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Abstract: The gas-phase kinetics of the reactions of H=, D=, OH™, «C~, «C;™, .C4~, and CsH~ with SiH4 and the reactions
of D=, OH~, .C~,-Cy™., and CoH~ with CH,4 have been investigated at 297 £ 2 K using the flowing afterglow technique. The
reactions with silane are characterized by a variety of channels and reaction efficiencies whereas methane was observed to be
relatively unreactive. The rate constants measured for the reactions of H™ and D~ with SiHs and D with CHg are in accord
with the energies of the reaction intermediates SiHs™ and CHs™ predicted by ab initio quantum mechanical calculations but
do not corroborate the prediction of a reaction barrier for the attack of H™ on silane. This latter reaction, for which the SN2
channel is observed to compete with proton transfer, proceeds rapidly at 297 K.

The intrinsic energy surfaces of bimolecular nucleophilic
substitution (SN2) reactions, which have been studied ex-
tensively in a variety of solvents, have recently become the
subject of a number of ab initio and semiempirical molecu-
lar orbital calculations.2-!% Although calculations have been
reported which also explore the influence of solvent on the
intrinsic energetics of such reactions.!! computational dif-
ficulties have generally prevented the incorporation of sol-
vent effects into such calculations so that their direct com-
parison with measurements made in solution have been of
limited value. Fortunately, gas-phase techniques have now
become available which allow the direct experimental inves-
tigation of SN2 reactions proceeding in the absence of sol-
vent molecules, viz.. in vacuo.!2-13 It has, therefore. become
possible to conduct measurements on several specific SN2
reactions which have been scrutinized through molecular
orbital calculations, and. consequently, to compare directly
theoretical predictions with experiment. So far the experi-
mental measurements have been restricted to specific rates
of reaction at room temperature. The extent of the compari-
sons with theory has therefore been limited but the compar-
isons have nevertheless proven to be valuable. For example,
quantum mechanical studies by Dedieu and Veillard and
by Bader, Duke. and MesserS had predicted energy barriers
of 3.8 and 22 kcal mol~!, respectively. for the SN2 reactions

H- + CH3;F — CH4 + F~ 0
and
CN~ + CH3F = CH3:CN + F~ 2)

The rate constants for these reactions at 296 K were subse-
quently measured in a flowing afterglow.! When consid-
ered in the context of the traditional Arrhenius model. al-
beit somewhat over-simplified. the experimental values for
the rate constants were consistent with activation energies
of 3.6 and =5 kcal mol~!, respectively. in good agreement
with the theoretical predictions. These results provided. for
the first time, a direct experimental measure of confidence
for these quantum mechanical studies.

In this paper we wish to report gas-phase measurements
which provide an empirical test for recent theoretical stud-
ies of the athermal symmetric silyl and methyl cation trans-
fer reactions

H- + MHs— MH4+ H™ 3)
where M = Si and C. The energy surfaces of both reactions

have been explored in a number of calculations. Recently
Baybutt? has performed ab initio molecular orbital calcula-

tions in a comparative study of these two systems. He con-
cludes that the carbon system should show a barrier to reac-
tion since the reaction complex is of much higher energy
(ca. +60 kcal mol~!) than the reactants, unlike the silicon
system for which the reaction complex is of lower energy
(ca. —19 kcal mol™t). Wilhite and Spialter* have performed
both semiempirical CNDO and ab initio calculations for a
number of points along the H™ + SiH, reaction coordinate
(approach of the hydride ion to a face of the tetrahedron of
silane). They found that. whereas the CNDO calculation
did not indicate a barrier to reaction. further ab initio cal-
culations along the CNDO path predicted a barrier of 8.6
kcal mol~!. The reaction complex SiHs™ (a trigonal-bipyra-
midal form) was again found to be stable (by 16.9 kcal
mol~!) with respect to silane and the hydride ion.

