
303 

Aeta Crysl. (1961). 14, 303 

The Crystal Structure of Norbornadiene-dichloropal ladium II 

BY iN. C. BAENZIGER, J. R. DOYLE AND C. CARPENTER 

Department of Chemistry, State University of Iowa, Iowa City, Iowa, U . S . A .  

(Received 7 November 1959 and in revised form 24 3larch 1960) 

The structure of norbornadiene-dichloropalladium 1I (CTHs! dC12) has been determined. The unit 
cell is orthorhombic with cell dimensions: 

a=9.424+_0.004, b=7-219+0.003, c=11.712+0"003 A .  

The space group is Prima with four molecules per unit (;ell. The norbornadiene molecule is chelated 
to the palladium atom through both double bonds. The plane made by the carbon atoms of both 
double bonds is perpendicular to the plane made by' the palladium and chlorine atoms. 

I n t r o d u c t i o n  

The chemical s tudy of olefin metal  complexes has been 
quite extensive in recent years. Crystal  structure 
studies of two complexes with pal ladium chloride have 
been carried out in this laboratory (Baenziger & 
Dempsey,  1955; Bacnziger & Holden, 1955). Crystal  
studies of related compounds with pla t inunl  and silver 
have been carried out in other laboratories (Nyberg & 
Hilton, 1959; Rundle  & Goring, 1950; Rundle  & 
Smith,  1958; Wunder l ich  & Mellor, 1954, 1955; Bokii 
& Kukina ,  1957; Lipscomb & Mathews, 1958, 1959; 
Aldcman,  Owston & Rowe, 1960). In most of these 
olef in-mctal  complexes the metal  atom is a t tached to 
only one double bond which is perpendicular  to the 
direction of the metal  hybr id  orbital. Nyl)urg & Hil ton 
(1959) found in cyclooctatetraene dimers complexed 
with the silver ion tha t  the silver was closely associated 
with two double bonds of different dimer molecules. 
A similar  s i tuat ion exists in the silver perchloratc-  
benzene complex structure. 

Norbornadiene complexes readi ly with Ag, Pd, and 
Pt  metal  ions (Alexander, Baenziger, Carpenter & 
Doyle, 1960), and chemical evidence suggests tha t  
norbornadiene chelates with pal ladium and p la t inum 
ions through both unsa tura ted  bonds in the norbor- 
nadiene. 

E x p e r i m e n t a l  

Norbornadiene-dichloropal ladium II  (CvH8PdCI.o) can 
be prepared t)y two different methods. The action of 
norbornadicne on a benzene solution of bis-benzoni- 
t r i le-dichloropalladium l I  gives a yellow solid which 
upon recrystal l ization from acetone yields yellow 
needle-shaped crystals of norbornadiene-dichloro-pal-  
ladium (II). The crystals may  also be obtained by the 
reaction of norbornadiene with an absolute methanol  
solution of sodium tetrachloropalladate II  (Alexander, 
Baenziger, Carpenter & Doyle, 1960). 

The crystals used in this s tudy were prepared by 
the first method and carefully recrystallized. Un- 
twinned specimens were selected under polarized light. 

The crystals used were very small  with two axes 
approximate ly  equal and the needle axis (b) about 
three t imes the dimensions of the short axis. The unit 
cell is ()rt.horhombic with dimensions 

a = 9.424 + 0.()()4, b = 7.21 {) +_ 0.003, c = 11.712 +_ 0.003 .-~ 

(it of CuK~ = 1-54180 .&, ), of MoK~x=0.71()69 .~). 

The a and c cell dimensions were obtained from back 
reflection Weissenberg data  by a least-squares an- 
alytical  extrapolat ion method. The b cell dimension 
was obtained from precession camera films calibrated 
by the a and c cell dimensions. With four molecules 
per uni t  cell Dx=2-31 g.cm. -a, which is comparable 
with ethylene pal ladium chloride, Dx=2.68  g.cm. -a 
(Baenziger & Dempsey,  1955) and styrene pal ladium 
chloride, D/=2.( )4  g.cm. -a (Baenziger & Holden, 
1955). The densi ty of this compound measured t)y the 
pycnometer  method is 2.30 g.cm. -a. 

