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Abstract: Stationary points for reactions R'R"HX* + YH — [R'R"X—=Y]" + H. (I) and R'(CHz)HX" + YH —
[R'HX=Y]" + CH4 () (R', R" = CH3, H; X =C, Si; Y = CH30, (CHz3)2N, and CsHs) are located and optimized
by the B3LYP/aug-cc-pVDZ method. A similar mechanism was found to be operative for both types of
reactions with X = C and X = Si. Formation of the intermediate (adduct) results in the transfer of electron
density from the electron-rich bases to the X atoms and in the growth of a positive charge on a hydrogen
atom attached to Y. This mobile proton may shift from Y to X, and the relative energies of transition states
for elimination reactions (AEES) depend on the ability of the X atom to retain this proton. Therefore, AEES
grows on going from Si to C and with increasing numbers of methyl substituents. For X = C, the AEES
value for both reactions correlates well with the population of the valence orbitals of X in a wide range from
—44 kcal/mol (methyl cation/benzene) to 31 kcal/mol (isopropyl cation/methanol). For X = Si this range is
more narrow (from —19 to —5.0 kcal/mol), but all AE}® values are negative with the exclusion of silylium
ion/benzene systems, adducts of which are z- rather than o-complexes. The energy minima for product
complexes for H, elimination are very shallow, and several are dissociative. However, complexes with
methane which exhibit bonding between X and the methane hydrogen are substantially stronger, especially
for systems with X = Si. The latter association energy may reach 8 kcal/mol (Si---H distance is 2 A).

Introduction as ac-complex with the protonated or alkylated carbon of the

Formation of the adducts of carbenium and silylium cations Penzene ring having nearly Spharacter.

with bases (condensation) is the most favorable first step of an €SS is known about the adducts produced by the interaction
important class of iormolecule reactions:! Among these of silylium cations (RSi*) with arenes, although their structures
systems, the most studied are reactions of carbenium cationd!@ve been vividly discussed in connection with the problem of
with arenes, due to the role of the resulting arenium ions as the existence of free silylium cations in condensed phases. The
intermediates in subsequent electrophilic substitution reac- C'yStal structures of stable triethylsilylium cations showed no
tions1212Arenium ions are also characterized as stable speciesc0rdination of these species to the complex anions, and this
in superacidic medi& 14 Both experimental and theoretica#-2! allowed Lambert and co-workers to claim that the free silylium
. = : . i i78d24 Thi i i
studies of these ions reveal that their structures may be describe@tion had been characteriz€d?* This conclusion was disputed
by Schleyer and Apeloi¢f Cremer?® Pauling?® and Olal?’ In
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difference between carbenium and silylium complexes with elimination from the adduct of S and benzene was observed

arenes is the substantially greater weight of theomplex by Allen and Lampé!42In the mass spectrometric study of

resonant form in the silylated arenes. The relative contribution this reaction, they found that the main product of theBi€

of o- andz-complexes may be desribed by the angle between ion decomposition at low reactant kinetic energies is thet$iC

the C-Si(C) bond and the benzene ring plane. This angle of ion, produced by the Helimination from the adduct. Experi-

elevation of the substituent for carbeniun ions is c&, Bfhile ments with SiQ* ions have shown that the silabenzyl cation,

that for silylium ions is larger than 7821 CgHsSiH, ™, is formed by a 1,2 molecular hydrogen elimina-
Vibrationally excited metastable ions formed by the reactions tion.*42lon cyclotron resonance studies of the reaction between

between cations and bases may undergo unimolecular decomthe MgSi™ cation, produced by the electron impact on tetra-

position. Numerous mass-spectrometric studies of metastablemethylsilane and methanol, have been reported. These studies

[CH3YH]™ ions (Y = OH, NH,, SH), formed either by the

show that one of the most abundant products of the decomposi-

condensation reaction of methyl cations or by the protonation tion of the [MgSiO(H)Me[" adduct is the [MgSiOMe]' ion,
of methanol and methylamine, have been carried out. Theseformed by the elimination of methane (Mef)Experiments
studies show that the most abundant positively charged speciesith CD;OD have shown that methane is formed from one
are formed by the loss of YH (the inverse of the condensation methyl of the trimethylsilyl group and a hydrogen atom of

reaction) and by the loss of molecular hydrogeérs> Although
all the reactions Ckt + YH — CHyY ™ + Hy (Y = OH, NH,,
SH) are exothermic, only the reactions with N&hd HS were

methanol. The elimination of {#from the MeHSit—methanol
adduct was also reported in the work.
Thus, although some experimental evidence for elimination

observed to proceed with rates comparable to the theoreticalof dihydrogen and alkanes from adducts formed by the inter-

rate for capture collisions, while the reaction with water was
not observed! In 1973, Bowers, Chesnavich, and Huntféss
applied a quasiequilibrium theory (QET) for the estimation of
the barrier heights for the Helimination from metastable
[CH3YH] " ions (Y = OH, NH,, SH). They estimated that the
barrier for water lies only 4+ 3 kcal/mol below the re-
actant level (CH" + H;0). Since it is possible that the excess

action of carbenium and silylium ions exists, the findings are

not systematic and are obtained under different experimental
conditions. On the other hand, theoretical predictions for these
processes exist only for the reactions of methyl and ethyl cations
with water and ammonia. Both experimental and theoretical

results show that the flimination is possible for the reaction

of carbenium cations with ammonia, but not for wat&r®

energy of condensation may not be completely randomized Neither experimental nor theoretical predictions exist for the
before dissociation of the adduct, this barrier may be too high reactions with stronger bases, such as methanol and amines.
for H elimination to occur in the system of a water molecule. Are these reactions possible for these nucleophiles? For reactions