The reactions of other nucleophiles (including several
radical anions) with SiH4 and CH4 have also been explored
in the present study. in part to provide further experimental
observations with which future calculations can perhaps be
compared.

Experimentai Section

The experiments were performed using a flowing afterglow ap-
paratus which has been described previously in detail.!® Briefly,
helium or hydrogen is flowed down a 1.4 m, 8.9 cm diameter stain-
less steel tube at a velocity of ~10* cm s™! and at a pressure of
~0.3 Torr. A plasma containing the reactant ion of interest is gen-
erated at one end of the tube by electron impact on an appropriate
neutral gas and sampled at the other end by a small on-axis leak
coupled to a quadrupole mass spectrometer. The decline of the ini-
tial ion signal as seen by the mass spectrometer as a function of
neutral reactant addition upstream of the sampling orifice affords
a measure of the rate constant. The method of data analysis has
also been discussed previously in considerable detail !

In the present experiments CH4(CD4) and C2H> were bombard-
ed with energetic electrons (40-60 eV) to produce the anions of in-
terest. Under typical operating conditions the addition of CH4 pro-
duced (in order of decreasing abundance) C;H™, -C,~, -«C~, and
H~ while the addition of CDj resulted in the corresponding deuter-
ated species. The addition of C2H; produced (in order of decreas-
ing abundance) CoH™, -C5y~. C4H~. -C4~. and -C~.

The ions produced in the electron-impact region spend several
milliseconds in the flowing plasma and undergo several thousand
collisions with the buffer gas before they enter the reaction region.
Consequently we believe that the anionic species involved in reac-
tion have internal and translational energy distributions which are
Maxwell-Boltzmann and are characterized by the temperature of
the flowing plasma which is determined by the temperature of the
wall of the stainless steel flow tube. The neutral reagent is added
already in thermal equilibrium with the wall. The wall tempera-
ture is taken to be equal to the room temperature of 297 + 2 K.
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Table 1. Rate Constants and Product Channels for Reactions of
Anions with SiH, at 297 + 2K

Reaction kexpt1? kb
H-+ SiH, - SiH,” + H, 057 £ 0.05 (3) 495
D™+ SiH, > SiH.D + H-
SSH.D™+H, 22105 4) 3.56
— SiH.~ + HD
OH™ + SiH, > SiH.~ + H,0
CSHo b 1.3: 0.2 (3) 1.46
.C™+ SiH, - SiHl.~ + -CH 0.062 £ 0.005 (5)  1.65
C,™+ SiH, > C,SiH," + H 0.37  0.02 (4) 1.32

- (SiH,” +.C,H)
.C,”+SiH, > C,SiH,”+ ‘H

~(SH,”+ CH) 0.084 £ 0.010 (3) 1.11

C,H™ +SiH, > <0.006 1.30
CH™+SH,~ <0.005 1.11

Cl™+ SiH,~> <0.002 1.19
NO,™ + SiH, > <0.003 1.12

2The mean value of the experimentally determined rate constant
in units of 107° ¢cm? molecule™ s7'. The limits given along with the
mean value represent the precision of the measurements. The num-
ber of measurements is given in parentheses. » The calculated colli-
sion rate constant in unitsof 107 cm® molecule™ s~ according to
the Langevin theory. ref 17, with «(SiH,) = 4.34 A®, ref 18.

Table II. Rate Constants for Reactions of Anions with CH,
at 297 + 2K

Reaction kexpt1? kb

H- +CD,—>CD,H + D~ <0.001 3.8
D~ +CH,—>CH,D + H™ £0.0001 2.83
OH~ +CH, > <0.001¢ 1.32
‘C"+CH,~> <£0.00014 1.44
.C,” +CH,—> £0.00014 1.22
C,H™ +CH, > £0.00014 121

2Experimentally determined upper limits to the rate constants in
units of 107 cm® molecule™! s™'.  The calculated collision rate con-
stant in units of 107 cm® molecule™ s™ according to the Langevin
theory. ref 17, with «(CH,) = 2.56 A> ref 19. o(CD,) is taken to be
equal to «(CH,). ¢Previous flowing afterglow results. ref 20.
dPrevious flowing afterglow results, ref 21,

