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Abstract: A non-hygroscopic tetraphenylborate salt of N-
methylmorpholine-N-oxide (NMO) is reported (NMO·TPB),
which modulates the standard Ley–Griffith oxidation such
that benzylic and allylic alcohols are oxidised selectively.
An attractive feature of this new protocol is that anhy-
drous conditions are not required for this selective tetra-n-
propylammonium perruthenate (TPAP) oxidation, super-
seding the requirement of molecular sieves.

Oxidation of alcohols to carbonyl compounds (i.e. , aldehydes,
ketones and carboxylic acids) is part of everyday life for the
practicing synthetic chemist, whether in industry or academia.
Of the extensive range of reagents and catalysts that are avail-
able to perform alcohol oxidation,[1] practitioners tend to
prefer controlled oxidations, for example, the one-step oxida-
tion of a primary alcohol (1) to an aldehyde (2 ; Scheme 1).[2]

This transformation, however, requires a specially designed oxi-
dation protocol, or reagent system, to access the synthetically
important aldehyde functional group. Historically, alcohol to al-
dehyde oxidation methods were dominated by the use of
chromium reagents (e.g. , pyridinium chlorochromate (PCC),[3]

pyridinium dichromate (PDC)[4]), sulfur activation protocols
(e.g. , Swern,[5] Corey–Kim,[6a] Parikh–Doering[6b]) and manga-
nese oxides (e.g. , MnO2

[7]). This was followed by the introduc-
tion of the hypervalent iodides[8] (for example, Dess–Martin pe-
riodinane (DMP)[9]), the nitroxyl radicals (e.g. , (2,2,6,6-tetra-
methyl-piperidin-1-yl)oxyl (TEMPO))[10] and later combinations
thereof.[11] In more recent times, advances in this general area
include revived hypervalent iodides (e.g. , 2-iodoxybenzoic acid
(IBX) and derivatives[12]), nitroxyl radicals[13] (e.g. , 2-azaadaman-
tane N-Oxyl (AZADO)[14] and F-AZADO[15]), Oppenauer condi-
tions,[16] in addition to iridium,[17] bismuth[18] and photochemi-
cal-mediated oxidations.[19] Although, in this recent timeframe,
substantial effort by the community in developing molecular
oxygen based protocols has witnessed a deluge of new meth-

ods for aldehyde synthesis,[20] using transition metals (e.g. ,
Cu,[21] Pd,[22] Au,[23] V,[24] Ru,[25] Co[26]) and metal-free systems.[27]

Beyond the legacy reagents, and recent elegant innovations,
however, the trident systems that continue to hold a high po-
sition within this landscape are the Swern oxidation, DMP/IBX
and the Ley–Griffith reagent[28] tetra-n-propylammonium per-
ruthenate (TPAP, 3 ; (nPr4N)[RuO4]). The popularity of these sys-
tems is clearly justified by the mild conditions required to pro-
mote oxidation, proven wide functional-group tolerance,[29]

and limited toxicity. However, they are not totally without com-
plications, for example, the Swern oxidation generates a pun-
gent odour on workup (Me2S),[30] whereas IBX can drive un-
wanted acid-mediated side reactions,[31] and has been known
to explode,[32] although a stabilised version (SIBX) is avail-
able.[33] Both DMP and TPAP are sensitive to the atmosphere,
and require the oxidations to be performed under anhydrous
conditions. In the case of TPAP, if water is not removed from
the system, over oxidation to a carboxylic acid can occur (4),
and this has been capitalised upon as a synthetic method.[34]

Traditionally, N-methyl morpholine-N-oxide (NMO, 5),[35] which
is considerably hygroscopic, is used as the co-oxidant in TPAP
oxidations in the form of polymer-bound PSNMO.[35b] However,

Scheme 1. The Ley–Griffith oxidation and selected variants.
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more recent developments have demonstrated that molecular
oxygen can be utilised in conjunction with heating,[36] although
this seems not to have been widely adopted (Scheme 1).

Herein, we report a novel, easy-to-prepare, non-hygroscopic,
bis-NMO salt, and demonstrate its utility in the selective TPAP-
mediated oxidation of benzylic and allylic alcohols, without the
requirement for anhydrous solvents, and/or an inert atmos-
phere.

