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Abstract: Severalcis-fused decalin pyranosides with intramolecular nucleophiles of high effective molarity were
studied to determine the ratio between endocyclic and exocyclic cleavage in specific-acid-catalyzed solvolysis reactions.
The molecular design that allows a differentiation between endo- or exocyclic cleavage is the symmetry and asymmetry
of the respective oxocarbenium ion intermediates. The synthesis of the molecular probes involves eight steps from
a known compound, and proceeds via a key intermediate functionalized with three different oxidation states. A
crystal structure confirmed the relative stereochemistry of the probes. A quantifiable percentage of endocyclic cleavage
for g-pyranosides was found for all reaction conditions, wheoepgranosides show exclusively exocyclic cleavage.

The percent of endocyclic cleavage fpyranosides is dependent upon the temperature, the aglycon group, and the
solvent. At lower temperatures endocyclic cleavage increases. AFeand AS® for endocyclic and exocyclic
cleavage were determined to be 1%21.4 kcal/mol and-12.6+ 6.1 eu, and 22.& 1.1 kcal/mol and 3.4 3.8

eu in methanol, respectively. These values support the theory of stereoelectronic control in the cleavage of pyranoside
acetals. Pyranosides with phenyl aglycon groups exhibit significantly lower percentages of endocyclic cleavage
than pyranosides with alkyl aglycon groups. Although an exact percentage of endocyclic cleavage of pyranosides
in water could not be determined, it appears to be approximately the same or greater than that which occurs in
methanol. The addition of non-hydrogen-bonding/non-nucleophilic solvents increased the percent of endocyclic
cleavage. The results are interpreted to support some extent of nucleophilic assistance in the endocyclic solvolysis
of pyranosides, stereoelectronic control on the site of cleavage, and the possibility of endocyclic cleavage at the
active site of glycosyl transfer enzymes.

Introduction OH

. . . . Exocyclic Cleavage RO o

Pyranoside acetals have two potential cleavage sites during HO / + ROH
solvolysis reactions, referred to as exocyclic and endocyclic. fo OH / NHAC
The exocyclic pathway forms a cyclic oxocarbenium ion, HO OOR
whereas the endocyclic pathway forms an acyclic oxocarbenium NHAG \ OH
ion (Figure 1). Both of these mechanisms were recognized as RO OH
potential pathways as early as 195%ince then, the exocyclic Endocyclic Cleavage  HO =0R
NHAc

pathway has come to be the well-accepted mechanism and is
that which is commonly taught in fundamental organic chemistry Figure 1. Endocyclic and exocyclic cleavage pathways for pyranosides.
classe€. The evidence in the literature supporting exocyclic
cleavage derives primarily from isotope effect studies and linear
free energy relationships, some of which were performed using
more activated phenyl aglycon leaving grodpRecently, the
endocyclic vs exocyclic question was addressed employing alkyl
glucopyranosides, and the results were also interpreted to suppor
an exocyclic pathway. Isotope effects, when small or inverse
as with many of these studies, are direct evidence for supporting
or refuting mechanisms, but are also often subject to multiple
interpretations.

The site of cleavage of pyranosides is a classic test of the
theory of stereoelectronic contrdl.This theory predicts that
a-anomers should proceed via an exocyclic pathway, whereas

pB-anomers should proceed via an endocyclic pathway. The
theory of least motion predicts that both anomers should utilize
an exocyclic pathway. The general acceptance of the exocyclic
pathway, even fofi-anomers, has led proponents of the theory
Pf stereoelectronic control to postulate conformational changes
of the pyranoside rings in the exocyclic pathwayor example,
a twist boat or flattened chair conformation can lead to
stereoelectronically allowed exocyclic cleavage gfanomer.
However, with the exception of a crystal structure of a puckered
pyranoside at the active site of the enzyme lysoz§rtieere
exists little direct evidence for reaction via high-energy con-
formations.

Direct methods for probing reaction intermediates are those
of product analysis, scrambling of stereochemistry, and scram-
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bling of atomic positions with solvent. Such studies are
hallmarks of physical organic chemistry which allowed the
deciphering of substitution mechanisfss well as phospho-
ryl'1 and acyl transfer mechanisifs With respect to pyranoside
acetals, one would expect scramblingeefand g-anomers if
endocyclic cleavage were a significant pathway. This is not
typically observed, thus supporting exocyclic cleavage. How-

Liras et al.

were found to predominantly undergo exocyclic cleavige.
Hence, when the C¥DH group of the furanoside s or trans

to the aglycon group, endo- or exocyclic cleavage was observed,
respectively. Given these results for furanosides, one might
expect that certain pyranosides, with the appropriate sugar
structure and aglycon group, would also show some endocyclic
cleavage.

ever, in one instance anomerization has been found to be faster Renewed interest in the question of endocyclic and exocyclic

than water80 incorporationt3 If the lifetimes of the oxocar-
benium ions are shorter than the lifetime of bond rotamers,

cleavage of pyranosides was sparked by a molecular dynamics
calculation by Post and Karpld3. Their calculations suggest

anomerization might not be observed. Indeed, oxocarbeniumthat endocyclic cleavage is operating at the active site of the

ion lifetimes are predicted to be about 2:6 10712 s in
nucleophilic solvents such as alcohols and wétenuch shorter
than the lifetime of typical €C bond rotamers.

