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In this Chapter, molecular dynamics (MD) simulations were performed to study the 
regioselectivity of the fucosylation of β-cyclodextrin (CD). The regioselectivity of 
glycosylation is reasoned to arise from the interaction of benzyl groups on the fucoside 
oxacarbenium ion with the acceptor molecule. In the reactive pose, the benzyl at the O-
2 position is parallel to the β-CD barrel, while the benzyl at the O-3 position is also 
parallel to the β-CD barrel, and is wedged between several benzyl groups of the 
acceptor. Those interactions may be indicative of the presence of a cavity in the semi-
protected β-CD and are important for the observed regioselectivity. Additionally, an 
intriguing SNi-like mechanism in the nucleophilic attack on the fucoside reactive species 
was revealed. It was demonstrated that the reactive species is an α-contact ion pair, 
where the triflate anion is in close proximity to the oxacarbenium ion. The nucleophile 
approaches from the same side where the leaving group departs, whilst the leaving 
group assists in the proton abstraction of the nucleophile.  

  

Chapter 4 
On the Mechanism of the Regio- and Stereoselective 

Fucosylation of β-Cyclodextrin 
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Chapter 4 

4.1 Introduction 

The construction of glycosidic linkages is a fundamental reaction in glycochemistry. 
Natural glycosidic bonds are generally established by the action of glycosyltransferases 
(GTs),1,2 which catalyze a transfer of a carbohydrate moiety from an activated sugar 
nucleotide (glycosyl donor) to an acceptor molecule. Impressively, even though 
enzymatic glycosylation occurs on fully unprotected carbohydrates, it proceeds with 
high stereo- and regioselectivity. The glycosyltransferase can either invert the 
stereocenter at the anomeric position or proceed with retention of stereochemistry, i.e. 
the configuration of the stereocenter did not change between the sugar nucleotide and 
product.  

Inverting GTs act via a direct displacement SN2-like mechanism, where the acceptor 
molecule attacks the anomeric position from the opposite side of the leaving group 
(Scheme 1A).3-7 Additionally, the activated base from GTs helps to abstract the proton 
from the nucleophile molecule facilitating the nucleophilic attack. A cationic mechanism 
was suggested for inverting GTs where first the cleavage of the leaving group occurs, 
followed by the formation of a contact ion pair, which is then substituted by a 
nucleophile (Scheme 1B).8,9 On the other hand, several mechanisms were suggested for 
retaining GTs. Originally, double displacement was considered, similar to the 
mechanism of retaining glycosyl hydrolases,10 where first a covalent intermediate is 
formed between the donor and a carboxylic group of an enzyme, which is then 
substituted by a nucleophile (Scheme 1C).11-13 However, rarely a carboxylic group was 
found in the active site of an enzyme,2 which led to unraveling another GT mechanism, 
called the SNi (substitution nucleophilic intramolecular) mechanism. In this case, an 
acceptor nucleophile attacks from the same side where the leaving group departure 
occurs either simultaneously (Scheme 1D)14 or in two steps (Scheme 1E),15-18 however 
it is not always possible to distinguish between the two mechanisms.19-21 Moreover, the 
leaving group acts as a catalytic base in the case of the SNi  mechanism and deprotonates 
the acceptor OH-group.  
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Scheme 1. Mechanisms of glycosyltransferases: A and B – inverting; C, D, and E – 
retaining. (NDP = nucleotide diphosphate) 

In the case of the chemical installation of glycosidic bonds, a protected donor is 
used for the glycosylation reaction with an acceptor. It is generally accepted that donor 
activation leads to a continuum of reactive species giving an SN1- or SN2-type reaction 
pathway (Scheme 2). Whether the reaction occurs through an SN1- or SN2-type 
mechanism is an on-going topic of discussion since the exact character of the reactive 
intermediate may depend on several factors, like protecting groups, temperature, the 
stability of a reactive species, a solvent, and reactivity of an acceptor.22 Mostly, a solvent 
separated ion pair (SSIP) is considered to act as a free oxacarbenium ion, while a 
contact ion pair (CIP) is rarely considered as a reactive species.23,24 Interestingly, when 
a 4,6-O-benzylidene protected glucosyl donor was used in a glycosylation reaction, the 
α-product was reasoned to arise from a β-CIP because a lower value for a 13C kinetic 
isotope effect was measured than the value that was computed for a pure SN2-like 
mechanism, indicative of the high dissociative character of the mechanism. 25 
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Chapter 4 

Generally, chemical glycosylation proceeds in two different fashions where the 
reactive species is either covalent or cationic. It is expected that most chemical 
glycosylations occur via an SN1 or SN2-like mechanism, with the exception of solvolysis 
of glucosyl-fluorides26,27 and cis-glycosylation catalyzed by borinic acid,28 which occur 
through an SNi-type mechanism.  

 

Scheme 2. Reactive species involved in the glycosylation reaction; SSIP reactive species 
occupy the SN1-like side of the continuum, covalent species are on SN2 side, CIP is in-
between and may occur through both types of mechanisms.  

To introduce α-fucosidic linkages, either a donor protected with two acyl groups at 
C-3 and C-4 can be used to ensure remote participation,29-31 or a perbenzylated fucosyl 
donor can be used.32-34 Because the latter is substituted with benzyl ether groups, a 
relatively stabilized cation intermediate can be expected. From DFT computation it was 
demonstrated that for permethylated L-fucose the 3H4 half chair is significantly more 
stable,35 therefore if the reaction proceeds with more SN1-character (dissociative), a 
high α-stereoselectivity can be expected. However, it is not always possible to predict 
which donor will provide a better stereochemical outcome.32 In the case of the 
enzymatic construction of α-fucosidic linkages it was demonstrated experimentally8 
and from DFT computations9 that departure of the leaving group occurs before the 
nucleophilic attack. Moreover, the DFT computed mechanism of protein O-fucosylation 
showed an SN1-like transition state mechanism.9  

In Chapter 3 we described a method to synthesize di-α-fucosylated cyclodextrin 7 
using perbenzylated donor 1 using the Ph2SO/Tf2O pre-activation procedure (Scheme 
3A), which intriguingly gave the 3A,3D product in a highly regioselective manner.36 If 
the origin of the regioselectivity is based on the steric repulsion by the fucose that is 
first introduced, it may be expected that other cyclodextrins display similar reaction 
outcomes, however, this regioselectivity was not observed for an α-CD acceptor 
(Chapter 3).  
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Scheme 3. Fucosylations studied in this Chapter A) of cyclodextrin acceptor 4 using 
perbenzylated donor 1 or permethylated donor 2; B) between α-CD acceptor 9 and 
perbenzylated donor 1 

In this Chapter molecular dynamics (MD) simulations were performed to 
investigate the origin of the regioselectivity obtained upon fucosylation of β-
cyclodextrin acceptor 4 (Scheme 3). To investigate the mechanism, the glycosylation 
was split into 2 events: the first fucosylation provided acceptor 5, followed by the 
second glycosylation to yield product 7, and this second glycosylation step was 
investigated in detail. The regioselectivity was sampled using the Near Attack 
Conformations (NACs) approach by checking the lifetime of the binding between each 
potential nucleophilic hydroxyl group and a reactive species. It was observed that the 
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Chapter 4 

benzyl groups of the reactive species and the benzyl group of acceptor 5 and the β-CD 
barrel are interacting with each other, thus supposedly stabilizing the intermediate. 
Surprisingly, an SNi-type mechanism was revealed, where a triflate anion, present on 
the same side as the nucleophile, assists in the proton abstraction from the acceptor 
molecule. To experimentally confirm the simulation results, the glycosylation reactions 
of β-CD acceptor 4 and permethylated donor 2 (Scheme 3A), and α-CD acceptor 9 
(Scheme 3B) with perbenzylated donor 1 were performed, and revealed the absence of 
regioselectivity.  

