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In 1986 Jensen and Trogler reported that a biphasic system containing the mononuclear complex

trans-[(Me3P)2PtHCl] and NaOH catalysed the anti-Markovnikov hydration of 1-hexene to

1-hexanol. The unusual method of preparation could also give rise to dinuclear complexes with

bridging hydride ligands. We have tested some dinuclear complexes for catalytic activity and

discovered that on heating these yield trinuclear complexes. Using the independently prepared

trinuclear complex [(dppe)3Pt3H3]
+, we found that it acted as a catalyst for the reaction between

1-octene and methanol to give 1-methoxyoctane, although the results were somewhat erratic. A

cause of the erratic behaviour was found to be the presence of varying amounts of hydroperoxide

impurities, which underwent a Hock rearrangement in acidic conditions.

Introduction

The anti-Markovnikov hydration of terminal alkenes is a very

desirable objective of catalysis.1 In 1986 Jensen and Trogler

claimed2 to have discovered a system based on a coordination

compound of platinum, trans-[(Me3P)2PtHCl], which cata-

lysed the anti-Markovnikov hydration of 1-hexene to 1-hexa-

nol, eqn (1).

ð1Þ

The hydration of alkenes is one branch of the general field of

heterofunctionalisation3 and there has also been much recent

interest in hydroamination.4 The difference of ca.10–20 kJ

mol�1 between the reaction enthalpies of formation of anti-

Markovnikov alcohols and Markovnikov alcohols is not

great, whilst the immiscibility of unfunctionalised alkenes

and water is an additional problem to be overcome.

Ramprasad and co-workers5 were unable to confirm Trog-

ler’s claim, which was subsequently withdrawn.6 Grushin and

co-workers7 suggested that the activity of Trogler’s system

might be due to a catalytic impurity. We have retained an open

mind on the genuineness of Trogler’s original claim, but

regard his mechanism which involves a cationic platinum

complex in the presence of [Et3NCH2Ph]Cl as extremely

improbable. The purpose of the [Et3NCH2Ph]Cl was to act

as a phase transfer catalyst to overcome the problem of

immiscibility. Some workers have used water soluble sulfo-

nated triphenylphosphine complexes as catalysts, but the

outcomes were not very satisfactory.8,9

In common with Grushin,7 we also believe that the activity

of Trogler’s system might be due to a catalytic impurity.

Although Grushin did not speculate on the nature of the

impurity, the presence of an impurity would explain why

Ramprasad’s analytically pure samples of trans-

[(Me3P)2PtHCl] showed no catalytic activity. In any case,

Ramprasad synthesised trans-[(Me3P)2PtHCl] by sodium

borohydride reduction of cis-[(Me3P)2PtCl2] in acidified

methanol, and thus the product would not contain the same

impurities present in Trogler’s synthesis. Trogler used a some-

what unusual method for the preparation of his catalyst

precursor trans-[(Me3P)2PtHCl], which involved reducing cis-

[(Me3P)2PtCl2] with sodium naphthalide in THF in the pre-

sence of H2.
10 One possibility which we considered was that

the sodium naphthalide was causing a methyl group on the

trimethylphosphine to be cleaved off, giving rise to a second-

ary phosphine. While the cleavage of alkyl groups from

phosphorus is generally thought to be more difficult than aryl

group cleavage,11 Wilkinson and co-workers have reported the

cleavage of a methyl group from a trimethylphosphine tung-

sten complex by sodium amalgam.12 Pursuing this idea of

methyl cleavage led to our very active nitrile hydration cata-

lyst,13 but complexes with secondary phosphines only gave

erratic results for alkene hydration, which were not a signifi-

cant improvement on Trogler’s results. The sodium naphtha-

lide preparation of trans-[(Me3P)2PtHCl] is inconvenient, and

Trogler later published a preparation of trans-[(Me3P)2PtHCl]

based on the sodium borohydride reduction of cis-

[(Me3P)2PtCl2] in methanol in the presence of diethylamine.14

In an attempt to understand the nature of the postulated

catalytic impurity in Trogler’s system, we became interested in

a reaction first reported by Minghetti and co-workers15 who

found that styrene reacted with the dinuclear H-bridged

cationic complex 1 to give the bridging alkylidene complex
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2, as shown in eqn (2). This involved the transfer of a hydride

in 1 to the benzylic carbon of styrene.

