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ABSTRACT: The cyclopropylcarbinyl (CPC) and bicyclobutonium (BCB) structures of the C4H7+ cation have been proposed as 
intermediates in various synthetic transformations forming cyclopropylcarbinyl, cyclobutyl, or homoallyl products. It has 
recently been recognized that such cations, when generated from chiral electrophiles, are themselves chiral and can react 
with nucleophiles stereospecifically. However, the CPC and BCB cations are in equilibrium with each other and with other 
related structures such as the cyclobutyl (CB) and homoallyl (HA) cations, from which stereospecificity is not guaranteed. 
Currently, the effect of substitution on the composition of cation mixtures containing CPC/BCB/CB/HA cations is not 
understood, precluding the prediction and control of the major products generated from such cations. Using Density 
Functional Theory and DLPNO-CCSD(T) calculations, we have studied the electronic and steric effects on the equilibria 
between mono- and polysubstituted C4H7+ cations. Our results indicate that electron-donating groups at the C1 position favor 
CPC structures, while BCB/CB structures are favored for the C2 position and HA structures for the C3/C4 positions. Electron-
withdrawing groups yield shallower potential energy surfaces where many related structures are energetically accessible. 
Strong Hammett correlations (σ+) are observed for the various substituent effects, which appear to be additive in nature. In 
addition, BCB cations with more substituents are energetically destabilized compared to CPC cations, except with donating 
substituents at the C2 position. This work provides a predictive model for the major structures observed in mixtures of 
CPC/BCB/CB/HA cations, for given substituent patterns. 

 

 

Cyclopropylcarbinyl and bicyclobutonium cations (C4H7+) 

have been of great scientific interest since Roberts’ 1951 

report that cyclobutyl and cyclopropylcarbinyl electrophiles 

solvolyze quickly to the same mixture of cyclobutyl, 

cyclopropylcarbinyl, and homoallyl products, hinting at a 

common, stabilized intermediate.1 After many years of 

scientific debate, the C4H7
+ intermediates are now 

understood as a mixture of triply degenerate σπ-bisected 

cyclopropylcarbinyl (CPC) I and non-classical 

bicyclobutonium (BCB) II cations (Figure 1A),2-4 the latter 

being the more stable structure (by 1.8 kcal/mol from MP2 

calculations).5-7 Solvolysis experiments of substituted 

cyclobutyl or cyclopropylcarbinyl electrophiles provided 

complex product mixtures in which the major component 

seems unpredictable, even for simple substitution patterns 

(Figure 1B).8-20 Nevertheless, over the years multiple 

synthetic approaches have reported CPC/BCB and 

cyclobutyl (CB) cations as intermediates toward 

cyclopropylcarbinyl,21-25  cyclobutyl,26, 27 and homoallyl (HA) 

products.22, 28, 29 Such cations have also been proposed as 

intermediates in the biosynthesis of various terpenes, using 

DFT calculations as support.30-43  

An exciting property of CPC/BCB cations that has been 

rediscovered recently is that they can be intermediates in 

stereospecific transformations as their bridged nature 

ensures that they react with nucleophiles faster than they 

rearrange. For instance, Feringa, Houk and Fujita reported 

in 2018 that cycloheptenyl bromide III undergoes an 

enantiospecific rearrangement to its cyclohexenyl 

derivative IV under Lewis acid catalysis, a process that 

involves CPC cation V.44 Similarly, Marek has published a 

series of reports starting in 2020, discussing how 

cyclopropylcarbinols VI form homoallylic products VII with 

high diastereoselectivity, as long as no aromatic substituent 

is located at the R3 or R4 positions.45-50 Our group studied 

this system computationally and showed that CPC 

intermediate VIII is responsible for the observed 

selectivity.51 This cation only rearranges faster than 

nucleophilic trapping when R3 is an aryl substituent, which 

enables a classical homoallylic cation to intervene, leading 

to reduced specificity. Recently, Anderson and Duarte 

reported on the acid-mediated rearrangement of 

bicyclobutane amides IX, forming cyclopropylcarbinyl or 

cyclobutane products X or XI, both in good 

diastereoselectivity, depending on slight changes in 

substitution on the cation XII.52 The electrophilic opening of 

strained bicyclobutanes, which generate BCB/CPC/CB 

cations,53, 54 have recently garnered a lot of attention for the 

formation of cyclobutanes and cyclobutenes.55-58 

Overall, reactions involving CPC/BCB cations have 

demonstrated a great potential for the stereospecific 
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synthesis of highly-substituted CPC, CB or HA products, yet 