Fi lm data  were obtained of hkO and Okl through 
4kl by the precession camera and h01 through h41 from 
the Weissenberg camera. All films were visual ly esti- 
mated  twice, the est imation covering all spots on the 
precession films and all the spots in the top half of 
the Weissenberg films. The only el)served systematic  
extinctions in these films are Okl with k + l = 2n + 1 and 
hkO with h = 2 n +  I. These indicated the space group 
to 1)c either the centrosymmetr ic  Pnma or the non- 
centrosymmetr ic  Pn2~a. Lorentz and polarization cor- 
rections were computed for all reflections without  cot'- 
recting for absorption errors. Small crystals kept this 
error to a min imum.  

D e t e r m i n a t i o n  of the  s t r u c t u r e  

z and z parameters 

The plane groups perpendicular  to the b axis of both 
space groups are equivalent.  Using the intensit ies of 
tile hO1 reflections a Pat terson projection was com- 
puted. Two parameters  of the pal ladium atom and the 
position of one of the chlorine atoms were indicated 
from this projection. Using this position of the palla- 
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dium atom to determine the signs of 98 out of 99 
present reflections from the hO1 data  an electron 
densi ty map on the (010) plane was evaluated.  This 
projection with the aid of two (Fo-Fc) syntheses 
indicated the positions of the seven carbon atoms and 
one chlorine atom. 

The location of the carbon atoms indicated tha t  the 
axes of the carbon-carbon double bonds were ap- 
proximate ly  perpendicular  to the (010) plane. The 
location of the pal ladium and the chlorine atoms to 
the double bonds were such tha t  if the pal ladium atoms 
were to have a dsp 2 configuration the other chlorine 
atom must  have x and z parameters  similar to those 
of the pal ladium atom. 

A centrosymmetr ic  structure would be one in which 
the plane made by the pal ladium and chlorine atoms 
would be parallel to the (010) plane and bisect the 
axis of both double bonds in the norbornadiene 
molecule. In the projection of such a structure the 
carbon atoms making  up each of the double bonds 
would have identical  x and z parameters.  This would 
also be true of the bridgehead carbons. Such a struc- 
ture would have only four parameters  indicated for the 
carbon positions in the projection. 

Although seven positions for the carbon atoms had 
been indicated, the positions for three pairs of carbon 
atoms were close to identical.  If the seven positions 
were real and not due to incorrect signs given to the 
Fo data, then the molecule would ti l t  s l ightly out of 
the plane and the structure would be non-centro- 
symmetric .  Since the electron densi ty projections at 
this point in the ref inement  are not completely 
reliable, it was also possible the structure might  be 
centrosymmetric .  

To clarify this si tuation the hO1 data  were refined by 
use of a least-squares procedure. Start ing with the 
indicated x and z parameters  and using separate 
overall temperature  factors for each kind of atom the 
ref inement  on coordinates only was carried out unti l  
the change in the R value (0.18) was negligible. The 
x and z parameters  on the carbon atom pairs in 
question had moved closer to identical values but  still 
indicated a t i l t  of the molecule to the (010) plane. 

The y parameter 
As the next  step, three dimensional  least-squares 

ref inement  was carried out s tar t ing from the x and z 
parameters.  Appropriate  s tar t ing y parameters  were 
calculated for the molecule from assumed bond dis- 
tances. The plane of the molecule was given a t i l t  of 
7 ° to the (010) plane as indicated by the carbon 
positions. The structure factors were computed using 
Vand, Ei land & Pepinsky 's  (1957) analyt ical  scattering 
factors. All 684 present reflections were given unit  
weight. The 393 absent  reflections were given zero 
weight unless F¢>Fo(min.), in which case they were 
given unit  weight. (At the end of the refinements an 
evaluat ion of ~ / I F / ~ ' F o  for the Fo data  in the ranges 

Fo(max.) to ~Fo(max.), ~Fo(max.) to ~Fo(max.), 
½Fo(max.) to ¼Fo(max.), and ¼Fo(max.) to Fo(min.) 
gave 0.075, 0-082, 0-097, and 0.151. A scheme that  
would have reduced the weights of da ta  in the range 
¼Fo(max.) to Fo(min.) could have led to a better 
overall reliability.) The least-squares ref inement  deter- 
mined individual  isotropic temperature  factors for 
each atom. Changes in scale factor (K in KFo=Fc) 
were calculated at the end of each series of data  using 
-/|K/K=Z/|FFc/,EF~, summed over present reflec- 
tions only. At the end of all the data,  changes in 
atom parameters  and temperature  factors were cal- 
culated using only the diagonal terms of the least- 
squares matrix.  After each cycle all interatomic 
distances were calculated to determine whether the 
norbornadiene portion of the molecule was chemically 
reasonable. 

