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Summary

The first heptanuclear mixed carbonyl cluster, the anion {NiRh,(CO),,}*",
has been prepared by redox condensation of [Rh,(CO),s]*~ with {Ni,(CO),.}*"
or Ni(CO).. The structure of the metallic framework is based on a distorted
octahedron of Rh atoms capped on one face by a nickel atom and is closely
related to that previously observed in the isoelectronic [Rh,(CO),,]*>” anion.
Evidence is also reported for the existence of [NiRh (CO),;]” and [NiRh,-
(CO).217".

Results and discussion

(a) Synthesis of [NiRhe(CO) 6] *~

After characterizing some mixed Pt—Rh clusters [1], we have extended our
investigation to mixed Ni—Rh carbonyl systems. Because of the general instabil-
ity of nickel clusters toward decomposition by carbon monoxide, leading to
formation of Ni(CO), [2], the approach had to be limited to synthetic routes
employing a nitrogen atmosphere and preformed carbonyi species of nickei
and rhodium.

Reaction of [Rh,(CO),s]*>" salts ([N(n-Bu);]* or [PPN]") [3] with [Ni,-
(CO),.¥ salts ([NMe.]" or [NEt;]") [4] in THF under nitrogen gives an almost
pure solution of the [NiRh,(CO),,]%” dianion, because the [Rh,(CO),.]1>~
[3—5] anion, which is formed as a by-product, separates as an insoluble precipi-
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tate. The most probable stoichiometry is:

19[Rh,(CO);5]>™ + 2[Ni(CO),. 1~ 3 12[NiRh,(CO),.]*"
+ G[Rh7(CO)16]3_ + 21 CO (1)

This reaction is remarkable because it proceeds in the presence of an excess
of either of the reagents, the excess remaining unchanged. Treatment of the
solution with isopropanol and an excess of [N(n-Bu),]Cl or [PPN]CI, followed
by subsequent recrystallization gives well formed black crystals in the shape of
hexagonal prisms. The crystalline product is stable for some time in the air, but
is oxidized in solution within a few seconds. In solution the product is also un-
stable towards carbon monoxide since it is-quickly decomposed in a process
representing the back reaction of the following equilibrium:

[Rh,(CO) 517" + Ni(CO)J% [NiRh,(CO),,]*” +3 CO (2)

This equilibrium also provides the most convenient way of producing the mixed
anion: e.g. the reaction between [Rh,(CO),;}*” and excess Ni(CO), under nitro-
gen. It is worth noting that the analogous equilibrium [3]:

=0

25°C
o

——%[Rh,(CO),.]*" + 3 CO (3)
C CO

-

—i

[Rh.(CO),s1* + [Rh(CO).1"

lies to the left only at low temperature.

Probably, in the decomposition of the Ni—Rh mixed metal species, it is the
large energy of the Ni—C bonds which provides the driving force to make the
reaction possible at room temperature.

The infrared absorptions of the [NiRh {CO),,]*” anion in the carbonyl
stretching region are slightly different for the NBu} and PPN salts, probably
because of the presence of ion pairs; v(CO)(THF soln, #5 cm™!'): NBu,: 2030vw,
1985s(br), 1850m (br), 1800ms, 1785ms, 1770ms; PPN: 2030vw, 1980s (br),
1845m (br), 1800ms (sharp), 1770ms (br). The shape of the IR bands (Fig. 1) is
quite similar to that observed in the isostructural [Rh,(CO),,]3” anion, but with
a shift to higher frequencies of about 30 cm™' due to the smaller negative charge
and consequent reduced back-donation. The green-yellow color is also reminis-
cent of that of [Rh,(CO),;,13".

(b) Evidence for other mixed metal species

Other mixed Ni—Rh carbonyl anions have been observed but not yet analyti-
cally and structurally characterized. For instance, a species formulated as
[NiRh;(CO),;]  is the main product of a reaction with the proposed stoichiome-

try [4]:

:[Ni5(C0)1217" + §Rh4(CO),; =25 [NiRh;(CO),51 + INi(CO), 4)
The IR spectrum of the isolated brown powder in THF (¢v(CO) = 2025s, 2010m,
1780ms cm™') is quite similar to that of the known [PtRhs(CO),s1” [1].
Attempts to obtain an analytically pure crystalline product by slow diffusion
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Fig. 1. IR spectrum of [N(n-Bu);],INiRh(CO),,] in THF solution.

techniques failed, leading after a week both to unknown decomposition pro-
ducts and some Ni(CO),.

