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The bis(hexacarbonyldicobalt) complexes of nine ten- to fourteen-membered cyclic diynes (1–3, 5, 6, 8 and 10–12)
have been isolated. The structural parameters of the complexes have been examined by means of X-ray investigations
on single crystals. It was found that the chair like conformation of the uncomplexed rings is changed into a twisted
one upon complexation. In addition to the pure hydrocarbons the syntheses of the bis(hexacarbonyldicobalt)
complexes of eight heterosubstituted cyclic diynes (4, 7, 9, 13, 15–17) and of a mono(hexacarbonyldicobalt) complex
18 are reported and their structural parameters are presented.

1 Introduction
The reaction of alkynes with octacarbonyldicobalt is a widely
used method in organometallic chemistry.1 The resulting com-
plexes are, for instance, used for the synthesis of polymers with
transition metal backbones 2 and as protected alkyne equiv-
alents.3 In particular, the Nicholas reaction with propargylium–
Co2(CO)6 complexes has been extensively investigated.1,4

The recent efforts in Pauson–Khand chemistry (Scheme 1) 5

especially on the development of photochemical versions 6 as
well as recent quantum chemical investigations 7 on the Pauson–
Khand mechanism demand an in depth study of the structural
properties of the C2Co2(CO)6-core. Even though there are many
comprehensive reviews 5 on Pauson–Khand chemistry the
structural details of the alkyne–Co2(CO)6 complexes as deter-
mined by X-ray crystallography are mostly scattered in many
reports.8,9

We became interested in this field by carrying out two-fold
Pauson–Khand reactions of acylic and cyclic diynes with ethyl-
ene 10 (Scheme 2) in order to obtain singly and doubly tethered
cyclopentenones as starting materials for ansa-metallocenes.11

During this research we noticed that for a deeper understand-
ing of the mechanism of the cobalt mediated cyclization of
the diynes a detailed knowledge of the structural features of the
corresponding bis(hexacarbonyldicobalt) complexes is neces-
sary. Therefore we have synthesized the bis(hexacarbonyl-
dicobalt) complexes of 17 ten- to fourteen-membered cyclic
diynes and scrutinized their structures by X-ray techniques. In
this paper we report the results of this study.

Scheme 1 Pauson–Khand reaction to yield cyclopentenones.

Scheme 2 Synthesis of ansa-metallocenes via two-fold tethered
cyclopentenones.

2 Results
The two-fold tethered diynes were synthesized according to
literature procedures.10,12–19 They were reacted with Co2(CO)8

in light petroleum (30/40) or methylene chloride to afford the
corresponding products after column chromatography. We have
already published the syntheses of 1, 2, 10–12 12 and 8,20 King et
al. initially prepared 3 and 5,21 however, no crystal structures
have been reported. The isolated yields obtained for the syn-
theses of 1–18 are given in Table 1.

A comparison shows that the yields are somewhat dependent
on the ring size and functionality. We found good to excellent
yields for the all-carbon membered rings 3, 5, 6 and 8 (about
90%). For the heterocyclic ten-membered rings the yields vary
considerably: the yield is high for 9 (83%), but lower for 7, 15,
16 and 17 (47–69%). The cobalt complexes of the larger sulfur
substituted rings 4, 13 and 14 were isolated in very good yields
(84–95%), however, the cyclophane diynes 1, 2 and 10–12
afforded lower yields (30–67%).

To study the structural data of the bis(hexacarbonyldicobalt)
complexes, single crystals could be obtained by solvent evapor-
ation at room temperature except for the sole eleven membered
ring 14, which was isolated as a red powder. Cyclic diynes with
an uneven number of CH2 groups between the triple bonds tend
to adopt a zig-zag arrangement of the chains. This leads to a
chair conformation of the rings.22 However, in the correspond-
ing bis(hexacarbonyldicobalt) complexes the structure is
dominated by the bulky complexed triple bonds. The repulsion
between the C2Co2(CO)6 units leads to a twisted conformation
of the rings.

The fourteen-membered complexes 3, 4 and 11 show very
similar structural features (Table 2). They are able to form an
unhindered staggered position of the C2Co2(CO)6 units as
shown in Fig. 1 for 3. The axes of the complexed triple bonds
are separated by about 580 ± 10 pm and twisted by about
66 ± 2�, giving rise to an ideal disposition of the alkyne
units. Typical structural features of the pseudo-tetrahedral, C2-
symmetric Co2C2-cores were the planarity of the Co-
coordinated fragments (1–2–3–4 in Scheme 3), the elongated
complexed triple bonds (129–134 pm) and the bent geometry
for the coordinated alkyne moieties (142–149�). Metal–
carbonyl bond lengths vary between 177 and 184 pm. The CO-
ligands trans to the acetylenic group have an average Co–C
bond length of 183 pm, significantly longer than those of the
CO-ligands in cis position (178 pm).

This can be attributed to differences in metal–ligand d  π*
backbonding.23 The six carbon monoxide ligands do not
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Table 1 Cyclic Co2(CO)6 complexes 1–18 [Co2 = Co2(CO)6]

Compound  Yield (%) Compound  Yield (%)

1 64 10 34

2 61 11 67

3 91 12 30

4 93 13 95

5 87 14 84

6 89 15 69

7 47 16 59

8 94 17 66

9 83 18 57

Table 2 Selected transannular distances between the triple bonds, torsion angles between the triple bonds, bond distances and bond angles of the
fourteen-membered cyclic complexes 3, 4 and 11

Compound
Distance d a /pm Torsion γ a /�

Bond lengths/pm
Angles/�

 Co2C2 Co2C2 C���C Co–CO CoC���O OCCo–C C–C���C

3 574.0 63.7 132.9–133.6 178.5–183.5 112.1–113.6 197.3–197.8 143.5–146.5
4 590.9 67.5 133.1–133.7 178.3–182.9 112.6–114.3 196.8–197.6 142.9–145.3

11 571.6 68.2 128.9–132.5 176.6–183.3 110.3–114.9 195.3–199.0 142.2–149.1
a See Scheme 3 for definition of distance d and torsion angle γ. 

participate equally in the redistribution of electron density from
the coordinated triple bond. The values obtained for 3, 4 and 11
compare very well with those of simple dialkyl- and diaryl-
acetylenes reported in the literature.8 Further structural data
are given in Table 2.

