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The Crystal and Molecular Structure of Cembrene*

By MiIcHAEL G.B. DREw, DAVID H. TEMPLETON AND ALLAN ZALKIN

Lawrence Radiation Laboratory and Department of Chemistry, University of California,
Berkeley, California 94720, U.S. A.

(Received 27 September 1967 and in revised form 25 March 1968)

A hydrocarbon C30H 12, called cembrene or thunbergene, is confirmed to be 1-isopropyl-4,8,12-trimethyl-
2,4,7,11-cyclotetradecatetraene by X-ray diffraction. The crystals are orthorhombic, spacegroup P2,2;2;,
a=6224 (4), b=21-517 8), ¢=13794 (6) A, Z=4. The structure was determined by a statistical
methcd. The structure was refined to an R of 0-088 for 2045 reflections. Average bond distances are
C-C=1-33 A (double bond), 1-48 A (single bond between two double bonds), 1-49 A (single bond
adjacent to one double bond), and 1-54 A (single bond not adjacent to a double bond), with maximum
deviation 0-02 A. Bond distances were different by as much as 0-05 A before hydrogen atoms were
included in the calculations. The molecular structure is consistent with the hypothesis of biosynthesis

from geranylgeraniol.

Introduction

A crystalline diterpene (C,H3,) called cembrene (Mi-
rov, 1961) or thunbergene (Akiyoshi, 1937) has been
isolated from the turpentine oil of Pinus ablicaulus,
Pinus thunbergii, and several other species of pine trees.
Two independent investigations by Dauben, Thiessen
& Resnick (1962, 1965) and by Kobayashi & Akiyoshi
(1962, 1963) have shown by systematic degradation
and spectroscopic evidence that this hydrocarbon is
l-isopropyl-4,8,12-trimethyl-2,4,7,11-cyclotetradecate-
traene, but failed to establish the stereochemistry of the
double bonds. We have determined the crystal struc-
ture of this compound by X-ray diffraction, confirm-
ing the molecular structure and showing that the ring
is trans at three double bonds and cis only at the 4-ene.
We designate the carbon atoms as follows:
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Experimental

Crystals were kindly provided by Professor W. G. Dau-
ben of this University. Preliminary photographs by the
Weissenberg technique showed an orthorhombic lat-
tice. The cell dimensions measured with a General
Electric quarter-circle goniostat (1=0-70926 A for
Mo Ka,) are: a=6-224(4),b=21-517(8), c = 13-794(6)A.
The errors in the last digits (in parentheses) are sub-
jective estimates of the standard deviations. These di-
mensions agree with those reported by Ibers (1961)

* Work done under the auspices of the U.S. Atomic Energy
Commission.

within the accuracy that he stated. With Z=4, the
calculated density 0-980 g.cm~3 agrees with the value
observed by flotation, 0-98 g.cm™3, again in accord
with Ibers (1961). Reflections are absent for 400 if
h=2n+1, for 0kO if k=2n+1, and for 00/ if /=2n+1.
These rules are characteristic of space group P2,2,2,,
and this choice is confirmed by the structure determina-
tion. All atoms are in the general set of positions:

4a) x,y,z; s —x,—y, 5 +z; 1+ x,5—y, —z;
—-x,5+yi-z.

Intensities were measured for 2045 independent re-
flections. Two crystals of approximately the same size
(0:1 x 0-3 x 0-2 mm) were used in the experiment. Each
reflection was integrated by the 6, 20 technique with
Cu K« radiation filtered through Ni, at 35 kV and
20 mA. Each scan extended from 0-5° (of 26) below
the a; peak to 0-5° above the a, peak, at a rate of
1 °/min. The background was measured for 10 seconds
at each end of the scan with crystal and counter sta-
tionary. The background was assumed to be a linear
function of 26 between these two points. The net in-
tensity / is

I=C—(B1+B;) (1c/2t) ,

where C is the total counts recorded during the scan
time ., and B; and B, are the background counts each
in time 7p. The standard deviation of the intensity was
assumed to be:

o(I)=[C+ (1c/21)2(B, + B) + (0-05 1?12,

The first crystal was used to collect data for reflections
for which 20 <110°. During the data collection, the
intensity of the four standard reflections had uniformly
dropped by approximately 15% and the crystal was
discarded. A second and slightly larger crystal was
used for data in the range 100°-140°. At the end of
this data collection, the standard reflections for this
crystal had also dropped by 15%. The two sets of data
were put on a common scale by comparing intensities
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in the region 100°~110°. The ratio was 1-60. No cor-
rection was made for absorption or for decomposition
in the crystals.

In the calculation of structure factors, atomic scat-
tering factors for neutral C and H were taken from
International Tables for X-ray Crystallography (1962).
The isotropic temperature factor was defined as
exp (— B sin? §/A2). Calculations were made with the
CDC-6600 computer with our unpublished programs
for Fourier series and interatomic distances and angles,
and our modified (unpublished) version of the Gantzel-
Sparks-Trueblood full-matrix least-squares program,
which minimizes X w|4F|?/ X w|F,|2. The anisotropic
temperature factors used have the form:
exp (—0-25 X X hihsbibsByy), i, j=1,2, 3, and where b; is

tJ

the ith reciprocal cell length.

Determination and refinement of the structure

The structure of cembrene was solved by a statistical
method using the general principles laid down for non-
centrosymmetric structures by Karle & Karle (1966).
We calculated the normalized structure factor magni-
tudes |E| using an unpublished program written by
Maddox & Maddox (1965), and we used 98 reflections
with |E| values greater than 1-67 in subsequent calcula-
tions.

In P2,2,2,, there are eight possible origins and two
enantiomorphs giving sixteen equivalent combinations
of phases. It is possible to isolate an origin and enan-
tiomorph by fixing the phases of four two-dimensional
reflections. We could find only three two-dimensional
reflections of suitable parity among the larger |E| val-
ues, 0195, 01110 and 1 180, and assigned to them
the phase of 7/2. Arbitrary restriction of the phase of
1 3 2 to the range 0—x completed the choice of origin
and enantiomorph. The phases of this reflection and
three others were assigned symbols. These initial as-
signments are listed in Table 1.