Several least-squares cycles were computed allowing 
all atom parameters  to change by computat ion and 
without making any  a t t empt  to place atoms in posi- 
tions tha t  would give a more reasonable structure. 
The chlorine atoms during this period of refinement 
changed only in the y parameter  decreasing the ti l t  
to the (010) plane. Also, the x and z parameters  of the 
carbon atoms changed only sl ightly while the y para- 
meters changed considerably. 

Leaving the chlorine and pal ladium atoms alone the 
carbon atoms were placed back in reasonable locations 
I)y altering the y parameters.  Several more least- 
squares cycles were computed, each t ime placing the 
carbon atoms back in reasonable positions whenever 
the norbornadiene structure deviated too far from one 
with reasonable bond distances. Ref inement  was con- 
t inued until  an overall R value of 0-128 was obtained. 

At this point the changes in all but the y parameters  
of the carbon atoms were less than  a s tandard  devia- 
tion. The chlorine atoms had moved very close to the 
(010) plane. The three pairs of carbon atoms that  
indicated a til t  of the molecule to the (010) plane now 
had x and z parameters  tha t  differed from each other 
by 0.002 to 0.007 (standard deviations 0.002 to 0.003). 

The positions of the atoms indicated tha t  the 
difference between non-centrosvmmetr ic  structure 
(Pn21a) and the centrosymmetr ic  structure (Pnma) 
might  be within two and one-half s tandard  deviations 
of one another. Start ing parameters  for ref inement  of 
the centrosymmetr ic  structure were achieved by using 
the x and z parameters  from the Pn21a results except 
tha t  averages were used for the carbon atoms having 
similar  parameters.  The y parameters  were chosen to 
give acceptable bond distances and to orient the mole- 
cule so tha t  the mirror plane parallel to (010) bisected 
both double bonds. 

On ref inement  of the centrosymmetr ic  structure the 
carbon atoms moved in the y direction so as to lengthen 
all cart)on-carl)on bonds. After a few ref inement  cycles 
an R value of 0-127 was reached. At this point all 
position parameter  changes were less than  one-half of 
a s tandard  deviat ion and in a random fashion. The 
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T a b l e  1. Final  parameters, temperature factors and standard deviations 

(Space group Pnma) 

])nma x y z 
Pd 4c O-6O05 +_ (}'0002 0-2500 0-4774 + 0"0001 
C11 4c 0"5348 +_ 0"0009 0"2500 0"2870 ± 0"0007 
Cl 2 4c 0"3708 + 0"0008 0"2500 (}-5452 + 0"0006 
CI(C4) 8d 0.848 ±0.002 0.419 __0.003 0.583 +(1.002 
C2(C 3) 8d 0.699 + 0.002 0.356 ± 0.003 0.637 ± 0.002 
C5(C 0) 8d 0-818 ±0.002 0.145 ±0.003 0.452 ±0.002 
C 7 4c 0.945 ±0.004 0.250 0.624 _+0.003 

B (A") 
- 1.99 _ _  0.04 
--2"98+O.07 
-- 2.90 ± 0.07 
--2.9 __+0.2 
--2"4 ____0.2 
--3-3 _____0.2 
--3"5 __+0.3 

t e m p e r a t u r e  f a c t o r s  we re  c h a n g i n g  by  a s t a n d a r d  
d e v i a t i o n  or  less. 

,- X 

% 

0 

0 1 2h 
I , I , 1 , J , 1 

Fig. 1. Electron density projection on the (010) plane. 
Only the outer four contours are shown for the Pd atom. 

