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Hydrogen bonding (ReÈHÉ É ÉHÈN) is estimated in solution between (L\ pyridine, 4-picoline,ReH5(PPh3)2L
4-dimethylaminopyridine, and 4-carbomethoxypyridine), as hydrogen bond acceptor, and indole, as hydrogen bond
donor. ReÈHÉ É Ébase hydrogen bonding between as hydrogen bond donor and[Re(PPh3)2(MeCN)4H][BF4]2
various amines as hydrogen bond acceptors is much weaker. The binding strengths are estimated by UV-VIS
spectroscopy.

Metal hydrides can act either as hydrogen bond acceptors
(weak bases)1 or hydrogen bond donors (weak acids),2h5
depending on the type of hydride involved. Cationic hydrides
tend to act as hydrogen bond donors to give structures of the
type MÈHd`É É Ébase. Neutral hydrides on the other hand, can
act as H-bond acceptors to give structures of the type M-
Hd~É É ÉHd`ÈX (X\ O, N). This amphoteric behavior of metal
hydrides in hydrogen bonding has led us to carry out the
quantitative solution study reported here. If strong enough,
such hydrogen bonding could be applied to altering rates and
equilibria6 of organometallic and catalytic reactions.

MÈHÉ É ÉHÈX (X\ N, O) interactions are analogous to con-
ventional hydrogen bonds except that the MÈH r electrons
act as the hydrogen bond proton acceptor, the hydride being
hydridic.1 Intermolecular examples of MÈHÉ É ÉHÈX (X\ O,N)
hydrogen bonding have been characterized both structurally
and spectroscopically.1(dhf) Some of us recently reported a
neutron di†raction study of [ReH5(PPh3)3 É indole ÉC6H6]1,1(d,e) and an X-ray di†raction study of [ReH5(PPh3)2-2,1(e,f) which characterize(imidazole) É 0.5imidazole É 1.5C6H6]ReÈHÉ É ÉHÈN outer sphere coordination interactions in the
solid state between a ReH bond and an aromatic NH.

MÈHÉ É ÉX hydrogen bonds in which the metal hydride is
protonic, have been found by our group5 and by others.2h4

hydrogen bonds have been previouslyMÈHÉ É ÉOPPh3detected for a variety of cationic iridium hydrides of the type
and for which[IrH2L2(PPh3)2]`, [IrH(bzquin)L@(PPh3)2]`,

IR studies give estimates of the H-bond free energies of 10 to
13 kJ mol~1, the strongest being associated with those com-
pounds having more electron-withdrawing ligands.5

Here we look at the solution behavior of the ReÈHÉ É ÉHÈN
interaction by a UV-VIS spectroscopic study of various Re
polyhydride hydrogen bond acceptors, ReH5(PPh3)2L(L\ pyridine, 1, 4-picoline, 2, 4-dimethylaminopyridine, 3, 4-
carbomethoxypyridine, 4), with the hydrogen bond donor,
indole. We extend the method to a preliminary quantitative
study of a hydrogen bond of the ReÈHÉ É Ébase type that
involves the protonic dicationic metal hydride cis-

5, acting as a hydrogen bond[Re(PPh3)2(CH3CN)4H][BF4]2donor with various hydrogen bond acceptors. Solution
characterization, including estimation of the has not beenKas,

¤ Visiting scholar at Yale ; present address : Laboratoire de Synthèse
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carried out for this system previously, and only a few reports
of solution characterization have appeared, mainly by FT-IR
and NMR spinÈlattice relaxation time studies.7 1H-NMR
spectroscopy was not suitable because the chemical shift
changes, although observable, were not large enough to give
reliable binding constants. From the shift in the indole l(NH)
in the FT-IR, only approximate values for the *G of inter-
action can be estimated from eqn. (1), as Ðrst suggested by
Iogansen et al.8 and used by Poliako† et al.9 for the case of

and perÑuoroalcohols.Cp*Ir(CO)2
*H \ [1.28(*l)1@2 (1)

