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Abstract

Water-soluble organic compounds are selectively oxidized by aqueous solutions of
chloroplatinum(Il) and chloroplatinum(IV) salts. p-Toluenesulionic acid undergoes
stepwise hvdroxylation to the corresponding alcohol and aldehyde, with no further
oxidation to ine carvoxylic acid; p-ethytbenzenesulionic acid is functionalized at
both benzylic and methyl pesitions. Ethanol is cenverted to a spectrum of Cz
(chloro)oxygenates, mmciuding ethylene glycol ancg 2-chloroethanol, producis
resulting from methyl functionalization. n-Propanol is also significantly attacked at
the methyl position. 13C labelling and kinetics studies were used to elucidate
mechanistic pathways. The reactivity of a methyl group C-H bond is at least as
high as that of a C-H band o to oxvgen, in contrast to most alkane conversion

systems.




Introduction

The selective functionalization of saturated hydrocarbons is among the most
attractive and elusive challenges facing chemists today. Transformations such as
the hydroxylation of methane to methanol, or of linear alkanes to terminal alcohols,
would be of immense potential importance for production of chemicals and fuels;
vet to date no very efficient example has been reported. The primary hurdle to be
overcome is that of selectivity: with most methods for hydrocarbon oxidation,
whether by homogeneous or heterogeneous catalysts, the products formed are
considerably more reactive than the starting alkane, so that high conversion and
selectivity cannot be simultaneously achieved. Furthermore, in most
hydroxylations the terminal position is generally the least reactive. Both of these
trends are consequences of the reaction mechanism, which generally involves

homolytic C-H bond cleavage as the initial step.

An approach that has received a great deal of attention over the past ten
years is activation of alkanes by organometallic species.]’ C~H bond activation by
such species can be remarkably facile, and selectivity patterns, while not
definitively established, tend to run ppposite to those described above:
less-substituted positions are often the most reactive.2 Unfortunately, the vast
majority of examples do not appear to lead to viable catalysts for alkane
functionalization. Most fall into one of two categories: low-valent, electron rich,
coordinatively unsaturated complexes of late transition metals, that react by
oxidative addition of a C~H bond (eq 1); and early transition metal (including
lanthanides and actinides) complexes with d0 configurations, that undergo

sigma-bond metathesis (eq 2). In either case, the species involved are highly
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sensitive to oxidizing agents and/or the desired oxygenation products and hence

would not survive catalytic conditions.

LM+ R-H ——— LyM(R)(H) (1)

LnM-X + R-H LaM-R + H-X (2)

A third category, one that is not nearly so well characterized, is the reaction
of alkanes with simple Pt!l and Pdll complexes. In contrast to the previous
examples, stable organometallic complexes are not obtained; instead, C-H
activation is manifested by observation of catalytic H-D exchange or of (generally
stoichiometric, not catalytic) alkane functionalization.3.4 These reactions are

thought to proceed via a step such as eq 3, and have been termed electrophilic

substitution.

LnM2+ + R-H — L M-R+* + H* (3)

Of particular interest is the report of alkane hydroxylation by a combination
of PtClg?" and PtClg2- salts in aqueous solution.3 This system seems applicable to
catalvtic functionalization — the metal complexes involved are certainly capable of
tolerating O or other oxidants — and yet catalytic hydroxylation has not been
achieved. The homogeneous catalytic chlorination of methane to methyl chloride,
by chlorine in the presence of aqueous platinum chloride salts, was recently
reported.> Furthermore, little detailed information is available about mechanism
and consequent selectivity trends. Most of the earlier work employed
hydrocarbons of low solubility in the aqueous medium, preciuding the use of NMR
to monitor reaction products, intermediates and kinetics. We have examined, and

here report upon, the hvdroxvlation of water-soluble oreanic substrates, which has
. J o
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enabled us to further delincate the mechanism of this svstem, as well as to discover

novel and potentially valuable selectivity patterns. A preliminary communication

of parts of this work has appeared previously.®

Experimental Section

General. TH NMR spectra were recorded on Varian EM390, GE300, Jeol
FX90Q, Jeol FNM400, and Bruker AM300 spectrometers. All other nuclei (2H, 13C,
195Pt) were observed on Jeol FX90Q, GE300 and Bruker AM300 spectrometers.
Infrared spectra were recorded on a Perkin-Elmer 1600 series FTIR spectrometer.
Gas chromatograms were recorded on a Perkin-Elmer 8410 gas chromatograph
(Carbowax 20m). Platinum salts were obtained from Aldrich (with the exception of
NazPtCly, which was obtained from Aesar). These commercial samples are always
somewhat impure: 195Pt NMR spectroscopy reveals that the Pt(I) salts are
contaminated with small concentrations of Pt(IV) and vice-versa. Furthermore, the
aqueous solutions usually exhibited small amounts of platinum metal and/or other
insoluble species; these were filtered prior to use. p-HO3SCgH34COOH (5) was
prepared according to ref 7. All other reagents were obtained commercially and
used without further purification.

Oxidation of p-toluenesulfonic acid (1). Reactions were typically carried
out on solutions of 0.2-0.4 M 1, 0.2-0.4 M NaPtClg and 0.02-0.05 M NaaPtClg in 0.5
em3 D20. Samples were loaded (in air) into 5 mm NMR tubes, frozen with liquid
nitrogen, and sealed in vacuo. The tubes were fully immersed in a stirred,
thermostatted silicon oil bath (120 °C) in an inverted position (to avoid interference
with NMR by platinum mirrors); after heating, they were centrifuged to concentrate
any platinum particles at the base of the tube. Stepwise formation of alcohol

p-HO35C¢H4CH20H (2) and aldehyde p-HO3SCsH4CHO (3) were monitored by
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following growth of the corresponding '"H NMR signals. 1/D exchange could be
detected in both unreacted 1 and product 2 by the appearance of multiplets slightly
upfield from the main signal; however, these never amounted to more than a few
percent of the total intensity. Under some conditions significant amounts of
chloride p-110O35CgHsCHCl (4) were also detected; but diacid p-HO35C¢H;COOH
(5) was never observed. Compounds 2-5 are all known.” For determination of
absolute yields reactions were run in ordinary H»O (to eliminate H/D exchange,
vide infra) in a small bomb reactor; after reaction, solvent was removed in vacuo and
the residue redissolved in D20 containing a weighed amount of glycine as NMR

reference standarg.

