Chapter 1 Asymmetric Syothesis

Chapter 1 Asymmetric Synthesis

CBS reduction

Davis chiral oxaziridine reagents

Midland reduction

Noyori catalytic asymmetric hydrogenation
Sharpless asymmetric hydroxylation reactions

22
40
46
67
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1.1 CBS Reduction

LI1I Description
The Corey-Bakshi-Shibata (CBS) reduction’ employs the use of borane in conjunction with
a chiral oxazaborolidine catalyst to conduct enantioselective reductions of ketones.
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This reduction method has a number of advantages that include wide scope,
predictable absolute sterecochemistry, ready availability of the chiral catalyst in both
enantiomeric forms, high yields, experimental ease, recovery of the catalyst (as the amino
alcohol), and low cost of goods. The most common form of the chiral oxazaborolidine is
derived from prolinot and has a methyl substituent on the boron atom (B-Me-CBS) 1. When
one conducts a reduction on a novel system for the first time, this catalyst provides a good
compromise of cost, enantioselectivity, and experimental ease, If sufficient control is not
observed with this reagent, one can then systematically evaluate the numerous variations of
this framework.

1.1.2 Historical Perspective
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The use of optically active borane reagents for asymmetric reductions was first reported by
Fiaud and Kagan in 1969.2 These workers used the desoxyephedrine—boron complex 2 as a
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reductant, However, the asymmetric induction was very poor and no greater than 5% ee in
the reduction of acetophenone was observed. Borch observed similar results employing R-
(+)- and S-(-)-a-phenethylamine—borane complexes 3’ as the chiral reagent with a variety of
ketones.

Continuing on this tack, Grundon and co-workers® were able to obtain optical purities
in the range of 14-22% e¢. They achieved this improvement by employing 1:1 complexes of
leucine methyl ester and diborane 4 in THF. Furthermore, their results were facilitated by the
addition of one equivalent of BF;~etherate. Other chiral auxiliaries used include L-valine
methy! ester and $-phenylalanine meihyl ester.

A major advance in the evolution of chiral boron reagents was reported initially by
Itsuno and co-workers in 1981.° Stereoselectivitics up to 73% ee were observed using the

1,3,2-oxazaborolidine derived from B-amino aleohols. Thus (S)-valinol § in reaction with
borane afforded 6.

This result sat dormant in the literature until a thorough review of B- and Al-based
reductants with chiral auxiliaries was conducted by the Corey group. They were intrigued by
the work of Itsuno and began detailed studies of the reaction to understand the mechanistic
and stereochemical underpinnings of this reduction reaction. Their efforts resulted in the
CBS reduction® in which improved chiral auxiliaries (7 - 8) were developed and a model
was formulated to rationalize the stereochemical outcome of this reaction.

Ph p PN
H | Ph BH,-THF :_L-Ph
¥ OH ————— o
1} N-g’
\H 1}
H
7 8

L13 Mechanism

The great utility of this asymmetric reduction system is a result of the detailed and systematic
analysis of its mechanism by the Corey group at Harvard and others.'®® 7 Using the ltsuno
conditions as a starting point, the Corey laboratories obtained pure (after sublimation)
oxazaborolidine 10 from the reaction of amino alcohol 9 with two equivalents of BHy-THF
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at 35 °C. The structure of this intermediate was confirmed by FT-IR, 'H and ''B NMR, and
mass spectroscopy.
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A solution of 10 in THF with acetophenone did not effect reduction even after several
hours at 23 °C. Rapid reduction (less than one minute) was only observed after the addition
of BH;-THF (0.6 equivalents) to afford (R)-1-phenylethancl in 94.7% ee. This stands in
contrast to the reduction in the absence of 10 which required much longer reaction times at
23°C.

Follow-up studies indicated one could reduce the number of equivalents of the
oxazaborolidine species to make the process catafytic. With the establishment of this
mechanistic foundation, it became possible to rationalize the outcome of this reaction
knowing the structure of the catalyst. ''B NMR confirmed the formation of a 1:1 complex
between 10 and BH3—-THF for R = H (11), while for the species R = Me (11) a single crystal
X-ray structure was obtained.® The cis-fused nature of this complex is a result of the concave
shape of this bicyclo[3.3.0]octane framework.
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Figure 1 tllustrates the 3-dimensional nature of 11. The oxazaborolidine ring forms
the herizontal core to this scaffold with the protine-derived five-membered ring forming the
[-face back wall. The gem-diphenyl substituents create an additional aspect to the back wall
on the B-face and a blocking group on the «-face. The borane moiety compiexes to the
nitrogen of the heterocyclic ring on the a-face due to the steric interactions it would
encounter on the }-face. The only site “open™ for a ligand to complex with this catalyst in on
the a-face adjacent to the borane group.



Figure 1

The formation of this complex between the pre-catalyst and borane, sets up this
system for interaction with the carbonyl group by activating borane as a hydride donor and
increasing the Lewis acidity of the endocyclic boron atom. The later effect serves as the
point of coordination to the carbonyl oxygen atom. Once this complexation occurs to form
12, the chirality of the scaffold restricts the orientation that the substituents on the carbonyl
can adopt. In order to minimize steric interactions with the catalyst, the coordination must
occur from the a-face (vide suprqg) and the small substituent (Rs) must be oriented in the B-
face direction to minimize steric interactions with the substituent on the endocyctic boron
atom, compared to the targe substituent (Ry). The consequence of these interactions is to
place the hydride equivalent in an optimal position for delivery to the carbonyt carbon atom
vig a six-memnbered transition-state.” The result of this hydride transfer is 13, in which the
carbonyl has undergone a net reduction in an enantiocontrolled fashion. This orientation of
the reducticn can be predicted based on the relative sizes of the carbonyl substituents and the
orientation they must adopt in the transition-state 12. The limited Hammett linear free energy
analysis conducted and a measured kinetic isotope effect (ky/kp = 1.7) indicate that both the
coordination of the carbonyl compound and the iransfer of hydride are probably fast and
comparably rate-determining.
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The decomposition of intermediate 13 to the isolated alcohol 14 can occur by one of

two possible pathways. The first is a net cyclo-elimination that regenerates the catalyst and
forms boronate 10,
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The alternate pathway occurs by the addition of borane to 13 to form the six-

membered BH;-bridged complex 15, This species then decomposes to regenerate the active
catalyst 11.
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1.1.4 Variations and Improvements or Modifications
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Figure 2
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Various laboratories, in an effort to improve reaction yield and stereoselectwlty, have made
targeted modifications on the core structure of the oxazaborolidine catafyst.™ Figure 2
illustrates the level of stereocontrol in the CBS reduction of acetophenone as the R-group was
systematically investigated to assess the varying degrees of enantiocontrol. The best



compromise of stereocontrol and synthetic complexity was observed to be the phenyl
substituent,

Figure 3
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With the heterocyclic substituent optimized, a similar investigation of the B-group
was carried out. Examples of the substituents studied are shown in Figure 3.

Additional modifications of the framework have included ring size 16, ring fusion 17,
and ring substitution 18.
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For example, (-)-B-pinene 19 has been used to construct such a modified catalyst.”
Oxazaborolidine 21 could be prepare in three steps from the monoterpene and was found to
be an efficient catalyst for the reduction of ketones. Thus 22 could be reduced with pre-
catalyst 20 and trimethoxyboron to alcohol 23. The chirality of 23 could be rationalized
based on the transition-state structure 24.
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There are reports that extend the nature of the catalyst beyond an oxazaborolidine
framework. One such example made use of a chiral guanidine catalyst.'"" Proline-derived 25
was converted to guanidine 26 in good yield. This species was capable of reducing ketones
27 to alcohols 28 by the addition of BH;—SMe;.
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In an attempt to improve the ability to recycle the catalyst, fluorous versions of the
oxazaborolidine have been constructed.”* Pre-catalyst 29 could be prepared in five steps.
This species was able to form the requisite chiral catalyst 30 in siru. Ketones 31 could be
reduced to alcohols 32 in good to excellent chemical and optical yields. It was noted that aryl
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ketones were observed to be more efficient in the reduction process. After the reaction was
carried out, the catalyst couid be recovered in 99% yield.

10 mol% "
BH,-THF o
R Ry 67-93% R{” "Ry
T1-93% ee
31 32

Polymer-bound versions of the oxazaborolidine catalysts have been constructed.”®
The linkage to the polymer has been reported on the phenyls of the heterocycle 34 or through
a substituent on the nitrogen 36. These polymeric catalysts are recyclable and reuseable
without significant loss of activity ar selectivity. Placing the linker on the nitrogen appears to
create stetic interactions that weaken complex formation thus giving rise to diminished
enantiocontrol in the reduction. Moving the point of attachment for the resin to the phenyl
substituent provided a superior reagent. The reduction of aryl ketones 37 proceeded in good
to excellent yields with poor to excellent optical purities in the formation of alcohols 38.

35 36
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G catalyst OH
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In addition to the reduction of ketones {e.g., aromatic and aliphatic ketones, a-halo
ketones, hydroxyketones, enones, and ketoesters), oximes can be reduced to the
correspondmg amine with this reagent. In general, ketone oxime ethers, such as 39 can give
rise to amines 40 in excellent chemical yield with good to excellent optical punty
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This method was used in the preparation of conformationally constricted analogs of
the neurotransmitter glutamate 41, such as (carboxycyc]opropyl)glrcmes (L-CCG I) 42, that
could act as metabatropic glutamate receptor (nGluR) antagonists.”” Reduction of oxime 43
using the oxazaborolidine derived from prolinol afforded amine 44. Conversion of the furan
rings io carboxylic acids afforded the requisite target 42.
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Proline-derived oxazaborolidines 45 have shown to be effective pre-catalysts with
triflic acid as an activator to generate cationic Lewis acids."*'* The optimal proportions of 45
and triflic acid was found to be 1.2:1. Protonation of 45 produced a 1.5:1 mixture of 46 and
47 as determined by low temperature 'H NMR. Their interconversion at low temperature
{(—80 °C) is slow on the NMR timescate. However, this interconversion increases as the
temperature rises and at 0 °C this becomes rapid (T.). Phenyl or o-tolyl were determined to
be the best substituents for the R group in 45. For the Ar group of 45, phenyl and 3,5-
dimethylphenyl were determined to be optimal.
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This in situ formed cationic Lewis acid catalyst coordinates enals in a highly
organized fashion (48) that allows for the execution of asymmetric Diels—Alder reactions.
Thus for the initially disclosed acrolein examples, the Diels—Alder adducts 51 produced from
enals 49 and dienes 50 could be isolated in good to excellent yields with very high optical
purities.
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The stereochemical outcome from these reactions could be readily rationalized by
examining the interactions present in 48. The [3.3.0]bicyclic system provided a rigid convex
scaffold that only allowed the enal to coordinate from the more exposed face of this
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molecule. The carboxaldehyde hydrogen forms an H-bonding interaction with the endocyclic
oxygen atom of the heterocyclic scaffold thus only allowing the diene to approach from the
periphery of the complex.

An exiension to enones has been accomplished but opposite face selectivities were
observed. To rationalize this result, an alternate transition-state structure 52 was formulated.
Single crystal X-ray structure analysis examining the coordination of BFi-etherate with
encnes and enocates was used to provide support for this novel mode of complexation.

Catalysts derived from trifiic acid decompose at appreciable rates at or above 0 °C,
which limits the utility of these reagents in Diels—Alder reactions. Switching to triflimide as
the acid source resulted in protonation of 45 to produce 53.° 'H NMR from 80 to 23 °C
showed the formation of three species including 53 and two diastereomeric tetracoordinated
boron species in a ratio of 1:1.2. Additionally, 53 was found to have greater thermal stability
and superior catalytic efficiency compared to 46/47 for less reactive dienes. This was
illustrated in the Diels—Alder reaction of 54 with 85 to produce adduct 56.
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This last cbservation was capitalized on by the Corey labs in their efficient synthesis
of Tamiflu® (oseltamivir) 59, The emergence of the virulent strain of influenza, HSNI,
coupled with the lack of supply due 1o the current synthetically challenging route, highlighted
the need for such reagents that allow for the rapid and efficient construction of difficult
targets. The reaction could be conducted on a multigram scale of §7 and 55 to generate
sufficient quantities of the Diets—Alder adduct 58 to complete the target 59."
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Follow-up work by other groups examined alternate sources of generating Lewis
acids from various oxazaborolidines (60 > 61)."* One report scanned the commonly used
metal halides and found tin tetrachloride to be the best when coupled to valinol-based
oxazaboroline. Thus, cyclopentadiene 61 reacting with methacrolein 63 using such a catalyst
afforded the Diels—Alder adduct 64 in excellent yield and excellent optical purity.
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Rather than accessing the chiral pool vig amino acid precursors for CBS catalysts, the
(RR) and the (§.8)-sulfonamide derivatives of 1,2-diphenyl-1,2-diaminoethane
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(stilbenediamine, stien} 66 in complex with boron 65 or aluminum 67 have also been applied
to the Diels—Alder reaction.'”

