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The insertions of methylidyne into RHH,S, HCI, NH;, H,O, and HF have been systematically studied at the
MP4/6-31H1+G(2d,p)//IMP2/6-311++G(d,p) + ZPEs and G2 levels. Each of the insertions is predicted to
occur via an initially formed intermediate complex H&H,, followed by a hydrogen-migration process. By
comparison of the energetic and geometrical results of these insertions, two three-point sets of rules (rules A
and rules B) are found and discussed, which are compared with those for the SiH insertions. Interestingly,
the complexes HEPH; and HC-SH, are found not to be the simple (loosely bound) deracceptor
complexes as those formed in the CH insertions into other hydrides and those formed in the SiH insertions
are. Their molecular and electronic structures have the following features: the shéi@hd lengths (1.723

and 1.751 A, being shorter than or comparable to the bond lengths 1.787 and 1.724 A in the corresponding
products); large binding energies (47.5 and 25.8 kcal/mol, respectively); considerable charge separations;

and low rotational barriers around-X bonds. On the basis of the detailed comparison with the qualitative
features of typical ylides ((C—PH; and HC—SH,), HC—PH; and HC-SH, are considered to be similar to

the ylides in nature, being “ylide-like radicals”. We suggest the two radicals might be observed in some
experiments since they are in deep wells in the energy surface. The calculated dipole moments and hyperfine
coupling constants are reported.

Introduction mediate complexes HEPH; (1b) and HC-SH; (2b) initially
formed in reactions 1 and 2 are not the simple complexes, being
similar to the phosphonium and sulfonium ylides (the P- and
S-ylides) in nature. We call the two complexes “ylide-like
complexes”, which were simply reported @hem. Commuf.

f In the present study we perform a systematic study on the CH
insertions into Pkl H,O, HCI, NH;, H,O, and HF at the G2
level. First, we draw some rules for these CH insertions and
compare them with those for the SiH insertions, and then we
discuss and describe molecular and electronic structurgéb of
and2b in comparison with the P- and S-ylides.

Methylidyne (CH), known to be one of the most reactive of
all radicalst? is important in combustion and planetary atmo-
spheric chemistry. The fundamental significance of this radical
has stimulated numerous kinetic studies on its reacfiokis.
initio theoretical studies could give detailed descriptions o
reaction mechanisms. As an important class of reactions in the
chemistry of methylidyne, the insertions of CH into compounds
were the subjects of several theoretical papérshat show
unexpected situations and complexities in the reaction paths.

In our previous paper, the insertions of CH into HH,0,
and HF were investigated at the MP2(FU)/6-31G(dpJPEs
level8 The energetic results indicate that the insertion channels Computational Details
are energetically favorable, which are in agreement with the
conclusions based on kinetic experimehisThe predicted
mechanisms for the insertions of CH into jHH,O, and HF
can be illustrated by eqs—=6 given below

The Gaussian 94 prografhwas used to perfom ab initio
molecular calculations. The G2 calculations in the present study
are slightly different from the standard &2calculations.
Because we failed in locating transition states for some reactions
CH+XH. — HC—XH. — TS — H.CXH at the I_—|F/6-316(d) level, the MP2(FU_)/6-31G(d)_frequenc_:y

(ma) " (mb) " (o) 2(m d) n-1 calculations were employed to characterize the stationary points
under investigations and estimate the contributions of zero point

QD X=P,n=3;2)X=S,n=2;3) X=Cl,n=1, energies (ZPEs, scaled by a factor of 0.96%6 the relative
(4 X=N,n=3;(5)X=0,n=2;(6) X=F,n=1 energies at the various levels used in this paper. To get more
reliable geometries, all structures were reoptimized at the MP2-

where the reactants, intermediate complexes-(M8,), transi- (FC)/6-311++G(d,p) level. The single point calculations MP4-
tion states (TS), and insertion products@XH,_1) are denoted ~ (FC)/6-311+G(2d,p)//MP2/6-311+G(d,p) were performed
asma, mb, mc, andmd (m = 4, 5, and 6), respectively. for the purpose of comparison with the SiH insertiéhé is