Oxidation of p-ethylbenzenesulfonic acid (6) and its salt. Reaction of 6
under the above conditions resulted in NMR signals assigned to one major product
(7) and a number of minor products. By NMR, 7 is also the sole product formed
from the reaction of sodium p-styrenesulfonate and Na»>PtCly; from this fact and
comparison of NMR parameters® to known Pi(ll)-styrene complexes, 7 was
assigned as [(n2-p-HO3SCgHsCH=CH»)PtCi3)". 1H NMR: § 4.42 d CJHE = S Hz),
4.95d (GJHH = 12 Hz), 6.28 dd ((JHH = S Hz, 12 Hz); broad 1°°Pt satellites (Jigspyipg
= 60-70 Hz) were also observed. When the sodium salt of 6 was treated similarly,
no 7 was obtained. Products were identified from the aliphatic region of the NMR
(data in Supplementary Material), based on comparison to known compounds and
close analogs. The aromatic region was too complex to assign completaly; hence the

exact nature of the ring-oxidized product 11 could not be determined.

Reactions of ethanol and other alcohols.  The oxidation of alcohois were
studied under the 2bove standard conditions, using either Na or K saits of the

chloroplatinate ions. Reactions were carried out at 120°C in sealec NMR tubes o

-1

small ampules. The crganic diacic 5 (approx 0.03C /M) was emploved in many cases

»
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to provide an internal N MR reference signal; the presence of variable amounts of 5
or M350, did not influence reactions. Products were identified by 114, 13C NMR
and/or GC. In the case of ethanol, mono- and di-13C-labeled as well as unlabeled
ethanol were used to provide all needed shifts and coupling constants.  All
parameters agreed with literature values (note that aldehydes exist primarily as
hydrates under these conditions®). Reactions were monitored in time by 'H and
13C NMR spectroscopy and/or by GC. Since the beta hvdrogens of aldehydes and
ketones readily exchange with the solvent, the relative concentrations were
determined from integrated '3C-NMR signals (scaled by comparison with other
compounds) and from GC. Carbon dioxide was determined on larger scale
reactions (0.45 mmol alcohol, standard conditions) carried out in small glass bombs;
the solutions were thoroughly degassed by tirree freeze-pump-thaw cycles before
reaction. After completion, the gas was transferred by Toepler pump into a gas
bulb of known velume, or to a 10 em gas cell for IR identification (COa yields are
given on a moles of carbon basis). Products quantified by these methods generally
accounted for at least 80% of the consumed alcohol; a few (mostly quite weak)
signals in the 1H and 13C NMR remain to be assigned. Reactions of other Co-
(chloro)oxygenates, such as chioroacetaldehyde were carried out under the same

conditions as for ethanol.

Reaction of Zeise’s salt and NaaPtClg. 15 mg KPt(CaH3)Cl3 H2O (0.038 mmol)
and 50 mg NasPtClg.6H20 (0.088 mmol) were dissolved in 0.5 mL of D20, and
heated for 20 min at 120°C in a sealed NMR tube under vacuum
(p-HO35C¢HsCOOH 5 added as internal reference). Ethylene glvcol (0.012 mmuol,
31%) and chloroethano! (0.020 mmol, 52%) were formed, plus trace amounts of

acetaldehvde (<0.5%).
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Results

Oxidation of p-tolucnesulfonic Acid (1).  Para toluencsulionic acid (1) is

oxidized cleanly at the methy! position, leading to alcohol 2 and aldehyde 3 (eq 4).
p-HO35CeHsCH;3 p-HO35C¢H:CH2OH p-HO3SCgHsCHO (4)
1 2 3

The NMR spectrum shows clearly that no more thar a trace of any other product is
formed (Figure 1); in particular, there is ne further oxidation to the carboxylic acid
5. There is alsc no evidence ror oxidation at aromatic ring positions, although slow
competing H/D exchange is observed at both methyl and ring sites. Products 2 and

3 are formed sequentially, as can be seen by monitoring their formation over time

P

(Figure 2) and by the direct reaction of 2, prepared bv literature methods,” under
o : IS P

the standard conditions. Small amounts of the chloride 4 are also formed when the
initial total chloride/1 ratio is higher than the standard va.ues. Solutions remain
visibly homogeneous for the majority of the reaction time (typicaily around 6 h for
standard conditions), but deposition of platinum metal is always eventually
observed. As shown in Table I the degree to which 1is convertedto2and Jasa
number of factors are varied has been examined. Note in particular that oxidation
is observed even if only one oxidation state of Pt is initially added, although, as

‘

noted in the Experimental Section, small amounts of the othar will always be
present as impurities. The dependence of rate on concentration of the two
oxidation states was examined in more detail. Whereas the kinetics of these
reactions are complex (vide infrz), they are roughly first order at low (<20%
cor.versions of 1 under the conditions employed (0.4 M 1, 0-0.4 M Na>PtClg and
0-0.2 M NayPtCly in D20O). The first order rate constants for disappearance of 1

estimated in this manner are shown in Table [l Although there is no simple
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dependence discernable, it does appear that the rate increases with [Pt(], although
not linearly; whereas the rate decreases with [Pt(I\)}). The last entry in Table 1V
suggests that 1 is about 1.5 times as reactive as 2 under otherwise identical
conditions. This conclusion is also supported by examining the relative amounts of
the two products, which in Table I can be seen to dupend primarily on degree of
conversion, as wouid be expected for a stepwise sequence. Fitting the ratic of

products to a simple mode: of two successive pseude-tirst order reactions gives rate

constants whose rotio is also cicse to 1.5:1.

