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Abstract: The ?H solid-state NMR spectra of the transition metal complexes Tp*RuD(THT), (1a),
Tp*RuD(D2)(THT) (1b), Tp*RuD(D5), (1c), Cp*RuD3(PPhs) (2) and RuDs(»?-D.)>(PCys). (3) have been
measured in a wide temperature range. These compounds were chosen as potential model systems for
hydrogen surface species in Ru-nanoparticles. The deuterium quadrupolar coupling constants Q.. and
asymmetry parameters were extracted by ?H NMR line-shape analysis. The Q. values of the deuterons
bound to the metal vary between 13 kHz and 76 kHz. In addition all spectra show that some of the deuterium
is incorporated into carbon positions exhibiting quadrupolar coupling constants in the range of 134 kHz to
192 kHz. The room temperature spectra contain an additional weak very narrow line which was assigned
to deuterons exhibiting a high mobility. These deuterons are attributed to crystallographic impurity and
partially to D, molecules which lost by the complexes. The temperature where their motion is quenched
and the types of these motions depend on the chemical structure. We propose to use the values of the
quadrupolar coupling constants measured in order to characterize different hydrogen species on the surface

of Ru-nanoparticles.

1. Introduction

Recently interest has grown in the chemistry of transition
metal nanoparticle materials due to their unique physical and
chemical properties. They may be used as catalysts in many
organic and inorganic transformations.! Many research groups
have demonstrated and expanded the methods of their synthesis
and investigations, including X-ray diffraction, infrared spec-
troscopy, neutron scattering, and liquid state nuclear magnetic
resonance.””’ In the stabilization process of the nanoparticles,
ligands like polymers or amino chains are introduced. The main
function of these ligands is the prevention of an agglomeration
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and precipitation of the metal nanoparticles. Owing to the
catalytic activity of the metal surface these stabilizers can also
interact with reaction substrates as for example hydrogen/
deuterium atoms on the surface of the nanoparticles.” The
hydrogen atoms exhibit a high mobility on the surface of the
metal nanoparticles, which is visible as a change in line shape
in solid-state 2H NMR spectra of Ru/HAD (hexadecylamine)
particles, as reported recently by some of us.® The preliminary
results published there raised questions about the detailed
bonding situation of the hydrogen or deuterium to the Ru
surface. This information is available in the 2H NMR parameters,
particularly in the quadrupolar coupling constant. However, for
the interpretation of the value of the quadrupolar coupling
constants, reference data on well-defined model systems are
necessary.” ' Suitable model complexes are transition metal
polyhydride, polydihydrogen complexes of the type Ru—D,(D,),,
with (n = 0—3, m = 0—2). As model compounds for the 2H
solid-state measurements, we chose to study a set of five
selectively 2H-labeled ruthenium complexes with different
characteristic hydrogen bonding situations (see Scheme 1).

(8) Pery, T.; Pelzer, K.; Buntkowsky, G.; Philippot, K.; Limbach, H. H.;
Chaudret, B. Chem. Phys. Chem. 2005, 6, 605.
(9) Wehrmann, F.; Fong, T.; Morris, R. H.; Limbach, H.-H.; Buntkowsky,
G. Phys. Chem. Chem. Phys. 1999, 1, 4033.
(10) Facey, G.; Gusev, D.; Macholl, S.; Morris, R. H.; Buntkowsky, G.
Phys. Chem. Chem. Phys. 2000, 2, 935.
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Scheme 1. Ruthenium Complexes?
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“(1a) Tp*RuD(THT),; (1b) Tp*RuD(D,)(THT); (1¢) Tp*RuD(D,); (2)
Cp*RuD;(PPhs); (3) RuDy(D,)2(PCys),.

From these complexes the quadrupolar coupling constants
can be obtained either indirectly by 7 relaxation measure-
ments'" or directly by 2H solid-state NMR spectroscopy.'*"?
A recent review about the ?H solid-state NMR studies of
transition metal dihydrogen complexes is given in ref 14. Owing
to the fast D/D, exchange, which is present even at very low
temperatures, resolved T, measurements of individual D and
D, ligands in complexes with several ligands are in general not
feasible, and exchange models of the internal D, motion are
necessary for the determination of the deuterium quadrupolar
coupling constants from the relaxation data. By the line-shape
analysis of deuterium solid-state NMR spectra the raw quadru-
polar coupling constants and asymmetry parameters can be
obtained; therefore it has become our technique of choice.

Owing to the high mobility of hydride and dihydrogen ligands
in this class of compounds these measurements had to be
performed in the temperature range between 10 and 300 K.
Employing line-shape analysis of the experimental H solid-
state NMR spectra, the quadrupolar coupling constants and their
exchange induced changes are elucidated.

