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P Csp’P and P Csp*P Palladium(II) Hydride Pincer Complexes: Small
Structural Difference—Large Effect on Reactivity

Roman Gerber, Thomas Fox, and Christian M. Frech*!*!

Late-transition-metal hydroxides and alkoxides are con-
sidered as important intermediates in various catalytic pro-
cesses and much attention has been devoted to the study of
their structures and reactivities.!! Their hydrogenolysis, for
example, leads to the elimination of water and alcohols, re-
spectively, and concomitant formation of a metal hydride,
an elementary step that is considered to be of high rele-
vance for the product release and catalyst regeneration
within a catalytic cycle. However, this process has rarely
been documented and only very few model complexes show
this reactivity.’” Recent examples include the aromatic
pincer complexes [{C¢H;-2,6-(CH,PfBu,),]Pd(OR)] (R=H
or Me), which undergo hydrogenolysis when treated with di-
hydrogen (7 atm) at room temperature to generate water
and methanol, respectively, and the corresponding palladi-
um(II) hydride complex over a period of 60 h. The reverse
reaction, the generation of dihydrogen and concomitant for-
mation of a palladium(II) hydroxide complex, however, did
not occur and is generally unknown for palladium(II) hy-
dride complexes.®!

We report herein the syntheses (from the chloro pincer
complex 1) of the palladium hydride and hydroxide pincer
complexes [{C,oH;3-1,3-(CH,PCy,),}Pd(H)] (2) and [{C,oHs-
1,3-(CH,PCy,),}Pd(OH)] (3) with an adamantylic core. The
stronger trans-influence of the aliphatic pincer core when
compared to systems in which the metal center is o-bound
to an aromatic unit was expected to lengthen (and weaken)
the Pd—H and Pd—OH bonds to enhance their reactivities or
possibly even change their reactivity modes towards water
and dihydrogen for example. A recently reported literature
example, in which an iridium complex with an aliphatic core
oxidatively adds the N—H bond in ammonia, while another
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one with a central aryl C does not, supports this assump-
tion.! We demonstrate that the stronger trans-influence of
the aliphatic pincer core causes a dramatic change in the re-
activity pattern of 2 when compared to [{CsH;-2,6-
(CH,PrBu,),}Pd(H)]. Thus, whereas the generation of dihy-
drogen and concomitant formation of the stable palladi-
um(II)  hydroxide  pincer  complex  [{C,(H5-1,3-
(CH,PCy,),]Pd(OH)] (3) was observed when water was
added to solutions of the palladium hydride pincer complex
2 in THF, no reaction (but a H/D exchange when D,0O was
added) was noticed for [{CsH;-2,6-(CH,PtBu),},Pd(H)]
(even though the overall electron density on the metal
center of the latter is higher). Moreover, the formation of 3
is reversible and undergoes fast hydrogenolysis to regener-
ate the palladium(II) hydride pincer complex 2 (and H,O)
under an atmosphere of dihydrogen, demonstrating that
small structural differences can indeed change the reactivity
pattern of seemingly very similar compounds.

When the aliphatic, phosphine based pincer complex
[{C,(Hi5-1,3-(CH,PCy,),JPd(Cl)] (1) was treated with an
excess (~50equiv) of sodium hydride and stirred in THF
for 12h at 100°C,”®! the pentane soluble hydride complex
[(C\(H}5-1,3-(CH,PCy,),)Pd(H)] (2) was almost quantitative-
ly formed (Scheme 1). The reaction progress was monitored
by NMR spectroscopy; in the *'P{'H} NMR spectrum, the
gradual disappearance of the singlet for 1 at 6 =52.6 ppm
was noted along with the appearance of another singlet for
2 at 0=606.8 ppm. Complex 2 was isolated as an off-white
solid in 95% yield. It's "H NMR spectrum exhibits a sharp
triplet centered at 0 =—3.39 ppm with coupling constants of
*Jou=20.8 Hz, confirming the formation of a Pd—H bond.
The hydride pincer complex 2 undergoes smooth deuterium
scrambling with D, at room temperature to yield the deuter-
ide complex 2’ (and HD) within few minutes, as indicated
by 'H and *H NMR spectroscopy. By analogy, treatment of
2’ with H, yielded the hydride pincer complex 2. These pro-
cesses most probably involve four-center transition states in
which a proton is transferred intramolecularly from a coor-
dinated deuterium (or dihydrogen) molecule to the hydride
(or deuteride) ligand rather than the oxidative addition of
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Scheme 1. Reactivity pattern of 2 and 3 towards water and H,, and related reactions.

