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The synthesis of compounds [Rhy(n-CsH;)o(u-CO) (u-H) (u-dppm)1X (2a, X = BF; 2b, X = PFy) and
[Rhy(n-CsHjs)o(u-CO) (u-AuPPhg)(u-dppm)])X (3a, X = BF; 8b, X = PF) (dppm = Ph,PCH,PPh,), via
the addition of H* and [AuPPh;]* to the electron-rich metal-metal bond of the complex [Rhy(y-
CsH;)o(u-CO){(p-dppm)] (1), is described. Crystals of 2a are orthorhombic of space group Pbca with a =
11.399 (1) A, b =17.991 (2) A, ¢ = 32.819 (4) A, and Z = 8. The structure was solved and refined to R
and R, values of 0.061 and 0.064 for the 2046 reflections with I = 34(I). The hydride ligand bridges the
Rh-Rh bond [2.721 (2) A] with Rh(1)-H and Rh(2)~H distances [1.62 (14) and 1.71 (14) A, respectively]
which do not differ significantly. The metals are also bridged by the dppm and CO ligands. Complex
3a crystallizes in the space group P2,2,2, with a = 26.589 (3) A, b = 16.080 (2) &, ¢ = 11.710 (1) 4, and
Z = 4, The structure has been refined to R = 0.037 and R,, = 0.042 for the 3066 reflections with I = 3¢(J).
The basic trinuclear skeleton consists of an almost equilateral triangle formed by the two rhodium atoms
and the gold atom [Rh(1)-Rh(2) = 2.760 (2) A, Rh(1)-Au = 2.718 (1) A, and Rh(2)~Au = 2.732 (1) A] with
the Rh~Rh bond bridged by the dppm and the carbonyl ligands. The structural features of the bridging
dppm and CO groups in 2a and 3a remain essentially the same as in 1; the two cyclopentadienyl ligands
are in the cis position with an interplanar angle of 92.7° in 2a and 93.9° in 3a. The structural modification
of 1 caused by the presence of the bridging hydride and AuPPh, groups is discussed. Spectroscopic IR
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and 'H and 3'P NMR data for the new compounds are presented.

Introduction

Attention has been recently centered! on the isolobal
relationship between the bridging hydride and the bridging
AuPR; ligands. The synthesis and the structural char-
acterization of hydride cluster complexes and the corre-
sponding AuPr; derivatives gave some insight into this field
and pointed out that the above isolobal relationship must
be applied with care.?$

Recently, we reported’ the synthesis and the molecular
structure of the complex [Rhy(7-C;Hj)o(u-CO)(u-dppm)]
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Chem. 1981, 215, C33; J. Chem. Soc., Chem. Commun. 1981, 753. (c)
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1982, 63, 113. (d) Johnson, B. F. G.; Kaner, D. A,; Lewis, J.; Raithby, P.
R.; Taylor, M. J. Polyhedron 1982, 1, 105. (e) Johnson, B. F. G.; Kaner,
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Johnson, B. F. G.; Kaner, D. A.; Lewis, J.; Raithby, P. R.; Syed-Mustaffa,
8. N. A. B. J. Chem. Soc., Chem. Commun. 19883, 455. (i) Johnson, B.
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McPartlin, M.; Clegg, W. Ibid. 1983, 787. (1) Johnson, B. F. G.; Lewis,
J.; Nicholls, J. N.; Puga, J. N.; Puga, J.; Whitemire, K. H. J. Chem. Soc.,
Dalton Trans. 1983, 787. (m) Johnson, B. F. G.; Lewis, J.; Nelson, W.
J. H.; Raithby, P. R.; Vargas, M. D. J. J. Chem. Soc., Chem. Commun.
1983, 608.
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Mills, R. M.; Salter, I. D.; Stone, F. G. A.; Woodward, P. J. Chem. Soc.,
Chem. Commun. 1982, 773. (b) Green, M.; Mead, K. A,; Mills, R. M,;
Salter, I. D.; Stone, F. G. A.; Woodward, P. V. Ibid. 1982, 51.
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Dalton Trans. 1984, 533,

(1) [dppm = bis(diphenylphosphino)methane]. This
species contains an electron-rich rhodium-rhodium bond
as pointed out by the reaction with HgCL2 and electro-
philic agents containing silver atoms.’ Herein we report
the synthesis of the cationic complexes [Rhy(n-CsHz)o(u-
CO)(u~-dppm)(u-H)]X (2a, X = BF,; 2b, X = PF¢) and
[Rhy(n-C;Hg)o(u-CO) (u-dppm)(u-AuPPhy)]X (3a, X = BFy;
3b, X = PFg) obtained by treating complex 1 with non-
coordinating acids or [AuPPh,(solv)]1X. We also report the
crystal structure of 2a and 3a in order to compare the
structural modifications of 1 caused by the presence of
bridging u-H and p-AuPPh; ligands.

Results

Synthesis and Spectroscopic Characterization of
[Rhy(n-C;H;)o(k-CO)(u-dppm)(u-H)]X (2) and [Rhy(n-
C;H,)(4-CO) (u-dppm) (u-AuPPhy)IX (3) (X = BF,,
PF;). The addition of the protic acids HBF, and HPF,
to a benzene solution of the complex [Rhy(n-C;H;),(u-
CO){(u-dppm)] (1) leads to protonation of the Rh-Rh bond
with formation of the cationic w-hydride complexes
[Rhy(n-CsHj5)y(u-CO)(u-dppm) (u-H)}X (2a, X = BF,; 2b,
X = PFg). These are brown crystalline solids which are
stable for long periods also in solution. In these reactions
complex 1 is simply protonated since the anion of the acid
is not involved in coordination to the metal by oxidative
addition.'® The »(CO) band at 1770 cm™ is shifted by ca.
40 cm™ to a higher frequency than in the precursor. The

(8) Faraone, F.; Lo Schiavo, S.; Bruno, G.; Bombieri, G. J. Chem. Soc.,
Chem. Commun. 1984, 6.

