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I. Introduction 

Control of the regio- and stereochemical aspects of 
reaction selectivity’ is a continuing challenge to organic 
chemists. Nonbonding interactions contributed by 
substrate substituents generally provide the dominant 
stereochemical control element in the preferential 
attack of a reagent onto the more accessible face of a 
prostereogenic carbon center. Such interactions be- 
tween reacting partners which are repulsive in nature 
are modulated by stereoelectronic effects? which either 
enhance, diminish, or override the “steric bias” in the 
vicinity of a given reaction site. In certain instances, 
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reagents have been documented to preassociate with 
polar functional groups in the vicinity of the reaction 
center and to influence the sterochemical outcome of 
the process. Such interactions between substrate and 
reagent, which are attractive rather than repulsive in 
nature, frequently provide a stereochemical outcome 
that is opposite to that predicted on the basis of an 
analysis of steric effects alone. Those cases wherein 
such contrasteric selectivity has been observed invari- 
ably involve substrates that carry polar, oxygen- 
containing functional groups and metal-based reagents. 
Preassociation of the reacting partners either through 
hydrogen bonding, covalent, or Lewis acid-base union 
is followed by the maintainance of this interaction 
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transitbn meta!-catalyzed hydroboration reaction. He is currently 
a National Science Foundation postdoctoral fellow wkh Robert H. 
Grubbs at Cattech and will join the facuky at MIT this summer. 

during the ensuing chemical transformation. Such 
reactions characteristically proceed through highly 
ordered transition states, frequently with exceptional 
levels of stereoselection. 

Two of the earliest examples of such directed 
reactions are the Henbest epoxidation of 2-cyclohexen- 
1-01 and the Simmons-Smith cyclopropanation of the 
same substrate. In these stereoselective processes, 
hydroxyl participation results in the delivery of the 
reagent to the sterically more congested olefin diaster- 
eoface, syn to the allylic heteroatom. As a class, such 
transformations afford the opportunity for overriding 
steric factors in stereoselective bond constructions. 
Accordingly, these reactions are of great importance in 
stereoselective synthesis. 

?H p: 00 Henbest 

OH 0 I - 
3 Zn-Cu 0 Simmons-Smith 

The principal aim of this article is to present a general 
overview of heteroatom-directed organic reactions, a 
topic which has not previously been reviewed. Proceases 
that are covered in the following discussion are those 
which have explicitly been demonstrated to involve 
transient interaction of a substrate functional group 
with the incoming reagent, or those reactions where 
the most plausible explanation for their regie and 
stereochemical outcome would invoke such an interplay. 
That is, reactions where the delivered reagent is 
covalently bound to the starting material are not 
discussed. In addition, this review is limited to those 
reactions where the directing functionality itself does 
not undergo a transformation and is recovered intact 
in the final product.3 Finally, we have only included 
processes where the delivery of the reagent4 and the 
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observation that internal functional groups can "assist 
and direct addition" in the zinc-mediated cyclopropa- 
nation. 

determination of the stereochemical identity of the 
products transpires in a unimolecular step. 

I I .  Directed Cyclopropanatlon Reactions 

A. Introduction 
In 1958, Simmons and Smith reported that treatment 

of simple alkenes with a mixture of methylene iodide 
and zinc-copper couple results in the high yield 
formation of  cyclopropane^.^ Several important fea- 
tures of this process were later presented in a more 
detailed accounte6 The reaction of alkenes with the 
"zinc reagent" is stereospecific with regard to the 
correlation of olefin geometry and product stereachem- 
istry (eq 1) and is influenced by both steric and 
electronic factors.? The transformation is kinetically 
first order in both the organometallic reagent and the 
olefin. 

Simmons and Smith subsequently outlined a mech- 
anism, where (iodomethy1)zinc iodide, the product of 
the initial reaction of methylene iodide and zinc metal, 
was proposed to be the active cyclopropanation reagent 
(Scheme 1).* Accordingly, the organometallic entity 
"could be considered as a relatively strongly bonded 
complex of methylene and zinc iodide, the carbon atom 
of which is electrophilic in character". A three-centered 
transition structure was proposed to account for the 
observed stereoselectivities. The preference of the 
cyclopropanation reagent for the less encumbered 
alkenes (eq 2) was attributed to the sterically demanding 
nature of the organometallic reagent. 

Scheme 1 
CH212 + Zn - ICH2Znl 

- #  

The initial indications that the cyclopropanation 
reaction may be affected by resident heteroatoms 
surfaced when it was discovered that the influence of 
steric factors can be somewhat unpredictable.6 For 
example, the more hindered o-methoxyphenylpropene 
gives a higher yield of the cyclopropane adduct than 
either the meta or para  isomer^.^ This unanticipated 
behavior was attributed to initial coordination of the 
Lewis basic ether oxygen with the Lewis acidic (io- 
domethy1)zinc iodide, thereby stabilizing the transition 
structure for the ortho-substituted anisole derivative 
(eq 3). Simmons and Smith thus made the important 

# 
I- Me , T 

The notion of utilizing a "steering" interaction 
between a suitably disposed heteroatom and the 
incoming zinc reagent was first exploited in 1961.1° 
Winstein and co-workers reported that treatment of 
3-cyclopenten-1-01 with methylene iodide and zinc- 
copper couple afforded the syn cyclopropyl carbinol as 
a single stereoisomer in 75% yield (eq 4). Cyclopro- 
panation of the cyclopentenyl acetate and cyclopen- 
tadiene proved to be considerably more sluggish (3 % 
conversion). Winstein surmised that in the reaction 
of 3-cyclopenten-1-01, prior coordination of the zinc 
reagent with the hydroxy group both directs the 
addition of methylene to the neighboring alkene and 
enhances the rate of the overall transformation.ll 

U 

B. Cyclopropanatlon of Allyllc Alcohols 
The utility of hydroxyl-directed cyclopropanation 

reactions has been demonstrated in a number of cyclic 
systems (Table 1) and incorporated in several natural 
product syntheses. 2-Cyclohexen-1-01 and its derived 
methyl ether are reported to undergo cyclopropanation 
to afford the syn-cyclopropyl alcohol product exclu- 
sively.12 Winstein and co-workers performed a com- 
prehensive study of the addition reaction of cyclic allylic 
alcohols and confirmed earlier reports13 that syn 
addition is predominant in the reaction of 2-cyclohep- 
ten-1-01.~~ In contrast, 2-cycloocten-1-01 and 2-cy- 
clononen-1-01 yield anti bicyclic carbinols stereoselec- 
tively (entry 3). 

Table 1. Stereoselective Cyclopropanation of Cyclic 
Allylic Alcohols 

~ ~ ~~ 

Entry Substrate Major Product Selectivity 

OH OH 

2 6 6 9 : l  

3 6 6 >99:1 

Rate enhancement by a neighboring hydroxy group 
is such that trans-2-cycloocten-1-01 affords the anti- 
cyclopropyl alcohol (eq 5 ) ,  whereas the reaction of the 
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parent hydrocarbon is impaired by an intervening trans- 
to-cis isomerization (eq 6).15 

OH OH 

Hoveyda et al. 

Use of a zinc-silver couple instead of the original 
zinc-copper mixture is advantageous in several re- 
gards.16 Cyclopropanations of enamines,17 enol ethers, 
enol esters, and a,@-unsaturated aldehydes and ke- 
tones,la which often proceed in low yield under the 
Simmons-Smith conditions, can be effected satisfac- 
torily with zinc-silver couple. Moreover, the usual 
hydrolytic workup is replaced by the simple addition 
of an amine (e.g., pyridine) and filtration of the resulting 
zinc salts. In studieson synthetic routes to the limonoid 
system, Conia's modifications facilitated the prepara- 
tion of both the a- and the @-cyclopropyl isomers in 
-90% yield (eqs 7 and 8).19 Through subsequent 
oxidation and lithium-ammonia reduction of the re- 
sultant ketones, the difficult task of introducing the 
C/D angular methyl group was accomplished. 

 OH cnpl? ") @ m 8 b , ~ ~  (8) 

The stereochemical outcome of the Simmons-Smith 
reaction on acyclic allylic alcohols has been examined. 
Addition reactions of cis-disubstituted substrates are 
highly stereoselective, whereas the related trans isomers 
exhibit only modest levels of stereocontrol (eqs 9 and 
10).20 

Me OH Me OH - 
zn(Cu) Diastereaselection 299 : 7 

Me (9)  
CH212 

No Diastereoselection 

In a stereochemically related reaction, dichlorocar- 
bene (CHCl3, NaOH, BnNEt3Cl) was also found to 
selectively react with allylic alcohols to give syn 
cyclopropyl carbinols (Table 2L2l The last entry of 
Table 2 indicates that the dichloromethylene group is 
introduced predominantly syn to the neighboring 

Table 2. Stereoselective Cyclopropanation of Allylic 
Alcohols with Dichlorocarbene 

Entry Substrate Major Product Selectivity 

OH Me OH Me 

Me M e 9  51:l 
CI 

CI 

hydroxyl group. (The tert-butyldiphenylsilyl ether of 
trans-pent-3-en-2-01 reacts in a stereorandom manner.) 
Association of dichlorocarbene and the olefinic sub- 
strate through a hydrogen bond, in conjunction with 
restriction of conformational mobility to minimize 
allylic strain, accounts for the observed stereoselec- 
tivities.22 

Samarium-derived carbenoids are also effective agents 
for the cyclopropanation of allylic alcohols.23 The 
reaction often occurs at -60 OC, in contrast to the 
Simmons-Smith conditions which require above-am- 
bient temperatures. When samarium is used, 2-cyclo- 
hexen-1-01 affords the syn cyclopropyl carbinol as a 
single isomer (eq 11, 92%). As illustrated in eq 12, 
ethylene iodide may be used in the samarium-mediated 
cyclopropanations: contrary to the Simmons-Smith 
conditions, higher levels of exo/endo stereoselectivity 
are observed. 

OH OH 

V Sm H 

OH OH 

B o :  End0 
5 : 1 

1.6 : 1 
Sm / CH3CHl2 

Et2Zn / CH3CHl2 

Samarium carbenoids react with acyclic allylic al- 
cohols to afford cyclopropyl carbinols with diastereo- 
control (eqs 13-15). The samarium-promoted, directed 
cyclopropanation reaction is highly site selective. In 
the cyclopropanation of geraniol, reaction of the olefin 
adjacent to the hydroxyl group occurs with >95% 
selectivity. 

Nonracemic cyclopropyl ketones may be obtained 
through methylenation of the corresponding &hydroxy- 
s~lfoximine.~~ As shown in eq 16, this technology has 
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been employed in the preparation of (-)- and (+)- 
thujospene (eq 16). 

!@ 9 
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ph+m 9 Sm (13) 
OH OH 

Diastereoselection ,200 : 1 

OH OH 

Diastereoselection >200 : 1 

Diastereoselection >ZOO : 1 

Me Me 

__)- 

Me 

(-)- m-ospene 

C. Cyclopropanatlon of Homoaltyllc Alcohols 
Cyclopropanation of homoallylic alcohols is subject 

to directivity by a resident heteroatom. 3-Cyclopenten- 
1-01," 3-cyclohexen-l-ol,25 and 3-cyclohepten-1-01~~ af- 
ford the corresponding syn cyclopropyl carbinols with 
equally high levels of stereochemical control (Table 3). 
As illustrated in entry 4 of Table 3, cyclopropanation 
of a homoallylic alcohol with dichlorocarbene may also 
proceed with high levels of stereochemical control.26 

Table 3. Stereoselective Cyclopropanation of 
Homoallylic Alcohols 

Entry Substrate Major Product Selectivity 

2 ""0 >201 

3 "g "$ >20:1 

R = (CH2)39TBS 

D. Cyclopropanatlon of Oleflnlc Ethers and 
Esters 

Table 4 illustrates a number of cases where the 
stereochemical course of the cyclopropanation process 
is influenced by functionality other than a hydroxyl 

Table 4. Stereoselective Cyclopropanation of 
Unsaturated Ethers and Esters 

Entry Substrate Major Product Selectivity 

1 g 6 >%:I 

2 6 6 >w:1 

3 6 & 4:l 

group. The methyl ethers derived from both 2-cyclo- 
hexen-1-01~' and 3-cyclohe~en-l-o128 afford syn cyclo- 
propyl carbinols exclusively. In apparent contrast to 
Winstein's early reporta,10 carboxylic esters, even from 
the homoallylic position, direct the stereochemical 
course of the cyclopropanation reaction, as illustrated 
by entries 3 and 4 of Table 4.29 

Recently, carbohydrate-derived allylic acetals have 
been employed in diastereoselective cyclopropanation 
(eq 17). Presumably both the allylic ether and the 
neighboring hydroxyl are responsible for the delivery 
of the methylenation reagent: protection of the alcohol 
or removal of the ether functionality leads to significant 
diminution in stereocontrol ( ~ 2 : 1 ) . ~  

Me J&O*&B. 

Me J+"*&B. 

Et2Zn (1 7) 
CH212 1 OH 

OH 
Diastermselection r50 : 1 

E. Mechanlstlc Considerations 
In 1964, Simmons proposed that the reaction of 

unsaturated alcohols involves the formation of an 
intermediate zinc alkoxide, since in the cyclopropa- 
nation of 3-cyclopenten-1-01, 1 mol of iodomethane is 
formed for each mole of the desired bicyclic 
It was suggested that upon formation of (iodomethy1)- 
zinc iodide, a Schlenk equilibrium is established, 
resulting in the formation of bis(iodomethy1)zinc 
(Scheme 2). Reaction of the latter species with the 
allylic alcohol yields equimolar amounts of the corre- 
sponding zinc alkoxide and iodomethane; intramolec- 
ular methylene transfer would then afford the final 
product.32 

Dauben later showed that an iodometrically equiv- 
alent amount of (iodomethy1)zinc iodide and 2-cyclo- 
pentene-1-01 gives the cyclopropane product in 80 9% 
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Scheme 2 
Zn + CH2t2 - (ICH2)Znl 

2 (tCH2)Znl (ICH2)2Zn + Zn12 

OH 

I hR - 
OZnl 

Scheme 3 

I 
OH 

qR+ Met 
20% 

OZnl 

yield.12 This observation is in contrast to Simmons' 
postulate where 2 equiv of the zinc reagent are required 
for completion of the reaction. Dauben therefore 
suggested that the first step in the methylenation 
process is the formation of a dative complex between 
the zinc reagent and the hydroxy group (Scheme 3). 
Generation of iodomethane as a side product would be 
the result of competitive decomposition of (iodomethy1)- 
zinc iodide by the alcohol moiety. 

The exact nature of the reacting complex in the 
cyclopropanation reactions of allylic alcohols remains 
an unresolved issue. It is likely that initial complexation 
is followed by formation of a zinc alkoxide and that 
both types of species, covalent and dative, are capable 
of directing the methylenation process. A transient 
dative oxygen-zinc complex has been proposed to 
account for the stereochemical preferences in reactions 
of allylic ethers and esters (Table 3).33 Although these 
data indicate that directivity by certain oxygen-con- 
taining functional groups occurs without formation of 
a covalent oxygen-zinc bond, there is no conclusive 
evidence that dative complexes are exclusively involved 
in the reaction of allylic alcohols. 

Homoallylic alcohols react more slowly than the 
corresponding allylic systems, but immeasurably faster 
than simple alkenes. It appears that the practical limit 
of heteroatom directivity is at  the homoallylic position, 
since the bishomoallylic alcohol in entry 3 of Table 5 
exhibits a reaction rate comparable to that of cyclo- 
hexene (however, compare with entries 3 and 4 of Table 
4). 

The influence of substrate structure on both the rate 
and the stereochemical outcome of the cyclopropanation 
of various cyclohexenols can offer insight into the 
mechanism and conformational preferences involved 
in the cyclopropanation reaction (Table 6).' 2-Cyclo- 
hexen-1-01 reacts only twice as fast as ita derived methyl 
ether (entries 1 and 2). It was suggested that if the 
reaction of the parent alcohol did proceed through a 
covalently bound zinc alkoxide intermediate, as opposed 
to the cyclopropanation of the methyl ether which must 
involve a dative complex, it is likely that a larger 

Table 5. Relative Rates and Stereoselectivity in 
Cyclopropanation of Cyclic Unsaturated Alcohols 

Entry Substrate Relative Selectivity 
Rate (k) Svn : Anti 

OH 
I 

OH 
I 

2 0.091 * 0.01 2 >99 : 1 

CH,OH 
I 

Table 6. Relative Rates and Stereoselectivity in 
Cyclopropanation of Cyclic Allylic Alcohols 

Entry Substrate Relative Selectivity 
Rate (k) Syn ;Anti 

OMe 
I 

OH 

OH 

4 0.46 k 0.05 >99 : 1 
Me'"' 

difference in rate would have been observed. As entries 
3 and 4 of Table 6 show, both syn- and anti-5-methyl- 
2-cyclohexen-1-01 afford a single cyclopropane adduct, 
with the anti isomer reacting about 3 times faster. 

To account for these data, Rickborn considered four 
half-chair conformers, two each for the axial and 
equatorial alcohols (Scheme 4). If the reaction proceeds 
through the pseudoaxial hydroxyl-zinc complex, the 
anti isomer should react faster, as it contains a 
pseudoequatorial rather than an energetically unfa- 
vorable pseudoaxial methyl substituent. Nonetheless, 
the opposite trend was observed: the syn isomer exhibits 

Scheme 4 

Anti (ax) 
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greater reactivity. It is therefore propoaed that cycle 
propanation occur8 through the pseudoequatorial metal 
alkoxide. 

The geometric and stereoelectronic requirements of 
the methylenation reaction may offer insights into the 
structure of the most reactive transition structure 
involved in this process. I t  is plausible that formation 
of the carbon-carbon bonds of the cyclopropane is 
triggered by two interactions: (1) The overlap of the 
rc-c and the U*C.I orbitals (Scheme 5, A), and (2) The 
overlap of the UGZ" and the r * u  orbitals (Scheme 5, 
B). Additionally, the incipient Zn-I bond should lower 
the energy level of U*C.~, thereby accommodating the 
mixing of rc-c with U*CI. 

Scheme 6 

I I\ ,,ai 

H,C--'Znl f) H 2 C ~ z n l  
6' 6 
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A B 

Recently, a solid-state structure of the cyclopropa- 
nation reagent has been reported (see below). The ex0 
iodomethyl groups possess particularly smaller Zn-C-I 
angles and shorter Zn-I distances. It is claimed that 
"this close contact is reminiscent of the intemal 
activation proposed by Simmons in the methylene 
transfer step".34 

The model illustrated in Scheme 5 agrees with the 
original Simmons' supposition that the carbon atom in 
the zinc reagent is electrophilicin character butreserves 
a significant role for the C-Zn bond in the mechanism 
of the cyclopropanation reaction. In the case of 
cyclohexenyl allylic alcohols, analysis of molecular 
models reveals that both the pseudoaxial and the 
pseudoequatorial complexes of the half-chair conform- 
ers can orient for maximum overlap of the r u  and the 
U*GI orbitals or UGZ,,, r*w overlap (Scheme 6; available 
ligation site on Zn may be occupied by solvent mole- 
c u l e ~ ) . ~ ~  However, in the axial conformer, with the 
smaller 0-C-C=C dihedral angle of logo, the or- 
ganometallic agent and the alkene center are unable to 
achieve the distance that is requisite for formation of 
carbon-carbon bonds.36 It is noteworthy that the 
proposed interaction between the oczn and the r * u  
orbitals closely parallels the interaction of a peracid 
lone pairwith the T*C-C indirectedperacidepoxidation 
reactions (section 111). 

Scheme 6 
PSEUDOEQUATORIAL CONFORMER 

b FRONTVIEW " TOPVIEW 

PSEUDOAXIAL CONFORMER 

" ~ FRONTVIEW TOP VIEW 

An additional stereoelectronic effect, which may also 
provide a bias for preferential reaction through the 
pseudoequatorial conformer, involves the overlap of 
the low-lying hydroxyl U*C.O and the alkene m-c. This 
interaction, which is present to a larger degree in the 
pseudoaxial hydroxyl orientation, attenuates the nu- 
cleophilic character of the olefin and should thereby 
render the pseudoaxial conformer less reactive (Figure 
l).37 Within this context, measurement of the relative 
rates and levels of stereoinduction in cyclopropanation 
reactions of cis- and trans-5-tert-butyl-2-cyclohexen- 
1-01s may prove enlightening. 

II C C  -tu* GO 
Figure 1. Overlap of ZC-C and U*W in the allylic system 
leadstoattenuation ofthenucleophiliccharacter ofthe olefm. 

The stereoelectronic requirements delineated above 
account for the trend in the stereochemical outcome of 
the cyclopropanation reactions of 2-cyclohepten-1-01 
(syn cyclopropyl carbinol; Table 1, entry 2) and 
2-cycloocten-1-01 (anti cyclopropyl carbinol; Table 1, 
entry 3). Both the pseudoaxial and pseudoequatorial 
zinc alkoxides may afford the major product diaster- 
eomer. However, as is illustrated in Scheme 7, in the 
cyclopropanation of 2-cycloocten-1-01 the pseudoequa- 
torial conformer is favored on simple steric grounds, 
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Scheme 7 

noveyda a 81. 

Table 7. Relative Rates and Stereoselectivity in 
Reactions of Aomoallvlic Alcohols 

Scheme 8 
n 

+ 
Me OH 

andasaresultofthelargerO-C-G==Cdihedralangle, 
offers a more desirable alignment of the interacting 
orbitals, leading to the predominant formation of the 
anti diastereomer.% 

The observed stereochemical preferences in the 
cyclopropanation of acyclic allylic alcohols (eqs 9-10 
and 13-15 and Table 2) may be rationalized in a similar 
fashion. For cis-alkenes, A(1,3) allylic strainz2 favors 
the transition state conformation shown in Scheme 8; 
formation of the erythro product is thus preferred. As 
this destabilizing interaction is absent in trans-disub- 
stituted alkenes, the cyclopropanation occurs nonster- 
eoselectively. 

It is noteworthy that the staggered model offers a 
plausible representation of the more reactive transition 
state. On the one hand, the aforementioned deacti- 
vating overlap of the r m  with the U*W is attenuated, 
and on the other, this orientation allows for the 
hyperconjugative interaction between the a m  and the 

orbitals, which should in tum enhance the 
nucleophilicity of the olefin. These effects require a 
O-C-C=C dihedral angle of -130°, which closely 
resembles the values predicted for the more reactive 
conformers of six-, seven-, and eight-membered cyclic 
allylic systems. Similar arguments apply to samarium- 
mediated cyclopropanation reactions. 