Ph Fh Ph Ph Ph Ph
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The use of these reagents was exemplified in the preparation of an advanced
intermediate in the synthesis of prostaglandins 71. Diene 68 and dienophile 69 were allowed
to undergo the Diels—Alder reaction catalyzed by a derivative of 67 to afford adduct 70.**
This intermediate was subsequently transformed into 71, a well-known precursor in the
synthetic preparations of prostaglandins.
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The Lewis acidic nature of these catalysts has permitied their extended use in the
Mukaiyama aldol reaction. In this application of CBS reagents, one such example involved
the condensation of ketene acetals 72 with aldehydes 73 to produce adducts 74.%°
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In a similar manner, the insect attractant endo-1,3-dimethyl-2,9-
dioxabicyclo{3.3.1]nonane 78 could be prepared.”’ To this end, masked keto aldehyde 75
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and silyl enol ¢ther 76 underwent the CBS catalyzed Mukaiyama aldol reaction with a high
degree of optical purity to generate 77. Deprotection and acid-catalyzed spiroketal formation
afforded the desired product 78.
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Using the boron complex of the stien system, enantioselective aldol reactions were
also possible. Ester 79 could be converted to the corresponding boron enolate using a
derivative of 65, which could then undergo an aldol reaction with aldehydes 73 to afford 80.%
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115 Synthetic Utility

The literature documents a2 myriad of examples of the synthetic utility of this reduction
methedology. The following examples provide a limited glimpse into the scope of substrates
that can undergo this type of reduction.

Prostaglandin PGE; 81 elicits bone growth, so EP4 receptor antagonists, such as 82,
would have utility in the pharmacological treatment of osteoporosis.” Standard reduction
conditions investigated (Luche, L-selectride, or (R}-CBS) for the reduction of 83 to afford 84
gave the wrong stereochemistry. Alcohol 84 with the desired stereochemistry could onty be
obtained upon use of the reagent (5)-CBS.
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82

83 84

Epothilone 85 possesses antimitotic properties similar to those of paclitaxel and coutd
therefore have utility in the treatment of cancer. A key intermediate in the synthesis of this
natura! product is 86, a Cy2—C;) subunit of 852 One approach to this compound employed
the CBS reduction of ketone 87 to generate 88, an alcohol related to 86,

85 86
5 OTBS  (R)2-Me-CBS [ 1 OTBS
— R S —
\N W 8H 3—8 Mez \N w
88% :
°© 95% ee oH
87 83

The mis-processing of amyloid precussor protein (APP)} by o-secretase, B-secretase,
and y-secretase is proposed to be one pathway leading to formation of AR protein. One
theory for the cause of Alzheimer's disease (AD} is based on the idea that Ap protein
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aggregates to form amyloid plagues (a well-known hallmark of AD) that evemtually
precipitate in the brain. This deposition results in neuronal celi death. Inhibition of any one
of these enzymes could be a treatment for AD, thus 89, a y-secretase inhibitor, is of
pharmacological interest.** Epoxy amine 90 is a key synthetic intermediate on the way to 89.
Reduction of ketone 91 using a CBS reagent afforded alcohol 92. This alcohol is a single
transformation away from 90.

Fh

o Ph ~
BOI:P2~.N ’SJ\H'sza‘DMe |:> BOC\N /*\\{!
CH Ry H 0
89 90
Ph o
Ph G';fo Ph.
Boc., A Me - Boc., :
E/\r(\Br BH SN H/\é/\ar
0 85% OH
94 87% de 92

Norepinephtine reuptake antagonists (NETs) have antidepressant activity and have
been found to be effective in the treatment of attention deficit hyperactivity disorder
(ADHD). (R)-tomoxetine (Strattera®) 95 is a marketed drug with a label indication for
ADHD. Contral of the absolute stereochemistry of these compounds is critical in that the (S)-
enantiomer is nine times less potent. The CBS reduction could be used to set the desired
chirality as demonstrated in the reduction of 93 to produce alcohol 94.2° This intermediate
could then be readily converted into 95,
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65%
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Malfunction of hexosaminidase enzymes can lead to such diseases as Tay-Sachs or
Sandhoff. The study of N-acetylhexosaminidase inhibitors, such as Xg;lNAc-lsofagomine 98,
could provide greater understanding of the method of malfunction.”’ Enone 96 could be
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reduced by a CBS reagent to afford allylic alcohol 97. The bromine was required to provide
differentiation of the faces of ketone to improve % ee.
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Endothelin and its related peptides piay an important role in the biology of vascular
smooth muscle. Antagonists of the endothelin receptor would be of great interest in the
treatment of cardiovascular and pulmonary disease. One such compound is SB-209670 101
and could be prepared from alcohol 100.”% This alcohol could be accessed via the CBS
reduction of indenone 99 in excellent yield and excellent optical purity.

9 Pro "
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O s
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0
9 J

94% ee
O

99 100

116 Experimental
The two examples presenied exemplify the utility of this reaction. One can access either

enantiomer of the product through the proper choice of chirality contained in the CBS
reagent. This reagent possesses great scope in that simple, as well as complex, substrates can
be reduced with high efficiency, chemical and optical yields. Additionally, these examples
illustrate the relatively simplistic experimental conditions required to conduct these reduction

reactions.
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O OH
Br\©* (S)-CBS Br. ~
BH,-SMe, \©/\
CHzCly
102 96% 103
98.6% ee

(R)-1-(3'-Bromophenyl)-ethanol (103)*

Ketone 102 (10.8 g, 64.6 mmol) in 50 mL of CH.Cl> at —20 °C was added dropwise over2 h
to a solution of (8)-4,5,6,7-tetrahydro-1-methyl-3,3-diphenyl- 1 H,3H-pyrrolo-[1,2-¢]-{1,3,2-
oxazaborolidine-borane (0.9 g, 3.2 mmol) and BH;-SMe; (5.1 mL, 51 mmol} in 30 mL of
CH,Cl;. The reaction mixture was stitred for a total 8 h before slowly adding to 50 mL of
methanol at ~20 °C. Once pas evolution ceased, the solvent was removed in vacue and the
residue purified by bulb-to-bulb distillation (94 °C, 0.5 mmHg) to afford 103 as a colorless

oil.
{R)-CBS
oS s
B-H
_____...d Nt
-78°C 0

65%
=>08:2 dr

OH

104 105

Allylic alcohold (105)™

To ketone 104 (196 mg, 0.395 mmol) in 7 mL of toluene was added (R)}-CBS (0.43 mL,
0.395 mmol, 1.0 M toluene). The mixture was cooled to -78 °C and catecholborane (0.79
mL, 0.79 mmol, 1.0 M THF) was added dropwise. The reaction was stirred for 12 h before
quenching with 0.8 mL of methanol and warmed to room temperature. The mixture was
diluted with ether and washed with NaOH (1 N), saturated with NaHCO;, untii the agquecus
washings were colorless, The combined aqueous phases were back extracted 3 times with
ether and the combined organic phases were washed with brine, dried (Na,8Q.), and
concentrated in vacuo. Purification by chromatography gave 105 (160 mg).
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1.2 Davis Chiral Oxaziridine Reagents

1.2.1 Description
Davis oxaziridine reagents such as 1 have exhibited ample synthetic utility as oxidizing

agents for the hydroxylation of enolates to provide a-hydroxy carbonyl compounds, such as 2
with superb yield. When the oxaziridine is chiral and nonracemic, the hydroxylation has

been shown to proceed with high stereoselectivity.'

;. KHMDS
: Q
No~Ph
Ph‘S/ OH
0, 1
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1.2.2 Histerical Perspective

Prior to Davis and co-workers” introduction of frans-(£)-2-(phenylsulfonyl)-3-
phenyloxaziridine (1) for direct enclate oxidation in 1984, there were several nonoxidative
procedures for the formation of optically active w-hydroxy carbonyl compounds, but only one
actively practiced oxidative method for the synthesis of such compounds.?
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The most commonly used nonoxidative method used by chemists prior to 1958 is the
substitution reaction using either chiral a-amino acids (L = NH;) or a-halo amides (I, = F, Cl,
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Br, or I} (equation 1). Another method relies on alkylation of «-hydroxy or a-alkoxy
carbonyl compounds. The induction of diastereoselectivty, in these cases, is achieved
through the use of chiral auxiliaries and other stereodirecting groups (equation 2). The third
method frequently utilizes the nucleophilic addition of hydride or other carbanions to a-
dicarbonyl compounds (equation 3). ln addition to being laborious, nonoxidative methods
are limited to the synthesis of acyclic compounds, which greatly reduces the magnitde of
their synthetic practicality.

In 1958, Rubottom and co-workers introduced an oxidative methodology, which first
requires the conversion of a carbonyl compound to either an enol silane or silyl enol ether. As
generated, the enol silane 3, for example, is then treated with m-chloroperbenzoic acid (m-
CPBA} to form the a-hydroxy carbonyl compound 4 following epoxidation and desi tytation.”

OSiMe; 0
o )\\\rcozg-- m-CPBA RJS(CDZR"
=3 HO R
3 4

Despite high yield, the Rubottom cxidation is limited by the necessity for synthesis of
the requisite silane ethers. The direct oxidation of enclates has thus emerged as the preferred
method for the stereoselective formation of a-hydroxy carbonyl compounds because of the
method’s effectiveness for both acyclic and cyclic substrates. Davis’s oxaziridine reagents
have proved to be ideally suited for the one-step enolate hydroxylation process. The
following chiral oxaziridine reagents have been utilized effectively in this protocol and will
be showcased throughout the chapter.

1.2.3 Mechanism

Mechanistic interpretation for this reaction began with comparisons to alkene epoxidations
using metal peroxides, dioxiranes, and oxaziridines. In 1982, Mimoun was the first to
propose a general mechanism for the oxygen transfer from compounds containing & peroxide
moiety (active site oxygen is part of a three-membered ring).* Mimoun’s mechanistic
interpretation can be applied to the oxidation of a sulfide using an oxaziridine reagent. In this
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case, coordination between the oxaziridine nitrogen and the substrate would lead to the
formation of a four-membered ring as an intermediate’ This cyclic intermediate would
decompose resulting in the formation of the sulfoxide and imine products.

R\/\" R el‘. R, N R.

N\O + 8 — ‘N'/ - —rr- N_IH —_— |+ it
R)/ P S );0 R)'_)ro R) &

R

In the following years, studies conducted by Sharpless,” Bach,*® Curei,'® and
others'' relied on reaction kinetics to formulate support of a Sn2-type displacement by the
nucleophilic substrate on the electrophilic oxygen atom of the three-membered ring.
Similarly, the deoxygenation of oxaziridines, such as 1, is kinetically consistent with the
aforementioned 852 mechanism,

Davis extensively studied reactions involving 1 and found that all results exhibited
properties that suggest the oxygen transfer by oxaziridines is Sy2 in nature. 2 When
comparing the mechanism of the nucleophilic ring opening of oxaziridines to those of
epoxides, aziridines, and thiiranes, it was found that attack at the nitrogen is favored when the
substituent bound to the nitrogen is small and nonobtrusive. When this substituent is large as
in 3, nucleophilic attack at the oxygen is favored, implicating an SN2 mechanism.
Furthermore, when the rate of oxidation was monitored through the use of 'H NMR, Davis
found the reaction to be second-order. Hammett subsituent constants were used to determine
the correlation of substituent electronic effects. Additionally, analyses of NMR spectra
produced no tendencies that were characteristic of the formation of zwitterion intermediates,
which were included in Mimoun’s mechanism. NMR spectra suggest that both A and B are
possible transition states for the oxygen transfer; however, transition state B is limited to
cases when the nucleophile is anionic.

_NSO,X _NSOzX
z-----0 2-----0 l
“CHARY Nemany
A B

These detailed mechanistic studies have led to the following generalized mechanism
of enolate oxation by oxaziridine reagents. In the hydroxylation of deoxybenzoin 10 to
benzoin 18, the enclate anion 11 is formed by kinetic deprotonation with LDA. The enolate
anion then performs a nucleophilic attack on the oxygen of the oxaziridine 1 in a manner
consisient with that proposed in transition state B. The hemiaminal 12 intermediate
decomposes to form the alkoxide 14 and sulfonimine 13. The alkoxide is then quenched to
provide alcohol 152
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1.2.4 Synthetic Utifity
Readers are directed to a thorough review on the chemistry of Davis oxaziridine reagents
through 1992, While this work will occasionally be referenced, the primary focus of this
section will he on the chemistry from 1992 to the present.

L2.4.1 Asymmelric oxidation via chiral auxiliaries

Chiral auxiliaries have found abundant use in providing a template for efficient and highly
diastereoselective enolate reactions, Concurrent with the development of chiral and
nonracemic Davis oxaziridine reagents, the use of chiral auxiliaries to direct the
stereoselectivity in these systems has been generalized.

