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The increased length of the b cell edge (5.81 A) in 
ardennite over that found in other aluminum silicates 
with octahedral chains along b (5.45-5.63 in zoisite, 
5.57 in kyanite, 5.61-5.64 in epidote, 5.66 in staurolite, 
5.75 in allanite) is due to the substitution of the larger 
Mg and Fe ions for AI in about half of the octahedra 
that have centers on the mirror planes (001). 

As can be seen on Fig.2, a nearly regular but empty 
octahedron around the point ¼00 shares a face with 
each of two AI octahedra and an edge with each of 
two Si tetrahedra. The average length of the remain- 
ing four edges is 2.86.~ (Table 7), very comparable 
to the edge length of the other filled octahedra. The 
reason that no cation, M, is found at the center is 
ascribed to the short AI(1)-AI(2) separation, which 
would lead to M-AI distances of only 2.18 ,~. 

We thank Professor J .D .H .Donnay  for his con- 
tinued interest in the work. The senior author wishes 
to thank Professor E. Hellner, Director of the Mineral- 
ogical Institute of the University of Marburg, for his 
hospitality during the summer of 1966 when she was 
working on this problem. We are indebted to Drs W. 
Fischer, H. Burzlaff, and A. Kutoglu of the same insti- 
tution, who helped in many ways, especially with the 
computations. Dr A.J. Naldrett kindly provided the 
hand specimen (No. S-2183) from which we obtained 
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The Configuration at C(13) in Labdanolie and Eperuie Adds by an X-ray 
Crystal Structure Analysis of thep-Bromophenacyl Ester of Labdanolie Add 

BY KARIN BJ~.MER,* GEORGE FERGUSON AND R. D. MELVILLE 

Chemistry Department, University of  Glasgow, Glasgow W. 2, Scotland 

(Received 30 August 1967) 

The crystal structure of the p-bromophenacyl ester of labdanolic acid, determined by three-dimensional 
X-ray analysis, establishes the common configuration for labdanolic and eperuic acids at C(13) as (S) 
(Prelog's notation). The crystals are monoclinic, space group P21, with two molecules of C28H41OaBr 
in a unit cell of dimensions a=  11.55, b= 6.05, c= 19.90/~; fl= 99.0 °. The structure has been refined by 
least-squares methods to a final R of 11.4% for 1672 reflexions. 

Introduction 

Labdanolic acid, C20H3603, was first isolated by 
Cocker, Halsall & Bowers, 1956) from Spanish gum 
labdanum obtained from Cistus ladaniferus (rockrose). 
The structure of this new bicyclic diterpene hydroxy- 
acid was determined in a subsequent paper (Cocker & 
Halsall, 1956) as (I), but the configuration at C(13) 
remained undetermined. 

* Present address: Division of Pure Chemistry, National 
Research Council, Ottawa 2, Canada. 
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Bory & Lederer (1957) assigned the (R) configuration 
to C(13) in labdanolic acid. Bigley, Rogers & Barltrop 
(1960) questioned this as it was based on molecular 
rotations where hydrogen bonding may be involved, 
but later accepted it in the mistaken belief that there is 
no intramolecular hydrogen bonding in methyl labdan- 
olate and methyl 13-epilabdanolate. From subsequent 
infrared studies (Baker, Eglinton, Gonzalez, Hamilton 
& Raphael, 1962) with several compounds of the lab- 
dane type it is clear that intramolecular hydrogen 
bonding does occur. The C(13)configuration in lab- 
danolic acid was therefore undefined. Graham & Over- 
ton (1964) showed that eperuic and labdanolic acids 
possess the same C(13) configuration whilst otherwise 
being antipodal and Overton & Renfrew (1967)* 
inferred by means of chemical degradation that the 
C(13) configuration in these acids is (S). This X-ray 
analysis was undertaken to establish unambiguously 
the C(13) configuration and the molecular geometry. 

* The configurational designations (R) and (S) should be 
interchanged in this paper except in § 1. 

Crystal data 

p-Bromophenacyl labdanolate, C28H4104Br, M =  521-4, 
m.p. 124-5°C. Monoclinic, a=11-55+0.01,  b=6.05 
+ 0.01, c=  19.90_+ 0.02 A; fl=99.0 + 0-2 °. U-- 1373 A 3. 
Dm = 1"28 g.cm -3 (by flotation in aqueous potassium 
iodide), Z- -2 ,  Dx=  1.26 g.cm -3. F(000)=552. Space 
group P21 (C 2, No. 4). Linear absorption coefficient 
for X-rays (Cu Kc~, 2 =  1.542 A ) / z =  24.9 cm -I. 

Experimental 

Labdanolic acid (44 mg) was esterified with p-bromo- 
phenacyl bromide (38 mg). The ester was extracted with 
ether and recrystallized from choroform-light petro- 
leum as well-formed needles. Elementary analysis gave: 
C, 64.52; H, 8.25%. C28H4104Br requires C, 64.49; 
H, 7.89%. 

Oscillation, Weissenberg and precession photo- 
graphs were taken with a crystal mounted along the 
unique b axis with Cu Kc~ radiation. The unit-cell 
parameters were measured from oscillation, zero-layer 
Weissenberg and precession photographs. The space 
group (P21) was determined from the systematic &b- 
sences (0k0 absent if k is odd) and from the knowledge 
of the molecule being optically active ( [ c r ib=-  10°). 
Non-integrated three-dimensional intensity data were 
collected along the (needle) b axis from a crystal of 
dimensions 0.13 x 0.13 × 3.5 mm 3 with an equi-inclina- 
tion Weissenberg camera using the multiple-film tech- 
nique. Layers from k = 0 to k = 5 were obtained. With a 
calibrated wedge 1672 reflexions (53% of the  3137 re- 
flexions possible within the copper sphere) were meas- 
ured visually. The reflexions that were too weak to be 
measured were not included in any of the calculations. 
The data were corrected for Lorentz and polarization 
factors but no absorption corrections were made. In 
the initial stages of the structure determination the data 
were put on an approximate absolute scale by making 
kXIF01 = ~rlFcl for each layer. The layer-scale fac- 
tors were later refined by least-squares methods. 

Structure determination 

Analysis in the hOl projection 
The structure was solved by the heavy-atom method; 

the ratio Z f 2 / Z f  2 being 0.94 at s in0=0. A Patterson 

Parameters refined 
x,y,z, Uiso for Br, O,C 
+ layer-scale factors 
x,y,z, U~j (i,j= 1,2,3) 
for Br, O,C, + one overall 
scale factor 

Table 1. Course of  the refinement 

Final 
Cycle No. (ZwA 2) 

1-6 1458 

Final Final 
(R= ZIAI/ZIFol) (R'=,Swzt2/,,SwFo 2) 

20"4% 0"0920 

7-15" 211 11 "4% 0.0241 

* Corrections for Af',Af'" for Br were applied. 
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synthesis was computed with data sharpened to point 
atom with respect to bromine. From the Harker peak 
at (2x, 2z) the Br-atom coordinates were deduced as 
x=0.218, z=0.184. In a structure-factor calculation 
with Br alone R was 60% and an electron-density 
projection calculated with the observed amplitudes 
and Br phase angles revealed the entire structure. When 
all the atoms were included in a structure-factor cal- 
culation R was 41%. The x and z coordinates for all 
the atoms were then refined with a minimum-residual 
program (Bhuiya & Stanley, 1963; Muir, 1967) and in 
five cycles R was lowered to 23%. 

Three-dimensional analysis 
In space group P21 the origin in the y direction is not 

fixed. Here the bromine atom was put at y = ¼ which in 
a three-dimensional electron-density distribution based 
on bromine phase angles and observed amplitudes 
results in pseudo-mirror planes parallel to (010) at 
y = ¼, 3, etc. Only a few peaks were resolved from the 
pseudo-mirror planes in the first three-dimensional 
electron-density distribution, making it difficult to 
determine the y coordinates of the atoms relative to the 
Br atom. The two carbon atoms [C(6) and C(7)] from 
the decalin system which deviated most from y=¼ 
were first selected and gradually in six further rounds of 
structure-factors and electron-density calculations all 
the atoms were resolved. R at this stage was 27% . 
During the structure determination an overall U~so= 
0.05 A 2 was assumed. 

configuration of labdanolic acid is already known by 
synthesis from sclareol of established configuration 
(Bory & Lederer, 1957) and is the one used here. 
Anomalous-dispersion corrections were made for the 
bromine atom during the anisotropic refinement during 
which the Br-C(26) bond length changed from 1.96 to 
1.91 A. 

Atomic form factors and the real and imaginary part 
of anomalous-dispersion corrections were taken from 
International Tables for  X-ray Crystallography (1962). 

At the conclusion of the refinement a difference 
Fourier synthesis was calculated; some diffuse maxima 
occured in positions stereochemically acceptable for 
hydrogen atoms but it was not possible to determine 
their coordinates. 

The final coordinates and temperature parameters 
and their e.s.d.'s (derived from the least-squares normal 
equations) are listed in Table 2. The thermal parameters 
are values of Uij in the expression: 

exp[ - 27~ 2( Ul lh 2a* 2 q- U22k 2b .2 -Jr- U3 312c . 2 

+ 2 U23klb*c* + 2 U311hc*a* + 2 U12hka*b*)] . 

Observed and calculated structure factors are listed in 
Table 3. 

Superimposed sections parallel to (010) of the three- 
dimensional electron-density distribution and their 
interpretation are shown in Fig. 1. Bond lengths and 
valency angles are shown in Fig.2., and the mean 
values of e.s.d.'s in bond lengths and angles are listed 

Refinement 
Br( 1 ) 

Positional and temperature parameters as well as 0(1) 
layer-scale factors were refined by block-diagonal least- 0(2) 
squares methods minimizing the expression 0(3) 

0(4) 
_r w (IFol- I&l) 2. C(l) 

hkt C(2)  
C(3)  

The weighting scheme used was: C(4) 
C(5) 

w= l/(pl + IFol + P21Fol z + P3l f  o] 3) C(6) 
C(7) 

where the p-parameters were varied during the refine- C(8) 
ment in order to minimize the variation of wA z as a C(9) 
function of IFo[. The final values are: Pl =4.0, p 2 = 0 " 0 5  C(10) C(I 1) 
and p3=0"0005. In each cycle a shift factor of 0.8 was c(12) 
used. The course of the refinement is outlined in Table C(13) 
1. After the isotropic refinement the data were put on a C(14) 
common scale using the refined layer-scale factors, c(15) 

C(16)  
Thereafter one overall scale factor was refined. No C(17) 
shifts were greater than 0.1o- in the coordinates and 0.2o- C(l 8) 
in the thermal parameters after the last cycle of the c(19) 
anisotropic refinement. In the polar space group P21 an C(20) 

C(21)  
error would be introduced in the y coordinate of the C(22) 
bromine atom unless anomalous-dispersion corrections C(23) 
are applied (Ueki, Zalkin & Templeton, 1966; Cruick- C(24) 
shank & McDonald, 1967). The Weissenberg photo- c(25) 

