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Abstract: We have calculated the ho-
mologous series of monocations
[H,C=XH,]" (X-1a, where X=P, As,
Sb) and their protonated forms [H,C—
XH;)** (X-2a) and [H;C-XH,** (X-
3a) by use of QCISD levels of theory
with pseudopotentials for all X atoms.
Refined energies were obtained in
CCSD(T) single-point calculations on
the QCISD-optimized structures. The
structures of the monocations X-1a are
either planar (X =P) or trans-bent (X =
As, Sb) with short C—X distances at the
QCISD level. Theoretical values for the
gas-phase proton affinities (PA) for all
monocations show that the formation of
either X-site-protonated dications (X-
2a) or C-site-protonated dications (X-
3a) is slightly endothermic for X =P and

charged, as revealed by NBO analyses,
X-site- and C-site-protonated isomers of
X-1a were considered. The X-site-pro-
tonated isomer [H,C-PH;]** (P-2a)
was calculated to be more stable by
3.2 kcalmol~! than the C-site-protonat-
ed form P-3a. For the As- and Sb-
containing dications, the C-site-proto-
nated isomers [H;C-AsH,[>* (As-3a)
and [H;C-SbH,]** (Sb-3a) are prefer-
red. Hydrogen-bridged structures (X-
TS) were found to be transition states
for the 1,2-H migration in all cases with
activation barriers from X to C of about
8-9 kcalmol~'. The C-X fragmenta-
tion of X-2a into CH3" and XHj" is

Keywords: ab initio calculations -
antimony - arsenic - carbocations -

exothermic (about — 30 kcalmol~!), but
hampered by activation barriers in the
range 45 (X =P) and 35 kcalmol~! (X =
Sb). The dissociation of C-site-protonat-
ed X-3a into CHi and the carbene
analogues XHj7 is even more exother-
mic. The activation barriers for this
reaction are considerably lower (18.8
and 8.2 kcalmol! for X=P and Sb,
respectively). NBO analyses show that
charge distributions in all dications are
mainly caused by o charge transfers as a
result of electronegativity differences.
Within the series of the dications, anti-
mony, the most electropositive element,
serves as the most stabilizing a hetero-
atom, whereas among the monocations,
in which m charge donation is very
important, the methylenephosphonium

exothermic for X=As, Sb. Since the

. . phosphorus -
carbon centers in X-la are negatively

Introduction

Superelectrophilic activation is responsible for the greatly
enhanced reactivity of various a-heteroatom-substituted
carbenium ions [H;_,C(X),]* (X =heteroatom or substituent
with a heteroatom in the a position).l'*<] More than thirty
years ago, Olah et al. observed that the acetyl cation MeCO*
and the nitronium ion NOjJ are much more reactive in
superacid media and proposed the formation of the dications
MeCOH?** and NO,H?*, respectively.?! Vol’pin et al. found
that systems like CBr,-2AlBr;, CHBr;-2 AlBr;, CCl,-
2 AlBr;, and CHCI;-2 AlBr; produce superelectrophiles at
—20°C that catalyze cracking, isomerization, and oligomeri-
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ion P-1a is more stable than its higher
homologues As-1a and Sb-1a.

zation of alkanes and cycloalkanes efficiently.’] Carboxonium
ions R,C(OH)™" are also strongly activated in superacid media.
While highly stabilized R,C(OH)" ions do not abstract
hydride from alkanes to form carbenium ions (CR7), reaction
of R,C(OH)" (R =H, Me) with isobutane in presence of HF/
SbF; or HF/BF; leads to the fert-butyl cation CMef.['a0]
Recently, Olah et al. performed a theoretical and experimen-
tal study of the trihalomethyl cations CZ§ (Z=F, Cl, Br, 1)
and their protonated derivatives.**"] They found that the
dications CBr,(BrH)?* and CI,(IH)?** are more stable by 15.5
and 44.7 kcalmol !, respectively, than the monocations CBr#
and CI3. The calculations show that all monoprotonated
trihalocarbenium dications are kinetically protected against
decomposition into CZ3 and H*. Moreover, the stability of
the protonated halomethyl cations increases in the order Z =
F < Cl<Br< 1. High-level ab initio studies on the protona-
tion of trichalcogeno-substituted carbenium ions C(EH)7
(E=S-Te)P**l show that the formation of the dications
C(EH);H*" is even more exothermic. Again, the larger
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exothermicities are found for the heavier chalcogens, sele-
nium and tellurium, and the most stable dication derived by
protonation is C(TeH);H?*. Previously, Radom et al. studied
the ylidic dications [CH,YH]** and [CH,Y]** extensively at
the MP3/6-31G**//HF/6-31G* level in which Y = NH,, OH, F,
PH,, SH and CLIl They considered various dissociation
reactions and found that the fragmentation of the tautomers
[H,C-PH;]** and [H;C-PH,]** into [H,C=PH,]* and H* is
almost thermoneutral.