The following gases were used: helium (Linde. Prepurified
Grade. 99.995% He). hydrogen (Linde. 99.95% H;). methane
(Matheson Ultra High Purity, 99.97% CH,). acetylene (Mathe-
son, Purified Grade. 99.6% C,H,). CDs (Merck Sharp and
Dohme, 99 atom % D). and SiH4 (Matheson. Semiconductor
Grade, 99.95% SiH,).

Results

The rate constant measurements are summarized in Ta-
bles I and I1. The best estimate of a true value is taken to be
the mean of a series of measurements. The limits given
along with the mean value throughout this section represent
the best estimate of the precision.2? Sources of error have
been described previously.!® The absolute accuracy of the
reported rate constants is estimated to be £20%.

H™ + SiH4. H™ was observed to react with SiH4 upon
the addition of the latter into a flowing CH4-He plasma in
which H™ was initially a dominant negative ion. Figure 1 is
representative of the observations made in three experi-
ments in which the effective reaction length. L. was fixed at
60 cm. the gas velocity. , had values from 8.3 to 8.5 X 103
cm s~!, and the total gas pressure was in the range 0.385-
0.424 Torr. The OH~ initially present in the reaction region
can be attributed to trace amounts of H,O impurities in the
flowing plasma. The disappearance of H~ was accompanied
by the production of SiH3~ which is indicative of the occur-
rence of the proton-transfer reaction

H- + SiH4 — SiH;~ + H, (4b)
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Figure 1. The variation of negative ion signals recorded upon the addi-
tion of SiH,4 into a flowing CHs-He plasma: T = 296 K. P = 0.424
Torr, CHy flow = 9.5 X 10'7 molecules s=!, L = 60 cm, and b = 8.3 X
10°cm ™!,

The production of SiH3;O™ must be attributed to the reac-
tion of OH~ with SiH4 which was investigated indepen-
dently in separate experiments which will be described later
in this section. The three measurements of the H™ decay
provided a value for kgp = (5.7 £ 0.5) X 1019 ¢cm? mole-
cule~!s~! The identification of the displacement channel

H™ + SiH4 — SiH4 + H™ (4a)

was precluded in these experiments since the mass spec-
trometer could not distinguish between reactant and prod-
uct H™ ions. Attempts were therefore made to observe this
channel using the isotopic species. D™, as the nucleophile.

D~ + SiH4. D™ was generated from CD, introduced into
the helium buffer gas upstream from the electron gun and.
as shown in Figure 2. was observed to react rapidly with
SiH4 added downstream. Figure 2 includes the increase of
the stoichiometrically allowed product ion signals which
were observed to accompany the D~ signal decay and also
shows the presence and reaction of other major negative
ions. viz., OH™ and C;D~. Not shown are the ions OD".
-C,™. and -C~ which were also observed to be present and to
react with SiH,.

The production of H™ can be ascribed solely to the reac-
tion of D™ with SiH, since separate experiments conducted
in the absence of D~ and to be described in the next two
sections indicated that the hydride ion is not a product of
the reaction of OH~, .C~, .C,™. or CsH™ with SiH,4. Fur-
thermore. the magnitude of the increase in the H™ signal
indicates that H™ displacement is the main channel of the
reaction of D™ with SiHy:

D~ + 8iH4 — SiH3D + H- (5a)

We estimate that this channel is preferred by at least 4 to |
over the channels:

D~ + SiH4 — SiH;~ + HD (5b)
D~ + SiH4 — SiH,D~ + H, (5¢)