(9) Bruno, G.; Lo Schiavo, S.; Piraino, P.; Faraone, F. Organometellics
1985, 4, 1098.

(10) Recently it was shown that [Rh,Cly(dppm),(u-CO)] reacts with
the protic acids HA (A = Cl, BF,, SO;C;H,CH;) by protonation of the
Rh-Rh bond and coordination of the anion to one rhodium atom to give
[RhyCly(u-H)(u-CO)(dppm),A]. Sutherland, B. R.; Cowie, M. Inorg.
Chem. 1984, 23, 1290.
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NMR spectra of 2a,b show the cyclopentadienyl proton
resonance at § 5.42 (CD,Cl,y) as a doublet of doublets (Jp.y
= (.7 and Jy_gp, = 0.5 Hz) and the u-hydride resonance as
multiplet centered at § -12.76. This clearly supports a
symmetrical structure for complexes 2a,b with coupling
of C¢H; and u-H protons with the phosphorus and the
rhodium atoms. The values of the coupling constants are
in the range normally found for cyclopentadienyl(phos-
phine)rhodium(I) complexes.™!"'* The methylene hy-
drogen resonance of the dppm ligand appears the same as
usually observed when this ligand is bridge bonded and
no motion of the CP,M, ring can render the two protons
equivalent.’* It consists of two superimposed multiplets
centered at 6 2.47 and 2.34. The 3'P{'H} NMR spectra are
consistent with the proposed structure and display a
symmetrical pattern, typical of an AA’XX spin system,
centered at 6 52.13 (in CD,Cl,, relative to HsPOy; gy p
= 166, ZJRh_p = 95, 1JRh—Rh = 10, 1Jp.c_p =72 I'IZ).15

The reaction of [AuPPhy]X (X = BF,, PFy) with the
rhodium complex 1 results in the simple addition of the
{AuPPh;]* ion to the binuclear framework with formation
of the cationic complex [Rhy(n-CsH;)o(u-CO) (u-dppm) (u-
AuPPh,)]X (3a, X = BF,; 3b, X = PF;). Compounds 3a,b
form green crystals, air stable as a solid and in solution.
Spectroscopic data for these compounds support a Rh,Au
triangular cluster structure, with the AuPPh; group
bridged to the rhodium-rhodium bond of 1. The IR
spectra show the »(CO) band at 1750 cm™. The 'H NMR
spectra each exhibit a triplet at 6 5.35 (CD,Cly)(Jp.y =
Jap-u = 0.5 Hz) for the cyclopentadienyl protons and
clearly support a symmetrical structure for the compounds.

The values of Jg;,.y are in the range expected for cy-
clopentadienylrhodium complexes,”’"!% while the Jp_y
values, which are the same as those in 1, are among the
lowest reported for this class of compounds. Since the Jp
value in the cyclopentadienyl{phosphine)rhodium com-
plexes is dramatically affected by the formal oxidation
state of the rhodium atom,® it can be assumed that the
addition of [AuPPh;]* occurs without any significative
variation in the formal oxidation number of the two metal
centers. The methylene protons of the dppm ligand res-
onate as a triplet of doublets centered at § 2.89 (Jp.y =
10.5 and Jy.g, = 1 Hz); this situation could be due to a
rapid conformational change in the CP,Rh, ring'* rather
than to a real equivalence of the PCH,P protons. The
3P{IH} NMR spectra of complexes 3a,b are like those of
complexes 2a,b. They exhibit for the phosphorus atoms
of the dppm ligand a pattern typical of an AA’XX’ spin
system centered at 6 51.56 (CD,Cl,, HPO,; gy p = 177,
ZJR},_P = 11, 1JRh—Rh = 95, IJP—C—P =77 HZ) The phOS-
phorus atom of the PPh; bound to the gold atom is ob-
served as a triplet at 6 47.51 (Jypp = 8 Hz); the lack of
coupling between this phosphorus atom and those of the
dppm ligand implies that these ligands are bound to dif-
ferent metals.
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complexes”; Pignolet, L. H., Ed.; Plenum Press: New York, 1983; p 183.

(15) In the A-frame compounds, although there are some ambiguities,
a !Jp,-p greater than ca. 120 Hz is found for the species not containing
the Rh~Rh bond; see ref 10. This criterion does not apply to complexes
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Table I. Crystal and Refinement Data

2a 3a
formula C36H338F40P' C54H47AUBF4OP3R}12
sRhy
fw 836.22 1352.63
cryst system orthorhombic  orthorhombic
space group Pbca P2,2,2,
a, A 11.399 (1) 26.589 (3)
b, A 17.991 (2) 16.080 (2)
c, A 32.819 (4) 11.710 (1)
v, A® 6730.5 5006.5
Z 8 4
deacar g/ cm® 1.65 1.72
cryst size, mm 0.1 X 0.07 X 0.17 X 0.15 X 0.11
0.15
orientatn reflctns, no., 20,18 <26 < 20, 22 < 26 < 32
range (26) 30
T, °C 20 22
abs coeff, cm™ 11.08 36.1
radiation, A Mo Ka, A = Mo Ka, A = 0.71069
0.71069
monochromator graphite graphite crystal
crystal
scan type 20~w 20~w
scan speed, s! 0.03 0.03
scan range, deg 1.2 1.2
reflectns measd +h,+k,+! +h,+k,+|
std reflectns 3 measd after 3 measd after every 120
every 120
data limits 3<20<50 3 <20<50
obsd data 2046 [I = 3066 (I = 30(D)}
3o(D)]
no. of parameters 226 304
refined
R 0.061 0.037
R, 0.064 0.042
largest shift/ESD in 0.22 0.18
final cycle
largest peak, e/A3 0.72 0.33
cis

Figure 1. View of the cation [Rhy(n-CsH;)o(u-CO) (u-dppm) (u-
H)1* down a.

