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REACTIVITY OF THE DIPHOSPHINE Ph2PCH2PPh2 
WITH [ ( o ~ - P - C H ~ C ~ H ~ P ~ ) R U C ~ ~ ] ~ .  CRYSTAL 

CONTAINING MONODENTATE AND SINGLY- 
STRUCTURES OF RUTHENIUM COMPLEXES 

BRIDGING DIPHOSPHINE LIGANDS 

ANTHONY W. COLEMAN, HONGMING ZHANG, SIMON G. B O n ,  
JERRY L. ATWOOD* 

Departriirnt of Cheinktty, University of Alabama. University, AL 35486. USA 
and PIERRE H. DIXNEUF* 

Luboratoirc de Chirnie des Orgaiioi~ietalliques. Universite de Rennes I. Rmnes, Cede-x 35042. France 
(Received July 28, 1986) 

The reaction of [@-CH,C,H,Pt)RuCl,], with dpm in refluxing benzene or heptane (molar ratio, 1:2) leads 
to the formation of two products. the major one of which is the monodentate dpm complex [@-CH,C,H,PI“) 
RuC1; dpm], 1. A small amount (5-15%) of trans-RuCl,dpm, is also formed. Complex 1 will react further 
with the starting dimer under the same conditions to yield the singly dpm bridged complex [@-CH,C,H,Pf) 
RuCl,dpmC1,Ru@-CH3C,H,Pr‘)]. 2. 1 as the CH,Cl, adduct crystallizes in the monoclinic space group P2,ln 
witha = 15.981(6),b= 19.603(5).c= 11.525(5)A.fl=96.08(5)”.andZ=4forD,= 1.43gcm-’.Zas theCH,Cl, 
adduct crystallizes in the othorhombic spacegroupPcca witha = 38.633(8),b = 12.062(4),c = 21.196(6) A. and 
Z = 8 forD,. = 1.45 g cmP.  1 was refined to R = 0.028 based on 3398 obserbed reflections, and 2.0.077 based on  
1900 observeds. 

Keywords: Ruthenium. diphosphines. arene. syntheses. structures. 

INTRODUCTION 

Bis(diphenylphosphino)methane, dpm, can bind to metal atoms in a number of 
ways: chelating,l doubly bridging? singly bridging3.4 or mon~dentate.~,~.’ An extensive 
chemistry has evolved around the first two, and whilst the dinuclear chemistry of some 
platinum metals (Rh,S Ir,9 Pd,9,Io and Pt99l1) has undergone extensive exploration, little 
attention has been paid to the chemistry of similar ruthenium c ~ m p l e x e s . ’ ~ ~ ~ ~  This lack 
of interest has been attributed to a dearth of suitable starting materials, and indeed only 
two other dinuclear dpm complexes have been reported with the exception of carbonyl 
clusters: ’ I 4  

We report here the facile synthesis of a binuclear dpm complex of ruthenium of the 
type [{(arene)RuCl,},dpm], which has been previously shown to be an excellent starting 
material for the preparation of carbonyl clusters of ruthenium containing bridging 
dpm ligands. The molecular structure of the complex [((p-CH,C,H,P~)RuCl,)dpm] has 
been determined, as has been that of [{(p-CH,C,H4Pri)RuCl,)dpm] which contains a 
monodentate dpm ligand offering possibilities for the synthsis of heterometallic 
dinuclear complexes of dpm. 

*Authors for correspondence. 
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10 k W .  COLEMAN et al 

EXPERIMENTAL 

All procedures were conducted using standard Schlenk techniques. 

Sjnthesis of I 

The compound was prepared according to the method of Dixneuf ef aI.,l5 using 
commercially available dpm and [(p-CH,C6H,PI')RuC121,. Recrystallization of the red 
solid from dichloromethane/diethyl ether produced crystals suitable for X-ray 
analysis. 

S?-.tithe.sis of 2 

2 was prepared using the method of Dixneufet al., l 5  with [@-CH,C6H,Pr')RuC12* dpm] 
and [@-CH,C,H,Ptj)RuCl,],. Recrystallization of the red solid from dichloromethane/ 
hexane afforded crystals suitable for the X-ray work. 

