A Brincep Co(11I) ComPLEX

Inorganic Chemistry, Vol. 10, No. 8, 1971 1789

CoNTRIBUTION NoO. 4153 FROM THE ARTHUR AMOS NOYES LABORATORY OF CHEMICAL PHYSICS,
CALIFORNIA INSTITUTE OF TECHNOLOGY, PAsADENA, CALIFORNIA 91109

The Structure of Racemic

w=-Amido-u-hydroxo-bis[bis(ethylenediamine)cobalt(I11)] Tetranitrate Hydrate

By ULF THEWALT axo RICHARD E. MARSH*!

Received December 18, 1970

The crystal structure analysis of racemic u-amido-u-hydroxo-bis[bis(ethylenediamine)cobalt(III)] tetranitrate hydrate, pL-
[(en):Co-u-(NH;,OH)-Co(en),](NOs)s - H;O, has been carried out using three-dimensional diffractometer data. The salt
crystallizes in the monoclinic space group P2;/» with cell dimensions ¢ = 8.309 (38), b = 23.933 (7),¢ = 12.399 (3) A, 8 =
90.71(83)°,and Z = 4. The observed density is 1.76 (1) g cm ™3, and that calculated for four formula units in the cell is 1.771
g ecm~3.  The structure was solved using Patterson and Fourier methods and refined by least-squares calculations based on
1794 reflections of nonzero weight. The final R index is 0.055. The configurations and conformations of the cation anti-

podes in the crystal are described by the absolute symbols gAAg and QAAQ Nonbonded interactions between hydrogen

atoms of the ethylenediamine groups seem to favor specifically these geometries.

slightly distorted octahedral coordinations.
three-dimensional network.

Introduction

The formations, the reactivities, and the structures of
bridged cobalt complex cations with the skeleton

NH, ~_
\R /
1

where R is, for example, 0,2, 0,~, O, H—, OH—, 8O-,
and NO;~and en is ethylenediamine, have been the sub-
ject of a great deal of investigation since their discovery
by Werner around 1910.2 The field was recently sut-
veyed by Garbett and Gillard.? These cations have an
added interest because of the many isomers that can be
expected to exist if one takes into account the possible
configurations of the ethylenediamine rings around the
cobalt atoms and the possible conformations of the
ethylenediamine rings themselves.

The three configurational isomers (one pair of anti-
podes and a meso form) of the (en),Co-u-(OH, NH,)-
Co(en)s*+ cation, together with the respective con-
figurational symbols, are shown in Figure 1. Werner

(en);Co Co(en),

R,

H D (I H H
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Figure 1.—The three possible isomers of the (en);Co-u-(NH;,-
OH)-Co(en)** cation, the chirality of the en rings not being
considered.

has found that cations of type 1 usually have a AA or
AA configuration. (The symbols A and A are used
here as in ref 5.) Only one case is known (for R =
NO;~) where rearrangement of the en rings seems to
occur, giving cations with AA configuration(s).®! The
absolute configuration of cations of type 1 has been es-
tablished by Garbett and Gillard by transforming a re-

(1) To whom correspondence should be addressed.

(2) A. Werner, Aun. Chem., 375, 1 (1910).

(3) K. Garbett and R. D. Gillard, J. Chem. Soc. 4, 1725 (1968).
(4) A. Werner, Ber,, 47, 1961 (1914).

(8) Inorg. Chem.,9, 1 (1970).

(6) A. Werner, Ber., 46, 3674 (1913).

The cobalt atoms, 2.98 A,apart, have

The ions and the water molecules are connected by hydrogen bonds to form a

solved dinuclear salt (R = O,™) via several steps into
mononuclear complexes of known absolute configura-
tions.”

No work, so far, has been concerned with the isom-
erism caused by the puckering of the en rings. It was
therefore of some interest to determine the actual strue-
tures of these cations and to look for possible reasons
which could determine the conformations of the en
rings.

The u-amido-u-hydroxo cation is easily formed by re-
duction of the p-amido-u-hydroperoxo cation. Using
1~ as the reducing agent, Werner prepared a racemic
iodide, a racemic bromide,? and one of the optically
active iodides.®* In this paper we report the structure
determination of a racemic nitrate.

Experimental Section

In attempting to recrystallize racemic y-amido-g-hydroperoxo-
bis[bis(ethylenediamine)]cobalt(III) tetranitrate hydrate, pL-
[(en)eCo-u-(NH,,O:H )-Co(en)s] (NOg)s - 2H;0, by ‘slow evapo-
ration of aqueous solutions containing a few drops of nitric acid,
we found that over a period of several days the red starting mate-
rial would decompose, giving a black syrupy residual. This re-
sidual turned out to be a mixture of two salts, which could be
separated by fractional crystallization. One was the green nitrate
of the w-amido-u-superoxo cation bL-{(en),Co-u-(NH;,0,)-Co-
(en);](NO;)4-H,O. The other salt was the red nitrate of
the y-amido-u-hydroxo cation pL-[(en),Co-u-(NH;,OH)-Co(en),]-
(NO;z)¢-H,O. The first salt was identified by comparison of the
rotation and Weissenberg photographs of its crystals with the cor-
responding photographs of the compound prepared by Werner’s
method;? these photographs were identical. The structure of the
second salt was elucidated during the present X-ray investigation.
Anal. Caled for CiHuNi3CoO1: C, 14.6; H, 5.7; N 27.7.
Found: C, 14.6; H, 5.7; N, 27.5. By chemical analysis it
was not possible to determine if the salt contains a w-hydroxo
group or a w-hydroperoxo group since the content of water of
crystallization was not known. Well-formed red crystals of
pL-[(en);Co-u-(NH,,OH)-Colen):] (NO3)s- H:O were grown by
slow evaporation of a saturated aqueous solution of the complex.
The crystals were monoclinic and elongated along @. The
systematic absences (0! for # + ! = 2# 4+ 1 and 00 for & =
2n 4+ 1) on Weissenberg films taken around ¢ and b uniquely
determined the space group P2:/#. The equivalent positions in
P2,/n, an alternative setting of P2,/¢, are =(x, v, z; /2 + %,
1/, — 3, /o + 2). Cell dimensions were obtained from a
least-squares treatment of the 26 values of several reflections
measured on a General Electric diffractometer using Co radia-
tion. The cell dimensions, their standard deviations, and other
crystal data are given in Table I. The density at room tem-

