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Crystals of Ru(CO)412 are monoclinic, space group C2/c, 

a=7.15_+0.02, b=11.04_0.03, c--12.70+0.03/~; fl=91.3+0.3 °, 

with four formula units per unit cell. Three-dimensional least-squares refinement of all atoms 
resulted in a final R value of 8-6%. The structure consists of discrete Ru(CO)412 molecules. The 
molecular unit of C~v-2mm symmetry is an octahedron of four carbonyls and two iodines; the 
iodines are cis to one another. 

Introduct ion 

Although extensive studies of the structural features 
of metal carbonyl halides have been carried out by 
infrared spectroscopy (Abel et al., 1958; Abel & 
Wilkinson, 1959; :Brimm et al., 1954; Chart et al., 1960; 
Edgell, 1961; Hileman et al., 1961a, b; Hinds, 1958; 
Irving, 1956; Irving & Magnusson, 1956, 1958; Wilson, 
1958; Wilt, 1960; Yang & Garland, 1957), to date the 
structures of only two compounds, [Mn(CO)4Br]2 
(DAM, 1961; DaM & Wei) and [Rh(CO)2C1]2 (DaM 
et al., 1961), have been unambiguously determined by 
X-ray diffraction. 

The present investigation of Ru(CO)412 is an out- 
growth of our work on the ruthenium carbonyls 
(Corey & DaM, 1961 ; Dahl et al.). Manchot & Manchot 
(1936) reported the preparation of three ruthenium 
carbonyls. Our first a t tempts  to prepare these com- 
pounds by their general method yielded a new com- 
pound, Ru(CO)412 (Corey et al., 1962). A molecular 
configuration for Ru(CO)412 was proposed from its 
infrared spectrum (Corey et al., 1962) and sub- 
sequently confirmed by this X-ray work. 

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

Golden yellow single crystals of Ru(CO)412 were 
prepared and isolated in our laboratory by Mr Eugene 
R. Corey (Corey et al., 1962). A small crystal of dimen- 
sions 0.20 × 0.13 × 0-04 mm. was chosen and used 
without absorption corrections. The lattice lengths 
were determined from precession photographs; fl was 
determined from a Weissenberg photograph. 

A total of 374 independent diffraction maxima were 
obtained with Zr-filtered Mo K s  radiation for nine 
reciprocal layers, hO1 to h81, by application of the 
usual Weissenberg multiple-film equi-inclination tech- 
nique. Intensities of all observed spots were estimated 
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visually by comparison with calibrated intensity strips. 
Timed-exposure precession photographs were taken 
for the 0kl and hk0 zones with Mo K s  radiation; 
the precession intensity data corrected for Lorentz- 
polarization effects were used to initially place the 
corrected Weissenberg intensity data on a common 
scale. 

Crystal  data 

Ru(CO)412; mol.wt. = 466.9; sublimes at 126 °C. 
Monoclinic, with 

a--7-15_+0.02, b=11.04_+0-03, c=12.70+0.03  ~ ;  

f l=91.3 +0.3 ° . 

Volume of unit cell= 1.002 j~3. Density: calculated= 
3.09 g.cm.-a; measured=2.98 g.cm. -a. Four molecules 
:per unit  cell; total number of electrons per unit cell, 
F(000) =824. Linear absorption coefficient for MoKc~ 
radiation, 82 cm.-1. Systematic absences: hkl for 
h + k odd; hO1 for 1 odd. Probable space group" either 
Cc(C~) or C2/c(C~h). The final space group chosen, 
C2/c, was determined by the structure ult imately 
found. 

Determinat ion  of the s tructure  

Two-dimensional Patterson projections were calculated 
for the three principal zones. Interpretat ion of these 
projections yielded a trial structure consistent with 
the space group C2/c; the four ruthenium atoms are 
located on two-fold axes corresponding to one set of 
four-fold special positions (4e), and the eight iodines 
occupy the general eight-fold set of positions (8f) 
(International Tables for X-ray Crystallography, 1952). 
These positions are as follows: 

8f (0 ,0 ,0 ;  ½,½,0)+x ,y , z ;  x , y , z ;  x ,y ,  ½-z ;  
x, ~2, ½+z. 

4e (0 ,0 ,0 ;  ½,½,0)+0,  y, ¼; 0 ,~ ,~ .  

