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Configurational Correlations of cis-Bis(2,2"-bipyridine) and
of cis-Bis(1,10-phenanthroline) Complexes of Trivalent
Metals by Means of X-Ray Powder Photographs

PETER ANDERSEN and JENS JOSEPHSEN

Chemistry Department 1 (Inorganic Chemistry), H. C. Qrsted Institute,
Universitetsparken 5, DK-2100 Copenhagen @, Denmark

Series of cis-bis(2,2’-bipyridine) and of ¢is-bis(1,10-phenanthroline)
complexes of trivalent metals have been investigated by X-ray
powder photograﬁh techniques and the compounds within each series
are in this way shown to be isomorphous. The series investigated are
[Mphen,Cl,]Cl.aq (two series), [Mphen,C,0,]C1.4H,0, [Mphen,(H,0),]
(NO,);.2H,0, [MbipyzClg]Cl.2H,(§), [Mbipy,CL]CL.LHCI.2H,0, and
[Mbipy,OH (H,0)](C10,); (phen=1,10-phenanthroline, bipy=2,2’-bi-
pyridine, and M=Cr, Co, Rh, Os, and Ir, or some of these metals).
Observed d-spacings are given for all the compounds. Some of the
photographs have been indexed and here also the calculated d-
spacings and the unit cell dimensions are given.

It 1s concluded that the stereochemical configuration of the cations
is the same within each series, ¢.e. a correlation of the Cr(III), Co(III),
Rh(III), Os(III), and Ir(IIT) complexes, and on the basis of the pre-
parations and of the chemical and the spectral similarities of the
compounds it is concluded that all the complexes investigated have
the same stereochemical configuration. Other workers, including those
from this laboratory, have shown that this configuration is cis.

n some recent papers from this laboratory 1,2 it was stated that series of

compounds containing the ions [M(III)bipy,X,]** and [M(III)phen,X,]**
were all cis-octahedral complexes (M=Cr, Co, Rh, and Ir; X=Cl, F, and
H,0; bipy =2,2'-bipyridine and phen=1,10-phenanthroline). This statement
was based upon comparisons of ligand field spectra within the chromium(III)
and cobalt(IIT) series, and upon extensive chemical evidence within the
chromium(III) series. This evidence can be summarized by the following key
properties: their parentage correlation to the oxalatobis(N-N) complexes and
di-u-hydroxo-bis[bis(N-N)chromium(III)] complexes (the diols), their chiral
properties, and their chemical interconvertibility coupled with the apparent
existence of only one isomer in each case where a cis and a trans isomer could
be expected. Further, comparisons of X-ray powder photographs on some
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series of these complexes provided correlations between complexes of different
metals. We shall here report in more detail the X-ray part of the investiga-
tions, the other part being accounted for elsewhere.?

Several series of complexes (Tables 1 —4) were investigated. Their X-ray
powder photographs were taken and mutually compared. The positions of

Table 1. X-Ray powder data of crystal series I ([Mphen,Cl,]X.aq; X =CLNO,).

[Cr phengCle ]C1o4Eg O |[Co phengCly ]C1e3.5H,0 | [Cr phongCly ]NO; -3.5H, 0§ (Co phengCly JNOy +3830 | [Rh phengCly NGy 380 | [ Ir phengCle JNOy - 38 O
Love|%obe ™ |dca1e B Ton, [tona ) 14ca1c M Topg 8ana} 80 (1) Tope|fobs M| 4o D 1o, [4gpa R ]e, DT 1) Ta ha ) (h