4.2 Results and Discussion 

4.2.1 Unbiased simulations of fucosyl reactive species (covalent or 
oxacarbenium with triflate anion) and mono-fucosylated CD 
acceptor  

To understand the origin of the regioselectivity obtained using acceptor 4, free 
(unbiased) molecular dynamics (MD) simulations were carried out to get an idea of the 
reactive species formed from donor 1, and whether it will approach the hydroxyls of 
the mono-fucosylated acceptor 5. In such free simulations, the reactant species are 
initially placed randomly in a simulation box, a solvent is added, and they are followed 
over time as they move through space without restrictions. Because the donor is fully 
benzylated, the oxacarbenium ion would be stabilized by electron-donation from the 
oxygen atoms in the benzyl ethers,37 thus it can be expected that the reactive species 
would have a significant cationic character. In the MD technique used here, chemical 
reactions as such cannot take place and the reactive species must be described in a 
given molecular state. To test the most likely molecular state of the reactive species, 
simulations were performed both with the donor triflate covalently bound as the α- or 
β-anomer, and with the donor as a pair of ions (i.e., separate oxacarbenium cation and 
triflate anion). In free simulations of the mono-fucosylated acceptor 5, both the α- and 
β-anomer of the donor triflate (11-α and 11-β, Scheme 4) never approached any of the 
C-3 hydroxyls within a reasonable distance for reaction (data not shown). In contrast, 
with the donor oxacarbenium-triflate ion pair (12 and 13), rare close approaches 
(C1Fuc-O3Glc distance below 3.5 Å) are observed. It should be noted that in free 
simulations the oxacarbenium ion and triflate anion were modeled separately and 
remain a dynamic system. In the longest (10 μs) simulations, 20-30 binding events (C1-
O3 distance below 4.5 Å) are observed at 253 K. Most of these binding events are short 
(<10 ns). Some binding events last for tens of nanoseconds, and within such an event, 
multiple O3 positions on different Glc residues are 'visited'. The simulations suggest 
that there is one long-lived binding site with the fucosyl reactive species at the O3E 
position of acceptor 5 (where E denotes the position relative to the fucosylated residue 
A). In two independent simulations (using two different schemes to treat long-range 
electrostatics: RF, and PME, see Methods), unbinding from this position has not been 
observed (lasting 0.7 and 2.2 μs, respectively). The C1-O3 distances as a function of time 
for the 10 μs simulation of contact ion-pairs (12-α or 13-α) with acceptor 5 are shown 
in Figure 1.  
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Scheme 4. Reactive species derived from donor 1: covalent triflates 11-α and 11-β, 
contact ion pairs 12-α and 12-β, and solvent-separated ion pairs 13-α and 13-β 

For a reaction to occur, a close approach of the nucleophile to the oxacarbenium 
has to happen. In Figure 1 the distance between available hydroxyls of acceptor 5 to C1 
of an oxacarbenium is followed over a simulation time of 10 microseconds (10 µs). It 
can be seen that there are some relatively short encounters throughout the first 7 µs for 
all of the possible coupling positions. During these encounters, the distance of the O-3 
oxygen to the C1 atom may get close to 0.3 nm (3 Å), which is deemed to be promising 
for an actual coupling reaction. The longer this close contact, the more likely it is that 
the reaction takes place - this is governed by the activation barrier (see kinetic scheme, 
section 4.2.3). Then, after 7 µs there is another binding event to a position of the C1 
close to the O3 positions of residues E and D; the C1-O3E distance does go up briefly to 
around 0.7 nm but then settles for the remainder of the simulation to the region of 0.3-
0.5 nm. This stable binding is analyzed in more detail in section 4.2.2. In principle, the 
kon and koff can be roughly determined from this type of simulations by counting how 
many encounters there are and how long they last. However, the statistics in this 
experiment were not accurate enough to give reliable kinetic constants. Per position on 
the β-CD, there are only a few binding-unbinding events observed, and the final binding 
event has no end. 
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Figure 1. O3-C1 distances for all possible nucleophilic positions as a function of time 
in free simulation at 253 K of the β-CD acceptor (5), OBn-protected fucose 
oxacarbenium ion (3H4 conformation) (2) and the OTf anion in DCM at 253 K (long-
range electrostatics treated by PME). For structures and the color scheme, see the 
legend, and Scheme 3.  

Two additional control reactions were simulated as well. To demonstrate the 
importance of the protecting group pattern on the regioselectivity, permethylated 
donor 2, which has similar electronic properties to perbenzylated donor 1 however less 
sterically demanding, was coupled to acceptor 4. In addition, perbenzylated donor 1 
was coupled with α-CD acceptor 9 (Scheme 3). Since the α-CD in Chapter 3 showed no 
regioselectivity this reaction was taken as a control to understand the impact of the size 
of the cyclodextrin ring. In these two systems, no long-lived binding poses were 
observed. The free simulation of β-CD with the ion pair of permethylated donor 2 does 
show more frequent binding and unbinding (Figure S1A), and two long-lived 
association events; in an 8 μs simulation, there are essentially two events in which the 
association is close during 1 μs, but the donor visits multiple acceptor positions during 
these events in contrast to the simulation of the ion pair 12 and 13 with mono-
fucosylated β-CD acceptor 5. 

In summary, free simulations show that a fucoside oxacarbenium ion can associate 
with a cyclodextrin acceptor in a reactive pose, but the simulations give poor statistics 
because the number of association events to each possible O3 of the acceptor is small 
(kon cannot be determined with any confidence). In the case of the β-CD 5 with 
benzylated donor 1 there is preferred binding site on the O3E position with an apparent 
deep minimum because once bound there it does not leave (koff cannot be determined 
with any confidence). This long-lived binding site on O3E is analyzed in detail in the 
next section. 
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4.2.2 Analysis of the final 2 μs of the free simulation 

Because the final 2 µs shows persistent close contact of the oxacarbenium ion to 
the nucleophilic position of the Glc-E residue that can lead to a coupling reaction (Figure 
1, 8-10 µs), the conformations visited during these final 2 µs were further analyzed in 
detail. The free simulation shows that the extraordinarily long-lived association 
complex of both sets of oxacarbenium ion pairs 12 and 13 with the O3E of acceptor 5 
has the characteristic that the α-face of the oxacarbenium ion is predominantly 
positioned correctly for O3 attack. This was quantified by using the GROMOS cluster 
algorithm to group similar conformations together and obtain representative 
snapshots of the types of conformations visited. Using the root mean squared deviation 
(RMSD) of all atoms of the reacting species (i.e. the entire system excluding solvent), 
20,000 structures were taken from the final 2 µs of the free simulation, yielding 15 
clusters with a cut-off criterion of 0.25 nm (2.5 Å). This criterion was chosen as a good 
balance between obtaining enough variation in the clusters and limiting the number of 
clusters to a manageable size. The most favorable pose for the coupling reaction is from 
the second most populated cluster and is shown in more detail in Figure 2, where a 
representative snapshot is depicted from different angles, and the solvent is not shown. 
Figure 2A demonstrates the key reaction coordinate, i.e. the distance between the 
atoms that form the new glycosidic bond (C1 and O3). Other distances that constitute 
informative potential reaction coordinates are the distances of both O3 (and its 
hydrogen atom) and C1 to the triflate anion, and these are also shown in Figure 2A. A 
further metric is the dihedral angle C1-C5-C2-O3 (θOR) that indicates the orientation 
relative to the oxacarbenium ion plane and predicts the anomer state of the product: 
θOR>0 leads to the α-anomer, and θOR<0 leads to the β-anomer. The association 
complex is further characterized by the arrangement of the benzyl protecting groups of 
the oxacarbenium ion with respect to the acceptor 5. Interestingly, it was observed that 
the benzyl at the O-2 position of the fucoside oxacarbenium ion (orange benzyl, Figure 
2B) is almost exclusively oriented parallel to the β-CD barrel and occupies the region 
corralled by the β-CD ring residues B-C-D. In contrast, the benzyl at the O-3 position 
(violet benzyl, Figure 2C) is mostly oriented parallel to the β-CD barrel wall and wedged 
in by the benzyl protecting groups on the O2 positions of β-CD ring residues E and F, 
and the benzyl protecting group on O4 position of the already bound fucose. Finally, the 
benzyl group at the C-4 (purple benzyl, Figure 2B) is also parallel to the β-CD barrel 
wall and pointing away from it, thereby making no significant interactions. In Figure 2D 
the positions of the donor C1 and triflate S atoms are shown as point clouds on a central 
structure. From these point clouds, it can be seen that during most of the 2 µs, the O3E 
of the acceptor (cyan) is in a favorable position to attack the C1 of the donor, and in 
close contact with the triflate anion. The narrow shape distribution suggests that this 
constellation is kept during most of the simulation time under investigation. Thus, the 
structure is not only long-lived, but it is generally favorable for the coupling reaction 
during all the 2 μs analyzed here. Interestingly, this long-lived pose is not observed for 
α-CD acceptor 9 (data not shown).  
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Figure 2. Reactive pose for the reaction found in the long-lived complex found during 
the final 2 μs (of 10 μs, Figure 1) of free simulation in DCM at 253 K under PME 
electrostatics. (A) Zoom-in of the reactive pose, indicating key reaction coordinates: 
the distance between the atoms that form the new glycosidic bond (C1-O3); distance 
between the fucoside and triflate (C1 to oxygen, C1-OTf) and a simpler proxy for this 
metric (C1 to sulfur, C1-S(Tf)); distance between the acceptor hydroxyl H-atom and 
nearest triflate oxygen (HO3-OTf). Only the donor fucose ring, acceptor hydroxyl 
group, and triflate anion are shown in CPK representation; the other atoms are 
shown as bonds and made transparent. (B) View from the bottom of the β-CD barrel 
along the new C1-O3 bond on position E in the ring (black and cyan balls are the 
donor C1 and acceptor O3 atom, respectively). In this view, the possible acceptor O3-
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atoms are shown as balls with colors indicating the position in the ring relative to the 
covalently bound fucose in position A and colored light green and with thicker bonds. 
The three benzyl rings on the donor have different colors (2-OBn orange, 3-OBn 
violet, 4-OBn purple) to emphasize their arrangement in space, which tentatively 
involve aromatic stacking interactions with nearby protective groups, indicated by 
blue strokes. (C) View from the side of the β-CD barrel indicating the tentative 
aromatic stacking interactions and C1-O3 bond to be formed in the same color 
scheme as (B). (D) Point-cloud distributions of donor C1 (black) and triflate S (grey) 
positions.  

