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Abstract: cis-Dioxoruthenium(V1) complex [(Mestacn)(CF;CO2)Ru'0,]CIO, (1, Mestacn = 1,4,7-trimethyl-
1,4,7-triazacyclononane) reacted with alkenes in aqueous tert-butyl alcohol to afford cis-1,2-diols in excellent
yields under ambient conditions. When the reactions of 1 with alkenes were conducted in acetonitrile,
oxidative C=C cleavage reaction prevailed giving carbonyl products in >90% vyields without any cis-diol
formation. The alkene cis-dihydroxylation and C=C cleavage reactions proceed via the formation of a [3
+ 2] cycloadduct between 1 and alkenes, analogous to the related reactions with alkynes [Che et al. J.
Am. Chem. Soc. 2000, 122, 11380]. With cyclooctene and trans-f-methylstyrene as substrates, the Ru(lll)

I 1 [
cycloadducts [(Mestacn)(CF3CO2)RUMO(H)CH(CH)eHCO]CIO, (4a) and [(Mestacn)(CFsCO2)RU"O(H)-

PhCHCH(CH3)O]CIO4 (4b) were isolated and structurally characterized by X-ray crystal analyses. The
kinetics of the reactions of 1 with a series of p-substituted styrenes has been studied in acetonitrile by
stopped-flow spectrophotometry. The second-order rate constants varied by 14-fold despite an overall span
of 1.3 V for the one-electron oxidation potentials of alkenes. Secondary kinetic isotope effect (KIE) was
observed for the oxidation of 8-d>-styrene (ku/kp = 0.83 £ 0.04) and a-deuteriostyrene (ku/kp = 0.96 +
0.03), which, together with the stereoselectivity of cis-alkene oxidation by 1, is in favor of a concerted
mechanism.

Introduction characterizedcisMO, (n = 2) complexes such as Os®
KMnO,,® (L)MV"' O3 (L = hydrido-tris-(3,5-dimethylpyrazolyl)-
borate, M= RefaTc¢’d, Cp*Re/"'Oz,f0cand [(L)(C)Tc" O
(L = 1,10-phenanthroline or 2;:dipyridiney® are known to
react with alkenes by simultaneously transferring two oxygen
atoms.

Ruthenium-oxo complexes constitute a family of structurally
defined metal-oxo species that are active toward organic

Alkene oxidation is a subject of fundamental interest, which
profoundly impacts the development of synthetic organic
chemistry! For examplegis-dihydroxylation of alkenes by OsO
provides an efficient synthetic route ¢s-diol products, which
are valuable synthetic intermediates for pharmaceuticHtsis

ar, practical alkenecis-dihydroxylations can only be ac-
complished using Osfas catalyst. Due to the high cost and
toxicity of OsQ, there is a need to search for alternative metal : : -

catalysts for alkeneis-dihydroxylations? A question arises as (&) o, Fe-ealvzed dydrogpalions: (o) fue: M- oo i S 517"

to whether there could be any alternative metal-oxo catalysts  Tipton, A. K; Que, L., JrJ. Am. Chem. So@002 124, 3026. (c) Chen,
K.; Que, L., JrAngew. Chem., Int. EA999 38, 2227. For Mn-catalyzed

capable _Of effectl_ng _alkerms'd'hydroxwat'on with promises dihydroxylations: (d) Brinksma, J.; Schmieder, L.; Van Vliet, G.; Boaron,
for practical applications. If such a metal-oxo catalyst (other ﬁ.:ttHzagg, 51'3; Bgl\éos, D.DE.{/ AlsteDrs,E F_’.EI)-.;\l/:ve;lrénga, BJSIE_trghledrgnF_
than OsG) exists, would its reactivity be tuned through variation o o qacobéf’)p. Angew. Chem., Int. EQL999 36, 980, For
of auxiliary ligands? In literatufeonly a few structurally Ru-catalyzed dihydroxylations: (f) Ho, C.-M.; Yu, W.-Y.; Che, C.-M.

Angew. Chem., Int. EQ004 43, 3303. (g) Plietker, B.; Niggemann, M.
Org. Lett 2003 5, 3353. (h) Shing, T. K. M.; Tam, E. K. Wl'etrahedron

(1) (a)Modern Oxidation MethodBackvall, J.-E., Ed.; Wiley-VCH: 2004. Lett 1999 40, 2179. (i) Shing, T. K. M.; Tam, E. K. W,; Tai, V. W. F,;
(b) Katsuki, T.Asymmetric Oxidation Reactions: A Practical Approach Chung, I. H. F.; Jiang, QChem—Eur. J.1996 2, 50. (j) Shing, T. K. M.;
in Chemistry Oxford University Press: 2001. (c) Singh, H. S.Omganic Tai, V. W. F.; Tam, E. K. W Angew. Chem., Int. Ed. Engl994 33,
Synthesis by Oxidation with Metal Compounbljs, W. J., De Jonge, C. 2312.
R. H. I., Eds.; Plenum: New York, 1986. (4) Holm, R. H.Chem. Re. 1987, 87, 1401.

(2) (a) Bolm, C.; Hildebrand, J. P.; Mim K. In Catalytic Asymmetric (5) (a) Fatiadi, A. JSynthesisl987 85. (b) Lee, D. G. InEncyclopedia of
Synthesis2nd ed.; Ojima, I., Ed.; VCH: New York, 2000; p 399. (b) Kolb, Reagents for Organic SynthesRaquette, L. A., Editor-in Chief; Wiley:
H. C.; Van Nieuwenhze, M. S.; Sharpless, K. Bhem. Re. 1994 94, New York, 1995; Vol. 6, p 4274.
2483. (c) Schider, M. Chem. Re. 198Q 80, 187. (d) Gao, Y. In (6) (a) Gable, K. P.; Zhuravlev, F. A. Am. Chem. So2002 124, 3970. (b)
Encyclopedia of Reagents for Organic SyntheBequette, L. A., Editor- Gable, K. P.; Juliette, J. J. J. Am.Chem. Soc1995 117, 955. (c) Gable,
in-Chief, Wiley: New York, 1995; Vol. 6, p 3801. K. P.; Phan, T. NJ. Am. Chem. Sod 994 116, 833.
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oxidations8~11 Being isoelectronic with Os§) RuQ, is a
powerful oxidant that cleaves the< bond upon reaction with
alkenes'? Protocols for oxidative &C cleavage using Rugl
as a catalyst are well documented in the literafiféln 1994,
Shing and co-workers reported the RgtChtalyzed alkeneis-
dihydroxylation using Nal@as terminal oxidant™ Recently,
we developed a catalytic protocol for alkerie-dihydroxylation
using ruthenium nanoparticles as catafjst\mong these
reported examples, reactiws-dioxoruthenium species have
been postulated as the key intermediate responsible faighe
diol formation/G=C bond cleavage. However, the reactions of
cis-dioxoruthenium complexes with alkenes to goig 1,2-diols
remain poorly characterized. Indeed, apart frobn ahd d-
tetraoxo/trioxo complexes, limited examples on structurally
definedcis-MO, complexes that react with alkenes to give [3
+ 2] cycloadducts are known in the literature. Previously we
prepared and structurally characterized tisdioxoruthenium-
(VI) complexes (Figure 1), [(Mgacn)(CRCO;)RUV'O,]CIO,

(1; Mestacn= 1,4,7-trimethyl-1,4,7-triazacyclononarié},cand
Cis-[(Tet-Mes)RU'O2](ClO4), (2; Tet-Mes = N,N,N',N'-tetra-
methyl-3,6-dimethyl-3,6-diazaoctane-1,8-diami#¢)with E°
values of 1.1 V (R¥") and 0.8 V (RY"V) vs SCE, respec-
tively. Here we report that complexoxidized alkenes to afford
cis-1,2-diols (in agueous medium) and dialdehydes (in non-
aqueous medium) in good to excellent yields under stoichio-

(7) (a) Thomas, J. A.; Davison, Anorg. Chim. Actal991 190, 231. (b)
Pearlstein, R. M.; Davison, A?olyhedron1988 7, 1981.