Nobes and Radoffioptimized stationary points on the potential

with benzene, klelimination was reported for Sg.4142 s it

energy surface (PES) of these reactions by the SCF/6-31G(d)possible for CH* and for alkyl-substituted carbenium and

method. They found that the barrier height fos élimination
from [CH30OH,] " is 69 kcal/mol (1.4 kcal/mol above reactants).

silylium ions? How does the methyl substitution at X £XC,
Si) affect the barrier heights for both pathways of unimolecular

Estimations of this barrier height based on the optimization of decomposition? With the aim of answering these and some other
stationary points by the MP2/6-31G(d,p) method gave a slightly questions, we have undertaken the systematic study of stationary

lower barrier (67 kcal/mol§?
Decomposition pathways for protonated isopropylanifhe,
ethanoP? and ethylamin® have also been studied theoretically.

points at the PES of the systems in whickM¢z ) Ct as well
as HMei_nSit cations (= 1, 2) interact with representatives
of the three widely used types of bases, i.e., methanol,

The presence of alkyl groups with the number of carbon atoms dimethylamine, and benzene.

larger than one in these metastable ions gives way for another

channel of their fragmentation in addition to the éimination, Theoretical Methods

.., the loss of alkar!e (methahe for the ions stu_d_led). The DFT method combining Becke's three-parameter exchange
All the above studies dgal W'th thg decomposition of meta' functionaf* with the LYP correlation function&l (B3LYP) was used

stable adducts of carbenium ions with water or ammonia. A throughout this work. For the assessment of this method, for the most

few studies on similar reactions for silylium ions and/or both studied systems of methyl cation with water and ammonia, second-

types of cations with larger bases may be found. The H order MollePlesset perturbation theory (MP2yvas also used. Both

methods were employed as implemented in the GAUSSIAN 94

program?’ The frozen-core option was used with MP2. The basis sets

were the standard Dunning correlation-consistent basig®&@tsamely

cc-pVnZ and aug-cc-p¥wiZ, with n = 2, 3, and 4.
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Table 1. Relative Energies of Products (AEp) and Activation
Barrier Heights (AEES) with Respect to Reactants for the Reaction
CHz* + YH — CHoY™ + Hz (Y = OH, NHy)?2

Table 2. Relative Energies in kcal/mol (Ee, Eo = AEe + AZPVE)
for Stationary Points of the R'R"HX* + CH3OH Systems (R', R"
CHs, H)

AE, AEES X=C X=Si
B3LYP MP2 B3LYP MP2 no-* AE AB no-* AE AB
n aug-nzZ nz aug-nZ nZ aug-nzZ nzZ aug-nzZ nz HaX*
reactants 0 0 0 0
Y =OH adduct 1 -773 -700 3 -62.3 —58.6
D —43.7 —32.7 —-41.2 -30.7 —111 —-2.7 —5.7 —-0.2 TS TS1 —-144 -131 TS2 —-13.4 —-13.1
T —-379 —345 —-364 —331 —-63 —-21 —49 -28 complex 2 -508 -518 4 356 —35.7
Q —-36.2 —343 —-347 —-334 -35 -21 -40 -3.1 products —489 —-51.2 —202 —-321
expt —33 (—29Y) —44 3
CHzHX™
Y =NH; reactants 0 0 0 0
D —76.5 —69.2 —75.7 —685 —27.7 —225 —24.0 -20.4 adduct 5 —483 —422 8 —53.2 —496
T —72.8 —704 —-725 —70.1 —23.2 —21.2 —239 —226 channel for H elimination (I)
Q —-71.7 -70.7 —-73.0 -70.8 —22.3 —21.4 —23.8 —23.3 TS TS3 15.4 16.4 TS5 -9.3 —-9.2
expt -7 -1+ 7 complex 6 -286 —307 9 -31.8 —325
products —-275 —-30.8 —-27.7 —30.8
@These results are predicted by the B3LYP and MP2 levels with  channel for CH elimination (1I)
cc-pVnZ (nZ) and aug-cc-pWZ (augnZ) basis setsn= D, T, Q) and are TS TS4 9.0 10.3 TS6 -94 -9.9
compared with experimental estimatés & Ee + ZPVE). All energies complex 7 —-279 -258 10 -329 -30.8
are in kcal/mol.” Eo values obtained at the optimized geometry with ZPVE  proqycts —246 —23.4 -233 -2238
corrections® From the heat of formation of Ci®H™ reported in ref 50.
d Reference 31. (CHg)HX*
reactants 0 0 0
adduct 11 —32.7 —26.9 14 —46.0 —42.5
channel for H elimination (1)
TS TS7 29.7 309 TS9 -5.1 -5.0
complex 12 —-19.7 —21.8 15 —28.3 —29.4
products -18.7 —22.2 —-25,5 287
channel for CH elimination (l1)
TS TS8 25.0 26.3 TS10 -4.7 -5.2
complex 13 —25.4 —23.7 16 —30.1 —28.4
products —-23.4 =225 -241 —238

/ 0989

2655

Figure 1. Geometrical structures of the stationary points in th&XH+
CHsOH system (X= C, Si; bond lengths in A).