Intriguing is the proximity of the triflate anion to the oxacarbenium ion (especially 
visible in Figure 2A and 2D). Simulations of the oxacarbenium and triflate ion pair alone 
in DCM show that the two ions prefer to be tightly bound and that the triflate is 
preferentially bound to the α-face of the oxacarbenium ion (data not shown). At 253 K, 
the standard free energy of association (∆𝐺𝑎𝑠𝑠

0 ) between the ions is estimated to be -26 
to -28 kJ/mol and the percentage of triflate associated with the α-face is around 95%. 
The former was determined by computing a free energy profile (or Potential of Mean 
Force, (PMF)) using the C1-SO3CF3 distance as the reaction coordinate.38 This PMF 
(Figure 3) shows only one minimum at a distance of around 4 Å to sulfur (Tf), whilst at 
this minimum the distance of C1 to the nearest oxygen of the triflate is 2.6 Å, classifying 
this as a contact ion pair 12-α. If there would be an interaction with solvent molecules, 
resulting in a solvent-separated ion pair, a second minimum at a larger distance 
corresponding to the size of the solvent would appear as observed for small ions in 
water;39 however, a very weak second minimum at around 8 Å indicates that there is 
no strong solvent structuring around the ions, supporting contact ion-pair 12-α as the 
predominant species. The preference of the triflate to bind to the α-face over the β-face 
was established by measuring the distribution of the dihedral angle between the 
oxacarbenium ion plane (C1, C2, and C5 atoms) and the plane of the C2, C1, and S-atoms 
(Figure S2) and only positive angles are observed, indicative of an α-face orientation.  
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Figure 3. Potential of Mean Force (PMF) for the association of the perbenzylated 
oxocarbenium ion and triflate ion using the C1-S(Tf) distance as the reaction 
coordinate. The PMF was measured in DCM using reaction field (RF) and Particle 
Mesh Ewald (PME) electrostatics 

Having described the most favorable conformation for the coupling reaction, the 
cluster analysis further provided an idea of the structural variation in the association 
complex on O3E. The variations among the most populated clusters were observed in 
the positions of the OBn groups of the β-CD and with the already covalently bound 
fucose on residue A (Figure 4). In all of these variations, the orientation for the attack 
of O3E on C1 is favorable. Some clusters reflect changes in the positioning of the 
fucoside OBn groups; in the most common structural variant (cluster A, B, Figure 4), the 
orientations of the fucoside benzyls at C-3 and C-4 take on a seemingly different tilt, 
which is caused by changes in the dihedral angles between the benzyls and the fucose 
core. In most cases, these variations do not affect the orientation of the oxacarbenium 
ion plane relative to the nucleophile, i.e. if the reaction would take place from these, 
they would lead to the α-anomer. Finally, in only a few clusters (comprising less than 
0.5% of the observed structures), the plane of the oxacarbenium ion is tilted to an 
unfavorable attack angle (cluster E, F, Figure 4, θOR=34 degrees), where the attack 
would be blocked by the C1-H.  



   

 

 

Figure 4. 
Bottom (A, C, 
E) and side (B, 
D, F) views of 
favorable 
clusters (A, B 
representing 
93% of the 
structures, C, D 
(0.7%)), and 
the most 
common 
cluster with 
unfavorable 
orientation (E, 
F (0.1%)) in 
the long-lived 
O3E 
association 
complex found 
during the 
final 2 μs (of 
10 μs) of the 
free 
simulation of 
acceptor 5 in 
DCM at 253 K 
under PME 
electrostatics. 

 



   

 

To investigate whether other binding poses than the ones currently observed are 
possible, a biased or restrained simulation was performed in which the C1-O3 distance 
was restricted within a favorable range of up to around 4.5 Å to force nucleophilic 
attack. To accomplish this, an extra potential was added that penalizes conformations 
when the distance becomes larger than the predetermined threshold (flat-bottom 
potential, in this case with a threshold of 3.5 Å, and constant force when the distance is 
4.2 Å or higher). Thus, there is some freedom for the exploration of the orientation of 
the oxacarbenium ion and position of the OTf anion, as well as conformations of the 
acceptor molecule, without allowing dissociation of the reactive complex. The 
simulations were run for 200 ns. It may be argued that the simulation is too short given 
the long time of O3E binding in the two free simulations (Figure 1). However, the 
simulation was started from an unfavorable structure, and the very long-lived binding 
pose discussed above is not visited during this simulation, allowing alternative binding 
poses to emerge. Indeed, the simulation shows other conformations in which O3E is 
close to C1 (Figure 5). There are a few conformations poised favorably for nucleophilic 
attack (Figure 5A, B), but in the majority of the conformations, the orientation is not 
favorable. In these conformations (Figure 5C, D) the nucleophile is approaching the 
oxacarbenium ion from the β-face and the triflate is in on the opposite side. In another 
type of unfavorable cluster the O3E is in the plane with the oxacarbenium ion, which 
leads to an unfavorable angle of attack, while the triflate is in proximity to the acceptor 
O3E. Also, the conformations that are favorable for the attack are not stable; the system 
does not stay long in the same region of conformations (data not shown). Execution of 
the same protocol on other acceptor residues shows that similar conformations are 
explored on residues B, C, D, and F, while for G complexes with favorable orientation 
are difficult to achieve (data not shown). Therefore, it is unlikely that other binding 
poses have been missed.  

In conclusion of this section, the association complex that stands out in terms of 
stability is characterized by the O3 attacking the α-face of the donor, and the OTf 
engaging in H-bonding to the O3-H in a same-side constellation with the C1 of the donor 
(SNi-like pose). Similar poses are also found at other glucoside residues when 
restricting the C1-O3X (X any position from B to G) distance within approximately 4 Å 
(and sometimes in free simulation). The predominant unfavorable binding pose 
displays the OTf in an SN2-like position (Figure 5C, D), in which it is incapable of 
extracting the acceptor H-atom from the O3 hydroxyl, and the nucleophile attacks the 
β-face of the donor oxacarbenium ion.   

 



 

 

 

Figure 5. Restrained 
reactive pose DCM 
PME: bottom (top 
row) and side 
(bottom row) views 
of other binding 
poses at O3E of 
acceptor 5 in DCM 
at 253 K under PME 
electrostatics. (A, B) 
favorable 
orientation with 
donor-2-OBn 
within the barrel 
and donor-3-OBn 
and donor-4-OBn 
outside (cf. long-
lived association 
complex); (C,D) 
unfavorable 
orientation (attack 
on β-face) with 
triflate in the 
opposite side; (E,F) 
unfavorable donor 
orientation (O3E is 
in plane with 
donor), while 
triflate is close to 
acceptor O3E. 



 

 

4.2.3 Near Attack Conformations 

The free simulations showed that there are multiple binding sites along the β-CD 
ring and that the conformation of donor and acceptor might be such that coupling 
ensues from them. However, kinetic data for binding and unbinding rates could not be 
obtained. Employing a kinetic scheme shown in Figure 6 (discussed in more detail 
section 4.5.1), it can be argued that relative probabilities for the coupling reaction 
taking place on a position along the ring (B-G for β-CD) are proportional to the lifetime 
of the association complexes at these sites. To obtain the distributions of isomers 
obtained in a reaction, the stability of the favorable SNi-like near attack conformations 
(NACs) on the different CD ring positions (B-G for β-CD and B-F for α-CD) was 
investigated. To this end, a number of independent (repeat) simulations were 
performed starting from the favorable attack conformation (Figure 2) and observing 
how long these persisted. Using visual inspection of conformations along trajectories 
and plots of the C1-O3X (X denotes the β-CD residue B to G) distance and orientation 
angle, relatively mild criteria were employed to determine the time the oxacarbenium 
ion forms an association complex with the acceptor in which the probability for a 
coupling reaction is high. The characteristics of the conformation should be that the O3 
is poised to attack the α-face of the acceptor and that the OTf is positioned favorably to 
abstract the proton from the nucleophilic O3. The survival times of these conformations 
were collected and analyzed within the Kaplan-Meier40,41 scheme. Median survival 
times (τX) were extracted, which may be interpreted as half-lives of the conformation, 
and therefore they may be used to calculate a unimolecular reaction rate for 
dissociation of the encounter complex in a simple kinetic scheme (Figure 6B). In a pre-
equilibrium approximation scheme, at steady state, the ratio of rates of formation of 
different products D-OX (donor covalently bound to acceptor on OX) is equal to the 
ratio of the lifetimes τX of the association complexes denoted (D∙∙∙OX) that are poised to 
lead to bound product D-OX, under several assumptions: (1) the rate of reaction is slow 
compared to the rate of dissociation, koff,X >> kr,X (activation-controlled reaction); (2) 
association on all of the possible acceptor oxygens OX is equally likely (same kon,X); (3) 
the rates of formation of the product is the same for all association complexes; (4) the 
reaction is under kinetic control, i.e., once formed, the product does not revert. 