(8) For reviews, see: (a) Che, C.-M.; Lau, T.-C.Gomprehensie Coordina-

tion Chemistry Il: From Biology to NanotechnolagylcCleverty, J. A.,

Meyer, T. J., Eds.; Elsevier Pergamon: Amsterdam, 2004; Vol. 5, Chapter

5.6, p 733. (b) Che, C.-M.; Yu, W.-YPure Appl. Chem1999 71, 281.

(c) Murahashi, S.-1.; Naota, T. I@omprehensie Organometallic Chemistry

I, Vol. 12; Abel, E. W., Stone, F. G. A., Wilkinson, G. W., Eds.;

Pergamon: Oxford, 1995; p 1177. (d) Che, C.-M.; Yam, V. W.Alw.

Inorg. Chem 1992 39, 233. (e) Griffith, W. P.Chem. Soc. Re1992 21,

179. (f) Seddon, E. A.; Seddon, K. Rthe Chemistry of Rutheniym

Elsevier: Amsterdam, 1984.

See, for example, Ru(lV): (a) Lebeau, E. L.; Binstead, R. A.; Meyer, T.

J.J. Am. Chem. So@001, 123 10535. (b) Stultz, L. K.; Huynh, M. H.

V.; Binstead, R. A.; Curry, M.; Meyer, T. J. Am. Chem. So200Q 122,

5984. (c) Fung, W.-H.; Yu, W.-Y.; Che, C.-M. Org. Chem1998 63,

7715. (d) Cheng, W.-C.; Yu, W.-Y.; Cheung, K.-K.; Che, C.-JM.Chem.

Soc., Dalton Trans1994 57. (e) Ho, C.; Che, C.-M.; Lau, T.-Q. Chem.

Soc., Dalton Trans199Q 967. (f) Dobson, J. C.; Seok, W. K.; Meyer, T.

J.Inorg. Chem 1986 25, 1513. Ru(V): (g) Fackler, N. L. P.; Zhang, S.;

O’Halloran, T. V.J. Am. Chem. Sod996 118 481. (h) Che, C.-M.; Yam,

V. W.-W.; Mak, T. C. W.J. Am. Chem. S0d.99Q 112 2284. (i) Dengel,

A. C.; Griffith, W. P.; O’'Mahoney, C. A.; Williams, D. 0. Chem. Soc.,

Chem. Commurl989 1720.

See for example: (a) Gallo, E.; Caselli, A.; Ragaini, F.; Fantauzzi, S.;

Masciocchi, N.; Sironi, A.; Cenini, Snorg. Chem 2005 44, 2039. (b)

Zhang, R.; Yu, W.-Y.; Sun, H.-Z.; Liu, W.-S.; Che, C.-l@hem—Eur. J.

2002 8, 2495. (c) Liu, C.-J.; Yu, W.-Y.; Che, C.-M.; Yeung, C.-Bl.Org.

Chem 1999 64, 7365. (d) Lebeau, E. L.; Meyer, T.lhorg. Chem 1999

38, 2174. (e) Lai, T.-S.; Zhang, R.; Cheung, K.-K.; Kwong, H.-L.; Che,

C.-M. Chem. Commuril998 1583. (f) Dovletoglou, A.; Meyer, T. 1.

Am. ChemSoc.1994 116, 215. (g) Che, C.-M.; Tang, W.-T.; Wong, W.-

T.; Lai, T.-F.J. Am. Chem. So0d 989 111, 9048. (h) Perrier, S.; Kochi, J.

K. Inorg. Chem 1988 27, 4165. (i) Che, C.-M.; Wong, K.-Y.; Poon, C.-

K. Inorg. Chem1985 24, 1797. (j) Groves, J. T.; Quinn, R. Am. Chem.

Soc 1985 107, 5790.

See for example: (a) Che, C.-M.; Yu, W.-Y.; Chan, P.-M.; Cheng, W.-C.;

Peng, S.-M.; Lau, K.-C.; Li, W.-KJ. Am. Chem. So200Q 122, 11380.

(b) Cheng, W.-C.; Yu, W.-Y; Li, C.-K.; Che, C.-Ml. Org. Chem1995

60, 6840. (c) Cheng, W.-C.; Yu, W.-Y.; Cheung, K.-K.; Che, C.-M.

Chem. Soc., Chem. Commuad994 1063. (d) Li, C.-K.; Che, C.-M.; Tong,

W.-F.; Tang, W.-T.; Wong, K.-Y.; Lai, T.-RJ. Chem. Soc., Dalton Trans

1992 2109. (e) Bailey, C. L.; Drago, R. 8. Chem. Soc., Chem. Commun

1987 179.

(12) (a) Lee, D. G.; Chen, T. I€omprehensie Organic SynthesisTrost, B.
M., Fleming, I, Ley, S. V., Eds.; Pergamon: Oxford, 1991; Vol. 7, Chapter
3.8, p 541. (b) Wolfe, S.; Hasan, S. K.; Campbell, J.JRChem. Soc.,
Chem. Commurl97Q 1420.

(13) (a) Yang, D.; Zhang, Cl. Org. Chem2001, 66, 4814. (b) Carlsen, P. H.
J.; Katsuki, T.; Martin, V. S.; Sharpless, K. B. Org. Chem1981 46,
3936. (c) Sondheimer, F.; Mechoulam, R.; SprecherT&trahedronl964
20, 2473. (d) Stork, G.; Meisels, A.; Davies, J.EAmM. Chem. S0d963
85, 3419.

©

~

(10)

(11)
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[(Me;tacn)(CF,CO,)Ru"'0,]* cis-[(Tet-Meg)Ru"'0,**
Figure 1. cis-Dioxoruthenium(VI) complexes.

metric conditions. Analogous to the alkyne oxidatiéfithe [3

+ 2] cycloadducts for the reactions of cyclooctene &mahs
B-methylstyrene withl have been isolated and structurally
characterized by X-ray crystal analyses. In this work, the
cycloaddition reaction has been examined by kinetic studies and
organic product analysis.

Results

Stoichiometric Alkene cis-Dihydroxylations by [(Me stacn)-
(CF3CO2)RUM'O,CIO,4 (1). Treatment of cyclooctene (30
mmol) with 1 (300u«mol) in atert-butyl alcohot-water mixture
(10:2 v/v) under an argon atmosphere at room temperature
producedcis-1,2-cyclooctanediol in 85% isolated yield (Table
1, entry 1); 1,8-octanedialdehyde=C bond cleavage product)
was obtained in 5% yield. Neith&rans 1,2-cyclooctanediol nor
cyclooctene oxide was detected by NMR analysis of the crude
reaction mixture. The yields of thes-1,2-diol and dialdehyde
were calculated based on the stoichiometry of Ru/cyclooctene
= 1:1. The cis{transdiols and 1,8-octanedialdehyde were
identified by their'H and13C NMR signals with reference to
the literature datacjs-diol: 6y 3.9 ppm (d, 2H,) = 10 Hz),6¢
= 73.1 ppmtransdiol: 6y 3.6 ppm (d, 2H,J = 9.5 Hz),0c =
76.1 ppm. 1,8-octanedialdehydéy 9.8 ppm (t, 2H,J = 1.5
Hz), dc = 202.5 ppm}* After the reaction, [(MgtacnpRu" 5(u-
0)(u-CRC0,)7](ClOy)2 (3) was isolated in quantitative yield;
this complex has been characterized by X-ray crystal analysis
(Figure S1, Tables S1 and S2) [for more detailed characterization
of 3, including its UV—vis spectrum (Figure S2) and structure
features, see Experimental Section and Supporting Information].
The observedis-dihydroxylation should be unique for thoés-
dioxoruthenium(VI) complex, since the analogous cyclooctene
oxidation bytrans[Ru¥'(N,02)O]ClO4 (N.O; = 1,12-dimethyl-
3,4:9,10-dibenzo-1,12-diaza-5,8-dioxacyclopentadet¥rejv-
ing comparabl&°®(Ru’"V) of 0.92 V (vs SCE, pH 1.0) afforded
cyclooctene oxide in 90% yield without arys-1,2-diol being
detected.

