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The complexes [Ru,(p-L),(CO).] [HL = 3,56-dimethylpyrazole (Hdmpz) (1), pyrazole (Hpz) (2), 3-
methylpyrazole (3), or indazole (4)] have been obtained by reaction of RuCl,:nH,0 with carbon
monoxide in refluxing 2-methoxyethanol followed by reduction with zinc in the presence of HL
and CO. This synthetic route provides an easy method to prepare ruthenium(i1) compounds in high
yield. Complexes (1) and (2) react with iodine to afford [Ru,(u-1) (n-L),(CO)4]!,; [L = dmpz (5) or
pz (6)] or [Ru,i,(u-L),(CO).] [L = dmpz (7) or pz (8)] depending on the Ru:! ratio used.
Complex (1) reacts with an excess of acetonitrile at 56 °C to give the C, monosubstituted product
[Ru,(p-dmpz),(CO)(NCMe)] (9), whereas with excess of pyridine (py) it affords the C,
monosubstituted product [Ru,(p-dmpz),(CO).(py)] (10). However, it reacts with an excess of
PPh,, P(C4H,,). or bis(diphenylphosphino)methane (dppm) at 20 °C to give the C,
monosubstituted products [Ru,(u-dmpz),(CO),(PR,)] [PR, = PPh, (11), P(C,H,,), (12), or dppm
(13)]. Infrared and 'H and 3'P-{"H} n.m.r. spectra of ail the compounds are presented and
discussed in relation to their structures. The crystal structures of complexes (1) and (5) have been
determined by X-ray diffraction methods. Crystals of (1) are monoclinic, space group P2,/n, with
a=15.388(7), b =10.497(5),c = 13.706(5) A, B = 110.32(2)°, and Z = 4. Crystals of (5) are
triclinic, space group P1, with a = 10.970(5), # = 12.393(6), ¢ = 10.622(6) A, « = 98.22(2), B =
103.94(3), y = 74.29(2)°, and Z = 2. The structures were solved from diffractometer data by
Patterson and Fourier methods and refined by full-matrix least squares to R = 0.056 (1) and 0.043
() for 1 987 (1) and 3 348 (5) observed reflections. In complex (1) the two Ru atoms are

doubly bridged by two dmpz ligands with a Ru-Ru distance, 2.705(2) A, consistent with a metal-
metal bond. In (5) an iodine atom has been inserted between the two Ru atoms, Ru-1 2.699(2)
and 2.707(2) A, and the Ru-Ru distance is increased to 3.636(2) A.

The chemistry of rhodium and iridium complexes containing
pyrazolate ligands (pz) has attracted much attention during the
last few years.!'? These studies have revealed that pyrazolates
have the ability to act as strongly bound yet flexible bridging
ligands capable of maintaining two metal fragments in close
proximity, both within and beyond the requirements of metal—
metal interactions.

On the other hand, although the first ruthenium(i) compound
[Ru,(cp),(CO),] (cp = n-CsH;) was reported some 25 years
ago,’ relatively few complexes with ruthenium in this oxidation
state have appeared,** probably due to the non-availability
of a good general synthetic method. Apart from [Ru,(cp),-
(CO),1,° [Ru,H,(CO),,],” and carboxylate complexes of the
type [Ru,(1<RCO,),(CO),L,]1%'° whose syntheses are well
established, most of the other known ruthenium(i) compounds
have been obtained in low yields, generally as by-products
of reactions of [Ru;(CO),,] or other polynuclear clusters,*!!
or have been made using sophisticated ligands, as for the
complexes [Ru,(p-Cl),(CO),(PR;),] which can be obtained
only by using phosphines containing at least two t-butyl
groups.!? It is also interesting that some binuclear ruthenium(r)
complexes have been postulated as intermediates in homo-

+ Supplementary data available: see Instructions for Authors, J. Chem.
Soc., Dalton Trans., 1989; Issue 1, pp. xvii—xx.

geneously catalysed reactions,'? and are catalytic precursors for
the carbonylation of amines,'* the hydrogenation of carboxylic
acids,'®? and the addition of acetic acid to alkynes.'®

In view of these data, we decided to investigate the
preparation of new ruthenium(l) complexes containing the
Ru,(p-pz), framework. Furthermore, there are very few
pyrazolate complexes of ruthenium,'®~'® and none at all of
ruthenium(1). In this article we report the synthesis of
complexes of the type [Ru,(p-pz),(CO)¢], starting from
RuCl;-nH,0, the cheapest starting material for ruthenium
compounds, and on their reactivity towards oxidizing
reagents and nitrogen- and phosphorus-donor ligands. We
also present the X-ray structure determinations of [Ru,(p-
dmpz),(CO)s] (1) and [Ru,(pu-I)(u-dmpz),(CO)61I;  (5)
(Hdmpz = 3,5-dimethylpyrazole). Part of this work has been
communicated in a preliminary form.'®

Results and Discussion

Complexes of the Type [Ru,(u-L),(CO)¢] (L = a pyrazolate
ligand).—It has been reported that the yellow solution prepared
by treating RuCl;-»H,O with carbon monoxide in refluxing
2-methoxyethanol is a useful source of mononuclear ruthenium-
(11) carbonyl compounds,**2° and that zinc reduction under
carbon monoxide of that solution mixture of chlorocarbonyl
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species produces [Ru;(CO),,].?! Interestingly, when the zinc
reduction of the yellow solution is carried out in the presence of
carbon monoxide and pyrazole-type ligands, the expected
ruthenium(1) intermediates can be trapped. Thus, we obtained
medium to excellent yields of the white or pale yellow, air-stable,
ruthenium(1) complexes (1)-—(4). They do not lose carbon
monoxide (even under vacuum), in contrast to the analogous
carboxylate complexes [Ru,(p-RCO,),(CO)¢] (R = alkyl)
which undergo spontaneous decarbonylation to give poly-
meric [{Ru,(u-RCO,),(CO),},];® they do not react with water
either, as do the benzoate complexes [Ru,(up-RC,H,CO,),-
(CO)4] which give [Ru,(u-RC¢H,CO,),(CO)s(H,0)].°