ð2Þ

The reaction is not unique, as ethene also reacts with an

analogue of 1 to form the corresponding bridged alkylidene

complex.16 The complex 1 and its analogues are stereochemi-

cally non-rigid in solution, due to the rapid exchange of

bridging and terminal hydrogens.17–19 This fluxionality is

attributed to the presence of the chelating phosphines, which

hold the phosphorus atoms in cis positions. The equivalent

complexes with non-chelating phosphines do not display

fluxionality in solution.20 Related work has been reported by

Spencer and co-workers.21,22

The fact that the dinuclear complexes with bridging hy-

drides add hydrogen to the b-position of alkenes suggested to

us that such complexes might be playing a role in Trogler’s

system, i.e. might be the ‘‘impurity’’. Zudin and co-workers23

suggested that a palladium complex with a bridging hydride,

[(Ph3P)2Pd(m-H)(m-CO)Pd(PPh3)2]
+, is possibly the catalytic

species in the synthesis of diethyl ketone from ethene and

carbon monoxide.

Results and discussion

We modified the rather unusual method used by Trogler10 for

the preparation of trans-[(Me3P)2PtHCl] by using two equiva-

lents of NaC10H8 rather than one as used by Trogler in order

to enhance the formation of (Me3P)2PtH2 in situ, according to

eqns (3) and (4). We hoped that the hydride bridged complex

[(Me3P)2Pt(m-H)2PtH(PMe3)2][Cl], 3, would then form accord-

ing to eqn (5).

[(Me3P)2PtCl2] + NaC10H8 +
1
2
H2 = [(Me3P)2PtHCl]

+ C10H8 + NaCl (3)

[(Me3P)2PtHCl] + NaC10H8 +
1
2
H2 = [(Me3P)2PtH2]

+ C10H8 + NaCl (4)

[(Me3P)2PtH2] + [(Me3P)2PtHCl] = [(Me3P)2Pt(m-
H)2PtH(PMe3)2]Cl (3) (5)

Samples were periodically withdrawn from the reaction mix-

ture for NMR analysis. The 31P{1H} NMR(CDCl3) spectra

showed resonances at d �14.8 (s, br) and d �17.4 (s, br) which

are similar to those reported by Trogler and co-workers

in later work for the complex [(Me3P)2Pt(m-H)2-

PtH(PMe3)2][OCH3].
24

We carried out tests for catalytic activity using the solution

containing [(Me3P)2Pt(m-H)2PtH(PMe3)2]Cl, 3, which might

arise in Trogler’s system, and also [(dppe)Pt(m-H)2-

PtH(dppe)]BF4, 1,15 and [(Et3P)2Pt(m-H)2PtH(PEt3)2]PF6,

4.20,25 We used 1-octene rather than 1-hexene, because of the

slight risk of losing volatile C6 products in the work up. The

molar ratio of 1-octene : catalyst used for 1 and 4 was B200.

The ratio for 3 was not known accurately as the complex was

not isolated. (It may be worth mentioning that both isomeric

cations [(Et3P)2HPt(m-H)PtH(PEt3)2]
+ and [(Et3P)2Pt(m-H)2-

PtH(PEt3)2]
+ can be synthesised, although we did not work

with the former.25)

The first tests were carried out with 1, 3 and 4 with sodium

hydroxide, water and 1-octene in either THF or methanol.

These conditions corresponded most closely to those used by

Trogler. Sodium dodecanesulfonate (SDS) was added to give a

homogeneous solution. The reaction mixtures were analysed

by GC-MS, in conjunction with the NIST database26 and the

Eight Peak Index of Mass Spectra.27 No 1-octanol was

detected, although the 1-octene did undergo double bond

migration. This is evidence that the complexes interact with

1-octene. The catalytic reactions were carried out both with

and without the addition of fluoroboric acid and sodium or

potassium hydroxide. SDS was also added as a phase transfer

catalyst when sodium or potassium hydroxide was added.

When no acid or base was added the reaction mixture became

acidic during the reaction. This may be due to decomposition

of the catalyst.

