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A new heptamolybdate polyoxometalate structure containing ruthenium(ll) or osmium(ll) metal centers,
[M(I1)(DMSO)3sM07024]*~ (M = Ru, Os), was synthesized by reaction between (NH,)sM070,4 and cis-M(DMS0),Cl,.
X-ray structure analysis revealed the complexes to contain a ruthenium/osmium center in a trigonal antiprismatic
coordination mode bound to three DMSO moieties via the sulfur atom of DMSO and three oxygen atoms of the
new heptamolybdate species. The heptamolybdate consists of seven condensed edge-sharing MoOg octahedra
with C,, symmetry. Three Mo atoms are in classic type Il octahedra with a cis dioxo configuration. Two Mo atoms
are also type-ll-like, but one of the short Mo—0O bonds is associated with bridging oxygen atoms rather than terminal
oxygen atoms. Two molybdenum atoms are unique in that they are in a trigonally distorted octahedral configuration
with three short Mo—O bonds and two intermediate-long M-O bonds and one long Mo—O bond. The
[M(I)(DMS0)3Mo7024]*~ polyoxometalates were effective and in some cases highly selective catalysts for the aerobic
oxidation of alcohols to ketones/aldehydes. The integrity of the polyoxometalate was apparently retained at high
turnover numbers and throughout the reaction, and a variation of an oxometal type mechanism was proposed to
explain the results.
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important in the area of catalysis whereby the structure and (2) (a) Rong, C.; Pope, M. TI. Am. Chem. S0d992 114, 2932. (b)
composition of a polyoxometalate can be logically varied to Neumann, R.; Abu-Gnim, Cl. Am. Chem. S0d.99Q 112, 6025. (c)
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Lindqvist® Keggin® Wells—Dawson’ and smaller di- to

pentametalatestructures have also been used to suppor
noble metal complexes, although generally these compounds
have not been investigated for oxidation catalysis. Organo-
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Scheme 1. Synthesis of [Ru(ll)(DMSQMo07024]4— and

{ [Os(11)(DMSO)XM070z4]*~

Gis-M(DMSO0)4Clp + (NHg)gMo702s—— (NH4)4sM(DMSO)3Mo7024+ DMSO + 2NH4CI

NH,CI

metallic cation salts of Keggin type anions are also known, csMOMSO)CL, + TNaMoOs 422~ Na,MOMSO)MorOz + DMSO + 2NaCl + ENaOH

and in one case, for [(PBBRh(CO)KXW 1204q], combined
hydroformylation-oxidation has been carried out.

there has been additional substantial activity in this area with
reports on the use of both heterogeneous and homogeneous

In this paper, we present the synthesis and characterizati_orbatawc systems. Homogeneous catalytic systems include
of a new type of polyoxometalate-supported organometallic {hse hased on nitroxyl radicals (TEMPO) and various metal

complex (organometallic oxide¥) analogous ruthenium(ll)

cocatalyst$? N-hydroxyphthalimidé? iron and ruthenium

and osmium(ll) DMSO complexes supported on a hepta- phhalocyanine¥ and palladiur®® and ruthenium com-

molybdate, [M(DMSOJM0;024* (M = Ru(ll), Os(ll)).

plexes!® In the domain of heterogeneous catalysis manga-

There are several novel features as per these compound§egel? pickel 18 palladium?® platinum? and rutheniurdt
presented in this manuscript: (a) they are the first DMSO p55eqd catalysts have been reported.

complexes supported on polyoxometalates although DMSO

has been reported to be a ligand for ruthenium incorporatedResults and Discussion

into polyoxometalate$:e (b) this is the first example of an

Synthesis and Characterization.The [Ru(ll)(DMSO}-

osmium complex suppor_ted ona polyoxometalqte,' gnd (c) Mo;70,4% and [Os(I)(DMSO}Mo;0,4+ polyanions are
the heptamolybdate moiety is of a structure significantly easily accessible as brown crystalline ammonium salts; NH

different from that of the well-known paramolybdate anion,
[M07024%". In addition, the [M(DMSO)M0;0,4* com-

pounds are active and stable catalysts for the aerobic
oxidation of alcohols. The selective oxidation of alcohols to

and NH-2, respectively, by reaction of the knovais-Ru-
(DMSQO)CI; or cissOs(DMSO)Cl, compounds with am-
monium heptamolybdate, (N}#Mo-,0,4, Scheme 1. Alter-
natively, NH-1 and NH,-2 were obtained by reaction ofs-

carbonyl compounds is a very important transformation in Ru(DMSO)Cl, or cis-Os(DMSO)Cl, with sodium molybdate,
organic synthesis. Over the past several years, an intense

effort has been made to find environmentally benign methods (11) Sheldon, R. A.; Arends, I. W. C. E.; Dilksman, atal. Today200Q

to carry out these reactions with much emphasis on molecular
oxygen as oxidant. Sheldon and Arends have summarized

this subject with references up to the year 280Bince then,
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Int. Ed. Engl.1993 32, 115. (k) Akashi, H.; Chen, J.; Sakuraba, T.;
Yagasaki, A.Polyhedron1994 13, 1091.

(6) (a) Finke, R. G.; Droege, M. W.. Am. Chem. S0d.984 106, 7274.
(b) Lin, Y.; Nomiya, K.; Finke, R. Glnorg. Chem.1993 32, 6040.
(c) Han, Z.; Wang, E.; Luan, G.; Li, Y.; Hu, C.; Wang, P.; Hu, N.;
Jia, H.Inorg. Chem. Commur2001, 4, 427.