Table 1. Initial phase assignments

h | Exl ®h
0 19 5 2-40 /2
0 11 10 1-95 /2
1 18 O 1-99 n/2
0o 2 12 2-86 a
3 9 6 2:59 b
1 3 2 1-99 c
1 10 10 2:45 d

Symbol a was deduced to be zero from the X, rela-
tionship. Next we used the formula (Karle & Karle,
1966):

¢))

We required the value of the triple product |E,E, E,_y|
to exceed 9-0 if a single phase indication was to be
accepted. As new phases ¢, were calculated from com-
binations (@, + ¢u_y), they were added to the list of

o0~ {OxF Pn—w)x -
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known phases and subsequently used to determine
other phases. This programmed technique resulted in
a set of 25 self-consistent phases. For the remaining
reflections, the contributing sums (¢, + ¢,_,) to a par-
ticular ¢, were sometimes different. Relationships be-
tween the symbols were derived from these differences.
The most frequently occurring relationships were
2d=0, 2b+2¢=0 and 2b+2c=mx. In view of this in-
consistency, we decided to make no assumptions about
the values of b, ¢ and 4,* and to use a different approach
with the tangent formula (Karle & Hauptman, 1956):

tan p,~A/B, 2
A= f | ExEp—yl sin (g + 04—

B= flEkEh—kl c0s (9x +Pp—y) -

where

In order to apply the tangent formula, numerical
phases were assigned to the symbols. Symbol ¢ was
phased from O to # in steps of #/4 and b, d from 0 to
7n/4, also in steps of n/4. The interval of n/4 is ar-
bitrary. There are 320 (=8 x 5x8) combinations of
possible values for these three symbols, and for each
of these, the following procedure was adopted.

The 25 reflections, whose phases were determined
by use of equation (1) were given numerical phases.
The tangent formula was only applied to these reflec-
tions and to those with |E| values above 2:0. The con-
sistency of a phase determined from the tangent for-
mula can be judged from the value of the parameter ¢,
where

h=(A2+BH)\2] X | By -
k

We required this parameter £, to be greater than an
arbitrary value of 0-4. If this criterion was satisfied,
a phase determined by the tangent formula was sub-
sequently used in the next cycle. No changes were
made to the phase of a reflection until the conclusion
of a cycle, when the tangent formula had been applied
to all the reflections. After ten cycles, all 98 reflections
were introduced into the procedure. Although forty
more cycles were carried out in the way described,
most of the phases were determined after five cycles.

For each of the 320 starting sets, a final list of re-
fined phases were printed, together with a consistency
index, Q, for each set. This consistency index Q is

* As this was our first attempt at solving a structure by this
method, we employed an over-cautions approach. Later ex-
perience with other problems suggest that we would have been
justified in assuming that d=0 or n and that 2b+2c= +=n/2.

Table 2. The most consistent sets of phases

Phases given in millicycles, so 500 represents 7.

396 132 11010 o
—444 307 -3 0-22
—487 —488 -1 0-27
189 206 8 0-31
—295 335 15 0-31
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defined as*:

* The Q value is equivalent to the R value of Karle & Karle
(1966). We have changed the name to avoid confusion with the
R value calculated from the observed and calculated structure

factors.

Q= {.Eh—thEnV hE IEh| .
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Table 2 shows the phases of the 396,13 2and 1 10 10
reflections and the Q values for the four most con-
sistent sets.

An E map was calculated using 98 reflections with the
phases in the most consistent set (Q@=0-22). A least-
squares refinement confirmed that 19 of the top 20
peaks were carbon atoms. The remaining carbon atom

Table 3. Final coordinates ( x 10%) and thermal parameters ( x 102) for the carbon atoms in cembrene

c(1)
Cc(2)
C(3)
C(4)
C(5)
C(6)
(D
C(8)
C(9)
C(10)
c(11)
C(12)
C(13)
C(14)
C(15)
C(16)
c(17)
C(18)
C(19)
C(20)

Table 4. Final coordinates ( x 10%) and thermal parameters ( x 10) for the hydrogen

Standard deviations estimated by least squares for the least significant digit are given in parentheses.

X

1958 (6)
0792 (6)
1356 (6)
0186 (7)
0893 (9)
2746 (9)
2452 (8)
3808 (7)
3149 (10)
3044 (10)
1441 (8)
1347 (8)
—0366 (8)
0459 (9)
3041 (8)
1505 (12)
4877 (11)
—1733 (10)
5943 (10)
2920 (17)

H(1)
H(2)
H(3)
H(5)
H(6-1)
H(6-2)
H(7)
H(9-1)
H(9-2)
H(10-1)
H(10-2)
H(11)
H(13-1)
H(13-2)
H(14-1)
H(14-2)
H(15)
H(16-1)
H(16-2)
H(16-3)
H(17-1)
H(17-2)
H(17-3)
H(18-1)
H(18-2)
H(18-3)
H(19-1)
H(19-2)
H(19-3)
H(20-1)
H(20-2)
H(20-3)

y
4701 (2)
4548 (2)
4100 (2)
3924 (2)
3445 (2)
3034 (2)
2620 (2)
2531 (2)
2130 (2)
2501 (2)
3018 (2)
3504 (2)
3983 (2)
4646 (2)
5351 (2)
5884 (2)
5349 (3)
4296 (3)
2826 (3)
3600 (3)

z

8296 (2)
7371 (3)
6765 (3)
5876 (3)
5330 (3)
5519 (3)
6396 (3)
7121 (3)
7972 (3)
8929 (3)
3891 (3)
9466 (3)
9361 (4)
9173 (3)
8264 (3)
8076 (4)
7527 (6)
5601 (4)
7187 (5)
10281 (4)

