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Abstract 

Nickel-Catalyzed Regioselective Cross-Electrophile Alkene Difunctionalization 

 

Kevin Patrick Quirion, M.S. 

 

University of Pittsburgh, 2023 

 

 

 

 

Nickel-catalyzed alkene difunctionalization processes with two different carbon electrophiles can 

lead to the facile formation of many different types of C–C bonds. The use of two electrophiles 

with similar electronic properties is a unique application leading to regioselective bond formation 

utilizing commonly available and inexpensive alkyl and aryl iodides. To help explain this catalyst-

controlled cross-electrophile selectivity, we utilize DFT calculations to examine the reaction 

mechanisms and the reactivity of aryl and alkyl iodide electrophiles in reactions with different 

nickel complexes. Specifically, several factors that control the reactivity of the oxidative addition 

with phenyl or n-butyl iodide are disclosed. First, the three-center cyclic oxidative addition 

transition states with Ni(0) complexes have a preferential reactivity with phenyl iodide in 

agreement with the experimental observations. The reaction of the resulting Ni(II) intermediate 

with the second electrophile takes place via the SN2-type oxidative addition of n-butyl iodide to 

the 4-coordinated Ni(II) complex. The origin of the lower activation energy of the SN2-type 

transition state compared to competing iodine atom transfer transition state was further examined 

using distortion/interaction analysis and the comparison of metal-to-electrophile charge transfer.  

A robust understanding for the factors promoting the cross-selectivity of aryl and alkyl iodides is 

important to expand the scope of the reaction and advance our understanding of nickel-catalyzed 

reactions.  
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1.0 Introduction 

Transition metal catalyzed alkene difunctionalizations are important tools used to add 

functional groups to various privileged scaffolds including biologically relevant molecules. 

Traditionally, it has been challenging to control regioselectivity in transition metal catalyzed multi-

component reactions involving two electrophiles. Instead, these transformations are often achieved 

via stepwise additions; in addition to requiring careful stoichiometric control such stepwise 

reactions are more taxing on time and resources. As such, novel methods of alkene 

functionalization that may allow access to previously inaccessible compounds or otherwise expand 

our scope of synthetic capabilities are valuable targets for computational inquiry. The capability 

of utilizing two different electrophiles in a multicomponent nickel-catalyzed alkene 

difunctionalization (Figure 1) is a unique application of cross-electrophile catalysis, originally 

reported by Koh et al.1 The electrophiles they utilized were alkyl and aryl halides, which showed  

Figure 1. Ni-catalyzed regioselective alkene difunctionalization with aryl iodide and 

alkyl iodide electrophiles. 
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high levels of regioselectivity. Lin and Diao also published a cross-electrophile difunctionalization 

where they propose a sequential reduction mechanism with an intramolecular radical cyclization 

of an alkyl halide followed by functionalization with an aryl halide.8 Despite this recent work on 

cross-electrophile nickel-catalyzed olefin functionalization the question of exactly how aryl and 

alkyl halides have different regioselectivity remains highly speculative and elucidating this 

mechanism is the primary focus of this paper. 

1.1 Background 

Another literature example of a similar alkene cross-electrophile coupling was performed 

by Diao and Lin; in this reaction they determined that sequential reduction was the operative 

mechanism. Nickel(II) was generated via reaction of the catalyst with phenyl bromide, which was 

then reduced by zinc to Ni(I). This Ni(I)-Ph catalyst in turn activates the alkyl bromide generating 

a cyclopropane radical (after rearrangement) and a Ni(II) species. After addition and reductive 

elimination the process affords a difunctionalized product.8 This differs from the process we are 

studying in several key ways, but most importantly the alkene is lost via a Rearrangement of 

vinylcyclopropane to cyclopentene constituting the first site functionalized. Whereas, in the study 

from Koh et al. that we are investigating, the first electrophile undergoes migratory insertion 

generating a nickelacycle. Furthermore, single electron processes only begin to predominate 

around the time of the second oxidative addition in the system we are investigating; either a Ni(I) 

intermediate is generated by outer-sphere (OSET) just before the second oxidative addition or the 

OSET is undergone after the addition. However, the final steps are quite similar, where a Ni(I) 
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intermediate is formed after reductive elimination and the respective metal reductants regenerated 

the Ni(0) catalyst.  

