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Abstract: The potential energy surfaces for the insertion reactions of methylene and fluorinated methylenes into the
H», HF, and K, molecules were studied by density functional, many body perturbation, and coupled-cluster theories.
These methods predict the barrier for the,@#Sertion into the hydrogen molecule to be about 33 kcal/mol, that is,
significantly lower than previous estimates. A new transition state was found in this system for the reaction path
which leads to CHF- HF. However the transition state for this metathesis channel is about 25 kcal/mol higher than
that of the insertion channel. For the fluoromethylene insertion intéhil predicted activation energy is about 8
kcal/mol. The CH insertion into F; proceeds without a barrier. The peculiarity of the insertion reactions between
carbenes and HF involves formation of a hydrogen-bonded complex. The-BH complex is bound by about 10
kcal/mol relative to CH+ HF. Coupled-cluster methods predict a small (ca. 3 kcal/mol) barrier for transformation
of this complex into CHF. However, this barrier lies 7 kcal/mol below reactants,GHHF. In the case of the

CHF insertion into HF the analogous barrier is higher and lies ca. 2 kcal/mol above reactants.

Introduction
Insertion of singlet methylenel4;) into the hydrogen

molecule is a prototype reaction for carbene insertions, and it

has been thoroughly studied by theoretical metHoflsThe

least-motion pathway (withirC;, symmetry) for the singlet
methylene insertion into Hs Woodward-Hoffmann forbidden
and requires a significant activation enefgyiowever the path

maintainingCs symmetry has no orbital symmetry restrictions

and no barrier at correlated levels of theéry.

The substitution of one or two of the hydrogen atoms in
methylene by the highly electronegative fluorine atom leads to
significant changes in its electronic structure. Fluorine substitu-

carbenes compared to GHesults in the appearance of an
activation barrier for the insertion reactions of g, into ¢
bonds?13 This was confirmed experimentally by Battin-Leclerc,
Smith, Hayman, and Murreftéin 1996 for the system GF+
Ho.

The barriers for the reactions €F H, — CH,F, and CHF
+ H, — CHgF were estimated by Sosa and Schlggel1984.
Their single point MBPT calculations (up to MP4) at the
optimized SCF geometries employing the 6-31G* basis set gave
barriers in the 4547 kcal/mol range for the GHRnsertion and
14—15 kcal/mol for CHF (enthalpies at 0 K).

Since the Sosa-Schlegel work was published, there have

gap due to interaction of the fluorine lone pair orbital and
the unoccupiedsp orbital of carborf. While in CH, the ground

state is ofB; symmetry and the singlet-triplet gap is 9.0 kcal/

predict reaction thermochemistry with reliability. Among these,
two groups of methods should be mentioned. First, and most
reliable, are those based on coupled-cluster tho§and

IA" and the triplet state*Q”) lies at 14.9 kcal/mol! For CR
the singlet-triplet gap grows to 57 kcal/m@l. The inverted

(DFT) methods” The coupled-cluster method which includes
all single and double excitations (CCSD), and especially its

order of stability of the triplet and the singlet states in fluorinated Version with a perturbative treatment of triples (CCSD(T)), in
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advantage being much less computationally demanding but lackmethod including single and double excitations with core
the theoretical consistency of the coupled-cluster theory meth- electrons excluded from correlation treatment (QCI1%))e
ods. With these hybrid HF/DFT methods the combination of coupled-cluster method including all single and double excita-
the B3 functional with the Lee-Yang-Parr nonlocal correlation tions (CCSD)° and the latter including all connected triple
functional (LYPY® gives average absolute deviations with excitations perturbatively (CCSD(T)). In the coupled-cluster
respect to experimental data for the enthalpies of formation methods all electrons were correlaf@dThese methods were
approaching those achieved by the G2 method. We note employed as they are realized in the programs GAUSSIAN94
especially in this regard the recent systematic study of 148 (MP2, QCISD) and ACESH¥2
molecules by Curtis etl.® However, the maximum deviations The basis sets employed were of DZP quality, constructed
for the B3LYP method are significantly larger. from the standard doublgset of Huzinaga and Dunni&t[C,F
Much less is known about the performance of different (9s5p/4s2p) and H (4s/2s)] with the addition of six d-like
methods in predicting the activation barriers for chemical functions to the carbon atoms with orbital exponegtC) =
reactions. There is no extensive systematic study of the coupled-0.75, to the fluorine atoms with exponeg(O) = 1.00 and a
cluster methods, but one expects that, being the theoreticallyset of p functions on hydrogensy{H) = 0.75). Pople’s
consistent methods, they may approach the exact values forstandard 6-311G** basis $étwas also used.
barrier heights. On the other hand, there are some systematic Geometries of reactants, transition states, and products were
studies of the DFT method's performance in reproducing fully optimized, and vibrational frequencies (ZPVE) were
reaction barrier§>?> The general opinion is that the B3LYP  evaluated at the same level of theory unless otherwise stated.
method tends to underestimate barrier heights. However,
Durant! found that Becke’s half-and-half exchange functional Results and Discussion

with the LYP correlation treatment (BHLYP), as implemented . . .

