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Hydrogen-Bonding Interactions in the Ley-Griffith Oxidation:
Practical Considerations for the Synthetic Chemist

Peter W. Moore,® Timothy J. Zerk,? Jed M. Burns,@ Paul V. Bernhardt,*@ and
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Abstract: The Ley-Griffith oxidation, which is catalyzed by
tetra-n-propylammonium perruthenate (TPAP, nPr,N[RuQO,)), is a
popular method for not only controlled oxidation of primary
alcohols to aldehydes, but also a host of other synthetically
useful transformations. While the fundamental reaction mecha-
nism has recently been elucidated, several key hydrogen-bond-

ing interactions between the reagents were implicated but not
investigated. Herein the prevalence of H-bonding between the
co-oxidant N-methylmorpholine N-oxide (NMO), the alcohol
substrate, water and the perruthenate catalyst is established.
These observations help to rationalize the importance of drying
the reagents and lead to several practical suggestions.

Introduction

The synthesis of an aldehyde (1) via a controlled one-step oxid-
ation of a primary alcohol (2) is a highly utilized chemical reac-
tion deployed in academic and industrial settings."! Amongst
the multitude of reagents and conditions available to perform
this functional group transformation,3! selectivity (avoiding
over-oxidation), versatility (tolerance of other functional
groups), and operational simplisticity are key criteria.”! Legacy
reagents such as pyridinium chlorochromate (PCC)®' and
pyridinium dichromate (PDC),'® are held in high esteem, but
the most commonly used conditions are the Swern,”? DMP/
IBX,'8"" and Ley-Griffith oxidations.['>""7) The Ley-Griffith oxid-
ation is catalyzed by tetra-n-propylammonium perruthenate
{TPAP (3), nPry,N[RuO,]} in combination with an excess of the
co-oxidant N-methylmorpholine N-oxide (4, NMO), both of
which are available commercially (Scheme 1a). Unlike other
oxidation protocols mentioned above the Ley-Griffith oxidation
is operationally simple and does not generate stoichiometric
quantities of noxious byproducts. Like many reactions, modifi-
cations of the Ley-Griffith reaction have been reported through
alterations to the catalyst,"®'” co-oxidants,'?°2”! and sol-
vents.[28-3%1 However, the original conditions are most com-
monly utilized.

Surprisingly, unlike other popular oxidation protocols, the
mechanism of the TPAP oxidation remains poorly understood
Until recently, only Lee et al.B'-33] had attempted to elucidate
the mechanism. Lee et al. focused on the perruthenate catalyst
alone (i.e. in the absence of the essential co-oxidant NMO), us-
ing an excess of alcohol (20 equiv.), and employed a single
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Scheme 1. a) Ley-Griffith oxidation. b) Oxidation of cyclobutanol to cyclobu-
tanone. ¢) Regeneration of perruthenate from Ru.

spectroscopic method (UV/Vis). Under these conditions (stoichi-
ometric, not catalytic) [RuO,4]~ irreversibly decomposed to a
black, insoluble ruthenium dioxide (RuO,:2H,0) which ob-
scured the UV/Vis signals of the remaining perruthenate anion
as well as the oxidized organic product. This work is quoted
throughout the literature of the Ley-Griffith oxidation,'3-%]
stating the mechanism is auto-catalytic and that TPAP is a three
electron oxidant.!'"™ However, the oxidation of cyclobutanol (5)
to cyclobutanone (6) in 95 % yield (Scheme 1b), demonstrated
that perruthenate acts as a 2 electron oxidant, and is different
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to aqueous perruthenate oxidations which occur through a sin-
gle electron oxidation mechanism.3]

Our recent investigations unearthed a mechanism consistent
with this observation whereby the alcohol is oxidized by
[RuV"O,]™ in a 2-electron reaction. The products are a transient
Ru" species and the aldehyde/ketone. The role of the co-oxid-
ant, NMO, is to re-oxidize [Ru¥O5(NCMe),]~ to [Ru""0,]~ which
closes the catalytic cycle (Scheme 1¢).3# If Ru is not rapidly
re-oxidised, or “rescued” by NMO, it disproportionates, forming
ruthenate ([Ru"'0,4]%") and solid ruthenium dioxide RuVO,. Syn-
thetically, a large excess of NMO is employed so that re-oxid-
ation of RuV is faster than disproportionation. However, even
under these conditions, a small amount of RuVO, is formed and
this acts as a heterogeneous catalyst for the [Ru""O,4] -alcohol
oxidation reaction.

