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Abstract: cis-Dioxoruthenium(VI) complexes, [Cn*(GEO,)RU'O,]CIO, (1) (Cn* = 1,4,7-trimethyl-1,4,7-
triazacyclononane) ands-[(Tet-Mes)RU'O2](ClO4)2 (2) (Tet-Mes = N,N,N,N -tetramethyl-3,6-dimethyl-3,6-
diazaoctane-1,8-diamine), oxidize disubstituted alkynes to 1,2-diketones selectively in good to excellent yields

—
under ambient conditions. The reactions proceed via the formation of dark blue [(Ce®QRUY-

AL

OG,RIR?0]" intermediates, which display a characteristic-Nsible absorption band at 5580 nm. With
bis(trimethylsilyl)acetylene as substrate ahds the oxidant, the intermediate was isolated and structurally
characterized by X-ray crystallography as atf2] cycloadduct. The kinetics of the cycloaddition bfvith

various substituted trimethylsilylacetylenes has been studied by stopped-flow spectrophotometry. With the
exception of bis(trimethylsilyl)acetylene, the second-order rate constants were found to vary over a range of
less than an order of magnitude irrespective of a 2.3 eV change of the caldylafetie alkynes; therefore,

a rate-limiting single electron-transfer mechanism is unlikely. The participation of oxirene (oxene insertion)
and metallaoxetene ([2 2] cycloaddition) intermediates appears to be implausible based on product analysis.
A linear Hammett correlation was established usirigand 0,5 parameters for the cycloaddition afwith
para-substituted aryl trimethylsilylacetylenes, and the rate-limiting vinyl radical intermediate formation is

proposed.

Introduction

Highly oxidizing metat-oxo (M=0) complexes are widely
invoked to play a key role in many catalytic and enzymatic
oxidationg such as the Mn(lll)-catalyzed asymmetric organic
oxidationg and the cytochrome P-450 mediated biological
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oxidations? Because of their importance, much effort has been
directed to study their reactivities toward organic substraiés.
Previously we and others also reported several studies on the
mechanism of organic oxidations using well-characterizee®/
complexes under stoichiometric conditioli§.® Compared to
trans-dioxometal complexes, the oxidation chemistry aid-
dioxometal complexes is less developed. Indeed, apart from
RuQ,,19711 0sQ,,12 KMNnO42813 and CrQCl,'* there are few
structurally  characterized oxidizing cis-dioxo metal
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Alkyne Oxidations

complexes>1° Holm and co-workef$20 had reported the
oxygen atom transfer reactions ofs-dioxomolydenum(VI)

complexes to phosphines and related substrates; however, this N
class of complexes cannot oxidize hydrocarbons such as alkenes

and alkynes. In this connection, it is conceivable thit
dioxometal complexes having a high value would be effective
for organic oxidations. Of particular interest is th@s-dioxo

complexes may react with substrates by transferring two oxygen
atoms analogous to the alkene cis-dihydroxylations mediated

by OsQ and KMnQ, (Scheme 1). In 1988 Davison and co-
workers reported a [3+ 2] cycloaddition reaction between a
[(LY(CDHTcV"O4] complex (L = 1,10-phenanthroline or 2;2
biyridine) with alkenes under ambient conditions. A technetium-
(V)—oxo complex, formulated as a [(L)(Cl)T)(O.CH-RR?)]

(R = R? = alkyl, aryl or H), was isolated and spectroscopically
characterized®Later Gable and co-workers also reported that
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trans-dioxometal complex
O0=M=0 + X

O=M + 0O=X (single oxygen donor)

cis-dioxometal complex
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Cp*ReQ; can transfer two oxygen atoms to &=C bond of
alkenes in a cis mannét?

The oxidation chemistry of several classes ofRu com-
pounds has been extensively investigated in the past det&des.
Important features of these compounds are that they possess
very highE® values yet can be readily isolated and structurally
characterized. Several years ago, we successfully isolated and
obtained the X-ray crystal structures of tais-dioxoruthenium-

(V1) complexes, [Cn*(CECO2)RU"'O,]CIO, (1) (Cn* = 1,4,7-
trimethyl-1,4,7-triazacyclononari®) andcis-[(Tet-Mes)RU"' O]
(ClO4)2 (2) (Tet-Me; = N,N,N,N'-tetramethyl-3,6-dimethyl-3,6-
diazaoctane-1,8-diaminié} (Figure 1). These complexes are
competent oxidants for organic oxidations, and their reactions
with the alkenes under stoichiometric conditions have been
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(VI) complexesl and2 react with alkynes by transferring two
oxygen atoms to a €C bond, which we formally describe as
a [3+ 2] cycloaddition?® Although it is generally accepted that
the oxidation of alkynes to 1,2-diketones by=MD reagents
involves the [3+ 2] cycloaddition reaction as the principal step,
cycloadduct intermediates ha never been hitherto isolated or
characterized® To our knowledge, the present report features
the first evidence for [3+ 2] cycloaddition in the alkyne
oxidation by M=O reagents. In this work, we have also
examined the mechanism of the cycloaddition by kinetic studies
and product analysis.

Results

Synthesis ofcis-[(Cn*)(CF 3CO2)RuV'O,]CIO 4. Monooxo-
andtrans-dioxoruthenium complexes are usually prepared by
sequential oxidation/deprotonation reactions of the aqua-
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Figure 2. UV—vis spectrum ofl in 0.1 M CRCOH.

ruthenium (Ru-H,0) precursors in agueous soluti#f:cIn an
attempt to synthesizgis-dioxoruthenium(V1) complexes, Meyer

Che et al.

mmol) with complexl (0.11xmol) in a degassed 0.2 M GF
CO,H/CH3CN solution (10 mL) at room temperature afforded
instantaneously a dark blue solution. The reaction mixture
gradually decolorized within 15 min to give a pale yellow
solution. After workup, the organic product benzil was obtained
in 98% yield (Table 1, entry 1). No other organic side-products
such as benzoic acid €C cleavage) or diphenylacetic acid
(rearrangement) were detected. The percentage yield of benzil
was calculated based on the stoichiometry of Ru6@h=

1:1. The ruthenium(VI) oxidant was quantitatively reduced to
Cis-[(Cn*)(CFsCO)RU' (CH3;CN),]ClO,4 (93% isolated yield, see
Experimental Section).

The presence of trifluoroacetic acid is essential for obtaining
benzil in good yield. In neutral acetonitrile the diphenylacetylene
oxidation also proceeds through a dark blue intermediate, and
benzil andcis-[(Cn*)(CFsCO)RU! (CH3CN),]CIO, are isolated
in 45% and 97% vyields, respectively. Just as for acidified
conditions, no side-products from=€C bond cleavage and
rearrangement reactions could be detected. The low yield of
benzil under these conditions remains ill-understood at present
because we could not establish other organic products.

Oxidation of other disubstituted alkynes including 1-phenyl-
1-propyne, 4-octyne, 2-butyne, and 1-trimethylsilyl-1-propyne
by 1 was equally effective under the typical reaction conditions:
i.e., 1.1 mmol of alkyne, 0.1&mol of 1, and 0.2 M CECOH

and co-workers noted that oxidative deprotonation reactions of jn CH;CN, and 1,2-diketones were produced in-®8% yields

cis-[(bpy)RU'(H20),]%" (bpy = 2,2-bipyridine)82and [(tpm)-
RuU'(H,0)3]2" [tpm = tris(1-pyrazolyl)methané$® complexes

(Table 1, entries 25). In all cases, the 1,2-diketone formations
were preceded by transient appearance of a dark blue solution.

had resulted in partial ligand loss and extensive formation of |t has been reported that B0, generated in situ by the action

trans-dioxoruthenium(VI). Thetrans-dioxo formation can be
avoided by employing bipyridine ligands with sterically bulky
substituents at the 8:positions as ircis-[(L) 2RU'O,](ClO,),
(where L= 6,6-dichloro-2,2-bipyridine?* and 2,9-dimethyl-
1,10-phenathroliné). Previously we also demonstrated the use
of macrocyclic tertiary amine ligands with small bite angle in
the preparation ofis-dioxo complexes such &ss-[(Cn*)(CFs-
CO)RW'O,]CIO, (1) andcis[(Tet-Meg)RUY' O] (ClOy), (2).1%2
Treatment of [(Cn*)RW (CFCOy)3]-H,0%2° by (NHz),CeV-
(NOs)gin 0.2 M CRCO;H affordedcis-[(Cn*)(CFsCO,)RU"' O]
ClO4 (1) in 55% vyield. Complex is a diamagnetic light-green

of NaOCI on ruthenium dioxidé® readily oxidized internal
alkynes to give a substantial amount of carboxylic acids arising
from oxidative G-C bond cleavage of the 1,2-diketorr&aP
For example, 4-octyne reacted with Rut© give 4,5-octanedi-
one and butyric acid in 60 and 40% yieR$8 respectively. In
this work, when subjecting 4-octyne (1.1 mmol) to the oxidizing
conditions, i.e.1 (0.11umol) in a degassed 0.2 M GEO,H/
CH3CN solution, 4,5-octanedione was obtained in 94% yield
(Table 1, entry 3) without any detectable formation of butyric
acid.