When attempting to extend our previous study involving
the double deprotonation of NMO (5),[37] we discovered that
reaction of 5 with benzoic anhydride and sodium tetraphenyl-
borate (NaTPB, 6), afforded crystals of a monoprotonated 2:1
NMO·TPB salt (abbreviated name NMO·TPB) in low yield (7;
Scheme 2),[38] as confirmed by X-ray crystallographic analysis

(Figure 1). During these investigations it was surmised that
benzoic anhydride was acting as a ligand to drive salt forma-
tion, thus, substitution of the anhydride for acetylacetone,
pleasingly afforded salt 7 in 67 % yield (Scheme 2). NMO·TPB
(7) was found to be a non-hygroscopic, bench-stable white
crystalline solid, containing no waters of hydration.[39]

Having devised a reproducible protocol, with easy access to
scalable quantities of NMO·TPB (7), we investigated the poten-
tial for 7 to promote TPAP oxidations with the intended ad-
vantage being a more easily handled co-oxidant compared to
hygroscopic NMO (5). The initial results with aliphatic alcohols
were disappointing, with yields of aldehyde ranging from trace
amounts to a maximum of ~20 % (gentle heating gave no im-
provement). However, select benzylic alcohols performed well,
but a solvent switch from dichloromethane to acetonitrile was
required for increased solubility of 7, which led us to investi-
gate HPLC grade acetonitrile in the absence of molecular

sieves. With much delight, it was observed that this did not
alter the reaction outcome. Application of the optimised condi-
tions to a range of aryl benzylic and allylic substrates (Table 1)
gave the corresponding benzaldehydes 8 a–k (Table 1, en-
tries 1–11), arylketones 8 n–o (Table 1, entries 14, 15) and allylic
aldehydes 8 p–t (Table 1, entries 16–20) in good to excellent
yields. Unfortunately, the 2-pyridyl system, 8 m, reacted poorly
(Table 1, entry 13), most likely due to chelation effects.

Scheme 2. Synthesis of the NMO·TPB (7) salt.

Figure 1. X-Ray crystal structure of the NMO·TPB (7) salt at 30 % ellipsoid
probability.

Table 1. Aryl and allylic aldehydes, and ketones, obtained from NMO·TPB
(7)/TPAP (3) oxidation. [BRMS = yield based on recovered starting materi-
al] .

Entry Aldehyde Yield [%]
(BRSM)

Entry Aldehyde Yield [%]
(BRSM)

1 75[a,b] 11 88

2 >95[a] 12 70

3 >95 13 <5

4 64 (71) 14 60 (77)

5 89[c] 15 72 (85)

6 87 16 80[f]

7 95[d] 17 94

8 77[d,e] 18 95

9 68 19 69 (79)

10 67 20 74

[a] Yield based on 1H NMR; [b] Literature TPAP yield 80 %;[28b] [c] Literature
TPAP yield 68 %;[28b] [d] Workup modified to 1:1 pentane/diethyl ether ex-
traction; [e] Literature TPAP yield 91 %;[28b] [f] Literature TPAP yield
98 %.[28b]
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Only in the cases of benzyl- and 4-fluorobenzyl alcohol did
we observe trace amounts of carboxylic acid formation, 8 a
and 9 d (Table 1, entry 1 and Table 2, entry 4), in addition to
the aldehyde. However, these two arylaldehydes are well
known to undergo auto-oxidation to the corresponding car-
boxylic acid.[40] Furthermore, in some cases involving non-
polar/volatile arylaldehydes, trace amounts of biphenyl were
detected as a minor by-product in this oxidation protocol,
which in these cases was difficult to remove by chromatogra-
phy or distillation. To verify the reported yields in these specific
cases 8 a, b (Table 1, entries 1, 2), the reactions were repeated,
and crude aldehyde then trapped with phenyl magnesium bro-
mide, providing 9 a, b (Table 2). Considering this analysis equa-
tes to a two-step reaction process, it demonstrates that the
yields of aryl aldehydes obtained above, 8 a–b (Table 1, en-
tries 1, 2) are on the conservative side. This evaluation was ex-
tended to other difficult-to-handle aldehydes, affording the
corresponding diaryl carbinols 9 c–f (Table 2, entries 3–6) in ac-
ceptable overall yields ranging from 50–82 % yield for this two-
step process.

The fact that the NMO·TPB (7)/TPAP (3) reagent combination
was much less reactive towards aliphatic saturated primary
and secondary alcohol oxidation, but totally consumed aryl
and allylic alcohols, a competition experiment was undertaken
with bi-functional diol 10. Pleasingly, oxidation was highly se-
lective for the benzylic position (i.e. , 11), with only slight oxida-
tion at the primary position (i.e. , 12 and 13 ; Scheme 3). In
comparison, applying standard Ley–Griffith conditions to 10
yielded less of 11 (i.e. , 60 % yield BRSM), and more of 13 (25 %
yield BRSM). The yield of compound 12 remained unchanged.

