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Abstract

Thermal reactions of Cp2Mo2(CO)4(m-h2-C14H20) (1) with Fe3(CO)12 and Ru3(CO)12 produce [Cp2Mo2(CO)4](m,m3-h2,h2-
C14H20)[Fe3(CO)9] (2) and [Cp2Mo2(CO)4](m,m3-h2,h3-C14H19)[(m-H)Ru3(CO)9] (3-allyl), respectively, while treatments of 1 with
Ru3(CO)10(NCMe)2 and Os3(CO)10(NCMe)2 afford [Cp2Mo2(CO)4](m,m3-h2,h3-C14H19)[(m-H)Ru3(CO)9] (3-allenyl) and
[Cp2Mo2(CO)4](m,m3-h2,h2-C14H20)[Os3(CO)10] (4), respectively. The allene moiety of 3-allenyl rearranges upon heating to give the
allyl complex 3-allyl. Compound 1 reacts with Co2(CO)8 to produce [Cp2Mo2(CO)4](m,m-h2,h2-C14H20)[Co2(CO)6] (5) and the
reaction of Os3(CO)10(m3-h2-C14H20) with Co2(CO)8 affords [Os3(CO)10](m3,m-h2,h2-C14H20)[Co2(CO)6] (6). The new compounds
2–6 have been characterized by mass, IR and NMR spectroscopy. The crystal structure of 4 reveals a bridging and a semibridging
carbonyl connected to the Os3 cluster. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Heterometallic clusters offer organometallic chemists
the opportunity to study the coordination and transfor-
mation of organic substrates with combinations of di-
verse metal atoms to lead to unique site selective
reactions [1]. The interaction of alkynes with transition
metal complexes has been under investigation for over
40 years and is still a subject of considerable research
interest [2]. Recently, cycloalkadiynes [3] were shown to
be versatile starting materials for synthesis of super-
phanes and cage compounds [4]. For instance, Gleiter
and co-workers [5] carried out the reactions of cy-
cloalkadiynes with Fe(CO)5, CpCo(CO)2 and
Cp*Co(C2H4)2 to give metal-capped cyclobuta-
dienophane and cyclobutadienosuperphane complexes.
The coordination chemistry of cyclodiynes with transi-
tion metal clusters, however, has received relatively less
attention. We previously described that cyclotetradeca-
1,8-diyne (C14H20) reacted with Fe3(CO)12, Os3(CO)12

[6] and Cp2Mo2(CO)6 [7] to afford complexes contain-
ing pendant alkyne moieties, which are capable of
binding other metal fragments to form mixed-metal
clusters or cluster oligomers. Presented in this paper are
heterometallic carbonyl clusters of Mo, Co and iron
group metals linked by the C14H20 ligand.

2. Experimental

2.1. General methods

All manipulations were carried out under an atmo-
sphere of purified dinitrogen with standard Schlenk
techniques [8]. Co2(CO)8, Ru3(CO)12 and Fe3(CO)12

from Strem were used as received. Os3(CO)12 was pre-
pared from OsO4 and CO as described in the literature
[9]. Cyclotetradeca-1,8-diyne (C14H20) [10], Cp2Mo2-
(CO)4(m-h2-C14H20) (1) [7], Os3(CO)10(m3-h2-C14H20) [6],
Os3(CO)10(NCMe)2 [11] and Ru3(CO)10(NCMe)2 [12]
were prepared by literature methods. Solvents were
dried over appropriate reagents under dinitrogen and
distilled immediately before use [13]. Preparative
thin-layer chromatographic (TLC) plates were
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prepared from silica gel (Merck). Infrared spectra were
recorded with a 0.2 mm path-length CaF2 solution cell
on a Hitachi I-2001 IR spectrometer. 1H- and 13C-
NMR spectra were obtained on a Varian VXR-300
spectrometer at 300 and 75.4 MHz, respectively. Fast-
atom-bombardment (FAB) mass spectra were recorded
using a VG Blotch-5022 mass spectrometer. Elemental
analyses were performed at the National Science Coun-
cil Regional Instrumentation Center at National Chen-
Kung University, Tainan, Taiwan.

2.2. Reaction of 1 and Fe3(CO)12

Cp2Mo2(CO)4(m-h2-C14H20) (1) (25 mg, 0.04 mmol)
and Fe3(CO)12 (61 mg, 0.12 mmol) were dissolved in
n-hexane (20 ml) under an atmosphere of N2. The
solution was heated to reflux for 1 h, cooled to room
temperature (r.t.), and the solvent removed on a rotary
evaporator. The residue was then dissolved in 2 ml of
CH2Cl2 and subjected to TLC, with 3:7 CH2Cl2–n-hex-
ane as eluant. The major brown band afforded
[Cp2Mo2(CO)4](m,m3-h2,h2-C14H20)[Fe3(CO)9] (2) (14
mg, 33%). MS (FAB) m/z : 1046 (M+, 98Mo). IR
(CH2Cl2, nCO): 2084w, 2024vs, 1996s, 1984sh, 1942m,
1924m, 1898sh, 1832w cm−1. 1H-NMR (CDCl3, 23°C):
5.19 (s, Cp), 3.63 (m), 2.77 (m), 2.10 (m), 1.79 (m), 1.55
(m), 1.24 (m), 0.80 (m, CH2) ppm. 13C{1H}-NMR
(CDCl3, 23°C): 211.8 (CO), 207.7 (C�C�Fe3), 113.6
(C�C�Mo2), 109.4 (C�C�Fe3), 90.4 (Cp), 46.0, 30.1,
28.7, 27.8, 26.6 (CH2) ppm.