The rest of this paper is organized as follows: First, the basics
of 2H NMR line-shape theory are briefly summarized. Then,
the syntheses of the model complexes are presented. The
experimental section shortly introduces our home-built three-
channel NMR spectrometer. Finally, the experimental low-
temperature 2H NMR studies of the ruthenium model complexes
are presented, discussed, and summarized.

2. 2H Solid-State NMR

The basic theory of solid-state 2H NMR is well-documented'®
and only briefly summarized here.

The leading interaction in 2H solid-state NMR is the qua-
drupolar interaction. In high field approximation the quadrupolar
Hamiltonian of a spin 1 nucleus is given by eq 1:

(11) Bakhmutov, V. I.; Bianchini, C.; Maseras, F.; Lledos, A.; Peruzzini,
M.; Vorontsov, E. V. Chem.—Eur. J. 1999, 5 (11), 3318-3325.

(12) Corti, M.; Pavesi, L.; Rigamonti, A.; Tabak, F. Phys. Rev. A 1991,
43 (12), 6887-6893.

(13) Buntkowsky, G.; Limbach, H.-H.; Wehrmann, F.; Sack, I.; Vieth,
H. M.; Morris, R. H. J. Phys. Chem. A 1997, 101, 4679.

(14) Buntkowsky, G.; Limbach, H. H. J. Low. Temp. Phys. 2006, 143, 55—
114.

(15) Schmidt-Rohr, K.; Spiess, H. W. Multidimensional Solid State NMR
and Polymers; Academic Press: London, 1994.

N 0 2

Hy= 2709, ¢)(1§ - 5) (1)
where 1. is the angular momentum operator in the z-direction.
The orientation dependent quadrupolar shift v is given by

_ 4 3eQeql 2o g2
UQ(19,¢)—:|:4 " 2(3cos ¥ —1—1sin” ¥ cos 2¢)

= QZZ%(S cos® ¥ — 1 — 7 sin® ¥ cos 2¢) (2)

In eq 2, eQ is a quadrupole moment, eq represents the
principle component of the EFG tensor, 7 is the asymmetry
parameter, which gives information about the shape of the
electric field gradient, and Q.; is a measure for the strength of
the quadrupolar interaction; ¢ and ¢ are the azimuthal and polar
angles of the quadrupolar PAS with respect to the external
magnetic field By. In a nonoriented powder sample, the average
over all possible orientations has to be calculated by integration
over the polar angles ¢ and ¢. The quadrupolar coupling Q..
constant is obtained from the experiment as

_eQeq 4
Qcc - h 32 (4)

3. Materials and Methods

3.1. Sample Preparation. The synthesis of ruthenium hydrido
and dihydrogen complexes containing Tp* = hydridotris(3,5-
dimethylpyrazolyl)borate ligands starts with the addition of KTp*
to RuHCI(COD)(bpzm) (bpzm = bis(pyrazolyl)methane). This
reaction leads to Tp*RuH(COD), which is then dissolved in pentane
and reacted in a Fischer—Porter bottle with 3 bar of dihydrogen.'¢~'#
The measurements were performed on three compounds:
Tp*RuD(THT), (THT = tetrahydrothiophene) (1a), Tp*RuD(D,)-
(THT) (1b), Tp*RuD(D,), (1¢) (Scheme 1).

The synthesis of 2 and 3 has been performed using Schlenk
techniques. The synthesis of Cp*RuH;(PPh;) (Cp* = Cs(CHsj)s
(1,2,3,4,5-pentamethylcyclopentadienyl)) has been prepared ac-
cording to Suzuki et al.'® A slurry of 0.24 g (0.42 mmol) of
Cp*RuCl,(PPh;) and 0.064 g (1.70 mmol) of NaBH, in 10 mL of
ethanol was stirred for 24 h at ambient temperature. After
evaporation of the solvent the pale brown product was extracted
with three portions of 10 mL of toluene. Removal of the solvent
from the combined extract under reduced pressure released the ivory
microprisms. The yield of obtained prisms was 51% (0,11 g). To
obtain Cp*RuD;3(PPh;) (2) (Scheme 1), the same steps were
followed using NaBDj.

RuD,(57%-D,)»(PCy3), (3) (Scheme 1) (Cy = cyclohexyl) was
prepared by reacting a pentane solution of Ru(COD)(COT) (COD
= 1,5-cyclooctadiene, COT = 1,3,5-cyclooctatriene) and PCy; in
the presence of dideuterium (3 bar). Then the filtered precipitate
was washed with pentane and dried first under a soft argon stream
and then shortly in vacuo.'®*°

3.2. Spectrometer. All experiments were performed at a field
of 7.03 T corresponding to a ’H resonance frequency of 46.03 MHz.
An Oxford wide bore magnet (89 mm) equipped with a room
temperature shim unit was used. The home-built three-channel
spectrometer has been described recently.?'-?*

(16) Moreno, B.; Sabo-Etienne, S.; Chaudret, B.; Rodriguez, A.; Jalon, F.;
Trofimenko, S. J. Am. Chem. Soc. 1995, 117 (28), 7441-7451.

