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Insertion of Dioxygen into a Platinum—Hydride Scheme 1
Bond to Form a Novel Dialkylhydroperoxo Pt(IV)
Complex
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The selective catalytic oxidation of alkanes using inexpensive
and environmentally friendly oxidants is of immense interest to CeDs | aorPR
the chemical community and of great potential benefit to the world
economy and ecology. Since the earliest reports that the oxidative O/H
addition of alkane €H bonds to transition metal species can ﬂ | _cH,
) —Pt

occur with high selectivities, substantial research effort has
focused on the functionalization of the metal alkyl hydride
productst For the development of a commerecially viable oxidation
process, the use of a clean and cheap oxidant such as air (oxygen)
is desirableé. Some of the most promising homogeneously
catalyzed alkane oxidation reactions reported have been based
on platinumte43 Unfortunately, these systems are hampered by
the use of expensive and less favorable oxidants. Some Pt(ll)
complexes, recently including ones with alkyl ligands, have been
observed to undergo reaction with dioxygen to form Pt(IV)
complexes.Such reactivity of Pt(Il) may find utility in platinum-
catalyzed alkane oxidation reactions. In this contribution, we
report that aPt(IV) dialkyl hydride complex reacts cleanly with
dioxygen to produce a dialkyl Pt(IV) hydroperoxide species. Of
potential relevance to the development of alkane oxidation systems
is that the Pt(IV) dialkyl hydride reactant is analogous to
compounds formed by intermolecular oxidative addition of alkane
C—H bonds to Pt(ll The novel Pt(IV) product has been
crystallographically characterized and displaysiathydroper-
oxide linkage. Such examples of structurally characterized
hydroperoxides are rafedespite their proposed involvement in
a variety of metal-mediated biological oxidatiohs.

The Pt(IV) complex THe:PtMeH (1, TpMe: = hydridotris(3,5-
dimethylpyrazolyl)boraté) formally inserts dioxygen into the
Pt—H bond to produce the hydroperoxo Pt(IV) species)ep
PtMe,(OOH) (2) (Scheme 1). When a solution @fin CsDg was
exposed to dioxygem{l atm) at ambient temperature, complex
2 was generated in quantitative spectroscopic yidlde'H NMR
spectrum oR shows singlets with*Pt satellites ad 6.01 €Jprn
=12 Hz) andd 2.16 €Jpy = 72 Hz) which are assigned to the
hydroperoxo proton and the platinum-bound methyl protons,
respectively. The IR spectrum @fin CH,ClI, solution (30 mM)
exhibits a sharpoo-4 absorbance at 3533 c Absorption bands
for the Tg": ligand obscure that expected feg-o (800—900
cm1).10 Octahedral geometry witk®-coordination of the T
at Pt(1V) is supported by thes_ absorbance at 2556 crhand
al'B NMR chemical shift of 9.37 ppnit The spectroscopic data
are consistent with those for previously reported hydroperoxo
transition metal complexé412That the source of the hydroperoxo
(1) (a) Activation and Functionalization of Alkangdill, C. L., Ed.; proton was the hydride ligand df was confirmed byH NMR
Wiley: New York, 1989. (b) Arndtsen, B. A.; Bergman, R. G.; Mobley, T. monitoring of the reaction of Tf§2PtMe,D (1-d;) with dioxygen:;

A.; Peterson, T. HAcc. Chem. Re4.995 28, 154. (c) Shilov, A. E.; Shul'pin, .
G. B. Chem. Re. 1997 97, 2879. (d) Stahl, S. S.. Labinger, J. A Bercaw, 1P"*PtMeOOD) (2-d1) was produced with 86% of the label

J. E.Angew. Chem., Int. EA.998 37, 5000. (e) Waltz, K. M.; Hartwig, J. F. residing in the hydroperoxo proton site.

L ) U g 47 Gogg o™ B Jensen. €M The molecular structure a2 has also been determined by
(2) (a) Ebner, J.; Riley, D. Imctive Oxygen in ChemistryFoote, C. S., single-crystal X-ray diffractioA® The ORTEP oR-CH,CI, (inset

Valentine, J. S., Greenberg, A., Liebman, J. F., Eds.; Blackie Academic & in Scheme 1Y displays a rare example of ayi-hydroperoxo
Professional: London, 1995; p 205. (b) Sen,Atc. Chem. Res998 31,

550. (8) O'Reilly, S. A.; White, P. S.; Templeton, J. I. Am. Chem. S04996
(3) (a) Periana, R. A.; Taube, D. J.; Gamble, S.; Taube, H.; Satoh, T.; Fujii, 118 5684.