In traditional views, the thermodynamic stability of a-
heteroatom-substituted carbenium ions, in which the hetero-
atoms are 7t donors, is attributed to effective charge dispersal
by (p-p)m overlap from the nonbonded electron pair of the
heteroelement adjacent to the carbenic center. It was often
assumed that elements from the higher periods are poorer
donors as a result of decreasing overlap in the order 2p(mw) -
2p() > 2p(mt) - 3p(7) > 2p(m) —4p(m) > 2p() - 5p(). How-
ever, this argument is not supported by calculations,” ¢l and
the increasing number of experimental investigations of
carbocations stabilized by a heteroatoms from higher periods
(principal quantum number >2) underlines, in agreement
with extended ab initio studies, that the heavier elements are
at least equally efficient, if not even better, m donors for
formally electron-deficient species.!®!

In order to gain a more detailed insight into the electron
properties of carbocations and superelectrophiles, we inves-
tigated experimentally carbenium ions that are stabilized by a
n-donor element from higher periods. We have already
reported the preparation and isolation of methylenephospho-
nium ions [R,P=CR’,|"[A]" (R=1Bu; R'=SiMe;, aryl; A=
AICl,, SnCl;) by abstraction of chlorine from P-halogenated
ylides, R,CIP=CR’,."*fl Recently, we succeeded in the prep-
aration and isolation of a set of homologous carbenium ions
C(ER){ (E=S, Se, Te; R=24,6-iPr;CiH,) where the -
donating o heteroatom could be varied throughout a group in
the periodic table.’®® This work was supported by quantum
mechanical calculationsP*<! that confirmed that the heavier
elements are not poorer m donors, in accordance with the
work of Bernardi et al.” and Schleyer et al.’! In continu-
ation of these investigations we now report results of system-
atic high-level ab initio studies of the pnictogenocarbenium
ions [H,C=XH,|* (X =P, As, Sb) and their superelectrophilic
activation. For the protonated dications [CH;X]**, we calcu-
lated the structures and energies of the two possible isomers
[H,C—XH;]*" and [H;C - XH,]** with respect to X- and C-site
protonations, as well as the transition states of the isomer-
ization. Additionally, we studied the thermodynamic and
kinetic stability of the dications. Comparison of the energies
of the mono- and dications leads to the proton affinities (PA)
for the monocations [H,P=CH,]", [H,As=CH,]*, and
[H,Sb=CH,]".

Computational Methods

All ab initio calculations were performed with the program package
GAUSSIAN 94.1'I The structures of the monocations [H,C=XH,|* (X =P,
As, Sb) and the dications of [CHsP]** were optimized at the full MP2("'l and
QCISD!™ levels of theory whereas the geometries of the dications of
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[CH;As])** and [CH,Sb]** have been fully optimized at the QCISD(full)
level only. The spin-unrestricted UQCISD formalism was used for the
open-shell species CH3;* and XHj3" (X=P, As, Sb). The vibrational
frequencies were carried out to characterize the structures as minima or
transition states. Relative energies are corrected for vibrational zero-point
energies (V ZPE, not scaled). Refined energies are obtained at the
CCSD(T) level.l®! For C and H the 6-31G* basis set was used.['!] For the
heavier atoms P, As, and Sb effective core potentials (ECP) were used with
a double-§-type valence-electron basis set as described by Bergner et al.l'¥]
and augmented by one set of six Cartesian d-type polarization functions
with the exponents recommended by Huzinaga et al.'! The exponents of
the d functions are 0.340 (P), 0.293 (As), and 0.211 (Sb). The combined
basis set is referred to as 6-31G*SECP. For the phosphorus-containing
compounds various all-electron basis sets were employed. The results are
very similar to those at the QCISD(full)/6-31G*SECP level. Thus, we only
focus our discussion on the results obtained by use of the 6-31G*SECP
basis set. Atomic charges as well as bond orders and orbital occupancies
were obtained at the QCISD(full) level according to Reed and Weinhold’s
NBO analysis,'”! which is implemented in GAUSSIAN 94.11% Selected total
and relative energies of the monocations [CH,X]" and the dications
[CHsX]** with X =P, As, and Sb are presented in Table 1.

