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Isolation and Characterization of 
[Rh5(CO)io(M2-CO)s]-: A Key Product in 
Rhodium Carbonyl Chemistry 

Sir: 

The dianion1 [Rh12(CO)3o]2_ is known to react reversibly 
at room temperature with carbon monoxide. This reaction 
produces a labile species which previously was tentatively 
formulated as [Rh12(CO)~34p- on the basis of volumetric 
measurements of absorbed CO in THF,2 and which has 
characteristic IR2 and 13C NMR 3 spectra. For several years 

Figure 1. Atomic numbering scheme and Rh-Rh distances. Estimated 
standard deviations in distances are <0.001 A. 

we have tried to clarify the nature of this species because of its 
relevance both in rhodium carbonyl chemistry3 and in the 
catalytic synthesis of ethylene glycol.4 We now report that we 
have been able to reformulate the "[Rh12(CO)~34]2~ " species 
as [Rh5(CO) i 5 ] _ and to obtain this pentanuclear cluster 
starting from Rh4(CO)i2 and the [Rh(CO)4]" anion. 

At low temperature ( -78 0C), reaction of [Rh1 2(CO)3 0]2 -

with carbon monoxide (1 atm P) in THF led to slow precipi
tation of Rh6(CO)i6 in such a way that the resultant equilib
rium shifted toward formation of the labile species. From the 
filtered solution maintained under CO at — 10 0 C, it was pos
sible in fact to obtain red-brown crystals of an extremely re
active anionic species as the bis(triphenylphosphino)iminium 
(PPN) salt. The precipitation was carried out by means of slow 
diffusion of 2-propanol saturated with CO. The X-ray struc
tural analysis presented here shows the anionic species to be 
[Rh5(CO)i5] - . The IR spectrum of this product in THF is 
identical with that previously reported2 [2045 (s), 2010 (vs), 
1868 (m), 1838 (ms), and 1785 (m) ± 10 cm- ' ] but this so
lution is unstable at room temperature under N2 . The same 
species subsequently was obtained in ~80% yield using the 
following redox condensation reaction: 

CO 
Rh 4 (CO) 1 2 + [Rh(CO) 4 ] - > [Rh5(CO)1 5]" + CO (1) 

THF 

The [PPN] + [Rh 5(CO) 1 5]- salt has been characterized by 
single-crystal X-ray diffraction techniques. The compound 
crystallizes in space group Pl/a, with cell dimensions a = 
19.313 (3), b = 9.375 (2), c = 14.804 (2) A; /3 = 93.20 (1)°; 
and Z = I. Observed and calculated densities are in satisfac
tory agreement: p0bsd =1.81 and pCaicd = 1-83 g cm - 3 , as
suming a formula weight of 1473. Diffraction data were ob
tained with an Enraf-Nonius CAD4 diffractometer, using 
Nb-filtered Mo Ka (X = 0.71069 A) radiation. The structure 
was solved by standard heavy-atom methods and refined by 
a full-matrix least-squares procedure to yield an unweighted 
agreement factor on F2 of R = 0.050 for 5837 reflections with 
(sin0/X) < 0.65 A- ' . 5 

The structure of the [Rh5(CO) I 5 ]" anion in the crystalline 
state is illustrated in Figures 1 and 2. The metal atoms form 
a trigonal bipyramid, and the anion as a whole possesses 
crystallographic C2 symmetry. A twofold axis passes through 
one of the Rh atoms in the equatorial plane [Rh(I)] and a 
bridging carbonyl ligand [CO(I3)] .6 Altogether, there are ten 
terminal carbonyls [three each on the axial Rh(3) and Rh(3'), 
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Figure 2. Stereoscopic view of the anion with thermal ellipsoids drawn at the 20% probability level. 

two on Rh(I), and one each on Rh(2) and Rh(2')] and five 
/u2-bridging carbonyls, spanning the equatorial Rh—Rh bonds 
in addition to Rh(2)—Rh(3) and Rh(2')—Rh(3'). Metal-
metal bond distances in the anion are indicated in Figure 1; 
bond distances involving the carbonyl ligands fall in the fol
lowing ranges: R h - C (terminal), 1.896 (7)-1.975 (6); R h - C 
(bridging), 1.999 (5)-2.226 (5); C=O (terminal), 1.077 
(8)-1.125 (8); C=O (bridging), 1.085 (7)-1.122 (7) A. 

