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The cis dihydroxylation of alkenes is most efficiently accomplished by reaction with osmium tetroxide.
Recently, the expense and toxicity of osmium tetroxide have led to a number of attempts to harness
alternative osmium-based reagents, including microencapsulation and solid support techniques. We describe
here the development of a new nonvolatile, stable, and recoverable osmium-based reagent devised for
the stoichiometric cis dihydroxylation of alkenes. Although attempts to make this new dihydroxylation
work with catalytic amounts of this reagent were unsuccessful, we did develop a sensitive test for free
osmium tetroxide leached from the reagent in situ: this test may well have uses in probing future
applications of derivatized osmium reagents.

Introduction However, as well as being difficult to recover, the disadvan-
tages of using osmium tetroxide as a reagent include its expense,
volatility, and toxicity. This has led to a large amount of research
on the immobilization of osmium tetroxide using microencap-
sulation or solid support technigues in an attempt to overcome

The syn-selective dihydroxylation of alkenes by osmium
tetroxide has been known for almost 100 yédviore recently,
the reaction has been developed into a highly efficient process
using catalytic osmium tetroxide and a reoxid&ntost com-  yqe disadvantagg©ur approach to this problem was to search
monly N-methylmorpholinéN-oxide (NMO) or potassium hexa- g 5 pey covalently bound osmium reagent to make the use
cyanoferrate. Moreover, the oxidation can also be accompanledand recovery of the transition metal more convenient
by high levels of enantioselectivity in the product, and this In 2003, Mufiz published work on the first asymhetric
variant of the reaction, the asymmetric dihydroxylation (AD), - giamination reaction based on diimidoosmium reagents origi-
is one of the most powerful tools available to synthetic chemists. nally developed by SharpleéZhe chiral &)-8-phenylmenthol
—— esterl reacted with osmium(VI1ll) speciesat low temperature
ixgtlyaezrzlrt])ég; gﬁg’rﬂéceuﬁcms. to give the stable complex as a 94:6 ratio of diastereomers,
§ To whom correspondence regarding the X-ray crystal structures should be Separable by column chromatography (Scheme 1). Reduction

adﬂf:asoidworks of the major diastereomer with lithium aluminum hydride gave
1) Makowka,. O.Chem. Ber1908 41, 943. the enantiopure diaminé . .
(2) (8) Hofmann, K. A.Chem. Ber1912 49, 3329. (b) Hofmann, K. Recent work by Sharpless on the asymmetric aminohydroxyl-
A.; Ehrhart, O.; Schneider, GChem. Ber1913 46, 1657. (c) Milas, N. ation reaction (AA) highlighted a class of compounds, namely,

A.; Sussman, SJ. Am. Chem. Socd936 58, 1302. (d) Milas, N. A,;
Sussman, Sl. Am. Chem. Sod937, 59, 2345. (e) VanRheenen, V.; Kelly,
R. C.; Cha, D. Y.Tetrahedron Lett 1976 23, 1973. (f) Byers, A,

o-p-unsaturated carboxylic acids, that reacted remarkably ef-

Hickinbottom, W. JJ. Chem. Sadl948 1328. (g) Sharpless, K. B.; Akashi, (3) (a) Lee, B. S.; Mahajan, S.; Janda, K. Tetrahedron Lett2005

K. J. Am. Chem. Sod976 98, 1986. (h) Bucourt, R. U.S. Patent 3383385, 46, 4491. (b) Ley, S. V.; Ramarao, C.; Smith, S. C.; Lee, A. L.; Ostergaard,
1968. (i) Minato, M.; Yamamoto, K.; Tsuji, . Org. Chem199Q 55, N.; Shirley, I. M. Org. Lett. 2003 5, 185. (c) Ishida, T.; Akiyama, R.;
766. (j) Kwong, H.-L.; Sorato, C.; Ogino, Y.; Chen, H.; Sharpless, K. B. Kobayashi, SAdv. Synth. Catal2003 345, 576.

Tetrahedron Lett199Q 31, 2999. (4) Muhiz, K.; Nieger, M. Synlett2003 2, 211.
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SCHEME 1. Asymmetric Diamination of Olefins
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ficiently in the aminohydroxylation reaction yet perturbed the
influence of the chiral ligands.The reason for this obser-
vation was postulated to involve the second catalytic cycle
(which is normally unresponsive to chiral amine ligands). In
this second catalytic cycle, the amino-alcohol displaces the
initially formed diol from the osmium glycolate, forming the
persistent osmium(VI) intermediate (Figure 1). This inter-
mediate is then oxidized to osmium(VIll) speciésbefore
undergoing a cycloaddition reaction with the olefin. In fact,

Donohoe et al.

SCHEME 2. Synthesis of Dihydroxylation Precursor
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SCHEME 3. Dihydroxylation of Stilbene?
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a2 Reagents and conditions: @ stilbene,t-BuOOH, CHCI,.

(Scheme 2§:8 The structure of7 was confirmed by X-ray
crystallography.

Sharpless has harnessed this mechanistic reasoning to design on addition of 1 equiv of to a solution otrans-stilbene in

enantiopure amino-alcohols that do impart enantioselectivity
onto the AD reaction through the second cy®1€.

N-methyl morpholine 0
0] g
Ol O o\u\OH
o NMO 05 1
n o R O N ™ph 6
L—0s{ 0 Ts
o O7°Rr o \\JJ\OH
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FIGURE 1. Second catalytic cycle for dihydroxylation.

We noticed that stable osmium(VI) compl8was compa-
rable in structure to the putative osmium(VI) intermediaté
complexes such & could be oxidized to their corresponding
osmium(VIIl) species, then they may also undergo cyclo-

CHCI, with hydrogen peroxide otert-butyl hydroperoxide
(tBuOOH) as the oxidant, the solution turned from red to orange
over a period of 5 min and intermedia8was isolated by
chromatography in excellent yield (92%) and as a 1:1 mixture
of diastereoisomer8aand8b (Scheme 3). These intermediates
were found to hydrolyze slowly in wet Cigl, to regenerat@

and give a stilbene diol.

This reaction sequence proved tfTatould indeed act as a
reagent for dihydroxylation. Moreover, reaction®ith both
trans-octene and cyclohexene, witBuOOH as the oxidant,
also gave the corresponding intermedi&esd10in high yield
and as a 1:1 and 2:1 mixture of diastereomers, respectively
(Scheme 4, Table 1). Intermediat&s10 were fully character-
ized, and the presence of the oxo ligand on osmium was
confirmed by the characteristic &© stretches at 906, 910,
and 907 cm?, respectively.