Shortening the ring size of 3, 4 and 11 by one unit leads to
unsymmetrically tethered thirteen-membered systems (e.g. 1, 2,
10, Table 1 and Table 3). The chain in 2, consisting of four
methylene units, can be further shortened by introducing an
aromatic (1) or olefinic (10) double bond into the cycle, causing
a decrease of the separation between the Co2C2-cores down
to 510 and 538 pm, respectively. The torsion angles of the
unsymmetrically bridged complexes vary between 22 and 42�
(Table 3).

The symmetrically two-fold bridged twelve-membered ring 5
incorporates four methylene units on each side of the alkyne
moiety. This leads to a separation between the triple bond cen-
ters of about 470 pm (Table 3). Unsymmetrically bent twelve-
membered diynes form cobaltcarbonyl complexes (12, 13) with
similar structural features as seen for 1 and 10. The additional
structural features, for instance OCCo–C-bond lengths and
C���C–C-angles, obtained for the thirteen- to twelve-membered
rings compare very well with those of simple dialkyl-and diaryl-
acetylenes reported in the literature.8 This is also the case for the
bis(hexacarbonyldicobalt) complexes of the ten-membered
cyclodiynes (6–9, 15–17, Table 1 and Table 3).

A comparison of the torsion angles between the Co2C2-cores
presented in Table 2 and Table 3 reveals for the symmetrically
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Table 3 Transannular distances (pm) and torsion angles (�) of the complexed triple bonds in the thirteen- to ten-membered cycles 1, 2, 5–9, 10, 12,
13, 15–18

Compound Ring size Co2C2-distance d a Co2C2-torsion γ a Compound Ring size Co2C2-distance d a Co2C2-torsion γ a

1 13 509.7 41.6 5 12 469.5 0
2 13 576.9 21.9 12 12 489.9 38.7

10 13 538.2 38.3 13 12 500.2 46.8
7 10 355.9 62.6 6 10 343.9 58.2
8 10 347.7 61.3 15 10 344.4 55.6
9 10 363.5 64.2 16 10 352.0 60.2

18 10 344.6 26.0 17 10 406.5 0
a See Scheme 3 for definition of distance d and torsion angle γ. 

bridged fourteen- and ten-membered systems a twisting of
about 60 ± 5�. However, the complexed triple bonds of the
symmetrically tethered twelve-membered ring 5 is perfectly
coplanar (Fig. 2). This exceptional conformational behavior was
already observed in the study of the solid state structures of the
corresponding cyclododeca-1,8-diyne.15

Ten-membered cyclic diynes often show special reactivities
like transannular rearrangements 24 or metal-induced formation
of CpCo-capped tricyclic cyclobutadienes.25 Since those sys-
tems were also promising precursors for the construction of

Scheme 3 Definition of the triple bond distance d (the transannular
distance between the triple bond centres) and the torsion angle γ
(the angle between the triple bond centres 5–6–7–2) in cyclic
bis(hexacarbonyldicobalt) complexes.

Fig. 1 Molecular structure of 3. Hydrogen atoms are omitted for
clarity. Ellipsoids are shown with 50% probability.

Fig. 2 Molecular structure of 5. Hydrogen atoms are omitted for
clarity. Ellipsoids are shown with 50% probability.

shortlinked two-fold bridged ansa-metallocenes (Scheme 2),
they were intensively studied in this work. The structural
analyses of the all-carbon rings (6, 8) and their thia- and aza-
derivatives (7, 9, 15, 16, 17) reveal a further decrease of the
separation between complexed triple bonds to about 350 pm
(Table 3). This leads to a close approach of the carbonyl-ligands
of the Co2C2-cores, dramatically increasing their transannular
interaction. As a consequence the ten-membered cycles are
forced to twist by about 60�. Only in 17, where the twisting is
dominated by the interference of the isopropyl groups and the
CO ligands, a tilting of 0� is encountered.

Since heteroatoms and especially sulfur atoms play an
important role in Pauson–Khand reactions 5 and other cobalt-
mediated cyclizations,26 we scrutinized our data on 4, 7, 9, 13,
16 and 18 for any sulfur–cobalt interaction. However, no such
interactions could be detected in the solid state.

A closer examination of the influence of transannular inter-
actions of the Co2C2-cores can be done by comparing the
transannular distances between the uncomplexed triple bonds
(δ in Table 4) with the transannular distances between the com-
plexed triple bonds (d in Table 4). Furthermore we list the ratio
k between d and δ for compounds 3–5, 7–9, 13, 15, 17 and 18
from which both the X-ray structures of the cobalt complex
and the corresponding diyne could be obtained.

Symmetrical tethering of the triple bonds by five (3, 4)
groups leads to a characteristic lengthening of the transannular
distances d between the triple bonds in the carbonyl compounds
by about 25%. This widening of the cyclic compounds upon
coordination with octacarbonyldicobalt is about 17% in the
case of symmetrical bridging with four (5) and three (7–9 and
15) groups. Only 17 shows a larger widening of 37%, probably
due to the additional interaction of the isopropyl groups.
Unsymmetrical linkage of the alkyne moieties reveals a rise in
transannular ring size d by about 35% in the corresponding
cobaltcarbonyls (13).

