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Abstract: As an important elementary step in organometallic chemistry, the alkylation reaction of palladacycle
complexes and alkyl halides has attracted much attention in recent years due to their presence as key step in palladium
catalyzed C-H alkylation reactions. In principle, several alkylation mechanisms, such as the stereoinvertive Sy2-type
mechanism and the stereoretentive oxidative addition (OA) mechanism can be operated, and mechanistic insights can
be obtained from the stereochemical outcomes of these alkylation reactions. Previous stereochemical investigations on
the alkylation reaction of palladacycle complexes mainly focused on the use of chiral secondary alkyl halides as
stereochemical probes, leaving more synthetically relevant primary alkyl iodides untouched. In this work, deuterium-
labeled primary alkyl iodides were selected as a stereochemical probe, and their reaction with C,C- and C,X-type
palladacycle complexes, namely Catellani-type palladacycle intermediates and directing group (DG)-coordinated
palladacycle complexes, were investigated both experimentally and computationally to elucidate the alkylation
mechanism. We found that, the C,C-ligated palladacycle intermediates undergo alkylation through the Sy2-Pd
mechanism, while the C,X-ligated 8-aminoquinolin-derived palladacycle complex favors an OA mechanism. In addition,
the 2-phenylpyridine-derived C,X-type palladacycle dimer complex was found to react through the Sy2-Pd mechanism

due to its stable dimer structure and the d3-d® interaction between two palladium atoms.

Introduction

A deep mechanistic understanding of the elementary steps can facilitate the rational design of new catalytic systems.
An important elementary step in organometallic chemistry is the reaction between organometallics and alkyl
electrophiles to form alkyl-metal complexes, which function as active species in various transition metal-catalyzed
alkylation reactions.! Specifically, the reaction between palladacycle complexes and alkyl halides has gained much
attention in recent years due to its presence as key step in the palladium catalyzed C-H alkylation reactions, with the
Catellani reactions (Figure 1a)? and directed C-H alkylation reactions (Figure 1b)® being the most representative
reactions of this type.

Mechanism of the reaction between palladacycle complexes and alkyl halide electrophiles has been of interest to
organometallic chemists for long,* as mechanistic insights from these reactions can both deepen our fundamental
understanding on palladacycle intermediates and guide future development of new synthetic methodologies. Such
mechanistic insights can be obtained from the stereochemical outcome of these alkylation reactions, and previous
stereochemical investigations mainly focused on the reaction of chiral secondary alkyl halides with isolated or in-situ
formed palladacycle complexes. For C,C-ligated palladacycles produced in the Catellani-type reaction, electrophile-
dependent stereochemical outcomes were observed (Figure 1a). In 2007, the Lautens group reported a Catellani reaction

that utilized chiral secondary alkyl iodides or bromides as intramolecular electrophiles, and the corresponding alkylation



product was formed through a stereoinvertive pathway.’ Chiral aziridines, which can be viewed as an analogue of
secondary alkyl halide, have also been employed as alkylation reagents in the Catellani-type C-H alkylation reactions,
in which the alkylation product was also formed through a stereoinvertive pathway.® Interestingly, when chiral glycosyl
chlorides were introduced as electrophiles in a similar Catellani-type C-H glycosylation reaction, stereodivergent
alkylation products were observed: although selective formation of stereoretentive glycosylation product was observed
in most cases, formation of ca. 1:1 o/ff anomeric mixture was observed when Bn protected a-glucosyl chloride was

utilized as the glycosylation reagent.’
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Figure 1. Study on the mechanism of the alkylation of palladacycle intermediates.

Similar stereochemical investigations have also been carried out in directed C-H alkylation reactions, which involved
C,X-ligated palladacycle complexes as the key intermediates (Figure 1b). In 2019, a palladium catalyzed, isoquinoline
directed alkenyl C-H alkylation reaction was reported by Loh and coworkers, in which the alkylation product was formed
through stereoinvertive pathway.® In contrary, alkylation products with retention of configuration were observed by the

Chen group during their mechanistic study on the palladium catalyzed ortho-C-H alkylation reaction of N-quinolyl



benzamides.’ In addition, a stereoconvergent directed C-H glycosylation reaction was recently developed by Chen group,
in which a diastereomeric o/f glycosyl chloride mixture produced the corresponding alkylation product with exclusive
a-selectivity.!?