We then examined ways of hydrolyzing the intermediates
8—10to release the diols. After optimization, the best conditions
for hydrolysis were found to be heating at 8C in a 4:1
acetone/water mixture. Chemoselective hydrolysis8efl0
under these conditions gave the corresponding diols (and
recovered?) cleanly and in good yield (Scheme 4, Table 1).

additions with olefins and could be used as a precursor 10 ag 5 control, the three diols were also prepared by reaction of
dihydroxylation rather than as an intermediate in diamination. o corresponding alkenes with osmium tetroxide using the

The benefits of a new reagent of this sort include ease of Useypjohn procedure (cat. OSONMO, acetone/watefe In each
(including metal recovery) and the potential for development case, both methods gave identical products proving that dihy-

of a chiral osmium complex leading to enantioselective dihy-
droxylation.

Results and Discussion

Therefore, we set out to make and investigate the crystalline

osmium complex following the method described by Sharpless

(5) (a) Fokin, V. V.; Sharpless, K. BAngew. Chem., Int. EQ001, 40,
3455. (b) Andersson, M. A.; Epple, R.; Fokin, V. V.; Sharpless, K. B.
Angew. Chem., Int. EQ002 41, 472.

(6) Sharpless, K. B.; Andersson, M.; Epple, R.; Fokin, V. U.S. Patent
20020042545, 2001.
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droxylation by osmium complex7 does represent a syn
dihydroxylation. These experiments show tiatan be used
as a new reagent for the stoichiometric syn dihydroxylation of
alkenes.

(7) Chong, A. O.; Oshima, K.; Sharpless, K.BAm. Chem. Sod977,
99, 3420.

(8) Zimmer, H.; Singh, GJ. Org. Chem1963 28, 483.

(9) Assuming a square-based pyramidal geometry (see Figure 2) and
discounting the possibility of stereoisomeric chelate ring conformations,
we deduced that the stereocisomers3a&nd9 must arise from a different
configuration at the newly formed carbinol centers. However, the stereo-
isomers of10 arise from a different configuration at the osmium center.
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SCHEME 4. Regeneration of the Osmium Reagent
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TABLE 1. Examples of the New Dihydroxylation Procedure

alkene intermediate yield of diol (from  yield of diol  recovered 7
(from 7 + alkene) intermediate (%) hydrolysis) (%) (%)
Ph ~ HO Ph
-, N -
E-stilbene JC 208 T 92 p{ OH 87 88
ph” "N 0" "Ph
8a
+ (1:1)
~N
Ph, _N_Q O~ .«Ph
/os\
pn” N O TPh
8b
on ~ o HO ~ Pr
o, NG /O Pr
E-octene :08\ j 96 Pr  OH 91 94
pn” N O TPr
a
+ (1:1)
~
Ph, N_§ O~ .Pr
,0s_ l
pn” N O TPr

Ph (0] Ho
L N
cyclohexene /[ N>9$ I) 96 HOD 60 89

Mechanism of Dihydroxylation. The mechanism by which  that there was no discernible reaction betw@éamd the alkene.
the alkene adds to the osmium reagent is unclear. However,If the osmium(lV) specie® was formed, it should be readily
two possible mechanisms can be ruled out by some control oxidized to the osmium(VI) species not only by peroxides but
experiments (Scheme 5). also by other oxidizing agents. However, no intermediate is

(1) Oxidation of7 to an osmium(VIll) species prior to the  observed upon treatment dfandE-stilboene with NMO as the
cycloaddition does not occur on the time scale of the experiment reoxidant (after 5 min). These results argue against irreversible
because 99% of can be recovered after reaction Dfwith direct cycloaddition off and an alkene to give an osmium(1V)
excesstBuOOH ove a 5 min period (the time it takes for  species prior to oxidation.
intermediate formation to reach completion in the presence of However, it is possible that either of the two reactions shown
an alkene). in Scheme 5 is reversible and that the equilibrium simply favors

(2) A mixture of 7 and E-stilbene in CDCJ was monitored starting material7. In these cases, the small (and therefore
by NMR (no oxidant present), and these experiments showedunobserved) amount & or B that is formed in solution could

J. Org. ChemVol. 71, No. 12, 2006 4483
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SCHEME 5. Investigation into the Mechanism of
Dihydroxylation
N #/
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SCHEME 6. Potential Reactive Intermediate Formed in
Situ
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be removed irreversibly by reaction with an alkedg fr an
oxidant 8). We do not favor either of these possibilities because
the reverse reaction & to give 7 involves the oxidation of
tert-butyl alcohol (which is a common and inert solvent for
oxidations involving osmium(VIll)). The failure of NMO to
oxidize a mixture of7 and an alkene also mitigates against a
reversible formation oB because we would expect NMO to
rapidly oxidize the osmium(lV) intermediate even if it was
formed in small amounts via a reversible process.

One other mechanism to be considered involves the formation

of an adductC, between7 andtBuOOH, (Scheme 6). If this

complex was reactive in the dihydroxylation reaction, then it
would provide an explanation for the requirement that all three
species (alkeney, and peroxide) must be present before
oxidation can occur. The formation of peroxy complexes of

osmium has been invoked before to explain the extra oxidizing

power that Oxone gives to osmium tetroxide during oxidative
cleavage of alken€d.However, attempts to find evidence for
such a complex were unsuccessful. Mixture§ ahdtBuOOH

in chloroform were studied by IR and NMR spectroscopy;

neither technique showed any new species formed when the

two components interacted. However, it is worth pointing out

that formation of a small amount of reactive intermediate (such

as C) which is difficult to detect but is responsible for the
progress of a reaction is commonplace in chemistry. An
equilibrium betweery and C that favored7 by just 1—2 kcal

mol~1 would be consistent with the observations that we have

made (as long a8 was much more reactive toward dihydroxyl-
ation). The relative inability of NMO to promote the dihydroxyl-

ation reaction may stem from a weaker binding constant or from

a less-reactive intermediate analogou<to

New Route to Osmium(VI) Diamine Complexes for
Asymmetric Dihydroxylation. Unfortunately, investigation into
osmium(VI) derivatives such aéis somewhat limited using

Sharpless’ method of preparation which cannot be used to make

diimidodioxo osmium(VIll) complexes (e.g2) which possess
an (exocyclic) hydrogefi to nitrogen (decomposition ensués).
A further drawback is that this method involves a cycloaddition

(10) Travis, B. R.; Narayan, R. S.; Borhan, B.Am. Chem. So2002
124, 3824.
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SCHEME 7.
Reagents

Hanessian Route to the Dihydroxylation
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SCHEME 8. Dihydroxylation Reagents from Diamines
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of the diimidodioxo osmium(VIIl) species to an alkene, and
therefore (unless the alkene is chiral), the complexes thus
prepared must be racemic. This had serious ramifications for
the structures of oxidizing agents that we could access, and a
new method of synthesis was sought.

