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Potential energy profiles have been determined for the two series of reactions: {)HCOY, where X=

Y = H, F, or Cl, and (iij) X + RCOX, where X= F or Cl and R= SiH;, CHs, H, CN, or NQ. Energies

of all stationary points, including reactants, tedipole complexes, stable adducts, transition states, and products,
were evaluated at the HartreBock (HF) and the second-order MghdPlesset (MP2) correlation levels

with the 6-31H1+G** for reaction series i and with the 6-31G* basis set for reaction series ii. The results
predict that acyl-transfer reactions can proceed through single-well, double-well, and triple-well energy profiles
in the gas phase depending on the nucleophite,nXicleofuge Y, and acyl group R. Factors that favor the
single-well or triple-well profile with a stable tetrahedral adduct are (a) stronger bond formation of-tke C

or C=Y bond, (b) stronger nucleophilicity of Xand poorer leaving ability of the nucleofuge; Y(c) wide
energy gap between the two antibonding M@s;—o ando* c—x, and (d) strong electron acceptor acyl group,

R. Whenever gas-phase experimental results are available, good agreements were obtained with our MP2
predictions.

Introduction in agreement with the gas-phase experimental results of Bohme
et al® that in the gas-phase reactions of, HHO~, and CHO~

with H,C=0 stable tetrahedral adducts are produced. On the
other handab initio calculations of Madura and JorgenSeih

the 6-31G* level on the energy profile for the nucleophilic
addition of hydroxide ion to LC=0 showed that the reaction
proceeds in the gas phase by the conversion of reactants to the
tetrahedral intermediate (exothermic by 35 kcal/mol) and via
an ion—dipole complex in the later stage.

In contrast, however, when the leaving ability of group Y in
(1) is increased to Y= Cl, double-well energy surfaces are
obtained for both HCOCI and GBOCI with the attacking anion

f CI~ at the MP2/6-33G*//3-21G level® For these reactions
he tetrahedral adduct is the TS and-atipole complexes are
at the energy minima. Similarly for the reactions of {&HDCI
+ F~ and CHCOF + CI~, double-well energy surfaces are

Nucleophilic carbonyl addition reactions are one of the
fundamental classes of reactions in organic chemistry and
biochemistry. In view of their importance in biochemical
processes and synthetic utility, carbonyl addition reactions have
been extensively studied both in solution and in the gas phase.
Early experimental results in solution suggested that acyl-transfer
reactions occur through a stepwise mechanism involving a
tetrahedral addition intermediateSubsequent studies, however,
indicated that the reaction can also occur through a concerted,
one-step mechanism with a single tetrahedral transition state
(TS) and no addition intermediate.

Recent developments in gas-phase ion chemistry have enable
us to observe the gas-phase, solvent-free reactions revealing th
intrinsic reactivities of the carbonyl addition reactions which
are determined solely by the electronic and structural nature of

the reactant$. Brauman and co-worket&®-Preported their ion obtained with the 4-31Gp+p’ basis set. .
cyclotron resonance results on displacement reactions of nu-, To extend our understanding of the factors that are important

cleophiles including halide ions with acyl halides in the gas in determining the nature of the tetrahedral adduct, we have

phase. They interpreted their kinetic data in terms of double- carried outab initio MO calculations on the two reaction series

well energy surfaces with the tetrahedral structure at the saddle'tﬂ Wh'CT thre nuci:Ie\?prkiulg ar31d leaving group are varied, (2), and
point and the two iorrdipole complexes at the energy minima. e acyl group is varied, (3).

This proposal has since provoked theoreticians to theoretically o o o
investigate the true nature of the tetrahedral adduct,using I | [
relatively simple acyl-transfer processes. X +H—C—Y— X_‘f_Y T TH=C=X+YT ()
H
o O~ o)
I | Il where X, Y=H, F, or Cl.
X-+R—C—Y —>X—C—Y —=X—C—R+ Y- )
; i o 9
R ™ P X+ R—C—X‘»X—(E—X‘»X—ICI:—R+X— @3)
R