The appearance of platinum metal raises the issue of possible
heterogeneously catalyzec reactions. No oxidation at all is observed on exposing 1
to colloical platinum under standard conditions; of course, no obvious oxidant is
present. Addition of colleicdal platinum to a standard reaction coes not affect the
rate. Addition of elementa! mercury, a standard test for heterogenous activity,10
decreases but does net suppress activity (Table 1). The decrease may be attributed

to the fact that Hg(0) reduces both Pi(Il) and Pi(I\).

For reactions in D20, H/D exchiange competes with oxidation, as shiown

both by isotopically shif:ed multipiets in the 'H spectrum and growth of the

~J

corresponding new peaks in the =H spectrum. At early stages the extent of
exchange is relatively minor; however, at later stages it becomes more significant.
Furthermore, while at eariv stages exchange takes place about equally at all
positions, later the degree of exchange at the methyl group of 1 increases
substantially relative to that at the aromatic positions, beginning just about the
same time that devosition of Pt metal becomes significant, suggesting that at least

art of the exchange may be catalvzed heterogensousiy. We have not explored this
<> v o . hy

L.
+ - b~ - + ey A kb
etected tor 1, treatment

o

issue in any more detail. Aldhough no ring oxidation was

<

of sodium p-toluate under the same conditions led moestly 1o a i
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product, along with a smaller amount of p-hydroxvmethylbenzoate. H/D exchange

was much more extensive than with 1.

Oxidation of p-ethylbenzenesulfonic acid (6).  In order to test the possibie
ole of benzylic activation in reactions of 1, ethyl analog 6 was oxidized under the

same conditions. While the expected products § and 9 (eq 5) did appear to b

~

presert by NMR, the major product was assigned as sityrene compiex

o} ~ v . - — 1 A P - Yo o
[(n2-p-HO35CeHsCH=CH2)PtCl3]" (7), presumably formed by (acid catalyvzed)
dehvdration of the aicohol(s). Replacing 6 with its sodium szait 6’ eliminated his

pathway, giving the results shown in Table III. The aromatic region of the 'H NMR
spectrum is too complex to assign completely; hence the exact nature of the

ring-oxidized product 11 couid not be determined.

“03SCeH4CHH>CH3

“O35CgH:CHOHCH3 + "035C¢H;CH2CH2OH

6’ 8’ 9’
+ "O35CgHsCHCHHCl + 1035CgH3XCH2CHj3 (3)
10’ 11’
Under standard conditions the ratio of subs on at c:p positions is 0.16:°

The fact that hydroxylations at the terminal methyl and benzylic methylene
positions of 6" occur at comparable rates indicates that the factors governing
reactivity are quite diiferent from those in radical reactions. In comparison to 1,
here there is i) greater formation of chloride, but only in the [-position; ii)
considerably more ring oxidation; and iii) no detectable subsequent oxidation to
aldehvde. Oxidation occurs at the ¢ and f§ positions at comrarable rates, but the
apparent re.ative reactivity of the two positions depends strongly on the relative

o

concentrations of the Pt species: higher concentrations o Pt(I\)

s

-~y v e
" - L . O t
avor Battack, wiile

¢ is favored by nigher {P{IDL
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Catalytic oxidation. Reactions of p-toluencsulfonic acid were run with
Pt(1l) and either peroxydisuiiate or phosphomolyhdic acid as oxidant to determine
whether P(IV) is an obligatory stoichiometric oxidant; results are shown in Table
IV. With the stronger oxidant 520g2" up to 15 turnovers could aprarently be
achieved; however, this is somewhat misleading, as some oxidation takes plac
even in the absence of Pt and oxidation z!l the wav to the carboxylic acid is
observed here as well. Phosphomolvbdic acid gave onlv -5 turnovers, but there
was no biank reaction and no carboxylic acid. O:her co-oxidants tried (Oz, CuCla)

showed no increase in conversion compared to the Pt system alone.

Oxidation of ethanol. The reaction of ethanol with chloroplatinum
complexes was first studied as long 2go as 1827 when Zeise's salt, (n2-CaHy)PtCl3”
(12), was first reported. More recently such reactions have been found to give
acetaldehyde, possibly via formation and hydrolysis of Zeise's salt.1! The fact that
the methyl group in 1is more reactive than the hydroxymethyl group in 2, suggests
that the Pt(IV)/Pt(Il) system, in contrast, might oxidize ethanol directly to ethviene
glycol. Such transiormations are, of course, very desirable in organic synthesis,

provided the reactions have some selectivity.

Reaction of ethano!l with the Pt(IV}/Pt(II) mixture does indeed yield etnviene
glycol.® In fact, a spectrum of Cz (chloro)oxygenates is formed. In the initial phase
of the oxidation, chloroacetaidehyde (hycrate), ethylene glycol, 2-chloroethanol and
Zeise's salt are the dominant species; in later stages glyoxal (hydrate) and acetic,
glycolic, glyoxalic and chioroacetic acids were detected.1? Products were identified
‘rom the 13C NMR spectra of species obiained from doubdly-13C-labeled ethanol,
and by comparison to authentic samples. Carbon cioxide is also procuced. Under

standard concizions (0.18 M KaPiCig, 0.026 M K2PtCls, 0.238 M ethanol, 0.25 mL




D>0) about 50% of the ethanol is eventually converted into products, with a tvpical

final distribution shown in eq 6.

