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Abstract: Electronic effects in osmylation reactions accelerated by pyridine and quinuclidine derivatives were
investigated by varying the substituents on the amine ligand as well as on the alkene substrate. Ligand substituent

amDeQ, complexes, and analysis of the kinetics of
substituent effects were gauged by kinetic Hammett studies

using several different amine/alkene combinations. Nonlinear Hammett relationships resulting from alkene substituent
effects were observed, and the deviation from a linear free energy relationship was found to depend on the structure,
binding capacity, and concentration of the amine. The results were evaluated in terms of the contendti@d’ “[3

and “[2 + 2]” mechanisms currently under consideration. A change in mechanism that depends on the structural
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effects were gauged by determination of the equilibrium constants for coordination of the amines;tev@a@tion
of structural properties and reduction potentials of the
osmylations in the presence of the amines. Substrate
and electronic properties of both alkene and amine is proposed.
Introduction

The osmium-catalyzed asymmetric dihydroxylation (AD) has

become one of the most general and efficient methods available

to the synthetic organic chemistin spite of the widespread
use of the AD, certain aspects of the reaction, notably the
specifics of the process by which two of the oxo groups of
osmium tetroxide form bonds to the carbon atoms of the alkene
and the nature of the noncovalent interactions responsible for
the high levels of asymmetric induction, remain the subject of
debate. Chiral alkaloid derivatives that coordinate to osmium
tetroxide through the nitrogen of a quinuclidine moiety provide
the ligand acceleration and asymmetric induction in the?AD,
but the complex conformational changes and noncovalent
interactions that occur in the transition state assembly make it
very difficult to analyze any one specific aspect of the reaction
mechanism. As part of continuing efforts to better understand
this complex reaction, the kinetic role of sterically undemanding

tertiary amines and various other ligands capable of accelerating

osmylations has been reinvestigatedJntil the mechanistic
details of the simplest ligand-accelerated osmylations are known,
studies on the asymmetric versions of the reaction, no matter
how sophisticated, must be considered speculative.
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Monodentate tertiary amines, regardless of basicity or steric
environment, coordinate to Og@ organic solvents to form a
1:1 complex, and the rate of osmylation reaches saturation at
high amine concentrations. Extensive kinetic analyses of both
catalytic and stoichiometric dihydroxylations show that only a
single amine is involved in the transition state of the rate-
determining step* An exception to this behavior occurs in
buffered aqueous systems where the kinetics are described by
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Electronic Effects in Amine-Accelerated Osmylations

Stepwise "[2+2]" Mechanism
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minima on energy hypersurfaces and are consistent with the
experimentally observed pattern of facial selectivfty.Un-
equivocal evidence for the existence of a reactive intermediate
remains elusive, however.

Numerous attempts to probe the mechanism of osmylation
through the pairing of sterically encumbered alkenes and/or
amine ligands have been made. A related approach employing
substituents at sites remote from the reactive centers yet capable
of directly influencing the energies of the reactive orbitals on
both the alkene and amine should provide important information
about the nature of the reactive species. The extensive use of
electronic perturbation as a probe to elucidate mechanistic details
has resulted in the development of empirical parameters, usually
variants of thes andp parameters developed by Hammett, that
can be used to assess the influence of different substituents on

Figure 1. Proposed mechanisms for the amine-accelerated osmylation kinetic and thermodynamic phenomeéiaA thorough inves-

of alkenes (L= tertiary amine).

tigation of electronic effects in osmylation reactions has not
yet appeared, but a few studies on substituent effects in

a different rate expression that exhibits a second-order depen-osmylations have been reported. A slight substituent effect on

dence on amine concentratidh. Several different Os©
complexes involving two coordinating amines have been
proposed as reactive intermediatésVicinal diamine ligands
that can afford stoichiometric asymmetric osmylation of alkenes
have been developédyut the kinetics of these reactions have
not been studied.

the rate of pyridine-accelerated dihydroxylation of aromatic
compounds by Ospwas observed in early wofR. Subse-
quently, Henbest reported a linear correlation between the
Hammetto values of symmetrically substitutédhns stilbenes

and the rates of osmylatidn the absence of amine liganéfs
Electron-donating substituents on the stilbenes resulted in faster

Two distinct reaction pathways have been proposed to accountreaction rates, and a value of —0.55 was determined. A

for the formation of osmium(VI) glycolates in the presence of

similar study on the relative rates of reactionteft-butylimi-

monodentate coordinating tertiary amines: a concerted reactiondotrioxoosmium(VIIl) with substitutech-methylstyrenes re-

mechanism involving a pericyclic transition state (the “f3

2]" pathway} and a stepwise route involving formation of an
osmaoxetane frorformal [2 + 2] addition of the alkene to OsO
(Figure 1)1011 Both of the proposed pathways can explain the
most important features of the reaction, including the net
suprafacial addition of the two oxygens to the alkene, the
distinctive kinetic behavior, and the pattern of facial selectivity
observed using chiral alkaloid ligands. To date, mechanistic
studies have not provided definitive evidence for either of the

proposed pathways. However, the discovery of inversion points

in modified Eyring plots of enantioselectivity as a function of
temperature is inconsistent with a simple concerted proé@ess.
Computational studies have indicated that formation of ligated

vealed anonlinear relationship between the values of the
aromatic substituents and the reaction rate; both electron-
donating and -withdrawing substituents on the phenyl group of
the alkene accelerated reaction rdfesThe reactivity of
imidotrioxoosmium(VIll) complexes with alkenes has been
proposed to be closely related to that of QsMlixtures of the
vicinal diol and the vicinal hydroxyamine derivatives are
produced in the former, and coordinating tertiary amines can
dramatically alter the product distributid#.

Several reports of electronic and stereoelectronic effects on
turnover or product distribution in osmium-catalyzed dihy-
droxylations using tertiary amini-oxides as stoichiometric
oxidants have appeared in the literatifteThe structure of the

metallaoxetanes is endothermic, but the structures represent nstrate plays an important role in the selectivity of catalytic

(5) Burton, K.Biochem. J1967 104, 686.

(6) Subbaraman, L. R.; Subbaraman, J.; Behrman, Bothorg. Chem.
1971 1, 35. (b) Subbaraman, L. R.; Subbaraman, J.; Behrman,|Bord).
Chem.1972 11, 2621. (c) Clark, R. L.; Behrman, E. lhorg. Chem1975
14, 1425.

(7) Jorgensen, K. A.; Hoffmann, R. Am. Chem. So4986 108, 1867.

(8) (@) Yamada, T.; Narasaka, KChem. Lett.1986 131. (b) Tokles,
M.; Snyder, J. K.Tetrahedron. Lett1986 27, 3951. (c) Tomioka, K.;
Nakajima, M.; Koga, KJ. Am. Chem. S04987, 109, 6213. (d) Tomioka,
K.; Nakajima, M.; litaka, Y.; Koga, KTetrahedron Lett1988 29, 573.

(e) Tomioka, K.; Nakajima, M.; Koga, Kletrahedron Lett199Q 31, 1741.

() Nakajima, M.; Tomioka, K.; litaka, Y.; Koga, KTetrahedron1993
49,10793. (g) Corey, E. J.; Jardine, P. D.; Virgil, S.; Yuen, P.-W.; Connell,
R. D.J. Am. Chem. Sod989 111, 9243. (h) Hirama, M.; Oishi, T.; Oishi,
T.; It6, S.J. Chem. Soc., Chem. Comma@89 665. (i) Oishi, T.; Hirama,

M. J. Org. Chem1989 54, 5834. (j) Fuji, K.; Tanaka, K.; Miyamoto, H,
Tetrahedron Lett1992 33, 4021. (k) Hannessian, S.; Meffre, P.; Girard,
M.; Beaudoin, S.; Sarie&, J.-Y.; Bennani, Y. LJ. Org. Chem1993 58,
1991.

(9) (a) Btseken, JRecl. Tra. Chim.1922 41, 199. (b) Criegee, Rlustus
Liebigs Ann. Cheml936 522, 75. (c) Dewar, M. J. SJ. Am. Chem. Soc.
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osmylation reactionspatrticularly in the diastereoselectivity of
the reaction. Empirical models that predict the influence of
allylic substituents on facial selectivity in osmium-catalyzed
dihydroxylations have been propos@dMechanistic interpreta-

(12) (a) Gel, T.; Sharpless, K. BAngew. Chem., Int. Ed. Endl993
32, 1329. (b) Additional studies indicate that inversion points exist in
modified Eyring plots based on chemoselectivity for unaccelerated and
pyridine-accelerated osmylations: McGrath, D. V.; Makita, A.; Sharpless,
K. B. Unpublished results.

(13) (a) Veldkamp, A.; Frenking, G. Am. Chem. S04994 116, 4937.

(b) Norrby, P.-O.; Kolb, H. C.; Sharpless, K. Birganometallics1994
13, 344. (c) Norrby, P.-O.; Kolb, H. C.; Sharpless, K. B. Am. Chem.
Soc.1994 116, 8470.

(14) Hansch, C.; Leo, A.; Taft, R. WChem. Re. 1991, 91, 165 and
references cited therein.

(15) (a) Badger, G. MJ. Chem. Socl1949 456. (b) Badger, G. M;
Lynn, K. R.J. Chem. Socl95Q 1726.

(16) Henbest, H. B.; Jackson, W. R.; Robb, B. C.JGChem. Soc B
1966 804.

(17) Patrick, D. W.; Truesdale, L. K.; Biller, S. A.; Sharpless, K.JB.
Org. Chem.1978 43, 2628.

(18) Hentges, S. G.; Sharpless, K. B.Org. Chem198Q 45, 2257.

(19) For representative examples, see: (a) Vedejs, E.; Dent, W. H.
Am. Chem. Sod.989 111, 6861. (b) Burdisso, M.; Gandolfi, R.; Rastelli,
A. Tetrahedron Lett1991, 2659. (c) Vedejs, E.; Dent, W. H., lll; Kendall,
J. T.; Oliver, P. AJ. Am. Chem. S0d.996 118 3556.

(20) (a) Hoveyda, A. H.; Evans, D. A.; Fu, G. Chem. Re. 1993 93,
1307. (b) Cha, J. K.; Kim, N.-SChem. Re. 1995 95, 1761.



1842 J. Am. Chem. Soc., Vol. 119, No. 8, 1997

tions based on product distributions in catalytic dihydroxylations
using tertiary amin&l-oxide cooxidants are speculative, at best,
because the catalytic cycle comprises several poorly defined
steps. Evidence for the participation of two different Os(VIII)
oxidants inN-methylmorpholineN-oxide (NMO) based catalytic
osmylations has been presented, but little is known about the
intermediates in the proposed “second cyéle”.

The work presented here describes the first thorough study
of electronic effects in stoichiometric amine-accelerated osmy-
lation reactions. The influence of substituents that alter the
electronic properties of both the alkene and the accelerating
tertiary amine has been systematically determined. Amines such
as 4-substituted pyridines do not create a complex steric
environment near the site of coordination and provide an
excellent opportunity to probe the mechanism by analysis of
subtle electronic effects. Amine substituent effects were probed
by measurement of the binding constants for the equilibrium
between the tertiary amines and Q0 well as by investigation
of the kinetic behavior of the ligands. Electrochemical data
and X-ray crystal structures of certain amit®®@sQ, complexes
were determined to complete the investigation of ligand effects.
Substrate electronic effects were evaluated using readily avail-
able aryl-substituted olefins, and the kinetics of a wide variety
of amine-alkene combinations were studied. A brief investiga-
tion of the influence of substrate electronic effects on enanti-
oselectivity in stoichiometric and catalytic versions of the AD
is also reported.

Determination of Equilibrium Constants for Amine —
Osmium Tetroxide Complexes and Measurement of Osmy-
lation Rates. The coordination of tertiary amines to Os®
well established. The 18-electron complex between pyridine
and OsQ was prepared by Criegé&,and the quinuclidine
OsQ, complex was prepared and characterized by Griffith in
197728 The OsQ complex with the modified alkaloid ligand
DHQD-CLB was reported soon after the discovery of the NMO-
based version of the AB% Equilibrium constants for the
binding of osmium tetroxide to quinuclidine derivatives and
alkaloid ligands in different solvents have been repofted.
Surprisingly, no simple correlation exists between the binding
constant and the rate of osmylation at ligand saturation for
ligands that coordinate to osmium through the nitrogen of a
quinuclidine moiety. For example, quinuclidine coordinates
very strongly to Os@(Keq ~80 000 M2 in toluene at 25C)
but accelerates the rate of osmylation much less than DHQD-
CLB (Keq = 56 M1 in toluene at 25°C).>* The bisalkaloid
AD ligands such as (DHQDRIPHAL bind even more poorly to

Nelson et al.
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Table 1. Equilibrium Constants for the Binding of Substituted
Pyridines to Os®@in Organic Solvents (Scheme 1)

=0
pyridine KeaM™)
substituent (X) o acetonitrile toluene
4-N(CHs), —0.83 1200+ 90 1820+ 230
3,4-(CH)4 —0.48 143+ 2 402+ 100
4-CHs -0.17 70+ 3 163+ 30
none 0.00 34t 2 79+ 7
3-F 0.34 4.1+ 0.6 17+1
4-CN 0.66 2.0t10 4.4+ 0.8
3,5-(Cly 0.74 20+1.4

aThe o parameter was used for substituents at C(3), andsthe
parameter was used for substituents at ({Zhis substituent parameter
was obtained by adding the individua} values for both substituents.

In order to simplify the analysis of substituent effects, initial
studies were performed using substituted pyridines as ligands
in stoichiometric osmylation reactions. The coordination of
sterically simple amines is not complicated by factors such as
the change from the “closed” to the “open” conformafbimat
necessarily occurs upon complexation of derivatized alkaloids
to OsQ, so it is easier to gauge the electronic effects in both
the OsQ—ligand equilibrium and the osmylation transition state.
The equilibrium constants for the coordination of the substituted
pyridines to Os@ were measured by a spectrophotometric
method. Free osmium tetroxide and its complex with a tertiary
amine exhibit different absorbances in the Y¥isible spectrum,
and the equilibrium constants for the complexation were
determined by monitoring the spectral changes as a dilute
solution of OsQ was titrated with a solution of the amine. The
binding constants, calculated by both single- and double-
reciprocal graphical methods developed for a 1:1 binding
isotherm?® for the series of pyridine derivatives in acetonitrile
and toluene are listed in Table 1. Hammett plots for the two
series of equilibria exhibit linear relationships using the standard
o value® for the substituent parameters, gnualues of—1.8
and —1.9 were obtained for the equilibria in acetonitrile and
toluene, respectively. Thevalues differ insignificantly in spite
of the marked difference in polarity between acetonitrde<
36.230 E1(30) = 45.6 kcal/mot?) and toluened = 2.383° Ex-

osmium tetroxide and yet cause remarkable rate enhancementg30) = 33.9 kcal/motY).

often in the range of 3-10* compared to the background
reaction, in the osmylation of alkenes with aromatic substituents.
A “binding pocket” resulting from favorable noncovalent
interactions between the aromaticsystems of the substrate
and the alkaloid ligand has been proposed to account for both
rate acceleration and facial selectivif£®but controversy over
the orientation of alkenes such as styrene in the transition stat
has ariser®

(21) Wai, J. S. M.; Markopl.; Svendsen, J. S.; Finn, M. G.; Jacobsen, E.
N.; Sharpless, K. BJ. Am. Chem. Sod.989 111, 1123.