Conflicting theoretical findings have been reported as to the
nature, i.e., TS or intermediate, of th_e tetrahedral_ adc_iuct, T where R= SiHs, CHs, H, CN, or NG, and X = F or Cl.
depending on the systems employed in the theoretical investiga-
tions. Burgi et aP reported the results of SCF-LCGO-MO Calculation
calculations that hydride addition to formaldehyde<RX =
Y = H) proceeds to form the tetrahedral intermediate, which ~ The calculations were carried out with the Gaussian 92 series
was 48 kcal/mol below the reactants, with no barrier. This is Of programs'® Geometries and the gas-phase potential energy
surfaces were determined at the HF/6-3#G** (HF/6-
® Abstract published irAdvance ACS Abstractdanuary 1, 1997. 3114+-+G*//HF/6-311+4-G**) 11 and MP2/6-313+G** (MP2/
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TABLE 1: Total Energies (hartrees) and Relative EnergiesAE (kcal/mol), of Stationary Points on the X + R—CO—-Y
Potential Energy Surface Calculated with the MP2/6-31++G** Basis Set

no. XY reactants RC TS1 T TS2 PC P AE?2 o* attack TS

() H H -11474738 —114.76473 —114.76448(1) —114.82033 —114.764 48(1i) —114.76473 —114.74738 —45.78 —114.638 61(2
(—114.770 449 (—114.787 01) £114.786 86) (1i) {114.836 73) {114.786 86) (1) {114.78701) {114.770 44) {£41.60) (79.0)
(i) H F —213.85797 —213.88622 —213.8758 7(li) —213.95256 —213.946 15(1i) —213.94883 —214.92046 —59.36 —213.824 93(2#

(32.0p

(i) H Cl —573.82328 —573.96388 —573.945 34

(v) F F —313.03105 —313.081 78 —-313.03105 —31.83

(v F Cl —627.99635 —673.08287 —673.055 93

(vi) Cl Cl —1033.02124 —1033.050 19 —1033.03653(1i) —1033.036 53 —1033.036 53(1i) —1033.05019 —1031.021 24 9.59 —1033.008 47(2}
(17.6p

aAE = E(T") — E(Reactants)’? Only one negative eigenvalue of the harmonic frequency is confirmed,°§#lues in parentheses are fully
optimized at QCISD/6-31t+G** level. ¢ Two negative eigenvalues of the harmonic frequency are obtaineds Rigo* attack TS(2i) is higher
by the amount (in kcal mol) shown in the parentheses thaf(TS1) attack TS.

6-311++G**//MP2/6-311++G**) levels for reaction series 2 structures of the iondipole complex and the adduct are given
and at the HF/6-3tG* (HF/6-31+G*//HF/6-31+G*) and MP2/ in Figure 2.

6-31+G* (MP2/6-31+G*/IMP2/6-31+G*) levels for reaction

series 3. For R= CHs, H, and CN, MP4 level calculations H™ + HCOF=HCOH+ F~ (ii)
were also carried out (MP4/6-31G*//MP2/6-31+G*). In the
discussion we will refer to the two levels simply as the HF and

MP2 or MP4. For the reaction system of H- HCOH, we For this reaction, the potential energy profiles (Figure 1) are

skew triple-well type at both the HF and MP2 levels due to

h?;/he donezi”milar caltcplati?rtlﬁ at thethiISD/ G%THG** I<ta=vel it greater basicity (nucleophilicity) of the hydride than the fluoride
ortheory. geometries of tne reactants, COMpIEXes, ransition g5, - The two ion-dipole 7 complexes, HCO#-H~ and

structures, and products were fully optimized. The stationary HCOH-++F~, are of similar strength with 17.7 and 17.8 kcal/
points including transition structures were fully characterized .0\ at the MP2 level respectively. The central well corre-

through harmonic vibrational frequency analysis. sponding to the adduct, 4BOF), is deeper (47.0 and 59.3
kcal/mol at the HF and MP2 levels), for the forward process,
Results and Discussion but is shallower (16.9 and 20.1 kcal/mol at the HF and MP2

. . ) levels) than the identity hydride exchange (i) above. This

0 Nucleqphlle and Leaving GrOUp, Effect. Th? potential . indicates clearly much poorer leaving ability of the hydride than
energy profiles for acyl-transfer reactions belonging to reaction f,,qrige anion.” The energy barrier to the tetrahedral adduct
series 2 have been determined with the 6-83G** basis sets fomation is greater for the forward process (6.5 kcal/mol at
at the HF and MP2 levels. The energetics are summarized inyhe MP2 level) than that for the reverse reaction (1.7 kcal/mol
Table 1. In the following, the results are presented and 4 the MP2 level). Nevertheless the reaction can proceed in

discussed for each reaction. the forward direction and the reverse reaction will be a quite
difficult process. This is also ascribable to the higher nucleo-
H +HCOH=HCOH+H" () philicity and lower leaving abilitiy of H compared to F. The

