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Origin of Stereoselectivity in SE2' Reactions of 
Six-membered Ring Oxocarbenium Ions 

 

 
 
Abstract│ Oxocarbenium ions are key reactive intermediates in organic chemistry. To generate 
a series of structure−reactivity-stereoselectivity principles for these species, herein the 
bimolecular electrophilic substitution reactions (SE2') between allyltrimethylsilane and a series of 
archetypal six-membered ring oxocarbenium ions was investigated using a combined density 
functional theory (DFT) and coupled-cluster theory approach. These reactions preferentially 
proceed following a reaction path where the oxocarbenium ion transforms from a half chair (3H4 
or 4H3) to a chair conformation. The introduction of alkoxy substituents on six-membered ring 
oxocarbenium ions dramatically influences the conformational preference of the canonical 3H4 
and 4H3 conformers, which influences the stereochemical outcome of the SE2' reaction. In general, 
the stereoselectivity in the reactions correlates to the “intrinsic preference” of the cations, as 
dictated by their shape. However, for the C5-CH2OMe substituent, steric factors override the 
“intrinsic preference” showing a more selective reaction than expected based on the shape of 
the ion. The SE2' energetics correlate well with experimentally observed stereoselectivity, and 
the use of the activation strain model has enabled us to quantify important interactions and 
structural features that occur in the transition state of the reactions to precisely understand the 
relative energy barriers of the diastereotopic addition reactions. The fundamental mechanistic 
insight provided in this study will aid in understanding the reactivity of more complex glycosyl 
cations featuring multiple substituents and will facilitate the general understanding of 
glycosylation reactions. 
 
Published│ Remmerswaal, W. A.; Hansen, T.; Hamlin, T. A.; Codée, J. D. C. Chem. Eur. J. 2023, 29 
(14), e202203490. 
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Introduction 
 
Six-membered ring oxocarbenium ions are important reactive intermediates in bioorganic 
and synthetic organic chemistry.1–7 Carbohydrate processing enzymes, such as 
glycosyltransferases and hydrolases, transfer or cleave carbohydrates to or from their 
substrates. These reactions proceed through transition states, in which a significant amount 
of oxocarbenium character builds up in the carbohydrate moiety that is transferred or 
cleaved.8,9 In synthetic carbohydrate chemistry, the stability of oxocarbenium ions 
determines the reactivity of glycoside donor building blocks and plays a central role in the 
stereochemical outcome of glycosylation reaction.10–17 Despite the high reactivity of these 
species, they can react with excellent stereoselectivity, and it has been shown that many 
glycosyl oxocarbenium ions can provide reaction products with striking 1,2-cis selectivity.18–

22 The fleeting nature of oxocarbenium ions represents a major challenge in studying these 
species and determining clear structure-reactivity-stereoselectivity principles. Recently, 
direct spectroscopic evidence for glycosyl oxocarbenium ions has been provided in the gas 
phase using state-of-the-art IR spectroscopy and in super acid media (to guarantee a 
sufficient lifetime of the species) using NMR spectroscopy.23–32 DFT calculations have 
provided detailed insight into the stereoelectronic effects of the substituents on the structure, 
stability and reactivity of these ions.33–37 
 

 
Scheme 1. (a) The conformational equilibrium between the 3H4 and 4H3 with the face 
preference following a chair-like TS; (b) Computationally analyzed substituted 
oxocarbenium ions, i.e., cation 1-5; (c) Conformational preference (green = stabilizing; red = 
destabilizing) of mono-substituted six-membered oxocarbenium ions reflected by the 
isolated product ratios (i.e., diastereoselectivity) from the seminal work of Woerpel et al.,38,39 
in which ax(') = (pseudo-)axial and eq(') = (pseudo-)equatorial. 
 

Generally, oxocarbenium ions adopt a flattened structure, as a consequence of the 
stabilization of the electron-depleted cationic carbon by the adjacent electron-rich ring-
oxygen, adopting a 3H4 or 4H3 conformation (Scheme 1a).40 It has been proposed that these 
half chair conformers are preferentially attacked at the diastereotopic face that leads to a low 
energy chair-like transition state as opposed to the other face, which provides a twist boat-
like transition state (Scheme 2).41,42 Consequently, the 3H4 will form a top-face product 
(Scheme 1a), while a bottom-face product is found for the opposite 4H3 half chair. It is known 
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that substituents on the ring can dramatically affect the conformational preference of the six-
membered cation, and thus the stereochemical outcome of reactions with these cations.43–46 

Substituted cyclic oxocarbenium ions with electron-rich substituents (e.g., O-, N-, F-groups) 
at the C3- and C4-position of the ring prefer to adopt an axial position, presumably to 
stabilize the cationic center by electrostatic and orbital interactions (Scheme 1b and 1c). 38,39 
When these groups are present on the C2-position, they have a very slight preference to 
adopt a pseudo-equatorial position, enabling hyperconjugative stabilization by the pseudo-
axial σC2–H2 bond of the oxocarbenium ion. Despite spectroscopic and computational studies 
that have provided a detailed understanding of the conformational behavior of six-
membered oxocarbenium ions,18–22 quantitative insight into the factors controlling the 
reactions taking place on these ions is largely lacking. 
 

 
Scheme 2. Top face-attack (i.e., chair-like TS) and bottom face-attack (i.e., twist boat-like TS) 
of the SE2' reaction between allyltrimethylsilane and 3H4 oxocarbenium ion 1. The reaction 
follows a transfer reaction by a bimolecular electrophilic substitution mechanism (SE2'), in 
which an allylic-group (purple) is transferred between two electrophilic moieties.47 
 

To study how stereoelectronic effects impact the stereoselectivity of the reactions 
involving six-membered oxocarbenium ions, the reaction profile of reactions between 
allyltrimethylsilane and a series of oxocarbenium ions 1-5 was explored using density 
functional theory at PCM(CH2Cl2)-B3LYP/6-311G(d,p) (Scheme 1b and Scheme 2). 
Additionally, high accuracy DLPNO-CCSD(T)48 reference data were computed, confirming 
the reliability of the DFT method. Allyltrimethylsilane was selected as a typical C-nucleophile 
that requires a strong electrophile, such as an oxocarbenium ion intermediate, to react. 18–22 
These reactions follow a bimolecular electrophilic substitution reaction path (SE2'), in which 
an allylic-group (purple in Scheme 2) is transferred to the electrophilic oxocarbenium ion by 
the expulsion of the electrophilic Me3Si+ leaving-group.49–52 The analyzed oxocarbenium ions 
2-5 have a single ring substituent on the six-membered ring at the C2-, C3-, C4-, or C5-
position (see Scheme 1b), to map the effects of these substituents as a function of their 
position in the ring. To furnish quantitative insight into the electronic factors governing in 
these SE2' reactions, the activation strain model (ASM)53,54 and Kohn-Sham molecular 
orbitals (KS–MO) was employed.55–57 
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Results and Discussion 

 
Structure and Reactivity Trends 
The results of the computed reaction profiles and structural data of the SE2' reaction between 
allyltrimethylsilane and cations 1-5 are summarized in Figure 1 – 3 (for interested readers, 
all the data on the stationary points can be found in Table S1, S2 and S3). Note that all 
reactivity trends are consistent for ΔG and ΔE (Table S1). Importantly, the computed trends 
in reactivity at PCM(CH2Cl2)-B3LYP/6-311G(d,p) agree well with computed energies at the 
more accurate SMD(CH2Cl2)-(TightPNO)DLPNO-CCSD(T)/CBS(3,4/def2) level (Table S1 and 
S2).58 Figure 1 shows the structures of the two possible transition states following a chair-
like or twist boat-like TS of cation 1, in which both electrophilic species, i.e., trimethylsilyl 
leaving group and oxocarbenium ion, are orientated in an antiperiplanar fashion, both 
interacting with  the allyl moiety (highlighted in purple in Figure 1). As anticipated, for cation 
1 that the chair-like TS is more than 4 kcal mol−1 lower in energy than the reaction barrier of 
the twist boat-like TS using DFT computations (Table S1 and S2 for all reaction profile data). 
 

 
Figure 1. Transition state structures with key bond lengths (in Å) for the SE2' reactions 
between allyltrimethylsilane and oxocarbenium ion 1 following a top face-attack, i.e., chair-
like TS, and bottom face-attack, i.e., twist boat-like TS, computed at PCM(CH2Cl2)-B3LYP/6-
311G(d,p). 
 