(22) Criegee, R.; Marchand, B.; Wannowius, Bustus Liebigs Ann.
Chem 1949 550, 99.

(23) (a) Griffith, W. P.; Skapski, A. C.; Woode, K. A.; Wright, M. J.
Inorg. Chim. Actal978 31, L413. (b) Cleare, M. J.; Hydes, P. C.; Giriffith,
W. P.; Wright, M. J.J. Chem. Soc., Dalton Tran$977, 941.

(24) Svendsen, J. S.; Markd; Jacobsen, E. N.; Rao, C. P.; Bott, S,;
Sharpless, K. BJ. Org. Chem1989 54, 2263.

(25) (a) Becker, H.; Ho, P. T.; Kolb, H. C.; Loren, S.; Norrby, P.-O.;
Sharpless, K. BTetrahedron Lett1994 35, 7315. (b) Becker, H.; Soler,
M. A.; Sharpless, K. BTetrahedron1995 51, 1345.

The p values for the plots shown in Figure 2 have absolute
magnitudes> 1 indicating that the equilibrium is more sensitive
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Corey, E. J.; Noe, M. CJ. Am. Chem. S0d.993 115 12579. (b) Corey,
E. J.; Noe, M. C.; Sarshar, $etrahedron Lett1994 35, 2861. (c) Corey,
E. J.; Noe, M. C.; Grogan, M. Jetrahedron Lett1994 35, 6427. (d)

eCorey, E. J.; Guzman-Perez, A.; Noe, M. Am. Chem. S0d.994 116,

12109. (e) Corey, E. J.; Guzman-Perez, A.; Noe, MJGAm. Chem. Soc.
1995 117, 10805. (f) Corey, E. J.; Noe, M. C.; Guzman-PerezJAAm.
Chem. Soc1995 117, 10817.

(27) For a discussion of the additivity of substituent parameters, see:
Stone, R. M.; Pearson, D. H. Org. Chem1961, 26, 257.

(28) Conners, K. ABinding ConstantsJohn Wiley & Sons: New York,
1987; pp 14+160.

(29) An alternate series of Hammett parameters derived by NMR
methods exists, but these values afford a poorer correlation for a linear fit
to the data in Figure 2. For a discussion of alternate parameters, see: March,
J. Advanced Organic Chemistry: Reactions, Mechanism, and Structure
4th ed.; John Wiley & Sons: New York, 1992; pp 27336.
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& Sons: New York, 1972; p 123.
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Figure 2. Hammett plots based on the equilibrium constants for the rigre 3. Saturation rate curve for the pyridine-accelerated reaction
binding of substituted pyridines to Os@ acetonitrile (®-: p = —1.8, of OsQ (2.0 x 104 M) with styrene (4.0x 10-3 M) in toluene at 25
r = 0.996) and toluene@: p = —1.9,r = 0.991) at 25.C°C. °C.
Scheme 2 Table 2. Calculated Ceiling Rate Constants for the
Substituted-Pyridine Accelerated Osmylation of Styrene in Toluene
o at 25.0°C
I
x N slow 0=z0s—0 pyridine substituent ke (M~ts1)2
0sO4 + + @ — 07|
N N 4-N(CHg), 1.7
| > 4-CH 1.4
N o Z none 1.2
fast ~N. Il _o 3-F 0.7
D X N/c|)|S\O 4-CN 1.1
@ o 3,5-(Clp 0.6
aThe concentrations of the pyridines used ranged from-12260

x 1072 M ([OsO4o = 2.0 x 107* M, [styrene} = 4.0 x 107* M). The
to electronic effects than the ionization of benzoic acids. For kc"_a|uesdwefe Obgnl%%/ff?m I?]'Ots bfbs(1|+bKecé_L]) vs [L] and g:é/g
comparison, a Hammett plot of thekgs of the protonated ?St'mate errors of:10% for the strongly binding amines a
L . . . or poorly binding amines.

pyridines in water vs the parameters for the substituents is
linear and yields & value of —6.32 A substantial amount of
charge separation upon formation of compleg implied from
the data in Table 1, and the electrophilicity of the metal center
in OsQ, is clearly demonstrated. The two organic solvents
employed for the binding constant determinations were used
for the majority of the kinetic work discussed here so that
complications, such as acithase equilibria and hydrogen-
bonding in the protic solvents employed in the catalytic AD, K Ko [ L

. " . : . . ko + ki eq[ ]
could be avoided. In addition, kinetic analysis was straight-
forward in both solvents. =

OsQ, complex to the alkene in Figure 1. The concentration of
osmium tetroxide ([Os&r) represents the sum of the concen-
trations of the free and amine-complexed forms. A kinetically

rate = Kops [OsOylr [alkene] AND

The kinetic behavior of substituted pyridines as ligands for 1+ KeglL] M )5 e
osmylation in organic solvents is identical to that of the alkaloid Y
ligands; a single amine participates in the rate-determining step, A
both types of amines accelerate the rate of formation of osmium- Kobs 1)

(VI) glycolates, and rate saturation at high amine concentrations
occurs>® The key step in the pathway, formation of the
monopyridine osmium(VI) glycolate, can be monitored by
following the rate of formation of the dipyridine osmium(VI)
glycolates because the coordination of the second amine is rapi
and reversible (Scheme 2). Figure 3 shows a typical rate profile
for pyridine-accelerated osmylations as the concentration of the
amine is increased. A comparison of the capacity of differently

indistinguishable form of the rate expression can be derived
for the stepwise “[2+ 2]” pathway (vide supra), and previous
ci/vork has shown that the form of the rate expression cannot be
used to distinguish between the two mechanistic possibifities.
The rate of osmylation in the absence of amikg) (s not
necessary for the graphical technique used to obtain the ceiling

substituted pyridines to accelerate the osmylation of a particular rate constant, but it is necessary for the d(_atermlnatlon of the
alkene must utilize the “ceiling” rate constanks) (correspond- extent 9f ligand acceleratlc.)n. at rate s_aturatlon. o

ing to the reaction rates at ligand saturation, particularly if the ~ The influence of the pyridine substituent effects on ceiling
equilibrium constants for the amines are very different. he rate constants was determined by undertaking a Hammett study
values are calculated using eq 1 that requires the experimentally@mMploying several of the pyridine derivatives listed in Table 1
determined equilibrium constani¢) and several experimen- {0 accelerate the osmylation of styrene in toluene. The
tally determined rate constantk,{) corresponding to points ~ €xtrapolated ceiling rate constants are listed in Table 2. With

on the saturation cun®. The rate constark; describes the  the exception of the reactions accelerated by 4-cyanopyridine,
rate-determining step for the concerted addition of the amine @ monotonic decrease is observed in the saturation rate constants
as the equilibrium constant for the

(32) The following K4 values for protonated substituted pyridines were
used in this Hammett analysis: 4-N(gkl 10.5; 4-NH, 9.2; 4-CH;, 6.0; (33) Derivations of the rate expressions corresponding to the different
4-Cl, 3.8; 3-Cl, 2.8. mechanisms are included in the Supporting Information.
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Table 3. Equilibrium Constants for the Binding of Substituted Substituents at remote positions of the coordinating amines
Quinuclidines to Os®in Toluene and Corresponding Ceiling Rate play an important role in the capacity of the amine to coordinate
OCCOa”StamS for the Osmylation of Cyclohexene in Toluene at 25.0 1, 550, Within a series of related tertiary amines where the
- environment near the coordinating nitrogen atom does not
C(4) substituent o) 10 x Keg(M™Y)* ke (M's7)° change, the equilibrium constants for binding to Qa@rease

H 0.0 8.0 38.6 as the basicity of the amine increases. The influence of the
CH, 0.11 6.9 48.1 amine’s substituent on the ceiling rate constants for osmylation
g'ﬁOCHB 8'82 g'g ég'é of alkenes is not as straightforward. As illustrated in Tables 1
OBS(%z-p-(CHs)CeH4 1.28 29 54.9 and 2, the saturat_io_n rates of the styrene reactions accelerated
CO,CH,CHs 1.70 2.3 53.3 by substituted pyridines differ by a factor of three, whereas the
OCH; 1.81 25 53.9 binding constants differ by three orders of magnitude. The
0,CCH; 212 13 55.4 equilibrium constants for coordination of the 4-substituted
2[0sOy)o = 2.0 x 1073 M, [cyclohexene] = 8.0 x 1072 M. b Errors quinuclidines differ b_y_Iess thae on order of mag_r_ﬂtude. The
in the Keq and k. values are estimated to bel0%. effect of the quinuclidine substituents on the ceiling rates of

o . osmylations is not only very small (Table 3), but opposite that
b|nd|ng_ of the amines to OsQOdecreases. An attempt to  observed with the pyridines. Thus, the electronic nature of the
determine a correlation with the Hammett substituent parameteramine substituent dramatically influences the binding constants
resulted in a poor linear fit of the data £ 0.82), and thep for both pyridines and quinuclidines, but the effect on the rate
value of—0.2 calculated from a Hammett analysis of the data of osmylation at ligand saturation is surprisingly small and not
in Table 2 has a large associated error. Strongly coordinating consistent for structurally different amines.
pyridines afford faster reaction rates under these experimental  gjectrochemical and Structural Studies of Amine-0sO;,
conditions, but this study shows that relatively small differences Complexes. The data describing the influence of amine
exist between the ceiling rate constants calculated for strongly 5 pstituents on the equilibrium constants and the ceiling rates
and weakly binding amines. The extrapolakedalue for the o osmylations can be used to evaluate the proposed mecha-
4-cyanopyr_|(_1I|n_e-accelerated series is hl_gher than expected basefisms. 'If the “[3+ 2] mechanism operates, then the saturation
on the equilibrium constants for formation of the amir@sQ, rates should correspond to the rate of reaction of the amine
complex. _The explanatlor_1 for this anomaly remains uncle_a_lr. OsQy complex 1 with the alkene thereby eliminating any
The experimentally determined rates used to calculate the ceilingcomponent arising from the differektq values. Examination
rate constant are close to the saturation values for the pyridinesyf amine substituent effects on the structure and energetics of
with electron-donating substituents. The experimental rates usedyomplex 1 is required to determine whether the small rate
to calculate the ceiling rate constants for the poorly binding gitferences shown in Tables 2 and 3 are consistent with a
amines are only at50% of the saturation rates, however. Any  reaction via this species. The pyridine substituent not only
deviation from linearity in a Hammett plot based on the data in snouyld influence the equilibrium for the coordination to QsO
Table 2, particularly that corresponding to the data for the poorly pyt also should influence the energy levels of the orbitals on
binding py_rldlnes, may be attributed to the error introduced by ihe OsQ-ligand complex. Specifically, any coordinated
extrapolation. . . - tertiary amine should decrease the Lewis acidity of osmium

The influence of the amine’s substituents on the ceiling rate tetroxide, and the resulting 18-electron complex should be more
constants of osmylation was further investigated by studying gjtficult to reduce than free OsO The monoamine complex
the ligand-acceleration in osmylation using 4-substituted qui- shoyld therefore be Essefficient oxidizing agent as a result
nuclidines. Grob developed a series of parameteig)(  of this change in reduction potential. Similarly, amine substit-
specifically for the inductive effects caused by substituents at yents exert a direct influence on the capacity of the amines to
the carbon bridgehead in quinuclidine derivativesA series coordinate to Osgand should also influence the orbital energies

of these quinuclidines was prepared by simple modification of of complex 1, although the effects should be somewhat
Grob’s procedured; and the kinetic function of these amines  4ttenuated.

in osmylation reactions was studied. Initially, the equilibrium
constants for the coordination of the quinuclidines were
measured. The extremely large binding affinities of the
quinuclidines prevented use of the YVisible method em-
ployed with the pyridine derivatives, so the equilibrium constants
were measured by competition experiments using an NMR
technique. All of the substituted quinuclidines coordinated less
strongly to OsQ@ than quinuclidine itself, and the equilibrium
constants obeyed an approximately linear Hammett relationship
with a p value of —0.3 ¢ = 0.96). The experimental rate
constants obtained using modest excesses of the quinuclidine
are essentially the ceiling rates, so the error introduced by
extrapolation is minimal. A Hammett plot based on the
values for the substituted-quinuclidine accelerated osmylations
of cyclohexene was linear & 0.97), and thep value of 0.04 _
is again very small. Itis important to note that the ceiling rates E°=Er+ RT n(l + Kec[L])
for the substituted-quinuclidine reactions listed in Table 3 aF 1+ Keq[L])
increaseas the equilibrium constant for coordination to QsO
decreases.

To test this experimentally, electrochemical studies on the
OsQ—pyridine systems were performed. The one-electron
reduction potential of osmium tetroxide in the presence of a
series of substituted pyridines was measured by cyclic volt-
ammetry. Reversible cyclic voltammograms were obtained at
a platinum wire electrode in methylene chloride using 0.65 M
tetrabutylamonium tetrafluoroborate (BNI"BF4~) as the elec-
trolyte at room temperature. The ferrocene/ferrocenium couple
(307 mV vs SCE¥ was used as the reference. Under these
conditions only one reversible osmium couple was observed
While two species, Osfand Os@—L (where L= tertiary amine
ligand), were present in solution. The measured potentials
should vary with amine concentration according to the equation

)

whereE? is the standard potential for the couple

(34) Grob, C. A.; Schlageter, M. Glelv. Chim. Actal976 59, 264.
(35) Eckhardt, W.; Grob, C. A.; Treffert, W. IHelv. Chim. Actal972 (36) GagneR. P.; Koval, C. A,; Lisensky, G. Anorg. Chem.198Q
35, 2432. 19, 2854.
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[JOsQ], [0sO,—L]H e =I[OsQ,] , [0sO,—L] O (3) _ 0
>
Ef is the standard potential for the OgOsQ~ couple,Keq is ‘E’ -100 1
the formation constant for the [OgOL] complex, andK,, is -%’
the formation constant for the reduced complex, [@sO~ 2 Lo
(aandF are constants). As the ligand concentration is increased e
so thatKeq [L] and K¢, [L] > 1, eq 2 simplifies to eq 4 where S
E2 is the standard potential for the [Os€L] complexes. As § -300 1
3
O 400

E2= Er+ SIN(Ko{K.9 @)

with the comparison of rate constants for the series of styrene ['amine ]

osmylations using differently substituted pyridines, a comparison Figure 4. Plot of one-electron reduction potentials of solutions
of the reduction potentials for solutions containing @s@d a containing amine ligands/Os@s ligand concentrations(= 4-cy-
ligand must account for the fast and reversible equilibrium that Znopy;]nclime_ﬂ - pé’.”d'ne_'x - tetlr‘?jhydroysc?qumolnefr_ - ‘IldNN
occurs. The reduction potentials of the solutions should reach imethylaminopyridiney = 4-pyrrolidinopyridine,a = quinuclidine).

a maximum value at some concentration of the ligand. Ex-
perimentally these maximum values of the reduction potentials
could not be achieved because of limited ligand solubility and
contamination of the electrode. Figure 4 clearly shows,
however, that the reduction potentials approached an asymptote.
A limiting potential was observed only in the case of pyridine
where the reduction potential in neat amine was identical to
that measuredni 2 M pyridine 165 mV vs SCE). A
qualitative correlation between the Hammettonstant for the
pyridine substituents and the reduction potentials is also evident
from Figure 4. Free OsQwith a reduction potential of-60
mV,%7 is more easily reduced than any of the ami@sQ,
complexes, which become more difficult to reduce as the
basicity of the amine increases.

