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INTRODUCTION

Sigmatropic rearrangements of allylic systems have found wide application in
organic synthesis, with carbon-carbon bond forming rearrangements such as the
Cope and Claisen rearrangements being particularly well known. The sigmatropic
rearrangement of allylic imidates (also known as the “aza-Claisen” or “Claisen-
imidate” rearrangement) offers a valuable entry into the preparation of protected
allylic amines. Conversion of an imidate to the amide is essentially irreversible, with
the transformation of the imidate to the amide being exothermic by about 15 kcal/
mol."? Since the discovery of the thermal allylic imidate rearrangement in 1937,% a
number of systems have been investigated for the practical preparation of allylic
amines by this route, including urethanes, isourethanes, formimidates, benzimidates,
isoureas and carbonimidothioates. However, it was the discovery and development
of the rearrangement of allylic trichloroacetimidates that overwhelmingly demon-
strated the widespread utility of this synthetic method (Eq. 1).4-¢

N - — HWKO N R (Eq. 1)
\/kR = R

The [3,3]-sigmatropic rearrangement of allylic trichloroacetimidates (now gener-
ally referred to as the Overman rearrangement) or trifluoroacetimidates can be con-
veniently carried out either thermally or with Hg(Il) or Pd(IT) catalysis. The scope of
the rearrangement is such that primary, secondary, and tertiary allylic amides are
readily accessible, thus providing entry into a wide variety of nitrogen-containing
products including amino sugars, nucleotides, amino acids, peptides, and various
nitrogen heterocycles. In addition, the Overman rearrangement has found extensive
application in the total synthesis of natural products. The recent development of
chiral Pd(IT) catalysts to promote asymmetric allylic trichloroacetimidate rearrange-
ments with good enantioselectivity bodes well for the continued broad application of
this amine synthesis.”~?

This chapter is limited to the discussion of allylic trichloro- and trifluoroace-
timidate rearrangements. Several relevant reviews have appeared regarding the al-
lylic imidate rearrangement,'” the use of allylic imidates in organic synthesis,'!
Hg(I)- and Pd(ll)-catalyzed [3,3]-sigmatropic rearrangements,'? enantioselective
rearrangement of allylic imidates,'>'% and the preparation of allylic amines.'> Tri-
chloroacetimidates of propargylic alcohols also undergo thermal [3,3]-sigmatropic
rearrangement, giving M-acylamino-1,3-dienes as a result of tautomerization of the
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initially formed alleny! trichloroacetamide (Eq. 2).!® This more limited transforma-
tion is not reviewed in this chapter.

CCls cct |
: R i
1 OTNH 33 O~ "NH \@ 0
R — = NN
R R N
& (Fg. 2)
i
L5 A
A I e
RWRz
MECHANISM

Thermal Rearrangements

The concerted nature of the allylic trichloroacetimidate rearrangement has been
established by examination of thermodynamic parameters, solvent effects, regiose-
lection, and stereaselection. Activation parameters for the thermal rearrangement of
the trichloroacetimidate of geraniol (Eq. 3) are consistent with a [3,3]-sigmatropic
rearrangement, with the large negative change in entropy being similar to that ob-
served for Cope and Claisen rearrangements.® An intermediate is not detected, even
in cases where a highly delocalized allylic carbocation would result from the ioni-
zation of the trichloroacetimidate, as in the rearrangement of the trichloroacetimi-
date of cinnamyl alcohol.® The observed regiochemical outcome of the allylic
trihaloacetimidate rearrangement also lends support to the representation of this
transformation as an essentially concerted process. For allylic trichloroacetimidates,
the thermal rearrangement occurs with complete allylic oxygen-to-nitrogen transfer;
the product arising from ionization and recombination, formal [1,3]-rearrangement,
is rarely observed.!” As discussed in more detail shortly, solvent and substituent
effects support the development of some charge separation in the transition state.

) ° AHF = 24 keal/mol
/ = (0] CCl;  xylene, 138 o NS = cal/mo
| \M/ ! HN. _CCly AST = 19 eu
NH ‘ 3

O
(Eg. 3)

The thermal allylic trihaloacetimidate rearrangement follows first-order kinet-
ics,&!® with an assortment of steric and electronic substituent effects influencing the
rate of the reaction. Alkenes having E double bonds tend to react more quickly than
7 alkenes, a difference embodied in the AH#-term for reaction of the E and Z isomers
of imidate 1.!® The rearrangement is facile for a wide variety of allylic alcohols, with
doubly allylic alcohols reacting at room temperature, lertiary alcohols gencrally
reacting at 80° (t,,, ~ 1 hour), and primary alcohols reacting the least quickly
(t,, ~ 1 hour at 140°).° These reactivity trends are attributed to stabilization of posi-
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tive charge developed on the oxygen-bearing carbon in the transition state.’ A five-
fold rate enhancement is observed in changing the solvent from xylenes to nitroben-
zene in the rearrangement of the trichloroacetimidate of geraniol at 132°. This
finding is consistent with the postulated charge development in the transition state,
that is, partial negative charge on the electronegative HN=C(CCl,)O fragment and
partial positive charge on the all-carbon allyl fragment.® One observation is not read-
ily rationalized by this model: the apparent increase in rate seen when para electron-
withdrawing substituents are present in the rearrangement of cinnamyl substrates 2
shown in Eq. 4.1

E AH* = 25.6 kcal/mol
7 AH* =28.3 kcal/mol

NH O
L Na,COs HNJ<CC1
07 "CCl e, 1387 N ‘ 3 (Eq. 4)
-

The excellent stereoselectivity of the allylic trihaloacetimidate rearrangement is
typical of suprafacial [3,3]-sigmatropic processes, as complete transfer of chirality
is a hallmark of this reaction. Thus, the trichloroacetimidate of (R,FE)-4-phenyl-3-
buten-2-ol rearranges to give the (R, E)-trichloroacetamide 4 with no loss of enan-
tiomeric purity, an outcome which can be rationalized as arising from the preferred
chair-like transition structure 3 (Eq. 5).%°

)I\EI : toluene, 110° CC]3¥ -
P _ = r\\O’
ccly” 07 > Py BN

=

(Eq. 5)

High selectivity for forming the E stereoisomer of the product is seen in re-
arrangements of virtually all trihaloacetimidates of secondary allylic alcohols, in-
cluding trisubstituted allylic alcohols such as 4-methyl-3-penten-2-o0},62!-238} and
E and Z disubstituted allylic alcohols.?*-2® For example, rearrangement of the
trichloroacetimidate of 1-hepten-3-ol proceeds to give a 92% yield of the E isomer
by transition state structure 5 having the n-butyl group in the preferred equatorial
position (Eq. 6).°
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Cﬂ ey, H
—— P St e o
ST e kj\cmg
HN O HN (6]
C4Ho N 5
O__NH (Eq. 6)

CCly

BN HN s
e 2082 —. — - —0
ccg)/ X cch)/v\]/

CaHy C4Hy

As a result of the suprafacial nature of the rearrangement and the chair-like
topography, either enantiomer of an E allylic amine can be prepared from the
appropriate enantiomer of the starting allylic alcohol or from a configurationally
related pair of alkene stereoisomers. An example of the latter strategy is shown in
Egs. 7 and 8.4

\/:\/OBH =
! xylenes, 140° \/Y\OBH

O -NH HN\H/CC13 (35% from alcohol)  (Eq. 7)
W\OBH xylenes, 140° \NOBH
O NH HNTCCI3 (45% from alcohol)  (Eq. 8)
CC13 O

The allylic trichloroacetimidate rearrangement has not been the subject of ab initio
or DFT theoretical studies. Early MNDO-PM3 semi-empirical molecular orbital cal-
culations of the rearrangement of the trichloroacetimidate of allyl alcohol suggest an
ion pair reaction pathway.'® In this study, an ion pair transition state is calculated
to have an enthalpy of formation of 11 kcal/mol, more than 9 kcal/mol lower than
the calculated enthalpy of formation for the transition state of the [3,3]-sigmatropic
pathway. Nevertheless, experimental evidence is fully consistent with a concerted
sigmatropic rearrangement pathway.

Metal-Catalyzed Rearrangements

The rearrangement of allylic trihaloacetimidates can also be induced by using
metal catalysts, thus lowering the temperature required for rearrangement and some-
times leading to higher yields, cleaner reactions and/or better stereocontrol. Many
allylic trichloroacetimidates, ranging from simple allylic trichloroacetimidates to
highly functionalized substrates, rearrange rapidly in the presence of Pd(II) or Hg(1I)
catalysts. Although the first reports employed Hg(O,CCF,),,* soluble complexes
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of PdCl, emerged as the most useful metal catalysts.?’~3' Rate accelerations are
large (10'? is estimated for | M Hg(O,CCF,),),* allowing many Pd(II)- and Hg(1I)-
catalyzed trichloroacetimidate rearrangements to be carried out at room temperature.

A cyclization-induced rearrangement mechanism in which the metal coordinates
to the allylic double bond to bring about antarafacial intramolecular nucleophilic
attack by the imidate nitrogen is believed to be involved in Pd(Il)- or Hg(I)-
catalyzed rearrangements (see Scheme 1).41%32 This mechanism is closely related
to the mechanism originally proposed by Henry®*** for Pd(Il)-catalyzed allylic
acetate rearrangements and subsequently by Overman for PdCl,-catalyzed Cope
rearrangements.”

HN 0O
CC]; CCI%

i XzM\ ‘ L

HN ‘ 0 o HN F()) ///\
g 0
- CCH Q / LClq

Scheme 1

A cyclization-induced rearrangement mechanism rationalizes the complete 1,3
oxygen-to-nitrogen transfer that is observed in Hg(Il)- and Pd(Il)-catalyzed re-
arrangements such as depicted in Eq. 9.%® In contrast, rearrangements of allylic N-
phenylformimidates and N-phenylbenzimidates catalyzed by Pd(0) complexes
provide mixtures of products resulting from formal [1,3]- and [3,3]-sigmatropic

CCly
o S nit ClhC
Pd(IT)
NN 'PdCIZ(PhCNb" n-Bu /L
o (4-5 mol%) HN"+ ™0 o 0
/\VO THF, 1t 7§
6 7 (Eq. 9)
by
CLC” "NH
T /\/\/\/\/ (85%)
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rearrangements that undoubtedly involve the formation of Pd-7-allyl intermediates
(Eq. 10).36

(\/ Pd(PPhs), /\( . %
2:1

Reactivity trends also support the cyclization-induced rearrangement mechanism
for metal-catalyzed aliylic trichloroacetimidate rearrangements. For example, sub-
stitution at the internal carbon of the allyl double bond (C2) slows the rate of the
Pd(Il)-catalyzed rearrangement, presumably as a result of the difficulty of generat-
ing a tertiary carbon-palladium sigma bond.?> The limited scope of the Hg(IT)-
catalyzed process also provides support for a cyclization-induced rearrangement
mechanism. Allylic substrates in which alkene substitution does not strongly favor
intramolecular nucleophilic attack by the imino nitrogen at the allyl terminus (C3)
fail to rearrange or rearrange in low yields under Hg(ll) catalysis. Thus, for
trichloroacetimidates containing terminal vinyl units, the 2-amino alcohol can be
obtained after basic hydrolysis (Eq. 11).* This latter limitation is also seen in Pd(II)-
catalyzed rearrangements as no reports exist of successtul catalyzed rearrangements
of allylic imidates containing terminal vinyl units.

CCly
A S
HNZ O workup (Eq. 11)
M
/ NH,

The suprafacial nature and high E stercoselectivity of Pd(Il)-catalyzed rearrange-
ments also implicate a cyclization-induced mechanism. Collapse of the most stable
chair conformation of intermediate 7 of Eq. 9 predicts the observed stereochemical
outcome, just as in corresponding thermal rearrangements. For example, palladium-
catalyzed rearrangement of dioxolane 6 gives the trichloroacetamide product with
exclusive E geometry and complete transfer of chirality (Eq. 9).%8

Given the direct involvement of the metal, the potential exists for asymmetric in-
duction by a chiral metal complex in the rearrangement of prochiral allylic imidates.
Not surprisingly, the development of suitable chiral metal catalysts has been a focus
of intensive recent research in this area. Early results suggest that allylic trichloro-
acetimidates are generally unsuitable substrates for palladium-catalyzed asymmetric
rearrangements, either resulting in poor yields, poor stereoselectivity or both.* =%
However, recent reports demonstrate that di—,LL-chlorobis[(n5-(S)—(pR)—2-(2’—(4’—
isopropylyoxazolinylcyclopentadienyl-1-C, 3°-N))-(n*-tetraphenylcyclobutadiene)-
cobalt]dipalladium (8, COP-Cl) and related Pd(II) complexes are excellent catalysts
for asymmetric rearrangements of E allylic trichloroacetimidates and N-aryl trifluo-
roacetimidates, e.g., Eq. 12.7-°
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Cl/%ﬂi”z
CCly “opd ) CCly
@\</NT"PF 8 (1 mol%)
. n T
| HNT O Co O~ CH,Cly, 38° | HN /O (Eq. 12)
= BT 2

(92%) 98% ec
8 (COP-CI)

SCOPE AND LIMITATIONS

Preparation and Stability of Allylic Trihaloacetimidates

Preparation of Allylic Trichloroacetimidates. The ease of preparation of
trichloroacetimidates is a major reason for the broad syuthetic utility of the allylic
trichloroacetimidate rearrangement. The Pinner synthesis of imidates, wherein an
alcohol is condensed with a nitrile in the presence of one or more equivalents of a
strong mineral acid, is not suitable for preparing allylic imidates because ionization
to the allylic cation and subsequent Ritter reaction typically occurs.!! However,
allylic trihaloacetimidates can be prepared conveniently by a base-catalyzed method
first presented by Cramer.®4! Thus, addition of a mixture of the allylic alcohol
and 5-20% of its alkoxide to an ether solution of trichloroacetonitrile at low tem-
perature provides the trichloroacetimidate in isolated yields generally greater than
85%.4642:43 Although many allylic trichloroacetimidates can be purified by silica gel
chromatography or vacuum distillation, such purification is frequently bypassed as
crude trichloroacetimidates commonly can be used directly in the subsequent re-
arrangement step.

A wide variety of bases can be used to generate the alkoxide, with alkali metal
hydrides often selected.®*-% More recently, the addition of allylic alcohols to
trichloroacetonitrile in dichloromethane or other aprotic solvents in the presence
of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), employed either catalytically*’ or in
excess, 30 has been the method of choice for preparing allylic trichloroacetimi-
dates. A direct comparison of potassium hydride to DBU in the preparation of aro-
matic trichloroacetimidates showed that catalytic DBU gave improved yields.>

Limitations to the preparation of allylic trichloroacetimidates are rare. Primary
allylic alcohols are converted readily to the corresponding trichloroacetimidates
at or below room temperature. Although these conditions also succeed with many
secondary and tertiary alcohols, some hindered alcohols require more forcing con-
ditions. For example, the reaction of (R, E)-4-methylhexa-3,5-dien-2-ol with trichloro-
acetonitrile requires the addition of 18-crown-6 to the potassium hydride/alcohol
mixture and long reaction times.>' The synthesis of trichloroacetimidate derivatives
of cyclic tertiary alcohols, for example 1-vinylcyclopentanol and 1-vinylcyclohexa-
nol, is reported to be problematic,’ however such imidates have been sucessfully
prepared and rearranged. >3-4

An unusual obstruction to the preparation of the trihaloacetimidate is seen when
a nucleophilic functional group is proximal to the alcohol. For example, attempted
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formation of the monotrichloroacetimidate of cis-2-butene-1,4-diol by reaction with
1.1 equivalents of trichloroacetonitrile provides instead the dioxepin 9 1n 84% yield
(Eq. 13). Although heating 9 in fert-butylbenzene at 175-180° for 1.5 hours gives
the desired rearrangement product in 80% yicld,” rearrangement of such ortho-
amides is not always successful. For example, efforts to force the [3,3]-sigmatropic
rearrangement of orthoamide 10 (formed in 85% yield from the precursor diol)
failed to produce the product of allylic rearrangement.3®

& - )
(om_cceNade R N
K/OH Na® (cat.) CCl4 ;\{'/\/ | e, (Eq. 13)
THEF, 70°
9

The presence of fluoro functionality in the allylic alcohol can prevent successful
formation of the trichloroacetimidate, although only in rare situations where the
fluoro substituent is suitably positioned. For example, efforts to prepare the trichloro-
acetimidate of fluoro alcohol 11 led to either Grob fragmentation (Eq. 14) or no
reaction.”’ Likewisc, 1,1,1-trifluoro-2-phenylbut-3-en-2-ol failed to react with tri-
chloroacetonitrile, presumably because of low nucleophilicity of the alkoxide.>®

b Ho :
e O/: Oy Q Boc :\
WCHZ—F S N G N7 CO.Me _
SCoMe H H (Eq. 14)
Boc”

11

Preparation of Allylic Trifluoroacetimidates. The preparation of allylic tri-
fluoroacetimidates is complicated by the fact that trifluoroacetonitrile is a gas at
room temperature and pressure.! Initial procedures for preparing allylic trifluo-
roacetimidates involved deprotonation of a THF solution of the allylic alcohol with
20 mol% of n-butyllithium followed by addition of an excess of a freshly-prepared
THF solution of trifluoroacetonitrile at —78°.% More recently, a “onc-pot” proce-
dure was developed in which trifluoroacetonitrile is gencrated in situ by the reaction
of triffuoroacetamide with oxalyl chloride, dimethy! sulfoxide, and tricthylamine.®'
A mixture of DBU and the allylic alcohol is then added to the crude trifluoroace-
tonitrile solution, providing the trifluoroacetimidates in good yields (54-92%).5*

! The trifluoroacetonitrile can be generated from trifluoroacetamide by dehydration with phosphorus
pentoxide.”
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Stability of Allylic Trihaloacetimidates. Primary allylic trihaloacetimidates
are quite robust. However, if the alcohol is more substituted, trihaloacetimidate
derivatives become susceptible to acid-catalyzed ionization at elevated temperatures
to form trihaloacetamide and, initially, the corresponding allylic cation. For ex-
ample, the bis-trichloroacetimidate 12 failed to undergo rearrangement, with imidate
cleavage taking place instead (Eq. 15).2 As will be discussed in more detail subse-
quently, addition of an acid scavenger such as potassium carbonate can minimize
this decomposition pathway, allowing some rearrangements to take place that were
previously unsuccessful.®?

HNYCCIS CCl}YO

/\EO _%* HNW(

o o (Eq. 15)
ccly” SNi CCl{g NH
12

The [1,3]-rearrangement product arising from dissociation-recombination is
rarely observed, however such products are formed exclusively upon attempted
Overman rearrangement of pyranoside 13 (Eq. 16).% The failed rearrangements of
the trichloroacetimidates of aromatic allylic alcohols 14 and 15 are also attributed to
the instability of the trichloroacetimidate,% although other cinnamyl substrates have
been rearranged in high yields.20.65.66

0 . 0 n
o__ccr, ~ CHaLl 13 N__CCly (300
B70 = h Bz0 >— hid
0

NH
13 | (Eq. 16)
BzO
0 H
* o NTCCL; )
0
R
\©\A/\ ‘ oS
/ L
" OBn N> 0By
OH OH
14 R =Me, MeO 15

In some cases, the stability of the imidate can be enhanced by manipulation of the
structural features of the allyl substrate. Thus, while trichloroacetimidate 16a%!
is unstable and fails to rearrange, replacement of the terminal methyl group (R")
with a sterically more demanding phenyl or isopropyl group apparently enhances
the imidate stability to a level that the rearrangement takes place in good yields
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(60—98%).2! The tendency of the trichloroacetimidate of 3-hydroxy ester 17 {0 elim=
inate to form a dienyl ester is overcome by reduction to diol 18 followed by forma-
tion of the bis-trichloroacetimidate and rearrangement to give the desired acetamide
(Eq. 17).%7 However, such an alternative route generally appears not to be required.
For example, the series of structurally similar alcohols 19 are converted to the cor-
responding trichloroacetimidates and rearrange without incident.”> Moreover, the
rearrangement of the trichloroacetimidate derived from the unsaturated 3-hydroxy
ester 20 is reported to proceed in 100% yield.??

OMOM

2
RJWR
CCli O R

h

HN
16
R! =Me (a), Ph, i-Pr
R% R? = n-Bu, Me, Ph, Et

OH © LiAlH, OH (‘)H
Ph AT
\/WOBU-I th\N
F F
17 18
Cly (Eq. 17)
1. CIsCCN, DBU N
L CLCCN, DBY RN 70 NH (73 from alcohol 18)
2. xylene, 138° Ph = O/LKCCI
3
F
OH O O n-Pr
N T A ove
! )'_/ R = Me, i-Pr, Bn
X R B OH O
n
19 20

Thermal Rearrangements of Allylic Trihaloacetimidates

Reaction Conditions: Temperature, Solvent, and Additives. Thermal re-
arrangements of allylic trihaloacetimidates are carried out conveniently by dissolv-
ing the imidate in an aprotic solvent at ~0.1 M and heating the solution at reflux.
Typically, trichloroacetimidates of primary allylic alcohols rearrange at 138— 140°
(refluxing xylene) in the range of 4-24 hours. Trichloroacetimidates derived from
secondary alcohols rearrange at lower temperatures (110°, refluxing toluene) or in
shorter reaction times (often in 1—5 hours). Tertiary trichloroacetimidates typically
rearrange within a few hours at 80° (refluxing benzene). As noted previously, re-
arrangements of trichloroacetimidates of doubly allylic alcohols take place at tem-
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peratures at or below 0°. For example, the preparation of trichloroacetimidate 21
under normal conditions (addition of the alkoxide/alcohol mixture to trichloroacet-
onitrile at —5° to 0°) yields the trienylamide rearrangement product directly
(Eq. 18).% In general, rearrangements of allylic trifluoroacetimidates are carried out
under similar conditions (see later discussion).

= = X

§ H
1. KH, THE, 1t N
] o. i \/v\(\/\/l\m/cch
. H 2. C11CCN, Et,0, | 0
510 10° (Eq. 18)

3.1t 2 NN

+ HN\H/CC13
O

Although allylic trichloroacetimidate rearrangements can be effected under sol-
vent-free conditions by preadsorbing the alcohol onto KF-alumina, reacting this
mixture with trichloroacetonitrile, and then allowing the rearrangement to take place
at room temperature,®® the vast majority of thermal rearrangements are run in a sol-
vent at reflux. Frequently the impact of the solvent is related to its reflux tempera-
ture. Thus, various cinnamyl trichloroacetimidates do not rearrange at a convenient
rate in refluxing chloroform, toluene or THF, whereas refluxing xylenes give the re-
arrangement products in good to high yields (Eq. 19).'” Similarly, tert-butylbenzene
(bp 169°) proved to be a convenient solvent for the rearrangement of imidate 22; in

refluxing xylene the reaction failed to go to completion in a convenient time span
(Eq. 20).9°

(0]

|
/\ﬂvo)kca _ NaCo; HN o (Eq. 19)
RT’\/ ! xylenes, 140° S & 4

NH Kﬁ
tert-butylbenzene OH
‘/\o)kcm ulydenzene (84%)

3 . HN__CCl Ea. 20
L_on 169 e 3 (Eq. 20)
0

22

In some cases the polarity of the solvent appears to play an important role. For
example, attempted rearrangement of dissaccharide trichloroacetimidate 23 in re-
fluxing xylenes at 140° for 5.5 hours gives the allylic trichloroacetamide product in
only a 27% yield, whereas switching to N,N-dimethylformamide (with the reaction
run at essentially the same temperature) increases the yield to 80% (Eq. 21).7° The
increase in yield in this example likely reflects a faster rate of rearrangement in the
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0
NH \
ccy” o AOTBDMS TBDMSO HTO CCly
DMF, 140° ! \
&A OBn — LN OB g0 (Eq.21)
O 0 Bo&%
BnO-- "0 800
BHOO\/Ie OMe
23 :

more polar solvent DME, and perhaps less acid-catalyzed decomposition of the im-
idate in this Lewis basic solvent.

Acid-catalyzed decomposition of the allylic trichloroacetimidate is typically the
problematic reaction pathway that competes with allylic rearrangement. As a result,
the addition of sodium or potassium carbonate can dramatically increase the yield of
the rearrangement product.®® For example, rearrangement of trichloroacetimidate 24
in refluxing para-xylene in the absence of potassium carbonate yields trichloroac-
etamide 25 in 74% yield from the starting allylic alcohol, whereas the yield is 90%
when the rearrangement step is conducted in the presence of K,CO; (2 mg/mL sol-
vent, Eq. 22).% An even more dramatic improvement is seen in the rearrangement
of the tetrahydropyridine derivative 26. Attempts to carry out this rearrangement in
several solvents (THF, toluene, or chlorobenzene) give low yields (0—50%); how-
ever, upon addition of K,CO; the rearrangement is accomplished in refluxing
chlorobenzene in 95% vield (Eq. 23).7!

S

o)
O i o O
L L NV |
i Ny p-xylene, 138° /(\H(N CCly
\J b without K>CO3 (74% from alcohol)
24 25  with K,CO;3  (90% from alcohol)
(Eq. 22)
0.__CCly “
| H
'« NH K,CO5 NTCClg
“ori ace | 23
P meLis o (Eq. 23)
Me Me
26

Scope. Allylic trihaloacetimidates of primary, secondary, and tertiary allylic
alcohols—both cyclic and acyclic—can be prepared and undergo Overman re-
arrangement in good yields with few limitations. Representative examples are shown
in Egs. 24-28 23:52.60.6372-75
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: o cCl
VY Som 1-DBU. CHCON, CHsCh, 0° '\@fkg ©5%) (Eq. 24)
J 2. K,CO3, p-xylene, 138° N” 0
8§

n-Pr | n-Pr
= OMe xylenes, 140° A OMe
- ‘ 100%) (Eq. 25)
HN._O O HNYCC13 0
CCly o
1. NaH (cat.), THF ‘ jl
OH . NaH (cat.), /\/\
2 (71%)
X 2. CICON, EL0, <20° N e (Eq. 26)
3. toluene, 110°
qc13
OH
DBU C13CCN H  xylenes, 140°
O — e
%’Q CH,Cl,, 0
o 74 (Eq. 27)
O 0
AL A 9%
O N™ ~CCl,
H
0OBOM
OBOM )\/A/l\ .
W 1. n-BuLi (cat.), THF, 0° X xylenes, 140
: 2. CF4CN, -78° to 1t HNy O
OH Y (92%)
h (Eq. 28)
OBOM
X
! . (91%)
HI\H(CP3
0

The Halogen Substituents. The halogen substituent on the imidate plays an
important role, not only in facilitating the synthesis of the rearrangement precursor,
but also in increasing the rate of rearrangement. While thermal allylic rearrange-
ments of several types of imidates are known, the presence of the electron-
withdrawing CCl, or CF, group on the imidate leads to a more facile rearrangement.
For example, formimidates and benzimidates require higher temperatures and/or
longer reaction times than trihaloacetimidates to effect their allylic transposition.!©
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Trifluoroacetimidates in some cases rearrange slightly faster than the correspond-
ing trichloroacetimidates. This rate enhancement, found to be approximately two-fold
in one study,”® can result in increased product yields. For example, the rearrange-
ment of trichloroacetimidate 27 proceeds slowly in refluxing xylenes, with accom-
panying decomposition of the imidate under these conditions resulting in a poor
yield of allylic trichloroacetamide 28 (Eq. 29). Switching to trifluoroacetimidate 29
results in doubling the yield of the allylic amide product (Eq. 30).7

O OTBDPS \%O OTBDPS
=
A TBDMSO =

TBDM xylenes, 140°
BDMSO i (30-40%)
0 I{N\\‘/o 0 HNYCCh
CCly 0
27 28 (Eq. 29)
Ao OTBDPS 0 OTBDPS
TBDMSO W xylenes, 140°  TBPMSO J\‘/V\ (90%)
e (4
O HN. O O HN.__CF
e b
CFs 0 (Eq. 30)
29

However, higher rearrangement yields are not universally observed when trifluo-
roacetimidates are employed. For example, rearrangement of the trifluoroacetimi-
date of 2,4-hexadien-1-ol proceeds under thermal conditions to provide the dienyl
trifluoroacetamide in low yield (Eq. 31),% whereas thermal rearrangement of the
trichloro analogue gives the analogous rearrangement product in 63% yield (73% in
the presence of K,CO,).9 In another recent study, several trifluoroacetimidates were
found to rearrange more slowly and in lower yields than their trichloro congeners.
Results obtained for the geranyl to linalyl conversion are shown in Eq. 32.%?

CXs CXs
xylene, 138°
INTo HN 0
PN P (Eq. 31)
X=F (35%)
X =Cl (63%)

— i

! NH 150° (scaled tube) TO( (Eq. 32)

X=F 16h(69%)
X=Cl 4h(90%)

= =
I e L T

Cuarbon Skeleton. The allylic carbon skeleton, particularly substitution at the «
carbon, plays a large role in determining what temperature is required for allylic tri-
haloacetimidate rearrangements. However, there arc only a few reports where struc-
tural features present insurmountable difficulties in carrying out the rearrangement.
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In most cases, difficulties can be overcome by increasing the reaction temperature.
We have already discussed the fact that higher reaction temperatures are required as
electron-releasing a substituents are replaced by hydrogen, with 130-160° typically
being required for primary allylic imidates and 80° or less for tertiary allylic analogues.

Steric effects at the imidate -y carbon can also play a role. In comparing the re-
arrangement of the ortho- and para-substituted aromatic imidates 30, the para-substi-
tuted substrate is found to rearrange more quickly, and in higher yield, than the ortho
isomer. This outcome is attributed to steric encumbrance to C—N bond formation in
the latter case (Eq. 33).1°

| np
S lene, 138° N
| N 0 ene 19 A CCls
2 CCIANH NCOs | ¢ H
cl 3 - (Eq. 33)
30 para 12 h (82%)

ortho 24 h (30%)

The geometry of the alkene affects both the temperature required for trihaloacet-
imidate rearrangements and the yields observed. Allylic trihaloacetimidates having
a Z 1,2-disubstituted double bond typically require slightly higher temperatures to
promote their allylic reorganization than their E counterparts.?*2* Presumably in part
for this reason, many fewer examples of allylic trihaloacetimidate rearrangements
are reported in the Z series. For example, the E trichloroacetimidate 31 rearranges in
useful yield (Eq. 34), whereas the Z stereoisomer is noted to rearrange with “signit-
icantly more byproducts”.”” However, a few Z disubstituted allylic trichloroacetimid-
ates are reported to rearrange in high yield. For example, the rearrangement of the
secondary trichloroacetimidates 32 proceeds in good yields in refluxing xylenes
(Eq. 35).78

)
A lenes, 140°
o P 0. can I o S
" hid O HN. _CClL
0 NH g
i o 0 (Eq. 34)
+ Bm% 111 (55% from alcohol)
0 HN\H/CCh
o)
TBDPSO._~ cch
HN xylenes, 140° /&
- HN™ 0 (74-79% from alcohol)
el On R TBDPSOJ\/\R (Eq. 35)

32
R =n-Bu, i{-Pr, Ph
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Numerous trisubstituted allylic trihaloacetimidates having a second substituent at
either the 8 or y carbon undergo thermal rearrangement in useful yields. Three rep-

resentative examples are shown in Eq. 36-38.79-8!1

H

N AN Oy e Gealed wbe)
/K ) 140°
ccly” o7 R? 0
R? = OMOM
o o (Eq. 36)
. H F
(1C13)LN ccxa)LN !
— IJ{ o + . H 0 (78% from alcohol)
) 7”0 s j”o
o O)< R? )<
CCl, CCl,

>:NHH toluene O%NHH

0 toluene :
LCE:NBOC o a}\/;:NBOC (51% from alcohol)  (Eq. 37)

H H
benzene CCl4 N X -
5 - 3 ; Eq.

Cyclic Substrates. Rearrangements of allylic trihaloacetimidates in which the
allyl unit is embedded in a ring can be challenging as the transition state conforma-
tion required for rearrangement is higher in energy than that of acyclic counterparts.
If the ring is not large, the oxygen of the imidate must adopt a quasi-axial orienta-
tion to bring the imidate nitrogen and distal alkene carbon within bonding distance.
This feature is illustrated in the cyclohexenyl series in Eq. 39. Moreover, in a half-
chair transition structure, a destabilizing syn-pentane interaction would exist be-
tween the starred atoms in 33. This interaction would be avoided in a twist-boat
transition structure.

CCl3

QANH DN @ /[O]\
h N e (Eq. 39)

Because the trihaloacetimidate must adopt a high-energy conformation to un-
dergo rearrangement, cyclic allylic imidates are particularly prone to decompose at
the elevated temperatures required to promote their sigmatropic rearrangement. The
addition of K,CO, to thwart acid-catalyzed decomposition of the allylic imidate can
be particularly critical in these cases as illustrated in the rearrangement of imidate
34 (Eg. 40).%°
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OTBDMS OTBDMS
.-OEt _-OEt
[KoCGs5] without K,CO3 (1%)
o o-dichlorobenzene, 165° "NH with K;CO3 (56%) (Eq. 40)
cely” SNH O)\CCL;
34

If additional steric impediments exist, rearrangements of six-membered cyclic
substrates can be low-yielding. For example, the additional 1,3-diaxial interaction
(between O and C) brought about by the gem dimethyl group in trichloroacetimidate
35 is believed to be responsible for the low rearrangement yields realized in this case
(Eq. 41);° this situation is not improved by adding K,CO,.%3

CCly

ccly

0" "NH (g 110°
] oene, 1Y . 70 (1043% from alcohol)

- N (Eq. 41)
I H

The deleterious effect of adding an additional 1,3-diaxial interaction is also seen
in the rearrangements shown in Eq. 42 and Eq. 43. Thus, while cyclohexenyl tri-

,,,,,,,, ; (95% from alcohol)

TBDMSO
»rBDMSOD,OTCCI; K,CO5 (cat) TBDMSO:Q

NH °
TBDMSO Xylene 138 HN
36 ccl (Eq. 42)
NH
TBDMSOWOYCC13 KCO; {cat.) TBDMSO - i
s o CCly
TBDMSO/\/ NH xylene, 138 TBDMSO
; (Eqg. 43)
TBDMSO
TBDMSO 0%)
HN 0
18 CCl;

chloroacetimidate 36 rearranges in high yield at 138°, the attempted rearrangement
of stercoisomeric imidate 37, which would suffer a 1,3-diaxial O-O interaction if
the imidate is oriented quasi-axially,” yields none of the rearrangement product 38.
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Instead, the starting imidate is recovered in 35% yield.®? Under some circumstances,
interactions of this type can completely subvert the rearrangement process (Eq. 44).%33

HI\’YCCI;; OsCCly
\
0 NH
RV e (Eq. 44)
BnO~ Bno"\H
Nj N3

Many pyranose?>-047084-86 and furanose'$-7334%7 substrates have been subjected to
the Overman rearrangement with good success, but rearrangements of unsaturated
pyranose substrates having the la,4« configuration are problematic. For example,
the 28,5a-trichloroacetimidate 39 rearranges stereospecifically in refluxing xylenes
in 80% yield, whercas the 2,5« isomer 40 (R = Me) rearranges much more slug-
gishly (Egs. 45, 46).% Although these results are ascribed to a more sterically con-
gested transition state in the reaction of isomer 40, the loss of anomeric stabilization
in transition structure 41 is more likely the origin of this difference. However, ex-
amples exist where pyranose substrates having the e, 4« configuration do rearrange
in moderate yield. For example, heating 40 (R = Et) at 165° in ortho-dichloroben-
zene in the presence of K,CO, gives the trichloroacetamide in 56% yield.®3

OMe

0 | Y MeQO
xylene, 138 N

‘ e O YCCI-; (80% from alcohol) (Eq. 45)
OYNH L/ o
CCly
39
OR
. I R
7] lene, 138° | @7 1 MOy
Xxylene, 1387 : N OMe ) Cl
N s oone T (O‘ M (g, 46)
OYNH o | 2 0
CCly
40 (R = Me. E0) 41

Successful Overman rearrangements of dissaccharides have been reported, par-
ticularly in cases where the energetically favored half-chair conformation of the un-
saturated pyranose places the trichloroacetimidate in an axial orientation. Such an
example is shown in Eq. 21.7°

Substituent Effects and Problematic Substituents.  Allylic trihaloacetimidate
rearrangements are impacted by the electronic effects of substituents attached to
carbons 2 and 3 of the allylic system. Electron-releasing substituents can favor the
rearrangement. For example, reaction of the secondary dihydrofuryl alcohol 42 with
trichloroacetonitrile at 0° leads directly to the rearranged trichloroacetamide 43 in
78% yield (Eq. 47); the intermediate imidate derivative is not observed.®®
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0 0
><o Oy NaHORCON X ON__cc, (8%
e — e —— ’3 CD
/ Et,0, 0° © _ E (Bq. 47)

HO
42 43

The presence of electron-withdrawing groups at the distal alkene carbon can be
problematic. For example, the trifluoromethylated allylic alcohol 44 undergoes imidate
formation without incident, however allylic rearrangement fails (Eq. 48).%% Some
allylic trichloroacetimidates in which the double bond is part of an «,B-unsaturated
carbonyl system fail to undergo Overman rearrangement, for example, dienyl ester
45. The presence of the electron-withdrawing ester is shown to be the problem,
as the structurally similar THP-protected dienol 46 rearranges without incident
(Eq. 49).%

. : 0
CF; 1. NaH CFs HN )
P : ~ X~ CF HN—4_
Ph>—H “~OH  2.CLCCN ph)—‘jl‘ﬂfo»\ CCly o Ol (Eq. 48)
44
NH
CC]BAO/\/%H/ON&:
0
45
: CCly
Ji{ wlene (77% from alcohol)
/\M\/OTHP S (0] NH 70 Trom alcoho
cCly” o 138

PN
46

(Eq. 49)

The problem in these examples is likely competitive 1,4-addition of the imidate
nitrogen to the «,B-unsaturated carbonyl functionality. For example, when unsatu-
rated ester 47 is heated in refluxing toluene, [3,3]-sigmatropic rearrangement is not
observed, but instead oxazoline 48 is formed (Eq. 50). As in the previous example,
this side reaction is circumvented by reducing the ester to the alcohol, protecting the
alcohol, then carrying out the rearrangement with the protected alcohol congener.?

n-Bu 2 COEL CCl4
toluene, 110° \\/J\I
OYNH - - Oug/\COZEL (Eq. 50)
CCl4 n-Bu

a7 48
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Regioselectivity

If the tribaloacetimidate is positioned proximal to two different double bonds,
two regioisomeric dienyl trichloroacetamides can be formed. In cases of this type,
little selectivity is observed. For example, conversion of 5,9-dimethyl-1,4,8-deca-
triene-3-ol to its trichloroacetimidate derivative results in a 60:40 mixture of regioi-
someric trichloroacetamides upon rearrangement (Eq. 51).6 In the case of the
trichloroacetimidate derived from 1,4-hexadien-3-ol, a slight preference for reaction
at the more highly substituted alkene is observed (Eq. 52).%

AN LKITHE e N _CC
OH 2.CICCN, ELO, 0% 1ort | KW E/
W
o HNTCCL@
60:40
(Eq.5D)
N et
e KH, CLOCN :
e S, CCly.NH +  HN__CCly )
OH toluene, 110° i Tr (Eq. 52)
0 0
5:2

An interesting example in which regioisomers result from participation of the
double bond of a heteroaromatic system is known. Thus, attempted rearrangement
of the imidazole trichloroacetimidate 49 leads to the desired product 50 in relatively
low yield, with the major product arising from competitive rearrangement at the
4.5 double bond of the imidazole ring (Eq. 53).°' This limitation is not seen with
related aromatic substrates and may arise in the imidazole case by an ionization-
recombination pathway as the trityl-protected nitrogen is perfectly situated to stabi-
lize the derived ally! cation.

=
r L .
N DBU, CH,Cl N~ =
(/J)\/ DBy Ll (j/v\N ol 4 \(/ o
J CLOCN, ft 1 H Wl 8 (Eq. 53)
/N 3 ’ /N s N
Tr Tr Tr H CCls
49 50 (22%) major product
Stereochemistry

Chiral Secondary Imidates: Chirality Transfer. High stereoselection is a
hallmark of the trihaloacetimidate rearrangement. Self-immolative® transfer of chi-
rality was first demonstrated in the rearrangement of (R }-1-methyl-3-phenyl-2E-
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propeny! trichloroacetimidate, which proceeds smoothly to give the corresponding
secondary benzylic trichloroacetamide with complete transfer of chirality (Eq. 5).2°

There are numerous other examples of this reliable transposition of chirality.
Three are shown in Egs. 54-56.2426.93

CCl o

HN™ O xylenes, 140°
e HNKCCI;, (81% from alcohol)  (Eq. 54)

Cy4Hog rlBDPSOM
| OTBDPS Crabl

. N
BHOW xylenes, 140° B0 . 3
HN._ O il HN__-O (45% trom alcohol)  (Eq. 35)
CCly CCl3
CCly

Xy NH K,COs HNS0
M —_ (75% from alcohol)
t+-Bu” 07 CCl,  xylene, heat O
-Bu”

(Eq. 56)
CCly

‘/\ NH K,CO; HN 0
Lo e (71% from alcohol)
t—Bu’/\/\OACCb xylene, heat @
t+-Bu

Diastereoselectivity Arising from Stereocenters Outside the Pericyclic Arena.
The impact of chirality external to the six-centered electrocyclic framework varies
widely. The conformational flexibility of the substrate and the temperature for the
rearrangement influence the observed degree of diastereoselection. For example, no
stereocontrol is achieved in the rearrangement of the chiral allylic dioxolane 31 in
refluxing xylenes (Eq. 34).77 Likewise, rearrangement of trichloroacetimidate 51 at
140° yields a 1.6:1 mixture of diastereomeric amides (Eq. 57).3% As will be dis-
cussed later, Pd(Il)-catalyzed rearrangements of substrates of this type typically
proceed with high stereoselectivity.?0%4

NHBoc NHBoc NHBoc
& o-xylene /Y\ N
1N s T — HN_oO N0 (&%) (Eq. 57)
o b .
]
ccl CCly CCly
3 ;

51 1.6:1
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Allylic trihaloacetimidate rearrangements of more conformationally constrained
systems often proceed with substantial diastereoselectivity, however. Thus, trifluo-
roacetimidate 52 rearranges to give an excellent yield of epimeric amides 53 and 54
with 10:1 diastereoselectivity (Eq. 58). The trichloroacetimidate analogue of 52 is
reported to rearrange over a period of 30 hours in 47% yield with no diastereoselec-
tivity.”> No explanation for this surprising difference has been advanced.