The present structure is an example of a trigonal-bipyra-
midal cluster with 76 valence electrons. Several other systems 

12-7 [M2Ni3(CO)16] of this type are known, i.e. [Ni5(CO)1 
(M = Cr, Mo, W),8 [PtRh4(CO)I4]2-,9-10 and 
[Rh5(CO)14I]2-.11 In agreement with predictions of extended 
Hiickel molecular orbital calculations,12 the [Rh5(CO)i5]-

cluster is elongated as is [Ni5(CO)I2]2-, in contrast to the 
situation for the 72-electron system Os5(CO)16 which is found 
to be more nearly regular.13 In [Rh5(CO)Is]- the average of 
the Rh—Rh bond distances in the equatorial plane is 2.73 A, 
while the Rh—Rh distances involving the axial Rh atoms 
range from Rh(2)—Rh(3) = 2.923 (I)A, for the edge spanned 
by the unique bridging carbonyl [CO(12)], to Rh(I)-Rh(3) 
3.032 (1) A. This latter distance corresponds to one of the 
longest known Rh—Rh bonds.14 Nevertheless, the degree of 
elongation in [Rh5(CO)is]- is considerably less than that 
observed in [Ni5(CO)12]2-.7 In both clusters, terminal M—C 
bonds involving axial metal atoms are significantly longer than 
those involving equatorial metals. In [Rh5(CO) i 5 ] - this trend 
is also reflected in the asymmetric character of the bridging 
C0(12) [Rh(2)—C(12)- = 1.999 (5) A; Rh(3)—C(12) = 
2.114(6) A].15 

At -80 CC in perdeuterioacetone, the 25- and 90-MHz 13C 
NMR spectra of the [Rh5(CO) i5]~ anion are identical and are 
the same as that previously reported3 for "[Rh12(CO)^34]2- ". 
They consist of a triplet16 at 247.7 (/Rha-c = 32.7 Hz), a 
doublet of doublets at 207.9 (/Rha-c = 66.9, yRhb-c = 8.3 Hz), 
and a doublet at 190.6 ppm (JRhh-c = 68.4 Hz) with relative 
intensities of 2.6:6:6, respectively. Specific 103Rh spin de
coupling of the ' 3C NMR spectrum shows the presence of two 
different types of rhodium atoms assigned to equatorial (Rha) 
and axial (Rhb) positions in agreement with the structure of 
the metallic polyhedron observed in the solid state. Decoupling 
the equatorial rhodium atoms (<5Rlla —148.5 ppm)17 transforms 
the triplet into a singlet and removes the larger coupling in the 
doublet of doublets, while decoupling the axial rhodium atoms 
(̂ Rhb —948.5 ppm)'7 both removes the smaller coupling in the 
doublet of doublets and collapses the high-field doublet to a 
singlet. These observations suggest that the anion in solution 
has a somewhat different arrangement of the carbonyl ligands 
than that found in the solid. The structure in solution could be 
DT,!, and involve six asymmetric bridging carbonyls between 
Rh3 and Rhb, leaving the bridging carbonyls between Rha's 
and terminal carbonyls on Rhb unchanged from the solid-state 

ETC. 

Figure 3. Schematic representation of one of the possible rearrangements 
of the solid-state structure of [Rh5(CO)I5] - in solution (X = bridging 
CO). 

structure. Alternatively a dynamic situation could occur by 
means of a rearrangement of the type shown in Figure 3. In the 
latter case the bridging carbonyls between Rha and Rhb would 
spend a significantly longer time on Rha than Rhb. 

Finally, it has been observed that the slow decomposition 
of [Rh5(CO)i5]- species in THF solution under nitrogen takes 
place according to the reversible equilibrium 

6[Rh5(CO)15]- ^ 2 [ R h 1 2 ( C O ) 3 0 ] 2 -

co 
+ [Rh6(CO)15]2-+15CO (2) 

as shown both by IR and 13C NMR spectroscopy, while other 
as yet unidentified products are formed under prolonged 
evacuation. At the present moment eq 2 appears to be a key 
reaction involved in the reported equilibrium between 
"[Rh12(CO)^34]2- " and [Rh12(CO)30]2-.18 In light of the 
above, the reported instability of [Rh6(CO)15]2- and 
[Rh7(CO)16]3- toward CO at low temperature19 may now be 
regarded as resulting from a simple cleavage of one and two 
Rh atoms respectively, yielding the pentanuclear species to
gether with [Rh(CO)4]-. 

