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Chapter 4 | 
 
 
 

Neighboring-group Participation by C-2 Acyloxy Groups: 
Influence of the Nucleophile and Acyl Group on the 

Stereochemical Outcome of Acetal Substitution Reactions 
  

 
 
Abstract│ A single acyloxy group at C-2 can control the outcome of nucleophilic substitution 
reactions of pyran-derived acetals, but the extent of the neighboring-group participation 
depends on a number of factors. It is shown here that neighboring-group participation does not 
necessarily control the stereochemical outcome of acetal substitution reactions with weak 
nucleophiles. The 1,2-trans selectivity increased with increasing reactivity of the incoming 
nucleophile. This trend suggests the intermediacy of both cis-fused dioxolenium ions and 
oxocarbenium ions in the stereochemistry-determining step. In addition, as the electron-
donating ability of the neighboring group decreased, the preference for the 1,2-trans products 
increased. Computational studies show how the barriers for the ring-opening reaction on the 
dioxolenium ions and the transition states to provide the oxocarbenium ions change with the 
electron-donating capacity of the C-2-acyloxy group and the reactivity of the nucleophile. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Published│ Chun, Y.; Remmerswaal, W. A.; Codée, J. D. C.; Woerpel, K. A. Chem. Eur. J. 2023, 29, 
e202301894.  
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Introduction 
 
Neighboring-group participation involving acyloxy groups is an effective strategy to control 
stereoselectivity in substitution reactions of acetals and glycosylation reactions, allowing for 
the synthesis of a range of biologically relevant compounds.1–5 Upon activation of an acetal 
an oxocarbenium ion (1) is formed, then a C-2-acyloxy group can interact with the anomeric 
center to form a stabilized cis-fused dioxolenium ion resembling 2 (Scheme 1), which can be 
opened by a nucleophile to form the 1,2-trans product stereoselectively.5–12 Although 
neighboring-group participation can be a powerful means to exert stereocontrol in acetal 
substitution reactions and has become one of the cornerstones of carbohydrate chemistry, 
the presence of a neighboring acyloxy group does not assure high selectivity.1,3,5,13–15 
Understanding the factors that contribute to the success or failure of an acyloxy group to 
control stereoselectivity in glycosylation reactions can be challenging considering that other, 
more remote substituents on glycosyl donors can also exert considerable influence on the 
stereochemical outcomes of acetal substitution reactions.16–20 It is therefore difficult to 
derive general principles to guide the use of neighboring groups to control the 
stereochemical courses of nucleophilic substitution reactions of acetals. 
 

 
Scheme 1. Oxocarbenium ion 1 converts to the stabilized cis-fused dioxolenium ion 2. 
 

By examining reactions of acetals carrying a single C-2-acyloxy group, it is 
demonstrated how sensitive neighboring-group participation is to the nature of the acyloxy 
group at C-2 as well as to the reactivity of the incoming nucleophile. Substitutions of acetals 
bearing C-2 acyloxy groups with strong nucleophiles are generally highly 1,2-trans 
diastereoselective, but selectivity decreases as nucleophilicity decreases, in violation of the 
reactivity-selectivity principle.21 This trend is consistent with two reaction pathways 
involving two different reactive intermediates: the more stabilized cis dioxolenium ions can 
form the 1,2-trans products through a ring-opening substitution reaction by a strong 
nucleophile, while weak nucleophiles react with the more reactive oxocarbenium ions, 
leading to mixtures of products. The extent of stereochemical control depends on the 
electronic nature of the neighboring group. Reactions of weaker nucleophiles can be 
rendered highly 1,2-trans selective by use of a participating group that is less electron-
donating,22–25 allowing the reaction to proceed through a less stabilized, more reactive cis-
fused dioxolenium ion. 
 
