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Diastereoselective diazenyl formation: the key
for manganese-catalysed alcohol conversion
into (E)-alkenes†

Luis Miguel Azofra *a,b and Albert Poater *c

The proposed reaction mechanism for the unprecedented direct transformation of primary alcohols into

alkenes catalysed by Mn(I)-PNP complexes consists of two cycles. First, the acceptorless dehydrogenation

of the alcohol into aldehyde is produced via a concerted mechanism. Secondly, in an excess of hydrazine,

hydrazone is formed and reacts with the aldehyde to produce olefins. This process, taking place in base-

free conditions, is characterised by the diastereoselective formation of diazenyl intermediates. Based on

DFT data, the generation of the (SN,S,S) diastereoisomer is favoured over the rest, leading in its decompo-

sition to the preferential formation of an (E)-alkene and liberating N2 and H2O as the only by-products.

Introduction

At the forefront of the design and synthesis of novel homo-
geneous catalysts, manganese1 occupies a central place given
the large number of applications that have been reported in
the recent years.2 Together with its versatility, manganese is
postulated as a perfect candidate for the development of
alternative homogeneous materials given its low-price, abun-
dance, and non-toxicity.3

In 2016, Milstein reported a set of well-defined Mn(I) com-
plexes bearing PNP ligands capable of catalyse a series of
hydrogenation/dehydrogenation reactions, such as Michael
addition of aliphatic nitriles to α,β-unsaturated carbonyl com-
pounds4 or the dehydrogenative coupling of alcohols and
imines to form aldimines.5 In the context of metal–ligand
cooperation (MLC) catalysis, the postulated reaction mecha-
nism considered the participation of the non-innocent pincer
ligand in a cycle constituted by successive aromatisation and
dearomatisation steps. This mechanistic approach has also
been proposed by Kirchner et al. for the coupling of alcohols

and amines into imines,6 and by Milstein and co-workers for
the coupling of hydrazones from alcohols and hydrazine,7

amongst other examples.8,9

Other catalytic applications, also within the MLC perspec-
tive, are founded on the role played by bifunctional catalysts
containing the [Mn–N] motif: while N behaves as a Lewis base
centre, manganese has an electrophilic character, promoting
the respective proton and hydride borrowing in processes
where (de)-hydrogenation is the catalytic target or a fundamen-
tal stage along the mechanism. In this sense, Beller and co-
workers reported the selective hydrogenation of ketones, alde-
hydes, esters, and nitriles,10,11 as well as N-alkylation of
amines with alcohols.12 A similar research carried out by
Kempe reported the employment of a novel Mn complex
bearing a PN5P ligand that displays a broad capacity to
efficiently hydrogenate CvO bonds.13 This new generation of
Mn complex was also satisfactorily applied for the multicom-
ponent synthesis of pyrimidines.14 Important advances have
also been carried out by Rueping and co-workers, describing
unprecedented chemoselective hydrogenation of internal
alkynes into (Z)-alkenes by a Mn(I)-PNP hydride,15 or the gene-
ration of “green” methanol by hydrogenation of CO2-derived
(poli)-carbonates using well-defined Mn(I)-NNP complexes that
work at milder conditions of pressure and temperature.16

Definitively, these are just a few instances amongst the
plethora of organic transformations catalysed by manganese
that have been reported in the last lustrum.17–26

Encouraged by our interests in the unravelling of the
mechanistic aspects in the catalytic chemistry of
manganese,27–30 the recent work by Milstein et al.,31 reporting
for first-time a manganese-catalysed coupling of alcohols and
hydrazone to form alkenes, caught our attention. As an
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alternative to the classical approaches for the synthesis of
olefins from carbonyl compounds (such as Wittig,32

Peterson,33 or Julia34 olefinations), Milstein and co-workers
offer an unprecedented base- and waste-free procedure for the
direct transformation of alcohols into alkenes. Despite the
impact of this finding on the organometallic catalytic chem-
istry, the reaction mechanism for this process remains
unknown.