In terms of understanding the selectivity created by
NMO·TPB (7), as opposed to NMO (5), it is possible that
NMO·TPB (7) offers a substantial hydrophobic environment
due to the large TPB anion, and/or provides electronic stabili-

zation of the active ruthenium species. Evaluation of
both 5 and 7 by using cyclic voltammetry provided
a clear distinction between the two; where 5 was
inert, but 7 had an observable oxidation potential of
3.1 eV. More extensive studies involving cyclic vol-
tammetry, in combination with TPAP, are required for
further mechanistic understanding, and will be re-
ported in due course.

In conclusion, a novel NMO complex (NMO·TPB, 7)
has been discovered, and applied to the Ley–Griffith
oxidation reaction. Utilising newly developed condi-
tions for 7, it was found that benzylic and allylic alco-
hols react with considerable selectivity over primary
and secondary alcohols, making this method amena-
ble to protecting group free oxidations in the case of

bi-functional diols (e.g. , 10). A key feature of this
method is that the NMO·TPB (7) complex is non-hy-
groscopic and the oxidations can be run in non-anhy-
drous solvents open to the atmosphere. The scope of
NMO·TPB (7) is currently under investigation in other
NMO-based reactions to probe its wider applicability.

Experimental Section

Synthesis of NMO·TPB (7): NMO (5.00 g, 42.7 mmol) was dissolved
in a 1:1 mixture of ethanol (50 mL) and toluene (50 mL). Sodium
tetraphenylborate (7.30 mg, 21.3 mmol) was added, and the reac-
tion cooled in an ice/sodium chloride bath for 5 min before the ad-
dition of acetylacetone (7.85 mL, 76.4 mmol) drop-wise over 5 min.
The reaction was stirred for an additional 10 min, then filtered
cold, and the solid washed with toluene (20 mL). The resulting
white solid was air dried for 20 min, providing NMO·TPB (7) (8.95 g,
76 %). The crude salt was dissolved in acetone/water (250 mL, 3:2)
then the solution was concentrated under reduced pressure below
30 8C (~160 Torr, ~100 mL removed) until crystallisation was initiat-
ed. The solution was then cooled in an ice bath for 1 h. The result-
ing white solid was filtered, washed with water (40 mL), air dried
for 10 min then dried under high vacuum for 1 h providing a white
crystalline product (7.85 g, 67 %).

Representative NMO·TPB (7)/TPAP (3) oxidation protocol : Alco-
hol (1 mmol) was dissolved in HPLC grade acetonitrile (2.0 mL), fol-
lowed by addition of NMO·TPB (7; 416 mg, 0.75 mmol). After stir-
ring for 10 min at room temperature, TPAP (3 ; 17.6 mg, 5 mol %)
was added. The reaction was stirred at room temperature for 12–
16 h before quenching with water (8.0 mL). The solution was then
extracted with a mixture of pentane and diethyl ether (3:1, 3 �
10 mL). The organic phases were combined, dried (Na4SO4), and
the solvent removed by atmospheric distillation affording crude al-

Table 2. Yield verification, and extended scope, facilitated by phenyl Grignard trap-
ping of crude aldehyde.

Entry Diaryl Carbinol Yield[a] [%] Entry Diaryl Carbinol Yield[a] [%]

1 82 (75)[b] 4 82 (81)[b]

2 >95 (>95)[b] 5 60 (59)[b]

3 71 6 50

[a] Overall yield based on a two-step reaction sequence (i.e. , oxidation and phenyl
Grignard addition); [b] Isolated yield of intermediate aldehyde.

Scheme 3. Competition experiment using diol 10 ; (isolated yield) ;
[BRMS = yield based on recovered starting material] .
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dehyde, which was purified by silica gel column chromatography
(9:1 to 1:1 petroleum ether/ethyl acetate) as required.
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COMMUNICATION

& Alcohol Oxidation
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NMO·TPB: A Selectivity Variation on
the Ley–Griffith TPAP Oxidation

Ley–Griffith with salt please! The con-
version of alcohols to aldehydes is syn-
onymous with synthetic organic chemis-
try. The Ley–Griffith oxidation, utilising
the tetra-n-propylammonium perruthen-
ate (TPAP) reagent, is a very popular
named reaction for performing this task.
A variation on this reaction using a tetra-
phenylborate salt of N-methylmorpho-
line-N-oxide (NMO·TPB) is reported,
which modulates the reactivity of TPAP
such that anhydrous conditions are not
required for benzylic and allylic oxida-
tions.
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