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ABSTRACT

The structure of ethylene trithiocarbonate oxide (1)
‘has been determined by X-ray analysis, providing the first
experimental values for bond parameters in a substance

containing the thiocarbonyl oxide grouping. The csrbon-

=°

{_Kf

sulfur-oxygen-angle is 109.h(7)°. The carbon-sulfur and
sulfur-oxygen bond distances for this group are 1.6L(1) 2
and 1,50(1) K, respectively. The oxygen is 0.25 R out of
the‘plane formed by the three sulfurs and the carbogabetween
them. The dihedral angle between the oxygen and adjacent
ring sulfur, looking down the carbon sulfur double bond,

is 90. The carbon-sulfur bonds of the trithiocarbonate
group in the five membered ring have lengths of 1.73(1) R
and 1.72(1) X, and thus show considerable double bond
character. The final R value was 12.7.
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The crystal structure of the alpha~bromoketone from
photocaryophyllene D (II), one of the four isomeric products
from the.photolysis'of caryophyllene and isocaryophyllene,

hes been determined by x-ray diffraction,

/.'13
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From its'spectral and chemical properties this compound

was believed to be a stereoisomer of photocaryophyllene A.
This proved to be the case: it differs only in the coﬁfigur-
ation of the methyl group on the thfee-membered ring-which
is cis-fused to the eight-membered ring., The dihedral

angle of the four membered ring is 28°. The final R value

was 1l.3.



INTRODUCTION I

The stereochemistry of bonding about sulfur has long
been of interest, Phillips (1925) isolated the first optic-
ally active sulfigaté. The source of the optlcal activity
of sulfinates and sulfoxides 1s the asymmetric pyramidal
sulfur atom. The carbon-sulfur-oxygen bond angle in sulfox-
ides and sulfinates is remarkably constant, 107(1)0, while
the carbon-sulfur-carbon bond angles show erratic varlations
(Abrahams, 1956).

Interest in isomerism due to sulfur led to the dis-
covery of geometrical isomerism about a carbon-sulfur
" "double bond" by King and Durst (1963), who isolated two
isomers of oxythlobenzoyl chloride, By a combination of
Us Ve, I, Rey, N. M. Ry, and dipole moment measurements,
these isomers were hypothesized to contain the oxythiocar-
bonyl group and to be cis-trans isomers. The isomer with
the larger dipole moment (mu = 3,97 D) was considered to have
the oxygen cis to the chlorine, and the isomer with the
smaller dipole moment (mu = 2,63 D) was assigned the trans
configuration, ‘The cis isomer is transformed into the trans
on heating; the half-life of the cis lsomer is 0.75 hours
in refluxing toluene and about 8 hours in refluxing carbon

tetrachloride,



The postulation of cis-trans isomerism about a
carbon-sulfur double bond, requiring that the oxythio-
carbonyl group is not linear but bent at some angle, led to
the decision to attempt the determination of the geometry
of thls system by X~ray analysis., The oxiae of ethylene
trithliocarbonate was chosen for the structure determination
because of the simplicity of the structure, the ease of

crystallization of the compound, and its avallability.



PRELIMINARY INVESTIGATION I

Ethylene trithiocarbonate oxide, m.p. 610, was
obtained by the oxidation of ethylene trithiocarbonate by
lead tetraacetate according to the mefhod of Doane, et al.
(1965)., It was found that crystals sultable for X-ray
enalysis could be obtained by recrystallization from an
ethanol n-pentane solution. The yellow crystsls of ethylene
trithiocarbonate oxide are unstable to the atmosphere, It
was discovered, however, that spraying the crystals with
Teflon preserved them for about three days of X-ray analysis.

The oscillation photograprh taken with the needle
axis perpendicular to the X-ray beam showed no symmetry, nor
did the corresponding O-level VWelssenberg. This lack of
syimetry on both oscillation and 0O-level Weissenberg photo=~-
graphs around an axis indicates triclinic geom. 1In the
search for other axes, no symmetry was found andAthe cerystal
system was assumed to be tricliniec,

It was necessary at this point to determine &, b,

Cy <y £y and ¥, for a triclinic cell, This was done by
shooting around three axes of the crystalxin which efch of
the O-level Weissenbergs showed two axes, one of which was
present on a O-level Welssenberg around a different axis,

end the other on the third O-~level photograph,
3



The direct axial cell lengths a, b, and ¢ were
determined from the oscillation photograph perpendicular