While investigating the asymmetric dihydroxylation of olefins
with simple chiral ligands, Hanessian observed the formation
of osmium(VI) complex11 arising from the dehydration of
osmate estet0 (Scheme 7}!

This dehydration method offers a new route into the
osmium(VI) intermediates detailed above but with one major
advantage. The intermediates made via the Hanessain route are
derived from 1,2-diamines rather than from alkenes and are,
therefore, no longer restricted to havitgyt-alkyl groups on
nitrogen. It also means that enantiopure reagents should be
accessible from reaction of the corresponding enantiopure
diamines.

To test the validity of this route #)-1,2-diphenyIN,N-1,2-
di-tert-butylamine (prepared by LiAlidreduction of7) was
reacted with osmium tetroxide and stilbene in toluene-&8
°C. The reaction afforded intermedigén 39% yield with 22%
of 7 also isolated (presumably originating from in situ hydrolysis
of 8, Scheme 8). Both compoun@saind8 were identical to the
compounds prepared by the method outlined previously, and
so the Hanessian method does provide a quick and versatile
route to the intermediates we sought directly from secondary
1,2-diamines.

The new route meant that it might be possible to prepare
dioxo complexes such aswith 5-hydrogens on the exocyclic
alkyl group next to nitrogen; therefore, intermediafesand
15 were made (froml2 and 14, respectively, both as a 1:1
mixture of diastereomer®)'3using the Hanessian route (Scheme

9).

(11) Hanessian, S.; Meffre, P.; Girard, M.; Beaudoin, S.; Sanceau, J.
Y.; Bennani, Y.J. Org. Chem1993 58, 1991.
(12) Martelli, G.; Morri, S.; Savoia, DTetrahedron200Q 56, 8367.
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SCHEME 9. Enantiopure Dihydroxylation Precursors?
Ph_ " Ph Phﬁ\\\‘\\
Ph.,, NH : ii Ph., _N o)
L. — ; o j’ ¢ >o€
N
Ph /'t Ph /"L\o
Ph Ph Ph
12 13a, 13b (75%) decomposition
H
E'COzMe = _CO,Me :_CO,Me
0}
NH i N_[1_O-_Ph I _0
C,, — (oY - [ 0%
NH N ~O “'PR ~o
1>co;me 1come \(Fcone
14 15a, 15b (86%) decomposition

aReagents and conditions: (i) Os(E-stilbene, toluene;-78 °C; (ii)
H,0, acetonea.

SCHEME 10. N-Aryl-Substituted Diamines for
Complexation to Osmiun?
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SCHEME 11. N-Diaryl Osmium(VI) Precursors for
Dihydroxylation
— \II /

R
H
[ ;:N/\/N
R H toluene, -78 °C
R
RQR
4:1 acetone/water, 60 °C

Os0,, E-octene

20 R=H (83%)
21 R = Me (79%)

- ' N 0O 22 R=/Pr (82%)
xX— [ os{ 23 R=Cl (80%)
(no hydrolysis) N 0
R\©/R

intermediate20—23 in good yields (Scheme 11). However,
under the optimized hydrolysis conditions, no hydrolysi2@f

23 to the osmium(VI) dioxo reagents was observed, and only
starting material could be recovered. This contrasts with the
behavior of 13 and 15 under the same conditions when
decomposition was observed (implying that hydrolysis did occur

R
R (i)-(ii) Ho R
NHy (i N
i 2 (iii)~(iv) rR H but gave an unstable osmium complex); clearly, Mwaryl

R complexes20—23 are much less reactive toward hydrolysis.
17 R= iPr'® An X-ray crystal structure o1 was obtained (Figure 2), and
19R=Cl this shows the two nitrogen atoms to be in a planar environment

with the aryl rings close to orthogonal to the plane of the five-

membered ring (dihedral angle is 08 The aryl rings are,
therefore, greatly increasing the steric bulk around the osmium
center hindering the approach of the water molecule necessary
for hydrolysis to occur.

16 R= Me'"
18 R=H'®

a2Reagents and conditions: (i) glyoxal, H&@) CH,Cl, (83% R= Me'4,
33% R=iPr9); (ii) NaBH,, THF, reflux (99% R= Me'5, 83% R= iPr9);
(iif) oxalyl chloride, NEt, CH.Cl, (55% R= H) or oxalyl chloride, NaH,
THF, —78°C to room temperature, (32%R Cl); (iv) LiAIH 4, THF, reflux
(87% R= HY7, 45% R= Cl).

Unfortunately, no hydrolysis of eithet3 or 15 to stilbene
diol and dioxo osmium reagents was observed on heating in
4:1 acetone/water. Instead, only decomposition occurred sug-
gesting that, like imidoosmium(VIIl) comple®, the corre-
sponding dioxo osmium(VI) reagents are only stable when there
are no hydrogens on the exocyclic alkyl groufisto the
nitrogens; this observation reveals the limits of this chemistry
and how it is necessary to control carefully the groups on
nitrogen to avoid decomposition.

To circumvent this problem, it was decided to investigate
the formation of dioxo osmium(VI) reagents such @asvith
N-aryl groups, instead of witkert-butyl, using the Hanessian
route. Substitution of théert-butyl groups with an aryl unit
offers the possibility of making an osmium reagent with different
electronic properties and with the potential of introducing axial
chirality.

Therefore, a series of appropridtearyl 1,2-diamines were Clearly, one of the long-term goals of this project is to
prepared using standard literature methods (Schemé&10).  develop new catalytic reagents for dihydroxylation and asym-
The four diamines were then reacted with osmium tetroxide metric dihydroxylation; this is likely to be impeded by the poor

and E-octene at low temperature to yield the corresponding rates of hydrolysis of compounds such &s10 and 20—23.
Therefore, we decided to prepare an intermediate with less steric

FIGURE 2. X-ray structure of comple21

(13) Kojima, Y.; Ikeda, Y.; Kumata, E.; Maruo, J.; Okamoto, A.; Hirotsu,

K.; Shibata, K.; Ohsuka, Ant. J. Pept. Protein Resl991 37, 468.

