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Abstract. Palladium(0) phosphine complexes are of great importance as catalysts in numerous
bond formation reactions that involve oxidative addition of substrates. Highly active catalysts with
labile ligands are of particular interest but can be challenging to isolate and structurally
characterize. We investigate here the synthesis and chemical reactivity of Pd® complexes that
contain geometrically adaptable diferrocenylmercury-bridged diphosphine chelate ligands (L) in
combination with a labile dibenzylideneacetone (dba) ligand. The diastereomeric diphosphines 1a
(pSpR, meso-isomer) and 1b (pSpS-isomer) differ in the orientation of the ferrocene moiety relative
to the central Ph,PCsH;-Hg-CsH3PPh, bridging entity. The structurally distinct trigonal LPd%(dba)
complexes 2a (meso) and 2b (pSpS) are obtained upon treatment with Pd(dba),. A competition
reaction reveals that 1b reacts faster than 1a with Pd(dba),. Unexpectedly, catalytic
interconversion of 1a (meso) into 1b (rac) is observed at room temperature in the presence of only
catalytic amounts of Pd(dba),. Both Pd® complexes, 2a and 2b, readily undergo oxidative addition
into the C—CI bond of CH,Cl, at moderate temperatures with formation of the square planar trans-
chelate complexes LPd"CI(CH,Cl) (3a, 3b). Kinetic studies reveal a significantly higher reaction

rate for the meso-isomer 2a in comparison to (pSpS)-2b.

Introduction

Diphosphines play essential roles in homogeneous catalysis, and those ligands that are able to
adapt to a preferred coordination environment during a catalytic process are of particular interest.!
Only few diphosphines are known to be able to change the bite angle in a manner that allows them
to adopt both cis- and trans-chelation modes.? Among them is the chiral diferrocenyldiphosphine
PhTrap (Chart 1).3 On the other hand, Z-type diphosphines that contain c-acceptor atoms such as

boron, aluminum, antimony, silicon, tin, zinc or mercury for secondary interactions with the metal
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center are attracting much current interest.* An example is bis(ortho-diphosphinophenyl)mercury
(DPHg, Chart 1).> DPHg has been reported to form a trans-chelate with Pd""Cl,, whereas both cis-

and trans-chelates were isolated with Pt!ICl,.
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Chart 1. Examples of adaptable diphosphines.

We have a longstanding interest in ferrocene-based Lewis acids and Lewis pairs provoked by
the unique geometric features of ferrocene® that can be exploited in the development of planar
chiral species’ and the desirable redox-switchable® characteristics.”!? In the course of these studies
we have recently introduced a new class of redox-active and planar-chiral diphosphines Hg(ortho-
FcPPh,), (1a and 1b, Chart 1), which are formally related to PhTrap but linearly extended with a
mercury atom that may act as a c-acceptor unit.!! These ligands are diastereomeric and, as
illustrated in the formation of trans-chelated square planar Pd" complexes,!!® they give rise to
highly distinct complex geometries due to the different orientation of the 3-dimensional ferrocene
moieties. The successful synthesis and unusual structures of these Pd" complexes prompted us to
further explore 1a and 1b as ligands for Pd complexes in the oxidation state of zero. Highly active

Pd® complexes that readily undergo oxidative addition of substrates are of significant interest,!?
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especially the complexes derived from Pd(dba), or Pd,(dba); in combination with phosphine
ligands have proven to be very effective. They are typically generated in-situ, and only relatively

few examples of structurally authenticated active complexes have been reported in the literature.!3

In here we report the formation of low-coordinate trigonal complexes LPd%(dba) (L = 1a or
1b, dba = dibenzylideneacetone) that are readily isolable and structurally characterized by single
crystal X-ray analysis. We further disclose that these Pd° complexes rapidly insert into the C—Cl
bond of CH,Cl,, thereby exemplifying their potential utility in bond activation processes.
Intriguingly, the rate of formation of the LPd’(dba) complexes, the geometric features of the
complexes, and their reactivity toward CH,Cl,, are found to vary significantly with the ligand

