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ABSTRACT: Combining variable-temperature infrared and

NMR spectroscopic studies with quantum-chemical calcula- “

tions (density functional theory (DFT) and natural bond o r
orbital) allowed us to address the problem of competition o~

between MH (M = transition metal) and BH hydrogens as 9 zm 167 e
proton-accepting sites in dihydrogen bond (DHB) and to

unravel the mechanism of proton transfer to complex
(PP,)RuH(#*-BH,) (1, PP, = x*-P(CH,CH,PPh,);). Inter-
action of complex 1 with CH3;0H, fluorinated alcohols of
variable acid strength [CH,FCH,OH, CF,CH,OH, (CF;),CHOH (HFIP), (CF,);COH], and CF;COOH leads to the medium-
strength DHB complexes involving BH bonds (3—5 kcal/mol), whereas DHB complexes with RuH were not observed
experimentally. The two proton-transfer pathways were considered in DFT/MO06 calculations. The first one goes via more
favorable bifurcate complexes to BH,.,,, and high activation barriers (38.2 and 28.4 kcal/mol in case of HFIP) and leads directly
to the thermodynamic product [(PP;)RuH,y(H,)]*[OR]". The second pathway starts from the less-favorable complex with RuH
ligand but shows a lower activation barrier (23.5 kcal/mol for HFIP) and eventually leads to the final product via the
isomerization of intermediate [(PP;)RuH,(H,)]*[OR]". The B—H,, bond breaking is the common key step of all pathways
investigated.
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B INTRODUCTION of these nonclassical H-bonds has been recently established to
be a general property of hydride ligands. For example, DHBs of
metal tetrahydroborates®' and main group hydrides (EH) with
proton donors (HX), that is, the EH--HX interaction, have
been found in solution®*">* and in solid state.>>*® The strength
of different DHB complexes has been determined. Thus,
anionic tetrahydroborates and tetrahydrogallates as well as
transition metal hydrides give the medium-strength DHB
adducts with different proton donors (4.0—7.6 kcal/mol),>*>?
while neutral boron hydrides, like (EtO),PBH; and Et;NBH;,
form weak DHBs (2.5—3.3 kcal/mol).** The nonclassical
proton-accepting site (BH) can successfully compete with the

and display exceptionally low barriers to the intramolecular classical ones (e, CN). The mutual influence of the two

exchange of bridging and terminal hydrogen atoms in the proton-accepting sites has been shown by some of us on both
g2 the polyhedral boron hydride ([B;,H;;SCN]*") and the

tetrahydroborate ligand. : T\ 3435
It is well recognized that both transition metal hydrides and cyanoborohydride ([BH;CN]").
Recently we reported on the experimental and theoretical

boron hydrides can form the unusual hydrogen bonds with
proton donors where the hydride ligand acts as proton study of the interaction between different proton donors and

acceptor.’* > These hydride—proton interactions, widely
referred to as dihydrogen bonds (DHBs), play an important Received: October 17, 2013
role in proton-transfer reactions.””*° Moreover, the formation Published: December 26, 2013

Coordination compounds containing the simplest hydroborate
anion BH,” as a ligand possess many valuable properties.
Tetrahydroborate complexes of transition metal ions are indeed
used as selective reducing agents,l_9 starting compounds in the
synthesis of complex and organometallic derivatives,'°
precursors for the production of borides,"" hydrides,"> and
other 1n0rgan1c materials, and 2 effective catalysts of
hydrogenatlon, 13715 jsomerization,'® oligomerization,'” poly-
merization,"®™?! etc. In addition, these complexes exhibit
unusual structural and dynamic properties, such as the ability
to form M—H—B (M = transition metal) multicenter bonds,
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the BH,” ligand coordinated to a copper (I) center in the
complex (PhyP),Cu(i>-BH,).*' The diversity of DHB com-
plexes was shown by density functional theory (DFT)
calculations, which revealed the competition between the
bridging and terminal BH groups as proton-accepting sites.
Bifurcate complexes involving both bridging and terminal
hydride hydrogen atoms become thermodynamically preferred
for strong proton donors, in agreement with the experiment.
The mechanism of the proton transfer and dimerization
intermediated by the bifurcate DHB complexes was evaluated.

Recently, ruthenium and iron hydrido tetrahydroborate
pincer complexes MH(BH,)(PNP) (PNP (2,6-bis-
(dialkylphosphinomethyl)pyridine) have been reported to
efficiently catalyze the base-free hydrogenation of organic
carbonyl compounds as well as the dehydrogenation of
alcohols."*'* NMR studies on the iron complexes have
suggested that the tetrahydroborate ligand dissociates prior to
the ketone reduction.'® Interestingly, the 'H NMR of
FeH(CO)(5'-BH,)(PNP) in CD;OH has shown the presence
of species with a weaker association of the coordinated
tetrahydroborate ligand,"® but the possible formation of DHB
was not taken into account to explain this finding. Moreover,
the mechanism of the BH,™ dissociation and generation of
catalytically active species has not been discussed yet. To better
address the problem of M—H bond activation (M = transition
metal or boron) in the presence of alcohols, we decided to
study the interaction of the complex (PP;)RuH(#'-BH,) (1)*®
(PPy = x*P(CH,CH,PPh,),, Chart 1) with proton donors.

Chart 1

According to Peruzzini et al,*® protonation of complex 1 by
strong acids yielded the cationic dihydrogen complex [(PP5)-
RuH(77*-H,)]", a nonclassical trihydride which could be also
prepared by the straightforward protonation of the correspond-
ing dihydride (PP;)RuH,.*

The aims of this paper were to study the competition
between the two proton-accepting sites (RuH and BH) and to
elucidate the role of different DHB complexes in the proton-
transfer mechanism. The interaction between complex 1 and a
variety of proton donors with different acid strength [MeOH,
fluorinated alcohols RFOH = CH,FCH,OH (MFE),
CF,CH,0H (TEE), (CF,),CHOH (HFIP), (CF,),COH
(PFTB), and CF;COOH (TFA)] was studied by variable-
temperature (VT) infrared (IR) and NMR spectroscopy in
combination with DFT/MO06 calculations.