(17) Moreno, B.; Sabo-Etienne, S.; Chaudret, B.; Rodriguez-Fernandez,
A.; Jalon, F.; Trofimenko, S. J. Am. Chem. Soc. 1994, 116 (6), 2635—
2636.

(18) Sabo-Etienne, S.; Chaudret, B. Coord. Chem. Rev. 1998, 178—180,
381-407.

(19) Suzuki, H.; Lee, D. H.; Oshima, N.; Morooka, Y. Organometallics
1987, 6 (7), 1569-1575.
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For the experiments home-built 5 mm *H NMR probes were
used.”*?* Low-temperature measurements were performed in a
dynamic Oxford CF1200 helium flow cryostat. An Oxford ITC 503
temperature controller was used to control the temperature. The
typical 90° pulse width was 4.5 us. A solid echo technique with an
echo spacing of 30 us was used. The repetition time of the
experiments was chosen between 1 and 10 s, depending on the T
relaxation time of the samples. To acquire the deuterium powder
patterns in these samples with a reasonable signal-to-noise ratio,
nearly 2000 scans per spectrum were accumulated.

3.3. Data Evaluation. Since the measured samples contain
several inequivalent deuterons, their spectra are complex superposi-
tions of different subspectra. The shape of these spectra depends
on the motional state of the deuterons and changes with temperature.
The parameters of the quadrupolar interaction are extracted by line-
shape analysis, employing laboratory written Matlab programs
which are based on the theory of solid-state ’H NMR.'>%*

Our Matlab program allows one to simulate spectra consisting
of up to 8 different subspectra.

For the rigid ruthenium deuterium bond, a nearly axial symmetric
quadrupolar tensor is expected. If the deuterium undergoes fast
reorientations the value of the quadrupolar tensor and thus also the
quadrupolar coupling constants are changed, depending on the type
and speed of the motion.

4. Experimental Results

Before the presentation of the experimental results some
general features of the spectra are discussed. The line shape of
the 2H NMR spectra depends on the quadrupolar interaction,
which is determined by the electric field gradient tensor.
Changes of this tensor induce changes of the line shape. In our
systems these changes are introduced by the exchange motions
of the deuterium ligands. If these exchange motions are frozen,
the real value of the quadrupolar interaction is determined.
Otherwise an apparent quadrupolar interaction with reduced
interaction strength is found.

In particular transition metal hydride complexes can undergo
an H/H exchange between the hydride ligand and a hydrogen
atom from another ligand, as for example a C—H or CH, group
which can come into contact with the metal center.?® Indeed,
the spectra of all model complexes measured and presented in
this paper exhibit one additional subspectrum with a Q.. value
between 100 and 144 kHz. This value is characteristic for,
possibly, motionally reduced C-D quadrupolar interaction.

As is seen below, the static value of the quadrupolar
interaction between ruthenium and deuterium is found for both
Ru—D and Ru—D; as Q,, = 70 &+ 5 kHz, and the reduced value
of the dihydrogen ligands at higher temperatures is in the range
30—42 kHz.

These values are easily distinguishable from the carbon
deuterium quadrupolar interaction of deuterated ligands.'?

(20) Borowski, A. F.; Sabo-Etienne, S.; Christ, M. L.; Donnadieu, B.;
Chaudret, B. Organometallics 1996, 15, 1427-1434.

(21) Buntkowsky, G.; Sack, I.; Limbach, H.-H.; Kling, B.; Fuhrhop, J. J.
Phys. Chem. B 1997, 101, 11265.

(22) Gedat, E.; Schreiber, A.; Albrecht, J.; Shenderovich, I.; Findenegg,
G.; Limbach, H.-H.; Buntkowsky, G. J. Phys. Chem. B. 2002, 106,
1977.

(23) Wehrmann, F.; Albrecht, J.; Gedat, E.; Kubas, G. J.; Limbach, H. H.;
Buntkowsky, G. J. Phys. Chem. A 2002, 106, 2855.

(24) Masierak, W.; Emmler, T.; Gedat, E.; Schreiber, A.; Findenegg, G. H.;
Buntkowsky, G. J. Phys. Chem. B 2004, (108), 18890—18896.

(25) Slichter, C. P. Principles of Magnetic Resonance, 3rd ed.; Springer
Verlag: Berlin, Heidelberg, New York: 1990.

