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Structural Properties of Bis(hexacarbonyldicobalt) Complexes with
Heteroatoms Next to the Former Triple Bonds — A Contribution to the
Mechanism of the Pauson—Khand Reaction

Daniel B. Werz,!?! J. Hilko Schulte,/?! Bernhard J. Rausch,?! Rolf Gleiter,*!?! and
Frank Rominger!?!
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The bis(hexacarbonyldicobalt) complexes of cyclic diynes
with sila-, thia- and selena-substituted acetylene units have
been isolated. The structural features of these complexes
have been elucidated by means of X-ray diffraction analyses
on single crystals. In three cases (24', 25’ and 29’') the X-ray
investigations show bis(pentacarbonyldicobalt) complexes
instead of bis(hexacarbonyldicobalt) ones. Their empty coor-

dination sites are each occupied by divalent chalcogen moi-
eties from the opposite side of the molecule affording dis-
torted C,Co, cores. These results corroborate the possibility
of intramolecular activation in Pauson-Khand reactions of
chalcogen-containing substrates.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

The reaction of hexacarbonyldicobalt complexes of
alkynes with olefins to yield cyclopentenones, first de-
scribed by Pauson et al.,l'"?! has emerged as a frequently
used procedure in chemistry.?~ 6 Although this reaction has
been known for more than 30 years, the mechanistic eluci-
dation is still in progress. Some points which have been
looked at more closely are the structural details of hexacar-
bonyldicobalt complexes!”-8] of various alkynes, and sub-
stituent®? and solvent effects.'”) The energetics of reason-
able intermediates along the possible pathway have also
been calculated by computational chemistry.l''! One of the
major questions in this field of chemistry is (besides the
formation of stereoisomers)!!? the understanding of the for-
mation of regioisomers and their control. The reaction of
unsymmetrical alkynes with terminal olefins yields re-
gioisomeric mixtures of cyclopentenones as shown in
Scheme 1.
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Scheme 1

Usually, the larger substituent (R") at the alkyne adopts
the a-position to the CO group, whereas the substituent (R)
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at the olefin gives rise to the 1:1 mixture shown. To rational-
ize these results, an equilibrium between 5 and 6 was as-
sumed before the insertion step.l>~¢
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This assumption was further corroborated by a study in
which heteroatoms were tethered to the olefin by a carbon
chain. This led to the postulation that an intermediate such
as 7 was involved,!'3* which would lead to a preference for
3. Experiments with externally added sulfides confirmed
this view.!30]
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With respect to the role of heteroatom participation it is
also of interest that the amine oxide promoted
Pauson—Khand reaction is accelerated in the presence of
heteroatoms such as sulfur, nitrogen and even oxygen in
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the homopropargylic position.['* During these studies even
intermediates such as 8 could be detected.*

Our interest in the effect of heteroatoms in the
Pauson—Khand reaction, especially sulfur, arose when we
studied the twofold Pauson—Khand reaction of cyclic di-
ynes 9 and 10 with ethylene (Scheme 2).1°%1%1 We found a
strong increase in the yield when 10 was used. Here the
sulfur atom takes the homopropargylic position. To learn
more about the effects of chalcogen atoms, even in other
positions, we have synthesized a series of bis(hexacarbonyl-
dicobalt) complexes of cyclic diynes with heteroatoms next
to the [C>Co0,(CO)¢] core. In this paper we report on the
syntheses and the structural investigations of these species.
These studies allowed us to isolate three species in which a
CO ligand is replaced by an intramolecular thio(seleno)
ether ligand and to characterize them crystallographically.

C,H, Q
COz(CO)g
DMSO
toluene X
(¢]

Results and Discussion

We used the recently synthesized cyclic sila-, thia- and
selenadiynes as starting materials. They were treated with
octacarbonyldicobalt in dichloromethane to afford the cor-
responding complexes after crystallization or column chro-
matography. The resulting products, which could be ob-
tained in 33—85% yield, are red to black solids, and several
of them are sensitive to light. All new bis(hexacarbonyldico-
balt) complexes and the isolated yields obtained for the
syntheses of 13—30 are given in Table 1.

Most of the bis(hexacarbonyldicobalt) complexes show
three characteristic absorptions in the IR spectrum in the
range between 2000 and 2100 cm™'. Group-theory con-
siderations reveal that a C,Co,(CO)s core with a local C,,
symmetry should show five different IR-active vibrations in
this range. The smaller number can be explained easily by
the relatively low resolution of the spectrometer.

To study the structural data of these complexes, efforts
were made to obtain single crystals suitable for X-ray crys-
tallography. This was possible except for 17 and 18. The

9 (X=CH2) 11 (X=CH,) 16% crystallisation was performed either by solvent evaporation
10 (X=15) 12 (X=8) 39% at room temperature or by crystallizing the complexes from
the crude reaction mixture at —78 °C.
All the complexes are dominated by the bulky
Scheme 2 C,C05(CO)g units (Figures 1 and 2). The tethers between
Table 1. Cyclic heterosubstituted Co,(CO)s complexes 13—30 [Co, = Co,(CO)q
Compound S?)/eol)d Compound ill,zl)d Compound Si(l%d
Co, Co, Co,
== =l=—g s—==—s
Si—== "\ /T /
| S 13 83 (H,C)s (CH2)4 19 82 (H,C)s (CHZ)S 25 46
//Si\_T:—J =g §—z=g
Co, Co, Co,
N 1 &
Si—=l=—si ) ZE—§ S—==—8
14 85 (H,C)s (,Cﬂz)s 20 79 (HZC)\A (ICH2)4 26 56
SEES == s—=—
Co, Co, Co,
Co, Co, Coy
== ==—Se s—=l=—s,
(H,C)3 (CHy, 15 75 (H,C)s gCHz)z 21 62 (H2C)5 (,CHz)s 27 46
=S =S¢ s—=F—s
Cop - Co, Co,
Co, Co, Co,
=g =l=—s¢ s—=l=—s
(H,Ch (ICHz)s 16 77 (H,C)s gCHz)s 22 62 (H,C)s SCHz)s 28 52
== =S¢ s—=F—¢
Co, Co, Co,
Co, Co, Co,
=l=—g ,s——‘L‘—s\ Se—= —=l=— =—Se
(H;0)s CH) 17 69 (O CH), 23 56 (H,Ch (CH); 29 oW
=FS S——‘?-——S Se-—:F—Se
Co, Co, Co,
Co, Co, Co,
== ,S—:—IZ—S\ Se—== =—Se
(H,C)s (CHy)s 18 62 (HLC) (CHy)s 24 35 (Hzc)a gCHz)a 30 33
=S S—=E—s Se—_?——Se
Co, Co, Co,

