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I. Introduction

Cycloaddition reactions between transition-metal
2-alkynyl (1) and n'-allyl complexes (2) and unsaturated
electrophilic reagents (3) have been studied in detail
over the last 20 years by a number of research groups.
These 3 + 2 cycloaddition reactions have been shown
to yield transition-metal-substituted five-membered-
ring heterocycles and carbacycles (4 and 5) (Scheme I),
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and they offer organic chemists alternative approaches
to these ring systems when the metal is subsequently
cleaved from the ring.
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Andrew Wojcicki last reviewed cycloaddition reac-
tions of transition-metal allyl and propargyl complexes
in detail in 1982 (references through 1980).! There is
a very brief discussion of 3 + 2 cycloaddition reactions
of transition-metal propargyls in Wojcicki’s recent Co-
ordination Chemistry Reviews article.> Myron Rosen-
blum reviewed some of his group’s contributions to this
field in 1986.2 3 + 2 cycloaddition reactions of allyl
stannanes with electron deficient alkenes have been
reviewed recently and will not be discussed here.

This review will focus primarily on work published
since 1980 on 3 + 2 cycloaddition reactions of transi-
tion-metal allyl and 2-alkynyl complexes. Some refer-
ences relevant to the mechanism of these cycloadditions
published prior to 1980 will also be cited. In this article,
the syntheses of 2-alkynyl and allyl complexes will be
briefly reviewed followed by a discussion of recent cy-
cloaddition results. Detailed mechanisms for both the
alkynyl and allyl cycloaddition reactions consistent with
recent results will be postulated. Finally, demetalation
reactions which have been used to yield five-mem-
bered-ring carbacycles and heterocycles will be dis-
cussed.

II. Early Work

The first reports of 3 + 2 cycloaddition reactions of
transition-metal allyl and propargyl complexes ap-
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peared in the early 1970s. Andrew Wojcicki’s group had
been investigating insertion of sulfur dioxide (SO,) into
transition-metal alkyl bonds and initially noted unusual
rearrangement products from the reactions of transi-
tion-metal allyls with SO,.5 These rearrangement
products were postulated to arise from cyclic transition
states. Shortly thereafter, the first 3 + 2 cycloaddition
product was reported from the reaction of alkynyl
complex CpFe(C0),CH,C=CCH; and SO,.° This cy-
cloaddition product was so unusual and unexpected
that its structure had been originally reported incor-
rectly twice,”® and the structural dilemma was finally
solved via X-ray crystallography.®® Wojcicki reviewed
his group’s early work in this area in 1971.1

Another 3 + 2 cycloaddition product from the reac-
tion of an yl complex with SO, was then reported
by Haszeldine in 1971.1! Also in 1971, Rosenblum’s
group reported the first 3 + 2 cycloaddition between
a transition-metal allyl and an alkene to yield a tran-
sition-metal-substituted cyclopentane.!? At that time,
Rosenblum postulated a two-step rather than concerted
cycloaddition mechanism for these reactions. Rosen-
blum reviewed his group’s early work in this area in
1974.1% A large number of publications delineating the
scope and mechanism of these cycloaddition reactions
appeared during the mid to late 1970s.1* Much of the
work published in this area since 1980 has dealt more
with synthetic applications of this cycloaddition and
that work will be addressed in detail here.

1I1. 3 + 2 Cycloaddition Reactions of
Transltion-Metal 2-Alkynyl Complexes

A. Syntheses of 2-Alkynyl Complexes

Transition-metal 2-alkynyl complexes have been
synthesized via two approaches (Scheme II). In all
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cases to date where preparatively useful amounts of
these complexes have been synthesized, they have been
prepared via reaction of a solution of a transition-metal
anion (6) with a 2-alkynyl bromide, chloride, or tosylate

(7).1%15 In our hands, tosylates routinely produce the -

highest yields of alkynyl complex.’® In most instances,
there is clean Sy2 displacement of the propargyl leaving
group but in a few cases Sy2’ attack to yield transi-
tion-metal-substituted allenes (8) have also been re-
ported.!4e15a1617 Mogt transition-metal 2-alkynyl com-
plexes (1) are only slightly air sensitive as solids and
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may be purified by sublimation or chromatography.

Transition-metal 2-alkynyl complexes (10) have also
been prepared via deprotonation of cationic allene
complexes (9).1™8 Such allene complexes (9) have been
prepared via ligand exchange between the Fp(iso-
butylene) cation!® and allenes.'™ This could provide
an alternate route to 2-alkynyl complexes which cannot
be synthesized directly from the transition-metal anions
(6).

B. Cycloaddition Reactions and Mechanistic
Implications

Much of the work published during the 1970s on 3
+ 2 cycloaddition reactions of 2-alkynyl complexes was
aimed at determining whether these reactions proceed
via concerted w2a + 72s + ¢s2a (Scheme III, eq 1) or
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stepwise reaction mechanisms (Scheme III, eq 2). No
spectroscopic evidence for 12 exists and the cyclo-
addition between CpFe(CO),CH,C=CCHj, and SO, at
—60 °C revealed no evidence of any intermediates by
'H NMR.1#

Prior to 1980, the most convincing evidence that these
alkynyl complex cyclizations were stepwise was a
modest solvent effect on the rate of the reaction be-
tween CpFe(CO),CH,C=CCHj and tetracyanoethylene
(TCNE)? and a study of the stereochemical outcome
of cycloadditions between transition-metal 2-alkynyls
(13) and (E)- and (2)-1,2-dicyano-1,2-bis(trifluoro-
methyl)ethylene (14).14/ In the last study described
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above, both diastereomers (15 and 16) of the cyclized
product were observed when starting with either the
(E)- or (Z)-alkene (14), indicating that the reaction
proceeded through an intermediate where rotation
around the former C=C of the alkene was possible.
However, this work was complicated by the fact that
pure E- or Z-14 isomerizes in CH;CN to a 98:2 mixture
of E:Z over 2 h and this isomerization had been shown
to be base or anion catalyzed.?’ Reaction of CpFe-
(CO),CH,C=CPh with Z-14 in CH;CN with a reported
reaction time of 15 min yielded a 91:9 mixture of
anti:syn (16:15) product. Z to E isomerization prior to
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TABLE 1. Relative Rates of Cycloaddition between 1 and
18

LM R relative k&
1 (PPh;)(CO) Mn Me >3000
2 (PPhy)(CO) Mn Ph 130
3 (CO)sMn Ph 1.0
4 Cp(CO),Fe Me 1000
5 Cp(CO),Fe Ph 34
6 Cp(CO)sMo Me 340
7 Cp(CO),PPhsMo Ph 540
8 Cp(CO),P(OPh);Mo Ph 110
9 Cp(CO)sMo Ph 11

cycloaddition was invoked to explain this but it seems
more likely in light of the shortness of this reaction time
relative to that required for isomerization, and the fact
that the E and Z isomers react at approximately the
same rate, that bond rotation prior to ring closure in
17 more accurately accounts for the observed isomer
ratios. The observation that the product ratios (90:10)
are <95:5 E:Z may not be significant in ruling out a
concerted mechanism since the reported mass balance
for the cycloaddition was <60%.
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More convincing evidence for some type of noncon-
certed cycloaddition mechanism comes from the reac-
tion of (CO);MnCH,C=CPh with E-14 where a 90%
isolated yield of a 70:30 mixture of anti to syn was
reported.’4! This could only be explained via a con-
certed cycloaddition mechanism if Z-14 reacted much
more rapidly than E-14 in the cycloaddition. It is in-
teresting that the amount of syn product is much
greater when L,M = (CO);Mn rather than Cp(CO),Fe.
The rate constant for the ring-closure step for the
Mn(CO); complexzes should be greater than that ob-
served for the Cp(CO),Fe complexes since in the allene
intermediate (17), the allene functions mainly as a o-
donor ligand with the Mn(CO); fragment and should
be more electrophilic.