Proton affinities: The gas-phase proton affinity (PA) of a molecule B is
defined as the negative reaction enthalpy (PA =-AH$) of the protonation
reaction [Eq. (1)] and can be calculated according to Equation (2).'8]

B +H*—BH* )

AHygs = AESES + AESR + AESS + AESES + A(pV )0 (2)

The electronic energy change for the proton transfer reaction in Equa-
tion (1) (AESkS) was computed by means of ab initio methods as described
above. The vibrational energy differences (AEYR) were derived from
standard statistical mechanical formulae and unscaled vibrational frequen-
cies at the QCISD(full)/6-31G*SECP level. The last three terms in
Equation (2) are calculated classically to be —5RT7/2 for the reaction
shown in Equation (1). All calculations were performed for an ideal gas at a
constant pressure of 1 atm and a temperature of 298.15 K. Thus, the PA
may be written as shown in Equation (3).

PA = — AESks — AESS + SRTI2 3)

In Scheme 1 the relationship between different products as a result of X- or
C-site protonation is shown. The minimum structures of the monocations
[H,C=XH,]" are denoted as X-1a for X =P, As, and Sb. For the minima of
the dications, the X-site-protonated species [H,C - XH;]** are labeled as X-
2a whereas the C-site-protonated species [H;C—XH,]** are labeled as X-
3a for X=P, As, and Sb.

CH,XH,*

) i X-1a
X-site protonation C-site protonation
N
CH,XH;2* CH3XH,2*
X2a Isomerization X-3a

Scheme 1. Schematic presentation of the formation of the two possible
isomers X-2a and X-3a derived from X- and C-site protonation of the
monocation X-1a.

Results and Discussion

Geometry of the monocations [CH,XH,]": In a recent study,
Schleyer et al. investigated [H,C=XH,]" for X =N, P, As, and
Sb at the MP2 level.’?l At this level of theory, all monocations
[H,C=XH,]" prefer planar structures. At the QCISD level,
the global minimum of the methylenephosphonium mono-
cation, [H,C=PH,]*, does indeed correspond to the planar
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Table 1. Total vibrational zero-point and relative energies as well as proton affinities PA,4 for [CH,X]* and [CHsX]** (X =P, As, Sb).l2l

MP2(full)/6-31G*SECP CCSD(T)//QCISD(full)/6-31G*SECP

Sym E VZPE N E. E VZPE  VE,, N E. PA
P-1a G, — 46473664 271 0 0.0 —46512321  26.6 272 0 0.0 -
P-1c C. — 46403510  25.1 1 44.0 — 46448680  25.0 - 1 384 -
P-1d G, — 46308173  25.0 1 103.9 — 46344663 252 - 1 103.8 -
P-2a C. — 46475582 320 0 0.0 — 46517759 314 323 0 0.0 —02
P-2b C. — 46475443 319 1 0.1 46517622 313 31.7 1 0.0 03
P-3a C, — 46475452 319 0 0.1 — 46512789 316 325 0 32 -35
P-3b C. — 46474818 319 1 0.5 46512301 315 320 1 36 —33
P-TS C. — 46462562 31.1 1 82 — 46503835 308 31.1 1 8.1 -77
P-SP1  C. - - - - — 46440024 273 - oMl 447 -
P-SP2  C. - - - - — 46482327 312 - 2l 22.0 -
Asla  C, - - - - — 46146465 255 26.1 0 0.0 -
As-lb G, — 46109195  25.8 0 0.0 —46.145999 252 - 1 0.0 -
Asle  C. —46.056364 255 1 332 —46.100070  23.9 - 1 275 -
Asld G, — 45951957 238 1 96.6 45987178 241 - 1 98.6 -
As2a  C, - - - - — 46162592 30.0 31.0 0 0.0 6.8
As2b  C. - - - - — 46162516 30.0 305 1 0.0 72
As3a  C, - - - - — 46176009 312 322 0 73 14.0
As3b  C. - - - - - 46175924 311 316 1 73 145
AsTS  C. - - - - — 46148161 294 29.9 1 85  —12
AsSP1  C, - - - - —46.091462 262 - 20l 408 -
AsSP2  C, - - - - — 46157330 304 - 21 37 -
Sb-la  C, - - - - 45339927 237 244 0 0.0 -
Sb-1b G, — 45300255  23.9 0 0.0 — 45337243 235 - 1 L5 -
Sb-lc  C. — 45260970  23.0 1 247 — 45304687 222 - 1 20.6 -
Sb-1d G, — 45167075 213 1 83.6 —45202307 227 - 1 85.4 -
Sb-2a  C. - - - - 45373749 277 28.9 0 0.0 182
Sb-2b  C. - - - - — 45373721 27.6 283 1 0.0 18.8
Sb-3a  C. - - - - 45419304 303 316 0 26.0 4.1
Sb-3b  C. - - - - 45419299 303 31.0 1 26.0 447
Sb-TS  C. - - - - — 45358817 272 279 1 9.0 9.8
Sb-SP1  C, - - - - — 45312068 242 - 200 352 -
Sb-SP2  C - - - - — 45404229 290 - 20 17.8 -