 With respect to the orthogonal nature of cross-electrophile coupling, there is a minimum 

level of differentiation needed between the two electrophiles. Yet again, Koh et al. has done some 

amount of work to attempt to understand this.7 We can see that two alkyl halide electrophiles have 

not been used successfully on a broad substrate scope to produce consistent orthogonal cross-

electrophile couplings of alkenes. Therefore, Koh et al. pioneered a reaction system utilizing N-

(Acyloxy)phthalimides to produce site-selective difunctionalized alkenes with two alkyl groups.7 

The phthalimide electrophiles provide a sufficient differential in reactivity to achieve this end; in 

the same way the alkyl and aryl halides provide sufficient differentiation for orthogonal reactivity.   

Mechanisms of nickel-catalyzed alkene functionalization processes are more diverse and 

complex than those of palladium catalyzed processes. Nickel has been shown to proceed through 

both closed- and open-shell transition states and is capable of more easily accessing several 

possible oxidation states.9, 21 These unique properties are mediated though nickel's tendency to 

favor geometries with degenerate d-orbital splitting. This tendency to form degenerate orbitals 

means that there is a higher probability of having unpaired electrons in singly occupied molecular 

orbitals (SOMOs), since this state is lower in energy than a completely empty orbital at the same 

energy level. Complexes containing palladium are very useful in catalysis, but their lowest 

unoccupied molecular orbitals (LUMOs) tend to be much higher in energy, making most open-

shell species prohibitively high in energy. Furthermore, nickel will also favor oxidative addition 

to a greater extent than palladium owing to nickel's lower reduction potential, electronegativity 

and slightly smaller size. Difunctionalization is further aided by nickel species slow rate of β- 
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Figure 2. Several common mechanisms of oxidative addition. 

 

hydride elimination contrasted with palladium’s quick restoration of unsaturation in many systems. 

These properties make nickel a privileged catalyst in reactions utilizing multiple electrophiles.9, 22 

The most common oxidative addition process found in similar systems and in general is 

the concerted cyclic oxidative addition process.21, 22 This two-electron oxidative process simply 

breaks one bond while forming two additional bonds with the metal center. The SN2-type oxidative 

addition also represents another type of two electron oxidative addition process common in these 

types of organometallic catalysis reactions. The third type of oxidative addition of interest in this 

system is the single electron inner-sphere halogen atom transfer, which results in the formation of 

a radical alkyl or aryl species (Figure 2). In accordance with our findings and the available 

literature it is documented that nickel is more amenable to a traditional three-center cyclic 
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oxidative addition transition state when reacting with C(sp2) electrophiles, such as aryl halides, 

and more likely to proceed through an open-shell radical pathway or an SN2-type pathway when 

reacting with C(sp3) electrophiles, such as alkyl halides (Figure 2).7-10, 22 The difference in energy 

between the C(sp2)  three centered cyclic process with an aryl iodide electrophile and the C(sp3) 

SN2-type oxidative addition with an alkyl iodide electrophile could help account for the observed 

regioselectivity in such transformations. Combined with the lack of any appreciable β-hydride 

elimination this explains why the nickel catalyst is a crucial component of these cross-electrophile 

olefin functionalizations. 

These cross-electrophile functionalizations have been utilized by researchers in the areas 

of organic synthesis and medicinal chemistry to affect difunctionalizations.22 Alkenes are some of 

the most common functional groups found in FDA approved pharmaceutical drugs and their 

precursors. As such, functionalizing these carbon double bonds is a common transformation in 

drug manufacturing and additional development of cross-electrophile couplings could even give 

process chemists additional options for functionalizing these compounds at scale. As previously 

mentioned, difunctionalizations not utilizing cross-electrophile coupling will typically utilize more 

labor-intensive stepwise addition. More specifically, this process typically involves at least one 

nucleophile, which are typically far less stable and are often required to be produced in-situ. 

