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Abstract 

Treatment of a dichloromethane solution of the salt [N(PPh3)2]2[Ru4(~-H)2(CO)I2] with two equivalents of the complex 
[Ag(NCMe)4]PF 6 at -30°C,  followed by the addition of two equivalents of the very bulky phosphine ligand P(C6HgMe-2) 3 (cone 
angle 194 °) affords the mixed-metal cluster [Ag2Rug(/~3-H)2(CO)12{P(C6H4Me-2)3} 2 ] (I) in ca. 70% yield. A single-crystal X-ray 
diffraction study has revealed that I has a capped trigonal bipyramidal metal framework structure, with the two silver atoms in 
close contact [Ag-Ag 2.876(2) .~]. This skeletal geometry is very surprising in view of a previous observation that ptBu3 (cone 
angle 182°), which is supposedly a less sterically demanding phosphine ligand than P(C6HgMe-2) 3, is sufficiently bulky to prevent 
the two Ag(PtBu3) units being adjacent in the metal core of the closely related cluster [AgERU4(/~3-H)2(CO)12(ptBu3)2]. In the 
solid-state structure of I, it appears that two of the three C6H4Me-2 rings in each of the two P(C6H4Me-2) 3 ligands can adopt 
relative orientations which allow the phosphine to behave as a less sterically demanding ligand than its large cone angle might 
otherwise suggest. Remarkably, the formal replacement of the two PPh 3 ligands attached to the silver atoms in the capped 
trigonal bipyramidal metal framework of the closely related cluster [Ag2Ru4(~3-H)2(CO)12(PPh3) 2] by two P(C6H4Me-2) 3 
groups in I causes very little change in most of the metal -metal  distances, despite the fact that the cone angle of PPh 3 (145 °) is 
49 ° smaller than that of P(C6H4Me-2) 3. In solution, compound I undergoes two types of dynamic behaviour at ambient 
temperatures. One process involves an intramolecular rearrangement of the metal core, which exchanges the two silver atoms 
between the two inequivalent sites, and the other process is an intermolecular exchange of P(C6H4Me-2) 3 ligands between 
clusters. 
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I.  Introduct ion 

O n e  of  the  novel  f ea tu re s  of  many  G r o u p  IB ( G r o u p  
11) me ta l  h e t e r o n u c l e a r  c lus te r  c o m p o u n d s  is the  de-  
g ree  of  f lexibil i ty exh ib i ted  by the i r  me ta l  f rameworks ,  
bo th  in the  solid s ta te  and  in solut ion,  when  the  na tu r e  
of  the  p h o s p h i n e  l igand(s)  a t t a c h e d  to the  co inage  
meta l s  is va r i ed  [2-4].  Some  of  us [5-9]  have recent ly  
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d e m o n s t r a t e d  tha t  an increase  in the  cone  angle  [10] of  
the  m o n o d e n t a t e  p h o s p h i n e  l igands  a t t a c h e d  to the 

co inage  meta l s  in the  c lus ters  [M2Ru4H2(CO)12(PR3)  2 ] 
(M = Cu, Ag,  or  Au;  R - - a l k y l  or  aryl) can a l te r  the  
me ta l  core  g e o m e t r y  a d o p t e d  by these  spec ies  in the  
solid s ta te .  O u r  resul ts  (Table  1) show that  this class of  
c lus te r  c o m p o u n d  can exhibi t  one  of  two dis t inct  me ta l  
f r a m e w o r k  s t ructures .  In  s t ruc ture  A (Fig. 1), the  two 
G r o u p  IB meta l s  a re  in close contact ,  whe reas  in 
s t ruc ture  B no  bond ing  in te rac t ion  is obse rved  be t ween  
the  co inage  meta l s  (Fig.  1). The  c a p p e d  t r igonal  
b ipy ramida l  s t ruc ture  A is p r e f e r r e d  for  c lus ters  con- 
ta in ing  P i P r  3 (cone angle  160 ° [10]) [6], PPh  3 (cone 
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Table 1 
The metal framework structures adopted by the mixed-metal clusters [M2Ru4(~z3-H)2(CO)~2L2] 

M L Cone angle of L a Metal framework Ref. 
(°) structure b 

Cu PMe2Ph, PMe3, or PEt 3 < 122 A [8] 
Cu P(OR) 3 _< 128 A [8] 

(R = Ph, Me, or Et) 
Cu or Ag PMe2Ph 136 A [8,9] 
Cu, Ag, or Au PPh 3 145 A [7] 
Cu p i pr 3 160 A c [6] 
Ag or Au pipr 3 160 A [6] 
Cu P(CH 2 Ph)3 165 B [5] 
Ag P(CH 2 Ph)3 165 A [5 ] 
Cu PCy 3 170 B [6] 
Ag or Au PCy 3 170 A [6] 
Ag or Au d ptBu 3 182 B [6] 

~' Ref. [10]. b See Fig. 1 for diagrams of the two skeletal geometries. ~ Although [Cu2Ru4(/z3-H)2(CO)I2(Pipr3)2] adopts structure A in the solid 
state, the PiPr 3 ligand is bulky enough for a second skeletal isomer, which is thought to have two face-capping Cu(pipr3) fragments with no 
Cu-Cu close contact, to also be present in solution [6]. d Attempts to prepare the copper-containing analogue resulted in the isolation of the 
pentanuclear species [CuRu4(/x3-H)3(CO)12(ptBu3 )] instead of the expected hexanuclear cluster [Cu2Ru4(#3-H)2(CO)12(ptBu3)2] [6]. 