stereochemistry.
Results and Discussion

The diferrocenylmercury-bridged diphosphines meso-1a and (pS,pS)-1b were prepared as
previously reported.!'® Upon stirring 1a with Pd(dba), in a 1:1 molar ratio in toluene for 30 min at
room temperature, the Pd° complex 2a was obtained in 82% yield and a similar reaction with chiral
(pS,pS)-1b gave the isomer (pS,pS)-2b in 86% yield (Scheme 1). The enantiomeric enrichment of
(pS,pS)-2b was verified by optical rotation measurement ([0]*°p = +414 in toluene). The
conversion to the Pd® complexes is evidenced by new resonances in the 3'P NMR spectra in C¢Dg
at 0 =20.9 (2a) and 18.1 ppm ((pS,pS)-2b), respectively, that are low-field shifted by Ad = 31.6
and 33.9 ppm relative to those of the free ligands. For each isomer one of the dba ligands remains
bound to Pd as evidenced by the presence of doublets due to the olefinic protons of the benzylidene
moieties at 6 = 7.73/6.82 ppm (2/yz = 16 Hz) for 2a and at 6 = 7.71/6.76 ppm (*Jyu = 15 Hz) for
(pS,pS)-2b. High-resolution MS analyses revealed peaks at m/z = 1045.9731 Da ([2a]*, MALDI-

MS) and 1046.9868 ([2b+H]*, ESI-MS) that correspond to loss of the dba ligand and are consistent
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with the diastereomeric relationship. Slow evaporation of a solution in benzene/decane (2a) or
toluene/decane (2b) gave single crystals appropriate for analysis by X-ray diffraction (Figure 1).

The molecular structure of 2a exhibits disorder occurring at the dba ligand (Figure S1, SI).

dba  pp
Phy _Pd—d..Ph
Pd(dba), PheP™
meso-1a @/Hg
toluene, r.t., 0.5h l Fe
Fe <=
meso-2a
(PSpA)
dba\ I'Dh ?
Pd(dba), Ph, /Pd\p"Ph s
PP <5 t, 0.5h Ph""Pf Hg
oluene, r.i., 0.
Fe

<& (pSpS)-2b

Scheme 1. Synthesis of Pd® complexes 2a and 2b.
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Figure 1. Molecular structures of 2a and 2b (50% thermal ellipsoids, H atoms omitted for clarity)
and side and top views with Ph groups on P omitted and only the Pd-bound olefin of the dba ligand
shown. Selected interatomic distances (A) and angles (°): For 2a: Pd1-P1 2.327(3), Pd1-P2
2.346(3), Pd1-C51 2.198(12), Pd1-C52 2.197(10), Pd1---Hgl 3.0381(10), Hg1—C1 2.070(12),
Hgl1-C23 2.047(13), P1-C2 1.815(11), P2-C24 1.825(12), C51-C52 1.40(2), C1-Hgl1-C23
175.6(4), P1-Pd—P2 126.57(11), dihedral angle for substituted Cp//Cp 15.9. For 2b: Pd1-P1
2.366(2), Pd1-P2 2.362(2), Pd1-C51 2.220(9), Pd1-C52 2.181(8), Pd1---Hgl 3.9056, Hg1-C1
2.055(7), Hg1-C23 2.050(7), P1-C2 1.833(8), P2—C24 1.815(8), C51—-C52 1.402(12), C54—C55
1.337(13), C53-0O1 1.228(11), C1-Hgl1—C23 174.1(3), P1-Pd—P2 127.53(7), dihedral angle for
substituted Cp//Cp 29.7.

The Pd® atom in 2a and 2b is found in a trigonal planar environment surrounded by the
chelating diphosphine ligand and one of the olefinic groups of the dba ligand. The P1-Pd—P2 bite
angles of 126.57(11)° for 2a and 127.53(7)° for 2b are much smaller than in the previously
reported LPd"Cl, complexes,'!® which demonstrates the highly flexible nature of this class of
ligands. The arrangement of the ferrocene units in the two metal complexes drastically influences
the positioning of the Pd(dba) fragment, which is aligned in a way that minimizes steric repulsion
with the ferrocene groups and phenyl rings. The Pd(dba) unit sits above the diferrocenylmercury
entity in 2a but is oriented perpendicular to the diferrocenylmercury entity in 2b. The repulsion
between the dba and ferrocene units (and the Ph rings that are differently oriented) positions the
Pd in 2b far away from the Hg atom (Pd---Hg 3.9056 A) and induces an elongation of the Pd—P
bond lengths (2.366(2) and 2.362(2) A), in sharp contrast to the short interatomic Pd---Hg
separation (3.0381(10) A) and relatively shorter Pd—P distances (2.327(3) and 2.346(3) A)
observed for 2a. For a similarly short Pd---Hg distance to be realized for 2b, the Pd would have to
adopt a T-shaped geometry due to the different orientation of the P,Pd plane. The substituted Cp
rings deviate from coplanarity with a twist of 15.9° (2a) and 29.7° (2b) that results in a more

