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Y TED E. HOPKINS, ALLAN ZALKIN, DAVID H. TEMPLETON, AND MARTYN G. ADAMSON

X-ray Giffraction study of a single crystal of (CGHS)hAs Ru ClL(H2O)Z}H2O
showed that it is monoclinic with a = 15.059 A, b = 16.711 A, c = 10.996 A,
B = 99.880, QX+= 1,619 ¢ cm—3. The space group is f?l/g amd there are’

four fﬁrmula ;5its per gnit cell. The ruthenium is surrounded by'aﬁ
octahecdron composed of the four chlorine étoms and two water molecules.

A cis—éonficuratior ﬁas found for the waters in the octahedron. The
average Ru - 0 and Ru - Cl distances are 2. 12 A and 2.34 A. An unsym-

metrical’ configuration was found for the tetraphenylarsonium ion, with

an average As- C bond length of 1.91 A.
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In the course of a,eries of studies of aqueous ruthenium species by

Professor Connick and others at this laboratory, a number of ruthenium

54335 have been prepared. We have determined the crystal structure of a
cesium aquopentachlororuthenate, and of a hexachlocroruthenate 2. The
diaquochloro complek is interesting because of the possibility for cis-
trans‘isomers. When it was found that single crystals of the .complex could

be obtained u31ng the tetrapnenylarsonlum cation, the structure determination

- was undertaken to determlne the configuration of the ruthenium c0mp1ex.-

EXP“PIMENTAL
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A oolqtlon of chlororutnenate species containing a high proportion of

the complex ion RuClb(H O)2 was prepared by shaking a solution of 0.1 M.

" ruthenium (III) in 2,5 M Hydrochloric acid with clean mercury and allowing

the Ru (III) solution to stand over the mercury for several hours. After the

solution was: separatedc: from the mercury; it was filtered and sufficient

vaqueous tetraphenylarsonium chloride solution (0.3M) was added, dropwise

‘with stirring, to give equimolar amounts of AsP’hb+ and Ru (III). ©On

standing at Ooffor L8 hours, the solution'yielded a number of fairly large

- ruby-red prisms which were collected on‘a filter'pad, washed well with ice-

. cold weter, and finally dried over "anhydrone" in en evacﬁated"idesiccator.

The matureé. of the anion in this salt was shoWn to be exclusively one

isomef ef the complex. ths was done by carnylng out 1on exchange and spec-

tral ana1y51s on a freshly prepared solutlon of the salt in l M hydrochlorlc ,

3 h’
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The Drellmlnar/ determination 01 ihe space rroac and cell dlrrenslonu
wéé maede using tne We 1sucnberg technloac and coprer ra d tion. A °1nﬁle crystalf“'
roushly cubic in shépe with dirensions 0.15 x 0.17 x 0.18 mm was used. The

crysial was mounted for rotation around the b axis. The cell dimensions and

intensit es were measured with a General Electric YRD=-F diffractometer with

- a scjntlllatlon counter, pulse height discriminator and a quarter circle Eulerian

cradle goniostat. A.molybdenum>tube'was used, operated at SO'KV and 20 ma,
with a Zr filter used at the receiving slit. The waveléngth of No'§g1.Was'taken
as 0.70926 i.

There are 2731 independent reflections permitted within the sphere of |

reflection for sin 6/ < C.L9L (28 < 11°). The intensities were measured

oy taking 10 second counts, with the crystal stationary. No correction was

~made for ert.er absorption or extinction. The calculated linear absorption

coefficient is g = 22.y em -1 for molybdenum radiation. For this crystal, then,

‘AR ~ 0.2,

Calculations-were rmade using a IBM 70Uk computer, and in the last stages

of the least squares ‘refinerent when it was desired to increase the nurber of

parameters, a CDC 6600 computer was used. The programs used were the Fourlerr

and oastance prograns written bV Zalkln, and our version (unpubllshed) of the Gantzel-*