(14) Delaude, L.; Szypa, M.; Demonceau, A.; Noels, AAEv. Synth.

Catal. 2002 344, 749.

(15) Dupau, P.; Epple, R.; Thomas, A. A.; Fokin, V. V.; Sharpless, K.

B. Adv. Synth. Catal2002 344, 421.
(16) Abrams, M. B.; Scott, B. L.; Baker, R. Drganometallics200Q
19, 4944.

(17) Denk, M. K.; Krause, M. J.; Niyogi, D. F.; Gill, N. KTetrahedron

2003 59, 7565.

(18) Compound?1 crystallized as a mixture of two distinct types of
crystals. The structure described in this report is that of the minority phase,
which formed large redbrown prismatic single crystals. The majority phase
consisted of brown needles, mostly as polycrystalline aggregates; it was
found to be possible to determine the unit cell of this material (at 150 K,
triclinic, a = 8.4846(3)b = 9.1792(4)¢ = 16.5417(8) Ao = 95.9657(17),

B =90.7644(19)y = 95.109(2)). However, because of the poorly defined
positioning of the two propyl groups, the crystallographic data did not lead
to publishable results.
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SCHEME 12. Sterically Less-Hindered Osmium R" Step 1
Intermediate 25 Undergoing Rapid Hydrolysis oxidant + /=/ cycloaddition
= R
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0s0,, E-oct I H N : - "
j 09 Boctene | (o8 Y H20 Py ) R\UN. 0 R\N_Q o R
toluene, -78 C N~ o o N I o< Os j/
HN Pr AN Ve ,
/ﬁ\ R' ll\l (e} R' [T] O ’lRu
R Step 2 R
24 25 26 (69%) hydrolysis
bulk around the osmium center in the hope that the rate of HO._R" H,0
hydrolysis (and diol liberation) would be increased. Conse- ]/
quently, N,N'-bis(tert-butyl)ethylenediamine24, prepared by HO™ "R"
reaction oftert-butylamine with dibromoethané,was reacted . )
with osmium tetroxide and octene in toluene (Scheme 12) in FIGURE 4. Potential catalytic cycle.
an attempt to form intermedia®s. However, compoun@5 SCHEME 13. Catalytic Dihydroxylation?
was not observed from this reaction and the new osmium . Ph . HO  Ph
reagent26, was formed exclusively instead. The X-ray Structure no reaction «— 10 "o%) ~ __ 7 (10mol%) H
of 26 is shown in Figure 3. KsFe(CN)s (2eq) pr NMO (2eq)  p{  ©OH
acetone/water chloroform
72h 35%

® 99% of 7 recovered
o observation of 8 by
tic

\{/ Ph,, \’/0
\O//O HO Ph chloroform NI O PR
v S\ + >—< —_— /OS\

A pr” TN° 07 Ph

NS0  pi  oH
/’\ 7 /’\ 8 (51%)

dihydroxylation reactions) often leads to overoxidatt®in-
other problem was that prolonged exposure/db peroxides
led to a small amount of decomposition of the reagent. Any
FIGURE 3. X-ray structure of comple®6. decomposition of the osmium complex itself may result in
osmium being leached which could (via osmium tetroxide) be
We presume thal5 was formed in situ but then hydrolyzed responsible for any alkene dihydroxylation observed. Reaction
rapidly upon workup to giv@6. The increased rate of hydrolysis  of complex26 with tBuOOH showed that decomposition was
was promising for the use @6 as a catalytic dihydroxylation ~ much faster than for suggesting that this less-hindered complex
reagent because the problem of the slow hydrolysis, apparentis itself unstable and again raising concerns of osmium leaching
when7 was used as the reagent, had been overcome. in situ. Leached osmium tetroxide is incompatible with the
Attempted Catalytic Dihydroxylation Using 1,2-Diamine- proposed new catalytic reaction as the free metal oxide can
dioxo-osmium(VIl) Complexes.Because of the expense and compete with these new osmium reagents to produce diol; as a
toxicity of the osmium tetroxide required in the preparation of result of these studies, peroxides were deemed poor oxidants
the osmium reagents shown above, the use of catalytic amountdor catalytic oxidation and alternative reoxidants were sought.
of these reagents in the cis dihydroxylation of alkenes would  Other reoxidants commonly used in dihydroxylation reactions
be desirable. It is clear that in a proposed catalytic cycle (as include NMO and potassium hexacyanoferrate. These oxidizing
outlined in Figure 4) there are two parameters that need to bereagents are milder than peroxides, so they would hopefully be
controlled: step 1, the cycloaddition to form an intermediate, more compatible with a catalytic cycle. Initial experiments using
followed by step 2, chemoselective ester hydrolysis of that trans-stilbene and a catalytic amount of compleghowed that
intermediate to yield the diol and recovered osmium reagent. use of potassium hexacyanoferrate as the reoxidant gave only
In the stoichiometric dihydroxylation outlined previously, the recovered starting materials (Scheme 13).
cycloaddition step was shown to be rapid (5 min) using osmium  However, using NMO as the reoxidant, we obtained a 35%
reagent with tBuOOH as the oxidant. The hydrolysis, however, yield of the stilbene diol after 72 h, and moreover, complex
was much slower, and heating was required. Nevertheless, thecould be recovered in 99% yield, suggesting that it was acting
two steps were found to be high yielding and so the potential as a catalyst for dihydroxylation (albeit slowly).
for the use of7 in a catalytic cycle was clear. We decided to investigate this reaction more closely to rule
Regrettably, dihydroxylation dg-stilbene with 10 mol % of out leaching of a small amount of osmium tetroxide which could
7 andtBuOOH in 4:1 acetone/water at 6C (the optimized be responsible for some, or all, of the stilbene diol observed.
hydrolysis conditions) led to a poor yield of diol and a large We might not detect this loss of osmium from the reagéiiit
number of side products including some overoxidation to it is a very small amount<1%). One observation that was
benzaldehyde. This was not too surprising because it is well- initially encouraging was the formation (by TLC) of intermediate
known that the use of peroxides to reoxidize osmium (in 8 in the catalytic reaction described above.

