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complex. However, this complex is neutral and therefore elec-
trically silent, and of itself does not explain the many observations
concerning the effects of picrate on valinomycin transport. It may,
however, be one of a number of different transport mechanisms
operating simultaneously.

The structure seen here with the weak bond and reasonably
compact fit between the valinomycin potassium complex and the
picrate ion is probably a good model for the ion pair that would
be found in a medium of low polarity such as organic solvents or
lipid bilayer membranes. The contribution to the electrical
conductance would depend on the extent of dissociation

(VK*) + (P) = (VKP)

and would be very dependent on the nature of the anion. As an
example, it is easy to observe that a solution of valinomycin in
chloroform will readily dissolve solid potassium picrate but will
not dissolve potassium chloride. Another example would be the
experiments of Ashton and Steinrauf,® who followed the vali-
nomycin-catalyzed transport of potassium picrate from one water
phase through a l-cm thick barrier of chloroform into another
water phase under the influences of different concentrations of
potassium picrate and nontransportable ions. They showed that
each potassium ion had to be transported with one picrate ion and
that no transport took place if the picrate was entirely replaced
by chloride. Further evidence for the neutral ion pair was found
by Ginsburg et al.,!* who followed the electrical conductance and
cation fluxes of valinomycin facilitated transport through lipid

(26) Ashton, R.; Steinrauf, L. K. J. Mol. Biol. 1970, 49, 547-556.

Tetraphenylarsonium

bilayer membranes. Their proposed mechanism involved TNC-
as the principal charge-carrying species and the cation transport
was considered due to the movement of neutral ion pairs.

Certainly the observation by Levitt et al.?’ that four water
molecules are coupled to the potassium valinomycin complex
during transport, a situation that does not hold for the uncom-
plexed valinomycin on its return through the membrane, can be
interpreted as the pockets of the valinomycin—cation complex,
providing a means of weakly binding the water molecules. This
may be a better mechanism to explain the data of Levitt et al.?’
than having the water molecules in the interstices between the
complex and the disordered lipid of the artificial membrane.

The weak association of the picrate does not produce any
asymmetry in the coordination distances around the potassium
ion. These results agree with previous nuclear magnetic resonance
studies in solution for the valinomycin potassium complex in the
presence of picrate.
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Abstract: The title compound was prepared by reaction of stoichiometric amounts of sodium hydride, cyclopentadiene, and
methy! disulfide in tetrahydrofuran. The title compound was characterized by NMR, IR, and cyclic voltammetry measurements.
A three-dimensional crystal and molecular structure of [(C¢Hs)4As]{Cs(SCH3);] has been determined by an X-ray diffraction
study. The compound crystallizes in the centrosymmetric monoclinic space group P2,/c¢ [C3;, No. 14] with a = 12.568 (2)
A b=15948 (3) A, ¢ =17.523 (3) A, 8 = 106.98 (1)°, ¥ = 3359.21 (10) A and peq = 1.342 gcm™ for Z = 4. The
structure was solved via the tangent formula and standard Fourier techniques and was refined by using full-matrix least-squares
refinement to conventional discrepancy indices of Ry = 8.65% and R, = 15.76% for the 2652 independent data with AF/a(F,)
< 10.0 and F, = o(F,). All atoms with the exception of methyl hydrogens were located. The crystal consists of formula units
of [(C¢Hs)4As*]{CsSCH;)s7], cations and anions being separated by normal van der Waals distances, as are formula units
from each other. All distances and angles within the tetraphenylarsonium cation are normal. The methylmercapto groups
of the 1,2,3,4,5-pentakis(methylmercapto)cyclopentadienide anion have their configurations relative to the cyclopentadieny!
ring fixed by packing forces within the crystal. Distances and angles within the cyclopentadienyl ring are normal. The S-C
distances within the anion are reduced from the sum of the covalent radii for sulfur and sp*-hybridized carbon which may
indicate the possibility of multiple bonding.

In our current attempts to prrepare organic conductors based
on neutral radicals,! we proposed that solids based on the theo-
retically relatively stable? cyclopentadieny! radical embedded in
a chalcogen milieu may give rise to high conductivity. This
hypothesis was based on the following facts: (a) pentaphenyl-
cyclopentadieny! (A, Scheme I) is stable at room temperature in
the solid state, (b) chalcogens (certainly sulfur?) tend to delocalize

* To whom correspondence should be addressed at Bell Laboratories.