An organic product we obtained from 1-octene using 5
28 as

catalyst was the aldehyde trans-2-octenal and some trans-oct-

2-en-1-ol, 2- and 3-octanone were also detected. Some trans-2-

octenal was formed when small amounts of added acid were

used, but with excess acid the formation of trans-2-octenal was

inhibited. The addition of base also inhibited the formation of

trans-2-octenal.

We encountered a problem in the catalytic testing concerned

with the identification of an organic product obtained from

1-octene with 1 in acidified methanol. The product showed a

base peak in its mass spectrum at m/z = 87, and the GC

retention time was very similar to that of 4-methoxyoctane.

The mass spectra of the 1-, 2- and 3-methoxyoctanes have been

reported by Katritzky and co-workers,29 and we synthesised

4-methoxyoctane and measured its spectrum. None of the

isomers shows a molecular ion and the main fragment is

derived from a-cleavage.30 The fragmentation of the isomers

is summarised in Scheme 1.

It therefore appeared that the reaction had given 4-meth-

oxyoctane, and we considered the possibility that there had

been a C–H activation reaction of the type reported by

Basickes and Sen.31 A more careful examination of the mass

spectrum showed that the unknown compound also had a

prominent peak at m/z = 115, not present in 4-methoxy-

octane. Further work showed that the platinum catalyst was

not necessary to form the unknown product. After some

deliberation, it occurred to us that impurities of oct-1-ene-3-

hydroperoxide in the acidified methanolic solution of 1-octene

used might have undergone a Hock rearrangement32 which is

also known as a hydroperoxide rearrangement.33 Using the

known reaction mechanism34 on oct-1-ene-3-hydroperoxide,
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but with the carbocation capturing methanol rather than the

usual water, 1-methoxy-1-vinyloxyhexane is formed as shown

in Scheme 2. We were unable to find spectroscopic data for

these compounds in the literature.

The mass spectrum of the product shows a base peak at m/z

= 87 and also a peak at m/z = 115, both of which are readily

explained by the 1-methoxy-1-vinyloxyhexane; see case (a) in

Scheme 3. This interpretation was verified by repeating the

reaction with (b) 1-octene and ethanol and (c) 1-hexene and

methanol. The expected products are shown in Scheme 3, and

the mass spectra obtained agree with the fragmentation

schemes shown. See also ESI.w
The 1-octene used in the early stages of this work had been

distilled under argon, but distillation was later found to be

insufficient to remove hydroperoxide impurities. To overcome

this problem, we removed the hydroperoxide impurities from

our samples by passing the 1-octene though a column of

activated Al2O3. When further reactions were carried out with

treated 1-octene, the GCs showed that the peak due to

1-methoxy-1-vinyloxyhexane was very much reduced in inten-

sity. Several purifications were found to be necessary to

eliminate the hydroperoxide impurities.

There are few reports in the catalytic literature concerning

problems arising from the presence of hydroperoxides in

alkenes. One such example was recently reported by Süss-Fink

and co-workers,35,36 who found that the catalytic activity of an

arene hydrogenation catalyst, originally considered to be due to

the trinuclear ruthenium compound, [(Z6-C6H6)(Z
6-C6Me6)2-

Ru3(m2-H)3(m3-H)]BF4, was in fact due to RuO2. Oxidation

by a hydroperoxide impurity in the ethyl benzene substrate

produced the RuO2. We do not discount the possibility that

the 1-hexene used by Trogler2 may have been contaminated

with hydroperoxides. If this was the case, the presence or

absence of hydroperoxide impurities may have been detrimen-

tal to the reproducibility of his results, since they may have

reacted with any platinum containing species present. Pritz-

kow and co-workers37 have studied the autoxidation of all

four n-octenes, but they did not report an acidic work up

procedure analogous to that used here.

In many catalytic experiments, it was observed that 5, which

is almost colourless, decomposed to products which gave red-

orange solutions. This decomposition was rapid in the rela-

tively high-boiling solvents 2-propanol (b.p. 82 1C), toluene

(b.p. 111 1C) and [1,4]-dioxane (b.p. 101 1C), but occurred to a

much lesser degree in the catalytic reactions run in methanol

(b.p. 67.4 1C) or THF (b.p. 66 1C). The products from the

reactions run in methanol rarely contained trans-2-octenal or

trans-oct-2-en-1-ol. This suggests that the presence of these

products might be linked to the abundance of platinum species

derived from the decomposition of 5 in higher boiling solvents.

