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The preparation of several new Pd(1) cationic dinuclear complexes containing bridging 
PCy2 or PBut2 ligands and terminal phosphine ligands is described. One of these, [Pdzb- 
PCy2)@-PHCyz)(PEtCy2)# (7),  contains a Pd-H-P bridging unit, a relatively rare type of 
bonding. The cationic complexes [Pd2@-PBut2)(PHCy2)41+ (5) and [Pd2Cu-PBut2)(PMe3)41+ (8) 
have been isolated and characterized via 31P NMR and X-ray crystallographic studies. The 
structures reveal large distortions presumably of steric origin. Relevant crystallographic 
parameters for the two complexes are as follows: for [5lBF4, C ~ ~ H I I O B F ~ P ~ P ~ ~ ,  monoclinic, 
space group P2&, with a = 20.929(5) A, b = 15.244(5) A, c = 20.860(6) A, /3 = 75.01(2)", V 
= 6429(2) Hi3; for [8]CF3S03, C21H54F303P5Pd2S, monoclinic, space group C2/c, with a = 
29.810(3) A, b = 11.181(1) A, c = 23.126(4) A, /3 = 105.99(9)", 2 = 8, V = 7410(1) Hi3. 

Introduction 

The chemistry of molecules containing metal-metal 
bonds continues to be of interest.l The presence of an 
adjacent second metal can help to  stabilize a variety of 
bonding modes. In the chemistry of dinuclear Pd(1) 
complexes one finds examples of bidentate organome- 
tallic ligands which can "chelate" to both metal centers, 
thereby contributing to the stability of the new com- 
plex.2 

We have recently described the preparation of the Pd- 
(I) dinuclear complex 1 in which there is a novel 
Pd-H-P bonding mode.3 The "bridged" secondary 

Bu', .,,But 

vp\ + 
'P' 

But2HP-Pd-Pd-PHBu: 

But' ''*Bu' 

1 

phosphine makes use of both metals and is also a good 

Abstract published in Advance ACS Abstracts, September 1,1994. 
(1) Lewis, J. Chem. Br. 1988, 795. King, R. B. Inorg. Chim. Acta 

1986, 116, 99. Mingos, D. M. P. Ace. Chem. Res. 1984,17, 311. 
(2) Werner, H.; Kuhn, A. Angew. Chem., Int. Ed. Engl. 1977, 16, 

412. Wilson, W. L.; Nelson, J. H.; Alcock, N. W. Organometallics 1990, 
9, 1699. 
(3) Albinati, A.; Lianza, F.; Pasquali, M.; Sommovigo, M.; Leoni, P.; 

Pregosin, P. S.; Ruegger, H. Inorg. Chem. 1991, 30, 4690. Leoni, P.; 
Pasquali, M.; Sommovigo, M.; Laschi, F.; Zanello, P.; Albinati, A.; 
Lianza, F.; Pregosin, P. S.; Ruegger, H. organometallics 1993,12,1702. 
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leaving group, thereby allowing preparative access4 to 
a series of new cationic complexes arising from 1, e.g. 
2-4. These can be made via reaction of 1 with CO, 

Bu', .+Bu' 

/p\ + 
Bu'2HP-I'd-I'd -PHBu~ 

I 
c c 

111 
0 

111 
0 

2 

Bui i ,D8" + 

3 4 

isoprene, and ethylene, respectively, with the last 
complex resulting from room-temperature insertion of 
C2H4 into the secondary phosphine P-H bonds. The 
CO complex 2 crystallizes with the structure shown but 
exists in solution as a mixture of isomers, with the major 
geometric isomer having the two secondary phosphines 
on two separate Pd atoms, but in pseudo-cis  position^.^ 

(4) Leoni, P.; Pasquali, M.; Sommovigo, M.; Albinati, A.; Lianza, F.; 
Pregosin, P. S.; Ruegger, H. Organometallics 1993,12, 4503. 
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It was not clear as to whether 1 exists solely as a 
consequence of the steric bulk of the But group. Fur- 
ther, if one wishes to prepare a wide variety of related 
dinuclear Pd(1) complexes, it would be useful to enhance 
our understanding of the chemistry of 1 by subjecting 
it to reactions with, for example, different phosphines. 
To these ends we have extended our studies and report 
here on the preparative and stuctural chemistry for 
several new compounds. 

Leoni et al. 

Results and Discussion 
Preparative Studies. Reaction of 1 with a 6-fold 

excess of PHCy2 at room temperature for 2 h afforded 
complex 5, which contains the bridging p-PBut2 and not 
the bridging PCy2 ligand, in ca. 85% yield. Prolonged 

+ 
Cy2PH- Pd-Pd -PHCy2 

6 

reaction times5 afford [Pd2(p-PCy~XPHCy2)41+, the p-PCy2 
analog of 5. Complex 2 is also an acceptable starting 
material from which 5 can be obtained in high yield. 
Obviously, the terminal PHBut2 ligands readily ex- 
change in the presence of an excess of PHCy2, and cation 
5 was prepared as both the triflate and tetrafluoroborate 
salts. Although this cationic mixed-phosphine complex 
is stable in the solid state (see below), in solution it is 
observed to be dynamic on the NMR time scale and 
exists in equilibrium with 6 and at  least one other 
component. 

Reaction of 5 with excess ethylene over a 3-day period 
gave a 63% yield of 7, and this represents only the 
second isolated example of this type of complex. We 

/=\ 
Me,P-Pd-Pd -PMe, 

I I 
Me,P Me,P 

7 8 

have described this type of insertion previous19 starting 
from 1, where the product was 4. In 7 it is interesting 
that (a) p-PButz has been exchanged by p-PCy2 without 
addition of further PHCy2 so that 7 must be the 
thermodynamically more stable cation and (b) whereas 
7 contains a bridging p-PHCyz, a related reaction 
starting from ethylene and 1 with a p-PBut2 ligand gave 
the triflate-coordinated compound 4. 

( 5 )  Pasquali, M., unpublished results. 

