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Glycals are unsaturated sugar derivatives constituting a large family of
polyhydroxylated synthons which are widely exploited as synthetic intermediates in the
synthesis of natural products and as final molecules for biochemical applications. We
report the first investigation in the understudied area of structure-reactivity relationship
and quantitative mapping of reactivity in endo- and exo-glycals compounds. For
quantifying the nucleophilicity of the C=C double bond of a series of endo- and exo-
glycals, we performed kinetic investigations of their C-C bond formation with reference
electrophiles of known electrophilicity parameters. Fast spectroscopic techniques
experiments (stopped-flow and laser-flash photolysis) enabled us to determine the rate
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constant of hundreds of reactions, which allows the first comprehensive mapping and
structure-reactivity analysis of the nucleophilic reactivity of this wide family of cyclic
enol ethers. Quantum-chemical calculations corroborate with kinetic investigations and
highlight the crucial role of ring strain variations to explain the relative nucleophilicity of
endo- and exo-glycals. We examined also the influence of substitution and showed
that alkoxy substituents decrease nucleophilicity through inductive effects and
hyperconjugation.

Dear Dr. Nathalie Weickgenannt,
Dear Dr. Frank Maass,

glycals belong to a large family of natural products sparking the interest of a
multidisciplinary community of chemist working at the intersection of biochemistry,
organic synthesis, supramolecular chemistry and drug design. To our great surprise
and to the best of our knowledge, the nucleophilic reactivity of the C=C bond of endo
and exo-glycals, which are widely used as building blocks and synthons in key
transformations (C-, O- and N-glycosylation, fluorination reactions) has not yet been
experimentally determined or computationally parametrized.

With the rapid development of machine learning (ML) algorithms and computational
chemistry predictions applied to chemistry, the quantitative elucidation of the kinetics
and thermodynamic parameters involved in the C-C bond formation reactions of
glycals is therefore a timely topic.

We are thus now reporting the first experimental and computational calibration of the
reactivity parameters of these key molecules using fast kinetics techniques (laser flash
photolysis, stopped-flow investigations) and computational investigations (strain-
deformation model, reactivity descriptors, etc).

We believe that this first systematic reactivity mapping lays a very fundamental basis
for the future development of new synthetic functionalisation methods of glycals. It will
also allow to establish structure-reactivity relationships and predictive reactivity models
in carbohydrate chemistry, for understanding the parameters governing the reactivity of
glycosyl oxocarbenium ion intermediates.

As our study combines advanced experimental kinetics, mechanistic and quantum-
chemical calculations, we consider Angewandte Chemie as the best medium for
publishing these results and we believe that this work will attract the interest of a broad
readership.
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Prof. Guillaume BERIONNI
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Results and discussions

The electrophilicity of carbohydrates at the anomeric position has
been extensively studied using competition experiments[*6-48l
which resulted in reactivity maps in which hexoses display
reactivity differences of up to 4 orders of magnitude as a function
of the protective group pattern, the presence of deoxy positions
and ring constraints. Such a reactivity scale does not exist for
glycals despite their use in glycosylation reactions.
Mechanistically, glycosylations using nucleophilic glycals or
electrophilic carbohydrates share a common feature: the
transition states of the two reactions display a substantial
carbocationic character (Scheme 2b). Therefore, our objective
was to assess whether the parameters that dramatically affect
electrophilic  glycosylations (that stabilize or destabilize
carbocationic intermediates) also impact the reactivity of
nucleophilic glycals.

