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ABSTRACT: Deuterium labeling is a powerful way to

gain

mechanistic information in biology and chemistry. However,
selectivity is hard to control experimentally, and labeled sites can
be difficult to assign both in solution and in the solid state. Here
we show that very selective high-deuterium contents can be
achieved for the polyhydride ruthenium phosphine complex
[RuH,(H,),(PCyp3),] (1) (PCyps = P(CsH,);). The selectivity
of the H/D exchange process is demonstrated by multinuclear
NMR and neutron diffraction analyses. It has also been
investigated through density functional theory (DFT) calculations. The reactions are performed under mild conditions at
room temperature, and the extent of deuterium incorporation, involving selective C—H bond activation within the cyclopentyl
rings of the phosphine ligands, can easily be tuned (solvent effects, D, pressure). It is shown that D, gas can inhibit the C—H/C—

D exchange process.

B INTRODUCTION

Deuterium incorporation into a wide range of substrates is a
process of high interest both for synthetic applications and
mechanistic investigations.' Deuterium labeled compounds are
used routinely as NMR solvents and are seeing increasing
demand as internal standards for mass spectrometry and
protein structure determination. Kinetic isotope effects are
widely used to investigate a large panel of reactions with
applications in biology, and in organic and inorganic
chemistry.” Organometallic chemistry has benefited tremen-
dously from studying H/D exchange reactions to gain
mechanistic information.> As the field of catalytic C—H bond
functionalization undergoes dramatic growth, such labeling
studies become more and more useful.* One of the major
challenges in this area is to control the H/D exchange. Very
often there is isotopic scrambling, making definitive conclusions
quite difficult. Such scrambling may have several causes: (i) the
source of deuterium might play a role as well as the nature of
the catalyst precursor, (ii) hydrogen bonds can interfere in the
process and are hard to control, (iii) knowledge of kinetic
effects is limited, (iv) concurrent reactions in metal-catalyzed
H/D exchange may play a role. In solution, NMR spectroscopy
is definitely the best tool to analyze H/D exchange processes.
'"H NMR experiments are used routinely and *H NMR
measurements are readily accessible despite a loss of sensitivity
relative to 'H of 1.45 X 107° and a less favorable nuclear spin of
1. In the solid state, single-crystal neutron diffraction is a unique
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tool as it provides not only accurate location of the H atoms
but allows unambiguously distinguishing hydrogen from
deuterium because of their very different scattering lengths
(— 3.7409 vs +6.674 fm). This property has rarely been used as
neutron diffraction required, because of flux limitation of the
sources, large single crystals. However, recent advances in
neutron instrumentation now allow the use of much smaller
crystal sizes (<1 mm?®), and this technique may become a
powerful complement to NMR techniques.’

Platinum group transition metal complexes are the best
catalyst precursors for homogeneous H/D exchange reactions,
with iridium being the most important metal used in this area.’
In many systems, H/D exchange involves hydride species at
least as intermediates (in the case of ruthenium, see for example
refs 7), but other ligands around the metal center can
participate in, and sometimes complicate, the H/D pathways.
Transition metal catalysts often incorporate phosphine ligands
which are usually considered to be spectator ligands. However,
accumulating evidence shows that one can benefit from C—H
activation within “non-innocent” ligands such as phosphines to
build innovative systems for hydrogen storage applications.® A
few years ago,” we prepared the bis(dihydrogen) complex
[RuH,(H,),(PCyp;),] (1) stabilized by two tricyclopentyl-
phosphines (PCyp; = P(CsHy);) which was found to display
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properties different from its analogue [RuH,(H,),(PCys),] (2)
which incorporates two tricyclohexylphosphines (PCy,
P(C¢H,,);)."® Before describing our investigation on the
exchange labeling, it is worth emphasizing some key differences
we have observed between 1 and 2. Simply reducing the size of
the cycloalkyl rings led to a very different dehydrogenation
process in the reaction with ethylene. In the case of 1 the final
product was the ruthenium (0) compound [Ru(C,H,){(n*
CsH,)PCyp,},] (3) with two partially dehydrogenated
phosphines,'" whereas exposure of ethylene to 2 led to the
formation of the ruthenium(IT) hydrido complex [RuH{(%*-
C¢H;)PCy, }(C,H,)(PCy;)] (4) in which one phosphine was
partially dehydrogenated and coordinated to the metal center in
an allylic fashion,' as illustrated in Scheme 1. These findings

Scheme 1. Reactivity of 1 and 2 with Ethylene: Two
Different Dehydrogenation Pathways
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highlight the role of the anc1llary ligands, here the phosphines,
in hydrogen transfer processes.> With respect to catalysis, 1
proved to be much more active than 2 for the hydrogenation of
nitriles,"* or the C—C couplmg of functionalized arenes
through C—H activation.”