Scheme 1 
Bu; .,But vp\ + 6 PHCy2 

Bu',PH-Pd-Pd -PHBu; - 
'P' -3 PHBU'~ 

4 ., 
Bu' Bu' 

1, as either CF,SO; or B F i  salts 
Bu: ,,Bu' + " 

/=\ 
Cy,PH- Pd-Pd -PHCy, 

I I 

5 

5 

7, as CF,SO; salt 

Bu: .,But 

H-P 6 PMe, 
I / \  + 

Bu" t g u t  

Bu',PH-Pd-Pd -PHBu: - 
\ /  P -3 PHBU', 

1 
Bu', .Bu' .. + 
/" \ 

Me,P-Pd-Pd -PMe, 
I I 

Me,P Me,P 

8, as CF,SO; salt 

Complex 8 was obtained from 1 and a 6-fold excess 
of PMe3 in 81% yield. This compound could be charac- 
terized in both the solid and solution states, although 
it also shows dynamic behavior on the NMR time scale 
at ambient probe temperature. Scheme 1 shows a 
summary of the preparative chemistry. 

The ease with which one can substitute the p-PHR2 
(and p-PBut2) ligands as well as the terminal secondary 
phosphines suggests a rich plannable preparative chem- 
istry of Pd(1). 

NMR Studies. It is convenient to begin this discus- 
sion with complex 8. The 202 MHz 31P NMR spectrum 
of this compound in CDCl3 at  ambient temperature 
shows broad signals. These sharpen at 253 K to afford 
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Figure 1. 202 MHz 31P NMR spectra of 8 at 293 K (top) 
and 253 K (bottom). Note the higher order character of 
the the high-frequency bridging PButz resonance at 253 K 
as well as the sharp outer lines for this resonance at 293 
K. 

a surprisingly complicated spectrum (see Figure 1). One 
can recognize three groups of signals: one arising from 
the high-frequency p2-PBut2 absorption6 and two due to 
different types of terminal PMe3 ligands (6  -30.2 and 
-31.3). The PMe3 resonances at 6 -31.3 shows a fairly 
large, ca. 210 Hz 2J(31P,31P) coupling due to its pseudo- 
trans orientation with respect to the bridging 31P spin, 
thereby allowing the assignment in this part of the 
spectrum. The high-frequency bridging PButz region, 
centered around 332.1 ppm, is not symmetric and 
reveals 15 signals. Simulation of this region clearly 
shows that this absorption is best considered as the C 
part of an AA'BB'C spin system, despite the more than 
360 ppm difference between the two regions of this 31P 
spectrum. 

The two-dimensional 31P exchange spectrum7p8 for the 
PMe3 section of 8 at 253 K is shown in Figure 2. There 
are two different types of cross-peaks in this spectrum. 
The first kind (indicated in the upper spectrum) arises 
from spin exchange of the bridging PBut2 ligand. This 
develops when the relaxation time of the spin in 
question is short when compared to the mixing time. A 
short 2'1 is not unreasonable, given the substantial 
chemical shift anisotropyg and the 11.7 T magnetic field 
used for the measurement. The second type of off- 
diagonal cross-peak indicates that the two terminal 
PMe3 groups are in slow exchange, at this temperature. 
Selective decoupling in the w1 direction of the bridging 
31P spin (lower spectrum) simplifies both PMe3 reso- 
nances but does not affect the exchange. The fine 
structure in the exchange cross-peaks and the appear- 
ance of the 31P p-PButz signal reveal that the exchange 

(6) (a) Powell, J.; Sawyer, J. F.; Stainer, M. V. R. Znorg. Chem. 1989, 
28,4461. (b) Powell, J.; Sawyer, J. F.; Smith, S. J. J. Chem. Soc., Chem. 
Commun. 1986, 1312. ( c )  Powell, J.; Gregg, M. R.; Sawyer, J. F. J. 
Chem. Soc., Chem. Commun. 1987, 1029. 

(7) Hampden-Smith, M. J.; Ruegger, H. Magn. Reson. Chem. 1989, 
27, 1107. 
(8) (a) Ruegger, H.; Pregosin, P. S .  Inorg. Chem. 1987, 26, 2912. 

(b) Ammann, C.; Pregosin, P. S.; Scrivanti, A. Inorg. Chim. Acta 1989, 
155, 217. ( c )  Ammann, C.; Pregosin, P. S .  Pure Appl. Chem. 1989,61, 
1771. 

(9) Power, W. P.; Lumsden, M. D.; Wasylishen, R. E. Inorg. Chem. 
1991, 30, 2997. Power, W. P.; Wasylishen, R. E. Znorg. Chem. 1992, 
31,2176. Lindner, E.; Fawzi, R.; Mayer, H. A.; Eichele, K.; Hiller, W. 
Organometallics 1992, 11, 1033. 
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ppm -30.5 -31.0 -31.5 -32.C 

Figure 2. Selective 202 MHz 3lP 2-D exchange spectrum 
for 8. The bottom trace differs from that of the top in that 
the bridging 31P spin has been selectively inverted in the 
middle of the evolution period. There are two types of 
cross-peaks: those arising from spin exchange (indicated) 
and those arising from intramolecular PMe3 exchange. 

takes place with retention of spin configuration; i.e., it 
proceeds intramolecularly without PMe3 dissociation. 
Further, the observation that the outer lines of the 
multiplet due to p-PButz are unaffected by the exchange 
indicates that the signs of the two 2J(P,P) values are 
the same. One must raise the temperature substan- 
tially above room temperature before there are indica- 
tions of intermolecular exchange. It would seem that, 
for the complex type [Pdz(p-PBut2)(phosphine)4I+, even 
with four fairly small terminal tertiary phosphine 
ligands, there is a tendency toward dynamic behavior 
in solution. 

The solid-state 162 MHz 31P CP/MAS spectrum of 8 
shows three groups of resonances within a few ppm of 
their solution chemical shifts. The low-frequency sig- 
nals are fairly broad and do not show fine structure, 
whereas the high-frequency resonance shows triplet 
structure together with the now expectedg elaborate 
sideband pattern due to the relatively large chemical 
shift anisotropy associated with this structural type. 

