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Reversible Homolysis of a Carbon–Carbon σ-Bond Enabled by 
Complexation-Induced Bond-Weakening

Suhong Kima, Pan-Pan Chenb, K. N. Houkb, Robert R. Knowlesa

aDepartment of Chemistry, Princeton University, Princeton, New Jersey 08544, United States

bDepartment of Chemistry and Biochemistry, University of California, Los Angeles, California 
90095, United States

Abstract

A case study of catalytic carbon–carbon σ-bond homolysis is presented. The coordination of a 

redox-active Lewis acid catalyst reduces the bond-dissociation free energies of adjacent carbon–

carbon σ-bonds, and this complexation-induced bond-weakening is used to effect reversible 

carbon–carbon bond homolysis. Stereochemical isomerization of 1,2-disubstituted cyclopropanes 

was investigated as a model reaction with a ruthenium (III/II) redox couple adopted for 

bond weakening. Results from our mechanistic investigation into the stereospecificity of the 

isomerization reaction are consistent with selective complexation-induced carbon–carbon bond 

homolysis. The ∆G‡ of catalyzed and uncatalyzed reactions were estimated to be 14.4 kcal/mol 

and 40.0 kcal/mol, respectively with the computational method, (U)PBE0-D3/def2-TZVPP-

SMD(toluene)//(U)B3LYP-D3/def2-SVP. We report this work as the first catalytic example where 

the complexation-induced bond-weakening effect is quantified through transition state analysis.
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INTRODUCTION

Over the past decade, transition metal-catalyzed carbon–carbon bond activation has emerged 

as an enabling technology in organic synthesis.1–5 In general, the cleavage of C–C bonds 

with transition metal catalysts is achieved through either oxidative addition6–10 (Scheme 1A) 

or β-carbon elimination11–14 (Scheme 1B). After insertion into a C–C σ-bond, the resulting 

organometallic intermediate can be subsequently functionalized through C–H, C–C, or C–X 

bond-forming reactions. While powerful, the scope of these processes remains limited, and 

the downstream chemistry of the metal intermediates is generally limited to two-electron 

processes. In considering alternative approaches to catalytic C–C bond cleavage chemistry, 

we became intrigued by the possibility of transition metal-catalyzed C–C bond homolysis 

through complexation-induced bond-weakening (Scheme 1C).

Bond-weakening is a well-known phenomenon in organometallic chemistry wherein the 

bond-dissociation free energies (BDFEs) of bonds in associated ligands are decreased upon 

coordination to a reducing metal center.15–18 The origin of bond-weakening is the coupling 

of the homolytic bond cleavage event with a favorable oxidation state change at the metal 

center. These effects have been observed for numerous combinations of metal and ligand, 

with significant weakening of O–H, N–H, and even C–H bonds (Figure 1).19–23 While 

this favorable ET process can conceivably be coupled with other homolysis events, the 

applications of bond-weakening remain generally limited to the activation of X–H type σ-

bonds.24,25 Accordingly, in this study, we attempt to extend and adapt these bond weakening 

concepts as a platform for C–C bond cleavage as well.

Here, we present a ruthenium-catalyzed stereochemical isomerization of 1,2-disubstituted 

cyclopropanes as a case study for complexation-induced bond-weakening catalysis. A 

variety of mechanistic studies suggest C–C σ-bond homolysis as the key elementary step 

in the interconversion of cyclopropane stereoisomers. In addition, while bond-weakening 

is typically discussed and analyzed in thermodynamic terms, in this report we provide a 

quantitative analysis of its impact on the kinetic barriers for C–C bond cleavage.
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Background of Cyclopropane C–C Bond Homolysis.

