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Crystal Structures of p-[2,2'-Bipyridylcadmium]-bis(pentacarbonylman- 
ganese) (2Cd-Mn) and p- [I ,I O-Phenanthrolinecadmium] - bis( pentacarb- 
onylmanganese)(ZCd-Mn) t 
By William Clegg and Peter J. Wheatley,' Department of Physical Chemistry, tensfield Road, Cambridge 

Crystals of the title compounds [bipyridyl complex (111). phenanthroline complex (IV)] are monoclinic with Z = 4, 
space group P2Jn; (111): a = 14.429(15), b = 15.805(16), c = 10.423(10) 8, p = 94.62(2)"; ( IV) :  a = 
14.574(15), b = 16-258(16), c = 10.453(10) 8, p = 96.87(2)". The structures were solved from diffractometer 
data by Patterson and Fourier methods and refined by least squares to R 5.27 (2041 reflexions) and 5.76% 
(1 431 reflexions) respectively. The two structures are closely similar: the cadmium atom is co-ordinated by two 
nitrogen and two manganese atoms in a distorted tetrahedral arrangement, and there is considerable distortion 
of the octahedral manganese co-ordination. Both molecules have approximate C2 symmetry. 

CB2 1 EP 

THE compound cadmiumbis(pentacarbonylmanganese), 
Cd[Mn(CO),],, forms adducts with a variety of Lewis 
bases.l We have previously reported two of these, both 

A. T. T. Hsieh and M. J. Mays, J .  Chem. SOC. ( A ) ,  1971, 729. 

containing terdentate ligands and, consequently, five- 
co-ordinate cadmium atoms: (terpy)Cd[Mn(CO)& (I),2 
and (diglyme)Cd[Mn(CO),],, (II).3 Most of the known 

W. Clegg and P. J. Wheatley, J.C.S. Dalton, 1973, 90. 
W. Clegg and P. J.  Wheatley, J.C.S. Dalton, 1974, 424. 

t Reprints not available. 

http://dx.doi.org/10.1039/DT9740000511


512 J.C.S. Dalton 
adducts, however, are with uni- or bi-dentate ligands, 
and are likely to contain four-co-ordinate cadmium. 
For the bidentate ligands 2,2'-bipyridyl (bipy) and 1,10- 
phenanthroline (phen), it is clear that the co-ordnation 
of the must be considerably distorted from the 

reach 109'5". we have determined the structures Of 

these two adducts [(Ill) and (Iv) respectively] to Obtain 
more information on the metal-metal bonhng and the 
co-ordination of the metal atoms. 

C-C-N external bisectors. In subsequent refinement cycles 
the shifts calculated for each carbon atom were applied also 
to the hydrogen atom bonded to it, so that each C-H bond 
maintained a Constant direction and length; there was one 
overall isotropic temperature factor for the hydrogen atoms. 
Three reflexions which appeared to be suffering from extinc- 
tion were not allowed to contribute to further refinement. 
The final R was 5-27%, and the largest shift/o ratio in the 
last cycle was 0.074. Weights calculated from counting 
statistics were used throughout. Complex neutral scatter- 
ing factors were used.9 157 Parameters were refined in all. 

because the N-Cd-N 

EXPERIMENTAL 

(biPY)Cd"ln(CO),I,? (111) 
Cf'yStd Data.-C,oCdH,NIn,nT,Olo, M = 658.6, &Tono- 

p = 94.62(2)O, U = 2369.3 A3, D, = 1.846, 2 = 4, D, = 
clinic, a = 14-429(15), b = 15-805(16), c = 10.423(10) A, 

1.83 (by flotation), F(000) = 1248. Space group P2Jn 
(from absences). Mo-K, radiation, h = 0.71069 A; ~ ( M o -  
I<,) = 20.4 cm-l. 

On preparation,l the compound crystallises as orange 
parallelepipeds, with dimensions typically in the ratio 
1 : 2 : 6, the longest dimensions being along [ l O i ]  and the 
shortest along c*. Crystals were mounted about [loll 
and [ 1011 for unit-cell and intensity measurements, which 
were made on a Stoe STADI 2 two-circle computer- 
controlled diffractometer operating on equi-inclination 
Weissenberg geometry, with Mo-K, radiation and a graphite 
monochromator. Cell dimensions were obtained by a least- 
squares fit of observed and calculated o settings for all zero- 
layer reflexions about each oscillation axis.4 Intensities 
were collected in the o-scan mode with a scintillation counter 
equipped with pulse-height discriminator. A pre-scan of 
1 s was made a t  the centre of the scan range of each re- 
flexion, and used to set step counting time and attentuation 
filters in order to achieve an approximate constant count 

The intensities of reflexions with 28 < 100" were 
measured from the layers hO-161 and ZkZ-6 + Z,k,Z. 
Crystal decomposition was monitored by measuring 10 
standard reflexions after each layer: the decay was small 
untiI after the h,12,1 layer for the first crystal; higher 
layers were not used for structure solution and refinement. 
No other corrections were made for decomposition, or for 
absorption. Reflexions for which the integrated intensity 
was < 30 (based on counting statistics) were rejected, and a 
background imbalance test was also applied.6 2041 Inde- 
pendent reflexions were assigned non-zero intensity, and 
placed on the same scale through common reflex ion^.**^ 

A Patterson map was solved for the metal atoms, which 
were used to phase a Fourier synthesis. The majority of the 
non-hydrogen atoms could be found, and the rest were 
located in a subsequent weighted difference synthesis., 
With an overall temperature factor U of 0.05 Pi2, R was 
22.5%. Refinement was by full-matrix least squares, and 
more temperature factors were introduced at  each stage, 
until R was 5-800/, with all atomic temperature factors 
isotropic except for the three anisotropic metal atoms. 
Hydrogen atoms were introduced at  positions 1.0 A from the 
corresponding carbon atoms, and lying on the C-C-C and 

* See Notice to -4uthors No. 7 in J.C.S. Dalton, 1972, Index 
issue. 