Crystal and Molecular Structure of 2a. The ex-
perimental details, including the crystal parameters, of the
X-ray diffraction study of 2a are reported in Table I. The
crystal structure of 2a consists of discrete molecules, drawn
in Figure 1 along with the atom numbering scheme.
Fractional atomic coordinates are listed in Table II; rele-
vant bond distances and angles are listed in Table IIIL
The cation consists of two rhodium atoms bridged by a
carbonyl group and the hydride and dppm ligands; the
terminal cyclopentadienyl ligand completes the coordi-
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Table II. Final Fractional Atomic Coordinates (%10¢) for
[Rhy(n-CsHy)y(u-CO)(u-dppm)(u-H)IBF,
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Table ITII. Bond Distances (A) and Angles (deg) for
[Rh,(n-CsHy),(u-CO)(p-dppm)(u-H) ]BF ¢

atom x/a y/b z/c
H 1697 (129) 2857 (77) 1635 (44)
Rh(1) 977 (1) 2352 (1) 1957 (1)
Rh(2) 1136 (1) 3741 (1) 1634 (1)
P(1) 88 (4) 1871 (2) 1409 (1)
P(2) 186 (4) 3419 (3) 1054 (1)
C -691 (14) 2581 (9) 1124 (5)
C(1) -115 (18) 3200 (10) 1960 (6)
o) -1005 (13) 3404 (1) 2095 (4)
C(2) 1239 (14) 4979 (7) 1619 (7)
C(3) 2265 (14) 4701 (7) 1448 (7)
C\4) 2858 (14) 4305 (7) 1748 (7)
C(5) 2199 (14) 4339 (7) 2104 (7)
C(6) 1198 (14) 4755 (7) 2024 (7)
C(11) 720 (15) 1446 (10) 2414 (6)
C(12) 1728 (15) 1291 (10) 2192 (6)
C(13) 2535 (15) 1854 (10) 2266 (6)
C(14) 2026 (15) 2357 (10) 2535 (6)
C(15) 904 (15) 2105 (10) 2626 (6)
C(21) 1040 (9) 1442 (7) 1033 (4)
C(22) 561 (9) 1040 (7) 710 (4)
C(23) 1288 (9) 764 (7) 404 (4)
C(24) 2494 (9) 891 (7) 420 (4)
C(25) 2974 (9) 1294 (7) 742 (4)
C(26) 2247 (9) 1569 (7) 1049 (4)
C(31) -998 (8) 1153 (6) 1521 (4)
C(32) -606 (8) 430 (6) 1592 (4)
C(33) -1397 (8) -118 (6) 1714 (4)
C(34) -2580 (8) 58 (6) 1766 (4)
C(35) ~2972 (8) 781 (8) 1695 (4)
C(36) -2181 (8) 1328 (6) 1572 (4)
C41) 1070 (9) 3228 (1) 615 (4)
C(42) 529 (9) 3016 (7) 252 (4)
C(43) 1206 (9) 2859 (7) -91 (4)
C(44) 2426 (9) 2915 (7) -71 (4)
C(45) 2967 (9) 3126 (7) 292 (4)
C(46) .2290 (9) 3283 (7) 635 (4)
C(51) -829 (10) 4102 (6) 844 (3)
C(52) -2045 (10) 4027 (6) 871 (3)
C(53) -2774 (10) 4580 (8) 713 (3)
C(54) -2287 (10) 5207 (6) 529 (3)
C(55) ~-1071 (10) 5282 (6) 503 (3)
C(56) -342 (10) 4729 (6) 660 (3)
B 5354 (13) 2773 (8) 1262 (5)
F(1) 6325 (13) 2085 (8) 1479 (5)
F(2) 4899 (13) 3377 (8) 1063 (5)
F(3) 5664 (13) 2241 (8) 984 (5)
F(4) 4530 (13) 2489 (8) 1523 (5)

nation sphere of each rhodium atom. The molecule ap-
proximates idealized C, symmetry, with a mirror plane
passing through the carbonyl group, the methylene carbon,
and the hydride ligand; this is destroyed by the nonsym-
metrical orientation of the cyclopentadienyl ligands and
the phenyl groups.

The Rh-Rh bond distance of 2.721 (2) A is lengthened
only by 0.038 A with respect to 1, as a consequence of the
protonation of the rhodium-rhodium bond. The bridging
hydride ligand in this structure is well-behaved crystallo-
graphically, and the resulting Rh—H distances are essen-
tially as expected and do not differ significantly each other.
The Rh(1)-C(1) and Rh(2)-C(1) bond distances of 1.969
(19) and 2.031 (20) A, respectively, and the Rh(1)-C(1)-
Rh(2) angle of 85.7 (9)° are comparable with the values
found for 1 and other related rhodium complexes.!”19
Within the Rh~dppm framework the parameters are es-
sentially as those observed in other similar dppm-bridged
complexes. The two independent Rh—P distances [2.241