H. Sciencel998 280, 560. (b) Thorn, D. L.; Roe, D. C.; DeVries, N., to be (9) TpVePtMey(OOH) (2): *H NMR (CsDe) 6 1.99 (s, 3 H, TH#CHz),

published (personal communication, 1999). 2.06 (bs, 9 H, TH%CH,), 2.16 (s,2Jp-y = 71.8 Hz, 6 H, PtCH), 2.66 (s, 6
(4) (a) Wieghardt, K.; Kppen, M.; Swiridoff, W.; Weiss, J. Chem Soc., H, TpVeCHy), 5.34 (5,2 Jpr-n = 12.1 Hz, 1 H, T¥%CH), 5.54 (s, 2 H, T{e-

Dalton Trans.1983 1869. (b) Rostovtsev, V. V.; Labinger, J. A.; Bercaw, J.  CH), 6.01 (S2Jp-y = 11.7 Hz, 1 H, PtOOH)*B{*H} NMR (CsDs) 0 9.37
E.; Lasseter, T. L.; Goldberg, K. Drganometallicsl998 17, 4530. (c) Davies, (bs, Tp'eB); IR (CH,Cl,, cm™) 3533 (O-H), 2556 (B-H) Anal. Calcd
M. S.; Hambley, T. Wlnorg. Chem.1998 37, 5408 and references therein.  (Found) for G/H,BNsO,Pt: C, 36.77 (36.97); H, 5.26 (5.33); N, 15.13
(d) Prokopchuk, E. M.; Jenkins, H. A.; Puddephatt, ROdganometallics (15.16).2 is formed by the reaction of with O, or more efficiently on a

1999 18, 2861. preparative scale by reaction bfand HO.. This latter reaction is similar to
(5) Wick, D. D.; Goldberg, K. I.J. Am. Chem. S0d.997 119 10235. a reported reaction of a Pt(ttH with H,O, to generate a Pt(HHOOH
(6) (a) Co(lll) dimer withu-OOH: Thewalt, U.; Marsh, RJ. Am. Chem. complex!?® See Supporting Information for experimental details and further
So0c.1967, 89, 6364. (b) Mo(VI) dimer withu-OOH: Le Carpentier, J. M; characterization of.
Mitschler, A.; Weiss, R.Acta Crystallogr., Sect. B.972 1288. (c) Oxy (10) Nakamoto, K.Infrared and Raman Spectra of Inorganic and
hemerythrin: Holmes, M. A.; Le Trong, |.; Turley, S.; Sieker, L. C.; Stenkamp, Coordination Compoundslohn Wiley & Sons: New York, 1978; p 298.
R. E.J. Mol. Biol. 1991, 218, 583. (d) Rh(lll) in Rh(lIl)—Ir(lll): Carmona, (11) (a) Akita, M.; Ohta, K.; Takahashi, Y.; Hikichi, S.; Moro-oka, Y.