Sparks lrueblooa full-matrix least squares program which minimizes

§:w(i l - IV 1)2/}‘W|F 12, F,and F_ are the observed and calculated structure

Iactors, and the welghts, w, were all taken as unity. The atomic scattering

factors were chosen as follows: As neutral, Ru +3, values taken from Thomas

and UmedaS, 'Cl_el, and neutral O, C, H from the Internatlonal Tablesé.'-
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Corrections for the real part of the anomalous dispersion (a11) were made for
rEenic, ruuqenﬂum and cnlorlne oy adding

"7

funCulcns

40,1, =lo3 and +0.1, respectively, .

their atomic SCattealn?
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The primitive cell contains four formula units of (Céﬁs)hls RuClu(H2O)-H20.
It is wonoclinic with dimensions
10.996 + 0.005 &

15.059 + 0.005, b =

99.88 + 0.01°.

2 16,711 + 6.0C5 ¢ =

i

g

me calculated density is 1.619 g cm

), ané a rough measurement gave 1.7 g cm 3.

The Weissenberg photowrabhs showec

Yeasurements with the

‘Lc following reflection restrlctﬂons'

gon viostat. cowzlrmed this observatlon

noZ: o + £ = 2z

“and the restriction OkO: k = 2n was observed. These conditions corresnond to'

pace group 22]/2. The observed and calculated struCUure factor magnitudes

are given in Table I.
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dimensional Patterson quwach Uaq calculated from which the

Ru—Ru, Ru-C1l and Ru-Ais vectors were idenfified. After several’series of
least squares refinements and adgustments of tﬂe structure, the R factor
27%. A three dlmen51onal Fourler was then calculated from whlch all of

carbon atoms were located, as well as an addlulonal molecule of water.

| A1l
T _ Le):

- ‘ -~ ‘The 1sotroplc thermal paramaters had the. form exp(-B A

of the atomu'are in general pogltlons.

b (Xa V’ 25 1/2 - X 1/2 Y 1/2 - Z)

2s1n 6)

-
3
o
[V

-aniSotropic thermal paramaters were 1ntroduced in the form
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Table I. Observed and Calculated Structure Factors (X 1.0) for

H,0)5H,0.

(Céda)hAs RuCl )
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whers &, 1s the"lengﬁh of éhe'i th reciprocal axis.“ The carbon atoms were
the Ru, 4s, Cl and O atows were
~iven anisotropic tempe?ature factors. With a full matrix treatﬁcntvof all
176 Ddrﬂmeters, the R facter was rgduced to C.067. = The final valuesiof the

rararelers are 1'sted in Table II. The unit cell is shown in Figure 1 .

Discussion 9~ §~ Str ructure.=- Several structures involving tetraphenyl-
| o\ par B
arsonium and UAurpnenylpnOSDnonlum cations have been reported: (Cé“g)uASI .
(C,H.), 28T 9, (CéH AsFeCl , and (C/ ), PI 11. In theifirst two
ESLTTT3 574 h g/, F1

' examples, the point symmetry at the arsenic is H2m, with the planes of the

phenyl rings perpendicular to the mirror planes.  In the second two examples,
the ooint.symmétry is only L2. The phenyi rings in (CéHS)hAS Fe Clﬂ point.to

the corners of a regular teurahedron, but the planes of the rlngs are rotated
28O dcstroylng the mlrror planes. In (Céns)hPI the nhenyl rings point to

the corners of a distorted tetrahedron, forming angles about the phosphorus:

“of 1030 ~and 1130,' and the planes are rotated 520 in this case. No simple

description is possible for Lhe configuraticn of the phenyl rlngS' in tne
present example - ¢f the ruthenium salt. In chls case, the arsenic is 51tuated
at a point of symmetry 1, and the phenyl groups have taken correspondlngly

free DOSltlonS around the arsenic. The detalls of the conflguratlon are glven

in Table ;II, where i, II, III IV refer to the four phenyl rings.
. K

Slnce the carbon atoms in the phenyl-r1ngs were not restrained in-the-

least squares rcf:nemcnu, the indivicdual rlngs departed slightly from 6/hm

symmetry. The avcrage of the 2L Co= C bond lengths is 1.396 A, with a spread

. «' i
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~ Table TI, Positional and thermal paramét;rs in (Gg) b RuCL, (7,0) 1,0 2