P

[a] Total energies in Hartrees. Vibrational zero-point energy (VZPE, not scaled), vibrational energy at 298 K (VE,) and relative energies as well as proton
affinities (PA,q) in kcalmol™'; N: number of imaginary frequencies. [b] The second imaginary frequencies are very small (1.9i cm™! for X =P, 2.3/ cm! for
X = As, and 2.5i cm™! for X = Sb). [c] The second imaginary frequencies are very small (4.5 cm~' for X =P, 6.6i cm~! for X = As, and 6.0i cm~! for X = Sb).

structure P-la. In contrast, the global minima for QCISD level. All optimized monocation structures are shown
[H,C=AsH,]" and [H,C=SbH,|" correspond to the C-sym- in Figure 1.
metric structures As-1a and Sb-1a with trans-bent conforma- The transition states X-1c¢ and X-1d, with X =P, As, and Sb,

tions (Z°(As)=349.6; X°(Sb)=330.5). This result is not in which the XH, groups are rotated by 90°, have constrained
unexpected in view of the Carter—God-
dard — Malrieu - Trinquier (CGMT) model
that correlates the singlet —triplet excitation
energies (AEs_ 1) of the fragments E and E!,
which contain an E=E! double bond, with
the o+ m bond strength (E, ,) of this sys-
tem.['%+-< If the inequality SAEs > 12 E,,,

is fulfilled a trans-bent structure is expected, X=P, As, Sb
whereas a classical-planar structure is pre-
dicted if 2AEg +<1/2E;, . According to 85.6° lo14e
this model, methylenephosphonium ions 120.2° 117.7° gigo 100.5°
should have a planar structure, while the 11545 N3 > 116.5° i, 2L
. . . . 114.8° 119.9° {
increasing stability of the singlet state of the 113.5° 12270 1.606 \

. 1.750 . .
AsH7 and Ssz+ fragments and sm?ultanfa— 1953 gg.zo {gg
ously decreasing E . bond energies will 82.0°
bring the nonclassical structure to the fore. X-1b X-1c X-1d
They are, however, only slightly stabilized, Figure 1. Schematic representation of the structures of the monocations [H,C=XH,]" (X=P,

by 0.02 and 1.5 keal mol-! respectively, com- As, Sb) together with selected bond lengths [A] and angles [°]. The minimum structures X-1a

K ’ ’ are depicted separately in order to show the deviation from planarity in As-1a and Sbh-1a. The
pared with the planar structures As-1b and parameters for the transition states X-1b—X-1d are given in normal letters for X =P, in italic
Sb-1b, which are transition states at the letters for X = As, and in underlined letters for X = Sb.
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C, or C,, symmetry. In the C;-symmetric structures X-1c¢ the
XH, moieties are strongly pyramidalized (¥ CPH =85.6;
2°(P)=254.9; ¥ CAsH=283. 9°; 2°(As)=250.8; ¥ CSbH =
82.0°; X°(Sb)=248.6) and bent in such a way that the
hydrogen atoms adopt semi-bridging positions between the
X and C atoms. They are more stable by 65.5 kcalmol~! for
X =P, 71.1 kcalmol~! for X = As, and 64.8 kcalmol~! for X =
Sb compared with the corresponding C,,-symmetric species P-
1d, As-1d, and Sh-1d, respectively. The phenomenon of
partial transfer of the XH, hydrogens to the carbon center in
the 90°-rotated forms has been previously discussed for
[H,C=PH,|*.%

