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(Cycloheptyne)dicobalt Complexes in Organic Synthesis
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Cobalt complexes of cycloheptynes are thermally stable com-
pounds, unlike their metal-free counterparts. The past dec-
ade has seen the development of a number of reliable meth-
ods for their preparation, and a substantial delineation of the
reactions they undergo and tolerate. In turn, these develop-

ments have resulted in the exploitation of cycloheptynedico-
balt complexes in synthesis. This review details the recent
developments in the chemistry of these compounds.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Historically, the chemistry of cycloheptynes (1, 2; Fig-
ure 1) is mostly of theoretical interest, due to the angle
strain at the alkynyl carbon atoms being inconsistent with
thermal stability of the ring system.!') No cycloheptyne is
stable at room temperature,”! while cycloheptyne itself has
atyp of ca. 1 hat —76 °C. As a result, the synthetic applica-
tions of cycloheptynes are limited, and usually involve the
generation and in situ trapping reactions during their short
lifetime.’) By contrast, the “natural” bond angle of alkyne—
Co,(CO)¢ complexes 3 is ca. 140°. Due to this bending at
the nominally sp-hybridized carbon atoms, cycloheptyne—
Co0,(CO)¢ complexes have a considerably reduced angle
strain, and have a far greater stability than their metal-free
counterparts. Therefore, they can be stored, handled under
standard laboratory conditions, and can be treated as viable
isolable synthetic intermediates. Unreported before 1986,
the knowledge base of the methods of preparation, decom-
plexation, reactions tolerated and reactions of the ring sys-
tem has increased markedly over the past 10 years. This
Microreview details the developments in these systems, in
our group and those of others. Attention is concentrated
on the carbocyclic versions of the ring system; significant
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developments have also been reported in the corresponding
cyclic ether complexes 4, particularly by the Isobe group.™
The didehydrooxepane complexes will not be covered ex-
plicitly, but many properties and reactions apply to both
systems, and in several cases (i.e., decomplexation reactions)
the processes under discussion were discovered initially on
the cyclic ethers.

IG \@ (c0>GCoz—{@
1 2

tp < 1 min (=25 °C)
tipca. 1h (=76 °C)

ty2 <1 h (25 °C, neat) 3
tipca. 1d(25°C, 0.2 M) 4,

Figure 1. Cycloheptynes vs. cycloheptyne—Co,(CO)s.

Methods of Preparation

By Nicholas Reaction

The generation of a cation, propargylic to an alkyne-
Co,(CO)¢ group, usually by ionization of an oxygen-based
function by a Brensted or Lewis acid, and the trapping of
that cation by nucleophiles, is commonly known as the
Nicholas reaction.’] This process features a propargylic cat-
ion that is significantly stabilized by the dicobalt function,
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and that is very reliable in its propargyl site reaction with
nucleophiles, without intervention of allene by-products. By
far, this chemistry has been at the centre of the most com-
mon methods of preparation of (cycloheptyne)dicobalt
complexes.

The first preparation of this class of compounds em-
ployed Nicholas reaction chemistry, in the form of a Lewis
acid mediated reaction of propargyl ether complexes with
an allylsilane tethered through a three-carbon chain (5,
Scheme 1).1! As all the non-alkyne carbon atoms in the cy-
cloheptyne are sp>-hybridized, there is limited opportunity
for further functionalization of such molecules; neverthe-
less, this original contribution does allow access to the (less
commonly encountered) C-4 substitution in the system.

SiMe,

(\/V BF 3:OEt,, CH,Cl, ==
/" OMe 55% -/ 5
Co,(CO)6 (|702(CO)6
Ehs\,f OAc  BFOEty, CHyCly, 0 °C O
6 7—)\R 84-89% SE 7R
Co,(CO)g R=H, Me, Ph Co,(CO)s

Scheme 1. Allylmetal-based intramolecular Nicholas reactions.

There is no necessity for the allylmetal nucleophile to be
in the exo position. Our group has demonstrated sub-
sequently that the allylsilane entering into cyclization (6)
may allow endo cyclization to give cycloheptenyne com-
plexes 7, in good chemical yields.[”! In addition, allylsilane
cyclizations onto propargyldicobalt cations can be made to
result in the formation of exo-methylene systems, by appro-
priate choice of the allylsilane (see Scheme 2).

OR1 Et3S| AN 1
OMC [ BFsOR, OHGL0°C \C/iR
T R RS s = R
Coy(CO)g SN SNEs Coy(CO)
R = Me, Ph, R' = Me, iPr, TBDMS
7 oL
C°2(Co)e Co,(CO)g

R' = Me 42-72%, 2:1
R' = iPr, 62-68%, >30:1

OEt .
OEt BF3-OEty, CH,Cly, 0 °C 53%

_CIJ_OZ(CO)G Me3Si\)I\/SnBu3 == ®

Co,(CO)g

Scheme 2. [4+3] Cycloadditions to (cycloheptyne)dicobalt com-
plexes.