We present here the results of our study on H/D exchange
processes in ruthenium polyhydride chemistry. This is the first
report of highly selective deuterium incorporation demon-
strated both in the solid state by neutron diffraction and in
solution by multinuclear NMR data. Density functional theory
(DFT) studies helped to rationalize the mechanism of the
different H/D exchange pathways. The phenomenon is directly
relevant to catalysis, and in particular to C—H activation and
dehydrogenation processes.

B RESULTS AND DISCUSSION

The syntheses of 1 and 2 were performed similarly, by addition
of 2 equiv of the corresponding phosphine to a pentane
solution of Ru(COD)(COT) under 3 bar dihydrogen.g’12 1 and
2 could both be isolated as white solids, and displayed similar
spectroscopic and structural features. 1 was characterized by
neutron dlﬂi‘actlon, while 2 was structurally characterized by
X-ray diffraction.'® In solution (C4D4 or C,Dg), the hydride
and dihydrogen ligands of 1 and 2 exchanged rapidly at all
temperatures giving rise to a '"H NMR signal close to § —8.
However, one striking difference was immediately observed
upon dissolution. Not only was 1 more soluble in C4Dg than 2,
but rapid H/D exchange could be detected (see Supporting
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Information, Figures S15—S16), whereas 24 h was necessary in
the case of 2 to detect some deuterium incorporation at the
hydride sites. The H/D exchange process in the case of 1
turned out to be very selective depending on the experimental
conditions (Scheme 2). As discussed below, several factors

Scheme 2. Selective H/D Exchange Processes from Complex
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control the H/D exchange process, but two well-defined stages
of deuterium incorporation can be achieved: the hydride and
dihydrogen sites are deuterated, and deuterium incorporation is
also observed in the cyclopentyl rings of the phosphines, with
very high site-selectivity.

Selective Deuteration at the Hydride and Dihydrogen
Sites. Synthesis and Characterization of [RuD,(D,),(P-
(CsHo)s),] (5). Exposure of a pentane solution of 1 to 3 bar D,
over a day (through three cycles of vacuum/3 bar D,) afforded
RuD,(D,),(P(CsHy);), (5) which was isolated as a white solid
in 84% yield. The selectivity of the deuteration process was
demonstrated in solution by multinuclear NMR studies, and in
the solid state by single crystal neutron diffraction. It should be
noted that a similar deuteration incorporation was observed in
the case of the trlcyclohexylphosphlne system leading to
RuD,(D,),(P(C¢H,,);),."” Crystals suitable for neutron
diffraction were obtained from a pentane solution at —37 °C.
NMR spectra were recorded immediately after dissolving S in
C¢D¢. The '"H NMR spectrum shows a multiplet at 5 —8.04
assigned to some residual 'H at the hydride and dihydrogen
sites. Integration with the PCypj signals at low field (5 1.6—2.0)
gave a deuterium incorporation of 97% for the high field signal
(see Supporting Information, Figure Sla,b ). ’H NMR spectra
confirm that deuteration occurred almost quantitatively for the
metal bonded hydrogen atoms with one intense signal observed
at § —8.0 and traces at § 1.7 (Supporting Information, Figure
S2). This is also confirmed by several *C selective decoupling
experiments and most notably a “C{'H,*P}NMR spectrum
showing no deuterium coupling for the three carbon signals at §
40.07 (s, PCH, PCyps), 6 30.34 (s, PCH-CH,, PCyp,), and &
26.66 (s, PCH—CH,-CH,, PCyp,;) (Supporting Information,
Figure S3).
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An ORTEP view of the low T (20 K) neutron diffraction
structure of S is shown in Figure 1, while a list of relevant bond

Figure 1. ORTEP view of the structure of RuD,(D,),(P(CsH,);), (5)
showing selective deuterium incorporation in the equatorial plane.
Color code: H, gray; C, light blue; D, steel-blue. Ellipsoids drawn at
50% probability.

lengths and angles is given in Table 1 together with those of 6’
(see next section) and 1 for comparison. The difference Fourier
maps (see Experimental Section) unambiguously showed D
atoms bonded to the ruthenium center while the site occupancy
factors (s.0.f.) of the H atoms of the phosphines, left to refine

