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The Crystal Structures of Some

Biologically Interesting Molecules
I THE CRYSTAL STRUCTURE OF 1-METHYLCYTOSINE HYDRCCHLCRIDE

II THE DETERMINATION OF THE CRYSTAL STRUCTURE OF A
LUMIFLAVIN COMPLEX

IIT THE CRYSTAL STRUCTURE OF THIABENDAZOLE

IV THE CRYSTAL STRUCTURE OF 5,6,6a,6ba,7,8,12b,13,14,14a-
DECAHYDRO-3~-ETHOXY ~10-METHOXY, 6a8,12b8 ,14aa~TRIMETHY L~

PYCENE

v THE CRYSTAL STRUCTURE OF 40,5,6,62,9,10,10a,10ba,11,
12-DECAHYDRO=-2-METHOXY=-7(8H) -0X0~-4b8 ,6aa,10a3 -TRI~
METHYLCHRYSENE

By Benes Louis Trus

Abstract
I Crystals of l-methylcytosine hydrochloride,
C5H8N30+'Cl°, are monoclinic, space group P2l/h, with
a = 6.695(3), b = 32,30(2), ¢ = 6,912(2) &, 8 = 104,22°,

There are eight formula units per cell, and hence two
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per asymmetric unit, Data were collected on an automated
diffractometer; the structural parameters were refined to
an R index of 0,055 for 2609 reflections., Stardard
"deviations in the bond distances are about 0,004 X,
Bond distances in the two structurally distinct
- molecules are in statistical agreement., The environments
of voth molecules are closely parallel; features of the
structure include layers of molecules joined Dby N-f+<*0
and N-Hee¢+Cl™ hydrogen bonds, relatively short C-Hes+0

interactions, and close meshing of methyl groups.

IT Crystals of lumiflavin-bisnaphthalene-2,3-diol,

Cp4H1 Ny 05,20, gHg0,, are moloclinic, space group PEI/E
with a = 20,78(2), b = 7,24(1), ¢ = 20,15(2) &, and & =
116,19 = 0,04° [A(Cu-Ka) = 1.5418 R]. "There are four
complexes in the unit cell, Data were collected at Tulane
University on an automatic diffractometer, the structure

was solved at Caltech using direct methods, and the

parameters returned to Tulane for final refinement,

This is the first molecular complex of the physioc-
logically active neutral form of isoalloxazine studied,

Each flavin is sandwiched between two napthalene molecules

with extensive overlap but a mcderately large spacing

(3.44 R),

IIL Crystals of thiabendazole, C10H7NBS, are ortnorhom-

bic, space group Pbeca, with a = 17,052(7), b = 10,998(4),
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and ¢ = 10,030(8) . There are eight formula units per
cell, Data were collected on an automatic diffractometer;
the structural parameters were refined to an R index of
0,066 for 1805 reflections, Standard deviations in bond
lengths are about 0,006 & for bonds involving carbon and
nitrogen and about 0,003 & for bonds involving suifur,

The two ring systems are approximately planar, but

twisted by 9°55' with respect to each other, The C-C

bond connecting the two ring systems is 1,442 R,

IV and V Crystals of the title compounds were obtained
as intermediates in the syntheses of the terpenes alnuse-
none and shinone, The X-ray crystal structures were used to
confirm the similar stereo chemistry of these compounds,
The decahydro-ethoxy-methoxy-trimethylpycene (called
Patrone 3) crystallizes in space group Pbca with eight
molecules per unit cell., The cell dimensions are g =
7.094(2), b = 11.823(1), and ¢ = 54,973 (5).The decahydro-
methoxy-oxo-trimethylchrysene (CHRY) crystallizes in
Space group PnaZ1 with four molecules in the unit celi,
The cell parameters are a = 29,922(4), b = 7,757(1), and
c = 7,630(4) &,

Both molecules are rather flat except for the methyl
groups, The packing is determined largely by van der Waal
interactions, Both molecules -exhibited the configuration

expected from the syntheses,
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The Crystal Structure of l-Methylcytosine Hydrochloride



Introduction

INANNANANANANANANANAANAAAN

This determination of the structure of methylcytosine
hydrochloride was undertaken as part of a program of
research on the structures of compounds related to nucleic
acids, Our particular interests in this compound were
focused on the possibility of base stacking and on deter=-
mining with high accuracy the geometry of a protonated

form of cytosine for comparison with unprotonated forms,

Crystal Data

ANNANANANNANANAAANANNA

Crystals of l-methylcytosine hydrochloride, in the
form of needles eleongated along a, were prepared by the
evaporation of dilute HCl solution. These crystals were
unstable in air for more than a few days, so the crystal
from which intensity data were obtained was covered with
a thin layer of epoxy.

The space group and approximate cell constants were
obtained from Weissenberg and precession photographs;
mecre accurate cell constants were obtained by a least-
squares fit to 26 values measured on a diffractometer,
The density was measured by floatation in a chloroform-

bromoform mixture, Crystal data are given in Table 1.



Experimental
Intensity data were measured on a Datex-automated General Electric dif-
fractometer, using Ni-filtered CuKy radiation. The crystal had approxi-
mate dimensions O.hl x 0.32 x 0.25 mm., and was mounted along a, the
long dimension. Reflections with 26 f'lhl.5° were scanned in the 6-20
mode at a rate of 2° per minute, the scan range varying from 2°at 20 =
10° to L° at 20 = 130°. A 30-second background count was recorded on
. either side of the scan range. Two sets of data were measured and av-
efaged,the crystal being rotated by 180° in phi between sets. Thus, a
complete hemisphere of the reciprocal lattice was surveyed. The agree-
ment in net intensity between the two data sets was very good -- within
the assigned standard deviations. A standard check reflection was
measured every 20 reflections; the intensity of. this standard decreased
continuously by about 5% during the two weeks of data collection. Ab-
sorption corrections ﬁere not applied.

Altogether, 2793 independent reflections were measured. Each re-
flection was assigned a variance 02(1) based on counting statistics plus
an empirical term (0.025)2, where s is the scan count. Values of Fg and
G(Fi) were derived from the net intensities by application of the
Lorentz and polarization factors and a time-dependent scale factor de-
rived fromthe fall-off of the check reflection. Any reflection for which

the net value of F% was less then or equal to zero was assigned an in-

tensity and weight of zero. There were 2609 observations in the final



data set. The 184 reflections omitted from the calculations included
11 high-angle reflections which were omitted because of grossly un-

even backgrounds, apparently due to too narrow a scan range.

Structure solution Eﬁg refinement

The coordinates of the chlorine atom were derived from a three-dimen-
sional Patterson function, and a subsequent electron density map indi-
cated the positions of the remaining heavy atoms. The resulting struc-
ture-factor calculation gave an R (= Z|Fy-Fol/S|Fol) of 0.40. Three
cycles of full-matrix least-squares adjustment of the coordinates and
isotropic temperature factors lowered R to 0.17. The hydrogen atoms
were then located on a difference map. Further full-matrix refinement
of 146 parameters -- coordinates of all 36 atoms, anisotropic tempera-

ture parameters for the 20 heavy atoms, isotropic B's for the 16 hydro-

b

v

\

gen atoms, a secondary extinction parameter { 1y ang =a cale

0
G

-

factor -- led to a final R index of 0.055, a weighted R, [= Zw(l|F,

22
ch[d)/ZwFu, where w = l/GZ(Fi)
1

-

] of 0.009 and a goodness of fit

| 12)2/(M - 8)]° for M = 2609 observations and S = 1L6

{= [Zw(lFo s

parameters} of 2.4. The largest shift in the final least-squares calcu-
lation was O.bLo,

Scattering factors were those listed in International Tables

for X-ray Crystallography (2) except for hydrogen (3). Calcu-

lations were performed at the Caltech Computing Center



on IBlM T7O40-709L and 360-75 systems using the CRYRM (4) and
CRYM systems (5). Some of the crystallographic illustrations
were produced by ORTEP (6). |

The final parameters of the heavy atoms appear in Table 2
and those of the hydrogen atoms in Table 3. Observed and calcu-
lated structure factors are listed in Table 4. The final value

of the extinction parameter g (1) was 6.8 + 0.4 x 10-6.



Discussion
ONANANNANNNANAN

Molecular configuration

The bond distances and angles in the two independent methylcyto-
sine cations are shown in Figure 1. The standard deviations in the
individual distances are about 0.004 A, and in the angles 0.15°.