6
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puckered C4HgPdP, central heterocycle for the latter. The Pd—P1 and Pd—P2 distances in both
species are shorter than those reported for Pd(dba)[P(o-tol);], (2.372(1) and 2.388(1) A),!3=
suggesting that the phosphorus atoms are more tightly bound to Pd in the chelate complexes 2a
and 2b. As expected, the C—C distance for the Pd-bound olefinic group [1.40(2) A for 2a; 1.402(12)
for 2b] is elongated when compared with the corresponding unbound olefin in free dba

(1.276(4)/1.289(6) A)'.

The short Pd---Hg distance of 3.0381(10) A in 2a deserves some additional comments as it
may be indicative of d!°-d'® metallophilic interactions. Although metallophilic interactions
involving Pd" (d®) complexes are very common and have been extensively studied,> !> 15 they are
relatively less explored for Pd° (d!%) complexes.!® The nature and strength of such interactions
remain the subject of vigorous debate with recent studies emphasizing the importance of ligand
effects that can overcome even repulsive M- --M interactions.!” In line with this view, the presence
of a short Pd---Hg contact in 2a and absence in 2b is certainly tied to the different ligand

environments.

To evaluate any differences in reactivity between isomers 1a and 1b, a competition experiment
was performed using an approximately equimolar mixture of each of the diphosphine
diastereomers and Pd(dba),. Immediately after mixing 1a, 1b, and Pd(dba), in a 1:1:1 ratio in C¢Dq
the 3'P NMR spectrum displayed low field resonances for the expected products at 8 =21.5 (10%,
2a) and 17.6 (36%, 2b), in addition to high field resonances at —12.7 ppm (40%, 1a), and —13.3
(13%, 1b) for the precursors (Figure 2, Spectrum 1). The preferential reaction of 1b over la

suggests a lower kinetic barrier for the binding of 1b to the Pd(dba) fragment.
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Figure 2. 3'P NMR spectra for the competitive 1:1:1 reaction of 1a:1b:Pd(dba), in C¢Dg; spectrum
1 was acquired immediately after mixing and subsequent spectra (2—8) were recorded every 30

min.

Looking at the differences in the X-ray structure of 2a and 2b, a possible explanation may be
that, in the formation of 2a, the Pd(dba) moiety has to approach from above the diferrocenyl
mercury moiety, interfering with the Ph groups of the phosphine ligands, whereas in the formation
of 2b the Pd(dba) moiety can approach sideways and retains a larger distance to the
diferrocenylmercury core in the final metal complex. A detailed analysis of the percent buried

volume'® and corresponding steric maps of the ligands are provided in the ESI (Figure S2).

When the sample was kept at room temperature for a longer period of time, the relative
intensity of the signals for meso-isomers 2a and 1a gradually decreased, while those of the signals
for pSpS-isomers 2b and 1b increased (Figure 2, Spectra 2—8). After a reaction time of 4 h, 2a
completely disappeared and the relative intensity of 1a, 1b, and 2b were respectively 17%, 39%,
and 44%. These results suggest that a rearrangement reaction occurred that favored the formation
of the free ligand 1b and its metal complex 2b. To further explore this phenomenon, we added a

catalytic amount of Pd(dba), (ca. 15 mol%) to a solution of the meso- and rac-isomers 1a and 1b
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(starting isomer ratio 84% : 16% for 1a : 1b) in C¢Ds. Indeed, the 3'P NMR data showed a gradual
increase of the signal for the rac-isomer 1b and decrease of the signal for the meso-isomer 1a
(Figure S4). After 29 hours at room temperature, the free ligand ratio of 1a to 1b changed to 38% :
45%, with the remaining 17% attributed to the Pd complex 2b. The isomerization mechanism
remains unclear but inevitably has to involve mercuration at the Cp C-H carbon in ortho-position
to the PPh, ligand binding group and transfer of the proton from that position to the Cp carbon
atom that originally was substituted with Hg. Further studies will be needed to elucidate the

mechanistic details.