Treatment of a THF solution of the brown anion with CO, however, imme-
diately resulted in decomposition according to the simple scheme:

[NiRhs(CO),5]™ + 4 CO 2% Ni(CO), + [Rh(CO)ys1” (5)
This facile formation of the recently characterized [ Rh;(CO),;]” anion [6]
supports our formulation of the mixed metal precursor as [NiRh;(CO),;]".
Reaction of excess Ni(CO). with [Rh,(CO),,}*” [7] takes a different course
and the THF solution now becomes yellow-orange. The IR spectrum shows a
rather complicated pattern due to several bands. Upon evacuation, however, the
color changes to red-brown and the IR spectrum becomes simpler (»(CO) =
1980s, 1945ms, 1810m cm™!). The shapes and positions of these latter bands
are quite reminiscent of those found in [PtRh (CO),.]*” [8]. Treatment of the
product (isolated as the [PPN]" salt in a microcrystalline state) with CO in THF
solution gave immediate decomposition leading to the starting materials
Ni(CO), and [Rh,(CO),,}*" (IR evidence).
Upon further standing [Rh(CO),]” and [Rh,(CO),s]>” appeared, in accord with
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the known CO induced disproportionation of the [Rh;(CO),,]1"” dianion [7].

In the light of the results above, we suggest that the first step in the condensa
tion must lead to an unstable intermediate: possibly a [NiRh,(CO),.,]*” species
(some bands in the initial IR spectrum agree fairly well with those the known
[PtRh,;(CO);4]1%7) [8]- On evacuation CO would be released to give the more
stable species [NiRh,(CO),.]*". This overall process can be written in terms of
consecutive equilibria:

Ni(CO), + [Rh.(CO),,]* N:; [NiRh.(CO),.J*” = [NiRh,(CO),]*~ (6)
C CcO

Further work is in progress in order to isolate these two mixed anions in a
crystalline form suitable for X-ray structural determination.

(c) Description of the structure in [NiRh¢(CO), (112,—CO)s (u3—CO )53

The metal cluster framework of the anion is a distorted octahedron of Rh
atoms capped on a face by a Ni atom; a geometry similar to that found in the

TS Rh1

[0} k}

Fig. 2. A perspective view of the [NiRhg(CO) ;4] ol dianion.
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isoelectronic and isostructural compound [Rh,(CO},,]’” [5]. A perspective view
of the molecule is shown in Fig. 2.

The average bond distance between the two staggered triangular layers defined
by atoms Rh(1), Rh(2), Rh(4) and Rh(3), Rh(5), Rh(6) (2.782(5) + 0.019 A) *
is significantly longer than the other intertriangular distances (2.761(5) = 0.003
and 2.716(5) = 0.010 A, respectively) giving rise to a trigonal antiprismatic dis-
tortion of the idealized metallic octahedron.

A further distortion is introduced in the trigonal antiprism by the non-equiva-
lence of the interlayer Rh—Rh distances (values in the range 2.754(5)—
2.798(5) A) in such a way that the top and the bottom faces are no longer paral-
lel.

Finally the capping Ni atom is at non-equivalent bonding distances from the
Rh atoms: more precisely, two shorter bonds of average value 2.643(5) A and a
longer one of 2.798(5) A : these two values may be compared with 2.73(1) and
2.81(1) A found in the analogous deformation of the [Rh,(CO),.]1°” [5].

The trigonal antiprismatic distortion of the Rh atom octahedron can be
easily accounted for by the presence of the Ni atom capping the top triangular
face and of the three bridging carbonyls in the bottom face.

The carbonyl arrangement is also similar to that found in [Rh;(CO),,]’ : one
terminal CO is bound to each metal atom, three CO are edge-bridging the Ni—
Rh bonds while three span the bonds of the bottom triangular face (Rh(3),
Rh(5), Rh(6)); finally three more CO molecules are alternately triply bridging
on three of the six remaining faces of the antiprism, i.e., (Rh(1)—Rh(2)—Rh(3)),
(Rh(1)—Rh(4)—Rh(6)) and (Rh(2)—Rh(4)—Rh(5)). The average metal to car-
bon bond lengths for the terminal, double and triply bridging CO are 1.76(5) =
0.1,1.95(5) £ 0.06, 2.19(5) + 0.08 A, respectively.

The final Fourier difference maps show a clear indication of a disordered situ-
ation for the O(12) and O(16) atoms between two different orientations, which
results in apparently unusual M—C—O bond angles (145.0(8)° and 146.2(8)°,
respectively).