The formation of the same cycloheptenyne complexes
may be simplified further from an operational standpoint.
Subjecting complexes of relatively simple butyne-1,4-diol
derivatives to Lewis acid mediated reactions with an al-

6054

WWW.eurjoc.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

lyltin/vinylsilane  dinucleophile gives cycloheptenyne—
Co,(CO)¢ complexes by way of a [4+3] cycloaddition pro-
cess. The [4+3] cycloaddition is actually comprised of two
allylmetal Nicholas reactions (Scheme 2); initial condensa-
tion of the allyltin compound with a propargyl cation com-
plex gives an intermediate closely analogous to 6, which
then undergoes the final bond-forming process by an allyl-
silane—propargyl cation condensation. The regiochemistry
of substitution in such cycloadditions is worthy of note; the
predominant product 7 is the one that stems from initial
Nicholas reaction that occurs on the Jess substituted end of
the butyn-1,4-diol derivative, although the levels of selectiv-
ity are only ca. 2:1.18) Superimposing upon this a larger
ether function at the more substituted propargylic site raises
this selectivity to near-complete. The 5-methylidene-substi-
tuted cycloheptyne complexes 8 are again accessible
through this chemistry by the use of 1,3-dimetallo-2-meth-
ylenepropanes.®!

The electrophilicity of simple propargyl-Co,(CO)4 cation
complexes has been investigated carefully,®! and is such that
reliable intermolecular reactivity is likely with nucleophiles
as or more nucleophilic than anisole. Consequently,
electron-rich aromatic and heteroaromatic ring systems are
sufficiently reactive to enter intramolecular reactions with
propargyldicobalt cation complexes, and therefore consti-
tute a reliable Friedel-Crafts/Nicholas reaction approach
to benzo-fused (cycloheptenyne)dicobalt complexes
(Scheme 3).11%-11] Acceptable levels of success in the reaction
may be extended to electronically neutral arene nucleo-
philes; this may be due to the intramolecularity of the pro-
cess.

BF5-OEt,, —
\/002(00)6 CH,Clp, 0°C ¢/ Py
7~Co,(CO)g

78% 0

Scheme 3. Arene nucleophiles in Friedel-Crafts-based cyclizations.

Alkenes have, on occasion, been shown to undergo ene-
type reactions with propargyldicobalt cations to form cyclo-
heptyne complexes, but are less reliably straightforward in
their reaction profile. In a contribution significant to the
entire area of (cycloheptyne)dicobalt chemistry, the Tanino/
Kuwajima group demonstrated that ethylidene-zrans-decal-
inols with a pendant (propargyl acetate)-Co,(CO)q frag-
ment cyclize to the cycloheptyne-bridged dehydrodecalin
complex 9 as a major product. Modestly acidic aluminum-
based Lewis acids are required for the success of this reac-
tion (Scheme 4). Rearrangement products were also formed
competitively (10), to a degree dependent upon the Lewis
acid and substrate (vide infra).l'?!

To date there is only one report of (cycloheptadiyne)-
tetracobalt complexes, and these have been prepared by
protic acid ionization of 2,7-dimethyl-3,5-octadiyne-2,7-diol
complexes. The cycloheptadiyne complexes 11 are believed
to form through a sequence of several steps, beginning with
the elimination of one tertiary alcohol to an alkene, which
then reacts with propargyldicobalt cation generated by the
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| OHs N
B Lewis acid
CH,Cl,,
OMe —23 °C—r.t
Lewis acid 9 10
Ar = Me,Al(OTf) 66% 13%
B MeAIl(OCOCF3)(OAr) 21% 77%
O,N +
OH HO HBF4, CHCl, w
X\ /)< 78Crt N //
L(CO)4C°2 002(00)4L (00)4002/ N Coy(CONL

11a,L= (CO)Z 97%
11b, L = dppm 43%

Scheme 4. Alkene nucleophiles in Nicholas reactions.

ionization of the second alcohol function.'3 The cycliza-
tion also tolerates replacement of two CO ligands by dppm
[dppm = bis(diphenylphosphanyl)methane] on each alkyne—
Co, unit. In each of the Tanino/Kuwajima and Mays/
Woods cases of straightforward cyclization—elimination, the
initial cyclization step involves the generation of a tertiary
carbocation.

Tandem Nicholas Reaction—Cation Rearrangement/Trapping
Processes

In several cases, attack on propargyl cation complexes by
alkenes give cycloheptyne complexes by way of processes
other than a straightforward nucleophilic attack/deproton-
ation (ene-type) pathway. Tanino/Kuwajima have found in
their ethylidenedecalinol-propargyl acetate complexes that
a cyclization/hydroxy-driven electron-deficient rearrange-
ment process is competitive with the cyclization/deproton-
ation reaction, depending upon the Lewis acid employed,
and affords the basic ingenane ring framework (10,
Scheme 4).['?4] Because Lewis acids at the lower acidity end
of the group employed resulted in a greater degree of re-
arrangement product, formation of an alkoxide may play a
critical role in the success of this post cyclization step.