It is interesting to note from Scheme 1 that each reagent in
the Ley-Griffith reaction has the potential to form hydrogen
bonds. An outer-sphere [Ru""0]":NMO-H,0 complex was impli-
cated in previous EPR studies of the system and the actual per-
ruthenate-alcohol oxidation reaction may also be facilitated by
the formation of a hydrogen bonded, outer sphere complex
(vida infra). X-ray crystal structures reveal that N-oxides are avid
H-bond acceptors and an NMO:alcohol interaction is therefore
also conceivable.

The typical protocol for conducting a Ley-Griffith oxidation
includes the use of molecular sieves and dried solvents which
also implies that hydrogen-bond interactions are important to
the reaction. Here we investigate several of these possibilities
via a combination of UV/Vis/GC-MS, NMR and theoretical (DFT)
methods.

Results and Discussion

During the synthesis of the TPAP catalyst, crystals suitable for
X-ray analysis were obtained and its structure was determined.
PrsN[RuQ,] is isostructural with nPry;N[ReO,] and its Tc analogue,
which was analyzed by powder X-ray diffraction.?] In the
present structure there was disorder in all four propyl arms of
the cation, which contrasts with the well-ordered rhenium
structure. The crystal structure analysis confirms that perruthen-
ate is a slightly-distorted tetrahedral complex anion with O-Ru-
O bond angles spanning the range 106.5(9)-114.1(9)° and
Ru-O bonds in the range 1.67(2)-1.74(2) A.

In order to explore the Ley-Griffith reaction in further depth
the oxidation of a primary alcohol (1-octanol) by the TPAP cata-
lyst (nPrsN[RuO,4]) was initially followed using UV/Vis methods
similar to Lee et al;3'-33 however, NMO was added as a co-
oxidant. A combination of two techniques (UV/Vis and GC-MS)
were used to follow both the inorganic (UV/Vis) and organic
(alcohol/aldehyde) components of the oxidation. Standard
Ley-Griffith stoichiometry was employed (TPAP 0.05 equiv.,
NMO 1.5 equiv., 1-octanol 1 equiv.). The UV/Vis spectrum re-
corded at the beginning of the reaction matched the typical
spectrum of the perruthenate anion previously reported!3436!
for commercial and our freshly synthesized crystalline TPAP
(Figure 1a, time = 0 s). The reaction proceeded to completion
over approximately 30 minutes (following the oxidation by GC-
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MS) during which time the UV/Vis spectrum of perruthenate
became obscured by the featureless profile of suspended RuO,.
In the first experiment (Figure 1a) the NMO hydrate, which is
the typical reagent for the Ley-Griffith oxidation, was dried be-
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Figure 1. (a) Time-resolved UV/Vis and (b) GC-MS of 0.8 mm TPAP, 16.0 mm
1-octanol using anhydrous NMO. (c) Time-resolved UV/Vis and (d) GC-MS of
0.8 mm TPAP, 16.0 mm 1-octanol using NMO-H,0.
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fore use by dissolving it in acetonitrile over molecular sieves for
24 h. When the experiment was repeated using undried NMO-
hydrate (Figure 2c/d) the oxidation reaction only proceeded to
80 % completion, at a slightly slower rate, and stalled; a similar
shift in the UV/Vis to Figure 1a was observed.

I~ /©/\OH K /©/\OH
MesN FsB
7 8

Figure 2. 4-(hydroxymethyl)-N,N,N-trimethylbenzenaminium iodide (7) and
potassium 4-(hydroxymethyl)phenyltrifluoroborate (8).