C(26)  
graphs were indexed in a right-handed system according c(27) 
to Peerdeman & Bijvoet (1956). Part of the absolute c(28) 

Table 2(a) Fractional coordinates and e.s.d.'s 

x/a y/b z/c 
0 - 2 1 1 6 +  2 0 . 2 5 0 0 +  0 0 . 1 8 4 3 + 1  
1-2969 + 11 0 .3726 + 21 0 .6726 + 5 
0.8295 + 9 0 .2174 + 22 0.4405 + 5 
0 . 7 6 1 7 +  9 0 . 4 7 4 3 +  18 0 . 5 0 5 5 + 5  
0 - 5 8 5 9 +  11 0-1923 + 24 0 . 4 9 2 4 +  7 
1.0488 + 10 0.2467 + 27 0"8517 + 6 
1.0354 + 13 0"2394 + 31 0.9288 + 7 
1-1531 + 16 0.1681 + 2 5  0 . 9 7 1 5 + 7  
1 "2616 + 12 0-2959 + 22 0 .9612 + 6 
1.2660 + 11 0 .3136 + 18 0.8823 + 6 
1 "3734 + 11 0 .4362 + 27 0 .8664 + 7 
1.3861 + 13 0 . 3 8 9 4 + 2 9  0 . 7 8 8 6 +  7 
1.2807 + 12 0 .4624 + 21 0 .7400 + 7 
1.1698 + 12 0.3495 + 21 0 .7604 + 6 
1.1511 + 11 0 .3936 + 20 0.8368 + 6 
1.0569 + 13 0 .3860 + 25 0.7045 + 7 
1.0101 + 13 0 . 1 6 8 7 + 2 3  0 . 6 7 4 2 +  7 
0 .9022 + 12 0 .1876 + 26 0.6159 + 7 
0.9411 + 12 0.3083 + 27 0 . 5 5 1 6 +  7 
0.8443 + 13 0 . 3 1 7 0 +  30 0 . 4 9 2 9 +  7 
0 . 8 5 1 7 +  16 - 0 . 0 3 7 4 + 2 8  0 . 5 9 5 9 + 8  
!.2761 + 15 0 . 7 1 0 4 + 3 3  0 . 7 3 3 3 + 8  
1.2651 + 16 0 . 5 1 8 2 +  27 0 - 9 9 8 6 +  8 
1.3737 + 16 0 .1694 + 26 0.9967 + 8 
1.I 205 + 14 0.6376 + 22 0 .8460 + 7 
0 - 6 6 7 9 +  14 0.5113 + 30 0 . 4 5 1 4 +  7 
0.5798 + 12 0.33 ! 8 + 26 0 .4460 + 7 
0 . 4 8 9 2 +  11 0 . 3 1 5 7 + 2 7  0.3831 + 7  
0.4193 + 15 0.1213 + 33 0 .3688 + 8 
0 . 3 3 9 3 +  16 0 - 1 0 4 3 + 3 0  0 . 3 1 2 8 + 8  
0.3235 + 11 0.2879 + 37 0 .2649 + 6 
0.3891 + i 3 0.4663 + 36 0-2769 +_ 8 
0 . 4 6 9 9 +  13 0.4891 + 31 0.3347 + 8 

A C 24B - 8 
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T a b l e  2(b).  Anisotropic temperature parameters and e.s.d.'s(A z) 

Ull U22 U33 2U2s 2U31 2U12 

Br(1) 0.1071 0.1667 0.0871 0.0213 -0"0555 -0 .0988  
15 28 12 34 22 37 

O(1) 0.1101 0"0601 0"0597 0"0002 0.0397 -0"0015 
91 78 59 107 122 134 

0(2)  0"0790 0.0662 0.0614 -0"0344 -0 .0227  0.0353 
66 77 53 113 94 124 

0(3) 0.0773 0.0415 0"0628 -0 .0321 - 0 . 0 0 9 4  0.0146 
68 66 56 97 97 105 

0(4)  0"0887 0.0704 0"1040 0.0623 -0 .0191  -0"0269 
78 90 85 148 133 139 

C(I) 0'0423 0"0472 0"0617 -0"0285 0"0103 -0"0060 
63 91 69 148 105 132 

C(2) 0"0681 0"0504 0"0653 -0 .0069  0"0200 -0"0242 
83 93 77 157 128 155 

C(3) 0"0995 0"0344 0"0572 0"0031 0"0292 -0 .0053  
116 94 78 130 157 161 

C(4) 0.0745 0.0136 0.0611 0.0020 -0 .0224  -0-0078 
81 73 71 122 120 128 

C(5) 0.0567 0-0040 0"0549 -0-0072 0.0029 0.0026 
68 66 62 98 105 105 

C(6) 0"0428 0"0559 0"0641 -0 .0030  -0 .0177  -0 .0035  
71 103 82 142 122 129 

C(7) 0.0532 0.0628 0"0613 0.0040 0"0210 -0"0251 
80 106 81 146 133 146 

C(8) 0.0593 0"0122 0"0694 - 0 . 0 0 0 2  0"0287 0.0036 
78 75 80 117 127 117 

C(9) 0.0592 0.0190 0.0550 0"0053 - 0 . 0 1 4 2  0.0072 
75 76 69 109 114 113 

C(10) 0.0468 0.0159 0.0507 -0 .0013  -0 .0097  0.0031 
66 68 64 104 104 101 

C( l l )  0.0633 0"0332 0.0576 0.0007 -0 .0062  0.0114 
84 81 73 123 129 128 

C(12) 0.0728 0.0291 0"0542 0.0020 - 0 . 0 0 2 4  -0"0060 
87 84 70 116 127 133 

C(13) 0.0591 0.0453 0"0551 -0"0118 -0 .0155  -0 .0158  
78 97 70 129 119 134 

C(14) 0"0563 0"0485 0'0585 - 0 . 0 0 2 4  0.0035 -0"0076 
76 95 72 133 117 141 

C(15) 0.0656 0"0614 0"0551 0.0046 0.0142 -0-0053 
85 106 73 143 129 159 

C(16) 0.0981 0"0403 0"0710 - 0 . 0 0 2 2  -0"0091 -0 .0749  
117 103 90 151 166 183 

C(17) 0"0891 0.0573 0-0724 -0 .0119  0"0478 -0"0407 
110 117 92 170 165 189 

C(18) 0.1027 0"0238 0"0653 -0 '0251  ' - 0 .0099  -0"0170 
124 85 84 132 161 161 

C(19) 0.1071 0"0318 0"0703 0.0308 -0 .0119  0.0300 
128 100 93 145 173 171 

C(20) 0.0887 0.0119 0-0561 -0 .0140  -0 .0006  0"0149 
100 73 72 110 137 135 

C(21) 0-0677 0.0568 0"0587 -0 .0071 -0-0088 -0 .0041  
92 103 78 149 134 160 

C(22) 0-0496 0.0479 0"0646 0.0179 0.0002 0.0125 
70 95 78 137 120 130 

C(23) 0.0503 0-0510 0.0597 0-0059 0"0223 0-0251 
71 99 73 134 115 137 
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C(24) 

C(25) 

C(26) 

C(27) 

C(28) oj 
z 

i 

i 

23 

28 

Table 2(b) (cont.) 
Ull U22 U33 2U23 2U3! 2U12 

0"0727 0"0729 0"0674 -0"0015  0"0246 - 0 " 0 0 6 9  
104 122 92 175 159 179 

0"0691 0"0586 0"0705 - 0"0261 0"0287 - 0"0093 
95 104 90 163 148 164 

0"0455 0"1169 0"0431 - 0 " 0 2 4 4  - 0 ' 0 5 1 9  - 0"0033 
68 156 60 177 106 181 

0"0495 0"0869 0"0730 0"0317 - 0"0254 - 0 " 0 2 5 8  
81 138 92 184 136 166 

0"0609 0"0579 0"0727 0"0178 0"0127 -0"0073  
89 105 92 158 147 164 

0(2) 

15 

0(4) 0(3) P14 

0(1) 
13 

11 
9 ' '  8 

3 ~ ""~'l 9 
18 

Fig. l. Super imposed  sections parallel to (010) of  the three- 
dimensional  e lectron-densi ty  dis t r ibut ion and their interpre- 
tat ion showing the molecular  geomet ry  and the number ing  
scheme. The con tours  start at l e./~ -3 and are drawn at 
intervals of  I e .A-3 except a round  the Br a tom,  where the 
intervals are 5 e.A- 3. 

in Table 4. Some intramolecular contacts and inter- 
molecular contacts <4.0 A are shown in Tables 5(a) 
and 5(b). 

D i s c u s s i o n  

Since part of the absolute configuration is known [by 
synthesis of labdanolic acid from sclareol of estab- 
lished configuration (Bory & Lederer, 1957)] this 
X-ray analysis of p-bromophenacyl labdanolate un- 
ambiguously establishes that the configuration at C(13) 
is (S) (II) (Cahn, Ingold & Prelog, 1956) and conse- 
quently it is (S) also for labdanolic (III) and eperuic 
(IV) acids. It also confirms the validity of structure (I) 
proposed for labdanolic acid by Cocker & Halsall 
(1956). 

The two six-membered rings in the decalin system, 
trans-fused to each other, adopt slightly distorted 
chair conformations. The four carbon atoms of ring 
A [C(2), C(3), C(5) and C(10)] are coplanar and the 
carbon atoms C(1) and C(4) are displaced below and 
above this plane by 0.66 and 0.61 A respectively (Table 
6). In a regular cyclohexane chair these two atoms would 
each have been displaced by 0.73 A. (calculated value). 
In ring B the atoms C(5), C(7), C(8) and C(10) are co- 
planar and the two atoms C(6) and C(9) are respectively 
above and below this plane by 0.73 and 0.68 A (Table 
6). These two cyclohexane planes are not parallel but 
make a dihedral angle of 10 ° with each other. The dis- 
tortions are probably mainly due to bending of the 
axial methyl groups [C(17), C(18) and C(20)] away 
from each other in order to relieve strain caused by 
repulsive forces. In a regular cyclohexane chair the non- 
bonded distances between C(18) and C(20) and between 
C(17) and C(20) would have been 2.52 A; these distan- 
ces are here increased to 3.31 and 3.12 respectively (the 
C(4).. .C(10) and C(8). . .  C(10) non-bonded distances 
are 2.67 and 2.65 A). The van der Waals methyl-methyl 
distance is 4-0 A (Pauling, 1960). A similar distance 
between two axial methyl groups is observed for 
instance in a taxadiene-tetraol derivative (3.16 A) 
(Bjfimer, Ferguson & Robertson, 1967). As a conse- 
quence of this intramolecular overcrowding, the angles 
C(5)C(4)C(18) (115°), C(9)C(8)C(17) (116 °) and 
C(5)C(10)C(20) (115 °) are significantly greater than 
tetrahedral while the other angles at C(4), C(8) and 
C(10) (fully substituted atoms) are tetrahedral or 
slightly smaller.The increase of the valency angles 

