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Bond dissociation energy §RI*—L) and bond length (RM and M—L) trends in the BML * series of cation
ligand (L) complexes for M= carbon and silicon, and R H, CHz and F are derived from density functional
theory calculations using the hybrid B3LYP exchangerrelation potential. The ligands studied are JNH
H,0, HCN, H,CO, MeCN, MeO, M&CO, FCN, kK, O, R,CO, and Nk, where ligand binding to M is through
the nitrogen or oxygen atom. For all ligand substratedJ R-L bond energies are calculated to decrease
from carbenium to silicenium with R= H but to increase for Rmethyl and fluorine. Also for these latter
two cases, in going from the bargNR* cation to the ligand complexes, the-® distances increase by more

than twice as much for the carbenium than for the silicenium ions. These trends indicate the relative importance

of a stabilizing R-M hyperconjugative interaction in the baegt-butyl and trifluoromethyl cations compared
with the other bare cations and all the catidigand complexes. Ab initio, multiconfiguration VBSCF
calculations are carried out on model systems {AMH,*; M = C, Si; AH, = CHjs, SiHs, F), designed to
mimic the RM™ cations, in order to analyze the electronic structure of th&/Foond. Ther bond component,
representing the hyperconjugative interaction, is found to preferentially stabilizEKGH over SiHCH,™,
and FCHT relative to FSiH". The fluorosilicenium cation shows significamtdonor effects. This analysis
establishes the theoretical basis for the trends in energy and structural properties found fiM treafons
and cation-ligand complexes.

1. Introduction degrees and the effect can be different for silicon and carbon

There are a number of interesting trends in comparing cations. In particular, the hyperconjugative effect of the=R
bonding properties between first and second row atom com- Mmethyl (Me) substituent on §8i*—L and RC*—L stabilities,
poundst For example, in going from &—X to R3Si—X, compared to R= H, has been notéd but not well documented
homolytic bond dissociation energies (BDE) sometimes increasequantitatively in a direct manner. What is lacking here are
and sometimes decrease, depending on the nature of the Xexperimentally determined cation ligand binding energies for a
substituent~8 The more electronegative bonding species, such wide range of R and L groups or the analogous data from high
as X binding through O, N, or a halogen, have larger si¥/I level ab initio calculations.
bond energies compared ta®-X. The reverse is true for X Recent advances in the development of theoretical methods
groups that bond through C, S, and P atoms, for example, has brought density functional theory (DFT) to the forefifnt’
including X = H, where the BC—X BDE are larger. The |y particular, these advances have included the use of gradient
impression obtained from this division is tha{3% bonds better  ¢qrrected exchange and correlation potentials and the addition
ionically Whlle_ Rg_c- forms a better povalent bond. The greater ¢ an exact HartreeFock (HF) exchange componéAt® These
_tenden_cy to lonic character O.fsa'fx bor‘ds seems to be  hew hybrid functionals have been shown to be useful and
Inconsistent W.'th the gengra.l.lnablllt)_/ to identify b.ar@SR‘ . accurate tools for computing geometric structures, vibrational
cations in solution free of significant anion or solvent interaction. frequencies, and bond dissociation energié&2%-3 The most

L
The_ searc_h for ffe.e §8i" in condensed phase has been th.e often quoted level of accuracy comparable to DFT for closed
subject of intense interest and study and has generated no little

; i +
controversy’~1® The consensus opinion seems to be thi8iR Shﬁ:l Tyitemv?/rlls :heMl\/iIPZ lfg’ erl]ofrp(ialzturr:)atrg(zjnl_t?e’@rﬁlaML 4 shell
has a high affinity for binding even the weakest nucleophilic complexes, where M IS carbon or stlicon a Saclosed she

solvent or ligand molecules due to the concentration of positive ligand or solvent.molecule, should b.e eminently suited fgr
charge on the silicon atofi418 Therefore, the bare 48i* treatment by hybrid DFT and should give accurate geometries

species will be attainable only under special circumstances, such"d catior-ligand bond dissociation energy values. This ap-
as when the approach to the*Siite is effectively blocked proach has been taken here to generate optimized geometries

sterically, either from the ESi* side or the ligand side, or when ~ @nd catior-ligand BDE for a representative choice of R, M,
the charge on the silicenium ion is dispersed over several @nd L species. The results are analyzed in terms of trends in
atomst? the calculated geometric parameters and BDE as a function of
Much of the interest in silyl cations derives from an analogy the constituent components of theNR"—L complex. We focus

to the well characterized carbenium idfsiVhile the relative ~ particularly on the R-M bond and on the electronic structure
behaviors of RC* and RSi* with different coordinating groups ~ factors of this bond that affect these trends, such as hypercon-
have been exploretfi2.1326-22 |ess attention has been paid to jugation, delocalization, and resonance. These latter interrelated
relative substituent effects such as the nature of the R gr&iff. terms are all accommodated within valence bond (VB) language
Different R groups can stabilize cation centers to different and ab initio VB theory can be brought to bear in defining the
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TABLE 1: Geometry Optimized DFT(B3LYP) Energies (in au) for RsML * Using the 6-311G(2d,p) Basis Set
DFT(B3LYP) Energy

L ligand H:CL* HsSiL™ Me;CL* MesSiL* FsCL* FsSiLt
b —39.492 093 —290.963649 —157.600441 —409.051148 —337.336493 —588.943 689
NH3 —56.577 443 —96.250042 —347.668015 —214.247555 —465.715786 —394.036 844 —645.676 791
OH; —76.448839 —116.063033 —367.508861 —234.077047 —485.563552 —413.854526 —665.514 673
NCH —93.453857 —133.087833 —384.515892 —251.085353 —502.566 175 —430.857 148 —682.518 484
OMe, —155.075988 —194.715714 —446.152890 —312.709908 —564.197 719 —492.514638 —744.167 858
OCH, —114.539321 —154.159605 —405.598911 —272.167595 —523.650805 —451.951684 —703.605 808
NCMe —132.795992 —172.452121 —423.880706 —290.446008 —541.926 713 —470.228065 —721.889 026
OCMe, —193.217 780 —232.866 301 —484.304671 —350.859461 —602.348339 —530.665001 —782.320927
NCF —192.695 147 —232.320684 —483.753423 —350.318944 —601.803 724 —530.093230 —781.757 059
OF, —274.747 730 —314.293957 —565.738169 —432.352532 —683.808 782 —612.092946 —863.727 077
OCR —313.115305 —352.701134 —604.148889 —470.782402 —722.203941 —650.491551 —902.153415
NF3 —354.191231 —393.782108 —645.201723 —511.795580 —763.264776 —691.553482 —943.194 333

2 Connectivity is to the left-most atom in L.Bare RM™* cation.

contributing bonding configurations and the importance of each TABLE 2. R 3M*—L Binding Energies?

type in such an analysis. binding energy (kcal/mol)