Kinetic investigations

Due to the lack of reactivity model and structure-reactivity
investigations on glycals, we started by a kinetic investigation of
the C=C bond functionalization reactions of selected glycals with
reference electrophiles covering a wide range of reactivity, using
stopped-flow spectrophotometry and laser-flash photolysis
spectroscopic techniques. The nucleophilicity parameter of a set
of thirteen endo- and exo-glycals were determined according to
the universal Mayr reactivity scales,['84%%0 |eading to the
discovery that substituents and ring size add up to a factor of 10°
on their C=C bond reactivity. Quantum-chemical calculations
revealed that ring-strain energy release between the glycal and
oxycarbenium ion intermediates dominate the reactivity of glycals

a) Key factors influencing the reactivity of glycals
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together with  substituent stereoelectronic effects and
hyperconjugation stabilization in the oxycarbenium intermediate.
The kinetic, thermodynamic and mechanistic investigations
enabled us to elucidate the interplay between several key factors
influencing reactivity (Scheme 2a).

We started by monitoring the kinetics of the reactions between the
cyclic enol ethers 1a-h, the endo-glycals 2a-i and the exo-glycals
2j-m (Scheme 2c) with the reference benzhydrylium 3 and indolyl-
methylium 4 ions of calibrated electrophilicity parameters (Table
1).5U Kinetics of these reactions have been monitored by time-
resolved UV-Vis spectroscopy at the maximum wavelength of
absorption Amax Of the electrophiles (Table 1). In the presence of
at least two equivalents of a nucleophile 1-2, mono-exponential
decays at the Amax Of the carbenium ions 3-4 were observed,
indicating a pseudo first-order kinetic against the electrophiles. In
most cases, the benzhydrylium ions 3a-i or indolyl-methylium ions
4a-d were completely consumed, and plots of keps (S72) against
nucleophile concentrations [1-2] (M) were linear with negligible
intercepts (Figure 1b).

c) Set of endo- and exo-glycals and related nucleophiles investigated
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o ™
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Scheme 2. a) Key parameters influencing the nucleophilicity of the C=C double bond of endo- and exo-glycals; b) Kinetic, thermodynamic and computational

investigations performed in this work for rationalizing the reactivity of glycals; c) Cyclic enol ethers 1a-1h, endo-glycals 2a-2i and exo-glycals 2j-2m synthesized

and investigated in this work.
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Table 1. Structures, Amax and electrophilicity parameter E for the benzhydrylium
jons 3a-i and indolyl-methylium ions 4a-d used as reference electrophiles.54

Benzhydrylium ions 3 Amax / M

R R? CHsCN
3a H H 443 +547
3b F F 447 +5.01
3c H Me 456 +4.43
3d Me Me 473 +3.63
3e OMe OMe 500 0.00
3f NMe(CH2CF3)  NMe(CH:CFs) 586 -3.85
39 NPh2 NPh2 645 -4.72
3h N(CH2CH2)20  N(CH2CH2).0 618 -5.53
3i NMe: NMe: 607 -7.02

Indolyl-methylium

Amax / nm
4
ions 4 N, O R in E

N B, CHsCN
4a R=H 425  -1.80
4b R = Me 431 -2.19
4c R = OMe 492 -3.02
O
4d 540 5.99

WILEY . vcH

Reactivity parameters of glycals

The slope of these correlations gave the second-order rate
constants kz (Table 2 and Sl) which are used for the determination
of the nucleophilicity parameters of the cyclic enol ethers 1a-h and
glycals 2a-m according to Mayr and Patz equation (Eq. 1).[18-%7]
This equation characterizes electrophiles by the electrophilicity
parameter E, and nucleophiles by the nucleophilicity parameter N
and the nucleophile-specific sensitivity parameter sn, while k; is
the second-order rate constant (in M-1.s1) of the reaction between
an electrophile and a nucleophile.