it is difficult to predict the major isomers expected for a 

given substituent pattern, let alone influence the product 

mixture to favor a desired isomer. This is because such 

cations can rearrange between multiple structures that are 

in equilibrium when barriers to interconversion are 

significantly lower than barriers to nucleophilic attack. In 

order to better predict and control the outcomes of such 

reactions, a holistic understanding on the effects of 

substituents on the equilibria between CPC/BCB and 

related cations is warranted. We now report our Density 

Functional Theory (DFT) study of those effects, showing 

how different substituent groups at various positions on the 

core (C4H7+) structure impact the delicate equilibria 

between these intermediates. 

 

 

Figure 1. A) Experimental and computational results on the C4H7+ system. Energies (in kcal/mol) are from ref. 7. B) Results 

from the solvolysis of some cyclopropylcarbinyl or cyclobutyl electrophiles. SOH: Alcoholic solvent or nucleophile. C) Recent 

uses of CPC/BCB cations in stereospecific transformations. i-PrA: isopropylamide 

 

 

Computational methodology 

DFT calculations were performed using Gaussian 16. For 

geometry optimizations, the ωB97X-D functional with the 6-

31+G(d,p) basis set and the SMD solvation model for CH2Cl2 

(a representative polar solvent) were used. Vibrational 

frequency analysis was used to confirm structures as either 

minima or transition structures (TSs) and to obtain 

thermodynamic corrections to enthalpy and free energy. 

Single-point energy (SPE) refinements were then obtained 

at the DLPNO-CCSD(T)/Def2-TZVPP level of theory. The free 

energies presented in the main text are obtained by adding 

the free energy corrections to the SPE. This combination of 

methods was shown to provide accurate results for the base 

C4H7+ system as well as the complex Marek system in our 

previous work.51 Full computational details can be found in 

the Supporting Information. 

We first sampled the potential energy surface (PES) of the 

C4H7+ system and located four main structures: 

cyclopropylcarbinyl (CPC), bicyclobutonium (BCB), 

homoallyl (HA), and cyclobutyl (CB) cations (Figure 2). Our 

methods, when implicit solvation is considered, find that the 

BCB structure is favored over the CPC by 1.5 kcal/mol, 

which is in line with ab initio calculations for this system 

(see Figure 1A). This is unique to the base system, as 

previous computational investigations of substituted C4H7+ 

cations have shown BCB cations that are stable minima are 

rare.7, 18-20, 31, 34, 35, 39, 59, 60 Interestingly, our calculations 

indicate that the CB cation is also a minimum in this system, 

despite it being 12.5 kcal/mol higher in free energy than the 

CPC. Lastly, we have identified the HA cation as a high-

energy TS in the C4H7+ system,6 leading to the 1-methylallyl 

cation through a hydride shift (see Figure SI1-A).13, 61, 62 

Stable HA cations have, however, been located for hydroxy-

substituted systems,18 and in various biosynthetic 

pathways.31, 33, 36, 38, 40 Solvation has no major impact on the 

geometry of the structures, but influences the BCB/CPC 

relative free energies.  
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Figure 2. Structures, energies, and NBO charges for C4H7+ 

cations. Plain text energies obtained in SMD (DCM) 

solvation, [bracketed] energies obtained for gas phase. 

Colored hydrogen atoms are in the exo positions on BCB and 

CPC cations. 

Natural Bond Orbital (NBO) charge calculations on these 

structures highlight their differences in charge distribution. 