The pyrolysis of small ring hydrocarbons has historically served as an ideal model system 

to investigate the homolytic activation of C–C σ-bonds.26 Since the initial work of Trautz 

and Winkler in 1922, cyclopropanes have remained an attractive system to study because the 

comparatively low temperatures required for their C–C bond cleavage chemistry (350 °C ~ 

450 °C) relative to other acyclic hydrocarbons (550 °C ~ 650 °C) allowed for more precise 

kinetic analysis.27

Following the work of Chambers and Kistiakowsky in 1934 detailing a mechanistic 

study of ‘structural isomerization’ of cyclopropane to propylene,28 Rabinovitch, Schlag, 

and Wiberg reported the ‘geometric isomerization’ (cis–trans interconversion) of 1,2-

dideuteriocyclopropanes in 1958.29 In this study, the authors were able to demonstrate 

that C–C bond cleavage was the operative mechanism for isomerization in preference to 

hydrogen atom migration. A decade later, Berson and Bergman independently published 

reports on ‘optical isomerization’ of (+)-trans-tetramethylcyclopropane-d6 and (–)-cis-1-

methyl-2-ethylcyclopropane, respectively.30,31 Kinetic analysis of the relative rates of 

both geometric and optical isomerization identified nonpolar 1,3-diradical species as the 

common intermediates of the overall isomerization process. Importantly, these studies also 

validated the reversibility of C–C bond homolytic cleavage based on the competition 

between intramolecular radical recombination and bond rotation. In addition, the precise 

measurement of the activation barriers for bond scission delineated the upper limit for the 

BDFE of various cyclopropane derivative C–C σ-bonds (Figure 2A).32

Drawing inspiration from these early works, we elected to focus on cyclopropane derivatives 

as model systems for complexation-induced C–C bond cleavage. In this context, we 

were particularly drawn to a report from Tanko and Drumlight that provided evidence 

for the reversible ring opening of aryl cyclopropyl ketyl radical anions (Figure 2B). 

These authors concluded that the observed reversibility originates from the stability 

of ketyl anion intermediates.33 Subsequent studies showed that the driving force of 

cyclopropylcarbinyl rearrangement depends on the substrate substitution patterns.34 In 

particular, the ring-opening of phenyl cyclopropyl ketyl anion is endergonic while that of 

phenyl 2-phenylcyclopropyl ketyl anion is exergonic.

These studies demonstrate that modulating the electronic nature of adjacent functional 

groups impacts the thermodynamics of ring-opening/ring-closing processes and, therefore, 

influences the BDFEs of cyclopropane C–C σ-bonds. Accordingly, we hypothesized that 

coordination of redox-active Lewis acid catalysts would also modulate the BDFEs of the 

cyclopropane C–C σ-bonds and thus influence the homolysis event in an analogous manner. 

This hypothesis led us to examine complexation-induced bond-weakening of C–C σ-bonds 

by using a cyclopropyl 2-imidazolyl ketone as a model substrate.

Design of Catalytic System.

In an effort to identify a catalytic system involving complexation-induced C–C bond 

homolysis, we considered the unique features of N–H bond weakening observed with 

ruthenium bis(β-diketonato) complexes reported by Mayer and co-workers (Figure 
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3A).35 In comparison with their previous study on homoleptic iron tris(α-diimine) 

complexes,36,37 the heteroleptic ruthenium complexes were prepared by ligand substitution 

with 2-(2’-pyridyl)imidazole from the corresponding acetonitrile-bound ruthenium 

complex Ru(acac)2(CH3CN)2. This precedent demonstrates the possibility of using 

Ru(acac)2(CH3CN)2 as the precatalyst for our desired reaction and the feasibility of catalyst 

turnover if the binding of substrate is reversible. This system was especially attractive due to 

its diamagnetic character allowing for reaction monitoring by NMR spectroscopy.

We focused on geometric (cis, trans) isomerization and initiated our screening of catalytic 

reaction conditions (Figure 3B). Results from structural isomerization could be confounded 

by the involvement of other elementary steps such as C–O bond formation. Optical 

isomerization was studied later with conditions optimized from our geometric isomerization 

studies (vide infra).

The prospective catalytic cycle for the isomerization reaction is delineated in Scheme 2. 

We propose that the phenylcyclopropyl ketone substrate tethered to the imidazole directing 

group could coordinate to the Ru(acac)2 catalyst, resulting in a decrease in the BDFE of 

the cyclopropane C–C σ-bond. When sufficient thermal energy is provided upon heating, 

this bond-weakening effect would promote C–C σ-bond homolysis under relatively mild 

conditions to generate an open-shell intermediate. If the intermediate persists long enough 

to allow for bond rotation prior to recombination, then the interconversion of diastereomers 

would be observed. As observed in the reversible binding of 1-phenyl-imidazol-2-yl methyl 

ketone, we assumed the binding of substrate and product is reversible, enabling the catalyst 

to be turned over via ligand exchange.