A C 24B - 8" 
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T a b l e  3 Observed and calculated structure factors 
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I u 3 3 . 8  ~.5  
1 0 ~ 1 9 . 7  21.6  
I ~ 65 , , .3 62.0 

"5,2 48.1 
I o 8 ~3.9 38.6 
I o 9 3,?.2 3#,.6 2 o -3 7#,.3 76.o 
1 o lo  "7.9 45.0 o -#, Io5.6 11#,.2 
I ~ "  15.3 2o.~ ,2 ,0.3 ,0.3 g OO-~ 3o.2,,., 2;.~. 
I ~ '3 ~;:2 76 2 o-7 ,.5 2.2 

1~ 9.0 2 o -8 18.'I 1#,.6 
,o,, 
I ~ 18 13.6 o.,o 

20 7,4 • 2 o.-12 • 8,3 
I u 21 7.0 6.2 2 o-13 30.4 32..9 1 

o 23 8.9 8.o 2 0-15 10.3 13.0 
o 2.  6.7 5.2 2 0-18 8.6 8.1 2 

2 0 1 ~.0 39.1 2 0-22 8.0 6.1 
2 0 2 28.2 22,1 2 0-25 #,.6 1.9 
2 O 3 23.6 3" .o  3 O -1 8.0 6.8 
2 o , 3.8 3.8 3 o -;2 1o6.2 85.7 2 
2 0 5 31.6 29.2 3 o -3 67.6 ~1.9 
2 o 6 5o.8 ~8,4 3 o -4 83.#, o l . 3  2 
2 o 7 11.8 15.3 3 0 -5 #,7.2 #,5.6 
2 o 8 2#,.9 33.3 -8 2,.2 2,.0 2 ~ o  ] ~ : ~  28.0 2#,.7 2 P 9 26.6 
2 v l o  1".3 14.5 3 o 5.0 ~.7 2 
2 o,, 39., ~7.3 3 o-9 ~6.9 5,.5 
2 0 12 2#,.0 0-10 6.2 235 3 ~:~ 
g ooI~ 267 284 3 3 30-,, 7 ,  

28.5 31.9 o-1 7.4 6.8 2 
2 0 15 13.1 1 ~ , . 1  3 o - 1 4  9.2 7.9 

19.5 2o.7 3 o-15 10.2 2 2 0 16 8 6  I 1 . ,  
17 . 8.8 3 0-17 12.0 12.5 

2 0 1 8  8.6 6.7 3 0-19 !1.6 11.7 2 
2 o ,9  9.0 5.0 ~ ~: ,  35.3 ~ : ~  
2 o 22 8., 6., . 38.1 2 
2 O 23 7•2 ".6 " 0 "3 16.6 21.6 

. . 3~:~ 6o.3 "65 ".9 

i ~  I "d:, ~ ~ '  ,3.0 ~ ~-7 39., 36. 3 
3 o 5 8o.1 82.6 ~ 0 -8 23.9 2o,2 3 
3 0 6 17.7 15.o 4 o -9  13.8 13.8 3 
] ~ 17 79.1 7o.3 ~ U-lu 25.2 2~.83 3 

22.6 29.6 0-11 6.9 . 3 
3 0 13 16.3 17.0 ~ 0-13 22.5 21.0 3 
3 o 15 15.6 17.3 #, 0.15 Io.5 1o.4 3 
] 01618 11:~ II.07.8 , o-21 9.3 6.9 3 

9 31.5 29.2 7 
lo  41.,  ~8.2 7 
" " '~ b '  7 
12 35.3 3 7 

1 13 5.9 7.1 7 
14 9.6 10.1 7 
15 10.9 12.2 7 
16 8.2 8.1 7 
17 11.5 I ! . ,  7 
18 5.2 5.2 
20 5.o #,.2 
23 lo .7  7.6 8 
2,  ~.3 2.9 8 

o 18.6 Io.9 8 
I 0 ~5.8 "3.7 8 

0 6.0 " .2  
U 14.6 13,5 8 
o ~o.5 35.2 8 

I 0 13.1 12.8 8 
O 14.1 I#,.1 8 
o 5.0 ".7 8 
U 12.~ 1#,.0 8 
o 1o.5 9.6 8 

56. ! 56. 8 
56.~ ~ . ,  8 

3 . 36.2 9 
58.6 36.6 9 

5 33.5 3#,.7 9 
6 "7.9 #,6.6 9 
7 12.3 13.5 9 
8 3 , . 2  34.2 9 

190 I .2 22.3 9 
2~.1 9 21.1 

I I  21.k 19.7 9 
1 12 13.7 13.3 9 

13 11.0 12.6 190 
1, 32.#, 3".7 
15 10.6 11.8 1(} 
17 13.2 1~,.3 10 
18 5,2 #,.8 10 
19 7.5 6.2 IO 
20 5.4 5-" 10 
22 4.3 3.8 lu 

I ~,4 3o.7 Io 
2 .#,.1 g3.o 11 
3 7.6 10.3 11 
4 5#,.3 51.3 11 
5 17.8 2, .5 !1 

12.1 13.2 11 
52.1 k9;9 !1 
28.8 33.2 12 

190 15.2 17.7 12 
27.6 34.5 12 

I !  9.2 11.7 12 
12 9.9 12.5 13 ,3 25.8 267 ,3 

8.5 1U.I 13 
I~ 8., ,0.5 

5,2 ,7 4.4 ~:~ 
18 11.5 13.2 
19 8.4 8." 
20 4.4 3.4 
23 8.6 7.2 

I 50.5 #,6.7 
10." 15. 

~ ~:~ 372 
~1.8 

5 7.0 5.7 
6 21." 28.9 
7 2".6 25. 

27.6 31,~ 
9 28.1 34.3 

I I  20.6 24.8 
12 8.3 9.5 
I~ 17.2 17,7 

23,3 27.0 

! 9 8.3 7.6 5 1-15 10.6 9.0 2 2 17 7.0 7.0 
9.2 lo .o  5 1-16 56 11 50 .~ 51~ ~: ~:~ ~ ~19 ~:'0 21 20 7.1 

12 5.8 5.6 5 1-21 ,.4 3.3 2 2 22 3 . "  3.3 
13 ~:~ 9.7 6 1-1 16.2 17.6 3 2 , ~.8 3,.5 
I~. 5.5 6 I -2 1".6 1#,.2 3 2 2 14.6 L~.O 
1715 1857. 1~:~ ~ : : ~  3~:~ 39156 3 2 3  98 117 
18 7~ 55 6 1.5 12.  11.  ] ~  ; 36~3° ~8.0333 
1~ ~:~ 28 6 1 - 6  258 239 ] g ~ ~9 . 1  

16.5 18.1 2 16. 1~:~ ,~I:~ 52 63 19 17.3 13.,  
1~•0 I~..6 18.6 19.2 6 1 - 9  15.2 13.~ ] ~  ~ 1.5 

18.& 18.2 I-I0 9." 10.0 10 24. 
7.3 8.6 ~ 1-11 5.6 5.1 33,2 ~.3 11 ~.8 23.1 

12.7 12.6 6 1-12 17.9 16.3 3 2 12 18,9 2o.g 
8 13.1 13.9 6 1-13 6.5 6.1 3 2 13 19.5 18.7 

~•o 1-1 ~, 10.6 14 
1~ 15:I ~:g ~ lO7 115 6.2 6.8 ] ~ 1 5  l:~ ~.38"~ 
11 1Jr, 6 t -L~ 2.6 16 11,0 I0.2 

16.3 17 3.9 3.2 1o2 83 ~ 1 ~  56 4 ,  18 79 61 
i~ 197.66.2 ,°.5 ~:~ ~ I  "3 1~:~ ,~:~ ] g  

9.5 -5 3 2 21 ".3 ~.3 
I I  4~.. 2 . 9  7 I -6  19.O 21.7 ~ 2 1 ~9.O 31.1 

16.6 16.6 17.5 15.3 ~ 2 2 25.3 19.1 
: 28.3 26. "T I:/ 5.5 3.7 ~,22~ 31.9 

12.~ ,,.I 7 1-9 2,.o 21.8 ~.1 ~ :  
~:~ ~:~ 7 1.0 63 61 ~ ~ ~ 21 ~9 

7 111 62 56 21J 18. 
i 128 ,30 112 153 ,.o 232 223 81 8.0 77 1-1 172 ~ 21.1 19.5 20.3 

, -d  6.8 ~1~ 1,.o 13.7 6.0 6.8 65.~ 28.5 27.8 
9.3 7.9 7 1-15 8.3 3:~ ~ 11 1".0 ~:9 ° 50 1~3 6.~ ~ 13.1 

3.1 87 I -1 13.6 13.5 12 7.1 7.9 
1 ~.9 ~ .6  8 1 - 2  12.7 11.2 : 13 5.2 5.5 

. , 8 I -3 15.0 15.9 ~ 1~ 16.9 16.3 
7.9 6.8 8 I -~ 14.2 11.5 , 2 16 ".7 5.9 
~:, ~:~ 8 1 - 5 6 . 2  ~9 17 ~:~ 8 1 7  1o.2 86 ~ ~19 11.~,5o 
5,9 5.8 8 1 -8 5." ~.6 " 2 2') 5." 5.7 

1 4.9 ".9 8 1-11 4.6 ".9 5 2 1 15." 13.8 
11 7.9 ~:~ ~ 1-12 5.7 5.0 " 10.6 10.3 
, 79 113 84 6~ ~ 20.1 21.1 

, 3 lo.o 5.7 88 1-1. ~.9 ~o ~ 219 21.~ 
5 77 69 116 75 61 ~ ~ 20.8 18o 

I 8 9.2 6.6 8 1-22 6.8 ".0 5 2 6 13.0 12.5 
10 7.1 5.7 9 I -1 17.2 16,0 5 2 7 9.2 9.9 

I 13 5.9 5.3 9 I - 3  8.9 7.8 9 ~ , 63 ~:~ 33 6 ~:77 60 ~ ~ 8  287 52 ~ 1 "  177 161 
3.5 5 2 10 8.9 9.5 

7 5.1 ".9 9 1 -7 6.4 6.6 5 2 11 12.9 11.9 
1 9 7.2 6.8 9 ! -.8 4.8 ".2 5 2 12 7-5 7.1 
1 ~ 4.~ ".0 9 1-10 7.0 7." 5 2 13 1o.o 9.~ 

~: 5.6 9 I - I 1  3.1 3.8 5 2 1~ 10.5 9.3 
7 o 2.9 9 1-12 6.3 5.2 5 2 15 5.2 ".9 

1 -3 1 9 . 8  2o. !  9 1-13 5.9 5.1 5 2 16 13.5 11.8 
-" 21.3 20.3 9 1-16 ".1 3.4 5 2 18 6.1 5.a 