To investigate the influence of the remote substituents on
the structural properties of the Og€ligand complexes, X-ray
crystal structures were obtained for three different pyridine

; 2 3 4
complexes. Each of the 18-electron complexes was crystallized n_os pond
by vapor-phase diffusion of pentane into toluene solutions of |engths (A): 2.318(13) 2.419(15) 2.452(08)
OsQ and thg amine. O,R,TEP q§plctlons of osmium tetroxide Figure 5. ORTEP depictions of the X-ray crystal structures of
complexes with 4-pyrrolidinopyridine?{, 4-phenylpyridine ), 4-pyrrolidinopyridine-OsQ; (2), 4-phenylpyridine-OsQ, (3), and
and 4-cyanopyridine4) are shown in Figure 5. In each case 4-cyanopyridine-OsQ; (4).
the geometry at the metal is distorted trigonal bipyramidal, but

the length of the nitrogerosmium(VIll) dative bond is  the basicity of the amine increases, but this trend does not extend
influenced significantly by the substituent on the pyridine ring. g the quinuclidine-OsQ, complex. The minute structural
The N—-Os bond length of the 4-pyrrolidinopyridine complex  yariations in the amineOsQ, complexes are not as significant
is more than 0.13 A shorter than the corresponding bond lengthas the direct correlation between tig values and the reduction
for the 4-cyanopyridine complex (2.318 A vs 2.452 A, potentials of these speciés.
respectively). The crystal structure for the quinuclidi@sQ, Hammett Studies To Determine the Influence of Substrate
complex has been reported previously, and theQs$ bond g pstituents in Osmylations of Monosubstituted Alkenes.
length in this complex is 2.37 A% A N—Os bond length of  Because of the inherent difficulties in comparing reactivity
2.49 A, determined from the crystal structure of the complex across a series of related amir@sQ, complexes, a different
between Os@and the first-generation alkaloid ligand®- type of Hammett study was undertaken. The influence of
(dimethylcarbamoyl)dihydroquinidine, was also reported previ- g pstituents on the substrate was investigated by monitoring the
ously?* The bond length in the alkaloid complex seems longer rates of osmylation of a series of substituted styrenes. Initially,
than e_xpected bas_ed on_the equilibrium constant for_th|s I|g_and. pyridine-accelerated osmylations were investigated. These
The hindered steric environment around the alkaloid’s quinu- reactions were performed under pseudo-first-order conditions
clidine moiety provides a I!kely explananon for this _eﬁect. with limiting OsQy in toluene at 25.0C. An excess of the

In summary, the reduction potentials of the ami@®Q,  styrene (20 equiv) was used, and the concentration of the
complexes correlate directly with basicity of the amine. pyrigine was varied to establish that the usual pattern of rate
Complexes of typd where the amines are strongly basic and gayration at high ligand concentrations was followed. The
therefore have large equilibrium constants favoring coordination yasction rates were measured by monitoring the formation of
to OsQ, are more.difficult to reducg thgn their.analogs formed ihe bis(pyridine)osmium(VI1) glycolate by UWisible spec-
from weakly basic and poorly binding amines. No clear troscopy (306-320 nm) or by monitoring the rate of disap-

correlation exists, however, between the ami_ne’s basi_ci_ty and pearance of the amireDsQ; complex. Several of the pyridire
the structural features of compléx In the substituted pyridine
complexes a definite shortening of the-®s bond occurs as (38) For additional studies attempting to correlate different features of
amine-accelerated osmylations, see: Kwong, H.-L. Ph.D. Thesis, Mas-
(37) Wallis, J. M.; Kochi, J. KJ. Am. Chem. S0d.988 110, 8207. sachusetts Institute of Technology, 1993.
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Figure 6. Nonlinear Hammett plot based on tqe pseudo-first-order rigyre 7. Combined Hammett plots based on the measured pseudo-
rate CO”Stas”tS of Scheme 3 ([O&?: 2.00x 10°* M, [styrene} = first-order rate constants for osmylations of substituted styre@es (
4.00x 10 M, [py]o = 1.25x 10°* M). 4-pyrrolidinopyridine,O = pyridine, ¢ = 4-cyanopyridine® = 3,5-
dichloropyridine; [Os@, = 2.00 x 1074 M, [styrene} = 4.00 x 1073
Scheme 3 M, [pyridine]o = 1.25 x 10X M).
o}
p! Il _O - .- . .
N X N, toluene pz:?,s:o lidinopyridine appears to be dominated by a process with a
0s04 + O/\ + O positive p value, while the 4-cyanopyridine-accelerated series
7 N 25.0°C o 7 N\ . . .
X N appears to be dominated by a process with a negatixadue.

The inclusion of several different Hammett studies in Figure
. . . 7 diminishes the apparent degree of curvature in the plot due
glycolate complexes were isolated and characterized to insure;, compression of the scale of the ordinate. The Hammett plot
that the measured kinetics derived from the appropriate reactionsq, the pyridine-accelerated reactions from Figure 6 is included
(Scheme 3). in Figure 7 to illustrate this effect. A Hammett plot based on
A plot of the logarithm of the observed absolute rate constants the kinetics of the osmylation of substituted styreieshe
at a constant pyridine concentration (0.125 M) vs #e  absence of amine ligandsas conducted to complement the
parameters (Figure 6) of the styrene substituents was preparegtudy summarized in Figure 7 (Supporting Information). The
to determine if a linear free energy relationship (LFER) was rates of these unaccelerated osmylations in toluene &C25
obeyed. An unusual pattern was observed. The pyridine- exhibit a linear Hammett relationship € 0.99) with ap value
accelerated reactions were faster for styrenes bearing eitherof —0.9 for an abbreviated range of substrates. The data for
electron-donating or electron-withdrawing substituents on the the unaccelerated osmylation series agree closely with observa-
aromatic ring. The distinctly curved Hammett plot obtained tions made by Henbest for unaccelerated osmylations of
under these specific reaction conditions exhibited a minimum symmetrically substitutettansstilbenesté
near the point corresponding to 3-chlorostyréheThe elec- All of the reactions used for the analysis in Figure 7 employed
tronic effects observed in the osmylations of these styrenes arethe pyridine ligands at 0.125 M concentrations. For the strongly
relatively small. The fastest and slowest absolute rate constantsoordinating pyridines (e.g., 4-pyrrolidinopyridine and DMAP),
for the reaction series corresponding to Figure 6 differ by only the experimental rate constants obtained under these conditions
a factor of 2. This indicates a very weak substituent effect were within 5% of the ceiling rates, and the shape of the
consistent with a mechanism having negligible charge separa-Hammett plot did not change when the extrapoldtgdalues
tion. Both the concerted “[3- 2]” mechanism and the stepwise  were used. The experimental rate data for osmylations acceler-
pathway via the osmaoxetane should proceed with little or no ated by the poorly binding ligand 4-cyanopyridine were only
charge development in the transition state. The approximately at <50% of the saturation rates. The shape of the Hammett
parabolic Hammett study using pyridine to accelerate the plot based on the extrapolatigvalues for these reactions also
osmylations of styrenes provides an intriguing clue about the has approximately the same shape.
transition state of the rate-determining step. The influence of amine concentration on the degree of
The study of substrate substituent effects was extended tocurvature in the Hammett plots for osmylations was investigated
include osmylation reactions accelerated by other substitutedby using the moderately binding ligand 4-picoline to accelerate
pyridines having markedly different basicities and capacities styrene osmylations in acetonitrile. Hammett studies at several
to coordinate to Os® Figure 7 represents a summary of these different concentrations of 4-picoline were performed. Selected
data. Distinctly different Hammett relationships were observed results are graphically summarized in the form of a combined
for each reaction series, and several characteristics of the plotsHammett plot (Figure 8). As part of this study, a linear
require comment. Most importantly, all of the individual Hammett plot was determined for the unaccelerated osmylations
Hammett plots for these amine-accelerated osmylations areof styrene in acetonitrile. A value of —0.7 was determined
nonlinear. Each of the curved Hammett plots in Figure 7 for these osmylations in the absence of any coordinating tertiary
exhibits an approximate minimum corresponding to the least amine, and this is in accord with the observations made for the
reactive styrene. The positions of the minima vary in a same reaction series in toluene (vide supra). The data in Figure
systematic fashion and these points correspond to more electron8 show that a distinct change in the curvature of the Hammett
withdrawing (or less electron-donating) substituents on styrene plots occurs as the concentration of the amine decreases. The
as the basicity (and binding constant) of the pyridine decreases.change in the curvature of the Hammett plot in response to
As a result, the osmylation of styrenes accelerated by 4-pyrro- different concentrations of amine indicates that the rate-
determining step in osmylations is not uniform even within a
(39) The data in Figure 6 correlated very poorly(0.65) with alinear  cjgsely related series of reactions. This implicates the participa-
least-squares fit. The second-order polynomial fit shown provided a much . o . .
better correlation r( = 0.89) although this is only an indication of  tion of at least two distinct mechanisms for the amine-
nonlinearity and has no physical significance. accelerated reactions in addition to the mechanism when no
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Figure 8. Hammett plots based on the observed pseudo-first-order Figure 9. Hammett plot based on the observed pseudo-first-order rate
rate constants of the 4-picoline accelerated osmylations of substitutedconstants for the quinuclidine-accelerated osmylation of substituted
styrenes in acetonitrile at 25°C ([OsQj, = 2.00x 1074 M, [styrene} styrenes in toluene at 2% ([OsQl, = 2.00 x 10°* M, [styrene} =

= 4.00 x 102 M, [4-picolinel, = 1.75 M, ®-; 2.5 x 1071 M, -O-; 4.00 x 1073 M, [quinuclidine}, = 1.25 x 107! M).

25x 102 M, -B-).

that the nonlinear relationship between rate and the substituent
parameters isieither an artifact arising from comparison of
reaction series at different points on the saturation curves nor a
phenomenon specific to pyridine-accelerated reactions. Due to
the curvature in the Hammett plopavalue cannot be calculated
directly. The position of the approximate minimum in Figure

9 corresponds to 3-chlorostyrene. The location of the minimum
is very similar to that observed in the pyridine-accelerated series
(Figure 6), and the magnitude of the ligand acceleration is nearly
identical to that observed in the unsubstituted pyridine series.
This similarity in the response to substrate substituents is

L - remarkable considering the disparity in the equilibrium constants
amine is involved. Competition between the accelerated and¢ ihe two amines.

unaccelerated reactions as the source of the change in Hammett 1o amines used in the Hammett studies to this point have

plot curvature can be ruled out because the rates of theyaen gterically uncomplicated. The substituted pyridines dif-

?ccelerﬁted Leactionsfusesl for Figurle 8 are at Ie?sftﬂjloo timeSered only in their basicity and capacity to coordinate to @sO
aster than the rates for the unaccelerated osmylatiorio Quinuclidine is sterically more bulky than pyridine, and this

avoid the potential pitfalls of reaching a general mechanistic \anitests itself in the relatively small equilibrium constant for
conclusion based on the data fm”? c_)smylat|qns_ofa3|_ngle YP€he coordination of the second quinuclidine to the Os(VI)
of alkene accelerated only by pyridines, stoichiometric osmy- glycolate (Scheme 4). In both cases, interactions between the

lations using other tertiary amine ligands were analyzed. amine and the substrate should be minimal. A Hammett study
The simplest approach to determining the generality of the ,gjno pHOD-CLB to accelerate the osmylation of substituted
unusual substrate electronic effects involved using quinucliding gy renes was performed to determine substrate substituent effects
and modified .alkaI.0|.d ligands to acceleratg the osmylat!on ,Of in systems where noncovalent interactions between the ligand
styrenes. Qumughdlne presents a more .hlndered COOfdlnat!Onand substrate exist and asymmetric induction occurs. The
site than the relatively flat pyridine derivatives, and the alkaloid o4 ctions of the alkaloid ligandselectrons with the substrate
ligands provide an extremely complex steric environment near oqits in enormous rate accelerations, particularly for alkenes
the coordinating nitrogen. The osmium(VI) glycolates formed bearing aryl group® The steric environment near the nitrogen

n thg, presdencg of I%glnucl(;dlne gay haveh either one or tWOf of the quinuclidine moiety in alkaloids significantly reduces the
coordinated quinuclidines depending on the concentration of o jijibrium constant for coordination to Os®o these amines

the .a.mine (Scheme 4). The monoquinuclidine compleﬁ_ represent another extreme in reactivity. Of greatest interest to
exhibits a broad absorbance between 600 and 750 nm in thegyihetic organic chemists are the second-generation bisalkaloid
UV-—visible spectrum, and the rate of osmylation can be |igands such as PHAR2 PYR DPP# and AQN' due to the
measured by monitoring the rate of increase of this absorbanceyjgher enantioselectivity achieved with these ligands in the
when low to moderate concentrations of quinuclidine are presen'[.Cam'yﬂC AD. The relatively simple ligand DHQD-CLB suffices

At higher concentrations of the amine, the absorbance of ¢, the purpose of investigating the generality of the unusual
complex5 is almost totally suppressed due to formatiorbpf Hammett behavior in stoichiometric osmylations.

and t_he rate of osmylation_mus_t _be determined by measuring  pravious work has shown that the osmium(VI) glycolates
the disappearance of the quinuclidirf®sQ complex. Therates — hiqinaq using first-generation ligands have only a single bound

measured in either way are identical, and this shows that 5;5|6id46 The absolute rates of osmylation were measured by
quinuclidine-accelerated osmylations are at ligand saturation

even for small excesses-10 equiv) of quinuclidine.
A Hammett plot ba}sed on the rates of qumuchdm_e-accelgrgted D.. Zhang, X.-L.J. Org. Chem1992 57, 2768.
osmylations also displayed a curved shape with a distinct (43) Crispino, G. A.; Jeong, K.-S.; Kolb, H. C.; Wang, Z.-M.; Xu, D.;

minimum (Figure 9). The data from this Hammett study show Sharpless, K. BJ. Org. Chem1993 58, 3785.
(44) Becker, H.; King, S. B.; Taniguchi,M.; Vanhessche, K. P. M.;
(40) For a discussion of Ligand Accelerated Catalysis, see: Berrisford, Sharpless, K. BJ. Org. Chem1995 60, 2940.
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(42) Sharpless, K. B.; Amberg, W.; Bennani, Y. L.; Crispino, G A,
Hartung, J.; Jeong, K.-Y.; Kwong, H.-L.; Morikawa, K.; Wang, Z.-M.; Xu,

D. J.; Bolm, C.; Sharpless, K. BAngew. Chem., Int. Ed. Endgl995 34,
1059.38.

(41) Schider, M.; Nielson, A. J.; Griffith, W. PJ. Chem. Soc., Dalton
Trans.1979 1607.