Unsurprisingly, both the CB and HA cations have the highest 

concentrations of charge on C2 and C4, respectively, which 

is in line with the trigonal planar, classical nature of the sp2-

hybridized electron-deficient carbon. On the other hand, the 

CPC and BCB cations display significant charge 

delocalization due to their bridged structures. In BCB, C2 

and C3 bear significant charge, while for CPC the four 

carbons share the charge somewhat equally, with C1 having 

the largest electron deficiency. Based on the charge 

differences, we expected significant electronic effects and 

elected to first understand how they would impact the PES 

of these cations. To this end, we have selected 20 

substituents of various donating or withdrawing electronic 

properties, from a Hammett σ+ of 0.79 (NO2) to –1.7 

(N(CH3)2).63 The complete list of considered substituents 

and their Hammett σ+ values can be found in Table SI2. We 

optimized BCB and CB cations with those substituents at 

positions C1, C2 and C3, and CPC and HA cations with 

substituents at positions C1, C2 and C4. Structures were 

generated by attaching substituent groups to the optimized 

C4H7+ structure of interest, which was then followed by a 

minimum geometry optimization. In cases where 

optimization did not lead to the target structure, we 

performed TS optimizations instead. When those yielded 

the expected structure, both adjacent minima were checked 

to ensure that no ground state exists for that structure. In a 

few cases, neither minimum nor TS optimization yielded the 

desired geometry. In these rare cases we use the closest 

comparable stationary point on the PES to complete our 

analysis. The substituents induce major geometric 

deviations from the base C4H7
+ geometry, but all BCB, CB, 

CPC, and HA structures were obtained with this 

methodology. However, due to these deviations, it is 

important to properly define how we classify each structure 

in terms of geometric properties. These geometric 

definitions and their rationale can be found in the SI.  

 

Results and discussion 

Electronic effects 

We first investigated the effect of substitution at the C2 

position (Figure 3), focusing specifically on the equilibrium 

between CPC and BCB structures. For each substituent, the 

free energy difference between the BCB and corresponding 

CPC structure was plotted against the Hammett σ+ value, 

used to quantify the donating/withdrawing ability. There is 

a strong correlation between BCB stability and the strength 

of the electron-donating group (EDG) at C2, the strongest of 

which favor BCB-like structures by up to 54.1 kcal/mol. 

Conversely, strong electron-withdrawing groups (EWGs) 

favor CPC-like structures, although this effect is not as 

pronounced, with the strongest EWGs only favoring the CPC 

structure by at most 2.9 kcal/mol. This is strong evidence 

that C2 substitution is likely to favor BCB/CB structures in 

experimental systems. 

We also note the key role that conjugation plays in 

stabilizing the BCB structure, which is especially relevant 

for π-donating (+R) groups. In fact, for all studied π-

donating substituents (aromatics, OH, NH2, etc.), the 

puckered BCB cations spontaneously optimize to planar 

cyclobutyl (CB) cations that maximize conjugation with the 

R group (see pink/purple points in Figure 3). Intrinsic 

Reaction Coordinate (IRC) analysis shows that during the 

rearrangement from CB to CPC, BCB-like structures are 

encountered (see Figure SI1-B) in steep sections of the IRC. 

Notably, even for the most electron-withdrawing aromatic 

C6F5 (σ+ = 0.18), which could be expected to form the 

puckered BCB structure, CB cations are instead favored. 

This highlights the impact of aromatic groups at the C2 

position in stabilizing CB versus BCB cations, though their 

Hammett values might indicate otherwise. This also 

demonstrates a potential limitation of Hammett σ+ values in 

this study, as they measure the stabilization of a cationic 

center separated by a phenyl ring. 

While all π-donating substituents spontaneously optimize 

to stable CB minima, all other substituents (i.e. non-π 

donating groups) also feature the CB structure as a 

minimum. The CB structure for these non-π donating 

groups are always higher in energy than the corresponding 

BCB by anywhere from 1.5 (R = Cl) to 15.8 (R = NO2) 

kcal/mol (See Figure SI2 for all values). Thus, it is likely that 

interconversion between BCB stereoisomers through a CB 

cation is possible in cases where this barrier is low enough, 

as shown recently by Creary.64 To our surprise, there are few 

substituents that allow both the CPC and BCB structures to 

be minima on the PES. These include H, SiR3, Cl, and the 

strong EWGs CO2CH3, CF3, CN, and NO2 (blue points in Figure 

3), and the free energy difference between the structures is 

at most ±10 kcal/mol. For other substituents, either the CPC 

is a TS (pink and green points) and/or the CB cation 

replaces the BCB (pink and purple points). 
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Figure 3. Effect of C2 substitution on the relative free energy (kcal/mol) between BCB and CPC cations.

Next, we wanted to consider the role that a substituent at C4 

can play on the predominant structures of these cations. 

Based on our previous investigations on the Marek system,51 

we anticipated that substitution at C4 would play a key role 

in the equilibrium between CPC and HA structures. To 

investigate this hypothesis more rigorously, we plotted the 

energy difference between CPC and HA structures versus 

the Hammett constants for each substituent, finding a 

similar trend (Figure 4A). Specifically, our results show that 

EDGs at C4 greatly favor the HA structure over the CPC 

structure by up to 49.4 kcal/mol for the strongest EDGs. 

