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C–C bond activation reactions 

 
Tyler Mark Ahlstrom, MS 

 
University of Pittsburgh, 2022 

 
 
 

 

Thesis abstract: Cyclic alkanes and ketones are common starting materials in transition metal-catalyzed 

C–C bond activation reactions because their ring strain provides the thermodynamic driving force of 

the otherwise challenging C–C bond cleavage step. A computational study was performed to 

investigate the factors affecting the thermodynamics and kinetics of transition-metal-catalyzed C–C 

bond activation reactions of cyclic alkanes and ketones. The results show that while the reaction 

energies and rates are strongly affected by the release of ring strain and, in the case of ketones, metal-

carbonyl back-bonding, the rates are also affected by steric environment of the C–C bond prior to 

activation. Linear structure-activity relationships are explored for these factors and quantitatively 

compared for Ni-, Rh-, and Ir-based catalysts, and for cyclic reactants with three-, four-, and five-

membered rings.  
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1.0 Introduction & Background 

The activation of C–C bonds promoted by transition metal catalyst has increasingly proven to be a 

broad and valuable tool for the discovery of novel synthetic pathways.1–8 The insertion of a transition 

metal into a C–C bond enables a wide range of subsequent functionalization pathways for the resulting 

organometallic intermediates. Given the general availability of C–C bonds in organic compounds, this 

technique enables synthetic pathways utilizing readily available yet relatively inert starting materials not 

accessible by traditional methods. While Tipper first reported activating cyclopropane using a Pt 

complex in 1955, the past decade has shown advances using a variety of other transition metal 

catalysts, especially Pd, Rh, Ru, and Ni, and less strained four- and five-membered ring starting 

materials.9–19 C–C activation has been achieved via several different mechanism, including β-carbon 

elimination 20 and retro-allylation 21, but the present work will focus exclusively on the most common 

approach: oxidative addition. Figure 1 shows a generic C–C cleavage via oxidative addition to a 

transition metal catalyst, and subsequent functionalization via migratory insertion and reductive 

elimination.  

 

 

Figure 1: Generic C–C cleavage via oxidative addition 

 

The primary barrier to these reactions is the cleavage of the C–C bond, which is unfavorable for both 

kinetic and thermodynamic reasons. In addition to being stronger than C–M bonds, the σ-orbital of a 
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C−C bond is highly directional, reducing its potential for overlap with the frontier orbitals of a metal 

catalysts, and its HOMO is typically too low (and LUMO too high) for significant interaction even if 

proper geometry were achieved. Additionally, although C−H bonds are stronger than C−C bonds in 

terms of bond dissociation energies, many transition metal complexes preferentially undergo oxidative 

addition with C−H bonds, which are much less crowed than C−C bonds. 

 

There are several strategies for overcoming the inertness of C–C bonds, including the use of directing 

groups or carbon-cyano starting materials, but the most widespread is the use of strained cyclic starting 

materials. Figure 2 (a) shows the use of Wilkinson’s catalyst to form rhodaindanone via C–C bond 

cleavage of benzocyclobutenone, an activation pathway discovered by Liebeskind and co-workers in 

1992, and recently used by the Dong group to achieve a wide variety of subsequent C−C forming 

reaction pathways.22–24 For example, Figure 2 (b) shows the intramolecular insertion of an olefin into 

the C1-C2 bond of benzocyclobutenones, which can achieve significantly better conversion and yield 

than Wilkinson’s catalyst after optimizing the ligands.25 The activation of C−C bonds in strained 

starting materials has also been achieved with several other transition metals, including Ir (Figure 2, 

c)26 and Ni (Figure 2, d)6. 

 

a) C–C bond activation of benzocyclobutenone using Wikinson's catalyst 
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b) Carboacylation of olefin via the C–C bond cleavage of benzocyclobutenone by a dppm-supported Rh 

catalyst 

 

 

c) Pyrazole synthesis using DG and Ir catalyst 

 

 

d) C-1 insertion of isocyanides into Biphenylene using a Ni catalyst 
 

 

Figure 2: Examples of C–C bond activation using Rh (a,b), Ir (c), and Ni (d) 

 

While the use of strained cyclic reactants facilitates C–C activation, there remains debate about the 

precise role of strain. Specifically, it has not been conclusively shown whether it is the strain of the 

reactant itself that facilitates the oxidative addition, or alternatively, whether it is the magnitude of ring 
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strain release, i.e. the decrease of ring strain in the reactant and the larger metallacycle, that facilitates 

the reaction. Additionally, it is common to have cyclic ketones as the reactants of these reactions, but 

the origin of their reactivity difference compared with cyclic alkanes—including how it may complicate 

the foregoing question about the role of strain—remains unexplored. Having a better understanding 

of these factors would aid the exploration of this new area of research by helping to predict whether 

a proposed cleavage is feasible and under what conditions it might occur.  

