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1318 B, B. LoHrRAY

1. Abstract:

The reaction of osmium tetroxide with alkenes is perhaps one of the most reliable and selective
transformations in organic chemistry. In this article, recent advances made in the asymmetric dihy-
droxylation (ADH) of alkenes have been described. Chiral auxiliaries used for effecting the oxidation
of olefins are mainly diamines and cinchona alkaloid derivatives. Complexes derived from osmium
tetroxide with diamines do not undergo catalytic turnover whereas dihydroguinidine and dihydroqui-
nine derivatives have been found to be very effective catalysts for the oxidation of a variety of al-
kenes. Kinetic resolutions of racemic olefins have been achieved. Several crystallographic studies,
theoretical calculations and NMR investigations were carried out to determine the actual structure of
the catalyst responsible for enantiofacial selection of alkenes. Kinetic and synthetic studies have been
reported to illustrate the mechanism. Some of the most recent applications of this newly discovered
methodology in the synthesis of natural products are described.

2.0 Introduction:

The property of stereospecifically embedding two hydroxyl groups in a hydrocarbon frame-
work accounts for the popularity of osmium tetroxide in organic chemistry. Hoffmann' showed for the
first time that osmium tetroxide could be used catalytically in the presence of a secondary oxygen
donor such as sodium or potassium chlorate for the eis-dihydroxylation of alkenes. Criegee? found that
osmiem tetroxide could also be used in stoichiometric amount and the resultant osmate ester could be
hydrolyzed reductively to give insoluble osmium salts or oxidatively 10 regenerate osmium tetroxide.
He noticed that the addition of a nucleophilic ligand such as pyridine lead to a marked enhancement in
the rate of the reaction.>® This fortunate property is also shared by several other tertiary diamines.
Later, several other oxidizing agents were employed in combination with osmium tetroxide for the
catalytic oxidation of alkenes including, hydrogen peroxide,* t-butyl hydroperoxide,*? N-methylmor-
pholine N-oxide,5® oxygen,® sodium periodate,'®!! sodium hypochlorite,'? potassium ferricyanide!
etc. {vide infra).
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Asymmetric dihydroxylation of alkenes 1319

A few excellent reviews have appeared dealing with the osmium tetroxide mediated cis-dihy-
droxylation of unsaturated compounds.'*!5 The present review will be restricted to the asymmetric
version of the osmium tetroxide mediated catalytic as well as noncatalytic cis-dihydroxylation of
alkenes particularly with the recent developments. An account by Johnson and Sharpless,'® dealing
with the work carried out in Sharpless’' laboratory, also describes the ADH reactions of a few cis ole-
fins as well as several dienes and eneynes etc. and therefore, those topics are not covered here.

3.0 Noncatalytic Asymmetric cis-Dihydroxylation of Alkenes:

Criegee's’ noted discovery of a dramatic rate enhancement in the osmylation reaction of al-
kenes by tertiary amines laid the foundation for the asymmetric reaction. Later, many tertiary amines
were used and several of these complexes were isolated and characterized as diolatodioxabis(amine)
osmium (VI) esters [0sO,(-O-CHR'-CHR?-0-)L,] [R'=R? = alkyl or aryl; L=pyridine, isoquinoline,
quinoline, 3-picoline, 4-picoline, 1,2-bipyridyl, 3-(pyridyl) mercuric acetate, 3-chloropyridine etc.].?
Other nucleophilic ligands such as quinuclidine, quinidine, quinine etc. were introduced to accelerate
the formation of osmium(VI) complexes, which resulted in enantioselective oxidation of olefins to
vicinal diols.

3.1 Amino Alcohols as Chiral Auxiliaries:

The first attempt to effect the asymmetric cis-dihydroxylation (ADH) of olefins (5-82 % ee)
with osmium tetroxide was reported in 1980 by Hentges and Sharpless.'” Despite the cost and toxicity
of osmium tetroxide, this reaction was commonly used in the small scale laboratory preparation of vic-
inal diols owing to its mildness and selectivity. Considering the acceleration of osmium (VI) ester
formation by nucleophilic ligands such as pyridine, Hentges and Sharpless reasoned that if pyridine
exerts its effect on the reaction by coordination to the metal center at some point along the reaction
pathway, then it might lead to the stereoselective formation of the diol product by replacing pyridine
with analogous chiral ligand. Initially, they used /-2-(2-menthyl)pyridine as a chiral ligand. However,
the diols obtained in these reactions were of low enantiomeric purity (3-18 % ee). The low enantiomer-
ic excess was attributed to the instability of the osmium tetroxide chiral pyridine complex. On account
of the report of Griffith er al.,'® they selected naturally occurring cinchona alkaloids viz. quinine and
quinidine. These alkaloids were hydrogenated and acetylated to give dihydroquinine acetate and dihy-
droquinidine acetate!® as chiral auxiliaries which bound with osmium tetroxide through quinuclidine
nitrogen much more tightly than the chiral pyridine affording diols in reasonably high enantiomeric
excess (Figure 1).
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Chart A lists all the chiral auxiliaries so far used in asymmetric dihydroxylation of alkenes.
Use of one molar equivalent of either quinine or quinidine derivative with osmium tetroxide in toluene
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at room temperature with olefins gave vicinal diols of fair to high enantiomeric excess (5-82 % ee;
later Sharpless corrected the ee of the diol to be 95 % in the case of trans-stilbene). Although dihy-
droquinidine (DHQD) and dihydroquinine (DHQ) are diastereomers, their opposite stereochemistry at
carbons 8 and 9 are more characteristic of enantiomers. The quinine derived auxiliary gives one enan-
tiomer of diol product in excess while the other enantiomer predominates when the quinidine derived
auxiliary is employed. The diastereomeric nature of these two auxiliaries is reflected by a small but
constant difference in the enantiomeric excess of the products (the quinine derivative always gave a
lower ee of diols than the corresponding quinidine derivative).

In 1986, Italian chemists® carried out the stereoselective dihydroxylation of several protected
a,B-unsaturated aldehydes using dihydroquinidine acetate as a chiral auxiliary. Acetals and thioacetals
of cinnamaldehyde gave dihydroxylated products in 90 % optical purity (equation 2).

OH
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Encouraged by these results, they explored the possibility of double stereoselection® in which the
matched pair gave higher enantiomeric excess of the diol. Their substrate controlled diastereoselection
as well as double stereodifferentiation is described in Section 6.