Based on these experimental observations and DFT computational studies, several alkylation mechanisms have been
postulated, including the stereoinvertive Sy2-type mechanisms (Sy2-Ar and Sx2-Pd),>*%!! the stereoretentive oxidative

% and the stereodivergent/convergent Syl-type mechanism (Figure 1c).”!° Despite these

addition (OA) mechanism,
advances, precise factors leading to different alkylation mechanisms and stereochemical outcomes remain elusive.
Whether these differences are caused by the structural feature of palladacycle complexes or that of the alkylation reagents
is still unclear, since in the aforementioned studies structurally diverse secondary alkyl halides were employed as probes,
and it is well-known that the mechanism of nucleophilic substitution reactions is dependent on the nature of alkyl
electrophile.'? To our surprise, stereochemical investigation involving synthetically relevant primary alkyl electrophiles
has not been reported so far.

In this work, we performed a study on the stereochemistry of the reactions between palladacycle complexes and
primary alkyl iodides, aiming to systematically investigate the alkylation mechanism and to provide a more
comprehensive understanding of the transition metal-catalyzed C-H alkylation process. Two types of palladacycle
complexes, namely Catellani-type palladacycle intermediates (C,C-ligated type)'* and directing group (DG)-coordinated
palladacycle complexes (C,X-ligated type),”'* were selected as model complexes, and vicinal dideuterium-labeled
primary alkyl iodides with specific relative configuration were employed as stereochemical probes. We have identified

two different alkylation reaction modes depending on the structural feature of the palladacycle complex, and the factors

dictating the alkylation mechanism were further elucidated by DFT calculations.

Results and Discussion

Selection of Probe Molecules. Carefully-designed stereochemical probes should be used to study the alkylation
mechanism of primary alkyl derivatives. To achieve this goal, vicinal dideuterium-labeled stereochemical probes were
developed by Whitesides and co-workers (Figure 2a).!> Stereocenters were successfully introduced by deuterium-
labeling in these stereochemical probes, which can be used to indicate the stereochemical outcome of Sg2 reactions and
Suzuki coupling. In this study, primary alkyl iodides with similar vicinal-dideuteration were selected as stereochemical
probes to investigate how they interact with the palladacycle complexes (Figure 2b). The relative stereochemistry of the
probe alkyl moiety will serve as an indicator for the stereochemical process of the palladacycle-alkyl halide interaction,
assuming that the reductive elimination step is stereoretentive. This probe is expected to distinguish between the Sy2-
type mechanism (with inversion of the stereocenter) and the OA mechanism (with the retention of the stereocenter).

Selecting the suitable R- substituent is the key to the design of those probes. The #-Bu substituted alkyl iodide 1,

15¢ 15e

which has been utilized to probe the oxidative addition mechanism of rhodium™° and iron'>® complexes, was employed
in this study (Figure 2c, left). Due to the presence of bulky 7-Bu substituent, the conformation of this molecule was
locked in anti-conformation,'® which facilitates the determination of the relative configurations of both the probe
molecule and the alkylation product, while with diminished reactivity. The less sterically encumbered, TBS protected
stereochemical probe 2 exhibits enhanced reactivity, but its conformation is relatively flexible, resulting in some
difficulty in determining the diastereomeric ratio (Figure 2c, right). The relative configuration of the vicinal-dideuterated

moiety could be identified by the coupling constants of the neighboring protons measured by the 'H{*H} NMR



spectroscopy (see SI for further details).
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Figure 2. Stereochemical probes for alkylation.

Two different classes of palladacycle complexes were selected as model complexes in this study. The first one is

the Catellani-type palladacycle intermediates with two carbanion ligands, including the classical norbornene-derived

palladacycle complex 3'3® and the cycloolefin ligand-derived palladacycle complex 4! recently developed by our group

(Scheme 1a). The second class is the directing group (DG)-coordinated palladacycle complexes with a carbanion ligand

and a heteroatom ligand, including the pyridine-coordinated palladacycle complex 5'* and the 8-aminoquinoline (8-AQ)-

coordinated palladacycle complex 6° (Scheme 1b). These directing group-coordinated palladacycle complexes represent

the C,X-type palladacycle complexes, while the Catellani-type palladacycle intermediates represent the electron-rich,

C,C-type palladacycle complexes. These palladacycle complexes reflect the general situation involved in Pd-mediated

C-H alkylation chemistry.



Scheme 1. Palladacycle complexes involved in this study.
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Suitable Reaction Conditions. It would be most convenient to run the C-H alkylation reactions in a catalytic manner
employing the probe molecule as the alkylation reagent, and then determine the relative configuration of the product
alkyl moiety. However, we realized that this simple solution is not feasible, since primary alkyl halides tend to undergo
Snp2 reaction with the iodide anion generated in the reaction system, which may lead to epimerization of the probe
molecule and thus interfere with the stereochemical study.® Unfortunately, this was found to be true by a control
experiment, in which treatment of the probe alkyl iodide 1 (threo:erythro = 5:1) with Csl under synthetically relevant
conditions resulted in complete epimerization (threo:erythro = 1:1) of the probe in only 30 min (Scheme 2). Therefore,
we planned to do the study by performing stoichiometric reactions between the synthesized palladacycles and the probe
molecules. Meanwhile, in order to eliminate the affection of the iodide anion generated as a byproduct after alkyl

substitution, silver salts should be used as an iodide trapper.