4 W. Clegg and G. M. Sheldrick, unpublished work. 
6 R. C. G. Killean, Acta Cryst., 1967, 23, 54, 1109. 
13 H. C. Freeman, J .  hl. Guss, C. E. Nockolds, R. Page, and 

A. Webster, Acta Cryst., 1970, A26, 149. 

(Phen)CdCMn(Co),l,, (IV) 
CvystaZ Dnta.-C,,CdH,n/ln,N,Olo, M = 682-6, Mono- 

clinic, n = 14-574(15), b = 16.258(16), c = 10.453(10) A, 

1.83 (by flotation), P(OO0) == 1328. Space group P2,/12 
(from absences). Mo-K, radiation; ~(NIO-K,) = 19.7 ern-1. 

Crystals from ethanol were orange plates, similar to those 
of (111) but thinner. The crystal axes bear the same re- 
lationship to the crystal habit in both compounds. Unit- 
cell dimensions and intensities were measured by the same 
methods as for (III), the layers used being hO-111, 1121, 
3 + Z,k,Z, and 4 + Z,k,Z. Absorption and decomposition 
corrections were not applied ; there were 143 1 independent 
non-zero structure factors. 

Structure solution and refinement followed the same 
plan as for (111). The value of R was 25.2% before refine- 
ment (overall U 0.05 A,), 6.21% before introduction of 
hydrogen atoms, and 5.76% finally. The largest shiftlo 
ratio in the last cycle was 0-012. Five reflexions were 
omitted in the last stages of refinement because of the 
suspected effects of extinction. The weighting scheme was 
w = W/(a  + lFol + bIFol2); W is the sum of the counting 
statistics weights for all equivalent reflexions which were 
averaged in the data reduction to obtain the observed 
structure factor F,; a and b were 2F,,, and 2/F,, re- 
spectively. 165 Parameters were refined in all. 

RESULTS AND DISCUSSION 

p = 96*87(2)', U = 2459.0A3, D, = 1.844, 2 = 4, D ,  = 

The results are summarised in Tables 1-5 for (111) 
and 6-10 for (IV). Estimated standard deviations are 
given in parentheses. Observed and calculated struc- 
ture factors are listed in Supplementary Publication No. 
SUP 20922 (22 pp., 1 microfiche).* Reflections not 
contributing to the refinement are marked with an 
asterisk. The labelling of the atoms is shown in Figures 
1 and 2;  in both Figures the direction of view is inclined 
at 15" to the normal of the Mn-Cd-Mn plane (cf. Figure 1 
of refs. 2 and 3). Each hydrogen or oxygen atom has the 
same number as the carbon atom to which it is bonded. 
The packing for the two structures is very similar, and 
is shown for (111) in Figure 3. 

The cadmium co-ordinations in the two compounds are 
almost identical, a tetrahedral arrangement distorted 
by considerable reduction of the N-Cd-N angle and 
expansion of the Mn-Cd-Mn angle. The former effect 
is due to the geometrical limitations of the bidentate 

7 A. D. Rae and A. B. Blake, Acta Cryst., 1966, 20, 686. 
8 G. H. Stout and L. H. Jensen, 'X-Ray Structure Deter- 

mination: A Practical Guide,' MacMillan, New York, 1968, p. 
360. 

9 D. T. Cromer and J. T. Waber, Acta Cryst., 1965, 18, 104; 
D. T. Cromer, ibid., 1965, 18, 17. 

http://dx.doi.org/10.1039/DT9740000511


1974 513 

ligand; the latter to  the bulky Mn(CO)5 groups. The 
only significant difference between the two co-ordination 
geometeieb is in the Mn-Cd-Mn angle. Bond angles are 
much more susceptible to intra- and inter-molecular 
forces than are bond lengths, and this not very great 
difference could be produced by the slightly different 
packing in the two structures due to the extra two carbon 
atoms in (117). 

TABLE 1 
(111) : (a) Fractional atomic co-ordinates (x lo4) and  isotropic 

vibrational amplitudes (A2 x lo3) for t he  non-hydrogen atoms 
xla 

16(1) 
3482(9) 

743(1) 
2391 (1) 

41 85 (7) 
1702(11) 
1817(9) 
2 Z 2 0 (8) 
1976(7) 
2745(8) 
2992(6) 
2423(9) 
2475(7) 
- 518(9) 
- 883 (7) 
--979(10) 
- 1652(8) 

- 432(6) 
- 274(9) 

1104(8) 
1836(7) 
543(8) 
908(6) 

-441 (6) 
- 880(9) 
- 1619(9) 

- 1498(10) 
- 1881(12) 

- 733(8) 
414(6) 

-242(8) 
-425(10) 

91 (12) 
708 (10) 
899(9) 

Y lb 
2509(1) 
3129(1) 

987(1) 
3483(8) 
3 7 13 (6) 
3963 (1 0) 
4530(8) 
2565(8) 
2177(6) 
2 176 (7) 
1561(6) 
3623(9) 
3903(6) 

-3(9) 
- 647(7) 
1419(9) 
1686(7) 
1 58 6 (8) 
1978(6) 
685(7) 
515(6) 
771 (7) 
626(5) 

3542(6) 
3 78 9 (8) 
4365 (9) 
4643 (1 0) 
4382(9) 
3 83 7 (7) 
2959(6) 
3540(7) 
3862(9) 
3566(11) 
2991 (10) 
2667(8) 

ZIG 
2917(1) 
2335(1) 
2312(1) 
1890(11) 
1560(9) 
1 725 (1 4) 
1330(11) 
866(11) 