2.3. Reaction of 1 and Ru3(CO)12

Cp2Mo2(CO)4(m-h2-C14H20) (1) (28 mg, 0.044 mmol)
and Ru3(CO)12 (50 mg, 0.078 mmol) were dissolved in
n-heptane (20 ml) under an atmosphere of N2. The
solution was heated to reflux for 16 h, cooled to r.t.,
and the solvent was removed under vacuum. The
residue was dissolved in CH2Cl2 and subjected to TLC,
eluting with 3:7 CH2Cl2–n-hexane. The major red–
brown band afforded [Cp2Mo2(CO)4](m,m3-h2,h3-
C14H19)[(m-H)Ru3(CO)9] (3-allyl; 27 mg, 52%). MS
(FAB) m/z : 1184 (M+, 98Mo, 102Ru). IR (CH2Cl2,
nCO): 2100m, 2072vs, 2044vs, 2020s, 2000s, 1986m,
1940w, 1920m, 1910m, 1898m, 1828w cm−1. 1H-NMR
(CDCl3, 23°C): 7.80 (s, allyl-H), 5.75 (s, Cp), 3.80–1.30
(m, CH2), −19.70 (s, m-H) ppm.

2.4. Reaction of 1 and Ru3(CO)10(NCMe)2

Cp2Mo2(CO)4(m-h2-C14H20) (1) (25 mg, 0.04 mmol)
and Ru3(CO)10(NCMe)2 (32 mg, 0.048 mmol) were
dissolved in CH2Cl2 (15 ml) under an atmosphere of
N2. The solution was stirred at ambient temperature for
20 min, and the solvent was removed on a rotary
evaporator. The residue was applied on TLC, with 3:7

CH2Cl2–n-hexane as eluant. The major red–brown
band gave [Cp2Mo2(CO)4](m,m3-h2,h3-C14H19)[(m-
H)Ru3(CO)9] (3-allenyl; 43 mg, 88%). MS (FAB) m/z :
1184 (M+, 98Mo, 102Ru). IR (CH2Cl2, nCO): 2100m,
2064vs, 2044vs, 2020s, 1996s, 1982s, 1944m, 1914s,
1904sh, 1834m cm−1. 1H-NMR (CD2Cl2, 23°C): 5.20
(s, Cp), 3.55 (d, C�C�CH), 3.10 (m), 2.80 (m), 2.15 (m),
1.90 (m), 1.70 (m), 1.45 (m), 1.30 (m), 1.15 (m, CH2),
−20.57 (s, m-H) ppm.

2.5. Reaction of 1 and Os3(CO)10(NCMe)2

Cp2Mo2(CO)4(m-h2-C14H20) (1) (100 mg, 0.16 mmol),
Os3(CO)10(NCMe)2 (180 mg, 0.19 mmol) and benzene
(30 ml) were added to a 50 ml Schlenk flask under
dinitrogen. The flask was placed in an oil bath at
65–70°C for 20 min. Benzene was removed under vac-
uum and the residue was subjected to TLC with 1:1
CH2Cl2–n-hexane as eluant. The major brown band
produced [Cp2Mo2(CO)4](m,m3-h2,h2-C14H20)[Os3-
(CO)10] (4; 215 mg, 90%). MS (FAB) m/z : 1482 (M+,
98Mo, 192Os). IR (CH2Cl2, nCO): 2104w, 2060vs, 2044s,
2016s, 1994s, 1982sh, 1944m, 1912m, 1904sh, 1838w,
1828sh cm−1. 1H-NMR (CDCl3, 23°C): 5.20 (s, Cp),
2.92 (m), 2.80 (m), 2.17 (m), 1.85 (m), 1.70–1.30 (m,
CH2) ppm. 13C{1H}-NMR (CDCl3, 23°C): 177.0 (br,
CO), 148.4 (C�C�Os), 111.5 (C�C�Mo), 91.0 (Cp),
49.2, 37.8, 33.0, 30.8, 28.3 (CH2) ppm. Anal. Calc. for
C38H30Mo2O14Os3: C, 30.98; H, 2.05. Found: C, 30.83;
H, 2.11%.

2.6. Reaction of 1 and Co2(CO)8

In a 50 ml Schlenk flask, Cp2Mo2(CO)4(m-h2-C14H20)
(1) (30 mg, 0.048 mmol), Co2(CO)8 (50 mg, 0.146
mmol) and CH2Cl2 (20 ml) were introduced against a
dinitrogen flow. The mixture was vigorously stirred at
ambient temperature for 30 min, and solvent was re-
moved on a rotary evaporator. The residue was applied
on TLC, eluting with 1:4 CH2Cl2–n-hexane. The major
brown band was isolated, giving [Cp2Mo2(CO)4](m,m-
h2,h2-C14H20)[Co2(CO)6] (5; 43 mg, 95%). MS (FAB)
m/z : 912 (M+, 98Mo). IR (CH2Cl2, nCO): 2088m
2044vs, 2014vs, 1982s, 1942s, 1920s, 1902sh, 1834m
cm−1. 1H-NMR (CDCl3, 28°C): 5.21 (s, Cp), 2.93 (br,
CH2), 1.69 (br, CH2), 1.50 (br, CH2) ppm.