It is interesting to note, that this increase in transannular
triple bond distance is already observed in the mono(hexa-
carbonyldicobalt) complex 18. In Fig. 3 the structures of the
mono- and the two-fold-coordinated species are presented. The
comparison shows the transannular distance between the center
of the uncomplexed triple bond and the complexed one in 18 to
be 345 pm (k = 14%), whereas the consecutive complexation of
the second triple bond moiety only increases the transannular
distance between the coordinated triple bond centres up to 356
pm (additional 4%) for 7 (see Table 4).

3 Conclusions
Our systematic study of the structural features of cyclic
bis(hexacarbonyldicobalt) complexes reveals that the geometry
in the solid state depends on the interplay between the bulky
C2Co2(CO)6 units and on the conformational needs of the side
chains. This leads to a widening of the transannular distance
between the triple bond centres upon complexation of about
25% for fourteen-membered and about 17% for twelve- to
ten-membered rings. Additionally it is found that the chair like
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Table 4 Comparison between the ratios k of the transannular distances δ (pm) in cyclic diynes and their corresponding values d (pm) in the
Co2(CO)6 complexes 3–5, 7–9, 13, 15, 17 and 18

Compound
Ring
size

Co2C2-distance
d a/pm

C���C-distance
δ a k b Compound

Ring
size

Co2C2-distance
d a/pm

C���C-distance
δ a/pm k b

3 14 574.0 464.0 15 1.23 5 12 469.5 406.0 15 1.17
4 14 590.9 472.6 27 1.25 13 12 498.5 372.1 26 1.34
7 10 355.9 302.2 28 1.18 15 10 344.4 298.0 18 1.15
8 10 347.7 299.1 15 1.16 17 10 406.5 295.9 18 1.37
9 10 363.5 310.2 28 1.17 18 10 344.6 302.2 28 1.14
a See Scheme 3 for definition of distance d, δ is defined as the corresponding value in the uncomplexed cyclic diynes. b k = distance d/distance δ. 

Fig. 3 Comparison between the molecular structures of 18 (left) and 7 (right). Hydrogen atoms are omitted for clarity. Ellipsoids are shown with
50% probability. Relevant structural parameters are given in Table 4.

conformation of the uncomplexed rings is changed into a
twisted one. Our search to find any evidence for interactions
between the heteroatoms and the C2Co2(CO)6 unit in the solid
state was in vain. This was unexpected since cobalt–heteroatom
interactions, especially with sulfur centers, have been reported
previously 29 and they play an important role in Pauson–Khand
reactions.5

4 Experimental

4.1 General methods

All melting points are uncorrected. Elemental analyses were
carried out by the Mikroanalytisches Laboratorium der Uni-
versität Heidelberg. UV light absorption data were recorded
using a Hewlett Packard 8452A spectrometer. IR spectra were
recorded with a Bruker Vector 22. The NMR spectra were
measured with a Bruker WH 300 (1H-NMR at 300 MHz; 13C-
NMR at 75.47 MHz) and a Bruker Avance 500 (1H-NMR at
500 MHz; 13C-NMR at 125.77 MHz) using the solvent as
internal standard (δ). FD mass spectra refer to data from a Jeol
JMS-700 instrument and were measured from methylene
chloride solutions (c = 3–5 mg ml�1) of the corresponding com-
plexes. All reactions were carried out in dried glassware under
nitrogen atmosphere using dried and oxygen-free solvents.
Octacarbonyldicobalt was obtained from Strem and used with-
out further purification. Materials used for column chromato-
graphy: neutral alumina (Merck), Celite (Fluka).

4.2 X-Ray crystallography and structure solution

The crystallographic data were recorded with a Bruker Smart
CCD diffractometer at 200 K with Mo-Kα radiation (λ =
0.71073 Å). The structures were solved by using direct methods
(except for 4 and 5: Patterson-method), least-squares refine-
ment, and Fourier techniques. Structure solution and refine-
ment were performed with SHELXTL.30 Hydrogen atoms were
taken into account at calculated positions, except for 9 where
they were refined isotropically. The X-ray structure of 7 has a
crystallographic inversion center, so necessarily the sulfur atom

is distributed over two positions with equal occupancy. There is
also a little disordering in an isopropyl group of 16. The asym-
metric unit of 18 contains two independent molecules, in one of
them the sulfur atom is disordered over two positions with
almost equal occupancy. ORTEP drawings were obtained using
the ORTEP-3 for Windows program.31

CCDC reference numbers 168766–168783.
See http://www.rsc.org/suppdata/dt/b2/b200195k/ for crystal-

lographic data in CIF or other electronic format.

4.3 Standard procedure for preparation of bis(hexacarbonyl-
dicobalt) complexes from cyclic diynes

To a solution of cyclic diyne in light petroleum (30/40) or
methylene chloride was added solid octacarbonyldicobalt in
one portion. The resulting red mixture was stirred in the dark
over night. After rotary evaporation of the solvent the product
was absorbed on Celite and purified by column chromato-
graphy on neutral alumina (grade III), eluting with mixtures of
light petroleum (30/40) and diethyl ether.

4.3.1 (�:�-[4.4]Orthometacyclophan-2,12-diyne)bis(hexa-
carbonyldicobalt) 1. The synthesis of 1 has been reported previ-
ously.12 Crystals were grown from light petroleum at 275 K.