The first example of the use of chiral auxiliaries for diastercoselective a-
hydroxylation was published in 1985. Davis and co-workers'® demonstrated the efficient and
highly stercoselective formation of a-hydroxyamides using the (+)-(5)-2-pyrrolidinemethanol
{R = H) chiral auxiliary. Thus, treatment of 16 with LDA was followed by enolate oxidation
with (£)-1 to provide 17 in high yield and high de (> 95%). An interesting reversal was noted
when the sodium enolate of 16 was reacted under similar conditions. In this case, production
of the (R)-product 18 was predominating with only slightly lower diastereoselectivity {93%
de). In both cases, the chiral auxiliaries could be removed without racemization. The use of
the related (H)-(5)-2-(methoxymethylpyrrolidine auxiliary (R = Me) provided inconsistent
results with regard to solvent dependence, selectivity, and yield.”
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o) o
Ph " 1.LDA ph\')LN
2. (#)-1 OH
16 R = H; 85%, > 95% de 17
OR OR

1. NaHMDS Ph
2. @1 ?s
R = H; 94%, > 93% de OR
The synthesis of acyclic tertiary a-hydroxy acids poses an additional challenge, in that
a specific enolate isomer must be generated prior to reaction with the oxaziridine reagent. As
a means of overcoming this challenge, Davis and co-workers utilized a strategy of double
stereodifferentiation, wherein the chiral enolate was reacted with an enantiopure oxaziridine.
This strategy proved successful for the synthesis of 20 from 19 when either enantiomer of
(camphorsulfony])oxazmdme 5 was employed as the oxidizing agent in the presence of
HMPA." Interestingly, the use of racemic 1 as the oxidizing agent resulted in only modest

diastereoselectivity (55% de), implicating the necessity for chiral, nonracemic oxaziridines in
this system.

1 LDA
%&H (+-5or HO CH%I
N ()5 P">\n’ ?
OCH, HMPA -78 °C 0 OCH,

Expanding upon these results, Schultz ef ol analyzcd the oxidation of enolates
produced via the Birch reduction of carboxylic acid derivatives.'” It was found that when 21
was reduced and treated with (+)-5, 22 was obtained with only marginal yield and modest
enantioselectivity. The enantioselectivity increased when 23 was deprotonated and then
treated with (+)-5.
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2. (+)-5,-78°C

While more plentiful, alcohol-based chiral auxiliaries have been limited in their
ability to direct the diastereoselective hydroxylation for the preparation of tertiary a-hydroxy
acids. Among these, the best results in this series were obtained when oxidation of the
enolate of chiral ester substrate 24 with (+)-5 yvielded (5)-25."*® The use of (-)-5 as the
hydroxylating agent, provided a reversal in stereoselectivity, providing (R)}-25. Interestingly,
when substoichiometric amounts (0.5 equiv) of (+)-8 were used, stereoselectivity improves
{94% de), a fact attributed to the matching of the enolate geometry to the oxidant. This
speculation is credible, as evidenced by the fact that oxidation with 0.50 equivalent of (-)-5
produces (8)-25 in only 37% de in a stereochemically mismatched case.

\/Hr : LDA, THE HO, My ¢
_(1-5.-78°C_
76%, T 76%, 66% de o
25

Among chiral enolates, those derived from oxazolidinone carboximides, as developed
in the Evans laboratories,’®'” have shown the most generality in directing the hydroxylation
with the racemic Davis oxaziridine 1. Pioneered in 1985, a variety of carboximide
derivatives have been hydroxylated with consistently high levels of diastereoselectivity.’
The high levels of selectivity are due, in patt, to the facile and exclusive formation of the Z-
enolate under these conditions. Importantly, these reactions are necessarily quenched by the
organic soluble camphor sulfonic acid (CSA) to avoid formation of a product arising from
intramolecular attack of the alkoxide oxygen at the oxazolidinone carbonyl under standard
aqueous acidic workup methods.
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The generality of this method has been demonstrated in a pumber of total synthesis
efforts.'" In their studies aimed at the elucidation of the structure of capensifuranone, the
Williams group utilized the 4-phenyl auxiliary for introduction of the hydroxyl substituent in
272" While the stereocenter was eventually destroyed, this reaction is notable in that high

stereoselectivity can be obtained with the 4-phenyl auxitiary, in addition to the auxiliaries
used above.

CHa CH; © CHy CHy & O
T e ’fi 1. NaHMDS, THF, -78 °C N A
"N
Lo 2.1, THF, -78°C _ 3 )\_/0
93%, 10:1 dr

In two separate syntheses of the microtubule stabilizing antitumor agent epothilone B
(28), the C,s stereocenter was prepared using diastercoselective hydroxylation mediated by
the carboximide auxiliary. White and co-workers relied upon the 4-benzyl auxiliary to effect
the diastereoselectivity in the preparation of 30,7 Meanwhile, the generality of this reaction

protocol is showcased by the high functional group tolerance demonstrated in the
hydroxylation of 31 to give 327"
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1.2.4.2 Substrate directed diastereoselective hydroxylation
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Several examples exist wherein the chirality of the substrate serves to influence the degree of
diastereoselectivity obtained on oxidation with racemic and nonracemic oxaziridines. These
examples are different from those above, since an auxiliary whose sole purpose is 1o direct
the stercoselectivity is not present. The majority of these examples rely on cyclic
stereccontrol to direct the facial selectivity. For example, in Meyers synthesis of the AB-ring
of aklavinone, oxidation of the thermodynamic enolate derived from 33 resulted in the
production of tertiary a-hydroxy ketone 34 as a single diastereomer in modest yield.> The
stereoselectivity is rationalized by invoking a transition state wherein pseudo axial addition to
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the least hindered top face occurs preferentially, with addition to the bottom face blocked by
the neighboring benzyl ether.

Similarly, selectivity was observed in Wemreb’s efforts toward the synthesis of the
microbial immunosuppressive agent FR901483, In this case, axial addition was favored by
reaction of the lithium enolate of amide 35 with racemic 1 to produce 36. An interesting
reversal of stereoselectivity was observed when, on slight alteration of the synthetic
sequernce, the Boc-protected amide was subjected to similar conditions. For reasons not fully
understood, equatorial alcohol 37 was produced in a 53% yield, the structure of which was
confirmed by X-ray crystal analysis,

g QTIPS  LDA THF p OTPS 4 OTIPS
\/SP:{XH 1-LDA, \/@H H
e S - = HO + Samen H-
AN N H UN-SOH
R o R o R 8]
35 36 ar
R = 8n, 60% R = Boc, 53%

During the synthesis of baccatin III derivatives, Baldelli and co-workers used the
diastereoselective 14f-hydroxylation of 38 to form 39 using 1 as the hydroxylating reagent.
As part of this study, several solvents, bases, and oxaziridine reagents were tested for this
reaction, of which a majority produced high yields.”” Optimum resuits were obtained using
KO'Bu as the base in a THF/DMPU (83:17) solvent system, though this is likely system
dependent. The sterecchemistry obtained was rationalized by a folded conformation of the
terpene skeleton which precluded attack of the bulky oxaziridine reagents from the a-face.
This example itlustrates the generality of this approach and demonstrates its potential for use
with highly congested and heavily functionalized substrates.

O QOTES

KO'Bu, THFOMPU, 1 © 63‘

HO  OH ggg 6
39

Using a similar strategy, Paquette and co-workers used this method for the o-
oxygenation of 40 in the synthesis of precursors of the antitumor agent Taxol. % The a-
hydroxy ketone 41 was produced by quenching the potassium enolate of 40 with 1, yielding a
5:1 mixture of the exo and endo epimers of 41.
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While the majority of examples of substrate control deal with cyclic sterocontrol,
there are a few examples where diasteroselectivity is induced in an acylic system.” A
notable example of this was demonstrated during the synthesis of a fragment of tubulysin, by
Wipf and co-workers.?® Utilizing a Davis reagent in their synthesis of an a-hydroxy-y-amino
acid, the enolate of the y-amino acid derivative 42 was reacted with 1 to form the et-hydroxy
derivative 43 as a single diastereomer in good yield. The stercoselective reaction has
precedence in literatute and likely involves a highly chelated dianionic species.”

I/\ 1. NaHMDS, THF Ul-l
2.1, THF, 1h
Cbz‘N CO,Me ———" s Cbsz

Y -78°C, 66% i COMe
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Further examples of acyclic stereocontrol in related amino acid systems make use of
chiral and nonracemic oxaziridine reagents to induce high levels of stereocontrol. In 1992,
Davis and coworkers synthesized the methyi ester of the Taxol C; side chain using this
method.* Following enolization, the dianion of 44 was reacted with the Davis reagent 5 to
yield the o-hydroxy P-amino acid 45 in 49% yield. While the yield was marginal in this
particular example, the 86:14 ratio of sterecisomers produced is impressive in this acyclic
system.

NH(C)CPh 1. LDA, LICI, 42°C NH{OYCPR
PhNCOzME Ph/‘vC{sze
H
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A similar protocol has been generalized in the Davies laboratories, relying on a highty
diastereoselective tandem conjugate addition/hydroxylation strategy for synthesis of a-
hydroxy-B-amino acid derivatives.>'™  For example, the enolate produced via
diastercoselective conjuagate addition of lithium benzylamide 47 to cinnamate 46 was
quenched with (+)-(camphorsulfonyl)oxaziridine (5) to give 48 in impressive yield and high
diastereoselectivity.
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The above protocol was applied during efforts to assign the sterecchemistry of the
ACE-inhibitor microginin.® Following a similar procedure, conjugate addition of 47 to 49
was followed by oxidation with 5 to provide 50 in 63% vield. The (25)-isomer was isolated
as a by-product in 4% yield, giving the reaction an overall diastereoselectivity of around 15:1,
similar to that obtained above.
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When the above transformation was conducted in a stepwise manner, B-amino acid
derivativegssl was deprotonated with LDA and reacted with § to produce 50 in 65% yield and
~92% de.
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The syntheses of o-hydroxy B-amino acids has also been accomplished using a
perhydropyrimidin-4-one template to direct the stereoselectivity of the hydroxylation.” For
example, the enolate of perhydropytimidin-4-one 52 was diastereoselectively hydroxylated to
obtain 53.° Examination of several oxidizing agents and bases revealed LiHMDS and the



Chapter | Asy tric Synthesi 33

oxaziridine 5 as ideal choices for this transformation. Compound 53 can be hydrolyzed under
acidic conditions to produce the enantiomerically pure g-hydroxy p-amino acid.

OH
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Substrate directed hydroxylation with Davis reagents has also found utility in the
synthesis of architecturally complex natural products.''™ For example, efforts for the
synthesis of (+)-spongistatin 1 by Smith and co-workers relied on hydroxylation of the
enolate of 54 with Davis reagent 7, which was followed by epimerization of the Cs to
produce 55 in high yield.*

1 KHMDS

opmp = OMe OPMP
OMe
3020 7 Et A
Sy

3. K;CO4, MeOH T
78% g5 ©OH

In the syntheses of (—)-lepadins A, B, and C, which exhibit strong cytotoxicity against
humnan cancer cells, enolate oxidation relied on the chiral, nonracemic dichloro oxaziridine 6
to deliver the product 57 in a stereoselective manner.*® Studies on this reaction demonstrated
a higher stereoselectivity for the lithium enolate in comparison to a similarly generated
sodivm enolate. Their results also indicated that the reaction between 56 and 6 constituted a
stereochemically matched case, whereas the use of racemic oxaziridine reagent 1 as well as
use of the alternate enantiomer of 6 resulted in greatly reduced diastereoselectivity.