Common organic oxidants such peraéidsnd dioxirane®

microcrystalline solid and is stable as a solid for several hours are known to oxidize alkynes to produce 1,2-diketones but in
at room temperature. Its infrared spectrum shows two absorp-poor yields. For example, 2-butyne and 1-trimethylsilyl-1-

tions at 842 and 856 cm that we assign to the asymmetric
and symmetric Ru@stretches, respectively. Comparable spec-
tral feature was obtained for the structurally relatésl[(Tet-
Meg)RUY'O,](ClOy)2 (2), in which case the asymmetric and
symmetric Ru@ stretches are located at 855 and 874 &f§2
The UV—visible spectrum of a freshly prepared sampld af
0.2 M CRCOH (Figure 2) exhibits an intense charge-transfer
absorption band at 329 nnay(zx = 2400 dn? mol~t cm™1) and
a weak d-d absorption at 695 nnegax= 50 dn® mol~ cm™).
The solution is stable for more thal h atroom temperature.
The UV—vis spectra of thé&rans-dioxoruthenium(VI) analogues
usually display a vibronic-structured absorption band at-380
400 nm arising from the spin-allowed(®?)—Ru(VI) charge-
transfer transitiod® However, a similar vibronic-structured
UV —vis band is not observed for the cis compleftesnd?2 at
room temperaturé?

Stoichiometric Oxidation of Alkynes by cis-[(Cn*)(CF sCOy)-
Ru¥'O,]ClO,. Treating excess diphenylacetylene (0.2 g, 1.1

3(%4) Che, C.-M.; Leung, W.-HJ. Chem. Soc., Chem. Commu987,

1376.

(25) (a) Che, C.-M.; Wong, K.-Y.; Leung, W.-H.; Poon, C.-Kworg.
Chem 1986 25, 345. (b) Che, C.-M.; Lai, T.-F.; Wong, K.-Ynorg. Chem

1987 26, 2289. (c) Che, C.-M.; Tang, W.-T.; Li, C.-K. Chem. Soc., Dalton
Trans 199Q 3735.

propyne reacted with dioxiranes to afford 2-hydroxy-2-meth-
ylpropanoic acid and 2-hydroxy-2-(trimethylsilyl)propanoic acid
as the major products, respectivé®.In this work, we found
that complexl oxidized 2-butyne and 1-trimethylsilyl-1-propyne
to their 1,2-diketone derivatives in 9B8% vyields (see Table
1, entries 4 and 5). As has been noted in the literature, 1-oxo-
1-(trimethylsilyl)-2-propanone readily undergoes photolysis
under ambient lighting to afford 2-hydroxy-2-(trimethylsilyl)-
propanoic acid? therefore, the 1-trimethylsilyl-1-propyne oxi-
dation byl and its subsequent workup were carried out with
protection from light.
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Commun197Q 1420. (b) Gopal, H.; Gordon, A. Jetrahedron Lett1971,
2941. (c) Gopal, H.; Adam, T.; Moriarty, R. M[etrahedron1972 28,
4259. (d) Carlsen, P. H.; Katsuki, T.; Martin, V. S.; Sharpless, KJB.
Org. Chem 1981, 46, 3936.

(27) (a) Stille, J. K.; Whitehurst, D. DJ. Am. Chem. Socd 964 86,
4871. (b) McDonald, R. N.; Schwab, P. 8. Am. Chem. Sod 964 86,
4866. (c) Ciabattoni, J.; Campbell, R. A.; Renner, C. A.; Concannon, P.
W. J. Am. Chem. Sod97Q 92, 3826.

(28) (a) Curci, R.; Fiorentino, M.; Fusco, C.; Mello, R.; Ballistreri, F.
P.; Failla, S.; Tomaselli, G. Aletrahedron Lett1992 33, 7929. (b) Murray,
R. W.; Singh, M.J. Org. Chem1993 58, 5076.
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Table 1. Stoichiometric Oxidation of Alkynes bygis-[(Cn*)(CF;CO;)RU"'O;]ClO, (1)

L 0.2 M CF3CO,H * Q
(R + gle———pg? (Co)Ru(MeCN)2 | Rvklrn
F3CCO, © MeCN, Rm Temp. | F,CCO, 0

entry  alkyne product  %yield®®  entry  alkyne product % yield®?
o o}
1 Ph—=—Ph Ph)l\n’Ph 98 4 Me—==Me Me)’\n«Me 97
o] o 87°
o) (o]
2 Ph—M Me Me—=—SiMe. SiMes
e Ph)l\g 97 5 3 Me)lﬁg ggd
o 85% d
3  CgH;—=-CzH; C3H7)k;c1)’C3H7 94 6 Ph—=—H PhCO,H -30

2 The diketones were characterized by comparing with authentic samples, which were prepared by the literature
procedure (ref: Muller, P.; Godoy, J. Helv. Chim. Acta 1981, 64, 2531). b The yields were based on the amount of
ruthenium oxidant in a 1 : 1 stoichiometery of [alkyne] : [Ru] . & cis-[(TetMes)RuV'Oz](ClO4)2 (2) was the oxidant. d
The reaction and subsequent work-up were conducted in dark conditions.

We found that the oxidation of phenylacetylene bgave Scheme 2.Reaction of Bis(trimethylsilyl)acetylene within

benzoic acid as the only isolable product, #80% yield. Neutral MeCN

Presumably, the phenylglyoxylic acid (PhCOS{) product + SiMe +

decomposed to benzoic acid during the reaction. n” RJ‘/<° + MesSim=—SiMe; MeCN (Cn’)R'ﬁl/OI s
Unlike 1, cis[(Tet-Mes)RU’'O,](ClOy)2 (2) failed to oxidize oﬁé\o RT 0L 07 siMe,

diphenylacetylene to benzil in GEO,H/CH;CN, and the CFa ?;Fs

starting alkyne was recovered. But it is noteworthy tRatan 3a

oxidize the less bulky 2-butyne and 1-trimethylsilyl-1-propyne

to give the corresponding 1,2-diketones in 87 and 85% yields, neutral CHCN, a dark blue solution with a strong absorption
respectively (Table 1, entries 4 and 5). Similar to the alkyne band atimax = 658 nm develop&®® and the color gradually
oxidation by1, these oxidations were accompanied by transient fades out within 30 min. This absorption band does not originate
formation of a dark blue solution. The lack of reactivity f from diphenylacetylene ocis-[(Cn*)(CF:CO,)RU'O,CIOy,
toward diphenylacetylene is probably due to steric effects since neither of these species have comparable absorptions in
imposed by theN-methyl groups of the Tet-Msdigand. the 506-700 nm spectral region.

It has been reported that two-electron oxidants such as | jkewise, the reactions of 4-octyne, 1-phenyl-1-propyne, and
oxochromium(V) salen complexes can effect diphenylacetylene 2-putyne gave rise to dark colored intermediatag.{= 639,
oxidation to benzil at ambient conditions, albeit with very small 647, and 649 nm, respectively), which converted spontaneously
reaction rate constants (ca.20dm® mol~! s71).30 However, to [(Cn*)(CFCO,)RU!'(CHsCN),JCIO, in CHsCN at room
in this work, we found that strong two-electron oxidants such temperature. Unfortunately, attempts to isolate these species

as trans[(N202)RU'O;](ClO,), 31 and trans[(pytn)RuW'O,]- were futile.
(ClO,)2 * complexes [NO, = 1,12-d|mgthyl-3,4:9,_10-d|be|jzo- When1 was treated with excess bis(trimethylsilyl)acetylene
1,12-diaza-5,8-dioxocyclopentadecane; pyth,N-dimethylbis- in neutral CHCN, complex3a showing an intense absorption

(2-pyridylmethyl)propylenediamine] (respective® [Ru(VI1)/ band atimax = 566 nm was immediately formed (Scheme 2).
(IV)] = 0.92 and 0.89 V vs SCE at pH 1.0) do not exhibit any ypjike the other acetylenes we examined, this complex was
appreciable reactivity toward diphenylacetylene, 2-butyne, and fonq to be stable at ambient conditions over 24 h in solution

1-trimethylsilyl-1-propyne under similar reaction conditions. In - an4 could be isolated by slow solvent evaporation from aqueous
all cases, no 1,2-diketones were detected, and all the starting; cetone.

alkynes were recovered. We suggest that the reactions of these
complexes with alkynes are slow so that reductiorirems
[RU(L)(CH3CN)2]2™ complexes (L= NO, and pytn) by
acetonitrile solvent prevails.