The NMR analysis for 5 was more complicated than 
for 8. We begin with the solid-state 162 MHz 31P CP/ 
MAS spectrum of 5, as it shows the expected five 
resonances from a single material (we know from the 
X-ray data that, in the solid, all the 31P spins will be 
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Figure 3. The solid-state 162 MHz 31P CP/MAS spectrum 
of 5. The expansion shows the PHCyz region. The groups 
of lines marked A and B stem from the 31P spin in a pseudo- 
trans position to the bridging 31P spin, whereas the groups 
of lines C and D arise due to nonequivalence of the two 
PHCyz ligands in a pseudo-cis position to the bridging 31P 
spin in the solid state. 

unique). The bridging PBut2 ligand is a triplet and 
again shows a complicated sideband pattern centered 
at ca. 330 ppm. The low-frequency PHCy2 region for 5 
(see Figure 3 with its expansion) shows considerable fine 
structure, resulting mostly from the relatively large 
trans spin-spin couplings. Basically, the solid-state 
spectrum is as expected. 

In contrast to the solid-state spectrum, the ambient- 
temperature solution 31P NMR of 5 is moderately 
complicated and can be interpreted as showing at least 
three, perhaps four, species. In the high-frequency 
region the major component shows a broad triplet 
(2J(31P,31P)trans = 172 Hz) whose chemical shift, ca. 332 
ppm, is in good agreement with the value found for 5 
in the solid. In the high-frequency region of the second 
most abundant component, there are two groups of 
multiplets centered around ca. 458 and 187 ppm. The 
corresponding absorptions for 1, which contains a bridg- 
ing PHBut2 ligand, appear at 455.3 and 217.2, so that 
we believe this second component to be 6. The remain- 
ing high-frequency signals (ca. 387 and 182 ppm) are 
weak. The terminal PHCy2 region shows many differ- 
ent resonances, some of which are very broad. At 253 
K the ca. 332 ppm signal for 5 dominates the high- 
frequency section, with those for 6 barely visible. 
Although lowering the temperature has shifted the 
equilibrium in favor of 5, the signals in the PHCyz 
region are still broad and unresolved. We interpret the 

[i-P-H 

- r w ,  -, --- r T T , - - l  , , , , , . , , 

PPm 2 0  1 5  1 0  0 5  0.0 -0.5 

Figure 4. lH NMR spectra for 7: (a) normal 1-D trace 
showing the bridging PHCyz proton at relatively high field; 
(b) the same bridging PHCyz proton with 31P decoupling 
at the highest frequency 31P signal (6 392.3); (c) 1-D COSY 
experiment with selective excitation at the a-PCH cyclo- 
hexyl proton. The b-axial and /3-equatorial cyclohexyl 
protons and the bridging PH are all coupled to  the a-PCH. 

solution data for 5 to mean that it maintains its 
structure in solution. Presumably, for 5 (and perhaps, 
a t  a higher temperature, for 8) the molecule chooses to 
dissociate one phosphine to form an intermediate, which 
due to the presence of secondary phosphines in 5 can 
be temporarily stabilized as 6, the PHCy2 analog of 1. 

The procedure for the solution characterization of the 
new Pd-H-P bridging unit in 1 has been detailed 
previou~ly.~ As with 1, complex 7 shows a bridging 
proton, just above TMS at  6 -0.35, as an apparent 
doublet of doublets (2J(31P,1H) = 136,40 Hz) (see Figure 
4). These two readily visible spin-spin interactions 
arise from the two high-frequency, bridging, 31P spins 
at 6 392.3 and 179.6. A selective decoupling experiment 
(Figure 4b) shows that the larger of the two J(31P,1H) 
coupling constants, 136 Hz, comes from the 31P reso- 
nance at 179.6 ppm, which, in analogy to 1, we assign 
to the p-PHCy2 ligand. This 136 Hz value represents a 
substantial decrease from the normallo one-bond inter- 
action in a coordinated secondary phosphine, e.g., ca 323 
Hz for the two PHBut2 ligands in 1. The analogous 
reduced value in 1 for the p-PHBut2 ligand is 151 Hz. 
For the PH protons of the terminal ligands in 5 we find 
6 4.71 (1J(31P,1H) = 297 Hz) and 6 4.65 (1J(31P,1H) = 

(10) Bentrude, W. G.; Setzer, W. N. In Methods in Stereochemical 
Analysis; Verkade, J. G.,  Quin, L. D., Eds.; VCH: New York, 1987; 
Vol. 8, p 35. 
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W 
Figure 5. ORTEP plot for the cation 5. 

Figure 6. ORTEP plot for the cation 8. Only one 
conformation of the terminal phosphines is shown. 

309 Hz). There is fine structure on the 'H lines of the 
bridging proton which does not come from the terminal 
phosphine ligands but arises from the CH a-protons of 
the cyclohexyl rings, as shown by the 1-D COSY 
measurement (Figure 4c). The P-CHzCH3 proton 
signals are sharp but not well-resolved, due to  overlap 
with the cyclohexyl protons. The 392.3 ppm 31P chemi- 
cal shift is as expected6 for such a bridgingp-PRz ligand, 
as are the positions for the terminal PEtCy2 ligands, 
47.0 and 35.1 ppm. It is worth noting that 7 shows the 
novel Pd-H-P bonding with terminal tertiary phos- 
phines. Up to this point this bonding type had only been 
observed with terminal secondary phosphine ligands. 

