using CASSCF, MR-MP2, CR-CC(2,3), and UB3LYP methods in combination with basis sets up to
6-311++G(3d,p). The CASSCF(4,4) energies suggest that the cycloadditions all follow the stepwise
mechanism. However, energies calculated using the MR-MP2(4,4) and CR-CC(2,3) methods in combination
with the 6-311G(d) or larger basis sets consistently show that the reactions follow a concerted mechanism.
The stepwise mechanisms predicted at the CASSCEF level are “artificial” because of their neglect of dynamic
electron correlation effects. The importance of dynamic electron correlation in determining the mechanistic
nature of the reactions is explained through knowledge of the reacting system’s geometries and charges along

the reaction path.

Introduction

The [2 + 1] thermal cycloaddition between singlet carbenes
and alkenes has been widely used in organic chemistry for the
synthesis of three-membered rings.!~” This reaction’s mecha-
nism has attracted great attention over the past half century.® !¢
In this reaction, two new carbon—carbon ¢ bonds are created
between the reactants. A number of computational studies have
revealed that these two bonds’ formation is an asynchronous
process that is classifiable into two phases. The first phase
involves the electrophilic interaction of the vacant p-like orbital
(i.e., LUMO) of the carbene with the filled & orbital (i.e.,
HOMO) of the alkene, which mainly contributes to the
formation of the first bond. The second phase involves the
nucleophilic interaction of the filled o-like orbital (i.e., HOMO)
of the carbene with the vacant st* orbital (i.e., LUMO) of the
alkene, which mainly contributes to the formation of the other
bond and accomplishes the reaction.3~!% The adoption of such
an asynchronous mode of bond formation is known to be directly
related to the orbital symmetry rules, which implies that the
synchronic creation of both bonds is “orbital-symmetry forbid-
den”.10

Unlike the asynchronous nature of the cycloaddition, which
has been well documented,>° a discrepancy has long been
recognized in the number of steps involved in the reaction.
Calculations using spin-restricted single-determinant wave func-
tion models have consistently predicted that the cycloaddition
of singlet carbenes to alkenes occurs via a one-step (concerted)
mechanism, that is, path 1 or 2. (See Scheme 1.) Calculations
using multireference wave function models or spin-unrestricted
single-determinant wave function models have predicted that
the selection between the one-step and two-step mechanisms
occurs case-by-case and that some cycloadditions do follow the
two-step mechanism, that is, path 3 instead of path 1 or 2. (See
Scheme 1.)

In 1980, Houk et al.'' investigated the cycloadditions of
singlet CF,, CCl,, CFOH, and C(OH), to alkenes for the first
time using an ab initio approach, with the spin-restricted HF
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SCHEME 1: Possible Reaction Mechanisms for the [2 +
1] Cycloadditions of Singlet Carbenes to Alkenes®
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“1In path 3, the black circles of int represent radical electrons. The
arrow of ts2 indicates the direction of ring closure. The inset shows
definitions of the reaction energy barriers (E,” and E,”) involved in
the paths.

CHART 1: Six Substrates: Ethylene (1), Isobutene (2),
Methylenecyclopropane (3),
Propan-2-ylidene-cyclopropane (4), Bicyclopropylidene
(5), and Disilene (6)*
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¢ Star (*) signifies the carbon atom of the substrate being attacked
by CF; in the cycloaddition reaction studied here.

(RHF) method in combination with the STO-3G basis set. They
found that all of these reactions follow a concerted mechanism.
Such a concerted mechanism has been supported by a number
of subsequent studies of the cycloadditions of carbenes to other
alkenes or alkene-related substrates using spin-restricted density
functional theory (DFT) methods in combination with much
larger basis sets.!>”!8 In 1997, Bernardi et al.!® reinvestigated
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CHART 2: Definitions of Active Spaces for the Reaction
Systems
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CAS(4,4): HOMO(CF,), LUMO(CF,), (C,Hy), ©*(C,H,)

CAS(8,8): 6(CF,), i(CF,), m(C,Hy), ©*(C,H,)
G(C3-F8), 6*(C3-F8), 6(C3-F9), 6*(C3-F9)