B EXPERIMENTAL SECTION

General Considerations. The complex (PP;)RuH(5'-BH,) (1)
was synthesized according to the published procedure.®® All
manipulations were performed under a dry argon atmosphere using
standard Schlenk techniques. Dichloromethane was purified by
standard procedures using CaH, before being freshly distilled under
argon prior to use. Fluorinated alcohols were provided by P and M
(Moscow, Russia) and used without further purification. Other
reagents were obtained from Sigma Aldrich.
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Variable-Temperature IR Measurements. IR spectra were
recorded on Specord M82 and Infralum FTIR-81 (Lumex)
spectrometers in CH,Cl, solutions using 0.04—0.12 cm CaF, cells.
Low-temperature IR studies were carried out in the 190—-300 K
temperature range using a home-modified cryostat (Carl Zeiss Jena).
Cryostat modification allows transfer of the reagents (premixed at
either low or room temperature) under an inert atmosphere directly
into the cell. For measurements in the gy region, the acid
concentrations were 1072—1072 M to avoid self-association, whereas
the concentration of complex 1 was taken in 10-fold excess. For
measurements in the vpy range, the equimolar ratio or 10-fold excess
acids were used. The spectra in this region are reported after the
subtraction of the overtones of PP; ligand vibrations (vcy and ¢ of
phenyl rings).*

'H T, Relaxation Time Measurements. '"H NMR experiments
(200 MHz) were performed with a Bruker WP-200 spectrometer,
where tetramethylsilane was used as an internal standard. The spin—
lattice relaxation time measurements were carried out by the standard
inversion—recovery method. Radio frequency pulses were carefully
calibrated at different temperatures. The exponential inversion—
recovery curves were treated with standard software of the
spectrometer to show errors of <10% in the T, calculations. The
proton—hydride interactions were investigated in cold (190 K)
CD,(l, solutions in 5 mm NMR tubes, and all the NMR experiments
were run starting at low temperature with the precooled NMR probe
head.

Computational Details. Full geometry optimizations were carried
out with the Gaussian09* packa§e using density functional theory
(DFT) with the M06 functional.” A simplified model system was
exploited for the simulation of the proton-transfer reaction, where the
phenyl substituents on PP; were replaced with methyl groups, to
achieve a shorter computational time. Effective core potentials (ECPs)
and their associated SDD basis set supported with f-function
polarization were used to represent the innermost electrons of the
ruthenium atom.*”** The basis sets used were 6-311G(d) for the
phosphorus atoms,* 6-311++G(d,p) for the BH,” fragment,
ruthenium bound hydrogen, and the alcohol OH group.45’46 The 6-
31G basis set™ was used for all other atoms. Frequency calculations
were performed for all optimized complexes in the gas phase, and the
vibrational frequencies are reported without the use of scaling factors.
The nature of all the stationary points on the potential energy surfaces
was confirmed by a vibrational analysis.”’” Transition state (TS)
structures showed only one negative eigenvalue in their diagonalized
force constant matrices, and their associated eigenvectors were
confirmed to correspond to the motion along the reaction coordinate.
Intrinsic reaction coordinate (IRC)** calculations were carried out in
both directions starting from the located transition states to prove
connection between reactants and products.

Natural atomic charges and Wiberg bond indices*” (WBIs) were
calculated using the natural-bond orbital (NBO) analysis® imple-
mented in Gaussian09. Topological analysis of the electron-density
distribution function p(r) was performed using the AIMALL®
program package based on the wave function obtained by the M06
calculations. The energies of H---H interactions were calculated using
the correlation between the binding energy (Ey..;;) and the value of
the density-functional potential energy V(r) in the corresponding
critical point (3, —1): Ey.y = 0.5 X V(r).>*> Hydrogen bond
ellipticity .. was defined as € = (4,/4, — 1), where 4, and 4, are the
negative eigenvalues of the Hessian of the electron density at the bond
critical point ordered such that 4, < 1, < 0.547%¢

B RESULTS AND DISCUSSION

IR Study of DHB Formation with Alcohols. Upon room-
temperature addition of an excess of complex (PP;)RuH(n'-
BH,) (1) to the RFOH solution in CH,Cl, (RFOH
FCH,CH,0H (MFE), CF,CH,0H (TFE), (CF,),CHOH
(HFIP)), the IR spectra in the voy region show new low-
frequency shifted broad bands of 123", evidencing the H-bond
formation (Figure 1).
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Figure 1. IR spectra in the vy region of alcohols: (a) TFE (0.030 M):
complex 1 (0.060 M), blue line; (b) MFE (0.020 M): complex 1
(0.051 M), red line; (c) HFIP (0.020 M): complex 1 (0.051 M), green
line. CH,Cl,, 298 K, I = 1.2 mm.

bond
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The frequency shift (Avgy = V3" — v&y) increases with the
increase of the proton-donating ablhty (P)*° of RFOH as in all
hydrogen-bonded systems (see Table 1). The frequency shift
values are typical of hydrogen bonding; from these figures it is
possible to determine the formation enthalpies and the basicity
factors E, see below.