0002-7863/81/1503-5885$01.25/0

spin from a carbon framework to the chalcogen, and (¢) chalcogens
are free radical stabilizing substituents,'*

(1) Wudl, F. In “Physics and Chemistry of Low Dimensional Solids”;
Alcacer, L., Ed.; Plenum Press: New York, 1980. Wudl, F. “Physics and
Chemistry of One Dimensional Metals”; Keller, H. J., Ed.; Plenum Press:
New York, 1977; p 248.
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Scheme I

The stability of pentaphenylcyclopentadieny! is most likely due
to steric factors, i.e., the phenyls are rotated out of the plane of
the cyclopentadienyl, preventing dimerization and at the same
time obstructing delocaliztion of the unpaired spin to the para
position, thus hindering the usual dimerization of phenyl-sub-
stituted radicals; e.g., triphenylmethyl.’ It is precisely this kind
of steric effect which is undesirable for the intermolecular spin
delocalization in the solid state (band formation) so crucial to the
evolution of high conductivity.® Making use of point b (above)
would circumvent this problem (Scheme I).

While the methyls would be prohibitively large for enhanced
intermolecular solid-state interactions in the case of 1a, they would
be relatively small in the case of 1c. The latter may be also ideal
for attainment of the intriguing, dipolar resonance contributor
1¢”, because of the known Hiickel driving force for formation of
cyclopentadienide anion, and the tellurium atoms’ size (1.35-A
covalent radius, 0.02 A larger than iodine) and low electroneg-
ativity.’

Since the organic chemistry of tellurium is still in rudimentary
state,’ we decided to prepare 2a, as a model system, for if we could
prepare it, we could study (a) its electrochemistry and ascertain
the solution stability of 1a from the half-cell potential of the
one-electron oxidation, (b) its ability to form metallocenes, par-
ticularly cobaltocene which would in itself be a neutral free radical,
and (c) its general organometallic chemistry which may be dif-
ferent than that of the parent cyclopentadienide particularly in

(4) Haddon, R. C.; Wud], F.; Kaplan, M. L.; Marshall, J. H. J. Chem.
Soc., Chem. Commun. 1978, 429.

(5) McBride, J. M., Tetrahedron 1974, 30, 2009.

(6) Schultz, T. D; Craven, R. A. In “Highly Conducting One-Dimensional
Solids”’; Devreese, J. T.; Evrard, R. P.; van Doren, V. E.; Eds.; Plenum Press:
New York, 1979; pp 147 ff.

, (Z) Cooper, W. C. “Tellurium”; Van Nostrand-Reinhold Co.: New York,
971.

(8) Irgolic, K. J. “The Organic Chemistry of Tellurium”; Gordon and

Breach: New York, 1974.
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Scheme II
CsHsNa' + 5NaH + 5MepSp —— Cs(SMe)sNa + 5CH3SNa + St
2aNa

(MeS)sCsM"
2aAsPh, M = Ph,As"

regard to catalysis (e.g., pentamethylcyclopentadienide deriva-
tives?).

Here we report on the preparation of the title compound and
its sodium salt and the crystal structure determination of the
former.

Results and Discussion

While one may envision multistep syntheses of 2, a “‘one-pot”
preparation based on the approach used for cyanation of cyclo-
pentadienide!® was found to be successful'! (Scheme II).

Since the resulting sodium salt was unstable in air, metathesis
in deoxygenated water with tetraphenylarsonium chloride hydrate
produced material which exhibited 'H NMR aromatic and S-CH;
resonances at 7.77 and 2.20 ppm vs. Me,Si respectively in a ratio
of 4:3.

As expected, 2aAsPh has an extremely low oxidation potential
in solution {EY? = - 0.03 and 0.83 V (both irreversible) vs. SCE,
CH,CN, (Bu),N*BF, supporting electrolyte] and must conse-
quently be protected from oxygen and other mild oxidizing agents.
This oxidative lability, while desirable for the preparation of 1
from the anion, appears to be a liability when other reactions of
this anion are attempted. Thus, when either sodium or tetra-
phenylarsonium pentakis(methylmercapto)cyclopentadienide is
allowed to react with ferrous chloride, no characterizable product
can be isolated. The same result was obtained with cobaltous
chloride. It is possible that the thiomethyl groups hinder formation
of a metallocene either sterically or by binding with the transition
metal. Evidence for the latter stems from the observation that
Fe(CO)s decomposes the title cyclopentadienide producing (as
only characterizable product) the cis and trans isomers of
(CO);Fe(SCH;),Fe(CO),.12

Because the tetraphenylarsonium salt was stable and reactions
with transition-metal salts were apparently leading to Cp—sulfur

(9) Maitlis, P. M. Acc. Chem. Res. 1978, 11, 301 and references therein.