Recently, Sharpless ez al.?** have reported that 9-O-aryl ethers of dihydroquinidine (DHQD
12) are excellent ligands for the asymmetric dihydroxylation (ADH) of dialkyl substituted frens-ole-
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fins. A number of olefins were examined under stoichiometric conditions using aryl ethers of DHQD
and DHQ as chiral auxiliaries and their ee’s were compared with the ee's of the diols obtained using
dihydroquinidine 4-chlorobenzoate as the chiral auxiliary. The data indicate that aryl ethers of DHQD
are superior chiral auxiliaries for the ADH of frans-dialkyl olefins.

3.2 Diamines as Chiral Auxiliaries:

Since the discovery of the ADH reaction of alkenes mediated by osmium tetroxide-cinchona
alkaloid complexes, continuous attempts have been made to improve the optical purity of the diols.
Most of the chiral auxiliaries examined were based on the philosophy that higher binding properties
with osmium tetroxide would result in better stability of the complex and improved enantiomeric
excess of the product. Guided by these principles (vide supra), all the chiral auxiliaries investigated so
far have been diamines. In 1986, Yamada and Narasaka®* synthesized a number of homochiral 1,4-
diamines derived from L-tartaric acid, and screened them in the ADH reaction. All the diamines
examined had C,-symmetry which is often effective in high enantioselection.****® Surprisingly, the
highest enantiomeric excess was realized with the naphthyl substituted diamine 6 which does not have
C,-symmetry, for zrans-stilbene (90 % ee). Table 1 summarizes the ee of the diols obtained in the
noncatalytic asymmetric dihydroxylation (NCADH) of alkenes using various chiral ligands.

Tokles and Snyder®” reported the use of (R,R)-N,N,N',N'-tetramethyl cyclohexane-1,2-dia-
mine 7, as the chiral ligand. The oxidation of 1-heptene with 1.1 eq. of osmium tetroxide-diamine
complex gave 86 % ee of (R)-1,2-heptanediol in 75 % yield, whereas trans-stilbene gave only 34 %
ee of (R,R)-hydrobenzoin (69 % yield), which is in sharp contrast with the earlier observations, '
These authors explained the unusual stercoselectivity by steric differentiation of osmium tetroxide-
olefin complex and the approach of the chiral ligand (diamine) towards this complex. The increasing
success of C,-symmetric ligands in asymmetric reactions?® encouraged several groups to search for
new ligands. In 1987, Tomioka et al.?®?® reported an unparalleled success in the asymmetric dihy-
droxylation of alkenes using a chiral diamine 8 (Ar = Ph; X = CH,CH)) of D, symmetry.>® Virtually
complete asymmetric induction was observed with trans-8-methylstyrene (see Table 1). Both the
optical antipodes of the chiral 1,4-diamine 8 were synthesized and several olefins were examined. The
enantiomeric excesses of the diols were found to be in the range of 83-99 % (Table 1). They have also
studied the effect of substituents on the reaction.? Slight structural modifications of ligand resulted in
dramatic changes in both enantioselectivity and reactivity. With the chiral diamines 8 ( Ar = Ph; X =
(CH,), or 1,2-benzo or 2,2"-biphenyl), very poor enantioselectivity (¢rans-stilbene, 27 % ee; S,5) was
observed. The most intriguing result was obtained with the 3,5-xylyl substituted diamine 8 (Ar = 3,5-
xylyl, X = CH,CH,), which gave opposite facial selectivity for styrene (62 % ee; R) and stilbene
(66 % ee; R,R). They have explained the change in selectivity via a four membered metallacycle
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based on steric grounds (Section 11).

Hirama®! investigated N,N-dialkyl-2,2'-bipyrrolidine 10 as a chiral ligand and found that
N,N'-dineohexyl-2,2'-bipyrrolidine®® serves as the most effective ligand at -78 °C for the ADH reac-
tion. However, the enantiomeric excess of the diols obtained from cis-disubstituted and trisubstituted
olefins is not yet synthetically useful. For example, indene (67 % ee), 1,2-dihydronaphthalene (43 %
ee), 1-methylcyclohexene (S8 % ee) gave relatively low enantiomeric excesses.

Simultaneously, Corey and coworkers >3 have reported yet another 1,2-chiral diamine 11
derived from (1S,25)-diphenyl-1,2-diaminoethane® as an effective chiral controller for the ADH reac-
tion. The diol products were obtained in 82-98 % enantiomeric purity and 75-95 % yield. Like
Hirama's bis-pyrrolidine ligand 10, Corey's diamine 11 also afforded modest selectivity in the ADH
reaction of cis and trisubstituted olefins. For example, the dihydroxylation of 1-phenylcyclohexene (60
% ee), methyl (R)-cyclohex-3-ene-1-carboxylate (50 % de), methyl 6-methyl-5-heptenoate (67 % ee),
(S)-citronellol benzoate (76 % ec) gave relatively lower stereoselectivity.

4.0 Catalytic Asymmetric Dihydroxylation of Alkenes (CADH):
4.1 Cis-Dihydroxylation of Alkenes:

The first catalytic asymmetric dihydroxylation of alkenes was reported by Kokubo ef gl.®’
using Bovine Serum Albumin (BSA)-2-phenylpropane-1,2-diolatodioxo-osmium (VI) complex. It has
been proved by spectroscopic methods that osmium tetroxide is bound to BSA through the amine
residue. a-Methylstyrene gave its product diol with 68 % ee (S-configuration) using ¢-butyl hydroper-
oxide as co-oxidant at 25 °C. Other olefins such as l-octene, trans-8-methylstyrene gave relatively
lower optical purities even though all the diols were of S-configuration. The major breakthrough in the
CADH reaction of olefins was reported by Sharpless and coworkers in 1988.3% Combination of 9-
acetoxy dihydroquinidine 5 as the chiral auxiliary!? with N-methylmorpholine N-oxide as the second-
ary oxidant in aqueous acetone was found to give efficient catalytic turnover affording from olefins
optically active diols in excellent yields (Figure 2).

n-o\x
3 H

" H
OH OH Ar
OH
R
A, J ‘ Ry 1. 0.2.0.4 % OsO,, 14 R,
R ) —< 2. Acetone-Water R -
2" 4 ™y 2 gy
H ; NMO oH
6H 6H 80 - 95 % yield
Ay H
RO H 20 - 88 % ec

4’“? R' = p-Chlorobenzoyl
Figure 2
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Initially, a few derivatives of DHQD and DHQ were examined in order to improve the enanti-
omeric excess of the diol products. The 4-chiorobenzoate derivatives of dihydroquinidine (DHQD-
CLB) and dihydroquinine (DHQ-CLB) were found to afford high optical purity and opposite optical
antipodes of the diols. Although several aryl substituted alkenes afforded high optical purity of the
corresponding diols, alkyl substituted olefins resulted in considerably lower (20 % ee) optical purities.
Even lower enantiomeric excesses were realized with cis or cyclic olefins (4-10 % ee).