  



Neighboring-group Participation by C-2 Acyloxy Groups  | 

113 

Results and Discussion 

The investigation was started by studying the substitution of acetal 3, carrying a C-2-acetoxy 
group, using allyltrimethylsilane as a small nucleophile that reacts irreversibly with 
carbocations.26–29 In this reaction, the inability of the single acetoxy group to deliver 1,2-trans 
selectivity immediately became apparent (Table 1). Instead of formation of the expected 
products, the 1,2-cis products were observed.30 Changing the nucleophilicity of the acceptor 
had a drastic effect on the extent of stereocontrol exerted by the single C-2-acyloxy group 
(Table 1). The two weakest nucleophiles, allylchlorodimethylsilane and allyltrimethylsilane, 
reacted with the same diastereoselectivity (Table 1, entry 1 and 2), which is similar to that 
for allylation of the C-2-benzyloxy-substituted acetal.16 The similar diastereoselectivities 
likely reflects the intrinsic selectivity of reactions involving an oxocarbenium ion. With 
increasing nucleophilicity, as measured by the nucleophilicity parameter N,28,31,32 the 
relative amount of the 1,2-trans product increased. The 1,2-trans product trans-7 was 
formed as a single diastereomer in the substitution with sterically hindered silyl ketene 
acetal 13 (entry 6). A dioxolane product 14 was also isolated in 15% yield (Scheme 2), 
providing evidence for the formation of the cis dioxolenium ion (i.e., 2).33 Steric interactions 
may contribute to the high diastereoselectivity in the formation of products trans-7 and 14 
considering the steric bulk of the nucleophile 13. 

Table 1. Nucleophilic substitution reactions of acetal 3 with C-nucleophiles.[a,b,c] 

 

[a] Diastereomeric ratios were determined by 13C NMR spectroscopy analysis of the 
unpurified reaction mixtures.30,34 [b] Acetal 3 was used as a mixture of diastereomers. The 
anomer ratio of the starting material should not exert influence on the diastereomeric ratios. 
[c] Attempts to use stronger silyl ketene acetal nucleophiles failed due to decomposition of 
the nucleophile under various reaction conditions. [d] Higher N numbers correlate to higher 
nucleophilicities.31,32 [e] The spectral data obtained were consistent with those of products 
from entry 1. [f] BF3•OEt2 used as the activator.15 [g] N number estimated with the 
corresponding Me3Si-protected silyl ketene acetal.31,32 

Entry Nu–[M] N Numberd Product trans:cis (yield) 

1 8 –0.6 4 23:77       ( – %)[e] 

2 9 1.7 4 23:77 (68%) 

3 10 4.4 5 48:52 (68%) 

4[f] 11 5.5 4 55:45 (31%) 

5 12 6.2 6 83:17 (74%) 

6[g] 13 9.0 7 ≥ 99:1 (56%) 
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Scheme 2. Substitutions of acetal 3 with silyl ketene acetal 13 
 

The stereoselectivity trends observed for the substitutions suggest that both cis-
fused dioxolenium ions and oxocarbenium ions can be involved in the stereochemistry-
determining step (Scheme 3). Formation of dioxolane product 14 provided evidence for the 
involvement of dioxolenium ions (i.e., 16, Scheme 3).33 Strong nucleophiles can attack these 
more stabilized and therefore less electrophilic dioxolenium ions on the face opposite to the 
acyloxy group, leading to the formation of 1,2-trans products.35 In contrast, the formation of 
the 1,2-cis products originates from attack of the oxocarbenium ions by the weaker 
nucleophiles (i.e., 15, Scheme 3).16,17,36 Reactions that provide significant quantities of both 
products could arise from a combination of these two pathways, or from reactions of the 
oxocarbenium ion 15 with a nucleophile at rates approaching the rate of diffusion, which 
would lead to both stereoisomers of product.37–39 

 

 
Scheme 3. Nucleophilic additions to oxocarbenium ion 15 and cis dioxolenium ion 16. 

 
It can be reasoned that the relative importance of the two pathways depicted in Scheme 3 
could depend upon the electron-donating ability of the neighboring group,40,41 and so the 
reactions of acetals with different C-2-benzoyloxy groups (Table 2) were investigated. The 
reactions of benzoates 18-20 with nucleophiles 9-11 followed a general trend that was 
unanticipated: the amount of 1,2-trans product increased with decreasing electron-donating 
capacity along the series p-MeO-C6H4 ≈ Ph < p-NO2-C6H4. Considering that the 1,2-cis product 
must arise from the oxocarbenium ion, the trends show that the dioxolenium ions formed 
from the weaker participating groups are more readily displaced by the nucleophiles. This 
trend suggests that the transition states for ring-opening of the dioxolenium ion involve 
considerable bond breaking (see below).5,13  
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Table 2. Substitutions of benzoates 18–20 with C-nucleophiles.[a,b]  

 

[a] Diastereomeric ratios were determined by 13C NMR spectroscopy analysis of the 
unpurified reaction mixtures. 30,34 [b] Acetals 18, 19 and 20 were used as a mixture of 
diastereomers. The anomer ratio of the starting material should not exert influence on the 
diastereomeric ratios. [c] Higher N numbers correlate to higher nucleophilicities.31,32 [d] 
BF3•OEt2 used as the activator.42,43 Reactions warmed to 25 °C for efficient activation of the 
acetal leaving group. [e] The spectral data obtained were consistent with those of products 
from entry 1. 
 