In the absence of NMO the reaction conditions and results
were consistent with the work of Lee et al.’'~33! Of note was
that these reactions were found to be sensitive to oxygen con-
centration, which is not the case when NMO is present. Follow-
ing the reaction by ESI mass spectrometry and GC-MS simulta-
neously resulted in an identical GC-MS profile while the per-
ruthenate anion and small amounts of the over-oxidation prod-
uct, octanoate anion, were observed by ESI mass spectrometry.
Following the reaction by ESI mass spectrometry showed no
intermediate anions or cations involving a ruthenium isotope
pattern in either positive or negative mode. Attempts to detect
neutral charged intermediates was explored by following the
oxidation of charged benzyl alcohols 4-(hydroxymethyl)-N,N,N-
trimethylbenzenaminium iodide (7) and potassium 4-(hydroxy-
methyl)phenyltrifluoroborate (8).3”7 No intermediates with a
ruthenium isotope pattern were observed.

It was clear that the stalling phenomenon of the octanol
oxidation with wet NMO was due to the presence of water,
however, how water was retarding the reaction was unclear.
The use of 4 A molecular sieves is essential to remove the water
introduced from wet NMO-H,0, and water generated during
the reaction. For this reason, we suspected that water was se-
questering the essential co-oxidant, NMO, and not necessarily
degrading the perruthenate catalyst directly. N-Oxides are ubig-
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uitous hydrogen-bond acceptors. In fact, NMO is used industri-
ally in the Lyocell process to disrupt hydrogen-bonded net-
works between cellulose sheets through the strongly electron-
donating N-oxide O-atom.38-401 Crystal structures reveal that
the O™-atom of NMO H-bonds to waters of hydration in the
solid state (NMO-H,0™®" and NMO-2.5H,0?) as well as the
hydroxyl protons of alcohols such as 1,2-cyclohexandiol in co-
crystals.*3! The role of water as a hydrogen-bond donor was
explored by "H NMR spectroscopy. The 'H NMR spectra of NMO
and 1-octanol in ds-acetonitrile are presented in Figure 3.
The hydroxyl peak of 1-octanol appeared as a triplet at 6 =
2.44 ppm and the oxymethylene protons were clearly identified
as a triplet of doublets at 6 = 3.47 ppm. When a stoichiometric
equivalent of NMO was added to 1-octanol, the hydroxyl proton
shifted downfield to 4.78 ppm, where it appeared as a broad
singlet. The oxymethylene peak shifted subtly and coupling was
lost to the hydroxyl proton. The methyl singlet of NMO moved
0.05 ppm, while all other signals from both NMO and 1-octanol
shifted only slightly (< 0.03 ppm). Together these observations
indicated that the hydroxyl proton of 1-octanol was hydrogen-
bonded to NMO in the manner shown (Figure 3).

Hydrogen bonding was further confirmed by diffusion-
ordered NMR spectroscopy (DOSY) on the 1:1 NMO/1-octanol
complex. In this experiment diffusion coefficients were gener-
ated according to the number of different molecules or spin
systems present in the sample. Diffusion coefficients were de-
termined to be 3.25(5) x 10~ cm? s~'. When D,0 was added to
the mixture and the measurement repeated, two separate
systems were formed: one from the NMO signals with diffusion
coefficients of 7.27(6)x 10> cm?s™' and another from
the 1-octanol signals with diffusion coefficients of
7.86(5) x 10> cm? s7'. Doubling of the diffusion coefficients of
both 1-octanol and NMO upon addition of water strongly sug-
gested that a hetero-dimeric structure was dissociating due to
water being a competing H-bond partner; water being a prod-
uct of the Ley-Griffith reaction (Scheme 2). Spectroscopic evi-
dence for the bond between NMO and water supported the
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Figure 3. 'TH NMR spectra (500 MHz) of 1:1 NMO/1-octanol (a, green), 1-octanol (b, purple) and NMO (c, brown) in ds-acetonitrile. Note: ax = axial, eq =

equatorial.