(Eq. 58)

53 (95%) 10:1 54

Rearrangement of the exo-allylic trichloroacetimidate 24 takes place selectively
from the face opposite the dioxolane substituent, which would be oriented quasi-
axially® to give amide 25 as a single stereoisomer in excellent yield on a 20 gram
scale (Eq. 22).% This product is a key intermediate in the synthesis of (-)-5,11-
dideoxytetrodotoxin. Excellent stercoselectivity also is observed in the rearrange-
ment of the E and Z propenyl trichloroacetimidates 55 and 56 (Egs. 59 and 60). In
both reactions, rearrangement occurs from the same alkene face to provide opposite
epimers at the new nitrogen-bearing stereocenter.>?

Xﬁj X“
xylene, 138°
—_— (90%) (Eq. 59)

CClg

xylune 138°

.

- o)< (=100%)  (Eq. 60)

- CCly HN.__CCl,
N

56

Geometry of the New Double Bond. As discussed earlier in the context of
favored chair trapsition structures for allylic trihaloacetimidate rearrangements, a
common feature of the [3,3]-sigmatropic rearrangement of secondary allylic trihalo-
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acetimidates is transposition to generate a new E double bond. Although extremely
high E stereoselectivity is typically seen, some examples of moderate stereoselection
have been reported. For example, in the rearrangement of a series of trichloroacet-
imidates of alkyl-substituted a-hydroxyphosphonates, the product is obtained as a
mixture of E and Z isomers, with the Z isomer typically accounting for ~13% of the
product mixture (Eq. 61).97

O

1 Il
MeO- P MeO-P.
MeO' \/\/ toluene Med 7 o NH

OYNH 110° ()YNH + MeO*‘P‘t/K (Eq. 61)

CCly CCly MeO

CCly

(86%) 87:13

Low stereoselectivity is seen in allylic trichloroacetimidate rearrangements of
chiral tertiary allylic alcohols when the two « substituents are of similar size, as the
two possible chair transition structures are of similar energy. For example, re-
arrangement of the trichloroacetimidate of linalool at 80° provides a 60:40 mixture
of geranyl and neryl trichloroacetamides (Eq. 62).6

' 0
OH  1.KH, THF M\/\ :
NS +

2. ClLCCN, E0, 0°
3. benzene, 80°

X ~N (0] .
)‘J\ (83%) E:Z 60:40

N” CCH
H

(Eq. 62)

Catalyzed Rearrangements of Allylic Trihaloacetimidates

Catalysis of trichloroacetimidate rearrangements by mercuric trifluoroacetate
was disclosed in the inaugural report of this transformation.* Whereas the thermal
rearrangement of the trichloroacetimidate of (£)-2-hexen-1-ol requires refluxing
meta-xylene (138°) for nine hours to give the allylically rearranged trichloroac-
etamide in 81% yield, this allylic amide is formed in similar yield within minutes in
THEF at 0° in the presence of 10 mol% of mercuric trifluoroacetate. This mercury(IT)
complex is estimated to increase the rate of the rearrangement by a factor greater
than 1 X 10'28 Similar rate accelerations are realized in the presence of soluble
complexes of PdCl,, which have emerged as the most generally useful catalysts for
allylic trihaloacetimidate rearrangements. An early example was reported in 1980,
although Pd(II)-catalysis of allylic trihaloacetimidate rearrangements was not stud-
ied in detail until several years later.?8

The utility of the metal-catalyzed rearrangement is limited by the propensity of
the catalyst to promote elimination to form dienes and trichloroacetamide, occa-
s*zmed by competitive coordination of the catalyst to the allylic trichloroacetimidate
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nitrogen. In general, primary allylic trihaloacetimidates containing trans 1,2-disub-
stituted double bonds rearrange in good yields in the presence of Hg(l) or Pd(Il)
catalysts. Fewer examples exist of successful rearrangements of secondary allylic
trihaloacetimidates; however, several high-yielding examples are known with Pd(IT)
catalysts.”>2%2% Complete suprafacial transfer of chirality is a hallmark of catalyzed
versions of the rearrangement, as it is of the thermal variant. Diastereoselection in
rearrangements of chiral, &-substituted, allylic trihaloacetimidates can be signifi-
cantly enhanced in the presence of PdCl, catalysts. Of potentially greater signifi-
cance, useful asymmetric Pd(II) catalysts have been developed quite recently.”—?

General Conditions. The rearrangement of allylic trichloroacetimidates with
mercuric trifluoroacetate is carried out using 10-30 mol% of this catalyst in THE,
€.g., Bq. 63. Hg(Il)-catalyzed rearrangements can take place at temperatures as low
as —60°, with yields often being high for primary substrates.®

O
NH He(0,CCEy), (10 mold) |
PPN — — e 0 (a6
0~ e t P

More recenily, Pd(Il) complexes have been the catalysts of choice, with excellent
outcomes being achieved at room temperature using 4-8 mol% of the soluble
bis(acetonitrile) or bis(benzonitrile) complexes of PACl, in aprotic solvents such as
THF or toluene. Palladium acetate and palladium trifluoroacetate have also been
employed, although rarely.”” Pd(Il)-catalyzed allylic trichloroacetimidate rearrange-
ments typically take place in a few hours at or below room temperature, as exempli-
fied by the conversion of trichloroacetimidate 57 to amide 58 (Eq. 64).%

¢k PACI(PhCN), (5 mol €l
2 "Nz (5 mol%) P
O/&NH : ~  O°NH (629%)
L THF, rt M (Eq. 64)
NS
57 58

There 1s a single report of trichloroacetimidate rearrangements being promoted
by halogen electrophiles, specifically N-bromosuccinimide (NBS) and N-iodosuc-
cinimide. For example, the E allylic phosphonate trichloroacetimidate 59 is trans-
formed to the rearrangement product 60 in moderate yield at room temperature in
the presence of one equivalent of NBS (Eq. 65). In confrast, the Z isomer reacts
slowly under identical conditions to give oxazoline 61 (Eq. 66).662

O
It I
(MeO)zP J CSHII . (MeO)ZP / CjHl]
d W NBS (a (’q')q B 5 s5%)
O\//NH CHCls, rt CU}WNH (Eq. 65)
i
CCl; O
59 60

2 The reported yield in Eq. 66 is after hydrolysis to the hydroxamide.
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0 O e .H
(MeO)oPo =~ \ . (MG(DZP% .
\‘/ Cotty,  NBS(leq) CsHIl 10
o%\m CHCls, 1t OYN (Eq. 66)
CCly CCl3
61

Scope. Although metal-catalyzed allylic trihaloacetimidate rearrangements
take place under milder conditions than their thermal counterparts, the scope of the
catalyzed rearrangement is much more limited. Trichloroacetimidates are typically
used and give higher yields than the less nucleophilic trifluoroacetimidates,®> a
result expected for a cyclization-induced rearrangement mechanism. Primary tri-
chloroacetimidates containing trans 1,2-disubstituted double bonds are the best sub-
strates for metal-catalyzed rcarrangements, typically undergoing rearrangement in
good yields using either PACL,(RCN), or Hg(O,CCF,), catalysts.®27:629 Substitution
on the allylic double bond impedes the metal-induced rearrangement. For example,
the rearrangement of the trichloroacctimidate of geraniol (62, Eq. 67) under thermal
conditions provides linalyl trichloroacetamide in 90% yield (Eq. 32), whereas this
product is formed in only 66% yield in the presence of PdCL,(MeCN),.%2 There have
been no reports of successful metal-catalyzed rearrangements of substrates having a
substituent on the internal allylic alkene carbon.

0~_CCls

‘ NH PACl(MeCN), (4-5 mol%) Y )
~ ~ L NH o (06%)
07 ek THF, 1t W

62

(Eq. 67)

More highly functionalized primary allylic trichloroacetimidates often have
proven to be resistant to metal catalysis. For example, the ribose-derived imidate 63
fails to yield any rearrangement product in the presence of PdCl,(MeCN), or
Hg(O,CCF,),.”® This result should be contrasted with the successful rearrangement
of this imidate under thermal conditions (xylene at 137° in the presence of two per-
cent di(tert-butyl)-para-cresol; Eq. 68). Similarly, xylose derivative 64 (Eq. 69) fails
to rearrange under catalysis by either PA(II) or Hg(ll) species, although again its
rearrangement is successfully realized thermally (xylene at 200°).%3

H
BnC \OX BnO’ O (Eq. 68)

63 thermal X = Cl (84% from alcohol)
thermal X =F (45% from alcohol)
metal-catalyzed X =CLF (0%)
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(Eq. 69)

64 thermal (93%)
metal-catalyzed (0%)

An interesting example is shown in Eq. 70, where failure to observe [3,3]-sigma-
tropic rearrangement arises from an alternate reaction pathway of a Pd(II)-olefin
complex. In this case, attempted rearrangement of 65 using PdCL,(MeCN), gives a
58% yield of cyclopropane derivative 67. This product is postulated to derive from
66, which would arise if intramolecular attack by the imidate on the nascent
Pd(Il)-olefin complex took place at the proximal alkene carbon (5-exo, rather than
6-endo cyclization).%®

PACL(MeCN), (5 mol%) \§( 0
THF, 1t L,Pd -0
S
65 66 (Eq. 70)

CCl N
3

N

S

B

67

Although there are no examples of high-yielding rearrangements of secondary al-
lylic trichloroacetimidates using Hg(O,CCF;), as the catalyst, several successful
PdCl,-catalyzed rearrangements of secondary allylic trichloroacetimidates contain-
ing trans 1,2-disubstituted double bonds are known (see the following section).
However, this catalyzed transformation is limited to secondary substrates of this
specific type. For example, attempted PdCl,-catalyzed rearrangement of the cis sec-
ondary trichloroacetimidates 68 failed due to competing elimination to form the cor-
responding dienes and trichloroacetamide,® an outcome also observed with Z
trichloroacetimidates 69.7% Low yields (<<30%) were also reported for rearrange-
ments of secondary allylic trichloroacetimidates containing trans 1,2-disubstituted
double bonds using Pd(OAc), as the catalyst; elimination was again the major reac-
tion pathway.?® Consistent with these observations, there are no reports of success-
ful catalytic rearrangements of cyclic secondary allylic trichloroacetimidates nor
secondary allylic trichloroacetimidates containing trisubstituted double bonds.
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R! R R? ¢Chs R
MOMO RN Me  n-Bu H 0 n-Bu
CClh O R iPr  n-Bu CR i-Pr
his iBu  iBu ’ Ph
Ni OTBDPS
68 69

Stereoselectivity. Chiral Secondary Imidates: Chirality Transfer. Although
metal-catalyzed rearrangements of secondary allylic trihaloacetimidates are limited
to substrates containing trans 1,2-disubstituted double bonds, such rearrangements
of chiral imidates proceed with excellent transfer of chirality. For example, Pd(II}-
catalyzed rearrangement of trichloroacetimidate 6 proceeds with complete suprafa-
cial diastereoselection to give the trichloroacetamide in high yield (Eq. 9).% In one
reaction, the milder conditions associated with Pd(IT) catalysis lead to enhanced se-
lectivity when compared to the thermal counterpart. For example, thermal re-
arrangement of chiral trichloroacetimidate 70 (Eq. 71) at 110° (refluxing toluene)
takes place with 7% loss of enantiomeric purity.?’ In contrast, the Pd(II)-catalyzed
version of this rearrangement occurs with no loss of enantiomeric purity. As is seen
in analogous thermal rearrangements, high E stereoselectivity is observed in form-
ing the new 1,2-disubstituted double bond of the allylic trichloroacetamide products,
see, e.g., Eqs. 64 and 71.

n-Bu NS n-Bu._~
\‘/\AOTBDPS PACL(PhCN); (10 mol%) NOTBDPS

O._-NH O~_NH (72%})
\f benzene, 1t Y
CCh CCly

70

(Eq. 71)

Chiral Primary Imidates: Diastereoselectivity. A number of examples of chiral, §-
substituted trichloroacetimidates rearranging with enhanced stereoselectivity in the
presence of PdCl, catalysts have been reported. For example, thermal rearrangement
of trichloroacetimidate 71 in refluxing xylene provides the anti and syn stereoiso-
meric allylic amides in moderate yield and a mediocre 3:2 ratio (Eq. 72).° In

CCly O ¢}

RN

TBDPSO HN O TBDPSO HNJ'LCCh + TBDPSO HN CCl3

71 1 1

I:XI Conditions (Eq. 72)
TBDPSQ 32 poxylene, 138° (54%)
R= - 117 PACL(PhCN), (10 mol%), (71%)

THEF, rt
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contrast, rearrangement of 71 with either PdCl,(MeCN), or PdCl,(PhCN), takes
place with much improved diastereoselectivity, providing the 3,4-anti isomer as the
major product. This product results from preferential cyclization of the imidate ni-
trogen from the si face of the alkene. The authors suggest that this transition struc-
ture is favored because it allows coordination of the Pd(II) catalyst to the double
bond to occur away from the bulky terf-butyldiphenylsilyl protecting group, as
depicted in 72.993

Several examples show high stereoselectivity in the synthesis of anti vicinal di-
amines by diastereoselective Pd(1I)-catalyzed rearrangements of allylic trichloroacet-
imidates having a Boc-protected amine substituent at the 8 position. For example,
rearrangement of 73 in the presence of PdCl,(MeCN), gives exclusive formation
of the anti isomer (the syn isomer was undetected; Eq. 73). In contrast, thermal re-
arrangement of the same substrate gives a 62:38 mixture of the anti:syn products.®®
Coordination of the palladium to the adjacent Boc-protected nitrogen, as depicted in
74, 1s invoked to rationalize the stereoselection.

NHBoc NHBoc NHBoc
/\7\ PACL(MeCN), (6-8 mol%) /\A AN ,
HN 0 MeCN. 1t HN. O + HN o (48% from alcohol)
Eh cCly cel,
73 antizsyn 99:1

(Eg. 73)

In a related example, potential chelation of a Pd(II) catalyst to a &-alkoxy or
d-siloxy substituent was examined and found to have no impact. The rearrangement
results summarized in Eq. 74 lead to the conclusion that diastereoselection, which
can be as high as 10: 1, results solely from steric effects.!®

CCly CCly CCl3
HN O PdACl;(MeCN), HN (6] . HN O
T e P P
Ph/\N THF, rt Ph/Y\/ phw
OR OR 1 OR I .
(Eq. 74)
R .10
Me 141 (63%)
MOM 62:1  (58%)
BOM 9.95:1 (57%)

OTBDMS  10:1 (61%)

3 This intermediate is drawn incorrectly in the original paper; i.e. the configuration shown at C4 is
incorrect.
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Asymmetric Catalysis.  The success of Pd(II) catalysis for allylic trichloroacet-
imidate rcarrangements naturally has led to research on the development of asym-
metric Pd(1D) catalysts. Early studies employing cationic Pd(II) complexes suggested
that allylic trichloroacetimidates were not viable substrates for asymmetric catalysis,
as attempts to carry out such transformations were plagued by competing elimina-
tion reactions, slow reaction rates, and low enantioselectivities.'®! The first two of
these difficulties were ascribed to competitive strong complexation of the small,
basic trichloroacetimidate nitrogen to the hard palladium center.'”? Consequently,
success in developing asymmetric Pd(1l) catalysts for allylic imidate rearrangements
was realized initially with less strongly coordinating N-arylimidates.'! Whereas
high enantioselectivities can be realized with substrates of this type, for example
Eq. 75,% transformation of the amide products to the corresponding allylic amines
is not high yielding. A wide variety of chiral, enantiopure Pd(Il) complexes have
been shown to catalyze allylic rearrangements of N-arylimidates,?3739101.103-103

although a survey of these studies is outside the scope of this review. Reviews of
early developments in this area have appeared.'*!%?

McO
P _SiVes Ph
g Ph . BunQ >P—j2/ TSEmOB) A A g3
P ( ~ ) o :
N CHCl 1t N7 0 (Eg. 75)
W 2 @ W

75 91% ee

N-Anisyltrifluoroacetimidates are more attractive substrates for catalytic asym-
metric allylic imidate rearrangements as their allylic N-anisyltrifluoroacetamide
products can be converted to the parent allylic amines in good yield. An initial sur-
vey of six asymmetric Pd(II) complexes for catalyzing the rearrangement of 76 to
79 identified the cationic ferrocenyl oxazoline palladacyclic complex 75 (Eq. 75),

catdlyst (5 mol¥%)
N )k

RN (20 mol%), CH,Cl, 1t CFj

Py Eq. 76)
NN \)\/\ (Eq
CFs 0 catalyst % ce

76 77 (19%) 89 79

8 92%) 92

and the related cationic and neutral palladacyclic catalysts 77, 78, and 8 (COP-CI)
containing a chiral oxazoline substituent and a planar chiral cyclopentadienyl(n*—""
tetraphenylcyclobutadicne)cobalt fragment, as effective catalysts for this transfor-
mation (Eq. 76). Subsequent deprotection of the N-anisyltrifluoroacetamide 79 to
form (R)-3-amino-1-hexene is accomplished in 73% yicld. Cis allylic N-anisyltri-
fluoroacctimidates are converted also in good yield and high ee to the corresponding
secondary N-anisyltrifluoroacetamides using the cobalt oxazoline palladacycle (COP)
catalysts (Eq. 77). Incorporation of small amounts of tertiary amines, typically
i-Pr,NEt, minimizes acid-catalyzed decomposition of the starting imidates in re-
arrangements that employ the trifluoroacetate-bridged catalysts 75 and 77, which are
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generated in situ by reaction of the corresponding halide-bridged dimers with excess
silver trifluoroacetate.

CFy CFy
XM 2 m
“pd_ . Pd
/NYl_Pr @\(N i-Pr
o o e
0 (0]
M fom
Ph
Ph Ph Z g
Ph Ph
77 X = 0,CCE;3 78
8 X = C1 (COP-Cl)
N OMe 0
‘ catalyst (5 mol%) Ar~ J\ .
N~ Ph e N7 CF,
. /k QA FProNEL (20 mol%), CHoCly, 1t AN (Eq. 77)
CFy ™o Ph
catalyst % ee

77 (76%) 96
8  (99%) 96

In a recent publication, the neutral chloride-bridged dimer COP-CI (8) was shown
to be an excellent catalyst for asymmetric rearrangement of trans 1,2-disubstituted
allylic trichloroacetimidates, thus providing the first truly useful catalytic asymmet-
ric method for transforming prochiral allylic alcohols to enantioenriched allylic
amines and their analogues, e.g., Eq. 78.7 Although the scope and limitations of this
method are not well explored at this point, a variety of oxygen functionality is well
tolerated. Some nitrogen functional groups appear to be also well tolerated, e.g.
Eq. 79. However, the allylic rearrangement is prevented (at least at 38°) by tertiary
amine functionality at C6, secondary amine functionality at either C6 or C12, or a
thio ether substituent at C6 of the (E)-2-alkenyl trichloroacetimidate starting mate-
rial. This method is limited to the rearrangements of allylic trichloroacetimidates
containing trans 1,2-disubstituted double bonds as analogous cis substrates rearrange
only slowly in the presence of COP-CL

0
NH )L
‘ COP-Cl (8,5 mol%) CCl NH "
L ( RIS (82%) 96% ec  (Eq. 78)

Q
C§
;j\
§<

0
NH COP-CI (8, 5 mol%) PN
L /2L ca” NN
CCly o0 "R CH,Chp >~

R (Eq. 79)
R Temp. % ee

(CHy)3NBn(Boc) 38° (96%) 95

(CH;)yNBn, it (82%) 97
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The more soluble monomeric COP-hexafluoroacetylacetonate complex 78 allows
a wider variety of solvents to be employed and higher catalyst concentrations, and
correspondingly higher catalysis rates, to be achieved.” One example is shown in
Eqg. 80.

CCly CCl
78 (5 mol%
P BB mel%) HN/&() (94%) 91% ce (Eq. 80)
THF, 50° p

APPLICATIONS TO SYNTHESIS

Overview

The chief significance of the allylic trihaloacetimidate rearrangement lies in the
many uses of the allylic trichloroacetamide products. Foremost among these uses is
ready access to allylic amines. The trichloroacetyl group is typically removed from
allylic trichloroacetamides using either NaOH in mixed organic—aqueous solvent
systems, strong mineral acids, or methanolic NaBH,. One potential advantage of em-
ploying trifluoroacetimidates in this allylic rearrangement is the ready cleavage of
the trifluoroacetyl group under mildly basic conditions.'%

The trichloroacetyl group has also been exploited to accomplish subsequent elab-
orations of rearrangement products. For example, the trichloroacetyl group has been
used to initiate radical cyclizations; as a precursor of guanidines, carbodiimides, and
ureas; and to regulate facial selectivity in the addition of various reagents to the
allylic double bond.

Preparation of Allylic Amines

Overman rearrangements have been employed to prepare a broad range of allylic
amines for many diverse uses. For instance, a number of selective enzyme inhibitors
have been prepared in this way. Examples include a variety of 2-(2-thienyl)allyl-
amines, synthesized for studies of the inhibition of dopamine B-hydroxylase,'Y” and
dienyl amino acid 81, an inhibitor of 4-aminobutyrate-2-oxoglutarate aminotrans-
ferase.® This latter agent is prepared in four steps from dienyl trichloroacetamide 80
(Eq. 81), whose synthesis by allylic trichloroacetimidate rearrangement is summa-
rized in Eq. 49.

W()H 1. NaOH (2M),
Hy0/MeOH (3:2), 1t 1 CO,y”

g 2. (+-BuC0),0, THF 66° NHBoc + NHa
i :
80 (46%) 81

(Eq. 81)

An example of the application of this rearrangement to the preparation of novel
classes of biologically important nitrogen compounds is seen in the synthesis of
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y-aminophosphonic acids, for example 83 (Eq. 82).”” Refluxing 6N HCI was em-
ployed to hydrolyze the trichloroacetamide and phosphonic ester functionalities of
82 in good yield.

0 = 0
1l ol I H
(EtO),P Oluene (BtO)P_~ N, _CCls
OFNH 110° VX it

CCl; ©
82 (91%) (Eq. 82)

1. HCI (6N), 100° 9 +

Il
HO-P. NH;
2. propylene oxide, MeOH (')\4><

83 (88%)

A variety of amino sugars, including both monosaccharides and disaccharides,
has been prepared using the Overman rearrangement as the key step. In many of
these syntheses, the trihaloacetimidate rearrangement is employed to install the
amino functionality with high stereocontrol.#>7085.108.109 Iy one approach, the trihalo-
acetimidate rearrangement is carried out on a carbohydrate framework, as exempli-
fied by the example shown in Eq. 83. This tactic has been employed widely, with
several examples of the rearrangement stage of these amino sugar constructions
being highlighted earlier in Scope and Limitations (cyclic substrates).

0._,0Bn

- 1. o-dichlorobenzene, 160° O~ 40Bn
o — (56% from alcohol)  (Eq. 83)
i 2. NaOH/EtOH, 80° NP
S NH,
CCly” "NH

In another construction of amino sugars, the rearrangement step is carried out on
an acyclic substrate, with cyclization to form the carbohydrate occurring at a later
stage. An early example, the preparation of (%+)-N-(trichloroacetyl)vancosamine
(84), is shown in Eq. 84.% This strategy has been applied also to the synthesis of sev-
eral aminocarbasugar derivatives,?”''% as in preparation of the conduramine ana-
logue 85 (Eq. 85).%

O._+OMe

0
/?U\/ 1. KH (cat.), 18-crown-6, ClLLCCN A o E/\r
P . s T HNT Cal 1
2. xylenes, 140 W 3 HNWCClg
O
84

(Eq. 84
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CCl4 j)k
0 HN” "0  PACL(MeCN), (8 mol%) O HN™ “CCl, 73%)
‘ i ‘ 35 (7139
RN toluenc, rt =
/Ar ~ T , /Y ‘
O\ OBn O' OBn
0 (Eg. 85)
NaOH, EtOH O\/N@ 0
al e '
e Lz
H,0, 70° ~ 4\ ; e -
O ' OBn BrO~
NHBOC
85

Given the promise of nucleoside analogues as therapeutic agents, much effort has
been devoted to their synthesis, with trihaloacetimidate rearrangements being cen-
tral steps in several approaches. For example, the dideoxyribose 43 has been pre-
pared in 78% yield from the allylic alcohol precursor, placing the amino group in the
correct position for subsequent construction of the appropriate heterocylic sub-
stituent (Eq. 47).%8 Allylic rearrangement of trichloroacetimidate 86 is a central step
in the synthesis of a series of 5’-branched 5'-aminothymidines (Eq. 86).°% This ex-
ample illustrates the mild removal of the trichloroacetyl group by reaction of allylic
trichloroacetamide 87 with ethanolic NaBH, at room temperature.

0}

N"TOB

J 0 (84% from alcohol)

0
/\
NaBH,

. 1\ 80%)
EtOH, rt o (80%)

(Eq. 86)

Allylic trichloroacetimidate rearrangements have been central to the synthesis
of several peptide analogues. For example, a range of dipeptide olefin isosteres
has been synthesized in a study of parathyroid hormone receptor activation by
analogues of the N-terminal fragment of the natural hormone. These dipeptide
isosteres were accessed by the sequence exemplified in Eq. 87.22 Numerous other
dipeptide isosteres have been prepared using allylic trichloroacetimidate rearrange-
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ments.?%23256711L102 Iy an additional example, the modified opioid pentapeptide 88
is prepared from an allylic alcohol precursor as summarized in Eq. 88.1%

CCly CCly
0 0
HN™ 0 9 xylene HN- "0 O & 1. LiOH/H,0,
Y - N JO 138° ~ N0 2. NaOH (6N)
F ' F ' 3. (Boc),0 .
Bri B (Eq. 87)
0 0
BocNHWOH —  (Aminoacids 1—34)NHWOH
F P
CCly
~
HN™ 7O 1. xylene,138° HZN/\/\[NPh
N
\)\ﬁwph 2. NaOH (6N), EtOH, rt OTHP
OTHP

HO
(Eq. 88)
K&(ﬂ O
N
- H,N g |
-+ Ha 0 S Ph
\ HN™ N0
S 0

w T

OMe

Trichloroacetimidate rearrangements have been used in the synthesis of a wide
variety of @-amino acids, for example, the Boc-protected 3, y-unsaturated a-amino
acid 89 (Eq. 89).2% A more common sequence for assembling a-amino acids in-
troduces the carboxylic acid by oxidative cleavage of the allylic double bond.!'? Use
of such a strategy to prepare the biologically important 1-aminocyclopropanecar-
boxylic acid in high overall yield from allylic alcohol precursor 90 is summarized in
Eq. 90.%

n-Bu N n-Bu._~~
Y omsbes PACI,(PhCN), (10 mol%) ~7ToTBDPS
O\?NH L O~ NH

benzene, rt
CCly CCly
(Eq. 89)
B .
LaBuNF - TONSENT0 160 ay  Bu A COH
2. (Boc),0 BOC/N Y, 20/ NHBoc

89
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L\\\A 1. NaH (cat.), CLCON % 1. RuCl; (cat.), NalO; A(COz

HN__ccl
OH 2 toluene, 100° hid * 2 HCL(3N), 100° NEN (Eq. 90)
0
90 (89%) (87%)

Enantiopure amino acids have been accessed in this way using several strategies.
In one method, a diastereoselective allylic imidate rearrangement is orchestrated on
a chiral, enantiopure template. An example that employs a carbohydrate scaffold
to synthesize (S)-(2-?H)glycine is shown in Eq. 91.5 A second example, where a
o-methoxymethy! substituent regulates face selectivity in the key allylic imidate
rearrangement, is summarized in Eq. 92.2!

7*0’(

1. NEJ.IO4, RUC]g‘Illlz() HOLC H
o H,0/CCL/MeCN, rt 2 \P 5
\ 2. H* NH,
(6]
HN 0
CCly
(97%)
(Eq. 91)
OMOM o,
RIWRZ o 1. Oﬂ,, ML?S HOZLXR O
R’ \N“Z< 2. Jones lquent R? §<Z<CC1
H CCl 3 ‘
R R2 R? (Eq. 92)

i-Pr - Mc n-Bu (85%)
i-Pr Me Et (81%)
i-Pr Ph Me  (70%)

Another tactic couples direct construction of enantioenriched, chiral secondary
allylic alcohols with oxygen-to-nitrogen chirality transfer. In the example shown in
Eq. 93, catalytic asymmetric vinylation of benzaldehyde provides 91, which is trans-
formed in 83% overall yicld without loss of enantiomeric purity into trichloroacetyl-
protected amino acid 92.''4

0 0
OH 1. KH (cat.), CLLCCN : RuCls (cat !
BN (cat). Cly HNACCL3 uCl feat) N Secs
Ph Bu-t  0°tort ~ NalOy4 (Eg. 93)
2. toluene, 110°  Ph Bu- HO,C™ "Bu-t

91 96% ce (90%) 96% cc 92 (92%)
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A third appealing strategy exploits asymmetric catalysis to access directly the
chiral, enantioenriched allylic trichloroacetamide. For example, the differentially
protected S a-amino ester 94 is prepared without loss of enantiopurity from allylic
trichloroacetamide 93 (Eq. 94), which in turn is prepared by a COP-CI catalyzed
allylic trichloroacetimidate rearrangement (see Eq. 78).7

il i
HN™ “CCl; 1. 03, CHyCly, ~78° HNJ\CCL;
P : ’ (58%)
O/v 2. NaOH, CH,Cl/MeOH O/\C OMe (Eq. 94)
93 96% ee 94 96% ee

Other Direct Uses of Allylic Trihaloacetamides

Because trichloromethyl is a competent leaving group, allylic trichloroacetamides
can be directly converted to congeneric ureas, carbodiimides, and guanidines.'’> One
example of this chemistry, which was developed by Isobe and co-workers during
their studies of the total synthesis of tetrodotoxin and analogues, is illustrated in
Eq. 95; see Eq. 22 for the preparation of the starting allylic trichloroacetamide 25.

{:‘;o o\lr,,

0 BnNH,, NayCO5 o 9 PhsP, CBry, EGN
1 Hi“fiLcch DMF, 80° _HN""NHBa o orr
JOR N
25 (75%) (Eq. 95)
O\F O
o =NBn S(OTDs (cat), BuNH; (oo yues (9% 2 s

L CHaCh, 1t :HF%NHBH

A variety of heterocycles have been assembled from products of allylic trihalo-
acetimidate rearrangements, employing the double bond as a partner in ring-closing
metatheses,''¢ or involving the double bond in other C—C bond-forming ring con-
structions.?%117-122 A clever strategy of this type which requires no additional ma-
nipulation of the allylic trichloroacetamide functionality has been used to prepare a
series of y-lactams.” In this case, ring construction is accomplished by an atom
transfer radical cyclization (Eq. 96).

cl
oH e Cl B
1. NaH, CLeCN C€13 7 ) RuCly(PPhs); (cat)
s i i B A (71%)  (Eq. 96)
2. xylene, 138° O~ N 140° o
H

N %
HII
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The potential for functionalization of the double bond to be directed by the
nearby trichloroacetamide group has also been exploited. The trichloroacetamide
group is particularly effective in promoting syn dihydroxylation as a result of the
strong propensity of the N-H bond to participate in hydrogen bonding.?*123124 This
strategy has been employed in syntheses of several amino sugars as exemplified in
the preparation of talosamine (Eq. 97).12%126

OBn
: (,)Bn]—{
1. DBU, C13CCN, CH,Cl , .
TBDMSO Sk e 07 AN B 0%
; 2. K»C03, xylene,138° Co
2 iene TBDMSO. b ) 0
OH
OH
_ . o NH,
- O ‘
OH
OH
talosamine

(Eq. 97)

However, the trichloroacetyl group proves to be a hindrance in attempted Sharp-
less oxyamination of allylic trichloroacetamide 95, a finding attributed to the
“suppressing influence of an electronegative substituent”.* Conversion of the tri-
chloroacetyl group to the acetate followed by oxyamination with chloramine T and
osmium tctroxide yields the desired product 96 in 39% yield from the precursor
allylic amide (Eq. 98).%

HO. A I. NaH ‘ .
: - - OBn - HO” > oBn (39%)

- 2. CLLCON, CH,Cl,

N '
OBn 3, dichlorobenzene, 160° H \?() HN\‘//O
CCl, i
95 (68%) 96

(Eq. 98)

Applications in the Total Synthesis of Natural Products

(*x)-Acivicin. Syntheses of the antitumor, antimetabolites (*)-acivicin and
(*)-bromoacivicin take advantage of the trichloroacetimidate rearrangement’s resid-
ual allylic functionality to elaborate the heterocyclic acivicin framework through
a 1,3-dipolar cycloaddition. The crucial building block in this synthesis is vinyl
glycine, for which, at the time, no other efficient preparation was available. Thermal
rearrangement of the trichloroacetimidate derivative 97 of cis-2-butene-1,4-diol is
used to prepare the vinyl glycine fragment 98 (Eq. 99).5
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X
(\OH . o~ CH,0H \H_
‘\/OYCCls R IINYCCI;; T N\O>;YC02
; 169° — : 3
NH 0 RN (Eq. 99)
+
97 98 (R4%) X =Cl acivicin

X = Br bromoacivicin

(+)-Lactacystin. The application of the trichloroacetimidate rearrangement
to the synthesis of (+)-lactacystin exemplifies the utility of this reaction for con-
structing tertiary carbinyl amine stereocenters. The starting material for the synthe-
sis, p-glucose, provides the chiral template for the rearrangement, giving allylic
trichloroacetamides 99 as a 4.8:1 mixture of diastereomers in 60% yield from the
starting allylic alcohol (Eq. 100). After acidic cleavage of the acetonide, these
epimers are separated and the major stereoisomer is processed in two steps to pyrro-
lidine imide 100. Treatment of intermediate 100 with NaBH, in methanol at 0°
removes both the N-trichloroacetyl and O-formy!l groups to provide late stage lacta-
cystin precursor 101.'27 A similar strategy is employed to synthesize (-)-sphingo-
fungin E.47128

OBn

QL (U 0.
* ol N)H\( }
70( —

/ 7 \JST toluene, 150°
/ O

0 (sealed tube)
—NH
CCly
99 (60% from alcohol) dr=4.8:1
0 HO,C._ NHAC
O
Q Nﬁﬁ\ CCl NaBH, NH 0 S
T, ‘ — ~ T NH |
) o~ MeOtL, 0° i OBn ' 0
~OBn OH
OCHO o
100 101 (+)-lacticystin

(Eq. 100)

(+)-Pancratistatin. The reliable suprafacial transter of chirality of trichloro-
acetimidate rcarrangements was cxploited in the synthesis of (#)-pancratistatin.
Although it was initially hoped that diol 102 would react with trichloroacetonitrile
at the less-hindered allylic oxygen center, orthoamide 10, formed as a mixture of
diastercomers, was the only product produced. Unfortunately, this intermediate stub-
bornly refused to undergo thermal [3,3]-sigmatropic rearrangement (Eq. 101).%¢

OBn O OBn 9

CLCCN
—_— -
NaH, THF

Do B g 101

0 CCh
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However, benzyl-protected congencr 103 is converted to the late-stage (=)-pan-
cratistatin precursor 104 upon heating at 100—105° under high vacuum (Eq. 102).

OBn O QBn O

O\Mo 5\/\)&0’

o H e § ]
0 e _.OBn 1007103 : > /
1 H
e HN

N T acy, ccty o OH O

103 104 (56%) (£)-pancratistatin

(Fg. 102)

COMPARISON WITH OTHER METHODS

The importance of allylic amines in synthesis has led to the development of many
methods for their synthesis, several of which take advantage of allylic alcohols as
starting materials. Although various attractive methods have been developed, few
match the breadth, regiocontrol, and stereocontrol of the trihaloacctimidate re-
arrangement. The easc by which the trihaloacetyl group can be removed to release
the free allylic aminc further distinguishes the trihaloacetimidate rearrangcment
from related methods. A recent review summarizes some of these methods as well
as other syntheses of allylic amines.!> This section covers the more significant
developments since that review, including other rearrangement methods, aminolysis
of allylic clectrophiles, allylic amination of alkenes, hydroamination of alkynes and
dienes, and addition of vinyl nucleophiles to imine derivatives.

Other Allylic Rearrangements

In addition to the imidate group, several functional groups are suitable for prepa-
ration of allylic amines by [3,3]-sigmatropic rearrangement. Allylic urethanes,'?
isourcas,'V cyanates,'?! thioimidates, 3233 and sulfamates'** were explored early on
as potential candidates for the sigmatropic transformation of allylic alcohols into
allylic amines.'Y More recently, rearrangements of allylic N-benzoyl benzimidates
and allylic phosphorimidates have been studied. 101135 Each of these methods exhibits
some limitations, either in the preparation of the rcarrangement precursors, condi-
tions required for the rearrangement, scope of the rearrangement, or difficultics en-
countered in subsequent hydrolysis of the protected amine products. At this point,
none of the aforementioned alternatives to the trihaloacetimidate rearrangement has
been developed into a broadly useful method for preparing allylic amines.

Thioiminocarbonates have found some application in the synthesis of allylic
nitrogen derivatives.'?® However, in a direct comparison, trichloroacetimidate re-
arrangement of 105 is found to be the preferred method for preparation of the amine
106 (Eq. 103). Rearrangement of thioiminocarbonate 107 gives rearrangement prod-
uct 108 in low yield (Eq. 104), whereas heating 105 in refluxing xylene provides the
desired amine in high yield after mild hydrolysis to remove the trichloroacetyl
group.'¥’
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NH
o/u\cc,l3 BnO.. -y
BnO 1. xylene, 138° (80%)
T 4
| 2. NaOH (6N), EtOH, BnO ‘ NH; (Eqg. 103)
BnO' H,O, rt OBn
OBn
105 106
NBn

0" "SBn BnO._
toluene, xylene or A Q

BnO\ _ -
DMF, 140° Bn( )\‘/\Nksm (Eq. 104)
! Bn
BnO ‘ OBn
OBn
107 108

A method for converting an allylic alcohol to the corresponding amine with
retention of configuration that involves two sequential [3,3]-sigmatropic rearrange-
ment steps is used in the synthesis of an ansamycin.'?® In this study, thionocarbamate
109 is not isolated, but rearranges spontaneously upon its formation at room tem-
perature to give the allylically-transposed thiocarbamate product in 90% yield from
the starting allylic alcohol (Eq. 105). This intermediate is then transformed in two

0
| 1. NH;
I 2.KOBu
3. BrCN
$._0
\f\f (90%)
N «
- 109 N_,7

(Eq. 105)

(83%)
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steps to the allylic thiocyanate, which also rearranges spontaneously providing
allylic isothiocyanate 110 in 83% yield.

Allylic amine derivatives are also available from allylic alcohols by [2,3]-sigma-
tropic rearrangements of allylic selenimides!'??'# and allylic selenonium ylides.!¥!
These promising mcthods also exhibit the potential for asymmetric induction. For
example, rearrangement of chiral, enantioenriched allylic selinimide 111 takes place
in situ to yield the allylic carbamate (Eq. 106). Enantiomcric excesscs of up to 93%
are achieved in some related reactions when the substituent on nitrogen is a para-

toluenesulfonyl group. ™
-
) Q
~O Cb/NHLi /o Jon HN” 0Bn
Se THF, 0° : = (Eg. 106)
c* P /Se—‘N\ \‘)v
ChzN™ ) ‘ L (57%) 67% ce
100% ee 111

Allylic sulfoximines undergo either thermal or Pd(II)-catalyzed rcarrangement to
yield N-protected allylic amines. Although the thermal process gives a mixture
of isomers, presumably by a dissociation-recombination mechanism,'*? Pd(I1)-
catalyzed rearrangement of allylic sulfoximine 112 takes place readily with transpo-
sition of the double bond to give rearrangement product 113 in 80% overall yield
(Bg. 107).143.144

OH
i . 37 e y
Ph/\A\ Pd(PPh})4 (5 mol%:) )(fm()\s Ph
THE. _~__N.
TosN 75+ HIF, rt Ph Tos
o Ph .
s (Eq. 107)
NaOH, 11,0 Ol H (80%)
MeOlH, rt Ph = N\Tos ’
113

Other Routes to Allylic Amines

Amination of Allylic Electrophiles. The most straightforward preparation of
allylic amines is unquestionably direct allylation of nitrogen with an allylic elec-
trophile. However, this approach is often compromised by the propensity for di- and
triallylation. This problem can be circumvented by delivery of the nitrogen atom in
protected form as in the Gabriel synthesis.