Atom X :Y.v',‘. E 311 500 §j3 310 ,3.3.13, ?.23
Ru 0.4872 0.516l 0.7585 3.28 ’3.?2 3.32 0.11 0.4 0.00
As 0.1169 0.0785 0.7332 2.56 2.75 3.38 0.23 0.12 -0.01
c1) 0;3829 0.5618 0.8566 3.96 5.36 L.29 0.66 0.8k -0.L3
c1(é) o.3813 0.488% 0.5838 3.52 6.15 3.51 -C.26 0.09 -C.L5 -
c1(3) 0.5308 0.6382 0.6796 L.75 3.L6 5.0L 0.1k 0.89 0.37
c1 (L) 0.L61L 0.3895 0,839 5.75 L.02 L.39 -0.55 1.05 0.81
'0(1). 015365 0.5358 0.9173 3.89l £.69 3.l1 =0.20 0.40 0.0L4
0(2) 0.588L 0.4623 0.67u8 3.2L L.L6 3.7h 0.72 C.LO -0.02
0(3) 0.0l 0.1822 0.0983 12.k L.L7 7.63 =0.66 0.01 0.17

() 'ojwn 0.1309 0.5926 3.C 2
c(12) 0.3189 0.0852 0.4865 1.9

_c(13) " 0.2686 0.1249 0.3866 5.9

e 0.2489 0.2063 0.391L 6.3

cs) 0,280 0.2L97 0.Ls22 7.3
c(16) . 0.3338 0.212L 0.59%5 5.6
C(III) - 0.391L 0.1309 0.6793 3.6:'>_
c(112) 0.3130 0,121 0.925L 5.3

a3, 0.2%20 01577 1.0226 6.2
crTl)  0.3830 0.261 1.0785 5.2
o (115) 0.4301 0.2313 1.0359;.5.1 
(116 0.1898 0.9339 1.6

0.4502
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(17T3)  0.6969 o_césév 0.8253 5.4
MEETTh)‘ 0.72L9  0.0968 0.7267 6.0
(-175) ©0.6651 0.1247 0.6252 5.k
C(1IT6) ©.5707 0.120k 0.6283 L.3
c{Iv1) 0.3893 0.9670 0.7260 3.3 |
Tv2)  0.301L -0.0879 0.726L 5.0

Iv3) 0.2828 -C.1L19 0.7387 6.2

c(zvl)  0.3528 -0.1957 0.7106 6.1

qo o

(zv5)  ©0.L360 -0.2696 0.705L c.8

UL
.
(@]

IV6)  0.1599 =0.0871 0.7150
SV noara deviations .of the positional varameters of Pu and As are 0.00C1 or
.less, S 'u.uOOB or ;ess, end O and C 0.C01L or less.

Standard deviation; of the thermal parameters are J. 05 or less for Ru and As,

0.2 or less for Cl; O h or less for O and C, cxcept for O(J) Wthh was 0.8 or less.'

Only isotropic temperature factors werc used for the carbon atoms..




- - | -10 = UCRL-16758

Table il Cornfiguration of eurar“onr::“SOﬁ:

<~ g N
Tond ansles around arsenic Dinedral onglies between planes of phenyl rings
, e N .G o} - e .C o
‘@ ST )=ke=C (171 1097 + 1 I-13 767 + 3
foeo \ e N - ~n0 ~~O
ch)-is-C (1171) 108 co-
» =\ R 0] - .0
¢c{1)-rs-c(IV1) 110 I-1V 70
N om0 ' - o o
o1 )—t. s-C(IT11) 107" 17-111 3¢
S N A ~ (== ) l TT T '7“~O
CIil)-Ae-CL vi) 114 11=-3V {0

. ) . ) e 2 -
in sond lengths of 1. 35 A to 1.L45 A, and & shancard deviabtion of about .03 A

ond *cnpuh does not diffe nily from the benzene C - C bond

of 1,397 £. The Cc(1) - c L) diameters of all four %10{5, pointing to‘thc ccntral

arsenic, are shorver by about 002 i bomma”~c to the average diamet of 2.79 h.
This anparent shortening may be the result of torsicnsl thermal motion.

e octahedral enviromment of the rut Lenlun is detailed in Table JIV.