The red-orange solutions obtained using 5 were investigated

by 31P{1H} NMR. The spectra were initially rather difficult to

interpret because they contained mixtures, but some compo-

nents were found to correspond to the known compounds 6, 7,

8, and possibly 9. Two other compounds 10 and 11 were

detected and analysed by multinuclear NMR and found to

contain unidentified NMR silent coordinating groups X and

Z. The structures proposed for 10 and 11 are very tentative.

The nature of the products depended on the pH of the reaction

mixture. Under basic conditions the products were 6 and 10.

When no acid or base was added the products were 7 and 8,

and under acid conditions the products were 7 and the di-

nuclear compound 11. The reactions are summarised in eqn (6)

and the structures given in Scheme 4. See the ESI for details of

the NMR spectra.w

ð6Þ

When 5 was heated in acidified methanol in the absence of

1-octene a mixture of the trinuclear complex 7 and other

unidentified products was obtained.

To the best of our knowledge, the formation of the orange-

red complexes 6–9 from 5 is unprecedented. Complexes 6–9

are generally prepared (in varying yields) from the UV irradia-

tion, pyrolysis or heating solutions of the mononuclear zero-

valent compounds Pt(PPh3)4 and (Ph3P)2Pt(ethene).
38–42

Although Braunstein and co-workers43 have commented that

the opening of a phosphido bridge is rare, the formation of

complexes 6–9 implies that the phosphido bridge in 5 was

Scheme 1 Major fragmentation pathways in the mass spectra of
isomeric methoxyoctanes. The base peak is shown in bold figures.
Note that 4-methoxyoctane has a base peak at 87 and an additional
peak at 101, but none at 115.

Scheme 2 Reaction mechanism showing the Hock rearrangement of oct-1-ene-3-hydroperoxide in acidic methanol.
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cleaved to give the mononuclear fragments (Ph3P)2Pt and

(Ph3P)2PtH which in turn lead to the di- and trinuclear

complexes 6–9. The formation of the trinuclear species is an

important observation in that we must now consider the

possibility that Trogler’s catalytic hydration system2 may have

contained trinuclear species. To test this hypothesis we tested

the trinuclear platinum cluster [(dppe)3Pt3H3]
+, 12, which was

reported by Minghetti and coworkers in 1981.44

Minghetti showed that depending on the ratio of the redu-

cing agent KBH4 to the platinum dimethylpyrazole complex

[(dppe)Pt(HPz-N)2](BF4)2 di- or trinuclear platinum hydride

clusters could be prepared. There was some uncertainty con-

cerning the number of hydride ions in the [(dppe)3Pt3(H)x]
+

cation, but 195Pt NMR studies by Nixon and co-workers45

established the composition as [(dppe)3Pt3H3]
+, (12). The

X-ray diffraction study of 12 showed that it is an ‘‘open’’

cluster according to the definition proposed by Chini.46 The

Pt2 and Pt3 inter-atomic distance is 4.01 Å, which implies that

there is no metal–metal bond between Pt2 and Pt3.
45

Tests for catalytic activity were carried out with 12 as

described above for 1, 3, 4 and 5. The products were identified

by GC-MS. Calibration experiments were carried out to quan-

tify the peak height with the weight of each known component,

and this allowed turnover numbers to be calculated. There were

also some unidentified peaks in the GC traces.

1-Octanol was not detected in the products of any of the

catalytic experiments using 12 as catalyst with the addition of

acid or base or neither. However, the anti-Markovnikov

product 1-methoxyoctane was detected by GC-MS, from

experiments (3 and 4 and 9–11) in which the 1-octene used

had been previously treated to remove hydroperoxide impurities.

This observation suggests that a reaction between the hydro-

peroxide impurities and 12 deactivated it with respect to the

catalytic formation of 1-methoxyoctane. Under our experi-

mental conditions, the formation of 1-methoxyoctane was

sometimes accompanied by 2-methoxyoctane, and the turn-

over number to the 1-methoxy isomer was typically 50 TON.

We suspected that the rapid decomposition of 12 (or a

catalytic species derived from it) was partly responsible for

the low turnovers for 1-methoxyoctane.