With the aim of shedding light on this, we have carried out
a detailed DFT study analysing the catalytic role that plays the
most active Mn(iPr-PNP)(CO)2 amido complex (see Fig. 1), as
reported in Milstein’s work.31 This 16e species has a trigonal
bipyramidal geometry with phosphorus atoms in axial disposi-
tions and nitrogen and CO ligands in equatorial. As previously
indicated, the Mn–N bond exhibits a dual role, with Mn and N
behaving as electrophilic and nucleophilic centres, respect-
ively. The hydrogenation of the Mn–N bond by acceptorless
dehydrogenation of an alcohol RCH2OH would generate the
18e species [MnH–NH] and an aldehyde. In an excess of hydra-
zine, this would produce a hydrazone compound RCHNvNH2

plus the release of a H2O molecule. After regeneration of the
16e species [Mn–N] by dehydrogenation of the 18e species, the
hydrazone would react to produce a N–H active species, being
this nitrogen a stereocentre. Based on experiments, Mn(iPr-
PNHP)(NHNvCHR)(CO)2 is a stable entity and has been
characterised by NMR, IR, and X-ray techniques. This species
has served as a reference to build the initial guesses that will
define those minima and transition states (TS) of the reaction
mechanism proposed in the present research. Coming into
play the already formed aldehyde, a condensation reaction
would take place generating two additional carbon stereocen-
tres. Four potential diastereoisomers of diazenyl intermediate
would be therefore generated, i.e., (SN,S,S), (SN,R,S), (SN,S,R),
and (SN,R,R) (or their enantiomeric pairs), imposing stereo-
selectivity towards the formation of a (Z)- or (E)-alkene once
decomposed and liberating N2 and H2O as the only by-pro-
ducts (Scheme 1).

Computational details

The reaction mechanism for the direct transformation of
primary alcohols into alkenes catalysed by Mn(I)-PNP com-

plexes has been studied through the use of Density Functional
Theory (DFT) via the spin-restricted Kohn–Sham (RKS) formal-
ism and the BP86 functional.35,36 The split-valence SVP basis
set was used for non-metal atoms while the triple-ξ TZVP basis
set was employed for Mn.37 In all cases, frequency calculations
were performed in order to confirm the nature of the station-
ary points (minima or first-order TSs with one imaginary fre-
quency). In order to obtain more accurate energy values,
single-point energy refinement calculations in solvent have
been performed over previously optimised structures at the
PBE038/TZVP level of theory, including Grimme’s D3 dis-
persion corrections.39 For the purpose of simulate the solvent
effect, the Solvation Model based on Density (SMD)40 has been
used with the standard parameters for THF (ε = 7.6). Gibbs
free energies have been computed at 120 °C and atmospheric
pressure reaction conditions. All calculations were carried out
using a fine grid and through the facilities provided by the
NWChem package (version 6.8).41

Results and discussion

The mechanism for the Mn-catalysed direct conversion of
primary alcohols into alkenes by dehydrogenative coupling
with hydrazine can be posed as a process constituted by two
main cycles, namely alcohol dehydrogenation (AD) and alkene
formation (AF). For the purpose of the modelling, phenyl-
methanol has been selected as model substrate.

In the first, the Mn-PNP complex (16e species, A) catalyses
the acceptorless dehydrogenation of the alcohol into an alde-
hyde (Fig. 2). Two plausible pathways can be proposed: step-
wise, in which proton and hydride are transferred sequentially,
or through a concerted way, where both are transferred
simultaneously.

As it has been previously reported in similar homogeneous
catalysts,16,28 proton transfer from the hydroxyl group in the
alcohol to the N in the catalyst is hypothesised as a barrier-less
process for the step-wise mechanism (see Fig. S1 at the ESI†).
As result of this, a Mn-alkoxy complex is generated (B), being

Scheme 1 Reaction mechanism overview. Atoms highlighted in yellow
refer to stereocentres.

Fig. 1 Kekulé and optimised structures for the 16e species (A). For
clarity, only atoms surrounding Mn are represented using balls and
sticks, while for the rest only sticks.
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at 0.7 kcal mol−1 (1 atm, 120 °C reaction conditions). Although
the already formed amino N*(H) atom becomes a stereocentre,
this has no consequences from the point-of-view of the selecti-
vity at this stage of the reaction. For the subsequent hydride
transfer, two different TSs are located based on the orientation
of the phenyl group in the alkoxy moiety. This transfer (B–C)
takes place from the C(sp3) in the alkoxy to the manganese,
and barriers are calculated in 20.6 and 20.0 kcal mol−1 for the
cases in which phenyl–phenyl and phenyl–iso-propyl groups
are faced (see Fig. 3). In both cases, C(sp3)-hydride distances
are ca. 1.7 Å (1.71 Å for Ph–Ph and 1.70 Å for Ph-iPr), so the
small difference between the calculated activation energies
seems to be due to very minor effects, principally steric. With
the release of benzaldehyde at C, the hydrogenated 18e species
[MnH–NH] is formed, showing an increase in the Mn–N bond
of 0.28 Å with respect the 16e species [Mn–N] (1.90 Å). This,
together with a Mayer Bond Order analysis, suggests the com-
plete single character of the Mn–N bond in A (0.997 for A to be
compared with 0.447 for C). In addition, triplet states in A and
C species have been calculated to be 23.5 and 46.2 kcal mol−1

less favoured than single states, unambiguously indicating
that the reactivity takes place in the singlet state.

