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Abstract: The chemistry of the rhenium trihydrido complex
[ReH3(PPh3)4] (1) has been reinvestigated. An improved syn-
thesis and the solid-state structure of the compound as well
as several reactions are reported. The solid-state structure of
1 is similar to that of [TcH3(PPh3)4] having a capped-
octahedral coordination sphere. The PPh3 ligands surround
the Re atom in a trigonal-pyramidal mode with a short apical
Re� P bond (2.300(2) Å) and three longer basal bonds
(2.429(2)–2.449(2) Å). Reactions of 1 with monodentate
phosphines such as PMe3 or PBu3 give the mono-substituted
complexes [ReH3(PPh3)3(PMe3)] (2) and [ReH3(PPh3)3(PBu3)] (3)
under retention of the apical PPh3 ligand and substitution of
one of the basal PPh3 ligands. The stability of the phosphine
trihydride complexes decreases in the order PPh3>PMe3>

PBu3. Treatment of [ReH3(PPh3)4] with trityl hexafluorophos-
phate in CH3CN does not result in a hydride abstraction, but
gives the tetrahydrido cation [ReH4(NCCH3)(PPh3)3]

+ (4), while
reactions with nitriles give unstable azavinylidene complexes
of the composition [ReH2(PPh3)3(NC(H)R)] (5). They are formed
by an insertion of the nitrile into a Re� H bond. The solid-state
structure of the methyl derivative [ReH2(PPh3)3(NC(H)CH3)]
(5a) was determined showing a linear Re� N� C unit with
rhenium� nitrogen and nitrogen� carbon double bonds, while
the N=CH� C bond is clearly bent with an angle of 124°. Two
previously unknown polymorphs of [ReH5(PPh3)3] were iso-
lated from reactions of 1 with HOC6H3(CH3)2 and thiourea
after prolonged heating in toluene and characterized by IR
spectroscopy and X-ray diffraction.

Introduction

Rhenium polyhydrido complexes have constantly been studied
since their initial discovery due to their interesting molecular
properties such as structural fluxionality as well as high diversity
in geometries and oxidation states, which have recently also
been exploited in catalysis.[1–26] The most common synthetic
protocols for the generation of rhenium polyhydrido com-
pounds involve reactions of precursors containing suitable,
stabilizing co-ligands such as phosphines or nitrogen donors.
Such compounds react with complex hydrides like LiAlH4 or
NaBH4 under formation of the desired hydrido rhenium
complexes. Alternatively, rhenium polyhydrido complexes are
often accessible through H2-replacement from higher polyhy-
drides or by H2-addition to lower (poly)hydrides of rhenium.[1–27]

Mono-, di-, tri-, tetra-, penta-, hexa-, hepta-, octa- and enneahy-
drido complexes of rhenium are known. Thermodynamic and

kinetic data describing hydride transfer reactions (the hydricity)
in such systems are crucial parameters for the development of
new and/or more active hydride catalysts.[28]

Some of the general procedures include the replacement of
H2 by organic ligands yielding [ReHx-2(L)8-xL’] from [ReHx(L)9-x]
complexes (L=phosphines and L’= incoming ligands: phos-
phines, arsines, nitrogen donors such as nitriles or aromatic
imines, alkenes, isonitriles and others),[17–19,26� 30] ligand substitu-
tions by H2 in [ReHx(L)8-xL’] (L’= leaving ligand) complexes to
give [ReHx+2(L)8-x],

[26] hydride abstraction from [ReHx(L)9-x] with
[CPh3]

+ to give [ReHx-1(L)9-x]
+,[17–19] protonation of [ReHx(L)9-x]

compounds with protic acids such as HBF4 to give [ReHx+1(L)9-
x]

+,[17–19] but also the deprotonation of [ReHx(L)9-x]
+ cations with

bases such as NEt3 under formation of [ReHx-1(L)9-x] complexes
has been observed.[17–19] A summary of typical interconversions
involving various oxidation states of rhenium is shown in the
Supporting Information, while parts of the interconversion
involving trihydridorhenium(III) complexes is given in Scheme 1.

One of the key compounds of the hydrido chemistry of
rhenium is [ReH3(PPh3)4] (1), the existence of which has already
been mentioned in one of the very first pioneering works of
Freni and co-workers.[25] Compound 1 plays a role in several
interconversions between hydrido and dihydrogen complexes
(see Scheme 1). These studies date back to the 1960’s and laid
the foundation for all subsequent studies about rhenium
polyhydrides containing phosphine co-ligands.[10,25,27] Exempla-
rily, traces of the trihydride [ReH3(PPh3)4] were reported to be
formed by the deprotonation of the tetrahydride cation
[ReH4(PPh3)4]

+ with NEt3, although pure samples could not be
isolated.[15] The tetrahydride cation [ReH4(PPh3)4]

+ itself, how-
ever, was prepared by hydride abstraction from the pentahy-
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dride [ReH5(PPh3)3].
[15] In this context, it was surprising to note

that [ReH3(PPh3)4] itself is only scarcely described and no reliable
synthesis or detailed spectroscopic and structural data have
been reported up to now.

In a recent paper, we extensively studied the hydrido
chemistry of low-valent technetium complexes with
[TcH3(PPh3)4] as one of the key-compounds.[31] It turned out that
this complex can be synthesized in reasonable amounts and
high purity and possesses a versatile ligand exchange
chemistry. The obtained results stimulated us to also reinvesti-
gate the synthesis, properties, and reactivity of its rhenium
analogue: [ReH3(PPh3)4] (1).

Results and Discussion

Synthesis and properties of [ReH3(PPh3)4] (1)

The first synthesis of [ReH3(PPh3)4] was reported in the 1960’s by
Freni and Valenti.[25] The compound was described as a brick-
red product isolated from a reaction between ‘ReIII2(PPh3)2’ and
NaBH4. The existence of stable four-coordinate rhenium(II)
complexes was widely accepted that time and also
‘ReCl2(PPh3)2’,

[32,33] which was later shown to be the nitrido
complex [ReVNCl2(PPh3)2],

[34,35] was frequently used as a common
starting material. Thus, we assume, that the starting material
used by Freni for the synthesis of [ReH3(PPh3)4] was actually

[ReIVOI2(PPh3)2], which is formed under the conditions
described.[36]

Based on our recent advances in the preparation of bench-
stable [TcH3(PPh3)4] and the fact that most probably also the
classic synthesis of 1 started from a Re(IV) compound, we used
the readily accessible [ReCl4(PPh3)2] as starting material for our
experiments (Scheme 2). The sparingly soluble red compound
was treated with NaBH4 in a hot mixture of toluene and ethanol,
which resulted in an immediate H2 evolution and a color
change to orange-yellow. After hydrolysis of the residual
borohydride, the product could be isolated as air-stable yellow
microcrystals.

The νRe� H vibration in the IR spectrum of [ReH3(PPh3)4] is
detected at 1973 cm� 1. This value corresponds to a blue-shift of
about 80 cm� 1 compared to that obtained for [TcH3(PPh3)4]
indicating that the hydrido ligands in the rhenium compound
are bound more tightly. For comparison, the known protonated
[ReH4(PPh3)4]

+ cation shows the IR stretch in the same region at

Scheme 1. Hydridorhenium(III) complexes and their interconversion to other hydrido species.[17–19,26� 30]

Scheme 2. Synthesis of [ReH3(PPh3)4] (1).
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2020 cm� 1.[10] The more narrow νRe� D band of partially deuter-
ated [ReH3(PPh3)4] is found at 1715 cm� 1. Surprisingly, the ESI+
mass spectrum of [ReH3(PPh3)4] shows major signals only for
[ReH(PPh3)3]

+ and [ReH3(PPh3)4]
+, while the formation of

[ReH4(PPh3)4]
+ is not observed. This is unusual given the

feasibility of the protonation of rhenium trihydrides to give
rhenium tetrahydrides. It is, however, consistent with the
observed inability to protonate the [MH3(PPh3)4] (M=Tc, Re)
complexes to give the corresponding [MH4(PPh3)4]

+ species in
our hands. In contrast, the cationic tetrahydride [ReH4(PPh3)4]

+

was readily prepared via a protonation/H2-elimination route
from [ReH5(PPh3)3] in the presence of excess PPh3.