In.thls rege_lrd, quantitative VB theory has recer_1t|y bqen L HiC'  HaSIT  MeCt  MesSit  FCt FaSi
applied to the interpretation and understanding of a wide variety N 1133 796 137 caa =1 97 7
of electronic structure effect8:3440 In particular, to study the OHz 766 605 17.4 39.6 434 76.6
special interactions in the RM bond of carbenium and NCH 890 617 19.5 38.1 41.9 75.9
silicenium cations simple Ak-MH;" model systems (A= OMe, 926 711 21.0 44.0 64.1 93.0
CHs, SiHs, F) are used here to represent the interaction of OCH 80.4 602 17.5 37.6  4r6 771

turated methyl, silyl and fluorine substituents (R) with cation NCMe 1029 76.0 311 49.6 60,0 93.1
sa thyl, sily _ OCMe, 982 773 25.9 49.5 69.5  100.1
centers (M) in the parent BM™* ions. These model systems  NCF 83.7 59.4 14.7 35.7 38.6 74.2
are VB analyzed for the various bonding component interactions 8225 gg-g ig'g (‘71-33 Z-’fz 72-219 2‘;-932
that determine the total electronic and geometric structure NF, 620 294 25 138 162 3753

description. Besides the usual electron paiond between M
and A, with its covalent and ionic componeftdthe possibility 2 Connectivity is to the left-most atom in L; from DFT(B3LYP)/6-
of an additional;r type bond between the saturated Adtoup 311G(2d,p) energies in Table 1Binding through F.

and the electron d(_eficient VS| fragmen@ is t_he key to _the TABLE 3: RsM*—L Bond Lengths®

presence and magnitude of the hyperconjugative effantthis
context the hyperconjugative interaction can also be termed a

M—L Bond Lengths

resonance effect betweem bond ando + x bond VB Y HsC* HsSi*  MesC* MesSit  FCT  FSit
configurations, or a delocalization from an electron rich,AH NH3 1514 1.914 1.558 1.947 1536 1.854
to an electron deficient Myt. The addedr interaction can affect OH, 1522 1849  1.707 1914 1589 1.774

geometric structure parameters and thelMbond energies by ’C\I)IC\:/I;'Z i'ﬁ'gg i'%g %'g‘?g i'ggg %'igg i'ggg

being operative in both the parent cation and thR-L OCH, 1489 1.830 1.670 1.889 1566 1.765
complexes to different degrees. Therefore, we bring here a NCMe  1.436 1.841  1.487 1.888 1500 1.792

inati i OCMe, 1.473 1.780 1.599 1.833 1.475 1.710
combination of DFT determined geometry and energy values NCF 1448 1872 1595 1933 1558 1821

for a_wide range of EI.\/I+fL com.plexgs and a VB analysis OF 1549 2064 (4.020) 2297 2252 1.988

showing howo, = bonding interactions in the-RM* bond can OCh 1.517 1.857 2.873 1965 1.625 1.771

affect these values. NF; 1.498 2.032 3.110 2.146 1.752  1.982

2. Methods and Results a Connectivity is to the left-most atom in Y. Distances in angstroms;
The geometric structures of all thel*—L complexes with ~ rom DFT(B3LYP)/6-311G(2d,p) optimized geometries.

R =H, CHs, and F; M= C and Si; and L= NH3, H,O, HCN, for the same reason. The energy difference between the various

H.CO, MeCN, MeO, Me,CO, FCN, RO, RCO, and Nk were low energy rotamer conformations of the methyl groups is

gradient optimized using the hybrid B3LYP exchangerrela- expected to be in the range of, at most, several tenths of a kcal/

tion potential in the DFT methot:*4 All coordination of L to mol. The major geometric parameters discussed here, @& C

M in the complexes is through the nitrogen or oxygen atom of C—Si, —C, F—Si, C—N, Si—N, C—0, and Si-O bond lengths,

the ligand. The optimized geometries of the bamMR and are not expected to be significantly affected by rotational

neutral ligands were also generated. In all cases, the standardsomerism of the methyl groups.

6-311G(2d,p) basis set was used with five d compon®rits. The results of the DFT(B3LYP)/6-311G(2d,p) calculations

the case of the bare cations the nature of the optimized geometryare presented in Tables—5. Table 1 tabulates the total

at the equilibrium structure was established by a harmonic force electronic energies of the bare cation and complex species. Table
field frequency calculation using analytical second derivatives. 2 tabulates the #1*—L BDE values, taken directly from the
Analogous frequency calculations were not carried out on the data in Table 1 with no correction for zero point vibrational
associated complexes because of their high computer timeenergy (ZPE) differences or basis set superposition error
demands. This could affect mainly the ME and MeSi* (BSSE)* DFT is known to suffer less from BSSE than other
complexes where a given optimized geometry may not be the post-Hartree-Fock (HF) methods such as MP2 or incomplete
global minimum with respect to the relative orientations of the CI. Table 3 shows the optimized L. bond lengths. The
methyl groups. Different conformers can be generated by corresponding optimized-RM distances are listed in Table 4.
rotations about the €C or C-Si bonds. An analogous Mulliken atomic charges for the atoms involved in the-M
uncertainty involves the M® and MeCO ligand complexes  bond are shown in Table 5. Selected structures are shown in
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TABLE 4: R —M Bond Lengths in RsM*L Complexest are taken as the interacting fragments, where all the VB orbitals
R—M bond lengths (A) are localized either on the Afbr MH.* groups. These two
- - - . fragments will be generally labeled a and m, respectively, for
+ — + — + E— + E—
L MeL C-C MeSMC—SI RC'FC RKSTFSi the purpose of identifying the fragment parentage of the VB

ﬁIH i'ggg %ggg iggg igg? orbitals and the fragment charges. All the orbitals of a given
OHz 1504 1.848 1.287 1545 fragment are expanded in the combined atom centered basis
NCH 1.434 1.853 1.296 1.546 functions of that fragment only. The orbitals in each fragment
OMe, 1513 1.855 1.305 1.553 group are divided into an active and a passive set, where the
Sg:\'ﬂbe 1155%73 11%5% 11%%25 1155% passive set orbitals are doubly occupied in all the VB configura-
OCMe, 1.516 1.855 1.307 1.554 tions. Each of the variably occupied orbitals can have occupan-
NCF 1.529 1.852 1.295 1.546 cies of 0, 1, or 2, depending on the configuration. The active
8('::25 i-jgg %-gig iggg igzg set consists of the, and o, fragment orbitals that form the
NF, 1.460 1844 1279 1540 A—M o bond, and ther, and &y, orbitals that can form the

hyperconjugative interactiom is the empty MH™ fragment
orbital ands, is the corresponding symmetry combination of
A—H bond orbitals that is doubly occupied in AHThese
descriptions are actually anticipatory since the exact forms of
all the active and passive orbitals are determined by the VBSCF
procedure.

In terms of the activer,, 0, om, andmy, VB orbitals, the
classical description of the singlet spin-paired AHIH," o
bond is described by configurations (1) to &3):

a Connectivity is to the left-most atom in Y; data from DFT(B3LYP)/
6-311G(2d,p) optimized geometri¢sAveraged over the three same-
type bonds¢Bare RM* cation.

Figure 1. Structure& and2 display the equilibrium conforma-
tions for the bare MgC™ and MeSi* cations, respectively.
Structures3—14 show representative example geometries of the
cation complexes for each ligand.

