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ABSTRACT: β-Agostic Pd complexes play a critical role 

in controlling catalytic reactions, such as olefin polymer-

ization and Heck reactions. Pd β-agostic complexes, 

however, have eluded structural characterization, due to 

the fact that these highly unstable molecules are difficul-

ties to isolate. Herein, we report the single-crystal X-ray 

and neutron diffraction characterization of β-agostic (α-

diimine)Pd-ethyl intermediates in polymerization. Short 

Cα–Cβ distances and acute Pd–Cα–Cβ bond angles com-

bined serve as unambiguous evidence for the β-agostic 

interaction. Characterization of the agostic structure and 

the kinetic barrier for β-H elimination offer important 

insight into the fundamental understanding of agostic 

bonds and the mechanism of polymerization. 

Agostic interactions are three-center, two-electron 

bonds formed between the empty d-orbital of a transition 

metal and a C–H bond of their alkyl ligands.1 Agostic 

complexes are commonly assumed to be intermediates 

in catalytic reactions going through C–H activation2 and 

β-H elimination steps.3 Consequently, characterization 

of agostic bonds has attracted extensive interest.1,4 Crys-

tallography, including X-ray5 and neutron diffraction,6 

serves as the key characterization method for agostic 

complexes. Among group 10 transition metals, single-

crystal structures of Ni7 and Pt8 β-agostic complexes 

have been reported by us and others. In contrast, β-

agostic Pd complexes have not been isolated and crystal-

lographically analyzed due to their instability.9 The dif-

ficulty of isolating β-agostic Pd complexes can be at-

tributed to fast β-H elimination at the Pd center.  

Cationic (-diimine)Pd complexes display intriguing 

reactivity and properties in olefin polymerization.10,11 

Compared with Ziegler-Natta catalysts, (-diimine)Pd 

catalysts are tolerant of many functional groups, ena-

bling copolymerization of polar monomers that are in-

compatible with early transition metals.12 In addition, 

(-diimine)Pd catalysts allow for the formation of high-

ly branched polyolefins, whereas branching is difficult 

to achieve with Ziegler-Natta catalysts.13  

Mechanistic studies by Brookhart and coworkers iden-

tified β-agostic Pd complexes to be critical intermediates 

in directing branching in the polymerization of olefins 

(Scheme 1).14,15 The formation of branched polymers is 

initiated by β-H elimination of the β-agostic Pd interme-

diate (step i), followed by olefin insertion to form the 

regio-isomer B (step ii). Repeating this process leads to 

migration of the Pd catalyst along the polymer chain. 

Intermediate A or B can reversibly coordinate with the 

alkene monomer upon cleavage of the agostic bonds 

(step iii). Once insertion of the monomer occurs, the 

chain propagates with branches. As a result, the stability 

of the β-agostic Pd complex A towards olefin coordina-

tion and β-H elimination determines the molecular 

weight and morphology of the polymer. Although β-

agostic (-diimine)Pd complexes have been observed by 
1H NMR spectroscopy,14 no crystallographic characteri-

zation has been obtained. 

Scheme 1. Mechanism of (-diimine)Pd-Catalyzed 

Polymerization of Olefins 

 

The long-standing interest in characterizing agostic in-

teractions, in combination with the critical role of Pd β-

agostic complexes in polymerization, prompted us to 

structurally characterize cationic (-diimine)Pd agostic 

complexes. Herein, we report the single crystal X-ray 

and neutron diffraction structures of [(α-diimine)PdEt]+ 

complexes, which reveal unambiguous proof of β-

agostic bonds.  

Our previous studies on (α-diimine)Ni agostic com-

plexes revealed that a cyclohexyl backbone on the α-

diimine ligand stabilized the molecule.7c We then ap-

plied this cyclohexyl backbone to Pd agostic complexes. 

Protonation of (α-diimine)PdEt2 complex 1a with 
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HBAr’4 (Ar’ = 3,5-(CF3)2C6H3)16 afforded a dark red 

complex in 23% yield (Scheme 2). At –95 ºC, a solution 

of the new complex in CD2Cl2 exhibits two broad reso-

nances in the 1H NMR spectrum at –8.8 ppm and 1.7 

ppm in a 1:4 ratio. COSY experiment at –95 ºC indicat-

ed coupling between these two resonances (Figure S46). 