Table 1. Spectroscopic Characteristics of DHB Complexes
between 1 and OH Acids

OH P, vEe em™ U em™! Avgy, cm™! —AHg,, keal/mol
MFE 0.78 3612 3467 —14S§ 3.0
TFE 0.89 3602 3400 —202 39
3604 3392 —-212 4.1
HFIP 1.0 3584 3300 —284 S.1

However, for hydrides possessing two competing sites
(nonclassical and classical), the two 2%5¢ bands assigned to
DHB (OH--HB) and to classical hydrogen bond (OH--NCS
or OH-NC) can overlap.'> The observation of only one
bonded band for complex 1-RFOH (Figure 1) does not allow us
to say whether it belongs to one of the two possible DHBs
(BH:-HO or RuH---HO) or to both. To solve this problem the
IR spectra in the range of the ligand stretching vibrations (vg.y
and vpy;) were studied, analyzing the changes caused by RFOH
addition, as reported in our previously published work.>* The
following rule for the H-bonding site determination was used:*’
the band of the proton-accepting group shifts to lower
frequency (negative Av), while all other bands shift to higher
frequencies (positive Av), where Ay = 1Pond — pfree,

The IR spectra of free hydride 1 (Figure 2) exhibit broad
bands due to the terminal BH groups vibrations (vgy_) at

2362 and 2292 cm™ (CH,CL,). Two other bands, at 2046 and
In the presence of HFIP

in the 200—230 K temperature range, the low-frequency shifts
of vy, (Avgy, by —8 cm™ and vy * by —17 em™) and
the high-frequency shifts of the vgy_band (by +17 cm™) and

the g,y band (by +6 cm™") were revealed (Figures 1 and 6).
These wavenumber variations prove the formation of the DHB
with the terminal BH group as the proton-accepting site (eq 1).
Therefore, both RuH and bridging BH hydride ligands remain
nonbonded. A similar spectroscopic behavior was observed for
complex 1 in the presence of TFE and PFTB.

1902 cm™", belong to Uy, and Vpari?
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Figure 2. IR spectra in the vy region: complex 1 (0.021 M, black
dash-dot line); complex 1 (0.06 M) in the presence of HFIP (0.03 M,
red solid line), CH,Cl,, I = 0.12 mm at 200 K. Bands deconvolution is
shown by thin colored lines.

(PR)RuH(5'-BH,) + ROH
< (PPR)RuH(7'-BH;H)-~-HOR (1)

DHB Strength. The hydrogen bond formation enthalpy
(—AH®, Table 1) was determined by using the Iogansen’s

empirical correlation (eq 2).>"~%
AN = 8B
720 + Avygy @

The basicity factor (eq 3)*”***° characterizes the proton-
accepting ability in hydrogen bond independent of proton
donor and solvent.

_ AH
' AHP

©)

The value of the basicity factor determined for complex 1, E;
= 0.98 + 0.04, is less than that of the tetrahydroborate anion (E

=1.25).%" This can be explained by the decrease of the electron
density on the hydride ligands due to the coordination of BH,~
to the ruthenium center. Nonetheless, the proton-accepting
ability of the coordinated BH,™ is higher than that of the
neutral boron trihydrides and polyhedral anionic bor-
anes, 32346263

NMR Study of Interaction with Alcohols. The hydride
region of the '"H NMR spectrum of complex 1 (0.031 M)
shows the RuH resonance (doublet of triplets) at —8.993 ppm
in CD,Cl, at 220 K. The BH,~ group of the same complex
exhibits a very broadened line (—1.53 ppm) due to an exchange
between the terminal and bridging BH atoms.® This exchange
is stopped on the NMR time scale at 190 K: the unique
bridging BH resonance (—10.33 ppm) is well observed in the
spectrum, while the other three terminal BH atoms give a very
broadened line at 1.35 ppm. The RuH chemical shift of
complex 1 is essentially independent from the temperature in
the 190—240 K range (—8.986 and —8.993 ppm, respectively).
T, relaxation measurements gave for complex 1 the
T, min(RuH) value of 0.178 s (200 K, 200 MHz). Unfortu-
nately, it was difficult to characterize accurately the T,(BH)
temperature dependence for the BH,™ resonance because it is
strongly broadened due to the above-mentioned exchange.
Nevertheless the averaged BH,” resonance of complex 1
showed a T, time of 0.21 and 0.13 s at 220 and 200 K,
respectively. In addition, the bridging BH resonance of complex
1 appearing in the spectrum at 190 K (see above) exhibits the
T, time of 0.16 s. As mentioned above, the minimum of T, for
the RuH line is reached at 200 K. Hence the value of 0.13 s

dx.doi.org/10.1021/ic4026206 | Inorg. Chem. 2014, 53, 1080—1090
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Figure 3. Molecular electrostatic potential of complex 2 as isosurface at 0.0833 au. Extremes of electrostatic potential V,;, indicated by red dots. H-

atoms of PP;-ligand are omitted for clarity.

Figure 4. Molecular graphs of DHB complex 2-TFE_IIlac. Methyl
groups of the phosphorus ligand are omitted for clarity. Color coding:
red spheres—(3; —1) critical points, yellow spheres—(3; +1) critical
points.

(200 K) could be taken as a rough estimation of the T, ,;,(BH)
time.