[al Only the bis(pentacarbonyldicobalt) complex 29’ was isolated.
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these moieties often tend to adopt a zig-zag arrangement.
However, the longer the tethers become, the more gauche
conformations can be observed. Such conformations mini-
mize the empty space between the coordinated triple bonds,
as shown in Figure 2.

Figure 1. ORTEP plot (50% ellipsoid probability) of the molecular
structure of 14

Figure 2. ORTEP plot (50% ellipsoid probability) of the molecular
structure of 27

Typical structural features of the heterosubstituted
pseudo-tetrahedral Co,C, cores are the planarity of the Co-
coordinated fragments (the former triple bond and the ad-
jacent heteroatoms or methylene groups lie in one plane),
the elongation of the former triple bond due to its coordi-
nation (132—135 pm) and the bent geometry of the coordi-
nated alkyne moieties (134—150°). The metal—carbonyl
bond lengths vary between 177 and 185 pm. The longer dis-
tances are found frans to the acetylenic group, whereas the
shorter ones are found in the cis position. These differences
can be rationalized in terms of metal—ligand d — n* back-
donation.!''8] The six CO ligands do not participate equally
in the redistribution of electron density from the coordi-
nated triple bond. As a result, different bond lengths are
observed. Further structural data (except for 15, which
shows strong disorder) are given in Table 2; for the defi-
nition of the parameters see Figure 3.
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X /x — = C,C0,(CO)g or

\ cry; C,Co,(CO).

Figure 3. Definition of the transannular distance d and the torsion
angle f in heterosubstituted cyclic bis(hexacarbonyldicobalt) and
bis(pentacarbonyldicobalt) complexes

It is interesting to note that the bond lengths of the coor-
dinated triple bonds in the chalcogen-substituted diyne
complexes are somewhat larger than the values found in
CH,-substituted diyne complexes.®! This observation
shows that the assumption of stronger bonding between the
electron-rich triple bond of chalcogen-substituted acety-
lenes and the electron-poor Co,(CO)s moiety is reasonable.
Furthermore, a comparison of the Co—CC distances of the
sila-substituted complexes 13 and 14 with the distances
found in the chalcogen-substituted complexes reveals much

Table 2. Selected transannular distances between the former triple bonds, bond lengths and bond angles of the compounds 13, 14, 16,

19-23, 26—28 and 30

Compd.  Distance d ™! Torsion angle g [ Bond lengths [pm] Angles [°]
Co,C, [pm] Co,G, [] X—C=Ceoora. ™
C=Copora Co—CO CoC=0 Co—CC

13 421.0 60.2 133.1-134.1 178.7—182.7 113.3—-114.1 197.6—202.6 143.9-150.3
14 517.8 0 134.1 179.1-182.3 113.1-113.8 200.3—-201.8 145.1—-145.3
16 603.8 82.9 132.7—-134.0 179.0—183.3 112.6—113.9 195.1-198.0 143.7—-146.4
19 673.6 29.9 133.8—134.4 179.2—183.3 112.4—-114.0 195.4—199.6 135.2—145.0
20 727.8 28.1 134.7—135.2 177.7—183.5 112.5—-1154 195.3-197.5 138.2—145.2
21 600.2 56.2 133.3—133.6 178.5—182.5 112.8—114.0 195.0—-197.7 139.3—-146.3
22 731.4 29.1 131.9 177.1-184.8 109.9-116.0 193.5-199.0 137.7—146.8
23 528.6 0 135.3 179.7—183.4 112.8—113.3 194.3—-196.9 144.0—145.5
26 673.4 0 134.6 178.7—182.3 111.0—-114.5 194.1-195.7 136.4—143.5
27 690.4 0 134.9 179.4—183.1 112.5—-113.3 195.0—199.2 133.7—141.5
28 826.0 0 135.1 179.8—183.4 112.5—-113.8 195.3—-198.0 137.6—143.7
30 695.3 0 133.8 179.0—183.1 112.3—-113.6 194.6—196.7 135.6—142.5

[al See Figure 3 for definition of distance d and torsion angle . Pl X
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longer distances for the slightly electron-poor sila-substi-
tuted alkyne, indicating a weaker coordination..
Crystallization experiments with 24, 25 and 29 afforded
crystals in which the molecules have lost two CO ligands
(24’, 25’ and 29'). The empty coordination sites are occu-
pied by chalcogen donors placed at the opposite side of the