An arca of intense recent study is the transition-metal-catalyzed reaction of
amines with allylic electrophiles.'> A varicty of allyl acctates, carbonates, halides,
and even allylic alcohols are converted to allylic amines in this way, with the
most widely used catalysts to date being complexes of palladium. When a 7r-allyl
palladium intermediate is unsubstituted at one end, the amine generally attacks
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at this terminus to give a trans unbranched allylic amine. Recently, complexes of
rhodium, -7 ruthenium,*¥149 iridium, ' -'5? and palladium'>* have been shown to
catalyze allylic aminations favoring rcaction at the more hindered allyl terminus to
give the branched allylic amine product (Eq. 108).147 However, regioselectivity is
typically diminished when there is branching « to the leaving group. These discov-
eries open up the opportunity to accomplish such aminations in enantioselective
fashion, 30153 156 providing a highly attractive route to enantioenriched allylic
amines (Eq. 109).130.155.756

Q 0,0 0.0

L RhCI(PPhs); (cat.), PIOMe);, 307 T ! P
07 "TOMe — o NTTAr F /\ﬁ\/ ~ar (96%)

ToINLI(SO,CoH,OMe-4)
= AN Tol
99:1 (Eq. 108)
0 HCOD)ICLLy HN" Ph

“ + P ONH, —— — — - ‘ (84%) 95% ce

PhMOJ\OMc > N
I,
SeLls
(Eq. 109)

C-H Activation. Direct substitution of an allylic C—H bond of an alkene by
nitrogen is a very attractive route to allylic amines. This chemistry is generally as-
sociated with enc rcactions of N=N species'™ or nitrene addition followed by
rearrangement to the allylic amine.'3® Several approaches of thesc types have met
with success, although yiclds arc generally moderate and these methods at present
are limited in scope. Thus, the cne reaction of dicthyl-azodicarboxylate with alkenes
provides good yields (77-95%) of allylic amine adducts (Eq. 110).1%7 Efforts to in-
troduce asymmetry into the reaction using di-(—)-menthyl diazodicarboxylate meet
with moderate success; however, removal of the menthol chiral auxiliary is diffi-
cult.’ Tron!®%191 and manganesc!>® complexes have also been used to successfully
introduce nitrogen at the allylic position of alkenes, although yields are modest.

EtO,CN=NCO,Et (0.5 eq.) CO,EL -
e I i ap
SnCly (0.5 ¢q.), —60° - NHCOEL (B7%) (Eq. 110)
7 11:1

SN

Hydroamination. The application of transition metal catalysis to the synthesis
of allylic amines by hydroamination of dienes!®? and alkynes (Eq. 111)!% holds con-
siderable promise. At this point, the scope of this approach is largely unexplored.
Mixtures of regioisomeric products are not uncommon in the hydroamination of
dienes, including variable trans/cis ratios of the allylic amine product, depending
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upon the reaction conditions.

: N .
— G PP ) S
Bn PhCO,H (10 mol%) Bn (Eq. 111)
dioxane, 100°

Addition of Vinyl Nucleophiles to Imine Derivatives. Much progress has
been recorded in recent years in the synthesis of amines by the addition of
organometallic reagents to imines and their derivatives, with several recent reviews
summarizing this progress.!%4193 When the nucleophile is vinylic, an allylic amine or
a derivative results. An example, illustrating the synthesis of enantioenriched allylic
amines, is shown in Eq. 112,166

0
prol/S’N
E—— CpyZrCly (cat.), MesAl [ | ' H Ph , -i5°
- 6il113 Mes Al o : — o
H0,CHClL, 00 [ CeHi
(Eq. 112)
0
N MeOH, 1t NH; }
Tol”PNH o,
pe | Amberlyst IR-120. ph” ™ CoHys
Ph CeHis
(80%) (90%) 79% cc

EXPERIMENTAL CONDITIONS

General Comments

An attractive aspect of the Overman rearrangement is its experimental simplicity.
Typically the intermediate allylic trichloroacetimidate is not purified, but rearranged
directly under either thermal or metal-catalyzed conditions. Despite the progress that
has been made in the area of metal catalysis, the thermal rearrangement of allylic
trihaloacetimidates is so reliable and convenient that most applications employ these
conditions. A wide variety of non-nucleophilic solvents can be used in the imidate
preparation and rearrangement steps. Dry solvents (commercial quality) are typi-
cally acceptable, and should be employed to minimize hydrolysis of the trichloro-
acetimidate intermediate.

Preparation of Allylic Trichloracetimidates

Bases promote the addition of alcohols to trichloroacetonitrile. Two general con-
ditions are commonly employed {or preparing allylic trichloroacctimidates: catalytic
or stoichiometric amounts of 1,8-diazobicyclo[5.4.0lundec-7-ene (DBU),?"'0% or
catalytic quantities of a metal alkoxide that is generated in situ by reaction of the
allylic alcohol with 5-20 mol% of NaH, KH, sodium metal, or n-BuLi. Sodium
hydride is employed most commonly in the latter procedure with diethyl ether or
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THF being used as the solvent and deprotonation being carried out at temperatures
from 0° to —15°, If the alkoxide is generated, it is important to use only catalytic
quantitics: although the equilibrium constant for generating trichloroacetimidates
from the addition of alcohols to trichloroacetonitrile is high, the corresponding equi-
librium of an alkoxide and trichloroacetonitrile to form the trichloroacetimidate con-
jugate base is much less favorable. Dichloromethane has commonly been the solvent
when DBU is used as a base, although other dry aprotic solvents could likely be uti-
lized. When DBU is used, it is employed catalytically (10 mol%) or used in excess.

In the alkoxide-catalyzed procedure, the order of addition of the reagents is vari-
able. For secondary and tertiary alcohols, the preferred order of addition is to slowly
transfer the alcohol/alkoxide solution by cannula into a solution of trichloroacetoni-
trile,® although the reverse order of addition has been employed without adverse
effects.!37-197 The formation of trichloroacetimidates from primary alcohols is best
carricd out by adding trichloroacetonitrile to the alcohol/alkoxide mixture.

In the DBU-promoted process, the order of addition of the base does not play a
critical role: DBU can be pre-mixed with the alcohol,?** added to the alcohol as a
mixture with the trichloroacetonitrile,*’-'% or added sequentially with trichloroace-
tonitrile (first DBU, followed by trichloroacetonitrile). Use of DBU allows unhin-
dered allylic trichloroacetimidates to be formed at low temperatures (down to —78%),
although temperatures around —35° to 0° are most common.

Allylic trichloroacetimidates are reasonably stable to standard purification meth-
ods, such as cither vacuum distillation or silica gel chromatography. Nonetheless,
they are almost always used with minimal purification. For example, afler extractive
workup and quick passage through a plug of silica gel, the solvent is removed and
the crude imidate is redissolved in the rearrangement solvent for heating to reflux.
Allylic trichloroacetimidates often undergo partial hydrolysis during slow chro-
matography on silica gel; this is not observed if Davisil grade silica gel (W.R. Grace
& Co.) is uscd.

Preparation of Allylic Trifluoroacetimidates

The preparation of allylic trifluoroacetimidates first requires generation of tritluo-
roacetonitrile, a colorless gas (bp = —64°). In early studies, trifluoroacetonitrile was
generated by the vigorous dehydration of trifluoroacetamide using phosphoric pen-
toxide.” After passing gaseous trifluoroacetonitrile through a sequence of traps and
scrubbers, an excess of trifluoroacetonitrile is condensed to prepare an ethereal so-
lution for subsequent addition to a solution of the alcohol/alkoxide at —78°. The
alkoxide is typically generated by the action of n-BuLi (20 mol%) on the alcohol in
THF at 0° or below. A more convenient “one-pot” procedure for preparing allylic
trifluoroacetimidates generates trifluoroacetonitrile in situ from trifluoroacetamide
by reaction with oxalyl chloride and DMSO. %

Thermal Rearrangements of Allylic Trihaloacetimidates
As discussed in the Scope and Limitations section, the thermal rearrangement is
somewhat faster in solvents of higher polarity. Nevertheless, high-boiling hydrocar-
bon solvents such as toluene and xylenes have been employed most widely. The
crude allylic trichloroacetimidate typically is dissolved in the solvent of choice and
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the rearrangement carried out at reflux. Some substrates require higher temperatures
and these rearrangements can be carried out in a sealed tube. Alternatively, ortho-
dichlorobenzene (bp 180°), decalin (bp 190°), fert-butylbenzene (bp 169°), or diphenyl
ether (bp 259°) can be used to bring about the rcarrangement. The concentration at
which the thermal rearrangement is conducted appears to be of little importance:
most rearrangements are run at about (.1 M, although some have even been etfected
at high concentration or neat.

Unwanted decomposition of the allylic trichloroacetimidate by ionization to form
trichloroacetamide and the corresponding allylic cation (and eventually diene
byproducts) can be problematic when ionization of the allylic C—O o-bond pro-
duces a particularly stable allylic cation, for example with tertiary allylic trichloro-
acetimidates. This side reaction is likely promoted by acidic impurities. A significant
improvement to the rearrangement procedure is the inclusion of powdered anhy-
drous K,CO,, which scavenges acids and prevents the decomposition of the imi-
date.®® The amount of K,CO, added varies from a small amount (20 mol% relative
to the crude allylic imidate) to a slight excess. Improvements in yield of up to 50%
are reported;®® in some cases, previously nonviable rearrangements are made possible.

Rearrangements of allylic trifluoroacetimidates are carried out under similar con-
ditions. The time required for the rearrangement to proceed to completion may be
reduced and/or the yield improved when trifluoroacetimidates, rather than their
trichloro congeners, are employed.”>%3

Metal-Catalyzed Rearrangements of Allylic Trichloroacetimidates

After the initial report that mercuric trifluoroacetate catalyzes the rearrangement
of allylic trichloroacctimidates,* the catalysts that have been most successfully
applied are Pd(IT) complexes. The commercially available, or readily prepared,'®
bis(acetonitrile) and bis(benzonitrile) complexes of PdCl, are employed widely.
These complexes are used at 4—10 mol% to effect the rearrangement of primary and
secondary allylic trichloroacetimidates; reports of successful Pd(Il)-catalyzed re-
arrangements of secondary imidates are rare. Tetrahydrofuran, toluene, and dichlor-
omethane have been used as solvents, with rearrangements taking place at room
temperature in a matter of hours.?”-?8:3962 Catalytic asymmetric rearrangements em-
ploying the catalyst COP-Cl (8) generally are carried out with catalyst loadings
of 1-5 mol% in CH,Cl,.” The recently introduced COP-hexafluoroacetylacetonate
complex 78 is more soluble allowing a wider variety of solvents to be employed and
the reactions to be conducted at high substrate concentration (up to 2.6 M).° Cat-
alytic asymmetric rearrangements of allylic trichloroacetimidates with the COP cat-
alysts can be conducted at temperatures up to 60° without loss of enantioselectivity.

EXPERIMENTAL PROCEDURES

(0]
1. NaH, Et,O, -10 10 0° H
Mﬂ — o N'/<
W CCly

OH 2. CI3CCN, Et,0, 0°
3. xylene, 140°
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2,2,2-Trichloro-N-(3,7-dimethylocta-1,6-dien-3-yl)acetamide (Alkoxide-
Catalyzed Procedure for Preparing Allylic Trichloroacetimidates and Thermal
Rearrangement of the Crude Imidate Intermediate).*> This preparation is de-
scribed in Organic Synthesis.®

H O NaOH <6NL NH,

| N Baadinl 2
Méccu EOH X =

3,7-Dimethylocta-1,6-dien-3-amine (Basic Hydrolysis of an Allylic Trichloro-
acetamide to Form the Allylic Amine).** This preparation is described in Or-
ganic Synthesis.*?

ojL O\F

&o OH DBU, CLCCN g,.o 0. -CCly

- CCHClL, 35 Y~ NH
Sl

(Z)-2-[(65)-6-(2,2-Dimethyl-1,3-dioxolan-4-yl)-4-methylcyclohex-3-enyli-
denelethyl 2,2,2-Trichloroacetimidate (Preparation of a Trichloroacetimidate
using DBU).* To a cooled (—35° solution of the allylic alcohol (18.5 g,
77.7 mmol) in dry CH,Cl, (370 mL) was added DBU (13.9 mL, 93.2 mmol) fol-
lowed by the dropwise addition of CI;CCN (9.35 mL, 93.2 mmol) over a period of
10 minutes. The reaction mixture was stirred at —35° for 1 hour, then was quenched
with NH,Cl (saturated aqueous, 300 mL) and extracted with CH,Cl,. The combined
organic extracts were washed with saturated NH,Cl solution, dried (N&,SO,) and
concentrated. The residue was dissolved in Et,O and passed through a short column
packed with anhydrous Na,SO, and silica gel 60. The Et,0 was evaporated to yield
the imidate as a light yellow oil: IR (KBr) 3345, 2983, 2931, 1661, 1455, 1370,
1289, 1072 em™'; '"H NMR (300 MHz, CDCl,) 8 1.33 (s, 3H), 1.41 (s, 3H), 1.64 (br
s, 3H), 1.72 (brd, J = 18 Hz, 1H), 2.33 (br d, J = 18 Hz, 1H), 2.67 (brd, J = 19 Hz,
1H), 2.94-3.10 (m, 2H), 3.71 (dd, J = 8, 6.5 Hz, 1H), 4.10 (dd, J = 8, 6 Hz, 1H),
4.23 (dt, J =10, 6.5 Hz, 1H), 4.77 (ddd, J = 12, 6, 2 Hz, 1H), 5.00 (ddd, J = 12, 8,
I Hz, 1H), 5.38 (brs, 1H), 5.71 (ddd, J =8, 6, 2 Hz, 1H), 8.25 (br s, 1H); 3 C NMR
(100 MHz, CDCl,) 623.2,25.3,26.7,32.3, 33.3, 39.8, 65.3, 68.6, 75.7, 91.5, 109.0,
118.2, 120.2, 131.1, 142.5, 162.7.

Ol O~
0 0 CCl K,COs3, p-xylene Q,

: T( LT T i HN*Q
- NH

138° ATt
A /©! \

2,2,2-Trichloro-N-[{1R,65)-6-(2,2-dimethyl-1,3-dioxolan-4-yl)-4-methyl-1-
vinylcyclohex-3-enyl]acetamide (Thermal Rearrangement of a Trichloroace-
timidate in the Presence of K,CO,).# Powdered K,CO; (1.2 g) was added to a
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solution of the crude imidate (prepared as described in the previous procedure) in
para-xylene (600 mL) and the mixture was heated at reflux with vigorous stirring
for 20 hours. After cooling to room temperature, the mixture was filtered through a
pad of Super-Cel and the precipitate was washed with toluene. The combined fil-
trates were concentrated and the residuc was purified by column chromatography
(810,, 550 g, ether in hexane, 1:10 to 1:5) to yicld the amide as colorless crystals
(27.4 g, 92% from the alcohol): mp 100-102° [«],?7 = +70.2° (¢ 0.97, CHCI,); IR
(KBr) 3313, 2987, 2924, 1727, 1542, 1261, 1067 cm ~'; '"H NMR (400 MHz, CDCl,)
0 1.39 (s, 3H), 1.42 (s, 3H), 1.64—-1.71 (m, 5H), 2.08 (td, J =9, 7.5 Hz, 1H), 2.27
(d quintet, J = 17.5, 2.5 Hz, 1H), 3.37 (ddq, J/ = 17.5, 6, 1.5 Hz, 1H), 3.63 (dd, J/ =
9,7.5Hz, 1H), 4.03 (td, / = 9, 5.5 Hz, 1H), 4.10(dd, J = 7.5, 5.5 Hz, 1H), 5.30 (dd,
J =17, 1 Hz, TH), 532 (dd, J/ = 11, 1 Hz, 1H), 5.39 (m, 1H), 5.82 (dd, J = 17,
11 Hz, 1H), 9.21 (br s, 1H); *C NMR (75 MHz, CDCly) 6 22.5, 26.2, 26.5, 30.0,
35.8,44.3, 59.9, 68.8, 76.3, 93.8, 109.9, 116.0, 119.0, 130.8, 133.7, 160.4; HRMS
(FAB) calcd for C,(H,,NO,Cl; (M+H), 382.0743, found 382.0721.

¥e OTBDPS
0 OTBDPS _
Ry L n-BuLi, THE, =78 TBPMSO™
TRDMSO™ Y 2 FCON. 78 o1t 0 NN YO
0 OH o
3

(45,55)-4-(tert-Butyldimethylsiloxymethyl)-5-[(35,4S,1E)-4-tert-butyl-
diphenylsiloxy-3-(2,2,2-trifluoroacetimidoyloxy)pentenyl]-2,2-dimethyl-1,3-
dioxolane (Preparation of an Allylic Trifluoroacetimidate).”> To a solution of
the alcohol (0.25 g, 0.43 mmol) in THF (6 mL) at —~78° was added n-butyllithium
(1.6M in hexane; 0.29 mL, 0.46 mmol). The resulting solution was stirred for 1 hour
whereupon a stream of trifluoroacetonitrile was allowed to bubble through the reac-
tion mixture for five minutes. [The trifluoroacetonitrile was prepared by mixing
powdered triflucroacetamide (10 g, 88 mmol) with phosphorus pentoxide (24 g,
148 mmol) in a round-bottomed flask fitted with a nitrogen inlet and condenser. A
polytetrafluoroethylene tube fitted to the condenser led to a trap cooled in an ice—salt
mixture, then to a trap cooled in an cther-N, (liquid) mixture, and finally to a bath
containing aqueous sodium hydroxide via a tube packed with calcium chloride. The
reaction mixture was slowly heated to 150° and held at this temperatare for 3 hours
under a gentle stream of nitrogen gas. The trifluoroacetonitrile distilled out and was
collected as a colorless liquid in the —100° ether/N, (liquid) trap.] The reaction was
allowed to warm to room temperature over a period of 1 hour, then NH,C1 (0.2 g,
3.6 mmol) was added and the reactjon mixture was concentrated under reduced pres-
surc. The product was purified by column chromatography (silica gel 60; petroleum
ether in ether, 9:1): 81%; [a|,* = —5.7° (¢ 0.5, CHCL,); IR (CHCI,) 3360, 1680,
1470, 1430, 1380, 1200, 1170, 1112, 840 cm™'; 'H NMR (CDCl5) § 0.1 (s, 6H), 0.9
(s, 9H), 1.0 (d, J = 7 Hz, 3H), 1.1 (s, 9H). 1.45 (s, 6H), 3.74 (m, 3H), 4.2 (quintet,
J=06Hz, IH), 4.44 (m, 1H), 5.5 (t,J = 6 Hz, 1H), 5.85(dd, / = 5, 6 Hz, 1H), 5.9
(dd, J = 16,5 Hz, 1H), 7.3-7.8 (m, 10H), 8.2 (s, IH).
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\l/(') OTBDPS A{() QTBDPS
TBDMSO™ = xylene, 140°  TBDMSO =
O HNy 0 0 HNWCFg
CHy ol

(45,55)-4-(tert-Butyldimethylsiloxymethyl)-5-[ (1R ,4S,2E)-4-tert-butyl-
diphenylsiloxy-1-(2,2,2-trifluoroacetylamino)pent-2-enyl]-2,2-dimethyl-1,3-
dioxolane (Thermal Rearrangement of an Allylic Trifluoroacetimidate).”> A
solution of a portion of the trifluoroacetimidate prepared in the previous procedure
(90 mg, 0.13 mmol) in xylene (2 mL) was degassed with argon and heated at reflux
for 20 hours. The reaction mixture was then concentrated under reduced pressure
and the residue was purified by column chromatography (silica gel 60, petroleam
ether in ether, [5:1) to give the amide (74 mg, 82%): [a]p? = —50.6° (¢ 1.1,
CHCl,); IR (CHCLy) 3420, 1730, 1530, 1480, 1470, 1430, 1370, 1170, 1110, 1080,
840 cm ;3 'TH NMR (CDCly) 6 0.1 (s, 6H), 0.9 (s, 9H), 1.1 (s, 9H), 1.2 (d, / = 6 Hz,
3H), 1.4 (s, 6H), 3.7 (m, 2H), 3.85 (m, 1H), 4.0 (dd, / = 8, 2 Hz, 1H), 4.3 (quintet,
J=6Hz, 1H),4.67 (t,/ =7.5Hz, IH),5.5(dd, /= 16,7 Hz, 1H), 5.75 (dd, J = 16,
6 Hz, 1H), 6.85 (d, J = 9 Hz, 1H), 7.3-7.8 (m, 10H). Anal. Calcd for
C,Hy,FsNOSSi,: C, 61.8; H, 7.7. Found: C, 61.5; H, 8.05.

NH
Q (COCI,DMSO_ PhCH=CHCH,OH ‘

.
L e 0" >cry
CFy NH; EiN, CH,Cl DBU
—78° ~78%tort

Cinnamyl 2,2,2-Trifluoroacetimidate (“One-Pot”’ Procedure for the Prepara-
tion of an Allylic Trifluoroacetimidate).> Into a flame-dried three-necked round-
bottomed flask was placed 2,2,2-trifluoroacetamide (734 mg, 3 mmol), DMSO
(1.36 mL, 8.7 mmol), and CH,Cl, (30 mL). The mixture was cooled to —75° where-
upon oxalyl chloride (0.51 mL, 5.9 mmol) and tricthylamine (2.5 mL, 18 mmol)
were slowly added. The mixture was stirred at —78° for 30 minutes, then DBU
(0.6 mL, 4 mmol) and ¢innamyl alcohol (296 mg, 2.2 mmol) were added slowly by
syringe. The recaction mixture was allowed to warm to room temperature over
10 hours, then the reaction was quenched by the addition of water. The aqueous layer
was extracted (EtOAc), the combined organic layers washed with brine, dried
(Na,SO,) and filtered. Purification by column chromatography (SiO,, hexane in
ethyl acetate, 10: 1) and then Kugelrohr distillation afforded the product as a color-
less oil (384 mg, 76%): bp 100-105°/0.9 mm; IR (neat) 3347, 3087, 3063, 3031,
2950, 2887, 1686, 1356, 1202, 1167, 1117, 1076, 967, 847, 747, 735, 693 cm ™ !; 'H
NMR (400 MHz, CDCL,) §4.94 (d. J = 6.3 Hz, 2H), 6.37 (td, J = 6.3, 16.1 Hz, 1H),
6.73 (d, J = 16.1 Hz, tH), 7.26-7.29 (m, 1H), 7.32-7.36 (m, 2H), 7.40-7.43 (m,
2H), 8.23 (s, IH); 3C NMR (100 MHz, CDClL;) §68.2, 115.6 (q, / = 280 Hz), 121.9,
126.7, 128.4, 128.6, 135.0, 136.0, 157.8 (q, J = 38.0 Hz); EI-HRMS: [M 7] calcd for
C,,H,,F;NO, 229.0714; found 229.0689.
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H\N/Boc ”‘N/BOC
ANEN, PACL(MECN), (10 moi) /%
HN._O rt HN._0
CCly CCly

(3R ,4S)-4-tert-Butoxycarbonylamino-3-(trichloroacetylamino)-1-pentene
(PA(ID)-Catalyzed Rearrangement of an Allylic Trichloroacetimidate).®® To a
solution of the crude allylic trichloroacetimidate, prepared from 4.25 ¢ (21 mmol) of
the corresponding allylic alcohol, in THF was added PdCL(MeCN), (552 mg,
2.13 mmol) under nitrogen. The reaction mixturc was stirred at room temperature for
3 hours, whereupon the solvent was removed and the product (3.48 g, 48% from the
alcohol) was isolated by column chromatography (silica gel 60, 4:1 toluenc—ethyl
acetate): 'H NMR (CDCL,) 6 1.21 (d, J = 7.0 Hz, 3H), 1.44 (s, 9H), 4.02 (m, 1H),
4.28 (m, 1H), 4.49 (d, J = 7 Hz, 1H), 5.34 (m, 2H), 5.73 (m, 1H), 8.73 (s, 1H); °C
NMR (CDCl,) & 18.6, 28.7, 49.7, 60.2, 80.9, 93.3, 119.6, 131.7, 157.5, 161.9.

CCly i CCl4
8, CH,Cl,, 38°
HN" "0 — > N0
PN NN
2

(8)-2,2,2-Trichloro-N-(1-propylallyl)acetamide (Catalytic Asymmetric Re-
arrangement of an Allylic Trichloroacetimidate).!” A round-bottomed flask fit-
ted with a stirring bar was charged with (E)-2-hexenyl trichloroacctimidate (6.81 g,
28 mmol, prepared from (E)-2-hexenol in 99% yield using the DBU procedure and
purified by filtration through a short column of Davisil-grade silica gel using 2%
ethyl acetate—hexanes as eluent), (S)-COP-CI (816 mg, 0.56 mmol), and dry meth-
ylene chloride (9.3 mL). The flask was scaled with a polyethylene stopper, the stop-
per secured to the flask with Parafilm, and placed in an oil bath preheated to 38°.
After 24 hours, the solution was cooled 1o room temperature and concentrated using
a rotary evaporator to yield a brown oil. This oil was purificd by flash chromatogra-
phy (Davisil-grade silica gel, 0.5% ethyl acetale:hexanes) to give after concentration
6.50 g (95%, 94% ee) of the S allylic trichloroacetamide product as a pale ycllow
oil: IR (neat) 3329, 2906, 2873, 1699, 1522, 1460, 1251 cm™'; '"H NMR (CDCly) §
0.96 (t, / = 7.4 Hz, 3H), 1.35-1.47 (m, 2H), 1.55-1.69 (m, 2H), 4.39-4.47 (m, 1H),
5.19 (d, J = 10.5 Hz, 1H), 5.23 (d, J = 17.2 Hz, 1H), 5.80 (ddd, J = 17.0, 104,
5.6 Hz, 1H), 6.50 (broad s, [H); “C NMR (CDCl,) 6 13.7. 18.8, 36.6, 53.3, 92.8,
116.0, 136.7, 161.2; HRMS (CI-NH,): (M—n-Pr) caled for C;H.CI,NO, 199.9437,
found 199.9436.

TABULAR SURVEY

The tabular survey in this chapter covers allylic trihaloacctimidate rearrange-
ments reported from 1974 through April, 2004. [3,3]-Sigmatropic rearrangements of
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other imidates arc not included, nor are the [3,3]-sigmatropic rearrangements of
propargylic alcohols. The tables are organized by substrate structure (the starting
allylic alcohol) and arc arranged on the basis of increasing carbon count of the
alcohol, exclusive of protecting groups.* Secondary alcohols are separated into
acyclic (Table 2A) and cyclic (Table 2B) substrates. Both thermal and metal-
catalyzed conditions arc included in the individual tables with the exception of
Table 4, which presents examplcs of metal-catalyzed asymmetric trihaloacetimidate
rearrangements.

For Tables 1-3 the yield presented is the overall yield for the two-step process
(preparation of the imidate and subsequent rearrangement) unless otherwise noted.
For Table 4 the yield is for the rearrangement step only. The highest yield is gener-
ally given in the case of multiple reports for the same rearrangement. A “(—)” entry
indicates that no yield was reported.

The following abbreviations are used in the tables:

OAc Acctate

Bn Benzyl

Boc tert-Butoxycarbonyl
BOM Benzyloxymethyl
Bz Benzoyl

Cbz Carbobenzyloxy

DBPC Di(tert-butyl)-para-cresol

DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene
DMF Dimethylformamide

DMSO  Dimethylsulfoxide

MOM Methoxymethyl

MPM para-Methoxybenzy!l

NIS N-Todosuccinimide

NBS N-Bromosuccinimide

TBDMS  rert-Butyldimethylsilyl

TBDPS  rert-Butyldiphenylsilyl

THF Tetrahydrofuran

THP Tetrahydropyran

Tr Trityl (triphenylmethyl)
Ts para-Toluenesulfonyl

4 Generally, the methoxy group was not considered as a protecting group, hence anisole, for example,
would be categorized as a C7 compound.
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INTRODUCTION

The oxidation of alkenes to vicinal diols using osmium tetroxide (OsOy) is one of
the most selective and reliable transformations in organic synthesis. The reaction
stereospecifically produces a cis-1,2-glycol and is tolerant of a wide array of func-
tional groups.! Mcthods have been developed to oxidize alkenes stoichiometrically,
as well as in the presence of catalytic amounts of OsO, when a suitable secondary
oxidant is present. The latter process is particularly useful considering the expense
and toxicity of OsO,. The utility of dihydroxylation in organic synthesis is enhanced
by the availability of facile transformations of the cis-1,2-diol products into other
synthetically useful intermediates. Among the most versatile intermediates are
the corresponding cyclic sulfates, which serve as reactive epoxide equivalents that
can be singly or doubly displaced with amine-, oxygen-, sulfur-, or carbon-based
nucleophiles.?—>

The reaction of OsO, with alkenes is accelerated by several orders of magnitude
in the presence of coordinating amine ligands such as triethylamine, quinuclidine, or
diazabicyclooctane (DABCO).%7 These ligands form complexes (1) with OsO, that
subsequently react with the alkene to produce Os(VI) ester intermediate 2 (Eq. 1).
When ligand binding to the Os(VI) ester is tight, a reductive quench and workup
affords the 1,2-diol product 3 along with reduced osmium species and
recoverable ligand. In certain cases, the Os(VI) ester can be oxidatively cleaved,
allowing catalytic turnover of the ligand and osmium.
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The logical extension to asymmetric osmylation of alkenes in the presence of
chiral amine bases spurred the study of asymmetric dihydroxylation. In 1980 the first
asymmetric dihydroxylation of alkenes was reported using a cinchona alkaloid as
the ligand coordinated to 0s0,.® This initial report detailed the stoichiometric
dihydroxylation of various alkene substrates using dihydroquinidyl acetate result-
ing in modest to good levels of enantioselection. The availability of the pseudo-
enantiomeric alkaloids quinine and quinidine allows for convenient preparation
of either enantiomer of the product glycol using the appropriate ligand. Chiral
1,2-diamine ligands have also been used successfully, and ligands derived from 1,2-
diaminocyclohexane,”! 1,2-diphenylethylenediamine,'’ N,N’'-dineohexyl-2,2’-
bipyrrolidine,'213 and 1,2-bis-(pyrrolidinylethane'~!7 provide high levels of enan-
tioselectivity. The tight binding of these diamine ligands to the Os(VI) ester
intermediate precludes oxidative catalytic turnover, requiring the use of stoichio-
metric amounts of the chiral ligand and OsO,.

The observation of catalytic turnover in the cinchona alkaloid-OsO, system was
a breakthrough discovery that revolutionized the field of asymmetric dihydroxyla-
tion. The first highly enantioselective catalytic asymmetric dihydroxylation using
N-methylmorpholine N-oxide (NMO) as the secondary oxidant was reported in
1988.18 Subsequent process improvements and changes in ligand design dramati-
cally extended the scope and utility of the reaction. The use of K Fe(CN); as the sec-
ondary oxidant in the presence of aqueous potassium carbonate further cnhanced the
generality of the process and obviated the requirement of gradual addition of the
alkene substrate in cases where hydrolysis of the osmate ester intermediate was slow.
By 1991, the p-chlorobenzoate (DHQD-p-chlorobenzoate) (4), the methylguinoline
ether (DHQD-MEQ) (5), and the 9-phenanthryl ether (DHQD-PHN) (6) of dihydro-
quinidine and dihydroquinine were the most commonly used ligands for catalytic
asymmetric dihydroxylation.
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MeO MeO McO
N N
HoOH = HoH HOHD=
N7—1\ 0 N7—K N K
[X) 0- 7 0
H B — H
N/
Cl DHQD-MEQ (5) DHQD-PHN (6)

DHQD-p-chiorobenzoate (4)

The discovery of bis-cinchona alkaloid ligands that afford higher enantioselectiv-
ity and increased generality with regard to alkene substitution was reported in 1992,
Since then, specialized ligands have been developed that provide position selectivity
in the dihydroxylation of polyenes, efficient kinetic resolution of racemic substrates,
and high levels of enantioselectivity for each of the six alkenc classes (terminal,
1,1-disubstituted, cis-1,2-disubstituted, trans-1,2-disubstituted, trisubstituted, and
tetrasubstituted). The most commonly used ligands for catalytic asymmetric di-
hydroxylation are (DHQD),PHAL (7) and (DHQ),PHAL (8). These ligands are
commercially available and can be purchased pre-mixed with potassium osmate,
potassium ferricyanide, and potassium carbonate as AD-mix « [containing
(DHQ),PHAL (8)] or AD-mix B [containing (DHQD),PHAL (7)] for added
convenience.

MeO OMe
H H
N7 \O tN .
i H
H

(DHQD),PHAL (7) (DHQ),PHAL (8)

Several reviews have appeared covering various aspects of asymmetric dihydro-
xylation, the most extensive being that of Kolb, VanNieuwenhze, and Sharpless in
1994.20-2 This review provides a comprehensive treatment of enantioselective di-
hydroxylation in the presence of a chiral ligand coordinated to OsQ,. The subject of
diastereoselective dihydroxylation under substrate control has been covered exten-
sively elsewhere and is not treated here.

MECHANISM AND STEREOCHEMISTRY

The mechanism of the reaction of OsQ, with alkenes has been a matter of debate
for several decades. At the heart of the controversy is the mechanism of cycloaddi-
tion of OsO, (or one of its complexes) to the substrate double bond (Eq. 2). Criegee
proposed a concerted [3+2] cycloaddition that directly produces the observed
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Os(VI) intermediate 10 via transition statc 9.*'-33 Many of these ligand-bound
Os(VI) esters are stable, colored solids that have been characterized by NMR spec-
troscopy. In some cases, crystal structures have been determined by X-ray meth-
0ds.?*-3% The presence of a chiral ligand on osmium affects the stereochemical
course of the reaction, and the enantioselectivity of the dihydroxylation is deter-
mined by the relative energies of the diastercomeric transition states for the cyclo-
addition. An understanding of the substrate and catalyst features that are important
in determining the relative energies of these diastereomeric transition states is es-
sential for designing more efficient catalysts and for predicting the direction and
amount of enantioselectivity that can be cxpected in the dihydroxylation of a given
substrate. An alternative model has been proposed involving an initial [2+2] cy-
cloaddition of one of the Os= O bonds across the substrate double bond to produce
an unstable intermediate (11) that subsequently rearranges to afford the observed
Os(VI) ester.® In this model the chiral ligand can be involved cither in the initial
[242] cycloaddition or in the subsequent rearrangement to produce the Os(VI)
ester.® The proposed [2+2] cycloadduct has never been observed expcrimentally,
and while the [2+2] cycloaddition reaction is consistent with fronticr molecular
orbital theory, the latest computational studies favor the Criegee [3+2] cycloaddi-
tion pathway.40-4

The origin of enantioselectivity in the reaction of 1,2-diamine-OsO, complexes
with atkenes has been postulated to be governed by steric interactions betwecn the
0s0, complex and the substituents of the double bond of the substrate. The chelated
20-clectron species 12 resulting from coordination of the 1,2-diamine ligand to OsO,
has been proposed as the active species in these reactions.'! Both kinetic and struc-
tural studies provide support for this hypothesis. Kinetic studies show that the dihy-
droxylation of alkenes in the presence of one equivalent of a 1,2-diamine ligand is
several orders of magnitude faster than the corresponding reaction using two equiv-
alents of a monoamine ligand. Moreover, a crystal structure of 1,2-bis(pyrro-
lidinyl)cyclohexane coordinated to OsO, (13) has been reported, providing evidence
of the existence of these 20-¢lectron species.*> A mechanism involving concerted
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[3+2] cycloaddition of the alkene across one axial and one equatorial oxygen atom
of the bidentate complex 12 predicts the correct stereochemical outcome of the
reaction for each of the known reaction systems (Eq. 3).

R K
R\ o R \\ R o R,
N__Il_O R\ B g o
/QF\\O T N S ORy e C/Q?\o
*//N\ O \ ~ Q\S\\ }V\ Y R
R R \/N 0 R 2
R
12 .
(Eq. 3)
I
., 0
/Os\
N0
N 0

The origin of enantiosclectivity in catalytic asymmetric dihydroxylation has been
a topic of intense study and debate throughout much of the last decade.?®* Critical
to the understanding of the reaction mechanism are kinetic studies that show that the
reaction proceeds through a monomeric ligand-osmium complex (14; Q = cinchona
alkaloid) and point to the existence of a rapid pre-equilibrium that precedes the rate-
determining formation of the Os(VI) ester (15) (Eq. 4).46-4

0
o O\\O//O o 8/() R 0 \(\) o
+ % _ — ¢ - - ~0O<"
N S Q050! SO o (Ba. 4
0" o 0o * o/(‘)f (Eq. 4)
14 15

Because of the sterically demanding environment around the quinuclidine nitro-
gen atom, the equilibrium constant for formation of the cinchona alkaloid-OsO,
complex 14 is relatively smail. Both enantioselectivity and reaction rate are de-
pendent on cinchona alkaloid ligand concentration, and saturation behavior is ob-
served for both parameters at high ligand concentration.*® The reaction is first order
in both ligand and OsO, and exhibits a dramatic ligand acceleration effect relative to
the corresponding reaction using quinuclidine as ligand.’® Moreover, the extent of
ligand acceleration directly parallels the level of enantioselectivity generally ob-
served with each of the alkene classes. The observation of Michaelis-Menten kinet-
ics in the catalytic asymmetric dihydroxylation suggests the existence of a rapid
pre-equilibrium step prior to the rate-determining formation of the Os(VI) ester 15.4°
The observed inversion phenomenon in Eyring plots of enantioselectivity as a func-
tion of temperature is consistent with this observation and suggests the existence of
more than one cnantioselectivity-determining process in the reaction.’'? Recently
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reported kinetic isotope effects on the rate of dihydroxylation are morc consistent
with theoretical calculations for the [3+2] cycloaddition process than for current
proposals of a stepwise [2+2] cycloaddition and subsequent rearrangement of a
metallaoxetane intermediate to the observed Os(VI) ester 15.53.54

Structural and kinetic studies suggest the formation of a monomeric complex of
0s0, with the quinuclidine nitrogen of the cinchona alkaloid ligand as the catalyti-
cally active species.”>° The observation that reactions using the mono-quaternary
ammonium salt 16 as ligand behave identically with respect to enantioselectivity and
rate to those employing the corresponding free base 7 establishes that a single lig-
and-OsO, complex is involved in the reaction.*”7

The observation that the tethered bis-cinchona alkaloid ligand 17 behaves identi-
cally with regard to rate and enantioselectivity to the corresponding non-tethered
ligand 18 rigorously establishes the active conformation of the bis-cinchona alkaloid
catalyst.”®> X-ray crystallographic and computational modeling studies suggest that
the nitrogen atoms of the phthalazine and pyridazine linker groups are critical to
enforcing this active conformation through stereoclectronic effects.®

MeO— *NA\>
—_ ‘L
H ’ Nz=N
%}V WA
o]
H \/\O)MO o
il

0
17 (DHQD),PYDZ (18)

Attractive interactions betwcen the cinchona alkaloid ligand and the alkene sub-
strate influence enantioselectivity in the catalytic asymmetric dihydroxylation. It has
been proposed that the high levels of enantioselectivity and rate accelerations
observed in the cinchona alkaloid catalyzed asymmetric dihydroxylation are the
result of attractive interactions between the alkene substrate and a U-shaped binding
pocket established by the methoxyquinoline “walls” and the pyridazine or phthal-
azine linker “floor” of the catalyst.>® The proposed transition state for the dihy-
droxylation of styrene is depicted in complex 19.
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Binding of the substrate in this pocket positions the double bond of the substratce
in a perfect oricntation for the [3+2] cycloaddition across the axial and one of the
equatorial oxygen atoms of the coordinated OsO, molecule. According to this
model, the rate acceleration for the observed enantioselective pathway relative to
other modes is due to the favorable free energy of activation for the reaction from
the complex 19 in a manner that is ideal for the formation of the thermodynamically
more stable osmate ester. Dihydroxylation of the opposite alkene face to that shown
in 19 is unfavorable, as therc is no three-dimensional arrangement for 7-facial ap-
proach of the alkene to the oxygens labeled O, and O, while maintaining favorable
Van der Waals interactions with the binding pocket. The observation of Michaelis-
Menten kinetics and inversion phenomena in Eyring plots of enantioselectivity vs.
temperature can be understood in terms of rapid, reversible formation of the com-
plex 19, followed by irreversible formation of the Os(VI) ester. The sense and mag-
nitude of enantioselectivity for a given dihydroxylation reaction can be anticipated
as follows:

(1) Orient the substrate and catalyst such that the alkene substituent with the
greatest potential for binding (usually an aromatic or aliphatic substituent
with little steric demand) is positioned within the U-shaped pocket.

(2) Allow the carbon atoms of the reacting double bond to overlap with the oxy-
gen atoms of the coordinated OsO, molecule as illustrated in 19.

(3) Assess the degrec of unfavorable steric interactions that remain between the
catalyst and the substrate.