(7) (@) Edlund, D. J.; Saxton, R. J.; Lyon, D. K.; Finke, R. G.
Organometallics1988 7, 1692. (b) Lin, Y.; Finke, R. GJ. Am. Chem.
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Table 1. Crystal and Structure Refinement Data for Table 2. Selected Bond Distances and Angles for
[M(DMS0)sM070244 (M = Ru(ll), Os(ll)) [Ru(I)(DMS0)sM070244~
[RU(DMSO%EM07024*  [Os(DMSO)M070,4)*~ bond distances, A bond angles, deg
empirical formula @';?gﬂgﬁgﬁw Cﬁ';ﬂ}"gﬁgojm Ru-S1 2.259(3) [2.253(3]] O8—Ru-O7 84.9(3)
fw 155107 169908 Ru-S2 2.250(3) [2.254(3)] 08—Ru—011 83.8(3)
ehace drou i o Ru-S3 2.553(3) [2.242(3] O7—Ru—011 93.1(3)
TpK group 15002) 120(2) Ru-O11  2.080(8)[2.077(%] O9—Ru—S2 169.3 (2)
2 071073 A 071073 A Ru-08 2.059(8) [2.065(9)] O7—-Ru—-S2 90.0(2)
A 36.31007) 36.387(7) Ru-07 2.078(8) [2.077(9)] O11-Ru-S2 87.1(2)
b A 12239(2) 12 248(2) Mo2—018  1.744(8) O8Ru-S3 90.6(2)
oA 22.379(5) 22.342(5) Mo2-021  1.732(8) O7Ru-S3 174.9(2)
£ deg 124.23(3) 124.23(3) Mo2-011  1.778(8) 011Ru-S3 88.8(2)
\ A3 8223(3) 8235(3) Mo2-023  2.121(7) S2RU-S3 94.86(11)
5 8 8 Mo2—020  2.153(7) 08Ru-S1 92.4(2)
Mo2-019  2.384(7) O7Ru-S1 84.0(2)
2°ar';“mrf‘f” on? g'ggi g'gég Mo3-013  1.712(8) 012Ru-S1 175.4(2)
L MM - O _ -2 _ Mo3-06  1.722(7) S2Ru-S1 96.49(11)
final Rindice$ R=0.0572,R, = 0.1429 R=0.0554R, = 0.1655 Mo3-023 1.930(7 S3RU-S1 93.79(11
(1> 20 ()]
L~ e _ _ _ _ Mo3—-02  1.942(8) M03-020-Mo4  99.9(3)
final Rindices R=0.0633,R, =0.1461 R=0.0584,R, = 0.1695 Mo3-020 2.070(7) Mo3-020—Mo2 99.6(3)
(all data)
Mo3—-024  2.411(8) Mo4020-Mo2  144.7(4)
AR = Y ||Fo| — [Fel/S|Fol. Ry = S[IFo — Fel]WX/ S [Fowt?. Mo4—016  1.729(8) Mo03-020-Mo6  110.4(3)
Mo4—0O1  1.746(8) Mo4-020-Mo6  100.3(3)
Mo4—07 1.783(8) Mo2-020-Mo6  100.1(3)
Mo4—02  2.125(8) Mo6-024-Mo7  90.7(3)
/ T Mo4—020  2.135(7) Mo6-024-Mo5  90.1(3)
Mo4—09  2.373(7) Mo7024-Mo5  169.6(4)
Mo5—-012  1.708(8) Mo&024-Mo8  163.1(4)
Mo5-010  1.711(8) Mo7024-Mo8  88.1(3)
Mo5-014  1.909(8) Mo5024-Mo8  88.1(2)
Mo5—09 1.999(7) Mo6-024-Mo3  105.3(3)
Mo5-02  2.311(8) Mo7024-Mo3  94.6(3)
Mo5-024  2.326(8) Mo5024-Mo3  95.2(3)
Mo6—04 1.691(7) Mo8-024—Mo3 91.5(3)

Mo6—-08  1.766(7)
Mo6—09  1.925(7)
Mo6-019  1.936(7)
Mo6-024  2.175(7)
Mo6-020  2.367(7)
Mo7—-017  1.713(8)
Mo7—-05  1.716(8)

(k) Mo7-03  1.910(8)
~ Mo7-019  1.995(8)
Figure 1. Structural representations of [Ru(ll)(DMS$D)o7O,4]*~ obtained Mo7—-023  2.307(7)
from Crystal Maker. Mo7—-024  2.319(8)

Mo8—015  1.709(8)

Na:MoO,, followed by recrystallization from aqueous H Mo8-022  1.712(8)
Cl, Scheme 1 Mo8—014  1.938(8)
Qi ' : _ Mo8-03  1.944(8)
Single-crystal X-ray structure analysis (crystallographic mos—-06  2.231(8)

data in Table 1) of N1 and NH;-2 revealed the complexes ~ Mo8-024  2.362(8)

to contain a ruthenium/osmium center in a trigonal antipris-  avajues for [Os(I)(DMSO)Mo:024%"; complete data is included in
matic coordination mode bound to three DMSO moieties via the Supporting Information.