The [4+3] cycloaddition of dicobalt complexes of butyne-
1,4-diol derivatives analogous to those described in
Scheme 2 may also proceed with allyltrimethylsilane itself
(Scheme 5). In these cases the ring-closing step must occur
through nucleophilic attack of an alkene to generate a sec-
ondary cation, which is in turn trapped by halide from the
conjugate base of the Lewis acid in a Prins-type reaction.
While this most commonly gives C-5 halo substitution in
the (cycloheptyne)dicobalt complex 12, conducting the re-
action in benzene solvent enables arylation as the final
step.[14
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X
EtO OEt _~_-SiMes
‘|_— R Lewis acid /"R
Co,(CO)g X =H, Me, Ph
12 Co,(CO)g
BF5-OEt,, CH,Cl, X =F, 67-75%
snCl,, CH,Cl, X = Cl, 60-78%

B(CgF5)3, benzene X = Ph, 52-70%

Scheme 5. Tandem [4+3] cycloaddition/trapping reactions.

Hosomi—Sakurai/Mukaiyama Reactions

The Tanino group has developed two closely related,
stepwise [5+2] cycloaddition protocols that give rapid for-
mation of cycloheptyne-Co,(CO)s complexes, in each case
with 3,5,6-substitution. In each case, the cycloaddition does
involve Nicholas reaction chemistry, but as the initial step,
between a propargyl ester complex and a triisopropylsilyl
enol ether (TIPS = /Pr3Si). In the chronologically earlier
case, the siloxyalkyl carbocation resulting from this initial
step is in turn attacked by an allylsilane contained in the
propargyl ester complexes; this Mukaiyama-type reaction
closes the cycloheptyne ring system and gives an exo-meth-
ylene group at the propargylic site (13).['3] In the subse-
quent report, the second condensation step involves an silyl
enol ether; this Hosomi-Sakurai-type process results in a
ketone function conjugated to the alkyne of the (cyclohep-
tyne)dicobalt complex (14).1°) The [5+2] cycloaddition
gives predominant cis orientation of the largest C-6 substit-
uent (R') and the silyl ether function; this is attributed to
an antiperiplanar alignment between the intermediate silox-
yalkyl carbocation and the silyl enol ether or allylsilane
(Scheme 6).

SiMes R?
1 TIPSO
R%OTIPS R2:A
[+-couco)s o
Me,AIC],
AcO CH,Cly, =23 °C 13 Co,(CO)g
OTIPS R?
1
j R ‘“/\OTIPS T'Psg o)
|
||_C°2(CO)6 Et,AICI
J CH,Cy, 0 °C A e
BzO 2v12, 14 (CO)

Scheme 6. [5+2] Cycloadditions with silyl enol ethers.

Michael Reaction

The Iwasawa group has prepared a single example of a
cycloheptyn-3-one—Co,(CO)s complex by a Lewis acid me-
diated stereoselective conjugate addition of a 2-alken-5-yn-
5-one complex with a remote silyl enol ether (Scheme 7).[7]
Although not rigourously assigned, the analogous results
on cyclooctyne complexes suggest a cis stereochemistry
about the newly formed bond.
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OTBS O
Ph—{
MeAICl,, (2.2 equiv.) {i-C02(CO)s
(CO)sCo,—;| DTBP (0.1 equiv.), 5
I< CH,Cl,, -78 °C, 44 h o 3P0
/o Ph
. L \\/COZ(CO)G
DTBP = 2,6-di(tert-butyl)pyridine \
30% otBs

Scheme 7. Michael reaction affording (cycloheptyne)dicobalt com-
plexes.

Ring-Closing Metathesis

Given the central importance of Nicholas reaction chem-
istry to the utility of (alkyne)dicobalt complexes, the incor-
poration of C-3 (propargylic) oxygen functions in (cyclo-
heptyne)dicobalt systems is of particular value. Unfortu-
nately, formation of C-3 oxygen substituted (cycloheptyne)-
dicobalt complexes by Nicholas-type chemistry is not facile;
our own attempts to form complexes of cycloheptyne pro-
pargylic alcohol derivatives by Nicholas reactions of alk-
ynal complexes or their derivatives have been uniformly un-
successful. Fortunately, the alkyne-Co,(CO)¢ unit is not af-
fected by most metathesis pre-catalysts, and consequently
suitably disposed dienes (i.e., 15) undergo ring-closing
metathesis (RCM) cleanly by using the Grubbs I catalyst,
to give cycloheptenyne complexes (16, Scheme 8).['%:1°1 Pro-
pargylic alcohol complexes themselves do not perform espe-
cially well in this process, but once converted into the corre-
sponding acetates or TBDMS ethers (TBDMS = (Bu-
Me,Si), cyclization occurs rapidly to give allylic or homoal-
lylic alcohol derivatives. The propargylic oxygen function is
not necessary for a successful RCM. It has been proposed
that the alkyne-Co,(CO)g actually facilitates cyclization by
acting as a conformational restraint, but this has not been

tested rigourously.
X
R'™\__/"OR

(Cy3P),ClL,Ru=CHPh (cat.),

/j\_l_g CH,Cly, rt.

Coy( CO 16 Co,y(CO)g
15 R = Ac, R' = H, Me, nPr, n-CsHg, OAc
73-95%
R = TBDMS, R' = H, 73%

Scheme 8. Ring-closing metathesis based synthesis.