CAS(10,10): 6(CF,), (CF,), i(C,Hy), ©*(C,Hy)
6(C3-F8), 6*(C3-F8), 6(C3-F9), 6*(C3-F9)
o(C1-C2), 6*(C1-C2)

the reactions of singlet CF, and C(OH), with alkenes using two
multireference methods, the complete active space self-
consistent field (CASSCF) and the perturbative multireference
MP2 (MR-MP2), in combination with two basis sets, 4-31G
and 6-31G(d), respectively. In sharp contrast with the concerted
mechanism predicted by Houk et al.,!' '8 their CASSCF results
showed that the cycloadditions of both carbenes to ethylene or
isobutene follow the stepwise mechanism (path 3) with a singlet
diradical intermediate and with the second reaction energy
barrier E,* of 0.1—5.7 kcal/mol. (For the definition of E,*, see
Scheme 1.) According to their MR-MP2 single-point (SP)
energies, such a stepwise mechanism for the additions of both
carbenes to ethylene turns out to be “artificial”, which becomes
concerted (i.e., path 2) after the inclusion of dynamic electron
correlation effects at the MR-MP2 level, but the two-step path
for the reaction “CF, + isobutene” does survive. In 2006,
Bettinger® studied the cycloaddition of singlet CCl, to the
models of the single-walled carbon nanotube (SWNT) using
two different methods, spin-unrestricted B3LYP (UB3LYP) and
perfect-pairing generalized valence bond (GVB-PP), in conjunc-
tion with the 6-31G(d) and 6-311G(d,p) basis sets. Similar to
the multireference results,'® his calculations showed that the
addition of CCl, to the SWNT models also occurs via the two-
step diradical mechanism with E,* ~ 4.0 kcal/mol. Single-
determinant wave function models are well-known to have
primary insufficiency in treating singlet diradical species.
Therefore, the characterization of the diradical nature by
Bernardi et al.'® has constituted an important step forward for
cycloaddition mechanisms involving carbenes and alkenes.
Consequently, the two-step mechanism for the reaction “CF,
+ isobutene” obtained at the MR-MP2/6-31G(d) level of theory
has become the fundamental exemplary proof for the existence
of the stepwise mechanism. Because isobutene can be regarded
as an alkene double bond substituted with two methyl groups,
the results by Bernardi et al.'” have led to a common belief
that the cycloadditions of singlet carbenes to unsubstituted
alkenes follow a concerted mechanism, path 1 or 2, whereas
those to bulky substituted alkenes can follow the diradical
stepwise mechanism, path 3.15720

However, as shown by Bernardi et al.,'® the inclusion of
dynamic electron correlation effects into the CASSCF energies
tends to reduce E,* considerably. Therefore, it is desirable to
know whether the stepwise path for the reaction “CF, +
isobutene” survives when even larger basis sets are used, under
the condition that the dynamic electron correlation is covered
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more adequately. A spin-unrestricted DFT (UDFT) approach
has been widely used on many occasions because of its higher
computational efficiency than those of the multireference wave
function methods. Therefore, it is also worthwhile to examine
the performance of UDFT methods in predicting the mechanisms
for the titled reactions.

In the investigations described in this article, we examine
mechanisms for cycloadditions of CF, to six substrates (i.e.,
1—6 in Chart 1) using four methods, CASSCF, MR-MP2,
UB3LYP, and completely renormalized coupled-cluster CR-
CC(2,3), in conjunction with basis sets up to 6-311++G(3d,p).
Results show that the CASSCF and UB3LYP methods do
predict the stepwise mechanism, irrespective of the size of the
basis set used. However, all of these stepwise paths, including
that for the reaction “CF, + isobutene (2)”, become concerted
according to the energies obtained with the MR-MP2 and CR-
CC(2,3) methods in combination with sufficiently large basis
sets because of the adequate considerations of dynamic cor-
relation effects. We report the reason for the importance of
dynamic correlation effects in determining the reaction mech-
anisms, as obtained through studying the geometric changes and
charge rearrangements during the cycloaddition of CF, to 1.
We also report the influences of basis sets on the calculated
reaction mechanisms at the levels of CASSCF, MR-MP2,
UB3LYP, and CR-CC(2,3) and the influences of active spaces
on the calculated reaction mechanisms at the levels of CASSCF
and MR-MP2.

Computational Details

The CASSCF method?!"® was used for all geometry opti-
mizations and frequency analyses; in these calculations, the
active space consisting of four electrons, four active orbitals,
that is, CAS(4,4), and the basis set 6-31G(d,p)*°~>® was applied.
The definition of CAS(4,4) is the same as that given in an earlier
study.'® It consists of the s,7r* orbitals of the alkene and the
HOMO and LUMO of CF.. In other words, all structures, zero-
point energies (ZPEs), and entropies reported in this article are
at the CASSCF(4,4)/6-31G(d,p) level of theory.