[10]

In the 1H NMR spectrum, the hydride resonance of
[ReH3(PPh3)4] is observed as a quintet at � 7.54 ppm with a 2JP-H
of 40.4 Hz in benzene-d6. Thus, the resonance is shifted up-field
compared to that of the technetium analogue, while the 2JP-H
coupling is slightly increased. In comparison to [ReH4(PPh3)4]

+

[δ(1H)= � 2.60 ppm; 2JP-H=25.6 Hz], both the up-field shift and
the increase of 2JP-H are considerably larger.[10,37] A similar trend
is found when the 1H NMR spectrum of [ReH3(PPh3)4] is
compared with those of other phosphine-substituted rhenium
trihydrido complexes such as [ReH3(PPh2Me)4] [δ(1H)=
� 6.1 ppm; quint; 2JP-H=20 Hz] and [ReH3(PPhMe2)4] [δ(1H)=
� 6.80 ppm; quint; 2JP-H=20 Hz].[6,12] The related phosphonite
complexes [ReH3{P(OEt)2Ph}4] and [ReH3{PPh2(OEt)}4] show
chemical shifts of � 5.2 (quint, 2JP-H=18 Hz) and � 6.6 ppm
(quint, 2JP-H=18 Hz).[8] Other structurally related complexes are
[ReH3(PPh3)2(dppe)2] [δ(

1H)= � 6.27 ppm; s; 2JP-H=10 Hz; δ(1H)=
� 6.75 ppm; quint; 2JP-H=24 Hz], [ReH3(dppe)2] [δ(1H)=
� 7.97 ppm; quint; 2JP-H=17 Hz], [ReH3(PPh3)2{P(OPh)3}2] [δ(

1H)=
� 6.1 ppm; quint; 2JP-H=21.4 Hz], [ReH3(PPh3){P(OPh)3}3] [δ(

1H)=
� 7.2 ppm; quint; 2JP-H=18 Hz], [ReH3(CH3CN)(PPh3)3] [δ(1H)=
� 6.27 ppm; q; 2JP-H=15.7 Hz] and [ReH3(CNBu

t)(PPh3)3] [δ(
1H)=

� 5.00 ppm; q; 2JP-H=22.0 Hz]. The hydrido ligands in all these
complexes exhibit only half of the observed coupling constant
found for [ReH3(PPh3)4], but resonate in a similar chemical shift
range.[6,18,24] The estimation of the minimum 1H T1 relaxation
time for the hydrido ligands is sometimes used as a discrim-
inator for the dihydride vs. dihydrogen coordination modes in
polyhydride complexes.[15,16,20,37] This parameter, however, is not
always a valid criterion, especially in the case of rhenium
polyhydrido complexes as has exemplarily been described for
the related compounds [ReH3(PPhMe2)4] and
[ReH3(PPh2Me)4].

[12,13] The T1(min) values of these trihydrides are
inconsistent with their assignment as classical hydrido com-
plexes. The T1 relaxation time of [ReH3(PPh3)4] was estimated by
an inversion recovery experiment at room temperature. The
exponentially fitted relaxation curve gives a t0 value of 117 ms
and the resulting T1(RT) of 169�12 ms indicates a similar
situation as observed for the related trihydrides and, thus, the
determination of a T1(min) was omitted. But considering addi-
tionally that no H� H stretching frequencies are detected in the
IR spectrum of 1, we are confident to assign [ReH3(PPh3)4] as a
classical hydrido complex as its technetium analog.[31] Other
Re� D vibrations are given in the Supporting Information. DFT
calculations on the B3LYP level support this claim and show
that the bonding situation in [ReH3(PPh3)4] is similar to that in

[TcH3(PPh3)4] and the hypothetical manganese analogue
[MnH3(PPh3)4] (further information is given as Supporting
Information).

Similarly to the technetium compound, [ReH3(PPh3)4] tends
to form microcrystalline powders upon (re)crystallization. Thus,
we adopted the successful strategy used for the crystallization
of [TcH3(PPh3)4] for the growth of single crystals of 1. Indeed,
[ReH3(PPh3)4] readily crystallizes from a dilute reaction mixture
upon storage in a freezer as large yellow-green crystals. Two
polymorphs were identified: a hexagonal one (space group
P63/m) with a four-fold disorder of the whole molecule over the
space-group symmetry and a triclinic one (space group P�1). The
triclinic form of 1 crystallizes as toluene solvate as the
technetium analogue and shall be used for the following
structural discussion. Details about the hexagonal polymorph
are given as Supporting Information.

The solid-state structure reveals an isostructural arrange-
ment of the heavy atoms compared to the analogous
technetium compound.[30] The molecular structure of 1 is shown
in Figure 1. Selected bond lengths and angles are compared to
the values in the other trihydrido complexes of this study in
Table 1. Three phosphorus donor atoms form the basis of a
trigonal pyramid with similar Re� P bond lengths between
2.429(2) Å and 2.459(2) Å, while the bond to the apical
phosphorus atoms P4 is significantly shorter (2.300(2) Å). This is
due to the strong trans-influence of the opposing hydrido
ligands of the three basal phosphine ligands. The same bonding
pattern has been found for [TcH3(PPh3)4], where the positions of
the three hydrido ligands could be derived from the final
Fourier map and refined. Given the close similarity of the
phosphine-arrangements in [TcH3(PPh3)4] and [ReH3(PPh3)4], we
placed the hydrido ligands in 1 on chemically similar positions.

It is worth to compare the P� Re� P bond angles and Re� P
bond lengths of this complex also with those found for the
known [ReH4(PPh3)4]

+ cation, which was prepared by the
reaction of [ReH5(PPh3)3] and [HPPh3][BF4].

[10] In the tetrahydrido
cation, all Re� P bond lengths are similar with values between
2.43 Å and 2.47 Å, while the hydride positions were not
located.[10] The phosphines span a flattened tetrahedron with
four cis bond angles of ca. 98° and two trans bond angles of ca.

Figure 1. Molecular structure of [ReH3(PPh3)4] (1), a) wire representation with
ball and stick model on Re-bound atoms (hydride positions were not located
in the density map and adopted from the analogous technetium complex)
and b) polyhedron around the rhenium atom. Further labels and hydrogen
atoms bonded to carbon atoms are omitted for clarity.
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134°.[10] The similarity of the bond lengths in [ReH4(PPh3)4]
+ to

those of the three basal phosphorus atoms in [ReH3(PPh3)4]
further support a trans occupation of the hydrido ligands as in
[TcH3(PPh3)4]. We believe that the main structural differences
between [ReH3(PPh3)4] and [ReH4(PPh3)4]

+ result from the addi-
tional hydrido ligand occupying the position trans to the apical
phosphorus atom P4 in the trihydrido compound 1. Thus, the
Re� P bond lengths are equalized in the cationic compound,
which finally results in the formation of a H,H,H,H tetrahedron
intersecting a P,P,P,P flattened tetrahedron.

Even though solutions of [ReH3(PPh3)4] are more stable than
those of its technetium analogue, they subsequently decom-
pose with traces of water to the well soluble pentahydride
[ReH5(PPh3)3] and release OPPh3. The viability of [ReH3(PPh3)4]
for the formation of [ReH5(PPh3)3] was already documented by
Freni et al. and a thermal reaction between [ReH3(PPh3)4] with a
large excess of NaBH4 led to the initial discovery of the
pentahydride [ReH5(PPh3)3].

[26] Storing solutions of 1 for pro-
longed time or heating them without suitable ligands gives
[ReH5(PPh3)3] and PPh3 as the predominant decomposition
products, while solid [ReH3(PPh3)4] is stable under inert con-
ditions. All our attempts to avoid the decomposition of
[ReH3(PPh3)4] under formation of [ReH5(PPh3)3] (alongside other

side-products) in aromatic hydrocarbon or chlorinated solvent
solutions were unsuccessful. It should be noted that related
trihydridorhenium complexes with more basic or chelating
phosphines as well as chelating nitrogen donors appear to be
much more stable.[8,17,27] The observed high reactivity suggests
[ReH3(PPh3)4] as a valuable starting material for ligand exchange
reactions as has been demonstrated before for [TcH3(PPh3)4].