Scheme 2. Epimerization of the stereochemical probe 1

in the presence of iodide anion.
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Reaction Mechanism of the Catellani-Type Palladacycle Intermediates. With suitable reaction conditions in hand,
we first investigated the stereochemical outcome of the alkylation reaction between norbornene derived palladacycle
complexes 3 and alkyl iodide 1 (threo:erythro = 5:1). The synthesized norbornene-embedded palladacycle 3 was reacted
with probe molecule 1 under the standard reaction conditions, with ethyl acrylate as the termination reagent. In the
presence of excess Ag>COs, the alkylation product 3a was isolated in a low yield, possibly due to the steric hindrance of
the tert-butyl group. Nevertheless, this did not affect our stereochemical investigation. 'H{?H} NMR analysis showed
that the alkyl moiety in 3a existed as a diastereomeric mixture (threo:erythro = 1:3), indicating the inversion of
configuration at the reaction center (Scheme 3). We attributed the decrease of diastereomeric ratio to the epimerization
of the probe molecule under the reaction conditions due to trace amount of iodide anion, as supported by the decreased
diastereomeric ratio of the recovered 1 (threo:erythro = 3:1). This served as the first stereochemical experimental
evidence for the Catellani reaction involving a primary alkyl electrophile. The stereochemical outcome supported the
Sa2-type mechanism of the reaction between norbornene-derived palladacycle complex 3 and stereochemical probe 1,

in agreement with the mechanism proposed by DFT computational study.''®¢

Scheme 3. Stereochemical investigation on norbornene-

derived palladacycle complex 3.
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We then turned to investigate the alkylation mechanism of alkene-ligand derived palladacycle complex 4 by testing



the reactivity of this complex at first. Based on our previous work, this palladacycle complex can be successfully formed
in situ by heating the MeCN solution of complex 7 with Ag,COs (Scheme 4a).'3® However, we observed that 1-iodo-
3,3-dimethyl butane, the undeuterated derivative of stereochemical probe 1, failed to react with complex 4 under various
conditions (Figure 6b, see SI for detailed conditions), possibly due to the steric hinderance of the terz-butyl group. To
our delight, when less sterically encumbered, TBS protected stereochemical probe 2 was used as the alkylation reagent,
the corresponding alkylation product 4a can be successfully isolated in 5-6% yield (Scheme 4b). Because for this probe
molecule the preference for anti-conformation is not as strong as that for molecule 1, the coupling constants for tireo-
and erythro-isomers of product 4a have little difference. To identify these isomers clearly, a standard 1:1 diastereomeric
mixture sample of 4a was synthesized under standard Catellani conditions (Scheme 4c), and the relationship between
the magnitude of H;-H2 coupling constant and the relative configuration of compound 4a was assigned based on the
previous investigation of Biscoe et al.!” Careful overlay of the 'H{*H} NMR spectra confirmed that threo-2 afforded
eythro-4a, and eythro-2 afforded threo-4a (Figure S12), indicating that complete inversion of configuration at the
reaction center occurred at palladacycle complex 2. Thus, we can conclude that both Catellani-type palladacycles tend
to undergo an Sn2 reaction with primary alkyl iodides.
Scheme 4. Stereochemical investigation on pallada-

cycle complex 4.
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Reaction Mechanism of the Directing Group-Coordinated Palladacycle Complexes. Following the established
procedure for stereochemical investigation, we found that when the pyridine coordinated palladacycle complex 5 reacted
with probe molecule 1 (threo:erythro = 5:1), the alkylation product 5a with inverted configuration was isolated
(threo:erythro = 1:3, Scheme 5a), implying an Sn2-type mechanism. In contrast, when 8-aminoquinoline-coordinated
palladacycle complex 6 reacted with the same probe molecule, alkylation product 6a with retention of configuration was

produced (threo:erythro = 4.5:1, Scheme 5b), supporting an OA-type alkylation mechanism in consistent with the

previous result of Chen et al.>!'®

Scheme 5. Stereochemical investigations on directing

group-coordinated palladacycle complexes
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Computational Studies. To elucidate the mechanistic details of the reaction, density functional theory (DFT)
calculations were carried out at the M06-SMD(solvent)/SDD-6-311++G(d,p)//B3LYP-D3(BJ)-SMD(solvent)/Lan21dz-
6-31G(d) level of theory (see SI for detailed computational methods).!*?’ Relative Gibbs free energy of various
alkylation transition states (Figure 1c) was evaluated at first and calculation results were summarized in Scheme 6.

