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CONS P EC TU S

T he large volume of research studying hydrogenation catalysis
might suggest that stereoselective hydrogenation of alkenes is

a solved problem, but we believe the most important parts of
asymmetric hydrogenation methodology remain unmastered. The
most popular chiral catalysts, Rh- and Ir-diphosphine complexes, do
not hydrogenate the largest categories of prochiral alkenes, hindered
tri- and tetra-substituted ones, at useful rates unless the substrate
has a “classical” coordinating functional group (CFG), for example,
amides or homoallylic alcohols, to anchor the substrate to the metal.
Therefore, while many methods are available for the asymmetric
hydrogenation of alkenes with appropriate CFGs, synthetic chemistry
would benefit from chiral hydrogenations of substrates with functional groups that typically do not coordinate in Rh- and
Ir-diphosphine complexes.

In this Account, we demonstrate the application of chiral analogues of Crabtree's catalyst to asymmetric hydrogenations of
coordinating unfunctionalized, trisubstituted alkenes. Crabtree's catalyst, a complex of iridium with 1,5-cyclooctadiene, tris-
cyclohexylphosphine, and pyridine, differs from Rh- and Ir-diphosphine complexes, which we broadly refer to as “chiral analogues
of Wilkinson's catalyst.” Crabtree's catalyst analogues hydrogenate substrates that do not contain functionalities generally
recognized as CFGs, and we propose reasons for this chemistry based on the catalytic mechanisms. Thus, chiral analogues of
Crabtree's catalyst facilitate many hydrogenations that would not be possible using Rh- or Ir-diphosphine complexes. Directed
hydrogenations have been used in acyclic stereocontrol for decades, but the realization that these catalysts can be used for acyclic
stereocontrol without the types of directing groups that are necessary for other hydrogenations significantly broadens the scope of
hydrogenations for this purpose. Recently, we have prepared chirons for polyketide-derived natural products using an N,carbene-
Ir complex (1). This approach has led to catalytic syntheses of several important chirons to facilitate preparations of these
ubiquitous natural products.

1. Introduction
Research on hydrogenation catalysts1�4 is so ubiquitous

that casual observers develop the impression that stereoselec-

tive hydrogenation of alkenes is a solved problem. Contrary

to this, we believe the most important parts of asymmetric

hydrogenation methodology have yet to be mastered.

Justification for the somewhat controversial assertion

above is based on several observations. First, the largest

categories of prochiral substrates for asymmetric hydro-

genations are tri- and tetra-substituted alkenes; these are

hindered. The most popular metal diphosphine com-

plexes do not hydrogenate tri- or tetra-substituted

alkenes at useful rates unless the substrate has a

“classical”a coordinating functional group (CFGs) to anchor

the substrate to the metal (Figure 1a).1 Asymmetric hydro-

genations mediated by Rh-, Ir-diphosphine complexes are

largely restricted to substrates with CFGs (typically amides,

homoallylic alcohols, e.g., A and B). Broadening the

discussion to include Ru-diphosphine complexes reveals

that some simple unsaturated carboxylic acids and
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alcohols can be reduced using this catalyst.5 Thus, for the

ruthenium complexes, carboxylic acids and allylic alco-

hols (e.g., C and D) might serve as CFGs, but the corre-

sponding esters and ethers would not.5 Asymmetric

hydrogenation of alkenes with appropriate CFGs may well

be mostly solved, but synthetic chemistry would benefit

from asymmetric hydrogenations of substrates with func-

tional groups that typically do not coordinate in Rh- and

Ir-diphosphine complexes. There are wide gaps in hydro-

genation methodologies corresponding to a broad range

of substrates types, many of which are functionalized but

not with the types of groups that are strongly coordinat-

ing, that is, CFGs (Figure 1b).

Broadly speaking, many Rh- and Ir-diphosphine com-

plexes are chiral analogues of Wilkinson's catalyst. It takes

different homogeneous catalysts to hydrogenate alkenes

that do not have CFGs,6,7 and the most useful are the ones

based on Crabtree's catalyst,8 specifically complexes of

iridium(þ1) that also have an N,P-ligand set.