011 w [10.193 [lo.202 ¥ [10.036 [lo.071 w {lo.088 {10,088 wv [10.088 [lo,062 v 110,122 [10.096 w [1e.122 |16.096 011
111 s |8.347 | 8,347 s | 8.163 | 8,195 s [ 8.357 | 8.352 a | 8.208 | 8,199 s | 8.289 | 8.279 s | 83478333 |11
002 aw | 7.721 | 7.713 | 7.555 | 7.563 mw | 7.615 | 7.607 n | 7,563 | 7.552 s | 7.671 | 7,671 m | 7.690 | 7.679 foo02
1110w 7.425 | 7,428 wv | 7,343 | 7.360 v 7.467 | 7.463 v 7.422 | 7.418 wv [ 7,498 | 7.401 " 7,541 | 7.523 111
o220l m | 6.798 | 6.801 n | 6.769 | 6.751 mv | 6.735 | 6,740 a | 6.751 | 6.743 v | 6,717 | 6.707 v | 6,207 | 6.700 [0 20
200 ww | 6,148 | 6,18 vv | 6.046 | 6.053 v | 6.290 | 6.290 v 6,131 | 6.133 v 6.263 | 6.255 v 6.339 | 6.335 200
120 w 5.950 | 5.950 w 5.881 | 5.897 ww | 5.941 | 5.942 v 5:907 | 5.909 w 5,916 | 5.911 v 5.930 | 5.921 120
2120 wvw | 5.563 | 5.559 vv | 5.561 | 5.578 vew| 5.643 | 5.637 211
202( v 5.286 | 5.285 v 5,153 | 5.155 v | 5.326 | 5.321 v | 5.188 | 5.162 v 5. 5.264 w | 5.321 | 5.319 202
022} ww | S.094 | 5.101 " 5.031 | 5.037 v | 5.021 030 v | 5.051 | S.olk9 vv | 5.050 | S.047 022
211 mvw | 5.002 | 5.007 [} 4,954 | 4.957 sv | 5.082 | 5.082 * «0l5 v 5.094 | 5,090 M 5.132 | 5,130 211
Taz2ffw | bg21] b2l wv | 4.835 | 4.8u1 w | 4.880 | 4,880 v | h.832 | 4,829 v | 5.858 | k.857 w | h.866 | .867 {122
013 avw | hB07 | 4.Bl0 | 4,728 | 472k » | 4.801 | h.8ol we | 4718 [ 4,718 av | 4,780 | 4.779 v | %778 A28 fo13
1130 w|a758| 6757 w | 4,651 | k.648 ve | 8,695 | 4.699 vw | h.633 | 4631 v . h.697 w | 470 | %720 113
2200 ww | 4557 | 4.557 we | h.6oo | k.599 220
1220 ew <520 | 4.525 mw | b,482 | 4,481 av | 4.507 | 4,507 mw | b,4o1 | k4,496 " 5,525 | b.525 mw | Mh.532 | b.529 122
031 vew| h.309 | 4313 wew| 4,310 | b.309 L ERES b 308 &, 290 | %.293 031
113 ww | 4.188 | 4.189 vew| 4218 | 4,221 v | 4,208 | k.206 113
323 wo| %139 | sam 222
311w 3.964 | 3.96k = | 3.895 | 3.896 ww | hoobl | b.oko ww | 3.927 | 3.930 ww | 4,002 | d,000 v | 4,049 | h.o50 311
004 v | 3.833 | 3.835 00k
222 vvw| 3.681 | 3.680 v | 3,747 | 3.746 222
311/ w | 3.652 | 3.652 av | 3.615 | 3.613 v | 3.920 | 3.723 v | 3.662 | 3.660 v | 30728 | 30722 v | 3.759 | 3.75 311
320 wev| 3,543 | 3.561 320
§ 31 vew| 3.469 | 3.470 231

350 e | meoes | Bi20 v | 323 | 3.423 MR EX 3.389 f w | 37| 39 (322
033 ‘ ’,“3' ms | 3.359 | 3.358 <"§ 3.359 8.332 --(br)§~ggz gggg ns | 3,365 ;.;gg us | 3,364 g.;ﬁ: 933
133 3.382 - 332 ! 3.330 br)f| 7* o3 0 320 N N N 33
T2af v |3 33 3 ! v | 3203 | 3iaoe | |23 B30 B v [ (B 123

Table 2. X-Ray powder_data of crystal series II ([Mbipy,Cl,]C1.2H,0).