structures of the iondipole complexes and the TSs correspond-

The salient features of the HF and MP2 energy surfaces areind to the intermediate barriers are shown in Figure 2.
shown in Figure 1. Formation of the tetrahedral adduct is very
much favorable energetically with the hydride ion. Since this H™ + HCOCI=HCOH+ CI~ (iii)
reaction is an identity exchange process, the potential surfaces
are a symmetric triple-well type. The central well, which  For this reaction, the potential energy profile (Figure 1) is
repl’esents a stable tetrahedral intermediate, is deeper at the MP?adma”y different depending on the level of theory used: itis
(—45.8 kcal/mol) than the HF«33.9 kcal/mol) level. In 3 double-well type with the HF, whereas it is a single-well type
contrast the energy barrier to the central well from the-ion  at the MP2 level. The central well corresponding to the stable
dipole complex is marginal at the MP2 level (0.2 kcal/mol) in  tetrahedral adduct is very deep in the forward process (80.2 and
contrast to a somewhat higher barrier at the HF level (5.5 kcal/ 88.2 kcal/mol at the HF and MP2 levels, respectively) but is
mol). Thus at the MP2 level of theory the stable intermediate shallow in the reverse direction (11.3 and 11.6 kcal/mol at the
is formed almost directly from the reactants and the potential HF and MP2 levels, respectively). This is again an indication
energy profile is practically a single-well type. This can be of large differences in the nucleophilicity and leaving abilities
ascribed to strong bond formation of-Ei coupled with high of the two anions, Hand CI. In the gas phase, therefore, the
nucleophilicity and low nucleofugacity of the hydride ion. Our forward reaction will be facile, whereas the reverse reaction
results are consistent with the tetrahedral adduct observed inshould be practically prohibited. In the potential energy surface
the gas phase experimentallyhich has been confirmed also  obtained at the HF level, a shallow minimum corresponding to
by calculation at a much lower level ab initio theory® The the ion—dipole complex, H-+HCOCI, is noted. Any such
ion—dipoler complex is formed by electrostatic interactiohts shallow minimum corresponding to HCOH+CI~ must have
This type of cluster is experimentally found to be typically been swamped by the extremely deep central WelBimilar
bound by 16-12 kcal/moll® as our results indicate. The behaviors were found by Madura and JorgeRgenthe OH-
reaction is experimentally known to proceed through a stable + HCOH reaction at the 6-31G* level and also by Wu et
tetrahedral intermediate, which is exothermic by more than 10  al.15 for the "OCHs + HCOH reaction at the 3-21G level. Our
12 kcal/mol** as ourab initio result (35.1 kcal/mol) shows.  results of a single-well type potential energy surface at the MP2
Our results at the QCISD/6-31H-G** level also gave an level indicate clearly that such a shallow minimum in only an
essentially similar energy profile as that of MP2 with a slightly artifact of the neglect of electron correlation effect. The single-
deeper central well depth (by 4.18 kcal m§l Our MP2 well potential energy surface is therefore ascribed to the
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(()H+HCOH === HCOH+H (iii) H + HCOCl === HCOH +CI'
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Figure 1. Potential energy profiles (kcal/mol) for the reaction of % HCOY with the MP2/6-31++G** method. The RHF values are given in
parentheses. Geometries of R, RC, TS1, andaie shown in Figure 2.

. . F +HCOF=HCOF+ F (iv)
extremely large exothermic formation of an adduct. The well-

depth for this reaction is in fact the largest among the reaction  For this identity exchange reaction, the HF potential energy
series studied in this work. The structure of the adduct is shown profile is a triple well, whereas the MP2 energy profile is a
in Figure 2. single-well type. The MP2 well-depth is relatively small (31.8
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Reactant (= Product) RC (=PC) TS1 (= TS2) T
v¥ = 59.42 jem’!

