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ABSTRACT: Palladium(II) complexes featuring the hybrid anionic ligand
1′-(diphenylphosphino)ferrocene-1-sulfonate (L−), viz., trans-(Et3NH)2[Pd-
(μ-Cl)Me(L-κP)]2 (1), [Pd(Me)(dmap-κN1)(L-κ2O,P)](2; dmap = 4-
(dimethylamino)pyridine), and [Pd(η3-allyl)(L-κ2O,P)] (6), were synthe-
sized and together with the previously reported compounds trans-
(Et3NH)2[PdCl2(L-κP)2] and [Pd(LCY)(L-κ2O,P)] (LCY = 2-[(dimethyla-
mino-κN)methyl]phenyl-κC1 and 2-[(methylthio-κS)methyl]phenyl-κC1)
tested as precatalysts for Pd-catalyzed ethylene dimerization. Only compound 1 gave rise to an active catalyst after activation
by sequential halogen removal with Tl[PF6] and Na[BAr′4] (Ar′ = 3,5-bis(trifluoromethyl)phenyl) in chloroform. Thus, the
formed catalyst efficiently mediated the dimerization of ethylene showing both good activity (TOF ≈ 95 h−1) and high
selectivity for 1-butene (95%) at 21 °C and 30 bar of ethylene pressure. DFT calculations have shown that the dimerization
reaction is thermodynamically preferred over the formation of higher oligomers and that O,P-chelate coordination of the
phosphinosulfonate ligand in all Pd(II) reaction intermediates is vital for the catalytic process. In particular, the O,P-chelating
phosphinoferrocene sulfonate ligand stabilizes and electronically differentiates the reaction intermediates and favors concerted
ethyl migration to coordinated ethylene giving rise to 1-butene.

■ INTRODUCTION
Alkylpalladium(II) complexes bearing auxiliary ortho-
(phosphino)arenesulfonate ligands (A in Scheme 1) show

unique properties in ethylene copolymerization with various
polar vinyl monomers, preferentially producing linear function-
alized polymers.1,2 In ethylene homopolymerization, these
complexes produce polyethylene with high molecular weight
(typically in the 103−105 range) and linearity (1−10 branches
per 1000 carbon atoms).1b Theoretical3 and experimental4

studies performed on Pd(II) complexes with O,P-coordinated
phosphinosulfonate ligands have shown that the high linearity
of the polymeric product results from the anionic nature of the
O,P ligand, which reduces the positive charge at the metal

center, thereby suppressing β-hydride elimination in the
presence of ethylene monomer.1

In 2011, Erker et al. synthesized a family of phosphinosul-
fonate ligands derived from ferrocene (B), with the functional
groups located in adjacent positions of the same cyclo-
pentadienyl ring.5 Pd(II) complexes with this ligand
coordinated in an O,P-chelating anionic form yielded ethylene
homopolymers with an average molecular weight of 5860 g
mol−1.6 Lower molecular weight polyolefins were detected
after oxidation of the iron center by cobaltocene (redox-
controlled polymerization).6b This finding is consistent with
the electron-withdrawing nature of the ferrocenium moiety7

and with its role in promoting chain transfer via β-hydride
elimination.
Continuing our research focused on hydrophilic, ferrocene-

based phosphinosulfonate ligands that has led to the
preparation of compounds C8 and D9 (Scheme 1), we have
recently reported the synthesis of 1′-(diphenylphosphino)-
ferrocene-1-sulfonic acid (HL in Scheme 1). This compound is
a sterically distinct isomer of B-type ligands and can be
conveniently isolated in the form of the stable salt (Et3NH)
L.10 Considering the attractive catalytic behavior of phosphi-
nosulfonate ligands in polymerization reactions, we extended
our studies with HL10,11 toward the synthesis of Pd(II)
complexes with selected hydrocarbyl ligands and toward
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Scheme 1. Relevant Examples of Phoshinosulfonate Ligands
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application of these compounds in selective ethylene
dimerization to 1-butene under homogeneous reaction
conditions.
Ethylene dimerization to 1-butene, which is the widely used

comonomer in the synthesis of low-density polyethylene, is
industrially performed using the AlphaButol process and a Ti-
based catalyst.12 The latter is highly selective toward 1-butene
thanks to the coupling of two ethylene molecules, which form a
metallacyclopentane intermediate during the reaction.13 Late-
transition metal complexes featuring neutral14 and anionic15

chelating ligands do not generally show good selectivity in the
dimerization of ethylene to 1-butene mostly because of their
high isomerization activity. However, high 1-butene selectivity
(>98%) was achieved when using Ni(II)16 and Co(II)17

precatalysts stabilized by tridentate ligands and activated
through alkylation with alkylaluminum reagents. In this
contribution, we report our results from selective ethylene
dimerization to 1-butene using Pd(II)-L precatalysts, from the
structural characterization of these compounds and, also, from
a DFT study, which enabled us to propose an operative
catalytic cycle of the selective 1-butene production.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of the Precatalysts.

For catalytic testing, we prepared Pd(II) complexes bearing
hydrocarbyl ligands capable of inserting ethylene, either
directly (methyl) or after a haptotropic isomerization (allyl),
and relatively weaker binding ligands (sulfonate oxygen,
solvent or an N-donor). The starting material for the
preparation of the methylpalladium(II) complexes was
dipalladium complex trans-(Et3NH)2[Pd(μ-Cl)(Me)(L-κP)]2
(1 in Scheme 2), obtained by replacing coordinated 1,5-
cyclooctadiene (cod) in [PdMe(Cl)(cod)] with 1 equiv of
(Et3NH)L. The formation of this complex, rather than a
monopalladium(II) chelate such as [PdMe(Cl)(L-κ2O,P)],
corresponds with the preference of Pd(II) for coordinating soft
donors.18 A similar reaction using 2 equiv of (Et3NH)L
produced a different species, which was converted into
bis(phosphine) complex trans-(Et3NH)2[PdCl2(L-κP)2]

10

upon recrystallization from a halogenated solvent and therefore
was not further investigated.
NMR signals due to PdMe in complex 1 are found at δH