The [3 + 2] Cycloaddition of cis-Dioxoruthenium(VI) and
Disubstituted AcetylenesPertinent to the mechanism of alkyne
oxidation, we have sought to characterize the transient dark blue
intermediate. Upon mixing excess diphenylacetylene Wil

In CH3CN, a purified sample dda exhibits an identical UV
vis spectral feature to the initial reaction mixtuve,fjx = 566
nm (emax = 5100)] (see Experimental Section). Its infrared
spectrum shows strong absorption peaks at 1698 and 1094 cm
which we assign to thec—o stretch of the trifluoroacetate ligand
and thevc—o stretch of the CI@™ anion, respectively. Notably
the RuQ stretches at 842 and 856 chof the starting complex
1 are absent. Comple3a gave well-resolvedH and3C NMR

(30) Rihter, B.; SriHari, S.; Hunter, S.; Masnovi,.Am. Chem. Soc spectra, indicative of its diamagnetic nature. All thkand3C
1995;1115 g%lS.C ML Tana. WT. Wona. W.T.: Lai. T . Am. Ch resonances of the Cn* ligand are at their normal positions, but
SO(C 1)953619) 112' 9648:’(5”&]6, .C..—’M.;O$ghg,.W:’—T?I’I_i,'cl.'—K]n.].Chgnn:' the%C signal(s) of the acetylenic carbon atoms (415 ppm)
Soc., Dalton Trans199Q 3735. (c) Che, C.-M.; Tang, W.-T.; Lee, W.-0.;  corresponding to free bis(trimethylsilyl)acetylene are not ob-
Wogg, K--YC-;0 :-”f;l]u,RT.-JC.-JJ-O%gng. .Sgcri%ﬁl?halw Eragﬁgﬁ? égil'oalton served. A striking c_haracte(istic &fa is that the c_om_pognd
Tragns)l(gl%zl 1094, (b) Schider, M. Grifith W, P.J. Chem. Soc. Dalion  SHOWs @ very downfieldC signal ato 239.1 ppm, indicative
Trans 1978 1599. (c) Bassignani, L.; Brandt, A.: Caciagli, V. Re, L. of a very deshielded carbon atom (see Supporting Information).
Org. Chem 197§ 21, 4245. On the basis of FAB-MSnyz = 588 M") and elemental
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Table 2. Crystal Data and Structure Refinement for Compex

compound 3a
empirical formula Go.6H40CIF3N3 380sRUSkH
formula wt 700.92
temp 295(2) K
wavelength 0.71073 A
crystal system monoclinic
space group P2:/n (No. 14)
unit cell dimens a=23.4294(2) Ao = 90°

b= 8.5762(2) A;8 = 90.960(1}
c = 48.8457(9)y = 90

vol, Z 9813.2(3) &, 12
density (calcd) 1.423 mgfin
F(000) 4336
— reflectns collected 40 484
Figure 3. Molecular structure of the [(Cn*)(GEO,)RUYOCy(SiMes).- independent reflectns 17 20R. = 0.0488)
OJ*cation complex and atom labeling scheme. Selected bond distances No- of data used 16 231
(A): Ru—0(1) 1.977(5), Rt-O(2) 1.979(6), Ru-O(3) 2.075(6), Rtr no. of parameters 1047
N(1) 2.089(6), Rt-N(2) 2.109(7), Re-N(3) 2.095(6). Selected bond ~ goodness-of-fit or 1.105

angles f): O(L)-Ru—0(2) 78.1(2), O(1} Ru-0(3) 89.4(2), O(2) final Rindices | > 2o(l)]* Ry = 0.085WR, = 0.20

Ru—0(3) 87.0(2), O(1FRu—N(1) 95.9(2), O(2>Ru—N(1) 95.5(3), Rindices (all date) Ri=012,wR =022

O(3)-Ru=N(1) 174.5(2), O(1rRu—N(3) 176.7(3), O(2) Ru—N(3) 2R =3 ||Fol — IFcll/ZIFol; Ry = [XW(IFol — IFcl)?>wFo7]>where

98.7(3), O(3-Ru—N(3) 91.0(3), N(1}-Ru—N(3) 83.9(3), O(1}-Ru— W = 4FZlo(Fed).

N(2) 99.4(2), O(2-Ru—N(2) 117.1(2), O(3}Ru—N(2) 94.5(3), N(1)-

Ru—N(2) 83.2(3), C(11}0(2) 1.305(10), C(16yO(1) 1.301(9), lacetonate§® These findings suggest that the liganalectrons

C(11)-C(10) 1.439(12). are in fact delocalized among the O(1), C(10), C(11), and O(2)
atoms, and we propose that the metallacycle is a resonance

analyses, we formulate compl&a to be an adduct of and hybrid between a dioxolene and a diketone.

bis(trimethylsilyl)acetylene. As expected, the Cn* ligand is facially coordinated to the

The molecular structure &ahas been established by X-ray Ru atom. The respective Ru(N(1), Ru(1)-N(2), and Ru-
crystallography (Figure 3). Figure 3 shows that this- (1)—N(3) distances of 2.089(6), 2.109(7), and 2.095(6) A are
configured O(1}Ru—O(2) moiety is directly bound to the = comparable to the corresponding-RN distances ireis-[(Cn*)-
acetylenic carbon atoms C(10) and C(11) to form a five- (CFCO,) RU'O;]CIO,4 (1) [2.097(9), 2.23(2), and 2.197(9)
membered planar metallacycle, and the compound can beA]. 1%
regarded as a [3+ 2] cycloadduct of complexL and bis- Aryl- and alkyl-substituted trimethylsilylacetylenes and dim-
(trimethylsilyl)acetylene. Although similar cyclic intermediates ~€thyl acetylenedicarboxylate reacted with comdlex a similar
have been proposed in the oxidation of acetylenes by,0sO Manner to afford dark blue to purple solutions withranging
such complexes have never been isolated or well characterizedfom 553 to 626 nm. The spectral data are summarized in Table
(see later sectiond}232In complex3a, the ruthenium atom  3- UnI|k¢ the b|s(tr|methy!snyl)ac_etylene derl_vat|ve, these
adopts a distorted octahedral geometry coordinating to the Cn* intermediates are unstable in solution and readily converte_d to
ligand and aj'-bound trifluoroacetate. The bond angles around [(CN*)(CFsCO)RU!(MeCN)|CIO, at room temperature. Their
C(10) and C(11) atoms are OEF(10) —Si(1) = 112.9(6, instabilities were man.lfes.t(.eq by the decay of the 5836 nm
O(1)-C(10y-C(11) = 113.6(7}, and C(11}C(10)-Si(1) = band_ (ca. 55% from its initial absorbance) after standing the
133.4(7; O(2)-C(11)—Si(2) = 112.8(6, O(2)-C(11)-C(10) sol_utlons for 21_1 h at room temperature. Although dark blue
= 114.0(7}, and C(10)-C(11)-Si(2) = 133.0(7}. The sizable sohdg could be |§olated by precipitation le[h dlgthyl ether, they
deviation from an ideal bond angle of 12fr asp? hybridized detenorated.rap}dly and could not be purified in our hands.
carbon atom is ascribed to steric repulsion between theitwvo (;har_acterlzanon of the Cycloadducts by_ El_ect_rospray
SiMes groups. The Ru(5O(1) and Ru(1)0(2) distances are lonization Mass SpectroscopyElectrospray |on|zat|on_ mass
1.977(5) and 1.979(6) A, respectively, comparable to the related spectroscopy (ESI-MS) has peen useful for characterization .Of
Ru—O distances found iMBuNJ[RUV(N)(L)] [L.956(3) and | /9€ biomolecules and multiply charged metal complexes in
1.957(3) A; L = 1,2-bis(2-hydroxyphenyl-1-carboxamido)- _solut|on. Because of thg mildness of this ionization metho_d,
benzene teiraanio?i‘],and [Ru(ClaCat)]®~ complexes [1.998- it has recently been applied to detect the formation of reactive

_ transient intermediates such as=f®InY(salen)j” (salen =
ggz:,a%éiﬁgl(it)é)l(.sgsg('lz';blaen;)1.973(2) Al (Cat = tetrachlo- Schiff basesy and (hydroxperoxy)iron(lll) (HOOFE) species8

The respective C(150(2) and C(10%-O(1) bond distances (35) Schneider, R.; Weyherither, T.; Wieghardt, K.; Nuber, Blnorg.
. . Chem 1993 32, 4925.
are 1.305(10) and 1.301(9) A, which are slightly shorter than (36) (a) Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse,

the related C(sh—O single bond distances (1:32.35 A) found C. M. Sciencel989 246, 64. (b) Fenn, J. B.; Mann, M.; Meng, C. K.;
; 3-34 \Y| 33 Wong, S. F.; Whitehouse, C. Mlass Spectrum. Re199Q 9, 37. (c) Smith,
in [Rup(ClsCat)] and 'BusN][Ru (N)(L)] On the other R. D.; Loo, J. A.; Edwards, C. G.; Barinaga, C. J.; Udseth, HADal.
hand, the measured C(+1¢(10) bond distance [1.439(12) A]  chem 1990 62, 882.

is significantly elongated from a typica=€C double (1.33 A); (37) Feichtinger, D.; Plattner, D. AAngew. Chem., Int. Ed. Endl997,

: ) - ; . 36, 1718.
this value is comparable to that of a €+C(O) linkage [1.382 (38) (3) Sam, J. W.: Tang, X.-J.: PeisachJJAm. Chem. Sod994

(11) A] found in [Cn*RU" (acac)(OH)]PE-H20 (acac= acety- 116 5250. (b) Sam, J. W.; Tang, X.-J.. Magliozzo, R. S.. Peisach, J.
Am. Chem. Sod995 117, 1012. (c) Westre, T. E.; Loeb, K. E.; Zaleski,
(33) Chan, P.-M.; Yu, W.-Y.; Che, C.-M.; Cheung, K.-K.Chem. Soc., J. M.; Hedman, B.; Hodgson, K. O.; Solomon, EJI.Am. Chem. Soc
Dalton Trans 1998 3183 1995 117, 1309. (c) Kim, J.; Dong, Y.; Larka, E.; Que, L., dnorg. Chem.

(34) Kondo, M.; Hamatani, M.; Kitagawa, S.; Pierpont, C. G.; Unoura, 1996 35, 2369. (d) Jensen, K. B.; McKenzie, C. J.; Nielsen, L. P.; Pedersen,
K. J. Am. Chem. Sod 998 120, 455. J. Z.; Svendsen, H. MChem. Communl999 1313.