The reactions of the other aforementioned negative ions
present in the flowing plasma as well as mass discrimination
in the mass spectrometer sampling and detection system
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Figure 2. The variation of negative ion signals recorded upon addition
of SiH4 into a flowing CD4-He plasma. Not shown are the ions OD—,
C;~, and C~ which were also observed to react with SiHs. The slope of
‘the D~ decay provides a rate constant of 2.21 X 10~% cm?® molecule™!
s™h: T =295 K, P = 0.298 Torr, CD, flow = 3,06 X 10!® molecules
s™'. L = 60 cm, and D0 = 8.4 X 10° cm s~!. The production of
28SiH,D~ (dashed curve) is determined from the production of my/e 32
by subtracting the contribution to m/e 32 by the isotopic ion 2°SiH;~.

prevented an unequivocal assignment of the actual branch-
ing ratio of channels 5a. 5b. and Sc. Four measurements of
the D™ decay provided a value for ks = (2.2 + 0.5) X 10~°
cm? molecule™! s™' at L = 60 cm. & = 7.9 to 8.4 X 103 cm
s~} and P = 0.268-0.353 Torr.

OH™ + SiH4. In order to determine the specific rate and
product channels for the reaction of OH~ with SiH4. the
latter was added into a H,O-He plasma in which OH™ and
O~ were initially dominant negative ions. Both OH™ and
O~ were observed to react rapidly with SiHs to produce
SiH3;~ and SiH30~. In order to elucidate the branching
ratio of the OH~ reaction the experiment was repeated in a
hydrogen buffer in which complications due to the -O~ re-
action could be avoided since O~ reacts rapidly with H by
associative detachment. viz.

«O"+H,—H,O+e (6)

The results of an experiment conducted with a hydrogen
buffer are shown in Figure 3. The two product channels ob-
served were:

OH- + SiH, — SiH;~ + H,0 (72)
OH- + SiH, — SiH;0™ + H, (7b)

Proton transfer is the preferred channel by about 2:1. The
displacement reaction:

OH- + SiH4 — SiH;0H + H- (7c)

would be difficuit to observe under these operating condi-
tions since H™ reacts rapidly with H>O to produce OH".
However. in a separate experiment (in pure He) in which
OH~ was present as an impurity ion and H,O was essen-
tially absent. the addition of SiH4 did not give rise to H™.
We, therefore, conclude that channel 7¢ can only be a
minor channel in the reaction of OH™ with SiHa.

Three experiments (two in He at 0.319 and 0.504 Torr
and one in Hj at 0.277 Torr) yielded a value for k7 of (1.3
£ 0.2) X 1072 ¢cm? molecule™! s—!. The reaction length was
fixed at 60 cm and 5 had values in the range 7.7 to 8.6 X
103 cms™!,

T T T
OH '3 SiHy—= SitHy +H, 0
——SiH; O+ H,

S/’Hj'
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Figure 3. Variation of negative ion signals recorded upon addition of
SiH4 into a flowing H,0-H, plasma. The slope of the OH~ decay
yields a rate constant of 1.38 X 107% ¢cm3 molecule=! s—!, SiH;~ and
SiH3;0~ were the only product ions observed: T = 297 K, P = 0.277
Torr, H,0 flow ~10'7 molecules s~!, L = 60 cm, and 5 = 7.7 X 10°
cms™L

CxH,~ + SiH4. The reactions of carbonaceous anions
with SiH4 were explored further by adding SiH4 into a
flowing C,H,-He plasma. Figure 4 shows the observed
variations of negative ion signals. The slope of the decay of
each anion provides a measure of the rate constant for the
reaction of that anion with SiH4. Five experiments were
performed in which one or more of the anions -C~, .C5~.
CyH~. .C4~. and C,H~ were monitored as a function of
SiH4 addition. The rate constants determined for their re-
actions with SiH4 are included in Table 1. The impurity
ions C1~ and NO;~ were observed not to react. In these five
experiments the C2H3 flow had values in the range 5.97 X
107 to 2.32 X 10" molecules s~'. P was in the range
0.304-0.370 Torr. b in the range 7.9 to 8.3 X 10% cm s™1,
and the reaction length, L. had values of 59 and 85 cm.