(7) K. Garbett and R. D. Gillard, Chem. Commun,, 99 (1966).
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TABLE I
CrYSTAL DATA FOR
DpL-[(en):Co-u-(NH;, OH )-Cofen )2] (NO; ), - H:0

C02C8H14N13H37 B} Mol wt 657.4

a = 8.300 (3) A Z =4

b= 23.933(7) A F(000) = 1368
c=12.399 (3) A 2MCo Kap) 1.78892 A
8 =90.71 (3)° AMCo Kap) 1.79278 A

Space group P2;/%
dm = 1.76 (1) gem™—3

#(Co Ka) 37.5 cm ™1
dy = 1.771 g cm 3

perature was measured by the flotation method. It agrees well
with the density, Dy, calculated assuming four formula units
in the unit cell. Two sets of intensity data were collected. The
first was collected visually from multiple-film equiinclination
Weissenberg photographs taken about a (0k-5kl) and ¢ (hk0)
with Fe radiation. The crystal fragments used had cross-sec-
tional dimensions of about 0.2 mm. The crystals suffered mark-
edly from X-ray damage during the period of exposture (several
hundred hours), which particularly affected the high-angle re-
flections. Tlherefore the film data were judged to be of low qual-
ity and were used only for the determination of the approximate
structure. For the refinement, a second set of data was col-
lected on a Datex-automated General Electric XRD-5 diffrac-
tometer that was equipped with a cobalt-target X-ray tube with
iron filter, an Nal(T1) scintillation counter, and a pulse-height
analyzer. The crystal fragment used was cut from a larger
crystal with a razor blade and had dimensions 0.19 X 0.17 X
0.17 mm3. It was mounted with & parallel to the g-axis of the
diffractometer. The intensities were measured using a 6-2¢
scan. To minimize the effects due to decomposition of the
crystal, a scanning speed of 4°/min was used and background
was counted for only 9 sec at each end of the scan interval. The
measurements were confined to reflections in the range 26 < 106°.
The scan intervals were adjusted to account for the ai—a;, splitting.
A reference reflection, (006), was measured periodically during
the data collection process. Its intensity dropped continuously
to 789 of its original value at the end of the measurements.
The measured intensities of all reflections were then rescaled to
what their values would have been at the beginning of the mea-
surements on the basis of the time-dependent check-reflection
intensity. The individual reflections were assigned intensity
values, I,, and standard deviations of «(I,) according to the
formulas

Ft =[S — (Bi + B)Ty/2t]/Lp
o(Fo?) = [S+ (Bi + Bx)(Tw/20)2 + (0.0175)2]/+/Lp

with S the total scan count, 7 the scanning time, B; and B, the
background counts, ¢ the time spent counting the background,
and Lp the Lorentz—polarization correction factors. The term
(0.0175)? in the second equation was introduced to compensate
for errors not due to counting statistics (Busing and Levy$).
A total of 1846 independent reflections were obtained. The 49
reflections whose intensities became negative were assigned in-
tensities and weights of zero. The 1797 reflections which were
measured above zero were treated as observed. An absorption
correction was then applied on the assumption that the crystal
was a sphere of radius 0.1 mm (uR = 0.37). Finally the data
were brought to an approximate absolute scale by the method of
Wilson.®

Determination and Refinement of the Structure

The Co coordinates were obtained from a three-
dimensional Patterson map and the lighter atoms were
located by standard heavy-atom techniques. The R
index based on the film data for this trial structure was
0.39 (R = Z|F, — |FJ|/2F,). At this stage the dif-
fractometer data became available and refinement of
the structure was begun using the new set of data.
Atomic form factors for Co?t (corrected for the real
part of anomalous dispetsion by subtracting 2.2 elec-
trons), O, N, and C were taken from Iber’s tabulation.!?

(8) W.R. Busing and H. A. Levy, J. Chem. Phys., 36, 563 (1957).

(9) A.J.C. Wilson, Nature (London), 180, 151 (1942).

(10) J. A. Ibers, ‘‘International Tables for X-Ray Crystallography,”
Vol. 111, Kynoch Press, Birmingham, England, 1962, Table 3.3.1A.
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The form factor values for hydrogen were those of Ste-
wart, Davidson, and Simpson.!! In the least-squares
refinement the reflections were assigned individual
weights w = 1/02(F,?), [for o(F,?) see the Experimental
Section ] and the quantity minimized was

2w(F? — (1/k)F2)?

Two cycles of full-matrix refinement of the scale factor
and the positional parameters together with individual
isotropic temperature factots for all heavier atoms gave
a residual of R = 0.12. During these calculations both
bridging atoms of the cation, O(1) and N(1), were
treated as nitrogen atoms. For one of them this choice
resulted in a B value of 2.4 A2 a value similar to those
of the other atoms within the cation; for the other
bridging atom, however, an abnormally low tempera-
ture factor of 0.4 A? was obtained. Accordingly, the
second atom was identified as an oxygen atom. A
three-dimensional difference synthesis was then calcu-
lated and inspected for hydrogen atoms. This map
clearly indicated some of the hydrogen atoms at stereo-
chemically reasonable positions. However, most H
atoms could not be located; among them were the H
atoms of the bridging u-NHs and u-OH groups.