Results and Discussion

Since some of the systems considered here are large, a re
liable and economical theoretical method should be chosen. Th

a Structure numbers as in Figures-3.

convergence with increasingwithin the cc-p\hZ basis sets.
However, cc-pWZ and aug-ccp¥iz relative energies converge
from opposite directions (Table 1). Thus, the extrapolated values
for the exothermicity AEp) of the reactions Ckf + YH —
CHyY™ + H, (Y = OH, NHy) lie in the 33-34 kcal/mol range

for water and 76-71 kcal/mol for ammonia. The latter values
coincide well with the reaction exothermicity derived from
experimental heats of formation. However, the exothermicity
(29 kcal/mol) of the reaction with water reported by Bowers,
Chesnavich, and Huntrédsind based on the heat of formation
of CH,OH™ (protonated formaldehyde) differs somewhat from
our best estimate. However, the updated value of this heat of
formation, reported by Traeger and Holn¥deads to the
reaction exothermicity of 33 kcal/mol, which is in excellent
agreement with our results (Table 1).

The experimentally estimated barrier heights for these reac-
tions are uncertain due to several approximations inherent in
the quasiequilibrium theofy (Table 1). However, the predicted
barrier height with respect to the reactant energy Iex)sﬂgf)
for water converges to a value of ca3 kcal/mol, which is in
good agreement with the experimental estimate. The analgous
exothermicity for ammonia reaction, however, is somewhat
greater even than the upper value of the experimental estimate.
Note that in both cases B3LYP converges A&° values

€about -2 kcal/mol higher than the MP2 results, despite the

existing experimental estimates of thermochemical parameterswidespread opinion that B3LYP significantly underestimates

for the H, elimination reactions from the methyl catioater
(ammonia) adducts allow one to assess the quality of the theo-
retical approximations. The two most popular methods applied
for complex systems, i.e., B3LYP and MP2, give reasonable
correlation energies. Both B3LYP and MP2 methods exhibit

barrier heights, primarily for odd-electron systems. In our case,

(48) Dunning, T. H.J. Chem. Phys1989 90, 1007.

(49) Kendall, R. A.; Dunning, T. H.; Harrison, R. J. Chem. Phys1992 90,
6796.

(50) Traeger, J. C.; Holmes, J. I. Phys. Chem1993 97, 3453.
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Figure 2. Geometrical structures of the stationary points in the€+
+ CH3OH system (bond lengths in A).

some overestimation of barrier heights may be noticed for the

cc-pVDZ basis set, but the addition of diffuse functions to this
basis set makes the B3LYP barrier heights comparable to thos
of MP2 (Table 1). One may see that the B3LYP method, even
using the cc-pVDZ basis set augmented with diffuse functions,

predicts thermochemical parameters with quality comparable
that of to much more expensive methods. Below we report the

results obtained by the B3LYP/aug-cc-pVDZ method in the
study of reactions of carbenium and silylium ions with methanol,
dimethylamine, and benzene.

Methanol. Structures of stationary points in the gH+
CH3OH and SiH* + CH30H systems are shown in Figure 1.
The adducts X and 3) are formed without barrier, and their
association (condensation) is exothermic by 70 and 59
kcal/mol for the [CHOHCH;]*™ and [SiHSOHCH;]* ions,

respectively. This energy, stored in the adducts, makes them

vibrationally excited (hot) and may lead to their unimolecular
decomposition, provided that the barrier heights for these
pathways are less than the condensation energy stored in the
(AE;® < 0). However, as in the case of the [@BH,]* ion,
small negative values oAE}® may not allow the system to
overcome this barrier, due to incomplete randomization of the

association energy among the vibrational degrees of freedom.

Dodd and Brauman’s density of states argunf@rase also
relevant to the inefficiency of the reactions of the complexes.

The formation of ao bond between cation and nucleophile

1.997

1.670
0.993

TSS

1733)1.738

1369

2016
1.618

Figure 3. Geometrical structures of the stationary points in thel@$i™
+ CH3;OH system (bond lengths in A).

cation. Population analysis based on the natural bond orbital
(NBO) method? shows that the natural charge on C increases
from 0.29 in the methyl cation te-0.25 in the adduct. The
charge transfer for X= Si is not so great: from 1.36 in silyl

gation to 1.13 in the adduct. This charge transfer is accompanied

by a substantial increase of the positive charge on the hydroxyl
H; its charge increases from 0.48 in methanol to 0.56 and

to 0.57 in3. Note that, despite a considerable difference in the
charge transferred from oxygen to X, the growth of positive

charge on the hydroxylic hydrogen is even slightly larger for

X = Si.

