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The number of compounds which contain clusters of cobalt or rhodium atoms
has increased rapidly in recent years. Thus there has been reported a number in which
three cobalt atoms are arranged at the corners of an almost equilateral triangle® ~*
whilst in the pure carbonyl, Co,(CO},,, the metal atoms occur at the corners of a
tetrahedron®-®, Fewer rhodium compounds have been reported but in Rh(CO), ¢ an
octahedral distribution of rhodium atoms occurs’. The structure of one rhodium
compound has been reported in which the metal atoms are also arranged at the corners
of an almost equilateral triangle®-°.

Wenow report the detailed analysis' ® of a second triangular cluster compound,
(CsH,),Rh3H, which is formed in small yield as a by-product during the reaction of
RhCl, with C;HsMgBr in benzene-diethylether solution!!. It is a brownish-black,
diamagnetic compound, soluble in organic media and of surprisingly great air-
stability and can be heated to 200° without decomposition.

EXPERIMENTAL

Crystal data

Tetracyclopentadienylhydridotrirhodium, C,4H,;Rhy, mol.wt. 570.1, ortho-
thombic, a=12.82+0.05, b=14.96 +0.05, c =8.86 + 0.04 A, U = 1699 A, d(mcasured)
=23 g-em™?, d(calculated)=223 g-cm > (based on four molecules per cell),
systematicabsencesOklwhen k + [ odd, hkO when hodd, spacegroup Pnma (D}, No.62)
or Pn2,a (C3,, No. 33), y=279 cm ™' for Mo-K, radiation.

A sample of the material was kindly supplied by Professor E. O. Fischer.
Recrystallisation from a mixture of benzene and petrol ether at 5° yielded rather small
crystals suitable for analysis. The density was determined by flotation in agueous
potassium iodide ; the rather high viscosity of the solution probably accounts for the
discrepancy between measured and calculation values.

"~ Unit cell dimensions and intensity data were measured photographically with
a precession camera and with Mo-K, radiation (1=0.7107 A). For the intensity data
a crystal of dimensions 0.5 x 0.15 x 0.05 mm was used with the needle axis, a*, aligned
along the spindle. Eleven levels were recorded : hkn (n=0, 1, 2), hnl (n=0, 1, 2, 3)and
hl+n1(n=0,1,23).

* For part I1X sec rel. 18.
*+ (urrent address: Farbwerke Hoechst, vorm. Meister Lucius & Briring, Frankfurt{M)-Hocchst,

{Germany).
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Altogether some 1042 non-zero intensities were estimated together with a
further 77 too weak to be estimated. After Lorentz and polarisation corrections had
been applied, the inter-level scale factors were determined by the method of Hamilton,
Rollett and Sparks’2. Of all of these reflexions 829 were unique, 56 of which had zero
intensity. A correction for absorption was not applied.

Solution of the structure and refinement

The systematic absences do not determine the spacegroup unambiguously. For
the lower spacegroup, with Z =4, the asymmetric unit is the molecule which would
therefore be in a general position. For the holosymmetric spacegroup, however, the
molecule must occupy a special position, more probably the mirror plane, though a
linear molecule arranged about a centre of symmetry is possible if the hydrogen
contribution is ignored. The three-dimensional Patterson synthesis could be inter-
preted in terms of the spacegroup Pnma and the structure was solved and subsequently
refined with the symmetry of this spacegroup. The absence of large peaks at (0, 4, 0),
(3. 0. 4}, and (4, 4, 4) excluded the linear structure so that one rhodium atom must lie
at a special position on the mirror plane and the other two in general positions related
by the mirror plane. One set of peaks could be interpreted by an atom in the general
position (~0, ~%, ~£) whilst the atom in the special position gave the coordinates
(455, 4. 495 0r §33) consistent with the observed peakson Harker lines and sections.
The fortuitously special value of the x coordinate of the general position for the first
rhodium atom made the decision between these four possibilities difficult. Accordingly
we calculated the R-factors { = Z|| Fo|~| F.||/Z| Fo|) for some 39 strong reflexions for each
of the four cases i.e. with rhodium atom contributions only. The lowest value, 17.5%;,
was given by the position (4%, 4, %): the values in the other three cases varied
between 22.4 and 28.67,. The Fourier synthesis of electron density, calculated with
phuses based upon the rhodium atom positions which gave this lowest value above,
showed peaks which could beinterpreted as the twenty carbon atoms of the compound.