All chiral analogues of Crabtree's catalyst (e.g., 2 and 3)

have an N,P-ligand except for the related N,carbene systems

where the carbene ligand is a phosphine equivalent. The

first of these iridocarbene analogues was 1 designed in

our group,9,10 and Andersson,11 Bolm,12 and Pfaltz's

laboratory13 have made others. Substitution of a P- with a

carbene has interesting consequences (described later) but

the key is that chiral analogues ofWilkinson's catalysts, that

is, M-P2 systems (where M = Rh, Ru, even Ir), do not tend to

hydrogenate hindered alkenes without a CFG, but chiral

analogues of Crabtree's catalyst, that is, Ir�N,P or Ir�N,

carbene systems do. This begs the question: why are

analogues ofWilkinson's and Crabtree's catalyst fundamen-

tally different?

2. Differences between Wilkinson's and
Crabtree's Catalyst
Hydrogenation by Wilkinson's catalyst and similar com-

plexes proceed via Rh(1þ) and Rh(3þ) intermediates related

by oxidative addition of a single molecule of dihydrogen,

and reductive elimination of σ-alkyl and hydride ligands. To

elucidate why Crabtree's catalyst mediates hydrogenation

of hindered alkenes without CFGs, our group14,15 and

others16 first collected kinetic and NMR data, but spectro-

scopic studies are limited by the challenges associated

with identifying and distinguishing multiple highly flux-

ional intermediates in a catalytic cycle that turns over

rapidly. Consequently, we14,17�19 and others20�22 used

DFT calculations coupled with kinetic studies and reached

similar conclusions (Figure 2; “C” denotes carbene ligand).

Loss of the COD ligand, complexation with the alkene,

FIGURE 1. Asymmetric hydrogenations of substrates with functional groups, but not CFGs, are relatively unexplored.
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and oxidative addition of two molecules of dihydrogen

was implicated in those studies. Since two oxidative addi-

tions of hydrogen are involved, the Ir(1þ) catalyst pre-

cursor is oxidized to an Ir(5þ) intermediate before transfer

of hydrogen to the coordinated alkene. Those calcula-

tions also show the Ir(5þ) complex is in equilibrium with

two Ir(3þ) dihydrogen dihydride complexes of almost the

same energy. Delivery of hydrogen to the coordinated

alkene is rate-limiting; it may occur via a dihydrogen

metathesis step for complex 1, but that pathway is calcu-

lated to be only marginally more favorable than the

expected migratory insertion of the alkene into Ir�H

bond. Overall, this mechanism involving high oxidation

state Ir intermediates is consistent with the observation

that hydrogenations with these Ir-complexes are not

particularly sensitive to oxygen.

Figure 2 reveals why Crabtree's catalyst derivatives, and

not those of Wilkinson's catalyst, should hydrogenate tri-

and tetra-substituted alkenes at a significant rate. First, in

Crabtree-derivatives, the metal center is unipositive, not

neutral, and it rises to a higher oxidation state [Ir(5þ) vs

Rh(3þ)], so it is more electrophilic. Second, the Ir-center in

the tetrahydride intermediate is less hindered than XRh-

(alkene)(phosphine)2H2 intermediates because the iridium

is seven-coordinate, and because its four-hydride ligands

are relatively small.

3. Differences between N,P- and N,Carbene-
Iridium Catalysts
Studies on asymmetric hydrogenation of enol ethers led us

to suspect that more protons were produced when N,P-Ir-

catalyst precursors were used relative to the correspond-

ing carbene ones. Specifically, while Andersson et al. had

noted23 that alkyl enol ethers gave complex mixtures when

hydrogenated using one of their N,P-iridium catalysts, we

observed only the expected hydrogenation products when

our N,carbene-iridium catalyst 1 was used.24

Figure 3a contrasts formation of protons from Ir(5þ)-

phosphine and -carbene intermediates via formation of

Ir(3þ) species. The metal is reduced in these processes

because its electron density increases. We proposed that

this dissociation is easier with a P-ligand than a carbene

because P-ligands are (i) inferior σ-donors and hence are less

able to stabilize Ir(5þ); and, (ii) superior π-acceptors and thus

better able to stabilize Ir(3þ). If this proposal is correct,

Crabtree's catalyst and other P-ligated derivatives should

be more acidic than the corresponding carbenes.