: °
to the corresponding sxis to be T7.20(1) X, S.431(1) A, and

3*

8.16(1) X, respectively. zx*, &, and ¥* were obtained
from the 0O-level Welssenbergs around these axes and were
determined to be 80.0(1)°, 83.0(1)°, and 105.1(1)°, re-
spectively. These reclprocal angles were then converted
to real angles (o = 102.u°, QA= 100.10, and = 73.30).
The reclprocal axial lengths a*, b%, and c* were determined
from the 0O-level Welssenberg photographs and were found to
be 0.1465 g1, 0.196l; 271, anda 0.1269 871, A1l measure-
ments on the photographs were made using a traveling
microscope graduated to one hundredth of a millimeter.

The volume of the unit cell was calculated to be
é9u(l) KB, and ﬁhe density wes observed to be 1.69(1)
gm/cm3 by flotation in a tetrachloromethaneniodobehzene
solution. From the volume of the unit cell, the density,
and- the molecular weight (152), the number of molecules of
ethylene trithiocarbonate oxide per unit cell was defer-
mined to be 2.00(2). There are two space groups in the
triclinic crystal system, P1 and Pl. PI contains two asym-
metric units per unit cell related by a center of symmetry
while Pl contalns only one asymmetric unit and is non-
centrosymmetric. The space group was presumed to be PI

with two molecules per unit cell related by a center of

symmetry.



In addition to determining the space group in the
triclinic system it is necessary to decide whether the
unit cell chosen is triobtuse or triacute. The decision
was made on the basis of the volumes of each of these unit
cells compared to the volume obtalned independent of any
real angles. A volume of 302 33 was calculated for the
triobtuse cell while the triacute cell had a volume of
29 XB. The volume obtained independent of any real angles
was 294 33, indicating a triacute cell. This assignment
.was verified by comparison of the intensities of common
reflections on upper level photographs taken around two

different axes.



EXPERIMENTAL I

Collection of Intensity Data

All the intensity data were collected using a fine-
focus copper target operated at forty kilovolts and twenty
milliamperes., A nickel filter provided filtration of the
X~beta radiation, The intensity data were collected by the
multiple film technique, in which a Welssenberg photograph
was taken with a pack of three fllms for a period of twelve
to sixteen hours and another was taken for one hour with a
pack of three films, Zero through fourth level Welssenberg
photographs around the needle axis (b) were taken in this
manner, Intensity data were also collected around the c=

axis in order to provide inter-layer scaling of the needle

axis data,

Indexing of the Weissenberg Photographs

Indexing of the O-level Weissenberg photographs
presented no difficulty, since the exes are linear and sym=
metrical, However, indexing’the upper level Welssenberg
photographs was a problem because the axes are bent, non-
symmetrical, and shifted. The techniqﬁe vwhich was found to
be successful In indexing these photographs was the use of
O-level photographs taken around other axes, Comparison of.
the intensities of reflections cormmon to both the O-level

| 6



end upper level photograph was made Iin attempts to locate
the axes on the upper level photograph., Once the axes were

found, the non-axial spots were readily indexed,

Determination of the Observed Structure Factors

The relative intensity of each reflection was deter-
mined visually by comparison to a calibration film, which
contained a series of exposures linearly increasing in den-
sity. Inter-film scale factors were determined, and a raw
intensity for each reflection was calculated, The Lorentz-
Polarization factor (a function of the Bragg angle) was then
applied to each reflection in order to obtain the relative
observed structure factors. An inter-layer scale factor was
then determined for each level by comparison with common
reflections on the 0-level shot perpendicular to the c-axis,
The intensities of the reflections in each level were then
multiplied by the appropriate scale factor in order to put’

ell of the intensities on a common scale,



SOLUTION OF STRUCTURE I

Although Fl is a centrosymmetric space group and a
solution to the structure might have been achieved by direct
methods, it was decided that solution of the Patterson map
might be the most straightforward approach. Since the
ethylene trithiocarbonate oxide molecule has three sulfurs
and there are tw molecules per unit cell, related by a
center of“symmetry, there are intramolecular vectors giving
the orientation of the three sulfurs in the unit cell as
well as intermolecular vectors which represent the location
of the three sulfurs in the unit cell (Table 1), Since
three of the intramolecular vectors coincide with three
others, there must be three double strength vector peaks
close to the origin, Since three of the nine intermolecular
vectors coincide with three others, there are three double
strength vectors and three normal strength'vectors not
necessarily close to the origin,