X-ray Diffraction Studies. ORTEP views of the 
cations 5 and 8 are shown in Figures 5 and 6. The 
immediate coordination sphere in both cations consists 
of two terminal phosphines, a metal-metal bond, and 
a bridging PButz ligand. The terminal phosphine 
ligands occupy pseudo-cis and pseudo-trans positions 
with respect to the bridging ligand. In complex 5 the P 
atoms of the five ligands and the two Pd atoms lie 
approximately in one plane with no deviation larger 
than fO.l  A; however, for 8 there are major distortions 
from planarity as demonstrated by Figure 7. There is 

P S  

P 3  

Figure 7. Diagram for 8 based on the X-ray data, showing 
the positions of the five donor P atoms and the two Pd 
atoms. 

still roughly CZ symmetry, and this, presumably, ex- 
plains the poor resolution observed in the solid-state 31P 
spectrum of this molecule. From Figure 7, it is clear 
that the structure of 8 is not well represented by the 
drawing which we have given in the preparative discus- 
sion and in the Scheme 1. In fact, the P atoms P(2)- 
P(5) are +0.64(1), -1.13(1), +1.34(1), and -0.69 A, 
respectively, from the plane defined by P(l), Pd(l), and 
Pd(2). In Table 1 we give a list of selected bond lengths 
and bond angles for 5 and 8. We note the following 
interesting points. 

(a) The Pd-Pd bond distance in 5, at 2.834(4) A, 
represents the longest reported Pd-Pd separation in a 
Pd(1) dinuclear complex. The Pd-Pd bond length in 8 
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Table 1. Selected Bond Distances (A) and Bond Angles 
(deg) for 5 and 8 

Leoni et al. 

5 8 
Pd( 1)-Pd(2) 
Pd( 1)-P( 1) 
Pd(2)-P( 1) 
Pd( 1)-P(2) 
Pd( 1)-P(3) 
Pd(2)-P(4) 
Pd(2)-P(5) 

Pd( 1)-P( 1)-Pd(2) 
Pd(2)-Pd( 1)-P( 1) 
Pd( l)-Pd(2)-P( 1) 
P( 1)-Pd( 1)-P(2) 
P(2)-Pd( 1)-P(3) 
Pd(2)-Pd( 1)-P(3) 
P( 1)-Pd( 1)-P(3) 
P( 1)-Pd(2)-P(5) 
P(4)-Pd(2)-P(5) 
Pd( l)-Pd(2)-P(4) 
P( l)-Pd(2)-P(4) 
C(11l)-P(l)-C(121) 
Pd( l)-Pd(2)-P(5) 
Pd(2)-Pd( 1)-P(2) 

2.834(4) 
2.262(9) 
2.266(9) 
2.34(1) 
2.35(1) 
2.36( 1) 
2.35(1) 

77.5(2) 
51.3(2) 
5 1.2(2) 
105.5(3) 
97.0(4) 
106.3(4) 
157.5(5) 
104.6(3) 
101.0(5) 
103.5(4) 
154.0(5) 
112(1) 
155.6(3) 
156.6(2) 

2.6922(7) 
2.249(2) 
2.253(2) 
2.309i2j 
2.352(2) 
2.350(2) 
2.321(2) 

73.435) 
53.35(4) 
53.20(5) 
113.3(7) 
101.4(1) 
97.25(6) 
140.41(6) 
114.20(7) 
101.2( 1) 
97.92(6) 
136.97(6) 
110.4(3) 
159.33(8) 
159.67(7) 

is 2.6922(7) A and falls in the middle of the known 

(b) For both 5 and 8, the Pd-P bond lengths involving 
the bridging phosphide fall in a narrow range (ca. 
2.249-2.266 A), suggesting little or no difference in this 
bonding between the two complexes. In the symmetric 
dimeric complexes [ P ~ Z ~ ~ - P B U ~ Z ) Z ( P M ~ ~ ) Z I ~ ~  and [Pds- 
~ Z - P B U ~ Z ) Z ( P H B U ~ Z ) Z I ~ ~  the analogous separations are 
much longer (2.329(3) and 2.336(2) A, respectively). 

(c) The Pd-P terminal phosphine separations are all 
quite close, with most values close to 2.35 A, despite 
the differences between PHCyz and PMe3. Relative to 
1 or either [PdzO12-PBut2)z(PMe3)21 or [Pd2(p2-PBut2)z- 
(PHBut2)21 these Pd-P terminal phosphine bond lengths 
are several hundreths of an angstrom longer. 

(d) In 5, the pseudo-trans angles P(l)-Pd(l)-P(3) 
(157.5(5)") and P(l)-Pd(2)-P(4) (154.0(5)") are consid- 
erably larger than the corresponding angles in 8, 
(140.41(6) and 136.97(6)", respectively). 

(e) Additional analysis of several of the bond angles 
in 5 and 8 reveals that both P(2) and P(3) (and also P(4) 
and P(5)) bend toward the bridging phosphorus atom 
P(1), presumably to relieve unfavorable steric interac- 
tions. Specifically, for 5, Pd(l)-Pd(2)-P(5) (155.6(3)") 
and Pd(2)-Pd(l)-P(2) (156.6(2)") are both considerably 
less than the 180" one might have expected. Continuing 
for 5, Pd(2)-Pd(l)-P(3) at 106.3(4)' and Pd(1)-Pd- 
(2)-P(4) at 103.5(4)" are both much larger than go", 
again in keeping with a distortion which moves these 
two terminal PHCyz ligands away from each other and 
toward the bridging P atom. The angles Pd(2)-Pd- 
(1)-P(3) at 97.25(6)" and Pd(l)-Pd(2)-P(4) a t  97.92- 
(6)" for 8 are not quite so open, possibly because this 

range.2A11-17 

(ll)Arif, A. M.; Heaton, D. E.; Jones, R. A.; Nunn, C. M. Inorg. 

(12) Pasquali, M.; Sommovigo, M.; Leoni, P.; Sabatino, P.; Braga, 

(13) Budzelaar, P. H. M.; van Leeuwen, P. W. N. M.; Roobeek, C. F. 

(14) Portnoy, M.; Frolow, F.; Milstein, D. Organometallics 1991,10, 

(15) Farr, J.; Wood, F. E.; Balch, A. L. Inorg. Chem. 1983,22,3387. 
(16) Tanase, T.; Kawahara, K.; Ukaji, H.; Kobayashi, K.; Yamazaki, 

(17) Tanase, T.; Nomura, T.; Fukushima, T.; Yamamoto, Y.; Koba- 

Chem. 1987,26,4228. 

D. J .  Organomet. Chem. 1992,423, 263. 

Organometallics 1992, 11, 23. 

3960. 