The low-temperature addition (200 K) of a 3-fold excess of
HFIP to complex 1 causes spectral changes only in the BH,~
region. Thus, the resonance of the BH bridge observed at 190
K disappears, and a broadened line appears at —1.6 ppm. This
resonance, integrating to 4 protons, is assigned to the BH,~
group undergoing the bridge-terminal exchange, which is faster
than it is in the initial complex 1. A mechanism accounting for
the acceleration of the dynamic process in the presence of the
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Figure 5. Calculated IR spectra of complex 2 and the DHB complexes
2-HFIP (Ia, ITa, IIb, IIab).

proton donor remains unclear, but the observed effect provides
the correct T, measurements for the RuH and BH,™ signals
between 240 and 190 K. We have found that the T, time of
both signals passes through a minimum at 210 K: T ;,(RuH)
=0.166 s and T; ,;,(BH) = 0.10 s. Thus, the presence of HFIP
leads to the increase of the temperature of the T .,
observation by ca. 10 degrees because of an increase of the
inertia moment of complex 1. This fact clearly supports the
formation of an intermolecular adduct between complex 1 and
the alcohol. However, in the presence of HFIP, the chemical
shift of the Ru hydride resonance does not practically change [§
—8.933 (A = +0.06) and —8.901 (AS = +0.08) ppm at 240

dx.doi.org/10.1021/ic4026206 | Inorg. Chem. 2014, 53, 1080—1090
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Figure 6. IR spectra in the vy region: complex 1 (0.020 M, black
line) at 200 K; complex 1 (0.025 M) + 2 equiv of HFIP (0.056 M) at
200 K (maroon line), 250 K (green line), and 290 K (orange line);
[(PP3)RuH o (77*-H,)]*[BF,]~ (red line)*® obtained in situ by the
reaction between (PP;)RuH, and 1 equiv of HBF, (0.023 M).
CH,Cl,, I = 1.2 mm. Shaded area denotes the region masked by the
CH,Cl, absorption.

and 190 K, respectively]. Also the T, .. value of the RuH
resonance does not significantly change in the presence of
HFIP. Actually, the change in T ., from 178 to 166 ms is
widely within the limits of T experimental error (7%). Hence,
the Ru hydride ligand is not involved in the DHB, in full
agreement with the IR results.

In contrast, the decrease of the BH relaxation time on going
from complex 1 (T, ;,,(BH) = 0.13 s) to the H-bonded
complex with HFIP (T, ,,,(BH)®™® = 0.10 s) may be likely
ascribed to the additional hydride—proton dipole—dipole
interactions. This is also in agreement with the IR data,

showing that complex 1 forms with the proton donors BH:-
HO adducts where the terminal H,,,,(B) atom acts as the
proton acceptor.

Assuming that the equilibrium shown in eq 1 is completely
shifted to the H-bonded adduct at low temperature and taking
into account the fast exchange of BH,” hydrogens, we may
calculate by eq 4 the value of TS, (BH--HO) = 0.06 s, for
one of the four borohydride ligands H-bonded to the alcohol.

1 3 1 1 1

Toin(BH)RRs 4 T, (BED™ 4 T3 (BH-HO)
(4)

The hydride—proton distance rgy 35y may be therefore
estimated via eq 5* to be 1.7 A, which is remarkably less
than 2.4 A and is comparable to the H---H lengths found for
other DHB complexes.***!3%6566

~1/6
1 1 -1/6

Timu(BH-HO) Ty, (BH)™ (s)

1min

Thus, a combination of VT IR and NMR spectral studies
allowed us to observe DHB complexes (BH,,, --HOR) with
different proton donors and to determine the thermodynamic
and metrical (H---H distance) parameters of those complexes.

Theoretical Investigations of DHB Complexes. To get a
deeper insight into the electronic structures and properties
(electron density distribution, frequencies of BH stretching
vibrations and interaction energies) of DHB complexes,
theoretical calculations were run for adducts of proton donors

Scheme 1. Coordination Modes [Mono- (I), Bi- (I), and Tridentate (III)] in DHB Complexes”
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“The contact lengths (A) and corresponding OH-+-H angles (in degrees) are indicated as H,~H (blue bold), Hy,H (regular), Hy---H (italic),

H,,-H (bold) for the optimized 2-HFIP adducts.
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of different strength (MeOH, TFE, HFIP) with the model
complex (k*-P(CH,CH,PMe,);)RuH(»'-BH,) (2) in which
the six phenyl groups in the PP; ligand are replaced by methyl
groups (Supporting Information, Figure S1). This substitution
does not have meaningful effect on the initial hydride geometry,
as the optimized structures of complexes 1 and 2 do not differ
by more than 0.07 A for Ru—P bond distances and 0.02 A for
both the Ru—H and B—H bond distances. The variety of DHB
complexes formed by proton donors with complexes 1 and 2 is
found to be the same, producing similar geometry, which
validates the use of complex 2 as a model. (For example, for the
Ilac_TFE complex, the length of the primary H---H contact
(see below) increases by 0.04 A when passing from complex 2
to complex 1, while secondary contacts differ by less than 0.1
A)

Structural Analysis. Unlike the metal 7*-tetrahydroborate
complexes, where the BH, group is a distorted tetrahedron of
C, local symmetry,”**" in complexes 1 and 2 the BH,
substituent adopts a distorted trigonal pyramidal geometry.
Consequently, the DHBs with the proton donors (Scheme 1,
Supporting Information, Figure S2) are formed not only at its
vertexes (monodentate complexes, Ia) or edges (bifurcate
complexes, ITa and IIb), but they may also involve a triangular
face (complex IIlab) [trifurcate complexes which were not
found in the previously studied case of (Ph,P),Cu(#*-BH,)].>"
Three other types of DHB adducts are represented by the
complexes with the additional interaction to RuH (complexes
Ic, IlIc, and IIlac, Scheme 1, Supporting Information, Figure
S2). Thus, all the hydride centers (RuH, BH,,,,, and BHy,) can
be involved in DHB formation; a higher number of potential
coordination centers leads to an increased variety of DHB
complexes formed by complex (PP;)RuH(;'-BH,) if compared
with complex (PhsP),Cu(7>-BH,).