 

To answer these questions, a systematic exploration of the factors affecting both the thermodynamics 

and kinetics of the C–C cleavage is undertaken. A total of 18 ring-opening oxidative addition reactions 

are examined, covering reactions proceeding from reactants with different ring sizes (3, 4, and 5 

membered rings) with and without a carbonyl group, as well as three different representative transition 

metal catalysts: Ni(PPh3)2, Rh(dppm)Cl, and Ir(dppm)Cl (Figure 3). These model reactions were 

selected in part because some of them feature prominently in the literature, but primarily because 

trends in the thermodynamics and kinetics of these reactions are expected to probe the foregoing 

questions about the role of strain and the effect of the carbonyl group. 
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Figure 3: C–C cleavage of strained cyclic alkanes and ketones via oxidative addition 

In all explored reactions, a cyclic reagent (either a cycloketone or cycloalkane) is added 

via oxidative addition to a transition metal, thereby expanding the size of the ring, and 

to some extent relieving the strain of the reagent. This work probes the role of strain 

in these reactions, quantifying and identifying trends in the strain of the reagent as well 

as the release of strain over the course of this oxidative addition.  



 6 

2.0 Computational Methods 

The B3LYP27–29 density functional and a mixed basis set of LANL2DZ30–32 for metals and 6-31G(d)33–

39 for other atoms were used in geometry optimizations. Vibrational frequencies were calculated at the 

same level of theory as geometry optimization. All minima, including starting materials and products, 

have zero imaginary frequency. All transition states have one imaginary frequency. Single-point 

energies were calculated with M0640 and a mixed basis set of SDD41–56  for metals and 6-311+G(d,p)57,58 

for other atoms. Solvation energy corrections were calculated in single-point energy calculations using 

the SMD59,60 model with THF solvent. Gibbs free energies and enthalpies include thermal corrections 

calculated at 298.15 K and 1.0 atmospheres using the standard procedures in Gaussian.61 All DFT 

calculations were performed using Gaussian 16.62 Atomic charges were calculated using natural 

bonding orbitals.63 

2.1 Homodesmotic calculation of ring strain 

Experimentally, ring strain is usually calculated using heats of combustion, and specifically by 

comparing the heat of combustion of the cyclic structure to that of an appropriate linear structure.64 

However, there are two major problems with this experimental approach for the current investigation. 

First, while hydrocarbons combust in straightforward manner to form well defined and obtainable 

products, this is less often the case with the more complex structures explored in this work. And 

second, the experimental approach requires being able to first isolate the structures in workable purity 

and quantity, and as all of the metallacycles explored in this work are reactive intermediates, it would 
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be exceedingly difficult to satisfy this precondition (this applies as well to the corresponding linear 

structures needed to calculate ring strain). As such, we will be exploring ring strain computationally. 

 

All ring strain energies were calculated using a homodesmotic reaction equation.65,66 Homodesmotic 

reactions are a subclass of isodesmic reactions, where the reactants and products contain the same 

number and type of bonds, the same number of hybridization states for each element,  and the same 

number of primary, secondary, etc. carbons.67,68 For example, below (Figure 4) are the equations used 

to calculate the ring strain energy (ΔHRSE) of cyclobutane, cyclobutanone, and the corresponding 4-

membered metallacycles. 

 

 

 

 

Figure 4: Homodesmotic ring strain calculations 

Each of the above are examples of homodesmotic ring strain calculations that were 

used in this work to determine the ring strain of the above metallacycles. Note both 

sides of each ‘reaction’ contain the same number of each type of bond, as well as the 

same number of primary and secondary carbons.  
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Each scheme in Figure 4 is an isodesmic reaction in that both sides contain the same number and type 

of bonds, and they are furthermore homodesmotic because both sides contain the same number of 

hybridization state for each element and the same number of primary, secondary, etc. carbons. Ring 

strain energies calculated using homodesmotic reactions are reliable due to cancellation of model 

error68 and because they take into account corrections due 1,3-alkyl-alkyl interaction or 

‘protobranching’.69 For additional criteria leading to even more accurate RSE calculations, see ref. 68. 

For our purposes, homodesmotic reactions were chosen to quantify ring strain because they are  

sufficiently accurate and are broadly accepted in the literature.68,70–72 Furthermore, any error due to 

uncaptured protobranching or other sources of error will be present in all ring strain calculations, and 

therefore not relevant to the trends across the different systems, which is our primary concern. 

 

Note that ring strain of cyclic compounds may be due to the combination of several different types 

of distortion effects. More specifically, there will be several differences between the two sides of the 

homodesmotic reaction equation, and it is the sum of these differences that is being grouped together 

as ‘ring strain energy’. For example, the cyclic molecules will often have longer, weaker bonds, 

decreased hyperconjugation, and a variety of other differences. Where a more detailed computational 

analyses may seek to distinguish these several factors, and identify the dominant one or a couple for 

‘ring strain energy’, here we will regard the entire set of differences as factors that together quantify 

ring strain energy. This approach allows for a more straightforward and reliable quantification of ring 

strain energy, and also generates results that are more relevant to the synthetic practices explored 

above.  
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3.0 Oxidative Addition with Cyclic Ketones 

Cyclic ketones will be explored first because they are more commonly used starting materials with 

relatively less strained rings. Experimentally, four-, and five-membered cyclic ketones have been 

effectively activated using transition metal catalysts. On the other hand, although three-membered 

cyclic alkanes (cyclopropanes) are often used in C–C bond cleavage reactions, the activation of four- 

and five-membered cyclic alkanes are rare. The reactivities of cyclic ketones will be examined in 

Chapter 4. 