(45) Becker, H.; Sharpless, K. B\ngew. Chem., Int. Ed. Engl996

35, 448.

(46) Pearlstein, R. M.; Blackburn, B. K.; Davis, W. M.; Sharpless, K.
B. Angew. Chem., Int. Ed. Engl99Q 55, 766.
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Figure 10. Hammett plot based on the observed rate constants in the gjgyre 12. The influence of styrene substituents on enantioselectivity
DHQD-CLB-accelerated osmylations of substituted styrenes in toluene i sioichiometric (®-) and catalytic (E-) variants of the AD reaction

at 25°C ([OsQ], = 2.00 x 104 M, [styrene} = 4.00 x 1073 M, (Figure 11).
[DHQD-CLB], = 5.00 x 1072 M).
oH 0.l o- '?/o HA(\?/O
X Asymmetric Dihydroxylation N OH 0\§:0 /</0|5\\/0 o—O\s\(o
I// I// R o R L L
X X vs vs vs
Stoichiometric conditions: DHQD-CLB (2 equiv), OsO4 (1 equiv), R
styrene (5 equiv), toluene, 25°C o I I
Catalytic conditions: DHQD-CLB (1 mol%), OsO4 (0.2 mol%), ~0s=0 O\Os\;o 8\0
styrene, 1:1 t-BuOH:H,0, 25°C g/ \2) | >o O_OIS//O
R- )

Figure 11. Preparative AD reactions used to investigate the influence

of remote substituents on facial selectivity. Figure 13. Possible regioisomers in the osmylation of monosubstituted

oo . . alkenes.
monitoring the absorbance of this complex at 685 nm in the

UV—visible spectrum. The Hammett plot obtained using Catalytic AD. The differences in the concentrations of ligand
DHQD-CLB to accelerate the osmylation of styrenes in toluene @nd OsQ and the differences in solvent polarity, factors that
at 25.0°C exhibits modest curvature (Figure 10). The observed dramatically influence the equilibrium for ligar@sQ, com-
reaction rates change less as the substituent on the styreng@!€xation, did not alter the overall trend in asymmetric induction.
becomes more electron-withdrawing, but a distinct minimum _The erosion of enan_tloselectwlty and corre_spondlng decrease
does not exist. The extent of curvature in the Hammett plot I the rates of alkaloid-accelerated osmylation observed as the

parallels that observed in the Hammett plots of osmylations Styrene substituent becomes more electron-withdrawing probably
accelerated by the poorly binding pyridine derivatives (Figure esults from a decrease in the noncovalent interactions between
7). This similarity is remarkable considering the fact that the the aromatic group of the substrate and the binding pocket of
rate accelerations caused by DHQD-CLB are substantially the ligand. _ _ ) ) _

greater than those obtained using either 4-cyano- or 3,5- Hammett Studies Employing Di- and Trisubstituted Alk-
dichloropyridine. The Ligand Acceleration Effect (LAE) €nes. The set of Hammett studies described above is not

valued® for DHQD-CLB range from 18103, whereas the LAE  Sufficient for a study of osmylation reactions because an unusual
for 4-cyanopyridine ranges from-5.0. response to substituents could result from a change in the

regiochemistry of intermediate and/or product formation. For
example, two regioisomers of an osmaoxetane intermediate, and
its ligated counterpart, may form in reactions with monosub-

The inclusion of a Hammett study employing an optically
active alkaloid ligand to accelerate stoichiometric osmylations

raises the issue of electronic effects in asymmetric induction. ™ ! - . .
To address this, both stoichiometric and catalytic AD reactions stituted alkenes (Figure 13). A similar regiochemical argument

were performed on a preparative scale with the styrenes used"@y be made for the transition state in the proposedt[3]’

in the kinetic Hammett study (Figure 11). The catalytic pat_hv_vay. The preferenc_e for formation of any of the.se
reactions were run under the standard conditions recommended®9!0/S0mers may change in response to electronic perturbations,

for monosubstituted alkenésThe concentrations of osmium and it is necessary to determine whether nonlinear Hammett

and ligand in the organic phase of the catalytic reaction are relationships are observed in systems where such regiochemical

difficult to asses$? but themaximumvalues are [Osg) = 2 x issues are not relevant.

104 M and [DHQD-CLB] = 1 x 102 M. For the stoichio- The use of symmetrically substitutettansstilbenes in
metric variant. the initial concentrations; were [OsQ#] 4.2 stoichiometric reactions with Os@nd different amine ligands
« 102 M and’ [DHQD-CLB}, = 8.5 x 102 M ' provides the most direct experimental method to determine the

role of regioisomerism in an intermediate or transition state.
Hammett studies employing substitutéthnsstilbenes as
substrates and three different amines (DMAP, quinuclidine, and
DHQD-CLB) were conducted under conditions similar to those
used for the styrene reactions. All reactions in a related series
used identical concentrations of OgQubstrate, and ligand.
‘Although substituent parameters are considered additeach
of the Hammett plots based on symmetrically substititads-
stilbenes uses values corresponding to only a single substitu-
(47) Ogino, Y.; Chen, H.; Kwong, H.-L.; Sharpless, K. Betrahedron ent. No p values were calculated because curvature was
Lett. 1991, 32, 3965. observed in each of the plots, so the omission of a factor of 2

The enantioselectivities for these reactions are depicted
graphically in Figure 12. The data for the stoichiometric AD
reactions in toluene show that remote electronic substituents
definitely influence facial selectivity, and the pattern parallels
the kinetic behavior. Higher enantioselectivity was obtained
with styrenes bearing electron-donating substituents, and electron
withdrawing groups on the styrene resulted in poorer facial
selectivity. The same general behavior was determined for the
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Figure 15. Hammett plot based on the absolute rates constants of the
stoichiometric quinuclidine-accelerated osmylationsgrafs-stilbenes
Figure 14. Hammett plots based on the pseudo-first-order rate in toluene at 25.0C ([OsQ]o, = 2.00 x 1074 M, [stilbene}, = 4.0 x

-0.50-0.25 0.00 0.25 0.50 0.75
o

constants of the DMAP-accelerated osmylationsrahs-stilbenes in 1072 M; [quinuclidine, = 1.25 x 107 M.
toluene at 25.0C ([OsQy], = 2.00 x 104 M, [stilbene}, = 4.0 x

10% M; [DMAP], = 1.25x 10°* M, -@- or 2.5 x 1072 M, -O-). />§\

in the scale of the-axis does not alter the interpretation. The ?/:\—@ t= prapcs
kinetics of the reactions were monitored by the standard c2):,,o|s—o =/"X
spectrophotometric methods described above. L

The same general trends that emerged from the Hammett
relationships using styrenes were observed in the stilbene

reactions. For the DMAP-accelerated osmylations where the 44-OCHy),  44-H), 3.3-(CFahs
product was the osmium(VI) glycolate having two coordinated 05 441C(CHYls  33(F); 4.4-(CFa);
amines (), a markedly parabolic Hammett plot was obtained '

(Figure 14). The poor solubility of manyans-stilbenes and -

the corresponding glycolate complexes limited the number of

substrates that could be used in these studies, but the range of '\g \
substituents employed was large enough to provide mechanisti- SR \

cally significant data. As in the case of the 4-picoline- g \\
accelerated styrene osmylations (Figure 8), the extent of -2.0 1 N,
curvature in the Hammett plot for DMAP-accelerated reactions =
of the stilbenes depended on the concentration of the amine. -2.5

The influence of amine concentration was more pronounced for 10:50-0.250.00 0.25 0.50 0.75

substrates bearing electron-withdrawing substituents. These data. 16. H tt plot based on the rat tants of the DHOD

clearly show that the unusual response to substrate substituen igure 16. Hammett plot based on the rate constants of the DHQD-
- L . . . LB-accelerated osmylations of stilbenes in toluene at 25.00sQy,

effects is a general characteristic of osmylation reactions in the _

el _ ! 2.00x 1074 M, [stilbene], = 4.0 x 10-3 M; [DHQD-CLB], = 1.25
presence of strongly coordinating tertiary amines. x 1071 M).

The investigation of substituent effects usingns-stilbenes

was extended to include osmylations accelerated by quinuclidine  Figure 16 shows the Hammett plot based on the measured
and DHQD-CLB. The Hammett plot for the quinuclidine- kinetics for the formation of complex0 in the DHQD-CLB-
accelerated series in toluene is depicted in Figure 15. A modestaccelerated osmylations of the stilbenes. Similar to the DHQD-
amount of curvature was observed in the quinuclidine series, CLB/styrene series, a nearly linear correlation existed between
and an approximate minimum corresponding to the rate 6f 3,3 the logarithm of the observed rate constant and the substituent
difluorostilbene exists. The measured rates of reaction for the parameter. A least squares linear fit of the Hammett plot
quinuclidine series did not depend on the concentration of the afforded a moderate correlation € 0.96), and & value of
amine indicating that ligand saturation had been achieved. A —1.5 can be calculated. This simplified analysis is misleading
comparison of the kinetic data and Hammett plots of the DMAP- unless Figure 16 is considered in the context of the Hammett
stilbene series vs the Hammett plot of the quinuclidine-stiloene plots for the other amine-accelerated reaction series. The
series reveals the same patterns that were observed in thedammett plot is clearly nonlinear, but the amount of curvature
4-pyrrolidinopyridine-styrene and quinuclidine-styrene series. is very small. The difference in rate extremes for the DHQD-
Large excesses of the electron-rich pyridine ligands afforded CLB-accelerated osmylations was greater, in part, because of
more ligand acceleration than that observed with the more the smaller degree of curvature. The enantioselectivity of the
strongly coordinating quinuclidine. Also, the minima in the symmetric stilbene series was not determined, but alkaloid
Hammett plots for the quinuclidine reactions corresponded to ligands afford stilbene diols of much higher enantiomeric excess
more electron-poor substrates. than comparable styrene didls.
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4-0CHz  4-H 4-CFg more strongly to Os@® The resulting 18-electron complexes
.45 4CHs o have shorter NOs bond lengths and higher reduction potentials
than their counterparts with electron-withdrawing substituents.
E These effects were measured directly and are in accord with
-2.55 E osmium tetroxide functioning as a Lewis acid toward the amine.
N\ However, anticipating the effects of electronically differentiated
amines on the transition state of the osmylation process proved
to be anything but straightforward.

t For osmylations accelerated by the substituted-pyridine series,
275 reaction rates decreased as the basicity of the pyridine decreased.
" 0.50-0.25 0.00 0.25 0.50 0.75 Under identical experimental conditions, the differences in

o reactivity for strongly and weakly coordinating amines with
Figure 17. Hammett plot based on the rate constants of the DHQD- nearly identical steric environments was often a factor of 10 or
CLB-accelerated osmylations of triphenylethylent® {n acetonitrile more. A comparison of thk; values for these series revealed
at 25.0°C ([0sQj, = 2.00 x 107* M, [triphenylethylene] = 4.0 x very small differences (only a factor of-3) between extremes.
107° M; [DHQD-CLBJ, = 1.25 x 10°* M). The negativep value calculated from the Hammett plot based
. . on k. values for substituted pyridine ligands (Table 2) is
. Ong f"!a' set of Hgmmett studies was performeq. The inconsistent with the positivep value obtained from the
investigation of substituent effects for structurally different Hammett plot using saturation rates from substituted quinucli-
alken_es was extended to inc_IL_Jde triphenylethylene);t(ea!ring dine ligands (Table 3). In the case of the 4-substituted
substltugnts at the para position of t_he C(2) phenyl moiety. The quinuclidine reactions, the more poorly binding amines afforded
osmylatlo.ns of these bulky tr|s.ub.st|tuted. alkenes represent ANtaster reaction rates than the parent compound. The pattern of
extreme in terms of thg s.tenc mteracﬂons between ligand, ligand-acceleration in the quinuclidine series provides a strong
substrate, and OsO This is particularly important if the argument against a simple concerted “32]" mechanism
coordinating amine is an alkaloid ligand. If an osmaoxetane (Figure 1). These data, however, do not provide unambiguous

evidence for a stepwise mechanism.

IOQ (kobs)

-2.65

X
O Kinetic evaluation of substrate electronic effects in osmyla-
' tions provided substantially more information about the mecha-
O O nistic possibilities. The most striking feature of the present
studies is the varied response of stoichiometric osmylation rates
1 to substrate substituent effectéll of the Hammett plots for

the amine-accelerated osmylations based on variation of the
intermediate is involved, then the regioisomer with the osmium electronic properties of the alkenes exhibited some degree of
bound to the carbon with only one aromatic group should curvature. The deviation from linearity in these free energy
predominate. Substituents on the phenyl group of the carbonrelationships appears to be related to the capacity of the amine
directly involved in the proposed migration from the osmium to coordinate to osmium tetroxide. Strongly coordinating
to an oxo group in the transition state may provide insight into amines such as DMAP and quinuclidine afforded parabola-like
the nature of this step. Hammett plots, while poorly binding amines such as 4-cyano-
The study of substrate electronic effects on the rate of pyridine and DHQD-CLB caused only moderate curvature. The
osmylation was brought to a close by investigating the kinetics structure of the alkene (e.g., mono-, di-, or trisubstituted)
of the DHQD-CLB-accelerated osmylations of the triphenyl- influenced the nonlinear Hammett behavior, but no simple
ethylene derivatives. This reaction series exhibits a very weak correlation between the substitution pattern/geometry of the
substrate electronic effect. The difference in reaction rates from alkene and electronic effects was apparent.
the most electron-donating substituent to the strongest electron- £ re to obey a linear free energy relationship based on

withdrawing one is less than a factor of 2, even using large gmpjrical substituent parameters has been reported for several
excesses of the ligand (625 equiv based on limiting fsthe different types of reactions, and numerous explanations for this
shape of the Hammett plot is indeterminate. A least-SQUaresy,,ye heen offered. An appreciable amount of scatter in the data
linear fit of the data afforded a poor correlation= 0'9.2)’ and can indicate that the particular set of substituent parameters (e.g.,
a_smallp value of —0.2 for these data_wz_as dete_zrmlned. _The o, 0%, oro™) used for the attempted correlation is inappropriate
slightly curved Hammett plot for the stoichiometric osmylations for the extent and type of charge developing on the intermediate.
of the triphenylethylenes resembles the plots derived from the The standard parameters afforded good linear correlations for
kinetics of the osmy]atjons of styrenes (Fig.ure. 10) and stilbenes the equilibria describing the substituted pyridif@sQ; com-
(Figure 16), and th's_ IS rem_arkable considering that on_ly one plexation (Figure 2) as well as for the rates of unaccelerated
of the phenyl groups in the triphenylethylenes bore SUbSt'tuems'osmylations in different solvents. These data, together with the

fact that neither of the proposed mechanisms for amine-
) o ) _ accelerated osmylations predict charge separation, indicate the
The extensive body of data describing substituent effects in syitability of the chosen parameters. In addition, the alternate

Osmylaﬂon reactions collected in thlS Study allows fO-r a critical substituent parameters did not y|e|d linear free energy relation-
evaluation of the proposed mechanisms for the reaction 0tO0sO ships.

with alkenes. Electronic effects caused by remote substituents
on the amine ligand can be difficult to interpret. The amine’s
substituent influences not only the equilibrium describing
formation of the amineOsQ, complex () but also the
reduction potential and structural features of this complex. In " (4g) L effler, J. E.; Greenwald, ERates and Equilibria of Organic
general, amines bearing electron-donating groups coordinateReactions John Wiley & Sons: New York, 1963.