3137( 11) 
3662(8) 
3892 (12) 
4932(9) 
1895( 12) 
1659 (9) 
299 6 (1 2) 
3400( 10) 

882( 11) 

1760( 11) 
14 15 (8) 
3915( 11) 
4902(8) 
2784(8) 
1681(12) 
1607(13) 
26SS( 15) 
3857 (1 4) 
3 884 ( 10) 
4980(8) 
6079(10) 
631 l(13) 
7342(16) 
7298 (1 4) 
6044 (1 2) 

-55(9) 

- 78(9) 

(b) Anisotropic vibrational amplitudes * (A2 x lo4) 

Atom U,, UZ, u33 u23 u13 
Cd 503(4) 519(5) 522(4) 91 (3) 
Mn(1) 482(10) 416(10) 560(10) 123(7) 
Mn(2) 424(9) 488(11) 495(9) -14(8) 91(7) 

* In the  form: exp[-2~~(h~a*2U, ,  + * - - + 2hka*b*U,, 

(c) Calculated fractional co-ordinates ( x  lo4) for the  hydrogen 

.+ . . . .)I. 

atoms 
Atom xla Y /b ZlC  
H(11) 
H(12) 
H(13) 
H(14) 
H(17) 
H ( W  

- 664 3559 863 
- 1926 4559 763 
- 241 8 5044 2673 
- 1737 4588 4671 
- 920 4295 6405 
- 15 3814 8201 
1054 2764 8094 

H(20) 1391 2229 5961 
U = 0-119(21) Az. 

Comparison of the Cd-N and Cd-Mn bond lengths in 
(I), (111), and (IV) suggests that the effective increase in 
the covalent radius of cadmium in changing from four- 
to five-fold co-ordination is ca. 0.1 A. This seems to be 
in keeping with the general observation that the covalent 

radius of an atom increases with co-ordination number.lo 
but the situation is complicated by the possibility of 

Cd-Mn (1) 
Cd-Mn(2) 

Mn(1)-C (1) 
Mn (1 )-C (2) 
Mn (1)-C(3) 
Mn (1)-C (4) 
Mn(l)-C(5) 

c (1 1-0 (1 ) c (2)-0 (2) 
C(3)-0(3) 
c (4)-0 (4) 
C(5)-0(5) 

c (1 1)-C( 12) 
N (l)-C(l 1) 

C( 12)-C( 13) 
C(13)-C(14) 
C( 14)-C( 15) 
C( 15)-N( 1) 

&In( l)-Cd-Mn(J) 
hTn(l)-Cd-N(l) 
Mn (2)-Cd-N (1) 

Cd-Mn ( 1)-C (2) 
Cd-Mn( 1)-C(3) 
Cd-Mn (1)-C (4) 
Cd-Mn( 1 )-C (5) 

C (1)-Mn(1)-C (2) 
C( 1 )-Mn( l ) - C  (3) 
C( 1 )-Mn( 1)-C (4) 
C( 1)-Mn( 1)-C(5) 

C(2)-Mn( 1)-C(3) 
C(3)-Mn (1)-C(4) 
C(4)-Mn(l)-C(5) 
C(5)-Mn(l)-C(2) 

C(2)-Mn ( 1)-C(4) 
C (3)-Mn( l)-C(5) 

Mn( 1)-C( 1 )-0 (1) 
Mn(l)-C(2)-0 (2) 
Mn( 1)-C( 3)-0 (3) 
Mn(l)-C(4)-0 (4) 
Mn(l)-C(5)-0(5) 

Cd-Ma( 1)-C( 1) 

N(  l)<( 1 1)-C( 12) 
C(l 1)-C( 12)-C( 13) 
C( 12)-C( 13)-C( 14) 

C(l4)-C(l5)-N(l) 
C(15)-N( 1)-C(11) 

Cd-N(l)-C(ll) 
Cd-N(1)-C( 15) 

N( 1 )-C( 15)-C( 16) 
C( 14)-C( 15)-C( 16) 

C( 13)-C( 14)-C( 15) 

TABLE 2 
(111): Bond lengths (A) 

2.686(3) Cd-N(l) 
2*680(3) Cd-x ( 2 )  

1 - 767 (1 5) Mn(2)-C(ljj 
1-740(17) Mn (2)-C (7) 
1-788 (1 3) Mn(2)-c(8) 
1 *7 7 8 (1 3) 

1.157 (15) C(6)-0 (6) 
1.190( 17) C (7)-0 (7) 
1-143( 13) C( 8)-0 (8 i 

Mn(2)-C(9) Mn(2)-C(10) 

: [;bT-SS;”c’, 0) 

1.798(15) 

1 - 158 ( 13) 
1 a 1  68 (1 4) 

1.326(14) N (2)-c (20) 

1 -2 94( 1 9) C(19)-C( 18) 
1-399(18) C(20)-C(19) 

1-363(19) C( 18)-C( 17) 
1.392(18) C( 17)-C( 16) 
1.336 (1 4) C( 16)-N(2) 

C( 15)-C(16) 1.460( 1.5) 

TABLE 3 
(111) : Bond angles (”) 
1 2 7 * 7 (2) 
112-7(3) 
10 9-8 (3) 

176*5(5) 
82.4(6) 
82*8(5) 
79.1 (5) 
85*0(5) 

99-2(8) 
94.1(6) 

98-1 (7) 

89.2(7) 
90-8(6) 
8 7.6 (7) 
88*5(7) 

1 6 1 -3 (8) 
167-8(7) 

177*9(11) 
178.5 (1 6) 
176-9(12) 
1 78-7 (1 2) 
176*0(12) 

1 2 3.3 (1 3) 
1 16.6 (1 4) 
123.2 (1 7) 
118*2( 15) 

99-4(7) 

120-O(11) 
119.9(11) 

1 23.2 (9) 
1 1 7.9 (8) 

117.1 (1 1) 
122.9 (1 2) 

