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ethyll]amine}

Alberto Albinati,?! Vladimir I. Bakhmutov,*!®! Natalia V. Belkova,!! Claudio Bianchini,*!4!
Isaac de los Rios,!Y! Lina Epstein,*!l Evgenii I. Gutsul,!! Lorenza Marvelli,!
Maurizio Peruzzini,*!9! Roberto Rossi,*!l Elena Shubina,!! Evgeni V. Vorontsov,!! and

Fabrizio Zanobini

[d]

Keywords: Rhenium / Tripodal ligands / Phosphanes / Hydride ligands

The rhenium(Ill) dichloride complex [ReCl,(n*-NP3)]Cl (1)
was prepared from [ReCl3(CH3;CN)(PPhj),] by treatment
with the tripodal tetradentate ligand N(CH,CH,PPh,); (NP3)
in ethanol. The reaction of 1 with LiAlH, in THF gave the
rhenium(Ill) trihydride [ReHs(m*-NPs)] (2), which was con-
verted into the rhenium(V) tetrahydride [ReH,(n*-NP3)|BPh,
(3) by protonation in CH,Cl, with HBF,-:OMe,, followed by a
metathetical reaction with NaBPh,. The classical polyhydride
nature of 2 and 3, as well as the overall molecular structures
in solution, were determined by NMR spectroscopy, 'H NMR
relaxation, and IR spectroscopy. The polyhydride complexes
2 and 3 are stereochemically nonrigid in solution, and the
thermodynamic parameters associated with the fluxional
processes were determined by variable-temperature NMR

studies. A single-crystal X-ray analysis of 3 has shown the
complex cation [ReH,(n*-NP5)]* to be eight-coordinated by
the four donor atoms of NP3 and by four terminal hydride
ligands in a distorted dodecahedral geometry. An in situ IR
study in CH,Cl, has shown that the protonation of 3 occurs
regioselectively at the metal center with no formation of a
dihydrogen complex. Kinetic hydrogen bond products of the
formula [(m*-NP3)HzRe--HOR] (ROH = C,H;OH,
CFH,CH,0OH, CF3;CH,OH) were intercepted by IR spectro-
scopy at low temperature. The thermodynamic parameters
associated with the formation of the hydrogen bond adducts
were determined by either IR spectroscopy applying the
Iogansen equation or van't Hoff plots of the formation con-
stant vs. temperature.

Introduction

In conjunction with phosphane ligands, rhenium can
form stable polyhydride complexes in a variety of metal ox-
idation states, coordination numbers, and structures.[!! In
particular, both classical (Re—H,) and nonclassical
[Re—(H,),] structures have been reported, which may con-
tain as many as seven hydride ligands.['! The ability to react
with either dihydrogen or hydride ions from different
sources makes phosphanerhenium systems effective hydro-
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gen sponges. Unlike late transition metals, however, the co-
ordinated hydrogen is not easily transferred to unsaturated
substrates, which limits the application of rhenium-based
catalysts in catalytic hydrogenations.”! On the other hand,
the capability to form homologous series of polyhydride
complexes, often in equilibrium with each other by dihydro-
gen loss/uptake, confers to phosphanerhenium compounds
a great potential both in hydrogen storage and transport,
which will be a priority in chemistry in the next years,?
and for model studies of hydride-containing enzymes such
as nitrogenases and hydrogenases.”! Moreover, the chem-
istry of rhenium is very similar to that of the germane ele-
ment technetium-99, which is largely used in diagnostics
and radio therapeutics.[’! Although we are not aware of any
utilization of technetium-99 or rhenium-186/188 polyhyd-
rides (polydeuterides), it cannon be excluded a priori that
such compounds may have important applications in nuc-
lear medicine.

Tripodal polyphosphane ligands are particularly amen-
able to forming stable polyhydride rhenium compounds due
to the nucleophilicity of trivalent phosphorus as well as the
ability to generate sterically congested pockets into which
the metal atom is almost buried. These ligands may there-
fore react only with small molecules or ions.[!
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The “hydride” chemistry of rhenium with the tripodal
tridentate ligand MeC(CH,PPh,); (triphos) has been in-
tensely investigated in the last few years, leading to interest-
ing results with regard to the formation of classical and
nonclassical polyhydrides with the metal center in the ox-
idation states from +1 to +7.7=° In contrast, no rhenium
complex with the potentially tetradentate aminophosphane
N(CH,CH,PPh,); (NPs) has been described in the literat-
ure, which is surprising as (NP3)metal complexes are known
for almost all middle and late-transition metals!®!°! includ-
ing technetium.l'!! A rhenium(I11) tetrahydride with the tri-
podal phosphane ligand P(CH,CH,PPh,); has been de-
scribed, but no X-ray structure was reported.['”]

The presence of the amine nitrogen donor and of two
CH, spacers separating the phosphorus donors from the
bridgehead atom makes NP3 more flexible than triphos and
also increases the overall basicity at the coordinated metal
center.['314 Ultimately, this may result in increased stability
of Re—H, moieties as well as a richer diversity of coordina-
tion geometries since NP3 may act as an n?, n3-P;, n’-
N,P,P, and n2-P,P ligand.['*]

In this article we describe the synthesis, structure, and
spectroscopic characterization of the first rhenium(III) and
rhenium(V) polyhydride complexes stabilized by NP3, using
[ReCly(n*-NP3)]CI (1) as a precursor. Particular attention
was paid to the study of the solution structure of the com-
plexes [ReH;(n*-NP5)] (2) and [ReH4(n*-NP5)]BPh, (3), as
well as the proton transfer that converts 2 into 3 via hydro-
gen bond adducts [(n*-NP;)H;Re*HOR].