(10) Webster, O. W. J. Am. Chem. Soc. 1966, 88, 3046.

(11) Attempts to generate the much coveted (CHs)sCs™ via “one-pot”
multiple methylation using methyl iodide or dimethyl sulfate failed probably
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While intermediates i and iv (if iv is formed at all) can easily be degraded
to multiply substituted cyclopentadienides, ii cannot under the conditions of
the reaction.

(12) Seyterth, D.; Henderson, R. S. J. Am. Chem. Soc. 1979, 101, 508.



Substituted Tetraphenylarsonium Cyclopentadienide

J. Am. Chem. Soc., Vol. 103, No. 19, 1981 5887

Figure 1. Stereoview of mode of packing of tetraphenylarsonium pentakis(thiomethyl)cyclopentadienide.

Table I. Experimental Data for the X-ray Diffraction Study of
[(C4H;),As] [C4(SCH,),]

(A) Crystal Data
crystal system: monoclinic
space group: P2,/c
unit cell parameters®

a=12.568(12) A
b=15948 (3) A
=17.523(3) &
8=106.98 (1)°
V' =13359.2(10) A®
temp = 23.5 (5) °C
Z=4
mol wt: 678.90
p(caled) = 1.342 g cm™

(B) Intensity Data

radiation used: Mo Ka (A =0.71073 A)

monochromator: highly oriented graphite

reflctns measd: +#,+k, !

max 26 measd: 40.0°

min 26 measd: 4.5°

scan type: coupled 6 (crystal)26 (counter)

scan speed: 2.0°/min

scan range: asymmetrical, from [26(Ka,) - 0.8]° to
[26(ke,) + 1.1]°

bkgd measment: stationary crystal/stationary counter at beginning
and end of scan, each for one-third of the time taken for the scan

standard reflections: 3, measured every 47 reflections; percent
variances from the mean, 4.41% for 610, 4.06% for 018, and
4.53% for 093

data set information: 3730 reflections collected, of which 166
were systematic absences and 226 were standard reflections

equivalent reflections were averaged,?>€ yielding 3156 symmetry-
independent reflections

(C) Data Treatment Parameters
“Ignorance factor”: p = 0.03, applied to o(F?) as
o)} + {pF2}?]'2
abs coeff:¢ u=1.620 mm™*

¢ Determined by a least-squares fit of the setting angles of the
unresolved Mo K& peaks of 24 reflections with 26 = 19.7-27.1°.

The agreement indices between the averaged, symmetry-
equivalent reflections were R(F) = 3.2% and R(F?) = 3.6%. “ No
absorption correction was applied to the data (see text).

cleavage, we decided to check via X-ray crystallography whether
the Cp—SMe bonds were unusually long (weak) and/or whether
there was bond alternation in the Cp itself.

The title compound crystallizes as bright yellow prisms in the
centrosymmetric monoclinic space group P2, /c {C3;, No. 14]. The
pertinent unit cell parameters and intensity data are exhibited in
Table I. Table III is a collection of bond distances and angles
in the structure, and information relating to the planarity of the

Table II. Data for the Structural Solution via MULTAN

(A) Statistical Distribution of Normalized
Structure Factor Amplitudes

theoretical?
function obsd centric acentric
CLETD 0.810 0.798 0.886
(IE1Y 1.000% 1.000 1.000
(IE?-1D 0.943 0.968 0.736

(B) MULTAN Data
refletns input: 285 with IE(= 1.70
=, relationships found: 1800
min “triple-product” value: 8.44
T, refletns determined: none
origin fixing

refletns: & k [ F phase angle parity class
7 3 10 299 0° ooe
4 51 223 0° €00
236 19 ¢ eoe

structure solution parameters

*phasing” reflctns:¢ & k | E selected phase angle
4 4 4 267 180°
7 1 14 228 180°

2 30 174 ©°
“absolute figure of merit”: 1.2126
“residual”: 21.96
“‘combined figure of merit”: 2.0000

¢ Karle, L. L.; Dragonette, K. S.; Brenner, S. A. Acta. Crystallogr.
1965, 29, 713. b Fixed by an adjustable scale factor.
¢ “Phasing” reflections are those reflections with large |E'| values
and large phase reliability indices (a},), which are allowed to take
on variable phase angles, 0° and 180° in this case.