: : - 1. The Ck, + H; System. The transition state for insertion
24

in GAUSSIAN 92/DFT44is less affected by this problem and f CF, into the hydrogen molecule found in 1984 by Sosa and

gives the best estimates of reaction barrier heights among severagchleg & at the SCF level was a starting point for our study of

DFT methods. X h L .
Althouah the main goal of this work is to examine the effect this reaction by correlated methods. The optimized geometries
of fluoringe substitutio% in methylene on the singlet insertion for stationary points on this surface are presented in Table A,
y 9 Note that all tables are included in the Supporting Information.

reactions into H, other reactions of carbenes which result in The experimental geometrical parameters for the reactants
formation of CHF, were also studied. These include the and the product of the GF H, reaction are known. The

insertion of methylene into J/and the reaction between CHF . .
structural parameters of difluoromethylene were refined by
not been previously examined to the best of our knowledge SKirchhoff and Lidés from their microwave spectrum to béCF)
" = 1.303+ 0.0001 A andJFCF= 104.78+ 0.02. Thisis an

For the CHF system the CH+ HF and CHF+ H, reactions L .
! . average or; structure, which in the case of a perfectly harmonic
were also studied here. Some aspects of the potential surface

of this reaction were studied earlier by PdBland by Yates potential would coincide with the equilibriume structure.
Bouma. and Rador ’ Assuming that the anharmonicity of g#ibrations is not very

high, we may expecte values to be close to those of the
structure. It is interesting to note that the closest agreement
with experiment is achieved by B3LYP, while the MP2 and
Two hybrid DFT methods were used in this work, the first coupled-cluster methods slightly overshoot the CF bond length
being B3LYP method as implemented in the GAUSSIAN 94 (by 0.010 and 0.014 A, respectively, Table A). With larger
program?’ In this method the exchange functional was basis sets, of course, we expect the CCSD(T) method to be the
constructed by Becke from three functionals including the most reliable. For the Cjf, molecule, where both, andre
Hartree-Fock exchange functional, while the correlation func- structures have been experimentally refif&al) methods (with
tional is that of Lee, Yang, and Parr. The other method used the exception of BHLYP) predict a CF bond length which is
here is BHLYP, in which the hybrid exchange functional is built very close to the, value but disagrees considerably with the
from 50% exact exchange and 50% Slater exch&hg€his structure. However there are some doubts about the accuracy
method was used as realized in the GAUSSIAN 92/BFT  of the estimation of this parameter in the experimemtal
program. Theoretical methods employed here also involved structure’® One might expect the significant shortening of the
second-order MollerPlesset perturbation theory with all elec- highly anharmonic CH bond in the structure but the almost
trons correlated (MPZ2$ the quadratic configuration interaction  0.01 A decrease in the CF bond seems surprising. Possibly

Theoretical Approach
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hydrogen-bonded complex (d) in the g system.

1.510
ther. parameters derived from experimental data are not of high s 1158
accuracy, perhaps due to a poor choice of anharmonic force

constants used in this procedure. &y

The heat of reaction for the addition of €t H, is the only 1.802
known thermochemical parameter for this system. The experi- 0746 o
mental estimate in Table B is derived frotH:°(0 K) values ; ;
for CF, (43.6 + 1.5 kcal/mol) and ChF, (105.9+ 0.4 kcal/ 0% 1137 A Y
mol) reported in ref 37. The MP2(61.8) and B3LYP(61.3) ¢33 / :
methods give better agreement with the experimental (2.3 ! (
1.9 kcal/mol) value than the coupled-cluster (58.7 for CCSD; 1991 @ Ne 7
CCSD(T) gives 57.4) methods, but the accuracy of the 1.429 ‘

experimental value determination is not high. Figure 2. Some points on the intrinsic reaction coordinate (IRC) for
The transition state found at the SCF level by Sosa and the metathesis reaction GF- H, = CHF + HF. Results from the