[CrvipysCle JCLe280 | [CobipysCls JC1+2Ra0 | [RhbipysCly JC1.2H,0 [Os bipy,Cls JC1°2H,0 | [Ir bipysCly )CLe2Re0
hkl k1l
Iob- ‘ob-(‘) dodo(‘) xt)!u ‘ohl(b dcnl,e(h zob- ‘nh-(h dcdn“) lob. ‘oba(l) ‘e-lo(h 10‘7. ‘obad) denle(‘)

0010 s |13.031 [13.013 ns [12.903 {12.866 s 12,976 12.976 s [13.013 [12.99% s 12,976 |12.958 001
031 0f v |12.251 |12.204 v [12.069 [12.069 v 12,204 12.189 ww 12,235 [12.220 Ll 12,235 |12.23% 0110
0X1) ns| 9.023] 9,017 me | 8.974 | 8.974 (1 g.on 8.999 ns | 8.962 | 8.956 o [9.005| 8999 Joia
011 me .808 { 8,791 ms | 8.651 | 8,641 ns .785 8.774 s 8.8u3 | 8,849 . 8.802 | 8.797 011
10008 ms | 6.923 | 6.923 ms | 6.884 | 6.884 ms  6.895 - 6.895 ms | 6.923 | 6.917 as | 6.890 | 6.89 100
110§ w 64534 6.532 v | 6,492 6,494 Ao 6.515  6.515 v 6.560 6.550 - 6.517 6.520 110
101 v 6,255 6.253 101
0208 vw| 6,206 6.0952 v 6,033 | 6.033 v 6,106 6.098 v 6.108 | 6.108 v 6.118 | 6.118 020
101 "9 +916 5.937 ] 5,956 ne 5.923 {101
T11{* |39 {’ 50 [| % %908 (ida | w0 o £:350 Tory 557 1{3:3%¢ (ory] 393 e {1 11
012 | av 793 2801 mv | 5.765 | 5.768 v 5.789 5.788 mv | 5.770 | 5,767 v | 5.786 | 5.780 o132
01 f wv | 5,678 | 5.680 v ¥ 5 560 {5590 vw 5,669 5.668 w | 5.712 | 5.709 v |[5.677 | 5.672 Jo1g
o2 v | 5.573 | 5.576 (bri . 543 v 5581 5,573 w | 5.550 | 5.553 w | 5.587 | 5,581 Jo21
023 vev 5,473 5.466 021
; 1 v v | 5.24k | 5,245 v 5.263 5.25 o | 5,246 | S.249 wv | 5.260 | 5.258 f111

11 5623 111
130 ™ o sz {22903 135
102w ™~ w4879 k.88 wv | 4,887 | 4,889 v | 4886 483 102
I21}fav Y av 4,731 4731 v | 4.7272 | 4,770 v | 4746 | w747 121
1 % 2 v 4,708  4.705 ol 4736 | 5.7 w|ens| 46 fi12
1 % . v m . h647  k.B52 av | 5,658 | 4.6! v | 4.651 :.ﬁsz 121
02 4. 501 v W99 1022
1faf ™ ™ v bags fiot oryl 408 1 foids |18
o22|w ™~ 4.388 022
113 ™ w3 33 wo [ 4376 | usoh f113
003 w | 4317 | .38 003
120 e | ho222 | 4225 mv | 4,282 | 4.185 ma b2l h213 = | 421 | K2k a | 4216 [ 8,227 f120
13 4 v | beob? {:'°53 4 W05 | bulos 1i
11 .123 . .075 4,111 v 2133 | 4,130 v 10! 10! 2
01 g ww | K120 e 119 v b.lok {,"h’ 013
122 v ho22  h.o2d wv | 4,063 | b.061 wv | ko039 | bo3? 122
121 me| 3.95% | 3.953 8 3 5 g0y ({3906 ms  3.943  3.943 m | 3.957 | 3.956 me [ 3.943 | 3,945 f121
122 = 3.926 | 3.932 (hr)} . 3,918 a 3.922  3.929 L] 3.927 | 3.925 ws | 3.923 | 3.923 132
031 { v 3.856 | 3.852 031
1 g 3w | 3788 | 3.784 we | 3.751 | 3,748 m o 3.773 3972 n | 3777 | 3.778 = | %775 | 3.773 §y103
131 me| 3.601 | 3.644 v | 3.621 | 3.623 v 3641 3,644 vv | 3.649 | 3.648 w | 3.647 f 3,649 F131
023 w 3.492 | 3.492 v 3.484 3, 3.513 | 3.514 mv | 3.491 | 3,491 023
L1330 w 3.330 | 3.331 v 3.321  3.323 113
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the diffraction lines were measured and their intensities estimated. For four
of the series (I-IV) the diffraction lines were indexed and the unit cell di-
mensions were calculated (Table 5).