This model for the asymmetric dihydroxylation reaction has been successfully
used to predict the highly enantioselective dihydroxylation of allylic 4-methoxyben-
zoates,®! to design a ligand for enantioselective and regioselective dihydroxylation
of terpenes,® to optimize catalyst and substrate pairs in kinetic resolutions,® and to
incorporate appropriate hydroxy protecting groups for the regioselective dihydroxyl-
ation of dienyl alcohols.%

An alternative mechanistic model was proposed that invokes a different mode of
cycloaddition of the substrate double bond across one of the Os=0 bonds as well
as a different catalytic binding pocket that governs enantioselectivity. According to
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this model, ligand-accelerated catalysis occurs through reduction of the activation
energy required for either the formation of the putative metallaoxetane intermediate
20 or its subsequent rearrangement to the Os(VI) ester. Enantioselectivity in the
asymmetric dihydroxylation is determined by the difference in transition-state ener-
gies for either the formation or rearrangement of the diastereomeric metallaoxetanes.
The differential stabilization of these diastereomeric intermediates is thought to
occur through favorable Van der Waals interactions between one of the substrate sub-
stituents and an L-shaped domain composed of the phthalazine linker group and one
of the methoxyquinoline rings of the catalyst.***> Computational models were de-
veloped to describe quantitatively the interactions between the ligand and substrate
within the context of this model that lead to enantioselectivity in the reaction.*®

A comparison of the two models for dihydroxylation describes experimental
observations of enantioselectivity, position selectivity, and efficiency of kinetic reso-
lution that are more easily understood in the context of the U-shaped binding pocket
model.® Computational studies using bybrid quantum mechanics/molecular me-
chanics (QM/MM) descriptors provide further support for the [3-+2] model in the
cinchona alkaloid catalyzed asymmetric dihydroxylation.®”® Subsequent studies of
kinetic isotope effects™ were inconsistent with the intermediacy of a metallaoxetane
intermediate that has been shown by low level computational studies to have higher
transition state energies for its formation and rearrangement than the transition state
energy for the [3+2] pathway.>*

Elucidation of the mechanism of catalytic turnover has been more straightforward
and has resulted in several improvements in both process and scope for the cinchona
alkaloid catalyzed asymmetric dihydroxylation. The Upjohn NMO-based secondary
oxidant system was the first to be successfully applied to the reaction.'® After for-
mation of the Os(VI) ester 2, oxidation to the Os(VIII) ester 21 precedes the hy-
drolysis step that produces the product glycol and recycles OsO, (Eq. 5). In cases
where this hydrolysis step is slow, the intermediate Os(VIII) ester 21 can undergo a
second reaction with the alkene substrate, which produces a bis-glycolate ester 22.
Hydrolysis of the osmium bis-glycolate produces the diol product and regenerates
the osmate ester 2. This “second cycle” results in deterioration of both enantioselec-
tivity and rate, as the second alkene addition occurs with poor facial selectivity, and
the hydrolysis of the bis-glycolate ester 22 can be extremely slow.® The addition of
tetraalkylammonium acetate salts can accelerate the hydrolysis of the Os(VIII) ester
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21, but slow addition of substrate is often required to circumvent the second cycle
for substrates in which each carbon atom of the double bond is substituted.

R
9 s 00
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0% cycle N cycle
) -
L
L
R H,0
0 R \
R — 0:0s S T Ho R
R —
2 R OH

The Tsuji K;Fe(CN),-K,CO, secondary oxidant system has also been used suc-
cesstully for catalytic asymmetric dihydroxylation and is currently the preferred sys-
tem (Eq. 6). Mechanistic studies indicate that hydrolysis of Os(VI) ester 2 occurs
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prior to outer-sphere oxidation of Os(V1) to Os(VIIT) by [Fe(CN)Y }*, thereby pre-
cluding the possibility of a second catalytic cycle.”” Where each carbon atom of the
substrate double bond is substituted, hydrolysis of the corresponding Os(VI) esters
can be accelerated by addition of methanesulfonamide, which presumably functions
as a nucleophile at the moderately basic pH of the aqueous mixture, or by running
the reaction under slightly more basic conditions (pH 12).1%7 In situations where
Os(V]) salts are used as the osmium source in the reaction, oxidation to Os(VIII)
precedes entry into the catalytic cycle.

SCOPE AND LIMITATIONS

Asymmetric dihydroxylation of alkenes using either 1|,2-diamine ligands or the
cinchona alkaloid system is perhaps one of the most general asymmetric processes.
The reaction is tolerant of a diverse array of functional groups that may be present
on the substrate, and a number of specially developed ligands can be cmployed for
special substrate classes and processes, such as: regioselective and enantiosclective
dihydroxylation of substrates containing more than one double bond, kinetic resolu-
tion of racemic substrates, and dihydroxylation of sterically hindered alkenes. Per-
haps the main factor governing the success of an asymmetric dihydroxylation is the
substitution pattern of the double bond undergoing transformation. It has long been
recognized that the substitution pattern of a carbon-carbon double bond undergoing
dihydroxylation by OsO, influences the rate of the initial addition of OsO, as well
as the hydrolysis of the resultant osmate ester intermediate. Steric and electronic
effects of substituents can influence both the rate and enantioseleclivity of asym-
metric dihydroxylation. In order to simplify the analysis, this section will discuss the
scope of the reaction as defined for different alkene classes. The six basic alkene
classes are: terminal, 1,1-disubstituted, cis-1,2-disubstitiuted, trans-1,2-disubsti-
tuted, trisubstituted, and tetrasubstituted. Within each section, both stoichiometric
and catalytic asymmetric dihydroxylation will be addressed with the main focus on
the latter process, as this is most general and useful to the synthetic chemist.

Terminal Alkenes

The enantiosclectivity and rate of dihydroxylation of terminal alkenes is strongly
influenced by the nature of the single substituent of the substrate double bond. There
are few examples of highly enantioselective dihydroxylations of these substrates
using 1,2-diamine-OsO, complexes. The most commonly examined substrates
include styrene, 1-hexene, and 1-heptene. The dihydroxylation of styrene proceeds
with generally high enantioselectivity (>90% ee), and the best reported case
employed N,N “bis(3,3-dimethylbutyl)-1,2-cyclohexanediamine (23) as the chiral
ligand to afford styrene glycol with 99% ce and 70% yield (Eq. 7). Substrates bear-
ing simple aliphatic substituents react with significantly lower enantioselectivity.
The best reported case for the dihydroxylation of 1-heptene used a related ligand
(N,N -dimethyl-1,2-cyclohexanediamine) (24) and afforded the product glycol in
86% ce (Eqg. 7).19 In general, these reactions are run in aprotic solvents (methylene



ASYMMETRIC DIHYDROXYLATION OF ALKENES 121

chloride, tetrahydrofuran, or toluenc) at low temperatures (—78°) and require stoi-
chiometric amounts of ligand and OsO,.

ligand, OsOy4 OH
R — - OH
R
R~ Ligand  Conditions % ee
Ph 23 toluence, -90°  (70%) 99
n-CsH;; 24 CH,Cly, 1t (75%) 86 (Eq. 7)
NI 1IN MeoN  NMes
+-Bu F xBu—l
23 24

The asymmetric dihydroxylation of terminal alkenes using the catalytic system
developed by Sharpless has the greatest synthetic utility due to its breadth of scope
and the fact that high levels of enantiosclectivity can be routinely obtained. Dimeric
ligands, such as the commercially available (DHQD),PHAL (7) and (DHQ),PHAL
(8), afford glycol products of very high enantiomeric purity in cases where the sub-
strate bears an aromatic substituent (styrene-like alkenes) (Eq. 8).'° This enantiose-
lectivity is attributed to the ability of the substrate to participate in #-stacking and
hydrophobic interactions with the binding pocket of the catalyst. These dimeric lig-
ands give substantially higher enantioselectivities than earlier monomeric ligands,
such as DQHD-PHN (6).7”> Enantioselectivities greater than 90% can be routinely
obtained, and selectivity is largely unaffected by electronic effects imparted by sub-
stituents on the aromatic ring. Only substrates posscssing unusually large sub-
stituents (e.g. 3.5-di-tert-butylstyrene)® are oxidized with modest enantioselectivity
(Eq. 9), and this is attributed to their inability to interact effectively with the cata-
lyst’s binding pocket.

(DHQD),PHAL (7),

K20s0,(0OH)4, K3Fe(CN), OH
Ar/§

67-99%), >95% cc q.
KoCOy, 1-BuOIEHL0 (1:1), 0° Ar OH o), >95% (Eq. 8)

Ar = simple substituted phenyl

(DHQD),PHAL (7),
‘ ’ Bu-t | OH

Bu-t K,0s0,(0H),, K;Fe(CN)
M — : © LN Ao 49% e  (Eq.9)

M KyCOs, -BuOH:IL0 (1:1), 0° K i
Bu-7

Bu-t

In addition to simple substituted styrencs, the reaction affords very high levels of
enantioselectivity in the dihydroxylation of substrates bearing fused aromatic and
heteroaromatic rings. Thus, vinylnaphthalene and 9-vinylanthracene are exception-
ally good substrates (Eq. 10).967 Dihydroxylation of vinylheterocycles generally
occurs with high cnantioselectivity and produces synthetically useful products. The
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dihydroxylation of 2-vinylfuran was used to establish a non-carbohydrate route
to levoglucosenone, an important chiral building block,™ and provides convenient
access to carbohydrates (Eq. 11).75 Like their carbocyclic counterparts, substrates
possessing a fused heteroaromatic substituent are also oxidized with high enantio-

selectivity (Eq. 12), and the asymmetric dihydroxylation of these substrates has
wide scope.™

(DHQD),PHAL (7),
K,0s0,(OH OH
N 20502(0H)4, K3Fe(CN)g o
K>COs, - BuOH:H,0 (1:1), 0° R
(Eq. 10)
R % ee
2-naphthyl (98%) 99
9-anthryl  (75%) >98
(DHQD),PHAL (7), oH
K,0s05(OH)4, K3Fe(CN)
AN 2 bl 4, K3 3
\ —_—— % OH  (89%),93% ce (Ed. 11)
o] KaCO3, :BuOH:HL0 (1, 00 [
~ (DHQD),PHAL (7), HO ~OH
N K;050,(0OH)4, K5Fe(CN)q N (Eq. 12)
- - (96%), 95.2% ee
- K5COs5, +-BuOH:H,0 (1:1), 0° -

The asymmetric dihydroxylation of terminal alkenes bearing simple aliphatic
substituents using (DHQD),PHAL (7) or (DHQ),PHAL (8) occurs with somewhat
lower enantioselectivity. Some of the best results are obtained for substrates with a
straight chain substituent, such as 1-hexene. For these substrates, enantioselectivity
is a direct function of substituent chain length as shown in Figure 1.2° This observa-
tion can be understood in terms of the increasing hydrophobic interactions between
the substrate and the catalyst, which become saturated with substituent chains longer
than C,.

For substrates in which the double bond substituent is cyclic or branched,
asymmetric dihydroxylation using the 2,5-diphenylpyrimidine-based ligands
[((DHQD),PYR (25) or (DHQ),PYR (26)] affords better enantioselectivity than the
corresponding phthalazine-linked ligands (Eq. 13).”7 These two sets of ligands are
complementary in that the phthalazine-linked ligands are far superior for the dihy-
droxylation of terminal alkenes that bear an aromatic substituent such as styrene.

(DHQD),PYR (25) (DHQ),PYR (26)
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Figure 1. Enantioselectivity as a Function of Total Chain Length for the Asymmetric Dihydroxylation
of n-Alkyl-substituted Terminal Olefins Catalyzed by (DHQD),PHAL.

Ligand,
N B KZOSS?%(QH)4, K3Fe§€}\l)6 OH o
K,COs, +-BuOH:H,O (1:1) R
R Ligand % ee
Ph (DHQD),PHAL (7) (—9%) 97
(DHQD),PYR (25) (—%) 80
n-CgH,7 (DHQD),PHAL (7) (—%) 84
(DHQD),PYR (25) (—Y%) 89
+-Bu (DHQD),PHAL (7) (80%) 64
(DHQD),PYR (25) (80%) 92
¢-CsHy (DHQD),PHAL (7) (—%) 80
(DHQD),PYR (25) (—%) 93
c-CeHy (DHQD),PHAL (7) (—%) 88
(DHQD),PYR (25) (—%) 96

(Eq. 13)

The asymmetric\dihydroxylation of monosubstituted alkenes is largely tolerant
of protected nitrogen or oxygen functionality on the substituent chain. Substrates
containing azides, thioethers, amides, ethers, ketones, and imines can be oxidized
without destruction of the additional functionality. Steric effects of alkene sub-
stitution on enantioselectivity are consistent with the trends outlined above.
Dihydroxylation of hydroxyl-containing substrates proceeds with somewhat lower
cnantioselectivity, although several protecting groups have been discovered that
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allow highly enantioselective dihydroxylation, and these are discussed below. Reac-
tions where the substrate hydroxy group is protected as an ether or ester have been
extensively evaluated.®!.787

Suitably protected allyl alcohols can be oxidized with very high levels of cnan-
tioselectivity, providing synthetically useful chiral glycerol equivalents. The dihy-
droxylation of allyl aryl ethers procecds with good enantioselectivity and is largely
unaffected by the presence of functional groups present at the 4-position of the aro-
matic ring.” The most synthetically useful example is the dihydroxylation of allyl
4-methoxyphenyl ether using (DHQD),PHAL (7), which affords the product glycol
in 95% yield and 90% ee (Eq. 14).7%% Significantly better cnantiosclectivities can be
obtained in the dihydroxylation of allyl 4-methoxybenzoate [98% ee with
(DHQD),PYDZ (18)], affording a chiral glycerol equivalent with a readily removed
protecting group (Eq. 15).%! Under thesc conditions, the reaction time must be min-
imized, and the isolation of the product from the reaction must be carried out with

(DHQD),PHAL (7), MeO

McO s
A K;050,(OH)y, KyFe(CNJg T
b e e S g O
o) K;COs, +-BuOLLH,O (1:1), 0° ‘ iq.
| “oH
(95%), 90% ee
(DHQD),PYDZ (18), o
K,050,(0Hi, KiFe(CN)g ol
(\Aoﬁ KaCOu LBUOIELO (11, 0¢ | ()/\[ (Eq. 15)
— 2CO;, . »
Meo™ oo™ ol

(99%), 98% cc

care (by washing the organic phase several times with brine) to remove traces of base
that can cause racemization through intramolecular transesterification upon concen-
tration in vacuo. The use of the 4-methoxybenzoyl protecting group as opposed to
benzoy! retards transesterification by increasing the kinetic barricr to this side reac-
tion. The enantioselective dihydroxylation of allyl N-phenyl carbamate also pro-
ceeds with very high enantioselectivity, and the reduced tendency of the carbamoyl
group to undergo oxygen to oxygen acyl migration obviates the need to minimizc re-
action time (Eq. 16).8! Protection of the allylic alcohol as a bulky silyl or aliphatic
ether results in dramatically reduced enantioselectivity, presumably resulting from
the inability of the bulky silyl group to fit adequately in the catalyst binding pocket.
The 4-methoxybenzoyl group is also the optimum protecting group for 4-pentenol
in the asymmetric dihydroxylation, affording the chiral diol 27 with 82% ee
(Eq. 17).61:82

(DHQD),PYDZ (18), 0
9 K50s0-(OH),, K3Fe(CN
By 20502(0H), K3Fe(CN)g Phl\ﬁLU OH
PhNH 07 K,COy, --BuOH:H,0 (1:1), 0° /\[ (Eq. 16

OH
(99%), >99% ce
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0
0 (DHQD),PYDZ. (18), ‘
o K20505(0H)s. K3Fe(CN)g WO%
2 [ [ ~
? ome K2COs. -BUOHHL0 (1:1). 07 S AO0H \%\OMC (Eq. I7)
‘ OH (99%), 82% ee
27

Selectivity in the dihydroxylation of protected homoallylic alcohol derivatives is
highly sensitive to the nature of the protecting group.®'#3 Unlike ailylic and bis-
homoallylic alcohols that afford products of high enantiomeric purity when pro-
tected as the corresponding 4-methoxybenzoates, homoallylic esters are poor
substrates for (DHQD),PYDZ (18). For reactions using this ligand, protection of the
substrate hydroxy group as its 4-methoxyphenyl! ether is necessary for high enan-
tioselectivity (Eq. 18).%! The 4-methoxyphenyl group is easily removed by oxidation
with ceric ammonium nitrate or DDQ, allowing turther elaboration of this useful
synthetic piece. The poor enantioselectivity obtained in the reaction of homoallylic
4-methoxybenzoates is attributed to repulsive electronic interactions between the
ester carbonyl group and the linker atom nitrogens of the catalyst, as these groups
come in close proximity during the [3-+2] cycloaddition transition state for the re-
action. This inference was experimentally verified by the poor enantioselectivity ob-
tained in the dihydroxylation of homoallyl 2-pyrimidyl ether (50% ee) (Eq. 19),5183
as opposed to that observed with the corresponding 4-methoxyphenyl ether (91% ee)
(Eq. 18).

(DHQD),PYDZ (18),

Noq K,0s0,(OH)4, K3Fe(CN)g WOWOH
: ! i Eq. 18
MeO™ KCO3, -BUOHIH,0 (1:1), 0° (N “on (Fq. 18)

(96%), 91% ce

(DHQD),PYDZ (18),

N\\(O K»0s05(OH)s, K3Fe(CN)g N\\KO\/\/OH

E/N q T RCO OO (110 00 @N  (Eq.19)
- ,CO3, +-BUOH:H-0 (1:1), 0 ol

(91%), 50% ce

The asymmetric dihydroxylation of acrolein acetals and acrylic esters has also
been investigated. Modest levels of enantioselectivity are observed for reaction of
acrylic esters catalyzed by (DHQD),PHAL (7) (Eq. 20); significantly lower enan-
tioselectivity was obtained using (DHQD),PYR (25) as the chiral ligand.!” The
asymmetric dihydroxylation of acrolein acetals affords synthetically useful glycer-
aldehyde acetals. The optimum substrate for this reaction is acrolein acetal 28, which
is oxidized to 29 in 86% ee (Eq. 21). The enantiomeric purity of this product can be
enhanced by recrystallization, affording glyceraldehyde acetal 29 of 97% ee in 60%
overall yield. 3
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(DHQD),PHAL (7),

OH
BnO K>0805(0H Fe(CN
Oy ROOOMIRN o L on g0
o KoCOy, +BUOH:H,0 (1:1)
0 77% ec
0 DHQD-PHN (6), oH
V\ Ko0s05(OH)., KyFe(CN)g - ONJVOI 1
(\ A K,CO4, +-BuOIL:H,0 (1:1) {\ 0 (Eg. 2D
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The asymmetric dihydroxylation of nitrogen-containing substrates has been stud-
ied with substrates possessing amide, iminc, and azide groups.®'®> These non-basic
substrates react in high yield, and enantioselectivity is strongly dependent on the
nature of the nitrogen substituent(s). As observed for allylic alcohol derivatives,
protection with flat, aromatic systems results in higher enantioselectivity than pro-
tection with bulkier or conformationally flexible groups. For allylic amines, the
planar fluorenone imine (Eq. 22a) is superior to the non-planar, benzophenone iminc
(Eq. 22b) for high enantioselectivity and can be easily removed by treatment with
aqueous acid or by hydrogenolysis. The product of this dihydroxylation is a useful
synthetic building block for the preparation of cardiovascular S-blocker drugs and
other medicinally active substances.

(DHQD),PYDZ (18),
K20505(0H);. KsFe(CN)y

Lo

Nw K2C<)~ +BuOIH:H,0 (1:1), 0°

AE()H (Eq. 22a)

OH
(90%), 90% ee
o (DHQD),PYDZ (18), Ph
i K,0s0,(0H)4, K3Fe(CN)g I~ on
- ' - e Eq. 22b)
PN , (Eq
|| KaCOs 1-BuOH:H0 (1:1), 0° w
OH

(53%), 58% ee

Whereas the majority of reported catalytic enantioselective dihydroxylations of
terminal alkencs use the conventional PHAL and PYR based ligands, the anthra-
quinone ligands (DHQD),AQN (30) and (DHQ),AQN (31) afford higher enantiose-
lectivities in reactions of many allylically substituted terminal alkenes (Eq. 23).%
The diols that are derived from these substrates are enantiomerically enriched,
functionalized chiral glycerol derivatives that are important building blocks for
asymmetric synthesis. While the ditference in enantioselcctivity obtained in the di-
hydroxylations with the AQN ligands as compared with the PHAL ligands is
typically on the order of 10%, it can be as high as 40% for the dihydroxylation of
certain substrates such as allyl tosylate. The AQN ligands are not as elfcctive as the
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PHAL ligands in the dihydroxylation of substituted styrenes, but they do provide
higher levels of enantioselectivity in the oxidation of allylbecnzene (78% ee). The
AQN ligands are thus complementary to the PHAL and PYR ligands for the enan-
tioselective dihydroxylation of certain terminal alkenes.

OMe

(DHQD)»AQN (30) (DHQ),AQN (31)

(DHQD),AQN (30),

K>0s0,(0H)4, K3Fe(CN)g OH %)

PN T —%

RE™ KoCO 1 BUOHLO (111) g O
R %ce
CHCI 90
CHBr 89
CH,! 83 (Eq. 23)
CHOTs 83
CH,OMs 84
CHCL, 72
CTy 81
COBn 88
Bn 78

Disubstituted Alkenes

1,1-Disubstituted Alkenes. Enantiofacial discrimination in the enantioselective
dihydroxylation of 1,1-disubstituted alkenes is dependent not only on the efficiency
of the catalyst, but also on its ability to differentiate the two alkene substituents,
When the alkene substituents possess similar steric and electronic properties, the
energetic differences for oxidation at either enantiomeric face of the alkene are di-
minished, resulting in reduced enantioselectivity. While the asymmetric dihydroxyl-
ation of these substrates with simple chiral 1,2-diamine ligands has not been
reported, the catalytic dihydroxylation of 1,1-disubstituted alkenes with cinchona
alkaloids has been extensively studied. For these substrates, enantioselectivities are
generally lower than those observed for terminal alkene dihydroxylation due to com-
petition of each alkene substituent for interaction with the catalyst’s binding pocket.
This effect is dramatically evident when comparing the enantioselectivities for the
dihydroxylation of a varicty of a-substituted styrenes. The highest enantio-
selectivities in the dihydroxylation with (DHQD),PHAL (7) are realized with bulky,
short, or hydrophilic a-substituents (Egs. 24a-c), whereas substrates such as 2-
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phenyl-1-octene, which possesses two groups that can interact effectively with the
catalyst binding pocket, react with poor facial selectivity (Eq. 25).5788

(DHQD),PHAL (7),
K,0805(0H)4, K3Fe(CN)g . ou
S e i S ){/OI-I (80-98%), 97% ec (Eq. 24a)
Ph K,COs, +-BuOLLHLO (1:1) Ph
o (DHQD),PHAL (7),
2 [}
Phy K,050,(011),, K3Fe(CN)g ph.
A S ,Pﬁ\/\g (75%),86% cc  (Eq. 24b)
. = : : PH
Ph& K5COs, +-BuOH:H,0 (1:1) Ph OH
(DHOD),PHAL (7),
MeO- K0505(0H)4, K1Fe(CN)g

MeO- . OH
/§ K,COs, --BuOH:H;0 (1:1) ph&OH (79%). 97% ee (Bq. 24¢)
Ph 28WAJ3, 1 B ¥ .

(DHQD),PHAL (7),
n-CgH s K;050,(0H)y, K3Fe(CN)g n-CgHyz. ,OH (Eq. 25)

2 S (85-95%), 37% ee
K,COs, +-BuOH:H,0 (1:1) Ph/</OH

Ph

The highly enantioselective dihydroxylation of a-substituted styrenes affords a
short route to a Mosher’s acid precursor in which the dihydroxylation of a-trifluo-
romethylstyrene (32) catalyzed by (DHQD),DPP (35) gives the product diol 33 in
949% yield and 91% ee (Eq. 26).% Oxidation of the diol with oxygen in the presence
of platinum affords carboxylic acid derivative 34, which crystallizes as a conglom-
erate, allowing the preparation of enantiomerically purc material after a single
recrystallization.

(DHQD),DPP (35),

CF
CFy  Ky0sOx(OH)s K3Fe(CNg CFs op 0,, PUC (cat.) i, POH
Ty o e - )@OH T Ph/ﬂ/ OH
Ph K5COs, --BuOH:H,0 (1:1) Ph NaHCO;, H;0 (;
32 33 (94%), 91% ee 34 (95%)
(Eq. £ 26)

(DHQD),DPP (35)

Simple 2-substituted propenes arc oxidized with moderate to high enantioselec-
tivity that is strongly dependent on the properties of the alkene substituent. In gen-



ASYMMETRIC DIHYDROXYLATION OF ALKENES 129

eral, substrates posscssing aromatic or heteroaromatic substituents react with higher
enantiosclectivity than those containing aliphatic groups (Egs. 27a and 27b).!%77:%
This trend is similar to that observed with enantioselective terminal alkene dihy-
droxylation.

(DHQ),PHAL (8),
1 K0s045(0H),, K3Fe(CN)g OH

- OH . )
nCHIT K00, BUOHH,0 (1:1)  nCsH), (80-98%), 76% ee (Eq. 27a)

! (DHIQD),PHAL (7),
PESZaNS K,0s02(0OH) 4, K3Fe(CN)g

.. ,OH
) OH
N ] K3FeCN)e NVQ

i (76%), 98.5% e (Eq. 2
y-s K,CO3, -BuOH:H,0 (1:1) Y-S (Eq. 27b)
MeS

The diol products derived from the asymmetric dihydroxylation of these
substrates are important chiral building blocks for the synthesis of medicinal and
natural products. For example, the enantioselective dihydroxylation of 2-(6-
methoxynaphthylpropene (36) using (DHQ),PHAL (8) produces diol 37, which,
after deoxygenation and oxidation, affords the important non-steroidal antiinflam-
matory agent Naproxen (38) (Eq. 28).9192

(DHQ),PHAL (8),

‘ ] OH
\ K20502(O]‘[)4, KgFC(CN)(; /\A>\/OH
PN Ny
‘ /W K->CO;4, -BuOH:H,0 (1:1) I A
McO MecO
36 37 (81%), 98% ce

(Eq. 28)

/\/\/’V()H M()H
. e | Oy o Ed RN f
McO

N |
> - (@]
MeO/\/\/
38

While the direction of enantioselectivity for the vast majority of cinchona alka-
loid catalyzed asymmetric dihydroxylations is dictated by the configuration of the
cinchona alkaloid subunit (DHQD or DHQ), the preference of the PHAL linked lig-
ands for aromatic substituents vs. the preference of PYR linked ligands for branched
aliphatic substituents results in an interesting ligand-dependent reversal in enantio-
selectivity for 1,1-disubstituted alkenes bearing each substituent type (Eq. 29).88
Thus, dihydroxylation of a-substituted styrenes bearing simple hydrocarbon chains
with (DHQD),PHAL (7) produces the R diol preferentially, whereas the use of
(DHQD),PYR (25) affords the S diol, even though both ligands bear the same
cinchona alkaloid subunit. This phenomenon is a dramatic illustration of the effect
of alkene substitucnt competition for the catalyst’s binding pocket.
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Ligand,
R Ko0s0,(0H)4, K3Fe(CN) R Ou
/§ —— - OH
Pl KoCOs, 1-BuOH:H,0 (1:1) Ph

(DHQD),PHAL (7) (DHQD),PYR (25)

R (yield) % ee, config.  (yield) % ec, config.
n-Pr (85-95%) 60, R (85-95%) 16,S
n-Bu (85-95%) 56, R (85-95%) 28, S (Eq. 29)
n-CsHy, (85-95%) 48, R (85-95%) 30, S
n-CeHis  (85-95%) 37, R (85-95%) 35, S
i-Pr (85-95%) 82, R (85-95%) 8, S
¢-C3Hs (85-95%) 70, R (85-95%) 24, S
c-C4H4 (85-95%) 58, R (85-95%) 59, S
¢-CsHg (85-95%) 55, R (85-95%) 66, S
c-CeHy, (85-95%) 57, R (85-95%) 68, S
t+-Bu (30-40%) 8§, R (30-40%) 33, S

The reversal in enantiofacial selectivity is especially pronounced for exocyclic
[,1-disubstituted alkenes, such as 2,2-dimethyl-1-methylenetetrahydronaphthalene
(39), arigid analog of a-fert-butylstyrene (Eq. 30).%8 The poor enantioselectivity ob-
served in the dihydroxylation of the latter substrate (Eq. 29) is attributed to poor
presentation of the phenyl group to the catalyst’s binding pocket as a result of con-
formational restrictions imposed by the tert-butyl group. Another important example
in this series is the asymmetric dihydroxylation of 40 to produce diol 41, which was
used as an intermediate in the synthesis of a pharmaceutical compound (Eq. 31).”

Ligand, OH
KzOSOz(OH)4, K}FE(CN)(, HO

K>COj, -BuOH:H,0 (1:1)

(Eqg. 30)
39 (20-40%)
Ligand % ee  Config.

(DHQD),PHAL (7) 82 R
(DHQD),PYR (25) 59 S

Ligand,
MeO 2 K,050,(OH)y, K3Fe(CN)g

0 K,CO3, t-BuOH:H>O (1:1)
(Eq. 31)

Ligand % ee
(DHQD),PHAL (7) 36
(DHQD),PYR (25) 93

The enantioselective dihydroxylation of 2-methallyl alcohol derivatives and
homologs proceeds with high levels of cnantioselectivity, provided that the appro-
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priate ligand and protecting group are used (Eq. 32).51%% In general, enantioselectiv-
ity trends for this class of substrates follow those observed for allyl alcohol deriva-
tives. Protection of the hydroxy group as an aromatic ester that can interact favorably
with the catalyst binding pocket results in high enantioselectivity in the asymmetric
dihydroxylation, whereas substrates possessing bulky silyl ether or pivaloyl protect-
ing groups react with much lower selectivity.®’** Moreover, the sense of enantio-
selectivity changes depending on the preference of the catalyst’s binding pocket to
accommodate the methyl substituent vs. the other olefin substituent. Much more
subtle changes in the protecting group can profoundly influence enantioselectivity,
as illustrated by a study of the asymmetric dihydroxylation of methoxy-substituted
aryl mcthallyl ethers (Eq. 33).” Here enantioselectivity falls as the methoxy group
is moved from the para to the meta and finally to the ortho position, with the latter
substrate affording the diol product in only 24% ee.

‘ Ligand, OH
A  KoOsOx(0H),, KyPe(CN)g %OH
R K,COs, +-BuOH:ILO (1:1) R
R Ligand % ee  Config.
e Tsaoon . ’ . (Eq. 32)
OTBDMS (DHQLPHAL (8)  (92%) 43 S
OBn (DHQY,PHAL (8)  (93%) 45 R
OPiv (DHQYPHAL (8)  (63%) 15 S
OTBDPS (DHOQLPHAL (8)  (94%) 47 S
0COCH,OMc-4  (DHQD),PYDZ (18) (99%) 97 S
(DHQ),PHAL (8),
! K,080,(0H)s, K3Fe(CN), OH
ArQ e .
10 A K,COs, --BuOH:H0 (1:1) Aro)\/oﬁ
Ar % ee (Eq. 33)

4-MeOCH;  (95%) 90
3-MeOCeH,  (91%) 85
2MeOCH,  (91%) 24

The preferential binding of aromatic substituents is exemplified by the highly
enantioselective dihydroxylation of ester 42 by (DHQD),PYDZ (18) 1o afford prod-
uct 43, a differentially protected derivative of tris(thydroxymethyl)methanol, which
is a synthetically useful chiral building block (Eq. 34).°!

_OTIPS OTIPS
(DHQD)-,PYDZ (18), O «
Mc()%\ Ky0502(0H)y, KsFe(CN)g MO~ OH
= — - I
g 0 K>COx, -BuOH:H,0 (1:1), 0° >~ 0 (Eq. 34)
|
(0] 0

42 43 (99%), 97% ee
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As was observed for terminal alkenes, the sclection of an appropriate protecting
group is critical for high enantioselectivity in the dihydroxylation of homoallylic and
bisthomoallylic) alcohol derivatives of this substrate class. In contrast to what is
observed for substituted methallyl aryl cthers, subtle changes in substitution of
2-methylbutenyl ary! ethers modestly affect enantioselectivity (Eq. 35),% and the
preferred protecting group for homoallylic alcohols is the 4-methoxypheny! ether
(Eg. 36). Bis(homoallylic) alcohols should be protected as the corresponding
4-methoxybenzoate esters (FHq. 37).018283

(DHQ),PHAL (8),

1 K70802(0OH)4, K3Fe(CN)g OH
AT o o1 ArO/\>VOH

K>COs4, +-BuOL:H,0 (1:1)

CAr % ec  Config.

AMeOCll,  (93%) 96 S
3MeOCH,  (94%) 86 S
2MeOCeH,  (93%) 80 S

(DHQD),PYDZ (18),

OW‘( Ky0502(0H)4, KaFe(CN)g /%/O\/\T’AOH
T T {
MeO KyCOs, -BuOH:ILO (1:1), 0 McO/\; ~

OH

(99%), 96% ce

(Eq. 36)
OMe OMe
(DHOD),PYDYZ (18), 4
K5050,(01D),, K3Fe(CN)g P
_ e T T L i :
J/Y K,CO5, +-BuOILTLO (1:1), 0° = NOH (Eq. 37)
070 : 0 0) “OH

(95%), T19% ee

E-1,2-Disubstituted Alkenes. The dihydroxylation of E-1,2-disubstituted
alkenes has been extensively investigated with chiral 1,2-diamine ligands. Enantio-
selectivity is generally highest with this substrate class, and this can in part be at-
tributed to the C, symmetry of substitution about the alkene carbon atoms of these
substrates, which is complementary to a C,-symmetrical chiral environment pre-
sented by the ligand. The most extensively studied substrate for these reactions is
E-stilbene, which is oxidized with high enantiosclectivity using ligands derived from
tartaric acid, diphenyldiaminoethane, N,N’-dialkyl-2,2’-bipyrrolidine, and 1,2-
bis(3,4-diphenylpyrrolidino)ethane (Eq. 38).!V 12149 Catalytic turnover is not ob-
served in any of these systems, and stoichiometric amounts of ligand and OsO, are
required in these oxidations. In addition to that of [-stilbene, highly enantioselective
dihydroxylation (ee > 90%) of other trans alkenes such as £-B-methylstyrene, di-
mcthy] fumarate, and £-3-hexene occurs with each of the aforementioned ligands.
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I. Ligand, OsO O
oL 5
Ny P sand S )\(Ph
Ph 2 LiAlH, THE PR
OH
Liiarnd\" - % ec Co»n&g:

(85%) 97 S8

- __Ph
Ph. \:f
o,

Ph

Ph Ph
Mes._ . Mes (95%) 92 S.S

“NHHN (Eq 38)
(\[,NMez

) (69%) 34 RR
\/‘NMcZ

HH

1 , ’/\T

Q—k\l/ 67% 89 S8

i l\
VZ*C:’,HH Csle}’l

—
0- NJ
. s
f (71%) 90 RR

Enantioselective dihydroxylation of trans alkenes using N,N’-bis(2,4,6-trimethyl-
benzyl)-1,2-diphenyl-1,2-diaminoethane (44) occurs with generally high levels of
enantioselectivity to produce synthetically useful products.!! This ligand, which is
also useful for asymmetric Diels-Alder, aldol, and carbonyl allylation processes, is
particularly effective for the enantioselective osmylation of «,B-unsaturated esters
(Egs. 39a and 39b).'" A simple extraction procedure followed by chromatography
allows efficient recovery of the diamine ligand and recycling of osmium.

OH
vy, LL(5.5)-44, 0sO. ‘
2 COMe 4 COM
PN NV — L 2 e e avle ;
MeO,C 2. NaHSOy. THF-H,0 ML(,)z(‘/\:/ (Eq. 392)
OH
(75%), 92% ce
OH
> COMe ‘
1. (5.5)-44, 0sOy4 CO,Me
£BuO._NH 2. NaHSO3, THF-H,0 +BuO. _NH OH (Eq. 39b)

0 hig
0
(91%),97% cc




134 ORGANIC REACTIONS

The catalytic asymmetric dihydroxylation of E-12-disubstituted alkenes with
cinchona alkaloid catalysts generally proceeds with high levels of asymmetric
induction, and the level of enantioselectivity is much less sensitive to the nature of
the alkene substituents than is seen for oxidations of terminal or 1,1-disubstituted
alkenes. While the rate of osmylation of these substrates is higher than the corre-
sponding rate of reaction of terminal alkenes, the overall catalytic reaction can be
slower compared to monosubstituted alkenes. The presence of a substituent at each
olefinic carbon atom of the substrate results in a dramatic reduction in the rate of hy-
drolysis of the Os(VI) ester intermediate. The reaction is accelerated by addition of
a stoichiometric equivalent of methanesulfonamide to the standard AD-mix where
potassium ferricyanide is used as the terminal oxidant, or tetraalkylammonium
acetate when NMO is used as the stoichiometric oxidant.!%:%.72

The breadth of scope for the highly enantioselective dihydroxylation of E-1,2-
disubstituted alkenes can be understood on examination of the chiral template pre-
sented by both monomeric and dimeric cinchona alkaloid catalysts represented
by Figure 2.2° Positioning the two alkene substituents into the open regions of the
catalyst template results in the observed face-selective dihydroxylation. The dihy-
droxylation of the opposite alkene face is highly disfavored due to severe steric
interactions between the double bond substituents and a sterically congested region
of the catalyst. In the U-shaped binding pocket model, correct positioning of the sub-
strate results in binding of one of the substituents in the U-shaped pocket, whereas
the other alkene substituent resides in the open space in front of the linker group. Di-
hydroxylation of the opposite alkene face is highly disfavored due to severe steric
interactions between one of the alkene substituents and the linker group. Thus, hy-
drophobic binding interactions favoring dihydroxylation of the observed alkene face
and prohibitive steric interactions disfavoring osmylation of the opposite alkene face
act in concert to produce the observed high enantioselectivity. This effect is best
illustrated by comparison of the enantioselectivity observed for the dihydroxylation
of terminal alkenes compared with that of the corresponding C, symmetrically sub-
stituted trans alkenes (Eq. 40).2077:86

DHQD Derivatives
HO OH

LR
S Rg v Ry
£ ;
SR
A——————
Attractive

Binding Pocket

HO OH
DHQ Derivatives

Figure 2. Representation of the Chiral Template of Both Monomeric and Dimeric Cinchona
Alkaloid Catalysts.
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(DHQDY,PHAL (7), Ky0s0,(0H)4,

OH
K3Fe(CN)g, MeSO2NH, 5
e MSONE T
K,CO3, -BuOH:H,0 (1:1)
’ OH
] 2 oA I 2 N

R R % ee R R S 9 ec (Eq. 40)
Me H  (47%) 36 Me Me (%) 72
n-Bu H (98%) 80 n-Bu n-Bu  (80-98%) 97
Ph H (80-98%) 97 Ph Ph (80-98%) 99.8
CICH, H (—%) 63 CICH, CICH, (88%) 94
-Bu H  (80%) 64 -Bu -Bu (—%) 95

A wide variety of substrates of this alkene class are oxidized by the dimeric
PHAL-linked ligands with high levels of enantioselectivity provided that one of the
alkene substitucnts can interact favorably with the catalyst binding pocket. Ligands
such as (DHQD),PHAL (7) prefer aromatic substituents, and trans [3-styrenes are
oxidized to diols of high enantiomeric purity regardliess of the steric or clectronic
propertics of the B-substituent (Eq. 41).97-101

(DHQD),PHAL (7). K50502(0H),,

OH
K3Fe(CN)o, MeSO,NH,
xR —— . R
KCOs, -BuOH:H,0 (1:1)
OH
R ke
Me (80%)  >99
CH,OH (—%) 97 (Eq. 41)
COMe (69%) 92
S
T 7 (78%) 97
N

?L%C\( (72%) >95
‘\I\Bz

The asymmetric dihydroxylation of trans [B-substituted acrylic esters using
dimeric PHAL-based ligands is very general and proceeds with high enantioselec-
tivity (Eq. 42).192-15 A diverse array of protected B-substituent functionality is tol-
erated, including ethers, acctals, phthalimides, and arenes. This breadth of scope,
combined with tolerance of a variety of ester groups, allows convenient protecting
group manipulation of the highly functionalized products. The a-hydroxy acid prod-
ucts arc synthetically versatile intermediates, allowing for convenient preparation
of enantiomerically pure a-amino acid derivatives through a four-step sequence
(Eq. 43).19519% The product diols 45 can be converted into cyclic sulfate intermed-
tates 47, which are versatile synthetic epoxide cquivalents, allowing replacement of
one or both of the hydroxy groups with a nucleophile. Cyclic sulfate formation
is typically accomplished by treatment of the appropriate diol with thionyl chloride
and triethylamine to form the cyclic sulfite 46, followed by oxidation to the cyclic
sulfate 47 using sodium periodate and catalytic ruthenium (III) chloride. Thus,
asymmetric osmylation of methyl 6-phthalimido-2-hexenoate (48), followed by bro-
mohydrin formation and nucleophilic displacement of the bromide by sodium azide
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(DHQD)PHAL (7}, K2030,(QH), OH

K3Fe(CN)s, MeSO,NH
X COR? 3FE(CN)s, MeSO,NH, 1J\‘/COQR2
KoCOs, -BuOH:H,0 (1:1) R

OH
R! R? %o ee
BnOCH, Et (82-98%) 98¢
O .
)\/ih Bn  (80%) >99
0 (Eq. 42)
I /N § Et (90%) >95¢
{
@NI D Me (90%)  >99
0
“The reaction was conducted using (DHQ),PHAL
(8), giving the opposite cnantiomer to that depicted.
R b ! )
ol . ‘<C02R R, COsR
co.r  SOCh, EuN J RuCls, NalO, )
e AL B e
CH2C12 S CC14, Hz() /\S/\
OH o) 0o
45 46 47 (Eq. 43)
OH OH
NaN; R)VCOZR' R)\/COZR'
DMF | |
N, NI,
(R = n-Pr)

establishes both stereocenters of 3-hydroxylysine (49), a naturally occurring amino
acid and putative intermediate in the biosynthesis of balanol (Eq. 44).!% A
variety of synthetically important S-hydroxy amino acids can be similarly prepared,
such as the allothreonine derivative 50 (Eq. 45) and hydroxyvaline.!% The enantio-
selective dihydroxylation of methyl trans B-phenylacrylate (51) using (DHQ),PHAL
(7) is the key step in a short, industrially scaleable synthesis of the Taxol® side chain
52 (Eg. 46).'%

(DHQD),PHAL (7), K20505(OH)s, o
NW\Q | KGFe(CN)g MeSONH, - NW\\/OH
o CopMe  KaCOs. 1-BuOH:H,O (1:1) A5 N——
48 90%)
NH,
- IIzN/\/\/\COZ}I >999, ee
OH
49

(Eq. 44)
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(DHQD),PHAL (7), Ky0505(0H)4,
PHAL : OH on
2 COBn - KFe(CNg, MeSONH, COBu — )Vcom
K5COs, -BuOIT:H0 (1:1) A B
(79%), >98% ce 50
(Eq. 45)
DHQ),PHAL (8), 0s0,, NMO OH NHBe
y ( 2 , 080y, ‘ y ‘ .
o COMe (DTRRTRAL ) 0 VYA COMe — = COMe
P ~BuOH:H,0 (2:1) A P
51 OH OH
(719%), 9% cc 52
(Eq. 40)

The asymmetric dihydroxylation of B,y or y,6-unsaturated esters proceeds with
high enantiosclectivity, and subsequent cyclization of the ester group and one of the
newly installed hydroxy groups provides an elegant solution to the problem of func-
tional differentiation of the diol (Eq. 47). Treatment of the hydroxylactone interme-
diate with triethylamine and methancsulfonyl chloride in methylene chloride at 0°
results in elimination of the remaining hydroxy group and provides convenient
access to synthetically useful chiral butenolides in high yield.!'”® Under the basic re-
action conditions of the K, Fe(CN),-K,CO, secondary oxidant system, the diol esters
derived from y,8-unsaturated esters spontaneously cyclize to produce functionalized
v-lactones, which are important intcrmediates for the synthesis of a number of
natural products and medicinally active substances, including precursors for HIV-
protease inhibitors.'%19 Although the presence of two hydroxy groups offers the
possibility of formation of y and 8 lactones, the formation of the five-membered ring
is kinetically favored and occurs selectively (Eq. 48). The cyclization of the diol
ester products can be prevented by utilization of the corresponding -y, 8-unsaturated
rert-butyl esters, which are sufficiently hindered to prevent lactone formation under
the slightly basic reaction conditions.''!