A two-dimensional sharpened Patterson map was cal-
culated using the one<hundred and five reflections of the
O-level Weissenberg perpendicular to.the needle axis (b).,
This gave a projection down the b-axis of the nine vectors
plus the symmetry related ones as shown in Figure 1, Three

double strength vector peaks were close to the origin and

8
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10
gave an acceptable orlentation of the molecule. These were
chosen as the intramolecular vectors. The coordinates of
one of these peaks were assigned to the X, - X5, 29 = 2z
vector and the cbordinateS‘of another peak were assigned to
the X - x3, zq = 23 vector. Expressions for Xps X35 Zps
and z3 in terms of x,; and z; were thus obtained from the
equations resulting from these vector assignments. These
expreséions for xp, X3s 22, and z3 were then substituted in
the intermolecular vector expresslons xy + X5, 29 + 2, and
Xy + X3, 23 + 23 to give the vectors 2xy - 7, 227 - 5.5 and
2x, + 12.5, 2zq - 1, respectively. Each of the remaining
intermolecular vector peaks was then considered to be each
of these vectors. Two solutlons for x; and z; were thus ob-
tained from the equations resulting from each vector peak.
The two peaks which gave ildentical solutions for xy and 2z
were ldentified as the Xy + Xp, 2y + 25 and xq + X35 23 + z3
vectors. The coordinates of the second and third sulfur
atoms were then obtalned by substitutions in the appropriate
sets of equations. Once the coordinates were known, it was
easy to calculate where each of the remaining peaks should
lie in the Patterson map. These calculated peaks checked
with those observed in the Patterson.

Structure factor calculatioﬁs were made using the x
eand z coordinates of the three sulfur atoms and an R value

of 35.7 was found. A two-dimensional Fourier map projected



11
doun the b-axis was calculated, revealing the x and z co-
ordinates of the three carbons and oxygen. The R value of
18.6 was obtained when all seven atoms were included in the
calculation of the structure factors,

The y coordinates of the sulfur atoms were deter-
mined by use of a three-~dimensional Patterson map. Having
solved the structure in two dimensions, it was possible to
calculate the x and z coordinates of each of the nine
vectors. The nine vectors were thus located and the y co-
ordinate of each sulfur atom was determined. At thils point
it was possible to estimate the y coordinates of the three
carbons aﬁd the oxygen by knowing thelr x and z coordinates
and the x, ¥y, and z coordinates of the three sulfurs,
Structure factors were calculated teking into account the
positions of all seven atoms and the R factor of 36.6 was
obtained with poorly scaled data,

After the date had been cross axis scaled and three
cycles of least squares l1sotropic refinement had been
carried out, the R value of 21.3 was obtained. Three cycles
of anlsotropic refinement dropped the R factor to 13.9.
Mlowing the interlayer scale factors to vary while the
temperature factors were held constant gave the R value of
13,0, Three cycles of anisotropic refinement were then run,
giving a final R value of 12.7.

The final coordinates of the atoms are given in

Table 2, and the temperature factors are shown in Table 3.
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The bond distances and bond angles calculated from the co-
ordinates are listed in Table li and Table 5, respectively,
with their standard deviations, The final observed and
calculated structure factors are given in Table 7. The
estimated standard deviations in the bond distances and
.bond angles were determined by the Oak Ridge error program

ORFFE.



DISCUSSION OF RESULTS I

The crystal structure reveals that the atoms in
pthylene‘trithiogarbonate oxide are arranged in parallel
planes related by a center of symmetry. The dlstance be-
tween the planes of the atoms calculated by the method of
least sguares is 3.9 K. No atom deviates from the least
squares plane calculated for all the atoms more than 0.3 X,
except carbon-2 which is 0.63 X from the plane., The most
planar part of the molecule is the trithlocarbonate grbup.
The deviations of atoms from this plane are shown in Table

6, The atoms of the five-membered ring deviated as much as

+ 0.3 X from the least squares plane calculated from them.
The bond distances and bond angles are shown on the ORTEP
plots in Figure 2 and Figure 3, respectively. The ellipsold
of vibration for each atom of the ORTEP plots were calcu-
lated from the temperature factors of the atom by the Oak
Ridge program,.