The employment of aqueousrt-butyl alcohol as solvent is
critical for thecis-diol formation. When the reaction dfwith
cyclooctene was undertaken in dry acetonitrile, 1,8-octanedi-
aldehyde was obtained in 91% yield (Table 2, entry 1); neither
cis-1,2-cyclooctanediol nor cyclooctene oxide was detected by
IH NMR analysis. However, when aqueous acetonitrile (MeCN/
H,O = 10:1 v/v) was used as solvent, significang-cyclooc-
tane-1,2-diol formation (in 22% yield) was observed albeit with
1,8-octanedialdehyde being the major product (yield: 60%). In
this case, epoxide arithns-1,2-diol were not detected according
to NMR analysis of the crude reaction mixture. For oxidation
of other cycloalkenes, cleavage of the=C bond to dialdehydes
prevailed in dry acetonitrile; details are given in later sections.

(14) Takezawa, E.; Sakaguchi, S.; Ishii, @rg. Lett 1999 1, 713.
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Table 1. Stoichiometric Alkene cis-Dihydroxylations by 1
entry alkenes products yield (%) entry alkenes products yield (%)?
OH SiMes HQ  SiMeg
1b 85 6° — 70
OH PH PH  OH
CO,Et HO  COzEt
O W e o F g
OH Ph PR OH
o AcO OA
c 66 ¢
c O (e v ey,
HO OH
OH
49 60 — HQO OH
OH g€ — ,_l 84
Ph CH
® PH  CHs
C HQ, CH /N &
Hs 3 10 _ 58
— >_< Ph  Ph
5€ 72
Ph Ph OH PR Ph
PhCHO 35

a|solated yield? Yield of 1,8-octanedialdehyde: 5%Yield of 1,7-heptanedialdehyde: 15%yYield of 1,6-hexanedialdehyde: 10%Benzaldehyde
(10—15% yield) was detected by capillary GC using the internal standard métRedction conditions: To a degasged-butyl alcohol (10 mL)/water (2

mL) mixture containing alkene (30 mmol) was adde{B00x«mol) under an argon atmosphere. The reaction mixture was stirred at room temperature for

14 h.

The results for the other cycloalkenes are summarized in was used as oxidaht. Given that electron deficientr,-

Table 1. By employing the following reaction conditions,
cyclopentene was oxidized tis-1,2-cyclopentanediol in 80%
isolated yield (entry 2):1 (300umol), alkene (30 mmol), 80%
aqueousert-butyl alcohol under an argon atmosphere. No other
oxidized products were detected accordingHANMR analysis.
Oxidation of cycloheptene by furnished the correspondiruis-
1,2-diol and 1,7-heptanedialdehyde in 66% and 15% yields,
respectively (entry 3). According to the previous wotkk!
cationic oxo-ruthenium complexes containing chelating nitrogen
donor ligands would react with cyclohexene via allylie-8
bond oxidation to afford 2-cyclohexen-1-ol and 2-cyclohexen-
1-one as major products. In aquedest-butyl alcoholl was
found to react with cyclohexene vids-dihydroxylation pref-
erentially, and the correspondiris-1,2-diol was produced in
60% vyield (entry 4). Minor products including 1,6-hexanedial-
dehyde (10%), 2-cyclohexen-1-ol (5%), and 2-cyclohexen-1-
one (5%) were detected based on capillary GC analysis.
cis-Dihydroxylation of aromatic alkenes has also been
achieved using as oxidant. Treatingans/3-methylstyrene with
1 in aqueoudert-butyl alcohol producedhreo-1-phenyl-1,2-
propanediol in 72% yield with minor benzaldehyde (15% yield)
formation (Table 1, entry 5). Again, neither epoxide nor the
anti-dihydroxylation product was formed according to NMR
analysis of the crude reaction mixture. Wheans-(-(trimeth-
ylsilyl)styrene was subjected to the following conditions, the
corresponding syn-dihydroxylation product was formed in 70%
yield without formation of epoxides/anti-dihydroxylation product
(entry 6): 1 (300 umol), alkene (30 mmol) in aqueousrt-
butyl alcohol. This result is comparable to the case when,0sO

unsaturated alkenes such as ethyl cinnamate are poor substrates

for oxo-ruthenium oxidant%;1 it is striking thatl can oxidize
ethyl cinnamate to afford #f)-threo-ethyl 2,3-dihydroxy-3-
phenylpropanoate in 72% yield (entry 7).

Dihydroxylation ofcis-2-butene-1,4-diacetate lyproceeded
stereoselectively, affording 1,4-@-acetylerythritol in 75%
isolated yield (entry 8). Formation of the anti-isomerized product
(i.e., 1,4-diO-acetylthreitol) was not observed based on NMR
analysis of the crude reaction mixture. Under similar conditions,
the reaction ofcis-methylstyrene withl gave erythro-1-
phenyl-1,2-propanediol in 84% yield (entry 9). Oxidatiorcef
stilbene byl in aqueougert-butyl alcohol affordectis-stilbene
oxide in 58% yield and benzaldehyde in 35% vyield (entry 10).
Neither syn-dihydroxylation product ndrans-epoxide was
detected by'H NMR analysis of the crude reaction mixture.

Our earlier works showed thais-[(Tet-Meg)RUV'O;](ClO4)2
(2) with E°(RW"V) = 0.80 V vs SCE (pH 1.0) can oxidize
alkenes and alkanes in acetonitrile under room conditighs.
In this work, we found that2 (300 umol) reacted with
cyclooctene (30 mmol) in aqueotest-butyl alcohol to produce
1,8-octanedialdehyde in 60% yield acid-1,2-cyclooctanediol
in 22% yield. Neithertrans-diol nor epoxide was detected at
the end of the reaction. In contrast to the results Witheing
the oxidant22 reacted with cyclohexene under identical condi-
tions to give trans-1,2-cyclohexanediol in 65% vyield and
2-cyclohexen-1-ol in 21% vyield. Nois-1,2-diol was detected
by 'H NMR analysis. Compared 8, 1 afforded thecis-diol

(15) Bassindale, A. R.; Taylor, P. G.; Xu, ¥. Chem. Soc., Perkin Trans. 1
1994 1061.

J. AM. CHEM. SOC. = VOL. 127, NO. 41, 2005 14241
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Table 2. Stoichiometric Oxidative C=C Bond Cleavage by 1¢

entry solvent alkenes product(s) yield (%)?

1 MeCN O OHC/\/\/\/CHO 91
OH

2 MeCN + H,O O Q 22
OH

OHC/\/\/\/CHO 60

3 MeCN @ OHC™ ™" cHo 73°

4 MeCN O OHC\/\/\CHO 70°

CHg
6 MeCN annt PhCHO¢ 85
Ph
0]

7 MeCN ol en A 45
Ph Ph

PhCHOY 32

a|solated yield based on the amount of oxidant usedeld of cis-1,2- cyclopentanedick 10%. ¢ Yield of cis-1,2-cyclohexanediok 14%. 9 Determined
by GC.®Reaction conditions: To a degassed acetonitrile (10 mL) containing alkene (30 mmol) wasla@@&dmmol) under an argon atmosphere. The
reaction mixture was stirred at room temperature for 14 h.

Scheme 1. 180 Isotope Labeling Study

180 2+
PN
(Mestacn) Ru ‘BuOH OH (Megtacn) Ru Ru\(Megtacn)
* O/ \O~/ 0 3
CFa00; © "% OH y—0< @
CF3 CFs

FAB-MS: m/z = 889 ([M + ClO4]")

Scheme 2. Ru(lll) Cycloadduct Formation for cis-Dihydroxylation by 1

+ + H

(Megtacn) '7\6:,0 } + @ tBUOH, (Mestacn) T{KOD H* (Megtacn) Tttoj.:)
CFsCO; © H20 CF3CO, °© e CF3CO, ©
(5d) (4d)

products in better yields, and hence subsequent mechanistidabel in this complex (Scheme 1). We reason that both
studies were performed with as the oxidant. The results for cis-dihydroxylation and oxidative €C cleavage reactions

