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Abstract: The interaction between (PNP)PdH (1); PNP = bis(2-diisopropylphosphino-4-methylphenyl)amide
and different acids (CF3SO3H, HBF,-Et,O, fluorinated alcohols and formic acid) was studied in
benzene or toluene as well as in neat alcohols by IR and NMR spectroscopies. The structures of
hydrogen-bonded complexes were also optimized at the DFT/wB97-XD/def2-TZVP level. The nitro-
gen atom of the amidophosphine pincer ligand readily accepts proton not only from strong Brensted
acids but from relatively weak fluorinated alcohols That suggests that binding to palladium(II)
increases the diarylamine basicity, making it a strong base. Nevertheless, H* can be taken from
[(PN(H)P)PAH]* (2) by pyridine or hexamethylphosphoramide (HMPA). These observations confirm
the need for a shuttle base to form [(PN(H)P)PdH]* (2) as the result of the heterolytic splitting of Hp
by [(PNP)Pd]*. At that, a stoichiometric amount of formic acid protonates a hydride ligand yielding
an unstable n2-H, complex that rapidly converts into formate (PNP)Pd(OCHO), which loses CO, to
restore (PNP)PdH, whereas the relatively high acid excess hampers this reaction through competitive
protonation at nitrogen atom.

Keywords: palladium hydride; pincer ligand; hydrogen bonding; non-covalent interactions; reaction
mechanism; proton transfer; formic acid dehydrogenation

1. Introduction

Homogeneous catalysis allows the implementation of many practically important
and fundamentally interesting processes under relatively mild conditions. Many systems
developed through the years rely on transition metal complexes, and in recent years, a
lot of attention has been devoted to complexes based on pincer-type ligands [1-3]. Pincer
ligands are defined as chelating ligands that bind through three adjacent donor sites in
a meridional geometry. Featuring structural and electronic variability and a versatile
fine-tuning of chemical properties, they give high thermal stability to transition metal
complexes and well-defined reactivity to the available coordination sites. A plethora of
complexes described operate using metal-ligand cooperation when the electrophilic metal
center and the nucleophilic ligand site allow for the heterolytic splitting of polar (e.g., O-H,
N-H) and nonpolar (e.g., Hy) bonds [4]. These steps are important for (de)hydrogenative
transformations which span from a reduction in multiple bonds to a controlled release and
fixation of dihydrogen for sustainable chemical energy storage [5,6].
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The title palladium hydride complex with a diarylamido bis(phosphine) pincer
ligand—(PNP)PdH, where PNP is bis(2-diisopropylphosphino-4-methylphenyl)amide—has
been originally described by Ozerov and coworkers [7]. Its cationic [(PNP)Pd]* fragment
bearing p-lone pair at nitrogen (although delocalized over the diarylamide 7-system) and
an empty o-orbital at Pd has been considered as related to the frustrated Lewis pairs [8].
Being interested in transition metal hydrides’ chemistry and transition-metal-based FLPs,
we explored the interaction of (PNP)PdH (1) with different acids to gain a deeper under-
standing of its basicity and its potential as a bifunctional catalyst.

2. Results and Discussion
2.1. (PNP)PAH Interaction with Strong Bronsted Acids TfOH and HBF4, Chemical Properties of
[(PN(H)P)PdH]*

It has been shown that (PNP)Pd-OTf is able to heterolytically split various X-H bonds
including H,, yielding in the latter case [(PN(H)P)PdH]* species (2, Scheme 1) [8]. Ac-
cording to the accompanying DFT studies, the proton transfer from a coordinated H; (or
another HX) to the amido-nitrogen of the PNP ligand should proceed with the assistance
of an exogenous Brensted base.

| 1A T A
P'Pr2 P'Pr2 P'Pr2
\ +H2 \ H \
N-Pd-A — N—l7d—| D — H-N-Pd-H
. [ H A
P'Pr, P'Pr, P'Pr,
3-A - - 2[A]

Scheme 1. Dihydrogen addition to cationic palladium complex 3. A = OTf.