The parameters of the oxythiocarbonyl group, al-
ithough never determined before, are conslstent with those
of analogous compounds. The sulfur-oxygen bond length of
1.50(1) 3 compares with values of 1.47(l) R ana 1.43(1) 2
for dimethyl sulfoxide and sulfur dioxide, respectively,
The carbon-sulfur "double bond" length is 1.6L(1) )

13
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Figure 2. Bond Distances I (R)
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Figure 3.

Bond Angles I (degrees)
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corresponding to that of 1.68(2) 2 for o~thiopyridone.
The value of 1.6l R gives the carbon-sulfﬁr "Jouble bond"
of the oxy-thiocarbonyl approximately 90% double bond char-
acter (Abrahams, 1956), |

The carbon-sulfur-oxygen angle of 109.1;(7)o is
consistent with the use of atomic orbitals for the sulfur
with a 190 expansion of the expected 90o angle due to
electrostatic repulsion between the oxygen and adjacent
ring sulfur., This repulsion is probably also responsible
for the oxygen being 0,25 R out of the plane formed by the
three sulfurs and the carbon between them. "The dihedral
engle between the oxygen and the asdjacent ring sulfur,
looking down the sulfur-carbon “double bond", is 90. The
oxygen~sulfur-oxygen angle of 119.0(5)o in sulfur dioxide
(Abrshams, 1956), which probably has the most similar sul-
fur atom, may be greater due to even more electrostatic
repulsion, |

The carbon-sulfur-carbon bond angle of 9Mo7(7)o can
be explained in terms of the use of atomic orbitals on sul-
fur plus 50 of expansion due to strain caused by deviation
from 108° (the interior angle of a regular pentagon) and
also to the driving force to have the hydrogens steggered.
Compression of the ring is also indicated by carbon-2 being
0.731 ﬁ.out of the plane of the thiocarbonate group, causing

a carbon-carbon-sulfur angle of 106,9(10)0° The
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hybridization on the carbon of thé trithiocarbonate gfoup
corresponds to spz. The sulfur-carbon-sulfur bond angle of
116.8(7)0 in the five-membered ring is probably due to the
compression of the ring forcing this carbon slightly out of
the plane of the five-membered ring., The sulfur-carbon-
sulfur bond sngles of 121.7(7)° and 121.5(8)° (exterior to
the ring) correspond very closely to a sp2 hybridized car-
bon,

_ The carbon-sulfur bonds of the trithiocarbonate
group in the ring have lengths of 1.73(1) R anga 1.72(1) 2.
These values correspond to approximately 60% double bond
character and compare with thiophene where the carbton-
sulfur bond lengths are 1.74(3) 2. The cerbon-sulfur bonds
of the 1l,2-dithioethane grouping in the ring have lengths

of 1.81(2) % and 1.80 %, that of a cerbon-sulfur single
bond.



INTRODUCTION II

Ceryophyllene (III), a major constituent of clove
011, was irradiated with ultraviolet light by Ohloff (1967)
end wes found to gilve a mixture of four isomeric products,
also ClEth’ whlch were ramed photocaryophyllene A, B, C,
end D. These were obtained in a yield of 27%, 5%, 2%, end
27, respectively. Irradiation of isocaryophyllene (IV)
gives the same four isomers, but in yields of 8%, 1%, 23%,

and 19%, respectively. -

H
Y2

I11 Iv

Since the molecular formulas of these substances
were unchanged, s nqotuchemical rearrangenment mus
volved. Preliminary investigation of these compounds
showsd that of the two double bonds in the starting mabtsrial
only the one in the exocyclic methylene group remained in.
the product,

finding no other pesalble means of determining the
structure of'the photocarycphyllenss, it was decided to uss

x-ray analyels, Photocaryrphyllere A (CL5“2h was canvenrted

18
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to C1&H220 by ozonolysis and then brominated to give the

of-bromoketone (V), a suitable heavy atom derivative for
X-ray analysis. The structure was subsequently determined

by Bates and Forsythe (1967).

P e
-

From the spectra of the photocaryophyllenes and the
structure of photocaryophyllene A, it was thought that
the three isomeric photocaryophyllenes, B, C, and D are
probably stereolsomers of A differing only in configuration -
at the two asymmetric centers formed during the reaction.