EXPERIMENTAL

X-Ray powder photographs were all taken with CuKa radiation using a focussing
camera of the Guinier type calibrated with silicon at 25°C.

The methods of preparation, analyses and spectra of the Rh, Os, and Ir complexes
referred to in Ref. 1 and in this publication will shortly appear as part of another publica-
tion.* Methods of preparation and analyses of the investigated Cr and Co complexes can
be found elsewhere.?

Table 4. X-Ray powder data of crystal series VI and VII.

[ Cr bipysCls JCLNC1+ 2 Of [ R bipysCly JC1-HCL. 28g 0| [Cr/Mn bipysCle JQA-HCL 28O | [Cr bipysOH(He0)](C20)a | [Co bipyyOR(% 0)](C20, )s
luh ‘cbn(l, zoh d“.(i) xolu ‘oh(b xﬁbl ‘ob-(l) ‘ol- l“.(l)
»s | 9.123 ms | 9.168 . 9.130 w 8,391 - 8.357
3 74502 . 7.516 s 7.516 -~ 7775 » ?7.721
ns 2. ™ 7.073 . ?.049 ™~ .8 " 6.790
. 6.735 = 6.745 ns | 6.735 v |5.937 " 5,864

w 6.046 vov | 5.068
v 6,007 w 6.001 v 5.997 w 4,964 L h.9h2
v [ 5.7¢8 w | 5.699 v 5.716 v 4,834 | 4753
v | 5.173 w | 5.175 v 5.181 v 585 v 4549
[} +880 v 4,877 ns b 875 had 4,275 v 8232
v b 467 v o470 uv b, 46N ™ h.250 .
[ b 384 - &.381 » 4,384 v be208 v 4,182
(1] 4,157 L] h.159 . A.157 Lo b.167 v &.103
v 3.852 L] .8%0 v b.07?7 v h,055
Ld 3561 L 3.563 L] 3.561 ww(br) 3.950 ww(br) 3.900
ms [ 3374 - | 3,374 us | 3372 630 n | 3.584
e 298 . 3.293 ve 3.292
w 3.202 w 3.199

Series VI — Series VII

Table 5. Unit cell dimensions for the crystal series I ~IV. The specific densities have
been measured (by flotation in pentachloroethane and 1-bromonaphthalene mixtures)
for some of the compounds.

