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Crystal Structure of the D imer  of Rhodium Chloride 1,5-cyclooctadiene 
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Rhodium(I) chloride 1,5-cyclooctadiene, RhCl(CsH12), crystallizes in the space group C~h-P21/n, 
with four dimeric molecules in the unit cell of dimensions 

a=9.05,  b=25.4, c=7.28/~;  fl=91.7 °. 

The crystal structure has been determined from three-dimensional Patterson and difference Fourier 
functions and has been refined by least-squares techniques. The conformation of the dimeric 
molecules suggested by Chart & Venanzi is confirmed. Each rhodium atom is bonded to the double- 
bond centers of a cyclooctadiene ring (boat configuration) and to two chlorine atoms in such a way 
as to give it a square-planar configuration. The bonding in this compound is thus very different 
from that  in (RhCI(CO)2) 2, in which the rhodium atoms are described by Dahl, Martell & Wampler 
as octahedrally coordinated. The geometry of the cyclooctadiene rings is not too well defined in the 
present study. Nevertheless the lengthening of the double bonds from a 'normal' value of 1.34 A 
to 1.44_ 0.07 /~ is significant, and is consistent with evidence based on the infrared spectra of the 
compound and of 1,5-cyclooctadiene. 

Introduction 

The present detai led invest igat ion of the molecular 
and crystal  s t ructure of rhodium(I)  chloride 1,5- 
cyclooctadiene was under taken  for two main  reasons. 
First ,  Dahl,  Martell  & Wample r  (1961) reported an 
unexpected structure for (RhCI(CO)2)~, in which each 
rhodium is described as octahedral ly  coordinated. 
The close parallel ism between the physical  properties 
of olefin complexes and carbonyl  halides of t ransi t ion 
metals  has f requent ly  been noted, and, in fact, Chat t  
& Venanzi  (1957) remark  on this paral lel ism in the 
case of (RhCl(CO)2)e and  rhodium chloride 1,5-cyclo. 
octadiene. We thus  thought  i t  of interest  to investigate 
the structure of rhodium chloride 1,5-cyclooctadiene, 
especially since we were unable  to visualize a structure 
in which the rhodium atoms were octahedral ly  co- 
ordinated. A second reason for the  present investiga- 
t ion was to a t t empt  to answer the question: How 
well can carbon ring geometry be defined in the 
presence of second-row t ransi t ion metals,  if in tens i ty  
da ta  collected at  room tempera ture  and es t imated 
visual ly  are used? Previous studies (e.g., Baenziger, 
Doyle, Richards  & Carpenter,  1961) have revealed 
tha t  under  these conditions the ring geometries are 
difficult  to define accurately,  bu t  since such studies 
in general did not take account of anisotropy in the 
the rmal  vibrat ions of the heavy  atoms it was not clear 
to us whether such poor definit ion results from 
inadequacies in the da ta  or in the theoretical  model. 

In  a pre l iminary  communicat ion (Ibers & Snyder, 
1962) we indicated tha t  the conformation of the 

* Present  address:  D e p a r t m e n t  of Chemist  .ry, Brookhaven  
Nat iona l  Labora to ry ,  Upton,  L.I . ,  New York.  

rhodium chloride 1,5-cyclooctadiene dimeric  molecule 
suggested b y  Chat t  & Venanzi  (1957) is correct: each 
rhodium atom is in a square-planar  configuration. 
In  the present  paper  we present the details of our 
study, define more thoroughly the structure,  and 
indicate tha t  the ring geometry is difficult  to define 
even when anisotropic thermal  motions of the heavy  
atoms are incorporated into the theoretical  model. 

Unit  cell  and probable  space group 

The crystals of rhodium chJoride 1,5-cyclooctadiene 
used in the present s tudy  were k ind ly  prepared by  
D. W. Ba rnum of these laboratories by  the reaction 
of rhodium chloride t r ihydra te  with the diene, as 
described by  Chart  & Venanzi  (1957). The deep 
yellow crystals exhibi t  a tabular  habit .  On the basis 
of cal ibrated precession photographs t aken  with Mo K a  
radiat ion RhCI(CsHle) crystallizes in a monoclinic cell 
of dimensions 

a=9-05_+0"05, b = 2 5 . 4 _ 0 . 1 ,  c=7.28+_0.05 A; 

fl = 91.7 +__ 0.2 °. 

The only systemat ic  absences observed on over- 
exposed precession photographs of the hkO and hO1 
zones and  on Weissenberg photographs of the hkl 
through hk6 zones were: 0k0, k odd; hO1, h+l odd. 
Thus the space group is probably  C~I~-P21/n, and a 
reasonable structure has been found on this assump- 
tion. 

A densi ty  of 1.93_+0.02 g.cm. -3 was measured 
pycnometr ical ly .  Water ,  with a smal l  amount  of 
Aerosol OT 75% wett ing agent added, was used as 
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the  pycnometr ic  fluid. The calculated densi ty  for eight 
monomer  molecules of molecular weight 247 in the 
uni t  cell is 1.95 g.cm.-~. 

Hence the solution of the s tructure involves the 
location of two rhodium, two chlorine, and  sixteen 
carbon atoms (and, of course, ideal ly the twenty-four 
hydrogen atoms). 

