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How can the metal affect the proton transfer to the dihydrides
[{P(CH,CH,PPh,);}MH,] (M = Fe, Ru, Os)?
A low-temperature electronic spectroscopy study
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According to low-temperature UV-Vis spectroscopy data, the two-step protonation of iron
subgroup metal hydrides [{P(CH,CH,PPh,);}MH,] (M = Fe, Ru, Os) with p-nitrophenol
includes the formation of ion pairs stabilized by a hydrogen bond between the cationic
dihydrogen complex and the phenolate anion. The trend of the extent of proton transfer
appeared to be aperiodic, FeH << OsH < RuH, in contrast to the previously obtained sequence
of the proton-acceptor capacity of the hydride ligand, which increases down the group.
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Recently, it was shown!—3 that low-temperature pro-
tonation of transition metal hydrides with weak acids in-
cludes the intermediate formation of a new type of hydro-
gen bond, MH...HX, called dihydrogen bond?3 (DHB),
preceding proton transfer to the hydride ligand
and generation of the cationic dihydrogen complex.4—¢
The thermodynamic characteristics and the complete
energy profile of the protonation reaction for some
hydride(carbonyl) ruthenium(i) and rhenium(i) com-
plexes with the tripodal [MeC(CH,PPh,);] ligand have
been reported.5:9 In a recent study,” we showed that low-
temperature protonation of the octahedral dihydrides
[{P(CH,CH,PPh,);}MH,] (M = Fe (1), Ru (2), Os (3))
using fluorinated alcohols as hydrogen donors results in
dihydrogen complexes. The first step of the reaction af-
fords DHB B (Scheme 1), whose strength steadily in-
creases depending on the nature of the metal atom down
the group.

Scheme 1

[MH] + HX === [MH...HX] === [M(n3-Hy)]*..X"
A B C
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It was of interest to find out whether this reaction
involves the formation of ion pairs C stabilized by the
hydrogen bond between the (nz—Hz)-complex and the
anion of the XH acid and how the nature of the metal
atom influences the second step of the process. This was
done using UV-Vis spectroscopy, which has been suc-
cessfully used to study proton transfer to organic bases.
Due to the remarkably different long-wave UV-Vis bands
of the neutral and ionic forms,8—10 nitrophenols are con-
venient indicators for protonation.

In this work, we studied the protonation of dihydrides
1—3 by low-temperature electronic spectroscopy. As the
XH acid, we chose p-nitrophenol as it exhibits proton-
donor ability and acidity comparable to those of the alco-
hol (CF;);COH (P;=1.27 and 1.33,2 pK, = 10.8 and 10.7
in DMSO,!! respectively). Therefore, the reaction of
p-nitrophenol, like that of (CF;);COH, with hydrides 1—3
in THF gives, according to IR spectroscopy, results
in a DHB and in proton transfer with generation of
(n?-H,)-complexes.” For p-nitrophenol and p-nitro-
phenolate, the UV-Vis bands appear at A, = 300—320
and 406—426 nm, respectively (the exact A, values are
strictly dependent on the solvent and temperature).8:10

Low-temperature (190 K) spectra of the Ru and Os
dihydrides in THF showed bands with A ,, = 330 nm,
loge = 3.9 (2) and A, = 325 nm, loge = 3.7 (3). In
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contrast, the iron dihydride 1 gave only a low-intensity
shoulder in the visible region belonging to a shorter-wave-
length UV band. In the presence of a stoichiometric
amount of p-nitrophenol, the spectra of hydrides 2 and 3
showed very broad absorption (310—360 nm), which in-
cludes the overlapped bands of dihydrogen bonded spe-
cies B, the initial hydrides, and the proton donor A (see
Scheme 1). The new long-wavelength band appearing at
Amax = 394 nm (loge = 4.3) is slightly blue-shifted (Ak,, =
29 nm) in comparison with that exhibited by the free
phenolate anion (A, = 423 nm, loge = 4.5). A shorter-
wavelength absorption compared to the corresponding
anion is known3—19 to be indicative of the formation of
ion pairs. Thus the band at 394 nm can be assigned to ion
pairs C stabilized by a hydrogen bond between the cation
containing the (n2-H,)-ligand and p-nitrophenolate anion
(Fig. 1). A similar trend has been reported for H-bonded
ion pairs involving amines (AL, = 20—30 nm).3:10 Rais-
ing the temperature from 190 to 250 K shifts the equilib-
rium shown in Scheme 1 to the left. Accordingly, the new
band at 394 nm, due to C, decreases in intensity, while
the bands in the 320—360 nm region (A + B) become
more intense, demonstrating the reversibility of the
process.