For the unsubstituted oxocarbenium ion 1, the 3H4 and 4H3 structures are 
chemically equivalent, but introducing a substituent on the six-membered ring gives rise to 
two chemically different structures. It was found that these two reactants, 3H4-R and 4H3-R, 
are in rapid equilibrium with each other by a relatively low interconversion barrier via the 
B2,5 or 2,5B conformer, setting the stage for a Curtin-Hammett scenario (Figure 2 and 3).59,60 

In this case, the reaction barrier difference, ∆∆G‡, dictates the product distribution. If (i) 
∆Gº3H4 is lower in energy than ∆Gº4H3, as for cation 2 and 3, ∆∆G‡ = (∆G‡4H3-bottom + ∆Gº4H3) – 
∆G‡3H4-top, while if (ii) ∆Gº3H4 is higher in energy than ∆Gº4H3, as for cation 4 and 5, ∆∆G‡ = 
∆G‡4H3-bottom – (∆G‡3H4-top + ∆Gº3H4).61 
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Several distinct trends emerge from the computed reaction profiles for cations 2-5 

(Figure 2 and 3). Firstly, in line with cation 1, cation 2-5 all favor the chair-like TS over the 
twist boat-like TS (∆∆G‡twist boat-chair = ∼ +3–5 kcal mol−1). This reinforces the notion that the 
half chair conformers exclusively react via the chair-like TS for these model systems. 
Secondly, the lowest overall reaction barrier found for the different cations decreases from 
+12.4, +12.1, +10.9, +8.4 kcal mol–1 for mono-substituted cations 5, 4, 3, 2 (substituent at the 
C5, C4, C3, or C2 position respectively, Figure 1b), placing the alkoxy substituent gradually 
closer in space to the electrophilic C1-position (respectively 4.10, 3.32, 3.11, and 2.37 Å in 
the equilibrium geometry). The lower reaction barrier is a direct effect of the electron-
withdrawing character of the substituent, which gradually increases the electron-accepting 
capability of the C1-cation along the cation series. For all systems, there is a parallel between 
the ∆∆G‡ of the overall reactions and the lowest energy oxocarbenium ion conformer 
(highlighted in purple in Figure 2 and 3). These findings are in line with previous work, in 
which the stereoselectivity in addition reactions of allyltrimethylsilane and triethylsilane 
could be related to the conformational preference of pyranosyl and furanosyl oxocarbenium 
ions. 18–22 Cation 3 (3-OMe) favors the 3H4 conformation, which is attacked from the top face, 
resulting in a cis-product (Figure 3b). In contrast, cations 4 and 5 prefer the opposite 4H3 half 
chair, which preferentially reacts on the bottom face (Figure 2d and 3b), delivering the trans-
product. Note, that cation 5 only has a very slight preference for the 4H3. Cation 2 has no clear 
preference for either half chairs, which results in a mixture of cis- and trans-products (Figure 
3d). Overall, the computed stereoselectivity, derived from the ∆∆G‡ values, correlates well 
with the available experimental result by Woerpel and co-workers.38,39 

Importantly, differences are observed between the conformational preference of 
the cation (∆∆Gº) and the relative differences of the overall barriers (∆∆G‡), which will be 
explained in detail. For example, Figure 3b shows that cation 5 has a very small preference 
for the 4H3 conformation over the 3H4 (∆∆Gº = –0.4 kcal mol–1 for the 4H3 relative to the 3H4), 
but the relative overall reaction barriers for the two 1C4 and 4C1 chair like-like TSs, originating 
from respectively the 3H4 or the 4H3 conformer, show a larger difference (∆∆G‡ = –2.1 kcal 
mol–1). This difference leads to a more trans-selective reaction than what would be expected 
based on the intrinsic conformational preference of the cation. 

The difference in energy of the two conformers of cation 4 (Figure 2d, ∆∆Gº = –2.0 
kcal mol–1 for the 4H3 relative to the 3H4) is partly diminished in the transition states of the 
SE2' reactions originating from these (∆∆G‡ = –1.0 kcal mol–1). For cation 3 (Figure 2b), it was 
found that the difference in the reaction barriers (∆∆G‡ = +2.0 kcal mol–1 for the 4H3 relative 
to the 3H4) is significantly larger than the conformational preference of the cation (∆∆Gº = 
+1.1 kcal mol–1). For cation 2 (Figure 3d), there is no clear preference between both half chair 
conformers (∆∆Gº = +0.1 kcal mol–1 for the 4H3 relative to the 3H4), and also the corresponding 
transition states show only a marginal difference (∆∆G‡ = –0.2 kcal mol–1 for the 4H3 relative 
to the 3H4). 
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Figure 2. The possible SE2' reaction pathways and the corresponding reaction profile of 
cation 3 (a,b) and 4 (c,d) of the top- (black: chair-like TS path, grey; twist boat-like TS path) 
and bottom attack (red: chair-like TS path; pink: twist boat-like TS path) at the 3H4 and 4H3 
conformations. Gibbs energies in dichloromethane (ΔGDCM, in kcal mol−1) relative to reactants. 
See SI Table S1 for all data of the stationary points of the reaction profiles, including the 
products. 
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Figure 3. The possible SE2' reaction pathways and the corresponding reaction profile of 
cation 5 (a,b) and 2 (c,d) of the (black: chair-like TS path; grey: twist boat-like TS path) and 
bottom attack (red: chair-like TS path; pink: twist boat-like TS path) at the 3H4 and 4H3 
conformations. Gibbs energies in dichloromethane (ΔGDCM, in kcal mol−1) relative to reactants. 
See SI Table S1 for all data of the stationary points of the reaction profiles, including the 
products. [a] Reaction barriers could not be located on the electronic energy surface, and an 
accurate approximation of the barrier was made based on the Gibbs energy surface (see 
methods section in the SI for details). 
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Activation strain analyses 
To gain quantitative insight into the physical factors controlling the facial selectivity of the 
additions to either face of the half chair conformations (i.e., the chair-like TS versus the twist 
boat-like TS), the activation strain model (ASM) of reactivity was employed.55,56,62 The ASM 
is a fragment-based approach in which the reaction profile can be described with respect to, 
and understood in terms of, the characteristics of the reactants, i.e., allyltrimethylsilane and 
the oxocarbenium ion (see method section for more details). The ASM decomposes the total 
energy (ΔE) into strain energy (ΔEstrain) and interaction energy (ΔEint). The strain energy can 
be understood as the energy penalty incurred due to deformation of the individual fragments, 
while the (generally net-stabilizing) interaction energy can be understood as the interactions 
(destabilizing Pauli repulsion and stabilizing electrostatic and orbital interactions) between 
the fragments. In the herein presented activation strain diagrams (ASDs), the intrinsic 
reaction coordinate (IRC) is projected onto the carbon–leaving group (C•••Si) stretch. This 
critical reaction coordinate undergoes a well-defined change during the reaction from the 
reactants via the transition state to the product and is shown to be a valid reaction coordinate 
for studying bimolecular reactions.  

Figure 4a shows that the top face-attack (black line) at the unsubstituted 
oxocarbenium ion 1 via a chair-like TS proceeds with a significantly lower barrier than the 
bottom face-attack (pink line) via a twist boat-like TS (see Figure S1, S2, and S3 for ASM data 
of the full reaction profile for all studied systems, both in solution and gas-phase). Figure 4 
reveals that this facial selectivity originates from a more stabilizing interaction energy, which 
develops in the reaction pathway via the chair-like TS, while the strain curves are very 
similar for both faces of attack. The more stabilizing interaction energy is a direct effect of 
the more efficient deformation of the half chair to chair-like TS, as it does not lead to eclipsing 
interactions (Pitzer strain) between the C1–H and the pseudo-equatorial C2–H, in contrast to 
the twist boat-like TS (Figure 4b). The more efficient deformation allows the chair-like TS to 
have a larger degree of the pyramidalization of the C1-position, i.e., C2–(H)C1=O+, than the 
twist boat-like TS at the same C•••Si bond stretch. The pyramidalization is essential for the 
reaction progression as the C1-atom transforms from a trigonal planar (sp2) geometry in the 
starting oxocarbenium ion into a tetrahedral (sp3) geometry in the product. 

The effect of this higher degree of pyramidalization on the reaction path preference 
can be well understood with the recently introduced concept of a reaction’s “transition state 
acidity,”62–67 which states that a more acidic substrate, possessing a LUMO of lower energy, 
will interact more strongly with a Lewis base (i.e., electron-rich species). The LUMO of the 
oxocarbenium has mainly antibonding character in the C1=O+ bond (red wiggle in Figure 4d). 
The elongation of the C–O bond along the reaction coordinate reduces this antibonding 
overlap, which leads to a stabilization of the LUMO orbital energy. The chair-like TS has a 
higher degree of pyramidalization than the twist boat-like TS, which results in a longer C1=O+ 
bond of the oxocarbenium ion (C–O bond length: 1.311 Å and 1.306 Å for the chair-like and 
twist boat-like TS, respectively, at 0.049 Å C•••Si stretch). This increased C1=O+ bond length 
reduces the antibonding overlap between pz atomic orbitals of the C- and O-atom of the 
oxocarbenium ion, leading to a lower energy LUMO (more stabilized LUMO, Figure 4d). The 
resulting smaller HOMOallyltrimethylsilane–LUMOcation-1 translates to a more stabilizing orbital 
interaction (Figure 4c; see Figure S4 and Table S7 for EDA data). 