H.; Yamamoto, Y. Inorg. Chem. 1993,32, 3682. 

yashi, K. Inorg. Chem. 1993, 32, 4578. 

cation has already twisted some heavy atoms out of the 
Pd(l), P(1), Pd(2) plane. 

We do not know why the structure for 8 is so twisted; 
however, we note that if 8 had all the heavy atoms in a 
plane as in 5, there would be severe steric interactions 
between the P(3) and P(4) PMe3 ligands. Given the 
observed twist, one can imagine that the intramolecular 
solution dynamics occur via a "continued twist" in which 
the two PMe3 ligands, e.g., P(2) and P(31, eventually 
become perpendicular to the Pd(l), P(1), Pd(2) plane and 
then relax back with exchange of the 31P spins. In 5, 
the cation seems to have found two ways to minimize 
its energy in that it has lengthened the Pd-Pd bond 
and arranged two cyclohexyl groups via conformations 
which reduce their nonbonded interactions. Naturally, 
we cannot exclude that electronic differences between 
PHCy2 and PMe3 may also contribute CpK, values18 for 
these are 4.55 and 8.65, respectively). 

Experimental Section 
General Considerations. All manipulations were carried 

out under a nitrogen atmosphere using standard Schlenk 
techniques. [P~zO~-PBU~Z)(PHBU~Z)Z(CO)ZIBF~ and [Pdzh- 
PButz)Ol-PHBut~)(PHBut~)~1CF3S03 were prepared as previ- 
ously described. PHCyz was purchased from Argus Chemicals 
and used as received. Solvents were dried by conventional 
procedures and distilled prior to use. IR spectra (Nujol mull, 
KEh plates) were recorded on a Perkin-Elmer FT-IR 1725X 
spectrometer. NMR spectra were measured using Bruker 
AMX 400 (solid-state) and AMX 500 N M R  spectrometers. The 
31P exchange spectra were measured by (a) substitution of the 
three pulses in the normal sequence with a 90" Gauss-shaped 
soft pulse applied to the region of the terminal phosphine 
resonances and (b) insertion of an additional 180" Gaussian- 
shaped soft pulse applied to the region of the bridging 
phosphide in the middle of the evolution period. The l-D 
COSY spectrum was measured as described previou~ly .~~ 
Solid-state 31P NMR spectra were recorded by employing 
spinning at the magic angle (with spinning frequencies 
between 5 and 15 kHz) and cross polarization using contact 
times between 80 ps and 8 ms. 

Preparation of [Pd2@-PBut2)(PCy2H)41CFsSOs ([SICFS- 
SOs). PHCyz (0.25 mL, 1.23 mmol) was added to a suspension 
of [Pdz~-PButz)~-PHBut~)(PBut~H)~1CF3S03 (184 mg, 0.194 
mmol) in dimethoxyethane (DME; 20 mL). The suspension 
turned from violet to red and the solid started to dissolve. After 
2 h the solution was yellow and a yellow solid started to  
precipitate. The reaction mixture was concentrated to ca. 10 
mL, and 25 mL of Et20 was added. After the mixture was 
cooled to -30 "C overnight, the solid was filtered and uacuum 
dried (yield 205 mg, 0.157 mmol, 81%). Anal. Calcd for 
C ~ T H ~ ~ O F ~ O ~ P ~ P ~ ~ S :  C, 52.65; H, 8.46. Found: C, 52.92; H, 
8.80. IR (Nujol, cm-l): 2314 (w) v(PH); 1276 (s), 1144 (s), 1032 
(vs), 636 (vs) (uncoordinated triflate ion).20 

Preparation of [Pd2@-PButa)(PCyzH)41BF4 ([5lBF4). 
Method a. A procedure similar t o  the preceding one was 
utilized by starting from [P~z~-PBu~z)~-PHBu~~)(PBu~zH)~IBF~ 
(195 mg, 0.22 mmol) and PHCyz (0.27 mL, 1.32 mmol) in DME 
(20 mL). This afforded 234 mg of the product (0.189 mmol, 
86%). 

Method b. PHCyz (0.6 mL, 3 mmol) was added to a solution 
of [PdzOl-PButz)(PHBut~)~(CO)~lBF4 (390 mg, 0.49 mmol) in 20 
mL of DME. The orange solution was stirred at room 
temperature for 2 h. The solvent was then evaporated until 
a yellow solid started to precipitate. EkO was added and, after 
the mixture was cooled to -30 "C overnight, the solid was 

(18) Streuli, C. A. Inorg. Chem. 1962,32, 985. 
(19) Emsley, L.; Bodenhausen, G. J. Magn. Reson. 1989, 82, 211. 
(20) Johnstone, D. H. Inorg. Chem. 1993,32, 1045. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 1

0,
 2

00
9

Pu
bl

is
he

d 
on

 M
ay

 1
, 2

00
2 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
om

00
02

2a
04

4



Phosphide-Bridged Pd(I) Dimers Organometallics, Vol. 13, No. 10, 1994 4023 

Table 2. Experimental Data for the X-ray Diffraction Study of [5]BF4 and [8]CF3S03 
[5lBF4 [81CF3S03 

formula 
mol wt 
cryst dimens, mm 
data collecn T, "C 
cryst syst 
space group 
a, 8, 
b, A 
c. A 
/ 3 3  deg v, A3 
Z 
Q(calcd), g 
p, cm-I 
radiation 
measd reflns 
0 range, deg 
scan type 
scan width, deg 
max counting time, s 
bkgd time, s 
prescan rejection limit 
prescan acceptance limit 
no. of data collected 
no. of obsd reflns (no) 
transmission coeff 
decay cor 
no. of params refined (n,) 
fudge factor f 
max param shift Appla (at convergence) 
Ra 
R w Y  
GOF" 

a R = ClIFol - (1/k)lFcll/ClFol. R w  = [Cw(lFol 
[Cw(lFoI - (l/k)lFcl)z/(no - nv)11/2. 