Bond Distances

Rh(1)-Rh(2) 2.721 (2) C(1)-0(1) 1.167 (25)
Rh(1)-H 1.62 (14) Rh(2)-H 1.71 (14)
Rh(1)-C(1) 1.969 (19) . Rh(2)-C(1) 2.031 (20)
Rh(1)-P(1) 2.241 (4) Rh(2)-P(2) 2.264 (4)
Rh(1)-C(11) 2,234 (19)  Rh(2)-C(2) 2.231 (13)
Rh(1)-C(12) 2.229 (18)  Rh(2)-C(3) 2.238 (15)
Rh(1)-C(13) 2.233 (18)  Rh(2)-C(4) 2.242 (16)
Rh(1)-C(14) 2.240 (19)  Rh(2)-C(5) 2.237 (19)
Rh(1)-C(15) 2.241 (200  Rh(2)-C(6) 2.230 (17)
Rh(1)-C(av) 2.23 (2) Rh(2)-C(av)  2.23 (2)
P(1)-C 1814 (17)  P(2)-C 1.823 (17)
P(1)-C(21) 1.815(13)  P(2)-C(41) 1.791 (13)
P(1)-C(31) 1.827 (11)  P(2)-C(51) 1.824 (12)
Rh(1)-Cp*, 1.90 (2) Rh(2)-Cp*g 1.90 (2)
B-F(1) 1.370 (22)  B-F(3) 1.370 (22)
B-F(2) 1.370 (21)  B-F(4) 1.370 (22)
Bond Angles
Rh(1)-C(1)~Rh(2)  85.7 (9) P(1)-C-P(2) 112.2 (9)

Rh(1)-Rh(2)-C(1)  46.2 (5) Rh(2)-Rh(1)-C(1)  48.1 (5)
P(1)-Rh(1)-Rh(2)  94.1 (1) P(2)-Rh(2)-Rh(1) 935 (1)
P(1)-Rh(1)-C(1) 91.0 (6) P(2)-Rh(2)-C(1) 89.1 (6)
Rh(1)-C(1)-0O 143.0 (1) Rh(2)-C(1)-0 131.0 (1)
C-P(1)-C(31) 105.7 (6) C-P(2)-C(51) 104.9 (7)
C-P(1)-C(21) 104.0 (7) C-P(2)-C(41) 104.5 (7)
Rh(1)-P(1)-C(31) 114.7 (4) Rh(2)-P(2)-C(51) 116.7 (4)
Rh(1)-P(1)-C(21) 116.1 (4) Rh(2)-P(2)-C(41) 117.1 (4)
C-P(1)-Rh(1) 111.3 (5) C-P(2)-Rh(2) 111.6 (6)
C(31H-P(1)-C(21} 104.0 (6) C(51)-P(2)-C(41) 100.5 (5)

Rh(1)-Rh(2)-Cp*s 133.6 (6) Rh(2)-Rh(1)-Cp*, 138.7 (5)

¢Cp* = centroids of the cyclopentadienyl rings.

(4) and 2.264 (4) A] are slightly different; however, no
chemical significance is attached to this difference which
is probably a consequence of packing effects. Both the
Rh-P distances are significantly lengthened with respect
to the precursor 1 [2.205 (2) and 2.218 (2) A]. The strain
of the dppm ligand is greater in 2a than in 1 as evidenced
by the value of 122.2 (9)° for the P(1)-C-P(2) angle
[107.8(4)° in 1]. The two cyclopentadienyl ligands are in
the cis position with an interplanar angle of 92.7°; they are
located on the less hindered side of the molecule. As
expected,'®? the averaged values of Rh(1)-C(C;H;) dis-
tances are both 2.23 (2) A; the corresponding Rh—Cp* (Cp*
= centroids of the cyclopentadieny! rings) separations for
both the rhodium atoms are 1.90 (2) A.

Crystal and Molecular Structure of 3a. The crystal
parameters of 3a, are reported in Table I. A view of the
structure of cation 3a, including the numbering scheme,
is presented in Figure 2. Fractional atomic coordinates
and relevant bond distances and angles in the cation are
listed in Tables IV and V, respectively.

The basic trinuclear skeleton of 3a consists of an almost
equilateral triangle of two rhodium atoms and a gold atom
with the Rh-Rh bond bridged by the dppm and carbonyl
ligands and with the PPh, ligand bonded to the gold atom.
The Rh-Rh distance of 2.760 (2) A falls within the range
previously reported for similar Rh—Rh bonded species and
is lengthened by ~0.077 A with respect to 1. The two
Au-Rh distances [2.718 (1) and 2.732 (1) A] as well as the
angles Rh(2)-Rh(1)-Au, Rh(1)-Rh(2)-Au, and Rh(2)-
Au-Rh(1) [respectively 59.8 (1), 59.3 (1), and 60.9 (1)°] are
not significantly different. The structural features of the
bridging dppm and CO groups remain essentially the same

(17) Cowie, M.,; Dwight, S. K. Inorg. Chem. 1980, 19, 2508.

(18) Cowie, M.; Southern, T. G. J. Organomet. Chem. 1980, 193, C46.

(19) Faraone, F.; Lo Schiavo, S.; Bruno, G.; Piraino, P.; Bombieri, G.
J. Chem. Soc., Dalton Trans. 1983, 1813.