X-raj. Structirre Deterrninatioti for I 

Single crystals were mounted in thin-walled glass capillaries. One, exhibiting excellent 
faces. was placed on the goniometer. Final lattice parameters as determined from the 
least-squares refinement of (sin8/X)2 values for 25 reflections (28 > 36") accurately 
centered on an Enraf-Nonius CAD-4 diffractometer are given in Table I. Data were 
collected by the 8-28 scan technique as described previously.'6 A summary of data 
collection parameters is given in Table I. The intensities were corrected for Lorenta. 
polarization and absorption effects. Calculations were carried out using the SHELX 
system of computer programs." Neutral atom scattering factors for Ru. C1, P, and C 
were taken from Cromer and Waber.'* The scattering for all atoms was corrected for the 

TABLE I 
Crystal data and summary of intensity data collection and structure refinement 

Compound I 2 

mol. wt. 
space group 
cell constants 
a. A 
6. A 
c, A 
P. dep 
cell \ O l .  A' 
molecules/unit cell 
dcalc). g cm-' 
Ncalc). cmP 
radiation 
scan width. deg 
std. reflections 
variation of stds. 
70 range 
ohsd. reflections 
no. of parameters varied 
GOF 
R 
R ,  

773.5 
F , l n  

15.98 l(6) 
19.603( 5)  
11.525(5) 
96.08( 5 )  

3590 
4 
I .43 
8.35 

MoKa 
0.8 + 0.2 tan0 

100.016.001 
< 5% 
2-44 
3398 

388 
I .05 
0.028 
0.03 1 

1081.7 
Pcca 

38.633(8) 
12.062(4) 
2 I .  l96(6) 
90 

9877 
X 
I .45 

10.1 I 
MoKa 

800.080.002 
< 2% 
2-40 
4972 

275 

0.8 x 0.2 tan0 

4.14 
0.077 
0.079 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
5
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



RUTHENIUM COMPLEXES I I  

TABLE I1 
Final fractional coordinates for 1 (as the CH,CI, adduct). 

Atom x/a v/b z/c 

0.01568(2) 
0.10614( 7) 

-0.10402(7) 
-0.01 77(2) 

0.0368( I )  
0.03349(7) 
0.01969(8) 
0.027S( 3) 
0.0234(5) 
0.136 l(3) 
0.1458(3) 
0.2246( 4) 
0.29 39(4) 
0.2861(4) 
0.2064( 3 )  

-0.1230(3) 
-0.1822(4) 
-0.1605( 5 )  
-0.0800( 5) 
-0.0187(3) 

0.0418(3) 
-0.0174(3) 

O.OO56( 4) 
0.0878(4) 
0.1475(4) 
0. I248( 3) 

-0.0935( 3) 
-0.1584(3) 
-0.2410(3) 
-0.2605(4) 
-0.1978(4) 
-0.1 l46(3) 

0.1068( 3) 
O.0379( 3) 

-O.O438( 3)  
-0.0631(3) 

0.089 1 (3) 

-0.0399( 3) 

0.005 I (3) 

-0. I S28( 3) 
0. 1941 (3) 
0.219 l(4) 
0.2604( 4) 

0.12952(2) 
0.12828( 7) 
0.14505(6) 
0.0740( I )  
0.2103( I )  
0.24872( 6) 
0.37539(7) 
0.281 h( 2) 
0.1294(4) 
0.2736(2) 
0.2805(3) 
0.2904(3) 
0.292q3) 
0.2865(4) 
0.2772(3) 
0.301 7(7) 
0.27Y3( 3) 
0.32 13(4) 
0.3869(4) 
0.409 9 ( 3) 
0.3680( 3) 
0.3824(2) 
0.3847(4) 
0.3923 5) 
0.3973(4) 
0.3950(4) 
0.3873(4) 
0.3934( 2) 
0.3458( 3) 
0.3659(4) 
0.4352(4) 
0.4824( 3) 
0.4622( 3) 
0.0%6( 2 )  

0.035 I(?)  
0.0909(3) 

0.1132(2) 
0.1058(?) 
0.037 1 (3) 