Studies on the conformational aspects of the directive 
effect in the cyclopropanation of cyclic homoallylic 
alcohols' indicate that these compounds mainly react 
throughconformerswithan axial hydroxygroup (Table 
'7). in contrast to the corresponding allylic systems. This 

Relative Selectivity 
Rate Ikl Svn :Anti 

~~~~ 

I 1.M) >99:1 

2 DOMe 0.18f0.2 >99:1 

3 2.6f0.2 >99:1 

5.2f0.4 >99: 1 4 

isperhapstobeexpected,sincewhentheduectinggroup 
adopts the pseudoaxial position, the alkene is more 
accessible to the hydroxy-organometallic complex. The 
deactivating interaction between the TCC and u * m ,  
proposed to exert an influence in the allylic systems 
(Figure l), is no longer operative and therefore does 
not disfavor the pseudoaxial zinc hydroxy conformer. 
Entries 3 and 4 of Table 7 show thatsubstituents which 
enforce the axial hydroxy conformer effect an increase 
in the rate of cyclopropanation. 

In the case of the homoallylic substrates, the differ- 
ence in rate between the cyclopropanation of the parent 
alcohol and the derived methyl ether is larger than that 
observed for the corresponding allylic substrates (see 
entries 1 and 2, Tables 6 and 7). However, as has been 
suggested byRickt",suchdifferences in reactionrates 
are too small to support different mechanisms for 
alcohol and ether substrates.26 A related observation 
is that the highly stereoselective cyclopropanation of 
5-a-hydroxy steroidal substrates requires unusually 
elevated temperatures (92 "C), whereas the related @ 
isomers undergo cyclopropanation smoothly at 35 "C 
(eqs 18 and 19).39 It has been demonstrated that the 
preferred half-chair conformation of the A ring in these 
compounds favors a pseudoequatorial orientation for 
the a-hydroxy and a pseudoaxial disposition for the 
@-hydroxy  isomer^.'^ The aforementioned data serve 
as further evidence that reactions of homoallylic 
alcohols preferentially occur through conformers which 
possess a pseudoaxial heteroatom. Furthermore, in 
support of Simmons' mechanistic paradigm, formation 
of the zinc alkoxide takes place prior to cyclopropan- 
ation in the case of the a-hydroxy isomer." & \ & \ (18) 

HO'..' 92 'C HO.." 

&' (19) 
HO 

III .  Directed Peracld Epoxhiatlon Reacthms 

A. Introdudlon 
In 1959, Henbest and Wilson observed that upon 

treatment with perbenzoic acid "formation of epoxides 
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from cyclic allylic alcohols occurs on the side cis to the 
hydroxyl Whereas oxidation of 2-cyclohexen- 
1-01 results in the predominant formation of the syn 
epoxy alcohol, the derived acetate or methyl ether 
affords the anti isomer as the major product (eqs 20 
and 21; m-CPBA = m-chloroperbenzoic acid). 

OH OH 

Diastereoselection 10 : 1 

Diastereoselection 4 : 1 

The difference in the stereochemical outcome of the 
above transformations was rationalized through a 
transition structure largely based on the "butterfly" 
mechanism of Bartlett, involving the interaction of the 
nucleophilic alkene with the electrophilic p e r a ~ i d . ~ ~  It 
was postulated that a hydrogen bond formed between 
the hydroxy group and one of the peracid oxygens leads 
to delivery of the reagent to the olefin face syn to the 
hydroxy group (Scheme 9). Subsequently, the concept 
of heteroatom-directed peracid epoxidations was dem- 
onstrated in a number of cyclic and acyclic systems. In 
addition, the question of the mechanism of the "Henbest 
effect" formed the basis of several studies.44 

Scheme 9 
Ar 

I 
R 

B. Peracid Epoxldatlon of Cycllc Olefins wlth 
Allyllc Dlrectlng Groups 

Table 8 illustrates cases where the stereochemical 
course of the peracid epoxidation of a cyclopentenol is 
controlled by a hydroxyl group.46 Whereas oxidation 
(perlauric acid) of 2-cyclopenten-1-01 in cyclopentane 
produces the syn epoxy carbinol predominantly, under 
identical conditions the reaction of the derived methyl 
ether affords the anti isomer as the major product (11.5: 
1).4 2-Cyclopenten-1-01 is stereorandomly oxidized 
when methanol is used as solvent, as protic media 
preempt the formation of the necessary hydrogen bond. 

A comparison of the outcome of the reactions shown 
in entries 2 and 3 (Table 8) suggests that a hydroxyl 
group is more efficient in directing epoxidation from 
a pseudoequatorial than a pseudoaxial p~sition.~' 
Entries 4 and 5 illustrate two bicyclic allylic alcohols 
which are oxidized stereoselectively regardless of the 
position of the directing gr0up.~~148 Peracid epoxidation 
of 2-cycloocten-1-olaffords the anti product isomer with 
high selectivity (entry 6). 

Epoxidation of allylic alcohols with trifluoroperacetic 
acid offers significantly higher levels of stereocontrol 

Table 8. Stereoselective Epoxidation of Cyclic Allylic 
Alcohols" 

Entry Substrate Ma@r Selectivity Product 

PH PH 

OH OH 

6 6 6 ,,ID selective' 'highly 

a Conditions: Perbenzoic acid, perlauric acid, or m-chloroben- 
zoic acid in benzene. 

Table 9. Stereoselective Epoxidation of Cyclic Allylic 
Alcohols with CF3COsH 

OH 
I 

OH 

than perbenzoic acids.49 Comparison of the stereo- 
chemical outcomes in entries 2 and 3 of Table 9 implies 
that the heteroatom functionality directs the oxidation 
reaction more effectively from the pseudoequatorial 
orientation (0-C-C=C dihedral angle of 140O). 

With m-chloroperbenzoic acid (m-CPBA) as the 
oxidant, epoxidation reactions of unsaturated cyclicsilyl 
ethers are not subject to heteroatom directivity; how- 
ever, when trifluoroperacetic acid is employed, syn 
epoxy silyl ethers are formed selectively (Table 10). 
The ability of silyl ethers to direct the epoxidation 
process when trifluoroperacetic acid is used may be 
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Table 10. Stereoselective Epoxidation of Silyl Ethers 
with CF&O,H 

Hoveyda et al. 

in entry 1 implies that amides may effectively direct 
the oxidation reaction in the presence of a competing 
hydroxyl group. Entries 3 and 452 of Table 11 offer 
instances where urethanes, ureas, and amides control 
the stereochemical course of the epoxidation process. 
Reaction of the acylurea shown in entry 3a proceeds 
with little selectivity, since intramolecular hydrogen 
bonding of the allylic NH preempts intermolecular 
association with the p e r a ~ i d . ~ ~ "  With regard to the 
substrates shown in entries 5-7, it has been proposed 
that the Lewis basic carbonyl, through its interaction 
with the peracid proton, plays the role of the proton 
acceptor. The case illustrated in entry 6b attests to 
the ability of the carbonyl group of a carbamate to direct 
the course of the epoxidation. 

C. Mechanistic Considerations 
Henbest and Chamberlain reported the relative rates 

of peracid oxidation of a number of olefinic substrates; 
these data are summarized in Table 12.46747 Entries 
1-4 illustrate that 2-cyclohexen-1-01 reacts slower than 
cyclohexene, but significantly faster than its nondi- 
recting methyl ether and ester derivatives. The higher 
rate of epoxidation of cis-5-tert-butyl-2-cyclohexen-l- 
01 (entry 5 )  relative to that of its trans isomer (entry 
6) is consistent with differences in the levels of 
stereochemical induction reported for these substrates 
(24:l vs 5:1, respectively). The cis-tert-butyl derivative 
is oxidized faster and more selectively than 2-cyclo- 
hexen- 1-01; this observation supports the proposal that 
the adjacent hydroxyl functionality is a more effective 
directing group when oriented pseudoequatorially. 

2-Cycloocten-1-01 is oxidized slower than cyclooctene 
(relative rate = 2.16), but 15 times faster than the 
Table 12. Relative Rates of Epoxidation of 
Representative Cyclic Olefins" 

Entry Substrate Major Relative 
Product Rate (k) 

OTBS 

Table 11. Epoxidation of Cyclic Olefins with Amide-, 
Urea-, and Urethane-Directing Groups' 

Entry Substrate Major Product Selectivity 
0 0 

'highly 
selective' 

0 0 

HNKPh HNKPh 

'highly 
selective' 4 2 

0 0 

>20: 1 

5 : l  b. R = NHBn 
c . R = N m  10: 1 

a. R = CONHp 6 : l  

b. R = CONHBn >lo : 1 

AcO C. R = CONm 2: l  
~~ 

a Conditions: Perbenzoic acid or m-chlorobenzoic acid in 
benzene. 

attributed to the higher acidity of this reagent compared 
to m-CPBA. 

Table 11 illustrates cases where amide, urea, and 
urethane groups direct the stereochemical course of 
the epoxidation. The examples in entries 150 and 251 
indicate that a carboxamide group effectively delivers 
the peracid reagent onto the syn face of the adjacent 
alkene. Moreover, the stereochemical outcome shown 

OMe OMe 
I 

OAc OAc 

OH OH 

5 'Bu b 0.75 

OH OH 

PH /AoH 

~ 

a Conditions: Perbenzoic acid, benzene, 5 "C. 
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derived methyl ether (relative rate = 0.12). I t  is sig- 
nificant that both the cyclopropanation and the peracid 
epoxidation of 2-cycloocten-1-01 result in the anti 
functionalization of the allylic alcohol. The rationale 
for the anti selectivity in the epoxidation of 2-cy- 
cloocten-1-01 closely parallels that which was presented 
for the cyclopropanation of this compound (see above). 

The values for the enthalpies and entropies of 
activation (AH* and AS') in the epoxidation reactions 
of three of the aforementioned substrates are shown in 
Table 13. The enthalpy of activation (AH') for the 
allylic alcohol is -2 kcal/mol lower than that of the 
parent cycloalkene. Thisvalue is probablythenet effect 
of two opposing factors: (1) stabilization of the tran- 
sitionstructure as aresult of hydrogen bonding between 
the hydroxyl group and the peracid reagent and (2) 
reduction in the nucleophilic character of the alkene, 
stemming from the electron-withdrawing ability of the 
adjacent heteroatom and the larger steric bulk of a 
methoxy versus a hydrogen group. Comparison of the 
activation parameters for epoxidations of cyclohexene 
and 2-cyclohexen-1-01 reveals that in the reaction of 
the latter substrate the diminution in AH* is countered 
byadecreaseinAS*,whichresultsinanoverallincrease 
in the free energy of activation. Therefore, i t  is largely 
the variation in the activation entropy that leads to the 
reduction of the reaction rate in the epoxidation of the 
alcoholsubstrate. The valuesreported for the entropies 
of activation suggest a more organized transition 
structure for the peracid oxidations of the hydroxylic 
versus nonhydroxylic alkenes and thus support the 
directing influence of the resident alcohol moiety. With 
regard to the epoxidation of the allylic ether, in the 
absence of the steering influence of a hydroxy group, 
the entropy of activation is nearly identical to that of 
cyclohexene. The deactivating inductive effect of the 
ether functionality, in addition to the larger steric bulk 
of a methoxy, result in a higher enthalpy of activation. 

For the peracid epoxidation of allylic alcohols, the 
interactionsbetween theolefinr-system and the peracid 
shown in Scheme 10 can be suggested. A number of 
experimental data and theoretical considerations sup- 
port this proposal. The role of the alkene as the 
nucleophile and that of the peracid as the electrophiles3 
implies backside displacement of the peroxide bond 
and requires proper alignment of the TCC and U * O ~  

orbitals (A).54 The intramolecular hydrogen bonding 
in the oxidant facilitates the epoxidation process, as 

Table 13. Activation Energy Parameters for 
Epoxidation of Representative Cyclohexenes 

Chemical Reviews. 1993. Vol. 93. No. 4 1317 

the carboxylic acid and not the corresponding carbox- 
ylate anion will be the leaving group. 

Scheme 10 

AH* AS* 
Substrate %!:Let (kcal/mol) (cal/deg/mol) 0 0 10.42 -32.9 

OH OH 

OMe OMs 6 6:. 12.36 -30.7 

A B 
Hanzlik and Shearer observed small peracid isotope 

effects in epoxidations of a number of simple olefins 
(e.g., stilbene), and thus proposed that "the peracid 
hydrogen remains hydrogen-bonded, or at  least is not 
being transferred in the transition state".55 This 
paradigm is supported by two independent observa- 
tions: added acids do not catalyze the epoxidation 
reaction of simple olefins," and basic solvents inhibit 
oxidation since the internally hydrogen-bonded struc- 
ture of the peracid monomer is disrupted.% Transition 
structures with 0-C-C=C dihedral angles of - 140' 
are preferred (equatorial OH), so that the deactivating 
effect of the adjacent heteroatom on the nucleophilic 
character of the a-cloud is minimized (see Figure 1). It 
is worthy of mention that, with regard to the favored 
0-C-C=C dihedral angle, similar arguments were 
presented in the case of Simmons-Smith cyclopropa- 
nation reactions of allylic alcohols. 

Sharpless has proposed that a dihedral angle of -60' 
between the planes defined by the two molecules orienta 
one of the nonbonding electron pairs for donation into 
ther*Morbital, thus initiatingformationofthesecond 
C-O bond of the incipient epoxide (Scheme 10, B).57 
Such association of the peroxide oxygen nonbonding 
pair and the a*cc is reminiscent of the interaction 
between ucC-zn and T*C.C in the Simmons-Smith cy- 
clopropanation. Moreover, i t  has been suggested that 
such an orientation properly disposes the second lone 
pair of the terminal peracid oxygen for hydrogen 
bonding with the adjacent hydroxyl group.% 

The unsymmetrical transition structure illustrated 
in Figure 2 is based on the theoretical and mechanistic 
work of Hanzlik and Shearer.52 Examination of the 
kinetic isotope effects of several peracid epoxidations 
indicates that extensive bond formation occurs at  the 
site adjacent to the heteroatom such that the developing 
partial positive charge resides at  the carbon more distant 
from the electron-withdrawing oxygen substituent. 
Molecular models imply that in the case of pseu- 
doequatorial alcohol (0-C-C=C dihedral angle of 
-140°), with the commonly depicted symmetrical 
transition structures, the hydroxyl proton and the 
peracid oxygen are too distant for effective hydrogen 
bonding (-2.6 A).5s However, in an unsymmetrical 
structure, where the peracid has slipped closer to the 
directing group, these atoms may lie easily within an 
acceptable distance for formation of a hydrogen bond 
(-1.9 A).m Hanzlik and Shearer suggest that the 
developing carbocationic character of the @-carbon is 
in turn ameliorated through electron donation by the 
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Figure 2. Transition structure for the peracid epoxidation 
of cyclic alcohols. 

nonbonding electrons of the peracid oxygen; this 
interaction is illustrated in Scheme 10, B. As mentioned 
previously, Sharpless has proposed that this latter 
overlap eventually leads to the formation of the second 
epoxide C-0 bond. With allylic amides and urethanes 
(Table ll), a transition structure involving formation 
of a hydrogen bond between the terminal peracidoxygen 
and the amide NH, similar to that proposed for the 
oxidation of allylic alcohols, readily accounts for the 
observed stereoselectivities. 
D. Peracld Epoxldatlon of Cycllc Oleflns wHh 
Homoallyllc Dlrectlng Groups 

Table 14 illustrates instances where a homoallylic 
hydroxyl group direds the course of the peracid 

Table 14. Epoxidation of Cyclic Homoallylic Alcohols. 
Major 

Entry Substrate DmAmi*l selectiv~ 

, D O H  0- 9 : 1  

HO @ HO& El Me 

HO 

4 

HO 

5 21:1 

HO 

6 5 : l  

Aco 

0 Conditions: Perbenzoic acid, or m-chloroperbenzoic acid in 
benzene or cvclonentane. 

Hoveyda a LII. 

epoxidation reaction.6' Entries le2 and 263 show cases 
where a cyclopentenyl alkene is oxidized with stereo- 
chemical control. 3-Cyclopenten-1-01 is epoxidized 
stereoselectively in cyclopentane but stereorandomly 
in methanol. Regardless of the solvent employed, the 
reaction of the derived methyl ether affords the anti 
isomer as the major product (41).& Entry 3a illustrates 
a regio- and stereoselective peracid oxidation; the 
derived acetate reacts less selectively (T1) and with a 
rate4 timesslower. With thesubstrateinentry4, where 
the alcohol function is disposed pseudoequatorially, 
epoxidation proceeds nonselectively; in contrast the 
corresponding axial isomer affords the expected epoxide 
with excellent selectivity (entry 5).65 Thus, with 
homoallylic alcohols directivity is more efficient with 
a pseudoaxially disposed hydroxyl group. The example 
in entry 6 indicates that the more flexible primary 
carbinols may not direct epoxidation reactions as 
efficiently as the secondary or tertiary derivatives.% 
Hydroxy groups in bishomoallylic cyclic alcohols exert 
little or no influence on the come  of peracid epoxidation 
 reaction^.^^ 

A transition structure for the epoxidation of ho- 
moallylic alcohols is proposed on the basis of the same 
principles described for the reaction of allylic systems 
(vide supra). The transition structure depicted in 
Scheme 11 may serve as an example. 

Scheme 11 

Equations 2268 and 2369 illustrate cases where a 
homoallylic carbamate and a homoallylic amide may 
affect the stereochemical course of the epoxidation. 

NHCbr NHCbz 
(22) mCPBA 

NHCbz 

oniy diastereomer 

Diastemtml>95 : 5 

With trifluoroperacetic acid as oxidant, sulfoxides 
may direct the epoxidation process (Scheme l2).'O The 
cis-3,6-dihydrothiazine 1-oxide shown below is oxidized 
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Scheme 12 

r 

OMOM I 

R = PHCH2CO2- 

OMOM OMOM OMOM 

C B CF3C03H A 
4 

24% 51% 18% 

stereoselectively to afford the @-epoxy thiazineoxide 
(A) and the @-epoxy sultam (B) in 18% and 51 % yield, 
respectively. The corresponding unsaturated sultam 
(C) was isolated as a side product (24% ); this compound 
was shown not to be an intermediate in the formation 
of aforementioned epoxides, since treatment of this 
material with trifluoroperacetic acid affords the a- 
epoxide exclusively. It was proposed that the relevant 
transition structure contains a sidechain disposed in 
the pseudoaxial position, so that the unfavorable A(1,3) 
allylic strain22 that would otherwise develop between 
this group and the neighboring carbamate functionality 
is avoided. 

E. Peracld Epoxldatlon of Acycllc Olefins 
The trisubstituted alkenes shown in entries 1 and 2 

of Table 15, upon treatment with m-chloroperbenzoic 
acid at 5 "C, are oxidized with varying levels of 
stereoselectivity, depending on whether the allylic or 
the homoallylic hydroxyl group is p r ~ t e c t e d . ~ ~  To 
account for the observed stereoselectivities, two coop- 
erative hydrogen bonding interactions between the 
peracid and the olefinic substrate were proposed. 

Figure 3 illustrates plausible transition structures 
where simultaneous association of the peracid with 
allylic and homoallylic hydroxyl or alkoxy groups leads 
to diastereoselective epoxidations. These transition 
states are based on the same steric and stereoelectronic 
principles that were discussed in detail previously 
(Figure 2 and Scheme 10). However, as the hydrogen 
bonding network involves substituents on both of the 
olefinic carbons, the transition-state structure is ex- 
pected to be more symmetrical. Therefore, to achieve 
the proper interatomic distances for effective formation 
of hydrogen bonds, one of the heteroatom substituents 
must adopt the "inside" position (-3OO 0-C-C=C 
dihedral angle). It is the allylic hydroxyl group which 
projects inside and adopts the smaller 0-C-C=C 
dihedral angle in order to avoid the destabilizingA(1,3) 
allylic strain. With regard to the dibenzyl ethers in 
entries Id and 2d, in the absence of the directing 
influence of a hydroxy group, epoxidation is nonselective 
and proceeds at a much slower rate. 

Entries 3-772 of Table 15 illustrate cases where the 
epoxidation process is directed by an amide or a 

Table 15. Stereoselective Epoxidations of Acyclic 
Olefins" 
Entry Substrate Major Product Selectivity 

a.R=H,R'=H >25:1 
Me Me 

b.R=H,R'=Bn 6 : l  
1 

c. R =  Bn, R'= H >25: 1 

d.R=Bn,R'=Bn 1 : l  
OR OR' OR OR' 

aR=H,R '=H 4 :  1 

b.R=H,R'=Bn 7 : l  

Me Me c.R=Bn,R'=H 15 : l  

d.R=Bn,R'=Bn 1 : l  

2 

OR OR 

CHMa. CHMe. - -  
T' a. R = C02t-Bu 15 : 1 

*. R=PMh 4:  1 
~y- HY%n 

" u. rs k 

a. R = CONHPh 

b. R = COCCI3 

>ig : 1 

3: 1 
HN 

I 
R 

HN 
I 
R 

Bn Bn 
a. R = CONHPh 1 : l  

b. R = COCCI3 3: 1 
HNbMe I H N + &  I 

R R 

'highly 
selective' 

a.R=Me 10: 1 

b. R = i-Pr 28: 1 
7 HN HN 

I 
CONHBn CONHBn 

Conditions: m-Chloroperbenzoic acid in benzene or CH2C12. 

Ar fr 

Me 

Figure 3. Transition structures for directed epoxidation of 
acyclic olefiis containing both allylic and homoalyllic oxygen 
heteroatoms. 

urethane functionality. The observed selectivities may 
be explained through similar mechanisms that were 
discussed before for cyclic unsaturated carbamates. The 
transition structure for entry 4a in Table 15 is illus- 
trative (Figure 4). 

The improvement in stereoselectivity in entry 6 
(Table 15) as compared to that of entry 5b may be 
ascribed to the additional hydrogen bonding between 
the peracid and the sulfone oxygens. The trends shown 
in entries 3-5 of Table 7 are, in general, puzzling and 
difficult to explain, and any plausible rationalization 
must await further experimental data. The stereose- 
lectivities illustrated in entry 7 can be accounted for 
through similar arguments to those that were described 
for the reaction shown in entry 4a. In fact, the example 
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in~estigated.?~ This study was based on the principle 
that analogous a-hydroperoxy ethers are expected to 
be highly conducive to intramolecular delivery of oxygen 
onto a neighboring olefin. As is illustrated below, "the 
direction of the first bond away from the peroxy carbon 
permits the geometry required for intramolecular 
epoxidation to be achieved with fewer connective 
atoms". 

Ar 
I 

Figure 4. Transition structure for directed epoxidation of 
acyclic urethane shown in Table 15, entry 4a. 

shown in entry 4a serves as a control experiment, 
indicating that in the oxidation of substrates in entry 
7 cooperative hydrogen bonding of the primary alcohol 
may not be required for high stereoselectivity. 

Another class of directed epoxidations are those 
reactions where a resident peracid or peroxy moiety is 
generated in situ from a suitable precursor. A remark- 
able example of this type of epoxidation is shown in 
Scheme 13.73 Arachidonic (cis-5,8,11,14-tetraenoic) 
peracid (generated in situ from the corresponding acid), 
upon standing a t  20 "C is epoxidized site selectively to 
afford a single epoxy ester in near quantitative yield 
(after esterification with diazomethane). In a control 
experiment, oxidation of arachidonic acid or the cor- 
responding ester with m-CPBA is nonselective and 
yields a mixture of all possible epoxides. According to 
Corey, this unprecedented selectivity is an indication 
that "the 15-membered cyclic structure is energetically 
quite favorable compared with alternative geometries 
involving more proximate double bonds and smaller 
rings". The observed selectivity indicates that "the 
favored transition state for oxygen transfer may be an 
( S N ~  like) arrangement with ... the C=C r cloud at- 
tacking oxygen back side to and collinear with the 0-0 
bond being broken". That is, proper positioning of the 
alkene and the peracid moiety, as is illustrated in Figure 
2, may only be geometrically possible when a certain 
number of atoms separate the two reacting groups (the 
peracid and the olefin). 

The geometric requirements for intramolecular ep- 
oxidation by an internal peracid or peroxide were later 

Scheme 13 

- 4 - - - MB 

-0 0--; 

14; 

i 
OH 

0 0 

The relative facility of intramolecular epoxidation 
of hydroperoxy substrates with variable chain lengths 
