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while their  great  e last ici ty  and  f lexib i l i ty  makes them 
suitable as monochromatiz ing crystals wi th  var iable  
curvature.  

Our thanks  are due to Ct. Andrle  of the VI)ST 
A. S. Popova for the ge rman ium dendri tes  and  for 
discussions concerning them, Dr J.  Drahokoupi l  for 
enabling us to make  measurements  on the three- 
crystal  diffractometer ,  Ing. Hrub~  and  J.  Ka~par for 
assistance in  etching, Dr J .  ~e rm£k  for supplying the 
theoret ical  values of quartz,  and  A. Dobrovodsk£ and  
V. ~idov£ for thei r  careful measurements .  

References 
ANDRLE, C. (1961). ~es. Gas. Fys. A l l ,  p. 397; IVth Conf. 

on Monocrystals, Turnov. 
BUBAKOV~, 1:~., DRAHOKOIIPIL, J .  & FINGERLAND, A. 

(1961). Czech. J. Phys. B 11, 199. 
BUB~KOVA, 1~., DRAHOKOUPIL, J .  t~5 FINGERLAND, A. 

(1962). Czech. J. Phys. B 12, 539, 765. 
DRAHOKOUPIL, J .  & FINGERLAND, A. (1959). Conf. o n  

X-ray Wavelength Problems, Stockholm. 
FINGERLAND, A. (1962). Czech. J. Phys. B 12, 264. 
HI~sc~, P. B. & RAMACHA~DRAN, G. N. (1950). Acta 

Cryst. 3, 187. 
VASILEVSKAJA, V. N., MISELJUK, E. G. & FORTUNATOVA, 

N. N. (1963)..Fiz. Tverdovo Tela, 5, 52. 

Acta Cryst. (1964). 17, 511 

The Crystal  Structure of 15,15'-Dehydro-f l -carotene* 

BY W. G. SLYt 
Gates and Crellin Laboratories of Chemistry, California Institute of Technology, 

Passadena, California, U.S.A. 

(Received 25 September 1961 and in revised form 12 August 1963) 

The crystal structure of 15,15'-dehydro-fl-carotene, C40H54, at - 2 0  °C has been determined by 
Fourier and least-squares analysis of complete three-dimensional intensity data from iron Ka 
X-radiation. The crystals are monoclinic with space group P21/c; the unit cell, which contains two 
centrosymmetric molecules, has the dimensions a=8.145, b=31-8~, c=8.465 A, f l=128 ° 18-s'. 
With the exception of the s-cis orientation about the single bond from the chain to the cyclohexene 
ring the molecule is in the all-trans configuration. The central 18 carbon atoms of the structure 
are coplanar within 0.11 A and deviations from planarity are consistent with the intermolecular 
arrangement. The single and double bonds of this highly conjugated linear molecule are distinctly 
different in length with average values of 1.455 and 1-345 A, respectively. Despite rather large 
thermal motions of the molecule it has been possible to assign parameters to all of the hydrogen 
atoms, there being no evidence for the free rotation of the methyl  groups. 

Introduction 

A previous communica t ion  (Sly, 1955) presented a 
projected s t ructure  of 15,15'-dehydro-fl-carotene 
(DHC) (Fig. 1) along wi th  p re l iminary  three-dimen- 
sional coordinates and  a brief description of the 
methods of analysis .  The present  paper  on the struc- 
ture of D H C  reports the results of a three-dimensional  
ref inement  for this  h ighly  conjugated carotene using 
the previous data,  which were collected at  - 2 0  °C. 
Since the ref inement  procedures used in this  work are 
s tandard,  this  report  wil l  be concerned pr inc ipal ly  
wi th  the f inal  results.  

* Contribution No. 2740 from the Gates and Crellin 
Laboratories of Chemistry. 

t Present address: Department of Chemistry, Harvey 
Mudd College, Claremont, California, U.S.A. 

Solution and ref inement  

Sly (1955) reported the  uni t  cell and  space group given 
in  the abs t rac t  above together  wi th  three-dimensional  
a tomic coordinates. A three-dimensional  Pa t te rson  
funct ion along wi th  t r ia l  and  error methods  and  struc- 
ture factor maps  had  led to a well resolved and  refined 
project ion of the molecule along [101] onto (101). 
The pre l iminary  three-dimensional  atomic coordinates 
previously reported were obta ined from the refined 
parameters  of the project ion wi th  the aid of models 
and  informat ion from the three-dimensional  Pa t te rson  
function.  

Since the earlier report  the structure of D H C  has 
been in tens ively  refined. The steps of the ref inement  
are out l ined below, along with the re l iabi l i ty  index, 
R =  (100) (X[AFh~i)/(~[Fo i,~zI), which resul ted from 
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Fig. 1. The half molecule of DHC with the carbon atoms numbered according to the standard carotene system and with the 
hydrogen atoms numbered arbitrarily. Carbon atom 17 and H(1), H(3), and H(5) are all above the plane of the ring in this 
figure. The methyl hydrogen atoms are numbered clockwise when viewed along the C-C bond towards the molecule. The 
primed atoms are derived from the unprimed atoms by inversion through the center of symmetry at the triple bond, which 
is also at the origin of the unit cell for one of the two molecules in the unit. 

each stage of the  ref inement .  Some steps are t hen  
discussed in somewhat  greater  detai l  in  following 
sections. The calculations of least  squares and struc- 
ture  factors were carried out  on an IBM 604 electronic 
computer.  All Fourier  and  Pa t t e r son  funct ions were 
eva lua ted  by  s tandard  M card procedures wi th  an 
IBM tabu la to r  and  associated equipment  (Schomaker, 
1949). 

1. The coordinates y and r= z - x  were refined by  
electron dens i ty  project ion and  least  squares 
using hkh reflections. R =  19.9 for h/c~ data.  

2. Models plus the  three-dimensional  Pa t t e r son  
funct ion  were used to obta in  the  x and z co- 
ordinates previously  reported.  

3. The x and  z coordinates were ref ined by  elec- 
t ron  dens i ty  projections along [100] and  [001]. 
R = 42 to 37.0 for h/c0 and  0kl data .  

4. Three-dimensional  s t ructure  factors were cal- 
culated and  the  phases used for the  evalua- 
t ion  of a three-dimensional  Fourier  synthesis 
t h a t  gave refined parameters  for all carbon 
atoms. / ?=37 .2  (43.3% for +l, 32.9% for -1)  
to 25.7. 
All subsequent  ref inement  was in three dimen- 
sions using all avai lable data.  

5. Carbon a tom coordinates were refined by  least  

squares. R -  19.3. 
6. Carbon a tom coordinates were refined by least  

squares. Tenta t ive  coordinates were calculated 
for the  hydrogen atoms and the i r  contr ibut ions 
included in the s t ructure  factors. R =  16.7. 
Hydrogen  a tom contr ibut ions were included in 
all  subsequent  s t ructure  factor calculations. 

7. Carbon a tom coordinates were refined by  least  
squares; the  scale and average tempera ture  
factors were adjusted,  and  another  cycle of 
least-squares ref inement  was carried out. R =  
16.0. 

8. A difference Fourier  synthesis  was eva lua ted  
and  used to obta in  modif ied t empera tu re  fac- 
tors and posi t ional  coordinates for the  hydrogen  
atoms and anisotropie t empera tu re  factors for 
all  carbon atoms. (No parameters  were shif ted 
for the  carbon atoms.) R =  12-2. 

9. Carbon a tom coordinates were refined by  least  
squares. The average t empera tu re  f a c t o r  was 
ad jus ted  and the  da ta  were scaled and corrected 
for ext inct ion.  R = 10.2. 

10. (a) Two cycles of least-squares ref inement  were 
carried out  on the  carbon a tom coordinates.  
The f inal  s t ructure  factors (Table 1) were cal- 
culated and  da ta  obta ined for the  es t imat ion  
of s t andard  deviations*.  R=9.6.  
(b) The f inal  least-squares ref inement  of the  
carbon a tom coordinates was carried out. 

11. The hydrogen parameters  obta ined  in step 8 
were modified to compensate for the  ref inement  
of the corresponding carbon atoms. 

Step 4. The three-dimensional .Fourier synthesis 
This synthesis  confirmed the  t r ia l  s t ructure  previ- 

ously reported,  since no significant  spurious peaks 
were found. The electron densities a t  the  peaks of the  
carbon atoms var ied from 5-8 to 6.9 e.•  -3 wi th  an  

average value 0f 6,23 e.A-3. In the background the 
electron dens i ty  was everywhere less t h a n  1-1 e.• -8. 
A number  of large parameter  shifts were obta ined from 
the  synthesis,  par t icu lar ly  in the  direct ion a + c where 
the  average shift  was 0-10 A. Large shifts were ex- 
pected in this  direction, however, since the  z + x para-  
meters  had  been less thoroughly  refined t h a n  the  y 

* Note that the calculated structure factors in Table 1 
are based on the hydrogen coordinates from step 8 and the 
carbon coordinates from step 10(a); for computational con- 
venience the refinement was terminated with a least-squares 
evaluation and not with a structure-factor calculation. 
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and z - x  parameters; compare the R index for the 1//i---_] but with a cutoff for weak reflections (Hughes, 
reflections with positive and negative I. 1941). 

Steps 5, 6, 7, 9, and 10. Least-squares refinement 
(1) The normal equations were solved by the diag- 

onal approximation, applicable to monoclinic space 
groups, in which only the x~z~ cross terms are retained 
for each atom. Anisotropic temperature factors were 
included; this reduces the symmetry to P1, compli- 
cates the calculations (Rollett & Davies, 1955) and 
lowers the reliability of the diagonal approximation. 

(2) The three-dimensional data used in this struc- 
ture analysis were derived from equi-inclination Weis- 
senberg photographs which included all layers about 
the a and c axes with inclination angles less than 45 ° 
and the zero and first layers about the b axis. The 
correlation coefficients between the various zones of 
data were refined by an iterative procedure that  is 
essentially equivalent to the method of least squares. 
During the intensity estimation an effort was made to 
establish for the unobserved reflections a numerical 
threshold of observation. When any reflection was 
absent in more than one zone of data, the smallest 
value of the threshold intensity was used to obtain 
Fo mi., which represents both an estimate of the lower 
limit of observable intensity in the region in question 
and an estimate of the upper limit for compatible cal- 
culated structure factors. The unobserved reflections 
were retained in the calculation of the normal equa- 
tions with the provision that  when IFc] _< IFo mi, J the 
error t e r m , / I F ,  was taken as zero. This has the effect 
of slightly damping the shifts obtained from the least- 
squares refinement. 