The SP energies were calculated using four methods,
CASSCF(44),MR-MP2(4.4),® -3 CR-CC(2,3),”> *and UB3LYP,> ¥
in combination with basis sets ranging from 3-21G to
6-3114++G(3d,p).*®* The MR-MP2 method includes a cor-
rection of dynamic electron correlation at the MP2 level to the
CASSCEF energies. Therefore, in principle, the accuracy of MR-
MP2 energies will be greatly improved compared with the
CASSCF energies. However, because the MR-MP2 only
considers the dynamic correlation effects as a low-order
perturbation, it yet poses the risk of overestimating the stabilities
for some less-diradical structures that involve stronger dynamic
correlation. In fact, CR-CC(2,3) is a new method designed for
studying mechanisms of reactions with varying degrees of
diradical character. Although it is a single-reference method, it
can balance the nondynamic and dynamic electron correlation
effects in the different stages of reactions reasonably well and
can therefore accurately predict the reaction mechanisms. The
accuracy of the CR-CC(2,3) method and its CR-CCSD(T)
predecessor has been demonstrated by recent reports describing
the [2 + 2]cycloaddition mechanism of cyclopentyne to 1** and
the isomerization mechanism of bicycle[1.1.0]butane.** There-
fore, the simultaneous application of the CR-CC(2,3) method
provides a valuable complement to the MR-MP2 results.*

To obtain the reaction energy profiles for the reaction “CF,
+ ethylene (1)”, intrinsic reaction coordinate (IRC)*~*° calcula-
tions were performed on the basis of the transition states (i.e.,
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Figure 1. Stationary points for the reaction “CF, + 5”. The atomic distances (angstroms) between the carbon atom of CF, and those of the pristine

double bond of 5 are labeled.
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Figure 2. Orbitals included in the CASSCF(4,4)/6-31G(d,p) calculations for the reaction “CF, + 5”. Natural orbital occupation numbers (NOONs)

are given in parentheses.
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Figure 3. Degrees of diradical character (N) at the levels of
CASSCF(4,4)/6-31G(d,p) and UB3LYP/6-31G(d,p) and the expected
value of the S? operator (<$>>) at the level of UB3LYP/6-31G(d,p) for
the 76 structures along the reaction path of the reaction “CF, + 1”.
These structures were located using IRC calculations at the CASSCF(4,4)/
6-31G(d,p) level of theory. The “s” of abscissa represents the relative
reaction steps. N were calculated using eq 1, whereas <$*> was obtained
using SP calculations based on the CASSCEF structures.

ts1 and ts2) of this reaction using the CASSCF(4,4)/6-31G(d,p)
method and a step size of 0.25 amu'? bohr. In all, 76 points
(structures) along the reaction path were located. We obtained
the reaction energy profile at the CASSCF(4,4)/6-31G(d,p) level

by plotting the energies of the 76 points with respect to the
steps. We obtained reaction energy profiles at other levels of
theory by performing SP energy calculations based on these 76
structures. In addition to CAS(4,4), two other active spaces,
CAS(8,8) and CAS(10,10) were also used; the definitions of
these active spaces are portrayed in Chart 2.

The Gaussian 03 program® was used for the following
calculations: geometry optimizations and frequency analyses for
the stationary points, SP calculations at the levels of CASSCF,?!"%
MR-MP2,% (i.e., “CASSCF MP2” in Gaussian 03) and UB3LYP,
and calculations of energy profiles at the level of UB3LYP.
The GAMESS program® was used for the following calcula-
tions: IRC calculations, SP calculations at the level of
CR-CC(2,3),%>* and calculations of energy profile at the levels
of CASSCF, MR-MP2?! (i.e., “MCQDPT 323 in GAMESS)
and CR-CC(2,3). The two multireference methods (i.e., “CASS-
CF MP2” in Gaussian 03 and “MCQDPT” in GAMESS) have
similar characteristics but do not give exactly the same
quantitative values. Multireference perturbation theories of both
types concur: this means that the inclusion of dynamic correla-
tion effects reduces the second energy barrier E,*. (See the
Results and Discussion). The molecular orbitals were shown
using the MacMolPIt program.>*
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TABLE 1: Relative Energies (E.., Kilocalories per mole) with and without ZPE Corrections, Relative Gibbs Free Energies (G,
kilocalories per mole) and Entropies (S, calories per mole per Kelvin) for Stationary Points Calculated using Different Methods*

CASSCF(4,4)’ MR-MP2(4,4)" CR-CC(2,3)° UB3LYP” CASSCF(4,4)’