These complexes were characterized by microanalysis,
molecular weight measurements (Table 1), and 'Hnm.r. andir.
spectroscopies (Table 2). The fast-atom bombardment (f.a.b.)
mass spectrum of complex (1) shows the molecular ion at m/z
560 (20%, '°'Ru), and the successive loss of six CO ligands. The
'H n.m.r. spectra of complexes (1)—(4) are as expected, those of
(3) and (4) showing the presence of the two possible isomers (a)
and (b). The X-ray structure determination of complex (1),
discussed below, confirms the proposed structure, which is
related to that of the osmium carboxylate complex [Os,(u-
MeCO,),(CO)4].%*

We also explored the reaction of [Ru;(CO),,] with various
amounts of pyrazole-type ligands, but only in the case of 3,5-
dimethylpyrazole, and using a 1:3 mol ratio, did we obtain a
complex of the type [Ru,(u-dmpz),(CO),] in high yield (80%
after column chromatography). When other pyrazoles (HL =
pyrazole, 3-methylpyrazole, or indazole) were used, mixtures of
[Rus(CO);,], [RuHL(CO)y,], [Rus(p-H)(H-LY(CO),0], and
[Ru,(p-L),(CO),] were recognized by i.r. and 'H n.m.r. spectra,
but they were not separated.

Very recently, Bruce et al.?3

reported that the reactions of
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Table 1. Analytical data and molecular weights

Microanalysis® (%)
A

p \ Ma.b/
Compound C H N g mol™
(1) 344 2.6 10.1 560
(34.3) 2.5) (10.0) (560.5)
2) 28.9 1.1 11.1 501
(28.9) (12) (L1 (504.4)
3) 317 2.1 109 531
(31.6) (1.9) (10.5) (532.5)
4) 39.8 1.9 9.4 589
(39.7) (1.7) 9.3) (604.5)
5) 15.2 1.1 47
(16.1) (1.2) 4.7)
(6) 144 04 5.6
(14.2) (0.6) (5.5)
%) 232 20 6.6 801
(23.6) (1.7) (6.9) (814.3)
@) 184 0.9 7.2 734
(19.0) (0.8) (7.4) (758.2)
) 353 2.8 11.7
(35.6) 3.0) (12.2)
(10) 39.0 35 11.1
(39.3) 3.1) (11.5)
(1) 49.7 39 69
(49.9) (3.6) (7.0)
a2) 482 6.1 70
(48.7) (5.8) (6.9)
(13) 52.7 4.1 5.8
(52.4) 3.9) (6.1)

- =

R—( " Yr—R
N—N
(OC)SRU\\NIN//RU(CO)3 13

R—{._>—R

L _
R = Me (5)
R=H (6)

[Ru;(CO),,] with HL = 3,5-dimethylpyrazole or pyrazole in
1:1 mol ratios afford the trinuclear clusters [Rus(pu-H)(u-L)-
(CO),0] in low yields, but they do not mention any binuclear
compound.

Oxidative-addition Reactions—To study the reactivity of
these binuclear compounds we chose complex (1), and also (2),
because they were obtained in high yields and they do not
present isomers. Thus, treatment of hexane solutions of complex
(1) or (2) with iodine led to immediate precipitation of the very
insoluble complexes [Ru,(p-I)(n-L),(CO)¢]15 [L = dmpz (5)
or pz (6)], regardless of the amount of iodine used. When the
ratio Ru:I, was > 1: 1, the isolated yields (based on iodine) of
complexes (5) and (6) were quantitative, with the excess of the
starting ruthenium compound remaining in solution. However,
when the reactions were carried out in dichloromethane with
a Ru:l, ratio of 2:1, monitoring of the reactions by ir.
spectroscopy indicated that half of the starting ruthenium
compounds was instantaneously consumed to form (5) or (6),
but the reactions progressed further, albeit slowly, to give finally
and quantitatively the neutral complexes [Ru,I,(p-L),(CO)¢]
[L = dmpz (7) or pz (8)]. Using an excess of iodine the only
products observed were of the type [Ru,(u-I)(n-L),(CO)g115.
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Table 2. L.r. and 'H and *'P-{'H} n.m.r. data

Compound v(CO)“/cm™! 'H N.m.r.b(8)
(1) 2 089m, 2 057s, 2 013vs, 1 998m, 1 971w, 1 964w* 5.60 (s, 1 H), 2.10 (s, 6 H)
) 2094m, 2 063s, 2 018vs, 2 005m, 1 982w, 1 969w* 7.19 (d, J 2.1, 2 H), 6.07 (t, J
2.1, 1 H)
(3a) + (3b) 2091m, 2 059s, 2 015vs, 2001m, 1 982w, 1 966w* 7.10 (d, J 1.9, 1 H), 7.08 (d, J
1.9, 1 H), 5.76 (apparent t, J
1.9, 2 H), 2.10 (s, 6 H)*
(4a) + (4b) 2094m, 2 065s, 2019vs, 2 006m, 1 972w, 1 953w 7.80 (d, J 1.0, 1 H), 7.57 (dt, J
7.6, 1.0, 1 H), 7.53 (dd, J 8.7,
1.0, 1 H), 7.28 (ddd, J 8.7,
7.7, 1.0, 1 H), 7.00 (ddd, J
7.7,7.6, 1.0, 1 H)®
5) 2 133s, 2 082s, 2073s, 1987w 6.13 (s, 1 H), 2.52 (s, 6 H)
6) 2 128s, 2 080s, 2 077s, 1 995w 7.90 (d, J 2.4,2 H), 6.54 (t, J
24,1 H)
7Y 2 122s, 2 118s, 2 104w, 2 078m, 2 055s, 2 048s, 6.1 (m, br, 1 H), 2.5 (m, br, 6 H)?