Rather surprisingly, the agreement between the dimensions of the two dif-
ferent molecules is considerably better than would be anticipated from
the formal esd's. Thus, whereas the standard deviation in the differ-
ence between any pair of egulvalent bonds would be expected to be about
0.0056 & (= 0.00k x V2), the observed rms difference among the nine

pairs of equivalent bonds is only 0. 0025 A. Although this disparity is
presunably only a reflection of the poor statistics of small samples,

we take it as an indication that our formal esd's are not seriously
underestvimated.

The average dimensions of the two cations are listed in Table 5.
The standard deviations in these values -- about 0.003 A in the dais-
tances and 0.1° in the angles -- are considerably smaller than in other
structure analyses of a protonated cytosine moiety, which include methyl
cytosine hydrobromide (o0 = 0.04 A) (7) and two forms of cytidylic acid
(0 = 0.006 A) (8) (¢ = 0.009 A) (9). Values from these investigations
agree with ours within their esd's.

Also included in Table 5 are the dimensions of the neutral cytosine
ring as averaged from the values of Jeffery and Kinoshita (o = 0.00k A)
(10) for cytosine monohydrate and of Barker and Marsh (o = 0.003 A) (11)

:%ramdmmscﬁmﬁnecmmuﬂ& Not surprisingly, the



~J

most pronounced effects of protonation of the ring are adjustments of
the ring angles, focused on an gnlargement of the angle at the site of
protonation (N(3)) by over 6°. Significant changes in the bond dis-
tances include a lengthening of the C(2)-N(3) bond by over 0.02 A and
shortenings of the C(k)-C(5), C(2)-0(2), and C(4)-N(k) bonds; the latter
two changes, which involve exocyclic atoms, may reflect in part changes
in the hydrogen bonding. The expected lengthening of the N(3)-C(k4)
ond, by 0.006 A, is too small to be of statistical significance.

Both six-membered rings are closely planar (see Table 6), but some
-of the exocyclic atoms are significantly out-of-plane. Bond distances

and angles involving hydrogen atoms are given in Table 7.



Packing

The hydrogen bonding arrangement is essentially identical for
both methyleytosine cations (see Figure 1). Further details, including
average distanceé, are shown in Figure 2. Of special note are the
nicely bifurcated arrangement about one of the -NH, protons and the
relatively short C-H'**0 contacts -- which, depending on one's personal
prejudices, may or may not be hydrogen bonds. (True afficionados of
hydrogen bonds involving C-H groups may wish to add to their lists
the C(5)-H(5)---Cl groupings.) The hydrogen bond system shown in Figure
2, ircluding the C-H'**0 arrangement, is very similar to that found in
crystals of methylcytosine hydrobromide {7z in
the latter compound, bromide ions replace chloride in the positions at
the wwo cidesof the -NH, group, but a methyl group (at a rather short dis-
taree N *»+*C of 5.2 A) replaces the chloride ion in the head-on position.

A second facet of the intermolecular arrangement is a tight inter-
locking of methyl groups along the a direction. Details ofvthe packing
are shown in Figure 3. As a result of the relatively short H - H
contacts, the hydrogen atoms are entirely ordered and their temperature
factors (Table 3) are smaller than usually found for methyl groups.
This packing may also be responsible for the displacement of the methyl
group of cation A from the.best plane of the pyrimidine ring (Table 6).
For both cations the conformation about the N(l)-C(l) bond is gauche,
whereas in methylcytosine hydrobromide (7) one
methyl hydrogen atom is required by symmetry to be eclipsed with

respect to the benzene ring.



Packing drawings of the structure are shown in Figures L
and 5. Methylcytosine cations of type A lie near y = O and 1/2,
while those of type B lie near y = 1/L4 and 3/4. Hydrogen bonds
involving the c¢chloride ions connect an A cation with a B, forming
ribbons two molecules wide, stretching along the a direction and
oriented parallel to the ab plane. Adjacent ribbons in the sanme
plane are held together by interactions between methyl groups
(see Fig. 3). The packing forces between planes appear to be
predominantly electrostatic, involving the chloride ions. There
is little stacking overlap between adjacent cytosine rings;
rather, each ring lies above (and below) the gap between two
rings in the neighboring planes. By comparison, in the hydrobro-
mide salt (7) each methylcytosine cation lies above the gap in
the center of four rings in the neighboring sheet (Fig. 6).

The close similarity in the intermolecular environments of
the two molecules in the asymmetric unit is reflected in their

similar patterns of thermal motion (Fig. 1).
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Table 1. Crystal data

CsHgNg0™ €1 F. W. = 161.6

Space Group P2;/n Systematic Absences:
a = 6.695(3) A n04, h+l = 2n+l;
B = 32.30(2) ' OkOl, k = 2n+l

¢ = 6.912(2) : Z =8

B = 10k.22(3)° Fooo = 672

ACuKg) = 1.5418 & De = 1.478 g.cm. 3
V = 1khg &7 Dy = 1.18% g.om. O
b= 414 el
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Table 3. Coordinates and isotropic temperature parameters for the hy-

drogen atoms. Standard deviations are given in parentheses.

x* yE* z% B
H(1a) 512 (&) 3880(9) 260(5) 6.1(0.8)
H(1b) 728(5) 3821(9) 222(k) 5.8(0.8)
H(le) 549(5) 3877(10) 43(5) 8.3(0.9)
H(3) L75 (k) 5241(7) 292 (k) 3.7(0.6)
g H(ka) 692 (L) 5811(8) 330(4) 4.5(0.7)
H(lD) 927(5) 5770(9) 311 (&) 6.4(0.8)
H(5) 1023 (&) 5042 (7) 240(3) 3.0(0.6)
HE)  9hL(s) 4334 (8) 175(k) 4.1(0.6)
H(1la) 190(5) 3632(9) 8(5) 6.5(0.8)
H(1lb) -57(4) 3544 (8) -12(4) 4.8(0.7)
H(le) 88(5) 3616(9) 176(5) 6.9(0.8)
H(3) 73 (L) 2171(8) 100 (k) 5.7(0.8)
’ H(ka) 139(5) 1604(9) 96 (&) 6.5(0.8)
H(lb) 368 (L) 1676(8) 82 (L) 4.8(0.7)
H(5) Lok (3 ) 2L07(6) 57(3) 2.7(0.5)
H(6) Loz (L) 3130(8) 51(k) L.6(0.6)

* x 100 | ** x 10t
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Table 4. Structure Factors
Each group of three columns contains k, lOIFOl, and 10F, and
is headed by values of h and £ common to the group;A Asterisks
following 10F. indicate reflections given zero weight and omitted from

the refinement.
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Table 5.

Bond
N(1)-Cc(2)
c(2)-N(3)
N(3)-C(k)
c(4)-c(5)
- C(5)-c(6)
C(6)-N(1)
c(2)-0(2)

C(h)-N(k)

A comparison of the dimensions of

16

a neutral cytosine mole-

cule (C) with those of the protonated species (CH).

Standard deviations are about 0.003% A in the distances

and 0.1° in the angles.

Bond distance (A)

C(a)

CH" (b)

1.375 A 1.381 A

1.359
1. 3hk
1.L428
1.345
1.359
1.247

1.331

1.%83
1.350
1.k09
1.350
1.359

1.216

L. %14

Angle

C(6)-N(1)-C(2)
N(1)-C(2)-N(3)
C(2)-N(3)-C (k)
N(3)-C(k)-C(5)
c(k)-c(5)-c(6)
¢(5)-C(6)-N(1)
N(1)-C(2)-0(2)
N(3)-C(2)-0(2)
N(3)-C(4)-N(%)
c(5)-C(k)-N(4)

(a) Average from values for cytosine (11) and

cytosine monohydrate (10),

(o) Average of molecules A and B, this investigation.

Bond Angle (°)

c(a) CHE'(p)

122,0 121,1

119.1 1148

119.4 126.1



Table 6.

Least-squares planes of the six-membered rings.

cosines (g;) are relative to the crystal axes a, b, andc; Di

1y

origin-to-plane distance.

Atom
N(1)
c(2)
N(3)
c(l)
c(s)
c(6)
c(1)
0(2)
N(L)
H(la)
H(1b)
H(lc}
H(3)
H(ka)
H(bb)
H(5)
H(6)

Wt.