4.2 Improvement of the Optical Purity of Diols:

Since all alkyl substituted cis- or frans-olefins gave poor enantiomeric excess under the original
ADH condition,?® it became rather essential to explore the reason for this poor stereoselection. An
interesting clue came from the osmylation reaction of 1-phenylcyclohexene, which gave the corre-
sponding diol in 20 % yield and 8 % ee after 8 days at ca. 0°C. The addition of two equivalents of
tetracthyl ammonium acetate (TEAA)® expedited the reaction yielding diol with 52 % ee in two
days.’” The increase in the ee of the diol indicated that the osmium (VIIT) ester complex 19 (Figure 3,
where L. = DHQD or DHQ derivatives) plays a pivotal role in determining the ee of the diols. Several
olefins were examined under this condition using two equivalents of TEAA and in many cases consid-
erable improvement in the enantiomeric excess was observed. This also shed light on the possible
existence of yet another catalytic cycle (Figure 3) furnishing diols of low enantiomeric excess.”” The
two catalytic cycles also explain the role of tetraethyl ammonium acetate. The intermediacy of 17, 18
and 20 have been proved unequivocally by isolation and characterization including X-ray studies. 3%%
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The key, putative intermediate osmium (VIII) trioxoglycolate complex 19 occupies a cardinal
position at the junction between the two cycles and hence its properties would determine, how the
enantiomeric excess of the diols would be effected hy partitioning of the complex between the two

cycles. Thus, reduced optical purity in any ADH process is just the counter productivity of turning on
the second cycle which also reduces the turnover frequency by tieing up the catalyst. The trivial
modification of adding the olefin slowly to the reaction mixture improved the rate as well as the enan-
tiomeric excess of virtually all the diols. For example, I-phenylcyclohexene was oxidized in 1 day and
gave the diol in 95 % yield and 78 % ce. A few selected examples are reported in Table 2, The first
column in the Table represents the optical purity of the diols from the reactions performed using a
stoichiometric amount of the osmium tetroxide-ligand complex. This allows one to establish the ee
ceiling that can be reached in the catalytic process using the DHQD-CLB ligand. The second column
represents the ec of the diols under the original conditions.?® The third and the fourth columns show
that most of the olefins benefit greatly from any modification that speeds up the hydrolysis of the
osmate ester 19 and in extreme cases, neither acetate nor slow addition alone is sufficient. For exam-
ple, diisopropylethylene only appioached its highest optical purity when both effects were used in
tandem, For those olefins which reach their optimum ee's through slow addition alone, the addition
times could be substantially shortened in the presence of TEAA. With this improved methodology,
most of the zrans-disubstituted aromatic olefins reached ee's in the range of §0-99 %.% However, for
aliphatic cis- and trans-olefins, terminal, tri- and tetrasubstituted olefins, the optical purity of the diols
were still not synthetically useful and the search for new chiral ligands continued.

4.3 Search for New Chiral Ligands:

It has been shown that, while the enantiomeric excesses of the diols resulting from the ADH of
aryl substituted olefins using DHQD-CLB were satisfactory (2 90 % ee),* there was room for
improvement in the enantioselectivity of the dialkyl substituted olefins. Over 250 different cinchona
alkaloid derivatives were screened for the stoichiometric ADH process and the aryl ethers of DHQD
were found to be excellent ligands for the dialkyl substituted olefins (vide supra Section 3.1).2%%2 A
number of aryl ethers of DHQD were examined as chiral ligands for the ADH reaction of several
terminal, di- and trisubstituted alkenes. The highest enantioselectivity was obtained with 9-0-(9'-
phenanthryl)-dihydroquinidine 12a and 9-O-(4'-methyl-2'-quinolyl)-dihydroquinidine 12b.2 The use
of potassium ferricyanide as secondary oxidant was also examined'>*'“ (vide infra) where the slow
addition of olefin is not required and the reaction can be carried out at room temperature. Under
these conditions, the diols were obtained in 85-50 % yield with essentially the same enantioselectivity
as that obtained in the stoichiometric reaction (Section 8). More recently, Hirama er. al.** have used
C,-symmetric diazabicyclo[2,2,2]octane 13 as a chiral auxiliary in the osmium tetroxide catalyzed

1327
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ADH reaction of alkenes. Although the enantiomeric excess of the diols are less than 41 %, they have
observed the change in the diastereofacical selectivity of the alkenes with increasing steric constraint
of the chiral controller. Sharpless * and we*® have independently developed C,- symmetric ligands

Scheme A
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Table3 Enuntiomeric Excess of Diols in Catalytic Asymmetric Dihydroxylation of Alkenes

Entry  Substrates DHQOD,-PHAL.  DHQ,PHAL  C,DHQD  (,-DHQ
1 pr S PR >99.5 >99.5 >98 98
2 P Me - - >98 -
3 PhS 97 97 92 85
4 R S ~ - 93 -
5 pn~ —C0Me 97 95 94 -
oo - o e -
7 X\\\ — — a8 —
8 A cy 84 80 45 -
9 nBy N TBY 97 93 —_ _
10 (\TK 94 93 - -
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derived from cinchona alkaloids. Sharpless et.al * have prepared bisdihydroquinidine and bisdihydro-
quinine ethers of 1,4-phthalazine 14 as chiral auxiliaries and found great improvements in the enanti-
omeric excess of most of the diols, especially with monosubstituted alkenes. We have examined bis-
dihydroquinidine and bisdihydroquinine esters of a few carboxylic acids 15a-e especially with the view
to understanding the mechanism of the ADH reaction. We have also found that bisester 15e is an
excellent chiral auxiliary for the ADH reaction of most frans-disubstituted alkenes. Table 3 compiles
some of the results from our as well as from Sharpless' laboratory using C,2-symmetric ligands in the
catalytic ADH reaction. Thus, the enantioselectivity in the dihydroxylation of various substituted
olefins which were previously only possible through the use of stoichiometric reagent at low tempera-

ture?” %3133 can essentially be obtained in the catalytic ADH reaction using the C,-symmetric ligands
14 and 15 at room temperature. ¥4