Our study showed that cationic complex 2 can be also obtained via the protonation of
(PNP)PdH (1) [9] with trifluoromethanesulfonic acid (TfOH; pK, = 0.7 in MeCN [10]) or
HBF4-Et;O (pK; = 3.4 in DMF [11]). The NMR signals of the protonation products 2[OTf]
(Opgy = —12.04, dnp = 1041, &p = 56.7 in CgDg) and 2[BF4] (Spgpy= —12.12, dnp = 9.53,
dp = 56.9 in toluene-dg; Tables S1 and S2) are in agreement with that previously reported [8].
In IR, spectra protonation leads to the high-frequency shift of Pd-H stretching vibration
from vpgpr(1) = 1923 cm ™! to 1992 (2[BF4]) or 1991 cm~! (2[OTf]). For 2[OTf], the N-H
stretching vibration band vy was also identified at 2811 cm~! (Figure S1). In the absence
of a hydrogen atmosphere, 2[OTf] and 2[BF4] appear moderately stable in solution, slowly
evolving H,. According to 3'P NMR monitoring, ca. 40% of 2[OTf] converts into (PNP)Pd-
OTf (8p = 53.1) in 7 days, whereas 2[BF;] decomposes slower, losing only 20% in six days.
As dihydrogen evolution is only possible through the backward shuttling of the proton
from nitrogen to hydride and the formation of the n?-H, complex, these observations
evidence the participation of the triflate anion as a proton shuttle [12] in H; heterolytic
splitting and backward transfer from NH to the hydride ligand (Scheme 2).

Cationic complex 2 can be deprotonated not only by a strong base such as Et3N [8]
(pKa(EtzN-H*) = 18.83 in MeCN [13]) but by moderately basic ones: the addition of the
equimolar amount of pyridine (Py, pK,(Py-H") = 12.53 in MeCN [13], Figure S2) or 10-
fold excess hexamethylphosphoramide (HMPA (pK,(HMPA-H*) = 6.1 in MeNO, [14])
in toluene completely shifts the equilibrium toward (PNP)PdH (1). Much weaker base
acetonitrile is not able to deprotonate 2; the reaction stops at the first step—the formation
of the hydrogen-bonded complex with the N-H group of 2 (2:--B, Scheme 2), evident
from a small higher frequency shift of Avpqp(2) vibration (vpgry(NH:--B) = 1996 cm™!;
Avpgy = 4 cm~!; Figure S3). The high-frequency shift of vpgy upon the formation of a
hydrogen bond with a base was confirmed by DFT calculations (vide infra).
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Scheme 2. (PNP)PdH (1) interaction with Brensted acids. Molecular structure of 1 is shown with
the thermal ellipsoids at 30% probability. Hydrogen atoms except the hydride ligand are omitted
for clarity. Selected bond lengths (in A)and angles (in deg.): Pd(1)-H, 1.84(3), Pd(1)-P(1) 2.2589(6),
Pd(1)-P(2) 2.2604(7), Pd(1)-N(1) 2.0855(9), P(1)-Pd(1)-P(2) 164.88(2), N(1)-Pd(1)-H 177.5(8). B = base.

2.2. Interaction with Fluorinated Alcohols

To study the proton transfer equilibria involving 1 in more detail, we used moderately
strong acids—fluorinated alcohols (CF3),CH3.,OH (n = 1-3). The most acidic of them,
perfluorinated tert-butanol (CF3);COH (PFIB, pK, = 20.5 in CH3CN [10]), protonates the
nitrogen atom of 1. Taken in a slight excess (5 equiv.) at 190 K in toluene, it creates changes
in the IR spectra similar to those observed with TfOH: new hydride (vpqy = 1994 cm~ 1) and
N-H (vng = 2806 cm ™ 1) stretching vibration bands appear (Figures 1 and S4). Under these
conditions, only half of the hydride complex 1 is protonated, and the equilibrium shifts back
to the starting compounds upon warming to 250 K, restoring the intensity of the vpgr(1)
band (Figure S5). These spectral changes allow the estimation of the equilibrium constant
and the calculation of thermodynamic parameters for the proton transfer to the nitrogen
atom of the PNP ligand (Figure S6): AH® = —2.6 kcal-mol !, AS® = —9.8 cal-mol~}.K~1.
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Figure 1. IR spectra in the PdH stretching vibrations region of (PNP)PdH at 190 K (c = 0.032 M in
toluene-dg; blue, normalized intensity*), with 5 equiv. PFTB in toluene-dg at 190 K (purple), and in
neat PFTB at 295 K (c = 0.032 M; green). Green dashed lines show the result of the band deconvolution.
*—multiplied to make the intensity of vpqr;(1) band equal to the intensity in the maximum point
(1928 cm 1) for vpgyy in 1/PFTB mixture.
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Interestingly, in neat PFTB, we observed a composite band (Figure 1) built by overlap-
ping the vpqp (2[OC(CF3)3]) band at 1994 cm~! and a new band at even higher frequencies
Vpqu = 2013 cm~ L. The corresponding voy band at 3268 cm ™! (Figure S4) is shifted to a
lower frequency relative to the band of free alcohol voy (PFTB) = 3470 cm ! which suggests
its involvement in a hydrogen bond [15].