We were also able to identify a concerted mechanism for
alcohol dehydrogenation (A–C). With a similar trend but pre-
senting longer energy differences, the TS in which phenyl and
iso-propyl groups are faced exhibits a less endergonic barrier
of 16.1 kcal mol−1 than the so-called Ph–Ph maximum
(18.9 kcal mol−1) (see Fig. 3). In any case, free energy results
clearly indicate the preference in the acceptorless dehydro-
genation to proceed via a concerted mechanism in which

proton and hydride are simultaneously transferred from the
alcohol to the bifunctional Mn–N moiety.

Once generated the 18e species [MnH–NH], its dehydro-
genation is imperative for the cross-coupling reaction.

This process was calculated and shows a very high acti-
vation of 32.5 kcal mol−1 (C–D). We failed in all our attempts
to find a TS assisted by a bridging H2O molecule, however, an
assisted TS by a bridging phenylmethanol molecule was
located, decreasing the barrier to 29.6 kcal mol−1. As final
stage closing this first cycle of alcohol dehydrogenation (AD),
H2 is released and the 16e species [Mn–N] is regenerated. For
this, a barrier of 31.2 kcal mol−1 has been estimated.

During the second cycle of alkene formation (AF), in an
excess of hydrazine, benzadelhyde could be transformed into
hydrazone, as it was already reported by Milstein and col-
leagues.7 The generated hydrazone PhCHNvNH2 interacts
with the 16e species [Mn–N] transferring one of the two
protons from the NH2 moiety to the nucleophilic N in the cata-
lyst. This proton cession has also been calculated as a barrier-
less process. As a result of this, the reference Mn(iPr-PNHP)
(NHNvCHPh)(CO)2 species is formed (E), being linked
through a Mn–N bond with a distance of 2.06 Å and
−0.7 kcal mol−1 of reaction energy (relative to A plus hydra-
zone, 7.8 kcal mol−1). As occurred in the first cycle, the acti-
vation of N via the generation of a N–H bond makes that N
becomes a stereocentre. For the purposes of this discussion, a
(S) configuration is assumed, referring to it as (SN) to indicate
the chirality in an atom different to carbon. From a mechanis-
tic point-of-view and as clearly indicated along Fig. 4, for this
second cycle, the proton transfer does not obey to a proper

Fig. 2 Reaction mechanism for alcohol dehydrogenation (AD) into
aldehyde catalysed by a Mn(I)-PNP catalyst. Free energy results (1 atm,
120 °C) are shown at the PBE0 + D3/TZVP//BP86/TZVP(Mn)-SVP(H,C,N,
O,P) level of theory in THF as solvent. Atoms highlighted in yellow refer
to stereocentres. For clarity, P refers to P(iPr)2.

Fig. 3 Optimised structures for B–C and A–C TSs, indicating the
hydride and H2 transfers in the step-wise and concerted mechanisms
for AD cycle. Selected O–H (red), N–H (blue), C–H (black) and Mn–H
(purple) distances are shown in Å.
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acceptorless dehydrogenation of the hydrazone. Contrary to
what has been described for AD cycle, the catalyst exerts a role
of proton borrowing during the process. Benzaldehyde, which
has been produced along the precedent AD cycle, approaches
to E in order to be subsequently incorporated in a formal con-
densation reaction. Transition states F–G describes this funda-
mental mechanistic step. First, the coupling of the sp2 carbons
from [NHNvCHPh]− and benzaldehyde is promoted by an
electronic reorganisation, with the proton in [NHNvCHPh]−

being transferred to the CvO functionality in benzaldehyde
(Fig. 5). This process, in which the metal centre does not par-
ticipate directly but has a cooperative effect, promotes the for-
mation of a C–C bond in which both become stereocentres. As
a consequence of this coupling, four plausible TSs can be
described: (SN,S,S), (SN,R,S), (SN,S,R), and (SN,R,R) (or their
enantiomeric pairs). In other words, having formed the N*(H)
centre with (SN) configuration at step E, depending on which
enantioface are pointing the phenyl groups, the incipient for-
mation of (S) or (R) carbon stereocentres might lead to a
diastereoselective formation of a diazenyl intermediate. Based
on free energy results, TS (SN,S,S) [more properly referred to as
(SN,pro-S,pro-S)] exhibits the lowest activation with 25.5 kcal
mol−1. For the (SN,R,S), (SN,S,R), and (SN,R,R) cases, barriers
have been calculated as 31.7, 26.4, and 28.9 kcal mol−1,
respectively. Further, to emphasise the role of stabilisation
between aromatic rings in the TS F–G, we plot the noncovalent
interactions (NCI), calculated using the NCIplot program devel-
oped by Contreras-García.42,43 NCI plots in Fig. 6 show more
attractive (in blue) non-covalent interactions29,44 than repulsive
ones (in red) between the entering ketone substrate and the