5.0  Catalytic Asymmetric Dihydroxylation on Polymer Support:

Polymer bound cinchona alkaloid have been used in a number of heterogeneous catalytic reac-
tions.* To explore the possibility of recycling the alkaloid-OsO, complex, Kim and Sharpless *’ have
synthesized four different polymers 21 for the ADH reaction of stilbene (up to 87 % ee). Salvadori

er.al*® have examined copolymers of acrylonitrile and substituted quinidine and quinine 22 and report-
ed very low optical purity of the diols (up to 45 %ee) at - 15 °C.

n m

n n
o QA
« o ) S
0 Nee

23
R! = p-chlorob R2 = pol hackh 22 R=H
R! = polymer backbone; R2 = H R="Ph
Kim snd Sharpless*? Salvadon et aM*® Lohray e1 ak
'{'-elraludmn Lert. 1990 Tetrahedron Leit. 1991 Tetrahedron Lett. 1992
Figure 4

We* have prepared several copolymers of styrene 23a and 4-phenylstyrene 23b with 10 % DHQD-4-
vinylbenzoate affording the most effective catalyst for the heterogeneous ADH reaction (Figure 4).
Eight different olefins were examined which gave moderate to high enantiomeric excesses of the diols
(22-85 %). Recovery and reuse of the polymer have also been examined and minor decreases in the
rate as well as ee of the resultant diol were observed. Irrespective of the spacer or linker used for
synthesizing the polymer backbone, the ones containing ca 10 % of the alkaloid were found to be the
most effective polymer in the ADH reaction.

1329
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6.0 Double Diastereoselectivity:

The substrate controlled diastereoselectivity in the osmium tetroxide catalyzed dihydroxylation
reaction is well known in the synthesis of many natural products, however, the concept of double
diastereoselection in the asymmetric osmylation reaction is a recent event.?! Annuziata et.al %° used an
a,f-unsaturated thioacetal derived from camphor and cinnamaldehyde to furnish a diastereomeric
mixture of diols in a 40:1 ratio when dihydroquinidine acetate is employed as chiral controller
(matched pair) and a 1:16 ratio, when dihydroquinine acetate was used (mismatched pair){(equation 3).
Similar diastereoselectivities have been reported with other chiral o,8-unsaturated esters.3® High diast-
ereoselection has been reported in the dihydroxylation of the adduct obtained by the addition of N,S-
dimethyl-S-phenylsulfoximine to 3,5,5-trimethyl-2-cyclohexanol.’!

o > oM ot 0 OH (&)
s e A LA e
H H =
2 s OH x " Gy
1.* = DHQD-OAc 40:1
L* = DHQ-OAc 1:16
HO HO HO
o 050, ? 3 3 4)
Ph—S—= Ph—8—= b S i
N = % s 4
e N M~ HO  OH HO  OH
27 28 29

Sharpless and co-workers '®4° have also reported the matching and mismatching of a few «,B-unsatu-
rated esters (Scheme B) bearing a stereogenic center (see Table 2, entries 8,9; more recently far supe-
rior stereoselectivity 39 : 1 has been reported by Sharpless er. al. using DHQD2-PHAL).16 Quite
recently, a number of «,B-unsaturated esters containing a pyranose ring as the chiral functional group

have been studied for matched and mismatched reactions with catalysts using DHQD-CLB and DHQ-
CLB as chiral ligand. In all the matched cases, higher diastereoselectivity was observed.2:53 Even
greater enhancement of selectivity was noted with stoichiometric amounts of the reagent. In recent
years, the synthesis of various natural products using diastereoselective hydroxylation either in the
presence or in the absence of chiral ligands have started to emerge (Section 13.0). In many cases,
excellent selectivity has been observed, although even better selectivities are to be expected under the
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modified experimental conditions using newer chiral ligands.
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7.0 Kinetic Resolution:

The kinetic resolution of unfunctionalized alkenes is one of the most difficult goals to achieve
by an organic chemist. Interestingly, even enzymatic resolutions of unfunctionalized alkenes are not
documented in the literature. Initially, we have investigated the possibility of the kinetic resolution of
allylic acetates using our C,-DHQD-15e and C,-DHQ-15e ligands in the osmium tetroxide catalyzed
ADH reaction.> The purpose of choosing allylic acetates was for comparison with the well document-
ed enzymatic catalysis as well as with titanium mediated epoxidation based kinetic resolutions of allyl-
ic alcohols. As for the asymmetric dihydroxylation of alkenes, the kinetic resolution is also highly
substituent dependent. Our preliminary results summarized in the Table 4 show that in many cases
highly efficient kinetic resolution of allylic acetates is possible. The enantimeric excess of allylic
acetates recovered in the reactions were determined by 'H NMR using Eu(hfc), as shift reagent. The
absolute configurations of the unreacted allylic acetates were confirmed by comparison with an authen-

tic samples. Presently, we are investigating the possibility of the kinetic resolution of truely unfunc-
tionalized alkenes.
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Table 4 Kinctic Resolution of Allylic Acetate Using C,-DHQD-15¢"

Entry Substrates Enantiomeric Excess (Configuration)™”
Conversion(%) —m 60 70 80 90
QAc o
O/t\/\ 4NS) B4(S) 95(S) I0(R)
1
OQAc
5 O/'\%p,, 86(S) >98(S) — —
OAc
3 /‘\/\ Ph 26(8) e —_ >98(S)
OAc
D O LS
Ph

OAc

H"C,)\/\ 428 62(S) >98(S)

2) Enantiomeric excess of the recovered allylic acetate b) Absol figuration were assigned by
hydrolysis of the unreacted allylic scetate to allylic sloohol and iparison with authenti ple. ¢}
Depending upon the , the yield of the diof acetates are 1 the range of 70-85 % d) C,-

DHQ-13¢ was used as chiral auxiliary
8.0 Effect of Secondary Oxidants:

Uses of secondary oxidants in the catalytic cis-dihydroxylations of alkenes are well documented in
the earlier review.'* In the present section, the effect of some of the oxidants on asymmetric dihy-
droxylation process will be highlighted. N-Methylmorpholine N-oxide (NMO) is a commonly used
secondary oxidant introduced by the Upjohn chemists.” Sharpless er.al 3¢ used NMO in the catalytic
asymmetric dihydroxylation of alkenes, which furnished high yields and ee’s of the diol products. The
catalytic cycle of the ADH reaction using NMO as co-oxidant is shown in the Figure 3. Recently, we
attempted to use s-butyl hydroperoxide (TBHP) as the source of oxygen in the ADH process using a
polymer bound cinchona alkaloid as chiral auxiliary since TBHP is cheaper than N-methylmorpholine
N-oxide.*® Use of TBHP gave a considerable amount of nearly racemic a-hydroxycarbonyl com-
pound as the side product in addition to optically active diol. We have investigated the details of the
mechanism of formation of the a-hydroxyketone in the ADH reaction and found that the diol is not the
precursor.> Details of the catalytic cycle are illustrated in the Figure 5. Tsuji et. al.’® have reported
the use of potassium hexacyanoferrate (1II) as a cheap and convenient co-oxidant in the osmium cata-
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lyzed vicinal dihydroxylation of olefins in zerr-butanol-water (1:1) as solvent. They believe that the
oxidation of Qs(VI) takes place through electron transfer mechanism.>® Use of hexacyanoferrate (II1)
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as a co-oxidant in the osmium catalyzed reactions is well known in studies of the kinetics and mecha-
nism of various redox reactions.*® Introduction of K,Fe(CN),-K,CO, as co-oxidant in the ADH reac-
tion substantially improved the enantiomeric excess of all the diols without slow addition of alkenes at
room temperature. Sharpless et.al *7 have figured out the details of the catalytic cycle, which appeared
to be quite different from that of amine oxide (NMO) (Figure 3). When K Fe(CN)-K,CO, is used as
co-oxidant, the reactions taking place in the organic phase and aqueous phase are illustrated in the
Figure 6. The overall reaction seems to be a redox reaction as shown in equation 5 which shows that
in the catalytic cycle both the oxygens of diol are provided by water.

a4 2 KFe(CN)g +2K,COy + 2 Hy0 ——

(5)
OH

R/\/H +2 KFe(CN)g  + 2 KHCO,
OH
Gao et. al.>® have developed an electrochemical oxidation of potassium ferrocyanide to ferri-
cyanide in order to regenerate the co-oxidant so that the co-oxidant also becomes catalytic in nature.

The equation 5 may be simplified further to equation 6 which shows that ultimately water is only
adding at the alkene C=C bond to give diol.

OH
R~y + 200 ——» R o2 @

OH
9.0 Conformational Studies of the Catalyst:

Several studies have been reported on the conformation of quinine and quinidine®® and the
general results suggest that C4-C, and C,-C, bonds are of considerable importance in determining the
overall conformation of the molecule. Wynberg and Hiemstra’®® proposed that the most stable con-
formation of quinine has the quinuclidine ring on one side of the quinoline ring and H, and the OH on
carbon-9 on the other side. This conformation was also favored by Prelog and Meurling.% Dijkstra
has also described the conformation of quinine and quinidine from NMR and molecular modelling.5!?

CHART B
— H MeO,
MeO oR
v
=

CLOSED FORM OPEN FORM
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Sharpless et al.® have carried out NMR studies on various cinchona alkaloid derivatives and assigned
a "closed” conformational structure for dihydroquinidine derivatives in solution as well as in solid
state. In the "closed™ structure the quinuclidine nitrogen lone pair points over the quinoline ring. Upon
gradual addition of osmium tetroxide to a solution of the alkaloid, the quinuclidine nitrogen moves
away from the quinoline ring and thus results in an "open” conformation as shown in Chart B. Despite
detailed NMR studies 1o understand the conformational structure of alkaloid and alkaloid-osmium
tetroxide complex in solution as well as in solid state, it was not clear, how chirality is being transmit-
ted to the substrate from the catalyst, since the stereogenic centres in the ligand are quite remote from
the oxo ligands. One significant point which has become clear from these studies is that the alkaloids
which are effective ligands in the process, exist in a "closed" conformation in the uncomplexed state,
whereas ineffective ligands (R=0H, OMe, OSiMe,, H), all exist in "open” conformations. Interest-
ingly, the methoxy derivative (R = OMe), which exists in an "open” conformation in CDC,, appar-
ently adopts a "closed" conformation in CD,Cl,. In order to assess if similar conformational changes
occur when the alkaloids are protonated, DHQD derivatives were treated with trifluoroacetic acid-d,.
The more basic nitrogen of the alkaloid, viz. the quinuclidine nitrogen gets protonated preferentially
and a change in the conformation from a “closed” to an "open” form takes place. Irrespective of the

nature of alkaloid derivatives, they all exist in "open" forms upon complexation with osmium tetrox-
ide.

10.0 Kinetics of the ADH Process:

In order to understand the mechanism of the ADH process, Sharpless and coworkers®® have
studied the detailed kinetics of the ADH reaction. In addition to imparting fair to high level of
asymmetric induction into the diol products, DHQD and DHQ derivatives also accelerate the rate of
addition of osmium tetroxide to olefins by 1-2 orders of magnitude.

Osmium tetroxide forms coordinatively saturated 18 electron 1:1 complexes with DHQD or
DHQ derivatives. For DHQD-CLB ch = 10-50 M at 20 °C in toluene or acetone-water (10:1) and
complexation occurs exclusively through the nitrogen of the quinuclidine moiety.®®*® So far no evi-
dence has been obtained for a bisamine adduct 32 (20 electron complex), although under stoichiometric
olefin oxidation by osmium tetroxide in the presence of pyridine or ammonia, a second order rate law
has been observed with respect to amine component.®*

Tomioka er al.%5% have proposed that the rate limiting step and asymmetry inducing step in
the stoichiometric osmylation of olefins involves an intramolecular attack by the second amine compo-
nent. Therefore, the question of whether one or two molecules of the alkaloid ligand are involved in
the rate limiting step was addressed by Sharpless ef. al.®® They suggested the possible pathways in
the osmylation reaction as shown in equation 7. The rate expression for the outlined process involving