3.1 Thermodynamics of oxidative addition with cyclic ketones 

The formation of nine metallacycles via oxidative addition of cyclic ketones were analyzed, three for 

each transition metal catalyst included in this research—Ni(PPh3)2, Rh(dppm)Cl, and Ir(dppm)Cl (see 

Figure 5 and Figure 6 for details). In order to determine the role of strain energy in the formation of 

these complexes, cyclic ketones of varying size were used, including cyclopropanone, cyclobutanone, 

and cyclopentanone.  
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Figure 5: Cyclic ketone oxidative addition with a Ni catalyst 

The oxidative addition of three cyclic ketones with an Ni-based catalyst were 

examined, corresponding to n = 1, 2, and 3. The Ni reagents are supported by two 

PPh3 ligands, chosen due to its common use with Ni. One PPh3 ligand is dissociated 

from the Ni during the formation of the metallacycles in order to avoid significant 

steric interaction between the ligands and the metallacycle. 

 

              

Figure 6: Cyclic ketone oxidative addition with Rh and Ir catalysts 

For each Rh and Ir catalyst, the formation of three metallacycles via oxidative addition 

were examined. Bis(diphenylphosphino)methane (dppm)-supported Rh(I) and Ir(I) 

chloride complexes were chosen again due to their use in the literature. Note that 

dppm is a bidentate ligand and both phosphorus atoms remain coordinated to the 

metal center in both the starting material and metallacycle. 

 

Figure 7 shows the reaction Gibbs free energies (∆G) of the formation of nine different metallacycles: 

each of three cyclic ketones undergoing oxidative addition with each of three different transition metal 

catalysts. Two trends are immediately visible. First, given a transition metal catalyst, the oxidative 

addition of ketones with smaller ring size leads to thermodynamically more favorable reactions. 
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Second, given a cyclic ketone, the thermodynamic preference proceeds in the order Ir > Rh > Ni. 

These two trends will now be explored in turn.  

 

 

 

Figure 7: Reaction Gibbs free energies (∆G, kcal/mol) of oxidative addition with cyclic ketones 

The Gibbs free energy (∆G, kcal/mol) of metallacycle formation (following schemes 

shown in Figure 5 and Figure 6) showing two trends: i) for a given transition metal 

catalyst, the oxidative addition of ketones with smaller ring size is more 

thermodynamically favorable, and ii) for a given cyclic ketone, the thermodynamic 

preference proceeds in the order Ir > Rh > Ni. The Gibbs free energies are with 

respect to the cyclic ketone and transition metal complex (Ni(PPh3)2, Rh(dppm)Cl, or 

Ir(dppm)Cl). Note that for the reactions with Ni(PPh3)2, the resulting metallacycle 

product has a PPh3 ligand dissociated from the metal (see Figure 5). 

 

To understand the greater reactivity of smaller ketone rings, homodesmotic ring strain calculations 

were performed on both the cyclic ketone reactants and the metallacycles that result from their 
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oxidative addition with the three transition metal catalysts (see section 2.1 for discussion of 

homodesmotic calculations). Figure 8 shows the results of these calculations. Although the ring strain 

energies of cyclic ketones have been extensively studies and are often considered as the primary driving 

force for C–C bond cleavage, the effects of ring strain of the resulting metallacycle intermediates are 

often overlooked. For a given metal, the five-membered metallacycle (n = 2) is the least strained, and 

the four-membered metallacycle (n = 1) the most strained. This trend is also corroborated by bond 

angle considerations. Interestingly, for a given size of metallacycle, there is relatively little to distinguish 

the ring strain across the different metals; while the Rh metallacycles are slightly less strained, the 

difference is marginal. 

 

Figure 8: Ring strain energies of cyclic ketones and metallacycles 

All ring strain energies (kcal/mol) are calculated using a homodesmotic calculation 

(see section 2.1). No significant interaction between these ligands and the metallacycle 

was present; see appendix Figure 39 details.  
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When we turn our attention to the ring strain released (RSR) through the reaction—the difference 

between the ring strain of the metallacycle and the cyclic ketone reactant—there is a strong linear 

relationship with the ∆Grxn (Figure 10). This strong linear relationship (r2 >= 0.99) with a slope near 

1 suggests that RSR is an independent driving force for the formation of these metallacycles. While 

there is also a strong linear relationship between ∆Grxn and the strain of the starting reagent (Figure 

9), this is to be expected given that RSR and the initial ring strain are highly correlated (appendix 

Figure 33.  

Figure 9: Ring strain substrate vs ∆Grxn for the oxidative addition of cyclic ketones 

The ring strain of the substrate (kcal/mol) vs. ∆Grxn (kcal/mol) of the cyclic ketone 

oxidative addition. Again, ‘n’ corresponds to the size of the ketone reactant (see Figure 

5 and Figure 6) with n = 1, 2, 3 corresponding to a three-, four-, and five-membered 

ketones. The linear relationship remains strong, though not quite as strong as Figure 

10.  
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Figure 10: Ring strain release vs ∆Grxn for the oxidative addition of cyclic ketones 

The ring strain released (kcal/mol) vs. ∆Grxn (kcal/mol) of the cyclic ketone oxidative 

addition. ‘n’ corresponds to the ring size of the ketone reactant (see Figure 5 and Figure 

6) with n = 1, 2, 3 corresponding to a three-, four-, and five-membered ketones. The 

strong linear relationship with a slope near 1 suggests ring strain release is an 

independent driving force of the reaction.  