4486 J. Org. Chem.Vol. 71, No. 12, 2006
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TABLE 2. Enantioselective Dihydroxylation SCHEME 14. Control Experiment
(DHQD),PHAL time diol ee
entry acetone/water (10 mol %) (h) (%) (%) oh Estillbene o o
1 41 ves 48 20 20 N\o/{ {BUOOH, (DHQD),PHAL " s N\Icl)s/o:rph
2 4.1 yes 72 30 19 NN - )i TN
3 41 yes 168 62 60 Ph O CHzClz, 5 mins pn” N 07 Ph
4 4:1 no 48 7 n/a
: 8 (93%)
5 2:1 no 72 37 n/a 7 (10 mol%)
4:1 acetone/water
HO  pPh 60 °C
. 0, ‘.
A control experiment was performed to test whether the 7(88%) + Ph/ H
stilbene diol would react witfr in CH,Cl, (Scheme 13). The . S )
reaction was slow with 51% o8 and 40% of recovered 87% racemic

isolated after 6 days; howev@was formed in reasonable yield.  TagLE 3. Asymmetric Dihydroxylation of E-Stilbene with
It is, therefore, possible that NMO is not acting as an oxidant Osmium Tetroxide
for 7 at all and that osmium tetroxide leaching can explain the 0sQy

formation of both the diol and intermedia& The leaching (mol %) tl(??)e ?r:/f,))l (oe/f)
problem was examined by another route. 10 2 7 80

A set of experiments were designed which would detect even 1 4 82 66
minute amounts of osmium tetroxide in solution and thus rule 0.1 16 72 63
out (or otherwise) osmium leaching fro The chiral ligand 0.01 24 15 72

(DHQD),PHAL (10 mol %) was added to the reaction of
catalytic7 (10 mol %), E-stilbene, and NMO in 4:1 acetone/
water at 60°C. With the important proviso that the chiral ligand
does not impart any enantioselectivity to the additior7 dab . .
the alkene, the resulting diol should only be racemic if there is and for enantioenriched products. ) . .

no osmium tetroxide free in solution. Any enantiomeric excess These results were not encouraging for the formation of diols

(ee) in the diol product must have its origins in free osmium USiNg catalytic amounts of reageiitas they prove that it
tetroxide. decomposes slowly under aqueous conditions and that even

<1% decomposition is enough to liberate another oxidant

and NMO (2 equiv) in 4:1 acetone/water at 8D were then (osmium tetroxide) that is more adept at catalytic di-

undertaken (Table 2), and the ee of the diol product was hydroxylation. _ _
determined by chiral HPLC. We briefly examined the reaction of compl@8 because it

Unfortunately, it is clear that addition of a chiral ligand to Was shown to participate in both the oxidation and hydrolysis
the reaction does result in the formation of an enantioenriched StePs (but with vastly increased rates of hydrolysis relative to
stilbene diol, and this strongly suggests that osmium tetroxide 7).
is being leached fron7. The lower ee’s for entries 1 and 2 Dihydroxylation of cyclohexene with 10 mol % of osmium
suggest that some diol may come from the reaction of stilbene reagen26 and NMO in 4:1 acetone/water at room temperature
with 7 (via intermediate8), but after heating for 7 days (entry  Yielded 76% cylohexane-1,2-diol. Unfortunately, a small amount
3), sufficient osmium tetroxide has been leached to enhance0f decomposition 026 was also observed. This result suggests
the background reaction and increase the ee to 60. It also appearf1at 26 leaches osmium tetroxide more readily tharindeed,
that lowering the acetone/water ratio increases the osmiumdihydroxylation of stilbene with 10 mol % of6 and

These results show that even a minute amount of osmium
tetroxide free in solution can be responsible for diol formation

A set of experiments with 10 mol % &f E-stilbene (1 equiv),

tetroxide |eaching (entries 2 and 5) (DHQD)szAL (10 mol %) in 4.1 acetone/water at room
It should be pointed out that this is a highly sensitive test for temperature gave the stiloene diol with an ee of 50% confirming
free osmium tetroxide in solution because the (DHEBJAL the presence of free osmium tetroxide.

ligand is known to accelerate the rate of dihydroxylation by

approximately 4 orders of magnitude relative to the ligand-free Conclusion

systemt® This effect is evident in entries 1 and 4 where the _ _

difference in diol yield is likely to be due to this ligand- N conclusion, we have developed a stable, nonvolatile,

accelerated dihydroxylation by osmium tetroxide. recoverable osmium reagent for the stoichiometric (syn) dihy-
Two important control experiments must be reported. First, droxylation of alkenes usinBuOOH as the oxidant; however,

the assumption that (DHQBERHAL does not impart enantio- ~ attempts to make the reaction catalytic in an osmium reagent

selectivity upon the reaction Gfwas tested (Scheme 14). Thus, Were unsuccessful. The problem with developing the catalytic

the reaction of7 and E-stilbene to give the diol (vi@) was reaction is one of compatibility of the two steps: the oxidation
conducted in the presence of stoichiometric (DHGBJAL: is only fast in the presence of peroxides, which are themselves
the product diol was racemic. not suitable as reoxidants for catalytic dihydroxylation. Switch-

In addition, the ee of the stilbene diol, resulting from ing to amineN-oxides means that the initial oxidation is slow,
dihydroxylation of stilbene (1 equiv) with osmium tetroxide and @nd so competitive hydrolysis of the osmium reagent occurs. It

NMO (2 equiv) as the reoxidant (acetone/water af6j), was is possible that further studies will identify an osmium reagent
measured with (DHQDBPHAL (10 mol %) as the ligand (Table ~ With the correct balance of stability and reactivity and also a
3). reoxidant that does promote cycloaddition without causing
overoxidation. The results of our test for free osmium tetroxide

(19) Anderson, P. G.: Sharpless, K. B.Am. Chem. S0d993 115 serve as a warning that very small amounts of free osmium in
7047. solution can be responsible for the outcome of a dihydroxylation
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reaction; these may be virtually undetectable by standard (0.15 g, 75%) as a separable 1:1 mixture of stereoisomers.

analytical techniques.

Experimental Section

Osmium(VI) Complex 7. Method 1: A solution of osmi-
um(VII1) complex2 (0.18 g, 0.51 mmol) ané&-stilbene (0.46 g,
2.6 mmol) in dry CHCI, (20 mL) was heated at reflux for 70 h.