1985m, 1 955s, 1 953w
(8a) or (8b)

(8¢c) 2 128s, 2 086s, 2 072s, 2 060s, 2 001s

“ 2088m, 2 054s, 2 004vs, 1 995s, 1 975w, 1 930w

(10) 2068s, 1 997vs, 1 930s

()7 2 088m, 2 053s, 2 008vs, 1 992s, 1 977m, t 950w

(12)* 2086m, 2 052s, 2 000vs, 1 984s, 1 964s, 1 953w

13y 2089m, 2 050s, 1 988vs, 1 981s, 1 964vs, 1 935m

2 128s, 2 086m, 2 072s, 2 060s, 1 996m

846 (d, J 2.3,2 H), 6.54 (t, J
2.3, 1 HY

8.31(d,J 21,1 H),814(d,J
2.1, 1 H), 6.31 (¢, J 2.1, 1 H)¢

5.70 (s, 1 H), 5.56 (s, 1 H), 2.12
(m, 15 H)

8.83 (m, 2 H), 7.84 (t, J 7.3,
1 H), 7.38 (1, J 7.3, 2 H), 5.76
(s, 2 H), 2.25 (s, 6 H), 1.54 (s,
6 H)

7.30 (m, 15 H, PPh,), 5.63 (s,
1 H), 5.53 (s, t H), 2.15 (s,
3 H), 2.10 (s, 3 H), 2.07 (s,
3 H), 1.53 (s, 3 H)

5.64 (s, 1 H), 5.57 (s, 1 H), 2.19
(s, 3 H), 2.15 (s, 3 H), 2.09
(s, 3 H), 2.07 (s, 3 H),
2.2—1.0 [m, vbr, P(C¢H,,);]

7.23 (m, 20 H, dppm), 5.61 (s,

1 H), 547 (s, 1 H), 3.01 (m,
2 H, dppm), 2.10 (s, 3 H),
2.07 (s, 3 H), 2.05 (s, 3 H),
1.53 (s, 3 H)

9s = Strong, m = medium, w = weak, and v = very; spectra measured in CH,Cl, unless otherwise stated. *s = singlet, d = doublet, t = triplet,
and m = multiplet; spectra measured in CDCl; unless otherwise stated; coupling constants, J/Hz. < In n-hexane. ¢ In (CD,),CO. € Only the signals
of the major component of the mixture are given since most of those of the minor component are overlapped with them. / Mixture of isomers.
73(3!P) 46.0 (s) p.p-m. * 8(*'P) 50.3 (s) p.p.m. ' 3(*'P) 41.9 (d, J 40, 1P) and —27.0 p.p.m. (d, J 40 Hz, 1P).

With these data, the reaction scheme shown in equations (1) and
(2) for L = pz can be proposed.

[Ru,(p-pz),(CO)¢] + 21, —

2
@ [Ru,(u-T)(u-pz),(CO)]L5 (1)
(6)

(6) + (2) — 2[Ru,1,(u-pz),(CO)s ] )]
(8)

All attempts to exchange the tri-iodide anion in complex (5)
for other bulky anions ([ClO,]~ or [BF,] ) were unsuccessful,
mixtures of cationic complexes and the neutral complex (7)
being obtained, as indicated by the i.r. spectra of the products.

Compound (5) reacts with Vaska’s complex, [IrCI(CO)-
(PPh;),], oxidizing it to [Ir[,C{CO)(PPh;),]. Thus, when
both complexes were mixed in dichloromethane, in a 1:1 ratio,
the ir. spectrum of this solution showed the rapid dis-
appearance of the absorptions of the starting materials and the
appearance of bands corresponding to [Irl,C(CO)(PPh;),]
and complex (7).

The i.r. spectra of compounds (5) and (6) (Table 2) are nearly
identical, indicating that both compounds have the same
structure, showing the v(CO) absorptions at higher frequencies
than those observed for the starting materials, as expected for
a higher oxidation state of the metal centre. Their '"H n.m.r.
spectra display the expected peaks for the 3,5-dimethyl-
pyrazolate and pyrazolate ligands, respectively. The f.a.b. mass
spectrum of complex (5) shows the parent peak at m/z 687
(100%, '°'Ru), corresponding to the species [Ru,(pu-I)(u-
dmpz),(CO)¢] ", and the successive loss of six CO ligands, but
it also contains a little peak at m/z 814 (9%() which corresponds
to the species [Ru,l,(p-dmpz),(CO)¢]1*, suggesting that
complex (7) is somehow formed within the spectrometer. The
structure of complex (5) has been confirmed by an X-ray
diffraction study, discussed below.

Products (7) and (8) gave satisfactory microanalyses and
molecular weights (osmometrically in chloroform) (Table 1),
but they are in fact mixtures of isomers, as indicated by their i.r.
and 'H n.m.r. spectra (Table 2), which show too many peaks
for them being single compounds. Product (8) consists of two
different isomers, one of which could be isolated pure due to its
lower solubility in dichloromethane. The 'H n.m.r. spectrum of
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this complex shows a doublet and a triplet for the pyrazolate
protons, indicating that it is either (8a) or (8b), which are the
two most symmetric isomers possible. However, the 'H n.m.r.
spectrum of the most soluble isomer displays two doublets and
one triplet, indicating (8¢). Any other isomer would give more
signals in the 'H n.m.r. spectrum.