Discussion

A change in the reaction mechanism can also result in a
nonlinear Hammett relationship. The hydrolysis of phenyl-
substituted ethyl benzoate estéfshe solvolysis of 7-aryl-7-
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bicyclo[2.2.1]-hept-2-enyl derivativé$,and the solvolysis of : ! Eu A_E”
3-aryl-2-butylbrosylate8 are well-known examples of reactions HOMO j J_ﬂ_
that exhibit nonlinear Hammett relationships caused by a change _H_ """""""""""""""""""

in mechanism. In these cases, the reactions involve positively

charged intermediates that have different structures in response

to the different substituents. The substituent effects determined

in these classic studies are quite large, often corresponding to  ABfonter = 1 + _1 (5)
rate differences of several orders of magnitude. The fact that & i

a change in mechanism can cause nonlinear Hammett behaviofigure 18. Frontier molecular orbital interactions proposed to dictate
is very important from a theoretical perspective, regardless of the energy of the transition state in 1,3-dipolar cycloadditions.

the nature of the intermediate. To determine whether a Changemodel, the dipole-dipolariphile HOMELUMO energy differ-

in mechanism can explain the curved Hammett plots observed . - ;
for the charge-neutralloosmylation reactions, it isp necessary to &MNCes qllctate t_he energy_of the transition state (Figure 18). The
consider the expected response to electronic effects in each oFr't!cal interactions are d[rectly proportional to the sum of the
the proposed mechanisms. reciprocals of energy @fferences (eq 5). Of. course eq 5
The “[3 + 2]’ Pathway. The concerted“[3+ 2" pathway represents a simplification, and terms accounting for closed-
) shell repulsions, coulombic and charge-transfer interactions, and

involving reaction of the amineOsQ, complex1 at the axial differences in HOMG-LUMO overlap have been omitted
oxygen and one of the equatorial oxygen atoms should resemble o . L s :
a 1,3-dipolar cycloaddition (Scheme 5). Another plausible Application of this model allows 1,3-dipole cycloadditions to

explanation for nonlinear Hammett plots arose from mechanistic be organized into three distinct categories based on the relative
) S " ; . energies of the molecular orbitals of the reaction partners. Type
investigations of the cycloadditions of 1,3-dipoles with alkenes. 9 b yp

Several examples of nonlinear Hammett relationships have beenlncjipOIar cycloadditions occur with dipoles having relatively
observed for 1,3-dipolar additions to unsaturated compoginds. igh HOMO and LUMO energies compared to the dipolariphile

Firestone araued that the un It nse to electroni b_(E| < Ej). These cycloadditions should be accelerated by
estone argued that the unusual response to electronic su lectron-donating substituents on the dipole and electron-

s.tituents ocgurreq begause thg dipolar .cyclo'add'itions proceede ithdrawing substituents on the dipolariphile. Substitution on
via a nc_)nspm-palred intermediate h_avmg b”?‘d'ca' charééte_r. either reactant will cause the term&, andAE; to be affixed
According to this model, any substituent adjacent to the sites to the denominators in eq 5, and an example of the change in

W'ttr;].r adlca:jl clh.ar?t::t?r srlllould re?lilrﬁm;zzstsr rzt.esi .Atlso 'mg."(j;'t the relevant orbital energies caused by a substituent on the
In this model IS that collapse of the 1,5-biradica’ Intermediate dipolariphile is shown in Figure 18. Conversely, type llI

must occur more rapidly than rotation about single bonds. The .- qqitions arise when the orbital energies of the dipolariphile
extremely high stereospecificity in the additions of 1,3-dipoles are higher than those of the dipol& (> Ey), and these

to alkenes and the falllure to obserye any products that CO.UId cycloadditions should be accelerated by electron-withdrawing
unam_b|guously l?e attr_|buted t(,) aradical process are often C'tEdsubstituents on the dipole and electron-donating substituents on
as_ewdence against F'feS‘Or.‘e S m?Chan'St'C prop_osal. C_ompu-the dipolariphile. Linear Hammett relationships are expected
tational and theoretical studies indicate that certain 1,3-d|polesfor both type | and type Ill reactions although thealues wil

X O f ite sign. Th I f dipol
zwitterionic character, but this does not necessarily imply Q?y%g |?p§<?(;sl:tris\;v§|"1r]en thg mgf\;gguzﬁg Eﬁ&gsdé?%g{hagggg?en
reaction via a discrete d|rad|gal mtermeo_llé%e. and dipolariphile are of roughly equal enerdg & Ey). Any

A far more general and satisfactory rationale for the unusual ye of electron-donating or electron-withdrawing substituent
Hammett relationships observed in 1,3-dipolar cygloaddltlons on either reactant accelerates the reaction. Ideally, type I
has been developed. Sustmann proposed a frontier m0|eC“|a'E;yc|oadditions will result in parabolic Hammett plots.
orbital (FMO) model based on the classical, pericyclic cycload- ~1pe logic of the FMO model advocated by Huisgen and
dition mecha.nism that can adesquately gxplain the Hammett 5 ,stmann and the ample body of experimental and computa-
phenomena in these reactiot$> According to this FMO {5066 evidence that supports it make it appealing to try to

evaluate the Hammett studies in osmylations using a similar

(49) Gassman, P. G.; Fentiman, A. F.,JrAm. Chem. Sod.97Q 92,

2549, model. For the pyridine-accelerated osmylations of substituted
(50) Brown, H, C.; Kim, C. J.; Lancelot, C. J.; Schleyer, P. vJRAM. styrenes summarized in Figure 6, the approximately parabolic
Chem. Soc197Q 92, 5244. shape of the Hammett plot is consistent with the behavior of a

(51) (a) Dondoni, A.Tetrahedron Lett.1967 2397. (b) Battaglia, . . . .
Dondoni, A.Ric. Scient1968 38, 201. (c) Bast, K.; Christl, M.; Huisgen, ~ tYP€ Il 1,3-dipolar cycloaddition. The substituted pyridine-

R.; Mack, W.Chem. Ber1973 106 3312. (d) Eckell, A.; George, M. W.; accelerated osmylations summarized in Figure 7 exhibit a
Huisgen, R.; Kende, A. SChem. Ber1977, 110, 578. systematic transition in the degree of curvature of the Hammett

R (Asz%é?r)aﬁ'ergfgr’ﬁgﬁ'3’3‘]'3868' Chem1968 33, 2285. (b) Firestone, s that is consistent with a gradual change in the behavior of

(53) Houk, K. N.: Yamaguchi, K. Iri,3-Dipolar Cycloaddition Reac- the reactions from type | to type Ill cycloadditions as the binding
tions Padwa, A., Ed.; John Wiley & Sons: New York, 1984; Vol. 1, pp  constant of the amine decreases.

407—450.
(54) Sustmann, RTetrahedron Lett1971, 2721. (56) (a) Huisgen, R.; Fisera, L.; Giera, H.; Sustmann) RAm. Chem.
(55) Huisgen, R. Inl,3-Dipolar Cycloaddition Reactionadwa, A., Soc.1995 117, 9671. (b) Sustmann, R.; Sicking, W.; Huisgen,JRAmM.

Ed.; John Wiley & Sons: New York, 1984; Vol. 1, pp-176. Chem. Soc1995 117, 9679.
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The data represented in Figure 7 could be used as an argumentr with the observed reduction potentials for their @sO
for the concerted “[3+ 2] cycloaddition mechanism in amine-  complexes (Figure 4).
accelerated osmylations, but it is necessary to reevaluate this The knowledge that tertiary amines accelerate osmylation
analysis. Numerous inconsistencies in the analogy betweenreactions and form complexes of typeeversibly in solution
osmylation reactions and dipolar cycloadditions can be found could easily lead to the conclusion thatis the reactive
in the Hammett studies reported here. A comparison of the intermediate. This premise for the ligand acceleration phenom-
Hammett plots for osmylations of structurally different alkenes enon is seriously challenged by the electrochemical studies
(e.g., styrenes vs stilbenes) under identical conditions highlights presented here. The data in Figure 3 lead to a prediction of
the difficulty of explaining amine-accelerated osmylations using ratedeceleratiorwhen amines are present. The slight change
Sustmann’s FMO theory. The position of the approximate in geometry at osmium, from tetrahedral to distorted trigonal
minimum in a Hammett plot arising from a type Il dipolar pipyramidal, that occurs upon complexation of the amine might
cycloaddition mechanism may be used to judge the suitability force the oxo groups into a more reactive conformation. For
of the model. ligand-acceleration to occur, however, the benefit derived from

The Hammett analysis of pyrrolidinopyridine-accelerated the structural change must more than compensate for the
osmylations of styrenes in toluene (Figure 7) shows the parentsubstantial increase in the LUMO energy. The different steric
styrene to be the least reactive of the series. The Hammett studyenvironments presented by pyridine and quinuclidine derivatives
based on DMAP-accelerated stilbene osmylations under identicalmay also influence the reactivity of the intermediate(s) in the
conditions (Figure 14) has a minimum corresponding to a reaction. The crystal structures of the pyridif@sQ, com-
stilbene that is slightly more electron-poor thaansstilbene. plexes2, 3, and4 reveal some eclipsing between the pyridine
The FMO model predicts the opposite trend in the positions of ring and the equatorial oxo groups. The previously reported
the minima based on the very different ionization potentials (IPs) crystal structure of the quinuclidingddsQ, complex reveals that
of the two alkenes. The IP fdransstilbene is 7.7 eV, while the quinuclidine moiety adopts a completely staggered confor-
the value for styrene is 8.4 eV. Huisgen has shown that the mation with respect to the equatorial oxo grodpsThe
IPs of dipolariphiles are directly proportional to the HOMO influence of ligand topology and the significance of different
energies used in the FMO mod&l.Numerous other analyses extents of staggering in the these complexes is unknown. The
of the reactivity of alkenes with nucleophilic and electrophilic  effect of slight changes in the&-Os—0Ogqangle in the various
reagents are also based on this assumpfionhe substantial amine-0sQ, complexes and differences in the-i®s bond
difference in the orbital energies of styrene and stilbene indicateslengths in compleX are equally difficult to interpret, especially
it is unlikely that both will correspond to the minimum in in light of the apparent lack of correlation between these
Hammett plots with the same type Il dipole. If styrene structural data, the equilibrium constank&d), and the elec-
osmylation is postulated as the minimum in reactivity, the FMO trochemical reduction potentials in solution.
model predicts that the stilbene osmylations should be ap- In summary, the analogy between the concerted+[2]”
proaching type Ill reactions with a minimum corresponding to cycloaddition mechanism in amine-accelerated osmylations and
a very electron-rich stilbene. The structural differences between 1,3-dipolar cycloadditions provides a possible, albeit tenuous,
stilbene and styrene may detract from this analysis, but Huisgenexplanation for the unusual Hammett plots. The numerous
has shown that Sustmann’s FMO model applies quite well to a inconsistencies between the observed kinetic behavior and that
series of dipolariphiles with dramatically different structutes. predicted by the FMO model coupled with the failure of this

Other inconsistencies can be noted between the observedpathway to explain the inversion points in the modified Eyring
Hammett relationships in amine-accelerated osmylations andplots'? lead us now to consider the “[2 2] mechanism.
those predicted by the Sustmann model for concerted cycload- The Stepwise “[2+ 2]” Pathway. A discussion of possible
dition reactions vial. A comparison of the positions of the  stepwise mechanisms in osmylations must first emphasize the
minima in the Hammett plots for osmylation of the same alkenes difference between a concerted §22] cycloaddition mecha-
using different ligands is particularly interesting. The Hammett njsm (such as thess + 724 interaction between two carben
plot for the 4-pyrrolidinopyridine-accelerated osmylations ex- carbon double bonds) and the analogous process between
hibits an approximate minimum corresponding to the rate of metal-ligand multiple bonds and alkenes. In the latter case,
the parent styrene (Figure 7), while the quinuclidine-accelerated an actual [2+ 2] step is thought not to be involved, and the
series (Figure 9) exhibits an approximate minimum correspond- designation “[2+ 2]" is only a formalism describing the overall
ing to the rate of the more electron-deficient 3-chlorostyrene. formation of the four-membered osmaoxetane ring. The
The quinuclidine-OsQ; complex should behave more like @ sequence by which the oxametallacycle is formed is proposed
type | dipole than the Osfzomplex with 4-pyrrolidinopyridine,  to require prior formation of an alkerenetal complex 12).6°
and the FMO model fails to (_explain the observe_d behavior.  The stepwise mechanism proposed for cinchona alkaloid-
Several other examples of this type of reversal in Hammett 5ccelerated osmylation reactions is shown in Figure 19. Several
behavior exist in the current studies. In addition, the measuredmnortant assumptions are implicit in this pathway, and it is
rates of the quinuclidine-accelerated reactions, which are pe|nfy| 1o highlight these. First, all of the equilibria preceding
essentially identical to the ceiling rates, are slower than the ratesine irreversible rearrangement of ligated osmaoxetate the
corresponding to reactions using identical concentrations of giycolate product are rapid and reversible under normal AD
DMAP. In the context of a mechanism similar to a 1,3-dipolar congitions. This condition is mandated by two facts: (1) the
cycloaddition, these features are not reconcilable with either ligand accelerates the rate of reaction and (2) the acceleration
the different equilibrium constants for the two aminé&«(  effect reaches saturation at high ligand concentrations. If the
~1800 M* for DMAP and~80 000 M for quinuclidinej® microscopic rate constants leading to the metallaoxetane were
decreased to the extent that one of them became rate-limiting,

(57) Streitweiser, AMolecular Orbital Theory for Organic Chemists

John Wiley & Sons: New York, 1961. then the rate expression would change and the kinetic profile
(58) Freeman, FChem. Re. 1975 75, 439.
(59) Keq for the binding of 4-pyrrolidinopyridine in toluene is expected (60) For a discussion of the interconversion olefiethylidine com-

to be ~2500 M1 based on extrapolation from the data in Table 1 and plexes and metallacyclobutanes, see: Upton, T. H.; Rapp&. J. Am.
Figure 2. Chem. Soc1985 107, 1206.
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Figure 19. Component equilibria of the proposed stepwise-{2]"
mechanism for the amine-accelerated osmylation of alkenes.
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Figure 20. Proposed mechanism of osmylation in the absence tertiary
amines.

with respect to amine concentration should also change. A
discussion of the kinetic schemes corresponding to the general
mechanism in Figure 19 under different limiting conditions has
appeared in the literatufé. None of the derived rate expressions
for the various “[2+ 2]” pathways can adequately explain the
range of Hammett behavior presented here.