[31]

Reactions of [ReH3(PPh3)4] with phosphines

Freni et al. observed that complexes of the type [ReH3(PR3)4]
(R=alkyl, aryl, alkoxyl, alkoxaryl) react photochemically with
other phosphines or phosphites under formation of di- or tri-
substituted complexes and mixtures thereof. The mono- and
tetra-substituted products with monodentate phosphines and
phosphites, however, could not be isolated.[24,27,38] Similarly,
[TcH3(PPh3)4] rapidly forms mixtures containing a variety of
polysubstituted species when reacted with other monodentate
ligands.[31] The mixed-phosphine complex [TcH3(PPh3)2(PMe3)2]
could be isolated as a bright yellow microcrystalline substance
from such a reaction, which motivated use to reinvestigated
such reactions also with the rhenium complex 1 (Scheme 3).

Table 1. Selected bond lengths [Å] and angles [°] in the solid state structures of [ReH3(PPh3)4] (1), [ReH3(PPh3)3(PMe3)] (2), [ReH3(PPh3)3(PBu3)] (3) and
[ReH2(NCHCH3)(PPh3)3] (4a).

[ReH3(PPh3)4] (1) [ReH3(PPh3)3(PMe3)] (2) [ReH3(PPh3)3(PBu3)] (3) [ReH2(NCHCH3)(PPh3)3] (4a)

P1� Re1 2.436(2) 2.4237(7) 2.452(2) 2.364(2)
P2� Re1 2.459(2) 2.4219(7) 2.428(2) 2.361(3)
P3� Re1 2.429(2) 2.4028(7) 2.420(2) 2.369(2)
P4(N1)� Re1 2.300(2) 2.2775(7) 2.291(2) 1.871(8)
C1� N1 – – – 1.29(1)
C1� C2 – – – 1.44(2)
P4(N1)� Re1� P3 109.90(6) 113.62(2) 120.37 (6) 87.9(2)
P4(N1)� Re1� P1 113.31(7) 116.86(2) 119.98 (5) 87.5(2)
P3� Re1� P1 108.64(6) 103.41(2) 98.09 (5) 162.80(9)
P4(N1)� Re1� P2 115.09(7) 123.47(2) 112.83 (5) 116.9(3)
P3� Re1� P2 105.34(6) 99.12(2) 100.44 (5) 97.27(9)
P1� Re1� P2 104.04(7) 96.98(2) 101.77 (5) 99.59(9)
N1� C1� C2 – – – 124(1)
C1� N1� Re1 – – – 178(1)

Scheme 3. Reactions of [ReH3(PPh3)4] (1) with monodentate phosphines.
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Keeping in mind the slower kinetics in exchange reactions of
rhenium compared to technetium,[39] there should be a good
chance for the isolation of such mixed-phosphine species.

The rhenium analogue is indeed more inert. Reactions of
[ReH3(PPh3)4] with phosphines require temperatures of approx-
imately 70 °C. At this temperature, the priorly insoluble starting
material dissolves instantaneously to give a blood-red solution.
We assume, that the crucial step is the thermal release of a PPh3

ligand from the starting complex at this temperature, which
gives an intermediate 6-coordinate compound (Scheme 3). The
immediate addition of methanol to the formed, clear reaction
mixture results in the precipitation of bright yellow crystals of
the mono-substituted complexes [ReH3(PPh3)3(PMe3)] (2) and
[ReH3(PPh3)3(PBu3)] (3). The single substitution is readily verified
by the doublet of quartets splitting pattern of the respective
hydrido 1H NMR resonances and the doublet splitting for the
PPh3 phosphorus atom resonance alongside the quartet
splitting of the PR3 (R=Me, Bu) phosphorus atom resonances
with a 3 :1 integral ratio in their 31P{1H} NMR spectra. The
observation of single resonances indicates that the structures of
the products are fluxional at room temperature and equalize
the PPh3 phosphorus nuclei as well as the hydrido ligands.

Prolonged reaction times lead to intractable reaction
mixtures containing well-soluble, but unstable, multiply sub-
stituted products alongside decomposition products such as
pentahydrido complexes as was observed before.[24,27,38] The
colorless pentahydrido complex [ReH5(PPh3)3] is also formed
instead of the intended phosphine substitution product when
tris(benzyl)phosphine, P(Bz)3, is used. Such a behavior can be
attributed to the presence of potentially abstractable benzylic
β-hydrogen atoms (Scheme 3).

The [ReH3(PPh3)3(PR3)] (R=Me, Bu) complexes are highly
soluble in common nonpolar solvents such as toluene. The
sterically more crowded monosubstituted complex of PBu3 is
less stable than the PMe3 derivative. An obvious indication for
the decomposition of the products is the slowly evolving smell
of the alkyl phosphine released from the complexes even in the
solid, crystalline state accompanied by the slow formation of
brown oils.

Complex 3 is also unstable in solution and gradually
decomposes into mixtures of [ReH5(PPh3)2(PBu3)], [ReH5(PPh3)3],
[ReH3(PPh3)4], [ReH3(PPh3)3(PBu3)], PPh3 and OPBu3. Traces of
these compounds are also visible in the 1H and 31P{1H} NMR
spectra of freshly prepared solutions. The ESI+ mass spectrum
of [ReH3(PPh3)3(PBu3)] is similar to that of [ReH3(PPh3)4] and
shows an intense signal of the fragment [ReH(PPh3)2(PBu3)]

+

besides the molecular ion peak [ReH3(PPh3)3(PBu3)]
+. Since the

coordination spheres of [ReH3(PPh3)3(PBu3)] (3) as well as
[ReH3(PPh3)4] (1) are crowded by rather bulky phosphine
ligands, we assume steric repulsion as a driving force for the
decomposition via unsaturated fragments. In contrast, the PMe3
derivative [ReH3(PPh3)3(PMe3)] (2) is much more stable and only
slowly releases traces of PPh3. In contrast to those of 1 and 3,
the ESI+ mass spectrum of [ReH3(PPh3)3(PMe3)] (2) does not
show a peak-group corresponding to the unsaturated
[ReH(PPh3)2(PMe3)]

+ fragment or the molecular ion peak.

Instead, a peak-group for the protonated tetrahydrido cation
[ReH4(PPh3)3(PMe3)]

+ is observed.
The formation of the tetrahydrido cation

[ReH4(PPh3)3(PMe3)]
+ from 2 was unequivocally confirmed by

the addition of aqueous HBF4 to acetone solutions of 2, which
resulted in the formation of colorless crystals of
[ReH4(PPh3)3(PMe3)][BF4]·acetone. The crystals were of limited
quality and details about the related X-ray diffraction study are
given as Supporting Information. The determined structure is
consistent with the detection of a novel singlet 1H NMR
resonance in the hydrido region at � 3.33 ppm (FWHM (RT)=
23.7 Hz) in CD2Cl2. The mass spectrum of the product shows the
same features as compound 2.

Single crystals of the PMe3 and PBu3 derivatives 2 and 3
were grown by slow diffusion of methanol into dilute reaction
mixtures in a refrigerator. In the case of the PBu3 derivative, the
positions of hydrido ligands could be derived from the Fourier
maps and refined freely. For the PMe3 derivative, the hydrido
ligand positions were taken from the difference map and not
refined. Figure 2 shows the molecular structure of the PMe3
complex (2) together with the established, distorted P,P,P,P
tetrahedron. Selected bond lengths and angles are summarized
in Table 1. Structural details of [ReH3(PPh3)3(PBu3)] can be found
as Supporting Information.

