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Abstract —— Polyols, as exemplified by the sugars snd their derivatives, undergo
acetonation by 2-alkoxypropenes to give cyclic acetzls under kinetic contrel. The
products generally differ fron those of conventional thermodynemic ecetonation end
constitute chirally substituted 1,3-dicxanes, 1,3-8ioxclanes, and larger heterccycles,
of wide potential utility in synthesis. Free sugsars react without tautomerization, and
the hemiacetal hydroxyl group does not generelly take part in the reaction. The
stoichiometry may be eontrolled to give eithér mono- or di-acetals, and strained-ring
acetals,
0-Isopropylidenation (acetonation) of selected diol groups in carbohydrates by use of acetone in
the presence of an acid catalyst and a desiccant has long been established as a wvalusble method
for selective temporary protection in synthetic carbohydrate and nucleie acid chemistry. The
scope of this procedure has been extensively reviewedl--J+ and needs no further development here,
The reaction normally proceeds under thermodynamic contrcl, so that the composition of the product-
mixture reflects the relative free energies of the components in the medium; frequently a single
product ie isolated in high yield because it is of low free-energy relative to other possible
products,
Work in our laboratories has now developed a general method, based on the use of Z.zlkoxypropenes
(alkyl isopropenyl ethers), for effecting scetonation under exelusive kinetic eontrol to furnish
0-isopropylidene derivatives of carbochydrates of constituticn entirely different, in most instances,
from the products of thermodynamiec econtrol, The reaction offars broad general scope of application
in synthetic transformations of sugars and their conjugates, both simple and complex.

The main features of the "classicr acetonation under thermodynsmic control, as applied to free

>

1,2
’" or ketoses

aldoses , involve the formaticn of polyacetalated products in a process wherein free
interconversion of the tautomerie forms of the sugar takes plsce under the acid :atalysisu.
Isopropylidene acetals, both eyelic and acfclic, undergo constant formation and ¢leavage in the
medium, Through operation of the principle of mass setion, formation of polyacetelated products

tends to be favored secause of the excess of scetone used in the reaction, and cyclic S-membered
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(1,3-dioxolane} acetals conatitute the common substitution-mode in the products isolated., Six-
membered ring (1,3-dioxane) acetals are rarely encountered owing to their lower stability (a
consequence of the Brown-——Brewster=-Shechter principles}, and scyelic acetal products generally do
not survive the conditiens of product isclation. When 5-membered cyelic acetals attached to
cyelic pystems are produced, they are mlmost always cis-fused, Cyclic acetals that engage the
enomeric position of the sugar have particulsr stability, and consequently the anomeric hydroxyl
group is almost invariably involved in acetal substitution, unless favored multiple substitution
elgewhere in the molecule precludes this (as in the case of mannose), Even though aldoses and
ketoses normelly favor the pyrancse tautomer in solution, the equilibrium driving-force of the
acetal-forming resction frequently trensforms the ring skeleton into the furancid form, as
illustrated by the standard prctotype-example6, the conversion of D-glucopyranose into 1,2:5,6-di-

O-iscpropylidene--D-glucofuranose,

OCH
Mezc< | 2
CH, OH OCH _0
0 Me, CO oH Tharmodynamic
e
HO . HY, CuSO4 0 (ref. &)
HO i
OH 0-CMe,
Me
Me
GH.OH , -
HO 20 \>—OR,HCONM92 - o 0 Kinetic
HO ™) TsOH, 0° H {ref. 7, 8)
OH HO om

As the thermodynemic approach usually leads to polyacetalated products, recourse is commonly made
to selective hydrolytic removal of one or more cyclie scetal groups for accesg to products having
only partisl acetal substituiion.

The lability of the glycosidic Boud under scid conditions precludes the general use of the classie
acetonation procedure for protection of oligo- and polysaccharides, although examples exist of
controlled acetonation of certain derivatives wherein the cleavage of glycosidie linksges is
minimized,

The direct contrast between thermodynamic acetonation and kinetieally controlled acetonstion with

7

a 2-alkoxypropene is clearly 11lustrated’ with reference to D-glucose. Optimal conditions for
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kinetic acetonation8 involve use of ~2 mol of 2-methoxy{ocr 2-ethoxy)propene per mol of D-glucoge
at 0° in & nonhydroxylic solvent {N,N-dimethylformamide) compatible with the free sugar end the
reagent, together with & trece of acid catalyst (tholuenesulfonic acid), Reaction is rapid

end the sugar is trensformed in high (~95%) yield intc a wmonoisopropylidene acetal in which the
pyrancid ring-form is retained and the acetal is engaged in h,6-substituticn (1,3—dioxane type of
scetal), It is essential that the amount of acid catalyst used he reatricted to a trace and the
established experimental conditionsT’a must be followed carefully, otherwide irreversibility of
the process is not assured and a mixed mode of reaction mey ensue through partial equilibration,
with consegquent diminution of yield of the kinetic product snil difficulties in its isolation
because of its admixture with a propertion of thermodynamic products,

Formation of h,6-Q;isopropylidene~a-2-glucopyranose under kinetie conditions may be envissged zs
proceeding by imitial attack at the most accesgible {primary) hydroxyl group, with subsequent
ring-closure at the hydroxyl group then the most sterieally available, nemely O-4; the entire

process takes place before any aspprecisble agid-catalyzed tautomerization of the sugar occurs.

b, Me Me
M ROLE CH Me~ =0
H —
'.O/C 2 Ma/ \O 2 0
CHs /' wo o H 0 o
NeLor — o _
HO H HO
CHy HO “OH HO  ou HO oM
I
CHyp
3
c—OR
CH,

Acebonation of sugars by use of 2,2-dimethoxypropane and a trace of acid catalyst leads to a mixed
mode of acetonstion; under careful contreol it is possible to obiain malnly the kinetic product in
selected instancesg. However, extenslve comparative investigations in our laboratories have shown
that the highest yields of acetonated prodiuets, formed under exclusively kinetic conditions, are

achieved by use of the 2-alkoxypropene reagent; ylelds of kinetic product are invariably lower when

2,2-methoxypropune is use2d, and greater or lesser proportions of thermodynamic product are present
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in the reaction product.