SPeCiCS Erel Erel + ZPEd Grele Erel Erel + ZPEd Grele Erel Erel + ZPEd Grele Erel Ere] + ZPEd Grele S

1+ CF, 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 109.7
tsl 19.7 21.6 24.1 13.3 15.2 17.7 127 14.6 17.1  10.2 12.1 14.6 74.3
int 6.2 9.5 12.1  —25 0.8 34 4.1 7.4 10.0 0.9 4.2 6.8 72.8
ts2 8.3 11.3 141 —4.7 —1.7 1.1 0.8 3.8 6.6 0.5 3.6 6.4 70.9
pro —37.7 —31.9 —29.0 —53.9 —48.1 —452 —47.9 —42.1 —39.2 —48.2 —42.4 —39.5 68.5
2+ CF, 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 127.9
tsl 17.1 18.7 21.5 8.6 10.2 13.0 72 8.8 11.6 4.8 6.5 9.3 88.5
int 4.9 8.3 112 —=7.0 —3.6 -0.7 —02 32 6.1 —2.1 13 4.2 86.8
ts2 9.6 12.4 154 —74 —4.6 —-1.6 —14 1.4 44 =07 2.0 5.0 85.8
pro —36.0 —31.0 —27.77 —532 —48.2 —449 —-473 —42.3 —39.0 —449 —39.8 —36.5 81.6
3+ CF, 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 121.8
tsl 17.2 18.5 212 11.0 12.3 15.0 8.9 10.2 12.9 8.3 9.7 12.4 83.5
int —3.7 —-0.9 20 —13.7 —10.9 —80 —6.7 -39 —-1.0 —6.8 —4.0 —1.1 81.4
ts2 —1.3 1.1 4.1 —155 —13.1 —-10.1 —99 =75 —-45 —7.7 —53 —23 79.6
pro —41.0 —35.7 —32.6 —56.8 —51.5 —48.4 —50.9 —45.6 —42.5 —49.6 —44.3 —41.2 77.8
4+ CF, 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 137.3
tsl 14.1 15.5 18.3 53 6.7 9.5 2.8 4.2 7.0 24 3.8 6.6 97.6
int —5.4 —2.2 0.8 —18.9 —15.7 —12.7 —11.5 —8.3 —-53 —104 —-72 —4.2 95.0
ts2 —0.2 22 52 —183 —15.9 —129 —124 —10.0 -70 —9.7 —7.2 —4.2 94.8
pro —40.2 —35.2 —319 —57.1 —52.1 —48.8 —51.3 —46.3 —43.0 —473 —42.3 —39.0 91.0
5+ CF, 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 132.7
tsl 14.3 15.8 18.6 6.6 8.1 10.9 4.0 55 8.3 4.0 55 8.3 92.8
int —8.6 —5.0 —2.0 —20.3 —16.7 —13.7 —13.1 —9.5 —6.5 —11.5 —-79 —4.9 90.5
ts2 —1.3 1.7 48 —199 —16.9 —13.8 —13.2 —10.2 7.1 —10.6 —-7.7 —4.6 88.5
pro —45.3 —40.3 —37.0 —60.7 —55.7 —524 —552 —50.2 —46.9 —52.2 —47.2 —43.9 85.8
6 + CF, 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 122.1
Ts1 2.5 3.6 59 -—-19 —0.8 1.5 —1.6 —-0.5 1.8 —6.2 —-5.0 —2.7 89.7
int —252 —22.3 —19.6 —359 —33.0 —303 —274 —24.5 —21.8 —345 —31.5 —28.8 84.7
ts2 —21.0 —18.3 —153 —=37.7 —35.0 —32.0 —282 —25.5 —22.5 —32.6 —29.9 —26.9 79.8
pro —43.1 —39.3 —36.2 —58.1 —54.3 —51.2 —484 —44.6 —41.5 —53.7 —49.9 —46.8 79.0

“ All data were calculated on the basis of geometries optimized

at the CASSCF(4,4)/6-31G(d,p) level of theory. The SP energies were

calculated using the 6-311+G(d,p) basis set. Zero-point energies (ZPEs) and entropies (S) are at the CASSCF(4,4)/6-31G(d,p) level.
b Calculated using Gaussian 03 program. ¢ Calculated using GAMESS program. ¢ ZPEs unscaled. ¢ Gibbs free energies at room temperature

(298.15 K).