In 1981, Wojcicki et al. reported the results of a ki-
netic study involving rates of cycloaddition reactions
between transition-metal 2-alkynyl complexes (1) and
p-toluenesulfonyl isocyanate (TSI) (18).2 The reac-
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tions were found to be first order in both complex and
TSI concentration which would be consistent with ei-
ther a concerted mechanism or a two-step mechanism
where the first step (electrophilic attack) is rate limiting.
The results reported here showed an even smaller
solvent dependence than those reported previously.?
Also the reaction exhibited the low activation enthalpy
and large negative activation entropy which are typical
of concerted (Diels—Alder) reactions.?? This TSI reac-
tion data would only appear to be consistent with a
two-step ionic mechanism (Scheme III, eq 2) if the
transition state for the rate-determining electrophilic
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attack was highly ordered and early on the reaction
coordinate. The partial loss of alkene stereochemistry
seen in Wojcicki’s study has also been observed in al-
kene cycloadditions which proceed through bipolar in-
termediates but these reactions did show a large solvent
dependence.” The small solvent rate dependences and
the observed loss of stereochemical integrity of alkenes
in these cycloadditions would also appear to be con-
sistent with a mechanism invoking a biradical inter-
mediate (20) (Scheme IV). Some alkene cycloadditions
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have been shown to proceed through biradical inter-
mediates and these reactions also show small solvent
effects and partial loss of alkene stereochemistry, de-
pending on the relative rates of bond rotation and ring
closure.?*" Bruce, Snow, and co-workers have reported
experimental evidence for radical intermediates similar
to 20 in reactions between g-acetylide complexes and
TCNE.? The homolytic metal-carbon bond cleavage
needed in the ring-closure step has an analogy in the
known radical reaction chemistry of related complexes.?
The mechanistic data available to date on alkynyl
complex cyclizations appear to be most consistent with
either a two-step ionic reaction with a very early ordered
transition state for electrophilic attack or a two-step
biradical mechanism with an ordered transition state.

Two trends in the cyclization rate data? presented
in Table I would be consistent with either an ionic,
biradical, or concerted cycloaddition mechanism.
Methyl-substituted alkynes are at least 1 order of
magnitude more reactive than phenyl-substituted alk-
ynes (compare entries 1 and 2,4 and 5,and 6 and 9 in
Table I). It is not clear whether this is a steric or
electronic effect since there is no rate data available on
a cyclohexyl- or vinyl-substituted alkyne. When com-
paring complexes where the alkynyl complex substitu-
ent remains constant, the cyclization rates increased as
w-acid ligands were replaced by os-donor ligands (com-
pare entries 3, 5, and 9, 2 and 3, and 7-9).

One of the drawbacks of these alkynyl complex 3 +
2 cycloaddition reactions which has limited their use
by synthetic organic chemists is the requirement that
the alkene component be very electron deficient. Ro-
senblum and co-workers reported an attempt to extend
the scope of these cycloadditions to less-electron-defi-
cient alkenes in 1982.27 Cyclohexenone (22) was treated
with AlBr; at -78 °C in CH,Cl, followed by addition
of 1-Fp-2-butyne (21) and warming to 0 °C. cis-
Hydrindenone product (23) was isolated, but the yield
was disappointing (20%). This Lewis acid activation

] o o
P AlBr3
+ — Fp
\ b CHCl
Me a2 H Me
21 ”

of electrophiles prior to alkyne complex addition
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probably represents the best one can do in terms of
increasing the electrophilicity of the alkene component.

The problem of limited alkene reactivity has also
been solved in the past by increasing the nucleophilicity
of the transition-metal alkynyl complex.? The increase
in nucleophilicity of alkynyl complexes has been
achieved by increasing the o-donor strength of the lig-
ands on the metal. A 2-alkynyl complex which is very
nucleophilic and could potentially be made even more
so by ligand substitution was recently reported by
Ungvary and Wojcicki.?® These complexes (24) (R =
Me, Ph) reacted completely with TCNE in THF at 0
°C in 5 min and with SO, in THF at 0 °C in 10 min.

PPh,
co,, |
:Co—CO
TCNE _ co™ R = Me, 56%
R R = Ph, 33%
PPh, CN CN
co,, | NC CN
Co—CO
co” | PPh
CH, 3
s0  CO"co_co
N co=1° R = Me, 268%
R N R
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o

In 1989, we communicated a variant of this alkynyl
complex 3 + 2 cycloaddition reaction (Scheme V) which
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yielded transition-metal-substituted five-membered-rmg
thiosulfinate esters (27).2°

The 3 + 2 cycloaddition reaction to yield metallo-
thiosulfinate esters (27) depicted in Scheme V requires
disulfur monoxide (S,0) or a disulfur monoxide
equivalent. We have previously shown that 4,5-di-
phenyl-3,6-dihydro-1,2-dithiin 1-oxide (26) serves as a
source of S;0 under mild reaction conditions, 21630 We
found that all the 2-alkynyl complexes we had prepared
reacted with 26 in tetrahydrofuran at 25 °C to yield
metallothiosulfinate esters (27) (Table II).

A trend in the relative rates of these cyclizations was
observed which bears on a proposed mechanism for this
reaction. Increased electron density at the metal center
accelerated this reaction. Complexes 27a and 27b re-
acted completely with a slight excess of 26 within 2 h
at 25 °C, whereas it was most convenient to use 2 equiv
of 26 to effect complete cyclization of 27¢—f in 2 h.
Reactions of molybdenum complexes 27f and 27g were
only 50% complete after 24 h. Similar enhancements
in cyclization rates have been reported in transition-
metal 2-alkynyl/SO, cycloadditions when a CO was
replaced by a phosphine.?2 Complexes (27) are all air
stable and crystalline and can be chromatographed on
silica gel.

The most unusual aspect of this chemistry is that
cyclization occurred at room temperature where 26 is
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TABLE II. Cyclizations of 2-Alkynyl Complexes (25) with
26

product M n m R yield
27a Fe 5 2 CH, 74%
27b Fe 5 2 Ph 81%
27¢ Fe 0 2 CH, 70%
27d Fe 0 2 Ph 72%
27e Fe 0 2 C(CH;)=CH, 56%
27 Mo 0 3 CH, 45%°
27g Mo 0 3 Ph 43%°

¢>90% based on recovered alkynyl complex.

stable in solution in the absence of the transition-metal
2-alkynyl complexes. A mechanism which accounts for
the observed products and which is consistent with the
observed relative rates of cyclization as well as MNDO
calculations on the structure of 26%°° can be formulated
using the two-step ionic reaction mechanism (Scheme
ITI, eq 2) outlined earlier as an analogy (Scheme VI).
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We propose that this cyclization reaction is initiated
by nucleophilic attack of 2-alkynyl complexes (25) on
26 at the oxidized sulfur S(1) to form the cationic allene
complex (29). Increased electron density on the metal
should facilitate this nucleophilic attack, Nucleophilic
attack on 26 would result in cleavage of the S(1)-C(6)
and S(2)-C(3) bonds in 26 by a formal nucleophile-in-
duced electrocyclic ring opening reaction. Our mecha-
nism invokes an initial nucleophilic attack on the most
electrophilic sulfur (S(1)) followed by cleavage of the
weak S(1)-C(6) bond rather than the S(1)-S(2) bond.
This is consistent with MNDO calculations on 26 which
predict a S(2)~C(3) bond order of 0.98 but a S(1)-C(6)
bond order of only 0.87.3%

