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We now report the synthesis and X-ray crystal structure of 11-
bromo-endo-9-chloro-7-ethoxybicyclo[5.3.1]Jundec-1(11)-ene (1),
which has the eight-membered-ring double bond in the particularly
unfavorable position toward the smallest, i.e., one-carbon, bridge.

Compound 1 was unexpectedly obtained in quantitative yield
from the propellane 2 on attempted crystallization from boiling
ethanol; 2, a somewhat unstable compound, was prepared in 16%
yield by dibromocarbene addition (CHBr;/KO-¢-Bu in pentane®)
to 9-chlorobicyclo[5.3.0]dec-1(7)-ene (3)° (Scheme I). The
formation of 1 can be rationalized by invoking electrocyclic ion-
ization and ring opening of 2 to furnish the intermediate cation
4, which is intercepted by the solvent. This type of solvolysis has
ample precedent in the work or Warner et al. involving the isomeric
bicyclo[4.4.1]undecane system where, incidentally, the primary
solvolysis products analogous to 1 contain a trans-cycloheptane
ring and therefore were not stable enough to be isolated.'?

Several crystallizations of 1'° from ethanol yielded colorless
crystals suitable for X-ray crystal structure determination'! (Figure
1).

Analysis of the X-ray data shows one of the most distorted
C=C double bonds experimentally observed so far. This is most
clearly seen on inspection of Figure 2. Note, e.g., the large torsion
between C2 and C7 (180 - 4, = 46.4 (6)°). In comparison with
other highly strained olefins,>*’ it is remarkable that the strain
in 1 is revealed not so much by pyramidalization of the olefinic
carbon atoms (x,, = 0.5(x; + x2) = 17.1 (7)°) as by an unusually
high degree of torsion (7 = 29.3°). This must at least in part be
a consequence of the geometrical restrictions imposed by the
bicyclo[5.3.1]Jundecene skeleton. Per degree of deformation,
torsion requires more energy than pyramidalization,’®¢ and
therefore geometrically less restricted alkenes respond preferen-
tially by pyramidalization; however, placing the double bond in
the shortest bridge of 1 obviously enforces torsion which can be
alleviated by pyramidalization only to a minor extent. Inter-
estingly, semiempirical calculations such as MNDO!? overem-
phasize this effect by predicting even higher torsion (7 = 36.9°)
at the expense of pyramidalization (x,, = 9.6°). An additional
factor may be the bromine sabstituent at position 11 interacting
with C4-H(exo) of the pentamethylene bridge.

Intuitively, one would expect that torsion should weaken the
double bond due to decrease of the w-overlap; the calculations seem
to support this (d = 1.36 A). Surprisingly, like in other strained
olefins,>*7 this is actually not the case in 1, which has a rather
short double bond (d(C1=C11) = 1.319 (8) A!).

Contrary to other strained anti-Bredt compounds,' 1 is not
reactive toward oxygen and moisture. Further chemical and
physical properties of 1 are presently being investigated.
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(11) Crystal data for 1: C,;3;H,,BrClO, plate-shaped crystal, monoclinic,
space group P2,;/a, V = 1340.15 (15) A3, Z = 4, u(MoKa) = 32.2cm™, 3076
independent reflections (1.3° < 8 < 27.5°, T = 298 K, Zr-filtered Mo Ka
radiation). Data were corrected for Lp, observed linear decay, absorption,
and extinction. The structure was solved by automated direct methods
(SHELXS86). Refinement on F by full-matrix least-squares techniques
(SHELXT76); R = 0.0497, wR = 0.0246, w™! = ¢X(F), S = 1.47 for 1339
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Simple organosilicon radicals are of interest as intermediates
in the gas-phase reactions occurring during chemical vapor de-
position of silicon carbide,? as astrochemically important species,?
and as benchmarks for theoretical models of silicon—carbon
multiple bonding.* The electron affinities of several silicon hy-
drides®¢ and Si, clusters”® have been measured by negative ion
photoelectron spectroscopy, and values for a number of R;Si
radicals have been obtained by electron photodetachment spec-
troscopy.®  We report here the 488-nm photoelectron spectra of
the isomeric organosilicon anions CH;-Si- and CH,=SiH". These
data yield electron affinities for CH;-Si (0.852 £ 0.010 eV) and
CH,=SiH (2.010 £ 0.010 eV), as well as vibrational frequencies
for both molecules. The measured electron affinities are used to
estimate Si-H gas-phase acidities of 372 + 3 kcal/mol for
CH;-SiH and 364 % 5 kcal/mol for CH,=SiH,. These results
provide the first spectroscopic data for CH;-Si, CH,=SiH, and
their negative ions and illustrate of the ability of this experimental
technique to identify isomeric structures.