(20) (a) Mills, M. S;; Paulus, E. F. J. Organomet. Chem. 1967, 10, 331.
(b) Hermann, W. A,; Bauer, C.; Kriechbaum, G.; Kunkely, H.; Ziegler, M.
L.; Speth, D.; Guggolz, E. Chem. Ber. 1982, 115, 878. (c) Hermann, W.
A.; Goddard, C. K. R.; Bernal, L. J. Organomet. Chem. 1977, 140, 73.
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Table IV. Final Fractional Atomic Coordinates (X10*) for

[Rhy(n-C;Hp),(n-CO){(u-dppm){(u-AuPPh;) ]BF,

atom x/a y/b zje
Au 1254 (1) 2665 (1) 1767 (1)
Rh(1) 1133 (1) 2048 (1) 3910 (1)
Rh(2) 313 (1) 2623 (1) 2699 (1)
P(D 1134 (2) 789 (2) 3077 (3)
Can 401 (6) 1902 (9) 4048 (15)
O(1) 130 (4) 1876 (7) 4763 (10)
C(1) 95 (8) 3760 (11) 3616 (11)
C(2) 376 (8) 4048 (9) 2600 (19)
C{3) 116 (7) 3798 (9) 1665 (16)
C{4) ~307 () 3360 (9) 2030 (18)
C) -330 (7) 3399 (10) 3223 (20)
<(6) 1851 (9) 2075 (17) 4917 (25)
(M 1845 (11) 2806 (18) 4313 (16)
C(8) 1444 (14) 3223 (12) 4714 (25)
C(9) 1223 (9) 2734 (20) 5584 (23)
C(10) 1465 (10) 2035 (18) 5680 (19)
C(12) 517 (7) 5687 (9 2406 (15)
P(2) 225 (2) 1452 (2) 1668 (3)
P(3) 1672 (2) 3306 (2) 319 (3)
C(112) 1590 (4) ~44 (8) 1204 (9)
C(113) 1998 (4) -231 (6) 501 (9
C(114) 2456 (4) 177 (6) 658 (9)
C(116) 2506 (4) 771 (6) 1518 (9)
C(116) 2097 (4) 958 (8) 2221 (9)
C{111) 1640 (4) 550 (6) 2084 (9)
C(122) 1490 (4) ~766 (7) 3916 (8)
C(123) 1491 (4) -1430 (7) 4682 (8)
C(124) 1161 (4) -1431 (7) 5609 (8)
C(125) 831 {4) -768 (1) 5769 (8)
C(126) 829 (4) ~104 (7) 5003 (8)
c(2n 1159 (4) ~103 (7) 4076 (8)
C(212) 583 (5) 695 (8) -332 (10)
(C(213) 646 (5) 650 (6) ~1513 (10)
C(214) 525 (5) 1333 (6) -2195 (10)
C{215) 343 (5) 2061 (6) -1697 (10)
C(216) 281 (5) 2106 (6) ~515 (10)
C21n 400 (5) 1423 (6) 167 (10)
C(222) ~653 (5) 811 (8) 606 (8)
C(223) ~1159 (5) 584 (8) 595 (8)
Ci(224) -1452 (5) 685 (8) 1574 (8)
C(225) -1238 (5) 1012 (8) 2565 (8)
Ci226) -732 {B) 1239 (8) 2576 (8)
C22y ~439 (5) 1138 (8) 1597 (8)
C(312) 1835 {4) 1839 (7) -843 (10)
C{313) 2050 (4) 1350 (7) -1698 (10)
C(314) 2405 (4) 1694 (7) -2437 (10)
C(315) 2546 (4) 2526 (7) ~2320 (10)
C(3186) 2330 (4) 3014 (M -1465 (10)
C(311) 1975 (4) 2670 (7 ~727 (10)
C(322) 1115 (5) 3764 (6) ~1643 (9)
C(323) 785 (5) 42178 (6) -2244 (9)
C(324) 588 (5) 4987 () -1724 (9)
((325) 721 (5) 5183 (6) -604 (9)
((326) 1051 (5) 4669 (6) ~3 (9)
C(321) 1248 (5) 3960 (6) -522 (9)
C(332) 2210 (5) 4819 (7) 451 (10)
C(333) 2593 (5) 5323 (7) 878 (10)
C(334) 2924 () 5013 (7) 1700 (10)
({335) 2871 (5) 4200 (1) 2095 (10)
C{336) 2487 (5) 3696 (7) 1668 (10)
€33 2157 (5) 4005 (7) 846 (10)
B 3490 (4) 2263 (8} 4104 (8)
F(1) 3746 (10) 2915 (19) 3468 (38)
F(2 3048 (7) 2061 (13) 3606 (21)
F(3) 3830 (12) 1585 (24) 4260 (41)
Fid 3369 (20) 2692 (39) 5079 (35)
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Figure 2, View of the cation {Rhy(5-CsHj)o(u-CO) (u-dppm) (-

AuPPh;)]* down b.

Table V. Bond Distances (A) and Angles (deg) for
[Rhy(n-CsHy)2(1-CO) (u-dppm)(u-AuPPh;) ]BF ¢