Results and Discussion

Reaction Mechanisms. Similar to the study by Bernardi et
al.,' our geometry optimizations at the CASSCF(4,4)/6-
31G(d,p) level of theory revealed four stationary points, that
is, two local minima (int, pro) and two transition states (ts1,
ts2), for the cycloaddition of CF, to each substrate. (See Chart
1.) For each cycloaddition, the stability order for these stationary
points is tsl < ts2 < int < pro at the same level of theory,
suggesting that each cycloaddition follows a stepwise mecha-
nism at this level.

To account for the reaction process, as an example, the
structures tsl, int, ts2, and pro, which are associated in the
reaction “CF, + 57, are presented in Figure 1. According to
Figure 1, the addition of CF, to 5 takes place in the way that
the carbon atom of CF,, that is, the atom labeled with number
“3” (atom no. 3), first makes the bond with atom no. 2 of § and
subsequently makes the bond with atom no. 1. As shown in
Figure 1, the distance C3—C2 is shorter than distance C3—C1
in tsl or int or ts2, whereas both distances reach an equal
number in pro. Such an asynchronous fashion of bond formation
is consistent with the well-known result that the otherwise
synchronous creation of both bonds is orbital-symmetry forbid-
den, which encounters a much higher reaction barrier energy.'°
Figure 2 shows active orbitals included in CAS(4,4) and the
corresponding natural orbital occupation numbers (NOON5)
obtained for the stationary points of the reaction “CF, + 5”.
The NOONS for the HOMO and LUMO of int are, respectively,
1.482 and 0.518 (Figure 2), indicating that int has a profound
diradical nature. For the addition of CF, to 1—4 or 6, our

calculations have revealed, respectively, similar diradical nature
for the intermediate (int), with the corresponding NOONSs of
about 1.5 and 0.5 for the HOMO and LUMO. Therefore, our
CASSCF(4,4)/6-31G(d,p) results predict that the additions of
CF, to substrates 1—6 (Chart 1) all follow the stepwise diradical
mechanism, path 3.

The degree of diradical character for a given structure can
be evaluated using eq 1

N =1— (NOON,oo — NOON, ;o2 (1)

where N represents the degree of diradical character, and where
NOONgomo and NOON| ypmo represent the NOONs of the
HOMO and LUMO, respectively. Accordingly, a pure diradical
has N = 1, whereas a closed-shell structure has N = 0.

To investigate how the degree of diradical character (N)
changes during the reaction, Figure 3 depicts N for the 76
structures that are distributed along the reaction path of the
reaction “CF, + 17, which are located by IRC calculations at
the level of CASSCF(4,4)/6-31G(d,p). Figure 3 shows that the
value of N changes dramatically as the reaction proceeds; it
obviously becomes larger in the region where the “s” of abscissa
is 10—16 amu'? bohr (i.e., 10 < s < 16). This region corresponds
to the structural transition from ts1 to int and then to ts2, which
is critical for the creation of the new bonds. Furthermore, N
has a shallow local minimum at the position where s = 13 amu'”?
bohr (Figure 3), which corresponds to the structure int in the
reaction. Such a dramatic variation of the degree of diradical
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Figure 4. Variations of (a) E,* and (b) E,* with respect to basis set for the reaction “CF, + 2. All energies are SP energies without ZPE corrections.

For definitions of E,* and E,*, see Scheme 1.

character along the reaction path implies that the influence of
dynamic electron correlation on the calculated total energy is
not constant at every point of the reaction path; in other words,
the error caused by neglecting the dynamic electron correlation
cannot be canceled out systematically. The CASSCF scheme
does not cover the dynamic electron correlation. Therefore, the
above stepwise mechanisms predicted by the CASSCF might
be not conclusive.

Table 1 presents relative energies (E,.), ZPE-corrected E,
and the relative Gibbs free energies (G,.) calculated with
the MR-MP2(4,4) and CR-CC(2,3) methods, in conjunction
with the 6-311+G(d,p) basis set; those calculated with the
CASSCF(4,4) and UB3LYP methods are also given for
comparison. We consider the ZPE-corrected energies (i.e.,
E., + ZPE). For each cycloaddition, the CASSCF(4,4)/6-
311+G(d,p) method predicts the same stepwise mechanism
(i.e., path 3) as the CASSCF(4,4)/6-31G(d,p) does. (See Table
1.) In sharp contrast, the MR-MP2(4,4)/6-3114+G(d,p) and
CR-CC(2,3)/6-3114+G(d,p) methods consistently predict a
different stability order for the stationary points of each
reaction, ts1 < int < ts2 < pro, which show that the energies
decrease directly from tsl to pro (i.e., E,¥ < 0). The
corresponding Gibbs free energies confirm such a decreasing
order of energies. (See Table 1.) Taking the reaction “CF,
+ 5”7 as an example, the ZPE-corrected energies at the
CASSCF(4,4)/6-3114+G(d,p) level predict E,* to be 6.7 kcal/
mol. However, the reaction turns out to be —0.2 and —0.7
kcal/mol, respectively, at the MR-MP2/6-311+G(d,p) and
CR-CC(2,3)/6-3114+G(d,p) levels of theory. (See Table 1.)
In other words, the CASSCF method overestimates E,* by
about 7.0 kcal/mol. Comparing the energies obtained for other
reactions, it is apparent that for each reaction, the E,*
calculated with the CASSCF method has been overestimated