+

oxidation of other alkenes b are provided in Table S3. involved direct interaction between the=<C bond and the two
180 Isotope Labeling Experiment. Treatment of cyclooctene  oxo groups ofi.
(30 mmol) with 1 in a mixture oftert-butyl alcohol (10 mL) Structural Characterization of [3 + 2] Cycloadducts

and K80 (2 mL) under an inert atmosphere at ambient between [(Meatacn)(CFsCO2)RuUY'O,]ClIO4 and Alkenes.In
temperature for 14 h producets-1,2-cyclooctanediol and 1,8-  aqueoustert-butyl alcohol, cyclohexene (10 equiv) reacted
octanedialdehyde in 85% and 5% isolated yields, respectively; instantaneously with to give a metastable Ru(lll) cycloadduct
neither the diol nor the aldehyde contain&® isotope (as 4d (Scheme 2; see later section for characterization), which
shown by MS analysis). On the other hand, FAB-MS (Figure decomposed to [(MgacnpRw" (1-O)(u-CFCOy)7](ClO4), (char-
S3) of 3, isolated in 96% yield by diethyl ether-induced acterized by UV+-vis spectroscopy) upon standing overnight at
precipitation, revealed the exclusive incorporation of @ room temperature. Comple4d could be extracted from the

14242 J. AM. CHEM. SOC. = VOL. 127, NO. 41, 2005
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aqueougert-butyl alcohol mixture to ChKCl,, and the U\V-vis
spectrum of the CKCl;, extract displayed an intense absorption
band atimax = 396 nm (Figure S4a). We found théd could

be kept in CHCI; solution without significant decomposition
over 14 h under ambient conditions, as manifested<iif)%
reduction in absorption intensity of the 396 nm band. Similar
Ru(lll) cycloadducts obtained by reactidgvith other alkenes
have also been characterized by YWs spectroscopy (Figures
S5 and S6), and their spectral data collected in@iare given

in Table S4.

The Ru(lll) cycloadducts from the reactionsloivith alkenes
can be isolated by extraction into @El, from the aqueoutert-
butyl alcohol mixture. After column chromatography to remove
excess alkene antkert-butyl alcohol, the complexes were
recrystallized from a chloroformhexane mixture (see Experi-
mental Section for detail). It should be noted that complex
was insoluble in ChCl,, andno effectie cycloadduct formation
was obsered byreactingl with alkenes in CHCl,. Recrys-
tallization of the cycloadducts with an acetonitrilgiethyl ether
mixture give [(Metacn)RU(MeCN)](ClOy), exclusively.

With cyclooctene as substrate, cycloadddet has been
characterized by X-ray diffraction analysis (Tables S5 and S6).
As depicted in Figure 2a, thas-configurated O(1}Ru—0(2)
moiety is bound to the alkenic carbon atoms C(1) and C(2) to
form a five-membered metallacycle. We previously reported the
isolation and structural characterization of a related{2]
adduct obtained from the reaction bivith bis(trimethylsilyl)-
acetylené!a|t is well-known that Os@reacts with alkenes to
form the related osmium(VI) glycolate complexes, some of
which have been characterized by X-ray crystallograishy.

In 4a, the ruthenium atom adopts a distorted octahedral
geometry coordinating to the Macn andy-trifluoroacetate
ligands. The bond angles around C(1) and C(2) atoms are:
O(1)-C(1)—C(2) = 109.6(5}, O(2)—C(2)—C(1) = 108.6(5},
O(1)-C(1)—C(8) = 107.1(5}, O(2)—C(2)—C(3) = 110.2(5},
C(1)-C(2)—C(3)= 116.7(5}, and C(2)-C(1)—C(8) = 117.5-
(6)°. The respective RuO(1) and Ru-O(2) distances are 2.136-
(4) and 1.932(4) A; the latter distance is comparable to the

1
related ones in [(Mgacn)(CRCO,)RUYOCA(SiMe;),0]" [1.977
(5) and 1.979(6) Af2and PBuNJ[Ru'(N)(L)] [1.956(3) and
1.957(3) A; L = 1,2-bis(2-hydroxyphenyl-1-carboxamido)-
benzene tetraaniod],and [Ry(Cl4Cat)]3~ complexes [1.998-
(2), 1.965(2), 1.990(2), and 1.973(2) A;,Cht = tetrachloro-
catecholate}® The relatively long Re-O(1) distance [2.136(4)
A] is comparable to the RtOH, or Ru—O(H)R distances found
in [(Megtacn)(bpy)RU(OH,)]2+ [2.168(3) A; bpy = 2,2-
bipyridine] % [Ru' (N20,)(OH)(OH)]2* [2.199(3) A1 and
[RU"(HL)CI,(PPh)] complexes [2.123(3) A; b = 2,6-bis-
(2,2-diphenyl-2-hydroxyethyl)pyridin€f, suggesting that the

the measured bond distancds, should correspond to a Ru-
(1N formulation, which concurs with the results of magnetic
susceptibility measurements (see later sections).

The C(1}-0(1) and C(2)-0O(2) distances are 1.477(7) and
1.433(7) A, respectively; these values are close to the related
C(sp)—O0 distances [1.39(2) and 1.45(2) A] found in [R(L)-
(PPhMe).Cl] [HoL = 2,6-bis(2,2-diphenyl-2-hydroxyethyl)-
pyridine]1° The C(1)-C(2) distance [1.524(9) A] is comparable
to other G-C single bond distances (ca. 1.54 A) of the rest of
the cyclooctane ring moiety.

Similarly, cycloadduct4b obtained by reactingrans-
methylstyrene wittl in aqueousert-butyl alcohol has also been
structurally characterized (Tables S5 and S7). As shown in
Figure 2b,4b is isostructural toda with the cis-RuQO, moiety
bound to the two alkenic carbon atoms C(1) and C(2) to form
a five-membered metallacycle.

Complexesta and4b are paramagnetic, and their respective
magnetic momentsugs) of 1.94 and 1.9% at 298 K (Evan’s
method) are compatible with a low-spirP duthenium(lll)
ion_lOf,ZO

ESI-MS Studies on the Ru(lll) Cycloadducts 4. After
treating 1 with cyclooctene (100 equiv) in aqueotest-butyl
alcohol for 10 min at room temperature (see Experimental
Section), the reaction mixture was extracted with,CH and
the organic extract was analyzed by ESI-MS (Figure S7), which
revealed two prominent cluster peaksnalz 529.1 (M") and
415.3 (M — CRCOy] ™M) [no cluster peak of the starting(nv/z
418) was observed]. The parent iomalz 529.1 was formulated

[ 1
as [(Metacn)(CRCO;)RU"O(H)CH(CHy)eHCO] ™ based on the
isotopic distribution pattern, which is identical to that observed
for an authentic complesa. If the aqueougert-butyl alcohol
mixture was directly analyzed by ESI-MS (i.e., without prior
CH.Cl, extraction), [(Metacn)(CECO,)RU(OH)]t (m'z =
403.1) was found to be the most prominent species, with
detected only at<5% abundance. This finding indicates that
the cycloadduct is unstable in the aqueous medium, probably
due to hydrolysis leading to release of tis-1,2-diol product
(see later section). Analogous phenomena were observed for
the reactions of with other alkenes (see the ESI-MS in Figures
S8-S16 and Table S4).

As noted in earlier sections, oxidation @é-stilbene byl in
aqueoustert-butyl alcohol affordedcis-stilbene oxide and
benzaldehyde without formation of argyndihydroxylation
product. When the reaction @fwith cis-stilbene was analyzed
by ESI-MS, four prominent cluster peaksratz 599.1, 491.1,
413.9, and 403.2 were observed (Figure S11). The peakzat
599.1 matches the formulation of either [(A&cn)(CRCO,)-

I 1 r—
RUO(H)PhCHCH(Ph)J] or [(Mestacn)(CRCO,)Ru(OCHPh-

O(1) atom is protonated. Based on electrical charge balance an(f;th)OHr (i.e., epoxide adduct). The speciesnalz 403.2

(16) (a) Pearlstein, R. M.; Blackburn, B. K.; Davis, W. M.; Sharpless, K. B.
Angew. Chem., Int. Ed. Endl990 29, 639. (b) Cartwright, B. A.; Griffith,
W. P.; Schider, M.; Skapski, A. Clnorg. Chim. Actal981, 53, L129. (c)
Schraler, M.; Nielson. A. J.; Griffith, W. PJ. Chem. Soc., Dalton Trans.
1979 1607. (d) Schider, M.; Griffith, W. P.J. Chem. Soc., Dalton Trans.
1978 1599. (e) Cartwright, B. A.; Griffith, W. P.; Schder, M.; Skapski,
A. C. J. Chem. Soc., Chem. Commuad9.78 853.