Eur. J. Org. Chem. 0000, 0-0 www.eurjoc.org

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Eur|OC

potat uropean Journal
,'@ * ChemPu bSOC gfofganicj Chemistry
aex Europe Communication
,u ; :
RU-Q
J. % »
o OH | nmo 4 NC
O,H R/I\R' H.O (e} o)
i k [RuO4% + RuO, H 2 /#
B H _ cat g R R
XL \c‘)+ kdr'snT T H
N H,0 N : 0
) 2 TN o Tl
0.1 - ‘ R™ R
0 0 _Ru-O :
o | '
NCMe ;
]
0 o
O:RH.O‘:‘ O, OH o) O on o NCMe
0] 'c'yH - O:R:H;\QNR' - R)LR' N O:RIU - of_l'\‘IU'O + H,0
g O~/ R OH NCMe
H R 10
Inner Sphere Mechanism Ru-O-CHRR'
Or
O 0O <-..H
RO H- 5 0770 o} NCM
0:=R : N 0 ~ OH e
Bu /(i o O=Ruy~ /KR — | I | H0:F§u0 B Ha0
ol O ¥ H R R R' OH B
R NCMe
9 Outer Sphere Mechanism

Scheme 2. Mechanism of Ley-Griffith oxidation in acetonitrile.

assertion that water can prevent NMO from acting as a co-
oxidant, resulting in the competitive disproportionation (and
degradation) of RuY.

Therefore, in addition to the co-oxidant role, NMO also mod-
ulates the concentration of “free” alcohol, and hydrogen bond-
ing to water. Under standard Ley-Griffith conditions an excess
of NMO vs. alcohol is used, and the reaction conditions require
an anhydrous environment, hence the hydrogen-bonded NMO-
alcohol species will be favored initially. However, as the oxid-
ation reaction proceeds, the concentration of NMO decreases
and water is liberated. Together these lead to a higher concen-
tration of non-H-bonded alcohol, which reacts with perruthen-
ate. However, NMO concentration will decrease and the produc-
tion of water creates NMO hydrate, thus further decreasing the
efficiency of reoxidation of Ru¥ by NMO.

The nature of the intermediate (or transition state) structure
involving perruthenate and alcohol (in non-aqueous solvent)
remains unknown, despite our extensive efforts. It is generally
assumed that alcohols are oxidized by perruthenate through
the formation of an alkoxide or organometallic transition state
complex. The classic example highlighting this type of mecha-
nism is the chromic acid oxidation of isopropyl alcohol for
which the proposed isopropyl chromate intermediate was iso-
lated.[**45] However, no such complex has been observed with
perruthenate (Scheme 2a).

The only experimental evidence suggesting a transition state
of this type was reported by Lee et al., which involved compar-
ing the oxidation rates of an alcohol to an ether by
nPryN[RuO,4]1.B? Lee et al.!3'-33! found that tetrahydrofuran (THF)
was oxidized much more slowly than isopropyl alcohol. West-

Eur. J. Org. Chem. 0000, 0-0 www.eurjoc.org

heimer et al.****] found a straightforward explanation of this
difference when investigating chromic acid oxidations. That is,
the alcohol is oxidized by formation of an alkoxide intermedi-
ate, whereas this not possible for an ether. Accordingly, Lee et
al. adopted this explanation. However, an alternative explana-
tion was also offered by Westheimer et al. in their seminal pa-
per. This alternate mechanism involved outer-sphere transfer of
the a-hydrogen of the alcohol, as hydride, to one of the oxido
ligands of the catalyst and subsequent loss of the hydroxyl pro-
ton (e.g. Scheme 2b). Further considerations showed this to be
unlikely in the case of chromic acid. However, no such compari-
son has been made for nPry;N[RuO,4], which is deployed under
very different conditions (no acid, non-aqueous solvent).