 

 

The gaps between the linear fits for the different metals in Figure 9 brings us back to our second task: 

to explain the reactivity of the different metals, and specifically why their reactivity proceeds in the 
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order Ir > Rh > Ni. It was hypothesized that this was due to varying amounts of metal-carbon 

backbonding that donates electron from the metal d orbital to the π* orbital of carbonyl, with Ir most 

able to engage in backbonding, and Ni the least able. To explore this, bond dissociation energies were 

calculated and a natural bonding orbital (NBO) analysis was performed (Figure 11). The comparison 

between the BDEs of C(ethyl)–M and C(acyl)–M for the different metals indicates that the C(acyl)–

M bond with Rh and Ir are stronger than the corresponding C(ethyl)–M bond, likely due to the 

stronger backdonation in C(acyl)–M whereas the C(acyl–Ni bond is weaker than C(ethyl)–Ni, 

suggesting the C(acyl)–Ni is weaker.  The *(C=O) occupancy from NBO calculations provides 

further insights into the magnitude of backdonation with the different metals. The *(C=O) 

occupancy suggests the same trend: Ir > Rh > Ni.  The NPA atomic charge of the O atom likewise 

supports this trend, but for unknown reasons the C=O frequency does not (see appendix Figure 35). 
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Figure 11: Evidence of backdonation from metal to C=O * orbital 

The metal-carbon bond dissociation energies (BDEs) and C=O * occupancy for the 

three different metal complexes were examined. The trend present in both 

measurements corroborates the Ir > Rh > Ni ordering with regards to their ability to 

engage in backdonation. Note that there were no significant changes in these values 

for different alkyl or acyl groups with different carbon chain lengths (corresponding 

to different ‘n’ in Figure 7). Also note the carbon-metal bonds are all weaker than 

carbon-carbonyl bonds (~75 kcal/mol), and will be outcompeted by most ligands; the 

formation of these bonds is not a thermodynamic driver.  

3.2 Kinetics of cyclic ketone oxidative addition 

Transition states were located for all oxidative addition reactions detailed in Figure 12 and Figure 13. 

All activation Gibbs free energies are shown in Figure 14. Again the more strained reactants (especially 

cyclopropanone) are more reactive. However, here there is no neat trend separating the reactivities of 

the different metal complexes; the identity of the metal itself appears to affect ∆G
‡
 very little. This 
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suggests that Ni, despite being a first-row metal, may nonetheless be used as an effective catalyst for 

C–C cleavage.  

 

 

Figure 12: Transition state of cyclic ketone oxidative addition with a Ni catalyst 

 

 

Figure 13: Transition state of cyclic ketone oxidative addition with Rh- and Ir-based catalysts 
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Figure 14: ∆G
‡ 
(kcal/mol) of oxidative addition of cyclic ketones 

The ∆G
‡
 (kcal/mol) of metallacycle formation via oxidative addition (following Figure 

12 and Figure 13) showing the more strained reactants to be more reactive. The 

activation free energies are with respect to the cyclic ketone and transition metal 

complex (Ni(PPh3)2, Rh(dppm)Cl, or Ir(dppm)Cl). Note again that for the reactions 

with Ni(PPh3)2, the resulting metallacycle product has a PPh3 ligand dissociated from 

the metal (see Figure 12). 

 

Figure 15 shows that each series displays an approximately linear relationship between ∆Grxn vs ∆G‡, 

suggesting that the reaction kinetics is governed by the Bell–Evans–Polanyi principle. This is 

corroborated by an examination of the transition states (Rh transition states shown in Figure 16). 

There is a clear trend of a later transition state as the size of the cyclic reagent increase, which is 

expected given that the reactions also become less exothermic (Hammond postulate; the percentage 

change of C–C bond length at the TS is confirms this trend as well, plotted in Appendix Figure 37). 

The same trend was observed with Ni and Ir.  
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Figure 15: ∆Grxn vs ∆G
‡ 
of oxidative addition of cyclic ketones 

The linear relationship between ∆Grxn and ∆G
‡
 suggest that the reactivity of oxidative 

addition is affected by the reaction free energies. 
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Figure 16: Transition states of the oxidative addition of cyclic ketones using and Rh(I) catalyst 

There is a clear trend of a later transition state as the size of the cyclic reagent increases, 

with the length of the breaking C–C bond increasing and the length of the forming C–

Rh bonds decreasing at the transition states for the larger ringed systems. 

 

The role of ring strain in the energetics of the transition states were explored. Figure 17 shows a strong 

correlation between ∆G
‡ 
and the ring strain of the cyclic reagent, and Figure 18 shows a strong 

correlation between ∆G
‡ 
and the ring strain released over the course of the complete reaction. It is 

difficult to say whether reagent ring strain or ring strain release drives the kinetics more than the other, 

but this is not too surprising given the strong correlation between the two (plotted in Appendix Figure 

33).  The relatively low slope of both graphs indicate that C–C activation is feasible with only 
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moderately strained ketones, including cyclopentanone as reported here, and even cyclohexanone.73 

The question of how much strain energy is released by the transition state was ultimately set aside due 

to difficulties quantifying TS strain energy in a way that is consistent and meaningful across the 

different systems.  