()

AN O O

(@]

Ring A

-0.

0.

-0.

d.

-0.

-0.

-0.

-0

-0.

-0

-0.

okg2
1852
9595
124

Ring B
0.0548"

0.0575

©0.9528

1.058 A

Deviation (&)

olel'}

. 001

. 002

. 002

078

. 000

019

.65

51

-75
.03
.02

o1

.0l

.03

-0.
0.
0.

-0.

-0.

-0.
~0.

-0.

-0.
-0.
-0.
-0,

0.

. 002

. 006

012

. 003

030

51

.81

02
08
07
06

o2

The direc-

a
S

T

the
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Table 7. Bond Distances and Angles involving the Hydrogen Atoms.

The esd's are about 0.0% A and 2.0°.

Bond Molecule A Molecule B
c(1) - H(la) 1.01 A 0.96 A
c(1) - H(1b) 0.92 0.98
c(1) - H(Le) 0.95 0.93
N(3) - H(3) 0.83 0.9k
N(4) - H(ka) 0.90 0. 98
(k) - H(lp) 1.03 .0.91
¢(5) - H(5) 0.86 0.89
C(6) - H(6) 1.01 1.02 |
Bonds

N(1) - ¢(1) = H(la) 110, 9° 110.1°
N(1) - ¢(1) - H(1b) 108,2° 1g.1°
N(1) - ¢(1) - H(1lc) 116.9° 116.2°
c(2) - N(3) - H(3) 116. 4° 11k, 9°
C(h) - N(3) - H(3) 117. 5° 119. 0°
C(k) - N(4) - H(La) 122.7° 122.L4°
C(h) - N(4) - H(Lb) "122.9° 124, 3°
c(+) - c(5) - H(5) 120, 7° 159, 7
c(6) - ¢(5) - H(5) 120.6° 120.6°
c(s) - c(6) - H(6) 125.4° 123, 8°
N(1) - ¢(6) - H(6) 111.8° 115, 4°



H(la)
H(1b)
- H(1a)

HGa)

c()
c(1)
c(1)
NH)

¢
N

H{ib)
H(ic)
H(ie)
H(4b)

19

106,.2°
107.4°
10¢.53°
114,3°

116:,5°
,G7B"
103.7°
$13.2°
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vigure 1. Distances and angles

The standard deviations for heavy atom distances and angles are O.00L

A and 0.15°. Standard deviations involving hydrogen distances and

angles are about ten times larger.
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Figure 2. Details of the hydrogen bonding scheme

The distances are averaged values for molecules A and B.
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I

The Determination of the Crystal Structure of a Lumiflavin

Complex
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Introduction
The purpose of this study was to determine the structure of
a lumiflavin complex as an aid to the Tulane University's charge
transfer project. The structure was solved at Caltech using
direct methods and returned to Tulane for least-squares refinement
and analysis.
Exgerimental
Robert Johnston at Tulane University prepared a few yellow
crystals from a mixture of lumiflavin, 2-3naphthalenediol, acetone,
and water. The bulk of the product was an orange charge-transfer
complex of lumiflavin with twonaphthalenediols. In August 1968
Joe Wells began analyzing the structure of the yellow crystal
obtained from the same mixture. There was insufficient yellow
compound for elemental analysis or spectral studies. The Tulane
crystallography group approached the problem from both direct
and Patterson methods. By August 1969 the Tulane group had
exhausted their facilities for solving the structure of the yel-

low crystal, and a copy of the data was mailed to Caltech,
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Structure Solution

We decided to employ direct methods using Long's
program (1) for the itterative application of Sayer’®s
equations (2). The choice of origin is a critical problen,
The Tulane group had selected large E's (normalized struc-
ture factors) of questionable accuracy, Dr, Richard Stan-
ford proposed a weighting function based on sin © with
weight = E NZ (1 - sin 8), where the weight represents the
quality of the E., The number of interactions is N, and ©
is the Bragg angle., Table 1 shows the E°’s considered for
the origin choice. Three linearly independent E's were
signed to specify the origin, and four other reflecticns
were assigned phases of + and - (24 = 16 possible combina-
tions), From these seven reflections 485 reflections witl
E greater than 1,3 were assigned signs, Table 2 shows the
results of the phasing.  Set 1 converged quicklyv(in four
cycles), had an even distribution of pesitive (243) an
negative (242) signs, and had the highest consistency, 0.67.
A usual consistency index for a correct solution is about
0.8, One reason for the low consistencies in these solu-
tions is that so many reflections were used in the phase
determination., Normally one would use a higher E minimunm,
and thus fewer E's., The low E's were used in order to get
good resolution of the ring systems, The Tulane group had

used around 10 E's per atom and encountered a continum of
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of hexagons on the E maps, We lowered the E min to 1.3 to
get a 15 to 1 ratio of E's to atoms, hoping to achieve
better resolution,

Figures 1 and 2 are the E maps from set 1. From these
L maps the molecules were lscated (Figures 3 and 4). The
results indicated that the crystal contains one lumiflavin
and two naphthalenediols in the asymmetric unit,

However, the initial R factor was 0,70 using the E-map
positions, A difference~Fourier map did not indicate what
was wrong with the trial structure, and the model was too
poor to be refined by least-squares, However, close scru-
tiny of the observed and calculated structure factors in-
dicated fair agreement for the low order data. Furthermore,
the packing and hydrogen bonding scheme looked quite good
for the model, Therefore, a series of difference map calcu-
lations, model adjustments, and structure-factor calculations
was begun to refine the structure, After 20 sets of calcu-
lations with an R near 0,50 it became apparent that all the
molecules were moving in the same direction, By moving the
molecules:-more than the difference maps indicated, the R be-
gan dropping more rapidly to about 0,42, At this point the
model was good enough for least-squares refinement., Two
cycles of full-matrix least-squares lowered R to 0,24, The
atomic coordinates were returned to Tulane for further re-

finement,
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E's > 2.8 ordered by parity of hk4.

The table lists hki,

. al ke Yoy e o™ 5*2 2] s
%, number of interactions, and Dr. Staaford's welght (w=|B|N"(1l-sin
cee cco coce oee [cfele] oeo ooe [e]e]e}

-12 2 16 263 -16 1 2 -11 2 16 -16 3 3 -13 9 13 51 14 -17 3 17
4.97 3.63 6.02 3.92 5.47 4.15 8.10 6.55
80 66 127 80 104 11 111 112
2.16 0.90 5.691 1.42 3.25 1.12 5.32 4.45
-12 0 16 -4 617 6 1 14 142 4 3 11 1 41 -17 1 12 -17 3 1
3.90 2.96 4.85 3.47 4.20 3.95 7,39 5.43
98 67 70 137 92 132 123 89
2.22 0.73 1.22 4.45% 2.07 4.96% 6.27 2,19
-2 2 10 4 4 11 -16 1 4 5, 2 12 -183 7 121 -13 1 18 3 5 11
3.75 2.62 4.19 3.42 3,58 3.3 5. 71 3.55
132 84 114 79 89 177 91 65
4.63 1.08 3.74 1.21 1.47 8.9 2.51 0.76
066 -12 1 14 704 -17 3 6 -13 5 11
3. 74 4,67 3.38 4.64 3.50
70 114 170 91 60
1.02 4.25 7.26% 2.07 0.64
020 -18 1 4 52 14 -13 1 16
3.62 4,17 3.30 4.54
301 107 84 84
28.3 2. 62 1.20 1.82

4 1 12 -11 1 16

4,16 3.74

113 103

3.20 2.32

1416 -9 16

4.14 3.74

93 169

1.87 8.17x*

-18 1 6 51 12

407 3.68

111 118

2.80 3.00

16 1 4 714

3.74 3.63

12 157

0.98 6.57%

-16 3 2

3.71

96

‘Origin reflection

iVariable

8)).
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Lumiflavin Phasing Results

No.

243
230
223
246
246
245
261
234
242
249
237
235
244
263
233
235

i

No.