The structure was then improved by six cycles of conventional full-matrix
least-squares refinement with individual isotropic temperature factors and individual
level scule factors after which the R-factor was 11.19;,

At this stage twenty hydrogen atoms were introduced into the model so that
the carbon-hydrogen distance was 1.09 A and the vector bisected the ring angle at the
carbon utom. After another three cycles of least-squares refinement with anisotropic
refinement of the rhodium atoms and isotropic treatment for the carbon atoms the
R-fuctor was 7.0%, for the 1042 non-zero reflexions and 8.0 % for the 1119 reflexions
including zero-intensity reflexions.

Finally all the reflexions were put on 2 common scale which then contained
only the unique reflexions, This final set of reflexions contained 829 unique terms of
which 56 were of zero intensity. It was observed that the bond-lengths in the ring
parallel to the rhodium iriangle appeared to be less uniform than in the other three
rings, although because of the mirror symmetry in this ring only three lengths are
determined. We exumined the possibility of a disordered ring system but the difference
cleztron density observed in the plane of the ring showed no regions of pronounced
density in the regions between the atoms. We also attempted to test for false minima
in the region of the solution by inserting a symmetrical ring in place of the one found.
Refinement of this structure produced the same model as previously. An cxamination
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of the electron density in the plane of the rhodium atoms did not lead to an unambig-
uous location of the twentyfirst hydrogen atom, Refinement was then terminated with
a further three cycles of full-matrix least-squares using the unique data. The maximum
shift in any parameter was no greater than one tenth of the corresponding standard
deviation and the final R-factors were 6.8%;, and 7.9%,. Ir the final refinement* the
following weighting scheme was used:

w=003 if F,<2 electron
w=100/1 +00001 F{+0.1 F,) if 2< F, < 128 electron
w=0.30/(1 +0.0001 Fi+0.1 F,) if F,> 128 clectron.

TABLE |

ATOMIC PARAMETERS

Arom Xid b ok B (zlll
Rhl n, l)l(ﬂ(l) 0.8407(1) 0.1774(2)

Rh2 -DD7ES(1) 0.7504} —-0.0537(2)

Cit 0.0150(iN 0.9845(019) ©2.217002R8) 52159
ci2 ~{.081(19) 09555019 239131 6.0{0)
Ci3 ~00870(17} O.BYI(LT) 0.3616(26) 4.5(5)
13 0.0146(1Y) (.REET(20) N4117(30) 5.6)0)
Cls 0.0800(17) O418(17) 0.3317(24) 4.6(4}
Cl 0.0750({16) 0.7963(14) ~ Q128532 19149
C? 0.0310(17)  GRHR(10) DOIB(2S)  d6(5)
3 0.1597(22 0.7500 D92 (34) A1)
C2 SONTHII8] OTSTRIG) SOM60028)  39(3)
c2 —02245(15)  ORIGAI6)  ~0.1100(23)  31(4)
cn —0.2495(21) 13,7500 0030133 3740)
H11 0.0401 003 0.1362 540
12 01574 1.9704 0727 50
H12 — (L1497 OR510 NADYE 0
HI4 0.0401 0.R4R4 0.5050 5.0
His 0.1627 0.9511 0.3641 S.¥
Hi 0.0398 O.R41H -0.2102 S0
H2 0, 1492 0.H9HK {.0450 S0
H3 0.1965 0.7500 02018 50
H2l -0.1415 0.8400) —4{,3335 50
HX2 -0.2386 08901 —(.0702 sS4

H23 -0.28064 0.7300 0.0776 S0

Th; qudmﬂlL\ n purcnthucs are the ql.mdard deviations estimiated from the inverted leassguares
matrix of the final cycle of refinement and are in uniis of the last pluce of deamals given.
The anisotropic temperatore coeflicients for the rhodium atams wre:

Rhl: by, = UGOOdBAK) by O00375(8)  byy=  O00829(17)
by = ~BO034{E) by = —OOO0IR(H] by, = - 000017(1))

Rh2: b,y = OO00IIB(I0) iy s O00445(13) by 000716(23)
by OOOUO  byy= —O000I5(15) by = OG0

The expression for the temperature factor used was

enp-{by i 4 Bygk® A By g7 o0 iy ghk 4 2ing hEa 2y kY

* Atomic senttering factors were taken from ref. {4a {for carbon), rel. 14b (for hydrogen) andd ref. L (for
rbodium, with dispersion correction given it ref. 14b).
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TABLE 2 =
MOLECULAR GEOMETRY

Interatomic distunces and estimated standard deviations (A)

