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ABSTRACT: A mechanistic investigation of the reductive coupling of
benzylic and allylic alcohols by triphenylphosphine catalyzed by
ReIO2(PPh3)2 (1) is disclosed utilizing (1) stoichiometric reaction studies
of 1 with alcohols, with PPh3 and with OPPh3; (2) rate law determination of
the reaction of benzhydrol with PPh3 catalyzed by 1; (3) substrate structure-
dependent reactivity/selectivity studies; and (4) DFT computational analysis of various potential reaction pathways in the
benzyl alcohol/PPh3 reaction. In situ NMR monitoring of reactions of 1 with PPh3 and various alcohols demonstrate (a) facile,
reversible PPh3 dissociation from 1; (b) association of various alcohols to form Re-alcohol/alkoxide complexes,
(Ph3P)IReO2(ROH) and (Ph3P)IReO(OH)(OR); and (c) thermal conversion of these alcohol(ate)-rhenium complexes to
Ph2CH−CHPh2 and OPPh3 at >50 °C. Under pseudo-first-order conditions, the initial rate kinetics of reductive coupling of
Ph2CHOH/PPh3 catalyzed by 1 shows (a) a reaction rate that is first-order each in ROH, catalyst and first-order (or higher) in
PPh3 and (b) the reaction is inhibited by OPPh3. Alcohol structure effects show (a) relative reactivity of sec-, tert-benzylic =
allylic > prim-benzylic/allylic≫ sec-, prim-alkyl and (b) low regioselectivity of the dimers from unsymmetrical allylic alcohols. A
DFT computational study of the reaction of benzyl alcohol/PPh3 with 1 reveals a preferred pathway involving: (a) formation of
rhenium−alcohol and −alkoxide intermediates, (Ph3P)IReO2(ROH) and (Ph3P)IReO(OH)(OR); (b) reduction of the latter
by PPh3 to form (OPPh3)(Ph3P)IRe(OH)(OBn) (E); (c) association of a second BnOH with E to give (Ph3P)IRe(OBn)2 (K);
(d) facile dissociation of a benzyl radical from K by C−O homolysis; and (e) a second rhenium−O−Bn homolysis from
(PPh3)IRe(H2O)(OBn) (O), giving bibenzyl via benzyl radical recombination and regenerating (PPh3)ReIO2.

■ INTRODUCTION AND BACKGROUND
The search for efficient processes to convert abundant,
renewable resources to chemicals and fuels has spurred recent
efforts to develop selective chemical transformations of
biomass-derived, oxygen-rich feedstocks by refunctionalizing
C−O bonds.1 Besides dehydration and oxidation, reductive
processes that give products with reduced oxygen (and
increased energy) content and/or different functionality are
receiving particular attention. Hydrodeoxygenation (HDO,
Scheme 1) is one such reaction that is practiced in chemical

industry and in the laboratory,2 typically with activated
(benzylic, alylic) alcohols using H2/Pd−C,3 Lewis acid/
silanes,4 and for unactivated alcohols with heterogeneous
metal and metal oxide catalysts,5 but HDO of unactivated
alcohols typically require severe conditions and often have
limited product selectivity. Recently, the selective HDO of aryl

ethers6 and phenols,7 having strong Csp
2−O bonds, has been

disclosed, catalyzed by nickel and iridium complexes.
An alternative reductive process, deoxydehydration

(DODH), involving vicinal hydroxyl group elimination to
give unsaturated products (Scheme 1), has been developed
more recently8 and has been catalyzed primarily by oxo-
rhenium compounds and an expanding set of reductants
including PPh3,

9 H2,
10 secondary and activated alcohols,11

sulfite,12 elements,13 and hydroaromatics.14 We reported the
first DODH reactions catalyzed by nonprecious oxo-vanadium
complexes,15 while others have recently disclosed oxo-
molybdenum catalyzed DODH with alcohol reductants.16 A
catalytic cycle involving a reduced metalloglycolate species that
undergoes olefin extrusion by concerted C−O bond cleavage
appears to be a common feature of the DODH reactions.17

The ability of oxo-metal complexes to activate C−O bonds
in the dehydration18 and deoxydehydration8 of alcohols
prompted us to investigate their potential for the deoxygena-
tion of monoalcohols. In our initial study we discovered that
activated alcohols such as benzylic, allylic and α-keto are
deoxygenated by reaction with PPh3 catalyzed by
(PPh3)2ReIO2 (1) (Scheme 2).19 Remarkably, however, for
most of the alcohols tested, alkane dimers were the exclusive
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Scheme 1. Hydrodeoxygenation (HDO) and
Deoxydehydration (DODH) of Alcohols
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reduction products, the result of reductive coupling (RC).
Very recently, we have reported that oxo-vanadium complexes
catalyze a related reductive coupling of alcohols in which the
alcohol (rather than phosphine) serves as the reductant
producing ketones as coproducts.20

The deoxygenation and particularly the reductive coupling
(RC) of alcohols promoted by soluble transition metal
compounds is little known. The deoxygenation of activated
alcohols (to alkanes) has been effected stoichiometrically using
Cp2TiCl

21 and WCl2(PMe3)4
22 as reagents and catalytically by

polymethylhydrosiloxane/PdCl2.
23 Stoichiometric reductive

coupling of activated alcohols by reduced Ti compounds24

and La/Me3SiCl,
25 and a Cu-catalyzed La/Me3SiCl variant has

also been reported.26 The formation of bibenzyl as a minor
product in the recently reported molybdate-catalyzed HDO of
benzyl alcohol by isopropanol is also noted.16 The Re-
catalyzed, phosphine-mediated catalytic RC system that we
discovered recently provides a means to convert alcohols to
higher hydrocarbons under neutral and relatively mild
conditions, while avoiding prefunctionalization of the alcohol.
It thus has potential use for conversion of biomass-derived
alcohols to chemicals as an alternative to the unselective
Guerbet reaction.27

