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Abstract: Cycloheptyne-Co2(CO)6 complexes bearing alkenes 
tethered by oxygen, sulphur, and nitrogen atoms undergo Pauson-

Khand reactions to afford tricyclic compounds containing a fused 
7,5- ring system. 

Key words: Pauson-Khand reactions, alkynes, complexes, transi-

tion metals, Nicholas reactions 

The fused 7,5- ring system an is extremely common 
framework within natural products, particular those of 
the terpene class. The guaiane, daucane, and lactarane 
sesquiterpenoids are only the most obvious of these sys-
tems, as many other sesquiterpenoids

1
 and diterpenoids 

contain this structural unit. While traditional synthetic 
methods predominantly rely upon ring expansion proto-
col for access to the cycloheptane portion of these sys-
tems,

2
 approaches based on direct cycloheptane synthe-

sis are of increasing importance.
3 

Guaiane Daucane Lactarane
 

Figure 1 Guaiane, daucane, and lactarane sesquiterpenoids 

It has been demonstrated our group
4
 and other groups

5
 

that cycloheptynedicobalt complexes are both stable and 
readily accessible, predominantly by Nicholas reaction 
chemistry. Due to the strain associated with cyclic al-
kynes, the Co2(CO)6 unit is central to the existence of the 
ring system. In addition, alkyne-Co2(CO)6 complexes are 
among the most widely employed precursors to five- 
membered ring construction by Pauson-Khand reac-
tions,

6,7
 despite recent important advances in catalytic 

methods and the use of other metal complexes.
6a,d

 As a 
result, it was our belief that the investigation of Pauson-
Khand reactions on cycloheptynedicobalt complexes 
would be of importance for the synthesis of 7,5- ring 
systems. As early work in our group indicated that in-
termolecular Pauson-Khand reactions of cyclohep-
tenyne-Co2(CO)6 complexes succeeded with a quite 
restricted number of alkenes,

8
 we concluded that intra-

molecular versions of the reaction were prudent. It was 
our intent to incorporate an alkene function with each of 
oxygen, sulphur, and nitrogen tethers to the alkynedi-
cobalt unit, with particular interest in oxygen and sul-
phur tethers due to their capacity for reductive cleavage 
in the products.

9,10
 An analogous approach employing 

oxygen tethered alkenes has seen success in a limited 
number of instances for 8,5- and 9,5- ring systems.

11,5b, 5f 

While this work was nearing completion, the preparation 
of 5,7,5- and 5,8,5- systems by way of intramolecular 
Pauson-Khand reactions of 7- and 8- membered ring 
cyclic ether alkyne-Co2(CO)6 complexes with carbon-
based alkene tethers was reported by the group of Shea.

12 

We chose as our starting point homoallyl propargyl ace-
tate 1a, which may be obtained by ring closing metathe-
sis of the appropriate acyclic diene,

4b,5b
 and the corre-

sponding cycloheptyne complex 1b, which was prepared 
quantitatively by Raney

®
 nickel reduction of 1a.

13
 Com-

plex 1a could be converted into allyl ether 2a (75% 
yield) and allyl thioether 2b (58% yield) by BF3-OEt2 ( 5 
equiv) with allyl alcohol or allylthiol, respectively.

14
 In 

these cases, the reactions had to be performed in the 
presence of excess alcohol/thiol (10 equiv) in order to 
effectively compete with elimination of acetic acid from 
1a. In the case of acetate 1b, the analogous elimination 
process was less of a competitive one, such that 1b could 
be converted into allyl alcohols 2c (84% yield) and 2d 
(84% yield), and allyl thioether 2e (84%) by treatment 
with BF3-OEt2 and allyl alcohol, 2-methyl-2-propen-1-
ol, and allylthiol, respectively. In addition, homoallyl 
alcohol 2f (92% yield) could be obtained by the analo-
gous reaction with 1-buten-4-ol.  
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Scheme 1 Preparation of oxygen- and sulphur tethered enyne-

Co2(CO)6 complexes 

Our desire to include a nitrogen tethered substrate initial-
ly met with failure. Subjecting acetate 1b to allylamine 
or N-allylacetamide under protic or Lewis acidic condi-
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tion gave no amine incorporation with allylamine and at 
best trace amounts of amide incorporation with N-
allylacetamide (2g). Attempts to isolate cation 3 by 
treatment of 1b or alcohol 1c with tetrafluoroboric acid 
were similarly unsuccessful. Fortunately, the use of 
HBF4 with excess dimethyl sulphide rapidly gave a pre-
cipitate consistent with the formation of sulphonium salt 
4.