P

52

Figure 2. 50% equiprobability ellipsoids of the disposition of the thio-
methyl groups in the pentakis(thiomethyl)cyclopentadienide anion.

pentakis(thiomethyl)cyclopentadienide anion is listed in Table IV.
Figure 1 is a stereodiagram of the packing in the unit cell, and
Figure 2 shows the arrangement of thiomethyl groups (without
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Table III. Bond Lengths (A) and Bond Angles (Deg)®

Wudl et al.

atoms bond length atoms bond length atoms angles atoms angles
As-C21 1.879 (10) $1-C1 1.78 (1) C31-As-C41 109.2 (4)  H32-C32-C33 119.8
As-C11 1.913 (9) $2-C2 1.73 (1) C16-C11-C12  119.0(9) C31-C32-C33  118.1 (10)
As-C31 1.921 (9) $3-C3 1.76 (1) H12-C12-C13 115.9 H33-C33-C32 117.8
As-C41 1.948 (10) S4-C4 1.71 (1) H12-C12-C11 122.2 H33-C33-C34 123.3
C11-C16 1.33(1) 85-C5 1.71 (1) C11-C12-C13  121.7(9) C32-C33-C34 118.8(11)
cll-Cl2 1.38 (1) $1-C10 1.80 (1) H13-C13-C12 123.0 H34-C34-C33  115.9
C12-C13 1.34 (1) $2-C20 1.80 (1) H13-C13-C14 116.7 H34-C34-C35 124.4
C13-C14 1.34 (1) C12-C13-C14  120.2 (10) C33-C34-C35 119.6 (11)
C14-C15 1.39 (1) $3-C30 1.77 (1) H14-C14-C13  119.5 H35-C35-C34 1147
C15-C16 1.37 (1) $4-C40 1.83(2) H14-C14-C15 123.7 H35-C35-C36 123.6
C21-C26 1.39 (1) $5-C50 1.74 (2) C13-C14-C15 1168 (10) C34-C35-C36 121.6 (12)
C21-C22 1.42 (1) H15-C15-C14 113.7 H36-C36-C35 116.5
C22-C23 1.40 (2) H15-C15-C16 124.5 H36-C36-C31  122.9
C23-C24 1.44 (2) C12-H12 0.70 C14-C15-C16 121.6 (9)  C35-C36-C31  120.4 (11)
C24-C25 1.34(2) C13-H13 1.02 H16-C16-C15 117.6 C36-C41-C42  121.5(10)
C25-C26 1.39 (1) C14-H14 0.98 H16-C16-C11 121.9 H42-C42-C41 121.4
C31-C36 1.38 (1) C15-H15 0.99 C15-C16-C11  120.5(10) H42-C42-C43  121.5
C31-C32 1.35 (1) Cl6-H16 1.12 C26-C21-C22  120.2 (10) C41-C42-C43  117.1(11)
C32-C33 1.42(2) C22-H22 1.18 H22-C22-C21 121.2 H43-C43-C42  119.6
C33-C34 1.38(2) C23-H23 1.03 H22-C22-C23  117.6 H43-H43-C44 118.6
C34-C35 1.36 (2) C24-H24 0.99 C21-C22-C23  118.5(11) C42-C43-C45  121.7 (12)
C35-C36 1.31 (1) C25-H25 0.98 H23-C23-C22 115.8 H44-C44-C43  118.9
C41-C46 1.36 (1) C26-H26 1.03 H23-C23-C24  120.5 H44-C44-C45 121.2
C41-C42 1.40 (1) C32-H32 1.10 C22-C23-C24 1184 (12) C43-C44-C45  119.8 (12)
C42-C43 1.37Q2) C33-H33 1.06 H24-C24-C23 116.8 H45-C45-C44  118.9
C43-C44 1.39(2) C34-H34 0.98 H24-C24-C25 120.2 H45-C45-C46  120.5
C44-C45 1.33(2) C35-H35 0.98 C23-C24-C25 1229 (11) C44-C45-C46  120.6 (12)
C45-C46 1.40 (2) C36-H36 1.07 H25-C25-C24 121.3 H46-C46-C45  120.0
C1-C2 1.42 (1) C43-H42 0.99 H25-C25-C26 120.2 H46-C46-C41  120.9
C2-C3 1.42 (1) C43-H43 1.03 C24-C25-C26  118.5(11) C45-C46-C41  119.1(12)
C3-C4 1.44 (1) C44-H44 1.06 C5-C1-C2 109.4 (10) C4-C3-S3 124.4 (9)
C4-C5 1.42 (1) C45-H45 0.99 C1-C2-C3 107.0(9)  C1-C5-S5 128.0 (12)
C5-C1 1.39 (1) C46-H46 1.04 C2-C3-C4 108.2(9)  C4-C5-85 123.2(11)
C5-C4-C3 106.7 (9)  C5-C4-S4 128.8 (11)
atoms angles atoms angles C1-C5-C4 108.7 (10) C3-C4-S4 124.4 (10)
C21-As-Cl1 108.8 (4)  H26-C26-C25 121.2 C5-C1-S1 122.7(11) C1-81-C10 102.5 (6)
C21-As-C31 108.8 (4)  H26-C26-C21 117.5 C2-C1-81 127.8 (10) C2-S2-C20 101.4 (6)
C21-As-C41 108.9 (5)  (C25-C26-C21  121.3(10) C1-C2-52 129.6 (10)  C3-83-C30 101.8 (6)
Cl11-As-C31 109.1 (4)  C36-C31-C32 121.4 (10) C3-C2-82 1232 (10) C4-54-C40 101.0(7)
C11-As-C41 111.9(4)  H32-C32-C31 121.2 C2-C3-83 127.1 (10)  C5-85-C50 105.8 (8)