Our initial report of oxo-rhenium-promoted reductive
coupling of alcohols was suggestive but inconclusive as to
the nature of reactive intermediates involved in the process.
The RC reaction was observed only with activated alcohols,
i.e., benzylic and allylic alcohols which have weaker C−O
bonds,28 suggesting that C−O bond breaking is likely the rate-
limiting step. The reaction showed little regioselectivity in the
coupling of unsymmetrical allylic alcohols, which could be
explained by the involvement of a nearly symmetrical
intermediate, e.g., carbocation/radical, but oxo-metal-catalyzed
isomerization of the allyl alcohol substrate29 also could explain
this result. While the formation of hydrocarbon dimers and
alkane C−H reduction products are suggestive of carbon free
radical intermediates, attempted trapping of radicals with H
atom donating hydroaromatic compounds failed to produce H-
donor derived products19 and thus could not conclusively
implicate free radical intermediates. These mechanistic
ambiguities, together with the novelty and potential synthetic
utility of the RC reactions prompted a follow-up study to
address these issues, which is reported herein.

■ RESULTS AND DISCUSSION
Stoichiometric Reactivity Studies of IReO2(PPh3)2 (1).

Solution Behavior of 1. A benzene-d6 solution of IRe-
O2(PPh3)2 (1)30 undergoes color changes from purple to
crimson to yellow over 1−2 days. When monitoring this
process by 31P NMR spectroscopy, the signal for 1 at 4.6 ppm
diminished over time with concomitant growth of peaks at
−5.0 (for free PPh3) and at −12.0 ppm. These color and
spectroscopic changes were completely suppressed when 1 was

combined with 5 equiv of triphenylphosphine. Additionally,
adding excess PPh3 to a 3 day old yellow benzene solution of
ReIO2(PPh3)1,2 caused the sample to return to the purple color
of 1; the 31P NMR spectrum of the final solution showed the
signal of 1 at 4.6 ppm to be predominant again and the −12.0
ppm signal to have nearly vanished. These observations are
indicative of a room temperature equilibrium between 1 and a
monophosphine derivative, tentatively formulated as (PPh3)-
ReIO2 (2) (Scheme 3). As suggested by a reviewer,
monophosphine derivative 2 could exist in part or entirely as
an iodide-bridged dimer.

Interaction of 1 with Alcohols. A series of stoichiometric
reactivity experiments was conducted to elucidate the trans-
formations of 1 in the presence of various alcohols at room
temperature. 1H NMR monitoring of a room temperature
solution of 1 in benzene-d6 containing 5 equiv of benzhydrol
showed after 1−2 days two new low intensity singlets shifted
downfield from those of the free alcohol at 6.3 and 5.5 ppm
(approximate ratio 2:1; Figure 1). HSQC NMR spectra
indicated that these signals correlate with 13C peaks at 35 and
75 ppm, indicative of H−CPh2−ORe moieties. In the 31P
NMR spectrum of the mixture, free PPh3 (−8.0 ppm) and
additional signals at −9.0 and at −11.5 ppm (ReO2IPPh3, 2)
were detected. The new species were tentatively assigned as
Re-alcohol and Re−alkoxo-hydroxo species, e.g., A−D
(Scheme 4). This assignment was supported by NMR
monitoring of the reaction of ReO2I(PPh3)1,2 with other
alcohols and computational reaction modeling (vide inf ra).
We also examined the NMR spectra of 1:5 mixtures of

complex 1 with other alcohols, including ethanol, benzyl
alcohol, 1-phenylethanol, and cinnamyl alcohol (PhCH
CHCH2OH). All of these solutions changed color over 1−2
days and exhibited changes in their NMR spectra. The 1H
NMR spectra of the aged samples with the first three alcohols
showed, besides the signals of the free alcohol, two new sets of
signals appearing substantially upfield from the free alcohol,
Δ(ppm) from 1.1 to 1.7. The spectrum of the reaction mixture
with ethanol is shown in Figure 2; see the Supporting
Information for others. The integrated 1H NMR signals for
these two pairs of peaks were about 1:2 (and about 1:5 with
cinnamyl alcohol). The two unequal intensity sets of alcohol-
derived proton signals correlated with the presence of a large
31P NMR signal at −10.5 to −10.9 ppm and a smaller one at
−7 to −6 ppm in the region for coordinated PPh3, indicating
the formation of two major PPh3-containing product
complexes.
Up to four alcohol/alkoxide adduct structures arising from

the interaction of 1 with excess alcohol can be envisioned: A−
D in Scheme 4, mono- or bis-adducts, as either alcohol
complexes, M(ROH) (A, C) or metal hydroxo−alkoxides
(HO)MOR (B, D). To distinguish among these possibilities
we reasoned that the mono-/bis-adduct equilibrium should be
affected by the ROH/Re ratio, so the ratio of ethanol to
rhenium complex 1 was varied at 2:1 and 10:1 in two samples.

Scheme 2. Re-Catalyzed Deoxygenation (DO) and
Reductive Coupling (RC) of Alcohols

Scheme 3. Ligand Dissociation Equilibrium for Precatalyst 1
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After 24 h, the integrated ratio of the two new CH2 quartet
signals was not appreciably different for these samples, showing
the independence of the product ratio to the ROH/1 ratio.
This result is best explained in terms of a coordinated alcohol/
alkoxide mixture, e.g., A/B or C/D, rather than a mono/bis-
equilibrium mixture (Scheme 5). The electronically different
nature of alcohol vs alkoxide coordination is also consistent
with the very different chemical shifts for the two sets of signals
in the 1H and 13C NMR spectra.
Although a number of rhenium−alkoxide complexes have

been reported,31 very few alcohol complexes of any metal have

been well-characterized;32 hence, NMR data comparable to the
present results are insufficient to definitively assign structures
to the detected rhenium alcohol/alkoxide species. In our DFT
computational modeling of the Re-catalyzed reductive
coupling pathways, we find support for the energetic viability
of both types of complexes.
A role of the alcohol/alkoxide adducts in the catalytic

reductive coupling is implicated by the result of heating
solutions containing these species. When a 35 day aged sample
derived from mixing 5 equiv of Ph2CHOH with 1 was warmed
to 50 °C, the NMR signals from the Re-OCHPh2 species
gradually disappeared and Ph2CH−CHPh2 was detected after
about 24 h (Figure 1), along with a 31P NMR signal at ∼27−
24 ppm, assigned to the coproduct, OPPh3 (Scheme 5).