gl 1 LiIHMDS LOH

i__oMoMm SOZO & :
~ 1%, 17:1 or N OMOM
56 57
1.2.4.3 Enantioselective oxidation

Enantioselective oxidation using Davis chiral oxaziridine reagents is not as well developed as
its diastereoselective counterpart. However, a number of simple enolates have been
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selectively hydroxylated, primarily in the Davis group.*’ After screening a number of bases
and oxaziridines, optimum conditions generally utilize NaHMDS as the base with one of the
(camphorsulfonyt)oxaziridine reagents (5 or 6). The impressive enantioselectivities for this
protocal are demonstrated in the formation of 58,% §9,% and 60.*° Extension of this protocol
to more complex ketones, or toward the synthesis of tertiary a-hydroxy ketones, is limited by
the inability to selectively form a single enolate isomer. While hydroxylation of aromatic
ketones has been well-documented,~? the majority of more complicated enantioselective
hydroxylations are done on cyclic ketones or lactones.”
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Several examples exist in the literature in which cyclic ketone enolates are
enantioselectively hydroxylated by chiral, nonracemic Davis oxaziridine reagents. In contrast
to their acyclic counterpart, the enolate geometry is fixed in cyclic systems.  During the
preparation of enantiomerically pure (—)-blebbistatin, the enolate of the guinolone 61 was

reacted with the Davis reagent § to afford the optically enriched 62 with 82% yield and 36%
ee’* The related reagent 6 was used in the synthesis of (+)-o-trimethylbrazilin, which was
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accomplished by converting the enolate of 63 to the enantiomerically pure 64 in 50% yield.*”®
Similar procedures were used during the synthesis of the AB ring segment of daunomycin.*®
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A related procedure was utilized for the syntheses of Sch 42427 and ER-30346, azole
antifungals, and (—)-tricycloillicinone; however, slight modifications in the experimental
procedures were explored resulting in improved yield and-ee. During the conversion of the
enolate of ketone 65 to the chiral a-hydroxy ketone 66, Gala and DiBenedetio observed that
the metal salts used in the reaction greatly influenced both the yield and the
enantioselectivity.’” Furuya and Terashima were also able to increase both yield and ee by
carrying out the oxidation of the lithium enclate of 67 using Davis reagent 6 in a mixture of
THF and DMF, which increased both the yield and ee of 68 by over 30% each.*®
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The utility of Davis chiral oxaziridine reagents has been more recently applied to the
synthesis of optically active a-hydroxy phosphonates. Two groups have been largely
responsible for developments in this area, Principally, Wiemer and co-workers have
demonstrated the highly enantioselective hydroxylation of a series of benzyl phosphonates.
As shown below for 69, hydroxylation makes use of oxaziridine 6, proceeding in moderate
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yield to give 70, with high levels of enantioselectivity. The reaction works equally well with
a variety of 4-substituted benzylphosphonates. >’ In an extension of this reaction o a more
conformationally flexible molecule, the oxidation of dimethylfarnesylphosphate also
proceeded with moderate enantioselectivity.>®

1. NaHMBS, -95 °C
2 OH

cl
©/\ P(OCHs); %NC' @Af(ocma)z
O o9 8,0 6 O 70

50%, 95% ee

Finally, Schmidt and coworkers have similarly applied the hydroxylation of
phosphonates for synthesis of some sialyltransferase inhibitors, Thus, the stabilized enolate of
M was selectively oxidized using dichloro(camphorsulphonyl)oxaziridine (6) to produce the
a-hydroxy diallylphosphonate in low yield but as a single stereoisomer. The reaction was also
found to be effective for compounds containing a variety of ring substituents.”*°

OH =

1. NaHMDS, THF P
- 0 3 TN

0 ' Cl 0 72
Cl 78°C
~N & 36%
500
1244 Heterocyclic asymmetric oxidation
FPro ipr FPr, ipr

Q_’Si‘o

: : P o
O O
) ‘_Si,o ODMBz 1, CHCI; /.0 ODMBz
Py HPr-s 74

ipr 7% 75%

Davis chiral oxaziridine reagents have found ample synthetic utility in the asymmetric
oxidation of sulfides to sulfoxides, providing excellent yields and high enantiomeric excess.
Sulfoxides have seen growing importance in organic synthesis and the versatility of
oxaziridine reagents enables them to be synthesized cleanty and efficiently.5! The sulfide 73
was oxidized using the Davis reagent 1, which could easily transfer an oxygen atom to the a-
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face of the tetrahydrothiopene ring to form the major product 74 in 75% yield.*> Similarly,
the asymmetric oxidation of 75 using the Davis reagent 6 in carbon tetrachloride produced
the sulfoxide intermediate 76 in 95% vield and 75% ee.™

cl
N SCHy ,NCI n g
HsC” \©/ SO50 & M \@/ “CH,
col,

75 76
Sulfenimines undergo asymmetric oxidations to form sulfinimines via a reaction with
Davis reagents. The sulfenimine 77 was oxidized by 9 to yieid the sulfinimine 78 in 82%
yield and 97% ee. Yields and enantiomeric excess varied based on the oxaziridine reagent

used.”
E ECI
ci -
H wSOPh O » H
N 2 ~
e \_ >
Ph’S‘N”I‘ph O o Ph’S‘N/LPh
82%, 97% ee
77 78
1.2.5 Experimental
1. LDA
2.
OMe
OMe O NOME OMe O
S070 7
THF, -78 °C OH
OMe OMe
79 80

(-)HR)-2-Ethyl-5,8-dimethoxy-2-hydroxy-1,2,3,4-tetrahydronaphthalen-1-one (80)*

A solution of 58.5 mg (0.25 mmol) of tetralone 79 in 2 mY, of THF was added dropwise to a
stirred and cocled —78 °C solution of 0.3 mL (0.30 mmol} of a 1 M solution of LDA in 2 mL
of THF. Afier the mixture was stirred at =78 °C for 30 min a solution of 116 mg (0.4 mmol)
of (+)-7 in 5 mL of THF was added dropwise. The reaction was monitored by TLC, warmed
to 0 °C as required, and quenched by the addition of 3 mL of saturated aqueous NH,CI after
0.5~1 h. The reaction mixture was extracted with diethyl ether (3 x 25 mL), and the
combined organic extracts were washed with H;O (20 mL) and brine (20 mL) and dried
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(Mg80Q,). The solvent was removed under reduced pressure to give a white solid (170 mg),
which was purified by preparative TLC (eluant pentane/ethet/CH,Clp, 3:1:1, Ry = 0.3) to give
40,6 mg (66%) of 80: mp 74-75 °C (lit. colorless oil); IR and NMR spectral data are
consistent with reported values. Anal. Caled for Cy.Hjs0y: C, 67.20; H, 7.20. Found: C,
67.09; H, 7.22.
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1.3 Midland Reduction

1.3.1 Description
The Midland reduction is the enantioselective reduction of a ketone (l) to an optically active
alcohol (2) using the commercially available reagent alpine borane (3).

j\ 3, THF f &K&,
2 R R? CHs
1 2 HsC

R ™R
CH
up to 99% ee 3
Alplne-Borane
3

1.3.2 Historical Perspective

In 1977, Midland and co-workers found that B-alkyl-9-borabicyclef3.3.1]nonanes (4) were
unique among triatkyl borane adducts (5) in that they rapidly reduced benzaldehyde (6a) at
room temperature.

4 B“R
fo) room temperature
OH
©)LH R i j’
B
R .R
6a 5 7a
>100°C
R= n-alkyl

Extension of this methodology to an enantioselective variant soon followed. In 1979
Midland showed that by using the chiral reagent derived from hydroberation of a-pinene by
9-BBN (3), deuterium labeled benzaldehyde (6b) could be reduced to enantiomerically
enriched alcoho! 7b in 98% ee.® Subsequent studies found that 3 was also useful for the
enantioselective reduction of acetylinic ketones (8) to propargylic alcohols (9).°
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O O H

] i o OH
D 3, THF OH | /J\ 3, THF /\ .
! " "R? Lz R
98% ee R Z R
&b 7b ; 8 9
' R, R? = alkyl, aryl up to 99% ee

1.3.3  Mechanism and Stereochemical Rationalization

Initial debate over the mechanism of the Midland reduction centered around the idea that this
reduction could reasonably proceed via either a one-step (Path A) or two-step (Path B)
mechanism as shown below. However, mechanistic investigations by Midland showed that
the rate of the reaction was dependent on the concentration of the aldehyde, thus lending
support to the reaction proceeding via Path A’. The subsequent development of the
enantioselective variant of this reaction using 3 essentially eliminated Path B as a possible
mechanism because it is not consistent with the optically active alcohols produced in the
reaction. Thus, Path A is widely accepted as the mechanism for this reaction.

o\%&,_ Path A o B8N
B O G
C
3

CH;

@B _9-BBN

0 Path B Q;L o 1%
Q""CH\’. * B‘H R1)J\R2 R1)\R2
H;C CH, \\/

The reduction of ketonmes with 3 affords chiral alcohols with a predictable
stereochemical outcome. Transition state 10 is favored over 11 because the smaller group of
the ketone (Rg) rather than the large group {(Ry) is “axial” and eclipsing the methyl group of
the pinene subunit.® While there is still some debate over the nuances of the transition state
of this reduction, transition state 10 is a reasonable model that accurately predicts the
stereachemical outcome of the reduction of ketones with 3.
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= =

RL\%/ RS‘\\r
CHg CHs )ZCHS CH,
Rg Ry
10 11
Favored Transition State Disfavored Transition State

1.3.4 Variations and Improvemenis

While Midland’s initial studies focused on the reduction of aryl aldehydes and alkynyl
ketones, expansion of the scope of this methodology was problematic. Attempted reduction
of a variety of aldehydes afforded the corresponding alcohols only afier long reaction times
and in low enantiomeric excess. The moderate increase in the steric bulk of these non-
acetylenic ketones is believed to account for the marked decrease in reaction rate.
Furthermore, the slow reduction of these ketones is problematic because it allows for the
retrohydroboration of 3 into more reactive and achiral 9-BBN. The reduction of the ketone
with 9-BBN is then much more facile and leads to optically inactive preducts (Path B, section
1.3.3). The initial solution to this problem was developed by H. C. Brown and Pai.” They
found that by carrying out the reaction neat, instead of at 0.5 M in THF,the rate of the
bimolecular reduction reaction increased enough so that the unimolecular retrohydroboration
reaction was less competitive. Subsequently, Midland found that even better results could be
obtained by increasing the pressure in the reaction vessel.>® It was proposed that the reason
for the increase in both rate and selectivity was due to the fact that the bimolecular reduction
process (Path A, Section 1.3.3) should be favored at high pressure while the dissociative
tetrohydroboration reaction (Path B) should be suppressed. Indeed, Midland found that by
increasing the pressure to 6000 atm the reduction of a variety of ketones, including
acetophenone (12), was achieved with neat alpine borane (3) to the corresponding alcohol
(13) at noticeably faster rates and with improved enantioselectivity.

O OH
3 (neat) 1 atm: 7 days, 78% ee
6000 atm: 1 day, 98.4% ce
12 13
80% yield

The use of alpine-borane (3) has also been extended to include the reduction of acyl
cyanides (14) to optically active B-amino alcohols (15),“' as well as the reduction of a-keto
esters (16) into the corresponding o-hydroxy esters (17)."!
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o

L PO i
3 {neat NH ' 3, {neat)
A ey Bdneab, S R"”\cozﬁz2 —_ R‘/u\c:ozR2
14 15 : 18
Ar = CgHg, p-CICgH,. 74-86%yield |  R'sCHj, CeHs 50 - 98% yield
0-CICsHy, m-CHiCgHy  85-80%ee |  R°=CHg, CoHs, 79— 100% oo
; i-CyHy, £-CoHy

1.3.5 Synthetic Utility

Alpine borane (the Midland reagent, 3) has found broad use in the synthesis of complex
natural products. As early as 1980, only one year after Midland’s seminal publication,
Johnson and co-workers used 3 for the reduction of ketone 18 to afford alcohol 19 in 75%
yield and 97% ee.'? This material was used to complete the synthesis of 20, a cyclization
precursor in Johnson’s total synthesis of hydrocortisone acetate,

| | 3, THF, it HO.,, | I

| ' l 75%, 97% we l |

TMS
19

The Midland reduction has also been used in the large-scale synthesis of chiral
glycines. Deuterium labeled anisaldehyde was reduced with 3 to provide deuteriated
arylmethyl alcohol 21 in 82% ee. 3 This alcohol was then converted in 4 steps to N-Boc-
glycine (22).

2 3, THF, 75 °C
eO 82% ee

0
Q 3 (neat), OH CqHy._~OAC
C4H9)I\\ - —— : |
N s am 00 OHT N x
23 umuravumbolide

24
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More recently, alpine-borane (3) was used as the first step in the total synthesis of
umuravlfglbolide (24). Reduction of 1-heptyn-3-one with 3 produced 23 in 75% yield and
74% ee.

The synthesis of the DE ring system of upenamide (28) wtilized a Midland reduction
to set the initial stereocenter in the synthesis. Conversion of 25 to 26 proceeded in 74% yield
and 93% ee.”® This material was carried on through a series of transformations to achieve a
synthesis of the DE ring system (27),

H
9 3 (neat), rt 0
= o
= =
74%, 93% o¢

TBSO. TBSO

25 26

upenamide
28

1.3.6 Experimental

Propargylic alcohol (26)'5

Alkynone 25 ¢5.09 g, 20.0 mmol) was added to neat (R)-alpine-borane (7.23 g, 28 mmol) at 0
°C. The ice bath was removed after 30 min and the red solution was stirred at room
temperature for 8 h at which time GC analysis showed complete consumption of starting
material. Excess alpine-borane was quenched by the addition of propionaldehyde (1.08 mL,
15 mmol) with external cooling (0 °C) followed by stirring at room temperature for | h. The
solution was concentrated and subject to high vacuum at 40 °C for 4 b with stitring to remove
a-pinene. The residue was diluted with THF (10 mL) and solutions of NaOH (3 M, 7.5 mL)
and H;0; (30%, 7.5 mL) (caution: highly exothermic) was added dropwise at 0 °C. The
resulting mixture was stirred for 4 h at 40 °C and extracted with ether (3 x 60 mL). The
combined organic extracts were washed with brine, dried (MgSQy), filtered, and
concentrated. The residue was purified by flash chromatography (hexanes:ethyl acetate, 8:1)
to give 3.78 g (74% yield, 93% ee) of 14 as a light-yellow oil.
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1.4 Noyori Catalytic Asymmetric Hydrogenation

1.41 Description

The demand to produce enantiomerically pure pharmaceuticals, agrochemicals, flavors, and
other fine chemicals from prochiral precursors has advanced the field of catalytic asymmetric
hydrogenation.' In 2002 worldwide sales of single enantiomer pharmaceutical products
approached $160 billion.?