(26) Toner, A. J.; Donnadieu, B.; Sabo-Etienne, S.; Chaudret, B.; Sava,
X.; Mathey, F.; Le Floch, P. Inorg. Chem. 2001, 40 (13), 3034-3038.
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The value of the ruthenium deuterium quadrupolar interaction
is reduced if the deuterium ligands undergo fast reorientations,
for example by chemical exchange. The size and symmetry of
the reduced tensor depends strongly on the geometry of the
exchange motion and the number of deuterons involved in the
exchange process. The exchange rate of the deuterons depends
on the temperature and the hindering potential. The latter is
much higher for a hydride Ru—D than for a dihydrogen Ru—D..
As a consequence of this it is possible to distinguish the two
types of deuteron ligands by the temperature dependences of
the spectra. At lower temperatures all exchange motions between
different ligands will be frozen on the NMR time scale.
However, there may still be a coherent quantum exchange of
the hydrogens in the dihydrogen ligand.'* Upon increase of the
temperature, first the dihydrogen ligands start to exchange, and
only at high temperatures the hydride ligands can also exchange.
According to these differences we studied the two pure hydride
type complexes 1a and 2 to determine their quadrupolar coupling
constant and three mixed hydride/dihydrogen-type complexes
(1b, 1c, and 3) to reveal the quadrupolar couplings of the
dihydrogen ligand.

4.1. Tp*RuD(THT), Compound (la). All experimentally
determined ’H NMR parameters are collected in Table 1. In
the following for simplicity only the Q.. values are given.

Figure 1 displays the spectra of sample 1a, which has only a
single hydride ligand, measured at temperatures of 300, 230,
and 170 K. The room temperature spectrum consists of a
superposition of two strong (Q..; = 100 kHz, Q.., = 60 kHz)
and one weak (Q,.; = 24 kHz) Pake-like subspectra. In addition,
there is a narrow Lorentzian component in the center of the
spectrum. The spectrum measured at 230 K can be decomposed
into the same Pake-like subspectra with quadrupolar interactions,
which have slightly broadened Pake-like subspectra (Q..;; = 120
kHz, Q. = 68 kHz, Q,.; = 24 kHz) and a Lorentzian line with
weaker intensity as before. At 170 K the Lorentzian line has
completely disappeared and only the three Pake-like components
(Q.;1 = 120 kHz, Q,,, = 68 kHz, Q.3 = 24 kHz) remain in the
spectrum. Since the value of Q.;; = 120 kHz is typical for C—D
groups of deuterated ligands, the value Q.,, = 70 kHz has to
be attributed to the Ru—D group. The assignment of the weak
Pake-line with Q..; = 24 kHz is not completely clear. The most
probable explanation is the presence of chemical impurities in
the sample.

4.2. Tp*RuD(D,)(THT) Compound (1b). Tp*RuD(D,)(THT)
includes both a hydride and a dihydrogen type ligand. Figure 2
displays the spectra of sample 1b measured at 150, 200, and
250 K. At 250 K the spectrum consists of three Pake-like
subspectra and a narrow Lorentzian line in the center of the
spectrum. The major intensity is in the broadest Pake-like
subspectrum (Q.;; = 120 kHz). The other subspectra (Q.,, =
62 kHz, Q..; = 30 kHz) have weaker intensities. At 200 K the
three Pake-like subspectra have slightly broadened (Q.,; = 126
kHz, Q.,, = 62 kHz, Q.3 = 36 kHz), and the narrow line in the
center of the spectrum has nearly disappeared. In the spectrum
at 150 K only the three Pake-like subspectra (Q,,; = 126 kHz,
Q..» = 66 kHz, Q.3 = 40 kHz) remain. By comparison to the
previous section we can assign the broad Pake-like subspectra
to the C—D and the 60—70 kHz Pake to the Ru—D groups. It
follows that the narrow Pake lines (30—40 kHz) stem from the
dihydrogen type ligand Ru—D,.

4.3. Tp*RuD(D,), Compound (1c). Tp*RuD(D,), contains
one hydride and two dihydrogen type ligands (Figure 3). The
spectra of this compound are more complex. Five deuterons in
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Table 1. Parameters Found by the Line-Shape Analysis of
2H-NMR Spectra (Q.,, Asymmetry Parameters, Intensities of the
Signals, and the Assignments of the Signals)