CH3CH>0H HOCH>CH>OH + CICH2CHoOH + CICH>CH(OH):
3% 5% 1%

+ CH(OH)2CH\OH)> + (M2-CoHPtCl3™ + CH3COH + HOCH>2CO:H

21% 4% 6% 4%,
+ CH(OH)>CO>H + CICH-CO2H + CO» (6)
trace trace >8%

The reaction starts off slowly; virtually no product is formed in the first 30
minutes (see Figure 4), followed by a rapid increase in rate. This initial period of
slow reaction is indzpendent of [Pt(II)] (between 0.026 and 0.06M) and the
concentration of p-HO35CgHsCOOH (normally added as an inert internal reference)
or small amounts of H2SO;. Preheating the Pt(IV)/Pt(II) solution before adding
ethanol also has no effect. Higher initial concentrations of Pt(Il) result in a decrease
In reaction rate and ir formation of a larger amount of chloroethanol relative to
glycol. Both efiects are presumably caused by the higher [CI7], which parzallels the
observations made for the oxication of p-toluenesulfonic acid. In contrast, rapic
initial appearance of product was observed when Zeise’s salt was substituted ror
PtCls2- (vide infra). Lowering the initial concentration of ethanol leads to a sharp
decrease in rate; at 0.15 M (standard conditions otherwise), the reaction takes over

6h for completion.

Formation of ethylene glycol and 2-chloroethanol. Some additional

aspects concerning the reaction pathway for ethanol oxidation to ethvlene glycol or

Yl

2-chloroethanol were invastigated using various labeled ethanols. The carbon label

-

in 1-13C-ethanol and the deuterium labels in either 1,1-dideutero- or




2,2,2-trideutcrocthanol do not exchange between aand p positions in cthanol. No

kinetic isotope effect on the oxidation of the deuterium-labeled cthanols
1,1-dideutero- or 2,2,2-trideuterocthanol was obscrved; to within experimental
uncertainty (£5%), rates for both labeled compounds as well as non-labeled ethanol

were equal.13

The 2-chloroethanol produced from 1-13C-ethanol has the carbon label
equally distributed over both positions, indicating that a symmetric intermediate
has been formed along the reaction pathway. An obvious candidate, ethylene
glycol, is not a precursor for 2-chloroethanol. Reaction of equal amounts of glycol
and 1,2-13Cp-ethanol with Pt(I1V)/Pt(1]) system gives only labeled (no unlabeled)
2-chloroethanol. Conversely, the amount of ethylene glycol formed can not be
explained by simple hydrolysis of chloroethanol. In a control experiment, only

about 10% of 2-chloroethanol is converted into glycol under standard conditions

with Pt(II)/Pt(IV).14

A more likely candidate is Zeise's salt, Pt(CaH4)Cls-, which is also present in
the reaction mixture. The possible intermediacy of Zeise’'s salt was tested as
follows: it is known that oxidation of Pt(C3H4)Cls™ by Cla results in the formation of
ethylene glycol and chloroethanol (but not 1,2-dichloroethane).!> Indeed, we
observed that the reaction between Zeise's salt and PtClg2- yvields these same
products.16 Reaction was complete within 20 min at 120°C, and no other products
were formed.1” In addition, Zeise’s salt may be substitutec for PtClL2- as catalyst
for the oxidation of ethanol by PtClg2-. When a mixture of 1,2-13Cs-ethanol and
non-labeled Pt(C2H3)Cls- is oxidized, in the early stages, unlabeled glvcol and
chloroethano! are formed, and the concentration of Pt(CaHs)Cl3y- decreases close to

zero. After 25 min, the concentration of labeled (Pt{13C,H,)Cls") starts to build up.




Formation of more oxidized products.  Chloroacetaldehyde (hydrate)
formed from 1- or 2-13C-ethanol is found to have label almost entirely in the
carbonyl or chloromethyl position respectively. This excludes chloroethanol as an
important precursor to chloroacetaldehyde. Independently it was shown that
oxidation of chloroethanol is too slow to account for the amount of
chloroacetaldehyde present. Chloroacetaldehyde may arise from rapid oxidation of
acetaldehvde; the rate of conversion of acetaldehyde to chioroacetaldehyde plus
some glyoxal under standard conditions was shown separately to be fast enough to
account for the amounts of chloroacetaldehyde obtained from ethanol.
Alternatively, chloroacetaidehyde could originate from a vinylalcohol platinum

adduct, Pt{(CH>,=CHOH) (see Discussion).

Glyoxal presumably results from oxidation and subsequent hydrolysis of
chloroacetaldehyde: the concentration of the latter compound builds up to a
maximum value and then decreases, concomitant with the appearance of glyoxal.
Oxidation of chloroacetaldehyde with the Pt(II)/Pt(IV) system under standard
conditions does indeed give glyoxa! as major product, together with some acetic,
glycolic and glvoxalic acids at a rate consistent with the proposal that

chloroacetaldehyde mediates formation of glyoxal. Glyoxal is also formed by

oxidation of ethylene glycol under standard reaction conditions.

Substantial amounts of acids, particularly acetic acid, are observed only
when Pt metal is present. Glycolic acid is a secondary product, mainly originating
from glycol. This was concluded from the distribution of carbon labels when
starting from 1-13C-ethanol: the VH-NMR spectrum for the products shows two
doublets for HOCH2CO2H, with J(CH) = 145 Hz and 4.3 Hz, assigned ‘o
HOCH,COH and HOCH213CO:2H respectively. The intensity ratio is close to 1:1

(33:47), implying a symmetric intermediate (glycol), and excluding f oxidation of

14




acetic acid or_hydrolysis of chloroacetic acid as a major route. In a separate
experiment it was observed that oxidation of acelic acid is slow under standard
conditions; no detectable amounts of products were formed after 1.5 h. Hydrolysis
of chloroacetic acid is also slow. The 3 hydrogen atoms in both acetic and glycolic

acid show extensive H/D scrambling with the solvent.

The carbon dioxide obtained rrom the same mono-13C-labeled ethanol
consists of 40% 12COz and 60% 13COx (from intensities of the IR peaks). The most
probable immediate precursor of CO» is oxalic acid. Independently, it was shown
that oxalic acid is completely converted to CO3 under reaction conditions. On tix
other hand, if oxalic acid is the sole precursor to CO2 equal amounts of the two
isotopomers are expected. An additional path (such as oxidative decarboxylation of
acetic acid) that converts only the labeled carbon to CO2 must be responsible for
about 25% of the total. The other Cy product implied by this result was not

completely accounted for, but 13C NMR shows the presence of some formic acid.