Curiously, complexes (1) and (2) react slowly with chlorine or
bromine in carbon tetrachloride only when the halogen is in a
great excess (over ten-fold), affording white or pale yellow
solids, whose microanalyses could not be reproduced from one
preparation to another. Their ir. spectra show the v(CO)
absorptions at higher wavenumbers than those of (1) or (2),
suggesting that the metal has oxidized, but the bands are broad
and no structural information could be obtained from them.
Their insolubility prevented any further analysis.

These results contrast with those reported for the reactions
of [Ru,(p-Cl),(CO),(PBu',R),] (R = p-tolyl or Bu') with
chlorine, which lead to the formation of the ruthenium(in)
dimers [Ru,Cl,(u-Cl),(CO),(PBu',R),]! 2024

The different reactivity of iodine compared to those of
bromine or chlorine towards the dimers (1) and (2) may be
explained by their different tendency to form the electrophile
X*, since studies on the cleavage of metal-metal bonds by
halogens in the complexes [M,(cp),(CO)¢] (M = Mo or W23),
[M,(cp),(CO),] (M = Fe?® or Ru?’), and [Mn,{p-(EtO),-
POP(OEt,)} ,(CO)¢]*® have revealed that the reaction fre-
quently proceeds through halogen-bridged cationic inter-
mediates, their stabilities depending on the nature of the
halogen, the metal-ligand fragments, and the reaction
conditions [equations (1) and (2)].

The stability of the metal-metal bond in complex (1) is
noteworthy: (1) does not react with dihydrogen, Ag[BF,],
Ag[BF,]-PPh,, or [AuCI(PPh,)]-TI[PF,], and can be re-
covered unchanged from concentrated sulphuric acid. These
observations also show that, in the case of ruthenium, the two
pyrazolate bridging ligands have a marked tendency to hold
two adjacent metal centres in a chemically extremely stable
configuration, as occurs with rhodium and iridium.!-2

Substitution of Carbonyl Ligands.—It has been reported that
the complexes [Ru,(u-RCO,),(CO)6] (R = alkyl®!° or aryl®)
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(9) CO MeCN
(10) py CO
(11) CO PPh

3
(12) CO P(CgHy),
13) co

dppm

U
c(8) can

Figure 1. Perspective view of [Ru,(p-dmpz),(CO),] (1) with the atomic
numbering scheme

react with a variety of nitrogen- and phosphorus-donor ligands
(L’) to give the tetracarbonyls [Ru,(u-RCO,),(CO),L",], the
substituted CO ligands being those trans to the metal-metal
bond. However, complex (1) does not react with an excess of
acetonitrile or pyridine at room temperature, but gives the
monosubstituted products (9) or (10) at 56 °C. With an excess of
triphenylphosphine, tricyclohexylphosphine, or bis(diphenyl-
phosphino)methane (dppm) the reactions take place at room
temperature but only monosubstituted products are formed
[(11)—(13)]. Curiously enough, substitution takes place at the
position trans to the metal-metal bond only in the pyridine
derivative (10), as indicated by its ! H n.m.r. spectrum (Table 2),
which shows two singlets for the four dmpz methyls and one
singlet for both C-H protons of the pyrazolate rings, revealing
that the molecule has a mirror plane that contains the metal—
metal bond. The ir. spectra of complexes (9) and (11)—(13)
display the same pattern of CO absorptions, as expected for
compounds with the same structure. Their 'H n.m.r. spectra
show four singlets for the dmpz methyls and two singlets for the
C-H protons of the pyrazolate rings, indicating that the
molecules do not have any symmetry and therefore the
substitution has occurred cis to the metal-metal bond. The 3! P-
{"H} n.m.r. spectrum of complex (13) (Table 2) clearly shows
that the dppm ligand is unidentate (two doublets with A3 = 70
p.p-m. and J = 40 Hz).?°

We have attempted the reaction of complex (1) with different
phosphines at 60 °C, in a 1:1 Ru:P ratio, but were unable to
isolate any well defined products.

X-Ray structures of Complexes (1) and (5).—The structure of
complex (1) is depicted in Figure 1; selected bond distances and
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Table 3. Selected bond distances (A) and angles (°) in complex (1)

Ru(1)}-Ru(2) 2.705(2) C(7)-C(8) 1.367(19)
Ru(1)-N(1) 2.071(9) C(8)-C(9) 1.383(18)
Ru(1)-N(@3) 2.090(13) N(2)-C(9) 1.332(14)
Ru(2)-N(2) 2.081(8) N@3)-C(12) 1.332(18)
Ru(2)-N(4) 2.088(11) C(12)-C(13) 1.43(2)
Ru(1)-C(1) 1.928(15) C(13)-C(14) 1.38(2)
Ru(1)-C(2) 1.872(17) N(4)-C(14) 1.32(2)
Ru(1)-C(3) 1.839(15) C(1)-0O(1) 1.14(2)
Ru(2)-C(4) 1.975(18) C(2)-0(2) 1.15(2)
Ru(2)-C(5) 1.837(15) C(3)-0(3) 1.17(2)
Ru(2)-C(6) 1.868(14) C(4)-0O(4) 1.12(2)
N(1)-NQ2) 1.367(13) C(5)-0(5) 1.16(2)
N(3)-N(@4) 1.368(14) C(6)-0(6) 1.13(2)
N(1)-C(7) 1.341(14)