Using DFT, we calculated acidity differences for the key

metal hydride complexes involved in hydrogenations with

Crabtree's catalyst analogues (Figure 3b).17 Hydrides F andG

were predicted to be 7.6 to 5.9 pKa unitsmore acidic than the

carbene intermediate H, consistent with Figure 3a. These

calculations also indicated catalyst precursors 1�3 would

give progressively more acidic intermediates in hydrogena-

tions. This assertion was based on the fact that the carbene

ligand is a better σ-donor than either of the P-ligands, and

that the PCy2 system has the best σ-donating properties of

these two P-ligands. The degree of backbonding to these

ligands is likely to follow the opposite trend.

Several experiments from our laboratory provided evi-

dence that all the assertions outlined above are correct.17

For instance, hydrogenations of acid-sensitive alkenes,

like enol ethers, gave less byproduct with the carbene

complex 1 than with N,P-complexes consistent with the

supposition that 1 produces less protons in hydrogenation

reactions.

FIGURE 2. Iridium catalyzed hydrogenation with complex 1 deduced via DFT calculations.
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4. Enantioselective Hydrogenation of Largely
Unfunctionalized Alkenes
In 2005, we reviewed enantioselective hydrogenations of

largely unfunctionalized alkenes and reached several con-

clusions.6 One of the most important was that there had been

muchworkon liganddevelopment for the generation of chiral

analogues of Crabtree's catalyst, so much that literally hun-

dreds of complexes had been formed, but the substrates that

had been tested were almost without exception uninteresting

in synthesis. At that time, only about 20 alkenes had been

tested, and most of them were styrene and stilbene deriva-

tives. The prevailing wisdom was that hydrogenation of

alkenes with no functional groups (only alkyl substituents)

was a “holy grail” but we decided that while hydrogenations

of alkyl-substituted alkeneswere certainly difficult, mainly due

to difficulties determining the ee's of the products, they were

not exceptionally useful.

Our 2005 Chem. Rev. also presented our interpretation

of the most valuable application of chiral analogues of

Crabtree's catalyst: hydrogenation of substrates with func-

tional groups. This is because hydrogenation products are

most useful if they can be used as chiral building blocks,

chirons, and this requires at least one functional group (FG) for

modification.We suggested alkene substrateswith functional

groups that were not strongly coordinating in hydrogenation

reactions are particularly interesting since these could not be

tackled using chiral analogues of Wilkinson's catalyst.

Andersson arrived at conclusions similar to those outlined

above; since2005,hisgrouphaspublishedonchiral analogues

of Crabtree's catalyst in hydrogenations of alkenes with func-

tional groups that are not usually considered to be coordinat-

ing. Substrates studied (by Andersson and others) include vinyl

phosphonates,25�28 vinyl fluorides,29,30CF3-substitutedolefins,
31

vinyl silanes,32 vinyl boronates,33 enol phosphinate esters,23,34

enol ethers (using catalysts 1 and 7, reactions not shown here,

but discussed later in the review),24,35 enamines,36�38

imines,39 heterocyclic alkenes,40 and even heteroaromatic

rings.2 Excellent yields and enantioselectivities were ob-

served inmanyof these reactions (Figure 4). Thesehydrogena-

tion products have intrinsic value, or can be transformed into

high-value materials. Our focus has been different: acyclic

stereocontrol in syntheses of chirons for polyketide derived

natural products, as described in the next section.

5. Acyclic Diastereocontrol in Homogeneous
Hydrogenations
Enantioselective hydrogenations achieve stereochemical

control via preferred diastereomeric intermediates from

FIGURE 3. (a) Postulate for acidities of the N,P�Ir-H complexes relative
toN,carbene�Ir-H systems; (b) relative acidities of putative intermediates
in hydrogenations.
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prochiral substrates and chiral metal complexes. A higher

level of sophistication is involved when the substrate is also

chiral because diastereoselectivities are achieved via double

stereodifferentiation, that is, combining what we refer to as

“stereochemical vectors” originating from the effects of the

catalyst and of the substrate. In catalysis, stereochemically

complex substrates provide stringent tests for the value of

stereoselective catalysts, and require careful consideration

of the possible effects of substrate modifications.