compd T[K] signal intensity Q& 5 [kHz] # &+ 0.001 Q. [kHz] assignments

2H-NMR

la 300 Q., 791 x 10* 100 0.06 134 CD
Q.o 543 x 10 60 0.06 80 Ru-D
0.5 3.02 x 10* 24 0 32 chemical
impurities
la 230 Q. 4.66x 10* 120 0.06 160 C-D
Q. 543 x 10 68 0.06 91 Ru-D
0.5 1.2x10* 24 0 32 chemical
impurities
la 170 Q. 497 x 10° 120 0.06 160 C-D
0., 5.26 x 10* 70 0 94  Ru-D
0.5 6.77 x 10° 24 0 32 chemical
impurities
b 250 Q. 1.65x 10 120 0.1 160 C-D
0., 341x10° 62 0.1 83  Ru-D
Q0.3 563 x10° 30 0.1 40  Ru-D,
b 200 Q. gég x igj 1%2 8 . lg§ E—DD Figure 1. Solid-state 46.03 MHz 2H NMR spectra of Tp*RuD(THT), (1a).
Oz 509 x " ' p u- The experimental spectra are the sum of the corresponding subspectra (see
Q0.3 6.63 x 10 36 0.1 48  Ru-D,
Table 1).
b 150 Q., 9.13 x 10* 126 0 168 C-D
0. 3.19 x 10 66 0.06 88  Ru-D 2H-NMR
0.5 2.88 x 10 40 0.1 54  Ru-D, \/>\
1c 300 Q. 481 x10° 140 0.04 187 CD H\B/N\N
0., 1.15x10° 70 0.04 94  Ru-D 250 K 1b g \ &
0.5 113 x 107 34 0.05 46  Ru-D, L
lc 65 Q. 161 x 10 142 0.06 190 C-D |
0.0 123 x 107 74 0.04 99  Ru-D s
0.5 3.51 x 107 42 0.05 56  Ru-D,
e 30 Q. 9.65x10° 140 0.045 187 C-D
0., 3.01x10° 76 0 102 Ru-D
0.5 3.96 x 10° 40 0.05 54  Ru-D,
lc 10 Q. 19x10° 144 0.1 192 CD
Q. 147 x 10° 70 0.04 94  Ru-D "
0. 135 x 10° 42 0.05 56 Ru-D, u b
2 300 Q. 434x10° 56 0 75 Ru-D+Ru-D; m b *J\—/\y
2 250 Q. 3.78 x 108 64 0.1 86 Ru-D — T T I s L S
Q. 549 x 107 36 0 48 Ru-D, -100 0 100 -100 0 100
v/ kHz v /kHz
2220 Q. 1.64 x 10° 68 0.1 91 Ru-D
7 .
O 398 x10 18 01 24 RuD, Figure 2. Solid-state 46.03 MHz 2H NMR spectra of Tp*RuD(D,)(THT)
2 90 Q.1 3.96 x 10° 70 0.09 94 Ru-D (1b). The experimental spectra are the sum of the corresponding subspectra
3300 Q. 233 x10° 116 0.04 155 CD (see Table 1).
9 . . . . . . . . .
Qw2 108 x 10 2 0.0t 30 Rubx(Dy), similar intensity distribution is found in the 10 K spectrum
3200 Q285 10° 120 0.04 160 C-D (Figure 3) with three Pake-like lines (Q..; = 144 kHz, Q., =
0. 9.67 x 108 26 0.01 35 RuDy(Dy), . = . LR
70 kHz, Q..; = 42 kHz). According to the previous discussion,
3150 Q666108 120 0.04 - 160 C-D the subspectra with Q..; = 144 kHz and Q., = 70 kHz are
0., 1.01x10° 28 0.05 38 RuDy(Da), ) P =l 222 1
QL. 291 x 108 42 0.08 56 Ru-D, assigned to C—D and Ru—D groups and the subspectrum with
3 60 0. 223 x 10° 122 0.04 163 CD the Q..; = 42 kHz is assigned to the dihydrogen type ligands.
Q"2 6.18 x 10° 66 0.1 88  Ru-D 4.4. Cp*RuD;(PPh;) Compound (2). The hydride assignments
QL 175 x 108 42 0.01 56 Ru-D,

the compound enhance the ability to incoherent exchange and
the complexity of the dynamics. Therefore, a much broader
temperature range for the measurements had to be chosen than
in the previous samples, and we studied this compound between
10 and 300 K. At room temperature the spectrum consists of
three Pake-like subspectra (Q.,; = 140 kHz, Q.,, = 70 kHz,
Q.3 = 34 kHz) and a narrow Lorentzian line in the center of
the spectrum. The major intensity is in the narrow Pake-like
subspectrum. At 65 K the spectrum is again a superposition of
three Pake-like subspectra (Q,;; = 142 kHz, Q.», = 74 kHz,
Q.3 = 42 kHz) and a small narrow central line. The relative
intensity of the subspectrum with Q.,, = 74 kHz has increased
compared to the previous spectra, but the narrow Pake sub-
spectrum still dominates the spectrum. The situation changes
at 30 K (Figure 3). Now the intensities are similar for all three
subspectra (Q.,; = 140 kHz, Q,., = 76 kHz, Q,.; = 40 kHz). A

from 4.1 are corroborated by the low temperature spectra of
the Cp*RuD;(PPh;) complex, which contains three hydride
ligands. The room temperature spectrum (Figure 4) consists of
two signals, a Pake doublet with Q., =56 kHz, and a narrow
central line. At 250 K beside a Pake-like subspectrum with a
Q.. of 64 kHz and a very narrow central line, an additional Pake-
like subspectrum with a Q.. of 36 kHz can be seen. Figure 4
presents also the spectrum at 220 K, which contains again three
signals, one with a Q_, of 68 kHz, a second one with a Q., of
18 kHz, and a very narrow central line. At 90 K (Figure 4)
only one spectrum can be seen with a Q.. of 70 kHz, which
can be attributed to the three deuterium ligands bonded to the
ruthenium. The subspectrum with the Q. value 36 kHz is
discussed in the motional model section (see 5.1) of this
complex.