It is noteworthy that the metal—carbon bonds of the carbonyls edge-bridging
between Ni and Rh should be different in view of the smaller metallic radius of
the Ni atom (0.1 A less than Rh); however, we found for this compound values
equal within one e.s.d. (av. Ni—C 1.98 + 0.06 and Rh—C 1.94 + 0.05 A), which
can be taken as an indication of asymmetric bridging. Moreover there is a signif-
icant deviation from a symmetric situation for the triply bridging CO ligands
(av. Rh—C 2.14 and 2.28 &, respectively), the longer distance being associated
with the Rh atoms of the bottom plane; both these effects may reflect an elec-
tron transfer from the Ni to Rh atoms, as expected from the difference in elec-
tronegativity between these two atomic species.

The two crystallographically independent tetrabutylammonium cations show
the expected geometry with average bond lengths of 1.45(7) A for C—N and
1.53(9) A for C—C.

* + values refer to the spread of the values, while e.s.d.’s are given inr parentheses.
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Experimental

All the synthetic work was carried out under N, unless otherwise stated, using
solvents distilled and stored under N,. All the starting carbonyl compounds
except Ni(CO),, were prepared accordingly to literature methods. IR spectra
were recorded on a Perkin-Elmer 457 spectrophotometer and the reported analy-
ses were performed on the metals by atomic absorption and, on the cation, by
gravimetric determination as the [B(C.H;).]™ salt, after mineralization with Cl,

and cone. HCL.
[NiRh¢(CO),6] *~ as [N(n-Bu),;] " and [PPN] " salts

(a) From [Rh¢(CO),s] >~ and Ni(CO});. 150 mg of [N(n-Bu),], [Rh,(CO),;]
(0.1 mmol) in 10 ml THF, are treated with 1.0 m! of Ni(CO), 0.2—0.3 M in THF.
After 3 hours stirring, if any precipitate is present the solution is filtered and
then evacuated to dryness to remove the excess of Ni(CO),. The residue is
treated again with THF (about 5 m}) and by slow diffusion of i-PrOH (20 ml) to
give black crystals (yield up to 90%).

To obtain the [PPN] salt the reaction is carried out up to the filtration step
described above and then [PPN]CI in i-PrOH (0.6 g/10 ml) is added: a further
20 ml of i-PrOIl leads to alinost quantitative recover of the product. The product
is filtered off, washed with i-PrOH (10 ml in two portions) and vacuum dried.
The recrystallization from THF/1-PrOH by slow diffusion gives black crystals
(vield 190 mg). Analysis, found: Rh, 30.07; Ni, 2.98; PPN, 44.92.

CssH, oN.NiO, P .Rh, calcd.: Rh, 28.05; Ni, 2.66; PPN, 48.93%.

(5) From [Rhe(CO),5] *~ and [Nis(CO),,] *". In a typical preparation 100—
150 mg of [Rh,(CO),5]1°7, as the [PPN1” or [N(n-Bu).]" sait, (0.05—0.1 mmol)
are reacted in THF (10 m!) with excess [Nig(CO);,]1?" as the [NMe,]” or [NEt,}"
salt (20—30 mg; 0.02—0.04 mmol); after 3 hours the greenish solution obtained
upon stirring is filtered from the [Rh-(CO),s1°~ precipitated, and excess [ N-
(n-Bu);1Br or [PPN]Cl in i-PrOH is added; some water can help in recovering the
product which is filtered off and washed with water and then i-PrOH. The green-
ish-brown powder is vacuum dried. The product is treated with some THF
(about 5 ml) and some insoluble material is filtered off. By slow diffusion of
1-PrOH (20 ml) a crystalline product is obtained (yield 0.8—0.5 mol per mol of
starting [Rh,(CO),51*7).

Crystailographic data collection of [N(n-Bu),], [NiRho(CO)}16]
NiRh,C,50,,N:H;,: mol. wt. = 1608.67, orthorhombic, D, = 1.728 g cm™>.
From systematic absences the space group was uniquely determined as Pbca
(No. 61) with Z = 8. The black crystals are unstable in the air. Data were
collected on a prismatic crystal (of approximate dimensions 0.3 X 0.4 X 0.5 mm)
sealed in a Lyndemann capillary under N,. The cell constants a = 36.502(12),
b =18.181(6), c = 18.626(6) A, were obtained from a least square fit of the 26
values of 25 diffractometer centered reflections. Data were collected usinga
Philips four circle automated diffractometer up to sin 8/\ = 0.5271 A™! (Mo-K,
radiation, graphite monochromated, A = 0.71069) using an /26 scan technique.
The scan speed used was 0.04° s™' with a scan width of 1.20°; two background