242
255
262
239
239
240
224
251
243
236
248
250
241
222
252
250

Consistency Index

0
0
0
0
0
0
0
0.
0
0
0
0
0
0
0
0

. 67118
. 61020
. 01312
. 46133
. 65071
. 60870
. 54535

48266

. 63773
. 60777
. 52200
. 48078
. G631
. 59210
. 51933
. 48125
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Napthalenediol E Map.

b,

Figure
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The article '"Crystal Structure of the Yellow 1:2 Molecular
Complex Lumiflavin-Bisnaphthalene - 2, 3-diol, " by Benes L. Trus,
Joe L., Wells, Robert M. Johnston, Charles J. Fritchie, Jun., and

Richard E. Marsh, Chemical Communications 751 (1971) has been

removed to comply with copyright regulations.

Available for consultation at the California Institute of Technology

Library.
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The Crystal Structure of Thiabendazole



4o

Introduction
NSNS NSNS NN
Thiabendazole,

2-(k'-thiazolyl )benzimidazole,

H(5)~c(5
( C(5 058)'1-!(8)

C£6)"C(\7)
H(6) H(7)

£ 10

is a broad spectrum anthelmgntic useful in the treatment of the
parasitic diseases of humans and other animals (1). Though its
mode of operation is not known, its effects have been studied.
Thiabendazole has been shown to be a good chelating agent (2).
Also, thiabendazole has been found to inhibit the rate of NADH
oxidation (3).

The crystal and molecular structure of thiabendazole was studied
in order to gain additional insight into its inter- and intramolecular

forces in the crystal state.

Crystal data
Crystals of thiabendazole were prepared by the evaporation of a
methanol solution. The crystals were colorless needles elongated

along the ¢ axis.
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m

The space group and approximate cell constants were obtained from
Weilssenberg photograpns; more accurate cell constants were obtained by
a least-squares fit to 26 values measured on a diffractometer. The
density was measured by flotation in a chloroform-ethanol mixture.

Crystal data are givén in Table 1.
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Experimental

INNANNANANANANAANNS
Intensity data were measured on a Datex-automated General Electric
diffractometer, using Ni-Tfiltered CuKCx radiation. The crystal had

<4

approximate dimensions 0.39 x 0.23 x 0.19 mm. Reflections with 20 <
150° were scanned in the 0-20 mode at a rate of 2° per minute,the scan
range varying from 3° at 26 = 12° to L° at 26 = 130°. A thirty second
background count was recorded on either side of the scan range. Two
standard check reflections were measured after every 40 reflections and
served to measure any variation in crystal or instrument stability.
There was no significant change in the intensity of these check reflec-
tions. Absorption correctioqf were not applied.

A total of 1947 independent reflections‘were measured. Lach re-
flection was assigned a standard deviation based on a combination of
counting statistics plus an uncertainty of 2% in the time-dependent
scale factor. Sqguares of the structure-factor amplitudes, lFole, and
their standard deviations were derived from the net intensities by ap-
plication of the Lorentz and polarization factors. In the least
squares the weilght was assigned a value of l/sigma2(I). Any reflec-
tion for which the net value of lFOIZ was less than or equal to zero
was considered to be below an obsefvational threshold and assigned an
intensity and a weight of zero. There were 1805 non-zero observations
in the final data set. The data were scaled by Wilson (4) statis-

tics, and !El’s and_!FI‘s calculated.
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The structure was solved by the symbolic method (5, 6, 7)
based on the 190 reflections with E > 1.70. The correct solution
had the highest consistency (0.85) and the fewest number of cycles
to convergence. Table 2 lists the origin choice and symbols.

An E map based on the signs from the symbolic addition showed
the location of all non-hydrogen atoms. Figure 1 shows the original
E map compared with the final Fourier in the mean plane of the ﬁole-
cule. The resulting structure-factor calculation based on the E map
positions gave an R (= ZIFO-FCI ZIFO[) of 0.331 for sin2@/7\2 data
= 0.2. Three cycles of full-matrix ieast-squares adjustment of the
coordinates and isotropic temperature factors lowered R to O.17k.

A difference map indicated significant anisotropic motion for the
sulfur atom and the location of the hydrogen atoms. Anisotropic

and positiondl refinement for all heavy atoms reduced the R to
0.079. Further refinements including hydrogen positions and i1so-
tropic thermal parameters, heavy-atom anisotropic and positional
parameters, a scale factor, and a secondary extinction factor (8)
decreased R to 0.066 with a weighted R [= ZM(!FOIQ—;FCIZ)e/ZWFOA]
of 0.10 and a goodness of fit (= [ZWIFOIE~|FC|2)2/)M-S)]% for M =
1805 observations and S = 156 parameters} of 1.68. The largest

shift in the final least-squares calculation was 0.6 o.
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Scattering factors were those listed in International Tables

for X-ray Crystallography (9) except for hydrogen (10). Corpu-

tations were performed at the Caltech Computer Center on the
360-75 using the CRYM system (11). Some of the crystallographic
illustrations were produced by ORTEP (12).

The final positional parameters appear in Table % and the
anisotropic thermal parameters in Table 4. Observed and calcu-
lated structure factors are listed in Table 5. The final value

6

of the extinction parameter of Larson (8) was 2.3 + 0.2 x 10 .



5

Discussion
IONAANNANANAAANANAN

Molecular conflisuration

The bond d&stances and angles for thiabendazole are shown in Fig-
ure 2. The standard deviation in C-S bond lengths is about 0. 003 A;
the standard deviation in the other heavy-atom bond lengths is about
0. 006 A; and the standard deviation of light-atom bond lengths is about
0.05 A. Standard deviations in heavy-atom angles is about 0.3%°, and
1. 5° fér angles involving light atoms.

The C-S distance of 1.69 A is shorter than the 1.73% A in
the similar portion of luciferin (13). How-
ever, the effective C-S distance would be longer if the significant
anisotropic vibration of the sulfur perpendicﬁlar to the ring were
taken into account by a rigid-body motion analysis. The C-C bond
length of 1.L42 A between the two ring systems indicates significant
delocalization across the bond. The two rings are tilted only 9°55'
with respect to each other. Bath ring systems are closely planar (see
Table 6). The distances and angles for the benzimidazole system com-
pare favorably with those for the similar portion of indomet-
hecin (14). Of particular curiosity is the difference in bond
lengths and angles involviﬁg C(6) and C(7). Careful inspection of
~the data, packing considerations, and resonance models fail to explain
the unsymmetrical distances and angles in the ldwer ring.

There is only one hydrogen bond donor, N(l), but there are two
possible receivers, N(3) or N(14k). N(3) is the receptor on the hydro-
gen bond with an N--.N distance of 2.86 A, a H---N distance of 2.10 4,

and an N-H--+N angle of 156.5°. There are no other significant close
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If the C-C bridging bond is considered a groove, the moleéules
pack together by slipping one groove into another in a crisscross
pattern much like the timber in log cabins. This is illustrated by
the packing diagrams down the ¢ axis (Figure 3) and down the b axis
(Figure 4). The projection down the b axis illustrates the hydrogen

bond parallel to c.
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Table 1. Crystal data

C1 oHEyN3S F. W. = 201.3

Space group Py, Systematic absences:
a = 17.052(7) A Ok 4, k=2n+1
b = 10.998(4) A ho£, £=2n+1
¢ =10.030(8) A hkO,h=2n+1
A= 1.5418 A Z =8

Vv = 1881(3) Do = 1.421 gm em”
w= 26.3 D, = 141k gn en~t
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TABLE 2. Data from Symbolic Addition

Fixed Assigned
H K L E Phases Phases
Origin 2 3 0 3.20 -
2 2 1 3.64 -
1B 1 3 2.7 +
Symbols g 11 1 3.82 .
2 5 8 3.3% -
8 1 7 3.23 5
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TABLE 3. Positional and Isotropic Parameters
Standard deviations are given in parentheses,

X* y* A B
N{(1 3536 13 7611 §2) 3566 gz) -
(2 3952 (1 7428 (2) 2452 (2 -
N(3 3613 (1 7851 (2) 1366 (2 -
C(4) 2905 (1 8350 ézg : 1832 éz : -
cgs 2319 (1 8928 (2 1130 (3 -
C(6 1670 EZ 9342 (3 1817 (3 .
027 1641 (2 9186 (3 3203 (3 S
C(8 2921 (2 8620 (2 3892 (3 —
C(9 2852 (1) 8202 (2 3200 (2 -
C(10) 4698 (1) 6810 (2 2458 22 —
C(11) 5194 (2 6682 (3 1414 (3 S
S(12) 59752 (4 58225§8 18496 (8 =
w3 13§ 5596 (1 5671 (3 3389 (3 —
N(14 4935 (1 6213 (2 3602 (2 -
H(1 368 (1 743 (3 430 (8 4.9 (0.7
H(5 235 (1 909 (2 13 (2 4.4 (0.6
H(6 137 @1 959 %z 145 §2 2.2 (0.5
H(7 129 & 937 (3 362 (2 4.6 (0.7
H(8 218 (1 854 2; 481 (3 4.1 (0.6
H(11) 514 (2 702 (2 64 (3 5.7 (0.7
H(13) 585 (2 519 (3) 407 (3) 6.2 (0.7)