4.5. RuD,(17?-D;),(PCy3); Compound (3). Figure 5 displays
the 2H NMR spectra of RuD»(72-D,)»(PCy3), in the temperature
range between 60 and 300 K. At room temperature (Figure 5)

J. AM. CHEM. SOC. = VOL. 130, NO. 51, 2008 17505
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Figure 3. Solid-state 46.03 MHz *H NMR spectrum of Tp*RuD(D,), (1¢).
The experimental spectra are the sum of the corresponding subspectra (see

Table 1).
2H.NMR 2 | o
Ru=
D
:P A
300 K JJF 250 K [
I SN RUD o .
RuD, z
220 K ) 90 K S
___________ 4 \e8KHZ_ RuD . .J0KHZ
S x4
— I T T 1 — T T T T 1
-100 0 100 -100 0 100
v/ kHz v/ kHz

Figure 4. Solid-state 46.03 MHz ?’H NMR spectra of Cp*RuD3(PPhs) (2).
The experimental spectra are the sum of the corresponding subspectra (see
Table 1).

the spectrum consists of a superposition of two Pake-like
subspectra (Q,;; = 116 kHz, Q.,, = 22 kHz) and a weak narrow
component in the center. The major intensity is in the narrow
Pake-like subspectrum. The spectrum at 200 K (Figure 5)
decomposes into the same subspectra as the room temperature
spectrum; however, the strength of the quadrupolar interaction
has slightly increased (Q.;; = 120 kHz, Q.,, = 26 kHz) and the
intensity of the narrow line in the middle of the spectrum has
significantly decreased. At 150 K a third Pake-like subspectrum
appears (Q..; = 120 kHz, Q.., = 28 kHz, Q'.., = 42 kHz), and
the narrow central line has very small intensity. The 60 K
spectrum decomposes into a superposition of three Pake-like
subspectra (Q,,; = 122 kHz, Q',,, = 42 kHz, Q" ., = 66 kHz),
and two narrow lines weakened in intensities.

5. Discussion

The ?H NMR spectra of five ruthenium model complexes with
increasingly complex bonding situations are measured in the
temperature range 10 to 300 K. From the temperature depen-
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Figure 5. Solid-state 46.03 MHz H NMR spectra of RuD,(D,),(PCy3),
(3). The experimental spectra are the sum of the corresponding subspectra
(see Table 1).

dence of the spectra it is evident that they are strongly influenced
by motional and chemical exchange processes. The line-shape
analysis of the spectra, employing a superposition of 2H Pake
patterns and an isotropic line, leads to characteristic values of
the quadrupolar interaction. In the following the interpretation
of these values in terms of the different bonding situations and
mobility of the deuterons is discussed.

5.1. Motional Models of the Major Species. As mentioned
in the introduction the hydrogen or deuterium atoms in these
complexes can perform exchange motions. These motions lead
to characteristic changes of the NMR lines shapes, which
however are not unique. For this reason a motional model of
the different exchange modes have to be developed and the
effect of this model on the NMR line shape must be calculated.
Before employing these models for the interpretation of the
spectra, we shortly discuss the expected motional models for
each complex:

Tp*RuD(THT), compound (1a) is the most simple complex
of the studied ones. It contains a single deuterium ligand of the
hydride type bound to a ruthenium, two THT ligands, and one
Tp* ligand. In this case the deuterium ligand can exchange with
hydrogen positions from the organic ligands, causing an isotope
scrambling and the formation of C—D groups; moreover it can
exchange with D, molecules originating from D, gas impurities
(see Scheme 2a and 2b). While the first process is expected to
be slow at all temperatures the second might result in a fast
exchange regime in the intermediate at elevated temperatures.
Accordingly, the spectrum is expected to consist of a broad line
of the C—D groups, with a nearly temperature independent line
shape and one or two temperature dependent components from
the Ru—D and D, deuterons. In this case the chemical exchange
between the D and D, type ligands is mainly responsible for
the changes in the spectral line shapes and the apparent
quadrupolar coupling constants. From the spectra at very low
temperatures it is possible to determine the full static value of
the quadrupolar coupling constant of the deuteride type Ru—D
bond. Comparing these motional possibilities with the experi-
mental spectra shown in Figure 1, we can attribute the broad
component with Q,; = 130 kHz to the C—D groups and the
narrow component with a 60 to 70 kHz line width to the rigid
hydride type Ru—D groups. The variations in the width of the
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“ (a) Hydrogen exchange, (b) ligand deuteration, (c) hydrogen exchange, (d) dihydride—dihydrogen exchange, (e) dihydride—dihydrogen exchange.

C—D and Ru—D line are an indication of vibrational motions
of the Ru—D bond, which cause an effective reduction of the
size of Q...