N(1)-Ru(1)-N(3) 85.4(4) N(4)-Ru(2)-C(4) 98.6(6)
N(1)-Ru(1)-Ru(2) 71.4(3) N(4)-Ru(2)-Ru(1) 71.5(3)
N(1)-Ru(1)-C(1) 97.7(6) C(6)-Ru(2)-Ru(1) 96.3(5)
N(1)-Ru(1)-C(2) 91.3(5) Ru(1)-N(1)-N(2) 108.8(7)
C(1)-Ru(1)-N(3) 96.8(6) C(7)-N(1)-N(2) 105.6(9)
C(1)-Ru(1)-C(2) 96.9(8) Ru(1)-N(1)-C(7) 145.4(8)
C(2)-Ru(1)-C(3) 90.7(7) Ru(2)-N(2)-N(1) 108.7(6)
C(1)-Ru(1)-C(3) 93.4(7) C(9)-NQ2)-N(1) 109.5(9)
C(2)-Ru(1)-Ru(2) 95.2(4) Ru(2)-N(2)-C(9) 141.8(8)
C(3)-Ru(1)-N(3) 90.1(6) Ru(1)-N(3)-N(4) 109.0(8)
C(3)-Ru(1)-Ru(2) 97.1(6) C(12)-N(3)-N(4) 110.5(10)
N(3)-Ru(1)-Ru(2) 71.0(3) Ru(1)-N(3)-C(12)  140.5(9)
N(2)-Ru(2)-Ru(1) 71.0(3) Ru(2)-N(4)-N(3) 108.2(8)
N(2)-Ru(2)-C(4) 97.0(6) C(14)-N(4)-N(3) 107.7(10)
NQ2)-Ru(2)-C(5) 89.4(5) Ru(2)-N@)-C(14)  143.9(9)
N(2)-Ru(2)-N(4) 85.0(4) Ru(1)-C(1)-O(1) 179(1)
C(4)-Ru(2)-C(5) 93.9(7) Ru(1)-C(2)-0(2) 178(1)
C(5)-Ru(2)-Ru(l) 95.3(4) Ru(1)-C(3)-0(3) 174(1)
C(4)-Ru(2)-C(6) 95.3(7) Ru(2)-C(4)-O(4) 17702)
C(5)-Ru(2)-C(6) 93.7(7) Ru(2)-C(5)-0(5) 179(1)
N(4)-Ru(2)-C(6) 89.3(6) Ru(2)-C(6)-0(6) 177(1)

c(13)

Figure 2. Perspective view of [Ru,(p-I)}p-dmpz),(CO)¢]1* (5) with the
atomic numbering scheme

angles are given in Table 3. The two Ru atoms are doubly
bridged by two dmpz ligands co-ordinating through their
nitrogen atoms. The Ru~Ru distance, 2.705(2) A, is consistent
with a metal-metal bond. Each Ru atom is in an octahedral

Table 4. Selected bond distances (A) and angles (°) in complex (5)

Ru(1)-1 2.699(2) N(1)-C(9) 1.336(14)
Ru(1)-N(1) 2.102(9) C(8)-C(9) 1.359(17)
Ru(1)-N(3) 2.124(9) C(7)-C(8) 1.383(15)
Ru(1)-C(1) 1.928(13) N(2)-C(7) 1.355(15)
Ru(1)-C(2) 1.904(13) N@3)»-C(12) 1.333(13)
Ru(1)-C(3) 1.910(13) C(12)-C(13) 1.386(17)
Ru(2)-I 2.707(2) C(13)-C(14) 1.389(16)
Ru(2)-N(2) 2.105(8) N(4)-C(14) 1.348(14)
Ru(2)-N(4) 2.101(8) C(1)~-0O(1) 1.104(16)
Ru(2)-C(4) 1.908(12) C(2)-0(2) 1.141(16)
Ru(2)-C(5) 1.909(15) C(3)-0(3) 1.133(16)
Ru(2)-C(6) 1.893(12) C(4)-0(4) 1.130(16)
N(1)-N(2) 1.383(11) C(5)-0(5) 1.114(19)
N(3)-N(4) 1.362(11) C(6)-0(6) 1.133(15)
-Ru(1)-N(1) 87.6(3) C(4)-Ru(2)-C(6) 89.5(5)
I-Ru(1)-N(3) 88.6(2) C(5)-Ru(2)-C(6) 95.1(5)
I-Ru(1)-C(3) 89.5(4) Ru(1)-I-Ru(2) 84.5(1)
I-Ru(1)-C(2) 87.7(4) Ru(1)-N(1)-N(2) 122.0(6)
N(1)-Ru(1)-N(3) 91.2(4) Ru(1)-N(1)-C(9) 130.4(8)
N(1)-Ru(1)-C(1) 88.1(4) N(2)-N(1)-C(9) 107.6(9)
N(1)-Ru(1)-C(2) 93.1(4) Ru(2)-N(@2)-N(1) 121.7(6)
N(3)-Ru(1)-C(1) 88.4(4) Ru(2)-N(2)-C(7) 129.3(8)
N(3)-Ru(1)-C(3) 88.9(4) N(1)-N(2)-C(7) 107.2(8)
C(1)-Ru(1)-C(3) 94.8(5) Ru(1)-N3)-N®) 121.8(6)
C(2)-Ru(1)-C(3) 86.6(5) Ru(1)-N(3)-C(12)  128.2(8)
C(1)-Ru(1)-C(2) 95.7(5) N@)-N(3)-C(12) 108.4(9)
I-Ru(2)-N(2) 90.7(3) Ru(2)-N(4)-N(3) 122.6(6)
I-Ru(2)-N(4) 86.1(3) Ru(2)-N(4)-C(14)  128.5(8)
[-Ru(2)-C(4) 90.7(4) N(3)-N(4)-C(14) 108.9(9)
I-Ru(2)-C(6) 84.6(4) Ru(1H)-C(1)-O(1) 176(1)
N(2)-Ru(2)-N(4) 90.5(4) Ru(1)-C(2)-0(2) 176(1)
N(2)-Ru(2)-C(4) 87.9(5) Ru(1)-C(3)-0(3) 176(1)
N@2)-Ru(2)-C(5) 89.9(5) Ru(2)-C(4)-O(4) 178(1)
N(4)-Ru(2)~C(5) 88.5(5) Ru(2)-C(5)-0(5) 177(1)
N(4)-Ru(2)-C(6) 91.8(4) Ru(2)-C(6)-0(6) 176(1)
C(@)-Ru(2)-C(5) 94.8(6)