Moving from high ED to high EW ability, there is a steady 

increase in energy for the HA in comparison to the 

corresponding CPC cation, until the CPC becomes more 

stable relative to the HA, which becomes a TS (green and 

blue points) leading to the allylic system. For the strongest 

EWGs, the CPC can be favored by up to 26.9 kcal/mol. Since 

the HA structure predominantly places positive charge on 

C4 (Figure 2), EDGs on C4 greatly stabilize the HA structure, 

while EWGs decrease the stability of the structure in 

comparison to the CPC cation. Once again, π-donating (+R) 

groups’ ability to stabilize adjacent carbocations seems 

somewhat underestimated by the Hammett σ+ values. To 

our surprise, the vast majority (15/20) of substituents 

feature the HA structure as a minimum on their PES (purple 

and pink points, Figure 4A), often within ±20 kcal/mol from 

the CPC structure. This makes rearrangements through HA 

cations a possibility for many systems, emphasizing the role 

of this structure in the PES of CPC/BCB cations. Moreover, 

since the HA structures we have tested are only secondary 

cations, it is likely that the HA would be further promoted 

through additional substitution making it a tertiary 

carbocation.  

Interestingly, for strong EDGs, whose HA cation is highly 

stabilized, the corresponding “CPC” structure is a TS on the 

PES (see pink points in Figure 4A). Geometrically, these TSs 

are not fully CPC cations, but display some BCB character, 

akin to a CPC-to-BCB TS in the C4H7+ system (Figure SI-1D). 

We use these structures because no C4-substituted CPC 

cations exist as stationary points on the PES for these 

substituents. Instead, this “CPC” TS simplifies the PES and 

directly connects the C1-substituted CPC minimum to the 

C4-substituted HA minimum (see Figures SI-1C and SI7). On 

the opposite end of the spectrum, some strong EWGs also 

feature similar “CPC” structures as TSs on the PES (see blue 

points in Figure 4A). In such cases, this TS connects C1-BCB 

minima (Figure SI-1E), which are discussed in more detail 

below.  

Upon seeing this strong trend between HA and CPC 

structures for C4 substitution, we wondered how the 

corresponding BCB structures might compare. From the 

CPC structure, there are two BCBs that are accessible, one 

which forms a bond between C1 and C4 placing the 

substituent at C3, while the other forms a bond between C1 

and C3, placing the substituent at C1 (Figure 4B). 

Interestingly, we find no correlation between the Hammett 

constants and the free energy difference between CPC and 

either BCB structures (see Figure SI4). Independent of 

electron-donating or -withdrawing ability, these CPC and 

BCB structures are always close in energy (Figure SI7), with 

the CPC being favored by at most 11.7 kcal/mol (R=NCO) 

and the BCB being favored by at most by 4.6 kcal/mol 
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(R=CF3). This indicates that, when CPC cations are minima 

and don’t spontaneously open to HA cations, there are 

multiple rearrangements that are possible through BCB 

cations, leading to potential scrambling of the structures 

found in solution. 

 

 

Figure 4. A) Effect of C4 substitution on the relative free energy (kcal/mol) between CPC and HA cations.  

B) Rearrangements from CPC (C4) for which no free energy correlation with Hammett constants is found. Minimum and 

maximum BCB free energies (kcal/mol) are relative to the CPC (C4) structure. Colored carbons are representative of the 

structural reorganization between structure, but carbon labels are consistent with our labeling convention from Figure 2.

Next, we investigated the effect of C1 substitution on CPC 

cations, by comparing the relative free energy of CPC 

structures to both BCB (Figure 5A) and HA (Figure 5B) 

structures as a function of substituents. Together, these data 

indicate that the C1 position has a great influence over the 

energy of the CPC cation, which was anticipated based on 

the large NBO charge on this carbon (Figure 2). First, the 

CPC-BCB graph (Figure 5A) shows that EDGs at the C1 

position increase the energy gap between CPC and BCB 

structures, while EWGs narrow it. It is likely that EDGs 

strongly stabilize the CPC structure with its most positive 

carbon being C1, while having a much smaller impact on 

BCBs, leading to the observed trend. Conversely, EWGs favor 

the less positively-charged BCB-C1 position over the CPC 

(+0.165 vs. +0.345 NBO charge, respectively, Figure 2). 