Relevant structural parameters: chemical formula C32H16-
Co4O12; formula weight, 828.17; temperature, 293(2) K; crystal
size, 0.50 × 0.35 × 0.10 mm; crystal system, triclinic; space
group, P1̄; Z, 4; a, 14.044(7); b, 16.345(9); c, 16.476(7) Å; α,
75.03(4); β, 70.57(3), γ, 72.45(4)�; absorption coefficient µ, 2.01
mm�1; reflections collected/independent/observed, 11958/
11804/5838; max/min transmission, 1.00 and 0.73; parameters,
865; goodness-of-fit on F 2, 1.10; R(F ), 0.096; Rw(F 2), 0.138;
(∆ρ)max, (∆ρ)min, 0.43 and �0.37 e Å�3.

4.3.2 (�:�-[10]Metacyclophan-2,8-diyne)bis(hexacarbonyl-
dicobalt) 2. The synthesis of 2 has been reported previously.12

Crystals were grown from light petroleum at 275 K.
Relevant structural parameters: chemical formula C28H16Co4-

O12; formula weight, 780.13; temperature, 293(2) K; crystal size,
0.75 × 0.25 × 0.08 mm; crystal system, triclinic; space group,
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P1̄; Z, 2; a, 7.761(2); b, 12.608(5); c, 16.058(6) Å; α, 80.78(3);
β, 87.97(3), γ, 86.97(3)�; absorption coefficient µ, 2.165 mm�1;
reflections collected/independent/observed, 6256/6256/3976;
max/min transmission, 1.00 and 0.80; parameters, 398; good-
ness-of-fit on F 2, 1.09; R(F ), 0.064; Rw(F 2), 0.115; (∆ρ)max,
(∆ρ)min, 0.44 and �0.34 e Å�3.

4.3.3 (�:�-Cyclotetradeca-1,8-diyne)bis(hexacarbonyl-
dicobalt) 3. The synthesis of 3 has been reported previously.21

Crystals were grown from light petroleum/diethyl ether (1 : 1) at
275 K.

Relevant structural parameters: chemical formula C26H20-
Co4O12; formula weight, 760.14; temperature, 200(2) K; crystal
size, 0.30 × 0.28 × 0.18 mm; crystal system, triclinic; space
group, P1̄; Z, 2; a, 10.7821(2); b, 10.8413(2); c, 13.1236(2) Å; α,
93.192(1); β, 90.0893(3); γ, 96.513(1)�; absorption coefficient µ,
2.20 mm�1; reflections collected/independent/observed, 15640/
6919/6007; max/min transmission, 0.72 and 0.60; parameters,
379; goodness-of-fit on F 2, 1.04; R(F ), 0.025; Rw(F 2), 0.063;
(∆ρ)max, (∆ρ)min, 0.35 and �0.41 e Å�3.

4.3.4 (�:�-1-Thiacyclotetradeca-4,11-diyne)bis(hexacarb-
onyldicobalt) 4. Starting materials: 335 mg (1.6 mmol) of
1-thiacyclotetradeca-4,11-diyne and 1.23 g (3.6 mmol) of
octacarbonyldicobalt in 80 ml of light petroleum. Column
chromatography with light petroleum/diethyl ether (50 : 1) as
eluent afforded 1.18 g (93%) of 4 as a red solid. Needles were
grown from light petroleum/diethyl ether (1 : 1) at 275 K. Mp
137 �C (decomp.). Elem. Anal.: Found: C, 38.47; H, 2.59;
S, 4.12. C25H18Co4O12S requires C, 38.59; H, 2.33; S, 4.12%.
UV-vis (CH2Cl2), λmax/nm (log ε): 250 (4.76), 350 (4.19), 408
(3.02). IR (KBr, cm�1): 2930, 2090, 2040, 2015, 1988, 1629,
1434. 1H-NMR (C6D6): δ 2.88–2.83 (m, 4H, CH2), 2.69–2.65
(m, 4H, CH2), 2.44–2.39 (m, 4H, CH2), 1.40–1.35 (m, 4H, CH2),
1.12–1.09 (m, 2H, CH2). 

13C-NMR (C6D6): δ 28.4, 31.0, 31.7,
35.6, 35.7 (CH2); 96.2, 99.6 (C); 200.5 (CO). FD-MS m/z
778 (M).

Relevant structural parameters: chemical formula C25H18Co4-
O12S; formula weight, 778.17; temperature, 200(2) K; crystal
size, 0.46 × 0.16 × 0.14 mm; crystal system, triclinic; space
group, P1̄; Z, 2; a, 7.8123(1); b, 13.7006(2); c, 15.1082(2) Å; α,
105.367(1); β, 101.732(1); γ, 91.238(1)�; absorption coefficient µ,
2.27 mm�1; reflections collected/independent/observed, 15418/
6965/5825; max/min transmission, 0.77 and 0.52; parameters,
379; goodness-of-fit on F 2, 1.06; R(F ), 0.028; Rw(F 2), 0.067;
(∆ρ)max, (∆ρ)min, 0.40 and �0.55 e Å�3.

4.3.5 (�:�-Cyclododeca-1,7-diyne)bis(hexacarbonyldicobalt)
5. The synthesis of 5 has been reported previously.20 Crystals
were grown from light petroleum/diethyl ether (1 : 1) at 275 K.

Relevant structural parameters: chemical formula C24H16Co4-
O12; formula weight, 732.09; temperature, 200(2) K; crystal size,
0.12 × 0.10 × 0.03 mm; crystal system, triclinic; space group,
P1̄; Z, 1; a, 7.6522(3); b, 9.5811(3); c, 9.9672(2) Å; α, 92.300(2);
β, 98.951(1); γ, 104.569(1)�; absorption coefficient µ, 2.40 mm�1;
reflections collected/independent/observed, 7216/3174/2128;
max/min transmission, 0.93 and 0.76; parameters, 181; good-
ness-of-fit on F 2, 0.97; R(F ), 0.038; Rw(F 2), 0.071; (∆ρ)max,
(∆ρ)min, 0.45 and �0.48 e Å�3.