*  Positional parameterssnd standard deviations multiplied by 10° for
S(12), 10* for nonhydrogen atoms, and 10° for hydrogens.
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TABLE ). Anisotropic Thermal Parameters

Standard deviations are given in parentheses.
The thermal expression has the form

-[By,h? + Bo,k? + By £2 + B,hk + Bk£ + Bykl]

Z311* BZZ* BBS* Blz* BIB*

300 (6) 742 (18) 5292 (24) 3 (19) -59 (22) 36)
951 (6 678 (18) 682 (25)  -108 (22 16 (26) 49
285EG 791 (18 653 (21 -53 (17 2107 (20 2
273 (7 707%19 704 (28 35 (19 -101 (26 1
37GEIO§ 899 (27 782 (30 205 (25 -171 (27 3
399 (10 983 (28) 1051 (41) 598 (29 -168 (37) 2
343 (10) 1132 (29) 1244 (44) 456 (28) 297 (37) 7)
400 (10) 916 (26 842 (33 293 (26) 85 (29) 5
28G§7g Gszézo 776 (30 32519% -15g26§ 42
248 (7 688 (19 879 (25 -86 (19 -24 (26 3
372 (10) 1374 (35) 1193§38 328 (30) 349 (33) 50
377(3; 1506 (10) 1606 (11) 592 (8) 537 (9) 7)
376 (9 1084 (28) 1077 (35) 343 (27) -197(313 9)
354 (8) 1061 (22) 760 (22) 956 (21) 58 (22 9)

*  Multiplied by 10°.
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Table 5. Structure factors

|

Fach group of three columns contains h, lOlFO , and 10 F, and 1is
headed by values of h and £ common to the group. Asterisks following

10 FC indicate reflections given zero weight and omitted from the

refinement.
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TABLE 6. Least Squares Plane Calculation

Atom Deviation* Weight * Deviationi Weighti
N(1) 0.0030 1.0 0.0805 0.0
C(2) 0.0001 1.0 -0. 0639 C.C
N(3) 0.0012 1.0 -0.2849 0.0
C(4) -0. 0041 1.0 0. 2893 0.0
C(5) 0. 0063 1.0 -0. 4634 0.0
C(8) -0.0060 1.0 -0. 4312 0.0
cgvg 0.0053 1.0 -0.1896 0.0
C(8 0. 0002 1.0 -0.0135 0.0
C(9 -0. 0060 1.0 -0.0658 0.0
C(10) -0. 0180 0.0 0. 0033 1.0
C(11) 0.1050 0.0 -0.0033 1.0
S(12) -0.0618 0.0 -0. 0021 1.0
C(13) -0.2981 0.0 -0. 0008 1.0
N§14) -0.2583 6.0 -0.0013 1.0
H(1) 0.0387 0.0 0.2550 0.0
H(5) 0.0509 0.0 -0.5882 0.0
H(6) -0. 0464 0.0 -0.5646 0.0
H(T) -0. 0521 6.0 -0.2140 0.0
H(8) 0.0187 0.0 0.1536 0.0
H(llg 0.2888 0.0 0.0314 0.0
H(13 -0.47717 0.0 -0.0236 0.0

* Direction cosines of plane normal (0.4559 0.8801 0. 1329) origin
to plane distance 10.588 A.

i Direction cosines of plang normal (0. 4906 0.8210 0. 2921) origin
to plane distance 10.796 A.
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Figure 2. Distances and angles
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Standard deviations are about 0.006 A for bonds involving C and N,

0.C0% A for bonds with S, and 0.05 A for bonds to hydrogens. Standard

deviations for heavy-atom angles are about 0.3° and about 1.5° for angles
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View down the ¢ axis.

gure 3,
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View down the b axis.

Figure U4




The Crystal Structure of 5,6,6a,6ba,7,8,12b,13,14,142~
decahydrc-B-ethoxy—iO-methoxy,638,12b8,14aa-trimethyl~

pycene
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Introduction
NN

This determination of the structure of 5,6,6a,6bx,7,8,12b,1%,

}Al

L,1he-decahydro-3-ethoxy-10-methoxy,6aB,1208,1hat~-trimethyl pycene
(Patrone 3) was undertaeken as part of a program of research on the
structures of terpene intermediates vpossessing a trans diangularly
substituted ring fusion at the C/D rings. Alnusenone is one such
terpene. The structure of 5,6,6a,6bx,7,8,12b,13,1k,1ka-decahydro-
3-ethoxy-10-methoxy,6apB,12bp,lhap-trimethyl pycene (Patrone 2) (1)
was previously determined by John Bordner and Richard E. Dickerson
and is the eighth biproduct in the synthesis of alnusenone (2).

Patrone 3 is the ninth intermediate in the synthesis.

Patrone 2 Patrone 3
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Welssenberg photographs of the needle-like crystals indicated
the orthorhombic space group Pbea. Accurate unit-cell dimensions
were obtained by a least-squares fit to 26 values measured on a dif-
fractometer. The crystal data are summarized in Table 1.

Intensity data to a resolution of 1 A (maximum sin 6/A = 0.5)
vere collected on a Datex automated General Electric diffractometer
using ©-26 scanning (except near the c* axis, where w scans were ne-
cessary, to separate neighboring reflections). Backgrounds were col-
lected for 30 seconds at each side of the scan, and the scan rate was
2° per minute. Two standard reflections were checked after every
40 reflections. The crystal showed no sign of decomposition in the
course of the data collection.

Each reflection was assigned a variance 02(1) based on counting
statistics plus an empirical term (0.02 5)2, where s is the scan
count. Values of F% and G(Fg) were derived from the net intensities
by epplication of the Lorentz and polarization factors. The data
were scaled by Wilson (3) statistics, and IE['s and [Fl’s calcu~

lated.
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The structure was solved by the symbolic addition method
(4, 5, 6). Three reflections (1, 3, 36; 3, 2, 40; and 5, 5, 1)
having E > L. 0 were assigned positive signs to specify the origin.
Two additional reflections (3, 3, 40 and 4, 6, 3) were allowed to
have the values + or - giving four sets of solutions. The correct
solution was the one with the highest consistency (0.88). An E-
map containing the 137 E's > 2.0 clearly indicated a pycene system.
A structure-factor calculation followed by a difference map showed
the location of the remaining heavy atoms. The hydrogens were
located on subsequent difference maps, and were included in the
structure factors in idealized positions (O.95.§ from the carbon
ctoms ) but not refined. The hydrogen atoms were assigned isotropic
tenmperature factors with B = 5.0 for those of the methyl groups
and B = 4.0 for the remainder. TFull-matrix least-squares refine-
ment of coordinates and anisotropic temperature factors of the
heavy atoms, a scale factor, and a secondary extinction factor (7)

produced a final R of 0.092.
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Results of the X-ray analysis
ANNAANANNAAN AN AN A AN ANNANAANAA
inal parameters and their standard deviations are listed in
Table 2.
In Patrone 2 the configuration of the methyl group C(28) relative

to methyl groups C(29) and C(30) is cis, anti,trens while in Patrone 3

it is trans, anti, trans. This simple isomerization results in substan-

tial differences between the conformations of the two compounds.
tereoscopic views (8) of Patrone 2 and Patrone 3 are

shown in Figure 1; selected torsion angles are listed in Table 3. In
Patrone 2 the conformations of the B and D rings are one-half boats
while they are half chains in Patrone 3. Ring C is a chair in both
compounds. The methyl-methyl repulsions in Patrone 2 cause the mole-
cule to be severely bent; thus, the dihedral angle between the planes
of the terminal aromatic rings is 72° in PatroneIQ but only &6° in
Patrone 3. Methyl groups C(28) and C(30) are closely trans in Patrone
% (torsion angle = -168.2°), but deviate from cis in Patrone 2 by
approximately 45°. Indeed, C(28) in Patrone 2 is very nearly trans
to the ring atoms C(12) and C(14). Because the methyl hydrogens on
28 and %0 are so close in the EEE Patrone 2, they are seen to be
~ staggered with respect to each other. However, the methyl hydrogens
on carbons 29 and 30 are not staggered in Patrone 2. These methyl
hydrogens are staggered in Patrone 3.