Monodentate DHB complexes (Ia and Ic) feature a short
BH--HO contact between 1.525 and 1.748 A, with a nearly
linear arrangement of the O—H-H unit (162—177°%
Supporting Information, Table S1) for all the three alcohols.
These distances are in good agreement with r(y...,y determined
from T ., (1.7 A) and fall in the typical range of DHBs
involving boron hydrides.*"**3*¢"%® Almost similar lengths are
found in DHB complexes of BH,” with the same proton
donors (1.553—1.654 A).°* The H--H distance in all cases
shortens with the increase of the proton donor strength.

Bifurcate DHB complexes (Ila, IIb, and Ilc) feature two H:-
HO contacts—primary and secondary.>" The primary (short-
est) contact is longer than in monodentate complexes (1.718—
1.974 A; Supporting Information, Table S1). The secondary
interactions feature significantly longer H---H distances of
2.026—2.237 A. The angles are far from 180° in all cases, and
their values decrease from primary to secondary contacts and
from complexes IIa—IIb to complex IIc (Supporting
Information, Figure S2 and Table S1). Formation of one
more contact (to BHy, or RuH) transforms complex Ila into
complexes IIIab and ITTac—the trifurcate DHB complexes.

Upon DHB formation the O—H bonds of proton donors
elongate by 0.011-0.018 A for all DHB complexes except
complex Ic, where O—H bonds are significantly longer (Arqy =
0.021—0.038 A; Supporting Information, Table S2). The B—
Hierr, bonds participating in the interaction elongate by 0.002—
0.012 A. Both Ru—Hj,, and B—Hy, show a nonspecific response
to the DHB formation (Supporting Information, Table S2) that
prevents their use for the effective assignment of spectral data.
The potential energy surface for the (PP;)RuH(BH,)-HOR
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adducts is rather flat, and their energies vary in a quite narrow
range of a few kcal/mol (vide infra), forcing us to consider
several factors to find the best fit to the experiment.

Electron-Density Analysis. Mapping the molecular electro-
static potential of complex 2 reveals an electron density area
located on the BH,” fragment, with two minima at V_,
—50.8 and —53.5 kcal/mol (Figure 3). This result corresponds
to the substantial involvement of BH,, ligands in the
interaction with proton donors, already evident from the
structural parameters.

The electron density redistribution, which occurs upon DHB
formation, was analyzed using different approaches, namely,
natural population analysis (NPA),>° WBIs,* and Bader’s
theory “atoms in molecules” (AIM).>*™>® As expected, the
charge on the HOR proton becomes more positive, whereas
that on the interacting hydridic hydrogen(s) becomes more
negative (Supporting Information, Table S3).

Within the framework of the AIM theory, a hydrogen bond is
characterized by the presence of the (3; —1) critical point that
allows one to distinguish it from other types of interaction.’’”
Despite the presence of several short intermolecular OH:--HB
contacts in most of the 2-HOR adducts, the (3; —1) critical
point (Supporting Information, Figures S3—S5) was found only
for the closest contact with the most linear O—H:-H(B)
arrangement. The presence of additional interactions causes
deviation of the hydrogen bond geometry from linearity, which
is reflected in the values of the H--H bond ellipticity
(Supporting Information, Table $4).

In the trifurcate complexes IIlac, where two hydride ligands
of different nature (RuH and BH,.,,,) participate in the binding
to the alcohol, two critical points were found corresponding to
the RuH---H(O) and BH,,,,,-~H(O) DHBs (Figure 4). The (3;
+1) critical point of the six-membered (O)H---H—B—H—Ru—
H---H(O) cycle confirms the formation of a double dihydrogen
bonded structure.

In complexes Ilc, where RuH and BH,, ligands are involved
in the bonding, two (3; —1) critical points were found only in
the case of TFE (Supporting Information, Figure S4). In
addition, the (3; +1) critical point of four-membered cycle
(O)H-+-H—Ru—H---H(O) is found close to the (3; —1) critical
point of the O—H--Hy,(B) bond. This indicates the structural
instability and increased probability of opening the cycle as
indeed happens in case of complexes Ilc with MeOH and HFIP
(see Supporting Information, Figure S4).

The strength of the primary H---H interaction increases for
stronger proton donors, as can be seen from the values of the
electron density at the (3, —1) bond critical point of the H---H
contact (p.). The p. values range from 0.010 to 0.033 au, being
in the range typical for hydrogen bonds (0.004—0.178 au)
(Supporting Information, Table $4).%®

The electron density shift that takes place during the DHB
formation was analyzed using the relative contribution of the
oy and oy to 6%y donation energy estimated from 2nd-
order perturbative analysis of donor—acceptor interactions as
implemented in NBO.*** Typically, the hydrogen bond entails
the transfer of electron density from the HOMO orbital of the
base to an empty 6*y_y orbital of the acid. In all the complexes
analyzed herein, the main 6y,,,—06*oy-donation corresponds to
the shortest H--H contact; the impact of the secondary
interactions vary from 9 to 37% of the total donation energy
from base to acid (Supporting Information, Table SS). Notably,
the donation from the d-pairs of ruthenium does not exceed 1

dx.doi.org/10.1021/ic4026206 | Inorg. Chem. 2014, 53, 1080—1090



Inorganic Chemistry

kcal/mol in all complexes, evidencing the absence of proton
donor interaction with the metal atom.*>*

Frequency Analysis. All four of the BH stretching vibrations
in complex (PP;)RuH(;'-BH,) are IR-active. Three stretching
vibrations of the terminal BH bonds (two vpy_* and one
gy, ) were calculated for complex 2 at 2460, 2452, and 2414
cm™, respectively; the stretching vibration of the bridging BH
bond (vgyy,) was found at 1895 cm™, and the RuH stretching
vibration (Vg,y) at 1830 cm™. The frequency analysis for the
real molecule 1 gives two vpy _* and one vy © at 2494, 2468,

erm

and 2414 cm™ and Upy, and v,y at 2080 and 1932 cm™

(Supporting Information, Table S6). Computed frequencies of
the real compound 1 are only slightly higher than the
experimental ones, providing a satisfactory description of the
vibrational spectra. The difference between vy in complexes