was examined through competition experiments, with 
p-methylstyrene serving as reference. The outcome of 
some of these experiments is shown in Table 16. With 
90% Hz02 (a-hydroperoxyethers aregenerated in situ), 
oxidation of the substrate in entry 1 is slower than 
p-methylstyrene, whereas the longer chain acetal in 
entry 3 reacts -40 times faster. Furthermore, as the 
reaction solution is made more dilute, the ratio of the 
acetal oxide to the styrene oxide decreases for the 
substrate in entry 1, but increases for the substrate in 
entry 2 and significantly more so for the compound 
shown inentry3. Thesedataindicate thatfortheallylic 
substrate (Table 16, entry 1) the intramolecular com- 
ponent for epoxidation is relatively insignificant. The 
homoallylic (entry 2) and bishomoallylic (entry 3) cases, 
however, offer strong evidence in support of the 
intramolecular pathway. 

Table 16. Facility of Intramolecular Epoxidations as a 
Function of Chain Length 

Entry Substrate kintm I kstyrene 

1 HC[-OCH&=CH2]3 4 M 

2 MeC[-O-(CH2),-C=CHzl, 7 M  

3 HC[-O-(CH,)&=CHZ]~ 40M 

Epoxidations of a structurally analogous class of 
a-hydroperoxy ethers, where the hydrocarbon tether is 
attached to the acetal carbon (as opposed to former 
cases where it is attached to the acetal oxygen), 
corroborate the above-mentioned hypotheses. Upon 
repeated dilutions of a 90 % H202 solution of equimolar 
amounts of the ortho ester and the related cyclohexyl 
amide, the ester product/amide product ratio rises 
steadily (Scheme 14). I t  was therefore concluded that 
in the above reactions transient hydroperoxy ethers 
are generated (shown in Scheme 14). and if the resident 
alkene is accessible, intramolecular oxidation occurs 
readily. 
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Scheme 14 
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the epoxidation of allylic alcohols with vanadium 
catalysts is anomalously rapid.80p81 Whereas Mo(C0)6 
is generally a more active catalyst than VO(acac)z, for 
allylic alcohols the reverse is true.80 There had been 
earlier indications that strong inhibition by tert-butyl 
alcohol of VO(acac)z-catalyzed TBHP epoxidation.82 
To account for these observations, Sheng and Zajacek 
postulated that the vanadium-catalyzed reaction pro- 
ceeds through the ternary complex 

[ortho ester] = [Amide], M [Ester Prod.] /[Amide Prod.] 

1 7 

0.5 12 

0.25 27 

A recent report adds an interesting note to the 
aforementioned mechanistic proposals: treatment of 
the carboxylic acid shown in Scheme 15 with m-CPBA 
leads to selective formation of the cu-epo~ide.~~ The 
corresponding peracid (prepared in situ from the acid 
by treatment with ImzCO and HzOZ) also affords a single 
diastereomeric product but at  a rate - 100 times faster 
than the parent carboxylic acid. It was suggested that 
intramolecular oxidation of the tetrasubstituted olefin 
by the transient peracid accounts for the above ob- 
servation. Examination of molecular models clearly 
indicates that with an internally hydrogen-bonded 
peracid, alignment of the 7c-c and U*O-O orbitals is 
impossible. However, if the peracid is not internally 
hydrogen bonded, proper association of these orbitals 
is feasible. Accordingly, this transformation should be 
further catalyzed by added acids. Nonetheless, it is 
intriguing that in spite of the absence of an internal 
hydrogen bond, prior generation of the bound peracid 
results in a noticeable rate acceleration. 

Scheme 15 

602H 

I V. Directed Metal-Catalyzed Epoxldatlon 
Reactlons 

A. Introduction 
Interest in catalytic epoxidation increased markedly 

in the late 1960s following the discovery of transition 
metal-catalyzed tert-butyl hydroperoxide (TBHP)76p77 
epoxidation78 by Indictor and Soon afterward, 
it was established that the reactivity of an olefin 
typically correlates with its nucleophilicity,80 and that 

I / 
v"+- 0 

I 
H 

Later reports indicated that the diastereoselective 
epoxidation of an allylic and a homoallylic alcohol by 
VO(acac)z/TBHP, as well as the regioselective epoxi- 
dation of 1,5-hexadien-3-01 (eq 24).84p85 

0 TBHP 7 - q-q (24) 
OH 80% OH OH 

VO(acac)p { Mo(CO)6 
4 : l  
1 : 1  

Olefinic alcohols are epoxidized with regio- and 
stereocontrol by TBHP in the presence of either Mo- 
(CO)6 or VO(acac)z.86 The site-selective epoxidation 
of geraniol and linalool (eqs 25 and 26) illustrates that 
hydroxyl groups are able to deliver the oxidant regi- 
oselectively to the less electron-rich alkene of a diene. 

I I 
Me Me 

Regioselection 49: 1 

Me Me 

Regioselection 20: 1 

Sharpless and co-workers quantified the enhanced 
reactivity observed as aresult of a directing functionality 
(Table 17).87 In contrast to directed peracid epoxidation 
(Table 12):s where introduction of a hydroxyl group 
has a net deactivating impact on olefin reactivity, the 
metal-catalyzed reaction shows a dramatic overall rate 
e n h ~ n c e m e n t . ~ ~  Allylic, homoallylic, and even bisho- 
moallylic alcohols are substantially more reactive 
toward epoxidation by VO(acac)z/TBHP than are the 
analogues lacking an OH. In cyclic systems, high levels 
of syn stereoselectivity are observed (Table 171, con- 
sistent with oxygen atom transfer within an intramo- 
lecular complex. 

Although a detailed mechanistic pathway for these 
metal-catalyzed epoxidations has not been elucidated, 
based on the available data, Sharpless has proposed 
that the vanadium-catalyzed reaction proceeds through 
the cycle depicted in Scheme 16.57 The lower-valent 
VO(acac)z complex is oxidized by TBHP to a catalyt- 
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Table 17. Relative Rates (Diastereoselectivities) for the 
Epoxidation of Cyclohexene Derivatives 

klelarb (diastereoselectivity' ) Substrate 
peracid MO(CO)~ VO(acac)p 

1 .oo 1 .oo 

0.55 (92 : 8) 4.5 (98 : 2) >200 (98 : 2) 

0.046 (37 : 63) 0.07 (40 : 60) .. 
CYoH 
CYoAc 

0.42 (60 : 40) 11 .O (98 : 2) 10.0 (98 : 2) 

LI The relative rate data apply only to a given column. b The 
peracid relative rates are reported in ref 87. The values in 
parentheses refer to the ratio of syn:anti epoxide. 

Scheme 16 
t-BuOOH t-BuOH 

tpu 

ically active do vanadate ester (VO(OR)3),*92 which 
undergoes rapid ligand exchangeg3 to provide A. Fol- 
lowing activation of the alkylperoxide by bidentate 
coordination (B),94 nucleophilic attack by the alkene in 
the rate- and stereochemistry-determining step yields 
the epoxy alcohol complex C. 

Applications of hydroxyl-dire~ted,~5~~6 metal-cata- 
lyzed epoxidation in organic synthesis are discussed 
be lo^.^^-^^ As the issue of diastereoselectivity consti- 
tutes the primary focus, where possible, working 
transition state models based on the Sharpless mech- 
anism are provided. 

B. Metal-Catalyzed Epoxldatlon of Cycllc Olefins 
Sharpless demonstrated that directed epoxidation 

of cyclohexenols occurs syn to the hydroxyl group.% 
Subsequent reports provided a more comprehensive 
examination of reactions of cyclic olefinic alcohols.lOOJO1 
In contrast to epoxidations with m-CPBA or MoO2- 
(acac)2, for which formation of the anti epoxy alcohol 
is favored for medium (eight- and nine-) membered 
rings, VO(acac)2-catalyzed reactions display a prefer- 
ence for the syn product for all ring sizes from five to 
nine (Table 18).lo2 Oxidation of the allylic alcohol to 
the enonelo3 can be a significant side reaction, partic- 

Table 18. Percent Syn Isomer in the Epoxidation of 
Cyclic Allylic Alcohols 

84 5 99.2 _ _  
6 99.7 98 95 
7 99.6 95 61 
8 97 42 0.2 
9 91 3 0.2 

ularly for substrates in which the hydroxyl group is 
strongly disposed to lie in a pseudoequatorial position. 

In the reaction of 5-tert-butyl-2-cyclohexenol, the 
pseudoaxial alcohol undergoes epoxidation 34 times 
faster than the pseudoequatorial diastereomer, whereas 
the latter alcohol is oxidized to the enone about three 
times faster than the former (eqs 27 and 28).104J05 These 
data suggest a preferred epoxidation geometry wherein 
the hydroxyl group is oriented well above the nodal 
plane of the alkene n system. 

tBu - v ~ ~ ~ ~ 2 0 ~  (27) 

H 
91 % 9% 

(sp : anti = >99 : 1) 

' P T t B u  - Vo(acac)z Ho,,,,h (28) 
TBHP 0 

H '0 
8% 92% 

(sp: anti=>99: 1) 

Allylic, homoallylic, and bishomoallylic alcohols 
direct epoxidations effectively and a range of functional 
groups are compatible with the reaction conditions 
(Table 19).lO6 In the example shown in entry 5, the 
hydroxyl group provides regioselectivity while the 
topography of the substrate dictates facial se1e~tivity.l~~ 
Entry 6 demonstrates that electron-deficient olefins 
undergo directed epoxidation; the related compound 
lacking a hydroxyl group is unreactive under the same 
conditions.lo8 

There have been reports of directed epoxidations in 
cyclic systems which proceed with comparatively low 
stereoselectivity.lW For example, in studies directed 
toward the total synthesis of paniculide A, a 3:l mixture 
of endo:exo epoxide isomers were obtained (eq 29).llo 
The poor stereoselection may be attributed to steric 
inhibition of alcohol-vanadium complexation. 

Diastereoselection 3: 1 

Scheme 17 illustrates an epoxidation method that 
involves incorporation of a removable functionality 
bearing a hydroxyl group positioned for delivering an 
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Table 19. Mo-Catalyzed Epoxidation of Cyclic Olefinic 
Alcohols There have been numerous reports on the stereose- 
Entry Substrate product yield (%) lective directed epoxidation of complex macrocycles 

(Table 20).112 The reauirement of hydroxyl delivery 
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reaction under these conditions. 

1 

2 

3 

4 

5. 

6 

M e a z N q p ~ e  c(" lq H 
for reaction permits regoselective epoxidation of poly- 
ene systems. Analogous regioselectivity is not observed 
with m-CPBA. For example, in the epoxidation illus- 
trated in entry 2, reaction with peracid occurs prefer- 
entially at  the trans-olefin. As is indicated in entry 5, 
treatment with m-CPBA produces a mixture of products 
resulting from competitive epoxidation of all three 
olefins. 

78 

OH 0 no 
OH 

CbzNMe 

H H C. Metal-Catalyzed Epoxidation of Acycilc 
Olefins F?(COh F?(COh 0 

Moo* A r>\ 
1. A(/y//c Alcohols 

High levels of organization in the transition state of 
a reaction often result in high levels of acyclic stere- 
ocontrol. A systematic study of diastereocontrol in 

,*#.OH ,,..OH epoxidation reactions of acyclic allylic alcohols was 
. I . H  ... H 87 performed by Sharple~s;"~ a representative set of the ... H data reported in this study are illustrated in Table 21. 

w Me *" l i e  

OH OH H 

LI 

OH 

OM. OH OMe OH 

0 Catalyst: Mo(C0h. 

Scheme 17 

Me\ 

oxidant to a nearby alkene."' Site-selective directed 
epoxidation of remote olefins was achieved, and the 
geometrical requirements for reaction were shown to 
be stringent. Whereas epoxidation of i provides ii as 
the only product, reaction of the derived hydroxy ester 
iii produces only iv. Interestingly, attempted epoxi- 
dation of the meta isomer of iii results in no detectable 

A three-dimensional depiction of a reasonable tran- 
sition structure,"' essentially identical to the model 
suggested by Sharpless, is shown in Figure 5.57 The 
0 - C - C 4  dihedral angle in the allylic alcohol is 
about 40°."5 The salient interactions are (1) A(1,2) 
strainzz between R,, and R1,'I6 favoring the erytbro 
isomer; (2) A(1,3) strain between RZ and Reb, favoring 
the threo isomer; (3) l,&interaction between L and RI, 
favoring the erythro isomer; (4) hyperconjugative 
donation ( u c . ~ ~  to r*c+), which increases the nucleo- 
philicity of the olefin, favoring the erythro isomer. 

Careful analysis of experimental data leads to the 
conclusion that minimization of A(1,2) or A(1,3) strain 
typically dictates the observed sense of epoxidation. 
For terminal or trans olefins, where these interactions 
are comparatively weak, otherwise subordinate steric 
and electronic effects become important (Scheme 18). 

The patterns of erythroselectivity illustrated inTable 
22areconsistentwiththetrendspredicted bytheabove 
model.117 Comparison of entry pairs (1, 2). (3,4), and 
(5,6) reveals a modest sensitivity to the steric bulk of 
R,, whereas entries 1, 3, and 7 show a substantial 
dependence on the size of RKe,. 

Figure 5. Transition structure for metal-catalyzed allylic 
alcohol epoxidation. 
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Table 20. Epoxidation of Macrocyclic Olefinic Alcohols" 

Hoveyda et al. 

Entry Substrate Selectivity Entry Substrate Selectivity 

3 

Me - Z O H  4-4 9 : 1 (a) 

?aipr 
single epoxide (p) 

Me - 

1 : l  
HO 

4 

Me OMe 

(I Site of eDoxidation indicated with a box. 

Table 21. Epoxidation Selectivity of Allylic Alcohols 

erythro : threo 

Entry Substrate V O ( a ~ a c ) ~  MO(CO)~ mCPBA 

Table 22. Erythro-Selective Epoxidation of Allylic 
Alcohols 

OH OH 
erythro 

~~ ~~~ 

1 q 0 M e  4 : l  1 : l  1 :1.5 

OH 

2 4 . e  19:1 5 :  1 1 : l  

OH 

1 : 1.5 1 : 1.7 
2.5:1 

OH 

4 mMe 1:2.4  1 : 5  1 : 1 9  

Me OH 

5 MenMe 1:5 1:19 1 . 1 9  

Me OH 

threo 
secondary H 

electronic 
steric and w Rtrans(H) y a ( ~ w  ,,,, : 

H OH 

RtranAW 

H OH interactions 
erythro 

This sensitivity of reaction diastereoselection to the 
bulk of Rgem has been exploited in a number of 
applications in synthesis.lls Thus, use of a trimethylsilyl 
group as a dummy substituentll9J20 affords a route to 
diastereomerically pure erythro epoxy alcohols (dias- 
tereoselection >25:1, eq 3O).l2l 

Substrate Entry R Erythro: Threo 

4:  1 qR OH !$r 5.6: 1 

Me 

OH 

Me 2 .4 : l  
t-Bu 3.7: 1 

OH 

>99: 1 

OH 

Table 23122 presents examples of epoxidations of more 
highly functionalized acyclic systems.123 The level of 
erythro selectivity is comparable to that observed with 

OH 

F - l  
Y 

the simpler substrates.124 Entries 2 and 3 indicate that 
the a-stereocenter is the dominant stereocontrol ele- 
ment.125 

The erythro-selective epoxidation of two allylic 
alcohols shown in eq 31, key step in the synthesis of 
dl-Cls Cecropia juvenile hormone, has been performed 
by a one-pot o p e r a t i ~ n . ~ ~ ~ J ~ ~  
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Table 23. Eryt hro-Selective Epoxidation of Allylic 
Alcohols: Applications 

Entry Substrate Product Selectivitya 
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Table 24. Threo-Selective Epoxidation of Allylic 
Alcohols 

y." threo 
OH 

OMe OMe 

6B" 

3 * m a , .  &R 

OH OCH,Ph OH OCH,Ph 

OH 

24: 1 

(TI{) 

only 

10: 1 
(7 : 3) 

Values in parentheses refer to selectivity observed with 
m-CPBA. 

Substrate Entry R Threo: Ewthro 

mMe 1 Me 3 :  1 
R OH 2 SiMea 24: 1 

p f i p r  >99: 1 
SiMe, OH 

6 :  1 Me OH 

strain22 model. A sufficiently bulky R,e substituent 
may override the normal erythro preference of allylic 
alcohols which bear Rgem.118 

Equations 34-36 are examples of threo-selective 
epoxidation in more complex systems.131 The reaction 
in eq 35 demonstrates that a diene complexed to iron 
tricarbonyl is stable to the reaction conditions. In 
studies directed toward the total synthesis of tiran- 
damycin A, a directed epoxidation of the diol shown in 
eq 36 was realized; no rationale was offered for the 
observed s tereosele~t ivi ty .~~~~ 

Equations 32 and 33 provide examples of stereose- 
lective epoxidations of tertiary allylic a l c o h o l ~ . ~ ~ ~ J ~ ~  In 

OMe 

general, the reaction proceeds with low levels of 
selectivity, as one would predict from the A(1,2) strain- 
based model discussed earlier. However, the Corey 
synthesis of (&)-ovalicin, which employs directed ep- 
oxidation as the ultimate step (eq 33), affords a rare 
example of a highly stereoselective epoxidation of a 
tertiary allylic alcohol.128d 

0. 
Me VO(acac)p vMe (32) 

HO Me Me 
Diastereoselection 2: 1 

w-  Me TBHP 
HO Me 

(33) 
_____) 

0 OCH, 
OH 

Me Me 
Diastereoselection >20: 1 

As noted above, allylic alcohols bearing Rcis but no 
Rgem undergo a threo-selective epoxidation. Table 24130 
shows that as the bulk of Rcis (entries 1 and 2) or Rati 
(entries 2 and 3) increases, the diastereoselectivity 
increases, in accord with the prediction of the A(1,3)- 

threo 

R T M e  (a) 
Me 

Diastereoselection 6: 1 
(with m-CPBA 19: 1) 

Diastereoselection 1.5:l 
OCH20Me OCH,OMe 

M e f l M e  M e e M e  HOoH (36) 

Me0 Me0 
HOoH Me0 Me 

Diastereoselection >20: 1 
(with m-CPBA 9:l) 

Diastereoselective epoxidation of allylic alcohols 
where the hydroxyl-bearing carbon is not a stereogenic 
center has been achieved (Table 25).132 In these 
reactions, the role of the hydroxyl group is to enhance 
the reactivity of the olefin, while the allylic stereocenter 
dictates the facial selectivity. First-order models for 
electrophilic addition to olefins do not properly ratio- 
nalize these results (entries 1 vs 2; 3 vs 5, Table 25).'33 

Entries 3-5 of Table 25 illustrate cases of stereose- 
lective Ti(Oi-Pr)4-catalyzed epoxidation of allylic al- 
cohols. Equation 37 depicts the selective oxidation 
performed in the synthesis of racemic m a y ~ i n e . ' ~ ~ ~  
Equation 38 illustrates a case of epoxidations of allylic 
alcohols where a remote homoallylic stereocenter 
controls the diastereoselection; no rationale was pro- 
vided for these results (eq 38).12 
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Table 25. Epoxidation Diastereocontrol by Other 
Stereocenters 

Hoveyda et at. 

Entry Substrate Product Reagent Selectivity 

Mef - -oH 
R 

1 R=H 
2 R=CHzOBn 

3 R+oH 

OTBS 
R = (CHphOTBS 

R&OH 

OTBS 
R = CHzCHzF'h 

5 . P O H  

OTBS 
R CHzCHzFh 

R 
VO(OEt)3 5 :  1 
VO(OEt)3 1 : 3.5 

R+H T ~ ( o c P ~ ) ~  VO(acac)? 1.5 10: : 1 1 

m-CPBA 1 : W  OTBS 

m-CPBA >25: 1 

R goH %, : TI(OkPr)4 5.7 : 1 

OTBS 

M e o w  e HO 2 e 

OTBS OTBS 
Ti(iOPr), 

I OMe TBHP OMe 
OM0 R OMe / 

Me 6Me 6Me 
Diastereoselection >20: 1 

Diastereoselection 6: 1 

(37) 

(38) 

(no selectivity with m-CPBA) 

2. Homoallylic Alcohols 
In 1981, Mihelich reported the first systematic study 

of the diastereoselective epoxidation of acyclic ho- 
modylic Substrates bearing a stereocenter 
either a or fl to the alkene were found to undergo 
epoxidation with high levels of stereocontrol (entries 1 
and 2). It is worthy of note that the diastereoselection 
observed for (2)-2-methyl-3-penten-l-o1 (entry 1) is 
higher than that observed for its allylic homologue 
(Table 26, entry 4). With an a- and a @-stereocenter 
present, the former appears to be the dominant 
stereocontrolling element (entries 3 and 4). 

Other classes of alkenes have not been studied as 
systematically, but there are indications that, in general, 
oxidations proceed with somewhat lower levels of 
selectivity (Table 27, entries 1-3,5, and 6).136 As with 
allylic alcohols, use of a removable trimethylsilyl group 
at the Eg,, position to control diastereoselection can 
be effective (entry 5 vs 7). This strategy was used in 
a synthesis of the C(l)-C(7) segment of 6-deoxyeryth- 
ronolide B.138d The approach fails with the corre- 
sponding anti isomer (entry 8). 

Mihelich has proposed that both the sense and the 
magnitude of asymmetric induction may be predicted 
through comparison of two diastereomeric chairlike 
transition states.137 According to this model (Figure 6, 

Table 26. Epoxidation of Cis Homoallylic Alcohols" 

Entry Substrate Product Selectivity 

lHon HO +j >400 : 1 

Me Me Me Me 

12: 1 

Et Et 

Me Hex Me Hex 

a.R=Me 70 : 1 
2.1 : 1 b. R = CH(CH3)z 

Me Hex Me Hex 

Conditions: TBHP, VO(acac)z. 

Table 27. Epoxidation of Homoallylic Alcohols" 

Entry Substrate Product Selectivity 

PH OH 
i ,#O 

Hex /R Hex- 1.4: 1 
R = (CH2)$02Me 

OH Me OH Me 

6 ,,* ph+ 0:1  

Me Me Me Me 

Conditions: TBHP, VO(acac)z. 

box), the sense of stereoselection is governed by the 
minimization of A(1,3) strain between R4 and R7, and 
better selectivity is generally obtained when the sub- 
stituent 01 to the alcohol is oriented in the less 
encumbered pseudoequatorial orientation. Our anal- 
ysis (Figure 6) largely echoes that of Mihelich. Only 
geometries i and ii, which afford diastereomeric prod- 
ucts, obey the constraints suggested by molecular 
models. For cis-olefins, i, which corresponds to the 
transition structure in Figure 6, is greatly preferred 
over ii due to the highly unfavorable R1-R7 interaction 
present in the latter. However, for substrates with R, 
= H (Table 27), low levels of diastereoselection are 
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dominant stereocontrol U element 

Q. 

Figure 6. Transition structure for metal-catalyzed homoal- 
lylic alcohol epoxidation. 

observed since structure ii is now of comparable energy 
to i (Figure 6). 

The seemingly anomalous result shown in entry 4b 
of Table 26 is accommodated within this analysis.138 
Structure i suggests that the anti isomer should provide 
slightly higher diastereoselection than the syn com- 
pound, since both substituents occupy pseudoequatorial 
positions in the transition state (RP and R3). The 
relative selectivities displayed in entries 3a and 4a are 
consistent with this paradigm. The dramatic difference 
in stereoselection observed for entries 3b and 4b may 
at  first appear puzzling. However, closer inspection of 
the transition structure reveals the key role played by 
the isopropyl group: whereas for the anti compound 
this group may adopt a conformation devoid of desta- 
bilizing interactions, for the syn isomer avoiding an 
unfavorable syn-pentane relationship is not feasible. 

anti syn 

Equations 39-41 present several diastereoselective 
epoxidations of more highly functionalized homoallylic 
alcohols.139 Enol carbamates are epoxidized with high 
selectivity; for the case shown in eq 39, the stereo- 
chemistry of the ycarbon plays no appreciable role in 
the stereodifferentiation. The transformation shown 
in eq 40 offers a rare example of a highly stereoselective 
epoxidation of a homoallylic alcohol bearing no cis 
substituent.1a The diastereoselectivity obtained in the 
course of a synthesis of the C14-C2~ unit of amphotericin 
B is more typical (eq 41). The site specificity of this 
reaction has been attributed to the presence of an 
additional 1,3-interaction in the transition state of the 
less reactive alkene."' 

Epoxidation of alkenes in the symmetrical diene 
shown in eq 42, followed by acid-catalyzed cyclization 
results in the formation of a 51 mixture of pyran 
 diastereomer^.^^^ 

The stereo- and regiospecific epoxidation of a polyene 
on route to a synthesis of (*)-bifarnesol (eq 43) affords 

Me Me 
D i a s t e " b  'on S 1  

yet another example of hydroxyl-mediated regie and 
stereocontrol. Oxidation through the intermediacy of 

6H OH 6H OH 

major 
I 

. .  
: Me 6H 

transition structure i (Figure 7), where the triene unit 
occupies R, to minimizeA(l,2) strain, offers a plausible 
rationale for the observed selectivity.143 

Me 

FtJ-pOH ..+? 
R . 4  

D i a s t e r "  >m:l 

Equations 44-46 illustrate three epoxidations where 
either an allylicor a homoallylic heteroatom may direct 
the course of the rea~tion.~'J" For the trans-olefin, 
epoxidation of the allylic benzyl ether affords the same 
sense and level of stereoselectivity as that of the diol 
(eq 44 and 45). In contrast, when the homoallylic 
alcohol is protected, epoxidation proceeds essentially 
stereorandomly (eq46); this isconsistentwithexclusive 
binding of the allylic alcohol to the metal center as the 
source of diastereoselectivity in eq 44. These data 
require a transition state that involves participation of 
the homoallylic hydroxyl, but neither preclude nor 
demand the simultaneous involvement of the allylic 
hydroxyl group. 