In the CH™ + CH3OH system, the only low-energy unimo-
lecular decomposition pathway is the Elimination, since the
loss of the methyl cation is the trivial inverse reaction and the
other plausible channel, i.e., the loss of proton, is endothermic
by 189 kcal/mol. The transition-state geometry feréimina-
tion is similar to those earlier described for the interaction of
methyl and ethyl cations with waté$373°It is characterized
by a shift of the hydroxyl group proton, which became
substantially more “mobile” (large positive charge) in the adduct,
from oxygen to carbonl{S1, Figure 1). The downhill path from

r’rt1his transition state leads to the weak product compléxigure

1). Itis ca. 1 kcal/mol below the product energy level in terms
of Ee, but ZPVE corrections reduce this value to 0.6 kcal/mol
(Eo, Table 2). With the basis set superposition error (BSSE)
correctiory® of 0.4 kcal/mol, there are serious doubts as to the

(51) Dodd, J. A.; Brauman, J. J. Phys. Chem1986 90, 3559.
(52) Reed, A. E.; Weinstock, R. B.; Weinhold, F.JJ.Chem. Phys1985 83,
735

leads to charge transfer from the base to the X atom of the (53) Boys, S. F.; Bernardi, Mol. Phys.1970Q 18, 553.

14518 J. AM. CHEM. SOC. = VOL. 126, NO. 44, 2004



Adducts of Carbenium and Silylium Cations with Bases ARTICLES

Figure 4. Geometrical structures of the stationary points in the {GHC* + CHsOH system (bond lengths in A).

existence of this minimum, even at 0 K. The,EOCH;]* ion gives 1.207 A. This comparison indicates the predominance of
(methylated formaldehyde) produced bylbiss from the adduct ~ a H,C=O(CHg)™ structure for this cation.

has a short equilibrium CO bond distance (1.242 A) with a  For the [SiIHOHCHs]™ adduct, one more decomposition
trivalent carbon. The same level of optimization of formaldehyde channel becomes plausible, i.e., the loss ofsCHBut this

J. AM. CHEM. SOC. = VOL. 126, NO. 44, 2004 14519
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Table 3. Relative Energies in kcal/mol (Ee, Eo = AEe + AZPVE)
for Stationary Points of the R'R"HX* + (CHs),NH Systems (R’, R"

= CH3, H)
X=C X=Si
no.? AE, AE, no.? AE, AEy
HaX*
reactants 0 0 0 0
adduct 17 —-126.7 -—1189 19 —-85.6 —80.8
TS TS11 —34.6 —335 TS12 -189 -—188
complex 18 —93.3 —941 20 —45.8 —47.0
products —-92.5 —-94.1 —43.4 —46.2
CHzHX™

reactants 0 0 0 0
adduct 21 —86.2 —78.7 24 744 —69.6
channel for H elimination (1)

TS TS13 0.4 11 TS15 -128 -—12.7
complex 22 —61.5 —-63.0 25 —-41.4 -39.8
products —60.5 —63.2 —-37.2 —-40.1
channel for CH elimination (11)

TS TS14 —-4.5 -34 TS16 -109 -—11.2
complex 23 —69.5 —67.3 26 —41.4 -39.8
products —68.0 —66.3 -375 —36.8

(CHg) HX+

reactants 0 0 0 0
adduct 27 —66.6 —-59.0 30 —-65.3 —60.5
channel for H elimination (1)

TS TS17 18.0 19.2 TS19 -7.1 -7.0
complex 28 —45.4 —-47.2 31 —33.0 -—-3438
products —44.7 —47.4 —31.6 —3438
channel for CH elimination (ll)

TS TS18 12.1 13.6 TS20 -5.0 -5.2
complex 29 —58.2 —-55.9 32 —-36.3 -—34.9
products —56.6 —-54.9 —-33.7 -33.1

a Structure numbers as in Figures 80.

Figure 5. Geometrical structures of the stationary points in the . o
(CHa)2HSit + CH3OH system (bond lengths in A). to 2.56 for X = Si upon methyl substitution. However, the

) ) ) S decreases of the binding energy between cation and methanol
process is substantially endothermic due to the significantly 5re not comparable for C and Si. As a result, the adduct for X
lower heat of formation of the silyl cation compared to methyl — sj pecomes more stable than that for C (Table 2). The
cation and will not be considered here. The transition state for jhyersion of the order of the binding energies between nucleo-
dihydrogen loss from the [SBOHCHs] ™ ion (TS2 Figure 1) philes and BX* cations for X= C and X= Si on going from
was not described earlier. It differs from that for the methyl R = H to R = Me was discussed by Basch, Hoz, and Hbz.
cation in the position of the migrating proton. 51, the  They ascribed this effect to the stabilizing hyperconjugative
O--H interatomic distance (1.48 A) is considerably longer than jnteraction between the vacant orbital of X and the occupied
in .TSZ (1.38 /3\): The §horter HH distance inTS1 aIsp methyl group orbitals. They concluded that this interaction is
evidences that this transition state is late compardsd This much stronger in carbenium than in silylium cations.
fact reflects higher endothermicity of the JKOHCH;] " — The increase oAE;® for H, elimination (channel I) for both