1 and 2 is only 34 cm™, while for vy, and g,y it raises to 185
cm™". Nevertheless, the bands relative positions do not change
when passing from complex 1 to complex 2, keeping vpy,

always at higher frequencies than the vy, The two high-
frequency vy * vibrations coalesce to one band in both

CD,Cl, solution and nujol mull; the same behavior could be
observed with the simulated spectra when line-broadening is
applied (Supporting Information, Figure S6). The frequency
difference between the center of the vy * doublet and gy °

is similar in both the real compound and the calculated model
(70 cm™ (experiment), 67 cm™" (for complex 1) and 42 cm™
(for complex 2)).

The most significant changes in the IR spectra of
dihydrogen-bonded complexes of boron hydrides are observed
in the voy and vy regions.” The frequency analysis of DHB
adducts (Supporting Information, Tables S7—S9 and Figures
S7—S9) shows that only the complexes with a predominant
interaction through their BH,., proton (Ia, IIa, IIb, and IIIab)

conform to the experimental observations for vy frequencies.
as

term

These complexes give a low-frequency shift of Ve (Usn
and vgy_° from —63 to —7 cm™'), a high-frequency shift of
vpy, " from 3 to S5 cm™, and a high-frequency shift of Upg,

and Vg of 70—136 cm™ and 2—36 cm™, respectively. (For an
example with HFIP see Figure S.) Note, complexes Ia and Ila
should provide a high-frequency vg.y shift that was not
observed experimentally, so complexes IIb and IIlab give the
best fit with the experiment.

Interaction Energies. The formation energies determined as
the energy difference between the adduct and the isolated
reactants as well as the energies of DHB derived from AIM
(Bt = 0.5 X V(r)) are gathered in Table 2 (example of
complex 2 interacting with HFIP). The data for other alcohols

Table 2. Formation Energy for DHB Complexes of 2-HFIP
(kcal/mol) and Energy H-+H Bond Critical Point (Ey..;;)

complex AE AE;pve  AEgses  AEpem Ey.u
Ia_HFIP —24.3 —-21.8 -16.7 —-14.5 —-4.0
Ic_HFIP —-19.6 —18.5 —12.4 —-11.1 —6.1
IIa_HFIP —-23.5 —22.2 -17.3 —16.4 —4.4
IIb_HFIP —25.4 —=23.1 -19.3 -16.4 —4.9
IIc_HFIP —24.9 —-22.9 —184 —15.1 =29
IIIab_HFIP —24.7 —22.7 —-19.2 -16.2 —4.9
IIlac_HFIP -21.5 -19.3 —15.8 —14.3 —-3.2/-2.0
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are summarized in the Supporting Information (Table S10).
When basis set superposition error (BSSE) correction was
taken into account, a significant lowering of the complexation
energy (up to 36%) was observed, especially for HFIP. The
inclusion of nonspecific solvent effects (CH,Cl,) lowers the
complex formation energy by ca. 35%, but this does not change
the relative stability of the complexes (AEpc,; Supporting
Information, Table S10).

Among the DHB complexes modeled through these
quantum-chemical calculations, those with predominant
coordination of the proton donor to BH,, ligand are the
most energetically favorable. This finding confirms the
conclusion made on the basis of frequency calculations: the
complexes IIb or IIlab should be the forms found
experimentally. However, the formation energies of complexes
Ma and IIc differ by just few tenths of kcal/mol (Table 2), and
their formation could not be excluded on this basis. However, it
can be excluded on the basis of the frequency analysis (vide
supra).

Reaction Mechanism. Experimental Study. As mentioned
in the Introduction, the protonation of complex (PP;)RuH(7'-
BH,) (1) by sulfuric acid in tetrahydrofuran (THF) leads to the
1*-H, complex, where dihydrogen occupies the axial position
trans to the apical phosphorus atom of PP; ligand. The
hydrido(17>-H,) complex was isolated as the BPh, salt, and the
X-ray structure was determined.*® So, we could assume that
protonation by weaker acids such as alcohols also yields the
cationic hydrido(dihydrogen) complex [(PP3)RuHeq(172—
HZ)]+[BH(3—n)(OR)n]_ (eq 6)

(PB)RuH(5'-BH,) + nHOR

— [(PR)RuH, (7*-H,)]*[BH;_,)(OR),]™ + nH,
(6)
Interestingly, the proton transfer from fluorinated alcohols to
the parent dihydride (PP;)RuH,, as has been shown in our
previous study, leads to the same cationic dihydrogen complex
[(I’P3)RuHeq(772—H2)]+ via DHB complexes to H,.>

Protonation of complex 1 by TFA and fluorinated alcohols
(TFE, HFIP, PFTB) was studied experimentally in the same
low polar solvent (CH,CL,). In the case of TFA, the reaction
proceeds in 20—30 min even at low temperature (200 K)
(Supporting Information, Figure S10), but in the case of
alcohols it is observed only above 250 K. The IR spectral
pattern dramatically changes upon gradual warming from 250 K
to 290 K (Figure 6): high-frequency shifts of vy significantly
increase to 10—19 cm ™, whereas low-frequency shifts of vpy__

are found for both vpy_* (4—8) cm™ and vpy_° (16—24)

cm™' (Supporting Information, Tables S11 and S12). At 250 K,
the vpy,_band decreases in intensity about 2 times and shifts to

lower frequencies (by S—17 cm™"), suggesting that the B—Hj,
unit becomes the proton-accepting site and that its amount
decreases due to the rupture of this bond. At room temperature
this band almost disappears. Decrease in the intensity of vy

is significantly less pronounced. The proton transfer leads to
formation of [(PP;)RuH,,(17>-H,)]" cation as confirmed by the
appearance of a new band at 1930 cm™' assigned to gy
vibration in this cation (Figure 6 and Supporting Information,
Figure SlO).39