By Diels—Alder Reactions

A measure of the degree to which the Co,(CO)g unit re-
lieves the angle strain of a cycloheptyne is demonstrated by
the report that furan—-enynone complex 17 enters an equilib-
rium with its Diels—Alder adduct 18 when exposed to silica
gel (Scheme 9). While the equilibrium is not unilaterally
favourable, vinyl ketones predominantly cyclize to the (cy-
cloheptyne)dicobalt-tethered oxabicyclo[2.2.1]heptanes.*”]
Hydrogenation of the alkene remnant of the furan in 18
6056
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“traps” the cycloheptyne adduct. Iwasawa has also demon-
strated one example of an acyclic siloxydiene participating
in a Diels—Alder reaction with the alkene of an enynone
function to give a bicyclo[4.3.1] system (19).2!1 The lowered
yields of 19 relative to the analogous bicyclo[5.3.1] systems,
as well as the variable equilibrium for cycloaddition in the
case of 17 — 18, suggest that this approach is pushing the
limits of viability for the ring system.

| \ 0] (0]
silica gel R EE/ c R
toluene o E{)Q,(A:C' o
(CO 6002 —|— —|_—
(CO)sCo, 18 (CO)sCo,
R=H, 62%

from acyclic alkyne

OTBS MeAICl, TBSO,
DTBP (cat.), I
CH,Clp, rt.  Pph —C02(CO)g
39% 19 o
single stereoisomer
(undefined)

Scheme 9. Diels-Alder-based syntheses.

Carbonylative Heck Reaction

A unique approach to the preparation of (cycloheptyne)-
dicobalt complexes has been reported by Iwasawa and in-
volves the palladium-catalyzed Heck reaction of an iodin-
ated arene or alkene with an enyne complex, with concomi-
tant CO insertion (Scheme 10). As the source for carbon-
ylation is an alkyne—Co,(CO)s, most efficiently the di-
phenylethyne complex, this chemistry is not at this time ap-
plicable to cycloheptyne—Co,(CO)s complexes; instead, the
carbonylative Heck process is quite efficient for the
Co5(CO)4(dppm) complexes.??! The failure of a cis-disub-
stituted iodoalkene complex as a reaction precursor sug-
gests that use of substituents capable of creating some con-
formational bias is necessary for closing the cycloheptyne
ring.
dppm(CO)4C/02

=/~
=3

002 CO),4dppm

j@\/ Y 30 mol-% Cl,Pd(PPha),

Et,NH, DMF, 80 °C /
Scheme 10. Carbonylative Heck reaction.

Ph—_T——Ph (3 equiv.)

Coy(CO)s 94% O

Structural Details

Stability

Hexacarbonyl(cycloheptyne)dicobalt complexes are ma-
roon-coloured oils or solids, darker still when conjugated

Eur. J. Org. Chem. 2008, 6053-6062
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Table 1. Reagents tolerated by cycloheptyne—Co,(CO)s complexes.
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Reagent type Examples

Reductant H,/Pd, H,/Ni, HN=NH, DIBAL-H, NaBH,

Oxidant MnO,

Lewis acid BF;:OEt,, SnCly, RAICI,, R,AICI, RAI(OTY),, R,AIOTf, RAI(OTf)(OAr), R,Al(OAr), Et,All, TMSOTT, (C¢Fs);B

Bronsted acid pTsOH, CSA,[W HBF,

[a] CSA = camphorsulfonic acid.

to additional multiple bonds in the ring system. They are
sufficiently air-stable to survive traditional chromato-
graphic purification, and may be stored in air at —20 °C.
The (cycloheptyne)dicobalt unit survives a number of syn-
thetic transformations on the nucleus; while a comprehen-
sive list of compatible reagents awaits further development,
the following are illustrative (Table 1).

A modest number of crystal structures exist of (cyclohep-
tyne)dicobalt complexes.['316-221 On the basis of these, the
formal C=C distance is average within the realm of alkyne—
Co,(CO)s complexes [1.31-1.36 A, average alkyne—
Co,(CO)s 1.339 A1), while the bond angles at the formal
sp-carbon atoms are towards the lower end of alkyne—
Co,(CO)s complexes [126.1°-136.0°, average alkyne—
Co0,(CO)¢ ca. 142°] (Figure 2). Despite the limited amount
of crystallographic data on simple members and one clear

TIpso  9SiMes
151A ois
A’\ o
130.0° - x H* O Yaxax=108-115Hz
\C°2 (GOl Jaxeq = small
H ) ax-eq = SMa
1.31A H trans
134.2° SR\ Veqeq = 6:9-7.2 Hz
- -
TPSO 0O Coy(CO)g  Yaxax=112-125Hz
TMaEA 2Me th Jaxoq = 3.4-4.1 Hz
/’/\126 T X=F, cl,Ph
\Coz(CO
H ) 1.34 A
135.1°

Figure 2. Selected bond lengths and angles, and 'H NMR coupling
constants.