[H2XOCHg]™ + H reaction for X= Si (27 vs 19 keal/mol). 65 of cation accompanies the decrease of the binding energy
The product complex is more tightly bound than that for the ¢ the adduct (Table 2). However, while this increase for
carbon counterpart; the hydrogen molecule is retained at shortery, _ comprises 30 kcal/molAEL® for TS3 becomes 16

distances from the trivalent atom (Figure 1) and is stable toward kcal/mol), for X = Si it grows by only 4 kcal/mol and remains
dissociation by 3.6 kcal/mol, even after applying the ZPVE
corrections (BSSE-corrected value is 2.8 kcal/mol). The SiO
bond distance in the product ion §GIOCH;]™ (methylated
silanone) is 1.602 A, substantially longer than is8i4=0 (1.494
A). This indicates a significantly greater contribution of the
H,(CH30)Sit structure in contrast to methylated formaldehyde.
The replacement of one hydrogen in the methyl and silyl
cations by a methyl group results in the stationary point
geometries depicted in Figures 2 and 3. This substitution leads
to lower binding energies for the adducts of the MEH (X =
C, Si) cations% and8) and longer %-O interatomic separations.
Such an effect may be rationalized by assuming the greater
electron-withdrawing ability of the methyl group compared to
hydrogen, and it is reflected in the decrease of the NBO valence
orbital population from 4.24 to 4.05 for ¥ C and from 2.82 (54) Basch, H.; Hoz, T.; Hoz, S. Phys. Chem. A999 103 6458.

below the reactant levellS5). The reason for this difference
may lie in the well-known ability of silicon to coordinate more
than four atoms, not ordinarily the case for carbon. The
structures of the discussed transition states show that carbon
and silicon atoms increase their coordination. This is completely
untypical for carbon, and the withdrawal of electron density
dramatically lowers the stability of the transition state. The
product complex of the [MeH(OMe)Si} ion with H, becomes
unstable, even after ZPVE corrections.

Methyl substitution in these cations gives another opportunity
for the shift of the mobile proton of the adduct. The proton
may migrate to a methyl group which possesses a significant
negative charge (channel Il). The transition states for this process
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Figure 7. Geometrical structures of the stationary points in thek€+
+ (CHs)2NH system (bond lengths in A).

Figure 6. Geometrical structures of the stationary points in th&XH+ . ) )
(CHs)oNH system (X= C, Si; bond lengths in A). for X = C comprises 16 kcal/mol. This comparison makes the

[Me;HSiIOMe]" adduct more stable than [MdCOMel" by
are depicted in Figure 2TG4) and Figure 3 TS6). These 16 kcal/mol. Despite the small increase ArEgs values for
transition states have pentacoordinated structures similar to thosgMe,HSiOMe]", TS9 and TS10 remain negative.
for the H, elimination (channel I). However, in the case of Dimethylamine. Since dimethylamine is a stronger base than
methane elimination, the weakly bound ligands are not two methanol (proton affinity of the former is 222 kcal/mol, while
hydrogens but rather a methyl group and a hydrogen atom. Thethat of the latter 180 kcal/mol), its adducts FRHX —NHMe]*
barrier heights for channel Il are lower than those of channel | (R, R" = Me, H) have substantially larger association energies
by several kilocalories per mole. The similarities in structures (Table 3). The more effective charge transfer fromnteenter
and barrier heights of the transition states indicate that the mainto the X atom upon the formation of the->N bond leads to
factors in both processes are the mobility of the hydroxyl proton the lowering ofAEgS for H, and methane elimination. Note,
and the ability of the X atom to retain an additional hydrogen however, that these barrier heights with respect to the bottom

in its coordination sphere. of the adduct potential well are higher than those for methanol.
The product complexes for methane eliminati@raqd 10) Thus, for the adducts of thes8* cation, in which this effect

have larger association energies than those for channel I. Theis largest, the barrier for the Hoss grows from 57 to 85

methane molecule is bound to the X atom of the(fbMe)X]* kcal/mol on going from methanol to dimethylamine. This