Results and Discussion

The preparations and the principal reactions described in
this paper are reported in Scheme 1. Selected IR spectro-
scopic data for the new complexes are given in the Exp.
Sect. together with analytical and physicochemical proper-
ties.
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Scheme 1

Synthesis and Characterization of [ReCl,(n*-NP3)|CI (1)

By reaction of NP; with the rhenium(III) complex
[ReCl3(CH3CN)(PPh3),] in refluxing ethanol, the complex
[ReCly(n*-NP3)]CI (1) was obtained in good yield as air-
stable lemon-yellow microcrystals. The combined analyt-
ical, conductivity and spectroscopic characterization of 1 is
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unequivocally consistent with an octahedral geometry of
the complex cation [ReCl,(m*NP;)]* with all the four
donor atoms of NP5 coordinated to the metal center. Com-
plex 1 is paramagnetic (e = 2.0 pg) and thus the 3'P{'H}
NMR spectrum did not provide any useful information due
to the rapid relaxation of the coordinated phosphorus nuc-
lei. The 'H NMR spectrum exhibit the typical Knight-
shifted appearancel’l with relatively sharp resonances, some
of which feature unusually large shifts (up to & = —40.83).

Synthesis and Characterization of the Classical
Rhenium(IIT) and Rhenium(V) Polyhydrides [ReH;(n*-
NP5)] (2) and [ReH,(n*-NP3)|BPh, (3)

The dichloride 1 was quantitatively converted into the
ivory-colored trihydride complex [ReH;(m*NP;)] (3) by
treatment with a large excess (ca. 20 equiv.) of LiAIH, in
refluxing THF for 6 h. The reaction was conveniently mon-
itored by *'P{'H} NMR spectroscopy, which showed no
intermediate species along the conversion of 1 to 2.

Complex 2 is air-stable in both the solid state and solu-
tions of both CH,Cl, and CHCls, in which no H/CI ex-
change was observed within 24 h at room temperature. The
IR spectrum contains two strong v(Re—H) absorptions at
1949 and 1905 cm ™! that shifted to lower frequencies in the
spectrum of the perdeuterated derivative [ReDs(n*-NP3)]
(2-D3) [V(Re—D) = 1399 and 1371 cm ™!, ky,p = 1.39]. The
perdeuterated derivative was prepared by treating 1 with Li-
AlDy in refluxing THF.

The trihydride 2 is fluxional on the NMR time scale. In
CD,Cl,, the slow-exchange 3'P{'H} NMR spectrum was
attained at —63 °C in the form of two broad lines at 6 =
52.9 (1 P) and 36.6 (2 P). On increasing the temperature,
the two NMR signals coalesced between —30 and —35 °C
and then transformed into a single resonance at 6 = 41.9
at room temperature. The exchange process of the three
phosphorus atoms matches the fluxionality of the hydride
resonances. Indeed, the 'H NMR spectrum of 2 at —63 °C
showed two hydride signals at 8 = —4.05 (1 H) and —9.50
(2 H) that transformed into a quadruplet at 8 = —7.6 with
J(HP) = 13.4 Hz on increasing the temperature to 22 °C.
The coalescence of the hydride resonances was observed at
—23 °C from which a free activation energy (AG3sox) of
44.8 kJ mol~! could be calculated by using the Shanan At-
idi-Bar  Eli approach that takes into account the different
populations of the exchanging sites.['”! The low-temperature
limiting spectrum of 2 points to a pentagonal-bipyramidal
structure in solution (seven-coordination geometry) that
has been already observed for rhenium polyhydrides.['®7-12]

Treatment of the trihydride 2 in THF or dichloromethane
with protic acids such as HOSO,CF;, HBF,-OMe,, or
CF;COOH, followed by a metathetical reaction with
NaBPh, in EtOH, gave off-white crystals of the classical
tetrahydride complex [ReH4(n*NP3)]BPh, (3). The pro-
tonation is reversible: the reaction with strong bases, such
as KO7Bu, in THF regenerated the neutral trihydride 2
quantitatively.

Compound 3 was air-stable in both the solid state and
solution and behaved as a typical 1:1 electrolyte in dichloro-
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methane. The solid-state IR spectrum shows a strong and
sharp absorption at 1996 cm ! due to the v(Re—H) vibra-
tion that shifted to 1435 cm ™! (kyyp = 1.39) in the perdeu-
terated derivative [ReD4(n*-NP53)]BPh, (3-Dy). It is worth
noting that no H/D exchange was observed when a solution
of 3 in THF or CH,Cl, was treated with either MeOD or
D,O even after prolonged heating to temperatures close to
the boiling point (in situ NMR experiment). This behavior,
which is not common for metal polyhydride complexes, is
identical to that of the iron trihydride [Fe(H)(n?-H,)(n*
PP;)|BPh; containing the tripodal tetradentate ligand
P(CH,CH,PPh,);.l'®l The addition of 1 equiv. of CF3SO;D
to a CD,Cl, solution of 3 at ambient temperature did not
result in the incorporation of deuterium. At high temper-
ature, extensive decomposition took place to give paramag-
netic material, which was not characterized further.