Figure 4. ORTEP plots (50% ellipsoid probability) of the bis(penta-
carbonyldicobalt) complexe 25" (top view and side view)

molecule. A top and side view of structure 25’ is shown in
Figure 4. Due to the C; symmetry of 24’, and 29’, and their
low solubility in the usual solvents, it was not possible to
get reliable NMR spectroscopic data for these compounds.
The IR data show no significant differences to the corre-
sponding bis(hexacarbonyldicobalt) complexes. Therefore,
only the X-ray data of 24’, 25’ and 29’ are discussed.
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In Table 3 we present their most important structural fea-
tures. From 24’ we obtained two different modifications (a
and ). As Table 3 demonstrates, the C,Co, core is much
more distorted due to the chalcogen ligand — the Co—CC
distances vary between 191 and 199 pm. The smaller
X—=C=C,yorq. angles might be caused by the formation of
a chelate complex. In Figure 5 the averaged structural par-
ameters of a dithia-substituted C,Co,(CO)s core (type A)
are compared with a dithia-substituted C,Co,(CO)s core
with a further (pseudoaxial) sulfur ligand (type B). The av-
eraged parameters are based on data of the four systems of
type A and five systems of type B. Whereas the Co—CC
distance in type A shows a value of 196 pm, the coordinat-
ing sulfur ligand strongly disfavors the former C,, sym-
metry. As a result the Co—CC bond lengths vary between
192 and 198 pm. The changed electron density is also re-
sponsible for the different lengths of the OC—Co bonds
indicating a significant change in metal—ligand d — n*
backbonding. To the best of our knowledge, there is only
one crystallographically characterized example in the litera-
ture showing a pentacarbonyldicobalt complex coordinated
by a divalent sulfur atom in an intramolecular manner.['”!
Selenium as a coordinating moiety and a doubly bridged
bis(pentacarbonyldicobalt) complex were, until now, un-
known.

Table 3. Selected transannular distances between the former triple bonds, bond lengths and bond angles of the compounds 24'a, 24'p,

25" and 29’

Compd. Distance d ™ Torsion angle f [ Bond lengths [pm] Angles [°]
Co,C, [pm] Co,C, [] X—=C=Ceoora. ™

C=C.oora. Co—CO CoC=0 Co—CC X—-Co

24’1 361.1 0 135.8 180.0—182.6 113.3—114.7 190.9-199.2 224.6 135.2—-139.6
361.5 0.8 133.7—134.7 178.2—184.2 110.8—114.9 191.4—198.3 224.3-224.8 133.0—139.2

24'B 357.7 0 136.3 179.7—182.9 112.2—113.7 192.2—197.8 224.8 134.4—139.3

25’ 365.4 0 135.7 178.9—183.3 112.6—113.4 192.9-199.2 225.1 135.4—-139.9

29’ 374.8 0 135.1 179.4—182.2 113.1—113.7 192.7—-198.0 236.4 134.4—139.3

[al See Figure 3 for definition of distance ¢ and torsion angle B. ! X = S or Se. [l 1.5 independent molecules in the asymmetric unit.
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Figure 5. Comparison of the bond lengths (with standard devi-
ation) in dithia-substituted hexacarbonyldicobalt complexes (type
A) and pentacarbonyldicobalt complexes (type B); the averaged
values refer to data of four systems of type A and five systems of
type B

Conclusions

Our in-depth study of the structural features of sila-, thia-
and selena-substituted bis(hexacarbonyldicobalt) com-
plexes has revealed that the molecular solid-state structures
of these complexes are the result of an interplay between
the bulky C,Co,(CO)s moieties and the conformational
needs of the tethers. In many cases the tethers adopt confor-
mations that minimize the empty space between the bulky
units. Our search to find evidence for cobalt—chalcogen in-
teractions proved to be successful. Cobalt—heteroatom in-
teractions, especially cobalt—sulfur interactions, are
thought to play an important role in Pauson—Khand reac-
tions. Two tetrathia- as well as one tetraselenacyclodiyne
afforded bis(pentacarbonyldicobalt) complexes with coordi-
nating divalent chalcogen atoms occupying the sixth coordi-
nation site of the C,Co, core.

Experimental Section

General Methods: Moisture- and oxygen-sensitive reactions were
conducted in oven-dried glassware under argon using dried sol-
vents. Melting points are uncorrected. Due to the black color of
several compounds some of the melting points (23—25 and 28)
were determined by differential scanning calorimetry (DSC). Mate-
rials used for column chromatography: Neutral alumina (Merck),
Celite (Fluka). '"H NMR and '3C NMR: Bruker Avance 300 ('H
at 300 MHz and '*C at 75.47 MHz), Bruker Avance 500 (‘H at
500 MHz and '3C at 125.77 MHz) using the residual solvent as
internal standard. IR: Bruker Vector 22 FT-IR. UV/Vis: Hewlett
Packard 8452 A spectrometer. MS (FAB+, EI+): High resolution:
Jeol IMS-700. FD mass spectra refer to data from a Jeol JMS-700
instrument and were measured from dichloromethane solutions
(¢ = 3—5mg'mL™") of the corresponding complexes. For FD mass

Eur. J. Inorg. Chem. 2004, 2585—2593 www.eurjic.org

spectra no high resolution is possible. Elemental analyses were car-
ried out by the Mikroanalytisches Laboratorium der Universitét
Heidelberg. The starting materials were prepared according to lit-
erature methods.['0~19]

General Procedure for the Preparation of the Bis(hexacarbonyldi-
cobalt) Complexes from Cyclic Diynes: The cyclic diyne was dis-
solved in 30—50 mL of dichloromethane and the octacarbonyldico-
balt was added in one portion. The reaction flask was wrapped
with aluminium foil to exclude daylight. The resulting dark mixture
was stirred at room temperature in the dark for 1—2h. The crude
mixture was filtered and stored at —78 °C overnight. In many cases
crystals of the pure product could be obtained. In other cases, the
crude product was absorbed on Celite and purified by column chro-
matography on neutral alumina (grade III), eluting with mixtures
of light petroleum/diethyl ether.

(p:p-5,5,6,6-Tetramethyl-5,6-disila-1-thiacyclonona-3,7-diyne)bis-
(hexacarbonyldicobalt) (13): Starting materials: 5,5,6,6-tetramethyl-
5,6-disila-1-thiacyclonona-3,7-diyne (250 mg, 1.10 mmol) and octa-
carbonyldicobalt (840 mg, 2.40 mmol). Yield: 727 mg (83%). Red
solid, m.p. 104 °C (dec). "H NMR (500 MHz, C4Dg): 8 = 0.43 (br.,
12 H, CHjs), 3.87 (br., 4 H, CH,) ppm. *C NMR (125 MHz,
C¢Dg): 0 = 1.4 (CH;), 40.1 (CH,), 78.9 (C), 110.4 (C), 200.9 (CO)
ppm. IR (KBr): v = 2964, 2085, 2052, 2023, 1577, 1405 cm™".
HRMS (FAB+): caled. (Cy,H;7C0401,SSi,) 796.7307; found
796.7300.