The nature of the product ion spectrum and its variation
with SiH,4 addition suggest that -C~ reacts with SiH4 main-
ly by proton transfer according to:

.C” + SiHs — SiH;~ + .CH (8)

and that -C,~ and -C4~ react at least in part by H-atom dis-
placement according to:

.Co~ + SiH; — ~C,SiH; + -H ©9)
.C4~ +SiH4 — ~C,SiH; + -H (10)

There was no evidence for the formation of ~CSiH;
through H-atom displacement by -C~. Also some of the
SiH;~ ions appear to be produced by slow proton transfer
reactions of C:H™ and/or C4H™ with SiHy4. There was no
evidence for the occurrence of H™ displacement which. for
the adopted experimental conditions. would be reflected by
an initial increase in the CoH™ signal since any H~ pro-
duced would react rapidly by proton transfer with the CoH,
present in the flowing plasma. The observation of H™ was,
however, rendered difficult by the large initial C;H- signal.

D~ + CH,. As was the case for reaction 4a. the identifi-
cation of the displacement channel

H- 4+ CH4— CH,+ H- (11)

was prevented in these experiments by the inability of the
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Figure 4. A comparison of the rates of reaction of various carbonaceous
anions with SiH, which is added to a flowing C;Ha-He plasma. The
slope of the C~ decay corresponds to a rate constant k = 5.4 X 10~
cm?® molecule=1 s7!: T = 298 K. P = 0.304 Torr. C:H, flow = 6.0 X
10'7 molecules s=!, L = 60 cm,and b = 7.9 X 10° cm s~ ', The identifi-
cation of C,SiH3~ was not unequivocal since this product ion could
only be observed at low resolution. The identification is uncertain to
the extent of the number of H atoms in C4SiH,~ where x = 0-4.

mass spectrometer to distinguish between reactant and
product H™ ions so that the analogous reaction involving
D~. viz..

D~ + CHs — CH;D + H- (12)

was investigated instead. CH4 was added into a flowing
CD4-He plasma containing D™. The results of such an ex-
periment are shown in Figure S. The D™ ions are not deplet-
ed nor are H™ ions produced as the CHy is added. These re-
sults provide an upper limit for ky, of 10713 cm3 mole-
cule~t st

H- + CDy. In the studies of the reaction of D™ with
SiH4. the D~ ions were produced from CD4 which was
added upstream of the electron gun and was therefore also
present in the reaction region. The H™ produced by reaction
5a therefore could have reacted with CD4 by displacement
according to:

H- + CD; — CD;H + D~ (13)

At the CDy flows used in these experiments (~2 X 10!8
molecules s™!) the rapid occurrence of reaction 13 would
have been manifested by the appearance of appreciable cur-
vature in the D™ decay. No such curvature is evident in Fig-
ure 2. From this qualitative observation we estimate that
k1351 X 10712 cm3 molecule! s™!,

Discussion

The reactions of anions with SiH4 and CHy4 have not
been studied extensively by experiment in the past. Brau-
man and co-workers?? have reported the observation of the
proton transfer reactions:

OH- + SiH, — SiH;~ + H,0 (7a)
and
NH,~ + SiH4 — SiH3;™ + NH; (14)

For both of these reactions their ion-cyclotron-resonance
measurements implied a preferred direction for proton
transfer as indicated. There was apparently no evidence for
the occurrence of a displacement leading to the formation
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Figure 5. A study of the displacement of H™ in CH4 by D~. Methane is
added to a flowing CD4-He plasma: T = 298 K, P = 0.359 Torr, CD4
flow = 1.39 X 1018 molecules s~1, L = 85 cm. and & = 8.1 X 10° cm
s~

of H™. Brauman and co-workers also did not report the ob-
servation of channel 7b nor did they measure rate constants
for reactions 7a and 14. The reactions of OH~. .C~. .C,~,
and C,H™ with CH, have been investigated previously?!
with the flowing afterglow technique which aliowed the de-
termination of the upper limits to the total specific rates of
reaction of these anions with CH4 which are indicated in
Table I1.