VBSCF calculations using the TURTI4E48) computer

program were carried out on the @HCH,", CH;—SiH,™, 0+ 2 1_1_0

SiHz—CH,", F—CH,", and F-SiH,™ model systems, denoted (am’) 7a %a Im TTm (1)
generically here as AlH-MH_*, with n = 3 for the first three n 2 0 2 0

ions andn = O for the last two. The geometries were obtained (@ m°) 7Ta 0a Om 7Tm )
by ab initio gradient optimization, where the-&l and Si-H . 5 2 0 0

bonds within a given group (GH SiHs, CH,, SiHy) were (@am™) Ty Oy Oy Ty 3)

constrained to be equivalent. These limitations were adopted . . . )
so that the model system geometries would have the classicawhere in all the VB configurations described here the doubly
ethyl form and not the nonclassical bridged or near-bridged occupied passive orbitals are not listed explicitly. The formal

structures. Unconstrained geometry optimization of @BH,* charge distribution between fragments is indicated in parentheses
produces the symmetrically protonated ethylene geond@®8.  to the left of each configuration. o
SiHsCH,* rearranges with no barrier to G8iH,*, which has To describe the hyperconjugative effect, which is a charge

a near-classical structure. Unconstrained geometry optimizationtransfer or delocalization from Afto MH.*, configuration (4)

introduces a small amount of asymmetry about the carbon andmust be added:

silicon atoms in CHSiH,™ and FSiH*™. FCH," is unaffected N 111 1

by the C-H equivalency constraints. The VB calculations were @md T Oq O Ty (4)

carried out using the constrained, equivalent bond geometries.
The atomic basis sets used to produce all the model system

geometries consist of the Dunnifigdouble£ [4s2p] contraction andz bonds between the a and_ m fragments. _The fou_r open

of Huzinaga’s (9s5p) optimized Gaussi&Asfor carbon, the shell system can be coupled to give an overall singlet spin state

6-311G doublet set for Si, and the [311] contracted set for the in two ways, representing the coupling between spin-single; each
hydrogen atom from the Gaussian94 progrdnmn addition, and_spln-trlp_let e"f‘Ch*aa“d rr? fragments. Therefore, config-
single Gaussian d-type polarization functions (five components) uration (4) gives rise to two I|qearly |ndependenlt VB structures
were added to the carbon (exponen®.7500), silicon (exponent  Whose weights are determined separately in the VBSCF

= 0.4500), and fluorine (exponert 0.9000) atoms. This basis variational calculations to be described. Additional configura-
set will be denoted DZP. ' ' tions can be constructed distributing the 4 electrons among the

four active orbitals. If these are limited to electron distributions
that always have two and twosr electrons then the following
configurations can be added:

This configuration represents simultaneous spin-coupled

The AH,—MH," model system geometries were generated
at the CAS(4,4)/MCSCF theory le¥® with the DZP basis
set. CAS(4,4) distributes 4 electrons among four molecular
orbitals using all possible configurations consistent with a spin ( 0 +) 1.2 0_1 (5)
singlet §= 0) state and the spatial symmetry of the electronic
ground state. Using the HF electronic configuration as a

reference, the two orbitals being correlated here hold thé/A @md) T OO Ty (6)

o bonding pair of electrons and the combination of-IA

bonding orbitals that have the same symmetry as the empty M (&% m") ntolo 2t (7)

orbital in MH,*. The resultant constrained optimized bond

lengths and angles are shown in Table 6. The geometries for(g* m™) j'[aoo'alo’mly'[mz (8)

CH3CH,", CH3SiH,™ and SiHCH,™ have the MH™ plane

aligned perpendicular to one of the-A bonds with close to Configurations 5 and 7 each have a covaletitond and no

Cs symmetry. o bonds. Configuration (6) has no bonds at all and configuration
The VB analysis focuses on the-M bond in the AH,— (8) has only as bond. Only (5) has the saména™ fragment

MH," systems. AH, (CHs, SiHs, F) and MH+ (CHz™, SiH;™) charge distribution as the parent configuration (1). In a multi-
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TABLE 5: Mulliken Atomic Charges @
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HsCL* HaSiL* MesCL* MesSiL* FaCL* FaSiL*
L H C L Hb  Si L ce  C L Cbe S L P C L S L

d 0.259 0.224 0.078 0.766 0.245 0.119 —0.519 1.056 0.003 0.990 —0.389 2.146
NH;  0.176 —0.156 —0.277 0.0  0.649-0.539 —0.204 —0.130 —0.292 —0.537 1.072—-0.523 —0.198 0.964—0.315 —0.473 2.017—0.523
OH, 0.187 —0.030 —0.273 0.003 0.752-0.504 —0.201 —0.019 —0.335 —0.536 1.104—0.473 —0.150 1.003—0.306 —0.461 2.119—0.505
NCH 0.195-0.098 —0.062 0.007 0.714-0.315 —0.200 —0.036 —0.111 —0.525 1.098—0.271 —0.163 1.030—0.188 —0.467 2.046—0.276
OMe; 0.164 —0.032 —0.379 —0.019 0.771—0.653 —0.224 0.067—0.448 —0.559 1.212—0.617 —0.205 1.075—0.420 —0.478 2.129-0.701
OCH, 0.174 —0.024 —0.160 —0.004 0.748—0.392 —0.223 0.041—0.223 —0.540 1.126-0.354 —0.166 1.006—0.206 —0.468 2.098—0.404
NCMe 0.181—-0.101 —0.122 —0.009 0.723—0.400 —0.204 —0.007 —0.180 —0.526 1.106—0.350 —0.184 1.010—0.221 —0.479 2.039—0.361
OCMe; 0.159 —0.054 —0.264 —0.024 0.745—0.529 —0.217 0.062—0.320 —0.541 1.154—0.493 —0.205 1.014—0.298 —0.483 2.084—0.553
NCF  0.192-0.087 —0.097 0.005 0.724-0.340 —0.199 —0.027 —0.161 —0.526 1.107—0.293 —0.163 1.037—0.222 —0.469 2.055—0.298
OFf 0.220 0.012 0225 0.049 0.683 0.12D.244 0.114 0.238-0.534 1.083 0.141-0.044 1.001 0.159-0.428 2.075 0.114
OCF, 0.182—0.034 —0.202 0.007 0.728-0.411 —0.237 0.122—0.371 —0.537 1.095—0.361 —0.149 1.009—0.268 0.463 2.091-0.425
NF;  0.206 —0.082 —0.716 0.037 0.654 0.559-0.237 0.093 0.554-0.535 1.029 0.580-0.134 0.992 0.677-0.446 2.036 0.576

a Charge for the L group is for the coordinating (nitrogen or oxygen) atom alone; data from DFT(B3LYP)/6-311G(2d,p) optimized geometries.

b Averaged over the three atonfdviethyl group carbon atonf.Bare cation® Binding through F.