Comparing the NMR spectra with previous reports led 

us to assign the dark red complex to β-agostic 

Pd(CH2CH2-μ-H) cation 2a.14c The use of 1a-d10, in 

which the ethyl groups are deuterated, formed the corre-

sponding new complex 2a-d5. The 1H NMR spectrum of 

2a-d5 lacked resonances at –8.8 ppm and 1.7 ppm (Fig-

ure S1). The broad peak at –8.8 ppm is characteristic of 

an agostic proton,1b,17 whereas the peak at 1.7 ppm is 

assigned to the coalescent signal of the β-non-agostic 
bHs and α-cHs. Simulation of the peak shape by gNMR 

revealed that the line broadening of the H resonances is 

a consequence of rapid exchange between bH and cH 

(Figure S2).18 

Scheme 2. Synthesis of β-H Agostic (-diimine)Pd 

Complexes  

 

Substituents at the para position of the aromatic ring 

of the ligands have been reported to affect the molecular 

weight and branching morphology of polymer prod-

ucts.19 Protonation of (α-diimine)PdEt2 derivatives with 

different para-substituents by HBAr’4 resulted in the 

formation of 2b-2d (Scheme 1). While the electronic 

effect of the substituents led to noticeable shifts of the 

proton resonances of the Et group in complex 1, it 

caused little change in the chemical shifts of the agostic 

protons of complex 2. We attribute the similar chemical 

shifts of the agostic protons to the weaker agostic bond-

ing interactions relative to a covalent bond. 

Complex 2a is an active intermediate for ethylene 

polymerization. The turnover number (TON) and turno-

ver frequency (TOF) of 2a in polymerization of ethylene 

are comparable to those of the original (α-diimine)Pd 

catalysts (Table 1).10 The polyethylene generated by Pd 

catalysts has a dramatically higher degree of branching 

than that formed with analogous Ni catalysts.7c This dif-

ferent reactivity is attributed to faster β-H elimination 

and chain migration with Pd.20 

Table 1. Polymerization of Ethylene with 2a  

 

The stabilization provided by the cyclohexyl backbone 

allowed us to obtain single crystals of 2a, 2b and 2d at –

35 ºC that were suitable for single-crystal X-ray and 

neutron structure determination (Figure 1, cf. Figures 

S6-S7). In all structures, the trifluoromethyl groups of 

the BAr’4 anions are disordered. The disorder led to dif-

ficulty in refining the structures to high agreement, but 

was inconsequential for assigning the well-ordered ethyl 

groups bound to Pd in 2a·CH2Cl2 (Figure 1A). The posi-

tion of the agostic hydrogen could not be located direct-

ly from the differential electron density map, due to the 

low electron intensity of the hydrogen atom in contrast 

to the heavy Pd atom. In order to precisely locate the 

agostic hydrogen, we conducted neutron diffraction 

analysis. A crystal of 2b·CH2Cl2 (Figure 1B) suitable for 

neutron diffraction was chosen for measurement using 

the single crystal beamline TOPAZ of the Spallation 

Neutron Source. The position of the agostic hydrogen 

(H1Pd) in the major component of the crystal was locat-

ed from the difference Fourier map, and its atomic dis-

placement parameter was refined anisotropically (Figure 

1C). 
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Figure 1. Molecular structures of agostic complexes. (A) 

X-ray structure of 2a·CH2Cl2. Selected bond lengths (Å) 

and bond angles (º): C31–C32, 1.469(6); Pd–C31–C32, 

78.9(2). (B) X-ray structure of 2b·CH2Cl2. (C) Difference 

Fourier map showing the negative nuclear scattering densi-

ty of the agostic hydrogen atom (H1Pd) of 2b·CH2Cl2. At-

om thermal ellipsoids are shown at the 50% probability 

level. The hydrogen atoms on the α-diimine ligands, 

[BAr’4]-, and CH2Cl2 are omitted for clarity. 

The bond length of Pd–Cα(C31) for 2a is 2.030(4) Å, 

slightly longer than that of Ni–Cα in the analogous agos-

tic complex (Table 2).7c The longer Pd–Cα bond length 

could be attributed to the larger nuclear radius of Pd rel-

ative to Ni. Correspondingly, the distance between Pd 

and Cβ(C32) is longer than that of Ni. The bond length 

of Cα–Cβ (C31–C32) for 2a is 1.469(6) Å, which is 

shorter than that of the non-agostic Pd–Et complex, 1a 

(1.528(3) Å, Figure S5), comparable to previous obser-

vations on analogous Ni agostic complexes.7c The de-

creased Cα–Cβ bond length can be attributed to the 

greater sp2 character of the Cα and Cβ atoms as a C=C 

bond partially forms in the agostic structure.21 The bond 

angle of Pd–C31–C32 for 2a is 78.9(2)º, which is sub-

stantially smaller than the ideal angle of 109º for an sp3 

hybridized carbon. The acute angle at C31 (Cα) suggests 

an attraction between Pd and C32 and is characteristic of 

the agostic interaction. 