D.; Lamata, M. P.; Ferrer, J.; Modrego, J.; Perales, M.; Lahoz, F. J.; Atencio, Organometallicsl997 16, 4121. (b) Northcutt, T. O.; Lachicotte, R. J.; Jones,
R.; Oro, L. A. J. Chem. Soc., Chem. Commutf94 575. (e) Cu(ll) W. D. Organometallics1998 17, 5148.
monomer: Wada, A.; Harata, M.; Hasegawa, K.; Jitsukawa, K.; Masuda, H.; (12) (a) Roberts, H. L.; Symes, W. R. Chem Soc (A1968 1450. (b)
Mukai, M.; Kitagawa, T.; Einaga, HAngew. Chem., InEd. 1998 37, 798. Michelin, R. A.; Renzo, R.; Strukul, Gnorg. Chim. Actal979 37, L491.
(7) () Ho, R. Y. N.; Roelfes, G.; Feringa, B. L.; Que, L.,JrAm. Chem. (c) Strukul, G.; Renzo, R.; Michelin, R. Anorg. Chem.1982 21, 495. (d)
Soc.1999 121, 264 and references therein. (b) Root, D. E.; Mahroof-Tahir, Atlay, M. T.; Preece, M.; Strukul, G.; James, B. ®an. J. Chem1983 61,
M.; Karlin, K. D.; Solomon, E. lInorg. Chem1998 37, 4838 and references 1332. (e) Suzuki, H.; Matsuura, S.; Moro-oka, Y.; lkawaJT Organomet.
therein. (c)Active Oxygen in Biochemistrwalentine, J. S., Foote, C. S., Chem.1985 286, 247. (f) Cenini, S.; Porta, F.; Pizzotti, M. Organomet.
Greenberg, A., Liebman, J. F., Eds.; Blackie Academic & Professional: Chem.1985 296, 291. (g) Miller, B.; Altman, J.; Beck, WInorg. Chim.
London, 1995. (d) Thematic issue on Bioinorganic Enzymoldjyem. Re. Acta1997 264, 101. (h) Akita, M.; Miyaji, T.; Hikichi, S.; Moro-oka, YJ.
1996 96, 2237-3042. Chem. Soc., Chem. Commur@9§ 1005.
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ligand characterized by X-ray crystallograghfhe P+-O—0O
bond angle is 110.1(3) The unit cell contains two molecules of
2 whose—OOH moieties form a six-membered centrosymmetric
ring via hydrogen bondingp. The intermolecular close contact
distance between dissimilar oxygen atoms {@2') is 2.698(5)
A, and the hydrogen bond distance H21) is 1.85 A. The
smallertransinfluence of the hydroperoxo ligand @fcompared
to that of the hydride ligand df is indicated by the PtN bond
length for the unique pyrazolyl ring (2.037(4) A farvs 2.169-
(6) A for 1).8 This is also reflected in thé®Pt—H coupling
constant of the methine proton of the coordinated pyrazolyl ring
transto —OOH (*Jpp = 12 Hz) or—H (*Jpn ~ 6 Hz).
Insertions of dioxygen into transition metal hydrides to form
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mechanism. A radical mechanism analogous to that established
for the autoxidation of alkanes can be propo¥eafier an initiator
abstracts a hydrogen atom from the starting PtiM)complex,

a Pt(lll) radical chain carrier would be generated. The Pt(lll)
radical reacts with @to form a superoxo Pt(IV) species which
can abstract a hydrogen atom from the starting Pt(N) and

thus the chain is propagated. Additional mechanistic experiments
are in progress.

The hydroperoxo comple® is stable at ambient tempera-
ture but reacts upon extended thermolysis in solution at@.9
Thermolysis of2 in CsDg led predominantly to formation of the
hydroxo species, Tf§:PtMe(OH) (3).%* After 1 week at 79°C,
the reaction had proceeded to 46% conversion with a 93% yield

hydroperoxo complexes have been noted for a small number ofof 3.22 The™H NMR spectrum of3 in CsDgs shows singlets with

organometallic and coordination compounds of Co(lll), Rh(lll),
Ir(111), and Pt(I1).16 Mechanisms of metal deprotonation followed
by oxygen binding and protonatiéff;’and radical chain pathways
involving hydrogen radical abstraction from the metal hydifde,

195t satellites ad —1.30 @Jpy = 20 Hz) andd 2.01 GJpr-p =
71 Hz) which are assigned to the hydroxo and platinum-bound
methyl protons, respectively. In the IR spectrum3dh CH,Cl,
solution (30 mM), a sharp band is observed fery at 3604

have both been suggested. Our results as detailed below are morem . Similar transformations of metal hydroperoxide complexes

consistent with the latter.

The reaction ofl in CsDg with O, under ambient conditions
of light and temperature for 2 days produc2dn 98% yield
(100% conversion of).1” A reaction carried out in the dark over

to their corresponding hydroxide complexes angh@ve been
reported for cobalt(l1l) and dicopper(I#§.This reactivity is also
comparable to the decomposition of the organic analotgrg,
butyl hydroperoxide, which proceeds via a radical pathway to

the same 2-day period proceeded to only 14% conversion (100%tertbutyl alcohol and @

yield of 2). In a separate experiment, irradiatiom foh with high-
intensity ultraviolet light { > 345 nm) led to 75% conversion of

1 (90% yield 0f2).181%In contrast, as a control experiment, when
a degassed solution &f(no O,) was irradiated for 1 h, no reaction
was detected. That light promoted the reaction of dioxygen with
1 is strongly suggestive of a radical pathway.