Collection and reduction of intensity data 

A crystal  of approximate  dimensions 0-06 × 0.02 × 0.003 
cm. was chosen for the in tens i ty  work. The use of a 
crystal  of this size is a reasonable compromise between 
possible absorpt ion errors and  convenient exposure 
t imes (Mo Kc~ radiation).  Wi th  a pr ismatic  crystal  
the possibi l i ty exists tha t  the absorption corrections 
to par t icular  intensit ies m a y  be large, even though 
the 'average'  value of /~R is small  (about 0.3 here) 
and  the angular  range of the data  l imited (0 _< 23 ° 
here). The reasonableness of the anisotropic thermal  
parameters  of the heavy  atoms (see below) is taken 
as an indicat ion tha t  absorpt ion errors were not 
serious. 

Since l~hCl(CsH12) is stable, the selected crystal  was 
s imply  a t tached to a quartz rod with silicone grease 
and  mounted  in air. Data  for the hkO through hk6 
zones were collected at room temperature  by  the 
equi-inclination Weissenberg technique with the use 
of Mo K a  radiat ion filtered through Zr foil. Ex- 
posures of the order of 1000 mA-hr,  were taken. 
For each exposure the camera was loaded with three 
sheets of I lford G Indus t r ia l  X-ray  film inter leaved 
with copper sheets. The data  were arb i t rar i ly  l imited 
to the reflecting sphere 2 -1 sin 0 _< 0.55 A -1. The 
ratio of temperature-modif ied atomic scattering fac- 
tors of Rh  : C1 : C is about  30 : 6 : 1 on this sphere; 
we felt  tha t  da ta  beyond this point  would contribute 
only to the better  resolution of the heavy  atoms, 
possibly at the expense of the resolution of the light 
atoms. 

The intensit ies were es t imated visual ly  by  compar- 
ison with an in tens i ty  strip. This strip, which consisted 
of t imed exposures of the (270) reflection, had a scale 
from 1 to 80, with 1 barely visible. In i t ia l ly  the 
intensit ies of only those reflections wi thin  the sphere 
2 -1 sin 0 <_ 0.35 A -1 were estimated. Approximate ly  
400 of the 600 independent  reflections within this 

range were observed. From these data  a successful 
tr ial  structure was derived. Structure ampli tudes  
based on this s tructure were of considerable aid in 
the indexing of those reflections between 

0.35 _< )-1 sin 0 _< 0-55/~-1. 

with our precession camera were not  successful, 
p resumably  because the severe requirements  on crystal  
a l ignment  and mechanical  perfection of the ins t rument  
imposed by  having the 25 _~ b axis parallel  to the 
Mo Kc¢ beam could not be met. Collection of Weissen- 
berg data  about  the b axis was difficult  because of 
the narrow screen slit required, and  the collection of 
da ta  about  the a axis was unat t rac t ive  because in 
this sett ing the short  dimension of the crystal  is along 
the rotat ion axis. For these reasons separate scale 
factors were carried for the seven zones hkO through 
hk6. The use of separate scale factors hinders to some 
extent  the determinat ion of the anisotropic the rmal  
parameters  of the heavy  atoms, bu t  i t  m a y  compensate 
par t ia l ly  for absorption errors. 

Since least-squares ref inements  were contemplated,  
no attempt was made to obtain estimates of inten- 
sities for those inner reflections hidden by the Weis- 
senberg beam stop. 

The estimated intensities were multiplied by the 
appropriate Lorentz and polarization factors to yield 
relative values of the squares of the structure ampli- 
tudes. Neither extinction corrections nor absorption 
corrections were applied to these data. The structure 
amplitudes were not scaled initially; the final scaling 
(Table 2) is based on the calculated structure ampli- 
tudes. 

Solution of the structure 

A successful trial structure was found very readily 
by standard methods. The rhodium and chlorine 
positions were located on a three-dimensional Patter- 
son* map which was based on the 400 inner reflections. 
The resultant four-membered ring of two rhodiums 
and two chlorine atoms confirmed the dimeric nature 
of the compound, originally inferred from molecular 
weight and magnetic susceptibility measurements by 
Chatt & Venanzi (1957). These heavy-atom positions, 
together with guessed-at isotropic thermal parameters 
and a single scale factor, were refined in one cycle 
of least squares. The resultant values of Fo-Fc 
were used in the calculation of a three-dimensional 
difference Fourier. On this Fourier map seventeen 
peaks whose heights were greater than one-half the 
maximum electron density were found, and sixteen 
of these were assigned to carbon atoms on the basis 
of a cork-ball model of the molecular structure. 

Convergence of a least-squares refinement,  based on 
the heavy-a tom parameters  previously obtained to- 
gether with the assigned carbon-atom positions, a 
single scale factor, and an assumed isotropic thermal  
parameter  for all carbon atoms, was an indicat ion 
tha t  the correct structure had  been found. The struc- 

Approximate ly  400 of the 1600 independent  reflections 
wi th in  this  range were observed and their  intensit ies 
est imated.  (The hk7 zone, which contains some reflec- 
tions wi th in  this range, was not  examined.) 