Both ethyl etherial groupings are approximately coplanar with
the adjacent benzene rings, but they are twisted in opposite directions

in the two compounds. The terminal carbon atom C(27) of the ethoxy



group is coplanar with the benzene ring in Patrone 3, but rotated out
of plane in Patrone 2.

Bond distances are listed in Table &4 and angles in Table 5.
Equivalent bonds in the two compounds are of equal length within three
times their pooled standard deviations (about 0.013 A). A number of
bond angles differ by more than three esd's (0.6°); these differences
reflect either the difference in steric interactions, steric interac-
tions involving methyl groups or the different orientations of the

methoxy and ethoxy groups.
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Table 1. Crystal Data

Formula CogHae02

F. W. Lok.6

Space Group : Pbca

Systematic Absences Ok 2, k=2n+1
hO£4, £=2n+1

hkO,h=2n+1

a 7.004(2) A
b 11.823%(1)

c . 5k. 973 (5)

Z 8
Fo00 1760

A : FeKo = 1.9573 A.
Do | 1.165 g.cm. =2
Dy, 1.1k

" 10.7 em. 7t
v 4611 A2
Number of reflections 2387

Non-zero reflections ~ 2260
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Table 2b. Asswrd coordinates of hydrogens” for patrone 3

-Atom

bt
[y

bt
e e Ll

1
NN AN TN AN TN

o bt
=

D s

O
e

O3 O\

—~
—

)

H(8b)

H(1la)
H(11lb)
H(12a)
I1(12b)
“H(1L)

H(1l52)
H(15b)
H(16a)
H(16b)
H(19)

1(20)

H(22)

H(2ka)
H(24b)
H(2ke)
H(26a)
H(26b)
H(272)
H(27b)
In(27e)
H(28a)
H(28b)
H(28c)
H(29a)
H(29b)
H(29¢)
H(302)
H(30b)
H(30c)

#*Non-methyl hydrogens have an 1sotropic B

a B of 5.0.

T L

% 10

)

~79
~1519
-2010
209
1hg2
85k
1640
~1532
~760
-958
299
1095
=152
937
1253
2036
-552
89
1771
2638
1963
1506
=261
-123k
-1408
-1398
B 5
1087
1641
1454
-1566
-2022
-191k4
-1168

~1155

-1725

yi

-2616
2706
2076
-3699
-2290
=3420
-1704
1880
3509
5591
3317
55
-2668
-3164
-2637
-1502
3993
4618
~253
1178
1792
190
D157
~3355
-3297
i o
<21a7
295h
976
2150
~560
1385
~1.99
-2886
-2649
-1133

of 4.0; methyl hydrogens have



68

Table 3. Torsion angles™®
Atoms , Patrone 2F Patrone 59
28 10 9 30 -4l 8° ~168,.2°
28 10 9 8 71. L - 53.6
28 10 9 14 -170.L4 67:%
28 10 11 12 178.3 -€7.0
28 10 L 3 =108, 7T 78T
28 10 L 5 i -98.9
30 9 10 Iy -164. 4 -5,k
30 9 10 11 TR B 72.%
30 9 14 13 =70 8 -69. 4
30 9 1k 15 60.9 61.2
30 9 8 7 -174.8 68.1
29 13 1k 9 68.0 69. 5
29 13 1L 15 ~-65.6 -64.1
29 13 12 | -72.9 =73, 5
29 15 18 17 106.2 98.7
29 13 18 19 -72.9 ~TT. O
oL 23 21 22 163.0 =B, 6
2k 23 21, 20 =18, 8 172.%
27 26 25 1 8.5 178. 4
26 25 1 2 =176.6 -1, 6
26 25 1 6 L4 177.9

* The signs of the torsion angles for Patrone 3 have been reversed
©to correspond to the same conformer as Patrone 2. The convention
used is that of Klyne and Prelog (9).

* o= 0.6°

§ o= 0.5°
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Table 4. Bond distances

Aton Atom Patrone_zf Patrone 5§
c(1) gz} 137 A 1.366 &
c(1) c(6) 1.38 - 1.38%
c(1) 0(e5) 157 1.375
c(2) C(3) 1. 50 1.595
c(3) c(k) 1.38 C1.392
C(3) e(7) 1,50 1.517
c () c(5) 1.38 1.395
c(k) c(10) 1.54 1.53h
c(5) c(6) 1.37 1.376
c(7) c(8) 1.5 1.530
c(8) c(9) 154 1.5%9
c(9) c(10) 1,55 1. 55
c(9) c(1k) 1.56 . - 1.5k8,
c(9) c(30) 1. 55 1.569
c(10) c(11) 1.5k “ e G185
c(10) c(28) 1.5k 1. 549
c(11) c(12) 351 1.526
c(12) g(1%) 1.53 1.520
c(13) (1) %56 1.559
c(13) c(18) 1.55% 1.53%6
.c(13) c(29) 1.5k 1.541
c(1h) c(15) L.53 1.51%
G{i5) c(16) 1.50 1.5%2
c(16) c(i7) 1.52 X.502
c(17) c(18) 1.39 1.392
c(17) c(22) 1.39 1036
c(u8) c(19) 1.40 1.ho2
c(19) ¢(20) 158 1.367
c(20) elz1) 1.38 1. 573
c(21) c(22) 1.%6 1353
c(21) 0(2%)- 1 3¢ 1.380
0(2%) c(ak) 1.39 1.4h12
0(25) c(26) 1.k2 1.hk25
c(26) c(27) 1.46 1. 487

Standard deviatjons in these disbtances arc about # O. Ol'f\,
§.0.007 A.
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C(1)
c(1)
c(1)
c(2)

c(1

@]
.

c(1

Table 5.

Atonm

c(2)
c(2)
(%)
c(1)
c(2)
c(2)
Cc(k)
c(3)
c(3)
c(5)
C(k)
c(1)
C(3)
c(7)
c(3)
c(8)
c(8)
c(20)
c(10)
c(1k)
C(k)
C(h).
c(h)
¢(9)
c(9)
(11}
c(10)
c(11)
c(12)
c(12)
c(12)
c(ih)
c(1k)
c(18)
c(9)
c(9)
C(13)
c(1h)
C(19)
c(16)
c(16)
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Bond angles

Patrone 2#

118, 7°
116.2°
Igy, 1>
121.7°
120. ke
11%.5%
128,10
ik b
123.3°
1ig, 59
12,6
119, 5°
1iz.0°
113.5°
10778
109.2°
105, 8%
168, 8"
112.5°
112.7°
120.7°
111.1
107 4e
108.8°
111.8°
- 107. 0°
Lxh. 4o
112.5°
1¢6.6°
1.09. 9°
109.5°
107, %°
115, 8°
107 7°
116,97
31%.2°
109.7°
108. 5°
113.2°
1%1.8"%
117 8°

Patrone 3§

1202
J25. 0"
13k 8°
120,5°
120, k°
118.6°
120.9°
217.5"
119.0°
12%.5°
08, 1
118, 5°
117.3°
11k, 6°
108,1°
110. ke
105, 4°
110.6°
109.9°
112, 3°
108.9°
112, 6°
- 106.1°
109.8°
111.5°
107.9°
11%.9°
115.9°
107.8°
111, 1°,
103.9°
108, #°
11k, B°
105. 6%
115, 6°
116.1°
109. 6°
110.0°
1319, 9°
12e.0°
118, 7°
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Table 5 . Bond_angle§_(cont.)