While the spectroscopic and spectrometric data presented
above have supported perruthenate as the active oxidant, there
are still questions as to the exact mechanism of the process. To
address this, we implemented DFT methods to help elucidate
the path of the reaction. To the best of our knowledge, the
only computational investigation specifically of TPAP-mediated
oxidations was reported by Rzepa (notably published online).*!
Using the ®wB97XD/Def2-SVPP (SCRF = DCM) level of theory,
anomalously high reaction barriers were calculated for the oxid-
ation of methanol by ruthenium tetroxide ([Ru¥"'O,]) which is
capable of C-H oxidation (AG* = 37.1 kcal/mol) though this
was lowered when considering the triplet state of the metal
(AG* = 28.2 kcal/mol). The free energy barrier of reaction
(AG*) for [Ru""O4]~ was calculated as 30.8 kcal/mol, which is
also inconsistent with the reported outcome of the reaction.
Importantly, only the inner sphere (or “ester”) mechanism was
considered. In preliminary computational studies we elected to
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use methods similar to those implemented by Rzepa [wB97XD/
6-31G(d),"*”? LANL2DZ basis set on Ru, implicit acetonitrile solv-
ation using the SMD method]®! with methanol as the alcohol
component (R = R” = H). The tetrabutylammonium cation was
not explicitly modelled. The separated reactants were found to
be lowest energy minima, with the hydrogen-bonded complex
9 and perruthenate ester 10 both higher in energy (AG = 2.3
and 12.8 kcal/mol respectively). This is congruent with the
hydrogen-bonding ability of perruthenates and the lack of
spectroscopic evidence for an ester intermediate. Furthermore,
we were able to locate two transition states consistent with
an inner sphere (TS-1) and outer sphere mechanism (TS-2, see
supporting information), though at this level of theory the inner
sphere mechanism was greatly preferred (AG*, TS-1 = 26.6 kcal/
mol, TS-2 = 33.0 kcal/mol). However, as with Rzepa's results, the
free energy barrier to reaction was larger than expected for a
process that proceeds at or below room temperature. Due to
the confounding factors (the larger errors associated with DFT
modelling of transition metals compared to non-metals,*"!
which would be compounded with the inclusion of the radical
anion) there was limited confidence that the relative differences
between the inner and outer sphere mechanisms could be de-
termined. Computational studies in order to address these diffi-
culties are ongoing.

Overall, however, it seems more likely that nPry,N[RuO,] re-
acts with methanol via an outer sphere mechanism, because it
is very difficult to perturb the coordination sphere of perruthen-
ate; even highly concentrated, sterically unhindered ligands
such as acetonitrile or water do not coordinate. This outer
sphere mechanism is favored, with the anion and alcohol form-
ing a hydrogen bonded adduct prior to the rate-determining
step. Hydride transfer coupled to proton abstraction would
then give the diprotonated reduced complex [RuVO,(OH),]-
along with the carbonyl compound product (Scheme 2b). Rapid
water elimination from [RuYO,(OH),]- and coordination by
acetonitrile would form the unstable [RuY(0);(NCMe),] species
(electrochemical reduction, Scheme 1), which we reported to
be re-oxidized by NMO or disproportionate to give [RuV'O,-
(NCMe)]? and RuO,.2 The fact that [Ru’"0,]~ has been shown
to oxidize sterically hindered alcohols such as diphenylmeth-
anol, makes it even less likely the alcohol acts as a ligand. The
outer-sphere mechanism is also consistent with our previously
reported EPR results, which show that perruthenate forms an
adduct with nearby species that are capable of hydrogen bond-
ing (such as NMO-H,0).

Conclusions

A comprehensive study following the oxidation of 1-octanol by
TPAP and NMO (Ley-Griffith oxidation) is reported using a
range of spectroscopic and in silico techniques. The role of
NMO is not to form the active oxidant, but instead to rapidly
rescue the RuY species to reform the perruthenate catalyst.
NMO has also been shown, by NMR spectroscopy, to hydrogen
bond to the hydroxyl proton of the alcohol. This interaction is
disrupted by water, a product of the oxidation, forming an NMO
hydrate which we propose hinders the ability of NMO to act as
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a co-oxidant. These observations explain the required use of
molecular sieves. Molecular sieves remove water introduced
into the reaction via hygroscopic NMO, and also remove water
generated as a by-product of alcohol oxidation.