To our knowledge, the catalytic formation of 1-methoxy-

octane from methanol, 1-octene and a platinum hydride

cluster is unprecedented and supports the suggestion that an

unidentified platinum hydride cluster was the catalytic species

responsible for the formation of 1-hexanol in Trogler’s re-

ported biphasic system. Trogler’s catalytic system required the

presence of base, but the catalytic reaction of 1-octene with 12

appeared to be inhibited by base. However, Trogler’s system

was biphasic and a direct comparison may not be helpful.

Excess acid also inhibited the formation of 1-methoxyoctane

using 12 as catalyst. A speculative catalytic cycle showing the

production of 1-methoxyoctane from 1-octene is shown in

Scheme 5. Jensen and Trogler mention a deuterium labelling

experiment in their report.2 Although it is not clear what their

experiment involved, they report that the deuterium from the

platinum catalyst finished up in the b-position in 1-hexanol, which

is also consistent with our suggested mechanism involving 12.

Scheme 3 Products of the Hock rearrangement of hydroperoxides from (a) 1-octene and methanol, (b) 1-octene and ethanol and (c) 1-hexene and
methanol, and their fragmentation pathways.

Scheme 4 Products arising from the decomposition of 5 in catalytic
reactions (X and Z are unidentified NMR silent coordinating groups).
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While the detection of 1-methoxyoctane from the reaction

between 1-octene and methanol using 12 as catalyst is the

desired result, several other organic products were also ob-

served. The experimental conditions are given in Table 1 and

the organic products are summarised in Table 2.

All the experiments in Table 1 were run twice: once using

1-octene which had been treated with Al2O3 to remove im-

purities of oct-1-ene-3-hydroperoxide, and a second time with

untreated 1-octene. As the results in Table 2 show, there are

considerable differences in the products obtained with treated

and untreated 1-octene, and 1-methoxyoctene was only ob-

tained with treated 1-octene. The formation of 1-methoxy-

octane was erratic, and occasionally traces of the 1-methoxy-1-

vinyloxyhexane were detected in the products from treated

1-octene, showing that the removal of the hydroperoxide was

not perfect. Experiments 2, 7 and 8, which had a high 1-octene :

catalyst ratio, showed an increase in the turnovers for

3-octanone (480–1000 TON) and trans-2-octenal (250–800

TON), although the latter was only present when untreated

1-octene was used. The increase in these turnovers might be

linked to the increased occurrence of phosphido bridged

clusters. In addition to this, the increased amount of 1-octene

would have contained a greater quantity of oct-1-ene-3-hydro-

peroxide, which might account for the increased turnovers of

trans-2-octenal. We did not measure the amount of hydroper-

oxide present in the untreated samples of 1-octene.

The anti-Markovnikov product trans-2-octenal was only

detected in products derived from experiments in which 1-

octene had not been previously treated to remove hydroper-

oxide impurities. At high concentrations of acid, trans-2-

octenal was not detected. The turnover number of trans-2-

octenal was in the range ca. 20–25 TON. When experiments 2,

7 and 8 were repeated with 1-octene which had been treated to

remove hydroperoxide impurities, no trans-2-octenal was de-

tected by GC-MS. However, 3-octanone was still detected with

similar turnovers. A blank experiment without 12 was carried

out and no trans-2-octenal was detected. The occurrence of

trans-2-octenal and 2-octanone was favoured at low concen-

trations of acid, either added or formed adventitiously. 3-

Octanone was probably formed in a Wacker-type reaction

from 1-octene after double bond isomerisation. In the presence

of base, trans-2-octenal and 3-octanone were not detected.

Wacker-type reactions were presumably responsible for the

varied yields of 2-octanone which was usually detected in our

catalytic experiments.

We have included in the ESIw some comments on the fate of

12 during the catalytic reactions, and background information

relating the newly discovered catalytic activity of 12 to Jensen

and Trogler’s earlier work.

Conclusions

To summarise, we hope that we have shed some light on the

problem of the anti-Markovnikov functionalisation of

Scheme 5 Suggested mechanism for the formation of 1-methoxy-
octane using 12 as catalyst.