The alcohol of the lowest acidity in the series—2,2,2-trifluoroethanol (TFE; pK, = 35.3
in MeCN [16])—binds to a hydride ligand forming the dihydrogen-bonded complex
(PNP)PdH---HOCH,CF;3. The addition of the 30-fold excess TFE to the solution of 1
in toluene at 190 K leads to a low-frequency shift of its vpqy; band from 1928 cm ! to
1924 cm~! (Figure 2). Under similar conditions, 'H NMR spectra reveal a broadening and
high-field shift of hydride resonance from 6y —10.42 to —10.66 ppm at 295 K typical for
dihydrogen bond formation [15]. The use of very large TFE excess (465 equiv., taken as
2/1 v/v mixture with benzene) not only makes these changes more pronounced but also
allows us to observe the N-protonated species characterized by the vpgy band at 2009 cm ™!
(Figure 2). The latter frequency is again higher than that of the vpq1(2[OTf]) band.
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Figure 2. IR spectra (normalized intensities) in the vpgy stretching vibrations region of (PNP)PdH
(c = 0.04 M; blue) * and (PNP)PdH in the presence of 30 equiv. TFE (purple) at 190 K; (PNP)PdH
(c = 0.04 M; sky blue) ** and (PNP)PdH in the presence of 465 equiv. TFE (green) *** at 295 K.
Toluene-dg, 1 = 0.1 cm. *—multiplied to make the intensity of the vpgp;(1) band at 190 K (blue line)
equal to that in the mixture with 30 equiv. TFE. **—multiplied by the same coefficient as applied to
blue line. **—multiplied to make the intensity in the maximum point (1923 cm~!) equal to that of
the vpgp1(1) band at 295 K (sky blue line).

The use of (CF3),CHOH (HFIP; pK, = 29.9 in MeCN [16]), the acidity of which is
intermediate between PFTB and TFE, allows us to observe a whole variety of hydrogen-
bonded and protonated species. At four-fold excess HFIP at 190 K, we observe in the IR
spectra the lower frequency shoulder for the vpgi(1) band due to dihydrogen bonding
(PNP)PdH---HOCH(CFs3); and a band of the protonated complex vpgr;(2[OCH(CF3),])
at 1998 cm~! (Figure 3). The formation of a dihydrogen-bonded complex under these
conditions is confirmed by NMR spectra. The hydride resonance in 'H NMR spectra
broadens and shifts high-field by 0.28 ppm (dpgrz(1) = —10.18, dpauttH = —10.46 in toluene-
dg at 190 K; Figure 4) while its longitudinal spin-lattice relaxation time T; decreases from
784.0 ms to 605.4 ms. At the same time, the singlet in the 3P NMR spectrum shifts to a
stronger field by —0.26 ppm (5p(1) = 58.25, 5p'1"H = 57.99; Figure 4). NMR and IR spectra
also confirm the presence of a protonated complex 2[OCH(CF3);], the resonances of which
(Oparr —12.33, 6p 54.29) disappear at 220 K (Figures 4 and S7).
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Absorbance

Figure 3. IR spectra (normalized intensities) in the vpqyy stretching vibrations region of (PNP)PdH at
190 K (c = 0.025 M; blue) *, in the presence of 4 (red) * and 8 (purple) equiv. HFIP at 190 K in toluene-dg,
and in neat HFIP at 295 K (c = 0.025 M; green). Dashed lines are the result of band deconvolution;
grey dashed line is for the HFIP band. * —multiplied to make the intensity of vpgi(1) band equal to
that in the mixture with 8 equiv. HFIP.
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Figure 4. 'H (300 MHz, left) and 3'P{'H} (121.5 MHz, right) NMR spectra of (PNP)PdH (1) at 190 K
(bottom line) and 290 K (top line) and in the presence of 4 equiv. HFIP in 190-290 K temperature
range. c(1) = 0.04 M, toluene-ds.

The increase in the HFIP excess shifts the equilibrium toward species 2 protonated at
nitrogen atom: in the presence of 8 equiv. HFIP, the new high-frequency band appears in
the IR spectra at 190 K composed of two bands (Figure 3) — vpgy = 1998 cm ™! belonging
to [(PN(H)P)PdH]*[OCH(CF3),]~ (2IOCH(CF3);]) and a second band at 2015 cm ™. The
latter species become dominant when 1 is dissolved in the neat HFIP (Figure 3).