0.16 x 0.12 x 0.10 
23 23 

0.20 x 0.30 x 0.09 

monoclinic 
P21k 
20.929(5) 
15.244(5) 
20.860(6) 
75.01(2) 
6429(2) 
4 
1.279 
7.170 

monoclinic 
C2lc 
29.8 lO(3) 
11.181( 1) 
23.126(4) 
105.99(9) 
7410(1) 
8 
1.455 
12.593 

Mo K a  (graphite monochromated, A = 0.710 69 A) 
Sh ,+k , f l  fh,+k,+i 
2.5 < 0 < 23.0 
0120 w120 
1.20 + 0.35 tan 0 
70 90 
0.5 x (scan time) 
0.50 (2.00 a) 
0.025 (40.00 a) 
8858 7035 
2784 [IFolz > 2 . 5 ~ ( l F 1 ~ ) ]  

2.5 < 0 < 26.0 

1.00 + 0.35 tan 0 

0.5 x (scan time) 
0.50 (2.00 a) 
0.03 (33.33 a) 

4074 [iFoi2 > 3 . 5 ~ ( l F \ ~ ) ]  
0.6165-0.9988 0.9269-0.9967 

296 
0.060 

0.9948- 1.4416 
340 
0.060 

Table 3. Final Positional and Isotropic Equivalent Displacement Parameters for [5]BF4" 
atom X Y z B (A2)b atom X Y Z B (A2)b 

Pd 1 0.7599(1) 0.0248(2) 1.0045(1) 3.91(6) C323 0.540(2) -0.130(3) 1.073(2) 10(1)* 
Pd2 
P1 
P2 
P3 
P4 
P5 
C l l l  
c112 
C113 
C114 
c121 
c122 
C123 
C124 
c211 
c212 
C213 
C214 
C215 
C216 
c221 
c222 
C223 
C224 
C225 
C226 
C311 
C312 
C313 
C314 
C315 
C316 
C321 
C322 

0.7627( 1) 
0.7696(4) 
0.7698(4) 
0.7440(5) 
0.7398(5) 
0.7769(5) 
0.849(2) 
0.856(2) 
0.902(2) 
0.862(2) 
0.695( 1) 
0.689(2) 
0.635(2) 
0.690(2) 
0.840( 1) 
0.904(2) 
0.965(2) 
0.976(2) 
0.913(2) 
0.857(2) 
0.702(2) 
0.694(2) 
0.641(2) 
0.589(3) 
0.587(2) 
0.645(3) 
0.805(2) 
0.875(2) 
0.933(2) 
0.921(2) 
0.860(3) 
0.798(2) 
0.663(2) 
0.611(2) 

0.0194(2) 
0.1374(5) 
0.0878(6) 

-0.1208(6) 
-0.1293(7) 

0.0769(6) 
0.203(2) 
0.259(2) 
0.131(2) 
0.257(2) 
0.209(2) 
0.257(2) 
0.144(2) 
0.267(2) 
0.054(2) 
0.057(2) 
0.019(2) 
0.074(2) 
0.078(2) 
0.111(2) 
0.082(3) 
0.003(2) 
0.005(3) 
0.052(3) 
0.133(3) 
0.135(3) 

-0.203(2) 
-0.168(2) 
-0.229(2) 
-0.300(2) 
-0.346(3) 
-0.285(2) 
-0.161(2) 
-0.098(2) 

0.8680( 1) 
0.9320(5) 
1.1038(5) 
1.0432(7) 
0.8503(8) 
0.7608(5) 
0.911(2) 
0.972(2) 
0.902(2) 
0.849(2) 
0.950( 1) 
0.891(2) 
0.967(2) 
1.011(2) 
1.134( 1) 
1.073(2) 
1.097(2) 
1.157(2) 
1.216(2) 
1.192(2) 
1.187(2) 
1.224(2) 
1.289(2) 
1.288(2) 
1.250(2) 
1.184(3) 
1.025(2) 
1.007(2) 
0.997(2) 
1.040(2) 
1.042(3) 
1.064(2) 
1.072(2) 
1.067(2) 

4.08(6) 
3.1(2) 
4.4(2) 
9.6(4) 
9.9(4) 
4.9(2) 
3.9(7)* 
5.1 (S)* 
5.2(8)* 
5.4(9)* 
2.9(6)* 
8(1)* 
4.9(8)* 
4.8(8)* 
3.4(7)* 
5.4(9)* 
6.3(9)* 
6(1)* 
5.9(9)* 
5.5(9)* 
8(1)* 
8U)* 

11(1)* 
10(1)* 
12(2)* 
5.4(8)* 
6(1)* 

9 m *  

7 m *  
7 ~ *  

13(2)* 
6.1(9)* 
3.8(7)* 
6.1(9)* 

C325 
C326 
C411 
C412 
C413 
C414 
C415 
C416 
C42 1 
C422 
C423 
C424 
C425 
C426 
C511 
C512 
C513 
C514 
C515 
C516 
C521 
C522 
C523 
C524 
C525 
C526 
C324 
C324a 
B 
F1 
F2 
F3 
F4 

o m ( 2 j  
0.638(4) 
0.664(2) 
0.607(2) 
0.535(2) 
0.518(2) 
0.569(2) 
0.639(3) 
0.800(2) 
0.868(2) 
0.927(2) 
0.9 16(3) 
0.845 (4) 
0.789(3) 
0.850( 1) 
0.91 l(2) 
0.975(2) 
0.986(2) 
0.928(2) 
0.866(2) 
0.712(2) 
0.706(2) 
0.653(3) 
0.60 l(3) 
0.601(3) 
0.659(3) 
0.530(4) 
0.518(3) 
0.769(4) 
0.737(3) 
0.838(3) 
0.736(3) 
0.772(2) 

-0.264($ 
-0.220(4) 
-0.162(2) 
-0.093(2) 
-0.120(3) 
-0.206(3) 
-0.274(3) 
-0.256(4) 
-0.208(2) 
-0.191(2) 
-0.253(3) 
-0.314(3) 
-0.332(4) 
-0.286(3) 

0.046(2) 
0.040(2) 
O.OOl(2) 
0.064(2) 
0.073(3) 
0.104(2) 
0.074(3) 