4.3.6 (�:�-4,9-Diisopropylidencyclodeca-1,6-diyne)bis(hexa-
carbonyldicobalt) 6. Starting materials: 212 mg (1.0 mmol) of
4,9-diisopropylidencyclodeca-1,6-diyne and 1.03 g (3.0 mmol)
of octacarbonyldicobalt in 35 ml of methylene chloride. Col-
umn chromatography with light petroleum as eluent afforded
698 mg (89%) of 6 as a red solid. Crystals were grown from light
petroleum at 275 K. Mp 170 �C (decomp.). Elem. Anal.: Found
C, 42.86; H, 2.69. C28H20Co4O12 requires C, 42.89; H, 2.57%.
UV-vis (CH2Cl2), λmax/nm (log ε): 260 (4.43), 316 (3.77), 350
(3.70). IR (KBr, cm�1): 2921, 2084, 2042, 2005, 1632, 1424.

1H-NMR (CDCl3): δ 3.79 (s, 8H, CH2), 1.86 (s, 12H, CH3). 
13C-

NMR (CDCl3): δ 21.2 (CH3); 35.9 (CH2); 96.2 (C); 128.9 (C��C),
130.1 (C��C), 200.3 (CO). FD-MS m/z 784 (M).

Relevant structural parameters: chemical formula C28H20Co4-
O12; formula weight, 784.16; temperature, 200(2) K; crystal size,
0.40 × 0.24 × 0.14 mm; crystal system, monoclinic; space group,
C2/c; Z, 4; a, 19.6831(5); b, 7.6322(2); c, 22.7230(6) Å; β,
111.922(1)�; absorption coefficient µ, 2.12 mm�1; reflections
collected/independent/observed, 15755/3623/3258; max/min
transmission, 0.80 and 0.61; parameters, 201; goodness-of-fit
on F 2, 1.10; R(F ), 0.022; Rw(F 2), 0.055; (∆ρ)max, (∆ρ)min, 0.30
and �0.47 e Å�3.

4.3.7 (�:�-1-Thiacyclodeca-3,8-diyne)bis(hexacarbonyl-
dicobalt) 7. Starting materials: 50 mg (0.33 mmol) of
1-thiacyclodeca-3,8-diyne and 0.46 g (1.33 mmol) of octa-
carbonyldicobalt in 75 ml of methylene chloride. Column
chromatography with light petroleum/diethyl ether (10 : 1) as
eluent afforded 112 mg (47%) of 7 as a red solid. Plates were
grown from methylene chloride/diethyl ether (1 : 3) at 275 K.
Mp 143 �C (decomp.). Elem. Anal.: Found C, 34.75; H, 1.68;
S 4.47. C21H10Co4O12S requires C, 34.93; H, 1.40; S, 4.44%.
UV-vis (CH2Cl2), λmax/nm (log ε): 260 (4.33), 314 (3.81), 352
(3.73), 418 (3.03). IR (KBr, cm�1): 2934, 2089, 2047, 2019, 1719,
1628, 1561, 1437, 1407. 1H-NMR (CD2Cl2): δ 3.95 (s, 4H, CH2),
3.02–3.06 (m, 4H, CH2), 2.07–2.05 (m, 2H, CH2). 

13C-NMR
(CDCl3): δ 32.1, 32.6, 34.5 (CH2); 91.9, 96.6 (C); 199.6 (CO).
FD-MS m/z 722 (M).

Relevant structural parameters: chemical formula C21H10Co4-
O12S; formula weight, 722.07; temperature, 200(2) K; crystal
size, 0.22 × 0.20 × 0.01 mm; crystal system, monoclinic; space
group, C2/c; Z, 4; a, 25.0971(6); b, 7.7272(2); c, 13.8406(2) Å; β,
107.601(1)�; absorption coefficient µ, 2.69 mm�1; reflections
collected/independent/observed, 8932/1832/1447; max/min
transmission, 0.98 and 0.77; parameters, 192; goodness-of-fit
on F 2, 1.06; R(F ), 0.030 Rw(F 2), 0.059; (∆ρ)max, (∆ρ)min, 0.36
and �0.28 e Å�3.

4.3.8 (�:�-Cyclodeca-1,6-diyne)bis(hexacarbonyldicobalt) 8.
The synthesis of 8 has been reported previously.20 Crystals were
grown from light petroleum at 275 K.

Relevant structural parameters: chemical formula C22H12Co4-
O12; formula weight, 704.04; temperature, 200(2) K; crystal size,
0.30 × 0.21 × 0.09 mm; crystal system, monoclinic; space group,
C2/c; Z, 4; a, 24.9890(5); b, 7.7330(2); c, 13.7310(3) Å; β,
107.517(1)�; absorption coefficient µ, 2.64 mm�1; reflections
collected/independent/observed, 10986/2885/2548; max/min
transmission, 0.82 and 0.64; parameters, 172; goodness-of-fit
on F 2, 1.09; R(F ), 0.022; Rw(F 2), 0.056; (∆ρ)max, (∆ρ)min, 0.42
and �0.32 e Å�3.