Table 1. Selected Bond Distances (A) and Angles (deg) for
Compounds $, 6', and 17

S 6 1
Rul—P1 2.3100(8) 2.310(3) 2.312(3)
Rul-P2 3.3103(8) 2.305(3) 2.307(3)
Rul-D1H 1.624(1) 1.622(3) 1.628(4)
Rul-D2H 1.625(1) 1.618(3) 1.625(4)
Rul-D11H 1.731(2) 1.730(4) 1.730(5)
Rul-D12H 1.751(2) 1.750(4) 1.753(4)
Rul-D21H 1.762(1) 1.766(4) 1.764(5)
Rul—-D22H 1.738(2) 1.737(4) 1.745(5)
D11H-D12H 0.840(2) 0.826(5) 0.825(8)
D21H-D22H 0.840(2) 0.824(5) 0.835(8)
P1-Rul-P2 168.87(3) 168.9(1) 168.9(1)
P1-Rul-D11* 91.41(4) 91.1(1) 91.4(2)
P1—Rul—D22* 96.48(4) 96.5(1) 96.3(2)
P2—Rul-DI11* 95.93(4) 96.3(1) 96.0(2)
P2—Rul-D22* 90.51(4) 90.5(1) 90.7(2)
D1H-Rul-D2H 81.75(6) 81.9(2) 81.9(4)
D11*—Rul—-D22* 99.87(7) 99.1(2) 99.8(4)

“D11* and D22* are the midpoint of the D11-D12 and D21-D22
bonds, respectively.
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unconstrained, did not differ significantly from 1.00, thus
confirming that deuteration occurred only at the metal site. The
refined deuteride s.o.f corresponds to an average deuteration of
90% in agreement with the NMR data. The coordination
geometry of § does not differ from that of 1 with the two D,
ligands making angles of 23.2(1)° and 24.7(1)° with respect to
the coordination plane defined by the Rul, D1h and D2h
atoms (the corresponding values for 1 are 22.8(5)° and
24.6(5)°, respectively). We also note that there is no significant
difference (at the 3¢ level) between the H—H and D-D
distances in 1 and $ showing that there is no effect on the D—D
separations upon H/D substitution.>>’

Selective Deuteration at the Hydride and Dihydrogen
Sites As Well As in the Cyclopentyl Rings of the
Phosphines. Synthesis and Characterization of
[RuD,(D,),(P(Cyp-d,)s3),]. When monitoring over a few days
a C4Dyg solution of § by multinuclear NMR spectroscopy, we
observed that, in addition to deuteration at the hydride and
dihydrogen sites, monodeuteration occurred very selectively at
the adjacent C3 and C3’ sites in the cyclopentyl rings.
Incorporation of deuterium at the cyclopentyl sites is a much
slower process, as illustrated by the spectra displayed in Figure
2. After 7 days, incorporation of about 12 deuterium atoms in
the PCyp, rings was estimated by integrations from '"H and *H
NMR measurements (92.5% at the C3, C3’ sites), thus
corresponding to [RuD,(D,),(P(CsH;D,)3),] (6), a complex
incorporating up to 18 deuterium atoms. Selective BC
decoupling experiments demonstrate that incorporation of
deuterium occurs very selectively at the C3, C3’ sites with the
signal at § 26.22 now resonating as a triplet with a 'Jc, of 18.9
Hz from the BC{'HP}NMR spectrum.18 The two other *C
signals for the CH (C1) and CH, (C2, C2’) groups do not
show any deuterium coupling.

To obtain crystals suitable for neutron diffraction, another
synthetic pathway had to be followed since the use of C4Dg
solution prevented any crystallization attempts at low temper-
atures, as required for such highly soluble PCyp; species. Large
crystals of the isotopolog 6’ were grown after workup from a
pentane solution of § stirred for 3 days at room temperature
and then pressurized under 3 bar D,. As expected, the
coordination geometry of complex 6’, shown in Figure 3, is
very similar to that of § (see Table 1). As for the latter complex,
the D atoms bonded to the metal were found from a difference
Fourier map and their s.of. refined without constraints
resulting in an average occupancy of 0.91. In 6’, the extent of
deuterium incorporation is at an earlier stage than in 6 (see
hereafter).