In an attempt to trap the short-lived oxocarbenium ions,
thereby allowing product analyses which would support either
endocyclic or exocyclic cleavage, Franck studied a system with
an intramolecular enamine nucleophile in methanol with acidic
ion exchange resitf,and Reid studied the reaction of acylium
ions and a methyB-glucoside in acetic anhydridé. Both of

enzyme lysozyme. If endocyclic cleavage is indeed the mech-
anism for this enzyme but exocyclic cleavage is the pathway
in solution, nature has evolved a catalyst for a hydrolysis
mechanism that ikigherin energy than the alternative solution
mechanism. Therefore, it is imperative to probe if endocyclic
cleavage is a viable mechanism in agueous media.

We have been interested in the endo/exocyclic cleavage
controversy due to a desire to produce a synthetic glycosylase,
and reasoned that knowledge of the correct pathway to target

these studies support the existence of endocyclic cleavagewas paramount to catalyst desi¢fn Therefore, probes-1 and

Therefore, the endocyclic cleavage pathway for pyranoside -1 were designed to distinguish exo- and endocyclic cleavage

acetals in protic solvents such as methanol and low dielectric

solvents is substantiated, but is certainly not well documented

with many examples. Until very recently, evidence for o o

endocyclic cleavage in water was completely lacking. Other o]

studies supporting endocyclic cleavage include Lewis acid D OH \( D OH

induced cleavage of pyranosides in low dielectric media, which D D O\(

has been shown to proceed in certain cases by exclusively an B-1

endocyclic pathway? and the observation that furanoside acetals

are known to hydrolyze partially by endocyclic cleavage. in protic medial’ Herein, we discuss the subtle details in the
To elucidate the balance between endocyclic and exocyclic design of these probes, evidence supporting endocyclic cleavage

cleavage in furanosides, early work focused on changing thein water, as well as our results that quantitate exo- and

aglycon group® and the sugar structu?®. With 3-p-xylofuran- endocyclic cleavage in methanol as a function of different

osides, endocyclic cleavage was found for alkyl and electro- aglycon groups, temperature, and solvent polarity. We discuss

positive aglycon groups, but upon making this group more the relevance of the results to the theory of stereoelectronic

electronegative the mechanism switched to exocyclic. The control, nucleophilic assistance, and the mechanism for lysozyme.

a-1

entropies of activation for the sugars which underwent endocy-

clic cleavage were negative, supporting the participation of water Results and Discussion

as a nucleophile in the transition stdte.Further, when
examining other sugarg;ribofuranosides were similar to the
p-xylofuranosides; howeveg-arabino- andx-lyxofuranosides
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A. Probe Design. To detect endocyclic cleavage in metha-
nol and in water, prob& was designed for subjection to mild
acid-catalyzed solvolysis. The design incorporated an appended
intramolecular nucleophile to selectively trap one of the two
differing oxocarbenium ion intermediates from either exocyclic
(2) or endocyclic B) cleavage pathways (Figure 2). We
reasoned that, to compete for a very short lived oxocarbenium
ion, an intermediate with a high effective molarity nucleophile
would be required. Therefore, we incorporated a nucleophile
with essentially identical molarity to that of the endocyclic
leaving group. This resulted in the design of a probe which
forms a symmetric intermediate upon endocyclic cleavage, and
an asymmetric intermediate from exocyclic cleavage. The
symmetry of intermediat® is broken solely by isotopic labeling.
Compound?2 cannot undergo intramolecular closure due to
insufficient length of the appendage wher8asay be trapped
by either the deuterium-labeled or unlabeled appendage. Al-
though1l is not a saccharide, it is a good mimic thereof. The
ring fusion and the appendage keep the pyranoside ring from
flipping (see below), and since Fradéland Reid® have found
endocyclic cleavage for actual saccharides, one does not require
the presence or absence of neighboring hydroxyl groups.

(22) Post, C. B.; Karplus, MJ. Am. Chem. S0d.986 108 1317.

(23) Since synthetic receptors for sugars are now prevalent (see the
following reference), one can imagine the development of synthetic
glycosidases: Aoyama, YComprehensie Supramolecular Chemistry
Pergamon Press: New York, 1996; Vol. 2, Chapter 9.
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Figure 2. Different solvolysis pathways for the cleavagelof

However, the neighboring hydroxyls may influence the ratio Scheme 1Retrosynthetic Analysis for the Synthesis Jof
between endo- and exocyclic cleavage. D.OH 0_O._OH 0,

In order to study a particular anomer and to mimic the rigid z oPr
ring systems of saccharides, the tetrahydropyran ring was fused

; ; ; ; o = otBs T

to a second ring. Since the solvolysis of equatorial anomers of COMe
rigid tetrahydropyranyl acetals could proceed through a higher 1 4 5
energy twist boat conformation in a stereoelectronically favored

pathway? the cis stereochemical configuration ihwas chosen
as it is less conducive to any such boat conformations (eq 1). GO:CH, COZCHy

Scheme 2.Synthesis ofl?
OH

a. b. c.

—_— .

HH) (O)\ 5 0 6 OTBDMS 7 OTBDMS
o 0 >\ .0 (1) OTBDMS OTBDMS O___OCH,
OH +—O D
D OH oH ES\;( t
1 o) c

d. 8.

—_— B _ -
D

O,CH
) . ) . . g OTBDMS o 4 o
In contrast to other typical pyranosides, partial ring flip lof

leads to a significant steric interaction between the aglycon O._OR o._OR
group and perihydrogens. Later, we will present experimental E ] g [ | n % on
D OH
CO,CH; CO,CH3 b

evidence that such a ring flip would give different results than
those obtained (see section H).