Stereoisomea: 'H NMR (400 MHz, CDC}) 6 7.44-6.88 (m, 26

H), 6.82-6.79 (m, 2 H), 6.67 (qJ = 6.8, 1 H), 6.546.51 (m, 2

H), 5.92 (9, = 6.8, 1 H), 5.72 (dJ = 9.2, 1 H), 5.24-5.19 (m,

2 H),4.59 (s, 1H), 199 (d]=6.8, 3H),1.38 (dJ=7.2, 3 H);

13C NMR (100 MHz, CDCY}) 6 144.7, 143.5, 143.0, 141.8, 141.6,
140.3, 128.8,128.3,128.3, 128.1, 128.0, 127.9, 127.9, 127.8, 127.7,
127.5,127.3,127.2,127.2,127.0, 127.0, 126.8, 126.6, 126.4, 97.1,

The reaction mixture was evaporated under reduced pressure, an®6.6, 86.8, 81.2, 67.8, 65.8, 23.5, 18.2. StereoisqgfneH NMR

the product was isolated by flash column chromatography ASiO
petrol — petrol-EtO, 80:20) to furnish7 as a red solid (0.22 g,
52%). Method 2: 1,2-Diphenyl-1,R:N-di-tert-butylamine (0.02
g, 0.06 mmol) was subjected to procedure B vEtstilbene. The
reaction furnished (1:1 mixture of stereoisomers) as an orange
solid (0.02 g, 39%) and as a red solid (0.01 g, 22%fH NMR
(400 MHz, CDC}) ¢ 7.36-7.25 (m, 10 H), 4.99 (s, 2 H), 1.23 (s,
18 H); 13C NMR (100 MHz, CDC}) 6 147.0, 129.2, 128.1, 126.7,
87.6, 68.8, 31.1; IR (KBr disk) 2970, 1740, 1464, 1452, 893tm
ESIMS m/z (rel intensity) 1112 (100%, 2M- NH;"); CooHziNo-
0,1%%0s requires M+ H 547.2000, found M+ H* 547.2004; mp
155-158°C.

Osmium Intermediate 8. E-Stilbene (0.026 g, 0.14 mmol) was
subjected to procedure A (see Supporting Information) with
osmium(VI) reagen¥. Compound8 was furnished as an orange

(400 MHz, CDC}) 0 7.42-6.86 (m, 29 H), 6.326.30 (m, 2 H),

6.08 (q,J = 6.8, 1 H), 5.72 (dJ = 9.2, 1 H), 5.35 (s, 1 H), 5.22
(d,J=9.6,1H),4.88(s, 1H), 159 (d,=6.8,3H), 1.53 (dJ]

= 6.8, 3 H);13C NMR (100 MHz, CDC}) 6 145.1, 143.8, 142.1,
141.3,140.7, 140.5, 129.3, 128.6, 128.3, 128.2, 128.1, 127.9, 127.7,
127.6,127.6,127.6, 127.3,127.2,127.1, 127.0, 126.9, 126.5, 125.4,
97.0, 96.8, 87.5, 82.0, 69.2, 66.8, 18.9, 16.7; IR (KBr disk) 2929,
1494, 1453, 923 cnt; ESIMS n/z (rel intensity) 897 (100%, M

+ CHsCN + NH4+), 839 (100%, M-+ H+), C44H43N20319205
requires M+ H 839.2889, found M+ H™ 839.2896.

Osmium Intermediate 15. Diamine 14 (0.038 g, 0.13 mmol)
was subjected to procedure B witB-stilbene. The reaction
furnishedl15 as an amorphous orange solid (0.08 g, 86%) as a 1:1
mixture of stereoisomers. Spectroscopic data for the mixtlire:
NMR (400 MHz, CDC}) 6 7.37—7.08 (m, 10 H), 5.87, 5.86 (2

solid (0.05 g, 92%) as a 1:1 mixture of stereoisomers. Spectroscopicd, J = 10.4, 1 H), 5.55-5.51 (m, 1.5 H), 5.43 (d] = 10.4, 0.5 H),

data for the mixture:'H NMR (400 MHz, CDC}) 6 7.52-7.50
(m, 2 H), 7.46-7.23 (m, 16 H), 6.966.92 (m, 2 H), 6.01, 5.96 (2
x s, 1 H), 5.62,5.55 (% d,J=10.0, 1 H), 5.174.94 (m, 2 H),
1.45,1.41 (2x s, 9 H), 1.36, 1.34 (% s, 9 H);3C NMR (100

4.91,4.82 (2x d, J= 9.0, 1 H), 4.47-4.36 (m, 1 H), 4.244.03
(m, 3 H), 3.73, 3.73, 3.67, 3.42 (4 s, 6 H), 2.60-2.43 (m, 2 H),
1.11-1.01 (m, 7.5 H), 0.93, 0.80, 0.67 (3 d, J = 6.4, 4.5 H);
13C NMR (100 MHz, CDCY) ¢ 174.6, 173.8, 172.0, 171.9, 141.5,

MHz, CDCk) 6 149.5, 149.0, 145.9, 145.1, 141.3, 140.9, 128.8, 140.9,140.8, 140.1,128.1, 128.0, 127.9, 127.8, 127.7, 127.7, 127 .6,
128.6,128.3,128.1,128.0, 127.9, 127.7, 127.6, 127.5, 127.2, 127.1127.2, 126.9, 126.9, 97.4, 96.6, 95.9, 95.7, 76.5, 75.2, 74.7, 74.3,
126.9, 126.9, 126.3, 98.1, 97.3, 96.5, 92.6, 89.5, 87.9, 82.1, 82.0,61.7,61.5,61.4,61.2,51.8,51.7,51.3,51.1, 32.1, 31.9, 28.0, 27 .4,
69.9, 69.6, 69.5, 68.4, 31.7, 31.4, 30.9, 30.2; IR (KBr disk) 2972, 20.5, 20.5, 20.3, 20.0, 19.8, 19.8, 18.9, 18.7; IR (KBr disk) 1734,

1600, 1451, 906 crm; ESIMS vz (rel intensity) 1485 (15%, 2M
+ HT), 743 (100%, M+ HT); CzeH3N20s1920s requires M+ H
743.2889, found M+ H* 743.2896; mp 132135 °C.

Osmium Intermediate 9.E-Octene (0.023 mL, 0.12 mmol) was
subjected to procedure A with osmium(VI) reag@ntCompound

941 cnrl; ESIMS mvz (rel intensity) 729 (20%, M+ Na'), 707
(100%, M + H™); CpgHzoN0,1%%0s requires M+ H 707.2372,
found M + H* 707.2368.