By,

461 (18)
423 (18)
443 (17)
557 (20)
719 (28)
718 (27)
535 (21)
431 (18)
715 (29)
696 (28)
533 (21)
661 (23)
562 (23)
718 (28)
606 (23)
893 (40)
570 (25)
738 (32)
499 (27)
957 (48)

By,

351 (13)
367 (14)
359 (14)
415 (16)
512 (20)
512 (19)
363 (16)
376 (14)
327 (15)
489 (20)
458 (18)
439 (17)
507 (20)
460 (18)
370 (16)
366 (18)
586 (26)
598 (25)
912 (37)
790 (33)

B33 By,
350 (14) 37 (15)
383 (15) 71 (14)
325 (13) 48 (14)
327 (14) —-09 (16)
327 (15) —40(20)
385 (16) 54 (22)
472 (17) 55(17)
535 (19) 79 (15)
590 (21) 112 (19)
461 (19) 69 (21)
383 (16) 44 (17)
349 (14) —27 (18)
505 (20) 18 (18)
395 (18) 52 (21)
515(19) —-33(17)
693 (29) 91 (23)
995 (39) —57 (24)
516 (22) 36 (23)
757 (34) 39 (26)
457 (23) 76 (36)

Also given are the C-H distances in A

X
321 (6)
057 (5)
280 (6)
008 (7)
416 (8)
314 (9)
093 (7)
432 (8)
156 (8)
463 (8)
227 (10)
023 (6)
132 (8)
131 (8)
079 (7)
138 (9)
400 (8)
075 (8)
230 (13)
038 (10)
597 (10)
563 (11)
414 (14)
300 (9)
239 (8)
120 (8)
672 (12)
705 (13)
601 (13)
391 (15)
210 (19)
421 (13)

J
437 (1)
479 (1)
388 (1)
339 (2)
331 (2)
277 (2)
244 (2)
185 (2)
195 (2)
265 (2)
220 (3)
295 (2)
386 (2)
405 (2)
496 (2)
476 (2)
540 (2)
584 (2)
623 (3)
592 (3)
569 (3)
502 (3)
522 (3)
430 (2)
413 (3)
476 (2)
296 (3)
267 (3)
317 (4)
319 (4)
376 (5)
373 (4)

V4
836 (2)
723 (2)
694 (2)
482 (3)
562 (3)
491 (4)
645 (3)
807 (3)
785 (3)
905 (3)
940 (4)
849 (3)
885 (14)
996 (3)
906 (3)
973 (4)
880 (3)
738 (4)
806 (5)
842 (4)
757 (4)
793 (4)
686 (5)
609 (4)
505 (4)
550 (3)
662 (4)
745 (4)
774 (6)

1041 (5)
1065 (8)
1009 (5)

B

13 (7
3 (6)
13 (7)
26 (9)
32 (10).
50 (12)
23 (9)
47 (12)
30 (9)
24 (9)
73 (16)
17 (D)
41 (12)
33(9)
27 (9)
57 (13)
33 (11)
49 (13)
94 (21)
50 (16)
62 (15)
71 (16)
104 (23)
40 (12)
41 (12)
41 (16)
101 (25)
55 (16)
113 (24)
122 (26)
152 (40)
71 (24)

B3

01 (13)
09 (14)
—00 (14)
~29(15)
~59(17)
70 (19)
10 (17)

15 (16)
~77 (21)
— 67 (20)
—13(17)
81 (16)
207 (20)
133 (20)
— 104 (19)
109 (30)
100 (28)
—200 (25)
—62 (26)
— 142 (29)

B;s
~33(12)
—-29(12)
—-02(12)

46 (13)
—11 (15)
—105 (15)
—113 (14)
—-97 (14)
03 (15)
65 (15)
73 (13)

58 (13)

01 (17)
—40 (16)
21 (15)
03 (19)
162 (28)
16 (20)

40 (31)
—81(23)

atoms in cembrene

C-H (A)
1-06 (4)
1-01 (3)

2 (5)

-03 (6)

9
8
0
0
0
0
93 (5)
0
9
8
0
0
8
8
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was located by a difference Fourier synthesis using all
2045 reflections. :

In the subsequent least-squares refinement, we gave
zero weight to 379 reflections whose observed struc-
ture factors were less than twice the calculated stan-
_ dard deviation. Least-squares refinement of the 20 car-
bon atoms with isotropic temperature factors gave an
R value of 0:156 for 1666 reflections (R calculated as
X |4F|] X |Fol). Anisotropic refinement lowered the R
value to 0-115. A difference Fourier was calculated
and the non-methyl hydrogen atoms were observed in
the expected positions. The methyl hydrogens were not
well resolved, but by considering the known geometry
of the -CH; grouping and the electron density distribu-
tion, the most likely positions for these hydrogens were
obtained. The hydrogen atoms were given the same
temperature factors as the carbon atoms to which they
were bonded. Least-squares refinement on the carbon
parameters, keeping the hydrogen contribution to the
structure factors constant, dropped the R value to
0-078. We then refined all 309 parameters (carbon
anisotropic, hydrogen isotropic) by full-matrix least-
squares for three cycles. The R value dropped to 0-063
(0-088 for all data). .

The final coordinates and thermal parameters for
the carbon atoms in cembrene are given in Table 3.
Table 4 lists the final coordinates and thermal param-
eters for the hydrogen atoms. After the final cycle
of refinement, the shifts of all parameters were less
than half of their standard deviations: for the posi-
tional parameters of the carbon atoms, the maximum
shift/deviation ratio was 0:16. Table 5 lists the bond

Table 5. Bond distances and angles for cembrene

Standard deviations in parentheses refer
to the least significant digit.