2.7. Preparation of
[Os3(CO)10](m3,m-h2,h2-C14H20)[Co2(CO)6] (6)

Os3(CO)10(m3-h2-C14H20) (40 mg, 0.039 mmol) was
dissolved in n-hexane (20 ml) under an atmosphere of
dinitrogen, and Co2(CO)8 (20 mg, 0.058 mmol) was
added against a dinitrogen flow. The mixture was
stirred at ambient temperature for 30 min, and solvent
was removed on a rotary evaporator. The residue was
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subjected to TLC, eluting with n-hexane. The major
brown band afforded [Os3(CO)10](m3,m-h2,h2-C14-
H20)[Co2(CO)6](6; 45 mg, 88%). MS (FAB) m/z :
1330 (M+, 192Os). IR (CH2Cl2, nCO): 2102w, 2090m,
2062s, 2046vs, 2018s, 2000sh, 1985sh, 1845vw cm−1.
1H-NMR (CDCl3, 23°C): 2.72 (br, CH2), 2.51 (br,
CH2), 2.04 (br, CH2), 1.62 (br, CH2), 1.39 (br, CH2),
1.16 (br, CH2) ppm. 13C{1H}-NMR (CDCl3, 23°C):
200.7 (br, Co�CO), 177.0 (br, Os�CO), 148.3
(C�C�Os3), 98.2 (C�C�Co2), 49.2, 34.7, 33.0, 30.9, 28.0
(CH2) ppm.

2.8. Structure determination for 3-allyl and 4

A crystal of [Cp2Mo2(CO)4](m,m3-h2,h3-C14H19)-
[(m-H)Ru3(CO)9] (3-allyl; ca. 0.10×0.10×0.01 mm)
and a crystal of [Cp2Mo2(CO)4](m,m3-h2,h2-C14H20)[Os3-
(CO)10] (4; ca. 0.40×0.20×0.04 mm) were each
mounted in a thin-walled glass capillary and aligned on
the Siemens SMART-CCD diffractometer with
graphite-monochromated Mo–Ka radiation (l=
0.71073 A, ). The u range for data collection was 0.77–
26.37° for 3-allyl and 0.68–26.37° for 4. A total of
18 686 reflections were measured, and 8009 reflections
(Rint=0.0850) were unique for 3-allyl, while 25 893
reflections were measured and 8667 reflections (Rint=
0.0613) were unique for 4. SADABS [14] absorption
corrections were made for 3-allyl (Tmin=0.8622,
Tmax=0.7299) and 4 (Tmin=0.6948, Tmax=0.3520).
The structures were solved by the direct method and

Table 2
Atomic coordinates (×104) and equivalent isotropic displacement
parameters (A, 2×103) for 3-allyl

Atom Ueqzyx

Ru(1) 2147(1)1568(1) 40(1)1748(1)
3697(1)1585(1) 34(1)2018(1)Ru(2)
2959(1)4144(1) 38(1)1923(1)Ru(3)

33(1)377(1) 4760(1)Mo(1) 1984(1)
34(1)6362(1)2475(1)Mo(2) 678(1)

C(1) 1434(3) 1733(13) 1518(8) 63(3)
53(3)1797(2) −322(13)C(2) 1895(7)
68(4)1179(7)1952(13)1971(2)C(3)
59(3)3706(8)−374(13)C(4) 2060(2)

C(5) 2300(2) 1989(11) 2982(7) 51(3)
C(6) 2180(2) 1971(12) 4796(8) 53(3)

1942(8)4556(11) 53(3)2133(2)C(7)
C(8) 3678(7) 47(3)5113(11)2157(2)

1699(2) 5609(13)C(9) 2765(9) 68(4)
C(10) 447(2) 37(12) 4663(7) 42(3)
C(11) 191(2) 1597(11) 5816(6) 43(3)

644(2) 490(13)C(12) 6581(6) 44(3)
C(13) 1042(2) 2085(11) 6444(6) 40(2)

1605(2) 1131(9)C(14) 3369(6) 36(2)
1616(2) 2094(9)C(15) 4050(6) 33(2)
1752(2) 3334(9)C(16) 4040(6) 33(2)
1739(2) 4141(10) 46(3)4886(7)C(17)

C(18) 73(4)4839(8)5405(13)1562(2)
4471(9)5239(16)C(19) 1298(2) 84(4)
4983(8)C(20) 4443(15) 91(5)1137(3)

849(2)C(21) 4319(12) 4650(7) 56(3)
C(22) 729(2) 3071(11) 5029(6) 37(2)

783(2) 1722(10)C(23) 5024(6) 33(2)
C(24) 42(3)4671(6)804(11)984(2)

3700(6)973(11) 43(3)1019(2)C(25)
1181(2) −125(12)C(26) 3293(7) 54(3)
1459(2) −172(10)C(27) 3569(7) 50(3)

4(2) 2106(15)C(28) 3968(7) 60(4)
203(2) 1891(14)C(29) 3376(7) 61(3)
362(2) 3029(16)C(30) 3391(8) 70(4)
255(3) 3984(14)C(31) 3977(9) 73(4)

37(2) 3396(14) 4316(8) 65(4)C(32)
369(2) 4049(13)C(33) 6891(7) 54(3)
431(2) 3127(12)C(34) 7526(7) 54(3)
685(2) 3303(13)C(35) 7746(7) 57(3)

62(4)7215(8)4352(13)C(36) 784(2)
586(3) 4788(13)C(37) 6682(7) 64(3)

1246(2) 1813(12)O(1) 1173(7) 120(4)
1834(2) −1436(10)O(2) 1729(6) 84(3)

109(4)2101(2) 2084(11) 604(6)O(3)
2090(2) −1519(9)O(4) 3686(7) 99(3)

81(3)2591(6)2102(10)O(5) 2480(2)
2276(2) 1879(11)O(6) 5446(6) 85(3)

88(3)2255(2) 4817(10) 1372(6)O(7)
68(2)4117(5)5644(9)O(8) 2301(2)