(DHQD),PHAL (7), Kx0s02(OH),4. R!
1 . K;3Fe(CN)o, MeSO,NH, HO,
Rl _COR? — — — — — O
ST K>COs. £ BuOI:H,0 (1:1) \« (Eq. 47)
R R?= alkyl, aryl, o)
TBDMSOCH, (40-88%), 78-99% ee

(DHQD),PHAL (7). Ky03505(0H),,
K+Fe(CN)g, MeSO,NH, ) A \  oH
o Beoto 0T o T (Eq. 48)
K5CO3, t-BuOH:HL0 (1:1) &
R =alkyl
(80-91%). 96-98% ee

R~
T
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The dihydroxylation of «,3- and 8, y-unsaturated amides also proceeds with high
enantioselectivity using (DHQD),PHAL (7) as the chiral ligand (Eq. 49).9" These
alkenes rcact morc sluggishly than the corresponding esters, presumably due to
slower hydrolysis of the intermediate osmate csicr. This problem is easily solved by
increasing the catalyst loading to 5 mol % of chiral ligand and 1 mol % of OsO, in
addition to the use of stoichiometric methanesulfonamide, which is recommended
for the reaction of all trans alkenes using the K Fe(CN),-K,CO; counteroxidant
system. Because N-mcthoxy-N-methyl amides (Weinreb amides) can be readily con-
verted into aldehydes and ketones by reduction or nucleophilic substitution, the di-
hydroxylation of unsaturatced Weinreb amides can be used to produce masked
dihydroxy aldehydes and dihydroxy ketones.

(DHQD):PHAL (7). K50s0,(OH),

Me OH Me

N K {Fe(CN)g, MeSONI, Wﬂ]
A N - = - — — - =" / ™ ~
R ho\/ OMe K,COs, £-BUOH:LO (1:1) R Lh OMe  (Eq. 49)

R =alkyl,aryl; n=0or | (81-92%), 96-98% ce

The enantioselective dihydroxylation of «,S-unsaturated ketals and acetals pro-
vides an alternative access to protected dihydroxy aldehydes and ketoncs. The only
reported general study of the cinchona alkaloid catalyzed asymmetric dihydroxyla-
tion of these substrates utilizes the DHQD-p-chlorobenzoate (4) ligand (Eq. 50),

— DHQD-p-chlorobenzoate (4), OsO4, I\
o/ Xo NMO, TEAA o o
NMO, TEA/
N —_———— - s - | 2
leRz acetone-H,O R R

(slow addition of alkene) HO (Eq- 50)

R! = alkyl, Ph (95%), 50-89% ee

R?=H, Me, Ph

TEAA = tetraethylammonium acetate

which is known to be inferior to the dimeric ligands such as (DHQD),PHAL (7). for
the enantioselective dihydroxylation of many substrates.!'? These reactions were
also conducted using NMO as the stoichiometric oxidant, requiring the addition of
tetracthylammonium acetate and slow addition of the alkene to preclude the sccond
cycle that is known to cause a reduction in enantioselectivity and reaction rate.
Thus, although the reported enantioselectivities are in the 50-89% ece range, the
use of one of the more recently discovered ligands and the ferricyanide secondary
oxidant system may producc higher enantioselectivity for the oxidation of these sub-
strates. Indeed, the dihydroxylation of «,B-unsaturated acetals derived from 1.2-
phenylenedimethanol using the dimeric PHAL ligands with potassium ferricyanide
as the stoichiometric oxidant affords the diol products in high yield and enan-
tioselectivity (Eq. 51).%
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(DHQD),PHAL (7), N ;;;>
> ~ Ky080x(0H)s, K3ke(CNJ on o N/
M MeSONH,, K,COs. R)Y‘\O/ (Eq. 51)

OH
R =Me, Ph (91-96%), 82 - >95% ee

-BuOH:H,0 (1:1)

The reactions of E-1,2-disubstituted N,N-di(tert-butoxycarbonyl)allylic or ho-
moallylic amines also procecd with high levels of enantioselectivity using
(DHQD),PHAL (7) as ligand (Eq. 52).% The diols derived from these substrates also
undergo spontancous cyclization with one of the rert-butoxycarbonyl groups to pro-
vide cyclic N-Boc carbamates. This in situ protection of one of the hydroxy groups
allows convenient differentiation of the newly installed hydroxy groups in subse-
quent synthetic transformations. The cyclic carbamate can be selectively hydrolyzed
and decarboxylated under mildly basic conditions, such as treatment with K,CO; in
methanol, producing the corresponding Boc-protected amino diols. In a particularly
interesting application of this methodology, the basc-catalyzed hydrolysis of the diol
53 occurs with concomitant reaction of the chlorohydrin to form the highly func-
tionalized chiral epoxide 54 in high yield (Eq. 53).%

(DHQD),PHAL (7), K20sOxOL),,

/
e . q BoceN - \
RWN(BOC)z ~ KyFe(CN)g, MeSO,NH, N 0/“\ V\x\i
" K>COs, -BuOH:H,0 (1:1) 0"y (Bq. 52)
R = alkyl, aryl R
(73-80%), 89-97% ec
BocN — O
OH K,C 01 -
070"  McOH, 1t BocHN . (Eq. 53)
~Cl
53 54 (100%), 95% ec

The asymmetric dihydroxylation of E-1,2-disubstituted vinyl- or allyltrimethylsi-
lanes generally procceds with high enantioselectivity using either PHAL- or PHN-
linked ligands, although it has been reported that oxidation of allylsilanes occurs with
higher enantioselectivity using the PHN class of ligands.!? -1 Treatment of the diol
product with potassium hydride in ether or THF forces Peterson elimination of
trimethylsilanol to produce synthetically useful chiral allylic alcohols in high yield
(Eq. 54)."!* Because bulky trialkylsilanes do not interact favorably with the catalyst’s
binding pocket, the presence of a second alkenc substituent that can scrve as a mod-
est to good binding group is required to attain synthetically useful levels of enan-
tioselectivity when using the (DHQ),PHAL (8) ligand. Thus, whereas 3-butyl- and
3-isopropylallyltrimethylsilane react with only modest enantioselectivity using
(DHQ),PHAL (8), 3-phenylallyltrimethylsilane is oxidized in 86% yield with 95%
¢¢ (Eq. 55).""* Vinylsilanes of this alkene class arc also good substrates for the asym-
metric dihydroxylation catalyzed by (DHQD),PHAL (7).'"* Attempts to convert
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these diol products into the corresponding cyclic sulfates, thereby producing syn-
thetically useful epoxysilane equivalents, were unsuccessful.

1. DHQ-PHN, K;0505(OH)4,
K3Fe(CN)g, KoCO3, MeSOaNIT, i
OH
Ny -BuOILH0 (1:1) 1
o MS L A (B 5A)
S 2. KH, THF, -78° - 1t v

(469%), 95% cc

(DHQ),PHAL (8), K;0s0,(OH),, -
K3Fe(CN)e, MeSO,NH5 ‘

PN - - T AN .
P MS K,COs, -BuOHILO (1:1) U1 o ™S (Bg.55)

(869%), 95% ce

The cinchona alkaloid catalyzed asymmetric dihydroxylation of trans allylic
alcohols affords chiral triols of moderate to high cnantiomeric purity.”®!'® The pres-
ence of the allylic hydroxy group reduces enantioselectivity compared with the
reaction of the corresponding unsubstituted trans alkenes.”® Thus, the enantioselec-
tive dihydroxylation of 4,4-dimethylpent-2-en-1-ol (56) proceeds with 74% ee using
the (DHQD),PHAL (7) ligand, whereas the parent 4,4-dimethylpent-2-ene (55) is
oxidized with 95% ee under similar conditions (Eq. 56).%% The obscrvation of stereo-
directing effects of the hydroxy group for cyclic allylic alcohols favoring syn hy-
droxylation suggests that alkene substituents that can function as hydrogen bond
donors may interact with OsO,, and for these substrates, reduce cnantioselectivity.”®
Protection of the allylic hydroxy group as its benzoate derivative easily solves
this problem, and very high levels of enantioselectivity are obtained with
(DHQD),PHAL (7) (e.g., compare 57 with 56 and 59 with 58). The beneficial effect
of benzoate protection may result in part from result the ability of the allylic ben-
zoate 1o interact favorably with the catalyst’s binding pocket, as was found with ter-
minal allylic 4-methoxybenzoates.

(DHQD),PHAL (7), K20s0,(Ol 1),

K,Fe(CN)g, McSOoNH, e
A R e R]/L R?
R K,CO4, t-BuOH:H,0O (1:1)
Ol
R R* o Tee
55  tBu Me (—%) 95
56 Bu CH,0OH (—%) T4 (Eq. 56)
57 tBu CILOBz. (—%) 95
58  n-CsHjs CH,OH (—%) 93
59 n-CoHs CH,0Bv. (—%) 99
C(CH3»0H  C(CH)0I  (70%) 90
n-CsHy, C(CH:)OH  (87%) 90
Ph CCH)OH  (83%) 77

PhCH,CH,  C(CIIy),0H  (83%) 91
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The highly enantioselective dihydroxylation of ferrocenyl-substituted trans
alkenes illustrates the diverse functionality tolerated by the dimeric cinchona alka-
loid catalysts (Eq. 57).!'7 These products have potential utility in the synthesis of
chiral ligands for other asymmetric transformations. The proper choice of cinchona
alkaloid ligand is critical for achieving high levels of enantioselectivity with these
substrates. Unlike the enantioselective dihydroxylation of other substrates, careful
optimization of ligand and osmium stoichiometry is also important for obtaining
good results. Generally, the use of 10 mol% of the alkaloid ligand and 4—-10 mol%
of potassium osmate gives the highest enantioselectivities, and 1:1 acetonitrile-
water is a better solvent system than 1:1 +~-BuOH-water. The (DHQD),PYR (25)
ligand generally provides higher enantioselectivity than the corresponding PHAL-
linked ligand. This observation is consistent with the known preference of the PYR
ligands for bulky alkene substituents as compared to the PHAL ligands.”

(DHQD),PYR (25), K;0s0(OH),, OH
Q\\ K3Fe(CN)g, MeSO,NH, @_‘ﬁ
- . . Eq. 57)
Cd>> K,COs3, +-BuOH:H,0 (1:1) te (Eq
or CH:CN:H,0 (1:1) ey o

(90%), 97% e

The enantioselectivity of the dihydroxylation of trans «,B-unsaturated alkyl
phosphonates catalyzed by (DHQD),PHAL (7) is highly dependent on the proper-
ties of the other alkene substituent. Substrates possessing aromatic substituents are
oxidized with high enantioselectivity (Eq. 58), whereas alkenes possessing small
or bulky aliphatic substituents react with modest selectivity.'"® The preference of
the PHAL-linked ligands for aromatic substituents is consistent with the observed
trends in enantioselectivity. The asymmetric dihydroxylation of «,B-unsaturated
diphenylphosphinates proceeds with modest enantioselectivity for substrates pos-
sessing small aliphatic substituents (Eq. 59).''% Interestingly, the DHQD-p-
chlorobenzoate (4) and DHQ-p-chlorobenzoate ligands were found to afford higher
enantioselectivity than the dimeric cinchona alkaloids for the reactions of these
substrates.!?0

(DHOD),PHAL (7), K,0s0,(OH),.

}) or K3Fe(CN)s, MeSO;NH, E OFt
R —— A
P o K,COs. +BuOH:H,0 (1:1)  Ih TOEL (Eq. 58)
OH
(84%), >97% ee
DHQD-p-chlorobenzoate (4), OH 0
0 o K30502(0H), K5Fe(CN)g P
S OHLH /Y «

nCHy S Ph KyCOs tBuOHH,0 (1) CeH (Eq. 59)

(74%), 76% ee
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7-1,2-Disubstituted Alkenes. Z-12-Disubstituted alkenes arc generally the
poorest substrates for enantioselective dihydroxylation. The substrate scope for
which dihydroxylation occurs with preparatively useful enantioselectivity is some-
what limited, and specialized ligands have been developed to enhance reactivity and
enantioselectivity. The narrow scope observed for this alkene class can be under-
stood in terms of the inability of the ligand-OsO, complex to discriminate between
the two alkene substituents, particularly when they have similar steric and electronic
properties. This phenomenon has been referred to as the meso effect, as Z-1,2-di-
substituted alkenes that possess identical substituents produce meso diols upon
cis-dihydroxylation.

There are several examples of enantioselective dihydroxylation of Z-1,2-disubsti-
tuted alkenes using chiral 1,2-diamine ligands. The most useful of thesc ligands is
23, which is derived from (R, R)-trans-1,2-diaminocyclohexane. This ligand has been
used to oxidize a variety of alkenes in moderate to high enantiomeric excess, in-
cluding acyclic (Eq. 60) and endocyclic (Eqg. 61) cis alkenes.? Unfortunately, simple
aliphatic cis alkenes do not give good selectivity under these conditions. Dihydrox-
ylations using 1,2-diamine ligands such as N,N'-bis(3,3-dimethylbutyl)-1,2-cyclo-
hexanediamine (23) are typically performed at low temperature and require
stoichiometric OsO, and ligand, thereby limiting their utility for large-scale reactions.

OH
P 23, OsOy
CO,Me toluene, —90°, 2-5 h !
CO,Me
< (60%), 87% ec (Eqg. 60)
NH HN-
t-Bu 23 \*BU—I

23, 050 =
toluene, ~90°, 4 h I OH (Eqg. 61)

(70%), 80% cc

The optimum cinchona alkaloid ligands for the enantioselective dihydroxylation
of Z-1,2-disubstituted alkenes are DHQD-IND (60) and DHQ-IND (61). The cat-
alytic enantioselective dihydroxylation of Z-1,2-disubstituted alkenes typically
proceeds with low to moderate enantioselection, and there are only a few substrate-
catalyst combinations that produce diols of greater than 80% ee (Eq. 62)."*' As ob-
served for other cinchona alkaloid ligands, reactions using DHQ-IND (61)
consistently result in lower enantioselectivity than the pseudoenantiomeric DHQD-
IND (60).'%!
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DHQD-IND (60),
PR K,050,(OH),, K3Fe(CN)g

OH
OH

CO,Pr-i K;C03, MeSO,NH,,

COLPr-i
#BuOH:H,0 (1:1), 0° aat

(66-90%), 80% ec

MeO—d ~= — N—~0OMe
¢ {%\ W (Eq. 62)

NHH ) /H H
0} ¢} T [~
Ly M B
H™ N— = 7N VY
7% \\///

DHQD-IND (60) DHQ-IND (61)

Although the asymmetric dihydroxylation of Z-1,2-disubstituted alkenes can
generally be expected to proceed with moderate enantioselectivity, there are isolated
examples where high enantioselectivity is observed. Thus, the catalytic asymmetric
dihydroxylation of alkene 62 using the (DHQ),PYR (26) ligand under standard
conditions produces diol 63 in 86% ee (Eq. 63).'22 This intermediate was used to pre-
pare 3’ ,4’-di-O-(-)-camphanoyl-(+)-cis-khellactone, a potent anti-HIV agent.'?

= ‘ AN (DHQ),PYR(26), K,0sO5(OH),, - ‘ ~
&l N ‘ >

\7\// K,CO;5, -BuOH-H,0 "7\(\0“
62

OH 63 86% ce

PN (Eq. 63)
i I
\ _ '
—— — 0 0o R= o
— 0
OR 0
OR

(68%, overall)

The dihydroxylation of Z-allylic and homoallylic alcohols has been reported to
proceed with moderate enantioselectivity using the PHAL class of ligands. The
higher enantioselectivity observed with these substrates than that generally seen with
cis alkenes presumably results from hydrogen-bonding interaction between the cat-
alyst and the hydroxy group of the substrate. This hypothesis is supported by the fact
that cis-3-hexen-1-o0l (64) reacts to give the triol with 54% ee in spite of the fact that
the two alkene substituents are of very similar size (Eq. 64).'>3 Conversely, the cor-
responding methyl ether 65 reacts under the same conditions to give racemic triol
(Eq. 65).123 Certain endocyclic dienes are also effective substrates for the catalytic
enantioselective dihydroxylation. These examples are treated in the section describ-
ing polyalkene substrates, as both regioselectivity and facial selectivity arc important
parameters for these reactions.
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(DHOD),PHAL (7), K;050,(0OH)4,

OH
K3Fe(CNYg, McSO,NH ‘
Ho/vi 3 [ »72/ //2/ o H()/\/\ .OH (Eq ()4)
K,CO3, --BuOH:H,0 (1:1), 0° I
64 54% ce ™
(DHQD),PHAL (7), K,0s05(0H),4. Ol
MeO X K3Fe(CN)g, MeSO,NH, \
el T — MCO/V\(OH (Eq 65)
So KoCOy, t-BuOH:H,0 (1:1), 0°
65 0% ce

In order to overcome the difficultics associated with enantioselective dihydroxy-
lation of Z-1,2-disubstituted alkenes, a strategy has been developed that utilizes the
highly enantioselective dihydroxylation of E-1,2-disubstituted alkenes followed by
stereoinversion of one of the resulting hydroxy groups. The three-step process
involves (1) asymmetric dihydroxylation of an E-1,2-disubstituted alkene, (2) for-
mation of a cyclic sulfate? and, (3) inversion of one of the alcohols via a Payne-type
rearrangement followed by nucleophilic opening of the resulting epoxide (Eq. 66).
The sequence is illustrated by the conversion of alkene 66 into product 67.'%4!125 The
entire process, post isolation of the diol, can be completed in a single reaction ves-
sel and generally results in the formation of the formal products of dihydroxylation
of a cis alkene in high enantioselectivity and good overall chemical yield. Nucleo-
philes that have been used to open the epoxide formed from the Payne-type
rearrangement include sulfide, azide, acetate, cyanide, iodide, and organometallic
reagents, 24123

AD-mix-B OH
-mix- .
Ph._~._-OTBDMS _APmxed Pho A OTBDMS (9460 595% ce
66 o
OTBDMS r o
1.S0C, Ph . TBAF | th( W
fffff ‘ 100% -
2. RuCls, NalO, O-g  H00% \ (‘)\S/O | (Eq. 66)
N0 | 7P
L o9 |
0 Y OH
,,,,,, pho LT Nu pho A _No (s2%)
08057 OH
67

Trisubstituted Alkenes

The enantioselective osmylation of trisubstituted alkencs has been examined
using a variety of 1,2-diamine ligands. Both I-methylcyclohexenc and 1-phenylcy-
clohexene are commonly used substrates for the study of this reaction (Eqgs. 67 and
68).9:1012 The N,N’-di(tert-butylethyl)-1,2-cyclohexanediamine ligand (23) is the
most effective chiral controller for this reaction, affording 90% ee in the osmylation
of phenylcyclohexene (Eq. 68).° The dihydroxylation of other trisubstituted alkenes
using this ligand has not been reported.
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,NMCQ
LY L 050, CHLCly, 11

SN M ~Jon
O/ T TNMe, d (Eq. 67)
2. LAH, THF -

OH
(71%), 66% ec

Ph

‘ ‘ Ph 1. 23, 0s0,, toluenc, 90° /\¥ -OH
| 2. LAH, THF U\OH (Eq. 68)

(84%), 90% ee

Chiral diamine ligands derived from tartaric acid arc modcerately effective {or the
asymmetric dihydroxylation of silyl ketene acetals, affording synthetically useful
a-hydroxy esters (Eq. 69).% These reactions are conducted in methylene chloride at
—78° to —100° and the intermediate osmate ester is converted into the a-hydroxy
ester using H,S in methanol due to the sensitivity of the ester groups to LiAlH,. The
enantioselectivity of the reaction appears to be independent of the properties of the
ketene acetal group, but is strongly influenced by the nature of the remaining alkene
substituent.

OH
om s
pp N ONE 168,050 pt J\(OMS
OMie 2. 11,8, McOI ' 5

(95%), 66% ce

N /7>
N N
(,/ % N (Eq. 69)
[ONge]
=
\\\/
{0\

68

The catalytic enantioselective dihydroxylation of trisubstituted alkenes using
cinchona alkaloid ligands is very general; endocyclic, exocyclic, and acyclic alkenes
all react with high enantioselectivity depending on the nature of the alkenc sub-
stituents and the alkene configuration. Often the best results are obtained with sub-
strates wherein the group being presented to the catalyst’s binding pocket is ¢is to
the vinylic proton of the substrate, although there are several exceptions to this trend.
In general, trisubstituted alkenes are electronically activated relative to less substi-
tuted alkenes toward the osmylation by cinchona alkaloid-OsO, complexes; how-
ever, the hydrolysis of the trisubstituted Os(VI) ester is often slow as a result of steric
hindrance. A stoichiometric equivalent of methanesulfonamide is typically added to
ferricyanide-supported oxidations of trisubstituted alkenes in order to accelerate the
hydrolysis of the intermediate Os(VI) ester. The use of NMO as the stoichiometric
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oxidant typically requires the addition of tetraethylammonium acetate and slow
addition of the alkene to preclude the second cycle that degrades both the rate and
enantioselectivity of the reaction. Since the dihydroxylation of trisubstituted alkenes
produces chiral diols with dense and often diverse functionality, the reaction of these
substrates has often been used to establish the first chiral centers in the synthesis of
complex natural products. This review of the catalytic enantiosclective dihydroxyl-
ation of trisubstituted alkencs is divided into three scctions: acyclic trisubstituted
alkenes, cxocyclic trisubstituted alkenes, and endocyclic trisubstituted alkenes.

Acyclic Trisubstituted Alkenes. The catalytic cnantiosclective dihydroxyl-
ation of acyclic trisubstituted alkenes has been extensively studied within the context
of oxidation of prenyl groups present in polyalkene substrates, such as terpenes, and
additional material can be found in the section describing the reaction of polyunsat-
urated substrates. The reactions of simple prenyl groups proceed with high enan-
tioselectivity using the PHAL and PYR class higands and are representative of the
high selectivities typically observed for the reactions of higher polyunsaturated
substrates. Thus, the reaction of 2-methyl-2-heptene (69) using (DHQD),PHAL (7)
proceeds with 98% ee to give the 1,2-diol in 98% vyield (Eq. 70).!"9 A variety of
aliphatic and aromatic substituents are tolerated, and the oxidation of these sub-
strates provides synthetically useful products with high levels of enantioselectivity.
For example, the diol derived from the oxidation of benzyl 3,3-dimethylacrylate (70)
using (DHQD),PHAL (7) is a uscful intermediate for the synthesis of enantiomeri-
cally pure B-hydroxyvaline (Eq. 71).'0

(DHQD),PHAL (7),
p (N H
. KOsOx(OH )4, Kske(CN)g 0
”’L4HQ/V e —— . OH (Eq. 70)
! K,CO5, MeSO;NHj, n-CqHg
69 +-BuOH:H,O (1:1), 0° (98%), 98% cc

(DHQD),PHAL. (7),
. . + OH
K50505(0H)4, KiFe(CN
Bn()QC/Y 7i: ,2,(, _ ),1 S L,(,lﬁﬁ i} 01
K,CO5, MeSO,NH,, BnO,C
-BuOH:H,0 (1:1), 0°

(Eq. 71)

70 (86%), 98% ce

Trisubstituted enol ethers and silyl cnol ethers are generally good substrates for
catalytic asymmetric dihydroxylation using (DHQD),PHAL (7) (Eq. 72). The diol
products spontaneously hydrolyze, affording a-hydroxy ketones of high enan-
tiomeric purity.'?® There is a slight dependence of enantioselectivity on alkenc geo-
metry, and the Z-isomer is generally preferred for high selectivity. Highly Z-rich
enol ethers derived from aliphatic ketones can be prepared by trecatment of the
parent ketone with trimethyl orthoformate and catalytic p-toluenesulfonic acid.'”’
The treatment of aryl ketones with trimethyl orthoformate affords mixtures of enol
ethers containing substantial amounts of the E-isomers. In these cases, the corre-
sponding silyl enol ethers may be prepared as mainly the Z-isomers by treatment of
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the corresponding ketone with LDA in THF-HMPA and trapping the resultant eno-
late with zert-butyldimethylsilyl chloride.!?® These sily! enol ethers afford the same
a-hydroxy ketone products after asymmetric dihydroxylation as the corresponding
methy! enol ethers, but with greater enantiomeric purity.

(DHQD),PHAL (7),

0
OR! K,0s0,(0H)4, KsFe(CN)g .
3 e et 2
Rz)%ﬁ R K,CO3, MeSO,NH,, R L. (Eq. 72)
~BuOH:H,0 (1:1), 0°
R' = Me, TBDMS (68-95%), 79-99% ee

R, R3= alkyl, aryl

Exocyclic Trisubstituted Alkenes. The enantioselective dihydroxylation of
substituted methylenecyclopropanes has been extensively studied, and the dio} prod-
ucts can be easily converted into enantiomerically enriched substituted cyclo-
butanones by pinacol rearrangement catalyzed by BF;*OEt, in THF at ambient
temperature.'? Tt is critical that the pinacol rearrangement be conducted under
carefully selected conditions in order to avoid racemization. The conversion of such
diols to enantiomerically enriched cyclobutanones using thionyl chloride and
tricthylamine in methylene chloride is believed to occur with substantial racemiza-
tion.!3%131 For these substrates, enantioselectivity is highly dependent on the charac-
teristics of the cyclopropylidene substituent, with aromatic substituents providing
the highest selectivity (Eq. 73).!3! The reaction of aliphatic methylenecyclopropanes
typically affords diol products with moderate enantioselectivity (50—70% ee). The
reduction in enantioselectivity observed on switching from the (DHQD),PHAL (7)
ligand to the pseudoenantiomeric (DHQ),PHAL (8) ligand is more pronounced with
these substrates (10-20%) than is typically observed for other trisubstituted alkenes
(5-10%).

(DHQD),PHAL (7), e}

H
m K,0s0,(OH)s, K3Fe(CN), OH
¥ K2CO3, MeSO;NH, O (Eq. 73)
F

t-BuOH:H,0 (1:1), 0°

(92%), 98% ec

The reactions of other exocyclic trisubstituted alkenes have not been as thor-
oughly studied. There are scveral examples where high enantioselectivities have
been observed using the (DHQD),PHAL (7) or (DHQD),PYDZ (18) ligands, and
facial selectivity can be strongly dependent on alkene geometry. One of the most
striking demonstrations of this etfect is the difference in enantioselectivity observed
for the dihydroxylation of the E and Z exocyclic alkenes 71 and 74, which were
model substrates used in synthetic studies of the DE ring fragment of the antineo-
plastic agent camptothecin™ (Eq. 74)."*? Although the results observed for the
reaction of the E isomer 71 were disappointing, the corresponding 7. isomer 74
affords the diol product in 68% yield and 99% ee using (DHQD),PHAL (7)
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(Eq. 75).13 Moreover, the reduced enantioselectivity noted in the reaction of 74 with
(DHQ),PHAL (7) is less significant than that noted for the reaction of substrate 71.
These results can be rationalized in terms of the hydrophobicity of the group that is
cis relative to the vinylic proton of the substrate and is presented to the catalyst’s
binding pocket. In the case of the E substrate 71, that group is the carbonyl moicty
of the lactone ring. In the case of substrate 74, the phenyl ring of the substrate is cis
to the vinyl proton and is presented to the catalyst’s binding pocket. The preference
of the PHAL ligands to bind aromatic substituents makes this an espccially favor-
able interaction, resulting in the observed higher levels of enantioselectivity. A sim-
ilar orientation of an aromatic group relative to the vinylic proton of 77 results in
high enantioselectivity in the asymmetric dihydroxylation using the related catalyst
(DHQD),PYDZ (18) (Eq. 76).%¢

o Ligand, ‘ 0 X 0
K5050,(0H)4, KsFe(CN)g o
[0 R - [ 0

| K,CO3, MeSO,NH,, OH | 'OH
+~BuOH:H,0 (1:1), 0° OH /\OH (Eq. 74)
71 72 73

Ligand Major Enantiomer o

(DHQD),PHAL (7) 73 (78%), 50% cc

(DHQ),PHAL (8) 72 (70%), 28% cc
N 0 Ligand, ] NO
h K50s0,(0OH)4, K3Fe(CN)g | | !

— M SR B -6 ~ N
>0 T O
‘K K>COj3, MeSO,NH,, \/ﬁ{
HO'

~BuOH:H,0 (1:1), 0°

Eq. 75
74 75 (Eq )
Ligand __Major Epantiomer
(DHQD),PHAL (7) 75 (68%), 99% ee
(DHQ),PHAL (8) 76 (73%), 97% ce
— (DHQD),PYDZ (18), /é\r—/\
\N K50505(0OH)4, KFe(CN)q N /’ R\
l K,C 03, McSO,NH,, HO] (Eg. 76)
Ph t+-BuOH:H,0 (1:1), 0° HO Ph
77 (61%), 97% ee

Endocyclic Trisubstituted Alkenes. The catalytic enantioselective dihydroxyl-
ation of endocyclic trisubstituted alkenes has been thoroughly studied, and the diol
products derived from these reactions have been widely used in the total synthesis of
complex natural products. The reaction of simple, hydrocarbon-substituted sub-
strates of this class generally proceeds with moderate to high enantiosclectivity and
is dependent on both the nature of the exocyclic substituent as well as the ring size
(Eq. 77).192° The effect of ring size on enantioselectivity is illustrated by comparing
the results obtained from simple phenylcycloalkenes using (DHQD),PHAL (7).
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Enantioselectivity is optimum for the six-membered ring, with a slight reduction
noted as ring size increases, especially for the reaction of [-phenylcyclooctene.

(DHQD),PHAL (7),

Pho ), Ky0s0,(0H)4, K3Fe(CN)g Pho A,
\E} 22 Ho

K,COj3, MeSO,NH,, .

-BuOH:H,0 (1:1), 0°
n % ee (¥q.77)
1 97
2 99
3 95
4 83

While most substrates belonging to this alkene class yield good results in the
asymmetric dihydroxylation catalyzed by PHAL or PYR ligands, enantioselectivity
can be affected by the nature of the exocyclic substituent (Eq. 78)./%2061.99.115 Thysg,
for a series of 1-substituted cyclohexenes, enantioselectivity is highly dependent on
the ability of the pendant substituent to interact effectively with the catalyst’s bind-
ing pocket. For the PHAL ligand class, substituent preferences mirror those ob-
served for other alkene classes, and non-bulky hydrophobic or aromatic groups are
preferred to more hydrophilic or sterically demanding groups. Thus, phenylcyclo-
hexene reacts with high enantioselectivity using (DHQD),PHAL (7) as catalyst, but
the corresponding reaction of !-naphthyl- and 9-phenanthryl-substituted cyclohex-
enes proceeds with lower enantioselectivity. This reduction in selectivity is presum-
ably due to the steric demand of the twisted and extended aromatic substituent.”®
Similarly, whereas methylcyclohexene reacts with only 52% ee, protected allylic and
homoallylic alcohol derivatives are oxidized with very high enantioselectivity,
allowing convenient access to cyclic chiral glycerol derivatives. This effect was
utilized for the enantioselective synthesis of the angiogenesis inhibitor ovalicin (79),
where the initial chirality was established using an asymmetric dihydroxylation of
the allylic 4-methoxybenzoate 78 (Eq. 79).33

Ligand,
R K;050,(0H),, KsFe(CN)g Ri@
I | T e e e HO
\/ ch()g, MCS()zNHz, HO
-BuOH:H,0 (1:1), 0°
R Lgamd % ec
Me (DHQD),PHAL (7) (—%) 52 (Eq. 78)
CH,;TMS (DHQD),PHAL (7) (55%) 15
COMe (DHQD),PHAL (7) (73%) 98
CH,0,CC¢H,OMe-4 (DHOD),PYDZ (18) (99%) 98
(CH;),0C,H;0Me-4 (DHQD),PYDZ (18) (99%}) 95
Ph (DHQD),PHAL (7) (80-98%) 99
1-naphthyl (DHQD),PHAL (7) (—%) 86
9-phenanthryl (DHQD),PHAL (7) (—%) 74
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0 (DHQ),PHAL (8), ao G
/\1)\0 KzOSOz(OH)A KxFC(CN)() ()N/k
e {0

/\Q/OMG K>CO4, MeSO;NH,. /{\O L OMe

OMe -BuOH:F,0 (1:1), 0° Ar OMe
78 Ar=4-MeOCH,
(Eq. 79)

OMe 0
(—)-Ovalicin (79)

Cyclic enol ethers are oxidized to lactol derivatives with moderate to high enan-
tioselectivity depending on alkene substitution, ring size, and choice of ligand
(Eq. 80).'32 Moderate enantioselectivity is typically obtained with the exception of
substrate 80, which is converted into the corresponding lactol in 91% ee using
(DHQD),PYR (25) (Eq. 81). The enantioselectivity obscrved in the reaction of this
substrate strongly depends on the type of cinchona alkaloid ligand used, and the cor-
responding reaction catalyzed by (DHQD),PHAL (7) produces the lactol product
with only 74% ee. The lactol products can be easily oxidized to the corresponding
lactones using iodine in ether in the presence of calcium carbonate.

1. (DHQD),PHAL (7), K;0s0,(0H)4,
K}FC(CN)(), KzCO}, I\’[CSOzNHz,

R. )
R -BuOH:H,0 (1:1), 0° n .
\ﬁ%\g\ _ -BuOH:H,0 (1:1), 0 Hoj;% (Eq. 80)
L g 2.1, CaCOs, Et,O, 11, 32 h g’
R=Alkyl;n=1-2 50-78% ee

1. (DHQD),PYR (25}, K,0s0,(OH)y,

K5Fe(CN)g, K2,CO5, MeSO,NH,, NO
r-BuOH:H,0 (1:1), 0° | o !
_ R I SN %o (Eq.81)
2.5, CaCO;;, Et:0, 11,32 h \ 'OH
80 (68%), 91% cc

The chiral a-hydroxy lactones that are produced are useful intermediates for
natural product synthesis. The catalytic enantioselective dihydroxylation of substrate
81 was studied as part of an investigation toward an industrially scaleable route to
the DE ring of camptothecin (82) and its analogs.!3*!13 Whereas the reaction of 81
using (DHQD),PHAL (7) affords the lactone product with only 26% ec after oxida-
tion with 1, and CaCO,, the corresponding reaction using (DHQD),PYR (25)
affords the same product with 94% ee (Eq. 82).!%%!*5 Comparing these results with
those obtained for the non-heterocyclic analog underscores the importance of a sys-
tematic investigation of ligand effects on enantioselectivity where the first choice
affords poor results and further illustrates the complementary nature of the PHAL
and PYR ligand classes with respect to substrate preferences.
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1. (DHOD),PYR (25), KHOsO»(OH),.
K3Fe(CN)g, KrCO5, MeSO,NH,,
NM() -BuOHEH,0 (1:1), 0° N0

! | | - —_— > [ |
W 2. 1. CaCOs, B0, 1t, 32 h v\(&()
. OH
\ N -
0 \ (Eq. 82)
81 94% ec

N Y
o | o b K
Lo
&/é/ N OH
(208)-Camptothecin (82)

Trisubstituted ketene O, Q-acetals have been shown to be excellent substrates for
the catalytic asymmetric dihydroxylation utilizing the (DHQD),PHAL (7) and
(DHQ),PHAL (8) ligands (Eq. 83). The ketene O,O-acetals are prepared from the
corresponding aldehydes by the Horner-Wittig reaction with dialkoxymethyldi-
phenylphosphine oxides. After the dihydroxylation sequence, the intermediate diol
hydrolyzes to the corresponding w-hydroxy ester.'’® This scquence has been suc-
cessfully used to produce a-hydroxy esters starting with O,0-ketene acetals derived
from aromatic, «,B-unsaturated, and aliphatic aldehydes, and is an attractive altcr-
native to the conventional alkylation of aldehydes with nucleophilic carbanions,
which can be challenging due to difficultics controlling the configuration of the
newly created stereocentcr.

PhNOMe AD-mix B /OkH
OMe MeSO,NH,, 0° Ph” O COMe (Eq. 83)
-BuOH:H,0 (1:1) (90%), 96% ec

Tetrasubstituted Alkenes

Very few asymmetric dihydroxylations of tetrasubstituted alkenes have been re-
ported, and all utilize cinchona alkaloid ligands under catalytic conditions. This lim-
ited scope is due to the sluggish rate of hydrolysis of the osmate ester formed during
the catalytic cycle as well as to the crowded asymmetric dihydroxylation transition
statc would not cffectively accommodate tetrasubstituted alkenes. In the limited
number of examples that have been reported, the use of at least one equivalent of
methanesulfonamide and [ mol% osmium catalyst has helped to overcome the
turnover problem.'®” The reactions of tetrasubstituted enol ethers proceed at 0° with
one equivalent of methanesulfonamide;? however, the asymmetric dihydroxylation
of all-carbon tetrasubstituted alkenes requires three equivalents of methanesulfon-
amide, and reactions of these substrates are typically performed at room tempera-
ture. The reported reactions of all-carbon tetrasubstituted alkenes proceed with
moderate enantiosclectivity using either the PHAL or PYR class of ligands, and en-
docyclic alkenes generally give the best results (Eqs. 84 and 85).!7 However, there
are examples where the chemical yiclds are low due to incomplete reaction. Due to
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the lack of known compounds for comparison, the absolute configuration ot the diol
products was tentatively assigned using the face-selection mnemonic.