-0.0253 3) 
0.0949( 4) 

0.01 HS(2) 

0.1298(3) 

~~ ~ 

-0.10438(3) 
0.0771( I )  
0.0052( I )  
0.4222( 2) 
0.3923( 2) 

-0.0920( 1) 
0.0713( I )  
0.0S57( 4) 
0.3292( 6) 

-0.1344(4) 
--O.2530( 5 )  
-0.2884(6) 
-0.2089( 7) 
-0.091 5(7) 
-0.054 I ( 5) 
-0.1839(4) 
-0.2109(5) 
-0.2714(6) 
-0.3028(6) 
-012759(5) 
-0.2169(4) 

0.2299(4) 
0.3073( 5 )  
0.4256(6) 

0.3947( 6 )  
0.2763( 5) 
0.0506(4) 
O.O433( 5 )  
0.0239(6) 
0.01 2 I (  6) 
0.0206(6) 
0.0382( 5) 

-0.1753(4) 
-0.1423(4) 
-0.1841(4) 
-0.259 8(4) 
-0.2934(4) 
-0.2529(4) 
-0.3oJ3( 6) 
-0.1256(5) 
-0.1935(6) 
-0.1331(6) 

0.469 1 ( 5 )  

real and imaginary components of anomalous dispersion using the table of Cromer 
and Liberman.I9 Structure solution was accomplished by means of Patterson 
techniques, which gave the location of the Ru atom. Difference Fourier maps phased 
on the metal readily revealed the positions of the remaining non-hydrogen atoms. 
All atoms were treated with anisotropic thermal parameters. A final R = X I I F, I - 
IF,. I I /Z IF,I = 0.028 (Rh, = 0.031) was obtained. A final difference Fourier showed no 
feature greater than 0.5e/A3. The weighting scheme was based upon unit weights and no 
systematic variation of MI( IF, I - I F, I )2 vs I F, I or (sinO/X) was observed. The final 
values of the positional parameters are given in Table 11. Tables of anisotropic thermal 
parameters and structure factors are available as supplementary material from the 
Editor. 
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12 A.W. COLEMAN er al. 

TABLE 111 
Final Fractional Coordinates for 2 (as the CH,CI, adduct). 

Atom x/a Y/b z/c 

0.05 wn(6) 
0.2 I67 l(6) 
O.O032( 2 )  
0.0687( 2 )  
0.1818(2) 
0.1972(?) 
0.1070(6) 
0.1658( 5) 
0.084 i(2) 
0.1662(2) 
0.1281(6) 
0.134(1) 
0.0849(7) 
0.9840(7) 
0.05 I6(7) 
0.0196(8) 
0.0206(6) 
0.0522(9) 
0.1202(8) 
0.1337(8) 
0. I 1nq9) 

-0.015 i(n)  
0.?712(7) 
0.2652( 8) 
0.2502(9) 
0.2444(9) 
0.2521(7) 
0.2652( 8) 
0.245( I )  
0.228( 1 )  
0.276( I ) 
0.2734(9) 
0.0697( 7 )  

0.056( I )  
0.06nq9) 

0.045 i ( n )  
0.04~9) 
0.0608(7) 
O.OSSO(8) 
0.1 140(8) 
O . I I 2 ( I )  
O.081( I )  
O.0528( 9) 
0.0545( 8) 
0.1689( 6) 
0.1478( 7)  
0. I507( 7) 
0.1701( 9) 

0. I866(7) 
0.15596) 

0.1300(9) 
0.142( I )  
0.163418) 

0. I n93(9) 

0. I37qX) 

0. I7 1 q 7 )  

0.41 13(2) 
0.2937( 2) 
0.2875(6) 
0.3675( 6) 
0.4O55( 7) 
0.4056(6) 
0.682(2) 
0.544(1) 
0.2533( 6) 
0.1883(6) 
0.282( 2) 
0.592( 5) 
0.56% 2 )  
0.5 l3( 3) 
0.49 I ( 2 )  
0.5 16( 2 )  
0.568( 2 )  
0.593( 3) 
0.595( 2 )  
0.693(3) 
0.626( 3) 
0.49 I (3) 
0.344(?) 
0.34% 2 )  
0.258( 3) 
0.160(3) 
0.157(2) 
0.253(3) 
0.278(3) 
0. I79( 5) 
0.301(4) 
0.249( 3) 
0.1 I.s(2) 
0.030( 3) 