2.358(10) 
2-349 (9) 

1.782 ( 15) 
1 * 789 (1 6) 
1 -78 7 (1 3) 
1 -7 80 ( 14) 
1 *8 1 2 (1 2) 

1 * 163 (1 5) 
1.1 G8( 16) 

N (1)-Cd-S (2) 
>!In( l)-Cd-N(2) 
Nn(2)-Cd--N(B) 

Cd-Mn (2)-C (6) 
Cd-Mn(2)-C (7) 
Cd-Mn(2)-C(8) 
Cd-Mn(B)-C(S) 
Cd-Mn (2)-C( 10) 

C( 6)-Mn( 2)-C( 7) 
C(6)-Mn (2)-C (8) 
C(6)-Mn(2)-C(9) 
C(6)-Mn (2)-C(10) 1 01 -6 (6) 

* 1 83 ( 1 3) 
.175(14) 
* 141 (12) 

*344( 15) 
*450(20) 
*S7G(2 1) 

*425( 17) 
a330 (1 4) 

-343 (19) 

69*2(4) 
110*2(3) 
112*5(3) 

177.4(5) 
82 - 8 (5) 

88*8(5) 
77*4(5) 

79-9(5) 

95*0(7) 
101 -2 (6) 
93*5( 7) 

C (7)-Mn (2)-C (8) 89.4( 7) 
C(S)-Mn(2)-C(S) 91-5(6) 
C(9)-Mn(2)<(10) 86.1(6) 
C(1 O)-hTn(2)-C (7) 89.7 (6) 

C(7)-Mn(2)-C(9) 171.1 (7) 
C(8)-Mn(2)-C(lO) 157.2 (6) 

Mn(2)-€(6)-0(6) 177.7(14) 
Mn(2)<(7)-0(7) 177.1 (13) 
Mn(2)<(8)-0(8) 177-5(13) 
Mn(2)X (9)-0 (9) 1 7 7.4 (12) 
Mn (2)-C(lO)-O( 1 0) 1 7 7.2 (1 1) 

N(2)-C(20)-C( 19) 119-9(13) 
C(20)-C (1 9)-C (1 8) 1 1 7.8 (1 6) 
C( 1 9)-C( 1 8)-C(17) 124.4( 18) 
C( 18)-C (1 7)-C( 16) 1 1 7-8 (1 6) 
C (1 7)-C(16)-N (2) 120.1 (1 1) 
C (1 6)-N /2)-C (2 0) 1 1 8.6 ( 1 1) 

Cd-N (2)-C (20) 12 1 -6 (9) 
Cd-N (2)-C( 16) 1 18.6 (7) 

N(2)-C( 16)-C(15) 11 7.0( 11) 
C (1 7)-C (1 6)-C (1 5) 1 22.8 (1 2) 

multiple bonding between the metal atoms, the degree 
of which may be different with different co-ordinations 

lo L. Pauling, ‘ Nature of the  Chemical Bond,’ Cornell Uni- 
versity Press, Ithaca, New York, 3rd edn., 1960, pp. 221-264. 
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TABLE 4 
(111) : Shortest non-bonded distances (A) of various 

types 
(a) Intramolcculai- 

Type Atoms Distance 
l - I * * * H  H(14) - * * H(17) 2.128 
O * . * H  O(8) * * - K(11) 2-715 
O * - . O  0(3)  * * * 0(9)  3.057 

O(4) * * * 0(9)  3.220 
0(3) * O(8)  3.486 

C(C0) - * * C(C0)  C(9) . * * C(10) 2.451 
C(2) * * C(5) 2.469 

0 .  . .  C(biPY) O(5) * * * C(20) 3.280 
O(2) * * * C(11) 3.293 

0 . s - N  O(2) * * * N(1) 3.324 
O(5) - - - N(2) 3.331 

C(C0) - - N C(5) - - * K(2) 3.365 
Cd - - * C(8) 2.878 Cd C d . . .  * * - Yo) 
Cd . * O(8) 3.532 

(b) Intermolecular 
O . * . H  O(3) - * * H(191) 2-436 

0(5) - - H(14'I) 2.657 
C(6) - - - H(13III) 3.049 ... O(5) * - * o ( 9 q  3.1 10 
0(1) * - O(6Iv) 3.121 
O(1) * ' * C(20V) 3.372 
0(1) * * * C(6vI) 3.1 48 

Roman numeral superscripts refer to  transformation of co- 
ordinates for the second atom as follows : 

:(co)o' * 

o . . .  c(bipyj 
C(C0) 0 . .  . 

I x ,y ,  - 1 + z  IV  * - x 7 + + y , + - - 3  
v $ + x n & - y ,  -*+z 

I11 - g - x , - g + y , ; t . - z  VI & + x , * - y .  - + + z  
I1 -x,  1 - y, 1 - 2 

TABLE 5 
(111) : Least-squares planes 

(a) Deviations (k x lo3) from planes 
Plane (1): Cd Mn(1) Mn(2) 

Plane (2) : N(1), C(ll)-(15) 
Cd -159, N(1) 7, C(11) -17, C(12) 4, C(13) 17, C(14) -26, 

C(15) 14, C(16) 20 

Plane (3) : N(2), C(l6)-(20) 
Cd 138, C(15) 23, N(2) 7, C(16) -4, C(17) -8, C(18) 17, 

C(19) -12, C(20) 0 

Plane (4) : N(l), C.(11)-(20) 
Cd -30, N(1) 56, C(11) 49, C(12) 22, (C13) -29, C(14) -93, 