1 -5 66.1 60.5 10 I -1 8.8 9.0 5 2 19 6.9 6.2 
_~ 47.4 ~6.3 10 I -2 13.5 12.6 5 2 20 3.6 3.0 

I 3~.#, 32.9 10 I -~ 6.. 5.8 6 2 1 16.8 15.9 
28.0 28.2 lo  I -5 a.4 3.7 6 2 2 1,.- ~ 13.8 

1.~9 9.7 7.2 10 4.3 18.8 16.0 11.8 12.8 1o ~ ' I  5.0 6 6 ~ 1o.7 11.2 31.2 31.5 
1-11 12.2 1#,. ~, 10 1-1o 6.2 ~.9 6 2 5 11.9 12.9 
1-12 1".5 12•9 I0 1-11 5.#, 5.3 6 2 6 10.2 12.5 
1-13 I .2 17.0 11 6.1 26.0 25.0 I -1 "  1~.0 5.1 6 2 7 13., ,, ~'~ ,.8 4.5 6 2 ~ ,5.8 17.2 
115 lO5 11. 11 ~:/ 92 ,.,6 ,0., ,2.5 ,, 4.7 I:~ ~,~ ,~:~ ,7.26., 
1-I~ 9.0 9.6 11 I -9 ".7 4*0 6 2 11 6.5 7.3 
,-, ~:~ 97 ,, ,-,, 6.0 50 6 2,2 67 7.2 

I 1-19 3.9 11 1-17 4.5 3.o 6 2 13 5.9 7.1 
1-20 7•2 5.9 12 ~ -2 10.3 1" 11.3 11.0 

-3 1~.0 ' I~ ~:~ ~ ~ ,5  99 2[:oo 5.8 ,2 6.~ 
21.3 12 1 -5 5.S a.9 6 2 16 7." 6.2 I I .  12.1 3 

3 o19 7 .  8.6 ~ ~ : ]  ~51 ,1.5 3 
3 0 23 5.7 4.8 5 0 -4 29.2 29.2 3 
:oo~ 63:~ 6,8 1,.o 11.7 

~3 36." 
~ ~ :]  397 ~ ~,:/ 34:13~:~  ] 

k 0 8 12,3 10.fl 5 0-10 11.8 11.6 
~ 1 ~  31.1 ~ 3  ~ o . , ,  9.3 7.6 4 

0-12 6.9 7.6 
11 , ~  ,I:~ ,~:~ o-13 ,I:g 7.8 
12 19.3 19.2 ~ O.!#, 14.7 4 

: ~IiI 8 9  6 7  o-15 5 ~  67  ,60 ~ 8  ~ 82 60 1 o-17 
4 0 16 9.3 7.6 6 0 - !  21.7 17.8 " 

0 17 1o.1 lo.5 8.3 6.7 " 18 ~:~ 66 ~ :~ 2k.9 26.7 
20 o ° ;:69 

o22 6 .  68 66 ~:~ 31: ~ 2~.~ . 4 
5 0 I 5.0 ~,.2 6 0-10 19.9 18.3 4 
5 ° 2 9.7 11.0 6 0-11 9.1 9.6 

oo ~ ~ 9 7 6 1 5  ~ o - 1 2 2 7 2 2 6 . 0  .: 
67. 56.0 o-13 17.5 18.5 " 

0 29." 31.4 6 0-1" 10.7 
, 5 .o  , , . 8  
~.8 36.6 ~ - ~:,~ : 

5 0 8 17.1 15.8 7 0 -2 2".1 22.3 5 

i ! , ~  1888° 1969~ 77~:o~ 1~:~ 11675 
11 17.9 18.3 7 - 23.2 20.5 5 

5 0 13 15.9 17.1 7 o -6 6.5 6.3 5 
o 1, 7.8 14.5 ~16 115 7 o-8 13.7 5 ]~:~ 7 o-12 11.6 12.6 5 

5 19 12.2 7 0-1~ 8.5 6.6 5 
6 O 1 33.6 26.6 8 0 -1 23., 24.3 5 

° o ~ 356 305 88 ~:~ ~ :  82 5 
39.5 28.0 1~.. 15.9 5 

6 0 ~. 23.5 20.5 8 0 -8 12.6 12.6 5 
6 0 6 13.7 15.3 8 0-10 10.6 10.5 
6 U ~ 20.9 22.5 ~ 0-13 11.1 9.7 5 

I,.4 16.2 0-15 10.2 7.5 5 
6 0 9 25.0 21.0 9 0 -1 12.9 11.3 6 
6 0 12 1".1 15.2 9 0 -2 19.9 18.8 6 
6 0 15 18. ~, 15.0 9 0 -5 8.2 8.6 6 
7 0 1 13.0 12." 9 0 -8 14.9 16.2 6 
7 0 e 9.6 ~.O 9 o-10 9.2 8.5 6 
7 U 3 25.7 2~.3 I0 0 - I  8.5 8.7 6 
7 0 5  12.O 13.1 10 0 3 0  ~ 6.1 6 

o 16.6 16.5 ,0 7. ~: 7.7 6 
7 ° 8 18.7 18.1 10 o -7 8.6 9.2 6 
7 0 10 1".9 16.9 10 o - I I  7.8 7.6 6 
7 0 !1 19.2 18.6 10 0-14 8.1 6.3 6 
7 0 I "  10.7 13.5 11 0 - I  8.2 8.0 6 
7 0 16 13.6 10.8 I1 0 -3 8.6 7.O 6 
7 0 19 9." 8.6 12 0 -2 9.6 7.9 6 
8 o 1 51.3 ~.4 12 o -3 8.8 2.3 6 
8 0 2 17.3 16.1 13 0 -5 7.7 3.2 6 

I".6 2 W0.7 38.4 
99 1o8 ~ 9.2 ~ i ~  ~ 153 ~ 7  ~38 

0017i 1 .5 16.1 0 ]~7 71.9 11.6 1,~'~. o ° ~ 21.717"° ,&,.o 
88Oo X:~ 1o.4 o 1 8 . 4 2 1 o  
9 0 11.5 11.2 0 8 7 1o.5 9.0 

15 11.o  1~'[ : : ~  F~.2 6o.. 23. 13.4 ~7 6.6 E.O 
16 12.1 .8 53.~ O0 g 21 30.1 ~2. ,  28.~ 66 22 , !  7.8 5.7 

.... 5,., 49.9 3.9 
3.1 3.0 

20 ~:8 ~:; ~ I g 2 5 2 2 4 5  3~:~ 9.1 32.4 11.5 lu.1 
22 4.~ 4.3 11.6 11.9 ~ g ~ ~ ; 2 14.4 13.7 25.5 EO.O 
=' g ' l  14.5 ~ 1 9  ~ 6  ~,8 ~ ~ X ~ °  7 3  2 14~ 169 

~6.9 1-1o 25.7 25.1 o . ,. 31.8 77 2 !1.7 • 29t0 12.1 
I 2Lo1"42~,.o14"6 g 1-1=1"11 25.317'~ 22.~189 o°g 1~ 21.,157 2o.317"° ~ 7 2 ~  2~69o 3;:~ 
5 ~o.375"2 7 3 . 5 7 2 2 1 1  14.52.8 3.9 7 2 8  ~1 111 5~ 1~:~ ~ ~12 ~o 12.0 ~.5 7.2 12.6 2 13 7 9 I •0 

16." 1-15 9.6 14 I I . e  12.9 ~ 11 2(:.0 19.1 
15.6 15 5.1 12 11.6 10.6 16•5 21.7 1-17 

190 5.6 5." 2 1-19 8.1 0 2 16 12.4 12.2 7 2 1L~ 12.1 10.2 
27.2 28.4 2 1-20 5.6 5.2 0 2 19 7.7 6.? 7 2 15 7.5 5.~ 

I I  ! " .~  15.5 3 ! - I  53.5 51.6 0 2 20 ".4 4.0 7 2 16 5.2 4.:. 
12 14.o 15.6  3 1 - 2  3,. ,  2,.1 o 22 ,  ~.7 ..o 7 2 1 7  ~.7 2.~ 
13 11.7 12.3 31 -3 89.6 81.9 2 u 53.0 ~1.3 7 H I? 3.7 3.9 
I "  15.0 18.0 ] ~-~ 36.6 15 6.3 62 51~ ~:~ 
16 57 58 ] 1 ~  268 ,~;:~ 
18 10.2 11,1 "9.5 
19 ~:~ 6.3 ] 1  ,3.7 ,3.o 

6.2 -9 30.4 33.3 21 
I 37.0 32.3 3 1-10 2".7 23.0 
i I - I I  1-12 10 ,o,5. ] 

63.0 . 3 1-13 12." 12.0 
5 9.5 10.0 3 I - I k  16.1 1~.5 
6 16.6 21.9 ] 1-15 76. ~ 6.3 
7 22.7 26.5 1-16 , 5.2 
8 10.2 15.2 3 1-19 !1.7 1o.7 
9 21.6 26.2 3 I-2o 5.5 5.2 

10 9.2 11.3 ~ : ~ 41.9 36.0 
2".6 20.3 I1 6.5 6.9 

12 15.5 16.8 , I -3 43.7 aO.9 
40.1 9.2 
~8.5 

- : 
17 6.5 • , 1 36.9 38.0 

I 2" .5  2~.3 4 ! -7 16.5 1".7 
i 32.1 3o.7 . 1 -8 23.7 23.0 

18.2 17.4 " I -9 17.9 18.6 
3.5 2.0 # 1-1u 9.2 9." 