The coordinates for the hydrogen atoms of the ethyl-
enediamine and the u-NH, group were then calculated,
assuming N~H and C-H distances of 0.9 A and H-N-H
and H-C-H angles of 109.5°. The hydrogen atoms of
the water molecule and the u-OH group were introduced
from consideration of the probable hydrogen-bonding
scheme. All hydrogen atoms were assigned isotropic
temperature factors equal to those of the heavy atoms
to which they are bonded. The hydrogen atoms were
included in subsequent structure factor calculations;
their parameters were not refined but were readjusted
toward the end of the refinement,

In the next two least-squares cycles the bridging N (1)
and O(1) atoms were refined isotropically and the re-
maining nonhydrogen atoms were refined anisotropi-
cally. R dropped to 0.083 and the temperature factors
of both bridging atoms then had reasonable values,
B[O(1)] = 2.1 and B[N(1)] = 2.0 A®. During these
and the following least-squares calculations the param-
eters were included in five matrices of about equal
size, the positional and thermal parameters of a given
atom being in one matrix. Three reflections (211, 131,
063) with relatively large residuals were given zero
weight, After six more cycles the anisotropic refine-
ment was terminated. The final R index for the 1794
reflections of nonzero weightis 0.055 and the goodness of
fit, [Zw(F2 — F.O%/ (n — p)]V is 1.8, A total of 334
parameters were adjusted: three positional and six an-
isotropic temperature parameters for each of the 37
heavy atoms and one scale factor. During the last four
cycles the scale factor was kept constant. In the final
cycle some of the parameters of the nitrate oxygen atom,
O(11), still showed shifts of the same order of magnitude
as the corresponding standard deviations. All other
parameters had converged; the largest shift:deviation
ratio for them was 0.7 [for 8 of N(9) which belongs to
the same nitrate group as O(11) and for z of the water
oxygenatom O(14)]. Therefinement was stopped at this
point, since the high values of the thermal parameters of

(11) R. F. Stewart, E. R. Davidson, and W. T. Simpson, J. Chem. Phys.,
42, 3175 (1965).
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TAEBLE II
POSITIONAL AND THERMAL PARAMETERS OF THE NONHYDROGEN ATOMS AND THEIR STANDARD DEVIATIONS®
Atom x y z B Baz Bas B2 B B
Co(l) 37,408 (12) 8,054 (4) 24,356 (8) 650 (19) 78 (2) 283 (9) —13(11) —99 (20) 10 (R)
Co(l") 36,838 (12) 16,797 (4) 7,281 (8) 640 (19) 80 (2) 327 (9) —33(11) —50 (20) 43 (8)
O(1) 3,745 (4) 874 (2) 888 (3) 80 (8) 12 (1) 42 (4) 5(5) 28 (9) 5(3)
0(2) 7,624 (7) 2,230 (2) 3,175 (4) 209 (13) 20 (1) 68 (5) 70 (7) 72 (13) —34)
0(3) 8,819 (5) 1,590 (2) 2,257 (4) 96 (9) 13 (1) 36 (4) 0(5) —0(9) —11(4)
04) 10,150 (7) 2,061 (2) 3,452 (4) 214 (13) 19 (1) 87 (58) —32(7) —137 (13) 14)
O(5) 6,581 (6) 441 (2) 5,377 (4) 170 (11) 16 (1) 60 (5) —20(7) —32(11) 22 (4)
0(6) 8,311 (7) 927 (2) 6,286 (5) 228 (13) 28(2) 63 (5) —23(7) —53 (14) 1(5)
o(7) 7,657 (6) 1,170 (2) 4,669 (5) 232 (13) 16 (1) 59 (5) —10 (6) 51 (12) 29 4)
0O(8) 10,510 (7) 2,861 (2) 1,644 (5) 203 (12) 18 (1) 87 (6) 34 (7) 67 (13) 23 (4)
0(9) 9,084 (7) 3,597 (2) 1,367 (58) 267 (14) 14 (1) 98 (6) 52 (7) 20 (14) —13(5)
0(10) 9,712 (7) 3,077 (2) 31 (8) 236 (13) 19 (1) 65 (5) —8(6) 50 (14) —3(5)
O(11) 6,903 (10) 359 (3) —109 (5) 466 (20) 92 (3) 77 (7) —304 (13) 145 (19) —76 (7)
0(12) 9,107 (7) 401 (2) — 957 (5) 205 (13) 27 (1) 58 (5) ~25(7) 50 (14) —6(5)
0(13) 8,869 (7) 758 (2) 644 (5) 291 (15) 23 (1) 61 (5) —65(7) —82 (14) —13(5)
0O(14) 7,035 (6) 1,483 (2) —1,688(4) 142 (10) 41 (2) 84 (5) 29 (7) -13(11) —36 (5)
N(1) 3,666 (5) 1,615 (2) 2,294 (4) 67 (10) 8(1) 30 (4) 0 (5) —20 (10) 14)
N(2) 3,627 (6) 818 (2) 4,010 (4) 124 (11) 11(1) 39 (5) —1(6) —-33(11) -3
N(2') 3,639 (6) 2,498 (2) 701 (4) 100 (10) 12 (1) 36 (5) 1(6) 2 (11) 134)
N@3) 3,845 (6) —-15(2) 2,376 (4) 93 (10) 12 (1) 23 (4) —11(6) —15(10) 34)
N@3") 3,697 (6) 1,628 (2) —859 (4) 62 (10) 9(1) 43 (5) 4 (5) 6 (11) 34)
N#4) 6,108 (6) 751 (2) 2,509 (4) 91 (10) 11 (1) 48 (5) —5(6) —26(11) 9 4)
N@4’) 1,341 (6) 1,667 (2) 548 (4) 109 (10) 10(1) 28 (4) 6 (6) 19 (10) 7 (4)
N(5) 1,401 (8) 745 (2) 2,482 (4) 109 (10) 8(1) 24 (4) —3(6) —14 (10) 4(4)
N(5') 6,018 (6) 1,766 (2) 754 (4) 89 (10) 11 (1) 52 (5) —8(6) —24 (11) 94)
N(6) 8,860 (8) 1,967 (3) 2,973 (5) 134 (15) 9(2) 31 (6) —6(8) —11(16) 10 (5)
N(7) 7,521 (8) 852 (3) 5,440 (6) 111 (14) 14 (2) 45 (7) 17 (8) 46 (16) 5(6)
N(8) 9,760 (8) 3,184 (3) 1,005 (6) 114 (14) 14 (2) 70 (8) —28(8) 14 (17) 8 (7)
N(9) 8,351 (10) 487 (3) ~126 (7) 189 (18) 32 (2) 57 (8) —97 (10) —41 (20) 20 (7)
C®@) 1,945 (8) 850 (3) 4,370 (5) 121 (14) 18 (2) 36 (6) 24 (8) 19 (16) 4 ()
c2 5,230 (9) 2,709 (3) 1,068 (6) 163 (16) 11 (2) 57 (7) —7(9) —63(16) 9(6)
Cc@3) 5,493 (8) —207 3) 2,163 (58) 118 (14) 10 (2) 49 (6) 25 (8) 54 (16) 4 (5)
Cc@3") 2,083 (8) 1,449 (3) —1,246 (5) 136 (14) 14 (2) 27 (6) -2 (8) —8(15) 1(5)
c@”) 6,605 (8) 176 (3) 2,738 (5) 81 (14) 18 (2) 55 (7) 7 (8) —10 (15) 0(6)
c@) 884 (7) 1,765 (3) —584 (5) 70 (13) 18 (2) 44 (6) —11(7) —34 (14) 12 (5)
C(5) 912 (8) 556 (3) 3,568 (5) 88 (13) 17 (2) 50 (7) 22 (8) 21 (15) 8(5)
C(5") 6,649 (8) 2,359 (3) 560 (6) 88 (14) 17 (2) 78 (7) —22(8) —61 (16) 29 (6)