the sulfur atom and three oxygen atoms of the new
heptamolybdate species, Figure 1. The $land M—O bond
distances, Table 2, are2.25 and 2.062.08 A, respectively.
(Complete data for both [Ru(ll)(DMS@Y0,024J* and
[Os(11)(DMSO)Mo70,4* are given as Supporting Informa-

tion.) The _Well-known heptamolybdate (_para_mo!ybdate) oxygen atoms and two bridging M@ bonds of intermediate
[Mo:0.4°" is a type Il polyoxometalate with eis dioxo bond length,~1.9 A). The molybdenum atoms, Mo6 and

configuration at all r_nolybdenum atom_s and has seven Mo3, are also type-Il-like (two short MeO bonds), but the
condensed edge-sharing Mo@Etahedra witfC,, symmetry oxygen atoms O8 and O6 are bridging oxygen atoms to Ru

and two tetra-coordinating b”dging .oxyge'“ﬁsjl'he hePta' and Mo8, respectively, rather than terminal oxygen atoms.
molybdate structure observed in this case is conS|deranyThe molybdenumoxygen bonds, Mo6024 and Mo3-

different. It also has seven condensed edge-sharinggVoO 020, opposite the terminal oxygen atoms, 013 and O4, are

octahedra withCz, symmetry'; however, it has one ap- shorter than in the classical type Il situation, 2.175 and 2.070
proximately tetrahedral coordinated oxygen atom, O20, andA The molybdenum atoms, Mo2 and Mo4, are unique in

(22) Evans, H. T.; Gatehouse, B.: LeverettJPChem. Soc., Dalton Trans. that they are in a considerably trigonally distorted octahedral
1975 505. configuration with three short MeO bonds ¢1.75 A), two

one pentacoordinated oxygen atom, 024, in a nearly
pyramidal configuration. The molybdenum atoms, Mo5,
Mo7, and Mo8, are classic type Il centers witltia dioxo
configuration (two short~1.7 A, Mo—terminal oxygen
bonds, two long~2.3 A, Mo—O bondstransto the terminal

Inorganic Chemistry, Vol. 42, No. 10, 2003 3333
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343
'H NMR 13C NMR
3.29 45.81 =
46.12) | ,45.53 <
(93
Q
=
£
_J W el E
47.7 £
3.36 | 3.32
3.19 4784 47.37 ;
R
T700 1000 900 500
T T T . T . : Wavenumber, 1/cm
350 325  3.00 ppm 48 47 46 45 ppm Figure 3. IR spectra of [Ru(ll)(DMSOMo07024]*~ (top) and paramolyb-
P
Figure 2. H NMR and3C NMR spectra of (Ni)4[Ru(ll)(DMSO)sMo7024] date, [MaOz|®" (bottom).
(bottom) and (NH)4[Os(II)(DMSO)%M070,4] (top) taken in BO. a1

100

intermediate-long MO bonds 2.13 A), and one long
Mo—O0 bond ¢2.37 A). Two of the short MO bonds are 289
associated with terminal oxygen atoms while one short
Mo—O bond is associated with a bridging atom to the Ru/

Os atom. Also notable is the observation that the DMSO

ligands bound to Ru/Os via S1 and S3 are similar whereas
the DMSO bound via S2 is different (see Figure 1).

The *H NMR spectra, Figure 2, of (NBu[Ru(ll)-
(DMSO)Mo0,04] in DO showed three singlets of equal
intensity ato = 3.36, 3.32, and 3.19 ppm. Similarly, three
peaks abt = 47.84, 47.71 and 47.37 ppm of similar intensity
are observed in thBC NMR spectrum. The chemical shifts
are typical for Ru(ll)-DMSO complexes with coordination BN B AL S
at the sulfur atond® From the crystal structure, Figure 1, it %250 7300 350 400 450 500 550 600 B8O 700 780 iz
is not immediately clear why one observes three distinct
peaks rather than two peaks in a 2:1 ratio in both'thand 100
13C NMR spectra. The dissociation of DMSO from the Ru- (NH,,[Os(IHDMSO)Mo,0, )
(I) center can be discounted as free DMSO gODsince it
has'H and**C NMR peaks considerably upfield at 2.6 ppm
(*H NMR) and 41.2 ppm¥C NMR). More likely is the
possibility that the rotation around the R81 and Ru-S3
bonds is hindered (sterically or by coordination by the solvent
or countercation) leading to geometric differentiation of the
C102 and C301 atoms from the C101 and C302 atoms in
solution. Similar'H and*3C NMR spectra, Figure 2, were
observed for (NH)4[Os(I1)(DMSO)Mo,0,4 except that in
the'H NMR peaks were less resolved with a double intensity
singlet at 3.43 ppm along with another singlet at 3.29 ppm.
The integrated ratio was 2:1. For (M{Os(11)(DMSQO)- ,
Mo,0,4], the peaks in thé*C NMR were shifted upfield 07300 350 400 450 500 550 800 650 700 750 800 - 650 Tz
relative to the peaks for (Nj[Ru(I1)(DMSO):M070,4). The Figure 4. Negative ion electrospray ionization mass spectra of hH
IR spectrum, taken as KBr pellets, of Wi and NH;-2, [M(11)(DMSO) 3M070,4].

Fig““? 3, shows the expected-8 stretching vibrations of stretching vibrations is significantly different than that of
coordinated DMSO at-1105,~1022, a.ndv.1010 chll.23 (NH2)6M0702s. The (NH)M(II)(DMSO)sM0:0,q com-
Important. are the peaks (stretching vibrations) attributable pounds were also analyzed by electrospray ionization mass
to the various Me-O bo?(js at 95.6 ,,(Sh)’.938’ 914 (sh), 905, spectrometry, ESI-MS, in the negative ion mode, Figure 4.
858, and 826 crt. The *fingerprint” region for the Me-O It should be noted that, to our knowledge, there is no
(23) Alessio, E.: Mestroni, G.: Nardin, G.: Attia, W. M.: Calligaris, M.: literature precedent for analysis of polyoxometalate com-
Sava, G.; Zorzet, 9norg. Chem 198§ 27, 4099. pounds by ESI-MS and no knowledge or “rules” about

(NH, ) [Ru(l}(DMSO)Ma,0,]

Abundance, %

591

Abundarnce, %
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Scheme 2. Generalized Oxometal (left) and Hydridometal (right) Mechanisms