Research into directed hydrogenations for acyclic stereo-

control peaked in the 1980s,41 and much of it featured 1,1-

disubstituted alkenes that are relatively nonhindered and

easy to hydrogenate. Those reactions were mostly sub-

strate-controlled, so it was not possible to obtain both

diastereomers of the hydrogenation product by varying

the catalyst chirality alone (Figure 5a). Examples involving

trisubstituted alkenes from that era are rarer, and tend to

feature homoallylic alcohols.42 In these cases, high diaste-

reoselectivities are possible because simultaneous coordi-

nation of the metal to the hydroxy group and alkene gives

FIGURE 4. Some enantioselective hydrogenation of functionalized
alkenes without CFGs, excluding those to make chirons for polyketide-
derived natural products.

FIGURE 5. Chiral transition-metal catalyzed diastereoselective hydro-
genations of (a) allylic alcohols; (b) homoallylic alcohols.
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rigid, chairlike intermediates B (Figure 5b).42 Substrate con-

trolled reactions require manipulation of variables besides

the catalyst to obtain all stereoisomers in the series, and in

the absence of a substantial catalyst vector, this can be

impossible. Moreover, chiral analogues of Crabtree's cata-

lyst were not available in the 1980s; the first chiral analogue

of Crabtree's catalyst was not reported until Pfaltz's seminal

paper in 1998.43 Consequently, apart from the work de-

scribed here, relatively few investigations of acyclic stereo-

control have focused on optically active analogues of

Crabtree's catalyst,44 but we think those catalysts can fill a

significant gap in organic methodology: hydrogenations of

substrates without CFGs for Ir- and Rh-diphosphine catalysts.

6. Significance of Chiral Crabtree'S Catalysts
for Acyclic Stereocontrol
N,Carbene-catalyst 1 is able to mediate directed hydrogena-

tions, just like chiral analogues of Wilkinson's catalyst, and

with excellent diastereoselectivities. However, it can do

much more because it mediates hydrogenation of trisubsti-

tuted alkenes without CFGs, and, second, it tends to do so

with high levels of catalyst control. This is not simply a

matter of pairing the stereochemical bias of the substrate

and the catalyst, as the discussion below explains.

Figure 6a illustrates how the catalyst dominates when a

Roche-ester-derived substrate is hydrogenated, and how

optimal stereoselectivity is obtained by matching this with

the inherent bias caused by the substrate conformation (we

call this the substrate vector, often based on 1,3-allylic strain

effects). However, to obtain satisfactory stereoselectivities,

the protecting group on the homoallylic-O was made large

(here TBDPS) to enhance the substrate vector; overall, the

reaction is still, in fact, catalyst controlled but that modifica-

tion to the substrate is important to obtaining high stereo-

selectivities. Thus, this is a three-dimentional problem in

which the catalyst and substrate vectors are matched, and

peripheral features of the substrate may be modified to

enhance that synergy (see Figure 7 for examples). Strategies

based on these ideas are critical to elaborating optically

active substrates with chiral catalysts. Surprises can emerge

when considering the role of the substrate; for example, part

(b) of Figure 6 illustrates that our catalyst approaches allylic

alcohols (ethers, acetates, etc.) and R,β-unsaturated esters

from different faces (for reasons that we have described18).

Besides functional group interchanges between ester, alco-

hol, or ethers, alkene geometries may also be manipulated

FIGURE 6. Acyclic stereocontrol via catalyst 1: (a) Roche ester homo-
logues; (b) corresponding allylic alcohols or ethers; (c) inverted alkene
geometries; (d) effects of syn-pentane conformers; and, (e) putative
H-bonding to allylic alcohols.