The hydrogen bond enthalpies estimated from IR data using
eqn. (1) and from theoretical studies are in the 17È25 kJ mol~1
range with HÉ É ÉH distances of 1.7È2.0 by X-ray andÓ
neutron di†raction for the cases studied.1(a)

Results and discussion
The e†ects of hydrogen bond formation on the UV-VIS
spectra of organic compounds have been studied extensively
in the past.10 Charge transfer bands are particularly sensitive
to intermolecular interactions.11 Previous studies in our group
demonstrated the e†ect of hydrogen bonding by various
protic solvents on the high energy MLCT band of

We now Ðnd that intermolecular hydrogenReH5(PPh3)2py.12
bonding has a signiÐcant e†ect on the UV-VIS spectra of a
number of hydrogen bond donors and acceptors and have
examined UV-VIS spectroscopy as a method by which
thermodynamic parameters can be obtained for outer sphere
coordination involving hydrogen bonding in metal hydride
complexes. UV-VIS spectroscopy is a powerful method for
studying molecular association phenomena, particularly at
low concentrations.13

Choice of systems for study

We hoped that the charge transfer (CT) bands of metal com-
plexes would be particularly sensitive to outer sphere hydro-
gen bonding e†ects and so we looked for di†erent types of
hydridic and protonic metal hydride complexes having CT
bands in the UV-VIS spectrum.

Compounds 1È4 are useful proton acceptor complexes
because they have intense bands in their UV-VIS spectrum of
which one (j \ 437 nm; e \ 6.0] 103 in toluene) has been
assigned to a M ] p* MLCT.14 This assignment has been
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conÐrmed by the shift in band energy upon functionalizing the
para position of the pyridine ring : incorporation of electron-
withdrawing groups results in a red shift while electron-
donating groups produce blue shifts.14

The hydridic character of the ReÈH and the dodecahedral
structure of this type of complex has been previously estab-
lished.6(c) Moreover, it is easy to vary the ancillary pyridine
group and look for any e†ect on the association constants and
the strength of hydrogen bonding. As hydrogen bond donor
we selected indole, since it has a strong UV band at 270 nm
and its adduct with has been fully characterized.ReH5(PPh3)3shows an intermolecular NÈHÉ É ÉHÈMReH5(PPh3)3 É indole
hydrogen bond with a d(HÈH) of 1.73 by neutron di†rac-Ó
tion.2(d,e) The aims of our UV-VIS study were to determine
the for the interaction in solution and the binding stoichi-Kasometry. decomposes in (1 h, 25 ¡C, atReH5(PPh3)2py CH2Cl22 ] 10~4 M) so we used toluene, where a 10~4 M solution is
stable during at least the 1.5 h required for the completion of
our UV-titration experiments.

For a proton donor “hydride Ï, we selected the dicationic
compound 5, which can be readily prepared from

and also shows an intense M ] p* MLCTReH7(PPh3)215band16 in the UV-VIS spectrum, at 283 nm (e\ 6.0] 103 in
The hydrogen bond acceptors were pyridine, hexa-CH2Cl2).methylenetetramine, 1-ethylpiperidine, tributylphosphine

oxide and quinuclidine. In order to test the method, we also
used triphenylphosphine oxide with indole, since the adduct is
well known.17 All the titrations for the 5É É Ébase interaction
were carried out in methylene chloride because 5 is stable in
this solvent and therefore decomposition problems were not
encountered.

UV-VIS spectroscopic studies

In order to determine the association constants for the inter-
action of the Re hydride acceptors with indole, we titrated a
10~5 M solution of indole in toluene with a 10~2 M toluene
solution of in the same concentration ofReH5(PPh3)2Lindole, so that the total concentration of indole always
remains Ðxed throughout the experiment. This gives data that
can be analyzed in a straightforward fashion via a 1 : 1
binding isotherm13 and non-linear regression analysis,18 and
also alleviates possible e†ects of competing equilibria involv-
ing self-association of indole.19 The increase in the absorb-
ance, A, of the 270 nm band of indole was monitored with
increasing concentration of Re hydride and found to follow a
saturation (binding curve) pattern (Fig. 1). As can be seen in
Fig. 1, the indole absorbance increases almost seven-fold
before reaching saturation, although its total concentration