At tempts  to obtain useful correlation photographs 

* We are grateful to Dr A. Zalkin, Lawrence Radiation 
Laboratory, University of California, for making available 
his Fourier series program for the IBM 704. This program, 
when uued with the 'Compatibility Package' on the IBM 7090, 
requires about 20 rain. of machine time for 800 reflections 
and 50,000 grid points. 
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t u r e  is t h a t  p roposed  b y  Cha r t  & V e n a n z i  (1957), 
a n d  descr ibed  below (Fig. 1). 

R e f i n e m e n t  of the  s t ruc ture  

R e f i n e m e n t  of t he  s t r u c t u r e  was car r ied  ou t  a lmos t  
en t i r e ly  by  leas t - squares  techniques .  Since no reflec- 
t ions  were observed  i n d e p e n d e n t l y  more  t h a n  once 
the  we igh t ing  scheme sugges ted  p rev ious ly  (Ibers,  
1956) could n o t  be e m p l o y e d ;  r a the r ,  a scheme 
des igned  to  be a s m o o t h e d  a p p r o x i m a t i o n  to  we igh t (F )  
inverse ly  p ropor t iona l  to the  va r i ance (F )  was adopted .  
The  scheme a l lo t t ed  c o n s t a n t  we igh t  for F _ 3"5Fmln, 
a n d  we igh t  p ropo r t i ona l  to  F -2 for F > 3"5Fmin. Th i s  
is e s sen t i a l ly  t he  scheme devised  b y  H u g h e s  (1941). 
A l t h o u g h  dif ferent ,  ' r easonable '  we igh t ing  schemes 
m a y  resu l t  in  d i f fe ren t  bond  d is tances ,  such differences 
will  p r o b a b l y  no t  be s ign i f ican t  (cf. e.g. Ibers  & 
Cromer,  1958; Baenziger ,  Doyle ,  R i c h a r d s  & Carpen-  
ter ,  1961). R e f i n e m e n t s  were based on F ,  no t  F 2 a n d  
on observed  ref lect ions only.  The  B u s i n g - L e v y  (1959a) 
leas t - squares  p r o g r a m  for t he  I B M  704, w i t h  special  
pa t ches  as necessary ,  was used w i th  the  ' C o m p a t i b i l i t y  
P a c k a g e '  on the  I B M  7090. I n  th i s  w a y  a b o u t  a 
th reefo ld  a d v a n t a g e  in  speed is rea l ized  over  calcula- 
t ions  on the  704. I n  the  p resen t  case one cycle of 
f u l l - m a t r i x  l eas t - squares  (800 da ta ,  87 pa rame te r s ,  
i sot ropic  t h e r m a l  pa r ame te r s )  requi res  a b o u t  8 rain. 
of m a c h i n e  t ime.  

Fo r  t he  ca lcu la t ion  of s t ruc tu re  factors  the  a tomic  
s ca t t e r ing  fac tors  for Rh ,  C1, a n d  C of T h o m a s  & 
U m e d ~  (1957), D a w s o n  (1960), a n d  Hoern i  & Ibers  
(1954) were used.  A correc t ion  for anomalous  disper-  
sion was appl ied  to  t he  r h o d i u m  a t o m  sca t t e r i ng  fac tor  
(Temple ton ,  1962). 

The  in i t i a l  r e f i n e m e n t  was based  on all  of the  
observed  ref lect ions,  on separa te  scale fac tors  for t he  
i nd iv idua l  zones, a n d  on ind iv idua l  i sot ropic  t h e r m a l  
p a r a m e t e r s  for all  a toms.  Thus  the re  were 87 pa ram-  
e ters  to  be d e t e r m i n e d  f rom the  779 non-zero  reflec- 
t ions .  (The presence of h y d r o g e n  a t o m s  in t h e  s t r u c t u r e  
was ignored  in  th i s  a n d  in  s u b s e q u e n t  re f inements . )  
This  r e f i n e m e n t  converged  a f te r  several  cycles to  a 
s t r u c t u r e  in  which  the  C-C single bonds  r anged  f rom 
1.2 to 1.8 J~ in length .  A difference Four ier ,  in which  
the  Fc of t he  h e a v y  a toms  were s u b t r a c t e d  f rom Fo, 
was t h e n  ca lcula ted .  The  ca rbon  a t o m  pos i t ions  on 
th i s  difference Four i e r  were far  be t t e r  resolved t h a n  
t h e y  were on the  in i t i a l  difference Four ier .  The  genera l  
a g r e e m e n t  be tween  these  pos i t ions  a n d  those  of the  
leas t - squares  was  no t  too  good;  some pos i t ions  de- 
v i a t ed  b y  as m u c h  as 0"3 ~ f rom the  l eas t - squares  
pos i t ions .*  C o n t r a r y  to  the  exper ience  of o the r s  

* The peak  centers  were ca lcula ted  with the  use of an 
I B M  7090 p rogram based  on the  27 poin t  leas t -squares  m e t h o d  
of Shoemaker  et al. (1950). Since the  grid spacing was a b o u t  
0"2 /it and  since the  peaks  over lap  slightly,  the  unce r t a in ty  in 
the  posi t ions of the  peak  centers  is p robab ly  a b o u t  0.1 A 