To our knowledge, there are no reports of investiga-
tion of the diastereoselectivity of 3 + 2 cycloaddition
reactions between chiral, racemic transition-metal 2-
alkynyl complexes and electrophiles. We were inter-
ested in exploring the diastereoselectivity of alkynyl
complex/S,0 cycloadditions, and we wanted to get
some information about the stabilities of these diaste-
reomeric thiosulfinate esters (31 and 32) if they could
be formed (Scheme VII).
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Reaction of chiral, racemic 2-alkynyl complex (30)
(L,.M = CpFe(CO),;, R = R’ = ethyl) with 26 was
studied first because 30 had proven to be a thermally
stable alkynyl complex. When 30 was allowed to react
with 26 in tetrahydrofuran at 25 °C, the product mix-
ture obtained (33:36) was dependent on reaction time.
After 2 h of reaction time, we obtained a 1.3:1 mixture
of two diastereomers (34:33) (40%) plus a trace amount
of two other complexes (35 and 36). When the reaction

30 + 26 255G THF, 25C
El,,'H
(o]
Fp \ + Fp \ + Fp \ Fp N\ é
s
J \Et Et )
36

time was increased to 3 h 33/34 were still isolated (40%)
(1.3:1, 34:33) in addition to a larger amount of 35/36
(17%, 1.3:1, 35:36). After 6 h of reaction time, 35/36
were the major products (48%, 1.3:1, 35:36) and only
a trace of 33/34 were seen in the crude product 'H
NMR. Introduction of a substituent on the carbon next
to the nonoxidized sulfur in these thiosulfinate esters
(33/34) has obviously affected their stability. We as-
sume that this is a conformational effect similar to those
seen in other cyclic thiosulfinate esters? where inter-
actions between the sulfur lone pairs and the substit-
uent (37) are responsible for the instability of 33/34.
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=C EXH)
I H(ED)
/ \ >
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To account for the lack of diastereoselectivity ob-
served in the cyclization of 26 with 30 and to look for
a way to improve diastereoselectivity we need to pos-
tulate a mechanism for the cycloaddition (Scheme VIII).

SCHEME VIII

B, Fe® o P E"'-.c c Fe' c H
/\ ~ > )
o-—e.,, of kof ® t—eto- o tof ®
\ - **Mg*?
S Gl
38 39
Et Fp E Fp
°\s7:'S',“ NI
T
R o- 8%
anti syn
34 33

We will assume that these cycloadditions proceed
through cationic allene complex intermediates (38 and
39). These allene complexes (38 and 39) should exist
predominantly in the conformations shown which place
the substituent on the carbon which was « to iron away
from the bulky cyclopentadienyl ligand. This has been
shown to be the preferred conformation for related
cationic CpFe(CO),(alkene) complexes.!4 Rotation of
the allene around the metal-alkene bond (a process
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which is rapid for the related tetramethyl allene com-
plex)!”® would have no effect on the stereochemical
outcome of the cycloaddition reaction. If 1,2 shifts of
the iron on the allene occurred, this would yield com-
plexes which could not undergo cyclization to yield
five-membered-ring products.

We would anticipate that 38 and 39 would be inter-
convertible via a thermal racemization mechanism
(40-42) reported for thiosulfinate esters.?? There would
appear to be little steric or electronic bias to favor either
38 or 39 at equilibrium. We hoped to be able to influ-
ence the position of this equilibrium by adding a di-
valent Lewis acid to coordinate the thiosulfinic acid
anion oxygen and a metal carbony! oxygen thus favoring
intermediate (39).33 When MgBr, was added to the
cyclization reaction syn product (33) (predicted from
this model) became the major product (2:1) and the
chemical yield improved (95%). The Lewis acid in this
case may also be serving to activate 26 toward nucleo-
philic attack.

sl o Ru., / \e /" R é

WD N ot — 11100 m—— “ 3

Ro/ T - \/ N, — O‘T/ N,
40 4 42

3 + 2 cycloaddition reactions of Fp-2-alkynyl com-
plexes (10) with tropylium iron tricarbonyl cations (43)
provide an interesting route to the hydroazulene nu-
cleus (44) which was first communicated in 1976.3¢

*Fe(CO), H

© "N~ O
Fe(CO)a 10 H R
43 4“4

More recently, this reaction has been extended to the
construction of the guaianolide and pseudoguaianolide
sesquiterpene frameworks.%

Activation of the tropone iron tricarbonyl complex
(45) with TMS triflate or n-Bu,B triflate yields cation
(46) (Z = TMS or n-Bu,B).3%2 Addition of the 1-Fp-2-
alkynyl complexes (10) (R = Me and TMS) yielded the
tropone iron tricarbonyl complexes (48) (Scheme IX).
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a7 48a: R = Me, Z = TMS 23%

b: R = Me, Z = BBu, 92%
¢: R=TMS, Z = BBu, 62%
(R = H after workup).

A single regioisomeric cycloadduct with a cis ring
junction was isolated from each reaction. Infrared
spectroscopic evidence for a cation like 47 was obtained.
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The electrophilic attack 46 — 47 is rapid at -78 °C,
whereas ring closure 47 — 48 requires reflux (3 h) in
CH.C],. Crossover expenments suggest that the elec-
trophlhc attack is irreversible.3%?

The ring junction stereochemlstry in the cycloadducts
(48) is consistent with previous work*214h and can be
explained by electrophilic attack on the tropylium
cation on the face opposite the Fe(CO); fragment with
carbon—carbon bond formation anti to Fp (49) (Scheme
X). This step is followed by ring closure via nucleo-

SCHEME X
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philic attack on the Fp allene cation (50) on the face
opposite Fp.

No information exists about the regiochemical
makeup of complexes like 46 at equilibrium. The ob-
served cycloadduct regiochemistry (51) could be ex-
plained if 46 exists as a single regioisomer or if 46 exists
as a mixture of regioisomers but reacts with 10 pref-
erentially through the regioisomer depicted (46). The
observed cycloadduct regiochemistry can only result
from initial electrophilic attack at C(1) of 46. Initial
electrophilic attack at C(5) (52) would be disfavored on
steric grounds and would be expected to lead to the
formation of some bridged bicyclic product (54) as well
as the other regioisomer (56) (Scheme XI).
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C. Demetalation Reactions

These 3 + 2 cycloaddition reactions are likely to at-
tract greater interest from synthetic organic chemists
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if the metal can be removed from the cycloadducts in
high yield. As part of a general program aimed at
synthesizing organosulfur compounds which may be
useful as agricultural chemicals or pharmaceuticals, we
needed to remove the cyclic thiosulfinate esters from
the metal in cyclization products (27). We were in-
terested in the heterocyclic ring system contained in
complexes (27) because it is an analogue of the naturally
occurring thiosulfinate esters (57, R = CO,H) (aspara-
gusic acid S-oxides, plant growth regulators)?” and (57,
R = OH) (brugeriols, isolated from mangroves)3® and
other cyclic thiosulfinate esters have been shown to be
tumor growth inhibitors.%®

S
~o
57

Because of the known ease with which thiosulfinate
esters undergo oxidation-induced rearrangements and
disproportionations,*’ and the fact that most of the
known methods for cleaving metal-carbon bonds in
similar complexes are oxidative,*! we approached the
problem of how to remove the thiosulfinate ester from
the metal with some caution. Indeed, attempts to
cleave the metal-carbon bond in 27d with halogens (I,
Br,, NBS), copper (CuCly), and iron (FeCl,) reagents
under a variety of conditions lead to the isolation of
complex mixtures of products. However, when these
metallothiosulfinate esters (27b—e,g) were treated with
ceric ammonium nitrate under 1 atm of CO in ethanol,
CO insertion and iron—carbon bond cleavage occurred.
This produced the desired five-membered-ring thio-
sulfinate esters (58—60) in good yield (58 from 27¢, 48%;
59 from 27b,d,g, 66%, 72%, and 59% respectively, and
60 from 27e, 58%).

o)
CrMen S Co(IV), /CO, /E1OH Il S
M=\ & —————— EOC— ¢
/ S Sa
(CO)m ] No o No

27 58: R = Me
59: R = Ph
60: R = C(Me)=CH,

Other recent efforts directed at removal of cyclo-
adducts from the transition metal have focused mainly
on allyl rather than alkynyl cycloaddition products.
The Fp fragment has been removed from 61 in high
yield by exposure to 1% HCI in methanol.3% The Fe-
(CO); fragment has been removed from complexes
closely related to 62 using ceric ammonium nitrate 3%

Fe(CO)s™
61 62

Fe(CO)5"

Treatment of 62 with lithium dimethylcuprate pro-
duced the unexpected tricyclic product (63) (82%).3%
Production of 63 was explained by initial attack of
Me;CulLii on complexed CO to yield anionic acyl (64).
Reductive elimination from 64 followed by an intra-
molecular aldol condensation from 65 would produce
63.
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HO
Me,CuLi

62 —
Et,0, ~7810 25 °C .