5 2".8 25.O ~ !-11 28.7 30. I 
1".9 16.2 : !-12 11.0 10.4 
12.5 11.6 I -1 "  12.1 10.7 
13.7 13.~ , 1-15 ..6 5.7 

1~ 13.o 13.o ~ 1-2o1"17 ~.8 7. 6 ,3., 12.8 5.0 ~.1 
I I  20,8 21,0 4 1-2g ~,8 3.3 
12 8,4 9.6 5 1 - 1  7.1 9.1 
I~ lO 10. l  9-5 ~ ~ ' ~  60.5 9.9 d . I  .0 10.7 
,7 48 49 5 : ~ ,41 126 
,8 88 ~, ~ ,3o 1~5 
19, 60 ,.2 ~ I : ~  ,3]:l ~:~ 

23,2 21.2 ~ ?,:; 2 9 . 1  ~ , - 9  ,9., 16.9 
12.2 1-10 12.8 11.4 

1 1 1 1 2 4  ~ .121111~:~ ' . . . .  
17.0 14.7 16.3 

7 19.o 19.5 5 1-13 7.6 6.9 

2 O0 22.1 159.2 ~ 16.8 19.3 
39.3 26.0 b g 21 11.6 12.7 

2 0 19.6 18.2 8 2 3 14.6 16.2 
2 0 23.8 23.2 .q 2 v, 16.2 19.9 
2 0 6.6 )." 8 2 6 5.2 6.1 
2 0 6.9 7." 8 2 7 ~.9 6.1 

U 1" . "  12. c 7.7 Lq.6 
134 ,5.~ ~ ~ , ;  6.9 ~.2 

2 0 " .0  3.6 8 2 I I  8.9 8.5 
2 I 26.U 27.0 5 2 12 6.6 6.3 
2 2 39.~ 39.7 8 2 13 4.5 ".9 
2 3 25.5 2, .6  8 2 14 6.1 6.4 
2 4 ~.2 41.9 8 2 15 9.4 7-9 
2 5 37.1 32.3 8 2 16 5.3 4.1 
2 6 20.1 13,3 8 2 17 3.~ a.2 
2 7 16.7 15.5 ~ 2 1 12.9 13.~ 
2 0 20.5 19.9 99 ; ~ 18.6 21.4 

28.2 26.3 ~.6 ~.e 
IO 2C.0 22,3 11 56 58 99; ~ 7.5 5.6 "~'"5.6 

2 12 18.9 16.4 9 2 8 3.3 3.8 
2 13 5.9 4.8 '9 2 9 9.~ ?.9 
2 I" 7.0 6.3 9 2 10 3.7 3.8 
2 15 21.5 21.2 9 2 I I  3.0 7.6 
217 95 114 9 212 7. 67 
21~ 81 73 9 21. 79 74 
21 ~:~ 51 1o ~ , ~9 78 

• ".~ 10 6.7 23 7.7 
2 2 I "e.4 38.8 1o 2 5 F., ~ 6.2 

2 2 31.7 4(;.5 10 ? 6 4.6 4.4 
2 2 3 3~.9 36.4 10 2 v 7.5 8.1 

2 4 16.5 13.5 10 2 8 6.6 5.6 
2 2 5 29.7 71.5 10 2 10 8.3 8.5 

2 6 29.1 2~., 10 2 11 ~.6 4.3 
2 2 7 19.1 13.2 1o 2 12 5.7 5.6 

2 8 35.9 31.1 10 2 13 3.2 4.1 
2 2 9 18.7 17.9 I I  2 I 5.7 6.0 

2 10 21. 16.8 11 6.8 6.1 25t  11 g ~ 6.~ 2 2 11 26.2 6.5 
2 12 12.8 12.5 I I  2 7 5.6 5.4 

2 ~ 2o~ 223 11 ~1o 37 2~ 
19.3 18.~ I !  ~ I I  4.:~ 4.9 

2 2 15 6.9 7.3 12 2 3 3.7 ..E 
2 16 7.6 .~.1 12 2 z~ 3.9 3.9 
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T a b l e  3 (cont.) 
, ~ L IFol Ivot . K L P'ol IxoI . x L IVol Im=l , s ~ IXol IV=l " ~ ~ p'ol I~'=I , K L p,o I P'oI 

12 g 65 2 .8  3 .7  8 2 - 8  9 .1  11.1 ~ -8 8 .9  8 . 6  2 $4 15 $4.1 l o . 6  12 3.7 $4.6 2-9 t,8 7.1 ~ ] 8 %5 9.9 3 3,7 9.9 18.~ 17.2 $ 4 3 - 9  ~:, ,.1 3 ~ , 1o.8 9.7 ~ ~:~  ~.3 7., 
12 2 8 3.3 $4,0 8 2-12 7 .0  ~ ~ ~2,8 21. 11 1~.$4 1~3 : 3-10 12.7 ~.o 3-11 8. ,  ~:~ ~ : ~ : 1 2 . 2 1 , . ,  l o . 7  !~,.8 16. 

. 0  . 1~ 2 9  2.6 2.6 ,-1 ,.o ,:~ ~ 312 ~.$4 ~. 1~:] ] : ~  L7 ]% ~ , 1 2  7 ,  . . 1 .6 $4-1o 9.0 ~,9 2 . 1 5 3 ,  ~ . o  ~ 2 . 1 ~  3.2 ~ 313 ~.7 ~ : ] : I~ 1~'~ 

i !  8.1 
'~ , . ]  3:I $43- ,7  3.9 3.8 33 ~ ~ ~:~ 2-2 17.# 16.7 8 2 ~ 2 1  2,8 2.g 5 3 8.7 '~ 3-19 5.7 2.5 7,9 65 ~-115 .5.5 

$4.o .~:[ ~:I ~ : ;  3~.1 9 2 - 2 1 2 . ,  1.5.8 .5 ] ~:8 3.8 . 5 3 - 1  3 . ,  1.8 
5o.o 9 2 - 3  $4.7 5.7 ~ 3 .5,4 6 g "2 7.7 Io.7 

Z~ 18.2 2 ..5 289 28.3 26.8 99 ,2 7. ,  ~i~ 6, ~ ]  13., 113 ~ ]  1~:~ :~:~ 3,11 $4..5 .1 17.9 ~ . 9  2 - 7  ~ . ,  .5.6 , . ,  1 . 6  ~.1 6 ~,:~ 9.3 9.o 
23.6 22,8 99 5.5 6.7 -.5 13.9 12.1 ' - ' o  - . '  33 ' "  ' ' ,o . ,  ,o . ,  

$4.3 2-9 8.7 12.1 9 2 - 1 1  ,.$4 ~:~ ~ ] ~ 11.$4 12..5 5 3  1,.1 ,"'2.7 ~ ~ , 2 8 . 5 2 3 . 6  66 ~ . 1  .5..5.5"7 .5..55"7 
,L.5 ~ ~ 2 ~.5..5 ,8.8 6 $4-9 2-1o ~ . 3  36~. ~ 19o 2-13 ~:~ ~ 3 9.8 Io.2 , .7 

13.7 1~..5 
. 2-1 ~ ] ~ 6.3 7.0 8.1 ~.2 ~ $4 3 15.8 ,..5 6 ~-1o 12.7 13.3 

2-11 6.7 5.2 754 7.o ~ ] I  ,L2  
2-12 19.7 19.3 Io ~ -3 3.9 3,7 .53 -9 
g:1~ ~:,~ ~.6 ,o g-5 .5.2 6., 66 ],, ,[:i ,]:~ ~3-,o 5.° ~.3 : :~ ,.5.9 ,~.o~ 66 ~,, ,,.~ I,..5 

3.1 10 ,,-6 3.~ 11..3 12 3-11 11 .$4  11..5 6 ~ 7.9 • $4-16 11,3 $4..5 
17..5 2-1.5 7 .6  9 .o  Io 2 -9 $4.o 5.1 .5.3 .5 3-12 5.1 : : 18.o $4-1154-1 l o . 2  11..5 

12.0 I0,6 2 - ,  ~:~ 7.9 ,o 2.,° 5.7 ~., ~ ] I ~  ~ "  5., 7.5 6.2 3-d ~:~ '::~ 9.6  Io 2-12 5.6 6 .9  6 3 1 6  ~.5 553-I 11.6 77 9 . 2  # # ~ Io .2  lo.$4 7 $4 -6  $4.5 6.1 
~:I;  7. ,  7 .°  ,o 2-,11 11.7 5.11 5.~ ~ °  ~.~ $4.9 ~ ~ 9 5.,  .5., 7 , - 8  .5..5 6.0 ~:,~ 6.2 6.2 ,o 2.,:! 5.0 ~:~ ~]~ ~:, 5 3 . ,  3.0 2.3 $4,,o 5.8 , . 8  , . 7  ,.7 

3 -1 10.6 !0 .0  4 ~, 12 8.11 8.1 77 g . !  11.2 $4..5 ~., 3.2 " ~ ~:~ 5.6 7 3 2  ,6.7 ,8.3 6~ 3-2o - , o  
g-.l~ 4.1 2 2-, 36.~ 254.8 ,, ,9:~ $4 ~,3 7 3.7 2 2-~ .5~.8 ~6.9 11 $4.3 5.$4 ~ ~ ~ .5.o $4.8 6 3-2 9.11 6.2 6.° 7.5 8.o I~.8 5 $4 I lo,6 6,6 I~.I.5 5.1 $4..5 

f, 2, 2,.$4 2o.7 , ,  ~ 2  3.3 $4.5 7 3 5  ,8.9 ,7.0 66 ] 2  $4.$4 3.8 5 ,  2 , , .8  ~.2 ~ ~ - ,  5.2 ~.~ 
8.5  7 .2  I I  2-15 3.0  2.8 7 3 6 154.7 15.8 Io .2  12..5 B.6 . _, ,$4.9 ,6.o 66 ] ~  ~:~ ,,.6 ~ : ~ ~ : : ~  [:~ 5.,, 

~ Io .9  Io .9  12 8 .2  12.3 $ 4 6  16.o 13.6 8 $4-.5 $4.o 3 .2  
37.9 36.2 ,2 ~ ~: $4.7 7 ~ , , ,  7.11 $4.9 ~ ] I  9.0 ,o.o 5 1 1 7  8.3 9.9 ~ $4-8 $4.$4 $4.o 

2 2  22.7 29.7  1 2 2  -7 3.5 3.8 7 3  II 12.3 Io .6  6 3 -9 12.7 15.o 5 ~' lo  $4.11 3.7 8 $4-10 6 .8  6 .8  
2 2 - 9  , , . 9  ,2.°  ,2 2 - 8  2.9 3.7 7 312 7.$4 7.5 6 3-,0 6.7 6.2 .5 ~ , ,  6.9 6. ,  89 $4-,2 ~:~ 63:] 
2 2-10 22.1 21.8 13 2 -$4 2.6 3.o 7 3 154 5.9 .5.5 6 3-11 1o.5 12.2 5 I~ 12 $4.9 .5.0 $4 -2 
~ 2 . , ,  ,2.° ,$4., 354.238.2 ,5 ~ 3.,2 6.7 7.2 ,8, 2.7 ~ ~:~ , . ,2  ,3.° ,$4., ~ ] '  ,2.2 , , .0 ~ 9.6 8.~ 6.$4 ,6 6.8 $4.8 5.$4 ~ : ,~:,  ,3.93"8 ~:93"9 .5.2 i $4.6 ~]::~ 5.3 8.3 9.5 2 ~2, 2-13 25,1 254.0 2.,11 ,,.$4 ,3.° ~ ] ~ ~5 27.2 'I 5.6 6 11 8.2 ~,o 

27.2 30,1 ] 3.9 3.8 3-19 3.11 15.2 16.6 99 ~,-154 5,7 
$4-8 11.9 7.9 7.9 3.7 2-15 6.9  7.2 o 18.$4 ~;~ ] 2o.u 21.e Io 2-,6 6. '  6.8 ] 76 '9.9 ,2., ,2., 77 3 - '  '~:~ ~ ~ 3 - 2  5. ,  $4.9 5. ,  $4-, 3.11 ~:69 

i 2 - , 7  7.6 7.,, ~ 1 . . . . . .  $4.6 3 - ~  ~:~ 3.° 66 ~ ~ 5. ,  '° $4-J ~.5 11,5 11.2 10 3,5 11.7 
2-1@ 6.3 6 .0  0 ]I 9 12.3 11.3 ] 5 9 . °  10.$4 7 3 -  11 -1 5.5 I o . I  6 11 7 12.8 ~o.$4 $4 $4,$4 