o ° o. Volume of Spec.density | Spec.densit,
Crystal series s (b » b el LX) (A AR unit cell (l’) obs, (g/al) | cale. (‘/Ilg
Cr phomylg JC1 +  AR,OP 12.48 | 13.60 | 15.68 § 9o.0 | 100.3 90.0 2619
Co phengCle [C1 +3.5%0 12.27 | 13.50 | 15.33 | 9o.0 99.4 90.0 2505
1 Cr phengCly N0y «3.58, 0 12,77 | 13.48 15.4 90.0 | loo.o 90.0 2620
Co phongCly [Ny« 0 12.81 | 13,49 | 15,2l 9o.0 98.8 9040 2528
PhongCle WOy 3% 0 12.66 | 13.41 | 15.53 § po.o 98.9 90.0 2606 1.670 1.657
Ir phenyCly jNOy» 3% 0 12.83 | 13.40 | 15.55 } 90.0 99.1 90.0 2640
Cr bipnCle JC1 « 25,0 7.0h0 | 12,38 | 13.03 | 90.8 93.5 | loo.o n17 1.507 1507
CobipyyCly [CL ¢ g0 7.00% | 12,26 12.89 91.6 93.3 loo.l 1088 1.560 1.568
n M bipnCly [CL « WO 7.018 | 12,ho 13.00 90.8 93.h loo.d nn
Os bipyle jC1 + 280 7.0h8 | 12,43 | 13.03 | 90.0 93.5 | loo.5 1n2
IrbipmCle JCL « 2,0 7.0lk | 12,44 12.98 90.6 93,6 | loo.2 ms
or CL « 2Mg0° 12.7% | 23.24 | 16.47 90.0 90,0 90,0 879
IIx [ Cr/Co phe: %To " 2,76 | 23,26 | 16,32 } 0.0 | 90s0 | Houo 4833
Co phengCle)a 2, 0' 2.67 | 23.66 | 16.25 | 90.0 90.0 90.0 4871 1.645 1.659
3 HaO)s | (M0y )3 2% 0° [ 9.5% | 32.78 | 9.0328 90.0 90,0 | 900 2824
IV [cr/co phenn(Ma0)s )(My )g 2% 0] 9.569 | 32.70 | 9.0298 Soi0 | 90u0 | Gouo | 2826 1.592 1,584

@ Ref. 7 finds a=15.7 A, b=13.6 A, ¢=12.6 A; p=100.5°

b Ref. 8 finds a=15.46 A, b=13.50 A, ¢=12.28 A; f= 00.2° (99 %).

¢ Ref. 7 finds a=12.8 A, b=23.3 A, c=16.4 A; spec. dens. (exp.):1.50; (calc.): 1.51.

4 Although the number of diffraction lines is rather low, this compound has been included
as a member of series III, to show that it has been possible to index all the diffraction lines in
correspondence with those of the chlorides, and to show the good agreement between the ob-
served and the calculated specific densities (four formula units per unit cell in the tetrachloro-
cobaltate(II) in contrast to eight formula units in the chlorides).

¢ Ref. 13 finds a=9.49 A, b=382.2 A, ¢=19.03 A.
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RESULTS

The X-ray results are given in Tables 1 — 5. Here the complexes are divided
into the series I — VII. Within each series the diffraction patterns of the X-ray
powder photographs are almost identical as can be seen from the tables. On
this basis we find it safe to conclude that the crystals within each series are
closely related in structure and accordingly that the cations within each series
have the same configuration of atoms. In this conclusion the composition of
the complex molecules (the presence of the large phenanthroline or bi-
pyridine molecules) has been taken into consideration — in contrast to the
actual complexes it might be difficult, if not impossible, to distinguish in this
way between, e.g., cis- and trans-[M(NH,),(H,0),]"*. A discussion of the
relation between similar powder photographs and the associated crystal
structures can be found along with an X-ray powder investigation of tris-
(diamine) complexes.®

Itisremarkable that C1I” and NO,™ in series I can replace one another without
changing the diffraction pattern very much and that the number of water
molecules of crystallization may vary. This must be connected with the size
and rigidity of the cation, and with the fact that the cation dominates the
diffraction pattern (there is only one rather light anion and 2 —4 water mole-
cules of crystallization per cation). This isomorphous replacement of the anion
in [Mphen,Cl,]*-salts has been observed by others 8,7 — the anions including
CI” and NO;~ (series I), Br~, SCN™ and Nj.