One could expect that the more efficient deformation of the half chair to chair-like 
TS would also lead to less destabilizing strain for this reaction pathway. However, the more 
advanced pyramidalization for the chair-like TS at the same point on the reaction profile (at 
the same C•••Si bond stretch) as for the skew boat-like TS leads to an overall comparable 
strain development for both reaction pathways (Figure 4a). 
 



Origin of Stereoselectivity in SE2' Reactions of Six-membered Ring Oxocarbenium Ions  | 

41 

 
Figure 4. (a) Activation strain model and of the substrate for the SE2' reactions of 
allyltrimethylsilane and cation 1 via the top face-attack (black: chair-like TS) and bottom 
face-attack (pink: twist boat-like TS), where the energy values are plotted to the transition 
state (indicated by a dot), along the IRC projected on the C•••Si bond stretch. (b) Schematic 
summary of the controlling factor of the facial selectivity of the oxocarbenium ion half chair 
conformation. (c) MO diagram of the most important donor–acceptor interaction between 
the π–HOMOallyltrimethylsilane and the LUMOcation 1. (d) The LUMO energy ε (in eV) of the system 
described in the caption (a). Computed at COSMO(CH2Cl2)-ZORA-
B3LYP/TZ2P//PCM(CH2Cl2)-B3LYP/6-311G(d,p). 
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Figure 5. Activation strain model for the SE2' reactions of allyltrimethylsilane + cation 3 (a) 
and 4 (b) via the top face-attack (black: chair-like TS) and bottom face-attack (red: chair-like 
TS), where the energy values are plotted to the transition state (indicated by a dot), along the 
IRC projected on the C•••Si bond stretch. (c) Schematic summary of the controlling factor of 
the stereoselectivity of the oxocarbenium ions with distal alkoxy substituents. (d) Movement 
of the C1=O+ bond along the SE2' reaction for cation 3 and 4. Computed at COSMO(CH2Cl2)-
ZORA-B3LYP/TZ2P//PCM(CH2Cl2)-B3LYP/6-311G(d,p). 
 

After investigating the facial selectivity of the non-substituted half chair 
oxocarbenium ion, the factors that control the stereoselectivity of the substituted cyclic 
oxocarbenium ion 2-5 was analyzed by means of the ASM (see Table S7 for the ASM/EDA 
data on consistent geometries of 2-5). Note, that in the following sections, the lowest energy 
conformer is used as reference energy in the activation strain diagrams (ASDs) for both 
reaction paths, because this is the most descriptive way to delineate the analysis of the trends 
in reactivity and allows a direct connection to the ∆∆G‡ shown in Figure 2 and 3. Furthermore, 
focus will be solely on the pathways proceeding through a chair-like TS for both the 3H4 
(black line) and 4H3 (red line) conformers, as the twist boat-like TSs are significantly higher 
in energy, and thus less relevant. 
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Figure 5a and 5b show the activation strain diagrams (ASDs) of the SE2' reaction of 
allyltrimethylsilane with C3-OMe cation 3 and C4-OMe cation 4, as these exhibit similar 
characteristics. For cation 3, the top face-attack is the preferred pathway (black line), and 
the ASM analysis reveals that this preference originates from a less destabilizing strain 
energy for this pathway. For cation 4, the bottom face-attack on the 4H3-ion is favored (red 
line), which, likewise, can be traced back to the less destabilizing strain energy for this 
reaction path. For both cation 3 and 4 the developing interaction energy for the top and 
bottom face pathways is similar, and hence, does not account for the found reactivity trend. 

By decomposing the total strain energy term into the strain energy of the individual 
reactants, it was found that the differences in strain energy solely originate from the 
oxocarbenium ion component and that the strain energy of allyltrimethylsilane is very 
similar for both reaction pathways (see Figure S6). The differences in strain of the 
oxocarbenium ions at the start of the reaction profile can be directly attributed to the 
conformational preference, i.e., “intrinsic preference,” of the oxocarbenium ion,19 with the 
3H4 conformer being most stable for cation 3 and the 4H3-conformer being the most stable 
for ion 4. 

Recall, that the lowest energy conformer as reference energy was used in the ASDs 
for both reaction paths. The addition to either face follows a similar reaction path through a 
chair-like transition state, providing strain curves with similar slopes, but the offset is 
significantly different as a result of the intrinsic stability of the conformation of the 
oxocarbenium ions (i.e., “intrinsic preference”; Figure 5c). 

Careful inspection of the strain curves reveals that the curves for cation 4 slightly 
converge along the reaction coordinate, while the curves for cation 3 slightly diverge. This 
difference in strain energy explains why the “intrinsic preference” of the cation (∆∆Gº) does 
not directly correlate to the difference in the corresponding overall reaction barriers (∆∆G‡) 
for these reactions. The divergence and convergence of the strain curves of the reactions can 
be traced back to the deformation of both half chairs along the reaction coordinate. For cation 
3, the top face-attack at the 3H4 conformer brings the C1-atom closer to the stabilizing axial 
C3-OMe group (black path; Figure 5d), while this is not the case for the 4H3 conformer (red 
path; see Figure S7 for more information), diverging the strain curves along the reaction 
coordinate. For cation 4, the electrophilic anomeric C1-atom is pulled away from the 
stabilizing axial C4-OMe group in going from the 4H3 conformer to the chair-like TS (red path), 
resulting in increased destabilization of the cation. This effect is significantly less for the 
reaction taking place with the 3H4 conformer (black path), and as a result, the two strain 
curves converge along the reaction coordinate. 

Next, attention was directed to the ASDs of the SE2' reaction of allyltrimethylsilane 
with the oxocarbenium ions bearing the substituent closer to the C-1 atom, the C5-CH2OMe 
cation 5 and the C2-OMe cation 2. Oxocarbenium ion 5 preferentially undergoes a bottom 
face-attack, which, in line with the SE2' reactions of cation 3 and 4, can be traced back to the 
less destabilizing strain developing in this reaction pathway. However, the difference in 
strain energy between the top and bottom face reaction around the start of the reaction (∆∆E 
∼ –2 kcal mol–1 for the 4H3 relative to the 3H4 conformer) is significantly larger than the 
intrinsic energy difference between the 3H4 and 4H3 conformers (“intrinsic preference”) of 
cation 5 (see Figure 3). By analyzing the reaction path for the top face-attack, which takes 
place on the 3H4-cation, it becomes clear that allyltrimethylsilane comes in close proximity 
to the pseudo-axial C5-CH2OMe-substituent, resulting in steric repulsion between the two 
reactants.  
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This steric repulsion can be minimized by bending the substituent away, leading to 
more destabilizing strain energy due to the deformation of the reactant along the complete 
reaction profile (see Figure S7c). Note that steric repulsion between the reactants can 
manifest in both: (i) the strain energy, because steric repulsion deforms the fragments, and 
(ii) the steric (Pauli) repulsion found in the nucleophile–electrophile interaction.68 In this 
case the steric repulsion is primarily absorbed into the strain term, leading to additional 
deformation of the cation. The steric repulsion between the C5-CH2OMe-substituent and 
allyltrimethylsilane renders cation 5 substantially more bottom face selective than what 
would be expected based on the intrinsic preference of the cation. Intuitively, one could 
expect a similar scenario for cation 3, in which the axial C-3 substituent can also engage in 
steric interactions with the incoming allyltrimethylsilane. However, the C-3 OMe-substituent 
is significantly smaller than the C-5 CH2OMe substituent, avoiding excessive steric 
repulsion.69 
 

 
Figure 6. (a,c) Activation strain model for the SE2' reactions of allyltrimethylsilane + cation 
5 and 2 via the top face-attack (black: chair-like TS) and bottom face-attack (red: chair-like 
TS), where the energy values are plotted to either the transition state or a local maximum 
(indicated by a dot), along the IRC projected on the C•••Si bond stretch. (b,d) Movement of 
the C1=O+ bond and substituent along the SE2' reaction for cation 5 and 2. Computed at 
COSMO(CH2Cl2)-ZORA-B3LYP/TZ2P//PCM(CH2Cl2)-B3LYP/6-311G(d,p). 
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Analogous to the strain curves for cation 4, the strain curves for cation 5 slightly 
converge along the reaction coordinate. Again, this difference in strain energy stems from 
the deformation of both half chairs as the reaction progresses. For the transformation of the 
4H3 conformation to the chair-like TS (red path), the electrophilic anomeric C1-atom is pulled 
away from the stabilizing pseudo-axial C5-CH2OMe group resulting in the overall 
destabilization of the cation (Figure 6b). This effect is less apparent for the reaction taking 
place on the 3H4 conformer (black path). 