ang l e  145 ° [10]) [7] a n d  sma l l e r  p h o s p h i n e  a n d  phos-  
ph i t e  l igands  [8,9]. H o w e v e r ,  the  P ( C H z P h )  3 (cone  
ang le  165 ° [10]) [5] a n d  PCy  3 ( c o n e  ang le  170 ° [10]) [6] 
l igands  a re  too  bu lky  to a l low two C u ( P R  3) (R  = 
C H z P h  or  Cy) un i t s  to be  a d j a c e n t  in  the  m e t a l  f r a m e -  

works  of  [Cu2Ru4( /z3-H)2(CO)12(PR3)2]  a n d  these  
c lus te r s  a re  fo rced  to a d o p t  the  s ter ical ly  less d e m a n d -  
ing  e d g e - b r i d g e d  t r i gona l  b i p y r a m i d a l  s t r u c t u r e  B. T h e  
g r e a t e r  size of  t he  si lver a n d  gold a t o m s  re la t ive  to 

c o p p e r  m e a n s  tha t  two a d j a c e n t  M ( P R  3) (M = Ag,  
R = C H 2 P h  or  Cy; M = A u ,  R = C y )  u n i t s  can  be  
a c c o m m o d a t e d  in the  m e t a l  ske l e tons  of  [M2Ru4( /x3-  
H)2(CO)12(PR3)2]  [5,6]. T h e  even  l a rger  p h o s p h i n e  lig- 

a n d  p t B u  3 (cone  ang le  182 ° [10]) is r e q u i r e d  to force  
the  si lver- a n d  g o l d - c o n t a i n i n g  c lus t e r  c o m p o u n d s  to 
a l t e r  the i r  ske le ta l  g e o m e t r i e s  to s t r uc tu r e  B [6]. In  
view of  t hese  resul ts ,  we t h o u g h t  it o f  i n t e r e s t  to 
p r e p a r e  G r o u p  IB m e t a l  h e t e r o n u c l e a r  c lus te rs  con-  
t a i n i n g  the  very  bu lky  p h o s p h i n e  l i gand  P ( C 6 H a M e - 2 )  3 
( cone  ang le  194 ° [10]). 

2. Results and discussion 

T r e a t m e n t  of  a d i c h l o r o m e t h a n e  so lu t i on  of  the  salt  

[N(PPh3)2]2[Ru4(/z-H)2(CO)12]  wi th  two e q u i v a l e n t s  o f  

M 

A "Ru 

Ru- 

R 

B 
Fig. 1. The capped trigonal bipyramidal (structure A) and the sterically less demanding edge-bridged trigonal bipyramidal (structure B) skeletal 
geometries adopted by the clusters [M2Rua(/z3-H)2(CO)I2L 2] [M = Cu, Ag, or Au; L = a variety of monodentate phosphine and phosphite 
ligands (see Table 1)]. 
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the complex [Ag(NCMe)4]PF6 at -30°C, followed by 
the addition of two equivalents of P(C6H4Me-2) 3 af- 
fords the red cluster compound [Ag2Ru4(/z3-H) 2- 
(CO)12{P(C6H4Me-2)3} 2] (I) in ca. 70% yield. Surpris- 
ingly, the infrared spectrum of I closely resembles that 
reported [7] for the analogous PPh3-containing cluster 
[AgzRu4(/x3-H)2(CO)12(PPh3)2] (lI), but it is signifi- 
cantly different from that observed for [Ag2Rua(/X 3- 
H)2(CO)12(ptBu3)2] [6]. Thus, the infrared spectro- 
scopic data imply that I adopts the capped trigonal 
bipyramidal metal core structure A (Fig. 1) rather than 
the sterically less-demanding edge-bridged trigonal 
bipyramidal skeletal geometry B, despite the consider- 
able size of the P(C6H4Me-2) 3 ligand. Variable-tem- 
perature IH and 3t p_{~H} NMR spectroscopic studies 
on I provided little useful structural information about 
the cluster compound because of its poor solubility in 
all common organic solvents which severely hindered 
the recording of good spectra at low temperatures, and 
because of the broadening of the spectra due to dy- 
namic behaviour in solution (vide infra). Therefore, it 
was of interest to perform a single-crystal X-ray 
diffraction study on I and to have the opportunity to 
compare the structural data of I with those previously 
determined [7] for the analogous cluster II. Discussion 
of the variable-temperature 1H and 3tp-{IH} NMR 
spectroscopic data for ! is best deferred until the X-ray 
diffraction results have been presented. 

The molecular structure of I is displayed in Fig. 2 
and selected interatomic distances and angles are listed 
in Table 2. The metal framework of I consists of a Ru 4 
tetrahedron, with one Ru 3 [Ru(1)Ru(3)Ru(4)] face 
capped by a silver atom lag(2)] and one AgRu 2 face 
[Ag(2)Ru(3)Ru(4)] of the AgRu 3 tetrahedron so formed 
capped by the second silver atom lAg(l)], so that the 
two silver atoms are in close contact. Therefore, the 
X-ray diffraction study confirms that I adopts metal 
core structure A (Fig. 1), as suggested by the infrared 

spectroscopic data. One P(C6H4Me-2) 3 ligand is at- 
tached to each of the two silver atoms, as expected, 
and each ruthenium atom is ligated by three essentially 
linear carbonyl groups. The two hydrido ligands cap 
two adjacent AgRu 2 faces [Ag(2)Ru(1)Ru(3) and Ag- 
(2)Ru(1)Ru(4)]. The overall structure of I is very simi- 
lar to that established for its PPh3-containing analogue 
II [7]. 