Moreover, the refinement of the occupancy factors of the H
atoms in the cyclopentyl rings gave s.of. of 1.00 for all
hydrogens except those bonded to the carbons in the C3 and
C3’ positions of the cyp-rings (see Figure 3) for which the
average occupancy was 0.26. These values show unambiguously
and quantitatively the selective deuteration of the hydrides and
of the H endo atoms facing the ruthenium at the C3, C3’
positions of the cyclopentyl rings and correspond to a degree of
deuteration of 95% for the metal-bonded hydrogens and 32%
for the C—H moieties.

The 'H and *H NMR integration values from a CgDg
solution of 6’ (Supporting Information, Figure S4—SS) gave
95% D incorporation at the hydride sites and 36% at the C3,
C3' positions of the cyclopentyl rings, in agreement with the
neutron data: thus in 6’, the extent of deuterium incorporation

dx.doi.org/10.1021/ic302307m | Inorg. Chem. 2013, 52, 7329-7337
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Figure 2. H/D exchange in a C;Dy solution of 5 at RT followed over one week by NMR spectroscopy. (a) "H NMR, cyclopentyl region; (b) *H
NMR showing signal increase at 6 1.74; (c) *C{'H, *'P} NMR showing the 1:1:1 triplet resonance at § 26.22.

Figure 3. ORTEP view of the structure of 6’ showing selective deuterium incorporation in the equatorial plane as well as in the cyclopentyl C3, C3’

positions. Color code: H, gray; C, light blue; D, steel-blue.

is at an earlier stage than in 6 (36% vs 92.5% at the C3,C3’
sites).

Finally, the influence of the solvent was investigated. When
monitoring a C4Dg solution of 1 over several days, the same
reaction was observed as described above for the trans-
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formation of S into 6. There is no need to isolate the
intermediate S, and thus to use D, gas, to obtain deuterium
incorporation into the cyclopentyl rings. In contrast, no change
occurred in the NMR spectra of 1 kept for several days in a
THF-d;g solution (Supporting Information, Figure $23-25).

dx.doi.org/10.1021/ic302307m | Inorg. Chem. 2013, 52, 7329—-7337
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Figure 4. C—H activation pathways at the C3 site of one cyclopentyl ring from [RuH,(H,),(P(CsHy)Me,)(PMe;)] (It). Top diagram: phosphines
in trans positions. Bottom diagram: phosphine isomerization to cis positions. A,G are given at 298 K in kJ mol™".

Apparently, although C—H activation can easily operate in the
case of benzene, such a process is much more difficult for THF.
In THEF-dg, for 1, an exposure to 3 bar D, is required to achieve
selective deuteration at the hydride and dihydrogen sites to
form S (Supporting Information, Figure $S26—28). Additional
pressure of D, gas prevented further deuteration of the
cyclopentyl rings, the compound remaining saturated with the
electron count at the metal of 18 electrons, and with no vacant

7333

orbital for use in C—H bond activation (Supporting
Information, Figure S$S29—31). However, when keeping a
solution of § in THF-d; in the absence of a D, atmosphere,
H/D exchange occurred in the cyclopentyl rings, resulting in
hydrogen enrichment at the hydride/dihydrogen sites, whereas
no change in the THF-d; residual signal was observed in the 'H
NMR spectra (Supporting Information, Figure S12). In this
case, H/D exchange in the cyclopentyl rings only derived from

dx.doi.org/10.1021/ic302307m | Inorg. Chem. 2013, 52, 7329-7337
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the deuterium atoms present in the equatorial plane of the
starting complex S. Thus, there is evidence for an intra-
molecular H/D exchange process which is reversible through
C—H activation.

It is worth considering the mechanistic features of C—H
activation by the polyhydride rhenium complex, ReH,(PCys),,
as reported by Caulton and his group, as it is closely related to
this work.'” H/D exchange between ReH,(PCy,), and C¢Dj
operated at 60—80 °C led after 1 h to the disappearance of the
hydride signal in the "H NMR spectrum as well as to a decrease
in the intensities of some cyclohexyl resonances together with
an increase in the Cg¢(H,D); resonance. Detailed analyses
showed that mono deuteration occurred at the C2 and C3
positions of the cyclohexyl rings but with different rates. This
ruled out a concerted ring dehydrogenation, and these authors
favored a mechanism involving the transient ReH;(PCy;), and
metalation through oxidative addition at the C2 and C3
positions, the resulting five-membered ring being preferred to a
four-membered ring in agreement with the difference in rates.