For the cis-alkene, the data suggest a role in dias- 
tereoselection for the allvlic (eas 47 and 48). as well as 
for the homoallylic, hy&oxyl-group; whether these 
groups interact independently or simultaneously (or 
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Me Me Me Me r"]'l VO(acac)z -HO* (44) 

OH OH DiastereaWlsclion >20:1 

r"]'l VO(acac)z - H o e  (45) 

OH OB" +, Me Me Vo(acac)? -  no+ (46) 

TBHP 

Me Me Me Me 

TBHP 
Diastemxefecfion >20:1 

Me Ma 

TBHP 
DiastereaWeciion 1.33 OB" OH 

both) with vanadium is unclear. Comparison of the 
relative rates ofepoxidation withineachset of substrates 
might provide additional insight with regard to the 
nature of the vanadium-alcohol interactions responsible 
for the observed diastere~selectivity.'~~ 

. Me 
-lJ 

Diastemxeflsclion S:1 s;; VO(acac)z HO a""" (4*) 
Me 

0 
DiasfereaWecfion >20: 1 

3. Blshomllylc and Trlshomllylc Alcohols 

In connection with the synthesis of lasalocid A, the 
first diastereoselective directed epoxidations of bis- 
homoallylic alcohols was realized (Table 28).l" Effi- 
cient 1,Casy"etric induction was achieved; the 
stereocenter (I to the alcohol appears to play a dominant 
role over the 8-site in determining the sense of observed 

OH 

. 
induction. 

The two distinct transition structures illustrated in 
Firmre 7 (box) were m o w e d  bv Kishi. Models indicate . .  
t h k  structure I ('Figbe 7) best fulfills the steric, 
stereoelectronic, and geometrical constraints for ep- 
oxidation. To avoid a destabilizing transannular in- 
teraction, the substituent a to the hydroxyl group 

Table 28. Epoxidation 01 Bishomoallylic Alcohols 
R 

- iPr...*' 

2 ) ~ ; ; ) z  
iPr....' 

Entry Substrate Product Selectivitv 

Major €@."de Minor Epxfde 

P disfavored by 
1,3inleraction 0 

interaction 

U 

Figure 7. Transition structure for metal-catalyzed bisho- 
moallylic alcohol epoxidation. 

Scheme 19 

El 
OH - 

TBHP OH 

<Me 
Diastem64ecfion 8: 1 

<Me Ar = pMeOPh 

Diasfereoseflsclion S I  

occupies the "outside" position in I; this accounts for 
the sense of stereoselection shown in entry 1 (Table 
28).147 Kishi's model offers a tenable rationale for the 
trends indicated in entries 2 and 3. Replacement of 
hydrogen with alkyl at R destabilizes I more than it 
does I1 (by an additional l,&interaction), leading to 
decreased stereoselectivity (entry 1 vs 2). Similarly, 
replacement of hydrogen with alkyl at  R' results in 
higher stereoselectivity (entry 1 vs 3). 

Iterative epoxidation has been utilized as a key 
sequence in a number of synthesis plans; Kishi's 
1asalocidAsynthesisisillmtrative (Scheme 19I.l"Other 
syntheses of polyether antibiotics have helped to define 
further the scope of the diastereoselective epoxidation 
of bishomoallylic alcohols.149 

OMOM 

A 
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Directed epoxidation has been used for the construc- 
tion of a bis(tetrahydrofuran) intermediate in the 
synthesis of teurilene (eq 49).150 Despite the low yield, 
the reaction is worthy of note, as it represents the first 
report of a successful propagating epoxidation-cycliza- 
tion. 

The epoxidation of bishomoallylic alcohols has also 
found use in the synthesis of glycosides (eqs 50 and 
51).151 The first example of a stereoselective hydroxyl- 
directed epoxidation of a trishomoallylic alcohol is 
illustrated in eq 52.152 

Diasterwselection 7: 1 
(no selectivity witb m-CPBA) 

En?+ ~0(acac)2 B."lo*oMe (51 
* En0 

OMe Diasterwselection 13: 1 
TBHP BnO 1 

(with m-CPBA 1:2) 
4' 4' 

OH OH 
Ar = 3,4dimethoxyphenyl Diastereoselection 6.5: 1 

D. Relative Reactlvlty of Homologous Olefinic 
Alcohols 

In general, the reactivity of an olefinic alcohol depends 
on the proximity of the hydroxyl group to the alkene.80@ 
In studies directed toward the synthesis of vitamin B-12, 
the superior directing ability of an allylic to a homoal- 
lylic hydroxyl group was demonstrated (eq 53).153 
Furthermore, as is illustrated in eq 54, the differential 
reactivity of homoallylic and bishomoallylic alcohols 
has been exploited in the separation of a mixture of 
bromohydrins formed in route to the synthesis of a 
family of e i co~ano ids .~~~  

\ C02Me Diastereoselection >20: 1 

R+c5Hll OH 0 R G c 5 H 1  OH 1 

(54) 
VO(acac)? 

TBHP RccH * 

5 11 

There have been several accounts of preferential 
epoxidations of a homoallylic alcohol in the presence 

of an allylic system (eqs 55-58).155 The low nucleo- 
philicity of an enoate r-system provides an explanation 
for the Mo(CO)~-catdyzed epoxidation shown in eq 
55;lO6P in contrast, the outcome shown in eq 56 is 
somewhat surprising.155b Equation 57 illustrates an 
epoxidation where either diastereomer of the diol shown 
affords the derived a-epoxide as a single isomer.lWf Only 
the homoallylic alcohol dictates the facial selectivity, 
overriding the high erythro preference observed when 
this hydroxyl is either protected or removed (Table 23, 
entry 1); reaction by way of a chelated substrate-metal 
complex is not geometrically feasible. The transfor- 
mation depicted in eq 58 is consistent with direction 
by a homoallylic hydroxyl in preference to an allylic 
hydroxyl group. Competition experiments both within 
each class of olefinic alcohols and among homologues 
would provide insight into the factors determining the 
relative rates of directed epoxidations. 

M e 0 2 C v  HO 

iPr 

TBHP M e 0 2 C v  HO 

iPr 

Me<o (56) 
HO 

Me 
HO 

Regioselection 2: 1 

E. Other Metal Catalysts for Directed 
Epoxldatlon 

A variety of reagents other than vanadiumg1 and 
molybdenumg2 complexes selectively epoxidize allylic 
alcohols in the presence of isolated olefins, but most of 
these systems have not been examined extensively. 
Niobium, zirconium, tantalum, hafnium, titanium, and 
a number of lanthanide alkoxides effect the regiose- 
lective epoxidation of geraniol with TBHP,l5'j but only 
Ti(Oi-Pr)l has found use in the synthesis of complex 
mole~ules.l5~ Treatment of geraniol with oxo(tet- 
raphenylporphyrinato) titanium(1V) and TBHP re- 
giospecifically produces the 2,3-epoxy an 
observation which is not accommodated by a Sharpless- 
type mechanism, where three coordination sites on the 
same side of the porphyrin are required. Arenearsonic 
acids (ArAsO(0H)z) in combination with aqueous H202 
effect site-selective epoxidation of geraniol (22:1), as 
well as syn epoxidation of 2-cyclohexen-1-01 (201).159 
The reaction is postulated to occur via the allyl arsonate. 

Three directed epoxidation systems have been stud- 
ied in some detail: HzW04/H202,1G0 Al(Ot-Bu),/ 
TBHP,lG1 and B U ~ S ~ O / T B H P . ' ~ ~ ~  For each, epoxida- 
tion of geraniol provides the 2,3-epoxy alcohol exclu- 
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sively. The erythrohhreo selectivity of these catalysts 
for typical allylic alcohols is shown in Table 29.162 The 
tungstic acid diastereoselection resembles that of VO- 
(acac)~; the aluminum tert-butoxide, Mo(CO)~. Tin- 
catalyzed epoxidation is responsive both to the nu- 
cleophilicity of the olefin and to the proximity of the 
hydroxyl 

Table 29. Epoxidation Selectivity of Various Metal 
Catalysts 

Hoveyda et ai. 

*-** OH 

erythro : threo 

Substrate v w  Mo AI Sn 

80:20 85: 15 56:44 58 : 42 
OH 

71:29 60.40 38:62 36:64 .- 
OH 

Me 

Bu 98:2 95:5 84:16 87:13 9 O : i O  

OH 

14:86 10:90 5:95 c0.5:>99.5 5:95 
Me OH 

OH 98:2 95:5 98:2 >99.5:<0.5 -- 

The only reported example of an epoxidation of a 
homoallylic alcohol by Al(Ot-Bu)s/TBHP (eq 59) is 
promising,163 since the reaction affords the opposite 
sense of diastereoselection to VO(a~ac)~. The tungstic 
acid system delivers low levels of selectivity with this 
class of substrates, whereas epoxidation with BuzSnO 
is too sluggish to be useful in synthesis. More recently, 
a variety of lanthanide alkoxides were reported to be 
effective epoxidation catalysts; for example, Yb(Oi-Pr)B 
(10 mol %) effects the site-selective oxidation of the 
allylic alcohol of geraniol (23:1).lU The full scope and 
utility of these catalysts for the epoxidation of allylic 
and homoallylic alcohols has yet to be explored fully. 

Me Me Me 

P h w o  P h r u 2 ,  (59) 
OH OH OH 

Al(0tBu)~ Diaster&eUion 4 : 1 
VO(acac):, DiastereaSelection I : 3 

V. Directed Heterogeneous Hydrogenation 
Rt?mt/Ot~S 

The stereochemical course of heterogeneous hydro- 
genation reactions may be influenced by a neighboring 
heter0at0m.l~~ Association of an internal polar group 
with the metal surface can lead to the delivery of 
hydrogen to the unsaturation site in a syn fashion. This 
catalystaubstrate interaction may be largely preempt- 
ed or facilitated, depending on the nature of the metal, 
the support, or the solvent employed. 

For example, catalytic hydrogenation of the tricyclic 
alcohol shown below affords the syn isomer as the major 
product (eq 60, 5% Pd/C, 15 psi H2, EtOH).166 The 

stereochemical outcome implies that the substrate is 
bound to the catalyst surface on the same side as the 
hydroxy group and that this affinity results in the 
addition of hydrogen syn to the coordinating moiety. 
Reduction of the corresponding ester derivative under 
identical conditions leads to the predominant formation 
of the anti system (eq 61). 

HO Hd 
Diastereoselecfion 95:5 

Diastereoselection 86: 14 

As is illustrated in Table 30, for this olefinic substrate 
the level and sense of asymmetric induction is greatly 
dependent on the nature of the heteroatom.l6' Although 
the primary alcohol and the aldehyde functionalities 
can perform well as directing groups, with an amide or 
a ketone the stereochemical course of the reduction is 
largely influenced by steric factors: the anti isomer is 
isolated as the major product. The stereoselectivity 
trends that are illustrated in Table 30 cannot be 
correlated with the directing group's physical properties 
such as its Br6nsted basicity (pK,) or its electroneg- 
ativity.l68 However, solvent polarity has a more pre- 
dictable influence on the course of heterogeneous 
reductions. That is, highly polar solvents (DMF) which 
compete for metal binding sites afford the anti adduct 
preferentially, whereas nonpolar media (hexane) enforce 
heteroatom-catalyst association and thereby favor 
formation of the syn isomer. Nonetheless, the effect 
of solvents on the stereochemical outcome of hetero- 
geneous hydrogenations is not always predictable: 
Thompson's stereoselective reduction of the tricyclic 
alcohol was performed in ethanol (eq 60). 

Table 31 illustrates additional examples of directed 
heterogeneous hydrogenation processes. 2-Butylidene- 
1-cyclopentanol is reduced with Raney nickel to afford 
the anti product preferentially (entry l).l69 Hydroge- 
nation of the cyclopentylidene allylic methyl ether 

Table 30. Directivity by Various Functional Groups in 
Heterogeneous Hydrogenation 

R Cis : Trans pK, Electronegativity 

CHpOH 19: 1 -2 3.65 

CHO 13: 1 -8 2.90 

C02Na l:i +5 2.95 

COpH 1 :4 -6 2.85 

C02Me 1 :6 -6 2.75 

COMe 1 : 6  -7 2.70 

CONHp 1 :9 -1 2.95 
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Table 31. Directed Heterogeneous Hydrogenation 
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Catalyst 
Entry Substrate Major Product (KProrurun) Selectivity 

vPr 1 

O H  w 2 

bMe 

Me 

H O u ,  ""n 

0 

II 

24 : 1 

12 : 1 

9: 1 

2 : l  

1 2 : l  

(entry 2) indicates that, although less effectively than 
parent alcohols, alkyl ethers can also direct the addition 
reaction. Hydrogenation of the cyclohexenediol in entry 
3 proceeds stereoselectively in the presence of Raney 
nickel, but minor modifications in substrate structure 
result in diminished stereodifferentati~n.~~~ As is shown 
in entry 4, if hydrogen delivery is to occur from the 
same face as the sizeable isopropyl group, the reduction 
proceeds with significantly lower levels of stereocontrol. 
Hydrogenation of the vinylogous amide shown in entry 
5 proceeds smoothly to yield the amino alc0h0l.l~~ The 
directing effect of the primary alcohol was ascertained 
by control experiments; under identical conditions, the 
corresponding acetate, silyl ether, or deoxy derivatives 
give no reduction products. As the example in entry 
6 indicates, a primary amine may also direct the course 
of the reduction process.172 

Although heteroatom functional groups can influence 
the stereochemical course of heterogeneous reductions, 
anumber of variables, such as the nature of the directing 
group, solvent, catalyst, support, and hydrogen pressure 
are important and often must be optimized to achieve 
useful levels of selectivity. These changes in reaction 
conditions cannot be effected predictably; poisoning is 
often a problem, and different catalyst batches seldom 
show identical reactivity. It is for these reasons that 
heterogeneous catalysis does not offer a general and 
reliable solution to the notion of heteroatom-directed 
hydrogenation reactions. 

VI .  Directed Homogeneous Hydrogenatlon 
Reactions 

A. Introduction 
Homogeneous hydrogenation catalysts were first 

introduced in 1961 by Halpern; a number of simple 
alkenes, such as maleic, fumaric, and acrylic acids, can 
be reduced efficiently with chlororuthenate(I1) com- 
plexes.l73 Subsequently, other significant advances 
were made in this area, chiefly by Wilkinson and co- 
workers, who developed an array of effective rhodium 
and ruthenium catalysts.174 Perhaps the most notable 
of such complexes, RhCl(PPh& (Wilkinson's complex), 
was shown to effect hydrogenation reactions with site 
and diastere~selectivity.~~~ 

The first systematic studies of directed homogeneous 
hydrogenation reactions were reported in 1974.176 The 
tricyclic alcohol shown in Scheme 20 is resistant to 
reduction by hydrogen and RhCl(PPh&, even at 100 
psi and 50 "C. However, when the corresponding 
potassium alkoxide is subjected to the above conditions 
(100 psi Ha, 50 "C, 0.04 mol % catalyst), the syn isomer 
is produced exclusively. It was proposed that the 
reaction involves a rhodium-dihydride complex where 
both the solvent molecule (S; e.g., THF) and the chloride 
ion are replaced by the olefinic alkoxide, which in turn 
delivers hydrogen to the unsaturation site. In these 
experiments prior formation of the potassium alkoxide 
and subsequent displacement of the chloride ligand 
are required for efficient delivery of hydrogen. Hy- 
drogenation reactions of this alcohol substrate and its 
various salts with heterogeneous palladium and plat- 
inum catalysts provide significant amounts of the anti 
isomer." 

Scheme 20 

Me0 

Heteroatom directivity requires binding of Hz, the 
alkene, and the directing group to the transition metal; 
three ligation sites on the metal center of the catalyst 
are necessary. With RhCl(PPh&, the active 14-electron 
species RhCl(PPh& cannot accommodate the three 
groups, as this would result in the formation of an 
unfavorable 20-electron complex (an additional ligand 
(Cl) must be lost). To effect a directed reaction with 
a hydroxy or another polar heteroatom group which is 
not capable of initiating ligand displacement, an active 
catalyst with a 12-electron structure is required. A 
number of hydrogenation catalysts satisfy this criterion. 
Chiral cationic rhodium catalysts (e.g., [Rh(nbd)(S,S- 
chiraphos)] BF4) have been employed successfully in 
enantioselective reductions of dehydroamino acids,177 
where association of both the olefin and the N-acyl 
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carbonyl group plays a crucial role in efficient transfer 
of chirality. More recently, hydrogenation of a variety 
of allylic and homoallylic alcohols, under the agency of 
chiral ruthenium complexes (e.g., Ru(S-binap) (0- 
COCH&), has been shown to occur with high enan- 
tioface differentiation ( ~ 9 8 % ) . l ~ ~  In this instance as 
well, two-point binding between the catalyst and the 
substrate is crucial for achieving high selectivity. 

This section of the article will be primarily concerned 
with diastereoselectiue, directed hydrogenation pro- 
cesses. Among the various catalysts, [Ir(cod)py(PCys)l- 
PF6179 and [Rh(nbd)(dipho~-4)]BF~~~ have emerged 
as the most commonly used, and their role in directed 
hydrogenation reactions with be emphasized.lgl 

Hoveyda et 81. 

pressure). Halpern’s studies have demonstrated that 
in the cationic rhodium-catalyzed hydrogenation of 
dehydroamino acids, at  15 psi (1 atm) Hz the oxidative 
addition step (B - C) is rate determining, whereas at  
elevated hydrogen pressure reductive elimination is the 
slow step (D - A).182 In contrast, Crabtree’s mecha- 
nistic work on iridium-catalyzed hydrogenation indi- 
cates that, at  least in certain instances, formation of 
the alkyliridium complex is rate limiting (C - D).179 

As is indicated in Scheme 21, formation of the 
hydridoalkyl complex, D, could occur via the metal 
dihydride species (B - C - D). Although iridium 
dihydrides have been detected spectroscopically, the 
analogous rhodium complexes have not yet been 
observed. In the proposed catalytic cycle for the 
rhodium-catalyzed reduction of dehydroamino acids, 
the dihydride complex, (C), remains the only inter- 
mediate that has not thus far been intercepted and 
characterized, due to the rapid rate of the migratory 
insertion step (k3 >> Kz). However, the well-recognized 
oxidative addition reactions of hydrogen with a number 
of d8 complexes, and the similarity of the related 
activation parameters (Kz) to those of the dehydroamino 
acid asymmetric reductions, render the involvement of 
metal dihydrides (such as C) likely.la3 The intermediacy 
of these complexes is therefore invoked in the ensuing 
discussions. 

Complex C contains two diastereotopic hydrides, 
initial transfer of one of which is predicted to be favored. 
As is illustrated in Scheme 22, the parallel metal hydride 
(H-M-C=C dihedral angle of -0’) is properly 
aligned to overlap with the olefin B*C-C and should 
therefore be transferred first. The perpendicular 
hydride is orthogonal to the C-C ?r cloud (H-M-C=C 
dihedral angle of -goo), and its insertion is predicted 
to be energetically unfavorable. Scheme 22 also dem- 
onstrates that there are two possible modes of hydride 
insertion wherein the above stereoelectronic effects are 
satisfied. In the case of a monosubstituted allylic 
alcohol, C’ affords a secondary alkylmetal complex 
whereas C generates the more (thermodynamically) 
favorable primary product. In the case of a 1,2- 
disubstituted olefin, where a secondary alkylrhodium 
is generated regardless of the mode of hydride transfer, 
steric factors may also prove to be significant (e.g., 
preferences for certain metallacycle ring sizes). 

n 
Rh 

p F6 

PPh, Ph,P’ + ‘PPh, 

U 

B. General Mechanistic Considerations 
Upon treatment with Hz, the cyclooctadiene (cod) 

and norbornadiene (nbd) ligands of [Ir(cod)py(PCys)l- 
PF6 and [Rh(nbd)(diphos-4)lBF4are promptly reduced, 
and the 12-electron “IrRZ+” and “RhLz+” systems are 
formed (A, Scheme 21). The course of the reduction 
process illustrated below and the intermediates involved 
can be inferred from Halpern’s mechanistic studies on 
the rhodium-catalyzed hydrogenation of dehydroamino 
acids.Is2 The heteroatom and its neighboring alkene 
readily bind to the coordinatively unsaturated metal 
complex. Coordination of the substrate is followed by 
oxidative addition of hydrogen and subsequent mi- 
gratory insertion to afford the alkyl metal complex (D). 
Reductive elimination then yields the desired product 
and regenerates the active hydrogenation catalyst. 

Whether any of the steps presented in the catalytic 
cycle are reversible is largely a function of the catalyst 
and the reaction conditions (e.g., temperature and 

Scheme 21 

1’ 

Reductive 

r H O I \ ~ +  

Migratory 

D C 

L- , ~, , 
/ n ; e  L 

Scheme 22 

r 7-3 l+ r t 1’ 

C 

C’  

C. Hydrogenation of Cyclic Olefins 
In 1983, Crabtreela4 and Storklg5 demonstrated that 

the cationic iridium catalyst ([Ir(cod)py(PCy3)]PF6, Ir+) 
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Table 33. Hydrogenation of Cyclic Allylic Alcohols 
with [Ir(cod)py(PCy,)]PFs 

Table 32. Hydrogenation of Cyclic Homo- and 
Bishomoallylic Alcohols with [Ir(cod)py(PCy3)]PF6 

Entty Substrate Major Product Ir Mol CatalySt % Selectivity 
_____ 

R O O H  20 ~ . R = H  >%:I  

20 b.R=Me 33:l 1 

Me R ~ C H Z O H  Me 

20 a . R = H  6:l 

20 b.R=Me 9 : 1  2 
%, $$ Me Me 

3 2 >99 : 1 

Me Me 

20 2 4 : l  
0 

is effective in the directed reduction of a diverse 
selection of cyclic olefinic alcohols. As shown in Table 
32, endocyclic homoallylic carbinols are generally 
hydrogenated with good to excellent selectivity; the 
major product corresponds to addition of hydrogen syn 
to the hydroxy group. As is indicated in entry 2 of 
Table 32, homoallylic alcohols which bear a primary 
hydroxy group may undergo directed hydrogenation 
reactions with relatively lower levels of stereocontrol. 
Comparison of entries 2 and 3 implies that levels of 
diastereoselection are dependent on catalyst concen- 
tration. As will be discussed later in more detail, higher 
concentrations of the iridium catalyst result in signif- 
icantly lower levels of stereoinduction.186 The reaction 
of the enone system shown in entry 5 is significantly 
slower than that of unconjugated olefins, yet the desired 
trans-indanone is produced as the major product. 

Table 33 illustrates several examples of stereoselective 
hydrogenation reactions of cyclic allylic alcohols cat- 
alyzed by [Ir(cod)py(PCy3)]PF6. Entries 2 and 3 of 
Table 33 demonstrate that the level of stereocontrol is 
not greatly affected by the relative stereochemistry of 
substituents proximal to the directing fun~tionality.'~~ 
Hydrogenation of the bicyclic alcohol shown in entry 
4 gives the cis-fused system as the sole product.l@ 

In the initial studies on iridium-catalyzed directed 
hydrogenations, 20 mol % of the catalyst was em- 
ployed;185 these conditions were later determined not 
to be optimal for achieving high levels of stereoselec- 
tion.lffi For example, reductions of 3-methyl-2-cyclo- 
hexen-1-01 and 4-methyl-3-cyclohexen-1-01 with [Ir- 
(cod)py(PCys)]PF~, were shown to be more selective at 
lower catalyst loadings (Table 34). It is possible that 
at higher catalyst concentrations more than one metal 
complex is present. Some of these species, such as the 
trinuclear bridged hydride system examined by Crab- 
tree,18g is inactive, whereas others, although active, 
might not be constrained to the same directivity effects 
as the mononuclear complex. 

The cationic rhodium complex, [Rh(nbd) (diphos-4)l- 
BFI (Rh+), has also proved to be a useful catalyst for 
directed hydrogenation of cyclic alkenes (Table 35). 
Upon treatment of 3-methylenecyclohexan-1-01 with 2 

Mol% Entry Substrate Major Product Ir catalyst Selectivity 

1 5 5  Me 

20 a . R = H  74:1 

"Me 20 b.R=Me >100:1 

2 MAMe Me$ '0, Me 

3 Me*+,&Me W,,g "',Me 2 

65: 1 

36: 1 

"highly 
"aeoH selective' 

Me2HC MezHC 

Table 34. Stereoselectivity as a Function of 
[Ir(cod)py(PCy3)]PFe Concentration 

Mol Yo Substrate Major Product l I  catalyst Selectivity 

OH OH 

150: 50:  1 1 

mol % of the rhodium catalyst (15 psi Hz), trans-3- 
methylcyclohexan-1-01 is obtained stereoselectively 
(>98%, entry l)." In contrast, reduction of 2-meth- 
ylenecyclohexanemethanol proceeds in a stereorandom 
fashion (entry 2). Subjection of 2-methylenecyclohex- 
an-1-01 to the above conditions leads to the formation 
of hydrogenation products with low selectivity (entry 
3). This transformation is plagued with olefin isomer- 
ization; 2-methylcyclohexan-1-one is produced as the 
major product.lgl 

Alkene isomerization in rhodium-catalyzed hydro- 
