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The results are accumula ted  in Table 1. The 
q u a n t i t y  t abu la t ed  is 1/E,, i.e. Ic/Io. To obta in  an 
es t imate  of the  accuracy of these numbers,  calcula- 
t ions were made  of a few pure absorpt ion corrections, 
wi th  the  results compared in Table 2 wi th  values 
from Vol. I I  of the  International Tables for X-ray 
Crystallography (1959). For  # D = 3 ,  the  errors are no 
more t h a n  a few ten ths  of 1%. These increase to 
2 -3% at  #D- -30 .  This should be a tolerable  error for 
any  pract ica l  work where ext inc t ion  or absorpt ion 
is this  severe. 

Table 1 is extended to values of aD where the  
reflected in tens i ty  is becoming independent  of the  

Table 2. Comparison of calculated pure absorption 
corrections with those tabulated in the International 

Tables for X-ray Crystallography 

/zR 
1.5 

15.0 

0 CMc. Table Relative error 
15 9.843 9.88 0.0037 
25 8.766 8.79 0.0027 
35 7.668 7-68 0.0015 
45 6.722 6.74 0.0027 
55 6.000 6.00 
65 5.453 5.45 0.0006 
75 5.083 5.08 0.0006 
15 711.5 731 0.027 
25 321-3 313 0.027 
35 179.9 176 0.022 
45 117.6 115 0-023 
55 84.95 82.7 0.027 
65 65.86 64.8 0.016 
75 54.43 54.1 0.006 

s t ructure  factor,  and  the  l imit ing values of 1/Es are 
also included in  the  table.  The l imi t ing values for 
2 0 = 0  ° and  2 0 = 1 8 0  ° are exact ;  the  others were 
obta ined  by  extrapolat ion.  
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A'three-dimensional structural analysis of [BrMn(CO)4]2, a typical member of the group VII  metal 
tetracarbonyl halides, has been carried out. Crystals of [BrMn(CO)4]2 possess space group symmetry 
P21/c and contain four dimeric molecules in a monoclinic unit  cell of dimensions 

a=9.57_+_0"01, b=11.79+0.02,  c=12.91__0.02A, fl=109°30"+_10 '. 

Isotropic least-squares refinement of all twenty atoms has yielded final discrepancy factors of 
RI= 10.0% and R2=10"9%. The structure consists of discrete dimerie molecules formed by two 
octahedra joined at a common edge with bridging bromines equally shared between the manganese 
atoms. Within experimental error each molecular unit  is of D~h symmetry. The mean bond length 
for the four equivalent Mn-Br bonds is 2.526 +_ 0.005 A. 

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

Although a large number  of meta l  carbonyl  halides 
are known, to date  the  structures of only two of them, 
[C1Rh(CO)2]~ (Dahl, Martel l  & Wampler ,  1961) and  
I2Ru(CO)a (Dahl & Wampler ,  1962), have been deter- 
mined by  X- ray  diffraction. This paper  reports  the  
results of a three-dimensional  X- ray  invest igat ion of 
a th i rd  such compound, [BrMn(CO)4]2, which is a 

representa t ive  member  of the  t e t r aca rbony l  halides 
of the  group VI I  t r ans i t ion  metals.  

The dimeric character  of these compounds was 
f irst  de termined (Abel, Hargreaves & Wilkinson,  1958) 
from molecular  weight measurements  of the  rhen ium 
carbonyl  halides. A s t ructure  of D2a symmet ry  
involving the  connection of two octahedra  a t  an  
edge with bridging halogen atoms was suggested as 
a most  reasonable configuration. Other s tructures wi th  
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612 CRYSTAL STRUCTURE OF [BrMn(CO)4]~ 

metal-metal  bonds also were considered as pos- 
sibilities. The similarity of the IR spectra of the 
rhenium (Abel, Hargreaves & Wilkinson, 1958) and 
manganese (Abel & Wilkinson, 1959) analogues led 
Abel & Wilkinson (1959) to postulate an identical 
molecular structure for the compounds. The prepara- 
t ion of the corresponding technetium derivatives 
(Hileman, Huggins & Kaesz, 1961) has resulted in a 
detailed, systematic s tudy of the infrared spectra of 
the complete series of tetracarbonyl halides, 
[XM(CO)4]2, where M=M_u, Tc, Re, and X = C1, Br, I 
(E1-Sayed & Kaesz, 1963). An interpretation of the 
spectra of all these compounds is found to be con- 
sistent with the halogen-bridged structure of D2h 
symmetry,  in agreement with the preliminary X-ray 
results reported for [BrMn(CO)4]2 (Dahl, 1961). 