s Values for the cobalt atoms have been multiplied by 10%; those for other atoms by 10¢. The standard deviations are given in paren-
theses and refer to the last digits of the respective values.

O(14) and of the atoms of the nitrate group N(9) [par- TasLe 111
ticularly O(11)] imply disorder at these sites and since POSITIONAL PARAMETERS ASSIGNED TO HYDROGEN ATOMS?
R did not change significantly during the last cycles. Atom &y z Atom & ¥ z
i ; ; : : : 0) H@) 488 73 61 C(2) H(20) 18 68 501
That some kind of c@sorder is ass_omated with Q(ll) is NI HE) 453 179 261 HED 184 121 44l
supported by the finding 'that in dlfferencg Fourier syn- " OH@ 216 177 289 C(8) H@2) 568 —21 146
theses, calculated at various stages of the refinement, N® H@) 409 50 427 H(23) 562 —56 243
: : : H(5) 417 112 425 C#4) H(24) 762 12 249
the h1g_hest electron density peak always was fpund in N@ HE 818 —13 18 HEs e 11 348
the neighborhood of that atom. In a final difference H(7) 351 —15 301 C(5) H(28) 107 18 362
Fourier map this peak was 0.76 ¢ ~/A?, whereas all other N gég; gi: 2675 ;gz e ggg P ;f 223 fg;
excursions were below O.flS fe‘/A"’. ' The final structiire NG HQO) 105 50 108 H(20) 535 306 85
factors are available as indicated in ref 12. Table II H(11) 95 108 235 C(3) H@30) 195 153 —105
gives the heavy-atom parameters and their standard N @) ggg; gii ;gg ns cun Egg 182 ;‘l)g ‘_1;2
deviations, calculated in the usual way from the least- NG) H(4) 302 196 —114 H(33) —11 163 —72
squares residuals. The average esd’s (A) in the final H(15) 444 138 —106 C(&') H(@34) 742 243 86
positional coordinates are as follows: Co, 0.001; N9 gg?g 23 }Zg gg o) gggg; gig f‘;: _‘2}3
O(cation), 0.004; O(NOa_ and Water), 0.006,‘ N(cation), N(5’) H(18) 641 167 141 H@7) 753 127 —219
0.005; N(NO;™), 0.007; C, 0.007. These etrors cotrre- H(19) 645 156 24
spond to the following average esd’s in bond lengths * All values have been multiplied by 10°.

(A): Co-N, 0.005; Co-O, 0.004; C-N, 0.009; N-O-
(NO3;—), 0.010. The esd’s in bond angles are about 0.2°
at Co, 0.4° at C and N(cation), and 0.6° at N(NO;™).
The assumed hydrogen atom parameters are given in
Table III.

All computations were carried out on an IBM 7094
computer. For the preparation of Figure 2 the ORTEP

(12) A listing of structure factor amplitudes will dppear immediately
following this article in the microfilm edition of this volume of the journal.
Single copies may be obtained from the Reprint Department, ACS Publica-
tions, 1155 Sixteenth Street, N.W., Washington, D. C. 20036, by referring . i . . . .
to author, title of article, volume, and page number. Remit $3.00 for photo- Figure 2.—Stereoscopic drawing of one of the optically isomeric
copy or $2.00 for microfiche, cations in DpL-[(en):Co-u-(NH;,OH)-Co{en),] (NO;)s- H,O.
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program of Johnson!® was used. All other calculations
were performed with programs of the cRYRM system . 13b
Discussion

The Cation.—As the X-ray analysis shows, the salt
under investigation is a racemate containing cations
with AA and AA configurations. This could be expected
sitice according to Werner’s investigations the chirality
of cations of type 1 usually is retained during replace-
ment of bridging groups at the position R*and since the
starting complex was a racemate of AA and AA cations.
A stereodrawing of the AA isomer of the cation is shown
in Figure 2 from which it can be seer that both cobalt
atoms have a slightly distorted octahedral coordination.
The numbering scheme of the atoms is given in Figure 3.