Formation of a (PPh3)Re(OPPh3) Species under Ambient
Conditions. Another rhenium−phosphine complex was
detected in the NMR experiments that could be relevant to
the catalytic mechanism. After many days at room temperature,
solutions of 1 and Ph2CHOH displayed a pair of equal
intensity doublets in the 31P NMR spectrum at 50.7 and −11.5
ppm (J = 15 Hz), which is typical of a two- or three-bond
phosphorus−phosphorus coupling (see the Supporting In-
formation).33 The 50 ppm signal is downfield of that of free
OPPh3 (25 ppm), in the region of reported phosphine oxide
metal complexes.34 These features suggest that the species has
a Ph3P−O−Re−PPh3 subunit. To further clarify its composi-
tion an NMR sample was prepared with a 1:5 ratio of
IReO2(PPh3)2 (1) to OPPh3. After 24 h at room
temperature, this solution was yellow and exhibited the same

Figure 1. 1H (left) and 31P (right) NMR spectra of 5:1 Ph2CHOH/1 at room temperature over 35 days in CDCl3, then at 50 °C for 1 day.

Scheme 4. Potential Alcohol Adducts from the Reaction with ReO2I(PPh3)2 (1)

Figure 2. 1H NMR spectrum of 5:1 CH3CH2OH + 1 (CDCl3, 20
°C).

Scheme 5. Formation and Conversion of Alcohol-Alkoxide Adducts to Products
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pair of doublets in its 31P NMR spectrum as produced after
several hours in the reaction of Ph2CHOH with 1. We
therefore identify this species as (PPh3)ReO2I(OPPh3) (3)
(Scheme 6). The formation of 3 from the reaction of 1 with

OPPh3 shows the rapid ligand substitution of 1 as indicated in
the earlier NMR studies. The generation of 3 during long-term
interaction of 1 with benzhydrol may be the result of Re(V) to
Re(III) reduction by dissociated PPh3 (or Ph2CHOH, see
below) and subsequent rhenium reoxidation by adventitious
oxygen or during slow reductive coupling of the alcohol.
PPh3/ReO2I(PPh3)2 Reactivity. To further evaluate the

viability of generating a Re(III) species by phosphine
reduction of ReO2I(PPh3)1,2 in the catalyzed RC reaction, a
solution of 1 and PPh3 in C6D6 was monitored by 31P NMR at
r.t. for 6 days, then at 150 °C for 30 min. The NMR spectra
(see the Supporting Information) showed gradual formation of
OPPh3 and, eventually, the complete disappearance of 1; the
Re-containing product was not identified (Scheme 6). This
result demonstrates the ready reducibility of 1 by PPh3 and
thus the viability of producing a reduced presumably Re(II or
III) species at the higher temperature of the catalyzed
reactions. The reducibility of other LRe(V)O2 species by
phosphines has been noted in a number of reports,35 and the
reduction of a Re(V)−diolate to a Re(III)−diolate by sec-
alcohols has been suggested in the MeReO3-catalyzed
deoxydehydration of glycols.36

Substrate Structure/Reactivity Effects. A few substrate
structure-based reactivity probes were also evaluated to gain
additional insights into the nature of the C−O bond cleavage
step. From our preliminary study, we observed selective
formation of dimeric hydrocarbon products from the most
activated alcohols; less activated substrates, e.g., BnOH and
PhCHOH−C(O)Ph, gave significant amounts of H-transfer
reduction products, i.e., toluene and PhCH2COPh, respec-
tively.19 Additionally, in our initial study the reductive coupling
of unsymmetrical allylic substrates, e.g., cinnamyl alcohol and
its isomer, produced essentially the same mixture of isomeric
diene dimers.19 Although this could be taken as evidence for
the formation of a common isomerizing or symmetrical
intermediate, e.g., allylic radicals, the proven ability of oxo-
metal species to catalyze the facile isomerization of the
substrate allylic alcohols,29 renders this result inconclusive.
An alcohol substrate that could implicate a radical

intermediate by the formation of ring-opened products,
cyclopropyl carbinol 4,37 also proved inconclusive because
this compound was quite unreactive under our typical
conditions, achieving little conversion after 5 days and failing
to provide an adequate amount of a characterizable product.

A substrate stereochemical probe was also considered,
homochiral PhCH(OH)CH3 (5), for which the question was
whether the resulting chiral anti hydrocarbon dimer would be
nonracemic. If so, then it would indicate a concerted or
stereodefined replacement of the C−O bond by the C−C
bond of the dimer. Unfortunately, the decisiveness of this test
was also undermined by the discovery that the homochiral
alcohol was substantially racemized under the reaction
conditions (150 °C), indicating that C−O bond cleavage is
reversible with this substrate. These substrate-based probes
thus failed to identify the character of the C−O bond cleavage.

Kinetics Study. We sought to determine the reaction order
in each component, i.e., the precatalyst, ReO2I(PPh3)2 (1), the
alcohol substrate and PPh3 in the reductive coupling of
benzhydrol (Scheme 7). NMR spectroscopy was used to

collect concentration/time data for the product dimer,
Ph2CH−CHPh2; with chlorobenzene as the solvent at 125
°C, dimer yields of 75−80% were obtained. Reactions were
monitored with hexamethylbenzene as an internal integration
reference, sampling every minute to determine initial reaction
rates (conversion ≤15%). Sets of reactions varying only the
concentration of one component were run under pseudo-first-
order conditions. Keeping the alcohol and phosphine at a fixed
concentration (0.10 M) the catalyst concentration was varied
at 0.010, 0.005, and 0.0010 M, and the initial reaction rates
were determined (Figure 3). Plotting the initial rate versus the
catalyst concentrations gave a value of the reaction order (n) in
catalyst of approximately one (Figure 4).