(p:p-1,1,3,3,6,6,8,8-Octamethyl-1,3,6,8-tetrasilacyclodeca-4,9-
diyne)bis(hexacarbonyldicobalt) (14): Starting materials:
1,1,3,3,6,6,8,8-octamethyl-1,3,6,8-tetrasilacyclodeca-4,9-diyne
(50mg, 0.16 mmol) and octacarbonyldicobalt (220 mg,
0.65 mmol). Yield: 120 mg (85%). Dark red solid, m.p. 124 °C
(dec). '"H NMR (300 MHz, CDCls): § = 0.38 (br., 28 H, CH5/CH,)
ppm. *C NMR (75 MHz, CDCls): § = 3.7 (CH3), 5.8 (CH,), 93.9
(C©), 200.7 (CO) ppm. IR (KBr): v = 2957, 2083, 2045, 2017, 1629,
1534, 1408 cm~'. MS (FD+): m/z = 860 [M*]. C,sH,5C040,,Si4
(880.6): caled. C 35.46, H 3.21; found C 35.58, H 3.50.

(p:p-1,4-Dithiacyclotrideca-5,12-diyne)bis(hexacarbonyldicobalt)
(15): Starting materials: 1,4-dithiacyclotrideca-5,12-diyne (210 mg,
1.00 mmol) and octacarbonyldicobalt (752 mg, 2.20 mmol). Yield:
590 mg (75%). Red solid, m.p. > 200 °C (dec). '"H NMR (300 MHz,
CDCl;): 8 = 1.72 (m, 4 H, CH,), 3.10 (m, 10 H, CH,) ppm. 3C
NMR (75 MHz, CDCl3): § = 27.1 (CH,), 30.2 (CH»), 33.9 (CH,),
36.1 (CH,), 91.6 (C), 100.4 (C), 199.0 (CO) ppm. IR (KBr): v =
2936, 2089, 2050, 2023, 1625, 1432 cm™'. UV/Vis (CH,Cly): Amax
(log €) = 266 nm (4.55), 292 (4.41), 314 (4.29), 360 (3.68), 374
(3.61), 408 (3.41). MS (FD+): m/z = 782 [M"]. C53H4C040,S,
(782.2): caled. C 35.32, H 1.80, S 8.20; found C 35.20, H 1.95,
S 8.08.

(p:p-1,5-Dithiacyclotetradeca-6,13-diyne)bis(hexacarbonyldicobalt)
(16): Starting materials:  1,5-dithiacyclotetradeca-6,13-diyne
(224 mg, 1.00mmol) and octacarbonyldicobalt (752 mg,
2.20 mmol). Yield: 610 mg (77%). Red solid, m.p. 125 °C. '"H NMR
(300 MHz, CDCl3): 6 = 1.70 (m, 8 H, CH,), 1.92 (m, 4 H, CH,),
3.21 (m, 4 H, CH,) ppm. '3C NMR (75 MHz, CDCls): § = 27.8
(CH,), 32.0 (CH,), 35.6 (CH,), 35.8 (CH,), 36.9 (CH,), 94.2 (C),
102.3 (C), 199.2 (CO) ppm. IR (KBr): v = 2936, 2088, 2050, 2022,
1625, 1432 cm ™. UV/Vis (CH,Cl,): Ay (Iog €) = 286 nm (4.35),
318 (4.10), 352 (4.69). MS (FD+): m/z = 796 [M*].
C54H6C040,8,0.5CH,Cl, (838.7): caled. C 35.84, H 2.09; found
C 35.68, H 2.14.

(n:p-1,6-Dithiacyclopentadeca-7,14-diyne)bis(hexacarbonyldicobalt)
(17): Starting materials: 1,6-dithiacyclopentadeca-7,14-diyne
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(238 mg, 1.00mmol) and octacarbonyldicobalt (752 mg,
2.20 mmol). Yield: 560 mg (69%). Red solid, m.p. 77 °C. '"H NMR
(300 MHz, CDCls): 6 = 1.83 (m, 10 H, CH,), 1.92 (m, 4 H, CH,),
3.14 (m, 4 H, CH,) ppm. '3C NMR (75 MHz, CDCls): § = 28.2
(CH,), 28.8 (CH,), 31.2 (CH,), 33.2 (CH,), 35.2 (CH,), 94.7 (C),
101.7 (C), 199.4 (CO) ppm. IR (KBr): v = 2929, 2086, 2047, 2019,
1628 cm™!. UV/Vis (CH5CLy): Apay (log €) = 294 nm (4.14), 324
(3.99). HRMS (EI+, 70 eV): caled. (Cy5H3C04015S,) 809.7568;
found 809.7505.

(n:p-1,5-Dithiacyclohexadeca-6,15-diyne)bis(hexacarbonyldicobalt)
(18): Starting materials:  1,5-dithiacyclohexadeca-6,15-diyne
(190 mg, 0.75mmol) and octacarbonyldicobalt (567 mg,
1.66 mmol). Yield: 380 mg (62%). Red solid, m.p. 87 °C. '"H NMR
(300 MHz, CDCl): 6 = 1.70 (m, 12 H, CH,), 2.10 (m, 4 H, CH,),
3.14 (m, 4 H, CH,) ppm. *C NMR (75 MHz, CDCls): 6 = 25.7
(CH,), 28.7 (CH,), 29.4 (CH,), 31.8 (CH,), 35.8 (CH,), 96.2 (C),
103.1 (C), 199.4 (CO) ppm. IR (KBr): v = 2927, 2087, 2048, 2020,
1628 cm™!. UV/Vis (CH5Cl,): Amax (log €) = 258 nm (4.53), 294
(4.37), 320 (4.24). HRMS (EI+, 70 eV): caled. (CysH50C04015S5)
823.7724; found 823.7687.