Typical halogenated alkyl and aryl electrophiles are comparatively stable and are commercially 

available at low cost. 

1.1.1 This Work 

Given our previous lack of understanding regarding the precise reason for the observed 

difference in reactivity of aryl halide and alkyl halide electrophiles, we performed density 
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functional theory (DFT) calculations to understand the reaction mechanism. Computational studies 

comparing the relative stability of the oxidative addition transition states of the nickel complexes 

help to elucidate the steric and electronic causes for the orthogonal reactivity and could help future 

researchers design systems that are more likely to function with higher degrees of electrophile 

compatibility. A more complete understanding of these transition states can be further aided by 

analyzing the interaction energies and charge transfer between the nickel complexes and the 

electrophiles in the different types of oxidative addition mechanisms. Furthermore, we were 

interested in examining the various intermediates via DFT in order to determine the source of the 

orthogonal reactivity. Certain intermediates must necessarily interact differently with alkyl and 

aryl halides utilized by Koh et al. in order to produced the observed site selectivity. Thus we have 

theorized a general explanation for the experimentally determined selectivity (Figure 3) and then 

generated a computational model of the reaction free-energy surface using DFT (Figures 5 and 6). 

Figure 3. Hypothesized cross-electrophile selectivity with nickel intermediates. 
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2.0 Computational Details 

All complexes shown have been optimized at the following level of theory: B3LYP-

D3/SDD-6-311+G(d,p)/SMD(DMF)//B3LYP-D3/SDD-6-31G(d). All geometry optimizations 

were performed using the B3LYP-D318 functional with a mixed basis set of SDD17 for nickel and 

iodine and 6-31G(d) for all other atoms. Single point energies were similarly performed using the 

B3LYP-D3 functional with a mixed basis set of SDD for nickel and iodine and 6-311+G(d,p) for 

all other atoms.17, 18 Solvation effects were accounted for using the SMD solvation model in 

dimethylformamide (DMF). All density functional theory (DFT) calculations were performed 

using Gaussian 16 on Pitt CRC, XSEDE, and Frontera supercomputers.20 
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3.0 Results and Discussion 

The proposed mechanism of the nickel-catalyzed alkene difunctionalization involves the 

selective oxidative addition of phenyl iodide and n-butyl iodide to two different Ni complexes in 

the catalytic cycle (Figure 4). This involves a Ni(0) π-complex reacting with the alkene reactant 

followed by a Ni(I) or Ni(II) metallacycle intermediate formed after the alkene migratory insertion. 

Three different types of nickel π-alkene complex, including the amide and iminol tautomers and 

the deprotonated complex, may be formed under the reaction conditions and involved in the 

reaction with the electrophile. The unique nature of this reaction is that it utilizes two similar 

electrophiles but retains fully orthogonal reactivity (Figure 3). Given this orthogonal reactivity, it 

can be reasoned that various nickel complexes along the reaction pathway have differential 

reactivity with phenyl iodide versus n-butyl iodide. We examined many of the nickel complex 

reaction intermediates and transition states using density-functional theory (DFT) to identify the 

key nickel complexes that control selectivity. 

The proposed catalytic cycle (Figure 4) begins with a Ni(0) π-alkene complex followed by 

an oxidative addition with phenyl iodide and subsequent alkene migratory insertion. This is 

followed by an SN2-type oxidative addition of n-butyl iodide, and subsequent reductive 

elimination. Other possible mechanisms involve either an outer sphere electron transfer affording 

Ni(I) followed by an inner sphere halogen atom transfer or a concerted three-centered cyclic 

oxidative addition preceding elimination. All mechanisms were then investigated using DFT 

calculations.  

It was determined the first oxidative addition transition state (TS1-a3) has a higher energy 

than the subsequent migratory insertion transition state (TS2a). Therefore, the first oxidative 
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Figure 4. Proposed catalytic cycle. 

 

 addition is irreversible and controls the electrophile selectivity with the nickel(0) complex. 

Additionally, it was found that the complex containing the amide tautomer was the most stable 

tautomer form to be present until after the migratory insertion where a tautomerization is proposed; 

the iminol was favored in all complexes after migratory insertion (Figures 5 and 6). 