C(25)  -4, N(2) -558, C(16) -16, C(17) 44, C(18) -29, 
C(19) 1, C(20) -53 

Root-mean-square deviations: (1) 0, (2) 16, (3) 10, (4) 49 

(b) Equations of the planes 
(1): 0.4310X - 0.3738Y + 0.82132 = 1.4042 
(2): 0.6374X + 0.7672Y - 0.07122 = 3.6727 
(3): 0.6823X + 0'7167Y - 0.14452 = 3.0074 
(4): 0.6608X + 0.7425Y - 0.10952 = 3.3582 

(c) Dihedral angles (") 
(1)-(2) 94-02 94.74 (1)-(3) 95-31 5.72 
(1)-(4) 2.93 (2)-(3) 2.78 
(2)-(4) (3) - (4) 

of cadmium. In order to assess the degree of multiple 
bonding, it is necessary to compare the metal-metal bond 

11 V. G. Adrianov, B. P. Biryukov, and Yu. T. Struchkov, 
Zhur. strukt. Khim., 1969, 10, 1129; P. T. Greene and R. F. 
Bryan, J. Chenz. Soc. (A), 1971, 1559; R.  F. Bryan, ibid., 1967, 
172; Kh. A. I. F. 8%. Mannam, Act@ Cryst., 1967, 23, 649; F. A. 
Cotton and D. C. Richardson, Inorg. Chsm., 1966, 5, 1851; B. T. 
Kilbourn and H. M. Powell, Chew a i d  I d . ,  1964, 1578; R. J .  
Doedens and L. F. Dahl, J. Amer. Chem. Soc., 1965, 87, 2576. 

lengths with the sums of the covalent radii for the 
metals. The radius for tetrahedral cadmium is 1-48 k 1 0  

There is considerable difficulty in estimating a covalent 
radius for octahedrally co-ordinated manganese. Esti- 
mates vary from 1-15-1.46 A; 11*12 a value of ca. 1.38 A 

TABLE 6 
(IV) : (a) Fractional atomic co-ordinates ( x 104) and isotropic 
vibrational amplitudes (-k2 x 103) for the non-hydrogen atoms 

xla 

61(2) 

961 (1) 
2589(2) 

3 6 60 (1 3) 
4340(9) 
1872(14) 
1382 (1 0) 
2352(11) 
2215(8) 
2946(11) 
3 1 88 (9) 
2616(11) 
2 653 (8) 

-- 607(13) 
- 1061 (10) 
- SSO(l5) 
- 1480(12) 
- 134(12) 
-237(9) 
1084( 13) 
1773(11) 
5 88 { 12) 
946(9) 

- 171 (8) 
-670(12) 
- 1362(14) 
- 1504(13) 
- 1018(12) 
- 335(11) 

784(8) 
180( 11) 
66(12) 

5 9 7 (1 4) 
122 7 (1 4) 
1296(12) 

-1108(15) 
- 643(12) 

Y / b  
2358(1) 
2 930 (2) 
953(2) 

3305(11) 
3562(9) 
3 700( 13) 
4222 (1 0) 
2 2 8 4 ( 10) 
lSSS(8) 
2037(11) 
1 4 70 (8) 
3468(11) 
3769(8) 

83(13) 

1 444 ( 1 3) 
1757(11) 
1546(11) 
1957(9) 
555 (1 2) 
293(9) 
71 l(l1) 
534(8) 

341 5 (8) 
37 13 (1 1) 
4326(12) 
4575(12) 
4304(11) 
3 6 85 (1 0) 
2739(7) 
3347(10) 
3629(12) 
3283 (1 3) 
2 688 (1 3) 
242 1 ( 1 4) 
4546 (1 3) 
4260(12) 

-515(10) 

Z/C  

3013( 1) 
2426(2) 
2391 (2) 
2033 (1 7) 
1 700 (1 2) 
1658(lL 9) 
1126(14) 
1003(1G) 

3 3 14 (1 6) 
3965(12) 
3926(P7) 
49 32 (1 3) 
1 969 (1 8) 
1671 (14) 
3067(20) 
3 485 (1 6) 
98 7 (1 8) 
53(14) 

1884( 18) 
1599 (1 3) 
3 98 1 (1 8) 
49 8 4 (1 4) 
3024(12) 
2003(17) 
2051 (20) 
32 1 9 ( 1 9) 
4334(17) 
41 96 (1 5) 
5131(12) 
5288 (1 5) 
6553 (1 8) 
7637(21) 
7425(20) 
6 1 75 ( 1 7) 
5634(2 1) 
6 588 (1 9) 

1 no (1 2) 

(b) Anisotropic vibrational amplitudes * (Az x lo4) 

Cd 474(7) 464(10) 539(8) l(7) 89(5) 
Mn(1) 396(15) 396(15) 500(17) -27(12) 60(12) 
Mn(2) 401(16) 442(17) 555(18) -2(13) 105(12) 

Atom U,, u22 u33 u,, Ul, 

* In the form: exp[-22x2((h2a**U,, + * * * $- 2hka*b*U,, 

(c) Calculated fractional co-ordinates ( x  lo4) for the hydrogen 

+ - * * a)]. 

atoms 

xla Y / b  
- 559 3490 
- 1722 455 1 
- 1998 4993 

512 3467 
1622 2455 
1751 1979 

- 1573 4979 
- 746 4476 
U = 0.093(26) A'. 

zlc 
1143 
1254 
3295 
8428 
8187 
6035 
5774 
7456 

seems to be favoured. If this is correct, the metal- 
metal bond in Mn,(CO),, l3 is longer than twice the radius : 
this has been explained variously in terms of electro- 
static repulsion l3 or rehybridisation to give greater fi and 

l2 M. J. Bennett and R. Mason, Nature, 1965, 205, 760. 
l3 L. F. Dahl and R. E. Rundle, Acta Cryst., 1963, 16, 419. 
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Cd-Mn (1) 
Cd-Mn(2) 

Mn(1)-C(l) 
Mn (1 )-C (2) 
Mn (l)-C (3) 
Mn (1)-C(4) 
Mn (1 )-C (5) 