15
 Removal of solvent from 4 under vacuum and sub-

sequent addition of allylamine and diisopropylethyla-
mine afforded 2h, which was in turn immediately sub-
jected to p-toluenesulphonic anhydride, giving 2i in 62% 
yield (from 1b). While N- acetyl functions are infre-
quently used as tethers for intramolecular Pauson-Khand 
reactions,

16
 we desired an additional example of this N- 

substitution sequence; therefore, employing acetic anhy-
dride in place of p-toluenesulphonic anhydride in reac-
tion with unpurified 2h afforded 2g in 73% yield (from 
1b). 
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Scheme 2 Preparation of nitrogen tethered enyne-Co2(CO)6complexes 

With several substrates in hand, attention was turned to 
the Pauson-Khand reactions of 2a-f, and 2i. We chose 2c 
for investigation of the reaction under several sets of 
conditions. The Sugihara amine conditions (3.5 equiv 
CyNH2, ClCH2CH2Cl, reflux)

17
 indeed gave Pauson-

Khand product 5c in 65% yield, as a 5.2:1 mixture of 
diastereomers favouring the isomer containing methine 
hydrogen atoms in a cis- relationship (cis- 5c) , along 
with a smaller amount of Pauson-Khand/allylic reduction 
product

17a
 6c (13%). Attempted use of the Sugihara sul-

phide conditions (BuSMe, ClCH2CH2Cl, reflux)
18

 elimi-
nated the byproduct 6c, but at the expense of 5c (51%, 
2.0:1 cis:trans). In addition, Me3NO (49% yield of 5c, 
1.2:1 cis:trans) and refluxing toluene (20% yield of 5c, 
1.1:1  cis:trans) were judged inferior to the Sugihara 
amine conditions.  

The Sugihara amine conditions were therefore explored 
with the other substrates. The corresponding al-
lyl/homoallyl ether complex 2a cyclized to form 5a in 
excellent yield (89%) and good diastereoselectivity 
(cis:trans = 10:1). Both thioallyl complexes 2b and 2e 
cyclized successfully to give 5b (65% yield, cis:trans = 
3.8:1) and 5e (66% yield, cis:trans = 2.0:1), respectively, 
although the diastereoselectivities were lower than the 
oxygen tethered analogues. Homoallyl ether complex 2f 
similarly underwent reaction to give 5f (73% yield, 
cis:trans = 2.0:1).

19
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Scheme 3 Pauson-Khand reaction of 2c under various conditions 

In contrast to the above cases, both methallyl ether 2d 
and N-allyl tosylate complex 2i failed to give Pauson-
Khand reaction products in synthetically useful yields 
under the Sugihara amine conditions, although a small 
amount of Pauson-Khand/allylic reduction product 6d 
(14% yield) was obtained from 2d. Therefore, several 
other sets of reaction protocols were examined with 
these substrates. Fortunately, methallyl ether complex 2d 
underwent cyclization successfully under Me3NO condi-
tions (0 

o
C, 59% yield, 66% yield based on recovered 

2d) to give cis-5d exclusively. Sulphonamide tethered 
complex 2i cyclized successfully under the Sugihara 
sulphide conditions, to give 5i (55% yield, cis:trans = 
1.2:1).

20 

The stereochemical assignments were arrived at as fol-
lows. To our surprise, the 

1
H NMR spectra of majority of 

5a-f and 5i did not give nOe enhancements between the 
methine hydrogen atoms for either diastereomer. Con-
versely, the 2D-NOESY spectrum of -methyl substitut-
ed 5d displayed a positive nOe interaction between the 
methine hydrogen and the methyl hydrogens, which was 
therefore indicative of a cis- relationship. The methine H 
atoms α- to the heteroatoms of 5d and the major dia-
stereomers of the cycloheptane products 5c, 5f, and 5i 
also displayed very similar 