0, 0@ ®
® ® 3 @5
AB
13 14

Figure 1. 1, MesCt; 2, MesSit; 3, MesCNHs™; 4, MesSIOH; 5, MesSINCHT; 6, HsCOMe',; 7, MesSiOMe:t; 8, MesCOCH,; 9, MesSINCMe™;

10, MesCOCMe™; 11, MesCNCF'; 12, MesCOR™; 13, HsCOCR™; 14, HsCNR'.

configuration VB expansion, the weights of configurations (4) optimizations of the model cation systems. For reasons of
to (8) give the relative importance of occupying thg orbital, economy, the VBSCF calculations on ¢$iH,™ and SiHCH,™

and hence the magnitude of the hyperconjugative effect. The were carried out using compact effective potentials (CEP) and
total VB wave function is a linear combination of some or all valence electron basis s&t& instead of the all electron set.

of the configurations (1) to (8). All the active and passive VB The shared exponent CEP basis sets are valence double
orbitals and the structure expansion coefficients are determinedDZP set of d-type polarization basis functions for carbon, silicon,
by the VBSCF procedur—4854 Both the AH, (CHz and F) and fluorine and the 311 split set for the hydrogen atom
and MH," (CH_") fragment orbitals were expanded in the same described above were also used with the CEP basis sets. This
DZP basis sét->1.52described above for the CAS(4,4) geometry basis set will be called VDZP. The use of the effective potential
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TABLE 6: Equilibrium Geometries of Model AH ;MH ,™
Systems$

Basch et al.

TABLE 8: Heavy Atom Bond Lengths as a Function of VB
Configuration List

bond length (A) angles (deg) A—M(A)?
AHMH,® A-M A-HP M-H®¢ HAMP HMA® HMH AHMH,t 9 CH3CHy™ P CH3SiH,™ ¢ SiHaCH,pt ¢ FCHyt P FSiHy T P
CHsCH;*" 1.455 1.087 1.077 109.8 1215 116.9 VBSCH

CHsSiH,* 1.857 1.091 1.457 110.4 121.7 116.6 | 1.486 1.884 1.917 1.444 2,018
SiHCH,™  1.976  1.463 1.081 102.2 1234 1132 I 1.468 1.907 2.005 1.489  2.025
FCH," 1.243 1.078 116.9 126.1 1 1.467 1.890 2.003 1.345 1.588
FSiH,* 1.550 1.448 116.2 1275 \% 1.460 1.882 1.984 1254  1.495
\% 1.466 1.875 1.980 1.260 1.554

a CAS(4,4)/DZP optimized geometries with equivalency constraints VI 1.458 1.865 1.983 1.241 1547
among the Al and MH," groups.? All A —H bonds have equivalent ~ CAS(4,4p¢ 1.455 1.857 1.976 1.243  1.550
A—H lengths and HAM angles.All M —H bonds have equivalent ~ DFT(B3LYPP!  1.411 1.818 1902 1232 1.547

M—H lengths and HMA angles.

TABLE 7: Binding Energies as a Function of VB
Configuration List?2

AHBH;'¢  CHiCHy" P CHsSiHy" SiHiCH,* FCH,*b FSiH,* b
RHF 1178 83.¥ 1022 1032 1072
GvBe 126.2 91.¥ 110 1155 1107
CAS(4,4¥ 135.6 1038 1167 1443 1392
VBSCH

| 88.5 64.9 59.6 14.6 6.2
I 104.2 72.6  103.F 21.7 8.0
Il 107.6 82.3 1032 761 914
\% 124.9 80.8 1065 1047 649
v 126.8 88.2 1069 1244 1148
Vi 1323 958 1103 1373 1340
DFT(B3LYP)  149.5 1029 1320 1515  139.6
G2 h 104.9 i 1524 1484

aElectronic energy differences between AfH," and AH, +
MH.*. The latter are single-configuration radical states; VBSCF values
are interpolated energy minima from a one-dimensional §ridl
electron calculationS VDZP/CEP calculationd CAS(4,4) optimized
geometry. Theory levels-VI are described in the text.DZP basis
optimized geometry.6-3114+G(2d,p) basis set optimized geometry.

9 Equivalent C-H and Si~H bonds within each AKlor MH;" group,
except for G2 calculatiof. Forms nonclassical bridge structure.
i Converts spontaneously to G&IH,*.

to replace the chemically inert core electrons (1s on C and 1s
to 2p on Si) substantially reduces the number of VB orbitals
and leads to a significant reduction in computer resources neede
for the VBSCF calculations.

Separate VBSCF calculations were carried out using six
different combinations (+VI) of configurations (1) to (8) for
each of the five model cation systems. VBSCF(l) optimizes the
single configuration (1) alone. This is the simplest VB repre-
sentation of a chemical bond: the Lewis structure. VBSCF(II)
adds configuration (2) to set I. The'm® charge transfer state
is ordinarily expected to be the major interacting configuration
with (1) for a description of the AM ¢ bond. VBSCF(lII)
includes configurations (1) to (3) and, compared to VBSCF-
(I1), gives the relative importance of the reverse charge transfer
a m?" distribution to the A-M ¢ bond. VBSCF(IIl) represents
the classical three configuration description of the chemical bond
in terms of localized fragment orbitals. VBSCF(IV) adds
configurations (4) to (6) to VBSCF(Il). Compared to the set I
results, VBSCF(IV) will show the importance of the—mn
hyperconjugative interaction. VBSCF(V) adds configurations
(3), (7), and (8) to set IV and completes the full expansion of
all eight configurations in one VBSCF calculation. All resonance
interactions between the localized fragment configurations are
included at this level.

VBSCF(VI) abandons the localized fragment description of
the AHMH," systems and allows unrestricted delocalized
mixing among the fragments. VBSCF of configuration (1) alone
with interfragment delocalization mixing among all the orbitals
is equivalent to a single electron pair G¥B>"%8) or CAS-
(2,2)53 calculation. Such mixing effectively introduces ionic

a A—B bond lengths in ARMH,"; VBSCF values are interpolated
equilibrium bond lengths from one-dimensional gfichll electron
calculation.c VDZP/CEP calculationd DZP basis; CAS(4,4) optimized
geometry for the AHand MH," fragments. Configuration compostion
at each level (1, 1l, ...) is described in the teXDZP basis optimized
geometry. 6-311+G(2d,p) basis set optimized geomethEquivalent
C—H and Si~H bonds within each AKor MH,* group.

terms directly into the configurations with the origin&ha
charge distribution configurations (1) and (5). Therefore, VB-
SCF(VI) is a two configuration expansion consisting of con-
figurations (1) and (5), with unrestricted delocalized mixing
among the fragment orbitals. VBSCF(V) and VBSCF(VI) should
be close to the full reference CAS(4,4) description of the,AH
MH>" model systems.

VBSCF ground-state wave functions and energies for all the
AH,—MH," were generated pointwise by stepping through the
A—M distance around the energy minimum for each of the
configuration sets (I to VI). The local AHand MH;* geometries
were frozen at their CAS(4,4) optimized values. The equilibrium
A—M distance and binding energy relative to AH MH*
was then derived by quadratic interpolation from the surrounding
points. The calculated binding energies are tabulated in Table
7 and the bond lengths in Table 8. All the binding energies are
referenced to the same AH- MH,™ asymptotes, to which all

éhe | to VI configuration sets dissociate.

Because of the nonorthogonality of the VB orbitals the nine
singlet spin coupled structures constructed from configurations
(1) to (8) are also nonorthogonal. The weightttY of each
structurei is calculated fron¥?

W, =G chjsj )

where§; is the overlap integral between structures and (B¢

are the structure expansion coefficients in each VBSCF calcula-
tion. The sum ovej runs over the number of structures in the
particular set expansion | to VI. The calculated weights for
VBSCF(V) for all the AH,—MH," model systems at their
respective CAS(4,4) optimized geometries are shown in Table
9. Like the Mulliken population analysis in molecular orbital
theory, structure weightg\i can also take on negative values
which are difficult to interpret.