Cl4)

Cw\N{S‘) N&) o)

29 i3y o) N)

Co(f), Co(l).
3/9 N )

Srug— NG Ni5) /5(2)
crs)

Figure 3.—Identification and numbering of the atoms in the
cation.

Bond lengths and bond angles are presented in Table
IV.

The bridging atoms O(1) and N(1), both Co atoms,
and the atoms trans to O(1) and N (1) are approximately
coplanar. Tlhe equation of the weighted least-squares
plane passing through these eight atoms is given by
8.300x <+ 0.834y + 0.211z = 3.215 A, where x, ¥, and 2
are fractional coordinates referred to the monoclinic
unit cell. The deviations of the atoms from this plane
are as follows (A): N(1), 0.011; O(1), —0.015; Co(1),
0.008; Co(1"), —0.002; N(2), —0.052; N(27), 0.029; N-
(3), 0.025; N(3'), —0.029. The corresponding atoms
in the related p-amido-u-hydroperoxo cation 2 are also
approximately coplanar.!* Within the four-membered

H H i+

H 4+

0
Co<O>CO(NH3)4
|
H
3

(NHy),

central ring of the cation all four angles are about 10°
smaller than one would expect for undistorted octa-
hedral and tetrahedral angles, respectively [80.0 =

(13) (a) C. K. Johnson, orTEP, Report ORNL-3794, Oak Ridge National
Laboratory, Oak Ridge, Tenn., 1965; (b) D. J. Duchamp, Ameérican Crystal-
lographic Association Meeting, Bozeman, Mont., 1964, Paper B-14.

(14) U. Thewalt and R. Marsh, J. Amer. Chem. Soc., 89, 8364 (1967).
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TaBLE IV
BOND DISTANCES AND BOND ANGLES IN THE CATION?
Distance, Distance,
Atoms Atoms
Co(1)-Co(1’) 2.977 (2)
o) 1.926 (4) Co(11)-0(1) 1.940 (4)
N(1) 1.947 (5) N(1) 1.948 (5)
N(©2) 1.956 (5) N(2%) 1.960 (5)
N(3) 1.966 (5) N(3") 1.972 (5)
N(4) 1.972 (5) N(4') 1.957 (5)
N(5) 1.951 (5) N(5%) 1.950 (5)
N(2)-C(2) 1.474 (8) N(2/)-C(2%) 1.481 (9)
N(3)-C(3) 1.472 (8) N(3)-C(3") 1.482 (8)
N(4)-C(4) 1.464 (9) N(4)-C4") 1.468 (8)
N (5)-C(5) 1.482 (8) N(6)~C(5") 1.489 (9)
C(2)-C(5) 1.484 (9) C(2)~C(56") 1.474 (10)
C(3)~C(4) 1.479 (9) C(8)-C(4") 1.3503 (9)
Angle, Angle,
Atoms deg Atoms deg
Co(1)-0(1)-Co(1’) 100.7 (2) Co(1)-N(1)-Co(1") 99.7 (2)
O(1)-Co(1)-N() 80.0 (2) O(1)-Co(1”)-N(1) 79.6 (2)
N(2) 173.7 (2) N(2%) 175.1 (2)
N(3) 92.7 (2) N(3") 92.3 (2)
N(4) 92.1(2) N(4') 91.2 (2)
N(5) 92.8 (2) N9 94.5 (2)
N(1)~Co(1)-N(2) 94.2 (2) N(1)-Co(1)-N(2") 95.5 (2)
N(3) 172.6 (2) N(3) 171.9 (2)
N(4) 95.7 (2) N4’ 95.3 (2)
N(5) 92.7 (2) N(5) 90.7 (2)
N (2)~Co(1)-N(3) 93.2(2) N(@)-Co(1)-N(3") 92.6 .2)
N(4) 90.9 (2) N4’ 89.7 (2)
N(5) 84.9 (2) N(6") 85.0 (2)
N (3)-Co(1)~N(4) 83.8(2) N(3)-Co(1))-N(4") 84.4 (2)
N(5) 88.3 (2) N(5") 90.3 (2)
N (4)-Co(1)-N(5) 170.9 (2) N@4)~Co(l")-N(5") 172.4 (2)
Co(1)-N(2)-C(2) 111.1 (4) Co(11)-N(2")-C(2") 108.5 (4)
N(2)-C(2)-C(5) 108.4 (5) N(2))-C(2")-C(5") 107.5 (5)
C(2)-C(5)-N(5) 107.5 (5)  C(2")~-C(8")-N(5") 107.1 (5)
C(5)-N (5)-Co(1) 109.5 (3)  C(5")-N(5)-Co(1") 110.5 (4)
Co(1)~N(3)-C(3) 111.2 (3)  Co(11)-N(8)-C(3") 108.9 (3)
N(3)-C(3)-C4) 107.2 (3) N(3H-C(8)-C4) 106.3 (5)
C(3)-C(4)-N(4) 108.5 (5) C(3")-C@4")-N#) 106.0 (5)
C(4)-N4)~Co(1) 110.5(3) C@A")-N(#)-Co(l") 110.6 (3)

@ These values contain no corrections for thermal motion.