Finally, the ASD of the reactions on the C2-OMe cation 2 shows that there is only a 
marginal difference in the transition state energies of the top- and bottom face reactions. The 
similar strain energy of the oxocarbenium ions at the start of the reaction profile is related 
to the similar energy of the 3H4 and 4H3-conformers (+0.1 kcal mol–1 for the 4H3 relative to the 
3H4). The strain curves diverge upon the progression of the reaction coordinate, which can 
be explained by the 2-OMe bending away from the allylic moiety, which comes in from the 
same side, to minimize steric interactions. The bottom face approach avoids this steric 
interaction, resulting in a slightly lower reaction barrier for the bottom-face reaction (red 
pathway; ∆∆G‡ = –0.2 kcal mol–1 for the 4H3 relative to the 3H4). 

 
Conclusions 

 
These computational investigation has revealed that SE2' reactions of allyltrimethylsilane 
with six-membered oxocarbenium ions can follow reaction pathways proceeding with chair-
like and twist boat-like transition states. For all studied cases, the chair-like TS has a 
significantly lower reaction barrier than the twist boat-like TS. The activation strain and 
Kohn-Sham molecular orbital theory analyses reveal that the facial preference for the chair-
like TS, compared to the skew boat-like TS, originates from a more efficient geometric 
deformation (pyramidalization of C1) in transitioning from the half chair starting compound 
to the chair-like TS. 
The introduction of alkoxy substituents on the six-membered oxocarbenium ion strongly 
impacts the stereochemical outcome and reactivity of the studied SE2' reactions. Overall, the 
reaction barriers decreased by placing the alkoxy substituent systematically closer to the 
electrophilic C1-position. This lowering of the reaction barriers along the cation series is a 
direct effect of the electron-withdrawing effect of the substituent, which stepwise increases 
the electron-accepting capability of the C1-atom of the oxocarbenium ion. Moreover, the 
activation strain analyses showed that the stereoselectivity of the addition reactions of 
allyltrimethylsilane to the oxocarbenium ions is primarily set by the energy difference 
between the half chair conformers (i.e., the “intrinsic preference” of the cations) as the most 
stable oxocarbenium ion conformers led to the lowest-energy reaction barrier. Strikingly, for 
the C5-CH2OMe-substituted cation, it was found that steric interactions between the 
relatively large C5-substituent and allyltrimethylsilane developed, resulting in a significantly 
more trans-selective reaction for the C5-CH2OMe cation, than what would be expected based 
on the relative energy of the two half chair oxocarbenium ions. 
Overall, this study has dissected the effects at play during the addition of a typical C-
nucleophile to mono-substituted six-membered oxocarbenium ions. The fundamental 
mechanistic insight provided in this contribution will be helpful in understanding the 
reactivity of more complex glycosyl cations featuring multiple substituents and will aid in 
the general understanding of glycosylation reactions.
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Supporting information 
 
Computational Methods 
Using density functional theory (DFT), the potential energy surfaces (PES) of non-substituted oxocarbenium 
cation 1 and mono-substituted cation 2 (2-OMe), 3 (3-OMe), 4 (4-OMe), 5 (5-CH2OMe) and 6 (6-OMe) were 
calculated. The DFT computations were performed using Gaussian 09 rev D.01.70 For all computations, the 
hybrid functional B3LYP71–73 and the 6-311G(d,p)74 basis set were used. The geometry convergence criteria 
were set to tight (opt=tight; max. force=1.5·10–7, max. displacement=6.0·10–7), and an internally defined super-
fine grid size was used (SCF=tight, int=veryfinegrid), which is a pruned 175,974 grid for first-row atoms and a 
250,974 grid for all other atoms. These parameters were chosen as recent literature indicated a significant 
dependence of the computed frequencies on the molecule orientation when a smaller grid size is used.75 

Geometries were optimized without symmetry constraints. All calculated stationary points have been verified 
by performing a vibrational analysis, to be energy minima (no imaginary frequencies) or transition states (only 
one imaginary frequency). The character of the normal mode associated with the imaginary frequency of the 
transition state has been analyzed to ensure that it is associated with the reaction of interest. Solvation in CH2Cl2 
was taken into account in the computations using the PCM solvation model. Solvent effects were explicitly used 
in the solving of the SCF equations and during the optimization of the geometry and the vibrational analysis. 
The stationary point energies have been refined by performing single points at SMD(CH2Cl2)-
(TightPNO)DLPNO-CCSD(T)/CBS(3,4/def2),76–78 using ORCA 5.0.3,79,80 on the PCM(CH2Cl2)-B3LYP/6-
311G(d,p) geometries. The potential energy surfaces of the studied addition reactions were obtained by 
performing intrinsic reaction coordinate (IRC) calculations, which, in turn, were analyzed using the PyFrag 
program.81 The optimized structures were illustrated using CYLview.82 

The denoted free Gibbs energy was calculated using Equation S1, in which ∆Edichloromethane is the 
solution-phase energy (electronic energy), ∆Gdichloromethane,QH (T = 213.15 K, C = 1 M standard state) is the sum 
of corrections from the electronic energy to the free Gibbs energy in the quasi-harmonic oscillator 
approximation, including zero-point-vibrational energy. The ∆Ggas,QH was computed using the quasi-harmonic 
approximation in the solution phase according to the work of Truhlar. The quasi-harmonic approximation is 
the same as the harmonic oscillator approximation except for those vibrational frequencies lower than 100 cm–

1 were raised to 100 cm–1 as a way to correct for the breakdown of the harmonic oscillator model for the free 
energies of low-frequency vibrational modes.83,84 
 
 ΔGdichloromethane = ∆Edichloromethane + ∆Gdichloromethane,QH (S1) 
 
Solution-phase Activation Strain 
The activation strain model (ASM) analysis53,54 and energy decomposition analysis (EDA)55–57 were 
performed using the Amsterdam Density Functional (ADF2017.103)85–87 software package based on the 
solution-phase structures obtained by Gaussian 09 rev D.01. For all computations, the B3LYP functional was 
used. The basis set used, denoted TZ2P, is of triple-ζ quality for all atoms and has been improved by two sets of 
polarization functions.88 The accuracies of the fit scheme (Zlm fit) and the integration grid (Becke grid) were, 
for all calculations, set to VERYGOOD.89,90 Relativistic effects were accounted for by using the zeroth-order 
regular approximation (ZORA).91,92 All computations were performed in the gas-phase and with implicit 
solvation using COSMO. 

The activation strain model (ASM) of chemical reactivity,53,54 also known as the 
distortion/interaction model, is a fragment-based approach in which the (solution-phase) reaction profiles can 
be described with respect to, and understood in terms of the characteristics of, the reactants. It considers the 
rigidity of the reactants and to which extent they need to deform during the reaction, plus their capability to 
interact with each other as the reaction proceeds. With the help of this model the total energy, i.e., ∆Esolution(ζ), 
is decomposed into the strain and interaction energy, ∆Esolution-strain(ζ) and ∆Esolution-int(ζ), respectively, and 
project these values onto the reaction coordinate ζ [Eq. (S2)]. 

 
 ∆Esolution(ζ) = ∆Esolution-strain(ζ) + ∆Esolution-int(ζ) (S2) 
 
In this equation, the strain energy, ∆Esolution-strain(ζ), is the penalty that needs to be paid to deform the reactants 
from their equilibrium to the geometry they adopt during the reaction at the point ζ of the reaction coordinate. 
On the other hand, the interaction energy, ∆Esolution-int(ζ), accounts for all the chemical interactions that occur 
between these two deformed reactants along the reaction coordinate. The total strain energy can, in turn, be 
further decomposed into the strain energies corresponding to the deformation of the cation, ∆Esolution-

strain,cation(ζ), as well as from the allyltrimethylsilane, ∆Esolution-strain,allyltrimethylsilane(ζ) [Eq. S3]. 
 

 ∆Esolution-strain(ζ) = ∆Esolution-strain,cation(ζ) + ∆Esolution-strain,allyltrimethylsilane(ζ) (S3) 
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 In order to further analyze the interaction energy, the solution-phase potential energy surface, i.e., 
∆Esolution(ζ), was further decomposed into the ∆Esolvation(ζ), which accounts for the interaction between the 
solute and solvent, and the ∆Esolute(ζ), which is the reaction system in gas-phase with the solution-phase 
geometry [Eq. S4].93 
 
 ∆Esolution(ζ) = ∆Esolvation(ζ) + ∆Esolute(ζ) S4 
 
The solute term, ∆Esolute(ζ), is subsequently decomposed into the solvent-free strain, ∆Esolute-strain(ζ), and 
interaction energy, ∆Esolute-int(ζ), which are referred to as solute strain and solute interaction, respectively, to 
distinguish between the two solution-phase activation strain schemes [Eq. S5]. 
 