Ao Atom Atom Patrone 2 _Patrone 3§
c(e2) c(17) c(18) 120.5° 119. ke
Gt c(15) %) ; 12%.3° 1om, e
c(19) c{18) c13) 120. 1 119, 9°
c(19) ¢{18) o) 116.6° Fag. %°
c{20) c(19) c(18) 122.6° 122, %°
c(21) c(20) ¢(19) 139,24 119.8°
c(22) c(21) c(20) 119. 5° 120.1°
0(23) c(a1) C(20) ' 125 7" 115.1°
0(23) c(21 c(22) 115.7° 10k 8°
c(21) c(22) c(17) 1235 391,20
c(ek) 0(23) c(21) . BT 1318, 2°
c(26 0(25) GLE) « 120.0° 118, 5°
c(27) Cc(26) o(25) - " 1320 107.2°

Standard deviations in these angles are about # 0.5°, § 0.Lk°,
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Figure la. Patrone 2
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Methyl hydrogens in Patrone 3
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The Crystal Structure of 4Y,5,6,6a,9,10,10a,10ba,11,12~
decahydro-2-methoxy-7(8H)-oxo-4b8,6aa,10ag~trimethyl-

chrysene
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This determination of the structure of 4b,5,6,6a,9,10,10a,10bc,
11,12-decahydro-2-methoxy-7(8H)-oxo-Lbg,6ac,l0ap-trinethylchrysene
(CHRY) was undertaken as part of a program of research on the struc-
turcs of terpene intermediates possessing a trans diangularly sub-
stituted ring fusion at the C/D rings. Shionone and alnusenone are
two such terpenes. CHRY is an intermediate in the synthesis of

either shionone or alnusenone.

Crystal Data
Crystals of CHRY, in the form of colorless plates elongated

along ¢, were prepared from a diethyl ether solution by evaporation.

The space group and approximate cell constants were obtained
from Weissenberg and precession photographs; more accurate cell
constants were obtained by a least-squares fit to 26 values measured
on a diffractometer. The density was measured in a zinc chloride

solution by flotation. Crystal data are given in Table 1.
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Experimental
NAANNANANANANANANN
Intensity data were measured on a Datex-autometed General
Electric diffractometer, using Ni-filtered CuK& radiation. The
crystal had epproximate dimensions 0.12 x 0.22 x 0.33% mn. , and was
mounted along ¢, the long dimension. Reiflections with 26 < 150°
were scanned in the ¢ - 20 mode at a rate of 2° per minute, the
scan range of 2.5° a 30-second background count was recorded on
either side of the scan range. Two standard check reflections
were measured atter every 40 reflections. The crystal showed no
signs of decomposition during the course of the data collection.
Absorption corrections were not applied.
Altogether, 1970 independent reflections were measured. Rach
- - . < . 2 s Boed By G s
rerlection was assigned a variance o (I) based on counting statistics
i ' 2 .
plus an empirical term (0.02S)%, where S is the scan count. Values
o 2 DT i s o
of Fo and U(Fo ) were derived from the net intensities by application
of the Lorentz and polarization factors. Any reflection for which
2 . 2 . -
the net value of Fo was less than or equal to o(F, ) was assigned
an intensity and weight of zero. There were 1834 observations in
the final data set. The data were scaled by Wilson (1) statistics,

-
i

and

's and IFl's calculated.
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The structure was solved by the symbolic addition method (2,3,4)
applied to 73 reflections with E > 2.0. Table 2 lists the origin
choice and symbols. There were no 004 reflections with high E which
could be used to fix the origin. The results which led to the
correct solution had the higher consistency (0.69). These 73 vhases
were tangent refined (5) and expanded to 2Ll reflections with
E > 1.3

An B map based on phases from the tangent refinement showed a
continum of hexagons (Figure la). The best model (Figure 1b) gave
the best fit to the hOO data, though other models fit the E map better.
The resulting structure factor calculation based on the best model
gave an R (= ZIFO-FCI/ZIFO[)Of 0. 367 for sinee/k data < 0.2. A series
of difference-map calculations, model adjustments, and structure-
factor calculations was begun reducing R to 0.247 for all non-hydrogen
atoms. Four cycles of full-matrix least squares adjustment of the
coordinates and isotropic temperature factors lowered R to 0.163.
Difference maps clearly indicated the location of all the hydrogen
atomg. Ilydrogen atoms were included in subsequent structure-factor
calculations in idecalized positions 0.95 A from the neighboring carbon
atom. Anisotropic and positional refinement for all heavy atoms, a
scale factor, and a secondary-extinction factor (6) decreased R to
0.048 with a weighted R [= Zw(IFOIE-[Fc12)2/ZwFOu]_ of 0.012 and a good-

ness of fit (= [Zw[FOfg—[FC12)2/(M-S)]l/2 for M = l85ﬁ observations
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and S = 218 paremeters} of 1.95. The largest shift in the least-
squares calculat;on was 0. 30. |

One notes from Figure 1 that the best model was not exactly
the correct solution. In fact, they differ by about 0.6 A along
a. One explanation is the difficult application of direct methods
for this data set. Figure 2 shows that the phases with low and
nigh h from the original 73 phases were determined correctly.
However, the middle phases (h ~ 20) were essentially off by 180°.
One reason for this is the poor distribution of high E reflections;

there are no £ > 2.0 with 8 < h < 18 or 28 <h < 33.

Scattering factors were those listed in International Tables

for X-ray Crystallography (7) except for hydrogen (8). Computa-

tions were performed at the Caltech Computer Center on the 360-75
using the CRYM system (9). Some of the crystallographic illustra-
tions were produced by ORTEP (10).

The final positiocnal parameters appear in Table 3. Ovserved
and calculated structure factors are listed in Table 4. The refined

6

value of secondary extinction (6) is 3.6 + 0.2 x 107".
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tereoscopic views (10) of CHRY are shown in Figure 3; selected
torsion angles are listed in Table 5. The configuration of the
three methyl groups is the same as for Patrone 3. In CHRY the con-
formations of the B, C, and D rings 1s half boat, chair, and flat-
tened chain. The significant differences are in torsion angles
involving the D ring and the methoxy. The D ring has different
hybridization at C(7) and C(8) in the two structures. The methoxy
in CHRY is bent out of the plane of the A ring by 15°,Vbut only
about %° in Patrone 3.

The bond distances for CHRY are listed in Table 5; the standard
deviation in these distances is about 0.00B.A. These distances are
within twice the pooled standard deviation for Patrone 3 for similar
atoms. The angles are listed in Table 6; the standard deviation is
about 0.3°. The only angles different by more than three times their
pooled standard deviation involve atoms C(6a) and C(1l0a). This is
partially explained by differences in the D ring hybridization and
partially by methyl interactions between C(Lbm) and C(lOam). In
Patrone 3 the methyl hydrogens are staggered (Figure L4, Part k).

In CHRY the hydrogens are not quite staggered (Figure k).

The packing of CHRY is illustrated in Figures 5 and 6. The

packing along c (Figure 5) can be compared to the packing for

Patrone 3 along b (Figure 2, Part 4). The methyl groups in CERY
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-

are located in the empty space between the wide ends of molecules

in the next layer. The methyl groups in Patrone 5 are located
between the narrow ends of molecules in the next layer. The pack-
ing along b in CHRY is similar to the projection of a body-centered
cube. wlﬂmoﬂmrhwd,ﬂmpakhgahmgiinP%nmeB(ﬁgme},

Part 4) appears to be much more closely packed. There are no

significantly short contacts in either structure.
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Figure la. “he

composite E map of sections

containing the molecule,

Figure 1b. The dotted
lines represent the trial
model. The solid lines re-
present the refined struc-

<L

cure.
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CHRY

Figure 3.
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Figure 4.

Methyl hydrogens in CHRY,.
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Table 1.

Formula
F. W.
Space Group

Systematic Absences

| ®

o

v

Number of reflections

Non-zero reflections

9

Crystal Data

C22Hao02

326.5

Pna2;
Ok 4 k+ 4 =>20n+1

B0 Z; h =20+ X

29.922(Lk) A
7.752(15
7.630(k)

N

TL2

Cuka = 1.5418 A

1.225 g.cm. ™
1.9%

6.0 cm. ™t
1770 A3
1970

1834
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Table 2. Deta from Symbolic Addition

Fixed Assigned

h X Y E Phases Phase
Origin 22 2 3 B 552 L5°

L & i 3. 5L 90°

3 2 0 2.049 0°
From 05's 0 2 0 1.819 180°

Symbol ok i 2 3. 061 135°
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Table 3b.