R{R,CHOH
HO—M"+
f i el
H,O H-,0O R1O0-M Ry
[0] 27 =0
0 R
(n-2)+ 4 '
HOM M ~H
o—éRRz M"Y —H
1

R4R,CHOH J
2 M™—OOH

expected fragmentation pattefidndeed, the analysis of the  showed by'H NMR the release of the DMSO ligand into
spectra and assignment of peaks is not trivial, but the solution which changed from a red-brown to yellow color.
differences between (NHi[Ru(Il)(DMSO);M070,4 and Crystallization of this solution under methanol vapor pro-
(NH4)4[Os(I1)(DMSO)Mo70,4] both in relative peak intensi-  duced white tiny crystals. X-ray analysis showed the forma-
ties and some of peak positions in the mass spectra aretion of the known octamolybdate with two coordinated
obvious? Only partial analysis and peak assignment of the pyridine groups, (NB)4[(py).MogO¢].26 Apparently, (NH),-
spectra was possible. First, as a tool to provide analytical [Ru(ll)(DMSO)sMo070,4] is decomposed due to the basicity
evidence for the elemental composition of the compounds, of pyridine. The addition of a large excess (50 equiv) of
one should note the clusters centerechet= 485 and 512 water soluble triphenylphosphine-33'-trisulfonic acid as
attributable to (M— NHy4)/3 for the ruthenium and osmium  trisodium salt showed byH NMR no exchange of the

R2
=0
R1

compounds, respectively. The ESI-MS of (NHRu(ll)- DMSO ligands.
(DMSO)Mo070-4] shows prominent clusters centeredit Aerobic Oxidation of Alcohols. As already noted, the
= 289 and 341 attributable to RuMD,44 and (NH)sRu- liquid phase catalytic aerobic oxidation of alcohols is a

(DMSO)Mo-,0,44 fragments, respectively. The analogous transformation of significant practical importance, and to this
clusters for (NH)4[Os(I1)(DMSO)Mo,0.4] are apparently  end, both homogeneous and heterogeneous catalytic systems

absent, although a cluster of weak peak intensityat= have been extensively studi€d?! Aerobic alcohol oxidation
367 could possibly be attributed to a (WsDs(DMSO}- reactions may be differentiated by the mechanism of their
Mo;O.4/4 fragment that, however, appears also in the reaction, and both oxometal and hydridometal type general
spectrum of the ruthenium compound. Finally, for (N mechanisms have been described, Scheriie 2.
[Os(1)(DMSO):M070,4], peaks centered aw/z = 659 and It is valuable to note that oxometal type pathways are

attributable to (NH),OsMo;0,4/2 were observed. Analogous  typically observed in catalysts based on high valent oxo
peaks for the ruthenium compound could not be unequivo- species whereas hydridometal pathways are often observed
cally discerned. with more reduced forms of catalysts such as Pd(ll) and Ru-

Since DMSO ligands are often considered weakly coor- (|). Also notable is that hydridometal type reactions are
dinating, the possibility of exchanging the DMSO ligands ysually carried out under basic conditions, which facilitate
with pyridine or phosphine ligands was investigated. Addition glkoxide formation and then coordination to the metal center.
of 4 equiv of pyridine to (NH){[Ru(l)(DMSO);M070.4] For example, one of the most recent and best heterogeneous
showed by"H NMR no change in the complex. On the other systems based on ruthenigitrequires loading the alumina
hand, addition of a larger excess of pyridine{BD equiv)  support via a NaOH wash. Also, reactions using one of the
) Both FABMS (rofs 2461 and MALDITOR-MS (ref 24m) have b best homogeneous palladium catalysts are carried out under
@ oc?casionally us(gtai isn polyczx?)r:netalate research; ggwevz)r, tﬁ\else r?aesnbeerpaSiC condition$>*We are interested in oxidation catalyzed

no general study on the use of mass spectrometry in the polyoxo- by polyoxometalates. In this area, the catalysts showed

E‘l‘frta'JatZeog%'dé (fc))sM?g)e::'ir?keR'F;ngu-rg%é gﬂf“&’?“@ggﬁ‘eﬁb . significant activity only for benzylic alcohdor required
Suslick, K. S.J. Am. Chem. S0d.984 106, 5750. (c) Suslick, K. S.; very long reaction timeP or the presence of a cocatalyst
Cook, J. C.; Rapko, B.; Droege, M. W.; Finke, R. [Borg. Chem. such as a nitroxyl radicaf® or quinoneg® The similar

1986 25, 241. (d) Rapko, B. M.; Pohl, M.; Finke, R. Giorg. Chem. . . .
1994 33, 3625(. ()e) L 3. Ortega, F.; Sethuraman, P.; Katsoulis, 0. heterobimetallic nature of the presently studied [M(Il)-
i.);OEO(sf;eJIIoéI C.E; PoPpe,DM. T. Ccher'l}. goztgﬁltonsﬂamg?)lz (DMSO):M07024*" compounds to the heterobimetallic
. udeinstein, P.; Deprun, C.; Nadjo em. Soc., Dalton ; ; : ;

Trans.1991 1991. (g) Boesing, M.. Noeh, A Loose, I.. Krebs,B. complexes of ruthenium or osmium with Chr0m|_um that were
Am. Chem. Sod 998 120, 7252. (h) Zhang, X.; Chen, Q.; Duncan, Shown to catalyze the oxidation of alcohols with molecular
D. C.; Lachicotte, R. J.; Hill, C. LInorg. Chem.1997, 36, 4381. 9