Homogeneous catalytic asymmetric hydrogenation has become one of the most
efficient methods for the synthesis of chiral alcohols, amines, o~ and PB-amino acids, and
many other important chiral intermediates. Specifically, catalytic asymmetric hydrogenation
methods developed by Professor Ryoji Noyori are highly selective and efficient processes for
the preparation of a wide variety of chiral alcohols and chiral a-amino acids® The
transformation utilizes molecolar hydrogen, BINAP (2,2"-bis(diphenylphosphino)-1,1'-
binaphthyl) ligand and ruthenium(Il) or rhodium(l) transition metal to reduce prochiral
ketones 1 or olefins 2 to their corresponding alcohols 3 or alkanes 4, respectively.*

O OH
R,U\ R1 R * R‘I
functionalized ketone
1 Ha, (R} or (S)-BINAP, 3

Metal [Ru(tl} or Rh{f)]

RQ:I]:Ra RZI‘R:,
Ry Ry Ry« Rg
functionalized olefin
2 4

This unique asymmetric transformation has become one of the most efficient,
practical, and atom-economical methods for the construction of chiral compounds from
simple prochiral starting material® The transformation can offer either (R} or (5)-
stereoisomer, can have exquisite substrate-to-catalyst (8/C) ratio (100,000:1), and by
selecting the appropriate substrate and catalyst, generality can often exceed the merits of a
biotransformation. Furthermore, the reaction can proceed with high turnover number {TON),
turnover frequency (TOF), and enantiometic excess (e¢). The operations of the reaction,
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isolation, separation, and purification are simple, easily performed, and well-suited for mass
production.®

1.4.2 Historical Perspective

In 1968, W. S. Knowles’” and L. Horner® reported independently the first homogeneous
catalyzed asymmetric hydrogenation of olefins with chiral monodentate tertiary phosphine
Rh-complexes, albeit in low enantiomeric excess (3—15% ee).” A major breakthrough came in
1971, when H. B. Kagan developed a Rh(I})-complex derived from a C; chiral diphosphine
ligand of tartaric acid.'® The Kagan Rh(I)-complex asymmetrically hydrogenated dehydro
amino acids leading to phenylalanine in 72% ee. Subsequently, the pioneering work of the
Knowles group at Monsanto established a method for the industrial synthesis of Z-DOPA, a
drug for treating Parkinson’s disease, using DIPAMP-Rh(I} catalyzed asymmetric
fiydrogenation as a key step.'’ The successtul and practicai synthesis of L-DOPA constitutes
4 fundamental progression in asymmetric hydrogenation technology, and for his discovery
Knowles shared the 2001 Nobel Prize in Chemistry with R. Noyori and K. B. Sharpless.'*

In 1980, Professor Noyori and the late H, Takaya consequently designed and
synthesized a bidentate phosphine ligand BINAP (2,2-bis(diphenylphosphino)-1,1'-
binaphthyl) 5, that contained an atropisomeric 1,1’-binaphthy] structure as a chiral element
for use in transition metal catalyzed asymmetric hydrogenation reactions (Figure 1).

g@!
P(CgHs),

1

‘e : F{CgHs)2

5 (R)-BINAP
Figure 1 (R)- 2,2"-Bis(diphenylphosphino}-1,1'-binaphthyl 5

Rhodium(I)} complexes of BINAP enantiomers are remarkably effective in various
kinds of asymmetric catalytic reactions,* including the enantioselective hydrogenation of o~
(acylamino)acrylic acids or esters® to provide amino acid derivatives, and the
enantioselective isomerization of allylic amines to enamines.”” Furthermore, Noyori’s
discovery of the BINAP-Ru(IT) complex was a major advance in stereoselective organic
synthesis. The scope and application of the BINAP transition metal catalyst system is far
reaching. These chiral Ru complexes serve as catalyst precursors for the highly
enantioselective hydrogenation of a range of functionalized ketones and olefins.™ For his
contribution to asymmetric hydrogenation, Noyori shared the 2001 Nobel Prize in Chemistry
with W. §, Knowles and K. B. Sharpless.'?®
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1.4.3 Mechanism

The BINAP ligand 5 (Figure 1) has numerous unique features. The diphosphine is
characterized by full aromatic substitution, which exerts steric influence, provides
polarizability, and enhances the Lewis acidity of the metal complex. The BINAP molecule is
conformationally flexible and can accommodate a wide variety of transition metals by
rotation about the binaphthyl C(1)-C(17) pivot and C(2 or 2)-P bonds without a serious
increase in torsional strain. The framework of the chiral ligand determines enantioselectivity
but can alsc alter the reactivity of the metal complex. In addition, the BINAP binaphthyl
groups are axially dissymmetric possessing C; symmetry,'® resulting in the production of an
excellent asymmetric environment.

Ha
Ny GO 7 (R}BINAP-Rh COH
NHCOPh NHCOPh
6 8(8)
97% yield, = 89% ee

+
()L "
\Rh< €| clo,”
p’ QMe
T

7

In 1980, Noyori and co-workers reported cationic BINAP-Rh(I) catalyzing the
hydrogenation of ai-(acylamino)acrylic acids and esters to give amino acid derivatives in
> 90% ee* For instance, catalyst 7 converts (Z)-o-(benzamido)cinnamic acid 6 to (S)-N-
benzoylphenylalanine 8 in > 99% ¢e and 97% yield [substrate/catalyst molar ratio (S/C) =
100, 4 atm, room temp., 48 h, EtOH]. This reaction gives excellent enantioselectivity, but
proved to be less than ideal because of the unsaturated dihydride mechanism, which has been
thoroughly investigated by Halpern, Brown, and co-workers,!”” The catalytic asymmetric
hydrogenation reaction mechanism of enamide 9 using Co~chiral diphosphine Rh complex 7
to yield chiral a-amino acids 13 is shown in Figure 2. The Rh complex 7 forms a mixture of
two diastereomeric substrate complexes with 9, which leads to the § or R hydrogenation
product, depending on the Re/Si face selection at the a-carbon C(2) in 9. Hence, the
enarttioselectivity is determined by the relative equilibrium ratio and reactivity of
diastereomer 10. Under the reaction conditions, the major and more stable diastereomer is
consumed much more slowly than the less stable minor isomer because of lower reactivity
towards H;. The thermodynamically favored Si-10 diasterecomeric Rh complex, leading to the
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R-enantiomer of 13, is weakly reactive and thus before hydrogenation can occur, it is
converted to the highly reactive diastereomer Re-10, Diastereomer Re-10 ultimately gives the
S-enantiomer 13 via decoordination and recoordination of substrate 9. Consequently, the
observed enantioselectivity is a result of the delicate bajance of the stability and reactivity of
diastereomeric 10. Because of this inherent mechanistic problem, the optimum conditions
leading to high enantioselectivity are obtainable only by careful reagent and reaction
condition choices. The reaction must be conducted under low substrate concentration and low
hydrogen pressure. The BINAP-Rh catalyzed reaction occurs very slowly, because the
reactive substrate Rh-complex 10 is present in very low concentration under these
hydrogenation conditions. Unfortunately, the scope of the olefinic substrate is narrow. Thus,
the BINAP-Rh catalyzed hydrogenation suffers from a mechanistic limitation and therefore
remains far from ideal. Respectable enantioselection is obtainable only with Rh complexes of
the ligand DuPhos, certain monodentate phosphates, and phosphoamidites.'®!’

. HO,C._ NHCOPh
HO,C. 2. NHCOPh [(P-PIRNS] HIS
T
H
13
9
25 s

F-n—|+ Ph—1+

0“'\-

P P)RhP:(NH (P—P)(S)(H)Rh/ \'5-'

> CO,H

COH H
10 12
H
+ 1
Ph |
o=

. {P-P)(H)th,\ NH

P-P = (R)-BINAP =

§ = aleoholic solvent COoH

1
Figure 2 Mechanism of Rh-diphosphine catalyzed hydrogenation of enamide 9
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A breakthrough in catalytic asymmetric hydrogenation came when the Rh(I) metal was
replaced by Ru(ll). Hydrogenation of methyl (Z)-o-(acetamido)-cinnamate 14, in the
presence of Ru(QCOCH,):[(R)-BINAP] 15,** affords methyl (R)-o-(acetamido)cinnamate
1:: g ]_5;]2?3: ee and > 99% yield [substrate/catalyst molar ratio (S/C) = 200, 1 atm, 30 °C, 24 h,

eOH).

Hz
Sy CO2Me 15 (R)-BINAP-Ru ~CO:Me
NHCOMe NHCOMe
14 16 (R}

> 99% vield, > 92% ee

DO
P><§ %
L,
P 0y’
Phy

15

The asymmetric induction is opposite of that obtained with the (R)-BINAP-Rh 7
catalyst.'”®® This contrasting behavior was found to be caused by an unsaturated
monohydride mechanism, which is facilitated by the Ru monohydride catalyst 18 formed by
the heterolytic cleavage of H, by precatalyst 17 (Figure 3).”® Importantly, the metal hydride
species 18 in this reaction is generated before substrate coordination, unlike the Rh chemistry
involving the unsaturated dihydride mechanism (Figure 2)."° The stereochemistry of the
product is determined by the cleavage of the Ru—C bond in 21 by Hi. The enantiomeric ratio
corresponds well to the relative stability of the diastercomeric substrate RuH complexes Si-
and Re-20. The major 5i-20 diastereomer is converted to the R hydrogenation product by
migratory insertion followed by hydrogenolysis. The two hydrogen atoms incorporated in
product 22 are from two different H, molecules, as confirmed by isotope labeling
experiments.’ This result stands in contrast to the standard Rh-catalyzed reaction, which uses
only one H molecule per product.
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(P-P)Ru(AcO),

(R-17
H;
- AcOH
(P-PIRUH(ACO) MeO,C RNHCOMe
MeOZC\ﬂ,NHCOMe (R)-18 H
H
22
1%
H,
COQMQ M
7( COzMe
(P-P)(AcOHRY NH IV‘NH
o={ (P-PHACORY, | -
Me 0" “Me
20 21

P-P = (R)-BINAP
Figure 3 Mechanism of Ru-complex catalyzed hydrogenation of enamide 19

o 0 Hy OH O
RJ\/U\OME 24 (R}-B|NAP-RL| R)\/U\OME
23 25 (R)
>38% ee

f-Keto esters are effectively reduced by halogen containing chiral precatalysts,
including RuX(BINAP) 24 (X = Cl, Br, I),"*? [RuX(BINAP)(arene)]Y (X = halogen, Y =
halogen or BFy),”> [NHxCoHs ) J[(RUCIKBINAPY),(11-CI)5),2* and other in situ formed halogen
containing BINAP-Ru complexes.”® Moreover, various p-keto esters are hydrogenated in
alcoholic solvent with an 8/C of up to 10,000 to give chiral f-hydroxy esters in high ee.
Interestingly, the Ru(OCOCH;)(BINAP) 15 catalyst, although excellent for the asymmetric
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(I e
PBEL s
&S
Ph,

24, S = solvent
RuCl{P-P)Ss
(R)-24

Hy

« HCI

M (P-P)RuHCIS,
R OMe (R)-26

H* &
Ha
.
(P-P)ClHRuP (P-P)RuCISn_l
o= 29
27
OH ©
HQ-
+ R"r OMe
OMe_l 25
0_ S
(P-P)CIRY,
9 lnH
P-P = (R)-BINAP H R
5 = solvent 28

Figure 4 Mechanism of Ru-complex catalyzed hydrogenation of B-keto ester 23
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hydrogenation of functionalized olefins, is ineffective in reactions of structurally similar
ketones such as B-keto esters.