Selectivity.  The selectivity for attack at the B and o position is estimated
by the ratio of products (Zeise's salt + chloroethanol + ethylene glycol:
chloroacetaldehyde), measured at early stages of the reaction before substantial
conversion to secondary products has taken place. This ratio was found to be
approximately 1.5:1. The selectivity again is strongly dependent on the Pt species
present. Oxidation at the o carbon is favored when elemental platinum is present.
Either adding metallic platinum at the start of the reaction (standard conc'itions in
Pt(IV)/Pt(I), ethanol) or using only Pt(II) (\where deposition of Pt accompanies
reaction from the beginning) results only in the production of acetaldehyde and

acetic acid; no methyl oxidation products are observed.

(1]




Reactions of other alcohols.  The water-soluble alcohols methanol,
1-propanol, 2-propanol and fcr¢-butanol were examined under standard conditions.
Methanol appears to be the least reactive, with carbon dioxide as the only
significant product detected. The oxidation of 1-propanol gives initially a number
of products (Figure 5) which can be classified (see Discussion) as arising from v
(1,3-propanediol, 1-chloropropan-3-0!), B (propene-PtCly7, acetone) or c{l-propanal
(hydrate)) attack. From the respective vield of these products, the ratio ror initial

tack at the a:f:y position was estimated as 2: 3: 3. Towards the end of the reaction
some new products are formed, probably higher oxygenates which are the result of
further oxidations; none of them was identified posiiively. Carbon dioxide is also

produced (eq 7).

CH3CH>CH->OH CICH,>CH»>CH->OH + HOCH>CH>CH-OH
8% 4%
CH3;COCHj3 + (CH3CH=CH2PtCl3- 13) + CO2  (7)
> 6% <1% 10%

The reaction is compi2ate within 1.5h (conversion 33-40%), somewhat faster than the

oxidation of ethanol. In contras:, the oxidation of 2-propanol gives only acetone

2

and carbon aioxide (eq 8); the propene-P: adduct 13 is observed in intermediate

stages (Figure 6).

CH3CH(OH)CH; — CH3COCH;5 + COa )
60% 11%

This reaction is soma2wiat slower than ethanol oxidation (compiete i
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)
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conversion 70-75%). The fastest oxidation was obhserved with igri-butanol as

substrate: reaction was complete within 40 min. The meajor oxidaticn product is

remaining alcohol is de'z*.ydrated to 2-methvipropene (partially deuterated). During
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the reaction extensive /D exchange between unreacted ferf-butanol and DO

takes place.

Discussion

Mechanism of alkane oxidation. Shilov's original proposal for the
mechanism of alkane oxidation is shown in Scheme 13 The first, key step is
oxidative addition of a C-H bond to a Pi(ll) center, followed by loss of proton to
give an alkvl-Pt(l]) complex. According to this proposed mechanism, in the absence

of Pt(IV), only H/D exchange (by reversal of this sequence) is observed, but with

~r

Pt(IV) also present the alkyl-Pt(1l) complex is transformed into a alkyl-Pt(IV) species
(by either alkyl or electron transfer). The resulting alkyl-PHIV) complex undergoes
nucleophilic attack by water (or chloriZe) to form the alcohol (or alkyl chloride) and

Pt(11).38 The net stoichiometry is that of eq 9.

RH + LgPtVCh + H,O

ROH + L:Pi(ID) + 2 HC )]
(L =Cl, H20)

Our results with para-toluenesulionic acid are consistent with a modified
version of this machanistic proposal. The fact that oxidation is observed even in the
absence of added Pt{IV) can be rationalized by the fact that the reduction potentials
of PtCl42- anc PiClg? zre very similar, and hence alky:-Pi(Il) compounds could de
oxidized to alkvl-Pt(IV) by Pt(Il) as well as by Pt(IV). In that case, immediate

position of Pt metal would accompany the reaction - as observed. This modified
mechanistic pathway would strongly imply that the reaction of alkyl-Pt(Il) with

PH(IV) invoives electron transfer, not alxyvi transier.




mediated by Pi(11), with the sole role of Pt(1V) being to intercept Pt(0) before it
aggregates to deposit metal, as shown in eq 10 and 11 - a reaction sequence
reminiscent of Wacker oxidation of ethylene, as well as the analogous

functionalization of hvdrocarbons by Pd(11).3

RH + LoPtICh, + H-0O ROH + Pt + 2HCl + 2L (10)

PO + ptlV

2 Ptil (11)

4

It does not appear that this pathway operates in the case of a general C~H bond, as
no methyl oxidation products from ethanol are generated by Pt(1l) alone, but it
might be more favorable for benzylic positions, as in para-toluenesulfonic acid. This
possibility is suggested by the dependence of regioselectivity on Pt oxidation state
in reactions of para-ethylbenzenesulfonic acid (Table III). Much more of the
B-oxidized products are found when Pt(IV) is added, in agreement with the

postulate that complete functionalization can be accomplished by Pt(I]) alone at the

benzylic position, but not at the terminal, non-benzylic methyl group.

A rigorous distinction between these two possibilities ~— Scheme I vs. eq 10-
11 — is not possible at present, and indeed both may be operating in any given
case. It may be noted that there is precedent for formation of C-O and C-Cl bonds
by attack of water or Cl° on isolated alkyl-Pt(IV) complexes such as
[CpCo(PO(OR)1)3)PHCH3)3!? and [(CH3)PtCl5)2- 20, but no such reaction of an

alkyl-Pt(Il) complex is known.