(3) For 829 of the 1289 observed reflections, in- 
dependent intensity estimates were made in at least 
two different zones. The observed value of a structure 
factor is obtained from 

F o  = l = 
i=1 

the average error is 

= l)l , 
i = l  

where n is the number of independent measurements 
of the corresponding reflection. For a group of reflec- 
tions with nearly the same intensity, a group-average 
percentage error 100 (,'all~I) was calculated and plotted 
against (Fo) for the group. The curve of Fig. 2 re- 
sulted; its shape is reasonable for visual data. The 
curve was used to establish the weighting factor w, 
as follows: 

1 / w = ( / i l / I ) ( F o )  ~. 

for all reflections with Fo > 2Fo mi., and 

1/w= ( /[I/l)(2Fo min) 2 

for 2'0 _< (2Fomln), where Fomin was regarded as a 
variable in (sin 0)/~t. This system sets the weights as 

2el/ 
100 (~-) 

15 

10 5 - - ~  

0 1 I I I I I I I I I l I 
0 20 40 60 80 1 O0 120 

Fig .  2. T h e  g r o u p - a v e r a g e  p e r c e n t a g e  e r ro r  in m e a s u r e d  
i n t e n s i t y  as  a f u n c t i o n  of t he  g r o u p - a v e r a g e  s t r u c t u r e  f ac to r .  

Step 8. The three-dimensional difference Fourier syn- 
thesis 
The difference map was calculated from terms which 

had the contribution of the carbon atoms, calculated 
with a uniform isotropic value of 4B = 4.02, subtracted 
from the observed structure factors. Some 27 low- 
order, strong reflections which appeared to suffer from 
extinction were arbitrarily left out of the summation. 
The difference map indicated that,  apart from errors 
introduced by the omitted reflections, the scale factor 
and the average temperature factor were essentially 
correct. The background electron density was slightly 
negative. At the coordinates of the centers of the 
carbon atoms the algebraic average electron density 
was -0 .013 e.A -3, and the average magnitude of the 
electron density was 0.281 e.A -3. Within the asymmet- 
ric unit ten of the carbon atoms, 14 and 15 and those 
in the CH2 and CH3 groups, were in regions of negative 
electron density, while the other ten were in regions 
of positive electron density; if the scale factor is 
presumed correct the former must have B values 
larger than the assumed mean while the latter have 
smaller. The general features of the thermal aniso- 
tropy of the carbon atoms, and the resolution of the 
hydrogen atoms as described in the next paragraphs, 
suggest that  no serious errors have resulted from the 
omission of the low-order reflections. 

The difference map was used to obtain rotational 
orientation for the methyl groups, some angular para- 
meters associated with the hydrogen atoms along the 
chain, temperature-factor exponents for the hydrogen 
atoms, and anisotropic temperature factors for the 

A C 17 - -  34 
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Fig. 3. A b-axis projection of the half-molecule of DHC, where numbers indicate carbon atoms, with sections from the difference 
Fourier synthesis superimposed upon it. The sections pass through the various hydrogen atoms but are not in all cases parallel 
to (010). The clash-dot lines are zero-amplitude contours. The solid lines are contours of positive electron density while the 
dashed lines are negative electron density contours, all with an interval of 0.07 e.A -s. 

carbon atoms. I n  all, some 131 parameters  were 
derived;  t hey  served to establ ish the model  of the 
molecule which was subsequent ly  refined by  least  
squares. 

The coordinates for the  hydrogen atoms of DHC 
were based on assumed carbon-hydrogen bond lengths, 
1.07 /~ for the CH and CH~ groups, and  1.08 /~ for 
the CH2 groups*. The me thy l  groups were assumed to 
be regular te t rahedrons and  only the rotat ional  orien- 

ta t ions were obtained from the ~ e r e n c e  map. The 
two hydrogen atoms of each CH2 group and  the three 
carbon atoms of the segment  C-CH~-C were assumed 
to lie in  a C2v configuration (with neglect of difference 
in  C-C bond lengths).  A 1.08 /~ bond length and  a 
te t rahedra l  angle H - C - H  then  suffice to determine 
the coordinates of the CH~ hydrogen atoms. For the 

* It had been my intent to set all of these distances the 
same, but final calculations of interatomic distances revealed 
that 1-08 A had accidentally been assumed for the CH~ groups. 

CH groups, the assumed bond length  of 1.07 • and  
the angle parameters  de termined from the difference 
map  serve to locate the hydrogen atoms. 

In  Fig. 3 the half  molecule wi th  posit ive y co- 
ordinates is shown projected along the b axis onto the 
a c  plane. Superimposed upon the project ion are sec- 
t ions through the hydrogen a toms;  the sections are 
cut in  various planes chosen to be as informat ive  as 
possible. For the hydrogen atoms of the CH groups, 

atoms It(7) through H(12), the sections are projected 
ident ical ly  wi th  the molecule and have y coordinates 
at  the nearest  1/120th to the calculated parameters  
based on the assumed 1.07 /~ C--H bonds. The sec- 
t ions through the me thy l  hydrogen atoms are planes 
perpendicular  to the C-CH3 bonds and intersect  the  
C-CH8 vectors 0.357 /~ beyond the me thy l  carbon 
atoms. The points  of intersect ion of the C-CH3 vec- 
tors with the planes passing through the  hydrogen 
peaks are indicated b y  crosses both in  the projected 
molecule and  in the sections through the  m e t h y l  
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hydrogen atoms; these crosses serve as a reference 
between the different projections which occur in 
Fig. 3. All of the methyl  groups of Fig. 3 are viewed 
looking away from the molecule; hence the hydrogen 
atoms appear numbered counterclockwise to be con- 
sistent with Fig. 1. Vectors A, B, and C represent the 
projections of the double bonds of the carbon atoms 
to which the methyl  groups are bonded. Each section 
through a CH~ group passes through the carbon atom 
and bisects the angle between the carbons adjacent 
to the CHg. Vector D is the intersection of the plane 
of 1-2-3 with the section passing through 2, H(1), 
and H(2). Vectors G and E are similar intersections 
for the sections through 4 and 3, respectively. The 
vector F represents the intersection of the plane of 
1-6-5 with the section through 3, H(3), H(4). 

Peaks for all of the hydrogen atoms are present in 
Fig. 3 and for the most par t  they  are well resolved. 
Some of the peaks are markedly influenced by the 
anisotropic thermal motion of the carbon atoms, for 
example the hydrogen atoms H(22), H(23), and tt(24) 
of the methyl  group 19, and those in the Ctt2 groups. 
The locations assigned to all hydrogen atoms are 
shown in Fig. 3 as solid dots. The open circles in the 
methyl  sections show the tentat ive  coordinates as- 
signed to the hydrogen atoms during step 6; the dif- 
ference map changed the rotational orientation about 
the C-CH8 bonds. Considerable correction is observed 
to have occurred in the orientation of methyl  18, 
while 17 and 19 have almost the completely opposite 
configuration. I t  is apparent  tha t  not many phases 
of the structure factors are determined by the hydro- 
gen atoms, since the methyl  groups come out well 
resolved in the difference map even though the pro- 
visional coordinates used during the least-squares re- 
finements were in error. 

The maximum electron densities for the hydrogen 
atoms of DHC, approximately corrected for the effect 
of anisotropic vibrations of the carbon atoms, range 
from 0.32 to 0.64 e./~ -3, with an average value of 
0.45 e.A -8. Some generalizations about temperature  
factors could be made from the peak values of elec- 
t ron density, but  the work of McDonald (1956) on the 
radial distribution of hydrogen atoms as a function of 
temperature  factor makes possible a more quantita- 
tive estimate of their  thermal motion. B values for 
the various hydrogen atoms were derived from a con- 
sideration of both the maximum magnitudes of the 
electron density and the radial distribution of electron 
density. The use of the radial distribution function 
rather  than  just the peak amplitudes helps to elimi- 
nate errors introduced by  the omission of the low-order 
reflections suffering from extinction. I t  is doubtful 
tha t  the A F Fourier is reliable enough to warrant  
individual temperature factors for the hydrogen atoms. 
Accordingly average values were assumed for all of 
the hydrogens of each CH9 and CH8 group. Several of 
the groups furthermore had temperature factors so 
nearly identical tha t  only four different B values were 

necessary; these are listed along with the coordinates 
of the atoms in Table 2. 

Anisotropic temperature factors for all of the carbon 
atoms were derived from the electron densities and 
the curvatures along the principal axes of the ellip- 
soids of vibration, determined graphically, by  a 
straightforward application of Fourier transforms car- 
ried out by  numerical integration (Schomaker, 1956; 
Leung, Marsh & Schomaker, 1957). 

For several reasons, no parameters of carbon atoms 
were corrected as a result of the difference map. First,  
the parameters had had several refinements and they  
were expected to be nearly correct. Second, the slopes 
of the electron density at  the centers of the carbon 
atoms were very nearly zero. Finally, the weighting 
of the data  is different in the difference Fourier syn- 
thesis from tha t  in the least-squares t reatment ,  and 
i t  was deemed desirable to continue the refinement of 
positional parameters by  the method of least squares. 

Step 9. Scale factor, temperature factor, and extinction 
corrections 
Following the adjustment  of the average tempera- 

ture factor exponent and the scale factor by  s tandard 
computational methods, (Fc/Fo)av~ was plotted against 
(Fo)avg (Fig. 4) and a second-order correction evalua- 
ted. The resulting changes in the structure factors are 
summarized by the equations: 

~'~ = 0.7263Fo + 0.007802Fo 2 
~'~ =2'~ exp { -  1.13(sin 2 0)/A 2} 

where ~ and F~ are the modified values of the ob- 
served and calculated structure factors, respectively. 
The second-order term suggests a correction for ex- 
tinction, but  it  is entirely empirical. I t  is considered, 
however, tha t  no error in the structural  model could 
be responsible for the type of systematic behavior of 

1"7 " ~ -  
1"6 
1"5 
1"4 

1"2 

1"1 

1"0," 

0"9 

% 5 lb 1; 2~ 2; 3'0 3's io 15 5'0 5s 
(Fo)av& 

Fig. 4. A plot of (Fc/Do)avg v e r s u s  (Fo)avg that shows a system- 
atic var ia t ion .  The  e ight  po in ts  for  lowest  -~o are  averages  
over  100 ref lec t ions;  po in ts  a and  b are  averages  over  20 
and  30 ref lect ions  respec t ive ly ;  the  r e m a i n d e r  are  averages  
over  50 ref lect ions.  The  rec tangles  ind ica te  ave rage  devia-  
t ions.  A second-order  cor rec t ion  was m a d e  on the  basis 
of this  graph.  
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2 5  4 8 9  2 -  
; < 2 °  ~-  

27 52 5 
3 2 8  4 -  4 7  39 - 

; ~ ~-5-<<3~ ~ , -  

~ ~:<9211 ~ -  
< 1 4  

1 1 o  l O 9 -  . . . .  ~ . . . .  
5 -  2 5 -  

3 5- 37 34- 
3 l O  5- 66 74 

3 12 5- 91 

, 1 4  5- 135 I 
33 15 5- 69 1 

16 5- 65 52 

Table  1 (cont.) 