As we expected, the decrease of electronegativity for the
heavier pnictogens results in an increase of positive charge on
the X-center for the series, P (0.845) < As (0.917) < Sb (1.176).
X —C charge transfer by n and ¢ donation results in a
negative partial charge at the car-

bon atom of —0.664, —0.640, and
118.56°

—0.615 in the singlet ground states e 100.43°
of [H,C=XH,]" (X=P, As, and Sb, 115.96° ~ fooa’
respectively) similiar to halocarbe- C

nium ions [H,C-X]* (X=Cl, Br,

and I) in which the carbon center is 2230
X-2a

also negatively charged, but to a
lesser extent than in X-1a.l The
negative charge on the carbon atom
diminishes slightly in the order P <
As < Sb. If the charges on H¢ and
Hy are taken into account, and the
XH, and CH, group charges listed
in Table2 are considered, little
variation is observed. The group
charges are almost equal for all
three molecules X-1a. The effect of
o charge transfer from the X or C
centers to the hydrogens is seen in

the change of the o population for X-SP1

Table 3. CH,, and XH, group charges (n=2, 3) of the monocations
[H,C=XH,]* (X-1a) and the dications [H,C-XH;]** (X-2a) and [H;C-
XH,** (X-3a).

X-1a X-2a X-3a
X CH, XH, CH, XH, CH, XH,
P -0.056 1.057 0.719 1.281 0.139 1.861
As —-0.054 1.057 0.669 1.331 0.080 1.020
Sb -0.071 1.071 0.556 1.444 0.024 1.976

Protonation of the monocations [CH,XH,]*: The optimized
dication structures are shown in Figure 2. As noted above, the
carbon atoms in [H,C=XH,]* have considerable negative
charges for all pnictogens. Therefore, we calculated X-site-
([H,C-XH;]**) as well as C-site-protonated structures
([H;C-XH,]*"), X-2a and X-3a, respectively.

116.06°
114.78°

f 112.74°
O

T L 59.86°
5353° 2074 6118°
2991° 66.74°

X-TS

X=P, As, Sb

2.512
2.617
3.009

X-SP2

H. and Hy, which increases for
X =P < As < Sb (see Table 3).

Figure 2. Schematic representation of the structures of the dications [CHs;X]** (X =P, As, Sb) together
with selected bond lengths [A] and angles [°]. The parameters for all dications X-2a—X-3b are given in
normal letters for X =P, in italic letters for X = As, and in underlined letters for X = Sb.

Table 2. Atomic charges as well as ¢ and m populations derived from the natural population analysis of the stable conformers of the monocations
[H,C=XH,]* (X-1a) and the dications [H,C-XH;]** (X-2a) and [H;C-XH,]** (X-3a).ll

X=P X=As X =Sb
(o] Charge o 7 Charge o n Charge o 7
X-1a C —-0.667 3.772 0.897 —0.640  3.765 0.876 —0.615 3822 0.794
X 0.845  3.026 1.129 0917  2.984 1.099 1.175  2.789 1.035
Hc 0306  0.694 - 0.293  0.707 - 0272 0.728 -
Hy 0.106  0.894 - 0.068  0.932 - —0.052  1.052 -
X-2a C 0.090  3.830 0.081 0.061  3.867 0.073 —0.020 3.961 0.060
X 0.718  3.160 1.122 0.882  3.068 1.023 1.350  2.750 0.900
Hc 0314  0.686 - 0.304  0.696 - 0288  0.712 -
Hk 0.195  0.805 - 0.155  0.845 - 0.036  0.964 -
H% 0.184  0.816 - 0.147  0.853 - 0.029 0971 -
X-3a C —1.108  3.855 1.254 —1.088  3.762 1.327 —1.031 3.686 1.347
X 1.521 3.191 0.288 1.684  3.147 0.169 2.003 2913 0.084
HE 0.439  0.561 - 0.406  0.594 - 0.358  0.642 -
H% 0.404  0.830 - 0.381  0.882 - 0349 1.014 -
Hy 0.170  0.596 - 0.118  0.619 - —0.018  0.651 -