Table 3. UV—Visible and Electrospray Spectral Data for the Ruthenium(lV) Cycloadduct Complexes

Ama/nm AmadNM
(ema/dm® (€ma/dm?®
entry alkynes mol~tcm™?) ions (z and relative abundance) entry alkynes mol~tcm™?) ions (r/z and relative abundance)
1 MeSIiC=CSiMe; 566 (5100) [Cn*(CBCO,)RUYOC,(SiMe;),0O]" 11 p-CHsO— 626 (5000) [Cn*(CECO)RUYOC,(SiMe;)(CH3O-CsHa)O]*
(3a) (588, 100%) CsH4C=CSiMe; (3k) (621.9, 100%)
2  MesSiC=CCOsEL 553 (5400)  [Cn*(CECO,)RUYOC,(SiMes)(COEL)O]* 12 nGH,C=C-nGHy 639 [Cn*(CRCO,)RUYOC,(C3H7)0]™ (3l) (528.2, 20%)
(3b) (588.1, 100%) [(Cn*)(CFCO;) RU'(MeCN),]* (468.0, 35%),
[(Cn*)(CFsCO)RU'(MeCN)]* (427.1, 100%)
3 MeSiC=CC(CH)s 581 (5600) [Cn*(CECO,)RUYOC,(SiMes)(CHz):0]* 13  GHsC=CCHs 647 [Cn*(CFgcozs)RuNOCg(CHa)(CeHg;)O]+ (3m) (533.9, 80%),
20 (6715, 100%) (e (CECOPRIMECNY] (427 1. 10050)
n* 3 u'(Me 1, ()
4  MesSiC=CCHs 588 (5200) [Cn*(CBCO,)RUYOC,(SiMes)(CH3)O]* 14 CHC=CCH; 649 [Cn*(CRCO,)RUVOC,(CHs),0]" (3n) (471, 15%),
(3d) (529.9, 100%) [(Cn*)(CFCO)RU' (MeCN),] ™ (468.0, 60%),
[(Cn*)(CFCO;) RU'(MeCN)JH (427.1, 100%)
5 MeSiC=CCiHqg 604 (5300) [Cn*(CECO)RUYOC,(SiMes)(CaHg)O]* 15 GHsC=CGCHs 658 [Cn*(CRCO,)RUYOC,(CeHs)20]™ (30) (596.1, 100%),
(3¢) (571.9, 100%) [(Cn*)(CFsCO;) RU'(MeCN),]* (468.0, 90%),
[(Cn*)(CFCO,)RU' (MeCN]' (427.1, 35%)
6 p-CICsHsC=CSiMe; 605 (5200) [Cn*(CBCO,)RUYOC,(SiMes)(CICsH4)O]™ 16 MeQCC=CCOMe 535 (4900) [Cn*(CECOj)Ru'VOCZ(COzMe)ZOF(3p)(559.9, 100%),
e 00 (TGRSR ech 7 Dy
n* 3 u' (Me A1, ()
7  GHsC=CSiMe; 606 (5200) [Cn*(CECO,)RUYOC,(SiMe;)(CeHs)O]*
(39) (591.9, 100%)
8 p-FCH.C=CSiMe; 606 (5200) [Cn*(CBCO,)RUYOC,(SiMes)(FCsH4)O]"
(3h) (609.9, 100%)
9 p-CRCeHsC=CSiMe; 609 (5000) [Cn*(CBCO,)RUYOC,(SiMes)(CFs-CeH4)OJ™
(3i) (659.9, 100%)
10 p-CH;—CeH4C=CSiMe; 613 (5400) [Cn*(CECO,)RUYOC,(SiMes)(CHs-CsH4)O]*

(3)) (605.9, 100%)

SuonepIXO Uy
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s68.1 pattern, the molecular composition of the remaining ion cluster
—
is best formulated as the complex [(Cn*)(§FO,)RuV-

AL
OGRIR20]* (R! = R2 = n-C3H;, m'z = 527; R = R2 = Ph,
m/z=596; R = Ph, R = Me, m/z=532; R = R? = Me, m/z
= 470, see Table 3). The identities of the two cluster peaks in
the region ofm/z = 500-560 presumably due to fragmentation
from the cycloadduct complex remains unknown in this work.
Similar mass losses are not observed for the reactions with
4-octyne, 1-phenyl-1-propyne, and 2-butyne.

Kinetic Studies on the [3+ 2] Cycloaddition of cis-[(Cn*)-
(CF3CO2)RUM'O,]CIO4 with Some Disubstituted Alkynes.
The kinetics of the cycloaddition dfwith a series of substituted

Felaive Aourderoe
v 3 I N N BEEAEGBGIABBBEE

100 trimethylsilylacetylenes and dimethyl acetylenecarboxylate has
been studied by stopped-flow spectrophotometry. These alkynes
a0l were chosen for the kinetic studies because the deterioration of

their cycloadducts occurred on a time scale much slower than
their formation so that the kinetic analysis was feasible.
Monitoring the growth of the 535626 nm absorption band
o6 allowed us to establish the rate ld&giRu"'|[alkyne], wherek,
« 5?5' a0 = second-order rate constant. In the presence of 10- to 50-fold
excess alkyne, we observed clean first-order kinetics (Figure
s 6). The pseudo-first-order rate constarits,d were obtained
by the nonlinear least-squares fits of the growth curves, and
5?25?3 the slopes of théps vs [alkyne] plots gave th& values. The
on - - - L Lo results are shown in Table 4. Under the concentrations employed
Figure 4. Experimental (top) and calculated (bottom) isotopic distribu- in this quk, no rate saturation was observeq. qu comparison,
— Table 5 lists some rate constants for the oxidation of alkynes
tion pattern of [(Cn*)(CBCO,)RUYOC,(SiMe;)20]" (3a). by some other oxidants reported in the literature.

When the diphenylacetylene, 2-octyne and 1-phenyl-1-

In this work, we employed ESI-MS to determine the molecular Propyne oxidations were examined by stopped-flow spectro-
composition of the metastable dark colored intermediates Photometry, the kinetic profiles of the initial cycloadduct
observed in the stoichiometric alkyne oxidations by formations were Kkinetically inseparable from a secondary
As shown in Figure 4, the mass spectrum obtained by mixing chemical reaction, presumably the decomposition of the initial
1 with excess bis(trimethylsilyl)acetylene in GEN revealed cycloadducts. The spectral development at ca. 660 nm of these
a single prominent ion cluster a¥z = 588, which we assign reactions did not conform to first-order kinetics even in the
1 presence of 40-fold excess of alkyne. For this reason these
to the [(Cn*)(CRCO,)RUYOC,(SiMes),0]" complex cation  reactions had not been studied in detalil.
based on _excellgnt_ag_ree_ment between the experimental and The temperature dependence of khgalues for the reactions
.ca!cula'[_ed Isotopic d'Str.'bUt'on. pattern. Also,.the spectral pattern of bis(trimethylsilyl)acetylene, 1-trimethylsilylhexan-1-yne, and
is identical to that obtained with an authentic compsex The 1-(4-chlorophenyl)-2-trimethylsilylacetylene with has been

Qo\lle(gu?::aﬁl%iter C(irergoni'Q%Jfoghg[(gél*.)r(]gi;%%)'that examined. The activation parameters were determined from the
U7, on 'z = )W ved, indicating In(ko/T) vs 1T plots, which are linear over the temperature range

bloo Tount to 1oact with am exesss of bis(Tmetnyiy ey lene Studied (286-315 K). The entropies of activatioh®) are—18
yistly Y +1.7,-17+ 1.9, and—-15 + 1.4 cal mof! K~! and enthalpies

in CH3CN at room temperature to afford a similar cycloadduct L "
) . - of activation AH¥) are 9.3+ 0.9, 10.9+ 1.2, and 11.9+ 1.4
that was characterized by UWis spectroscopyfnax = 592 kcal mol-* for the bis(trimethylsilyl)acetylene, 1-trimethylsilyl-

nm) and ESI-MS fjVz = 534 (M"), 100%)]. . . )
Similarly, the ESI-MS spectra obtained by reactihgvith 3&25;:?3”?;:22;}\%}?IX:%?:SFSVR;Z&gzgﬁ:?gésgﬁ;iglseggOX"
other silylated acetylenes and dimethyl acetylenedicarboxylate _ 328 K met with significant decomposition of the cycloadduct

I CH,CN showed a single prominent molecular ion species omplexes, and clean pseudo-first-order kinetic profiles were
that is best formulated as a cycloadduct between the alkyne andCOMPEXES, " P pro
not obtained. TheAH* values for the three reactions are

the ruthenium oxidant. The mass spectral data are listed in Table o
3 comparable to some reported values for the oxidation of

propiolic acid (6 kcal maoit) and phenylpropiolic acid (7 kcal
mol~1) by KMnO4.4 The AS values are large and negative in
all cases, consistent with the rate-determining association of the

in CHyCN (3 mL)] gave three sets of ion cluster peaks. The cis-dioxoruthenium(VI) oxidant and alkynes. However, these

ESI mass spectrum for the reactionlofvith diphenylacetylene As_t values are _so_mewhat smaller _th_an that obtained iln the
is shown in Figure 5. The two cluster peaksréz = 468 (M"); 0)9?6"['0” of pl’Op;?hC and phenylpropiolic acids §1 cal mof
427(M" — CHCN) are assigned to the [(Cn*)(@EO)RU(CHs- K ) by KMnOx.

4 : . :
CN),]* cation, since the same ESI-MS spectrum has been (39) Sinfadi, L. 1. Jay, M. Tetrahedron Lett1970 3489,

obtained with an authentic sample of [(Cn*)(§FO)Ru' (CHa- (40) Sindandi, L. I.; J&y, M. J. Chem. Soc., Perkin Trans1872 1481.
CN),JClO4. On the basis of the mass value and the isotope  (41) Simiadi, L. I.; J&y, M. J. Chem. Soc., Perkin Trans.1®77, 630.