It is presently not possible to obtain information about many
of the component equilibria shown in Figure 19, but insight
about the individual steps can be gained by consideration of

related phenomena. The complexation of the alkene to the metal

center in Os@shown in Figure 19 is identical to the proposed
mechanism of alkene osmylation in thesencef coordinating
tertiary amines (Figure 20). The rate-determining step in the
unaccelerated osmylation reactions should be migration of the
carbon-osmium bond to an oxo group yielding the osmium-
(VI) glycolate. Dimerization of the 14-electron glycolate
complexes then occurs rapidi§. The two Hammett studies of
unaccelerated osmylations of substituted styrenes presented he
(in toluene and in acetonitrile) reveal that the reaction pathway
in the absence of coordinating amines responds in a straight-
forward manner to substituent effects. Both of these studies
as well as the earlier work by Henbé&tshow that the
unaccelerated reactions obey linear Hammett relationships with
p values between-0.55 and—0.9. If these unaccelerated
reactions proceed via the stepwise pathway, then migration of
the carbor-osmium bond in the nonligated metallaoxetane
intermediate 13) is faster with electron-releasing substituents
and slower for electron-attracting substituents. By analogy with
the equilibrium constants for the coordination of the substituted

r
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additions when electron-donating and withdrawing substituents
were placed on the reactants. The minimum in reactivity
corresponded to the orbital controlled{22], which is thermally
disallowed under the WoodwardHoffman rules’* while faster
reactivity was predicted for 1,4-diradicals or zwitterionic
intermediates. A comparable analysis involving the formation
of metallaoxetane intermediates fraif transition metals and
alkenes is not yet available, but calculations by Rappd
Goddard on reactions between alkenes and the mexal
functions in chromium(VI1) complexes are certainly of intef&st.
Because the orbital description of the proposed formation of
metallaoxetanes has not been clarified, it is important to note
again that the designation “[2 2]” used for the stepwise
mechanisms depicted in Figures 19 and 20 implies only the net
formation of a metallaoxetarfé.

Ample precedent for the rapid and reversible formation of
four-membered metallacycles can be found in the olefin
metathesis chemistry of metal alkylidene comple®eEvidence
for the rapid and reversible equilibria between metallaazetanes
and their correspondind® metal-alkene complexes has been
established for imido complexes of Ti, Zr, ancf¥ Reversible
formation of an oxametallacyclobutene from a Ti(IV)-oxo group
in the presence of a coordinating pyridine has recently been
Iestablished, and formation of a stable metallaoxetane from Ti-
(IV) and an alkene has been accompliskedEvidence of an
analogous equilibrium for the formation of osmaoxetane inter-
mediates remains elusive, however. Regardless of the uncer-
tainty about whether the formation of the 16-electron osmaox-
etanel3should proceed with a negatipevalue, this step cannot
be the rate-determining step with amine present because no
ligand acceleration would occur. If the unaccelerated osmyla-
tions proceed via the stepwise mechanism, then the rate-
determining step must be the migration of the carbosmium
bond to form the 14-electron osmium(VI) glycolate (Figure 20).
The Hammett studies for the unaccelerated reactions afford good
linear correlations vs the substituent parameters, and the negative
p values indicate that in the absence of coordinating amines
this step is faster for electron-donating groups on the metal-
laoxetane. Itis important to note thadnlinearHammett plots
with distinct minima have been observed in extrusionsisf
§tilbenes from pentamethylcyclopentadienylrhenium(V) glyco-
lates®® The microscopic reverse of this process has been
proposed to be analogous to the mechanism of osmylation, and
there is evidence implicating rhenaoxetane intermediates in the
cycloreversion? The parabolic Hammett plot determined for
the rhenium(VI) glycolate extrusions is consistent with the
parabolic Hammett plots reported here for amine-accelerated
osmylations. Ring slippage of the pentamethylcyclopentadienyl
ligand provides an intramolecular mimic of the extremely rapid
and reversible equilibrium for coordination of the amine to
osmium.

pyridines with Os@, the formation of the nonligated metal-
laoxetanel3 via an alkene-OsQ, complex (12) should also
exhibit a linear Hammett relationship with a negativealue
of moderate magnitude.

The orbital interactions that govern the complexation of the
alkene to Os@and its subsequent oxo insertion to form the
unligated osmaoxetane have not been investigated. Houk
outlined six possible types of orbital interactions that could result
in formal [2 + 2] adducts in the reactions of alkenes with
ketenes based on geometry and extent of charge sepdtation.
A parabolic reactivity plot was predicted for these net{2]

(61) Norrby, P.-O.; Gable, K. Rl. Chem. Soc., Perkin Trans.1®96
171.
(62) Casey, C. PJ. Chem. Soc., Chem. Commu®83 126.

(63) (a) Houk, K. N.Acc. Chem. Red.975 8, 361. (b) Hall, J. K., Jr.
Angew. Chem., Int. Ed. Engl983 22, 440.

(64) Woodward, R. B.; Hoffmann, RThe Conseration of Orbital
SymmetryVerlag Chemie: Weinheim, 1970.

(65) RappeA. K.; Goddard, W. A. 1l1J. Am. Chem. Sod.982 104,
448.

(66) For a review on the elucidation of the mechanism of olefin
metathesis, see: Grubbs, R. H.@emprehensie Organometallic Chem-
istry; Wilkinson, G., Ed.; Pergamon Press: Oxford, 1982; Vol 8, pp499
552.

(67) Wigley, D. E. Proglnorg. Chem.1994 42, 239.

(68) Polse, J. L.; Andersen, R. A.; Bergman, R.JGAm. Chem. Soc.
95 117, 5393.

(69) Gable, K. O.; Juliette, J. J. J. Am. Chem. S0d.996 118 2625.
(70) (a) Gable, K. P.; Juliette, J. J.JJ.Am. Chem. S04995 117, 955.
(b) Gable, K. P.; Juliette, J. J. J.; Gartmann, M.Gkxganometallics1995
14, 3138. (c) Gable, K. P.; Phan, T. N. Am. Chem. S0d.994 116, 833.

19

(d) Gable, K. P.; Phan, T. Nl. Am. Chem. S0d.993 115 3036.
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Figure 21. Alternate “[2+ 2]” pathway involving nucleophilic attack
of the ligand and synchronous rearrangement.

The net effect of using strongly coordinating tertiary amines
to accelerate osmylations should be a marked decrease in th
concentration of osmaoxetarie, a prediction based on the

competition between the alkene and the amine for complexation

with the Lewis acidic Os@ This competition should slow the
rate of osmylation when the reaction is performed in the

presence of high concentrations of the amine unless the ligand-

promoted rearrangement of osmaoxetdBecompensates for
this effect. With sterically simple amines such as pyridine and
quinuclidine where no stabilizing noncovalent interactions

between substrate and ligand occur, coordination of the amine

could afford synchronous rearrangement to the Os(VI) glycolate
(Figure 21). This pathway may also be possible when both

alkene and ligand are sterically demanding. The rate EXPressIon s no regiochemical preference. This point is best illustrated

for this mechanism is kinetically indistinguishable from the rate
expression for the “[3+ 2]” pathway2® The reaction rates for
this pathway, or any variant of the “[2 2]” mechanism, could
exhibit inhibition at high amine concentrations, but the extraor-
dinarily rapid and reversible equilibrium for the coordination
of the amines to OsQprevents the expected inhibitidh.

The trajectory for attack of the amine on the osmaoxetane in

Figures 19 and 21 is based on computational evidence. It is

currently very difficult to model transition states for such
complex system& but calculations using density functional

theory (DFT) on ligated ruthenaoxetane intermediates have

shown that the complex with the ligand coordinated trans to an
0xo group is approximately 3 kcal/mol more stable than the
complex with the ligand coordinated trans to the metallaoxé#ine.
Molecular modeling studies on the ligated metallaoxetane that
endeavor to rationalize facial selectivity in the catalytic AD place
the alkaloid ligand trans to the oxo group, because it is virtually
impossible to rationalize high enantioselectivies with the
isomeric complex (i.e., L trans to the metallaoxetane). Osmy-

lations accelerated by achiral and sterically undemanding aminesgictant with this mechanism. Stabilization b# caused by

are not bound by the necessity to rationalize enantiofacial

Nelson et al.
X
o O
9 I
0=0s 0=0s
728N ZZN
o’ o'l
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Figure 22. Proposed ligated osmaoxetanes formed from styrée (
or stilbene 16).

relationship, but it is very unlikely that this could result in faster
reaction rates for electron-withdrawing substituents. From the
imple perspective of a stepwise mechanism where the com-
ponent steps can be describeddyalues having different signs
(e.g.,01 < 0 andp2 > 0), the overall reaction rate cannot exhibit
a distinct minimum in response to electronic substituents on
the alkene.
Therefore, the synchronous ligand addition-rearrangement

version of the stepwise mechanism in Figure 21 cannot explain
the present Hammett data. Another difficulty in rationalizing
the curved Hammett plots by a “[2 2] mechanism arises
from the observation of the unusual response to electronic factors
with alkenes that should exhibit a strong regiochemical prefer-

ence in formation of3and14 as well as for alkenes that should

by a consideration of the structure of the ligated osmaoxetanes

from styrene and stilbene derivatives. The strength and/or

migratory aptitude of the carberosmium bond inl5 should

not be influenced by substituents to the same extent as the
analogous bond id6. In either case it is not obvious why the
presence of the amine ligand (L) should accelerate the rear-
rangement process for electron-donatimgl electron-withdraw-

ing substituents on the substrate. This argument can be used
against the “[2+ 2] mechanism (Figure 19) via ligated
osmaoxetand4, but only in reactions accelerated by strongly
coordinating amines that afford parabolic Hammett plots. Itis
necessary to emphasize the different responses to electronic
effects between the strongly binding simple amines and the
alkaloid ligand. Calculations using ammonia as the ligand
indicate that14 is energetically accessible as a stable
intermediaté:32 but the nonlinear Hammett behavior observed
using strongly binding amines is inconsistent with the mecha-
nism in Figure 19. The nearly linear Hammett behavior
observed with DHQD-CLB and the different alkenes is con-

interaction between the aromatic group on the alkenes and the

selectivity, but coordinatio_n Qf the a_mine trans to t_he 0X0 group “binding pocket” may explain in part the differences in response
should be governed by similar orbital considerations. to substrate electronic effects between reactions with alkaloid

The mechanism shown in Figure 21 could produce nonlinear ;445 and those using simple tertiary amines with comparable
Hammett relationships. The nucleophilic attack of the amine Keq values.

on the osmaoxetane should be susceptible to substrate electronic "5, alternative to the amine-accelerated 422]" pathways

effects. EIecFron-donatlng substltuen.ts on the alkene are depicted in Figures 19 and 21 has recently been proposed by
expected to increase the concentration of the 16-electroncqey7s This new mechanism involves rapid and reversible
osmaoxetand3, but th_ey should decrease its electrofugamt_y complexation of the alkene to the metal center of the ligand
and thereby retard amine-accelerated rearrangement. leeW|seOSQ complex (Figure 23). The premise for this mechanistic
electron-withdrawing substituents should decrease the Concen'proposal arises from the observation of Michaelgenten-like

tr?t:i)n of 13 but r_nakef|ft more electr(szhlhc. Thel_comb||_r|1at|on kinetic behavior in turnover studies in the heterogeneous,
of these competing effects may produce a nonlinear Hammett .o\ tic AD. The recent characterization of the complex

(71) The complete expression for the observed rate constant for the D€tween osmium tetroxide and a chelating diamine provides
mechanism in Figure 21 iskk{ + ki)(ka)/(Ko +- k—a + ka[L])(1 + KedL]) evidence that 20-electron osmium(VIIl) complexes suchh as
which simplifies to eq 6 when the assumption thaf > k, andkj[L] is
made ka and k-, are the microscopic rate contants that compkise). (72) For recent calculations on the proposed transition states, see:
Evidence for the rapid and reversible equilibriufay was obtaind from Torrent, M.; Deng, L.; Duran, M.; Sola, M.; Ziegler, Q@rganometallics
low-temperature NMR experiments in which only time-averaged signals 1997 16, 13.
were observed using quinuclidine and Qs low as—100°C: Sharpless, (73) Corey, E. J.; Noe, M. C1. Am. Chem. S0d.996 118 319. Also
K. B.; Jacobsen, E. N. Unpublished results. see ref 86.
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R + Studies on the kinetics of chromyl chloride oxidations of
0 o —\ Off“\) substituted styrenes revealed a linear Hammett relationship with
,,_cl)\ro + alkene (\)\S,; o . L a p value of —1.280 and relative rate studies on structurally
E& IS0 akene LSS o ENS‘?,S\\”O different alkenes confirmed this tretf. These reactions have
o been proposed to proceed by initial formation of a metallaox-

17

Figure 23. Mechanistic proposals for osmylation via initial complex-
ation of the alkene to the metal center of the @s@mine complex.

etane in direct analogy with formation of the osmaoxet&he.
The response to electronic factors in numerous other metal
oxo systems that effect oxidation of alkenes including metal-
laporphyring! and ruthenium(VI) complexes with tetradentate
may be possiblé However, the Os@-diamine complex is ~ amine ligand® have also been reported. Most of these reactions
extremely unstable thermally, and these complexes only achieve@r® proposed to proceed via radical intermediates, as are the
stoichiometric enantioselective osmylation of alkenes at very catalytic epoxidation reactions using manganese salen com-
low temperatures. Also, a correlation between the mechanism|O|exes_$5S However, an alternate mechanism involving initial,

of these stoichiometric versions using chelating diamines at very reversible formation of metallaoxetane intermediates has recently

low temperatures with the mechanism of the osmylation step P€en proposed for these oxygen atom transfer proc&ses.
in the catalytic AD has not been established. Additional Mechanistic Considerations. Several studies