Experinaental procedure 

A sample of [BrM~(CO)4]2 was kindly furnished to us 
by Ors Clossen and Coffield of the Ethyl  Corporation. 
Yellow-orange single crystals suitable for X-ray 
examination were obtained by recrystallization from 
CC14 solution and loaded into thin-walled glass capil- 
laries which were then sealed. Under prolonged 
exposure to the X-ray beam the crystals decomposed. 
A cylindrical needle crystal of length 0.15 mm and of 
thickness 0-08 mm was used for obtaining intensi ty 
data  with Mo Ka  radiation; the crystal was sufficiently 
small (/zR was estimated to be 0.33) tha t  no absorption 
correction was applied. The lattice parameter a was 
determined initially from hO1 and hkO precession 
photographs and then finally by the method reported 
by Weisz, Cochran & Cole (1948). The b and c lattice 
parameters were obtained from both Weissenberg 
and precession photographs which were internally 
calibrated; fl was determined from precession photo- 
graphs. The density of the crystal was measured by 
the flotation method. Three-dimensional intensity 
data were collected from multiple-film equi-inclination 
Weissenberg photographs. A total  of 800 independent 
diffraction maxima, obtained for ten reciprocal layers 
from rotation of the crystal about b, were estimated 
visually by comparison with a set of standard intensity 
strips prepared from the same single crystal. The 
intensities were first corrected for Lorentz and 
polarization effects and then were put  on a common 
scale with the aid of the corrected hkO Weissenberg 
intensity data obtained from another crystal. Final 
adjustment of scale factors for the derived structure 
factors for different layers was made by least-squares 
refinement. 

Crystal data 

[BrMn(CO)4]2; mol.wt. 493.8; sublimes at  ca. 150 °C. 
Monoclinic, with 

a = 9 . 5 7 _  0.01, b=  11.79_ 0.02, 
c= 12.91 ± 0.02 A; f l= 109o30 ' _+ 10'. 

Volume of unit  cell = 1,373 A 3, Dm = 2.39 g.cm-3 
(by flotation), Z = 4 ,  Dc=2.35 g.cm-3; F(000)=928.  
Linear absorption coefficient for Mo K s  radiation, 
83 cm-L Systematic absences: (h0l} for 1 odd, {0k0} 
for /c odd. The probable space group, P21/c(C52h), 
was confirmed by the structural analysis. All atoms 
are in the general 4-fold set of positions (4e): 
+_ (x, y, z; x, ½ - y ,  ½+ z) (International Tables for X-ray  
Crystallography, 1952). 

Determination of the structure 

Two-dimensional Patterson projections were computed 
for the three principal zones. Since a t tempts  to 
formulate a tr ial  structure for the heavy atoms which 
would be consistent with these Pat terson maps were 
unsuccessful, a three-dimensional Patterson function 
was calculated at  intervals of 1/30 along each axis. 
The interpretation of the Patterson synthesis yielded 
trial  coordinates for both the manganese and bromine 
atoms. Two manganese and two bromine atoms 
appeared to be located on alternate corners of a 
rhombus plane. The trial  parameters of these four 
heavy atoms were refined by an essentially diagonal 
least-squares program (Senko & Templeton, 1956) 
on an IBM 650 computer with individual isotropic 
temperature factors and constant weighting. After 
three cycles a final discrepancy value of /~1-- 
[ZlIFol-]Fc[I/~,]Fo[] x 100 = 21.3% was obtained. A 
three-dimensional Fourier synthesis was next carried 
out in order to locate the positions of the carbon and 
oxygen atoms. The resulting synthesis clearly revealed 
the positions of the light atoms. Final refinement of 
all parameters including individual isotropic temper- 
ature factors as well as ten scale factors was carried 
out on an IBM 704 computer with the Busing & Levy 
(1959a) full matr ix least-squares program. After six 
cycles final discrepancy values of R l=10 .0% and 
R e = [ X w ] l F o l -  [Fcll2/Xw]Fo[2]½ x 100-- 10.9% were ob- 
tained, the maximum positional parameter shift 
for the final cycle being 46 % of its standard deviation. 
Variable weights (Hughes, 1941; Lavine & Lipscomb, 
1954) were assigned for the observed structure factors 
as follows : 

~/w= 10/Fo if Fo >_ 4Fo rain ; 

Vw=Fo/l'6F2o n~in if Fo< 4Fo ,nin . 