A mechanistic model for the reduction of B-keto ester 23 is represented in Figure 4,
wherein the actual catalyst is RuHCl 26 which is formed by the reaction between 24 and Hy.*
Initially, 26 interacts reversibly with -keto ester 23 to form the o-type chelate complex 27,
in which metal-to-carbonyl hydride transfer is geometrically difficult. However, after
protonation at the oxvgen, the electrophilicity of the carbon is increased and the geometry is
converted from o te n, which facilitates the hydride migration, The hydroxy ester ligand in
the resulting product 28 is liberated by solvent. The cationic Ru complex 29 cleaves H; and
regenerates 26. Enantioselectivity of > 99:1 is achieved in the hydride transfer step 27 to 28.
A key step is carbonyl protonation of 27, caused by HCI generated in the induction step 24 to
26.%7 The list of potential substrates includes various ketones possessing a directive functional
group such as a dialkylamino, hydroxyl, alkoxyl, siloxyl, keto, halogeno, alkoxycarbenyl,
alkylthiccarbonyl, dialkylamine-carbonyl, phosphoryl, and sulfoxyl group, among other
possibilities, '8

1.4.4 Variations and Improvemenis

OMe
MeO. ‘ Ph
C roc-Jes
R; PR, MeQ PPhy PPh,
Rz PR, O PPh,
s el
OMe

30 (5)-BIPHEMP: R! = Ph; Ra=CHj; 32 {5}-0-Ph-HexaMeO-BIPHEP 33 (5)-Hg-BINAP
31 (S)-BIPHEP: R'=Ph; Ry = OCH;,

Ever since Professor Noyori demonstrated that BINAP tfransition metal complexes were
highly effective for asymmetri¢ hydrogenation, a vast number of chiral ligands and catalysts
have been developed by many researchers in academia and industry.'® In particutar, many
researchers have devoted their efforts to designing and developing new efficient and selective
chiral phosphorus ligands. A major feature in the design of the new chiral phosphorus ligands
is the ability to tune the steric and electronic properties of ligands within a given scaffold.
Modification of the electronic and steric properties of BIPHEMP 30 and MeO-BIPHEP 31
led to the development of new and efficient atropisomeric ligands for ruthenium-catalyzed
asymmetric hydrogenation.'® In addition, Zhang e ol have recently disclosed an ortho-
substituted BIPHEP ligand, o-Ph-HexaMeQO-BIPHEP 32, for the rhodium-catalyzed
asymmetric hydrogenation of cyclic enamides.”® Takaya has found that a modified BINAP
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ligand (Hg-BINAP 33) provides better enantioselectivity than BINAP in Ru-catalyzed
hydrogenation of unsaturated carboxylic acids.*

The chiral biaryt bisphosphine ligand SEGPHOS 34, developed by Takasago,
possesses a smaller dihedral angle than BINAP, The ligand has provided greater
enantioselectivity over BINAP in Ru-catalyzed hydrogenation of a wide variety of carbonyl
compounds. !

OH

Et
L Yy
PPh; @: e
0 PPh, p—CE
¢ ‘ OH
e} Er Y

OH
34 (5)-SEGPHOS 35 KetalPhos

A number of chiral bisphosphane ligands have emerged based on the modification of
DuPhos and BPE ligands,'™ which have proved successful for the rhodium-catalyzed
asymmetric hydrogenation of functionalized olefins and ketones. The ligand with four
hydroxyl groups, KetalPhos 35, enables the hydrogenation to be cartied out in aqueous
solution with high enantioselectivity.

Zhang has developed a series of 1,4-diphosphane ligands with a conformationally
rigid 1,4-dioxane backbone, as exemplified by T-Phos 36 and SK-Phos 37. These ligands
have proved highly efficient and selective (> 99% ee) for the asymmetric hydrogenation of
arylenamides and MOM-protected B-hydroxyl enamides.”

H  OMe H O
PhaP o Ph,P o
thp’#a\#\ Ph,P 0
H  OMe H O
36 (R,R,R,R)}-T-Phos 37 (R,R,R R)}-SK-Phos

Many chiral ferrocene-based bisphosphane ligands with great structural variations
have been developed recently. Togni and Spindler introduced non-Cr-symmetric ferrocene-
based Josiphos type ligands.™ Josiphos 38 has been found to be effective for Rh-catalyzed
hydrogenation of ct-acetamidocinnamate, dimethyl itaconate, and P-keto esters. A class of
non-Cr-symmetrical ferrocene-based 1,5-diphosphane ligands (TaniaPhos 39) has also been
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developed by Knochel.*® These ligands have been effectively used in Rh- and Ru-catalyzed

asymmetric hydrogenation of functionalized a-(acylamino)acrylic acids and esters, [-keto
esters, and imines. The TaniaPhos type ligands (39), which have a MeQ group at the
stereogenic carbon, have shown excellent applications in hydrogenation of several ketone and
ofefin substrates,>®

PCy; ';lM g5

@”! ""Me
Fe PPhy Fe FPhy

b, PhaP

38 (R)-(S)-Josiphos 39 TaniaPhos

Although the first P-chiral bisphosphane (DIPAMP) was developed by Knowles over
30 years ago, the discovery of new efficient P-chiral bisphosphanes has been slow partly
because of the difficulties in ligand synthesis. Pye and Rossen have developed a planar chiral
bisphosphine ligand, [2.2]-PHANEPHOS 40, based on a paracyclophane backbone.*” The
ligand has shown excellent enantioselectivity in Rh- and Ru-catalyzed hydrogenations.

<0d
PPh; OPPh, OD\\

: . OPR,

PPh; Ph

42 (S)-Cy,Cy-oxoPraNOP: R = Cy

40 (SM2.2PHANEPHOS 41 (S)/Ph-o-BINAPO 43 (5)-Cp.Cp-oxoPraNOP: R = Cp

The discovery of highly efficient bisphosphinites, bisphosphonites, and bisphosphites
for asymmetric hydrogenation has been relatively slow compared to chiral bisphosphane
ligands, due to their greater conformational flexibility and instability. Zhang has recently
reported on a series of 0-BINAPO ligands with substituents at the 3 and 3’ positions of the
binaphthyl proup. The ligand Ph-0-BINAPO 41 is an efficient ligand for hydrogenation of a-
dehydroamino acid derivatives.’® The o-BINAPO ligands have also been applied in Ru-
catalyzed hydrogenation of B-aryl-B-(acylamino)acrylates and up to 39% ee's have been
obtained.>

Several efficient amidophosphine- and aminophosphine-phosphinite ligands have
been reported by Agbossou and Carpentier.”® Amidophosphine-phosphinite ligands (S)-
Cy.Cy-0x0ProNQP 42 and (S)-Cp.Cp-oxoProNOP 43 are efficient ligands for Rh-catalyzed
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hydrogenation of dihydro-4,4-dimethyl-2,3-furandione, and up to 98% ee’s have been
obtained.

1.4.5  Synthetic Utifity

Professor Ryoii Noyori developed and utilized the BINAP molecule as a chiral ligand to
effect stereoselectivity in transition metal catalyzed asymmetric hydrogenation. The catalytic
asymmetric hydrogenation reaction has been applied to a number of diverse functionalized
ketones and olefins. The following illustrations represent the synthetic utility of the
asymmetric hydrogenation reaction using the BINAP ligand, as well as new chiral
phosphorus ligands.

1.4.5.1 Hydrogenation of dehydroamino acid derivatives

A number of natural and unnatural amino acids are now available in >90% ee due to catalytic
asymmetric hydrogenation of (Z)- or (E)-u-(acylamino)acrylic acids or esters, and this
methodology is gaining practical significance in industry and academics.”s In general, high
enantioselectivity is achieved for Z-isomeric substrates of a-dehydroamino acids, where as
hydrogenation of the E-isomeric substrates usually proceeds with slow rates and poor
enantioselectivity.™'  Interestingly, the DuPhos-Rh system provides excellent
enantioselectivity for both Z- and E-isomeric subsirate 44 and gives a single hydrogenation
product 45 regardless of starting Z- and E-isomeric substrate.?!*

K\rCOzMe
H2

NHAc (R,R)-Pr-DuPhos-Rh - COMe
or NHAC
= COzME 45
NHAC »99% ea
a4

Hydrogenation of p.p-disubstituied a-dehydroamino acids 46 remains a challenging
problem. The [ess bulky Me-DuPhos- or Me-BPE-type ligands provide excellent
enantioselectivity to give a variety of B,f-disubstituted products 47.

H2 )\/
2, ACOMe (R.R)-Me-BPE-Rh . COu,Me
NHAG NHAC
46 47

98.2% ee
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The asymmetric hydrogenation of B,p-disubstituted o-dehydroamine acid 48, in
which the B-substituents are nonequivalent, pravides the opportunity to selectively construct
two contiguous stereogenic centers as scen in 49, The Me-DuPhos and Me-BPE ligands
facilitate the rhodium catalyzed hydrogenation of the E- and Z-isomers with excellent
enantioselectivity.

Me M, Me
PhWCOzMe {R R)-Me-BPE-Rh P S COMe
NHAC NHAG
48 49
90.6% ee

Furthermore, the asymmetric hydrogenation of the £- or Z-isomer of -(acetylamine)-
B-methyl-a-dehydroamino acids (50 and 51, respectively) with the Me-DuPhos-Rh catalyst
provides either diastereomer of N,N—grotected 2,3-diaminobutanoic acid derivatives (52 and
53) with excellent enantioselectivity.*

AcHN AcHN,,
| , C
PRCOHN", CO,Et (R,R)-Me-DuPhos-Rh PhCOHN'"" ™CO,&t
50 52
96% ee

NHAC ~NHAC
X s X
(R.R}-Me-DuPhos-Rh :

PhCOHN" . CO,Et PhCOHN"" ~CO,Et

51 53
> 98% ee

1,4.5.2 Hydrogenation af enamides

The Ru-BINAP system has shown excellent enantioselectivity in hydrogenation of (Z)-N-
acyl-1 -alkylideneletrahydroisoauino[ines 54, Thus, a series of chiral isoquinoline products 55
can be efficiently synthesized.”
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MeO MeOC.
g v 4
i OMe l OMe
OMe OMe
54 55
99.5% ee

Rhodium catalyzed hydrogenation of enamides has atiracted much attention recently.
With the development of more efficient chiral phosphorus ligands, extremely high ee’s can be
obtained. Hydrogenation of tetra-substituted enamides, such as {,B-dimethyl-c-phenyl
enamide derivative 56, has been reported with +Bu-BisP* and #Bu-MiniPhos providing
amide 57 with excellent ee.*®

NHAC H; NHAC
(R.R)-1-Bu-BisP™-Rh :
= @/Y
56 57
99% ee

1.4.5.3 Hydrogenation of (f-acylamino) acrylates

Asymmetric hydrogenation of (B—a&vlmino) acrylates provides B-amino acids, an important
constituent in many chiral drugs.™ Many Rh and Ru complexes with chiral phosphorus
ligands such as BINAP,* DuPhos,** BICP,* BDPMI,* and MalPHOS?®' are effective for the
hydrogenation of (E)-B-atkyt {B-acylamino)acrylates. However, only a few chiral ligands,

such as BDPMI***® or TangPhos,” can hydrogenate (Z)-B-alkyl (B-acylamino)acrylate 58 in
over 93% ee.

H;

/[COZ Me calatyst CO,Me
| I

Ph ~NHAC Ph™" “NHAc

58 59

catalyst: (S)-Xylyt-o-BINAPO-Ru, 59 (99% ee)®
catalyst: (S,S,R,R)-TangPhos-Rh, 59 (93.8% es)*®°



Chapter 1 Asymmetric Synthesis 59

1.4.5.4 Hydrogenation of enol esters

In contrast to many examples of highly enantioselective hydrogenations of enamides, only a
few successful demonstrations exist for the asymmetric hydrogenation of enof esters. One
possible reason is the acyl group of an enol ester has weaker coordinating ability to the metal
catalyst than the corresponding enamide substrate. Both Rh and Ru complexes associated
with chiral phosphorus ligands such as DuPhos™ and C,-TunaPhos,* respectively, are

effective for the asymmetric hydrogenation of a-(acyloxy)acrylate 60.