The parameters obtained were refined by least-squares 
on an IBM 650 computer (Senko & Templeton, 1956) 
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w i t h  i nd iv idua l  i so t ropic  t h e r m a l  p a r a m e t e r s  a n d  
c o n s t a n t  weight ing .  A d i sc repancy  fac tor  

R = I ,  IIFoI--IF~II/IIFo I × lOO 

of 13.5 % was  o b t a i n e d  for th i s  r e f i nemen t  of r u t h e n i u m  
a n d  iodine a toms  only.  
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Fig. 1. A composite of contour sections of a three-dimensional 
partial-difference electron-density synthesis showing the 

positions of the ruthenium and iodine atoms, which are 

Tab le  1. Observed and calculated structure factors 

-6 , 6 ~ -O0 two asymmetric carbonyl groups in one molecule. The :~ 
~ .~, 

subtracted out, are indicated. Contours are at intervals of -~ ~ ~ ~ 
1 e.~ -a with lowest contour at 1 e.~ -a. i ' ~ ~ .1~ ~ 1~ .,~ 
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groups  of one molecule  a n d  ind ica tes  t he  reso lu t ion  
of these  l igh t  a t oms  o b t a i n e d  in  th is  h e a v y  a t o m  
problem.  

R e f i n e m e n t  of t h e  s t ruc tu re  on an  I B M  704 com- 
pu t e r  w i t h  a fu l l  m a t r i x  l e a s t - s q u a r e s  p r o g r a m  
(Busing & L e v y ,  1959) r e su l t ed  in  a f inal  d i s c repancy  
fac tor  R = 8 . 6 %  for the  374 observed  Weissenberg  
ref lect ions.  The  r e f i n e m e n t  aga in  was based  on in- 
d iv idua l  isotropic  t h e r m a l  pa rame te r s ,  b u t  va r i ab le  
we igh t s  (Hughes ,  1941; L a v i n e  & Lipscomb,  1954) 
were ass igned to  t he  observed  s t r u c t u r e  fac tors  
accord ing  to  t he  func t ions  ]/w= lO/Fo if Fo>4Fmin; 
Vw=Fo/l '6F~in if Fo <_ 4Fmin. Fo r  r u t h e n i u m  a n d  
iodine t he  s ca t t e r ing  fac tors  used  were those  of 
T h o m a s  & U m e d a  (1957); for ca rbon  and  o x y g e n  
the  values  used  were those  of Berghu i s  et al. (1955). 

The  observed  a n d  ca lcu la ted  s t r u c t u r e  fac tors  are  
compared  in  Tab le  1. Tab le  2 gives  t he  f ina l  pos i t iona l  
a n d  t h e r m a l  p a r a m e t e r s  t oge the r  w i t h  the i r  s t a n d a r d  
devia t ions .  

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

The  s t r u c t u r e  is m a d e  up  of d iscre te  Ru(CO)412 
molecules.  The  molecu la r  u n i t  can  be descr ibed  as a 
s l i gh t ly  d i s to r t ed  oc t ahed ron  w i t h  four  ca rbony l s  a n d  
two iodine a toms  s u r r o u n d i n g  a cen t ra l  r u t h e n i u m  
a t o m ;  the  iodines  are cis to  one ano ther .  W i t h i n  
l imi t s  of a c c u r a c y  imposed  b y  the  s t a n d a r d  dev ia t ions ,  
the  molecu la r  po in t  group s y m m e t r y  of t he  molecules  
is C2r2mm; on ly  the  two-fo ld  axis  is r equ i red  b y  the  
space group.  This  cis-octahedral molecula r  a r range-  
m e n t  is cons i s tcn t  w i t h  t he  in f ra red  spec t rum of the  

Position 
8f I --0.1564 0.1586 
4e Ru 0.0 -- 0.0110 
4e C 1 0.230 -- 0.001 
4e 01 0.355 --0.010 
4e C 2 0.119 --0.137 
4e Oe 0-180 -- 0.192 

Tab le  2. Final positional and thermal parameters with standard deviations 

x y z (;(x) a(y) a(z) B 
0.3757 0.0004 0"0004 0.0002 3"7 + 0-1 
0.2500 - -  0.0005 - -  2.5 + 0.1 
0.342 0.007 0.005 0-004 3.8 +__ 0.9 
0.384 0.004 0.005 0.003 3.8 __+ 1-3 
0.157 0.007 0.006 0.004 4.3 + 1.1 
0"099 0.005 0.005 0-004 5.8 + 1.1 
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compound (Corey et al., 1962) and is in agreement 
with the cis-octahedral configuration proposed for 
the homologue, Fe(CO)aI~, on the basis of dipole 
moment studies (Hieber & Weiss, 1956). 