N,N'-Diphenylethylenediamine 18Triethylamine (0.77 mL, 5.5
mmol) was added dropwise to a solution of aniline (0.25 mL, 2.8

9 was furnished as an amorphous orange solid (0.04 g, 96%) as anmol) in CHCl, (20 mL) and cooled te-78 °C. Oxalyl chloride
1:1 mixture of stereoisomers. Spectroscopic data for the mixture: (0.11 mL, 1.3 mmol) was added dropwise and stirred at room

1H NMR (400 MHz, CDC}) ¢ 7.48-7.45 (m, 2 H), 7.377.21
(m, 6 H), 6.83-6.80 (m, 2 H), 5.83, 5.78 (% s, 1 H), 4.90, 4.84
(2 x s, 1 H), 4.58-4.50 (m, 0.5 H), 4.324.24 (m, 1 H), 4.06

3.90 (m, 0.5 H), 1.821.40 (m, 8 H), 1.371.31 (m, 18 H), 1.02
(t, J = 6.8, 6 H); 3C NMR (100 MHz, CDC}) 6 149.7, 149.7,

temperature for 20 h. The precipitate was filtered off, and the
solution was evaporated under reduced pressure. The product was
isolated by flash column chromatography (&iOH.Cl,) to furnish
N,N'-diphenyloxalamide as a white solid (0.17 g, 55%j NMR

(400 MHz, DMSQ)6 10.84 (br s, 2 H), 7.87 (dJ = 7.7, 4 H),

145.5,145.2,128.8,128.5, 128.1, 128.0, 127.6, 127.4, 127.4, 127.1,7.38 (app. t, 4 H), 7.16 () = 7.4, 2 H);3C NMR (100 MHz,
127.0, 126.7, 126.5, 126.4, 89.3, 88.6, 81.9, 81.9, 68.9, 68.5, 68.4,DMSO) 6 159.4, 138.5, 129.6, 125.5, 121.3; IR (KBr disk) 3307,
67.9, 37.6, 35.7, 31.5, 30.6, 30.4, 29.9, 19.8, 18.8; IR (KBr disk) 1662, 1437 cm'; CIMS mVz (rel intensity) 258 (45%, M- NH,™),

2960, 1452, 910 cmi; ESIMS mvz (rel intensity) 675 (100%, M
+ H*); C3oH47N2031°20s requires M+ H 675.3202, found M+
H* 675.3225.

Osmium Intermediate 10.Cyclohexene (0.017 mL, 0.17 mmol)
was subjected to procedure A with osmium(VI) reagént

241 (100%, M+ H™); C14H13N0; requires M+ H 241.0977, found
M + H* 241.0968; mp 235236 °C.

Lithium aluminum hydride (0.16 g, 4.2 mmol) was then added
to a solution ofN,N'-diphenyloxalamide (0.17 g, 0.69 mmol) in
dry THF (15 mL) and heated at reflux for 18 h. The reaction mixture

Compoundl10 was furnished as an orange solid (0.05 g, 96%) as was quenched wit1 M NaOH, extracted with C¥Cl, (x 3), dried
a 2:1 mixture of stereoisomers. Spectroscopic data for the mix- (MgS0Oy), and evaporated under reduced pressure, and the product

ture: 'H NMR (400 MHz, CDC}) 6 7.49-7.24 (m, 9 H), 6.98
6.96 (M, 1 H), 5.82 (S, 1 ko), 5.74 (S, 1 bhajo), 4.96-4.85 (m,
2 Hmaorand 1 H), 4.614.56 (M, 1 Hyinoy), 4.48-4.45 (M, 1 Hhino),
2.33-2.20 (M, 1 H), 2.08-1.96 (m, 3 H), 1.841.20 (M, 22 H);
13C NMR (100 MHz, CDCY) ¢ 149.9, 149.8, 145.0, 144.9, 128.6,

was purified by flash column chromatography (&iOH.Cl.-petrol,
5:4) to furnishl8 as a white solid (0.13 g, 87%). The spectroscopic
data for this compound matched that in the literafiire.
N,N’-Bis(2,6 dichlorophenyl)ethylenediamine 19Sodium hy-
dride, 60% dispersion in mineral oil (0.729 g, 18.2 mmol), was

128.5,128.2,127.7,127.4,127.1, 127.0, 126.7, 126.7, 126.3, 89.9,added to a solution of 2,6-dichloroaniline (1.23 g, 7.59 mmol) in
89.5,87.5, 86.7, 84.8, 82.5, 82.2, 81.9, 69.5, 69.3, 69.2, 68.7, 31.7,dry THF (15 mL) at 0°C and cooled to-78 °C. A solution of
31.6, 31.2, 30.9, 30.7, 30.3, 30.0, 28.5, 23.5, 22.8, 21.2, 21.1; IR oxalyl chloride (0.07 mL, 0.85 mmol) in dry THF (5 mL) was added

(KBr disk) 2932, 1740, 1450, 907 cth ESIMSn/z (rel intensity)
645 (100%, M+ H); CagH41N,031920s requires M- H 645.2732,
found M + H* 645.2736; mp 136131 °C.

Osmium Intermediate 13.Diamine12(0.10 g, 0.24 mmol) was

dropwise and stirred at room temperature for 50 h. The reaction
was quenched with cold water, and the THF was evaporated under
reduced pressure. The product was extracted withGEHx 3),

dried (MgSQ), evaporated under reduced pressure, and isolated

subjected to procedure B (see Supporting Information) with by flash column chromatography (SIGCH,Cl,) to furnishN,N'-

E-stilbene. The reaction furnishd® as an amorphous orange solid

4488 J. Org. Chem.Vol. 71, No. 12, 2006
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IH NMR (400 MHz, DMSO¢g) 6 10.89 (br s, 2 H), 7.61 (d] =
8.0, 4 H), 7.42 (app. t, 2 H}:3C (100 MHz, DMSO€) 6 159.2,
134.4,133.0, 130.8, 129.5; IR (KBr disk) 3228, 1674, 1487%¥m
CIMS vz (rel intensity) 394 (60%, M+ NH,*"), 377 (50%, M+
H+), 341 (100%, M— le); Cl4H9N20235C|4 requires M+ H
376.9418, found M+ H* 377.9409; mp 264265 °C.