Schlegel was a start_ipg point for its refineme_nt by cor_related B3LYP/DZP level of theory.
methods. This transition state hassymmetry with a relatively
short CH1 bond (1.16 A) formed by the carbon lone pair of 1b) is characterized by a strong interaction with both hydrogens,
electrons (Figure 1a). ltis interesting to note that the length of one with the carbon atom and the other with fluorine. The
this bond does not change significantly with inclusion of electron hydrogen molecule resides above the CF bond of &ignifi-
correlation (Table A). The other carbehydrogen distance (1.6  cantly perturbing the latter. The optimized geometrical param-
A) is too long to be considered a conventional bond, and the eters of this transition state (TS3) are presented in Table C.
population analysis shows a negative value for this pair of atoms. The IRC procedure shows that descending from TS3 leads to
Following the reaction path from this transition state by the CHF + HF (Figure 2). Thus this transition state refers to the
intrinsic reaction coordinate (IRC) method (B3LYP/DZP) shows metathesis reaction GR- H, == CHF-HF. To the best of our
that it goes to Chf in the forward direction and to GF- H, knowledge this reaction has not been discussed in the literature.
in the reverse direction. The latter path was traced to a distanceThe barrier height for this reaction, however, is significantly
between the carbon and hydrogens of 3.0 A. It cannot be higher than that for formation of G, (Figure 3).
excluded that there exists some very weakly bound complex 2. The CHF+ HF — CHF, Reaction. Insertion of singlet
beyond this distance, but such a species should have a well depttiluorocarbene into hydrogen fluoride has not been studied
less than 0.5 kcal/mol and has a tendency to disappear with thepreviously by theoretical methods. However, the studies of
increase of the quality of the theoretical method, as mentioned Poplé“ and of Yates, Bouma, and Rad&rhave shown that in
by Sosa and Schleggl. contrast to the case of insertion of carbenes intoaHhydrogen-
The barrier height (30.3 kcal/mol) for the transition state for bonded complex is formed between methylene and HF. Our
the singlet CE insertion into H obtained at the B3LYP level  study confirmed the formation of such a complex in the case
(Table B) is significantly lower than those estimated by Sosa of fluoromethylene (Figure 1d). The depth of this local
and Schlegel. However, the general trend of the BALYP minimum is about 10 kcal/mol and shows no tendency to
method to underestimate barrier heights is well-known, and it disappear as the level of theory is raised (Table D). However,
suggests that this B3LYP value is a lower limit. The BHLYP the distance between carbon and the proton of HF tends to
value (34.9 kcal/mol) is higher, as expected, and it is closer to lengthen with the increase of level of theory from 1.788 A
those predicted by the correlated methods. The increase of theB3LYP) to 1.867 (CCSD(T)) (Table E). Thus the CHHF
quality of the method with the same basis set (DZP) shows a system is best described as a strong hydrogen bond. Note also
tendency toward the steady lowering of this barrier, but the use the shortening of the CH and CF bonds in the CHF moiety of
of the 6-311G** basis set leads to an increase (Table C). Taking the complex compared to free fluorocarbene. Analysis of the
into account these tendencies we can predict the barrier heightMulliken populations shows that there is charge transfer from
for the CR, + H; insertion reaction to be 34 3 kcal/mol. the fluorine of CHF to that of HF in the complex. This may
A new transition state was found when the search was not reduce the destabilizing donation of the CHF fluorine lone pairs
restricted by the symmetry plane. This transition state (Figure into the pr orbital of carbon. The transition state (TS2) for
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Figure 3. The energetic scheme for the stationary points of theFgH
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Figure 4. Structures of two types of transition states for the,CH

transformation of this complex to GH, was found at the insertion into . These transition states reflect thyn(a) andanti (b)
B3LYP level to be 7.9 kcal/mol below reactants and 4.4 kcal/ orientations of the Fmolecule with respect to the GHone pair.

mol above the CHF=-HF complex (Figure 1c). The BHLYP description of the experimental reaction enthal The fair
and MP2 methods predict significantly higher barriers but still descr:ptzon of the enz[(r?al : by the SCFI method rr?g be due Ito
slightly below the reactants in energy (Table D). Implementa- a fortu?tious cancellationpgf eyrrors y

tion of the coupled-cluster methods significantly increases the 4. The CHE + H, Svstem Inseftion of fluorocarbene into
barrier heights [to 4.5 kcal for CCSD and 1.7 keal for CCSD- "\ © 00 molef:ul)é should have a lower barrier than that
(T)]. Thus, the best estimate of the enthalpy of the transition yarog "