-0.005(3) 
-0.006(4) 

0.046(4) 
0.109(4) 
0.128(3) 

-0.154(5) 
-0.206(4) 

0.014(5) 
0.084(4) 
0.006(4) 

-0.055(3) 
0.014(3) 

1.13 l(2) 
1.128(3) 
0.843(2) 
0.879(2) 
0.873(2) 
0.872(2) 
0.840(2) 
0.856(3) 
0.812(2) 
0.818(2) 
0.794(2) 
0.750(2) 
0.744(4) 
0.781(3) 
0.699( 1) 
0.725(2) 
0.677(2) 
0.612(2) 
0.578(2) 
0.634(2) 
0.723(2) 
0.684(2) 
0.640(3) 
0.663(3) 
0.704(3) 
0.737(2) 
1.141(4) 
1.120(3) 
0.388(4) 
0.351(3) 
0.34 l(3) 
0.358(3) 
0.452(2) 

9(1j* 
16(2)* 
4.3 (7) * 
7 m *  

10(1)* 
9 m *  
9 ~ *  

13(2)* 
7.3( 8)* 
7 m *  
8(1)* 

10(1)* 
18(3)* 
11(1)* 
3.9(7)* 
6.2(9)* 
7(1)* 
8(1)* 

10(1)* 
6.1(9)* 

10(1)* 
10(1)* 
13(2)* 
14(2)* 
13(2)* 
11(1)* 
8(2)* 

10(1)* 
13(2)* 
25(2)* 
38(2)* 
31(2)* 
24(2)* 

Estimated standard deviations are given in parentheses. Starred values denote atoms refined isotropically. Anisotropically refined atoms are given in 
the form of the isotropic equivalent displacement parameter, defined as 4/3[a2/311 + b2& + c2/333 + ab(cos y)/312 + ac(cos /3)/313 + bc(cos a)/323]. 

filtered and vacuum dried (yield 531 mg, 0.429 mmol, 87%). Preparation of [P~z~~-PC~~)~~-PHC~Z)(PE~C~Z)ZICF~- 
Anal. Calcd for C ~ ~ H I I O B F ~ P ~ P ~ ~ :  C, 54.3; H, 8.96. Found: SO3 ([7lCFsSOs). [Pd201-PButz)(PHCyz)41CF~SO~ (104 mg, 
C, 53,99; H, 9.18. IR (Nujol, cm-'): 2308 (m), v(PH); 1054 (vs), 0.08 mmol) was suspended in DME (20 mL). The reaction 
v(BF). flask was evacuated and filled with ethylene. The orange 
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Table 4. Final Positional and Isotropic Equivalent Displacement Parameters for [8]CF3S03" 
atom X Y Z B (AZ)b 

Pd 1 0.65 136(2) 0.05777(4) 0.61104(2) 3.79( 1) 
Pd2 0.61772(1) -0.10886(4) 0.67207(2) 3.75(1) 
S 0.61721(8) -0.57 13(2) 0.90854(9) 6.69(5) 
P1 0.63847(5) O.OSOO( 1) 0.70178(7) 3.73(3) 
P2 0.65869(9) 0.2378(2) 0.56553(9) 6.84(6) 
P3 0.6876 l(7) -0.0742(2) 0.55865(8) 5.52(4) 
P4 0.56601 (7) -0.2029(2) 0.5893( 1) 5.79(5) 
P5 0.6 1406(7) -0.2370(2) 0.74962(9) 5.86(4) 
F1 0.5359(3) -0.5726(7) 0.8286(3) 11.9(2)* 
F2 0.53 16(3) -0.6089(9) 0.9147(4) 16.1(3)* 
F3 0.5452(4) -0.#7( 1) 0.8959(6) 20.4(4)* 
0 1  0.63 12(2) 0.5606(7) 0.4706(3) 8.9(2)* 
0 2  0.6314(5) -0.506( 1) 0.8711(7) 18.2(4)* 
0 3  0.6235(5) -0.693(2) 0.8928(7) 21.3(5)* 
c 1  0.5571(4) -0.563 1) 0.8847(4) 8.6(3) 
C l l l  0.5872(2) 0.1662(7) 0.7140(4) 5.8(2) 
c112 0.5487(3) 0.147( 1) 0.6541(5) 9.7(3) 
C113 0.5973(3) 0.2977(8) 0.7232(4) 8.1(2) 
C114 0.5709(3) 0.1 13(1) 0.7657(4) 9.8(2) 
c121 0.6938(2) 0.1 196(6) 0.76 16(3) 4.9(2) 
c122 0.7286(2) 0.0264(8) 0.7566(4) 6.5(2) 
C123 0.6875(3) 0.1 152(9) 0.8245(4) 7.3(2) 
C124 0.7121(3) 0.2426(8) 0.7517(4) 6.9(2) 
c211 0.6082(8) 0.250(2) 0.505( 1) 21.1(7) 
C211a 0.600( 1) 0.323(3) 0.550( 1) 17.0(9) 
c221 0.6570(8) 0.376( 1) 0.5974(8) 11.1(5) 

C231a 0.653(2) 0.240(2) 0.491(1) 20( 1) 
C23 1 0.7151(9) 0.268(3) 0.542( 1) 27.8(8) 
C311 0.6785(5) -0.077( 1) 0.4775(4) 11.6(3) 
C321 0.7493(4) -0.036( 1) 0.5850(6) 11.9(4) 
C33 1 0.6883(3) -0.23 14(8) 0.5754(5) 7.4(2) 
C411 0.5074(3) -0.183( 1) 0.5989(6) 10.2(3) 
C421 0.5596(4) -0.138( 1) 0.5 135(5) 10.6(3) 
C43 1 0.5644(3) -0.36 1 O(9) 0.5697(5) 9.0(3) 
C511 0.6475(5) -0.369( 1) 0.7446(8) 10.8(5) 
C511a 0.598(2) -0.383(3) 0.734(2) 20(2) 
C521a 0.577( 1) -0.198(3) 0.805(2) 11.4(9) 
C521 0.6379(9) -0.200(2) 0.8238(7) 16.0(8) 
C531a 0.672( 1) -0.253(3) 0.804(2) 12.8(9) 
C531 0.5609(5) -0.303(2) 0.7484(7) 1 1.6(4) 