Recently we performed ab initio calculations for the insertions noted that, in our previous pap€rthe single point energies
of CH into PH;, H.S, and HCI. The skeletons of the energy @are corrected with the HF/6-31G(d) ZPEs, which is assumed
profiles representing the reaction paths for the CH insertions not to influence our conclusions.
into these second-row hydrides are similar to those for the For the open-shell systems under consideration, the expecta-
insertions into the respective first-row hydriddseing illustrated tion values of thes? operator were checked in the (U)MP2-
by eq 1(3) (given above), respectively. However, the inter- (FC)/6-31H-+G(d,p) calculations and tH&values were all
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Figure 1. Schematic diagram of the potential energy curves of the CH insertion reactions witf1 PH,S (2), HCI (3), NH (4), H.O (5), and
HF (6). The values in parentheses are the G2 relative energies in kcal/mol (corrected with the MP2/6-31G(d) zero-point energies).

smaller than 0.8 except for the value (0.87) . As we did Table 1 are listed the relative energies calculated at the three
in the previous study, the spin-projected energetic results arelevels, together with the MP2(FU)/6-31G(d) ZPEs, the MP2-
used. (FU)/6-31G(d)) imaginary frequencies for the transition states,
and the MP2(FC)/6-3Ht+G(d,p) (B [expectation values. The
term “relative energy” (of a species) in the following means
“the energy of a species relative to the reactant in the same
reaction”. In the following discussion, the G2 energies and the

Results and Discussion

The potential energy curves shown in parts<{@®) of Figure
1 represent schematically the calculated insertion paths for > X
reactions +6, respectively, and the G2 energiesrob, mc, MP2(FC)/6-313#+G(d,p) geometries are used unless otherwise
andmd relative toma (m = 1—6, respectively) are given. The  noted.
energy profiles indicate each of the insertions takes place via 1. Rules for the CH Insertions. 1.1. CH insertions into
an initially formed intermediate complex followed by a hydrogen PHs, H2S, and HCI. The mechanisms for the CH insertions
migration process. The structures b, mc, andmd (m = into PH;, H2S, and HCI are predicted to be essentially similar
1-6), optimized at the two levels, are displayed in Figure 2. In to those for the CH insertions into NHH,O, and HF® These
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Figure 2. Optimized structures of the intermediate complexab)( transition statesnfc), and productsrid) for the CH insertion reactions with

PH; (1), H:S (2), HCI (3), NHK (4), HO (5), and HF (6). The upper values are the MP2(FC)/6+3tG(d,p) geometric parameters, and the lower
values are the MP2(FU)/6-31G(d) ones. Bond lengths are given in angstroms and angles in degrees.
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TABLE 1: Relative Energies® (kcal/mol) for the Intermediate Complexes, Transition States, and Products of the CH Insertion
Reactions with PH;, H,S, HCI, NH3, H,0O, and HF, Together with the (U)MP2/6-311+G(d,p) [$*[Values, the MP2(FU)/
6-31G(d) Zero Point Energies (ZPE, in kcal/mol, Scaled by a Factor of 0.9646), and Imaginary Frequencies (IMG, in cr) for

the Transition States

ZPE IMG (%0 MP2/6-311+G(d,pp MP4/6-311+G(2d,ppe G2
CH+ PHs 1la 19.2 0.0 0.0 0.0
(—380.978919 —381.04587 £381.09058)
HC—PH; 1b 24.0 0.766 —46.1 —43.7 —47.2
TS 1c 228 1630.8i -15.7 -126 -16.7
H,C—PH, 1d 25.2 0.767 -101.8 —96.0 -98.7
CH+ H,S 2a 13.6 0.0 0.0 0.0
(—437.21331) £437.28758) £437.34257)
HC—SH; 2b 18.4 0.764 228 222 -25.8
TS 2c 16.5 1057.5i 0.768 -8.9 -8.6 -10.0
H,C—SH 2d 20.0 0.766 -98.6 -92.9 ~95.9
CH + HClI 3a 8.3 0.0 0.0 0.0
(—498.61903) £498.69167) £498.75231)
HC—CIH 3b 10.8 0.777 -2.8 -3.8 -2.9
TS 3c 9.5 567.8i 0.798 —17 2.6 ~16
H,C—Cl 3d 14.4 0.765 -91.8 -86.8 -89.4
CH + NHs 4a 25.4 0.0 0.0 0.0
(—94.78111) €94.84258) €94.86997)
HC—NH; ab 30.6 0.755 —28.1 -25.3 —26.6
TS 4c 27.7 1756.5i 0.771 -10.7 -7.0 -8.3
HaC—NH, 4d 31.4 0.753 -955 —-90.1 —-92.0
CH+ H,0 5a 17.1 0.0 0.0 0.0
(—114.66010) £114.71739) £114.74419)
HC—OH, 5b 20.8 0.770 -85 -8.0 -7.8
TS 5¢ 18.6 1465.8i 0.754 -0.3 -0.0 0.0
H,C—OH 5d 233 0.753 -87.0 —-84.2 -855
CH+ HF 6a 9.6 0.0 0.0 0.0
(—138.64448) £138.70328) £138.76234)
HC—FH 6b 12.1 0.869 -1.1 ~1.6 -0.2
TS 6c 11.6 781.6i 0.762 6.1 3.6 4.4
H,C—F 6d 15.6 0.760 -81.1 -79.7 -81.4

