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Abstract—Gas-phase reaction of nucleogenic diethylstannyl cations Et,SnT" with butan-1-ol has been studied
by the radiochemcal method, and probable reaction mechanisms have been proposed. During the process
diethylstannyl cations undergo isomerization into tertiary Me,EtSn" cations and rearrangement with elimination
of ethane. Thermochemical parameters of reactions of diethyl-substituted cations derived from Group 14
elements (Et,TM'; M = C, Si, Ge, Sn) with alcohols have been analyzed by the MO6L aug-cc-pVDZ quantum

chemical method.
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Over many years we perform systematic studies of
nuclear chemical generation of three-coordinate Group
14 cations and their ion—molecule reactions with
various nucleophiles using a radiochemical method. In
the first communication of this series [1] we con-
sidered gas-phase reactions of nucleogenic stannyl
cations Et,SnT" with fert-butyl methyl ether as a
representative of n-electron-donor nucleophiles. While
developing studies in the field of ion—molecule
reactions of stannyl cations with oxygen-containing
compounds, we focused our attention on alcohols.
Reactions of alcohols with nucleogenic carbenium [2],
silyl [3-5], and germyl cations [6] were reported by us
previously. In order to get a complete picture of
reactions of three-coordinate Group 14 cations with
alcohols it was necessary to examine the reaction of
stannyl cations with alcohols.

Cations react with such nucleophiles as alcohols
through the formation of oxonium complexes
generated via interaction of the vacant p-orbital of the
cation with lone electron pairs on the oxygen atom [7].

! For communication I, see [1].
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The energy of excitation of the oxonium ion is
determined by the affinity of the cation to alcohol, and
excitation energy redistribution in the complex leads to
its decomposition into final products. The energies of
formation of the adducts of cations Et,HM' with
BuOH [Ecomp(1)] and of Me;HM™ with methanol [Ecomp
(2)] M = C, Si, Ge, Sn), calculated by the MO6L aug-
cc-pVDZ method [8, 9] are given in Table 1.

As we showed in [10], MO6L aug-cc-pVDZ quan-
tum chemical calculations provide a good repro-
ducibility of thermochemical parameters for reactions
involving compounds of Group 14 elements, and the
results were even better than those obtained by the
most popular DFT B3LYP calculations. In keeping
with the data in Table 1, the complexation of silyl
cation with alcohols is characterized by the highest
enthalpy, though silicon occupies an intermediate
position between a typical nonmetal (C) and metals
(Ge, Sn). Presumably, this is determined by the larger
positive charge on the silicon atom as compared to
carbon and smaller size of the silicon atom as
compared to tin (the atomic radii are 1.32 and 1.62 A,
respectively [11]). The charge distributions in H3C"
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Table 1. Calculated (MO6L/aug-cc-pVDZ) energies of
complex formation® (E omp, kcal/mol) of Et,HM' cations
with BuOH [Ecomp(1)] and of Me;HM" catins with MeOH
[Ecomp(2)] and energies of decomposition” of the complex
[Me,HMMeOH]" via bimolecular proton transfer [Eg(H")]

X Eepmp (1) Ecomp (2) Eqs (H)
C —28.2 -27.2 20.2
Si —46.6 —44.2 23.8
Ge -38.3 -36.4 18.6
Sn -37.8 -35.6 38.0

* Total electronic energy with correction for zero-point vibrations
(ZPVE).

and Me,HM" cations calculated by the natural bond
orbital (NBO) method (B3LYP/aug-cc-pVDZ, LANL2DZ)
are given below

Atom C Si Ge Sn
M 0.25 1.82 1.58 1.99
H 0.24 -0.17 -0.12 -0.26

The major product of the reaction of diethylstannyl
cation with butanol is ethyl(dimethyl)stannanol (Table 2),
which is formed via transformation of the most stable
isomer Me,EtSn” among C4H,,Sn" ions. There are no
published data on diorganylstannanols; obviously, such
compounds are very unstable. Only when bulky
trimethylsilyl groups were attached to tin, the
hydrolysis of the corresponding tin(II) compound gave
bis[bis(trimethylsilyl)methyl]stannanol [(Me;Si),CH],
SnH(OH) [12]. Diethylstannanol Et,SnH(OH) neces-
sary as reference cannot be obtained by analogous
procedure; according to published data, diethyltin is an
oligomer [(C,H;5),Sn], [13, 14], and it fails to react.
Nevertheless, taking into account the instability of
diorganylstannanols possessing an Sn—H bond, we
believe that the observed peak belongs to Me,EtSnOH
(product of the transformation of the most stable
tertiary cation Me,EtSn") rather than to isomeric
stannanol Et,SnH(OH). This is consistent with the fact
that, unlike diorganylstannanol, triorganylstannanols
are stable compounds [15].