(17) Chan, P.-M.; Yu, W.-Y.; Che, C.-M.; Cheung, K.-K.Chem. Soc., Dalton
Trans.1998 3183.

(18) Kondo, M.; Hamatani, M.; Kitagawa, S.; Pierpont, C. G.; UnouraJK.
Am. Chem. Sod 998 120, 455.

(19) Yip, K.-L.; Yu, W.-Y.; Chan, P.-M.; Zhu, N.-Y.; Che, C.-Ml. Chem.
Soc., Dalton Trans2003 3556.

should correspond to [(M&acn)(CRCO)Ru(OHy)]+. MS—MS
analysis revealed that the peaknaz 491.1, which is assignable
to [(Mestacn)(CRCO,)RU(PhCHO)T, dervied from the parent
ion atm/z599.1 (probably due to loss of PhCHO). The peak at
m/z 413.9 can be assigned to [(Macn)(CRCO,)Ru(CO)T,
which could arise from [(Mgtacn)(CRCO,)Ru(PhCHO)T by
losing GeHe.

(20) Neubold, P.; Wieghardt, K.; Nuber, B.; WeissAhgew. Chem., Int. Ed.
Engl. 1988 27, 933.
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1 —
Figure 2. Perspective view of the complex cations of (a) [fien)(CRCO,)RU" O(H)CH(CHy)sHCO]CIO, (48) and (b) [(Metacn)(CRCO,)RU"O(H)-
—
PhCHCH(CH)OICIO, (4b).

Stoichiometric Oxidative Cleavage of G=C Bonds by (Table 2, entry 7). Ndrans-stilbene oxide was detected Byl
[(Meztacn)(CFsCO2)RUV'O,]CIO 4 (1). In acetonitrile, oxidation NMR analysis of the crude reaction mixture.
of cyclooctene byl afforded 1,8-octanedialdehyde exclusively The oxidative G=C cleavage reaction proceeded via forma-
(Table 2, entry 1). Similar results were obtained for other cyclic tion of a distinct intermediate species. For example, reaction of
alkenes (entries -35), and the dialdehyde products were 1 with cyclohexene in acetonitrile instantaneously produced a
obtained in ca. 70% vyields. In all cases, [(}&en)(CRCO,)- metastable complexd featuring three broad absorption shoul-
RuU'(MeCN),]CIO,4 was produced quantitatively. ders atlmax= ca. 290, 360 and 420 nm (Figure S4b), a spectral

Likewise, trans3-methylstyrene reacted within degassed profile different from that of cycloaddudtd in acetonitrile §max
acetonitrile to give benzaldehyde in 85% vyield (Table 2, entry = 396 nm). Upon standing in acetonitrile at room temperature,
6). However, the analogouss-stilbene oxidation affordedis- 5d gradually transformed to [(M&acn)(CECOz)RU!' (MeCN)J-
stilbene oxide in 45% yield and benzaldehyde in 32% yield CIO4 over 12 h. Spectral data for the reactionslafith other

14244 J. AM. CHEM. SOC. = VOL. 127, NO. 41, 2005
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alkenes in acetonitrile are depicted in Table S8. Attempts to
isolate the intermediates from the acetonitrile solutions by
diethyl ether-induced precipitation were unsuccessful; a gummy
solid was obtained in all cases. Subsequent recrystallization of
the gummy solid with an acetonitrile/diethyl ether mixture gave
[(Mestacn)RU (MeCN)](ClO,),. Interestingly, when an aceto-
nitrile/water mixture (2:1 v/v) was employed as solvent, the
reaction of1 with cyclohexene afforded cycloaddudt (as
characterized by UVvis and FAB-MS analyses).

For the reaction ofl with cyclohexene (100 equiv) in
acetonitrile, the mass spectrum of the reaction mixture contain-
ing 5d shows two prominent peaks at¥z 501.0 and 426.9
(Figure S17). The peak at/z 426.9 is assignable to [(Me
tacn)(CRCOy)RU'(MeCN)J™, which is not a fragment of the
species withm/z 501.0, as revealed by MSVIS analysis. The
peak atm/z501.0 is essentially the same as the parent ion peak
of 4d, suggesting thabd and 4d are structurally related.
However, the two species display different BVis spectra (see
above), and their magnetic properties are different (see later
section).

By reacting 1 with styrene in acetonitrile, the ESI-MS
spectrum of the reaction mixture revealed two prominent peaks
at m/z 522.9 and 426.9 (Figure S18). The peakdt 522.9
matches the parent molecular ion5§f Similar ESI-MS results
were observed for other alkenes. In all cases, the molecular ion
corresponding to the starting ruthenium oxidant was not
observed.

Kinetic Studies on the [3+ 2] Cycloaddition of [(Meztacn)-
(CF3CO2)RUV'O,)CIO, (1) with Alkenes in Acetonitrile.
Reaction of styrene (50-fold excess) within acetonitrile at
278 K produced a spontaneous BVis spectral change (Figure
S19). The first 18 s of the reaction was characterized by the
disappearance of the 330 nm band with a concomitant formation
of a broad shoulder band at ca. 420 nm. No further significant

The temperature dependence of khgalues for the reactions
of 1 with styrene, cyclooctene, cyclohexene, amdns3-
(trimethylsilyl)styrene has been examined (Table S9). The
activation parameters were determined from th&li{ vs 1/T
plots, which are linear over the temperature range studied{293
315 K) (Figures S22S25). The entropies of activation§)
are—15.6+ 1.2,—-10.4+ 1.6,—-9.5+ 0.7, and—11.6+ 1.8
cal molrt K=1, and the enthalpies of activationl*) are 10.3
+ 0.4, 10.3+ 0.5, 11.4+ 0.2, and 11.9+ 0.6 kcal mot?,
respectively, for the oxidations of styrene, cyclooctene, cyclo-
hexene, andrans-(trimethylsilyl)styrene (Table S10). The
observedAS" and AH* values are comparable to the analogous
reactions betweef and some disubstituted alkyriés(Table
S10). The large and negativeSF values are consistent with
rate-limiting association of and alkenes.

Discussion

Alkene cis-dihydroxylation by Os@ is a synthetically
important reactiod. The mechanism of the Og@nediated
alkene cis-dihydroxylation has been a subject of extensive
experimentd! and theoretical investigatiod$According to the
literature221-22major controversy revolves around two mecha-
nistic deliberations: (1) concerted [8 2] cycloaddition and
(2) nonconcerted metallaoxetane pathvayéScheme S1).
Compared to Osg)the reaction of Ru@with alkenes received
less attention. Ruis a stronger oxidant than OgQand it
readily oxidizes alkenes resulting irC bond cleavagé& The
reaction of Ru@ with alkenes was believed to proceed via a
cyclic Ru(VI) diester intermediate, which subsequently decom-
poses to give the €C bond cleavage productéPreviously,
Sica and co-worke?é reported the isolation and spectroscopic
characterization of the cyclic Ru diester complex from the
reaction of Ru@ with alkenes.

In this work, the structurally characterized [(t&cn)(Ck-

spectral change (at 278 K) has been observed for an additionalCO,)Ru"'0,]CI0, (1) underwent alkeneis-dihydroxylation and

3 min after mixing. For the analogous cyclohexene oxidation

conducted in acetonitrile (278 K), similar spectral changes were
observed (Figure S20). During the time period efZl s, the

UV —vis spectral changes were featured by reduction of the 330

oxidative C=C bond cleavage with alkenes depending on the
reaction medium employed. In aqueotert-butyl alcohol,
oxidation of alkenes byl gave cis-1,2-diols in good yields,
whereas oxidative €C bond cleavage reaction prevailed in

nm band, accompanied by the emergence of a shoulder band ahonaqueous medium (e.g., acetonitrile). The reacti@gireous

ca. 420 nm.

Although1was unstable in aqueotert-butyl alcohol at room
temperature, a much higher stability was observed in acetonitrile,
which was manifested by10% spectral change ov8 h in

the absence of alkene substrates. Thus, the slow self-decomposi-

tion of 1 would not interfere with the kinetics of the cycload-
dition reactions conducted in acetonitrile.