(DHQD),PYR (25),
OH

‘ K,0s0,(0H),, K5Fe(CN)g = o
~ -
R)\( MeSOSNTL, KoCOn, R)\r (Eq. 84)
-BuOH:H,0 (1:1), 1
R =n-CsH, |, Ph wOR:H0 (1:1), 1 (51-820%), 22-47% ce

(DHQD),PYR (25), HO

R KoOsOy(OH)s KsFe(CNJ - ou
N S R Eq. 85
MeSO,NH,, K>COs, (Eq. 85)

-BuOIT:H,O (L:1), 1t
R = Me, Ph (23-31%), 56-85% cc

Tetrasubstituted enol ethers react to give a-hydroxy ketones in good yield and
good to excellent enantioselectivity using either the PHAL or PYR chiral ligands
(Eq. 86).1%7

OTBDMS (DHQD),PHAL (7), o
K,0s05(0OH),, K3Fe(CN), R
N R Bt oH —
| MeSO,NH,, K,CO5, (Eq. 86)
+BuOH:H,0 (1:1), 1t
R =Me, Ph (89-98%), 67-93% ce

A limited number of examples of the asymmetric dihydroxylation of tetrasubsti-
tuted ketene acetals and enol esters such as 83 have been reported. These reactions
also require higher catalyst loading and proceed with moderate enantiosclectivity
and chemical yield to form the a-hydroxy esters 84 (Eq. 87).!3

AD-mix B
/ /
N OR _—

(Eq. 87)

83
R =TBDMS, CO;Bu-¢ (70-100%), 40-78% ec

Polyalkene Substrates

Catalytic enantioselective dihydroxylation has been successfully used to control
both the facial selectivity and regioselectivity of the oxidation of polyalkene sub-
strates. The position selectivity of these oxidations is controlled by both the steric
and the electronic properties of the individual double bond units. This section covers
position and face selectivity observed in the catalytic asymmetric dihydroxylation of
conjugated polyalkenes, non-conjugated polyalkenes, and endocyclic polyalkenes.
Recent reviews provide additional detail regarding the regiosclective asymmetric
oxidation of these substrates.'*®
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There arc numerous examples of the regioselective asymmetric dihydroxylation
of simple aliphatic polyenes. These reactions typically proceed with high enantiose-
lectivity at the more electron-rich alkene using the (DHQD),PHAL (7) ligand. Both
conjugated and non-conjugated alkenes are good substrates for the reaction, and the
order of reactivity can be predicted based on kinetic trends noted for the osmylation
of simple alkcnes by cinchona alkaloid-OsO, complexes.”® Thus, E-alkenes are
dihydroxylated in preference to Z-alkenes, and 1,1-disubstituted double bonds are
oxidized in preference to terminal alkenes (Eqgs. 88a-88c).'*

(DHQD),PIIAL (7),

OH
P K50505(OH)4, K3Fe(CN)g ‘
NN - S (Eq. 88a)
MeSO,NH,, K,COs, .
-BuOL:H,0 (1:1), 0° major diol (15:1)
(88%), 98% cc
(DHQD)-PHAL (7), ‘
| | K5OsO5(0H)4, K;3Fe(CN)g \)M Ea. $8b)
N i - . ) - .
IR N K,CO;4, - BuOH:H,0 (1:1), 0° HO q
OH
(70%), 98% ce
(DHQD),PHAL (7),
‘ K>OsO5(OH)4, K3Fe(CN)g _oH a5
NS - ) N . T M (. c
NN MeSO,NH,, KoCOs, X on R4

-BuOH:H,0 (1:1), 0° major diol (5:1)

(429%), TA% ce

Conjugated substrates are preferentially oxidized such that a minimal disruption
of conjugation occurs. For example, the reaction of triene 85 gives primarily diol 86
along with a small amount of the diol resulting {from oxidation at the terminal alkene
(Eq. 89).1%8 This regioisomer is expected on the basis of a reaction at the most electron-
rich trans alkenc with minimal disruption of conjugation. In contrast, when trienc 87

(DHQD),PHAL (7),

PENS
‘A K,050,(0H)4, KiFe(CN)g CH T
n-CsH, X MeSONEHs, K>CO;. n-Csllyy (Eq. 89)
+-BuOH:1L,0 (1:1), 0° OH
85 86

(60%), 6:1 position sclectivity

is subjected to the same conditions reaction occurs exclusively at the terminal alkene
(Eq. 90)."** This regiosclectivity is most likely due to a preference not (o disrupt con-
Jjugation via reaction at the internal trans alkene as well as a strong kinetic preference
of the cinchona alkaloid-OsO, catalyst for oxidation of terminal alkenes compared
to cis alkencs. Strong electron-withdrawing groups can also influence the regiose-
lectivity of these reactions. In substrate 88 the benzoyl group directs the dihydroxyl-
ation to the more distal alkene with 14: 1 regioselectivity, atfording the diol product
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in high enantiomeric excess (Eq. 91).1*® Similarly, conjugated esters and aldehydes
react preferentially at the most electron-rich alkene forming the corresponding diol in
high chemical yield with excellent enantioselectivity (Eq. 92).13%10 This regio-
chemical preference is also consistent with minimal disruption of conjugation.

(DHQD),PHAL (7),

OH
wCatty 7 KOSOA0H) KsFeCN)g oH
! ! 1-CsH »
N McSO,NH,, KoCOs s N (Eq. 90)
(-BuOH:H,0 (1:1), 0° ~
87 (48%), 84% ce
(DHQD),PHAL (7),

OH
K0s05(0H)s, K3Fe(CN)g
R N0By DR AT

MeSO,NH,, KoCOs. 7o (Bq.9D)

88 _ . . o OH
+~BuOH:H,O (1:1), 0 (83%). 98% ce
(DHQD),PHAL (7), OH
R K,0505(0OH),4, K3Fe(CN)g Y R
n—CsHHw o II/IESZ)TNHZ K;EO: - n«(ISHH/Kﬁs/ (Eq. 92)
1O OH

- ~O)-F -BuOH:H : °
R = CHO or CO5Et +-BuOH:Hy0 (1:1), 0 (50-85%), 94-98% ee

The catalytic asymmetric dihydroxylation reactions of dienes containing an aryl
substituent generally proceed with high cnantioselectivity due to favorable interac-
tions between the catalyst’s binding pocket and the aromatic ring of the substrate.
The positional selectivity of these reactions js partially governed by the nature of the
substituents on the aromatic ring (e.g. substrate 90) (Eq. 93). Generally, reactions
occur at the double bond that is distal to the aromatic ring in order to preserve con-
jugation, and regioselectivity is further improved when bulky groups are present on
the aromatic ring. Interestingly, replacement of phenyl (89) with B-naphthyl (91)
causes a reversal in regioselectivity that favors oxidation of the internal double bond
(Eq. 93). This reversal of position-selectivity can be understood in terms of a com-
bination of highly favorable interactions between the catalyst and the naphthyl ring
of 91 as well as differences in the conjugation energies of the phenyl- (89) versus the
naphthyl- (91) substituted dienes.'**

(DHQD),PHAL (7),

OH OH
e KaOSONOM KefielCNg )Yv \)\K/
R™ >7 - BN + /\
MeSO,NH,, K,COs, R . R I
+-BuOH:H,0 (1:1), 0° ¢
1 1 (Eq. 93)
R LII % ce (major isomer)
Ph 8 (83%) 14 55)
3.5-(-BunCeHs 90 (76%) 1:1S 92

2-naphthyl 91 (1% 41 98
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There arc numerous examples of the position-selective dihydroxylation of ger-
anyl, farnesyl, and other oligoprenyl substrates. Use of the (DHQD),PHAL (7) lig-
and gives good positional selectivity in the dihydroxylation of monoterpenes, such
as geraniol, geranyl acetate, and neryl acetate due to the electronic differentiation of
the two substrate double bonds that favors dihydroxylation of the terminal prenyl
unit (Eq. 94)."*! With higher terpenes, such as 2,6-F,FE-farnesyl acetate, the elec-
tronic similarity of the terminal vs. internal prenyl units requires the use of modified
bis(cinchona) alkaloid ligands in order to obtain high positional selectivity.®? Thus,
whereas enantiosclective dihydroxylation of farnesyl acetate using (DHQD),PYDZ
(18) affords a 2:1 mixture of diols derived from oxidation of the terminal and inter-
nal prenyl units, the use of ligand 92 affords the product of terminal oxidation with
80% yield, 120: 1 positional selectivity and 96% ee (Eq. 95).5% This highly selective
terminal oxidation of oligoterpenes has been used in the synthesis of complex ter-
penoid natural products, such as dammaranediol 11 (93) (Eq. 96).142

(DHQD),PHAL (7),

h[/ K,0505(0H),, KyFe(CN)g |
N DAC - OAc
ﬁ“ MeSO,NH,, K,COs, HO o (Eq. 94)

H
-BuOH:H,0 (1:1), 0°

(76%), »95% ec

:/OAC 92,

N Y K20502(0H),, K3Fe(CN)g ~
" ‘k/ MCSOzNHz, KZCO% > ‘
— +BuOH:H,0 (1:1), 0° HO

(n-Pr),CHO

0N (Eq. 95)
i
H
92
OH
(Fg. 96)
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The discovery that p-methoxybenzoate esters of allylic alcohols are excellent sub-
strates for the catalytic asymmetric dihydroxylation reaction led to the investigation
of regioselective dihydroxylation of suitably protected bis unsaturated alcohols.*
The observation that allylic and bis(thomoallylic) 4-methoxybenzoates are dihy-
droxylated with high enantioselectivity, as opposed to the poor selectivity noted for
homoallylic benzoates, prompted an investigation of the utility of this protecting
group to control position-selectivity in the oxidation of conjugated dienyl alcohols.
For example, the reaction of diene 94 catalyzed by the (DHQD),PYDZ (18) ligand
favors oxidation at the double bond proximal to the 4-methoxybenzoyl group
(Eq. 97).%* This observation can be explained in terms of unfavorable interactions
between the catalyst’s pyridazine ring nitrogen atoms and the ester carbonyl group
of the substrate that prevent reaction at the distal alkene. Oxidation of the other
double bond of the substrate is favored by attractive interactions between the allylic
4-methoxybenzoyl group of the substrate and the catalyst’s U-shaped pocket. Using
the corresponding p-methoxyphenyl cther 95 as the substrate reverses this regiose-
lectivity. Similarly, the reaction of substrate 96 favors the product of oxidation at the
bis(homoallylic) position,3” whereas position-selectivity is reversed in the reaction
of the corresponding p-methoxyphenyl ether 97.

Ligand, |

HO
R KGOSO OR), KiFe(CN)g )" kot xR
‘ MSSOzNuz, K2C03a HO

+-BuOH:H,O (1:1), 0° HO

I I
R Ligand B LI 9%ec
94  CH,0,CC¢H4OMe-4 (DHQD),PYDZ (18)  (80%)  1:33 84
95 CHyOCeH,OMc-4 (DHQD),PYDZ (18)  (70%)  8:1 93
96  (CH,)0,CCeH4OMe-4 98 (74%y  12:1 97

97 (CHp),0CeHOMe4  (DHQDL,PYDZ (18) (70%) 1.8 74 (Eq. 97)

OMe

H

98 Ar = 9-anthryl

The utility of p-methoxybenzoate csters and p-methoxyphenyl ethers in directing
position-selective dihydroxylation of dienes is demonstrated by the synthesis of
hexose and 6-deoxyhexose derivatives.!*? Thus, the asymmetric dihydroxylations of
dienes 99 and 101 using the (DHQD),PYDZ (18) ligand proceed in high yicld and
with high regio- and enantioselectivity affording the diols 100 and 102, which can
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be subscquently protected and converted into the corresponding hexoses via a
reagent-controlled, selective dihydroxylation (Egs. 98a and 98b).

(DHQD),PYDZ (18),

OH
K>0805(OH Y. K3Fe(CN)q i

SN

R NN (Eq. 982)
OR MeSO,NH,, K5COs, | |
e OH OR
99 -BuOH:H,0 (1:1), 0 100
R = 4-MeOQC,CO, major diol (7:1)
(86%), 98% cc
(DHQD),PYDZ (18). ol
OR Ko0sO2(0OH)4, K3Fe(CN)g \\/‘\/A (q. 95b)
’ = O, F q.
NI 0, MeSO,NH,, K,COs, | CO,Lt
101 -BUOH:H,O (1:1), 0° OH 0o

R = 4-McOQCqHy major diol (23:1)

(82%), 97% ee

The asymmetric dihydroxylation of polyunsaturated substrates has been success-
fully used to access synthetically useful enantiomerically enriched polyalcohols. In
these cases, overall enantiomeric purity is enhanced due to minimal influence of the
diol that is installed first on the facial selectivity of the sccond dihydroxylation. If
cither one of the first or the second dihydroxylation reactions proceeds from the
wrong face of the double bond, the resulting product is the meso diastereomer, which
can be separated chromatographically. Thus, the asymmetric dihydroxylation of
dicne 103 using AD-mix § produces tetraol 104 in 88% yield. This material can be
subsequently converted into piperidine 105, which is obtained in 93% cc. Related
piperidine derivatives arc potentially useful C2-symmetric chiral directors
(Eq. 99).1%

//\
AD-mix B o on . k JVOH
AN NN o ‘ — .
- o~ HO\/\/\)\/OH ) ~ N
103 104 (88%) Bn

(Eq. 99)

In another example triene 106 is cfficiently converted into tetraol 107 in 89%
yield using AD-mix B ; the bis-acetonide of 107 was subsequently found to be
83% enantiopure. Dihydroxylation of the remaining terminal alkene of 107 gave an
intermediate useful in the synthesis of the lichen macrolide (+)-aspicilin (108)
(Eq. 100).1%
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OH
o
NN NN AD-mix B OH \/\/
X MCSOzNHQ
[
106 OoH 107
(Eg. 100)
OH
“OH

(+)-Aspicilin (108)

The double asymmetric dihydroxylation of two terminal alkencs tethered by a
linker group, followed by removal of that linker group, is a strategy to efficiently
access enantiomerically pure triols. Typically, the process gives triols of higher enan-
tiomeric excess than the corresponding dihydroxylation of the monomer subunit
alone (Egs. 101a and 101b).'%¢ This enhancement of enantiomeric purity results from
the fact that chromatography or crystallization can remove the diastereomeric prod-
uct obtained from improper facial approach in the second dihydroxylation. The use
of potassium ferricyanide as the stoichiometric oxidant generally gives superior
results to iodine, and no single ligand is preferred in all cases.'40

(DHQD);PYR (25),

; oH
HO K>050,(OH)y, K3Fe(CN)g
T ST R HO%OH (Eq. 101a)
4 MeSO,NH,, K,COs, 4
1-BuOH:H,0 (1:1), 0°

(—), 74% ce

W OWOH

()) (DHQDY,PYR (25), o
‘/\ K,080,(0H),, K3Fe(CN)g )
J e (Eq. 101b)
McSONH,, K5COs, oH
Os +-BuOH:H,O (1:1), 0° (‘)%OH

(99%), 90% cc

Small polyaikene ring systems generally give poor enantioselectivity in the asym-
metric dihydroxylation reaction due primarily to the fact that Z-alkenes arc among
the poorest classes of alkenes for this reaction. In a few cases good to excellent enan-
tioselectivity has been observed using the (DHQD),PHAL (7) and (DHQD),PYR
(25) ligands.'¥7 The selectivity is enhanced when one of the alkenes is sterically
hindered. Two of the best substrates are 1-phenylcyclopentadiene and 1-phenyley-
clohexadiene, which react in the presence (DHQD),PHAL (7) at the morc electron-
rich double bond to give the corresponding diols in 97 and 91% ee, respectively
(Eq. 102).
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Ligand, OH
)\1§ K,0805(OH)y, K3Fe(CN),
[ X -
P U MeSO,NH,, K5COs5, /1> OH
BuOH:H,0 (1:1), 0° Ph (Eq. 102)

n Ligand
[ (DHQD),PYR (25) (34-84%), 97% ce
2 (DHQD)>-PHAL (7) (34-84%), 91% ee

This dihydroxylation stratcgy has been used to complete an enantioselective
synthesis of conduritol E.!#¥ Thus, enantioselective dihydroxylation of prochiral pre-
cursor 109 affords 110 with 85% yield and 85% ee. Removal of the benzylidene pro-
tecting group by hydrolysis affords conduritol E (111), an important intermediate for
the preparation of cyclitols (Eq. 103).147.148

OH
OH
N
.\ H . /K/OH OH
AD-mix ¢ % 1 |
O —_ —_— e

H .
0~ g j) < ou (Eq. 103)
Ph 0= o1

Ph
109 110 (+)-Conduritol E (111)

(85%), 85% ee

Medium and large polyalkene rings can be good substrates for the asymmetric
dihydroxylation reaction, provided that at least one of the double bonds is trans. The
dihydroxylation of large rings with multiple E-double bonds proceeds with high
enantioselectivity; however, because the reaction must be stopped at low conversion
in order to suppress bis-dihydroxylation, the reactions of some of these substrates
are not synthetically useful. Typically the pyrimidine ligands are superior to the
phthalazine ligands (Eqs 104a-104¢).138

W *“ T i (Eq. 104a)
i OH
|
7 !

(>75%), 94% ee
(DHQD),PYR (25),

HO
KsOsO5(OH), KiFe(CN)g
~ s/  MeSO,NH,, KoCOs, @ (Fg. 104b)
| BuOH:H,O (1:1), 0° Z

(91%), 89% ce

7 _OH
] _ho (Eq. 104c)

(13%), 88% ee
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Kinetic Resolutions

Because the catalytic asymmetric dihydroxylation of alkenes is a highly efficient
and selective process for a wide variety of substrates, it seems logical to apply the
reaction to the kinetic resolution of racemic alkenes. This approach can be used for
the preparation of enantiopurc diols and for the recovery of enantiopure alkcnes
when installation of the chiral center is difficult by other means or when separation
of the alkene enantiomers is difficult. Kinetic resolutions are inherently inefficient
processes, as the undesired enantiomer cannot be directly converted into the desired
stereoisomer and is usually discarded. Despite its generality for enantioselective
dihydroxylation of achiral alkenes, few examples exist of successful kinctic resolu-
tions using cinchona alkaloid-based catalytic systems. Only some of the examples
reported are synthetically useful, as the existing cinchona alkaloid catalysts poorly
discriminate between the alkene enantiomers. The k., parameter (the ratio of the rate
constant for the fast vs. slow reacting enantiomer) is a good indicator of the synthetic
utility of a kinetic resolution. For example, in order to obtain greater than 40%
recovery {(80% of the theoretical) of alkene that is of high enantiomeric excess, the
k,,, for the reaction must be greater than 25.1*° The generally low observed k., for
catalytic asymmetric dihydroxylations requires reactions to be run to much greater
than 50% conversion to obtain recovered substrate with high enantiomeric purity.

The kinetic resolution of the axially dissymmetric racemic methylenecy-
clohexane derivatives 112 and 113 was performed using (DHQD),PHAL (7) and
(DHQ),PHAL (8) (Eq. 105).' The k., vatue (k;/k,,,) for these reactions ranges
from 5.0 to 32.0, depending on the catalyst used and the exocyclic alkene sub-
stituent. Dihydroxylation using cinchona alkaloid catalysts produces the diol di-
astereomer resulting from axial attack on the alkene. In contrast, when no chiral
ligand is used, the product of equatorial attack is the major dihydroxylation product
observed in this reaction.'#

HOL_-R R
Ligand, \/
KQOSOQ(OH)4, K}FC(CN)(,
K5COs5, -BuOH:H,0 (1:1), 20° \/ <‘\ Q
+Bu ‘- Bu -Bu i
n  (Eg. 105)

R Ligand kg Recovered Olefin.
112 Ph (DHQD),PHAL. (7) 9.7 I
112 Ph (DHQ),PHAL (8) 5.0 11
113 COtt (DHQD),PHAL (7) 32.0 1
113 CO,Et (DHQ)PHAIL (8) 265 T

The asymmetric dihydroxylation of a series of racemic alkenylphosphonates 114
has also been examined using the AD-mix reagents. The k, valucs are generally
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moderate (4—15) allowing the alkenes to be recovered in high enantiomeric
excess only if the reactions are run to high conversion (Eq. 106). Therefore, the yields
of recovered alkene with high enantiomeric excess are typically less than 40%.150

RO RO

0 AD-mix B, MeSO,NH O
71 _OFEt AP, VRS2 _OEt i
Ph@[) ) PhMP + diol

| +BuOH:H-0 (1:1), 0°

OFt OE (Eg. 106)
114 unreacted 114
R = acetyl, benzoyl ki =4.4-15.6

A number of kinetic resolutions of allylic acetates have been performed. The
reactions typically proceed with moderate k., values between 3 and 10; therefore
these reactions have limited synthetic utility. For example, in the kinetic resolu-
tion of acetic acid l-cyclohexyl-3-phenylallyl ester (115) using ligand 116, the
starting material is recovered in only 88% ee at 60% conversion, and the reaction
needs to proceed to 70% conversion in order to recover the alkene at >98% ece
(Eq. 107).'3'452 In this example the k., value is ~25, which was the best observed
and significantly higher than that of a typical allylic acetate substrate.!>:152

116,
Oac K20505(OH),, K3Fe(CNg OH OAc OAc
J)\ CeHir-c K,COs, #-BuOH:H,0 (1:1), 20° Ph)Y\C()HH_C + | CeHyy-c
Ph 60% conversion OH P
115 88% e Ko = 25
N
@Y 1

Moo /\% (Eq. 107)
' |
H\\jf\o ‘ (\
s H
L@‘/ 0 &D/OMc
H

116

Significant improvements in efficiency are observed in the reactions of allylic
4-methoxybenzoates, particularly when ligand 117 is used (Eq. 108).%% Use of this
catalyst with the methyl-substituted 4-methoxybenzoate 118 gives a k ; value of 20.
Upon replacing the methyl substituent with the more bulky phenyl group (substrate
119), the k,,, value for this reaction improves to 79. The proper choice of catalyst is
critical for efficient kinetic resolutions of these substrates. Note that when the con-
ventional C2 symmetric (DHQD),PYDZ (18) ligand is used, the k , value drops
below five for each of these substrates. Thus, with proper choice of ligands and sub-
strates, synthetically useful kinetic resolutions are quite feasible.5?
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9 g 117, 0O R
; K,0s0,(0OH)y4, K5Fe(CN)g |
NO/\ —_— = = = - o~ \ 0" + diol
L i K,CO5, -BuOH: 1,0 (1:1), 0° |
MeO” Meo)\v
R Kol major enantiomer
118 Mec 20
119 Ph 79
Ny
i |
MO~ S Ar 1l

117 Ar = l-anthryl

(Eq. 108)

Functional Group Compatibility

The dihydroxylation of alkencs by OsO, is onc of the most general transforma-
tions in organic chemistry and is tolerant of a wide variety of functionality on the
alkene substrate. The standard conditions for catalytic asymmetric dihydroxylation
using cinchona alkaloid ligands are compatible with a wide variety of substrate func-
tional groups, including: aliphatic and aromatic substituents, alkynes, alcohols,
ethers, esters, amides, carbamates, nitriles, and sulfonamides. In addition to the high
levels of enantioselectivity that are observed for a broad range of substrates, the cin-
chona alkaloid catalyzed asymmetric dihydroxylation offers improved chemoselec-
tivity for the dihydroxylation of alkenes over other functional groups that are
normally oxidized by OsO, alone. One of the most striking examples of this chemo-
selectivity is the asymmetric dihydroxylation of alkenes containing sulfur sub-
stituents. Osmium tetroxide is known to oxidize aromatic and aliphatic sulfides to
sulfones preferentially to the dihydroxylation of alkenes present on the same sub-
strate. In contrast, sulfides are oxidized slowly under the standard cinchona alkaloid
catalyzed asymmetric dihydroxylation conditions, whereas the rate of alkene dihy-
droxylation is accelerated. Thus, chemoselective dihydroxylation of carbon-carbon
double bonds is possible with substrates containing sulfur functionality.'® High
yields and enantioselectivity are obtained for substrates containing aromatic and
aliphatic sulfides, dithianes, or disulfides (Eq. 109).!%

(DHQD),PHAL (7), K>0sO,(OH),,

OH
i KyFe(CN)g, McSO;NH,
~o o~ SPh — e Msph (Eq. 109)
K,COs. +-BuOH:HL0 (1:1) I

(74%), 98% ee

In contrast to the chemoselective dihydroxylation of allylic sulfides and dithianes,
the catalytic enantioselective dihydroxylation of allylic selenides affords products
derived from the reaction of both the substrate double bond and the selenide func-
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tional group.'” Oxidation at selenium is followed by elimination of the selenoxide,
affording chiral allylic alcohols with low enantioselectivity. Since the diol product
resulting from chemoselective alkene oxidation is formed with high enantioselectiv-
ity, it is unclear whether the low enantiomeric purity of the allylic alcohol products
results from racemization of the newly formed chiral center or from poor facial dis-
crimination in the dihydroxylation of the allylic selenoxides. The rate of oxidation
at selenium can be controlled by the electronic properties of the selenide, and allylic

2-nitrophenylselenides are selectively oxidized at the carbon-carbon double bond
(Eqg. 110).!53

(DHQD),PHAL (7), K,0802(0H),,

OH SeR
ScR K3Ee(CN)g, McSO,NH, o1l ¢
/v P /%\ * pepr
n-Pr K,CO»4, +-BuOH:H,0 (1:1) T ‘
‘ OH
I 1 (Eq. 110)
R 1 % ce 1I %73
Ph ®1%) 0 (7%) 94
Me (100%) 0 0% —
0-NO»Ph 0%  — (78%) 94

Whereas the enantioselective dihydroxylation of many nitrogen-containing sub-
strates has been reported using cinchona alkaloid catalysts, the reaction of allylic and
homoallylic amines does not proceed with useful yields or enantioselectivity. For
example, the enantiosclective dihydroxylation of N,N-dimethylcinnamylamine using
modified AD-mix B, wherein the loading of ligand and potassium osmate is in-
creased 1o 5 mol% and 1 mol%, respectively, affords only trace amounts of the diol
product after 36 hours at room temperature.''' Similarly, 4-phenyl-1-allylpiperazine
gives the corresponding diol product in 70% conversion and only 55% ee after
7 days at room temperature.!'! In sharp contrast to the above results, several suc-
cessful catalytic asymmetric dihydroxylations using cinchona alkaloid ligands have
been reported for substrates where the allylic or homoallylic nitrogen functionality
is protected as an imine, carbamate, or amide (Eq. 111).90'1 Thus, it appears that
turnover in the cinchona alkaloid catalyzed enantioselective dihydroxylation is de-
pendent on the basicity of the nitrogen functionality that is proximal to the reactive
double bond.

(DHQDY,PHAL (7)., K»Os05(0OH),.

" K5Fe(CN)g, MeSO,NH, OH ,
R - - R
R K,COs, --BuOH:H,0 (1:1) R
OH
R! R? ] % cc
Ph CH,NMe, (<5%)  —
oY (Eq. 111)
H NN Coey s
Ph CONEL, (96%) 96
HI/\N
| ) ©90%) 90
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Certain substrates possessing base-sensitive functionality decompose under the
moderately basic conditions of the catalytic enantioselective dihydroxylation using
potassium ferricyanide as the secondary oxidant. The basicity of the reaction can be
reduced somewhat by using a mixed sodium bicarbonate-potassium carbonate buffer
system. With these modified conditions, the asymmetric dihydroxylation of allylic
halides proceeds with good yields and enantioselectivities, especially when the AQN
ligands are used (Eq. 112).3¢!3% Unfortunately, total replacement of potassium car-
bonate with sodium bicarbonate results in a loss of catalytic turnover for the cin-
chona alkaloid catalyzed dihydroxylation. The reaction of unsaturated ketones
proceeds well using this mixed buffer system, which, in most cases, circumvents the
problems of epimerization at the a-carbon or retro-aldol fragmentation of the prod-
uct, a side reaction that may occur under more basic conditions (Eq. 113).1%

(DHOD),PHAL (7) or (DHQOD),AQN (30)

X _ Ky0s0,(OH), K3Fe(CN)g R)Oi(x
K;CO3-NaHCO3, MeSO,NH; or ou (Eq. 112)
1-2,disubstituted olefins )
R, = H, alkyl, aryl ~BuOH:H,0 (1:1) (75-89%), 83-98% ee
X =Cl, Br,1
(DHQD),PHAL (7). oH
W R K50s0,(0OH)4, K3Fe(CN)g, MeS?ENH2 QY R
0 K,CO3-NaHCO, I (Eq. 113)
+BuOH:H,0 (1:1) OH
R =n-CsH,,, Ph (69-87%), 92-98% ee

Whereas the enantioselective dihydroxylation of o, [-unsaturated ketones,
amides, and esters affords products of high enantiomeric purity in good yield, the
corresponding reactions of a,B-unsaturated aldehydes are generally not successful.
However, a,B-unsaturated N-methyl-N-methoxy amides (Weinreb amides) are good
substrates for the cinchona alkaloid catalyzed asymmetric dihydroxylation and can
serve as useful synthons for enantiomerically enriched 2,3-dihydroxyaldehydes
(Eq. 114).M1

(DHQD),PHAL (7), K50s0,(0OH)s,

Me OH Me
SR A s e iy
R n OMc ?ZCO3 BuOH:H,0 (1:1) R n OMe (Eq 114)
(6] ' OH O
R =Ph, n-Bu;n=0,1 (81-92%), 96-98% ec

EXPERIMENTAL CONDITIONS

Note: Osmium and its salts are highly toxic and must be handled using appropri-
ate personal protective equipment. OsQ, is very toxic by inhalation, in contact with
skin, and if swallowed. Osmium tetroxide is a highly volatile (bp 130°) low melting
solid (mp 40°) that should only be handled in a fume cupboard by qualified individ-
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uals using chemical-resistant gloves. Osmium salts should be properly disposed of
in specially designated containers. Further information can be obtained from the
Material Safety Data Sheet (MSDS) available from the supplier.

Stoichiometric Enantioselective Dihydroxylation
Using Chiral Diamine Ligands

Selection of Ligand. Significant research has been devoted to the study of
enantioselective dihydroxylation using stoichiometric amounts of chiral 1,2-diamine
ligands and OsO,. Although catalytic turnover is precluded by the high affinity of the
diamine ligand for osmium, very effective chiral ligands have been developed for the
cnantioselective dihydroxylation of a variety of alkene substrates. The 1,2-diamine
ligands that have been surveyed thus far belong to three ligand classes: (1) acyclic
1,2-diamines, as represented by ligand 44 derived from chiral 1,2-diphenyl-1,2-di-
aminoethane; (2) heterocyclic diamines, exemplified by the bis(pyrrolidino)ethane
ligand 118; and (3) cyclic diamines, such as ligand 23, derived from chiral 1,2~
diaminocyclohexane.

QLT e

NI 1IN / NH HN -
—BUI ‘\*Bu—[

23 (5,5)-44 118

These three ligands represent the best members of each ligand class based on sub-
strate scope and average enantioselectivity in the asymmetric dihydroxylation.
While subtle differences in enantioselectivity exist for each of the ligands in the
reaction of common substrates, such as styrene or dimethyl fumarate, ligand 23 has
the widest reported scope, with enantioselectivities for many substrates rivaling the
cinchona alkaloid catalyzed asymmetric dihydroxylations. The enantioselectivities
observed for the asymmetric dihydroxylation of cis alkenes are among the highest
reported, making 23 the ligand of choice for the oxidation of these substrates.

Solvent, Temperature, and Concentration. The choice of solvent for these re-
actions has a significant cffect on enantioselectivity and is best guided by empirical
observations for the ligand under consideration. The reaction is typically conducted
in an aprotic organic solvent, such as THF, toluene, or methylene chloride, under
anhydrous conditions. Complexation of the 1,2-diamine ligand with OsO, produces
a bright red or orange complex that is soluble and highly reactive at temperatures as
low as —110°. These reactions are generally conducted at these very low tempera-
tures to ensure low background reaction rates and optimum enantioselectivity. The
effect of concentration on rate and enantioselectivity has not been explicitly studied
for these reactions. Laboratory-scale reactions are generally conducted at relatively
low concentrations (0.04 to 0.2 M).

Recovery of Ligand and Osmium. Because these reactions require the use of
a stoichiometric amount of OsO, and the chiral ligand, procedures for the recovery
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of each of these components are critical for cconomic reasons. The tightly associated
ligand-bound osmate ester complex is typically broken up by a reductive quench
with either lithium aluminum hydride or aqueous sodium bisulfite. The chiral ligand
can typically be recovered through either extraction of the mixture with aqueous
acid, basification of the aqueous layer, and extraction of the ligand into an organic
solvent, or by chromatographic separation of the crude reaction mixture.!! The
recovery of OsO, is somewhat more complicated. Isolation of spent osmium is
accomplished by adsorption of the crude reaction mixture onto silica gel, followed
by separation of the dark-colored silica after elution of the diol product and the di-
amine ligand. Oxidation of the osmium-impregnated silica with a mixture of 30%
hydrogen peroxide and methylenc chloride, separation of the organic phase, and dry-
ing with MgSO, produces a concentrated solution of OsO, in methylene chloride
that contains >80% of the originally used osmium.!

Catalytic Enantioselective Dihydroxylation Using Cinchona Alkaloid Ligands

Selection of Ligand. Extensive studies on the effects of ligand structure on
enantiosclectivity have resulted in the discovery of specialized ligands for the highly
enantioselective oxidation of specific substrate classes. The choice of cinchona
alkaloid ligand is critical for highly enantioselective dihydroxylation and to a certain
extent can be empirical when the first selection does not yield satisfactory results.
Indeed, many extensions to the scope of the asymmetric dihydroxylation have been
discovered by surveying the panel of commercially available ligands in the oxidation
of a new substrate. Many cinchona alkaloid derivatives have been reported for the
asymmetric dihydroxylation of various substrates, and only those that are commer-
cially available or offer optimum selectivity for special substrate classes will be
reported here. The proper choice of cinchona alkaloid ligand can be guided by a few
simple observations of ligand-substrate preferences. Many of these observations
were detailed earlier in the description of the dihydroxylation of various substrate
classes and will only be briefly summarized here. The determination of which cin-
chona alkaloid derivative to be used (DHQ or DHQD) is dictated by the desired
direction of enantiofacial selectivity. The sense of enantioselectivity is readily pre-
dicted using the mechanistic models detailed carlier or can be simply estimated
using the mnemonic device depicted in Figure 2.

Recovery of the ligands upon workup is typically achieved by extraction of the
organic phase with aqueous acid, followed by basification of the aqueous phase and
extraction into organic solvent. In cases where the diol product is very hydrophilic
or easily extracted into aqueous acid, the cinchona alkaloid ligand may be recovered
upon chromatography of the product and typically elutes from silica gel with 5-10%
methanol in methylene chloride with 1% aqueous ammonium hydroxide added as
a modifier.

The bis(cinchona) alkaloids are optimum ligands for the dihydroxylation of the
vast majority of substrates and have replaced the first-generation mono-cinchona al-
kaloids for most applications. In general, the PHAL-linked ligands (DHQD),PHAL
(7) or (DHQ),PHAL (8) are often good first choices to explore the enantioselective
dihydroxylation of a new substrate.'
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OMe

(DHQD),PHAL (7) (DHQ),PHAL (8)

These ligands afford high enantioselectivities in the asymmetric dihydroxylation
of terminal, 1,1-disubstituted, E-1,2-disubstituted, trisubstituted, and tetrasubstituted
alkenes, and as such, offer the broadest substrate scope of the cinchona alkaloid
derivatives studicd to date. The highest enantioselectivities are obtained for alkenes
that possess an aromatic or non-bulky aliphatic substituent that can favorably
interact with the catalyst’s binding pocket. Terminal alkenes possessing bulky sub-
stituents and Z-1,2-disubstituted alkenes react with modest to poor enantioselectiv-
ity. Several variants of the PHAL-linked ligands, such as (DHQD),PYDZ (18),
(DHQD),DPP (35), and (DHQD),DP-PHAL (119) have been evaluated in the enan-
tioselective dihydroxylation of simple hydrocarbon substrates.!>®!37 Although the
(DHQD),DPP (35) and (DHQD),DP-PHAL (119) ligands afford somewhat higher
enantioselectivities for the oxidation of certain cis-alkenes, they generally offer com-
parable performance to the commercially available PHAL ligands.

Meo—4 b (T OMe

H® H

(DHQD),PYDZ (18)

The pyrimidine-linked ligands (DHQD),PYR (25) and (DHQ),PYR (26) address
some of the limitations of the PHAL-linked ligands for the dihydroxylation of ter-
minal alkenes possessing bulky aliphatic substituents.”” However, the PYR ligands
afford significantly lower enantioselectivity than the PHAL ligands in the dihydrox-
ylation of substrates posscssing aromatic substituents. The PYR ligands are truly
complementary to the PHAL ligands in that alkenes that work well for one ligand
class are generally worse substrates for the other.
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The PYR-linked alkaloids are the ligands of choice for the dihydroxylation of ter-
minal alkenes possessing branched aliphatic substituents, such as fert-butylethylene
and vinyleyclohexane, where enantioselectivities are significantly higher with this
class of alkaloids as compared to the PHAL-linked ligands. In some cases the mono
cincona alkaloid ligands, such as DHQD-PHN (6), offer comparable performance
for the enantioselective dihydroxylation of terminal alkenes possessing a bulky
aliphatic substituent. Each of these ligands is commercially available.

(DHQD),PYR (25)

DHQD-PHN (6)

The anthraquinone-linked ligands (DHQD)AQN (30) and (DHQ),AQN (31)
offer superior performance in the enantioselective dihydroxylation of allylically
functionalized terminal alkenes.®¢ Allylic halides and sulfonates are oxidized with
83-90% ee, affording functionalized chiral glycerol derivatives. This important sub-
strate class affords a variety of small chiral non-racemic building blocks for asym-
metric synthesis. The AQN-linked ligands provide the highest enantioselectivities
for the catalytic asymmetric dihydroxylation of indene and allylbenzene, two diffi-
cult substrates for the PHAL-linked ligands, and afford enantiosclectivitics compa-
rable to the PYR-linked ligands for the oxidation of n-alkyl-substituted terminal
alkenes. Like the PYR-linked ligands, the AQN ligands exhibit worse performance
than the PHAL-linked ligands in the enantiosclective oxidation of substituted
styrenes and other alkenes possessing aromatic substituents.

(DHQD)HAQN (30) (DHQ}LAQN (31)
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While the commercially available (DHQD),PHAL (7) and (DHQ),PHAL (8) lig-
ands and the related PYDZ-linked ligands provide excellent enantioselectivity in the
dihydroxylation of allylic 4-methoxybenzoates and homoallylic 4-methoxyphenyl
ethers, the reactions of bisthomoallylic) 4-methoxybenzoates proceed with substan-
tially lower facial selection using either of these cinchona alkaloid ligands. The
reactions of these substrates can be significantly improved by using ligand 98, which
is a mono-9:anthracenylmethyl quaternary ammonium salt of the (DHQD),PYDZ
(18) ligand (Eq. 115).8? Although this ligand is not commercially available, it is read-
ily prepared by reaction of (DHQD),PYDZ (18) with 9-chloromethylanthracene in
acetonitrile at 40°, followed by chromatographic purification. The improved facial
selectivity in the dihydroxylation of these substrates using the 9-anthracenylmethyl
quaternary ammonium salt derivative 98 is presumably derived from this ligand’s
deeper binding pocket, which can interact with functional groups of the substrate
that are remotely positioned relative to the double bond that is being oxidized.

5§
98
Ar = 9-anthryl
i g 9
_igand,

0}\(% Ko0sO5(0OH),, KaFe(CN)g RO

1 h P
‘R S Nome KaCOs, -BUOH L0 (1:1) OH OMe
R? R’>” “OH

Ligand

(Eg. 115)

! R? (DHQD),PYDZ (18) 98 i
H (99%), 82% ce  (91%), 86% cc
H (95%), 79% cc (99%), 90% ce
n-Bu H (99%), 33% ee (99%), 62% ee
H
M

t-Bu (88%), 92% ce  (919%),92% ec
e 97%), 89% ec  (98%), 90% ee

The low cnantioselectivity observed for the reaction of Z-alkenes remains a major
hurdle for the cinchona alkaloid catatyzed asymmetric dihydroxylation. Enantiose-
lectivities above 80% ee are rare, and the mono cinchona alkaloid ligands DHQD-
IND (60) or DHQ-IND (61) generally afford the highest enantioselectivities in the
dihydroxylation of these substrates.'?! In gencral, Z-3-substituted styrenes react with
higher facial selectivity as compared to non-aromatic substrates using this ligand. In-
terestingly, dihydronaphthalene reacts with substantially lower enantiofacial selec-
tivity as compared to Z-B-methylstyrene, suggesting that conformational flexibility
in the substrate, which allows the aromatic ring to twist out of the plane of the reac-
tive double bond, may be important for achieving high enantioselectivity. The



170 ORGANIC REACTIONS

reduction in facial selectivity that is normally observed with the DHQ-derived lig-
ands as compared to the corresponding DHQD-derived ligands is most striking for
the IND ligand class. Thus, while the enantioselective dihydroxylation of Z-8-
methylstyrene using DHQD-IND (60) affords the 1R,2S enantiomer with 72% ce,
the corresponding reaction with DHQ-IND (61) gives the 15,2R enantiomer with
only 59% ee (Eq. 116).12!

MeOQ O -OMe
N N
\ 7
Ne B = ~—( H H
=N o P
0- Y0 -
L

H
DHQD-IND (60) DHQ-IND (61)
Ligand,
Ph MeSO,NH,, K,COs, PH
+-BuOH:H,0 (1:1) (Eq. 116)
Ligand Config.

DIHQD-IND (60)  (66-90%), 72% ee  1R.2S
DHQ-IND (61)  (66-90%), 59% ee  1S,2R

Position-selective dihydroxylation of substrates possessing multiple unconju-
gated double bonds with similar substitution patterns is often problematic for the
PHAL-linked cinchona alkaloid ligands. The modified cinchona alkaloid ligands 92
and 120 offer superior position-selective asymmetric dihydroxylation of terpene
substrates such as farnesol and geranylgeraniol (Eq. 117).92 Position selectivities on

R
92 CH(Pr-n),
120 CH(Bu-n),
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Ligand, |
OAc  Ky0s05(0H),, K5Fe(CN)g (\C OAc
MeSONH, KoCOx o"\L‘
+-BuOH:H,0 (1:1) w (Eq. 117)
OH

Ligand Position Sclectivity % ee
(DHQD),PYDZ (18) (10%) L1 -
92 (54%) 50:1 95

the order of 50:1 to 100:1 in favor of the oxidation of the terminal prenyl unit are
obscrved using these ligands. The corresponding oxidations using (DHQD),PHAL
(7) are not position-selective and afford mixtures of diols and polyols in the reaction
of these substrates. Although these ligands are not commercially available, they are
casily prepared and offer convenient access to functionalized terpenes that are inter-
mediates for cation-m-cyclization reactions that afford polycyclic steroid precursors.