¢ Bond distances and angles involving hydrogen do not have esd’s associated with them since the hydrogen atoms were not refined (see text).

hydrogens) about the cyclopentadienide and the labeling of in-
dividual atoms (ORTEP-1i diagram, 50% equiprobability ellipsoids).

The most striking feature of this structure is the relative ori-
entation of the methyl groups in the pentakis(thiomethyl)cyclo-
pentadienide anion (Figure 2). A priori one would have expected
the methyls to be rotationally disordered about their Cp—S bonds
or at least have all but one of the methyls “trans” relative to its
neighbor. However, examination of Figure ! reveals that the
crystal packing is dominated by the tetraphenylarsonium lattice
and thus the anions are relegated to the minor role of fitting into
the residual voids whose shape dictates four thiomethyls up and
one down.

The arrangement of the thiomethyl groups relative to the cy-
clopentadienide ring gives the anion approximate C; symmetry.
The Cs core of the anion is planar with a maximum deviation from
planarity at C3 of 0.011 (11) A; the average of the bond distances
within the ring is 1.42 £ 0.02 A.¥* The sulfur atoms of the
thiomethyl substituents lie approximately in the Cs plane; the
maximum deviation from the plane is 0.186 (3) A at S3. The
sulfur to ring distances are S1-C1 = 1.78 (1) A, S2-C2 = 1.73
(1) A, S3-C3 =176 (1) A, S4-C4 = 1.71 (1) A, and S5-C5
= 1.71 (1) A. These values are slightly smaller than the sum of
the covalent radii of sulfur and sp?-hybridized carbon (1.78 A).14
Because of electron-electron repulsion between the negatively

(13) Throughout the text, esd’s on individual distances etc. are shown in
parentheses. Esd’s on average distances etc. are distinguished by being written
in the form x.xxx A etc. and are calculated from o = [(X - X))?/N - 1]1/2,
where X is the mean, X; is the value of the jth observation, and &V is the number
of observations.

(14) Cotton, F. A.; Wilkinson, G. “Advanced Inorganic Chemistry”, 2nd
ed.; Wiley: New York, 1966; p 105,

charged ring carbon atoms and the lone pairs on the sulfur atoms,
we expected these bonds to be larger than the sum of sp*-hy-
bridized carbon and divalent sulfur covalent radii. This dis-
crepancy leads us to suggest that the bond order between the ring
carbon atoms and the thiomethyls is higher than 1.0. The sulfur
to methyl distances range from 1.74 (2) A for S5-C50 to 1.83
(2) A for S4-C40, with an average of 1.79 £ 0.03 A.1* The angles
at sulfur are normal with C1-S1-C10 = 102.5 (6)°, C2-S2-C20
= 101.4 (6)°, C3-S3-C30 = 101.8 (6)°, C4-S4-C40 = 101.0
(7)°, and C5-S5—C50 = 105.8 (8)°; the average of these values
is 102.5 £ 1.9°.13

Exploration of the reaction of pentakis(thiomethyl)cyclo-
pentadienide with actinide and lanthanide ions and preparation
of pentakis(selenomethyl)cyclopentadienide are in progress.

Experimental Section

Reagents and General Techniques. Methyl disulfide, sodium hydride
(50% oil dispersion), dicyclopentadiene, and tetraphenylarsonium chloride
hydrate were obtained from Aldrich Chemical. Cyclopentadiene was
prepared by thermal cracking of dicyclopentadiene.

All reactions and subsequent handling of materials were performed
under argon by employing Schlenk techniques. Unless otherwise stated,
solvents were reagent grade and thoroughly dried and degassed before
use. Products were dried at 25 °C under vacuum.