The cis ring fusion in1 does allow the decalin system t0  1oa: R = CH(CHj), 13a: R = CH(CHa), 1: R = CH(CHj),
10b: R = CHj 13b: R =CHj 11:R=CH,

undergo interconversion as shown in eq 2. Molecular mechan- 4. R = G (C(CHa)a)2 13¢: R= OgHa(C(CHalaly  12: R = Cgha(C(CHala)a

aConditions: (a) tBDMSOTf, BN, CH.Cl,; (b) DIBAL, THF; (c)
O O tBDMSOTT, EgN, THF; (d) OsQ, NalO,, THF/H,O; (€) MeOH, HCI;
0 o pr— W _ ) @ (f) iPrOH, Amberlite IR-120(H); (g) [1,5-HDRhCI}, THS, H (150
o vl psi), pH 7.6, EtOAc; (h) LiAID, THF.
D on 7/ \KOD\\( DD
D

23 aldehyde (acetal), and ester (site for deuterium incorporation).
Compound4 was envisioned to be produced from the previously
ics, however, suggested that the ring flip of diefused skeleton synthesized undecanone carboxylaf&
is unfavorable due to severe steric interactions with the appended ~ scheme 2 shows the complete synthetic pathway. The silyl
nucleophile. For the energy minimized structures, obtained eng| etheis was formed as both a means of protecting the ketone
using the MM2 force field* the ring flipped conformation was  during the subsequent reduction and also to establish the site
found to be 6-8 kcal/mol greater in energy. Although the  for the oxidation tod. The ester moiety o6 was reduced to an
Curtin—Hammett principle would predict that a pathway involv-  gicohol 7) with diisobutylaluminum hydride and protected with
ing the ring flip form is still possible since the-8 kcal/mol is a tert-butyldimethylsilyl group 8). The oxidation of the silyl
lower than the activation energy for the reaction, we will present eno| ether with osmium tetroxide was sensitive to both scale
experimental evidence that this ring flip does not lead to any gnqg purity of reagents. Furthermore, it could not be ac-
observable products (see section E). complished with the alcohol of in an unprotected form, nor
B. Synthesis. The challenges for the synthesis of the probe coyld the oxidation be cleanly effected with ozone. Thus,
were matters of symmetry and oxidation states. The synthesisgxidation of8 afforded an acylal moietylj. Compound was
of a molecule designed to generate an intermediate which ispot routinely purified due to decomposition. It was instead
symmetrical except with respect to the position of the deuterium gypmitted directly to the next step affording the acétah a
atoms precluded the obvious dissection of the molecule into ayjeld of 58% from7. This step involved the treatment of crude
symmetrical 1,3-carbinol cyclohexane. Another restriction 4 with acidic methanol, which accomplished the deprotection
placed upon the SyntheSiS was the incorporation of the deuteriumof the a|Coho|, Cyc”zation and formation of the methy| acetaL
label via an ester reduction at a late step. These criteria ang the esterification of the carboxylic acid. At this stage the
mandated the manipulation of a molecule containing three methy| acetal can be converted to any desired acetal, utilizing
different functional groups each with a different oxidation state the corresponding alcohol and amberlite acidic resin. An
(4, Scheme 1): that of an alcohol (endocyclic leaving group),

(25) Aono, T.; Araki, Y.; Imanishi, M.; Noguchi, £hem. Pharm. Bull.
(24) Allinger, N. L.J. Am. Chem. Sod.977, 99, 8127. 1978 26, 1153.
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Scheme 3.Synthesis ofl4?
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. OH
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CO,CH, o o
16 17 © 8 ©
CO,CH,
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v > . OCH, OH ocH,
CO,CHj OH

OCH,

19 14

a Conditions: (a) Os@) NalO,, THF/H,O; (b) MeOH, BROEL; (c)
[1,5-HDRCIL, THS, H; (150 psi), pH 7.6, EtOAC; (d) LiAlH, THF.

isopropyl group 103 was used withl, but a methyl acetal
version of the probel() was also synthesized as independent
structural proof of the products resulting from methanolysis. In
addition, 3,4-ditert-butylphenyl (0c) as an aglycon group was
also prepared to test the effect of leaving group ability on the
percent endocyclic cleavagéX see section ). Theert-butyl
groups inl0cwere included solely to prevent reduction of this
aromatic group in the next step of the synthesis. After
introduction of the desired aglycon group, compouridwas
hydrogenated witk di-u-chlorobis[(1,2,5,65)-1,5-hexadiene]-
dirhodiunt ([1,5-HDRhCI}L) by employing a phase transfer

Liras et al.

Figure 3. View of a-11. Thermal ellipsoids are scaled to the 30%
probability level.

the symmetric oxocarbenium ighgenerated from endocyclic
cleavage yields not only-11 andg-11, but also the deuterium-
scrambled counterpar®0 and 21. Furthermore, by reversal
of the endocyclic ring opening, deuterium can be incorporated
into the pyran ring of the starting materid2g). Therefore,
exocyclic cleavage yields no deuterium scrambling, but en-
docyclic cleavage results in formation of deuterium-scrambled
products and starting material.