Nature of C-H activation. Shilov's propesal involves oxidative addition
followed by deprotonation (eq 12a);3 however, oxidzation of Pt(1l) to Pr(IVIR) )
does not appear very attractive (and even less so for the analogous Pd chemistrys),

Furthermore, it is di:ficult to see why activation of C-H should be competitive with

-
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that of C-Cl, as implied by some of the secondary ethanol reac'ions (see below), if
oxidative addition is operating. A more reasonable alternative is shown in eq 12b.
There is increasing evidence for an intermediate involving the C-H bonding pair as
donor to a vacant metal orbital, the "sigma complex” 14. This evidence primarily
arises from studies on oxidative addition reactions, eq 1,21 but there are good
reasons for believing that it also applies to the sigma-bond metathesis case of eq 2,22

and it appears entirely reasonable to propoese a similar intermediate for the present

system.
R
l\// -+
Pt N —— pil! R + H™ (12a)
R / H
Pt + RH— > Pl
H \
pl—R + H' (12b)

14

Electrophilic displacement by eq 12b would be analogous to the related
chemistry of dihydrogen complexes, which have been shown to be quite acidic; in
fact, deprotonation of a ruthenium complex that exists as an equilibrium mixture of
dihydrogen and dihydride forms has been shown to occur exclusively via the
former.23 Still another precedent is the deprotonation of an agostic cobalt complex
— an intramolecular analog of 14 - to give a cobalt alkyl.2? Unfortunately, unlike
the cases of dihydrogen and agostic complexes, no example of a stable

intermolecular sigma alkane complex has yet been found, so distinction between

these mechanisms is not yet possible. Stil], this picture is attractive in that it leads to
a rather unified picture of C-H activation by metal centers, where the initial
interaction is the formation of the sigma complex, while the subsequent path
depends on the nature of the complex: oxidative addition for a low-valent, electron
rich center; sigma-bond metathesis for a ¢ complex with a suitable leaving groun

X; loss of H* for an electrophilic PU(II) or PA(II) complex.
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Mechanism of alcohol oxidation.  Our proposed mechanism that accounts
for the initial products in the oxidation of cthanol is shown in Scheme 1. C-H
aclivation as discussed above can take place at either the o or B position, leading to
the alkyl-Pt(ll) species 15 and 16 respectively. Although direct oxidation and
functionalization of 16 analogous to the reaction of 1 would appear possible,

labeling studies show clearly that a symmetric intermediate, presumably 12,

w

intervenes. Apparently, dehvdration of Pt(II)-CH2CH>OH is a very facile proces
under reaction conditions. Formation of the p oxidation products, glycol and
chloroethanol, arise from oxidation of 12 (or 16, if it is in equilibrium with 12) by
P(IV), giving hydroxyethyl-Pt(IV) (17) which is cleaved by water or Cl-. This

parallels the formation of the same products from 12 plus Cla.13

An analogous pathway from 15, the product of initial o C-H bond activation,
would produce acetaldehyde, only traces of which are usually observed.
Subsequent conversion to chloroacetaldehyde was shown to be rapid under
reaction conditions, however. Alternatively, chloroacetaldehvde could be obtained
from 15 without the intermediacy of free acetaldehyde, via viny! alcohol complex 18
in a sequence reminiscent of \Wacker chemistry.®3> The Wacker intermediate 18
should in principle be accessible from 16 as well, but this route must be slow
relative to the other paths available to 16, as it would lead to acetaldehyde (and
subsequent products) with label in beth positions startin

g from 1-13C-ethano,

which was not observed.

Yet another pessibie route to products derived from attack at the o position
is oxidation catelyzed by metallic platinum?® (which forms more rapidly in the
absence of Pt(IV)). Under standard conditions, however, this does not seem an
Important reaction route, since little acetic acid is formed; it is found when Pt metal

1s present (see below).

20
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Details concerning the, formation of more oxidized products are less clear,
and probably a combination of homogeneous and heterogeneous processes are
involved. The most reasonable path for conversion of chloroacetaldehyde to
glyoxal, the major product, is shown in eq 13.

Il

Pt
CICH.CH(OH), —— P{-CHCICH(OHM),
2 2 - >
pV |
by

H,0 |
! H.0
HOCHCICH(OH), —~—— (HO),CHCH(OH), (13)

Two of the minor products, glyoxalic acid and chloroacetic acid, presumably arise
from direct o oxidation of glyoxal and chloroacetaldehyde respectively, very

possibly involving heterogeneous catalysis.26

Three positions for attack are available in the oxidation of 1-propanol.
Although no labeling studies were carried out to establish the actual reaction
pathways, a similar scheme (Schems III) may be constructed that accounts for the
products observed and is consistent with the chemistry of 1 as well &s the other
alcohols. Propionaldehyde is formed by initial attack at the o position; it
accumulates to @ much higher degree than does acetaldehyde from ethanol. Initial
attack at the y position gives Pt(II)-CH2CH2CH»OH; unlike 16, there is no leaving
group in the B position, so it is functionalized directly to either 1,3-propanediol or

1-chloropropan-3-ol, analogous to 1. Attack at the B carbon gives a product that

does have a B hydroxy group and dehydrates like 16, giving propene-P(II) acduct

13. However, the product that would be expected by analogy to 16,

propane-1,2-diol, is not observed; instead acetone is the major product. Acetone
was also the only product from the oxidation of a (propene)Pi(Il) adduct by Ciz in

water.13.27  Apparently B-hydrogen elimination from the presumed intermediate
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PLIV)-CH2-CHOH) N e (again, a Wacker-like step) is faster than attack by water or
Cl-to give 1,2-propanediol and I-chloropropan-2-ol, whereas the reverse is true for

Pt(IV)-CH2CH>OH. This reversal might be explicable in terms of relative sieric

hindrance as well as stabilization of a vinvl alcohol complex by methyl substitution

U i

The formation of acetone from 2-propanol could involve direct attack at the

methine C-H bond, but it probably proceeds primarily via attack

7_
ja¥]
0o
5
o)
o
w

methyv] groups and dehyvdration to PtCl3(CiH2=CHCH3)", which is observed as an

intermediate (Fig. 6). There should be a strong statistical and s:eric preference for

attack at the termina: methyl group.