[a] The NBO analysis were calculated at the QCISD(FULL)/ 6-31G*SECP level. [b] H. denotes the hydrogen connected to C perpendicular to the XH,
plane. Similarly, Hk denotes the hydrogen connected to X perpendicular to the CH, plane.
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If positive hyperconjugation contributes to the stability of
X-2a or X-3a, pyramidalization of the trigonal coordinated C
or X center and narrowing of the HXC or HCX angle that is
perpendicular to the CH, or XH, plane is expected. However,
the carbon centers in the dicationic structures X-2a are
trigonal planar with an angle ¥ XCH of 120.7° for X =P,
121.0° for X =As, and 122.0° for X =Sb, and there is no
significant bond-angle variation within each species. The &
population of the carbon atom in X-2a is almost zero for all X
atoms indicating that there is no significant m charge transfer
in X-2a (see Table 3). In this respect, it is interesting to note
that in neutral ylides H,C - XH; (X =P, As, Sb), which possess
two electrons more, negative hyperconjugation leads to
pyramidalization of the carbon center.?1 In the corresponding
C-site-protonated minimum structures X-3a, the X-center for
X =P is slightly pyramidalized indicated by a dihedral angle
HLCPH of 85.8° for P-3a, whereas the X centers in As-3a and
Sb-3a are planar (HLCAsH =88.2°; H.CSbH = 89.2°) within
the chemical accuracy of the theoretical model (H{ denotes
the H-atom perpendicular to the XH, plane). Additionally,
the H-C bond perpendicular to the XH, plane forms
an H{CP bond angle of 97.0° for P-3a compared with 103.5°
and 104.8° for As-3a and Sb-3a, respectively. Hence, only in
P-3a is a notable hyperconjugative interaction observed. The
loss of hyperconjugation in the higher homologues is also
reflected in the decreasing population of the p(m) orbital on
the X center from 0.288 in P-3a to 0.169 and 0.084 in As-3a
and Sb-3a, respectively (see Table 3). The twisted structures
X-2b and X-3b, in which the CH,-groups are rotated by 90°,
are all transition states and very close in energy to the
corresponding minima. These small energy differences indi-
cate almost free rotation around the C—X bond within the
dications [CHsX]** (X =P, As, Sb) for both isomers X-2a and
X-3a.

As we can see from Table 1, the PA values increase in the
order P < As < Sb regardless of C- or X-site protonation. At
the MP2(full)/6-31G*SECP level P-3a is only 0.1 kcalmol~!
higher in energy than P-2a. Inclusion of electron correlation
increases this energy difference. As a result, PA values for P-
1a of —0.2kcalmol! and of —3.5 kcalmol~! are obtained,
favoring the P-site protonation of [H,C=PH,]" over C-site
protonation by 3.3 kcalmol~!. On the other hand, for the
heavier analogues X = As and Sb, the C-site protonation is
increasingly favored over X-site protonation by 7.2 and
25.9 kcalmol~!, respectively. This can be simply explained by
the differences in the X—H bond energies, which sharply
decrease in the order P > As > Sb.

The charge distributions in the dications have also been
calculated from the NBO analyses. In comparison with X-1a
where the carbon centers are negatively charged (=~— 0.6 ¢),
the total charges of the carbon centers become close to zero in
X-site-protonated X-2a and decrease from 0.09 for X =P, to
0.06 for X=As, and —0.02 for X =Sb. Concomitantly, the
positive charge of X increases from 1.52 for P, to 1.68 for As,
and 2.00 for Sb as expected from the decreasing electro-
negativities. The charge distributions in the C-site-protonated
dications X-3a are unexpected at first glance. The carbon
centers become considerably more negatively charged, when
compared with the monocations X-1a, while the X-centers
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bear highly positive charges that increase in the order X =P <
As < Sb.

However, with the inclusion of the charges residing on the
hydrogen centers in X-la, X-2a, and X-3a, a somewhat
different picture is obtained from comparison of the group
charges (Table 2). The CH, group in X-1a remains negatively
charged while the CH; groups in X-3a bear small positive
charges. The +2 charge in these cations is mainly located on
the X centers. In the X-site-protonated dications X-2a, the
charge is more uniformly distributed over the skeleton, but
the larger portion of the positive charge remains located on
the XH; groups as expected. In summary, the trigonal-planar
CH, units in X-2a bear the most positive charge of the
hydrocarbon units of all cations studied here, and thus may be
designated as activated for nucleophilic attack. In general, in
each homologous series of cations, the positive charges on the
XH, groups increase in the order Sb> As>P as electron
density is accumulated on the corresponding CH,, units (see
Table 2).

Following previous studies by Bernardi et al.” and Schley-
er et al.”l focusing on the stability of the monocations X-1a,
we examined the stabilization energies (SE) of the H;X-
onium-substituted dications X-2a by application of the
isodesmic reaction given in Equation (4). The SE values are
presented in Table 4.