Besides the correlation of the Cr, Co, Rh, Os, and Ir complexes through
the series I and II, we have established the series III — VII, which correlate
Cr and Co (in series VI also Cr and Rh) in other bis(2,2’-bipyridine) and
bis(1,10-phenanthroline) complexes. Two metals appear in some of the com-
pounds due to syncrystallization.

Two forms of the [Mphen,Cl,]Cl.aq crystals are found. The dichloro-
complexes of series III correspond in diffraction pattern to those called J-cis
in an investigation by Gibson and McKenzie,” whereas the dichloro-complexes
of series I correspond to their a-cis.” The crystal series II corresponds to their
a-cis-bis(2,2’-bipyridine) complexes.?

The unit cell volumes of the compounds of series I —IV are given in Table 5
together with some of the specific densities (observed and calculated). They
are in good agreement with what was found from the investigation of some
tris(diamine) complexes of Cr(III), Co(III), and Rh(III) 5 on the point that
they indicate similar metal-ligand distances for Cr(III) and Rh(III) and
somewhat shorter distances for Co(III). Here Os(III) and Ir(III) find their
place in the neighbourhood of Cr(III) and Rh(III).

CONCLUSIONS

On the basis of the results obtained through X-ray powder photographs,
of the preparations, and of the chemical and the spectral similarities of the
compounds, we find it safe to conclude that all the complexes investigated
here have the same stereochemical configuration. The X-ray part of the work
leads to this conclusion within each of the crystal series I — VII, 7.e. correlates
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Cr(III), Co(I1I), Rh(III), Os(III), and Ir(III); and the other properties of
the compounds extend the conclusion to concern all the complexes involved.

The spectral results and interconversion reactions® mentioned above
further show that the configuration is cis. This is in agreement with a single
crystal X-ray analysis of [Cophen,Cl;]JC1.3H,0 by Ablov et al.,® who find it
to have the cis-configuration; this violet salt is a member of our crystal series I.

While a lot of evidence for the existence of cis-bis(phenanthroline) and
cis-bis(bipyridine) complexes now turns up’,*2 we have not been able to
find any evidence of the corresponding trans-complexes.

Acknowledgements. The authors are grateful to C. E. Schéffer for valuable discussions
and suggestions, and to G. M. Nord and R. L. Tranter for the rhodium, osmium, and
iridium compounds.

REFERENCES

. Andersen, P., Jose hsen, J., Nord (Waind), G., Schiffer, C. E. and Tranter, R. L.
Chem. C’ommun 1969 408
Josephsen, J. and Scha,ffer, C. E. Acta Chem. Scand. 23 (1969) 2206.
. Josephsen, J. and Schéffer, C. E. To be published.
. Nord (Waind), G. and Tranter, R. L. 70 be published.
. Andersen, P., Galsbgl, F. and Harnung, S. E. Acta Chem. Scand. 23 (1969) 3027.
. Baker, W, A., Jr. and Phillips, M. G. Inorg. Chem. 4 (1965) 915.
. Gibson, J. G. and McKenzie, E. D. J. Chem. Soc. A 1969 2637.
. Ablov, A. V., Kon, A. Yu. and Malinovskii, T. I. Dokl. Akad. Nauk., SSSR 167
(1966) 1051; a. Ablov, A. V. Russ. J. Inorg. Chem. 6 (1961) 157.
9. Gibson, J. G., Laird, R. and McKenzie, E. D. J. Chem. Soc. A 1969 2089.
10. Gillard, R. D. and Heaton, B. T. J. Chem. Soc. A 1969 451.
11. Miller, J. D. and Prince, R. H. J. Chem. Soc. A 1969 519.
12. Kulasingam, G. C., McWhinnie, W. R. and Miller, J. D. J. Chem. Soc. A 1969 521.
13. Inskeep, R. G. and Bjerrum, J. Acta Chem. Scand. 15 (1961) 62.

=

WIS o

Received January 19, 1971.

Acta Chem. Scand. 25 (1971) No. 9