Comparisons with Theoretical Predictions. The ab initio
quantum mechanical calculations for reactions of anions
with SiH4 and CH4 have been restricted to hydride ion at-
tack. They have been concerned principally with the evolu-
tion of the geometry. energy. and electronic structure of the
reacting species in their formation of the intermediates
SiHs~ and CHs™, viz., along the reaction paths:

H- + SiH, — SiHs™ (15)
H- + CH; — CHs~ (16)

The observations reported here for the H™ and D~ reactions
allow an experimental assessment of the energies of the in-
termediates or the energy barriers along the reaction paths
predicted by these calculations.

The calculations of Wilhite and Spialter? predict that the
gas-phase reaction (eq 15) proceeds via attack of the hy-
dride ion on a face of the tetrahedron of silane with an ener-
gy barrier of 8.6 kcal moi~! yielding a trigonal bipyramidal
form of SiHs™ that is 16.93 kcal mol~! stable with respect
to the separated reactants. The energy difference is calcu-
lated to be —18.6 kcal mol~! by Baybutt.?2 Our experimen-
tal results are in accord with a lower energy for the SiHs™
intermediate but do not corroborate the prediction of a
large reaction barrier for the H™ attack. A comparison of
ks determined in this study with the capture rate constant
which can be calculated from the classical Langevin theory
of ion molecule collisions!” indicates that at least six out of
ten collisions of D™ with SiH4 lead to reaction.2* Thus it ap-
pears that reaction 15 proceeds with little or no activation
energy.2> The magnitude of this activation energy. E,, can
be estimated?’ in the traditional Arrhenius manner accord-
ing to

kexptl = kce—Ea/RT (]7)
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where Kexpy is the measured and k. is the capture rate con-
stant.2! Equation 17 yields a value for £, ~ 0.3 kcal mol™!
which, as a result of the oversimplification introduced by eq
17. must be regarded as an upper limit.2! An activation en-
ergy of 8.6 kcal mol™! would result in a value for ks ~ 2 X
1015 cm? molecule™! s~1. The discrepancy between theory
and experiment for the activation energy of reaction 15
probably reflects a deficiency in the theory—either a lack
of proper polarizing functions (the ab initio calculations by
Wilhite and Spialter? did not include p-type basis functions
on the hydrogens) or perhaps an incorrect approach geome-
try.

The many calculations?#:3.7-10 of portions of the poten-
tial energy surface of reaction 16 all predict a much higher
energy for the reaction intermediate CHs™ than the sepa-
rated reactants H™ + CHg. For example, Dedieu and Veil-
lard’ calculated a difference of 60.2 kcal mol™!, This result
is in complete accord with our room temperature measure-
ments of eq 12 and 13 which indicate an activation energy
which may be at least as large as 6 kcal mol~!,

Competition between Product Channels. The quantum
mechanical calculations reported for reactions of anions
with SiH4 and CHy4 have as yet not been extended to in-
clude product channels other than H™ displacement. How-
ever, the observations reported in this study for the reac-
tions of anions with SiHs demonstrate that H™ displace-
ment often proceeds in competition with alternate product
channels. The channels observed with the nucleophiles X~
= H-, D-. OH~. .C~, -C;~. and -C4~ include hydride ion
displacement (18a). hydrogen atom displacement (18b).
proton transfer (18¢). and hydrogen elimination (18d):

X~ + SiH4 — XSiH; + H- (18a)
X~ + SiH4 — ~XSiH; + H (18b)
X~ + SiH4 — SiH;~ + HX (18c)
X~ + SiH4 — ~XSiH, + H, (18d)

For most of the nucleophiles investigated at least two of
these four channels were observed to be competing with
each other. For example. although D~ reacted with SiH,4
predominantly by H™ displacement. a portion of the reac-
tive collisions resulted in the transfer of a proton. For the
reaction of OH™ with SiH4. competition was observed be-
tween channels 18c and 18d.