CH,XH(V* + CH, — CH,XH{"?* + CHj @

Table 4. Stabilization energies SE (kcalmol™'), of the monocations
[H,C=XH,]* (X-1a) and the dications [H,C - XHj;]** (X-2a) according to
the isodesmic reaction given in Equation (4).1

X X-1al X-2a

P 57.7 (61.4) 1437
As 49.9 (50.7) —136.9
Sb 45.6 (45.2) ~1243

[a] All calculated energies at the CCSD(T)/6-31G*SECP//QCISD(FULL)/
6-31G*SECP level, inclusive of zero-point energy correction (not scaled).
[b] The values given in brackets for X-1a are taken from ref. [7e].

We re-examined, at the CCSD(T) level, the stabilization
energies for the monocations X-1a, which are positive and
decrease from 57.7 kcalmol~! for PH, over 49.9 kcalmol~! for
AsH, to 45.6 kcalmol~! for SbH,. This is in good agreement
with the methyl stabilization energies calculated by Schleyer
et al.’*l The reduction of the stabilization energies is ration-
alized in terms of the cost of planarization energies of
trigonal-coordinated X centers, which increase in the order
P < As < Sb. This argument can be also used to explain why
[H,C=AsH,|" and [H,C=SbH,]|" prefer the trans-fold struc-
tures As-la and Sb-1a. However, the inversion barriers are
very low in these ions; this indicates effective m charge
transfer in these ions. In contrast, the stabilization energies
are strongly negative for the dications X-2a and show the
inverse trend, that is, they become less exothermic in going
from the phosphonium- to the stibonium-substituted dica-
tions. In other words, the dication [H,C-SbH;]** is thermo-
dynamically more stable than its arsenic and phosphorus
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analogues. This is not surprising, since protonation of the
monocation X-1a destroys the m system, and charge transfer
in the dications to the formally electron-deficient carbon
center is solely due to o donation, which is most effective for
the most electropositive substituent.

Scheme 2 represents the examined potential energy surface
of the dications [CHsX]** relative to the X-site-protonated
dications X-2a (X =P, A, Sb). For all three pairs of isomers,
we found the C,-symmetric structures X-TS (X =P, As, Sb) as
transition states for the isomerization of X- and C-site-
protonated species. This is in contrast to the ethyl cation in
which the hydrogen-bridged C,, structure corresponds to the

50 A

f=]
1

relative energy [kcal mol'!]
0
<

CH2.+ + XH;:!,.+

-100 1

Table 5. Reaction energies AHp [kcalmol~!] of the C—X fragmentation
of the dications X-2a the X-3a according to the reaction Equations (5)—
(7).[81

X X-2a X-3a
5 (6) (7)
P 23738 —283(-27.2) — 738 (—65.2)
As 237.2 —30.1 —-79.2
Sb 245.7 —30.4 —74.8

[a] All calculated energies at the (U)CCSD(T)/6-31G*SECP//(U)QCISD-
(Full)/6-31G*SECP level, inclusive of zero-point energy correction (not
scaled). The values in brackets for X =P were obtained at the MP3/6-
31G**//(U)HF/6-31G* level (taken from ref. [6]).

agreement with these findings. It is obvious that
the heterolytic C—X bond cleavage of X-2a
into the fragments CH3" and XH; is highly
endothermic for all X (>230 kcalmol™'). Ho-
molytic C-X bond cleavage of X-2a into the
radical fragments CH3" and XHj3" is calculated
to be exothermic in the range from —28.4 (X =
P) to —30.4kcalmol™' (X=Sb). We were
unable to locate the transition states of the
C-X fragmentation of X-2a. However, second-
order saddle points (X-SP1) were found that
have a second negative frequency of very small
magnitude (less than 3i cm™!), indicating that
the potential-energy surface at the saddle point
of the reaction coordinate of the dissociation is
very flat. This is caused by the very low energy
barrier for the rotation around the C-X bond,
which is even less hindered than in the mini-
mum structures X-2a owing to the much longer

Scheme 2. Schematic energy profile for dissociative processes in the dications [CH;sX]** with

X =P, As, Sb.

global minimum on the energy hypersurface.’?! 1,2-proton
migration starting from the X-site-protonated species X-2a to
the C-site-protonated species X-3a is hampered by an energy
barrier of about 8 —9 kcalmol~! for all X. The energy barrier
for the reverse process, that is, 1,2-proton migration from the
more stable X-3a to X-2a, is rather high for X=As
(15.8 kcalmol~!) and X = Sb (34.9 kcalmol ).

Following a suggestion of a referee, we calculated the
reaction energies AHpg of the C-X bond dissociation
according to the reactions given in Equations (5)-(7) in
order to study the fragmentation processes for the dications
X-2a and X-3a.