2 2 - , 9  ~.9 6.8 o 3 , ,  7.7 /,:~ 8 3 6  5.2 5.] 7 3 - 6  ~.o 3.~ 6 $48 , , .9  IO., 5 1  ,o.~ ,$4.7 
2 2 - 2 °  11., $4.6 o ,2 ,.5., , ~ ] ~  $4.° 3.7 7 3 - 8  5.° 5. ,  ~ ,2.2 2 2 2 . 2 ,  $4.2 $4.6 6.7 6.9 9.6 7.7 7 3 - 9  9.° ,o.8 ,.9 ~ . 2  5 7.3 ,° .6 ] I ~  .~ ,$4.o . 5 3  5.3 6.o 

11.1 3.3 o ° 6.2 6.6 8 3 9 15.o 11.5 7 3-Iu 6.$4 6.2 6 11 15 5.2 5.8 5 11 3.8 3.~ 2-2 
2-2~ 3.3 3.$4 o 3,; ~.6 5~ 8 31, ,,.I ~.o 7 3-,, ,.2 ,5.9 1~:~ ~ ~ 69.] 12.2 

3 2 - 1  20.0 22.1 o 3 16 6,0 6,2 A 3 12 9.2 7,9 7 3-12 $4.8 $4,2 77 : ~ 6,9 15,0 . 8.0 
3 2 -2 20.0 19.3 0 3 17 7.6 8.5 8 3 13 **.0 3,8 7 3-13 $4,3 4.$4 7 a 6 12.11 12,3 5 7 5.2 6,3 
] 222  115.11 $454.7 o ~ , 9  ~:~ 3.9 ~ ]'11,5 ~:~ $4.6 3..5 7 3-,5 3-,7 3.3 3.9 2.9 $4., ~ ~ ~ 3.9 $4.9 $4.5 6.5 5,o9 6.2 8.7 

12.5 10.2 0 3 2(; 3.9 7 55 7.3  9 .o  
~-5 I$4.o 111.2 I 3 o 2o.2 18.o 93 I 3.8 3.8 B 3 - I  ~.8 9.6 $4.2 7.1 
2 - 6  ,6.7 2o.3 o 26.° 2 o ,  , , .~  8 3 - 2  . 6.9 77 ~ , ~  ~ : '  ° ~ '°  5.7 5 O 17.0 12.11 ~ 2~:~ 2~6 ~]o .9 339 ~]~ ~:~ ~, ~., 89 7541, ~I 11~ ~, 52 32 
2 18, I~:~ ~ ] ~ 2~:~ 2~:~ 9 3 ~ ~8 72 88 ~:~ ~ .51 7 11,2 7, 8o 5 o 71 .5.$4 

3 2 - 1 o  8.11 9 .3  6 3  o 1 1 1 . 8  111.3 9 3 8  3.$4 11.2 -~ . 6 .o  9 3 , °  5.9 5.6 g ]  ,,.7 5.2 ~ : I ~  ~:~ 2.75.7 5~,.~ ~:I ~:~ 
3 2 - 1 1  7 .2  7 .6  8 3  o 11.5 13.1 9 3 1 2  5 .3  5.2 e 3-1o $4.o 2 .9  ~ ~ 129 3.3 11.5 5 2  15..5 16.9 

2-12 a.1 Io.I 9 3 (; 5.11 5.5 9 313 3.9 3.8 8 3-11 11..6 6.1 11.2 6.3 55 ~ 9.9 10.2 
2-13 7..7 6.11 Io 3 o 7 .9  7 .6  10 3 1  7 .9  7.2 8 3-12 $4.9 11.1.. 8 $ 4 3  9.1 8;]~ 9 .0  9 .6  

8 1 1 5  6.9 5 6  6.8 8. ,  ]2- ,11 7., 8.2 , ,  3.7 ] ~  3.9 2.7 6.6 .2 2-,5 5., 67  ] ~, ~.8 ,o [.o 8 $4 7 5 332 27.° ,o ~:~ 5.,  ~ ]: I~ $4., $4.2 ~.,  8 ,o.o ,2.5 
3 2-16 9 .3  1o.2 2 22.8 15.o 10 3 ~ $ 4 . 8 3 3 " 1 6 - 1  $4.23"7 3.5 7.68"3 2 ,  6 ~  ~:~ ~ ~ ~6.7 ~2.8 lO $4.3 ~,,~ ~:~ 2.,9 5.3 3 2 2 °  ,$4.8 ,o ] ~:~ ~:i' ~ ~:6 ~ ~ , ~  ~:~ 9 3  -2 5.2 5.7 9 $43 5.3 5.11 25 1 8.5 7.5 
3 2-L~ 3.9 2.5 3 5 31.6 28.5 Io 3 9 6.3 5.o 9 3 -$4 $4.2 5.3 9 11 7 6.7 6.b 2 5 2 5.3 6.u 
]2-23 37 2] ]~ ,78 ,?5 '° V~ 5.2 $4~ 93-.5 6., .5.2 ~$4,, 29 3.7 ~ ~.8 6.9 

2 - I  13.9 12. = 154.8 "13,8 I1 3.2 3.3 9 3  -6 $4,o ~,,1 Io 11 I $4.o $4,6 Io='~ I $4..5 
11 2 -2 854.8 73.11 3 9 18.5 17.2 11 3 11 ~.8 ~.5 11.3 6.7 10 $4 2 6,0 6,6 2 .5 5 12.3 
~ 2-3 254.1 19.~ 310 6.11 6 .8  1135 11.u 3.$4 ~ ].1 11.0 /*.1 105411 6.B 8.2  ~" 6 7.o 6.8  
$ 4 2 - 1 1  3° .7  2C.3 3 11 13.6 13.9 11 3 8 11.8 5.3 9 3 - 1 o  6 .3  b .9  Io $ 4 5  3.$4 $4.o ~ 5 .5.6 $4.2 
a 2 -5 3L.8 39.h 3 1 2  Io . I  8 .6  11 3 9 3.3 3.3 9 3-12 5.3 11.9 1u $4 8 3.3 $4.2 

2 -6 25.1 28.7 3 1 3  5.$4 5.8 1 3 3 2  2 .6  3.8 9 3 - 1 3  3.9 3.1 $4 -1 21.$4 19.8 ~ 19 9.25.5 II.o6.,) 
a. 2 -7 11.7 11.3 3154 13.6 13.5 13 3 3 2.1 3.2 Io 3 -I 6.7 6.2 $4 -2 111.0 17.1 3 5 I 17.5 16.3 
1~ ? .-~, 23.8 2P.O 316 Zl,3 11.8 3 - I  2~.3 31.3 I0 3 -2 8,9 9.7 ~-3 23.8 23,11 3 5 2 8,2 6,3 

11 -$4 19,8 19,11 3 5 3 8,9 7,3 I, 2 -9 11.5 10.9 317 7.6 6.7 
2,0 6.3 ~.7 ] ~ I  $4~:~ 3.8 
2-11 11.6 !1 .0  2 29.11 

~, 2-12 8.2 l o .2  2 3 2 a.2.$4 32.8 
$4 2-13 5.3 6.v 23,0 17.5 
112-111 11.~ $4.~ g ] 1 254.5  19.11 
~ 2 - , 5  5 . '  5 . [  g ] ~ , , . 8  7.8. 

2-17 11.o $4.3"9 18.8 12.8 
11 2-18 5.0 2 3 7 26.2 23.9 
11 2-20 6.0  $4.3 2 3 8 $4.9 2 .9  
$4 2-21 $4.6 3 .2  2 3 10 18.3 17.9 
55 ~-I c...8 8.6 23 11 12.1 12,5 

18.3 17.0 ~ 12 8.6 
~ g 2  3~.3 36.o ~ 1[:~ 1~.1 1,~.$4 ~.$4 2 ~,~, 7.3 ~.o 

. ;  22 

5 19.3 21:o ~, ]18 I:~ ~:I 
b 2 -9 11.;" 5.0 2 3 19 3,7 3.7 
5 2-11 10.2 12.7 2 321 3.3 3.1 
5 2-12 16,2 21,1 3 3 I IZ;,11 11,7 
52-13 3.2 ) .7  332 22.3 16.6 
5 2-154 3.6 ~.2 3 3 3 16.5 13.9 
5 2-15 3,11 3.U 3 3 11 18.9 13.2 

5.1 12.3 11." 
33 37 ] ] ~ 22.5 19.~ g:& 1o.7 12.2 13.9 1,.1 I , ,5 15.~ ] ] ~  6.7 6.11 

62 -3 9.8 7.o 33 9 17,~ 16.9 
6 2 -$4 B.2 7.9 33 lo 13.3 12.7 
6 2 -5 1 ~ , . ~  17.I 3 3 I I  13.5 12.U 
6 2 -6 A.7 7.3 3 3 13 12.11 13.8 
6 2 -7 13.8 15.o 3 315 9.7 8.8  
6 2 -8 7.0 7,11 3 3 17 5.9 6.2 
622 .10  "~ 16.954.1 18.0 ~j ] 18 3.2 2.6 ~:~ 3. .  19 3.6  
6 2-11 $4.2 3 320 11.2 3.5 
6 2-12 15.$4 17.7 11 3 1 I0.0 8.6 
6 2-13 7.I 7.2 11 3 2 9.5 I0,0 
62-15 7.3 8.5 ~ ] t 16.2111"9 13.1115.7 

2-1C 3.2 3.3 
721 12.~ 12.8 $4 3 5 12.6 11.3 ~:g , , . o  154. ~.3 5.2 5.I : ] ~ 11.7 2r).3 16.8 
7 2 - ~  3.6 ").5 I~ 3 o ~ 3 1 9  5.8 23.6 2~:~ 7 2 -5 13.I 111.1 
7 2 -6 6.8 10.0 ~ 3 II 8,3 7,3 
7 2 -8 8.2 $4 3 12 13.6 12.9 
77 2 - 9  [.~ ~:~ ~ " ] I I  ~:~ ,° .5 

2-10 , 7.6 5.B 
7 2 - 1 1  5.o ~:~ ,, 315 ~., ~:~ 
7 2-12 12.1 ] a 317 11.3 
7 2-111 11.0 b.O " 3 17 3,6 11.0 
? 2-15 6.1 6.3 II 3 16 3.~I 3,2 
7 2-16 11.11 5.8 a 3 19 a. I  3.2 
7 2 - 1 7  ~,6 ~.9 u 3 2c 3.7 1.3 
7 2-21 11.3 3.2 5 31 19.2 19.£' 

~ : ~  1 ..... " .~  . 5 3  ~ . 6  n 11.~ 6.0 " ] ; 35-91,.11 1~.9 
~.[  =9 11 311.o  29.5 g :~ , .9  
5.6 7,~ u a 5 20.3 18.2 