Interestingly, only 7 substituents are predicted to lead to 

BCBs as minima (NO2, CN, CF3, COOCH3, SiH3, SiMe3, and H, 

green points), all of which have Hammett σ+ values larger 

than or equal to 0. All other substituent groups feature the 

“BCB” as a TS, though it is important to note that these TSs 

have significant CPC character and closely resemble the 

“CPC” TSs from Figure 4A (pink points). Indeed, these TSs 

also connect C1-substituted CPCs to C4-substituted CPCs or 

HAs (see Figures SI-1C and SI7). As discussed previously, we 

use these non-ideal structures since no other stationary 

points exist on the PES to characterize the BCB. 
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Figure 5. Effects of C1 substitution on the free energy (kcal/mol) difference between A) BCB vs CPC or B) HA vs CPC.

Comparisons between CPC and HA structures with 

substitution on C1 (Figure 5B) depict a similar picture of 

CPC stability. Once again, EDGs greatly increase the energy 

gap between CPC and HA structures, while EWGs decrease 

it. As reasoned previously, this indicates that EDGs on C1 

greatly stabilize the CPC structure in relation to an HA 

intermediate, where the substituent at C1 bears little 

influence on the positive carbon C4. Notably, all computed 

HA structures are TSs as the primary HA cations are not 

minima and lead to the allylic cation directly. Interestingly, 

even with substitution present at the C4 position, 

substitution at C1 still has a significant stabilizing effect on 
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CPC vs HA structures. When a phenyl substituent is present 

at C1, the trend for HA vs. CPC (established in Figure 4) is 

skewed, favoring the CPC structure, and increasing the 

relative free energy of HA structures by approximately 13.8 

kcal/mol (see Figure SI6). Notably, this energy value is in 

line with our prediction for the single-substitution 

stabilization of the CPC provided by a phenyl ring at the C1 

position vs C4 position (14.3 kcal/mol, see Figure SI7, R=Ph, 

structures 2 and 5). Thus, it is plausible that effects of 

multiple groups add somewhat linearly (except in cases 

with steric interference) in polysubstituted systems. 

Overall, Figure 5 shows that as the ED ability of C1 

substituents increases, the CPC cation becomes a deeper 

intermediate in comparison to both HA and BCB structures. 

Thus, this indicates that C1 substitution has major influence 

over the energy and stability of CPC-like cations. 

 

 

Figure 6. Steric effects on CPC and BCB cations. A) Exchange of methyl groups from endo to exo positions. Free energies 

(kcal/mol) are relative to the endo CPC structures. B) Relative free energy between symmetrical BCBs and their 

corresponding CPC structures with increasing number of methyl substituents. All free energies are in kcal/mol. 

Steric effects 

In addition to the electronic effects highlighted above, we 

wanted to gain additional insight into how steric forces 

might impact these various equilibria. We first explored 

how having substituents in the endo or exo positions of CPCs 

and BCBs affect their relative energy, computing structures 

with one or two methyl groups (Figure 6A). We find that, for 

structures bearing a set number of methyl groups, having 

them in the exo positions is consistently more favorable. For 

mono- and di-substituted CPC cations, each endo-to-exo 

replacement provides between 1.9 to 3.3 kcal/mol in 

stabilization (see Figure SI8 for all structures not shown in 

Figure 6A). A similar stabilization (1.2 to 3.0 kcal/mol) is 

obtained for BCB structures, so that overall, the relative free 

energy of BCB vs CPC structures is not heavily impacted by 

endo to exo substitution. In cases where isomerization of 

endo to exo structures is possible, usually enabled by an 

open HA cation, this energy difference might play in role in 

determining product stereochemistry. 

In contrast to this, we find that the total number of 

substituents has an impact, as with increasing numbers of 

methyl substituents, the relative free energy of BCBs vs the 
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corresponding CPC structures increases (Figure 6B). In the 

unsubstituted case (Figure 2), the BCB is 1.5 kcal/mol more 

stable than the CPC. For a monomethyl cation, the BCB is 2.9 

kcal/mol higher in free energy than the CPC, while in the 

hexamethyl case this difference is 14.2 kcal/mol. In addition 

to their higher relative energy, BCB cations with three or 

more methyl groups are TSs, while the CPC cations remain 

minima throughout. When a methyl is present at the tertiary 

C2 position, a similar trend exists but the relative energy 

between BCB and CPC structures is reduced by 7-10 

kcal/mol (Figure SI9) and the BCB structures are minima on 

the PES. This is in line with the 6.0 kcal/mol BCB 

stabilization that a C2 methyl group affords (Figure 3). 