C (  1)-O( 1) 
C(2)-0 (2) 
C(3)-0(3) 
C(4)-0(4) 

N(1)-C(l1) 
C(l1)-C(12) 

C(5)-0(5) 

C( 12)-C( 13) 
C(13)-C( 1 4) 
C( 14)-C( 15) 
C( 15)-N( 1) 
C(l4)-C(21) 
C(15)-C( 16) 

Mn( 1)-Ctl-Mn( 2 )  
Mn( 1 )-Cd-N (1) 
Mn(2)-Cd-N( 1) 

Cd-Mn(l)-C(11 
Cd-Mn ( 1 )-C [ 2 1 
C d-Mn ( 1 ) -C ( 3) 
Cd-Mn (1 )-C (4) 
Cd-Mn( 1)-C (5) 

C(l)-Mn(l)-C(2) 
C(1)-Mn( I )-C ( 3 )  
C (1 )-%In ( I )--C (4) 

C (2)-hIn (1)-C(3) 
C(3)-Mn( 1 ) -C (4) 
C(4)-Mn (1 )-C (5) 
C(5)-Mn( l)-C(2) 

C(2)-Mn( 1)-C (4) 
C(3)-Mn(l)-C (5) 

Mn(1)-C( l)--O(l) 
Mn( 1 )-C (3) -0 (2) 
Mn( 1)-C (31-0 (3 )  
&In (1)-C( 4)-0(4) 
&In( 1)-C (5)-O(5) 

c (1 ) -rv 111 1 1 -c ( 5 )  

N(1)-C( 1 l k C (  12) 
C( 1 1)-C( 1 q - q  13) 
C ( 1 2)-C (1 3)-C ( 1 4) 
C( 13)-C(14)-C( 15) 
C (  14)-C(15)-N( 1) 

C( 14)-C( 15)-C(16) 
C (  15)-C( 14)-C(21) 

C( 15)-hi(l)-C(I 1) 

C( 14)-C (2 1 )-C(22) 

Ccl-N(l)-C(l I )  
Cd-N (l)-C ( 1  5) 

N(1)-C( 15)< (1 6) 
C[l3)-C( 14)-c(21) 

TABLE 7 
(IV) : Bond lengths (A) 
2-687(4) Cd-N (1) 2.382 (14) 
2.675 (4) Cd-N (2) 2*342(14) 

1 * 7 5 7 (20) Mn(2)-C(6) 1-744(22) 
1*761(23) Mn(2)-C(7) 1-802(25) 
1 -82 1 (1 8) 1 -750 (20) 
1 -76 8 (1 9) Mn(2)-C(9) 1-764(21) 
1.791 (20) Mn(2)-C (1 0) 1 -78 9 (20) 

Mn (2)-C (8) 

1 - 1 7 9 (20) 1.1 96 (22) 
1*201(22) C (7)-0 (7) 1 -1 42 (23) 
I *116(17) C(8)-0 (8) 1.1 78 (1 9) 
1 -1 73 (1 9) 1.1 62 (22) 
1 el55 (1 8) :[!&%;\ 0) 1.1 50 (1 9) 

C (6)-0 (6) 

1 *3 1 O (  19) 
1 -42 3 (2 5) 
1 -3 2 6 (2 5) 
1*362(23) 
1 -435(22) 
1.350 (1 8) 
1-436 (24) 
1-401(21) 

N (2)-C (20) 1 -3 50 (20) 
C(20)-C(19) 1.393(24) 
C (1 9)-C (1 8) 1 -348 (2 7) 
C(18)-C( 17) 1.335 (25) 
C( 17)-C( 16) 1 -428(24 
C( 16)-N (2) 1.346 (1 9) 
C (1 7)-C (2 2) 1 * 45 9 ( 2  5) 
C(21)-C(22) 1*229(21) 

TABLE 8 
(IV) : Bond angles (") 
131.4(2) N( l)-Cd-N(2) 69*3(5) 
112-4(4) Mn(l)-Cd-W(2) 108.3(4) 
107.3 (4j h4n (2)-Cd-N (2) 1 10 a 3  (4) 

1 79.6 (6) Cd-llln(2)-C (6) 1 76 4 (7) 
8 1.8 (8) Cd-illn (2)-C (7) 84.3 (8) 
84.3 (6) Cd-Mn( 2)-C( 8) 76.1(7) 
7 8.9 (6) Cd-illn (2)-C(9) 88.5(7) 
84.1 (ti) Cd-Mn(2)-C(10) 79.5(7) 

97.9 (10) C(6)-Mn(S)-C (7) 91 - 3( 10) 
95.5(9) C(6)-Mn (;?)-C (8) 10 1 * 9( 10) 

10 1 -3  (9) C (6)-Mn (2)-C (9) 95.3 (1 0) 
96.2 (9) C (6)-Mn (2)-C (1 0) 102. S (9) 

89.6 (9) C [ 7)-Mn (2)-C (8) 9 1 . 7  (1 0) 
8 8 -3 (8) C (8)-Mn (2)-C (9) 90.5 (9) 
88.1 (9) C(9)-Mn(2)-C(lO) 85.1 (9) 
90.1 (1 0) C (1 O)-Mn (2)-C (7) 89.7 ( 10) 

1 60.8 ( 1 0) C (7)-Mn (2)-C (9) 1 72 - 0 (1 0) 
168.3(9) C( 8)-Mn(2)-C(10) 155.3(9) 

1 76 -3 (1 7) Mn (2)-C (6)-0 (6) 1 79.5 (I 9) 
179.5( 19) h'In(2)-C (7)-0(7) 1794(2 1) 
179*3(16) Mn(2)-C(8)-0(8) I 77.8(17) 
176-2(16) Mn(2)-C(9)-0(9) 177.4(18) 
1 75.6 (1 6) 1 7 7-5 (1 8) Mn(2)-C (1 0)-0 (1 0) 