In keeping with the behavior of the large majority of
transition metal polyhydrides,'®! the complex cation
[ReH4(n*NP3)]" was stereochemically nonrigid in solution
on the NMR time scale. At room temperature, the 3'P{'H}
NMR spectrum in CD,Cl, showed a sharp (o, = 4 Hz)
singlet resonance at § = 38.73 associated with a fast-ex-
change motion of the three phosphorus atoms of NP5 (Aj
spin system). An off-resonance experiment, conserving a re-
sidual coupling between the hydride ions and the phos-
phorus atoms, transformed the singlet into a quintuplet
[J(PH),csiqua1 = 7 Hz], and confirmed the presence of four
hydride ions coordinated to the rhenium atom. On decreas-
ing the temperature, the *'P NMR resonance broadened
and then coalesced at ca. —70 °C to give a broad hump with
oy, = 185 Hz. Decoalescence of the resonance occurred at
a lower temperature, with formation of two distinct signals
integrating 2:1. However, the decoalescence process was not
complete as the resolution of the expected AM, splitting
pattern was not observed even at —90 °C (6 = 41.85, oy,
> =90Hz; § = 33.69, @, = 89 Hz). Assuming the occur-
rence of an A; 2 A,M exchange and applying the
Gutowski—Holm equation corrected for the different popu-
lation of the exchanging sites, a AG3y;x value of 36.8 kJ
mol ™! was estimated at the coalescence temperature.[!>17]

For a further decrease in the temperature down to —115
°C using a 1:1 (v/v) mixture of CD,Cl, and CFCl; as solv-
ent, the lower field resonance (2 P) significantly broadened
and then transformed into a broad hump that was almost
merged with the baseline (0;, = 432 Hz). In contrast, the
signal at higher field (I P) became sharper (& = 33.46, o,
» = 24 Hz) without showing any fine structure, however.
This NMR behavior suggests the existence of a second dy-
namic process responsible for the magnetically nonequival-
ence of the three phosphorus nuclei of NP5 and also points
to an AMX splitting pattern in the slow motion regime.

Figure 1 shows the variable-temperature 'H NMR spec-
tra in the hydride region of 3, dissolved in a 1:1 (v/v) mix-
ture of CD,Cl, and CFCl;. At 20 °C, the spectrum showed
a narrow quadruplet [J(HP) = 13.1 Hz] centered at § =
—6.62, which is consistent with a complete and fast scram-
bling of the four hydride ions. A careful NMR integration
of this signal, with respect to the aliphatic triphos reson-
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ances, confirmed the presence of four hydride ligands. As
the temperature was lowered, the hydride resonance lost its
multiplicity (—20 °C), transformed into a broad hump (—40
°C, w1, = 64 Hz) before finally coalescing into the base-
line (ca. —60 °C). Complete decoalescence of the signal oc-
curred slightly below —90 °C to give two well-separated sig-
nals (integrating 1:3), which at —100 °C fell at 6 = —3.00
(0, = 115Hz) and & = —7.74 6 (®,» = 85 Hz), respect-
ively. Below this temperature, broadening of both reson-
ances occurred, but freezing out of the solvent did not allow
us to obtain any information on the limiting spectrum.
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Figure 1. Variable-temperature '"H NMR spectra in the hydride re-
gion of [ReH,(n*NP3)|BPh, (3) dissolved in a 1:1 (v/v) mixture of
CD,Cl,/CFCl; (300 MHz, TMS reference)

The proton NMR spectroscopic data allowed us to calcu-
late the free energy of activation for the process of exchan-
ging the hydride ligands in 3. A possible mechanism for this
exchanged is proposed in Scheme 2.I'*l Introducing a Av
value of 1420 Hz, a A4G5;5x value of 38.1 kJ mol~! was cal-
culated at the coalescence temperature. Remarkably, this
value is in good agreement with the free activation energy
obtained from the NMR coalescence analysis of the 3'P
NMR spectra (vide supra). A line-shape analysis of the 'H
NMR spectra (Figure 1) with the DNMR-5 program in the
temperature range from 253 to 183 K gave the following t
values for the less populated low-field signal: 0.0000067 s
at 253 K, 0.000013 s at 233 K, 0.00027 s at 213 K, 0.0011 s
at 193 K, and 0.0027 s at 183 K. From these values we cal-
culated AH”= 33.5kJ mol~! and AS*= —12.1 kJ mol™!
K~! (note that the slightly negative entropy is consistent
with an intramolecular exchange) and hence AG3i3x =
36.0 kJ mol™!, which is similar to the value obtained from
the coalescence temperature.
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Relaxation Study of the Rhenium Polyhydrides 2 and 3

The variable-temperature relaxation times 7 for the hy-
dride ligands in 2 and 3 were measured at different mag-
netic fields by using the standard inversion-recovery se-
quence (Table 1).

Table 1. Variable-temperature (7;) NMR spectroscopic data for
[ReH;(n*-NP3)] (2) and [ReHy(n*-NP;)]* (3)

T, [ms]
Temp. [K] A B C
[ReH3(n*NP3)] (400 MHz)[Ib!

203 198 182
213 142 142
223 131 133
233 130 127
243 129 148
253 140—150

[ReH4(m*-NP3)]* (400 MHz)! [l

203 125 133
213 96—98

223 97

233 98

243 100

253 109

263 109

173 111 106
183 97 94
193 81 86
213 fel
233 77
253 83
273 96
293 106

2] The 7, measurements on 2 were carried out at 400 MHz in
CD,Cl,. I The letter A denotes the T, values of the hydride ligands
in the fast motion regime. The letters B and C indicate the relaxa-
tion times of the two kinds of hydride resonances appearing below
the coalescence temperature; B, low-field resonance; C, high-field
resonance. [ The T measurements on 3, prepared in situ from 2
by adding 4 equiv. of CF;COOH, were carried out at 400 MHz in
CD,Cl,. [ The T, measurements on an isolated sample of 3 were
carried out at 300 MHz in a 1:1 CD,Cl,/CFCl; mixture. ! Due to
broadness of the signal close to the coalescence temperature, no 7
value is given.