* Assumed isotropic B value of 3.7.
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Coordinates of the hydrogen atoms for CHRY*

xt

5518
6565
6250
6191
5377
4613
Lool
3749
k168
3913
3908
3180
3855
3110
a57E
3152
2199
2L66
2677
2716
3413
339k
3972
3378
3294
2920
Lok
Lo82
4868
4705

vt

2475
1941
3486
1772
1375
1791
L776
L9s3
5495

489
1902
1011
2952

-1162

-683%
_7]_l|.
1935

241,
35351
1512
2985
1073
1434
5349
k953
4623
4878
3637
3988
2105

zt

3576
5k3k
5056
L038
8707
8L63
7600
6776
5715
6771
8211
7586
7145
5357
L573%
5%8%
2861
2752
1251

420

966
1560
3601
311k
5079
371k
3049
1516
2159
1909
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Table 4, Structure factors. Each group of four columns contains
h, lOIFOi , 10F , and a(F,). A -- following the sigma indicates
the reflection had zero weight and was omitted from the refinement
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Table 5. Torsion angles¥
Atonst Angle
10am 10a ba 6am 169.2°
1Cam 10a 6a 6 68, 5%
10am 10a - 6a 7 52.8°
10an 10a 10b i} 69. 0°
10am . 10z 10b kb -60. 5°
10am | 10a 10 9 ~61.5°
Gam 6a, 10a 10b -67.6°
bam 6a ~ 10a 10 50, G°
Gam 6a 7 o(7) 117, %o
Han ba 7 8 =52, B
bam 6a | 6 5 66.8°
4o 4b 100 10a  -70.2°
Lbom Lb © 10b 11 62.0°
Lbm Lb 5 6 Th. he
Libm Lo Ya, 12a -96.6°
2m 0(2) g 1 <165, 4"
2 0(2) 2 3 1k, 9°

*The standard deviation in these torsion angles is about 0. 3°.
The convention used is Klyne and Prelog.

tAll atoms are carbon except where indicated.
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Lto Atonm Distance
1) c(2) L.%378 A
13 c(i2a) 1.L40%
2) c(3) 1.380
2) c(2) 1.376
2) C(2n) 1.409
%) ek ) 1.%80
4) C(ka) 1. %95
ha) C(bv) 1.5k
La) ¢{12a) 1.39%
) c(5) 1.543
Lb) C(10b) 1. 55¢
(Lb) C(Lm) 1.5%3
5) c(6) 1.53k

c(6) C(6a) 1.528

c{6a) Gl7) 1.522

c(6a) C(10a) 1.572

C(6a) C(ém) 1. 550

c(7) c(8) 1.515

c(7) o(7) 1.200

c(8) c(9) 1. 521

C(9) c(10) 1.543

c(10) c(10a) L. 557

c{10a) C(10b) 1.566

c(1ca) C(10m) 1. 5kh

C(10b) c(11) 1.521

Cc(11) ¢c(12) 1.526

c(12) C(1l2a) 1.510

*The standard deviation in these distances is about 0.005 A. 'm"

Refers to the methyl carbon.
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Teble 7. Bond angles*

Aconm

Atom Atom Angle
elz) c(x) ¢c{1ra) 101.0°
c{1) c(2) C(3) 119.8°
c(1) g(2) 0(2) 1Bk, &R
el3) c(2) gl2) 115.7°
c(2) c(3) C(k) 119.5°
c(%) ch) ¢(ka) e ok
cil) C(4a) C(lb) I20.8°
c(h) C(ka) ¢(12a) 118.1°
C(Lv) ¢(La) ¢(12a) 121.5°
C(ka) c(bb) c(5) 110.2°
C(ka) C(kb) C(10b) 108.6°
C(k4a) © C(bb) C(km) 105.2°
C{5) C(Lb) C(100) 108.8°
c(5) c(Lb) ¢ (km) 108.0°
C(10b) C(L4p) C(Lm) 116.0°
Cc(lkb) HE S c(6) 115,69
g(5) c(6) c(6a) - 111.8°
c(6) C(6a) Higd 111.0°
c(6) C(6a) c(10a) 118, 7¢
c(6) c(6a) C(6m) 108.5°
(7] C(ba) ¢(10a) 106. 5°
c(7) ¢(6a) C(ém) 106.6°
c(1ca) c(6a) C(6m) 31%. e
C(6a) gty c(8) - o
C(6a) c(7) o(7) 123, 5°
c(8) Cl7) o(7) -l n
c(7) c(8) c(9) 11k.8°
c(8) c(9) : C(10) 115, 7°
C(9) c(10) c(10a) 11%.h°
c(6za) C(10a) c(10) 107.9°
C(6a) ¢(10a) C(10p) 108.6° .
C(6a) c(10a) C(1lCm) 110.5°
Erig) C(10a) C(10p) 110. ke
C(10) C(10a) C(10m) 107. &7
C(10b) c(10a) C(10m) 15, 1"
C(L4v) C(10p) Cc(10p) 115.7°
c (ko) C(10b) c(11) 109.5°
¢(10a) C(10b) griL) 115.8°
C(10b) 611} c{12) T30 7
c(11) GOz c(12z) 1lh,1°
c(1) C(12a) C(ka) 119.5°
c(1) Cc(12a) c(12) 118.2°
C(ka) ¢{12a) c(12) 122.4°
#*The standard deviation in these angles is ebout 0.3°. "m" Refers

to the methyl carbon.
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Numerous computer programs have been written,

£ =

fied, or adopted to the 37C-155 CRYM system,
itia

jof

b

mo

P 3 -
Pro 11 dazxa

grams which were written include an ini

)

-

processing program to sort and average diffraction data,
tetragonal and cubic structure factors - least squares,
a program to store E's or external phases on a CRY tape,
a unit cell least squares program to calculate accurate
cell dimensions from film and diffractometer data, and
a program to generate poetry based on the time of day
as a random number, In addition, the Oak Ridge stiruc-
ture factors - least squares program XFLS for the 360
has been adapted to be compatable with CRYM formats
allowing the chemist anisotropic refinement in any
space group.

Programs which have been modified and improved

include distances and angles extension to space group

14N and corrections, an edit program to restore lost

data if part of the data tape is erased, a Fourier option
making Fourier maps easier to visualize, a listing option
which searches for inconsistencies in the data tape, and a
new publication list program which lists any number of

structure factors in any order, Finally, programs have



dded to CRYM wnich calculate direction cosines for methyl

0

D

groups, put hydrogens on chain hydrocarbons, handle

a

Cther Siructures

The Crystal structure of trisacetylacetonato-
chromium(III) was reinvestigated., The structure as
first reported (1) contained one AcAc ring which was
vibrating 0,3 to 0,4 & normal to its mean plane,
Because the vibration was approximately parallel to the
b axis, this motion was called a lattice wave rather
than simple disorder., Cooling the crystal caused the
diffuse spots to disappear and reheating caused the
diffuseness to return,

The purpose of this reinvestigation vas to use
accurate three-dimensicnal diffaction data and full-matix

least squares (the original aralysis used differential

o

synthesis) to accurately determine atomic positions and
and directions of thermal vibration, With an R = 0,10
the reinvestization converged on the previous results,

Therefore, work did not continue on this project.

Dr. T, F, Lai located the Pt, Cl, and P atoms in

a crystal oi PtClzP(0f)aP(C4Hg) before leavingz Caltech,
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The refinement was concluded ter the remaining atom

5

e
Fh
W

IS

were located., The results have not been published,

MST Summer Science Intern

Beginning the summer of 1970 the National Scierce
Foundation began a program of summer science interns
which brought ten graduate students to Washington to
work in the Foundation in the branch of their choice

to make useful suggestions and write a report for the
improvement of the National Science Foundation, I was
selected and spent two months in the Undergraduate

Education Division, My primary interest was analysis

of the undergraduate research progranms,

Underegraduate Research Assistance at Caltech.

4 significant portion of time has been devoted to
the supervision of undergraduates in X-ray crystallography
research, Some of the undergraduates were only able to
get accurate cell constants or a set of data (M. Wimbrow,
G. Frankel, D, Ridder) while others were able to complete
their project (R, Bell and L, Lindblom) with the under-
graduate doing as much of the research by himself as
possible. In addition, one graduate student (R, Carhart)
was guided through a structure determination and many

others have been assisted with their crystallography
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References for the Appendix

B, Morosin, Acta Cryst., 19, 1915