60

20 582

For the oxidation of 4-octyne, diphenylacetylene, 1-phenyl-
1-propyne, and 2-butyne by, the ESI-MS analyses of the
reaction mixtures [conditionsl (2 umol) + alkynes (10 mmol)
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Figure 5. Electrospray ionization mass spectrum obtained from the reactions of diphenylacetyledénvigtutral CHCN. Insets: (a) Calculated

1
and (b) experimental isotopic distribution pattern for the cycloadduct [(Cn¥{CRHRUYOC,Ph,O]* complex.
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Figure 6. Experimental and calculated absorbantimme curves and
residue for the reaction of M8iIC=CSiMe; (0.1 M) with 1 (1 mM) in
CH:CN at 296 K.
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Discussion

Internal alkynes react with MO oxidants such as Os0O
KMnOyg, or RuQ to afford 1,2-diketones, which are synthetically

Table 4. Second-Order Rate Constants for the Cycloaddition of
Alkynes with cis-Dioxoruthenium(VIl) Complex 4

+

vLO ' k o R’
Crpug |+ R—=—Rt | emAl
F3CCO; F3CCO; 0 g2
entry R R? ko/dm? mol~ 72 I/evP
1 CsHo SiMe; 10.7+ 0.4 9.34
2 CH; SiMe; 57+0.2 9.53
3 EtO,C SiMe; 5.1+0.2 9.98
4 (CHs)sC SiMe; 3.6+0.2 10.19
5 MesSi SiMe; 103+ 4°¢ 10.5
6 MeQ,C COMe 1.9+01 10.94
7 p-MeOGsH4 SiMe; 18.8+ 0.8
8 p-MeGCsH4 SiMe; 8.6+ 0.4 8.63
9 p-FCeH4 SiMe; 5.8+ 0.2 8.87
10 p-CICsH4 SiMe; 46+0.2 8.93
11 GsHs SiMe; 47+0.2 9.06
12 p-CRCeHa SiMe; 21+01
aT = 297 + 0.1 K. P Calculated ionization potentigl AH* = 9.3

+ 0.9 kcal mot; AS = —18 +1.7 cal mot! K1, 4 AH* =10.9+

useful intermediate®. It has long been postulated that the alkyne 1.2 kcal mol-1;AS = —17 +1.9 cal mot! K%, ¢ AH¥ = 11.9+1.4
oxidations proceed via a putative cyclic diester intermediate kcal mot*; AS' = —15+ 1.4 cal mof* K™%

generated by a formal [3- 2] cycloaddition between a MO
moiety and G=C bond, analogous to alkene dihydroxylatidfs.

or pyridine) with a proposed structure depicted in Scheme 3

However, in all cases, structural evidence of this cyclic diester/ (entry 1). These dioxoosmium(VI) complexes were presumably

cycloadduct is lacking in the literature. Previously Griffith and
co-workerg?b reported that the reaction of Og@ith alkynes
in the presence of tertiary bases affordezxhs-dioxoosmium-
(VI) ester complexes [Q04(0O4C.RR)L4] (L = isoquinoline

(42) Lee, D. G.; Lee, E. J.; Chandler, W. D. Org. Chem 1985 50,
4306.

(43) Ibne Rasa, K.; Pater, R. H.; Ciabatonni, J.; Edwards, J. @m.
Chem. Socl1973 95, 7894.

(44) Ogata, Y.; Sawaki, Y.; Inoue, H. Org. Chem1973 38, 1044.

(45) Vollhardt, K. P. C.; Schore, N. @rganic Chemistry2nd ed.;
Freeman: New York, 1994; p 924.

derived from a cyclic diester osmium(VI) intermediate via a [3
+ 2] cycloaddition pathway?2-32

While the mechanism of the alkene oxidations by=0
species has been extensively investigated, related studies on the
alkyne oxidations are sparse. In the 1970s Bidnand Jay
reported their mechanistic studies on the alkyne oxidation by
KMnO,4.39741 In 1985 Lee and co-workers reported similar
studies with"BusNMnQO, as oxidant? In the study by Sirfiadi
and Jay, the oxidation was proposed to be initiated by a
nucleophilic attack of Mn@~ anion on the &C bond leading
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Table 5. Some Reported Kinetic Data for the Alkyne Oxidations by Other Oxidants

entry alkynes oxidants solvent rate constants’rdai? st ref
1 Ho,c—==-co,H KMnO, 1.5 M NaCIg, k; = 1230;k, = 520;ks = 35 (AH* = 6.1 kcal mot%; 39
AS= —32 eu)
2 OH KMnOg4 0.3 M NaCIQ 10.0 AH* = 6.3 kcal mot?; ASF = —33 eu) 40
-—:.—/
3 OH  KMnO4 0.3 M NaCIQ 12.5 AH* = 5.3 kcal mot?; ASF = —36 eu) 40
HO
4 =—CO,H KMnOg4 pH 3.77, ionic strength- 1.5 M  k; = 183;k, = 43.2 (AH* = 6.2 kcal mot%; 41
ASf = —31eu)
5 Ph—cCO.H KMnO,4 pH 3.77, ionic strengtk= 1.5 M  k; = 38.8;k, = 11.6 (AH* = 7.2 kcal mot?; 41
ASf = —31eu)
6  C4Hg~==-C4Hg BusNMnO4 CH.Cl, 7.3+0.7x 104 42
7 Ph—Et BusNMnO4 CH,Cl, 30+ 5x 10 42
8 — o BusNMnO4 CH.Cl, 60+ 5x 104 42
>—— 3
9  CgHy;—=—-CjHy mMCICsH4COsH CHCl, 21.2x 104 43
10 ph—=-H mCICsH,COzH CeHs 1.65x 10°° 44
11  Ph—=—Ph [O=Cr'(salen)]OTf CHCN 47+09x 10°° 30

2k, ko, andks are rate constants for undissociatedAH monodissociated (HA), and double dissociated tA) species, respectively.

Scheme 3.Proposed Reaction Schemes for the Alkyne Oxidation byOVReagents

o f L
0] O \” / 0s0, \|| / ‘N LV
N7 2L | . 0s Griffth and co-work
(1) S o+ || —=— _9 9 P riffith and co-workers
TN L II \ L Il \ N
& % 2L O o L
= isoquinoline or putative cyclic proposed structure of the isolated
pyridine intermediate dioxoosmium(VI) complex

O 0 Simandi and Jaky

nucleophilic
pathway a cycllc dlester
intermediate
(0] O

@ wmi o+

"0 ‘o
electrophilic

pathway b

+ MnOy”

o— Mn_g- Lee and co-workers

A\}
0

metallaoxetene

to a Mn(V) diester intermediate (Scheme 3, entry 2, pathway electrospray ionization mass spectroscoplesyas found to

a), which subsequently decomposed to 1,2-diketones and Mn-undergo an initial [3+ 2] cycloaddition reaction with alkynes
(111). “* However, Lee and co-workers suggested an electrophilic ) 1
mechanism wherein the Mn(V) diester was derived from a [R~C=C—R1] to give the [(Cn*)(CECO)RUYOCRRO]"
metallaoxetene intermediate (Scheme 3, entry 2, pathw4 b). intermediates. These Ru(IV) cycloadducts are featured by an
A similar metallaoxetene intermediate had also been proposedintense low energy absorption band withax in 550—-660 nm.

by Manosi and co-workers in 1993 on the oxidation of One of the cycloadducts, [(Cn*)(GEO,)RUYOC,(SiMes);0]-

diphenylacetylene by oxochromium(V) salen complexes to ClO,4 (3a), has been isolated and structurally characterized by

benzil3® Despite these considerable efforts in this field, the X- I hv. Th findi he fi . I
mechanism of alkyne oxidations by -MD compounds has -ray crystallography. These findings are the first experimenta
vidence for a [3+ 2] cycloaddition between ais-MO, unit

remained quite speculative because of the near total absence of
experimental information on the nature of thes®/alkyne ~ With @ C=C bond of alkyne in the MO mediated alkyne
intermediate. oxidations.

In this work, we have found that theis-[(Cn*)(CF3;CO,)- Regarding the intense low energy absorption of the cycload-
RuW'0,]ClO, complex () readily oxidized disubstituted alkynes — ducts, because of their larggiax values (ca. 5000 dfrmol!
to give 1,2-diketones in good yields. Using YVisible and cmY) the electronic transition involved can be assigned as
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charge transfer in nature, presumaio{yO—CR=CR—0O")—Ru- rearranges to a ketocarbene, which then converts to the product
(IV). In accordance with this assignment, the transition energy propanoic acid. It should be noted that no diacetyl was formed
as reflected by thénax increases with electron-withdrawing  in this reaction; other products such as 1-oxiranylethanone and
substituents (see Table 3, compare entries 2 and 5 and entrie®,2,5,5-tetramethyl-1,3-dioxolan-4-one were detected only in
9 and 11). We note that LMCT transitions in Ru(lV) complexes low yields.

with reducing auxiliary ligands such as phenoxides and amides, | the alkyne oxidation byl takes place via oxene insertion,
such as [RU(chbae)(PPH)(py)] (Hichbae= 1,2-bis(3,5-dichloro-  the corresponding 2-butyne oxidation should result in a similar
2-hydroxybenzamido)ethane; py pyridine), usually occur in - product profile as the dioxirane-mediated oxidation, i.e., a

the visible regiorf® predominant formation of 2-hydroxy-2-methylpropanoic acid.
Nature of the Transition State of the [3+ 2] Cycloaddi- However, in this work, diacetyl was formed exclusively in 97%

tion. When the logk, values of the cycloaddition reactions were  yield (see Table 1, entry 4). The absence of rearrangement

plotted against the calculated ionization potentid}y ¢f the products does not rigorously exclude the oxirene intermediate

alkynes, no linear free energy relationship can be establishedsince it is possible that the formation of the secoreGCbond
(see Supporting Information). The values were calculated at  would precede the Wolff rearrangement within the coordination
the MP2(FC)/6-31 + G(2df,p)//HF/6-31 level and have been  sphere. Nonetheless, our findings do not warrant a rate-limiting
corrected for zero-point vibrational energies (see Experimental oxirene formation mechanism.