[NHNvCHPh]− ligand on the metal moiety. The particular
difference is in the π–π stacking amongst the aryl rings, for
which (SN,S,S) shows the most attractive interaction, apart
from the hydrogen bond between the keto group and the NH
group, as well. Further, the most stable transition states, i.e.,
(SN,S,S) and (SN,S,R), also display another π–π stacking inter-

Fig. 4 Reaction mechanism for alkene formation (AF) catalysed by a Mn
(I)-PNP catalyst. Free energy results (1 atm, 120 °C) are shown at the
PBE0 + D3/TZVP//BP86/TZVP(Mn)-SVP(H,C,N,O,P) level of theory in
THF as solvent. Atoms highlighted in yellow refer to stereocentres. For
clarity, P refers to P(iPr)2.

Fig. 5 From left to right and top to bottom, optimised structures for F–
G TSs in AF cycle, corresponding to (SN,S,S), (SN,S,R), (SN,R,S), and (SN,R,
R) cases. Selected C–C (black) distances are shown in Å.

Fig. 6 NCI plots for F–G TSs in AF cycle, corresponding to: (a) (SN,S,S);
(b) (SN,S,R); (c) (SN,R,S); and (d) (SN,R,R) cases. The iso-surface represents
a value of 0.5 with a colour scale for the reduced density gradient from
−0.05 (red) to 0.05 (blue).
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action between the aryl of the [NHNvCHPh]− ligand and the
annulated six-membered ring of the PNP skeleton.

Supporting calculations in which single-point energy refine-
ment calculations were performed using a different functional,
specifically PBE0, BP86, BP86 + D3, M06 (which already
includes dispersion), and B3LYP + D3, show that TS (SN,S,S) is
lower in energy than the rest in all cases (see Table 1). This
unambiguously corroborates that kinetics control imposes
selectivity towards the production of a trans olefin and that the
results we have observed do not obey to DFT artefacts.

While decomposition of (SN,S,S) and (SN,R,R) diazenyl inter-
mediates will lead to a trans-alkene formation, (SN,R,S) and
(SN,S,R) cases will result in cis-alkene synthesis. Independently
of the relative reaction free energies of the diazenyl intermedi-
ates, the kinetics control during the F–G step imposes selecti-
vity towards the formation of the G(SN,S,S) diastereoisomer. As
seen in TS G–A, N2 and H2O release through proton transfer
from the N*(H) to OH, regenerating the achiral 16e species
[Mn–N] and producing (E)-stilbene.

Conclusions

In summary, we have modelled in premiere the reaction mecha-
nism for the unprecedented direct transformation of primary
alcohols into alkenes catalysed by the most active Mn(iPr-PNP)
(CO)2 amido catalyst, attending to Milstein’s report.31 This
consists in two main cycles. In the first, alcohol dehydrogena-
tion (AD) into aldehyde takes place. The concerted mechanism

has been calculated to be more favourable with a barrier of
16.1 kcal mol−1. Regeneration of the catalytic 16e species [Mn–
N] by H2 elimination exhibits a barrier of 29.6 kcal mol−1,
assisted by alcohol. In an excess of hydrazine, the already
formed aldehyde converts into hydrazone. This can react with
a second aldehyde molecule in a condensation process charac-
terised to be diastereoselective towards the formation of a dia-
zenyl intermediate. As shown in Scheme 2, while decompo-
sition of the diazenyl intermediate with (SN,S,R) [or (SN,R,S)]
configuration would lead to a cis-alkene formation, the one
with (SN,S,S) [or (SN,R,R)] configuration would lead to a trans-
olefin. Tested with several methods, in all cases the (SN,S,S)
maximum exhibits the most favoured values of free energies,
therefore rapidly decomposing into an (E)-alkene and liberat-
ing H2O and N2 as the only by-products.

Based on our mechanistic hypothesis, this represents the
key step to understand the selectivity of these materials
towards the generation of trans-olefins. Having solved the pro-
posed mechanism, we strongly guess that our findings would
stimulate further interests in the design of novel materials
capable of catalyse the direct conversion of alcohols into
alkenes at milder conditions.
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