RESULTS AND DISCUSSION

Effect of Reaction Parameters.

In our preliminary optimization, we were able to increase the conversion and yield 

to a satisfactory level for further mechanistic investigation. By using 5.2 mol% of 

Ru(acac)2(CH3CN)2 as the catalyst, 91% of 1 was converted to 81% of 2 upon heating 

to 80 °C in trifluorotoluene (Table 1, entry 1). The remaining mass balance is predominantly 

an isomerized product, yet trace amounts of other uncharacterized side products are also 

formed. Notably, the dihydrofuran byproduct would arise from the same C–C bond cleavage 

mechanism as the proposed cis to trans isomerization. We performed further variable 

screening to determine how the change of reaction conditions influenced the reaction 

outcome. The results of these control experiments are listed in Table 1.

While gentle heating was sufficient for catalysis, no conversion was observed at ambient 

temperature (Table 1, entry 2). This was an encouraging result in light of a report 

from Doering and Sachdev disclosing incomplete thermal rearrangement of methyl 2-

isopropenylcyclopropane-l-carboxylate at 280 °C (Scheme 3).38 Such a large temperature 

difference between the uncatalyzed pyrolysis conditions and our reaction conditions 

demonstrates the promising utility of bond-weakening catalysis as a mild method to generate 

radical intermediates.
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We found that when the catalyst loading, concentration, and reaction time are unchanged, 

higher temperature led to higher conversion, but not to a higher yield of 2 (entries 3, 4). This 

result suggests the existence of undesired reaction pathways either from 2 or directly from 

1 at elevated temperature. Higher concentrations of 1 also resulted in greater conversion but 

not necessarily higher yields of 2 (entries 5, 6). Screening of catalyst loading and reaction 

time also suggested that the maximum yield was obtained when the conversion approaches 

approximately 90%. After this point, further conversion of substrate is accompanied by 

competitive decomposition (entries 7–11). The reaction tolerates aprotic non-polar solvents, 

such as aromatic and ethereal solvents but not dichloromethane (entries 12–16). In addition, 

the rate and yield are insensitive to the dielectric constant of the solvent, consistent with the 

involvement of neutral, non-polar intermediates. Lastly, the oxidized and more Lewis acidic 

complex [RuIII(acac)2(CH3CN)2]PF6 does not catalyze the isomerization to a measurable 

extent (entry 17).

Stereochemical Probes.

We undertook further mechanistic studies to evaluate whether the observed isomerization is 

indeed operating by complexation-induced C–C bond-weakening. In this regard, a sequence 

of stereochemical probe experiments proved particularly informative. A notable observation 

from the control experiments above is that 2 decomposes significantly after the conversion 

approaches 90%. Because both 1 and 2 are stable at 80 °C in the absence of catalyst (Table 

1, entry 7), we questioned whether 2 might also be subject to further reaction with the 

Ru catalyst. We validated this assumption by submitting enantioenriched 2 to the standard 

reaction conditions and observed complete racemization with 77% recovery (Scheme 4).

As this experiment indicates that the C–C σ-bond of 2 is also activated by the Ru catalyst, 

we proposed that this isomerization process may be fully reversible, with the ratio of 1:2 
determined by a thermodynamic equilibrium that is independent of the initial isomer ratio. 

Indeed, we found that reactions of both pure (±)-1 and pure (±)-2 both gave a 3:74 ratio of 

1:2 after 6 hours at 80 °C in the presence of the Ru catalyst. (Scheme 5).

If the racemization of 2 (Scheme 4) and the cis- to trans-interconversion proceed through 

an identical activation mode with a common intermediate, then any 2 obtained from 

enantioenriched 1 should be generated as a racemate (cf. Scheme 5). Subsequently, we 

decided to test the stereospecificity of cis to trans isomerization (Scheme 6). When 

enantiopure 1 was reacted under the standard conditions, 51% of racemic 2 was obtained 

at 62% conversion after 1 hour, and the enantiomeric excess of the recovered substrate 

was 95%. This result implies that the regeneration of 1 from the intermediate (i.e., the 

reverse of step #1) is minimal relative to the forward reaction to give 2. Even though the 

activation of 1 is reversible, at 62% conversion, only 1.9% (0.38 × 0.05) of cis substrate is 

racemized. Based on this observation, we concluded the regeneration of 1 is negligible at 

low conversion, and this understanding encouraged us to undertake initial rate kinetic studies 

(vide infra).