Bond Distances

Rh(1)-Rh(2) 2.760 (2) C(11)-0(1) 1.163 (18)
Rh(1)-Au 2.718 (1) Rh(2)-Au 2.732 (1)
Rh(1)-C(11) 1.966 (17) Rh(2)-C(11) 1.973 (16)
Rh(1)-P(1) 2.247 (4) Rh(2)-P(2) 2.248 (4)
Rh(1)-C(6) 2.245 (17) Rh(2)-C(1) 2.199 (16)
Rh(1)~C(7) 2.300 (20) Rh(2)-C(2) 2.302 (15)
Rh(1)~-C(8) 2.267 (18) Rh(2)-C(3) 2.305 (16)
Rh(1)-C(9) 2.262 (21) Rh(2)-C(4) 2.176 (16)
Rh(1)~C(10) 2.254 (22) Rh(2)-C(5) 2.204 (17)
Rh(1)-C(av) 2.265 (20) Rh(2)-C(av) 2.237 (16)
P(1)-C(12) 1.854 (19) P(2)-C(12) 1.838 (17)
P(1)-C(111) 1.833 (11) P(2)-C(211) 1.819 (12)
P(D)-C(121) 1.852 (11) P(2)-C(221) 1.838 (13)
Rh(1)~Cp*, 1.949 Rh(2)~-Cp*g 1.897
Au-P(3) 2273 (4)  P(3)-C(321)  1.829 (12)
P(3)-C(311) 1787 (12) P(3)-C(331)  1.820 (13)
Bond Angles
Rh(1)-C(11)-Rh(2) 89.0 ()  Au-P(3)-C(331) 111.9 (4)
Rh(1)-Au-Rh(2) 60.9 (1) Au-P(3)-C(321) 111.2 (4)
P(1)-C(12)-P(2) 115.1 (2) Au~-P(3)-C(311) 118.2 (4)
Rh(1)-Au-~-P(3) 155.8 (1) Rh(2)-Au-P(3) 139.2 (1)
Rh(1)-Rh{2)-C(11)  45.4 (5) Rh(2)-Rh(1)-C(11) 456 (5)
Rh(1)-Rh{2)-Au 59.3 (1) Rh(2)-Rh(1)-Au 59.8 (1)
P(1)-Rh(1)-Au 85.9 (1) P(2)-Rh(2)-Au 84.4 (1)
P(1)-Rh(1)-Rh(2) 94.6 (1) P(2)-Rh(2)-Rh(1) 94.5 (1)
P(1)-Rh(1)-C(1D) 86.0 (5) P(2)-Rh(2)-C(11) 87.2 (5)
Rh(1)-C(11)-0O(1) 135.2 (14) Rh(2)-C(11)-0(1) 133.3 (13)
C(12)-P(1)-C(111) 109.5 (6) C(12)-P(2)-C(211) 109.0 (6)
C(12)-P(1)-C(121) 98.6 (6) C(12)-P(2)-C(221) 1024 (7T)
Rh(1)-P(1)-C(111) 118.1 (3) Rh(2)-P(2)-C(211) 120.9 (4)
Rh(1)-P(1)-C(121) 115.0 (4) Rh(2)-P(2)-C(221) 110.7 (4)
C(12)-P(1)-Rh(1) 1109 (5) C(12)-P(2)-Rh(2) 110.8 (5)
C(111)-P(1)-C(121) 102.7 (6) C(211)-P(2)-C(221) 101.3 ()
Rh(1)-Rh(2)-Cp*s  132.7 Rh(2)-Rh(1)-Cp*,  132.1

as those in 1 and 2a. The only significant differences are
the increase in the angle subtended at the bridging carbon
atom [Rh(1)-C(11)-Rh(2) = 89.0 (7)° and 85.6 (4)° in 1],
shorter Rh-C distances [Rh(1)-C(11) = 1.966 (17) A and
Rh(2)-C(11) = 1.973 (16) A 1.978 (9) and 1.971 (9) &,
respectively, in 1], and an increase in the P(1)-C(12)-P(2)
angle [115.1 (2)° and 107.8 (4)° in 1]. It is worthwhile to
mention that the value of 115.1 (8)° for the P-C-P angle

¢ Cp* = centroids of the cyclopentadienyl rings.

is among the highest up until now reported for binuclear
rhodium complexes with a Rh~Rh bond and dppm as a
bridging ligand. In fact this angle ranges from 108 to 112°
when a Rh—Rh bond is present while it increases up to 116°
(for instance 116.8° in trans-[Rhy,Cly,(CO);(dppm),]?!) when
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the metal-metal bond is not present.

The mode of bonding of the AuPPh; group to the Rh-
Rh bond can be considered as a three-center-delocalized
bond involving the two rhodium atoms and the Au atom.
The P(3) atom lies 0.454 A out of the Rh(1)Rh(2)Au plane;
the Rh(1)-Au-P(3) and Rh(2)-Au-P(3) angles are sig-
nificantly different [155.8 (1) and 139.2 (1)°, respectively].
Since chemically there is no a priori reason to expect a
difference in these angles and a separation of the P(3) atom
from the metal skeleton plane, the observed values more
likely are a consequence of steric and packing effects. The
bond parameters within the AuPPh; ligand are similar to
those found in similar complexes. %%

The two cyclopentadienyl ligands are in the cis position
with an interplanar angle of 93.9°; the averaged values for
Rh(1)-C(CsH;) and Rh(2)-C(C;H;) are 2.265 (20) and
2.237 (16) A, respectively. These values are in agreement
with the literature reports.®® The corresponding Rh~Cp*
(Cp* = centroids of the cyclopentadienyl rings) separations
for Rh(1) and Rh(2) are repsectively 1.949 and 1.897 A.

Discussion

The main goal of the crystallographic study of complexes
2a and 3a was to evaluate the structural modifications of
1 caused by the presence of the bridging hydride and
AuPPh; groups as well as to compare complexes 2a and
3a with the analogous compounds [Rhy(n-CsH;),(u-CO)-
(u-dppm)(u-HgCly)]® and [Rhy(n-CsHjs)o(u-CO)(u-
dppm)(u-AgOPF,0)].°

The rhodium-rhodium distances are lengthened with
respect to 1 as a consequence of the interaction of the
electrophilic agent with the Rh~Rh bond. In the proton-
ation product 2a this distance is significantly shorter than
those in corresponding compounds containing AuPPh,,
AgOPF,0, or HgCl,. A concern of the cationic compounds
2a and 3a is evident in that the steric bulk of the gold-
phosphine ligand influences considerably the length of the
rhodium-rhodium bond.