3. Discussion

The order of the discussion is as follows. The optimized
RsM* cations and RML ™ complexes will be presented; after
which the trends in their calculated properties will be explored.
The VB analysis of the model AfIH,™ systems will then be
discussed and connected to thgVR ™ results.

A detailed computational investigation of the structures and
energies of the various possiblgHg™ isomers has recently been
reported using ab initio post-HF theory level methods, with a
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TABLE 9: Weights of VB Configurations 2 Both MeC*™ and MgSi™ have planar heavy atom skeletons,
AH,MH,* de as expected of such cations. There is no hint of pyramidization
=VB _ _ _ of the cation frames, as is found in condensed phases fer Me
configuration CHCH;™? CHzSiH™ ¢ SiHzCH,t ¢ FCHyt P FSiH* P Sit even when interaction with a counterion or solvent molecule
1) 0.553 0.623 0.519 0417 0421  is weak?%6|n fact, the planarity of the §Si skeleton is taken
gg 8-522 8-1;? 8-323 8-2?% 8-22(15 as prima facie evidence of the existence of a hyperconjugative
(ay 0004  -0003  —0.001 0.014 —0.008 interaction between €H and St in the perpendicular direction.
0.126 0.049 0.045 0.180  0.043 Analogously, the HC*, H3Sit, FsC*, and RSi™ cations are
(5) 0.038 0.026 0.008 0.201  0.166  calculated here to be planar. It should be noted that planarity
(6) —0.001 0.000 0.000 ~ 0.006 0.000 jiself gives no indication of the strength of the hyperconjugative
7 0.006 0.002 0.010 —0.005 —0.007 : . : : :
(8) 0000  —0.001 0000 —0.003 —0.002 interaction and the extent of such an interaction must be derived

g X . CPAI o from other data.
aAccording to eq 9. Weights are for VBSCF(\WAIl electron : + +
calculation.c VDZP/CEP calculationd DZP basis; CAS(4,4) optimized I AS ShO\INnIm Table 2, CbNHs ¢ CH3f h+ NH; has th?

geometry Equivalent G-H and Si-H bonds within each AH or argest calculated binding energy of any of the cation complexes

MH." group.f Same configuration numbering as in tekTwo VB studied here. All the RMNH3" complexes have a staggered
structures. conformation between thes®R*™ and NH; groups across the

. . . . M—N bond. The BM* cation in the complexes is pyramidalized
comprehensive review of previous calculational treatmg&hts. and hasCs, symmetry, with a GH bond from each methyl
For the tert-butyl cation (MeC") of interest here, three g5 aligned mutually parallel and facing away from ammonia.
energetically close-lying geometric structures have been identi- The geometric structure of MENHs" is shown in3. The
fied, having symmetrie€s, Csn, and Cs,. The MP4(SDTQ) CHz™—NHj3 enthalpy of dissociation has been meastifédt
energy difference between ti andCs, structures was found 15 5 kcal/mol compared to the calculated 113.3 kcal/mol
to be pnly go'l keal/mol, andl thés, conformer was-1 kcal/ electronic energy difference shown in Table 2. The experimental
mo! h_|gher. The uncon:“?tramed DFT(B3LYP)/6'3llG(2d,p) bond energies are thermodynamic enthalpies of dissociation
optimized geometry obtained here gives Dg-type structure A1y \yhereas the DFT(B3LYP) calculated values are total

shown inl, with one hydrogen atom (jion each methyl group  grqy gifferencesAE). The largest correction tAE to reach
approximately coplanar with the frame of the four carbon atoms. AH is the ZPE energy difference between theVR + L

The actual deviation of the dihedral’€®CC angles from components and the cation complexsM&*. As a rule of

planarity is in the 7-8° range. The calculatgd{C distances thumb, the larger the binding energy and the lighter the atoms,
are very close and average to 1.459 A, which agrees very well o larger theAZPE correctior:5966 In the case of a binding

W|th.the experimental estimate of 1:46.47 A(Bll) and the energy as large as110 kcal/mol and light atoms such as &H
previously calculated value of 1.46%8The harmonic frequency and NH, the AZPE correction could be as large as®kcal/
calculation shows all real frequencies for this structure. The mol. Th’is size adjustment would bring the calculated and
expected distortions from the ideal methyl group geometry of |-/ \red BDE for Chf—NHs into very good agreement.
gquivalgnt bond lengths and anglgs due to hyperconjugativeHowever, other possible sources of errors in the energy
interactions between the perpendicular-i€ bonds and the calculations, such as the neglect of BSSE, uncertainty in the

corresponding “vacant” p orbital on the central carbon atom, cation com - : :

. ) plex equilibrium geometry, and a possible basis set

,62 ' . . . ..
are also oglserve‘l‘t.?. Becausfe t?f thehdlhedrgl ch tit andh imbalance between the complex and its dissociation products,
corrﬁslpon Ing ﬁlgnmentho tde_ﬁot er—gb or:j IS onheac should also be considered. These latter corrections are expected
methyl group, there are three different on engt 1S on to be smaller than thAZPE term and will tend to cancel each
each methyl group, instead of the two different distances other, at least partially
expected from perfg@gh symmetry. These distances are 1.087, The,: reported MeC*—NHs dissociation energy of 39.0 kcall
1.096, and 1.104 A, with the smallest value belonging to the ; :
ging mol®?) or 46.5 kcal/mdFk®68-70) js close to the calculatedE

near-in-plane €H' bonds. The corresponding HCC angles are . .
n-p P g 9 value of 43.7 kcal/mol in Table 2. Given the above comments

calculated to be 106111, and 114.5, with the latter belongin o o
to the HCC angles6 ang - on CHs—NHz* the smaller binding energy value which is

derived from experimental heats of formatidseems likely to

The trimethyl silylium cation, MgSi* (2), has been calculated ) . N
Vi STy &S (2) be more accurate. ThesHi™ and MeSit affinities for an

to haveCs, symmetry1463.64and this is also the result obtained .
here. Thgh FéSiC di)rlledral angles are completely planar. The ammonia moleculg are\f) calculated .her.e tobe 79.6 and 54.7
difference between the methyl groug-+C and H-C bond kcal/mol, respectively. Thoe latter b|nd|ng' energy has been
lengths (1.097 and 1.090 A, respectively) is only 0.007 A. The measured at ﬁ?;'@) and 59 keal/mol experlmental_l}r/ aaH.