106(4)1547(2) 6452(10) 2679(8)O(9)
66(2)496(1) −1127(8) 4570(6)O(10)

47(1) 1352(9)O(11) 6365(5) 64(2)
72(3)6747(6)−671(9)625(2)O(12)

1256(1) 1827(8)O(13) 6493(4) 53(2)

Table 1
Crystallographic data for [Cp2Mo2(CO)4](m,m3-h2,h3-C14H19)[(m-
H)Ru3(CO)9] (3-allyl) and [Cp2Mo2(CO)4](m,m3-h2,h2-
C14H20)[Os3(CO)10] (4)

43-allyl

C37H30Mo2O13Ru3Formula C38H30Mo2O14Os

3

1515.56Fw 1177.69
0.5 CH2Cl2Crystal solvent
295(2)T (K) 295(2)

Monoclinic TriclinicCrystal system
Space group C2/c P1(
Unit cell dimensions

a (A, ) 52.7221(1) 8.4722(1)
b (A, ) 9.2362(1)9.7332(1)

15.5231(3)c (A, ) 30.1618(2)
90 93.377(1)a (°)

b (°) 95.311(1)90.377(1)
90g (°) 114.531(1)
7965.6(2) 2125.55(4)V (A, 3)

Z 8 2
2.3681.962Dcalc (g cm−3)
9.635m (mm−1) 1.786
0.0366/0.08600.0600/0.1042R1/wR2

a

1.054Goodness-of-fit on F2 1.059

a R1=S��Fo�−�Fc��/S�Fo�; wR2={S[w(�Fo�2−�Fc�2)2]/Sw �Fo�4]}1/2.

refined by full-matrix least-squares on F2. The program
used was the SHELXTL package. The data collection and
refinement parameters are collected in Table 1. Atomic
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positional parameters of 3-allyl and 4 are given in
Tables 2 and 3, respectively.

3. Results and discussion

3.1. Synthesis

Cp2Mo2(CO)4(m-h2-C14H20) (1) was previously pre-
pared by treating cyclotetradeca-1,8-diyne (C14H20)
with the Mo�Mo triple-bonded species Cp2Mo2(CO)4

[7]. The reactions of 1 and iron group carbonyl clusters
are summarized in Scheme 1. Compound 1 reacts with
Fe3(CO)12 in refluxing hexane to produce the bis-alkyne
complex [Cp2Mo2(CO)4](m,m3-h2,h2-C14H20)[Fe3(CO)9]
(2) in 33% yield, while the similar reaction with
Ru3(CO)12 requires a higher temperature (refluxing hep-
tane) to afford the alkyne–allyl complex [Cp2Mo2-
(CO)4](m,m3-h2,h3-C14H19)[(m-H)Ru3(CO)9] (3-allyl;
52%). In contrast, there is no reaction between
Os3(CO)12 and 1 up to 110°C (refluxing toluene) but
slow decomposition of the reactants occurs. This differ-
ence in reactivity may be attributed to stronger Os�CO
bonds in comparison with the Ru�CO and Fe�CO
bonds [15]. Thus, compound 1 reacts with the more
labile acetonitrile-substituted complex Os3(CO)10-
(NCMe)2 at 70°C to afford the bis-alkyne complex
[Cp2Mo2(CO)4](m,m3-h2,h2-C14H20)[Os3(CO)10] (4) in
good yield (90%). An alternative method to prepare 2
and 4 is from Cp2Mo2(CO)4 reacting with Fe3(CO)9(m3-
h2-C14H20) and Os3(CO)10(m3-h2-C14H20) [6], respec-
tively.

It is of interest that Ru3(CO)10(NCMe)2 reacts with 1
at 25°C to produce the alkyne–allenyl complex
[Cp2Mo2(CO)4](m,m3-h2,h3-C14H19)[(m-H)Ru3(CO)9] (3-
allenyl; 88%). Presumably, the bis-alkyne intermediate
[Cp2Mo2(CO)4](m,m3-h2,h2-C14H20)[Ru3(CO)10], analo-
gous to 4, is initially afforded, which then undergoes a
facile b-C�H activation of the alkyne ligand and a CO
loss to give 3-allenyl. Tunik and co-workers [16] previ-
ously reported the reaction of Ru3(CO)12 and hexa-2,4-
diyne-1,6-diol to lead to the alkyne complex
Ru3(CO)10(m3-h2-HOCH2C2C2CH2OH) in 14%, while
the transformation from a coordinated alkyne to a
hydrido-allenyl moiety has been established in some
triosmium systems [6,17–19]. Thermolysis of 3-allenyl
at 70°C results in a hydrogen migration to afford
3-allyl. Though the last isomerization was known for
(m-H)Ru3(CO)9(m3-h2-EtC�C�C(Me)H) to (m-H)Ru3-
(CO)9(m3-h2-EtCCHCMe) [20], it remains unclear
whether the allyl-hydrogen is derived from a direct
1,2-hydrogen shift of the allenyl moiety, or from migra-
tion of the bridging hydride concomitant with an al-
lenyl C�H activation on the cluster. It is noteworthy
that the reversed transformation was established for the
hydrido allyl complex (m-H)Ru3(CO)9(m3-h3-HCCH-
COMe) to the dihydrido alkyne complex (m-
H)2Ru3(CO)9(m3-h2-MeCCOMe) upon hydrogenation,
presumably through an allenyl intermediate [21].