For manganese and bromine the scattering ~actors 
used were those of Thomas & Umeda (1957), while 
for carbon and oxygen the values used were those 
of Berghuis et al. (1955). Verification of the structural 
determination was made by calculation of a three- 
dimensional difference map which showed no residual 
values greater than 1.8 e./~ -8 or less than - 2 . 5  e./~ -3. 
The observed and calculated structure factors from 
the last cycle of the isotropic least-squares refinement 
are listed in Table 1. The final positional and thermal 
parameters and their standard deviations are given 
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614 C R Y S T A L  S T R U C T U R E  O F  [BrlVln(CO)4] 2 

Table  2. Fina l  atomic parameters, 

Atom x y z B 
B~  0.3938 0.7432 0.1950 1-69,~ ~ 5 
Br~ 0-3900 0.5082 0.3456 1.95 5 
Mn 3 0.1856 0.6270 0.2191 1.71 7 
]Vln 4 0.6005 0.6230 0.3210 1.31 6 
C 5 0"0496 0.5391 0.2403 1.21 40 
O~ --0.0483 0.4880 0.2572 6.43 47 
C~ 0.0541 0.7096 0.1290 1.61 44 
O s --0.0457 0.7691 0.0642 6.44 49 
C 9 0.1908 0.5332 0.1076 1.61 40 
O10 0.1998 0.4746 0.0315 3.76 39 
Cll 0.1936 0.7156 0.3336 2.20 48 
O12 0.1924 0.7789 0.4174 5.70 47 
Cla 0.7407 0.7033 0.2976 3-10 56 
O14 0.8372 0-7699 0.2892 3-57 39 
C15 0"5908 0.5350 0"1950 1-49 41 
Ole 0"5775 0.4848 0.1203 4-15 41 
C1~ 0"5968 0.7218 0"4392 2"33 47 
0is 0-5997 0-7671 0.5144 4-69 41 
C19 0"7401 0.5274 0.4101 2.76 50 
O20 0.8250 0.4679 0"4703 3.24 37 

with standard deviations 

104a(x) 104(~(y) 104(~(z) aB 
6 4 0.09 ~2 
5 4 0-10 
7 5 0.13 
8 5 0.13 

41 28 0-73 
52 35 1-13 
40 31 0.77 
53 39 1-13 
40 32 O-75 
36 29 0.77 
46 36 0.91 
47 38 1-05 
50 40 1.03 
44 28 0.82 
40 32 0.73 
42 33 0-82 
46 38 0.87 
45 32 0.89 
47 39 0.94 
33 29 0.71 

in  Tab le  2. Average  s t a n d a r d  dev ia t ions  of t he  coor- 
d i n a t e s  are  0.0072 A for m a n g a n e s e  a toms ,  0.0055 A 
for b romine  a toms ,  0.047 ~ for ca rbon  a toms ,  a n d  
0 . 0 4 5 / k  for  o x y g e n  a toms .  

I n t e r a t o m i c  d i s t ances  a n d  bond  angles  a n d  t he i r  
s t a n d a r d  dev ia t ions  were ca lcu la ted  w i t h  t he  B u s i n g -  
L e v y  F u n c t i o n  a n d  E r r o r  P r o g r a m  (Busing & Levy ,  
1959b). The  i n t r a m o l e c u l a r  d i s tances  a n d  bond  angles  
are  g iven  in  Tab les  3 a n d  4, respec t ive ly .  The  in ter -  
molecu la r  d i s tances  of t he  nea re s t  ne ighbors  (less t h a n  
3.5 /k) are t a b u l a t e d  in  Tab le  5. 