Fig. 3 compares the metal-metal  separations within 
the skeletal frameworks of I and II. The range of 
R u - R u  distances in I [2.774(2)-2.978(2) A] is similar to 
that in II [2.785(1)-2.979(1) ,~]. As expected [11,12], 
none of the equivalent R u - R u  separations are changed 
greatly and five out of the six differ by only ca. 0.011 A 
or less (Fig. 3). In fact, the mean R u - R u  bond length 
in I [2.879(2) A] is only 0.003 A shorter than that in II 
[2.882(1) A]. The range of A g - R u  distances found for 
the hexanuclear cluster I [2.862(2)-3.045(2) ,~] is 
slightly higher than that observed for the PPh3-contain- 
ing analogue I1 [2.842(1)-2.980(1) A], but three out of 
the five separations exhibit differences of ca. 0.021 
or less (Fig. 3). However, the mean Ag-Ru  separation 
of 2.925(2) A in I is 0.037 .& longer than the mean 
A g - R u  distance calculated for cluster II. In both of 
the clusters I and II, all of the three Ag-Ru  distances 
to the Ag atom in the equatorial plane of the trigonal 
bipyramidal Ag2Ru 3 unit [Ag(2)-Ru(1), Ag(2)-Ru(3) 
and Ag(2)-Ru(4)] appear to be markedly longer than 
those to the Ag atom occupying the axial site (Fig. 3). 
However, two of the three A g - R u  bonds involving the 
equatorial Ag atom in I are substantially longer than 
the equivalent bonds in II, by ca. 0.065 ,~ [Ag(2)-Ru(1)] 
and 0.108 .& [Ag(2)-Ru(4)]. In contrast, the Ag-Ag 
distance is only increased by ca. 0.019 ,~ when the two 

C(233) 

C(237) ( ~  C (234) 

C(232)y t 
I UC(255) C{134) 

~ , . . ~  C (2,7) C (23 ' ) (~  r C(,33) , ~  
~(J~b,~.(211) f "(~ C(226) (~  ~)C(135] 

W ~ ~ r l l l U ~ .  ,.-t "~,-, / Dc(IzT) 
o(31) c(z27~ Aq(,) ~,.P,(n,, c(,,3) 

o(11) 
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Fig, 2. Molecular structure of [Ag2Ru4(/z3-H)2(CO)I2{P(C6H4Me- 
2)3} 2] (I), showing the crystallographic numbering. The carbon atom 
of each carbonyl ligand has the same number as the oxygen atom. 
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PPh 3 groups in II are formally replaced by P(C~,H 4- 
Me-2) 3 ligands in I. 

Remarkably, Fig. 3 shows that an increase of 49 ° in 
the magnitude of the cone angle of the attached phos- 
phine ligands has very little effect on most of the 
meta l -meta l  separations in the metal skeletons of I 
and II. In marked contrast to this observation, the 
formal replacement of the two PPh 3 ligands in the 
structurally related cluster [CuzRu4(/z3-H)2(CO)12- 
(PPh3) 2] (f i l l  by p ip r  3, which corresponds to an in- 
crease in cone angle of only 15 °, is known [7,13] to 
result in elongation of the Cu-Cu  bond by ca. 0.311 
in the solid state. In addition, the same formal change 
of ligands causes the lengths of two of the five C u - R u  
bonds to increase by more than 0.2 A and one by ca. 
0.1 A [7,13]. The generally small differences observed 
between the equivalent meta l -metal  distances in I and 
II are also very surprising in view of the well estab- 

Table 2 
Selected bond lengths (,~) and angles (°) for [Ag2Ru4(/x3- 
H)2(CO)12{P(C6HaMe-2)3}e].CH2CI2 , with estimated standard de- 
viations in parentheses 

(a) Bond lengths 
Ru(1)-Ru(2) 2.774(2) Ru(1)-Ru(3) 2.978(2) 
Ru(l )-Ru(4) 2.947(2) Ru(1)-Ag(2) 3.045(2) 
Ru(2)-Ru(3) 2.806(2) Ru(2)-Ru(4) 2.813(2) 
Ru(3)-Ru(4) 2.958(2) Ru(3)-Ag(1) 2.862(2) 
Ru(3)-Ag(2) 2.902(2) Ru(4)-Ag(1) 2.876(2) 
Ag(1)-Ag(2) 2.876(2) Ru(4)-Ag(2) 2.988(2) 
Ag(2)-P(2) 2.466(5) Ag(I)-P(1) 2.494(5) 

Range of Ru-C(CO) 1.755(8)-1.996(7) 
Range of C-O(CO) 1.108(8)-1.210(11) 
Range of P-C(C6H4Me-2) 1.784(8)-1.829(8) 

(b) Bond angles 
Ru(3)-Ru(1)-Ru(2) 58.3(1) Ru(4)-Ru(1)-Ru(2) 58.8(1) 
Ru(4)-Ru(l )-Ru(3) 59.9(1) Ag(2)-Ru(1)-Ru(2) 106.1(1) 
Ag(2)-Ru(1)-Ru(3) 57.6(1) Ag(2)-Ru(1)-Ru(4) 59.8( 1 ) 
Ru(3)-Ru(2)-Ru(l) 64.5(1) Ru(4)-Ru(2)-Ru(1) 63.7(1) 
Ru(4)-Ru(2)-Ru(3) 63.5(1) Ru(2)-Ru(3)-Ru(1) 57.2(1) 
Ru(4)-Ru(3)-Ru(1) 59.5(1) Ru(4)-Ru(3)-Ru(2) 58.3(1) 
Ag(1)-Ru(3)-Ru(1) 109.4(1) Ag(1)-Ru(3)-Ru(2) 110.9(1) 
Ag(1)-Ru(3)-Ru(4) 59.2(1) Ag(2)-Ru(3)-Ru(1) 62.4(11 
Ag(2)-Ru(3)-Ru(2) 109.2(1) Ag(2)-Ru(3)-Ru(4) 61.3(1) 
Ag(2)-Ru(3)-Ag(1) 59.841) Ru(2)-Ru(4)-Ru(1) 57.5(1) 
Ru(3)-Ru(4)-Ru(1) 60.6(1) Ru(3)-Ru(4)-Ru(2) 58.1(1) 
Ag(1)-Ru(4)-Ru(1) 109.9(1) Ag(1)-Ru(4)-Ru(2) 110.3(1) 
Ag(1)-Ru(4)-Ru(3) 58.7(1) Ag(2)-Ru(4)-Ru(1) 61.7(1) 
Ag(2)-Ru(4)-Ru(2) 106.6(1) Ag(2)-Ru(4)-Ru(3) 58,4(1) 
Ag(2)-Ru(4)-Ag(1) 58.7(1) Ru(4)-Ag(1)-Ru(3) 62.1(1) 
Ag(2)-Ag(1)-Ru(3) 60.8(1) Ag(2)-Ag(1)-Ru(4) 62.6(1 ) 
Ru(3)-Ag(2)-Ru(1) 60.0(1) Ru(4)-Ag(2)-Ru(1) 58.5(1) 
Ru(4)-Ag(2)-Ru(3) 60.3(1) Ag(1)-Ag(2)-Ru(1) 107.3(1) 
Ag(1)-Ag(2)-Ru(3) 59.4(1) Ag(1)-Ag(2)-Ru(4) 58.7(1) 
P(1)-Ag(1)-Ru(3) 150.4(2) P(1)-Ag(1)-Ru(4) 143.0(2) 
P(I)-Ag(1)-Ag(2) 136,3(2) P(2)-Ag(2)-Ru(1) 127.9(2) 
P(2)-Ag(2)-Ru(3) 148.7(2) P(2)-Ag(2)-Ru(4) 150.9(2) 
P(2)-Ag(2)-Ag(1) 124.8(2) 