Table 3
Atomic coordinates (×104) and equivalent isotropic displacement
parameters (A, 2×103) for 4

x UeqAtom zy

8783(1)Os(1) 5454(1) 3897(1) 31(1)
6574(1) 6847(1) 4095(1) 35(1)Os(2)
9911(1) 8817(1)Os(3) 3933(1) 39(1)

46(1)1448(1)4872(1)282(1)Mo(1)
992(1)7087(1)3128(1)Mo(2) 42(1)

9100(10) 3883(9)C(1) 3513(3) 45(2)
4163(3)6919(10) 47(2)3868(9)C(2)
4408(3)10 448(11) 51(2)5567(10)C(3)

45(2)4003(2)5123(9)C(4) 4283(10)
6916(9) 4740(3) 46(2)C(5) 6927(10)

C(6) 49(2)4126(3)8356(10)5594(10)
4478(3)9300(9) 52(2)11 561(10)C(7)
4146(3)9326(10) 48(2)10 492(9)C(8)

11 538(11) 10 147(10)C(9) 3570(3) 59(2)
C(10) 10 849(10) 7068(9) 3604(3) 43(2)
C(11) 73(3)2106(3)4878(14)321(11)

1558(3)6622(14) 71(3)−427(12)C(12)
798(11) 6510(10)C(13) 682(3) 56(2)

3064(11) 9062(11)C(14) 1236(3) 59(2)
5986(8) 3430(2) 30(1)C(15) 7098(8)

7689(9) 7662(8)C(16) 3444(2) 39(2)
C(17) 6781(15) 8526(14) 3140(4) 104(5)

7811(16) 9264(15)C(18) 2805(4) 96(4)
6733(18) 10 121(11)C(19) 2543(4) 120(6)

C(20) 5660(14) 9049(11) 2126(4) 93(4)
C(21) 61(2)2128(3)8024(10)3746(12)

1712(2)6902(9) 41(2)2953(9)C(22)
3079(8) 5587(8)C(23) 1531(2) 38(2)
4113(9) 4697(9)C(24) 1689(2) 43(2)

C(25) 2099(3)3524(10) 3834(10) 51(2)
3212(9)C(26) 55(2)2320(3)4780(12)

C(27) 4452(10)6259(9) 2655(2) 45(2)
4799(9) 3092(2) 42(2)C(28) 5628(9)

−47(13) 2347(11)C(29) 1122(4) 71(3)
793(3) 62(2)3027(10)−701(11)C(30)

−2121(11)C(31) 930(3) 69(3)3242(12)
90(4)C(32) −2372(12) 1356(4)2659(14)

1467(4)C(33) 84(4)−1051(14) 2120(12)
C(34) 105(5)5015(22) 700(5)6090(20)

338(4)C(35) 91(4)3882(14) 6167(16)
88(3)C(36) 4224(16) 319(3)7754(17)

644(5)C(37) 123(6)5529(19) 8594(18)
135(8)C(38) 887(4)5994(17) 7661(31)

O(1) 72(2)3296(2)2971(7)9318(9)
4303(3)2817(7) 76(2)5911(9)O(2)

O(3) 11 493(9) 5722(9) 4696(2) 78(2)
O(4) 2929(7) 4112(7) 3939(2) 62(2)

7191(10) 6934(9)O(5) 5109(2) 80(2)
4144(3) 73(2)9254(7)5000(8)O(6)

12 434(9) 9513(9)O(7) 4808(2) 81(2)
9051(8) 11 540(7)O(8) 4267(2) 69(2)

12 477(11) 10 882(9)O(9) 3346(3) 103(2)
3401(2)11 953(8) 75(2)7211(8)O(10)

4922(12) 2483(2) 108(3)O(11) 326(10)
118(3)O(12) −840(12) 7633(12) 1643(3)

−443(8) 77(2)O(13) 442(2)6315(8)
93(2)1366(3)10 256(9)3034(11)O(14)
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Scheme 1.

Scheme 2.

The heterometallic bis-alkyne clusters involving a
Co2 unit are prepared similarly at ambient temperature.
The reaction of 1 with Co2(CO)8 produces
[Cp2Mo2(CO)4](m,m-h2,h2-C14H20)[Co2(CO)6] (5; 95%),
and of Os3(CO)10(m3-h2-C14H20) with Co2(CO)8 affords
[Os3(CO)10](m3,m-h2,h2-C14H20)[Co2(CO)6] (6; 88%)
(Scheme 2).

3.2. Spectroscopic characterization of new complexes

Compounds 2–6 form air-stable crystalline solids
and have been characterized by mass, IR and NMR
spectroscopy. The FAB mass spectra of these com-

plexes display their molecular ion peaks at m/z=1046,
1184, 1482, 912 and 1330 for 2, 3 (allyl and allenyl), 4,
5 and 6, respectively, for the 56Fe, 98Mo, 102Ru, and
192Os isotopes. The isotopic distribution of the envelope
surrounding the molecular ions match that expected for
these compounds, and there is good agreement between
the calculated mass distribution and the observed mass
spectrum, such as Fig. 1 for 3-allyl.

The IR spectrum in the carbonyl region of 2 is
apparently that of Cp2Mo2(CO)4(m-h2-C14H20) (1) plus
Fe3(CO)9(m3-h2-C14H20), indicating small interactions
between the two metal systems in 2 spanned by a
14-membered carbocyclic ring. Thus, the coordination



M.-A. Hsu et al. / Journal of Organometallic Chemistry 588 (1999) 32–41 37

about the triiron parts of 2 should closely resemble
Fe3(CO)9(m3-h2-C2R2) (R=Et [22] and Ph [23]) and
Fe3(CO)9(m3-h2-C14H20) [6], in which the alkyne triple
bond is disposed above the Fe3 plane and perpendicular
to one of the Fe�Fe edge, with one acetylenic carbon in
a m3 mode and the other in a m2 mode. The 13C{1H}-
NMR spectrum of 2 includes three coordinated alkyne
carbon resonances at 207.7, 109.4 (to Fe3) and 113.6 (to
Mo2) ppm, consistent with the proposed structure.