Table  1. A t o m i c  parameters  fo r  (RhCI(CsHle))2* 

Atom x a(x ) y a(y ) z a(z ) B a( B) 

Rh 0.3894 0.0004 0.3248 0.0002 0.4347 0.0005 2.21 0.10 
Rh'  0.6419 0.0004 0.4137 0.0001 0.6342 0.0005 2-39 0.10 

C1 0.4242 0-0015 0.3677 0.0006 0.7225 0.0018 3-71 0.30 
CI' 0.6241 0.0014 0.3605 0.0006 0.3645 0.0020 3.81 0.30 

1 0.394 0-006 0.265 0.002 0.236 0-008 4.8 1.4 
2 0.318 0.004 0.314 0.002 0.164 0.006 2-0 0.9 
3 0.154 0.008 0.327 0.003 0-119 0.010 7.3 1.8 
4 0.080 0.007 0.317 0.003 0-286 0-010 6-5 1.7 
5 0.155 0.006 0-317 0-002 0-487 0.008 4.4 1.2 
6 0.238 0.005 0.272 0.002 0.544 0.007 3-1 1.0 
7 0.236 0-005 0.215 0.002 0.440 0-007 3.4 1.1 
8 0.299 0.005 0.219 0.002 0.270 0.007 3.3 1.1 

1' 0.870 0.005 0.431 0.002 0.597 0.008 3-6 1.2 
2' 0.787 0.006 0.468 0.002 0.510 0.009 4.7 1.3 
3" 0.773 0.007 0.526 0.002 0.600 0.009 5.5 1.5 
4' 0.649 0.010 0.529 0.004 0.753 0.015 10.8 2.8 
5' 0.595 0.005 0.474 0-002 0.831 0.007 2.8 1-0 
6' 0.695 0-005 0.436 0.002 0.912 0.007 3.4 1.2 
7' 0.858 0.006 0.439 0.002 0.954 0-009 4.9 1.4 
8" 0.925 0.006 0.438 0.002 0.790 0.009 5.2 1-5 

A t o m  #11 U(#ll) #22 (7(#22) #33 (~(#33) #12 (Y(#12) #13 (Y(#13) #23 (Y(~23) 

R h  0"0056 0"0004 0"0010 0"0001 0"0105 0"0008 -- 0"0001 0"0002 -- 0"0003 0-0005 -- 0.0001 0"0002 
l~h' 0.0077 0.0005 0.0009 0-000t 0-0113 0.0009 --0.0004 0.0002 --0.0003 0.0005 -- 0.0001 0.0002 

CI 0.0146 0.0021 0.0016 0.0003 0.0121 0.0032 --0.0024 0.0006 0-0018 0.0019 --0.0012 0-0007 
CI' 0.0124 0.0020 0.0014 0"0003 0.0201 0"0038 -- 0.0010 0.0006 0.0031 0.0020 -- 0.0010 0.0008 

* The positional parameters of aU the atoms and the anisotropic thermal parameters of the heavy atoms are based on the 
anisotropic refinement in which the isotropic thermal parameters of the carbon atoms given here were held constant. The isotropie 
thermal parameters of the heavy atoms given here are those derived from the isotropic refinement. 
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(e.g. l~ossmann et al., 1959) the thermal parameters 
of the misplaced carbon atoms were not significantly 
larger than the average. A final refinement with 
isotropie thermal parameters and the carbon atoms 
relocated in accordance with the positions of the 
difference Fourier converged rapidly to a structure 
with more reasonable bond distances. The value of 
the R factor, (~lFo-fFo[J/~Fo), was 0-101 for the 
779 non-zero reflections; the error of fit function 
(XW(Fo--JFcJ)~/(m-n))½ had the value 7.15. 

The difference Fourier provided evidence that  the 
heavy atoms, particularly the chlorine atoms, were 
vibrating anisotropically. On the assumption that  

proper account of such motion would lead to improved 
positions for the carbon atoms, a refinement based on 
anisotropic thermal parameters of the heavy atoms 
was attempted. The first attempt,  in which the 
positional parameters of all the atoms, the six in- 
dependent thermal parameters of each of the heavy 
atoms, and the scale ~aetors were varied, was un- 
successful: physically unreasonable shifts in the scale 
factors were obtained. We had failed to realize that  
since the scale ~actors and the ~ s  of the heavy atoms 
depend only upon l, and since the heavy atoms are 
the principal contributors to the structure amplitudes, 
the least squares matrix of normal equations is nearly 

Table 2. Observed and calculated structure factors 
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Atom 

Rh 
Rh' 

C1 
CI' 

Table 3. Root-mean-square thermal displacements (in J~)* 
Root-mean-square displacement 

^ 

Max. Int. Min. J_ to Rh, C1 plane In Rh, C1 plane 

0.18 0.17 0.15 isotropic 
0.19 0.18 0.16 isotropic 

0.29 0" 18 0" 16 0.28 0.17, isotropic 
0.27 0.20 0.19 0.27 0-20, isotropic 

* Estimated standard deviations: Rh, 0.01 /~; C1, 0.02 /~. 