 ∆Esolution(ζ) = ∆Esolvation(ζ) + ∆Esolute-strain(ζ) + ∆Esolute-int(ζ) S5 
 
For clarity reasons, ∆Esolution, ∆Esolution-strain, ∆Esolution-int, ∆Esolute, ∆Esolute-strain, and ∆Esolute-int are denoted as ∆E, 
∆Estrain and ∆Eint in all cases, however, one can easily deduce based on the level of theory if the ∆Esolute or ∆Esolution 
is decomposed. 

In the herein presented activation strain and accompanied energy decomposition diagrams, the 
intrinsic reaction coordinate (IRC) is projected onto the carbon–leaving group (C•••Si) stretch. This critical 
reaction coordinate undergoes a well-defined change during the reaction from the reactant complex via the 
transition state to the product and is shown to be a valid reaction coordinate for studying bimolecular reactions. 
The ASM has been used to analyze the factors affecting the reaction paths of cycloaddition reactions, 
nucleophilic substitution reactions, eliminations reactions as well as epoxide opening reactions.62,64,65,94,95 

 
Energy Decomposition Analysis 
The interaction energy, i.e., ∆Esolute-int(ζ), between the deformed reactants can be further analyzed in terms of 
quantitative Kohn-Sham molecular orbital (KS-MO) theory together with a canonical energy decomposition 
analysis (EDA).55–57 The EDA decomposes the ∆Esolute-int(ζ) into the following three energy terms [Eq. (S6)]: 
 
 ∆Esolute-int(ζ) = ∆Velstat(ζ) + ∆EPauli(ζ) + ∆Eoi(ζ) (S6) 
 
Herein, ∆Velstat(ζ) is the classical electrostatic interaction between the unperturbed charge distributions of the 
(deformed) reactants and is usually attractive. The Pauli repulsion, ∆EPauli(ζ), includes the destabilizing 
interaction between the fully occupied orbitals of both fragments due to the Pauli principle. The orbital 
interaction energy, ∆Eoi(ζ), accounts for, amongst others, charge transfer between the fragments, such as 
HOMO–LUMO interactions. 
 
Estimation of Transition States 
Establishing the transition state of reactions where a simple bond is formed to give one product or broken to 
give two fragments with minimal structural change is fundamentally difficult (i.e., dissociation and association 
transition states). To find transition states, the potential energy surface (PES) is scanned for a saddle point, and 
specifically, the electronic energy surface. Very simple bond cleavage events are often not associated with such 
a saddle point on the electronic energy surface, which makes it impossible to locate these transition states. This 
scenario was also found in selected cases for the SE2' reactions studied here. To provide an accurate 
approximation of the transition state in these cases, the Gibbs potential energy surface was computed and 
considered, as commonly done in variational transition state theory when barrierless reactions are studied,96–

98 the first high-order saddle point upon elongation of the C-1•••allyltrimethylsilane bond (started from the 
product complex) as an estimation of the transition. 

The Gibbs potential energy surface was determined from a relaxed potential energy surface scan 
using Gaussian 09 rev D.01, at PCM(CH2Cl2)-B3LYP/6-311G(d,p) utilizing the keywords: opt=tight, SCF=tight, 
int=veryfinegrid. First, the electronic relaxed potential energy surface was constructed. The starting point of 
each scan was the product complex. From here, the C-1•••allyltrimethylsilane bond was elongated in 100 steps 
with a fine step size of 0.025 Å, while allowing the rest of the geometry to optimize. The Gibbs relaxed potential 
energy surface was then constructed by computing the vibrational frequencies for each point. 

To verify the viability of this approach, the transition state was approximated for the top face attack 
on the 3H4 and the bottom face attack on the 4H3 for all the studied cations (1, 2, 3, 4, 5 and 6), for which the 
transition states (except the top face attack of cation 2) could be located (see Table S3 and Table S4). The ∆G‡* 
of the approximated transition states were very close to the ∆G‡ of the corresponding TS (average deviation = 
0.16 kcal mol–1, RMSD = 0.20 kcal mol–1), supporting this method for estimating the transition state.  
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Figure S1. Activation strain model for the SE2' reactions of allyltrimethylsilane + cation 1 (a) via the top face-
attack (black: chair-like TS) and bottom face-attack (pink: twist boat-like TS), and 4 (b), 3 (c), 5 (d), 2 (e), 6 (f) 
via the top face-attack (black: chair-like TS) and bottom face-attack (red: chair-like TS), where the energy values 
are plotted along the IRC projected on the C•••Si bond stretch. Computed at COSMO(CH2Cl2)-ZORA-
B3LYP/TZ2P//PCM(CH2Cl2)-B3LYP/6-311G(d,p).  
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Figure S2. Activation strain model for the SE2' reactions of allyltrimethylsilane + cation 1 (a) via the top face-
attack (black; chair-like TS) and bottom face-attack (pink; twist boat-like TS), and 4 (b), 3 (c), 5 (d), 2 (e), 6 (f) 
via the top face-attack (black; chair-like TS) and bottom face-attack (red; chair-like TS), where the energy values 
are plotted along the IRC projected on the C•••Si bond stretch. Computed at ZORA-
B3LYP/TZ2P//PCM(CH2Cl2)-B3LYP/6-311G(d,p). 
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Figure S3. Activation strain model for the SE2' reactions of allyltrimethylsilane + cation 5 with gg rotamer (a), 
gt rotamer (b), tg rotamer (c) via the top face-attack (black: chair-like TS) and bottom face-attack (red: chair-
like TS), where the energy values are plotted along the IRC projected on the C•••Si bond stretch. Computed at 
COSMO(CH2Cl2)-ZORA-B3LYP/TZ2P//PCM(CH2Cl2)-B3LYP/6-311G(d,p). 
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Figure S4. Energy decomposition analysis for the SE2' reactions of allyltrimethylsilane and cation 1 via the top 
face-attack (black: chair-like TS) and bottom face-attack (pink: twist boat-like TS), where the energy values are 
plotted to the transition state (indicated by a dot), along the IRC projected on the C•••Si bond stretch.  
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Pyramidalization 
Figure S5a illustrates that the pyramidalization is directly coupled to the C–O stretch (i.e., C1=O+ bond). A larger 
degree of C1-pyramidalization (i.e., sp2 to sp3 rehybridization) of the cation results in a longer C1=O+ bond. 
Figure S5b and S5c reinforces that the chair-like TS (black) pathway has a significantly larger degree of 
pyramidalization than the twist boat-like TS (red) at the same C•••Si bond stretch.  

 

Figure S5. Degree of pyramidalization for the SE2' reactions of allyltrimethylsilane and cation 1 via the top face-
attack (black: chair-like TS) and bottom face-attack (pink: twist boat-like TS), where the energy values are 
plotted from the reactant complex to the transition state, along the IRC projected on the (a) C–O (b) C•••Si bond 
stretch. The pyramidalization angle is defined as the sum of the three θR−C1−R. Computed at COSMO(CH2Cl2)-
ZORA-B3LYP/TZ2P//PCM(CH2Cl2)-B3LYP/6-311G(d,p). 
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Figure S6. Strain decomposition for the SE2' reactions of allyltrimethylsilane + cation 3 (a), 4 (b), 5 (c), and 2 
(d) via the top face-attack (black: chair-like TS) and bottom face-attack (red: chair-like TS), where the energy 
values are plotted along the IRC projected on the C•••Si bond stretch. Computed at COSMO(CH2Cl2)-ZORA-
B3LYP/TZ2P//PCM(CH2Cl2)-B3LYP/6-311G(d,p).  
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Figure S7. Distance plot with this length between the electrophilic C-atom of the C1-postition and O-atom of 
the substituent in Å (equilibrium geometry is indicated with a box) projected onto the C•••Si bond stretch for 
the SE2' reactions of allyltrimethylsilane + 3 (a), 4 (b), 5 (c), and 2 (d) via the top-attack (black: chair-like TS) 
and bottom-attack (red: chair-like TS). 
 