Distances Angles
A) (degrees)

C(1)—C(2) 1-503 (5) - C(2)—C(1)—C(14) 111-03)
C(2)—C(3) 1-:323 (5) CQQ)—C()—C15) 112:5@3)
C(3)—C4) 1-476 (5) C(14)-C(1)—C(15) 110-8 (3)
C(4)—C(5) 1:351 (6) C(1)—C(2)—C(3) 124'5033)
C(5)—C(6) 1-477 (7) C(2)—C@3)—C(4) 1255(3)
C(6)—C(7) 1:514 (6) C(3)—C4)—C(5) 1199(4)
C(1H—C(8) 1-322 (6) C(3)—C(4)—C(18) 1181 (4)
C(®)—C® 1:514 (6) C(5)—C(4)—C(18) 1220 (4)
C(9)—C(10) 1-544 (6) C(4)—C(5)—C(6) 1279 (4)
C(10)-C(11) 1-494 (7) C(5)—C(6)—C(7) 113:5@4)
C(11)-C(12) 1-315(5) C(6)—C(7)—C(8) 127-8(4)
C(12)-C(13) 1-490 (6) C(7)—C(8)—C(® 1197(4)
C(13)-C(14) 1-539 (6) C(9)—C(8)—C(19) 116:2(5)
C(14)-C(1) 1:533 (6) C(7)—C(8)—C(19) 124-0 (5)

C(8)—C(9)—C(10) 112-3 (3)
C(1)—C(15) 1-554 (5) C(9)—C(10)-C(11) 112:5(4)
C(4)—C(18) 1-486 (7) C(10)-C(11)-C(12) 1269 (4)
C(8)—C(19) 1-475(8) C(11)-C(12)-C(13) 121-6 (4)
C(12)-C(20) 1-505 (9) C(12)-C(13)-C(14) 114-8 (4)
C(15)-C(16) 1-515 (D) C(11)-C(12)-C(20) 122:0 (5)
C(15)-C(17) 1-530 (9) C(13)-C(12)-C(20) 116:3 (4)

C(13)-C(14)-C(l) 11404

C(1)—C(15)-C(16) 1144 (4)

C(1)—C(15)-C(17) 109-9'(4)

C(16)-C(15)-C(17) 111-1 (4)
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distances and angles for the carbon atoms in cem-
brene. Table 6 is the final list of observed and calculated
structure factors.

Discussion of the structure

The cembrene molecule is shown in Fig. 1, together
with the C-C bond distances. This Figure shows the
enantiomorph which is consistent with the absolute
configuration determined by Dauben, Thiessen & Res-
nick (1965) and Kobayashi & Akiyoshi (1963). Our
X-ray data gave no evidence concerning this configura-
tion. Fig. 2 shows the a projection of cembrene and the
mode of packing in the unit cell.

The fourteen-membered ring in the structure con-
tains.four double bonds. The conjugated diene is tran-
soid, with one double bond C(2)-C(3) trans and the
other C(4)-C(5) cis. The other two double bonds

Il
T

Fig.2. The a projection of cembrene.