4.3.9 (�:�-1,6-Dithiacyclodeca-3,8-diyne)bis(hexacarbonyl-
dicobalt) 9. Starting materials: 150 mg (0.89 mmol) of 1,6-
dithiacyclodeca-3,8-diyne and 0.92 g (2.7 mmol) of octa-
carbonyldicobalt in 50 ml of methylene chloride. Column
chromatography with light petroleum/diethyl ether (5 : 1) as
eluent afforded 547 mg (83%) of 9 as a red solid. Plates were
grown from methylene chloride at 275 K. Mp 150 �C (decomp.).
Elem. Anal.: Found C, 32.39; H, 1.21; S, 8.61. C20H8Co4O12S2

requires C, 32.46; H, 1.09; S, 8.66%. UV-vis (CH2Cl2), λmax/nm
(log ε): 264 (5.07), 354 (4.21). IR (KBr, cm�1): 2921, 2090, 2048,
2021, 1630. 1H-NMR (CD2Cl2): δ 3.99 (s, 8H, CH2). 

13C-NMR
(CD2Cl2): δ 34.2 (CH2); 98.2 (C); 200.0 (CO). FD-MS m/z 740
(M).

Relevant structural parameters: chemical formula C20H8Co4-
O12S2; formula weight, 740.10; temperature, 200(2) K; crystal
size, 0.70 × 0.44 × 0.02 mm; crystal system, monoclinic; space
group, C2/c; Z, 4; a, 25.1327(1); b, 7.7195(1); c, 13.8868(1) Å;
β, 107.507(1)�; absorption coefficient µ, 2.76 mm�1; reflections
collected/independent/observed, 12658/2929/2651; max/min
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transmission, 0.96 and 0.62; parameters, 188; goodness-of-fit
on F 2, 1.10; R(F ), 0.023; Rw(F 2), 0.061; (∆ρ)max, (∆ρ)min, 0.40
and �0.35 e Å�3.

4.3.10 (�:�-(Z )-[10]Metacyclophan-5-en-2,8-diyne)bis-
(hexacarbonyldicobalt) 10. The synthesis of 10 has been
reported previously.12 Crystals were grown from light petroleum
at 275 K.

Relevant structural parameters: chemical formula C28H14Co4-
O12; formula weight, 778.11; temperature, 293(2) K; crystal size,
0.70 × 0.35 × 0.20 mm; crystal system, triclinic; space group,
P1̄; Z, 2; a, 7.830(4); b, 12.886(5); c, 16.209(6) Å; α, 91.32(3); β,
102.09(3), γ, 105.68(3)�; absorption coefficient µ, 2.19 mm�1;
reflections collected/independent/observed, 4787/4787/3391;
max/min transmission, 1.00 and 0.81; parameters, 397;
goodness-of-fit on F 2, 1.09; R(F ), 0.053; Rw(F 2), 0.108;
(∆ρ)max, (∆ρ)min, 0.64 and �0.41 e Å�3.

4.3.11 (�:�-[11]Metacyclophan-2,9-diyne)bis(hexacarbonyl-
dicobalt) 11. The synthesis of 11 has been reported previously.12

Crystals were grown from light petroleum at 275 K.
Relevant structural parameters: chemical formula C29H18Co4-

O12; formula weight, 794.15; temperature, 293(2) K; crystal size,
1.10 × 0.30 × 0.10 mm; crystal system, triclinic; space group,
P1̄; Z, 2; a, 8.032(4); b, 14.263(7); c, 14.655(6) Å; α, 93.60(4); β,
95.73(4); γ, 102.93(4)�; absorption coefficient µ, 2.07 mm�1;
reflections collected/independent/observed, 4242/4242/3018;
max/min transmission, 1.00 and 0.84; parameters, 407;
goodness-of-fit on F 2, 1.15; R(F ), 0.058; Rw(F 2), 0.122;
(∆ρ)max, (∆ρ)min, 0.36 and �0.35 e Å�3.

4.3.12 (�:�-5-Isopropyliden-[9]metacyclophan-2,7-diyne)bis-
(hexacarbonyldicobalt) 12. The synthesis of 12 has been
reported previously.12 Crystals were grown from light petroleum
at 275 K.

Relevant structural parameters: chemical formula C30H18Co4-
O12; formula weight, 806.16; temperature, 200(2) K; crystal size,
0.85 × 0.75 × 0.25 mm; crystal system, monoclinic; space group,
P21/n; Z, 2; a, 13.573(4); b, 10.648(3); c, 22.761(9) Å; β,
95.38(3)�; absorption coefficient µ, 2.05 mm�1; reflections
collected/independent/observed, 6767/6506/4254; max/min
transmission, 1.00 and 0.54; parameters, 416; goodness-of-fit
on F 2, 1.08; R(F ), 0.055; Rw(F 2), 0.120; (∆ρ)max, (∆ρ)min, 0.36
and �0.65 e Å�3.

4.3.13 (�:�-1-Thiacyclododeca-3,10-diyne)bis(hexacarbonyl-
dicobalt) 13. Starting materials: 150 mg (0.84 mmol) of
1-thiacyclododeca-3,10-diyne and 0.63 g (1.8 mmol) of
octacarbonyldicobalt in 50 ml of light petroleum. Column
chromatography with light petroleum as eluent afforded 600 mg
(95%) of 13 as a red solid. Needles of 13 were grown from light
petroleum at 275 K. Mp 97 �C. Elem. Anal.: Found C, 36.90; H,
2.05; S, 4.34. C23H14Co4O12S requires C, 36.83; H, 1.88; S,
4.27%. UV-vis (CH2Cl2), λmax/nm (log ε): 258 (4.92), 310 (4.39),
352 (4.37), 414 (3.78). IR (KBr, cm�1) 2087, 2049, 2021, 1627,
1438. 1H-NMR (C6D6): δ 3.63 (s, 4H, CH2), 2.66–2.64 (m,
4H, CH2), 1.52–1.48 (m, 4H, CH2), 1.28–1.26 (m, 2H, CH2).
13C-NMR (C6D6): δ 27.8, 29.2, 34.1, 37.8 (CH2); 93.4, 97.8 (C);
200.2 (CO). FD-MS m/z 750 (M).