The proposal of a radical mechanism is also supported by
experiments in which the reaction divith dioxygen was carried
out in the presence of a radical initiator (AIBN 2,2-azobis-
(2-methylpropionitrile)) and a radical inhibitor (1,4-cyclohexa-
diene). In side-by-side experiments, a thermal (&) dark
reaction with added initiator (17 mol %) proceeded over a period
of 1 h to 31%conversion ofl (100% yield of2) as compared to
4% conversion ofl (100% yield of2) without AIBN. With added
inhibitor (40 mol %), the reaction of and Q under ambient
light and temperature conditions gave 46% conversion with a 94%
yield of 2 after 2 days? This is in contrast to the near-quantitative
conversion under the same conditions but without added 1,4-
cyclohexadiene as described above. These results are consiste
with those expected for a reaction occurring by a radical chain

(13) Single crystals a2 as2-CH,Cl, were grown from a methylene chloride
solution layered with pentane at33 °C. 2:CH,Cl, (C17H20BNO.PtCH,-
Cly): MW = 640.29, Eale green-yellow plate, monoclinic, space greup
P2,/n, a=13.9334(3) Ab = 10.0051(2) Ac = 18.0348(3) A = 102.4380
(10, V = 2455.13(8) A, Z = 4, R1 = 0.0454 | > 40(l)], GOF = 1.064.
Selected bond distances (A) for ©D2, Pt+-01, Pt+-C1, Pt:-C2, Pt1-

N1, PtE-N3, Pti-N5: 1.481(5), 1.980(4), 2.070(5), 2.039(6), 2.037(4), 2.162-
4), 2(.1)70(4), respectively. Selected bond angle (deg) for-Bti-02,
110.1(3).

(14) Thermal ellipsoids are shown at the 50% probability level. Hydrogens
bound to carbon and the GEI, molecule are not shown.

(15) A diagram of this hydrogen-bonding arrangement is provided in the
Supporting Information.

(16) (a)Ks[Co(CN)H]: Bayston, J. H.; Beale, R. H.; King, N. K.; Winfield,
M. E. Aust. J. Cheml963 16, 954. Bayston, J. H.; Winfield, M. El. Catal.
1964 3, 123. (b) K[Rh(CN)(H0)H]: ref 12a. (c) [Rh(NH)sH][CIO,]:
Johnston, L. E.; Page, J. £an. J. Chem1969 47, 4241. (d)trans[Rh-
(eny(OH)H]CI: Gillard, R. D.; Heaton, B. T.; Vaughan, D. H. Chem. Soc.
(A) 1970 3126. (e) [Rh(NH)4(HO)H][SO4): Endicott, J. F.; Wong, C.-L.;
Inoue, T.; Natarajan, Pnorg. Chem1979 18, 450. (f) [IrHCL(CgH12)]2: ref
12d. (g) (diphoe)PtCfH): Wenzel, T. T. InDioxygen Actiation and
Homogeneous Catalytic OxidatipiBimandi, L. |., Ed.; Elsevier Science
Publishing Co. Inc.: New York, 1991; p 545. (h) Proposed [Cp*Pgz)RhH-
(dppe)][BR]: ref 6d.

(17) Yield of 2, expressed as a percentage, is equal to the molar amount
of 2 divided by the molar quantity df consumed. The remaining percentage
is comprised of TH:PtMeOH (3).

(18) Light from an Oriel 200-W Hg/Xe (no. 6291) arc lamp was passed
through a 345-nm long-pass quartz filter.

(19) Remaining 10% is comprised of TPtMe,OH (3) and an unidentified
Pt(1V) species with two methyl ligands and having a 2:1 pattern of pyrazolyl
resonances.

A more facile conversion of to 3 can be achieved by the
reaction of2 with PMe; or PPR, traditional oxygen-atom-acceptor
reagents. These reactions, which were carried out 4Ds @Gt
ambient temperature, resulted in quantitative spectroscopic yield
of 3 and phosphine oxide within 2 days. Complggan also be
prepared directly froml by reaction with NO; however, this
reaction proceeded with lower conversidn.

In summary, a novel @insertion into a Pt(I\V)-hydride bond
has been observed to form a stable Pt(IV) hydroperoxide
compound. This result is especially significant because the reactant
is a Pt(IV) alkyl hydride complex directly analogous to those
which are produced via oxidative addition of alkanel€bonds.
With the exception of a fluorinated alkyl hydride speciéshis
is the first report of a transition metal alkyl hydride reacting with
oxygen to cleanly generate a hydroperoxide product. This unusual
reactivity of a high-valent metal alkyl hydride species with oxygen
is promising for the development of commercially viable homo-
geneous catalytic alkane oxidation. We are continuing our studies

qf this unique reactivity in this and related systems.
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