Continuing our stereochemical studies, we sought to investigate the selectivity of 

complexation-induced C–C σ-bond homolysis. Although the reversible bond-breaking and 

Kim et al. Page 5

J Am Chem Soc. Author manuscript; available in PMC 2023 August 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bond-forming of the σ-bond between the benzylic carbon and α-carbonyl carbon was 

the simplest mechanism for the observed isomerization, we were also mindful that other 

combinations of bond-breaking and bond-forming events could potentially be operative. 

We prepared enantiopure 1,2,3-trisubstituted cyclopropane substrate 3, which introduces a 

methyl group to the remaining carbon of cyclopropane ring (Scheme 7), and used it to 

test the chemoselectivity of the bond scission. The isomerized products 4 and 5 were both 

formed as single enantiomers, indicating that only one of the three σ-bonds was reversibly 

activated. Notably, such selectivity of bond-activation is not trivial under the pyrolysis 

conditions of simple cyclopropanes (vide supra).

Kinetic Analysis.

We next turned our attention to understanding the kinetics of this process. Fortunately, the 

regeneration of substrate from the proposed catalytic intermediate was insignificant until 

62% conversion (Scheme 6). At that conversion point, the k2/k–1 value was estimated as 

27 (51 ÷ 1.9) by calculating the relative ratio of the product and the racemized substrate. 

Based on the estimated k2/k–1, we assumed that less than 0.25% of substrate is made by the 

rebound from the open-shell intermediate when the conversion is 10%. As this amount of 

the reformed substrate 1 was negligible compared to the 90% of unreacted substrate 1, we 

assumed that the catalytic reaction is effectively irreversible at less than 10% conversion of 

substrate.

Using the method of initial rates, we found that the reactions showed first-order kinetic 

dependence on the Ru catalyst in accordance with the proposed bond-weakening catalysis 

(Figure 4). We then investigated the rate dependence on the substrate concentration (Figure 

5) and observed significant deviation from linearity, suggestive of saturation kinetics. 

Indeed, a linear correlation was observed in a Lineweaver-Burk analysis between the inverse 

of the initial rates and the inverse of the substrate concentration (Figure 6).

As the reaction follows Michaelis-Menten kinetics, we concluded the binding of the 

ruthenium catalyst to the substrate is reversible as predicted, and the complexation-induced 

C–C σ-bond homolysis is the turnover limiting step of the catalytic cycle at low conversion. 

The Michaelis constant, KM, and the catalytic rate constant, kcat, are calculated to be 5.82 

× 10–2 M and 2.17 × 10–2 s–1, respectively. Accordingly, the catalytic efficiency constant, 

kcat/KM, is calculated to be 3.73 × 10–1 M–1s–1. In addition, no induction period was 

observed, indicating that acetonitrile is readily displaced by the bidentate substrate.

Having identified the turnover-limiting step of catalysis, we next set out to measure the 

activation parameters of the isomerization by probing the temperature dependence of the 

initial rates. We measured the activation barrier of Ru-catalyzed cis to trans isomerization 

via Arrhenius analysis to be 23.2 kcal/mol (Figure 7). This value represents the upper 

bound for the C–C BDFE in the Ru complexed substrate. Because the activation barrier 

for thermal isomerization reactions of an electronically analogous substrate is 47.5 ± 2.5 

kcal/mol (Scheme 3), we concluded that the complexation of the redox-active Ru(acac)2 

Lewis acid is responsible for lowering the activation barrier of the C–C σ-bond homolysis 

by approximately 24 kcal/mol.
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As a potential alternative to bond-weakening, we also questioned whether the cis to trans 
isomerization could be mediated by outer-sphere electron transfer from the Ru(II) catalyst 

to substrate 1. Because ring-opening of cyclopropyl ketyl anions is reversible (Figure 2B), 

we hypothesized that the ketyl anion intermediate generated by single-electron reduction of 

the substrate could also undergo reversible ring-opening reactions. In this case, the catalyst 

turnover step would be back electron transfer from the ketyl anion intermediate of the 

product to the Ru(III) state of the catalyst. However, thermodynamic considerations argue 

against a direct ET-based mechanism. For simple phenyl ketone derivatives of complexes 