The first oxidative addition was tested using both the iminol and amide tautomers, as well 

as the deprotonated nickel complex. The N,N-bidentate group of the starting material coordinates 

to Ni(0) to form the π-alkene complex (1a). This is followed by coordination with phenyl iodide 
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Figure 5. Reaction energy profile for the Ni(0)-Ni(II) oxidative addition and alkene migratory 

insertion steps. 

 

 (2a) and subsequent oxidative addition (TS1-a3). Regardless of which tautomer was reacted there 

was found to be a preferential reactivity with phenyl iodide over butyl iodide (Figure 5). Both 

iodine atom transfer and SN2-type oxidative addition transition states have been investigated but 

only the SN2-type could be located and is still higher in energy than the 3-centered cyclic transition 

state. All the most favorable oxidative transition states for the oxidative addition of the first 

electrophile have been singlet closed shell three centered cyclic transition states, which are typical 

for low spin Ni(0) complexs.9, 10 In accordance with the literature on closed shell nickel oxidative 

additions, we observe the typical result of the aryl halide having preferential reactivity compared 
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to the alkyl halide. The rationale for this observed trend is that the closed shell 2-electron process 

favors a traditional three centered cyclic oxidative addition with C(sp2) carbon centers over C(sp3) 

carbon centers.9 This is evidenced by the much higher distortion energy present in the butyl iodide 

transition state, which has similar electronic interaction energy but a 6 kcal/mol greater distortion 

 

Figure 6. Reaction energy profile of possible second oxidative addition pathways involving 

Ni(II) metallacycle 4a. 

 

energy. The oxidative addition is then followed by migratory insertion of the phenyl group (TS2a), 

which has a significantly lower energy barrier than the oxidative addition (Figure 5). Additionally, 

as expected of migratory insertions between two C(sp2) centers the phenyl group is strongly 

favored in the migratory insertion step over the C(sp3) centered n-butyl group for all pathways 
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Figure 7. Gibbs free energy of iodide anion dissociation from several Ni(I) and Ni(II) complexes. 

 

tested. This preference for oxidative addition and migratory insertion with phenyl iodide is what 

would be expected based on the literature.9  

There are several plausible pathways for the reaction to proceed with after the migratory 

insertion (TS2a), formation of nickelacycle intermediate 4a, and subsequent tautomerization to 

the iminol form. In the oxidative addition of the second electrophile with the nickelacycle  
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Table 1. Computed activation free energies of the second oxidative addition transition states 

with several Ni(I) and Ni(II) metallacycle intermediates. 

 

# intermediate 

TS3-aX 

ΔG‡ 

(ΔE‡) 

TS3-bX 

ΔG‡ 

(ΔE‡) 

TS3-cX 

ΔG‡ 

(ΔE‡) 

TS3-dX 

ΔG‡ 

(ΔE‡) 

1 4a   ΔG = 0.0 
28.5 

(19.5) 

40.5 

(29.4) 

17.8 

(4.6) 

39.7 

(27.6) 

2 4b   ΔG = 5.0 
30.0 

(22.3) 

36.5 

(25.1) 

25.8 

(12.6) 

30.9 

(22.2) 

      

3 5bb ΔG = 0.0 
10.5 

(-1.3) 

14.9 

(1.8) 

2.5 

(-8.9) 

3.3 

(-8.0) 

4 5aa ΔG = 4.9 
7.9 

(-7.1) 

-- 

(-2.3)* 

8.1 

(-4.0) 

9.1 

(-7.2) 

      

5 5a   ΔG = 0.0 
16.5 

(6.1) 

14.2 

(2.8) 

23.8 

(12.7) 

10.6 

(-2.5) 

6 5b   ΔG = 1.4 
21.6 

(11.8) 

20.2 

(9.2) 

28.0 

(17.7) 

16.4 

(2.9) 
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intermediate 4a, one proposed pathway begins with a single electron reduction by Mn yielding the 