Figure 17: Ring strain of substrate vs ∆G
‡ 

The transition state energies are strongly correlated with the ring strain of the starting 

cyclic ketones. 
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Figure 18: Ring strain release of reaction vs ∆G
‡
 

The transition state energies are also strongly correlated with the ring strain release 

(RSR) of the reaction. Note that this RSR is for the complete reaction; ring strain 

release was not calculated at the transition state itself. 
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4.0 Oxidative Addition with Cyclic Alkanes 

A parallel analysis was done using cyclic alkanes rather than cyclic ketones. While oxidative addition 

using various sized cyclic ketones is common, oxidative addition with cyclic alkanes has focused largely 

on cyclopropane. While it is well documented that cyclopropane has exceptional properties74, this 

work details how they manifest in the context of oxidative addition. Mirroring the exploration above, 

the oxidative addition of nine cyclic alkanes were analyzed, three for each transition metal catalyst 

included in this research. This affected several of the trends found with the cycloketone reagents. 

4.1 Thermodynamics of oxidative addition with cyclic ketones 

In order to determine the role of strain energy in the formation of these complexes, cyclic alkanes of 

varying size were used, including cyclopropane, cyclobutane, and cyclopentane (Figure 19 and Figure 

20).  

 

 

Figure 19: Cyclic alkane oxidative addition with a Ni catalyst 

The oxidative addition of three cyclic alkanes with an Ni-based catalyst were examined, 

corresponding to n = 1, 2, 3. The same metal ligands are used as with the ketones 

above. Again, one PPh3 ligand is dissociated from the Ni during the formation of the 

Ni metallacycles in order to avoid significant steric interaction between the ligands and 

the metallacycle. 
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Figure 20: Cyclic alkane oxidative addition with Rh and Ir catalysts 

For each Rh and Ir catalyst, the formation of three metallacycles were examined. 

Bis(diphenylphosphino)methane (dppm)-supported Rh(I) and Ir(I) chloride 

complexes were chosen again due to their use in the literature. Note that dppm is a 

bidentate ligand and both phosphorus atoms remain coordinated to the metal center 

in both the starting material and metallacycle. 

 

Figure 21 shows the reaction Gibbs free energies (∆Grxn) for all nine oxidative addition reactions. 

Unlike the corresponding reactions involving cyclic alkanes above, reactions with smaller cyclic 

reactants are not always more thermodynamically favorable. Given a transition metal catalyst, 

oxidative addition with cyclobutane (n = 2) is the most thermodynamically favorable, and oxidative 

addition with cyclopentane (n = 3) is least thermodynamically favorable. When we compare the 

reactivity of the different metal catalysts, the same trend is observed as with the cyclic ketones: given 

a cyclic alkane, the thermodynamic preference proceeds in the order Ir > Rh > Ni. Overall, these 

reactions are much less thermodynamically favorable than oxidative addition with the corresponding 

cyclic ketone; only the reaction of cyclobutane with IrCl(dppm) is exothermic. 
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Figure 21: Reaction Gibbs free energies (∆G, kcal/mol) of oxidative addition with cyclic alkanes 

The ∆Grxn (kcal/mol) of metallacycle formation (following schemes Figure 19 Figure 

20) showing two trends: i) for a given transition metal catalyst, oxidative addition with 

cyclobutane (n = 2) is the most thermodynamically favorable, and reaction with 

cyclopentane (n = 3) is the least thermodynamically favorable, and ii) for a given cyclic 

ketone, the thermodynamic preference proceeds in the order Ir > Rh > Ni. The Gibbs 

free energies are with respect to the cyclic alkanes and transition metal complex 

(Ni(PPh3)2, Rh(dppm)Cl, or Ir(dppm)Cl). Note that for the reactions with Ni(PPh3)2, 

the resulting metallacycle product has a PPh3 ligand dissociated from the metal (see 

Figure 19). 

 

To understand these trends, ring strain energy calculations were performed on both the cyclic alkane 

reactants and the metallacycles (see section 2.1 for discussion of homodesmotic calculations). Figure 

22 shows the results of these calculations. For a given transition metal catalyst, the five-membered 

metallacycle (n = 2) is the least strained, except in the case of the Ni-based metallacycles, where the 

six-membered metallacycle (n = 3) is slightly less strained. In all cases, Ni-based metallacycles are more 

strained than the corresponding Rh and Ir structures; this is in contrast to the ketone-based 



 26 

metallacycles, where all systems of a given size had similar strain. These exceptions for Ni can be 

attributed to shorter Ni–C bond lengths (1.93 Å vs. 2.09 – 2.11 Å for Rh and Ir) and the accompanying 

bond angle considerations, and additionally to minor alkyl–Ni interactions stabilizing the acyclic 

structure used in the homodesmotic ring strain calculation. In all cases, the four-membered 

metallacycle is the most strained. 