,o 5 
5- <23 4 14 126 

2 0  5- 99 109 16 -- 8 3  78 ; . . . . . . .  3 17 ~: 115 lO9- 
22 5- 6 2  74 18 103 95 

2 4  5 -  9 4  1 0 4  2 0  - < 3 3  4 0 -  
2 5  5 - < 1 6  1 4  2 1  3-<32 36- 
2 6  5- 2 6  26 2 2  3- 4 1  4 1  

2 3  3 -  < 3 0  3 7 -  
~ o . . . . . .  

6- 56 56- 

6- <31 3 2  

6- 31 4 9  
6 6- 81 6 9  
7 6 -  < 2 9  19 
'% 6- 4 2  3 1  
' 6- <2`7 8 

1 6- 28 18 
11 6 -  <25 2 1  
1 2  6 -  9 4  1 0 0  
1 3  6- 91 87 
14  6- 80 90 

3 15 6- 29 39 

; ~ .... 39 
`7- 54 6 3  

3 7 -  3 8  5 3  

7 -  .%1 7 3  

1- lO4 9 8  

1- <23 

3 9  2 9  
4 7 1 -  2 3 8  2 3 9  

o z -  1 o 5  ~ . s u  
4 9 i- 124 118 
, ....... g 

11 1- 112 IO 
4 1 2  i- 3 4  3 0  
4 1 3  1- 7 9  8 4  

14 i- 53 5 3  
4 15 1- 51 3 9  
4 16 I- ? 1  79 
4 1 7  1- 8 1  .%5 

18 1- 4 8  4 8  
4 19 1- 31 21 
4 20 I- 97 1'%9 

21 I- 65 8 4  

2 3  i- < 29 
4 2 4  i- 76 68 
4 25 1- < 24 1 
4 2 5  I- 2 7  2 4 
4 2 7  i- < 1 7  1 7  

4 o 2 -  2 8 5  2 5 4  
4 1 2- 8 1  8 3  
4 2 2- , 7 0  3 2 2  
" I g: < 18 2~ : ~: 92 83 

4 7 2- 128 126- 

1 2 4  1 2 7  
4 lO 2- 7 3  7 6 -  
4 1 1  2 -  4 0  2 5 -  
4 12 ~ :  93 9 ~ -  
4 13 <29 - 
4 14 2- 4.% 5 4  
4 15 2 -  6 6  6 9  - 
. 1~ 2- 53 55- 
4 1 7  5 9  6 3  2 -  

18 2-  70 7 2 -  
4 19 2 -  8 0  8 3 -  
4 20 2- 3`7 43 
4 21 2 -  73 79 
4 2 2  2"-- 4 9  48 -  
4 2 3  2 -  < 3 0  1 3  
4 24 2- 4~ 11 
4 2 5  2 -  4 8  7 2 -  

27 < 2 1  - 
4 2 8  2 - ~ <  1 6  6- 

,- 170 171 

4 0 5  97 
4 5 3 -  196 205 

81 66 
4 8 3 -  102 9 7  
4 9 3 -  5 2  6 2  
4 lO 3 -  . . . .  
4 II 3 -  136 1 4 2  
4 1 2  3- 2 2 8  2 2 5  

4 2 4  3 -  3 3  3 6 -  
2 5  3 -  < 2 6  1'% 

4 2 6  3 -  < 2 4  1 1 -  
4 2 7  3 -  < 2 1  1 9  
4 2 8  3 -  < 1 7  3 6  

4 -  65 5.% 
4 2 4 - 9 5  87 
4 3 4 -  < 18 2 3  

4 - 1 2 4  1 

4' 76 ~: . . . . . . .  < 21 1~_ 
4 < 2 1  4 ~ ,4= lOO 93 

1 1  - 4 5  a. 

1 3  227 2 2 6  

15 4 6  5 4 -  
1 ,  ~ < . . . .  
1 7  1 3 3  128 

4 18 4 5 0  2 7 -  
1 9  4 ,5 35 

4 2 0  4 <26 2 2  

2 2  < 2 4  2 1  
4 2 3  4 6 6  7 3  
4 2 4  4 67 78- 
4 2 5  4 107 114 
4 2 5  4 4 3  3 4 -  
4 2 7  4 -  < 1 4  4 

4 i 5 - 7 0  75 
,' g . . . . . . .  

5- 139 139 
4 4 5- <16 11 
4 5 .%- 3 4  4 1  

5- < 18 1 3 -  
7 .%- 4 0  4 7  

5- .%5 75- 
: I ...... 185- 

1 1  5 -  1 2 6  2 4 -  
4 1 2  5- < 2 3  17- 

1 3  5- < 2 3  3 8  
1 4  5- 104 99 

4 15 5- 113 105 
4 1 6  5 -  4 4  6 1  
417  5 -  132 120 
4 1 8  .%- 1 0 6  2 5  1 

19 .%- < 2 3  2 4 -  
4 20 5- 1'%0 155 
4 21 5- 3 3  4 9 -  
4 ~2 5-- 35 38 
4 2 3  5 -  3 2  3 0  
: 24 ~: 5 0  52-9 

2 5  < 1 4  - 
4 26 5- 1 9  2 8  

o ~ : ~  1534- 
: ~ ~:~3232 2o 
4 4 6- 7 1  88  

<32  4" ~ :  < 3 3  1 ° 

: ~ . . . . .  2~- 6 - < 3 3  

lo~ ~: .%9 18~- 117 15 
4 1 1  6 -  6 0  6 6 -  
4 1 2  6 -  9 1  8 2  
4 13 - 107 4 14 ~ ~11 2 4 3  31- 
4 15 6 - < 3 1  1 5 -  
4 1 6  6 2 4 3  2 3 3  
: 1`7 ~:<29 11 

18 38 35 
4 19 6 -  < 2 6  3 7  
4 2 0  6- 5 5  3 9  
4 z z  6- 79 7 U  

22 6- 5 6  7 5 
23 6- < 16 I0 

, , ~: 38 
5 9 3  84  

9 2  9 5  

h 4 k ~ llOFol IOF c h k 
7- 1 0 2  9 4 -  

2 O 2  1 9 5  
7 -  114- 

1 2  7 -  < 2 8  
~- <26 

15 "t- 4 2  41- 

4 17 7- 65 6 8  

19 7- < 1 4  5 1 2  

5 1 3  

: ,a-:1,17 
: ~ ~: 115 12,- , 18,9 

102 112 5 
4 6 8 8  1 0 4 -  

2 0  3 4  2 1  
4 o" . . . . . .  ~ 22 
4 I 8- 2 3  

.... <<I~7 lO~2- ~ 24 
2 5  

1 - < 2 8  

8 3 -  I _  

1 -  3 5  2 3  
2 1  

1 -  9`7 88 

i- 79 79- 
1- 6 6  72- ~ 1 o  s s l l  

1 1  12 1- < 2 7  2 1  
13 1 -  39 12 22- 5 

. . . . . . . .  11 z -  4 5  12.  
1 6  1- < 15 3 ~  - 15 

1-<29 5 1 7  1 6  
18 1 -  57 51- 5 1 7  

4 9 -  5 1 9  ~9 I: 53 18 
2 0  113 117 

22 64 `78- 
5 23 1 -  2 9  3 0 -  5 22 

5 2 ~  

9 O -  

103 87 
,5 4 2 -  74  5 2  5 2 

2- 121 103 

2- 119 107- 
5 11 2- 41 28 

6 4  67 , ~ 2  2 -  , ' 1 o  ~ 
13 2 -  107 104 5 11 

5 1 4  2 -  
15 2 -  
1 5  2 -  
1 7  2 -  

5 18 2- 
1 9  2- 

5 2 0  2 -  
21 2 -  

55 2 2  2 -  
2 3  2 -  
2 4  2 -  
2 5  2 -  

5 3 3 
~ ~ -  
5 6 

lO ~ ;: 11 ;: 
1 2  

5 1 3  - 

1.% 
19 3 -  
2 0  3 -  

5 2 1  3 -  
2 2  3 -  

5 2 3  3- 
2 4  3- 
2 5  3 -  
2 6  3 -  

< 31 22- 5 12 
175 174 5 13 
53 42- 5 14 
96 lOO- .% 15 
4 3  . 4 2  5 1 6  

5 1 7  1 0 6  97 
52 58- 18 

<2591 9 ~ -  ~ : o  
< 2 0  5 22 

7 7  8 7  

118 111- 

9283 : ! : :  
<21 5 

112 11 19 
<26 5 

II 4 8  4 1  

l O ` 7  9 0  
179 173 5 1 4  

9 2  84  5 1.5 
189 171 5 1 6  
• 3 3  3 3  5 1 7  

1 8  1oa 1 2 2  
< 31 10 

166 16 1 
< 2 8  3 0  5 2 
< 2 6  1 2  5 3 
<24 31 ~ 

7 1  7 4  

49  5 4  

ii I ,,_h, 4_ 1 3 5  
4 -  ~, 5 1 9 ~ -  lo'~1 
4 -  - 
4 -  4 4  5 1 2  
4 -  2 0 0  

4 - -  8 8  
4 - -  181- . . . . . .  ~ ~ 
4 -  6 5 
4 -  1 7 6  176- 

. . . . . .  ~ 66 
4 -  66 i 4 -  51 -" 

4 -  7 1  . . . . . . .  ~, I~ 
4 -  2 0 4  18 14 

117 1 2  
106 10 - 

4 - 2 2  3 9  - 
4-< 19 9 . . . . . .  6 6 °  

<20 g ~ ~ 
5- 8 8  .%1 6 6 

5 -  < 2 1  1 4 -  

5 -  < 2 2  4 2  1 

9 5  9 B  1 2  
5- 2 3 8  2 1 8  6 1 3  
5- 6 2  6 2  6 1 4  

.%- 4 0 0  3 7 4 -  5 1 8  

.%- 172 173 ~ 19 
5 -  69 83- 6 20 
5 -  2 2  2 0  
5 -  6 1  6 5  6 1 

~: 62 
<1`7 5- 6 4 

. . . . .  ~ 66 ~ 5 -  2 7  2 4  
6 7 

6 -  < 3 0  2 2 -  
6 -  36 3 7  6 l O  
o - < < 3 o  ~_ 66 11 
6 -  31 1 1 2  

6- 31 2 0 -  14  
6- 1 3 2  11o- 6 15 
6 -  < 31 19 6 16 

6- 3 2  9`7- 18 
6- Z.%8 2 5 4  6 19 
6 -  2 3 3  2 1 8 -  6 2 0  
6 -  68 6 5 -  6 21 
6- < 3 0  7 6 2 2  
6- 6 1  6 3  
. . . . . .  66 ~ 
6- < 2 7  16- 
. . . . . . .  ~ ~ 
5 -  8 2  8 3 -  