 

 

Figure 6. Simple kinetic scheme. A) Definitions of the (1) on-rate constant (kon), 
(B) off-rate constant (koff) (3) rate constant (kr); B) solution for steady-state 
equation described in detail in Section 4.5.1.  

Because the reactions experimentally were performed at 213 K (see Chapter 3) and 
the simulations were performed at 253 K to obtain better statistics, the Van 't Hoff 
equation was used to extrapolate the relative pre-equilibrium constants from 253 K to 
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213 K, using the available enthalpy differences of the association complexes as 
measured in the simulations (approx. -20 kJ/mol for E vs F at 253 K and assumed 
constant). It was observed that the complexes appear similar in structure, but the C1-
O3 distances and orientation angles show different distributions, which means that the 
complexes can be poised to lead to product. A selection factor (sf) was introduced to 
account for the fact that not all conformations that constitute an association complex 
are equally likely to lead to a transition state and subsequent product, i.e. not all 
conformations are likely Near Attack Conformations. The meaning of the selection 
factor is illustrated in Figure 7, in which a cut-off is implemented so that only the key 
distributions of the reactive pose are collected for the poses on positions E and C, 
respectively, in the reaction of the ion pair derived from perbenzylated donor 1 and 
acceptor 5 shown on Figure 2. In Figure 7A the distance distributions for promising 
structures on positions E (solid lines) and C (dashed lines) are shown. To account only 
for structures that would lead to the formation of a glycosidic bond only structures 
where the C1-O3X distances are below 3.5 Å were selected (Figure 7A, left from the 
solid line). Another metric for the reaction that was previously introduced (section 
4.2.2) is the dihedral angle C2Fuc-C5Fuc-C1Fuc-O3Glc and the dihedral angles were 
collected from the favorable association complexes in all simulations that were used to 
determine the lifetimes (Figure 7B, cyan for O3E, orange for O3C). As a reference, for 
the attack on the oxacarbenium ion to occur, the angle should be close to 100 degrees. 
Because the values for the dihedral angle show a wide distribution, the promising 
orientation of attack was selected to be above 60 degrees (Figure 7B, right from the 
solid line).    

As can be seen in Table 1, the lifetimes of the association complexes at different β-
CD sites differ substantially, with the complex at residue E being about a factor 15-35 
more long-lived than at residue C at 253 K. The distributions of the key geometric 
characteristics show, however, that in the structures defining the very stable reactive 
pose on E, especially the distribution of values of the C1-OTf distance, and to a lesser 
extent of the O3-C1-OTf angle, is wider than those defining the reactive pose on C. By 
defining a narrower NAC range, the relative propensities for a product can be corrected 
for this difference, shifting the product in this case to the A, C difucosylated product. 
The criteria used in this study are a great start to provide a proof-of-concept. To 
determine the precise reaction paths and the importance of the different tentative 
reaction coordinates to the free energy landscape across the barriers, high-level 
quantum chemistry calculations on this specific system are necessary. 
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Figure 7. Distributions of key reactive pose metrics for donor 1 and acceptor 
5(see Figure 2) and the application of the selection factor to arrive at a specific cut-
off. A) Distance distributions measured for the structures considered promising for 
reaction on position E (solid lines) and C (dashed lines). The vertical line at 0.35 nm 
and arrow indicate that structures are selected as belonging to the narrower 
definition of NACs if the C1-O3 distance (the bond that is to be formed) is below 0.35 
nm. B) Dihedral angle distributions for structures on positions E (cyan) and C 
(orange). The vertical line at 60 degrees and arrow indicate that structures are 
selected as belonging to the narrower definition of NACs if the C2-C5-C1-O3 dihedral 
angle ('attack orientation') is above 60 degrees.  

In the NAC model, survival times of the OMe-protected donor 2 on the different 
nucleophilic O3X positions of the β-CD are similar to each other (below 100 ns); the 
same holds for the OBn-protected donor 1 on the α-CD acceptor 9. In Table 1 the median 
survival times on all the positions are shown for the β-CD products 7 (entry 1), α-CD 
product 10 (entry 7), and β-CD product 8 from coupling with permethylated acceptor 2 
(entry 4). From the survival times, the predicted product percentages are calculated 
from the fraction of the survival time on site X divided by the total survival times on all 
sites. This finding leads to comparable amounts of the 3A,3C and 3A,3D products, and 
the 3A,3B product is also feasible for all cases, but results in a much lower predicted 
yield.   
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Table 1. Survival times (τ (ns)) on each residue for the three products and prediction 
of product ratios at 253 K and 213 K  

Entry Residue  
Value 

B C D E F G 

Leading to product 7 
1 τ (ns) 23 31 72 719 118 0.1 
2 % product 

(253 K) 
2.4 3.2 7.5 74.7 12.3 0.0 

3 % product 
(213 K) 

1.2 ±1 1.5 ±4 5.7 ±5 86.6 ±8 5.05 ±5 n.d. 

Leading to product 8 
4 τ (ns) 10 41 37 46 9 1 
5 % product 

(253 K) 
6.9 28.4 25.7 31.9 6.3 0.7 

6 % product 
(213 K) 

5.0±1.0 34.5±3 26.1±1.1 29.7±1.1 4.7±1.2 0.0 

Leading to product 10 
7 τ (ns) 19 55 71 89 2.5 -  
8 % product 

(253 K) 
8.0 23.2 30.0 37.6 1.1 - 

9 % product 
(213 K) 

1.3±2 37.4±1.0 40.3±7 21.1±5 0 - 

4.2.4 Experimental results  

Combining the obtained percentages, it can be seen that for donor 1 reacting with 
acceptor 5, the 3A,3D product 7 is expected to make up more than 90% of the 
difucosylated species (Table 2, entry 2). Whereas for the difucosylated product 8 (Table 
2, entry 5) and product 10 (Table 2, entry 8), which are formed from permethylated 
donor 2 with β-CD 4 and perbenzylated donor 1 with α-CD 9, respectively, the 3A,3C 
and 3A,3D products are formed in approximately equally populations. 

To validate the results, the ratios of di-fucosylated products were extracted from 
Chapter 3 for products 7 and 10. Additionally, the coupling between permethylated 
donor 2 and β-CD acceptor was performed to yield a mixture of fucosylated β-CD 
compounds containing 39% of the di-fucosylated products. Using LC-MS analysis, the 
peaks corresponding to the di-fucosylated compounds were integrated for each of the 
reactions giving the ratios of the three isomers. It can be seen that in the reaction of 
perbenzylated donor 1 and β-CD acceptor the 3A,3D product is found in ~97% next to 
3% of a second isomer (denoted as 3A,3C, Table 2, entry 3), which corresponds to 
simulated data where 91-94 % of 3A,3D and ~6% of 3A,3C are predicted (Table 2, entry 
2). For product 8 obtained from permethylated donor 2 with β-CD acceptor 4, two peaks 
of 42% and 48% were observed, which could correspond to the 3A,3C and 3A,3D 
product, respectively (Table 2, entries 5 and 6), next to ~9 % of the 3A,3B product, 
which was expected to fit in the range from 2% to 8%. Lastly, for the α-CD product 10 
9% of the minor peak, 42% and 49% of the two main peaks (Table 2, entries 8 and 9) 
were observed, in accordance with predicted mixture of 3A,3B from 0.5 % to 2%, 40% 
to 76% of 3A,3C and 23% to 58% of 3A,3D.  
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Table 2. Predicted products ratios for the difucosylated cyclodextrins using different 
reagents, based on MD simulations of the reagents (mono-fucosylated cyclodextrin 
with 3H4 oxacarbenium ion of fucose and triflate counter ion). 

 
Entry % difucosylated product 

System 
3A,3B 3A,3C 3A,3D 

Donor 1 + Acceptor 4 → products 7  

1a 253 K  1-3 13-17 80-86 
2b 213 K  0.5-1.5 5.5-7.5 91-94 
3d Experiment n/a 3 97 

Donor 2 + Acceptor 4 → products 8 

4a 253 K  3-12 32-47 41-65 
5b 213 K  2-8 36-51 41-62 
6c,d Experiment   9 43 48 

Donor 1 + Acceptor 9 → Product 10  

7a 253 K  5.5-11 49-74 20-40 
8b 213 K  0.5-2 41-76 23-58 
9c,d Experiment  9 42 49 
a - based on reaction complex lifetimes; b - including selection factor; c - products can be 
interchanged; d – Ratios obtained from integration of the UV-traces in LC-chromatogram  

For the three coupling reactions (Scheme 3) that were investigated, the life-times 
of all favorable attack poses are comparable for residues C, D, and E, with one clear 
exception for OBn-acceptor 5 on β-CD-O3E. In a simple kinetic scheme, this leads to 
mixtures of mostly 3A,3D and 3A,3C products for compounds 10 and 8, except for the 
coupling between 1 and 4, for which more 3A,3D product is expected (3A,3E and 3A,3D 
are indistinguishable products).  
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4.2.5 Critical evaluation  

4.2.5.1 Regioselectivity 

To understand the regioselectivity obtained from a coupling of perbenzylated 
donor 1 with acceptor 4 (Scheme 3) the MD simulations were performed. The 
regioselectivity observed on the β-CD acceptor can be relatively easily explained by 
“steric” reasons, i.e. residue D is furthest away from residue A, and the new fucosyl-
residue has more access to that hydroxyl. This reasoning would hypothetically work on 
both α- and β-CD and the outcome of the glycosylation should not change depending on 
whether the donor is perbenzylated (1) or permethylated (2). However, in the 
glycosylation reaction with permethylated donor 2 a 1:1 ratio of two major 
difucosylated products was observed with β-CD 4 (section 4.2.4). Moreover, no 
regioselectivity was observed on the smaller α-CD acceptor 9 in combination with 
perbenzylated donor 1. Taken together, these results suggest that other effects drive 
the regioselectivity of the reaction.  