Ni(I) nickelacycle intermediate 4aa, which may be followed by the loss of iodide and subsequent 

coordination of phenyl iodide or butyl iodide (Figure 6). However, it is clear from the initial 

experimental paper from Koh et al. that the phenyl and butyl iodides have orthogonal reactivity, 

which demonstrates that the second oxidative addition step favors the reaction with butyl iodide.1 

Therefore, an open shell reaction pathway cannot be supported with any of the Ni(I) complexes 

located (Table 1). Similarly, the Ni(II) nickelacycle intermediate 5a and subsequent oxidative 

transition state TS3-5a shown in Figure 6, are also energetically disfavored, probably owing to the 

formation of the positively charged nickelacycle upon loss of iodide (Figure 7). Alternatively, 

depending on which bases are present in the reaction the O-deprotonated complex could be present, 

though notably the oxidative addition of the second electrophile also shows the wrong 

regioselectivity for the complexes that have been located (see supporting information). 

One possibility that may favor the experimentally observed selectivity is the direct SN2-

type oxidative addition to nickelacycle intermediate 4a (TS3-c5), but the octahedral complex 7c 

(not shown) without the loss of iodide is energetically disfavored. Alternatively, loss of iodide and 

formation of 7a is also possible (Figure 6). All other complexes located point toward a more 

favorable reaction with phenyl iodide, which corresponds to the formation of a product not 

observed by Koh et al.1 Therefore, the SN2-type oxidative addition is believed to be the most likely 

pathway given the low energy barrier and lack of other options. This SN2-type oxidative addition 

is the only reaction mechanism to produce the experimentally known regioselectivity. Given the 

high energy of TS4a we propose an outer sphere electron transfer (TS4aa), which is significantly 

favored at this stage of the reaction. It is worth noting that in addition to the shown profile (Figure 

6) it the pathway involving intermediate 5bb also supports a viable SN2-type pathway through 
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TS3-c3, though the energy difference from the competing TS3-d3 is quite small (0.8 kcal/mol) 

and is less likely to account for the experimental selectivity as observed.  

An in-depth screening of potential nickel complexes was examined for the second 

oxidative addition (Table 1) and highlights several different variables and four different types of 

complexes. In addition to the three centered cyclic transition states and SN2-type complexes there 

were also some iodine atom transfer transition states found for butyl iodide. Some of these iodine 

atom transfers were found to possess a higher level of stability than their 3-centered cyclic 

counterparts, though they still exhibited the wrong selectivity due to the higher energy tautomers 

or lower energy SN2-type oxidative additions (Table 1). Specifically, it was observed that the butyl 

iodide inner sphere electron transfers (ISETs) (TS3-aX) had a moderately lower energy than the 

3-center cyclic phenyl iodide oxidative addition  for entries 5, 6, 7, and 8 (Table 1). However, the 

SN2-type complexes proved even more favorable for entries 1 and 3.  Entries 2 and 4 were found 

to be higher energy tautomers, rendering favorable selectivity moot, though still instructive from 

an analytical standpoint. These differences in reactivity could be accounted for by the greater 

amenability of C(sp3) carbon centers to undergo iodine atom transfers via open shell radical 

pathways in typical cases, as well as the ability of C(sp3) carbon centers to undergo SN2-type 

reactions.7 It seems that the higher nucleophilicity of the Ni(I) and 4-coordinated Ni(II) 

intermediates is one of the factors that allows this SN2-type reaction to occur, but it does not explain 

the greater relative tendency towards SN2-type reactions for the 4-coordinated intermediates. For 

this we must propose a different explanation. 

In the Ni(I) entries 3 and 4 the loss of iodide is spontaneous and energetically favorable, 

and the amide becomes the more favorable tautomer. This favorability may be due to the lower 

coordination number of the amide compared to the iminol for the Ni(I) complexes. Since Ni(II) 
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should be able to tolerate a higher coordination than Ni(I) it follows that the undistorted 3-

coordinated iminol complexes have a higher stability than the amide complexes.  Furthermore, 

though SN2-type oxidative addition would still be favored in entry 3 the energy difference may not 

be sufficient to account for the experimentally observed selectivity (i.e., 0.8 kcal/mol between 

TS3-d3 and TS3-c3). The impact of the 3-coordination of entry 3 versus the 4-coordination of 

entry 1 is that the relative energy of the SN2-type transition state is significantly lower than that of 

the concerted mechanisms. That is, the SN2-type transition states do not seem to incur nearly the 

same penalty as the concerted cyclic transitions states in reactions with 4-coordinated complexes. 