6- 89- 
6 -  35- 32 6 5 

77= 2,  ,3 : i  ~ : 
160 4 4  6 1 1  

12 2 5 7  2 5  .% 
211 1 8 ` 7  6 1 3  

`7- 9 5  9 0  6 1 4  

" ~ ~I~ 
~ 32 

3 6  3 2  
5 4  58 6 1 7  
3 3  3 7  

`7 -  < 2 6  6 20 
7- 5 0  4 7  

7̀- 7̀-~2,22 1~ ~ ~ 77= 30 32 ~ 
2 4  2 9  

6 3 

8 -  5 4  6 8  

8 -  6 0  6 5  

. . . . .  61 ~ .%- < 2 3  io 
8- 61 70 Ii 

, 
8 -  493 
8 -  - 
8- <21 2 - 
8 -  < 1 7  6 
8-<15 1 

I: 30 2 7 -  
2 3  22- 

I- 145 155- 
1- 7 2  5 6  
1 -  1 4 9  1 4 6  
1-<33 1- 
I- 58 45 -  
i- 3 2  3 6  - 
I- 48  52~ 
I- 88 79 
1- 8 4  86 
1-<28 4- 
1- 3 9  2 5 -  
1 -  86 8 3  
I- 4 1  41- 
I--<21 25 
1 -  2 9  1 6  

2 -  3 4  4 3  
2 -  7 7  8 2 -  
2 -  76 7 4 -  
2- 105 101- 
2 -  < 3 3  2 2 -  
2- 106 118 
2- < 3 1  28 
2 -  8 5  93- 
2- 88 80-] 
2- 133 1 4 0  
2- 111 13 
2 -  6 0  6 2  
2 -  < 4 1  35 
2 -  54 3 7  - 
2 -  < 3 8  2 
2 -  6 3  6 1  
2 -  4 1  2 1 -  
~ -  4 40 
2 -  4 2  4 1  
2- <25 1 2  
2 -  < 2 2  19 

3 -  5 6  59 
3 -  <46 1 3  
3- < 4 6  39 
3 -  < 4 6  42  

139 12- 
3- 161 1~6 

~ - 180 184  
7 2  6 4  

3 1 3 5  1 2 9  
~ - 84  77 

< 4 3  44  
~ - ~  . . . .  

4 1  4 6  
~55 14o 
1 2 7  1 1  

80 7 7  
3- < 3 2  2 4  
; :<< . . . .  

2 5  l O  
3- 8 2  91 

4- 94 68 
4 - < < 2 6  11 
4 -  2 6  2 ~  
4-<26 
4 -  82 60 
4 - • 5 2  57 
4 -  8 5  6 3  
4 -  148 144  
4 -  35 4 8  
4 -  178 165 
4 -  1 8 9  1 9 4  
4 -  8 6  83- 
4 -  195 1 9 9 -  
4- 203 195- 
4 -  46  40 -  
4 -  < 2 4  19 
4 - 3 8  3 8 -  
4 -  1 3 4  1 2 6  
4 -  1 8 7  1 7 4 -  
4 -  ? 8  75 
4 -  84  71 
4 -  < 1 6  0 
4 -  8 2  8 

5- 268 5 4  
5 1 < 4 8 1 

5 - < 2 4  4 
5- 6 7  7 0 -  
5 -  2 4  5-~ ~_ 2 4  
5 - < 2 4  1 
5- < 2 4  12 -  
5- 66 58 - 
5 -  < 2 4  2 4  
5 -  2 2 5  2 2 2 -  

h k l,OFol 
1 2  5 -  1 7 7  1 7 5  
1 3  5 -  2 3 8  2 5 4 -  

6 1 4  5- 1 7 4  183 
1 5  5- 188 1 7 6  

6 16 5- 101 i00- 
17 5- 83 80- 
18 5- 97 92- 
19 5- < 1 7  24- 
20 5- 35 8- 3 
21 5- 20 27 

6 D 6 -  9 4  9 7  

g 21 I :  3, 35- 
4 1  3 7  - 

7̀ • I: <17 ~- 
<16 

5 I- <14 2 

7 0 2- <,4 3 3  
"1 1 2 1 4 6  3 7  
7 2 2- 7 2  6 5  
7 3 2 -  6 7  5 0  
`7 4 2-<33 

2- 4 5  37- 

2- < 29 17 

g 0 ,2.< ..... 1 2- 41 2 9  
7 ii z- <24 21 
7̀ 12 2- <21 16 

3 -  <39 
g ,3 ~: . . . . .  

< 3 8  2 8 -  
< 3 8  7 3 -  1o 

3- < 3`7 2`7  

~ ,~: ~o ~ ~3~8 
7 q 7̀ ~ ~:<128"~ 1~2- 
7 II 3- < 3 2  17- 
7̀ 12 3- < 30 35- 

15 3- 7 8  6 9 -  
1 4  3 -  6 3  52- 

1 6  - 1 8  1 

~ 4': < 7 0  7 2 24 

2 7  
7 5 50 71 

g g : . . . . .  
6 7  6 5  

Io 4 1 2 7  114  
II 4 '71 59 

7 12 4 4 8  ~o 

1 4  4 12 
• , 15 ,4_ 32 ~ 

1 6  3 4  
1 7  4 7 6  8 2  

25 i~- ~ ~: < 22 - 
112 95 

7 7 5- 89 85- 
2 0 4  2 1 1  

~: 1,9 1,5- 
1 1  5 -  20 
12 5- 6`7 61 
1 3  5 -  4 5  4 7  

7 1 4  5- 113 115- 
`7 15 5- 6 2  58- 
`7 1"6 5- 24 28 
7 1 7  5 -  3 8  3 9  

1 5  " 
8 2 4 -  2 7  21 

4 -  4 1  3 ` 7 -  
8 5 4 -  3 5  3 5  

4 -  5`7 e l  

5 -  5 6  

~ 4' . . . . . .  5- 6 2  " / 4  
8 ~ ~: 45 5o -  

1 2 7  138 • , ~: . . . . .  
2`7 2 9 -  

9 5-<10 2 

the  s tructure  factors i l lus trated  in Fig.  4, and that  the  
correction is therefore admiss ible .  

Step 10. Final refinement 
The f inal  t a b u l a t e d  structure  factors for D H C  are 

l i s ted  in Table  1. As  ind ica ted  in the  foregoing out l ine  
the  ca lculated s tructure  factors l i s ted  in Table  1 were 
used  for the  f inal  l eas t - squares  re f inement  of para- 
meters  and  so were  not  obta ined  from the  f inal  co- 
ordinates  of the  atoms.  The  parameter  shif ts  for the  
las t  three sets  of least  squares  are as fo l lows:  

L . S .  10a  1 L . S .  10a  2 L . S .  10b 

( l A x l >  0 .0029  h 0 . 0 0 1 2  h 0 -0013  h 

<IAyl> 0 . 0 0 3 1  0 . 0 0 1 2  0 . 0 0 0 3  

( l A z l >  0 .0035  0 -0015  0 .0011  

The m a x i m u m  shifts  are general ly  about  2 to 3 t imes  
the  above  average values .  The  fact  tha t  the  average  
s tandard  dev iat ion ,  ca. 0.006 _~, is  larger t h a n  the  
above  shifts,  whi le  interest ing,  is not  real ly  a va l id  
basis  for judging the  degree of convergence  of least-  
squares ref inements .  The  decis ion to s top calculat ions  
w i th  s tep 10(b) was  based  upon  l imi tat ions  of t ime ,  
data ,  and e q u i p m e n t  and not  upon  the  bel ief  tha t  on ly  
ins ignif icant  changes  in parameters  cou/d result  from 
further s tages  of re f inement .  

Step 11. Final hydrogen coordinates 
During  steps  9 and 10, the  coordinates  of the  carbon 

a toms  were  ref ined b y  least  squares.  In  s tep  11, the  
parameters  of each h y d r o g e n  atom,  obta ined  from the  
difference Fourier  synthes i s  in s tep  8, were  adjus ted  
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b y  the  cumulat ive  shift  in the  paramete rs  of the  car- 
bon a tom to which it  is bonded. The average and  
m a x i m u m  magni tudes  of these shifts are given below. 

Average Maximum 

IAxl 0-0048 fl~ 0.022 /k 
IAIyl 0.0072 0.023 
IzJzl 0.0078 0.022 

These shifts are suff iciently small  t h a t  i t  was not  
deemed necessary  to recalculate the  contr ibutions of 

Table  2 . . F i n a l  parameters for the carbon and 
hydrogen atoms of D H C  

Hydrogen parameters are based on assumed bond lengths 
and bond angles; see text 

Atom x y z 
1 - 0.7056 s 0.17324 0.84425 
2 - 0.67773 0.20644 0.99020 
3 - 0-55650 0.24400 1.00904 
4 - 0.33815 0-23132 1.08651 
5 - 0.33504 0.19251 0.98793 
6 - 0.5008 a 0.16715 0.8722 s 
7 - 0.50245 0.13103 0.76193 
8 - 0.4431 s 0.13160 0.64526 
9 - 0.43987 0.09502 0.54259 

10 - 0.3507 s 0.09871 0.4520 s 
11 - 0.31703 0.06413 0.36239 
12 - 0.22599 0.06826 0.2743~ 
13 - 0.17791 0.03439 0.19511 
14 - 0.08589 0.04355 0.11052 
15 -- 0.02542 0-01278 0.03289 
16 -- 0.1242 s 0.18471 1-0354 s 
17 -- 0.88380 0.18572 0.62494 
18 -- 0"77253 0"13244 0"88780 
19 -- 0"53016 0"05451 0.55021 
20 - - 0 " 2 2 1 2 5  --0"01039 0.21516 

Atom x y z 4 B 
H(1) --0.8310 0.21638 0.9374 6.19 
H(2) -- 0"5952 0-19235 1-1373 6"19 
lq'(3) -- 0.6375 0.25836 0.8627 6.73 
H(4) --0.5444 0.26625 1.1121 6.7 a 
H(5) -- 0"2704 0"25670 1.0596 5.3~ 
It(6) -- 0"2447 0"22571 1"2464 5.37 
11"(7) -- 0"5674 0"10249 0"768~. 6"19 
H(8) -- 0"4013 0.16014 0.61I 6 6-19 
H(9) -- 0"288 s 0" 12836 0.4526 5"3~ 
H(10) --0.3371 0.03347 0"3997 5-3~ 
H(ll)  --0.1877 0.09917 0.2573 5.37 
H(12) --0-0562 0.07562 0.0983 6.19 
H(13) --0-0020 0.19357 1.188 a 
H(14) --0.1137 0"20261 0'9354 / 5"37 
H(15) --0.108 a 0.15206 1.0184 
H(16) --0.8501 0.21554 0.5929 ] 
H(17) -- 1"0279 0"1874 s 0"6027 / 5"66 
H(18) --0-8968 0.16250 0-526~. 
R(19) -0.8941 0.13926 0.8984 
H(20) -0.6423 0.11865 1"0258 / 5"66 
11"(21) --0.8301 0.11095 0"766~ 
H(22) --0.6684 0.06109 0.5344 
H(23) --0-4181 0"0393~. 0"691° / 5"66 
H(24) -- 0-568 s 0.03441 0.4301 
H(25) --0.1611 --0.03097 0.1628 ] 
H(26) --0"3870 -- 0"01485 0"1265 / 6"73 
H(27) - -0"148~ --0.01714 0.3690 

1 5 , 1 5 ' - D E H Y D R O - B - C A R O T E N E  

the hydrogen a toms to the  s t ruc ture  factors,  especially 
in view of the  assumpt ions  made  in deriving thei r  
coordinates in the  first  place. The C - I t  dis tances are 
left  a t  the  assumed values a f te r  the  shifts. The bond 
angles, however,  m a y  be s l ight ly changed;  these were 
therefore calculated from the  final  pa ramete rs ,  and  
i t  was found t h a t  all of the  angles were wi th in  1 ° of 
the  values assumed in step 8. The f inal  pa r ame te r s  
for the  a toms of D H C  are l is ted in Table 2. 