 

 

Figure S8. Potential Gibbs energy surface (see Computation Methods for details) scan of the SE2' reactions of 
allyltrimethylsilane + 1 via the top-attack (chair-like TS). Computed at PCM(CH2Cl2)-B3LYP/6-311G(d,p). 
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Figure S9. Potential Gibbs energy surface scan (see Computation Methods for details) of the SE2' reactions of 
allyltrimethylsilane + 2 (a, b), 3 (c, d) and 4 (e, f) via the top-attack (black: 1C4-like TS) (a, c and e) and the 
bottom-attack (red: 4C1-like TS) (b, d and f). Computed at PCM(CH2Cl2)-B3LYP/6-311G(d,p). 
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Figure S10. Potential Gibbs energy surface scan (see Computation Methods for details) of the SE2' reactions of 
allyltrimethylsilane + 5 via the top-attack (black: 1C4-like TS) (a, c and e) and the bottom-attack (red: 4C1-like 
TS) (b, d, f). All three rotamers were plotted: gg (a and b), gt (c and d) and tg (e and f). Computed at 
PCM(CH2Cl2)-B3LYP/6-311G(d,p). 
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Figure S11. Potential Gibbs energy surface scan (see Computation Methods for details) of the SE2' reactions of 
allyltrimethylsilane + 6 via the top-attack (black: 1C4-like TS) (a) and the bottom-attack (red: 4C1-like TS) (b). 
Computed at PCM(CH2Cl2)-B3LYP/6-311G(d,p). Table S1. PCM(CH2Cl2)-B3LYP/6-311G(d,p) Gibbs energies 
(ΔGDCM, in kcal mol−1) and in parentheses electronic energies (ΔEDCM, in kcal mol−1) in dichloromethane relative 
to reactants of the stationary points of the SE2' reaction between allyltrimethylsilane and oxocarbenium ions 
1-6. All energies (R, TS and P) are reported relative to the lowest energy conformer. 
  



|  Chapter 2 

58 

 

Figure S12. Structures82 of the critical transition state geometries with key distances (in Å). The SE2' reactions 
of allyltrimethylsilane + 1 via the top 1C4-like TS (a), 1 via the bottom 5Ss-like TS (b), 2 via the top 1C4-like TS 
(c), 2 via the bottom 4C1-like TS (d), 3 via the top 1C4-like TS (e), 3 via the bottom 4C1-like TS (f), 4 via the top 
1C4-like TS (g), 4 via the bottom 4C1-like TS (h), 5 via the top 1C4-like TS (i), 5 via the bottom 4C1-like TS (j), 6 via 
the top 1C4-like TS (k), 6 via the bottom 4C1-like TS (l). 
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Table S1. PCM(CH2Cl2)-B3LYP/6-311G(d,p) Gibbs energies (ΔGDCM, in kcal mol−1) and in parentheses electronic 
energies (ΔEDCM, in kcal mol−1) in CH2Cl2 relative to reactants of the stationary points of the SE2' reaction 
between allyltrimethylsilane and oxocarbenium ions 1-6. All energies (R, RC, TS, PC and P) are reported relative 
to the lowest energy conformer.61,99 

species 1 2  3  4  5-gg 5-gt 5-tg 6 

3H4-R 0.0 0.0 0.0 2.0 0.4 2.9 2.2 1.1 
(0.0) (0.3) (0.0) (2.3) (0.1) (2.7) (2.3) (1.0) 

4H3-R [a] 0.1 1.1 0.0 0.0 1.7 0.5 0.0 
(0.0) (1.4) (0.0) (0.0) (1.9) (0.9) (0.0) 

3H4-RC-top 9.0 9.2 8.8 11.4 9.9 11.9 12.5 12.0 
(–2.2) (–1.9) (–2.6) (–0.6) (–1.7) (–0.1) (0.8) (–0.1) 

3H4-RC-bottom 9.3 9.3 10.3 11.9 10.2 12.4 13.1 11.7 
(–1.5) (–2.0) (–1.3) (0.5) (–1.2) (1.2) (1.3) (0.2) 

4H3-RC-top [a] 9.4 10.5 9.2 9.5 11.7 11.2 10.7 
(–1.8) (–0.7) (–2.0) (–2.2) (0.5) (–0.6) (–0.9) 

4H3-RC-bottom [a] 8.2 10.7 9.4 9.6 9.9 11.1 10.2 
(–3.7) (–0.9) (–2.5) (–2.2) (–1.8) (–0.5) (–0.8) 

2,5B-TS 5.1 5.4 6.0 5.8 4.8 8.7 7.5 7.7 
(4.9) (5.6) (6.1) (5.4) (4.4) (8.4) (7.5) (6.7) 

B2,5-TS [a] 2.8 4.4 6.0 5.3 7.1 5.7 6.3 
(3.0) (4.2) (5.8) (4.7) (6.8) (5.5) (5.6) 

3H4-TS-top-C 11.9 
[b] 10.9 13.1 14.5 15.9 17.1 17.4 

(–0.7) (–1.5) (0.3) (1.3) (2.9) (4.1) (3.0) 
3H4-TS-bottom-
TB 

16.2 11.7 16.0 15.0 15.9 16.7 14.1 19.2 
(3.5) (–0.8) (3.3) (2.2) (2.8) (3.7) (1.5) (4.9) 

4H3-TS-top-TB [a] 10.9 14.5 14.2 16.3 18.4 17.2 20.1 
(–1.4) (1.9) (1.3) (2.7) (5.3) (3.9) (6.1) 

4H3-TS-bottom-C [a] 8.1 12.9 12.1 12.9 12.4 13.7 17.1 
(–3.6) (0.3) (–0.9) (0.1) (–0.4) (0.8) (2.8) 

3H4-PC-top 
4.4 –1.9 3.3 4.7 8.2 8.3 10.1 9.7 

(–
10.0) 

(–
16.3) 

(–
11.5) 

(–
10.4) (–7.2) (–6.5) (–4.9) (–7.0) 

3H4-PC-bottom 
6.7 3.6 6.6 6.0 8.5 8.1 5.8 11.5 

(–7.2) (–
10.5) (–7.9) (–8.6) (–6.2) (–6.3) (–9.1) (–4.8) 

4H3-PC-top [a] 
2.4 7.8 7.5 9.7 2.8 9.8 10.3 

(–
11.6) (–6.8) (–7.9) (–5.5) (–

12.0) (–5.4) (–6.5) 

4H3-PC-bottom [a] 
–0.4 4.7 4.6 6.9 4.7 6.0 15.2 
(–

14.8) 
(–

10.0) 
(–

10.0) (–8.3) (–
10.6) (–8.8) (–1.2) 

3H4-P-top 
–35.1 –41.4 –35.8 –36.0 –30.0 –30.3 –29.9 –30.4 

(–
48.5) 

(–
54.6) 

(–
49.4) 

(–
49.7) 

(–
43.9) 

(–
44.0) 

(–
44.0) 

(–
45.8) 

3H4-P-bottom 
–32.0 –38.7 –32.6 –11.5 –30.9 –28.2 –31.5 –28.2 

(–
45.1) 

(–
51.5) 

(–
45.8) 

(–
47.1) 

(–
44.3) 

(–
41.6) 

(–
44.8) 

(–
43.1) 

4H3-P-top [a] 
–36.1 –31.3 –33.7 –28.7 –28.2 –27.7 –26.1 

(–
48.9) 

(–
44.8) 

(–
47.4) 

(–
42.4) 

(–
41.6) 

(–
41.4) 

(–
41.1) 

4H3-P-bottom [a] 
–40.9 –36.1 –35.4 –33.8 –34.5 –33.7) –31.0 

(–
54.1) 

(–
49.5) 

(–
49.2) 

(–
47.5) 

(–
48.1) 

(–
47.4) 

(–
46.2) 

[a] For the unsubstituted oxocarbenium ion 1, the computed values are only depicted for the 3H4, since both the 
3H4 and 4H3 are chemically equivalent. [b] Nonexistent: barrierless process toward the product (see Table S3). 
R = reactant, RC = reactant complex, TS = transition state, C = chair-like, TB = twist boat-like, PC = product 
complex and P = product.  
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Table S2. SMD(CH2Cl2)-(TightPNO)DLPNO-CCSD(T)/CBS(3,4/def2)//PCM(CH2Cl2)-B3LYP/6-311G(d,p) Gibbs 
energies (ΔGDCM, in kcal mol−1) and in parentheses electronic energies (ΔEDCM, in kcal mol−1) in CH2Cl2 relative 
to reactants of the stationary points of the SE2' reaction between allyltrimethylsilane and oxocarbenium ions 
1-6. All energies (R, RC, TS, PC and P) are reported relative to the lowest energy conformer.61,99  

species 1 2  3  4  5-gg 5-gt 5-tg 6 

3H4-R 0.0 0.0 0.0 2.2 1.0 2.6 1.2 1.0 
(0.0) (0.0) (0.0) (2.4) (0.7) (2.4) (1.4) (0.9) 

4H3-R ([a] 0.9 0.6 0.0 0.0 1.6 0.0 0.0 
(0.6) (0.9) (0.0) (0.0) (1.9) (0.3 (0.0) 

3H4-RC-top 7.4 7.4 7.4 9.9 9.2 9.0 10.3 7.6 
(–3.8) (–4.0) (–4.0) (–2.0) (–2.4) (–3.0) (–1.3) (–4.6) 

3H4-RC-bottom 7.4 7.4 8.0 10.2 8.8 10.2 10.5 7.8 
(–3.4) (–4.2) (–3.6) (–1.2) (–2.6) (–1.0) (–1.4) (–3.7) 