It was decided to attempt the X-ray crystal structure of a
derivative from photocaryophyllene D, one of the major prod-
ucts in the photolysis of lsocaryophyllene, in order to
confirm this as well as to contribute information as to the

mechanism of‘the photochemical reaction.,



PRELIMINARY INVESTIGATION II

Photocaryophyllene D, a major product from the
photolysis of isocaryophyllene, was converted to the bromo-
ketone which was .considered to be a suitablé derivative for
'x-ray analysis. The crystals which were needles showed
extinction every 900 under the polarizing microscope. The
oscillation photograph perpendicular to the needle axis (b)
showed symmetry. In addition, two screw axes observed on
the 0O~level Weissenberg photograph were also symmetry axes,
This combination of evidence determines an orthorhombic
crystal system with either the space group P21212 or
P212121. The 0-level Weissenberg photograph around the
a-axis showed b% also to be a screw axis, defining the
space group P212121. There are four equivalent positions
in this space group related by three screw axes.

| The axial lengths a, b, and ¢ were determined to be
. 34(2) 3, 9.15(2) K, and 10.66(2) K, respectively, by
means of measurément of a%, b*, and c* on the Weilssenberg
photographs using a traveling microscope. Values for the
" lengths of a and b were also obtained from measurement of
the oscillation photogrephs around thosé axes, providing a

very good check on the cell lengths.
20
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The volume of the unit cell was calculated to be
1398.7 KB. The density was observed to be 1,35 gm/cm3 by
the flotation method. From the volume ¢ the unit cell,
the density, and the molecular weight (285), the number of
molecﬁles of photocaryophyllene D in the unit cell was de-
" termined to be ,.00(2). Since there are four equivalentA

positions in P212121, it was concluded that there is one

molecule per asymmetric unit,



EXPERIMENTAL IT

The Intenslty data were collected on a Buerger Auto-
mated Diffractometer, The goniometer, whiéh was built by
Charles H, Supper Co., New York, employs equi-indlination
Veissenberg geometry with a phi scan, which is analogous
to a horizontal scan through a spot on the Weissenberg
film. A Philips Electronic Instruments generator equipped
with voltage and current stabilization provided the x~rays.
All the data were collected using a fine~focus copper target
tube operated at forty kilovolts and twenty milliamperes.

A nickel filter provided filtration of the K~beta radiation.
The counting equipment consisted of a Philips transistorized
scintillator with a cesium iodide crystal coupled to a
Philipé-éontrol panel, The control panel provided a vol-
tage stabilizer for the scintillation tube and a pulse
height analyzer. During the collection of data, the pulse
height analyzer was set with a fifteen volt baseline and
window,

The b-2xis (needle) mounting of the crystal used on
the photographs was also used in this collection of the in-
tensity data. The automated equipment was programmed to
measure the background for 45 seconds, scan through the re-
flection for 3° at l.So/min., and count the background again

22
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for 4,5 seconds. Measurements were completed through the
eighth level, which had a mu angle of h2;ho On this level,
over half the possible reflections were still observed.

In order to determine an observed structure factor,

the raw intensity was first determined by subtracting the

sum of the background counts from the scan count. A re-
flection was considered observed if its raw intensity was
greater than twice the square root of the sum of both back-
grounds and the scan count. The Lorentz-Polarization factor
(a function of the Bragg angle) was then applied to each
observed reflection, This had been calculated previously

in the diffractometer setting program, but could not be
applied until the reflection had been measured,

The data were scaled by shooting a O-level around
another axis to determine Iinter-layer scale factorse, The
intensities of the reflections 1In each level were then
multiplied by the appropriate scale factor in order to put

all the intensities on a common scale.



SOLUTION OF THE STRUCTURE II

The structure of photocaryophyllene D bromoketone
was solvzd by the use of the "x-ray system" programs from
Sandia Corporation, The bromine was located in the unit
cell by calculation of a three-~dimensional unsharpened
Patterson map using the intensities of 872 reflections,
The equlvalent positions for P2y2424 indicate that there
are three bromine-bromine vector pesks each located on a
different Harker section., Since there was only one large
peak on the Harker section z = 1/2, it was convenient to
locate the 1/2 + 2x, 2y, 1/2 vector and to determine the
x and y fractional coordinate of the bromine both to be
approximately O.48. Knowing the y coordinate, it was
possible to identify the 1/2, 1/2 + 2y, 2z vector on the
x = 1/2 Harker section and to find the z fractional co-
ordinate to be 0,45+ The third bromine-bromine vector at
2x, 1/2, 1/2 + 2z was a successful check on these coordin-
ates, Structure factors were then calculated using thé
coordinates of the bromine atom and the R value of 39.9
was found,

A three~dimensiona1 F-observed Fourier map was
constructed by putting in the coordinates of the bromine.