The most likely explanation for this phenomenon is the significant change in sterics that additional 

coordination imposes on this system. Since the 4-coordinated complex adopts a square planar 

structure there is significantly more crowding in cyclic concerted oxidative additions. Another 

consideration supporting this steric model is the lack of a significant difference in relative energies 

of SN2-type versus concerted mechanisms across 3-coordinated intermediates regardless of charge 

or oxidation state. However, steric factors are not enough to account for the favorability of SN2-

type over iodine atom transfer oxidative additions in entry 1. Neither can we use this steric 

crowding rational to fully explain the relative favorability of the SN2-type oxidative addition in 

entry 3. To account for these observations, we utilize distortion/interaction analysis and highest 

occupied molecular orbital (HOMO) energies. 

Distortion/interaction analysis and examination of the Ni–C–I and Ni–I–C bond distances 

of various transition states can allow us to formulate tentative conclusions regarding the precise 

reason for the different regioselectivity of butyl and phenyl iodide with respect to the second 

oxidative addition. Examining the most favorable transition state TS3-c1 we observe a much more 

favorable interaction energy than with TS3-c5, despite the similar Ni–C bond distance and 
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Figure 8. 3D structures of important second oxidative addition complexes, distortion/interaction 

energies, and corresponding NBO charge data for nickel, iodine, and n-butyl iodide. Panel a) 

shows the SN2-type oxidative addition transition states, and panel b) show the inner sphere 

iodine atom transfer transition states. 

 

although there is a notable difference in the C–I bond distance (3.17 Å for TS3-c1 and 2.86 Å for 

TS3-c5) the distortion energies are similar. This indicates that between the various SN2-type 

oxidative addition transition states tested, the favorability is determined primarily by interaction 

energy and HOMO energy (Figure 8 and 9). In the case of TS3-c5 it has a significantly greater 

positive charge on the nickel, a similar distortion energy, and a lower HOMO energy (Figure 8 and 

9). Therefore, we can reasonably conclude it is an inferior nucleophile for the purposes of SN2-

type attacks on n-butyl iodide. Further supporting this notion is the NBO metal-to-electrophile 
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charge transfer, showing less negative charge transfer to the n-butyl iodide moiety in the case of 

TS3-c5 compared to TS3-c1 (Figure 8).  

The reaction pathway for TS3-c3 is slightly less viable than the pathway involing its 3-

coordinated Ni(I) counterpart TS3-c1 (Table 1). Therefore, we were able to find several similarities 

between the two transition states, such as: high charge transfer to the n-butyl iodide, higher 

interaction energy relative to distortion energy, and very high HOMO energy (Figure 8 and 9). As 

previously stated the energy difference between TS3-c3 and its competing transition state TS3-d3 

is only 0.8 kcal/mol in favor of the experimentally observed selectivity.  

Figure 9. Graphs displaying the correlation between selectivity controlling factors and free energy 

for every transition state for each oxidative addition mechanism. HOMO energy versus SN2-type 

free energy (top left), halogenophilicity versus halogen transfer free energy (top right), distortion 

energy versus n-butyl iodide concerted oxidative addition free energy (bottom left), and distortion 

energy versus phenyl iodide concerted oxidative addition free energy (bottom right). 
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There is also an iodine atom transfer complex (TS3-a1) that shows a lower energy than its 

respective phenyl iodide three centered cyclic oxidative addition (TS3-d1). This iodine atom 

transfer exhibits a shorter C–I bond distance of 2.80 Å versus the 3.17 Å of TS3-c1, though they 

have similar distortion energies. Again, the stabilization from the interaction energy is significantly 

greater for TS3-c1 than TS3-a1 (Figure 8). This can probably as be explained electronically as an 

electron rich nickel center may be more likely to initiate an SN2-type attack as opposed to taking 

on additional electron density via an iodine atom transfer.  