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

The  s t r u c t u r e  is composed of d iscre te  d imer ic  mole- 
cules. E a c h  molecu la r  u n i t  (Fig. 1) is m a d e  up of two 

Fig. 1. The molecular configuration of [BrMn(CO)4] 2. 

o c t a h e d r a  wh ich  are  jo ined  a t  a common  edge w i t h  
b r idg ing  b romine  a toms  e q u a l l y  sha red  be tween  the  
m a n g a n e s e  a toms .  W i t h i n  l imi t s  of a c c u r a c y  as 
i n d i c a t e d  b y  the  s t a n d a r d  dev ia t ions  of bond  l eng ths  
a n d  b o n d  angles  (Tables  3 a n d  4), t he  molecu la r  
p o i n t  s y m m e t r y  is D~a-mmm. 

Tab le  3. Intramolecular distances, 
with standard deviations 

Bond Distance 

Mna-Br 1 2.521 ± 0-009 A 
Mna-Br 2 2-514 ± 0.009 
Mnd-Br 1 2.534 ± 0.010 
Mnd-Br9 2.533 ± 0.010 

Mnz'..lVln a 3"743+0.008 
Brl- • • Br9 3" 392 ± 0.008 

M_na-C s 1"76 ± 0.04 
Mna-C 7 1.71 ± 0.04 
~n4-C13 1-75 ± 0.05 
Mn4-C19 1"83 +_ 0.05 

Mn3-C 9 1"83 + 0.04 
Mn3-Cll 1"79 _+ 0.05 
M_na-C15 1.91 ± 0.04 
IM_nd-C17 1.93 ±0.05 

Bond Distance 

C5-O 6 1-19_+ 0.05/~ 
C7-O s 1.25 ± 0-06 
Cla-014 1.24_+ 0-06 
Cla-020 1.16_+ 0.05 
Ca-O10 1.23 + 0.05 
Cn-O12 1"32_+0.06 
C15-O16 1-10±0-05 
C17-O18 1.10_+ 0.05 

The  mean bond  l e n g t h  of t he  four  equ iva l en t  lVIn-Br 
bonds  is 2-526_+0.005 A. A l t h o u g h  t h e  i n d i v i d u a l  
M n - C  a n d  C-O bond  d i s t ances  v a r y  cons ide rab ly  a n d  
possess r e l a t i v e l y  h igh  s t a n d a r d  devia t ions ,  t he  mean 
M n - C  a n d  C-O bond  l e n g t h s  for  t he  e igh t  M_n-CO 
groups  of 1.81 _+ 0.02 a n d  1.20 Jr 0.02 A, respec t ive ly ,  
are  r e a s o n a b l y  close to  t h e  mean M n - C  a n d  C-O 
va lues  of 1.82 -+ 0.01 a n d  1.16 _+ 0-01 A, r espec t ive ly ,  
f o u n d  for  Mn2(CO)10 (Dahl  & R u n d l e ,  1963). The  

mean l e n g t h  of t he  four  M n - C  bonds  e s sen t i a l l y  co- 
p l a n a r  w i t h  t h e  Mn2Br2 r h o m b u s  is 1-76-+ 0.02 A;  
t he  mean l e n g t h  of t h e  o ther  four  M n - C  bonds  ap- 
p r o x i m a t e l y  pe rpend icu l a r  to  t he  r h o m b u s  p l ane  is 
1.87_+0-02 A. The  dif ference in  t h e  mean bond  
l eng ths  for these  n o n - e q u i v a l e n t  M n - C  bonds  is 
poss ib ly  s ign i f ican t  a n d  pe rhaps  m a y  be a t t r i b u t e d  
to  g rea te r  M - C n - b o n d i n g  for the  ca rbonyls  trans to  
t he  b romine  a toms  in  accord  w i t h  t he  r epo r t ed  trans- 
effect  for these  compounds  (Abel, H a r g r e a v e s  & 
Wi lk inson ,  1958). 
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Table 4. B o n d  angles, wi th  s tandard deviat ions 

Angle Degrees  Angle Degrees 
B r i - M n 3 - B r  ~ 84-7 _+ 0.3 Ca-Mna-C~ 91.5 _ 1.9 
B r i - M n a - B r  2 84.0 _+ 0.2 Cia-lW_n~- Ci9 90.1 _ 2.3 