0.73 (d, 3JPH = 2.2 Hz) and δC 6.27 (br s), thus corroborating
the cis-P,C relationship. The 1H and 13C NMR spectra further

display signals of the Et3NH
+ cations and of the ferrocene

ligand (including the characteristic, low-field signal due to C−
SO3 at δC 94.57). 31P NMR resonance of 1 occurs as a singlet
at δP 31.3.
Compound 1 is reluctant to crystallize, typically separating

as a viscous, orange oil. However, when using a wet mixed
solvent (see the Experimental Section), compound 1 was
converted into the better crystallizing monohydrate 1·H2O,
which was structurally authenticated by X-ray diffraction
analysis (Figure 1). Atoms forming the central {Pd(μ-

Cl)P(C)}2 moiety in the structure of 1·H2O are coplanar
within 0.2 Å. An inspection of Pd-donor distances and
interligand angles (Table 1) reveals a minor asymmetry in
the Pd−Cl bonds and an opening of the cis-P−Pd−Cl angles
compensated for by the small in-ring Cl1−Pd−Cl2 angles.19

The ferrocene units, located on the same side with respect to
the coordination plane, are tilted by approximately 4° and
assume different conformations, as shown by the torsion angle
C1−Cg1−Cg2−C6 (τ), where Cg1 and Cg2 are the centroids
of the cyclopentadienyl rings C(1−5) and C(6−10),
respectively, τ = −88.1(5)° (Fe1), and −155.4(5)° (Fe2).
The different mutual orientations of the substituents at the
ferrocene units reflect steric interactions (L− is the bulkiest

Scheme 2. Synthesis and Reactivity of Methylpalladium(II) Complexesa

aLegend: cod = cycloocta-1,5-diene, dmap = 4-(dimethylamino)pyridine, Na[BAr′4] = sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate

Figure 1. View of the complex anion in the structure of 1·H2O (for
complete displacement ellipsoid plot, see the Supporting Informa-
tion).
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ligand in the coordination sphere) and are certainly affected by
hydrogen-bonding interactions of the ligands’ sulfonate groups
with the counterions and the water molecules (see the
Supporting Information).
Removing the chloride ligands from 1 with AgClO4 in the

presence of 4-(dimethylamino)pyridine (dmap) affords com-
pound 2, which results from the elimination of AgCl and
(Et3NH)ClO4. The complex containing O,P-chelating phos-
phinosulfonate L− was also structurally characterized. Notably,
pyridine reacts similarly but has to be used in a large excess (as
the solvent). In addition, the product easily decomposes and is
therefore unsuitable for further studies.
The NMR spectra of 2 display signals due to PdMe (δH 0.27

and δC 1.75; both split into doublets) and the dmap ligand
(but not the characteristic resonances of the Et3NH

+ cations).
The 31P NMR signal of 2 (δP 29.9) appears slightly shifted to a
higher field than that of the parent complex 1. Notably, both 1
and 2 give rise to ions [PdMe(L) + H]+ (m/z 571), which are
the heaviest fragments in their ESI+ mass spectra.
Compound 2 crystallized in a solvated form (2·1/2AcOEt)

with the solvent molecules extensively disordered within the
structural voids. The molecular structure (Figure 2) corrob-
orates the trans-P,N arrangement in which the donors with the
strongest trans influence20 (Me and PR3) occupy adjacent (cis)
positions.21 The palladium and its four ligating atoms lie in a
plane (within ≈0.08 Å), yet the coordination environment is
somewhat twisted due to different Pd-donor distances, unlike

spatial demands of the ligands and the chelating coordination
of the phosphinoferrocene sulfonate anion, which results in the
most opened interligand angle (≈100°). In fact, the bite angle
of the phosphinoferrocene ligand is larger (by ≈5−6°) than
that of the 2-(diphenylphosphino)benzenesulfonate ligand in
the structure of [Pd(Me)(py)(2-Ph2PC6H4SO3-κ

2O,P)] (py =
pyridine).22 The pyridine ligand in 2 binds Pd1 at the distance
of 2.104(2) Å and is rotated by 62.63(9)° from the
coordination plane, {Pd1, P1, O1, N1, C23}. Last, the
ferrocene cyclopentadienyls are tilted by 2.1(1)° and adopt a
closed (approximately 1,2′ or synperiplanar eclipsed)23

conformation characterized by the τ angle of 61.8(2)°, which
is consistent with the O,P-chelate coordination of the ligand
L−.
When treated with Tl[PF6] (1 equiv) in CH2Cl2, 1 produces

intermediate 3 in an 80% yield (Scheme 2). The 31P{1H}
NMR spectrum of 3 showed a singlet at δP 30.7. Signals of the
Pd-bound methyl group were observed at δH 0.75 (s) and at δC
6.22 (br s), suggesting that the cis arrangement of the methyl
and phosphine ligands was retained. The 1H NMR ferrocene
signals and the IR spectrum (KBr) of 3 are very similar to
those of 1. Hence, we deduce that 3 likely has a dimeric
structure featuring one chloride bridge between two equivalent
Pd(II) metal centers with a T-shaped coordination geometry.24

An analogous reaction between 1 and 2 equiv of Tl[PF6] in
CH2Cl2, followed by removing (Et3NH)[PF6] from the
reaction mixture by extraction with water led, to the formation
of a yellow compound 4 that was completely insoluble in
noncoordinating organic solvents such as CHCl3. The IR
spectrum of this material attested to the presence of
coordinated −SO3

− units, presumably in a dimeric compound
containing a symmetrical (Pd−O)2 core.6b CD3CN addition
dissolved 4, thereby forming neutral monomeric species 5,
which was characterized in situ by NMR spectroscopy. The
same compound was obtained when 1 was treated successively
with Tl[PF6] and Na[BAr′4] (Ar′ = 3,5-bis(trifluoromethyl)-
phenyl) in CD3CN.
Even in this case, the NMR spectra suggested that the

methyl and phosphine moieties occupy cis positions [PdMe:
δH 0.35 (s), δC −1.73 (d, 2JPC = 4 Hz)]. The ferrocene protons
of 5 gave rise to four signals at δH 4.13, 4.42, 4.61 and 4.71, and
the IR spectra indicated the presence of a coordinated SO3