TABLE 2
BOND LENGTHS (A)

(e.s.d.’s on the last significant digit are given in parentheses)

Ni—Rh(1) 2.643(7) Rh(1)—C(1) 2.18(5)
Ni—Rh(2) 2.648(7) Rh(1)—C(3) 2.15(5)
Ni—Rh(4) 2.638(7) Rh(2)—C(1) 2.12(5)
Rh(1)—~Rh(2) 2.765(5) Rh(2)—C(2) 2.12(5)
Rh(1)—Rh(3) 2.785(5) Rh¢3)—C(1) 2.31(5)
Rh(1)—~Rh(4) 2.760(5) Rh(4)—C(3) 2.15(5)
Rh(1)—Rh(6) 2.798(5) Rh(4)—C(2) 2.11(5)
Rh(2)—Rh(3) 2.794(5) Rh(5)—C(2) 2.20(5)
Rh(2)—Rh(4) 2.759(5) Rh(6)—C(3) 2.33(5)
Rh(2)—Rh(5) 2.796(5)
RRh(3)—Rh(5) 2.727(5)
Rh(3)~Rh(6) 2.714(3) c@)—o() 1.16(7)
Rh(4)—Rh(5) 2.754(5) C(2)—0@) 1.19(7)
Rh(4)—Rh(6) 2.762(5) C(3)—0(3) 1.12(7)
Rh(5)—Rh(6) 2.707(5) C@)—04) 1.11(7)
C(3)—0(5) 1.15(7)
Ni—C(5) 1.62(6) C(6)—0(8) 1.27(8)
Rh(1)—C(10) 1.87(5) C7)—0(T) 1.14(8)
Rh(2)—C(8) 1.77(5) C(8)—0(8) 1.19(7)
RRh(3)—C(12) 1.91(5) C(9)>-0(9) 1.19(7)
Rh(4)—C(7) 1.85(5) C(10)—~0(10) 1.15(7)
RAh(5)—C(16) 1.60(5) C(11)—0(11) 1.24(7)
Rh(6)—C(11) 1.71(5) C(12)—~0(12) 1.16(7)
C(13)—0(13) 1.17(7)
C(14)—0@14) 1.16(7)
Ni—C(4) 1.96(7) Cc(15)—0(15) 1.16(7)
Ni—C(14) 1.96(6) C(16)—0(16) 1.22(7)
Ni—C(15) 2.04(7)
Rh(1)—C(4) 1.94(5) {c—c)° 1.53(9)
Rh(2)—C(i5) 1.91(5) {c—)e 1.45(8)
Rh(3)—C(9) 1.98(5)
Rh(3)—C(13) 1.94(5)
Rh(4)—C(14) 1.95(5)
Rh(5)—C(13) 1.97(5)
Rh(6)—C(6) 1.88(5)
Rh(6)—C(9) 2.02(5)
Rh(5)—C(6) 1.84(5)

@ Average values for the TBA ' cation.

counts (10 s each) at both sides of the peak were averaged. Three standard reflec-
tions were measured every 90 minutes to check the experimental conditions and
the decay of the crystal; no significant variations were detected.

The data were corrected for Lorentz and polarization factors and for absorp-
tion y = 27.25 (cm™') using an azimuthal scan of three general reflections.

8312 independent reflections were collected, of which 3232 were considered
as observed having net intensities I > 3o(1).

The structure was solved by Patterson and Fourier methods and refined by
block diagonal least square using anisotropic temperature factors for Rh and Ni
atoms and isotropic for the other nonhydrogen atoms.

The final agreement factor R = Z(|Fo| — K| F.|)/Z|F4| was 0.069 for the ob-
served reflections.

The scattering factors from r=f. 9 were used, including corrections for the
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TABLE 3

RELEVANT BOND ANGLES ()
(e.s.d.’s on the last significant digit are given in parentheses)

Ni—Rh(1)—Rh(2)
Ni—Rh(2)—-Rh(@1)
Ni—Rh(2)—Rh(4)
Ni—Rh(4)—Rh(1)
Ni—Rh(4)—Rh(2)
Ni—Rh(1)—Rh(4)
Rh(1)—Rh(3)—Rh(6)
Rh(1)—Rh(6)—RR(3)
Rh(1)—Rh(2)—Rh(3)
Rh(1)—Rh(3)—Rh(2)
Rh(1)—Rh(2)—Rh(4)
Rh(1)—Rh(4)—Rh(2)
Rh(1)—Rh(4)—Rh(6)
Rh(1)—Rh(6)—Rh(4)
Rh(1)—Ni—Rh(2)