Lithium aluminum hydride (0.24 g, 6.2 mmol) was then added
to a solution ofN,N'-bis(2,6-dichlorophenyl)oxalamide (0.20 g, 0.52
mmol) in dry THF (20 mL) and heated at reflux for 20 h. The
reaction mixture was quenched tvit M NaOH and the THF was

JOC Article

as a red-orange solid (0.21 g, 82%}4 NMR (400 MHz, CDC})

0 7.33-7.27 (m, 2 H), 7.237.15 (m, 4 H), 4.344.21 (m, 4 H),

4.06 (td,J = 9.2 and 2.8, 1 H), 3.77 (tdl = 9.2 and 2.8, 1 H),
3.41 (spJ = 6.8, 2 H), 2.39 (spJ = 6.8, 1 H), 2.30 (spJ = 6.8,

1 H), 1.52-1.43 (m, 2 H), 1.321.23 (m, 19 H), 1.16-1.00 (m,

11 H), 0.63 (app. q, 6 H®C NMR (100 MHz, CDC}) 6 149.6,
149.2,147.4,147.3,145.2, 144.3, 127.4,127.4,124.2,124.1, 123.7,
123.5,93.6, 92.8, 70.0, 69.7, 37.0, 35.9, 28.6, 28.4, 27.4, 27.2, 25.0,
24.5,24.4,24.3, 24.2, 24.0, 23.9, 19.0, 18.8, 14.1, 13.7; IR (KBr
disk) 2961, 2867, 1462, 936 crh) ESIMS m/z (rel intensity) 731

evaporated under reduced pressure. The aqueous layer was extractgd00%, M + H*); CasHssN,051920s requires M+ H 731.3828,

with CH,Cl, (x 3), dried (MgSQ), and evaporated under reduced
pressure, and the product was purified by flash column chroma-
tography (SiQ, CH.Cl,-petrol, 1:1) to furnishl9 as a white solid
containing a minor impurity (0.08 g, 45%}H (400 MHz, CDC})

0 7.25(d,J=8.2,4H), 6.81 (tJ= 8.2, 2 H), 3.99 (br s, 2 H),
3.56 (s, 4 H)13C NMR (100 MHz, CDC}) ¢ 142.3, 128.9, 126.5,
122.0, 47.6. The minor impurity could not be removed]18avas
carried through without further purification.

Osmium Intermediate 20. Diamine 18 (0.045 g, 0.21 mmol)
was subjected to procedure B wihoctene. The reaction furnished
20 as a red solid (0.10 g, 83%):H NMR (400 MHz, CDC}) 6
7.45-7.34 (m, 8 H), 7.197.11 (m, 2 H), 4.544.38 (m, 2 H),
4.35-4.23 (m, 3 H), 3.92 (¢J = 6.4, 1 H), 1.59-1.03 (m, 8 H),
0.81 (t,J=17.2,3 H), 0.72 (t) = 7.2, 3 H);13C NMR (100 MHz,
CDCls) 6 155.7, 155.5, 128.3, 128.3, 125.2, 124.8, 124.5, 123.9,
92.9, 92.9, 65.3, 63.2, 37.6, 36.8, 18.8, 18.6, 14.1, 14.0; IR (KBr
disk) 2978, 1478, 925 cm; ESIMSm/z (rel intensity) 620 (100%,

M + CH3CN + NH4+), 563 (80%, M+ H+); C22H31N20319205
requires M+ H 563.1950, found MH- H* 563.1951; mp 148
149°C.

Osmium Intermediate 21.Diamine16 (0.11 g, 0.39 mmol) was
subjected to procedure B wittroctene. The reaction furnish@d
as an orange solid (0.19 g, 79%}#1 NMR (400 MHz, CDC}) ¢
7.19-7.10 (m, 6 H), 4.29-4.14 (m, 4 H), 4.04 (tdJ = 7.6 and
3.6, 1H),3.77 (ddd) = 9.2, 7.6, and 3.6, 1 H), 2.33 (s, 3 H), 2.29
(s, 3H), 1.95 (s, 3 H), 1.92 (s, 3 H), 1.50.29 (m, 4 H), 1.24
0.98 (m, 4 H), 0.72 (app. q, 6 H}*C NMR (100 MHz, CDC}) ¢

152.4,152.3, 137.0, 136.9, 134.7,134.2,128.8, 128.7, 128.2, 129.0,
126.9, 126.7, 92.4, 92.1, 66.7, 66.5, 37.4, 36.6, 18.9, 18.7, 18.4,

18.3, 17.7, 17.7, 14.2, 13.8; IR (KBr disk) 2954, 2866, 1466, 930
cm L ESIMSmz (rel intensity) 677 (100%, M- MeCN + NH4");
Co6H39N2031920s requires M- MeCN + NH,4 619.2576, found M
+ MeCN + NH4" 619.2571; mp 137138 °C.

Osmium Intermediate 22.Diamine17 (0.14 g, 0.36 mmol) was
subjected to procedure B wittroctene. The reaction furnish@@

found M + H* 731.3840; mp 165166 °C.

Osmium Intermediate 23. Diamine 19 (0.035 g, 0.10 mmol)
was subjected to procedure B wihoctene. The reaction furnished
23 as an orange solid (0.06 g, 80%¥1 NMR (400 MHz, CDC})

0 7.43-7.35 (m, 4 H), 7.2%7.16 (m, 2 H), 4.444.18 (m, 4 H),

4.07 (td,J = 8.4 and 3.2, 1 H), 3.81 (tdl = 8.4 and 3.2, 1 H),
1.51-1.21 (m, 4 H), 1.16:0.95 (m, 4 H), 0.71 (tdJ = 7.6 and

2.8, 6 H); 13C NMR (100 MHz, CDC}) 6 149.1, 149.0, 135.7,
135.6, 134.3,134.0, 128.7, 128.4, 128.1, 128.1, 127.9, 127.9, 93.0,
92.6, 65.1, 64.9, 36.6, 36.1, 18.9, 18.6, 14.2, 13.6; IR (KBr disk)
2929, 2869, 1435, 950 criy ESIMSm/z (rel intensity) 757 (100%,

M + CHiCN + NHg%), 699 (100%, M+ HT); CupHo/No-
053%Cl419%0s requires M+ H 699.0391, found M- H* 699.0405;

mp 189-190°C.

Osmium(VI) Complex 26. Diamine 24 (0.420 g, 2.44 mmol)
was subjected to procedure B wihoctene. The reaction furnished
osmium(VI) reagen26 as a dark purple solid (0.61 g, 69%)H
MNR (400 MHz, CDC}) 6 3.79 (s, 4 H), 1.45 (s, 18 H}3C NMR
(100 MHz, CDC}) 6 67.5, 62.4, 29.4; IR (KBr disk) 2969, 1465,
885 cntl; ESIMS nvz (rel intensity) 395 (100%, M+ HT);
C10H23N20,1920s requires M+ H 395.1374, found M+ H*
395.1373; mp 153155°C.
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