Thus, we can postulate that the proton transfer occurs via the
acid-mediated dissociation of the B—Hy, bond. The proton-
transfer reaction proceeds slowly at low temperature and
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MeOH TS1

MeOH TS2

W

Figure 7. DFT/MO06-optimized structure of complexes INT1, TS1, and TS2 for the reaction of complex 2 with MeOH. Methyl groups and ethylene

bridges of the phosphorus ligand are omitted for clarity.

accelerates on warming to room temperature. The protonated
[(PP3)RuHeq(n2—H2)]+ species forms with all proton donors.

DFT Study of Proton Transfer to BH Ligands. In quantum-
chemical calculations, two possible pathways for proton transfer
were considered: to the B—H and Ru—H sites (the energy
values on the profiles reported on the Figures 8 and 10 are
given for the gas-phase-optimized geometries). The first
pathway is in good agreement with the experimental data, in
which the evidence of the DHB complex with BH,,,,, site was
found. In the case of weak acids (MeOH, TFE) the bifurcate
dihydrogen-bonded complex is the first reaction intermediate
(Ila_TFE or IIb_MeOH). The proton transfer is preceded by
the B—H,, bond dissociation, yielding complex INT1 (Figure
7). The calculated activation barrier of this stage is 27.5 and
28.2 kcal/mol for MeOH and TFE, respectively (complex TS1,
Figure 7). From the literature data it is known that this bond is
labile and readily dissociates under low vacuum or in the
presence of rather weak bases.®® The oxygen atom of weak
proton donors is sufficiently basic to afford BH; stabilization
through B—O coordination (Figure 7, right). Yet another
benefit from the formation of the RO(H)---BH, adduct is the
increase of the alcohol strength due to the electron-with-
drawing effect of the BH; group. The proton transfer from the
RO(H)---BH; moiety to the former RuHy, ligand proceeds via
complex TS2 (Figure 7) with very low barriers (6.0 kcal/mol
for MeOH and 0.7 kcal/mol for TFE). The reaction product is
the [(PP;)RuH,,(17>-H,)]*[BH;OR] " ion pair, in which the #*-
H, ligand occupies the axial position trans to the apical
phosphorus atom of PP; matching the structure shown
experimentally.>®*” For such a pathway, the energies of all
intermediates and transition states are lower for TFE than they
are for MeOH (Figure 8). Also, the energies of the proton-
transfer products are below those of the reactants but above
those of the DHB intermediate. This suggests that the MeOH
and TFE reactions would not proceed past the DHB complex;
however, the irreversible [H;BOR]™ formation could pull the
proton-transfer reaction.
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0
Reagents

TS2
6 SN
[(PPy)RuH, (H,)]*[BH;OR]"
ETRIN
'\—17.6
[(PP;)RuH,(H,)]*[BH;OR]

eq

=259
[(PP3)RuH,,(H,)]*'[BH;OR]

DHB

Figure 8. Energy profile (AE, in kcal/mol) for the reaction of complex
2 with ROH with the interaction on BH site (MeOH—blue dashed
line, TFE—red dash-dot line, HFIP—black and green solid lines).

As mentioned above, switching from MeOH to TFE leads to
practically negligible barriers for the second step (AE*, = Erg,
— Einry = 0.7 keal/mol). Further increase of the acid strength
leads to the concerted proton transfer in one step (see Figure 8
for HFIP; Supporting Information Figure S14 for CF;OH,
Figure S1S5 for CF;COOH). The active intermediate in this
case is the DHB complex of type IIb, and the transition state
shows the insertion of the proton donor into the B—H,, bond.
Two concerted mechanisms were calculated. In the first one,
the transition state TS15ss connects complexes ITa and IIb with
the [(PP;)RuH, (7*-H,)]"[BH;0R]™ ion pair and is charac-
terized by the predominant contribution of B—H;, bond
dissociation to the TS geometry, so we name it “dissociation
pathway” (Figure 9 left). Another transition state, TSIy,
connects complexes IIb with the same [(PP3)RuHeq(n2—
H,)]*[BH;0R]" ion pair, but its main feature is the occurrence
of the O—H bond dissociation accompanied by the H—H
ligand formation (“proton-transfer pathway,” Figure 9 right).
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P HFIP_TS1,, s
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161.94
0.871
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2423

> "D

HFIP_TS1,,PT

Figure 9. DFT/MO06-optimized structures of complexes TS15s and TS15j; for the reaction of complex 2 with HFIP. Methyl groups and ethylene
bridges of the phosphorus ligand as well as the substituents at the & carbon of the alcohol are omitted for clarity.

Complexes of type IIIab can be regarded as a sort of overlap
between complexes IIa and IIb; thus, they can be taken as
starting point for both dissociation and proton-transfer
pathways, especially for the strongest proton donors, which
are prone to multiple interactions. Nevertheless, none of our
IRC calculations revealed a connection of IIlab complexes to
transition states TS1&% and TS155.

For all proton donors, the dissociation pathway (via comlpex
TS18%) is more favorable, but the difference (AAE*) in
activation energy of the two concerted mechanisms decreases
from 9.7 to 3.8 kcal/mol when increasing the acidity of the
proton donor from HFIP to TFA (Table 3).