DFT Studies and Mechanism of the H/D Exchange
Processes. DFT calculations were performed to obtain more
detailed information on the C—H/C—-D exchange process
which occurred intramolecularly, whatever the solvent used.
Several pathways were examined, but we will only detail the
main route leading to C—H activation at the C3 positions (see
Supporting Information for more details). The process was
examined starting from [RuH,(H,),(P(CsHy)Me,)(PMe,)]
(It) as a model of complex 1. Only one cyclopentyl ring was
used to avoid any conformational problem. The main process is
depicted in Figure 4. It may be found rather surprising that the
lowest energy pathway is achieved through isomerization of the
two bulky phosphines to the cis position (Figure 4 bottom).
However, such a cis geometry was previously observed in the
dihydride complex [RuH,{(#*-CsH,)PCyp,},] (7), an isolated
intermediate for the formation of 3."' Phosphine isomerization
to Ic is followed by dihydrogen loss (Ic;). Subsequent C—H
activation at the C3 position (Ic,) leads to (Ic;) with
concomitant formation of a dihydrogen ligand, the ruthenium
keeping the same oxidation state. The transition state TSc,3
connects to Icy at 61.9 k] mol™" above Ic,. In contrast, keeping
the phosphines in the trans position gives rise to TSt,; lying
100.7 kJ mol ™" above It,. The analysis of the motion associated
with TSc,; indicates that this TS is mainly associated with the
lengthening of the C—H bond and the dihydrogen bond
formation. This is a typical illustration of the o-CAM
C—H bond breaking leads to a hydrido
carbon—metalated species, Ic;, stabilized by two dihydrogen
ligands. This pathway is reminiscent of the one described by
Weller and MacGregor on the dehydrogenation of a
monocyclopentylphosphine rhodium complex, with selective
C—H activation at the C3, C3’ positions.”" In our system, H/D
exchange is then facile via dihydrogen rotation, a low-energy
process. Indeed, we have measured the dihydrogen barrier to
rotation in 1 by neutron incoherent inelastic scattering and
found for the two H, ligands barriers of 4.14 and 4.56 kJ mol ™",
respectively.”> The isomerization pathway through the
phosphines in trans position (Figure 4 Top) involves an
overall barrier of 15.8 k] mol™ (TSt,; vs TSc,;) above the cis
route (Figure 4 Bottom) and thus might remain competitive for
the real phosphine system.

. 20
mechanism.
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B CONCLUSION

We have demonstrated that selective incorporation of
deuterium atoms in a ruthenium complex can be achieved
under very mild conditions at room temperature. Our
combined NMR and neutron diffraction studies prove the
selectivity of the labeled sites. The extent of deuterium
incorporation into the bis(dihydrogen) ruthenium complex 1
depends upon the nature of the solvent and the presence or
absence, of D, gas. C4Dg solutions of 1 under an argon
atmosphere lead to a high degree of deuterium incorporation in
the organometallic species, whereas by exposing C4Dy solutions
of 1 to 3 bar D,, deuterium incorporation is limited to 6 atoms
at the hydride and dihydrogen sites. The resulting ds isotopolog
S was formally characterized both in solution by multinuclear
NMR and in the solid state through neutron diffraction.
Further deuterium incorporation can be achieved producing 6,
in which all the atoms in the equatorial plane are deuterium,
and, additionally, each cyclopentyl ring has endo deuterium
atoms cis located at the C3 and C3’ positions. Conformational
aspects of the cyclopentyl rings are responsible for the
selectivity of the labeling process occurring at the equivalent
C3, C3’ dis positions as a result of a favored C—H approach to
the metal center. Neutron diffraction on 6’ allows us to rule out
a bimolecular process which would involve exo hydrogen atoms
at the C3, C3’ positions. Moreover, rather counterintuitively,
the use of D, gas is not always the best choice to increase
deuterium incorporation in a given compound, as we show that
in our system, D, gas can inhibit the C—H/C—D exchange
process because the complex remains saturated with no vacant
orbital accessible for C—H bond activation. One can see from
this in-depth study, in solution by multinuclear NMR and in
the solid state via neutron diffraction on § and 6’, that labeling
is highly dependent not only on the experimental conditions,
but also on the nature of the putative “spectator” ligands. Here,
the cyclopentyl rings of the phosphines provide an additional
reservoir for deuterium incorporation through C—H activation.