genation processes is largely circumvented if reactions 
are carried out a t  elevated hydrogen pressures.lgl 
Although reduction of 2-methylenecyclohexan-1-01 at 
500 and 1000 psi H2 does not result in improvement of 
stereoselectivity (3:l; Table 35, entry 3), generation of 
the undesired ketone is diminished to 20% and 13 '36, 
respectively. Hydrogenation of 3-methyl-2-cyclohexen- 
l-ol at 375 psi H2 affords trans-3-methylcyclohexan- 
l-ol in a >200:1 ratio (entry 4, 200:l at 15 psi).lgl As 
entries 5, 6, and 8 of Table 35 show, homoallylic and 
bishomoallylic cyclic olefins are reduced stereoselec- 
tively with the cationic rhodium catalyst at high H2 
pressure.lg2 

Thus, in rhodium-catalyzed hydrogenations an in- 
crease in hydrogen pressure results in diminished olefin 
isomerization and higher selectivity (Scheme 23, M = 
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Table 35. Hydrogenation of Cyclic Alcohols with [Rh(nbd)(diphos-4)]BF4 

Hoveyde et ai. 

Entry Substrate Major Product ~ i ~ p ; ~ ~ a S e l e c t i v i t y  Entry Substrate Major Product yil$;g%ta Selectivity 

Catalysts: [Rh(nbd)(diphos-4)lBF4 (Rh+); [Ir(cod)py(PCYa)lPF8 (Ir+). 

Scheme 23 

+ L2M* 

Rh). In direct analogy with the asymmetric hydroge- 
nation of dehydroamino acids by closely related rhod- 
ium complexes,lg3 in reactions of allylic alcohols at 15 
psi H2 oxidative addition of hydrogen is probably the 
rate-determining step. As a result, the substrate- 
catalyst adduct may competitively undergo alkene 
isomerization through a route involving the corre- 
sponding T-allyl hydride (kdH21 zz ki). When pressures 
above 15 psi (1 atm) are employed, olefin isomerization 
is attenuated (kz[H21 > hi), and formation of the 
putative ?r-allyl hydride no longer competes with the 
desired pathway. Another plausible explanation points 
to competition between a 8-elimination pathway (re- 
sulting in alkene isomerization) and a reductive elim- 
ination route (affording hydrogenation product) of the 
intermediate alkyl hydride. It may be that H2 at high 
pressures acts as a ligand which induces reductive 
elimination and thus favors hydrogenation of the 
unrearranged alkene. In the iridium-catalyzed pro- 
cesses (M = Ir) variations in hydrogen pressure are of 
little consequence.191 

Table 35 illustrates several instances where the 
directed, rhodium-catalyzed hydrogenation has been 

employed in a synthesis strategy. In the case of the 
bicyclic system shown in entry 7, in spite of an 
exceptional level of steric congestion which is disposed 
to override hydroxyl directivity, the trans-fused adduct 
is formed as the major product.lgl Due to the instability 
of this substrate toward the Lewis acidic rhodium, 
satisfactory results are achieved only when reduction 
is performed in tetrahydrofuran. (Unlike dichlo- 
romethane, tetrahydrofuran effectively buffers the 
catalyst Lewis acidity.lg4) This transformation fails at 
low hydrogen pressure or with the cationic iridium 
complex.lM 

Rhodium-catalyzed hydrogenation of the substrate 
shown in entry 8 (Table 35) proceeds with high levels 
of stereochemical control.195 With [Ir(cod)py(PCya)] - 
PF6 only a 2:l ratio is obtained; the lack of stereose- 
lectivity could be attributed to competitive binding and 
directivity by the amide group (vide infra). Entry 9 of 
Table 35 indicates that a directing group positioned on 
an exocyclic group can effectively control the stereo- 
chemical outcome of the reaction.lg6 

Other heteroatom-containing functional groups, such 
as ethers, carboxylic esters, and amides, efficiently bind 
to cationic rhodium and iridium complexes and direct 
the hydrogenation reactions of cyclic substrates.lg7 As 
the first three entries of Table 36 demonstrate, methyl 
ethers are effective directing groups. The bicyclic ether 
of entry 3 is reduced with lower selectivity but faster 
than the parent alcohol, even when the more discrim- 
inating iridium complex is employed.198 This relation- 
ship between rate and selectivity (that faster trans- 
formations are less selective) is not general and appears 
to depend on the nature of the directing group, at least 
with regard to the iridium-catalyzed reactions. For 
instance, with [Ir(cod)py(PCy3)]PF6, hydrogenation of 
the unsaturated ketone in entry 4 is faster and more 
selective than that of the carbinol derivative (>99:1 vs 
6:l). Somewhat surprisingly, reduction of the eth- 
ylidene ketal shown in entry 5 occurs with low stere- 
oselectivity and with <50 7% conversion.lM 
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Table 36. Hydrogenation of Cyclic Olefinic Ethers and 
Ketones. 
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Entry Substrate Major Product Mol %, Cap Selectivity 
OMe 

Me Me 

>99: 1 

>99: 1 

8 :  1 
7: 1 

>99: 1 

1.6: 1 

a Catalysts: [Rh(nbd)(diphos-4)]BF,(Rh+); [Ir(cod)py- 
(PCY3)]PFs(Ir+). Reactions were run at 15 psi Hz. 

Table 37 illustrates a number of stereoselective 
hydrogenations where an ester functionality acta as the 
directing group. The &yunsaturated ester in entry 1 
is reduced with high selectively with both iridium and 
rhodium catalysts.1m Reduction of the more distant 
alkene of the y,&unsaturated ester in entry 2 is slower 
and less stereoselective. The resident heteroatom 
functionality in the &a-unsaturated ester of entry 3 is 
too distant from the olefin for effective differentiation 
of ita syn and anti faces; the same argument holds for 
the structurally analogous acetate in entry 4 which is 
also reduced in a stereorandom fashion.185 Table 37 
includes the case of an unsaturated carboxylic acid 
(entry 6) which is reduced selectively in presence of the 
iridium complex (7:1), albeit not as rapidly as the related 
ester (entry 5).  

The carboxamide group serves admirably as a di- 
recting agent in hydrogenations with the cationic 
iridium catalyst.lW Entries in Table 38 clearly indicate 
that delivery by an amide group is more efficient than 
by an ester functionality. An increase in distance 
between the amide carbonyl and the alkene results in 
little erosion of stereoselectivity, as might be expected 
for this more Lewis basic functional group (this is in 
contrast to the less Lewis basic esters). In contrast to 
the corresponding methyl ester which is hydrogenated 
stereorandomly (entry 3, Table 371, the 6,eunsaturated 
amide in entry 3 (Table 38) is reduced with >100:1 
selectivity. Particularly impressive is the highly se- 
lective reduction of the Lewis-acid sensitive enol ether 
of entry 2b. As illustrated in entry 4, this technology 
has found an important application in connection with 
the total syntheses of pumiliotoxins. 

Table 37. Hydrogenation of Cyclic Olefinic Ethers and 
Acids 

Entry Substrate Major Product Mol YO, Cap Selectivity 

(7 Me 

8 Me 

8 Me 

CH2COOMe 

OCOMe 

COOMe 

b, 

2, Ir+ 
2, Rh+ 

2, Ir+ 
2, Rh+ 

5, Ir+ 

5, Ir+ 

2, Ir+ 
2, Rh+ 

2, Ir+ 
2, Rh* 

>99 : 1 
3 2 : l  

41 : 1 
7 : l  

1 : l  

1 : l  

10: 1 
4 : 1  

7:  1 
1 : l  

Catalysts: [Rh(nbd)(diphos-4)]BF4(Rh+); [Ir(cod)py- 
(PCYdlPFdIr+). Reactions were run at 15 psi HP. 

With regard to the preferred geometry in reductions 
of cyclic homoallylic substrates, similar to the directed 
cyclopropanation reaction (vide supra), it appears 
plausible that the internal alkene is within reach only 
when the hydroxy-metal complex is in the pseudoaxial 
orientation (Figure 8, box). Substrates which are 
reduced with higher degrees of stereochemical control 
are those which are more strongly favored to be axially 
disposed. Comparison of entries 1-3 in Table 33 
suggests that, unlike the directed methylenation pro- 
cesses, hydrogenation reactions of allylic substrates 
proceed through the pseudoaxial hydroxy conformer 
(Figure 8, parta a and b). As was discussed previously 
in detail (Scheme 221, one of the two diastereomeric 
hydrides is properly aligned with the alkene 1-system 
and is consequently transferred first (HA; H-M-C=C 
dihedral angle of OO). There are two possible modes of 
hydride insertion wherein the metal hydride and T*C-C 
are properly aligned. From illustrations in Figure 8, it 
is not obvious whether one mode should be preferred 
over the other. 

In contrast to Simmons-Smith cyclopropanations and 
metal-catalyzed epoxidations, the presence of a hydroxy 
group has been shown to decrease the overall efficiency 
of iridium-catalyzed hydrogenations. Whereas in the 
reaction of 1-methylcyclohexene -4000 mol of HP per 
mole of iridium [Ir(cod)py(PCya)lPFs is consumed, with 
terpinen-4-01 this value is diminished to -30 mol of H2 
per mole of the catalyst.ls7 This observation implies 
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Table 38. Hydrogenation of Cyclic Olefinic Amides 

Hoveyda et al. 

Entry Substrate Major Product Mol %. Cap Selectivity 

2 ...sR a.R=Me 5 . V  170:l 
b.R=OMa 5,lr* 170:l 

Catalyst: [Ir(cod)py(PCY~)]PF,(Ir+). 

that coordination of the catalyst to the hydroxyl group 
results in attenuation of the catalytic activity of the 
iridium system. Moreover, unless larger amounts of 
the iridium complex are used, hydrogenation of non- 
hydroxylic olefins usually occurs in much lower yields 
than hydroxylic analogues. Such reactivity patterns 
have been attributed to catalyst deactivation (e.g., 
trimerization), which is largely inhibited when the 
complex is bound to a heteroatom.m Collectively, these 
data imply that the resident hydroxy group rapidly 
binds to the metal,1798 protects the catalyst from 
decomposition and directs the HZ delivery, but at  the 
expense of catalyst deactivation and reduction of the 
reaction rates. 

D. Hydrogenatlon of Acycllc Olefins 
Hydrogenation of the 1,l-disubstituted allylic alcohol 

shown in entry 1 of Table 39 proceeds stereoselectively 
with2 mol % [Rh(nbd)(diph0s-4)1BF~.~' Underthese 
conditions -20% of the corresponding methyl ketone 
is produced due to olefin isomerization. When the 
iridium catalyst (Ir+) is employed, 60% of the reaction 
mixture consists of the ketone side product, and the 
reduction occurs with lower selectivity (151). I t  is 
noteworthy that either the syn or the anti stereochem- 
ical relationship can be generated, depending on the 
substitution pattern of the starting alkene. This 
complementarity in diastereoselective hydrogenation 
of di- and trisubstituted olefins, and the general 
stereochemical outcome in reductions of allylic systems, 
may be rationalized on the basis of a number of 
conformational preferences. 

Two-point binding of the transition metal with the 
olefin and ita neighboring heteroatom occurs in such a 

Figure 8. Preferred orientations of catalyst-olefin complexes 
of cyclic allylic (a) and cyclic homoallylic (b) alcohols. 

fashion so that the A(1,2) allylic strain between R1 and 
CHzRz or Me substituents is avoided (-3.0 kcalhol; 
Scheme 24).202 In this manner, simultaneous coordi- 
nationofthemetalwiththealkeneand hydroxygroups 
results in effective differentiation of the two diaste- 
reotopic faces. 

The cationicrhodium complex is auniquelyeffective 
catalyst for the stereoselective reduction of hydroxy- 
acrylate esters (see entries 4 and 5 in Table 39). The 
iridium-mediated reactions are nonselective, and re- 
ductions catalyzed by Wilkinson's complex or common 
heterogeneous systems are slow and occur stereoran- 
d0mly.~03 It is remarkable that hydrogenation of the 
disubstituted alkene in entry 4 proceeds with such high 
levels of stereocontrol at 15 psi Ha, since isomerization 
and formation of the @-keto ester should he prevalent 
under these conditions. 

That hydrogenation of di- and trisubstituted alkenes 
leads to the formation of opposite stereo relationships 
has significant implications (entries 2 and 3, Table 39). 
If olefin isomerization occura prior to hydrogenation, 
diminished overall stereoselectivities will be observed 
even though the individual transformations could be 
inherently discriminating. This complication, often 
inconsequential in cyclic systems, can be detrimental 
with acyclic substrates. At 15 psi Hz, when olefin 
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Table 39. Hydrogenation of Acyclic Allylic Alcohols 

Entry Substrate Major Product Mol Selectivity (H, Press) 

OH 2, Rh+ 32: 1 
PhJ Me P h y M e  (15psi) 

II Me 

17.5, Rh+ 1 3 :  I 

Me Me Me 2.5, Ir+ 6 :  1 
X N (640 psi) 

(15 Psi) Me 
Ph 

M e O v P h  M e O v P h  0.5, (Ispsi) Rh+ 99: 1 

isomerization is most rampant, reduction of the di- 
substituted alkene affords predominantly the syn 
product, the product expected from hydrogenation of 
the trisubstituted isomer. 

Studies with D2 indicate that olefin isomerization 
takes place and low stereoselectivities are obtained 
unless elevated pressures are employed. Table 40 shows 
that this is especially true with disubstituted olefins; 
whereas at  515 psi D2 addition occurs exclusively at  the 
original unsaturation site, at  15 psi 75 % of the product 
mixture corresponds to deuteration of the trisubstituted 
system. 
As entries 2 and 3 in Table 39 illustrate, the cationic 

iridium catalyst is less effective than the cationic 
rhodium complex in mediating stereoselective reduc- 
tions of acyclic allylic alcohols. The observed levels of 
stereoselectivity could be due to competitive binding 
and directivity by the amide carbonyl. However, control 
experiments that rigorously address this possibility have 
not yet been performed. With the cationic iridium 
complex, changes in hydrogen pressure do not affect 
the observed levels of stereodifferentiation, as was also 
the case with the cyclic compounds. In the iridium- 

Table 40. Effects of Variations in Dz Pressure in 
Stereoselective Hydrogenations of Allylic Alcohols' 

p p OH 

M e T C o x N  02 M e Y R  + Me-f-R 

M e T C o X N  M e y  .\." 

D b C  D '2% Di syn Di 
Me 

17.5 mol% 
Rh(diphos-4)' 

0 OH 

R + M e V .  

- -  ? 

Me Me Meanti ~ r i  Me s y n ~ r i  

Substrate 

Disubstituted alkene 15 1 :2 25: 8:67 
Disubstituted alkene 515 9 : 1 loo: 0 : o  

Trisubstituted alkene 15 1 : 6  10 : 10 : 80 
Trisubstituted alkene 515 1 : 9 0:lO:W 

a Abbreviations: XN = norephedrine oxazolidone chiral 
auxiliary. 

catalyzed hydrogenation reactions, adventitious olefin 
isomerization may largely be responsible for the di- 
minished levels of stereocontrol. In further contrast to 
the cationic rhodium system, in iridium-catalyzed 
hydrogenations variations in the catalyst concentration 
influenced the stereoselective outcome of the reduction 
(eq 62). 

1.3 mol% catalyst, Diastereoselection 7: f 
5 .O mol% catalyst, Diastereoselection 3: 1 
20.0 mol% catalyst, No Diastereoselection 

Entry 1 of Table 41 illustrates that, with [Rh(nbd)- 
(diphos-4)I BF4 as catalyst, a homoallylic carbinol center 
of a 1,l-disubstituted olefin can exert modest levels of 

Table 41. Hydrogenations of Acyclic Homoallylic 
Alcohols 

Mol %, Cata Selectivity Entry Substrate Major Product (H2 pres) 

7 :  1 OH Me 2,Rh' 
Me Ph Me Lph (15 psi) 

OH Me bR 5,Rh'  1O:l 
OH 

2 
Me,HC'CONHMe Me,HC I (1 5 psi) 

Me Me 

Me Me 

OH Et uR 5,Rh' 8:1 
Me,HC CONHMe Me,HC (1 5 psi) 

Me0 C 
2 \  

4 n  
Me02C 

0 Catalyst: [Rh(nbd)(diphos-4)]BF4 or [Rh(nbd)(diphos-4)]- 
OS02CFS. 
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asymmetric induction in the hydrogenation process;201 
however, with a protic solvent (e.g., MeOH) the 
reduction proceeds nonselectively. As entries 2-3 
illustrate, the level of stereodifferentiation is greatly 
dependent on the substitution pattern of the starting 
materialq204 Directed hydrogenation of trisubstituted 
alkenes proceeds efficiently with useful levels of dias- 
tereocontrol (entries 4 and 5, Table 41). 

In hydrogenations of trisubstituted olefins, the steric 
requirements of the allylic substituent and the olefin 
geometry have a small but marked effect on the reaction 
diastereoselection (eqs 63-66, Rh+ = [Rh(nbd)(diphos- 
4)]BF4).lffib Since homoallylic hydroxyl groups perform 
well as directing groups, alkene geometry, along with 
the relative stereochemistry of the homoallylic hydroxy 
functionality, can be manipulated for effective control 
of the sense of asymmetric induction. 

OH OH 

20 HZ mol% psi) Rh'- *OB' (63) 

BzO BzO 

OH 

Diastereoselection 32: 1 

OH 

OH 

OH 

In cases where allylic and 

Diastereoselection 99: 1 

OH 

LOTBS - -  - -  (65) 
Me Me 

Diastereoselection 19: 1 

OH 

+oms (66) 
Me Me 

Diastereoselection 10: 1 

homoallylic stereogenic 
centers are present, alkene rearrangement is not ob- 
served at  15 psi H2, and the cationic rhodium and the 
cationic iridium catalysts afford high levels of diaste- 
reoselection (eqs 67-69).lffib Once again, it is the allylic 
center, not the stereogenic homoallylic carbinol site, 
that determines which diastereoface will be preferen- 
tially hydrogenated. Moreover, comparison of eqs 67 
and 68 indicates that the anti relative stereochemistry 

OH OH - E ~ ~ O B Z  (67) 
H2 (1 5 Psi) 

- -  
- Me 

20 mol% Rh' 
TBSOi 

Me 
TBSO; 

OH 
Diastereoselection 32: 1 

OH 

OBZ (68) 
H2 (I 5 psi) 

20 mol% Rh' 
TBSO TBSO 

PH 
Diastereoselection 8: 1 

?H 

I I 

CO,Me C02Me C02Me C02Me 
Diastereoselection 10: I 

between the hydroxy and allylic centers leads to greater 
levels of stereodifferentiation. Equation 69 depicts a 
directed hydrogenation reaction used in efforts toward 
the total synthesis of the immunosuppressant FK- 
506.205 

The stereoselective hydrogenation of the amide in 
eq 70 provides a rare example of 1,5-asy"etric 
induction. 

Ph 0 

Me H2 8 mol% (640 Psi) Rh' - Ph u~ (70) 

HOHPC 
Diastereoselection 4: 1 

The observed stereoselectivity in the hydrogenation 
of the 1,l-disubstituted homoallylic alcohols can be 
rationalized through complexes I and 11, shown in 
Scheme 25. Alkene conformation I is preferred; un- 
favorable A(1,2) interactions are minimized in this 
conformation. In instances where there is no allylic 
substituent (R1= H), the homoallylic group adopta the 
pseudoequatorial orientation. In cases with an allylic 
stereogenic center (R1 # HI, this group will also prefer 
the pseudoequatorial disposition so that the destabi- 
lizing A(1,2) strain between Rand R1 groups is avoided 
(-3.0 kcal/mol). Inspection of the data presented in 
eqs 63 and 64 clearly indicates that in cases where there 
is both an allylic and a homoallylic substituent, the 
sense of asymmetric induction is primarily dictated by 
the allylic stereogenic center.2M 

Scheme 25 
1,l-Disubstituted Alkenes 

I H2 

I1 

Trisubstituted Alkenes 

o. ;M-L 
c 

R R' 

The above hypotheses readily account for the lack of 
stereocontrol observed for the syn substrate in entry 3 
of Table 41, since either the allylic or the homoallylic 
group would have to occupy the unfavorable pseudoaxial 
position. The trisubstituted olefins do not react through 
the same type of intermediates, as the resulting A(1,3) 
allylic strainm2 between R and A groups would be rather 
costly (-3.9 kcal/mol). Similar arguments pertain to 
reactions of trisubstituted alkenes that possess other 
substitution patterns. 

In the asymmetric hydrogenation of dehydroamino 
acids by chiral cationic rhodium catalysts, the less 
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Table 42. Directed Hydrogenation of Nonhydroxylic 
Acyclic Alkenes 

Entry Substrate Major Product M&$$ta Selectivity 

Me 

Chemical Reviews, 1993, Vol. 93, No. 4 1580 

The levels of stereocontrol observed in the hydro- 
genation of unsaturated alcohols is largely due to 
efficient substrate-metal binding, which leads to the 
formation of highly organized reactive complexes and 
results in effective diastereotopic face differentiation. 
Such high levels of structural organization indicate that 
the influence by chiral ligands on the absolute face 
selectivity in these reductions may be significant. 
Hydrogenation of a number of itaconate esters with 
Rh(R,R-dipamp)+ leads to the recovery of >80% 
optically pure starting material after -60% conversion 
(Table 43).208 As is illustrated in entry 1, an increase 
in the reaction temperature results in lower asymmetric 
induction. This trend is opposite to that observed 
forthe reductions of dehydroamino acids catalyzed by 
the same metal complex.209 

&e 6Me 

NHCO'Bu ~ H C O ~ B U  

Catalyst: [Rh(nbd)(diphos-4)]BF or [Rh(nbd)(diphos-4)]- 
OS02CFa. 

stable, minor metal-substrate complex reacts with Hz 
far more rapidly (-500 times faster) than the major 
complex and thereby dictates the eventual stereo- 
chemical outcome of the reaction.182 Therefore, in 
connection to the rhodium-catalyzed directed hydro- 
genations, if the rate-limiting step in the sequence of 
events is the oxidative addition process (B - C, Scheme 
21), it is perhaps warranted that we base our ratio- 
nalization on the relative rates of formation of the 
diastereomeric dihydrides (the oxidative insertion step) 
and not of the metal substrate complexes (the initial 
equilibrium). In the rhodium-catalyzed hydrogenations 
of hydroxylic olefins, unlike the asymmetric dehy- 
droamino acid reductions, the more stable metal- 
catalyst complexes consistently predict the predomi- 
nant product diastereomers. In the hydrogenation of 
these substrates, if the second step is in fact the rate- 
determining step, the complex with the higher ther- 
modynamic concentration either undergoes oxidative 
addition faster than, or with the same rate as, the minor 
system. Oxidative addition of the major system could 
even be somewhat slower than that of the minor 
complex; however, this rate difference may not be large 
enough to overcome the initial binding preferences. 
Moreover, hydrogenation of dehydroamino acids pro- 
ceeds less selectively under conditions which lower the 
effective concentration of the minor complex, namely, 
at lower reaction temperatures or under increased 
hydrogen pressure.lS2 In contrast, unsaturated alcohols 
are reduced with higher stereochemical control when 
reactions are performed at high pressure or low tem- 
perature, implying that with these substrates it is 
primarily the major rhodium-hydroxy alkene complex 
that determines the stereochemical course of the 
reduction. 

The selective hydrogenation of the 3-methyl itaconate 
ester shown in entry 1 of Table 42 suggests that, with 
[Rh(nbd)(diphos-4)lBF1 as catalyst, methyl carboxy- 
lates can effectively direct reductions of acyclic sub- 
s t r a t e ~ . ~ ~ '  Entries 1 and 2 indicate a noticeable effect 
by the ether functionality on the sense of asymmetric 
induction in these hydrogenation reactions. The amide 
in entry 4 is reduced stereoselectively, but hydroge- 
nations of the derived amine and that of the corre- 
sponding trifluoroacetate salt were nonselective. 

[Rh(nbd)(R,R-dipamp)]CF3S03 

Table 43. Kinetic Resolution in Hydrogenation of 
Itaconate Esters with Rh(dipamp)+ 

2 Me02C MeOzCICCozMe $2) 82 

3 Me02C 4 C 0 * M e  M e o 2 c L c o z M e  g) 93 

OMR 6Me 

aAll reactions were performed in MeOH at 15 psi Hz. * Indicates ee of the recovered starting material. 

Reaction diastereoselectivity in the reductions of 
enantiopure allylic and homoallylic alcohols may be 
influenced by chiral catalysts. Two of the more 
dramatic examples of this phenomenon are shown in 
eqs 71 and 72. Noteworthy is the allylic diene of eq 

Rh((+)-binap)' Diastereoselection 15: 1 
Rh((-)-binap)' Diastereoselection 3: 1 

QH 0 M e e g o  Me+XN OH 0 (72) 

Me 
Me Me Me Me 

Ph 
Rh((+)-binap)' Diastereoselection 200: 1 
Rh((-)-binap)' Diastereoselection 1:3 
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71: the hydrogenation reaction affords different dia- 
stereomeric products, depending on the catalyst an- 
tipode employed. 

Hoveyda et al. 

with neighboring nitrogen-, sulfur-, and oxygen-con- 