FIGURE 7. Preparation of (a) an anti type J chiron; (b) the syn type J
chiron; (c) syn type J chiron via homoallylic alcohol directed hydro-
genation (ratios from GC throughout).
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to bring substrate vectors into alignment with the catalyst bias

(part c); E-to-Z changes tend to reverse the configuration of one

chiral center formed in a catalyst controlled reaction, and

increase 1,3-allylic strain effects leading to enhanced matched

stereoselectivities. syn-Pentane interactions should also be con-

sidered forextendedsystemswith twochiral centers in thechain

(d). Finally, part (e) outlines ahypothesiswedeveloped invoking

H-bonding to allylic alcohols, since the Ir�H ligands are acidic,17

though we cannot exclude mechanisms that involve stereo-

selectivedoublebondmigration toanenol, thenhydrogenation

of the aldehyde; our catalyst does mediate hydrogenations of

aldehydes (and, very slowly, ketones).

Important chirons J�U for syntheses of polyketide-

derived natural products can be prepared by following the

guidelines outlined in Figure 6. Approaches to these chirons

are outlined in the following sections.

6.1. Deoxypolyketide Chirons. Chirons J and K, as in

deoxypolyketides, are made via “diastereoselective reac-

tions involving chiral auxiliaries” or “catalysis”.45 Of the

diastereoselective group, Myers' asymmetric alkylation

methodology is probably the most practical.46 Catalytic

approaches, on the other hand, are gaining importance.47,48

In 2007,we found that allylic alcohols andenoates bearing a

stereogenic center adjacent to the CdC bond can be

converted to precursors for syntheses of deoxypoly-

ketides. Hydrogenation of enoate 10 using (S)-1 occurs

with high diastereoselectivity. An inverted and smaller

diastereoselectivity was observed for the antipode of the

catalyst, hence this transformation is catalyst controlled

(Figure 7a).49 The corresponding syn-product was ob-

tained with high selectivity when the Z-allylic alcohol 11,

was hydrogenated using (R)-1 (Figure 7b).50 Figure 7c

shows a directed hydrogenation of the type discussed

above, but using catalyst 1.

FIGURE8. (a) anti,syn typeK chiron: 14was isolated in 83% yield and
with a 51:1 anti,syn/syn,syn ratio after one chromatographic purifi-
cation. (b) anti,anti type K chiron: 16 was reduced (DIBALH) to an
isomer of alcohol 20 and isolated in 70% yield with a 120:1 anti,anti/
anti,syn ratio after chromatography. (c) syn,anti type K chiron: 18was
reduced to an isomer of alcohol 20 and isolated in 82% yield, 89:1
syn,anti/syn,syn. (d) syn,syn typeK chiron: 20was isolated in 71%yield
with >120:1 syn,syn/syn,anti ratio after one chromatographic
purification.
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A higher homologue of 1,3-dimethylated chirons, the

anti,syn-1,3,5-trimethylated chiron K, was obtained from

direct hydrogenation of a chiral diene (Figure 8a). This

is a special transformation in which two chiral centers

were generated simultaneously, and with good diastereo-

selectivity.50 Other stereoisomers of this triadwere prepared

by homologating the product shown in Figure 7 to give the

starting materials shown in Figure 8b�d; all these alkenes

were hydrogenated with high stereoselectivities.
Asymmetric hydrogenation routes to deoxypolyketide

fragments has been used in a preparation of (S,R,R,S,R,S)-

4,6,8,10,16,18-hexamethyldocosane, a putative sex phero-

mone from an Australian beetle.51 This synthesis involved a

simple 1,3-dimethyl based chiron (not shown) and homo-

logation of a 1,3,5-trimethyl system into the 1,3,5,7-tetra-

methyl chiron. Experience gained in syntheses of chirons J

and K meant that this task was relatively easy (Figure 9).
In the synthesis of the natural product above, two R,ω-

functionalized hydrogenation products were converted to a

monofunctionalized chiron (Figure 10a) even though this is

less direct hydrogenating to give two monofunctionalized

chirons. Why was this approach used when we had already

developed methods to prepare monofunctionalized 1,

3-dimethyl chirons (Figure 10b)? The reasons are that

stereoselectivities tend to be greater for hydrogenations of

R,ω-functionalized alkenes than for similar R-monofunctiona-

lized ones because there are more ways to optimize the

substrate vector when two functional groups are available

for manipulation. Second, R,ω-functionalized chirons can

generally be transformed into R-monofunctionalized ones

with any alkyl group at the terminus, and to do so is usually

more efficient than trying to optimize asymmetric hydro-

genations for new substrates. As is often the case in organic

chemistry, it is not only the number of steps involved, but

the practicality of each one that counts. Micalizio's group

have used catalyst 1 in similar hydrogenations to form

1,3-dimethyl fragments. This step was part of their synthesis

of dictyostatin.52

6.2. 1,3-Hydroxymethyl Chirons. All the substrates fea-

tured in the last section were derived from Roche's ester.