Reactant

PC Product

Reactant Product

+F

Reactant (= Product) T

Figure 2. MP2 optimized structures of stationary point species for the reactions gf HCOY. Distances are in angstroms, and bond angles are
in degrees. Top: ¥= H. Middle: Y = F. Bottom: Y= C.

kcal/mol) compared to the other processes discussed above. Theorrelation results in the instability of the iewlipole &
F~ion is a basic, strong nucleophile but is a poor leaving group. complexes which are swamped by the more exothermic adduct
The presence of the two strong electronegative F atoms within formation, leading to their disappearariée This is similar to

the tetrahedral adduct, HEO-, could contribute to its relatively ~ the disappearance of iemipole complexes on the MP2
low stability. Here again the iondipole complexes in the triple-  potential surface in the H+ HCOCI process, (iii), above.

well energy profile obtained at the HF level must be an artifact

of the neglect of electron correlation effect; inclusion of electron F + HCOCI=HCOF+ CI” (v)
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The forward reaction is characterized by a strong nucleophile, TABLE 2: Energy Gaps, Ae (eV), between Two
F~, coupled with a relatively strong nucleofuge, CIThe HF Antibonding Qrbltals,f m*c—0 and a*c—ﬁ (hartree), with the
as well as MP2 energy profile (Figure 1) is a skew single-well 6-31TG” Basis Set8 for R—CO—X (1 hartree = 27.21 eV)

type, as expected from the similar MP2 potential surface for antibonding
the reaction of H and HCOCI. Despite the stronger bond of R X orbital (hartree) Ae(o* — %)
F—C (116 kcal/moB® than H-C (99 kcal/mol)!6 the adduct SiH; 0*c-x 0.4177
well is much deeper for the H+ HCOCI process (88.2 kcal/ F 7T*c=0 0.1756 6.59
mol by MP2) than F + HCOCI (54.3 kcal/mol by MP2). This Chs 0" c-x 0.2556
indicates that the bond strength of the bond formed in the adduct c Z* co 8"11‘51‘312 278
is not the only factor determining the stability of the adduct. ,: s 01858 704
For example, the electronegativity of the radical and anionic 0 cox 0.2846
form is much greater for F (3.40 eV)than H (0.74 eV}, but cl ¥ c=0 0.1653 3.25
the latter should be more polarizable. These two factors could H 0% cx 0.4539
contribute to the more stable adduct formation witkX rather F ”: c=o 0.1676 .79
. . 0" c—Xx 0.3021
than with X=F. Since the well-depth for the reverse process cl T oo 0.1471 4.9
is small (16.9 kcal/mol by MP2), the forward reaction can be  ¢cN 0*cx 0.4285
facile, but the reverse reaction is a very difficult process. The F * =0 0.1267 8.21
structure of the MP2 adduct is shown in Figure 2. 0% cx 0.2802
cl 7% =0 0.1104 4.62
*
CI” + HCOCI= HCOCI+ CI” (vi) No: L T O 689
0*c- 0.2929
The potential energy profile (Figure 1) for this identity Cl n*(é::) 0.1018 5.20

exchange reaction has a typical double-well structure at both
the HF and MP2 levels. The central barrier is however much
lower at the MP2 level (8.6 vs 20.7 kcal/mol). It is interesting - . ; :
to note here that improvement of basis sets used in thex = F all three pathways, i.e., antk8, syn-32, and %2,

computation in general lowers the central (intrinsic) barrier, were (?ompetltlve. )
AEg* the AE4* values are 23.4 and 20.7 kcal/mol at the HF/ ~ Besides the strength of bonds that are formed and broken in

6-31+-G*//HE/3-21+-G8 and HF/6-312-+G**//6-311++G** the TS, the MO level gap betweefic_x andz* c—o constitutes
levels, respectively, and 11.7, 15.3, and 8.6 kcal/mol at the MP2/ a@nother factor that determines whether the acyl-transfer reactions
6-31+G*//3-21+G & MP3/MP2/6-34G*//3-21+G & and MP2/ proceed through a stable tetrahedral adduct or through a
6-311++G**//MP2/6-311++G** levels, respectively. Inboth  tetrahedral TS. The importance of the—s* orbital mixing
cases, our values (last) are the lowest due to the much bettefor the nucleophilic displacement on the unsaturated carbon has

a Calculated using the NBO method.
SN2 reaction was found to be the most favored for=)CI. For

basis sets used. been discussed in detail by Yamabe et®alWhen the
The double-well structure is consistent with the gas-phase nucleophile (Cf) approaches the carbon atom of ttfe—o MO,

experimental results of Braunfé#rand co-workers for CRCOCI ~ thex complex is formed, which induces bending of the Cl