taining directing groups (e.g., hydroxyl, dialkylamino, 
alkoxy, keto, and alkylthiocarbonyl groups).212 The 
sense of asymmetric induction, which is identical to 
that illustrated in Table 44, suggests that once again 
the critical factor in the stereodifferentiation is the 
simultaneous coordination of the carbonyl and the 
neighboring heteroatom-containing functionality. None- 
theless, both the Saburi and the Noyori methods reduce 
1,2-diketones with only low levels of stereocontrol (-3: 
1). 

E. Hydrogenation of Acyclic Hydroxylic Ketones 
In contrast to the directed catalytic hydrogenation 

reactions of alkenes, there is a paucity of instances where 
a ketone group is reduced stereoselectively through 
metal catalysis. A variety of simple l,&diketones can 
be hydrogenated to afford trans-1,3-diols with high 
diastereo- and enantioselectivity (700 psi Hz, 0.2 mol 
7% RuzCl.J(R)-binapIz(NEt3); Table 44.210 In the slug- 
gish hydrogenation of phenyl ketones, the major product 
is the related @-hydroxy phenyl ketone. This obser- 
vation is consistent with the hypothesis that @-hydroxy 
ketones are intermediates in these reductions. 

Table 44. Directed Hydrogenation of 1,3-Diketones 
H2 OH OH OH OH 

R* u R 1  R Z L R j  + R 2 U R l  

Anti SYn 

R' R2 Anti: Syn Yield 

Me Me 99:l 98 % 

Me Et 16: 1 89 % 

Me i-Pr 32: 1 92 % 

Et Et 49 : 1 84% 

Since simple ketones, such as pentan-2-one, are 
resistant to hydrogenation under the above conditions, 
coordination of the two carbonyl units with the ru- 
thenium metal is believed to play an important role in 
the initial reduction process.211 Association of the 
resulting hydroxyl group with the metal catalyst 
subsequently delivers the anti-diol selectively. Similar 
transition-state arguments as was put forth for the 
hydrogenation of the corresponding olefins (see Scheme 
25) can be used to account for these cases. 

More recently, Noyori and co-workers have employed 
RuXz(binap) (X = C1 or Br) as a catalyst that effects 
stereoselective hydrogenation of a variety of ketones 

V I  I .  Directed Nucleophilic Addition Reactions 

A. Reduction of C-4 and C-N 

The following discussion consists of two parts. The 
first deals with directed reductions involving tet- 
ravalent metal hydride reagents. Reductions by these 
species frequently involve initial reaction with an acidic 
substrate functional group to form a covalent metal 
hydride complex, from which H- is subsequently 
delivered. The second section focuses on reductions 
by trivalent hydrides, which generally are bound to the 
substrate in a dative fashion prior to hydride transfer. 

Table 45. Directed Ketone Reduction by Triacetoxyborohydride 

1. Reduction by Tetravalent Hydride Reagents 

The stability of ketones, but not aldehydes, to 
reduction by NaBH(OAc)3 was established in 197Eia213 
In 1983, it was discovered that the reagent can effect 
the reduction of ketones bearing hydroxyl groups 
suitably positioned for interaction with the borohydride 
(for example, Table 45, entry l).214 To explain the 
observed selectivity and reactivity, a sequence involving 
a ligand exchange reaction at  boron by the substrate 
(ROH) to form NaBH(OAc)z(OR), followed by in- 
tramolecular delivery of hydride to the carbonyl carbon, 
was proposed. Entry 2 of Table 45 provides an example 
of a highly regioselective reduction by NaBH(0Ac)S. 
More recently it has been demonstrated that a yhy-  
droxyl group can deliver hydride onto a carbonyl site 
as well (entry 3). 

Selectivity Entry Substrate Product Selectivity Entry Substrate Product 

-. 

0 Ratio of anti.anti-triol to all other diastereomers. 
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A study of the mechanism and diastereoselectivity 
of the directed reduction of acyclic @-hydroxy ketones 
by MedNBH(OAc13 has appeared recently; ketones, 
@-keto esters, and simple @-diketones which lack a 
suitably disposed hydroxyl group are not reduced under 
the standard conditions.21" Entries 4 and 5 (Table 45) 
illustrate the high anti selectivity of the reaction, 
regardless of the substitution at  the a - c a r b ~ n . ~ ~ ~  Con- 
sideration of chairlike transition structures provides a 
plausible rationale for the observed diastereoselection 
(Scheme 26).216 It is noteworthy that the weak response 
of the stereoselectivity to the substitution at  the 
a-carbon is well accommodated by this model. Entry 
6 provides an example of sequential diastereoselective 
directed reductions. The potential utility of this 
directed reduction in the synthesis of polyketide-derived 
natural products is clear. 
Scheme 26 

r 

lntemal Hydride 
Delivery OH OH 

R l  dR* 

External Hydride 
Delivery F)H F)H - -  - -  

Intramolecular delivery of hydride in Me4NBH(OAc)3 
reductions is supported not only by the stereochemical 
outcome of the reaction of cyclic substrates, but of 
acyclic systems as well. A general pattern holds with 
regard to stereoselectivity in the reduction of acyclic 
@-hydroxy ketones: Chelate-controlled additions of 
hydride reagents (external delivery) to a-unsubstituted 
substrates preferentially generate the syn-l,&diol 
(Scheme 26),217 whereas reductions proceeding through 
intramolecular delivery selectively produce the anti- 
1,3-di01.~~~ 

Imides (Scheme 27) and oximino ethers (Scheme 28) 
can also serve as substrates for hydroxyl-directed 
triacetoxyborohydride reduction.219 The tartaric acid 
derivative shown below undergoes highly selective 
addition to one of the diastereotopic carbonyl groups 
when treated with Me4NBH(OAc)3, whereas the cor- 
responding TBS ether is inert to the same conditions. 
Reduction through the reactive conformer shown is 
plausible; nucleophilic attack occurs from the convex 
face of the bicyclic system, where A(1,3) strain2* is 
minimized leading to the positioning of the hydrogen 
in the amide plane. 

Most recently, it has been reported that a B-hydroxy 
group may effectively control the reduction of an 

Scheme 27 

Ph*CH,OH Ph*CHzOH 

Diastereoselection >99: 1 I 

c1 Me 

-35 "C 

95% 

F M : & J B H ( O A 2  OBn -35 "C 

95% 
Me 

PMe ,,,,N ,OBn 

~e Diastereoselection 20: 1 pMe 
Me Diastereoselection 5: I 

oxime.219 As is illustrated in Scheme 28, reduction by 
Me4NBH(OAc)3 affords either the syn or the anti 
product with stereocontrol. The rationale behind such 
reversal of stereochemistry will undoubtedly be the 
subject of future reports. 

A number of reports have implicated internal delivery 
when rationalizing stereoselective reactions which in- 
volve other borohydrideseZz0 For example, intramo- 
lecular reduction has been invoked in Zn(BH4)2 reac- 
tions of ketones bearing a- or @-heteroatoms,221 although 
metal ion chelation followed by intermolecular attack 
by hydride would also rationalize the sense of stereo- 
selection obtained. Scheme 29 illustrates a remarkable 
reductive cleavage by NaBH4 of one of two threonine 
peptide bonds of a polymyxin antibiotic; the alcohol 
and amine shown were the principal isolated products.222 
A reaction directed by the less encumbered hydroxyl 
group is postulated; when the threonine hydroxyls are 
protected (OTHP), no transformation takes place. 

Aluminum hydrides may also participate in directed 
reduction processes.223 As eqs 73 and 74 demonstrate, 
hydroxyl groups direct the addition of LiA1H4 to 
i so~azol ines .~~~ 
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S c h e m e  29 
NHR NHR 

Hoveyda et ai. 

higher trans selectivity than do the corresponding 
alcohols (entry 1 vs 2 and 3 vs 4). 

The ability of an internal hydroxyl group to facilitate 
reduction by NaAlHz(OCH2CH20Me)2 (Red-Al) has 
been exploited in the design of a chiral auxiliary for the 
synthesis of 4,4-disubstituted cyclohexenones (eq 75).226 
Whereas attempted cleavage of a valine-derived aux- 
iliary with this reagent furnishes a host of undesired 
products, in the presence of an appropriately situated 
hydroxyethyl or aminoethyl substituent, smooth re- 
duction of the lactam occurs. The precise mechanism 
by which the hydroxyl group accelerates the reduction 
(internal delivery of hydride versus metal ion binding 
site for carbonyl activation) has not yet been established. NH 

I 

Me 

OH OH 

(73) 
Me OH NH, 

Diastereoselection 7: 1 
LA- 
1 . 1 1  

OH OtBuLiAIH4 - M e c w  (74) 

0-N OH  HZ 
Diastereoselection >20: 1 

Cawley and Petrocine have reported the reduction of 
a series of cyclic hydroxy and alkoxy ketones with 
LiAlH4 (Table 46).225 The overall stereoselectivity of 
the reaction is proposed to depend on a competition 
between oxygen-delivered reduction, which provides 
the trans isomer exclusively, and intermolecular re- 
duction, which yields a mixture of products. The trends 
observed with variation in the ratio of substrate to 
hydride are consistent with this postulate, if the 
undirected reaction involves a kinetic scheme which is 
higher order in LiAlH4 than the directed process. 
Comparison of entry 2 with entry 4 indicates that the 
presence of an alkyl group CY to the methyl ether may 
hinder dative complexation of the oxygen to the 
aluminum, thereby retarding the rate of intramolecular 
reduction. It is not clear a priori why ethers afford 

T a b l e  46. Stereoselective Reduct ion  of Cycl ic  Ketones 
b y  L i A I H l  

H. .OH 0 - LiAiH4 @Me 
/ Me 

", / -78 o c  ", 
RIO R2 RIO R, 

trans 

HO' I , -3 

OR 
I 
/ HO 

Recent reports demonstrate that a y-hydroxyl group 
can deliver hydride from LiAlH4 to the 8-carbon of a 
cyclic enone (eq 76).227 The regio- and stereochemical 
outcome of the reaction are consistent with intramo- 
lecular transfer of hydride from an alkoxyaluminum 
hydride complex. 

0 0 

Me OH Me OH 

Diastereoselection .95% 

In the course of studies directed toward the synthesis 
of a nonracemic dopamine agonist, an example of an 
amide-directed Red-AI reduction was realized (Scheme 
30).228 If the hydride reagent is added to the tetralone, 
racemization and incomplete reduction result. These 
data are consistent with the reaction proceeding through 
rapid formation of the monohydric aluminate inter- 
mediate, followed by intramolecular ketone reduction, 
which occurs in preference to both ketone deprotonation 
and intermolecular reduction. With excess tetralone, 
a tetrakisalkoxyaluminate may form. This species is 

S c h e m e  30 
Me0&,$.,NHCO2Me M e O d s . . , N H C 0 2 M e  OH 

- 
Red-AI 

Diastereoselecton 
I 

19:l 

1 H H  3 12 56 
2 Me H 100 100 100 
3 H Me 20 22 31 
4 Me Me 19 52 83 
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unable to undergo intramolecular reduction without 
prior disproportionation with aluminum hydride, a 
process which is apparently sluggish. 

More recently, it has been shown that LiAlH4 or Red- 
A1 can effect the reductive fragmentation of a number 
of b-furanyl systems.229 As is shown in Scheme 31, it 
is suggested that the hydroxyl group, formed from initial 
reduction of the corresponding ketone, directs delivery 
of the hydride. 

Scheme 31 

Chemical Reviews, 1993, Voi. 93, No. 4 1343 

1 A Red-Ai E 
LiAIH., Me 

2. Reduction by Trivalent wdride Reagents 

The stereochemical outcome of a variety of carbonyl 
reductions by DIBAL (diisobutylaluminum hydride) 
has been rationalized on the basis of a directed 
rea~tion.~30 DIBAL stereoselectively reduces quinid- 
inone to quinidine (eq 77)) whereas NaBH4 affords the 
opposite (Felkin-Anh) sense of stereoselection. Amine 
complexation to DIBAL, followed by intramolecular 
delivery, has been proposed.231 The sense of stereo- 
selection observed in the reduction of tropinone is 
dependent on the nature of the reducing agent; whereas 
DIBAL preferentially furnishes tropine (eq 78),232 
tetravalent metal hydride reagents such as lithium 
aluminum hydride and sodium borohydride preferen- 
tially produce the diastereomeric alcohol. 

DIBAL 

Diastereoselection 32: 1 

In the reduction of @-keto sulfoxides, the presence or 
absence of a Lewis acid plays a decisive role in 
determining the sense of diastereoselection (eq 79).233 
It was subsequently reported that similar results can 
be obtained with cyclic substrates (eq 

It has been postulated that in the presence of ZnC12, 
chelate i undergoes reduction, whereas in its absence, 
conformer ii is the reactive species "because of dipolar 

R = Ph, CH1Ph, CaH17, anti SYn 

No ZnCI& Diastereoselection 213: 1 
with 1.0 equiv ZnCIs Diastereoselection d:20 

No ZnC12. Diasteremelection >20: 1 
with ZnC12; Diastereosdection 1:9 

interactions"; in both cases, attack of external hydride 
occurs on the less hindered (B )  face.235 

i ii 

Another class of directed reductions by trivalent metal 
hydrides includes the cleavage of cyclic ketals by 
boranes and alanes. The proposed mechanism for this 
reaction involves (1) coordination by the Lewis acidic 
metal to a ketal oxygen (2) cleavage of the ring into an 
oxonium ion and an alkoxy metal hydride, and (3) 
intramolecular delivery of hydride to the oxonium ion. 
The reduction of the carbon-oxygen bond in the bicyclic 
ketal shown in Scheme 32 proceeds stereoselectively 
with retention of configuration, consistent with the 
postulate of intramolecular delivery.236 The choice of 
which ketal C-0 bond is cleaved in these reactions may 
be rationalized by consideration of steric inhibition to 
complexation to the metal, chelation by substrate 
heteroatoms to the metal, and relief of strain. 

Scheme 32 

r! 
Me +;Ph 1) BHA. THF 

Me 

Me 0 :  2) H202/ NaOH 
Me 

Chiral ketals derived from 2,l-pentanediol have been 
cleaved by a wide range of nucleophiles with high 
diastereoselectivity (Scheme 33).237 A preference for 
relieving the more severe 1,3-diaxial interaction (M - 
Rs) offers a plausible rationale for the sense of induction 
observed in these reactions. Thus, binding of the Lewis 
acid to 0 3  (i) should be preferred to 01 (ii), since this 
complexation simultaneously increases the strength of 
the no1 - fJ*C2-03 stabilization and decreases the ability 
of 0 3  to donate to u*C2-01. Both effects serve to lengthen 
the 0 3 4 2  (and shorten the 01-C2) bond relative to 
the uncomplexed ketal, thereby relieving the more 
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Scheme 33 

Hoveyda et al. 

levels of kinetic resolution of diastereomeric ketals has 
been achieved (eq 

NU 

O x o  Lewis acid 
RL Rs 

Me Me 
i ii 

destabilizing diaxial interaction (Me - Rs); similarly, 
complexation of 01 (ii) would worsen this interaction 
by shortening the 03-C2 bond.238 Identical stereo- 
electronic and steric effects are also expressed along 
the pathway to formation of the oxonium ion. 

For most nucleophiles, acetal cleavage occurs with 
inversion of configuration at  the carbon undergoing 
substitution, consistent with either nucleophilic attack 
on a tightly ion-paired oxonium intermediate or direct 
S N ~  displacement. However, it has been established 
that trivalent aluminum hydrides diverge from this 
stereochemical regularity by providing the product with 
retention of configuration.239 This observation is con- 
sistent with the notion of rapid intramolecular hydride 
delivery within the ion-paired intermediate. A sequence 
which involves this reaction as a key step affords the 
equivalent of an enantioselective ketone reduction 
(Table 47). Low temperatures, high concentrations of 
aluminum hydride, and solvents of low to moderate 
Lewis basicity are required for high selectivity. The 
stereochemistry of the products of reduction by binary 
hydride-Lewis acid reagents suggests attack by external 
hydride (entry l).240 

Table 47. Reduction of Acetals by DIBAL 

A 
Me 

Entry RL Rs Reagent (equiv) %deof A 

1 CsH,, Me DIBAL (5.0) 88 
Cl2AlH (6.0) 92 

Br2AIH (6.0) 95 

Et3SiH (1.2) /Ticlo (1.2) 4b 
E@iH (1.0) /BF3'0Et2 (1.0) 14a 

2 Hex Me Br2AIH (20.0) 78 
3 Ph Me Br2AIH (6.0) 96 
4 Me C d B u  Br2AIH (2.0) 0 

Br2AIH (4.0) 36 
Br2AIH (6.0) 86 

(I Other isomer formed with 86% selectivity. Other isomer 
formed with 96% selectivity. 

Recently, the stereoselective reduction of a series of 
bicyclic ketals has been reported (eq 81).241 Most 
noteworthy is that in selected instances satisfactory 

Me % CHpCl2 - Me% "& Me 
(81) 

0 H OH 
with DlBAL (25°C) ; Diastereoselection 32; i 

with Et&/-/, (-78 "C) ; Diastereoselection i;99 

U u 4 2 %  u 49% 

Diastereoselection Diastereoselection 
>99: I i9:i 

A related cyclization, directed reduction sequence 
has been utilized for the synthesis of a trans-2,5- 
disubstituted tetrahydrofuran from an epoxy ketone.243 
Nucleophilic attack by the carbonyl oxygen on the 
epoxide, induced by a Lewis or Bronsted acid, generates 
the oxonium ion. Intramolecular delivery of hydride 
to this intermediate furnishes the trans isomer, whereas 
intermolecular reaction should favor the cis. Silane- 
acid reagents provide the cis tetrahydrofuran, albeit 
with low selectivity, whereas BH3qSMe2 and thexyl- 
borane afford the trans isomer predominantly (Table 
48). The concentration effect observed with BH343Me2 
is consistent with the postulate that the overall reaction 
diastereoselectivity reflects competition between in- 
ternal and external hydride for the oxonium ion. 
Cyclization-reduction of the corresponding cis epoxide 
proceeds with comparable levels of stereocontrol. 

Table 48. Reduction of Oxonium Ions by Boranes 

intra molecular 

reduction 
Me& i-1 OH trans 

Me 

e., ..' 
O O Et intermolecular 

reduction 
OH cis r u-0 1 

Conditions Cis : Trans 
Et3SiH, TFA 2 :  1 
Ph3SiH, BF3'OEt2 5 : l  
BH3'SMe2 (0.005 M) 1 :24 

thexylborane (0.030 M) 
BH3'SMe2 (0.01 2 M) 1:11 

B. Nucleophilic Addition to C=O and C-N 

Several reports suggest that directed addition of 
main group organometallics to polarized double bonds 
is po~s ib le .~~+2~5 As illustrated in Scheme 34, treatment 
of 8-hydroxy ketones with allenylboronic acid furnishes 
homopropargylic alcohols with high diastereoselectivity 
(>99:1).246 The reaction is proposed to proceed in- 

1 : 9 
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Scheme 36 

Me OH OH HO Me OH L s J  Me-M L s J  z s d o H  
R . - R  R 

R = CH2CH2CH(CH& with MeLi; Diastereocontrol 9:l 
ph 6 h  Ph 

with Megn; Diastereocontrol 1:20 

U U 

H 

Scheme 34 
H 

OH H,C=C=( OH Me OH 

WOH), Ph Ph Me - 
Diastereoselection >99: 1 

r t 

L J 

tramolecularly, as indicated. Control experiments 
establish that a hydroxyl group accelerates the addition, 
but the precise mechanism by which this is effected 
(internal delivery versus chelation-activation) is un- 
clear. It has been suggested that the diaetereoselectivity 
of the allenylboronic acid reaction (>99:1) in comparison 
with that of propargylmagnesium bromide (<3:1) 
provides support for a highly organized transition state 
involving delivery rather than a less rigid transition 
state involving chelation. 

The sense of stereoselection observed in the addition 
of methyl organometallics to @-keto sulfoxides is reagent 
dependent:247 external attack a t  the less hindered face 
of a chelated intermediate rationalizes the syn selec- 
tivityof the MeTiCl3 reaction (Scheme 35). It has been 
suggested that the intermolecular alkylation of the less 
encumbered face of a dipole-minimized 6-keto sulfoxide 
conformer (A) leads to the complementary diastereo- 
selection obtained upon reaction with AlMe3. In 
analogy to tetravalent borohydride reduction of &hy- 
droxy ketones, we suggest an alternate transition-state 
model which invokes intramolecular delivery of the 
nucleophile by the sulfoxide oxygen (B; see Scheme 26 
for comparison). 

Scheme 35 
Me OH 0 HO Me 0 

Ar L I - T o I  - Ar A / i - T o l  * .  A r L i \ T O I  .. 
SYn anti ' *  

MeTiC13; Diastereoselection 4: 1 to 32: 1 
MedG Diastereoselection 1:3 to 1:24 

Nucleophilic addition of alkylmetals to chiral thio- 
methyl ketones has been shown to be diastereoselective 
and stereochemically complementary, depending on the 
alkylmetal employed.248 Two examples are shown in 
Scheme 36; the opposite stereochemical outcomes with 
alkyllithium and alkylzinc reagents have been ratio- 
nalized by the transition structures shown. 

With AlMe3, hydroxypyrazolines undergo addition 
exclusively syn to the hydroxyl group (eq 83).249 

Thecorresponding methyl ethers are unreactive toward 
trimethylaluminum even at higher temperatures (1 10 
"C). 

C. ConJugate Addition Reactlons 

A range of nucleophiles (hydrides, organometallics, 
and peroxides) can be delivered in a 1,Cfashion to 
conjugated alkenes. There have been several reports 
of diastereoselective reductions of a,&unsaturated 
carbonyl systems by NaBH4 where the sense of addition 
is consistent with internal delivery by a hydroxyl group 
(eqs 84-86).250 The reaction shown in eq 84 is believed 
to proceed via the chelated dialkoxyborohydride. Hy- 
dride delivery by the homoallylic alcohols in eqs 85-86 
is effective; protection of these directing groups, how- 
ever, leads to a diminution in stereoselectivity. 

I Diastereoselecfion 220: 1 

T 

Me02CKC02Me MeOzChC02Me 
R=H, Diastereoseleclion 1m:O 

R=MEM, Diastereoselecron 12 

R=H, Diastereaselecton 1oO:O 
R=MOM, DiastereoWection 1.6:l 
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Lansbury has developed a general route to trans-y- 
lactones through a sequence involving highly diaster- 
eoselective hydroxyl-directed reduction of a,@-unsat- 
urated nitriles with LiBH4 or LiAlH4, followed by 
hydrolysis. Isolated a,@-unsaturated nitriles are un- 
reactive toward LiBH4 under the same conditions, 
whereas LiAlH4 preferentially reduces the C-N T-sys- 
tem. Two examples are illustrated in eqs 87 and 88.251 

Me Me 

Hoveyda et al. 

Although alanes do not generally add in a 1,6fashion 
to enones that are constrained to lie in an s-trans 
conformation,252 treatment of the hydroxycyclopen- 
tenone shown below with alkynyl- and alkenylalanes 
results in conjugate addition exclusively syn to the 
hydroxyl group (eqs 89 and The corresponding 
THP ether and the des(hydroxy) enone are unreactive; 
these data indicate delivery of the alane by the hydroxyl 
group. 

M (+Hex), - J!!( ,,,\R (89) 
M=AI, Ga 

(CHz)eCOzMe 25 "c HO 

Hex 

0 b II 

-60 "C H 0' 
R' 

It appears that amines can direct the conjugate 
addition of dialkylcuprates to a cyclopentenyl sulfone.2M 
In contrast to alkyllithiums, which add only to the less 
hindered face of the olefin, cuprates add exclusively to 
the more sterically encumbered face (eq 91). 

SOpPh 

I"' NMe, 

~ T B D P S  OTBDPS 

-1 
Recently, it was reported that reaction of allylmag- 

nesium chloride with the unsaturated sulfoxide shown 
in Scheme 37 results in the stereoselective formation 
of the corresponding cyclopropane.255 The proposed 
transition structure, where unfavorable allylic inter- 
actions (A(1,3)) are minimized,202 is illustrated; asso- 
ciation of the alkylmagnesium with the pendant chloride 
and sulfoxide groups is believed to lead to high levels 
of diastereocontrol. 

Scheme 37 

Scheme 38 
PhOzS OH PhOzS OH 

M e 3 S i y  $ 
' 6 / - R  Me 

Ph 

xo,me3 MeMgBr, 

Me S02Ph ___) KF Me ",..& SOZPh 

Me 

An interesting case of directed conjugate addition is 
shown in Scheme 38.256 Association of the alkyllithium 
with the Lewis basic lithium alkoxide results in the 
stereoselective formation of the carbon-carbon bond. 
Also presented in Scheme 38 is a step in the synthesis 
of okadaic acid where this type of addition process is 
employed.2se 

Addition of MeMgCl to quinol alkoxides proceeds 
with high levels of diastereocontrol; these reactions are 
believed to be directed ("ligand-assisted") by the 
internal hydroxyl The example shown in eq 
92 is illustrative. The transformation shown in eq 93 
indicates that the directing ability of the alkoxy group 
is superior to that of the ~ulf ide.~~8 