(o] H H
MeoCuli

————————
E1,0, ~78 10 25 °C _

/ —-
(CO),Fe / = H H
Seo 5
64

- 63

IV. 3 + 2 Cycloaddition Reactions of
Transition-Metal n’-Allyl Complexes
A. Synthesis of '-Allyl Complexes

Allyl complexes of the form 66 and 67 can potentially
be prepared by one of three methods (Scheme XII): (1)

SCHEME XII

CpFe(CO);"Na™ +
68

Y

3-‘=<R2 — 66 0r 67
Ry Rs
69: Y = halogen or tosylate
H H

CO\ .

co Fe —|
co Ry

H

ﬂ— 66 or 67

Rs
70
M -pc R
CpFe(CO)l + N=(? —= es0r67
Ry Ry
7
7

reaction of the CpFe(CO),"Na* salt (68) with appro-
priately substituted halides or tosylates (69);% (2) de-
protonation of appropriately substituted cationic alkene
complexes (70)!4 (this would not be useful in cases
where mixtures of stereoisomers about the C=C re-
sulted); and (3) reaction of an allylic organometallic
nucleophile (72) with CpFe(CO),I (71).# Route 2 is
probably the most practical of the three because of the
ease of preparation and stability of the cationic pre-
cursors (70). In cases where routes 1 or 3 would be used,
the complexes (66 or 67) are best purified by alumina
chromatography and immediately used in cyclization
reactions.

B. A Model for Predicting the Outcome of 3 + 2
Cycloaddition Reactions of Transition-Metal
Allyls and Alkynyls

Unlike alkynyl cyclizations, there is no doubt that
some allyl complex/electrophile 3 + 2 cycloadditions
proceed through a two-step mechanism with a distinct
cationic alkene complex intermediate.*#* However,
with some electrophiles such as TSI, there is no evi-
dence for an ionic intermediate even in allyl cycliza-
tions.22 In cases where the rate constants for cyclo-
addition of analogous alkynyl and allyl complexes have
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been compared they are surprisingly similar.22 All
available information on alkynyl complex cyclizations
would indicate that if these cyclizations do proceed
stepwise, electrophilic attack is always the rate-deter-
mining step and subsequent ring closure is very rapid.
Allyl complex 3 + 2 cycloadditions proceed similarly for
some electrophiles but there are cases where ring closure
rather than electrophilic attack appears to be the
rate-limiting step. These observations are consistent
with relative rates of electrophilic attack on isolated
alkynes and alkenes.*> Halogenation, for instance, is
103-10° faster for alkenes than alkynes.*®® Also, the
geometry of the intermediate cationic allene complexes
(74) should lead to rapid cyclization for low-valent metal
complexes with electron-donating ligands which would
not necessarily be expected for the alkene complexes
since they have more rotational degrees of freedom.
The apparent difference in rate of ring closure from
alkenyl and allenyl complexes is best explained by
geometrical rather than electronic effects since cationic
Fp(alkene) complexes are more susceptible to nucleo-
philic attack on the complexed double bond than the
corresponding allene complexes. Alkoxides attack CO
rather than the allene in Fp(allene) cations,'® whereas
they add cleanly to the alkene in Fp(alkene) cations.%
The Fp tetramethyl allene BF, complex (73) has been
structurally characterized and it shows asymmetry in
the Fe—C bonds (Fe—C(3), 2.237 A, and Fe~C(4), 2.063
A).# Similar asymmetry in Fe-C bonds in related Fp
complexes could be expected on the basis of comparison
of 3C NMR data.® The C(5)-C(4)-C(3) bond angle in
73 was 145.7°. The angles between the Fe—C(4)-C(3)
plane and the C(4)-C(3)-C(8) and C(4)-C(3)-C(9)
planes were 100.8 and 107.1°, respectively. These angles
would be expected to be 90° for sp? hybridization and
112.6° for sp® hybridization at the complexed double
bond. This structure for an allene complex (73) and the
fact that the C(4)-C(5) bond is a double bond would
place the nucleophilic atom of any E=Nu cyclization
component in a position which should make ring closure
rapid. Another indication of the influence of substitu-
ents on the chemistry of the complexed allene is the
observation that external nucleophilic attack on the
allene in complexes like 73 slows as the size of sub-
stitgbents on the noncoordinated double bond increas-
es.

|, BFR’ |, BR
cOo~, Fe ~CO co— Fe ~CO
4 8 4 8
w. g 3 [T -
5 [} 5 9
E=Nu"
n 74

The only crystal structure data available on cationic
Fp alkene complexes are of heteroatom-substituted
alkenes.®® Complex (75) had a Fe~C(3)~C(4) bond angle
of 104.17° indicating that the hybridization in the
complexed alkene is close to tetrahedral. Without the
additional double bond which is present in the allene,
one would expect ring closure to be a less favorable
process entropically here than for the allene (74).

Mechanisms for these cycloadditions which propose
extended transition states where large developing
charge separations will be present in the transition
states and intermediates do not appear to be consistent
with rate constant data for these cycloadditions which



104 Chemical Reviews, 1992, Vol. 92, No. 1

| BF,~
CO’FSKCO
26197 4 Q"'\am
\ 1.408
1.285
75

show very little solvent dependence.?*!¥ In an attempt
to rationalize the known kinetic data and stereochem-
ical outcomes of transition-metal alkynyl and allyl
complex 3 + 2 cycloaddition reactions, we propose the
model in Scheme XIII for predicting the major product

SCHEME XINI

Rs : Rs
fﬂ. o
Rs Ry - Rs—C 'Ryt
,_HL/_RQ 8 __R?—Rz
LM P LM Ry
76 77
Rs. R, R R, R,
Rg Ry
-<R, —_— R,
Rs |
» M
LM Ry 79
78
Re Ry
Ra Rs
RS_X/ZRZ — A=<’ N -
Y LY
1 H R /.
1 ‘H
L
™ L,,I\!ﬂ 8"
80
81

3¢
1
R Re R,
H
LM
82

of these cycloadditions. This model is similar to the one
proposed by Herndon to rationalize allyl tin/electro-
phile cycloaddition stereochemistry.* Initial electro-
philic attack on the transition-metal allyl or alkynyl
complex occurs from a conformation where the tran-
sition metal-carbon ¢ bond eclipses the p orbitals in the
double or triple bond (76 and 80). There is ample
precedent for this electrophilic attack anti to the tran-
sition metal.’* The most favorable transition state for
this electrophilic attack (which accounts for the small
solvent rate dependence of these cycloadditions) places
the developing negative charge in the electrophile close
to the developing positive charge (Coulomb attrac-
tion)24® on the alkene or allene complex (77 and 81).
When the allyl or alkynyl complexes and electrophiles
are chiral or prochiral, this electrophilic attack proceeds
preferentially through the least hindered transition
state (Rg and Ry, refer to small and large substituents
on the reacting alkene). Rosenblum has shown that
enolates and other prochiral nucleophiles react with
Fp(alkene) cations in both inter- and intramolecular