Further support to the formation of ion pairs of type C
was obtained by studying the deprotonation of the
dihydrogen complex [{P(CH,CH,PPh,);}Os(H)(n?-
H,)]*BPh,~ (4) with potassium p-nitrophenolate in THF
in the presence of excess 18-crown-6 at 190 K. Figure 2
shows that the UV band typical of the p-nitrophenolate
anion (A, = 423 nm) disappears in the presence of
complex 4. Found in its place is absorption at 394 nm
assigned to the ion pairs. The broad absorption character-
izing, as shown above, the existence of the A + B mixture
is observed in the 310—340 nm region. An increase in the
temperature to 260 K decreased the intensity of the ion-
pair band and increased the intensity of the absorption

A
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Fig. 1. Electronic spectra of THF solutions containing
p-nitrophenol (C = 0.001 mol L~!') and the dihydrides
[{P(CH,CH,PPh,);}FeH;] (1), [{P(CH,CH,PPh;);}RuH;] (2),
and [{P(CH,CH,PPh,);}OsH,] (3) (C = 0.001 mol L), after
subtracting the respective dihydride absorption band at 190 K.

300 350 400 450  A/nm

Fig. 2. Electronic spectra of THF solutions containing
potassium p-nitrophenolate (C = 0.001 mol L-') with
an excess of 18-crown-6 (/) and in the presence of
[{P(CH,CH,PPh,);}Os(H)(n>-H,)|*BPh,~ (4) (C =
0.001 mol L) at 200 (2), 230 (3), and 260 K (4).

in this region. Therefore, one may conclude that de-
protonation of complex 4 involves the formation of ion
pairs C.

Analysis of the band intensity at A,,,, = 394 nm for an
equimolar mixture of p-nitrophenol and each of the
dihydrides 1—3 provides valuable information on the ex-
tent of proton transfer. This study shows that iron hy-
dride 1 interacts weakly with the acid. Indeed, for iron we
observed only a small broadening of the p-nitrophenol
band and insignificant absorbance in the region of ionic
species (A = 394 nm) (see Fig. 1, curve 7). In contrast,
high intensity of the band at 394 nm was found in the
spectrum containing Ru hydride compared to that for Os
hydride (see Fig. 1, curves 2and 3). The extents of proton
transfer o in percent calculated from the optical densities
are 10, 81, and 55 for Fe (1), Ru (2), and Os (3) complexes,
respectively. Thus, the propensity of the present metal
dihydrides to form ion pairs of type C varies aperiodically
down the iron triad in the order FeH << OsH < RuH.
Remarkably, this trend is different from that observed
for the proton-acceptor capacity of the hydride ligand
in the DHB that steadily increases down the group,
FeH < RuH < OsH.%7 A similar aperiodic trend
(Fe < Os < Ru) in the acidity for some cationic hydrides
with n2-H,-ligands has been previously reported!213 and
explained in terms of a stronger (shorter) H—H bond in
the ruthenium dihydrogen complex as compared to the
osmium derivative.

In conclusion, the present work has demonstrated that
low-temperature electronic spectroscopy can be an effi-
cient tool to investigate the stepwise protonation of tran-
sition metal hydrides yielding ionic H-complexes and the
dependence of the extent of protonation of transition metal
hydrides on the position of the metal atom in the Periodic
Table.
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Experimental

Dihydride complexes 1—3 and dihydrogen complex 4 were
prepared as described previously.!4 Low-temperature UV-Vis
measurements were carried out using a Specord M-40 spec-
trometer using the procedure of low-temperature measurements
described for IR spectra.5:® The extent of proton transfer was
calculated using the formula [4/(elC;p;)] - 100%, where 4 and €
are the optical density and the molar extinction coefficient of
the band at 394 nm, respectively, Cj,; is the initial concentra-
tion of p-nitrophenol, / is the cell thickness.