Like in [ReH3(PPh3)4] (1), in the compounds 2 and 3 a
distorted tetrahedral (trigonal pyramidal) arrangement of the
four phosphine ligands with a base of three phosphine ligands,
each with a hydrido ligand in trans position, and an apex of a
fourth (more tightly bound) PPh3 ligand is present. Interestingly,
the hydrido ligands are here arranged trans to two PPh3 ligands
and one PR3 ligand, which suggests that the strongly bound
apical PPh3 of 1 was not exchanged. The lability of the basal
PPh3 ligands can be attributed to the trans influence of the
hydrido ligands and a resulting trans effect in this substitution
reaction.

Generally, the substitution with the more basic alkyl
phosphines contracts the averaged basal Re� P bond length
from 2.441 Å in the starting material to 2.433 Å in the PBu3

complex and 2.416 Å in the PMe3 complex. The apical Re� P
bond length decreases similarly and, thus, a substitution with

Figure 2. a) Wire representation with ball and stick model on Re-bound
atoms in [ReH3(PPh3)3(PMe3)] (2) and b) polyhedron around Re. The hydrido
ligand positions were taken from the density map but were not refined.
Further labels and hydrogen atoms bonded to carbon atoms are omitted for
clarity.
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alkyl phosphines appears to strengthen the Re� P bonds
significantly. The Re� H bond lengths are generally in the range
found for other rhenium polyhydrido complexes[10,31,40,41] but not
discussed in detail due to their elusive nature.

At the first glance, the coordination geometry of 2 and 3
can be described as a distorted capped octahedron (7-COC) as
its parent compound [ReH3(PPh3)4] (1). However, applying the
SHAPE algorithm,[42–46] more favorable geometry factors can be
derived for a capped trigonal prismatic geometry (7-CTPR) for
both compounds. The differences mainly result from deviations
in the trans P� Re� H bond angles, which lie between 168° and
171° (complex 3) or 166° and 171° (complex 2). The H� H
contacts are between 2.4 Å and 2.8 Å for compound 3 and 2.6 Å
and 3.1 Å for compound 2. They are consistent with the
assignment of both compounds as classical hydrido complexes
and, thus, with the information derived from the room temper-
ature 1H NMR relaxation parameters of their respective hydrido
resonances (see Supporting Information for details).

To better understand the differences in group 7 trihydrido
tetrakisphosphine complexes, we performed DFT calculations
on the related series of [MH3(PPh3)4-x(PMe3)x] (M=Mn, Tc, Re
and x=0, 1, 2, 3, 4) complexes. A detailed discussion of the
respective structural changes is contained in the Supporting
Information. In conclusion, this theoretical study indicates that
all trihydrido complexes of the group 7 elements favor the
formation of “elongated H2-type“ structures showing a rather
pentagonal bipyramidal geometry with increasingly basic, steri-
cally less-demanding phosphine donor ligands over the capped
octahedral (or capped trigonal prismatic) arrangements.
Although the “elongated H2-type“ complexes are disfavored
along the group from manganese to rhenium, the dihydrogen
character of the H2-moiety in the pentagonal bipyramidal ligand
arrangement increases inversely in the group from rhenium to
manganese. The results are summarized in Scheme 4. The
energetically less favored arrangements are shown in grey. But
it should be mentioned that the energetic differences are subtle
and fluxionality between the structures can be concluded.

The structural differences of the complexes result in
characteristic shapes of the resultant simulated IR spectra,
which agree with the so-far experimentally accessible deriva-
tives [ReH3(PPh3)4], [TcH3(PPh3)4], [ReH3(PPh3)3(PMe3)] and
[TcH3(PPh3)2(PMe3)2].

Reactions of [ReH3(PPh3)4] with nitriles

The formation of [ReH3(PPh3)3(L)] complexes has been reported
for a variety of ligands as the result of reactions of [ReH5(PPh3)3]
with monodentate ligands such as nitriles or isonitriles.[18] They
proceed by a hydride abstraction, followed by deprotonation of
the intermediate [ReH4(PPh3)3(L)]

+ salts. We envisioned a more
direct approach using [ReH3(PPh3)4] as starting material. How-
ever, we mainly obtained complex mixtures, which seldomly
allowed for the isolation of defined species. Exemplarily,
reactions of [ReH3(PPh3)4] in neat acetonitrile led to the
formation of red-brown intractable mixtures. This was also true
for reactions with neat or dilute isocyanides such as CyNC and
tBuNC. The observations are not entirely surprising as the
formation of non-hydride rhenium(I) cations of the type [Re-
(CNR)4(PR3)2]

+ was already reported for reactions of isonitriles
with [ReH7(PR3)2] alongside the recovery of unreacted starting
material, while no traces of [ReH3(L)x(PR3)4-x] complexes were
observed.[47] Also from reactions of [ReH7(PPh3)2], [ReH5(PPh3)2L]
and [ReH4I(PPh3)3] defined mono hydride rhenium(III) complexes
[ReH(L)4(PPh3)2]

2+ could only be isolated in the presence of
HBF4.

[19]

Contrarily, reactions of [ReH3(PPh3)4] with only a small excess
of nitriles (acetonitrile, isopropylnitrile, benzonitrile) in benzene
yield orange-red solutions. For acetonitrile, an orange-yellow
powder consisting mainly of a mixture of [ReH3(NCCH3)(PPh3)3]
and [ReH5(PPh3)3] could be isolated from such a solution
through the addition of methanol. When the methanol-
containing reaction mixture is crystallized slowly in the cold,
large deep red-brown crystals are slowly formed besides the
yellow-orange powder. Due to the size of the crystals, they are

Scheme 4. Gas-phase optimized geometries of [MH3(L)4-x(L’)x] complexes (M=Mn, Tc, Re; x=0, 1, 2, 3, 4; L=PPh3, L’=PMe3). Energetically less favored
geometries are grey.
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readily separated from the powdery mixture of side-products
by a filtration over a coarse fritted glass filter.

The IR spectrum of the red-brown, crystalline product (4a)
clearly indicates the presence of two inequivalent hydrido
ligands (νRe� H: 1949 cm

� 1 and 1807 cm� 1). A weak absorption in-
between the two asymmetric stretches might be attributed to a
mixed, symmetric Re-(H,H) stretching mode (note: no H2-
character). The latter vibration is slightly blue-shifted for the iPr
(4b) and Ph (4c) derivatives and, thus, assigned to a hydride
ligand trans to a non-phosphine ligand, while the other one is
close to the vibration in rhenium hydrido complexes with the
hydrido ligands in trans position to a PPh3 ligand such as
compounds 1, 2 or 3. A pattern of three bands commonly
associated with a RC(H)=NR’ moiety is observed around
1600 cm� 1.

An X-ray diffraction study on the red-brown crystals (Fig-
ure 3) revealed the formation of a linearly-bound nitrene-type
ligand. The Re� N1 bond length of 1.871(2) Å is too short for a
mere single bond, while the C1� N1 bond length of 1.29(1) Å is
in the range of a C� N double bond. The adjacent C1� C2 bond
is a ‘normal’ C� C single bond with a length of 1.44(1) Å.
Additionally, the Re� N1� C1 bond angle is perfectly linear, while
the N1� C1� C2 bond angle is clearly bent suggesting double

bonds between Re and N1 and N1 and C1. The observed
bonding features, particularly the linear Re� N� C unit,[48–60]

strongly favor the assignment of compound 4a as an
azavinylidene over an interpretation as an amido complex,
which would require a bent unit.[61] Recently, we observed the
formation of a similar product as result of a nucleophilic attack
of a fluorinated aryl lithium reagent,[62] where the obtained
azavinylidene complex shows similar geometric features as
discussed for 4a.

In the present case, however, the azavinylidene is likely
formed in a stepwise manner by the substitution of one PPh3

ligand with CH3CN, followed by a nucleophilic β-hydride
migration to the polarized CN-bond (Scheme 5). As such, it
resembles an isomer of the previously prepared
[ReH3(PPh3)3(CH3CN)].