Compounds 3-allyl and 3-allenyl form brown–red
crystals. They differ only in the bonding and the ar-
rangement of the organic ligand with respect to the Ru3

cluster. The 1H-NMR spectrum of 3-allyl presents the
allyl proton resonance at 7.80 ppm and the bridging
hydride resonance at −19.70 ppm, while 3-allenyl
shows the allenyl proton resonance at 3.55 ppm and the
bridging hydride resonance at −20.57 ppm.

Compound 4 forms brown crystals. Its NMR spec-
trum displays five sets of 1H resonances in the range
2.92–1.30 ppm and seven 13C resonance signals at 148.4
(C�C�Os), 111.5 (C�C�Mo), 91.0, 49.2, 37.8, 30.8 and
28.3 ppm for the C14H20 ligand. The 1H- and 13C-NMR
data are consistent with a molecule of idealized Cs

symmetry in solution. There is no clear indication for

the presence of bridging carbonyl associated with the
Os3 cluster, as parts of Mo�CO absorptions appearing
in the region 1900–1800 cm−1. A single-crystal X-ray
diffraction study of 4 was therefore conducted.

The cobalt atom containing clusters 5 and 6 form
brown crystals. Their IR spectra include a CO absorp-
tion pattern in close agreement with that of
Co2(CO)6(m-h2-RCCR%) [24,25]. Thus, the two alkyne
ligands of 5 are each likely to be coordinated to Mo2

and Co2 units in a perpendicular bonding mode to form
two tetrahedral C2M2 cores. The IR and NMR data are
consistent with a symmetric structure for 5. The solu-
tion IR spectrum of 6 present a very weak and broad
absorption at 1845 cm−1 for bridging carbonyl. We
note that a weak absorption at 1850 cm−1 was also
recorded for the parent complex Os3(CO)10(m3-h2-
C14H20) [6]. The 13C{1H}-NMR spectrum of 6 shows
two coordinated alkyne carbon resonances at 148.3 (to
Os3) and 98.2 (to Co2) ppm, and five resonances rang-
ing from 48.2 to 28.0 ppm for the methylene carbons,
suggesting a Cs symmetry for the molecule.

3.3. Crystal structure of 3-allyl

Crystals of [Cp2Mo2(CO)4](m,m3-h2,h3-C14H19)[(m-
H)Ru3(CO)9] (3-allyl) contain an ordered array of dis-
crete monomeric molecular units which are mutually
separated by normal van der Waals distances. The
ORTEP diagram is shown in Fig. 2. Selected bond
distances and bond angles are given in Table 4.

The trimetal parts are based on a triangular array of
ruthenium atoms in which the Ru(1)�Ru(3) distance of
2.953(1) A, is significantly longer than the other two
intermetallic distances (i.e. an Ru(1)�Ru(2) distance of
2.787(1) and an Ru(2)�Ru(3) distance of 2.785(1) A, ).
The hydride atom is not located, but the distribution of
the carbonyl groups and the Ru�Ru lengths indicate
that it probably spans the Ru(1)�Ru(3) edge. Each
ruthenium atom is associated with three terminal car-
bonyl ligands. The Ru�CO distances range from 1.88(1)
(Ru(3)�C(9)) to 1.97(1) A, (Ru(3)�C(7)), while the
Ru�C�O angles are in the range 173(1)–178(1)°.

The neutral allyl ligand C(14)�C(16) donates five
electrons to the cluster and can be described as forming
s bonds to Ru(1) and Ru(3), with C(14)�Ru(1)=
2.090(9) and C(16)�Ru(3)=2.068(9) A, , and an h3-p
bond to Ru(2), where the Ru(2)�C distance to the
internal C(15) atom (2.248(8) A, ) is slightly shorter than
that to the external C(14) (2.277(9) A, ) and C(16)
(2.270(9) A, ) atoms. The Ru(1), C(14)�C(16), and Ru(3)
atoms are coplanar to within 0.03 A, , and the dihedral
angle between this plane and the triruthenium plane is
50.2°. The allyl C(14)�C(15) and C(15)�C(16) distances
of 1.41(1) and 1.40(1) A, are characteristic of partial
carbon�carbon double bonds.

Fig. 1. The observed (a) and calculated (b) isotopic distribution for
the molecular ion peaks of 3-allyl.
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Fig. 2. Molecular structure of [Cp2Mo2(CO)4](m,m3-h2,h3-C14H19)[(m-H)Ru3(CO)9] (3-allyl). The hydrogen atoms have been artificially omitted for
clarity.

Fig. 3. Molecular structure of [Cp2Mo2(CO)4](m,m3-h2,h2-C14H20)[Os3(CO)10] (4). The hydrogen atoms have been artificially omitted for clarity.

The alkyne C(22)�C(23) unit apparently donates its
four p-electrons to the dimolybdenum system in a
Þ-bonding mode to give rise to a quasi-tetrahedral
core, while the C(23)�Mo(2) length (2.275(9) A, ) is
significantly longer than the other three lengths:
C(23)�Mo(1)=2.194(8), C(22)�Mo(1)=2.176(9) and
C(22)�Mo(2)=2.168(9) A, . The C(22)�C(23) distance is
1.34(1) A, , ca. 0.15 A, longer than that in free alkyne
form. Application of the 18-electron rule requires a
Mo�Mo single bond for 3-allyl. The Mo(1)�Mo(2)
distance of 2.979(1) A, is comparable with the
analogous alkyne complexes Cp2Mo2(CO)4(RCCR)
(R=H, Et and Ph [26]) but is between a Mo�Mo single
bond length measured for Cp2Mo2(CO)6 (3.235 A, ) [27]
and a Mo�Mo triple bond length for Cp2Mo2(CO)4

(2.448 A, ) [28].