HCSi angle is 1095while for HCSi itis ~3.5° larger at 113p ~ OIsson et al™ calculate 76.6 kcal/imol for s8I —NH;

in all three methyl groups. The SC bond length is a uniform dissociation an(_zl 54.5 k_cal/mol for M@ _—NH3 dissociation.
1.832 A, compared to the best previous study at the HF level All these energies are in good respective agreement.

which gave 1.838 A. Analogously, the previous study found ~ For HsSiNHz™ and MeSiNH;™, the Si-N bond lengths have
HCSi and HCSi ang|es of 109°7and 112.6, respec[ive|y_ Thus been calculated at the HF level to be 1.904917 and 1.957

the ab initio HE™ and DFT results are very close. Although A, respectively. The SiC distance in the latter complex was
the different parallel and perpendicular€ bond lengths and ~ @lso calculated to be 1.865 A.The corresponding DFT-
HCSi angles show evidence of a hyperconjugative interaction (B3LYP) optimized quantities in this study are 1.914, 1.947,
between the methyl groups and the electron deficient silicon (Table 3) and 1.833 A (Table 4). The agreement is very good
atom, the spread in values is only about half that found for the and reinforces the point of view that the binding in these type
corresponding HC and HCC geometric parameters in 4@&. cation complexes is easily calculateéd:

This ratio is close to the estimated ratio of stabilization by ~ Almost all the RMOH," cations adopt the staggered con-
complete methyl substitution of &% and HSi™ derived figuration across the MO bond, as was found for the ammonia
indirectly by isodesmic reaction cyclég#21.65 complexes. The water complexes have a lone pair of electrons
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of the oxygen atom in place of an-NH bond of ammonia, 2 DFT(B3LYP) result. Experimentally, the methyl cation affinity
with the other oxygen atom electron pair directed at fdr of Me;O has been measured at 93 kcal/mol; compared to the
bonding. A perspective view is shown ihfor Me;SiOH,™. DFT(B3LYP) calculated 92.6 kcal/mol in Table 2. Analogously,
The exception to this general conformation is thSiBH;* the MgSi-diethyl etherAH BDE has been reported at 44.3 kcal/
complex which has HOSIF dihedral angles of‘6a@dd—170.5 mol and Table 2 calculated to be 44.0 kcal/mbE]. In general,
for the two water hydrogen atoms relative to the same fluorine the larger the size of f1*—L, the closer are thAE calculated
atom. Thus the plane of the water molecule is essentially and AH experimental binding energies.
perpendicular to the plane of fluorine atoms on opposite sides  All the RsMOCH,* complexes studied here adopt a planar
of Sit. AMOC skeletal frame, where A is either the H, C, or F atom in
The experimental methyl cation affinity of water has been the parent R group. The-AM and one ligand €H' bond are
(AH) measured at 68.5 kcal/n@&P, which is not far from the eclipsed and all the internal angles from A tbdfe acute. This
AE (Table 2) value of 76.6 kcal/mol. The Me"—OH, is shown for MgCOCH," in 8. The local methyl group
dissociation energy is\H) reported at 11.0 kcal/m@D which conformation for both MgC* and MeSit is Cg,. The reason

is also in the range of the uncorrected 17.4 kcal/thBlvalue for this preferred conformation is probably steric to keep the
in Table 2. The HSi™ affinity of water is DFT(B3LYP) A—M bond away from the carbonyt system. Electrostatic or
calculated here to be 60.5 kcal/mol and by Olsson étVao o hyperconjugative interactions between th#/R cations and

be 56-57 kcal/mol at the HF theory level. The experimental OCH, ligands might be expected to result in some geometry
(AH) MesSiT—OH, dissociation energy is reported-a81 kcal/ dependence on the nature of M and R, but this has not been

mol(20.72.73a)3nd (AE) calculated here at 39.6 kcal/mol in Table found here.
2. This is actually a larger difference than expected and may Like the RMNCH™ cations, the BMNCMe* complexes have
indicate a need to reevaluate the experimental quantity. a linear RMNCC chain backbone. The-RI and ligand CG-H
The Si~O distance in BSIOH," and MeSiOH," was HF groups generally have a staggered conformation, although for
calculated to be 1.8591.846 A and 1.910 A, respectively. FsCNCMe" the F-C and C-H bonds are about halfway
The values for these geometric parameters obtained here by théetween staggered and eclipsed. The;$RCMe" cation
DFT(B3LYP) method are 1.849 and 1.914 A (Table 3). The complex is shown irf. The CH"—NCMe (AH) dissociation
Si—C distance in MgSiOH,™ is shown in Table 4 to be 1.848 energy has been measured at 98 kcalfffiatompared to the
A, compared to the 1.860 A HF value. Again, the HF and DFT 102.9 kcal/mol DFT(B3LYP) calculatedE value in Table 2.
results are in good agreement. For HsSit—NCMe and MgSit—NCMe Olsson et al* report
The geometry of the RMNCH™* cation complexes is simple  HF bond energies of 72.3 (76.0) kcal/mol and 50.6 (49.6) kcal/
since the HCN ligand group is collinear with the central carbon Mo, where the numbers in parentheses are\fiezalues from
or silicon atom in all the structures. The local & and Me- Table 2. The HF SiN distances in BSINCMe" are 1.856 and
Si* conformations ar€s,, and the latter complex is shown in ~ 1.902 A for R=H and R= Me, respectively, while the
5. The DFT(B3LYP) calculatedhE binding energies (Table 2) corresponding DFT(B3LYP) values in Table 3 are 1.841 and

are (experiment in parentheses);G4—NCH 89.0 (87.1§7.74 1.888 A. In general, the DFT(B3LYP) ML bond lengths are
kcal/mol and MeC*—NCH 19.5 (22.957 kcal/mol. The shorter than the HF calculated values, probably because of the

corresponding Si*—NCH and MeSi*—NCH AE binding correlation potential in the former method. Correlation enhances

energies are 61.7 and 38.1 kcal/mol, compared to HF values of2inding and allows a closer approach of the cation center to
58—60 and 40.1 kcal/mol, respectivéyAnalogously, the SiN the ligand lone pair of electrons in dative-type bondifghe
distances in the EBINCH™ and MeSINCH* complexes are Si—C bond length in the M&SINCMet complex is calculated
1.874 A (1.888 A) and 1.929 A (1.940 A), where the numbers t© be 1.864 A(HF}* and 1.855 A(DFT, Table 4).

in parentheses are from ref 14. The-8l distance are calculated Unlike the RMOCH," complex, the BMOCMe," cations
to be 1.853 A (1.862 A). adopt a trans planar RMOE conformation, where R and C
The association of C#t with dimethyl ether (OMg) forms are trans across the-MD bond. As usual, the trimethyl cations

a symmetric pyramidal M@+ complex 6) with equal G-O adopt theC;I, conformati.on. The M@OCMe% cation complex
bond lengths (1.483 A) and COC angles (12R.Fhe confor- is shown in10. Experimentally, the Mgi*—OCMe, AH
mation is C, with one C—H bond on each methyl group Pinding energy has been measured at 45.0 kcalff6l
pointing away from the oxygen atom in parallel array. Two compareq with the calculated DFT(B3LYRE value of 49.5
O—C bonds and the lone pair of electrons on the oxygen atom Kcal/mol in Table 2.

are staggered with the-€H bonds of each methyl group. The Like the RMNCH* and RMNCMe" cation complexes,
same skeletal conformation is adopted bySKDMe;*, Mes- RsMNCF" has a linear MNCF chain structure. The localdMe
COMet, MesSiOMe ™ (7), RCOMet, and RSiIOMe ™, with symmetry isCs, for both the carbenium and silicenium ions.
the respective SiH, C—C, Si-C, C—F, and S+F bonds in As can be seen from Tables 2 and 3, just as methyl substitution
place of G-H. The relative orientation of the ether ligand methyl on the ligand consistently increases th#/R—L binding energy
H—C bonds, however, is different: the-+C bond with the and decreases the-M. bond lengths, the corresponding fluorine
most planar HC—0-M dihedral angle points generally toward ~substitution has the opposite effect of decreasing theLM