The kinetics of the cycloaddition reaction with a series of
alkenes in acetonitrile at 298 K has been studied by stopped-
flow spectrophotometry. By monitoring the increase in the
absorbance étinax = 420 nm (the metastable complexXekave
higher absorption thahat 420 nm), the rate law k[ 1][alkene]

(k. = second-order rate constant) was established. In the
presence of 20- to 100-fold excess alkene, a first-order kinetics

was obtained (Figure S21). The pseudo-first-order rate constants

(kobg Were evaluated by the nonlinear least-squares fits of the
growth curves, and the slopes of thgsvs [alkene] plots gave
the ko, values. The results are listed in Table 3. Under the
concentrations employed in this work, no rate saturation was
observed.

(21) (a) Corey, E. J.; Noe, M. Cl. Am. Chem. Sod996 118 11038. (b)
Corey, E. J.; Noe, M. CJ. Am. Chem. Sod.996 118 319. (c) Norrby,
P.-O.; Kolb, H. C.; Sharpless, K. B. Am. Chem. Sod.994 116, 8470.
(d) Corey, E. J.; Noe, M. C.; Sarshar,etrahedron Lett1994 35, 2861.
(e) Corey, E. J.; Noe, M. . Am. Chem. So4993 115, 12579. (f) Corey,
E. J.; Noe, M. C.; Sarshar, . Am. Chem. Sod993 115 3828. (g)
Hentges, S. G.; Sharpless, K. B.Am. Chem. S0d.980 102, 4263. (h)
Patrick, D. W.; Truesdale, L. K.; Biller, S. A.; Sharpless, K. B.Org.
Chem.1978 43, 2628. (i) Sharpless, K. B.; Teranishi, A. Y.; 8avall,
J.-E.J. Am. Chem. S0d.977, 99, 3120.
(a) Frunzke, J.; Loschen, C.; Frenking, 5Am. Chem. So@004 126,
3642. (b) Deubel, D. V.; Frenking, G\cc. Chem. Re2003 36, 645. (c)
Deubel, D. V.; Schlecht, S.; Frenking, G. Am. Chem. SoQ001, 123
10085. (d) Norrby, P.-O.; Rasmussen, T.; Haller, J.; Strassner, T.; Houk,
K. N. J. Am. Chem. S0d.999 121, 10186. (e) Ujaque, G.; Maseras, F.;
Lledos, A.J. Am. Chem. S0d.999 121, 1317. (f) Torrent, M.; Deng, L.;
Duran, M.; Sola, M.; Ziegler, T.Organometallics1997 16, 13. ()
DelMonte, A. J.; Haller, J.; Houk, K. N.; Sharpless, K. B.; Singleton, D.
A.; Strassner, T.; Thomas, A. A. Am. Chem. S0d.997, 119, 9907. (h)
Dapprich, S.; Ujaque, G.; Maseras, F.; LleddA.; Musaev, D. G;
Morokuma, K.J. Am. Chem. Sod 996 118 11660. (i) Norrby, P.-O.;
Kolb, H. C.; Sharpless, K. BOrganometallics1994 13, 344.
For recent works on isolation of metallaoxetane complexes, see: (a)
Szuromi, E.; Shan, H.; Sharp, P. R.Am. Chem. So@003 125 10522.
(b) Flood, T. C.; limura, M.; Perotti, J. M.; Rheingold, A. L.; Concolino,
T. E. Chem. CommurR00Q 1681. For a review on metallaoxetanes, see:
(c) Jgrgensen, K. A.; Schigtt, Bhem. Re. 1990 90, 1483.
(24) Albarella, L.; Giordano, F.; Lasalvia, M.; Piccialli, V.; Sica, Detrahedron
Lett 1995 36, 5267.

(22)

(23)
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Table 3. Second-Order Rate Constants (k) for the Oxidation of Alkenes by 1 in Acetonitrile at 298 K2

1

entry alkene k2/dm3 mol's'  EjypV  entry alkene I<2/dm3 mol' s EqppV
AN X Me
1 ©/\ 681 165 9 m 2241 -
N X
2 180%8 1.38 10 Me 41%2 -
Me
H
N P 82+3 -
3 72418 115 11 D
MeO
D
X
4 /©/\ 77+3 - 12 e 7141 -
F H
X SiMe3
AN
5 /©/\ 102+2 - 13 (j/V 33+2 _
cl
6 /©/\ 94+1 _ 14 O 872%10 2.03
Br
A +
; /©/\ 241 _ 5 O 23345 1.81
FaC
Ph
8 = 4912 1.22 16 @ 2184 2.19
PH
17 NS 94+3 244

a|onization potentials were taken from Garrison, J. M.; Ostovic, D.; Bruice, T.. @m. Chem. S0d.989 111, 4960.

tert-butyl alcohol proceeded via formation of a metastable Ru

(1) cycloadduct, [(Metacn)(CRCO,)RUO(H)GH,RR O] (4);
with cyclooctene andtransf-methylstyrene as substrates,
cycloadducts4a and 4b have been structurally characterized
by X-ray crystallography.

In acetonitrile,1 cleaved the €&C bond of alkenes to give
carbonyl products in up to 90% yields. Based on-txs and
ESI-MS studies, the €C bond cleavage reactions involved
formation of the metastable complexXgsvhich are diamagnetic
and displayed well-resolved NMR signals.

19F NMR spectroscopy was employed to follow the oxidative
C=C bond cleavage reaction. At room temperattr@0 «mol)
exhibited a sharp singlet peak @ —75.82 ppm in CRCN
(Figure S26). After addition of cyclohexene (40Mhol), thedr
—75.82 ppm peak df was immediately replaced by a new sharp
singlet signal abr —76.24 ppm corresponding to the formation

[ 1
of 5d. [(Mestacn)(CRCO,)RU"O(H)CH(CH,)4HCO]' (4d)
should not be the immediate product of the reaction fith
cyclohexene in acetonitrile, since an authentic samplddf

14246 J. AM. CHEM. SOC. = VOL. 127, NO. 41, 2005

- shows a broad singlet peakd&t—74.15 ppm (Figure S27) under

—
identical conditions. With reference to [(Macn)(CRCO,)RUV-

1
OC,(SiMe3),QO] " that shows a sharp singlet signabat—76.67
ppm (Figure S28), we assidid (0 —76.24 ppm) to a Ru(lV)

ik
species, formulated as [(M@cn)(CRCO;)RUYOCH(CH,)4-

1
HCOT". Similar 1 NMR results were obtained for the
analogous reactions with other alkenes.

As noted in earlier sections, the Ru(lV) cycloadducts such
as 5d would gradually convert to [(Mgacn)(CRCO,)RU!-
(MeCN)]CIO4 upon standing in acetonitrile. THEF NMR
spectrum of [(Metacn)(CRCO,)RU!(MeCN)]CIO4 shows a
sharp singlet abr —76.18 ppm (Figure S29), which overlaps
with the 19F signal of5d. Interestingly, continuous monitoring
of the Ru(lV) cycloadduct in purifiedls-acetonitrile (alcohol
free) at room temperature over an additional 12 h did not reveal
any broad signal atg = —74.15 ppm corresponding to a Ru-
(1) complex formulation (i.e.Ad).
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Combining the results from the UWis, ESI-MS, and NMR The reactions otis-stilbene with1 in both aqueougert-
studies, we conclude that in acetonitdleeacted with alkenes  butyl alcohol and acetonitrile have also been examirés.
to give a [3+ 2] Ru(lV) cycloadduct, which subsequently  Stilbene oxide (58% yield) and benzaldehyde (35% yield) were
underwent &C bond cleavage to form dialdehydes at a longer found, and ndrans-stilbene oxide was detected. The observed
time scale. In the presence of water (e.g., aquésttsbutyl stereoselectivity is comparable to the analogous reactions when
alcohol), the Ru(lV) cycloadduct would undergo hydrolysis to trans-dioxoruthenium(V1) porphyrin® and oxo-ruthenium(lV)
release the chelated glycolatecisdiols. Or, this process would ~ complexes containing polypyridine ligarf€ were used as
be preceded by reduction with protonation on one of theQu oxidants.
bonds to give the Ru(lll) cycloadduct. The synchronicity of the €0 bond formation has been
Transition State of the [3 + 2] Cycloaddition. When the =~ examined by measuring the secondary kinetic isotope effect
log ko values (Table 3) are plotted against g, values for (KIE). A concerted reaction pathway involving synchronous
one-electron oxidation of alkenes, no linear free energy relation- C—O bond formation would require a simultaneous rehybrid-
ship can be established (Figure S30). For the alkenes studiedzation of the alkeni@.- andj-carbon atoms from $fo sg in
in this work, thek, values vary by about 18 times despite an the rate-determining step, resulting in similar inverse secondary
overall span of 1.3 V in theEy, values. Except for 1,1- KIE for the a- andS-carbon atoms. In this work, the/kp value
diphenylethylene and cyclooctene, alkenes with lower one- was found to be 0.9 0.03 for a-deuteriostyrene (entries 1
electron oxidation potentials are more reactive. The reaction of and 12, Table 3) and 0.8& 0.04 for 3-dy-styrene (entries 1
1,1-diphenylethyleneH;, = 1.22 V vs SCE) withL is 15 times and 11, Table 3), with the secondary KIE per deuterium in the
slower than that of 4-vinylanisol&{, = 1.15 V vs SCE) despite latter case being 0.92 0.02. Such secondary KIE results are
that these two alkenes have comparable one-electron oxidatiorcomparable to those reported for the Qs@ediated cis-
potentials. We reason that steric effect could be an additional dihydroxylation reaction, which exhibits secondary Kls/(