In order to interpret the obtained results we have
resorted to quantum chemical calculations of the
potential energy surface (PES) for the system of
isomeric cations C4H;;Sn" using B3LYP functional and

Table 2. Relative yields of trititum-labeled products of the
reaction of diethyl(*H,)stannane with butan-1-ol

Labeled compound Relative y1eold (a=0.95),

%0
Methane 3344
Ethane 25+4
Ethyl(dimethyl)stannanol 4243

LANL2DZ basis set for tin and aug-cc-pVDZ for
carbon and hydrogen (Fig. 1) [16]. The energy of
diethylstannyl cation (2) is higher by 14.4 kcal/mol
than the energy of the most stable tertiary CQHS(CH3)QSn+
cation (1) which occupies the global minimum. The
PES also contains local minima occupied by donor—
acceptor complexes formed by tin(Il) cations with
alkane molecules [CH3Sn"-C;Hs] (5), [C,HsSn"™C,Hg]
(3), and [HSn"-C4H ] (7). Complexes 3 and 5 appear,
respectively, by 7.3 and 4.0 kcal/mol higher than the
global minimum. Cations CH;Sn" and C,HsSn" in
complexes 3 and 5 are very weakly linked to alkane
molecules (the Sn—C distances therein are longer than
3 A, and the energies of dissociation amount to a few
kcal/mol), and these complexes readily dissociate into
the corresponding cations and hydrocarbons. As seen
from Fig. 1, the transformations of (C,Hs),HSn" into
other isomers require fairly high activation barriers to
be overcome (Scheme 1).

Nucleogenic cation generated by the nuclear chemi-
cal method inherits tetrahedral structure of the parent

Scheme 1.

(C2H5)2TSn+ + C4H90H — [(C2H5)2TSII+' HOC4H9]

—

[(C,Hs)(CH3)(CH,T)Sn"» HOC,4Ho]

l

C,H,0H

+

(C,Hs)(CH3)(CH,T)Sn

!

[(C,Hs)(CH3)(CH,T)SnOH - C4Hy)]

!

(C,H5)(CH;)(CH,T)SnOH + C4Hg
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Fig. 1. Energy profile for the transformations of isomeric C4H;;Sn" ions.

molecule, whose rearrangement into the planar struc-
ture typical of three-coordinate cations leads to vibra-
tional excitation [17, 18]. The energy of relaxation for
nucleogenic stannyl cation is about 20 kcal/mol
(B3LYP). This energy is insufficient to overcome
barrier to isomerization of the free cation. An
additional energy is supplied as a result of association
with the alcohol molecule (~38 kcal/mol). The overall
excitation energy (~58 kcal/mol) is sufficient for the
transformation of diethylstannyl cation (2) into tertiary
ethyl(dimethyl)stannyl cation (1) (TS1 energy
56.8 kcal/mol). The energy gain in this transformation
is 14.4 kcal/mol. Thus, the formation of ethyl(di-
methyl)stannanol may be rationalized by the isomeri-
zation of diethylstannyl cation into ethyl(dimethyl)-
stannyl cation and reaction of the latter with butanol
molecule.

The decomposition of the oxonium complex,
leading to the stannylation product, is a unimolecular
process (as the decomposition of carbenium ions [1]).
No products corresponding to its bimolecular
decomposition were detected. By contrast, the main
products of the reactions of silyl and germyl cations
with alcohols were alkoxysilanes and alkoxygermanes
which were formed via bimolecular proton transfer
from the oxonium ion to substrate molecules [3—6].
The observed difference in the behavior of these
cations may be rationalized by strong intramolecular

resonance interaction of the oxygen atom with silicon
and germanium and the lack of such interaction with
carbon and tin. This interaction strengthens the M—O
bond (M = Si, Ge) in the oxonium ion and weakens the
O—H bond. It is known that the outer electron shell of
carbon is filled and that atoms of the silicon subgroup
possess vacant outer nd sublevels capable of
interacting with lone electron pairs of oxygen (d,n
conjugation). In particular, all oxygen compounds of
silicon are characterized by appreciably shortened
Si—O bond (1.64 A) as compared to the calculated
value (1.83 A) [19]. Such conjugation with carbon
atom is impossible, it is less significant in the case of
germanium, and it is almost lacking in tin and lead
compounds due to considerable Sn—O and Pb—O
distances which hinder orbital overlap. An alternative
concept implies participation in the conjugation of
anti-bonding o* orbitals (c*,n conjugation) [11].
However, participation of d and ¢* orbitals in the
conjugation should endow silicon and germanium
atoms with acceptor properties, which should led to the
same result as than observed experimentally.

We also analyzed thermochemical parameters of the
reactions of butanol with diethyl-substituted cations
derived from Group 14 elements (Et,HM"; M = C, Si,
Ge, Sn). As follows from the data in Table 1, the
energies of formation (Ey) of the complexes of Et,HM"
with butan-1-ol do not differ from those found for
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Fig. 2. Probable mechanisms of formation of the complex [C,HsSn"-C,Hg] (3) (see text).

model complexes of Me;HM" with methanol, i.e., re-
placement of methyl groups by ethyl and butyl only
slightly affects the calculation results. Therefore,
subsequent calculations of the energy of the reaction of
the 1 : 1 complex with the second alcohol molecule,
which involves proton transfer from the adduct, were
carried out for the model system [Me,HMOHMe]" +
MeOH.