Rhi1-Rh¥’ 2.715(3) C1i1-Cl12 1.42(4)
Rh1-Rh2 2.730(2) Ci1-C15 1.46(3)
Rh1-C11 2.18(3) C12-Ci13 1.43(3)
Rh1-Ci2 2.25(3) C13-Cl4 1.38(3)
Rhi-Ci3 2.24(2) Ci4-C15 1.35(3)
Rhi-CI14 2.20(3) C21-C2r 1.43(5)
RhI-C}5 2,20(2) C21-C22 1.43(3)
Rh(-C1 2.89(2) C22-C23 1.38(3)
Rul-C2 209(2) ci-Ccrv 1.39(4)
Rh1-C3 241(2) C1-C2 1.51(3)
Rh2-C21 2.23(2) C2-C3 1.43(3)
Rh2-C22 2.27(2)

Rh2-C23 2.23(3)

RRr2-CI 2.17(2)

RE2-C2 296(2)

Rh2-C3 3.29(3)

Intramolecutar ungles and estimated standard deviations ()
Rh!1'-Rh1-Rh2 60.2(1) C21-C21-C22 107.3(21)
Rhi1-Rh2-RA1" 59.7(1) C21-C22-C23 106.7(21)
C15-C11-C12 107.8(22) Cc22-C23-C2» 111.7{21)
CI1-C12-C13 106.7(22) cr-C1-C2 108.8(20)
C12-C13-Cid 107.0(22) C1-C2-C3 105.6(20)
C13-Ci4-C15 1129(24) C2-C3-Cx 141.3{20)

Cl4-C15-C!t1 105.5(20)

Best least-syuares planes through atomic positions
In the following equations X, Y. Z refer to orthagonal coordinates obtained by the transformation :

X} [a 0 0 ~xa
Yi]=lo b 0]]rh
7 0 0 cf]l:zr¢

(1} Plane dehned by Rhl, Rhl, Rh2:

- 08646 X + 050252 ~0.6087 =0

{il} Plane defined by C11, C12, C13, C14, Ci5:
0.1712X -0.7544Y~0.6338Z + 12.3107 =0
Distunces of atoms from the plane (A):
c11 0012 C14~0.001
CI12-0.013 C15-0.007
C13 0.008 Rhi 1.860

(it} Plape defined by C1, C2,C3, C1'. C2":
N4714X ~04905Z - 14014 =0
Distances of atoms from the plane (A):
Ci1-0008 C2 0014 Ci-0018

{iv) Plane defined by C21, C22, C23, C21', C22":
~(HRYSK ~0.4570Z ~2.9903 = ()
Distances of atoms from the plane (A):
C21 ~0.007 c22 0019 C23-0.025 Rh2 1901
Plane {i1) forms an angle of 62.6°, planc (ill} an sngle of 179.2° and plane (iv) an angle of 57.4"

with plane {{).

Atoms which are related by the planc of symmetry to thosc listed in Table | are marked with a prime.

2. Organometal. Chem., 11 (1968) 587594
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These coefficients were chosen so that the weighting analysis showed a uniform
distribution of weighted differences when sampled in increasing values of sin 0/ or F,.

The final atomic coordinates and estimated standard deviations as obtained
from the final cycle of the least-squares analysis are listed in Table 1 and details of
molecular geometry in Table 2. A drawing of the molecule, projected onto the plane
of the rhodium atoms, together with the numbering scheme used is shown in Fig, 1.

' Cn

Ciy

Fig. 1. Projection of the molecule onto the rhodium plane showing numbering scheme.

DISCUSSION

The structure consists of discrete molecules in which one n-cyclopentadicnyl
group is attached to each rhodium atom. The rhodium atoms forms a triangle and
although the crystallographic symmetry requires that the triangle be only strictly
isosceles, the experimentally determined values of the bond lengths. 2.71 s and 2.73, A.
with estimated standard deviations 0f0.003 A (a value which excludes the contribution
from the uncertainty in the unit ceil determination) are in accord with an equilateral-
triangular arrangement.

The =n-cyclopentadienyl groups are accurately coplanar with maximum
deviation of any atom from the “best” least-squares planes of 0.02 A. These groups are
symmetrically displaced to one side of the rhodium triangle so that the angles made
between the normals to the least-square planes and that of the rhodium triangle are
62.6° (for that attached to Rhl) and 57.4° for that attached to Rh2. This part of the
molecule very strongly resembles the structure of (CsH,);Rh3(CO); (ref. 9) where the
corresponding anglesare 57.7° and 59.8°. The Rh-ring plane distances are correspond-
ingly 1.86 and 1.90 A and these can be compared with 1.91 and 1.90 A in {C,H),Ri,-
(CO), and 1.90 and 1.91 A in (CsH,),Rh,(CO); (ref. 13). The corresponding sets of
average Rh~C distances are 2.21,2.24, 2.24,2.24,2.25 and 2.27 A. There is however one
major difference between the present compound and that of the tricarbonyl compiex,
namely the Rh=Rh distance is almost 0.1 A larger in the present analysis.