R
N BF3'OEt2, -10 QC, CH20|2 \ N
__/ OAc Nu _ o R
== == ==
CoxcO)y N Coy(CO)s  Co,(CO)g
~.SMes  84:16 (83%), R = CH,CH=CH,
A~-SNBus  50:50 (74%), R = CH,CH=CH,
CH3CO,H 100:0 (79%, 97%F), R = OC(0)CH,

el ysing protic acid (H,SO,) and excess CH3CO,H

o~
HBF, ) HN \>
oA gMe iP er Et
== CMe,S == 2

2) pTs,0 —|—
C0,(CO)g Co,(CO)g Coy( CO)B
20 2%

Scheme 11. Selected Nicholas reactions on intact (cycloheptyne)di-
cobalt system.
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exception, the ring conformation is best understood in most
cases as being in a chair conformation, similar to cyclohep-
tene,** and with equatorial substituents thermodynami-
cally preferred. '"H NMR vicinal coupling constants are
fairly similar to those of cyclohexanes; selected examples
are presented in Figure 2.

Assorted data suggest that conjugative stabilization exists
between adjacent double bonds and the (alkyne)dicobalt
unit, at least to some degree. Single bonds between these
functions are slightly reduced in bond length,!'3:10-22 and
the limited number of reactions reported that could drive
the alkene and alkyne-Co, functions of cycloheptenyne
complexes into conjugation do so (see Scheme 11).2!

Are Cycloheptynes the Limit?

In most cases, cycloheptyne complexes are the lower limit
of cycloalkyne ring sizes that can be prepared readily as
Co,(CO)g complexes; our group and others have several ex-
amples of attempts at the preparation of cyclohexyne—
Co,(CO)¢ systems, which have failed. Nevertheless, to the
best of our knowledge there are three reports of cyclo-
hexyne—Co,(CO)s complexes prepared successfully. The
original report of Schreiber on propargyl ether/tethered al-
lylsilane cyclization reactions includes one successful cyclo-
hexyne case (see Scheme 1).1% During work on the construc-
tion of the bicyclo[7.3.0]dodecadiyne ring system, the
Magnus group isolated an allene-substituted cyclohex-
enyne—Co,(CO)g complex through an unexpected homolo-
gous ene reaction (Figure 3).”°! Recently, the Iwasawa
group has adapted the Schreiber methodology to form three
naphthalyne-Co,(CO)s complexes of limited stability to
air.1?7]

TBSO” > =
[[-Cos(CO)s .
C S
OTBS P
oTBS Co,(CO)e

Figure 3. Examples of (cycloheptyne)dicobalt complexes.

Transformations on the Intact Nucleus

With its good stability and the known use of Co,(CO)g
complexes as alkyne protecting groups,?®! it is reasonable
to expect that the (cycloheptyne)dicobalt unit would be able
to survive a number of transformations elsewhere in the
molecule concerned. This has proved to be the case.
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Nicholas Reactions

As the generation and reactions of cationic propargyl-
dicobalt complexes constitute one of the most popular uses
of (alkyne)cobalt complexes,®! Nicholas reactions on the
(cycloheptyne)dicobalt nucleus are a matter of importance.
With the requisite leaving group present in the propargylic
position, these substitutions are quite facile. The (cyclohep-
tyne)dicobalt has substantial stability to many Lewis and
protic acids (see Table 1) and the common nucleophiles
known for Nicholas reactions. Consequently, the reaction
has been successful for carbon nucleophiles (silyl enol
ethers, silyl ketene acetals, allylsilanes, electron-rich arenes),
hydride (Et3SiH), oxygen nucleophiles (alcohols, acetic
acid), sulfur nucleophiles (thiols) and nitrogen nucleophiles
(CH3CN) (Scheme 11). By using the propargyl-sulfonium
ion (20) tactic of Jaouen,?”! the range of N-nucleophiles
may be extended to amines themselves.’”] In a manner
analogous to other propargyldicobalt cations, cations which
are both propargylic and allylic react preferentially at the
terminus remote (y-) to the (alkyne)dicobalt function, both
kinetically (predominantly, with less reactive nucleophiles
giving greater y/o ratios) and thermodynamically (exclu-
sively).[>>] Finally, in some situations epimerization at the
propargylic centre during the substitution is incomplete,
suggesting that the fluxional processes known to common
propargyldicobalt cations may be slowed in these systems.

Other Nucleophiles — Cyanohydrin Formation

Other reports of nucleophilic chemistry on carbonyl
compounds are limited. Lewis acid mediated trimethylsilyl
cyanide attack on cycloheptynone complex 21 has been
shown to readily result in the formation of the O-silylated
cyanohydrin, while the same authors have demonstrated
clean nucleophilic attack/ring expansion reactions by trime-
thylsilyldiazomethane and a Lewis acid on the ketone func-
tion to give a cyclooctynone complex (Scheme 12).1'°1 To
the best of our knowledge, there are no reports of successful
organolithium or Grignard reagent additions to functional
groups on the (cycloheptyne)dicobalt system.

o) 1) MesSICHN,,
TIPSO EtAIC, _ TIPSO o
V3 2) CSA
™C0,(CO)s 76% P
21 Coy(CO)g

Scheme 12. Nucleophilic attack/ring expansion reaction.