Range of R u - C - O  162(2)- 179(3) 

119 

0.0 

Fig. 3. A comparison of the metal-metal separations in the metal 
frameworks of [Ag2Ru4(/x3-H)z(CO)12(PR3)2] [R = C6H4Me-2 (I) 
or Pb (Ill]. Distances are given first for I and then for II [7]. 

lished 'softness' of the bonding between Group IB 
metals themselves and between coinage metals and 
other transition metals [2-4]. For example, significant 
differences have been observed [11] between some of 
the equivalent metal -metal  separations in the two in- 
dependent  molecules which occur in the asymmetric 
unit of [Cu 2 Ru 4(]A, 3-H)2{/.t-Ph 2 P(CH 2)2 PPh 2}(C0)12 ], 
and crystal packing forces are known [14] to cause 
differences of up to 0.091 ,~ between the equivalent 
metal -metal  distances in the metal frameworks of the 
two crystalline modifications of [AuzRu4(/x3-H)(/x-H)- 
( tt-Ph ePCH 2PPh 2)(CO)12 ]- 

The fact that the P(C6H4Me-2)3 groups in I appear 
to act as smaller phosphine ligands than the cone angle 
of 194 ° [10] would suggest may be attributed to the 
ability of some of the C6H4Me-2 rings on the two 
adjacent phosphine molecules to align in a manner 
which decreases the expected large steric repulsion 
between two ligands. Fig. 4 shows the views down the 
P(1)-Ag(1) and P(2)-Ag(2) bonds in I to illustrate the 
relative alignments of the six C6H4Me-2 rings. It can 
be seen that the C6H4Me-2 rings on the two phos- 
phine ligands are able to adopt relative positions which 
avoid any really serious repulsive interactions between 
the ortho methyl groups. Thus, although the ortho 
methyl groups cause the P(C6H4Me-2) 3 ligand to have 
a much larger cone angle than that of PPh 3, the ability 
of the C6H4Me-2 rings in two adjacent phosphine 
ligands to position themselves in such a way as to 
minimize repulsive interactions between those methyl 
groups means that P(C6HaMe-2) 3 can act as a much 
less bulky ligand than its cone angle might otherwise 
suggest. 
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It is of interest to compare the relative alignments 
of the C6HaMe-2 rings in I and phenyl moieties in II 
to assess the influence of the bulky ortho methyl groups. 
Fig. 5 shows the relative orientations of the phenyl 
rings of the two PPh 3 ligands in II [7]. Comparison of 
Figs. 4 and 5 reveals that the positions of the phenyl 
rings around P(2) in II are not at all dissimilar to those 
of the C6H4Me-2 groups around P(2) in I. However, 
the presence of the ortho methyl groups does cause a 
significant difference in the relative orientations of the 
C6H4Me-2 rings and the phenyl moieties around P(1) 
in clusters I and II, respectively. The positions of the 
phenyl groups around P(1) in II seem to be sterically 
favourable, with two of the three rings pointing away 
from the other  PPh 3 ligand (Fig. 5). In contrast, only 
one of the three C6H4Me-2 rings on each of the two 
P(C6H4Me-2) 3 groups in I points away from the other 
phosphine ligand (Fig. 4). It is possible that the reason 
why the C6HaMe-2 moieties around P(1) in I do not 
adopt similar relative orientations to those of the phenyl 
rings in II is to avoid repulsion between one or more of 
the ortho methyl groups and some other part of the 
cluster. Alternatively, the C6H4Me-2 rings on the two 

(bl / 

Fig. 4. Views down the Ag(1)-P(1) (a) and Ag(2)-P(2) (b) vectors of 
[Ag2Ru4(/x3-H)2(CO)12{P(C6HaMe-2)3} 2] (I), showing the relative 
positions of the six C6HaMe-2 rings on the two adjacent phosphine 
ligands. The ruthenium atoms, carbonyl groups, and hydrido ligands 
have been omitted for clarity. 

(o) 

(b) 

Fig. 5. Views down the Ag(1)-P(1) (a) and Ag(2)-P(2) (b) vectors of 
[Ag2Ru4(/x3-H)e(CO)12(PPh3)2] (II), showing the relative positions 
of the six phenyl rings on the two adjacent phosphine ligands. The 
ruthenium atoms, carbonyl groups and hydrido ligands have been 
omitted for clarity. 