1H NMR sampling of the Ph2CHOH/PPh3/ReO2I(PPh3)2
reaction was also carried out with various concentrations of
benzhydrol at a fixed concentration of catalyst (0.01 M) and
excess PPh3 (0.50 M). Under these conditions the reaction rate
had an apparent first-order dependence on the alcohol
concentration (Figure 5), but at 0.10 M PPh3 (typical of
catalytic conditions) increasing the benzhydrol concentration
from 0.050 to 0.2 M actually resulted in a lower reaction rate
(Table 1, entries 1 and 2). This apparent substrate inhibition

Scheme 6. Formation of Mixed Phosphine Oxide−
Rhenium−Phosphine Complex 3

Scheme 7. Reductive Coupling of Benzhydrol for Kinetic
Analysis

Figure 3. Initial rate data for Ph2CHCHPh2 formation at various
concentrations of precatalyst 1.
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has been observed in enzyme kinetics and suggests the
formation of a “dead-end” (inactive) intermediate.38

To determine the reaction order in the reductant the PPh3
concentration was varied between 0.05−0.2 M at a fixed
concentration of Ph2CHOH (0.1 M) and the typical catalyst
concentration of 1 (0.01 M). These conditions led to a
substantial increase in the formation of the ether Ph2CH−O−
CHPh2 from alcohol dehydration and more scatter of the data
points in the concentration versus time plots. The rate versus
[PPh3] plot showed a positive phosphine concentration
dependency (see Supporting Information) but gave only a
moderate fit with a first-order dependence (R2 = 0.82).
Additionally, at high [PPh3] (0.2 M) the overall reaction rate
was slower (Table 1, entries 3 and 4), similar to that observed
with increasing [Ph2CHOH] at moderate [PPh3]. As for a
possible explanation in the present system, high PPh3
concentrations favor the coordinatively saturated
(PPh3)2ReIO2 (1) (Scheme 3), limiting binding and activation
of the alcohol substrate. Conversely, an excess of alcohol would
favor the formation of bis-alcohol/alcoholate-rhenium species
that could be less reactive toward reduction by PPh3 for steric
or electronic reasons. These concentration-dependent effects
on the kinetic behavior provide evidence of mutual substrate
inhibition and are consistent with a ping-pong type reaction

mechanism39 in which one substrate, e.g., PPh3, is converted to
product (OPPh3) while generating a different catalyst species,
e.g., Re(III), which then turns over the other substrate
(alcohol) to the dimeric hydrocarbon, i.e., ROH to R−R.
Considering that triphenylphosphine oxide, OPPh3, is a

coproduct of the reductive coupling, that phosphine oxides are
established ligands for higher oxidation state metals,34,40 and
the evidence for a mixed phosphine oxide−rhenium−
phosphine complex species in the stoichiometric reactivity
study (op cit), we sought to determine if OPPh3 is also a
product inhibitor of the RC reaction. An experiment was
conducted in which 5 equiv of triphenylphosphine oxide was
added to the standard reaction mixture (Ph2CHOH/PPh3/1);
dimer formation was monitored by NMR at 125 °C. A 60%
decrease of the reaction rate was observed (Figure 6),

demonstrating an inhibitory effect of triphenylphosphine
oxide in the reaction. The presence of high concentrations of
the phosphine oxide may disfavor an equilibrium step in which
it decoordinates or its coordination forms a less reactive
complex.
Summarizing, under pseudo-first-order conditions the

approximate empirical rate law derived is rate =
k[cat]1[Ph2CHOH]1[PPh3]

≥1. However, at concentrations
used for the catalytic reaction runs ([ROH] = [PPh3] =
10[1]), we see departures from this rate law, apparently the
result of catalyst saturation and/or competitive substrate
binding and inhibition. With these provisos in mind the
kinetics results are consistent with a catalytic pathway in which
a monometallic catalyst reacts with at least one alcohol and
one phosphine molecule in or before the turnover-limiting
step. The inhibitory effect of phosphine oxide suggests that
OPPh3 production via coordinated OPPh3 is reversible.

Computational Reaction Modeling. In our initial report
of the ReIO2(PPh3)2-catalyzed reductive coupling19 a prelimi-
nary DFT study of the deoxygenation of PhCH2OH by the
model catalyst MeReO3 supported the viability of a
mechanistic pathway involving PPh3 reduction of MTO to
MeReO2, condensation of the latter with BnOH to give
MeReO(OCH2Ph)(OH), ReO−CH2Ph bond homolysis to
benzyl radical, and radical dimerization. The PhCH2−ORe
bond was suggested to be much weaker than typical, with a
calculated dissociation energy of only 35 kcal for the
intermediate, PhCH2−ORe(O)Me(OH)(PMe3), compared
to that for PhCH2−OH homolysis (81 kcal/mol, B3LYP-
calculated; 82 kcal/mol, experimental).27

Figure 4. Reductive coupling rate dependence on the catalyst 1
concentration.

Figure 5. Reductive coupling rate dependence on the benzhydrol
concentration at 0.50 M PPh3.

Table 1. Initial Rates of Reductive Coupling Showing
Substrate Inhibition at High Concentrations of PPh3 and
Ph2CHOH

entry [Ph2CHOH] (M) [PPh3] (M) initial rate (μM/min)