a All the relative energies have included the ZPE correctiéifie MPn calculations were carried out with the core orbitals frozen and the
spin-projected energetic results are usegingle point MP4SDTQ/6-3Ht+G(2d,p)//MP2/6-313+G(d, p) calculations? Values in parentheses

are total energies in a.u.

mechanisms are essentially different from that for the CH
insertion into H?2and that for the CH insertion into GH The
similarities between the CH and Glihsertions into NH, H,O,
and HF were discussed in our previous pdper.

The binding energies of the initially formed complexds
2b, and3b in reactions 3 are calculated to be 47.2, 25.8,
and 2.9 kcal/mol, respectively, which are comparable to the
values 43.4, 22.1, and 3.8 kcal/mol reported previoBidipe
large binding energies dfb and 2b and the “normal” C-P
and C-S bond lengths inb and2b (1.723 and 1.751 A, being
shorter than or comparable to the-& bond lengths 1.787 and
1.724 A in1d and 2d, respectively) imply thab and2b are
not the simple complexes. The molecular and electronic
structures ofLtb and2b will be described and discussed in detail
in section 2.

The MP2(FU)/6-31G(d) frequency calculations for the transi-
tion stateslc, 2c, and 3c predict the (unique) imaginary
frequency values of 1630.8i, 1057.5i, and 567.8¢mespec-
tively. In the structures olc, 2c, and3c, the attacked XH

reactions +3 are calculated to be 30.5, 15.8, and 1.3 kcal/
mol, respectively.

The relative energies of the insertion produtts 2d, and
3d are—98.7,—95.9, and—89.4 kcal/mol, respectively, which
indicates that the CH insertion reactions with #H,S, and
HCI are all strongly exothermic.

For the structures (see Figure 2) we only mention the
predicted C-X bond lengths in the complex, transition state,
and product for each of reactions-3. The three values are
1.723, 1.742, and 1.787 A for reaction 1; 1.751, 1.998, and 1.724
A for reaction 2; and 2.249, 2.429, and 1.700 A for reaction 3,
respectively.

On the basis of the calculated results for reaction8,1the
following rules can be concluded (referred to as rules A,
hereafter). As the X-element moves from left to right (from P
to Cl) across the second-row in the periodic table, (i) the binding
energy of the complex decreases while theXCdistance in its
structure increases, (ii) both the relative energy of the transition
state (the height of the overall barrier) and theXCdistance

bonds are elongated by only 3.5%, 3.0%, and 1.6% relative to in its structure increase, and (iii) both the reaction enthalpy and

the X—H lengths in the reactants XH respectively. The
transition state&c, 2¢, and3care predicted to be-16.7,—10.0,
and—1.6 kcal/mol lower in energy than their respective reactants
1la, 2a, and3a, which implies that the CH insertions into BH
H.,S, and HCI take place energetically favorably. The barriers
(E(mc) — E(mb)) for the hydrogen-migration processes in

the C-X distance in the structure of the insertion product
decrease, in contrast to point i.