Thus, (PNP)PdH (1) can form a dihydrogen bond (PNP)PdH---HA with relatively weak
proton donors, which should precede the proton transfer to a hydride and the formation
of an n2-Hj, species and dihydrogen evolution [15,17]. However, this reaction does not
occur in the case of fluorinated alcohols, and the proton goes instead to the nitrogen atom



Inorganics 2023, 11, 212

6 of 14

of the amidophosphine pincer ligand (Scheme 3). The complexes 2[A] are characterized
by a separate hydride resonance at ca. —12 ppm for all HA used, but the signal of their
NH proton is clearly visible at ca. 10 ppm only for weakly binding anions—OTf~ and
BF; ™. Interestingly, the corresponding vpqr; band changes its position depending on the
acid used shifting from 1991 cm ™! for OTf~ to 1998 cm~! for OCH(CF3),~ (Table S1). Such
a shift can be explained by hydrogen bonding NH*---A~ within the ion pair if we recall
that the hydrogen bonding of 2[OTf] with acetonitrile, NH*---NCMe, also leads to a small
high-frequency shift of vpar(2[OTf]) (vide supra).

Q PiPr, Qpig Qpi;r A
\ HA \ HA \

N-Pd-H <==== "A-=~H-N-Pd-H H-N-Pd-H  HA

PiPr, P'Pr, P'Pr,
1 2---[A] 2-HA
HA
_|+ o
P'Pr, PPry P'Pry
\ H \
N-Pd-H---HA =——== N-Pd—| —>  N-Pd-A
/ ! H -Ha /
PIPFQ PIPFQ P'Pr2
1---HA L - 3-A

Scheme 3. The mechanism of (PNP)PdH (1) interaction with acids.

Another puzzling question is the nature of the complexes observed at high alcohol
content, in which vpqp bands are observed above 2000 cm~!. We thought this effect could
be caused by the hydrogen bonding of NH* with the oxygen atoms of alcohols. To verify
this hypothesis, we studied the interaction of HFIP with [(PN(H)P)PdH]" (2) obtained
by the reaction with HBF4-Et;O. An addition of 10 equiv. HFIP causes a high-frequency
shift of vpgry by 5 em ™! (vpgu(2---AH) = 1997 cm 1) (Figure 5), whereas the progressive
increase in HFIP excess shifts the vpgy band further to 2003 cm ™! (Figure 5). Based on DFT
calculations on the example of 2TFE-[(PN(H)P)PdH]" (vide infra), we assign this band to a
hydrogen-bonded complex of 2 with two molecules of HFIP, in which an oxygen atom of
one alcohol molecule interacts with a NH proton and the second one bridges it with Pd-H
(Figure 6).

0.20 -
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Figure 5. IR spectra in the vpgy stretching vibrations region of [(PN(H)P)PdH]*[BF4]~ (2[BF4],
¢ =0.02 M) (red), with 10 (sky blue), 20 (purple), 30 ( ), and 50 (orange) equivalents of HFIP in
benzene-dg and in neat HFIP (green), 295 K, 1= 0.1 cm.
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oo/
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Figure 6. Hydrogen bonding cycle in trimolecular complex 2RFOH-[(PN(H)P)PdH]* and DFT
optimized structure of 2:--(TFE),. Key distances (in A) are given. Aryl and i-propyl groups of the

pincer ligand are shown as a wireframe.

2.3. DFT Calculations

To rationalize the observed spectral behavior, we performed the DFT calculations on
possible intermolecular adducts formed by 1 and 2 with acids and bases in toluene. Neutral
hydride 1 readily forms hydrogen bonds with alcohols (exemplified by TFE) binding to
the N atom as well as the hydride ligand (Figure 7) with nearly the same energy (ca.
—9 kcal/mol on the AE scale; Table S3). The formation of an OH---N complex entails a
high-frequency shift of vpqr; (AVpqy = 18 cm 1) in contrast to the low-frequency shift found
for dihydrogen-bonded PdH---HO (Avpqy = —34 cm~!; Table S3). It is worth noting that in
the dihydrogen-bonded complex, the alcohol molecule approaches the hydride ligand in
the direction orthogonal to the PNPPdH plane as reflected by the PdAHH angle close to 90°
while the OHH moiety is almost linear (Figure 7). Such geometry is not typical for group
10 metal hydrides [18] and was found for the platinum hydrido complexes featuring the
significant impact of alcohol binding to the core metal [19].

Figure 7. DFT-optimized structures of hydrogen-bonded complexes between 1 and TFE. Key distances
(in A) and angles (in deg.) are given. Aryl and i-propyl groups of the pincer ligand are shown as
a wireframe.