Relevant structural parameters: chemical formula C23H14Co4-
O12S; formula weight, 750.12; temperature, 200(2) K; crystal
size, 0.36 × 0.08 × 0.07 mm; crystal system, monoclinic; space
group, P21/c; Z, 8; a, 12.4898(2); b, 27.3932(4); c, 16.8607(2) Å;
β, 100.645(1)�; absorption coefficient µ, 2.43 mm�1; reflections
collected/independent/observed, 38439/6925/5137; max/min
transmission, 0.86 and 0.56; parameters, 721; goodness-of-fit
on F 2, 1.06; R(F ), 0.036; Rw(F 2), 0.064; (∆ρ)max, (∆ρ)min, 0.89
and �0.50 e Å�3. Atom C8 in the first of the independent
molecules is likely to be disordered.

4.3.14 (�:�-1-Thiacycloundeca-3,9-diyne)bis(hexacarbonyl-
dicobalt) 14. Starting materials: 160 mg (0.98 mmol) of
1-thiacycloundeca-3,9-diyne and 0.93 g (2.7 mmol) of octa-
carbonyldicobalt in 80 ml of methylene chloride. Column
chromatography with light petroleum/diethyl ether (25 : 1) as
eluent afforded 573 mg (84%) of 14 as a red solid. Crystals were
grown from light petroleum/diethyl ether (1 : 1) at 275 K. Mp
125 �C (decomp.). Elem. Anal.: Found C, 35.92; H, 1.87; S,
4.38. C22H12Co4O12S requires C, 35.90; H, 1.64; S, 4.36%.
UV-vis (CH2Cl2), λmax/nm (log ε): 256 (4.64), 312 (4.24), 316
(4.29), 352 (4.18). IR (KBr, cm�1) 2927, 2858, 2473, 2087, 2050,
2015, 1624, 1435, 1344. 1H-NMR (CDCl3): δ 4.29 (s, 4H, CH2),
3.11–3.07 (m, 4H, CH2), 1.84–1.80 (m, 4H, CH2). 

13C-NMR
(CDCl3): δ 29.5, 33.6, 40.3 (CH2); 93.5, 97.9 (C); 199.4 (CO).
FD-MS m/z 736 (M).

4.3.15 (�:�-N-Isopropyl-1-azacyclodeca-3,8-diyne)bis(hexa-
carbonyldicobalt) 15. Starting materials: 100 mg (0.57 mmol) of
N-isopropyl-1-azacyclodeca-3,8-diyne and 0.49 g (1.4 mmol) of
octacarbonyldicobalt in 70 ml of methylene chloride. Column
chromatography with light petroleum/diethyl ether (50 : 1) as
eluent afforded 290 mg (69%) of 15 as a red solid. Needles were
grown from light petroleum/diethyl ether (1 : 1) at 275 K.
Mp 127 �C (decomp.). Elem. Anal.: Found C, 38.57; H, 2.49; N,
1.93. C24H17Co4NO12 requires C 38.58, H 2.29, N 1.88%. UV-
vis (CH2Cl2), λmax/nm (log ε): 262 (4.56), 316 (4.02), 348 (4.02),
420 (3.40). IR (KBr, cm�1) 2932, 2084, 2045, 2019, 1627, 1439,
1385. 1H-NMR (CDCl3): δ 4.04 (s, 4H, CH2), 3.19–3.15 (m, 1H,
CH), 3.01–2.96 (m, 4H, CH2), 1.99–1.96 (m, 2H, CH2), 1.14 (d,
6H, CH3). 

13C-NMR (CDCl3): δ 21.8 (CH3); 31.0, 32.2, 52.0
(CH2); 53.7 (CH); 94.7, 97.7 (C); 200.2 (CO). FD-MS m/z 747
(M).

Relevant structural parameters: chemical formula C24H17Co4-
NO12; formula weight, 747.11; temperature, 233(2) K; crystal
size, 0.50 × 0.17 × 0.08 mm; crystal system, monoclinic; space
group, P21/c; Z, 4; a, 16.2075(5); b, 7.6766(1); c, 24.2396(9) Å;
β, 108.594(1)�; absorption coefficient µ, 2.34 mm�1; reflections
collected/independent/observed, 10055/5772/3594; max/min
transmission, 0.86 and 0.52; parameters, 387; goodness-of-fit
on F 2, 1.02; R(F ), 0.063; Rw(F 2), 0.163; (∆ρ)max, (∆ρ)min, 0.92
and �0.75 e Å�3.

 4.3.16 (�:�-N-Isopropyl-6-aza-1-thiacyclodeca-3,8-diyne)-
bis(hexacarbonyldicobalt) 16. Starting materials: 50 mg (0.57
mmol) of N-isopropyl-6-aza-1-thiacyclodeca-3,8-diyne and
0.27 g (1.4 mmol) of octacarbonyldicobalt in 35 ml of methyl-
lene chloride. Column chromatography with light petroleum/
diethyl ether (10 : 1) as eluent afforded 451 mg (59%) of 16 as a
light red solid. Crystals were grown from diethyl ether/
methylene chloride (1 : 1) at 275 K. Mp 150 �C (decomp.). Elem.
Anal.: Found C, 36.05; H, 2.14; N, 1.88; S, 4.16. C23H15Co4-
NO12S requires C, 36.10; H, 1.98; N, 1.83; S, 4.19%. UV-vis
(CH2Cl2), λmax/nm (log ε): 260 (4.32), 304 (3.83), 316 (3.77), 352
(3.68). IR (KBr, cm�1) 2922, 2087, 2052, 2003, 1629, 1438, 1406.
1H-NMR (CDCl3): δ 4.12 (s, 4H, CH2), 3.98 (s, 4H, CH2), 3.31–
3.22 (m, 1H, CH), 1.21 (d, 6H, CH3). 