M. G. B. DREW, D. H. TEMPLETON AND A. ZALKIN 265

Table 6. Observed and calculated structure factors ( x 3:0) for cembrene CyHj,

Reflections marked with an asterisk were assigned zero weight in the least-squares refinement. Fygo ( x 3-0) = 1824.
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K FOB FCA 1yls 0y & - v 0 44 43 s> 6 8 10 27 26 1 ] 3e X FO < v
2 A6 &5 % FOB FCa 5 3o 115 19 6 17 1¢ 11 40 &« 12 18 19 1 3
“ 148 150 0 16 12 & 12 2 45 && 7 26 28 12 28 26 13 29 30 1 <« 6
© 190 1o7 1 6l ss 7 ) 3 26 27 e 10 8 13 21 20 16 15 13 2 3 o
15 2.5 5 s s 4 20 25 5 15 15 1 18 15 15 11 10 3 « 8
10 43 & 3101 95 v 3 S 3 35 16 ¢ e 15 12 le 16 26 26« s 7
12 310 30 4 22 10 3 6 58 57 a2 2 le 1C 10 7 o 4 5 [ANtY
14 719 79 5 113 109 it 0 718 1% 12 18 19 1% 3% 18 o 4« ) 7 o
te 81 80 6 13 13 12 19 8 87 o3 (IR IR Y 18 13 10 15 S as 7 8 10
8 11 71 7 oS5 58 13 15 9 35 37 14 2 e 19 c 3% 20 12 1 8 < 5
20 44 4s a 1o 18 14 33 10 3¢ 3o 15 17 18 20 5 a 7 1 13
22 12 14 9 < ts 15 ° 11 %8 58 16 1« 13 21 14 15 Mele 3, 10 1n o
24 16 17 10 1 - 16 lo 12 51 51 17 1 s 22 3 7 K FCB FCA 11 12 o
6 11 12 13 17 2 13 25 29 18 6 ] 23 L] s o 35 12 13 5 3
12 33 30 18 o 164 «C 3§ a2 13 14 o Se
le O, 13 1t 1s 15 26 2% M= 2, 12 e 3, 2 3 13 14
K FOB FCA 16 22 21 ML= Oy 1 16 34 35 K FLB FCA K FOB FCA 3 13 12 IS Kate 6
- L5 44 43 K FOB FCA 17 L] L] o 21 2 0 10 11 - T 7 16 ® FOB FCA
2 150 155 16 24 24 1 1s 18 9 8 113 12 1 2¢ 18 5 26 26 17 < o
3 3 1o ' 1 19 14 16 2 18 1t 2 56 58 L3 7 9 18 )
“ 25 25 18 22 22 3 20 20 20 0 20 3 1s 13 3 26 20 7 3 31 g ! : l"
5 67 66 19 13 12 & 18 2t 8 4 11 7T 4 38 38 8 23 26 14 HE v
6 51 58 20 22 22 5 1l 22 11 11 5 35 35 5 s5C 52 9 12 20 27 ¢
129 28 2L 10 12 e O 3 0 2e+e6 18 18 o 26 26 10 5 1is 3¢ N
a2 22 u 1 T 2% ¢ 112 12 7035 3% 1l 16 1e  3p e 9
5100102 23 3 e 6 o o o 'ie s oz 22 12 21 20 ¢ 9 e
10 25 21 24 0 4+ 9 e Mite 2, & 9 1L 10 9 22 20 13 1a 13 . HE M
1l 48 &% 10 o K FOg FCA 10 19 20 10 27 28 e 1s 17 x s o e
5 3 Hels Gy oo 0126 127 11 12 1F i1 14 13 15 8 9 0 K o 2e
13 20 21 ® F08 FCA 12 a7 118 1e 12 13 13 12 23 23 1o o Te 1 1" 3 pes
45 9e 112 43 13 Lo 2 89 BY 13 16 1& 13 1e 16 1 8 8 o6 s
15 4 20 2 5 4 « 0 339 39 e 14 17 le 45 48 1B 0 4e 3 17 o 3
16 26 27 329 26 15 1o 4 13 14 15 7T 5 15 3 36 19 & e & )
17 4 3 4 s 8 Lo 8 26 25 16 6 1 16 14 19 5 rote o
1 0 6e 5 24 20 e 16 15 17 C Ce 1T 5 I® mls 3, 10 I X FOB FCA
19 16 18 6 30 26 kL= 0, 14 . s 7 28 26 18 € 0% X FLB FCA 7 1 e e
3 9e 1 7 K FQu Fla x Ful 8 31 31 me 2, 13 19 7 s 0 14 14 8 z o e
10 1e 8 29 21 0 24 2 2 9 10 10 KFCBFCA 20 8 & 1 11 9 g 3031 e
22 28 29 v ) 2 “ 10017 16 0 & a5 9 2 b 10 o 13 1
3 5 o 16 36 35 2 1L 126 25 121 21 22 3 L1 3 10 11 11 4 10 12
24 16 15 11 3 ERRTY 12 43 42 2 13 11 23 ¢ 4 « 18 20 ¢ s 9
25 0 1s 12 0 & & 10 1339 40 3 71 8 5 10 8 3 15 s
26 - e 13 11 8 > 21 14 48 48 - ] 5% Hele 3, 4 6 21 21 14 e 11 9
14 36 3% o 17 15 29 28 5 11 IC K FOB FCA 7 21 22 g R S
Hele 00 2 15 19 19 7 1 16 36 36 o 4 5 0 &1 42 2 12 11 K o e
K FQB FCA L6 14 16 & 5 1717 13 T s s 13« 33 9 28 21 47 1 o6 &
5 Tl 17 19 19 o 18 14 14 e s 7 2 )& 35 10 24
1100 91 18 5 & 10 0O 19 13 13 9 8 11 3 21 26 112 Hie 64 8
2 8% 82 19 C 0% 11 © 2 7 4 10 12 13 4 33 35 12 8 X FOB FCA
3182175 20 4 1v 12 0 21 4 5e 11 14 Is 5 6b 66 13 7 PRETReTS
4313326 21 6 &5 13 0 22 1 4 12 8 5 6 31 38 14 13 1 s s
5 49 a7 22 5 5 1s 2 23 6 ) 13 3 e T 3 N 15 5 2 10 10
6 14 149 23 L] 14 S “ 8 21 2 16 o 3 5 90
719 19 mele vy Mte 2o 7 13 0 Te 9 55 6 17 % HES
o 21 30 wle G, B K FOE K FOB FCA 10 18 19 18 5 72 s o 7
9 60 S8 K FOBECA 1 G 0 37 35 ke 2,16 11 25 25 1 I
10 0 s+ 0109132 2 13 1 20 26« FOBFCA 12 26 29 H T s 9
111 1 s 3o 2 0 16 13 13 18 18 3 8 2 2
12 40 38 2 A1 4s - 9 3 53 5% 121 21 14 1Cc 11 - s 10 10
13 72 68 3 46 43 5 1l 4 17 17 2 13 15 15 33 33 5 o5 4
14 49 46 4 66 60 3 2 5 3% 38 3 12 16 10 9 3
15 18 20 5 4 3 T 4 6 13 13 « 2 s 11 9 10 7 Hele 6y
16 25 28 [ 7 8 8 o T A5 46 5 o “«s 18 26 25 2 x FOB FCA
17 49 46 1 20 22 9 b 8 12 13 6 b 19 3 e 9 c 10 9
18 16 15 8 19 18 10 11 Mt 9 16 16 713 12 20 11 1a 10 11 e
19 10 9 9 21 25 1l 5 x 1037 36 8 5 4 2 1 11 11 2 6 8
2¢ 15 13 10 40 39 < 11 14 12 § T 11 2 G 2e 12 3 0 3
21 7 2 11 22 21 ML= Gy lo o 1 12 «C acC 10 o 3¢ 23 11 2 13 “ 8 kd
22 18 18 12 10 10 % FOu FCA 1 2 13 3% 39 11 & 14 s 11
3 2 e 13 22 23 o ° 2 ) 1e 11 1 12 12 1wl 15 ) & 7
2« 21 30 4 e & O 3 “ 5 17 16 X FOB FCA 1o 1 4 3e
5 3 3¢ 15 15 14 2 L3 “ S 6 1 14 KHyLe 2, 15 o 1 17
s 7T 12 1e 38 38 3 7 7 5 88 6s & 37 38 ks 2, 2 17 28 2) K FCB FCA 12 2 18 Mite 64 10
17 5 1 . o 1s 6 53 82 7 7 ’ K FOB FCA 18 23 23 0 le 17 2 lo 18 19 X FOB #CA
Hils 18 12 12 k] 5 @ 7 85 83 e 12 13 0 23 23 o e 116 17 3 31 20 (4 8
K FOBFCA 19 10 12 & 1 o B 44 42 § 30 30 1 2 Ie 20 C ev 2 12 42 4 5 21 o
+ 89 81 20 0 0 T & 1 9 59 So 16 12 12 2 6 8 21 5 1 3¢ 1c 5 18 17 2 6 s
2 295 293 21 14 16 e 11 12 10 50 4o 11 18 15 3 w8 10 22 ] 7 - ) ¢ 6 2§ 29 HyLe 3 ® L3
3 148 138 22 & . 1m oo 2 4 62 &3 3 £ 5 T 14 18 13