However, several other readily available natural starting

materials can be used to generate other valuable chirons

in a similar way. This section features 1,3-hydroxymethyl

fragments (eq 1) where the chiral alkenes are derived from

glyceraldehyde or lactic acid.53

Allylic alcohols 23 and 24 can be synthesized from

glyceraldehyde in a few steps with high enantiomeric

purities. Hydrogenation of enoate 23 occurs with 19:1.0

diastereoselectivity (syn:anti) when using (R)-1. Substrate

control was observed in this reaction presumably because

the homoallylic alcohol directs the catalyst via a chair like

intermediate V (Figure 7c) with the allylic substituent in an

FIGURE 9. Total synthesis of (S,R,R,S,R,S)-4,6,8,10,16,18-
hexamethyldocosane.

FIGURE 10. (a) R-Monofunctionalized chirons from R,ω-functionalized
ones; (b) direct synthesis of R-monofunctionalized chirons via asym-
metric hydrogenations.
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equatorial position.42 After hydrogenation, the crude

mixture was treated with catalytic acid to give the lactone

shown, which can be purified via recrystallization to 40:1.0

dr; chromatography is thus avoided. To access the anti-

stereoisomer of L, allylic alcohol24washydrogenatedusing

(R)-1 to give the product with a crude syn:anti ratio of 1.0:24

(Figure 11).

A similar approach to that shown above, but using lactic

acid as the alkene precursor, was used to obtain optically

pure syn- and anti-isomers corresponding to the terminal

fragmentM. Both isomers could be obtained with excellent

diastereoselectivities and high yields by optimizing the sub-

strate protection. Hydrogenation of 25 was only marginally

catalyst controlled, and substrate control dominated for 26

(Figure 12); this is unusual for complex 1 for which catalyst

control is the norm.

A synthesis of (�)-dihydromyoporone (Figure 13a) was

performed to illustrate hydrogenation of the R-hydroxy
acid derived from diazotization of leucine rather than

lactic acid; hydrogenation of the substrate derived from

this proceeded with even higher stereoselectivity. A

more complex natural product (�)-spongidepsin was also

prepared; the latter compound contains both 1,3-dimethyl-

and 1,3-hydroxymethyl fragments (Figure 13b).54

FIGURE 11. (a) syn type L chiron; (b) preparation of the anti type L
chiron.

FIGURE 12. Preparation of (a) a syn type M chiron; (b) the anti type M
chiron.

FIGURE 13. Total synthesis of (a) (�)-dihydromyoporone;
(b) (�)-spongidepsin.
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6.3. 1,2-Dimethyl Chirons. Carbon chains bearing ad-

jacent methyl groups are observed in some natural pro-

ducts; access to these chirons tend to be difficult.55

Hydrogenations of relatively simple substrates with cata-

lyst 1, however, had shown better enantioselectivities for

the β-methyl esters 34 than the R-methyl systems 35

implying substrates W might be suited for syntheses of

1,2-dimethyl chirons N. We hypothesized both the syn-

and anti-isomers of this system could be obtained by

varying the protection and functional groups as implied

in eq 2.

The idea outlined above was validated by experiment:

the anti-isomer of N was obtained from enoate 36, while

allylic ether 37 was used to prepare the syn-form. Both of

the reactions were catalyst controlled, but substrate vectors

were significant. This methodology was subsequently used

to obtain (�)-lasiol and the central fragment of (þ)-kalkitoxin

(Figure 14).56 Hydrogenations to give both 1,3- and 1,2-

dimethyl fragments were involved in the latter synthesis.