Regioselective 6A,6D substitution of CDs is well-developed for decoration of the 
primary rim,42,43 while only limited examples of substitutions on the secondary rim are 
available. One of the ways to functionalize the secondary rim of native (unprotected) 
CDs is based on host-guest interactions,44 where an aromatic molecule is introduced to 
the β-CD molecule and the regioselectivity is controlled by the presence of the reagent 
in the cavity. The reagent then undergoes a reaction and allows for modification of the 
secondary rim. This way mono-tosylated β-CD at the O-2 position was prepared.45,46 An 
impressive example of di-substitution on the secondary rim of β-CD is sulfonation using 
β-naphthalenesulfonyl chloride, which yielded a mixture of 3A,3C and 3A,3D modified 
products.47 Since the reaction was performed in a water-acetonitrile mixture it was 
hypothesized that the regioselectivity was controlled by the inclusion of the reagent in 
the cavity of β-CD. The fucosylation studied here was carried out on the semi-protected 
acceptor 4. The presence of the cavity in unprotected cyclodextrin is based on the 
hydrophilicity of the primary rim of the CD and lipophilicity of the secondary rim. In 
water, the cavity can be substituted by an organic molecule leading to favorable 
lipophilic interactions. It can be hypothesized that acceptor 4 would have no cavity due 
to the lipophilic nature of the primary rim, and because the reaction was performed in 
an organic solvent, resulting in favorable interactions on the inside and outside of the 
cyclodextrin. However, from free simulations (Figure 2B, C, Section 4.2.1) the 
interaction of the benzyl at O-2 position of the oxacarbenium ion is indicative of a 
possible lipophilic cavity. Next to that, the interaction of the C-3-OBn may be crucial for 
the regioselectivity as this benzyl is wedged by several benzyls of the acceptor 
molecule.  

From the simulations at 253 K (-20 °C) in dichloromethane, a roughly measured koff 
predicts a yield of 82% of the 3A,3D product compared to 16% of the 3A,3C product, 
and 2% of the 3A,3B product for the difucosylated β-CD species 7 (Figure 8). The 
product ratios found at 253 K cannot be directly compared to the experimental data, 
where reactions were quenched at 213 K (-60 °C). Using the integration of the Van 't 
Hoff equation with the available measured enthalpy differences of the association 
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complexes (approx. -20 kJ/mol for residue E versus residue F at 253 K, and assumed to 
be constant), the ratios are predicted to be significantly larger (>90%) in favor of the 
3A,3D product. The koff's for the other two reactions of permethylated donor 2 with 
acceptor 4 (product 8, Scheme 3) and perbenzylated donor 1 with α-CD acceptor 9 
(product 10, Scheme 3) are closer to each other and predict a more even distribution of 
products, although still with a relatively low amount of the 3A,3B product, giving 
approximately a 1:1 ratio of 3A,3C to 3A,3D products (Figure 8). Indeed, when 
comparing the predicted ratios at 213 K (blue-red bars, Figure 8) to experimentally 
obtained values (orange bars, Figure 8) it is evident that more than 90% of the 3A,3D 
product was formed for product 7 and ~3% of isomer product (shown as 3A,3C). For 
the other two systems, the obtained ratios were for product 8 derived from 
permethylated donor 2 had products in the ratio 9% : 43% : 47%, while for product 10 
the ratios were 9% : 42% : 49%, both in agreement with the calculated values.  

 

Figure 8. Comparison of product distribution adapted from data in Table 2. The bars 
represent the range of product distribution from modeling (purple-gray at 253 K, blue-
red at 213 K) and experimental results (orange). For products 8 and 10 3A,3B, 3A,3C, 
and 3A,3D can be interchanged.   

4.2.5.2 The SNi Substitution 

The second important observation of the MD simulation is attributed to the α-
stereochemical outcome of the fucosylation. In any substitution reaction mechanism, a 
C-O bond must be formed between the C1 atom of the oxacarbenium ion and the O3 
atom of the CD acceptor. Thus, their distance is an important reaction coordinate 
(shown in red dashed line on TS 14, Scheme 6), as at some point these atoms must be 
able to come close. QM calculations of glycosylation reactions representative for those 
in a solvent show that the distance between the C1 of the donor and the O atom of an 
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acceptor is approximately 2.5 Å in the transition state (TS).25 Several studies in 
enzymes show, that in reactant states, the C1 distance to the acceptor is around 3.2 Å, 
and in transition states (TSs), this distance is around 2.9 Å.48 Here when the distance 
between C1-O3X was at 3.5 Å it was deemed close enough for the reaction to occur and 
was further investigated (Section 4.2.2).   

For a chemical glycosylation reaction two mechanisms are normally considered: an 
SN1-like mechanism with significant cationic character, and an SN2-like mechanism via 
the formation of a covalent species, which then undergoes substitution. An important 
role in determining the stability of an intermediate species is attributed to the anomeric 
effect.49 In the case of fucose, whose oxacarbenium ion prefers a 3H4 half-chair 
conformation, the triflate anion would prefer association to the α-axial face (and the α-
anomer when covalently bound). The SN2-like reaction would then lead to β-product. 
However, in general the α-product is preferentially observed in the fucosylation 
reaction when perbenzylated donor 1 is employed, indicating that an SN2-like 
mechanism is unlikely. By measuring the angle between the two planes spanned by the 
C1, C2, and C5 atoms of the donor and O3 atom of the acceptor (shown in black dashed 
line in TS 14 and red dashed line C1-O3 in Scheme 6) it can be assessed whether the 
attack is benefiting from the anomeric effect. Positive angles lead to the α-product and 
negative angles lead to the β-product. Conformations with angles around +90 degrees 
(as shown in Scheme 6 with the dashed red line from C1—O3E and the plane of the 
oxacarbenium ion) are expected to be more promising NACs because these will lead 
immediately to an unstrained 1C4 fucose ring.  

In NACs of a substitution mechanism, there are two reaction coordinates of interest. 
First, the angle between O3 (acceptor), C1 (donor), and the leaving group (angle O(Tf)-
C1Fuc-O3Glc, TS 14, Scheme 6). This angle indicates whether the attack of the alcohol 
takes place at the same side (angles smaller than 90 degrees) or opposite side (angles 
larger than 90 degrees) of the oxacarbenium ion (shown on the Scheme 6 as a positive 
angle). The best choice for measuring this angle is to use the triflate O that is closest to 
the C1 (the black dashed line from C1 to O(Tf), TS 14, Scheme 6), but because there are 
three possible O atoms, in this study, we take the S of triflate instead (red dashed lines 
in TS 14, Scheme 6). The second reaction coordinate is the distance between the O3 of 
the acceptor and the nearest O of the triflate (green dashed line, TS 14, Scheme 6). This 
latter indicates whether the anion is in a position to stabilize the TS through H-bonding 
and later even abstract the H-atom of the hydroxyl acceptor. Such conformations have 
been observed in QM/MM calculations on retaining enzymes.48 Because of the three 
possible O-atoms that could be closest, in this study the O3-S(Tf) distance was used 
instead. If this distance is around 4.5 Å, H-bonding between the hydroxyl and triflate is 
possible and likely. In the reactive pose, the distance of O3-S(Tf) is observed to range 
between 3.5-4.5 Å (Figure S3) thus indicating the presence of H-bonding in the reactive 
pose.  
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Scheme 5. The proposed mechanism. The reaction was modeled stepwise; the reaction 
coordinate is given in dashed lines.  