[18] Nucleophilic reactions on coordinated
nitrile ligands are not unusual and in a recent report, the
tendency towards such nucleophilic attacks at and β-migrations
to nitrile ligands coordinated to rhenium(III) ions has been
explored.[60] Either metal-bound or externally provided nucleo-
philes such as highly basic phosphines (e.g. PMe3) attack the
nitrile bond under formation of phosphonio� azavinylidene
complexes.[60] In two recent reports, the formation of iron amido
complexes from an insertion of nitriles into the Fe� H bond of
iron hydrido complexes is described,[61] and a complex, step-
wise mechanism for the formation of azavinylidene complexes
of osmium(IV) through a migration of an hydrido ligand from
osmium to a nitrile ligand has been deduced.[63] Alkyl deriva-
tives similar to compounds 4a or 4b were, however, too
unstable for an isolation in pure form.[63]

For a better understanding of the formation of the
trihydride versus that of the isomeric dihydride/azavinylidene,
we modelled both methyl-substituted isomers with DFT calcu-
lations. Indeed, the azavinylidene isomer 4a is thermodynami-
cally more favored compared with the trihydride
[ReH3(PPh3)3(CH3CN)] by ca. 10 kcal/mol. The previously ob-
served stability of [ReH3(PPh3)3(CH3CN)] is, thus, likely attributed
to a substantial kinetic barrier between the two isomers that is
readily overcome under the presented conditions starting from
[ReH3(PPh3)4]. This is similar to the situation that has been found
for theoretical model complexes of osmium containing PMe3
ligands and we, thus, believe a similar mechanism is followed
for the formation of complexes 4.[63] Related products contain-
ing hydrogen-substituted azavinylidene ligands bound to
rhenium have also been obtained by electrophilic reactions, for
example through protonation at coordinated nitrile carbon
atoms using (H(OEt2)2)(BF4).

[64,65] The resulting cationic rhenium
species have been studied by computational methods and the
azavinylidene ligands derived from protonation were suggested
as three-electron donors with strong π-backbonding properties,
thus resulting in stable 18-electron complexes.[64,65]

In contrast to the rhenium azavinylidenes discussed above,
which are formed by protonation, a rapid decomposition of
complexes 4 occurs once they are dissolved even in carefully
dried solvents and in an inert atmosphere. and the formation of
dark brown solutions is observed. The 1H NMR spectrum of 4a
gives evidence for the presence of several species, from which
[ReH5(PPh3)3] could be identified on the basis of its characteristic

Figure 3. a) Solid state structure of [ReH2(NCHCH3)(PPh3)3] (4a) in the solid
state and b) detailed view of the azavinylidene unit. The hydrido ligands
were not located. Further labels, hydrogen and carbon atoms are omitted
for clarity.

Scheme 5. Reactions of [ReH3(PPh3)4] (1) with monodentate nitriles.
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hydrido 1H NMR resonance. Similarly, a second quartet hydrido
resonance is tentatively assigned to a rhenium(I) hydride with
three phosphine donors similar to [ReH(NCCH3)(PPh3)3] based
on its chemical shift of � 2.8 ppm. The hydride signals of
complexes 4 appear as broad resonances at ca. � 4 ppm and
indicate a fluxional behavior of the two hydrido ligands at room
temperature. ESI+ mass spectra of such solutions show a
complex superposition of signals belonging to
[ReH(NCHCH3)(PPh3)3]

+, [ReH2(NCHCH3)(PPh3)3]
+ and

[ReH3(NCHCH3)(PPh3)3]
+. We, thus, also probed the feasibility of

hydride abstraction from [ReH3(PPh3)4] with trityl hexafluoro-
phosphate in the presence of acetonitrile. But instead of the
dihydride cation [ReH2(NCCH3)(PPh3)3]

+, only traces of the
known tetrahydride cation [ReH4(NCCH3)(PPh3)3]

+, which is
commonly prepared by hydride abstraction from [ReH5(PPh3)3],
were identified. Some single crystals of
[ReH4(NCCH3)(PPh3)3][PF6] could be isolated from such solutions.
They were of limited quality and details are described in the
Supporting Information.

The three phosphine ligands in 4a are located in one plane
with the rhenium atom adopting meridional positions (Fig-
ure 3b). The cis angles between them are approximately 100°
and the trans angle is 162.80(9)°. The Re� P bond lengths are
around 2.36 Å to 2.37 Å. The azavinylidene ligand approaches
the P� P� P plane from an angle of 116.9(3)° with respect to the
central phosphorus atom and ca. 89° for the two trans
phosphine ligands. The geometry spun by the four ligands
without accounting for the hydrido ligands is closest to a
distorted seesaw (SS-4, also called a divacant octahedron) as
indicated by the continuous symmetry measure of 2.530.[66,67]

Although the hydrido ligands could not be located in the final
Fourier map, their most likely positions can be derived from an
inspection of the vacancies. The largest vacancies are found
below the plane spanned by the three phosphorus atoms on a
mirrored N1 position and trans to P2. Assuming these positions,
they would complete a distorted octahedral coordination
sphere for the rhenium atom, which is consistent with the IR
spectrum of the compound and the structure predicted by the
DFT calculations. The gas-phase optimized structure of 4a
including the two hydrido ligands is shown in Figure 4. The
optimized bonding parameters are in good agreement with the
experimentally observed values. The gas-phase optimized Re� N
bond length is 1.90 Å (exp.: 1.871(2) Å) and the C� N bond
length is 1.27 Å (exp.: 1.29(1) Å). The theoretical Re� H bond
lengths are Re� Htrans-P 1.66 Å and Re� Htrans-N 1.74 Å.

Since the previously reported azavinylidene complexes of
iron, osmium, technetium and rhenium appear to be much
more stable than complexes 4,[60–65] we performed a natural
bonding orbital (NBO) analysis on the electronic situation in 4a
combined with a Laplacian of the electron density ~(ρ) and
electron localization function (ELF) mapping of the
H� Re� N=C� H plane. The results are visualized in Figure 5.
Surprisingly, there is no second bonding orbital between
rhenium and nitrogen. Instead, the second order perturbation
analysis of NBOs revealed dRe-π*C=N and pN-σ*Re� H interactions.
The π-backdonation from a rhenium d-orbital to the nitrogen-
centered π*C=N lobes is stronger than individual “π-type”

delocalization from the nitrogen atoms lone-pair into either of
the two σ*Re� H orbitals. Analogously, the charge localization
mapping through ~(1) indicates a shared electron-depletion
between rhenium and the C=N bond, while charge accumu-
lation at rhenium is pointed towards the π*C=N lobes.

The ELF map (Figure 6) reveals a similar situation and
additionally, the p-character of the additional nitrogen lone-pair
becomes obvious.

Overall, the DFT calculations suggest a bonding situation of
the anionic azavinylidene ligand, which is consistent with a
significant π-accepting behavior of this ligand and 6 bonding
valence electrons as well as one non-bonding, but construc-
tively interacting, lone-pair at the nitrogen atom. Consequently,
the bond between rhenium and nitrogen might be better
described as a Re~� N bond instead of a Re � N bond and
therefore the instability of the complexes 4 can be understood
due to the instability of the 16e� count of the distorted
octahedral rhenium(III) complex, where the HOMO is the

Figure 4. DFT-optimized gas-phase structure of [ReH2(NCHCH3)(PPh3)3] (4a).

Figure 5. Laplacian mapping of the electron density ~(1) in the H� Re� N=CH
plane of 4a.
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nitrogen-centered lone-pair. Further information is given as
Supporting Information.

Formation of [ReH5(PPh3)3]

[ReH3(PPh3)4] reacts with a variety of potential hydrogen- or
‘hydride-containing’ donor ligands such as thiourea, HO-
(C6H4(CH3)2) or pyridine. Like the reaction with PBz3 (see above,
Scheme 3), they give [ReH5(PPh3)3] (5) as the sole isolable
product. From such reactions, we isolated two, previously
unknown, crystalline modifications of [ReH5(PPh3)3] (5). One of
them forms yellow cubes, while another polymorph consists of
light green elongated plates or needles. Their IR spectra show
subtle differences in the νRe� H region, but upon dissolution, their
NMR spectral and mass spectrometric data are fully consistent
with the published data for [ReH5(PPh3)3].