H,
R catalyst \r R'
-
QAc OAc
60 61

catalyst: {(R.A}-Et-DuPhos-Rh, §1 (>99% ee, R-confign., R' = CO,EL)
catalyst: (S8}-C,-TunaPhos-Ru, 81 (87.7% ee, S-confign., R’ = 1-Np)

1.4.5.5 Hydrogenation of a-f-unsaturated carbonyls

Significant progress has been achieved in the asymmeiric hydrogenation of a,B-unsaturated
catboxylic acids with chiral Ru catalysts. In the case of hydrogenation of 62, high
hydrogenation pressure and low temperature are required to achieve good enantioselectivity
of (5)-2-(4-fluorophenyl)-3-methylbutanoic acid 63, a key intermediate in the synthesis of the
calcium antagonist Mibefradil.”®

H;
| Ru{OAC), \/
copH  _[RYBIPHEMP] | /©/\CO-_>H
F F
62 63
4% ee

Many chiral phosphorus ligands with Ru complexes have achieved excellent
enantioselectivity in the hydrogenation of o,f-unsaturated esters, amides, lactones, and
ketones. The Ru-BINAP system is efficient for hydrogenation of 2-methylene-y-
butyrolactone 64 and 2-methylene-cyclopentanone 66.°%7 With a dicationic (S)-di-~Bu-
MeOBIPHEP-Ru complex under high hydrogen pressure, 3-ethoxy pyrrolidinone 68 is
hydrogenated to give (R)-4-ethoxy-<lactam 69 in 98% ee.”
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0 Hz (&}
{S)-BINAP-Ru
(W] o]
64 85
95% ee
o Hy
{(R}-BINAP-Ru
= RN
Bu Bu
66 87
98% ee
Hz
H (SHdi--Bu- H
MeO-BIPHEP-Ru
EtO EtQ
88 69
98% ee

1.4.5.6 Hydrogenation of unsaturated alcohols

Asymmetric hydrogenation of allylic and homoallylic unsaturated alcohols was not very
efficient until the discovery of the BINAP-Ru catalyst. With Ru(BINAP)(OAc); as catalyst,
geraniol 70 and nerol 72 are successfully hydrogenated to give (5)- or (R)-citronetlol (71 and
73, respectively) in high overall yield with good enantioselectivity of 98 and 99% ee.*

Hy
-BINAP-Ru /]\/\J\/\
)V\)V\O H (5} T OH

70 71
99% eo
N )\/\./%\/\
«BINAP-Ru i
/K\/\/H © q -
72 OH 73

98% o8
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1.4.5.7 Hydrogenation of ketones

Hydrogenation of a-keto esters and amides has been studied with Rh and Ru catalysts.
Several neutral Rh catalysts with chiral ligands such as MCCPM® and Cy,Cy-oxoProNOP®!
have demonstrated excellent reactivity and enantioselectivity in the hydrogenation of o-keto
esters and amides. A cationic {BoPhoz)-Rh complex efficiently hydrogenates the cyclic o-
keto ester, dihydro-4,4-dimethyl-2,3-furandione 74, with a high turnover number to afford o-
hydroxy ketone 75.%

0 H, OH
ﬂ {BoPhaz)-Rh —Z—L
0 o

(o] o)
74 75
97.2% e

Asymmetric hydrogenation of B-keto esters has been very successful using chiral Ru
catalysts and a detailed review on this subject is available.”® The BINAP-Ru catalyst gives
high enantioselectivity on a variety of B-keto esters.??* Furthermore, a Josiphos-Rh complex
is found to be effective for hydrogenation of ethy! 3-oxobutanoate 76 to afford B-hydroxy
ketone 77 with good enantioselectivity.*

0 0O H, OH O
-Josiphos-Rh :
oFt (R)-(S)-Josip AN okt
76 77
97% eg

The asymmetric hydrogenation of unfunctionalized ketones is a more challenging
task, due to the lack of secondary coordination to the metal.”*® Enantioselective
hydrogenation of simple aromatic and aliphatic ketones, 78 and 80, respectively, has been
achieved with a XyIBINAP-Ru complex in the presence of a chiral diamine such as 4.'iaipenf54

Hy
[} trans-RuCl,[{S)-Xyl- OH
)J\ BINAP]((S}-daipen] P
Ph Me Ph Me
78 79

99% ee
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Hz
O frans-RuCly[{S)y-Xyi- OH
,JL BINAP][{S}-daipen] A
gyclo-hexyl”™ “Me cycig-hexyl” "Me
80 81
85% og

1.4.5.8 Hydrogenation of lmines

Currently, only a few efficient chiral catalytic systems are available for hydrogenation of
imines. The recent development of frans-[RuCl(bisphosphine){1,2-diamine)] complexes has
provided promise in this area.%® High enantioselectivity has been reported in hydrogenation of
acetophenone N-arylimine dertvatives 82 using a frans-[RuCly(Et-DuPhos)]{dach] system
and up to 94% e¢e has been obtained under basic conditions.”® A frans-[RuCl2(MeO-
BIPHEP)][anden] complex has also shown promise in the asymmetric hydrogenation of
eyclic imines 84 with moderate enantioselectivity (88% ee).®

Hy
NP trans-RuCIo}(R,R}-Et- uy
/II\ DuPhasl{(R,R)-dach]
Ph Me Ph Me
82 83
94% ee
Hy
trans-[RuCl,((5)-MeO- -
. BIPHEP)((S,S)-anden]
N N
H
84 85
88% se of product sign®5

1.4.5.9 Hydrogenation via dynamic kinetic resolution

Many stereoselective reactions suffer from the disadvantage of producing the desired chiral
product in 50% maximal yield. The lability of 2-substituted 3-oxo carboxylic esters to
undergo facial epimerization, coupled with the high chiral recognition of the BINAP-Ru(II}
complex, provides the possibility of stereoselective hydrogenation utilizing dynamic kinetic
resolution.® If the racemization of enantiomers 86 and 87 is rapid with respect to
hydrogenation, then the hydrogenation would form one isomer selectively among the four
possible sterecisomeric hydroxyl esters (88).
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63

o 0O H, OH O
(R)-BINAP-Ru
R, OR, Ri OR;
R, R;
36 syn-88
0O o Ha OH O
)j\)j\ (R)-BINAP-Ru
Ry 7Y ORs Ri™ 7Y "OR,
ﬁz R2
87 anti-88

The stereoselective transformation constitutes an ideal asymmetric catalysis, which is

capable of converting racemic starting material to a single

chiral product possessing stereo-

defined vicinal stereogenic centers in 100% yield. In dichloromethane containing a (R)-
BINAP-Ru complex,? racemic ketone 89 is hydrogenated with high ansi diastereoselectivity,
to give a 99:1 mixture of the frans-hydroxy! ester anti-90 (92% ee) quantitatively.®®

H,

o o [RUCKC4Hg) OH J?\ OH ¢
-BINAP)J-CI .
é/LOMe ((s} A é OMe + d’“\om
(antifsyn ratio 99/1)
89 anti-90 8yn-90
92% ee 93% ee
1.4.6 Experimenial
H;
Ot-8u (S-BINAP)RUCI, Ot-Bu
OBhO O 110 atm, 45 °C, MeOH OBn OH O
9 92

76% yield, 96% ee
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5-Benzyloxy-3-hydroxy-pentanoic acid terf-butyl ester (92)%

A sample of [{{5)-BINAP)RuCl,],"NEt; was prepared from RuCl+COD (0.020 g, 0.07 mmoi)
and (S)-BINAP as previously described.®® A solution of 91 (10.06 g, 36 mmol) in methanol
(20 mL) was degassed with N, and then added to a Schlenk vessel containing the catalyst.
Stirring the mixture for 30 minutes gave a homogeneous orange solution. The mixture was
acidified with 2 N HCI (0.24 mL}, transferred by canula to a 125-mL pressure reaction vessel
{Parr No. 4651), and heated to 45 °C. The vessel was pressurized to 110 atm with Hz, and the
temperature was maintained for 24 hours. The mixture was concentrated and purified by SiC»
chromatography (20% ethyl acetate/hexane) to give alcohol 92 (7.63 g, 76% yield, 96% ee)
as a slightly yellow oil.
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1.5 Sharpless Asymmetric Hydroxylation Reactions

1.5.1 Description

The Sharpless asymmetric hydroxylation can take one of two forms, the initially developed
asymmetric dihydroxylation (AD) or fthe more recent variation, asymmetric
aminchydroxylation (AA).2 In the case of AD, the product is a 1,2-diol, whereas in the AA
reaction, a 1,2-amino alcohol is the desired product. These reactions involve the asymmetric
transformation of an alkene to a vicinally functionalized alcchol mediated by osmium
tetraoxide in the presence of chiral ligands (e.g., (DHQD),—PHAL or (DHQ),-PHAL}. A
mixture of these reagents (ligand, osmium, base, and oxidant) is commercially available and
is sold under the name of AD-mix  or AD-mix o (vide infra).

AD
Ko0S0,{OH),
KoCOs, KsFe(CN) HO
R SR i : - R)ﬁ*/Rz
(DHQD),~PHAL i
or CH
(DHQ),-PHAL
AA
K2080,{OH),
NHX HO
(DHQ),~PHAL
R - Ry or /H*,R
RS XNCINa or ACNBrLj RH’H’ 2 R 2
OH NHX

1.5.2 Historical Perspective

Makowka® first reported the use of osmium tetroxide for the dihydroxylation of alkenes.
Later, Hofmann" showed this process could be made catalytic in osmium when conducted in
the presence of chlorate. While both Milas® and Criegee® simultaneously reported that
peroxides could be used to recycle the osmium, it was Criegee who reported the observation
that amines, such as pyridine, dramatically accelerated the rate of the cis-hydroxylation
reaction. The Criegee conditions became the standard method for osmium tetraoxide-
catalyzed oxidation of alkenes until VanRheenen and co-workers’ published improved
conditions that employed tertiary amine oxides as oxidants. The first example that this
dihydroxylation process could be carried out in an asymmetric fashion was reported in 1980,
when Hentges and Sharpless® reported the chirality transfer from optically active cinchona
alkaloids acting as chiral amine ligands. Refinements to this process uitimately led to the
reaction conditions currently used and to reagents that are commercially available.” The AA
was an offshoot of this work, when it was determined that imido analogs of osmium
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tetraoxide could react with alkenes to produce amino alcohols by a cis-addition reaction.'® In
October of 2001, the Royal Swedish Academy of Sciences awarded the Nobel Prize in
Chemistry for the development of catalytic asymmetric syntheses. K. Barry Sharpless was
awarded half of the prize “for his work on chirally catalyzed oxidation reactions.” !

L5.3 Mecharnism

In general, the mechanism for the AD reaction is depicted in Figure 1. Coordination of a
ligand to osmium tetraoxide 1 generates complex 2. This species then reacts with alkene 3
producing osmium glycolate 4 that can then decompose to the desired 1,2-diols 5 and the
reduced osmium species 6. Catalytically active 2 can be regenerated from 6 by an external
oxidant, such as ferricyanide.

Figure 1 Ry
O R
Rt/\/ﬁz O {/>_ 2
3 > ciSHO HO
AR
L RO
4 OH
i i :
L 9%l
Ao Oécis_o 2
5 0sOx{OH);2 + L
L
6
1 2
2 Fe(CN)s™* 2 Fe(CN)g™®

The specific details of how the transformation of 1 to 2 to 4 occurs still remain to be
fully characterized. However, numerous studies have been reported in an attempt to Erowde
the mechanistic details. The first rationalization, proposed by Boseken'? and Criegee,”
based on the similarity between osmylation and permanganate oxidations of alkenes. A
concerted [3 + 2] reaction of the osmium tetraoxide and the alkene could produce the
observed product. It was proposed that the ligand acceleration of this reaction was related to
the rehybridization from tetrahedral to trigonal bipyramidal at the osmium center upon ligand
coordination (1 to 2). The decrease in the O-Os—0 bond angle would reduce the strain in
transition-state 7 on the way to formation of the five-membered ring intermediate 8,
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Q 0 0_-' BN ¢ O
N I N |/>
T —_— :::- - \::-
Ao T T T2 T T 29
% L L L
1 2 7 8

This mechanism fell out of favor with the observation of a nonlinear Eyring
relationship between % ee and temperature.'* As a result, this rationalization was rep!aced by
a mechanism that required a stepwise pathway through an osmaoxetane 10.” Ligand
acceleration in the [2 + 2] mechanism could cccur if rearrangement of osmaoxetane 10, via
intermediate 11, to osmaglycolate 8 is facilitated by coordination of a ligand. The
electrophilic nature of osmium in this species is also consistent with initial attack of the
alkene at the metal center to form 9 and is inconsistent with an alkene n-bond attack of two
partial negatively charged oxygen atoms in the {3 + 2] mechanism.

i i i (R f
& y's + L O
Ao oo l<(;> & T\o o7 |
Qa o] o] L L
1 9 10 11 8

By direct analogy. the mechanism for the AA can be adapted from the work
associated with the AD reaction.” The point of departure results from the change in the
reagents required for the AA reaction. The catalytically active species is likely the
imidotrioxcosmium (VIIl} 12 (Figure 2). This complex is formed in situ from osmium
tetraoxide and the stoichiometric nitrogen source (e.g., chloramines). Addition of alkene 3
produces complex 13, the result of the asymmetric aminohydroxylation, The desired product
15 is released from the metallic center along with regeneration of the catalytic species by
addition of another equivalent of the nitrogen source to convert 13 to 14 followed by
hydrolysis of 14 to generate 15.
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For the generation of 13, all the uncertaingy that was found in the AD reaction can
also be transtated to this variation of the reaction.'® The dichotomy between a [2 + 2] and a
[3 + 2] mechanistic process remains for the AA reaction. The formation of 13 can be
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rationalized using a [3 + 2] mechanism in which 1§ undergoes the cycloaddition after
coordination of a ligand to 12. Alternatively, the [2 + 2] pathway could proceed by m-bond
complex 17 followed by the cycloaddition reaction to afford 18. Ligand complexation then
precedes bond migration to convert 19 to 13.