singular,  t In  the succeeding ref inement  the scale 
factors from the isotropic ref inement  were used and 
were not varied. The thermal  parameters  of the carbon 
atoms from the isotropic ref inement  were held con- 
s tant  in this ref inement,  for a t t empts  to va ry  these 
while vary ing  the thermal  parameters  of the heavy  
atoms anisotropical ly led to physical ly  unreasonable 
the rmal  parameters  for the carbon atoms. The 
anisotropic ref inement  (84 parameters)  converged to 
a re l iabi l i ty  factor of 0.096 and to a value of 6.88 for 
the error of fit  function. The final  parameters  from this 
ref inement  (with carbon atom thermal  parameters  
from the isotropic ref inement)  are listed in Table 1. 
The values of Fc based on these data,  together with 
the values of Fo for observed and obscured reflections, 
are l isted in Table 2. The Fc values accordingly do not  
include the contr ibut ions from hydrogen atoms. The 
Fo values have been scaled absolutely with the use 
of the scale factors from the isotropic refinement.  
A check of the structure ampl i tudes  of the approx- 
imate ly  1400 unobserved reflections wi th in  the sphere 
~-1 sin 0 < 0.55 j~-i revealed none which we deem to 
exceed signif icantly (10% level) our est imates of 
Fmin. Therefore these da ta  are not  l isted in Table 2. 

None of the posit ional parameters  from the aniso- 
tropic ref inement  differs s ignif icantly (15% level) 
from the parameters  obtained from the isotropic 
refinement.  Similarly,  the improvement  in the reli- 
ab i l i ty  factor is not  significant  (Hamilton,  1961). 
The reason for this  lack of improvement ,  which is 
contrary to general experience, is apparent  from the 
ellipsoids of v ibra t ion  of the heavy  atoms (Table 3). 
In  agreement  with expectations,  the chlorine atoms 
are v ibra t ing  with considerably greater ampl i tudes  
normal  to the rhodium-chlor ine  p lanar  ring than  in it. 
However, the vibrat ions of the rhodium atoms are 
essentially isotropic. This we believe is reasonable on 
the basis of the molecular structure.  Since the rhodium 
atoms are v ibra t ing  isotropically, l i t t le improvement  
in agreement  between observed and calculated struc- 
ture ampli tudes  should result  when the heavy  atoms 
are allowed to vibrate  anisotropically. Incidental ly ,  
the values of the re l iabi l i ty  factor and error of fit  
funct ion for Fc calculated with omission of the carbon- 
a tom contributions and with (a) isotropic thermal  
parameters  and (b) anisotropic thermal  parameters  

t We are indebted to Prof. D. H. Templeton for a discussion 
in which he pointed this fact out to us. 

on the heavy  atoms are (a) 0.162 and  12.09, and  (b) 
0.157 and  11.88. 

Since the  anisotropic thermal  parameters  are sen- 
sitive to systemat ic  errors in the data,  the results of 
Table 3 would seem to indicate,  insofar as they  agree 
with our expectat ions concerning the na ture  of the 
vibrat ions of a toms in the molecule, tha t  systemat ic  
errors in the da ta  are not serious. On the other hand,  
sys temat ic  errors in the da ta  might  possibly be the 
explanat ion for the thermal  parameter  of a tom 4' 
(Table 1). (See Fig. 1 for the designation of atoms.) 
The isotropic thermal  parameter  of a tom 4' is sig- 
n i f icant ly  higher (at the 1% level) t han  the mean 
value of 4.3_+ 1.4 A e derived from the individual  
thermal  parameters  of the other fif teen carbon atoms. 
(None of these differs s ignif icantly from another.) 
There is no s t ructural  explanat ion  for this. Of course, 
the high thermal  parameter  might  indicate tha t  
a tom 4' is misplaced sl ightly from m i n i m u m  position 
(Rossmann et al., 1959). Because of this, and because 
the da ta  of Table 1 lead to rings with obvious distor- 
tions, fur ther  ref inements  were a t t empted  in which 
par t icular  carbon atoms, such as 4', or par t icular  
groups of carbon atoms, were del iberately displaced 
from the positions of Table 1 to 'more reasonable '  
positions. In  all cases after a few cycles the atomic 
positions were those of Table 1. This result, while it 
provides no explanat ion for the high thermal  param- 
eter value for 4', is comforting, for it makes it  seem 
l ikely tha t  the ref inement  has  converged to a t rue 
m i n i m u m  in mult i -dimensional  space. A check of the 
correlation mat r ix  reveals no unusual  correlations 
between B of atom 4' and  other variables. As men- 
t ioned above systemat ic  errors in the da ta  might  be 
the explanat ion for the high thermal  parameter  of 
a tom 4'. However, on the Fourier  map,  which is 
based on a weighting scheme very different from tha t  
used in the least-squares calculation, the peak height  
of a tom 4' is only about  75% of the average peak 
height  of the carbon atoms. Thus, we offer no positive 
reason for the high value of the thermal  parameter  
of a tom 4'. 