Itis unlikely that the mechanism shown in Figure 23 operates feported here reveal that the extent of the curvature in the
in the catalytic AD at or above €&C. The dissociation of ligand Hammett_relatlonshlps is d_|rectly relate_d to the concentration
from complexl is exceptionally rapid® and the formation of ~ Of the amine. The osmylations of substituted styrenes acceler-
17 would actually consist of two sequential equilibria in which ~ated by 4-picoline in acetonitrile (Figure 8) and the DMAP-
the microscopic rate constants are very great. Rapid dissociation2ccelerated osmylation gfansstilbenes in toluene (Figure 14)
of the amine from compleg forms the basis for the “[2- 2]” and trlphenylethylenes in acetonitrile (Supporting Information)
pathways (Figures 19 and 21). A direct “j22]” addition of clearly illustrate this point. In these cases, the degree of
1 to the alkene in the rate determining step followed by fast curvature in the Hammett plots decreases as the number of
rearrangement to the ligated osmium(V1) glycolate is indistin- €duivalents of accelerating amine decreases. The most dramatic
guishable from the classical “[3 2]” pathway. Each of these chan_ge in curvature occurs in regions correspon_dlng to alkenes
mechanistic variations fails to provide a satisfactory explanation Pearing electron-withdrawing substituents. This pattern has
for the entire range of substrate electronic effects. important implications for the mechanism of the reaction,

A stepwise mechanism involving complexation of an alkene because it shows that the "’.‘pproa.c.h to rate gaturatlon depends
to the Lewis acidic metal center is intuitively more attractive on the nature of th_e alkene in aqld|t|on to the Ilgfand concentra-
in unaccelerated reactions that have no ligand to coordinatet'on; The %xpressmn that descr_lbes the saturation b(_ahaw_orfor
competitively. The Hammett plots for the unaccelerated os- the *[3 + 2]" pathway (eq 1) predicts Hammett plots of identical

mylations reported here are consistent with this interpretation. shape for any cpncentratlon of the acceleratmg amine so long
An evaluation of the response to substrate electronic effects inas the contrlbutlo_n_of the unacc_eler_ated reaction to the OV?fa”
other alkene oxidations effected by oxygen transfer from rate remains negllglble. The 4-picoline-accelerated osmylations
ersion ot speies i on or ot 00 oups vl SHETES (e ) Geonstaie mos: ceaty ta e
that many exhibit behavior similar to unaccelerated osmylations. the Hammett plots yde infra

The closely related permanganate oxidations were reported to plots:(de i “)' ., . .

exhibit almost no response to substituent effects as reported by None of the proposed “[2+ 2]" mechanisms provides a
Wiberg7® A study on substituent effects in oxidations of vinylic 9€neral éxplanation for the parabolic shape of the Hammett plots
ethers by permanganate in basic aqueous media reported rat@bta”?ed mn the.osmqunon reactions accelergted by strongly
acceleration by both electron-withdrawing and electron-donating ::oordlnatyl‘ng tertiary amines. Taken together with the concerted
groups”’ Electrophilic oxidations of the same vinylic ethers 3 T 2" mechanism’s apparent failure to rationalize the
by OsQ in the presence of very low concentrations of pyridine inconsistent changes in the shapes of the curved Ham_mett plots
were also reported. Alkyne oxidation by tetrabutylammonium 1N résponse to substrate and solvent effects (Supporting Infor-
permanganate in methylene chloride has been reported to bdMation) the conclusion must be reached thane of the
accelerated by electron-withdrawing substituents, but it was not Proposed mechanisms is sufficient. In order to accommodate
clearly demonstrated that the kinetic measurements corresponde@!l ©f the quantifiable data for the stoichiometric osmylations,
to formation of the manganate(V) estérA recent study reports  including the observation of inversion points in modified Eyring

a direct correlation between the IPs of several different alkenes PlOtS é)a}se_d on enantioselectivity in stoichiometric AD reac-
and the rates of permanganate oxidafidrThe many different t|<_)ns, it is necessary to consider th_e possibility that two
reaction conditions and numerous products formed in perman-different mechanisms operate concomitantly. _
ganate oxidations prevent a simple and direct comparison with  In this scenario, one of the operative pathways may dominate
osmylation reactions, and the influence of coordinating ligands the reaction under extreme reaction conditions. The accelerated

with permanganate has not been described. osmylations using strongly binding ligands and alkenes bearing
electron-withdrawing substituents exhibit positiwgalues and

(74) Corey, E. J.; Sarshar, S.; Azimioara, M. D.; Newbold, R. C.; Noe,

M. C. J. Am. Chem. Sod.996 118 7581. (80) Freeman, F.; Yamachika, N.J.Am. Chem. Sod97Q 92, 3730.
(75) Low temperaturé*C NMR studies on the equilibrium for coordina- (81) Arasasingham, R. D.; He, G.-X.; Bruice, T. £.Am. Chem. Soc.
tion of quinuclidine to Os@have established a minimum ratexe$ x 10° 1993 115 7985.
s~ for the dissociation of the ligand at140 °C. Reich, H. J., Sikorsky, (82) Cheng, W.-C.; Yu, W.-Y.; Li, C.-K.; Che, C.-Ml. Org. Chem.
W. Personal communication. 1995 60, 6840.
(76) Wiberg, K. B.; Geer, R. DJ. Am. Chem. S0d.966 88, 5827. (83) Jacobsen, E. N. IG&atalytic Asymmetric Synthesi®jima, I., Ed.;
(77) Toyoshima, K.; Okuyama, T.; Fueno, J.Org. Chem198Q 45, VCH Publishers, Inc.: New York, 1993; pp 15202.
1600. (84) (a) Hamada, T.; Fukuda, T.; Imanishi, H.; Katsuki,TEtrahedron
(78) Lee. D. G.; Lee, E. L.; Chandler, W. D. Org. Chem1985 50, 1995 52, 575. (b) Bousquet, C.; Gilheany, D. Getrahedron Lett1995
4306. 36, 7739. (c) Norrby, P.-O.; Linde, C.; Kermark, B.J. Am. Chem. Soc.

(79) Nelson, D. J.; Henley, R. [Tetrahedron Lett1995 36, 6375. 1995 117, 11035.
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40CH, 4H  3.Cl 4-CN 4-NO, The implications of these new findings for the controversy
15 FOHs 401 4R 3NO, surrounding the source of asymmetric induction in the catalytic
AD are of special interest. The standard conditions for
-2.0 4 &M performing the catalytic AD reaction employ very low concen-
- \\,\w trations of the alkaloid ligands ([LF 1 x 1073 M, where 1
0 * mol % of the ligand and 0.2 mol % of the osmium catalyst are
2 30| \‘i\\\rﬁﬁ/ used)t The present model stuglles with DHQD-@LB employ
= - substantially higher concentrations of the alkaloid ligand (5.0
35 | | x 1072—1.0 x 10! M) and a Hammett plot consistent with
the electrophilic mechanism was observed. The smaller equi-
4.0 . ; librium constant for the bisalkaloid ligandstert-butyl alcohol
-0.5 0.0 0.5 1.0 (Keg= 27 M~ for (DHQD),PHAL)?¢ and lower concentrations
o used in the catalytic system provide additional evidence that

Figure 24. Nonlinear fits of the Hammett plots for the pyridine-
accelerated osmylations of styrenes in Tabl@®5< 4-pyrrolidinopy-
ridine, O = DMAP, € = pyridine, A = 4-cyanopyridinea = 3,5-
dichloropyridine).

under normal AD conditions a stepwise mechanism is feasible.
The only cases in which a “[2 2]” mechanism can be excluded
require strongly electron-withdrawing substituents on the alkene
in addition to high concentrations of strongly binding amines.

) ] - A significant limitation for most studies of the catalytic AD
therefore suggest a mechanism that proceeds via a “nucleophilic’; ises” because the arguments rely only on the observed

osmium(VIll) species. The beneficial effect of coordinating gnantioselectivities. The debate about the nature of the “binding
tertiary amines in the osmylation of electron-deficient alkenes pocket” is based largely on such inadequate evidence. The
has been noted previousty. A pericyclic mechanism similar  ¢;rent study on electronic effects in stoichiometric osmylations
to a 1,3-dipolar cycloaddition involving Os6L complex 1 illustrates the remarkable complexity of the Os(VI) glycolate
provides the only currently available explanation for the rate ¢y mation step. The catalytic cycle under the heterogeneous
increases observed for electron-deficient alkenes. The numerous\p conditions comprises at least four steps other than glycolate
inconsistencies between experimental data _and the be_hav'orformation: hydrolysis of the Os(VI) glycolate, phase migration,
predicted by the “[3+ 2]" pathway show that this nucleophilic e qxigation to Os(VIll), and another phase migration. Unlike
mechanism cannot be general for all alkene/ligand combinations. glycolate-forming step, these additional steps have not been
Osmylation reactions performed using lower concentrations studied in any detail. Hence, mechanistic interpretations based
of moderate to poorly binding amines are dominated by a on the rate of alkene consumption in the catalytic AD are suspect
mechanism characterized by negatjvealues in response to  pecause the turnover-limiting step is rarely glycolate formation.
substrate substituents. This “electrophilic” pathway is at present For this reason, extreme caution should be exercised when
best rationalized by a stepwise mechanism via an osmaoxetangjrawing mechanistic conclusions from turnover rates or enan-
intermediate. The simultaneous operation of two competing tioselectivity incatalytic AD reactionss
reaction mechanisms can satisfactorily explain the nonlinear
Hammett behavior. Figure 24 depicts a nonlinear fit of the Conclusion
Hammett data for the substituted pyridine-accelerated osmyla-
tions of styrenes in toluene (Figure 7) based on a mechanistic
model where the observed rate constant is the sum of two rate
constants for concomitant mechanisms (eq 6). One of the
pathways used in the calculated fit obeys a linear Hammett
relationship giving a negative value (the electrophilic path),

The present study on electronic effects in stoichiometric
osmylations reveals that the amine-accelerated process, belying
the apparent simplicity of the overall transformation, is ex-
tremely complicated. Studies based on variation of the ligand
substituent show that electronic effects can be transmitted
directly from the ligand to the metal in the amin®sQ,
complexes. As expected, theXDs bond length decreases as
the amine becomes more basic. Also, the equilibrium constants
for formation of amine-OsQ, complexes increase when electron-
and the other mechanism exhibits linear Hammett behavior releasing substituents are bound to the amine, and the reduction
giving a positivep value (the nucleophilic path). This represents potentials of solutions containing Os@nd amines increase in
the simplest possible representation of the complex Hammettdirect proportion to the coordinating capacity of the ligand.

Kops = Ky + k, = k21077 + k2107 (6)

data described above. Thevalues extracted from the nonlinear
fits illustrated in Figure 24 fall in the expected rangel(< p;

< 0, and 0< p; < 1) for osmylation reactions. Of course, the
use of eq 6 to fit a curved Hammett plot does not prove the
existence of two different mechanisms that follow Hammett
relationships withp values of opposite signs. A problem that

cannot be adequately addressed at this point is whether the

“nucleophilic [3+ 2]” pathway will give a linear Hammett plot

or a parabolic plot by analogy with 1,3-dipolar cycloaddition
reactions.
nonlinear Hammett plots in osmylations result from the com-
bination of a linear and a parabolic Hammett function. In either

case, the simultaneous operation of different mechanisms is

consistent with all of the data currently available for stoichio-
metric osmylations.

(85) Herrmann, W. A.; Eder, S. J.; Scherer, hgew. Chem., Int. Ed.
Engl. 1992 31, 1345.

Strangely, these straightforward substituent effects do not
manifest themselves in simple linear free energy relationships
in reactions with olefins. Hammett plots based on the ceiling
rate constants reveal only minor differences in reactivity for
pyridines of dramatically different basicity, an outcome that
provides inconclusive information about the reaction mechanism.
Investigations of substrate substituent effects through analysis
of reaction kinetics reveal unusual Hammett behavior for amine-
accelerated osmylations. Parabolic Hammett plots exhibiting

The latter case would mean that the observeddistinct minima were obtained for several reaction series

employing a variety of tertiary amine ligands and structurally
different alkenes. Nonlinearity in the Hammett relationships

(86) The observation of MichaetisMenten-like kinetic behavior in the
catalytic AD reported by Corey and Noe (ref 73) results from a step other
than osmylation. Kinetic studies on the stoichiometric AD of styrene under
conditions that replicate the organic phase of the catalytic AD reveal that
the rate expression is clearly first order in styrene over a wide range of
concentrations. Nelson, D. W.; Sharpless, K. B. Unpublished results.
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depended on the basicity/equilibrium constant for the amine recorded. Additional aliquots of the solution containing the different
ligand as well as its concentration. The position of the minima ligand were added until no change in the spectrum was detected.
in the Hammet plots shifted toward electron-rich alkenes as the Relative binding constants were obtained by plottingz(— dL )/
equilibrium constant increased, but exceptions to this trend were (OL20 = 0L2) Vs OL1 — dL1g/(dL 10 — OL1) wheredL, andoL, are the
noted when the structure of the amine changed. These nonlineaP?Served chemical shifts for ligands and Lo, oL, andoLo, are the

- : . . chemical shifts of noncomplexed ligandsdnd L, anddLc anddL a¢
Hammett relationships stand in marked contrast to the linear are the chemical shifts of the fully complexed{DsQy) ligands as

free energy relationships observed in unaccelerated osmylationSyetermined separately in the presence of a large excess of J$@
Attempts were made to rationalize this behavior by comparison  , value for the two ligands was obtained from the reciprocal of the
between the proposed concerted “f3 2]” mechanism and slope.
analogous 1,3-dipolar cycloadditions in organic systems. Severe General Procedure for Kinetic Analysis of Osmylation Reactions
inconsistencies between the experimental data and theory werayy Uv —Visible Spectroscopy. To a 3-mL quartz cuvette with a Teflon
noted, but the “[3t+ 2]” pathway offers one possible explanation stopper were added via syringe stock solutions of the alkene and the
for the segment of the Hammett plot characterized by a positive amine ligand in anhydrous solvent. Additional solvent was added via
o value (the nucleophilic region). syringe to dilute to a volume of 2 mL (minus the volume of the @sO
Attempts to rationalize the curved Hammett plots using stock solution added later). The cuvette was pIa(_:ed in the thermostatted
variations of the stepwise “[2- 2]" pathway failed because a cell block of the spectrophotometer for several minutes to reach thermal

A L . equilibrium. A small volume (typically 1625 mL) of a stock solution
change in the rate determ'nm_g ste_p fqr a Se_qgentlal_ p_athwayof Os(Q in the solvent was added quickly, the solution was shaken
cannot afford a Hammett relationship with a distinct minimum. -y orously, and measurements were started. Initially, wavelength scans
The dependence of the extent of curvature in the Hammett plots\yere made at regular intervals to determine the wavelengths at which
on the concentration of the amine ligands strongly implicates to monitor the reactions. Isosbestic points were observed in most
the operation of two different ligand-accelerated pathways. The reactions. Each reaction was monitored for a period of time corre-
nucleophilic pathway requires both strongly coordinating amines sponding to 48 half-lives. The observed pseudo-first-order rate
and electron-withdrawing substituents on the substrate. The constants were calculated using the Varian (Cary 04E) software
electrophilic pathway dominates reactivity under conditions Program.
employing lower concentrations of moderately binding amines  General Procedure for the Preparation of Bispyridine Osmium-
as well as for most alkyl substituted alkenes. A Hammett plot (V) Glycolates. To a 15-mL, round-bottomed flask containing a
dominated by a process with a negativealue was determined ~ Magnetic stir bar were added via syringd mL of a solution of the
for stoichiometric osmylations using alkaloid ligands, and this gp%oqgtgﬁmmteﬁl(o.S M)T'Q toluene angzl ml |°f a Sog‘é'og of t
electrophilic pathway is consistent with a stepwise 422]" SQ (~0:2M) in toluene. The styrene-0.22 mmol) was added nea

hani | h | d indi hat th via syringe, and the golden/orange solution turned red/brown im-
mechanism. In summary, the results to date indicate that the yqgiately. The reaction solution was stirred at room temperature under

selectivity-determining step of the catalytic AD, which employs  an atmosphere of dry Auntil a red/brown precipitate formed. If no

low concentrations of moderately binding bisalkaloid ligands, precipitate formed after 2 h, then pentane was added dropwise until
proceeds by the electrophilic pathway which at present is mostthe reaction mixture became heterogeneous. The precipitate was
consistent with the ligated osmaoxetane intermediate previouslycollected by vacuum filtration on a fine frit, and the product was washed
proposed’ with several portions of pentane. The solid usually contained a
substantial amount of toluene, so anhydrous dichloromethane was added
to dissolve the solid, and the solvents were removed under high vacuum
to give powdery, brown solids.