D, (or H,) on the palladium(I) hydride/deuteride pincer
complexes 2 and 2/, respectively.”! However, the hydride
pincer complex 2 also undergoes smooth H/CI exchange
with chlorinated solvents. For example, when dichlorometh-
ane or chloroform (=50 equiv) was added to solutions of 2
in THF at room temperature, complex 1 and a correspond-
ing amount of CH;Cl and CH,Cl,, respectively, were cleanly,
instantly formed. Their formation was confirmed by
'HNMR spectroscopy and by GC/MS. CDHCI, was detect-
able by 'H and *H NMR spectroscopy when 2 was allowed
to react with CDCl;. Similarly, treatment of 2 or 2" with a
slight excess (&5 equiv) of hydrochloric acid (~1.0M in di-
ethyl ether or 32 % aqueous HCI) instantly and quantitative-
ly yielded the chloro pincer complex 1 and a corresponding
amount of H, and HD, respectively (as indicated by 'H and
*H NMR spectroscopy and GC equipped with a TCD detec-
tor).

Remarkably, the hydride pincer complex 2 exhibits a
strikingly different reactivity towards water when compared
to the phenyl-based pincer hydride complex [{CsH;-2,6-
(CH,PtBu),},Pd(H)].”) Whereas deuterium scrambling was
observed over a period of four days at 60°C when D,0O was
added to solutions of [{C¢H;-2,6-(CH,PrBu),},Pd(H)] in ben-
zene,'”! slow H, evolution and concomitant quantitative for-
mation of the hydroxide pincer complex [{C,H;-1,3-
(CH,PCy,),}Pd(OH)] (3) was observed within 36 h when
water was added to solutions of 2 in benzene. The formation
of 3 was indicated by *'P{"H} NMR spectroscopy, in which a
gradual disappearance of the singlet for 2 at 6 =66.8 ppm
was noted along with the appearance of another singlet for
3 at 0=49.3 ppm. However, full conversion of 2 into 3 and
H, was observed within only few minutes when the reaction
was performed in THF at room temperature. The liberation
of dihydrogen was verified by 'H NMR spectroscopy and
GC (equipped with a TCD detector) and by the reaction of
a sample of the gas phase with [(PEt;);Ir(Cl)] to form mer-
cis-[(PEt;);Ir(H),(C)]." The identity of 3 was confirmed
by a weak signal due to the hydroxide proton at —2.25 ppm
in the '"H NMR spectrum and by treatment of 2 with D,O,
which cleanly yielded the deuteroxide complex [{C;(H;5-1,3-
(CH,PCy,),}Pd(OD)] (3') and a corresponding amount of
HD. The deuteroxide complex 3’ displayed a signal at 6 =
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—2.25 ppm in the H NMR spectrum and verifies its identi-
ty."! The formation of HD was confirmed by a sharp triplet
(Jup=41.9 Hz) centered at 6=4.41 ppm in the 'HNMR
spectrum and by a doublet (\J;;,=41.9 Hz) in the H NMR
spectrum. When a drop of D,0O was added to solutions of
the hydroxide pincer complex 3 (and H,O to [Dg]THF solu-
tions of 3') in THF, a complete H/D exchange occurred,
leading to the formation of 3’ (and 3) within only few min-
utes—another indication for the identity of 3. Indeed, treat-
ment of 3 with a slight excess (&5 equiv) of hydrochloric
acid (=1.0M in diethyl ether) instantly and quantitatively
yielded the chloro pincer complex 1 and a corresponding
amount of water. The independent syntheses of 3 and 3’ by
reactions of 1 with sodium hydroxide and sodium deuterox-
ide, respectively, in THF confirmed their formation further
(Scheme 1).

The conversion of the hydride pincer complex 2 into the
hydroxide pincer complex 3 and H, is reversible: when solu-
tions of 3 in THF were stirred in an atmosphere of dihydro-
gen gas (1 atm) complete hydrogenolysis occurred, to exclu-
sively  yield the hydride complex [{C,;H;s-1,3-
(CH,PCy,),}Pd(H)] (2) and H,O within 15 min at 35°C in
the presence of a large excess (50 to 100 equiv) of water.l
By analogy, reactions of 3 with deuterium gas cleanly yield-
ed the palladium deuteride complex 2’ (and HDO). Accord-
ingly, reactions of 3' with H, or deuterium gas yielded the
hydride pincer complex 2 and 2, respectively.