For cationic complex 2, the computed frequency of Pd-H stretching vibration is 35 cm !

higher than that for neutral 1 (Table S4). This difference is smaller than observed experi-
mentally, probably because the calculations are performed for the “naked” cation and do
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not take into account solvation and counter-ion influence. Complex 2 can interact both
with acids and bases, the reactivity toward the base being more pronounced. The model
base—pyridine—effectively binds the NH* proton (AE = —12 kcal/mol) leading to the
high-frequency shift of vqy by 9 cm ! relative to the naked cation 2. Alcohol (TFE was
considered as a model) interacts with 2 either as a base forming a NH*---O(H)R hydrogen
bond or as an acid forming a hydrogen bond between the OH group and the PdH moiety,
with the geometry resembling that of the dihydrogen-bonded complex of 1 with a slight
inclination to the hydride ligand (Figure 8). Notably, both the OH---HPd and NH*---O(H)R
interactions have nearly the same energy (AE ~ —7 kcal/mol) and lead to high-frequency
shifts of the vpgr band (+36 and +9, respectively; Table S4). As we observed additional
high-frequency shifts of vpqp(2) in the presence of excess alcohol in the experimental
IR spectra (), we considered also a cyclic complex with two TFE molecules (2---(TFE),,
Figure 6), which appeared much more energetically favorable (AE = —18.5 kcal/mol) than
the OH---HPd and NH*---O(H)R bonds of 2 and also give a high-frequency shift of vpqy
(+14 cm™! relative to vpgp(2)).

@
2.180 -

) .“:“‘]132.8 3367

Figure 8. DFT optimized structures of hydrogen-bonded complexes between 2 and TFE. Key distances
(in A) and angles (in deg.) are given. Aryl and i-propyl groups of the pincer ligand are shown
as a wireframe.

2.4. Interaction with Formic Acid

The acidity of formic acid (pKa = 20.9 in CH3CN [20]) is comparable to that of PFTB.
Surprisingly HCOOH exhibits a very peculiar reactivity in respect of 1 that depends on
the acid excess. Taken closely to the stoichiometric amount (0.5-2.0 equiv. HCOOH to
1), it undergoes dehydrogenation to give CO; and H, (Equation (1)). The reaction can
be followed by IR spectroscopy which shows the accumulation of CO; (the vco; band is
visible in toluene-dg; Figures 510 and S11) and the consumption of formic acid (FA, Figure
512). Analysis of the vco(FA™O"°™¢T) band intensity changes shows the increase in the
reaction rate and the increase in the FA excess up to two equivalents. However, a further
increase in the acid content leads to a slower reaction and a very long time to reach a
full conversion (more than 72 h for a 10/1 ratio FA/1). The absorbance of FA bands can
be converted into concentration, and its dependence on time is linear in the zero-order
coordinates [FA™Oo™er] ys, t (Figures S13 and S14) yielding reaction rate constants of
ca. 1077 M~1.s~! (Table 1).

HCOOH N CO, +H, 1)

benzene
or toluene
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Table 1. Kinetic data for formic acid dehydrogenation in presence of (PNP)PdH.

FA]% n:iovl.mt, ker, M~1.571 t of Full FA Conversion
0.5 351077 40 min
1 3.5:10~7 40 min
2 411077 25h
5 9.1-10~8 more than 24 h
10 Ca. 10% conversion after 3 days

Both IR and NMR spectra show different forms of palladium complexes depending
on the FA amount added. In the presence of 1-2 equiv. FA, the palladium hydride partially
transforms into formate (PNP)Pd(OCHO) (3; Figure S15). Its NMR signals change their po-
sition in the course of the reaction shifting upon the FA consumption: 6y(Pd-OCHO) = 8.24
(in the beginning, 7 min after mixing), 8.21 (in the end, 160 min), p = 49.1 (12 min) and 48.0
(160 min) (Figure 516). That can be due to hydrogen bonding (PNP)Pd-OCHO---HOOCH
that assists the formic acid dehydrogenation [21]. A further increase in the acid content
initiates the proton transfer to the nitrogen atom of (PNP)PdH. At a 10-fold FA excess, the
palladium complex exists in two forms: protonated [(PN(H)P)PdH]*[OCHO]~ (2[OCHO],
Vpau = 1993 em 1, Spayg —11.94, SN 10.70, 8p 56.5) and (PNP)Pd-OCHO (Figure S17). The
latter is hydrogen-bonded to the acid excess as suggested by the shift in its signals: dgy(Pd-
OCHO) = 8.27 and dp = 49.9-50.2 relative to non-bonded 3 (8.21 and 48.0 ppm, respectively;
Figures S16 and S17). At the very beginning of the reaction, the low-frequency shifted
Vpgu at 1917 ecm ™! (Figure S15) and dpgyy -11.8 (Figure S17) are visible in the spectra which
could be due to the formation of hydrogen-bonded species featuring Pd-H---HOOCH,
N---HOOCH, and NH*---OCHO™ bonds.