It is clear that the Sy2-Pd mechanism leading to stereoinvertive alkylation products was favored with complex 3, 4°
and 5, while the OA mechanism was favored with complex 6", which will lead to stereoretentive alkylation products.
The computational results are consistent with our experimental observations. It is notable that, in no case the Sy2-Ar

mechanism favors, indicating that the reaction mechanism of alkyl halide with different palladacycles mainly switches

between Sy2-Pd and oxidative addition.



Scheme 6. Relative Gibbs free energies of various alkylation transition states (Sy2-Pd mechanism was selected as the

reference)
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In order to further understand the different preferences of the palladacycles, charge decomposition analysis (CDA)

developed by the Frenking group was performed.?®?° The transition structures for Sy2-Pd (TS3a) and OA (TS3c)

pathways were chosen as the model, and several important donor-acceptor interactions involved in these two TSs can be

unraveled. It was found that, the major donor-acceptor interaction involved in TS3a is the electron donation from the

d.*-type orbital of Pd center to the *(C-I)-type orbital of the alkyl iodide (Figure 3a). Similar donor-acceptor interaction

was proposed by Ariafard and co-workers in an Spy2-type oxidative addition TS of a phenol carbamate-derived

palladacycle complex with N-chlorosuccinimide.*® In contrary, in TS3¢ both the donation from the Pd d,>-type orbital to

o*(C-I)-type orbital and the back donation form the nonbonding electron pair of iodine to the empty dy’-y*-type orbital

of Pd are significant, with the latter being more profound (Figure 3b).>!
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Based on the above analysis, we purpose that the o-donation ability of the ligands is a key factor affecting the
alkylation mechanism, which is supported by the computed energy levels of the palladacycles of interest (Figure 4).%2
The C,C-ligated Catellani-type palladacycle intermediates 3 and 4 have two strongly c-donating carbanion ligands,
which result in high-lying d,>-type and dy>-y*-type orbitals with a highly nucleophilic Pd center and thus favored the
stereoinvertive Sy2-Pd pathway. In contrast, in the C,N-ligated complex 6 a weakly 6-donating amide ligand lowers the
energy levels of both d,’-type and dy’-y>-type orbitals, rendering the stereoretentive OA mechanism predominate.
Interestingly, in a recently reported computational work of Ehara et al., an norbornene-embedded palladacycle bearing
an electron-withdrawing CO,Me substituent was also found to prefer the OA mechanism, compared with the palladacycle

without this substituent.''
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Figure 4. Computed energy levels of the molecular

orbitals of palladacycle complexes.

However, the above rationalization could not account for the observed mechanistic preference of the pyridine-
coordinated palladacycle 5, which is a C,N-ligated complex but still favors the Sy2-Pd mechanism. We hypothesized

that this unusual phenomenon was caused by the unique dimer structure of complex 5 (Figure 5). Due to the stable dimer



structure of this complex, it is difficult to substitute one of the acetate ligands by alkyl iodide electrophile, thus
disfavoring the OA mechanism. On the other hand, the d®-d® interaction between two palladium atoms increases the
nucleophilicity of this complex, as demonstrated by the elevated energy of the d,>-type orbital compared with that in the
thermodynamically disfavored monodentate palladacycle.®* As a result, in the reaction of this palladacycle and alkyl
iodide, the Sy2-Pd mechanism is favored and stereoinversion on the electrophilic carbon center was observed (see SI for

a more detailed discussion).
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mechanism.

Summary

In summary, the alkylation mechanism of palladacycle complexes with primary alkyl iodides was investigated
through the combination of experimental efforts and DFT calculations. By utilizing vicinal dideuterium-labeled primary
alkyl iodides as the stereochemical probe, we have elucidated the stereochemical outcomes of the alkylation reactions
of several representative palladacycle complexes. For the Catellani-type palladacycle intermediates coordinated with
strongly o-donating carbanion ligands, the stereoinvertive Sy2-Pd mechanism is the key step of the alkylation process.
For the directing group-coordinated palladacycle complex which bears a weakly o-donating amide ligand, the
stereoretentive OA mechanism was found to predominate. The dimeric pyridine-coordinated palladacycle complex 5
serves as an exception, whose alkylation was found to proceed through the Sx2-Pd mechanism due to its unique dimer
structure and the d®-d® interaction between two Pd atoms, which increased the nucleophilicity of the Pd center. The
present work provides a comprehensive understanding of the alkylation mechanism of the palladacycles with primary
alkyl iodides, and we hope that this work can facilitate the rational design of new reactions involving palladacycle

intermediates.
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