−

unit.25

In addition to the PdMe complexes, we have also
synthesized Pd(η3-allyl) complex 6 (Scheme 3). The

compound was prepared in good yield (≈80%) by [Pd(μ-
Cl)(η3-C3H5)]2 cleavage with a stoichiometric amount of
(Et3NH)L and subsequent AgClO4 addition, resulting in the
elimination of AgCl and (Et3NH)ClO4.
The NMR spectra of 6 confirm the formulation by showing

only the signals due to the phosphinoferrocene ligand and to
the η3-bound allyl moiety. 1H NMR signals of the allyl CH2
group trans to the oxygen donor are observed as broad singlets
at very similar positions, whereas those due to the methylene

Table 1. Selected Distances and Angles (in Å and deg) for
Compound 1·H2O

Pd1−P1 2.223(2) Pd2−P2 2.214(2)
Pd1−Cl1 2.446(1) Pd2−Cl1 2.412(1)
Pd1−Cl2 2.414(1) Pd2−Cl2 2.475(1)
Pd1−C23 2.037(7) Pd2−C73 2.053(7)
P1−Pd1−Cl1 98.68(5) P2−Pd2−Cl2 102.51(5)
P1−Pd1−C23 87.7(2) P2−Pd2−C73 85.7(2)
Cl1−Pd1−Cl2 83.57(5) Cl1−Pd2−Cl2 82.99(5)
Cl2−Pd1−C23 89.9(2) Cl1−Pd1−C73 88.9(2)

Figure 2. View of the complex molecule in the structure of
2·1/2AcOEt. Selected distances and angles (in Å and deg): Pd1−
P1 2.2488(6), Pd1−O1 2.167(2), Pd1−N1 2.104(2), Pd1−C23
2.026(2), P1−Pd1−O1 100.26(5), P1−Pd1−C23 86.21(7), C23−
Pd1−N1 87.66(8), N1−Pd1−O1 86.00(7). The displacement
ellipsoid plot is provided in Supporting Information.

Scheme 3. Synthesis of (η3-Allyl)Pd(II) Complex 6
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group trans to the phosphine moiety give rise to well-resolved
and markedly anisochronic multiplets (ΔδH ≈ 1 ppm). The
corresponding 13C NMR signals are observed at δC 53.55 (d,
2JPC = 2 Hz, CH2 trans-O) and 85.77 (d, 2JPC = 27 Hz, CH2

trans-P), following the trend in trans-influence. The signals due
to the meso CH group occur at δH 5.78 (m) and at δC 120.01
(d, 2JPC = 5 Hz).
Structure determination of complex 6 revealed a pseudo-

trigonal coordination environment around the Pd(II) center
(Figure 3 and Table 2). The η3-allyl moiety is characteristically

tilted26 (by 68.4(2)°) from the plane defined by the palladium
and the remaining donor atoms, {Pd1, P1, O1}, and
coordinates rather symmetrically with respect to the other
donors (cf. P1−Pd1−C25 = 98.40(6)° and O1−Pd1−C23 =
96.26(6)°). Notably, the Pd−C distances decrease gradually
from C23 to C25,27 reflecting the relatively larger trans
influence20 of the phosphine donor. The ferrocene unit in the
O,P-chelating ligand adopts an approximate 1,2′ conformation,
similar to that encountered in 2·1/2AcOEt.
Catalytic Experiments. Compounds 1−4, 6, trans-

(Et3NH)2[PdCl2(L-κP)2],
10 and the complexes with the

ortho-metalated ligands, [(LCY)Pd(L-κ2O,P)] (LCY = 2-
[(dimethylamino-κN)methyl]phenyl-κC1 or 2-[(methylthio-
κS)methyl]phenyl-κC1),10 were initially screened in the
ethylene oligomerization reaction in the absence of any
additional activators. The testing reactions were conducted
in chloroform at 21 °C in the presence of 30 bar of ethylene.
Under such conditions, however, none of the compounds was

catalytically active, which is presumably due to strong
coordination of the coligands: dmap in 2, chloride in 1 and
2, or LCY in the ortho-metalated compounds. Complex 5 was
stable only in the presence of acetonitrile, whereas a η3 → η1

haptotropic change of the allyl unit in 6, necessary for the
ethylene coordination to Pd(II), would be associated with a
high energy cost.
Next, we activated precatalyst 3 in situ with an excess of

Na[BAr′4] (2.0 equiv) in chloroform saturated with ethylene.
1H NMR spectra acquired during the reaction of the formed
species with ethylene (at room temperature in CDCl3) are
presented in Figure 4. The 1H NMR traces b−d clearly show

the conversion of ethylene into 1-butene during the reaction.
Once the concentration of dissolved ethylene decreased (trace
e), however, 1-butene was isomerized to trans/cis-2-butene
(2:1 ratio) by the same catalyst (additional 1H NMR spectra of
the reaction mixtures and operando 31P NMR spectra are
available as the Supporting Information). An analogous control
1H NMR experiment performed in the presence of pyridine
(pyridine/3 molar ratio = 2), which coordinates Pd(II) (albeit
less strongly than dmap), indicated that no ethylene
dimerization occurred.
In order to validate the catalytic system in terms of

selectivity and catalyst stability, we conducted additional
catalytic reactions with 3/Na[BAr′4] in CDCl3 under different
ethylene pressures and reaction times (Table 3).
The highest 1-butene selectivity (95%) was attained when

the catalytic reactions were performed at 21 °C in the presence
of 30 bar of ethylene for 1 h (TOF = 95 h−1; Table 3, entry 3).
Prolonging the reaction time to 3, 6, and 12 h under such
conditions led to a gradual though only slight decrease of the
selectivity (down to 89%, entries 3−5), otherwise corroborat-
ing the stability of the catalyst under the specified reaction
conditions. The lower TOF value achieved at a shorter
reaction time (0.5 h; Table 3, entry 1) suggests the presence of
an induction period due to the conversion of 3 into the true
catalytically active species. Indeed, GC-MS analysis of the
reaction mixtures revealed trace amounts of propene, which
stems from the conversion of the starting Pd−Me species into
the catalytically active Pd−H species (i.e., catalytic activation

Figure 3. View of the molecular structure of 6 (conventional
displacement ellipsoid plot is provided in Supporting Information).