1335
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0s0y

Osmate ester

4y Iy
H fast M

050, . L —————» Osmate ester- L

a single amine ligand is given by equation 8 where ch is the binding constant of ligand and OsO, and
K, is the measured second order rate constant. They measured the rate expression for nine different
olefins both for stoichiometric and catalytic processes using various concentrations of DHQD-CLB
and DHQ-CLB. In all the cases, the above rate law was obeyed and the plots of 1/aK vs 1/[alkaloid]
were strictly linear, rigorously establishing the involvement of a single amine ligand in the rate/turn-
over limiting step. Enantiomeric excesses in the catalytic reaction also approached their maximum
value with increasing ligand concentration, obeying equation 9, where K, and K, are the rate constants
for the major and the minor enantiomeric pathways, respectively. At higher ligand concentration, the

[K - K K Li d
AK = KZ ‘Ko = 1 0] eq ( 1gan ) (8)

K.q [Ligand} + 1

(K¢ - Ky) K . [Ligand]

ee =
K,.K¢q [Ligand] + K, ®

R R R
o N NMO N
2050, Ly 050, L — 080,. L .NMO
R o - -0 = o o
R R 41
40 18
OH
H,0
2 R R 4+  0s0,.L (10)

oH 17

Slow

resulting osmate ester appears to bind the second ligand (kinetically fast step; a 20 electron complex),
which is in equilibrium with the coordinatively saturated 18 electron complex as shown in eq 10.

The second binding constant was measured by UV-visible spectroscopy (K,=0.8-2.1 M at
25°C in acetone-water). Osmate esters form octahedral bisamine complexes with pyridine? or chiral
diamines®® in the presence of high concentrations of the alkaloid. As a result of this, the rate of
catalysis is retarded since the reoxidation/ hydrolysis phase of the catalytic cycle is inhibited and
becomes turnover limiting. In fact, at lower levels of alkaloid concentration, the reoxidation/hydroly-
sis appears to be accelerated by a factor of 2-3 relative to the alkaloid free system.
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Sharpless and coworkers® have also studied the kinetics of decomposition of an osmate ester
from styrene in the presence of varying concentration of N-methylmorpholine N-oxide. The results
revealed the saturation dependence on the stoichiometric oxidant, indicative of an Os(VI).NMO in-
termediate. They suggested that NMO binds reversibly to the alkaloid-osmate ester complex and the
reoxidation-hydrolysis takes place from the resulting intermediate. Thus, an optimum amount of alka-
loid is required to achieve rate saturation in the addition step. The study of saturation kinetics, re-
vealed that the concentration of alkaloid required to achieve the maximum ee is well below that which
produces rate saturation (Figure 7).

Thus, the rate becomes independent of the ligand concentration (i.e. saturation when
Ktq[amine] > > 1). Equation 8 shows that the ee of the reaction reaches a maximum when K.
Keq> > [L] K i.e. when (KJIKO)KW[L]?) > 1. Thus, when K is plotted as a function of alkaloid
concentration, the enantiomeric excess of the reaction approaches its maximum value K /K times
sooner than does the rate, with K /K_ being the direct measure of ligand acceleration effect. Further
support in favour of a single ligand complex was provided by our synthetic studies.** We have pre-
pared several bis-dihydroquinidine 15 a-¢ (X = -, CH,, CH,CH,) ligands in which two quinuclidine
moieties can bind with the osmium tetroxide. Interestingly, all are very poor catalysts for the ADH
process. These ligands essentially can coordinate with OsO, like other diamines and thus do
not undergo catalytic turnover. In contrast, 025 -
when two DHQD ligands are separated by
a suitable spacer as in 15d (X = (CH,), or 020 -
18¢ { X = 1,4-benzo), they function as
effective ligands for the osmylation reaction
(see Section 4.3). Further, when DHQD or
DHQ is immobilized on the polymer
backbone,*® the rate as well as the optical
purity of the diol decreases. As the concen-
tration of alkaloid increases on the polymer . : : \ o
support, the rate as well as the optical o 0@ (muam oo w00

purity of the diols decrease slowly with Figure 7. Plot of (AI] v5 obuerved rate constant & % ee (4) for

) . . ADH of trans-stijbene. Cosdition: 25 "C{0s0,) « 38 x 107°M
increasing concentration of DHQD and 100 INMOJ » 0.2 M; [Stithens] w 0.1 M

% of the crosslinked DHQD did not undergo catalytic turnover at all (Section 5.0). These observa-
tions supgest that the probability of binding of two ligands in the coordination sphere of osmium tet-
roxide has a harmful effect on the catalytic process. Thus, the kinetic analysis and synthetic studies
unequivocally establish that only one ligand is attached to the OsO, in the addition step, and reoxida-
tion/hydrolysis step, which is a key feature in the catalytic turnover and ee generating steps.
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11.0 Mechanism of the ADH Process:
The mechanism of oxidation of olefins by osmium tetroxide to give vicinal diols has long been
debated, that is whether they proceed via a direct oxygen attack at the unsaturated centre involving a
* o
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1o a five membered cyclic osmate ester (Scheme C).” Evidence has been put forward in support of
both the proposed mechanisms.

As early as in 1982, Schroder and Constable™ claimed the detection of the four membered in-
termediates 45 and 46 by NMR studies in support of the stepwise mechanism. However, Casey™
suggested that the structure detected by Schrdder and Constable in NMR studies were not the interme-
diate 45 or 46 but the dimeric species 47,48,49,50 (Chart C).

Tomioka er. al.”® attempted to explain the oxidation of alkenes by osmium tetroxide in the
presence of chiral diamines via the intermediacy of a four membered organometallacycle 51. They
have characterized the complex of osmium tetroxide with diamine by X-ray crystallography® in which
the osmium atom is coordinated to six atoms forming an octahedral coordination group. Based on
molecular modelling studies and on steric grounds, they predicted the formation of the wrong dias-
tereomer, if the (3+2) cycloaddition (a six electron transition state) pathway is operative. In contrast,
(2+2) cycloaddition was predicted to give the correct stereochemical outcome.

Corey et. al.®® have reported high stereoselectivities in the stoichiometric oxidation of alkenes
by their osmium tetroxide-diamine complexes (Section 3.2). They have rationalized their results via a
transition state involving the (3+2) cycloaddition mode, since the (2+42) cycloaddition pathway would
involve prohibitive steric repulsions about a hexacoordinated octahedral osmium. In the transition state
for cycloaddition, the geometry of the ligand approaches a C,-symmelry structure as shown in 52.