To provide insight into the general trends in diastereoselectivity as a function of 
the nature of the acyloxy group and the reactivity of the nucleophile, the substitution 
reactions were also studied computationally. All computations were performed with 
ORCA5.0344–46 at the SMD(dichloromethane)-revDSD-PBEP86-D4-
def2TZVPP//PCM(dichloromethane)-B3LYP-D3BJ-def2TZVPP47–56 level of theory, which 
should provide an accurate assessment of the energy of oxocarbenium ions.57 The first step 
involved establishing the conformational energy landscape18,58,59 of the dioxolenium (RDiox) 
and oxocarbenium ions (R3H4 and R4H3) for the four aryl-substituted pyrans 24 (2-O-acetyl), 
25 (2-O-p-methoxybenzoyl), 26 (2-O-benzoyl) and 27 (2-O-p-nitrobenzoyl) (Supporting 
Figure S1). In all cases, the dioxolenium ions, adopting a 1S3/B3,O conformation, were 
significantly favored over their oxocarbenium ion counterparts, which preferentially 
adopted a 3H4 structure.5 As the electron-donating nature of the acyloxy group decreased,22–

25 the dioxolenium ion became less favored. The O1–C1 bond length of the dioxolenium ion 
reflected the stabilization by the acyloxy group: the p-nitrobenzoyloxy group coordinated 
less tightly to the cationic anomeric center, as reflected in its shorter O1–C1 and longer O2–C1 
bonds compared to those for the other benzoyloxy groups (Table 3). 
  

Entry Nu–[M] 
N 

Number[c] 
Product 

trans:cis 

(X = OMe) 

trans:cis 

(X = H) 

trans:cis 

(X = NO2) 

1 9 1.7 21–23a 33:67 
(51%) 

34:66 
(40%) 

41:59 
(46%) 

2 10 4.4 21–23b 52:48 
(71%) 

55:45 
(43%) 

84:16 
(62%) 

3[d] 11 5.5 21–23a 54:46 
(–%)[e] 

62:38 
(–%)[e] 

68:32 
(–%)[e] 
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Table 3. Ground-state conformations of cis-fused dioxolenium ions 25–27.[a] 

 

[a] Computed at SMD(dichloromethane)-revDSD-PBEP86-D4-def2TZVPP//PCM(dichloro-
methane)-B3LYP-D3BJ-def2TZVPP and expressed as relative Gibbs free energy (T=228.15 
K) in kcal mol–1. 
 

Next, the nucleophilicity-stereoselectivity trends were explored. To get a clear 
picture how the reactivity of the allyl nucleophiles influences the diastereoselectivity of the 
reactions, calculations were performed with the carbon nucleophiles presented in Table 1 
(for computational feasibility, some groups were replaced with electronically similar but 
smaller groups). 

The computed reaction profiles for the C-2-acetoxy substrate 24 (the reaction 
profiles for cations 25-27 can be found in Supporting Figure S2-S4) show that two possible 
pathways are available for reactions with nucleophiles: direct substitution of the 
dioxolenium ions (right pathway in Figure 1a) or opening of the dioxolenium ion to give a 
mixture of oxocarbenium conformers and subsequent attack on this ion (left pathway in 
Figure 1). The highest barrier on the latter pathway is the transition state for the ring 
opening to give the oxocarbenium ion intermediates (24-R3H4 and 24-R4H3). The SE2’ 
additions to the oxocarbenium ion were determined to be barrierless for all nucleophiles 
(Supporting Figure S5-S10). This absence of a well-defined transition state structure is in 
contrast with the results of chapter 2 and 3, likely resulting from the electron-withdrawing 
acetate group activating the oxocarbenium ions. The activation energy for direct ring-
opening of the dioxolenium ion (24-RDiox) by the incoming nucleophiles decreases with 
increasing nucleophilicity (N number, Table 1) of the C-nucleophiles. For the weaker 
nucleophiles (nucleophiles 8 and 9), the reaction barrier for ring-opening of the dioxolenium 
ion (24-TSA and 24-TSB, respectively) was computed to be higher than the barrier for 
formation of the oxocarbenium ion (24-TSF), while the barriers for the opening of the 
dioxolenium ion by the stronger nucleophiles 10 and 11 (24-TSC and 24-TSD, respectively) 
were similar to the barrier for formation of the oxocarbenium ion. The computations show 
that substitution of the dioxolenium ion with nucleophile 12 (24-TSE) and 13 (Supporting 
Figure S11) were more favorable than the generation of the oxocarbenium ion. With 
increasing reactivity of the nucleophiles, the geometries of the transition states change, with 
the Nuc–C1 distance becoming longer and the O2–C1 distance shortening, suggesting that the 
transition states are becoming earlier (atom numbering is shown in Table 3). 