Mna-Br l -Mna  95.5___0"4 C~-Mna-Ca 89.0_+ 1.8 
Mna-Br~-Mn 4 95.7 _+ 0.3 C~-Mna-C~ 90"9 _+ 1.9 

Ci l -Mna-C ~ 92.6 _+ 2.0 
B r i - M n a - C  ~ 92.2 _+ 1.4 Cii-Mna-C~ 92.8 _+ 2.0 
Br i -Mna-Cia  93.8 _+ 1.8 Cis-1W_na-Ci9 91.1 _+ 2.1 
Br2-1YIna-C 5 91-5 _ 1.3 Cis-l~In4-Cla 88.2 __ 2.2 
Br2-Mna-Ci9 92.1 _+ 1.5 Civ-lW_n~-C19 94.4 _ 2.0 

Ci~-lHn¢-Cla 91.6 __ 2.3 

Brx-lHn3-Cll 88.1 _ 1.5 Cp-Mn3-C n 175-9_ 1.9 
Bri-Mn¢-Ci~ 87.3 -+ 1.4 Ci5-1W~nd-CI~ 174.5__ 1.9 
B r i - M n a - C  9 90.1 _ 1.3 
Bri-iY[nd-Ci5 87.2 + 1.2 1~¢In3-C6-06 174.1 _+ 4.2 
Br2-Mna-Ci i  88.8 _+ 1-5 Mna-CT-O 8 178-1 -+ 4.0 
Br2-Mna-C 9 87.4 -+ 1.3 M_na-Cp-Oi0 176.3 _+ 3.9 
Br~-Mnd-Civ 89-9 + 1.4 !~¢Ina-Cil-Oi2 177.0_+ 4"0 
Br2-Mn¢-C15 90"1 _+ 1-3 !~Ind-Cia-Oia 172 .4_  4.8 

Mn4-C15-Oi6 176.4_+3"6 
Bri-~Clna-C 5 176.1 _ 1.4 Mnd-Civ-Ois 171.6_+ 4.9 
Bri-Mnd-Cl~ 175.7_+ 1-7 Mnd-C19-O20 176.6_+4"0 
Br~-Mna-C 7 176.5 _ 1.4 
Br2-Mna-Cia 177.3_+ 1.6 

The best plane through the Mn2Br2 rhombus and 
the four equivalent carbonyl groups t rans  to the 
bromines (i.e., C5-06, CT-Os, Cis-Oid, Ci9-09.0) passes 
within 0.007 X of the Mn and Br atoms and within 
0-10 ~ of the carbon and oxygen atoms. The equation 
of the plane was calculated by  the method of least 
squares (Smith, 1962) in which the following weights 
were given to the individual atoms forming the plane: 

Weight of a t o m = l / ( a b c a ( x ) a ( y ) a ( z ) ) §  where a, b, 
and c are cell constants; a(x),  a(y),  and a(z) are 
standard deviations of the atomic coordinates. The 
equation of this plane and the deviations of the atoms 
from the plane are: 

0 . 264X-  0.577 Y -  0.773Z + 6.112 = 0 
[Brl, 0.004; Br% 0.004; 1W_~, 0.007; Mna, 0.007; 
Cs, 0-04; 00, 0.04; C7, 0.06; Os, 0.09; C18, 0.06; 
014, 0.06; Cip, 0.07; 020, 0.05 A] 

where X, Y, and Z are orthogonal coordinates ex- 
pressed in ~_ units. These orthogonal directions are 
related to the axes of the monoclinie unit  cell by the 
transformation X = ax  + cz cos fl, Y = by, Z = cz sin ft. 
The variations of the atoms from the best plane are 
probably due to experimental error. 

Figs. 2 and 3 illustrate the arrangement of the 
molecules in the unit  cell viewed down the [100] and 
[001] directions, respectively. The intramolecular 
Mn-Mn directions in the four dimeric molecules are 
parallel to one another;  the Mn-Mn direction is 
approximately perpendicular to the (100) plane. The 
mean Mn2Br2 rhombus planes are in two different 
orientations at  angles of 54 ° 45' to the (010) plane 
and are related to each other by  a c glide plane 
(and a 2i axis). For clarity Fig. 3 shows the carbonyl 

I - i 

0 8  014 012 018 ~ f ~ ' / - J Z / ~ ; "  ~ ;  ~ I 

: .  - -  _ 

: ?  °" ' 2 2 2 2  

o J l ~ /  4 ~ s ~  z 8 9 lo 11 ~2 
J C sin f l  - ~  1 

Fig.  2. [100] p ro jec t ion  of the ~_ i t  cell. 
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2 ¸ ~ 

. .  ° . . . . . . .  