The experimental apparatus employed in these studies has
recently been described in detail.'® Negative ions were prepared
at 0.5 Torr in a flowing afterglow ion source by seeding a small
amount (1-10 std cm?/min) of tetramethylsilane-H,, or -Dy, into
a fast flow of helium (~8 std 1/min) just downstream of a
2.45-GHz microwave cavity. Similarly, a [Si,C,H;]™ anion was
prepared from methylsilane in a previous flowing afterglow study
of this system.!' In the present study, anions sampled from the
plasma were mass selected, and the 43 (protonated) or 46 amu
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Figure 1. Negative ion photoelectron spectra (488 nm, 2.540 ¢V) ob-
tained with the flow tube at 80 K (top), at 300 K (middle), and at 300
K after the addition of a small amount of the electron-transfer reagent
SO, (bottom). The spectra are scaled to show the low ¢eBE bands with
the same intensity for ease of comparison. The dramatically different
relative intensities of the two band systems under these different ion
source conditions demonstrate that they arise from different isomers of
the ion. (The weak peak at ~0.74 eV ¢BE is due to 2SiCH,".)

(deuterated) ~30-pA ion beam was intersected by an argon ion
laser beam. The resulting photoelectrons were energy analyzed
at a resolution of 5 meV (40 cm™).

The 488-nm photoelectron spectrum of the 43 amu ion beam,
shown in Figure 1, contains two vibrationally resolved bands.
When the temperature of the flow tube is increased from 80 to
300 K, the relative intensity of the band at low electron binding
energy (eBE) decreases by a factor of 3. When a small amount
of the electron-transfer reagent SO, (whose electron affinity is
1.107 £ 0.008 eV)'? is added to the 300 K flow tube, the relative
intensity of the low eBE band decreases by an additional factor
of 2. These results show conclusively that these two bands are
associated with two different isomers of the anion. Electron
photodetachment from these isomeric anions then prepares the
corresponding two isomers of the neutral molecule.

The position of the origin of the low eBE band gives an electron
affinity of 0.852 £+ 0.010 eV for the corresponding isomer. This
band shows a single vibrational progression in a mode with a
frequency of 610 £ 15 cm™ in the neutral molecule. Since this
frequency does not shift significantly on perdeuteration, we assign
it as the Si—C stretching vibration. This low frequency is indicative
of a single Si-C bond,'* which limits the possible isomers to
CH;-Si or SiH;-C. Since the latter is expected'® to have a
substantially higher electron affinity than the value measured here,
we assign this band to the CH;-Si isomer. This is also the more
likely species to be produced from (CHj;),Si; in addition, calcu-
lations by Schmidt and Gordon's predict CH,-Si~ to be 59
kcal/mol more stable than SiH;-C".
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The spectrum of CD;-Si™ (not shown) displays a second active
mode with a neutral molecule frequency of 470 £ 20 cm™, which
is evidently not resolved from the Si-C stretch in the CH;-Si~
spectrum. This mode is assigned as the CD; rock which is of A’
symmetry in the predicted'# Jahn-Teller distorted C, neutral
molecule. Its activity in the spectrum indicates that this is the
coordinate along which the molecule distorts from C;, symmetry
upon electron detachment from the anion, which is predicted!!s
to have a non-Jahn-Teller distorted triplet (e)? ground state.

In the high eBE band, the origin peak position gives an electron
affinity of 2.010 £ 0.010 eV for the second isomer. This isomer
is assigned as CH,=SiH" in view of the calculated relative stability
of this anion. Schmidt and Gordon predict CH,-Si", SiH,=—CH-,
and SiH;-C" to be 10, 35, and 69 kcal/mol higher in energy,
respectively.'> The assignment of the high ¢éBE band to CH,=
SiH" is supported by the good agreement described below between
the observed vibrational frequencies and our calculated values for
the corresponding neutral molecule. Since this structure cannot
be formed by simple fragmentation of the (CH;),Si precursor,
it evidently forms by a more complicated reaction. A slower
reaction rate accounts for the reduced yield of CH,=SiH" relative
to CH;-Si~ when the flow tube is cooled.

The CH,—SiH" band shows two active vibrational modes, with
neutral molecule frequencies of 830 + 15 and 490 + 15 cm™'. Both
frequencies shift substantially on perdeuteration, to 650 £ 15 and
370 £+ 15 cm™, precluding assignment to the Si==C stretch. Our
ab initio GAMESS!'® calculations of the neutral molecule, which
assumed the previously published!”'® planar geometry, predict
(after application of the usual'® 10% scaling factor) two modes
at 810 and 524 cm™ which shift to 628 and 376 cm™ on per-
deuteration, in good agreement with the observed values. These
are in-plane modes that involve both HSiC bending and CH,
rocking motions.