T h e  i n t e r m o l e c u l a r  a r r a n g e m e n t  

Resolution into plane strips and sections 
The mean  direction of the  molecular  chain of D H C  

is steeply inclined a t  64 ° to the  b axis. The molecule 
is or iented and inclined in such a direction t h a t  the  
conjugated chains of molecules re la ted  by  the  t rans-  
lat ion c - a  are nea r ly  coplanar  and  are in van  der  
Waa ls  contact  wi th  one another .  As a resul t  i t  is 
convenient to describe the  s t ruc ture  of D H C  in te rms  
of sections and plane strips. The sections are separa ted  
by  the  c-glide planes, since of the  molecule centered 
a t  the  origin all of the  a toms wi th  the  exception of 
three  hydrogen atoms on each of the  two cyclohexene 
rings lie within the  section bounded by  the  glide planes 
a t  y = _+ ¼. One such section is i l lus t ra ted  in the  projec- 
t ion along [010] shown in Fig. 5. Wi th in  the  sections 
the conjugated chains are a r ranged  into plane str ips 
wi th  period c - a  and  are closely packed  together  in 
an  a r r angemen t  t h a t  is a lmost  unaffec ted  by  the  
cyclohexene rings. 

The a and  c axes of D H C  are nea r ly  equal,  8-145 
and  8.465 J~ respectively,  and  the  fl angle of 128-3 ° 
is near  enough to 120 ° for the  s t ruc ture  to be described 
in te rms of ei ther a pseudohexagonal  la t t ice  or a 
pseudo-orthorhombic latt ice.  The hexagonal  arrange-  
ment  of the  cyclohexene rings in which each r ing has  
six neares t  neighbors a t  the  same level in y is apparen t  
in Fig. 5. A similar sixfold coordination about  each 
molecular chain will be apparen t  in some of the  i l lustra-  
tions which follow. The two hexagonal  sections re la ted  
by  the  c-glide plane a r e  not  superimposed in closest 
packing;  ins tead four  neares t  neighbors are produced 
by  the  t ransla t ion.  

The base diagonals of the  uni t  cell of DHC,  c - a  
and  c + a, 14.95 and  7.25 J( respectively,  form an  a lmost  

0rth0g0nal unit cell that is centered in the basal plane. 
These base diagonals form the basis of the  simplified 
representa t ion of the  D H C  s t ruc ture  shown in Fig. 6. 
This i l lustrat ion shows how the glide planes which are 
pene t ra ted  by  the  cyclohexene rings also divide the  
s t ructure  into sections of offset plane strips. Molecules 
C and  D and  all molecules derived f rom them by  the  
t rans la t ion  c - a  are in one plane s t r ip ;  s imilar ly A 
and  B and  re la ted  molecules are from the  layer  im- 
media te ly  behind t h a t  containing C and  D. E v e r y  
molecular chain has six neares t  neighbors,  two in the  
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E c 

1A 

~L a ~  

Fig. 5. The b-axis projection onto (010) of the molecules lying within the section bounded by the glide planes at  y =  _+ ¼. 
is the observed direction of the electric vector for maximum absorption in the visible. 

< - A  

Fig. 6. A simplified drawing of the DIcIC molecules illustrating the close-packed plane strips and sections tha t  consti tute 
the structure.  Left:  a view looking along ~ + ~. Right :  section A - A .  
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Fig. 8. The relative positions of molecules in two adjacent and parallel plane stripe. 

same plane strip and two in each of the adjacent 
layers, all arranged in what may be called a two- 
dimensionally close-packed array. In  describing the 
detailed arrangement of the molecules it will be con- 
venient to consider in turn the intermolecular con- 
figuratior~ withia one plane strip (Fig. 7) the relative 
positions of molecules in two adjacent strips (Fig. 8) 
and the packing of the ring structures related by the 
c-glide planes (Fig. 9). On the detailed diagrams that  

illustrate these points the molecules are lettered in 
accordance with Fig. 6*. 

* This figure, the preceding drawing, and some of those 
which follow were made from atomic parameters  derived 
from the three-dimensional Fourier synthesis, step 4; though 
the general features are quite correct, some of the detailed 
dimensions are slightly in error. Fig. 10 and the A - A  Section 
of Fig. 8 have been constructed from the final parameters  
and should be consulted for structurM detail. 
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3 4 2 4 4 \  

Section A A 

~lAq 
Fig. 9. The packing of the rings along the glide plane at y = ¼. 

For the sake of clarity only intercarbon distances 
are shown in Figs. 7-9; any such distances not shown 
on these figures are greater than 4 A. Intermolecular 
carbon-hydrogen and hydrogen-hydrogen distances 
are not listed in this paper since they  are based on 
assumed C-H bond lengths; the shortest values for 
such interactions are 2.8 and 2.0 ~ respectively. 

The relative positions of molecules in two adjacent 
and parallel plane strips are i l lustrated in Fig. 8. 
Molecules C and D, respectively, are derived from A 
and B by the translat ion - a .  Except for atom 17 
of molecule D', molecules A', C', and D' on the ex- 
treme right of Fig. 8, which are derived from A, 
C, and D by inversion at  the center of molecule 
B, are not repeated to the left of the section line 
A - A .  The puckering of the cyclohexene ring by 
displacement of a tom 3 and the rotation of the ring 
about the 7-6 bond are obvious in the A-A section 
of Fig. 8. The right-hand section of Fig. 8 also illus- 
t rates  the degree of coplanarity of the molecules con- 
rained in the various plane strips. The effective thick- 
ness of the chain for packing purposes is 3"6 _~; all of 
the intercarbon distances are acceptable van der 
Waals contacts. 

The rotation of the cyclohexene ring about the 
7-6 bond, while providing intramolecular clearance 
between methyl  group 16 and the hydrogen atom 
bonded to atom 8, also produces a very satisfactory 
intermolecular arrangement, particularly with regard 

to methyl  groups 16, 17, and 18 and the molecular 
chain of DHC. Molecules A and B form a compact 
strip beneath molecule C. Molecule B extends under 
atoms 19 and 18 but  molecule A ends at  about atom 
9 of C. The chain and ring simply twist down into the 
remaining space, bringing atom 16 into contact with 
18 and 2 of A, and atoms 16 and 4 into contact with 
17 of D', in the layer beneath A and B. The A-A 
section of Fig. 8 shows how the methyl  groups of 
molecules C and D' come together to box the central 
portion of molecule B above the cyclohexene ring of 
molecule A; this joining of the methyl  groups occurs 
along the side of the conjugated chain where there 
are only hydrogen atoms. In  summary, the molecules 
are interlocked into strips by the merging of the pro- 
truding methyl  groups; the strips of molecules are 
closely packed side by  side but  with the chains dis- 
placed along their length sufficiently for the bulky 
cyclohexene rings to fit  a t  the ends; the central por- 
tion of each molecular chain is t ight ly  boxed by its 
six neighboring molecules. 

Fig. 9 shows the packing of the rings along the glide 
planes of the unit  cell. Molecules E and 2' are related 
to A and C respectively by the c glide in the direction 
-c/2. The lengths of the packing vectors are all suf- 
ficiently long. One possible reason for the non-occur- 
rence of the alternative puckered form of the cyclo- 
hexene ring is i l lustrated in Fig. 9; tha t  is, atom 3 of 
molecule E cannot be displaced to the other side of 
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Fig. 10. The in te rpacking  a t  the  hydrogen  a toms  of D H C  as v iewed  looking a t  the  chains on edge rough ly  normal  to the  m e a n  
length of the  molecule.  The upper  and lower molecules  are der ived from the  central  molecule b y  the  t rans la t ions  - - a  and  c, 
respect ively.  Fo r  the  sake of c lar i ty  only  the  hydrogen  a toms  t ha t  are in con tac t  are shown;  also only  the  hydrogen  a toms  
are numbered .  The  crosses in the  central  por t ion  of the  figure are the  p ro jec ted  posi t ions for the  hydrogen  a toms  f rom the  
molecule  re la ted  b y  the  t rans la t ion  c--  a, the  center  of which is indica ted  b y  the  symbo l  Q .  Thus  the  figure shows the  hyd rogen  
in teract ions  wi th in  a plane str ip and  be tween  plane str ips of the  s t ruc ture .  

the ring, because of the proximity of atoms 4, 5, 6, 
16, and 17 of A. 

The ,packing of the hydrogen atoms within a section 
The packing of the hydrogen atoms of DHC is 

illustrated in Fig. 10, which shows the hydrogen con- 
tacts of the molecules C, A, and D' of the A - A  section 
of Fig. 8. Superimposed as crosses are the hydrogen 
atoms of molecule B. Many of the features of the 
packing of the hydrogen atoms along the chain and 
around the cyclohexene ring, particularly as regards 
the methyl groups, are evident in Fig. 10. 

Molecular parameters  

Conformation of the DHC molecule 
Apart from the s-cis orientation about the bond 

from the chain to the ring, DHC is in the all-trans 
configuration. Other significant structural detail in- 
volves the conformation of the methyl groups of the 
molecule. Figs. 3 and 10 illustrate some details of the 
molecular geometry. Two of the methyl groups, 17 
and 18, are bonded to tertiary carbon atoms, and the 
rotational orientation of these groups should at least 
in part be dictated by intramolecular nonbonding 
carbon-hydrogen interactions. Methyl group 17 has 
almost exactly a staggered conformation with respect 
to atoms 2, 6, and 18. Methyl group 18 also has a 
staggered conformation relative to the appropriate 
carbon atoms, 2, 6, and 17, but with some distortion 
from ideality (see Fig. 10). The rotational displace- 
ment, which also improves the intermolecular packing 
with molecules related by the translations - a  and c 

(Figs. 8 and 10), is probably caused by the close 
proximity of atom H(21) of the methyl group to atoms 
7 and H(7) of the molecular chain. 