Rh(1)>—Ni—Rh(4)

Rh(2)—Rh(1)—Rh(3)
Rh(2)—Rh(1)—Rh(4)
Rh(2)—Rh(3)—Rh(5)
Rh(2)—Rh(5)—Rh(3)
Rh(2)—Rh(4)—Rh(5)
Rh(2)—Rh(5)—Rh(4)

Rh(2)—Ni—Rh(4)

Rh(3)—Rh(1)—Rh(6)
Rh(3)—Rh(5)—Rh(6)
Rh(3)—Rh(6)—Rh(5)
Rh(3)—Rh(2)—Rh(5)

Rh(4)—Rh(1)—Rh(6)
Rh(4)—Rh(2)—Rh(5)
Rh(4)—Rh(6)—Rh(5)
Rh(4)—Rh(5)—Rh(6)
Rh(5)—Rh(3)—Rh(6)

Rh(1)—C(1)—Rh(2)
Rh(2)—C(1)—Rh(3)
Rh(3)—C(@1)—Rh(2)

Rh(1)—C(3)—Rh(4)
Rh(1)—C(3)—Rh(6)
Rh(4)—C(3)—Rh(6)

Rh(2)—C(2)—Rh(4)
Rh(2)—C{2)—Rh(5)
Rh(4)—C(2)—Rh(5)

Rh(1)—C(1)—0(1)
Rh(2)—C@1)—0(@1)
Rh(3)—C(1)—0(1)

Rh(1)—C(3)—0(3)
Rh(4)—C(3)—0(3)
Rh(6)—C(3)>—0(3)

Rh(2)—C(2)—0(2)

Rh(4)—C(2)—0(2)
Rh(5)—C(2)—0(2)

58.6(3)
58.4(3)
58.4(3)
58.4(3)
58.7(2)
58.4(3)
61.2(1)
60.8(1)
60.1(1)
59.4(2)
52.9(1)
50.1(2)
60.9(1)
59.5(1)
63.0(1)

63.0(1)

60.4(1)
59.9(1)
60.8(1)
60.8(1)
60.9(2)
59.6(1)

62.9(1)

58.2(1)
59.9Q1)
60.4(1)
58.4(1)

59.6(2)
59.4(1)
60.5(2)
60.8(1)
59.7(1)

79.9(6)
76.5(7)
78.1(6)

79.8(6)
77.1(7)
76.0(6)

81.2(6)
80.4(6)
79.2(6)

131.5(8)
136.9¢8)
131.0(9)

133.1(8)
137.6(8)
129.5(8)

131.7(8)
131.5(8)
132.4(8)

Rh(2)—Rh(3)—Rh(6)
Rh(2)—Rh(4)—Rh(6)
Rh(3)—Rh(2)—Rh(4)
Rh(3)—Rh(6)—Rh(4)

Ni—C(5)—0(5)
Rh(1)—C(10)—0@10)
Rh(2)—C(8)—0(@8)
Rh(3)—C(12)—0(12)
Rh(4)—C(7)—0(7)
RR(5)—C(16)—0(16)
Rh(6)—C(11)—0(11)

Ni—C(4)—Rh(1)
Ni—C(14)—Rh(4)
Ni—C(15)—Rh(2)
Ni—C(14)—0(14)
Ni—C(4)—04)
Ni—C(@15)—0(15)
Rh(3)—C(9)—Rh(6)
Rh(3)—C(9)—0(9)
Rh(6)—C(9)—0(9)
Rh(3)—C(13)—Rh(5)
Rh(3)—C(13)—0@13)
Rh(5)—C(13)—0(@13)
Rh(5)—C(6)—Rh(6)
Rh(5)—C(6)—0(6)
Rh(6)—C(6)—0(6)

90.6(1)
90.3(1)
88.9(1)
90.4(1)

171.7(9)
176.8(8)
167.4(8)
145.0(8)
171.7(8)
146.0(8)
179.6(8)

85.3(8)
84.8(9)
83.9(9)
134.009)
128.9(8)
129.0(9)
85.5(8)
140.3(8)
133.9(8)
88.4(8)
136.1(8)
135.4(8)
93.2(8)
133.9(8)
132.8(8)
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real part of the anomalous dispersion for Rh and Ni.

The final positional and thermal parameters are listed in Table 1. Values of

relevant bond lengths and angles are given in Tables 2 and 3. A list of Fy and F,
and a Table of atomic coordinates and thermal parameters for the [N(n-Bu,]*
cation may be obtained from the authors on request.
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