1
H NMR vicinal coupling 

constants (dd, J = 9.9-10.9, 4.2-5.7) which were not re-
peated in the minor diastereomers.  Finally, a small 
amount of the minor isomer of 5e formed crystals suita-
ble for X-ray diffraction studies, which indicated a trans- 
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relationship between the two methines. The assignments 
for 5a-b were based on analogy and are supported by 
calculations on the proposed alkene coordination inter-
mediate, the alkene insertion transition state (MMX, 
PCMODEL; MM3, CAChe

©
), and on 5a-b themselves 

(PM3, CAChe
©
). 
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13
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14
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Scheme 4 Intramolecular Pauson-Khand reactions of cycloheptyne 

Co2(CO)6 complexes 

In summary, we have demonstrated the ability of oxy-
gen-, sulphur-, and nitrogen tethers to enable Pauson-
Khand reactions of cycloheptyne-Co2(CO)6 complexes, 
affording tricyclic systems containing a fused 7,5- struc-
tural unit. As the resultant enone C=C bond is mutual to 
the 7- and 5- membered rings, we view the chemistry as 
complementary to the work of the Moyano/Pericàs group 
and the group of Pérez-Castells,

9a,21
 who have employed 

Pauson-Khand reactions of alkynes tethered to cyclohep-
tenes through sulphur, and oxygen and nitrogen atoms, 
respectively, to give 5,7,5- systems with the alkene func-
tion solely in the 5- membered ring. 
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νmax 2927, 1714, 1680 cm-1; 1 H NMR δ 4.74 (dd, J = 10.9, 
5.7, 1H), 4.27 (apparent t, J = 7.7., 1H), 3.36 (dd, J = 11.3, 

7.7, 1H),  3.27 (m, 1H), 2.64 (dd, J = 17.7, 6.3, 1H), 2.58 
(m, 1H), 2.21 (m, 1H), 2.14 (dd, J = 17.6, 3.1, 1H), 2.09 

(m, 1H), 1.99 (m, 1H), 1.93 (m, 1H), 1.56 (m, 1H), 1.30-
1.49 (m, 2H); resonances for the minor diastereomer were 
observed at 4.35 (obscured m, 1H), 4.32 (apparent t, J = 

7.8, 1H), 3.35 (dd, J = 11.4, 8.3, 1H), 2.26 (dd, J = 16.6, 
4.7, 1H), 2.55 (obscured m, 1H);  13C NMR 208.4, 186.0, 

137.7, 79.6, 71.9, 44.8, 41.0, 34.0, 27.6, 26.5, 23.5; reso-
nances for the minor diastereomer were observed at 206.8, 
182.2, 135.4, 77.1, 71.4, 43.6, 39.0, 29.5, 27.5, 24.6, 23.4 

MS m/e 178 (M+), 150 (M-CO+); HRMS m/e for C11H14O2 
calcd. (M-CO+) 150.1045, found 150.1038. (5d) IR (neat, 

NaCl) νmax 2928, 1713, 1677 cm-1; 1 H NMR δ 4.79 (ddd, J 
= 10.9, 5.7, 1.6, 1H), 3.93 (d, J = 8.0, 1H), 3.54 (d, J = 8.0, 

1H), 2.55 (apparent dt, J = 16.1, 4.2, 1H), 2.39 (1/2 
ABquartet, J = 17.1, 1H), 2.35 (1/2 ABquartet, J = 17.1, 
1H), 2.21 (m, 1H), 2.05 (m, 1H), 1.98 (m, 1H), 1.90 (m, 

1H), 1.55 (m, 1H), 1.40 (m, 1H), 1.33 (m, 1H), 1.31 (s, 
3H); 13C NMR 208.1, 185.7, 136.2, 76.1, 48.6, 47.4, 33.8, 

27.5, 24.9, 24.5, 23.4 ; MS m/e 192 (M+); HRMS m/e for 
C12H16O2 calcd. (M+) 192.1150, found 192.1143. (5e) IR 

(neat, NaCl) νmax 2928, 1703, 1665 cm-1; 1 H NMR δ 4.14 

(br d, J = 11.6, 1H), 3.31 (m, 1H), 3.04 (dd, J = 10.6, 6.7, 
1H), 2.69 (dd, J = 17.0, 6.0, 1H), 2.65 (m, 1H), 2.60 