by an energy of 4.2—7.6 kcal/mol. A similar tendency of
CASSCF to “overstabilize” singlet diradicals has been
reported by several authors. % Regarding the first reaction
energy barrier, the CASSCF(4,4)/6-3114+G(d,p) results sug-
gest that E,* for the additions of CF, to 1—5 is 15.5—21.6
kcal/mol; it is 3.6 kcal/mol for the addition of CF, to 6.
However, the MR-MP2(4,4)/6-311+G(d,p) (or CR-CC(2,3)/
6-3114+G(d,p)) results suggest much smaller values for E,*:
6.7—15.2 (or 4.2—14.6) kcal/mol for the additions of CF, to
1-5 and is —0.8 (or —0.5) kcal/mol for the addition of CF,
to 6. Therefore, on the basis of these results, we conclude
that the stepwise mechanisms predicted with the CASS-
CF(4,4) methods are “artificial” and that the cycloadditions
of CF, to the six substrates of Chart 1 all take place via the
concerted mechanism. Among them, the cycloadditions of
CF, to 1—5 occur via path 2, whereas the addition of CF, to
6 occurs via path 1.

In an earlier study, Bernardi et al.! found that the addition
of CF, to isobutene (2) follows a stepwise mechanism, although
the addition of CF, to 1 follows a concerted mechanism,
according to energies obtained at the level of MR-MP2(4,4)/
6-31G(d). Actually, 2 has substituent groups (i.e., two methyl
groups). Therefore, it has been generalized that the reactions
of singlet CF, with unsubstituted alkenes follow the concerted
mechanism, whereas those with bulky substituted alkenes can
follow the stepwise mechanism. Among the six substrates we
study here (Chart 1), 1, 3, and 6 are of the unsubstituted alkenes,
whereas 2, 4, and 5 are of the substituted alkanes. However, as
described above, all six reactions do follow the concerted
mechanism according to the energies obtained using the MR-
MP2 or CR-CC(2,3) method in conjunction with the larger basis
set: 6-3114+G(d,p). Therefore, the stepwise mechanism obtained
at the MR-MP2(4,4)/6-31G(d) level" results from the small
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basis set, which is inadequate to consider the dynamic electron
correlation effects; consequently, the stepwise mechanism
proposed for the reactions of carbenes with substituted alkenes
is doubtful.

The results obtained using the UB3LYP method are depicted
in Figure 3 and Table 1. Figure 3 depicts the degree of diradical
character (N) and the expectation value of the S? operator (<5%>)
for the addition of CF, to 1, calculated with the UB3LYP/6-
31G(d,p) method. N is 0.1 to 0.5, whereas <S%> is 0.05 to 0.75
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in the region where 10 < s < 15, which accords with the large
degrees of the diradical character of this region, as revealed by
the large N at the level of CASSCF(4,4)/6-31G(d,p); N and <§>>
become zero in regions where s < 10 or s > 15, which is also
compatible with the small degrees of diradical character therein
at the CASSCF(4,4)/6-31G(d,p) level. (See Figure 3.) However,
the UB3LYP method fails to predict the reaction mechanisms
correctly. The energies at the level of UB3LYP/6-3114+G(d,p)
imply that the ZPE-uncorrected E,¥are 1.4, 0.7, 0.9, and 1.9
kcal/mol for the additions of CF, to 2, 4, 5, and 6, respectively,
which are overestimated and which are qualitatively incorrect
according to the MR-MP2(4,4) and CR-CC(2,3) results. (See
Table 1.)