1.2. Comparison with the CH Insertions into the First-
Row Hydrides. The insertions of CH into Nk H,O, and HF
have been previously studied at the MP2(FU)/6-31G(ekp)
ZPEs leveF Our present study predicted the same mechanisms
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for the three reactions. Note that the predicted reaction enthalpythat for the latter, which indicates that the CH radical is more

of 85.5 kcal/mol for reaction 5 is very close to the experimental
value (86.2 kcal/mol), in contrast to the previous value (93.4

kcal/mol)® As shown in Figure 1 the skeletons of energy profiles

for the CH insertions into the first- and second-row hydrides

are identical E(ma) > E(mb) < E(mc) > E(md)). By
examining the results for reactions-8, it could be found that

rules A concluded from the CH insertions into the three second

row hydrides fit completely the CH insertions into the three
first-row hydrides. Point ii in rules A indicates that, in the same

row, the hydride of the left-hand group is more reactive than

the hydride of the right-hand group in these CH insertions.

By comparing reactions-13 with reactions 46, one could
find the following rules (referred to as rules B, hereafter). As

reactive than SiH toward the same hydrides in inserting.

2. Addition Complexes HC-PH3 and HC—SH,. In the
following we focus on the complexes. As shown in Table 1
and Figure 1, the complexes H®H; (1b) and HC-SH, (2b)
have very large binding energies and very shortC(bond
distances (1.723 and 1.751 A), which are shorter than or

- comparable to the XC bond lengths (1.787 and 1.724 A) in

the productsld and2d, respectively. The binding energies for
3b, 5b, and6b are all very small (less than 10 kcal/mol), and
they all have very long €X bond distances compared with
those in their respective products. Although the binding energy
for 4b is large (about half of the value for its analogalls),

the C-N bond distance (1.558 A) iAb is significantly longer

the X-element goes from the first- to the second-row in each of than that (1.398 A) irtd. It is also noted that the HCX angles
the three groups, (i) the binding energy of the complex increasesin 1b and2b (115.C and 103.8, respectively) are significantly

(note that the binding energies &b and 2b are much larger
than those oftb and5b, respectively), (ii) the relative energy

larger than 90, while the HCX angles in the other complexes
(see3b, 4b, 5b, and6b in Figure 2) are close to 90Thus, it

value (overall barrier height) of the transition state decreasesmay be concluded thdth and2b are different from the other

and the attacked XH bond in the structure of the transition

complexes, which are the loosely bound lone-pair (of the

state is elongated to a lower extent (the percentages of theX-atom) donor-acceptor complexe&.13

elongation decrease from 14.4958.3% to 1.6% 3.5%), and

The P- and S-ylides (#PH; and HLCSH,) are important

(III) the reaction enthalpy increases. Pointii in rules B indicates reactants in Synthetic Organic Chemistry. As a prototype of y||de

that the second-row hydride (¢ P, S, and CI) is more reactive
than the corresponding first-row hydride E&XN, O, and F) in
these CH insertions.

the P-ylide has been extensively investigated by theoretical
chemists at the various levels, and these stditiés have
revealed certain features for its molecular and electronic

The most significant difference in the CH insertions between structure. The P-ylide has a short-B bond length (1.67
into the first-row hydrides and into the second-row hydrides is 1.68 A5-18) which is much shorter than the4€ single-bond

that, for each of the reactions4, the C-X bond distances in

length in KC—PH, and close to theRC double bond length

the complexes, transition states, and products (see Figure 2)n H,C=PH. The P-ylide is several dozens of kcal/Mdbwer

decrease monotonically, while the—& lengths change in
disorder for each of reactions-B. Comparinglb with 4b, it
can be found that atom“Hs cis to H in 1b, while in 4b the
two atoms are trans to each othdihe difference is also
recognized betweeb and5b.

1.3. Comparison with the SiH Insertion Reactionsln our
previous theoretical pap8ithe insertions of SiH into Nkj H,O,
HF, PHs, H2S, and HCI were systematically studied, and the

in energy than the separateH, + PHs, which indicates a very
large binding energy towartCH, + PHs. The local geometry

at the C-center of the P-ylide is not planar and the out-of-plane
bending angle is about 34718 The electronic structure calcula-
tions for the P-ylide indicate a large charge separation at its
P™—C~ bond, the (MP2) Mulliken charg&sbeing+0.55 and
—0.76 e on the P and C atoms, respectively (the natural
change® were predicted to be as large as 0.96 arid21 e!).