P(C6H4Me-2) ligands in I may not be able to interlock 
in a similar manner to that of the phenyl moieties in II 
because of unacceptable repulsions between an ortho 
methyl group and the C6HaMe-2 rings on the other 
phosphine in that relative alignment. 

Having established the molecular structure of I, it is 
possible to interpret the variable-temperature 1H and 
3~p-{1H} NMR spectra of the cluster. At ambient tem- 
peratures, the ~H NMR spectrum of I consists of a 
complex multiplet for the aromatic protons (24 H), a 
singlet at 6 2.15 p.p.m, for the ortho methyl protons 
(18 H) and a broadened multiplet at ca. 8 -17 .1  
p.p.m, for the hydrido ligand (2H). As the temperature 
is lowered, the signals due to the ortho methyl protons 
and hydrido ligands both broaden. At -70°C,  five 
singlets in the ratio 3H : 3H : 3H : 3H : 6H are observed 
for the ortho methyl protons and the hydrido ligand 
resonance consists of two broad doublets [J(AgP)av" ca. 
32 and ca. 24 Hz], which overlap. Unfortunately, the 
rather poor solubility of I in all common organic sol- 
vents prevented the recording of good quality 1H NMR 
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spectra at temperatures below -70°C.  A single phos- 
phorus resonance, which is split into two broadened 
apparent doublets [J0°gAgP) ca. 499, J(l°VAgP) ca. 432 
Hz] [15] is visible in the 31P-{1H} NMR spectrum of I at 
+40°C. As the temperature  is lowered, the signals 
broaden further and then coalesce, so that an ex- 
tremely broad singlet is observed at -30°C.  Again, the 
poor solubility of I hindered the measurement of good 
quality spectra and none could be obtained at tempera- 
tures below -40°C.  Therefore,  the low-temperature 
limiting 31P-{1H} NMR spectrum of I could not be 
recorded. However, the observation of a singlet for the 
ortho methyl protons at room temperature and a single 
phosphorus resonance at + 40°C in the ~H and 31p_{IH} 
NMR spectra, respectively, demonstrates that I under- 
goes similar dynamic behaviour, which involves an in- 
tramolecular rearrangement of the metal core, similar 
to that previously reported [5-7,11,12,16,17] for a num- 
ber of closely related silver-containing clusters. In all of 
these latter species, the silver atoms exchange between 
the two inequivalent sites in the capped trigonal 
bipyramidal metal skeleton at ambient temperatures in 
solution, which renders the two attached phosphine 
ligands equivalent on the NMR timescale. The ~H 
NMR spectrum of I at - 70°C  is consistent with the 
ground state structure of the cluster. Clearly, the in- 
tramolecular metal core rearrangement is too slow to 
be visible on the NMR timescale at this temperature.  
However, it is also interesting that the rotations around 
the A g - P  and P-Cispo bonds have been restricted [18] 
so that the C6H4Me-2 rings in the two phosphine 
ligands adopt conformations which remove the plane 
of symmetry present in the metal framework of I 
[through Ag(1), Ag(2), Ru(1), and Ru(2) in Fig. 2] and 
render all of the six ortho methyl groups inequivalent 
on the NMR timescale [19]. Hence, in the ~H NMR 
spectrum of I at - 70°C, a doublet is observed for each 
of the two inequivalent hydrido ligands and there are 
five signals due to the protons off the ortho methyl 
groups. Although six peaks would be expected for the 
latter protons, one of the observed singlets has an 
integration consistent with two methyl groups, so there 
must be an accidental degeneracy of chemical shifts in 
that particular case. The hydrido ligand doublets are 
both split by a coupling to one silver atom, as expected 
[5-7,11,12,16]. Additional smaller couplings to one 
phosphorus atom have also been previously observed 
[5-7,11,12,16] for the hydrido ligand signals in the 1H 
NMR spectra of some silver-containing clusters, which 
are closely related to I, but the hydrido ligand peaks of 
I are still sufficiently broadened at -70°C  by the 
dynamic behaviour of the cluster for these 31p-1H 
couplings not to be resolved. The broadening of the 
phosphorus signal and the hydrido ligand peaks ob- 
served in the 31p-{1H} and 1H NMR spectra, respec- 
tively, of I at ambient temperatures are probably both 

due to a second type of dynamic behaviour. At room 
temperature in solution, the PPh 3 ligands in II [7] and 
the PR 3 (R = CHzPh [5], ipr [6], or Cy [6]) ligands in 
[Ag2Ru4(/x3-H)z(CO)I2(PR3)2] all undergo intermolec- 
ular exchange between clusters. It seems very likely 
that the closely related cluster I will also exhibit similar 
dynamic behaviour, and an intermolecular exchange of 
P(C6H4Me-2) 3 ligands is entirely consistent with the 
broadened signals observed in the 1H and 31P-{1H} 
NMR spectra of I at ambient temperatures. 