When freshly recrystallized TPAP was utilized, the oxidation
proceeded slowly at the beginning of the reaction until a suffi-
cient concentration of solid ruthenium dioxide was formed by
disproportionation of the Ru" product. In turn, Ru¥ slowly es-
capes the rescue process as the amount of NMO co-oxidant
decreases, or increasing water binds to NMO reducing its ability
to reoxidize Ru" during the reaction.

From a synthetic, laboratory-scale perspective, two impor-
tant conclusions were made: 1) drying the reaction mixture
prior to commencing the oxidation reduces the amount of cata-
lyst degradation to RuO, (via disproportionation); 2) if oxid-
ations are not proceeding to completion, simple addition of
further catalyst, or NMO-H,0, is unlikely to progress the reaction
further. Addition of further co-oxidant and molecular sieves to
remove water from solution prior to the addition of further cat-
alyst is a strong recommendation.

Experimental Section

Reagents: All reagents and solvents were purified prior to use ac-
cording to literature methods.>® Ruthenium(lll) trichloride hydrate
was obtained from Precious Metals Online. Tetra-n-propylammo-
nium perruthenate (TPAP) was synthesised as previously re-
ported.['®34 Commercial 1-octanol and octanal were distilled under
vacuum prior to use. N-Methylmorpholine N-oxide monohydrate
(NMO-H,0) was obtained by concentrating under reduced pressure
a 50 wt/wt.-% aqueous solution of NMO (obtained from Sigma Al-
drich). Anhydrous NMO solutions in acetonitrile or ds-acetonitrile
CD5CN were obtained by drying a monohydrate solution over 4 A
molecular sieves for 24 hours.

Physical Methods: Time-resolved UV/Vis spectra were acquired
with an Agilent 8453 diode array spectrophotometer equipped with
a multi-cell holder. The cell holder was maintained at 303 K
throughout with a Huber Ministat thermostatted water bath. IR
spectra were measured on a Perkin—-Elmer FT-IR spectrometer (Spec-
trum 2000). Melting points were recorded and uncorrected meas-
urements repeated three times using a Digimelt MPA161 SRS appa-
ratus. GC-MS was recorded using a Shimadzu GC-MS-QP5000
machine using a Restek Rtx® -5MS column and analysed using GC-
MSsolutions v1.20. Microanalyses were performed by the University
of Queensland Microanalytical Service.

UV/Vis/GC-MS of the Ley-Griffith Oxidation of 1-Octanol: To a
solution of commercial obtained TPAP in acetonitrile (0.8 mm,
2.5 mL) was added NMO from a stock solution (0.24 mm final con-
centration, NMO-H,0 or dried with 4 A molecular sieves for 24 h)
followed by addition of 1-octanol (0.16 mm). The solution was then
separated into two volumes, one for UV/Vis spectroscopy and one
for GC-MS. The sample used for GC-MS (2.0 mL) spectra, were re-
corded every 7 min (beginning at 3 min), and concentrations of 1-
octanol and octanal determined for each spectra by use of standard
curves of 1-octanol and octanal.

Computational Methods: All calculations were conducted with the
Gaussian09 software (revision A.02).°" Head-Gordons' long range
corrected functional, ®B97XD/6-31G(d),"”! with the LANL2DZ basis
set on Ru was used throughout this study. Implicit solvation (in
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acetonitrile) was modelled using Truhlar's SMD method.[*®! All sta-
tionary points were confirmed by frequency analysis.

CCDC 1846870 (for TPAP 3) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre.
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PN NMO (1.5 eq.)

Ley-Griffith Oxidation

R™ "OH

DCM or MeCN,
rt., 1-8 hr

o 0Oy
o 0-Ru-0 N
i + 0 [ j
R H N"PI’4 0]
TPAP  NMO

Further exploration of the Ley-Griffith
(TPAP) oxidation has unveiled a better
understanding of the role N-methyl-
morpholine N-oxide (NMO) plays, not
just as a co-oxidant, but also a

hydrogen bonding partner to the alco-
hol substrate and water. These addi-
tional attributes impact reaction per-
formance, with important implications
for the practicing synthetic chemist.

Eur. J. Org. Chem. 0000, 0-0

www.eurjoc.org

DOI: 10.1002/ejoc.201800860

7 © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