(n:p-1,6-Dithiacycloheptadeca-7,16-diyne)bis(hexacarbonyldicobalt)
(19): Starting materials: 1,6-dithiacycloheptadeca-7,16-diyne
(266 mg, 1.00mmol) and octacarbonyldicobalt (752 mg,
2.20 mmol). Yield: 590 mg (82%). Red solid, m.p. 94 °C. '"H NMR
(300 MHz, CDCl;): 6 = 1.61 (m, 6 H, CH,), 1.90 (m, 8§ H, CH,),
3.00 (m, 4 H, CH,) ppm. '3*C NMR (75 MHz, CDCls): § = 28.8
(CH,), 29.0 (CH,), 31.6 (CH,), 31.8 (CH,), 35.0 (CH,), 37.6 (CH,),
97.4 (C), 103.3 (C), 199.4 (CO) ppm. IR (KBr): v = 2931, 2086,
2048, 2017, 1631 cm~'. UV/Vis (CH,Cl,): Amay (log €) = 262 nm
(4.36), 288 (4.24), 318 (4.12), 406 (3.30). HRMS (EI+, 70eV):
caled. (Cy7H23C04015S,) 838.7959; found 838.7913.

(n:p-1,7-Dithiacyclooctadeca-8,17-diyne)bis(hexacarbonyldicobalt)
(20):  Starting materials:  1,7-dithiacyclooctadeca-8,17-diyne
(281 mg, 1.00 mmol) and octacarbonyldicobalt (752 mg,
2.20 mmol). Yield: 670 mg (79%). Red solid, m.p. 115 °C. '"H NMR
(300 MHz, CDCl;): 8 = 1.70 (m, 8 H, CH,), 1.93 (m, 8 H, CH,),
2.05 (m, 4 H, CH,), 2.91 (m, 4 H, CH,) ppm. '3C NMR (75 MHz,
CDCly): 8 = 25.4 (CH,), 27.3 (CH,), 29.2 (CH,), 29.6 (CH,), 31.9
(CH,), 32.3 (CH,), 37.2 (CH,), 99.0 (C), 103.7 (C), 200.2 (CO)
ppm. IR (KBr): ¥ = 2932, 2086, 2046, 2018, 1628, 1338 cm ™~ !. UV/
Vis (CH,CL,): Apax (log €) = 262 nm (4.27), 294 (4.13), 324 (4.03).
MS (FD+): m/z = 852 [M*]. CysH»4C040,S, (852.4): caled. C
39.46, H 2.84, S 7.52; found C 39.53, H 3.00, S 7.55.

(n:p-1,4-Diselenacyclotrideca-5,12-diyne)bis(hexacarbonyldicobalt)
(21): Starting materials:  1,4-diselenacyclotrideca-5,12-diyne
(306 mg, 1.00mmol) and octacarbonyldicobalt (752 mg,
2.20 mmol). Yield: 540 mg (62%). Red solid, m.p. > 230 °C (dec).
'"H NMR (300 MHz, CDCl3): 8 = 1.80 (m, 6 H, CH>), 3.12 (m, 4
H, CH,), 3.44 (m, 4 H, CH,) ppm. '3C NMR (75 MHz, CDCls):
8 = 27.3 (CH,), 28.5 (CH,»), 30.4 (CH,), 34.2 (CH,), 80.1 (C), 102.2
(C), 199.1 (CO) ppm. IR (KBr): ¥ = 2936, 2088, 2050, 2018, 1625,
1154 cm™!. UV/Vis (CH5Cl,): Apax (log €) = 270 nm (4.49), 316
(4.26), 366 (3.52), 424 (3.16). MS (FD+): m/z = 876 [M"].
Cy3H4C040,Se, (876.0): caled. C 31.53, H 1.61; found C 31.64,
H 1.74.

(p:p-1,7-Diselenacyclooctadeca-8,17-diyne)bis(hexacarbonyldi-
cobalt) (22): Starting materials: 1,7-diselenacyclooctadeca-8,17-di-
yne (374 mg, 1.00 mmol) and octacarbonyldicobalt (752 mg,
2.20 mmol). Yield: 590 mg (62%). Red solid, m.p. 105 °C. '"H NMR
(500 MHz, CDCl;): 6 = 1.80 (m, 16 H, CH,), 3.00 (m, 8 H, CH,)
ppm. 3C NMR (125 MHz, CDCl;): 6 = 26.9 (CH,), 28.3 (CH,),
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29.7 (CH,), 29.8 (CH,), 31.4 (CH,), 32.0 (CH,), 35.7 (CH,), 86.5
(C), 104.6 (C), 199.8 (CO) ppm. IR (KBr): ¥ = 2932, 2086, 2047,
2019, 1628, 1430 cm~'. UV/Vis (CH2CLy): Apax (log €) = 260 nm
(4.47), 302 (4.27), 324 (4.23). HRMS (EI+, 70eV): caled.
(Cr5H»,C040,,Se5) 946.6857; found 946.6910.

(n:p-1,4,7,10-Tetrathiacyclododeca-2,8-diyne)bis(hexacarbonyldi-
cobalt) (23): Starting materials: 1,4,7,10-tetrathiacyclododeca-2,8-
diyne (150 mg, 0.64 mmol) and octacarbonyldicobalt (438 mg,
1.28 mmol). Yield: 293 mg (56%). Black solid, m.p. 173 °C (dec).
'H NMR (300 MHz, CDCl;): § = 3.26 (s, 8 H, CH,) ppm. '3C
NMR (75 MHz, CDCl;): = 38.3 (CH,), 96.3 (C), 198.0 (CO)
ppm. IR (KBr): ¥ = 2092, 2058, 2026, 1627, 1258, 875cm . UV/
Vis (CH,Cly): Apmayx (log €): = 264 nm (4.57), 426 (3.48). MS (FD+):
mlz = 804 [M™]. Cy0HgC0,01,S, (804.3): caled. C 29.87, H 1.00,
S 15.95; found C 29.82, H 1.15, S 15.68.