1 0.05 0.10 0.0026
2 0.20 0.10 0.0021
3 0.10 0.05 0.0029
4 0.10 0.20 0.0024

Figure 6. Effect of added OPPh3 on the initial rate of Ph2CH−CHPh2
formation at 125 °C. squares: [PPh3] = [Ph2CHOH] = 0.10 M, [1] =
0.010 M, no added OPPh3; triangles: 0.50 M OPPh3, [PPh3] =
[Ph2CHOH] = 0.10 M, [1] = 0.010 M.
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In light of the observations in the stoichiometric reactivity
and kinetics studies, we carried out a more thorough and
experimentally more realistic DFT computational analysis of
the ReO2I(PPh3)2-catalyzed reductive coupling reaction,
selecting PPh3 as the ligand and reductant and benzyl alcohol
as the substrate. As a starting point and benchmark, the B3LYP
calculated structure of ReO2I(PPh3)2 was compared to its X-
ray structure.30 There is good overall agreement between the
two trigonal bipyramidal structures with trans phosphine
ligands, and the bond lengths and angles (±0−4%), with the
largest variances in the Re-heavy atom distances, e.g., Re−O:
X-ray 1.74 Å, B3LYP calcd 1.74 Å; Re−P: X-ray 2.49 Å, B3LYP
calcd 2.54 Å; Re−I: X-ray 2.66 Å, B3LYP calcd 2.77 Å.
The favorable PPh3 dissociation from 1, established

experimentally, was also modeled computationally. We note
that the energy for dissociation of PMe3 from ReO2I(PMe3)2
has been estimated at 7.3 kcal/mol.41 On the basis of B3LYP-
calculated electronic energies (0 K, vacuum) a substantial
energy penalty of 16.9 kcal/mol for the PPh3 ligand
dissociation from 1 (→ ReIO2(PPh3) (A) + PPh3) was
found. When corrected for solvation (benzene) and temper-
ature (293 K), the free energy of reaction was approximately
thermoneutral, ΔG ∼0.2 kcal/mol. The ΔGrxn using the M06
functional (single point with solvation and temperature
correction) gave ΔG = 10.6 kcal, a poorer agreement with
the experimentally observed favorable dissociation. The
inaccuracies of these DFT methods for calculating metal-
phosphine dissociation energies are acknowledged.42 In light of
the generally better accuracy of the M06 method for TS
energies43 and our experimental observation of substantial
PPh3 dissociation and alcohol coordination at room temper-
ature, we have set ΔG to zero for the monophosphine complex
ReO2I(PPh3) (A) in the calculated relative energy profiles.
The coordination of benzyl alcohol with ReIO2(PPh3) to

form (PPh3)ReIO2(BnOH) (C) is calculated (M06/benzene,
298 K) to be nearly thermoneutral, ΔG = −0.7 kcal. Alcohol
complex C is found to be of similar energy to the
corresponding alkoxo-hydroxo-complex (PPh3)ReIO(OH)-
(OBn) (D), ΔG = −0.4 kcal. The isomeric alcohol and

alkoxo-hydroxo adduct pairs of other aliphatic alcohols, e.g.,
ethanol, methanol, and benzyhydrol, also have comparable
thermodynamic stabilities (see Supporting Information) and
thus should exist in similar amounts in a tautomeric
equilibrium. The energetic viability of such rhenium−
alcohol/alkoxide species is demonstrated by their NMR
detection from the interaction of various alcohols with
ReIO2(PPh3)2 (1).
We have considered two subsequent reaction pathways from

the monoalkoxide complex (PPh3)ReIO(OH)(OBn) (D): (1)
O-transfer reduction of D by PPh3, followed by R-ORe
cleavage processes (pathway A) or (2) association of a second
ROH to give a dialkoxo-rhenium species, followed by
reduction by PPh3 and then R−ORe cleavage (pathways B
and C). The calculated energy profile for the first of these is
presented as scheme A in Figure 7. Oxo-rhenium attack by
PPh3 on the alkoxo-hydroxo species D has a substantial free
energy of activation barrier (28.2 kcal/mol) via TSD−E to
produce the Re(III)−phosphine oxide species E in a nearly
thermoneutral step in a singlet manifold. The d4-Re(III)
species, e.g., E, could potentially exist as a low- or high-spin
species, and examples of both spin states are documented,
depending on the ligand set.44 B3LYP calculations for the
closed shell singlet and open shell triplet for the model
ReIPPh3(OMe)2 found the singlet species to be approximately
30 kcal more stable. On this basis, the other Re(III) species
evaluated in our study were also optimized as closed shell
singlets. The substantial activation barrier in the phosphine
reduction of B is derived from the counterbalancing enthalpic
contributions of P−O bond-making and ReO bond-
breaking, and the considerable entropic cost of an associative
process. In transition state TSD−E (Figure 8), the P−O and
Re−O distances are both much longer than for typical O−PR3
and ReO lengths.45 The electronic character of the
transformation may be simply viewed as an electron pair
transfer from the HOMO of the nucleophile PPh3 to the
LUMO of the electrophile ORe(V)I(OH)(OBn)(PPh3)
(D). This picture is in accordance with other computational

Figure 7. B3LYP-optimized, M06(benzene) single point free energy profile of the ReIO2(PPh3)2-catalyzed reductive coupling of PhCH2OH via a
monoalkoxide pathway A; transition states are shown in blue.
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and experimental studies of phosphine O-transfer reactions of
oxo-metal complexes.46

Considering the most likely options for O−C bond cleavage
in a nonpolar medium (reaction solvent = benzene), the
energetics of homolytic processes were evaluated. A transition
state search for the dissociation of E to the spin doublets
benzyl radical and (PPh3)Re(IV)IO(OH) (F), yielded a saddle
point TSE−F with open shell singlet having an activation energy
of only 26.4 kcal (Figure 9). The O−C bond energy for

dissociation of benzyl radical from E is remarkably low
compared to the B3LYP-calculated and experimental C−O
dissociation energy of 80−82 kcal for PhCH2−OH itself.28,47