6.4. 1,2-Hydroxymethyl Chirons.Asymmetric hydroge-

nations of chiral R-oxy alkenes generate chirons that are

typically made via aldol reactions. Stereoselective hydro-

genations of chiral allylic alcohols, where the alkene

fragments are 1,1-disubstituted, were extensively investi-

gated about two decades ago;41,57 metal diphosphine

complexes were useful because the alkenes are relatively

unhindered. However, most of those reactions were sub-

strate-controlled (e.g., Figure 5); hence, it was impossible to

obtain both the syn and anti aldol fragments by varying the

chirality of the Rh- or Ir-diphosphine complexes. Use of

chiral analogues of Crabtree's catalysts like 1 expanded

the methodology because the more hindered trisubsti-

tuted allylic alcohols can be used, and with high levels of

catalyst control, allowing both the syn- and anti-isomers to

be obtained (eq 3).58

Optically pure lactic acid was transformed into sub-

strates 40 and 41 for access to generic type P chirons

via hydrogenations. The best syn-selectivity was obtained

from the allylic alcohol 40 (syn:anti 61:1.0; Figure 15a).

FIGURE 14. (a) anti type N chiron; (b) preparation of the syn type N
chiron; (c) two natural products which were synthesized through the
iridium catalyzed hydrogenations (ratios from GC analyses).
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Good anti-selectivity was derived by MOM-protecting the

alcohol 40 to give the ether substrate 41 (syn:anti 1.0:10 in

the hydrogenation; Figure 15b).

To obtain R,ω-difunctional chirons via hydrogenations,

optically pure glycitol acetonide was transformed into al-

kene 42 to access chiron P. The best syn-selectivity was

obtained from (E)-alkene 42 with (R)-1, and excellent anti-

selectivity from the same substratewasobservedusing (S)-1,

that is, the substrate vector was totally overwhelmed by the

catalyst one (eq 4).

7. 1,2,3-Me,OH,Me-R,ω-Functionalized “Triad
Chiron Cassettes”
Contiguous Me,OH,Me substituents, as in Q�T, are found in

many polyketide-derived materials.59 Much research effort has

beenexpendedondenovo constructionof these triadsaspartsof

linear synthetic strategies.60 An alternative might involve prac-

tical synthesesof suitably functionalizedandprotected triadunits

on scale, enabling these fragments to be marketed as cassettes

then used in convergent routes. Ideal methodologies to achieve

this would encompass: (i) routes that are amenable to scale-up;

(ii) access to all isomers in the series; and, (iii) R,ω-functional
groups to enable homologation in either direction. In fact, there

are only a few methods that can be used to obtain all four

diastereomers (and their enantiomers) with high stereoselectiv-

ities by elaboration of the Roche ester. Methods that can do this

include ones involving resolved allenyl-stannane,61 -silyl,62,63 or

-zinc reagents,64 or on optically pure crotylsilanes,65 and a 2011

contributionbyLeighton'sgroupthat isprobably thebestmethod

for elaboration of Roche ester derivatives into the targeted triads

(see discussion in that paper).66

To elaborate the Roche ester via hydrogenation

methodology,67 it was built out with high diastereoselec-

tivity via a Felkin-Anh type reduction into theanti-alcohol43,

then deprotection gave diol 44. Another elaboration of

the Roche's ester via a highly stereoselective chelation-

controlled reduction afforded the syn-alkenes 45 and 46.

FIGURE 15. Preparation of the (a) syn typeO chiron; and, (b) anti typeO
chiron (ratios from GC analyses).

FIGURE 16. Chirons for R,ω-functionalized triads: (a) anti,anti-type Q;
(b) anti,syn-type R; (c) syn,syn-type S; and, (d) syn,anti-type T (ratios from
HPLC; all reactions in CH2Cl2 at 25 �C).
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These divergent linear syntheses can be used to produce all

four key chiral alkene substrates in a highly efficient manner

because two of them are intermediates in the syntheses

of the other two. Thus substrates for the featured hydro-

genations can be made efficiently from Roche esters via

substrate-controlled reactions that do not require chiral

auxiliaries, resolved reagents, or even asymmetric catalysis.