As indicated in the next  section, the da ta  of Table 1 
lead to rings which are distorted, a l though the dis- 
tortions are not  significant when account is taken of 
the uncertaint ies  in the positions of individual  carbon 
atoms. Although it  would be of great interest  to com- 
pare the present  results with those based on a model 
in which the rings were constrained to have certain 
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dimensions, the present case was not deemed to be 
a favorable one for a refinement with constraints. 
Such a refinement would be sensible (although it 
would involve much labor) for a problem in which 
the data were more reliable than here and in which 
the contributions of the atoms in the rings to the 
structure amplitudes were greater than they are here. 

Description of the structure 

The structure defined by the parameters of Table 1 
and by the equivalent positions of the space group 
is one in which individual molecules of (RhCl(CsH12))2 
of conformation depicted in Fig. 1 pack together 
tightly, with a given cyclooctadiene ring in contact 
with rings from three or four adjacent molecules. 
The cyclooctadiene rings have the boat configuration. 
Each rhodium atom is in an approximately square- 
planar configuration, being bonded to two chlorine 
atoms and to the double-bond centers of a cyclo- 
octadiene ring (Fig. 2). The closest approaches of 
carbon atoms from other molecules to a given rhodium 
atom are 3.79, 4.03, and 4.07 A_ in directions not 
normal to the plane of the double-bond centers, 
chlorine atoms, and rhodium atoms. Thus there is 
no evidence for a configuration other than dsp2 for 
the rhodium atoms. This configuration is markedly 
different from that found by Dahl et al. (1961) for 
the rhodium atoms in (RhCl(CO)2)2. The properties 
and reactions of these two compounds are similar, 
and thus one is reminded that  it is often difficult to 
correlate molecular structure with physical properties. 

7 

3 

6 

Rh' CI~ 1 , ~ ~ 8 ,  7' 

• 2 , ~  4 '  

3 '  

Fig. 1. Sketch of the  (RhCl- l ,5 -cyc looc tad iene)  2 molecule.  
The rhodiums,  chlorines, and double -bond  centers  are near ly  
coplanar.  

There are two imperfections in the square-planar 
arrangement of the rhodium atoms. First, a given 
rhodium atom is closer to the double-bond centers 
(2.00 /~) than to the chlorine atoms (2.38 /~), but the 
bond angles are only slightly different from 90 ° 
(Fig. 2). Second, the double-bond centers, chlorine 
atoms, and rhodium atoms do not lie exactly in a 
plane. In Table 4 the equation of the formal (unit 
weight) least-squares plane is given, together with the 
deviations of the individual atoms and double-bond 
centers from this plane. Only the deviations of the 
cMorine atoms are significant (at the 1% level); 
the two rhodium atoms and four double-bond centers 
do not deviate significantly from the plane. The 
double bonds are normal to this plane, within the 
accuracy with which their directions are determined 
in this study. 

C 1  

90o!  _ . 

c1 

Fig. 2. Pr incipal  bond  dis tances  (A) and  angles be tween  t he  
Rh,  C1, and double -bond  centers  (symbolized b y  O) .  

The packing of the molecules is tight. There is one 
C-C intermolecular contact (between symmetry re- 
lated 5' atoms) which is 3.3 A; all other C-C inter- 
molecular contacts are 3-7/~ or longer. There are some 
C1-C intermolecular contacts as short as 3-65 A. Such 
close packing may be the explanation for the devia- 
tions of the chlorine atoms from the least-squares 
plane. 

Table 4. Deviations (in A) of atoms and double-bond 
centers from least-squares plane 

Atom or A t o m  or 
center  Devia t ion  center  Devia t ion  

R h  --0.010 1-2 0-12 
Rh' -- 0.003 5-6 0.04 
C] -- 0.16 1 '-2" 0.08 
Cl' --0.19 5--6" 0.I1 

Equation of unit normal to the formal (unit weight) 
least-squares plane is 

m ---- -- 4.589b~ -t- 19.381 b 2 -- 2-805b3 
~vV " ~ • • her~ the  bi s are the  reciprocal  latrine vectors.  The origin 
to plane dis tance is 3.355 A. Leas t - squares  plane was based  
on equat ion (11) of Schomaker  et al. (1959). 

Table 5 lists selected intramolecular bond distances 
and angles. These have been computed with the help 
o~ the Busing-Levy (1959b) error function program 
from the final least-squares output tape. The standard 
deviations attached to individual distances and angles 
are those derived in this way from the complete 
inverse error matrix and so include the effects of 
correlation between variables. In Table 5 there are 
also given for a given set of distances or angles, 
mean bond distances or mean bond angles, together 
with the standard deviation of an individual member 
of the set on the assumption of equivalence. There 
are no significant deviations (5% level) of members 
of a given set from the mean of the set, and so the 
ensuing discussion is limited to mean distances and 
angles. Similarly, the distances and angles depicted 
in Fig. 2 are mean values. 