Hydrogenation/Reduction

There are several examples of hydrogenation being car-
ried out on intact (cycloheptenyne)dicobalt systems. These
examples include both metal-catalyzed hydrogenation
(Raney-Ni, Pd/C),2%31 and transfer hydrogenation (di-
imide)*?l methods. Reduction of polar functional groups is
also often possible. Although instances of NaBH, re-
ductions of carbonyl groups have had some success, yields
are normally higher when a covalent hydride source
(DIBAL-H) is employed (see Scheme 18).
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Oxidation/Elimination

Oxidation reactions on the intact (cycloheptyne)dicobalt
nucleus are rare. Nevertheless, an allylic alcohol has been
shown to successfully undergo MnO, oxidation to an enone
in the presence of a non-reacting alcohol function (see
Scheme 18).1331 In the same work, it was demonstrated that
a B-hydroxycycloheptenone complex will undergo elimi-
nation to form the enone in the presence of HBF, or
pTsOH (Scheme 18). For both oxidation and elimination re-
actions, it is likely that the full range of compatible reagents
and conditions is yet to be explored.

Ligand Exchange

In several reports, one or several of the CO ligands of
an alkyne—Co,(CO)s complex may be substituted without
disrupting the alkyne—Co, core of the molecule.** Mays
and Woods have demonstrated that this possibility applies
at least in some cases to cycloheptyne—dicobalt complexes;
subjecting cycloheptadiyne—Co4(CO),» complex 1la to
dppm in warm toluene gives the bis(dppm) complex 11b in
excellent yield (Scheme 13). The use of equimolar amounts
of the phosphane affords reasonable amounts of the
mono(dppm) complex.!3!

1-2 equiv. dppm,
70 °C, toluene
T N K

N\ K A 1
(CO)SCOZ/\\_// Co,(CO)s L(CO)4Coy Co,(CO)4L
11a 2.06 equiv  1.02 equiv
L=L"=dppm (11b) 93% 18%
L =dppm,L'=(CO), - 59%
SM - 21%

Scheme 13. Ligand exchange in (cycloheptadiyne)tetracobalt com-
plexes.

Methods for Removal of the Dicobalt Unit

Simple removal of the Co,(CO)s unit from a cyclohep-
tyne complex gives a system with greater ring strain than
can be tolerated at ordinary temperatures. As a result, de-
complexation of the alkyne—Co,(CO)s must be in tandem
with another process that transforms the function into one
viable within a seven-membered ring system.

Reductive Removal

The most straightforward transformation involving re-
moval of the cobalt atom is decomplexation in conjunction
with reduction of the alkyne, normally to a cycloheptene.
BusSnH is the most commonly employed reagent for this
purpose.['%16:351 While a detailed mechanism of this trans-
formation is unknown, the critical intermediacy of radicals
is proposed. This protocol has been advanced as causing
minimal amounts of double-bond migration in the cycloal-
kene products; nevertheless, our group has observed small
amounts of such a migration (Scheme 14). Conjugated
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ynone complexes may give overreduction to the cyclohep-
tanone.'® Alternatively, Birch reduction conditions have
been shown to induce this reductive decomplexation effec-

tively (see Scheme 20).1'2!
MeO
BusSnH, PhH

52 °C, 58% MeO
OMe

OMe
1) EtaSiH,
OMe CICH,CH,CI, O'V'e
—

BIMSA A MeO
O // CF3COz O
"Co(CO)s MeO

23 97%

MeO
(:o2 (CO)g

MeO

MeO

Scheme 14. Reductive removal of Co,(CO)g unit.

A tactic for overall reduction, which has proven to be
particularly effective in our hands, is a tandem hydro-
silylation/protodesilylation protocol. Clearly related to, but
more convenient than, the BusSnH procedure, exposure of
the (cycloheptyne)dicobalt complex 22 to Et;SiH, in the
presence of scavenging alkyne TMS-CC-TMS (BTMSA),
converts the complex into a regioisomeric mixture of vinyl-
silanes in excellent yield.['!-3¢] Subsequent protodesilylation
to give the cycloheptene 23 is similarly efficient.

Finally, sodium hypophosphitel*”! and high pressure H,/
Rh (Rh/C or Wilkinson’s catalyst),*®! may be considered
as potentially useful reagents for reductive decomplexation.
While these have not been reported as effecting this trans-
formation on (cycloheptyne)dicobalt complexes, they have
been used on the corresponding cyclic ethers, and therefore
have a high probability for successful use in the all-carbon
ring systems.

Oxidative Removal

There are three separate methods known for oxidative
decomplexation of (cycloheptyne)dicobalt complexes. The
three give differing reaction outcomes, but each has demon-
strated or potential synthetic utility.

Ceric ammonium nitrate (CAN) and molecular iodine
are standard reagents for straightforward decomplexation
in acyclic (alkyne)dicobalt complexes. In (cycloheptyne)di-
cobalt complexes, however, decomplexation with CAN oc-
curs in conjunction with CO insertion, ultimately giving the
anhydride in good yields (Scheme 15).['5:16:391 Conversely, it
has been demonstrated on the Co,(CO)4(dppm) complexes
that treatment with I, gives the diiodocycloheptenes 2422
the extension of this procedure to Co,(CO)s complexes is a
reasonable possibility but unproven.
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TIPSO TIPSO
R2 (NH4)2Ce(NO;)q
R! /, acetone/H,0, 0 °C
"NCoy(CO)s  71-83%

Co,(CO)4dppm

- OO
/ 60%
24

(e] (e}
OMe OMe
dppm ‘ OMe
(15 equiv.)MeO ~ + Me0
22 toluene A, O. (6] O.
air MeO MeO
28% 8%

Scheme 15. Oxidative decomplexation reactions.