(25) The differences in ESI-mass spectra between similar compounds areoxyger? suggested that ihe presently prepared compounds
often unexpected and not predictable. For example, in our unpublished
research we have found that the negative ion ESI-MS 5f\W 20,0 (26) MccCarron, E. M., Ill; Whitney, J. F.; Chase, D. Borg. Chem1984
gave an easily analyzable spectrum with major peaks at the molecular 23, 3275.
weight (MW/z for z= 1, 2, and 3). Amazingly, the isostructura-H (27) Neumann, R.; Levin, MJ. Org. Chem1991, 56, 5707.
PMo012040 gaveno MW/z peaks but instead a much more complicated (28) Khenkin, A. M.; Vigdergauz, |.; Neumann, Rhem. Eur. J200Q 6,
and difficult to analyze and understand fragmentation pattern. 875.
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Table 3. Aerobic Oxidation of Alcohols Catalyzed by M(dmsoxMo70.4 (M = Ru(ll), Os(Il)?

substrate product conversion TON selectivity
benzyl alcohol benzaldehyde >99 (96) 500 (480) >99 (>99)
4-methoxybenzyl alcohol 4-methoxybenzaldehdye >99 (>99) 500 (500) >99 (>99)
4-methylbenzyl alcohol 4-methylbenzaldehdye >99 (>99) 500 (500) >99 (>99)
4-bromobenzyl alcohol 4-bromobenzaldehdye >99 (>99) 500 (500) >99 (>99)
4-trifluoromethylbenzyl 4-trifluoromethyl- >99 (>99) 500 (500) >99 (>99)

alcohol benzaldehyde

4-nitrobenzyl alcohol 4-nitrobenzaldehyde >99 (>99) 500 (500) >99 (>99)
cinnamyl alcohol cinnamylaldehyde >99 500 >99
2-cyclohexen-1-ol 2-cyclohexen-1-one >99 500 >99
1-octen-3-ol 1-octene-3-one 89 (87) 445 (435) 90 (91)
cis—2-hexen-1-ol 2-hexenal 45 (49) 225 (245) 53 52)
trans—2-hexen-1-ol 2-hexenal 56 280 %8
cyclooctandl cyclooctanone 80 400 >99
2-octanot 2-octanone 21 105 >99
1-octanot octanal 15 (14) 75 (70) 32 (87%)

aReaction conditions: 5 mmol substrate, Aol of Q[M(DMSO)3Mo70,4], O» 2 atm, 120°C, 12 h. Conversion is mol % substrate reacted. Selectivity
is mol % named product out of all products. Values given are those for Ru catalysts with those in parentheses for the O% t%t&108 2-hexenoic acid.
€170°C. 9 The other product was 68 (23)% octyloctanoate.

Scheme 3. Formation of Esters 0.5
OH 0
CT\/OH 0.4+
C7- OH —= Cy—CHO CT/J\OACT — C;;JJ\OAC? =
< 034
&
may also show activity for similar aerobic alcohol oxidation = 021
and raises the question of what type of mechanism is Yoo o= 055 b 52 = 0.98
operating in this case since the polyoxometalate has proper- oo =03 AL R T

i .. . . 0
ties that a priori could lead in general terms to either an K 25 s 75 10

oxometal or hydridometal type mechanism. Time, h

I'n_deed' benzylic alCOhOI$ are efficiently and sgleqtlvely Figure 5. Reaction profile as a function of benzyl alcohol concentration.
oxidized to the corresponding benzaldehyde derivatives atReaction conditions: 5 mmol of benzyl alcohol, Aol of QRU(DMSO)-
120°C with 0.2 mol % catalyst (@Ru(ll)(DMSO);M0;0,4] Mo7024), 5 mL of toluene, Q 2 atm, 120°C.

— +
or Q[Os(I)(DMSG)sM070;4)) where Q= (CgH17)sCHsN™) but no activity for allylic or aliphatic alcohols. It should also

g‘.ltzentabz(;naclioogiggetgglgag:fhg" Tr? I?ee;c?':r?sa S;Z’antoortbe noted thatH NMR spectra taken at specified reaction
ruent we ptable, ugn ’ were abol onditions (2 mmol of benzyl alcohal, 0.3 mL of toluene-
1.2-1.5 times slower ustp 1 M solutions of alcohol in

i . . dg, 5 umol of Q[Ru(ll)(DMSQO);M0,0,4 or Q4Os(ll)-
toluene_, rates were roughly_esnmated by conversion _after 3(DMSO)3M07024], 0, 2 atm, 120°C) showed no evidence
h reaction. Secondary allylic alcohols were also oxidized

) . : of dissociation of DMSO (different chemical shift for free
effectively t'o the correspondln@tunggturated ketones with DMSO) even after-700 turnovers. The DMSO ligand was
generally high,>90%, chemoselectivity. On the other hand, not disassociated from the polyanions. Furthermore, the IR
primary aliphatic allylic alcohols were less reactive, and the | ’

formation of3-unsaturated aldehydes as products proceededSpECtrum of rgcovered ca talyst at the_complgtion of r eaction

only with ~50% chemoselectivity. Some over oxidation to showed no d|ﬁerencqs in the M® “ﬂngerprmf’ region.

th boxvlic acid. 1620 mol % ' as observed along with Also, there was no evidence for colloid formation by TEM.
€ carboxyl 1a. 0, W . gw It would appear that the fM(DMSO)sM0;0,4] compound

carbonr-carbon bond cleavage products. _Slmple secondaryiS stable and unchanged under reaction conditions.

alcohols reacted more slowly, but selective’y99.5%, to

yield ketones. The cyclic cyclooctanol was more reactive A closer look at the oxidation of benzylic alcohols was
) . carried out through a kinetic study using[Ru(I1)(DMSO)s;-
than the acyclic 2-octanol. 1-Octanol reacted slowly to yield g y glRu(lI )z