The electron density map was transferred to clear plastic

2l
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sheets, which were then stacked to allow visualization of
the three-dimensional map. The electron density map clearly
showed the location of each of the atoms in the unit cell
and the structure was determined. Uslng the coordinates of
all the atoms and an overall temperaturé factor of 3.0, the
R value dropped from 39.9 with just the bromine to 28.3.
Three cycles of anisotropic refinement gave the R value of
13.2. Inter-layer scaling of the observed structure factors
to the calculated structure factors followed by three cycles
of anisotropic refinement gave the final R value of 11.3.

The final coordinates of the atoms are given in
Teble 8, and the temperature factors are shown in Table 9,
The bond distances and bond angles calculated from the co-
ordinates are listed in Table 10 and Table 11, respectively.
The estimated standard deviations in the bond distances and
bond angles were determined by the Oak Ridge error program
ORFFE. The final observed and calculated structure factors

are given in Table 12,



DISCUSSION OF RESULTS II

The crystal structure of the bromoketone from
photocaryophyllene D shows the four molecules per unit cell
%o be related by three screw axes, The molecules lie in
the plane of the x and z axes., A projection down the y-axils
shows conslderable overlap of molecules in this plane, It
was found that photocaryophyllene D is related to photo-
caryophyllene A and differs only in the configuration of the
methyl group on the three-membered ring, which is cils-
fused to the eight-membered ring. The molecule has the
configuration shown on the three-dimensional ORTEP plot in
Figure li.. The absolute configuration was derived from
caryophyllene (Robertson and Todd, 1955), since it is.un-
likely that any change in the trans-juncture of the cyclo-
butane ring of caryophyllene would occur under the conditions
of the photolysis, The intramolecular bond distances and
bond angles are given in Figure 5 and Figure 6, respectively.

| The cis-ring juncture of the three-membered ring
prevents the atoms of the cyclooctane ring from taking the
stable crown configuration as was the case for photocary-
ophyllene A, However, it was observed that the conformation
of the eight-membered ring was probably the most stable
possible as far as alleviation of interactions between the

26



Figure li. Three Dimensional ORTEP Plot II
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hydrogens were concerned. The shortest intermolecular
atomic distance 1s between the carbonyl oxygen andAthe
bromine carbon and was determined to be 3,53 K. It is ex-
pected that this is a result of a dipole-dipole interaction,
giving added stability to this arrangement. The cyclo-
butane ring of photocaryophyllene D bromoketone has a
dihedral angle of about 28o compared to the value of 23o
reported for the A-isomer, The larger dihedral éngle in
the D-isomer 1is probably due to increased torsion asbout the
carbon(8)~-carbon(1l3) bond caused by the cis-fusioﬁ of the
cyclopropane ring.

It is interesting to note that the structures of
photocaryophyllene A and D possess much of the orlginsl
ring strain and seem to add strain by formation of the new
cyclopropane ring. At least two mechanlisms can be used to
explain this rearrangement. In one mechanism, the elec-
tronically excited olefin undergoes a 1,2~hydrogen shift to
give a l,3-diradica1 which can then combine to form the
cyclopropane ring., Thls mechanism was suggested by Golub
and Stephens (1968) for a corresponding reaction of l,h-cis-
polyisoprene, ‘

A second mechanism involves opening of the nine-
rembered ring of caryophylléne with the formation of two
allylic raéicals, one of which closes to a cyclopropyl

radical and couples with the other allylic radical to form
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the photocaryophyllenes, This is somewhat analogous to
the mechanism implied by Kristinsson and Hammond (1967)

for the reaction shown below,




APPENDIX

TABLES OF EXPERIMENTAL VALUES FOR I AND II
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Vectors Generated by the Three Sulfurs (PI)