 

 

Figure 22: Ring strain energies of cyclic alkanes and metallacycles 

All ring strain (kcal/mol) are calculated using a homodesmotic calculation (section 

2.1). No significant interaction between these ligands and the metallacycle was present; 

see appendix Figure 40 for details.  
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However, when we turn our attention to the ring strain released through the reaction—the 

difference between the ring strain of the metallacycle and the cyclic alkane reactant—there is again a 

strong linear relationship with the ∆Grxn (Figure 24). The strong linear relationship (r2 >= 0.98) with 

a slope near 1 suggests that ring strain release is an independent driving force for the formation of 

these metallacycles. Note the ordering of the variously sized metallacycles is different than it was for 

the ketones; here oxidative addition to form the smallest metallacycles is intermediate in both ∆Grxn 

and ring strain released. This different ordering is due to the drastically different ring strain of 

cyclopropane compared to cyclopropanone. The gaps between the linear fits for the different metals 

in Figure 14 (Ni ~= Rh > Ir) can be approximately accounted for by differences in C–M bond 

energies (Figure 25). 
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Figure 23: Ring strain substrate vs ∆Grxn for oxidative addition of cyclic alkanes 

The ring strain of the substrate (kcal/mol) vs. ∆Grxn (kcal/mol) of the cyclic alkane 

oxidative addition. Again, ‘n’ corresponds to the size of the ketone reactant (see 

Schemes 2 and 3) with n = 1, 2, 3 corresponding to a three, four, and five membered 

ketone rings. The relationship is not as strong as that between ∆Grxn and ring strain 

released (Figure 24). 
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Figure 24: Ring strain release vs ∆Grxn  for oxidative addition of cyclic alkanes 

The ring strain release (kcal/mol) vs. ∆Grxn (kcal/mol) of the cyclic alkane oxidative 

addition. ‘n’ corresponds to the ring size of the alkane reactant (see Figure 19 and 

Figure 20) with n = 1, 2, 3 corresponding to a three-, four-, and five-membered 

alkanes. The strong linear relationship with a slope near 1 suggests ring strain release 

is an independent driving force of the reaction. Note the ordering of the differently 

sized metallacycles is different than it was for the ketones; here smallest metallacycles 

are intermediate in both ∆Grxn and ring strain released. 
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Figure 25: Metal-carbon bond energies  

The carbon-metal bond dissociation energies (BDEs) for the three different metal 

complexes were examined. The BDEs mirror the Ni ~= Rh < Ir ordering observed 

in Figure 24. Note that there were no significant changes in these values for different 

alkyl chain lengths. 

 

4.2 Kinetics of cyclic alkane oxidative addition 

Transition states were located for all oxidative addition reactions detailed in Figure 26 and Figure 27. 

All activation Gibbs free energies are shown in Figure 28, which again shows that reactions with more 

strained reactants have a lower activation energy, and that given a cyclic alkane, the activation energy 

of the different transition metal complexes is similar to each other. As with oxidative addition of cyclic 

ketones (Chapter 3), the three transition metal catalysts appear to have a similar effect on ∆G
‡
. All 

activation energies are higher than the corresponding reaction with cyclic ketones (compare to Figure 

14), which agrees with the general lower reactivity of cycloaddition with cyclic alkanes. 
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Figure 26: Transition state of oxidative addition of cyclic alkanes with a Ni(0) catalyst 

 

 

 

Figure 27: Transition state of oxidative addition of cyclic alkanes with Rh(I)- and Ir(I)-based catalysts 
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Figure 28: ∆G
‡ 
(kcal/mol) of oxidative addition of cyclic alkanes 

The ∆G
‡
 (kcal/mol) of the oxidative addition reactions (following Figure 26 and Figure 

27) showing that for a given transition metal catalyst, the expansion of the smaller 

cyclic alkanes is more kinetically favorable. Given a cyclic alkane, oxidative addition 

with the three transition metal catalysts all have similar activation free energies. 

Compared to the corresponding activation energies for the oxidative addition of cyclic 

ketones (Figure 14), the cyclic alkanes are less reactive. 

 

When the relationship between ∆Grxn vs ∆G
‡
  is plotted, a major difference between the ketone- and 

alkane-based oxidative additions becomes apparent: where the oxidative addition of cyclic ketones 

showed a linear relationship between ∆Grxn vs ∆G
‡ 
(Figure 15), this is not the case for the oxidative 

addition of cyclic alkanes (Figure 29). This is likely due to the unusual ‘banana’ bonding of 

cyclopropane (n = 1), which stabilizes the transition state of these reactions.74 Additionally, while 

cyclopropane and cyclobutane have comparable ring strain, oxidative addition with cyclopropane is 
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less exergonic because the resulting four-membered metallacycles are more strained than the five-

membered metallacycles that result from oxidative addition with cyclobutane. 

 

The irregularity of the oxidative additions with cyclopropane is apparent also from an examination of 

the transition states (those for Rh shown in Figure 30), where we see an exception to the general trend 

of earlier transition states for more strained reactants. The TS for the oxidative addition of 

cyclopropane exhibits an unusually close distance for the forming C–M bonds, likely due to 

cyclopropane’s unusually accessible C–C σ bonds. 