 Relative Energy, Bond length (Å) 

Cation R3H4 / RDiox (∆G, kcal mol–1) O1–C1 O2–C1 

25 –13.4 1.344 1.526 
26 –11.2 1.338 1.545 
27 –8.8 1.331 1.569 
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Figure 1. a) Reaction profiles of nucleophilic substitution reactions of 2-O-acetyl pyran 
cation 24 with C-nucleophiles 8 (A), 9 (B), 10 (C), 11 (D),[b] 12 (E). [b] b) Summary of critical 
substitution barrier heights compared to experimentally determined diastereomeric 
ratios.30,34 Computed at SMD(dichloromethane)-revDSD-PBEP86-D4-
def2TZVPP//PCM(dichloromethane)-B3LYP-D3BJ-def2TZVPP and expressed as relative 
Gibbs free energy (T=228.15 K) in kcal mol–1. [a] Electronically barrierless, determined by 
constrained PES analysis. [b] The t-Bu groups of nucleophiles 11, 12 were replaced with 
electronically similar but smaller methyl groups for computational feasibility.  

Entry Nu–[M] 
dr 

(trans:cis) 

24–TSA-E 

(kcal mol–1) 

Relative Activation Energy,  

24–TSA-E – 24–TSF  

(∆∆G‡, kcal mol–1) 

1 8 23:77 21.4 +4.6 
2 9 23:77 19.4 +2.6 
3 10 48:52 16.1 –0.7 
4[b] 11 56:44 17.0 –0.2 
5[b] 12 83:17 14.6 –2.2 
6[b] 13 ≥ 99:1 [a] [a] 
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Overall, the computed reaction profiles follow the observed reactivity-
stereoselectivity trends and support the presence of two intermediates leading to products 
(Figure 1b). The computational studies also explain the correlation between the electron-
donating capacity of the C-2 acyloxy group and the stereoselectivity of substitution reactions. 
The reaction profiles for the substitution of the aryl dioxolenium ions 25-27 with nucleophile 
10 are depicted in Figure 2a.  

 
 

 

Figure 2. a) Reaction profiles of nucleophilic substitution reactions of 2-O-aceloxy pyran 
cations (25, 26, and 27) with 2-methallyltrimehtylsilane (10, C). b) Summary of critical 
substitution barrier heights compared to experimentally found diastereomeric ratios.30,34 
Computed at SMD(dichloromethane)-revDSD-PBEP86-D4-
def2TZVPP//PCM(dichloromethane)-B3LYP-D3BJ-def2TZVPP and expressed as relative 
Gibbs free energy (T=228.15 K) in kcal mol–1. [a] Electronically barrierless, determined by 
constrained PES analysis.   

Entry R 
dr 

(trans:cis) 

TSF 

(kcal mol–1) 

TSC 

(kcal mol–1) 

Relative 

Activation Energy, 

TSC – TSF 

(∆∆G‡, kcal mol–1) 