Along the series of the complexes studied it is not
possible to find any correlation among the Rh—-Rh and
Rh~P bond distances and the P--P separation. The
lengthening of the Rh-P distances with respect to the
precursor 1 could be mainly a consequence of a reduced
interaction between the rhodium and phosphorus atoms.
The Rh-P distances are significantly shorter than those
in the A-frame complexes of rhodium!*21:2 because in the
latter compounds the phosphorus atoms are almost mu-
tually trans. In all the above complexes the Rh~Rh dis-
tance is significantly shorter than the P--P intraligand
separation [3.019 (6) A for 2a and 3.116 (4) A for 3a] as
usually observed for analogous systems where a metal-
metal bond is present.!”? The rhodium and phosphorus
atoms are not strictly planar; the Rh—P vectors on each
metal are almost eclipsed when viewed down the Rh—-Rh
axis, as it is shown by the values of the P(1)-Rh(1)-Rh-
{2)-P(2) torsion angles which are respectively 2.2 (2) and
1.78 (1)° for 2a and 3a; the complexes 1, [Rhy(n-C;H;) -
(u-CO)(u-dppm)(u-HgCly)), and [Rh, (7-C5Hp)o(u-CO)(u-
dppm)(u-AgOPF,0)] exhibit similar values. A slight
twisting about the metal-metal axis has been observed also

(21) Cowie, M.; Dwight, S. K. Inorg. Chem. 1980, 19, 2500 and refer-
ences therein.

(22) Lavigne, G.; Papageorgiu, F.; Bonnet, J. J. Inorg. Chem. 1984, 23,
609

(23) (a) Cowie, M. Inorg. Chem. 1979, 18, 286. (b) Cowie, M.; Dickson,
R. 8. Inorg. Chem. 1981, 20, 2682. (c) Kubiak, C. P.; Eisenberg, R. Inorg.
Chem. 980, 19, 2726. (d) Cowie, M.; Southern, T. G. Inorg. Chem. 1982,
21, 246. (e) Kubiak, C. P.; Woodcock, C.; Eisenberg, R. Inorg. Chem.
1982, 21, 2119.
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in other complexes containing the bridging dppm lig-
and.?®* Although the Rh-P-P-Rh plane is not exactly
planar, the distance of the methylene carbon atom from
this best least-squares plane (0.833 A in 1 and 0.663 and
0.610 A, respectively, in 2a and 3a) is a useful indication
of the fold about the intraligand P-P axis.

In the complexes containing the bridging dppm ligand,
the methylene group is bent toward the larger ligand or
the more sterically hindered position so as to minimize
repulsive contacts between the more bulky phenyl groups.
This occurs in complexes 1, 2a, 3a, and [Rhy(n-C5Hz)o(u-
CO)(u-dppm)(u-AgOPF,0)], folding the P(1)-C-P(2) and
Rh(1)-CO-Rh(2) fragments on the same side, and, because
of the steric bulk of the HgCl, ligand, in the complex
[Rhy(n-CsHp)y(u-CO)(u-dppm) (u-HgCly)], folding the
methylene fragment toward the open site, namely, away
from the bridging carbonyl ligand.?

In conclusion, a close structural analogy between the
bridging hydride and the bridging gold-phosphine ligands
has been found in complexes 2a and 3a. The main
structural differences may be rationalized in terms of
greater steric bulk of the gold—phosphine group compared
with that of the hydride ligand. The comparison among
the structures of complexes 2a, 3a [Rhy(n-CsH;),(u-
CO)(u-dppm)(u-AgOPF,0)], and [Rhy(n-CsHj)s(u-CO)(u-
dppm) (u-HgCly)] points out the role played by the steric
requirements of the electrophile in determining structural
differences; the HgCl, ligand, which shows the greatest
steric bulk, leads to the greatest alterations in the structure
of 1. Thus only in the HgCl, adduct does the six-mem-
bered Rh(1)-C-Rh(2)-P(2)-C-P(1) ring change its con-
formation from boat to chair.

The reactivity of 1 is, for some aspects, comparable with
that of the “A-frame”® compounds, although these are
structurally different.

Experimental Section

The compounds [Rhy(y-C;Hjg)s(u-CO)(u-dppm)] (1) and
[AuPPh,Cl] were obtained as reported.”? Other reagents were
obtained from commercial sources. Solvents used were dried by
standard procedures. All manipulations were carried out under
an atmosphere of oxygen-free nitrogen. IR spectra of solids were
obtained on Nujol mulls with a Perkin-Elmer 783 grating infrared
spectrophotometer. 'H and 3'P NMR spectra were recorded on
a Bruker spectrometer operating at 80 MHz, referenced respec-
tively to internal tetramethylsilane and external 85% H,POQ,;
positive chemical shifts are downfield for both nuclei. Conduec-
tivity measurements were made with a Radiometer CDM 3
conductivity meter.

Preparation of [Rh,(3-C;H;) (u-CO)(u-H)(u-
Ph,PCH,PPh,)|BF, (2a). A solution of tetrafluoroboric acid-
diethyl ether was added, drop by drop, to a stirred solution (15
mL) of 1 (0.075 g, 0.1 mmol) until the solution became colorless.
During this time (a few seconds) a brown powder was formed.
Stirring was continued for 5 min to ensure complete reaction, and
the precipitate was allowed to settle. The mother liquor was
removed by syringe and the solid product washed with benzene
and dried. The crude product was subsequently recrystallized
from dichloromethane-hexane (1:3) to give 2a as a brown mi-
crocrystalline solid (0.071 g, 0.085 mmol) in an 85% yield. Anal.
Caled for CssH33BF40P2Rh2: C, 51.71, H, 397; F, 9.08. Found:
C, 51.67; H, 3.94; F, 9.04.