B EXPERIMENTAL SECTION

General Methods. All reactions and workup procedures were
performed under an argon atmosphere using conventional vacuum line
and Schlenk tube techniques or in a drybox. Solvents were dried
according to standard procedures and degassed prior to use. CDy
(supplier: Euriso-top; 99.5% D) was degassed and placed as received
in a Schlenk tube containing activated 4 A molecular sieves. THF-dg
(supplier: Euriso-top; 99.5% D) was dried over sodium for one night
followed by distillation (trap-to-trap techniques) and kept in a Schlenk
tube containing activated 4 A molecular sieves. RuH,(H,),(PCyp;),
(1) was prepared according to a published procedure.” NMR spectra
were acquired on a Bruker Avance 500 spectrometer. D, gas (purity:
99.9% with O, < 10 ppm; N, < 25 ppm, H,0 < 10 ppm) was
purchased from Air Liquide and was used as received. D, pressurized
NMR experiments were performed by using Quick Pressure Valve
NMR tubes."*

NMR Experiments. The residual signal of benzene in C4Dg was
calibrated at 7.27 ppm and used as a reference for 'H NMR. The C¢Dj
signal in ’H NMR was calibrated at 7.27 ppm. In the case of THF-dg
experiments, the low-field signal was calibrated at 3.62 ppm.
Deuterium incorporation was determined by using the 4 equations
shown hereafter:

X, + X, =54 (1)
Y +Y,=6 2)
X/=A ©)

dx.doi.org/10.1021/ic302307m | Inorg. Chem. 2013, 52, 7329-7337
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X,/Y, = B ()
where X is the number of H on the two PCyp; ligands; X, is the
number of D on the two PCyp; ligands; Y, is the number of H
coordinated to the metal center; Y, is the number of D coordinated to
the metal center; A is the ratio between H on the two PCyp; ligands
and the number of H coordinated to the metal center, determined
from 'H NMR integrations; B si the ratio between D on the two
PCyp; ligands and the number of D coordinated to the metal center,
determined from *H NMR integrations. The percentage of D
incorporation in PCyp, is defined by X,/12 (12 possible positions at
C3 an C3' sites available for H/D exchange).

Deuterium Incorporation in RuH,(H,),(PCyps),. 1. Synthesis
and Characterization of [RuD,(D,),(P(CsHg)s),] (5). In a glovebox
under an Ar atmosphere, RuH,(H,),(PCyp;), (1) (500 mg, 0.857
mmol) was introduced into a 160 mL Fischer—Porter bottle, and 3 mL
of pentane was added. The Fischer—Porter bottle was transferred
outside the glovebox and was connected to the deuterium line. The
solution was pressurized to 3 bar of D, and left to stir for 5 h at room
temperature. After this time, the gas pressure was removed under
vacuum and immediately the solution was pressurized again under 3
bar of D, and stirred for another Sh. This operation was repeated once
prior to stirring overnight. The colorless solution was cooled below
—30 °C, and a white precipitate appeared after a few minutes. After 30
min stirring, the pressure was released and D, replaced by an argon
atmosphere. The suspension was kept cold during all these operations.
The solution was then removed by a cannula equipped with a filter
paper. After rapid drying under vacuum the solid RuD,(D,),(PCyp;),
(5) (425 mg, 0.722 mmol, isolated yield 84%) was placed inside the
glovebox and stored in the freezer at —37 °C. Crystals were obtained
by dissolving the solid in a minimum of pentane; the solution was then
introduced inside a screw-cap NMR tube and placed in the freezer at
—37 °C. All these operations have to be done as quickly as possible.
Crystals suitable for neutron diffraction techniques were obtained
within a few hours. After crystallization, the solution was removed
rapidly at low temperature. Selection of suitable crystals was done
under an argon atmosphere inside a glovebox equipped with a
binocular microscope. The selected crystals were introduced into
special quartz capillary tubes supplied by ILL. The crystals were sent to
ILL under cold conditions (below —10 °C).

'"H NMR (C(Dg, 298 K, 500.33 MHz): —8.04 (m, residual 'H,
RuD,H_,), 1.6—2.0 (H, PCyp,)

H NMR (C¢Dj, 298 K, 76.8 MHz): — 8.0 (m, RuD,H_,).

BC{'H'PJNMR (C(Ds, 298 K, 1258 MHz, 30 min after
dissolution) 40.07 (s, PCH, PCyps), 30.34 (s, PCH-CH,, PCyp,),
26.66 (s, PCH—CH,-CH,, PCyp,), *'P{'"H} NMR (C,Dy 298 K,
202.54 MHz): 81.0 (s).