(Eq. 1)

Plots of log(k2) vs. E are linear (Figure 1c), indicating the
applicability of Eqg. 1 and providing the nucleophilicity parameters
N and sy of the cyclic enol ethers 1a-h and glycals 2a-m. The
slopes of the correlations are in the range of 0.57 < sy < 1.37,
comparable to structurally related mr-nucleophiles (alkenes,
enamines, acyclic enols ethers, silyl enols ethers).[18:2225-2751]
The reference electrophiles 3 and 4 have been used to determine
the nucleophilicity parameters of hundreds of alkenes, enamines,
enol ethers, silyl enol ethers in the Mayr nucleophilicity scale,8-
27and we can thus directly compare their reactivity with those of
our set of cyclic enols ethers, endo- and exo-glycals (Figure 2).

log(kz 20 °c)) = Sn(E+N)

Table 2. Second-order rate constants k for the reaction of cyclic enol ethers 1a-h, endo-glycals 2a-i and exo-glycals 2j-m with the benzhydrylium 3a-i or indolyl-

methylium 4a-d ions in CH3CN or CH2Cl2 at 20 °C, and the resulting nucleophilicity N and nucleophile-specific sensitivity parameter s of 1-2.
Cyclic enol £+ ko / Endo-glycals £+ ko / Exo-glycals £+ ko /
ethers 1a-h Mgt 2a-i Mgt 2j-m M1st
EOJ 3e 4.12x107 o 0 | 3a 1.13x10° BnO O 4a 1.18x10?
et 4a 691 Bn;@ 3¢ 1.09x10° S 4b  4.47x10"
— OBn 2j
N =3.01 22
_ -1 7 N =4.01
sy=1.43 4c  9.73x10 N= 11711 3d 3.95x10 A 4c 7.12
Sv=1.16 3t 1.03
3f 2.33x10* 4a  6.34x1071
3g 2.88x10
. 4a 518 AcO/\@ 3a 6.48x108 Bno«iof 4b  1.37x10°
TIPSO 5 -
Q 4b 2.94 Aom T 3¢ 1.51x10° o L 4c 3.60x10°
1c 2b 2k
M= 2k 4c  7.20x10° N =1.80 3d  6.02x107 N =6.19 3f 5.85x10"
Sn = 0.66 sy=1.14 sy =0.79
3f 2.38x101 4a 6.90x10 3g 1.51x10*
BHO/\(OJ 4a 4.36 MeO oI 3b 3.72x10° BnO/\EOe: 4b  3.15x10?
1d 4 221 Meo™ 3c 1.79x108 Bno" 4c  8.72x10!
OMe OBn
A 4 5.54x10 2 3d 2.10x107 2 3f  1.66x10!
sn = 0.57 ¢ 554x N =1.50 1010 N = 5.50 -66x10
sy = 1.37 sy =0.76
3f 3.10x10 N 4a 3.35x10° N 3g 3.99
0, 4a  1.29x10? o o) 3a 3.00x108 O 4c  1.06x10?
/ tBu‘s‘i\ W B"O/\gf
4c  1.77x10" wd © 3c 1.65x10° o_ o 3f 2.05x10*
1e 2d X
N =5.02 3f 3.91 N=1.98 3d 4.05x107 2m 3g 4.74
sy = 0.63 sy = 1.09 N =5.35
4d  2.92x10* 4a 1.05 sy =0.88 3h 5.87x10+*
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Figure 1. a) Top: Exponential decay of the absorption of the cation 3g ([3g] = 10 mol L™) at Amax = 645 nm while reacting with an excess of exo-glycal 2! ([2I]
=5.83x107% mol L™%) in CH2Cl2 at 20 °C and determination of kobs (Kobs = 2.25 x 1072s™) by exponential fitting. Bottom: Exponential decay of the absorption of
the cation 3d ([3d] = 10 mol L™) at Amax = 473 nm during the reaction with the endo-glycal 2f ([2f] = 2.00x10™2 mol L) in CHzCl at 20 °C and determination
of Kobs (Kobs = 5.75x10%s™); b) Top: Determination of the second-order rate constant k2 of the reaction between cation 3g and glycal 2| from the dependence
of kobs 0N the concentration of nucleophile 2. Bottom: determination of k2 of the reaction between 3d and 2f from the dependence of kobs On the concentration
of 2f; ¢) Plots of the logarithms of the second-order rate constants log(kz) for the reactions of enol ethers 1f-g and glycals 2d-f, 2h, 2j, 2| with benzhydrylium
ions 3a-i or indolyl iminium ions 4a-d versus their electrophilicity parameters E [see Eq. 1, and Tables 1 and 2] used for determining N parameters.
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Figure 2. General nucleophilicity scale of cyclic enol ethers 1a-h, glycals 2a-m and other nucleophiles.