Selectivity of C-H attack.  As noted in the Introduction, selectivity is a
crucial factor in determining the practical potential of an alkane activation system:
the common situation, where C-H bonds of products are much more reactive than
those of the starting alkane, is highly undesirable. For oxication of para-toluene-
sulfonic acid (1), this is clearly not the case: although strictly quantitative
comparison is ruled out by the complications discussed below, both initial rates of
conversion and relative amounts of sequential products vs. time indicate th
hvdroxylation of the methyl group in 1 is around 1.5 times as fast a5 oxidation of
the hydroxymethyl group of 2. Under the same conditions, oxidation of the
corresponding aldehvde 3 is not observed at all. Still unexplained is the competition
between attack at aliphatic and aromatic ring positions; the latter is significant with
para-ethylbenzenesulfonic acid and with p-toluic acid but not with 1. No reasons

for these differences are obvious.

The selectivity for attack at the methyl or h_vdroxymet'n_\'l group in ethanol
compares nicely with the results obtained from 1, the ratio being approximately

1.5(1). The selectivity for attack at 2 methvl or methvilene group ts. attack at th

~9
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hydroxymethyl in 1-propanol is again close to 1.5, and also there is little preferencer
for attack at methyl:methylene C-H bonds (ratio 1:1). For 2-propanol the ratio of
attack at @ or B position cannot be determined, since both routes give the same
products. (The oxidation of terf-butanol is an exception: total oxidation to carbon
dioxide is found. The underlying mechanism is not understood.) Apparently, the
Pt(IV)/Pt(Il) system is not highly sensitive to electronic or steric effects: all

selectivities are within experimental uncertainty of statistical values.

It should be noted, though, that these selectivities apply only at early stages
of the reaction, when no (visible) Pt metal has formed. In contrast, Pt metal appears
to be an excellent catalyst for oxidation by Pt(IV) at "activated” positions a to
oxygen; this is consistently seen here as well as by other workers.16.28 1t is difficult
to exclude the possibility that small amounts of colloidal Pt are responsible for some
of the chemistry even at fairly early stages, so these selectivities should be taken as
lower limits; the relative reactivity of methyl vs. hydroxymethyl towards soluble Pt
complexes might actually be significantly higher. This is an iinportant prerequisite
for the development of catalytic systems for hydrocarbon functionalization based
on this chemistry; it suggests, for example, that methane could be converted to

methanol at a rate at least as high as the subsequent overoxidation of methanol.

The active Pt complex. The above mechanisms would suggest that the rate
of oxidation should depend upon Pt(Il); qualitatively that is, in fact, observed, but
no straightforward quantitative dependence could tc elucidated. With 1, in some
cases, the rate was found to vary inversely with Pt(IV). Furthermore, the
mechanism implies that oxication of 1 should continue until all added platinum,
Pt(I1) as well as Pt(IV), has been reduced to Pt metal. This is not what is observed:
reaction generally comes to a halt before all Pt(IV) is consumed, and usually before

visible forination of Pt metal has occurred. These observations can be understood




"

by recognizing that i) the reaction produces 2 moles of CI* per mole of RH oxidized,
and i) the form in which the Pt(11) is added, [PtCls)?", 1s not the active species. This

conclusion was also reached by the Russian workers, who in fact propose that

PiCla(H>0)5 is the most active.®29 In the initial reaction mixture, the cquilibrium of

eq 14 is established, as readily demonstrated by '?°Pt NMR.30

PtCl;2- === PtCl3(HxO)- + Ci PiChh(HO)p + 2 Cl7 cte. (18)

As the reaction proceecs, liberation of Cl- shifts the eguilibrium position
increasingly to the left; alternatively, increasing the initial amount of [PtClgl*
(while keeping [Pt(II)] the same) has the same effect. When [PtCl4)2- has become the
predominant Pt(I]) species in solution {by 1%5Pt NMR), reaction effectively ceases.
Note that oxidation may be inhibited compietely from the outset by addition of
excess Cl” (Table 111). The simplest conclusion is that a2 more aquated, less abundant

but highly reactive species is responsible for the catalysis.

The possibility that C~H activation is actually catalyzed heterogenously, by
small amounts of colloida! Pt metal formed from reaction mixtures, neccs to be
considered - especiaily since visible metal deposition is always eventually
observed. Poisoning by metallic mercury is usuaily considered the most reliable

test of heterogeneous activity: reactions taking place at suriace sites should be

-
wn

completelv inhibited in this test.10 We find that addition of Hg siows the reaction
somewhat, which is not surprising as Hg readily reduces both Pi(Il) and Pt(1V), so
that the concentration of active complex is thus lowered. Since reaction still
proceeds, this test implies a homogeneously catalyzed reaction. As discussed
earlier, there is a mechanism for oxidation catalvzed by Pt metal, butl it operates

primariiy on C-H bonds & to oxvgen.

[
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Conclusions and prospects for catalytic hydrocarbon oxidation.  Our
proposed overall general mechanism for hydroxvlation by Pt(11) /Pt(IV) is shown in
Scheme IV. It would appear that reaction could be made catalytic in Pt, if a suitable
oxidant can be found that will recycle Pt(ll) to Pt(1V) (or Pt(0) to Pt(11), since Pu(1l) is
apparently capable of taking alkyl-Pt(Il) to alkyl-Pt(IV) in some cases). Of course,
there are rather severe constraints on such a system: the oxidant must not be so

efficient as to rapidly convert all Pt to the +4 oxidation state, as Pt(Il) is essential.