8 2 -6 6,9 7.q 5 3 b 16.2 17.5 
2 -7 6.0 7.5 5 3 7 20,c 18.6 

• -~ 15.7 13.o Io 11.o 
19.6 20.3 1o ] : ~  7.7 7.5~'7 

) -11 29.6 23.2 Io 3-15 7 , I  6,3 
3 -5 17.11 18,$4 I I  3 -3 3.$4 3.3 
3 -6 20.3 20.7 11 3 -5 7 .3  6.1 
3 - 7  2~.7 ~7.6 11 3 ~ $4.7 $4.3 
3 -8 11.5 1o.6.3 1111 3-1o3.11 l:~ ~:~ 3-10 13,11 154 
3-,, 15.o ,$4.8 1 1 3 - 1 5  3.6 3.1 
3-,2 7.6 7.11 , 2 3 - 8  2.8 2.e 
]:p.  12.~ 13.7 o 11 , 2.9 3.5 

7.3  7:~ ° 1 1 2  12.6 13.0 
3-15 5.6 o 11 3 154.2 154.1 
3-16 12.3 Io,2 o $4 $4 13.0 9.6 
3-17 7.(: 6.8 u a 5 5.5 5.2 
3-1~ ~,5 ~," o $4 6 9.8 8.7 
3-19 ~:~ ".1119 5.1 11.3 

' ii 3-22 2.9 2.~ o 1119 
10.11 2 3 -1 $46 ,3  112.11 ° 

3 -2 16,7 16.2 O a 12 8.5 9.7 
2 ] 2  21.1 17.7 ° ~II 12.~ 11.6 

23.2 25.3 ° ~.0 a.1 
2 ] : ~  15.11 17.5 ° : I ~  7.o 7.2 

15.0 16.9 O 5.1 5.3 
2 33"7 ,°.3 ,3.~ o 11,9 3.5 ~:~ 

-9 a.9 5.2 I 11 O 6.5  
2 3-I0 111,5 16.8 2 $4 U 16.3 15.$4 

3-11 16.1~ 16.1 3 $4 o 7.$4 $4.7 
~: 3-12 6. I 7.~ $4 11 ° 311.0 254.7 

313 ~:~ ~:~ ~ 92 7o 
2 3-15 5,7 5.8 

3-16 5.9 .7 7 $4 0 8.5 8.1 
E 3-17 6.3 6,3 8 ~. O 7.1 7.6 

3-18 3.6 3.8 ~' I 15.7 16.2 
3-19 3.7 3.3 g 2 $4.9 11.2 
3-21 8.2 5.8 /~ 3 11.1 3.6 

2 3-22 3.11 2.7 $4 $4 20.0  16.5 
3 -1 1E,$4 13.2 $ 4 5  23.6 20.3 

3 3-2 19.7 1~.8 $4 6 ,3.9 ,3.9 
]'2 ,9.5 2o.~ 11 7 18.8 16.~ 

3 19.9 I=..I 11 8 5.1 5.3 
3 ] : ~  ~ : I  22.~ 11 9 6.3 ~.9 

10,2 11 Io 5,5 6,6 
3 -7 23.0 22,11 a 11 6,2 7.9 

3 3 -~ 7.o 6.3 11 13 6.9 7.7 
3 -'9 13.6 12.7 11 1~ 5.8 5.U 

3 3-10 16,9 21.1 ~ 16 (,,:1 6.8 
3-11 16.8 19.1 11 IB 11.1 $4.3 

3 3-12 I1,1 11.9 2 11 1 111,*'I, 11.9 

° i 
3 3-11~ "9.7 6,(; 7.1 22 ~ 11.0 2U.° 1 : 

]'1~ ~:~ ~'I 2 11 ~.1 ., 
3 3 - 1 7  3. 2 a 6 6.6 b.l 

3-19 7.2 6.1 2 a 7 12.b 13.0 
3 3-22 11,9 ~.1 2 11 6 B.O 6.1 

3-23 ~.2 ,.7 6.$4 5.7 
3 1  1,.0 12.1 g :19o 6.1 6.6 

i 28.5 ~ :  ~:~  23.3 g ~11 ,~:g 1,,7 12 F.9 
3.~ ~:I g ."I~ 7.] ~..~ 

,, ] :5 5.$4 e.3 5.u 
3 -6 12.1 12.b 
3 -7 8.7  8,2 

11 -5 7.6 6.2 3 5 5 lo .7  12.1 
X:~ 2.~_ 3., 

5.3 5.6 ] ~ , ;  
9.2 I I , 0  
8.7 10.1 

~ ' -~  7.9 8,5 3 5 1 0  ~.o 7.3 
/*-11 63.  6 .0  11 5 I 5.9  11.3 
$4-12 7.7 7,7 ~ 5 2 l o . 9  10.6 
$4-1] 12.9 10.9 4 5 1, 6.1 5.9  
$4-154 6.8 8 .6  
. 1 5  I:'~ $4.3 ~ ~ ~ 9. ,  11.$4 I1.1 

.o $4.16 6.9 I . ,  ~ 597 .~.5 5.5 
11-17 ~.1 5 7 .2  6 .9  
11-20 11.8 11.2 5 5 I 15.5 !11.g 

2 $4 -1 19.2 1~'.5 5 5 2 7 .8  P.6 
$4 -2 5.1 5.8 553 7.~ 6.6 

2 $4 -3 ~'.5 6.1 5 5 5 6 .0  7.1 
-~ 2, , .11 17.1 6.3 7.3 

1o.916"21o.617"26~ 5 % ~:~ 9.0 
7 b 1o 5.2 7.7 2 15.6 17,2 

$4-8 7 2  7.~ ~ 5 3 5.8 6.2 
2 11-9 ,3. ,  ,~.o - ,  11-1,, 1].~ 13.~ ~ -2 g:~ ~6"$4.o 
2 ~-11 9.~ ,o.9 -"-3 ,~.o 16.3 

"12 9.2 9 . 7 5  -$4 5,5 5.1 
tI~ 8.3 1o.1 $4.1 7.~ ~.9 ~ -~ ; 2  -6 I0.8 

2 $4.16 7,9 8,6 5 -9 7.11 9,1 
$4-17 5.8 6,6 5-1C 6,$4 6.5 

2 a-19 3,3 2.g  5-13 ( .1  7 .9  
" - I  17.5 lo .7  2 5 - I  ~.5 12,1 

3 $4 -2 32,$4 21.9 2 5 -? 6.9 8,5 
11 -3 19.9 154.1 2 5 -3 5.8 /1,9 

3 11 -$4 12.7 9.1 2 5 -~ l~ ,c  16.1 
11 -5 7.7 9,1 2 5 -5 11.7 9.5 

3 11 -6 16.~ 16.1 2 5 -6 13.$4 I ] . 2  
11 -7 16.2 16.5 2 5 -~ 5.6  5,6 

3 $4 -8 18.1 18.0 2 5 -9 5. P 6.7 
$4 -9 5.6 6.- ~ 3 5 -1 13.7 11.o 

3 11-1~, Io,1 8.8 3 5 -2 13.3 12.1 
$4-11 6.8 7,$4 ] 5 -P, lP'.2 12; 11. 

3 $4-13 $4.0 3,t, 3 5 -6 13.5 11.7 
$4-,6 8 . °  ~.7 3 5 - 7  ,5 - :  ,11.3 

3 $4-17 5.8 $4.7 35 -£ 9.7 9,0 
11 -1 19.':/ 1~.$4 3 5-11 5.5 6.6 

$4 11 -2 i~O.7 111.5 11 5 -1 18,? 16.5 
12.8 ~.9 : ~ : g  12,  ~.$4 

: 19.2 I .2 12.2 11.3 
11 ~ -  21.11o.~ 11.11L3 ~ ~:X 1,.0~'2 111.26"~ 

$4 -7 7.2 7.2 11 5-1o 7.2 ~.5 
$4 -8 6 .g  6.7 b ~ - I  5.9  6 .7  

a ~ -9 5.2 6.6 ~ ~ 8.7 
.1. 7., 11.6 ~ ~ ~:~ ,.., 

11 ,-11 7.6 ~.1 ~ 5 ~ 8.? 1~.~ 
a-12 8.9  Io,  "~ o 5 -- 6,0 .-, 

$4 $4-13 $4,0 3,9 6 5 -7 5,5 5,2 
a -I 6.8 11.9 7 5 -2 5,6 6,6 ~:~ , . ~  , ~ ,  ~ : #  6.6 60 

1U.8 I0.2 . 5.~ 6.2 
z, -a 5.3 6.o - 5 -2 5,$4 6.1 
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around the atoms adjacent to C(4), e(8) and C(10)from The carbon atoms C(9), C(ll), C(12), C(13) and 
the tetrahedral angle can also be attributed to the C(16) form a fully extended and approximately planar 
bending of the axial methyl groups, carbon chain (Table 6.) 
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Fig. 2. (a) Bond lengths. (b) Bond angles. 
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The ester group [O(2),O(3),C(14),C(15)] and carbon 
a tom C(21) are p lanar  within experimental  errors (the 
r.m.s, distance is 0.021 A) (Table 6). The dihedral angle 
between the ester group and the extended carbon chain 
is 41 °. A Newman  projection down the C ( 1 4 ) -  C(13) 
bond shows that  C(12) is anti to C(15) (Fig.3.) The 
dihedral  angles are marked  in the Figure. Mathieson 
(1965), from a survey of a few crystal structures and 
from energy considerations,  has suggested that  for 

Table 4. Mean values of  e.s.d.'s for bond lengths 
and angles 

Bond e.s.d. 
C-C (aromatic) 0.025 A 
C-C (non aromatic) 0.020 
C-O 0.019 
Br-C 0.013 

Angle at e.s.d. 
Aromatic atoms 1.5 ° 
Single-bonded atoms 1.1 
Double-bonded non-aromatic atoms 1.3 

Table 5(a). Some intramolecular contacts less than 4.0 A 

C(4) • C(IO) 
C(8) C(IO) 
C(20) C(17) 
C(20) C(18) 
C(20) C( 1 ) 
C(20) C(9) 
C(20) C(5) 
C(18) C(3) 
C08)  C(5) 
C(17) .C(7) 
C(17) .C(9) 
C(18) "C(19) 
C ( 1 6 ) . . C ( I  5) 
C ( 1 6 ) . . O ( 2 )  
C(16)" • 0(3) 
C(16)"  • 0 ( 4 )  
C ( 1 4 ) . . C ( I I )  
C ( 1 4 ) . . O ( 2 )  
C(I 5). • C(22) 
C(15)" -O(4) 
0(4) • .O(3) 
0(4) • .O(2) 
0(4) • .C(24) 
C(21)- • C(28) 

2.67 .& 
2.65 
3.12 
3.31 
2.52 
2.57 
2.61 
2-50 
2-63 
2.48 
2.60 
2.46 
2.96 
3.44 
3.65 
3.69 
3.17 
3.61 
3.05 
3-08 
2-63 
3.15 
2-91 
3-00 

H(13) 
H(14) 1 / 

184 ° ] 

H(14) 2 

Fig. 3. A Newman projection down the C(14)-C(13) bond with 
the relevant dihedral angles. 