Table 3. The Activation Energy (AE* = Epg — Epyp, keal/

mol) for Different Pathways of the Reaction of Complex 2
with Strong Proton Donors (HFIP, Trifluoromethanol, and
TFA)

HFIP TEM TEA
TS1ds 284 19.8 17.4
TS1hj 382 25.0 212
TSl 11.8 2.1 32

DFT Study of Proton Transfer to RuH,, Site. The active
intermediate of the proton transfer to the Ru—H,, site (Figure
10) is a monodentate DHB complex of type Ic, which is
energetically less favorable than complexes IIa and IIb. Despite
the rather short Ru—H---H—O contacts, in complexes IIc and

TS2*
AE*=12.8 3.9

—-18.7

-19.6 .
[(PP)RuH,(H,)|"[BHOR]

DHB

—-25.9
[(PP;)RuH,(H,)]'[BH;OR]

Figure 10. Energy profile for the reaction of complex 2 with HFIP
with interaction at RuH site (AE in kcal/mol).

IIlac no proton transfer to the RuH site occurs, probably
because of an unsuitable OH group orientation.

The activation barrier of proton transfer to the RuH, site is
significantly lower (Ers; — Eppp(ie) = 11.8 keal/mol for HFIP)
than those associated with the transition states TS1h5 and
TS15s (382 and 28.5 kcal/mol, respectively). This value is
comparable to that obtained for the protonation of (PP;)RuH,
(the activation barrier AE* for proton transfer from HFIP to
RuH,, site equals 10.2 kcal/mol, Supporting Information,
Figure S18). The ion pair [(PP;)Ru(n'-HBH,)(7*-H,)]*[OR]~
(INT2) formed after proton transfer to the RuH,, site in
complex 2 has an 7>-H, ligand at the equatorial position, and
dissociation of B—H,, bond is still required (Supporting
Information, Figure S16).

One could suggest that dissociation of the B—Hj, bond
proceeds in a similar manner as in the case of the above-
described dissociative concerted mechanism. To model the B—
Hy, bond breaking in the [(PP;)Ru(n'-HBH,)(7*-H,)]*[OR]"
ion pair, the external THF molecule was used as a base
(Supporting Information, Figure S17). This gave complex
TS2* 12.8 kcal/mol above complex INT2-THF (Figure 9).
The relocation of the BH; fragment from the external base to
the HFIP anion proceeds as low-barrier dissociation—
association and results in the ion pair [(PP;)RuH, (17>
H,)]*[BH;0R]~ (Supporting Information, Figure S15),
which still has #°-H, ligand in the equatorial position. Its
isomerization to the thermodynamically stable product [(PP;)-
RuHeq(nz-Hz)]+[BH30R:|_ occurs rather easily via movement
of the [BH;OR] ™ anion and hydride exchange (complexes TS3,
TS4) between the classical and nonclassic hydride sites. The
latter scrambling is well documented for MH(7*-H,)
complexes.”*~"* The calculated activation barrier of the hydride
exchange is —11.0 kcal/mol, which is close to the value of
AGiexpz 12.1 + 0.3 kcal/mol obtained experimentally for the
[(PP;)RuH,]" cation.*®

The key step for this pathway is proton transfer to the RuH,,
site followed by the B—H,,, bond dissociation. The formation of
complex INT2 virtually assists the climbing to the highest
transition state of the process. The effective activation barrier of
the proton transfer to the RuH site could be estimated as the
difference between the energy at the highest point (complex
TS2*) and the energy of the DHB intermediate. This value
(23.5 keal/mol) is only slightly lower (by ca. S kcal/mol) than
that for the concerted proton transfer from HFIP via complex
TS1is,
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Thus, although this pathway starts from the less favorable
DHB complex with RuH ligand and leads to a product which
needs further isomerization, it features lower activation barriers
that make this mechanism feasible. Interconversion between
the DHB complexes of different types should be easy as well,
since their energies vary within 2 kcal/mol in most cases (Table
2 and Supporting Information, Table S10). For strong acids
(like TFA) almost barrierless proton transfer to RuH could be
envisaged as the operative pathway. The B—H,, bond breaking
appears to be the common key step of all pathways studied.

B CONCLUSION

With its five different hydride ligands, the complex (PP;)RuH-
(7'-BH,) may form various types of DHB complexes. The most
stable of them features an interaction of the proton donor with
the terminal BH ligands, as proved by low-temperature (200—
230 K) IR and NMR experiments. The proton transfer
proceeds slowly at low temperature and speeds up upon
warming to ambient temperature. DFT/MO06 quantum-
chemical calculations show that DHB complexes are active
intermediates of the proton-transfer reaction: bifurcate DHB
complexes ITa and IIb precede the protonation of the BH site
and the Ic-protonation of the RuH site. Proton transfer via
DHB with BH,,,, ligands starts from the most stable complexes
and leads to the thermodynamic reaction product, but rather
high barriers were found for all the alcohols considered in this
study (27—-30 kcal/mol for MeOH, TFE, HFIP). DFT
calculations show that the protonation at the RuH site is
kinetically preferable (the barrier found for HFIP is ca. 23 kcal/
mol), even if it starts from a higher-energy intermediate and
results in a protonation product which has to undergo further
isomerization to give the final product [(PP;)-
RuH,,(H,)]"[BH;0R]". Both pathways are feasible, since the
interconversion between the DHB complexes of different types
should be easy, especially at ambient temperature. The B—H,,
bond breaking appears to be the common key step of all
pathways studied. These data provide an alternative pathway
for the activation of hydrido-borohydride precatalysts in protic
solvents,"*'>7*7> which generates catalytically active M(1>-H,)
species and OR-base (instead of M(ROH) or M(OR)
complexes) as the result of proton transfer and B—H,,—M
bond breaking. Further studies are in progress in our
laboratories to elucidate the influence of different factors
(e.g, nature of both metal and ligand) on this reaction
mechanism.
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