Tp*RuD(D,)(THT) compound (1b) contains one deuteride
ligand, one D, ligand, one THT ligand, and the Tp* ligand.
The distance ry—y between two hydrogen atoms in the H, ligand
for the Tp*RuH(H,)(THT) compound has been calculated using
the rapid rotation approximation to be ~0.89 A.'® The presence
of a dideuterium ligand adds new possible motional modes to
the motions discussed above, which are reflected in the spectra:
D, or H, ligands rotate about the M—D, axis. This motion is
fast and should appear as a contraction of the line shape.
Moreover, the chemical exchange between the deuterium ligand
and the dideuterium ligand is possible (see Scheme 2e), as well
as the exchange of deuterium with hydrogen from other ligands
(Scheme 2a and 2c). Therefore, at higher temperatures the
coalescence of the line shape is possible. At low temperatures
three main subspectra should appear, one for C—D groups and
two for D and D, ligands. There is also the possibility of
producing D, gas impurities, when the bond between D, ligand
and ruthenium is broken.

The weak quadrupolar interaction (Q,; = 30—40 kHz) of
the Ru—D, dihydrogen ligands is an indication that the fast
exchange between the two deuterons of the dihydrogen group
has not yet stopped at 150 K.

The assignment of Q. to Ru—D and Q.5 to Ru—D; raises
the question of the stoichiometry of the sample. From the
stoichiometry one would expect an integral intensity ratio of
1:2 in favor of the D, ligands. The line-shape analysis however
reveals that both deuteride and dideuterium ligands have
comparable intensities. The answer to this puzzle is hidden in
the deuteration of the ligands. The dideuterium ligands are
chemically far more active than the deuteride ligands and thus
preferentially exchange with the ligands. It is interesting to
compare the 200 and 250 K spectra. It is evident that the narrow
central line has grown strongly in intensity in the 250 K
spectrum as compared to the 200 K spectrum. In principle, there
are two different interpretations for this, namely either part of
the dihydrogen ligands has chemically desorbed from the Ru
atom, forming gaseous deuterium (D;), or there are chemical
impurities in the sample.

Tp*RuD(D,), compound (1c¢) contains two D, ligands, one
D ligand, and the Tp* ligand. A distance of ry—y < 0.90 A has
been calculated by Moreno et al.'® for Tp*RuH(H,),, showing
that both D, ligands are of the dideuterium type. The presence
of this second dideuterium ligand again adds new possible

motional modes to the motions discussed above. In particular,
one can expect not only a fast planar rotation of dideuterium
ligands but also exchange processes between the two dideute-
rium ligands. When a D, ligand leaves the ruthenium, the
production of D, gas is possible. At low temperatures three
different subspectra are expected, one for C—D groups, one for
D ligands, and one for D, ligands rotating around the M—D,
axis.

The reduction to Q..; = 42 kHz of the Ru—D, ligand is an
indication that the two D, ligands are in fast exchange. The
theoretical stoichiometry of 1:4 is again distorted because of
the deuteration of the ligands.

Cp*RuD;(PPh;) compound (2) contains three deuterium
ligands, one PPh; ligand, and the Cp* ligand. The X-ray
structure was published by Suzuki et al.'"® This complex is a
classical ruthenium trihydride that adopts a four-legged piano-
stool structure of Cy symmetry, with an average Ru—H distance
equal to 1.53 A.' Therefore, one mainly expects the same
exchange processes as discussed above, i.e. exchange of the
deuterides with gaseous D,, which could also mediate an indirect
exchange in the D; system and slow exchange with the organic
ligands.

While the assignment of the Pake spectra (Figure 4) with
Q.. = 64 to 70 kHz to hydride type Ru—D groups is evident
from the comparison to 1a, the origin of the narrow Pake doublet
with Q,, = 36 kHz needs further inspection. According to the
results and theoretical calculations published in 1992,%” the most
probable route of exchange between these three deuterium
ligands at higher temperatures consists of two steps. In the first
step a metastable complex with one D, ligand and one D ligand
is created, including the rotational tunneling possibility (see
Scheme 2d). Therefore, it should be possible to distinguish
between these two ligands in this step. The mobility of these
deuterium atoms should produce a coalescence of the line shape
at higher temperatures. At low temperatures the Pake pattern
characteristic for Ru—D bonding should appear. These predic-
tions are in good agreement to the spectra in Figure 4, and we
conclude that the Pake doublet with Q.. = 36 kHz is a strong
indication of the formation of this metastable state in the
trihydride exchange.

RuD,(D,),(PCys), compound (3) exhibits high fluxionality
at all temperatures due to six deuterons bonded to the ruthenium.