1 p-OMe-C6H4 (25) 52:48 19.8 19.9 +0.1 
2 Ph (26) 55:45 16.7 16.5 –0.2 
3 p-NO2-C6H4 (27) 84:16 15.8 14.7 –1.1 
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The reaction profiles show minimal differences in barrier height between the ring-
opening of the dioxolenium ion (right pathway, 25 and 26-TSC) and formation of the 
oxocarbenium ion (left pathway, 25 and 26-TSF) for both the p-methoxybenzoyloxy and 
benzoyloxy ions. By contrast, the transition state for the substitution reaction of the p-
nitrobenzoyloxy group (27-TSC) is lower in energy than the transition state leading to the 
oxocarbenium ion (27-TSF) (Figure 2b). The net result is that the p-nitrophenyl dioxolenium 
ion 27 would form more product by the route involving the dioxolenium ion (the right 
pathway), leading to higher 1,2-trans stereoselectivity compared to the reactions of 
dioxolenium ions 25 and 26. Examination of the transition state geometries for the 
substitution reactions show that the barrier height correlates with the O2•••C1 stretch (the 
elongation of the bond in the TS) of 1.06 Å, 1.03 Å, and 0.97 Å and a Nuc-C1 distance of 2.38 
Å, 2.42 Å, and 2.47 Å for 25, 26, and 27-TSC, respectively. This trend indicates a significantly 
earlier transition state for the nucleophilic attack on the p-nitrophenyl ion 27. 

When the related profiles for the weaker nucleophile 9 were generated (Supporting 
Figure S2-S4), the computations showed the substitution of the dioxolenium ions 25-27 by 
nucleophile 9 to be significantly higher (ΔΔG‡~+2—3 kcal mol–1) than the barrier to form the 
oxocarbenium ions, explaining why changing the substituent on the benzoyl group has little 
effect on the stereoselectivity of these reactions because substitution on the dioxolenium ion 
is too unfavourable. Overall, the balance between the stabilization and reactivity of the 
dioxolenium ions and the reactivity of the incoming nucleophile determines the 
stereoselectivity of the acetal substitution reactions. 
 
Conclusions 
 
In conclusion, the ability of acyloxy groups at C-2 of an acetal to guide the stereoselectivity 
of substitution reactions at the acetal carbon follows two general trends: 1) 1,2-trans 
selectivity increases with increased reactivity of the nucleophiles; and 2) 1,2-trans selectivity 
increases with decreased electron-donating ability of participating groups. Nucleophilic 
substitutions of acetals bearing common participating groups such as an acetate or a 
benzoate can be 1,2-trans diastereoselective for highly reactive nucleophiles, whereas 
reactions with weaker nucleophiles are generally unselective. To achieve 1,2-trans 
selectivity with less reactive nucleophiles, the installation of a less electron-donating acyloxy 
group, a group that might be regarded as a less powerful participating group, can lead to 
higher stereoselectivity because the resulting dioxolenium ion intermediate is less stabilized 
and therefore reacts more readily with weaker nucleophiles. 
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Supporting information 
 
General computational methods: All computations were performed with ORCA5.0344–46 at 
SMD(dichloromethane)-revDSD-PBEP86-D4-def2TZVPP//PCM(dichloromethane)-B3LYP-D3BJ-def2TZVPP47–

56 level of theory. 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 with an intrinsic reaction coordinate (IRC) 
calculation to ensure that it is associated with the reaction of interest. When no clear transition state was found, 
constrained potential energy surface (PES) analysis was employed to verify the absence of a clear transition 
state. 
 
Constrained potential energy surface analysis 
To find transition states, the potential energy surface (PES) is scanned for a saddle point. 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. To confirm this scenario for the SE2' reactions studied here, the 
elongation of the C-1•••Nucleophile bond (starting from the product complex) was examined. To this end the 
electronic relaxed potential energy surface was constructed. The starting point of each scan was the product 
complex. From here the C-1•••Nucleophile bond was elongated in 60 steps with a fine step size of 0.025Å, while 
allowing the rest of the geometry to optimize. A barrierless reaction was defined as the absence of a local 
maximum on this potential energy surface. 
 