NMR spectra were recorded on a Bruker AC-250 spectrophotometer.  [(4'-Methoxyphenyl)ethane-1,2-diolato]dioxodi(4N-pyrrolidi-
Infrared spectra were recorded on a Nicolet 510 FT-IR spectropho- nopyridine)osmium(V1): *H NMR (CDCl) ¢ 8.37 (dd,J = 6.9, 6.9
tometer. UV-visible spectra were obtained on a Cary 4 spectropho- Hz, 4H), 7.49 (d,J = 8.6 Hz, 2H), 6.86 (dJ = 8.6 Hz, 2H), 6.38 (dd,
tometer with a thermostatted cell block. The substituted pyridines and J = 7.7, 7.7 Hz, 4H), 5.51 (dd = 9.9, 4.4 Hz, 1H), 4.55 (dd] =
DHQD-CLB were obtained from commercial sources as were the 10.0, 4.5 Hz, 1H), 4.40 (dd] = 10.0, 10.0 Hz, 1H), 3.78 (s, 3H),
substituted styrenes. All compounds were purified by standard methods3.42-3.35 (m, 8H), 2.072.00 (m, 8H).

Experimental Section

and analyzed byH NMR spectroscopy before use. Dioxo(phenylethane-1,2-diolato)di(4N-pyrrolidinopyridine)osmi-
General Procedure for the Determination of Equilibrium Con- um(VI): *H NMR (CDCl) 6 8.37 (dd,J = 5.8, 5.8 Hz, 4H), 7.57 (d,
stants for the Coordination of Substituted Pyridines to OsQ. A J=7.4Hz, 2H), 7.32 (dd) = 7.5, 7.3 Hz, 2H), 7.20 (ddl = 6.8, 6.8

modified titration procedure was followed. The UVisible spectrum Hz, 1H), 6.38 (dd,J = 6.8, 6.8 Hz, 4H), 5.55 (dd] = 10.0, 4.4 Hz,
of a solution containing Os(1.00-3.15 x 1072 M) was obtained 1H), 4.59 (dd,J = 10.0, 4.4 Hz, 1H), 4.40 (dd] = 10.0, 10.0 Hz,
using a reference consisting of only solvent. A series of solutions 1H) 3.42-3.35 (m, 8H), 2.06-2.00 (m, 8H).

containing Os@ (1.00-3.15 x 1072 M) and the substituted pyridine [(3-Chlorophenyl)ethane-1,2-diolato]dioxodi(4N-pyrrolidinopy-

(2—400 equiv) were prepared, and the YVisible spectra of these ridine)osmium(V1): 'H NMR (CDCL) 6 8.38-8.34 (m, 4H), 7.59 (br
solutions were obtained using reference solutions containing the amineS 1H), 7.41 (dJ) = 7.2 Hz, 1H), 7.25-7.17 (m, 2H) 6'41_637 (m

(no OsQ). Lower concentrations of Os@nd the pyridines were used 4H), 5.50 (ddJ = 9.8, 4.3 Hz, 1H), 4.59 (dd] = 10.1, 4.5 Hz, 1H)
for the pyridine derivatives with large binding constants and vice versa. 4 g5 (dd,J = 10.0, 10.0 Hz, llH), 343337 (m, 8H), 5 062.02 (m,’
Spectra were obtained for at least five different solutions, and the 8H).

equilbrium constants were calculated by a single-reciprocal graphic
technique (from a linear least-squares fit of a plot of A4/ vs [L]) or

a double-reciprocal graphic technique (from a linear least squares fit
of a plot of 1AA vs 1/AL).

General Procedure for the Determination of Equilibrium Con-

[(4'-Nitrophenyl)ethane-1,2-diolato]dioxodi(4N-pyrrolidinopy-
ridine)osmium(VI): *H NMR (CDCl) ¢ 8.35 (d,J = 5.6 Hz, 4H),
8.17 (d,J= 8.6 Hz, 2H), 7.73 (d) = 8.6 H, 2H), 6.39 (dJ = 7.0 Hz,
4H), 5.57 (dd,J = 9.2, 4.6 Hz, 1H), 4.65 (dd] = 10.1, 4.6 Hz, 1H),

stants for Coordination of Substituted Quinuclidines to OsQ. A 4.34 (dd,J = 9.7, 9.7 Hz, 1H), 3.423.39 (m, 8H), 2.06:2.02 (m,
\ . uted Q 8H).
500 mL aliquot of a solution the ligand in toluedgwas transferred . . . . ,
to a 5 mm NMRtube, and thé3C NMR spectrum was recorded. An D|[_4-(N,N-_dlmethyl_am|no)p¥rld|ne][(4 -Methoxyphenyl)ethane-
aliquot (10-20 mL) of a solution containing a different ligane-Q.2 1,2-diolato]dioxoosmium(V1): *H NMR (CDCl;) 9 8.40 (dd.J = 6.9,
equiv) in tolueneds was added, and th&C NMR spectrum was  ©-9 Hz, 4H), 7.48 (d) = 8.5 Hz, 2H), 6.86 (d) = 8.6 Hz, 2H), 6.50
(dd,J= 7.8, 7.8 Hz, 4H), 5.51 (ddl = 10.1, 10.1 Hz, 1 H), 4.55 (dd,

(87) See ref 10b and references cited therein for the latest refinementsJ = 10.1, 4.5 Hz, 1H), 4.40 (dd} = 10.1, 10.1 Hz, 1H), 3.78 (s, 3H),

in this model. 3.09 (s, 6H), 3.07 (s, 6H).
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Di[4-(N,N-dimethylamino)pyridine][(3'-Nitrophenyl)ethane-1,2-
diolato]dioxoosmium(VI): *H NMR (CDCls) 6 8.44 (s, 1H), 8.39 (dd,
J=7.4, 2.4 Hz, 4H), 8.07 (dd] = 8.1, 1.3 Hz, 1H), 7.89 (] = 7.6
Hz, 1H), 7.46 (ddJ = 7.9, 7.9 Hz, 1H), 6.52 (d) = 7.2 Hz, 4H),
5.57 (dd,J = 9.3, 4.5 Hz, 1H), 4.66 (dd] = 10.1, 4.5 Hz, 1H), 4.37
(dd,J = 9.8, 9.7 Hz, 1H), 3.10 (s, 12H).

[(4'-Methoxyphenyl)ethane-1,2-diolato]dioxodipyridineosmium-
(VI): 'H NMR (CDClk) 6 8.94 (br s, 4H), 7.887.85 (m, 2H), 7.5+
7.46 (m, 4H), 7.47 (dJ) = 8.5 Hz, 2H), 6.88 (dJ = 8.6 Hz, 2H), 5.55
(dd,J = 9.8, 4.7 Hz, 1H), 4.57 (dd] = 10.2, 4.8 Hz, 1H), 4.47 (dd,
J=10.0, 10.0 Hz, 1H), 3.78 (s, 3H).

Dioxo(phenylethane-1,2-diolato)dipyridineosmium(V1): *H NMR
(CDCls) 6 8.96-8.94 (m, 4H), 7.96-7.85 (m, 2H), 7.56:7.49 (m, 6H),
7.34 (dd,J = 7.4, 7.2 Hz, 2H), 7.2#7.21 (m, 1H), 5.59 (ddJ =
10.0, 4.6 Hz, 2H), 4.61 (dd,= 10.2, 4.7 Hz, 1H), 4.48 (dd}= 10.1,
10.1 Hz, 1H).

[(3'-Chlorophenyl)ethane-1,2-diolato]dioxodipyridineosmium-
(V): H NMR (CDCl) 6 8.94 (d,J = 5.2 Hz, 4H), 7.9+7.87 (m,
2H), 7.56-7.49 (m, 5H), 7.40 (dJ = 7.0 Hz, 1H), 7.29-7.22 (m,
2H), 5.54 (dd,J = 9.9, 4.6 Hz, 1H), 4.60 (dd] = 10.2, 4.6 Hz, 1H),
4.42 (dd, J= 10.1, 10.0 Hz, 1H).

[(4'-Nitrophenyl)ethane-1,2-diolato]dioxodipyridineosmium-
(VI): *H NMR (CDCl;) ¢ 8.94 (d,J = 3.5 Hz, 4H), 8.20 (dJ = 8.7
Hz, 2H), 7.91 (ddJ = 7.1, 7.1 Hz, 2H), 7.71 (dJ = 8.7 Hz, 2H),
7.54 (dd,J = 6.9, 6.9 Hz, 4H), 5.62 (dd] = 9.4, 4.6 Hz, 1H), 4.67
(dd,J = 10.1, 4.7 Hz, 1H), 4.41 (dd] = 9.8, 9.8 Hz, 1H).

Di(4-cyanopyridine)[(4'-methoxyphenyl)ethane-1,2-diolato]dioxoos-
mium(V1): *H NMR (CDCls) 6 9.02 (d,J = 5.5 Hz, 4H), 7.76 (d))
= 5.4 Hz, 4H), 7.41 (dJ = 8.6 Hz, 2H), 6.88 (dJ = 8.7 Hz, 2H),
5.53 (dd,J = 9.6, 5.0 Hz, 1H), 4.54 (dd] = 9.6, 5.0 Hz, 1H), 4.47
(dd,J = 9.6, 5.0 Hz, 1H), 3.79 (s, 3H).

Di(4-cyanopyridine)[(4'-methylphenyl)ethane-1,2-diolato]dioxoos-
mium(V1): *H NMR (CDCl) ¢ 9.13 (d,J = 6.5 Hz, 4H), 7.76 (dJ
= 6.6 Hz, 4H), 7.37 (dJ = 8.0 Hz, 2H), 7.16 (dJ = 7.9 Hz, 2H),
5.44 (dd,J = 9.7, 4.9 Hz, 1H), 4.57 (dd] = 10.3, 4.9 Hz, 1H), 4.48
(dd, J = 10.1, 10.1 Hz, 1H), 2.34 (s, 3H).

General Procedure for the Preparation of Bis(quinuclidine)-
osmium(VI) Glycolates. To a 15-mL, round-bottomed flask containing
a magnetic stir bar were added via syringé mL of a solution of the
appropriate amine~0.5 M) in toluene and~1 mL of a solution of
0sQ (~0.2 M) in toluene. The styrene-0.22 mmol) was added neat
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added via syringe stock solutions of DHQD-CLB®.1 M in toluene)

and OsQ (~0.35 M in toluene). The resulting yellow-orange solution
contained 0.500 mmol of Os@nd 1.00 mmol of DHQD-CLB in 11.2

mL of toluene. The styrene (2.50 mmol) was added neat via syringe,
the flask was stirred for-22 min, and the homogeneous solution was
allowed to stand at room temperature. A dark green color appeared as
the osmium(V1) glycolate formed. The reactions were allowed to stand
for 1—24 h (longer reaction times were allowed for styrenes bearing
electron-withdrawing substituents). The diols were liberated from the
osmium complexes by bubbling,Hg) through the reaction solution

for a period of 5-10 min at 0°C. The black osmium residue was
removed by filtration through a plug of Celite, and the diols were
purified by flash chromatography (silica gel/2:1 ethyl acetate:hexanes).
Each diol was isolated ir»90% vyield. The standard conditions
recommended for the AD of terminal alkenes were used to prepare the
styrene diols: styrene (1.00 mmol),®sQ(OH), (0.2 mol %), DHQD-

CLB (1.0 mol %), KsFe(CN} (3.00 mmol), and KCOs; (3.00 mmol)

in 1:1 tert-butyl alcohol:water at 25C.

The enantiomeric excesses (% ee’s) of the resultant diols were
determined by chiral HPLC using the following conditions (column;
solvent; flow): p-methoxystyrene diol (Chiralcel OB-H; 3% isopropyl
alcohol, 97% hexane; 1.0 mL/mirg:methylstyrene diol (Chiralcel OB-

H; 2% isopropyl alcohol, 98% hexane; 1.0 mL/min); styrene diol
(Chiralcel OB-H; 10% isopropy! alcohol, 90% hexane; 0.5 mL/min);
p-chlorostyrene diol, bis benzoate (Chiralpak AD; 10% isopropyl
alcohol, 90% hexane; 0.8 mL/minjrchlorostyrene diol (Chiralcel OB-
H; 1% isopropyl alcohol, 99% hexane; 0.9 mL/mip)(trifluorometh-
yl)styrene diol, bis benzoate (Chiralpak AD; 10% isopropyl alcohol,
90% hexane; 0.8 mL/min)m-nitrostyrene diol (Chiralpak AD; 2%
isopropyl alcohol, 98% hexane; 1.0 mL/minp:nitrostyrene diol
(Chiralpak AD; 2% isopropyl alcohol, 98% hexane; 1.0 mL/min).
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