Even though proton transfers from a protic substrate to a
hydride complex with subsequent dissociation of dihydrogen
is a well-established phenomenon,!'™® complex 2 is the first
palladium(IT) hydride complex reported that leads to gener-
ation of dihydrogen and concomitant formation of a stable
palladium(IT) hydroxide complex by reaction with water.
The striking difference in reactivity with respect to its aro-
matic analogue [{C¢H;-2,6-(CH,P/Bu,),}Pd(H)] was attribut-
ed to the stronger trams-influence of the aliphatic pincer
core, which lengthens and thus, weakens the Pd—H bond.[**]
This effect is measurable by IR spectroscopy: the IR spec-
trum of 2 exhibits an absorption band at vpy_y=1610cm™!,
which is significantly shifted to lower wavenumbers
(Avpy_y=120 cm™') when compared to the Pd—H stretching
frequency of its aromatic analogue [{CH;-2,6-
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(CH,PBW,),)Pd(H)]  (vpi_y=1730 cm™ ). Lengthened
Pd—H bonds have an enhanced hydridic character provided
that the polarization of this bond leads to accumulation of
negative charge at the H atom. This in turn leads to stronger
Pd—H--H—OR interactions (dihydrogen bonding) with
protic substrates, such as water and alcohols and promotes
the formation of dihydrogen complexes—proposed inter-
mediates of proton transfer processes—and consequently
the liberation of H, (Scheme 2).'*"! Indeed, the formation
of intermediates of type A were detected by '"H NOE spec-
tra for 2/MeOH (0.014/0.116 molL™") as well as for [{CoH;-
2,6-(CH,PBu,),)Pd(H)]/MeOH  (0.014/0.116 molL™") in
[Dg]toluene at —30°C."*? Irradiation of the Pd—H resonan-
ces led in both systems to the enhancement of the OH pro-
tons—a clear indication for Pd—H--H—OMe interactions. To
better understand the reactivity difference of 2 and [{C¢H;-
2,6-(CH,PrBu,),}Pd(H)], the Pd—H--H—OR hydrogen-hy-
drogen interactions of 2/MeOH and [{CiH;-2,6-
(CH,P1Bu,),}Pd(H)[/MeOH were investigated in more
detail.

Analysis of the Pd—H--H—OR hydrogen-hydrogen bonds:
The main characteristic of Pd-H-+-H-OMe interactions (see
intermediate A in Scheme 2) is of electrostatic nature and
thus, its strength is directly related to the basicity or hydri-
dicity of the Pd—H bond. Since bond ionicities represent the
hydridic character of L,M—H bonds, they were deduced
from the 2H-spin-lattice relaxation times (7,;,) in 2’ and
[{C¢H;-2,6-(CH,PBu,),}Pd(D)] by using the calculated deu-
terium quadrupole coupling constants (DQCC).?">! The es-
timated ionicities of the Pd—D bonds in 2’ and [{CsH;-2,6-
(CH,P1Bu,),}Pd(D)] are 69 and 67 %, respectively, and show
the expected trend with respect to the observed reactivity
difference.? It is important to note, that comparisons with
any other transition-metal hydride couples are not possible,
since 2 and [{C,H;-2,6-(CH,P/Bu,),}Pd(H)] are the only
(structural strongly related) hydride complexes reported
with a strikingly different reactivity pattern, for which the
reactivity difference can directly be correlated to the metal
hydride bond ionicity.

Another proof for dihydrogen bonding is the decrease of
the hydride-'H longitudinal relaxation time (7),;,) in the
presence of proton donors.™ The strength of dipolar M—
H---HX interactions and, therefore, the longitudinal T; relax-
ation behavior, are strongly distance dependent (ocr ‘-
(H---H)). In fact, the hydride 7; minimum of pure 2 strongly
decreases from 1249 to 399 ms after the addition of MeOH
([2)/[MeOH]=0.014/0.116 molL™")  in  [Dg]toluene,***!
which leads to the assignment of the hydride in 2 as the
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proton accepting site. Indeed, a (short) Pd—H-~-H—OMe dis-
tance of 1.89 A, clearly less than the sum of the van der
Waals radii (2.4 A), was determined. This distance is in the
range of values (1.7-1.9 A) reported for intramolecular
NH--HIr and OH--HIr dihydrogen bonds.”’! In contrast, for
[{C¢H;-2,6-(CH,PrBu,),}Pd(H)] the hydride 7, minima with-
out and with MeOH differ only slightly ([Pd-H]/[MeOH]=
0.014/0.116 mol L"), indicating a much weaker Pd—H--H-
OR interaction. Indeed, a very long Pd—H--H—OMe dis-
tance of about 2.3 A was estimated.”>?