-0.077( 3) 
-o.ox9( 3 )  
-0.004( 3) 

O.lOo(2) 
0.246(2) 
0.275( 2 )  
0.279( 3) 
0.246( 3) 
0.218(3) 
0.217(2) 
0.099(2) 
O.O03( 3) 

-0.067( 2) 
-0.037( 3) 

0.063 3) 
0. I28( 2) 
0.097(2) 
0. I30( 2 )  
0.062(3) 

-O.O48( 3) 
-0.078(2) 
-0.01 I(2) 

0.0739( I )  
0.0513( 1 ) 
0.0654(4) 

-0.0335( 4) 
-0.01 78(4) 

0.1395(4) 
0.2904(8) 
0.2858(9) 
0.1050(4) 
0.0696(4) 
0.074( 1 ) 
0.339(3) 
0.079( 1 ) 
0.137( I )  
0.167( I )  
0.133 I )  
0.076( 1 ) 
O.O43( I )  
0.046( I )  
0.090(2) 

-0.021(2) 
0.168(2) 
o.o6n( I ) 
0.002(2) 

-0.033( I )  
0.005(2) 
0.072( I )  
0.106(2) 

-0.099(2) 
-0.123 2) 
-0.134( 2) 

0.176( 2) 
0.078( I )  
0.125(2) 
0.102(2) 
0.03q2) 

-0.002( 2) 

o.inn( 1) 
0.019( I )  

0.224( I ) 
0.289( 2) 
0.322(2) 
0.287( 1) 
0.221( 1 )  
0.137( I ) 
0.142( I )  
0.197( I )  
0.247( 2) 
0.241(?) 
0.1 88( I )  
0.004( I )  

-0.046( 2) 
-0.099(2) 

0.004( 1) 

-O.O97( 2)  
-O.O49( 2 )  

X-ruy Structure Determination for 2 
A summary of data collection parameters are given in Table I. The methods were as 
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RUTHENIUM COMPLEXES 13 

described for 1, except that only the Ru, C1, and P atoms were refined with anisotropic 
thermal parameters. The final R values were R = 0.077 and R,, = 0.079. The positional 
parameters are given in Table 111. Supplementary data are available from the 
Editor. 

RESULTS AND DISCUSSION 

It has been previously shown that the reaction of dpm with [(arene)RuCl,], leads to the 
formation of [(arene)RuCl,(dpm)], 1, in which the dpm was believed to be 
monodentate.2O In the course of an investigation of the chemistry of [(arene)RuCl,L] 
complexes in the formation of mixed metal clusters it was found that [(arene)RuCl,dpm] 
will further react with [(arene)RuCl,] , to yield [(arene)RuCl,dprnCl,Ru(arene)], 2.15 

~ c i \ l ; q  'CI' + 2dpm 

c1 

benzene or 
heptane 

reflux/? h 

Ph 

Ph \ 1,Ph 

/ \ 7 /  p\cH 

pH !;\ phq / 'Ph 

'P 

\ Ph 

-KuCl,dmp(l)- + H,C 

(3) @ Ph Ph 

The reaction of [(p-CH3C6H,PI')RuC121, with dpm in refluxing benzene or heptane, 
in the molar ratio 1:2, leads as shown above to the formation of two products. The major 
product is the monodentate dpm complex 1. However, avariable amount (5-15%) ofthe 
complex truns-RuCl,dpm,, 3, is also formed, resulting from the displacement of the 
arene ring by dpm. The structure of 3 has been determined by Cotton and coworkersz1 
showing the 2 C1 atoms to be truns. Complex 1 will react further with 
[(p-CH3C6H,PI')RuC1z]z under the same conditions to yield the singly bridged complex 
2. 

reflux Zh. I henzene or 
heptane 

Ph Ph 
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14 A.W. COLEMAN et a/. 