2. Synthesis and Characterization of [RuD,(D,),(P(Cyp-d,);),] (6’
and 6). A. In a glovebox under an Ar atmosphere,
RuD,(D,),(PCyp3), (5) (220 mg, 0.373 mmol) was introduced into
a 10 mL Fischer—Porter bottle, and 2.5 mL of pentane was added. The
mixture was stirred for three days at room temperature. After this delay
the bottle was transferred outside the glovebox and connected to the
deuterium line. The solution was pressurized to 3 bar of D, and stirred
for 3 h. The solution was then cooled down to —25 °C leading to the
formation of a white precipitate. Gas pressure was released and
pentane was removed under vacuum at this low temperature. The
resulting white solid was transferred into the glovebox. Partial
incorporation of deuterium inside the cyclopentyl rings was
determined by NMR. Single crystals of 6’ suitable for neutron
diffraction techniques were obtained and selected as described above
for S.

B. To incorporate more deuterium at the C3, C3’ positions, a
solution of § was kept for a few days in C¢Dg4 solution at room
temperature (7 days) to produce RuD,(D,),(PCyp;-ds), (6).

BC{'HP} NMR (C¢Ds 298 K, 1258 MHz, 7 days after
dissolution) 40.14 (s, PCH PCyp;-d¢), 30.24 (s, PCH-CH,, PCyp;-
dg), 26.22 (t, Yop = 18.9 Hz, PCH—CH,-CHD, PCyp),

2H NMR (C¢D, 298 K, 76.8 MHz): 1.74 (bd s, PCyp-d6) — 8.01
(bd s, RuD,Hg_,).
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Neutron Data Collection and Refinement of (5) (CCDC
892258). A prismatic crystal, with a volume of about 12.1 mm?, was
mounted in an inert Ar atmosphere between two wads of quartz wool
inside a thin-walled quartz tube, sealed with an O-ring to a purpose-
designed Al base. The sample was mounted on a Displex
cryorefrigerator,” on the ILL thermal-beam diffractometer D19
equipped with the new horizontally curved “banana-shaped”
position-sensitive detector.”* This detector is based on a multiwire
gas counter technology (5 atm *He and 1 atm CF,), with innovative
use of an electrostatic lens to improve vertical resolution and
electrodes deposited on glass plates consisting of 640 vertical anodes
and 256 horizontal cathodes, with a nominal resolution of 1.56 mm
vertically and 2.50 mm horizontally, and subtends 30 degrees vertically
and 120 degrees horizontally. This detector is mounted symmetrically
around the equatorial plane with a sample to detector distance of 76
cm. This new set up assures accurate and fast data collections even
with “small size” crystals (<1 mm3). The chosen neutron wavelength
was 1.1675 A from the (311) planes of a Cu monochromator in
reflection (at the high resolution 90° take-off angle). The crystal was
cooled slowly (2 K/min) to 20 K while monitoring the diffraction
pattern. No significant changes in the crystal mosaic or splitting of
peaks were observed during cooling. The space group P2,/n, as found
for the starting complex [RuH,(H,),(P(CsH,);),] (1), was confirmed
at 20 K. The accessible intensities, up to 6 < 61.27°, were measured, to
pre-set monitor counts, in a series of 80° @ scans, in steps of 0.07° and
typical counting times of 10.5 s per step, to obtain reasonable counting
statistics. A wide range of crystal orientations (different ¢ and y
positions) was used to cover reciprocal space with massive redundancy
as a test of both the sample and the detector stability. Because of its
large horizontal opening, only one detector position was required.
Between the long scans, 6 strong reflections were monitored every 4 h
in shorter scans, and showed no significant change.

The unit cell dimensions were calculated precisely (ILL program
Rafd19) at the end of the data collection, from the centroids in 3D of
11259 strong reflections (3.2 < € < 61.3°). Raw intensity data were
corrected for vertical and horizontal positional distortions and Bragg
intensities were integrated in 3D using a new version of the program
Retreat,” modified for the new detector geometry. The Bragg
intensities were corrected for attenuation by the cylindrical aluminum
and vanadium Displex heat-shields and analytically, using Gaussian
grid, for the crystal absorption using the program D19abs (minimum
and maximum transmission coefficients 0.4643 and 0.6425).>° The
starting structural model was based on the atomic coordinates from
the neutron data refinement of (1), while the presence and positions
of D atoms bonded to the Ru center were obtained from a difference
Fourier map. Details of the crystallographic data are given in Table 2
and in the Supporting Information.

The structure was refined by full matrix least-squares, minimizing
the function [Yw(F,> — (1/k)F.>)*] and using all the independent
data. Anisotropic Displacement Parameters (ADPs) were used for all
atoms while the site occupancy factors (s.0.f.) of H and D atoms were
left to refine freely to determine the degree of deuteration in the
sample.