T h e  c a r b o n - c a r b o n  d i s t a n c e s  we re  long  b u t  n o t  un-  
r e a s o n a b l e  w h e r e a s  in  t h e  l a s t  s t ages  of t h e  non-  
c e n t r o s y m m e t r i c  r e f i n e m e n t ,  t h e  y p a r a m e t e r s  of t h e  
c a r b o n  a t o m s  c o n t i n u e d  to  c h a n g e  in  a d i r e c t i o n  
g i v i n g  longe r  c a r b o n - c a r b o n  d i s t a n c e s .  Th i s  p e r s i s t e n t  
c h a n g e  in t h e  y p a r a m e t e r s  in t h e  n o n - c e n t r o s y m m e t r i c  
s t r u c t u r e  is p r o b a b l y  d u e  to  t h e  a t t e m p t  of t h e  c a r b o n  
a t o m s  to  c o m p e n s a t e  for  t h e  t i l t  of t h e  P d - C I  p l a n e  
f r o m  t h e  (010) p l ane .  As t h e  r e f i n e m e n t  p r o c e e d e d  a n d  
t h e  t i l t  b e c a m e  less, t h e  r a t e  of m o v e m e n t  of c a r b o n  
a t o m s  d e c r e a s e d .  I t  is for  th i s  r e a s o n  t h a t  t h e  cen t ro -  
s y m m e t r i c  s t r u c t u r e  is p r o b a b l y  t h e  c o r r e c t  s t r u c t u r e .  
T h e  f ina l  p a r a m e t e r s  f r o m  t h e  n o n - c e n t r o s y m m e t r i c  
s t r u c t u r e  do  n o t  d i f fe r  s i g n i f i c a n t l y  f r o m  t h o s e  of t h e  
c e n t r o s y m m c t r i c  s t r u c t u r e .  A n o t h e r  f a c t o r  s u p p o r t i n g  
a c e n t r o s y m m e t r i c  s t r u c t u r e  is t h a t  t h e  a g r e e m e n t  in 
t h e  i n d i v i d u a l  g r o u p s  of d a t a  is m o r e  u n i f o r m .  

F ig .  1 is t h e  e l e c t r o n  d e n s i t y  p r o j e c t e d  on  t h c  (010) 

p l ane .  T h e  s igns  of Fo w e r e  d e t e r m i n e d  f r o m  t h e  s igns 
of Fc on t h e  f inal  l e a s t - s q u a r e s  r e f i n e m e n t  of t h e  
Pnma s t r u c t u r e .  T h e  o r ig ina l  e l e c t r o n  d e n s i t y  p ro jec -  
t.ion h a d  o n l y  t h e  p a l l a d i u m  a t o m  a n d  one  c h l o r i n e  
a t o m  wel l  d e f i n e d .  T h e  pos i t i ons  of c a r b o n  a t o m s  in  
t h e  s t r u c t u r e  w e r e  n o t  we l l  d e f i n e d ,  a n d  l ed  to  t h e  
t r i a l  of t h e  n o n - c e n t r o s y m m e t r i c  s t r u c t u r e .  

T a b l e  

CI-Pd-CI 

C2-C1-C 6 
C3-C4-C 5 

C1-C7-C 4 

Cv--Ct--+ C~ 
C+-C4-C,~ 

CT-C1-C o 
CT-C~-C s 

Cx-C2-C a 
C4-Ca-C 2 

C a- Co--C s 
C~-Cs-C 6 

C,~, C 3, Pd 

C~, C3, C1, C 4 
C 5, C 6, C 1, C~ 

T a b l e  2. Interatomic distances and 
standard deviations 

Distance a 

t)d-C11 2-305 A 0.012 A 

Pd-Cl~ 2.305 0.009 

Pd-C2 2.21 0.028 
Pd-C a 

Pd-C5 2.22 0"032 
Pd-C 6 

C2=C a I "53 0"034 

C5--C a 1.51 0"036 

CI-C2 1.60 0"038 
C4-C 3 

C1-Cn 1.63 0.036 
C4-C5 

C 1 - C 7  ] .60 0.038 
C4-C 7 

3. Bond angles and standard deviations 

Angle a 

95.0 ° 0.5 ° 

98-3 1-5 

99.4 1.7 

99.7 1.8 

99.0 1-7 

106-5 1.6 

106.7 1.6 

plane with C5, Ca, Pd plane = 71.8 ° 
plane with Pd, C2, C 3 plane = 92.2 
plane with Pd, C 5, C 6 plane = 92.0 