+ CI~. The lower levelab initio calculations by Yamabe et bond® This deformation in turn lowers the LUMO and the

al? on CHCOCI+ CI~ and by Blake et at.on HCOCI+ CI~ orbital mixing betweew* c-c) andz* c—o MOs.  If the two MOs

and CHCOCI + CI~ have also indicated the double-well type ~are separated by a large energy gap, the mixing effect will be
potential surface with the tetrahedral transition state. The two Small and the approaching nucleophile forms a tetrahedral adduct
energy minima correspond to the iedipole = complexes  throughxz approach. However when the energy gap is small
reported by the previous worket$. enough to induce sufficient mixing of the*c_¢ and 7* c—o
Among the reactions studied in the present work, this is the MOs, theo*c—ci MO becomes a main component of the LUMO

only one that does not proceed through a stable tetrahedralsO that charge transfer from the nucleophile leads to the
adduct. The chloride ion has the lowest basicity (nucleophi- Weakening of the €Cl bond. Thus the tetrahedral species
licity) but also the highest leaving ability among the anion becomes a TS, but not a stable adduct. Thus the narrower the

nucleophiles studied in this work, HF-, and CI. Since the ~ energy gap betweett c—o ando*c-c), the greater the possibility
C—CI bond is re|ative|y Weak’ the energy accompanying of the tetrahedral SpeCieS becoming a TS rather than a stable
deformation and the bond scission in the substrate requires moreddduct. For example, the energy gaps between the two
energy than that released in the bond formation, and hence theantibonding MOs Ae(o* —x*), in Table 2, for F + HCOF
barrier is introduced. and CI + HCOCI are 7.79 and 4.22 hartrees, respectively. The
The electronegativity of the radical and anionic forms of the gap for CI” reactions is only half of that for the reaction of F
nucleophile (or nucleofuge) has been shown to increase in theso thato* —z* mixing will be much efficient for Cr reaction.
order H < F~ < CI~ (0.74, 3.40, and 3.62 eV, respectively), ~ This is why we obtained a tetrahedral adduct for the former,
and hence the nucleofugacity is expected to increase in the samé& , but a tetraheral TS for the latter, Cl The structures of the
order. With the worst leaving group, Hthe tetrahedral adduct ~ ion—molecule complex and the TS are shown in Figure 2. The
can be relatively stable (exothermic by 45.8 kcal/mol at the MP2 “linear” channel with a trigonal-bipyramidal TS discussed by
|e\/e|), but for the much better |eaving group,—cthe adduct Yamabe et at? for the reaction SyStem of CH PhCOCI has
becomes unstable and a direct concerted displacement mecha€en also considered in our work for the two reaction systems
nism prevails. In between the two rather extreme cases, there(Table 1). However in both cases that we investigated {H
is an intermediate case of Fwhich can form an adduct of HCOH and Ct + HCOCI) we obtained two negative eigen-
rather low stability (exothermic by 31.8 kcal/mol at the MP2 Values, so that we failed to identify the true TSs.
level). The situation is reminiscent of the different mechanisms  Recently, Radom and co-workers repoffe@ G2 type
found for the identity §2' reactions of X + CH,=CH—CH,X calculation on the Cl + CH,=CHCI reaction. Their results
with X = H, F, and CI® The reaction was found to proceed indicated that, in the gas phase, in-plartype Sy2 substitution
by a stepwise & mechanism in which the breakdown of a with inversion at an unactivated %garbon is energetically
stable adduct is rate-limiting for X H, whereas the concerted favored to the out-of-plane pathway. We, however, failed to
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TABLE 3: Total Energies (hartrees) and Relative Energies (kcal/mol) of Stationary Points on the X + RCOX Potential
Energy Surface Calculated with the MP2/6-3%#G* Basis Set

X R reactant reactant complex T Er- — Ereactant Er- — Erc
F SiHs RHF —602.252 03 —602.298 634 —29.24
MP2 —603.019 02 —603.070 13| —32.07
RHF —351.225 83 —351.267 93| —26.42
CHz MP2 —352.042 20 —352.087 151 —28.20
MP4 —352.091 56 —352.136 89 —28.44
RHF —312.17503 —312.226 03| —32.00
H MP2 —312.861 50 —312.912951 —32.28
MP4 —312.894 41 —312.94561 —32.13
RHF
CN MP2 —404.856 21 —404.941 741 —53.67
MP4 —404.905 47 —404.991 58 —54.04
NO, RHF —516.623 53 —515.738 03 | —71.85
MP2 —516.861 11 —516.965 68 | —65.62
Cl SiH3 MP2 —1323.057 43 —1323.086 72 —1323.077 314 = 186.5 icnTY)? —12.47 5.90
RHF —1071.37575 —1071.392 09 —1071.368 231 = 98.9 icnT?) 472 14.97
CHs MP2 —1072.079 42 —1072.100 04 —1072.088 07+* = 98.1 icnT?) —5.43 7.51
MP4 —1072.146 89 —1072.156 70 —6.16
RHF —1032.326 03 —1032.350 27 —1032.316 461* = 369.7 icnT?) 6.01 21.22
H MP2 —1032.897 70 —1032.925 95 —1032.910 134* = 92.8 icnT?) —-7.79 9.92
MP4 —1032.931 25 —1032.963 41 —8.27
RHF —1124.039 65 —1124.057 59 —1124.044 64+ = 161.4 icnT?) -3.13 8.13
CN MP2 —1124.896 83 —1124.931 411 —21.69
MP4 —1124.964 39 —1124.000 18 —22.46
NO, HF —1235.776 85 —1235.799 10 —1235.794 52 | —11.08 2.87
MP2 —1236.906 02 —1236.953 121 —29.56