J. Organometal. Chem. 11 (1908) 587 594
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TABLE 3

CLOSEST INTERMOLECULAR APPROACHES (A)

Rhi- - -HII{V) 3.38 C3 - -H23(11) o
Rhi- - -H23(il) 3.59 C23- - ‘H14{1l) 3.08
Rh2---HI1(il1) 3.37 C23-- -H3(II) 299
Cl---C21(VIII) 340 HI---HII{V) 2.63
Ct1--C22(vliD) 3.49 HIl---HI1(V) 228
€2 - -c2yvil 146 H1Z2 - -HI5(V) 2.34
C1---HIYW) 2.97 H1s -H22(VIII) 237
C2---Hi13(vill) 292 H3---H23(1) 1.97

C3 - -HI3({0) 287

The Roman numerals contained in parentheses indicate that the contact is made to an atom related.
hy onc of the operations listed below, 1o the one whose coordinates (x, y, =) are tabulated in Tabile 1.

I X, ¥ : Vv -X. =y -=z
It b+x, 4=y d—2 VI dex, 44y 44
o —x. b4y == Vil X4 z
v J—x. =y d+:2 VI {+x, roker

The fourth C, ring is uniquely bonded to the metal atoms since it lies parallel.
the angle between the least-squares plane of the ring and the metal atom plane is 0.8°,
with the rhodium triangle and 2.00 A from it. This ring also has m symmetry and is
stuggered with respect to the rhodium triangle. As referred to in the experimental
section there was no evidence in the analysis for a disordered arrangement of the C;
ring. Because of the m symmetry only three C-C distances are determined. The values
are 1.39, 1.51 and 1.43 A and it is necessary to enquire if these values are significantly
diflerent. At the same time we also ask if the variations found in the other rings are
significant and whether there is any evidence for the fourth ring being different from
the others. Firstly we note that the average C-C distances for the three separately
determined rings, i.e. those attached to Rh1, Rh2 and the fourth ring, are 1.404, 141,
and 1.45 A respectively, The maximum deviations [rom these average values observed
in any ring is 0.05. 0.03 and 0.06 A respectively and these are 2 g, 1 ¢ and 2 ¢ respec-
tively. The observed variationsall lie within two standard deviationsand any individual
variation is therefore not significant. The standard errors of the mean values for the
three rings are 0.01,, 0.015 and 0.01, A respectively and so the observed values of
1.45 und 1.41 A for the mean distunces may just be significant. It might be imagined
that the bonding of a five-fold symmetric ring onto a three-fold symmetric sysiem
would produce distortion in both systems. We have seen that the values for all the
rings lic within the rather large estimated standard deviations associated with the
determination of carbon atom positions in a structure containing three rhodium
ntoms ; we also note that the rhodium triangle, for which the positions of the metal
wtoms are much more precisely determined, shows no significant distortion from
Yfold symmetry.

The present complex and the tricarbonyl complex arc formally isociectronic
since in plice of the three CO groups we have one C H,, ring and one additional
hydrogen atom. Although the position of this twentyfirst hydreeen atom was not
deterntined from the X-ray analysis, the mass spectrum © clearly estublishes the overall
formula, Further the NMR spectrum shows an absorption at high field (7 = 22.47) split
into a quartet. These observutions are consistent with the hydrogen atom being bound
to ali three rhodium atoms, at least in a time-averaged sense. A possible position is that

I Orgunametal, Chem,, 1 {(1968) 587 -594
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where the three-fold axis cuts the metal triangle. The Rh-triangle centre distance is
1.57 A. La Placa and Ibers have reported ' ® a Rh—H distance initially as 1.72 A which
they subsequently ' revised to 1.60 A, both +0.12 A, The Rh—centre distance is thus
in harmony with this revised figure and in keeping with the Re—H distance of 1.68 A
determined by neutron diffraction methods!”.
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SUMMARY

The structure of tetracyclopentadienylhydridotrirhodium has been determined
by X-ray analysis of the solid. The black crystals belong to the orthorhombic system
with spacegroup Pama and a = 12.82. b = 1496 and ¢ =8.86¢ A. The rhodium atoms are
arranged in an almost equilateral triangle with mean edge 2.72 A, Three n-cyvclopenta-
dienyl groups. one attached to cach rhodium atom, are displaced to one side of the
rhodium triangle and the fourth cyclopentadienyl group lics parallel to the triangle on
the opposite side to the other three. The mean rhodium--carbon distance of the theee
rings is 2.23 A. The shortest rhodium--carbon distance to the fourth ring 15 209 A
NMR measurements are consistent with the hydridic proton betng situated near the
centre of the rhodium triangle.
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