The other three methyl groups, 16, 19 and 20, are 
bonded to carbon atoms that are part of the con- 
jugated system and thus have a local environment 
similar to that of the methyl group of propylene but 
with additional interactions stemming from the greater 
molecular complexity. Theoretical predictions and 
experimental evidence (Pauling, 1960) indicate that 
in the stable configuration for propylene the double 
bond eclipses a hydrogen atom from the methyl group. 
Methyl group 20 has exactly the predicted orientation 
(see Fig. 3). The other methyl groups, 16 and 19, are 
somewhat rotated from the predicted stable conforma- 
tions; in Fig. 3, atoms H(15) and H(24) lie off the 
projected double-bond vectors C and B, respectively. 
It  is easy to justify the deviations from the ideal 
conformations in terms of intramolecular interactions, 
those between H(15) and atoms 6, 7, and 8 in the case 
of methyl group 16, and those between H(24) and 
atoms 11 and H(10) for methyl group 19. To conclude 
that the orientations found for the methyl groups 0f 
DHC supports the bent-bond model for double bonds 
(Pauling, 1960) would, however, require the always 
tenuous assumption that the conformation which 
exists in the crystal is the stable arrangement for the 
free molecule. The importance of intermolecular forces 
may be illustrated by the fact that trans-fl-ionylidene- 
y-crotonic acid (Eichhorn & MacGillavry, 1959), 
which is similar to one end of the DHC molecule, is 
entirely trans. 

The rotational orientations of methyl groups 18 and 
16, along with the puckering of the ring, give a nearly 
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s t a g g e r e d  con fo rma t ion  for 5 pa i r s  of h y d r o g e n  a t o m s  
a r o u n d  t h e  cyc lohexene  r ing ;  n a m e l y ,  H(19) a n d  I t(20) 
w i t h  I t ( l )  a n d  I t(2) ,  I t ( l )  a n d  I t(2)  w i t h  I t(3)  a n d  
H(4) ,  H(3)  a n d  H(4) w i t h  H(5) a n d  H(6),  a n d  H(5) 
a n d  t I (6)  w i t h  H(13) a n d  H(14).  W o r k  w i t h  models  
r evea l s  t h a t  t h e  cyc lohexene  r ing  w i t h  t he  m e t h y l  
g roups  a n d  cha in  a t t a c h e d  is so e n c u m b e r e d  w i t h  
h y d r o g e n  a toms  t h a t  a l m o s t  no v a r i a t i o n  of a n y  p a r t  
of t h e  s t r u c t u r e  is poss ible  w i t h o u t  a change  of t he  
en t i r e  i n t r a m o l e c u ] a r  a r r a n g e m e n t .  I n  v iew of t h e  
la rge  n u m b e r  of h y d r o g e n  i n t e r a c t i o n s  in  a n d  a r o u n d  
t h e  cyc lohexene  r ing  i t  is p robab le  t h a t  t he  conforma-  
t i o n  found  for t h e  ca rbon  a t o m s  is as m u c h  a con- 
sequence  of i n t r a m o l e c u l a r  forces as i t  is a r e su l t  of 
t h e  i n t e r m o l e c u l a r  a r r a n g e m e n t .  

Planarity of the D H C  molecule 
The  a toms  15, 14, 13, a n d  20 a n d  t h e  cor responding  

p r i m e d  a toms  are  a l l  w i t h i n  0.004 J~ of a c o m m o n  
plane .  The  r e m a i n d e r  of t he  molecu la r  cha in  is b e n t  
n o r m a l  to  th i s  p l ane  a n d  is also t w i s t e d  as i t  comes 
f rom t h e  origin.  These  f ea tu re s  can  be seen in  t h e  

"carbon ske le ton  of t he  u p p e r  molecule  of Fig.  10, where  
t h e  b e n d i n g  is d o w n w a r d s  a n d  the  t w i s t  is c lockwise 
as v i ewed  f rom t h e  r ing  t o w a r d s  t he  or ig in ;  see also 
t h e  A - A  sec t ion  of Fig.  8. The  conf igura t ion  of t h e  
molecule  can  be desc r ibed  e i t he r  w i t h  t he  depa r tu re ,  
in  J~, of t he  va r ious  a toms  f rom the  p l ane  i n d i c a t e d  
above  or w i t h  t he  angle  of i n t e r sec t ion  of successive 
p l ane  sect ions  a long  the  chain ,  b o t h  of which  are g iven  
in  Tab le  3. The  angles  are a measure  of t h e  r o t a t i o n s  
a b o u t  successive bonds  a long  t h e  cha in ;  t h e y  wou ld  

Tab l e  3. Configuration of the 
15,15'-dehydro-fl-carotene molecule 

Angular distortion 

Displacement Bond type l~ota- Atom 
from plane Bond (Sing., Dbl.) tion located 

15 --0.001/~ 13-14 D 1 ° 58' 12 
- -  43' 20 

14 --0.003 12-13 S 2' 11 
13 0.004 11-12 D 4 ° 8' 10 
12 --0-042 10-11 S -- 42' 9 
20 -- 0.002 
11 -- 0.040 9-10 D 6 ° 34' 8 

4 ° 17' 19 
10 --0.175 8-9 S --8 ° 46' 7 
9 --0-188 7-8 /9 2 ° 5' 6 
8 -- 0.475 6-7 S 48 ° 40' 5 

19 0"030 48 ° 25' 1 
7 --0.685 5-6 D 5 ° 18' 4 

6 ° 16' 16 
6 --1.017 
5 -- 1.983 
1 --0.166 

be zero in  a n  idea l  c o n j u g a t e d  molecule .  The  pos i t ive  
angles  are  c lockwise r o t a t i o n s  a n d  t h e  nega t ive  are 
counte r -c lockwise  for a n  observer  who  looks f rom t h e  
f i r s t  l i s t ed  a t o m  t o w a r d s  t he  second,  t h a t  is, t o w a r d s  
t h e  or igin.  The  cen t r a l  p o r t i o n  of t h e  molecule  is 

r e a s o n a b l y  f l a t ;  i n  f ac t  a p l ane  can  be f o u n d  wh ich  
passes  w i t h i n  _+0.11 A of t he  en t i r e  cen t r a l  p o r t i o n  
of t he  molecule ,  f rom a toms  9 to  15 inc lus ive  (and  
i ndeed  to  9'), i nc lud ing  t h e  m e t h y l  groups  19 a n d  20. 
Sec t ion  A - A  of Fig.  8 is a p ro jec t ion  a long  a n  axis  
c o n t a i n e d  in  such a p lane .  The  dev i a t i ons  of t h e  mole- 
cule f rom p l a n a r i t y  are  cons i s t en t  w i t h  t he  in te r -  
molecu la r  p a c k i n g  of t he  molecules ,  w i t h  t he  l a rges t  
d i s to r t ions  beg inn ing  a t  the  9-10 bond,  as p o i n t e d  ou t  
p rev ious ly .  

Bond lengths and bond angles 
The  f ina l  i n t e r c a r b o n  b o n d  angles  a n d  t h e  bond  

Tab le  4. The bond lengths and bond angles 
for the carbon atoms of D H C  

Atom Nos. Bond lengths 

15-15' 1-196/~ 0.010 
15-14 1.427 0.007 
14-13 1.351 0.008 
13-12 1.447 0.007 
12-11 1.344 0.008 
11-10 1.458 0.007 
10-9 1.348 0.008 
9-8 1.464 0.007 
8-7 1.342 0.008 
7-6 1.477 0.007 
6-5 1.340 0.007 
6-1 1.545 0.007 
4-5 1-501 0.007 
5-16 1.521 0.007 
9-19 1.507 0.008 

13-20 1-505 0.008 
1-2 1.533 0-008 
2-3 1.496 0.008 
3-4 1.520 0.008 
1-17 1.540 0.008 
1-18 1.541 0.007 

Atom Nos. Bond angles a 
15'-15-14 180.5 ° 0.9 ° 
15-14--13 124.0 0.5 
14-13-12 118.9 0.5 
14-13-20 120-7 0.5 
12-13-20 120-3 0.5 
13-12-11 125.8 0-5 
12-11-10 124.2 0.5 
11-10-9 124.9 0.5 
10-9-8 118.8 0-5 
10-9-19 123.2 0.5 
8-9-19 117.9 0.5 
9-8-7 125-0 0.5 
8-7-6 126.1 0.5 
7-6-5 122.8 0-4 
7-6-1 114.5 0.4 
1-6-5 122.6 0.4 
6-5-4 123.1 0.5 
6-5-16 123-7 0.5 
4-5-16 113.1 0.4 
6-1-2 110.9 0.4 
6-1-17 109.8 0.4 
6-1-18 111.5 0.4 

17-1-18 107.3 0.4 
17-1-2 110.6 0.4 
18-1-2 106.7 0.5 

1-2-3 113-4 0.5 
2-3-4 110.6 0.5 
3-4-5 113.4 0.5 
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Fig. 11. The bond lengths and bond angles of DHC. 
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lengths between carbon atoms in the molecule of DHC 
are shown in Fig. 11 and are listed along with the 
appropriate standard deviations in Table 4. 

Four of the single bonds which are attached to but 
not part of the conjugated system, namely the 13-20, 
9-19, 5-16, and 4-5 bonds, are all significantly shorter 
than a normal single bond; their average length is 
1.508 A. Similar shortening has been reported for 
epuivalent bonds in other compounds (McHugh & 
Schomaker, 1955). That the 1-6 bond is not similarly 
shortened is probably due to steric effects associated 
with the two methyl groups bonded to atom 1, al- 
though both of the bonds to the methyl groups are 
normal length single bonds. Two of the normally single 
bonds in the eyclohexene ring are significantly shorter 
than the predicted 1.542 4 ;  a possible explanation of 
this anomaly will be given when the vibrational para- 
meters are discussed. 

Fig. 12 shows the bond lengths along the conjugated 
chain plotted successively from the end; the numbering 
is such as to give the total number of atoms in the 
conjugated system for the last plotted bond-length. 
Data for trans-fl-ionylidene-~,-crotonic acid (Eich- 
horn & MacGillavry, 1959)* and for 1,8-diphenyl- 
1,3,5,7-octatetraene (Drenth & Wiebenga, 1955) are 
included in the figure. In comparing the latter two 
compounds with DHC it has been assumed that the 
conjugation associated with the C = O of an acid and 
the conjugation associated with a phenyl group are 
approximately equivalent to that of a carbon-carbon 
double bond. All of the data have been plotted with 
lengths equal to twice the standard deviation given 

* _Note added M a r c h  1963. The crystal structure of a second 
compound related to Vitamin A has recently been published 
(Stare & MacGfllavry, 1963). 
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Fig. 12. Bond lengths along the conjugated chains of DHC,  
trans-fl-ionylidene-y-crotonic acid (Eichhorn & MacGil- 
lavry, 1959), and diphenyloctatetraene (Drenth & Wiebenga, 
1955). The dash-dot  lines represent the values of the 
single and double bonds, 1.462 and 1-334 A respectively, 
of the non-aromatic compound cyclo-octatetraene, as  
determined by electron diffraction (Bastiansen, Hedberg & 
Hedberg, 1957), while the dashed lines are the predicted 
bond lengths of isolated single and triple bonds. The small 
circles represent the theoretical molecular orbital values 
reported by Drenth  & Wiebenga (1955) for diphenyl- 
octatetraene. 
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by  t he  r e spec t ive  au thors .  The  b o n d  l eng ths  of cyclo- 
o c t a t e t r a e n e  are i n c l u d e d  because  t h e y  are v e r y  reli- 
able,  w i t h  a q u o t e d  s t a n d a r d  d e v i a t i o n  of 0.001 •, 
a n d  because  t h e y  r ep re sen t  a s y s t e m  t h a t  is p r e s u m a b l y  
less s t rong ly  c o n j u g a t e d  t h a n  bu tad i ene .  I t  m a y  be 
n o t e d  t h a t  t he  t h r e e  va lues  for t he  s ingle  bonds  a t  n = 4 
t h a t  are longer  t h a n  t he  va lue  f rom cyc lo -oc ta t e t r aene  
are  al l  bonds  f rom a r ing  s y s t e m  to  a chain.  Devia-  
t ions  f rom p l a n a r i t y  and /o r  s ter ic  factors  are  p r o b a b l y  
t h e  reason  for t he  long bonds .  All  of t he  r e m a i n i n g  
s ingle  bonds  are w i t h i n  l imi t s  of error  e i the r  t h e  same  
as or shor te r  t h a n  t he  va lue  for cyc lo -oc ta te t raene .  