Product oxo-rhenium(IV) species F is calculated to have its
unpaired electron delocalized primarily on the Re and oxo
centers. The origin of the extraordinarily weak rhenium O−R
bond is discussed in more detail subsequently.
Doublet Re(IV) species F thus generated can then undergo

a nearly thermoneutral dissociative ligand substitution of
OPPh3 by benzyl alcohol via species G to give benzyl alcohol
complex H. Dissociation of benzyl radical from H to give
Re(V)−dihydroxo species I is once again found to be facile,
with an activation free energy for the open-shell singlet
transition state of 26.0 kcal/mol, nearly equal to that for the
corresponding dissociation from E. The highly exothermic
combination of two benzyl radicals generated from F and H,
with expected low barrier, would give the bibenzyl product.
Finally, dihydroxo species I can isomerize to modestly less
stable aquo complex J, from which water dissociation would
regenerate ReIO2(PPh3) (B) to re-enter the catalytic cycle.
For the complete reaction sequence of pathway A (Figure 7)

the total free energy barrier is 29.2 kcal at TSH−I, which is in

the activation energy range estimated by the Arrhenius
equation for an experimental reaction rate of approximately 1
turnover/h at 150 °C. In this pathway step H−I is marginally
rate-limiting, so a second-order rate dependence in the alcohol
would be expected. However, the experimental kinetics study
was conducted with benzhydrol as the substrate. Although we
did not model the complete reaction pathway with benzhydrol,
the B3LYP-calculated electronic dissociation energies for the
conversion of (PPh3)(OH)(O)IRe−O−R to (PPh3)(OH)-
(O)IRe• and R•, for both R = CH2Ph and CHPh2 were
determined. The dissociation energy was 9.8 kcal lower for the
benzhydryl relative to the benzyl derivative. One can estimate
then that the activation free energies for benzhydryl radical
dissociation from a Re−alkoxy species would be at least a few
kcal lower than for the benzyl species, which in turn would
make the phosphine-O-transfer step (D−E) rate-limiting,
consistent with the experimentally determined first-order
dependence on the benzhydrol concentration.
Since in the catalytic reductive coupling reaction there is an

excess of alcohol substrate relative to catalyst, it is reasonable
to consider the formation of bis-alcohol/alkoxide species prior
to O−C bond cleavage events (Figure 10, pathway B). From
monoalkoxide complex E a second alcohol could coordinate,
tautomerize to the bis-alkoxo aquo species, and dehydrate to
provide dialkoxy complex K; overall this process is nearly
thermoneutral. Dialkoxo complex K could dissociate to benzyl
radical and Re(IV) monobenzyloxy complex L. This trans-
formation is calculated to have an activation free energy of only
20.2 kcal/mol via the open-shell singlet transition state and is
only mildly endoergic, once again indicating an extraordinarily
weak O−C bond in a rhenium(III)−alkoxide species. The
transition state structure TSK−Ldissoc (not shown) features a
very long O---C distance, indicative of a late transition state
and extensive spin delocalization onto primarily the Re−O and
benzylic fragments. After the first R−O homolysis, (K−L)
monobenzyloxy species L was considered to undergo the
second C−O cleavage by either of two processes, dissociative
or associative. The transition state for the dissociative process
TSL−Mdissoc (Figure 11) features a very long O---C distance,
indicative of a late transition state and extensive spin
delocalization onto primarily the Re−O and benzylic frag-
ments. A rebound reaction between Re−alkoxide L and the
benzyl radical could occur via associative transition state
TSK−Lassoc to produce bibenzyl and the original catalyst species
ReO2I(PPh3) (B); overall, this is a highly exoergic trans-
formation. The very long O−C and C−C distances in the
cleaving and forming bonds are noteworthy. The electron spin
densities in TSL−Massoc are also quite delocalized, being
distributed primarily at the Re−O unit, both benzylic carbons,
and the aryl rings. This reaction step is a bimolecular radical
substitution at carbon, of which there are relatively few verified
examples.48 The calculated activation energy for the associative
process via TSL−Massoc (29.5 kcal) is somewhat higher than that
for the dissociative step via TSL−Massoc (24.5), which points to
the primary operation of the dissociative process for O−C
cleavage. The total calculated energy barrier for the dissociative
pathway B is 24.5 kcal, significantly lower than that for
pathway A, and thus is considered to be more viable for the
catalytic process.
A variation in the dialkoxide pathway B was also considered

and is shown in the energy profile of Figure 12 (pathway C).
This pathway diverges from Re(IV)−alkoxide species L, which
could undergo nearly thermoneutral substitution of phosphine

Figure 8. Transition state for the PPh3 reaction with D.

Figure 9. Transition state (left) and product (right) structures for C−
O homolysis of E and their Mulliken spin densities.
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oxide by water to give the Re(IV)−alkoxo species O.
Dissociation of O into benzyl radical and dihydroxo species I
has an activation barrier of only 20.7 kcal via the open shell
singlet transition state TSO−I. In pathway C, the total activation
barrier, peaking at TSO−I, is 23.8 kcal, the lowest among
pathways A−C for the second ReO−R cleaving step. We thus
consider pathway C to be the most favorable for the reductive
coupling reaction. Although pathway C still has the radical-
dissociation step (O−I) with a slightly higher energy barrier
than the reduction of D by phosphine (D−E), the expected
lower barrier for the corresponding radical-forming steps from
benzhydrol relative to benzyl alcohol, and the limits of
computational accuracy inherent in the B3LYP, M06, and
solvation modeling would reconcile the computational and
kinetics results.
Alternative Pathways to Reductive Coupling. The

possibility of initial reduction of ReIO2(PPh3)1,2 before the
alcohol coordination was also considered. B3LYP-level

calculation shows this as a viable step, but with a substantially
higher activation barrier (36.0 kcal) than reduction of
(PPh3)ReOI(OH)OBn) D (28.2 kcal). The experimental
detection of room-temperature phosphine dissociation and
alcohol association with ReO2I(PPh3)2 (1) to produce
detectable alcohol/alkoxide intermediates D and E supports
the conclusion that alcohol association is more facile than the
reduction of the dioxo species (A or B) by phosphine.
Could ReIO(OBn)2(PPh3) undergo benzyl radical dissoci-

ation before reduction? Comparing activation energies
(B3LYP, vac, 0 K) for Re(V)IO(OBn)2(PPh3) → Bn-rad +
Re(VI)O2I(OBn)(PPh3) (28.3 kcal) versus Re(III)I-
(OBn)2(PPh3) → Bn-rad + Re(IV)IO(OBn)(PPh3) (23.4
kcal) indicates that benzyl radical dissociates more easily from
the more reduced Re(III)−alkoxo species. Since the homolytic
dissociation is formally an oxidation of the rhenium center, the
more facile homolysis of the reduced rhenium alkoxo species
may reflect a lower energy requirement for the Re(III) to
Re(IV) versus Re(V) to Re(VI) oxidations.49