skeletons of the energy profiles for these reactions are similar In contrast to a pure double ¢+ 1) bond, the barrier to rotation

to those (see Figure 1) for the CH insertiofgréactants)>
E(complex)< E(TS)> E(product)). On the basis of the results
calculated at the quite close theoretical level (MP4/6-315-
(2d,p)//IMP2/6-31%++G(d,p) +ZPEs, see above), the rules A
and B concluded from the CH insertions do not fit completely

about the P—C~ bond in the P-ylide is very low (about 1 kcal/
mol or les$%1729. The (MP2) bond order calculatiol¥for the
P-ylide predict a value of 1.360 for itsC bond, which is
intermediate between the values for the® double bond and
P—C single bond. In summary, the P-ylide has the following

the SiH insertions into the same six hydrides, although the two features in its molecular and electronic structure: the shert P
radicals are valence isoelectronic, and have similar insertion C bond length; large binding energy; large charge separation;
mechanisms. For instance’ as the X element moves from left to'OW internal rotation barrler; intermediatef bond Order, and
right across either the first-row or second-row in the periodic the nonplanar local geometry at the C-center. These are

table, both the SiX and C-X bond in the products decrease,

considered as the general features in the molecular and electronic

but the reaction enthalpy for the SiH insertions increases, while structures of ylides.

that for the CH insertions decreases; the-%ibond lengths in

The P- and S-ylides could be considered as the initially

the transition states, as well as the relative energy of the formed complexes in the insertions of methylene intg BRd

transition state for the insertions of SiH into second-row

H,S, respectively (see the relevant energy profiles in ref 15),

hydrides, do not appear to have the same change trend as founavhich stimulate us to realize that the complegtbsand2b might

in the CH insertions. As the X-element goes from the first row

be similar to the P- and S-ylides in nature althoddhand2b

to the second row in the same group, the reaction enthalpy ofare radicals. In Table 2 listed are the propertiedlmfand 2b,

the SiH insertions decreases, in contrast to an increase for CHcalculated at the four post-SCF levels, including energetic
insertions. In addition, the binding energies of complexes in properties (binding energies, proton-transfer energies (see
SiH insertions change slightly (not more than 2.0 kcal/mol), below), internal rotation barriers, structural properties (theCX
while the binding energies of complexes decrease significantly bond lengths and HCX angles), charges, and spin densities,
except for the insertions of CH into HF and HCI (as large as together with dipole moments. As shown in Table 2, the MP2-
about 18.0 kcal/mol). Comparing each of the CH insertions into (FU)/6-31G results are significantly different from those
the hydrides with the corresponding SiH insertion, the relative calculated at the other levels. We conclude that the d functions
energy of the transition state for the former is much lower than contribute greatly to the formation of the special complekes



270 J. Phys. Chem. A, Vol. 103, No. 2, 1999

TABLE 2: Calculated Properties® of HC—PH3; and HC—SH,
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charge spin density
BEP PTE AEP R(X—C) OHCX P C P C DP
HC—PH,
MP2(FU)/6-31G 21.9 77.6 1.885(1.897) 108.7 0.445 —0.461 —0.076 1.049
MP2(FU)/6-31G(d) 43.1 61.1 1.4 1.714 (1.789) 117.1 0.345 —0.501  —0.032  0.979
MP2(FC)/6-31#+G(d,p) 46.1 55.7 0.5 1.723 (1.787) 116.4 0.691 -—0.620 —0.081 1.044 3.79
(0.80y (—0.793)
MP4/6-31H1-+G(2d,p) 43.7 52.3 0.2
G2 47.2 51.5 0.2
HC—-SH,
MP2(FU)/6-31G 6.0 82.7 2.256 (1.815) 92.8 0.003 —0.255 —0.052 1.098
MP2(FU)/6-31G(d) 19.1 83.4 6.4 1.730 (1.728) 106.2 0.156 —0.493 —0.037 1.016
MP2(FC)/6-31#+G(d,p) 22.8 75.8 47 1.751 (1.724) 103.3 0.513 —0.660 —0.040 1.038 4.16
(0.386) (-0.658)
MP4/6-31H+G(2d,p) 22.2 70.7 7.1
G2 25.8 70.1 5.2

a Energetic properties in kcal/mol, bond lengths in angstroms, angles in degrees, densities (charges) in electrons, and dipole moments in Deybe.