We thus compared the nucleophilicity of glycals with that of other
m-systems such as alkenes, enamines,
incorporating them. This revealed that the C=C double bond of
endo-glycals is much less nucleophilic than classical cyclic enol

ethers by one or two orders of magnitude.
by observing that the endo-glycal 2a is ca.

and enol ethers by

This can be illustrated

ten times less reactive :

towards carbocations than the cyclic enol ether la.

nterest in synthesis.

One can observe however that the
nucleophilicity of glycals is not very
sensitive to the nature of the alkoxy
protecting groups as shown by
comparing 2a-d, for instance. This
result highly contrasts with the
reactivity rules applied in
carbohydrate  chemistry:  while
electron-withdrawing  (disarming)
groups such as esters are strongly
deactivating because they
destabilize the cationic transition
state, electron-donating (arming)
groups (Bn or Me ethers) activate
the sugar ring and accelerate the
reactions.*6481  Surprisingly, the
comparison of molecules 2a, 2b
and 2c shows that such a rule
(arming and disarming effects)52-49
does not apply for glycals. To
confirm the N values obtained for
the  endo-glycals, competition
reactions were realized between
representative pairs of glycals and
the Eschenmoser iminium ion (N,N-
dimethyl methaniminium iodide).

The reaction between 2a and 2e
showed that endo-glycal 2e reacts

indeed faster towards this electrophile (see SlI, p S58). The same
conclusion can be drawn from the competition reactions between
glycals 2b and 2e, glycals 2e and 2f, and glycals 2b and 2f. These
experiments corroborate the N values obtained for endo-glycals
and shows their applicability to other types of electrophiles of
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Quantum chemical calculations

As quantified experimentally, in contrast to common belief, the
reactivity of the C=C bond of glycals is not strongly affected by the
substitution pattern and quantum chemical calculations show that
ring strain energy overcompensates electronic effects.

In classical glycosylations, deoxy sugars are much more reactive
than their alkoxy counterparts (typically 25 times faster).[*! Such
a trend was also observed with deoxy glycals 2d and 2e being
more reactive than e.g. 2a or 2h (Figure 2) but at a much lower
magnitude, showcasing that the classical electronic effects that
are at play in electrophilic glycosylation reactions are much less
contributing to the overall nucleophilic reactivity of glycals.

To understand the origin of the observed nucleophilicity
variations according to structural changes, we performed a
computational study. We first investigated why dihydrofurans are
more reactive than dihydropyran derivatives, using ani2CH as the
model electrophile, and 1a, 1e and 5a as model nucleophiles. The
calculated free energy barriers for addition (Table 3) align well
with the experimentally observed higher reactivity of 1e compared
to 1a (Figure 2). However, most computed electronic parameters
failed to predict the correct relative reactivity — only the HOMO
energy showed some correlation, though weak (see Sl). This
suggests that electronic effects are not the primary factor behind
this reactivity difference. Additionally, similar computed trends for
proton affinity (PA), methyl cation affinity®>-62 (MCA) and free
energy of addition onto ani>CH (see SI) suggest that sterics are
not significant in these reactions. We therefore focused on ring
strain. Our results show that the increased nucleophilicity of 5-
membered endo-glycals arises mainly from a decrease in ring
strain during the reaction, whereas 6-membered ring derivatives
exhibit an increase in ring strain (see Table 3, and SI for full data).
Next, we explored how allylic substituents (e.g. C2 substituent)
affect the nucleophilicity of endo-glycals, by considering OMe and
OAc as model substituents. Computed free energy barriers reveal
a consistent drop in reactivity with substitution by an oxygenated
group (Table 3), in good agreement with determined
nucleophilicity parameters (see Figure 2). The reduced
nucleophilicity of substituted endo-glycals is explained by
negative hyperconjugation between the pc=c and the S*cso
orbitals, as shown by NBO analysis (Figure 3).