Solid-Supported Cinchona Alkaloid Catalysts

While the cinchona alkaloid-catalyzed asymmetric dihydroxylation is both very
efficient and highly enantioselective for a wide variety of substrates, the recovery of
the expensive chiral ligand from large-scale reactions can be difficult. Due to the
high cost of both the cinchona alkaloid ligands and OsO,, the development of facile
methods for efficient catalyst recovery has been the focus of much research. The use
of polymer-bound cinchona alkaloids as efficient and selective ligands for the enan-
tioselective dihydroxylation represents a major advance. Polymer-bound catalysts
for the asymmetric dihydroxylation can be divided into three classes: (1) insoluble
polymer-bound ligands; (2) soluble polymer-bound ligands; and (3) silica-anchored
ligands. Each of these classes has unique characteristics affecting reaction rate,
enantiosclectivity, and case of recovery of the chiral ligand and/or osmium catalyst.
The subject of solid-supported cinchona alkaloids and their use in catalytic asym-
metric dihydroxylation reactions has been reviewed elsewhere, and only state of
the art methods representing cach of the classes of solid-supported ligands are pre-
sented herein.'?®

The use of insoluble polymer-supported ligands for the catalytic enantioselective
dihydroxylation reactions offers the advantage of facile ligand recovery and the
potential for osmium recovery based on complexation with the polymer-supported
ligand. The effectiveness of polymer-supported cinchona alkaloid ligands is de-
pendent on the point of attachment of the cinchona alkaloid to the polymer support,
the characteristics of the polymer support, and the extent of ligand incorporation. In
general, the most effective polymer-bound cinchona alkaloid ligands are those in
which the polymer support is attached to the pendant vinyl group of the parent cin-
chona alkaloid. This attachment leaves open the possibility of incorporating alkaloid
ligands with different O(9) ether groups, allowing optimization of enantioselectivity
and substrate specificity by modification of this critical site. The characteristics
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of the polymer support atfect the ability of the polymer to swell in various media.
More extensive swelling generally Icads to higher reaction rates by increasing the
accessibility of the cinchona alkaloid OsO, complex to the substratc in solution.
Polymer supports incorporating polar functionality are more effective than those
with hydrophobic groups for catalytic asymmetric dihdyroxylation.'® The extent of
ligand incorporation is another important variable, and polymer-bound systems with
ca. 10—15 mol% ligand incorporation are optimum.

Among the most effective insoluble polymer-bound cinchona alkaloid ligands is
the copolymer 121.1% The hydrophilic functionality present on the polymer back-
bone allows efficient swelling in cither the acetone-water or aqucous fert-butyl
alcohol solvent systems.'®" Crosslinking of the polymer is essential to prevent
gelling of the insoluble ligand that complicates recovery, but the incorporation of
crosslinking agent should be limited to approximately 20% of the total polymer to
prevent deterioration of enantioselectivity.'®? Since some of the osmium catalyst is
lost in the mother liquor and the methanol that is used to wash the catalyst, an addi-
tional 0.2 mol% of OsO, must be added to the recovered catalyst for subsequent re-
actions. The catalyst can thus be recovered and reused for at least five recycles
without deterioration of either rate or enantiosclectivity.

Block Copolymer

OMe
et
-
ANl H %()
N R:O\}a,; HO O
T N-N - ~ 8 8
i 1 b o o) o 0
KS/\/()RR()\/\S o M ;&
02 02 \ /10 \ )70 \ 72()
121

The rate and enantioselectivity qbtained for the dihydroxylation of a variety of
alkenes parallels that observed for homogeneous reactions using the corresponding
soluble cinchona alkaloid ligands. As observed for the conventional asymmetric di-
hydroxylation, the PHAL-based ligand 121 provides superior enantioselectivity for
the dihydroxylation of the alkenes studied to date compared to polymer-supported
ligands with other linker groups, and reflects the catalyst preference obscrved for the
homogeneous reaction (Eq. 118).1%3
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R! OH

R! 121, K,0sO,(OH)4 /%/ R?
2 Ph
Ph&R KaFe(CN)g, K5CO3, L
t-BuOH:H,0 (1:1)
% ee (Eq. 118)

R R*  9%ce (DHQD)PHAL, homogencous)

H H (86%) 91 97

Me H  (88%) 94 94

H Ph (90%) >99 >99

—(CHY)y—  (85%) 97 99

The immobilized PYR ligand 122 is also an efficient catalyst for the enantiose-
lective dihydroxylation reaction of branched terminal alkenes (Eq. 119).'%* Unlike
the other polymer-supported ligands described above, a slight deterioration of enan-
tioselectivity is observed relative to the corresponding homogeneous reactions.

P 122, K5030,(OH), OH
+Bu” ™
KyFe(CN)g KsCOy, oy >OH
+-BuOH:H,0O (1:1) (80%), T6%ee
OMe
N th N
| )\ /

122

(Eq. 119)

Silica gel supported bis(cinchona) alkaloid ligands are also effective for the
catalytic enantioselective dihydroxylation reaction. Because the silica-supported
ligands reside on the surface of the silica, substrates can access the catalytic sites
easily, and reaction rates are comparable to those observed in the corresponding
homogeneous reactions. These solid-supported ligands are easily prepared by the
reaction of functionalized silica with the chiral monomer. Careful selection of
comonomers and control of crosslinking is obviated by the use of silica as the solid
support. Thus, treatment of silica gel with (3-mercaptopropyDtrimethoxysilane in
1:1 pyridine-toluene affords the functionalized silica support 123, which, when
treated with the chiral monomer 1,4-bis(9-O-quinyl)phthalazine and AIBN, affords
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the immobilized ligand 124 with approximately 16 wi% incorporation of the alka-
loid (Eq. 120).'% This solid-supported alkaloid is an excellent ligand for the catalytic
enantioselective dihydroxylation of aromatic alkencs under the standard conditions,
as, for example, in Eq. 121.'% The ligand can be recovered partially complexed with
osmium by simple filtration and reused with a modest reduction in reaction rate, but
no change in enantioselectivity.

AIBN, CHCly
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(Eq. 120)
124,
N K0s02(OH)4. K3Fe(CN)q (‘)H
PI - e — /\/ -
! KoCOs, 1-BuOH:H,0 (1:1) Ph . (Bq. 121)

(92%), 96.5% cc

Attachment of the bis(cinchona) alkaloid ligand to the silica support by the het-
eroaromatic linker group has also been accomplished, and effective solid-supported
catalysts based on the PHAL and PYR scaffolds have been successfully used for the
catalytic enantioselective dihydroxylation of aryl- and alkylsubstituted alkenes.!%0
Several functionalized silica supports can be used to immobilize the ligands, allow-
ing cither ester or ether functionality at the point of attachment, although attachment
via an ether group is preferred owing to its improved stability under the basic reac-
tion conditions used in the dihydroxylation. Recovery of the immobilized ligand
results in a loss of the osmium catalyst duc to the weak association constant
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(K, = 15--30) of the ligand-OsO, complex. Like the polymer-bound PYR-ligand
122, the silica-supported PYR ligand 125 is an cffective catalyst for the enantio-
scleclive dihydroxylation of aliphatic alkenes (Eq. 122),'% but enantioselectivity is
sometimes substantially lower than in the corresponding homogencous reactions.

125,
K>0505(0H)a. K1Fe(CN), OH
”’Cx“wA\ - — _ . /‘W()H
KaCOs, -BUOH:H,O (151 n-CyHy 7

(519%), 84% ce

(Fq. 122)

Several soluble polymer-supported cinchona alkaloid ligands have been devel-
oped for the catalytic enantioselective dihydroxylation of alkenes that circumvent
the prolonged reaction times and lower enantiosclectivities associated with some of
the insoluble polymer-supported ligands. Soluble polymer-supported cinchona alka-
loid ligands are all based on a poly(cthylenc glycol) monomethyl ether backbone,
which is completely soluble in either the aqueous tert-butyl alcohol or acetone sol-
vent systems used for the vast majority of catalytic enantioselective dihydroxylation
reactions. This solvent compatibility allows the use of either the NMO or ferri-
cyanide counteroxidants in the reaction. The solubility of the polymer requires an
additional precipitation step to allow recovery of the ligand by filtration. Typically,
tert-butyl methyl ether or diethyl ether is added to the reaction mixtare to precipitate
the catalyst, which is then recovered by filtration. An important advantage of using
soluble polymer-bound ligands is the ability to use them in conjunction with poly-
mer-bound substrates, cnabling high-throughput, automated synthesis with recovery
of both the ligand and the diol products by scparate filtration and precipitation
steps. 197 The bis(cinchona)alkaloids 126 and 127, which are attached to the soluble
polymer backbone via cither the quinuclidine sidechain or the heteroaryl linker
group, are superior ligands for the enantiosclective dihydroxylation and offer sclec-
tivities and reaction rates that are very similar to those of homogeneous reactions
(Eq 123)_108,169
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O/ \O H

127
Ligand, OH
3 Ky0502(0OH),, K3Fe(CN), .
ISR K2050,(OH),, KsFelC)s R‘X\ R2
K,COs, --BuOH:H,0 (1:1)
OH
R! R? Ligand %ec  Config.
Sz A OHIE Eq. 123
n-CgHyp H 126 (86%) 87 R (Eq )
-Bu H 126 (84%) 90 R
Ph H 127 (88%) 98 R
n-Bu n-Bu 127 80%) 97 R.R
Ph Ph 127 (95%) 99 R.R

Osmium Sources. Osmium is the only known transition metal for the enan-
tioselective dihydroxylation of alkenes. For many of the stoichiometric enantiose-
lective dihydroxylations using chiral 1,2-diamine complexes of OsO,, OsO, is used
directly as the osmium source. Osmium tetroxide is a light yellow, volatile, crys-
talline solid. It is typically stored in sealed ampoules at 0° to prevent loss to subli-
mation. It is available as both the free solid as well as a solution cither in toluene,
tert-butyl alcohol, or water. Because solid OsO, typically arrives as a single large
crystal that must be broken up prior to usc, many prefer to use solutions of OsO, to
minimize exposure during measurement and addition of the reagent. Osmium tetrox-
ide is both expensive ($110.00 per gram) and toxic. Since many of the enantiose-
lective dihydroxylations using OsO,-1,2-diamine complexes are carried out under
anhydrous conditions, either solid OsO, or OsO, in toluene is typically used.
Osmium tetroxide is also the preferred osmium source for catalytic reactions where
NMO is used as the secondary oxidant. Catalytic asymmetric dihydroxylation using
potassium ferricyanide as the secondary oxidant allows the use of potassium osmate
(VI) dihydrate as the osmium source. This easily handled, free flowing, purple crys-
talline solid is non-volatile and easily measured, thereby minimizing risk of exposure.

While procedures exist for the recovery and reuse of OsO,, they can be somewhat
cumbersome and result in poor recovery due to the volatility of the reagent. The
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development of polymer-supported osmium catalysts is one approach to allowing
convenient recovery and reuse of osmium. Microencapsulation of OsO, onto an
acrylonitrile-butadiene-polystyrene (ABS) copolymer has been successfully used in
both achiral and enantioselective catalytic dihydroxylations.'” The stability of some
of the microencapsulated osmiuim sources is somewhat dependent on the naturc of
the substrate. For example, polystyrene microencapsulated OsO, (PS-MC OsQO,) dis-
solves in the presence of styrene. The ABS-MC Os0, is stable in the presence of a
varicty of substrates and is the preferred polymer-supported osmium source for
enantioselective dihydroxylation (Eq. 124)."7 This microencapsulated polymer-
supported osmium source works well for both the NMO and potassium ferricyanide
supported dihydroxylations. Recovery of the osmium source is conveniently accom-
plished by simple filtration, and no deterioration in either rate or enantiosclectivity
is noted even after five recyclings.

(DHQD),PHAL (7),

2.5% ABS-MC OsOy

NMO, acetone-11,0,
(slow addition of alkene)

OH
N
pr I (Eq. 124)
OH
(90%), 92% ce

Secondary Oxidants. Several secondary oxidant systems have been developed
for the cinchona alkaloid catalyzed asymmetric dihydroxylation reaction. The first
catalytic process that was developed utilized NMO as the stoichiometric oxidant.
High conversion and enantioselectivity can be obtained using this oxygen source
provided that cxperimental conditions are carefully selected. Two catalytic cycles
exist that result in the conversion of the alkene substrate to the diol product with
differing rates and enantiosclectivities. The primary catalytic cycle results in highly
sclective and rapid dihydroxylation, whercas a sccondary cycle resulting from
alkene oxidation by the Os(VIII) ester intermediate results in a deterioration of the
overall rcaction rate and enantioselectivity. As discussed previously, the secondary
cycle can be circumvented by minimizing both the concentration of alkene and
Os(VIID) ester intermediate. Optimum conditions typically utilize a stoichiometric
amount of tetraalkylammonium acetate to accclerate hydrolysis of the Os(VIII)
ester. In many instances, slow addition of the substrate alkene is also necessary to
circumvent the sccondary cycle. The use of NMO as the secondary oxidant has sig-
nificant process advantages for large-scale reactions: (1) high concentrations can
be used; (2) there are no large amounts of salts required in the reaction and needing
handling in the subsequent workup; and (3) the N-methyl morpheline (NMM)
byproduct {rom the reaction is easily removed and can be recycled. Under careful
control of substrate addition rate, the rcaction can produce diols with very high enan-
tiomeric purity when run in aqueous rerr-butyl alcohol (Eg. 125).171 A solid to solid
process for the highly enantioselective oxidation of stilbene to hydrobenzoin has
recently been developed using this oxidant system (Eq. 126).172
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(DHQ),PHAL (8),

050y, NMO OH (Eq. 125)
Ph™ ™3 e T = : C(. N
+-BuOH:H,0 (3:2) M
(85-96%), 97% ce
0.25% (DHQD),PHAL (7), Ol
0.2% K7()S()7(OH)1
>~ _Ph - < B
Py T )h)\r}’h (Eq. 126)
NMO (60% in water), --BuOH, rt OH
1.0 kg 1.04 kg, 99% ee

Catalytic amounts of NMO may be used for the asymmetric dihydroxylation in a
new coupled catalytic system that utilizes hydrogen peroxide as the terminal oxi-
dant.!7»17* Oxygen or hydrogen peroxide are attractive terminal oxidants for indus-
trial applications, as they are both inexpensive and environmentally friendly. A flavin
catalyst is necessary for the reoxidation of NMM to NMO. The proposed catalytic
cycle detailing the transfer of oxygen from H,O, to the flavin catalyst and subse-
quently to NMM to regenerate NMO is shown in I:q. 127.174 Initial oxidation of the
flavin catalyst 128 by air produces the flavin peroxide 129, which rapidly recycles
NMM to NMO. The system leads to a mild, kinetically-controlled electron transfer
from the substrate alkene to hydrogen peroxide at ambient temperature. This oxidant
system can be applied to the enantioselective dihydroxylation using cinchona alka-
loid ligands. The reaction of both styrene and (E)-stilbene was rcported using
(DHQD),PHAL (7) as the chiral ligand, affording the diol products in 84—-87% yield
and 88% ee.!'” Slow addition of the alkene substrate is still required with this sys-
tem in order to achieve optimum reaction rate and enantioselectivity.

H ]Y' Me
/\/]\ VO O, (air) (I
\K/ Me \E/ "Me
H,0 El \
128 ;
/ B, 127
1,0, - //// NMM (Eg. 127)
l\dc
& Nop N2l NMO
A - N.
1‘\I+ Me
Ft O
‘-

Potassium ferricyanide has been successfully used as the stoichiometric oxidant
for a wide variety of alkene substrates and is the secondary oxidant of choice for
small-scale reactions. Because the second cycle is precluded by obligatory hydroly-
sis of the Os(VI) ester intermediate prior to oxidation to Os(VIII), there is no nced
for slow addition of the substrate alkene during the course of the reaction. Enantio-
selectivitics are generally higher with the use of this counteroxidant as compared to
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NMO. The reaction medium must be kept basic in order for catalytic turnover to be
achieved, and this can result in undesirable side reactions with base-sensitive sub-
strates. Potassium carbonate is typically used (o maintain a buffered alkaline
medium during the course of the reaction. With sensitive substrates, the pH can be
slightly fowered with the use of a mixed bicarbonate-carbonate buffer. No turnover
1s observed when bicarbonate is used as the sole buffer. In general, therc is no need
to add a catalyst to accelerate the hydrolysis of the Os(VI} ester intermediate when
the substrate has one unsubstituted alkenc carbon atom. However, when both carbon
atoms of the substrate double bond bear a substituent, it is typically necessary to add
a stoichiometric equivalent of methanesul{fonamide to accelerate the hydrolysis step.
In cases where the hydrolysis step is exceptionally slow (e.g. with tetrasubstituted
alkenes with all-carbon substituents), it is nccessary to add three equivalents of
methanesulfonamide to achieve rcasonable substrate conversion. Presumably
methanesulfonamide functions as a nucleophilic catalyst under the basic conditions
of the reaction. Alternatively, the rate of hydrolysis may be accelerated for these sub-
strates by careful control of the pH. Thus, under conventional conditions (3 equiva-
lents of K;Fe(CN),, 3 cquivalents of K,CO,), the pH of the reaction mixture slowly
decreases from 12.2 at the start of the rcaction to a final value of 9.9. However, with
the use of an automatic titration apparatus to maintain a pH ot 12.0, the overall re-
action rate can be dramatically increased without the need for methanesulfonamide.
Thus, for the catalytic enantioselective dibydroxylation of a-methylstilbene, com-
plete conversion of the alkene is observed after only 1.5 hours of reaction at pH 12.0,
whereas 21 hours are required under the conventional reaction conditions. There is
a slight reduction in enantioselectivity at the higher pH, and this lower selectivity
presumably results from competition of hydroxide ion with the chiral ligand for
binding to OsO,. These results are summarized in Eq. 128.7' This decrease in enan-
tioselectivity can be overcome by increasing the loading of chiral ligand from 1 mol%
to 4 mol%. Over-oxidation of diols derived from substituted styrenes and stilbenes
to benzoins is sometimes problematic under these more basic reaction conditions.”!

(DHQD),PITAL (7).,

2
EM Ko0s05(OH), KsFe(CNy, RO .
SUR? e
17 -BuOH:H,O (1:1), rt
R u 20 (It OH
A KCO5 (3 eq)
B: Automatic titration to pH 12.0 (Eq. 128)
R RT RS _ Time  Y%ec
n-Bu I n-Bu 3h (95%) 93

Ph Me Ph 20h (82%) 99
Ph Mc Ph 15h  (62%) 99

14

H A E

n-Bu  H n-Bu B 1.8 h (95%) 90
A
B

While the use of potassium ferricyanide as the counteroxidant has advantages of
convenience, disposal issues associated with large quantitics of iron salts and
cyanide have prompted several investigations into the use of coupled oxygen
sources. In these systems, a catalytic amount of potassium ferricyanide is used as
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the sccondary oxidant, and the oxidative regeneration of Fe(Ill) is mediated either
clectrochemically or by a tertiary oxidant. The direct electrochemical oxidation of
Os(VD) to Os(VUD) occurs in two stages with potentials of E£,(O) = —0.115V
(Eq. 129) and £,(O,) = +0.225V (Eq. 130), respectively.'” The first oxidation pro-
duces a species that is adsorbed at the clectrode surface, and therefore the rate of the
second electron transfer is not diffusion-controlled. The species resulting from the
first electron transfer is also reduced at £ (R ) = —0.225 V (Eq. 131).17

Os(VHO5(OH) - e Os(VIDO4OH) + H* (Eq. 129)
. He N 2 (Eq. 130)

Os(VINO5(OM)2" — = = Os(VDO5(OH),> a- 1
Os(VIDOYOHRE - ——+  Os(VIINOLOH),> + H (Eq. 131)

It is not necessary 1o usc a divided cell when the clectrochemical oxidation is con-
ducted in the prescnce of a mediator, such as K Fe(CN),, as the direct electrochem-
ical oxidation of K,O0s0,(OH),. which results in clectrodeposition of Os, is slow
relative to its oxidation by the mediator.)”™ A detailed investigation of the electro-
chemical dihydroxylation of stilbene revealed that an anodic potential of 400 mV or
larger is necessary to regenerate either ferricyanide or perosmate ion.!7® Direct elec-
trochemical oxidation of hydrobenzoin to benzaldehyde can occur at these poten-
tials, but does not significantly contribute to the observed current inefficiency. The
perosmate-catalyzed oxidation of hydrobenzoin to benzil is a more significant side
reaction. Preparative oxidation of stilbene was reported using 1.6 mol% OsO, and
40 mol% K, Fe(CN), with the DHQD-p-chlorobenzoate (4) ligand in aqueous tert-
butyl alcohol-watcr. A broad maximum in yield is noted when 85-90% of the
theoretical charge is passed, corresponding to 80—-95% alkene conversion and 17
turnovers of ferricyanide ion. The yield of hydrobenzoin decreases beyond this
point, presumably as a result of competitive perosmate-catalyzed oxidation of
hydrobenzoin. Under optimum coaditions, hydrobenzoin is produced in 94% yield
with 90-95% ee using this sysiem.

The enantioselectivity and scope of the clectrochemical osmium-catalyzed cnan-
tioselective dihydroxylation is dramatically enhanced by the use of thc PHAL-class
ligands.'”” The reaction is conducted in an undivided cell using platinum electrodes,
and the diol product may be obtained in high yield and enantiomeric purity using
as little as 10 mol% of potassium ferricyanide. Preparative runs are conducted at a
constant current of 2 mA /em? (applied voltage 1-3 V) until 2.33 F/mol (1.17 equiv-
alents) of electricity are passed. Yields and enantiosclectivities for the dihydroxyl-
ation of several alkenes of the terminal, E-1,2-disubstituted and trisubstituted alkene
classes are comparable to those obtained under the conventional reaction conditions
with potassium ferricyanide as the counteroxidant. Thus, the electrochemical oxi-
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dation of styrene affords the corresponding glycol in 95% yield and 97% ec
(Eq. 132).177

(DHQD),PHAL (7),
. . 0. OH
X , Kz()ioz(()Hh., KQ L((»N)o;lfzcoj

(e 5 Eq. 132
oy OH (Eq. 132)

2.33 ¥/mol, -BuOH:H,0O (1:1), 0¢
95%), 97% ce

lodine has been successfully used in both chemical and electrochemical dihy-
droxylations of alkenes using cinchona alkaloid catalysts and potassium osmate. !>
The reaction must be conducted under suitably basic conditions using either potas-
sium carbonate or potassium phosphate as the buffer salt, since hydrolysis of the
osmate ester precedes oxidation of Os(V1) to Os(VII) and requires an alkaline pH
(>11.0). Optimum conversion for the chemical oxidation using iodine is observed
when 1.5 equivalents of the counteroxidant are used, and yields and cnantiosclectiv-
ities for the dihydroxylation of substrates belonging to a variety of alkene classes
are generally very high (Eq. 133).170Y7 The yield for the oxidation of several a,[3-
unsaturated esters under these conditions is somewhat lower than that observed for
reactions using K Fe(CN), and can be optimized by using a more weakly basic
mixed buffer system (K,CO-KHCO,).

(DHQD),PHAL (7),

K20805(0H),. L, KoCOy on

P N N - Eq. 133
-BuOH:H,O (1:1), 0° ph/K/OH (Eq. 133)

(90%), 96.5% ee

PR

Electrochemical regencration of I, from I~ is also possible, and as little as 0.5
equivalents of 1, based on substrate can be used.'” The use of iodide rather than io-
dine as the initial mediator results in lower conversions and isolated yields. This is
because the lower redox potential of the Os(VI)-Os(VII) couple relative to the I,
couple precludes oxidation of I~ to I, in the presence of Os(V]) . As indicated car-
lier, this direct electrochemical oxidation of Os(VI) to Os(VIII) can result in elec-
trodeposition of the osmium catalyst, resulting in lower turnover; however, when
iodine is used as the initial mediator, it rapidly oxidizes Os(VI) to Os(VIII), result-
ing in a low concentration of Os(VI) in the diffusion layer that is replenished with
I~ ions that can be oxidized at the clectrode. Thus, under optimum electrolysis
conditions, K,0s(VI)O,(OH), undergocs a two-clectron oxidation mediated by
the clectrochemically produced active iodine oxidizing species. The resultant
K, Os(VIIDO,(OH), is in equilibrium with OsO,, which is transferred to the organic
phase and oxidizes the substrate.

The most attractive rcagents for the reoxidation of Os(VI) species are air or
oxygen, since they are the least expensive and most cnvironmentally friendly oxi-
dants. Oxygen can be used as a secondary oxidant for the catalytic cnantioselective
dihydroxylation without the use of an intermediate oxygen transter reagent. Alkene
substrates in five of the six alkene classes have been successfully oxidized without
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the use of methanesulfonamide or other additives to accelerate the hydrolysis of the
intermediate osmium ester specics. Substrates possessing bydrogen atoms alpha to
an aromatic substituent are prone to osmium-catalyzed over-oxidation of the diol
product, giving benzaldehyde, benzoic acid, and other oxygenated products.!”™
There is a strong dependence of reaction rate, chemoselectivity, and enantioselectiv-
ity on the pH of the aqueous phase. Under optimum conditions, the reaction is con-
ducted with a 3:1 ratio of ligand to potassium osmate, and the pH is maintained
between 10.4 and 11.2. More alkaline conditions result in sharply lower enantiose-
lectivity, presumably due to competition of hydroxide with the cinchona alkaloid
for coordination to osmium. The reaction rate can be enhanced by increasing the
oxygen pressure, but reactions run under a pure oxygen atmosphere should never be
conducted under >10 bar of pressure due to the risk of explosion. For each of
the substrate classes that were evaluated, the enantioselectivity of the reaction is
generally lower than that obtained using the conventional K;Fe(CN),-K,CO; system.
The observed substrate functional group compatibility, direction of enantioselectiv-
ity, optimum ligand, and substrate structure-enantioselectivity relationships are
similar to those observed under conventional conditions. The proposed catalytic
cycle is shown in Eq. 134 and is similar to that of the potassium f{erricyanide based

oxidant system.'”8
_ R
LK
R — T
// ™
O R \
0°0s0 , 20
10 OH o 305:
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Solvents and Concentration

Catalytic oxidations of alkenes with OsO, requirc an aqucous medium to effect
hydrolysis of the intermediate osmate ester. Asymmetric dihydroxylations using
potassium ferricyanide as the counteroxidant are typically triphasic at 0° (solid,
aqueous, and organic phases), with the hydrolysis and reoxidation steps occurring in
the aqueous phase, while the dihydroxylation step occurs in the organic phase. Oxi-
dations using NMO as the counteroxidant are typically homogeneous due to the
absence of salts. Dramatic effects of organic solvent on enantioselectivity have been
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shown, and zert-butyl alcohol is by [ar the preferred solvent for highly enantioselec-
tive dihydroxylations. A survey of other solvents, such as toluene, methylene chlo-
ride, acetone, acetonitrile, and chloroform in the enantioselective dihydroxylation of
simple substituted styrenes indicated that each of these solvents was inferior to fert-
butyl alcohol with regard to the enantiomeric purity of the diol product.®® Oxidations
with NMO as the secondary oxidant are typically performed in mixtures of acetone
and water, although the enantioselectivity of the reaction is dramatically improved
when conducted in aqueous fert-butyl alcohol.'™ The concentration of alkene in the
enantioselective dihydroxylation using potassium ferricyanide as the counteroxidant
is typically 0.1 M. For industrial scale applications, higher concentrations are
desired, and reactions using NMO as the stoichiometric oxidant can be carried out
at concentrations as high as 2.5 M.172

Reaction Temperature and Catalyst Loading

The enantioselectivity of the catalytic enantioselective dihydroxylation can be
sensitive to temperature, and reactions are typically conducted at 0 to 4°, except in
cases where catalyst turnover is slow, in which casc the reaction is conducted at
room temperature (c.g. tetrasubstituted alkenes with all carbon substituents). The
aqueous fert-butyl alcohol mixture typically used for the potassium ferricyanide sec-
ondary oxidant system freczes at temperatures lower than 0°,

Typical loadings for laboratory scale reactions are 1 mol% of ligand and 0.2 mol%
of osmium. Interestingly, cnantioselectivity is markedly insensitive to the relative
amounts of ligand and osmium. Successful dihydroxylations have been conducted
with as little as 0.01 mol % of ligand without a catastrophic reduction in enantiose-
lectivity. Thus for the dihydroxylation of trans-stilbene using (DHOQD),PHAL (7),
use of 0.01 mot % of (DHQD),PHAL (7) affords the diol product with 96% ee as
opposed to 99.8% ce under normal conditions.'® Alternatively, it is possible to in-
crease the amount of osmium in cases where catalytic turnover is slow. For sluggish
substrates, such as unactivated tetrasubstituted alkenes and o, B-unsatarated amides,
the catalyst loading is typically increased to 5 mol% of ligand and 1 mol% of os-
mium. The enantioselective dihydroxylation of cis-1,2-disubstituted alkenes requires
2 mol% of the IND ligand and 0.2 mol% of osmium.

Premixed Reagents for Catalytic Enantioselective Dihydroxylation

Premixed rcagents are available for the catalytic enantioselcctive dihydroxylation
reaction and are sold as AD-mix o and AD-mix § corresponding to dihydroxylation
of the o or B alkenc faces according to the mnemonic for prediction of enantiose-
lectivity (Figure 2). These commercially available mixtures are adjusted to provide
0.4 mol% of osmium and I mol% of ligand when used in the recommended ratio of
1.4 g of AD-mix for each millimole of alkene substrate.?° For particularly sluggish
reactions, additional ligand (ca. 5 mol%) and osmium (ca. 1 mol%) arc used, and
pre-mixed solid reagents at these ratios are sometimes referred 1o as Super AD-mix.
These AD-mixes are pre-mixed PHAL-based ligand, potassium osmate, potassium
ferricyanide, and potassium carbonate and are sold as AD-mix «, containing
(DHQ),PHAL (8) or AD-mix f3, containing (DHQD),PHAL (7). The recommended
contents of 1 kg of AD-mix are as follows: K Fc(CN),: 699.6 g; K,CO,: 293.9 g;
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(DHQD),PHAL (7) or (DHQ),PHAL (8): 5.52 g; and K,0s0,(OH),: 1.04 g.*° This
mixture should be thoroughly mixed in a blender and can be stored indefinitely at
ambient temperature in a dry environment. There are no pre-mixed reagents avail-
able at present containing other cinchona alkaloid ligands.

EXPERIMENTAL PROCEDURES

Procedures for the Synthesis of Ligands for Enantioselective Dihydroxylation

() oo (0

2. NaBH,, Me()H /*N/H HN—/
t-Bu Bu-f

H,N  NH,
(1R,2R)-N,N-Bis(3,3-dimethylpropyl)cyclohexane-1,2-diamine.” To a solu-
tion of (1R,2R)-cyclohexane-1,2-diamine (1.45 g, 12.7 mmol) in benzene (50 mL)
was added {reshly distilled 3,3-dimethylbutyraldchyde (2.8 g, 28 mmol). The flask
was fitted with a Dean-Stark apparatus, and the mixture was retluxed for | hour. The
solution was then evaporated to dryness, and the residuc was dissolved in methanol
(50 mL). Sodium borohydride (1.92 g, 50.8 mmol) was added portionwise at 0°. The
mixture was stirred overnight, the solution was acidified with 10% HCl to pH 2, con-
centrated, and extracted with CH,CL,. The aqueous solution was basified to pH 12
with 10% NaOH and cxtracted three times with CH,CL,. The organic layers were
dried over MgSQO,, filtered, and concentrated in vacuo. The residue was distilled
using a Kugelrohr apparatus to obtain 2.66 g (75%) of (1R,2R)-N,N"-bis(3,3-di-
methylpropyl)cyclohexane-1,2-diamine as a colorless solid: mp 67-68%; [«|39 —91.7°
(¢ 2.1, CHCly); '"H NMR (300 MHz, CDCly) 6 2.73 (1id, J = 5.7 Hz, 10.5 Hz, 2H),
2.40 (td, J = 5.7 Hz, 10.5 Hz, 2H), 2.12-2.03 (m, 4H), 1.75-1.65 (m, 2H), 1.45-1.17
(m, 8H), 1.05-0.90 (m, 2H), 0.89 (s, 18H).

/ —N
N / A
N-N -
c—’ Y=l MLO
dlh\quumldlm NZN
>/\ TMEDA n-BulLi, toluenc
PH  Ph H .

1,4-Bis(9-0-dihydroquinidyl)-6,7-diphenylphthalazine [(DHQD),DP-PHAL
(119157 In an oven-dried 50-mL round-bottom flask, a 2.5 M solution of n-BuLi
in hexanes (1.1 mL, 2.75 mmol) was added dropwise under N, to a suspension of
dihydroquinidine (0.815 g, 2.5 mmol) and TMEDA (0.58 g, 0. 75 mL, 5.0 mmol) in
tolucne (25 mL) at 0°. After 40 minutes, 6,7-diphenyl-1,4- dichlorophthalazine’”’
(0.35 g, 1.0 mmol) was added, and the mixture was heated to reflux. After 6 hours,
the mixture was cooled to room temperature, water (15 mL) and ethyl acetate
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(10 mlL.) were added, and the layers were scparated. The organic phasc was washed
with water (10 mL), and the combined aqueous layers were extracted with ethyl
acetate (10 mL). The combined organic layers were dried over MgSO,, filtered, and
concentrated to give a solid which was purified by flash chromatography
(CH,CI, + 5% CH,OH + 1% NH,OH) to give the title compound (0.45 g, 48%) as
a colorless solid: mp 154-157% R, 0.32 (CH,Cl,, 5% CH,OH, 1% NH,OH); [a]i
—273.3° (¢ 0.99, CHCl,); 'H NMR (400 MHz, CDCl,) 6 8 63 (d, J = 4.5 Hz. 2H),
8.34 (s,2H), 7.98 (d. J = 9.2 Hz, 2H), 7.56 (d, J = 2.6 Hz, 2H), 7.41 (d, J = 4.6 Hz,
2H), 7.37-7.31 (m, 8H). 7.26-7.23 (m, 4H). 7.06 (d, J = 3.3 Hz, 2H), 3.86 (s, 6H),
3.40 (q, J = 8.5 Hz, 2H), 2.83-2.71 (m, 8H), 2.04 (br s, 2H), 1.71 (br s, 2H),
1.58-1.39 (m, 12H), 0.73 (t, / = 7.0 Hz, 6H).

(1{ vie
l])dl()qul]ll’lL
T\/IFD/\ n-BuLi, toluene

1,4-Bis(9-0-dihydroquinyl)-6,7-diphenylphtalazine [(DHQ),DP-PHAL].'¥’
Using dihydroquinine (0.815g, 2.5 mmol) and the identical procedure used to pre-
pare 1,4-bis-(9-O-dihydroquinidyl)-6,7-diphenylphthalazine, a crude solid was pro-
duced which was purified by flash chromatography (CH,Cl, + 5% CH,OH + 1%
NH,OH) to give the title compound (0.64 g, 68%) as a white solid. This solid could
be further purified by crystallization from methylene chloride:hexane (1:5): mp
231-234% R, 0.32 (CH,Cl, + 5% CH,OH + 1% NH,OH); [«] +320.1°(c 0.95,
CHCI,); "H NMR (400 MHz, CDCl,) 8 8.64 (d, J = 4.5 Hz, 2H), 8.29 (s, 2H), 7.99
(d,J = 9.2 Hz, 2H), 7.62 (d, J = 2.5 Hz, 2H), 7.45 (d, J = 4.5 Hy, 2H), 7.37-7.30
(m, 8H), 7.25-7.20 (m, 4H), 7.07 (d, J = 5.9 Hz, 2H), 3.87 (s, 6H), 3.49 (q,
J = 6.3 Hz, 2H). 3.18 (m, 2H), 3.02 (dd, J/ = 13.6, 9.7 Hz, 2H), 2.59 (m, 2H), 2.33
(d,J =154 Hz, 2H), 1.78 (br s, 6H), 1.44-1.22 (m, 10H), 0.81 (t, J = 7.3 Hz, 6H).

NN \4L()/<2 j g \\
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Ph Ph |

5,8-Bis(9-0-dihydroquinidyl)-2,3-diphenylpyrazino[2,3-d|pyridazine
[(DHQD),DPP (35)]1.157 A solution of dihydroquinidine (13.9 g, 42.7 mmol) and
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N,N,N’N -tetramcthylethylendiamine (TMEDA) (17.1 mL., 95 mmol) in dimethox-
yethane (300 mL, distilled from sodium) was cooled to ~50° and n-butyllithium
(2.5M in hexanes, !7.1 mL, 42.7 mmol, 2.25 equiv) was added slowly. The
mixture was stirred for 15 minutes, Warmcd to room temperature, and 5,8-dichloro-
2,3-diphenylpyrazino[2,3-d]pyridazine (6.70 g, 18.95 mmol) was added. After hcat-
ing at reflux for 4 hours, thc mixture was cooled to room temperature, and H,O
(20 mL) was added together with ethyl acetate (500 ml.). The organic phase was
washed with saturated aqucous NaHCO; solution (100 mL). The aqueous layers
were extracted with ethy! acetate (3 X 100 mL ), and the combined organic phases
were dried over MgSO, and concentrated in vacuo. The residue was purified by flash
chromatography (5 ¢cm X 15 cm pad of silica, CHCl, + 0.5% MeOH + 0.5%
NH,OH) and was dried overnight in vacuo at 50° to atford 16.8 g (18.0 mmol, 95%)
of the title product as a pale yellow solid: mp 173-177% R, 0.15 (CHCL+5%
McOH+0.5% NH,OH); [a)¥ 345.6° (¢ 1.022, CHCl,); 'H NMR (400 MHz, CDCL,)
8§ 8.64 (d, J = 4.5 Hz, 2H), 7.97 (d, J == 9.2 Hz, 2H), 7.63-7.58 (m, 6H), 7.50-7.44
(m, 4H), 7.42-7.38 (m, 4H), 731 (d, J = 92, 2.6 Hz, 2H), 7.00
(d, J = 4.0 Hz, 2H), 3.74 (s, 6H), 3.43 (m, 2H), 2.82-2.78 (m, 6H), 2.70-2.65
(m, 2H), 2.15 (t, J = 10.6 Hz, 2H), 1.71 (br s, 2H), 1.56-1.33 (m, 12H), 0.67
(t, J = 7.2 Hz, 6H).
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5,8-Bis(9-0-dihydroquinyl)-2,3-diphenylpyrazino[2,3-d]pyridazine
[(DHQ),DPPL.!57  The title compound was prepared analogously to (DHQD),DPP
(35) (procedure above) using 5.8-dichloro-2,3-diphenylpyrazinol 2,3-dpyridazine
(1.035 g, 2.93 mmol), dihydroquinine (2.39 ¢, 7.32 mmol, 2.5 equiv), n-butyllithium
(2.5 M in hexanes, 2.93 ml, 7.32 mmol, 2.5 equiv) and TMEDA (2.2] mL,
14.7 mmol, 5 equiv) in dimethoxyethane (100 mL, distilled from sodium). After a
reaction time of 3 hours, analogous workup, flash chromatography (2.5 cm X 15 ¢m
pad of silica, CHCI, + 5% MeOH + 0.5% NH,OH), and drying overnight under
high vacuum at 50°, 2.554 g (2.74 mmol, 95%) of the title compound was obtained
as a pale yellow solid: R0 16 (CHCI, + 5% MeOH + 0.5% NH,OH); mp 175-180°%
[alF +441.7° (¢ 1.037, CHClg) 'H NMR (400 MHz, CDCl;) 6 8.64 (d, / = 4.5 Hz,
2H), 7.97 (d, J = 9.2 Hz, 2H), 7.65 (br s, 2H), 7.61-7.58 (m, 4H), 7.51-7.45 (m,
4H), 7.43-7.38 (m, 4H), 7.29 (dd, J = 9.2, 2.7 Hz, 2H), 6.93 (d, J = 5.5 Hz, 2H),
3.73 (s, 6H), 3.56-3.52 (m, 2H), 3.29-3.19 (m, 2H), 3.04 (dd, J = 13.5, 9.8 Hz, 2H),



ASYMMETRIC DIHYDROXYLATION OF ALKENES 187

2.61-2.52 (m, 2H), 2.33-2.27 (m, 2H), 1.96-1.71 (m. 8H), 1.49-1.23 (m, 8H), 0.83 (,
J = 7.3 Hz, 6H).