In pure SN1 reactions, the assumption could be made that the position of the leaving 
group plays no role at all. The selectivity of nucleophilic attack would then be 
determined by electronic effects, i.e. the preferred conformation of the oxacarbenium 
ion and strain of the conformation of the subsequently formed product, and the 
possibility for the attack on the oxacarbenium, both of which may be influenced by a 
solvent. However, most QM approaches in a solvent do consider the position of the 
leaving group (usually triflate) and explicitly model it. In a solvent, the distance of the 
donor C1 to the O of a triflate leaving group was found to be around 2.3-2.4 Å,23,25 
whereas in enzymes the distance to a leaving group (phosphate oxygen) was found to 
be around 2.9 Å.21,48 In general, for glycosyltransferases the leaving group cannot be 
disregarded, as its departure is important in the determination of the type of the 
mechanism. Mechanisms that involve the leaving group may also have cationic 
character (SN1 or SNi), and may also involve an intermediate such as the one observed 
in a two-step SNi, where after rapid attachment of a nucleophile an intermediate is 
formed.21,50 The placement of the leaving group has also been invoked in explaining 
facial selectivity of nucleophilic attack. Generally, chemical glycosylation is considered 
to proceed in a continuum of SN1-SN2 character, and nucleophilic attack is expected to 
occur from the side opposite that of the leaving group which may block the attack.51 
Limited examples of chemical glycosylation reactions that proceed through an SNi-
mechanism are reported. Specifically, solvolysis of D-glucosyl fluorides with 
hexafluoroisopropanol was reported to occur through an SNi-type mechanism through 
a solvent separated ion pair,26,27 and also a boronic acid-catalyzed glycosylation, in 
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which a boronic ester intermediate is formed and then substituted, was demonstrated 
to proceed through an SNi-type mechanism.28 To the best of our knowledge, no other 
examples of chemical glycosylation reactions proceeding through an SNi-type 
mechanism are reported to date. From the results presented in Section 4.2 it is evident 
that in the reactive pose the reactive species is contact ion-pair 12-α since the distance 
from C-1 to closest oxygen of OTf is 2.6 Å. Next, the triflate is on the same side as the 
nucleophile, characteristic for an SNi mechanism, and positioned in proximity to 
abstract the proton from OH group, which is in close contact for an attack (Scheme 6).  

4.3 Conclusions 

In this Chapter, the MD simulations of the di-α-fucosylation on β-CD were 
performed to understand the regioselectivity obtained upon fucosylation of the β-CD. 
Modeling results reveal that the regioselectivity can be explained by the favorable 
interactions of benzyls which lead to the stabilization of the oxacarbenium ion in the 
reactive pose. Specifically, the benzyl group at O-2 position of fucosyl-oxacarbenium ion 
was parallel to the β-CD barrel, while the benzyl at O-3 was stacked in between several 
benzyl groups of the acceptor. These interactions were not observed for α-CD 9, or 
when permethylated donor 2 was coupled with acceptor 4. It can be hypothesized that 
semi-protected acceptor 4 has a lipophilic cavity assisting in the interaction of benzyl 
groups of the oxacarbenium ion. To investigate this effect, donors where one benzyl 
group is changed for a methyl can be prepared and studied in detail. 

An intriguing SNi-type mechanism was revealed in the simulations. It was 
demonstrated using free simulations and free energy landscape simulations for the 
association of the perbenzylated oxocarbenium ion and triflate ion (Section 4.2.2) that 
in the reactive pose the oxacarbenium ion is in close contact with the triflate ion, i.e. is 
present as a contact ion pair 12-α. It can be expected that the contact ion-pair would 
react via an SN2-like mechanism, leading to the β-product, though only α-products were 
observed experimentally. From the reactive pose it is evident that the nucleophilic 
hydroxyl is on the same side as the triflate, which is positioned in close proximity for 
proton abstraction via H-bonding, characteristic of an SNi-mechanism. To study the 
precise reaction paths and the importance of the different tentative reaction 
coordinates for the free energy landscape across the barrier, high-level quantum 
chemistry calculations on this specific system are required.  

4.4 Acknowledgments 

Dr. Alex H. de Vries is acknowledged for performing the MD simulations. SV 
performed wet experiments, critically evaluated the results, and wrote the Chapter.  



 

 

88 

 

 

 

Chapter 4 

4.5 Supporting Data  

 

Figure S1. O3-C1 distances for all possible difucosylated products as a function of time 
in free simulation at 253 K of A) the β-CD acceptor (5), OMe-protected fucose 
oxacarbenium ion (3H4 conformation) (2) and OTf anion in DCM and B) the α-CD 
acceptor (9), OBn-protected fucose oxacarbenium ion (3H4 conformation) (2) and OTf 
anion in DCM at 253 K. Long-range electrostatics were treated by PME. For structures 
and color scheme, see the legend, and Scheme 3.  
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Figure S2. Triflate oxacarbenium ion orientation angles using reaction field (RF) and 
Particle Mesh Ewald (PME) electrostatics 

 

 

Figure S3. Correlation of distance distribution between O3-S(Tf) and C1-O3.  
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Table S1. Product 7 Summary; complexation lifetimes (τ, in ns) at 253 K, predicted 
coupling product percentages at 253 K and 213 K, complex enthalpies (H in kJ/mol) 
collected from the association complexes observed in simulations and complex 
enthalpies relative to site with the lowest enthalpy (∆∆H (kJ/mol)), and selection 
factors for oxacarbenium 2 coupling to mono-fucosylated OBn protected β-CD 5(O3 
free) 

position on ring/ 
measurement 

B C D E F G 

RF: τ (ns) 22 38 49 551 90 0.1 
RF: % product (253 
K) 

2.9 5.1 6.5 73.5 12.0 0.0 

RF: H (kJ/mol) -
7926±3 

-
7929±3 

-
7939±2 

-
7949±1 

-
7933±1 

n.d. 

RF: ∆∆H (kJ/mol) +23±4 +20±4 +10±3 0 +16±2 n.d. 
RF: selection factors 0.575 0.520 0.298 0.190 0.249 n.d. 
RF: % product (213 
K) 

1.3±3 2.7±5 4.9±4 86.5±9 4.4±1 n.d. 

PME: τ (ns) 13 22 63 780 107 0.1 
PME: % product 
(253 K) 

1.3 2.2 6.4 79.2 10.9 0.0 

PME: H (kJ/mol) -
7730±4 

-
7729±4 

-
7743±2 

-
7752±1 

-
7739±1 

n.d. 

PME: ∆∆H (kJ/mol) +32±5 +23±5 +9±3 0 +13±2 n.d. 
PME: selection 
factors 

0.643 0.515 0.291 0.196 0.251 n.d. 

PME: % product 
(213 K) 

0.7±1 0.8±2 4.8±4 88.8±4 4.88±4 n.d. 

all: τ (ns) 23 31 72 719 118 0.1 
all: % product (253 
K) 

2.4 3.2 7.5 74.7 12.3 0.0 

all: % product (213 
K) 

1.2±1 1.5±4 5.7±5 86.6±8 5.05±5 n.d. 
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Table S2. Product 8 Summary; complexation lifetimes (τ, in ns) at 253 K, predicted 
coupling product percentages at 253 K and 213 K, complex enthalpies (H in kJ/mol) 
collected from the association complexes observed in simulations and complex 
enthalpies relative to site with the lowest enthalpy (∆∆H (kJ/mol)), and selection 
factors for OMe-protected Fucose 2 coupling to mono-fucosylated OBn protected β-
CD(O3 free) 

position on 
ring/ 
measurement 

B C D E F G 

RF: τ (ns) 12 41 29 18 13 2 
RF: % product 
(253 K) 

10.4 35.7 25.2 15.7 11.3 1.7 

RF: H (kJ/mol) -
9640±4 

-9652±3 -9654±2 -9651±3 -
9646±4 

-
9620±8 

RF: ∆∆H 
(kJ/mol) 

+14±6 +2±5 0 +3±5 +8±6 +34±10 

RF: selection 
factors 

0.629 0.426 0.324 0.372 0.354 0.013 

RF: % product 
(213 K) 

6.4±1.3 43.6±5 28.0±2.3 15.3±1 6.7±7 0.0 

PME: τ (ns) 6 70 39 116 6 1 
PME: % 
product (253 
K) 

2.5 29.4 16.4 48.7 2.5 0.4 

PME: H 
(kJ/mol) 

-
9411±5 

-9420±3 -9421±3 -94182 -
9418±4 

n.d. 

PME: ∆∆H 
(kJ/mol) 

+10±10 +1±6 0  +3±5 +3±7 n.d. 

PME: selection 
factors 

0.638 0.407 0.289 0.360 0.379 n.d. 