The Si-H gas-phase acidities of methylsilylene (CH;-SiH) and
silaethylene (CH,==SiH,) can be estimated from the electron
affinities (EA) measured here using the following relation:?

AHAC]D,ZQS(RSi_H) = ngg(RSi_H) - EA(RSI) + IP(H)

The Si-H bond dissociation energies of CH;-SiH and CH,=SiH,
have not been measured experimentally, but have been calculated
by Allendorf and Melius'’ to be 78 + 3 and 97 + § kecal/mol,
respectively. Use of these Dy values and the 313.6 kcal/mol
ionization potential®' of H gives Si-H acidities of 372 £ 3 kcal/mol
for CH;-SiH and 364 + 5 kcal/mol?? for CH,=SiH,. Thus,
CH;-SiH is less acidic than SiH, (AHcpp = 360 % 4 keal/mol)?!
due to the expected®?*2* electron-donating effect of the methyl
group, which destabilizes the anion and reduces the electron
affinity of the corresponding radical (EA[HSi] = 29.4 £ 0.2
kcal/mol,* EA[CH;-Si] = 19.6 £ 0.2 kcal/mol). In addition,
silaethylene is more acidic than ethylene (AH c;p = 409.4
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kcal/mol)? by ~45 kcal/mol, as is silane (372.2 kcal/mol)?' than
methane (416.8 keal/mol).?' This trend reflects the greater ability
of the silicon radical to stabilize the negative charge, as is indicated
by the 31 kcal/mol higher electron affinities of CH,=SiH (46.4
+ 0.2 kcal/mol) than CH,=CH (15.4 £ 0.6 kcal/mol)?* and of
SiH, (32.4 £ 0.3 kcal/mol)®® than CHj, (1.8 % 0.7 kcal/mol).?
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The molybdopterin enzymes catalyze a variety of two-electron
redox reactions involving net exchange of an oxygen atom between
substrate and water.!™ EPR studies® support the regeneration
of the active site by two one-electron processes, the first of which
produces transient Mo" states. Many of these enzymes feature
[MoY1Q,]?* resting centers, and Scheme I presents a minimal
catalytic cycle, based upon current physical and chemical evidence,
for an enzyme such as sulfite oxidase.!”* In this and similar
systems, transfer of the oxygen atom from Mo to substrate and
its replacement from water appear to occur in the Mo"! to MotV
transformation.**

No single model system which incorporates all of the species
and processes shown in Scheme I has been described. Oxygen-
atom-transfer reactions which interconvert [Mo"'0,]?* and
[Mo!YO]2* centers are well-established.*”® In contrast, the re-
generation of a [Mo"'0,]?* center by two one-electron processes
initiated on a [Mo!YO(X)]™ (X = OH- or H,O from water) center
has not been demonstrated. Progress in ligand design has been
able to inhibit the condensation of mononuclear MoV (4d')
species’"'2 and has allowed characterization of the enzymatically
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relevant [MoY0,]* and [MoYO(OH)]?* centers in solution.!!:!2
However, a combination of redox potentials and reaction rates
which allows observation of the full cycle has not been found to
date. This communication reports that a model based upon
LMo"!'0,(SPh) [L = hydrotris(3,5-dimethyl-1-pyrazolyl)borate
anion] has that necessary combination: observed reactions are
outlined in Scheme II. The facially tridentate pyrazolylborate
ligand inhibits dinucleation and restricts chemistry to the re-
maining facial sites; an accurate model of the crucial oxo-ligand
based chemistry taking place at the enzyme active site is thereby
facilitated. In addition, a [MoYO,]* center has been isolated in
substance for the first time.

Brown LMo"!0O,(SPh) is produced conveniently from the re-
action of LMoO,Br, HSPh, and NEt, in dichloromethane.”* In
DMF or MeCN, oxygen atom abstraction by PPh,? leads to an
intermediate which behaves as if it were coordinatively-unsaturated
LMo!YO(SPh) or weakly solvated LMo'YO(SPh)(solvent). It can
be trapped as LMo!YO(SPh)(py) in pyridine (85% yield) or,
oxidatively, as mononuclear LMoVOCI(SPh) in CH,Cl, (52%
yield) or as binuclear [LMoYO(SPh)],0 in dry toluene (13%
yield). Unreacted LMo"'O,(SPh) is the source of oxidizing
equivalents in the latter case:

“LMo'YO(SPh)” + LMo"!0,(SPh) — [LMo"O(SPh)],0

Addition of Me,SO to the Mo!Y complexes above regenerates
LMoO,(SPh) in greater than 90% isolable yield.
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for 2 h. After reducing the volume of solvent, the mixture was column
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collected and evaporated to dryness. The residue was recrystallized from
dichloromethane/methanol to give LMoO,(SPh) (yield 0.48 %, 91%) with
spectroscopic properties identical to those previously reported.
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