Sodium 1,2,3,4,5-Pentakis(methylmercapto)cyclopentadienide. To a
suspension of 21.8 g (0.454 moles) of sodium hydride in 250 mL of THF
at 0 °C was added 5 g (6.25 mL, 7.56 X 102 mols) of cyclopentadiene.
After the formation of sodium cyclopentadienide was complete, 35.6 g
(33.6 mL, 3.78 X 107! mol) of methyl disulfide was added dropwise.
When the vigorous evolution of H,(g) had subsided, the reaction mixture
was warmed to ambient temperature and stirred for 72 h. The sodium
methylmercaptide which precipitated was removed by fiiltration and the
filtrate evaporated to dryness. The resulting yellow-brown residue was
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Table IV. Least-Squares Planes (and Esd’s)® and Dihedral Angles

atom® dev, A atom? dev, A

(A) Cyclopentadicuyl Plane in the
1,2,3,4,5-Pentakis(methylmercapto)cyclopentadienide Anion

Plane: -0.7959X + 0.2355Y — 0.5578Z =-9.3698

C1* 0.006 (12) S4 —-0.024 (4)
C2* -0.010 (12) SS 0.093 (5)
C3* 0.011(11) C10 1.553(15)
C4* -0.009 (11) C20 -1.410(17)
C5* 0.003 (13) C30 —-1.457 (14)
S1 -0.060 (4) C40 -1.390(7)
S2 0.084 (4) C50 —-1.483 (22)
S3 0.186 (3)

(B) Phenyl Planes in the Tetraphenylarsonium Cation
Plane I: 0.6165X + 0.7706Y — 0.1615Z = 4.5201

Cl1* —-0.015(10) C15* 0.015 (14)
C12* 0.023 (12) Cl16* 0.004 (11)
C13* -0.007 (12) As 0.087 (1)
C14* -0.012 (12)
Plane II: -0.7215X + 0.1845Y — 0.6673Z =-8.5286
C21* -0.013 (10) C25* 0.007 (14)
C22* 0.009 (12) C26* 0.005 (11)
C23* 0.014 (14) As -0.157 (1)
C24* —-0.034 (14)
Plane III: 0.2808X — 0.8098Y — 0.5152Z =-5.8786
C31* 0.001 (10) C35%* 0.007 (14)
C32* -0.000 (11) C36* —-0.003 (11)
C33* 0.003 (14) As -0.069 (1)
C34* —-0.009 (13)
Plane IV: 0.2436X + 0.4414Y — 0.8636Z =—4.5619
C41* 0.007 (9) C45* 0.008 (17)
C42* -0.006 (12) C46* -0.012(13)
C43* 0.001 (12) As 0.068 (1)
C44* -0.000 (13)

Dihedral Angles between Phenyl Planes

plane plane angle, deg

I I 101.24

I 111 111.57

I v 50.97

11 111 90.47

11 v 61.18

111 v 81.02

% Equations of planes are expressed in orthonormal (A) coordi-
nates (X, Y, Z) which are related to the fractional coordinates
(%, y, z) by the transformation:

X a 0 ccosf x
Y =0 b O y
zZ 0 O c¢sing z

b Those atoms marked with an asterisk were given unit weight in
the corresponding plane; those unmarked were given zero weight.

dissolved in 2 minimum amount of THF (~ 10 mL) and reprecipitated
by slowly adding 400 mL of ether. The resulting white sodium salt was
filtered and dried; yield 12.20 g (51%). Further characterization of this
salt was difficult due to instability. It was therefore converted to the
tetrapheylarsonium derivative.

Tetraphenylarsonium 1,2,3,4,5-Pentakis(methylmercapto)cyclo-
pentadienide. A solution containing 2.2 g (6.9 X 107> mol) of the above
salt in 100 mL of water was treated dropwise with a solution of 3.0 g (6.9
X 107 mol) of tetraphenylarsonium chloride hydrate in 100 mL of water.
The yellow precipitate which formed was stirred for 0.5 h, filtered,
washed with water (3 X 10 mL), and dried. Recrystallization from
acetonitrile /ether afforded 2.6 g (54%) of bright yellow prisms. mp
184-184.4 °C; NMR (CD;CN) é (ppm relative to Me,Si) 7.77 (20 H),
2.20 (15 H). Anal. Caled for C34H3sSsAs: C, 60.15; H, 5.20: S, 23.62;
As, 11.04. Found: C, 60.00; H, 5.28, S, 23.72; As, 11.11.