Endocyclic cleavage was evidenced by the presenceldf a
NMR resonance for the methylene protons of the appendage
(CH,OH). The resonance for these protons (3.5 ppm) were
integrated to determine the percentage endocyclic cleavage. To
accurately determine this percentage the area for the appendage
protons was divided by the sum of the area for the corresponding
ring methylene protons (3.8 and 3.6 ppm) and the appendage.

catalyst in a biphasal system of ethyl acetate and tertiary sodiumThe ratio was multiplied by 2 to account for the chance of

phosphate buffefS affording two diastereomerd ). Finally,

labeled appendage trapping. The accuracy of this technique

the ester was reduced with lithium aluminum deuteride, and suffers as the area of the resonance of the@H becomes a

the a- and -anomers ofl (or 11 and 12) were separated by
preparative HPLC.
As will be discussed in section G, an acyclic versionlof

small percentage of the total area for this resonance plus that
of the corresponding ring protons. Therefore, a control experi-
ment was performed to determine the detection limits for the

(14, Scheme 3) was needed to test a mechanistic postulate method.

Therefore, compoun@l was submitted to oxidation by osmium
tetroxide, and the resulting acyldlq) was opened to the acyclic
dimethyl acetal 16) with the Lewis acid BE. This later reaction

Spectra with a controlled percentage of protio appendage were
generated through the incremental addition of perproteo probe
(8-1(Hy)) to a solution of-1. The amount for each aliquot

was exceedingly slow, taking approximately four weeks, but at was controlled so that each addition would result in the same

higher temperatures, the major produéf)( stemmed from
elimination. Also observed was the methyl acylal intermediate
(18). This acyclic intermediatel@) was hydrogenatedlg),

incremental increase in percent area. The curve generated was
linear for NMR integrations corresponding to greater than 6%
endocyclic cleavage (Supporting Information). This represents

and the esters were subsequently reduced with lithium aluminumthe minimum detection limit for accurate quantitation, although

hydride as in the synthesis @&f
C. Structural Determination. As discussed in the Design
Criteria, a symmetrical intermediat8)(was required for this

lower percentages could be detected by visual inspection of the
IH NMR spectra.
Unlike the methanolysis reactions, the detection of endocyclic

experiment. Therefore, it was crucial to determine the relative cleavage in the hydrolysis reaction is complicated by the fact

stereochemistry of the stereogenic centers of the probes thathat the products are hemiacetals not acetals. Hemiacetals
had been imparted during the hydrogenation. This was ac- scramble the position of the deuterium by mutarotation at a rate
complished by several methods. Analysis of ghg coupling faster than the hydrolysis. Therefore, endocyclic cleavage was
constants, comparison of the C-13 resonances with stereocisomeristead detected solely by analysis of the reisolated starting
of 2,9-dimethyldecalif! and difference NOE experiments material.

(Supporting Information) gave evidence of olg stereochem-
istry. This was later confirmed with an X-ray crystal structure
(Figure 3) of thea-methyl probe ¢-11).

D. Experimental Design. Endocyclic or exocyclic cleavage

E. Product Analysis Studies. The initial mechanistic
studies were product analysis experiments to determine the site
of cleavage. Probg-1 was solvolyzed in methanal; with
deuterium chloride as the catalyst. The reaction was monitored

was delineated from analysis of the products of the solvolysis by gas chromatography and quenched after 30% of the starting
experiments. Specifically, for the solvolysisbfhe asymmetric material had been consumed to minimize secondary solvolysis
oxocarbenium ion from exocyclic cleavagecannot be in- of the methyl acetal products. The starting material, as well as
tramolecularly trapped. Therefore, only the corresponding  the a-methyl andf-methyl acetal products were separated by
andB-methyl acetalsX1) can be formed (Figure 2). However, HPLC, and theiH NMR spectra were obtained.

The resulting spectra from the methanolysis reaction2Q
°C are shown in Figure 4. Several temperatures were explored
(see section J). At-20°C the ratio ofa-methyl acetal product

(26) Carmody, W. RJ. Chem. Educl1961, 38, 559.
(27) Whitesell, J. K.; Minton, M. AAnalysis of Alicyclic Compounds
by C-13 NMR Spectroscop€hapman and Hall: New York, 1987.



Endocyclic and Exocyclic Cleage of Pyranoside Acetals J. Am. Chem. Soc., Vol. 119, No. 35, 1295

A 13
12 1
111
A
10 1
9? L4
B 74 A
e MJN_W .,WJUL wa % I
0 20 40 60 80 100
C % completion
Figure 5. (a) Percent endocyclic cleavage as indicated by isotopic

L,J scrambling in the starting material in the acidic hydrolysigdf as a

% endocyclic
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function of the percent completion at 2E. (®) Percent endocyclic
cleavage in the acidic methanolysis ®fl at 90% completion at 25
°C.
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D
via a ring flipped form of-1 as shown in eq 2. If a significant
d percentage of the reaction proceeded via such an intermediate
T T I T T T T ' T T I T
4.5 4.0

; — compound,23 (eq 2) would be expected to accumulate since
3.5 PPM such tricyclic acetals are known to be quite resistant to solvolysis

Figure 4. H NMR (500 MHz) spectra of a typical methanolysis ~"elative to a pyranoside acetél. Furthermore, we attempted
experiment. (Ax-Methyl acetal product frons-1. Resonances between  t0 influence the reaction to proceed via a ring flipped form of
3.4 and 3.6 ppm indicate isotopic scrambling and hence endocyclic /-1, again without any indication d23. When using HCl in
cleavage. (BB-Methyl acetal product froms-1. (C) Reisolated starting benzene to effect an acid catalyzed cleavagg-dfthere is no
material 3-1). (D) -1 prior to the experiment. In spectra B, C, and D, nucleophilic solvent to attack, and thus if ring flipp8el was

the resonances at 3.5 ppm indicate isotopic scrambling. accessible, we would expect to isol#28. However, only
dimers of1 were isolated under these conditions. Thus, we

(a-11) to f-methyl acetal producfk11) was approximately 85: conclude that none of the reaction proceeds as indicated in eq

15. At —20 °C the rate constant for solvolysis §f1 to form

the mixture ofo- andB-11was 8.96x 1077 s71, almost identical

to the rate constant for solvolysis of-1, 9.49 x 1077 s71
(discussed in section H). At this same temperature, 27%
endocyclic cleavage was observed in themethyl product
(Figure 4A), while a greater amount, 60%, was found in the
B-methyl product (Figure 4B). Analysis of the reisolated starting
material indicated only a small amount of scrambling, visually
evident but below our minimum level for quantitation (Figure
4C). No epimerization of-1 to a-1 was observed.