Dihydrogen bonding (PNP)PdH:--HOOCH (6pgyy = —10.26, dp = 57.9) precedes the
proton transfer to a hydride ligand and formation of an unstable n?-H, complex that
immediately loses Hj to yield palladium formate. The latter loses CO,, restoring the
starting (PNP)PdH (1) (Scheme 4). This FA dehydrogenation reaction is the only one that
occurs with 1 at close to a stoichiometric amount of formic acid (1-2 equiv.). A very fast
formation of formate 3 and zero-order reaction kinetics suggest the 3-hydride migration
and CO; elimination is a rate-determining step (rds, Scheme 4).

PPrZ H
Ha
N- Pd o No--HOCHO
PPI‘Q
HCOOH
. 3ocuo ‘HOOCH s
QP'PQ—‘ Qpprz QP'PQ
\ \ HCOOH \ HCOO
N-Pd—| HCOO N-Pd=H === H-N-Pd-H
| |

N-Pd-H---HOCHO
PiPry

1--HOOCH

Scheme 4. The mechanism of (PNP)PdH (1) interaction with formic acid.
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At higher FA excess, the competing protonation of the ligand’s nitrogen takes place,
withdrawing the hydride 1 from the dehydrogenation reaction. Based on the data described
herein, we can argue that involvement of the formic acid excess in various hydrogen bonds,
such as NH*---O=CHOH, N---HOOCH, PdH---HOOCH, Pd-OCHO---HOOCH, and their
combination, hampers the dehydrogenation reaction. The experiments with the portioned
addition of HCOOH (by 2 equiv.) to 1 show that avoiding the presence of high FA excess
allows running at least three cycles before the reaction slows down.

3. Materials and Methods

All reactions were performed using standard Schlenk procedures under a dry argon at-
mosphere. Dry and oxygen-free organic solvents (toluene, heptane, pentane, THE, CH,Cl,,
ethanol) were obtained using a solvent purification system from M. Braun (Garching, Ger-
many). Deuterated solvents (toluene-dg, benzene-dg) for NMR and IR were degassed before
use by three freeze—pump—thaw cycles and kept over 3 A molecular sieves. A liquid nitro-
gen/isopropanol slush bath was used to maintain samples at the desired low temperature.

Variable-temperature (VT) NMR spectra were recorded on Bruker Avance 300, Bruker
Avance 400 (Bruker, Billerica, MA, USA), and Varian Inova 400 (Varian, Palo Alto, CA,
USA) spectrometers operating at 300 and 400 MHz in the 180-300 K temperature range. 'H
chemical shifts are reported in parts per million (ppm) downfield of tetramethylsilane (TMS)
and were calibrated against the residual resonance of the deuterated solvent, while Slp{ip)
chemical shifts were referenced to 85% H3PO,4 with downfield shift taken as positive. The
IR spectra were recorded at different temperatures (190-295 K) using a home-modified
cryostat (Carl Zeiss Jena) with a Nicolet iS50 FTIR (Thermo Scientific, Waltham, MA, USA)
spectrometer using 0.05-0.2 cm CaF; cells. The accuracy of the experimental temperature
adjustment was £0.5 °C. The cryostat modification allowed the transfer of the reagents
(premixed at either low or room temperature) under an inert atmosphere directly into
the cells.

All reagent-grade chemicals purchased from commercial sources were used as received.

Complex (PNP)PdH (1) was prepared as described in the literature [7]. Complex 1
was crystalized from the toluene/hexane mixture at —35 °C. Crystals of 1 (C33Hs9NP,Pd,
M = 628.07) were monoclinic, space group P2;/c, at 100 K: a = 12.1794(2), b = 9.6190(2),
¢ =27.9618(5) A, B = 94.7130(10)°, V = 3264.75(10) A%, Z = 4 (Z’ = 1), date = 1.278 gem >,
w(MoK«x) = 6.87 cm™1, F(000) = 1320. Intensities of 167,806 reflections were measured
with a Bruker Quest D8 CMOS diffractometer [A\(MoK«x) = 0.71073 A, w-scans, 26 < 90°],
and 26,761 independent reflections were used in further refinement. Using Olex2 [22], the
structures were solved with the ShelXT structure solution program [23] using Intrinsic
Phasing and refined with the XL refinement package [24] using least-squares minimization.
The hydrogen atom at the metal ion was located from the difference Fourier synthesis
and refined in the isotropic approximation. The positions of other hydrogen atoms were
calculated, and they were refined in the isotropic approximation within the riding model.
The refinement converged to wR2 = 0.1038 and GOF = 1.070 for all the independent
reflections (R1 = 0.0405 was calculated against F for 21,611 observed reflections with
I>20(I)). CCDC 2257866 contains supplementary crystallographic information.