Table 1 The experimental conditions used to screen the trinuclear complexes 12[BF4] and 12[OH] with 1-octene for catalytic activity

Run no., catalyst
Molar ratio:
ca. [1-octene]/[12] Acid (HBF4) Base (KOH) Solvent

Molar ratio:
[SDS]/[12]

1, 12[OH] 1000 — — Water (7 cm3) —
2, 12[OH] 1000 — — Water (7 cm3) ca. 12
3, 12[OH] 275 — — MeOH (8 cm3) —
4, 12[OH] 275 — — MeOH (8 cm3) ca. 12
5, 12[OH] 1000 Added — Water (7 cm3) —
6, 12[BF4] 1000 Added — Water (7 cm3) —
7, 12[OH] 1000 Added — Water (7 cm3) ca. 12
8, 12[BF4] 1000 Added — Water (7 cm3) ca. 12
9, 12[OH] 275 Added — MeOH (8 cm3) —
10, 12[BF4] 275 Added — MeOH (8 cm3) —
11, 12[OH] 275 Added — MeOH (8 cm3) ca. 12
12, 12[BF4] 275 Added — MeOH (8 cm3) ca. 12
13, 12[OH] 1000 — Added Water (7 cm3) —
14, 12[BF4] 1000 — Added Water (7 cm3) —
15, 12[OH] 1000 — Added Water (7 cm3) ca. 12
16, 12[BF4] 1000 — Added Water (7 cm3) ca. 12
17, 12[OH] 275 — Added MeOH (8 cm3) ca. 12
18, 12[BF4] 275 — Added MeOH (8 cm3) ca. 12

This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008 New J. Chem., 2008, 32, 151–158 | 155
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terminal alkenes. The crucial experiment was carried out by

Minghetti and co-workers15 in 1985, and we have tried to

bring this observation to the plenitude of its significance. The

initial report by Jensen and Trogler2 was also an essential

reference point in our work. Using these two studies as a

starting point, we have devised a (somewhat erratic) catalytic

system which uses a trinuclear platinum complex as the

catalyst precursor. It is of course possible that compounds

of even higher nuclearity are involved. The further association

of trimetallic units has been reviewed by Imhof and Venanzi.47

In 1998 Adams and Cotton48 edited a monograph on catalysis

by clusters, but the work reported here establishes a new

direction for this field which could not be foreseen 10 years

ago. We have not solved the problem of the addition of water

to alkenes, one aspect of which involves another level of

difficulty due to the immiscibility of water and alkenes.

Experimental

General

All operations were carried out under an inert atmosphere of

nitrogen or argon. NMR spectra were recorded using Brucker

Avance 360 or 400 spectrometers. 31P{1H} chemical shifts are

reported relative to external H3PO4, positive chemical shifts

being downfield of the reference. GC-MS were recorded with a

Varian CP-3800 Gas Chromatograph and a Saturn 2200 GC-

MS, using a Varian Chromopack capillary column: CP-Sil 8

CB Lowbleed/MS. Toluene, diethyl ether and THF were

distilled under nitrogen from blue solutions containing sodium

benzophenone ketyl.