The detection of endocyclic cleavage at ambient temperature
in the hydrolysis off-1 was accomplished using deuterium
chloride as the acid catalyst in deuterium oxide containing 10%
acetonitrileds for solubility purposes. The reaction was allowed
to proceed to 17, 55, 70, and 90% completion. The starting
material was reisolated and analyzedbyNMR. A plot of
endocyclic cleavage as a function of completion is shown in
Figure 5. From this graph a lower limit of approximately 12%
endocyclic cleavage is estimated for the hydrolysis. This is a
lower limit as the amount of endocyclic cleavage proceeding
on to products cannot be detected. Starting material reisolate
from a similar methanolysis experiment after 90% completion
exhibited less scrambling (Figure 5). Since significantly more
endocyclic cleavage was detected in the products than the
reisolated starting material in the methanolysis reactions, the
higher percentage of scrambling of starting material in water
may indicate that more endocyclic cleavage is operative in the
hydrolysis mechanism. It may also signify that the oxocarbe-
nium intermediates in the hydrolysis reaction are more solvent
equilibrated and the reaction proceeds with less nucleophilic

Franck has also examined the possibility of endocyclic
cleavage in methanol, with acidic ion exchange resin d#t@5
by using a saccharide with an intramolecularly attached enamine
nucleophile. He reports approximately 50% endocyclic cleavage
of f-anomers, whereas we found only about 14% or less in the
a-anomer product fronf-1 with HCI at 25°C.2° Therefore,

-1 was subjected to acid catalyzed methanolysis with the same
resin (Dowex 50x 8—200) at 25°C. Indeed, the percent
endocyclic cleavage does increase with the resin; 21% endocy-
clic cleavage was found in the-anomer product. Since the
interior of an ion exchange resin inherently has less solvent
present and is more ionic than bulk solution, we were prompted
to test how solvents with different dielectric constants, lower
methanol concentrations, or increases in salt would affect the
percent endocyclic cleavage.

F. Solvent/Salt Effects. While the rate of the reaction
increased approximately 2-fold in the presence of added L4iCIO
the percent endocyclic cleavage remained constant with or
dwithout this salt in pure methanol. The effect of dielectric
constant was probed in two experiments where cosolvents of
different polarity were mixed with methanol. At 28C
endocyclic cleavage in a 1:1 mixture of benzene and methanol
was determined to be 35% and 62% in tireand S-methyl
products, respectively. Similar results (36% and 54%) were
obtained for the reaction conducted in a 1:1 mixture of dimethyl
sulfoxide and methanol. These percentages of endocyclic
cleavage are significantly higher than what would be predicted
for pure methanol at 2%C (see section J and Table 1). Since

participation than for the methanolysis (see section G). (28) Beaulieu, N.; Dickinson, R. A.; DeslongchampsQan. J. Chem.
The solvolysis reactions were very clean. No products other 1980 58, 2531.
than the methyl acetals were detected in¥HeNMR. and the (29) In our original communication describing the experimental design

. . usingl, we reported 14% endocyclic cleavage at’@5 As can be seen by
mass balance for the isolated products indicated close to 100%;naiysis of Table 1, 10% endocyclic cleavage would be predicted from

yield. This is good evidence that none of the reaction proceedsextrapolation to 25C.
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Table 1. Percent Endocyclic Cleavage dfin Acid Catalyzed OMe OMe
Methanolysis as a Function of Temperature oH = H
oM
10°C 0°C —-10°C —20°C —-30°C OMe KH‘ ¢
- OH
percent endocyclic cleavage 13 19 22 27 31 Ho OH
aThe error in these numbers is at mds2%. A
OH o] H o N
oM
°  opoD.DCI OMe Ve T.\ ﬁf Bﬁ
OH  Noue OH
HO OH HO OH
14 Predominantly B-anomer
Figure 6. Acidic methanolysis ofl4 leads almost exclusively to a B c

-anomer.
b Figure 7. Newman projections ol4. A andB lead toS-products,

. . . whereasC leads tooa-products.
benzene lowers the dielectric constant of the solution whereas P