The H- displacement channel is often excluded on ther-
modynamic grounds. For this channel to be exothermic. the
following condition must be satisfied:

D(SiH3-X) > D(SiH;-H) + EA(X) — EA(H) >
63 kcal mol~! + EA(X)

where the bond dissociation energy D(SiH3;-H) = 80 kcal
mol~! and EA(H) = 17.4 kcal mol~! 28:2° The electron af-
finities of the species X used in this study are generally at
least 25 kcal mol™! and as large as 83 kcal mol~!. Although
the values for D(SiH3-X) are generally not known. they are
unlikely to be large enough to compensate for this high elec-
tron affinity of X. The H™ displacement channel is there-
fore likely to be thermodynamically unfavorable and any
reaction of the anion with SiH, will proceed via other chan-
nels as was observed to be the case for the reactions of
OH-..C-..C,".and -C4~.

The reaction of -C~ with SiH4 was observed to proceed
only via proton transfer which may be exothermic by as
much as ~4 kcal mol~! according to the recent determina-
tion of EA(SiH3) < 1.44 £ 0.03 eV.?0 The reaction is, how-
ever, unusually slow as proton transfer in the gas phase gen-
erally proceeds on nearly every collision.3! In fact. this is

one of the slowest exothermic proton transfer reactions ob-
served to date. We suggest that the relative inefficiency of
this reaction may be attributed to the violation of spin con-
servation which is involved:

-C(quartet) + SiHy(singlet) —
SiH3; (singlet) + -CH(doublet) (8a)

Other exothermic proton transfer reactions involving -
C~(*S) have been observed to be slow3! and indeed are ex-
pected to be slow for the same reason. Our measurements
also indicate that the proton transfer reactions:

C,H~ + SiH, — SiH;~ + C,H; (19)

and
C4H™ + SiH4 b Sng_ + C4H2 (20)

proceed extremely slowly in spite of the fact that SiH, is a
much stronger acid than C;H; and probably also C4H,. We
cannot explain this result.

When the species X~ is a radical. then H atom displace-
ment becomes a viable alternate channel since XSiH3 is not
likely to have a significant electron affinity. This is evi-
denced by the production of ~C,SiHj3 and ~C;SiH; ob-
served in these experiments as a result of the reactions with
SiH4 of the radical anions «C,™ and -C4~. respectively. The
carbon analogues. viz.. "C3H3 and “CsHj3. have been ob-
served to be stable in the gas phase. H-Atom transfer is an-
other channel which. although not observed in these experi-
ments. should be considered when X~ is a radical. For ex-
ample. the reaction

C;~+SiH; — C,H™ + SiH;3 (9b)

is exothermic by ~25 kcal mol~! and therefore thermody-
namically favorable.

The nonreactivity of CH4 towards anions. which is imme-
diately evident from an inspection of Table II. contrasts the
reactivity generally observed for SiH4 towards the same an-
ions. This striking difference in reactivity can, however. be
rationalized simply in terms of the thermodynamics of these
systems. A thermodynamic analysis of channels 18a to 18d
for CH4 indicates that all of these channels are in fact endo-
thermic for X~ = OH™, -:C~. :C;™. and C;H™ so that they
are not expected to proceed rapidly at the temperature of
these experiments.

A number of associative detachment channels resulting
in the “insertion” of CxH, ™ are thermodynamically acces-
sible to the reactions of -C~, -C,~, and C;H™ with CHy4 at
300 K. for example:?!