It is of interest to compare the work described here 
with some results reported by Housecroft, Rheingold, 
and co-workers, which demonstrate that the greater 
size of the P(C6HaMe-2) 3 ligand compared to the 
PPh 3 group can have an effect on the chemistry of 
Group IB metal heteronuclear clusters [20-23]. Al- 
though these workers have prepared the cluster [Au 2- 
FeaBH(CO)lz(PPh3)2] [20,21], they found that the 
{Fe4B(CO)~2} fragment was too small to accommodate 
more than one of the larger Au{P(C6H4Me-2) 3} units 
and their attempts to prepare the analogous compound 
[Au2Fe4BH(CO)12{P(C6H4Me-2)3} 2] failed [22]. In ad- 
dition, the formal replacement of the two PPh 3 ligands 
in [Au2Ru4BH(CO)12(PPh3) 2] by P(C6H4Me-2)  3 
groups was found to change the skeletal geometry 
adopted by the cluster to one in which the greater 
steric requirements of P(C6HaMe-2) 3 have forced the 
two gold-phosphine fragments further apart on the 
basic {Ru4B(CO)12} framework, with a concomitant 
rearrangement in the positions of the hydrido ligand 
and carbonyl groups [23]. At low temperatures in solu- 
tion, a second skeletal isomer of [AuzRuaBH(CO)lz{P - 
(C6H4Me-2)3} 2] was also observed [23]. This isomer is 
thought to adopt a metal core structure in which the 
two Au{P(C6H4Me-2) 3} moieties adopt positions on 
the basic {RuB(CO)12} framework such that there is no 
close contact between the gold atoms. The observation 
of this second skeletal isomer, which has a sterically 
less demanding metal  core structure,  for the 
P(C6H4Me-2)3-containing cluster, but not for its 
PPh3-containing analogue, can also be attributed to the 
greater cone angle of the P(C6H4Me-2) 3 ligand com- 
pared with that of the PPh 3 ligand. 

3. Experimental details 

The salt [N(PPh3)212[Ru4(/x-H)2(CO)12] was pre- 
pared as previously described [24] and the complex 
[Ag(NCMe)4]PF 6 was made by a modification of a 
published route [25]. The phosphine ligand P(C6H 4- 
Me-2) 3 was purchased from Strem Chemicals, Inc., and 
used without further purification. The techniques used 
and the instrumentation employed for spectroscopic 
characterization have been described elsewhere [16]. 
Light petroleum refers to the fraction of b.p. 40-60°C. 
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Table 3 
Fractional atomic coordinates and isotropic thermal parameters (,~2) 
for [Ag2Ru4(P~3-H)2(CO)12{P(C6HnMe-2)3}2].CH2CI2, with esti- 
mated standard deviations in parentheses 

Atom x y z Uis o or Ueq 

Ru(1) 0.19985(3) 0.05533(4) -0.11516(6) 0.0356(3) 
Ru(2) 0.08549(3) 0.11335(4) -0.25045(5) 0.0398(3) 
Ru(3) 0.24281(3) 0.25831(3) -0.12812(4) 0.0358(3) 
Ru(4) 0.11349(2) 0.19345(3) -0.04475(4) 0.0339(2) 
AgO) 0.22834(3) 0.39188(4) 0.03812(5) 0.0400(2) 
Ag(2) 0.29963(3) 0.23726(3) 0.07137(5) 0.0361(3) 
P (1 )  0.24755(3) 0.56319(4) 0.13959(5) 0.0369(3) 
P (2 )  0.41864(3) 0.25388(4) 0.22548(5) 0.0323(2) 
C(ll) 0.23061(4) 0.00183(5) -0.21885(5) 0.0622(4) 
O(11) 0.24954(5) -0.03185(5) -0.28252(6) 0.0994(4) 
C(12) 0.09936(4) -0.05238(4) -0.15663(5) 0.0647(4) 
O(12) 0.04530(5) -0.12233(6) -0.16995(6) 0.0855(5) 
C(13) 0.28205(4) 0.01440(5) -0.01676(6) 0.0535(4) 
O(13) 0.31260(4) -0.03175(5) 0.02414(5) 0.0748(5) 
C(21) -0.01859(4) 0.01809(5) -0.28537(6) 0.0864(4) 
O(21) -0.08502(5) -0.04030(6) -0.31249(6) 0.0820(4) 
C(22) 0.03211(4) 0.19351(4) -0.31140(5) 0.0892(4) 
0(22) 0.00181(5) 0.24368(5) -0.34886(6) 0.0850(4) 
C(23) 0.09622(4) 0.05166(4) -0.36310(5) 0.0548(4) 
0(23) 0.10049(5) 0.00975(5) -0.44212(6) 0.0875(5) 
C(31) 0.25652(4) 0.20836(5) -0.24087(5) 0.0760(5) 
O(31) 0.26627(5) 0.19927(5) -0.31922(6) 0.0856(4) 
C(32) 0.35723(4) 0.34764(5) -0.05354(5) 0.0454(4) 
0(32) 0.42275(5) 0.39537(5) -0.02877(6) 0.0667(5) 
C(33) 0.20083(5) 0.35148(5) -0.16474(6) 0.0946(4) 
0(33) 0.16831(5) 0.40353(5) -0.19768(6) 0.0810(5) 
C(41) 0.05115(4) 0.27098(5) -0.10060(5) 0.0554(4) 
O(41) 0.00480(4) 0.31216(5) -0.13365(6) 0.0745(4) 
C(42) 0.00862(4) 0.09695(5) -0.06969(5) 0.0450(4) 
0(42) -0.05019(4) 0.04152(5) -0.07874(5) 0.0693(4) 
C(43) 0.13175(4) 0.24510(5) 0.09170(5) 0.0619(4) 
0(43) 0.13064(5) 0.27155(5) 0.17423(6) 0.0794(4) 
C(111) 0.21087(5) 0.56077(5) 0.24034(6) 0.0388(5) 
C(112) 0.23810(5) 0.50804(5) 0.30489(6) 0.0478(5) 
C(113) 0.20355(5) 0.50037(5) 0.37800(6) 0.0614(6) 
C(114) 0.14181(5) 0.54539(5) 0.38655(6) 0.0818(5) 
(2(115) 0.11457(5) 0.59814(5) 0.32204(6) 0.0717(5) 
C(116) 0.14911(5) 0.60583(5) 0.24892(6) 0.0528(5) 
C(117) 0.30701(5) 0.46376(5) 0.30724(6) 0.0594(5) 
C(121) 0.18426(5) 0.62248(5) 0.06337(6) 0.0368(5) 
C(122) 0.19664(5) 0.72345(5) 0.08435(6) 0.0527(6) 
C(123) 0.14167(5) 0.75741(5) 0.01883(6) 0.0560(5) 
C(124) 0.07438(5) 0.69038(5) -0.06764(6) 0.0786(6) 
C(125) 0.06203(5) 0.58939(5) -0.08861(6) 0.0824(5) 
C(126) 0.11697(5) 0.55541(5) -0.02310(6) 0.0803(5) 
C(127) 0.26811(5) 0.80093(5) 0.17960(6) 0.0835(5) 
C(131) 0.35732(5) 0.64605(5) 0.19685(6) 0.0365(5) 
C(132) 0.40299(5) 0.66442(5) 0.13625(6) 0.0578(5) 
C(133) 0.48633(5) 0.72867(5) 0.18029(6) 0.0571(6) 
C(134) 0.52402(5) 0.77456(5) 0.28497(6) 0.0694(5) 
C(135) 0.47835(5) 0.75618(5) 0.34558(6) 0.0703(6) 
C(136) 0.39500(5) 0.69195(5) 0.30154(6) 0.0463(5) 
C(137) 0.36764(5) 0.61797(5) 0.02694(6) 0.0739(5) 
C(211) 0.46091(5) 0.15307(5) 0.21115(6) 0.0345(5) 
C(212) 0.49998(5) 0.13396(5) 0.14184(6) 0.0436(6) 
C(213) 0.53418(5) 0.05597(5) 0.13381(6) 0.0536(5) 
C(214) 0.52928(5) -0.00290(5) 0.19511(6) 0.0768(5) 
C(215) 0.49017(5) 0.01623(5) 0.26446(6) 0.0544(5) 
C(216) 0.45598(5) 0.09422(5) 0.27246(6) 0.0383(5) 
C(217) 0.50074(5) 0.18784(5) 0.07059(6) 0.0568(5) 