Table 3. Intramolecular distances and angles 
with standard deviations 

D i s t a n c e s  (A) B o n d  angles  

R u - I  2.719 __ 0"007 I - R u - I "  92"9 4- 0"3 
R u - C  1 2"00 4- 0"05 C 1 - R u - I  87"7 4- 1-4 
R u - C  2 2"02 4- 0"06 C ~ - R u - I '  86"8_+ 1"7 
C1-O 1 1"03 4- 0"05 C e - R u - C  2' 93"4 4- 3"3 
C9-O 2 1-06 4- 0"07 C 1 - R u - I '  87"8 4- 1"4 
R u  • • • O 1 3"02 4- 0.04 C 1 - R u - C  2' 92"8 4- 1"9 
R u  • • • O 3 3.07 4-0"05 C ~ - R u - /  179"34- 1-3 
11 • • • I~ 3-94 4-0-01 O2-C2-Ru  1 7 0 " 8 + 5 - 0  

O 1 - C 1 - R u  169"8 4- 5"2 

Average standard deviations in coordinates were 
found to be 0-0055 A for ruthenium (i.e., along the 
two-fold axis), 0-0033 A for iodine, 0.054 A for carbon, 
and 0-044 J~ for oxygen atoms. Table 3 lists intra- 
molecular distances and angles with their standard 
deviations. The Ru- I  distance is 2-72 A (e.s.d. 0-007 A) ; 
the average Ru-C and C-O bond lengths of 2.01 J~ 
(e.s.d. 0.06 J~) and 1-045 A (e.s.d. 0.06 A) respectively 
are not known with sufficient accuracy to permit 
meaningful comparisons with other metal carbonyl 
bond lengths. The ligand-metal-ligand bond angles 
do not differ appreciably from those of a regular 
octahedron. Fig. 2 shows a molecule of Ru(CO)412. 

- -  ~ ~ ~ - - 9 2 . ~  
. e . e_ 
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I i o  

 :34 o2i 
! o 

1"03 ,~ 

Fig.  2. T h e  m o l e c u l a r  c o n f i g u r a t i o n  of Ru(CO)4I  2. 

Figs. 3 and 4 show the [100] and [010] projections 
of the Unit Cell respectively and clearly indicate the 
packing in the molecular crystal. If the two-fold axis 
of Ru(CO)¢I2 crystallographically oriented in the b 
direction is assumed to be along the molecular [110] 
direction, the [111] direction of each idealized octa- 
hedral molecule approximately coincides with the 

c axis. The centers of the molecules (i.e., ruthenium 
atoms) lie in rows along c which are located at x =0,  
y=O and x=½, y=½. All octahedra are similarly 
oriented except that  in a given row the iodines on 
adjacent octahedra are on opposite edges (see Fig. 3). 
Minimum intermolecular distances are 3-31 h for 
O ' ' '  O contacts, 3-50 A for I . . .  O contacts, and 
3.53 /~ for C ' "  O contacts. 

t 1 /4  t 1A 
C Sin/~ 

._ o; c ~  c,o, _~_ t _2  

1/4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1/4 

0 2 ~  02 

o-,- - -  - ..., ~ -  

41/4 ~I/4 
Fig.  3. [100] p r o j e c t i o n  of t h e  u n i t  cell. 

(, - 

I ° ~ I / 4 1  c~, ~ t -b~ o1/,~ A 

0 - %,~ 1 
C 

Fig.  4. [010] p r o j e c t i o n  of t h e  u n i t  cell. 

The preference of strongly ~r-bonding carbonyl 
~oups  for low metal valency states in transition 
metal carbonyl complexes (Hieber, 1948; I-I_ieber, 1952 ; 
Coates, 1961; Pauson, 1960; Nyholm, 1961) is illus- 
trated by the stability of the Ru(II) valency state in 
Ru(C0hI9 and in the corresponding complexes 
I~uL2(CO)212, where L is a monodentate ligand with 
an unshared pair of electrons available for a-bonding 
and with possible ~r-bonding capacity, e.g., nitrogen 
bases and derivatives of phosphines, arsines, and 
stibines (Irving, 1956; Hieber & Heusinger, 1956; 
Emelius & Anderson, 1960). Of course, some delocaliza- 
tion of charge on the metal is obtained by the utiliza- 
tion of the d-orbital electrons of the metal in z~-bonding 
with the empty antibonding CO g-type orbitals. I t  
should be noted that Ru(CO)412 obeys the 'inert-gas 
rule' which essentially means that  all the low-energy 
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bonding orbitals of the  metal  are utilized at  least to 
some extent  in stabilizing the molecule. 
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A Note On Self Consistent  Bond Lengths  for Tetracene and Pentacene 
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Approximate self-consistent bond lengths have been calculated for tetracene and pentacene. The 
agreement with recent experimental results, obtained from X-ray crystallography, is reasonable. 

Method and resu l t s  

Brown & Basset t  (1958) have described a very  quick 
method  for determining the  first-order eigenvector 
when a pe r tu rba t ion  is applied to a system which 

has a real symmetr ic  Hami l ton ian  matr ix .  Subse- 
quently,  Coulson & Golebiewski (1961) have applied 
Brown & Basset t ' s  result  in the  development  of a 
s imple  and  approximate ly  self-consistent me thod  for 
calculating the  bond lengths of conjugated systems. 