2] is the intermediate, confirmed by all positive eigenvalues in the Hessian matfixi.e., TS) is confirmed by only one negative eigenvalue
in the Hessian matrix.

locate such an in-plane type Sy2 pathway (Table 1) at the the value at the MP4 level and that at the MP2 level. Fer R
MP2/6-31H+G**//MP2/6-311++G**) level of theory. H, the well-depth is nearly constant irrespective of the level of
() Effects of the Acyl Group. The energetics for the  computation, with—32.0+ 0.1 kcal/mol, at the HF, MP2, and
reactions of RCOX+ X~ with R = SiHz, CHs, H, CN, and MP4 levels. These could be attributed to the greater electron
NO, and X= F and Cl are summarized in Table 3. For=X correlation energy in the addud®'{,) than that in the initial
F, all acyl groups, R= SiHs, CHs, H, CN, and NQ, lead to a state E%on) for the weak donor (R= SiHz and CH), which
single-well potential energy profile at both the HF and MP2 should lead to a net reduction of correlated energy changes,
(and MP4) levels. The adduct (REO™) formation becomes,  (AE'wp — AE'we < 0);2L AE'wp = (E'scr — E'cor) — (E%scr —
however, more exothermic as the acyl group, R, becomes aE%qn) = AE'wr — AE'corr (< AE'F) (Table 3). As the electron-
stronger electron acceptor, moving down the column in Table withdrawing power of the R group increases, the electron
3 (except for R= SiH3). In general the MP2 well-depth is  correlation energy in the adduct is reduced and becomes less
greater for the relatively weak electron donors=RSiH; and than the correlation energy in the initial state, so that the
CHs, but the trend is reversed to shallower well, for the strong correlated energy changeAHR'vp) become greater than those
acceptors, R= CN and NQ, compared to that at the HF level. at the HF level AE'wr) (AE'wp — AE'wr > 0). The well-depth
However the difference in the well-depth is very small between becomes shallower by a very small amount as the basis set used

Substrate T

Figure 3. MP2 optimized structures of stationary point species for the reactions éf RCOX (R= CHj). Distances are in angstroms and bond
angles are in degrees.
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in the calculations is improved; for the #- HCOF process, it
was 31.8 kcal/mol at the MP2/6-31#G**//MP2/6-311++G**

gradually from ca. 3 to 5 au as R is varied from &id NO,.

For R= CN and NQ the energy gaps are relatively large, so
level in contrast to 32.& 0.1 kcal/mol at the MP2/6-3&6G*/ that for these two compounds the single-well potential energy
IMP2/6-31G* level. For X= CI, however, we obtained quite  profile with a stable adduct prevails in contrast to the other three,
an interesting result: reference to Table 3 reveals that as theR = SiH3;, CHs, and H, for which the triple-well energy profiles
acyl group becomes successively more electron-withdrawing, are obtained due to efficient orbital mixing betweett—o and

as indicated by the substituent electronegativity parameser,
(—0.13,0.17, 0, 0.31, and 0.40 forR SiHz, CHs, H, CN, and
NO,, respectivelyf? the potential energy profile changes from
a triple-well type for R= SiHs, CHz and H to a single-well
type for R= CN and NQ. Moreover for the former series the
central (intrinsic) barrierAEg*, increases from 5.9 to 7.5 and
to 9.9 kcal/mol at the MP2 level as R is changed from $Sitd

CHs and to H. For the latter series, the well-depth increases

from —21.7 to—29.6 kcal/mol at the MP2 level as R becomes
a stronger electron acceptor from CN to NOThe adduct is

stabilized slightly more at the MP4 than at the MP2 level. At
the HF level, the triple-well potential energy profiles are

o*c—cl.
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