. for CR. Sosa and Schledehave found a transition state for
state for the rearrangment of the hydrogen-bonded complexmtothis rocess at the SCE/6-31G* level. Their MP4 ener
CH,F; is about 10 kcal above the complex and about 3 kcal/ pro e ) . 9y
mol above reactants. calculation at the SCF optlmlze_d geometry gave a barrier height

3. The CH, + F, — CH,F, Reaction. This is the third of about 10 kcal/mol. Wong, Li, and Bak&employed several
pIaLllsibIe reaction on this hypersurface t.o form &K It has DFT methods for predicting the barrier h_eight of_ this reaction,
not been investigated previously to the best of our knowledge anql they concluded th‘?‘t the small negative barnEas/e_lues) )

which they obtained with the BLYP and B3P86 functionals is

by theoretical methods. For the analogous reaction of Sid . . .
o . - “clearly unphysical and must raise a question mark over the

transition structures_(correspon_dmg o tﬁgwand anti con use of these particular functionals for reactions with low

figurations of F; relative to the Sikdlone pair) were found by barrier’ 3

Schlegel and co-workefSrecently at the SCF level of theqry. Implementation of the B3LYP functional with the DZP basis

However, at correlated levels no barrier was found forahg S . . .

SiH, approach, and the barrier for tisgn approach was onl set in this work gave a very small negative barrier heighd.4

0 52kc§IF/)moI al;ove reactants at the QCISpIg/G-SlG* level y kcal/mol, Table G). The structure of the transition state
’ : corresponding to this barrier is depicted in Figure 5b. The

Two analogous transition states were found here for meth- - .
ylene insertion into the fluorine molecule at the SCF/DZP level. EHI‘.YPLD.ZF;] meahlodlv?;/;? T}Z:r)nzaFl)l .(2'2 kcal) .bUt p<|35|tE§a4 6
One of them (TS1, Figure 4a) corresponds to formation of a kar:}er Ie'_ic_]ht’ W L? 't(hu ) i |Ecrgasis '|titva ue tol ’ d

. X cal/mol. The problem with negative barrier heights was solve
bf);r%ittgrlog?Pédsvrilﬁtlgnnoéreileenigggi cz;‘fotr;]eefll;(_)lglnsotr(]) dthtivizant when we used the intrinsic reaction coordinate (IRC) technique
P ' SY . to descend from the saddle point. On one side it goes to the
methylene lone pair. The other structure (TS2, Figure 4b) hasglobal minimum CHF. but on the other we found a local
a F-F bondanti to this lone pair. However, introduction of - . ’
electron correlation usually leads to the disappearance of these?r:glmkzm(l\é\il h:j:rzcgg;%p.?_ﬂzs ;?ngseelol?esﬁtcgmt?rﬁ)z(;%\geg? ﬁ:_e'F
transition states. Two of the methods (BHLYP and MP2) still cometr o?this corﬁ lex b diﬁerecglt methopds showed that the
give small barriers (2.4 and 2.9 kcal/mol, respectively) for this gorrespoﬁding minimpum isyvery shallow and that the-B
reaction, although significantly lower than at the SCF level . : .

(Table F). Al ot?ler n?ethods eymployed predict the absence of distance tends to increase with the level of theory (to 1.131 A
) ) . . . with the CCSD(T) method, Table H). The dissociation energies
a barrier for this reaction. It is worth noting that the methods
which predict the existence of a small barrier show the poorest . (39) Wong, C.-K.; Li, W.-K.; Baker, 1. Mol. Struct. (Theochen)995
57, 75.a.

(37) Chase, M. W.; Davies, C. A.; Downey, J. R.; Frurip, D. J.; McDonald (40) Suzuki, T; Saito, S; Hirota, El. Mol. Spectrosc1981, 90, 447.
R. A.; Syverud, A. NJ. Phys. Chem. Ref. Date985 14. (41) Huber, K. P.; Herzberg, G. Molecular Spectra and Molecular

(38) Ignacio, E. W.; Schlegel, H. Bl. Chem. Phys1992 96, 1620. Structure. IV. Constants of Diatomic Molecules; Van Nostrand: New York,
Ayala, P. Y.; Schlegel, H. BChem. Phys. Lettl994 225 410. 1979.