VR U S R S = T I

w o wn

Wl =Wl Wl Nl

Table 1

20 1T
X35 ¥y -
X3s Yo -
X5y Y3 *
X35, ¥y ¢t
X35 Vo +
2y1, 2z1
2y2, 222
2y3, 223

Jos
y3:

N N N N N
ST = R R (VR S
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Table 2

3l

. PFractional Coordinates and Estimated Standard Deviations I

Atom

c(1)
c(2)
c(3)
0

S(1)
s(2)
s(3)

x/a

91160
5849
.7080
«3157
1387
.7187
.9588

ESD

0017
.0022
.0019

.001l

.0005
.000L
.0005

3/o

L4387

L7130

.83h1
3242
.2256
<3741
.7380

ESD

.0027
.003l
.0030
.002);
.0007
.0007
.0007

zfc

.2210
.2392
.38L0
.2165
L7
179

- +3415

ESD

.0016
.0020
.0018
.0015
.0005
.0005
.0005



Atom

c(1)
c(2)
c(3)

S(1)
s(2)
S(3)

Table 3

Anisotropic Temperature Factors (x100) I

’911

1.09
1.86
1.50
1.20
1.h5
1.03
l.h1

6%2

 bbs

5.41
L.81
7.48
3.81
3.k
3.L6

1;38
2,11
1.83
3.16
1.74
2.13
1.77

)
12

-1.05
-0.30
-0.94
-1.40
-0.30
-0,.68
-0.87

A3

0.0l
-0.08
0.53
0.68
0.48
~0.01

0.07

35

0.02
-0.52
0.89
0.17
-0.18
-0.‘23



Table L
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Bond Lengths and Estimated Standard Deviations I

Atoms

s(1)-0

€c(1)-s(1)
c(1)-s(2)
c(1)-s(3)
c(2)-s(2)
c(3)-s(3)
c(2)-c(3)

O
Distance (A)

1.}496
1.638
1.732
1.719
1.812
1.803
1.497

ESD (2)

0.011
0.013
0.012
0.01l
0.017
0.01L
0.020



Table 5
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Bond Angles and Estimated Standard Deviations I

Atoms

G(1)-5(1)-0

S(1)-C(1)-5(2)
§(1)-C(1)-5(3)
$(2)-C(1)-5(3)
6(1)-5(2)-0(2)
C(1)-8(3)=C(3)
8(2)-6(2)-6(3)
$(3)-C(3)-C(2)

Angle (degrees)

109.36
121,16
121.71
116.82
oL, 72
Ol . Tl
106.90
110.01

ESD

0.66
0.81
0.73
0.75
0.71
0.61
1.00
0.97
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Table 6
Out of Plene Displacements Three éulfur-Carbon(l) Plane
Atom Displacement (X)
5(1) 0.0221
S(2) -0.0808
S(3) -0.0051
c(1) 0.0638
c(2) 50.7313
c(3) 0.0559

0 0.2467
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PRy 4
e

Atom

Br

Cc(1)
c(2)
c(3)
C(l)
c(5)
C(6)
c(7)
c(8)
c(9)
c(20)
c(11)
c(12)
c(13)
c(1l)

Table 8

48

Coordinates and Estimated Standard Deviations II

-

x/a

Ji1801
.3883
5276
.6026
7042
.6583
6872
63Uy
5573
1716
«3799
L3646
3696
.3239
4159

432

o
Coordinates and ESD in A

ESD

.0022
.0132
.0130
.0087
.0186
.0120
.0151
0147
.0170
.0089
.0125
.0163
.0201
.015)
015l
.0110

3/o

L4733
0980
9620
0618
.0020
.0276
15kl
.8835
9020
986,
9710
.1093
.8318
9701
9270
9991

ESD

.0021
.0136
+0126
0101
.0275
.0186
.0148
.0136

,0165

.0110
.0118
.0180
0191
.0178
.0119
<0104

z/c

Jili31
.2562
<210l
2865
.2782
.11089
L1861
L182l
.5809
.5380
6166
« 7049
.6882
927
210
.3012

ESD

.0013

.0100
0053
.0079
0140
.0133
012l
015
<0152

~.0086

0111
.0129
.01l
.0152
012}
0085



Atom

Br

c(1)
c(2)
- C(3)
c(h)
c(5)
c(6)
c(7)
c(8)
c(9)
c(10)
c(11)
c(12)
c(13)
c(1h)