Table 5(b). Intermolecular contacs less than 4.0 A 

Atom A Atom B 
Br . . . . .  C(20) 
0 (1) . . . . 0 (2 )  
O(1) . . . .  C(21) 
O( 1 ) . . . .  C(28) 
O( 1 ) . . . .  C(24) 
O(1)- • C(23) 
0(2). C(17) 
0(2). C(14) 
0(2)- C(11) 
0(2). C(8) 
0(3). C(16) 
0 ( 3 ) . . C ( 2 4 )  
0 ( 4 ) . . C ( 2 2 )  
0(4). -C(21) 
0(4). • C(23) 
0 ( 4 ) . . O ( 4 )  
0(4)" • 0(4) 
0(4). • C(24) 
0(4). • C(28) 
C(I)" .C(20) 
C(16). • C(25) 
C(16) . .  C(26) 
C(16)" • C(24) 
C(17)..C(28) 
C(17). • C(23) 
C(21)..C(24) 
C(25). • C(27) 

Equivalent 
position* of 

atom B 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
I 
1I 
II 
II 
II 
II 
II 
II 
II 
I 
II 
1I 
II 
I1 
I1 
II 
1 

Cell of 
atom B 

(0 ,  - 1, 0 )  
(1 O, O) 
(1 --1, O) 
(1 --1, O) 
(1 O, O) 
(I O, O) 
(l --l,  O) 
(1 - 1 ,  0) 
(1 -1 ,  O) 
(1, - 1 ,  0) 
(0, 1, 0) 
(0, O, O) 
(0 ,  - 1, O) 
(0 ,  - 1, 0 )  
(0 ,  - 1, 0 )  
(0, - 1, 0)  
(0, O, O) 
(0, O, O) 
(0 ,  - 1, 0 )  
(0 ,  - 1, O) 
(0 ,  - 1, O) 
(0 ,  - 1, O) 
(0 ,  - 1, 0 )  
(I, O, O) 
(1, O, O) 
(0, O, O) 
(0 ,  - 1, O) 

Distance 
3"85 A 
3.25 
3"37 
3.58 
3"81 
3"92 
3"49 
3"61 
3"91 
3.94 
3"53 
3.62 
3"27 
3.48 
3-58 
3"66 
3.66 
3.80 
3.81 
3"78 
3.76 
3.83 
3"90 
3.81 
3.89 
3.93 
3.99 

* The equivalent positions are: I ( x, y, z) 
II ( 1 - x ,  ½+y, 1 - z ) .  

Atom A is in equivalent position I in the cell (0, 0, 0). 

esters involving pr imary  alcohols the two hydrogen 
atoms of  the alcohol a-carbon [here C(21)] are usually 
in a staggered relation to the double-bonded oxygen of  
the ester group [here 0(2)]. This would have required 
plane (IV) [defined by the atoms O(2), O(3), C(14), C(15 
and C(21) and plane (V) [defined by the atoms C(21), 
C(22), C(23) and 0(4)] (see Table 6) in this structure to 
be coplanar.  The a r rangement  is here quite different 
since the planes make  a dihedral angle of  79 ° with each 
other  and 0(2)  is approximately  anti to one of  the 
C(2 0 - h y d r o g e n  atoms. 

The phenyl group and carbon a tom C(22) are copla- 
nar  (Table 6); the bromine a tom is out of  this plane by 
0.055 .A. The a toms C(21), C(22), C(23) and 0(4)  
(Table 6) are in a plane which is rotated about  the 
C(23) - C(22) bond so that  the dihedral angle with the 
aromat ic  plane is 12 °. Non-zero dihedral angles between 
such planes are not uncommon  (e.g. 9 ° in a p-bromo-  
benzoate derivative of  taxadiene-tetraol  (BjS.mer, Fer- 
guson & Robertson,  1957), 9 ° in potass ium hydrogen 
d i -p-chlorobenzoate  (Mills & Speakman,  1963) and 
3.3 ° in p-ni t robenzoic  acid (Sakore & Pant ,  1966). 

Most  of  the bond lengths [Fig.2(a)] agree within 
experimental errors with accepted values. However,  
the B r -  C(26) bond (1.912+0.013 ,~) is longer than  
that  reported by Sutton (1965) (1-85+_0.01 ,&). The 
C(8) - O(1) bond is also long compared  with the accep- 
ted C - O  single bond distance of  1.426 _+ 0.005 ,~ 
(Sutton, 1965). 
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In un-ionized carboxylic groups two of  the angles 
are usually greater than  120 ° and one approximately 
tetrahedral  (Hahn,  1957). The angles a round C(15) 
conform approximately to this pat tern but  the angle 
O(2)C(15)O(3) is smaller than  expected and close to 
120 ° . 

F rom infrared measurements for several compounds  
of  the labdane type (methyl labdanola te ;  labdane- 
8a, 15-diol monoaceta te  and labdane-8a, 15-diol) in very 
dilute solutions in carbon tetrachloride,  intramolecular  

hydrogen bonding involving 'closure'  of  a ' ten-meln- 
bered ring (i.e. an O(1)-H.  • • 0(2)  hydrogen bond) has 
been reported (Baker et.al., 1962). There is no such intra- 
molecular  hydrogen bond in this crystal structure. The 
hydrogen a tom of  the hydroxyl group could not  be 
located from a difference Fourier  synthesis but  it is 
probably involved in an extremely weak intermolec- 
ular hydrogen bond of the type O - H . . .  O, the distance 
0(1) .  • • 0(2)  being 3.246 + 0.017 A. It is probable that  
the hydrogen bond is linear and that  the hydrogen is 

Plane I Plane II 
(Ring A) (Ring B) 

C(2) -0.005 C(7) 0.012 
C(3) 0.005 C(8) -0.011 
C(5) -0.005 C(lO) 0.011 
C(10) 0.005 C(5) -0.011 

Table 6. Least-squares planes 
Plane III Plane IV 

(Carbon chain) (Ester group) 
C(9) 0.018 0(2) -0.005 
C(ll) -0.016 0(3) -0.034 
C(12) -0.020 C(14) 0.022 
C(13) 0.018 C(15) -0.010 

C(21) 0.028 

Atoms out of plane 
C(1) -0.659 C(6) 0.732 C(16) -0.184 C(22) - 1.271 
C(4)  0.609 C(9) -0.678 C(6) 0.066 C(13) - 1.394 

Plane V 
(Carboxyl group) 

C(21) -0.005 
C(22) 0.017 
C(23) -0.005 
O(4) -0.007 

0(3) -0.289 

Equations for the least-squares planes (X', Y, Z' in A, are referred to the orthogonal axes a', b, c): 
Plane I : 0-079 X' +0.889 Y +0.451 Z '=  9.740 
Plane II : 0.167 X' +0.938 Y +0.305 Z ' =  8.857 
Plane III: 0.601 X' +0-073 Y -0.796 Z '=  -2.218 
Plane IV: 0.514 X' +0.695 Y -0.502 Z '=  2.130 
Plane V : -0.611 X' +0.571 Y +0.549 Z '=  1-392 
Plane VI: -0.691 X' +0.395 Y +0.605 Z '=  0.976 

Plane VI 
(Phenyl ring) 

C(22) - 0.008 
C(23) 0-008 
C(24) -0-002 
C(25) 0.001 
C(26) 0-003 
C(27) -0-015 
C(28) 0"013 

Br -0.055 
0(4) 0-162 
C(21) -0.305 

2a 

C '1 v 

Fig.4. A packing diagram viewed along the b axis. The suggested extremely weak hydrogen bond is marked with a broken line. 
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located on the line connecting O(1) and 0(2) since the 
angle C(8)O(1). • • 0(2) is 106-7 + 0.8 °. The arrangement 
of the molecules along the b axis can be seen in Fig. 4 
and the suggested hydrogen bond is marked with a 
dotted line. There are no other unusually short inter- 
molecular distances [Table 5(b)]. 
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Die Riintgenstrukturanalyse des Bullvalens 

VON A. AMIT, R. HUBER UND W. HOPPE 
Abteilung f~r R6ntgenstrukturforschung am Max-Planck-Institut fi;tr Eiweiss- und LederJorschung, 

MFmchen und Physikalisch-Chemisches und Elektrochemisches lnstitut der Technischen Hochschule Mfmchen, 
Abteilung fi~r Strukturforschung, 8 Mi;mchen 15, Schillerstrasse 44-46, Deutschland 

(Eingegangen am 28. August 1967) 

Tricyclo[3"3"2"04,°]deca-2,7,9-triene (Cl0H10), bullvalene, crystallizes in the monoclinic group P21/c. 
The unit cell contains four molecules. The X-ray structure analysis was performed by the convolution 
molecule method. The atomic parameters were refined by three-dimensional Fourier and difference- 
Fourier syntheses and by least-squares calculations. In contrast to its behaviour in solution, bullvalene 
shows no valence-isomerization in the crystalline state. 

Einleitung 

Die Valenzisomerisierung von Bullvalen wurde von 
Doering & Roth (1963) vorausgesagt. Die Synthese 
des Bullvalens gelang Schr6der (1964) und die NMR- 
Spektren (Mer6nyi, Oth & Schr6der, 1964) best~tigen 
diese Voraussage. 

Bullvalen ist ein extremes Beispiel ffir Valenziso- 
merisierung. Jede Cope-Umlagerung (z.B. Ringschluss 
zwischen den Atomen C(9) und C(3) und Aufheben 
der Bindung zwischen C(1) und C(7) (Fig. l) ergibt 
wieder Bullvalen. Insgesamt sind 1209600 struktur- 
gleiche Isomere m/Sglich. Bei einer Temperatur von 
15 ° in L6sung vol[ziehen sich die Umlagerungen schon 
so rasch, dass die N MR-Signale der chemisch ver- 

schiedenen Protonen zu einem breiten Signal ver- 
schmieren (Mer6nyi, Oth & Schr6der, 1964). Das Ziel 
unserer Arbeit war, durch die R/Sntgenstrukturanalyse 
etwas fiber das Verhalten des Bullvalens im kristallinen 
Zustand zu erfahren.* 

Die R6ntgenstrukturanalyse eines Silber-Borfluorid- 
Bullvalenkomplexes (Newton & Paul, 1966) bei 4 ~ 
zeigt keine Valenzisomerisierung. Allerdings k/3nnte 
hierffir die Komplexbindung verantwortlich sein (Aller- 
hand & Gutowsky, 1965). 

* Das Ergebnis dieser Strukturanalyse wurde auf der 9. Dis- 
kussionstagung der Sektion for Kristallkunde der Deutschen 
Mineralogischen Gesellschaft in Bonn (24.4. 1967) vorgetragen 
(Amit, A., Brandt, F., Brodkerr, N., Gieren, A., H~idicke, E,. 
Hoppe, W., Huber, R. & R6hrl, M., Referate, S. 53). 