Table 2. Comparison of Bond Parameters of β-Agostic (α-

Diimine)Pd Complexes with Ni7c and Fe agostic complex-

es22 

 2a (M = Pd) 2b (M = Pd) M = Ni M = Fe 

M–C31 (Å) 2.030(4)  1.901(4)  

M–C32 (Å) 2.264(4)  2.081(5)  

C31–C32 (Å) 1.469(6)  1.468(7)  

M–C31–C32 (º) 78.9(2)  75.0(3)  

M–H34A (Å)  1.60(4) 1.67(5) 1.874(3) 

C34–H34A (Å)  1.20(5) 1.001(10) 1.164(3) 

 

The bond lengths of Pd–H34A (agostic) and C34–

H34A for 2b are determined by neutron diffraction to be 
1.60(4) Å and 1.20(5) Å, respectively (Table 2). Alt-

hough insufficient precision prevented quantitative anal-

ysis, the short distance between Pd and H34A is compa-

rable to that of the Ni analogue,7c and provides clear 

evidence for a bonding interaction between Pd and the 

agostic proton. It is noteworthy that the C34–H34A bond 

is stretched, whereas such elongation is not observed in 

the Ni analogue. Similar elongation has been reported in 

a Fe agostic complex, [Fe(P(OCH3)3)3(3-C8H13)]+[BF4]- 

, and is attributed to a reduced C–H bond order.22 

Variable temperature NMR measurements were con-

ducted to elucidate the reason for the line-broadening 

observed in the 1H NMR spectrum of 2a. The 1H reso-

nances at –8.8 and 1.7 ppm, observed at –95 ºC, broad-

ened as the temperature was increased and the peaks 

coalesced at –60 ºC (Figure S3). Above –60 ºC, a new 

peak appeared at –0.34 ppm and continued to sharpen as 

the temperature was increased. This signal corresponds 

to the averaged resonances of the ethyl group. The barri-

er (ΔG‡) for the exchange of the agostic aH and the non-

agostic  and Hs was estimated to be 8.5 kcal/mol 

from the coalescence temperature using the fast ex-

change approximation.23 Furthermore, 2a-13C, in which 

the carbons of the Pd-Et were labeled with 13C, exhibits 

two broad 13C NMR resonances at 37 and 19 ppm at –95 

ºC (Figure S4). These peaks coalesced to a new peak at 

29 ppm as the temperature was increased. An Eyring 

plot based on dynamic NMR analysis afforded kinetic 

parameters for the exchange of Cα and Cβ as ΔH‡ = 5.7 

kcal/mol and ΔS‡ = –8.9 e.u. (e.u. = cal mol-1 T-1) (Fig-

ure 2).  

 

Figure 2. Eyring plots for β-H elimination of 2-13C. 

The dynamic exchange evident in the NMR spectra 

can be attributed to the rotation of the β-methyl (Scheme 

3A) and a sequential β-H elimination followed by hy-

dride reinsertion (Scheme 3B). The kinetic barriers for 

β-methyl rotation and β-H elimination/reinsertion were 

8.4 and 6.9 kcal/mol at –108 ºC, respectively, in 

Brookhart’s initial Pd catalysts.14e Our kinetic results for 

2a match with these previous measurements. The barrier 

(ΔG‡) of 7.6 kcal/mol for β-H elimination and hydride 

reinsertion is significantly lower than that of the corre-

sponding Ni complexes (14 kcal/mol).7c The lower barri-

er for β-H elimination, in combination with reversible 

olefin binding, accounts for the faster chain migration in 

Pd-catalyzed polymerization compared with Ni, result-



 

ing in a higher degree of branching in Pd-catalyzed 

polymerization. 

Scheme 3. Dynamic Processes of Pd Agostic Com-

plexes and Their Kinetic Barriers  

 

In summary, we have determined the structures of a 

series of β-agostic (α-diimine)Pd ethyl complexes by 

single crystal X-ray and neutron diffraction. The charac-

teristically acute bond angle of Pd–Cα–Cβ and short Cα–

Cβ bond distance provide clear evidence for a β-agostic 

interaction. Dynamic NMR analysis revealed that the 

barrier for β-H elimination and hydride reinsertion is 7.6 

kcal/mol, significantly lower than that of the correspond-

ing Ni analogue (14 kcal/mol). This observation is con-

sistent with extensive and rapid chain migration in 

polymerizations catalyzed by Pd. Characterization of the 

agostic structure and the kinetic barrier for β-H elimina-

tion offer important insight into the mechanism of 

polymerization.  
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