0.2° at Co(1), 79.6 = 0.2° at Co(1’), 100.7 £ 0.2° at
0O(1), and 99.7 = 0.2° at N(1)]. These angles are
essentially the same as those in the pg-amido-u-hydroper-
oxo cation 2 (79° at both Co atoms, 100° at the N atom,
and 102° at the O atom) and those in the di-g-hydroxo
cation 3 (79.9 + 0.3° at Co and 100.1 = 0.5° at O).*
The Co—u-OH distances in the latter cation (1.911 =+
0.005 and 1.913 =+ 0.005 A) are similar to the Co—u-
OH distances in the present cation (1.926 %= 0.004 and
1.940 = 0.004 A). The Co—u-NH, distances (1.947 =
0.005 and 1.948 = 0.005 A) agree well with those ob-
served in 2 (1.94 and 1.95 A) and with those of the u-
amido-u-superoxo cation (en);Co-u-(NH;,0,)-Colen)s*+
(1.95 and 1.92 A).** Similar Co—u-NH, distances have
also been found in the cations (NH;);Co-u-(NH,,O,)-
Co(NHy) 4+ (1.916 £ 0.004 and 1.928 = 0.004 A)!® and
(NH3)4CO-/J.-(NH2,N02)-CO(NH3)44+ (1929 + 0.007
and 1.923 = 0.007 A).Y There are no surprises in the
dimensions of the Co—en rings. The six Co-N (en) bond
lengths range from 1.950 to 1.972 A, the average being
1.960 A. This value is essentially the same as the
average Co-N(ammonia) distance found in recent
determinations of crystal structures on salts containing
bridged cobalt ammines (see, for example, ref 18).
The standard deviation of the Co—N(en) bond lengths
as calculated from the spread of the individual values is
o = 0.009 A. The C-N bond lengths range from 1.464

(16) C. K. J. Prout, J. Chem. Soc., 4429 (1962).

(18) G. G. Christoph, R. E. Marsh, and W. P. Schaefer, Inorg. Chem., 8,
291 (1969).

(17) U. Thewalt and R. E. Marsh, ibid., 9, 1604 (1970).

(18) W. P. Schaefer, ¢bid., T, 725 (1968).
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to 1.489 A, the mean value of 1.476 A (¢ = 0.009 A)
agreeing well with that of the paraffin-quaternary
amine bond length of 1.479 A (¢ = 0.005 A) given in
Sutton’s tabulation.'* The four C-C distances rang-
ing from 1.474 to 1.503 A with a mean value of 1.485 A
(¢ = 0.013 A) are considerably shorter than the usual
paraffinic C-C bond distance of 1.54 A. The Co-N-C
and N-C-C valence angles inside the chelate riigs all
come close to the expected tetrahedral angle of 109.5°;
the maximum deviation [at C(4')] is —3.5°. The
average N-C-C bond angle (107.3°; ¢ = 0.9°) is smaller
than the average Co-N-C angle (110.1°; ¢ = 1.0°).
The N-Co-N angles of the chelate rings with a mean
value of 84.5° anid ¢ = 0.6° all are smaller by ca. 5°
than the 90° angle that one would expect for an undis-
torted octahedral coordination about the cobalt atoms.
On the other hand, most angles between Co-N bonds of
adjacerit chelate rings are larger than 90°. The same
effect has been described for the Ni(en);?t cation by
Swink and Atoji?® and is usually observed in metal-
ethylenediamirie compounds. The four Co-en rings
are all in the unstrained gauche form which is commonly
observed in metal-ethylenediamine complexes. The
extent to which the rings are puckered is specified in
Table V. There, the deviations of the carbon atoms

TABLE V
PUCKERING OF THE ETHYLENEDIAMINE CHELATE RINGS
Dev from
Plane defined by atoms Atom plane, A a, deg 8, deg
Co(l), N(2), N(5) C(2) 0.17 24.9 46.3
C(5) —0.45
Co(l), N(3), N(4) C(3) 0.31 25.2 47.3
C4) —0.32
Co(l"), N(2), N(5") c@2n 0.44 26.9 49.7
C(5") —0.22
Co(1"), N(3"), N(4") C(3") 0.39 28.3 52.4
c@4" —0.32

of each ring from their respective N-Co-N planes and
the dihedral angles « and 8 are listed. (« and B are
as used in ref 21: « is the angle between the
N-metal-N plane and the C-metal-C plane; 8 is the
torsion angle between the nitrogen atoms across
the C-C bond.) The mean values are 26.3° for «
and 48.9° for § with standard deviations of 1.4 and
2.8°, respectively. The average distance of a carbon
atom from its N~Co~N plane calculates as 0.33 A (¢ =
0.09 A). The two deviations from the N(2)-Co(1)-
N(5) ring (0.17 A for C(2) and —0.45 A for C(5)), par-
ticularly, are quite different from this mean and from

each other, which indicates a considerable departure
" from the theoretical C; symmetry of this en ring. The
four ethylenediamine rings all have identical conforma-
tions. The complete designation of the cation shown in
Figures 2 and 3 is }AA} (and that of its enantiomer
3AAY). In these mnotations the symbols A and A,
representing configurations of the metal dtoms, and d
and A, representing ring conformations, are arranged in
an obvious way to represent the cation isomers. It is
interesting to hote that theoret1cally there exist 36 iso-
mers of the cation (16 pairs of antipodes and 4 inactive
forms), if one takes into account the two possible con-

(19) L. E. Sutton, Chem. Soc., Spec. Publ., No. 11 (1958).

(20) L. N. Swink and M. Atoji, Acta Crystallogr., 18, 639 (1960).