Finally, subjecting cycloheptyne—Co,(CO)¢ complexes or
their dehydrooxepane analogues to heating with dppm and
air gives a regioisomeric mixture of cycloheptanones, fav-
ouring oxygen incorporation proximal to the sterically most
hindered side.[*”) Yields are modest, and a significant excess
of dppm is necessary, so that procedural improvements are
likely required before this protocol sees widespread use in
synthesis.

With C-C Bond Formation/Pauson-Khand Reaction

The Pauson-Khand reaction*! possibilities of (cyclo-
heptyne)dicobalt complexes are particularly exciting ones,
as the 7,5-ring system generated by such a transformation
is widely encountered in natural products, particularly in
many classes of sesquiterpenes.[*?l Cycloheptenyne 25 par-
ticipates in Pauson—Khand reactions, but is a relatively or-
dinary alkyne—Co,(CO)s complex in the process; bridged
bicyclic alkenes work well and silyl-substituted allenes work
adequately (Scheme 16).[43] Rendering the Pauson—-Khand
reaction intramolecular by joining the cycloheptyne com-
plex and the alkene with a heteroatom-based tether affords
much more consistently successful results.* Ether-, thio-
ether-, and sulfonamide-tethered alkenes undergo cycliza-

o

. 3 equiv.
il toluene, A
C0y(CO)s 75%
25
3.5 equiv. CyNH,, 59-89%
_~x R4> cisltrans
=1.3:1-30:1

== /—\ LA
| cl cl
COz(CO)S 10

X=0, S, NpTs, OCH,
R=H, Me

Scheme 16. Pauson-Khand reactions of (cycloheptyne)dicobalt
complexes.
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tion in reasonable yields, predominantly under the Sugihara
conditions;“*# tethers forming both five- and six-membered
rings participate well. The cis isomers are formed predomi-
nantly.

[2+2+2] Cycloaddition

While the most well established form of [2+2+2] cycload-
ditions involve Co' reagents,[*’ there are a number of re-
corded cases where Co,(CO)g may induce the transforma-
tion.[*] As a result, we considered it a reasonable possibility
that alkyne—Co,(CO)s functions of cycloheptyne complexes
would be capable of entering into such cycloadditions,
therefore giving access to benzocycloheptene systems. This
has proved to be feasible in synthetically useful yields, pro-
vided that one of the alkyne functions is tethered to the
(cycloheptyne)dicobalt complex (Scheme 17).31 The third
alkyne need not be tethered, but in such cases the regiose-
lectivity of incorporation of the third alkyne is poor; conse-
quently, symmetrical alkynes such as bis(trimethylsilyl)eth-
yne are the best choices for this “third” reaction partner.
By tethering two additional alkyne functions to the cyclo-
heptyne complex 26, it is also possible to render the cyclo-
addition all-intramolecular.

=
_—l_ Q toluene A R1
(CO)GCOZ/

7

=R%= suv|e3 0%
R1 CO,Et, R®?=Me 59% (1.3:1)

O toluene, A
== 60%
\ COZ Co)e

Scheme 17. [2+2+2] Cycloadditions of (cycloheptyne)dicobalt com-
plexes.

Use in Synthesis

Dehydrotropylium—Co,(CO)4 Ion

The accumulated knowledge of compatible reactions on
the (cycloheptyne)dicobalt nucleus has allowed access, in
several steps, to the cycloheptadienynol-Co,(CO)¢ precur-
sor 27 to the dehydrotropylium—Co,(CO)s ion, and ulti-
mately the ion 28 itself (Scheme 18).331 RCM adduct 29
underwent rearrangement in acid to give 30, which in turn
afforded 31 by way of nucleophilic cleavage of the acetates
and allylic alcohol oxidation. Elimination of the alcohol
and reduction of the ketone gave the target alcohol 27.
6060
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OAc
1) DIBAL-H, Et,0,

X CH3CO,H, -
i \ -78°C
AcO™\__ /~OAc H,S0, AcO—\___ O—’
By 96% S 2MnG,

29 Coy(CO)s 30 Co,(CO)s 62%
0 0] OH
HBF,, DIBAL-H,
| _CHCl | ) EpO,-787C [ |
HO == 50% == 82% ==
31 CoyCO)s Co,(CO)g 27 Co,(CO)g
'H 58.36
N
BF3'OEt2, \ 5519 “
° "I 58.47 =
o7 CHaCl, 0°C @1 _»O + O
Nu, —_— _ Nu o
N>1 By e =7
50—83% Coy(CO)s Coy(CO) Coy(CO)g
28 32a/y = 100:0-67:33
BF3-OFt,, CO)eCOz
CH20|2 ==
a7 0°C
Nu, N<1 == ’ 7~Coy( Co)e ==
9-50% COZ(CO COZ(CO)G
33ay/aa =2:1

Scheme 18. Synthesis and reactions of dehydrotropylium—Co,-
(CO).