Table 2. Selected Distances and Angles (in Å and deg) for
Complex 6a

Pd1−P1 2.2990(6) P1−Pd1−O1 97.29(3)
Pd1−O1 2.123(1) C23−C24−C25 118.8(2)
Pd1−C23 2.187(2) C23−Pd1−C25 68.06(7)
Pd1−C24 2.138(2) ∠Cp1,Cp2 1.3(1)
Pd1−C25 2.100(2) τ −61.3(1)

aCp1 and Cp2 are the cyclopentadienyl rings C(1−5) and C(6−10),
respectively. Cg1 and Cg2 denote their respective centroids. τ is the
torsion angle C1−Cg1−Cg2−C6.

Figure 4. 1H NMR spectra (400 MHz, CDCl3, 21 °C) recorded
during the 3/Na[BAr′4]-mediated ethylene dimerization reaction: (a)
precursor 3; (b) spectrum obtained after saturation with ethylene and
addition of Na[BAr′4]; and spectra taken after (c) 15 min, (d) 1 h,
and (e) 2 h of reaction time (● = 1-butene, ■ = cis,trans-2-butene).
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by insertion of ethylene into the Pd−Me bond followed by β-
elimination).
At a lower ethylene pressure (5.0 bar), the selectivity to 1-

butene remained nearly unchanged (92%) but the yield of the
dimerization product was decreased (TOF of 83 h−1; entry 9).
Conversely, increasing the reaction temperature to 35 and 50
°C accelerated both the dimerization reaction and the
subsequent 1-butene isomerization to 2-butenes. Conse-
quently, the selectivity toward 1-butene gradually decreased
from 95% (21 °C) to 81% (35 °C) and 58% (50 °C; Table 3,
entries 2, 6, and 7). In addition, palladium black formation was
observed at 50 °C, which corresponds with the observed
decrease in the catalytic activity noted at the this temperature
after 3 h of the reaction time (Table 3, entries 8 and 7).
Notably, only small amounts of the trimerization product, 1-
hexene (<2%), could be detected in all experiments.
To experimentally prove the role of the sulfonate moiety

during the catalytic process, we used a related complex trans-
[Pd(μ-Cl)(Me)(PPh2Fc)]2 (7)28 (see the Supporting In-
formation) bearing an analogous ferrocene-based ligand
without the sulfonate unit. When utilizing this precatalyst
and applying the standard reaction conditions, a complete
decomposition of the reaction mixture was observed. In
addition, the 1H NMR spectrum proved that no 1-butene was
formed. An additional operando NMR experiment with 7 was
carried out in the presence of hexadecyltrimethylammonium p-
toluensulfonate, ethylene, and Na[BAr′4], showing again no 1-
butene formation. Instead, a gradual decomposition of
activated 7 took place. We thus infer that chelating
coordination of L− anion to Pd(II) plays a crucial role in
stabilizing the metal center during the catalytic reaction. This
experimental result is in agreement with DFT computations,
which revealed that the O,P-chelating coordination of the
anionic ligand L− to a PdMe(η2-C2H4) fragment is 13.3 kcal
mol−1 more stable than the isomeric trigonal species featuring
P-monodentate ligand. The entire catalytic cycle, elucidated by
DFT calculations, is presented in Scheme 4.
Precatalyst 3 enters the catalytic cycle via activation with

Na[BAr′4] (elimination of Pd-bound chloride) and elimination
of propene formed by ethylene insertion into the Pd-Me bond
and subsequent β-hydride elimination. The resulting tricoordi-

nate Pd−H species (A), with hydride positioned cis to the
phosphine donor moiety, coordinates ethylene to produce B,
which in turn undergoes ethylene insertion, producing another
tricoordinate intermediate, C. The latter may react in two
ways: either continues the productive catalytic cycle 1 or enters
into catalytic cycle 2, which produces 1-hexene (Scheme 4).
Nonetheless, exoergic isomerization of C followed by ethylene
coordination, which yields intermediate E, is favored over
ethylene coordination to the former species (cf. −37.9 kcal
mol−1 vs −22.7 kcal mol−1). This finding is confirmed by the
low amount of 1-hexene found in the reaction mixture. The
migration of the coordinated ethyl unit in E and concomitant
M−H bond formation leads to the transition state FTS

(concerted reaction mechanism), which is associated with an
overall energy gain of 2.5 kcal mol−1. Figure 5 shows the
computed structure for FTS. The release of the main product
(1-butene) is associated with an energy cost of 8.5 kcal mol−1,
regenerating Pd−H species A.
Ethylene coordination to intermediate C gives rise to alkene-

alkyl species G, which undergoes ethylene insertion. Resulting
intermediate H is characterized by an agostic Pd−H
interaction (Figure 5; the isomeric species with the n-butyl
group trans to the phosphorus atom could not be optimized).
Ethylene coordination to the intermediate H and its insertion

Table 3. Summary of the Catalytic Resultsa

selectivity (%)b

entry t (h) 1-C4 2-C4 1-C6 TOF (h−1)c

1 0.5 94 5 trace 85
2 1 95 4 1 95
3 3 92 7 1 94
4 6 91 8 1 93
5 12 89 10 1 91
6d 1 81 18 1 283
7e 1 58 40 2 415
8e 3 57 41 2 180
9f 1 92 8 trace 83

aConditions: 3 (14.0 mg, 9.0 μmol), Na[BAr′4] (16.0 mg, 18.1
μmol), CDCl3 (4.0 mL), p(C2H4) = 30.0 bar, T = 21 °C. The
autoclave was cooled to −20 °C before unreacted ethylene was
released and the products analyzed by 1H NMR spectroscopy.
bSelectivity to 1-butene (1-C4)l sum of cis/trans-2-butenes (2-C4) and
1-hexene (1-C6) was determined by 1H NMR integration. cTOF was
determined by 1H NMR using toluene as a standard. dReaction at 35
°C. eReaction at 50 °C. fp(C2H4) = 5.0 bar.