Woelker
TABLE III. Cyclization of Fp Allyls (84) with 14
CF,
CN R
V CN CF, 2
NC Ry —_ R,
CFy —R. CFy ,R1
CN .
Fp 1 Fp
84 85
R, R, R; yield, %  stereoselectivity
a H H H 94 97:3
b Me H H 79 98:2
c H Me Me no report 84:16

reactions in a diastereoselective manner and rational-
ized those results in a similar way.34%50 In allyl or
alkynyl complex cyclizations scrambling of stereo-
chemistry at C; will occur unless ring closure is fast
(Reing closure > Rrotation = 10° 871).21 In allyl complex cy-
clizations, the more electrophilic the cationic alkene
complex (78), the faster the cyclization (less scrambling
of Cg stereochemistry). In alkynyl complex cyclizations,
where geometric constraints are critical, a more elec-
trophilic allenyl complex (82) (less back-bonding from
L,M) will have a larger C(1)-C(2)-C(3) bond angle
which will retard cyclization (more scrambling of Cs
stereochemistry). Recall that the Fp alkynyl cycliza-
tions with 14 mentioned earlier were much more ste-
reoselective than the cyclizations of the Mn(CO); alk-
ynyl complexes.!¥ Rate constants for ring closure in
alkynyl complex cyclizations that are significantly
greater than those for allyl complex cyclizations would
be consistent with the failure to observe allene complex
intermediates (82).

C. Transition-Metal Allyl Complex Cycloaddition
Results and Mechanistic Implications

1. Cycloaddition Reactions of
Nonheteroatom-Substituted Allyls

Before discussing transition-metal allyl complex 3 +
2 cycloaddition results which have appeared since 1980,
a brief review of the allyl cyclizations with 14 mentioned
earlier with respect to alkynyl complexes seems in or-
der.’¥ These allyl complex cycloadditions were more
stereoselective than the alkynyl cycloadditions and in
the one case (entry c, Table III) where preference for
facial attack on the alkene can be judged, the major
diastereomer (85¢c) (84:16) can be rationalized through
a transition state which places the large CF; group®!
away from FpCH,.

Wojcicki’s 1981 study on cycloaddition rates with TSI
(18) contained results for allyl complex cycloadditions
not mentioned earlier.? Complexes with Z stereo-
chemistry in the allyl fragment were found to undergo
cycloaddition twice as fast as those with E stereochem-
istry. This would be expected for cycloaddition with
alkenes but is a surprising result for cycloaddition with
the achiral TSI. This rate enhancement is probably
caused by relief of strain in the allyl moiety rather than
a rate enhancement due to less-hindered electrophile
approach. Electron-donating substituents in the allyl
fragment accelerated the cycloaddition although steric
hindrance to cycloaddition eventually becomes a prob-
lem since trisubstituted allyls reacted about 2/ as fast
as disubstituted allyls.
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TABLE IV. Reaction of 84a with Electron-Deficient
Alkenes 86

Ry

R M Ry
Fi + Y — Fp—Ct
p¥ Rz Ra RH
84a 86 s
87
R, R, Rs yield, %
b CO.Et CO,Et H 70
[Y CO,Me COgMe COzMe 50
d CN CN CO,Et 67
e CO;Me CO,Me H 64

In 1982, Baker et al. reported a series of studies in-
volving cycloaddition of Fp allyl and substituted Fp
allyls with a variety of prochiral alkenes. The focus of
these studies was on subsequent demetalation reactions
rather than the cycloaddition and unfortunately the
relative stereochemistries of the diastereomers isolated
from the cycloadditions were not determined in many
cases.

The first of these studies involved the cycloaddition
reactions of the unsubstituted Fp allyl (84a).52 The
unsubstituted Fp allyl (84a) was treated with several
ester- and cyano-substituted alkenes (86) and the iso-
lated chemical yields of cycloaddition products were
good (Table IV). The only information about the
stereochemical outcome of these cycloadditions was that
87a was a 1:1 mixture of diastereomers. Reaction of 84a
with dimethyl acetylenedicarboxylate yielded the cy-
cloaddition product (90) (42%) as well as the zwitterion
recombination or insertion product (89) (9%) and the
proton-transfer product (91) (2%). This reaction was
much slower than the cycloadditions with alkenes.

Fp + MeO,C——CO,Me —=
_\= "
CO,Me COzMe
ﬂ\—\_ CoaMe —\%
MeOZC MeOzc CO,Me

Also in 1982, Rosenblum and co-workers reported the
results of a series of Lewis acid catalyzed 3 + 2 cyclo-
additions between the unsubstituted Fp allyl (84a) and
enones.?’” Reaction of 84a with cyclohexenone which
had been treated with AlBr; for activation led to the
isolation of a 1:1 mixture of two Fp-substituted cis-
hydrindanone products (92 and 93) (45%). Formation

o} (o} H (o} H
AlBry
Fp—\_ + —_— Fp + Fp
84a H H
92 9

of these products was explained by attack from either
of the two prochiral Fp allyl faces on one prochiral face
of the cyclohexenone through an extended transition
state (see structures 94 and 95). An alternative ex-
planation for this stereochemical outcome (which is
more consistent with solvent effects on these cyclo-
additions) would be attack on either of the two prochiral
faces of cyclohexenone through an intermediate (78)
without such large charge separation.
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i (.,o *AlBr, ~ G’Alera'
5 2/ |
J C

Fp Fp
94 95

Because the yield of the cyclohexenone cycloaddition
was modest and required strong Lewis acid catalysis,
Rosenblum and co-workers turned their attention to
cyclic enones containing an electron-withdrawing car-
bethoxy substituent a to the ketone. 2-Carbethoxy-2-
cyclopentenone cyclized with 84a after 24 h in refluxing
CH,Cl, to produce a 50% isolated yield of a single di-
astereomer (97a) with cis ring junction stereochemistry.
The stereochemistry at the carbon o to iron was not
specified but the model proposed earlier for these cy-
cloadditions would predict 98 to be the product. 84b
also cyclized with 96a to produce a 45% yield of a single
diastereomer of unspecified stereochemistry. The
model proposed here would predict it to have the same
relative stereochemistry as 98. 2-Carbethoxy-2-cyclo-
hexenone (96b) cyclized with 84a to give two diaste-
reomers (97b); however, the relative amounts of each
were unreported. They were apparently mistakenly
assigned trans-hydrindanone structures since subse-
quent cleavage reactions reportedly yielded cis-hydr-
indanone products. The more puckered cyclohexenone
structure would account for less steric differentiation
between the ring and the carbethoxy group in the
transition state leading to cyclization and yield a mix-
ture of diastereomers. This cycloaddition was found
to be very sensitive to steric and electronic effects as
more highly substituted enones and Fp allyls failed to
cyclize as did the 2-methoxy-substituted Fp allyl.

(o] (o]
COLEL CO,Et
(©Fa)n + Fom_ = Gy [ pwfe
96 84a H
97a: n=2, 50%
b: n=3,63%
c:n=4,9%

CO,Et
Y

Fp
Fi
P 98

Attempts to synthesize Fp-substituted cyclo-
pentanones via 3 + 2 cycloaddition between 84a and
ketenes failed and instead yielded proton transfer
products (101). These proton-transfer reactions ap-
parently only become competitive with cyclization when
the intermediate carbanion is only stabilized by one
adjacent electron-withdrawing group. Since these
proton-transfer reactions are probably intermolecular,
running the reactions under high dilution conditions
may yield cycloaddition products. Alternatively, since
cyclohexenone gave cyclization rather than proton-
transfer products when used in conjunction with a
Lewis acid, ketenes may cyclize with allyls when pre-
treated with a Lewis acid. The Lewis acid may stabilize
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the intermediate anion enough to allow cyclization to
become competitive with proton transfer.