As we already noted, the energy of complex
formation may be consumed for subsequent decom-
position of the excited complex along two competing
paths: unimolecular with elimination of cation and
formation of alcohol and bimolecular with abstraction
of proton and formation of ether. The probability of
one or another path is determined by the ratio of the
excitation energy (energy of formation of the adduct)

and energy of decomposition of the adduct. When
M = C, the difference between the complex formation
energy and the energy of bimolecular proton transfer is
AE = 7 kcal/mol, whereas the energies of exothermic
bimolecular decomposition of the silicon- and
germanium-containing adducts (M = Si, Ge) are ~20
and 18 kcal/mol, respectively. The bimolecular proton
transfer for tin cations is endothermic (+2.4 kcal/mol).

The presence of tritium-labeled ethane among the
products may be explained by the occurrence of
processes similar to those observed in the reaction of
diethylstannyl cations with tert-butyl methyl ether [1],
i.e., isomerization of nucleogenic cation (2) into
complex [C,HsSn"C,H¢] (3) (Fig. 2) and its
subsequent dissociation. Tritiated methane is formed
via homolytic dissociation of the Sn—C bond in tertiary
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cation C,Hs(CH3),Sn" (1). The energy of this process
(~54 kcal/mol), which leads to the formation of radical
ion CH3(C,Hs)Sn" " and methyl radical CHs, is close to
the barrier to interconversions of isomeric cations
C,H;;Sn"; therefore, its probability is comparable with
the probability of isomerization into complexes.
Abstraction of a proton by [*H]-methyl radical from
molecules present in the reaction system leads to
labeled methane.

CH,T- + H-R, — CH;T + R,,.

One more product formed in the reactions with
diethylsilyl cations with butanol and ethers was labeled
ethylene which appeared as a result of isomerization of
Et,HSi" into [EtH,Si"-C,H,] and subsequent dissocia-
tion of the latter [20]. In the reactions with diethyl-
germyl cations analogous isomerization gave rise to
compounds containing EtH,Ge and Me,HGe groups
[21], and in this case liberated ethylene contained no
tritium. However, no such compounds were formed in
the reactions with stannyl cations.

The reason is that the probability for the formation
of bivalent element species increases in going from
silicon to lead. Therefore, the formation of tin(Il)
cation-alkane  complexes  like  [MeSn'C;Hg],
[EtSn"-C,H,], and [HSn" C4H o] from stannyl cations
becomes more probable. This is responsible for the
absence of labeled ethylene and the presence of labeled
ethane among the products formed in the reactions
with diethylstannyl cation. Analogous results were
obtained while studying dissociation of cations RsM"
(M = Si, Ge, Sn, Pb) by mass spectrometry; it was
found that diethylstannyl cation undergoes dissociation
with elimination of ethane and that virtually no
ethylene is formed [22].

The reaction of carbenium ions CT; with alcohols
was accompanied by decomposition of the former with
generation of carbene which was then inserted into the
alcohol molecule [2]. Analogous process is hardly
probable for Et,TM" cations (M = Si, Ge, Sn) since the
*H atom in Et,TM* (in contrast to methyl cation)
possesses a hydride character and heavy carbene
analogs are unstable [23].

EXPERIMENTAL

Diethylstannyl cations were generated by the nuclear
chemical method.

B
(C,Hs),SnT, — (C,Hs),Sn'T + *He’.

The procedure for the synthesis of diethyl(H,)
stannane was described in [24]. Butan-1-ol of spec-
troscopic grade was used as substrate.

Reaction mixtures for studying ion—molecule reac-
tions of diethylstannyl cations with butanol in the gas
phase were prepared in ~20-mL spherical ampules
made of molybdenum glass. The vapor pressure of
butan-1-ol was ~15 mm, and the activity of diethyl
(*H,)stannane was 0.001 Cu (3.7x 10" Bq). The
products were accumulated at room temperature in the
dark over 1 month.

The products were analyzed by the radiochro-
matographic method on a Tsvet-500 chromatograph
equipped with a flow proportional counter as detector
for trittum B-radiation. Two stainless-steel chromato-
graphic columns were used: (1) 2000x2 mm,
stationary phase 5% of SE-30 on Inerton-AW and
(2) 3000%2 mm, stationary phase 5% of PORAPAK R
on Inerton-AW. Carrier gas helium, flow rate 20 mL/min;
quenching gas 5% methane-argon, flow rate 5 mL/min.
Labeled products were identified by comparing their
retention times with those of authentic samples under
the same conditions. The yields were determined as the
ratio of the activity of a given compound to the overall
activity of all detected products.

Ethyl(dimethyl)stannanol ~was synthesized as
described in [25]. Reference compounds were
identified by GC/MS on a Polaris 125 instrument.
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