) Mo-0,,] as catalyst. Reactions were shown to be cleanly first
octanal. However, octyloctanoate was the main product 1024 y y

: S . ) order in benzyl alcohol, Figure 5, andiQu(l1)(DMSO)s-
E;en?:;rgsg?/ ;%rhn;iwde \ga the oxidation of an intermediate Mo-0,4], Figure 6, and zero order in molecular oxygen at

Control reactions (5 mmol of benzyl alcohol, ol of pressures above 1 atm. Almost identical results were obtained
catalyst, @ 2 atm, 120°C, 12 h) with Ru(DMSO)C,, for Q,[Os(11)(DMSO)Mo070,4]. There was a kinetic isotope

. effect,kqy/kp = 2.4 4 0.3, for the oxidation of benzyl alcohol
Os(DMSO)Clz, Q:PMo 040 (Keggin phosphomolybdate), 5 501" of benzyl alcohol, 2.5 mmol of benz§| alcohol-

Q2M0§019 (hexar_nolybdate), and®loO, as catalysts showed dr, 10 umol of QRU(DMSOXMo0;054, 5 mL of toluene,

no oxidation wh|Ie_z the_ use of th? heptamolybdats\/IQ;Oz4, O, 2 atm, 120°C). From these results, one may conclude,
showed some d|m|n|_she_d activity fo_r be_nzyl alcohol and as is usually the case in aerobic alcohol oxidation in most
considerable over oxidation to benzoic acieto the rate), mechanistic schemes, that the rate determining step is

(29) Shapley, P. A.: Zhang, N.: Allen, J. L.; Pol, D. H.: Liang, H.<C. associated with €H bond cleavage. In this context, it is
Am. Chem. So@00Q 122, 1079. important to note that autoxidation can also be ruled out as
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-0.6 similar catalytic activity, (b) were stable under reaction
conditions (no changes in NMR or IR and no colloids
0.8 formed), and (c) appeared to remain coordinatively saturated
_;E ) (no noncoordinated or free DMSO formed) during the
% oxidation reactions leads us to conclude that the catalytically
= 12 relevant species is connected to the new {Blg]®~ moiety
slope =1.03, 12 = 0.99 or isomer obtained via coordination to Ru(ll) or Os(ll)-
-1.44 : : : : , : (DMSO). Apparently, this unique [M@D,4]®" isomer has
07 08 09 1 L1213 14 improved catalytic properties toward aerobic alcohol oxida-

tion relative to other molybdenum polyoxometalate®.
Figure 6. A log—log plot for the determination of the reaction order in From these observaﬂqns, we propose_a \_/anatlon of an
Q:[Ru(DMSO)Mo70,4. Reaction conditions: 5 mmol of benzyl alcohol, ~ 0X0metal type mechanism for alcohol oxidation. In general
10-30 umol of Q4[Ru(DMSOXM070,4], 5 mL of toluene, @ 2 atm, 120 terms and based also on previous research on oxidation
°C. catalyzed by polyoxomolybdatéthe oxidation of benzylic

1 alcohols may possibly occur in two different ways as
presented in Scheme 4.

For reactions accelerated by electron donating moieties,
an oxygen atom of the polyoxometalate reacts by nucleo-
philic attack at the benzylic carbon leading to formation of
a new carborroxygen bond with the hydroxide anion as
leaving group. The identity of the relevant oxygen atom is
unknown, but those adjacent to the noble metal are reason-
able candidates. Subsequently, a proton and the reduced

o polyoxometalate are eliminated as shown with formation of
Figure 7. Hammett plot for the oxidation of benzylic alcohols catalyzed th.e be“ZY"C ald?h_yde' For reqc_tlons aC_Celerateld .by electron
by [Ru(ll)(DMSO)Mo,0,4*". Reaction conditions: 5 mmol of substrate, ~ Withdrawing moieties, the significantly higher acidity (many
10 umol of Q[RU(DMSORM07024], 5 mL of toluene, @ 2 atm, 120°C. orders of magnitudé) of the benzylic hydrogen leads to a
) ) , partial negative charge at the benzylic carbon. We put forth
a potential mechanism, since the product aldehydes are muche hossibility of proton abstraction from benzylic alcohol
more likely to undergo s_uch aut_OX|dat|on but are not reactive by the polyoxometalate. The protonated polyoxometalate then
in these system®.Most interestingly, however, a Hammett may recombine with a carbanionic species leading to

plot, Figure 7, indicated two mechanistic regimes, one with 5 -mation of the new carberoxygen bond. We believe that
ap value of—0.91 for electron donating substituents, 4-QCH s reaction is possible viss (re)protonation because the

and 4-CH, relative to H and another with@value of 0.94 v oyomolybdates are powerful electron acceptors or

for electron withdrawing substituents, 4-NO-Chk, and  qyiqants leading to formation of an electrophilic oxygen. As
4-Br, relative to H. Thus, electron donating substituents j, he previous case, similar subsequent elimination of a

stabilize a positively charged transition state, and electron ,.5¢qn " hydroxide, and polyoxometalate leads to formation
withdrawing substituents stabilize a negatively charged ¢ the benzylic aldehyde. The reduced, oxygen deficient

transition state. One should note here that this type of o\ oxometalate is quickly reoxidized by molecular oxygen
Hammett plot clearly points against a hydridometal type by a yet unknown mechanis# From the reaction order

mechanism in this reaction. Since an integral part of the ,pserved and the kinetic isotope effect value for deuterated
hydridometal type mechanism is the hydride elimination step benzyl alcohol, it is clear that the carbehydrogen bond is

through heterolytic cleavage of the benzylieB bond, the  paing broken in the rate determining step in both postulated
formation of a positively charged transition state is neces- pathways, although at different stages of the reaction.
sarily implied, which would lead to a negatiyevalue for  consjdering the I values of nonbenzylic alcohols, one may
the entire range of substituents. In fact, this behavior has

just been recently observé.Also, one should note that  (31) An alternative explanation as suggested by a referee could be that a

the heterobimetallic complexes of ruthenium or osmium with small amout of the catalyst is oxidized to a ruthenium or osmium(lll)
h . d ibed b haol d K | species that is in fact the active catalyst. While this possibility remains,
chromium described by Shapley and co-workers were also e have observed that the original brown compounds and solutions

concluded to catalyze aerobic alcohol oxidation via a are in fact (partially) reduced during the catalytic cycle to yield a green