Anisotropic Temperature Factors II

B13 Boo
10.4 6.6
7.6 8.7
7.7 h.6
1.3 2.1
11.2  16.7
3.0 8.2
7.6 .9
7.6 3.
1.k, 5.1
3.0 1.1
L.1 2.9
9.6 5.6
11.8 7.2
.7 6.3
17 3.0
Tolt 0.6

Table 9

B33 Bio B23 B3y
2.7 1.1 0.1  -0.6
5.1 0.5 3.2 -0.8
0.6 2.1 0.8 0.2
2.1 0.2  -1.3  -0.5
5.1 -2.8 0.8 0.1
3.6 1.2 -0.2 0.4
L -0 0.1  -1.9
5.8 0.6 0. -1.9
6.3  =0.7 1.8 -1.9
1.2 -0.5 -0.6 0.0
L.l -3.9 . -0.8 -0.2
6.3 0.9  -0.5 1.7
6.1 -2.2 1.6 1.0
L.6  -0.1  -0.3 0.!

5.0 -0.8 0.7  =2.0
2.y  -0.1 -0.3  -2.1

49
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Teble 10

Bond Lengths and Estimated Standard Deviations II

Atoms ESD Distance
c(1)-Br - 0.010 1.96
c(1)-c(2) 0.02l; 1.51
c(1)-c(1) 0.022 1.49
c(2)-C(3) _ 0.027 1.57
c(2)-C(L) 0.023 | 1.57
c(3)-c(k) 0.023 ' 1.55
c(l)~C(5) 0.028 o 1.54
C(ly)-Cc(6) 0.028 1.53
c(6)-c(7) - 0.02 1.53
c(7)-c(8) 0.021 1.53
c(8)-c(9) 0.021 1.57
C(8)-C(13) 0.019 1.55
¢(9)-C(10) 0.027 | 1.58
c(9)-C(11) 0.028 1.50
c(9)-c(12) 0.023 1.5
¢(12)-C(13) 0.019 1.6
c(13)-c(1l) 0.021 1.49
C(14)-0 0.019 .22
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Table 11
Bond Angles and Estimated Standard Deviations II

Atoms _ESD Angle (degrees)
c(1y)-C(1)-Br 1.00 | 110.7
C(1ly)-c(1)-C(2) 1.23 : 110.5
Br-C(1)-C(2) 1.01 108.0
c(1)-c(2)-c(3) 1.70 11h.7
c(1)-c(2)-c(l) 1.50 : 119.9
c{3)-c(2)-c(L) 1.06 59.6
c(2)-c(3)-c(L) 1.11 60.1
C(2)-c(l)-c(3) 1.18 60.3
c(2)-c(l)-c(5) | 1.8L 115.9
c(2)-c(L)-Cc(6) 1.68 119.0
c(3)-c(l)-C(5) 1.91 119.7
C(3)-C(h)~C(6) 1.99 11 .5
c(5)-C(L)-C(6) 1.55 116.1
C(l)-C(6)~C(T) 1.L8 1lh.1
C(6)-c(7)-C(8) 1.23 115.7
c(7)-c(8)-C(9) 1.23 118.6
C(7)-Cc(8)-C(13) 1.35 118.5
¢(9)-c(8)-c(13) 1.13 87.2
c(8)-c(9)~c(10) 1.4h7 | 111.h
€(8)-c(9)~c(11) 1.68 115.h

c(8)-c(9)-c(12) 1.13 89.2



Atoms

€(10)-C(9)-C(11)
¢(12)-c(9)-c(10)
c(12)-c(9)-C(11)
c(9)-c(12)-c(13)
c(12)-C(13)-C(8)
c(12)-c(13)-C(1hL)
- €(8)-c(13)-C(1h)
C(13)-C(1h)-C(1)
c(13)-C(1l4)-0
0-C(1h)-C(1)

ESD

1.52
1.68
1.69
1.26

1.22

1.50
1.28
1.37
1.62
1.4

52

Angle (degrees)

111.2
115.9
112.3
87.8
89.0
116.8
113.2 °
115.5
125.5
119.2



Table 12

Out of Plane Displacements for the Four-membered Ring

Atom Displacement (K)
c(8) | 0.1339
c(12) 0.1353

c(13) -0.1346
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Table 13

Calculated and Observed Structure Factors (x10) II
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