A few nonradical pathways to the hydrocarbon dimer were
also evaluated as shown in Scheme 8. These include concerted
oxidative elimination from a bis-alkoxide species (P) and
reductive elimination from a bis-alkyl complex (S).
We sought to find a transition state for concerted “oxidative

elimination” of the hydrocarbon dimer Bn−Bn from a
ReI(OBn)2(PPh3) species, e.g., P, analogous to the metal−
glycolate intermediate verified in the oxo-metal promoted
deoxydehydration of glycols.8,9,17 However, attempts to
approach such a transition state via constrained geometry
scans failed to show an inflection point over a wide range of
R−R distances (R = Me or PhCH2) or a tendency toward C−
C bonding or significant O−C lengthening even at close
contact and at high energy cost. Such a process leading to
dimer formation thus appears energetically unfavorable.
Could dialkyl-rhenium complexes, e.g., (R)2ReO2I (T),

arising from O-to-Re alkyl group migration (deinsertion) form
the dimeric hydrocarbon by reductive elimination (T−A)? We

Figure 10. M06-solvent free energy profile for the ReO2I(PPh3)2-catalyzed reductive coupling of PhCH2OH via a dialkoxide pathway B; shows
dissociative and associative TSs for ReO−C bond cleavage, TSL−M; transition states are shown in blue.

Figure 11. Dissociative and associative transition state structures for
C−O homolysis of L and Mulliken spin densities.
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found that reductive elimination of ethane from the model
species ReO2IMe2 could proceed via a concerted transition
state, but with a rather high barrier of 50.4 kcal (B3LYP level).
Furthermore, we could not locate a transition state for a
concerted migratory deinsertion process to form a dialkyl-
rhenium species, e.g., (PhCH2)2ReO2IPPh3 (S), from ReI-
(PhCH2O)2PPh3 (P). We conclude, therefore, that the
migratory deinsertion also has a substantial activation barrier
probably greater than for homolytic O-R dissociation. Indeed,
to our knowledge, proven examples of a metal−alkoxide to
oxo-metal alkyl transformation have not been reported.50 This
conversion has been suggested to account for the formation of
small amounts of coupling product in molybdate-catalyzed
dehydration of benzylic alcohols.16

Our study of the oxo-rhenium promoted reductive coupling
reaction supports the idea that lower oxidation state metal−
alkoxides can be precursors to carbon radicals. There is rather
little direct experimental evidence for this concept, however,
from prior reports.49 Peters and co-workers provided evidence
for the generation of t-butyl radicals in the room-temperature
decomposition of (t-BuO)3Mo(μ-N)Ti(NRAr)3.

51 In the
Cp2Ti(III)Cl-promoted alcohol deoxygenation and coupling
reactions, C−O cleavage was suggested to take place via the
generation of organic radicals from a reduced Ti−alkoxide
complex,21 and this hypothesis was supported computation-
ally.52 Our recent discovery of oxo-vanadium catalyzed
oxidation-reductive coupling of activated alcohols provides

additional evidence that reduced vanadium alkoxide species are
precursors to C-centered radicals.20 It is also noteworthy that
metal−alkoxides have been used as thermolytic precursors to
nanoparticle metal oxides,53 but the resulting organic products
usually have not been identified. These experimental and
computational results raise the question of whether weak C−O
bonds are typical of reduced metal−alkoxides. Although
additional studies are needed to more fully address this
fundamental question, the homolytic bond dissociation energy
of the MO−R species should be diminished when the one
electron oxidation potential for the metal species is favorable
and a delocalized metallo-radical species is formed.

■ CONCLUSIONS
The key findings of the experimental and computational
studies of the oxorhenium-promoted reductive coupling
reaction of alcohols include: (1) alcohols that have weaker
C−O bonds, i.e., allylic and benzylic, undergo reductive
coupling most readily; (2) unsymmetrical allylic alcohols
produce regioisomeric dimers; (3) a room temperature
equilibrium exists between ReIO2(PPh3)2 (1) and Re-
IO2(PPh3) by dissociation of a triphenylphosphine ligand;
(4) rhenium−alcohol and −alkoxide adducts can be detected
by NMR under ambient conditions; (5) these species
disappear upon heating with formation of the hydrocarbon
dimer and OPPh3; (6) PPh3 can deoxygenate Re(V)-
IO2(PPh3)1,2; (7) under pseudo-first-order conditions the

Figure 12. Free energy profile for ReO2I(PPh3)2-catalyzed reductive coupling of PhCH2OH via a dialkoxide pathway (M06-benzene); transition
states are shown in blue.

Scheme 8. Alternative Pathways to Reductive Coupling
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empirical rate law is approximately first-order in both the
catalyst and the alcohol concentrations and first-order or
higher in PPh3; (8) DFT calculations support the viability of
both (PPh3)IRe(V)− and −Re(III)−alkoxide intermediates;
and (9) homolytic cleavage of Re(III)−benzyloxide species to
benzyl and rhenium-centered radical species is calculated to be
facile, with activation energies of 20−25 kcal/mol and
dissociation energies of only about 15 kcal/mol.
Taken together, the results from the experimental and

computational probes lead us to suggest a preferred reaction
pathway for the phosphine-driven reductive coupling of
activated alcohols that begins with alcohol coordination to
form monoalcohol/alkoxide complex, then reduction of the
latter by PPh3 to give Re(III)−monoalkoxide species E.
Association of a second alcohol molecule produces a Re(III)−
bis-alkoxide which can undergo sequential, facile C−O bond
homolysis to generate the hydrocarbon radicals and one-
electron oxidized rhenium oxo-species. The former recombine
to form the dimeric hydrocarbon and regenerate the original
dioxo−Re(V) species. With less activated alcohols, e.g., benzyl
alcohol, benzoin, which lead to more reactive radicals, a greater
amount of H atom abstraction product relative to dimer is
observed.54 Our current efforts seek to expand the range of
alcohol substrates for reductive coupling and deoxygenation
reactions and to develop more active and economical catalysts
and reductants.