[14,22] This behavior is
consistent with that of the β and γ modifications of 5, which
were originally proposed by Ginsberg in his first preliminary
report about an incomplete crystal structure determination of
colorless α-[ReH5(PPh3)3] in 1973.[22] The α-modification was
obtained from CS2/Et2O mixtures and crystallizes in the
monoclinic space group P21/n with cell constants of a=

13.62(2) Å, b=33.14(4) Å, c=9.92(2) Å and ß =92.3(1)°.[16]

Although the submission of a future manuscript dealing with
details about the β and γ modifications was announced in
Ref. [22], such work was never published. The only following
publication dealt with a redetermination of the crystal structure

of α-[ReH5(PPh3)3] and was published by Cotton and Luck in
1989. The unit cell of a=9.968(4) Å, b=33.237(9) Å, c=

13.591(4) Å and ß =92.27(3)° was equivalent to that determined
by Ginsberg.[14] Additionally, the crystal structure of a co-crystal
of [ReH5(PPh3)3] with indole and benzene was determined in
1995.[9] We therefore here report the structures of the β and γ
modifications of [ReH5(PPh3)3] and compare the obtained bond
parameters with the two previous determinations (Table 2).

The yellow modification crystallizes in the monoclinic space
group P21/n with cell constants of a=12.8592(5) Å, b=

16.7822(6) Å, c=20.959(1) Å and ß=91.163(4)° with one mole-
cule of [ReH5(PPh3)3] in the asymmetric unit. The molecular
structure of this compound and the coordination polyhedron of
its rhenium atom are depicted in Figure 7. The green
modification crystallizes in the triclinic space-group P�1 with cell
constants of a=10.1377(5) Å, b=21.185(1) Å, c=21.194(1) Å,
α=92.542(5)°, ß =94.825(4)° and γ =95.888(5)° with two
independent molecules of [ReH5(PPh3)3] in the asymmetric unit.
The overall arrangement of the atoms is similar in all
polymorphs. Nevertheless, differences in angles up to 10° and
subtle differences in bond lengths are found (Table 2).

These differences result in different continuous shape
measures and therefore coordination environments with differ-
ent degrees of distortion around the rhenium atoms.[42–46] Since
the hydrido ligands are elusive, a comparison between the
shape-measures in the different solid-state structures are only
given in Table S3 in the Supporting Information. Generally, the
arrangement of the ligands in all polymorphs of [ReH5(PPh3)3]
are best described to be in-between a biaugmented trigonal
prism and a triangular dodecahedron. It is apparent, that the
structures in the different polymorphs are similar, but not

Figure 6. Electron localization function (ELF) mapping in the H� Re� N=CH
plane of 4a.

Figure 7. a) Coordination spere of the rhenium atom and b) polyhedron
around Re in the solid-state structure of the yellow, monoclinic polymorph
of [ReH5(PPh3)3] (5). The hydrogen atoms were located and refined freely.
Further labels, hydrogen and carbon atoms are omitted for clarity.

Table 2. Comparison of Re� P bonding parameters of [ReH5(PPh3)3] (5) in all hitherto structurally characterized modifications and co-crystals. The assignment
of the atoms has been adopted for all polymorphs from Figure 4. A more detailed version is given as Table S3 in the supplementary material, where
additional information on the somewhat unreliable and elusive hydrido ligands and the results of the continuous symmetry measure analysis for the
polyhedra around the rhenium center are given.

[ReH5(PPh3)3], monoclinic, yellow [ReH5(PPh3)3], triclinic, green [ReH5(PPh3)3],
[14] colorless [ReH5(PPh3)3]·indole·benzene,

[9] yellow
Molecule 1 Molecule 2

P1� Re1 2.3975(8) 2.407(1) 2.398(1) 2.378(2) 2.395(3)
P2� Re1 2.3896(8) 2.391(1) 2.390(1) 2.397(2) 2.387(4)
P3� Re1 2.3787(8) 2.388(1) 2.382(1) 2.403(2) 2.376(3)
P3� Re1� P2 143.27(3) 132.17(5) 104.86(4) 133.28(7) 105.6(1)
P3� Re1� P1 102.49(3) 106.23(5) 132.09(5) 107.43(7) 133.9(1)
P2� Re1� P1 108.99(3) 109.03(4) 110.03(5) 108.38(7) 110.0(1)
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entirely equivalent as is supported by the corresponding
P� Re� P angles. This becomes even more evident, when looking
at the IR spectra of the polymorphs, which show significant
differences in the complexity pattern of their Re-H valence
vibrational bands. These results suggest that the frequently
discussed fluxionality of the hydrido ligands in rhenium
polyhydrides[1–9,11–15,18� 23,68] may also play a role in the solid state.

Conclusion

The preparation of pure, crystalline [ReH3(PPh3)4] allows for the
preparation of defined rhenium(III) polyhydrido complexes
through ligand exchange procedures. A defined mono sub-
stitution of triphenylphosphine by the more basic phosphines
PMe3 and PBu3 has been achieved for the first time. Less inert
monodentate ligands such as nitriles react with [ReH3(PPh3)4]
not only under exchange of the phosphine ligands, but they
insert into one of the Re� H bonds after the phosphine
exchange and give rhenium(III) azavinylidene complexes of the
type [ReH2(PPh3)3(NC(H)R)] (R=Me, iPr, Ph). Potential proton or
hydride donors react with [ReH3(PPh3)4] in toluene to give the
pentahydride [ReH5(PPh3)3]. Besides the known colorless α
modification, the yellow β and light green γ modifications of
[ReH5(PPh3)3] have now been characterized. Solutions of the β
and γ variants cannot be distinguished from those of α-
[ReH5(PPh3)3]. Interestingly, differences in the IR patterns and X-
ray structures of the polymorphs suggest that the observed
fluxionality of the five hydrido ligands in solution may be frozen
to different solid-state configurations depending on the pres-
ence of different reagents.

The current report about the accessibility of novel rhenium
hydrido complexes and especially the tailoring of substitution
patterns with the metal in the oxidation state “+3” as well as
the description of their reactivity gives some more insight into
the structural chemistry of rhenium hydrides and is, thus,
directly linked to the recently discussed relevance of rhenium
hydrides for catalytic conversions.[4,69–71]

Experimental Section
[ReCl4(PPh3)2] was prepared following a literature procedure.[72] All
other chemicals were reagent grade and used as received.
Reactions involving oxygen- or water-sensitive compounds were
performed with standard Schlenk technique. NMR spectra were
recorded at 25 °C on JEOL 400 MHz ECS-400 or JNM-ECA400II
spectrometers. IR spectra were recorded with an FT IR spectrometer
(Nicolet iS10, Thermo Scientific). Intensities are classified as vs.=
very strong, s= strong, m=medium, w=weak, vw=very weak,
sh= shoulder. Electrospray ionization mass spectrometry (ESI MS)
was carried out with the ESI MSD TOF unit of an Agilent 6210 TOF
LC/MS system. The measurements were performed in thf, CH2Cl2,
MeOH or mixtures of them. Elemental analyses were performed
using a vario EL III CHN elemental analyzer (Elementar Analysensys-
teme GmbH) or a vario MICRO cube CHNS elemental analyzer. The
elemental analyses for all compounds show lower carbon values
than expected. This is a common observation in rhenium chemistry
– especially for complexes containing additional phosphine donors
– and is mostly attributed to incomplete combustion resulting from

the facile formation of rhenium carbides. We nevertheless provide
the best values we obtained to date from the combustion analysis.
Unfortunately, spectroscopic methods are not suitable to provide
an unambiguous proof for the purity of the compounds, since the
majority of the products are unstable and readily release
phosphines. Thus, such newly formed impurities are always
detected during NMR measurements. Exemplarily, well-soluble
[ReH5(PPh3)3] (5) and PPh3 are formed upon the suspension of
barely soluble [ReH3(PPh3)4] (1) in deuterated solvents and, thus, a
quantitative assessment of product purity by NMR spectroscopy is
prohibited. Similarly, mass spectral data is not a good descriptor for
bulk purity in such samples due to similar reasons even at low
ionization voltages.