At low temperature, when the hydride—hydride exchange
is slow on the NMR time scale, the relaxation times of the
two types of hydride ligands in 2 were found to be practic-
ally identical. A relatively long T},,;, value was observed
between —50 and —40 °C (129—127 ms) for both hydride
resonances supporting the classical nature of the trihyd-
ride 2.

The tetrahydride 3 was prepared in situ as trifluoroacet-
ate salt by adding a fourfold excess of CF;COOH to a
CD,Cl, solution of 2, and the relaxation times 7', were ini-
tially measured at 400 MHz. A rather small T,,;, value of
97 ms was determined for the four exchanging hydride ions
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at ca. —50 °C. Spin-saturation transfer experiments showed
the absence of any exchange between the hydride ligands of
3 and protons of the acid, even at —23 °C, which strongly
supports the hypothesis that the observed T ,;, value is un-
distorted. A comparison of 1/7,;, measured for both 2
and 3 allowed us to estimate the relaxation contribution to
the overall relaxation rate provided by the additional hy-
dride ligand in 3. Using a contribution of 2.5 s~!, a min-
imum hydride—hydride distance of 1.84 A was obtained
from Equation (1), in which v is the spectrometer fre-
quency.l'® The H—H separation estimated in this way
nicely supports the classical tetrahydride formulation of 3
and is also consistent with the results of an X-ray structural
analysis (see below).

r(H—H) = 5.815 (T min/V)1/6 (1)

The interpretation of T',,;, data in terms of bond lengths
in metal polyhydride complexes is affected by a rather high
degree of ambiguity, particularly when the different hydride
sites cannot be completely frozen out.['”) Additional uncer-
tainty may come also from the contribution of dipolar in-
teractions with the neighboring nuclei in the ancillary li-
gands that cannot be neglected, and from the presence of a
quadrupolar nucleus (i.e. rhenium) which may affect re-
markably the observed relaxation rate by a significant metal
hydride dipole—dipole interaction.?%2! In the case at hand,
according to the protocol of Halpern and co-workers, a
T'imin Value of ca. 97 ms can be calculated by subtracting
the contributions of the rhenium atom and of as many as
12 ortho protons of the tripodal ligands to the relaxation
rate of 3, scaled up to 500 MHz.[?l The calculated value is
in line with that reported by Crabtree and co-workers for
the classical polyhydride [ReHs{PhN(CH,CH,PPh,),}|BF,
(Timin = 93 ms),[?? and also matches well the T, value of
94 ms determined by Morris and co-workers for the cognate
complex [ReH,(n*PP3)|BF,, for which the absence of an
intact dihydrogen ligand was suggested on the basis of sim-
ilar T, arguments.!'?!

In a second series of NMR experiments, the spin-lattice
relaxation times for the hydride ligands in 3 were deter-
mined at 300 MHz in the temperature range from +20 to
—110 °C in CD,CIl,/CFCl;. The results were in line with
those obtained using a higher magnetic field. A plot of T}
[ms] vs. temperature (1000/7 [K ~!]) is presented in Figure 2,
while 77 data are collected in Table 1. At room temperature,
when the four hydride ligands are rapidly exchanging, a
relatively short 7 of 106 ms was measured. As the temper-
ature was lowered to the coalescence point, 7; also de-
creased steadily, and at —40 °C, just above the coalescence
point, a value of 77 ms was observed. Below the coalescence
temperature, the two hydride sites showed longer and com-
parable relaxation times that increased with decreasing tem-
perature. At —100 °C, when the dynamic process was still
far from being completely frozen out, 7' values as long as
111 and 106 ms were determined for the two distinct hy-
dride resonances. Interpolation of the whole set of data al-
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lowed us to find an average T',;, value of ca. 71 ms at —50
°C that agrees well, after scaling up to 400 MHz (94 ms),
with the relaxation data obtained at higher magnetic field
carried out in CD,Cl, solution (97 ms).

110 A A
L a
100 - R
£ ¢ o
= 90 1
P ]
80 A A
[ )
70 . . s
3 4 5 6
1000/T) K*

Figure 2. Plot of T [ms; CD,Cl,/CFCls, 1:1 (v/v), 300 MHz] vs.
temperature (1000/7 [K~']) for the polyhydride [ReH,n*-
NP3)|BPhy (3); e 7 values of the four hydride atoms in the fast-
exchange motion (6 = —6.62); O T, values of the hydride signal
(6 = —3.00); T, values of the hydride signal (6 = —7.74)

Further support for the classical nature of 3 was obtained
from a comparison of its variable-temperature 7'; depend-
ence with that exhibited by the authentic n>-H, complex
[Ir(H),(H,)(triphos)]* [triphos = CH;C(CH,PPh,);].[>’] Be-
low the coalescence point, the T times for the two types of
hydrides in 3 were found to lengthen considerably (Table 1),
while the values for the two hydride ions in the iridium com-
plex with triphos®¥ showed a divergent behavior: the re-
laxation time of the classical hydrides increased, while that
of the molecular hydrogen ligand continued to decrease
with the temperature.

X-ray Crystal Structure of [ReH (n*-NP3)|BPh, (3)

An ORTEP view of the cation [ReHy(n*-NP3)]" is given
in Figure 3, while selected bond lengths and angles are
listed in Table 2. The immediate coordination sphere of the
rhenium atom consists of the nitrogen and phosphorus
atoms of the NP3 moiety and of four hydride ligands. As
previously discussed (see Exp. Sect.), only three out of the
four hydride ions (labeled as H1, H2, and H3 in Figure 3)
were successfully refined. The fourth (H4) is also shown (in
the position obtained from the Fourier difference map) to
give a pictorial representation of the full coordination poly-
hedron.