■ EXPERIMENTAL SECTION
Materials and Methods. All reactants and solvents were obtained

commercially and used without further purification. 1H, 31P, and 13C
NMR spectra were collected on Varian V-NMRS at 400 or 500 MHz.
The NMR data were processed using MestReNova55 and ACD56

software. Gas chromatograms were collected on a Shimadzu GC-2014
equipped with an AOC 20i+s auto sampler, with a 3% SE-54 packed
column, and a FID detector.
Preparation of ReIO2(PPh3)2 (1). Complex 1 was prepared in

two steps following a literature procedure.30 Ammonium perrhenate
(1.0 g, 3.7 mmol) and triphenylphosphine (5.0 g, 19 mmol) were
added to a mixture of 56% hydroiodic acid solution (5 mL) and
ethanol (30 mL). The reaction was brought to reflux for 15 min.
Green crystals of I2ReO(OEt)(PPh3)2 formed in the mixture. After
cooling to room temperature the crystals were filtered off, washed
with ethanol, and dried under high vacuum. To a mixture of acetone
(50 mL) and water (2 mL) was added ReI2O(OEt)(PPh3)2 (1.00 g,
0.97 mmol). The green suspension was magnetically stirred at room
temperature. After an hour the suspended crystals had changed color
to violet. The crystals were filtered off and washed with cold acetone.
The product was recrystallized from hot 1:1 benzene/hexanes, giving
an 80% yield of ReIO2(PPh3)2 which was stored in a desiccator over
CaCl2.
Stoichiometric NMR Experiments Involving 1. Ligand

Dissociation. Each sample was prepared with about 1 mL of
benzene-d6 and 4.0 mg of ReIO2(PPh3)2 under nitrogen (5 mM). For
the samples in which triphenylphosphine was added, 26 mg was used.
Interaction with Alcohols. ReIO2(PPh3)2 (1) (0.0060 mmol, 5.0

mg) and benzhydrol (60 μL of 0.06 M solution in benzene-d6) were
added to 0.74 mL of benzene-d6 in a thick-walled NMR tube. The
NMR tube was capped and purged (evacuated, then backfilled) with
nitrogen three times. The tube was left at room temperature for
several weeks. The changes over time were followed by 1H and 31P
NMR. After a month, the sample was placed in an oil bath at 50 °C;
the changes were followed by 1H and 31P NMR about every 16 h.
Reaction of 1 with PPh3. A solution of 1 and PPh3 (1:5 equiv) in

C6D6 was monitored by 31P NMR at 20 °C for 6 days, then at 150 °C
for 30 min. The NMR spectra showed gradual disappearance of the
signal from 1 (4 ppm) and increasing formation of OPPh3 (25 ppm;
see the Supporting Information).

Kinetics Study. In a 1 dram vial were weighed quantities of
complex 1, benzhydrol, and triphenylphosphine, to which was added
0.90 mL of distilled chlorobenzene (stored over molecular sieves 4 Å)
and 0.10 mL of hexamethylbenzene (0.1 M). The vial was capped and
vortexed for 20 s. The sample was then split and dispensed into 10
NMR tubes (0.10 mL in each tube). After capping the tubes they
were placed in a preheated oil bath at 125 °C and a timer was started.
An NMR tube was removed from the oil bath every minute starting at
2 min. As soon as the tube was removed it was placed in an ice bath,
and 0.50 mL of CDCl3 was added. The NMR tubes remained in ice or
in the freezer until the NMR spectra were acquired.

Computational Methods. The B3LYP57 and M0658 methods
resident in Gaussian 09S1 were used to determine the energy-
minimized structures, vibrational frequencies and electronic energies.
For the B3LYP optimizations, the 6-31G(d) basis set was used for H,
C, and O atoms, 6-311+G(d,p) was used for P, and LANL2DZ was
used for Re and I. For single-point energy (M06) calculations, the
basis sets were as follows: 6-311++G(d,p) for H, C, O, and P and
SDD for Re and I and the SMD solvent continuum method59 was
included for modeling the species in the experimental reaction
medium (benzene). The Gibbs free energies and enthalpies include
zero-point vibrational energies and thermal corrections at 298 K.
Transition states were approached by mod-redundant scans and
characterized by single imaginary frequencies with displacement along
the reaction coordinate. Energy values and Cartesian (x,y,z)
coordinates for each of the species are provided in the Supporting
Information.
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(33) Kühl, O., Ed. The Range of Chemical Shifts, Coupling
Constants, and What Influences Each. In Phosphorus-31 NMR
Spectroscopy; Springer: Berlin Heidelberg, 2008; pp 7−23.
(34) (a) Dean, P. A. W.; Phillips, D. D.; Polensek, L. A 31P Nmr
Spectroscopic Study of Complexation of Tin(II) and Lead(II) by
Some Phosphines, Phosphine Oxides, and Related Ligands, with the
31P Nuclear Magnetic Resonance Spectra of Two Tetratertiary
Phosphine Tetraoxides and the Analogous Tetra-Sulfides An. Can. J.
Chem. 1981, 59, 50−61. (b) Hursthouse, M. B.; Levason, W.;
Ratnani, R.; Reid, G. Synthesis and Spectroscopic Properties of
Mo(VI) Complexes with Phosphine Oxide Ligands and the Crystal
Structures of [MoO2X2(OPMe3)2] (X = Cl or Br) and [MoO2Br2{o-
C6H4(P(O)Ph2)2}] · 2CH2Cl2. Polyhedron 2004, 23, 1915−1921.
(35) (a) Saucedo Anaya, S. A.; Hagenbach, A.; Abram, U. Reactions
of Phenylbis(2-Pyridyl)Phosphine with Oxorhenium(v) Complexes.
Inorg. Chem. Commun. 2009, 12, 128−130. (b) Machura, B.;
Jankowska, A.; Kruszynski, R.; Kłak, J.; Mrozinśki, J. Structural and
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