: : solution typical of molybdenum(V) containing polyoxometalates. At
hydridometal type .meChamsm at the noble metal$itéose the completion of the reaction, the original brown solutions are
compounds are different from the presently usefMQI)- recovered.

(DMSOkMO7Og4] in that they are coordinatively unsaturated (32) The Hammett relationship observed also points against the possibility
of a reaction initiated by electron transfer since in such a case a

log[catalyst]

0.75 4

0.5 4

0.25

log (k/kn)

and have at6 valence state. negativep value would also be expected for all substituents considering
The fact that both the fRu(Il)(DMSO)sM0-024 and the much higher oxidation potential of, for example, nitro substituted
substrates.

Qu[Os(I1)(DMSO):M07024 compounds (a) showed very (33 oy khenkin, A. M.: Neumann, R. Org. Chem2002 67, 7075. (b)
Khenkin, A. M.; Weiner, L.; Wang, Y.; Neumann, R. Am. Chem.
(30) Sheldon, R. A.; Kocki, J. KMetal Catalyzed Oxidations of Organic Soc.2001 123 8531

CompoundsAcademic Press: New York, 1981. (34) Bordwell, F. G.Pure Appl. Chem1977, 49, 963.
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Scheme 4. Mechanistic Proposal for Oxidation of Benzylic Alcohols by [M(I1)(DMS®N)0704]4—
Case 1 - electron donating substituent

t

H OH g
O —MoPOM + MoPOM CHO
. >

H '
HiH —OH” H —H

. - H —_— + HyO + MoPOM,
HO™ 8
OMe & OMe Me OMe

Case 2 - electron withdrawing substituent

H oH O —MoPOM i ) CHO

N + O'—
H&*
- H — = H ) - H]-/
HO5- HO
HO -
NO» NO, ./ NO. NO2
NO; 2

postulate that such alcohols are more likely to react in a way 684 (w), 668 (s) cmt. UV—vis (H;0): Amax= 204 nm;e =32 000
proposed for 4-methoxy benzyl alcohol (Scheme 4, case 1).mol™* L cm™.

) Alternative Synthesis of (NHy)4Ru(Il)(DMSO) sM070,4]"
Conclusion 6.5H,0. A solution of NaM00O4-2H,0 (1.69 g, 7 mmol) in 3 mL

We have prepared a new type of heterobimetallic poly- °f Hz20 (PH was adjusted to 4.5 with H\andcis-Ru(DMSO)CI,

oxometalate leading to the finding of a new heptamolybdate (#86 M. 1 mmol) was heated at 80 for 20 min. After cooling,
. . . ... the precipitate formed was collected and recrystallizethfeol M
structure. These compounds are selective aerobic oxidation

talvsts. A iati f tal t hani h solution of NH,CI, which afforded red-brown crystals of (N}
catalysts. A variation o .an oxometal type mechanism has [Ru(I1)(DMSO)3M070,4]-4H,0O that were also used for X-ray
been proposed to explain the results.

structure determination. Yield 1.2 g, 78 mmol (78%).

EXperimental Section SyntheSiS of (NH)4[OS(”)(DMSO) 3M'07024]‘6..5H20. (NH4)5-
Mo070,4-H,0 (1 g, 0.84 mmol) of was dissolved in 5 mL of boiled
Ammonium heptamolybdate, (N§#Mo70,44H,0, was recrys-  water, followed by addition oéis-Os(DMSO)Cl, (0.48 mg, 0.84
tallized from hot water prior to use. Sodium molybdateMaO,- mmol). The reaction mixture was refluxed with stirring for 30 min.
2H20 was from Aldrich. Alcohol substrates and solvents were all The solution was allowed to cool to room temperature affording
from commercial sources (Aldrlch, Fluka) of hlghest puri'[y available rhombic Shaped brown Crysta|sl Yield: 0.85 g, 0.39 mmol (46%)
and were used without further purification. Deionized water was Elemental analysis calcd (exptl): Mo 40.22 (40.0); Os 11.39

used.cis-Ru(DMSO)CI, or cis-Os(DMSO)CI, was synthesized (11.08); HO 7.01 (7.1)H NMR (D,0): 6 = 3.43 (s, 12H), 3.29
according to a literature meth@®l’H and**C NMR were measured (s, 6H).13C NMR (D,0): & = 46.12 (s), 45.81 (s), 45.53 (s). IR

on a Brucker Avance 400 instrument with TMS as standard. IR (KBr): » = 1104 (s), 1020 (m), 939 (s), 905 (s), 858 (s), 827 (s),
spectra were measured on a Nicolet 460 FTIR spectrophotometer.ggs (w), 667 (s) cmt. UV—vis (H,0): Amax= 208 nm;e = 58 000
ESI-MS were measured using Micromass Platform LCZ 4000 with mol-1 L cm.

an aqueous sample infused atub/min. Electronic absorption s :