Single crystal X-ray diffraction data were collected on a Bruker D8
Venture or a STOE IPDS II T. Absorption corrections were carried out
by the multiscan (Bruker D8 Venture) or integration methods (STOE
IPDS II T).[73,74] When the crystal quality was not feasible for data
collection with Mo� Kα radiation, Cu� Kα radiation was used to
enable complete data collection although absorption artifacts
expectedly increased. For some compounds, the quality of the
crystals did not improve even after multiple attempts of crystal-
lization; for example many crystals of [ReH2(NC(H)CH3)(PPh3)3] (4a)
showed severe disorder and did not reveal the identity of the final
non-phosphine, non-hydride ligand. Structure solutions and refine-
ments were done with the SHELX-2008, SHELX-2014 and SHELX-
2016 program packages.[75,76] The positions of the hydrido ligands
have been taken from the Fourier maps and refined where possible
or calculated for idealized positions. All other hydrogen atoms were
calculated at idealized positions and treated with the riding model
option of SHELX. The visualization of the molecular structures was
done using the program DIAMOND 4.2.2.[77]

Deposition Number(s) 2197264, 2197265, 2197266, 2197267,
2197268, 2197269, 2197270, 2197271, 2197272 contain(s) the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.

Computational Details. DFT calculations were performed on the
high-performance computing systems of the Freie Universität Berlin
ZEDAT (Curta)[78] using the program package GAUSSIAN 16.[79] The
gas phase geometry optimizations were performed using coordi-
nates derived from the X-ray crystal structures using GAUSSVIEW
and Avogadro.[80,81] The calculations were performed with the
hybrid density functional B3LYP.[82–84] The double-ζ pseudopotential
LANL2DZ basis set with the respective effective core potential (ECP)
was applied to Re in the azavinylidene calculations.[85] The double-ζ
pseudopotential LANL2DZ basis set with the respective effective
core potential (ECP) was applied to Re and P in the phosphine
hydride calculations.[85,86] The 6-311+ +G** basis set was used to
model all other atoms in the azavinylidene calculations.[87–91] The 6–
31+ +G** basis set was used to model all other atoms in the pure
phosphine hydride calculations.[87,89,91–94] All basis sets as well as the
ECPs were obtained from the basis set exchange data base.[95–97]

Frequency calculations after the optimizations confirmed the
convergence of the final geometries. No negative frequencies were
obtained. The entropic contribution to the free energy was
corrected for low-energy modes in the azavinylidene calculations
using the quasi-harmonic approximation of Grimme[98] as imple-
mented in the freely accessible python code GoodVibes of Funes-
Ardoiz and Paton with a cut-off at 300 cm� 1.[99] Further analyses
were performed with the free multifunctional wavefunction
analyzer Multiwfn.[100]

[ReH3(PPh3)4] (1): [ReCl4(PPh3)2] (580 mg, 0.67 mmol) and PPh3

(4.5 g, 17.3 mmol) were suspended in a mixture of toluene (2 mL)
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and ethanol (15 mL). The suspension was heated to ca. 90 °C and
freshly ground NaBH4 (400 mg, 10.6 mmol) was quickly added
under vigorous stirring. An immediate gas-evolution was observed
(Caution! H2/borane!) and accompanied by a color change from
deep red to orange-yellow. The mixture was heated for 45 min after
which time the bubbling rate had decreased significantly, while no
residual red particles were visible in the yellow slurry. The excess
borohydride was hydrolyzed by the slow addition of water (1 mL)
followed by acetone (20 mL). During these additions, the mixture
was shaken vigorously to avoid clumping. The mixture was then
filtered through a fine frit and washed copiously with water and
acetone. Finally, it was washed with pentane and dried in air to
give yellow microcrystals. Yield: 488 mg (0.39 mmol, 59%). Anal.
calcd for C72H63P4Re: C 69.8, H 5.1%; Found C 67.6, H 5.2%. IR(~n,
cm� 1): 1973 (m, νRe� H). ESI+ MS (m/z): 974.2398 (calc. 974.2375)
[ReH(PPh3)3]

+, 1238.3493 (calc. 1238.3445) [M]+. 1H NMR (C6D6,
ppm): 7.98–6.71 (several m, PPh3), � 4.65 (q, 1H, 2JH,P=18.61 Hz,
[ReH5(PPh3)3]), � 7.54 (3H, quint, 2JH,P=40.47 Hz, [ReH3(PPh3)4]).

31P
{1H} NMR (CD2Cl2, ppm): 34.0 (s, [ReH5(PPh3)3]), 24.8 (s, [ReH3(PPh3)4]),
� 5.4 (s, PPh3).

[Re(H/D)3(PPh3)4]: [ReCl4(PPh3)2] (88 mg, 0.1 mmol) and PPh3

(680 mg, 2.6 mmol) were suspended in a mixture of toluene-D8

(1.5 mL) and MeOH� D4 (4.5 mL). The suspension was heated to ca.
90 °C and freshly ground NaBD4 (67 mg, 1.6 mmol) was quickly
added under vigorous stirring. An immediate H2 and gaseous
borane evolution accompanied by a color change from deep red to
orange-yellow was observed. After 10 min of heating, additional
NaBD4 (10 mg, 0.2 mmol) was added and the heating was
continued until the bubbling ceased (ca. 10 min). The excess of
borodeuteride was hydrolyzed by the slow addition of D2O (0.5 mL)
followed by acetone (ca. 20 mL) under vigorous stirring. After
cooling to RT, the mixture was filtered through a fine frit and
washed copiously with water and acetone. Finally, it was washed
with diethyl ether and pentane before drying in air to give yellow
microcrystals. Yield: 46 mg (0.04 mmol, 37%). IR(KBr, ~n, cm� 1): 1973
(m, νRe� H), 1715 (m, νRe� D).

[ReH3(PPh3)3(PMe3)] (2): [ReH3(PPh3)4] (124 mg, 0.1 mmol) was
suspended in dry, degassed toluene (1 mL) under Ar. A solution of
PMe3 in THF (0.6 mL, 0.6 mmol) was added. The resulting yellow
suspension was heated to ca. 70 °C (over ca. 30 min) at which point
the suspension became a clear yellow solution. Methanol (15 mL)
was immediately added after the complete dissolution to the still
hot solution and the mixture was stored in a refrigerator for 3 h.
The formed, bright yellow crystals were filtered off, washed with
MeOH and hexane and quickly dried in vacuum (Caution! The
product is not very stable in vacuum!). The compound has only a
limited stability as a solid and slowly decomposes over several
weeks of storage at room temperature. Storage in a freezer is
recommended. Yield: 60 mg (0.06 mmol, 57%). Anal. calcd for
C57H57P4Re: C 65.1, H 5.5%; Found C 61.6, H 5.2%. IR (~n, cm� 1): 1947
(m, νRe� H), 1900 (m, νRe� H). ESI+ MS (m/z): 1053.3109 (calc.
1053.3052) [M+H]+. 1H NMR (C6D6, ppm): 7.72–7.37 (m, 19H, PPh3),
7.04–6.80 (m, 29H, PPh3), 1.13 (d, 2JH,P=7.17 Hz, PMe3), � 7.41 (3H,
dq, 2JH,P=33.72 Hz, 2JH,P=30.44 Hz, [ReH3(PPh3)3(PMe3)]).

31P{1H} NMR
(CD2Cl2, ppm): 34.0 (d, 2JP,P=16.6 Hz, [ReH3(PPh3)3(PMe3)]), � 5.4 (s,
PPh3), � 53.8 (q, 2JP,P=16.8 Hz, [ReH3(PPh3)3(PMe3)]).