ion by one of its hydrogen atoms. This bond is substantially increase of the barrier height may be rationalized by taking into
stronger when X= Si. The complexlO has a binding energy  account the lower positive charge on the hydrogen atom in
of 8 kcal/mol (BSSE-corrected value is 7 kcal/mol) and a short dimethylamine and its adducts. The NBO population analysis
(2.02 A) St-+H interatomic distance (Figure 3). shows that the natural charge of H at oxygen in methanol is
The subsequent substitution for another methyl group gives 0.48, while that for H of the NH group in dimethylamine is
the stationary points depicted in Figures 4 and 5, and their only 0.37. Adduct formation with methyl cation increases this
relative energies are shown in Table 2. The addition of the charge to 0.56 for methanol and to 0.45 for dimethylamine.
second methyl group further weakens the bonding betweenHowever, the large increase in the association energy of di-
cation and oxygen. The additional withdrawal of electron density methylamine overcomes this increase of the barrier height, and
from X also manifests itself in the further increaserd °and ~ the overallAE;® value is lowered from-13 kcal/mol in the
the decrease of the binding energy of product complexes. Duemethyl catior-methanol system to—33 kcal/mol for the
to a smaller effect of H/Me substitution on electron density corresponding adduct of dimethylamine.
around Si, all these tendencies are considerably less pronounced Nevertheless, as is the case for methanol, methyl substitution
for adducts of silylium ions. In the latter systems, the forma- in cations leads to a sharp decrease in the condensation energy
tion energies decrease by only 4 kcal/mol, while this decreaseand to the growth oﬁEgS. Even for the ethyl cationT(S13),
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Figure 8. Geometrical structures of the stationary points in theldi$i+
+ (CH3)2NH system (bond lengths in A).

s - o Figure 9. Geometrical structures of the stationary points in the
the value ofAE,> becomes positive. However, similar reac- (CHs)2HC" + (CHs):NH system (bond lengths in A).

tions for silylium cations have negativeE° values (Table 3).

The structures of the transition statdS(3—-TS20) depicted Benzene.The structural difference between complexes of
in Figures 7-10 are similar to the corresponding structures for carbenium and silylium ions with benzene is well
the methanol adducts. known19.20.24.25.2729 Carbenium cation complexes are typical

The above observations notwithstanding, significant differ- o-complexes, while those of silylium ions have predominant
ences exist in the structures of the product complexes be-character. This difference is reflected in their structural param-
tween methanol and dimethylamin22( 23, 25, 26, 28, 29, eters (Figures 1115). Carbenium ions have a nearly3sp
31, 32). These complexes are substantially weaker than the character at the carbon atom forming a bond with cation, while
analogous complexes in the case of methanol. This becomeshe sg character of the silylated carbon is only partially
especially clear by comparing the methane complexes for developed. The angle between the-® bond and the benzene
X = Si, since H exit complexes were also extremely weak for ring plane for methyl cation is 14X33, Figure 11), while that
methanol systems. Thus, while thefHi—OMe]"-CH, com- for silyl cation is 1053 (35, Figure 11). In the complex with the
plex (10) has an association energy of 8 kcal/mol (Table 2) ethyl cation (Figure 12), two structures differing in the rotation
and a Si--H distance of 2.02 A (Figure 3), in the corresponding of the ethyl group around the CC bond were found to have
[H2Si—NMe;]*-CH,4 complex @6) the association energy is  practically the same energy. In the structureGafsymmetry,
reduced to 3 kcal/mol (Table 3) and the--Sil separation the CC bond of the cation is in the trans position to the
elongates to 2.53 A (Figure 10). Especially weak are both types ipso-CH bond of benzene3[). This structure gains stability
of exit complexes in the isopropyl catiewimethylamine from weak interactions between hydrogens ofgterbon atom
system. The structure type previously found for the exit of the ethyl group and carbon atoms of the benzene ring.
complexes was not located in this system. The energy mini- However, the repulsive interaction between thearbon atom
mum was found for the ficomplex, but it is extremely shallow  of the ethyl group bearing a large negative charge (natural charge
(Table 3), and the hydrogen molecule therein is instead —0.65) and ther electron density of the benzene ring competes
coordinated to the N atom28, Figure 9). A new type of with stabilization by weak CH-C interactions. This unfavorable
coordination is exhibited in the methane compl8 The interaction is absent in the structure©f symmetry, in which
hydrogen bond there is formed not by the methane hydrogenthe CC bond of cation is in the gauche positi@Yg). Note
and X atom as before, but rather by the H atom at C and the that these two structures with the same energy have considerably
methane carbon. This complex is stable after ZPVE corrections, different CC bond lengths (between cation and benzene
but its energy [Ep = 1.0 kcal/mol) lies within the limits of the moieties) and angles between the CC bond and the benzene
BSSE correction. plane. The structure with the cationic CC in the cis position to
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Figure 10. Geometrical structures of the stationary points in the
(CHa)-HSit + (CHs)NH system (bond lengths in A).
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Figure 11. Geometrical structures of the stationary points in thX H+
CsHs system (X= C, Si; bond lengths in A).

Figure 12. Geometrical structures of the stationary points in the&+
+ CgHs system (bond lengths in A).

the ipso-CH bond of benzene is the transition state for the
interconversion 087 and37a In the isopropyl cationrbenzene
system, the global minimum corresponds to the structure in
which one CC bond of the cation is in the trans position (hydro-
gens weakly interacting with ring carbons), and the other CC
bond is in the gauche positiod3, Figure 14). Earlier a similar
structure was found to be a global minimum by Heidfieh.