The work was supported by the INTAS (grant
00-00179), the Russian Foundation for Basic Research
(Project Nos. 02-03-32194, 02-03-06381, 02-03-06380,
03-3-06283, and 03-03-06285), EC (grant RTN HPRN-
CT-2002-00176), and CNR/RAS bilateral agreement
(2002—2003).

References

1. E. S. Shubina, N. V. Belkova, E. V. Bakhmutova, L. N.
Saitkulova, A. V. lonidis, L. M. Epshtein, Izv. Akad. Nauk,
Ser. Khim., 1998, 846 [ Russ. Chem. Bull., 1998, 47, 817 (Engl.
Transl.)].

2. L. M. Epstein, N. V. Belkova, and E. S. Shubina, in Recent
Advances in Hydride Chemistry, Eds. M. Peruzzini and
R. Poli, Elsevier, Amsterdam, 2001, 391.

3. E. Clot, O. Eisenstein, D.-N. Lee, and R. H. Crabtree, in
Recent Advances in Hydride Chemistry, Eds. M. Peruzzini
and R. Poli, Elsevier, Amsterdam, 2001, 75.

10.

11.

12.

13.

14.

. N. V. Belkova, A. V. lonidis, L. M. Epstein, E. S. Shubina,
St. Gruendemann, N. S. Golubev, and H.-H. Limbach,
Eur. J. Inorg. Chem., 2001, 1753.

.N. V. Belkova, E. V. Bakhmutova, E. S. Shubina,
C. Bianchini, M. Peruzzini, V. I. Bakhmutov, and L. M.
Epstein, Eur. J. Inorg. Chem., 2000, 2163.

. V. 1. Bakhmutov, E. V. Bakhmutova, N. V. Belkova, L. M.
Epstein, E. S. Shubina, E. V. Vorontsov, C. Bianchini,
D. Masi, M. Peruzzini, and F. Zanobini, Can. J. Chem.,
2001, 79, 479.

. E. I. Gutsul, N. V. Belkova, M. S. Sverdlov, L. M. Epstein,
E. S. Shubina, V. I. Bakhmutov, T. N. Gribanova, R. M.
Minyaev, C. Bianchini, M. Peruzzini, and F. Zanobini,
Chem. Eur. J., 2003, No. 9.

. N. Baba, A. Masuyama, and H. Kokubun, Spectrochim. Acta,
1969, 25A, 1709.

. 1. Majers, W. Sawka-Dobrowolska, and L. Sobczyk, J. Mol.

Struct., 1977, 416, 113.

Z. Dega-Szafran, E. Sokolowska, and A.B.P. Lever, J. Mol.

Struct., 2001, 565—566, 17.

F. G. Bordwell, Acc. Chem. Res., 1988, 21, 456.

E. P. Cappellani, S. D. Drouin, G. Jia, P. A. Maltby, R. H.

Morris, and R. H. Schweitzer, J. Am. Chem. Soc., 1994,

116, 3375.

R. H. Morris, in Recent Advances in Hydride Chemistry,

Eds. M. Peruzzini and R. Poli, Elsevier, Amsterdam, 2001, 1.

C. Bianchini, P. J. Perez, M. Peruzzini, A. Vacca, and

F. Zanobini, Inorg. Chem., 1991, 30, 279; C. Bianchini,

M. Peruzzini, A. Polo, and A. Vacca, Gazz. Chim. Ital.,

1991, 121, 543; C. Bianchini, K. Linn, D. Masi, C. Mealli,

M. Peruzzini, A. Polo, A. Vacca, and F. Zanobini, Inorg.

Chem., 1993, 32, 2366.
Received December 18, 2002;

in revised form February 25, 2003