The Rh-C1 distance of 2.38 + 0.01 A is within the 
range of 2-32 to 2.41 /~ tabulat-ed by Baenziger et al. 
(1961) for Pt-C1 and Pd-C1 distances. The distance 
also compares well with the Rh-C1 distances of 2.33 
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Table  5. Selected intramoIecular bond distances 
(in t~) and angles 

Distance A-B 

A-B d(A-B) a(d(A-B)) 
Rh-Rh '  3.498 0-005 

Rh-C1 2.37 0.01 
Rh-CI' 2.38 0.01 
Rh'-C1 2.39 0.01 
Rh'-CI'  2.39 0.01 

2.38 0.01 

Rh-1 2.10 0.06 
Rh-2 2.07 0.04 
Rh-5 2.18 0-05 
Rh-6 2.10 0.05 
R h ' - l '  2.13 0.05 
Rh ' -2 '  2.13 0.06 
Rh ' -5 '  2.14 0.05 
Rh'-6 '  2.14 0.05 

A-B d(A-B) a(d(A-B)) 
Cl-CI" 3.22 0.02 

Rh-3 3.09 0-06 
Rh-4 2.98 0.06 
Rh-7 3.12 0.05 
Rh-8 3.04 0.05 
Rh ' -3 '  3.10 0.06 
Rh ' -4 '  3.05 0.10 
Rh'-7 '  3.07 0-06 
Rh'-8 '  2.84 0.06 

3.04 0.09 

1-2 1.52 0.07 
5-6 1-42 0.07 
1'-2' 1.36 0.07 
5'-6' 1.44 0.06 

2-12 0.03 1.44 0.07 

2-3 1.54 0.04 1-6 2.69 0.08 
3-4 1.43 0-09 2-5 2.81 0.07 
4-5 1.59 0.09 1'-6' 2.82 0-07 
6-7 1.63 0.07 2'-5' 2.95 0.08 
7-8 1-39 0.07 2-82 0.10 
8-1 1.46 0.07 
2'-3' 1.61 0.08 3-8 3.21 0.08 
3"-4' 1.61 0.12 4-7 3.14 0.08 
4'-5' 1.58 0.10 3'-8' 2.95 0.09 
6'-7' 1.50 0.07 4'-7' 3.27 0.11 
7'-8' 1.36 0.08 
8--1' 1-48 0.08 3.14 0.14 

1-52 0.09 

Angles A-B-C 
A-B-C /_ (A-B-C) a(/(A-B-C))  
1-2-3 132 4 
4-5-6 118 5 
5-6-7 125 4 
8-1-2 117 4 
1'-2'-3' 119 5 
4'-5'-6'  123 5 
5--6'-7' 130 5 
8'-1'-2'  122 5 

123 6 

2-3-4 105 5 
3-4-5 125 5 
6-7-8 110 4 
7-8-1 118 5 
2"-3'-4" 113 5 
3'-4'-5'  116 7 
6'-7'-8' 106 5 
7'-8'-1' 133 5 

116 10 

CI'-Rh-C1 85" 3 0- 4 
CI'-Rh'-C1 84.7 0.4 
Rh-C1-Rh' 94.4 0.5 
Rh-CI ' -Rh'  94.5 0.5 

a n d  2.38 found  b y  D a M  et al. (1961) in  (lZhCl(CO)e)9. 
The  l ~ h - R h  d i s t ance  of 3.498+_0"005 /~ m a y  be 
compared  w i t h  t h a t  of 3-31 /~ in  the  ca rbony l  a n d  
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with a Pd-Pd distance of 3.46 A in (styrene-PdCl2)2 
(golden & Baenziger, 1955) and in (EtPdCle)2 (Demp- 
sey & Baenziger, 1955). The double-bond center to 
rhodium distance of 2.00 i 0.04 /~ compares well with 
the double-bond center to palladium distance of 
2.04 ~ in norbornadiene dichloropalladium (II) (Baen- 
ziger et al., 1961). 

Even though account has been taken of the aniso- 
tropic nature of the heavy atom vibrations the ring 
geometry is not well defined. The single bonds cannot 
be distinguished from the 'double' bonds on the basis 
of length. On the basis of their positions relative to 
the rhodium atoms they can be. The twelve single 
bonds average 1.52±0-09 ~, with no individual 
s igni f icant  v a r i a t i o n s  (5% level) f rom th i s  mean.  The  
four  double  bonds  ave rage  1.44__0.07 -~ w i t h  no 
s ign i f ican t  va r ia t ions .  This  va lue  m a y  be compared  
w i t h  1.46 +_ 0-04/~ in  no rbo rnad iene  d ich lo ro -pa l l ad ium 
(II)  a n d  w i th  1.43_+0"15 /~ in  (styrene-PdC12)2 
(Baenziger  et al., 1961). The  95% f iducia l  l imi t s  for 
th i s  m e a n  a n d  s t a n d a r d  dev ia t i on  are 1-35 a n d  1.53/~,  
a n d  so the re  is a b o u t  a 2 %  chance  t h a t  t he  m e a n  of 
1.44 ~ w i t h  a s t a n d a r d  d e v i a t i o n  of 0.07 J~, based  
on a sample  size of four,  can  be f rom a n o r m a l  popula-  
t i on  whose m e a n  is 1.34 J~, t he  n o r m a l  doub le -bond  
length .  I t  is t h u s  l ike ly  t h a t  the  double  bonds  in  
1,5.cyclooctadiene h a v e  l e n g t h e n e d  u p o n  be ing  bonded  

to  t h e  r h o d i u m  a tom.  
A compar i son  of t he  in f r a red  s p e c t r u m  of 