R,
Fi + =0 —=
84a

99

Ry By
X o Z
WHZ Fp/\/\(kRz
Fp* O (o]

100 101

a: Ry = Me, Rz = Ph, 11%

b: Ry = Et, Rg Ph, 10%

¢: Ry = Ph, Ry = Ph, 30%

In 1983, Wojcicki and co-workers reported a diast-
ereoselective cyclization of 84a with MeSO,NSO (102)
which produced 103 in 66% yield as a 78:22 mixture of
diastereomers.’® The relative stereochemistry of the
major diastereomer was undefined. When 103 was
treated with HPF,, cationic alkene complex 104 was
isolated in 87% yield.5* When 104 was treated with
proton sponge in THF at —78 °C, 103 was regenerated
in 57% isolated yield as a 95:5 mixture of diastereomers.
This experiment provides more evidence for cationic
alkene complexes as intermediates in these cyclo-
additions and also demonstrates the possible effect of
temperature on the diastereoselectivity of these cyclo-
additions.

CHCl

Fp¥ + M9803—N=S=O W
102
84a
/Sone SOaMe
. -C';‘ HPF. Fo*
P s"“o ~mcnwonge l\/S

103

In chemistry related to this, we have found that 84a
reacts with 26 to yield 105 and 106 in 65% yield as a
8:1 (105:106) mixture of diastereomers.’® The assign-
ment of relative positions of Fp and O in 105 was based
on 'H NMR coupling constants, NOE experiments, and
shift reagent experiments.¥” In light of this information,
it would not be surprising if the major diastereomer of
103 also had an anti orientation of Fp and O.

. . Ph | § THF, 25 °C

P ——

-.\= on S§o
84a

26

(L, -
p“'
s $
™o ™o

105 106

In 1989, Liu and co-workers reported an unusual 3
+ 2 cycloaddition reaction between transition-metal
n'-5-methyl-2,4-hexadien-1-yl complexes (107) and
tetracyanoethylene.’® Pentadienyl complexes gave 4 +
2 cycloaddition products with TCNE, indicating that
the additional alkene substituent present in 107 has
rendered 3 + 2 cycloaddition the major reaction path-
way. These 3 + 2 cycloadditions were diastereoselective
in that the stereochemistry of the transition-metal allyl
fragment was retained in the products (108).

Fp allyls have been shown to react with a variety of
tropylium iron tricarbonyl salts providing an organo-

Woelker

>/_
% CN
LM + TCNE —= LnM-CCg“
= CN
| 108a: LM = Mn(CO)s, 41%

b: LM = CpFe(COJz, 42%
107 c: L,M = CpMo(CO)3, 39%

metallic route to hydroazulene synthesis.?% In the
original communication on this work, 84a was treated
with unsubstituted tropylium iron tricarbonyl cation
(43) to yield 109 as a mixture of epimers at the carbon
« to iron. Complexes 109 had the expected cis ring
junction stereochemistry (H’s syn to Fe(CO);. The
diastereomeric ratio for 109 was unreported and this
cyclization would not be expected to be particularly
diastereoselective. Acetal- and ketal-substituted allyls
(110) cyclized with 43 to yield 111 and 112 (ratios un-
reported).

o . O CICH,CH,CI
= Fe(CO) Tasn
84a

H
{ | YeFp
Fe(CO) 3'/ < i

109, 75%

Fp + 43 —=
_\=>2
(o)

o 5
C I%H o yed
~uFp
Fe(CO)," / Fe(CO)a’/ ( 1
112
a: R=CgHqq, 41%
b:R=H,73%

Reaction of activated tropone iron tricarbonyl com-
plex (46) with 84a followed by aqueous NaHCO; wor-
kup yielded 114 (59%) as an undefined mixture of di-
astereomers (epimers at the carbon a to iron).

oZ

c . /Q,{\) CHaCla, A
P —
—\= Fe(CO);"

84a
46: Z = TMS or BBu,

oz 0
H H
A
Fp ———
Fe(cow//j:( ) Fe(coh/:‘j:~ )
13 114

Reactions of 84a with substituted tropylium iron
tricarbonyl cations proved to be surprisingly regiose-
lective and in one case diastereoselective. Complex 84a
reacted with TMS-activated cation (115) of 2-methyl-
tropone iron tricarbonyl to yield anti (116) and syn
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(117) diastereomers (2.2:1, 69%). The major diaste-
reomer (116) can be explained through reaction of 84a
with 115 through the least hindered transition state
(118) that places the electron-rich enol ether near the
developing Fp(alkene) cation.

OTMS

~

Fp + /Q_ —
\= Fa(CO)5"

84a
115

(o] (o]
Me Me
0
> Fe(CO)"
Fe{CO)3 A {COJ, A
116 117

Fe(CO *Fe(CO
"Fe(CO), e( )3\ ( )3
— AN e*'\ H
— —
TMSO TMSO TMSO
7 H
Fp ép* Fp
118 116

119

TMS activated 4-methyltropone iron tricarbonyl
complex when treated with 84a followed by aqueous
NaHCO, workup produced a cycloadduct in 45% yield
as an undefined mixture of diastereomers epimeric at
the carbon a to iron.

2. Cycloaddition Reactions of Heteroatom-Substituted
Allyls

In 1979, Baker and co-workers first communicated
an attempt to extend the scope of allyl complex 3 + 2
cycloaddition reactions by adding electron-donating
substituents to the allyl ligand.}4* The details of those
investigations were published in the early 1980s in a
series of papers which will be discussed in the following
section. These investigations involved the cycloaddition
reactions of Fp allyls with methoxy substituents in the
2 and 3 positions of the allyl. This allyl substituent
increases the stereochemical complexity of any cyclo-
addition since an additional chiral center will be formed
in the product. As a word of caution, it should be noted
that Fp allyls have been reported to isomerize photo-
chemically?® and in one case isomerize in the presence
of base.*t These discussions of allyl complex cyclo-
additions assume reactivity through the original isomer
of the Fp allyl starting material. In practice, to insure
this is the case, these reactions are best run in the dark
in the absence of acid or base.

Reaction of the 3-methoxy-substituted allyl (120) with
86a and 86b was shown to yield separable diastereomers
(121a,b and 122a,b).5” The relative stereochemistry of
each diastereomer was determined by 'H NMR and
subsequent chemical reactivity (Table V). Diastereo-
mer 122a eliminated methanol upon attempted alumina
chromatography to yield cyclopentene 123.

cN CN
Fp LWCN AlO; CN
P _JmCOEt — = Fp
H“. o M';H COZEt
1228 123
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TABLE V. Reactions of 120 with 86

R, H
Fp OMe + — —_—
=~ Ry R,
120 86
R1 R1
A F R
H oMe 2 H ome”
121 122
R, R, R; 121, % 122, %
a CN CN CO,Et 49 36
b CO,Et CN CO,Et 33 56
d COMe COMe CO;Me 16
e COzMe CN COzMe 86

The major diastereomer of each of these cyclo-
additions can be rationalized through reaction of 120
with 86 through organized transition states resembling
124 and 127 (Scheme XIV) which minimize steric in-

SCHEME X1V
CO,E!
H

H
O,Et H_co,Et CN
/ NG ~OMe
NC MeO — Xen — H | H
CN H MeO
V4 H CN Fo
H |
Fp Fp* H 126
124 128
E10,C £10,C H H
/2 H NC 2 H EtO,C
1 t~0Me
NC— MeQ — "~ COEt —_ COEt | H
CO,Et )—H MeO7~ [
7 CN £
I p
Fp H Fpt H 129
127 128

teractions between 120 and 86 in each case. The rela-
tive stereochemistry at the carbon bearing R; and R,
was not rigorously proven for 122b, and if ring closure
is rapid R; and R; should still be anti in the product
(129). It would appear that FpCH,/CO,Et steric in-
teractions are more important than MeO/CO,E¢ in-
teractions in determining the major diastereomer
formed from the reaction of 120b and 86b.