Section for details). _ [2 + 2] Cycloaddition. It is well documented that
Indeed, except for MSIC=CSiMe;, the rate constants vary  gxotitanium(lV) and zirconium(lV) complexes undergo 2
over a range of less than an order of magnitude, albeit with a 2] cycloaddition with G=C bond to furnish metallaoxetene
change of, by 2.3 eV. Apparently electron-rich alkynes (lower  complexe$! Some of them with phenylacetylene and diphe-
lp values) react faster wittl than those bearing electron- pyjacetylene as substrates have been characterized by X-ray
withdrawing substituents. This is best described by a mechanismcrystal analysis. As noted earlier, metallaoxetene intermediates
involving an electrophilic attack of theis-dioxoruthenium(VI) have been postulated for the oxidation of alkynes by potassium
moiety to the G=C bond. Among the nine disubstituted permanganatéand oxochromium(V) Schiff-base complex@s.
acety_lenes studied, the _allphat|c alkynes appear to be more o g [2 + 2] cycloaddition, the presence of a vacant
reactive th.an the aromatic ar.1alog.ues toward thg .cycloaddmon coordination site is desirable. If the metallaoxetene formation
reaction, since some of the aliphatic alkynes exhibit comparable is an obligatory pathway, then we anticipate that the reaction
reactivity to the aromatic analogues despite laigealues (see of alkynes with coordinati’vely saturatei-[(TetMes)RuU"'O,]-

Table 4, compare eptries l.and 8, 2 and 11,)' L ) (ClOy)2 (2) would not be facile because of the formation of a
Indeed, the bis(trimethylsilyl)acetylene oxidation is particu- g1y energetic seven-coordinated ruthenium center. However,

larly outstanding in the log, vs I, plot. Thek, value for this e found that comple oxidized 2-butyne and 1-trimethylsilyl-
reaction is about 10 times faster than the similar reaction with 1-propyne to their 1,2-diketones in 97% yields. Furthermore

CeH7C=CSiMe; (1, = 9.34 V), even though MBIC=CSIMe  fagjje tycloaddition reaction of with bis(trimethylsilyl)-
has a calculatet}, value of 10.50 eV. As opposed to ¥&C= acetylene similar to complekhas been observed based on-tV
CSiMe;, the reaction of Me@CC=CCO;Me (calculated, = vis and ESI-MS studies.

10.94 eV) withl is 5-fold slower than that of §H,C=CSiMes.

For a reaction involving rate-limiting single electron transfer,
the slope of the lodk, vs AG plot (AG = driving force of the
reaction) would equal te-16.8 eV therefore, lowering the
ionization potential of the substrate by 1 eV should result in a
dramatic rate acceleratidi.In this work, however, with the
exception of Mg@SIC=CSiMe; thek; values are rather insensi-
tive to the change of the calculatégivalues of the alkynes,
which is incompatible with a single electron-transfer mechanism.

Product Studies. Oxene InsertionAnalogous to the alkene
epoxidation by reactive RaO complexe$a6ab the alkyne
oxidation byl may occur via an oxirene intermediate, i.e., an
“epoxide” of alkyne. Theoretical studies have suggested that
oxirene is a highly reactive species, energetically similar to a
ketocarbend® Oxirene intermediates have been proposed for
alkyne oxidations by peracid§;*344 dioxiranes3848 mi-
crosomesd? and methylrhenium(VIII) trioxid€® For example,
the oxidation of 2-butyne by dimethyldioxirane was found to
produce 2-hydroxy-2-methylpropanoic acid as the major
product?8b A proposed mechanism is that the reaction is initiated
by oxygen atom transfer reaction from the dioxirane to the ~(51) (a) Camey, M. J.; Walsh, P. J.; Hollander, F. J.; Bergman, R. G.

alkyne to give an oxirene intermediate. The oxirene subsequentlyAm. Chem. Soc1989 111, 8751. (b) Walsh, P. J.; Baranger, A. M,;
Bergman, R. GJ. Am. Chem. Sod 992 114, 1708. (c) Baranger, A. M.;
(46) Che, C.-M.; Cheng, W.-K.; Leung, W.-H. Chem. Soc., Chem. Walsh, P. J.; Bergman, R. @. Am. Chem. S0d 993 115 2753.

Hammett Correlation Studies. Rate-Limiting Vinyl Radi-
cal Formation. The effect of para-substituents on thevalues
of the reactions of Ar&CSiMe; with 1 has been investigated,
and the reactivity of the substituted ¥Wa&,C=CSiMe; was
found to decrease in the orders¥ MeO > Me > F > Cl > H
> CRs. Fitting (by least-squares method) the l&g with
Hammetto™ constants gave a straight linR & 0.97) with a
p" value= —0.61. This finding is contrary to the report by
Lee and co-workers on the alkyne oxidation usiBgsNMnOy
as oxidant, wherein a concave free energy plot was obtdfed.
The smallp™ value found in this work indicates little positive
charge development at the-carbon atom consistent with a
weakly polar transition state; this also coincides with the small
dependence of the values on the calculated ionization potential
of alkynes as noted earlier. By the same token, the participation
of carbocation radical is excluded. A vinyl cation intermediate
also appears unlikely because the rate-limiting formation of a
vinyl cation is always associated with a large value>2 such
aspt = —3.84 (electrophilic addition to €C bondj32andp™

Commun 1987, 418. (52) (a) Modena, G.; Tonellato, U. IAdvances in Physical Organic
(47) (a) Rehm, D.; Weller, Alsr. J. Chem197Q 8, 259. (b) Andrieux, Chemistry Gold, V., Ed.; Academic Press: New York, 1971; Vol. 9, p
C. P.; Blocman, C.; Dumas-Bouchiat, J.-M.; Saveant, JJMAm. Chem. 185. (b) Drenth, W. IMThe Chemistry of Triple-Bonded Functional Groups,
Soc 1979 101, 3431. Supplement G2Patai, S., Ed.; John Wiley & Son: New York, 1994; Chapter
(48) Lewars, E. GChem. Re. 1983 83, 519. 15, p 873.
(49) Oritz de Montellano, P. R.; Kunze, K. . Am. Chem. S0d98Q (53) (a) Noyce, D. S.; Schiavelli, M. 0. Am. Chem. Chem. Sd©68
102, 7373. 90, 1020. (b) Stang, P. J.; Hardgrove, R. J.; Bueber, T.EChem. Soc.,

(50) Zhu, Z.; Espenson, J. H. Org. Chem1995 60, 7728. Dalton Trans. 21977, 1486.
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ClOq4 (1) involves a rate-limiting formation of a vinyl radical
intermediate (Scheme 4), which subsequently collapses at the
adjacent RerO moiety to form the ruthenium(lV) dioxolene
product. A linear ¢p hybridized) configuration for the vinyl
radical is assumed in order to achieve maximum orbital overlap
for spin delocalization. Indeed extensive experimental and
theoretical investigations have suggested thrphenyl alkenyl
radicals would favor a linear structut.

To account for the extra reactivity of MB8IC=CSiMe;
toward cycloaddition withl, we suggest that thé-silyl group
can stabilize the vinyl radical intermediate by hyperconjugation
(B-silyl effect, Scheme 5). Although the stabilizing effect of
B-silyl substituent in promoting the reactivity of carbocatitns
and vinyl cation®® has been widely studied, silicon effects on
vinyl radical stability are less established. According to a report
by Ingold and co-worker®, EtsSiCH,CH;z was found to be about
5.5 times more reactive thanCsH1, for 5-H atom abstraction

log k

-06 -04 -0.2 00 0.2 04 06

+021c ,-0.580° by ‘BuO- radical. The higher reactivity of EBiCH,CHs was
Figure 7. Linear dual-parameter Hammett correlatiGh= 0.99, slope explained by the ability of the-silyl group to stabilize the
= 1.00) usingry; ando™ for the cycloaddition ofl with p-Y —CeHsC= incipient radical. Since there is little-€H bond breaking at
CSiMe; (kel = ky/kis; Y = OCHs, CH, F, H, Cl, and CB). the transition state, the modest substituent effects observed for

the H-atom abstraction is in accord with Hammond’s postulate.
Recently, Zhang and Bordw&lishowed that thg-MesSi group
can exert substantial stabilization effects ef8kcal mol* on
carboradicals based on the—& bond dissociation energy
measurements of M8iCH,- and MeCH-substituted thioesters.
The effect of then-SiMe; group on the reaction of M8IC=
CSiMe; with 1is less clear-cut. Davidson and co-workers have
suggested that- andS-silyl groups can stabilize free radicals
to a similar extent (ca. 2.6 kcal md) based on gas kinetic

influenced by the substituent’s ability to delocalize the spin experiments! On the contrary, recent work by Zhang and
density on t_he carbon radlpal center, ”a“?e'y’ spm_delocahzatlon Bordwell found thato-SiMes shc;wed little or no stabilization
effect. Previously, we applied a carboradical substituent constant, "~ - on-centered radicas