Further work is in progress in order to understand the nature 
of the other products involved in the complex equilibrium be
tween the anions [Rh5(CO)15]- and [Rh12(CO)30]2-, as a 
function of the relative concentration of CO as well as of the 
temperature. 
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Total Synthesis of (±)-AphidicoIin 

Sir: 

The tetracyclic diterpene aphidicolin (1) is noteworthy both 
for its intriguing molecular structure and for its biological 
effect as a potent antiviral and antimitotic agent.1 We outline 
herein a synthesis of the racemate of 1 by an approach which 

includes a number of unique steps. The presently described 
route is based on a line of analysis which is completely different 
from that for two syntheses of (±) - l which have recently been 
reported.2'3 

The oxygenated geranyl bromide 2 was prepared from 
geranyl acetate by the following sequence: (1) reaction with 
1 equiv of selenium dioxide4 at reflux in 95% ethanol for 1 h 
followed by brief treatment with sodium borohydride to form 
the E,E 8-hydroxylated derivative (61%), (2) protection of the 
8-hydroxyl group as the /e/7-butyldimethylsilyl ether (tert-
butyldimethylsilyl chloride, 4-dimethylaminopyridine, tri-
ethylamine in CH2CI2 at - 2 0 °C),5 (3) acetate cleavage 
(potassium carbonate in methanol at 0 0 C, 90% over two 
steps), and (4) conversion of the resulting hydroxy silyl ether 
into 2 via the mesylate (1 equiv of triethylamine, 1 equiv of 
CH3SO2Cl, in CH2Cl2 at - 4 0 0C) by reaction with 2 equiv 
of lithium bromide in tetrahydrofuran (THF). The solution 
of the unstable bromide 2 was immediately added to a stirred 
solution of the lithio-sodio derivative of methyl acetoacetate 
in THF at 0 0 C to give after chromatography on silica gel the 
keto ester 3 6 - 8 (90% overall from 8-?e/T-butyldimethylsily-
loxygeraniol). 

Treatment of /3-keto ester 3 with 1.1 equiv each of sodium 
hydride and diethyl chlorophosphate9 in ether at 0 0 C afforded 
the enol phosphate ester 4 which upon reaction with 1 equiv 
of mercuric trifluoroacetate10 in nitromethane at 0 0 C followed 
by aqueous sodium chloride produced the mercurated bicyclic 
keto ester 5 [mp 157-159 0 C, IR max 1740, 1710 cm"1 

(CHCl3)] in 60% yield along with 20% of monocarbocyclic 
product. Rings A and B were thus established in a single step; 
the stereochemistry of the product, expected to be as shown 
from much literature precedent, was established by correlation 
with intermediates of known constitution produced as de
scribed below. 

Treatment of 5 with ethylene glycol and a catalytic amount 
of p-toluenesulfonic acid in benzene at reflux gave the corre
sponding ethylene ketal, mp 160-161 0 C (90% yield), which 
was converted into the ketoacetal 6, mp 127-130 0 C , in 58% 
overall yield by the following sequence: (1) replacement of 
mercury by hydroxyl by addition to a solution of 2 equiv of 
sodium borohydride in dimethylformamide (DMF), saturated 
with oxygen by continuous bubbling at 23 0C, to give a mixture 
of C-3 epimeric alcohols, (2) oxidation to C-3 ketone using 
pyridinium dichromate12 in methylene chloride at 23 0 C, (3) 
desilylation with tetr,a-rt-butylammonium fluoride5 in THF 
at 0 0 C for 30 min, (4) stereospecific reduction of the keto 
function at C-3 using lithium tri-seobutylborohydride in THF 
at —78 0 C, 1 3 and (5) acetalization by reaction with 1.2 equiv 
of pivalaldehyde and 0.15 equiv of p-toluenesulfonic acid in 
CH2Cl2 at 0 0 C for 30 min. Reduction of 6 using lithium alu
minum hydride in ether at 23 0 C for 1 h, followed by oxidation 
of the resulting primary alcohol using 4 equiv of pyridinium 
chlorochromate in CH2Cl2 at 23 0 C and deketalization (10:1:1 
acetone-water-70% aqueous perchloric acid at 23 0 C for 3 h), 
afforded keto aldehyde 7, mp 106-108 0 C, in 90% overall yield 
from 6. 

The keto aldehyde 7 was also synthesized by a more con
ventional route,14 part of which has been used in recent syn
theses of (±)-l.2-3 Keto acetal 8 [made starting from 5,9-
dimethyl-5(10)-octalin-l,6-dione]2'3 was converted into its 
trimethylsilyl enol ether with lithium diisopropylamide (LDA), 
followed by trimethylsilyl chloride, and epoxidized in CH2Cl2 

with 1.1 equiv of m-chloroperbenzoic acid at —20 0 C. 1 5 

Treatment of the crude product with ethanolic KOH, followed 
by oxidation with 2 equiv of bismuth trioxide in acetic acid-
acetone16 at 135-140 0 C in a pressure flask for 1.5 h, gave in 
quantitative yield the a diketone which was transformed into 
methyl enol ether 9 [IR max 1685, 1640 c m ' 1 (CHCl3)] in 
87-88% yield by reaction with 2.5 equiv of potassium tert-
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