bBE, PTE,AE;, and DP denote the binding energy, proton-transfer energy, internal rotation barrier, and dipole moments, resp&esayon
population analyses using MP2 densiti€€—X bond lengths irld and2d. ¢ Natural charges.Calculated at the MP2/6-3%H-G(d,p) geometries.

and2b. It should be pointed out that the exclusion of d functions
does not influence the complex8b and4b as severely atb
and2b (not shown in Table 2). In the comparative discussion

in 1b are +0.691 and—0.620 e, respectively, and the values
are +0.513 and—0.660 e on the S and C atoms &b,
respectively. The natural charges on the above-mentioned four

presented in the next paragraph we will use many published centers are-0.800,—0.793,+0.386, and-0.658 e, respectively.
results for the P- and S-ylides that were not calculated at the For the P-ylide the Mulliken population analy¥isising the
exactly same levels as those in the present calculations (seeMP2/6-31G(d) density predicted the charges-6®.55 and

Table 2). However, we lay emphasis on finding similarities of
the qualitative features between the ylides and complékes
and2b.

—0.76 e on the P- and C-centers, respectively, which are slightly
larger than the MP2(FU)/6-31G(d) charges (see Table 2) on the
corresponding centers itb. For the radicalslb and 2b, our

The proton-transfer energy (PTE) was defined as a criterion bond order calculations using the natural analysis as well as

of “hypervalency” in ylide by Eades et &° which is just the
energy difference betweer,8—XH,, (ylide) and HC—HX,,—1

using the “atom-in-molecule” methods were not successful or
gave apparently unbelievable results. The calculated spin

(the stable tautomer). In the present study we have defined thedensities on the X and C centers 1b and 2b (see Table 2)

PTEs formb (radicals) as the energy differences betwadn

imply that the unpaired electron predominately resides on the

andmd. The binding energies and proton-transfer energies for C center in each of the two radicals.

the P- and S-ylides can be evaluated on the basis of the energetic The binding energy value d is larger than that a2b, and

results reported in ref 15, which were calculated at the MPn the proton-transfer energy value db is smaller than that of
levels with several large basis sets. The evaluated binding2b. Both facts imply thatlb is more stable tha@b. The HCP

energies for the P- and S-ylides are-5% and 2748 kcal/
mol, compared with the values 47.2 and 25.8 kcal/mollfior

and2b, respectively. The evaluated proton-transfer energies for

the P- and S-ylides are 5359 and 73-81 kcal/mol, compared
with the values 52.3 and 70.6 kcal/mol fdb and 2b,
respectively. The PC bond length of 1.723 A (MP2/6-
311++G(d,p)) in1b is only 0.046 A longer than the length of
1.677 A817(MP2/6-31HG(d,p)) in the P-ylide, and the-SC
bond length in2b is about 0.1 A longer than the length (an
MP2/6-31G(d) value of 1.635 A was reported in ref 15) in the
S-ylide. The structure dfb (see Figure 2) has a symmetry plane
in which the C-H bond is cis to the unique-FH bond. The
unique P-H bond in 1b is somewhat shorter than the other
two P—H bonds, and the unique HPC angle is significantly

angle (115.9) in 1b deviates to a greater extent from°@Ban
the HCS angle (1033 in 2b.

The above descriptions and comparative discussions indicate
that1b and2b have several ylidic features and they are “ylide-
like radicals”. Sincelb and2b, as the reaction intermediates,
are much lower in energy than their respective reactants and
(proton-transfer) transition states (see Figure 1), they might be
observed experimentally. We report the calculated dipole
moments oflb and 2b in Table 2. The calculated (at the
(U)MP2/6-31H+G(d,p) level) isotropic hyperfine coupling
constants for the hydrogen atoms (see Figure 2) in the two
radicals ara(H) = —6.6 G,a(H?) = 34.4 G,a(H3) = 34.4 G,
anda(H*) = —20.7 G inlb anda(H') = 0.7 G, a(H) = 34.1
G, anda(H® = —16.3 G in2b. To our knowledge, there have

larger than the other two HPC angles. It is noted that the P-ylide been no experiments to study the insertions of CH intg PH

also has these two geometrical featureBhe calculated barrier
to rotation about the PC bond inlb is extremely low (0.2

kcal/mol) as in the P-ylide (see above). The calculated rotation

barrier in2b is 5.2 kcal/mol, which is comparable to rotation

and HS, and we hope that people are able to find their
usefulness in synthetic chemistry as the P- and S-ylides.