1 and 2, the reduction potential (E1/2) was measured to be −2.6 V versus Cp2Fe+/0.33 

However, the RuIII/II reduction potential of the compound described in Figure 3A is only 

−0.64 V suggesting that the electron transfer from the Ru(II) catalyst to the substrate is 

highly disfavored.35 As such, a free ketyl radical anion is not a plausible intermediate in the 

cis to trans isomerization, and the observed reversibility in the C–C σ-bond homolysis is 

presumably mediated by coordination of the Ru(II) catalyst.

Homolysis versus Heterolysis.

After measuring the activation barrier, we sought to examine the electronic character of 

the key C–C bond breaking process through a Hammett analysis. As cyclopropane C–C 

σ-bond activation is involved in the turnover limiting step, we investigated the influence 

of the para-substituents of the aryl group on the initial reaction rate. We found both 

electron-withdrawing and electron-donating groups increased the rate of the cis to trans 
isomerization. Both a benzylic cation and a benzylic anion were ruled out as intermediates 

of ruthenium-catalyzed cis to trans isomerization as neither σ+ nor σ– exhibited linear 

correlations with the observed reaction rates (see supporting information).39

We next turned our attention to correlation with the σ• parameter. Historically, several 

transformations have been inspected as probes for free radical substituent effects, but 

there are numerous scales, and the substituent constants vary depending on the nature 

of the radical intermediate as well as the method of radical generation. We opted to 

utilize Jackson’s improved σ• scale for the extended Hammett equation (log (kX/kH) = 

ρσ + ρ•σ•) which was defined through competitive thermal decomposition of substituted 

dibenzylmercury compounds (see supporting information).40,41 The parameters ρ and ρ• 

were calculated to be 0.028 and 0.21, respectively. This outcome indicates that any 

polar influence is minimal, and that appreciable radical character is developed in the 

transition state of the bond-activation step. Taken together, all the evidence presented above 

suggests the generation of a benzylic radical intermediate in the Ru-catalyzed cis to trans 
isomerization.

DFT Calculations.

With experimental support for the open-shell intermediate formed from complexation-

induced C–C bond homolysis, we assessed the free energy changes of activation of 

uncatalyzed C–C bond homolysis of 1 through density functional theory calculations with 

the (U)PBE0-D3/def2-TZVPP-SMD(toluene)//(U)B3LYP-D3/def2-SVP level of theory.42 

Starting from the substrate 1, C−C bond homolysis and bond rotation simultaneously 

occur via TS1, directly generating intermediate Int1.38 After then, the barrierless radical 
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recombination of Int1 via TS2 produces the trans isomer 2, which is more stable than the cis 
isomer by 2.2 kcal/mol (Figure 8A). In Figure 8A, TS1, Int1, and TS2 are open-shell singlet 

species. These unrestricted DFT calculations give spin-contaminated singlets, with S2 = 1.0, 

that is they are approximately 50:50 singlet:triplet and the triplet diradical is <0.6kcal/mol 

or less lower in energy for TS1, Int1 and TS2. There is no zwitterionic character in any of 

these species. For the uncatalyzed cis to trans isomerization, the rate-limiting step is C−C 

bond homolysis via TS1, and the energy barrier is 40.0 kcal/mol, (Figure 8A), which is 

in good agreement with the pyrolysis study reported by Doering and Sachdev (Scheme 3). 

Notably, TS2 was observed to be lower in energy than Int1 by 0.3 kcal/mol. Seeking to 

better understand this outcome, single point calculations in the gas phase without solvation 

were carried out using the (U)PBE0-D3/def2-TZVPP//(U)B3LYP-D3/def2-SVP level of 

theory.42 These calculations indicate that TS2 is higher in energy than Int1 by 0.9 kcal/mol 

in terms of electronic energy, and 0.7 kcal/mol in terms of Gibbs free energy. As such, 

the solvation correction is believed to be the primary contributor to the energetic ordering 

presented in Figure 8A. Another minor contributor is the thermal correction to Gibbs free 

energy, which is responsible for an additional 0.2 kcal/mol difference in free energy between 

TS2 and Int1.