The most interesting aspect of the con nfiguration is the c1s-arrangement of tbe

two ”ﬂte molecules in the octahedron. The average Ru - Cl and Ru - 0 distances

of 2.34 A aqd 2.12 A are in agreement with the vulueo we have lound for uhe

12 )

. . 2
c031um_sa1t s

and those reported By

Khooashova for the p0u¢s31um salt

The Ru = Cl bonds opposnub the

atoms. were both chlorines.

oxygens in

the octahedron were again found to

be seVeral'hundreths of an Apgstrom shorter. than those fof which the opposmuef 

The possibilities for nydrogen bonding are’ shown in Figure 2 .
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Aiom 1-ftonm 2 Bond ki) Boﬁd ncles (degrees)
~ V.Hn'; ¢l 2;12 + 0.01 ci1) - ru - o(2) - 177° £1°
- ¢(2) 2.1+ 0.0 c1(2) - 7u - o) 178° £1°
- 0(3) 3.92+0C.01L | ci(z2) - 5u - 0(2) 50° + 1°
- €1(1) 2.33 + 0.01 C a@) -ru-a) 93°x2°
- c1(2) 2.32 ¥ 0.01 c1(2) - Ru - 01(3) 9&6 * 1°
- C1(3) 5.35 :~o.01', ©¢1(2) - Ru - CL(L) 90° + 1°

- c1(L) 2.36 + 0.01

As - C(Q)  1.91 + 0.01 (average of four)
C = £ 1.3% * 0.03 ; (average of wwenty four)

o,
J
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Tre weter of C‘T’DalllZau]Oﬁ, designated C(3) in the

)
o
} 3
n
e
=
O.
o’
[
o’
jo.
<

re,

i "
involved in two hydrogen bonds: 1o watef molecule 0(2),.é:d to chiorine
c1i3). »The distances of 2.61 A and 3.16 &, and the angle of 97  are
accenta 1e evidence for bondln?. In the case of thé tuo water molecules

in tﬁe octahedron surrounding the. rutheniunm, reasonablec nyaro"en bonds can
only'be nostulated for cne of the molécules, 0(2). In additicn to the bond
o G{3), it appears to be bonded to chlorine, C1(2) at a distance of 3.07 ﬁ,‘

- L . om0, L '
giving an angle of about 91~ between the-bonds. The other water molecule

in thé octanedron, 0(1), is not too distant from chlorines C1(1) and C1({l)

: . . . o} . : .
of the nelgnoornng oc»ahoaron, but the acute 66 angle is too small to in-

dicate a pair of hydrcgen bonds.

 Vater moleculé 0(3) appears to be vibraﬂing quite anisotropiqally,

it} ~ '~ ), and ~ This would indicate that m :
with Ell 12 B22 Ly, and 233 8. Thls would indic }% that most of the

vibration is occurring in the ac plane, or alternatively, some disorder

concerning the location of ‘the oxygen atom.
It is 1nterust1ng to note that the structure of this complex saltICan

be v1sua11zed as. a series, of alternatlng layers of ruthenium octahedra and

’tetraphenylarsonium jons. This is shown in figure'l,'where the alternating

planes run roughly parallel to the (110) planes.
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Trure 1.

Hagure Caﬁulonc . B ' '
Unit ccll of (Céhg)hAs “uCLL\ u)ﬁ ‘2 umberu u;e coordlnapes

along the e, axzs.

30551b111t1es for hydrogen bonding in (Céds)hﬁs Ruclh(H2o)2 d20
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This teport was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
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this report. ‘
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mission, or employee of such contractor, to the extent that
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