In the complex or adduct of the methylsilyl cation with
benzene (Figure 13), the rotamer with a methyl group situated
above the benzene plane is less stable by ca. 1 kcal/mol with
respect to the structure in which the SiC bond of cation is in
the gauche position to theso-CH bond of the benzene ring
(40, Figure 13). The preference of the gauche isomer may be
understood in terms of the larger atomic separation between
cation and benzene and the larger negative NBO charge on the
p carbon (-1.16). The isomer with two methyl groups in the
gauche positions is also the global energy minimum for the
[Me,Si—CgHg] ™ cation @6, Figure 15). The association energies
of H3X™ cations with YH bases follow the order (GANH >
CesHs > CH3OH for X = C, but (CH)2,NH > CH3zOH > CgHs
for X = Si (Table 4). This difference is due to the facts that the
complexes for X= Si are morer-like thano-like and the charge
transfer from benzene is quite small.

Transition-state structures for the ldlimination from the
complexes with benzene bear some resemblance to those of
methanol and dimethylamine. The transition state in the methyl

(55) Heidrich, D.Angew. Chem., Int. ER002 41, 3208.
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Figure 13. Geometrical structures of the stationary points in the Figure 14. Geometrical structures of the stationary points in the
CHaHSit + CsHg system (bond lengths in A). (CH3)2HC* + CeHg system (bond lengths in A).

cation—benzene system (the IowaSEgS) has the largest in-  system B9, Figure 9), the energy minimum corresponds to a
teratomic distance between the “native” carbon and the migrat- complex with a weak interaction between the hydrogen atom
ing proton TS21, Figure 11). Upon methyl substitution in the at the trivalent carbon of the former cation and the methane
cation, the analgous distances become shofi®28in Figure carbon. Interatomic distances of these-€8 interactions are

12, TS27in Figure 14) but are still substantially longer than in the 2.7-2.8 A range, and the dissociation energies of these
those in the corresponding transition states for systems with complexesAEy) are ca. 1 kcal/mol. However, this value is close
methanol and dimethylamine. In contrast to the earlier-discussedto the BSSE correction estimates, and their existence even at 0
systems, in which theAE;® values for methyl-substituted K is questionable.

cations were positive for X= C but negative for X= Si, in the Reaction Mechanisms and Correlation of Barrier Heights
silylium ion—benzene systems tmsaEgS values become posi- to the Electron Density on X Atoms. Summarizing the dis-
tive, even for the MebkSi* cation (TS25) (Table 4). In general,  cussion of the unimolecular decomposition of methanol, di-

the transition state relative energies for silylium ion complexes methylamine, and benzene adducts, we present a correlation
with benzene lie considerably higher than those of silylium ions between the transition-state levels and certain natural popula-
with other bases. This is also a manifestation of the specific tions of X atoms to which departing hydrogen and methane
bonding character in these complexes. molecules are coordinated in these transition states (Table 5).
The product complexes are weaker than those for methanol,All reactions studied in this work have similar mechanisms.
but stronger than in the dimethylamine system. Among com- During the formation of adducts, a significant amount of electron

plexes with H, only the complex with silabenzyl catior3, density is transferred to the X atom of the former cation. The
Figure 11) is stable after ZPVE corrections. However, complexes proton of the former base becomes more positively charged and
with CH,4 are more stable, especially those with=XSi. The mobile and may migrate to the X atom, forming the transition

complex of silabenzyl cation with methané2(in Figure 13) state in which the X atom becomes pentacoordinated. The
hasAEy = 4.5 kcal/mol (3.6 after BSSE correction) and a short relative stability of this transition state depends on the binding
Si-+-H distance (2.04 A). In the methane exit complex of the ability of X. Upon substitution of H atoms at X for methyl
benzene adducts of the ethydq(in Figure 12) and isopropyl  groups, the excess electron density that came from the base is
(45in Figure 14) cations, the carbon atom of the cation moiety withdrawn by the methyl groups. This weakens the binding
cannot retain the methane molecule by weak interactions with ability of X. It appears that this qualitative description is
its hydrogen. Instead, as in the isopropyl catigimethylamine supported by the gquantitative correlation AEES with the
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Table 4. Relative Energies in kcal/mol (AEe, AEg = AE: + A
ZPVE) for Stationary Points of R'R"HX*" + CgHg Systems (R’, R"

= CH3, H)
X=C X=Si
no.2 AE, AE, no.? AE, AE,
HaX™
reactants 0 0 0 0
adduct 33 —86.9 —825 35 —52.3 —49.3
TS TS21 —447 —443 TS22 —6.7 —7.2
complex 34 —-65.0 —66.8 36 —-28.0 —28.9
products —-64.3 —67.0 —239 271
CHgHoX™
1082 reactants 0 0 0 0
adduct 37 —450 —41.2 40 —-40.9 —38.0
channel for H elimination (1)

TS TS23 —-7.3 —6.6 TS25 1.5 0.9
TS29 complex 38 —-349 -374 41 —-20.3 —-21.6
products —-34.0 -—-37.6 -17.7 -21.0

channel for CH elimination (I1)
TS TS24 —-7.9 —6.7 TS26 5.7 5.0
complex 39 —41.3 —40.0 42 —23.6 —22.2
products —-39.8 —39.2 -17.9 -17.7

(CHg)oHX
— reactants 0 0 0 0
ik adduct 43 —23.8 —195 46 —-31.3 —28.5
4 channel for H elimination (1)

TS TS27 121 13.4 TS29 8.6 8.1
2 complex 44 -19.3 -222 47 -141 -158
products —18.8 —223 —121 —15.6

channel for CH elimination (l1)
l TS TS28 10.7 12.3 TS30 12.9 12.2
| 41 complex 45 —31.4 —30.0 48 -176 —16.6
R) products -300 —29.3 ~141  -140

a Structure numbers as in Figures-115.