Computational chemistry approaches aimed at resolving this mechanistic dichotomy
have only made the situation less clear.” Furthermore, one cannot study this reaction using
the siandard principle of microscopic reversibility as these reactions are irreversible.
Consequently, the chemistry of rhenium complexes has been applied to those of osmium to
provide some insight as to what possibilities are accessible for this metal, 18

1.5.4 Variations and Improvements or Modifications

To improve the asymmetric induction in these reactions, numerous ligands were evaluated
(over 500 have been tested in the Sharpless labs).”® Within the cinchona alkaloid family,
over 75 derivatives were screened. The best ligands have been found to be analogs of
dihydroquinine 20 and dihydroquinidine 23. The result of these studies are the DHQ 21 and
DHQD 22 ligands, respectively.

OMe

dihydroquinine dihydroquinidine
20 21 22 23
Figure 3
Q
o’x° ‘ O“X =
ot L
o) N™ 7O
Chiorobenzoate O 4-methyl-2-quinolyl
{CLB) ether (MEQ)
Phenanthry!
ather (PHN}

The nature of the chiral auxiliary has given rige to two generations of ligands. The
first generation ligands consist of a single chiral auxiliary bonded to an aryl scaffold (Figure
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3). The second generation ligands (Figure 4) consist of the aryl scaffold bonded to two chiral
auxiliaries resulting in a Cy-symmetric system. These modifications were based on the desire
to improve the chiral induction and broaden the scope of alkene substitution patterns that
could be accommodated by these catalysts,

Figure 4
Ph

o o N=N N=N
XYY X X—0—  P—0-% ><c—0~§_fo—xc

Y N

Ph oy

diphenylpyrimidine Phthalazine Ph - Ph
(PYR) {PHAL) diphenyl pyrazinopyridazine

(DPP)

N=N N=N

X.—0O \ O-X, X0 N\ O-X,
O &)
PH  Ph

diphenyl phthalazine
{DP-PHAL} anthraquinone
{AQN)

The most common and commercially available variation of this reaction makes use of
the PHAL-based ligands, 24 (AD-mix ) and 25 (AD-mix «). Both reagents are a mix of an
osmium source (K;OsOx(OH)y), an oxidant (KsFe(CN)g),?® and a base (K»COj) in
combination with the chiral ligand. For AD-mix [ this ligand is (DHQD),—PHAL 24 and for
AD-mix o this ligand is (DHQ);-PHAL 285.

OMe

dihydroguinine (DHQD)—PHAL

20 24
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dihydroquinidine {(DHQ),-PHAL
23 25

The lack of resalution by which mechanism the osmylation proceeds has resulted in
two models to rationalize the face selectivity of the AD reaction. The commonality of these
two predictive models resides in the basic principle that a chiral binding pocket is formed
from the ligand’s aromatic groups. However, the shape and !ocation of this pocket in the
complex is not identical.

The Corey group at Harvard, based on a [3+2] mechanistic pathway, has proposed a
U-shaped binding pocket constructed from two parallel methoxyquinoline moieties contained
in the second generation Sharpless ligands (vide supra).n Thus, chiral ligand 26 coordinates
an osmium center through one of the bicyclo[2.2.2]octane moieties. This places the oxidant
in close proximity to the bound substrate as depicted in 27. The chiral volume generated by
compiex 26 permits the alkene substrate to come in contact in only one possible orientation
28, thereby inducing chirality in the product.
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The Sharpless group has proposed a more L-shaped conformation for the
methoxyquinoline moieties of the ligand.”> Coordination of the osmium tetraoxide and
binding of the alkene then generates complex 29. As before, the chiral environment in which
the alkene is held results in the asymmetry imparted during the course of this transformation,

———a glycol product

Table 1.
R,
R R
alkene . 2 R R : /&TIRa
R R
class Ri R Ry | ™ R‘/J*Q;/RG Ri L
R| Rz= Rb RI: PP
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; = kbt Ry L Re=
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The wtility of the ligands for inducing asymmetry for different alkene substitution
patterns has been explored. Since the binding pocket will vary in size and preference for
which substituents it will best interact, a systematic analysis of this relationship has been
conducted. There are six possible substitution patterns that can be found for an alkene and
the best combination of substitution pattern and ligand for maximizing asymmetric induction
is shown in Table 1. While there are specific ligands that are best for certain alkene
substitution patterns, the PHAL ligand is the one that appears to have the best selectivity, in
general.

Conductlng the AD reaction at pH 12 was found to improve the reaction rates for
internal alkenes.”” Additionally, the need for hydrolysis adjuvants, such as methane-
suffonamide, could be omitted.

Additional modifications include the immabilization of the catalyst on an insoluble
surface. Silica-anchored ligands have been reported based on the DPP 33 and PYR 34
cores.?* Their use in AD reactions were comparable to the untethered versions of the chiral
ligands. Alkenes substituted with alkyl or aryl proups and with internal and terminal double
bonds gave diol products with yields ranging 51-93% and optical purities of 61-99% ee.
The differentiation between 33 or 34 was the ability to readily recover and recycle the chiral
ligands.

N=N

xch\/d

OQ
(»  Q

hnker linker

snhca %

33

For the AA reaction, the smaller the substituent on the nitrogen source, the more
efficient the reaction became. Thus, there are three variations of this reaction based on the
nitrogen source, sulfonamide 30, carbamate 31, or amide 32,



76 Mame Reactions for Fonctional Group Transformations

Q, 0 Q o
S8 .
RSN R\O)Lblrm R)Ll'li’ar
Na Na Li
30 3 32

Polymer-based derivatives of PHAL 35 have been investigated in the AA reaction.”®
The wtility of this ligand was evaluated relative to the free form using the reaction of
cinnamate 36 to amino alcohol 37. This conversion, using the chiral ligand 28, afforded 37 in
96% vield and 96% e¢, while 35 effected this transformation in 91% yield and 87% ee.

MeOQ

35
o, .0
. P
0 ligand NH ©O
J\ Chigramine-M /l\
0 - 6]
Q/VL Kz0505(OH)4 OH
26 r-PrOHMH,O 1:1 -
20°C  24h

Despite the uncertainty in the exact mechanism for the AD reaction, a useful
mnemonic to predict the direction of asymmetric dihydroxylation has been established.'® If
one places the carbon—carbon double bond of the alkene along the east—west axis of a
compass, the substituents on the alkene point to the off-directional positions into the four
quadrants shown in Figure 5. The SE quadrant is sterically most demanding, so there is
sufficient room for only a hydrogen substituent. The diagonal position, NW, is slightly more
accessible and can accept small substituents, The NW quadrant is more accommodating and
will fit medium-sized groups. The largest groups are typically placed inte the SW guadrant,
but the nature of the substituent that can be accommodated is ligand dependent. For example,
aromatic groups are favored at this position when employing PHAL ligands, whereas PYR
ligands show a preference for aliphatic groups at this position (vide supra).
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Figure 5

HO OH
RS‘.‘M”RM

NE R H
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DHQ HO OH

Just as with the AD reaction, 2 mnemonic for the AA reaction has also been put
forward (Figure 6). The same model predicts the identical sense of enantiofacial selectivity
indicating the chiral ligands are behaving in a similar manner.

Figure 6
NH,
‘""RM
H
SW H
.mIRM
NH,

1.53.5 Synthetic Utility

Azasugars, in general, have shown promise as anti-cancer and anti-viral agents. The
preparation of pyrrolidine azasugar 40 took advantage of the AD reaction.*® Diene 38 could
be mono-dihydroxylated using the AD-mix a system to produce 39 in excellent optical
purity. This compound was then taken on in three steps to 40 in an overall yield of 60%.
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AD-mix &
NaHCO
Br X Br OH HO,  OH
MeSO,NH, HM o
— — OH
M H,O/t-BUOH 11 N
Br 0°C 16 h OH Br HH
' OH
T0% 97%ee
38 39 40

The AD reaction was central in the preparation of (+)-cis-sylvaticin 41,*” a natural
product found to have potent anti-tumor activity. The ability of this compound to inhibit
ATP production by blockade of the mitochondrial complex I was thought to be the origin of
this biological outcome. The AD reaction, in this example, exploited the preference of this
reaction for the oxidation of 1,2-frams-alkenes over monosubstituted alkenes. The £,E-
isomer of tetradecatetraene 42 could be chemoselectively dihydroxylated at both internal
alkenes, while the terminal alkenes remained untouched. Thus, 43 was generated in excellent
chemical yield.

-
o

Y]
. HO OH
= = ___FAD-mlx i W
o T 7% H 5
98% se HO OH
0,
42 = 90% de 4

The AA reaction has been used in the preparation of the paclitaxel 44 side-chain 47.
The structure activity relationship (SAR) associated with the anti-cancer activity of the
scaffold embedded in this substituent is wellknown. Starting with the commercially available
methy! cinnamate 45, on a one-third mole scale, the advanced intermediate 46 could be
prepared in one step with essentially no workup. The ready access to 46 enabled the
preparation of 47 which could be used in the semi-synthesis of 44.
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o
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o 2.5% (DHQ),-PHAL TSsun O /LL
2.0% K;0s0,(0H), A Ph” TNH O
Ph&)j\OMe 3.5 eq TSNCINa-3H,0 Ph/\E/U\OMe » Ph/\:)LOH
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45 69% 82% ee 46 47

A tethered aminohydroxylation (TA) reaction extends the utility of carbamate
versions of the nitrogen source.”® Combining the nitrogen source with aflylic or homoallylic
alcohols enabled formation of products not previously accessible. Thus, exposure of 48 to
the osmium reagent, in the absence of a chlorinating agent and base, led to cyclized amino
alcohol 49. A similar result was observed for homoallylic alcohol derivative 50.

OH
H Kz0s50,{0H)4
Pr o. _N. —_— = Pr
TN 080, Mes T pron, H,0, RT AN
0 74% \\g
48 49
OH
H Ko080,(0H), s
‘\Mo N. P YT — :
= T TOSOMes  proH, H,0, RT m
o} 63% \Jar
80 5

If the reaction was conducted with 1 equivalent of osmium and in the presence of
TMEDA, then the intermediate osmium azaglycelate 52 could be isolated. The structure of
52 was confirmed by single crystal X-ray analysis. This observation demonstrated that the
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reaction does indeed occur by syu-addition across the alkene and provides strong evidence
that the Os(V1) species is oxidized by a N-sulfonyl derivative.

N Q
Nm.-,,l H e H
C /OS‘.
N0l Sy
e L
(o] 8]
52

1.5.6 Experimental .

The two examples below provide representative experimental protocols for the AD" and AA
reactions, respectively. There are several confirmed methods that have been reported in
Organic Syntheses.>®

(2R)-4-(N,N-Diethylcarbamoyloxy)-5,5-difluoropent-4-en-1,2-diol (54)’*

ODEC AD-mix DECO  OH
F y x NaHCO;; - F P
£BUOHMH,0 111
F 0°C. 18 h, 88% F OH
53 54

A mixture of AD-mix f (11.7 g, 1.41g/mol) and NaHCO; (1.8 g, 21.4 mmol} in ~BuOH/H;O
(82 mL, 1:1 v/v) at room temperature was stirred vigorously until a solution was obtained.
The reaction was cooled to § °C and diene 53 (1.82 g, 8.32 mmol) was added. Once the
reaction was complete, as judged by TLC, the yellow mixture was quenched with NaS;0; (12
g£) and stitred an additional 30 min to produce a grey solution. This was dituted with DCM (5
mL) and the phases were separated. The aqueous layer was back extracted with DCM (3 x
20 mL) and the combined organic phases were dried and concentrated in vacuo. The crude
product was purified by silica gel chromatography to afford 54 (1.85 g, 88%) as a colorless
oil.
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(28, 3R)-tert-Butyl-2-hydroxy-3-(N-benzyloxycarbonyl)}-aminohutanoate 5632

o

Bn. JL

0" “NH,
Kz030,(0H), Cbz.

NH O
/\\\j\ J< (DHQD),-PHAL Ok
0 +BuOC, NaOH /l\l/u\

OH

-PIOHH,0

5h, 67%, 99% ee
55 56

To a solution of benzyl carbamate (6.6 g, 43.6 mmol) in n-propanol (56 mL) was added a
solution of NaOH (1.71 g, 42.9 mmol) in 105 mL of water followed by freshiy prepared ferr-
butyl hypochlorite (4.7 mL, 43.9 mmol). To this mixture was then added a solution of
(DHQD),-PHAL (0.54 g, 0.56 mmel) in 49 mL of p-propancl. Finally, 55 (2.0 g, 14.1
mmol) and Ka0sO»(OH), (0.20 g, 0.56 mmol) were added. Once the reaction was
completed, partially judged by the change in colour from the initially light green coloured
reaction to a light yellow colour, the mixture was diluted with 30 mL of ethyl acetate. The
aqueous phase was extracted with ethyl acetate (4 x 60 mL) and the combined organic phases
were washed with brine, dried (Na;80,), and concentrated. The crude product was purified
by flash chromatography to afford 56 (2.92 g, 67%) as a white solid.
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