Collection and Treatment of X-ray Diffraction Data

The crystal chosen for the structural analysis was a yellow prism of
approximate dimensions 0.28 mm X 0.33 mm X 0.25 mm. The crystal
was wedged into a 0.3-mm diameter thin-walled glass capillary, which
was subsequently flushed with argon, flame-sealed, fixed into an alu-
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minum pin with beeswax, and set in an eucentric goniometer head.

The crystal was now placed inthe goniostat of a SYNTEX P2, four-
cycle automated diffractometer controlled by a Data General NOVA
1200 computing system. After accurate centering in a monochromated
Mo Ko X-ray beam, the crystal’s relative orientation and accurate unit
cell parameters were determined and intensity data were collected as
described previously.!> The crystal was found to be monoclinic, and
perusal of the preliminary data set revealed the systematic absence OkO
for k = 2n + | and hO! for | = 2n + I, which are consistent with the
centrosymmetric space group P2,/c [C3;, No. 14].

Upon completion of intensity data collection, the effects of absorption
were assessed by measuring five reflections of varying 26 values at 10°
intervals of Y (the azimuthal angle, corresponding to rotation of the
crystal about its diffraction vector for that reflection) from ¢ = 0° to
350°. The worst “y scan” was for the 254 reflection (20 = 22.02°,
max/min = 1.202) which showed a variance from the mean of 5.72%.
This result coupled with the small absorption coefficient (Table I) and
relatively uniform crystal shape indicated that absorption was not a
problem in this system.

The primary data set was now transferred to the IBM 370/195 central
computing system at Argonne and was converted to a set of squared
structure factor amplitudes (F2). Equivalent reflections were averaged
into a final symmetry data set.

Specifics of data collection and treatment are listed in Table i.

Solution and Refinement of the Structure

All calculations were performed on the IBM 370/195 computer.
Programs used in the structural analysis were part of the crystallographic
programming package available in the chemistry division of Argonne.!6

The atomic scattering factors for all neutral nonhydrogen atoms were
taken from the compilation of Cromer and Waber,'” and Stewart’s
scattering factors for hydrogen were used;'® the real (Af”) and imaginary
(Af”) components of anomalous dispersion were included for all nonhy-
drogen atoms.!®

The function minimized throughout the least-squares refinement was
w(|Fy| - |F{])?, where w = {a(F,)}"%. Discrepancy indices and goodness-
of-fit (GOF) are defined as Ry = [T||F| - [Fdl/ZIFo] X 100(%), Rys
= [Zw(F| = IF)?/ ZwWIF*1*/? X 100(%), and GOF = [T(|F,| -
IF.))?/NO - NV]!/2, where NO is the number of independent observa-
tions and NV is the number of variables in the least-squares refinement.

The structure was solved by use of the tangent formula as used in
MULTAN.?® The calculation of normalized structure factor amplitudes
(|E]) and the application of MULTAN to the solution of X-ray structures
as used here have been described previously;?! the statistical distribution
of |E|'s and MULTAN data specific to the solution of this structure are
collected in Table II, The given solution was used to phase an “E-map”
from which the positions of the arsenic atom of the cation, two sulfur
atoms of the anion, and eight ring carbon atoms were located. An
observed Fourier synthesis based on these positions led to the location of
all of the other nonhydrogen atoms in the asymmetric unit. A difference
Fourier synthesis revealed a high degree of anisotropy around most of
the nonhydrogen atoms; anisotropic thermal parameters were included
for all of these atoms and the structural refinement converged to Ry =
12.0% and GOF = 4.896 for the 2749 reflections with F, 2 o(F,).

The location of hydrogen atoms was undertaken and a difference
Fourier synthesis showed the position of all 24 phenyl hydrogens, but no
unambiguous positions could be obtained for the methyl hydrogens of the
1,2,3,4,5-pentakis(methylmercapto)cyclopentadienide anion. The phenyl
hydrogens were included in the model by fixing their located positions
and holding their thermal parameters at 5.0 A% 89 reflections with
AF/a(F,) = 10.0 were not included in subsequent least-squares cycles.
Refinement with 361 parameters converged with Rp = 10.15%, Ryr =

(15) Churchill, M. R,; Lashewycz, R. A.; Rotella, F. J. Inorg. Chem. 1977,
16, 265. See also “Fortran Operations Manual: SYNTEX P2,”, SYNTEX
Analytical Instruments: Cupertino, CA 1975.