Hydrogenations of the pivotal substrates 43�46 in this

methodology are shown in Figure 16. High levels of catalyst

control dominate such that the least selective reaction

(Figure 16d) gave an 18:1.0 bias in the crude reaction

material, and the most (Figure 16c) gave only one diaste-

reomer in our HPLC analysis (UV detection). In two cases

(Figure 16b and d), it was advantageous to modify the

hydrogenation products to facilitate removal of trace stereo-

isomers by chromatography.

Figure 17 summarizes this methodology in which two

pairs of very similar substrates (43þ 44, and 45þ 46) can be

formed from a single enone (47) then elaborated into the

targeted R,ω-functionalized Me,OH,Me chirons. Leighton's

crotylation methodology appears to us to be the most

practical way to obtain all the stereoisomers of the targeted

triads, so it is informative to compare our method to that.

After considering the steps involved, our analysis is that the

twomethods are of similar practicality for scalable syntheses

of all four isomers of the products.

(�)-Invictolidewas prepared to illustrate the practicality of

our hydrogenation methodology (Figure 18). To do this,

more than a gram of chiron 48 was prepared via the

reactions indicated above, and classical reactions were used

to transform this into alkene 49. Another of our diastereo-

selective hydrogenations18,50,51,54 was used to produce a

1,3-disposed dimethyl fragment, before the last step in the

synthesis: deprotection and cyclization to the lactone target.

8. Missing Pieces
Some work remains to show hydrogenation reactions can

be used to obtain all chirons to build polyketide-derived

natural products; specifically, motifs including R,ω-function-
alized 1,3-dihydroxy, 1,2,3-OH,Me,OH and 1,2,3,4-Me,OH,

Me,OH fragments have yet to be made via alkene hydro-

genations. Some of these chirons might be made via hydro-

genation of acid-sensitive enol ethers, for which catalyst 1 is

particularly well suited for the reasons discussed already.

Figure 19 gives some illustrative reactions that indicate how

such strategies might proceed.

FIGURE 17. Key transformations in this paper diverge from the enone
47 via hydridic reductions of the ketone then asymmetric hydrogena-
tions of the alkene fragment.

FIGURE 18. Total synthesis of (�)-invictolide.

FIGURE 19. Hydrogenations of enol ether substrates using catalyst 1.
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9. Conclusion
Chiral analogus of Crabtree's catalyst are almost uniquely

suitable for asymmetric hydrogenation of coordinating un-

functionalized, trisubstituted alkenes. These relatively hin-

dered substrates typically would not be reduced at a

significant rate using metal diphosphine complexes.

Complex 1 usually gives catalyst control for hydroge-

nations of chiral alkenes. Metal diphosphine complexes

tend only to hydrogenate substrates with a coordinat-

ing functional group, in which case substrate control is

usually observed. Consequently, we have been able to pre-

pare chirons containing 1,3-dimethyl-,18,50,51 1,3-hydroxy-

methyl-,53,54 1,2-dimethyl-,56 1,2-hydroxymethyl-,58 and

1,2,3-methyl,hydroxy,methyl fragments. Stereoselectivities

in these reactionswere enhanced by constructively coupling

the substrate with the catalyst-vectors via first matching the

catalyst enantiomer with the substrate bias, then changing

the following substrate variables to optimize this synergy:

(i) alcohol protecting groups; (ii) alkene geometries; and,

(iii) functional group interconversion between ester and

allylic alcohols (or protected allylic alcohols).

Catalyst 1 is of the carbene,N-type, and this makes it

particularly suited for acid-sensitive substrates; however, it

is clear that N,P-ligated chiral analogues of Crabtree's cata-

lyst could be used for most of the other reactions presented

here. Indeed, we have come to realize limitations of our

catalyst. It appears not to hydrogenate endocyclic and

tetrasubstituted alkenes well. Moreover, one of Zhou's chiral

analogues of Crabtree's catalyst was reported to give higher

enantioselectivities for hydrogenation of tiglic acid than 1,68

implying at least this catalyst, and maybe others, might out-

perform our N,carbene system in hydrogenations of more

complex chironswith tiglic-acid-like fragments. Consequently,

our work demonstrates the potential of hydrogenations with

chiral analogues of Crabtree's catalyst to obtain chirons for

polyketide syntheses, but upper limits for the stereoselectiv-

ities have probably yet to be reached.
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