factor affecting the cycloadditions betweeig-dioxoruthenium- ko per deuterium) of 0.91 and 0.93 for,@nd G atoms of
(V1) and alkenes. As depicted in Table 3, aliphatic alkenes are alkenes, re.sfpecnvely., and is proposgd to proceed by a synchro-
more reactive than styrenes regardless of the highewalues nous transition state involving formation of two-© bonds?29

by up to 1 V for the former. This is readily seen by comparing For comparison, the epoxidation of-$-deuteriostyrene cata-

the k, values of styrene (6& 1 dn® mol-% s'1), cyclohexene  lyzed by chiral Mn(salen) complexes (which proceeds by a

(233 + 5 dn® mol~t s71), cyclooctene (872 10 dn® mol~1 stepwise pathway) hagi/kp values of 0.820.9528

s1), cyclopentene (218 4 dn® mol~! s71) and 1-hexene (94 Metallaoxetane Formation by [2+ 2] Pathway. Alternative

+ 3 dn? mol~t s7Y). to the [3+ 2] pathway, a stepwise reaction pathway involving
The absence of a linear free-energy relationship between log@ Metallaoxetane formation by a{22] addition of G=C bond

k, and Ey, (one-electron oxidation potential) and the modest across an GsO bond (Scheme S1, path B) was previously

dependence of thk, values upon thés, values of alkenes ~ Proposed in the literatur®9™" Indeed, § oxo-titanium and

observed for the cycloaddition reaction betwdeand alkenes ~ -Zirconium(V) complexes are known to react with the=C

are incompatible with a mechanism involving a rate-limiting °ond of alkynes to give metallaoxetene compleXes.

single electron transfer reaction. For a reaction involving rate- ~ For a [2+ 2] pathway, the presence of a vacant coordination

limiting single electron transfer, the slope of the kgvs AG site is desirable. If metallaoxetane formation is obligatory for

plot (AG = driving force of the reaction) would be equal to the reactions of alkenes witlis-dioxoruthenium(Vl), the

—16.8 eV'1;%5 therefore, lowering th&y, value of alkenes by ~ coordinatively saturateds-{(Tet-Meg)Ru"'O2](ClO,) (2) would
1 V should cause a dramatic rate acceleration. be ineffective for alkene oxidation since a highly energetic

Concerted versus Nonconcerted MechanisniThe stereo- sHeven-coozrdlnaltg r#thf_n'ulm S'.tde. WOUldl ha;/e to_ be formed.
selectivity ofcis-alkene oxidation could be taken as a measure owever, 2 could etfeclively oxidize cyclooctene In agueous

for the concertedness of oxo-transfer reactions from oxo-metal tert-butyl ‘?‘ICOhOl to furnish _the:is-l,z-dic_)l and 1,8-octanedi-
oxidants? In literature, the Os@mediated syn-dihydroxylation aldehyde in 22% and 60% yield, respectively. Therefore, a rate-

of cis-2-butene-1 4-diacetate is known to afford 1,4cHi- limiting [2 + 2] pathway appears implausible for reaction of

acetylerythritol with excellentis-stereoretentiod” and a con- CIS—dIOXOFUthenlum(\(l) with &?lkenes' .
certed [3+ 2] pathway (Scheme S1, path A) was previously Hammett Corre!atlon Studle.s. The effect ofpara-substit-
proposedab.226h |n this work, we observed similacis- ugnts on the reacﬂonslof substituted sWrenese(ﬁCH=CH2)
stereoselectivity for the dihydroxylation afis-2-butene-1,4-  With 1 has been examined; and tkevalues are in the order Y
diacetate byl in aqueoustert-butyl alcohol, and 1,4-d®- = OMe > Me > Cl > Br > F > H > Chs. Fitting (by the
acetylerythritol was obtained in 75% yield (Table 1, entry 8). |east-squares method) the lg with Hammetto™ constants
The anti-dihydroxylation product, i.e., 1,4-@-acetylthreitol, gave a straight lineR = 0.96) with ap™ value of—1.05 (Figure

was not detected by NMR analysis of the crude reaction mixture. S31). Thig fir!ding is differerrllt from the psrle'vious. works on
Under similar conditionsgis-3-methylstyrene reacted with styrene oxidation by Os@ and"BusN[MnO,],*" in which cases

- -1 .2- iol i 0% Vi i-
tc_) aﬁorderythro'l phenyl 12 propanedlol in 84% yleld’ no anti (28) Palucki, M.; Finney, N. S.; Pospisil, P. J.7l&uy M. L.; Ishida, T.; Jacobsen,
dihydroxylation product was detected. E. N.J. Am. Chem. S0d.998 120, 948.
(29) (a) Carney, M. J.; Walsh, P. J.; Hollander, F. J.; Bergman, Rl. @m.
Chem. Socl1989 111, 8751. (b) Walsh, P. J.; Baranger, A. M.; Bergman,

(25) (a) Rehm, D.; Weller, Alsr. J. Chem197Q 8, 259. (b) Andrieux, C. P; R. G.J. Am. Chem. S0d.992 114, 1708. (c) Baranger, A. M.; Walsh, P.

Blocman, C.; Dumas-Bouchiat, J.-M.; Saveant, J.JMAm. Chem. Soc. J.; Bergman, R. GJ. Am. Chem. S0d.993 115, 2753.

1979 101, 3431. (30) Nelson, D. W.; Gypser, A.; Ho, P. T.; Kolb, H. C.; Kondo, T.; Kwong,
(26) Ostovic, D.; Bruice, T. CAcc. Chem. Red.992 25, 314. H.-L.; McGrath, D. V.; Rubin, A. E.; Norrby, P.-O.; Gable, K. P.; Sharpless,
(27) Milas, N. A; Sussman, S.; Mason, H. &. Am. Chem. Sod 939 61, K. B. J. Am. Chem. S0d.997, 119, 1840.

1844, (31) Lee, D. G.; Brown, K. C.; Karaman, KCan. J. Chem1986 64, 1054.
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Figure 3. Dual-parameter Hammett plot for the oxidationpzfra-substituted styrene by at 298 K kqej = ky/ky).

concave free energy plots were obtained. The small and negativgV) cycloadduct would undergo further reduction to Ru(lll).
p" value indicates little positive charge development at the Hydrolysis of the Ru(lll) cyclicsyndiolate releases theis-

a-carbon atom. It should be noted that brominatipi &
—4.1¥2 and hydration §~ = —3.5)* of alkenes involving rate-

1,2-diol products, with concomitant formation of [(Me
tacnyRu" (u-0)(u-CRCO,)2)(ClO4)2. In acetonitrile, the Ru-

limiting formation of carbocation are associated with large and (V) cycloadducts preferentially undergo-C bond cleavage

negativep™ values.

A dual-parameter Hammett correlation [ldg, vs (op",
013)%, which takes into account the spin delocalization effect,
for the reactions of YgH,CH=CH, with 1 gave a better straight
line (log kel = 1.18035 — 0.910,", R = 0.998, slope= 1.00)
(Figure 3) than the lo@e vs o correlation. This might imply
the development of some radical character atdkearbon in
the transition state.

leading to production of carbonyl compounds.