arrangement determined by three carbon atoms from terminal
carbonyls, two nitrogen atoms from two bridging ligands, and
the other Ru atom. The Ru-Ru distance in (1) is comparable
with those found in other binuclear Ru'-Ru' complexes with
bridging ligands, such as [{Ru(u-Br)(CO),(PBu';)},], 2.672(2)
A,'* and [{Ru(p-C3H,CO,)(CO),(PBu'y)},], 2.728(1) A,'2
but longer than in [{Ru(u-Cl)(CO),[PBu',(CsH Me-p)1},1,
2.632 A.'24 The two pyrazolate rings are nearly orthogonal, the
dihedral angle between the mean planes through them being
94.4(4)°. The Ru,N, framework adopts a boat conformation,
with both Ru atoms 1.38 A above the mean plane through the
four nitrogen atoms and a dihedral angle of 91.3(2)° between
the mean planes through Ru(1),Ru(2),N(1),N(2) and Ru(l),
Ru(2),N(3),N(4).

The structure of complex (5) consists of binuclear cationic
complexes and tri-iodide anions. The cation is represented in
Figure 2 and selected bond distances and angles are given in
Table 4. The cation can be derived from the binuclear complex
(1) by inserting a iodine atom into the Ru—Ru bond, so that the
two Ru atoms are joined by three bridges, an iodide and two
pyrazolates. The dihedral angles involving these bridges are
approximately 120°, and the dihedral angle between the two
pyrazolate bridges is 128.6(4)° and those formed by the iodide
bridge and the pyrazolate rings are 116.8(3) [with N(1) and
N(2)] and 112.2(3)° {with N(3) and N(5)]. The insertion of the
iodine atom into the Ru-Ru bond with formation of an almost
symmetrical bridge [Ru(1)-1 2.699(2) and Ru(2)-I 2.707(2) A]
determines a lengthening of the Ru-Ru separation to 3.636(2)
A, clearly indicative of no metal-metal interaction. The co-
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ordination around the Ru atoms is octahedral and involves
three carbon atoms from terminal carbonyls, two nitrogen
atoms from two bridging dmpz ligands, and the iodine atom.
The Ru-N bond distances, in the range 2.101(8)-—2.124(9) A,
are only slightly longer than the ones found in (1), 2.071(9)—
2.090(13) A, with the metals in a lower oxidation state.

The dimensions of the I;™ anion are quite regular [1(2)-1(3)
2.941(2), 1(3)-1(4) 2.887(2) A, I(2)-1(3)-1(4) 178.5(1)°].

Experimental

Solvents were dried and distilled prior to use. Unless otherwise
stated all reactions were carried out under nitrogen. The
compound RuCly-nH,0 (Johnson Matthey) and all ligands
were used as purchased commercially. Elemental analyses were
carried out on a Perkin-Elmer 240-C microanalyzer. L.r. spectra
were recorded on a Perkin-Elmer 783 spectrophotometer and
were calibrated against a sharp peak (1601.4 cm™!) of
polystyrene film. N.m.r. spectra were recorded on a Varian XL-
200 spectrometer at 20 °C with SiMe, (internal, 'H) or 85%
H,PO, (external, 3'P) as references (3 =0 p.p.m.). Mass
spectra were obtained by using the fa.b. technique on a
Kratos MS-80 spectrometer, using xenon as bombarding gas.
Molecular weights were measured in chloroform on a Knauer
osmometer at 20 °C. Since the methods used to synthesize some
compounds were very similar, only typical preparations are
given.

Preparation of [Ru,(u-L),(CO)¢][L = dmpz (1), pz (2), 3-
methylpyrazolate (3), or indazolate (4)]—Carbon monoxide
was bubbled through a solution of RuCl;-nH,0O (1.5 g, 5.37
mmol) in 2-methoxyethanol (60 cm?3) at reflux temperature.
When the colour of the solution turned pale yellow (ca. 2.5 h),
3,5-dimethylpyrazole (551 mg, 5.37 mmol) and granular zinc
(4 g) (previously purified with dilute HCI, washed with distilled
water, and dried with acetone) were added. The mixture was
stirred at reflux temperature, while maintaining a slow stream
of carbon monoxide. After 2—3 h the heating was stopped, and
the brown suspension was decanted from the unreacted zinc.
Addition of water (200 cm?) resulted in precipitation of a pale
yellow solid, which was filtered off, washed with water, dried,
and extracted with dichloromethane (5 cm?). This solution was
chromatographed on a silica-gel column (10 x 3 cm). n-
Hexane afforded two bands: the first one, yellow, was discarded;
the second, colourless moved very slowly with n-hexane and the
eluant was changed to n-hexane—dichloromethane (1:1).
Removal of the solvent afforded complex (1) as white crystals
(1.376 g, 85%).