C-Cl Bond Activation of Dichloromethane. An excess of dichloromethane was added to a
Schlenk flask containing 2a and the mixture was stirred overnight at 40 °C. Analysis by NMR
spectroscopy revealed almost complete, clean conversion to 3a (Figure 3). A similar procedure led
to the formation of 3b in high yield. The 3'P NMR spectrum of 3a exhibits a resonance at & = 25.1
ppm, which is shifted to lower field in comparison with that measured for 2a, while the
chloromethyl protons give rise to a sharp triplet resonance at & = 2.51 ppm (3Jp g = 10.0 Hz).!%®
In contrast, the 3'P NMR spectrum of 3b shows two doublets centered at & = 24.6 ppm and 20.7
ppm (2/pp = 405 Hz)? indicating two magnetically non-equivalent phosphorus atoms as a result
of a change from C,- in 2b to Cj-symmetry in 3b upon activation of CH,Cl,. As another
consequence, the chloromethyl protons are diastereotopic and appear as two distinct broad

resonances in the 'H NMR spectrum at 8 = 3.02 and 2.93 ppm.
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Figure 3. C—Cl bond activation of dichloromethane at the Pd° complexes 2a and 2b to give 3a and
3b and molecular structure of meso-3a-2CH,Cl, (50% ellipsoids, H atoms and CH,Cl, solvent
molecules omitted for clarity). Selected interatomic distances (A) and angles (°): Pd1-P1
2.3376(17), Pd1-P2 2.3591(17), Pd1-Cl11 2.4016(15), Pd1-C45 2.038(6), Pd1---Hgl 2.9784(10),
P1-C2 1.799(6), P2—-C24 1.805(6), Hg1—C1 2.066(6), Hg1-C23 2.077(6), C45-C12 1.811(6),
C1-Hgl1—C23 179.0(2), P1-Pd-P2 173.29(5), C11-Pd1-C45 174.70(18), Pd1-C45-CI2 105.9(3),
dihedral angle for substituted Cp//Cp 2.1.

Single crystals of the Pd" complex 3a were obtained by slow evaporation of a CH,Cl, solution of
2a layered with hexanes, which resulted in a mixture of orange and light-yellow crystals. While
the light-yellow crystals were identified as the dba ligand, the orange crystals proved to correspond
to 3a as confirmed by X-ray diffraction analysis (Figure 3, right). 3a adopts a structure similar to
that of the previously reported complex LPdCl, (L = (Ph,Pfc)Hg)!'® with the Pd atom trans-
coordinated by two phosphine groups, which in turn adopt a cis-arrangement relative to the Fc,Hg

entity. The P1-Pd1-P2 (173.29(5)°) and CI1-Pd1-C45 (174.70(18)°) angles of 3a are slightly

10
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smaller than those of LPd!'Cl,, whereas the Pd1---Hg1 distance (2.9784(10) A) in 3a is in a similar
range as that of LPd!Cl, (Pd1---Hgl 2.9828(6) A)!'"*. The latter may indicate the presence of
metallophilic d3-d!? interactions as the distance is well below that of most compounds!3 for which

Pd---Hg d®-d'? interactions have previously been claimed [3.1020(3)-3.2841(2) A].

An interesting question is whether the distinct steric features and the presence/absence of short
HgPd contacts for the Pd® complexes 2a and 2b may also affect the rate of the CH,Cl, oxidative
addition. To assess potential differences in the reaction kinetics, we performed a study in which
we followed the reaction of a 1:1 mixture of 2a and 2b by 3'P NMR in a mixture of CH,Cl, (40%)
and C¢Dg (60%) at 40 °C (Figure 4a). After 40 min, the concentration of the meso-isomer 2a
decreased by 22% and the corresponding signal for 3a was easily detected. In contrast, the
concentration of the rac-isomer 2b decreased only slightly and the doublet signals for the product
3b remained barely detectable. As the reaction progressed, the difference in reactivity became even
more apparent. A plot of the In[2a] and In[2b] versus time showed that the reaction follows a first-
order rate law. Considering that the amount of CH,Cl, (6.26 M) remains constant, the rate
constants were determined to be 5.0 x 102 M- s! (2a) and 3.2 x 102 M"! s (2b) (Figure 4b). The
apparent lower propensity of 2b to insert into the C—CI bond of dichloromethane is indicative of a
larger barrier to oxidative addition for 2b. A reason could be that the more asymmetric structure
of 2b hinders the oxidative addition at the Pd® center. While the initial approach of DCM to Pd
should occur readily, the DCM molecule likely approaches sideways as seen for the binding of
dba in 2b, resulting in a longer Hg...Pd distance. Subsequent oxidative addition with formation of
the square-planar product then requires the Pd to approach more closely to the diferrocenylmercury