The average s.o.f. of the D atoms bonded to the metal is 0.89
(corresponding to 90% deuteration) while for the phosphine H atoms
it is not significantly different from 1.00 (set to 1.00 for the final
refinement). For convenience, the deuterium occupancies were set to
1.00 in the calculations of the molecular formula and weight.

At the end of the refinement a difference Fourier map revealed the
presence of a minor second conformation for the D, ligands, with the
two dideuterium ligands almost perpendicular to each other (91.3°)
and making angles of 106° and 41°, respectively, with the coordination
plane defined by atoms Rul, D1H, D2H (see Supporting Information,
Figure S35). These additional atoms were included in the final
refinement, using isotropic temperature factors and with the D—D
distance constrained to 0.82(1) A. The average occupancy factors for
the “parallel” and “perpendicular” D, ligands are about 0.8 and 0.1
respectively. Upon convergence the final Fourier difference map
showed no significant features.
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Table 2. Crystal Data and Details of the Structure
Refinement for (5) and (6')

S 6’
formula C;3oHs,DgP,Ru C;30HsoDoP,Ru
mol weight 589.84 593.86
data coll T, K 20(1) 20(1)
crystal system monoclinic monoclinic
space group (no.) P2,/n (14) P2,/n (14)
a, A 14.8292(1) 14.831(1)
b, A 9.4260(1) 9.4259(6)
¢ A 21.6700(2) 21.675(2)
B, deg 105.384(1) 105.38(1)
volume, A3 2920.51(5) 2921.5(3)
z 4 4
Pedo g M 1.333 1.322
4, mm™! 0.320 0.298
no. data collected 27791 39595
no. independ data 9339 6699
no. obs. reflct. IE 1> > 2.06(IF,) 8035 5415
no. param. refined 855 857
Ry 0.0331 0.0771
R[I>20(D]" 0.0319 0.0635
R, [I > 26(1)]* 0.0606 0.1396
GOF* 1.146 1.120

“Ripe = LIF2 — (EDI/XF.% R(F,) = YIF,| — IEN/YIE,|; Rw(E?) =
[2w(E* = F2)*) Xw(F))"% GOE = [X[w(F,* - F2)*)/(N ~
P)]l/ 2, where N, P are the number of observations and parameters,
respectively.

Neutron Data Collection and Refinement of (6') (CCDC
892259). The data collection, on a prismatic crystal with an
approximate volume of 12.2 mm?® was again carried out on the ILL
D19 diffractometer as described above. The space group P2,/n was
confirmed at 20 K. The chosen neutron wavelength was 1.3152 A
(Ge(115) monochromator). The intensities, up to 8 < 59.5°, were
measured, with typical counting times of 7 s per step. Three standard
reflections were monitored every 8 h and showed no significant
change. The unit cell dimensions were calculated (Rafd19) at the end
of the data collection, from the centroids in 3D of strong reflections
(2.8 <20 < 118.5°). Raw intensity data were processed as above. The
Bragg intensities were corrected for attenuation by the cylindrical
aluminum and vanadium Displex heat-shields (minimum and
maximum transmission coefficients 0.8979 and 0.9651). The starting
structural model was the same as used for (5). The structure was
refined by full matrix least-squares, as described above, using ADPs for
all atoms. The s.o.f. of all H/D atoms were refined without constraints.
The average s.o.f. for the D atoms bonded to the metal center is 0.91.
For the phosphine-hydrogens the s.o.f. were equal to 1.00 with the
exception of the H atoms bonded to the C3 and C3’ atoms of the
cyclopentyl rings whose average s.o.f. is 0.26. Analogous results were
obtained by refining the H/D occupancies under the constraint that
total occupancy (H + D) for each C3 and C3' site should be equal to
1.0.

These refined values correspond to a deuteration of 95% for the
deuterides and 32% for the C—H moieties. Upon convergence the final
Fourier difference map showed no significant features. Taking into
account the values for the deuteration both at the metal and in the
rings a molecular formula C3,H;oD,oP,Ru was assumed and used for
the molecular weight, density, and absorption coeflicient calculations.

For both structures, the coherent scatterin% amplitudes used were
those tabulated by Rauch and Waschkowski,”” while the calculations
were carried out using programs SHELX-97,28 \/\/INGX,29 ORTEP,29
and MERCURY.**%" Eurther crystallographic data and geometrical
parameters are given in the Supporting Information and as cif files.

Computational Details. They are given in the Supporting
Information.
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