As expected?®?%] for an eight-coordinated polyhydride,
complex 3 adopts a distorted dodecahedral geometry in ac-
cordance with the 'H NMR spectroscopic data. The Re—H
distances [av. 1.67(7) A] fall in the expected range, and are
similar to those found by low-temperature neutron diffrac-
tion in [ReHs(PPhs),(indole)]°! [av. 1.683(2) A].

The expected low precision in the location of the hydride
ions by X-ray diffraction, prevents a detailed discussion of
their geometries. We note, however, that the H---H separa-
tions are consistent with both the NMR spectroscopic data
and the classical nature of this complex.

Two types of Re—P distances have been found in the
complex cation: two shorter [av. 2.376(7) A] and one longer
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Figure 3. ORTEP view of the complex cation [ReH4(n*-NP5)]BPh,
(2) showing thermal ellipsoids at 30% probability; only H1, H2,
and H3 have been refined (see text)

Table 2. Selected bond lengths [A] and angles [°] for compound 3,
with e.s.d.s values in parentheses

Re—P(1) 2.381(2) Re—Hyl 1.60(5)
Re—P(2) 2.402(2) Re—Hy2 1.66(5)
Re—P(3) 2.371(2) Re—Hy3 1.79(9)
Re—N 2.309(5)

P(1)~Re—P(2) 98.48(6) P(1)—Re—Hyl 96(2)
P(1)—Re—P(3) 154.98(6) P(1)—Re—Hy?2 144(2)
P(1)-Re—N 81.5(1) P(1)—Re—Hy3 85(2)
P(2)—Re—N 81.1(1) P(2)—Re—Hy3 166(2)
P(2)—Re—P(3) 96.11(6)

P(3)-Re—N 80.8(1)

[2.402(2) A] due to the influence of a pseudo-trans-hydride
ion. All Re—P separations fall in the expected range and
are comparable, for example, with those found in (triphos)-
iridium complexes (2.30—2.40 A)27-281 All the other dis-
tances are unexceptional and do not deserve additional
comment.

In situ IR Study of the Interaction of 2 with Different
Proton Donors

It has been recently demonstrated that proton-transfer
reactions such as that occurring in the transformation of 2
into 3 may take place via intermediate species containing
M—H-+HOR hydrogen bonds.?>3%1 A successful strategy to
show the eventual formation of hydrogen bond adducts in-
volves an in situ IR study of the interactions between the
starting metal (poly)hydride and acids of different strength.
We therefore decided to monitor the reactions of 2 with
C,H;OH, CFH,CH,OH (MFE), CF;CH,OH (TFE),
CH,CICOOH (MCIA), and CF;COOH (TFA) by variable-
temperature IR spectroscopy in CH,Cl,, taking into consid-
eration the variation of the dielectric constant of the solvent
with temperature.[30—3%

In the absence of added acid, the IR spectrum of 2 ex-
hibits a complicated absorbance pattern in the v(M—H) re-
gion, which is a common feature to many transition metal

Eur. J. Inorg. Chem. 2002, 1530—1539
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polyhydrides.[33-34 After removing the contribution due to
the overtones of the phenyl rings using the spectra of 1 and
2-D3, the spectrum showed the presence of three overlapped
v(Re—H) bands (1866, 1938, and 1977 cm ') whose intens-
ities increased with decreasing temperature down to 200 K
(see Figure 4a).

0.2 4

A Vi (243+4) .
0.2
i (2+4)
0.1
Vuvu 3
0 4 , ; ; b
2100 2000 1900 1800 1700
vem'!

Figure 4. IR spectra in the v(ReH) region (CH,Cl, solution; —70
°C): a: spectra of 2 alone (0.0.1 M) (- - -) and in the presence of
TFA (0.01 M) (———); b: spectra of 2 alone (0.015 M) (- - -) and in
the presence of MFE (0.075 m) (———); c: spectrum of 2 (0.014 m)
in the presence of TFE (0.014 m)

When a strong proton donor such as TFA or MCIA was
treated with 2 (metal hydride/acid, 1:1), a plain proton
transfer occurred and the classical polyhydride 3 was gener-
ated with no detection of any intermediate species along
the proton transfer process, i.e. the v(ReH) stretching of 2
disappeared with concomitant formation of new bands due
to 3 at higher energy [1960 (vs) cm™! and 2050 (w) cm™!]
(see Figure 4a). The latter band was masked by the phenyl
overtones of the tetraphenylborate anion in the solid-state
spectrum. In addition, the typical v(CO) bands of free
MCIA (1730—1720 cm™') and TFA (1810—1780 cm™')
were replaced by new strong v*(OCO) bands due to the
carboxylate anions at 1620 and 1685 cm™!, respectively.

In an attempt to intercept a hydrogen bond adduct,
weaker acids were used in the protonation of 2. Indeed,
irrespective of the hydrogen donor, the IR spectra in the
Vv(OH) region obtained at 290 K by addition of 2 (0.04 M)
to CH,Cl, solutions containing TFE, C;HsOH, or MFE
(Table 3)B*3] showed that the intensity of the band due to
the stretching vibrations of the OH group in the free acid
decreased, while a new broad and intense band, assigned to
a hydrogen-bonded adduct, appeared at lower frequency.

Eur. J. Inorg. Chem. 2002, 1530—1539

The frequency shifts [Av = v(OH)™® — y(OH)P°"ded] was
found to increase with the proton-donor ability of the alco-
hol in the order C;HsOH < MFE < TFE.

Table 3. Spectral characteristics of the hydrogen bond adducts
[(NP;)H;Re-*HOR] (4a—c), enthalpy values (—AH®) in CH,Cl, at
290 K and E; factors

[(NPs)H;Re--HOR] v(OH)P*nded Ay —AH? E;

[em™1] [em™'] [kJ mol™!]
C,H-OH (4a) 3375 202 188 1.45
MFE (4b) 3336 244 20.5 1.47
TFE (4¢) 3220 385 26.4 (24.7) 1.53 (1.45)

a1 The —AHO value given in parentheses was obtained from the
van’t Hoff plot (Figure 5).