The bonding nature ilb and 2b (ylide-like radicals) was
not investigated in the present study, and the investigation should

barriers about normal single bonds (no post-SCF study on thebe based on a complete understanding of the bonding nature in

internal rotation in the S-ylide was reported in the literature).
Our calculations indicate thdib is the only stable rotational
conformer of HC-PH; and2b is the only stable conformer of
HC—SH,. Population analysis fotb and2b calculated at the
MP2/6-31H+G(d,p) level using the MP2 densities indicate that
there are considerable charge separations at th€ Konds as

ylides. The bonding nature in the P-ylide was investigated in
many paper$18.19.2224 for at least 20 years, and in the latest
papet® the authors claimed that no new principle (e.g.,
hypervalency or ylidic bonding) was needed. At the present stage
we presumably believe that the PC~ bond in the P-ylide has
the partial double bond character and, also, the ionic interaction

the typical P- and S-ylides. The charges on the P and C atomshas an important contribution to the bonding. However, the
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important thing is that the complexes H®H; and HC-SH,
have been realized to be different in nature from the denor
acceptor complexes HENH3; and HC-OH, for which the
binding® is simply due to the interaction between the empty
p-orbital of CH and the lone-pair orbital of the X atom €&XN

or O). It is noted that, on the basis of their frontier MO
arguments, Naito et afgave a simple and clear explanation
for the fact that HCPH; is the most stable ylide whereas
H,CNHjz is actually not an ylidic species.

Conclusion

The insertions of CH into Nk} H,O, HF, PH, H.S, and HCI
have been systematically studied at the MP4/643tG(2d,p)//
MP2/6-311+G(d,p)+ ZPE and G2 levels, which indicate the
six insertions all take place through an initially formed
intermediate complex followed by a hydrogen-migration process
via a transition state leading to the product. The insertion
mechanisms are similar to those for the insertions of SiH into
the six hydrides (previously studied). According to the move-
ment of the X element in hydrides across the same row or the
same group in the periodic table, two three-point sets of rules
(rules A and rules B; see section 1.1 and 1.2 for details) are
found. We conclude for the same row hydrides, the reactivity
of left-hand hydride toward CH is higher than that of right-

J. Phys. Chem. A, Vol. 103, No. 2, 199971

References and Notes

(1) Sanders, W. A;; Lin, M. C. liReactions of Special Radicailifassi,
Z., Ed.; Chemical Kinetic of Small Organic Radicals; CRC Press: Boca
Raton, FL, 1988; Vol. lIl.

(2) (a) Brooks, B. R.; Schaefer, H. B. Chem. Physl977, 67, 5146.
(b) Dunning, T. H.; Harding, L. B.; Baic, R. A.; Eades, R. A.; Shepard; R.
L. J. Phys. Chem1986 90, 344. (c) Dunning, T. H.; Harding, L. B. In
Reaction DynamicBaer, M., Ed.; Theory of Chemical; CRC Press: Inc.;
Boca Raton, FL, 1985; Vol. I.

(3) Gosavi, R. K.; Safarik, I.; Strausz, O. €an. J. Chem1985 63,
1689.

(4) (a) Martin, J. M. L.; Taylor, P. RChem. Phys. Lett1993 209,
143. (b) Sander, W. A.; Lin, C. Y.; Lin, M. CCombust. Sci. Technol.
1987 51, 103. (c) Manaa, M. R.; Yarkony, D. R. Chem. Physl991, 95,
1808.

(5) Walch, S.J. Chem. Physl995 103 7064.

(6) Wang, Z.-X.; Liu, R.-Z.; Huang, M.-B.; Yu. Z. HCan. J. Chem.
1996 74, 910.

(7) Wang, Z.-X.; Huang, M.-B.; Liu, R.-ZCan. J. Chem1997, 75,
996.