Influences of the Basis Set on the Calculated Reaction
Mechanisms. We showed that both computational methods and
basis sets are critical for correct predictions of the mechanisms
for the titled reactions. To investigate further how the basis set
size influences the performances of the methods and to find the
smallest basis set that still yields reliable results, we calculated
E* and E,* for the cycloaddition of CF, to 2, a substituted
alkene, using the four methods in combination with 11 basis
sets. We also calculated the reaction energy profile for the
addition of CF, to 1, an unsubstituted alkene, using the MR-
MP2 method in combination with nine basis sets.

The E,* and E,* values obtained for the reaction “CF, + 2”
are presented in Figure 4. The corresponding numerical values
are given in Table S2 of the Supporting Information. In Figure
4a,b, the four curves have generally similar shapes, which
suggests that the variation of the basis set generally has similar
influences on E,* or E,*, independent of the applied computa-
tional methods. However, the curve corresponding to CASS-
CF(4.,4) has the largest fluctuation in Figure 4a but the smallest
fluctuation in Figure 4b. Because the CASSCF method considers
nondynamic correlation effects but does not cover dynamic
correlation effects, such different degrees of fluctuation probably
indicate that the nondynamic correlation is more important,
determining the mechanistic nature of the reaction in the early
stage, that is, from reactant to tsl, whereas the dynamic
correlation is more important, determining the mechanistic
nature of the reaction in the late stage, that is, from int to ts2.

According to Figure 4b, the value of E,* is always positive
at the level of CASSCF(4,4) or UB3LYP, which corresponds
to the existence of the “artificial” diradical intermediate.
Therefore, we now discuss only the performances of the other
two methods: MR-MP2(4,4) and CR-CC(2,3). Figure 4 shows
that MR-MP2(4,4) and CR-CC(2,3) methods produce very close
values for E;* or E,*, no matter what variation of the basis set
used. If we consider E;* or E,* obtained with the largest basis
set, 6-311++G(3d,p), as the “true” result, then the following
points can be drawn: (1) the use of one d-type polarization
function, that is, enlarging the basis set from 6-31G to 6-31G(d),
or from 6-311G to 6-311G(d), markedly improves the accuracy
of E;* and E,* at the levels of MR-MP2(4,4) and CR-CC(2,3);
(2) the use of split-valence, triple- basis sets, that is, enlarging
the basis set from 6-31G(d) to at least 6-311G(d), is critical for
reducing E,* from a positive value to a negative one and yields
the concerted mechanism at the level of MR-MP2(4,4), although
this does not simultaneously improve the accuracy of the E,*;
(3) the further use of polarization or diffuse functions does not
improve the accuracy of E;* or E,* considerably. Therefore,
among the basis sets evaluated here, 6-311G(d) is the smallest
that is appropriate for studying the mechanism of the reaction
“CF, + 2”.
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The results obtained for the reaction “CF, + 1” are presented
in Figure 5. As presented in Figure Sa, enlarging the basis set
from 3-21G to 6-31G, 6-311G, 6-31+G, or 6-311+G fails to
eliminate the existence of the “artificial” intermediate. However,
as presented in Figure 5b, the use of one d-type polarization
function (i.e., 6-31G(d)) works efficiently; the further application
of polarization or diffuse functions to 6-31G(d) does not
markedly alter the profile. Therefore, among the basis sets
evaluated herein, 6-31G(d) is the smallest that is appropriate
for studying the mechanism of the reaction “CF, + 1”.
Nevertheless, because the 6-31G(d) basis set fails in the case
of the reaction “CF, + 27, we infer that 6-311G(d) is the
smallest basis set that is appropriate for studying the mechanisms
of cycloadditions involving general carbenes and alkenes.

Influences of Active Space on the Calculated Reaction
Mechanisms. The CASSCF method is known to be very
sensitive to the choice of active space. Therefore, we study how
the change of active space influences the calculated reaction
energy profiles. We calculated the reaction energy profiles for
the reaction “CF, + 1” using the CASSCF and MR-MP2
methods in combination with the 6-31G(d,p) basis set and with
three differentactive spaces: CAS(4,4), CAS(8,8),and CAS(10,10).
(For definitions of the active spaces, see Chart 2.) For
comparison, we also calculated the reaction energy profiles at
the levels of CR-CC(2,3)/6-31G(d,p) and UB3LYP/6-31G(d,p).