ligand framework which may be associated with a relatively higher reaction barrier.
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Figure 4. (a) Activation of CH,Cl, by meso-2a and (pSpS)-2b (1:1 mixture) followed by 3'P NMR
at 40 °C (spectrum 1 shows the starting materials at # = 0 min and subsequent spectra (2—10) were
acquired every 40 minutes). (b) Logarithmic plot showing the decrease in concentration of 2a and

2b versus time.

The facile dichloromethane activation at ambient temperature by 2a and 2b merits some further
comments. Owing to its high stability, activation of dichloromethane by transition metal insertion
into the C—Cl bond generally requires the use of highly reactive, electron-rich transition metal
complexes.?! Literature precedents for activation of CH,Cl, with Pd° are mostly limited to
electron-rich monophosphine metal complexes such as [Pd(PfBu,H);]%? and [Pd(PCys;),(dba)]*
which give rise to square-planar trans-complexes.”* A square-planar cis-complex
[Pd(Cy,PC,H4PCy;)(CH,CI)CI] (Pd—C 2.101(9), Pd—Cl 2.398(2) A) was obtained upon reaction
of the chelate ligand Cy,PC,H4PCy, with the methallyl complex Pd(n3-2-Me-C3;Hy), in CH,Cl,.??
Most closely related is a study by Mashima and co-workers on a tetranuclear Pd(0)-Mo(I11)-Mo(II)-
Pd(0) complex in which the Pd atoms are surrounded by trans-chelating phosphines and show
dative interactions with the Mo atoms that are part of the diphosphine backbone.?® This compound

was reported to be highly reactive to oxidative addition, also undergoing CH,Cl, oxidative addition

12
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at room temperature. In addition, Hierso and Lucas introduced a bidentate ferrocenylphosphine
ligand and demonstrated that its electrochemically generated Pd® complex rapidly reacts with
CH,Cl,.?7 In the resulting square-planar Pd"! complex, the CH,Cl and CI groups are found in cis-
position (Pd—C 2.065(5), Pd—Cl1 2.357(4) A) and the product is reported to be unstable towards
loss of “methylene”. In contrast, both compounds 3a and 3b are stable in solution for many days
(the NMR sample resulting from the kinetic experiment was kept for five days at room temperature)

and no loss of “methylene” with formation of the respective LPd"'Cl, complexes'!® was observed.

Conclusions
In conclusion, reaction of the diphosphines meso-1a and (pS,pS)-1b with Pd(dba), gives rise to the
novel Pd® complexes meso-2a and (pS,pS)-2b. The metal complexes adopt a trigonal coordination
geometry at Pd, in contrast to the square-planar arrangement for the respective LPd''Cl, complexes,
highlighting the conformational flexibility of the ligands. Distinct geometries are observed for
meso-2a and (pS,pS)-2b that are reflected in dramatic differences in the coordination geometry at
Pd and also affect the establishment of short intramolecular Pd---Hg contacts. Likely due to these
differences, in competitive reactions 1b reacts preferentially over 1a with the palladium precursor
Pd(dba),. In the course of these studies we also discovered that 1a is slowly converted to 1b
catalyzed by Pd(dba),. Both Pd° complexes, 2a and 2b, undergo C-Cl activation of CH,Cl, under
mild conditions to give LPd"CI(CH,Cl) complexes, 3a and 3b. Kinetic studies indicate a relatively
higher reactivity of the Pd® species 2a in comparison to 2b. The high propensity to undergo
oxidative addition processes suggests that the Pd° complexes hold promise for other transition

metal-catalyzed transformations including stereoselective processes.
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