Table 3 (continued) 

Atom x y z Uis o or Ueq 

C(221) 0.39087(5) 0.26676(5) 0.33588(5) 0.0323(5) 
C(222) 0.31616(5) 0.20210(5) 0.32971(5) 0.0545(6) 
C(223) 0.29021(5) 0.21735(5) 0.41162(5) 0.0404(5) 
C(224) 0.33901(5) 0.29720(5) 0.49965(5) 0.0629(5) 
C(225) 0.41376(5) 0.36185(5) 0.50579(5) 0.0373(6) 
C(226) 0.43968(5) 0.34663(5) 0.42390(5) 0.0428(5) 
C(227) 0.25874(5) 0.11400(5) 0.23043(6) 0.0529(5) 
C(231) 0.50807(5) 0.36191(5) 0.26027(6) 0.0324(5) 
C(232) 0.59189(5) 0.37347(5) 0.31992(6) 0.0520(6) 
C(233) 0.65833(5) 0.45332(5) 0.33065(6) 0.0662(5) 
C(234) 0.64097(5) 0.52161(5) 0.28178(6) 0.0602(6) 
C(235) 0.55715(5) 0.51007(5) 0.22215(6) 0.0555(5) 
C(236) 0.49071(5) 0.43018(5) 0.21141(6) 0.0419(5) 
C(237) 0.61957(5) 0.31108(6) 0.38624(6) 0.0555(5) 
C(1)  0.73854(22) 0.04520(26) 0.54725(28) 0.0951(14) 
CI(1) 0.63274(18) 0.01546(19) 0.53953(18) 0.0979(10) 
C1(2) 0.76262(19) 0.15909(17) 0.54352(18) 0.0891(10) 

3.1. Synthesis o f  the cluster compound [Ag2Ru4(iz 3- 
H)2(CO)I2{P(C6H4Me-2)3} 2] (I) 

A dichloromethane  (40 cm 3) solution of  [N(P- 
Ph3)212[Ru4(/z-H)2(CO)12] (0.60 g, 0.33 mmol)  at 

- 30°C was t rea ted  with a solution of  [Ag(NCMe)4]PF 6 
(0.28 g, 0.67 mmol)  in d ich loromethane  (30 cm3). The  
mixture was stirred at - 3 0 ° C  for ca. 1 min and a 
d ich loromethane  (20 cm 3) solution of  P (C6HaMe-2)  3 
(0.21 g, 0.69 mmol)  was then added.  The  mixture was 
allowed to warm to room tempera tu re  and the solvent 
was removed  under  reduced  pressure.  The  crude 
residue was extracted with a d i c h l o r o m e t h a n e / d i e t h y l  
e ther  mixture (1 : 4 proport ions;  25 cm 3 port ions)  until 
the extracts were no longer  red, and the combined  
extracts were then filtered th rough  a Celite pad (ca. 
1 × 3 cm). Af te r  removal of  the solvent under  reduced 
pressure,  the residue was dissolved in dichlorometh-  
a n e / l i g h t  pe t ro leum mixture (3 :1 )  and chromato-  
g raphed  at - 2 0 ° C  on a Florisil column (20 x 3 cm). 
Elut ion with a d i c h l o r o m e t h a n e / l i g h t  pe t ro leum mix- 
ture ( 3 : 1 )  afforded one dark red band,  which, after 
removal  of  the solvent under  reduced pressure and 
crystallization of  the residue f rom a d i c h l o r o m e t h a n e /  
light pe t ro leum mixture yielded red microcrystals of  
[Ag2Ru4(/z3-H)z(CO)12{P(C6H4Me-2)3} 2] (I) (0.36 g, 
70%), m.p. 149-152°C (decomp.).  Found  (for a sample 
o f  I crystallized f rom a diethyl e t he r / l i gh t  pe t ro leum 
mixture to avoid any d ich loromethane  of  crystalliza- 
tion): C, 41.3; H, 3.0%, C54HaaO12Ag2Ru4P 2 requires: 
C, 41.4; H, 2.8%. 