I n  o rder  to  compare  t h e  14-15 b o n d  l e n g t h  w i t h  
t he  o the r  d i s tances  a long t h e  cha in  of D H C  two cor- 
rec t ions  m u s t  be  made .  F i rs t ,  t h e  p r o x i m i t y  of t he  
t r ip le  b o n d  is e x p e c t e d  to  decrease  t he  b o n d  l e n g t h  by  
a b o u t  0.037 /~. Second,  as wil l  be d iscussed shor t ly ,  
i t  is p robab le  t h a t  t he  b o n d  has  been  ar t i f ic ia l ly  
l e n g t h e n e d  by  t he  r e f i n e m e n t  procedure .  A rough  es- 
t i m a t e  leads  to  t he  cor rec ted  va lue  of 1.45 _~, wh ich  is 

p l o t t e d  in  Fig.  12 a long w i t h  t h e  obse rved  d i s t ance  
of 1.427 /~. 

E a r l y  theo re t i ca l  t r e a t m e n t s  of l inear  con juga t ed  
sys tems  p r e d i c t e d  r a t h e r  r ap id  convergence  of t he  
b o n d  l eng ths  to  a m e a n  va lue  of 1.395 A (Coulson, 
1939) as t he  cha in  l e n g t h  is increased.  For  example  t he  
smal l  circles p l o t t e d  on  Fig. 12 r ep re sen t  t h e  theor-  
e t ical  molecu la r  o rb i ta l  va lues  r e p o r t e d  by  D r e n t h  & 
W i e b e n g a  (1955) for d i p h e n y l o c t a t e t r a e n e .  The  d a t a  
r e p o r t e d  in  Fig.  12 are in  cons ide rab ly  b e t t e r  agree- 
m e n t  w i t h  more  r ecen t  theore t i ca l  t r e a t m e n t s  which  
p red ic t  t h a t  t h e  d i f ference  b e t w e e n  single and  doub le  
bonds  shou ld  be t he  same  order  of m a g n i t u d e  for v e r y  
long po lyenes  as i t  is for shor te r  ones. See for e x a m p l e  
S impson  (1951), L a b h a r t  (1957), Ooshika  (1957), 
L o n g u e t - H i g g i n s  & Sa lem (1959) a n d  K u h n  (1959). 

The  ave rage  of t he  six b o n d  angles  a long t he  chain,  
neg lec t ing  those  oppos i te  t he  m e t h y l  groups  19 a n d  20, 
is 125.0 ° , w i t h  no s igni f icant  d i f ferences  f rom the  
m e a n  value .  The  b o n d  angles  oppos i te  t he  m e t h y l  

At. No. 

Table  5. Vibrational parameters for the carbon atoms of D H C  

Direction cosines relative to orthogonal axes 

Xo Y0 Zo B~ ut 
l --0-9693 0-2233 0.1033 0.615 A s 0.177 

0-2372 0-9595 0.1519 1-188 0.245 
--0.0652 0.1717 -- 0.9830 1.465 0.272 

2 --0.8883 0.2869 0.3587 1.109 0.237 
0.3974 0.8717 0.2867 1.374 0.264 

- -  0.2304 0.3973 -- 0.8883 1.884 0.309 

5 --0.9281 0.3225 0.1862 0.943 0.219 
0.3614 0.9008 0.2408 1.050 0.231 

--0.0901 0.2907 --0.9526 1-368 0.263 

6 --0.8482 0.5153 0.1227 0.533 0-164 
0.5297 0.8279 0.1844 1.223 0.249 

- -  0.0066 0.2214 --0.9752 1.382 0.265 

3 --0-5455 0.7907 0.2780 1-081 0.234 
0.8176 0.5750 -- 0.0309 1.271 0.254 

--0-1842 0.2104 --0.9601 1.908 0.311 

4 -- 0.6507 0.5798 0.4903 1.033 0.229 
0.7208 0.6747 0.1588 1.239 0.251 

- -  0.2387 0-4568 -- 0.8569 1.670 0-291 

7 -- 0.7023 0-5371 0.4672 0.877 0.211 
0.6259 0.7785 0.0460 1.132 0-239 

--0-3390 0.3247 --0.8830 1-376 0.264 

8 --0.7558 0.5613 0.3371 0-847 0.207 
0.4031 0.8046 --0.4360 1.273 0.254 

--0.5160 --0.1936 --0.8344 1.444 0.270 

9 --0.8610 0.3793 0.3388 0.870 0.210 
0.4017 0.9158 -- 0.0044 1.040 0.230 

--0.3119 0.1323 -- 0.9409 1.464 0.272 

10 --0.7602 0.5235 0.3847 0.825 0.204 
0.4102 0.8460 -- 0.3407 1.329 0.259 

-- 0.5038 -- 0.1012 -- 0.8579 1.472 0.273 

11 --0.7814 0.4423 0.4402 0.854 0.208 
0.4964 0.8680 0.0090 1.555 0.281 

--0.3781 0.2256 -- 0.8979 1.249 0.252 

12 --0.6802 0.6154 0.3982 0.622 0.178 
0.2808 0.7206 -- 0.6340 1.249 0.252 

-- 0.6771. -- 0.3194 -- 0.6630 1.631 0.287 

~ H  

0.280 A 

0.292 

0.261 

0.280 

0.280 

0-261 

0.261 

0.261 
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A t .  N o .  

Table 5 (cont.) 
D i r e c t i o n  c o s i n e s  r e l a t i v e  t o  o r t h o g o n a l  a x e s  

X0 Y0 

13 --  0 .7000  0 . 5 8 4 0  
0 .5457  0 .8087  

- -  0 . 4 6 0 8  0"0706 

14 - - 0 . 7 2 8 1  0 . 5 8 4 2  
0 .4956  0"8100 

--  0 .4736  --  0"0505 

15 - -  0 .6372  0 .6801  
0 -5205  0 .7267  

- - 0 . 5 6 8 4  - - 0 . 0 9 7 0  

16 - - 0 - 9 6 3 8  0"1618 
0 .2595  0 -7504  
0 -0606  --  0"6409 

17 - -  0 .9735  0"0742 
0 .1249  0 .9649  

- -  0-1914  0-2521 

18 - -  0 .8598  0"5102 
0"5056 0"8459 

--  0 . 0 7 1 0  - - 0 . 1 5 5 3  

19 - -  0 .7241  0 .4592  
0 .5176  0 .8549  

- - 0 . 4 5 5 9  0 .2412  

20  - - 0 . 8 4 1 9  0 . 3 1 1 9  
0 .3071  0 .9479  

- - 0 - 4 4 3 7  0 .0643  

A --  0 -7880  0 . 4 3 8 0  
B 0 .4213  0-8961 
C --  0 .4489  0 .0722  
R 0 .1718  0 .5911  

z o B~ u i  

0 .4111  0 .575  A S 0 .171  
- - 0 . 2 1 9 7  1.506 0 .276  
- - 0 . 8 8 4 7  1.329 0 .259  

0 . 3 5 8 6  0 .957  0 .220  
- -  0-3135  1 .339 0 .260  
- - 0 . 8 7 9 3  1 .584  0 .283  

0 .3625  0 .958  0 .220  
- -  0 .4483  1.521 0 .278  
- - 0 . 8 1 7 1  1 .712 0 -294  

- - 0 . 2 1 1 8  1 .002 0 .225  
- - 0 . 6 0 7 9  1.621 0 .287  
- -  0 .7652  1 .568  0 .282  

0 . 2 1 6 2  1.361 0-263  
0 . 2 3 1 2  1.637 0 .288  

- - 0 - 9 4 8 6  1-223 0 .249  

- -  0 .0185  1 .419 0 .268  
- -  0 .1697  0 .996  0 .225  
- - 0 . 9 8 5 3  1 .717 0 .295  

0 .5146  1.181 0 .245  
- - 0 . 0 3 4 7  1-224 0 .249  
- - 0 - 8 5 6 7  1 .744  0 .297  

0 .4403  1 .070  0 .233  
- - 0 . 0 8 4 3  1 .192 0 .246  
- - 0 . 8 9 3 9  1 .729  0 .296  

0 -4327  - -  - -  
- - 0 . 1 3 9 7  - -  - -  
- - 0 . 8 9 0 7  - -  - -  
- - 0 . 7 8 8 1  - -  - -  

~ H  

o-28o A 

0.261  

0 .268  

0-268  

0-268  

0 .292  

u 

groups 19 and 20 are approximately six degrees smaller 
than the mean value along the chain. As a result of 
this angular disparity the molecule bends in its own 
plane; tha t  is to say tha t  atoms such as 14, 12, 10, 8, 
and 6 are not on a straight line even though they are 
nearly coplanar; see for example Figs. 8 and 11. This 
in-plane bending is consistent with the asymmetry  of 
the molecule with methyl  groups on one side of the 
chain and hydrogen atoms on the other; it  is also 
consistent with the intermolecular packing of the 
methyl  groups along the chains. The geometry of the 
molecule appears to be largely the result of repulsion 
between methyl  groups 18, 19, and 20 and atoms 7, 
11, and 15. I t  may be noted tha t  the average bond 
angles along the chains in trans-fl-ionylidene-y- 
crotonic acid and in diphenyloctatetraene are 124.8 ° 
and 124.4 ° respectively, and that the bond angle 
opposite the methyl  group of the crotonic acid is also 
small, being 119.8 °. I t  could be tha t  the state of 
hybridization of the bonds of the carbons at tached to 
methyl  groups is different from tha t  of the other 

the chain, but  the fact tha t  the C = C ( ~  a t o m s  along 

bond angles are 116 ° seems to be evidence against such 
a possibility; i t  is probable tha t  the observed bond 
angles are simply the result of intermolecular and 
intramolecular van der Waals forces. 