4H3-RC-top [a] 7.7 8.3 7.6 7.2 9.5 8.2 7.0 
(–3.7) (–3.0) (–3.6) (–4.4) (–1.6) (–3.6) (–4.7) 

4H3-RC-bottom [a] 7.4 8.3 7.6 7.6 7.3 9.0 8.0 
(–4.7) (–3.3) (–4.3) (–4.2) (–4.4) (–2.6)  (–3.0) 

2,5B-TS 4.9 5.4 5.9 5.5 5.6 8.0 6.1 5.4 
(4.7) (5.3) (6.1) (5.1) (5.2) (7.8) (6.0) (4.4) 

B2,5-TS [a] 2.3 3.4 6.0 5.0 6.7 4.9 4.4 
(2.3) (3.2) (5.8) (4.4) (6.4) (4.7) (3.7) 

3H4-TS-top-C 11.3 
[b] 11.3 12.8 15.6 14.7 16.6 12.1 

(–1.3) (–1.1) (–0.1) (2.3) (1.8) (3.5) (–2.3) 
3H4-TS-bottom-
TB 

16.5 11.0 16.1 14.0 14.9 15.6 12.5 13.9 
(3.8) (–1.7) (3.4) (1.2) (1.8) (2.7) (–0.1) (–0.4) 

4H3-TS-top-TB [a] 10.6 14.5 15.7 16.6 17.8 16.2 15.1 
(–2.0) (1.9) (2.7) (3.0) (4.7) (2.9) (1.1) 

4H3-TS-bottom-C [a] 7.3 11.7 11.5 11.8 11.2 12.7 11.3 
(–4.7) (–0.9) (–1.5) (–1.0) (–1.7) (–0.2) (–3.0) 

3H4-PC-top 
–1.9 –8.5 –3.2 –2.2 3.0 1.3 2.6 –3.1 
(–

16.3) 
(–

23.1) 
(–

18.1) 
(–

17.2) 
(–

12.4) 
(–

13.5) 
(–

12.4) 
(–

19.9) 

3H4-PC-bottom 
0.3 –4.4 0.5 –0.6 1.9 0.9 –0.6 –0.3 

(–
13.7) 

(–
18.8) 

(–
14.0) 

(–
15.2) 

(–
12.8) 

(–
13.6) 

(–
15.5) 

(–
16.6) 

4H3-PC-top [a] 
–4.4 2.0 1.6 4.0 –4.4 2.5 –3.1 
(–

18.6) 
(–

12.6) 
(–

13.8) 
(–

11.1) 
(–

19.1) 
(–

12.7) 
(–

19.9) 

4H3-PC-bottom [a] 
–7.9 –3.2 –2.0 –0.3 –1.8 –1.5 3.4 
(–

22.5) 
(–

17.8) 
(–

16.6) 
(–

15.4) 
(–

17.1) 
(–

16.3) 
(–

13.0) 

3H4-P-top 
–36.2 –43.8 –37.0 –37.4 –30.4 –32.0 –31.7 –37.0 

(–
49.6) 

(–
57.3) 

(–
50.5) 

(–
51.2) 

(–
44.3) 

(–
45.7) 

(–
45.8) 

(–
52.4) 

3H4-P-bottom 
–33.6 –40.8 –34.2 –13.0 –32.8 –30.3 –33.9 –35.3 

(–
46.6) 

(–
53.9) 

(–
47.4) 

(–
48.6) 

(–
46.2) 

(–
43.7) 

(–
47.3) 

(–
50.2) 

4H3-P-top [a] 
–38.1 –32.2 –34.7 –29.5 –30.3 –29.7 –32.5 

(–
51.2) 

(–
45.8) 

(–
48.4) 

(–
43.2) 

(–
43.7) 

(–
43.5) 

(–
47.5) 

4H3-P-bottom [a] –43.4 –38.2 –36.9 –35.9 –36.5 –36.5 –38.2 
  (–

56.8) 
(–

51.6) 
(–

50.7) 
(–

49.6) 
(–

50.1) 
(–

50.2) 
(–

53.4) 

[a] For the unsubstituted oxocarbenium ion 1, the computed values are only depicted for the 3H4, since both the 
3H4 and 4H3 are chemically equivalent. [b] Nonexistent: barrierless process toward the product (see Table S4). 
R = reactant, RC = reactant complex, TS = transition state, C = chair-like, TB = twist boat-like, PC = product 
complex and P = product. 
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Table S3. PCM(CH2Cl2)-B3LYP-D3(BJ)/6-311G(d,p)//PCM(CH2Cl2)-B3LYP/6-311G(d,p) Gibbs energies 
(ΔGDCM, in kcal mol−1) and in parentheses electronic energies (ΔEDCM, in kcal mol−1) in CH2Cl2 relative to 
reactants of the stationary points of the SE2' reaction between allyltrimethylsilane and oxocarbenium ions 1-6. 
All energies (R, RC, TS, PC and P) are reported relative to the lowest energy conformer. 61,99 

species 1 2  3  4  5-gg 5-gt 5-tg 6 

3H4-R 0.0 0.0 0.0 2.4 –0.4 2.5 2.0 0.9 
(0.0) (0.5) (0.0) (2.7) (–0.8) (2.3) (2.1) (0.8) 

4H3-R ([a] –0.2 1.4 0.0 0.0 1.8 0.8 0.0 
(0.0) (1.8) (0.0) (0.0) (2.1) (1.1) (0.0) 

3H4-RC-top 4.7 3.5 3.4 6.6 4.8 6.2 7.7 7.8 
(–6.5) (–7.4) (–8.0) (–5.3) (–6.8) (–5.8) (–4.0) (–4.3) 

3H4-RC-bottom 5.3 4.4 6.2 8.1 5.5 8.1 7.6 7.8 
(–5.5) (–6.8) (–5.4) (–3.4) (–5.9) (–3.1) (–4.3) (–3.7) 

4H3-RC-top [a] 2.9 6.3 4.3 3.7 7.6 6.7 7.1 
–(8.1) (–4.9) (–6.9) (–7.9) (–3.6) (–5.1) (–4.5) 

4H3-RC-bottom [a] 2.0 5.9 4.3 4.9 4.9 6.1 7.0 
–(9.6) (–5.7) (–7.5) (–6.8) (–6.8) (–5.4) (–4.0) 

2,5B-TS 5.1 5.1 6.4 6.1 3.9 8.3 7.2 7.7 
(4.9) (5.5) (6.6) (5.7) (3.5) (8.0) (7.1) (6.6) 

B2,5-TS [a] 2.8 4.6 6.3 5.2 7.2 5.9 6.7 
(3.3) (4.4) (6.1) (4.7) (6.9) (5.7) (6.0) 

3H4-TS-top-C 4.8 
[b] 3.6 6.5 6.3 7.5 9.7 9.2 

(–7.7) (–8.8) (–6.4) (–6.9) (–5.5) (–3.3) (–5.2) 
3H4-TS-bottom-
TB 

9.6 4.4 9.5 9.1 9.2 10.1 6.7 11.6 
(–3.1) (–7.8) (–3.2) (–3.7) (–3.9) (–2.8) (–6.0) (–2.8) 

4H3-TS-top-TB [a] 3.3 7.0 6.8 7.2 11.8 9.6 13.4 
(–8.8) (–5.6) (–6.2) (–6.4) (–1.3) (–3.8) (–0.7) 

4H3-TS-bottom-C [a] 
1.3 6.1 5.1 5.7 4.8 6.5 9.9 

(–
10.2) (–6.5) (–7.9) (–7.2) (–8.0) (–6.4) (–4.4) 

3H4-PC-top 
–2.4 –9.1 –4.0 –2.2 –0.9 –0.7 2.0 1.5 
(–

16.8) 
(–

23.3) 
(–

18.9) 
(–

17.2) 
(–

16.2) 
(–

15.6) 
(–

13.0) 
(–

15.3) 

3H4-PC-bottom 
0.3 –3.9 0.2 –0.1 1.8 1.4 –2.7 4.2 

(–
13.6) 

(–
17.8) 

(–
14.2) 

(–
14.7) 

(–
12.8) 

(–
13.1) 

(–
17.6) 

(–
12.1) 

4H3-PC-top [a] 
–4.9 0.0 –0.1 0.5 –3.1 0.3 2.9 
(–

18.7) 
(–

14.5) 
(–

15.5) 
(–

14.7) 
(–

17.9) 
(–

14.9) 
(–

13.9) 

4H3-PC-bottom [a] 
–7.9 –1.9 –2.4 –0.5 –4.3 –1.2 8.4 
(–

22.0) 
(–

16.6) 
(–

17.0) 
(–

15.6) 
(–

19.6) 
(–

16.1) (–8.0) 