Syntheses

cis-[(Me3P)2PtCl2],
49 trans-[(Et3P)2PtHCl],50 (dppe)PtCl2,

51

[(Et3P)2Pt(m-H)2PtH(PEt3)2]PF6 (4),25 [(dppe)Pt(HPz-N)2]-

(BF4)2,
52 [(Ph3P)2Pt(m-H)(m-PPh2)Pt(Ph)(PPh3)]BF4 (5),26

were prepared by literature methods and characterised by

comparison of their NMR spectra with the literature. In the

preparation of 4, NH4PF6 was substituted for NaBPh4 to give

a more soluble product. 2-Octene, 3-octene, 2-octanone, 3-

octanone, trans-2-octenal and trans-oct-2-en-1-ol were com-

mercial samples. The methoxyoctanes were prepared from the

sodium53 or potassium54 salt of the alcohol and methyl iodide,

as described here for 4-methoxyoctane which was previously

reported by Olah55 et al. but without preparative details. The

preparation of 4-methoxyoctane was carried out using a

procedure similar to that used by Letsinger and co-workers

for 2-methoxyoctane.54

Preparation of [(dppe)Pt(l-H)2Pt(H)(dppe)][BF4], (1). The

preparation of 1 was adapted from a method reported by

Minghetti and co-workers.18 [(dppe)Pt(HPz-N)2][BF4]2
52

(0.406 g, 0.423 mmol) was added to a round-bottomed flask

(100 cm3), dissolved in methanol (35 cm3) and stirred under

nitrogen for 10 min. A solution of KBH4 (0.023 g, 0.423

mmol) in methanol (4 cm3) was added dropwise to the stirred

solution, over 15 min. The clear yellow solution was subse-

quently rotary evaporated to yield an off-white precipitate,

which was dried under high vacuum, and dissolved in dichlor-

omethane (20 cm3). The solution was filtered through Celite

and 1 re-precipitated with diethyl ether (80 cm3). The white

crystalline product weighed 0.262 g. Yield 52%.

Attempted preparation of [(Me3P)2Pt(l-H)2Pt(H)-

(PMe3)2][Cl], (3). The objective of this experiment was to

induce the formation of 3 by adding excess NaC10H8 to a

suspension of cis-[(Me3P)2PtCl2], according to the eqns

(3)–(5). cis-[(Me3P)2PtCl2] (0.20 g, 0.478 mmol) and dry

THF (8 cm3) were added to a Schlenk flask (25 cm3) and

stirred under an atmosphere of dried hydrogen gas (1 atm),

while cooling to �10 1C in an ice bath. An aliquot of NaC10H8

(5.0 cm3, 0.125 g, 0.827 mmol) was then added dropwise to the

stirred suspension over a period of 10 min, during which a

clear orange-yellow colouration was obtained. Rapid stirring

was maintained while hydrogen was bubbled into the mixture

for 1.5 h, after which time the solvent was concentrated to

Table 2 A summary of the main products derived from the reaction of 1-octene using the trinuclear complexes 12[BF4] and 12[OH] as catalysts

Run no.,
catalyst 2-Octanone 3-Octanone 1-Methoxyoctane 2-Methoxyoctane trans-2-Octenal

Double bond
isomers of 1-octene

Hock
product

1, 12[OH] *T,U
2, 12[OH] T T,U U
3, 12[OH] T,U T T T,U U
4, 12[OH] T,U T T T,U U
5, 12[OH] *T,U
6, 12[BF4] *T,U
7, 12[OH] T,U U U T,U U
8, 12[BF4] T,U U U T,U U
9, 12[OH] U T T U T,U U
10, 12[BF4] U T T U T,U U
11, 12[OH] U T T U T,U U
12, 12[BF4] T,U T,U U
13, 12[OH] *T,U
14, 12[BF4] *T,U
15, 12[OH] T,U T,U
16, 12[BF4] T,U T,U
17, 12[OH] T,U T,U
18, 12[BF4] T,U T,U

T = present when 1-octene used had been treated to remove hydroperoxides. U = present when 1-octene used was untreated. * = 1-octene

virtually unreacted.
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ca. 6 cm3. A sample of the solution (1.0 cm3) was pipetted into

an NMR tube fitted with a Young’s tap, under an inert

atmosphere, as air was found to darken these solutions. A

small quantity of CDCl3 (0.4 cm3) was used for the deuterium

lock in the NMR spectrometer. The NMR tube was

sealed under hydrogen. The 31P{1H} and 1H NMR spectra

of the clear yellow solution were recorded in an attempt to

detect 3. After 1 day, the sample was re-analysed by
31P{1H} NMR(CDCl3) and the prominent resonances, due to

uncharacterised products, were as follows:

d� 21 ½ðdÞ JðP � PtÞ 3509Hz; JðP � PÞ 24Hz�;

d� 32 ½ðdÞ JðP � PtÞ 2976Hz; JðP � PÞ 24Hz�

)

Possibly species of type cis� ½ðMe3PÞ2PtXY�

d� 23:5 ½ðmÞ 1JðP � PtÞ 3480Hz�;

d� 24:9 ½ðmÞ 1JðP � PtÞ 3405Hz�

)
unidentified species

If the presence of 3 was indicated by 31P{1H} NMR, the

preparations of 3 in THF were not worked up, but used

directly as catalytic solutions, in which an attempt was made

to hydrate 1-octene to 1-octanol. It was not feasible to

estimate yields and so the ratio of 1-octene to 3 was not

known.