In the (3+2) cycloaddition to C=C, one of the oxygens attached to carbon is axial and the other is
equatorial to the chelate ring, since the equatorial oxygens O? and O* should be electron rich {electron
donation from N to ¢” of zrans Os-O bond) relative to the axial oxygen O, This distinction between
the four oxygens in the resulting complex with diamine provides the basis for acceleration of olefin
osmylation and is cssential for the phenomenon of high stereoselectivity. This model, according to
Corey et. al.*® leads to an unambiguous prediction of absolute enantioselectivity.
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The intermediate osmium (VI) diol complex might also undergo isomerization to a structure with two
axial Os=0 linkages with diol and diamine chelate roughly coplanar, a geometry that has been ob-
served in an osmate ester complex.?® On the other hand, a mechanistic model in which the olefin is
attacked by the in-plane oxygens O? and O* leads to an incorrect prediction of the reaction stereo-
chemistry (Houk's calculation supports symmetrical five membered transition state model in which the
olefin attacks at O? and 0%).7 Corey®®”? suggests that this mechanistic model can explain the stereo-
chemical outcome of osmylation of olefins studied by Tomioka ** and Hirama.?' Frontier Molecular
Orbitals (FMO) calculations of a ligand-osmium tetroxide complex with C,-symmetry supports Corey
hypothesis (Section 12.0).7%%

Although Corey's proposed mechanism for dihydroxylation of olefins in the presence of chiral
diamines might explain the stereochemical outcome, the mechanism of catalytic dihydroxylation of
olefins with osmium tetroxide-alkaloid complex is still a matter of debate. Corey and Lotto 77 have
recently suggested that it is less probable for a trigonal bipyramidal osmium tetroxide-DHQD-CLB
complex to undergo (3+2) cycloaddition reaction, in which osmium is pentacoordinate. They ad-
vanced an interesting suggestion that the active catalyst might not be a monomer but a dimer in which
the DHQDS are occupying frans positions. Computer modelling studies on such a dimer were carried
out and they suggested a structure 54, in which olefin can react with one axial and one equatorial
oxygen of the same osmium tetroxide as in the case of C,-symmetry chiral diamine. With the view to
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examining the validity of this model, we have investigated several C,-symmetric DHQD and DHQ
ligands 15.% Ligands 15a-c can only form either a very crowded cis-dimer 53 (which is highly im-
probable as suggested by Corey) or may bind to the same osmium tetroxide as a bidentate ligand as
shown in §§ like other terr-diamines (¢f Section 3.2). In the latter case, the reaction should not under-
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go catalytic turnover (like diamine) as was found to be the case. On the other hand, in the case of 15d,

it is possible that the two quinuclidine moieties may occupy frans positions in the dimeric species 56
like 54 as suggested by Corey and Lotto or each g guinuclidine moiety may coordinate to OQO sepa-

MARIRIALEARIANIN,  ESIRAINAY AR gL W

rately as indicated in the structure 57 and function as a pedestal for independent dlhydroxylatlon.
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To examine this possibility, we investigated 15e in which two units of DHQD are coupled
together via a terephthaloyl moiety. We expected a decrease in the enantioselectivity, if Corey's sug-
gestion that the dimer being the actual catalyst is true since 15e cannot form dimeric species 56. On
the contrary, the enantiomeric excess of the hydrobenzoin resulting from this reaction was >98 %
supporting our surmise that each quinuclidine moiety in 15e is functioning independently during the
facial discrimination of alkenes. We believe that the presence of sterically demanding and electron
rich (z-cloud) substituent is playing a pivotal role, in addition to the chirality information from the
alkaloid in governing the stereoselectivity of the reaction. We envisaged a model in which the olefin is
held over the x-cloud of the ligand (either CO or aromatic substituents) due to #-a interactions. The
osmium tetroxide coordinated to the quinuclidine moiety can approach from only one face of the
alkene as shown in 58 vig the interaction of axial oxygen O' and equatorial oxygen O°.”*% The possi-
bility of a x-x interaction with the other face of the olefin will suffer from severe steric repulsion as
shown in 59. This model explains the similar selectivity in the case of monosubstituted alkenes and
superior selectivity in the case of trans disubstituted olefins than with dihydroquinidine 4-chlorobenzo-
ate, This also accounts for the poor selectivity observed in the case of dihydroquinidine and 9-methoxy
dihydroquinidine ™ as well as the excellent selectivity for 9-phenanthryl and naphthyl ether derivatives
of DHQD and DHQ as reported by Sharpless and co-workers.”** Any perturbation of this x-= inter-
action due to substituents would result in the decrease in enantiomeric excess,

12.0 Theoretical Interpertation:

Recently, Frontier Molecular Orbital (FMO) calculations by J¢rgenson and Hoffmann 8 sup-
pott a [3+2] cycloaddition reaction, even though it is not possible to distinguish between the symmet-
rical psmium ester complex 44 and asymmetrical complex 43 (Scheme C). They argue that the frontier
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orbitals in osmium tetroxide are set up for a [3+2] cycloaddition reaction. A geometric distortion of
osmium tetroxide would have to take place if the reaction were a [2+2] cycloaddition process fol-
lowed by a second deformation back to the symmetric osmate ester 44 which might be unfavorable
due to principle of least motion. J¢rgenson and Hoffmann *' have also studied the effect of tertiary
amine on the reaction of osmium tetroxide with alkenes since pyridine provides a marked increase in
the reaction rate.?*!* This effect has been used to support the argument for asymmetric intermediate
43.7° They showed, based on FMO line of reasoning and the energy term from second order perturba-
tion theory,’? the reason for the increased reactivity of osmium tetroxide amine complex with respect
to osmium tetroxide. This is due to the decrease in the difference of energy between HOMO of
alkene and LUMO of osmium tetroxide amine complex. Osmium tetroxide reacts with pyridine by
distortion of its geometry from T, to C,,, symmetry and not from D,,, which is in accordance with X-
ray crystallographic investigations.®® The X-ray analysis of osmium tetroxide quinuclidine complex®
has suggested a trigonal bipyramidal structure in which one oxygen and quinuclidine are axial and the
remaining three oxygens are in equatorial positions. Frontier orbital calculations on this geometry of
osmium tetroxide has again supported a (3+2) cycloaddition mode® even though they have not
completely ruled out the (2+2) cycloaddition mode. More recently, Jérgensen 78-3% has carried out
extended Hiickel calculation using FMO approach and showed that an alkene can add to one equatorial
and one axial oxygen O' and O’ rather than two equatorial oxygens. Frontier orbitals of Os0, and
0s0, amine complexes are shown in Figure 8.