12 3.8 (1 9) 
11 5.9(20) 
124*5(21) 
1 15.9 (18) 
121-4( 15) 
1 18*5( 15) 
120.3 (1 6) 
115.q 17) 
124.1 (23) 

N(2)-C(20)-C( 19) 
C(20)-C( 19)-C( 18) 
C(19)-C (1 8)-C (1 7) 
C( 18)-C( 17)-C( 16) 
C( 17)-C( 16)-N(2) 
C( 16)-N(2)-C(20) 
C( 17)-C (1 6)-C( 15) 
C( 16)-C( 17)-C(22) 
C( 17)-C( 22)-C(21) 

122*9(20) 
115*6(20) 
1 2 5 * 0 (2 3) 
11 7-2(20) 
1 19-9( 15) 
119*3(16) 
12 1 -2(17) 
114.3(17) 
124.7 (22) 

125-4( 12) Cd-N(2)-C(20) 123-3( 13) 
1 15.9 (1 1) Cd-N(B)-C (1 6) 11 7*2( 11) 

11 8*4(15) N(2)-C(16)-C(I 5) 118.9(16) 
1 2 8.6 (1 9) 1 2 8-6 (20) C (1 8)-C ( 1 7)-C (22) 

bond in (111) or (IV) would be 2.868; for (I) and (11) 
the single bond would probably be somewhat longer 
because of the higher co-ordination number of cadmium. 

TABLE 9 
(IV) : Shortest non-bonded distances (A) of various types 

Atoms 

H(12) . * - H(13) 

O(3) * * * 0(9) 
ope) . . - ~ ( 2 0 )  

C(9) ' - * C(10) 
C(4) * ' - C(5) 

O(2) - * C(11) 
O(6) * - - N(2) 
C(5) * - * N(2) 

O(5) - - C(20) 

Cd * * * C(S) 
Cd * - O(8) 

Distance 

2.331 
3-792 
3.120 
2.402 
2.476 
3.319 
3.335 
3-225 
3.306 
2-822 
3-429 

(b) Intermolecular 
0 - e - H  O(3) - * * H(19I) 2.303 

O(5) * * H(2113 2.628 
C(C0) - * * H C(3) - * * H(19I) 3.021 

C(5) * * H(21II) 2.982 o . . - o  O(5) * - * 0(9I1I) 3.119 
O(3) * - * C(19I) 3.284 
O(9) - * - C(51V) 3.164 

o . . .  
o . . .  
Roman numeral superscripts refer t o  transformaticn of co- 

C(phen) 
C W )  

ordinates of the  second a tom as follows: 
I x, y ,  - 1 + 2 I1 -x,  1 - y ,  1 - z 

I V  -'z - ,v, -Q -l- y,  $ - z I11 + - x,  4 + y, Q - 2 

TABLE 10 
(IV) : Least-squares planes 

(a) Deviations (A x lo3) from planes 
Plane (1): Cd, Nn( l ) ,  Mn(2) 

Plane (2) : N(l) ,  C(l1)-(15) 
Cd -88, N( l )  6, C(11) -6, C(12) 7, C(13) -9, C(14) 9, 

C(15) -7, C(16) 32, C(21) -12 

Plane (3) : N(2), C(16)-(20) 
Cd 113, C(15) 37, N(2) -7, C(16) 13, C(17) -7, C(18) -4, 

C(10) 10, C(20) -5, C(22) -51 

Plane (4): C(14), C(l5), C(16), C(17), C(21), C(22) 
Cd -15, N(1) 39, C(13) -23, C(14) 0. C(15) 9, N(2) -70, 

C(16) -13, C(17) 8, C(18) 10, C(21) -6, C(22) 2 

Plane (5): N(1), N(2), C(l1)-(22) 
Cd 9, N( l )  46, C(11) 19, C(12) -2, C(13) -36, C(14) -6, 

C(15) 13, N(2) -48, C(16) -1, C(17) 18, C(18) 29, C(19) 16, 
C(20) -36, C(21) -13, C(22) 1 

Root-mean-square deviations: (1) 0, (2) 7, (3) 8, (4) 8, (5) 26 
(b) Equations of the  planes 

(1): 0.4652X - 0.4324Y + 0.77242 = 1.2929 
(2):  0.6810X + 0.7199Y - 0.13422 = 3.3943 
(3): 0.7062X + 0.6890Y - 0.16322 = 3.0234 
(4) : 0.6920X -t 0.7080Y - 0.14112 = 3.2703 
(5): 0.6974X + 0.7028Y - 0.14012 = 3-2372 

(c) Dihedral angles (") 
95.63 P H 3 )  95.48 

95.03 
1.01 

0-43 

(1)-(2) 95.35 
(1)-(4) 2.83 (1) - (5) 

(2)-(5) 1.62 
(2)-(4) 1.86 

1.40 (3144) 
(2)-(3) 

(3)-(5) (4) - (5 )  

d character to the orbitals forming the inetal-metal 
bond.12 

If the values 1.38 A for octahedral manganese and 
1-48 A for tetrahedral cadmium are used, a single Cd-Mn 

The Cd-Mn bonds in all four complexes are, in fact, sub- 
stantially shorter than this [means: (I) 2.780, (11) 2.711, 
(111) 2.683, and (IV) 2.681 A], so it seems clear that 
multiple bonding is significant. 
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In none of the four complexes is there a significant 

difference between axial and equatorial Mn-C bond 
lengths, though for each compound the Mn-C(ax) 
distances are less than the mean Mn-C(eq) without 

/ 

\ ,,,,A 

FIGURE 1 View of one molecule of (111) showing the 
labelling of the atoms 

exception. A significant difference has been claimed in 
some XMn(CO), corn pound^,^^^^^ and in many others a 
difference has been noted but is not significant in it~e1f.l~ 
It seems that, although for most such compounds these 
differences are not individually significant, the general 
trend is a shortening of the axial relative to the equa- 
torial bonds. This indicates a somewhat stronger bond 
for the axial position, with greater back-donation from 
metal to carbonyl, the X group being generally a weaker 
x-acceptor than CO. These conclusions are supported by 
molecular orbital calculations on manganese carbonyl 
hydrides-ls This trans-influence l7 is commonly ob- 
served in transition-metal co-ordination complexes,l* and 
is the result of competition by the ligands for the metal 
orbitals. 