C29 

C<4 

FIGURE I Molecular structure of 1116-~-CH,C',H,Pr'RuCI,.dpml. 1 

FIGURE 2 Molecular structure of [~6-@-CH,C,H,Pr'RuCI,),dpm~, 2. 
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RUTHENIUM COMPLEXES I 5  

For complex 1 the ,'P nmr spectrum consists of two doublets (,JPp 31.7Hz) centered 
at 25.47 and -28.03 ppm, relative to H,PO,, which is in agreement with ,IP nmr 
measurements obtained for similar monodentate comple~es.~ Whilst crystal structures 
of complexes containing monodentate dpm ligands have been obtained, the crystal 
structure of 1 is only the second structural example of a complex containing dpm 
ligands coordinating only in a monodentate mode. The structure of I is shown in 
Figure 1, with a pseudo-octahedral arrangement about the Ru atom and the non- 
coordinating P atom directed away from the central metal atom. Structurally, 
monodentate dpm complexes are of two types: typeA in which there is a relatively short 
non-bonding distance between the metal atom and the uncoordinated P atom: and 
type B in which the uncoordinated P atom has no interaction with the metal atom.' 
Complex I is of type B.  The P-C-P angle of 116.8' (Table ni? is similar to that of 116" 
found in the type B complex [M0Cl,(C0),(dpm),]~ as opposed to that of 11 1.7" in the 
type A complex (Pd(r-C4H,NC),(dpm),12f.6 As a result of this wider angle, the non- 
bonding P...P distance, 3.14 A .  is longer than the value of 3.05 A found in the Pd 
complex. The metal-arene carbon bond distance of 2.22 A (av) is similar to that found 
in other tf-arene Ru complexes (2.25 W ).22 

TABLE I\' 
Selected Bond Lengths (A) and Angles (") for 1. 

Atoms Distance Atoms Distance 

C(21) 
C(23) 

- [ I (  I) 
- P(1) 
- C(51) 
- C(53) 
- C(55) 
- C(2) 
- ( ' ( 1 1 )  
- C(I)  
- C(41) 
- C( 16) 
- <'( 14) 
- C(lb) 
- C(26) 
- C(24) 

- C(M) 
- C(36) 
- C ( 4 )  
- C(44) 
- C(46) 
- C(55) 
- C( 52) 
- C( 54) 
- C(55)  
- C(59) 

- C(2b) 
- C(36)  

2.414(1) 
2.357( 1 )  
2.255(5) 
2.21 l ( 5 )  
2.198(4) 
I .747(8) 
1.826(5) 
I .852(s) 
1.834(5) 
I .378(7) 
1.361 (8) 
1.400(8) 
I .407( 7 )  
1.39( I )  
1.398(8) 
1.381(7) 
1.359(8) 
I .382(8) 
1.393(7) 
1.397(9) 
1.380(7) 
1.404(6) 
1.382(7) 
1.418(7) 
1.41 l(6) 
1.560(8) 

C(S3) 
C(S7) 

- CI(2) 
- C( 50) 
- C(52)  
- (2%) 
- C(2) 
- C(I)  
- C(2i)  
- C(31) 
- C( 12) 
- C( 13) 
- C( IS) 
- C(22) 
- C(23) 
- C(25) 
- C(32) 
- C(33) 
- C(35) 
- C(42) 
- C(43) 
- C(45) 
- C(S1) 
- C(57) 
- C(53) 
- C( 56) 
- C(58) 

2.42 1 ( 1 ) 
2.230(4) 
2.234( 5) 
2.167(4) 
1.706(7) 
i.n32(s) 
I .820(5) 
I .n30(5) 
1.399(7) 
1.279(7) 
I .377(9) 
1.402(7) 
1.385(7) 
1.368(9) 
I .36b(7) 
1.383(8) 
1.349(8) 
1.390(7) 
1.373(7) 
1.350(9) 
I .437(6) 
I .5 1 O( 6) 
l.413(7) 
I.SOO(7) 
1.527(8) 