5-membered 6-membered
Me®
o Meﬁ‘\
xY~Q-o
4.5 -

) —

C*o Yy _Tec
0
9.5 ' '
Actl)k A c\é‘
. ';:@:T;o
1.8 |

Figure 3. Influence of allylic substituents on the C=C double bond reactivity on

1 5.6

5 and 6-membered ring model endo-glycals throug negative hyperconjugation.
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Table 3. Computed activation free energy of addition of selected enol ether
and glycals onto the reference benzhydrylium ion ani:CH 3e (AG* in
kcal.mol-?), and evolution of the ring strain along the reaction (Deoe in
kcal.mol-Y). Experimental values (in brackets) were estimated using Eq. 1

with the determined N and sy parameters and the E parameters for 3e.

+
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‘/ ‘ TR
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MeO OMe N
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a0 O | O s
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This interaction also explains why deactivation is more
pronounced for the pseudo-axial approach, despite lower steric
hindrance. Indeed, the orbital overlaps between the s*cs.c and the
pc=c is more efficient when the substituent is in pseudo-axial
position. This interaction also explains why the de-activation is
less pronounced for the 6-membered derivatives as the orbital
overlaps between the s*cs.0 and the pc=c is less efficient in this
latter case.

The experimentally determined nucleophilicity parameters show
exo-glycals to be more nucleophilic than their endo counterpart
(Table 2 and Figure 2). The similar computed free energy of
activation for non-cyclic enol ethers 6a and 6b (Table 3, left)
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suggests that the origin is not related to sterics nor to the
secondary vs tertiary nature of the carbenium which is formed.
As various computed electronic parameters of gycals are not
predicting the correct relative experimental reactivity (see Sl), we
surmised that the enhanced reactivity of exo-glycals likely stems
from the cyclic nature of glycals. We therefore examined, here
also, the variation of ring strain along the reaction.

Our results show that ring strain decreases significantly during the
reaction for both 5- and 6-membered exo-glycals (evolution of the
ring strain along the reaction ~5 kcal kcal.mol™) whereas the
decrease is less marked for 5-membered endo-glycals and the
ring strain even increases along the reaction of 6-membered
endo-glycals (see Table 3). The greater nucleophilicity of exo-
glycals over endo-glycals can therefore be accounted for by ring
strain energies variations along the reaction with the electrophiles.

Conclusions

This first quantitative reactivity mapping of the nucleophilicity of
endo- and exo-glycals provides a systematic overview of the
impact of several key parameters on their C=C bond reactivity.
With a pronounced transmission of substituents hyperconjugative
effects and important role of ring strain, we found that glycal
covers a wide range of almost five orders of magnitude (N = 1.50
for 2c to 6.19 for 2k). Interestingly the parameters affecting
electrophilic glycosylations and nucleophilicity of glycals are
different, despite the common cationic character at the transition
state for the two reactions. We found that ring strain contributes
more to the reactivity of glycals yielding some counter-intuitive
trends especially for “disarmed” or deoxy-sugars.
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Endo or Exo? The first quantitative kinetic mapping of the nucleophilic reactivity of endo- and exo-glycal compounds highlighted that
endo-glycals are typically 102 times less reactive than their corresponding parent cyclic enol ethers while exo-glycals are 10° more
nucleophilic. This experimental and computational structure-reactivity study highlights the crucial role of multiple parameters on the
nucleophilicity parameter of the C=C bond of glycals, which are covering a wide range of nearly six orders of magnitude in reactivity.
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