(apparent t, J = 11.3, 1H), 2.18 (dd, J = 16.8, 4.3, 1H), 2.04 
(m, 1H), 1.85-1.97 (m, 2H), 1.53 (m, 2H), 1.47 (m, 1H), 

1.14 (m, 1H); resonances for the minor diastereomer were 
observed at 4.19 (br d, J = 11.3, 1H), 2.65 (J = 18.5, 6.2, 
1H), 2.58 (m, 1H), 2.23 (m, 1H), 1.41 (m, 1H); 13C NMR 

207.4, 184.9, 139.0, 48.5, 42.6, 36.1, 31.2, 30.9, 27.0, 23.0; 
resonances for the minor diastereomer were observed at 

208.1, 181.0, 139.5, 48.2, 46.8, 41.2, 37.4, 35.3, 28.5, 23.5 
MS m/e 194 (M+); HRMS (ESI) m/e for C11H14OS calcd. 
(M+Na+) 217.0658, found 217.0650. (5f) IR (neat, NaCl) 

νmax 2928, 1702, 1648 cm-1; 1 H NMR δ 4.23 (dd, J = 9.9, 
4.2, 1H), 4.06 (m, 1H), 3.66 (apparent dt, J = 2.1, 11.9, 

1H), 2.77 (m, 1H), 2.62 (dd, J = 18.7, 6.3, 1H), 2.26-2.28 
(2H), 1.97-2.15 (m, 3H), 1.81-1.91 (m, 2H), 1.28-1.75 (m, 

4H); resonances for the minor diastereomer were observed 
at 4.26 (br d, obscured, 1H), 4.09 (m, 1H), 3.74 (ddd, J = 
11.4, 9.3, 4.6, 1H), 3.01 (m, 1H), 2.70 (m, 1H), 2.67 (dd, J 

= 18.2, 6.3, 1H), 2.70 (m, 1H), 1.41 (m, 1H), 1.14 (m, 1H); 
13C NMR 207.5, 170.4, 139.2, 78.6, 66.8, 41.0, 37.8, 34.0, 

32.2, 25.9, 22.3, 21.3; resonances for the minor 
diastereomer were observed at 206.5, 179.3, 137.5, 63.6, 
41.1, 32.3, 31.9, 28.2, 27.5, 26.6; MS m/e 192 (M+); 

HRMS (ESI) m/e for C11H14O2 calcd. (M+Na+) 215.1048, 
found 215.1050. (5i) IR (neat, NaCl) νmax 2923, 1714, 1680 

cm-1; 1 H NMR δ 7.78 (d, J = 8.2, 2H) and 7.72 (d, J = 8.2, 
2H), 7.34 (d, J = 8.2, 2H) and 7.38 (d, J = 8.2, 2H), 4.46 

(ddd, J = 10.9, 5.4, 1.5 1H), 4.00 (dd, J = 12.0, 7.8, 1H), 
3.96 (apparent t, J = 7.8, 1H), 3.57 (br d, J = 9.8, 1H), 3.12 

(m, 1H), 2.94 (apparent t, J = 11.5), 2.73 (m, 1H), 2.62 (dd, 

J = 16.9, 6.0, 1H), 2.50-2.54 (m, 3H), 2.43 (s, 3H) and 2.45 
(s, 3H), 2.39-2.50 (m, 3H), 2.18 (m, 1H), 1.96-2.10 (m, 

4H), 1.79-1.93 (m, 2H), 1.43-1.64 (m, 4H), 1.24-1.39 (m, 
2H), 1.13 (m, 1H); 13C NMR 207.2, 205.4, 180.9, 178.5, 
144.3, 143.8, 139.2, 137.7, 136.0, 131.7, 130.0, 129.9, 

128.0, 127.1, 62.6, 61.4, 54.2, 52.7, 41.6, 40.9, 40.4, 39.3, 
35.7, 30.9, 30.3, 28.1, 27.1, 27.0, 25.9, 23.5, 22.8, 21.6; 

MS m/e 194 (M+); HRMS m/e for C12H18O2 calcd. (M+) 
194.1301, found 194.1295. 

(21) Rosillo, M.; Casarrubios, L.; Domínguez, G.; Pérez-
Castells, J. Org. Biomol. Chem. 2003, 1, 1450. 
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