Table 5. Correlation of the AE}° Values (kcal/mol) for Transition
Figure 15. Geometrical structures of the stationary points in the States for the Reactions |2 and I1? with the Natural Population of

(CHs)2HSit + CgHg system (bond lengths in A). Valence Orbitals (py) of X Atoms of Corresponding Intermediates
(Adducts)
valence orbital populations of atom X in the adduct (Table 5). X=C X=Si
With one exclusion (the Me}€—CsHg adduct), this decrease AETS AETS
0 0

of population is follwed by the rise of the transition-state levels - R v A - A -

for both channels. However, this is true only for adducts which m on 1597 —243 2005 72
— ilvli _ 65 . —44. . —7.
form cqvalento X—=Y bonds. The complexes of silylium cat_ H H  (CH)N 4404 —335 2018 —18.8
ions with benzene arer-complexes and do not match this H H  CH;O  4.241 -13.1 2.817 —13.1
correlation. CH; H  CeHs 4379 -6.6 —6.7 2717 0.9 5.0
CH; H  (CHy)N 4.203 11 -3.4 2653 —12.7 —-11.2
Conclusions CH; CH; CeHs 4193 134 12.3 2432 81 122
CH; H CHO 4050 164 103 2564 —92 —9.9
1. All reactions RR"HX* + YH — [R'R"X _ Y]+ + H, (|) CH; CHz (CH3)N 4.021 19.2 136 2380 —-70 5.2
and RR'HX* + YH — [R'HX — Y]* + CH, (Il) (RR" = CH; CHs CH:O 3871 309 263 2306 —50 —5.2
CHs, H; X = C, Si; Y = CH3O, (CHy)N, and GHs) are aReaction I: RR'HX* + YH — [R'R"X—Y]* + H,. ® Reaction II:

exothermic and go through formation of intermediates (adducts). R(CHz)HX* + YH — [R'HX—=Y]* + CH,. ltalics are for the silylium
The association energies of these adducts decrease with methyp™ benzene systems, the barrier heights for which do not match the
group substitution at X, but this decrease for =X Si is '

substantially smaller than that for C. As a result, for systems this power. The propensity of silicon for coordination-sphere

with (CH3),HX ™, the formation energy of the adduct with=X expansion makes the barrier heights for these transition states
Si becomes larger that those for=XC. lower than those for X= C.
2. The mechanism of +and CH, elimination from the adduct 3. For systems with X= C, the relative transition-state

is similar for all systems studied. The first step for both channels energies with respect to the reactant energy IevAIEﬁ)

is the migration 6a H atom from the YH moiety to X. The  correlate well with natural populations of the valence orbitals
transition-state structures along these paths may be describedf the X atom: the decrease of this population with H/Me
as a [RR"X—Y]* ion with trivalent X and two hydrogens (or  substitution at X leads to the growth AEES. For adducts with
one hydrogen and a methyl group) coordinated to it. The relative X = Si, a similar correlation is valid only for ¥= (CHs;),N
barrier heights of the transition states for both channels dependand Y = CH3zO. Complexes of silylium cations with benzene
primarily on the retention power of the X atom. The withdrawal have a different nature from the rest of the adducts studied,
of valence electrons from X by methyl substitution diminishes and their barrier heights do not match this correlation.
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4. In adducts formed by the condensation of carbenium ions C—C ¢* orbital. There can thus be a strong hyperconjugative
with methanol and dimethylamine, the unimolecular decomposi- effect weakening the SiC bond. This is a significant reason
tion is formally allowed AE;° < 0) only for the methyl  for the z-complex character in the case 0§S-CeHs*. This
cation, while for silylium cations studied, all adducts have effect also plays a role as soon as the proton leaves O or N,

AE(T)S < 0. For systems with benzene, only adducts wixXH and lone-pair delocalization supports the breaking of the second
have transition states forsHlimination below reactants for both  X—H bond. For X= Si, this description is more effective, and
C or Si. therefore the transition-state energies are lower.

5. Product (exit) complexes for Helimination are very 7. The final complexes may be viewed as donor-@Hor

weakly bound, and the majority of them are unbound after ZPVE H;C—H)—acceptor complexes, where the acceptor ability
corrections. However, complexes with methane are substantiallydepends on the delocalization of adjacent lone-pair elec-
stronger, especially for X Si, and their complexation energy trons into the empty orbital at X. For X C, the delocaliza-
may reach 8 kcal/mol ([BiIOCH;:CH4] ™). In the latter complex  tion is stronger: (2/27) overlap for carbon is better than
the Si--H interatomic separation is only 2.02 A. As with (27/37) overlap for silicon. Hence, silicon is the better ac-
AE}®, the stability of product complexes decreases with the ceptor.

i >
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