DMSO increases the dielectric compared to pure methanol, these

result§ indicate that the d|elgctrlc constant is not a significant of 14 was thef-methyl acetal; very littlax-methyl acetal was
factor in the percent endocyclic cleavage, similar to that of added - .
. detected (less than 10%). Assuming that a large fraction of
salt. The common factor between these solvent studies and the .
. . - . endocyclic cleavage proceeds through compdhdhe product
resin study is the lower concentration of the nucleophile

methanol, therefore indicating a differing role for the methanol g';gﬁ#tgne:gglél%g:ggsz 6:: di)t(gl:?ggtilﬁgh:)ét%h? Irr](():zii?:?ad
in the rate determining steps along the endo- and exocyclic Y ag . yip .
cleavage pathways. from -1 (see section E). Since endocyclic cleavage proceeding
It is well known that lifetimes of cationic intermediates are through an acyclic acetal affords primarfiyanomer products,
" T . the isolate@3-products indicate larger percentages of endocyclic
critically dependent on the solvettt. The lifetimes increase @-p gerp 9 y

when the solvent becomes less nucleophilic. Analogous! acIeavage.on-Products from structures such2&are minor, and
Y phitic. Yousl, & erefore lower percentages of endocyclic cleavage are found
less nucleophilic solvent system would increase the lifetimes

of the oxocarbenium ions in the solvolysis of pyranoside acetals. in the a-_pro<_3|ucts. o
We find this also leads to an increased reaction via the Examination of Newman projections of the-C bond
endocyclic pathway. adjacent to the acetal linkage b4 provides a rationale for the

dominant stereoselectivity of this ring closure (Figure 7). For
the two lowest energy conformations of the three possible, attack
of the nucleophile from the least hindered face affords the

Interestingly, the predominant product from the methanolysis

G. Nucleophilic Participation. In support of a role for
methanol in the solvolysis rate determining steps, nucleophilic
participation has been previously reported in the hydrolysis of .
acetal$! Such participation is consistent with all the results £-@nomer. Thea-anomer results from the highest energy
of the investigations described herein. As one example, if the conformation.
symmetrical oxocarbenium idhis solvent equilibrated, the two Nucleophilic assistance has been invoked previously to
intramolecular nucleophiles each with an effective molarity of €xplain the solvolysis reactions of aceté#isFor example, a
30000-50000 M3 should scramble the position of the deute- reaction with full 2 character would consistently result in
rium in the starting material to a much greater extent than in inversion of configuration of the acetal carbon, and this is
the products. This is not observed, suggesting that the nucleo-observed wittp-acetals since the kinetic product is @aracetal.
phile is preassociated with the developing oxocarbenium ion. In the studies described herein, the dominate producsisice
Since the appendage ifh is too short, it cannot be the the majority of the pathway is exocyclic (see section E). In
preassociated nucleophile; therefore, the solvent must act in thecontrast, according to our results, endocyclic cleavage of a
nucleophilic assistance. pB-anomer results in predominanflyproducts. Importantly, the

If nucleophilic assistance is prevalent for endocyclic cleavage, A-products from-1 are not 100% deuterium scrambled.
it would afford an acyclic acetal intermediat24( see section ~ Therefore, somg-product results frorg-1 via another pathway
K). This compound, however, was not detected in the metha- (See section K). These results are consistent with a previous
nolysis experiments. Yet, if the subsequent methanolysis of Postulate that nucleophilic assistance can occur from both the
this intermediate was much faster than the initial solvolysis of same and opposite faces of the oxocarbenium ion from which
probe -1, the intermediate would not accumulate and could the leaving group departéd.
not be detected. This may be expected since the solvolysis of H. Stereoelectronic Control. These experiments that
24 with nucleophilic assistance would benefit from the high determine the site of cleavage of pyranosides provide a new
effective molarity of both appended nucleophiles. system in which to test the principles of the theory of

The possible existence of an acyclic intermediate sud¥as  stereoelectronic control. According to this theory, thanomer
was explored by methanolysis studies of an acyclic prdde (  would be predicted to proceed smoothly with exocyclic cleavage
Figure 6). The rate constant determined-20 °C was nearly since the lone pair of the pyran oxygen is antiperiplanar to the
300 times greater than for the solvolysis®bil. Therefore24 exocyclic C-0 bond. The3-anomers cannot attain the proper
is a kinetically feasible intermediate. geometry for exocyclic cleavage, but endocyclic cleavage is
stereoelectronically enhanced by the lone pair of the exocyclic

(30) Lowry, T. H.; Richardson, K. Svlechanism and Theory in Organic oxvaen. The most recent evidence sugaestsiiztomers ma:
Chemistry 3rd ed.; Harper and Row: New York, 1987; Chapter 4. ygen. ggests y

(31) Sinnott, M. L.; Jencks, W. B. Am. Chem. Sod98q 102, 2026. follow a syn-periplanar rout& In order to assess the impor-
Ashwell, M.; Guo, X.; Sinnott, M. LJ. Am. Chem. S0d992 114, 10158.
Jencks, W. PChem. Soc. Re 1981, 10, 345. Knier, B. L.; Jencks, W. P. (32) Jensen, J. L.; Tsuang, S.-C.; Uslan, AJHOrg. Chem1986 51,
J. Am. Chem. S0d.98Q 102, 6789. Craze, W. P.; Kirby, A. J.; Osborne,  816.
R.J. Chem. Soc., Perkin Trans.1®78 357. Banait, N. S.; Jencks, W. P. (33) Deslongchamps, P.; Dory, Y. L.; Li, €an. J. Chem1994 72,

J. Am. Chem. S0d.991, 113 7951. 2021.
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Figure 9. Initial rate kinetics of the methanolysis gf1. A plot of
o the mole fraction ofx-methyl acetal product as a function of timé] [
= 25 mM, [LiCIO4] = 0.14 M, and [DCI]= 13 mM. All experiments

were carried to 0.1 mole fraction; all the data are not shown for the

o
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4.5 4.0 3.5 PPM lowest temperature plota) = 10°C,k=1.0x 10*s™%; (@) = 0°C,
Figure 8. Acidic methanolysis ofa-1 showing no evidence of k=23x105sL (@ =—10°C,k=6.9x 10°s%; (o) = —20
endocyclic cleavage: (A) reisolated starting material, (Bjnethyl °C,k=9.7x107s % and ©) = —30°C,k=1.4x 107s L The

acetal product froma-1, and (C) o-1 prior to the methanolysis error in these rate constants4s10%

experiment. Any resonances at approximately 3.5 ppm would indicate

endocyclic cleavage. endocyclic cleavage, significantly lower than that found at O
°C for -1 (see the next Section).