Fig. 1 Plot of vs. concentration. The totalAindole [ReH5(PPh3)2py]tconcentration of indole remains unchanged throughout the experi-
ment.

remains unchanged. The of the indole band, as well as thejmaxabsorbance intensities and of the twojmax ReH5(PPh3)2Lbands, were also monitored. Although the indole absorbance
followed the binding curve model, the of the indole bandjmaxremained unchanged throughout the experiment, suggesting
that there is practically no competition e†ect in the equi-
librium from indole self-association (a process that has been
shown to a†ect the and that the total concentration ofjmax),19monomer indole had indeed remained approximately con-
stant. This observation validates our experimental approach.

The absorbance of the bands at 437 and 360ReH5(PPh3)2Lnm showed a linear dependence with total Re hydride concen-
tration over the whole concentration range from 10~5 to 10~3
M, following the LambertÈBeer law (Fig. 2), suggesting that

and the complex haveReH5(PPh3)2L ReH5(PPh3)2LÉ É Éindole
identical or very similar extinction coefficients (e).

Monitoring the of the MLCT bandjmax ReH5(PPh3)2py
showed a small linear shift with totaljmax ReH5(PPh3)2py
concentration up to the point where [indole]t\(Fig. 3). Thereafter the remained[ReH5(PPh3)2py]t jmaxunchanged during the rest of the experiment. This is indicative
of a 1 : 1 complexation stoichiometry.indoleÈReH5(PPh3)2py
Running the experiment in the opposite fashion, keeping

Ðxed and varying gave a linearly[ReH5(PPh3)2L]t [indole]t ,increasing shift of with for the MLCT band atjmax [indole]t437 nm, but showing an initial curvature. However, this does
not give any useful binding data because of the competing
indole association. By keeping Ðxed, we avoid any[indole]tsigniÐcant e†ect from competing indole self-association, pro-

Fig. 2 Plot of the absorbance of vs. its total concen-ReH5(PPh3)2py
tration during the titration experiment, indicating Beer law behavior.

Fig. 3 Plot of for vs. its total concentrationjmax ReH5(PPh3)2py
The total concentration of indole is Ðxed at[ReH5(PPh3)2py]t .1 ] 10~5 M. The inÑection point at 1] 10~5 M (mole ratio \ 1 : 1)

indicates 1 : 1 binding.
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viding that does not self-associate. A controlReH5(PPh3)2Lexperiment proved that this was indeed the case for
in toluene ; only a small linear change inReH5(PPh3)2py jmaxwas seen and the expected linear Beer law behavior on the

absorbances of the bands was observed.
Association constants were estimated at 25 ¡C from non-

linear regression Ðtting of the vs.Aindole [ReH5(PPh3)2L]
binding curves (Fig. 1) for complexes 1È4. Eqn. (2) used for the
Ðtting was directly obtained from the 1 : 1 binding isotherm.18
A linear correction factor c was incorporated in order to
account for the overlapping absorbance of inReH5(PPh3)2Lthe indole region.

Aobs\ Aind.¡ ] M([indole]t ] [ReH5(PPh3)2L]

] 1/K [ (([indole]t
] [ReH5(PPh3)2L]] 1/K)2

[ 4[ReH5(PPh3)2L][indole]t)1@2N

] *Amax/(2[indole]t)

] c[ReH5(PPh3)2L] (2)

The estimated association constants for the various Re
hydride complexes, shown in Table 1, lead to two main con-
clusions.