Structures of reactants and complexes were optimized at the wB97-XD level [25]
applying the def2-TZVP basis set [26] by Gaussian 09 [27]. Optimizations were performed
without any restriction in the gas phase and then in toluene introduced by the SMD solvent
model [28]. Vibrational frequencies were calculated for all optimized complexes at the
same level of theory to confirm a character of local minima on the potential energy surface.
Frequencies are reported without any scaling factors.

a.  General procedure for the interaction of 1 with TfOH and HBF4 and of 2 with bases

The solution of (PNP)PdH (1, ¢ = 0.02-0.06 M) was prepared at inert atmosphere at
room temperature in toluene, toluene-dg or benzene-dg. Then, it was placed into a cell
(0.05-0.2 cm, for IR measurements) or into an NMR tube (for NMR measurements) under an
inert atmosphere. After spectra of the initial complex were acquired, the necessary amount



Inorganics 2023, 11, 212

11 0f 14

of stock acid solution (1 M, to obtain 1 or 1.1 equivalents of TTOH or HBF,) was added
exactly to the cell or NMR tube. After spectra of [(PN(H)P)PAH]*[A]~ (2[Al), generated
in situ, were acquired, the necessary amount of stock base solution (1 M) or neat base (Py,
HMPA, MeCN) was added exactly to the cell or NMR tube.

b.  General procedure for the interaction of 1 with fluorinated alcohols

For variable temperature IR studies.

The solution of (PNP)PdH (1, ¢ = 0.02-0.06 M) was prepared at inert atmosphere at
room temperature in toluene, toluene-dg, or benzene-dg. Then, it was placed into a cryostat
(CaF; cell, I = 0.05-0.2 cm) and cooled to 190 K. After spectra of the initial complex were
acquired at different temperatures in the range 190 to 290 K, the solution from the cryostat
was put back in the Schlenk tube and mixed with stock solution (0.5-1 M) of corresponding
fluorinated alcohol or neat alcohol (TFE, HFIP, PFTB; 1-30 eq., ¢ = 0.02-1.2 M) kept at 190 K
in a liquid nitrogen/iPrOH slush bath. The mixture obtained was quickly returned to the
cryostat, and IR spectra were monitored in the 190-290 K temperature range.

For variable temperature NMR studies.

The solution of (PNP)PdH (1, ¢ = 0.02-0.06 M) was prepared at inert atmosphere at
room temperature in toluene-dg or benzene-dg. Then, it was placed into an NMR tube and
cooled to 190 K. After spectra of the initial complex were acquired at different temperatures
in the range 190 to 290 K, the stock solution (0.5-1 M) of corresponding fluorinated alcohol
(HFIP, PFTB; 1-8 eq., ¢ = 0.02-0.2 M) was added exactly to the NMR tube kept at 190 K
in a liquid nitrogen/iPrOH slush bath. NMR spectra were monitored in the 190-290 K
temperature range.

For IR and NMR studies at room temperature.

The solution of (PNP)PdH (1, ¢ = 0.02-0.08 M) was prepared in a Schlenk tube at inert
atmosphere at room temperature in toluene, toluene-dg, benzene-d¢ or neat alcohol (TFE,
HFIP, PFTB). Then, the necessary amount neat alcohol or its stock solution (1 M) was added.
The resulting solution was placed into a cell (0.05-0.2 cm, for IR measurements) or into
an NMR tube (for NMR measurements) under an inert atmosphere. In some cases, the
solution after IR measurements was put in an NMR tube to acquire NMR spectra.

c.  General procedure for the studies of interaction of 1 with formic acid

Variable temperature IR and NMR studies of interaction between 1 and formic acid
were carried out as described above for interactions between 1 and fluorinated alcohols.

For IR and NMR kinetic studies at room temperature. the solution of (PNP)PdH (1,
¢ = 0.02 M) was prepared in a Schlenk tube at inert atmosphere at room temperature in
toluene, toluene-dg or benzene-dy. Then, the necessary amount of formic acid stock solution
(1 M; 0.5-10 eq., ¢ = 0.01-0.2 M) was added. The resulting solution was quickly placed into
a cell (0.1 cm, for IR measurements) or into a Young NMR tube (for NMR measurements)
under an inert atmosphere.

d.  Formic acid monomer concentration calculation.

The concentration of formic acid monomer, to obtain reaction rate constant of its
dehydrogenation, was calculated using the Bouguer—Beer-Lambert law D = ¢:1-c, taking
g(FAMonomer 1746 cm~1) = 1246 [21].