PME: % 
product (213 
K) 

2.2±6 35.9±1.1 15.5±5 44.0±2.7 2.4±8 n.d. 

all: τ (ns) 10 41 37 46 9 1 
all: % product 
(253 K) 

6.9 28.4 25.7 31.9 6.3 0.7 

all: % product 
(213 K) 

5.0±1.0 34.5±3 26.1±1.1 29.7±1.1 4.7±1.2 0.0 
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Table S3. Product 10 Summary; complexation lifetimes (τ, in ns) at 253 K, predicted 
coupling product percentages at 253 K and 213 K, complex enthalpies (H in kJ/mol) 
collected from the association complexes observed in simulations and complex 
enthalpies relative to site with the lowest enthalpy (∆∆H (kJ/mol)), and selection 
factors for oxacarbenium 2 coupling to mono-fucosylated OBn protected α-CD (O3 free) 

position on ring/ 
measurement 

B C D E F 

RF: τ (ns) 21 33 87 73 2 
RF: % product (253 K) 9.7 15.3 40.3 33.8 0.9 
RF: H (kJ/mol) -8296±3 -8303±2 -8308±1 -8306±1 -8279±4 
RF: ∆∆H (kJ/mol) +12±4 +5±3 0 +2±2 +29±5 
RF: selection factors 0.128 0.551 0.388 0.163 0.018 
RF: % product (213 K) 1.8±3 22.4±1.5 56.6±1.3 19.2±5 0.005±2 
PME: τ (ns) 12 99 55 104 3 
PME: % product (253 
K) 

4.4 36.2 20.1 38.1 1.1 

PME: H (kJ/mol) -8097±3 -8109±1 -8110±1 -8109±1 -
8082±12 

PME: ∆∆H (kJ/mol) +13±4 +1±2 0 +1±2 +28±13 
PME: selection factors 0.137 0.572 0.379 0.179 0.011 
PME: % product (213 
K) 

0.6±1 57.4±2 23.1±1 18.9±1 0 

all: τ (ns) 19 55 71 89 2.5 
all: % product (253 K) 8.0 23.2 30.0 37.6 1.1 
all: % product (213 K) 1.3±2 37.4±1.0 40.3±7 21.1±5 0 

 

 

4.5.1 Kinetic Scheme – Pre-equilibrium approximation  

D +  A 
𝑘𝑜𝑛
→ (D ∙∙∙ OX) (1) 

(D ∙∙∙ OX)
𝑘𝑜𝑓𝑓
→  D + A (2) 

(D ∙∙∙ OX)
𝑘𝑟
→(D − OX) (3) 

 

Rate of association (D∙∙∙OX) :  

𝑟𝑎𝑠𝑠 = 𝑘𝑜𝑛[𝐷][𝐴] (4) 

 

Rate of dissociation (D∙∙∙OX):  

 
𝑟𝑑𝑖𝑠𝑠 = 𝑘𝑜𝑓𝑓[(D ∙∙∙ OX)] (5) 
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 Rate of bond formation: 

 
𝑟𝑟 = 𝑘𝑟[(D ∙∙∙ OX)] (6) 

 

In a pre-equilibrium approximation, the concentration [(D∙∙∙OX)] is constant, 
therefore  

𝑑[(D ∙∙∙ OX)]

𝑑𝑡
= 0 (7) 

𝑑[(D ∙∙∙ OX)]

𝑑𝑡
= 𝑟𝑎𝑠𝑠 − 𝑟𝑑𝑖𝑠𝑠 − 𝑟𝑟 = 𝑘𝑜𝑛[𝐷][𝐴] − 𝑘𝑜𝑓𝑓[(D ∙∙∙ OX)] − 𝑘𝑟[(D ∙∙∙ OX)] = 0(8) 

 

The concentration [(D∙∙∙OX)] can be then derived as:  

𝑘𝑜𝑛[𝐷][𝐴] =  𝑘𝑜𝑓𝑓[(D ∙∙∙ OX)] + 𝑘𝑟[(D ∙∙∙ OX)] = [(D ∙∙∙ OX)](𝑘𝑜𝑓𝑓 + 𝑘𝑟) (9) 

⇒ [(D ∙∙∙ OX)] =
 𝑘𝑜𝑛[𝐷][𝐴]

(𝑘𝑜𝑓𝑓 + 𝑘𝑟)
 (10) 

 

The concentration of the bound product:  

𝑑[(D − OX)]

𝑑𝑡
=  𝑘𝑟[(D ∙∙∙ OX)] =  𝑘𝑟

 𝑘𝑜𝑛[𝐷][𝐴]

(𝑘𝑜𝑓𝑓 + 𝑘𝑟)
(11) 

 

The reaction is activation control, therefore koff >>kr , meaning   

𝑑[(D − OX)]

𝑑𝑡
=   𝑘𝑟

 𝑘𝑜𝑛[𝐷][𝐴]

𝑘𝑜𝑓𝑓
(12) 

 

To compare the quantities of the products on the different sites, we compare the 
concentrations of the bound [(D-OX)]:  

𝑑[(D − OX)]

𝑑[(D − OY)]
=   
 𝑘𝑟𝑋𝑘𝑜𝑛𝑋[𝐷][𝐴]

𝑘𝑜𝑓𝑓𝑋
∙

𝑘𝑜𝑓𝑓𝑌

 𝑘𝑟𝑌𝑘𝑜𝑛𝑌[𝐷][𝐴]
(13) 

 

Assuming association on all of the possible acceptor oxygens OX is equally likely 
(same konX=konY  and the rates of formation of the product is the same for all association 
complexes krX=krY :  

𝑑[(D − OX)]

𝑑[(D − OY)]
≈   
𝑘𝑜𝑓𝑓𝑌

𝑘𝑜𝑓𝑓𝑋
(14) 
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A unimolecular reaction step (first order kinetics) can be described in terms of a 
reaction rate or a half-life. The life-time is approximately half-life. For first-order 
kinetics, the concentration can be written in two ways, one with k, one with a decay 
time: 

𝑐(𝑡) = 𝑐(0)𝑒−𝑘𝑡 = 𝑐(0)𝑒−
𝑡
𝜏 (15) 

 

Which shows that τ = 1/k 

Therefore  
𝑑[(D − OX)]

𝑑[(D − OY)]
≈   
𝑘𝑜𝑓𝑓𝑌

𝑘𝑜𝑓𝑓𝑋
=
𝜏𝑋
𝜏𝑌

(16) 

The longer the association complex lives, the more chance it has to lead to reaction 
(overcome the high barrier to reaction). 

4.6 Computational Methods 

Molecular Dynamics (MD) simulations were performed for the mono-fucosylated and partly 
benzylated α-CD and β-CD molecules 9, and 4, using the GROMOS 53a6 force field52 with the 
GROMACS simulation package, version 2016.3.53,54 GROMOS is a so-called united atom model, in 
which aliphatic H-atoms are not treated explicitly, but modeled effectively together with the C-
atom they are attached to. Gebhardt et al. studied multiple flavors of the GROMOS force field as 
they constitute several stages in the refinement of the force field to model carbohydrates. The 
fucose substituent carried the same protecting groups as the oxacarbenium ion (see next 
paragraph), i.e. the hydroxyl groups are either all benzylated (OBn) or methylated (OMe). 
The fucose reactive species was modeled as an oxacarbenium ion in most simulations. Triflate 
was used as the negatively charged counter ion. In a number of simulations, the α- or β-anomer 
of the fucosyl-triflate was used instead of the ion pair to test their ability to bind to the 
monofucosylated species.  

4.6.1.1 Topologies 

Topologies were built by extending the libraries (.rtp files) that contain building blocks (residues 
or fragments) that are employed by the GROMACS program pdb2gmx to build topologies for 
molecules consisting of multiple connected residues. Atom types dictating the non-bonded 
interactions, partial charges, and the parameters for bond stretching, angle bending, and dihedral 
(torsional) motions have been described within the GROMOS force fields and were implemented 
according to the literature. The GROMOS model used in this study is 53a6, with the important 
modification that dihedral restraints were employed to all sugar rings ensuring the maintenance 
of the predominant chair conformation (4C1). Parameters were inspired by the work of Satoh et. 
al.51 The conformation of the ring in the oxocarbenium ion was fixed in the 3H4 conformation, 
which has been shown to be the most favorable for fucose oxacarbenium ions.35 The topologies 
are available in the archive containing the simulation data. Dichloromethane (DCM) was used as 
solvent; the GROMOS force fields have a parameterization for this molecule.  

4.6.1.2 Starting structures 

Monofucosylated β-CD coordinates were generated from Chapter 3 by removing one fucose 
moiety from the difucosylated species. Benzyl or methyl protecting groups were generated by 
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placing atoms in approximately correct positions. Structures were then optimized first in vacuo, 
and subsequently solvated in DCM in a cubic simulation box of approx. 4x4x4 nm3, followed by a 
round of energy minimization runs of the combined system. The fucose reactive species (ion pair 
or covalently bound triflate species) was placed randomly in the simulation box, and the box was 
filled with solvent, using the gromacs tools gmx insert-molecule and gmx solvate, respectively. 
This system was then energy minimized and subsequently equilibrated in a series of short (1-10 
ps) runs, increasing the time-step from 0.1 to 2.5 fs. All bond lengths were constrained to their 
reference value using the LINCS algorithm.55 
Starting structures for determination of the lifetimes of the near-attack conformations (NACs) 
were mostly taken from free simulations in which these occurred during the simulation (on 
positions C-E). For other positions, simulations in which the C1(fucose)-O3(CD) distance was 
restrained to be within a near-attack distance of approximately 0.4 nm (with a so-called flat-
bottom potential with settings: lower distance 0.0 nm, harmonic potential starting at 0.3 nm with 
a force constant of 1000 kJ/mol/nm2, and further linear potential from 0.42 nm), led to NAC poses 
in which also other criteria were met (see description of NAC criteria). These conformations were 
then used in a series of repeats with randomized velocities to assess the distributions of lifetimes.  