The bond angles around atoms 5 and 6 of the 
cyclohexene ring are nearly equal. The deviations 
from the values reported for te tramethylethylene,  
111.5°+2 ° and 124.2 ° (Pauling & Brockway, 1937), 
are doubtless the result of ring formation. The bond 
angles around atom 1 deviate from tetrahedral  values 
in a way tha t  is consistent with the rotational orienta- 
tion of the methyl  groups 17 and 18 and with the 
environment of the ring structure. 

As expected, there is considerable puckering of the 
cyclohexene ring in the region opposite the double 
bond. The atoms of the ring deviate from the plane 
of atoms 1, 5, and 6 as follows: 

2 -0 .231 A 
3 0.531 
4 0"122 

16 -0 .144  

where the positive direction is defined by the cross 
product 6 -+ 1 × 6 -~ 5. The displacements of atoms 4 
and 16 are in agreement with the 50-6 ° rotation about  
the 5-6 bond previously noted, but  the major displace- 
ments are in atoms 2 and 3, particularly the lat ter .  

Vibrational parameters 
Table 5 lists for the carbon atoms of DHC the 

direction cosines of the principal axes of vibration, 
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the associated temperature-factor coefficients, B~, and 
the root-mean-square vibrational amplitudes, u~, 
where an isotropic temperature  factor has the form 
exp [-B~(4sin2 0)/A ~.] and the u~ are given by u~= 
V(B~/2g2). The last column of the table gives the 
root-mean-square vibrational amplitudes assigned to 
the hydrogen atoms bonded to the corresponding car- 
bon atoms. The orthogonal set of axes used for the 
direction cosines is defined with i and j parallel to a 
and b respectively and /c completing a right-handed 
triple. Four reference vectors are listed at  the end of 
Table 5. The vectors A, B, and C are roughly the 
coordinate axes of the molecular chain; A lies along 
the mean direction of the chain from the origin to- 
wards the ring, C is normal to the central portion of 
the chain, and B is orthogonal to A and C. R is normal 
to atoms, 1 5, and 6 of the cyclohexene ring. 

In  Table 5 the axes of the ellipsoid for each atom 
are listed in the order of nearest parallelism with vec- 
tors A, B, and C; for all atoms except 3, 12, and 16, 
the axes lie within 30 ° of the corresponding vectors 
A, B, and C. Moreover, if the axes of a vibration 
ellipsoid are called ¢¢ < fl < ), the above listing also 
results in sequential ordering of a, fl, and y, with the 
exception of atoms 11, 13, 17, and 18. If a t tent ion is 
focused on the atoms along the chain, 7 to 14 in- 
clusive, and the two methyl  groups 19 and 20, there 
is, apart  from atom 12, even better  directional agree- 
ment  between the vibration ellipsoids and the vector 
tr iple ABC. 

As might be expected, c¢ of atom 15 lies along the 
triple bond and fl and ~, are about equal in magnitude. 
One axis of the ellipsoid of vibration of the methyl  
carbon atoms has been assumed to lie along the vector 
direction of the C-C bond; the hydrogen peaks con- 
fuse the electron density in the region and require 
some initial assumption. The ~'s lie along the C-C 
bonds for the methyl  groups 16, 17, and 18, while 
the intermediate amplitudes, fl, lie along the equiva- 
lent directions for the methyl  groups 19 and 20. 

For all of the ring atoms the ? 's are approximately 
parallel and lie between 25 ° and 32 ° from the normal 
R to the ring atoms 1, 5, and 6. The a 's  are within 
16 ° of perpendicularity to R and thus roughly in the 
plane of the ring. For atoms 1, 2, 5, and 6, the c¢'s 
and fl's are approximately parallel; they lie 60 ° from 
the corresponding axes, also parallel, for atoms 3 and 4. 

In  general the vibrational amplitudes in or near the 
same direction are roughly the same; therefore the 
molecule probably undergoes fairly large t ranslatory 
vibrations as a rigid body, and only moderate ampli- 
tude vibrations involving rotations of the molecule as 
a whole or of isolated atoms or groups of atoms relative 
to one another. There is some evidence tha t  the posi- 
tions of the atoms around the origin and in the 
cyclohexene ring may  have been affected by the asym- 
metric vibrations of the atoms. Atom 15 has two com- 
ponents of high vibration normal to the triple bond. If 
atoms 15-15' vibrate with appreciable rocking motion 

about the center of symmetry  some false shortening 
of the triple bond would be expected from the least- 
squares refinement (Cruickshank, 1956). The bond is 
not significantly shorter, on statistical grounds, than 
a normal triple bond; however, conjugation should 
leave the bond longer than  normal and not shorter. 
Atoms 2 and 3 have the largest components of vibra- 
tion of any of the carbon atoms, and as previously 
noted their ellipsoids of vibration are not in coin- 
cidence. I t  is very probable tha t  the short 2-3 and 3-4 
bonds are at  least in par t  the result of an incorrect 
model for the electron density of the asymmetrically 
vibrating atoms in this region of the molecule; note 
tha t  these two bonds were shortened by 0.021 J~ and 
0.007 .~ respectively as a result of the least-squares 
refinement which followed the inclusion of the an]so- 
tropic temperature factors. I t  could be argued tha t  the 
1-2 bond should also be similarly shortened. The 1-6 
bond is predicted to be 1.50-1.52 A, since it  is adjacent 
to a double bond. If the lengthening to 1.545 A is 
presumed to be due to steric effects associated with 
the two methyl  groups bonded to atom 1, it  is reason- 
able to assume tha t  the 1-2 bond should be lengthened 
for the same reason. The value of 1-533 A for this bond 
may  be the result of a compromise between a real 
lengthening on steric grounds and some false shorten- 
ing associated with vibrational parameters. I t  is bey- 
ond the scope of this paper to t reat  the subject in 
greater detail; but  i t  is doubtful tha t  the short dis- 
tances found in the ring are real despite the fact tha t  
short bond lengths have also been reported for the 
same ring system, although differently oriented, in 
trans-fl-ionylidene-7-crotonic acid (Eichhorn & Mac 
Gillavry, 1959) although with somewhat larger stand- 
ard deviations (Table 6). 

Table 6. Bond lengths in the cyclohexene ring 
Eichhorn  & 

Sly a ]YiacGillavry 

1-6 1.545 0.007 1.564 _ 0.013 
1-2 1.533 0.008 1.537 __+ 0.018 
2-3 1.496 0.008 1.493 _+ 0.020 
3-4 1.520 0.008 1.502 _+ 0.022 
4-5 1.501 0.007 1.500_+ 0.013 
5-6 1.340 0.007 1.327 _+ 0.010 

Variances and covariances 
The standard deviations of the bond angles and 

bond lengths as given in Table 4 were derived from 
the equations given by  Cruickshank & Robertson 
(1953) using the variances and covariances determined 
from the standard least-squares expression 

2 Z(AF)  2w 
(7i1 - -  C~t , 

8 - - m  

where X(AF)2w is the sum of the squares of the resid- 
uals with w the weight as previously defined, s is 
the number of independent reflections, m is the num- 
ber of parameters, and cil is the term in the inverse 
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Tab le  7. The variances and covariances, ~j(106), in A ~', for the carbon atoms of D H C  in terms of the previously 
defined orthogonal coordinates 

1 21.7 1-4 -- 1.3 
24.9 -- 0-8 

30.2 

2 34.8 0.2 0.4 
34.8 --3.2 

41.6 

3 34-3 0-6 --0-3 
30"6 --2.0 

41-7 

4 31-4 0.4 --0.4 
29.7 --3.3 

35.6 

5 25.6 0.5 --1.8 
24.3 -- 1.0 

29.6 

6 22.1 3.2 -- 1.2 
22.8 -- 1.0 

28.3 

7 27.3 0.8 --0.3 
24-7 -- 1.5 

29.7 

8 28.4 2.3 --0.3 
26.4 --0.5 

31-0 

9 25.4 0.5 --0.3 
23.9 --0.9 

30.2 

10 27.8 2.5 0.2 
27.1 -- 1.2 

31.6 

11 28.6 3.7 --0.5 
29-9 --0.8 

29.3 

]2 28.2 4.0 1.9 
24.6 -- 1-0 

30.0 

13 26.6 4.5 --0-3 
25-4 -- 2.6 

27.8 

14 31.4 2.3 0.1 
28.9 --0.8 

34.9 

15 34.0 5.7 1.8 
30.2 --2.6 

37.6 

16 30-9 1-3 --4-1 
35.3 - -  0-2 

38-1 

17 36.4 0.5 --3.0 
36.2 1-5 

34.7 

18 34.1 --2-6 --1-6 
28.8 1.3 

39.0 

19 35.0 --0-5 0-7 
30.7 -- 1.9 

38.6 

20 32.2 0.4 1-3 
29.6 -- 1-0 

36-7 

m a t r i x  of t h e  n o r m a l  equa t ions .  U n o b s e r v e d  reflec- 
t ions  h a v e  been  inc luded  in  the  l eas t - squares  t r e a t m e n t  
b u t  w i t h  t h e  p rov i s ion  t h a t  w h e n  [Fc[ <Fomin,  t he  
error  t e rm,  A F ,  is set  equa l  to  zero. The  u n o b s e r v e d  
ref lec t ions  have  not ,  however ,  been  inc luded  in  8; 
there fore  i t  has  t h e  va lue  1 7 2 3 - 4 3 4  (unobs . )=1289 .  
A l t h o u g h  the  l eas t - squares  r e f i n e m e n t  was car r ied  
ou t  on ly  on 60 pos i t iona l  pa rame te r s ,  m was t a k e n  as 
t h e  t o t a l  n u m b e r  of p a r a m e t e r s  de r ived  f rom the  
s t ruc tu re ,  viz. 1 9 1 : 1 8 0  p a r a m e t e r s  for t he  ca rbon  
a toms ,  5 o r i en t a t i ona l  p a r a m e t e r s  for t he  m e t h y l  
groups,  4 t e m p e r a t u r e  fac to r  exponen t s  for the  hydro -  
gens  a n d  2 p a r a m e t e r s  for scale a n d  ex t inc t ion .  The  
a~j va lues  were e v a l u a t e d  f rom the  work ing  e q u a t i o n  

s - m  D ' 

where  D is t h e  d e t e r m i n a n t  of t he  no rma l  equa t ions  
a n d  D~j is t h e  same d e t e r m i n a n t  w i t h  t h e  i t h  row 
a n d  j t h  co lumn suppressed.  This  express ion has  been 
e v a l u a t e d  neg lec t ing  al l  i n t e r a t o m i c  off-diagonal  ele- 
m e n t s  in  t he  m a t r i x ;  t h a t  is, b y  the  use of a th ree -by-  
t h ree  m a t r i x  for each a tom.  The  resu l t ing  va r i ances  
of p a r a m e t e r s  h a v e  been  conve r t ed  to  ,~lmgstr5m un i t s  
a n d  t r a n s f o r m e d  to the  o r thogona l  axes  p rev ious ly  
def ined;  t he  r e su l t i ng  o r thogona l  va r i ances  a n d  co- 
va r i ances  are g iven  in  Tab le  7. 
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