1 2 5 4 ~ 7' 8 

I / 4  I / 4  I/4 

a sin/~ 

Fig. 3. [001] projection of the ~A t  cell. 
The carbonyl  posi t ions  for  only  the  basic  molecule  are shown.  
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groups for only the one molecule corresponding to the 
posit ional  parameters  l is ted in  Table 1. This [001] 
uni t  cell project ion reveals the packing of all  the  
bromine and  manganese  atoms in  essential ly four 
planes paral le l  to the (100) plane. The four pairs of 
bromines lie only in  the  equivalent  inner  planes, 
while the  eight manganese atoms occupy all  four 
planes in  pairs. The closest intermolecular  distances 
(Table 5) indicate  tha t  the p r imary  interact ions 
between molecules are only van  der Waals  forces. 
Each bridge halogen contributes three electrons in 
bonding with the two metals  (or a l te rnat ive ly  four 
electrons to the two Mn(I)) by  ut i l izat ion of two 
equivalent  s -p  h y b r i d  orbitals and  one of its usual ly  
unshared  electron pairs;  the  result ing formation of 
normal  electron-pair  me ta l -ha l ide  bonds provides 
each meta l  wi th  the ' inert  gas' configuration without  
the invoking of a m e t a l - m e t a l  interaction.  The non- 
bonding in t ramolecnlar  M n -  • • Mn distance of 3.74 A 
(e.s.d. 0.008 A) is much  longer t han  the bonding 
M n - M n  dis tance of 2-92 _~ found in  Mn~.(C0h0 
(Dahl & Rundle ,  1962). The unambiguous  establish- 
ment  of the Den molecular  configuration for 

Table  5. Intermolecular distances less than 3.5/~  

Atoms Atoms 

01s - 01sV 
Ols 01s n 
O19. 014 III 
Os 01o w 
01~ 02oI 
Os 02o H 
01s 01o n 
0 6 C19 III 
012 06IV 
0 s ClsIn 
Cn 01J n 
0 s 02o In 
0 a 06Iv 
01o 01s v 

Distance 

2.98 A 
3.24 
3.25 
3-28 
3-28 
3.28 
3.28 
3.30 
3-32 
3-32 
3-33 
3.36 
3.38 
3.38 

C n •..  O201 
Os.. CianI 
C7.. 010 vI 
O14"" Cs H 
012"" 016 II 
O14"" C9II 
06 • . 01611][ 
014"- 010 II 
014. .  Os xI 
Os-.  014 m 
C7.. 014 nI 
C17"" 016 II 
Os. .  02o I 

Distance 

3.38 A 
3-39 
3-40 
3.42 
3.42 
3.42 
3-42 
3.44 
3.44 
3-44 
3-46 
3-48 
3.49 

Superscripts refer to the transformation of (x, y, z) into 
the following atomic positions: 

I 1 --x 1 --y 1 --z 
II 1 --x  ½+y ½--z 
III -- I + x y z 

IV 1--x --½+y ½--z 
V 1 --x 1 --y --z 

VI --x 1 --y --z 

[BrlVla(C0)dJz, ~ typ ica l  member  of the  te t racarbonyl  
hal ide dimers of Mn, Tc, and  Re, is completely 
compatible  wi th  magnet ic  suscept ibi l i ty  measurements  
(Hileman,  Huggins & Kaesz, to be published) which 
show the compounds of Tc to be diamagnet ic .  These 
X- ray  results def ini te ly  indicate  tha t  corresponding 
dinuclear  meta l  carbonyls with other subst i tu ted 
l igands such as KH[ORe(CO)a]2 (Hieber & Schuster, 

1956), [CsHsSI~e(CO)4]2 (Hieber & Schuster,  1956), 
and  [(CsHs)2AsMn(C0)4]9 (Lambert ,  1961) should 
possess s imilar  D2h molecular configurations. 
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