Overall, these trends indicate that the BCB is slightly more 

sterically strained compared to the CPC structure, and that 

BCBs that are minima are less likely for more substituted 

systems When compared to the electronic effects we 

uncovered for these systems, the steric effects are small, but 

may become a dominant factor when bulkier groups are 

present, favoring the CPC structure.  

Conclusion 

As carbocations are high-energy intermediates, their 

trapping by nucleophiles involve early, reactant-like TSs. 

Through the Hammond postulate, cationic intermediates 

that are more stable should thus get trapped with lower 

activation barriers. In the case of BCB/CPC cations, 

rearrangements often have larger activation energies than 

nucleophilic trapping, so the cation formed directly from the 

electrophile is likely to be captured preferentially. However, 

as these bridged cations have multiple electrophilic 

positions,51 product mixtures are still expected to form 

when nucleophiles attack CPC/BCB cations, with 

stereoelectronic, dynamic, and/or counter-anion effects 

playing a role in determining the products formed and the 

stereoselectivity.  

We have shown that electronic effects have major 

consequences for the preferred structures of CPC/BCB/HA 

equilibria, allowing us to propose a model for the prediction 

of preferred structures (Figure 7). For C2-substituted 

(tertiary) systems (Figure 7A), only one of each CPC, BCB 

and CB cation is available on the PES. For π-donating and 

aromatic substituents at C2, even electron-deficient ones, 

the only stable structure is the sp2-hybridized, flat 

cyclobutyl cations CB III, from which unselective 

nucleophilic attack to cyclobutanes can be expected. 

Elimination to form cyclobutene products would also be 

available from CB III. For cations with non-aromatic EWGs 

at C2, or for EDGs that are not π-donating (e.g. alkyl groups), 

the CPC I and BCB II cations are similar in energy and in 

equilibrium, with the CPC being more favored for EWGs and 

the BCB for EDGs. As such, we reason that the C2-

substituted systems with EDGs should lead to more 

cyclobutyl products, while those with EWGs should lead to 

more CPC or HA products.  

In contrast to the relative simplicity of C2-substituted 

systems, CPCs/BCBs substituted at the secondary C1/C3/C4 

positions have highly complex PESs due to the various 

structures in equilibrium (Figure 7B). In those scenarios, 

the nature of the electrophile should impact the content of 

the cationic mixture. For electrophiles with strong π-

donating or electron rich aromatic groups that initially form 

CPC IV, rearrangement through BCB V is energetically 

inaccessible (requiring at least 14.3 kcal/mol) and CPC or 

HA products are expected. Similarly, if CPC VI is initially 

formed, the cations will spontaneously rearrange to the 

highly-stable HA VII and get trapped, forming HA products 

or butadienes upon elimination. Indeed, the tendency for 

EDGs to promote these deep minima is consistent with 

fewer reported cases of highly-alkylated BCB minima in 

comparison to reported CPC and HA structures. 7, 18-20, 31, 34, 

35, 39, 59, 60  

For EWGs, neutral substituents, and electron-deficient 

aromatics (Ar), most of the PES is accessible as the minima 

are shallower, with several minima and TSs relatively close 

in energy. For instance, we predict that CPC IV is the lowest-

energy structure for CN, C6F5, SiH3, Cl, p-NO2C6H4, p-ClC6H4, 

NCO, and Me, while BCB V is the most stable for NO2, CF3, 

CO2CH3, SiMe3, and H. CPC VI is a stable minimum for most 

non-donating substituents, always within 10.0 kcal/mol of 

BCB V and CPC IV. For strong EWGs, SiR3 and H, HA VIII is 

a TS to the allylic cation and thus high in energy compared 

to CPC IV. Overall, due to the shallowness of these PESs, we 

expect that the identity of the electrophile and dynamical 

effects will impact the final product distributions upon 

trapping of the cations, making these cases harder to 

predict. 

Overall, our results provide insight into how the complex 

equilibrium at play between CPC, BCB, and HA cations is 

impacted by various substituent groups. We hope that our 

results can be a useful tool for experimentalists to gain 

additional mastery over these reactions as well as a starting 

point for future computational studies on these nuanced 

cations. Indeed, the additivity of these electronic effects for 

multiply-substituted systems, in addition to their interplay 

with steric effects which might become relevant for such 

systems, remains to be quantified. This work will be 

reported in due course. 
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Figure 7. Predicted cationic structures for A) C2-substituted or B) C1/C3/C4-substituted C4H7+ cations. Structures labeled 

as transient are either TSs or not stationary points on their PESs. 
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