Preparation of 12[OH] and 12[BF4]. The preparation of 12

was based on the method reported by Minghetti,44 who

formulated the product as a hydroxide rather than a methox-

ide. A solution of [(dppe)Pt(HPz-N)2][BF4]2 in methanol was

placed in a Schlenk flask equipped with a magnetic stirrer bar.

KBH4 was added to the stirred pyrazole complex in a 1 : 2

molar ratio to give 12[BF4], or in a 1 : 8 ratio to give 12[OH].

In both preparations, the mixture was stirred under dry

nitrogen until a yellow precipitate had completely formed.

The methanol was removed under reduced pressure and the

dried product dissolved in a minimum quantity of dichloro-

methane (ca. 2 cm3). The title compounds were carefully

precipitated with diethyl ether (ca. 100 cm3). Typical yield of

either salt: B70%. NMR data (CDCl3) from this work:
31P{1H}: d 57.7, 1H: d �1.57 [(septet), 1J(Pt–H) 387.5 Hz,
2J(P–H) 28.9 Hz]; Reported44 NMR data (CDCl3):

31P{1H}

NMR(CDCl3): d 57.8, 1H: d �1.5 [(septet), 1J(Pt–H) 387 Hz,
2J(P–H) 29 Hz]. See also ESI.w

Preparation of 4-methoxyoctane. Dry toluene (10 cm3) and

4-octanol (10 cm3, 8.18 g, 40.9 mmol, used as received from

Aldrich) were stirred in a two-necked round-bottomed flask

(150 cm3) under nitrogen, for 30 min. Potassium (1.6 g, 0.041

mol, cleaned with dry hexane) was added to the flask and the

mixture heated under reflux for 1 day, until all the potassium

had reacted. Methyl iodide (5.8 g, 2.54 cm3, 40.9 mmol) was

slowly added to the cooled potassium alkoxide suspension and

the mixture stirred overnight, until all of the alkoxide had

reacted. The solution of the title product was washed with

water to remove KI and the organic layer extracted and dried

with anhydrous MgSO4 (8.0 g). The product was distilled

using a Vigreux column (28 cm) and the fraction boiling

between 173–174 1C was collected. Yield 62%. MS: m/z:

(base peak, 87), 45, 57, 69, 101, 112.

General procedure used to screen platinum complexes for

catalytic activity

Combinations of the di- and trinuclear platinum complexes

(ca. 20 mg), 1-octene (0.7 cm3), methanol (8.0 cm3) or water

(7.0 cm3) were added to a 25 cm3 round-bottomed flask

equipped with a magnetic stir bar, and further additions made

to bring about the required experimental conditions. In the

case of 3 a solution of the complex rather than the solid was

used. If acid conditions were required HBF4 (48% w/w in

water) was added and if basic conditions were required NaOH

or KOH was added as an aqueous solution. In the case of

basic conditions, sodium dodecanesulfonate (SDS) was added

to homogenise the reaction mixture. Air was purged from the

reaction system with nitrogen and the mixture heated under

reflux and stirred for ca. 20 h, under nitrogen. On cooling to

room temperature, the reaction mixture was diluted with water

(40 cm3), extracted with dichloromethane (2 � 20 cm3) and the

extracts dried over anhydrous MgSO4. The dichloromethane

solution was then concentrated in vacuo, made up to the mark

5.0 cm3 in a volumetric flask with fresh dichloromethane and

aliquots (0.1 mL) withdrawn for GC-MS analysis. In combina-

tion with calibration graphs made up from authentic samples

of the organic products this enabled a quantitative determina-

tion of the turnover numbers of each product to be made. The

gas chromatograms of authentic compounds were taken im-

mediately after the GC run of the unknown reaction products,

and their retention times compared. This ensured that no

spurious peaks arose through cross-contamination. Subse-

quently, the remaining solution not used for GC-MS was

dried in vacuo and all non-volatile residues submitted for

infra-red, 31P{1H} and 1H NMR analysis. During the washing

of all glassware, an ultrasonic bath was used to remove any

traces of platinum residues that may have been deposited in a

preceding reaction. To avoid the loss of products, a large

reflux condenser (80 cm) was used and all the joints in the

glassware were sealed with Teflon tape.
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