(8) (a) Zabarnick, S.; Fleming, J. W.; Lin, M. ©hem. Phys1989
132 407. (b) Becker, K. H.; Engelhardt, B.; Geiger, H.; Kurtenbach, R.;
Wissen, PChem. Phys. Lettl993 210, 135. (c) Zabarnick, S.; Fleming,
J. W.; Lin, M. C.Sym. (Int.) Combust. [Proc.] 2141986 713.

(9) Wang, Z.-X.; Huang, M.-BJ. Chem., Soc. Chem. Comm898
905.

(10) Gaussian 94, Revision E.1; Frisch, M. J.; Trucks, G. W.; Schlegel,

hand hydrides, and for the same group hydrides, the reactivity H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A;; Cheeseman, J. R.;
of above hydrides is higher than that of below ones. However, KFEQhaTrf{ I:\)Aetis's%r;kr(zz‘éwéiéi “('/O”Egc.’”g)e}% JJ \A/-{ Egg;?%’:ﬁh%”vBK-?
Fhe rules A and B d? not fit completely the 'nS?rtlons of SiH Cioslowsk'i, J; Stéfanov, B. B.;’Nanayékkara,’ A Ch’allacombe, M Peﬁg,
into the same hydrides, although CH and SiH are valence c. v.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E.

isoelectronic and have similar mechanisms. By comparison of S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.;

the insertions of CH with SiH ones, it is found that the CH
radical is more reactive than SiH.

Interestingly, the complexes H&PH; and HC-SH; are not
the simple (loosely bound) doneacceptor complexes as
formed in the insertions of CH into the other hydrides and in
the insertions of SiH into the six hydrides. The investigations
on their molecular and electronic structures reveal that they have
the following features: very short central bond lengths (1.723
and 1.751 A) that are shorter than or comparable to the bond
lengths in the products (1.787 and 1.724 A), respectively; large
binding energies (47.3 and 25.8 kcal/mol, respectively); con-

siderable charge separations at the central bonds; and low

internal rotation barriers around the central bonds. On the basis
of detailed comparison with the qualitative features of the typical
ylides, the radicals HEPH; and HC-SH, are considered to

be similar to the ylides in nature, being “ylide-like radicals”.
Since HC-PH; and HC-SH; exist in deep wells in the energy
surfaces, we proposed they might be observed experimentally.
The calculated dipole moments and hyperfine coupling constants
for these two radicals are reported.

Acknowledgment. We appreciate the financial support of
this work that was provided by the National Natural Science
Foundation Committee of China.

Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A.
Gaussian, Inc.: Pittsburgh, PA, 1995.

(11) Curtiss, L. A.; Raghavachari, K.; Trucks G. W.; Pople, J.JA.
Chem. Phys1991 94, 7221.

(12) Foresman, J. B.; Frisch, Axploring Chemistry with Electronic
Structure Methodology2nd ed.; Gaussian, Inc.: Pittsburgh, PA, 1996
(references therein).

(13) Wang, Z.-X.; Huang, M.-BJ. Phys. Chem. A998 102 229.

(14) Johnson, A. W.; Kaska, W. C.; Ostoja-Starzewski, K. A.; Dixon,
D.; Ylides Imines of Phosphorud. Wiley: New York, 1993.

(15) Yates, B. F.; Bouma, W. J.; Radom, L. Am. Chem. S0d.989
2250.

(16) Laszlo, N.; Tamas, V.; Jozsef, R.Phys. Cheml995 99, 10142.
(17) Bachrach, SJ. Org. Chem1992 57, 4367.
(18) Naito, T.; Nagase, S.; Yamataka, HAm. Chem. S0d4994 116

(19) Francl, M. M.; Pellow, R. C.; Allen, L. C1. Am. Chem. So&988
110, 3723.

(20) Eades, R. A.; Cassman, P. C.; Dixon, D.JA.Am. Chem. Soc.
1981, 103 1066.

(21) Berradi, F.; Schlegel, H. B.; Whangbo, M.-H.; Wolfe, 5.Am.
Chem. Soc1977, 99, 5633.

(22) Streitwieser, A., Jr.; Rajca, A.; McDowell, R. S.; GlaserJRAM.
Chem. Soc1987 109, 4184.

(23) Dixon, D. A.; Smart, B. EJ. Am. Chem. Sod 986 108 7172.
(24) Lischka, HJ. Am. Chem. Sod. 977, 99, 353.