Once it had been established that the proton-transfer re-
action involved in converting 2 to 3 was traversed by a de-
tectable H-bonded intermediate, it only remained to dis-
criminate between the two potential H bond acceptor sites
in 2, i.e. the hydride ligand or the metal center.3% In reality,
although the intermediacy of hydrogen bond adducts of the
type ReH+*HX, preceding the formation of nonclassical n*-
H, species, have been reported to occur in several
cases, 2939377401 the rhenium center in 2 possesses a lone
electron pair that may be straightforwardly protonated to
give the classical hydride 3. Accordingly, we could not dis-
regard a priori the preliminary formation of a metal-cent-
ered Re--*HX adduct upon interaction of 2 with the alcohol.

The occurrence of a low frequency shift of the v(M—H)
band has been unequivocally established as a general spec-
troscopic criterion to assess the formation of hydrogen
bonding involving the hydride ligand.?*3% In the present
case, the addition of a weak proton donor such as EtOH,
MFE, or TFE to a CH,Cl, solution of 2 did not result in
the appearance of any new band or shoulder at low fre-
quency. In contrast, either of these alcohols at —70 °C
caused a little, but evident, high frequency shift (ca. 10
cm ') of the v(Re—H) band at 1866 cm ! as well as the
envelop of the two other absorptions between 1945 and
1980 cm™!' (see Figure 4b). These spectral changes are
therefore inconsistent with an interaction between an
Re—H moiety and the proton donor, whereas they support
the formation of hydrogen-bonded adducts of the type
[(NP3;)H;Re--*-HOR] (4a—c) as shown in Scheme 3. The oc-
currence of a metal-centered hydrogen bonding preceding
the protonation of the metal atom has been demonstrated
for a few organometallic compounds.[*! 44

(\p _|OR

l /

@ |
(/R (R // e '\\
ul P ) \ H
2 4a-c
a = CoHsOH, b = MFE, ¢ = TFE

_ROH

Scheme 3
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The enthalpy associated with the hydrogen bond forma-
tion in the Re-*HOR adducts (4a—c) was calculated from
the experimental IR frequency shifts listed in Table 3
through the logansen correlation™! reported in Equa-
tion (2).

—AH° = 18 Av/(720 + Av) 2)

In the case of 4c, it was difficult to accurately determine
the position of v(OH)®*"d, because this band fell close to
the v(CH) bands of both 2 and the CH,Cl, solvent. The
thermodynamic parameters for 4¢ were therefore independ-
ently calculated from the temperature dependence of the
formation constant (K,) using the van’t Hoff Equation (3).

InK,= —AH°/RT + AS/R 3)

The formation constant K for the equilibrium illustrated
in Equation (4) was determined in the temperature range
from +20 to —30 °C following the decrease in the optical
density of the band assigned to the free OH group.

[ReHa(NPy)] + CF,CH,0H === [(NPg)HzRe----- HOCH,CF3] @

The corresponding van’t Hoff plot, shown in Figure 5,
allowed us to figure out both the enthalpy and entropy
changes [-AH® = 24.7 = 1.3kJ mol™!, —AS® = 56.5 =
2.1 kJ mol~! K!]. Notably, the value of —AH" calculated
from the van’t Hoff plot is close to that independently ob-
tained by using Equation (2) (Table 3).

5 4
4.5 1

34 36 38 4 42
(1/T)10° K"

Figure 5. van’t Hoff plot in the range +20 to —30 °C for the reac-
tion of 2 with TFE

Table 3 also lists the basicity factors E; relative to the
different proton donors used in this study that were calcu-
lated by using the “rule of factors” [Equation (5)].[6]

E;= AH,/AH,, P, ©)

The E; values for 2 are practically constant (1.46 + 0.01)
for all the three proton donors listed in Table 3. Remark-
ably, the proton-accepting ability of the rhenium atom ap-
peared to be higher than the E; values previously deter-
mined for other metal-containing complexes.?*3% Such a
high E; value for 2 might explain why the proton transfer
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was observed even in the presence of relatively weak proton
donors such as TFE.

The study of the interaction of 2 with TFE at different
temperatures and concentrations allowed us to observe the
multiple equilibrium between the initial hydride 2, the hy-
drogen bond adducts 4c¢, and the final product 3
(Scheme 3). This equilibrium is significantly shifted to the
right at either low temperature or high TFE concentrations.
The solution IR spectrum of 2 in the presence of TFE at
—70 °C is very complicated (see Figure 4c): the band at
1877 cm ™! was assigned to the v(ReH) stretching of both
the H-bonded complex 4¢ and the starting hydride 2, the
band at 2050 cm ™! could be assigned to the v(ReH) of 3,
while the broad absorbance between 1940 and 1970 cm™!
was attributed to the envelope of v(ReH) bands due to the
three rhenium species in equilibrium (Scheme 3). There is
little doubt, however, that the spectral changes occurring in
the v(MH) region, following the addition of TFE to a solu-
tion of 2, unequivocally point to the rhenium atom as the
site where the hydrogen bond interaction with the proton
donor primarily occurs.