From the frontier orbitals of OsO, it is clear that the HOMO and LUMO of 0sO, which would
interact with alkenes are raised up and pushed down in energy when osmium tetroxide is distorted
from T, symmetry by coordination with ligands, If the interaction occurs with two equatorial oxygens
O' and O? (MO of appropriate symmetry), the HOMO is raised by 0.37 eV and LUMO is lowered by
0.78 ev with respect to the molecular orbitals of osmium tetroxide with T, symmetry. On the other
hand, HOMO and LUMO located on equatorial oxygen (O') and axial oxygen (0%) which have the
appropriate symmetry to interact with the alkene are raised by 0.62 eV and lowered by 0.41 eV,
energy with respect to osmium tetroxide with T, symmetry, Thus, the complex becomes a better elec-
tron donor and an electron acceptor than osmium tetroxide. The distortion from T, symmetry to C,,
symmetry of osmium tetroxide during interaction with amine ligands, makes the oxo-osmium bond
weaker which might account for the observed increase in reactivity of osmium tetroxide in the
presence of nitrogen ligands compared to osmium tetroxide. Measurement of amplitudes in the occu-
pied and unoccupied molecular orbitals of equatorial and axial oxygens suggests that O' is more
nucleophilic than O* whereas O? is more electrophilic than O' as postulated by Corey et al.3® The
alkene can either approach the complex through the two equatorial oxygens (O and 0% which do not
account for enantioselectivity (but is in accordance with the X-ray structural characterization) or to the
one equatorial (O') and one axial (O%) oxygen leading to the formation of chiral diol products.
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J¢rgensen's’®#° calculation supports the latter approach. More recently, J¢rgensen and Schiott ** have

reviewed the mechanism of transfer of oxygen from osmium tetroxide to olefins in the presence of
several chiral diamine ligands.
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Figure 8 The frontier orbitals of osmium tetroxide with T, symmetry(ieft);
0Os0,-diamine complex with two equatorial oxygen (center) and with one axial
and one equatorial oxygen (right)

In contrast to J¢rgensen's calculation, Houk and co-workers™ have explained the stereochemi-
cal outcome of most of the chiral diamines based on symmetrical five membered transition state struc-
ture model using MM2 calculation. Calculation also revealed the difference in the energy for mono-
substituted alkenes and disubstituted alkenes. Based on this difference in the energy, Houk argued
higher selectivity for trans-disubstituted alkenes and also predicted for certain olefins, the possible
stereochemical outcome with Tomioka's ligand. Sharpless and Gutierrez®* have used force field calcu-
lation to support two step mechanism in which the migration of C-atom is partially bound to O and

Os, however, the transition state structure model resembling four-membered intermediate does not
predict the correct stereochemical outcome.

13.0 Direct Application of the ADH Process in Organic Synthesis:

The chemistry of diols have not been very well explored, though diols have been extensively
used as chiral auxiliaries in various asymmetric reactions.® The direct application of the dihydroxyla-
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tion reaction of olefins has been reviewed by Schrdder.'* In recent years, the applications of the
asymmetric dihydroxylation reaction in synthesis have started to emerge. For example, Kelly et.al. ¥
have employed asymmetric catalytic dihydroxylation process for the synthesis of pradimicinone.
Similarly, Rama Rao and coworkers % have synthesized chiral 8-blocker drugs using the ADH proc-
ess. Tomioka et al. 8% have used asymmetric dihydroxylation, though not a catalytic method, for the
synthesis of anthracycline antibiotics. Chiral crown ethers are synthesized from homochiral diols,
Sharpless and co-workers®® have conveniently converted several homochiral diols into cyclic sulfates,
which undergo stereoselective transformations with a variety of nucleophilies such as ¥, NO,, N,
SCN-°, RCOO", SCN-, RMgX and H" to give the corresponding substituted products in excellent
yields, We have found that cyclic sulfites, the precursors to cyclic sulfates themselves undergo
stereoselective ring opening with azide nucleophiles to afford azido alcohols, which were subsequently
transformed into several aziridines, amino alcohols and diamines.”! A detailed treatise on the stereose-
lective transformations of homochiral diols via cyclic sulfites and cyclic sulfates will appear separate-
1y.%2 Greene ef al.”® have synthesized the side chain of Taxol via stereoselective transformations of
threo-2,3-dihydroxy esters, Watson ez. al.%* have reported an elegant synthesis of a potent vasodialat-
ing agent diltiazem ( a calcium channel blocker) involving asymmetric dihydroxylation of methyl
p-methoxycinnamate as the key step. Fleming and Sharpless * have recently reported selective trans-
formations of threo-2,3-dihydroxy esters to various epoxides and other useful synthetic intermediates.
Zhou er.al.% have used the ADH reaction for the synthesis of a plant growth regulator. Ireland and
coworkers °7 have achieved better selectivity (5:1) using the DHQ-CLB-OsO, complex in the synthesis
of FK 506. Similarly, Schreiber es. al, °® have used the ADH reaction to get improved selectivity
(12.9:1) over two isolated double bonds using the DHQ-CLB complex. Cooper and Salomon * have
synthesized one of the intermediates in the synthesis of Halichondrin using the ADH (DHQD-CLB-
osmium tetroxide) in good selectivity. These are a few isolated examples of recent application of ADH
reaction which have started to appear and definitely, such examples are bound to grow in future.

14.0 Conclusion:

In the last decade, several attempts have been made to stereoselectively functionalize alkenes
under catalytic conditions, however, until the discovery of asymmetric dihydroxylation of alkenes in
1988, chemists had no examples to match the catalytic activity of enzymatic processes. Success of the
ADH process has already initiated further investigations of more challenging problems such as
asymmetric epoxidation of nonfunctionalized alkenes as evident from the recent reports of Jacobsen'®
and Katsuki.'™ The success of Chemzymes is no longer dependent on a tethering group. Presently,
with improved ligands for the asymmetric dihydroxylation of alkenes, useful levels of enantioselectivi-
ty have been achieved for a variety of olefins. We hope that in future with a better understanding of
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the mechanism of these catalysts, even better optical purity will be achieved. In addition, the ADH
process has given rebirth to the phenomenon of ligand accelerated catalysis for asymmetric reactions.
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