C_+CH4'—‘C2H4+C (2])
Cz_ + CH4 - C3H4 +e (22)
C;H™ 4+ CH4 — CH,CHCH, + ¢ (23)

Analogous reactions are presumably also thermodynamical-
ly allowed in the case of SiH4. However. in both cases. con-
straints introduced by the required breaking and making of
bonds are likely to lead to activation energy barriers of suf-
ficient magnitude to prevent their observation at room tem-
perature.?!
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Molecular Structure of 1,2-Bis(trifluoromethyl)dithiete by
Vapor Phase Electron Diffraction
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Abstract: The molecular structure of 1,2-bis(trifluoromethyl)dithiete has been determined in the vapor phase by electron dif-
fraction. The results confirm the dithiete structure, in which the principal geometrical parameters, based on C; symmetry,
are: rg(C—F) = 1.326 + 0.003. rg(C=C) = 1.40 £ 0.03. rg(C—C) = 1.50 £ 0.01, rg(S—C) = 1.73 + 0.01, rg(S—S) =
2.05 + 0.01 A: £2(C=C—S) = 100.8 £ 0.6, £(C=C—C) = 122.9 + 0.7, £(F—C—C) = 110.8 &+ 0.6°. The rotational pa-
rameter 7(S—C=C—S8) = 0.4 &+ 3.4° indicates no significant deviation from planarity in the C,S; ring excluding shrinkage
effects which were not included in the analysis. The CF3 groups are semistaggered. rotated about the C—C bonds by 34 +
6° relative to planar trans F—C—C==C. The quoted uncertainties represent the estimated limits of experimental errors. A
comparison with other structures suggests delocalization of the carbon-carbon = system to include the sulfur atoms, but

without appreciable participation of the S—S bond.

1.2-Bis(trifluoromethyl)dithiete was the first compound
synthesized in which the unusual dithiete ring! could be
postulated. Infrared and !°F NMR spectra? revealed the
presence of a C=C bond. and showed that the CF; groups
are attached to a doubly bonded carbon atom. but the red
color of the compound prevented any observation of the sul-
fur-sulfur vibrations by Raman spectroscopy. Simple mo-
lecular orbital calculations? showed that structure (I). in-
volving a dithiete ring, is more stable than the acyclic di-
thione structure (II).

S S s s
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/ \
cF,  CF, CF, CF,
I I

The title compound has been extensively used in the
preparation of dithiolene complexes of a number of transi-
tion and main group metals.* It is apparent that in all of
these complexes. ring opening allows the 1.2-bis(trifluo-
romethyl)dithiete to act as a bidentate ligand. and a num-
ber of x-ray crystallographic structure studies of com-
pounds with transition metal ions have been reported (see
below). We have now determined the structure of the par-

ent compound in the vapor phase by electron diffraction.
and find that I is indeed the correct formulation under these
experimental conditions.

Experimental Section

A sample of 1.2-bis(triflucromethyl)dithiete. kindly provided by
Dr. A. T. Berniaz of Simon Fraser University. showed no impurity
bands in its infrared spectrum and was used without further purifi-
cation.

Sectored electron diffraction patterns were recorded on the Uni-
versity of Windsor apparatus® on Kodak 4 X 5 in. electron image
plates. The experimental conditions for the dithiete exposures are
presented in Table I. In each experiment, separate CS, patterns
were recorded for the s scale calibration using the standard CS;
structural parameters reported by Kuchitsué (s = (4x/A) sin (8/
2); A = electron wavelength: 8 (diffraction angle) = tan~! (r/L)
where 7 is the radius and L is the camera length).

The optical densities of the experimental plates were sampled at
0.1095 mm intervals with the microdensitometer® described pre-
viously, with the plate spinning and moving continuously so that an
annular portion, 0.075 mm, of the plate was sampled in each of
350 measurements obtained for the radial range 0.75 < r < 4.5
cm. Interpolation of densities at #/10 intervals in s (by the Lag-
range method) was based on six points for long camera plates, and
three points for short camera plates. The interpolated optical dens-
ites were converted to relative intensities by the correction’

Hencher, Shen, Tuck | [,2-Bis(trifluoromethyl)dithiete