Complexes (2)—(4) were prepared similarly in 56, 81, and
749%; yields, respectively.

Preparation of [Ru,(pu-T1)(u-L),(CO)e]113 [L = dmpz (5), or pz
(6)].—Iodine (56.7 mg, 0.26 mmol) and complex (1) (48.5 mg,
0.086 mmol) were stirred in dichloromethane (10 cm?) for 2 h.
n-Hexane (10 cm?®) was added to the red-brown solution and
the volume was reduced to ca. 5 cm3. The precipitate was filtered
off, washed with diethyl ether, and dried to give (5) as a brown
powder (97 mg, 97%,). Recrystallization by vapour diffusion of
diethyl ether into a dichloromethane solution of (5) afforded the
compound as dark green needles.

Complex (6) was prepared similarly from complex (2) in 90%;
yield.

Preparation of [Ru,l,(p-dmpz),(CO)¢] (7).—Ilodine (25.8
mg, 0.102 mmol) and complex (1) (57 mg, 0.102 mmol) were
stirred in dichloromethane (10 cm®) for 17 h. The orange
solution was evaporated to dryness and the residue was washed
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with n-hexane, filtered off, and dried to afford (7) as an orange
powder (33 mg, 40%).

Preparation of [Ru,l,(p-pz),(CO)s] (8).—lodine (50.3 mg,
0.198 mmol) and complex (2) (100 mg, 0.198 mmol) were stirred
in dichloromethane (10 cm?) for 5 h, giving a white precipitate
and an orange solution. The white solid was filtered off, washed
with n-hexane, and identified as the isomer (8a) or (8b) (35 mg,
23%). The orange solution was concentrated to ca. 1 cm?® and
n-hexane was added (5 cm3). The solid was filtered off, washed
with n-hexane, and identified by 'H spectroscopy as a 1:4
mixture of the isomer (8a) or (8b) with (8¢c) (99 mg, 66%;).

Reaction of Complex (5) with [IrCI{CO)(PPh;),].—Complex
(5) (20 mg, 0.017 mmol) and [IrCI(CO)(PPh;),] (13 mg, 0.017
mmol) were stirred in dichloromethane (20 cm3). The ir.
spectrum of the solution showed that after 5 min both starting
materials had been transformed into complex (7) and
[IrI,CI(CO)(PPh,),][W(CO) 2 065 cm™].

Preparation of [Ru,(u-dmpz),(CO)s(NCMe)] (9).—An ex-
cess of acetonitrile (ca. 0.2 cm?®) was added to a solution of
complex (1) (80 mg, 0.134 mmol) in acetone (25 cm?). The
solution was stirred at 56 °C for 20 h. Evaporation to dryness
afforded a pale yellow solid which was washed with hexane and
dried (60 mg, 73%).

Preparation of [Ru,(u-dmpz),(CO)s(py)] (10).—An excess
of pyridine (ca. 1.2 cm3) was added to a solution of complex (1)
(100 mg, 0.178 mmol) in tetrahydrofuran (25 cm?3). The solution
was stirred at 56 °C for 7 h, and then evaporated to dryness. The
pale yellow solid was washed with hexane and dried (74 mg,
67%).

Preparation of [Ru,(p-dmpz),(CO)s(PR;)] [PR;=PPh, (11),
P(C¢H,); (12), or dppm (13)]—A solution of triphenyl-
phosphine (47 mg, 0.179 mmol) in dichloromethane (10 cm?)
was added to a solution of complex (1) (100 mg, 0.178 mmol) in
the same solvent (10 cm?®). The resulting pale yellow solution
was stirred for 6 h and then evaporated to dryness to give an oil.
Addition of methanol (2 ¢cm?®) with vigorous stirring (30 min)
afforded a pale yellow precipitate which was filtered off, washed
with methanol, and dried (85 mg, 60%).

Complexes (12) and (13) were prepared similarly from the
appropriate phosphines in 50 and 53% yields, respectively. The
same complexes were obtained using an excess of the phosphine
ligands.

Crystal Structure Determinations of Complexes (1) and (5).—
Crystal data for (1). C;¢H,,N,O¢Ru,, M = 560.45, mono-
clinic, space group P2,/n, a = 15.388(7), b = 10.497(5), ¢ =
13.706(5) A, B = 110.32(2)°, U = 2076(2) A3 (by least-squares
refinement of the 6 values of 25 accurately measured reflections),
Z=4,1=071069 A, D, = 1.793 g cm™, F000) = 1 096,
p(Mo-K,) = 14.64 cm™!. A crystal of approximate dimensions
0.22 x 0.25 x 0.30 mm was used for the structure analysis. No
absorption correction was made.

Crystal data for (5). C,¢H ,J,N,OqRu,, M = 1068.07,
triclinic, space group PI, a = 10.970(5), b = 12.393(6),
¢ =10.522(6) A, x« = 98.22(2), B = 103.94(3), y = 74.29(2)°,
U = 1332(1) A3 (by least-squares refinement of the 6 values of
29 accurately measured reflections), Z = 2, A = 0.71069 A,
D, = 2.663 g cm™, F(000) = 972, u(Mo-K,) = 57.38 cm™'. A
crystal of approximate dimensions 0.15 x 0.20 x 0.23 mm was
used for the structure analysis. A correction for absorption3°
was applied (maximum and minimum transmission factors were
1.267 and 0.748 respectively) using the program ABSORB.3!
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Table 5. Fractional atomic co-ordinates ( x 10*) with estimated standard deviations (e.s.d.s) in parentheses for the non-hydrogen atoms of complex (1)