C221a 0.694( 1) 0.354(4) 0.591(1) 29( 1 ) 

Estimated standard deviations are given in parentheses. * Starred values denote atoms refined isotropically. Anisotropically refined atoms are given in 
the form of the isotropic equivalent displacement parameter, defined as 4/3[a2811 + b2/j3zz + czB33 + ab(cos y ) p l ~  + ac(cos B),8 l~  + bc(cos a)&]. 

suspension was stirred at room temperature for 3 days to give 
a red solution. The solution was concentrated to ca. 5 mL, 
and 10 mL of Et20 was added. After the mixture was cooled 
to -30 "C overnight, the solid was filtered and vacuum dried 
(yield 61 mg, 0.05 mmol, 63%). Anal. Calcd for C53H99- 
F303P4PdzS: C, 52.6; H, 8.7; P, 10.7. Found: C, 53.6; H, 8.39; 
P, 10.5. IR (Nujol, cm-'): 1279 (s), 1145 (s), 1032 (vs), 636 
(vs) (uncoordinated triflateZ0). 

Preparation of [Pdz(lr-PButz)(PMes)4]CFsSOs ([8lCFs- 
SOs). [ P ~ Z ~ - P B U ~ ~ ~ - P H B U ~ Z X P H B U ~ ~ ~ I C F ~ S O ~  (439 mg, 0.464 
mmol) was suspended in 50 mL of dimethoxyethane. PMe3 
(0.3 mL, 2.9 mmol) was added to the suspension. In a few 
minutes a red solution formed and a crystalline red solid began 
to precipitate. Partial evaporation of the solvent and addition 
of diethyl ether gave 0.304 g (0.375 mmol) of pure [Pd&- 
PButz)(PMe3)41 CF3SO3 (81% yield). Anal. Calcd for C21H54- 

P, 18.8. 
Crystallography. Crystals suitable for X-ray diffraction 

of [S]BF4 and [8]CF3SO3 were obtained by crystallization from 
DME/ether. Crystals of both compounds were mounted on 
glass fibers (covered for protection with acrylic resin) at a 
random orientation on an Enraf-Nonius CAD4 difiactometer 
for the unit cell and space group determinations and for the 
data collection. Unit cell dimensions were obtained by a least- 
squares fit of the 28 values of 25 high-order reflections using 
the CAD4 centering routines. Selected crystallographic and 
other relevant data are listed in Table 2. 

F303PsPdzS: C, 31.1; H, 6.71; P, 19.1. Found, C, 30.6; H, 7.13; 

Data were measured with variable scan speed to ensure 
constant statistical precision on the collected intensities. 
Three standard reflections were used to check the stability of 
the crystal and of the experimental conditions and measured 
every 1 h. The orientations of the crystals were checked by 
measuring 3 reflections every 300 measurements. Data have 
been corrected for Lorentz and polarization factors and for 
decay ([8]CF3S03) using the data reduction programs of the 
MOLEN package.21 Empirical absorption corrections were 
applied by using azimuthal (v)  scans of three "high-f angle 
reflections for both sets of data. The standard deviations on 
intensities were calculated in terms of statistics alone, while 
those on Fo were calculated as shown in Table 2. 

The structures were solved by a combination of Patterson 
and Fourier methods and refined by full-matrix least squares21 
(the function minimized being C[w(Fo - l/kFc)zl). No extinc- 
tion correction was found to be necessary. The scattering 
factors used, corrected for the real and imaginary parts of the 
anomalous dispersion,22 were taken from ref 22. All calcula- 
tions were carried out using the Enraf-Nonius MOLEN pack- 
age.21 

Structural Study of [5lBF4. A total of 8858 independent 
data were collected, of which only 2784 were observed (6. Table 
2) and used for the refinement. The relevant number of 
unobserved reflections reflects both the small size of the crystal 
and the disorder found in the structure, as shown, for example, 
by the high values of the displacement parameters of some 
carbon atoms of the phosphine ligands; as a result, the 
precision of the structure determination is limited. 
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Phosphide-Bridged Pd(I) Dimers 

For the cyclohexyl ring “C321-C326” the Fourier difference 
maps showed two positions for atom C324 (with occupancy 
factors, from the refinement, of 0.6 and 0.4 for atoms C324 
and C324a, respectively) corresponding to  chair and boat 
conformations. As suggested by the elongated shape of the 
thermal ellipsoids, atoms P3 and P4 may be disordered. 
Nonetheless, the refinement of a model including split posi- 
tions for these two atoms did not give a satisfactory result. 
Moreover, the BF4 counterion is also disordered; an idealized 
model was therefore constructed, based on the strongest peaks 
found on the Fourier difference map, but refined without 
constraints. 

Given the limited number of observed reflections, only the 
Pd and P atoms were refined anisotropically. The contribution 
of the hydrogen atoms in calculated positions (C-H = 0.95 
(A), B(H) = 1.3B(Cbou&d) was taken into account but not 
refined. Final atomic coordinates and isotropic displacement 
factors are given in Table 3. 

Structural Study of [~ICF~SOS. This structure is also 
disordered. In particular, the methyl groups bound to atoms 
P2 and P5 are in two different orientations. The carbon atoms 
of the two conformations have been refined using both isotropic 
and anisotropic displacement parameters; while the resulting 
geometries were comparable, the latter model gave an im- 
proved fit as judged from the Hamilton test.23 The same 
criterion was used to  decide the best model for the refinement 
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of the counterion: anisotropic displacement parameters for the 
C and S atoms were used, while the F and 0 atoms were 
treated isotropically. All other atoms were refined anisotro- 
pically. The contribution of the hydrogen atoms, in idealized 
positions, was taken into account but not refined. Final atomic 
coordinates and isotropic displacement factors are given in 
Table 4. 
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and bond angles (Tables S3 and S6) and full numbering 
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tion is given on any current masthead page. 
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