[ReH3(PPh3)3(PBu3)] (3): [ReH3(PPh3)4] (155 mg, 0.13 mmol) was
suspended in dry, degassed toluene (6 mL) under Ar. Neat PBu3

(0.185 mL, 0.75 mmol) was added. The resulting yellow suspension
was heated to ca. 70 °C and the temperature kept for 1 min at
which point the suspension became a clear yellow solution.
Methanol (27 mL) was immediately layered after the complete
dissolution onto the still hot solution. The methanol was slowly
shaken into the toluene and once initial crystallization began, the
mixture was stored in the refrigerator for 3 h followed by storage

for 1 week in the freezer. The thus formed bright yellow crystals
were filtered off, washed with MeOH and hexane. A final washing
was performed with a small quantity of diethyl ether. Since the
product is soluble in this solvent, the washing should be done with
a minimum amount and quickly. The crystals were suitable for X-ray
diffraction, but slowly decomposed at room temperature, which
could be identified by a gradual appearance of the smell of PBu3.
Yield: 64 mg (0.05 mmol, 42%). Anal. calcd for C66H75P4Re: C 67.3, H
6.4%; Found C 58.8, H 5.6%. IR (~n, cm� 1): 1943 (m, νRe� H), 1909 (m,
νRe� H), 1817 (w, νRe� H). ESI+ MS (m/z): 914.3300 (calc. 914.3313)
[ReH(PPh3)2(PBu3)]

+, 1178.4348 (calc. 1178.4383) [M]+. 1H NMR
(C6D6, ppm): 7.61–7.42 (m, 17H, PPh3), 7.01–6.84 (m, 28H, PPh3),
1.53–1.41 (m, 6H, P(CH2CH2CH2CH3)3), 1.41–1.30 (m, 6H, P-
(CH2CH2CH2CH3)3), 1.10 (h, 6H, 3JH,H=7.21 Hz, P(CH2CH2CH2CH3)3),
1.10 (t, 9H, 3JH,H=7.21 Hz, P(CH2CH2CH2CH3)3), � 4.65 (0H, q, 2JH,P=

18.64 Hz, [ReH5(PPh3)3), � 5.64 (0H, q, 2JH,P=18.88 Hz,
[ReH5(PPh3)2(PBu3)]), � 7.38 (3H, dq, 2JH,P=36.10 Hz, 2JH,P=31.71 Hz,
[ReH3(PPh3)3(PBu3)]).

31P{1H} NMR (CD2Cl2, ppm): 37.5 (s,
[ReH5(PPh3)2(PBu3)]), 33.8 (s, [ReH5(PPh3)3]), 30.4 (d, 2JP,P=18.2 Hz,
[ReH3(PPh3)3(PBu3)]), 0.3 (s, [ReH5(PPh3)2(PBu3)]), � 5.4 (s, PPh3),
� 20.3 (q, 2JP,P=18.3 Hz, [ReH3(PPh3)3(PBu3)]).

[ReH2(NC(H)CH3)(PPh3)3] (4a): [ReH3(PPh3)4] (63 mg, 0.05 mmol) was
suspended in dry, degassed toluene (1 mL) under Ar. Dry, degassed
CH3CN (1 drop) was added. The resulting yellow suspension was
heated to ca. 70 °C and the temperature kept until the suspension
became a clear orange red solution. Acetone (1 mL) and methanol
(7 mL) were added to the cooled solution. Yellow microcrystals of
[ReH3(PPh3)3(NCCH3)], [ReH5(PPh3)3] and red microcrystals of
[ReH2(NCHCH3)(PPh3)3] precipitated. The mixture was stored in the
refrigerator overnight, after which time large red-brown crystals
formed among the orange microcrystalline precipitate. The large
red crystals were separated from the precipitate by filtration
through a coarse (P2) fritted glass filter. They were washed with
MeOH and hexane before drying in vacuum. The crystals were
suitable for X-ray diffraction. Yield: 19 mg (0.02 mmol, 37%). Anal.
calcd for C56H51NP3Re: N 1.4, C 66.1, H 5.1%; Found N 1.4, C 62.5, H
4.8%. IR(~n, cm� 1): 1949 (m, νRe� H), 1807 (m, νRe� H). ESI+ MS (m/z):
1016.2754 (calc. 1016.2719) [M� H]+, 1017.2780 (calc. 1017.2797)
[M]+, 1018.2837 (calc. 1018.2875) [M+H]+, 1034.2828 (calc.
1034.2824) [M+H+OPPh3]

+, 1088.3255 (calc. 1088.3295) [M+ thf]+,
1104.3410 (calc. 1104.3244) [M+ thf+OPPh3]

+, 1120.3341 (calc.
1120.3244) [M+ thf+2OPPh3]

+, 1136.3150 (calc. 1136.3142) [M+ thf
+3OPPh3]

+. 1H NMR (C6D6, ppm): � 2.85 (q, 2JH,P=50.40 Hz, tenta-
tively: [ReH(PPh3)3(NCCH3)]), � 4.00 (s broad, FWHM=185 Hz,
[ReH2(NC(H)CH3) (PPh3)3]), � 4.65 (0H, q, 2JH,P=17.55 Hz,
[ReH5(PPh3)3]).

[ReH2(NC(H)iPr)(PPh3)3] (4b): [ReH3(PPh3)4] (63 mg, 0.05 mmol) was
suspended in dry, degassed toluene (1 mL) under Ar. Dry, degassed
iPrCN (1 drop) was added. The resulting yellow suspension was
heated to ca. 70 °C and the temperature kept until the suspension
became a clear orange red solution. Methanol (7 mL) was added to
the cooled solution. Orange microcrystals precipitated. The mixture
was stored in the refrigerator overnight, after which time more
orange microcrystalline precipitate occurred. The orange yellow
powder was filtered off, washed with MeOH and hexane and dried
in vacuum. Yield: 34 mg (0.03 mmol, 65%). Anal. calcd for
C58H55NP3Re: N 1.3, C 66.7, H 5.3; Found N 1.4, C 64.1, H 5.7%.
IR(KBr, ~n, cm� 1): 1969 (m, νRe� H), 1784 (m, νRe� H). ESI+ MS (m/z):
768.2021 (calc. 768.1962) [M� PPh3� H2� H]

+, 809.2289 (calc.
809.1753) [M� PPh3� H+K]+, 1030.2972 (calc. 1030.2875)
[M� H2� H]

+, 1071.3215 (calc. 1071.2667) [M� H+K]+. 1H NMR
(CD2Cl2, ppm): � 4.39 (s broad, FWHM=169 Hz, [ReH2(NC(H)

iPr)
(PPh3)3]), � 5.33 (q, 2JH,P=16.74 Hz, [ReH5(PPh3)3]), � 7.95 (quint,
2JH,P=37.41 Hz, [ReH3(PPh3)4]).
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[ReH2(NC(H)Ph)(PPh3)3] (4c): [ReH3(PPh3)4] (124 mg, 0.1 mmol) was
suspended in dry, degassed toluene (2 mL) under Ar. Dry, degassed
PhCN (2 drops) was added. The color changed to orange-red
immediately. The resulting suspension was heated up to ca. 70 °C
resulting in a blood red clear solution. Methanol (24 mL) was added
to the cooled solution and orange red microcrystals precipitated.
The mixture was stored in the refrigerator overnight, after which
time more orange red microcrystalline precipitate occurred. The
precipitate was filtered off, washed with MeOH and dissolved in
Et2O leaving a red residue. Addition of the Et2O solution to
methanol and evaporation of the ether at RT over 3 h resulted in
the formation of red microcrystals. They were filtered off, washed
with MeOH and dried in vacuum. Yield: 47 mg (0.04 mmol, 44%).
Anal. calcd for C61H53NP3Re: N 1.3, C 67.9, H 5.0%; Found N: 1.4, C
65.0, H 5.6%. IR(~n, cm� 1): 1967 (m, νRe� H), 1811 (m, νRe� H). ESI+ MS
(m/z): 937.2673 (calc. 937.2170) [Re(PPh3)2(P(C6H5)2)(NCCH3)]

+,
973.2344 (calc. 973.2296) [M� H2� NCHPh]

+, 1077.2882 (calc.
1077.2798) [M� H2]

+, 1079.2967 (calc. 1079.2954) [M]+. 1H NMR
(CD2Cl2, ppm): � 4.35 (s broad, FWHM=141 Hz, [ReH2(NC(H)Ph)
(PPh3)3]), � 5.29 (q, [ReH5(PPh3)3]), � 6.33 (s broad, FWHM=109 Hz,
tentatively: [ReH3(PPh3)3(NCPh)]).
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