(16) Structural analysis programs include MULTAN 74 package (phase
determination from |E|'s via the tangent formula by P. Main, M. M. Woolfson,
and G. Germain), LsQR1 (full-matrix least-squares refinement routine, adapted
from ORXFLS3 by W. R. Busing and H. A. Levy), Canterbury Fourier Routine
(by R. J. Dellaca and W. T. Robinson), ORFFE (distances, angles, and esd’s
calculation by inclusion of variance—covariance effects of positional parameters
by W. R. Busing and H. A. Levy), PLANE (least-squares planes, esd’s, and
dihedral angles calculations by M. E. Pippy), and OR tep-11 (thermal ellipsoid
ploting routine by C. K. Johnson).

(17) Cromer, D. T.; Waber, J. T. Acta. Crystallogr. 1965, 18, 104.

(18) Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J. Chem. Phys. 1965,
42, 3175,

(19) Cromer D. T.; Liberman, D. J. Chem. Phys. 1970, 53, 1891.

(20) Germain, G.; Main, P.; Woolfson, M. M. Acta. Crystallogr., Sect.
A 1971, A27, 368.

(21) Churchill, M. R,; Rotella, F. J. Inorg. Chem. 1978, 17, 2614.
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15.95%, and GOF = 2,916 for 3067 reflections and Ry = 8.65%, R,r =
15.76%, and GOF = 3.310 for 2652 reflections with F, = o(F,); the
data-to-parameter ratios were 8.50:1 for all included data and 7.35:1 for
F, 2 a(F,) reflections. The final difference Fourier map showed peaks
of approximate density 0.85 ¢ A-? within 1.25 A of the sulfur atoms in
the cyclopentadienide anion. Since no suitable disorder model could be
included in the refinement to account for the contribution of the methyl
hydrogens, the analysis was declared complete.

Final positional and thermal parameters are given in the supplemen-
tary material.
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Abstract: Bacteriopheophytin is a key component in the mechanism by which photosynthetic bacteria transduce solar energy
into chemical form. The structure of methy! bacteriopheophorbide a, a bacteriopheophytin derivative, has been determined
by three-dimensional X-ray diffraction. The compound crystallizes in space group P! in a unit cell containing a molecule
of methy! bacteriopheophorbide and a benzene molecule of crystallization, with lattice constants @ = 7.2502 (8) A, b = 8.1070
(9 A c=17.224(5) K, a =90.80 (2)°, 8 =94.17 (2)°, and y = 110.38 (1)°. The structure has been refined with isotropic
thermal parameters on F by full-matrix least squares to Rp = 0.110, based on 860 reflections. The molecules associate in
chains via v—7 interactions with ring I of one molecule overlapping ring III of its neighbor with a vertical separation of 3.6
A. The one-dimensional chains form two-dimensional layers without the intervention of the hydrogen bonding by water molecules
previously reported for chlorophyllides. This work represents the first crystallographic determination of a bacteriochlorin and
confirms the canonical structures and relative orientations of the five chiral centers of bacteriochlorophyll a derivatives.

Photosynthetic bacteria, plants, and algae harvest light via an
antenna network comprised of bacteriochlorophylls or chlorophylls
and funnel the incident light into reaction centers. In these special
environments, an array of (bacterio)chlorophylls transduces the
gathered photons into oxidants and reductants that drive the
biochemistry of the organisms.>®* Reaction centers of purple
bacteria® contain four bacteriochlorophylls (BChl), two bacter-
iopheophytins (BPheo, metal-free BChls) and other components
of the electron transport chain. A “‘special pair” of the BChls5’
acts as electron donor and transfers an electron to BPheo’ within

(1) (a) Department of Energy and Environment. (b) Chemistry Depart-
ment, BNL. (c) University of California.

(2) Clayton, R. K.; Sistrom, W. R., Eds. “The Photosynthetic Bacteria”;
Plenum Publishing Cor.: New York, 1978.

(3) Govindjee, Ed. “Bioenergetics of Photosynthesis”; Academic Press:
New York, 1975.

(4) Olson, J. M.; Hind, G., Eds. Brookhaven Symp. Biol. 1976, 28.
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4 ps of excitation,'® possibly via one or more of the remaining
BChls."! The BPheo anion in turn reduces a quinone in ~200
ps.® The rapid translocation of the electron away from the primary
donor, via BPheo, thus stabilizes the charge separation and
minimizes wasteful back reactions.

Although several crystallographic determinations of chlorophyll
derivatives have been reported,'?”!* no corresponding data exist
for bacteriochlorophylls, except for the structure of a BChl protein
at 2.8 A resolution.’® We report here the crystal and molecular
structure of methy! bacteriopheophorbide a (MeBPheo), a bac-
teriopheophytin in which the esterifying fatty alcohol side chain
found in vivo has been replaced by a methyl group (I). Although
the precision of this study is limited by the extremely small size
of the sole crystal obtained, the results (1) confirm the structures
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