[H,C-XH,]** — CH3* + XH, ®)
[H,C-XH,** — CHs + XH;3" (©6)
[H,C-XH,** — CH{ +XH; (7

Previous studies by Radom et al. showed that fragmenta-
tion of [CHsP]** under C-P bond scissions [Eq. (6) and (7)]
are exothermic, but are hampered by substantial activation
barriers.l) Our results presented in Table 5 are in general
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C-X bond distances in X-SP1. Therefore, the
differences of the total energies of X-SP1 and
X-2a can still be taken as a good approximation
for the activation barriers of the fragmentation
reaction Equation (6). Within these limits, dissociation into
the radicals CH5" and XHj" is strongly hindered by activation
barriers of 44.7 kcalmol~! for X =P, 40.8 kcalmol~! for X =
As, and 35.2 kcalmol~! for X = Sb.

Decomposition of the C-site-protonated dications X-3a
into the singlet ground states of the monocationic fragments
CHF and XH7 is exothermic (—73.8 kcalmol™! for X=P,
—79.7 kcalmol~! for X=As, and —74.8 kcalmol~! for X=
Sb). Again, we could only allocate second-order saddle points
X-SP2 with one negative frequency smaller than 7icm™.
Taking X-SP2 as approximate transition states, we find
considerably smaller activation barriers for the fragmentation
in Equation (7) than those for Equation (6), which decrease
from 18.8 kcalmol~! for X =P, to 11.0 kcalmol~! for X = As
and to 8.2 kcalmol~! for X = Sb.

These results show that although the stability of the
dications increase with P < As < Sb, the phosphorus-stabilized
dications P-2a and P-3a are kinetically more persistent
against C-X bond dissociation than their heavier homo-
logues. It must be mentioned that all results are discussed for
the idealized gas phase and might be different in the
condensed phase where electrophilic (protolytic) solvations
would be operative.
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Conclusions

For the a-heteroatom-substituted carbenium ions
[H,C=XH,]" (X-1a; X=P, As, Sb) protonation is almost
thermoneutral for X =P for the formation of dication [H;C -
PH,]** (P-2a), but increasingly exothermic for X = As, Sb for
the formation of dications [H;C— AsH,]** (As-3a) and [H;C -
SbH,]** (Sb-3a) as the more stable isomers. A hydrogen-
bridged cyclic structure was found to be a transition state in all
cases for the 1,2-hydrogen migration converting X- and C-site-
protonated isomers. The charge distribution within the
dications can be mainly understood in terms of electro-
negativity differences and a donation. Thus, it is not surprising
that the antimony-substituted C-site-protonated dication, Sb-
3a, is more stable than its phosphorus analogue, whereas
within the series of the monocations X-la, in which n
donation is important, an inverse ordering of stabilization
(i.e., P> As > Sb) is seen with respect to CHF.®l While the
stabilization of the monocations suffers from the high
planarization energies of the heteroelement center, protona-
tion leading to the dications formally decreases the popula-
tion of the electron lone pairs at X. Thus X —C & charge
transfer becomes unimportant, and the dications are stabi-
lized by a charge transfer, which is largest for the most
electropositive element (i.e., antimony). Among all dications
studied here the C-site-protonated dication Sb-3a is by far the
most stable thermodynamically.

Are the dications stable enough against Coulomb explo-
sions, which result from repulsive interactions of the positive
charges, to be generated experimentally? Obviously, the
heterolytic dissociation of [H,C - XH;]** (X-2a, X =P, As, Sb)
into H,C** and XH; will not be a realistic fragmentation
pathway since the reaction enthalpies are highly endothermic
by more than 230kcalmol™!. The exothermic (—28 to
30 kcalmol~!) homolytic dissociation into the radicals CH3"
and XHj3" is hampered by activation barriers in the range of 35
to 45 kcalmol™. The dissociation of [H;C-XH,]** (X-3a,
X =P, As, Sb) into H;C* and the singlet-carbene analogous
fragments XH31% 81 js even more exothermic by about
—76 kcalmol™! for all X and less hindered by smaller
activation barriers (19 and 8 kcalmol™!). Here, the thermo-
dynamically most stable C-site-protonated dications As-3a
and Sb-3 a are kinetically the most labile. It should be possible,
however, to generate these dications under suitable condi-
tions (i.e., long-lived stable ions!'**!) and use them or their
fragmentation products (i.e., XRj species) as building blocks
that possess either a highly electrophilic carbon or a hetero-
element center. We are currently performing experiments to
verify our theoretical predictions.
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