For the halogen atom transfer oxidative addition, it seems that the halogenophilicity of the 

various intermediates is the primary determinant of the relative free energy of their respective 

transition states. We can see this evidenced by directly comparing the iodine atom transfer 

transition states TS3-a1 and TS3-a5.  The intermediate 4a preceding TS3-a1 has significantly 

lower halogenophilicity than the intermediate 5a preceding TS3-a5 (R2 = 0.87, Figure 9). The 

positively charged TS3-a5 only has a larger C–I bond distance of 3.27 Å due to being a later stage 

transition state. Furthermore, TS3-a5 only has a modestly higher distortion energy of 43.4 kcal/mol 

and has a significantly more stabilizing electronic interaction energy. This is also evidenced by the 

higher degree of charge transfer between the iodine and n-butyl moieties in TS3-a5 than in TS3-

a1 (Figure 8a). This is what would be expected given our previous hypotheses regarding the 

positively charged nickel complex, which would be expected to undergo an iodine atom transfer 

more easily.  

In further comparing the iodine atom transfer transition states TS3-a1 and TS3-a3 we 

observe that both of these transition states are disfavored over their respective competing SN2-type 

pathways. This likely has a lot to do with the relatively high HOMO energies of their respective 

starting intermediates (I.e. 4a and 5bb). In comparing these two iodine atom transfer transition 
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states to each other we do observe some expected differences; the 4-coordinated intermediate 

precursor to TS3-a1 (4a) has a lower halogenophilicity than the TS3-a3 intermediate 5bb (Figure 

8 and 9). The distortion energy of TS3-a1 is also much higher than that of TS3-a3, while its charge 

transfer is much lower (Figure 8).  

Distortion energy is nearly suffcient on its own to explain the relative energies of the phenyl 

iodide three centered concerted oxidative addition transition states. This is evidenced by a strong 

coorelation between the distortion energy and free energy of each TS3-dX transition state (R2 = 

0.83, See supporting information). This coorelation is noticably stonger with phenyl iodide than 

with butyl iodide for these three centered concerted transition states, which makes sense given the 

wider profile of the phenyl group. It is therefore posited that the primary factor governing the 

favorability of this reaction pathway is the degree to which the nickel center is serically hindered. 

Furthermore, interaction energy and HOMO energy have a low coorelation with the free energy of 

these transition states, and are therefore not considered singnificant contributors to the relative 

favorability of this reaction pathway (see supporting information).  

3.1 Conclusions 

By examining various possible reaction pathways and nickel complexes we have 

approached a robust understanding of the regioselectivity for this nickel catalyzed alkene 

difunctionalization. Given the experimental data, it is known that the final product has a powerful 

and exclusive regioselectivity for aryl vs alkyl iodides. The DFT calculations revealed the overall 

catalytic cycle involves oxidative addition of phenyl iodide to a Ni(0) π-alkene complex, followed 

by alkene migratory insertion, an SN2-type oxidative addition with n-butyl iodide, and reductive 
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elimination. We have formulated a robust understanding of the first oxidative addition, which 

favors the experimentally observed selectivity for addition with phenyl iodide (TS1-a3). We are 

also converging on a more complete understanding of the mechanistically complicated second 

oxidative addition. The most favorable reaction mechanism involves a low energy SN2-type 

transition state between the 4-coordinated nickel complex and n-butyl iodide. Analysis of 

distortion/interaction energies and NBO charge transfer analysis further corroborates factors that 

favor the SN2-type transition state. The interaction energy shows a more stabilizing interaction in 

the oxidative addition with the 4-coordinated nickel complex TS3-d5 than with a 3-coordinated 

nickel complex TS3-d2. The NBO charge transfer data indicates this pathway is stabilized due to 

a significant charge transfer to n-butyl iodide, consistent with the strong interaction energy with 

the Ni complex. 
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Appendix A Terminology and Acronyms 

DFT - density functional theory 

ISET - inner-sphere electron transfer 

NBO - natural bond orbital 

OSET - outer-sphere electron transfer 

SMD - solvation model based on density 
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