Scheme 4. Plausible Catalytic Cycle for Ethylene
Dimerization Based on DFT Calculationsa

aP∼O = 1′-(diphenylphosphino)ferrocene-1-sulfonate (L−), Na-
[BAr′4] = sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate, TS
= transition state. Energies are given in kcal mol−1.

Figure 5. DFT-optimized structures of FTS (left) and H (right) and
relevant interatomic distances (in Å) and angles (in deg). Hydrogen
atoms have been omitted for clarity, except those of the hydrocarbyl
group bounded to Pd.
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lead to the transition state ITS, which resembles FTS. Overall,
catalytic cycle 2 is approximately 5.0 kcal mol−1 less exoergic
than cycle 1.

■ CONCLUSIONS
A series of Pd(II) complexes combining Pd-bound hydrocarbyl
ligands and 1′-(diphenylphosphino)ferrocene-1-sulfonate li-
gand in their structure has been synthesized. Of all compounds
tested in this study, only coordinatively unsaturated
(preactivated) intermediate 3 could be converted into an
active catalyst for selective ethylene dimerization into 1-butene
by Na[BAr′4] addition. The catalytic activity of such catalyst,
presumably structurally analogous to complex 5, remained
stable over time (TOF = 95 h−1) and showed selectivity
toward 1-butene up to 95%, when the reactions are carried out
at 21 °C and under high ethylene pressure (30 bar). Notably,
the behavior of Pd−L complexes markedly contrasts with that
of the analogous complexes bearing the isomeric 2-
phosphinoferrocenesulfonate ligands (B in Scheme 1) that
typically convert ethylene into higher oligomers or even into
high molecular weight polyethylene.
DFT calculations confirmed our experimental observations,

showing that the stability of the catalyst is mainly due to O,P-
chelating coordination to Pd(II) of the ferrocene phosphino-
sulfonate ligand L− in all involved intermediates. In addition,
they indicated that 1-butene is selectively formed thanks to a
concerted ethyl migration to coordinated ethylene (the ethyl
group in the intermediate is located trans to the coordinating
sulfonate oxygen atom) and subsequent β-hydride elimination.
Finally, the computations suggested that the formation of 1-
butene is thermodynamically favored over that of higher
oligomers (e.g., 1-hexene).

■ EXPERIMENTAL SECTION
General Considerations. (Et3NH)L,

10 [PdCl(Me)(cod)],29 and
sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (Na[BAr′4])30
were synthesized using methods previously reported in the literature.
Ethylene (99.95%) used for catalytic tests was purchased from GHC
Gerling, Holz & Co., and Aldrich, respectively. Other chemicals were
purchased from commercial supplies (Sigma-Aldrich or Alfa-Aesar)
and were used as received. CDCl3 (Signa-Aldrich) was used without
further purification. Anhydrous dichloromethane used for syntheses
was obtained using a PureSolv MD5 solvent purification system
(Innovative Technology, Inc., Amesbury, MA, USA).

1H, 31P{1H}, and 13C{1H} NMR spectra were recorded with a
Varian Unity Inova 400 or a Bruker AVANCE 400 spectrometer (1H,
400 MHz; 31P, 162 MHz; and 13C, 101 MHz) at 20 or 25 °C.
Chemical shifts (δ in ppm) are expressed relative to internal
tetramethylsilane (1H and 13C) and to external 85% aqueous
H3PO4 (31P). In addition to the standard notation of signal
multiplicity (s = singlet, d = doublet, t = triplet, etc.),31 vt and vq
are used to denote virtual multiplets arising from the AA′BB′ and
AA′BB′X spin systems (A, B = 1H, X = 31P) by the hydrogen atoms at
the sulfonate- and phosphine-substituted cyclopentadienyl rings,
respectively. IR spectra in KBr pellets were acquired on a PerkinElmer
Spectrum BX spectrometer. Electrospray ionization (ESI) mass
spectra were recorded on a Compact QTOF-MS spectrometer
(Bruker Daltonics). Catalytic reactions were performed in a PTFE-
coated, stainless steel autoclave (volume: 70 mL), equipped with a
magnetic stirrer and temperature and pressure controllers. GC-MS
analyses of the reaction mixtures were performed using a Shimadzu
QP2010 GC-MS apparatus with a SPB1 capillary column (30.0 m ×
0.25 mm i.d.).
Syntheses. Synthesis of 1. A solution of (Et3NH)L (220.6 mg,

0.40 mmol) in dichloromethane (5 mL) was added to [PdCl(Me)-
(cod)] (106.0 mg, 0.4 mmol) in the same solvent (3 mL). The

resulting orange mixture was stirred for 3 h and filtered through a
PTFE syringe filter (0.45 μm). The filtrate was successively layered
with ethyl acetate/dichloromethane (1:1, 4 mL), a mixture of
standard and wet ethyl acetate (1:1, 8 mL), and finally hexane (20
mL). Crystals that formed within a week were filtered off, washed with
hexane and pentane, and vacuum-dried over P2O5. Yield of 1·H2O:
orange crystalline solid, 268.5 mg (94%). Wet ethyl acetate was
obtained by shaking a water−ethyl acetate mixture and by separating
the organic solvent. When only such wet ethyl acetate is used for
crystallization, as described above, the crystalline product dissolves in
water droplets that form upon mixing the solvents. 1H NMR (399.95
MHz, CDCl3): δ 0.73 (d, 3JPH = 2.2 Hz, 3 H, PdMe), 1.34 (t, 3JHH =
7.3 Hz, 9 H, CH3 of HNEt3), 3.13 (br dq, 3JHH = 7.3 Hz, 3JHH = 4.0
Hz, 6 H, CH2 of HNEt3), 4.50 (br s, 2 H, fc), 4.61 (br s, 2 H, fc), 4.71
(br s, 2 H, fc), 4.75 (br s, 2 H, fc), 7.31−7.41 (m, 6 H, PPh2), 7.55−
7.61 (m, 4 H, PPh2), 10.30 (br s, 1 H, HNEt3).