 

As can be anticipated given the foregoing discussion, ∆G
‡
 is poorly correlated with both ring strain 

release (Figure 32) and the ring strain of the starting reagents (Figure 31). The magnitude of the RSR 

shows that the RSR of the cyclic alkanes is generally lower than that of the cyclic ketones (compare 

Figure 18), but not enough to wholly account for their overall lower reactivity. Again, the question of 

how much strain energy is released by the transition state was ultimately set aside due to difficulties 

quantifying TS strain energy in a way that is consistent and meaningful across the different systems. 
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Figure 29: ∆Grxn vs ∆G
‡ 
of oxidative addition of cyclic alkanes 

This non-linearity is in sharp contrast to the corresponding figure for the oxidative 

addition of cyclic ketones (Figure 15). The higher reactivity of cyclopropane compared 

to cyclobutane despite the smaller amount of ring strain release is likely due to the 

unusual ‘banana’ bonding of cyclopropane, lowering the energy of the transition states 

with these substrates. 
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Figure 30: Transition states of the oxidative addition of cyclic alkanes using and Rh(I) catalyst 

These transition states for the oxidative addition of cyclic alkanes are less 

straightforward than those of cyclic ketones. While the formation of the 5- and 6-

membered metallacycles shows a later transition state for the reaction with the larger 

and more stable cyclopentane vs cyclobutane, the reaction with cyclopropane is 

irregular in the shorter length of the forming C–M bonds. This is likely due to 

cyclopropane’s unusually accessible C–C σ bonds.  
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Figure 31: Ring strain substrate vs ∆G
‡
 for the oxidative addition of cyclic alkanes 

The transition state energies are also very poorly correlated with the ring strain of the 

cyclic alkane reagents. Again, this is likely due to the exceptional nature of 

cyclopropane. 
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Figure 32: Ring strain release vs ∆G
‡
 for the oxidative addition of cyclic alkanes 

The transition state energies are very poorly correlated with ring strain release, unlike 

the energies and rates of oxidative addition with cyclic ketones. This is likely due to 

the exceptional nature of cyclopropane. Compared to these values of corresponding 

reactions with cyclic ketones (Figure 18), there is generally less RSR for the cyclic 

alkanes. 
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5.0 Conclusion 

The five-membered metallacycles explored in this work possess less ring strain than their four- and 

six-membered counterparts—a fact that can be accounted for primarily by bond angle 

considerations—but the reaction energies of their formation via oxidative addition must be 

understood in conjunction with the ring strain of the cyclic reagents. The reaction energies of the 

oxidative addition of both cyclic ketones and cyclic alkanes are driven primarily by ring strain release 

(RSR), i.e. the ring strain energy difference between the cyclic starting material and the metallacycle 

formed after the oxidative addition. There are strong linear relationships between ∆Grxn and RSR for 

all six series of varying ring sizes explored in this work. Notably, this holds true despite that oxidative 

addition of cyclic ketones show a thermodynamic preference for smaller ring sizes, while the oxidative 

addition of cyclic alkanes show a thermodynamic preference for cyclobutane over cyclopropane. 

While there is a strong correlation between ∆Grxn and the ring strain of the cyclic ketone substrates, 

this correlation is slightly weaker in the case of the cyclic alkanes. Additionally, the reaction energies 

with cyclic ketones are also strongly influenced by the identity of the metal center. Different metals 

have varying degrees of backdonation from the metal to C=O *, which accounts for the trend in 

∆Grxn (and carbon-metal bond strength) of the metals: Ir > Rh > Ni. On the other hand, backbonding 

is not expected to play a significant role in the reactivity of the cyclic alkanes due to the absence of a 

suitable orbital for accepting electron density from the metal centers. 

 

The activation Gibbs free energies of oxidative addition with cyclic ketones follow a similar trend, 

where ∆G
‡ 
is well correlated with both the ring strain of the substrates as well as RSR. However, 

backdonation from the metals appears to have no significant effect on ∆G
‡
, even in the case of 
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oxidative addition with cyclic ketones, which is likely due to the greater distance between the relevant 

orbitals in the transition state when compared to the resulting metallacycles. In fact, nor does anything 

else about the identity of the metal center appears to significantly impact ∆G
‡
: given a cyclic reagent, 

the activation energies of its oxidative addition with any of the metal complexes explored in this work 

are all comparable. Trends in the ∆G
‡ 
of oxidative addition with cyclic alkanes are complicated by the 

exceptional reactivity of the cyclopropane substrate: while barely more strained than cyclobutane, the 

reactivity of cyclopropane is not only promoted by ring strain, but also its highly accessible ‘banana’-

like σ bonds. This behavior is reflected in the bond lengths of the oxidative addition transition states 

involving cyclopropane, where the breaking C-C bond and the forming C-M bonds are shorter than 

corresponding reactions with cyclobutane and cyclopentane. In all cases, the ∆G
‡ is much less sensitive 

to the different metal complexes than ∆G, suggesting that the kinetics are primarily controlled by the 

properties of the substrate, and that all three metal complexes may be capable of promoting oxidative 

addition.  