(21) K. N. Raymond, P. W. R, Corfield, and J. A. Ibers, Inorg. Chem., T,
842 (1968).
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figurations about each metal atom and the two possible
conformations of each ethylenediamine ring. Whereas
the two enantiomers observed ifi the present investiga-
tion exhibit approximate C, symmetry (with the two-
fold axis in the O(1)-N (1) direction), most of the other
possible isomets do not have any element of symmetry
except the identity.

Recently Raymond, Corfield, and Ibers® explained
the stabilization of the different conformers of M(en);
type cations (M = metal) ini terms of two forces (in the
following discussion only A isomers will be regarded ; the
discussion of Raymond, ef al., actually was based on A
isomers). (1) Hydrogen bondmg between the amine
groups of the en rings and adjacent hydrogen bond ac-
ceptors favors a ® conformation of the en rings. For
this conformation the steric conditions allowing the
axial hydrogen atoms to take part in the hydrogen
bonding are more favorable than for the X conforma-
tion. (2) H-H repulsion between the en rings favors
a X conformation. This is supported by calculations of
Corey and Bailar,?? who showed that if no hydrogen
bonds are present, the AAAX conformer of Co(en);?t is
more stable than the Addd conformer by ca. 1.8 kcal/
mol. These considerations are probably less important
for the present dinuclear cations, where only two en
groups are around each Co atom, than they are for
M(en); cations.

Most likely the reason for the stabilization of the
YA} isomer lies in the fact that there are fewer non-
bonded interactions between amine hydrogen atoms of
en rings belonging to different cobalt atoms than in all
other conformers. In Figure 4 the three possible ar-
rangements of en groups are shown. From the drawing
it is evident that in I (both en rings in the 4 conforma-
tion) there is the most severe overlap and that in III
(both rings in the A conformation) there is the least over-
lap, whereas II (one ring in the 8 conformation, the
other ting in the A conformation) represents an inter-
mediate situation. With the more realistic van der
Waals radius for hydrogen of ca. 1.2 A (Pauling?®)
than the 0.84 A used in Figure 4, even in III a consider-
able amount of interaction would occur and the bent
arrangement

N N
> Na)
Lo \JO\
N N
of the “out-of-central-plane” Co-N bonds [N(4)-

Co(1)-N(5) = 170.9 = 0.2°; N(4¢")-Co(1")-N(5") =
172.4 = 0.2°] is most probably caused by these non-
bonded H: - -H interactions (see also Figure 2). The
H. - H repulsion concept seems also to apply to other
cations of type 1. For example, in salts of the u-amido-
p-hydroperoxo cations and of the p-amido-u-superoxo
cations the }AA} (and 3AA3) isomers have been found
(see Figures 1 and 2 in ref 14).

The ellipsoids of thermal vibrations for the atoms of
the cation are shown in Figure 2. The thermal motions
are in general agreement with those that would be ex-
pected on the basis of the cation geometry. The vibra-
tions of the cobalt atoms are almost isotropic with an
average rms amplitude of 0.15 A. The largest rms

(22) E.J. Corey and J. C. Bailar, J. Amer. Chem. Soc., 81, 2620 (1959).

(23) L. Pauling, 'The Nature of the Chemical Bond,” 3rd ed, Cornell
University Press, Ithaca, N. Y., 1960, p 260.
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Figure 4.—Possible conformations of the en rings in the
AA isomer of (en)Co-u-(NH;,OH)-Co(en)** showing different
degrees of nonbonded H-.- H interaction. For this drawing
tetra@edral coordination of the N atoms and an N-H distance of
1.03 A are assumed. Only the en rings above the central plane
of the cation need to be considered, since the en rings below it
show the same kind of nonbonded interaction. The hydrogen
atoms are drawn with a 0.84 A radius, so that the sphetes repre-
senting the H atoms for the two amine hydrogen atoms bonded
to the same nitrogen atom just touch. For simplicity the amine
N atoms are shown exactly above the Co atoms. Actially they
are slightly displaced, as can be seen from Figure 2.

amplitudes (up to 0.29 A) are shown by the carbon
atoms.

The Nitrate Groups.—There are four independent
nitrate groups. The N-O bond distances and O-N-0O
bond angles are shown in Figure 5. The bond lengths
vary between 1.225 and 1.266 A. The rms deviation of
these values from the average value (1.241 A) is 0.014
A.  Except for the N(9) nitrate group all O~N-O bond
angles are close to the expected value of 120°. These
values are in good agreement with those observed in
other nitrate salts. As was pointed out earlier, nitrate
group N(9) presumably is disordered, so that not much
significance should be attributed to its geometry. The
three NOz—ions N(6), N(7), and N (8) are planar within
experimental error; the distances of the N atoms from
the planes formed by their oxygen ligands are as follows
(A): N(6), 0.000; N(7), 0.003; N(8), 0.003. Again,
the disorder of the nitrate group N(9) might be used to
explain the relatively large N-(O-plane) distance of
0.06 A. As is usually observed in complex salts of the
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Tigure 5.—Bond distances (A) and bond angles (deg) in the
nitrate groups. Error assignmeiits are described in the text.
No corrections for thermal motion were applied.

present type, where relatively large cations and rela-
tively small anions are present, the atoms of the anionic
groups show a considerably higher thermal movement
than the atoms of the cation, which is evident from the
data in Table II.