4. Conclusions

Thus, the results of the IR and NMR spectroscopic study of the interaction between
(PNP)PdH (1) and different acids show that the nitrogen atom of the amidophosphine
pincer ligand readily interacts not only with strong Brensted acids such as CF3SO3H but
with relatively weak fluorinated alcohols, This is the result of the nitrogen binding to palla-
dium(Il) which increases the diarylamine basicity (for comparison, pK,(Ph,NH,*) = 5.98
and pK,(PhoMeNH™) = 6.52 in MeCN [13]) making it a strong base probably due to the
better delocalization of the acquired positive charge in the presence of a transition metal.
Nevertheless, H can be taken from [(PN(H)P)PdH]" (2) by pyridine (pK, (PyH*) = 12.53
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in MeCN) or HMPA (pK, (HMPA-H*) = 6.1 in MeNO,). These observations confirm
the need for a shuttle base for the heterolytic splitting of H, by [(PNP)Pd]* to form
[(PNH)P)PAH]* (2).

Still, formic acid (pKa = 20.9 in CH3CN) appears to be able to protonate a hydride
ligand yielding an unstable n2-H, complex that rapidly converts into a formate complex
(PNP)PA(OCHO). The CO, elimination from the latter is the rate-determining step for
formic acid dehydrogenation in the presence of (PNP)PdH. However, the relatively high
acid excess hampers this reaction through competitive protonation at nitrogen atom yield-
ing [(PN(H)P)PdH]* and the formation of a variety of hydrogen bonds with 1 or 2.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/inorganics11050212/s1: IR and NMR spectroscopic char-
acterization of different Pd(II) complexes; details of kinetic parameters determination, computed
frequencies, and energies. Table S1: Key spectral parameters of (PNP)PdH (1) in toluene-dg; Table S2:
Key spectral parameters of palladium complexes formed by the interaction of 1 with acids; Table S3:
DFT calculated frequencies of PAH stretching vibrations and formation energies of 1 and its bimolecu-
lar complexes with TFE in toluene; Table S4: DFT calculated frequencies of PAH stretching vibrations
and formation energies of 2 and its non-covalent adducts with pyridine and TFE; Figure S1: IR spectra
of (PNP)PdH, TfOH and their mixture in toluene-dg at 295 K; Figure S2: IR spectra of (PNP)PdH, with
1 equivalent of H[BF4]-Et,O and their mixture with pyridine in benzene-dg at 295 K; Figure S3: IR
spectra in vpgy stretching vibrations region of [(PN(H)P)PdH]*[BE4]~, with 5, 20, 50 and 100 equiva-
lents of MeCN in benzene-dg, 295 K; Figure S4: IR spectra in the PdH stretching vibrations region
of (PNP)PdH, with 5 equiv. PFTB in toluene-dg and in neat PFTB; Figure S5: IR spectra of vco
stretching vibrations region of (PNP)PdH with 5 equiv. PFTB in toluene-dg at 190-295 K; Figure S6:
The temperature dependence of equilibrium constant for 1 + PFTB <+ 2[OC(CF3)3] in toluene-dg;
Figure S7: IR spectra of vpqyy stretching vibrations region of (PNP)PdH and with 4 equiv. HFIP in
toluene-dg at 190-295 K; Figure S8: IR spectra of vco stretching vibrations region of HCOOH with
0.5 equiv. (PNP)PdH in toluene at 190-290 K; Figure S9: IR spectra of vco stretching vibrations
region of HCOOH and with 0.5 equiv. (PNP)PdH in toluene at 190 K; Figure S10: IR spectra of vco
stretching vibrations region of CO, evolved from HCOOH with 0.5 equiv. (PNP)PdH in toluene-dg
at 295 K, t = 80-10,000 s; Figure S11: Kinetics of CO, evolution from formic acid, monitored by
change of vcpp band intensity for the mixture of (PNP)PdH with 0.5, 1, 2, 5 and 10 equiv. HCOOH;
Figure S12: IR spectra of vpgqy of (PNP)PdH and vco of HCOOH stretching vibrations regions in
toluene-dg at 295 K, t = 80-10,000 s; Figure S13: Kinetics of formic acid decomposition, monitored
by change of vco(FA™MO"°™T) band intensity for the mixture of (PNP)PdH with 0.5, 1 and 2 equiv.
HCOOH; Figure S14: Kinetics of formic acid decomposition, monitored by change of vco(FA™ONO™Mer)
band intensity for the mixture of (PNP)PdH with 5 equiv. HCOOH; Figure S15: IR spectra in the
vpqy stretching vibrations region of (PNP)PdH in the presence of 0.5, 1, 2, 5 and 10 equiv. HCOOH
measured in 150 s after mixing; Figure S16: 3'P{'H} and 'H NMR monitoring of (PNP)PdH with
2 equiv. HCOOH; Figure S17: 3'P{'H} and 'H NMR monitoring of (°PNP)PdH with 10 equiv. HCOOH
in benzene-dg, 295 K.
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