(n:p-1,4,7,10-Tetrathiacyclotrideca-2,8-diyne)bis(hexacarbonyldi-
cobalt) (24): Starting materials: 1,4,7,10-tetrathiacyclotrideca-2,8-
diyne (138 mg, 0.61 mmol) and octacarbonyldicobalt (400 mg,
1.17 mmol). Yield: 173 mg (35%). Black solid, m.p. 172 °C (dec).
'H NMR (300 MHz, CDCls): § = 2.20 (br., 2 H, CH,), 3.17 (s, 8
H, CH,) ppm. 3C NMR (75 MHz, CDCl,): § = 26.3 (CH,), 35.5
(CH,), 36.6 (CH,), 94.5 (C), 97.2 (C), 198.3 (CO) ppm. IR (KBr):
v = 2926, 2091, 2057, 2027, 1699, 1627, 1409, 874 cm~'. UV/Vis
(CH,Cly): Apax (log €) = 266 nm (4.60), 318 (4.29), 436 (3.60). MS
(FD+): m/z = 818 [M*]. C,;H;¢C040:,S, (818.3): caled. C 30.82,
H 1.23; found C 30.41, H 1.54.

(n:p-1,4,8,11-Tetrathiacyclotetradeca-2,9-diyne)bis(hexacarbonyldi-
cobalt) (25): Starting materials: 1,4,8,11-tetrathiacyclotetradeca-
2,9-diyne (150 mg, 0.58 mmol) and octacarbonyldicobalt (400 mg,
1.16 mmol). Yield: 221 mg (46%). Black solid, m.p. 165 °C (dec).
'H NMR (300 MHz, CDCl5): § = 2.31 (br., 4 H, CH,), 3.15 (s, 8
H, CH,) ppm. '3C NMR (75 MHz, CDCl;): § = 29.1 (CH.,), 36.1
(CH,), 97.2 (C), 198.5 (CO) ppm. IR (KBr): ¥ = 2920, 2091, 2054,
2027, 1628, 1437, 876 cm ™. UV/Vis (CH,Cly): Amay (log &) = 276
nm (4.48), 320 (4.30), 422 (3.62). MS (FD+): m/z = 832 [M*], 804
M™* — CO), 776 [M" — 2CO]. C,,H,C0,40,,S, (832.3): caled. C
31.75, H 1.45; found C 31.37, H 1.80.

(p:p-1,4,9,12-Tetrathiacyclohexadeca-2,10-diyne)bis(hexa-
carbonyldicobalt) (26): Starting materials: 1,4,9,12-tetrathiacy-
clohexadeca-2,10-diyne (180 mg, 0.62 mmol) and octacarbonyld-
icobalt (430 mg, 1.26 mmol). Yield: 299 mg (56%). Black solid,
m.p. 153 °C (dec). '"H NMR (300 MHz, CD,Cl,): § = 1.98 (br., 8
H, CH>), 2.92 (br., 8 H, CH,) ppm. '3C NMR (75 MHz, CD,Cl,):
d = 30.3 (CH,), 37.6 (CH,), 98.7 (C), 206.1 (CO) ppm. IR (KBr):
V = 2934, 2093, 2040, 2013, 1636, 1416, 876 cm™'. UV/Vis
(CH,Cly): Apax (log €) = 274 nm (4.43), 314 (4.30), 326 (4.25), 474
(3.73). MS (FD+): m/z = 860 [M*]. CyH6C040,5S,4 (860.4):
caled. C 33.50, H 1.87, S 14.91; found C 33.26, H 2.05, S 14.81.

(p:p-1,4,10,13-Tetrathiacyclooctadeca-2,11-diyne)bis(hexa-
carbonyldicobalt) (27): Starting materials: 1,4,10,13-tetrathiacy-
clooctadeca-2,11-diyne (180 mg, 0.57 mmol) and octacarbonyldico-
balt (430 mg, 1.26 mmol). Yield: 235 mg (46%). Dark red solid,
m.p. 168 °C (dec). '"H NMR (300 MHz, CD>Cl,): 6 = 1.67 (m, 4
H, CH,), 1.89 (m, 8 H, CH,), 2.97 (m, 8 H, CH,) ppm. '3*C NMR
(75 MHz, CD,Cl,): 6 = 27.7 (CH,), 29.7 (CH,), 37.8 (CH,), 98.9
(C), 199.2 (CO) ppm. IR (KBr): v = 2923, 2089, 2051, 2028, 1636,
1434, 869 cm ™~ !. UV/Vis (CH,CL): Ayax (log €) = 278 nm (4.48),
322 (4.33), 474 (3.52). MS (FD+): m/lz = 888 [MT].
Co6H20C0401,S,4 (888.4): caled. C 35.15, H 2.27, S 14.44; found C
34.84, H 2.52, S 14.44.
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Table 4. Crystallographic data and details of the refinement procedure for 13—16 and 19—20

13 14 15 16 19 20
Empirical formula CnH 6C04015SSi, CygHpsC0404581y  Cp3H14C04015S;  CyH 6C04015S: C7HppC04015S: CagHbsC04045S,
Formula mass [g/mol] 796.31 880.56 782.18 796.21 838.29 852.31
Crystal size [mm] 0.36 X 0.18 X 0.04 0.36 X 0.24 X 0.18 0.33 X 0.18 X 0.10 0.34 X 0.18 X 0.05 0.26 X 0.24 X 0.24 0.37 X 0.30 X 0.11
Crystal colour red red red red red red
Crystal shape polyhedron polyhedron polyhedron polyhedron polyhedron irregular
Crystal system monoclinic monoclinic monoclinic orthorhombic orthorhombic monoclinic
Space group C2le P2,/n C2le Pbca Pbca P2/c
a[A] 24.6657(4) 10.0976(1) 15.5282(3) 15.9396(1) 23.2823(2) 12.3900(2)
b[A] 8.1164(1) 17.7572(2) 14.5913(1) 13.6356(2) 10.3609(1) 10.5220(1)
¢ [A] 31.8073(5) 10.4170(1) 14.9780(2) 27.6465(4) 27.3080(1) 26.7455(3)
a [ 90 90 90 90 90 90
] 102.97(1) 96.821(1) 118.154(1) 90 90 101.023(1)
71°1 90 90 90 90 90 90
V [A3] 6205.36(16) 1854.60(3) 2992.13(7) 6008.86(13) 6587.39(9) 3422.42(7)
Deyiea. [g/cm?] 1.71 1.58 1.74 1.76 1.69 1.65
zZ 8 2 4 8 8 4
Ninin/ Prmax —29/29 —13/13 —20/20 —20/20 —30/29 —15/16