A c c u r a c y  

T h e  s t a n d a r d  d e v i a t i o n s  of all a t o m  pos i t i ons  a n d  
t e m p e r a t u r e  f a c t o r s  h a v e  b e e n  c o m p u t e d  a n d  a lso  
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those of all impor tan t  bond lengths and angles. They 
are listed in Tables l,  2, and 3. The final R value for 
centrosymmetr ic  structure is 0"!27 using all reflec- 
tions, and 0.113 using only the present reflections. The 
s tandard  deviat ion of all carbon-carbon bond lengths 
is approximate ly  0.04 A while the s tandard deviat ion 
of the angles is approximate ly  1.5 °. Both of these 
deviat ions agree with other structures reporting a 
similar R value. 

D i s c u s s i o n  of r e s u l t s  

The packing of the molecules is shown in the isometric 
drawing of the cell (Fig. 2). The b axis of the cell is 
approximate ly  two molecules thick. The stacking of 
the metal  atoms is such tha t  every metal  atom has a 
non-bonded chlorine atom approximate ly  above and 
below it. The closest non-bonded chlorine distance to 
a pal ladiunl  atom is 3.63 ~. The other chlorine atom 
is so arranged as to be opposite the chlorine atom in 
the lower molccule. The pal ladiunl-chlor ine  distance is 
2.305 :~ for both chlorine atoms. In  other olcfin- 
pal ladium complexes this distance varies from 2.2 to 
2.4 ~ (Baenziger & Holden, 1955; Baenziger & Demp- 
sey, 1955). In  these instances where only one doul)le 
I)ond was involved, the pal ladium atom has one chlo- 
rine atom t r a n s  to an olef in-metal  l inkage and the 

other chlorine atoms are at r ight angles to it. Ill  nor- 
bornadiene-pal ladium chloride both chlorine atoms 
are opposite an olef in-metal  l inkage and therefore both 
Pd-Cl  bonds should be about  equal in length. The 
CI-Pd-Cl angle is 95.0 °, in agreement with similar 
angles in other olef in-pal ladium chloride structures. 
The angle formed by the centers of both double bonds 
with the pal ladium atom as the vertex is 71.8 °. This 
is much less than  90 ° and m a y  be par t ly  responsible 
for the C1-Pd-C1 angle being greater than  90 °. 

The distances from the pal ladium atom to the 
unsatura ted  carbon atoms--2.21 A, 2.21 A, 2.22 A, 
2.22 ;~- -and  the distances to the centers of the double 
bonds--2.08 ~ and 2.09 A- -a r e  consistent with what  
has been found previously. Comparison with the pal- 
ladium-carbon single bond distance (1.32 + 0.77 -- 2.09) 
(Pauling, 1960) indicates tha t  the bonds are electron 
deficient. The angles formed by lines from the pal- 
ladium atom to the center of the double bonds and the 
planes formed by the 1)ridgehead carbon atoms and 
unsatura ted  carbon atoms are 92.0 ° and 92.2 ° . These 
angles should be 90 ° for best overlap of the :~ orbital 
of the olefin with the d s p  "2 hybr id  orbital  of Pd. 

Since the pal ladium and chlorine atoms account for 
a large percentage of the scattering of X-rays,  the 
uncer ta in ty  in the positions of the carbon atoms is 
large. The observed C-C bond distances are on the 

i© 
2"31 A 

Fig. 2. Isometric view of unit cell contents. Smallest spheres arc C atoms, largest si)heres are Cl atoms. 
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Table 4. Calculated and observed structure factors 

o o '. 51.7 

o o < ~..? 
o o IO • 51 - 15 
o o L" 125 - 9~ 
0 0 i~. ,c k5 - 25 
0 016 ~ ~7 
o 1 5 ut, 86 
o i 5 ~58 -25" 
o ! 7 ,.?O5 -201 
0 I 9 L.~ -L?5 
0 I I/ 167 -I~0 
0 1 15 111 -i07 
o i i'~ ).05 - 96 
o 2 o 659 
o :) - ~ 51.7 -55~ 
o ~ ~ 551 -558 
0 • ~ 161 -1.7o 