Vma x (CO) at 2069 s, 2031 vs, 2019 vs, 2003 s, 1985(sh), 
1972 m, 1941 w(br) cm -1 (CH2C12). N M R :  IH 
(CD2C12) at +25°C,  ca. ~ - 1 7 . 1  (m vbr, 2 H, /z3-H), 
2.15 (s, 18 H, C6H4Me-2) ,  and 7.00-7.36 (m, 24 H, 
C6H4Me-2);  at - 7 0 ° C ,  ca. 6 - 1 7 . 4  [d br, 1 H, /x3-H, 
J (AgH)av ca. 32 Hz], ca. - 1 7 . 2  [d br, 1 H, /x3-H, 
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J(AgH)av" ca. 24 Hz], 1.53 (s, 6 H, C6H4Me-2) ,  2.19, 
2.24, 2.72, 2.78 (all s, 3 H, C6H4Me-2) ,  and  7•12-7.68 
(m, 24 H, C6H4Me-2) ;  31p-{1H} ( C D 2 C I 2 / C H 2 C I  2) 
[rel. to 85% H 3 P O  4 (ext.)] at  +40°C,  ca. ~ 5.5 p p m  
[ a p p a r e n t  2 x d br,  J( t°9AgP) ca. 499, J(l°TAgP) ca. 432 

Hz] [151. 

3.2. Crystal structure determination for  I • CH2CI 2 

Sui tab le  crystals  of  I were  grown f rom a d ich loro-  
m e t h a n e / d i e t h y l  e t h e r / l i g h t  p e t r o l e u m  mixture  by 
slow layer  di f fus ion at - 2 0 ° C .  

Crysta l  da t a  for  I - ( C H 2 C 1 2 ) :  C54H44012P2Ag_2Ru4 
• (CH2C12), M = 1652.02, tr icl inic,  space  group  P1 (no. 
2), a = 17.331(3), b = 14.678(3), c = 14.680(3).&, a = 
103.64(2), /3 = 107.94(2), 7 = 102.40(2) °, U = 3281.58 
~3, Z = 2 ,D c = 1.672 g cm -3, F ( 0 0 0 ) =  1612. A red  
crystal  of  size 0.14 × 0.16 x 0.24 mm, /x(Mo K a )  1.54 
m m - 1 ,  was used  for  da t a  col lect ion.  

Data collection. D a t a  were  co l lec ted  in the  0- range  
3 - 2 5  °, with a scan wid th  of  0.80 °, by the  p r o c e d u r e  
desc r ibed  prev ious ly  [26]. Equ iva len t  re f lec t ions  were  
m e r g e d  to give 4354 d a t a  with I / ~ r ( I ) >  3.0. A b s o r p -  
t ion cor rec t ions  were  app l i ed  to the  da t a  a f te r  init ial  
r e f i n e m e n t  of  the  i so t ropic  t he rma l  p a r a m e t e r s  of  all 
the  n o n - h y d r o g e n  a toms  [27]. 

Structure solution and refinement [28]. T h e  pos i t ions  
of  all the  me ta l  a toms  in the  s t ruc ture  of  I were  
d e d u c e d  f rom a Pa t t e r son  synthesis  and  the r ema in ing  
n o n - h y d r o g e n  a toms  were  loca ted  f rom subsequen t  dif- 
f e r e n c e - F o u r i e r  syntheses .  A l t h o u g h  the  two hydr ido  
l igands  were  not  l oca t ed  d i rec t ly  f rom the  data ,  suit- 
ab le  pos i t ions  were  o b t a i n e d  f rom po ten t i a l  energy  
min imiza t ion  ca lcu la t ions  [29]. These  a toms  were  in- 
c luded  in the  s t ruc ture  fac tor  ca lcula t ions ,  with f ixed 
the rma l  p a r a m e t e r s  of  0.08 ,~2, but  the i r  p a r a m e t e r s  
were  not  ref ined.  The  subs t i tu ted  phenyl  r ings of  the  
l igand,  P(C6H4Meo-2)3, were  t r e a t e d  as r igid hexagons  
[ d ( C - C )  = 1.395 A] and  all of  the  hydrogen  a toms  
as soc ia t ed  with  each  of  these  groups  were  inc luded  in 
geomet r i ca l ly  idea l i zed  pos i t ions  and  cons t r a ined  to 
' r i d e '  on the  r e l evan t  ca rbon  a toms  with c o m m o n  group  
i so t ropic  t he rma l  p a r a m e t e r s  of  0.08 ~2, which were  
not  ref ined.  T h e  d i c h l o r o m e t h a n e  molecu le  showed 
signs of  d i s o r d e r  which was not  read i ly  reso lved  by 
ass igning pa i rs  of  s e p a r a t e  si tes for the  ch lor ine  atoms.  
T h e  m a r k e d  d i s o r d e r  was m o d e l l e d  using an i so t rop ic  
d i s p l a c e m e n t  p a r a m e t e r s .  An i so t rop i c  t he rma l  p a r a m e -  
ters  were  ass igned  to the  me ta l  and  the  phospho rus  
a toms  dur ing  the  f inal  cycles of  fu l l -matr ix  r e f inemen t  
which converged  at R and  R '  values  of  0.0540 and 
0.0543, respect ively ,  with weights  of  w = 1 / t r2 (Fo  ) as- 
s igned to indiv idual  ref lect ions .  The  final a tomic  coor-  
d ina tes  and  equiva len t  i so t ropic  t he rma l  p a r a m e t e r s  
for  I a re  given in Tab le  3. C o m p l e t e  lists of  b o n d  
lengths  and  angles  and  tables  of  the rmal  p a r a m e t e r s  

and  hydrogen  a tom coord ina t e s  have been  depos i t ed  at  
the  C a m b r i d g e  Crys ta l lograph ic  D a t a  Centre•  
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