A recently reported ab initio study of the protonation of
[CpRe(PH5)(NO)(H)] and [CpRe(CO)(NO)(H)] has shown
that the substitution of CO by PHj increases the rhenium
basicity and hence shifts the regioselectivity of proton at-
tack from the terminal hydride ion to the metal center.*”!
The remarkable nucleophilic character of the NP; ligand
would analogously increase the basicity of the rhenium
center in 2, thus allowing for its regioselective protonation.
As a matter of fact, the less electron-rich complex
[ReH(CO),(triphos)] has been found to react with various
proton donors forming selectively ReH---HOR ad-
ducts.[38:39

Conclusions

We have described in this work the synthesis and charac-
terization of the first rhenium polyhydride complexes stabil-
ized by the tripodal polydentate ligand N(CH,CH,PPh,);
(NP3). In both [ReHsm*NP3;)] (2) and [ReH n*
NP;)]BPh, (3) the polydentate ligand uses all its donor
atoms for coordination. The classical polyhydride structure
of 2 and 3 has been unambiguously determined by a variety
of spectroscopic techniques in solution as well as a single-
crystal X-ray analysis of the rhenium(V) derivative. Most
importantly, an in situ IR study of the protonation of 2 by
weak Brensted acids has shown that the proton selectively
attacks the metal atom to give kinetic hydrogen-bonded ad-
ducts of the formula [(M*NP;)H,Re--HOR] (ROH =
C,HsOH, CFH,CH,OH, CF;CH,OH) that ultimately con-
vert into the thermodynamically stable classical polyhydride
3 with no formation of transient n?-H, species.

Experimental Section

General Procedures: Tetrahydrofuran (THF) and diethyl ether were
purified by distillation from LiAlH, under nitrogen, dichlorome-
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thane was heated under reflux overnight in the presence of P,Os
and distilled just prior of use. All other reagents and chemicals
were reagent grade and, unless otherwise stated, were used as re-
ceived from commercial suppliers. All reactions and manipulations
were routinely performed under dry nitrogen by using standard
Schlenk-tube techniques. The solid complexes were collected on
sintered-glass frits and washed as indicated before being dried in a
stream of nitrogen. The ligand N(CH,CH,PPh,); (NP5)*¥ and the
complex [ReCls(CH;CN)(PPhs),]*%! were prepared as described in
the literature. Deuterated solvents for NMR measurements (Merck
and Aldrich) were dried with molecular sieves (4 A). 'H NMR
spectra were recorded with Varian VXR 300 or Bruker AC200
spectrometers operating at 299.94 or 200.13 MHz ('H), respect-
ively. Peak positions are relative to tetramethylsilane and were cal-
ibrated against the residual solvent resonance. *'P{'H} NMR spec-
tra were recorded with either the Varian VXR 300 or Bruker
AC200 instruments operating at 121.42 and 81.01 MHz, respect-
ively. Chemical shifts were measured relative to external 86%
H;PO, with downfield values taken as positive. The proton NMR
spectra with broad-band phosphorus decoupling were recorded
with the Bruker AC200 instrument equipped with a 5-mm inverse
probe and a BFX-6 amplifier device using the wideband phos-
phorus decoupling sequence GARP. The variable-temperature
spin-lattice relaxation times (77) in complexes 2 and 3 were meas-
ured in dichloromethane at 300 and 400 MHz by the inversion-
recovery method using the standard 180°—t — 90° pulse sequence.
The calculations of the relaxation times were made using the fitting
routines of the Varian VXR300 and Bruker AMX-400 spectro-
meters. The 90° pulse on the hydride samples was carefully meas-
ured at each temperature before running the 7, measurements. The
errors in 7 determinations were less than 10%. Infrared spectra
were recorded as Nujol mulls with a Perkin—Elmer 1600 series FT-
IR spectrometer between KBr plates. The molar conductivity of 1
was measured with an AMEL model 134 conductance cell con-
nected to a model 101 conductivity meter. The conductivity data
were obtained at sample concentrations of 1073 M in MeOH at
room temperature (25 °C). Elemental analyses (C, H, N) were per-
formed by using a Carlo Erba model 1106 elemental analyzer. IR
measurements in CH,Cl, were carried out with a Specord M8&2
spectrometer in CaF, cells. The cell width was 0.04—0.12 cm. The
concentration range of the solutions for IR studies was between
107" and 1073 m. For the low-temperature measurements a Carl
Zeiss Jena cryostat was employed in the temperature range —80 to
30 °C using a stream of liquid nitrogen. The accuracy of temper-
ature adjustment was *£0.5 °C. The position of v(OH) bands corre-
sponds to their barycenter. The formation constants at every tem-
perature (—30 to +20 °C) were determined by the decrease of
v(OH) optical density of the absorption band assigned to the free
OH group.

[ReCl,(n*-NP3)|CI (1): A suspension of [ReCly(CH3;CN)(PPhs),]
(0.30 g, 0.36 mmol) and NP3 (0.30 g, 0.46 mmol) in ethanol
(60 mL) was heated under reflux under nitrogen for ca. 4 h, during
which time the orange solid dissolved to give a clear yellow solu-
tion. The solution was then reduced in volume to ca. 20 mL before
adding diethyl ether (30 mL) whilst stirring to precipitate 1 as
lemon-yellow microcrystals. Yield, based on Re 0.27 g, 0.29 mmol
(80%). C4H4rClsNP3Re (875.38): caled. C 53.3, H 4.5, N 1.5;
found C 53.2, H 4.4, N 1.1. Apmethanon = 146 Q7! cm? mol ™.