Generation of the computational energy landscapes 
The workflow for the generation of computational energy landscapes (CEL) of pyranosyl58 cations with 
ORCA5.0344–46 was done similar to previous work.27 Initial geometries were constructed by a highly 
constrained relaxed potential energy surface scan using the semi-empirical AM1 functional and the 
VerySlowConv keyword. All bond distances of directly connected atoms (i.e., C1-H1 O5-C1, C2-O2, etc.) were 
constrained, as well as the H2-C2-O2-Oacyloxy dihedral angle. The subsequent output geometries were then used 
as starting geometries for the CEL computations with constrains only on the C1-C2-C3-C4 and the C5-O5-C1-
C2 dihedral angles. The C1-C2-C3-C4, C3-C4-C5-O5 and the C5-O5-C1-C2 dihedral angles were scanned from -
60 to 60 degrees with 15 degree steps, generating 729 unique structures. The subsequent output geometries 
were then used as starting geometries for the CEL computations with constrains only on the C1-C2-C3-C4, C3-
C4-C5-O5 and the C5-O5-C1-C2 dihedral angles. The CEL computations were then performed by optimization 
of the generated geometries, with constrains on the mentioned dihedral angles, with DFT using the keywords 
TightSCF, DEFGRID2 (optimization step), DEFGRID3 (single point step) and SlowConv at 
SMD(dichloromethane)-revDSD-PBEP86-D4-def2TZVPP//PCM(dichloromethane)-B3LYP-D3BJ-
def2TZVPP.47–56 The CEL maps were visualized using Origin 9.0.010 identical to Hansen et al.58 

 

Experimental methods 
Experimental results were generated by Yuge Chun. Synthetic procedures and details of stereochemical 
proofs can be found in the online supporting information of: Chun, Y.; Remmerswaal, W. A.; Codée, J. D. C.; 
Woerpel, K. A. Neighboring-Group Participation by C-2 Acyloxy Groups: Influence of the Nucleophile and Acyl 
Group on the Stereochemical Outcome of Acetal Substitution Reactions. Chem. Eur. J. 2023, 29, 
e202301894.30,39  
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Supporting computational figures 
 

 

Figure S1. Conformational energy landscape (CEL) maps of 2-O-acetyl (Ac, 24, a-b), 2-O-p-methoxybenzoyl 
(PMBz, 25, c-d), 2-O-benzoyl (Bz, 26, e-f) and 2-O-p-nitrobenzoyl (PNBz, 27, g-h) pyran oxocarbenium and 
dioxolenium pyranosyl cations, in which the local minima identified are shown with their respective energy. 
Energies of all conformations in the CEL are computed at SMD(dichloromethane)-revDSD-PBEP86-D4-
def2TZVPP//PCM(dichloromethane)-B3LYP-D3BJ-def2TZVPP and expressed as relative Gibbs free energy 
(T=228.15K) in kcal mol–1. Energies given are relative to the dioxolenium ion. Between brackets, the energy 
relative between one CEL map is given. 

 
Figure S2. Reaction profiles of nucleophilic substitution reactions of 2-O-p-methoxybenzoyl pyran cations (25) 
with C-nucleophiles 8 (A), 9 (B), 10 (C), 11 (D),[b] 12 (E).[b] Computed at SMD(dichloromethane)-revDSD-
PBEP86-D4-def2TZVPP//PCM(dichloromethane)-B3LYP-D3BJ-def2TZVPP and expressed as relative Gibbs 
free energy (T=228.15K) in kcal mol–1. [a] Electronically barrierless, determined by constrained PES analysis. [b] 
The t-Bu groups of nucleophiles 11, 12 were replaced with electronically similar but smaller methyl groups for 
computational feasibility. 
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Figure S3. Reaction profiles of nucleophilic substitution reactions of 2-O-benzoyl pyran cations (26) with C-
nucleophiles 8 (A), 9 (B), 10 (C), 11 (D),[b] 12 (E).[b] Computed at SMD(dichloromethane)-revDSD-PBEP86-D4-
def2TZVPP//PCM(dichloromethane)-B3LYP-D3BJ-def2TZVPP and expressed as relative Gibbs free energy 
(T=228.15K) in kcal mol–1. [a] Electronically barrierless, determined by constrained PES analysis. [b] The t-Bu 
groups of nucleophiles 11, 12 were replaced with electronically similar but smaller methyl groups for 
computational feasibility. 
 

 