31P{1H} NMR
(161.90 MHz, CDCl3): δ 31.3 (s). 13C{1H} NMR (100.58 MHz,
CDCl3): δ 6.27 (br s, PdMe), 8.71 (s, CH3 of HNEt3), 46.12 (s, CH2
of HNEt3), 69.09 (br s, CH of fc), 72.69 (br s, CH of fc), 73.97 (d,
1JPC = 56 Hz, C−P of fc), 75.16 (br s, CH of fc), 75.78 (br d, 2JPC = 6
Hz, CH of fc), 94.57 (s, C−SO3 of fc), 127.91 (d, JPC = 11 Hz, CH of
PPh2), 130.17 (s, CHpara of PPh2), 132.54 (d, 1JPC = 53 Hz, Cipso of
PPh2), 133.85 (d, JPC = 12 Hz, CH of PPh2). IR (KBr): νmax/cm

−1

3431 (br m), 2981 (br w), 2885 (br w), 2686 (br w), 1472 (w), 1432
(m) 1388 (s), 1222 (br, m), 1170 (br s), 1100 (m), 1093 (w), 1037
(s), 835 (w), 742 (w), 691 (m), 654 (s), 543 (w), 494 (m). ESI+ MS:
m / z 5 7 1 ( [ P dM e (L ) + H ] + ) . A n a l . C a l c d f o r
C58H74Cl2Fe2N2O6P2Pd2S2·H2O (1434.75): C 48.55, H 5.34, N
1.95%. Found: C 48.71, H 5.10, N 1.94%.

Synthesis of 2. A dichloromethane solution of 4-(dimethylamino)-
pyridine (24.4 mg, 0.20 mmol in 5 mL) was added to dimer 1 (143.5
mg, 0.10 mmol) dissolved in the same solvent (3 mL). The mixture
was stirred for 3 h and then added onto solid AgClO4 (41.5 mg, 0.20
mmol). After stirring for another 1 h, the mixture was filtered through
a PTFE syringe filter (0.45 μm) to remove precipitated AgCl, and the
filtrate was washed with water (5× 10 mL) using a separatory funnel.
The organic layer was evaporated, leaving an orange residue, which
was redissolved in dichloromethane (5 mL), evaporated again, and
dried over P2O5 under vacuum. The crude product was dissolved in
dichloromethane (2 mL) and crystallized by layering with ethyl
acetate (8 mL) and hexane (10 mL). A crystalline solid, which
separated during several days, was isolated by suction, washed with
hexane and pentane, and vacuum-dried. Yield of 2·0.5CH2Cl2·
0.5AcOEt: orange crystalline solid, 99.3 mg (64%). 1H NMR
(399.95 MHz, CDCl3): δ 0.27 (d, 3JPH = 3.9 Hz, 3 H, PdMe), 3.04
(s, 6 H, NMe2), 3.98 (vt, J′ = 1.9 Hz, 2 H, fc), 4.44 (br vt, J′ = 1.9 Hz,
2 H, fc), 4.62 (d vt, J′ = 1.9, 0.8 Hz, 2 H, fc), 4.78 (br vq, J′ = 2.2 Hz,
2 H, fc), 6.57 (m, 2 H, NC5H4), 7.38−7.48 (m, 6 H, PPh2), 7.58−
7.64 (m, 4 H, PPh2), 8.48 (d, J = 6.4 Hz, 2 H, NC5H4).

31P{1H}
NMR (161.90 MHz, CDCl3): δ 29.9 (s). 13C{1H} NMR (100.58
MHz, CDCl3): δ 1.75 (d,

2JPC = 5 Hz, PdMe), 39.16 (s, NMe2), 69.35
(s, CH of fc), 70.53 (s, CH of fc), 72.82 (d, 3JPC = 8 Hz, CH of fc),
73.29 (d, 1JPC = 53 Hz, C−P of fc), 77.17 (d, 2JPC = 13 Hz, CH of fc),
93.32 (s, C−SO3 of fc), 107.10 (s, CH of NC5H4), 128.15 (d, JPC =
11 Hz, CH of PPh2), 130.40 (d, 4JPC = 2 Hz, CHpara of PPh2), 132.63
(d, 1JPC = 53 Hz, Cipso of PPh2), 134.06 (d, JPC = 12 Hz, CH of PPh2),
150.20 (s, CH of NC5H4), 154.58 (s, Cipso of NC5H4). IR (KBr):
νmax/cm

−1 3424 (br s), 3077 (w), 2974 (w), 2900 (w), 1616 (vs),
1534 (m), 1435 (m), 1384 (vs), 1251 (s), 1229 (s), 1188 (m), 1155
(m), 1096 (w), 1034 (m), 1019 (m), 842 (m), 812 (m), 746 (m),
694 (m), 639 (m), 525 (w), 499 (m). ESI+ MS: m/z 571 ([PdMe(L)
+ H]+). Anal. Calcd for C30H31FeN2O3PPdS·0.5CH2Cl2·0.5AcOEt
(779.40): C 50.08, H 4.66, N 3.59%. Found: C 50.34, H 4.41, N
3.57%.

Synthesis of 3. Solid Tl[PF6] (40.9 mg, 0.117 mmol) was added to
a solution of 1 (161.1 mg, 0.112 mmol) in anhydrous dichloro-
methane (10 mL), and the resulting suspension was stirred under a
nitrogen atmosphere at room temperature for 1 h. Then, the reaction
mixture was filtered through Celite, and the orange filtrate was
concentrated to a small volume (3 mL) and precipitated by adding n-
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pentane (15 mL). The orange microcrystalline powder was isolated
by suction and dried in a stream of nitrogen. Yield: 134.0 mg (77%).
1H NMR (CDCl3): δ 0.75 (s, 6 H, PdMe), 1.32 (t, 3JHH = 7.3 Hz, 18
H, CH3 of HNEt3), 3.13 (dq, 3JHH = 7.3 Hz, 3JHH = 5.0 Hz, 12 H,
CH2 of HNEt3), 4.31(br s, 2 H, fc), 4.48 (s, 4 H, fc), 4.70 (br m, 10
H, fc), 7.36−7.59 (m, 20 H, PPh2), 9.40 (br s, 2 H, HNEt3).