[ha(ﬂ'C:sHs)z(ﬂ'CO)(#-H)(#'Ph2PCH2PPh2)]PFe (2b) was
prepared in a similar way and obtained as a brown powder, with

(24) (a) Olmstead, M. M.; Hope, H.; Benner, L. S.; Balch, A. L. J. Am.
Chem. Soc. 1977, 99, 5502. (b) Colton, R.; McCormick, M. J.; Pannan,
C. D. J. Chem. Soc., Chem. Commun. 1977, 823.

(25) Cotton, F. A,; Troup, J. M. J. Am. Chem. Soc. 1974, 96, 4422.

(26) Puddephatt, R. J. Chem. Soc. Rev. 1983, 99,

(27) McAuliffe, C. A.; Parish, R. V,; Randall, P. D. J. Chem. Soc.,
Dalton Trans. 1979, 1730.
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an 80% yield. It can be also obtained by adding a methanol
solution of NH,PFg to 2a in the saime solvent. The solid obtained
was subsequently recrystallized from dichloromethane—hexane.
Anal. Caled for C3gHyFsOPsRhy: C, 48.34; H, 3.71; F, 12.74.
Found: C, 48.30; H, 3.69; F, 12.70.

Preparation of [Rhy(5-C3H;)o(p-COY(u-AuPPhy)(p-
Ph,PCH,PPh,)IBF, (3a). Solid AgBF, (0.026 g, 0.134 mmol)
was added to a stirred solution of AuPPh,Cl (0.066 g, 0.134 mmol)
in benzene (20 mL). Stirring was continued for ca. 10 min to
ensure complete reaction, and the silver chloride precipitate was
filtered off. The filtrate was added to a stirred solution of 1 (0.100
g, 0.134 mmol) in benzene (15 mL). Within a few seconds a green
precipitate was formed. Stirring was continued for 5 min to ensure
complete reaction, and the mother liquor was pumped to small
volume and successively removed by syringe. The solid product
was washed with diethyl ether and dried in vacuo. It was sub-
sequently recrystallized from dichloromethane-hexane (1:3} to
give 3a as green crystals (0.165 g, 0.127 mmol) in a 95% yield.
Anal. Caled for C5H;AuBFOP;Rhy: C, 50.10; H, 3.66; F, 5.87.
Found: C, 50.14; H, 3.68; F, 5.85.

[Rhy(n-CsHp)o(4-CO) (u-AuPPhy) (u-Ph,PCH,PPh,) JPF, (3b)
was prepared in a similar way, using AgP¥,, and obtained as green
crystals, with a 90% yield. Anal. Caled for C5H s AuFzOP Rh.:
C, 47.95; H, 3.5; F, 8.42. Found: C, 47.93; H, 3.4; F, 8.40.

X-ray Data Collection and Structure Refinement for 2a
and 3a. Data for 2a and 3a were collected on a Siemens-Stoe
diffractometer using Mo Ko radiation with graphite-crystal
monochromator. Accurate unit-cell dimension and crystal ori-
entation matrices together with their esd’s were obtained from
least-squares refinement of 26, w, x, and ¥ values of 20 carefully
centered high-angle reflections. Three standard reflections were
monitored periodically during the course of the data collection
as a check of crystal stability, and those varied by less than 3%
for both compounds. Crystallographic data and other pertinent
informations are summarized in Table I. Lorentz and polarization
corrections were applied to the intensity data; an absorption
correction was applied only for the compound 3a using an em-
pirical method based on ¢ scans ( = 0-350° every 10°) for x
values near 90°. Five sets of ¢ scan curves were used with
maximum, minimum, and average relative transmission values
of 1.00, 0.80, and 0.90, respectively; the absorption correction for
2a was not applied because of the small linear absorption coef-
ficient. Both the structures were solved by interpretation of the
Patterson maps which clearly indicated the position of the in-
dependent metal atoms. The Fourier difference synthesis phased
with the heavy-atom positions allowed the location of the non-
hydrogen atoms in 2a and 3a. Full-matrix least-squares refine-
ment of the models was carried out by minimizing the function
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S w(F,] ~|F)? where |F| and |[F,] are the observed and calculated
structure factors. The weighting schemes used in the last re-
finement cycles were w = 2.376/(¢*F, + 0.000977F,2) for 2a and
w = 0.717/(a’F, + 0.007F .2 for 3a, which showed reasonable
consistency in a test of wA? for data sectioned with respect to both
F,and (sin 6)/\. Anisotropic temperature factors were introduced
for all non-hydrogen atoms except for those belonging to the
phenyl rings in 3a and the phenyl and cyclopentadienyl rings in
2a. These were refined as rigid groups and restricted to their
normal geometry by using the group refinement procedure. Each
ring carbon atom was assigned an isotropic thermal parameter.
Hydrogen atom contributions were used as fixed atoms in cal-
culated positions: d(C-H) = 0.96 A. The hydride ligand in 2a
was located and was refined isotropically. Both the models
reached convergence with R = [T |F,| ~ |F.J}/X|F,| and R,, =
[ w([F,| ~ 1Fo)?/ S wlF?]1'/2 having the values listed in Table 1.
The anomalous dispersion terms?® for the Rh, Au, and P atoms
were taken into account in the refinement. Atomic scattering
factors for all non-hydrogen atoms were taken from ref 29 and
for hydrogen atoms from ref 30. Reversing the sign of the
imaginary anomalous-scattering component for 3a, which has the
non-centrosymmetric space P2,2,2;, increased R from 0.037 to
0.076. The difference is highly significant, and therefore the model
has the correct absolute configuration.

All the calculations were performed with SHELX 76°%! set of
programs on the IBM 4341 compouter at the “Centro di Calcolo
dell Universita di Messina”.
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