 

These results offer several points that can be used to guide experimental work in this area. First, when 

determining whether oxidative addition reactions with cyclic reagents are thermodynamically feasible, 

RSR is a more useful metric to focus on than the strain of the starting reagent or of the resulting 

metallacycle in isolation. What might appear to be deviations to simple trends in the thermodynamics 

can be accounted for by RSR release considerations: cleaving the three-membered ring in 

cyclopropane is less thermodynamically favorable than cleaving cyclobutane because, while both 

reagents have similar ring strain, the four-membered-metallacycles still have considerable strain, 

whereas the five-membered metallacycles possess very little strain (even less than their six-membered 

counterparts). Conversely, cleaving the three-membered cyclopropanone is more thermodynamically 

favorable than cleaving cyclobutanone because, while the resulting four-membered metallacycles are 
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more strained than the five-membered counterparts, cyclopropanone is considerably more strained 

than cyclobutanone. 

 

Second, oxidative addition is kinetically feasible for all studied reactions, even with relatively stable 

cyclic reagents. Furthermore, as noted above, the activation Gibbs free energies are largely insensitive 

to the identity of the metal center, suggesting that this feasibility will hold more generally. However, 

many of these reactions are endergonic, which may lead to a higher overall barrier for subsequent 

functionalization steps, and thereby limit their utility for such purposes. Therefore, both kinetics and 

thermodynamics of the C–C bond cleavage step should be considered when utilizing these reactions 

in synthesis. On the other hand, oxidative addition of Ir- and Rh-based catalysts with cyclic ketones 

is quite exergonic, due in part to stronger carbonyl backbonding, and thus make them privileged 

catalysts for ketone C–C bond activation reactions. 
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Appendix 

 

 

Figure 33: Ring strain release vs ring strain reactant for the oxidative addition of cyclic ketones 

The approximately linear relationship between ring strain release and ring strain of the 

reactant, coupled with both being correlated with correlated with ∆Grxn (see Figure 10 

and Figure 9) make it difficult to ascertain which is driving the thermodynamics of 

these reactions. However, for both the cyclic ketone and cyclic alkane reactions, the 

correlation is strongest between ∆Grxn and ring strain release, which suggests it is the 

release of ring strain that primarily drives the thermodynamics. 
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Figure 34: Ring strain release vs ring strain reactant for the oxidative addition of cyclic alkanes 

The approximately linear relationship between ring strain release and ring strain of the 

reactant, coupled with both being correlated with correlated with ∆Grxn (see Figure 10 

and Figure 9) make it difficult to ascertain which is driving the thermodynamics of 

these reactions. However, for both the cyclic ketone and cyclic alkane reactions, the 

correlation is strongest between ∆Grxn and ring strain release, which suggests it is the 

release of ring strain that primarily drives the thermodynamics. 
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Figure 35: Backbonding as per NPA charge and C=O frequency in acyclic structure 

These metrics do not provide significant support for the idea that Ir engages in the 

most backbonding with C=O, followed by Rh and lastly Ni. While the NPA charge 

on oxygen follows this trend, the magnitude of the different values is quite small. The 

C=O frequency does not follow the same trend, perhaps due to minor additional 

ligand effects (though it is difficult to make this case given the amount of space 

available to the ligands; see appendix Figure 36). 

 

 

Figure 36: Minimal ligand-carboxyl interaction 

Rh acyclic complex is shown. With ample space separating the carboxy group and the 

other ligands, it is unclear why the C=O vibrational frequency does not follow the 

trend expected based on backbonding considerations (Figure 35). 
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Figure 37: Percentage change of C-C bond length at TS for the oxidative addition of cyclic ketones 

The linearity of these series suggests that the oxidative addition of the three cyclic 

ketones follow same mechanism (and follows the Hammond postulate). 



 45 

 

Figure 38: Percentage change of C-C bond length at TS for the oxidative addition of cyclic alkanes 

The non-linearity of these series supports the idea that the oxidative addition of the 

examined cyclic alkanes do not follow the same mechanism (and do not follow the 

Hammond postulate). This is likely due to the exceptional nature of cyclopropane, as 

discussed in the body of this work.  

 

 

 

 



 46 

 

Figure 39: C-M-C bond angles and C-M bond lengths for the oxidative addition of cyclic ketones 

Five-membered metallacycles for Ni (top), Rh (middle), and Ir (bottom) complexes as 

detailed in Figure 8. As the C-M-C bond angles decreases Ni > Rh > Ir, the C-M bond 

lengths increase. As all systems have very little ring strain, this may merely be due to 

the size of the metals. The distance between the carboxyl oxygen and nearest aryl 

group shows there is relatively little interaction between the metallacycle and the rest 

of the ligands. 
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Figure 40: C-M-C bond angles and C-M bond lengths for the oxidative addition of cyclic alkanes 

Five-membered metallacycles for Ni (top), Rh (middle), and Ir (bottom) complexes as 

detailed in Figure 22. As the C-M-C bond angles decreases Ni > Rh > Ir, the C-M 

bond lengths increase. While this is consistent with the Ni metallacycle being the most 

strained, the Rh and Ir systems both have very little ring strain energy; the comparison 

of their angle and bond lengths is likely merely a reflection of the size of the metals.  
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