In subsequent reactions with Lewis acid nucleophile
combinations, the generated cation 28 was found to un-
dergo Nicholas reaction chemistry (32) with more reactive
nucleophiles (N > 1 on the Mayr scale*”), but gave electron
transfer/radical dimerization products 33 with less reactive
nucleophiles. In the presence of HBF,, the cation itself 28
precipitated; although limited in lifetime, its "H NMR spec-
trum could be acquired.

Allocolchicine NSC 51046

Our group has applied Lewis acid Nicholas reaction of
biaryl-substituted propargyl acetate complex 34 to an enan-
tioselective synthesis of allocolchicine NSC 51046 through
the intermediacy of a dibenzocycloheptyne—Co,(CQO)g com-
plex 22 (Scheme 19). In this case, the electron-rich nature
of the A-ring of the allocolchicines provided an excellent
handle for the B-ring construction in the tricyclic core.l'!]
Assembly of 34 was accomplished by way of Suzuki—Mi-
yaura cross-coupling, followed by Corey—Fuchs homologa-
tion of the aldehyde 35. Intramolecular Nicholas reaction
mediated by BF;:OEt, was somewhat more sluggish than
expected, likely due to challenges achieving the reactive rot-
amer of the propargyl cation complex, but nevertheless af-
forded the tricyclic complex 22 in good yield. Decomplex-
ation by way of the tandem hydrosilylation/protodesilyl-
ation protocol gave excellent yields of the dibenzocyclohep-
tene 23 (see Scheme 14), and was converted into the di-
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benzosuberone by a conventional hydroboration/oxidation
protocol. Enantioselective installation of the benzylamide
followed Wulff’s method,*8! which involved enantioselective
reduction to 36 by using Singaram’s TARB-NO,-modified
borohydride,*®! azidation with Zn(Nj3),(pyridine),, and
azide reduction/acetylation chemistry. NSC 51046 could be
recrystallized readily to >99% ee.

OMe
-
MeO MeQO
O —— \,C02(CO)s
CHO MeO O N\
MeO
35 34\—OAc
MeO 59%
3 equiv. BF3:OEty| CH,Cl,
1.5 equiv. iPr,NE
OMe OMe
OMe 1) EtySiH, O'V'e
MeO '~/ CICH,CH,CI MeO
O <BTMSA A O JL
Ve 2) CF,CO,H MeO ~Co,(CO)g
23 97% 22 70%
1) BHy THF 3) Swern
2) Hy,0,, NaOH | 4) LiBH,,
TARB-NO,

OMe

OMe
OMe 1) Zn(Na), OMe
MeO —=2DVI, MeO
(L) on et ™ e
MeO ) ACO, YT 11eo

36 77%, 95% ee 56%, 93% ee
NSC 51046

Scheme 19. Synthesis of NSC 51046.

Ingenol

The Tanino group has employed ene reaction chemistry
of ethylidenedecalinols for the total synthesis of ingenol
(Scheme 20)."I The ethylidenedecalinol propargyl acetate
complex 37, built up in several steps from 2-hydroxycy-
clohexanol dimethyl acetal featuring Claisen rearrangement
and intramolecular aluminum enolate alkylation steps, gave
solely cyclization/deprotonation product 38 and no cycliza-
tion/pinacol rearrangement product upon reaction with
MeAl(OAr), (Ar = 2,6-dimethyl-4-nitrophenyl). Following
Birch-type reductive removal of the alkyne—Co,(CO)4 func-
tion and use of the resultant alkene for gem-dimethylcy-
clopropanation, the 7,5-system 39 was obtained by epoxid-
ation of the cyclohexene and AlMe;-mediated rearrange-
ment. Although several further steps are required to intro-
duce the C-2 methyl and C-6 hydroxymethyl groups and
the oxygen functions of ingenol, the appropriate synthetic
handles were all installed at this point.
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AcO

M CoxCO) |/ N CO2CO
OH N
MeAI(OAr),
OMe CH,Cl, _
. “OTIPS
OMe ‘OTIPS OMe
37 OMe 38

1) CHBr3, NaOH, ...
BnEt;NCI, CH,Gl,
2) Me;Culi,, Et,O
~ 3)Mel
“OTIPS

“'OTIPS

OMe
67%, 2 steps

1) (BuO),,TiCly, HO,
MS (4 A), CH,Cl,
2) Me3Al, CH,Cly

, HO
oTIPS HO HO

ingenol

MeO
39 7%

Scheme 20. Synthesis of ingenol.

Conclusions

In addition to being molecules of simple theoretical
interest, (cycloheptyne)dicobalt complexes have demon-
strated a combination of ready preparation and good sta-
bility. By virtue of their ability to survive a reasonable
number of synthetic transformations and yet undergo reli-
able decomplexation reactions when desired, they are prov-
ing to be highly useful in synthesis of seven-membered ring
containing natural products. As much of the developmental
chemistry of these complexes is recent, we expect that the
use of these complexes in synthesis will see fuller exploi-
tation in the coming years.
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