Unfortunately, the electron-donating methoxy in the
3 position of the allyl did not significantly expand the
range of alkenes which could be used in this reaction.
Low isolated yields of cyclopentanoid products were
obtained when diethyl methylenemalonate (86¢) and
trimethyl ethylenetricarboxylate (86d) were used in the
cycloaddition. Complex 120 reacted with 86e to yield
121/122 (86%) as an unspecified mixture of diastereo-
mers. This mixture (121e/122e) was subsequently used
in a formal total synthesis of sarkomycin.® Dimethyl
acetylenedicarboxylate did cyclize with 120 to produce
130 as a single diastereomer in 77% vyield.

COZMG

Fp OMe + MeO,C—CZ=C —COMe - Fp
N\= cO,Me

120 & MeO

130

Attempted cycloaddition reactions using the 2-
methoxy-substituted allyl (131) were complicated by the
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TABLE VI. Reactions of 131 with 132

Woelker

Ry
R
R R - 1
Fi 1 2 C—R
p—>= + I - Fp’—unz FP: ctsi
MeOQ Ry R Re MeO .
131 132 133 134
Fp Fp
= Ry = R,
MeO (o]
R Ry Ry Ry Ry R,
135 136
R, R, R, R, solvent 134 135 136 yield, %
a COZMG COzMe H COzMe CH2C12 41 50 9 56
DMF 22 47 31 49
THF 6 79 15 53
CeHg 13 82 5 61
b CN CN H CO.Et CH,Cl, 100 58
c CO,Et CN H CN CH,Cl, 100 71
d CO.Et CO,Et CO.Et CO.Et DMF 100 16
e CO,Me CO,Me CO.Me CO,Me DMF 100 39

presence of large amounts of hydrogen-transfer prod-
ucts (135 and 136).>® The 2-methoxy-substituted allyl
(131) appears to be more nucleophilic than complexes
84a or 120 as evidenced by its reaction with tetra-
carbomethoxyethylene (Table VI, entry e) which failed
to react with either 84a or 120. The alkene complex
formed after nucleophilic attack (133) appears to be less
electrophilic than nonheteroatom-substituted cationic
alkene complexes and this allows intermolecular reac-
tions of 133 to become competitive with cyclization.
The only reactions which were clean for cyclization were
with dicyanoacrylates (entries b and ¢, Table VI). The
lack of hydrogen transfer in those cases could be ac-
counted for by faster intramolecular cyclization of the
less stable anion a to the CN rather than CO,R.%® Enol
ether hydrolysis product (136) was formed after chro-
matographic purification and enol ethers (135) could
be cleanly converted into ketones (136) by treatment
with PTSA in aqueous THF.

3. Effects of Ligand Substitutions on Allyl Complex
Cycloadditions

As mentioned earlier, these 3 + 2 cycloadditions have
seen limited use to date by synthetic organic chemists
because they require very electron deficient alkenes to
obtain good yields of cycloadducts. Lewis acid activa-
tion of the alkene components and increasing the nu-
cleophilicity of the transition-metal allyls with hetero-
atom substituents have met with some success. Another
possible method of extending the range of alkenes that
will participate in this cycloaddition is to increase the
nucleophilicity of the allyls by replacing a CO ligand
in the Fp complex with a os-donor ligand such as a
phosphine or phosphite. This was first reported in 1980
by Rosenblum and co-workers®! and has subsequently
been extended by Baker.’? Replacement of CO by a
phosphine or phosphite also introduces additional ste-
reochemical complexity to these cycloadditions since
the transition metal becomes a chiral center after ligand
substitution. The CpFe(CO)(PR;) moiety’s ability to
influence the stereochemistry of chiral centers formed
in its vicinity could prove helpful in these 3 + 2 cyclo-
additions.*1¢63

Rosenblum and co-workers reported the synthesis of
the triphenyl phosphite, trimethyl phosphite, and 4-
methyl-2,6,7-trioxa-1-phosphabicyclo[2.2.2] octane (137)
iron complexes (138).5! They chose to concentrate their
efforts on reactivity studies of the bicyclic phosphite
complex (138) because it had the highest thermal sta-
bility.

C|
Fp + O’C!;\ hv p\ F
———— ., re
= petroleum ether co™ \—E
L

84a

138: L = 137, 70%

137

Complex 138 reacted rapidly with tetracyanoethylene
at -78 °C to form cycloadduct 139a in 95% yield.
Complex 138 reacted with dicyanostyrene (132g) 900
times faster than 84a to afford a single diastereomer(?)
(one 'H NMR Cp resonance reported) (139g) of un-
specified stereochemistry (89%). Complex 84a failed
to react with (ethoxymethylene)malononitrile (132h),
whereas 138 reacted with 132h to produce 139h (85%)
as a single diastereomer(?) (one 'H NMR Cp resonance
reported) of unspecified stereochemistry (Table VII).
Use of ligand 137 greatly increased the nucleophilicity
of the allyl complexes although its ability to influence
the stereochemical outcome of these cycloadditions
remains unexplored.

In 1983, Baker et al. reported the reaction of the
2-methoxy-substituted allyl (131) with bulky phosphite
(187) to yield chiral racemic allyl complex (140) (70%).52

Cp.

PN og% _m _ N

+ 70 - Fe
MeO pentane co" —
131 Kﬁ) cat. Fpz L/ MeO

137 140: L = 137, 70%
Unlike 131, 140 reacted with a variety of electron-de-
ficient alkenes via a 3 + 2 cycloaddition to produce
transition-metal-substituted cyclopentenes (141/142)
(Table VIII). Linear hydrogen transfer products were
minor products if isolated at all. Elimination of
methanol from presumed intermediate (143) occurred
in all cases. Where R, and R, differed substantially
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R1
CpFe(CO)L)d:Rz
Ry

MeO L

143

in electron-withdrawing ability from R; and R,, elimi-
nation occurred exclusively via the more acidic meth-
ylene in 143 (Table VIII). Cationic alkene intermedi-
ates formed here would be more stable (increased
back-bonding) and less electrophilic than Fp(alkene)
cations and yet the products here are those of cycliza-
tion rather than proton transfer. If proton-transfer
products arise via an intermolecular reaction, then this
is probably just a steric effect where the bulky phos-
phite ligand retards proton transfer and cyclization
becomes the major reaction pathway. Additionally,
with this phosphite the pK, of protons a to the alkene
in cationic alkene complexes increases by 9 relative to
the Fp complexes and this would also retard proton
transfer.®!

D. Demetalation Reactions

Baker and co-workers investigated a variety of
methods (oxidative carboxylation, acid cleavage, bro-
mination, and 8-hydride abstraction) for the removal
of functionalized cyclopentanes and cyclopentenes from
the transition metals. The cycloaddition products (87)
of the unsubstituted Fp allyl underwent oxidative
carboxylation cleanly overnight at 25 °C under 1 atm
of CO in methanol to yield carbomethoxy-substituted
cyclopentanes (144) in 60-90% yield.??

87 144

from 87a 60%
from 87b 62%
from 87¢ 63%
from 87d 77%

Acid cleavage of the Fp group from 87 was not as
clean. The ring-opened product (145) was isolated from
87b as the sole product, and 87a and 87¢ gave mixtures
of ring-opened products (145) as well as cyclopentanes
(146). The products from 87a and 87¢ where some
cyclopentane-containing products were isolated contain
an additional electron-withdrawing group (R; = CO,R).
Since the ring-opening reaction is probably initiated by
protonation of an ester carbonyl, the introduction of an
additional electron-withdrawing group would be ex-
pected to slow this process. Cyclopentenes (147) were
isolated from oxidative carboxylation (87%) and acid
cleavage (75%) of 90.