(27) Limbach, H. H.; Scherer, G.; Maurer, M.; Chaudret, B. Angew. Chem.,
Int. Ed. Engl. 1992, 31, 1369-1372.
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From the X-ray diffraction structure,”® found for the Ru-
(H),(H,),(PCys3), compound, the distance ry—y between the H
atoms of the dihydrogen ligand equals 0.86 A.2® There have
also been measured the Ru—H distances, one between 1.52 and
1.55 A for the dihydrogen type ligands and the other of 1.70 A
for the hydride atoms. Accordingly, there are two deuteride
ligands and two dideuterium ligands. Since a direct exchange
of the two deuteride type deuterons would necessitate the
breaking of two hydride bonds, one can neglect this process
compared to exchange pathways of the dideuterium system and
the motional model is similar to the 1¢ motional model case.
One pathway is a rapid intramolecular deuterium—dideuterium
exchange (Scheme 2e), and the other is a rotation of dideuterium
ligands. The first one should lead to line coalescence at higher
temperatures and can influence the second kind of motion, while
the second one causes the characteristic reduction of the
quadrupolar coupling constant. At very low temperatures this
chemical deuterium—dideuterium exchange should be frozen
out and three subspectra should appear in the spectrum (as was
observed). One subspectrum is attributed to the deuteride
ligands, and the second one to the dideuterium ligands. D,
ligands exhibit a planar rotation, even at the temperatures below
50 K (as known from INS'®) causing the narrowing of the signal.
The third subspectrum is attributed to the C—D groups.

The reduced Q.;; = 42 kHz of the Ru—D, ligand indicates
that also in this sample the two D, ligands are in fast exchange.
The theoretical stoichiometry of 1:2 is again distorted because
of the deuteration of the ligands.

Origin of the Narrow Lorentzian Line Component. The very
narrow line, which can be seen in all measured high temperature
spectra, can have three possible explanations: (i) it can be caused
by chemical impurities in the samples; (ii) it can be caused by
a deuteron gas impurities; or (iii) fast isotropic or nearly isotropic
motions of the metal bound deuterons cause an isotropic
averaging of the deuterium line.

From the preparation of the samples, which involves a
reaction step where gaseous hydrogen is applied, it is evident
that gaseous D, impurities could appear in four of the measured
complexes (1a, 1b, 1c, and 2). In addition, in the case of the
ruthenium dihydrogen complexes 1b, 1c¢, and 3, the observed
temperature dependence could result from the presence of a
chemical equilibrium of gaseous D, with metal bound deuterium,
ie.

kT
X-RuD,(D,),, = X-RuD,(D,),,_; + D,,

From the temperature dependence it is obvious that the metal

bound states are thermodynamically favored as compared to the

(28) Borowski, A. F.; Donnadieu, B.; Daran, J.-C.; Sabo-Etienne, S.;
Chaudret, B. Chem. Commun. 2000, 543-544.
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gaseous states. In addition, there might be also some physisorp-
tion of deuterium gas to the ligands of the complexes that could
explain the narrow line in the compound 1a. The appearance
of the weak Pake doublet with Q.. = 20 kHz in each of the
spectra of these complexes as well as the lack of any variation
of this line with temperature leads to the conclusion of the
existence of chemical impurities in these samples.

The possibility of chemically desorbed D, from the ruthenium
atom can be excluded because that would cause visible chemical
changes of the samples. For example, when D, desorbs from
the RuDy(D,),(PCys), compound, the color of the sample
changes from white to red. Such a color change of the sample
was not observed. Chemical impurities are also the most
probable explanation for the narrow line in the Cp*RuD;(PPh;)
complex spectra. In the preparation of this sample NaBD, was
used. The motion of the four deuterons in the [BD,4]™ anion is
very fast at high temperatures and gives a narrow line. Therefore,
there might be small chemical impurities of NaBD, in this
compound that cause the appearance of the narrow line in the
high temperature spectra.

7. Summary and Conclusion

In this work five different Ru complexes are studied by solid-
state 2H NMR spectroscopy in the temperature range 10—300
K. From the line-shape analysis of the spectra the characteristic
quadrupolar interactions of the different types of deuterons in
the sample are elucidated. It is found that for hydride type Ru—D
groups the full, nonmotionally reduced value of the quadrupolar
interaction between deuterium and ruthenium is Q.. = 70 kHz,
corresponding to a quadrupolar coupling constant of Q.. = 94
kHz. For dihydrogen type ligands, always a coupling reduced
by the dihydrogen rotation is found with a typical strength of
Q.. = 30—40 kHz, corresponding to a quadrupolar coupling
constant of Q.. = 40—50 kHz. Thus, it is possible to distinguish
between these types of ligands on the basis of their quadrupolar
interaction. Moreover we found an experimental indication of
a previously proposed metastable transition state in the exchange
of a ruthenium trihydride compound. We propose using the
deuteron quadrupolar interaction for the characterization of
systems with unknown deuteron bonding situations, as for
example deuterium adsorbed on Ru nanoparticles, in a similar
way as chemical shifts in liquid-state NMR are used to
characterize different chemical groups.
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