Next, we studied the Ru-catalyzed isomerization of 1, and the free energy changes 

associated with the most favorable pathway are shown in Figure 8B. Starting from Int2, 

complexation-induced homolysis via TS3 occurs to form radical species Int3. In TS3, C–C 

bond cleavage is concerted with a favorable change in oxidation state at the metal center, 

generating Ru(III) intermediate, Int3. From Int3, bond rotation occurs via TS4 to produce 

Int4. After that, C−C bond formation via TS5 to regenerate closed-shell singlet species 

Int5. TS3, Int3, TS4, Int4, and TS5 are all open-shell singlet species. Int3, TS4, and Int4 
have the diradical character discussed for the uncatalyzed reaction, whereas TS3 and TS5 
have S2 values of 0.7 and the triplets are 3–4 kcal/mol higher in energy. The free energy 

diagram shown in Figure 8B indicates that the turnover-limiting step is C−C bond cleavage 

via TS3, and the overall barrier for Ru-catalyzed isomerization of 1 is 14.4 kcal/mol (Figure 

8B). Overall, these calculations suggest that the Ru catalyst facilitates the C–C σ-bond 

homolytic cleavage by lowering the activation barrier by 25.6 kcal/mol.

In addition, the thermochemical analysis of the cis to trans isomerization supports our 

experimental outcomes. The overall thermodynamic driving force of the isomerization 

assessed through density functional calculations, ∆Gcalc, was found to be –2.2 kcal/mol. 

While examining the reversibility (Scheme 5), the equilibrium constant of the isomerization 

was measured to be 25; therefore, we measured the difference between the free energies of 

the cis and trans stereoisomers, ∆Gexpt, to be –1.9 kcal/mol.

Concerted versus stepwise mechanisms for metal-catalyzed C-C homolysis.

In surveying the literature on metal-catalyzed C–C bond homolysis in cyclopropanes, we 

considered whether distinct mechanisms may be operative that vary in the degree of 

coupling between C–C homolysis step and electron transfer to the substrate carbonyl. As 

a limiting case of electron transfer preceding C–C cleavage, Yoon has reported that upon 

coordination of cyclopropyl ketones to La(III) or Gd(III) Lewis acids, outer-sphere electron 
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transfer generates a ketyl radical intermediate that then induces reversible homolysis of the 

cyclopropane C–C bond σ-bond.43,44 C–C bond cleavage that proceeds stepwise through 

a discrete ketyl intermediate is analogous to the cyclopropylcarbinyl radical anion systems 

studied by Tanko (Figure 2B). In contrast, the results presented here argue against the 

formation of a discrete ketyl intermediate prior to C–C bond cleavage. Specifically, the 

large potential difference between the weakly reducing Ru catalyst (Ep/2 Ru(III)/Ru(II) 

= –0.6 V vs Fc+/Fc)35 and the ketone substrate in this study (Ep/2 = –2.6 V vs Fc+/

Fc)33,34 suggests that electron transfer leading to ketyl formation is highly disfavored on 

thermodynamic grounds. Rather, in analogy to the X–H bond weakening examples discussed 

above (Figure 1), we propose that the C–C cleavage event is likely concerted with a 

favorable change in oxidation state at the metal center, with the latter providing in part 

the driving force necessary to lower the kinetic barrier to bond scission. If operative, such 

a mechanism is advantageous in that bond cleavage steps can be facilitated without the 

requirement for strong electron donors that are sufficiently reducing to formally transfer 

charge to bound substrates. Other redox catalysis platforms are also known to mediate 

homolytic cyclopropane activations, often in the context of [3+2] cycloaddition reactions. 

Recent reports from and Meggers45 and Procter46,47 discussed discrete cyclopropylcarbinyl 

radical anions bound to Rh(III) and Sm(III) catalysts as intermediates competent to promote 

cyclopropane C–C bond homolysis, while Lin and co-workers48,49 made use of Ti(IV)/

Ti(III) redox catalysis for similar ring-opening radical redox processes, but the concerted 

versus stepwise nature of the substrate activation step was not specified.