12310 J. Am. Chem. Soc., Vol. 119, No. 50, 1997 Ignaiped Schaefer

e

3 3 a b

a 2 f b ﬁ
\\‘ I'I %
N 1

Figure 5. Structures of the complex (a) and transition state (b) for the
CHF insertion into H. Figure 6. Structures of the complex (a) and transition state (b) for the

CH; insertion into HF.
for this complex decrease from 1.0 kcal/mol (B3LYP/DZP) to
0.4 kcal/mol (QCISD/6-311G**). However the presence of this

minimum gives physical sense to the “negative barrier heights”. i/ﬂ
The lowest vibrational frequency of the complex also decreases

TS5
from 96 cnTt (B3LYP/DZP) to 22 cm* (QCISD/6-311G) CHEF + H, \\ f \__/ CH, + HF

TS4

with the level of theory.

Despite the fact that the height of the barrier for the insertion
of CHF into H is very small with the HF/DFT methods, the
barrier increases when the coupled-cluster methods are applied.

With the coupled-cluster methods the barrier varies from 8.2
to 10.3 kcal/mol(AHo, Table H). Thus we consider 7 kcal/
mol as a fair estimate of this barrier height. \

5. CH,; + HF — CHsF. Addition of singlet methylene to

hydrogen fluoride was previously studied by P&pland by \

Yates, Bouma, and Radoff. In both studies geometrical \_j

optimizations were performed at the MP2/6-31G* level. The CH,F

hydrogen-bonded complex,8---HF was found to be a local  gigyre 7. The energetic scheme for the stationary points of theFCH
minimum on the CH+- HF potential energy surface of 8.6 kcal/  system.

mol depth relative to reactants. However the barrier for its

rearrangement into the GH corresponding to the global  + HF. These results are consistent with the 1996 experiments
minimum is less than 1 kcal/nf§land is hardly significant. of Battin-Leclerc and co-workefs.

Our scanning of the Ci#t- HF potential energy surface with 3. An enthalpy of activation of about 8 kcal/maikio) was
the help of the DFT and CC methods gave similar results. At found for the insertion of CHF into -t coupled-cluster levels.
all levels of theory the hydrogen-bonded complex (Figure 5¢) The |oosely bound complex between CHF and has a
exists as a local minimum. However, its relative energy dissociation energfe less than one kcal/mol at higher levels
decreases from-11.3 kcal/mol at B3LYP to-6.6 kcal/mol at of theory.

QCISD (Table I). The &-H distance correspondingly grows 4. Forthe CH + F, — CH,F; reaction transition states were
from 1.749 to 1.942 A (Table J). Thus the 8HHF hydrogen  foung for BHLYP (5.6 kcal/mol) and MP2 (6.0 kcal/mol). Al

bond is perhaps 30% stronger than that for the water dimer. giher methods employed predict the absence of the barrier for
The transition state for the rearrangement of this complex into iyis reaction. The reaction is predicted to be barrierless.

CHgF was found at all levels of theory (Figure 5d; geometrical g |sertion of CHE and CHinto HF proceeds through

parametersTable J). There is a difference between the ) .\otion of hydrogen-bonded complexes®f symmetry. A

geometry and energy of this transition state obtained with the 5 hgjtion state of ca. 10 kcal/mol above this complex and about
B3LYP method and those from other methods employed. The 5 a/mol above reactants was found in the GHFIF reaction

BS_LYP _geomgtry_ is close to that of the complex, and its barrier by the coupled-cluster methods. All methods except Hartree
height is vanishingly small (0.2 kcal/mol, Table I). Other p£qcy theory predict a very low (less than 5 kcal/mol above the
methods predict a “later” geometry and a higher (although not ., niex) barrier for the Crinsertion into HF. This transition

exceeding 4.4 kcal/mol, the CCSD result; CCSD(T) gives 2.8 state, however, lies below reactants, so the @HHF — CHsF
kcal) barrier. Still, this small barrier lies below the energy level o tion is predicted to be effectively barrierless.

of the reactants, thus making the reaction,GHHF — CH3F

effectively barrierless (Figure 6). Acknowledgment. This research was supported by the
Conclusions Department of Energy, Office of Basic Energy Sciences, Grant

1. The barrier height for insertion of Gnto H, was found FG02-97ER 14748.
to be about 10 kcal/mol lower than predicted earlier via SCF
optimized geometries. The enthalpy of activation varies from
30 kcal/mol (B3LYP/DZP) to 36 kcal/mol (CCSD(T)/DZP).

2. The previously unknown transition state for the metathesis
reaction Ck + H, == CHF + HF was found to lie about 60
kcal/mol above Ck+ H, and about 50 kcal/mol above CHF  JA972126A
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