Atom x ¥ z
Ru(l) 2267(1)  4044(1)  5533(1)
Ru(2) 2 193(1) 6 139(1) 4 358(1)
O(1) 2939(9) 1777(12) 7019(12)
0O2) 742(7) 4 896(9) 6298(8)
O(3) 859(10) 2 564(14) 3839(12)
0@) 2 636(10) 8 554(13) 3325(10)
O(5) 689(7) 7437(9) 4 905(8)
O(6) 860(8) 5064(13) 2379(9)
N(1) 3174(7) 5393(8) 6437(7)
N@)  31026)  64788)  5862(7)
N@3) 3226(7) 3847(9) 4774(8)
N(4) 3233(7) 4941(9) 4235(7)
C(l)  2689(13)  2616(12)  6462(15)
C(2) 1333(10) 4579(12) 6 024(11)

Atom X y z

C(3) 1427(11) 3081(15) 4517(14)
C@4) 2497(12) 7 679(16) 3713(12)
C(5) 1267(9) 6925(11) 4 692(10)
C(6) 1379(10) 5 462(16) 3117(12)
C(7 377109) 5673(12) 7 388(10)
C(8) 4063(9) 6910(14) 7448(11)
C9) 3623(8) 7390(11) 6 459(10)
C(10) 3989(11) 4681(17) 8279(11)
C(11) 3663(10) 8 688(11) 6038(12)
C(12) 3850(9) 3024(13) 4677(11)
C(13) 4 280(10) 3 625(14) 4024(12)
C(14) 3 856(9) 4 802(14) 3 785(10)
C(15) 4011(13) 1747(13) 5 138(16)
C(16) 4056(12) 5 830(15) 3122(13)

Table 6. Fractional atomic co-ordinates ( x 10*) with e.s.d.s in parentheses for the non-hydrogen atoms of complex (5)

Atom X ¥ z Atom x ¥ z

Ru(1) 461(1) 2 320(1) 8967(1) C(1) 1154(11) 1359(10) 10 393(12)
Ru(2) —2744(1) 2726(1) 6 833(1) C(2) 1 148(11) 3 544(10) 9 861(12)
I(1) —725(1) 3629(1) 6963(1) C(@3) 1976(11) 1 848(9) 8 240(11)
1(2) —2 387(1) 5963(1) 4 384(1) C4) —3896(13) 4 188(11) 6 828(13)
1(3) —3491(1) 7425(1) 6497(1) C(5) —4055(12) 1952(11) 6 731(11)
1(4) —4 591(1) 8 810(1) 8 591(1) C(6) —2939(11) 2 695(10) 4992(11)
OQ) 1 486(9) 798(7) 11 199(9) C(7) —3337(11) 3267(10) 9 666(11)
0OQ) 1 610(9) 4264(7) 10 344(9) C(8) —2705(11) 3 543(10) 10927(11)
0OQ3) 2 861(8) 1 633(7) 7 790(9) C(9) —1424(11) 3274(8) 10 903(10)
04) —4 545(10) 5068(9) 6 849(13) C(10) —4787(12) 3401(14) 9 185(14)
O(5) —4779(10) 1 458(8) 6 679(10) C(11) ~340(12) 3416(10) 12 055(11)
O(6) —3045(10) 2 732(8) 3900(9) C(12) 418(12) —8309) 7 586(12)
N(1) —1250(8) 2 894(7) 9 690(8) C(13) —281(13) —580(10) 6491(12)
N(2) —2454(8) 2 893(8) 8 896(8) C(14) —1439(13) 213(10) 6114(11)
N@3) —236(8) 978(7) 7 801(8) C(15) —2 506(16) 32(12) 5028(14)
N(4) —1379(9) 1 164(7) 6902(8) C(16) 1721(13) —629(10) 8 415(15)

Data collection and processing. Siemens AED diffractometer, Acknowledgements

6—20 scan mode, using niobium-filtered Mo-K, radiation; all
the reflections with 6 in the ranges 3—25 (1) and 3-—27° (5) were
measured. Of 3 773 (1) and 5 696 (5) independent reflections,
1987 (1) and 3 348 (5), having 7 > 2¢c(J), were considered
observed and used in the analysis.

Structure solutions and refinements. Patterson and Fourier
methods; full-matrix least squares with anisotropic thermal
parameters in the last cycles for all the non-hydrogen atoms.
The hydrogen atoms were placed at their geometrically
calculated positions and introduced in the final structure-factor
calculations. The weighting scheme used in the last cycles of
refinement was w = k[o?(F,) + gF,*]"! withk = 0.687 (1) and
0.557(5),g = 0.004 (1) and 0.012 (5). Final R and R’ values were
0.056 and 0.069 (1), and 0.043 and 0.063 (5). The SHELX system
of computer programs was used.>? Atomic scattering factors,
corrected for anomalous dispersion of Ru and I, were taken
from ref. 33. All calculations were performed on the CRAY
X-MP/12 computer of the Centro di Calcolo Elettronico
Interuniversitario dell’ltalia Nord-orientale, Bologna and on
the GOULD 32/77 computer of the Centro di Studio per la
Strutturistica Diffrattometrica del] CNR, Parma. Final atomic
co-ordinates for the non-hydrogen atoms are given in Tables 5
(1) and 6 (5).

Additional material available from the Cambridge Crystallo-
graphic Data Centre comprises H-atom co-ordinates, thermal
parameters, and remaining bond distances and angles.

We thank the CSIC-CNR Joint Programme (8 + 1987/88) and
Comision Asesora de Investigacion Cientifica y Tecnica for
support, the Spanish Ministry of Education for a fellowship (to
J. A. C), and Dr. D. W. Bruce and P. Ashton (University of
Sheffield) for f.a.b. mass spectra.
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