3H4-P-top 
–41.0 –48.2 –42.1 –41.8 –37.4 –37.2 –37.4 –37.5 

(–
54.5) 

(–
61.2) 

(–
55.7) 

(–
55.6) 

(–
51.4) 

(–
51.0) 

(–
51.5) 

(–
52.9) 

3H4-P-bottom 
–37.5 –44.7 –38.0 –16.7 –36.6 –34.7 –37.3 –34.0 

(–
50.6) 

(–
57.2) 

(–
51.2) 

(–
52.3) 

(–
50.0) 

(–
48.1) 

(–
50.6) 

(–
48.9) 

4H3-P-top [a] 
–42.4 –37.5 –39.0 –35.8 –34.7 –34.4 –32.0 

(–
55.0) 

(–
51.1) 

(–
52.7) 

(–
49.5) 

(–
48.1) 

(–
48.2) 

(–
47.0) 

4H3-P-bottom [a] 
–47.5 –41.9 –41.5 –40.0 –40.7 –40.0 –37.3 

(–
60.4) 

(–
55.4) 

(–
55.3) 

(–
53.7) 

(–
54.3) 

(–
53.6) 

(–
52.5) 

[a] For the unsubstituted oxocarbenium ion 1, the computed values are only depicted for the 3H4, since both the 
3H4 and 4H3 are chemically equivalent. [b] Nonexistent: barrierless process toward the product (see Table S3). 
R = reactant, RC = reactant complex, TS = transition state, C = chair-like, TB = twist boat-like, PC = product 
complex and P = product. 
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Table S4. PCM(CH2Cl2)-B3LYP/6-311G(d,p) Gibbs energies (ΔGDCM, in kcal mol−1) and in parentheses electronic 
energies (ΔEDCM, in kcal mol−1) in CH2Cl2 relative to reactants of the transition state stationary points and the 
estimated (based on PES scans) transition state of the SE2' reaction between allyltrimethylsilane and 
oxocarbenium ions 1-6. All energies (TS and TS Est.) are reported relative to the lowest energy conformer.61,99  

species 1 2  3  4  5-gg 5-gt 5-tg 6 

3H4-TS-top-C 11.9 [c] 10.9 13.1 14.5 15.9 17.1 17.4 
(–0.7) [c] (–1.5) (0.3) (1.3) (2.9) (4.1) (3.0) 

3H4-TS-top-C 
Est.[b] 

12.4 8.6 11.1 13.2 14.6 16.0 17.2 17.4 
(–0.2) (–3.4) (–1.6) (0.0) (1.2) (2.8) (4.0) (3.0) 

4H3-TS-bottom-C 
[a] 8.1 12.9 12.1 12.9 12.4 13.7 17.1 
[a] (–3.6) (0.3) (–0.9) (0.1) (–0.4) (0.8) (2.8) 

4H3-TS-bottom-C 
Est.[b] 

[a] 8.4 12.9 12.1 13.0 12.6 13.9 17.2 
[a] (–3.7) (0.2) (-1.0) (–0.1) (–0.5) (0.7) (2.7) 

[a] For the unsubstituted oxocarbenium ion 1, the computed values are only depicted for the 3H4, since both the 
3H4 and 4H3 are chemically equivalent. [b] Estimated energies of TSs were obtained by performing frequency 
analysis of all non-stationary points of a relaxed PES scan, starting from the PC of which the C1•••Nuc bond 
was elongated in 100 steps of 0.025Å. [c] Nonexistent: barrierless process toward the product. TS = transition 
state, C = chair-like. 
 
Table S5. SMD(CH2Cl2)-(TightPNO)DLPNO-CCSD(T)/CBS(3,4/def2)//PCM(CH2Cl2)-B3LYP/6-311G(d,p) Gibbs 
energies (ΔGDCM, in kcal mol−1) and in parentheses electronic energies (ΔEDCM, in kcal mol−1) in CH2Cl2 relative 
to reactants of the transition state stationary points and the estimated (based on PES scans) transition state of 
the SE2' reaction between allyltrimethylsilane and oxocarbenium ions 1-6. All energies (TS and TS Est.) are 
reported relative to the lowest energy conformer.61,99  

species 1 2  3  4  5-gg 5-gt 5-tg 6 

3H4-TS-top-C 11.3 [c] 11.3 12.8 15.6 14.7 16.6 12.1 
(–1.3) [c] (–1.1) (–0.1) (2.3) (1.8) (3.5) (–2.3) 

3H4-TS-top-C Est.[b] 12.3 8.3 11.5 12.9 15.6 15.0 16.7 12.0 
(–0.2) (–3.9) (–1.2) (–0.3) (2.3) (1.8) (3.4) (–2.3) 

4H3-TS-bottom-C 
[a] 7.3 11.7 11.5 11.8 11.2 12.7 11.3) 
[a] (–4.7) (–0.9) (–1.5) (–1.0) (–1.7) (–0.2) (–3.0) 

4H3-TS-bottom-C 
Est.[b] 

[a] 7.8 11.8 11.6 11.7 11.4 12.9 11.3 
[a] (–4.5) (–0.9) (–1.5) (–1.4) (–1.6) (–0.3) (–3.1) 

[a] For the unsubstituted oxocarbenium ion 1, the computed values are only depicted for the 3H4, since both the 
3H4 and 4H3 are chemically equivalent. [b] Estimated energies of TSs were obtained by performing frequency 
analysis of all non-stationary points of a relaxed PES scan, starting from the PC of which the C1•••Nuc bond 
was elongated in 100 steps of 0.025Å. [c] Nonexistent: barrierless process toward the product. TS = transition 
state, C = chair-like. 
  



Origin of Stereoselectivity in SE2' Reactions of Six-membered Ring Oxocarbenium Ions  | 

63 

Table S6. PCM(CH2Cl2)-B3LYP-D3(BJ)/6-311G(d,p)//PCM(CH2Cl2)-B3LYP/6-311G(d,p) Gibbs energies 
(ΔGDCM, in kcal mol−1) and in parentheses electronic energies (ΔEDCM, in kcal mol−1) in CH2Cl2 relative to 
reactants of the transition state stationary points and the estimated (based on PES scans) transition state of the 
SE2' reaction between allyltrimethylsilane and oxocarbenium ions 1-6. All energies (TS and TS Est.) are 
reported relative to the lowest energy conformer.61,99  

species 1 2  3  4  5-gg 5-gt 5-tg 6 

3H4-TS-top-C 4.8 [c] 3.6 6.5 6.3 7.5 9.7 9.2 
(–7.7) [c] (–8.8) (–6.4) (–6.9) (–5.5) (–3.3) (–5.2) 

3H4-TS-top-C Est.[b] 
5.9 1.2 3.7 6.4 6.4 7.6 9.9 9.2 

(–6.7) (–
10.5) (–9.0) (–6.9) (–6.9) (–5.6) (–3.4) (–5.2) 

4H3-TS-bottom-C 
[a] 1.3 6.1 5.1 5.7 4.8 6.5 9.9 
[a] (–

10.2) (–6.5) (–7.9) (–7.2) (–8.0) (–6.4) (–4.4) 

4H3-TS-bottom-C 
Est.[b] 

[a] 1.0 6.1 5.1 5.7 4.8 6.6 10.0 
[a] (–

10.8) (–6.6) (–8.0) (–7.4) (–8.2) (–6.5) (–4.5) 

 [a] For the unsubstituted oxocarbenium ion 1, the computed values are only depicted for the 3H4, since both 
the 3H4 and 4H3 are chemically equivalent. [b] Estimated energies of TSs were obtained by performing frequency 
analysis of all non-stationary points of a relaxed PES scan, starting from the PC of which the C1•••Nuc bond 
was elongated in 100 steps of 0.025Å. [c] Nonexistent: barrierless process toward the product. TS = transition 
state, C = chair-like. 
 
Table S7. Activation strain model and energy decomposition analysis (in kcal mol–1) at TS-like geometries for 
the for top- and bottom-attack of the SE2' reaction between allyltrimethylsilane and cation 1.[a] 

[a] Numerical experiment at double consistent TS-like geometries (ΔE*) obtained from the IRC at a Si•••C bond 
stretch of 0.034 Å. The Callyltrimethylsilane•••Csubstrate bond of 1 bottom-attack was set to 2.32 Å 
(Callyltrimethylsilane•••Csubstrate bond in the consistent TS-like geometry for 1 top-attack). Computed at ZORA-
B3LYP/TZ2P//PCM(CH2Cl2)-B3LYP/6-311G(d,p). 

 
  

 r C–O ∆E* ∆Estrain ∆Eint ∆Velstat ∆EPauli ∆Eoi 

top-attack 1.293 –9.7 11.0 –20.7 –26.3 44.8 –38.9 

bottom-attack 1.288 –5.6 11.0 –16.6 –24.5 44.1 –36.2 
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