First, the ReÈHÉ É ÉHÈX interaction between indole and the
neutral complexes is signiÐcant in toluene.ReH5(PPh3)2LAlthough we did not carry out a variable temperature study in
order to calculate the *S and *H of interaction, we Ðnd a
reasonably good agreement between the values obtained for
*G (Table 1) and the values obtained from theoretical calcu-
lations for *H for similar systems (20È30 kJ mol~1),1(a,d),20
especially considering that such interactions often have an
unfavorable entropic term. The empirical Iogansen equation
applied from thin Ðlm IR data for ReH5(PPh3)2py É indole
(1 É indole) and gives values of [ 18.3ReH5(PPh3)3 É indole
and [ 15.0 kJ mol~1 for the *H of interaction, respec-
tively.1(d,e),21 Second, the nature of the pyridine ligand has an
e†ect on the hydrogen bond strength and the Unex-Ka .
pectedly, pyridines with electron-withdrawing groups give a
stronger interaction with indole. It is possible that aromatic
stacking and charge transfer interactions22Èstronger between
indole and pyridines with electron-withdrawing groupsÈ
might contribute to the overall interaction. Unfortunately, we
have been unable to obtain any structural data to test this
point. Examination of models indicate that the strongly bent
structural preference found1(a,b) for the MÈHÉ É ÉHÈN inter-
action would certainly permit the indole to hydrogen bond to
ReH and also pi-stack with the pyridine ligand.

To determine the number of indole molecules involved, we
used a UV-VIS continuous variation method (Job plot). These
experiments were carried out in a toluene solution (c\ 0 to
10~4 M~1) prepared from and indole solu-[ReH5(PPh3)2py]
tions. The Job plots of vs. mole frac-[ReH5(PPh3)2py É indole]
tion gave us maxima for a mole fraction of (or near) 0.5,
corresponding to a 1 : 1 binding stoichiometry (Fig. 4) as in
the crystal.1 For the complex of with indole,ReH5(PPh3)2py

Table 1 Interaction between indole and the neutral rhenium
hydrides

ReH5(PPh3)2L Ka/M~1 a [*G/kJ mol~1

[ReH5(PPh3)2(4-NMe2-py)] 700 ^ 250 16
[ReH5(PPh3)2(4-Me-py)] 780 ^ 80 16
[ReH5(PPh3)2(py)] 5000^ 1300 21
[ReH5(PPh3)2(4-CO2Me-py)] 5500^ 1000 21

a Reported errors were determined from the curve Ðtting.

Fig. 4 Job plot for indicating 1 : 1 bindingReH5(PPh3)2py É indole,
stoichiometry. Mole fraction is deÐned in eqn. (3).

the mole fraction was deÐned as :

mole fraction\
[ReH5(PPh3)2py]

t
[ReH5(PPh3)2py]

t
] [indole]t

(3)

The Job plots suggest the presence of one indole molecule
in the outer sphere complex, possibly coordinated via two ReÈ
HÉ É ÉHÈN hydrogen bonds as indicated in the neutron study
of ReH5(PPh3)3 É indole.1(d,e)

Re–HÆ Æ Æbase interactions

These interactions were also studied by a similar UV-VIS
titration experiment monitoring the intensity of the Re
complex absorbance and keeping its total concentration Ðxed
(10~5 M) while adding a progressively larger amount of base
(up to 0.1 M). For this experiment, it was necessary to avoid
superimposed bands from the complex and the base so we
avoided aromatic bases. With pyridine, for example, it was not
possible to obtain reliable titration values because of overlap-
ping, so we moved to aliphatic bases : hexamethyltetramine
N-ethyl piperidine, quinuclidine and n-Bu3PO.

The titration curves were very similar to those obtained
for the hydridic hydride case. TheReH5(PPh3)2pyÈindole
absorbance of the Re complex band increased with the
addition of base although the total Re concentration was
kept Ðxed at 10~5 M. Plotting the absorbance of

5 vs. gave a binding[Re(PPh3)2(MeCN)4H][BF4]2 [base]tcurve, which was Ðtted using eqn. (4), a modiÐcation of eqn.
(2) suitable for this experiment :

Aobs\ A¡(5) ] M[5]] [base]t ] 1/K [ (([base]t
] [5]] 1/K)2[ 4[base]t[5])1@2N

] *Amax/(2 ] [5]) (4)

The association constants for the AÈHd`É É Ébase interaction
for the di†erent bases are given in Table 2. The values
obtained show that the ReÈHÉ É Ébase hydrogen bonding is
much weaker, at least in this case, than the ReÈHÉ É ÉHÈN