In conclusion, we present that a structurally charactercied
dioxoruthenium(VI) complex can effect alkeneis-dihydroxy-
lation and oxidative €&C bond cleavage reactions, both
involving direct interaction of the two oxo ligands with=C
bond. Prompted by the recent works of Que and co-workers
that structurally related iron complexes are active catalysts for
alkene dihydroxylation& ¢ our preliminary results showed that

On the basis of kinetic studies and product analysis, we [(Mestacn)(CRCO,).RU" (OH,)]CF;CO; can catalyze alkene

propose thatl reacts with alkenes by a formal [3- 2]
cycloaddition (Scheme 3. These cycloaddition reactions

dihydroxylation using aqueous;B- as a terminal oxidant. For
example, treating cyclooctene with 35% aqueouy®©Hand

possibly proceed through a concerted pathway, or through al(Mestacn)(CECO,),Ru" (OH,)]CF3CO; (1 mol %) in aqueous

stepwise pathway involving rate-limiting formation of a carbon-
centered radical intermediate. The stereoselectivitisélkene
oxidation by 1, coupled with the KIE results, favors the
concerted mechanisf37In aqueousert-butyl alcohol, the Ru-

(32) Yates, K.; McDonald, R. S.; Shapiro, S. A.Org. Chem1973 38, 2460.
(33) Schubert, W. M.; Keeffe, J. R. Am. Chem. S0d.972 94, 559.

(34) Jiang, X.-K.Acc. Chem. Re<997, 30, 283.

(35) Given the formation otis-stilbene oxide in the reaction df with cis-
stilbene (entry 10, Table 1), another dihydroxylation mechanism to be
considered is epoxidation followed by ring expansion. However, this
mechanism is incompatible with the stereoselectivity of tiealkene
oxidation reactions. If epoxidation followed by ring expansion is involved,
trans-dihydroxylation products should be formed predominantly. For
example, treatment afis-3-methylstyrene oxide witlB under comparable
conditions affordedrans-dihydroxylation product in 99% yield with 85%
conversion.

We found thatis- and trans-diol products are stable under the reaction
conditions. For example, treatment of a 1:1 mixturérwéo- anderythro-
1,2-diphenyl-ethane-1,2-diol witB under comparable conditions to those
of the cis-dihydroxylation reactions resulted in neither formation of
benzaldehyde nor change of the ratio of tineo- vs erythro-diol, as shown

by GC or'H NMR analysis. Therefore, the observed stereoselectivity of
the cis-alkene oxidation byl is unlikely to arise from a sufficiently more
rapid reaction of thérans-dihydroxylation product than th&s-counterpart.

(36)
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tert-butyl alcohol producectis-1,2-cyclooctanediol and cy-
clooctene oxide in 50% and 42% yields with 100% alkene
consumption. More studies of this catalytic reaction are
underway.

Experimental Section

Stoichiometric Alkene cis-Dihydroxylation by 1. To a 100-mL
Schlenk flask were added alkene (30 mmitajt-butyl alcohol (10 mL),
and distilled water (2 mL). The mixture was degassed by three freeze
pump-thaw cycles and filled with argon. Upon addition df(300
umol) under a positive pressure of argon, the reaction mixture was
stirred magnetically for at least 14 h to give a deep purple solution.
The organic products were extracted with diethyl ethex (30 mL).

(37) As pointed by a reviewer, if the reaction proceeded through a stepwise
pathway involving rate-limiting formation of a carbon-centered radical
intermediate, thé/kp value for o-deuteriostyrene should be larger than
1.00. See for example: (a) Olson, L. P.; Niwayama, S.; Yoo, H.-Y.; Houk,
K. N.; Harris, N. J.; Gajewski, J. J. Am. Chem. S0d.996 118 886. (b)
Singleton, D. A.; Merrigan, S. R; Liu, J.; Houk, K. N. Am. Chem. Soc.
1997, 119, 3385.
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Scheme 3. Proposed General Mechanism for the Aromatic Alkene Oxidations by 1
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After washing with brine (2x 10 mL), the combined organic extracts  evaporation at room temperature gave a blue-green residue, which was
were dried over MgS® By rotary evaporation, the ethereal extract extracted with dry CHGI(5 mL) to give a light yellow solution. The
was concentrated to ca. 3 mL, and the residue mixture was loaded ontoCHClI; extract was layered with hexane, and the mixture was kept in a
a silica gel column for chromatographic purification using a hexanes freezer (20 °C) for several days. The cycloadduct complex was
ethyl acetate mixture as eluant. The organic prodwitiians-diols, obtained as a yellow crystalline solig$% yield), which was stable
carbonyl compounds) were identified By and**C NMR spectroscopy in an inert atmosphere and at low temperatur2q °C) for a few days.
with reference to authentic or literature data. ESI-MS Studies for Alkene cis-Dihydroxylation by 1. A mixture
For isolation of [(MetacnpRw" (u-O)(u-CRCO,)2](ClO4). (3), containing alkene (0.2 mmoljert-butyl alcohol (5 mL), and water (1
addition of a saturated NaCJ@olution to the aqueous layer afforded mL) in a Schlenk flask was degassed by three fregmenp—thaw
a deep purple solid, which was recrystallized in an acetone/diethyl ether cycles. Upon addition of (2 «umol) under a positive pressure of argon,
mixture (acetone/diethyl ether 1:10 v/v). UV—vis (HxO): Ama/nm the mixture was stirred vigorously for 10 min to give a yellow solution,
(ema/dm® mol~* cm™): 261 (11600), 545 (7300). FAB-MSmz 394 which was then treated with GBI, (20 mL). The yellow CHCI, layer
(M2%), 787 (M"), 887 (IM + ClO4)*]). Anal. Calcd for GaHa2NeO13Fe- was separated and dried over MgS@fter filtration, aliquots of the
ClLRw, (%): C, 26.81; H, 4.3; N, 8.53. Found: C, 27.13; H, 4.11; N, yellow solution were taken for analysis by ESI-MS. The mass spectra
8.32. were obtained after an average of 20 collective scans. Electrospray
Caution! Transition metal perchlorates are potentially explosive, and ionization mass spectra were acquired with a Finnigan MAT LCQ

particular care should be exercised in preparation and handling.
Stoichiometric Oxidative Cleavage of Alkenes by 1A similar

procedure to theis-dihydroxylation reactions was employed, except

that acetonitrile was used as solvent.

spectrometer. The sheath (compressed air) and auxiliary (nitrogen) gases
were operated at 100 and 40 psi, respectively. Typical operating voltages
were 3.0 V for capillary voltage and 3.5 kV for spray voltage. All the
spectra were collected at 18C capillary temperature.

Isolation of Ru(lll) Cycloadducts. Alkene (30 mmol) was added
to a Schlenk flask (100 mL) containirigrt-butyl alcohol/acetonitrile
(10 mL) and water (2 mL). Upon degassing the mixture by three
freeze-pump—thaw cycles,1 (300u«mol) was added under a positive
pressure of argon. After stirring for 10 min, a clear yellow solution
was obtained. The aqueotext-butyl alcohol solution was extracted
with CH,Cl, (2 x 30 mL), and the ChkLCl, extract was dried over o - SR >
MgSO,. Removal of MgS@ by filtration, followed by addition of mechanistic interpretation and kinetic data analysis.
hexane (400 mL) to the filtrate with vigorous stirring, gave a clear ~ Supporting Information Available: Details on materials,
light yellow solution. The solution mixture was passed through a silica instrumentation, and procedures for kinetic studies; spectral and
gel column [ca. 4 cm (diameter) 1 cm (height)] topped with a similar  structural characterization data of complegeand 4, Figures
amount of acid-washed sand with the aid vacuum being applied at the §1-S31, Scheme S1, Tables -S310 and CIF files for the
outlet. The silica gel column was then washed with hexane (500 mL) crystal structures o8, 4a and 4b. This material is available

to remove the residual alkenert-butyl alcohol. The cycloadduct free of charge via the Internet at http://pubs.acs.org
complex adsorbed on the silica gel column was eluted with acetone ' T

(500 mL) as a yellow band. Removal of the acetone by rotary JA0528230
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