[ReH3(m*-NP3)] (2): Solid LiAIH, (0.64 g, 16.86 mmol) was added
portionwise to a stirred suspension of 1 (0.80 g, 0.85 mmol) in
100 mL of THE. The mixture was gently heated to reflux temper-
ature and stirred for 6 h. After cooling to 0 °C, the excess LiAlH,
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was carefully hydrolyzed by addition of a mixture of THF/H,O
(30mL, 10:1, v/v). The resulting slurry was filtered through a
Hirsch funnel to remove the lithium and aluminum hydrolysis
products. The volume of the filtrate was reduced to ca. 20 mL be-
fore adding 20 mL of a 1:2 (v/v) EtOH/n-hexane solution. Concen-
tration of the solution under a stream of nitrogen gave ivory-col-
ored microcrystals of 2. Yield, 0.53g, 0.63 mmol (74%).
C,HysNPsRe (842.95): caled. C 59.8, H 5.4, N 1.7; found C 60.1,
H 5.5, N 1.6. IR (Nujol mull): ¥ = 1949 (vgen), 1905 cm™!. The
perdeuterated derivative [ReD3(n*-NP3)] (2-D3) was prepared with
an isotopic purity higher than 90% ('H NMR) by substituting
LiAlD,, D,O, and C,HsOD for the protonated analogues in the
above procedure.

[ReH4(m*-NP3)|BPh, (3): A Schlenk tube was charged with 0.50 g
of 2 (0.59 mmol) and 10 mL of degassed dichloromethane. To this
solution, cooled to 195 K with a dry ice/acetone bath, was added
via syringe an excess of HBF;:OMe, (0.2 mL, 1.6 mmol), and the
temperature was raised to ca. 20 °C before adding a solution of
NaBPhy (0.50 g, 1.46 mmol) in EtOH (5 mL) whilst stirring. Con-
centration under nitrogen gave off-white crystals of 3. Colorless
plates of 3 were obtained by slow crystallization from a diluted
CH,CL,/EtOH (2:1, v/v) solution. Yield 0.63 g, 0.54 mmol (92%).
CesHgsBNP3;Re (1163.20): caled. C 68.2, H 5.7, N 1.2; found C
68.6, H 5.9; N 1.2. IR (KBr): ¥ = 2030 w, br. (Vgen), 1996 m br;
vepha 1680, 610 cm™!'. The perdeuterated derivative [ReDy(n*-
NP3)|BPhy (3-Dy4) was prepared with an isotopic purity higher than
95% (*H NMR) from 2-D3 by using CF;0SO,D and C,HsOD in
place of HBF, and ethanol.

Reaction of 3 with KO7Bu: Addition of solid KOzBu (0.20 g,
1.78 mmol) to a THF solution of 3 (0.20 g, 0.17 mmol) regenerated
the neutral trihydride 2. Yield 89%.

X-ray Crystallography: Single crystals of 3 suitable for an X-ray
diffraction analysis were obtained as described above. A crystal was
mounted on a glass fiber, on a CAD4 diffractometer, which was
used for the space group determination and for the data collection,
which was carried out at —80(2) °C. Unit cell dimensions were
obtained by least-squares fit of the 20 values of 25 high-order
reflections. Crystallographic and other relevant data are listed in
Table 4. Data were measured with variable scan speed to ensure
constant statistical precision on the collected intensities. Three
standard reflections were used to check the stability of the crystals
and of the experimental conditions and measured every hour. The
collected intensities were corrected for Lorentz and polarization
factors and empirically (¥ scans) for absorption.’”) The standard
deviations on intensities were calculated in terms of statistics alone.
The structure was solved by a combination of Patterson and Four-
ier methods and refined by full-matrix least squaresi®' {the func-
tion minimized being E[w(F, — 1/kF.)*]}. All non-hydrogen atoms
were treated anisotropically. Towards the end of the refinement,
four strong peaks were found, in a Fourier difference maps, at dis-
tances consistent with those expected for the hydrido ligands.
Therefore these peaks were included in the refinement and treated
isotropically. However, while three hydrogen atoms converged to
give a reasonable geometry, maintaining also positive values for the
displacement parameters, the fourth gave an Re—H separation that
was considered too short, as well as a negative thermal factor, and
thus was discarded. No other acceptable peak for the missing hy-
dride ion was found in the Fourier difference maps. No extinction
correction was deemed necessary. The scattering factors used, cor-
rected for the real and imaginary parts of the anomalous disper-
sion, were taken from the literature.*l The contribution of the hy-
drogen atoms in calculated positions [C—H = 0.95 A, B(H) = 1.3
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X B(Cponded) Az] was taken into account but not refined. Upon
convergence no significant features were found in the Fourier dif-
ference maps of both compounds. A selection of bond lengths and
angles is given in Table 2 (vide infra). All calculations were per-
formed using the MOLEN crystallographic package,!! and the
structures drawn using the program ORTEP.[3 The supplementary
crystallographic data for this paper are contained in publication
CCDC-179058. These data can be obtained free of charge at
www.ccde.cam.ac.uk/conts/retrieving.html or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge
CB2 1EZ, UK [Fax: (internat.) + 44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].

Table 4. Experimental data for the X-ray diffraction study of com-
pound 3

Empirical formula Ce7HeyBCLLNP;Re

Formula mass 1244.10

T[C°] —80(2)

Crystal system triclinic

Space group Pl

a[A] 12.358(2)

b [A] 14.871(2)

c[A] 16.545(6)

o [°] 107.04(3)

B 91.98(3)

vI[°] 91.44(2)

V [A3] 2903(1)

zZ 2

Pealed. [g Cm73] 1.42

i fem™1 23.35

Radiation Mo-K, (graphite-monochromated,
A =0.71069 A)

No. independent data collected 8793

No. observed reflections 7762

[1lo| > 3.56(1)]
Transmission coeff. 1.00—0.94
R 0.033
R, 0.066
GOF 1.55

B R = X(|F, — (VK)FD/EIF); R, = [Ew(Fy — (VK)F)EFo",
where w = [62(F,)] "' o(F,) = [6X(F,2) + fA(F,)]2F,.
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