The Cp and carbonyl ligands connected to the
C2Mo2 core are staggered to reduce steric repulsions.
The two cyclopentadienyl groups are each bonded to a
molybdenum atom asymmetrically, with the Mo�C dis-
tances ranging from 2.30(1) to 2.39(1) A, . The Mo(1)
and Mo(2) atoms are each linked to two terminal
carbonyls with the Mo�C lengths ranging from 1.94(1)
to 1.97(1) A, . The Mo(1)�C(10)�O(10), Mo(2)�C(12)�
O(12) and Mo(2)�C(13)�O(13) angles are 176.8(9),
177.1(9) and 178.6(9)°, respectively, while the Mo(1)�
C(11)�O(11) angle is 169.5(8)°. The last Mo�C�O angle
deviates slightly but significantly from linearity and
shows weak bonding with the adjacent Mo atom, such
as Mo(2)···C(11)=2.836 A, , clearly indicating a
semibridging interaction [29].
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Table 4
Selected bond distances (A, ) and bond angles (°) for 3-allyl and 4

4 (M=Os)3-allyl (M=Ru)

Bond distances
M(1)�M(2) 2.7614(3)2.787(1)

2.953(1) 2.8368(4)M(1)�M(3)
2.7620(4)M(2)�M(3) 2.785(1)
2.9555(9)2.979(1)Mo(1)�Mo(2)

1.92(1) 1.923(7)M(1)�C(1)
1.90(1) 1.933(8)M(1)�C(2)

1.959(8)1.95(1)M(1)�C(3)
1.914(8)1.92(1)M(2)�C(4)
1.933(8)1.90(1)M(2)�C(5)
1.898(8)1.91(1)M(2)�C(6)

1.97(1) 1.956(9)M(3)�C(7)
1.905(8)1.91(1)M(3)�C(8)
1.908(9)M(3)�C(9) 1.88(1)
2.083(7)M(1)�C(10)
2.291(7)M(3)�C(10)

Mo(1)�C(10) 1.94(1)
1.98(1)1.95(1)Mo(1)�C(11)
1.97(1)Mo(1)�C(12)

1.97(1)Mo(2)�C(12)
1.945(8)1.96(1)Mo(2)�C(13)
1.95(1)Mo(2)�C(14)

M(1)�C(14) 2.090(9)
2.277(9)M(2)�C(14)

2.133(6)M(1)�C(15)
2.261(6)2.248(8)M(2)�C(15)

2.270(9) 2.288(7)M(2)�C(16)
2.119(7)M(3)�C(16) 2.068(9)
2.289(7)2.176(9)Mo(1)�C(22)

2.168(9) 2.220(7)Mo(2)�C(22)
2.165(7)Mo(1)�C(23) 2.194(8)
2.188(7)2.275(9)Mo(2)�C(23)

2.32(1)Mo(1)�C(28)
2.33(1) 2.37(1)Mo(1)�C(29)

2.370(9)2.36(1)Mo(1)�C(30)
2.38(1) 2.332(8)Mo(1)�C(31)

2.305(9)2.36(1)Mo(1)�C(32)
2.32(1)Mo(1)�C(33)

2.39(1)Mo(2)�C(33)
2.36(1)2.32(1)Mo(2)�C(34)
2.35(1)Mo(2)�C(35) 2.30(1)
2.32(1)2.32(1)Mo(2)�C(36)

2.36(1) 2.32(1)Mo(2)�C(37)
2.32(1)Mo(2)�C(38)

1.41(1)C(14)�(15)
1.412(9)1.40(1)C(15)�(16)
1.35(1)1.34(1)C(22)�C(23)

1.17(1) 1.132(8)C(10)�O(10)

Bond angles
M(1)�M(2)�M(3) 64.00(3) 61.807(9)

59.086(9)58.04(3)M(1)�M(3)�M(2)
M(2)�M(1)�M(3) 59.106(9)57.96(3)

178.4(7)M(1)�C(1)�O(1) 178(1)
171.7(7)177.4(9)M(1)�C(2)�O(2)

M(1)�C(3)�O(3) 175.5(8)175(1)
178.4(7)M(2)�C(4)�O(4) 178(1)
176.7(7)173(1)M(2)�C(5)�O(5)

178(1) 179.7(8)M(2)�C(6)�O(6)
178(1) 175.6(8)M(3)�C(7)�O(7)

176.7(7)177.4(9)M(3)�C(8)�O(8)
177.5(9)175(1)M(3)�C(9)�O(9)

Table 4 (Continued)

M(1)�C(10)�O(10) 145.3(7)
M(3)�C(10)�O(10) 134.0(6)
M(1)�C(10)�M(3) 80.7(2)
Mo(1)�C(10)�O(10) 176.8(9)

178(1)169.5(8)Mo(1)�C(11)�O(11)
Mo(1)�C(12)�O(12) 177(1)
Mo(2)�C(12)�O(12) 177.1(9)

168.4(8)178.6(9)Mo(2)�C(13)�O(13)
177.6(8)Mo(2)�C(14)�O(14)

122.0(7)M(1)�C(14)�C(15)
124.3(7)M(3)�C(16)�C(15)
125.5(8)C(14)�C(15)�C(16)