4.6.1.3 Production runs 

The production systems contain a single monofucosylated CD molecule, a reactive fucose ion pair 
(in a few cases fucose triflate) and 641 DCM molecules. Production MD simulations of up to 10 μs 
(microseconds) were performed with a time-step of 2.5 fs under periodic boundary conditions. 
The Verlet buffered neighbor list update scheme was used with a buffer tolerance of 0.005, based 
on a cut-off distance of 1.4 nm for the van der Waals interactions (modeled by a Lennard-Jones 
potential). Electrostatics were treated with the standard reaction-field (RF) modified coulombic 
potential due to Tironi,56 with a cut-off of 1.4 nm, and a value of 54 for the RF dielectric constant 
(parameter epsilon_rf in GROMACS). To assess the sensitivity to this scheme, Particle Mesh Ewald 
(PME) scheme57,58 was also used as an alternative to calculate the long-range coulombic 
interactions, with a cut-off for switching between the direct and reciprocal space terms at 1.4 nm. 
For both LJ and coulomb potentials, a modifier was used to smoothen the potential energy term 
around the cut-off distance. In general, very similar behavior was found using these two schemes.   
The temperature was maintained using the Canonical Sampling Velocity-Rescaling (CSVR) 
thermostat (keyword v-rescale in GROMACS),59 coupling to a temperature bath at 253 K, with a 
coupling constant (GROMACS parameter tau_t) of 0.1 ps. Pressure coupling was isotropic at 1 bar, 
using the Berendsen algorithm,60 with a coupling constant (GROMACS parameter tau_p) of 0.5 ps, 
and a compressibility 4.6 10-5 bar-1.  

4.6.1.4 Analysis 

The propensity of the conformation to lead to the coupling reaction was assessed by monitoring 
selected distances and dihedral angles using the GROMACS tools gmx distance and gmx angle, as 
well as python3 scripts that employ the MDAnalysis package. These metrics were used to select 
both a wider and more narrow set of potentially reactive poses. The wider set served to 
determine the lifetime of pre-formed reaction complexes on the individual O3 acceptor groups of 
the CDs. The complex was deemed to no longer exist if the C1(donor)-O3(acceptor) distance was 
above 0.55 nm and/or if the acceptor O3 moved to the β-face of the oxacarbenium ion. This was 
done by visual inspection of the trajectories visualized using the VMD software,61 aided by plots 
of the relevant metrics versus time. The narrow set served to refine the predictions of the 
products by assessing which percentage of the wider set was deemed to be Near Attack 
Conformations (NACs, described more in detail Section 4.2.3). This percentage expressed as a 
fraction is the selection factor reported in Tables S1, S2, and S3.  
The enthalpies of the systems were extracted from the simulations using the GROMACS tool gmx 
energy and are reported in Tables S1, S2, and S3.  
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The conformational space of the reaction complexes was investigated by preparing an overlay of 
conformations visited during the simulations. To this end, the root mean squared deviation 
(RMSD) between all pairs of conformations were calculated after finding the best fit of the CD 
rings of the conformation on each other. The RMSD was used to perform a clustering analysis, 
grouping similar conformations into a conformational state, using the GROMACS tool gmx cluster. 
The clustering was done using the GROMOS algorithm,62 which counts the number of neighbors 
using the given cut-off, and takes the conformation with the largest number of neighbors and all 
its neighbors as the first state. Then all conformations of this state are eliminated from the pool. 
The procedure is repeated with the remaining conformations to find the next state, until all 
conformations are assigned to a state. Each conformational state or cluster was then represented 
by the conformation that forms the center of the cluster, i.e. the conformation that is most similar 
to all conformations in the cluster or conformational state.    

4.7 Experimental Section  

p-Methylphenyl 2,3,4-tri-O-methyl-1-thio-β-L-fucopyranoside (2) 

To a stirred solution of p-methylphenyl 1-thio-β-L-fucopyranoside63 (591 mg, 
2.19 mmol) in DMF (7.3 mL) under nitrogen atmosphere at 0 °C, NaH (60% 
dispersion in mineral oil, 525 mg, 13.2 mmol) was added. The reaction was 

stirred for 20 minutes, after which time methyl iodide (0.82 mL, 13.2 mmol) was added dropwise. 
The reaction mixture was stirred at ambient temperature for 1.5 h and then diluted by DCM and 
quenched by the slow addition of an ice-water mixture. The organic product was extracted with 
DCM (3x), the combined organic layers were washed with brine, dried over MgSO4, and 
concentrated in vacuo. Purification by flash column chromatography (silica gel, gradient from 
pentane/EtOAc, 5/1 to 4/1) afforded the title compound as a white solid (Yield: 578 mg, 1.85 
mmol, 85%). TLC: Rf 0.21 (pentane/EtOAc, 5/1, v/v). 
1H NMR (400 MHz, CDCl3) δ 7.39 – 7.34 (m, 2H, CHarom), 7.02 – 6.96 (m, 2H, CHarom), 4.32 (d, J = 
9.7 Hz, 1H, H-1), 3.51 – 3.49 (m, 6H, 2xCH3O), 3.43 (s, 3H, CH3O), 3.36 (qd, J = 6.4, 0.9 Hz, 1H, H-
5), 3.30 – 3.24 (m, 2H, H-2, H-4), 3.10 (dd, J = 9.2, 3.1 Hz, 1H, H-3), 2.22 (s, 3H, CH3 STol), 1.22 (d, 
J = 6.5 Hz, 3H, H-6). 
13C NMR (101 MHz, CDCl3) δ 137.1 (Cq), 132.1 (Carom), 130.6 (Cq), 129.4 (Carom), 87.9 (C-1), 86.1 
(C-3), 79.0 (C-2), 78.5 (C-4), 74.3 (C-5), 61.7, 60.9, 58.2 (3xCH3O), 21.0 (CH3 STol), 16.9 (C-6). 
ESI-HRMS: [M+NH]+ calcd for C16H25O4S1 313.1468 found 313.1470. 

3A,3B,C,D-Di-O-(2,3,4-tri-O-α-L-methylfucopyranosyl)-2A-G,6A-G-tetradeca-O-benzyl-β-CD 
(8)  

A mixture of donor 2 (105 mg, 0.34 mmol), Ph2SO 
(89 mg, 0.44 mmol), and TTBP (210 mg, 0.84 
mmol) was co-evaporated with dry toluene (3x). 
The residue dissolved in dry DCM (0.7 mL) under 
nitrogen and activated molecular sieves (4Å) 
were added. The resulting mixture was stirred at 
room temperature for 1h and then cooled down 
to -80 °C (acetone cooling bath equipped with a 
stirring bar). Tf2O (74 µL, 0.44 mmol) was added 
dropwise and the process of donor activation was 
monitored by TLC analysis (pentane/EtOAc, 5/1, 
v/v, Rf of donor = 0.21). After 30 minutes when 
TLC analysis indicated complete activation of the 
donor, the reaction mixture was cooled down to -
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85 °C and a solution of acceptor 4 (100 mg, 0.042 mmol) in dry DCM (0.7 mL) was added in 
portions slowly (in 5 minutes) via the wall of the flask. Upon complete addition, the temperature 
reached -80 °C and the reaction mixture was allowed to warm up to -60 °C (25 min). The mixture 
was diluted with DCM and neutralized by the addition of H2O and Et3N. Then the crude mixture 
was concentrated and purified on size-exclusion Sephadex LH-20 (DCM/MeOH, 1/1, v/v) 
yielding a mixture of fucosylated CDs (Yield: 123 mg). The mixture was analyzed by UPLC-MS on 
the BEH C4 column and contained 39.2% of Fuc2CDs, 21.5% of Fuc3CDs, 20.6% of Fuc4CDs, and 
18.6% of Fuc5CDs (UV-Vis). The 3 peaks of di-fucosylated CDs were integrated and had a ratio of 
8.9 : 43.2 : 47.9%.  
1H NMR (600 MHz, CDCl3) δ 7.81 – 6.77 (m, 528H), 5.91 – 5.89 (m, 2H), 5.88 (d, J = 4.1 Hz, 1H), 
5.86 (d, J = 4.1 Hz, 1H), 5.83 (d, J = 4.1 Hz, 1H), 5.78 (d, J = 3.9 Hz, 1H), 5.73 (d, J = 4.0 Hz, 1H), 
5.12 – 4.59 (m, 86H), 4.57 – 4.16 (m, 73H), 4.16 – 3.86 (m, 30H), 3.82 – 3.08 (m, 1151H), 1.43 – 
0.86 (m, 182H). 
13C NMR (151 MHz, CDCl3) δ 138.6, 138.3, 138.2, 138.0, 137.9, 137.4, 136.7, 129.3, 129.2, 129.0, 
128.9, 128.8, 128.6, 128.5, 128.4, 128.3, 128.2, 127.7, 127.5, 127.4, 127.3, 127.1, 102.1, 101.8, 
101.2, 99.3, 99.2, 97.5, 97.3, 97.2, 83.9, 83.7, 83.4, 83.1, 80.1, 79.4, 78.3, 78.1, 77.2, 77.0, 74.4, 74.3, 
74.0, 73.4, 73.2, 73.1, 71.6, 70.2, 69.6, 69.5, 69.3, 69.2, 68.3, 66.4, 66.0, 61.7, 61.6, 60.7, 60.4, 58.6, 
57.1, 57.0, 31.8, 29.3, 16.4.  
ESI-HRMS: [M+NH4]+ calcd for C158H190O43N1 2790.2740 found 2790.2588. 
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