o ~,~o "~-5'o 
o 2k2 .~0 96 

Oo ,, "1 ,?, ,~ 
0 5 5 < 5 9  
o 5 5 155 
o 5 T 120 109 
o ].05 
o ~d i~ 126 
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o ~ 86 . ~  ,2, 
0 ~'5 

o ~ - 
o '.~ -~o 

o ~ 5 ~ '.5 
o 5 7 105 - 89 
o ~ ~ %1'. . ~  

o ~ : 1 , , - ~  
o z.S~. -iTa 
o ~ ~ `o,_~, 
o ~ 51 - 25 

0 6 1 2  * ~ 0  29 
I - o ~ ,  X ~ o - 

o 7 5 "~ 6~ 
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080 162 189 
0 2 125 
0 8 ~. 110 109 

o , - 21 o~' ~ 
0 9 7 75 - 53 ..... ~ . N  
o l o  2 - 

1 0 & 2~ -195 
1 o 5 ~ ~ 5  o ~ . ~ . ~  
i o 
I 0 8 171 -162 
i 09 i00 62 

0 I0 122. -115 
0 ~ {1 52 I ~ 

1 012  ~55 -T?  
I i 518 -515 

I 1 2 1~1 -126  

1 1 • 
i 1 5 
i i 6 177 -161 
, , ; ~ -  
1 I 9 . .5~ 65 
1 I 10 1'.6 -159 
I 11.1 -~9- 1 
I 1 12 125 -i09 

I ~ 2 13a 122 
1 ~ 5 251 - 2~ .  
z 2 ~, 196 1"/'8 
z a 5 L>~8 -~5  
i 2 6 215 201 
1 2 .7 <k~ -  9 
1 2 8 12"7 1.19 
I a 9 ~ - 65 

- g 
1 5 I 4~8  
z 5 2 97 O~ 
1 

1 
]29 1 ~  

15.7 9, 89 

h k I o ~ .  c a i .  h k I Obj .  CLI. 

; ~ ~ - i ~  ~ ~ : ~ - ~  
- l o  

1 5 9 ~ 61 61 5 

1 6 5 k ~ 187 -220 

~ 6, i~.~5~ ~ ~ ; <~.~ i < 5~ 79 1~  -126 
1 6 ~ ~.~ - 17 
2 0 196 i~8 ~ ~i09 ~.72 

2 0 59 

o 9 i ' .5  - i ~ 9  o ~6, ~ ~ , ~ . - 1 ~ .  
~' o I=I 155 -155 5 5 '7 l l k , .  77, 
2 0 

~ 6 9 = ~  
5~ <70  15 2 i ~ b.7 5 i0 

21 

6 5 
< $6 - ~-) 6 '. 56~ 

I 19 <60 - 

2 1 15 < 67 9 

2 2 108 -i0~ k 9 152 -IZ7 
2 :'~9 a51 6 < 5o - 

<~ -~ .  
22  217 _~ 

65 1 I~9  

2 <. 71 - 2 1 12'. 
2 167 I~6 '. 2 7 llk 81 

2 2 
2 -86 

2 <~82(]02OO < ~  - 51 
- ~5 

5 19o 2o5 z) 5 .7 78 
2 1.1.0 8 "~ 61 

~ , ~ I ~  ' , ~ o  ~ _ 1 ~  
< 65 a6o "a 

2 5 9 <65 2'7 ~" ~" 5 ..50 ~`o <~.7 ~ , ~ , i),-~ 
% 1 - ,  

2 .. 
4 5 129 - l ~a  ~ 5 a ~ -  56 

2 kk '. ( '58 5"7 <61  

2 & ~ • 6k 55 E 5 5 < 65 ~0 
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~ 9 169-i 6 

2 ~. 2.1 157 -127 '. ~ < 70 - 9 6 i01 91 
2 5 0 1~0 -1&7 2 0 12k i0~ 
2 

~' 5 5 <65 800 ~9 
~ ,  i~.7 :~ . . . .  %1, lo~ 
5 i o 6 - L u  i o ~"a5-m.9 

70 9 

2 i <71 k I 0 <50  - 
2 6 0 125 -%15 12 I 0 < Ek -105 

< 68 - 2 2 0 24.7 -P-17 

~ o  ~ . 1 ~  12~ ~ , 5 " ~  2 ~ 0 2"72 272 <95  2 5 
2 1 o 15"5 . 1~  

0 1~  -161 
o ,~ ,55 -~  o,, ~ ~,oo ,o, 

-`O1 0 165 -lET 

5 I 6 ~ ' . 5  6 5 <% 5o 

-H5 
i %1 93 = z2 '. 6 o 165 i~ 

~,5.  ~ ~ o° ~ 

` o l  - BO 5 9 - 8 7 

. . . .  , , . ,  ; = ~  ~ : o < = - :  
, <, ,  o : : ~ .  