The obtained results are depicted in Figure 6. We first discuss
the reaction energy profiles calculated using the CASSCF
method in conjunction with the three active spaces. (See Figure
6.) The increase in the active space from CAS(4,4) to CAS(8,8)
and further to CAS(10,10) flattens the shape of the CASSCF
profile at the region where 13 < s < 15 amu'? bohr, which
corresponds to the change of the structure from int to ts2 in
the reaction “CF, + 1”. Such an increase in active space does
not dramatically change the shape of the profile at the region
where s < 10 amu'”? bohr, which corresponds to the change of
the structure from reactant to tsl in the reaction. At the
CASSCEF level, the strong or weak dependence of reaction
energy profiles on the size of the active space that is used has
been attributed to the greater or lesser importance of dynamic
electron correlation effects involved in the reactions. There-
fore, Figure 6 demonstrates the importance of dynamic cor-
relation effects in the reaction “CF, + 1” when the structure

changes from int to ts2, which is in agreement with our
aforementioned point that the dynamic electron correlation
dominates the mechanistic nature of the reaction “CF, + 2” in
the late stage. (See Figure 4 and the corresponding discussion.)
The use of the three active spaces yields similar reaction energy
profiles at the level of MR-MP2, suggesting that the active space
of CAS(4,4) is adequate for studying the mechanisms of
the titled reactions at the MR-MP2 level. As expected, CR-
CC(2,3) also predicts the reaction energy profile correctly,
although the UB3LYP method fails, predicting the stepwise
mechanism. (See Figure 6.)

Reason for the Importance of Dynamic Correlation
Effects. To study why dynamic electron correlation effects are
so important in the late stages of the titled reactions and
determine the stepwise mechanisms for these reactions, we
analyzed the geometric changes and charge rearrangements
along the reaction path for the reaction “CF, + 1”. As portrayed
in Figure 7a, the bond lengths of C1—C2, C3—F8, C3—F7,
C1—H6, and C1—H7 are reduced in the region where 13 < s <
17 amu'? bohr in the CASSCF energy profile; this region
corresponds to the structural transition from int to ts2 in the
reaction; according to Figure 7b, in this region, the charge
transfers from C1 and C3 to C2 and F8 (and F9). These results
indicate that when the structure transforms from int to ts2, the
electrons pass from C1 and C3 into the antibonding orbitals of
Cl—C2, C3—F8 (C3—F9), and C1—H6 (Cl1—H7), which
instantaneously shortens the corresponding bond lengths and
increases the importance of the dynamic correlation effects
associated with these bonds. The structural transition from int
to ts2 fundamentally converts the singlet diradical to a closed-
shell molecular system. Therefore, we have further studied a
simpler reaction that converts a single diradical to a closed-
shell molecular system, that is, “CF,H + H — CF,H,".
According to the results (Figure S2 of Supporting Information),
it can be generalized by saying that as a reaction goes from a
singlet radical to a closed-shell molecular system, the chemical
bonds around the “radical centers” experience an instantaneous
bond-shortening because of charge rearrangement, thereby
increasing the dynamical correlation associated with these bonds.



CF, Cycloaddition to Alkenes and Disilene

Conclusions

The CASSCF(4,4) energies suggest that the cycloadditions
of singlet CF, to alkenes (1—5) and disilene (6) all follow a
stepwise mechanism (path 3), which is supported by the energies
obtained using MR-MP2(4,4) and CR-CC(2,3) methods in
combination with small basis sets. However, the energies
calculated using the MR-MP2(4,4) and CR-CC(2,3) methods
in combination with the 6-311G(d) or larger basis sets consis-
tently suggest that each reaction follows the one-step concerted
mechanism: the additions of CF, to alkenes 1—S5 occur via path
2, whereas the addition of CF, to 6 occurs via path 1. The
stepwise mechanisms predicted at the CASSCF level are
“artificial” because of the neglect of dynamic electron correlation
effects, although the stepwise mechanism is predicted using the
MR-MP2 method with the smaller basis sets, which are
inadequate to cover the dynamic correlation effects. Therefore,
a point at which the cycloadditions of singlet carbenes to
substituted alkenes can occur via the diradical stepwise mech-
anism is doubtful.

Among the four methods applied in this article, MR-MP2
and CR-CC(2,3) always correctly predict the reaction mecha-
nisms, provided that sufficiently large basis sets are used,
whereas the CASSCF always fails and the UB3LYP fails in
some cases. The use of one d-type polarization function
markedly improves the accuracy of the calculated relative
energies. Among the basis sets evaluated, 6-311G(d) is the
smallest that is appropriate for studying the mechanisms of
the titled reactions using the MR-MP2 method, although the
active space CAS(4,4) is adequate to this end. The important
role of the dynamic correlation effects in determining the
mechanisms of the reactions can be rationalized in terms of
geometry variation and charge rearrangement during reaction
processes.
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