C(15)�C(14)�C(27) 114.9(8)
113.9(8)C(15)�C(16)�C(17)

109.4(4)M(1)�C(15)�C(16)
109.8(4)M(3)�C(16)�C(15)
124.3(7)C(15)�C(16)�C(17)
123.6(6)C(16)�C(15)�C(28)
50.1(2)46.8(2)Mo(1)�Mo(2)�C(22)
46.9(2)Mo(1)�Mo(2)�C(23) 47.0(2)
47.5(2)46.6(2)Mo(2)�Mo(1)�C(22)

49.4(2) 47.6(2)Mo(2)�Mo(1)�C(23)
71.4(5) 77.4(4)C(22)�C(23)�Mo(1)

72.5(4)68.1(5)C(22)�C(23)�Mo(2)
67.4(4)72.8(6)C(23)�C(22)�Mo(1)
71.6(4)76.8(6)C(23)�C(22)�Mo(2)

134.6(9)C(21)�C(22)�C(23) 135.5(7)
C(22)�C(23)�C(24) 137.6(9) 132.2(6)

3.4. Crystal structure of 4

The ORTEP drawing of [Cp2Mo2(CO)4](m,m3-h2,h2-
C14H20)[Os3(CO)10] (4) (Fig. 3) shows that the two
alkyne triple bonds of the C14H20 ligand are each
bonded to a Mo2 and an Os3 moieties. Important
interatomic distances and intramolecular angles are col-
lected in Table 4.

The trimetal parts consist of an isosceles triangular
cluster of three Os(CO)3 groups with a triply bridging
alkyne and a doubly bridging carbonyl ligands. The
dibridged Os(1)�Os(3) distance of 2.8368(4) A, is signifi-
cantly longer than the other two intermetallic distances,
i.e. Os(1)�Os(2)=2.7614(3) and Os(2)�Os(3)=
2.7620(4) A, . A similar difference was found in
Os3(CO)9(m-CO)(m3-h2-C2Et2) [30], Os3(CO)9(m-
C(OMe)Ph)(m3-h2-C2Ph2) [31] and Os3(CO)9(m-CH2)(m3-
h2-C2Ph2) [32]. However, the Os�Os distances in the
analogous double cluster [Os3(CO)10]2(m3,m3-h2,h2-
C14H20), which contains no bridging CO, show substan-
tial variation, being 2.7087(6), 2.8570(5) and 2.8776(5)
A, [6].

The alkyne C(15)�C(16) unit is coordinated to three
osmium atoms, formally forming a p bond to Os(2),
with Os(2)�C(15)=2.261(6) and Os(2)�C(16)=
2.288(7), and s bonds to Os(1) and Os(3) atoms, with
Os(1)�C(15)=2.133(6) and Os(3)�C(16)=2.119(7) A, .
The C(15), C(16), Os(3), and Os(1) atoms are coplanar,
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and the dihedral angle between this plane and the
triosmium plane is 58.56°. The Os(1)�Os(3) edge is also
bridged by a carbonyl asymmetrically, such that the
Os(1)�C(10) and Os(3)�C(10) distances are 2.083(7) and
2.291(7) A, , and the Os(1)�C(10)�O(10) and
Os(3)�C(10)�O(10) angles are 145.3(7) and 134.0(6)°,
respectively. The Os(1), Os(2), and C(10) plane is tilted
20.66° out of the triosmium plane towards the alkyne
ligand.

Each osmium atom is bonded to three terminal car-
bonyl groups. The individual Os�CO lengths range
from 1.898(8) to 1.959(8) A, , while the C�O distances
range from 1.113(9) to 1.138(10) A, . The Os�C�O angles
are in the range 175.5(8)–179.7(8)° except the
Os(1)�C(2)�O(2) bond which is 171.7(7)° to show weak
bonding with the adjacent Os atom (Os(2)···C(2)=2.78
A, ) and could indicate a semibridging interaction. The
analogous double cluster [Os3(CO)10]2(m3,m3-h2,h2-
C14H20) [6] and the diphenylacetylene complex
Os3(CO)10(m3-h2-C2Ph2) [33] have been illustrated to
exhibit two semibridging CO ligands with the two long
Os···C distances in the range 2.65–2.95 A, . In contrast,
Os3(CO)10(m3-h2-C2Et2) [30] presents only one bridging
CO ligand. We note that triosmium clusters containing
both bridging and semibridging carbonyl ligands like 4
are rare in the literature [34,35].

The coordination about the Mo atoms of 4 is essen-
tially identical to that of 3-allyl except slight difference
in interatomic bond distances and angles. The
semibridging Mo(2)�C(13)�O(13) bond angle is
168.4(8)°, with C(13)···Mo(1)=2.80 A, .

4. Conclusions

Several heterometallic clusters of Mo2, Co2 and M3

(M=Fe, Ru, Os) species bridged by a 14-membered
cyclodiyne ligand have been prepared. For each com-
pound, although the spectroscopic data evidence little
interactions between the two metal systems, it is
promising to couple them inter- or intramolecularly by
reduction, photoinduction, or thermoactivation meth-
ods to produce mixed-metal phane complexes.

The crystal structure of 4 is unique, and presents a
bridging and a semibridging carbonyl bound to the Os3

cluster. On the basis of this and previous studies [6], it
seems the [Os3(CO)10(m3-h2-C14H20)] moieties with ei-
ther a bridging carbonyl, a bridging and a semi-bridg-
ing carbonyls, or two semi-bridging carbonyls are
energetically comparable, and crystal packing forces
[36] are probably the governing factors in determining
their configurations.
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