I ' ~ '  ~ ",~ ~ - ~  o ' o  ° I.:~ 
< -~  o o ~0~ ~9  
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borderline of being significantly different from normal  
C-C bond distances. However,  a reasonable explana- 
tion can be given for the somewhat  longer than  normal 
hydrocarbon distances which are observed. The C-C 
single bonds average about  1.61 /~ and the C-C double 
bond length averages 1-52 A. The norbornadiene 
molecule itself is a very  s trained molecule. Bond 
angles throughout  must  be made less than  normal  
te t rahedra l  angles and tr igonal coplanar angles in 
order to form the structure.  I t  seems not a t  all un- 
likely tha t  the change caused by the compression of 
these angles m a y  have some effect on the length of 
the bonds. 

The C,~--C3 and C~--C~ bond lengths of approx- 
imate ly  1.52 _~ are very  close to a single bond length. 
From infra-red da t a  the normal  C = C  double bond 
stretching mode is found somewhere near  1650 cm. -I 
(West, 1956). In  norbornadiene the band ten ta t ive ly  
assigned to the C = C  double bond stretching mode 
has a frequency of 1550 cm. -I (Cristol & Snell, 1958) 
which would indicate a lengthening of the double 
bond even in the unchelated molecule. The infrared 
absorpt ion spectra have been measured on several 
metal  complexes made with norbornadiene and in 
every case studied this 1550 cm.-1 band disappeared 
and a new band appears  a t  1410 cm. -1 (Alexander,  
Baenziger, Carpenter  & Doyle, 1960). This new band 
is believed to be the stretching mode for the chelated 
carbon atoms, and its f requency is approaching the 
range where the normal  C-C single bond stretching 
mode is found (--~ 1000 cm.-1). Thus the infrared 
da t a  also are consistent with a greater  length of 
the double bond in the complex. Aldeman,  Owston 
& Rowe (1960) found the ethylene complex tran~v 
~Pt (C2H4) (NH(CH3)2)CI2- - to  have c a r b o n - c a r b o n  
double bond length of 1.47 _~ and Baenziger (un- 
published refinement) has found the carbon-carbon 
double bond in the s tyrene-pa l lad ium chloride to be 
1.44 A (Baenziger & Holden, 1955). 

The angles in the norbornadiene s t ructure  must  all 
be less than  te t rahedral .  Norbornadiene can be con- 
sidered to be two fused cyclopentene rings having two 
sides and three carbons in common. Cyclopentane is 
almost  a p lanar  s t ructure  since the normal  angle of 
an equilateral  pentagon (108 °) is close to the te tra-  
hedral  angle. In  cyclopentene where one side of this 
s t ructure  is shortened and two angles approach the 
trigonal coplanar angle of 120 °, the sum of the other  
three angles must  decrease. In  norbornadiene with 
two cyclopentenes fused together a warp is placed in 
by geometry.  This warp, which is on a line running 
through the bridgehead carbons in each of the two 

fused rings, decreases the total  sum of the angles in 
each ring still further.  If  the decrease is now distr ibuted 
throughout  the angles, they  will all be less than  normal.  
All angles in norbornadiene in the complex not 
adjacent  to a double bond are approximate ly  equal 
and average about  99 °, which is about  10 ° less than  
the te t rahedra l  angle. The angles adjacent  to the 
double bond average about  106.6 °, which is about  3 ~': 
less than  the te t rahedra l  angle and about  14 ° less than 
the normal trigonal coplanar angle. The lengthening 
of these bonds has a l ready been pointed out. However,  
since these angles are still about  8 ° larger than  the 
other angles, some double bond character  is indicated. 
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