13C-NMR (CDCl3): δ 22.3
(CH3); 34.2, 51.4 (CH2); 53.7 (CH); 94.1, 95.4 (C); 199.8 (CO).
FD-MS m/z 765 (M).

Relevant structure parameters: chemical formula C23H14Co4-
NO12S; formula weight, 765.14; temperature, 200(2) K; crystal
size, 0.44 × 0.20 × 0.12 mm; crystal system, monoclinic; space
group, P21/n; Z, 4; a, 16.8134(1); b, 7.6831(1); c, 23.1479(1) Å;
β, 106.506(1)�; absorption coefficient µ, 2.41 mm�1; reflections
collected/independent/observed, 28495/6548/5455; max/min
transmission, 0.81 and 0.38; parameters, 383; goodness-of-fit
on F 2, 1.05; R(F ), 0.028; Rw(F 2), 0.066; (∆ρ)max, (∆ρ)min, 0.42
and �0.47 e Å�3.

4.3.17 (�:�-N,N�-Diisopropyl-1,6-diazacyclodeca-3,8-diyne)-
bis(hexacarbonyldicobalt) 17. Starting materials: 100 mg (0.46
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mmol) of N,N�-diisopropyl-1,6-diazacyclodeca-3,8-diyne and
0.39 g (1.2 mmol) of octacarbonyldicobalt in 70 ml of methyl-
ene chloride. Column chromatography with light petroleum as
eluent afforded 240 mg (66%) of 17 as a red solid. Needles were
grown from light petroleum/diethyl ether (1 : 1) at 275 K. Mp
110 �C (decomp.). Elem. Anal.: Found C, 39.37; H, 2.94; N,
3.58. C26H22Co4N2O12 requires C, 39.52; H, 2.81; N, 3.54%. UV-
vis (CH2Cl2), λmax/nm (log ε): 256 (4.50), 322 (3.92), 350 (3.91),
422 (3.22). IR (KBr, cm�1) 2967, 2085, 2046, 2021, 1627, 1387.
1H-NMR (CDCl3): δ 4.05 (s, 8H, CH2), 3.19 (m, 2H, CH), 1.10
(d, 6H, CH3). 

13C-NMR (CDCl3): δ 19.9 (CH3); 52.9 (CH); 53.4
(CH2); 96.0 (C); 199.9 (CO). FD-MS m/z 791 (M � H).

Relevant structural parameters: chemical formula C26H22Co4-
N2O12; formula weight, 790.18; temperature, 200(2) K; crystal
size, 0.27 × 0.25 × 0.04 mm; crystal system, monoclinic; space
group, P21/n; Z, 2; a, 12.6251(4); b, 7.7115(2); c, 16.0675(5) Å;
β, 94.841(1)�; absorption coefficient µ, 2.15 mm�1; reflections
collected/independent/observed, 15325/3561/2720; max/min
transmission, 0.93 and 0.76; parameters, 201; goodness-of-fit
on F 2, 1.03; R(F ), 0.030; Rw(F 2), 0.065; (∆ρ)max, (∆ρ)min, 0.45
and �0.44 e Å�3.

4.3.18 (�:�-1-Thiacyclodeca-3,8-diyne)mono(hexacarbonyl-
dicobalt) 18. To a mixture of 210 mg (1.4 mmol) of
1-thiacyclodeca-3,8-diyne in 50 ml methylene chloride was
added dropwise a solution of 0.38 g (1.1 mmol) octacarbonyl-
dicobalt in 30 ml methylene chloride over 6 h. The resulting red
mixture was stirred over night. After rotary evaporation the
product was absorbed on Celite and purified by column chro-
matography on neutral alumina (grade III). Eluting with light
petroleum/diethyl ether (50 : 1) afforded 200 mg (57%) of 18 as
a light red solid. Needles were grown from methylene chloride/
diethyl ether at 275 K. Mp 74 �C. Elem. Anal.: Found C, 41.22;
H, 2.46; N, 7.41. C15H10Co2O6S requires C, 41.31; H, 2.31; S,
7.35%. UV-vis (CH2Cl2), λmax/nm (log ε): 260 (4.18), 310 (3.64),
352 (3.65), 408 (2.82). IR (KBr, cm�1) 2086, 2043, 2017, 1719,
1629, 1491, 1459, 1401. 1H-NMR (C6D6): δ 3.97 (s, 2H, CH2),
2.91–2.88 (m, 2H, CH2), 2.83–2.79 (m, 2H, CH2), 1.87–1.84 (m,
2H, CH2), 1.43–1.35 (m, 2H, CH2). 

13C-NMR (C6D6): δ 18.9,
21.5, 28.8, 35.3, 36.9 (CH2); 77.7, 83.7, 99.1, 99.4 (C); 200.5
(CO). FD-MS m/z 436 (M).

Relevant structural parameters: chemical formula C15H10Co2-
O6S; formula weight, 436.15; temperature, 200(2) K; crystal
size, 0.32 × 0.30 × 0.09 mm; crystal system, triclinic; space
group, P1̄; Z, 4; a, 7.7265(1); b, 14.0345(2); c, 16.1067(2) Å; α,
92.757(1); β, 96.672(1); γ, 90.312(1)�; absorption coefficient µ,
2.06 mm�1; reflections collected/independent/observed, 17772/
7845/6694; max/min transmission, 0.86 and 0.67; parameters,
452; goodness-of-fit on F 2, 1.19; R(F ), 0.034; Rw(F 2), 0.084;
(∆ρ)max, (∆ρ)min, 0.38 and �0.31 e Å�3.
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