31P{1H}
NMR (CDCl): δ 30.7 (s), −144.4 (sept, 1JPF = 704 Hz). 13C{1H}
NMR (CDCl3): δ 6.22 (br s, PdMe), 8.81 (s, CH3 of HNEt3), 46.51
(s, CH2 of HNEt3), 69.07 (s, CH of fc), 70.70 (br d, 1JPC = 24 Hz, C−
P of fc), 72.69−76.40 (m, CH of fc), 94.20 (br s C−SO3 of fc),
128.15 (br s, CH of PPh2), 130.58 (s, CH of PPh2), 131.60 (d,

1JPC =
49 Hz, Cipso of PPh2), 133.81 (d, JPC = 12 Hz, CH of PPh2). IR
(KBr): νmax/cm

−1 3439 (br m), 2996 (br m), 2701 (br m), 1635 (br
w), 1472 (m), 1432 (m), 1384 (vs), 1225 (s), 1170 (vs), 1057 (m)
1041 (vs), 838 (vs), 742 (m), 694 (s), 650 (s). Anal. Calcd for
C58H74ClF6Fe2N2O6P3Pd2S2 (1526.2): C 45.64, H 4.89, N 1.84%.
Found: C 45.15, H 4.70, N 1.83%.
Synthesis of Intermediate 4. Complex 1 (100.0 mg, 0.071 mmol)

was dissolved in a deaerated, 10:1 (v:v) dichloromethane−acetonitrile
mixture (10 mL) to which Tl[PF6] (50.6 mg, 0.145 mmol) was added
under stirring. The reaction mixture was stirred for 2 h and then
filtered through a Celite pad to remove separated TlCl. The clear
yellow filtrate was washed with deaerated water (2× 10 mL), the
organic phase separated, and the solvent evaporated under reduced
pressure, thereby forming a yellow powder, which did not dissolve in
noncoordinating organic solvents (e.g., chloroform). Yield: 56.5 mg
(72%). IR (KBr): νmax/cm

−1 3453 (br s), 1635 (br m), 1384 (s), 1225
(w), 1188 (w), 1163 (w), 1100 (w), 1045 (w), 835 (w), 750 (w), 698
(w), 658 (w), 643 (w).
In Situ Synthesis of 5. Intermediate 4 (15.0 mg) was dissolved in

degassed CD3CN (0.8 mL) under stirring at room temperature, and
the yellow-orange solution was analyzed by NMR spectroscopy. 1H
NMR (CD3CN): δ 0.35 (s, 3 H, PdMe), 4.13 (vt, J = 2.0 Hz, 2 H, fc),
4.42 (vt, J = 1.6 Hz, 2 H, fc), 4.61 (dvt, J = 2.0, 0.7 Hz, 2 H, fc), 4.71
(br m, 2 H, fc), 7.47−7.61 (m, 10 H, PPh2).

31P{1H} NMR
(CD3CN): δ 31.48 (s).

13C{1H} NMR (CD3CN): δ − 1.73 (d, 2JPC =
4 Hz, PdMe), 69.56 (s, CH of fc), 70.19 (s, CH of fc), 72.32 (d, 1JPC
= 60 Hz, C−P of fc), 73.27 (d, 3JPC = 13 Hz, CH of fc), 77.00 (d, 2JPC
= 21 Hz, CH of fc), 94.74 (s, C−SO3 of fc), 128.43 (d, JPC = 18 Hz,
CH of PPh2), 131.00 (d, JPC = 2 Hz, CH of PPh2), 131.41 (d, 1JPC =
90 Hz, Cipso of PPh2), 133.75 (d, JPC = 18.5 Hz, CH of PPh2). IR
(KBr): νmax/cm

−1 3453 (br s), 3225 (m), 2981 (w), 2929 (w), 2892
(w), 1660 (s), 1605 (m), 1480 (w), 1432 (m), 1384 (s), 1225 (s),
1188 (s), 1163 (s), 1100 (m), 1045 (s), 835 (m) 750 (m), 698 (m),
658 (s), 643 (m).
Synthesis of 6. A solution of (Et3NH)L (220.6 mg, 0.4 mmol) in

anhydrous dichloromethane (6 mL) was slowly added to [Pd(μ-
Cl)(η3-C3H5)]2 (73.2 mg, 0.2 mmol) dissolved in the same solvent (4
mL). The resulting orange solution was stirred for 3 h and then
transferred onto solid AgClO4 (93.2 mg, 0.45 mmol) using 2 × 1 mL
of the solvent to rinse the reaction flask. The mixture was stirred for
another hour, filtered through a PTFE syringe filter, and then
evaporated under vacuum. The residue was taken up with
dichloromethane (10 mL) and filtered through a PTFE syringe filter
(0.45 μm pore size). The filtrate was layered with dichloromethane−
diethyl ether (1:1, 10 mL) and then with diethyl ether (70 mL) in a
large test tube. The product is difficult to crystallize, notoriously
forming viscous oils. To avoid this problem, the mixture was seeded
with a crystal of the product when an orange oil began to separate
(the seeding crystal was obtained from a separate experiment
performed at a 0.1 mmol scale). The solid, which formed during
several weeks, was filtered off, washed with little dichloromethane and
diethyl ether, and vacuum-dried. Yield of 6: 187.0 mg (78%), orange
brown solid. 1H NMR (400 MHz, CDCl3): δ 2.70 (s, 1 H, CH2
trans-O), 2.73 (br s, 1 H, CH2 trans-O), 4.06 (s, 2 H, fc), 4.22 (dd,
J = 9.0, 14.2 Hz, 1 H, CH2 trans-P), 4.48 (br s, 1 H, fc), 4.54−4.70
(br m, 5 H, fc), 5.21 (t, J = 7.1 Hz, 1 H, CH2 trans-P), 5.78 (m, 1
H, CH meso), 7.38−7.55 (br m, 10 H, PPh2).