4 30 31 23 1} 4% Mol 1y G 12 13 2 13 s 4 5 71 70 HyLe 2, 8 13 o [ 8 21 21 o ® hale 7,
5 62 58 K FOb FCaA 13 24 23 14 1a 16 6 99 1CQ K FOB FCA ? 7 5 9 b4 b4 1 k FOB FCh
6 57 55 MyLs Q) 9 1 244 290 14 5 < 15 3 o 1 69 86 9 25 8 s 1 10 a4 45 2 1 o 20
7174 18) K FOB FCA 2 204 302 15 10 L) le 11 9 e 87 85 113 1s ° 8 1 11 42 43 3 H 8 M
5 38 38 123 2 80 o3 16 13 15 17 5 5 9 30 29 2 3 33 12 119 M 3 2 o
9 54 51 2 22 19 4 187 200 17 23 24 1@ 11 12 10 44 45 3 4b 45 H,Ls 2, 16 13 11 13 5 “ 9 °
10 6 2 3 21 22 5 30 31 18 21 zm 1% ) © 11 46 43 4 20 27 X FOB FCA 16 22 24 M 5 ° pey
11 40 36 4 4l &2 6 83 54 19 13 13 12 12 10 5 31 30 [ “ ¢ 15 10 10 7 ° o P
12 56 52 5 03 1ad 1 13 T 20 15 1> mele 1, 12 13 3 N o 24 29 1 10 ¢ 16 4 2 r 7 s H
13 48 &7 6 286 29 8 125 128 ® FOB FCA 14 36 s 11 2 2 26 17 & ® 9 H s 13
14 16 15 705 1e 9 42 &z 1B 17 15 20 21 8 39 40 310 5 18 & 2 10 RN
A5 ° 4o 8 7 1 10 82 53 26425 16 28 28 9 45 4b 4 7 19 7 S it 0 H «
16 15 14 9 So S5 11 41 3» 26 25 17 14 13 10 2¢ 20 20 19 18 12
17 5 10% 10 17 1e 12 el 82 35 36 s 111 1} 13 l& Fyle 3, O 21 T 7 13
13 26 26 11 2 4e 13 36 35 53 53 19 6 5e 12 25 25 K QB FCA 22 C e 12
19 31 12 29 29 14 7 6 13 12 20 o 2¢ 13 11 17 1 3a 38 1s ¢
20 5 2% 13 5 2% 15 52 55 e 1 a1 21 20 1« 10 11 2 9 § Hyle 3, & 16 )
21 19 20 1s 8 1 16 26 21 21 21 22 8 7 15 1s 13 3 8 1 ® FOB FCA 17 H H
22 8 10 15 2 08 11 4b 4o 6 3 23" 0 5% 6 15 12 A 13 14 0 18 1B 18 : e o
23 15 15 16 7 8 59 o0 3 e* 26¢ 17 17 AT 17 18 5 36 3¢ 1 3% 38 19 ; 10 9
24 21 2 17 26 26 19 31 32 ls 1> 25 2 Se 18 12 10 6 48 &T 2 3¢ 31 20 5 H se
25 8 10 8 1 3 2e 10 19 s 0 <+ 3 48 50 2 s e o
0 21 &9 &0 19 21 Hele 2, 3 20 7 7 8 19 17 4 53 55 7 - °
Hile 0, 4 20 2 s 19 19 K FOB FCA 21 12 13 9 Se s5 5 20 20 Hele . 5 8
X FOB FCA 21 ] 23 11 12 19 20 o 21 10 ¢ 8 6 21 28 x s 10 I
Q &4 62 22 1 26 11 1 15 16 1 371 Hyle 2, 1 0 3e 7 s L] Y 0
11 5 20 22 15 16 2 47 49 K FOB FCA 12 21 21 8 1& 16 1 H o1 2
2 37 35 ML= 0y 10 9 1l 3 &5 46 o 20 2 1 < se 9 65 60 2 L 2 " FIIB'FCA
3 38 38 K FOB FCA Pyle 1, I 8 10 4 76 b 1 41 4L 14 8 7 10 39 39 3 = 3 t s
4 70 89 0 14 13 K FOb FCA 5 as 49 220 19 15 S 5 11 43 &) e ° H »u
5 5 43 1 30 sl 0 39 o8 1913 6 15 19 3 10 12 le 28 30 1z 39 40 M H : P
6 89 b3 2 26 2% 1 163 lua Cd FCA 7 69 92 & 12 11 AT 1S 13 24 23 -
7 36 36 3 11 15 2151 18l 19 20 8 46 44 5 24 25 18 0 4s la 21 20 LT R S - O S L S A L
8 37 35 4 20 20 3153 les 14 13 9 52 a9 & 21 22 2027 3 o 638 4itvis e e 1 5 8l
9 71 76 5 3% 36 4 113 186 3 40 10 33 37 25 28 S 15 18 1 C 20 » 14 11 s “ e ¢ s
10 48 &4 6 35 3¢ 5110 lla 22 23 1137 1 82121 10 20 286 2 0 Se & 23 24 10 e 5 b i
1120 2 1 29 27 o 38 40 9 6 12 40 41l 9 26 25 n 1 3 s 3 fc To 11 16 17 & 4 e
12 022 22 8 21 21 1 39 40 9t 1 2 10 33 35 12 29 20 4 o % & 2: 21 iz 1 ‘4 e 3 3
1) 24 22 9 21 20 8 95 9% To9 1k 2t 22 1123 23 13 11 13 5 0 20 3 1 % 13 4 e
16 46 &1 10 35 36 9 49 30 6 9 15 0 20 12 26 22 14 16 1T 6 11 33 10 Y 1le & B 4 He 7,
15 16 16 11 52 3L 10 52 4% 5 5 16 23 24 13 o 5e 1 8 5 7 1t 9 1 3o 15 S 7 K FOB FCA
16 19 20 12 3 4 L 9 & o127 311 11 14 15 18 15 8 3 8 9 9 1210 o 6 15 12
154 T 4 13 7 . 12 3 8 7 18 18 18 15 14 16 0 17 0 5 9 2 3 23 1w 9 Mele b6y 3 1 7 >
18 12 13 14 10 9 13 32 30 31 s 1 17 17 1 17 9 A2 2 1e
19 19 1 15 31 32 14 16 1§ T “ 20 L] 3 17 9 2 o 9 il 3 s 3
20 1 2% le Q * 15 19 19 12 1 21 7 8 18 11 8 3 1 “ ) 8 “ - Ll
21 16 1s 1r o2 2 16 38 1o 10 10 22 9 19 13 14 ~ 2 26 0 5 1 7e
22 11 10 18 c Qe 171 22 23 7 L3 18 18 20 7 1 S 3 815 3 3 e
23 3 8 19 9 8 o 7s 5 2 2 2 21 8 9 e . 1715 7 6 3
24 5 &% 20 0 20 19 22 21 7 5 16 15 & 4 2
25 4 as 21 0 20 20 12 15 116 myle 2y 4 Hyle 2,10 8 3% 32 6 o 3
21 24 20 FOB FCA X FOB FCA X FO8 FCA 9 21 21 7 0 3 HLe 7,
Hyle 0, 21 22 12 1) 9 8 2} 0 9 8§ 10 30 25 8 8 1 X F0B FCA
K FOB FCA 23 9 1 28 29 1 106 106 122 22 1m 20 21 9 % 10 c e n
123 23 4 L3 - 9 2 80 2 o 30 12 11 1s 10 5 . 1 s “
25 4 b i1 3 51 sl 3 5 6 13 12 10 n ] r 2 2 3e
18 18 4 93 93 - 3 3% 14 17 18 12 o 4 3 s L3
Hole 1y 0 5 25 23 5 0 4e 15 19 19 13 5 5 4 3 o0e
& FOB FCA 6 20 22 6 2 3 16 13 17 1a 9 o LY o 1e
0 142 152 10 10 7 18 17 7 1T 17 17 9 9 15 . 5 o
12 S 5 8 25 27 8 41 &T 18 22 21 16 &y & 1 '} 20
2 120 127 7 5 9 36 9 35 3% 19 18 1 1 K FUB FCA
3 232 248 2 6 10 75 T4 10 16 15 20 11 12 18 1 11 Mt
4 115 114 ~ 4 11 28 28 1mn 21 21 21 s 1 9 13 11 X FOB FCA
5 150 157 6 3 12 1 13 12 12 1 22 12 11 2 2
6 102 10« 3 ee 13 31 30 13 2 70 23 L] L 21 Ii :2 < “ (14
7 126 11s 12 12 He 26 26 16 4 3 26 7 1 ERE O A
8 93 92 15 1t 13 15 1¢ 1o 0 H 3 : te
9 49 4l 1015 1o 26 25 16 1C 1G kele 3, 2 K #OB FCA e s
10 35 35 FCB FCA 17 30 130 17 7 9 K FCB FC, M H M . :
34 Se 3¢ 18 10 12 ° 0 14 14 1 RN e
45 s 19 21 19 20 20 19 11 13 10 1 2 H s
132t 21 3 9 20 1s 1 2 46 a7 3 I e 1
14 3o 35 9 9 21 - Se Hyle 2. 3 23 2s “« ST »! FUH'FLA
Hel= 0, 12 15 45 &4 19 10 22 o 5 x FOB FCA 4 2 22 5 I .
® FOB FCA 16 25 2« 12 13 23 & & o 11 12 5 Ab Ab L3 H H s H
° 5 7 Z (A 3 4 T ? 115 15 6 23 21 7 Lad
1 2 4% 18 22 21 5 5 2 T o 7 %8 59 1] 10 L] 2 o 2
219 1 v w2t 8 9 s 2, 5 3 32 32 & 23 2« 9