Table 2 Interaction between 5 and[Re(PPh3)2(MeCN)4H][BF4]2various bases

Base K/M~1 a [*G/kJ mol~1

Hexamethylenetetramine 80.3^ 15.6 11
1-Ethylpiperidine 1.23 ^ 0.03 0.5
Tributylphosphine oxide 1.24 ^ 0.11 0.5
Quinuclidine 1.79^ 0.06 1.4

a Reported errors were determined from the curve Ðtting.
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hydrogen bond. This is in agreement with previous IR studies
from our group on cationic Ir metal hydrides.5 Hexamethyl-
enetetramine is the only base that gives relatively high associ-
ation constants, perhaps due to its high basicity and low steric
hindrance. No crystals for structural study could be isolated
for any of the adducts of the cationic hydride with bases,
perhaps because of the weak interaction.

Conclusion
We have used UV-VIS spectroscopy to characterize hydrogen
bonding interactions in solution for Re hydride complexes
related to the example for which neutron di†raction charac-
terization of the indole adduct has been obtained.1 For these
ReÈHÉ É ÉHÈN systems we found association constants thatKacorrespond to a signiÐcant interaction, and which are also
dependent on the nature of the ancillary pyridine ligand. The
values obtained are in good agreement with previous esti-
mates and theoretical calculations. The binding stoichiometry
was found to be 1 : 1 for the case.ReH5(PPh3)2(py)É É Éindole
For the ReÈHd`É É Ébase hydrogen bond, much smaller associ-
ation constants were obtained, indicating that this is a much
weaker interaction and the structures involved are uncertain.

Experimental
All syntheses were carried out under an inert atmosphereN2using standard Schlenk techniques. The neutral and cationic
Re hydrides were prepared according to the procedures14 pre-
viously described. All starting materials were purchased from
Aldrich Chemical Co. or Strem Chemicals and were used
without further puriÐcation. All solvents used for UV mea-
surements were either spectroscopic grade or freshly distilled
immediately before used. UV-VIS absorption spectra were
obtained on a Cary 3E spectrophotometer, with a thermo-
statted cell compartment. All the measurements were carried
out in the solute concentration range 1 ] 10~5È0.5 M. NMR
experiments were run on a GE Omega 300 spectrometer. IR
experiments were carried out on a MIDAC 1200 FT-IR
spectrometer.

UV-VIS titrations

In a typical experiment a stock solution of 10~3 M indole was
prepared in toluene. Then 1.00 mL of this solution was diluted
to 100 mL, resulting in a stock solution of indole with
c\ 10~5 M (solution A). A solution of 10~2 M

and 10~5 M indole (solution B) was preparedReH5(PPh3)2py
by weighing 40.3 mg of in a 5.00 mL volu-ReH5(PPh3)2py
metric Ñask and diluting with solution A. Solution A (1.500
mL) was put in a UV-VIS cell and subsequently titrated with
increasing amounts of solution B using a microlitre syringe
and the UV-VIS spectra were recorded. In most cases it was
necessary to use solution B itself and solutions derived from it
(always using solution A for dilutions) in order to obtain the
end points of the titrations, individually.

Titration data analysis

Non-linear regression analysis was carried out on the satura-
tion curves using the 1 : 1 binding model isotherm equation18
via computer iteration,23 using eqn. (2) and (4). This equation,
obtained directly from the 1 : 1 binding isotherm,13,18 requires
a Ðxed in order to provide accurate data Ðtting for[indole]tdetermination.Ka

Continuous variation method (Job plot)18

To determine the number of indole molecules involved in
outer sphere coordination of transition metal hydride com-

plexes, we used a UV-VIS continuous variation method (Job
plot). These experiments were carried out in a toluene solution
(C\ 0 to 10~4 M~1) prepared from (10[ x) mL of a 10~4 M

solution and x mL of a 10~4 M indole solu-ReH5(PPh3)2py
tion with 0 \ x \ 10. Plotting the concentration of

vs. the mole fractions of indole or[ReH5(PPh3)2py É (indole)
n
]

total [as deÐned in eqn. (3)] gave us a bell-[ReH5(PPh3)2py]tshaped curve with maximum around 0.5.
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