Figure S4. Reaction profiles of nucleophilic substitution reactions of 2-O-p-nitrobenzoyl pyran cations (27) 
with C-nucleophiles 8 (A), 9 (B), 10 (C), 11 (D),[b] 12 (E). [b] Computed at SMD(dichloromethane)-revDSD-
PBEP86-D4-def2TZVPP//PCM(dichloromethane)-B3LYP-D3BJ-def2TZVPP and expressed as relative Gibbs 
free energy (T=228.15K) in kcal mol–1. [a] Electronically barrierless, determined by constrained PES analysis. [b] 
The t-Bu groups of nucleophiles 11, 12 were replaced with electronically similar but smaller methyl groups for 
computational feasibility. 
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Figure S5. Constrained potential energy surface (PES) analysis of nucleophilic substitution reactions of 2-O-
acetyl (Ac, 24, a-b), 2-O-p-methoxybenzoyl (PMBz, 25, c-d), 2-O-benzoyl (Bz, 26, e-f) and 2-O-p-nitrobenzoyl 
(PNBz, 27, g-h) pyran oxocarbenium cations (R3H4 and R4H3) with allyldimethylchlorosilane (step size = 
0.025Å). Computed at PCM(dichloromethane)-B3LYP-D3BJ-def2TZVPP and expressed as electronic energy in 
kcal mol–1. 
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Figure S6. Constrained potential energy surface (PES) analysis of nucleophilic substitution reactions of 2-O-
acetyl (Ac, 24, a-b), 2-O-p-methoxybenzoyl (PMBz, 25, c-d), 2-O-benzoyl (Bz, 26, e-f) and 2-O-p-nitrobenzoyl 
(PNBz, 27, g-h) pyran oxocarbenium cations (R3H4 and R4H3) with allyltrimethylsilane (step size = 0.025Å). 
Computed at PCM(dichloromethane)-B3LYP-D3BJ-def2TZVPP and expressed as electronic energy in kcal mol–

1. 
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Figure S7. Constrained potential energy surface (PES) analysis of nucleophilic substitution reactions of 2-O-
acetyl (Ac, 24, a-b), 2-O-p-methoxybenzoyl (PMBz, 25, c-d), 2-O-benzoyl (Bz, 26, e-f) and 2-O-p-nitrobenzoyl 
(PNBz, 27, g-h) pyran oxocarbenium cations (R3H4 and R4H3) with methallyltrimethylsilane (step size = 0.025Å). 
Computed at PCM(dichloromethane)-B3LYP-D3BJ-def2TZVPP and expressed as electronic energy in kcal mol–

1. 
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Figure S8. Constrained potential energy surface (PES) analysis of nucleophilic substitution reactions of 2-O-
acetyl (Ac, 24, a-b), 2-O-p-methoxybenzoyl (PMBz, 25, c-d), 2-O-benzoyl (Bz, 26, e-f) and 2-O-p-nitrobenzoyl 
(PNBz, 27, g-h) oxocarbenium cations (R3H4 and R4H3) with allyltrimethylstannane (step size = 0.025Å). 
Computed at PCM(dichloromethane)-B3LYP-D3BJ-def2TZVPP and expressed as electronic energy in kcal mol–

1. 
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Figure S9. Constrained potential energy surface (PES) analysis of nucleophilic substitution reactions of 2-O-
acetyl (Ac, 24, a-b), 2-O-p-methoxybenzoyl (PMBz, 25, c-d), 2-O-benzoyl (Bz, 26, e-f) and 2-O-p-nitrobenzoyl 
(PNBz, 27, g-h) pyran oxocarbenium cations (R3H4 and R4H3) with isopropenyloxytrimethylsilane (step size = 
0.025Å). Computed at PCM(dichloromethane)-B3LYP-D3BJ-def2TZVPP and expressed as electronic energy in 
kcal mol–1. 
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Figure S10. a) Constrained potential energy surface (PES) analysis of nucleophilic substitution reactions of 2-
O-acetyl (Ac, 24, a-b), 2-O-p-methoxybenzoyl (PMBz, 25, c-d), 2-O-benzoyl (Bz, 26, e-f) and 2-O-p-nitrobenzoyl 
(PNBz, 27, g-h) pyran oxocarbenium cations (R3H4 and R4H3) with methyl trimethylsilyl dimethylketene acetal 
(step size = 0.025Å). Computed at PCM(dichloromethane)-B3LYP-D3BJ-def2TZVPP and expressed as electronic 
energy in kcal mol–1. 
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Figure S11. Constrained potential energy surface (PES) analysis of nucleophilic substitution reactions of 2-O-
acetyl (Ac, 24, a), 2-O-p-methoxybenzoyl (PMBz, 25, b), 2-O-benzoyl (Bz, 26, c) and 2-O-p-nitrobenzoyl (PNBz, 
27, d) pyran dioxolenium cations (RDiox) with methyl trimethylsilyl dimethylketene acetal (step size = 0.025Å). 
Computed at PCM(dichloromethane)-B3LYP-D3BJ-def2TZVPP and expressed as electronic energy in kcal mol–

1. 
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