It is possible that these redox catalysts may also operate via concerted mechanisms, with 

oxidation of metal center being directly coupled to C–C bond cleavage. Delineating this 

specific aspect of C–C bond homolysis mediated by reducing metals is an interesting 

question that invites additional study, and has the potential to aid in identifying new 

opportunities and catalyst platforms for bond-weakening catalysis.

CONCLUSION

In summary, we demonstrate a case study for the complexation-induced bond-weakening of 

C–C σ-bonds. We obtained mechanistic evidence in support of the following conclusions 

(Scheme 8). First, the cleavage of the C–C σ-bond is the catalyst turnover limiting step. 

Second, the C–C bond activation mode is homolytic; we propose benzyl radical species 

as the intermediates of the observed isomerization reactions. Third, the coordination of the 

redox-active Ru(acac)2 catalyst to substrate 1 decreases the activation barrier of the C–C 

bond homolysis by 26 kcal/mol.

To the best of our knowledge, this study is the first ex-ample of quantifying the impact 

of complexation-induced bond-weakening on the kinetic barrier for catalytic C–C bond 

homolysis. As shown above, complexation-induced bond-weakening catalysis has the 

potential to enable the generation of radical intermediates through the homolysis of 

various types of σ-bonds under mild reaction conditions. Fundamental studies on X-H 

bond weakening in recent years created has led to subsequent use of these mechanisms 

in synthesis. We are hopeful that the insights presented here can similarly be employed 
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as guiding principles for the development of other complexation-induced bond-weakening 

catalysis and useful C–C bond functionalization technologies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. 
C–C Bond Activation Modes Mediated by Transition Metal Catalysts
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Scheme 2. 
Prospective Catalytic Cycle
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Scheme 3. 
Previous Study on the Pyrolysis of an Electronically Analogous Substrate
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Scheme 4. 
Racemization of Enantioenriched trans Isomer
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Scheme 5. 
Thermodynamically Controlled Isomerization
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Scheme 6. 
Non-stereospecific cis–trans Isomerization and Enantiomeric Integrity of Recovered cis 
Isomer
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Scheme 7. 
Stereospecific cis–trans Isomerization of 1,2,3-Trisubstituted Cyclopropane
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Scheme 8. 
Revised Catalytic Cycle
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Figure 1. 
Examples of complexation-induced X–H bond-weakening.
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Figure 2. 
(A) Early works for reversible ring-opening of cyclopropanes (B) Reversible ring-opening of 

cyclopropyl ketyl anions.
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Figure 3. 
(A) N–H bond-weakening enabled by Ru(II) complex (B) Catalytic C–C bond homolysis 

enabled by Ru(II) catalyst.
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Figure 4. 
First-order kinetic dependence on the Ru catalyst concentration.
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Figure 5. 
Saturation kinetics with respect to the substrate concentration.
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Figure 6. 
Arrhenius analysis of Ru(acac)2(CH3CN)2-catalyzed cis to trans isomerization, Ea = 23.2 

kcal/mol and ln A = 24.77.
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Figure 7. 
Lineweaver-Burk analysis of Ru(acac)2(CH3CN)2-catalyzed cis to trans isomerization.
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Figure 8. 
Free energy diagrams of (A) uncatalyzed and (B) Ru(acac)2-catalyzed cis to trans 
isomerization.
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Table 1.

Effect of Reaction Parameters
a

Entry Variation from above conditions [1]/[1]0 [2]/[1]0

1 None 9%
b

81%
b

2 25 °C 100% -

3 55 °C 49% 38%

4 100 °C 3% 70%

5 0.025 M 14% 68%

6 0.1 M 4% 75%

7 0 mol% 100% -

8 2.6 mol% 13% 80%

9 10.4 mol% 3% 73%

10 2 h 13% 69%

11 6 h 3% 73%

12 toluene 5% 79%

13 benzene 6% 68%

14 dichloromethane 28% 20%

15 1,2-dimethoxyethane 4% 81%

16 1,4-dioxane 13% 77%

17 {RuIII(acac)2(CH3CN)2}PF6 100% -

a
All reactions were performed at 0.05 mmol scale. Yields were determined by 1H NMR analysis of the crude reaction mixture relative to an 

internal standard.

b
in triplicate.
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