Atoms Angle Atoms Angle 

1 )  - RU - CI(2) 89.02(4) C1( 1 ) - RU - P(I) 84.27(4) 
CI(2) - RU - P(1) 86.61(4) Ru - P ( I )  -C( I )  1128(2) 
Ru - P(I) - C(II )  110.8(2) C(I)  - P(I) - C( I I )  106.9(2) 
Ru - P(1) - C(2I) 117.7(2) C(I)  - P( I )  - C(2I) 104.2(2) 
C(II )  - P(I)  - C(2I) 103.6(2) C(I) - P(2) - C(31) 99.4(2) 
C(I) - P(2) - C(41) 104.7(2) C(31) - P(2) - C(41) 101.5(2) 
P( I ) - C(I)  - P(2) 116.8(2) Cl(3) - C(2) - Cl(4) 110.8(4) 
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Complex2 is the second example of a noncarbonyl dinuclear ruthenium complex of 
dpm, and is the first structural example of a dpm ligand bridging two metal centers in 
which there are neither other bridging ligands nor direct bonds connecting the two 
metal atoms. This form of coordination for dpm is rare, being represented by only two 
other examples, [(Fe(CO),),dpm]' and [{(bipy),CIRu),dpm]'+.' 

The structure of 2, as shown in Figure 2, contains two Ru atoms symmetrically 
bridged by the dpm ligand (in agreement with the "P nmr spectrum of 2 which consists 
of a singlet at 23.81 ppm). The geometry about the Ru atoms is pseudo-octahedral with 
the two arene groups twisted away from each other to minimize steric interactions. The 
Ru-C,,,,, average distance is 2.23 A (Table V). The two Ru atoms are coordinated to the 
dpm ligand in acis type arrangement, although in contrast to other bridging dpm ligand 
complexes the central methylene group is bent towards the metal centers, again 
minimizing steric interactions in the complex. 

The P...P non-bonding distance of 3.35 A is long, with a P-C-P angle of 129" which is 
consistent with an opening of the dpm ligand from the monodentate coordination 
mode in order to minimize non-bonding atom contacts. Whilst the non-bonding 
Ru ... Ru of 6.53 A is extremely long, implying no direct metal-metal interaction, in the 
reaction of 2 with Fe,(CO), only mixed-metal clusters containing Ru-Ru bonded 
species are formed suggesting that some form of co-operative reactivity exists for the Ru 
atoms in complex 2." 
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TABLE V 
Selected Bond Lengths (A) and Angles (") for 2. 

Atoms Distance Atoms Distance 

- CI( I )  
- PO) 
- C( 12) 
- C( 14) 
- <'( 16) 
- Cl(4) 
- C(21) 
- C(23)  
- C(25)  
- C(1) 
- <'(I) 
- C(41) 
- C(51) 

2.413(7) 
2.368(7) 
2.19(3) 
X q 3 )  
X 9 ( 3 )  

2.18(3) 
1.81(5) 
1.86(2) 
I .77( 3) 
1.79(?) 

- CI(2) 
- C(lI) 
- C(13) 
- C( IS) 
- Cl(3) 
- P(Z) 
- C(22) 
- C(24) 
- C(26) 
- C(Z) 
- C(31) 
- C(I)  
- C(61) 

~~ 

2.423(8) 
2.23 3) 
?.20(2)  
2.24(2) 
2.407(7) 
2.361(7) 
2.25(3) 
2.17( 3)  
2.26(3) 
1.78(5) 
I.RS(2) 
1.86(2) 
I.Rl(2) 

Angle Atoms Angle 

90.2(3) 
86.9( 3) 
8 6 . 3 3 )  

103.2(8) 
1W1) 
l l O ( 1 )  
109.5(7) 
I I Z ( 1 )  
103( I )  
129(1) 

- P(I)  86.1(2) 
- Cl(4) 89.0(3) 
- P(2) 85.2(2) 

- C(41) 1W.3(9) 
- C(41) 106(1) 
- C(51) 113.9(8) 
- C(61) I12.6(8) 
- C(6l) 105(1) 
- Cl(6) 103(3) 

- C(31) 118.8(8) 
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