. ynthesis of Q[Ru(l1)(DMSO) sM070,4 and Q4Os(ll)-
spectra were recorded on an .HP 8452A diode array—\iy . (DMSO0)3sM070,4]. The methyltricaprylammonium salts of [Ru(ll)-
spectrophotometer. Thermogravimetric measurements for determ"(DMSO)sMo7OZ4]4* and [0s(I)(DMSO)Mo,0,4+ were prepared
pation of water of hydratiop were taken on a Mettler 50M by mixing a 10 mL aqueous solution of NH or NHg-2 (0.3 mmol)
:\r}lsstn;ament_. Elemental anal_l]‘)_/s:jsbforc‘l\lilg, ;B Zr:ad 6(;;Owas_by |C3FE)' with a 10 mL dichloromethane solution of methyltricaprylammo-

o eactions were q_‘%""““ ied by ) ( , ) using a nium chloride (Aliquat 336) (1.2 mmol) in dichloromethane. The
m 5% phenylmethyl S|I|(;0ne capillary column with an i.d. of 0.32 QJ[Ru(I1)(DMSO)sM0;054] and Q[Os(I)(DMSO)M0;054 com-
_n;mt?nili t?.ZSumeO?tlng (R?stedk 2MS)'d inngrﬁgcﬁpvég% pounds are extracted into the organic phase, which was then
identified by use of reference standards and by GC-MS ( ) separated and dried over sodium sulfate. The solvent was removed

using the same column. b . .
. y evaporation, and the products were collected as brown oils.
Synthesis of (NH)[Ru()(DMSO) sM07024-6.5H,0. (NHa)e- Analysis of the oil by!H NMR and IR showed the oil to contain

Mo070,4-4H,0 (1 g, 0.84 mmol) of was dissolved in 5 mL of boiled the [Ru(ll)(DMSO}M0;0,4*" 4

- . 7024]* and [Os(I1)(DMSO3M070,4%~ pol-
waterl, f_(I)_IrI]owed tt>_y add_mton OC'S'RugFM%O)‘%Z (t039 nf19,30(.)84_ yanions. Elemental analysis (CHN) calcd (exptl): foffRu(ll)-
mmol). The reaction mixture was refluxed with stirring for 30 min. (DMSOY%M0;054, C 44.42 (43.87); H 8.23 (8.41); 1.95 (1.74): for

The solution was allowed to cool to room temperature affording . )
Os(I1)(DMSQO)M070,4], C 43.08 (44.34); H 7.98 (8.21); N 1.90
red-brown crystals. Yield: 0.85 g, 0.55 mmol (65%). Elemental ?24[005)( X kMo7Oz) ( ) (8.21)

analysis calcd (exptl): Mo 43.30 (42.9); Ru 6.51 (6.5)CH7.55 . . .
(7.5). 1H NMR (D;0): 6 = 3.36 (s, 6H), 3.32 (s, 6H), 3.19 (s, Crystallographic Data Collection and Structure Determina-
6H). 13C NMR (D,0): 0 = 47.84 (s), 47.71 (s), 47.37 (s). IR tion. The data were collected on brown monoclinic needles, cut to

(KBr): » = 1107 (s), 1022 (m), 938 (s), 903 (s), 859 (s), 824 (s), size O.1><. 0.1x 0.1. mn?, using a Nonius-Kappa CCD diffracto-
meter using graphite-monochromated Ma KA = 0.71073 A)

(35) Antonov, P. G.; Kukushkin, Y. N.; Konnov, V. I.; Kostokov, Y. p.  fadiation. For (NH)4Ru(ll)(DMSO)sM07024]-4H;0, 11426 (6208
Koord. Khim.198Q 6, 1585. unique,R(int) = 0.0399) reflections were collected ovef aange

H
+ H20 + MoPOMyeq
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3.12-23.82 with limiting indices of~41 < h < 41,-13< k < 0, the appropriate temperature in a thermostated oil bath. After the
—25 < | = 25. For (NH)4[Os(I1)(DMSO)%M070,4]-4H,0, 7022 reaction was completed and the mixture cooled, GLC and GC-MS
(7022 uniqueR(int) = 0.000) reflections were collected ovepa analyses were performed on aliquots directly withdrawn from the
range 2.3424.71 with limiting indices of 0< h < 42, 0< k < reaction mixture after dilution with dichloromethane and addition
14, =26 < | < 21. The data were processed with Denzo- of an external standard.

Scalepack® The structures were solved by direct methods with

SHELXS-97. Full-matrix least-squares refinement was based on Acknowledgment. This research was supported by the
F? with SHELX-97. Idealized hydrogen atoms were placed and European Commission (SUSTOX, G1RD-CT-2000-00347),
refined in a riding model. The crystallographic data are presented the Israel Science Foundation administered by the Israel
in Table 1. Additional electron density peaks5 e/A°, are seen.  Academy of Science and the Kimmel Center for Molecular
They are possibly additional disordered solveniOtbuthave not - pegjgn. R.N. is the Rebecca and Israel Sieff Professor of

been modeled. : .
L . Organic Chemistry.
General Procedure for Oxidation of Alcohols Reactions were 9 y

carried out in 20 mL glass pressure tubes. Typically, the tubes or  gynhorting Information Available: Complete crystallographic

flasks were loaded with the polyoxometalate catalyst and the y4ia in CIF format and ORTEP drawings of [Ru(l)(DMSO)
substrate, degassed_ by three successive _“fremmp—thaw" Mo0;0244 and [Os(I1)(DMSO3M0,0,4". This material is avail-
cycles, and loaded with Qo 2 atm. The solution was brought {0 56 free of charge via the Internet at http://pubs.acs.org.

(36) Otwinowski, Z.; Minor, W.Method Enzymol1997 276, 307. 1C026003P

Inorganic Chemistry, Vol. 42, No. 10, 2003 3339