31P{1H} NMR (162
MHz, CDCl3): δ 17.9 (s). 13C{1H} NMR (162 MHz, CDCl3): δ
53.55 (d, 2JPC = 2 Hz, CH2 trans-O), 69.65 (s, CH of fc), 70.14 (s,

CH of fc), 72.61 (d, 1JPC = 49 Hz, C−P of fc), 73.22 (br s, CH of fc),
76.12 (br d, JPC = 13 Hz, CH of fc), 85.77 (d, 2JPC = 27 Hz, CH2
trans-P), 92.56 (s, C−S of fc), 120.01 (d, 2JPC = 5 Hz, CH meso),
128.66 (d, JPC = 10 Hz, CH of PPh2), 130.70 (br s, CH of PPh2),
133.01 (br s, CH of PPh2), 133.02 (br d,

1JPC = 27 Hz, Cipso of PPh2).
One signal due to ferrocene CH is obscured by the solvent resonance.
IR (KBr): νmax/cm

−1 3439 (br s), 3070 (w), 1476 (m), 1432 (s),
1384 (vs), 1262 (vs), 1198 (m), 1184 (vs), 1162 (vs), 1158 (vs),
1151 (vs), 1098 (m), 1181 (vs), 1152 (vs), 1096 (m), 1030 (s), 1023
(m), 1004 (m), 930 (w), 831 (m), 827 (m), 748 (m), 744 (m), 698
(s), 658 (s), 639 (s), 617 (vw), 566 (w), 550 (w), 537 (w), 521 (vw),
505 (s), 494 (m), 495 (vs), 466 (s). Anal. Calcd for C25H23FeO3PPdS
(596.71): C 50.32, H 3.88%. Found: C 50.04, H 3.67%.

Operando NMR Study with 3. Compound 3 (10.9 mg, 7 μmol)
was dissolved in deaerated CDCl3 (0.9 mL), and the solution was
transferred into a 5.0 mm NMR tube under nitrogen. The solution
was saturated by slowly bubbling ethylene through the above solution
for 5 min, followed by the addition of Na[BAr′4] (12.4 mg, 14 μmol)
at room temperature. Then, the NMR tube was sealed and analyzed
by 31P{1H} and 1H NMR spectroscopy. The spectra were recorded at
room temperature every 15 min. An analogous experiment was carried
out also in the presence of pyridine using 2 molar equiv of pyridine
with respect to 3.

Operando NMR Study with 7. In a Schlenk tube, compound 7
(14.4 mg, 13.7 μmol) was dissolved in deaerated CDCl3 (2.0 mL).
Then, ethylene was bubbled through the solution at room
temperature for a minute, followed by the successive addition of
hexadecyltrimethylammonium p-toluenesulfonate (12.5 mg, 27.4
μmol) and Na[BAr′4] (24.3 mg, 27.4 μmol) under magnetic stirring.
The obtained suspension (NaCl precipitation) was transferred under
an ethylene atmosphere into a 5.0 mm NMR tube, which was sealed.
1H and 31P{1H} NMR spectra were acquired at room temperature
every half an hour.

Catalytic Experiments. Complex 3 (14.0 mg, 9.0 μmol) was
dissolved in deaerated CDCl3 (4.0 mL). Na[BAr′4] (16.0 mg, 18.1
μmol) was added to this solution, and the reaction mixture was stirred
for 10 min until NaCl started to precipitate. Then, the suspension was
placed in a previously evacuated PTFE-coated stainless-steel autoclave
(volume: 70 mL). The autoclave was then pressurized with ethylene
to the target pressure, and its content was magnetically stirred for the
desired reaction time. Next, the autoclave was cooled to −20 °C, the
excess ethylene slowly released, and 0.7 mL of the solution was
transferred into a precooled (20 °C) NMR tube. Toluene (25.0 μL,
0.236 mmol) was added as a standard, and 1H NMR spectra were
recorded rapidly (20 s) at room temperature.

X-ray Crystallography. Full-sphere diffraction data (±h ±l ±l,
completeness ≥99.5%) were collected using a Bruker D8 VENTURE
Kappa diffractometer equipped with a Duo PHOTON100 detector,
an IμS microfocus source and a Cryostream cooler at 120 or 150 K.
The Mo Kα radiation was used throughout.

The structures were solved by direct methods with SHEXLT-
201432 and refined by full-matrix least-squares against F2 using
SHELXL-2017.33 All non-hydrogen atoms were refined with
anisotropic displacement parameters. The NH hydrogens in the
structure of 1·H2O were located on the difference electron density
map and refined as riding atoms with Uiso(H) = 1.2Ueq(N). Hydrogen
atoms at the π-coordinated allyl ligand in 6 were treated similarly. The
remaining hydrogen atoms (in CHn groups) were included in their
theoretical positions and refined as riding atoms with Uiso(H) fixed to
a multiple of Ueq of their bonding carbon atom.

Compound 1·H2O crystallized as a nonmerohedral two-component
twin (refined contributions = 21:79), and the water molecule in its
structure was refined with a fixed geometry (O−H = 0.90 Å).
Conversely, compound 2·1/2AcOEt crystallized as a solvate with one
molecule of ethyl acetate molecule per unit cell. The solvent was
severely disordered and could not be adequately described. Hence, it
was numerically eliminated from the refinement using PLATON
SQUEEZE34 (48 electrons were removed, which ideally matches the
expected value).
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Relevant crystallographic data and structure refinement parameters
are presented in the Supporting Information. PLATON35 was used to
prepare all structural drawings and to perform geometric calculations.
Numerical values are rounded with respect to their estimated standard
deviations (ESDs) given with one decimal place.
DFT Calculations. All the calculations were carried out with

Gaussian 09 package36 using B97D37 Density functional theory with
inclusion of dispersion forces. All optimized structures have been
validated as minima or transition states by computed vibrational
frequencies. In some cases, relaxed scans were performed to explore
the Potential Energy Surface (PES). All calculations were based on
the Conductor-like Polarizable Continuum Model (CPCM)38 for
dichloromethane. The effective Stuttgart/Dresden pseudopotential
(SDD)39 was used for Fe and Pd, and the 6-31+G(d,p) basis set with
the polarization functions d and p was used for all other atoms. DFT-
optimized coordinates are provided in the Supporting Information.
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