We have demonstrated some success in this area: as shown in Table IV, more
than one turnover per Pt(l1) can be observed when Pt(1V) is replaced by $:0g2" or
phosphomolybdic acid. The former is somewhat misleading, as there is significant
oxidation of para-toluenesulfonic acid even without Pt, as well as some complete
oxidation to the carboxylic acid; however, even if only initial product, alcohol
p-HO35CgHsCH20H, is considered, it is clear that more is produced in the
Pt(II)/S20g* system than with either component alone, and considerably more than
stoichiometric oxidation by Pt alone would account for. Nonetheless, a catalytic
reaction could not be sustained; only about 70% of the oxidizing equivalents

provided could be utilized. Since no free CI- is being generated here, termination of

oxidation must be due to a different reason than in the Pt(I1l) /Pt(IV) system; this is

under investigation.

Phosphomolybdic acid is a milder oxidant, and does not oxidize para-toluene
sulfonic acid in the absence of Pt, but it is also capable of turning over the
P(IT)/ para-toluenesulfonic acid system, although not so effectively as S0g?". Since
reduced (blue) phosphomolybdic acid is known to be reoxidizable by O, the
reactions were also run in the presence of 1 atm O3, but no increases in product

formation were cetected. Separately, we found that the blue color generated in




these reactions could not be discharged by O2 under our standard reaction

conditions, suggesting that the reoxidation is somehow being inhibited.

Although no practical oxidation scheme has vet been demonstrated, the
unusual and often very high selectivities for oxication at what are more commonly
the least reactive positions, coupled with the {admittedly severely imited) ability to
make reactions catalytic in Pt, suggest that this approach to hydrocarbon

functionalization has significant potential.
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Figure Captions.

Figure 1. 1TH NMR spectrum of oxidation of para-toluenesulfonic acid after 2h
at 1200C, D70, standard concentrations (see text).

Figure 2. Oxidation of para-toluenesulfonic acid (0.40 M) at 120°C [P(IV)]o =
0.18 M, [Pt(I)]o = 0.026 M. (&) HS03CgH4CH3 (1); (O) HSO3C¢H3CH20H (2);
() HSO3CEHACHO (3),

Figure 3. Oxidation of 1,2-13C-ethanol at 120°C after 30 minutes. Satellite
signals upfield indicate H/D exchange with D20. [Pt(IV)]o = 0.22 M, [Pt(ID]o =
0.028 M, [ethanol]p = 0.42 M.

Figure 4. Oxidation of ethanol in D20 at 120 °C. [PtIV)]o = 0.18 M, [PH(ID], =
0.026 M, [5] = 0.030 M, [ethanol]l, = 0.30 M. (O) CH,OHCHCH; (0O)
CH,OHCH-CI; () Pt(ethene); (¢) CH2CICH(OH)2; (A) CH(OH)>CH(OH),.

Figure 5. Oxidation of 1-propanol in D20 at 120 °C. [Pt(IV)]o = 0.18 M, [Pt(ID]o =
0.026 M, [5] = 0.030 M. [1-propanolly = 0.30 M. (¢) CH3CH2CH2OH; (@)
CH3CH2CH(OH)j; (¢) Pt(propene); (A) CH2CICH2CH:0H; (O)
CH,OHCH2CH0H; (0) CH3COCHS.

Figure 6. Oxicdation of 2-propanol in D20 at 120 °C. (PtdV)]o = 0.18 M, [Pt(ID], =
0.026 M, 5] = 0.030 M, [2-propanol]l, = 0.30 M. (&) CH3CH20HCH3; (@)
CH3COCH3; (#) Pt(propene).
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Table I. Oxidation of 1 under Different Conditions.

(/M [PlAV)/M [PHIDI/M Other t/h T/0C %converted 2/3
0.406 0.22 0.026 1 122 11 8:1
0.406 0.22 0.026 6 100 14 12:1
0.406 0.22 0.026 83 80.4 15 7:1
0.406 0.22 3.3 122 14 10:1
0.406 0.183 1.5 122 14 5:1
0.155 0.11 0.013 39 115 46 2:1
0.153 0.11 0.013 light excluded 39 115 49 1:1
0.155 0.11 0.013 5M HC] 85 115 0

0.155 0.11 0.013 0.009M bipy 39 115 13 5:1
0.155 0.11 0.013 Hg 23 115 16 11:1
0.394 0.22 0.026 14.5 122 60 1:1
0.394 Pt metal 20 122 0

a Conditions: [1) = .40 M; T = 1220C. b k increases after an induction period of

Table II. Dependence of Oxidation Rate on Pt Concentration?

[PtOV)], M (PtD)], M Kinit, 571
178 .020 3.7x10-5
.178 .080 6.5x10>
.356 .020 1.5x10-3
178 - 3.7x106b

- .183 1.4x10-5¢
.178 .020 2.4x10-5d

about 1.5 h. ¢ Deposition of Pt metal begins immeciately. 92 used as
substrate.




Table 111, Oxidation of Sodium p-Ethylbenzenesulfonate?

(PtAV)], M [PHID],M time, h 8§ M 9, M 10, M 11, M a:po
¢.22 0.026 4 0.013 0.021 0.019 0.014 G.46
0.22 0.000 6 0.009 0.028 0.012 0.039 0.33
0.00 0.22 & C.010 0.005 0.000 0.011 2.0

a[6) =022 M; T=1220C. ©[8]/([9] + [10])

Table IV. Reactions Catalytic in Pt2
ArCHs Ptll  K»S:05 ArCH,OH ArCHO ArCOOH  2e /Pt 2e7/520s
1.0 0.1 0 .08 - - 0.8 -
1.0 0.1 1.0 42 .05 .05 6.8 71
1.0 0.1 2.0 50 12 24 14.7 72
1.0 0 1.0 12 .03 .06 - 42
ArCHs; Pl PMojp ArCH>OH ArCHO ArCOOH 2e /Pt 2e/PMo
1.0 0.1 0.1 14 .05 - 2.5 17
1.0 0.1 1.0 2 12 - 4.5 0.5
1.0 0 0.1 - - - - -

a Standard conditions (see text); Ar = p-HO3SCgHy—; entries in first 6

columns are equivalents relative to ArCHs; entries in last 2 are total oxidizing
equivalents represented by the threc products, relative to Pt or to oxidant
respectively.