mmin/Kmax -9/9 —23/23 —18/18 —=17/17 —13/13 —13/13

Iin/Imax —36/38 —13/13 —19/19 —35/35 —35/35 —34/34
u [mm™1] 2.30 1.94 2.38 2.37 2.16 2.08
Tmin/ Tmax. 0.73/0.92 0.59/0.75 0.51/0.80 0.50/0.89 0.60/0.62 0.51/0.80
Refl. collected 22172 18838 15393 59728 64315 33775
Refl. unique 5371 4221 3431 6885 7552 7785
Refl. observed 4333 3822 2331 4101 5594 5871
Parameter 374 212 226 398 406 415
R(F) 0.028 0.021 0.039 0.037 0.027 0.090
R.(F?) 0.062 0.053 0.087 0.057 0.055 0.231
S (Gof) on F* 1.16 1.06 1.03 0.99 1.04 1.20
(AP)max [eA 73] 0.41 0.35 0.59 0.47 0.34 1.91
(AP)min [e:A T3] —0.34 —0.39 —0.39 —0.53 —0.33 -1.02
Table 5. Crystallographic data and details of the refinement procedure for 21—25'

21 22 23 24’0 24'B 25’
Empirical formula C23H14012S62CO4 C28‘5H25012562C04C1 C20H801254CO4 C19H1001054C04 C19H1001054C04 C20H1201054C04
Formula mass [g/mol] 875.98 988.57 804.26 762.27 762.27 776.30
Crystal size [mm] 0.37 X 0.34 X 0.29 0.24 X 0.13 X 0.02  0.11 X 0.10 X 0.04 0.08 X 0.07 X 0.05 0.24 X 0.06 X 0.02 0.40 X 0.22 X 0.01
Crystal colour red red black black brown black
Crystal shape irregular irregular plate irregular plate irregular
Crystal system monoclinic monoclinic monoclinic orthorhombic monoclinic orthorhombic
Space group P2,/c C2/c P2,/c Pbca P2,/n Pbca
a[A] 14.9883(2) 57.887(8) 14.023(2) 13.3108(11) 7.485(1) 13.1604(3)
b[A] 13.9693(2) 7.713(1) 7.8014(9) 12.9832(11) 14.779(2) 13.1567(3)
¢ [A] 15.6865(1) 16.260(2) 13.218(2) 14.6488(13) 34.588(5) 15.1823(3)
a[°] 90 90 90 90 90 90
S0l 111.454(1) 105.369(3) 105.006(2) 90 91.293(3) 90
ANt 90 90 90 90 90 90
VA3 3056.81(6) 7000(2) 1396.7(3) 2531.6(4) 3825.2(9) 2628.78(10)
Deaea. [glem?) 1.90 1.88 1.91 2.00 1.99 1.96
VA 4 8 2 4 6 4
Nenind Himax —19/19 —52/49 —17/18 —10/17 -9/9 —15/15
Knin/Kmax —18/18 =717 =7/10 =17117 —19/11 —15/15
Imind Imax —20/20 -9/14 =17/17 —19/19 —46/42 —=17117
u [mm™!] 4.57 4.08 2.69 2.96 2.94 2.85
Tmin/ Tmax. 0.28/0.35 0.44/0.92 0.76/0.92 0.80/0.87 0.54/0.94 0.86/1.00
Refl. collected 30553 8346 9908 17625 26709 19496
Refl. unique 7008 2745 3471 3156 9468 2085
Refl. observed 5236 2202 3171 3009 4877 1545
Parameter 370 289 197 189 514 172
R(F) 0.032 0.057 0.034 0.054 0.054 0.026
R(F?) 0.067 0.136 0.081 0.104 0.092 0.052
S (Gof) on F* 1.01 1.04 1.09 1.34 0.86 1.02
(ApP)max [eA 7] 1.55 0.84 1.13 0.62 1.13 0.33
(AP)min [e:AT7] —1.06 -0.73 -0.37 —0.68 -1.30 —0.31
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Table 6. Crystallographic data and details of the refinement procedure for 26—30

28 29’ 30

26 27

Empirical formula Cy4H,601,S4Coy4 Cr6H»001,S4Coy4
Formula mass [g/mol] 860.37 888.42
Crystal size [mm] 0.15 X 0.12 X 0.07 0.35 X 0.05 X 0.04
Crystal colour black black
Crystal shape plate polyhedron
Crystal system monoclinic monoclinic
Space group P2,/c P2y/n
a[A] 14.195(3) 7.9853(2)
b[A] 7.7600(2) 14.8038(3)
c [A] 15.668(3) 14.1503(3)
al] 90 90
AN 109.752(4) 93.360(1)
7 [°1 90 90

V[A3] 1624.3(6) 1669.87(6)
Deyieq. [glem?] 1.76 1.77
Z 2 2
Pinin/ Pinax —18/18 -9/9

min/Kmax -9/10 —18/18
i/ Imax —20/18 —-17117
u [mm™] 2.32 2.26

Tmax Tmin. 0.72/0.85 0.51/0.92
Refl. collected 11295 15733
Refl. unique 4054 3395
Refl. observed 3377 2436
Parameter 247 208
R(F) 0.053 0.033
R(F?) 0.128 0.062
S (Gof) on F* 1.08 1.01
(AP)max [e:A™7] 0.73 0.37
(AP)min [e*'AT3] -0.32 —0.36