(RhCl(CsH19.))2 w i t h  t h a t  of 1,5-cyclooctadiene provides  
cor robora t ive  ev idence  for a weaker  doub le -bond  in  
t he  complex.  A b a n d  a t  1657 cm. -1, which  occurs  in  
t he  s p e c t r u m  of 1,5-cycIooctadiene a n d  which  is 
assoc ia ted  w i th  C = C s t r e t ch ing ,  does no t  occur in  t he  
s p e c t r u m  of the  complex  a t  a f r e q u e n c y  h ighe r  t h a n  
1475 cm. -1, where  t he  m e t h y l e n e  d e f o r m a t i o n  b a n d  
occurs. W e  were unab l e  to  i d e n t i f y  t he  C = C s t r e t c h i n g  
b a n d  in  t he  s p e c t r u m  of t he  complex,  a n d  i t  is possible  
t h a t  i t  occurs  a t  a f r e q u e n c y  cons ide rab ly  lower t h a n  
1475 cm.-1. * N o t a b l e  a m o n g  o the r  differences be tween  
the  spec t ra  is a sh i f t  in  t he  f r equency  of t he  olefinic 
h y d r o g e n  out -of -p lane  bend ing  mode.  I n  t he  spec t ra  
of 1,5 cyclooctadiene a n d  of mos t  o the r  cis-olefins 
th i s  mode  appea r s  as a s t rong  in f r a red  b a n d  n e a r  
675 cm. -1. I n  t he  complex  th i s  b a n d  is d i sp laced  to  
h igher  f requencies  ( > 7 7 5  cm. -1) t o w a r d  t h e  reg ion  
of h y d r o g e n  bend ing  f requencies  in  s a t u r a t e d  mole- 

cules ( > 1000 cm.-1). 
U n f o r t u n a t e l y  i t  is no t  possible,  on the  basis  of t he  

in f ra red  da ta ,  to  e s t ima te  w i t h  conf idence the  e x t e n t  
of the  l e n g t h e n i n g  of the  double  bonds  in  the  complex.  
There  is a b o u t  a 95% chance  t h a t  t he  double  bond  
m e a n  is less t h a n  the  single bond  mean ,  t h a t  is, t h a t  
t he  double  bonds  a n d  single bonds  are f rom d i f fe ren t  
popula t ions .  Moreover ,  t he re  is a b o u t  a 95% chance  
t h a t  t he  C - C - C  angle  is g rea te r  t h a n  the  C - C - C  

* For comparison a C-C single bond stretching frequency 
is in the region 1100-1000 cm. -1. 
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angle. I t  seems l ikely then  tha t  the 'double'  bonds 
in the  complex are in termedia te  in length to a normal  
single and  a normal  double bond. 

We feel tha t  we have obtained all of the information 
on the  r ing geometry which is possible with the present 
visual  in tens i ty  data.  We agree with Baenziger et al. 
(1961) tha t  in this  type  of problem bet ter  da ta  are 
probably  required if significant informat ion on ring 
geometry  is to be obtained. 
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The Crystal Structure of Iron Pentacarbonyl 
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Iron pentacarbonyl at - 8 0  °C. is monoclinic, probably Cc, with 

a=11.71, b=6.80, c = 9 . 2 8 A ;  fl=107.6°; Z = 4 .  

Intensities were collected for the three zones [010], [001], and [110] at temperatures ranging from 
--70 to --110 °C. The crystal structure was determined by heavy-atom methods, and refined with 
the aid of two-dimensional Fourier syntheses. The molecule has the expected form of a trigonal 
bipyramid, but is slightly distorted in such a way as to allow closer packing. 

Introduct ion  

Ewens & Lister (1939) have shown by electron- 
diffraction studies of the gas tha t  the molecule of iron 
pentacarb0nyl (Fe(C0)s) has the f0rm 0f a trig0nal 
bipyramid.  However, recent investigations in the 
Division of Pure Chemistry  have made it desirable 
to confirm this impor tan t  result  by  crystal-structure 
analysis.  

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

I ron pentacarbonyl  is a straw-coloured l iquid which 
freezes at  - 2 0  °C. The X-ray  da ta  were obtained 
from precession and Weissenberg photographs taken 

at  temperatures  ranging from --70 to --110 °C. 
Disti l led mater ia l  was sealed in a thin-wal led glass 
capil lary of about  0.4 ram. diameter ,  and single crystals 
were grown by  al ternate  slow freezing and par t iul  
mel t ing of the sample. Suitable crystals were easy 
to grow, but  when cooled to the working tempera ture  
they  invar iab ly  split  into two or more fragments.  
Sometimes the damage to the crystal was compara- 
t ively  slight, and the photographs were usable. All 
the X-ray  da ta  have been obtained from such photo- 
graphs. Mo K~ radia t ion was used throughout.  

The crystal da ta  at - 8 0  °C. (obtained from preces- 
sion photographs) are 