033, developed by Jiang and %%ito our kinetic studies on the

styrene epoxidation by ReO complexe$e— With this param- Experimental Section

eter the epoxidation reaction was rationalized by the rate-limiting  materials. All solvents and alkynes were purified by standard

formation of benzylic radical intermediate, and both spin procedures. Diphenylacetylene, 1-phenyl-1-propyne, bis(trimethylsilyl)-
delocalization and polar substituent effects would affect the rate acetylene, 1-trimethylsilyl-1-propyne, ethyl 3-(trimethylsilyl)propynoate,

of reaction®®f The 035 scale was chosen because it measures 4-octyne, 2-butyne, 1-trimethylsilyl-3,3-dimethylbutyne, 1-trimethyl-

the spin delocalization effect of the substituent and is relatively Silylhexayne, dimethyl acetylenedicarboxylate, trimethylsilylacetylene,
free from residual polar effeéh. iodobenzene, 1-chloro-4-iodobenzene, 1-fluoro-4-iodobenzene, 4-io-

If the cycloaddition reactions of alkynes withis-dioxoru- dotoluene, dichlorobis(triphenylphosphine)palladium(ll), and copper-

thenium(V1) involve a vinyl radical intermediate, we anticipate (1) iodide were obtained commercially. Triethylamine was distilled over

imil ff in d itv d | h CaH, before use. Acetonitrile (AR, Lab-scan) for stoichiometric
similar effects to operate as spin density develops at t € reactions and kinetic studies was first distilled over KMredd then

a-carbon while advancing to the transition state. Considering cap, pefore used. The alkyne substrates were purified by distillation
spin delocalization effect by employing tlg; parameters, a  after passage through a neutral aluminum oxide column. [(Cn*)-

= —5.1 (solvolysis of vinyl tosylates in ethan&P On the other
hand, rate-limiting vinyl radical formatiéfis known to have
smallp™ values as reported in the radical addition to substituted
phenylacetylenesp™ = —0.53 (forp-Br—CeH,S+)>*and—0.64
(for p-ClI—CgH4SO,+).54¢ Therefore, the small charge dependence
observed in this work might be expected for a vinyl radical
intermediate formation.

Apart from polar substituent effect, radical reactivity is also

dual-parameter Hammett correlation (kg = pis015 + pto™ RU'(CRCO,)3]*H,0 was prepared by the previously reported
= +0.210;7 — 0.58 %) afforded a better straight lineR(= proceduré?
0.99, slope= 1.00) than the single parameter l&g vs o™ (56) (a) Kasai, P. H.; Whipple, E. B. Am. Chem. Sod967, 89, 1033.

regression (Figure 7). The linear free energy correlation with (b) Bennett, J. E.; Howard, J. AChem. Phys. Lett1971, 9, 460. (c)

; ot ; S i aat Bonazzola, L.; Feinstein, S.; Marx, Rlol. Phys 1971, 22, 689. (d) Neilson,
the spin delocalization and polar effects is a good indication of G. W.. Symons, M. C. RJ. Chem. Soc., Perkin Trans.1973 1405, (€)

radical character developed at thearbon in the transition state.  panek, E. J.: Kaiser, L. R.; Whiteside, G. M.Am. Chem. Sod977, 99,
The positiveo,s value implies that the spin delocalization effect  3708. (f) Rubin, H.; Fischer, Hdelv. Chim. Acta1996 79, 1670.

stabilizes the radical center and promotes the cycloaddition . (57) Reviews forS-silicon effect on reactivity of organic molecules
. . T . involving carbocation intermediates: (a) Lambert, JTBtrahedron199Q
reaction. The negative* value is indicative of the electrophilic 45 2677 (b) White, J. MAust. J. Chem1995 48, 1227.

nature of the cycloaddition reaction. The magnitudgedfp;3| (58) (a) Siehl, H. U.; Kaufmann, F. P.; Apeloig, Y.; Danovich. D.; Berndit,

= 2.8 suggests that the polar substituent effect is more importantA.; Stamatis, NAngew. Chem., Int. Ed. Engl991, 30, 1479. (b) Siehl,
H. U.; Kaufmann, F. PJ. Am. Chem. Sod 992 114, 4937. (c) Siehl, H.

in the cycloaddition of theis-dioxoruthenium(VI) to alkyne_%‘? U.: Kaufmann, F. P.: Hori, KJ. Am. Chem. Sod992 114, 9343. (d)

Proposed MechanismWe conclude that the cycloaddition  siehl, H. U.; Muller, B.; Fu, M. InOrganometallic Chemistry II, From
reaction of aromatic alkynes WithS—[(Cn*)(CFgCOZ)RuV' O4]- Molecules to MaterialsAuner, N., Weis, J., Eds.; Weimheim: New York,

1996; p 361.

(54) (a) Chatgilialogu, C.; Ferreri, C. [fFhe Chemistry of Triple-Bonded (59) (a) Jackson, R. A.; Ingold, K. U.; Griller, D.; Nazran, A.B5Am.
Functional Groups, Supplement (Patai, S., Ed.; John Wiley & Son: New  Chem. Socl985 107, 208. (b) Wilt, J. W.; Lusztyk, J.; Peeran, M.; Ingold,
York, 1994; Chapter 16, p 917. (b) Ito, O.; Fleming, M. D. C. MChem. K. U. J. Am. Chem. Sod 988 110, 281.

Soc., Perkin Trans. 2989 689. (c) da Silva Correa, C. M. M.; Fleming, (60) Zhang, S.; Bordwell, F. Gl. Org. Chem1996 61, 51.
M. D. C. M. J. Chem. Soc., Perkin Trans.1®87 103. (61) Davidson, I. M. T.; Barton, T. J.; Hughes, K. J.; ljadi-Maghsoodi,

(55) Jiang, X.-K.Acc. Chem. Red4997, 30, 283 and references therein.  S.; Revis, A.; Paul, G. COrganometallics1987, 6, 644.
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Scheme 4.Proposed Mechanism for the Cycloaddition of AlkynecigDioxoruthenium(VI)
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Instrumentation. Electrospray ionization mass spectra were acquired
with a Finningan MAT LCQ spectrometer. The sheath (compressed

air) and auxiliary (nitrogen) gases were operated at 100 and 40 psi,

respectively. Typical operating voltages were 3.0 V capillary voltage
and 3.5 kV spray voltage. All the spectra were collected at’@2
capillary temperature.

UV —visible kinetic measurements for rapid reaction were performed
on an Applied Photophysics Ltd. SX.18MV sequential stopped-flow
spectrofluorimeter by using Applied Photophysics Ltd. SX.18 MV
kinetic spectrometer workstation software (version 4.24) on a Acorn
Risc PC computer. Kinetic runs were initiated by mixing an equivalent
volume of alkynes solution with the ruthenium solution. The temper-
ature of solutions was maintained to withi0.2 °C using a RET-100
(NESLAB Instruments Inc.) circulating water bath. Product analyses

H, 8.23. IR (Nujol, cn®): 3010, 2885, 2095, 1595H NMR (300
MHz, 298 K, CDC}): 6 0.25 (s, 9 H), 7.28 (m, 3 H), 745 (m, 2 H).
13C NMR (75.47 MHz, 298 K, CDG): ¢ 0.00, 95.29, 105.22, 115.77,
117.98, 119.37, 136.41, 143.45, 146.30. EI-M8z 174 (M").

1-(4-Chlorophenyl)-2-trimethylsilylacetylene.Yield: 2.77 g, 83%.
Anal. Calcd for GiH13SiCl (M, = 208.76): C, 63.29; H, 6.28. Found:
C, 63.33; H, 6.32. IR (Nujol, cmt): 3012, 2895, 2098, 15984 NMR
(300 MHz, 298 K, CDGJ): 6 0.25 (s, 9 H), 7.26 (d, 2 Hl = 6.8 Hz),
7.39 (d, 2 H,J = 6.8 Hz).*C NMR (75.47 MHz, 298 K, CDG): ¢
0.00, 95.29, 105.22, 115.77, 117.98, 119.37, 136.41, 143.45, 146.30.
EI-MS: nm/z 208 (M").

1-(4-Toluene)-2-trimethylsilylacetyleneYield: 2.56 g, 85%. Anal.
Calcd for G2H16Si (M, = 188.34): C, 76.53; H, 8.56. Found: C, 76.33;
H, 8.58. IR (Nujol, cn?): 3015, 2890, 2098, 1595H NMR (300
MHz, 298 K, CDC}): 6 0.24 (s, 9 H), 2.31 (s, 3 H), 7.07 (d, 2 B,
= 7.9 Hz), 7.34 (d, 2 HJ = 7.9 Hz).*3C NMR (75.47 MHz, 298 K,
CDCl3): 6 0.00, 20.98, 90.16, 93.17, 105.31, 119.98, 128.90, 131.15,
138.55. EI-MS: n/z 188 (M*).