The Overall Structure.—The structure viewed down
the ¢ axis is shown in Figure 6. The arrangement of
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o
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Figure 6.—The crystal structure viewed along the a axis.

the cations is such that their central planes are almost
parallel to each other (and to the yz plane); these
central planes lie approximately at x = 1/g, 3/5, ¥/5, and
7/s. THhe cations are stirrounded by nitrate groups and
water molecules. Electrostatic forces and hydrogen
bonds hold the different groups together. In Table VI
the close contacts between the cation and its surround-
ing groups are listed. For those contacts, D A (A =
acceptor), where a hydrogen atom is not too far from the
D-.-A line, the D~H- - - A angle is also given. These
angles surely are not very accurate, since the H positions
were calculated on the basis of C-H and N-H distances
of 0.9 A (which is a value typical for X-ray diffraction
investigations, although not representing the true sep-
aration of the atomic nuclei), assuming an idealized
angular arrangement. All hydrogen atoms except
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TABLE VI
SHORT CONTACTS, D« +A, BETWEEN THE NONHYDROGEN
AToMs oF THE CATION AND ATOMS OF SURROUNDING GROUPS®

D-H-- A,
D A H D---A, A deg
o) 0(11, b) 3.15
o(11) H() 3.18 178
N(2) 0(5) H(4) 3.10 127
O(5, a) H#4) 3.11 140
0(10, d) H(5) 3.06 161
N(3) 011, b) H(6) 2.99 143
0(12, b) H(6) 3.14 160
0O(5, a) H(7) 2.99 164
N@) 0(13) H(8) 3.28 144
o(7) H(9) 3.12 155
N() 013, ¢) H(10) 3.08 121
0(3, ¢) H(11) 2.96 148
N2 08, ¢) H(12) 2.99 157
04, e) H(13) 3.25 135
0(2, e) H(13) 3.30 169
N(3") 0(2, e) H(14) 3.11 141
0(14) 2.99
N@') 0(3, ¢) H(16) 3.00 113
013, ¢) H(17) 3.00 143
N5 0(3) H(18) 2.99 138
0(14) H(19) 3.23 145
C(5") 04, e) H(35) 3.14 143

¢ Hydrogen atoms not too far from the D- - -A line and angles
D-H-:+A are also given. Symmetry code: no letter, coordi-
nates are given in Tables II and III; (a) 1 — x, —y, 1 — 2
)1 —x, —y, —2 (c), =1+ %92 @)~ + %Y~
Yotz (&) =it 2=y, =Ytz B)x,y, 2~ 1

H(15) of the amine groups in the en ligands seem to
participate in hydrogen bonds. The N-H.. A dis-
tances for some of these bonds are rather long, however,
and the angles at some of the H atoms are considerably
less than 180°, suggesting only weak interactions.
There are two amine hydrogen atoms [H(4) and H(6)]
which appear to be shared by two acceptor oxygen
atoms each. The water molecule oxygen, O(14), forms
four close contacts, three of which can be considered as
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hydrogen bonds: O(14)-H(37)---0(6, f) = 3.04 A;
O(14)-H(36) - --O(8, &) = 2.88 A; N(5)-H(19): - -
0(14) = 3.23 A (for symmetry code, see Table VI).
The fourth contact, of 2.99 A to N(3’), does not involve
a hydrogen atom. The two hydrogen atoms of the
bridging u-NH, group are not engaged in hydrogen
bonding, as there are no suitable hydrogen-bond accep-
tors. The u-OH group oxygen, O(1l), has a suitable
hydrogen-bond acceptor: the nitrate oxygen, O(11),
3.16 A away. The hydrogen atom H(1) [whose coor-
dinates were calculated on the basis of a tetrahedral sp?
configuration around O(1) and which was put arbi-
trarily on that side of the central ring where it can form
a hydrogen bond to O(11)] deviates only slightly from
the O(1):--0O(11) line, the O-H- - - O angle being about
178°. A similar geometry of a

Co
O—=}-A
Co

arrangement has been observed for cation 3 in its
tetrachloride tetrahydrate salt.’® The shortest non-
bonded contact (3.14 A) between a nitrate group and a
carbon atom of the en ring is between O(4, e) and C(57).
This contact, with a C-H- - -O angle of 143° at H(35),
may be regarded as an accidental result of the molecular
packing rather than hydrogen bonding. All other
C-- -0 contacts in this structure exceed 3.2 A, The
closest contact between oxygen atoms of different
nitrate groups, 2.82 A, is between O(3) and O(13).
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The crystal and molecular structure of c¢is-dichlorobis(dimethylphenylphosphine)palladium(II) has been determined from
1722 independent, nonzero reflections using conventional, three-dimensional, single-crystal techniques. The compound
crystallizes in the space group P4,/7 with four molecules in a unit cell of dimensions e = b = 9.324 & 0.004 A and ¢ = 21.485

= 0.004 A (poatea = 1.612 == 0.003 g/cm? and popsa = 1.61 == 0.01 g/cm?).

with a slight tetragonal distortion of 4.3°.

A strong ““trans effect” is evident.

The structure is approximately cis square planar
The Pd-P distance of 2.260 & 0.002 A is

0.12 A shorter while the Pd-Cl distance of 2.362 = 0.003 A is 0.08 A longer than the respective, expected values. The

shortest Pd-Pd distance is 6.6 A.

Introduction
It has been observed that square-planar complexes of
the type PdX,Y,, where X is a halide, very often adopt
the trans configuration.? In fact, only recently have

(1) Work was performed in the Ames Laboratory of the U, 8. Atomic
Energy Commission. Contribution No. 2708.

(2) (a) A. G. Booth, Advan. Inorg. Chem. Radiochem., 6, 37 (1864); (b) N.
A. Bailey and R. Mason, J. Chem. Soc., 2594 (1968).

any cis complexes of this type been characterized. The
cis chloro complexes usually form pale yellow or color-
less crystals while crystals of the trans complexes are
decidedly more yellow.®* However, a recent far-infrared
Study by Keiter4 of PdCIQ<P(CH3)QCgH5>2, which forms

(3) G. E. Coates and C. Parkin, ¢bid,, 421 (1963).
(4) R. Keiter, Ph.D. Dissertation, University of Maryland, 1966.