The lower percent endocyclic cleavage with the better aglycon
aving group is indicative of a weakening of the exocyclie@
bond, just as was found for furanosid@€3! Therefore even
better leaving groups such as halidepenitrophenoxy would

be expected to react even more completely via an exocyclic
pathway. This experiment confirms the studies using such good
leaving groups that indicate exocyclic cleavageit it also casts
doubt on conclusions of the exocyclic cleavage mechanism for
alkoxy aglycon groups that are formed based upon these better
aglycon leaving groups.

J. Temperature Effects. The observation of both endo-
and exocyclic cleavage pathways for the solvolysis reactions
of -1 suggests that there was only a small difference in their
activation energies. To fully delineate the thermodynamic
parameters, thereby revealing any enthalpy differences between
the two pathways as predicted by the theory of stereoelectronic
control, the solvolyses were conducted at several temperatures.
The products of these experiments were analyzed for a change
in the percentage of endocyclic cleavage. Using the method
described in section C, the percent endo- and exocyclic cleavage
was determined at 10, 6,10, —20, and—30 °C in methanol.
Multiplying the methanolysis rate constants obtained at these
temperatures by the fraction of endo- or exocyclic cleavage
determined at each temperature gave the rate constants for endo-
and exocyclic cleavage. At most a 10% deviation in rate
constants was found and a 2% deviation on the percent
endocyclic cleavage. These rate constants were used to calculate

tance of this theory for the hydrolysis of pyranoside acetals,
we examined the solvolysis of the axial anomer of the probe le
(a-1).

A change in mechanism for the different anomers that
reaffirms the importance of the principles of stereoelectronic
control was found for the:- and-anomers ofl. The results
of a methanolysis experiment conducted af@5ndicated that
no endocyclic cleavage had occurred (Figure 8B). Examination
of the reisolated starting material from a hydrolysis experiment
confirmed that this pathway was also inoperative in water
(Figure 8A). The theory of stereoelectronic control therefore
correctly predicts the-anomer reactivity, but seemingly is not
correct forg-acetals, since fgf-acetals endocyclic cleavage is
not the dominant pathway.

This experiment sheds light on the possibility of a high-energy
sofa or twist-boat conformation ¢gf-1 (eq 1). Since we find
that axial aglycon groups proceed solely via an exocyclic
cleavage mechanism, any high-energy conformatiogslofvith
the aglygon group in a pseudoaxial position should also use an
exocyclic pathway. Yet, endocyclic cleavage is evident with
B-1. Therefore, a partial ring flipped form @1 cannot lead
to all the solvolysis products found.

To further test the importance of stereoelectronic control in
the reactivity ofg-acetals, we examined different aglycon groups
which would be expected to influence the orbital interactions.
Better exocyclic leaving groups should counteract stereoelec-
tronic considerations and enhance exocyclic cleavage. In

addition, we examined temperature effects, which would be the enthaply and entropy of activation for each pathway via

expectgd o reveal the dlﬁerencgs In activation entropies and Eyring plots. The results are summarized in Table 1 and Figures
enthalpies for endo- and exocyclic cleavage. 9 and 10

I. A Phenyl Aglycon Group. A change in mechanism is
known to occur when the leaving group is an activated leaving
group such as arytt The mechanism switches from specific
ac_|d catalys_ls with alko>_<y tetrahydropyran acetals to general cleavage were 22& 1.1 kcal/mol and 3.2 3.8 eu. The errors
acid cataIyS|s_as the leaving group changes to z_;lryloxy. To asseSy, these activation parameters were calculated with the errors
whether the sne_of cleavage in aryloxy pyranosides also changesgiven in rate constants and endocyclic cleavage that were
the methanolysis of the aryloxy propel2was conducted at 0 discussed above. The greater enthalpy required for exocyclic

o o . . 3
té:r'm. r?atte:zlo a/‘;] dcgrr%‘ggtlgné ctlzz ;ne(:hagslélzltsecgbllg l\)N?Sbelo cleavage is attributable to a stronger exocyclic bond. This is
! ycl vage w u Wpredicted by the theory of stereoelectronic control since the

gg(ryllmlt forI (zyantlttﬁtlon. ,:Eh\/?n wr(;en talllov(;/.ed tto dprO(l:eego(I) /to endocyclic C-O bond off-pyranosides is destabilized by the
o compietion, thex-methyl products indicated only 9% y4nation of the exocyclic oxygen’s lone pair of electrons into

(34) Jensen, J. L.; Wuhurman, W. B. Org. Chem1983 48, 4686. its antibonding orbital. The greater positive entropy of activa-

The enthalpic and entropic activation terms for endocyclic
cleavage were found to be 1942 1.4 kcal/mol and—12.6 +
6.1 eu, while the corresponding parameters for exocyclic
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24A 24B

In[k/T]