1-(4-Anisole)-2-trimethylsilylacetylene.Yield: 2.58 g, 79%. Anal.
Calcd for GoH160Si (M, = 204.34): C, 70.53; H, 7.89. Found: C,
70.54; H, 7.88. IR (Nujol, cm): 3013, 2990, 2100, 1595H NMR
(300 MHz, 298 K, CDGJ): ¢ 0.24 (s, 9 H), 3.78 (s, 3 H), 6.80 (d, 2
H, J= 8.9 Hz), 7.40 (d, 2 HJ = 8.9 Hz).13C NMR (75.47 MHz, 298
K, CDCl3): 0 0.00, 55.18, 82.58, 92.32, 105.11, 113.71, 115.14, 116.25,

were performed on a G1800C GCD Series Il spectrometer equipped 133.37, 138.09. EI-MSm/z 204 (M").

with an electron ionization detector, connected with a HP Vectra XA
computer containing an 82341C HP-IB card.

General Procedure for the Preparation of Substituted 1-Phenyl-
2-trimethylsilylacetylenes. To a mixture of substituted iodobenzene
(3.55 g, 16 mmol) and trimethylsilylacetylene (1.57 g, 16 mmol) in
dry triethylamine (20 mL) was added with Pd(RREI, (0.112 g, 1
mol %) and Cul (0.15 g, 5 mol %) under a nitrogen atmosphere. The
mixture was heated at 7 overnight. After cooling the mixture to

Preparation of cis-[(Cn*)(CF 3CO2)Ru”'O,]CIO 4 (1). To ice-cooled
0.2 M CRCO:H (10 mL) containing [(Cn*)RU (CFCOy)3]+H20 (0.12
g) was added a saturated solution of (JEeV(NOz)s (1 g in 2 mL
of deionized water). An immediate color change from light yellow to
dark green was observed. Addition of NaGl® the green solution
induced precipitation of the desired complex. The solid was collected
on a frit and air-dried. Yield: 55%. UVvis in 0.2 M CRRCOH [Amad
nm (ema/dm® mol=* cm™3)]: 329 (2400), 675 (50). IR (Nujol, cm):

room temperature, diethyl ether (50 mL) was added, and the suspensionl647 (/c—o), 842 (asym RUO), 856 (sym RUO,). ESI-MS (CHCN)
was filtered. The filtrate was collected and evaporated to dryness by calcd for GiHz1NsO4FsRu: miz418 (M*). Anal. Calcd For GH2iNsOg-

rotory evaporation. The liquid residue was then purified on an alumina

CIFsRu: C, 25.56; H, 4.10; N, 8.13. Found: C, 25.86; H, 4.07; N,

column using hexanes as the eluant. After solvent evaporation, the 8.21.

product was further purified by vacuum distillation.
1-(4-Fluorophenyl)-2-trimethylsilylacetylene.Yield: 2.37 g, 77%.
Anal. Calcd for GiH13sFSi (M, = 192.31): C, 68.07; H, 6.81. Found:
C, 68.11; H, 6.77. IR (Nujol, crt): 3025, 3010, 2890, 2100, 1595.
IH NMR (300 MHz, 298 K, CDCJ): 6 0.24 (s, 9 H), 6.97 (t, 2 H)
= 6.8 Hz), 7.44 (dd, 2 H) = 8.85, 5.45 Hz)*C NMR (75.47 MHz,
298 K, CDC}): 6 0.00, 93.89, 104.07, 115.69, 117.96, 119.37, 134.01,
1390.1, 164.30. EI-MSm/z 192 (M*).
1-Phenyl-2-trimethylsilylacetylene. Yield: 2.45 g, 88%. Anal.
Calcd for GiH14Si (M, = 174.32): C, 75.79; H, 8.10. Found: C, 75.67,

Caution! Transition metal perchlorates are potentially explosive,
particular care should be exercised in preparation and handling.

General Procedure for the Stoichiometric Oxidation of Alkynes.
To a 0.2 M CRCO,H/CH3CN (10 mL) solution of alkynes (30 mmol)
was addedl (10 umol) under a nitrogen atmosphere. The reaction
mixture was stirred fo5 h atroom temperature. The solvent was
removed by vacuum, and the residue was extracted by diethyl ether (2
x 10 mL). The combined organic extracts were washed with 0.1 M
NaHCG; (2 x 10 mL) and then concentrated to about 3 mL by reduced
pressure. Aliquots were taken for GC-MS analyses.
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For all the stoichiometric reactionsis-[(Cn*)(CFsCO,)RU'(CHs-

CN),]CIO, complex was isolated and purified by recrystallization from
a CH,CN/diethyl ether mixture (92% yield). Anal. Calcd fofs8,7F3Ns-
ClOsRu (M, = 566.93): C, 31.78; H, 4.80; N, 12.35. Found: C, 31.51;
H, 5.03; N, 12.07. IR (Nujol, cm): 2275, 2011 %c=y), 1091 ¢'ci—o).
UV —Vis (CHCN) [Amax (e/lcm™t mol~t dmP)]: 328 nm (210)H NMR
(300 MHz, 298 K, CRCN): 2.12 (s, 3 H), 2.25 (m, 6 H), 2.83 (s, 6
H), 2.94-3.21 (m, 6 H).23C NMR (75.47 MHz, 298 K, CBCN): ¢
50.24, 55.28, 55.50, 62.95, 63.76, 64.33, 65.13, 239.10. ESI-M& (CH
CN) calcd as @H,7F3NsO,Ru cation: nVz 468 (M), 427 (M" — CHs-
CN).

Reaction of Complex 1 with Bis(trimethylsilyl)acetylene. Isolation

1
of [(Cn*)(CF 3CO,)RUY OC,(SiMe3),0]CIO 4 (3a). To an excess of bis

(trimethylsilyl)acetylene (2 mmol) in C4€N (10 mL)cis-[(Cn*)(CFs-
CO)RUW'Q,CIO4 (0.1 g, 0.2 mmol) was added under an argon

Che et al.

order rate constantkd) were obtained from linear fits df,s to the
concentration of alkynes.

Activation enthalpy AH*) and activation entropyXS’) values were
obtained from the slope and intercept of plots ok}f) vs 1/T using
the following equation:

In(ky/T) = In(R/NH + AS/R — AH*/RT

whereN = Avogadro’s numberR = universal gas constant, ahd=
Planck’s constant.

Computational Methods and Results for the Calculation of the
lonization Potential (Ip) of the Disubstituted Acetylenes. The
geometries of all the acetylenic molecules as well as their cations were
optimized at the levels of HF/6-31G(d) and MP2(Full)/6-31G(d). The
only exception was [Me@CC=CCO;Me]* cation, for which the MP2
geometry optimization was not successful. Hence the structure of this

atmosphere. A deep purple coloration instantaneously developed. Thec@tion was determined only at the HF/6-31G(d). In addition, to
reaction mixture was vigorously stirred for 1 h. Solvent was then characterize all the stationary points as minima and to include zero-
removed under vacuum, and the residue was redissolved in 809 POINt vibrational energy (ZPVE) corrections in the calculations of the

aqueous acetone. Addition of LiCj(0.05 g, 0.47 mmol) and slow
evaporation of solvent afforded a purple microcrystalline solid. The
solid was collected on a frit, washed with water and then dried in vacuo.
Yield: 0.13 g, 98%. Anal. Calcd for {gH3eSiN3OsFsCIRU (M, =
687.22): C, 33.21; H, 5.72; N, 6.11. Found: C, 33.23; H, 5.68; N,
6.22. IR (Nujol, cnr?): 3013, 1698 %c—0), 1256 'c-o), 1091. UV~

vis (CHsCN) [Amax (e/cm™t mol~* dmf)]: 566 nm (5100).*H NMR
(300 MHz, 298 K, CDG): ¢ 0.11 (s, 18 H), 2.12 (s, 3 H), 2.25 (m,

6 H), 2.83 (s, 6 H), 2.943.21 (m, 6 H).23C NMR (75.47 MHz, 298

K, CDCly): ¢ 3.11, 3.25, 3.41, 3.58, 3.74, 3.91, 50.24, 55.28, 55.50,
62.95, 63.76, 64.33, 65.13, 239.10. ESI-MS (CN) calcd as
C19H39F3N304SibRuU cation: m/z 588 (M+)

Electrospray lonization Mass Spectroscopic Analyses of the
Reaction of R—C=C—R? and cis-[Ru"'(Cn*)(CF3C0O,)O,]ClO 4.
Alkynes (R = alkyl or aryl, R = alkyl, aryl, or TMS) (10 mmol)
dissolved in distilled CHCN (3 mL) were treated witkis-[(Cn*)(CFs-
CO,)RU'O,]CIO4 (2 umol) at room temperature. The mixtures were
stirred vigorously and a blue/purple color immediately developed. The
reaction mixture was then filtered through a pré syringe filter before

analyses. An average of 20 scans of mass spectra was obtained. Fog
all reactions, the base peak can be formulated as the cycloadduct [Cn*-

1
(CRCO,)RUVOCRICR?0O]" cation complexes. For the reactions of
diphenylacetylene, 4-octyne, and 1-phenyl-1-propyne, ion clustézs [
= 468 (M") and 427 (M — CHsCN)] arising from [(Cn*)(Ck-
CO)RU'(CH3CN),] " cation were detected along with the ion cluster
corresponding to the cycloadduct complexes.

Kinetic Measurements. The oxidations of alkynes bgis-[(Cn*)-
(CRCO,)RU'O,]CIO, were monitored by the increase in absorbance
of the absorption band at 55815 nm under pseudo-first-order

ionization potentials, harmonic vibrational frequency calculations at
HF/6-31G(d) for all species were also carried out. Based on the MP2
optimized geometries, we performed single-point energy calculations
at the level of MP2(FC)/6-3tG(2df,p)//MP2(Full)/6-31G(d), plus a
ZPVE (scaled by 0.8929) correction. All the calculations were
performed with the Gaussian 98 package of progr&ms.
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