The severe angular distortion of the manganese co- 
ordination has already been noted in the structures of 
(I) and (11), and di~cussed.~ 

In the crystal structure of bipyridyl l9 the molecule is 
planar. In  (111), each of the two pyridyl rings is planar 

14 A. Almenningen. G. G. Jacobsen, and H. M. Seip, Acta 
Chem. Scund., 1969, 23, 685; P. T. Greene and R. F. Bryan, J .  
Chem. SOC. ( A ) ,  1971, 1559; L. F. Dahl and C.-H. Wei, Acta 
Cryst., 1963,16,611; P. A. Agron, R. D. Ellison, and H. A. Levy, 
ibid., 1967, 25, 1079; P. J. Hansen and R. A. Jacobson, J .  
Organometallic Chem., 1966, 6, 389; N. I. Gapotchenko, N. V. 
Alekseev, A. B. Antonova, K. N. Anisimov, N. E. Kolobova, I. A. 
Ronova, and Yu. T. Struchkov, ibid., 1970, 25, 525; B. P. 
Biryukov, Yu. T. Struchkov, K. N. Anisimov, N. E. Kolobova, 
0. P. Isipova, and M. Ya. Zakharov, Chem. Comm., 1967, 749; 
H. Vahrenkamp, Chem. B e y . ,  1972, 105, 1486. 

(see Table 5) ,  but they are not coplanar, being twisted 
relative to  one another by several degrees about the 
C(15)-C(16) bond. As a result, the Cd-N(1) and 
Cd-N(2) bonds lie significantly out of the planes of the 
two rings, the angles of inclination being 3.9 and 3.4" 
respectively, while the displacement of the cadmium 
atom from the mean plane of the whole ligand is insignifi- 
cant. These twisting distortions of the ligand are 
similar to, but smaller than, those observed in (I),2 and 
can be ascribed to the same factors, viz. (i) the attempt to 
approach tetrahedral co-ordination, thus maximising 
overlap between cadmium and nitrogen orbitals ; (ii) 
the need to maintain reasonable covalent distances 
within the ligand; (iii) packing forces in the crystal, 
particularly the short intramolecular H(14) * * H(17) 
distance of 2.128 A. In-plane distortions at  C(15) and 
C(16) are observed, as in (I), the internal angles being 
117.0 and 117-1", and the external 122.8 and 122.9". 

The least-squares planes calculated for (IV) (Table 10) 
are similar to those for (111) (Table 5) ,  but the root-mean- 
square deviations are rather lower, particularly for the 
plane of the whole ligand. Doubtless this is due to the 

\ $5 ,#3 
?9-" 

Y 
E3 

FIGURE 2 View of one molecule of (IV) showing 
labelling of the two extra carbon atoms 

the 

greater rigidity of the fused ring system. The dihedral 
angles between pairs of planes are also smaller for the 
phenanthroline ligand, and, moreover, the displacement 

S. J. La Placa, W. C. Hamilton, and J. A. Ibers, Inorg. 
Chew.,  1964,3, 1491; S. J. La Placa, W. C .  Hamilton, J. A. Ibers, 
and A. Davidson, ibid., 1969, 8, 1928; M. R. Churchill and R. 
Bau, ibid., 1967, 6, 2086; F. W. B. Einstein, H.  Luth, and J .  
Trotter, J .  CAem. SOC. ( A ) ,  1967,89; W. Clegg and P. J. Wheatley, 
ibid., 1971, 3672; H. P. Weber and R. F. Bryan, Acta Cryst.,  
1967, 22, 822; J .  H. Tsai, J .  J.  Flynn, and F. P. Boer, Chem. 
Corvtm., 1967, 702; B. K. Nicholson, J. Simpson, and W. T. 
Robinson, J .  Orgnnometallic Chem., 1973, 47, 403. 

Is R. F. Fenske and R. L. deKock, Inovg. Chem., 1970,9, 1053; 
M. B. Hall and R. F. Fenske, ibid., 1972,11, 1619. 

l7 A. Pidcock, R. E. Richards, and L. M. Venanzi, J .  Chem. 
SOC. ( A ) ,  1966, 1707. 

Is T. G. Appleton, H. C .  Clark, and L. E. Manzer, Co-ordination 
Chem. Rev., 1973, 10, 335. 

l9 L. L. Merritt and E. D. Schroeder, Acta Cryst.,  1956, 9, 801. 
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of the cadmium atom from the planes of the two outer- 
most rings is smaller, the angles of inclination of the 
Cd-N bonds to  these rings being 2-1 and 2.8". One 

of the C(21) * - C(22) bond in (1V)j. As for (11),3 
this is probably not real, but a result of thermal motion, 
for which no corrections have been made.20 

FIGURE 3 The packing, illustrated by a projection of (111) down the c axis 

important difference between the two ligands is the 
absence of any particularly short intramolecular H - * - H 
distances in (IV): the H(13) * * H(21) and H(18) * . 
H(22) distances are greater than those between hydrogen 
atoms belonging to the same ring. 

The inolecules (111) and (IV) have approximate C, 
symmetry, the ' axis ' bisecting the Mn-Cd-Mn angle. 
This is similar to the approximate symmetry of (I).2 
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