XBL 67116087



266

C(7)-C(8) and C(11)~C(12) are both trans. In an an-
alysis of the bond distances and angles in the molecule,
it is convenient to group particular values together.
We do not claim that the environments of atoms mak-
ing up the bonds and angles in these categories are
exactly equivalent, but the similarity of the values is
striking. The distribution of bond distancss and inter-
nal ring angles is shown in Table 7.

The difference in bond distance betw:zen the two
categories =C-C- and —C-C- is significant from the
standpoint of either the standard dsviations from least-
squares refinement or from the deviations shown in
Table 7. Such a difference in single C-C bond lengths
has often been found but the exact cause is still under
active debate (Dewar, 1962; Alden, Kraut & Traylor,
1968). It is interesting to note that after the refinement
of the carbon atoms alone, such a pattern was not dis-
cernible. With the inclusion of the hydrogen atoms in
the refinement, some of the C-C bond distances
changed by as much as 0-05 A.

The four categories of angles in the ring follow a
similar pattern: the C-C-C angles are larger when the
central carbon atom is bonded to hydrogen(s) than
when it is bonded to carbon(s). This is true both for
the unsaturated carbon atom (in Table 7, categories
7,8 have average values of 126-5° for H and
120-4° for C) and for the saturated carbon atom
(categories 5,6 have average values 113-4° for H and
111-0° for C as compared with the tetrahedral angle of
109-5°).

The average bond distance for the C-H bonds is
101 A (maximum deviation 0-07 A) for the non-
methyl hydrogen atoms and 0-98 A (maximum devia-
tion 0-18 A) for the methyl hydrogen atoms. These
values are somewhat shorter than the standard C-H
bond lengths, as is typical for X-ray diffraction work.
The consistency of the C-H bond distances for the
non-methyl hydrogen atoms agrees well with the stan-
dard deviations of the bonds (~0-05 A) calculated

THE CRYSTAL AND MOLECULAR STRUCTURE OF CEMBRENE

from the least-squares refinement. All angles involving
ring carbon atoms and hydrogen atoms are between
102 and 124°, but there is no obvious grouping be-
tween angles of similar type.