0 0 

Ph' Ph' 

Diastereoselection 13: 1 

4 Bu (93) 

1) BuMgCl 
cat. CuBr.SMep 
TMSCI, HMPA - s'''' 

S 6 u 2) KF u 
Diastereoselection 13: 1 

A remote carbonyl group has been reported to deliver 
an oxygen nucleophile, a peroxide, in an enone epoxi- 
dation reaction.259 Whereas treatment of the alcohol 
or ether with NaOOH leads to no reaction, the derived 
ketone affords the a-epoxide as a single diastereomer 
in 94 % yield (Scheme 39). It was proposed that initial 
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Scheme 39 D. Nucleophilic Substitution Reactions 
The hydroxyl-directed, regioselective ring cleavage 

of epoxy alcohols and related compounds by a variety 
of nucleophiles (hydride, alkoxide, and organometallic) 
has been achieved.262 The first example of directed 
cleavage involved opening with hydride, and this 
reaction remains the most widely used in this class. 
Early work in this area involved LiAlH4 as the reducing 
agent; examples shown in eqs 94-96 are i l lustrati~e.~~3 
The reaction is believed to proceed through ligation of 
the hydroxyl group to the reagent, followed by in- 
tramolecular hydride delivery from the resulting alu- 
minate complex. Lithium aluminum hydride reduction 
of the methyl or THP ether of the alcohol in eq 94 
preferentially affords the 1,2-diol (>lO:l) .  

addition of hydrogen peroxide to the nonconjugated 
ketone results in the formation of an alkyl hydroper- 
oxide adduct, which then effects epoxidation intramo- 
lecularly. The Wieland-Miescher ketone also affords 
exclusively the trans-fused ring system under these 
conditions. 

Similar observations were subsequently reported in 
connection to an androgen system (Scheme 40):260 tert- 
butyl hydroperoxide does not effect epoxidation under 
these conditions, consistent with the mechanism illus- 
trated in Scheme 39. Generation of the alkyl hydro- 
peroxide intermediate through other pathways can also 
result in stereoselective epoxidation.261 Thus, treatment 
of the illustrated enol ether with ozone furnishes only 
the syn-epoxy aldehyde. 

Scheme 40 
Me I? & NaHC03 H202 NOREACTION 

0 0 

& OHC 
NaHC03 Hzoz & OHC 
___) 

0 60% 0 
0 0 

i r  1 A 

L J 

OMe Me ,? &so. 0 42% 0 JJy 
0 

0 

'4 - LiAIH4 "4 (94) 
OH OH 

"& - LiAIH4 "4 (95) 
OH v 

Recently, NaAlH2(0CH&H20Me)2 (Red-Al) has 
supplanted LiAlH4 as the reagent of choice for hydroxyl- 
directed epoxide opening.264 In 1982, several reports 
indicated that this reagent regioselectively reduces 
acyclic 2,3-epoxy alcohols to l,&diols at  or below 
ambient temperature (Table 49, entries 1 and 2).265 
Under identical conditions, no reaction is observed if 
the alcohol is protected. Propagating reductive cleavage 
of bis-epoxides (entry 2),2@3 available from asymmetric 
epoxidation, furnishes access to the syn- and the anti- 
1,3-diol pattern found in many polyacetate-derived 

Table 49. Cleavage of Epoxy Alcohols by 
NaAlH2( OCH2CHZOMe)z 

Entry Substrate Product Selectivity 

QH OH 

OH B n O A o H  only 
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natural products. Entry 3 illustrates a successful 
cleavage of a cyclic homoallylic epoxy a l ~ o h o l . ~ ~ ~  In- 
tramolecular delivery of hydride can be effected from 
the homoallylic position (entry 4), but not when opposed 
by strong steric hindrance to attack at  C2 (entry 

In the short interval since its discovery, the hydroxyl- 
delivered cleavage of epoxy alcohols by Red-A1 has 
found widespread application in ~ynthesis.~69 Equation 
97 provides an application of regioselective reductive 
opening to a highly functionalized molecule.270 

Hoveyda et al. 

undergo directed cleavage as well; under identical 
conditions the corresponding a-epoxide is recovered 
untouched. 

The hydroxyl-directed cleavage of an epoxy alcohol 
by an organometallic has also been reported; whereas 
treatment of the acetal illustrated below with the 
alkynylalane provides the opening products with poor 
selectivity, reaction of the derived alcohol results in 
epoxide cleavage exclusively at the position proximal 
to the primary hydroxyl group (eq The cor- 
responding dimethylalkynylalane affords the product 
of attack at  C12 with much lower selectivity (1-4:1), 
indicating that the reaction is highly sensitive to the 
nature of the alkylating reagent.275 Other workers have 
demonstrated that additions of alkyl- and alkynyl- 
aluminum species to cyclic and acyclic 2,3-epoxy 
a l ~ o h o l s ~ ~ ~ ~ ~ ~ ~  typically are not subject to internal 
deli~ery.~7* 

OTBS &OTBS 

HO T B s O < ~ ~ ~ ~ ~  HO HO TB;:<~~~~~ 

(97) HO 

o%,Q~;Bs _t o*,,,(y;Bs 

TBSO"' TBSO"" 

NHAC NHAC 

Regioselection 8: 7 

The available data suggest that the corresponding 
sulfur and nitrogen heterocycles react analogously. 
Reduction of the aziridino alcohol shown in eq 98 with 
either Red-A1 or LiAlH4 proceeds with high regiose- 
lectivity; reaction with DIBAL (THF) is equally se- 
lective, although the yield is 30%.271 Exposure of a 
hydroxy thiirane to Red-A1 also affords a product 
consistent with internal delivery of hydride (eq 99).272 

Ts wrc .....- 
Red-AI 

(or LAH) 
-80% 

OBn __I_ -0Bn (98) y.. 
HO HO- 
Regioselection z 100: 1 

SH 

A Me HO &Me - HO 
Red-AI 

(99) 
Regioselection 13: 1 

Treatment of a variety of steroidal anti-2,3-epoxy 
alcohols with NaBHdmethanol results in the efficient 
cleavage of the epoxide (Scheme 41).273 The corre- 
sponding a-alcohol is unreactive toward these condi- 
tions, as were all syn-epoxy alcohols examined. As is 
shown in Scheme 41, an anti-3,4-epoxy alcohol can 

Scheme 41 
C847 

Me I 

H NaBH4 
___c un 

NaBH4 - 0 

6H 

C8H17 

HO & 
MeO"" 

6 H  

HO 

OH 

Me 

M e d  OtBu d 
0 

with R' = -r6] No Regioselection 

with = -CH20H Regioselection >20:1 

Carbonyl groups have been reported to direct the 
displacement reaction of a secondary tosylate from the 
concave face of a cis-decalin system.279 Treatment of 
the acetal shown in Scheme 42 with sodium azide results 
in elimination primarily (70%), as well as some sub- 
stitution (30%).280 However, reaction of the corre- 
sponding ketone with NH2Me furnishes the desired 
secondary amine in excellent yield as the only product. 
To explain the difference in reactivity, it was postulated 
that the latter transformation proceeds in an intramo- 
lecular fashion through a transient aminal. 

Scheme 42 
GTs I!: H 

NaN3 

?Ts 
H :  

NHMe 
H I  

H 

i 
H 

T 

H H L 
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V I  I f .  Directed Carbometalation and 
Hydrometalatlon Reactions 

A. Alkylmagneslum Addltlons 
Although alkylmagnesium halides normally do not 

react with unactivated alkenes, in certain instances the 
presence of a hydroxyl group can lead to the addition 
of the alkylmagnesium halide to the alkene. For 
example, treatment of allylmagnesium bromide to 
alkenes shown below (eqs 101 and 102, in refluxing 
ether) results in the stereoselective formation of carbon- 
carbon bonds.281,282 

OH OH b eMg: (101) 

Diastereoselection 4: I 

@Ph k M g B r  2) P pph (1 02) 

/ 
Diastereose/ection >20: 1 

B. Alkyltltanlum Addltlons 
A number of transition metal-mediated, hydroxyl- 

delivered carbometalations of multiple bonds have been 
reported. Whereas 1-octyne forms dimers and higher 
oligomers upon treatment with TiC&/AlMeS, under the 
same conditions homopropargylic alcohols undergo 
regioselective methylmetalation (Table 50).283 Quench- 
ing with D20 results in deuterium incorporation cis to 
the newly introduced methyl group. The mechanism 
shown below, involving delivery by the hydroxyl, 
accommodates these results. Ethylmetalation of ter- 
minal homopropargylic alcohols can be effected with 
TiCl&lAEt2; however, reaction of the corresponding 
internal alkynes affords none of the desired addition 

Table SO. Methyltitanium Addition to Homopropargylic 
Alcohols 

OH 
Me 

Entry Substrate Product Yield (%) 
~ 

HO , , L M e  8o 

2 2.. Me Me 67 

HO 

3 HO Jph H O Y M e  Ph ,6 

Et 

4 uMe 66 
Me HO 

Scheme 43 

c 
J TiX4 

RAlX2 
R 

biL" 

- D Ln E - 
product.2s4 Hydroxyl-delivered carbometalation of 
bishomopropargylic alcohols is also possible. 

Carbometalation of homoallylic alcohols with Ti/Al 
reagents provides a number of products (Scheme 43).2s5 
Although this reduces the reaction's utility in synthesis, 
the presence of only one olefin product suggests that 
delivery of the metalalkyl by the hydroxyl group is 
occurring. Addition to the alkene can furnish either of 
two alkyltitanium species (B or C). These intermediates 
may react further by @-hydride elimination. @-Elim- 
ination of exocyclic hydrogens is known to be favored 
relative to endocyclic.286 Therefore, if chelation is 
operative, it would be reasonable that formation of only 
one of the three possible @-hydride elimination products 
(E) is observed. In the absence of chelation, one would 
expect to see production of A and D as well. 

The facility with which these /%hydride eliminations 
occur is highly solvent dependent, pentane/Me20 being 
the medium of choice for a more rapid reacti0n.~8~ 
Homoallylic alcohols react site selectively and regio- 
and stereoselectively with AlMedTiC14 in pentane/ 
Me20 to afford the methylated olefins (Scheme 44). 
The hydroxyl-delivered olefin carbometalation-8-hy- 

Scheme 44 
Me 

r 1 

L )." 1 
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dride elimination mechanism shown in Scheme 44 has 
been proposed to account for these observations. 

Recent studies indicate that treatment of rigid 
bicyclic alkenes bearing a heteroatom with AlMe2Cl 
and AlEtzCl in the presence of small amounts of Ti(1V) 
complexes (e.g., Cp2TiCl2 or Ti(acac)zClz) results in the 
attachment of the alkyl group to the face of the alkene 
syn to the directing groupe2W The example shown in 
eq 103 is illustrative; the corresponding exo isomer 
affords no product. 

Hoveyda et el. 

A1Hqa2% This complex, which provides the fastest, 
highest yielding, and most stereoselective reduction 
among the metal hydrides examined, is the reagent of 
choice for accomplishing this transformation (eqs 106- 
108).291 

OH 
I OH 

& T i ( a c a ~ ) ~ C i ~  ___) Me2A'CI &Me (103) 

95% HO HO 

C. Hydroalumlnatlons of Alkynes 
The hydroalumination of isolated alkynes by LiAlH4 

can be directed by properly situated heteroatoms, but 
requires vigorous conditions.289 Reduction of the enynol 
shown in eq 104 with lithium aluminum hydride 
proceeds under mild conditions.240 This reaction has 
been shown to be general for propargylic alcohols.291 

Ye 

&OH refluxing Et20 (104) 

70% 

The reaction mechanism most probably involves 
coordination of the substrate hydroxyl to aluminum, 
then intramolecular delivery of hydride to the proximal 
carbon of the acetylene (Scheme 45).292*293 The inter- 
mediate vinyl alanates can be derivatized with I2 
stereoselectivity to afford trisubstituted alkenes.294 

Scheme 45 

LiAiD4 OAID, 
R-CH,OH - R-/ 

Formation of allenes, presumably a result of delivery 
of hydride to the distal carbon, can be a significant 
reaction pathway in these reductions (eq 105).295 Other 
common side products are the cis allylic alcohol and 
the fully saturated alcohol. 

Me 
I 

Recent reports indicate that NaAlHZ(OCH2CH2- 
OMe)2 (Red- Al) effects trans hydroalumination of 
propargylic alcohols more selectively than does Li- 

f i  ___) Red-AI (106) 

OBn BnO 6G% OBn OBn 

Ether oxygens are capable of delivering hydride to 
alkynes. Whereas treatment of unfunctionalized ace- 
tylenes with DIBAL furnishes the product of cis 
addition, a propargylic tert-butyl ether undergoes 
selective trans hydroalumination (eqs 109 and 110).298 
Since the derived trityl ether reacts in a normal fashion, 
it was suggested that dative coordination of oxygen to 
the trivalent metal might be responsible for the altered 
mode of addition. 

Hydroalumination of wtert-butoxyalkynea by DIBAL 
demonstrates that trans addition only prevails for 
acetylenes in which a chelate is favored (n = 1, 2, eq 
111).299 These data are consistent with oxygen-deliv- 
ered hydroalumination of propargylic and homopro- 
pargylic tert-butyl ethers. 

with n= 1,2 299: 1 

with n=4,6,8, 10 <1:99 
with n=3 1:24 (111) 

As with alcohols, propargylic amines may be reduced 
to the corresponding alkene upon treatment with 
lithium aluminum hydride.300 Thus, exposure of N42- 
propyny1)aniline to LiAIDl in refluxing THF, followed 
by aqueous workup, affords the allylic amine shown in 
eq 112 in 84% yield. Hydroalumination of an internal 
acetylene selectively provides the trans-olefin product 
(eq 113). The observation that N-methyl-N-(2-pro- 
pyny1)aniline does not react under these conditions 
suggests that internal delivery of hydride proceeds by 
way of an aluminum amide (eq 114).301 

Treatment of 4-h~droxy-,~O~ 4-halo-?03 4-(trialkyl- 
amm~nio)-,~" and 4-alkoxy-2-butyn-l-01~~~ with Li- 
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0 0 (112) 
65 "C 

LiAlH LW NO REACTION (1 14) h v 
AlH4 efficiently affords a-allenic alcohols (eq 115).306 
Reduction of the corresponding homopropargylic sub- 
strates furnishes j3-allenic alcohols.307 Again, the avail- 
able data are consistent with intramolecular delivery 
of hydride to the alkyne. 

-1 
This type of reduction has been used in a synthesis 

of an allenic analogue of desmosterol, an intermediate 
in sterol biosynthesis (eq 116). A related compound 
lacking a hydroxyl substituent is unreactive toward 
LiA1H4.295d 

iPr OH 

"'-0THP - LiAIH4 

Me Me 
R = steroid ring system 

Me 
Me+'Me iPr OH (116) 

R H 

As is illustrated in eq 117, reduction of optically active 
substrates can provide a route to nonracemic a- and 
j3-allenic alcohols.308 

Enantiomeric &cess 90% 

D. Hydroalumlnatlons of Olefins 
A variety of olefinic alcohols and amines are converted 

to their saturated derivatives when treated with lithium 
aluminum hydride; generally the alkene is activated 
toward hydroalumination either by ring strain or by an 
anion-stabilizing group. Reduction of cinnamyl alcohol 
to 3-phenyl-1-propanol serves as an example (Scheme 
46L309 On the basis of reactivity and deuterium labeling 
studies, it was surmised that the product of the reaction 
(prior to hydrolysis) is a chelated alkylaluminum 
species.310 

7-Hydroxynorbornadiene selectively undergoes exo,- 
cis addition to the alkene syn to the homoallylic 

Scheme 46 

Ph -OH 

0.6 LiAIH4 

r n  - NoReaction 

OH ROD 

hydroxyl under conditions toward which norbomadiene 
and 7-tert-butoxynorbornadiene are unreactive (eqs 118 
and 119).311,312 This observation supports the postulate 
of intramolecular delivery in these alkene hydroalu- 
minations. syn-7-Norbornenol is reduced by LiAlH4 
to 7-norbornanol, whereas the olefins of the anti isomer 
and of syn-7-formylnorbornene are unreactive under 
the same conditions (eq 120). Together, these results 
demonstrate the viability of directed hydroalumination 
of olefins which bear appropriately situated directing 
gro~ps.3~3 

&' (118) 

& LiA1)4= ~ 

Et20 D20 

1 h, 25 "C 

H-OH 

Reduction of ketene dithioacetals with LiAlH4 can 
be directed by an internal hydroxyl group (eqs 121 and 
122);314 in contrast, the corresponding methyl ether is 
unreactive. Labeling studies demonstrate that hydride 
addition occurs at the alkene carbon proximal to the 
hydroxyl group and that the reaction is stereospecific. 
The sense of induction is consistent with intramolecular 
hydroalumination occurring out of a conformer which 
minimizes A(1,3) strain.202 

Me 

LiAID4 D pJMe - 25"c EtS- (121) 

SEt 6 H  SEI 6 H  
Diastereoselection >20: 1 

Diastereaselection >20: 1 

Similarly, the reduction of a-oxo ketene dithioacetals 
is subject to delivery by a resident heteroatomq315 
Hydride addition to the carbonyl precedes alkene 
hydroalumination, which occurs at 25 "C for trisub- 
stituted olefins and at 50-65 "C for tetrasubstituted 
alkenes. Reduction affords a single diastereomer for 
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Table 51. Hydroalumination of Ketene Dithioacetals 
with LiAIHl 

Hoveyda et al. 

Entry Substrate Product Yield 
SEt 0 

E t S u M e  EtS 
71 

a range of substrates, providing the same sense of 
stereoselection regardless of the nature of the Cp 
substituent (Table 

Delivery of hydride to an alkene in an s N 2 ’  fashion 
is possible under specified conditions. For example, 
LiA1H4 effects the reductive rearrangement of 2,3- 
unsaturated methyl pyranosides to 3-deoxyglycals 
(Scheme 47).317 The reactivity and stereochemical data 
are consistent with a requirement of syn SN2’ delivery 
of hydride. 

An yne-diene may be converted to the corresponding 
8-allenic alcohol upon treatment withLiAlH4 (eq 123L3l8 
Chiral lithium aluminum hydride complexes afford 
nonracemic 8-allenic alcohols, albeit in low optical 
purity.319 The directed reduction of dienols to olefinic 
alcohols can also be effected (eq 124).320 

?!!?+ -Me (123) 
v 

Me 

HO 

25OC I 
OH 

LiAID4 

6s”c 
- 

A number of other olefinic alcohols and amines, some 
of which are shown in Table 52,321 are also reduced to 
their saturated derivatives by lithium aluminum hy- 
dride. Cyclopropenes undergo stereospecific hydroxyl- 
directed hydroalumination when treated with LiAlH4 
(entry 1);322 the product stereochemistry and deuterium 
labeling studies are consistent with a delivered reac- 
tion.323 In connection to the example provided in entry 
2, the observation that N-allyl-NJV-dimethylamine does 

Scheme 47 
Me. Me. 

H O o O M e  - LiAID4 HOQ 

D 
25 “C 

3 HO&OMe as - above HO 

H o t M : b o M e  as above ~ N o  REAcTioN 

- 
D 

- 

as above 
H O b   OM^ -m NO REACTION 

- 

Table 52. Hydroalumination of Alkenes with LiAlR4 

Entry Substrate Product 
.B u 

Bu 
1 Et0 O H B U  Bu HO 

2 

Me 
H I  

0;- H I  
Me 

NMe NMe 

3 & &  
not react under identical conditions suggests a role for 
the remote amine in directing this process. The alkene 
of N-methyl-7-aza-2,3-benzobicyclo[2.2.1] heptadiene is 
reduced by LiAlH4 at room temperature (entry 3); the 
unexpected reactivity has been attributed to intramo- 
lecular delivery of alane, presumed to be accessible 
under the reaction conditions, by the amine to the 
strained olefin.324 

Although a few synthetically useful delivered LiAlH4 
hydroaluminations of alkenes have been discovered, as 
yet there are no broadly applicable methods for effecting 
this reaction. 

E. Hydroboratlons 
Alkyne addition reactions of dialkylboranes to cis 

and trans 4-substituted-1-methoxybut-1-en-3-ynes af- 
ford different regioselectivities (Scheme 48), the cis 
isomer displaying a greater preference for placement 
of boron at the internal acetylenic carbon of the enynee3= 
Coordination of the cis ether oxygen to the borane prior 
to hydroboration is proposed as a rationale (see below), 
since the two isomers are electronically similar and steric 
considerations would predict the opposite trend. It is 
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Scheme 48 OPPhi OAc 

Me0 

SiMe, 

I 7 

Scheme 49 
.OH 

A 
Me Me A 39% 

Me Me 

Me'Me 31% J 
worthy of note that backside displacement of the Lewis 
base by the multiple bond, a step postulated to occur 
in hydroboration with borane-Lewis base complexes, 
is not possible in this ge0metry.3~6 

The directed hydroboration of alkenes has been the 
subject of several recent reports.327 Intramolecular 
delivery by an ether has been suggested as an expla- 
nation for the surprisingly poor regioselectivity observed 
in the BHsTHF hydroboration of the terminal olefin 
illustrated in Scheme 49.32s Reaction with dicyclohex- 
ylborane, a bulkier reagent for which complexation to 
the ether oxygen is less favorable, provides the desired 
primary alcohol in 86% yield. 

More recently, phosphinites have proved to be 
effective directing groups in rhodium-mediated alkene 
hydroboration (eq 125).329 Reaction of the phosphinite 
derived from 2-cyclohexen-1-01 provides the syn-1,2 
product, in contrast to hydroboration of the corre- 
sponding silyl ether, which affords the anti-1,3 isomer 
preferentially. A homoallylic phosphinite effectively 
directs hydroboration to the syn face (eq 126), in 
contrast to the TBS ether, which affords an approxi- 
mately statistical mixture of products. 

Directed, transition metal-catalyzed hydroboration 
reactions may be performed in a catalytic manner. 
Hydroxyl groups are not suitable directing groups, as 
the derived boronic ester, formed before the hydro- 
boration process begins, is a poor ligand for both 
rhodium and iridium complexes.330 However, amides 
efficiently direct the hydroboration process, with cat- 
echolborane (CB) and 5 mol % of [Ir(cod)(PCyd(py)l- 

(y""' (125) 
1) 1 .I Rh(PPha)&I 

catecholborane 

55% Diastereoselection > 10: 1 

OPPh, OAc 

(1 26) 
1) 1.1 Rh(PPh3)3CI 

catecholborane 

82% Diastereoselection 250: 1 

PFe (Ir+). The examples in eqs 127 and 128 are 
illustrative; as shown, solvent effects provide further 
evidence that association of the Lewis basic amide group 
and the transition metal is responsible for the regio- 
and stereochemical outcome of these reactions. 

6 N 3  

1) 5%Ir+ '&' 
6 ;)y;r - &:c (128) 

D (1 27) 2 equiv CB 

2) Ago OAc 

Diastereoselection 20: 1 

1) 5% Ir+ 
O 0 

in CICH2CH2CI Diastereoselection 20: 1 
in THF No Diastereoselection 

F. Hydrosllylatlons 
Hydrosilylation of the alkyne shown in eq 129 

provides a single vinylsilane, whereas reaction of the 
corresponding propargylic alcohol preferentially fur- 
nishes the regioisomeric Chelation of the 
ester group to platinum is proposed as an explanation 
for the selectivity. 

Me ,tBu 

83% 

0. Hydrostannylatlons 
Hydrostannylation reactions of propargylic alcohol 

derivatives proceed with high levels of regiocontrol; 
internal delivery by the oxygen functionality has been 
suggested as an explanation for these observations.332 
Addition of Bu3SnH to alkynes typically affords a 
mixture of isomers, but for propargylic alcohols, ace- 
tates, and ethers only the regioisomer derived from 
addition of the tributyltin radical to the carbon proximal 
to the oxygen is produced (eqs 130-131). Homopro 

AlBN SnBuo 

Me3si\Me Bu3SnHD Me,Si *Me (130) 
Me OH 63y0 Me OH 

AlBN SnBuo \ Me Bu3SnHD hMe (131) 
OTBS 81% OTBS 



1854 Chemical Reviews, 19Q3, Vol. 93, No. 4 

pargylic hydroxyl groups are not effective in these 
processes. Coordination of oxygen to the tin radical 
prior to its addition to the r-system is proposed as a 
rationale for the selectivity obtained. The issue of the 
possible role played by the inductive effect of the oxygen 
substituent has not been addressed. 

Hoveyda et al. 

Table 53. Oxygen-Directed Thalium Addition Reactions 
R R R 

H. Organocopper Addltions 
Internal delivery of the organometallic reagent is the 

suggested explanation for the anomalous regioselec- 
tivities observed in the addition of butyl copper to 
certain functionalized alkynes.333 Whereas simple 
terminal acetylenes afford the 1,l-disubstituted olefin 
with high selectivity, homopropargylic amines and 
sulfides produce substantial quantities of the regio- 
isomer (eq 132). 

- - -(CHz)nX 1) BuCu/MgBr2 =(”” (132) 
2) H20 (CHAnX (CHAnX 

with X = NEt2 n=2 No Regimeledon 
witb X = SEt n=2 No Regiosektion 
with X = SEf n=3 Regimelection 2O:l 

Reaction of a bishomopropargylic sulfide furnishes 
the product of “normal” addition, consistent with the 
postulate that the diminished regioselectivity in the 
homoallylic cases is attributable to intramolecular 
delivery. The transformations of trans and cis enynes 
(eqs 133 and 134) provide additional support for this 
hypothesis. Thus, the trans isomer undergoes addition 
with the “normal” sense of regioselectivity, whereas the 