Cl
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i

1,4-Bis[0-6'-(4-heptyDhydrocupreidyl[naphthopyridazine (92).%2  To a solu-
tion of 0-6'-(4-heptylhydrocupreidine (1.7g, 4.2 mmol) in 140 mL of toluene was
added 1,4-dichloronaphthopyridazine'” (0.51 g, 2.1 mmol) and powdered KOH
(1.7g, 30 mmol). The mixture was heated to reflux with azcotropic removal of water
using a Dean-Stark trap. After 3 hours, the mixturc was cooled to room temperature,
diluted with 100 mL of H,0, and extracted with ethyl acetate (3 X 100 mL). The
combined organic extracts were dried over Na,SO,, filtered, and concentrated in
vacuo. The residue was purified by radial chromatography (8 mm silica plate,
10 ml./minute, CHCI,, followed by 97:3:0.3 CHCl;+MeOH+NH,OH) to afford
1.55 g (75%) of (92) a colorless syrup: R, 0.37 (CHCL;+ MeOH+NH,OH 9: 1:0.1);
lalf —275° (¢ 0.51, CHCLy).

Ny ‘/\ N N
) \/\O\h MeO™ \/ o)

iy V NN H\ Ar
‘ - 0 07
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Ar = 9-anthryl

3,6-Bis(hydroquinidyl)pyridazine-mono-9-anthracenylmethyl Chloride.3?
To a solution of 3,6-bis(thydroquinidyl)pyridazine (1.6 g, 2.2 mmol) in 4.4 mL
of acctonitrile was added 9-chloromethylanthracene (0.50 g, 2.2 mmol), and the re-
sulting mixture was stirred for 12 hours at 40°. After concentration in vacuo, the
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residue was purified by flash column chromatography (CHCl;+MeOH+NH,OH,
90:10:1), followed by radial chromatography (4 mm plate, CHCl;+McOH+
NH,OH, 98:2:0.2 10 90:10: 1), giving 0.85 g (40%) of a light yellow solid: R, 0.28
(CHCI;+MeOH-+NH,OH, 85:15:1.5); [aly +48° (¢ 0.18, CHCL); '"H NMR
(400 MHz, CD,0D) 6 8.73 (d, J = 4.6 Hz, 1H), 8.67 (s, [H), 8.39 (d,J = 9.0 Hy,
1H), 8.34 (d, J = 4.6 Hz, 1H), 8.27 (s, I1H), 8.10 (m, 3H), 7.88-7.82 (m, 2H),
7.72-7.66 (m, 2H), 7.64 (d, J = 9.3 Hz, 1H), 7.61 (d. J = 2.2 Hz, 1H), 7.58-7.52 (m,
3H), 7.51 (d, J = 4.6 Hz, IH), 7.44 (t, / = 8.2 Hz, 1H), 7.34 (d. J/ = 1.9 Hz, 1H),
7.17 (dd, J = 2.5, 9.2 Hz, 1H,), 7.00 (t, / = 7.4 Hz, [H), 6.91 (s, 1H), 5.96 (d,
J = 14.0 Hz, 1H), 5.66 (d, J = 14.0 Hz, 1H), 4.53 (m, 1H), 4.09 (s, 3H), 4.05 (m,
1H), 3.75 (s, 3H), 3.59 (m, 1H), 3.18 (m, 1H), 2.92-2.67 (m, 6H), 2.28 (m, 1H), 1.94
(s, 1H), 1.79 (m, 2H), 1.67-1.53 (m, 11H), 1.37 (m, 1H), 0.94 (t, J = 7.1 Hz, 3H),
0.79 (t, J = 7.3 Hz, 3H).

=N
MO AL Ar 1
Ar H dihydroquinidine H N_N \/L B
N-N s Y i R H\ N u-{

; “bu-f R
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6-Dihydroquinidyl-3-[1(S)-anthracen-1-yl-2,2-dimethylpropoxy]pyridazine
[DHQD-PYDZ-(S)-Anthryl Ligand].’* To a suspension of dihydroquinidine
(0.114 g, 0.350 mmol) in toluene (3 mL) was added KOH (0.070 g, 1.3 mmol, pul-
verized prior to use) and 3-[(8)-1-anthracen-1-yl-2,2-dimethylpropoxy|-6-chloropy-
ridazine” (0.12 g. 0.32 mmol). The resulting mixture was heated at reflux (140° bath
temperature) for 45 minutes (larger scale reactions require azeotropic removal of
water using a Dean-Stark trap). After the mixture was cooled to room temperature,
15 mL of H,O was added, and the mixture was extracted threc times with ethyl
acetate (30 mL). The combined organic extracts were dried over Na,SO,, filtered,
and concentrated in vacuo. The residue was purified by flash chromatography
(MeOH+CHC1,+NH,OH, 3:97:0.3) to give 0.19 (88%) of a light yellow syrup:
(]2 +188.5° (¢ 0.20, McOH); 'H NMR (CDCl,, 500 MHz) 6 8.85 (s, 1H), 8.53 (dd,
J =15, 4.4 Hz, 1H), 8.37 (s, 1H), 8.06 (d, J = 5.7 Hz, IH), 7.95 (d, J = 7.4 Hz.
1H), 7.84 (m, 2H). 7.56 (d, J = 4.9 Hz, 1H), 7.45 (m, 2H), 7.36 (m, 2H). 7.27
(d,J =7.2Hz, IH),7.18(d,J = 8.5 Hz, 1H), 7.08 (s, IH), 7.00 (d, ] = 8.9 Hz, TH),
6.91 (d, J = 9.4 Hz, 1H), 6.88 (s, 1H), 3.50 (s, 3H), 3.35 (m, [H), 2.81 (m, 2H),
2.63 (m, 2H), 1.90 (m, 1H), 1.71 (s, 1H), 1.47 (m, 6H), 1.08 (s, 9H), 0.89 (t. J =
7.2 Hz, 3H).
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2,5-Diphenyl-bis(9-0-dihydroquinidyl)pyrimidine [(DHQD),PYR (25)].”7
Hydroquinidine hydrochloride (75 g) was added to concentrated aqueous NH,OH
(500 mL). The resulting suspension was extracted with CH,Cl, (3 X 200 mL). The
combined organic extracts were washed with aqueous NH,OH (200 mL) and H,O
(200 mL), dried over MgSO,, filtered, and concentrated in vacuo, affording dihy-
droquinidine (54 g} as a colorless solid.

A 50-mL flame-dried one-nceck round-bottom flask was charged with dihydro-
quinidine (2.58 g, 7.66 mmol), 2,5-diphenyl-4,6-dichloropyrimidine (1.15 g,
3.83 mmol)”’, K,CO, (1.6 g, 11.5 mmol), and anhydrous toluene (30 mL). The flask
was flushed with nitrogen and equipped with a Dean-Stark condenser. After the mix-
ture was stirred at reflux (oil bath temperature 135%) for 2 hours, KOH pellets
(729 mg, 13.0 mmol) were added, and the mixture was refluxed with azeotropic re-
moval of water for an additional 12 hours. The light orange solution was cooled to
room temperature, diluted with H,O (100 mL), the layers were separated, and the
aqueous layer was extracted with CH,CI, (3 X 50 mL). The combined organic lay-
ers were dried over MgSO,, filtered, and concentrated in vacuo. The crude, pale yel-
low solid was crystallized {rom acetonitrile (100 mL), affording the title compound
as fluffy white crystals (2.6 g. 77%): mp 253-254°; 'H NMR (400 MHz, CDCl,)
68.72(d,J=4.4Hz,2H),8.01 (d,J = 9.2 Hz, 2H), 7.59-7.44 (m, 9H), 7.40-7.37
(m, 4H), 7.20 (1, J = 7.3 Hz, 1H), 7.03-6.97 (m, 4H), 3.82 (s, 6H), 3.13-3.11
(m, 2H), 2.81-2.55 (m, 8H), 1.81-1.75 (mm, 2H), 1.59 (br s, 2H), 1.47-1.25 (m, 8H),
0.97 (m, 4H), 0.69 (t, J = 7.2 Hz, 6H).
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2,5-Diphenyl-4,6-bis(dihydroquinyl)pyrimidine [(DHQ),PYR (26)].77 This
ligand was prepared following the same procedure described in the section above.
Starting from dihydroquinine (1.0 g), the title compound (0.98 g, 72%) was obtained
as white crystals after crystallization from ethyl acetate (10 mL): 'H NMR
(400 MHz, CDCly) 8 8.69 (d, J = 4.5 Hz, 2H), 8.01 (d, J = 9.2 Hz, 2H), 7.59-7.55



190 ORGANIC REACTIONS

(m, 4H), 7.50-7.46 (m, 5H), 7.39 (dd, J = 2.6, 9.2 He, 2H), 7.33 (d, J = 4.5 Hz,
2H), 7.18 (1. J = 7.3 Hz, 1H), 6.97 (t, J = 7.6 Hz, 2H), 6.90 (br s, 2H), 3.83 (s, 6H),
3.15-3.09 (m, 4H), 2.96 (dd, J = 10.0, 13.4 Hz, 2H), 2.56-2.49 (m, 2H), 2.29
(d, J = 12.7 Hz, 2H), 1.63—1.54 (m, 6H), 1.30 (br s, 2H), 1.24-1.15 (m, 8H), 0.75
(t,J = 7.3 Hz, 6H).
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1,4-Bis(dihydroquinidyl)benzo|g]phthalazine-5,10-dione [(DHQD),AQN
(BM].86 A solution of dihydroquinidine (3.33g, 10.3 mmol) in dry THF was cooled
to —50° and a solution of n-butyllithium in hexane (1.6 M, 6.4 mL, 10.25 mmol)
was added slowly over 10 minutes. The pale red solution was stirred for 15 minutes,
warmed to 0°, and difluoroanthraquinone® (1.00g. 4.10 mmol) was added as a solid.
The mixture was warmed to room temperaturc and was stirred for 15 hours. After
warming to 40°, the mixture was stirred {or another 2 hours. For reactions conducted
on a larger scale, the solvent was removed in vacuo at this point. Ethyl acetate
(200 mL) was added along with saturated aqueous NaHCO, solution (100 mL). The
aqueous phase was extracted twice with 100 mL of ethyl acetate, and the combined
organic layers were dried over MgSO,, filtered, and concentrated in vacuo. Purifica-
tion of the crude product by flash chromatography on silica gel (4 X 15 cm,
CHCI;+McOH~+NH,OH, 95:5:0.5) afforded (DHQD),AQN (30) as yellow solid
(3.107 g, 3.625 mmol, 88%): mp 152-157°; [a]}y —487° (¢ 1.1, CHCL); '"H NMR
(CDCl,, 400 MHz) 6 8.65 (d, J = 4.5 Hz, 2H), 8.22 (dd, J = 5.8, 3.3 Hz, 2H), 8.02
(d, J = 9.4 Hz, 2H), 7.79 (dd, J = 5.7, 3.3 Hz, 2H). 7.49 (d, J = 4.2 Hz, 2H), 7.36
(dd, J = 9.4, 2.2 Hz, 4H), 6.65 (s, 2H), 5.87 (br s, 2H), 3.92 (s, 6H), 3.24 (br s, 2H),
2.81-2.41 (m, 8H), 2.41 (brs, 2H), 1.77-1.25 (m, 14H), 0.84 (t, J = 7.3, 6H).
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1,4-Bis(dihydroquinyl)benzo|g]phthalazine-5,10-dione [{(DHQ),AQN (31)].3
The synthesis is analogous to that of (DHQD),AQN (30) described above. Dihydro-
quinine (3.35 g, 10.25 mmol), a-butyllithium in hexane (1.6 M, 6.4 mL,, 10.25 mmol),
and difluoroanthraquinone (1.00 g. 4.10 mmol) afforded (DHQ),AQN (31) (2.967 g,
3.462 mmol, 849%) as a yellow solid: mp 177—180°% [a]F +579° (¢ 1.18, CHCL,); 'H
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NMR (CDCl,, 400 MHz7) 6 8.64 (d, J = 4.5 Hz, 2H), 8.28 (dd, J = 5.7, 3.3 Hz, 2H),
8.03 (d, J = 9.2 Hz, 2H), 7.79 (dd, J = 5.7, 3.3 Hz, 2H), 7.43 (d, J = 4.5 Hz, 2H),
7.37(dd, J = 9.2, 2.5 Hz, 2H), 7.32 (br s, 2H), 6.61 (br s, 2H), 5.95 (br s, 2H), 3.92
(s, 6H), 3.23 (br s, 4H), 3.05 (dd, / = 13.4, 10.0 Hz, 2H), 2.35-2.61 (m, 6H), 2.05
(br s, 2H), 1.92 (br s, 2H), 1.59 (br s, 2H), 1.14-1.44 (m, 8H), 0.80
(t, / = 7.3 Hz, 6H).

/4\///le N-
MeO™ A
H. H
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(DHQD),PHAL—EGDMA—HEMA Block Copolymer Ligand (121).12 A

solution of 1,4-bis-[12-(4-vinylbenzoyloxyethanesulfonyl)-9-O-dihydroquinidyl]-
phthalazine (0.32 g, 0.25 mmol), hydroxyethyl methacrylate (HEMA, 0.22 ml,
[.7 mmol), and cthylene glycol dimethacrylate (EGDMA, 0.1 mL, 0.5 mmol) in ben-
zene (10 mL) was added to benzene (90 ml) at 80°. The polymerization was initiated
by the addition of AIBN (0.063 g, 0.038 mmol) and the mixture was stirred for
24 hours. The precipitated polymer was filtered, extracted with methanol and ace-
tone using a Soxhlet extractor, and concentrated in vacuo, affording a 76% yield
of the title compound. Nitrogen analysis indicated a 9.51 mol% loading of chiral
alkaloid.

Procedures for the Enantioselective Dihydroxylation of Alkenes

OH

. .23, 0504, CHoCla, ~90°
MO C/\W('one 123, 0504, CH,Cly, 90 . ‘ CO,Me
MeO,C 2. Nal1SO;, THI-H,0 McO,C

oH

S,S-Diethyl Tartrate [Stoichiometric Enantioselective Dihydroxylation Using
a Chiral 1,2-Diamine Ligand].® To a solution of (1R,2R)-N,N -bis(3,3-dimethyl-
butyl)cyclohexane-1,2-diamine (117 mg, 0.416 mmol) in CH,ClL, (4 mL) at —90°
was added OsO, (4.1 mL of a 25 mg/mL CH,CIl, solution, 0.403 mmol). After the
resulting mixture was stirred for 30 minutes at —90°, dimethy! fumarate (50 mg,
0.347 mmol) in CH,CI, (5 mL) was added dropwisc over 30 minutes. The resulting
mixture was stirred at —90° for 5 hours. Sodium bisulfite (1.15 g) was then added,
and the mixture was concentrated in vacuo. The residue was dissolved in THF
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(8 mL) and H,O (0.5 mL), and the solution was refluxed for 2 hours. Evaporation of
the solvents afforded a black residue that was dissolved in CH,Cl, (20 mL), and the
solution was dried with Na,SO,. Flash column chromatography (ethyl acctate:hexa-
nes, 55:45) gave (S,5) diethyl tartrate (41 mg, 67%): [a]¥ —16.4° (¢ 1.28, H,0) of
96% ee based on both the 'H NMR and "F NMR of its Mosher’s ester derivative.

OMe
OMe (DHOQD),PHAL (7), ¢
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, OPr-
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2-(2'-1sopropoxy-3’-methoxyphenyl)-2-hydroxyethanol [ Catalytic Asymmet-
ric Dihydroxylation Using NMO as the Secondary Oxidant].!'’! To a 50-L
three-neck flask was added K,0s0,(OH), (34.5 g, 0.09 mol), (DHQD),PHAL (7)
(81.6 g, 0.10 mol), NMO (60 wt% in H,0, 3.0 L, 17.4 mol), tert-butyl alcohol (14
L), and H,O (10 L). The flask was fitted with a mechanical stirrer, and the reaction
mixture was stirred until the solution cleared. 2-Isopropoxy-3-methoxystyrene (2.5 kg,
2.2 L, 13.0 mol) was then added at a rate of 5.6 mL/minute using a peristaltic
pump, such that the tip of the tubing was immerscd in the solution. The temperature
of the solution was kept at 20 = 5° by an external temperature control. Samples were
taken at 1-hour intervals and checked to make sure that the alkenc content did not
exceed 3% and the cnantiomeric purity did not fall below 92% by GC and HPLC
(chiral column), respectively. At this rate of addition, the alkenc content never
exceeded 0.7%, and the enantiomeric purity was never below 95%. After addition
of the alkcne, the resulting orange solution was stirred unti! the alkene content was
less than 0.5%, after which time were added toluene (12 L) and a solution of Na,SO,
(1.9 kg) in H,0 (4.7 L). After stirring overnight, the phases were scparated and the
organic phase was washed with an aqueous solution of Na,SO, (0.8 kg in 5 L of
H,0). The chiral ligand was extracted from the organic phase using H,S0, (0.33 L)
in aqucous Na,SO, (1.6 kg in 10 L of H,0), and the resulting acidic solution was
made basic with NaOH and then extracted with toluene (0.70 L). The ligand (61 g)
was recovered pure (98% according to HPLC) as a white powder after drying of the
solution and evaporation of the solvent. The organic phase remaining after acid
extraction was dried with K,CO, (1.0 kg), and the solvent was evaporated under
vacuum at 60° to yicld 2.5 kg of a light brown oil (94% pure according to GC and
an cnantiomeric purity of 95%), which crystallized upon standing. 'H NMR
(500 MHz, CDC15) 6 7.05-6.80 (m, 3H), 5.15 (m. 1H), 4.65 (m, 1H), 3.85 (s, 3H),
3.75 (m, 1H), 3.65 (m, 1H), 3.10 (br s, 1H), 2.50 (br s, 1H), 1.30 (dd, 6H).

(DHQD),PHAL (7),

. OH
Lo ROOODNMO_ ),
BuOH-H,0, 20°, 14 h (];{

(R,R)-(+)-1,2-Diphenyl-1,2-ethanediol {Solid to Solid Asymmetric Dihydrox-
ylation with NMOJ.'”2 A 5-L round-bottomed flask. equipped with a large
magnetic stir bar, was charged with (DHQD),PHAL (7) (10.89 g, 0.25 mol%),
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trans-stilbene (1 kg, 5.6 mol), NMO (1.4 L of 60% aqueous, NMO, Aldrich), and
tert-butyl alcohol (2.24 L). The flask was placed in a water bath (initially at about
20°, and no further efforts were made to control the temperaturc). Potassium os-
mate(VI) dihydrate (4.12 g, 0.2 mol%) was added under stirring. (Caution: substi-
tution of OsO, results in a substantial exotherm which reduces the yield and
enantiomeric purity of the product.) The reaction mixture was then stirred until all
the stilbene was consumed as monitored by T1.C (about 14 hours). The reaction was
quenched by the addition of 4,5-dihydroxy-1,3-benzenedisulfonic acid disodium salt
monohydrate (Tiron, Aldrich, 10 g) followed by stirring at room temperature for
3 hours. The resulting mixture was poured into H,0 (3 L) and stirred for another
3 hours. The crude product was collected by filtration, washed with H,O until col-
orless, and dried under vacuum, yielding (R,R)-1,2-diphenyl-1,2-ethanediol as a col-
orless powder (910 g, 76%, 99% ee). To recover the ligand, the largely aqueous
filtrate was stirred with ethyl acctate (2 L) for 1 hour. The resulting organic phase
was separated and then extracted with 0.5 M H,SO, (2 X 250 ml.). To these com-
bined acidic extracts was added CH,Cl, (500 ml.), and this mixture was stirred while
sodium carbonate was added unti] the pH of the aqueous phase was ca. 10 or 11. The
organic phase was washed with H,O, dried over MgSO,, and concentrated to give
(DHOQD),PHAL (7) (10 g, 95% recovery). An dddlll()nd] 130 ¢ of (R,R)-1,2-
diphenyl-1,2-cthancdiol was obtained from the cthyl acetate phase after evaporation
of the solvent (11% yicld, 99% ce), for an overall yield of 87% (1.04 kg). The enan-
tiomeric excess was determined by HPLC analysis of the bis(MTPA) ester of the diol
using a Chiralcel® OD column: mp 148-150% [«]f +95° (¢ 0.87, EtOH); '"H NMR
(400 MHz, CDCl,) 6 7.22 (m, 6H), 7.11 (m, 4H), 4.67 (s, 2H), 3.00 (br s, 2H).

(DHQD).PHAL (7) or (DHQD),AQN (30),
Ko0802(0H);. KiFe(CN)g. MeSO,NH,

K,CO3-NaHC O, t-BUOH:HA0 (1:1) Ri . X

OH

I~
Rl/\/\ X

Buffered Asymmetric Dihydroxylation Protocol.'™  To a well-stirred solution
of (DHQD),PHAL (7) (8§ mg, 1 mol%), K,0s0,(OH), (1.8 mg, 0.5 mol%),
K Fe(CN), (988 mg, 3 mmol), K,CO, (415 mg, 3 mmol), NaHCO; (252 mg,
3 mmol), and CH,SO,NH, (95 mg, | mmol) in tert-butyl alcohol:water (1:1, 10 mL)
at 0° was added the appropriate allylic halide (1 mmol). After the reaction was fin-
ished (TLC), 1.0 g of Na,S,0, was added and stirring was continued for 30 minutes.
The layers were scparated, and the aqueous layer was extracted with ethyl acetate
(30 mL). The combined organic layers were washed with 1 N KOH (5% aqueous),
HCI, and brine, and then dried over MgSO, and concentrated. The crude halo diol
was purified by flash chromatography on silica gel.

0
(DHQD)PYDZ (18). I
j\ K050,(01 )z, K3ke(CN)g no O T
RQ o T R N
7

Me  KC (),;.,IBU()H.HZO(I b R ~ ST OMe

R HOYR?

General Procedure for the Asymmetric Dihydroxylation of Allylic
4-Methoxybenzoates. A mixture of K,CO, (3.00 equiv), K;Fe(CN), (3.00 equiv),
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K,0s0,(OH), (0.005 equiv), and (DHQD),PYDZ (0.01 equiv) in tert-butyl
alcohol:water (1: 1) was cooled to 0°. The resulting suspension was treated with the
corresponding alkene (1 equiv, 0.08 M alkene concentration with respect to total
reaction volume), stirred until the reaction was complete (TLC), and was quenched
by addition of Na,SO; (12 equiv). The resulting mixture was stirred for 5 minutes,
warmed to room temperature over 5 minutes, and was partitioned between ethyl
acetate and minimal H,O. The organic extract was washed twice with brine, dried
with Na,SO,, and concentrated in vacuo. The residuc was filtered through a silica gel
plug eluting with ethyl acetate, and the filtrate was concentrated in vacuo to afford
the product.

O Ph 117, Q Ph

2 $O-(O)s, KsFe(CN
0 K050,(01);, KsFe(CN)g > 0)\ + diol
| KaCOs, £BuOH: 1,0 (1:1), 0° 1| i
MeO

McO

(R)-(-)-1-Phenyl-2-propen-1-yl 4-Methoxybenzoate [Kinetic Resolution].%?
A mixture of K Fe(CN), (0.24 g, 0.73 mmol), K,CO; (0.10 g, 0.73 mmol),
DHQD-PYDZ-(S)-anthryl ligand (1.6 mg, 0.0024 mmol), (+/—)-1-phenyl-2-propen-
1-yl 4-methoxybenzoate (0.065 g, 0.24 mmol), and dibutyl phthalate (0.05 mL,
added as an internal standard) in fert-butyl alcohol:water (1:1, 3 mL) was stirred for
20 minutes at 0°. Approximately 0.025 mL of this mixture was quenched with satu-
rated aqueous Na,SO; (0.05 mL) and extracted with ethyl acetate (0.1 mL). The
organic layer was concentrated (reduced pressure, 23° bath temperature) and
analyzed by HPLC (Regis Whelk Ol column at 23°, 5% 2-propanol-hexane,
I mL/minute flow rate; A235 nm: retention times (R) 9.9 minutes, (5) 16.6 minutes,
dibutyl phthalate 11.9 minutes). The reaction was initiated by addition of
K,0s0,(OH), (0.45 mg, 0.0012 mmol) to the reaction mixture, and aliquots were
taken and analyzed using the above procedure every 5-10 minutes. After all of one
enantiomer had reacted, the mixture was quenched with 2 mL of saturated aqueous
Na,S0,, and was extracted with ethyl acetate (3 x). The combined organic layers
were washed with brine (2 X 10 mL), dried over Na,SO,, filtered, and concentrated
in vacuo. Flash chromatography [cthy! acetate:hexane (1:1) to clute alkene, fol-
lowed by ethyl acetate to clute diols] gave recovered (R)-(—)-1-phenyl-2-propen-1-yl
4-methoxybenzoate (0.026) g: [all —21.7° (¢ 0.35, EtOH), and diol (0.036 g, 50%).

OA(. OAc

9. ¢
KoOsO2(OH)y KsFe(CN)y o~/ b
Q j/ K>C 03, MeSO,NH, o w
|

HO o
~BuOH:H,0 (1:1). 0° H(ﬂ

(10R)-10,11-Dihydroxy-10,11-dihydrofarnesyl Acetate [Asymmetric Dihy-
droxylation of Non-Conjugated Polyalkenes].*%!42 A mixture of 1,4-bis|O-6'-(4-
heptylhhydrocupreidyl naphthopyridazine (92) (46 mg, 0.040 mmol), K,0s0,(OH),
(7.4 mg, 0.0020 mmol), K;Fe(CN), (1.98 g, 12 mmol), K,CO; (1.07 g, 12 mmol),
CH,SO,NH, (0.38 g, 4.0 mmol), 2,6-E,E-farnesyl acetate (1.06 g, 4.0 mmol), and
tert-buty! aicohol:water (1 : 1, 40 mL) was stirred at 0° for 19 hours. The mixture was
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treated with saturated Na,SO; solution (15 mL) and then aqueous Na,S,0; solution
(15 mL) at 0°, and was warmed to room temperature over 45 minutes. The resulting
mixture was extracted with ethyl acetate (4x20 mL), and the combined extracts were
washed with 3 M aqueous KOH, brine, dricd over Na,SO,, and concentrated in
vacuo. The residue was scparated by silica gel chromatography (1:1 ethyl ac-
etate:hexane) to give unreacted farnesyl acctate (195 mg, 20%), 6,7-dihydroxy-6,7-
dihydrofarnesy! acetate (6 mg, 0.5%), and the title compound (754 mg, 80%; 64%
uncorrected for recovered farnesyl acetate; 96% ee): [a]% +20° (¢ 0.72, MeOR).
Elution with ethyl acetate:ethanol (5:1) afforded 6,7,10,11-tetrahydroxy-6,7,10,11-
tetrahydrofamesy! acctate (184 mg, 14%). The ligand (35 mg, 76%) was recovered
by eluting the column with CHCl;+MeOH-+NH,OH, 20:1:0.1.

(DHQD),PHAL (7),

! K50502(0OH)4, Oy -~ ,OH
- = = ) OH
Ph/& Ph/</

+-BuOH-H,0, pH 104, 50°, 24 h

2-Phenyl-1,2-propanediol [Asymmetric Dihydroxylation Under Atmospheric
Oxygen Pressurel.!’® In a 100-mL Schlenk tube, K,0s0,(OH), (3.7 mg,
0.01 mmol) and (DHQD),PHAL (7) (23.4 mg, 0.03 mmol) were dissolved in a mix-
ture of zert-butyl alcohol (10 mL) and an aqueous buffer solution (25 mL, pH 10.4).
The Schlenk tube was then purged with O,, and the biphasic mixture was warmed to
50° in an oil bath. Then a-methylstyrene (260 pl, 2 mmol) was added in one por-
tion by a syringe and the tube was connected to a graduated gas buret filled with O,.
The reaction mixture was stirred vigorously with a magnetic stirring bar, and the O,
uptake was observed to follow the reaction. After 24 hours, 22 mL (ca. 1 mmol) of
O, had been consumed. A small amount of Na,SO, was added, and the mixture was
cooled to room temperature while stirring. The mixture was then extracted with ethyl
acetate (2 X 20 mlL). The combined organic layers were dried over MgSO,,
concentrated under reduced pressure, and the crude diol was purified by column
chromatography (hexane:ethyl acetate 2:1) to give 2-phenyl-1,2-propanediol
(257 mg, 93%, 88% ee) as a colorless solid: '"H NMR (CDCl,) § 7.23-7.41 (m, 5H),
3.74(d,J = 11.1 Hz, 1H), 3.58 (d, J = 11.1 Hz, 1H), 2.39 (br s, 2H), 1.50 (s, 3H);
HPLC (diol): (R,R)-Whelk-O1, 2% EtOH in hexane, flow rate 1.0 mL/minute,
tg = 14.4 minutes (S), 16.7 minutes (R).

OMe I (DHQDRPYR (25). Ky0s0,(OH;, OMe
K3le(CN)g, K2COy, CHSO,NH,, i

|
NT"0 -BUOH:H,0 (1:1), 0° N4Y\o

\ gl bt bk
w 2. I, CayCOs, EQO, 1t, 32 h Wo
K \ OH

81

(45)-4-Ethyl-4-hydroxy-8-methoxy-1,4-dihydropyrano[3,4-c]pyridin-3-one
[Asymmetric Dihydroxylation of Enol Ethers].’#!3 A 500-mL flask was
charged with (DHQD),PYR (25) (230 mg, 0.261 mmol) as a solution in fert-butyl
alcohol (126 mL), followed by successive addition of deionized H,O (131 mL),
K;Fe(CN), (25.8 g, 78.4 mmol), anhydrous K,CO, (10.8g, 78.4 mmol), potassium
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osmate (VI) dihydrate (19.2 mg, 0.0522 mmol), and CH,SO,NH, (249 ¢,
26.1 mmol). After stirring for 3 minutes at room temperature, the nearly homoge-
neous mixture was cooled to 0°, at which temperature it twrned into a red slorry. A
solution of 81 (5.00 g, 26.1 mmol) in fert-butyl alcohol (5 mL) was added, and the
thick slurry was vigorously stirred for 48 hours at 0°. The mixture was treated with
iodine (33.2 g, 131 mmol) and calcium carbonate (13.1 g, 131 mmol). After being
warmed to room temperature, the brown mixture was stirred for 48 hours. The mix-
ture was subsequently cooled to 0° and sodium sulfite (25 g) was added in three por-
tions over 5 minutes. The stirring was continued for 30 minutes. The now green
mixture was filtered by suction through a pad of Celite® 545 and the pad washed
with ethyl acctate:methanol (90: 10, 250 mL). The filtrate was washed with brine
(2 x), dried over anhydrous Na,SO,, and concentrated in vacuo to give crude prod-
uct (5.79 ¢) as a yellow oil. The oil had a higher than 90% chemical purity by HPLC:
Chiral HPLC (Chiralcel® OD, ethanol:hexanc 2:99, A 276 nm, 1.0 mL/minute)
showed an S/R ratio of 34:1 (t, for S-enantiomer 14.92 minutes, R-cnantiomer
16.26 minutes). An analytical sample was obtained by tlash chromatography on sil-
ica gel eluting with 3% MeOH-CH,Cl,; '"H NMR (400 MHz, CDCL) & 8.21 (d,
J=5Hz, IH),7.16 (d, J = 5 Hz, 1H), 5.58 (d, J = 16 Hz, 1H), 5.27 (d, J = 16 Hz,
1H), 3:99 (s, 3H), 3.62 (s, 1H), 1.80 (m, 2H), 0.96 (1, J = 7 Hz, 3H).

(DHQD),PHAL (7),

OH
Ky0s05(0H 14 T
ph e T s Pt Ph

KoCOx MeSONH,, ! s

-BuOH:H,0 (1:1), 0°

(1R,2R)-1,2-Diphenyl-1,2-ethanediol (Asymmetric Dihydroxylation with Io-
dine as Secondary Oxidant)."’S  To a stirred solution of rert-butyl alcohol:H,0
(1:1, 100 mL), K,CO, (30 mmol), iodine (15 mmol), CH,SO,NH, (10 mmol),
K,0s0,(0OH), (0.02 mmol}, and (IDHQD),PHAL (7) (0.1 mmol) was added trans-
stilbene (10 mmol) in one portion at 0°. The mixture was stirred vigorously for more
than 30 hours (monitored by TLC), and was then quenched with solid sodium sul-
fite (10 g). The two phases were separated, and the aqueous phase was extracted with
ethyl acetatc (3 X 50 mL). The combined organic phases were washed with 2 M
NaOH and dried over MgSO,. Concentration and flash chromatography afforded the
title compound in 98.4% yield: [a]} +91° (CDCl,). The enantiomeric excess of the
R.R-diol was determined by HPLC analysis [Chiralcel® OB-H column (Daicel),
10% i-PrOH in hexane, 0.5 mL/min] to be 99.5%.

(DHQD),PHAL (7),
Ks0s05(OH), I

K>COs5, MeSO,N1, 2.33 F/mol
+BuOH:H,0 (1:1), 0°

OH

pr e Ph Ph

OH

(IR,2R)-1,2-Diphenyl-1,2-ethanediol [Electrochemical Asymmetric Dihy-
droxylation].'”® A mixture of fers-butyl alcohol:H,0 (1:1, 50 mL), CH;SO,NH,
(5 mmol), K,CO; (15 mmol), iodine (2.0 mmol), K,0s0,(0H), (0.01 mmol),
(DHQD),PHAL (7) (0.05 mmol), and trans-stilbene (5 mmol) was electrolyzed in
an undivided flow cell (Micro-Flow Cell) equipped with two platinum electrodes
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(3 X 4 cm). After passage of 2.33 F/mol of electricity at room temperature {(progress
was monitored by TLC), solid sodium sulfite (5 g) was added, and the solution was
stirred for 40 minutes. The two phases were separated, and the aqueous phase was
extracted with ethyl acetate (3 X 25 mL). The combined organic phases were
washed with 2 M NaOH and dried over MgSO,. Concentration and flash chro-
matography afforded the title compound in 82.4% yield, [a|} +91° (CDCL,). The
enantiomeric excess was determined by HPLC analysis [Chiralcel® OB-H column
(Daicel), 10% i-PrOH in hexane, 0.5 mL/min| to be 99.5%.

(DHOD),PHAL (7),
ABS-MC 0504, NMO

OH
PN - - T
R™ ™~
acetonitrile:acetone: 11,0 ([:1:1), rt R/K/OH

Asymmetric Dihydroxylation using ABS-MC 0s0,'" ABS-MC 0s0,
(76.7 mg, 5 mol%), (DHQD),PHAL (7) (21.5 mg. 5 mol%), and NMO (0.72 mmol)
were combined in water:acctone:acetonitrile (1:1:1, 3.5 mL) at room temperature.
To this mixture was added the alkene (0.55 mmol) slowly over a period of about
24 hours. Methanol (10 mL) was added, and the mixture was stirred for 10 minutes.
ABS-MC 0sO, was separated by filtration. After washing with methanol, the com-
bined filtrates were concentrated under reduced pressure. The chiral ligand was re-
covered from the aqueous layer after acidification with 1IN HCL The concentrated
organic layer was purified by chromatography on silica gel to afford the cis-diol
product.

Preparation of ABS-MC 0s0,.'"% ABS polymer [Stylac® 200 (Asahi Chemi-
cal), 1.00 g] was dissolved in THF (20 mL) at 70-80°, and to this solution was added
0s0, (0.200 g). The mixture was stirred for 1 hour at this temperature and then
slowly cooled to 0°. Coacervates (phase separation) were found to envelop the core
dispersed in the medium, and methanol (30 mlL) was added to harden the capsule
walls. After 8 hours, the capsules were washed with methanol several times and
dried at room temperature for 24 hours to afford ABS-MC 0sO, (1.18 g). Bascd on
the recovered weight, 0.180 g of OsO, was microencapsulated according to the
above procedurc. Unencapsulated OsO, was recovered from the washings.

121,
K>0805(OH)y, K3Fe(CN)g ol
N -
Ph” >~ . T T e
? K,CO5, MeSO,NH,, Ph)VOH

-BuOH:H,O (1:1), 0°

(R)-1-Phenyl-1,2-ethanediol [Asymmetric Dihydroxylation Using a Polymer-
Bound Ligand].!®2  To a solution of K;Fe(CN), (3 equiv) and K,CO, (3 equiv) in
tert-BuOH:H,O (1:1, 6 mL), was added OsO, (0.0125 equiv) and polymeric ligand
121 (0.25 equiv). After 30 min, styrene (2 mmol) was added, and the heterogeneous
mixture was stirred at 0° for 24 hours. After addition of H,O (3.0 mL), the mixture
was centrifuged, and the centrifugate was extracted with CH,Cl,. The solvent was
removed in vacuo, and the residue was purified by silica gel chromatography,
affording the title compound in 86% yicld and 91% ee.
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PN OAcC
i ) H OAc
Y{ 1. AD-mix o ‘ ¢
O T T T I
H o/ 2. Ac,0, DMAP (l;
Ph H é);/
109 o

(2R, 3aR,4R,5R,7aR)-2-Phenyl-3a,4,5,7a-tetrahydrobenzo[1,3]dioxole 4,5-Di-
acetate [Asymmetric Dihydroxylation Using AD-mix].1#%1% A mixture of 109
(261 mg, 1.31 mmol), AD-mix « (1.8 g), and CH,SO,NH, (125 mg, 1.31 mmol) in
tert-butyl alcohol:H,O (1:1, 13.2 mL) was stirred at 0° for 38 hours. To the mixture
were added Na,SO, (1.97 g) and KOH (720 mg), and stirring was continued for
1 hour at room temperature. The mixture was diluted with cthyl acetate, and the
organic layer was washed with brine, dried over MgSO,, and evaporated under re-
duced pressure to leave the crude diol (383 mg) as a colorless oil. This material was
then stirred with acetic anhydride (0.37 mL., 3.93 mmol), triethylamine (0.64 mL,
4.59 mmol), and 4-(N, N-dimethylamino)pyridine (DMAP) (16 mg, 0.13 mmol) in
CH,CI, (10 mL) at room temperature for 10 minutes. The mixture was washed with
brine, dried over MgSO,, evaporated under reduced pressure, and chromatographed
on a silica gel column (20 g, elution with 1:2 v/v ether-hexane) to give unreacted
109 (25 mg, 10%) and the titte compound (336 mg, 81%) as a colorless oil: [a]F
—256° (¢ 1.32, CHCl5): 87% ce by chiral HPL.C: (Chiralcel® OD, elution with 1:9
v/v i-PrOH:hexane); FTIR (ncat) 1745 em!; 'H NMR (500 MHz, CDClLy) &
7.47-7.45 (m, 2H), 7.39-7.36 (m, 3H), 6.17 (dd, J = 9.76, 3.66 Hz, [H), 6.03 (ddd,
J=9.77,549,1.22 Hz, 1H), 590 (s, 1H), 5.55 (dd, J = 549, 3.66 Hz, 1H), 5.27
(dd, J = 8.54, 3.66 Hz, 1H), 4.81 (ddd, J = 9.16, 3.67, 1.22 Hz, |H), 4.57 (dd,
J = 8.55,6.71 Hz, 1H), 2.09 (s, 3H), 2.08 (s, 3H).

TABULAR SURVEY

Tables 1-9 include examples of stoichiometric and catalytic asymmetric dihy-
droxylation reactions that have appeared in the literaturc up to the end of 2000. Sup-
plementary Table 10 is a survey of the literature from 2001 through 2004. The tables
are arranged in the same order as the text discussion. Entries in the tables are in the
order of increasing number of carbon atoms, although some exceptjons occur when
a single structure covers a scries with different R groups. Polymeric substrates are
listed at the end of a section under the category C,. The symbol (—) indicates that
no yield was reported.

There are a number of entries where an absolute configuration of the diol is given
but for which the authors did not report ee or de values. These entries arc faithful to
the original literature. For some products, absolute configurations were assigned in
the original literature using the mnemonic of Figure 2. Such examples arc marked
with an asterisk by the product. OsO, was used in stoichiometric amounts unless
otherwise indicated, or unless a secondary oxidant is listed in the conditions. There
are some polymeric ligands (sce Ligand Charts) for which no values arc given for
the number of repeating units; for conditions including these ligands, additional
information (mol% of one or more components of these polymers) may be found in
the original literature.
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Abbreviations used in the charts and tables are as follows:

ABS MC

DME
DMPM
Ether
LAH
LDH
MOM
PMB
NMM
NMO

Os EnCat
PEG
PEM-MC
Piv

PMP
Phth
SEM
TBDMS
TBDPS
TEAA
TEMPO
T,
THF
THP
TIPS
™S
TON
Tr
Troc
Ts
XAD

acrylonitrile-butadienc-polystyrene microencapsulated copolymer
acetyl

benzyl

tert-butoxycarbonyl

benzoyl

benzyloxycarbonyl

dihydroquininy!l

dihydroquinidinyl

4-dimethylaminopyridine

dimethylformamide

I,2-dimethoxyethane
3,4-dimcthoxyphenylmethyl

diethyl ether

lithium aluminum hydride

laycered double hydroxide supported (for catalyst)
methoxymethyl :
p-methoxybenzyl

N-methylmorpholine

N-methylmorpholine N-oxide

polyurea microencapsulated osmium tetroxide
polyethylene glycol
poly(phenoxyethoxymethylstyrene)co-styrene
pivaloyl

para-methoxyphenyl

phthaloyl

trimethylsilylethoxymethyl
tert-butyldimethylsilyl

tert-butyldiphenylsilyl

tetraethylammonium acetate
2,2.6,6-tetramethyl- I -piperidinyloxy, frec radical
trifluoromethanesulfony!

tetrahydrofuran

tetrahydropyranyl

tri-iso-propylsilyl

trimethylsilyl

turnover number

triphenylmethyl (trityl)
trichloroethoxycarbonyl

p-toluencsulfonyl

prefix for a series of Amberlite™ resins
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