Some of the methyl hydrogen atoms show large ther-
mal paramzters, thus suggesting that some of the posi-
tions are not well defined. There is also a larger varia-
tion in C-H bond distance for the methyl hydrogen
atoms than for the non-methyl hydrogen atoms. The
average deviation from the tetrahedral angle is 7° for
the C-C-H angles and 12° for the H-C-H angles.
The standard deviations calculated from least-squares
for such angles are approximately 4° and 6°.

Hydroxylated derivatives of cembrene have besn
found in tobacco leaves and cigarette smoke (Roberts
& Rowland, 1962; Rowland & Roberts, 1963; Row-
land, Rodgman, Schumacher, Roberts, Cook & Walker,
1964; Kinzer, Page & Johnson, 1966; Courtney &
McDonald, 1967). Most of these various compounds
have besen related to 12-isopropyl-1,5,9-trimethyl-
4,8,12-cyclotetradecatriene-1,3-diol. This compound is
shown below and compared to cembrene.

OH
v v
Diol Cem‘brene

Nuclear magnetic resonance and degradation studies
(Roberts & Rowland, 1962; Courtney & Macdonald,
1967), have shown that all three double bonds in the
diol are probably trans. This structure determination
of cembrene has confirmed the close similarity be-
tween these two compounds, for in cembrene the same
double bonds are also trans. Such a configuration for
both compounds is compatible with the proposed bio-

Table 7. Distribution of bond distances and internal ring angles in cembrene

Average Maximum
Category Contributing atoms (bonds) Average deviation  deviation
1 -C=C- C(2)-C(3), C(4)-C(5), C(7)-C(8), C(11)-C(12) 1328 A 0012 A 0-023 A
2 =C-C= C(3)-C(4) 1-476 — —_
3 =C-C- C(1)-C(2), C(4)-C(18), C(5)-C(6), C(6)-C(7), C(8)-C(9), 1-493 0-011 0-021
C(10)-C(11), C(12)-C(13), C(8)-C(19), C(12)-C(20)
4 -C-C- C(9)-C(10), C(13)-C(14), C(14)-C(1), C(1)-C(15), 1-536 0-010 0-021
C(15)-C(16), C(15)-C(17)
Central atom (angles)
5 X with X=H C(6), C(9), C(10), C(13), C(14) 113-4° 0-8° 1-5°
|
Cc-C-C
|
6 H X=C C() 111-0 - -
7 ) J with X=H C(2), C(3), C(5), C(7), C(11) 1265 1-2 2:0
C=C-C
|
8 X l X=C C@4), C(8), C12) 120:4 0-8 1-2
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syntheses from geranylgeraniol (Rowland & Roberts,
1963; Dauben, Thiessen & Resnick, 1965; and Court-
ney & McDonald, 1967), which can be drawn as:

HO \/
N

-
\I/

Geranylgeraniol

A
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Die Kristall- und Molekiilstruktur von Thioacetanilid-S-Oxid

Von O.H.JAarcHOwW
Mineralogisch-Petrographisches Institut der Universitidt Hamburg, Deutschland

(Eingegangen am 12. Januar 1968)

Thioacetanilide-S-oxide crystallizes in space group Pbca with cell dimensions (at room temperature)
a=18-58, b=10-57, ¢=8-21 A. The structure has been determined by two-dimensional Patterson and
vector shift methods. The approximate atomic coordinates were refined by using the full-matrix least-
squares methods to a final R value of 6%. Pairs of molecules are linked together forming dimers by two
NH---O (286 A) hydrogen bonds. These molecules are related by a centre of symmetry. All atoms,
except hydrogen, are located in two planes, one containing the aniline portion and the other the thio-
acetyl-S-oxide group. The angle of the two intersecting planes is 45°. These distortions may be explained

by steric hindrance.

Einfiihrung

Im Rahmen der Untersuchungen an Thioamiden durch
Walter und Mitarbeiter (Walter & Maerten, 1963;
Walter, Maerten & Rose, 1966) ist das Thioacetanilid—
S-Oxid (TASO) von besonderem Interesse. Aus spek-
troskopischen (NMR-Spektren) Untersuchungen des
Stoffes in Losung waren einige Fragen offengeblieben,
die erst nach einer Rontgenstrukturanalyse beantwor-
tet werden konnten, z. B. die Frage, ob im kristallinen
Zustand die cis- oder trans-Konfiguration vorliegt:

C,Hs—NH (o] C¢Hs—NH
T S
o) S— H>—
S AN
CH; CH; 0
(cis) (trans)

(a) (b

AC25B-7

In der cis-Stellung (a) befinden sich NH und O auf der
gleichen Seite beziiglich einer zentralen C-S Gruppe,
wihrend sie in der frans-Stellung (b) wechselseitig an-
geordnet sind. Daneben ist interessant, ob das H-Atom
am Stickstoff in Form einer Amido (NH---O) oder
Imidol (N---HO) Bindung vorliegt und ob es eine
intra- oder intermolekulare Bindungsaufgabe erfiillt.
Aus den Arbeiten von Brown & Corbridge (1948, 1954)
und Brown (1966) am Acetanilid sowie von Pedersen
& Pedersen (1965) am N-Methylacetanilid konnten nur
Vermutungen fiir die Verhéltnisse im Thioacetanilid—
S-Oxid angestellt werden. Danach liegen der Benzol-
ring und die Amidgruppe jeweils in verschiedenen
Ebenen. Der Winkel, den die beiden Ebenen miteinan-
der bilden, lasst sich vor allem auf sterische Effekte
zwischen der Amidgruppe und dem Benzolring zuriick-
filhren. Im Zusammenhang hiermit verdient der ste-
rische Einfluss der CH;-Gruppe im Thioacetanilid—S~
Oxid ebenfalls besondere Aufmerksamkeit.