Endocyclic Cleavage as well as their enantiomers (see below). These compounds

are chiral and therefore are not symmetric. The diastereomers
A andB are formed depending upon whether the nucleophilic
assistance is backside or frontside, respectively. A 1:1 ratio of
-243 AP formation o_f thege addl_Jcts is_ equivalent to a solvent equilibrz_ﬂed
’ : : : : . : ) oxocarbenium ion. Since it is unclear the extent to which
/T (x107) nucleophilic participation is involved, and the relative fractions
Figure 10. Eyring plot of endo- and exocyclic cleavage ®fL. of backside and frontside attack of the nucleophile are unknown,
it is impossible to state which of the diastereomers is dominant.
tion for exocyclic cleavage stems from the generation of two However, to whatever extent the backside and frontside attacks
molecules in the transition state. This is the same reasoning asare not 1:1, the factor of 2 applied to the analysis of endocyclic
discussed with regards to the negative entropy of activation of cleavage, based on the assumption of symmetry of the inter-
endocyclic cleavage of furanosid®s! Therefore S-pyrano- mediate (discussed in section C), should be depressed, thereby
sides have two conflicting influences on their reactivity. One lowering the percent of endocyclic cleavage below that reported
is a stereoelectronic effect (enthalpic) which favors endocyclic herein.
cleavage, and the other is entropy which favors exocyclic  This analysis can be extended even further to show that
cleavage. The balance of these two factors near ambientbackside nucleophilic assistance is not enough to explain all
temperature results in predominantly exocyclic cleavage. With the data, and that frontside attack is also likely occuring. If
o-acetals, both stereoelectronic control and entropy reinforce the nucleophilic assistance in the endocyclic cleavage bfs
one another, resulting in solely exocyclic cleavage. predominantly backside, the first formed acetal intermediate
Further analysis of the entropies of activation for the two would be24A, which has two more rotamers around the acetal
pathways gives even more insight into the reaction mechanism.bond, 24C and 24D (Figure 11). Only24A can go back to
As discussed in section G, because of their fleeting lifetimes, starting material, and hence no deuterium scrambling would
oxocarbenium ion and3 may more resemble transition states occur in the starting material. Indeed, we find very little
than intermediates in methanol and wéteiThus, nucleophilic scrambling in the starting material. However, rotaidéA can
participation is likely, and is reflected by the negative or near only produce aB-methyl acetal productféll) with 100%
zero values forAS'. A small part of the negative entropy of  deuterium in the ring. We find about 30% in the ring, thereby
activation for endocyclic cleavage gfanomers is also likely  giving a calculated percent of endocyclic cleavage-a0 °C
due to freezing of the conformation of the exocyclie O bond of 60% (see section E). Moreover, rotanm4C will only
that would be required for the stereoelectronically allowed produce aro-methyl acetal product with 0% deuterium in the
cleavage. However, since freezing of a bond rotation is thought ring, and yet we find 13 14%, thereby giving 27% endocyclic
to cost only about 4.5 et? this is not enough to explain the cleavage for this product. Finally, rotam@4D can only
full =12 eu found. Therefore, we again find evidence in support producen-1 with 100% deuterium in the ring, yet we find none
of nucleophilic participation. of a-1 with or without deuterium scrambling. -1 forms,
There is some evidence that nucleophilic participation should since we run the reaction to only 30% completion anddke
be greater in endocyclic than exocyclic cleavage. Bennett hassolvolyzes at essentially the same ratelek (see section F),
stated that the glucosylcarbenium ion has a lifetime greater thatwe should find significant amounts ef-1. All these results
2.5 x 107125 in water!* This is greater than the lifetimes for  taken together are good evidence that there must be an additional
acyclic analogs found by Amyes and Jenéksand slightly endocyclic route to forming products besides that shown in
greater than that estimated by these same researchers for thEigure 11, and that there must be an additional route to forming
glucosylcarbenium ion. We therefore postulate that acyclic S-products. The best explanations are that frontside nucleophilic
oxocarbenium ions in methanol may also have shorter lifetimes assistance is also occurring (which would give essentially the
than cyclic analogs and therefore require more nucleophilic opposite deuterium incorporation in the products to that
assistance. discussed above) and that sofiproduct arises from exocyclic
K. How Symmetric Is the Symmetric Intermediate? Data cleavage.
have been presented to this point which are consistent with the L. Relevance to Lysozyme and Other GlycosidasesAs
notion of nucleophilic participation in the solvolysis reactions. discussed in the Introduction, endocyclic cleavage has recently
Although such participation is not definite, nor does it effect been proposed for hydrolysis of oligosaccharides at the active
the conclusion of endocyclic cleavage, it does have an influencesite of the enzyme lysozynié. Part of the impetus for these
on the symmetry of the intermediate formed from endocyclic studies was the determination if endocyclic cleavage of sac-
cleavage and therefore the percent of endocyclic cleavagecharides in aqueous or other protic solvents was a viable
reported. As pictured in Figure 2, the intermediate from pathway. Since both Franck and Reid have found endocyclic
endocyclic cleavage is completely symmetrical except for the pathways for actual saccharid€sf and we herein report
isotopic labeling. However, if a full fledged oxocarbenium ion endocyclic cleavage using a pyranoside probe under several
is not produced and the solvent is partially bonding in the experimental conditions, we conclude that endocyclic cleavage
transition state, then the intermediates formed2ds and24B is a perfectly viable mechanism f@tpyranoside hydrolysis and
(35) Page, M. I.; Jencks, W. Proc. Natl. Acad. Sci. U.S.A971, 68, solvolysis. The percen'F of endoz_:yclic cleava_g_e is a delicate
1678. balance of three factors: the leaving group ability, the nucleo-
(36) Amyes, T. L.; Jencks, W. B. Am. Chem. Sod.989 111, 7888. philicity of the solvent, and the temperature.
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