Cr3H40,,84Coy4 Ci9H0010Se4Coy Cy4H;60155¢4Co4

916.48 949.85 1047.95
0.40 X 0.29 X 0.03 0.22 X 0.16 X 0.02 0.09 X 0.06 X 0.03
black black dark red
plate polyhedron irregular
monoclinic orthorhombic monoclinic
P2/c Pbca P2i/n
11.6804(4) 13.3071(1) 14.08(1)
10.7416(4) 13.0699(2) 7.849(6)
15.3996(6) 15.5527(1) 16.21(1)
90 90 90
111.015(1) 90 115.44(1)
90 90 90
1803.62(12) 2704.96(5) 1617(2)
1.69 2.33 2.15

2 4 2

—15/15 -17/17 —18/17
—13/13 —16/16 —10/7
—19/19 —20/20 =21/17
2.10 7.84 6.58
0.49/0.94 0.58/1.00 0.59/0.83
18132 26329 11595
4133 3098 4036
3116 2339 3054

226 181 217
0.028 0.032 0.045
0.057 0.056 0.089
1.03 1.12 1.07

0.38 0.75 1.12
-0.38 -0.76 -1.95

(n:p-1,4,11,14-Tetrathiacycloeicosa-2,12-diyne)bis(hexacarbonyldi-
cobalt) (28): Starting materials: 1,4,11,14-tetrathiacycloeicosa-2,12-
diyne (307 mg, 0.89 mmol) and octacarbonyldicobalt (610 mg,
1.78 mmol). Yield: 421 mg (52%). Black solid, m.p. 138 °C (dec).
'"H NMR (300 MHz, CDCl5): § = 1.55 (br., 8 H, CH,), 1.86 (br.,
8 H, CH,), 2.95 (br., 8 H, CH,) ppm. '3C NMR (75 MHz, CDCls):
& = 28.1 (CH,), 29.2 (CH,), 37.6 (CH,), 99.3 (C), 198.7 (CO) ppm.
IR (KBr): v = 2931, 2857, 2087, 2049, 2026, 1637, 1458, 870 cm .
UV/Vis (CH,CLy): Apax (log €) = 280 nm (4.29), 318 (4.15), 472
(3.38), 556 (3.02). MS (FD+): m/z = 916 [M*]. CysH»4C040,,S4
(916.5): caled. C 36.70, H 2.64, S 14.00; found C 36.51, H 2.94,
S 13.99.

(n:p-1,4,7,10-Tetraselenacyclotrideca-2,8-diyne)bis(pentacarbonyldi-
cobalt) (29'): Starting materials: 1,4,7,10-tetraselenacyclotrideca-
2,8-diyne (102 mg, 0.24 mmol) and octacarbonyldicobalt (160 mg,
0.48 mmol). Yield: 143 mg (63%). Black solid, m.p. 144 °C (dec).
13C NMR (75 MHz, CDCly): § = 24.2 (CH,), 27.3 (CH,), 28.7
(CH,), 31.2 (CH,), 32.9 (CH,), 208.1 (CO) ppm. IR (KBr): v =
2924, 2056, 2016, 1621, 1404, 803 cm~'. UV/Vis (CH>Cl): Amayx
[nm] (log €): 304 (4.25), 348 (4.09), 448 (3.75), 490 (3.58). MS
(FD+): m/z = 950 [M*].

(p:p-1,4,9,12-Tetraselenacyclohexadeca-2,10-diyne)bis(hexa-
carbonyldicobalt) (30): Starting materials: 1,4,9,12-tetraselenacy-
clohexadeca-2,10-diyne (150 mg, 0.32 mmol) and octacarbonyld-
icobalt (219 mg, 0.64 mmol). Yield: 110 mg (33%). Black solid,
m.p. 147 °C (dec). 'H NMR (300 MHz, CD,Cl,): § = 2.05 (br., 8
H, CH,), 3.02 (br., 8 H, CH,) ppm. '*C NMR (75 MHz, CD,Cl,):
& = 31.0 (CH,), 32.4 (CH,), 105.1 (C), 206.7 (CO) ppm. IR (KBr):
v = 2929, 2090, 2053, 2037, 2011, 1637, 1413, 1200 cm . UV/Vis
(CH,CL): Apayx (log €): 250 nm (4.25), 276 (3.91), 306 (4.04), 482
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(3.44). MS (FD+): m/z = 1047 [M*]. C,4H6C040,,Se4 (1047.9):
caled. C 27.51, H 1.54; found C 26.95, H 1.68.

X-ray Diffraction Analyses: The reflections were collected with
Bruker Smart CCD and Bruker APEX diffractometers (Mo-K,
radiation, graphite monochromator). Intensities were corrected for
Lorentz and polarization effects. Numerical (face indexing for 23)
or empirical absorption corrections were applied using SAD-
ABS.P?% The structures were solved by direct methods. The struc-
tural parameters of the non-hydrogen atoms were refined aniso-
tropically (except the carbon atoms of 22) according to a full-ma-
trix least-squares technique (/). The hydrogen atoms were calcu-
lated according to stereochemical aspects. In 15 we found disorder
between the sulfur atoms and the methylene units by a C, axis. In
24'a, 24'p (two different modifications of 24') and 29" we found
disorder between the ethane and the propane chain by an inversion
center. In 16, 26, 28 and 30 we found some disorder in the alkane
chains, and the minor positions were refined as isotropic only.
Structure solution and refinement were carried out with
SHELXTL software package.’*”) ORTEP drawings were obtained
using the ORTEP-3 for Windows program by Farrugia.?'l Tables 4,
5 and 6 contain the crystallographic data and details of the data
collection and the refinement procedure. CCDC-223985 to -224001
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge at www.ccdc.cam.ac.uk/
conts/retrieving.html [or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: (in-
ternat.) + 44-1223/336-033; E-mail: data.request@ccdc.cam.ac.uk].
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