cis isomer affords the product of a directed reaction. A 
sulfide-organocopper complex is proposed to be an 
intermediate in the latter case. 

J - 

IX.  Other Directed Reactlons 

A. Thalilum Addltion Reactlons 
Table 53 provides evidence that electrophilic aromatic 

substitution reactions with thallium reagents are subject 
to heteroatom deli~ery.33~ Whereas propylbenzene 
preferentially affords the product of para addition 
(entry l), arenes bearing oxygen-containing substituents 
can provide the ortho isomer predominantly (entries 
2-9). When the reaction is performed under conditions 
leading to thermodynamic control of product distri- 
bution (for example, at elevated temperature), meta 
substitution is the main pathway. The following 
generalizations hold for arenes which bear acids, esters, 

Entry R ortho meta para 
1 CHzCH2CH3 3 6 91 
2 W2H 95 5 0 
3 CH2CQH 92 3 5 

5 co2Me 95 5 0 
0 CH2W2Me 92 3 5 
7 Wm >99 
8 w m  
9 -  

4 CHMeC02H 65 11 24 

_ _  _ _  
83 6 11 
>99 _ _  _ _  

alcohols, and ethers: (1) An oxygen bound to a carbon 
either a or j3 to the ring can deliver thallium to the 
ortho position (entries 2-Q), but this ability is dimin- 
ished beyond the @position (entry 3). (2) Delivery of 
thallium is sensitive to steric effects (entries 3 and 4). 

Palladium-mediated carbonylation or olefination of 
the arylthallium intermediate can provide a variety of 
aromatic compounds.336 Equations 135 and 136 provide 
two examples. 

0 25 O C  

50 OC tBu 

&tBU 

B. Azlridlnatlons 

There are several reports on the hydroxyl-directed 
aziridination by 3-(acetoxyamino)-2-ethylquinazolone 
(A, Scheme 50; compare A and m-CPBA).a Treatment 
of 2-cyclohexen-1-01 with this reagent furnishes the syn 
isomer with high stereoaelectivity. Under identical 
conditions, the derived acetate and methyl ether 
undergo aziridination more slowly and provide only 
the anti compound. The corresponding homoallylic 
alcohol undergoes reaction with high levels of stereo- 
control as well; the derived homoallylic acetate provides 
a nearly equal mixture of the possible diastereomers. 
Reaction of geraniol occurs preferentially at the double 
bond proximal to the hydroxyl group (ll:l), whereas 
that of geranyl chloride proceeds predominantly at the 
site distal from the heteroatom (61). Thus, A appears 
to be subject to stronger directivity effects than is 
m-CPBA, which affords 9:l (syn:anti) face selectivity 
with 2-cyclohexen-1-01 and 1:2 site selectivity (prefer- 
ence for alkene a to alcohol) with geraniol. Since it 
seems reasonable that the transition structures for 
aziridination and epoxidation are similar (see section 
111), we may postulate that this difference arises from 
the greater basicity of the nitrogen in A vs the oxygen 
in m-CPBA. 
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Scheme 50 
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Scheme 51 
CHzO 
EtAlC12 

Me A m-C PBA 

OH OH 

Diastereoselection 20: 7 

LHooNa 70% 

Diastereoselecfion 20: 1 

C. Cleavage of Epoxides 
As exemplified in eqs 137 and 138, stoichiometric 

quantities of Ti(Oi-Pr)l mediate the regioselective 
opening of epoxy alcohols to allylic alcohols at 25 0C.337 
It is noteworthy that the reaction of 2,3-epoxynerol 
provides only the trans-olefin stereochemistry and that 
deprotonation occurs exclusively at the position cis to 
the hydroxymethyl group. The methyl ether of 2,3- 
epoxygeraniol is stable to the reaction conditions. On 
the basis of these observations, a transition structure 
involving a syn elimination within an epoxy alcohol- 
titanium alkoxide complex has been proposed. 

This directed epoxide cleavage reaction has found 
application in total synthesis.338 For example, as shown 
in eq 139, in the course of studies directed toward the 
synthesis of (A)-asperdiol, exclusive formation of the 
depicted macrocyclic allylic alcohol was observed; 
interestingly, the compound epimeric at the hydroxyl- 
bearing carbon is converted into a complex mixture of 

Ti(Oi-Pr)4 

93% 
- 

AcO 4' 
35% hetero 

Diels-Alder 

r 1 

products under the same conditions. On the basis of 
1H NMR and X-ray crystallographic analyses, it was 
suggested that the latter substrate has no low-energy 
conformation with a geometry appropriate for elimi- 
nation. 

D. Dlimide Reductlons 
Diimide reduction of 7-acetoxynorbornadiene pref- 

erentially affords the syn reduction product (eq 1401, 
a result consistent with delivery by the ester.339 The 
corresponding alcohol and tert-butyl ether react in a 
similar fashion. Other reports support the feasibility 
of oxygen delivery of diimide; the regioselective re- 
duction of the depicted bullvalene derivative in eq 141 
serves as an example.340 

,OAc ,OAc ,OAc 

50% 25% 
U U U 

51 70 20% 

In the phenanthrene-derived system shown in eq 142, 
either the alcohol or the lithium alkoxide, but not the 
sodium or the potassium salt, is capable of directing 
reduction by diimidea311 The nature of the interaction 
between oxygen and diimide that leads to delivery 
remains to be clarified. 

& - heat N2H2 &OH (142) 

Me0 OM Me0 

r M  = H, ti 1 Diastereoseleclion 299 : 7 

E. Electrocyclic Reactlons 
The regioaelectivity observed in aeveral electrocyclic 

reactions has been attributed to delivery of the reagent 
by a substrate functional group. In the course of a 
formal total synthesis of pseudomonoic acids A and C, 
the directed hetero-Diels-Alder reaction illustrated in 
Scheme 51 was realized.342 The f i t  step of the sequence 
is a Lewis acid-catalyzed ene reaction, the product of 
which is an aluminum alkoxide complex. Evolution of 
ethane, coordination of formaldehyde, and cyclization 
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Scheme 52 pi'") nt8"') 
OR 

0 

Regioselection 1: 1.2 
Regioselection 4 1: 1 
Regioselection 18: 1 

OR Me,'"' Me 

with R=Ac, 1.0 equiv MeflCl 
with R=H, 1.0 equiv MeflCl 
with R=H, 1.7 equiv MeflCI 

Hoveyda et ai. 

Table 54. Directed Pauson-Khand Cyclization 
90°C Substrate + RT - Cydopentenoneprcduct 

coZ(c0)8 

fR fR 

with R=CH@H, 68% yield 
with R=C02€t, No Reaction 

then afford the desired trans-l,4-disubstituted pyran 
with high regioselectivity (16:l). 

As illustrated in Scheme 52 subsequent study has 
provided support for the proposed intramolecular 
nature of the hetero-Diels-Alder reaction.343 Cycliza- 
tion of the diene acetate proceeds with poor regiose- 
lectivity, whereas the free alcohol undergoes a highly 
selective reaction. The decreased regioselectivity ob- 
tained in the presence of excess (1.7 equiv) Lewis acid 
is consistent with competitive intermolecular ring 
formation. The relative reactivities of the diene alcohol 
and ester shown below indicate that a substantial rate 
enhancement is associated with internal delivery of the 
d i e n ~ p h i l e . ~ ~ ~  

During the course of a synthesis of an ergot alkaloid, 
a selective oxidation by SeOz of the cis-methyl group 
of a trisubstituted olefin was observed (eq 143).345 Since 
selenium dioxide generally displays a marked preference 
for oxidation of the trans-methyl substituent with this 
family of alkenes, coordination of the amino group to 
selenium has been invoked to explain the anomalous 
regioselectivity. Reaction of the derived tertiary amine 
might furnish insight into the nature of this interaction 
(for example, hydrogen-bond donation to the oxygen 
of SeO2 vs nitrogen complexation to selenium). 

OH 

YMe YHMe YHMe 
Me 

I :  

Y H "  Y 
H 

F. Cycloadditions 
The intermolecular Pauson-Khand reaction of simple 

olefins typically provides cyclopentenones in low yield 
and with poor regio~electivity.~~~ Incorporation of a 
Lewis basic sulfur or nitrogen ligand within the alkene 
results in moderate to high regioselectivity (Table 54) 
and improved yields ( ~ 6 5 % ) . ~ ~ '  The diminution in 
selectivity that occurs upon homologation is consistent 
with the directivity postulate (entries 1 vs 2 and 4 vs 
5) .  Oxygen substituents such as alcohols and ethers 
afford equal mixtures of regioi~omers.3~8 

Olefin-nitrile oxide cycloaddition reactions have been 
reported to be subject to heteroatom delivery. Whereas 
reaction of the methylcyclopentene shown in Scheme 
53 affords predominantly the cycloaddition product anti 
to the allylic substituent with poor regioselectivity, with 
the carbamate functionality at the allylic site, both high 

Entry Substrate Product Selectivity 

n = 2  8 : I  

3 3:l 
MeS-(CH,), 

2 

Scheme 53 

Ph Ph 
with R=Me, SeI&iity(%): 3 : 1: 63 : 33 
with R-dH, Selectivity(%): 50 : e5 : 17 : 33 
with R=NHCOPh, SeleUlvity(o/: 90 : 0 : 0 : 10 

L J 

levels of stereo- and regiocontrol are attained. As the 
data below indicate, the hydroxyl group appears to be 
a weaker directing functionality. Solvent effects (e.g., 
CH2C12 vs DME) and alteration of the Lewis basicity 
of the allylic substituent [e.g., (p-OMe)C6H4NH vs (p- 
CF3)C6H4NH] further support the contention that these 
transformations are directed by a bridging hydrogen 
atom (between the nitrile oxide and the directing group, 
as shown in Scheme 53).349 
G. Hydrocarbonylatlons 

Several recent reports have established the feasibility 
of directing transition metal-catalyzed alkene hydro- 
carbonylation reactions. During the course of studies 
directed toward the synthesis of phyllanthocin, it was 
established that replacement of a silyl group with a 
m-(dipheny1phosphino)benzoate reverses the face se- 
lectivity of a hydroformylation reaction (Scheme 54).350 
The observation that the para isomer reacts much more 
slowly than does the meta compound is consistent with 
the postulate that the role of the phosphine is to effect 
intramolecular delivery. 

Recent reports indicate that phosphine delivery in 
the hydroformylation of cyclic and acyclic olefins is 
feasible (Scheme 55).351 Reaction of 4-(diphenylphos- 
phino)-1-butene affords the product derived from 
carbonylation of the internal position, whereas hydro- 
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Amides can direct the hydrocarbonylation of al- 
k e n e ~ . 3 ~ ~  N-Allylamides undergo hydroformylation 
with a modest preference for formation of the branched 
aldehyde (eqs 144 and 145),353 in contrast to unfunc- 
tionalized alkenes, which yield the linear aldehyde 
preferentially. Reactions of unsautrated benzylamides 
result in high levels of regiocontrol (eqs 146 and 147). 
These reactions are thought to proceed through chelated 
transition structures, as illustrated in eq 147.3" 

As illustrated in eqs 148-150, amines355 and phos- 
p h i t e ~ ~ ~  are suitable directing functionalities for the 
carbonylation reaction. Reactions with amines are 
preformed with stoichiometric amounta of Rh com- 
plexes, whereas those of phosphites are catalytic. 
Treatment of a homoallylic amine with [(C0)2RhC112 
provides a chelated substrate-metal complex. Addition 
of HC1 furnishes a Rh(II1) hydride intermediate, which 
then undergoes sequential insertions to form an alkyl 
and then an acyl-rhodium complex. Cyclic and acy- 
clicsubstrates can be employed, and high levels of regio- 
and diastereoselection are achieved. 

Scheme 64 

R a : p aldehyde (yield) - 
TBS 2: 3 (53%) 

0 hbpph2 7 : l  (90%) 

- (YHO 0.5% Rhp(OAc)4 
2% PPh3 

Hz, CO, 55 "C 
64% Regie & 

Diastereoselection >20: 1 

cPPh2 w PPh2 - Me 

0.5% Rh2(OAC)4 
2% PPh3 

H2, CO, 100 "C 
86% Regioselection >20: 1 

formylation of the corresponding phopshine oxide or 
of 1-hexene furnishes the unbranched aldehyde pref- 
erentially. Lower regioselectivity is observed in the 
reaction of the homoallylic phosphine in the presence 
of 50 equiv of PPh3, as well as with the homologous 
olefinic phosphines. These data are consistent with 
the proposal that these transformations are directed 
by the Lewis basic phosphine group. 

0 u .  0 0 
CO, MeOH u . L A ^  u - 

C02Me 
1 

83°C 

H co,H2 ~ 0 '.'-@ 0 (146) PhVNy Rh(PPh)&I 0 , I 

V 20 PPh3 i n  6" 
1 Wh 11.5 1 

H uMe (147) 
Rh(PPh)&l 0 , 

20 PPh3 Bn 0 

60% >201 I 

I 

73% Me II 

49% Regie & 
Diastereoselection >20: 1 

OP(OEt)2 (500 psi) P O H  (150) 
2% Rhz(0AC)d 

100 "C 

Rsgie & 
Diastereoselection >20: 1 

H. Orthometalatlons 
Equations 151 and 152 depict regiospecific rutheni- 

um-catalyzed ortho deuteration367 and ortho ethyla- 
tion358 of phenol. Both reactions appear to involve 
transesterification and orthometalation of the tri- 
phenylphosphite. 

0.08 

0.06 

OH 

DP KOPh 'e' (151) 

25°C 

OH 

95 Psi C2H4 Et -8- Et (1 52) 
0.09 KOPh 

177% 
75% 

I. Oxidations 

1. Osmium-Mediated OxrWations 
There are no general methods available for effecting 

a delivered osmylation, but several groups have made 
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important findings, albeit limited in Several 
reports indicate that osmylation reactions can be 
directed by  sulfoxide^^^ and ~ul foximines .~~~ Osmy- 
lation of either of the two bishomoallylic sulfoxides 
shown below (eqs 153-154) is highly stereoselective; 
product stereochemistry is dictated by the sulfur center. 
Reactions of the corresponding olefinic sulfide and 
sulfone proceed with low stereoselection (2:l). The 
relative rate of osmylation of these olefins is reported 
to be sulfone > sulfoxide >> In the presence 
of excess alkene, only the diol sulfone and the starting 
material are recovered, indicating that once complex- 
ation to osmium occurs, complete conversion to prod- 
ucts follows. On the basis of a hard-soft acid-base 
argument, it has been suggested that binding takes place 
through the sulfoxide oxygen. It is worthy of note that 
this type of process may not be performed stereose- 
lectivity with all homoallylic sulfoxides (eqs 155 and 
156) .363 

Hoveyda et al. 

I I 
CClJ 96% CCI, 

Diastereoselection >20: 1 

CCI, &a, 
Diastereoselection >20: 1 

OMe OH 
c TolS02& 

cat. Os04 ’ *  0 OMe 

Me NMO To1 

OH 
DiastereaWection 2: 1 

’ - T0lS02 qMe (156) 
Tol’ Me 

OH 
Diastereoselection 2: I 

Sulfoximines can direct bis-hydroxylation in cyclic 
systems, thereby providing a route to enantiomerically 
pure dihydroxycycloalkanones.362 As shown in Scheme 
56, after introduction of the chiral auxiliary to an olefinic 
ketone, osmylation of either of the resulting diaster- 
eomers affords a single triol product. Since reaction of 
the corresponding sulfone proceeds with poor stereo- 
selection (2:1), it was concluded that the high level of 
facial selectivity may be ascribed to the presence of the 
methylimino The resulting diol can be 
desulfurized with Raney nickel or thermolyzed, pro- 
ducing enantiomerically pure triols or diols, respec- 
tively. Two additional examples involving cyclic sub- 
strates are shown in Scheme 56; extension of this 
strategy to acyclic systems has been unsuccessful. 

A number of reports indicate that nitro groups can 
direct dihydroxylation processes.365 Osmylation of the 
substrate shown in entry 1 of Table 55 furnishes the 
product arising from reaction on the more hindered 
olefin face, whereas oxidation with KMn04 produces 
the corresponding diastereomer. Control experiments 
implicate the nitrosulfonylmethane substituent as the 
directing group (entries 2 and 3). On the basis of 

Scheme 56 
0 

Table 55. Nitro-Directed Dihydroxylation %actions 

. -  H dXb 
1) cat. os04 

R1*R2 NMO 0, -0 

Me ’Me 
2) acetone, H+ X 

Me Me 

A B 

Entry R1 R2 Product 

2 -\-OH *\-Nr& NH2 B 
N+N 

3 -tio2 -\-OR A 
SO2Ph 

previous reports,361v362 which provide no evidence for 
sulfone direction, it is postulated that stereocontrol in 
this reaction arises from interaction of the nitro group 
with osmium. 

The highly stereoselective osmylation shown in eq 
157 is presumably a directed process, as the dihydrox- 
ylation occurs at  the more hindered diastereotopic face 
of the alkene.3s Whether the carbamate or the acetate 

groups (or both, cooperatively) serve to deliver the 
oxidant is not clear and has not been addressed. 
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ular models indicate that syn ring stereochemistry 
should be preferred with either mechanism. 

Addition of high-valent oxonium reagents to alkenes 
is also subject to heteroatom delivery. Treatment of 
the unsaturated alcohol shown in eq 161 with pyri- 
dinium chlorochromate (PCC) affords the bicyclic 
alcohol with high regio- and stereoselectivity. Coor- 
dination of the hydroxyl group with the chromium 
oxidant has been proposed to account for the selective 
outcome of this class of oxidative ring-forming reac- 
tions.371 

2. Thnium-Medkited OxMatkms 

Several examples of directed oxidation have been 
described.367 There are a number of examples of 
hydroxyl-delivered oxidation of sulfides to sulfoxides 
by tert-butyl hydropero~idelTi(Oi-Pr)4.~~~~ Whereas 
reaction of the ester-substituted thiazolidine affords a 
roughly equal mixture of sulfoxide diastereomers, 
oxidation of the corresponding hydroxymethyl com- 
pound results in highly selective oxo transfer to the 
face syn to the hydroxyl group (eqs 158 and 159). A 
mechanism involving complexation of the substrate to 
titanium, followed by oxidation of the sulfide, has been 
proposed. 

(158) 

TBHP -- 0 c S X N B r  O S S ~ S ~ N B Z  

Me Me Me Me Me Me 

with R=C02Me No Diastereoselection 
with R=CH20H Diastereoselection >20: 1 

OH TBHP d Ti(Oi-Pr), 

YNBr - 25 OC O ” Y N B 2  
Pr Pr Pr 

Diastereoselecton 3: 1 

3, Chromium-Medkited OxMations 

Upon treatment with Collins reagent or pyridinium 
chlorochromate, 5,6-dihydroxyalkenes undergo oxida- 
tive cyclization to provide syn 2,5-disubatituted tet- 
rahydrofurans with > 99% selectivity (eq 16Oh3?O The 
addition to the alkene proceeds in a cis fashion 
stereospecifically. If the hydroxyl remote from the 
olefin is protected, the 7-6 enone is formed in high 
yield, indicating a role for this OH group in facilitating 
the cyclization reaction. 

(160) 
HO OH Me R, -50% HO Me OH 

Diastereoselection >25: 1 
R1= CH20Ac, R2 = H 
R, = H, R2 = CH20Ac 

The two mechanisms proposed for this oxidative 
cyclization are shown in Scheme 57. Rapid formation 
of the chromium(V1) diester is followed by a concerted 
[3 + 21 cycloaddition, or by a sequence involving [2 + 
21 cycloaddition-reductive elimination, to furnish the 
complexed product, the tetrahydrofuran diol. Molec- 

Scheme 57 
n 

HO OH 

bH u-w-u 
II 

(161) 

HOAC 
OH Me 

Regio- & 
Diastereoseleciion >20: 1 

4. Oxidations with Singiet Oxygen 

Recently, it has been demonstrated that the directing 
ability of a hydroxyl functional group may be extended 
to the singlet oxygen-mediated oxidations of some allylic 
alcohols; formation of the C-0 bond, as is shown in 
Scheme 58, occurs with excellent levels of regio- and 
diastereo~ontrol.~~~ Arguments baaed on hydrogen 
bonding of oxygen molecule with the hydroxyl group 
though the lowest energy transition structure (mini- 
mization of unfavorable allylic interactions) readily 
accounts for the observed trends and levels of stere- 
ochemical control. 

Scheme 58 
0.. 
1 1  *.H. HO OH 

H 
Diastereoselrxtion 13: 1 
Regioselection 24: 1 

J. Metal-Olefln Complexation 

When allylic acetate i (Scheme 59) is treated with 
Pd(0) catalysts, no ?r-allyl complex formation occurs; 
starting material is recovered unreacted. In contrast, 
the isomeric acetate iii affords the ?r-complex, leading 
to the cyclization product in 65% yield and > 20:l 
diastereo~ontrol .~~~ Since ii did not show any reaction 
as well, it was suggested that the difference in reactivity 
between i and iii may be due to the initial association 
of the transition metal with the alkyne group. The 
metal complex would thus be delivered to the allylic 
acetate site. In i, the acetylene group cannot deliver 
the transition metal to the alkene because of geometric 
constraints. 
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Scheme 59 

Me* 

\ 
'SO2Ph SOpPh 

ii R= H 

GAc F)Ac 

K. Cleavage of Metallacycles 

Cleavage of zirconacyclopentanes, formed by the 
regioselective addition of a zirconacyclopropane to an 
alkene, is effected by alkylmagnesium chlorides and 
can be directed by a neighboring heteroatom func- 
t i ~ n a l i t y . ~ ~ ~  Whereas the bicyclic system with the exo 
oxygen substituent (Scheme 60) affords cleavage at the 
sterically less hindered C2'-Zr bond, with the endo 
derivative, exclusive rupture at the C6-Zr bond is 
observed. Association of the magnesium metal with 
the endo heteroatom accounts for this complete reversal 
of regioselectivity. 

Scheme 60 

L J 

ClMgO MgCl ClMgO MgCl 

X. Summary of Advances In Asymmetrlc 
Dlrected Reactlons 

The discussions that were presented above clearly 
illustrate that directed transformations are of wide 
ranging utility in organic chemistry. Reduced degrees 
of freedom resulting from association of a heteroatom 
with the reagent renders these reactions excellent 
candidates for affording systems that are stereoselective 
in both the relative and the absolute sense. As has 
been demonstrated in the metal-catalyzed epoxidation 
reaction, introduction of asymmetry into the transition- 
metal catalyst by a Cz-symmetric chiral ligand (tartrate- 
based) results in high levels of enantiotopic face 
selectivity in reactions of achiral alkenes; an example 
of this widely used process is illustrated in eq 162.375 

Ti(OCPr)., 

(+)-diethyl tartrate 
Ph\//\/OH - (162) 

TBHP Enantiomeric Excess >98% 

A transition metal-catalyzed reaction that is effec- 
tively influenced by an internal heteroatom can be 
developed to reach regio- and stereoselectivity levels 
often attained with natural enzymes, but with the added 
bonus that the man-made catalyst enjoys much wider 
substrate compatibility. The metal-catalyzed epoxi- 
dation reaction (section IV) is not an exception and the 
underlying principles that have emerged from the study 
of this process can be employed for the development 
of other transformations. Progress in the area of 
asymmetric hydrogenation (see section V), as repre- 
sented in Scheme 61, bears testimony to this claim.376 

Scheme 61 

R L x  
Enantioselection 299: I 

>95% field 

L RJ+ 
(R)-BINAP-Ru 

R=CH3, CH(CH&, C6H5 
X=OH, N(CH3)2, C02Me, SCH2CH3 

A recent report indicates that asymmetric versions 
of the directed cyclopropanation reaction (section 11) 
may be forthcoming. As is shown in eq 163, treatment 
of an allylic alcohol with EhZn and (R,R)-diethyl 
tartrate, followed by a sequential addition of EhZn and 
CHZI2 leads to the formation of the cyclopropylcarbinol 
with -70% enantiomeric excess.377 

..: 
(1 63) 

(R,R)-DET; . I  

Ph -OH - Ph- OH Et2Zn, 
CH212 Enantiomeric Excess -70% 
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\ /  
(2) Geometryat the metal. The trigonal bipyramid and thesquare 
pyramid, with the oxo ligand occupying an apical p i t i o n  (Gourdon, 
A.; Jeannin, Y. Acta Crystallogr., Sect. B 1980,36,304-309), are 
probably energy minima for the postulated five-coordinate inter- 
mediate (Figure 6, ii). The bidentate alkyl peroxide should prefer 
to occupy idealized coordination sites which require the oxygens 
to span as small  an angle as possible, i.e., 90". To simplify the 
analysis, we have assumed that for the square pyramid geometry, 
the vanadium lies nearly in the basal plane. We therefore consider 
two geometries for the three participating oxygen ligands: 

. ,  
;V-OtBu J A' do-:70'Bu 

(3) Conformution of the carbon backbone. This is only relevant 
for homoallylic and bishomoallylic alcohols. We m u m e  that a 
staggered conformation is preferred. (4) Other aspects of the 
transition state model. Spiro eometry. Bond distances (see: ref 
78b): V-0 (covalent) = 1.9 1; V - 0  (dative) = 1.95 A; V 4  = 
1.6 A; C-0 (epoxide) = 2.0 A; 0-0 = 2.2 A. (A similar analysis 
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