Bromination of 87 with pyridinium bromide per-
bromide yielded a diastereomeric mixture of cyclopentyl
bromides (148) and a mixture of cyclopentenes (149).
From these experiments it is not possible to determine
whether the cyclopentenes are a product of elimination
from the bromides or whether they originate via §-hy-
dride elimination from the oxidized Fe(III) species
which is presumably an intermediate in this reaction.
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R, R R
R, HCl, CH,Cly 1 R,
F — +
Pv—@ H pyes \/\)\ R, H
Ry Ry Ry
87 145 146

145:146

from 87a 1:2 60%
from 87b 1:0 67%
from 87¢ 1:1 70%

CO,Me

Ce(IV), CO, MsOH
M302C
002M9 002Me

F
F,—G[cone HCI, CH,Clz GECO2M°
%0 cO,Me
147
R,
o q: .;na
TCHClz, 78025 C
Ry
87
148:149
from 87a 3:2 32%

from 87b 13:7 85%
from 87¢ 3:1 43%

Attempts to liberate a substituted cyclopentene via
trityl cation treatment induced 8-hydride abstraction
followed by sodium iodide alkene displacement were
unsuccessful. Instead the ring-opened product (145b)
(from 87b) was isolated in 51% yield. This product

(145b) is presumably also formed as a result of initial

electrophilic attack at the ester carbonyl.

Rosenblum and co-workers reported one example of
an oxidative carboxylation in conjunction with their
studies aimed at synthesis of the cis-hydrindanone
nucleus.?’” When a mixture of diastereomers of Fp
complex 97b was treated with ceric ammonium nitrate
in methanol, methyl esters 150 and 151 were isolated
in 62% yield with no mention of the relative amounts
of each diastereomer.

2 co,m
l ’ InneFp

Ce(IV), CO
———-
MeOH
H
97b

(o]
CO,Et N CO,Et
COMe + @Q-mone
H H

A variety of transformations of hydroazulene complex
(109) have been reported.* Treatment of 109 with
NaBH, to produce neutral diene complex (152) (78%)
followed by oxidative carboxylation yielded methyl ester
(153) (61%). Treatment of 109 with bromine resulted
in replacement of the Fp group with Br (62%) (154)
while leaving the Fe(CO); fragment unchanged. Re-
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TABLE VII. Reactions of 138 with 132

R Ay
Cp\ 2 cp\F R,
o x RN Ry
co \ co \L -
138 ‘32 139
R, Ry R, R, 139, %
f CN CN CN CN 95
g CN CN H Ph 89
h CN CN H OEt 85
TABLE VIII. Reactions of 140 with 132
Fe I
co™ -MeOH
L »;>= 122
140
R, R,
Ry "Rz
CpFe(CO)L R, * CpFe(CO)L R,
Ry R,
141 142
R, R, R; R, yield, % 141/142
i COzMe COgMe H COgMe 75 1/1
j COMe CN H CO,Me 33 1/1
k COEt CN H CHzCH(S(CHg)gS) 52 0/1
1 CN CN H CO.Et 70 0/1
m CN CN H Ph 98 1/1

action of 109 with nucleophiles yielded neutral diene
substitution products (155) with the nucleophile and
Fe(CO); on opposite sides of the hydroazulene frame-
work.

_ NaBH,

Fe(CO) / CHaCN H0
Fe(CO);

Fe(CO);/ f;‘ezch

Fe(CO)”\ /:j:>~

1558: Nuc = LcH(co,Me)z. 58%
b: Nuc = MeOH, K,COj3, 41%

-lZ

In conjunction with their investigation of a synthetic
organometallic route to the guaiazulene and guaianolide
frameworks, Rosenblum and co-workers3®< reported
that the oxidative carboxylation of a mixture of 116 and
117 in methanol produced dienone ester (156) as a
mixture of diastereomers in 82% yield

@- Ce(IV) co @4002\49

116+117

Welker

Methoxy-substituted cyclopentanoids synthesized by
Baker and co-workers were demetalated under a variety
of conditions.’” Ozxidative carboxylation of 130 pro-
duced cyclopentene 157 and similar treatment of com-
plexes 121 and 122 yielded highly functionalized cy-
clopentanes (158 and 159).

COQMO Ca(IV), CO COZMG
Fp —_— e E10,C
COMe  EfOH COMe
Med MeO
130 157
75%
R, Ry
o Ce(IV), CO o
Fp "Re SN0, o 'Re
"'Ra EtOH "IRQ
MeO MeO
158
121a: R, = Ry = CN, Ry = CO,Et 71%
b: Ry = Ry = COEN, Ry = CN 58%
Ro R;

" , CO "
Fp 'R, S8 EtO,C Ry
'lRa EtOH 'IR3

MeO MeO
159
122a 77%
122b 41%

Acid treatment of complexes 121 and 122 yielded
cyclopentenes (160) in high yield as did treatment of
121b with trityl cation followed by Nal in acetone.
Cyclopentene 161 was subsequently converted (8 steps,
33% overall yield) to the keto lactone precursor (162)
to the antitumor agent sarkomycin.%®

Ry

HCI, CHClz, o,
Fp complex ———— G'Rz
0 v
Ry
160
121a 56%
121b 81%
122b 75%
121e/122¢ 65%
PhqaCBF4
121 ——
CO,Et COEt
N BF,” Nal/Acetone ““CN
Fp* 7N C0,E "CO,Et
62% from 121b
CO,Me
o, HCI, CHClp,
Fp 'CN 2Cl
“coMe 0O
MeO
121e
CO,Me Q
oS = 2y
"’COzMe 33% overall yield
o]
161 162

Attempted oxidative carboxylation of complex 134b
led to the isolation of ketal (163) in addition to enol
ethers (164) (9:1, 92%).5° This is a very unusual reac-
tion because Fe—C bond cleavage has occurred without
CO insertion. Iron—carbon bond cleavage before CO
insertion could be facilitated by electron donation from
the heteroatom on the carbon a to iron (165).
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CN CN

Co(Iv),CO  MeO,
m XL+ o
MeO CO,Et CO,E!
163 164
CN
FP>CtCN
MeO COgEt MeOH
134b
—= MeO"
CO,Et CO,E!

Lastly, chiral iron-substituted cyclopentenes (141/
142) have been converted into cyclopentenes 167 and
168 under mild conditions in good yield.®

¢ N
P iR,
\..ie Ay +
cov %
L Ry
142
c R, Ry 1R
p\ “'R2 HCI,CHCla, '"RZ sy
‘.-Fe Ra 0°C b RG + o R3
cov | % % )
Ry
141 167 168
141/142i 1 1 48%
141) 1 0 84%
142) 0 1 72%
142k 0 1 46%
1421 0 1 60%
141/142m 1 1 81%
V. Summary

In the last 10 years good progress has been made in
extending the scope of transition-metal-mediated 3 +
2 cycloaddition reactions. For these reactions to attract
more attention from synthetic organic chemists the
diastereoselectivities of these cycloadditions must be
increased significantly. If the nonextended transition
state model for this cycloaddition is correct, diastereo-
selectivities should increase if the steric requirements
of groups in either the transition-metal allyl/alkynyl
fragment or the alkene increase. The best hope for
extending the range of alkenes which will participate
in this cycloaddition seems to be increasing the nu-
cleophilicity of the transition-metal allyl/alkynyl frag-
ment. The use of stable, crystalline, chiral CpFe-
(CO)L)R) (R = allyl or 2-alkynyl ligand) complexes
could enhance the diastereoselectivity of these cyclo-
additions as well as extend the range of alkenes which
will participate.*'%% That chemistry remains to be
explored. More attention should also be focused on
developing new methods for removing the cyclo-
pentanes formed from these cycloaddition reactions
from the transition-metal fragment under nonoxidative
reaction conditions.
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