Si for all the silicon cation complexes, and points away from C binding energy and increasing its optimized distance. These
in all the carbenium complexes. The origin of this conforma- trends are fully in accord with the dative nature of th@R—L
tional difference between the silicenium and carbenium cations bonding, which depends on the spatial and energetic availability
is not clear, but it is not energetically significant. The local Of the bonding oxygen or nitrogen lone pair of electrons on L.
MesM*+ conformation isCs, for both the C and Si cations. The ~ The geometric structure of MENCF" is shown in11.

geometry of SiHOMe," has also been optimized by Olsson et The bound BMOF;* cation complexes have the expected
all* The SO distance is HF calculated to be 1.796 A, staggered conformation between the-lR and O-F bonds
compared to 1.799 A in Table 3. The HF bond energy for across the MO bond. However, M¢Ct binds OF through
H3Sit—OMe, is 70.2 kcal/mol, and 71.1 kcal/mol is the Table the fluorine atoms, as shown ir? and, therefore, has the very
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long C—0O distance shown in Table 3. The initial geometry of clear. In addition, comparing the F affinity with SiFz™
12 was positioned in the conventional MD binding mode. affinity to the ligands in Table 2, the same trend found forR
McMahon et af® have discussed the preferred bonding of CHj; is observed also for R= F, an increase in BDE values.
perfluoroamine ligands to cations through the fluorine atoms. Thus, both the methyl and fluorine substituents (R) have the
MesSit—OFR,, with the Si-O bonding conformation, is barely ~ same effect of causing the BDE o&R*—L to be larger for
stable at aAE of 7.8 kcal/mol (Table 2) and a SO distance the silicenium ions than in carbenium, while for the R
of 2.297 A (Table 3). Analogous energy and-O distance  hydrogen substituent the opposite trend is found.
values are calculated fosEOFR,". In general, the pM*—OF, The accepted explanation for the increase in BDE from
cation complexes have the smallest binding energies for a givenMesC"—L to MesSit—L is the stronger hyperconjugative
R and M, for all L. The BMOCF," cation complexes have a interaction in the MgC"™ cation compared to M&i™. Thus,
cis RCOC planar skeleton structure acrossCCfor the HC, formation of the MeML ™ complex interferes with the Me-M
HsSit, and RSit cations and a trans conformation for the hyperconjugative stabilization because it uses the dvbital
MesC*, MeSi™, and CR*. cations. The HCOCR,* complex is that is available for a R*M* interaction in the bare M#*
shown in13. The MgCOCF,* complex has a long €0 bond cation for the =M dative bond in the complex. An additional
length (Table 3) and small binding energy (Table 2), although factor contributing to decreased hyperconjugation in the complex
it maintains the generaldR™—OCF, geometric structure. is the tendency to tetrahedral symmetry about the M atom in
The RMNF3* cation complexes have the staggered confor- thg MeML * complex, which degreases the optimal inter.action
mation. Like the corresponding @Eomplexes, the optimized ~ alignment between the appropriate Me combination orbital and
M—L bond lengths are longer than usual, except for thg'GH the “empty” orbital on M. Since hyperconjugative stabilization

NF; complext4) which also has a calculateSE BDE of 62.0 of a cation center is significant in branched carbocatfrkse
kcal/mol. The reported experimentAH value is 53.6 kcal/ Mes;Ct—L BDE is reduced due to the differential stabilization

mol(7®)., The HKCNF;* complex is shown irl4. of the bare MgC* cation compared to the complexed system.

. . On the other hand, the bare p&" cations are found to be
The RML™ cation complexes have been described here less strongly stabilized than M@" 3:14:2242.66.717The net result

relative to the BM* + L dissociation limit and a M ™ —ligand is that the BDE increases from M&*—L to MesSi*—L. Since
charge distribution. There are, in fact, other possible dissociationthe same trend is found here fogSF* relative to EC*, the

limits that would suggest other charge distributions in the iterential stabilization between carbon and silicon seems also
complex. For example, G3®H, " can derive not only from the 4 e operative in the M+ cation&™®. For the M+ cations,
methyl cation affinity of water but also from the protonation of however, the energy ordering is consistently BDESH-L] <
ethanol. The symmetrization o;BOMe," () has already been  gpE[H,C*—L].

discussed above. Similarly, MeNCMean be considered as
MeNC + Me* or Me™ + NCMe. These alternative dissociation
limits, which were not explored here, can be reflected in the
calculated Mulliken atomic charges, tabulated in Table 5. Thus
for the CHL™ complexes the charge on the carbon ati@)
shows a substantial change from the bag€Hcation to the
complexes, which reflects a delocalization of the positive charge
to the ligands. The largest difference is fronsG to HsCNHz*

Further support for the greater hyperconjugative interaction
in the RC* cation for R= CHsz and F can be found in the
optimized R-M bond lengths. Thus, the-6C bond distance

' (Table 4) in MeC™" is shortest in the bare cation and in the
very weakly bound complexes with @K12) and Nk (14)
where theAE binding energies are very small (2:8.2 kcal/
mol) and the M-L distances (Table 3) are unusually large. As
the AE binding energy gets larger and the-M bond length

whereq(C) goes from+0.224 in the bare cation te0.156 in decreases, the-cC distance in MgC* also increases. The latter
the complex. Generally, the difference gfC) between bare  correlations are not exact because of steric interactions between
cation and complex roughly correlates with theGfi—L the cation and the ligand, and possible electronic effects related

dissociation energy, as expected. There are, however, significantg interacting electron-transfer configurations. However, the

variations on this trend, related possibly to the accessibility of shorter the G-C distance in MgC* the stronger the Me-C*

different dissociation channels alluded to abogC) on the  hyperconjugative interaction. The largest difference inGC

central carbon atom in the M@" complexes varies less than  distance is between bare® and the NH or NCMe ligand

in the HC series. However, in both thez&i™ and MeSit cation complexes and amounts+®.07 A.

series,q(Si) is large and relatively constant, and usually of On the other hand, for thesBi*—L complexes, the difference

opposite sign to that on the coordinating ligand atom. The samej, c—s;j distance between the bare & cation and the

situation is found for both thesE" and ESi* series. strongest MeSiL* complex is only~0.02 A. This smaller
We now turn to a discussion of the trends in the energy and difference can be taken as an indication of a much smaller

geometry results tabulated in Tables4, and their implications  hyperconjugative effect in M&i* compared to MgC+. For bare

to the subject of hyperconjugative interactions in theNRbond FsC* compared to BCL* complexes, the situation is similar to

in these cation systenig?14.1542.60.62.6€ComparingAE BDE that found for the MgC™ cation; here the difference in+C

values for RM*—L from CH3" to SiHz* (Table 2) for a given distance between bare@" and the strongly boundsENH3*