The Pd—H-+-H—OMe hydrogen-hydrogen bond strengths
were determined by NMR spectroscopy for 2/MeOH and
[{CcH;-2,6-(CH,PBu,),}Pd(H)]/MeOH and were consistent
with the dihydrogen bond distances established.>*) The
adduct formation equilibrium constants K were obtained
from the temperature-dependent chemical shifts of the hy-
dride signals (0pq_p) at different concentrations of MeOH.
The averaged equilibrium chemical shift dpy_y is related to
the chemical shifts of the free and hydrogen-bonded com-
plexes, d; and &,, through the equilibrium constant (K) and
the initial concentrations of [Pd—H] (w) and [MeOH] (x)
[Eq.(1)],”! in which a=Kw—Kx+1K and 6, were deter-
mined by non-linear fit of the experimental data to the
above equation using the Levenberg-Marquardt algo-
rithm.

Opa_y = [0 +0.50,{(a* + 4 Kx)"*~a}]/

[1+0.5{(a* + 4Kx)"*—a}] @

The AH and AS values for the adduct formation were ob-
tained from van't Hoff plots.”) Whereas a AH value of
—5.640.1 kcalmol ! and hence, a relatively strong dihydro-
gen bonding was calculated for 2/MeOH in toluene,”" a
much weaker Pd—H--H—OMe interaction (AH=-2.0+
0.1 kcalmol ™) was estimated for [{CeH;-2,6-
(CH,PBu,),}Pd(H)],*2>%! which is in full agreement with the
reactivity difference observed for 2 and [{CsH;-2,6-
(CH,PrBw,),}Pd(H)]. Another empirical correlation, the
“factor of basicity” (E;)P* further characterizes the Pd—H
bond in hydrogen bond formation. The E; values determined
for 2 and [{CsH;-2,6-(CH,PBu,),}Pd(H)] are 1.56 and 0.56,
respectively, which correspond to the basicity of the hy-
drides (the proton accepting site) of pyridine and nitrometh-
ane, respectively,® further illustrating that these palladi-
um(IT) pincer hydride complexes must be different in their
reactivity towards protonation by weak acids, such as alco-
hols or water.™!

Even though the overall electron density on the metal
center of the aromatic, P Csp”P-based palladium(II) hydride

Scheme 2. Proposed mechanism for the generation of dihydrogen and concomitant formation of 3 by treatment of 2 with water.
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pincer complex [{CsH;-2,6-(CH,PrBu,),}Pd(H)] is higher
when compared to the metal center of the aliphatic,
P Csp®P-based pincer complex 2, the hydride of the latter
is (due to the stronger trans-influence of the aliphatic pincer
core) significantly more hydridic.

In conclusion, palladium(II) hydride complexes have
never been observed to undergo H, evolution and concomi-
tant formation of a stable palladium(II) hydroxide complex
in the presence of water. The reverse reaction, the hydro-
genolysis of palladium(IT) hydroxide complexes to regener-
ate the palladium(II) hydride complexes and release of a
corresponding amount of water or alcohol has rarely been
documented. Thus, the aliphatic palladium(II) hydride
pincer complex 2 is the first palladium(II) hydride complex
that leads to the evolution of dihydrogen under concomitant
formation of the palladium(II) hydroxide complex 3 when
reacted with an excess of water. This differs strikingly when
compared to its aromatic analogue for which deuterium
scrambling was observed. The reactivity difference could be
attributed to the stronger trams-influence of the aliphatic,
P Csp®P-based pincer core, which apparently has a great
impact on the hydridicity (and thus, reactivity) of an L,M—
H bond. Investigations by IR spectroscopy showed that the
Pd—H bond in 2 is indeed significantly elongated and thus
weaker when compared to its aromatic analogue. Moreover,
even though the electron density on the metal center of the
phenyl-based pincer hydride complex is higher when com-
pared to the metal center of 2, the Pd—D bond ionicity of
the latter is higher (by ~2 %) and allows for the first time a
direct correlation between the reactivity of structurally
seemingly similar transition-metal hydride complexes and
their M—H bond ionicity. As a direct consequence of the
higher Pd—H bond ionicity, interactions of 2 with proton
sources (MeOH) lead to significantly stronger and shorter
Pd—H--H-OMe hydrogen-hydrogen bonds (dihydrogen
bonding) when compared to those obtained for the aromat-
ic, PCsp*P-based system, providing a simple but powerful
explanation for their striking reactivity difference. The con-
version of 2 into 3 and H,, however, is reversible. Moreover,
the addition of an excess of water (50 to 100 equiv) consid-
erably increased the rate of hydrogenolysis and thus, strong-
ly supports a mechanism with initial dissociation of the hy-
droxide ligand and formation of a cationic dihydrogen com-
plex, which is then deprotonated by the hydroxide anion to
yield the hydride complex 2 (and water). Other experimen-
tal observations supported this mechanism further, which is
different when compared to the aromatic pincer hydride
complex [{CsH;-2,6-(CH,PBu,),}Pd(H)], in which a four-
center transition state was found to be traversed.
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