L, there is a clear and substantial decrease in value for all thecomplex, for example, is again-0.07 A. However, the

ligands. Thus, methyl cation affinity is always greater than silyl difference in F-Si distance betweens&it and the strongly

cation affinity371 On the other hand, M8&it affinity is bound RSIL* complexes is only-0.03 A, again an indication
consistently greater than for M@*. Therefore, substitution of ~ of a smaller B—Si* interaction compared tosFC*.
the methyl group for the hydrogens changes thMR-L We will now analyze these trends in BDE and their relation-

stability order between the carbon and silicon cations. These ship to hyperconjugation, resonance and delocalization using
trends have been noted before in isolated cases, both directlythe VBSCF calculations on the ANH,™ model systems. The

in the binding energies as here, and indirectly through calculatedprogressive increase iAE binding energies in Table 7 for
isodesmic substitution reactiof?*21.42.71.7"However, certain AH,—MH," as a function of VB configuration set£V) gives
ambiguities remained and the generality of this effect was not the incremental energy contribution of the configurations being
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added in each step. The limiting value of the BDE was estimated systems for BC* and RSi*, the,—my, interaction contributes

in several ways; both by doing a standard G2 calcul&tibon about twice the energy lowering to the BDE of EH," than

the parent AHMH ™ model species and its dissociation products to F—SiH,". These ratios are about the same as those found by
(AH, and MH,™), and by carrying out DFT(B3LYP)/6-31G- previous investigators between carbenium and silicenium sys-
(2d,p) geometry optimizations with the equivalent bond con- tems on the basis of dissociation energies and isodesmic
straints on the same systems. The G2 method allows noreactions}'421.42717and in this study of the cation complexes
geometry constraints, so that it could not be applied tg-CH based on trends in#1*—L binding energies and €C and
CH,* and SiHCH,™ which spontaneously isomerize to a C—Sibond length changes in going from the bag#IR cations
different structure, as described above. The DFT(B3LYP) and to the ligand complexes. Consistent with these results, it has
G2 AE binding energies agree closely for @HSiH,™ and also been noted by Xie et #lthat although hyperconjugative
F—CH," but differ by ~9 kcal/mol for F-SiH,*, with G2 stabilization may be larger in carbenium ions than in silicenium
larger; possibly because of the absence of bond equivalenciegons the effect in the latter is not negligible. The results here,
in the latter method. The CAS(4,4) BDE values are generally both in the cation/complexes comparisons and in the VB
within ~15 kcal/mol of the DFT(B3LYP) values and are even analysis, show that fluorosilicenium ions show especially

~1 kcal/mol larger for CH—SiH,*. This latter result probably

just reflects an imbalance in theory level description between

the complex and its dissociation products.

VBSCF(l) consists only of the simple Lewis covalenbond
description (AH):(MH2"). It provides~50—65% of the binding
for the model systems, except for-EH, and FSiH,* which
are almost unbound at this VB level. The VBSCF(I) energy
minimum FC and F-Si bond lengths (Table 8) are consider-
ably larger than the CAS(4,4) values. Adding the (AHMH>)
configuration (2) to give the VBSCF(Il) level improves the
calculated Si-C binding energies by-43 kcal/mol for SiH—
CHy™ and by 2 to 16 kcal/mol for the other model systems.
Thus, as expected, SiH> CH,™ charge transfer (CT) to give
the (SiH")(CH,) charge distribution in thes space is a
particularly important contribution to the description of the-Si

significant FSi & interactions.

The AH,—MH," binding energies calculated at the VBSCF-
(VI) level are seen to be the largest of all the configuration
sets. Delocalization mixing between the Akand MH"
fragments is an effective means of introducing both charge
transfer andr bonding configurations. These individual con-
tributions are, however, not separable into their individual
fragment localized contributions, as is done in sets | to V. More
localized fragment configurations than were used in VBSCF-
(V) are needed to reach the VBSCF(VI) theory level.

4. Summary

RsM*—L bond dissociation energies and-R1, M—L bond
lengths in the bare cation §R ™) and catior-ligand complexes
have been calculated using density functional theory for a large
set of such systems (M C and Si; R=H, CHz;and F; L=

bond. Configuration 3, which represents the reverse direction NH;, H,0, HCN, H,CO, MeCN, MeO, MeCO, FCN, KO,

CT, AH;—MH," to give the ionic (AK~)(MH»2") charge
distribution in theo bond space, is included in VBSCF(lII).
There is hardly any improvement in BDE going from VBSCF-
(1) to VBSCF(lll) for CH3—CH," and SiH—CH,*, a respect-
able 10 kcal/mol contribution for CHSiHs™, and very large
~54 and~83 kcal/mol increases for+CH,* and FSiH,t,
respectively. Thus, the (f(SiH,2") configuration is the largest
contribution to thes bond description in FSiH,*(80). These
differences are reflected in the improved €, and especially
F—Si, bond length values in Table 8. The VB structure weights
for configuration 3 at the all-inclusive VBSCF(V) level calcula-
tion in Table 9 also show the relative importance of then&"
charge distribution for FSift and FCH™.

The importance of the hyperconjugative interaction involving
the ry andory, fragment orbitals, (configurations (4) to (8)), can
be gauged by comparing VBSCF(IV) to VBSCF(ll), or VBSCF-
(1 to VBSCF(V). VBSCF(IV) adds configurations (4) to (6)
to VBSCF(Il). Since neither of these VB levels include
configuration (3), the = IV comparison is probably less useful
for the CHSiH,™ and fluorine model systems where VB
configuration (3) is important. For the other model systems,
going from set Il to set IV increases the BDE for EHCH,™
by ~21 kcal/mol, while for SiH—CH,* the improvement is
only ~3 kcal/mol. Comparing VBSCF(V) to VBSCF(lll) give
similar resonance stabilizations ofL9 kcal/mol and~4 kcal/

F,CO, and NFE). For all ligand substrates, the catieh bond
energies are predicted to decrease from carbenium to silicenium
with R = H but increase for R= CHz and F. These trends are
in contrast to that found for the neutra}f/®—X homolytic bond
dissociation energies (to gives®- + X- radicals), which
increase from M= C to M = Si for X substituents that bind to
RsM through an electronegative element (N, O, halogen).

For the catior-ligand systems with R= CHz and F, the RM
distance increases in going from the bare cation to the
complexes, and increases more than twice as much fer M
carbon than for M= silicon.

These results indicate that a hyperconjugativeMRinterac-
tion is operative in the bare carbenium cations witk=RCH3
and F to a much larger extent than for=RH, for any RSit,
or for all the catior-ligand complexes studied here, irrespective
of R.

The nature of the hyperconjugative interaction is probed using
ab initio VB theory on model AR—-MH,* systems (AH =
CHjs, SiHs, and F). The results show a significantomponent
to the R-M bond which manifests itself preferentially both in
the R—-M bond energies and bond distances both fors€H
CH.*' relative to CH—SiH,* and FCH," compared with
F—SiH,*. However, in F-SiH, this z interaction or delocal-
ization is still significant. Ther donor ability of fluorine in
group IV cations and neutral molecules has recently been

mol for these same respective systems. VBSCF(V) includes all discussed3" 7851

eight VB configurations, while VBSCF(lIl) has only (1) to (3).
Going from set Ill to set V increases the BDE of &H5iH,™
by ~6 kcal/mol, CH,"™ by ~48 kcal/mol, and FSiH,* by
~23 kcal/mol. Thus, in Ce-CH,™ and CH—SiH,", which
are model systems for ME™ and MeSi™, respectively, the
7a— 7Ty interaction contributes-20 kcal/mol and~6 kcal/mol,
respectively, to the CHMH," binding energies. For the
corresponding FCH,™ and F-SiH," species, which are model
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