A slgnificant illustration of the kinetic acetonation is afforded by the behavior of methyl G-D=
glucopyranoside when treated with -4 mcl of 2-methexypropene, The reaction produceslo in 95%
yield the erystalline 2,3:4,6-diacetal of the glycoside; the anomeric configuration and ring size
of the glycoside remains unchanged, one acetal group spans the 4,6 positions as alrveady observed
with D-glucopyrancse, and a second acetal group enters with the strained trang-fused 1,3%-dioxolane
ring at positions 2 and 3 of the glycoside. GSuch trans-fused acetal groups, previously
obtainableu in only extremely low yield, are particularly susceptible to hydrolytic removal with
retention of other cyclic acetal groups, and thus offer considerable potentisl scope in synthetic

design through selectlve protection and deprotection.

Me
Me o
CH.,OH
HO 20 “)-0R, HCONMe, o 0
HO TsOH, 0° o 0 >
HO Ome \/ Me

'C.Me2

m. 84-86°

Ref. /0 (compare ref.//) +97° { CHCI3)

The behavior of Bnglucopyranose when trested with ~2 mol of 2-alkoxypropene ig evidently quite
general for the aldchexoses; six of the eight D-sldchexcses have been studied in detailT’B’ lo—1k
and in every instance the reaction has afforded the corresponding 4,6-0-isopropylidencaldchexo-
pyranose in 80—95% yield; analogous indications follow for the remeining examples (altrose and
idoge). Such significant acetamidochexoses as 2-acetamido-2-deoxy-D-glucose and -galactose

gimilarly yield the h,G-Q-isoprcpylidene pyrencse derivatives, and other aldchexose derivatives

substituted at 0-2 and/or at 0-% may be expected to react likewise,
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Isomer Yield (%)  Raf
Me D-gluco 95 7,8
Me ’&0 p-manno 90 8 /2
\>-0R. HCONMe, 0 o -gakacto TO fo g
Aldohexose  ——omol) S - o~ talo S0 2
TsCH, 0 HO OH b- aflo 75 /3
H b~ gulo 80 4

Those aldchexoses having the hydroxyl groups at C-2 and C-3 eig-dlsposed undergo further
acetonation when ~4 mol of the resgent is used, and the corresponding 2,3:h,6-di-g—isopropylidene-
aldopyrenoses are cobtalned in high yieldlg*lh', as demecnstrated with Q-allosé, D-gulose, D-mannose,
and D-talose, This feature adds an extra element of synthetic versatility, such aa products,
after protection of the ansmeric hydroxyl group as by acetylatlon, may be readily deacetonated by
mild scid treatment with complete selectivity, The 4,6-scetal group {1,3-dicxane ring) is removed
with retention of the 2,3-acetal group (1,3-dioxolane ring), as illustrated in the second of the

following two charts.

Me Isomer Ref.
Me
\>_ ,&0 v—allo 3
OR, HCONMe _
Aldohexose {~4mol) 2 — o o p-gulo 4
(2,3-cis) TaOH, 0° b-maano 2
' 0\ /o OH o-tafo 13
CMe,
Me
Me o
CH,OH
0 0 AcOH, H,0 HO 0
—————e .
™% o
OAc 0Ac
o 0
O\CM/ {manno, ret. 12}
°2 CMe,
p-glle ° 0 - gulo
o-manno . p-tale

The foregoing, complete substitution of the 2,3-cis aldchexopyranocses by kinetic acetonation with
an excess of reagent, followed by seylation at 0-1, offers useful potential in synthesis of

lh’ls; replacement reactions at the anomeric centerls’lT

glycosides and complex saccharides , elther
by direct displacement of a sulfonic or similar ester, or through conversion of & 1-O-agetyl
derivative into an intermediate halide, affords glycosides (or nucleosides) having protecting

groups removeble by wild treatment with scid. Subsequent, selective removal of the 4,6-substituent
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is an attractive feature for synthesis of such important oligosaccharides asg D-mennose

derivatives having glycosyl substituents at positions 6 and 4.

Me

Me
CHzOH 0 4~ gnd €-glycosyl

o (? l.MeSSiBr HO © i gUbstituted
. —— 0\ / o derivatives

Ndwe, Onc 3AcOH, H;0 CMe,

It is noteworthy that these kinetic acetonation resctions give products in which the anomeric
center remains unsubstituted; this feature of the resction is consistenily observed in practically
all examples,

The behavior of the aldopentoses on aceionation with E-alkox"ypropeneslh’lB shows superficiel
differences that may nevertheless, be readily retionalized on the basis of considerations elready
advanced for the aldchexoses., The prineipal ring-form of each sugar is pyranoid {although ribose
contains a significant proportion of the furemoild form), and thus a primary hydroxyl group is not
accessible for initlal attack, With D-arablnose, monoacetonaticn engaging the (Eigrdisposed) 3
and & positions tekes place to give 60—70% of 3,4-C-isopropylidene-D-srabinopyranose; there is no
tendency to produce the 2,3-acetal as the 2,3-hydroxyl groups sre Esggifrelatedla. The same
process is observed with D-ribose, but in this instance, the yleld of 3,4-acetal {g decreaged

{to 40=50%) because of competitive scetonation of the 0-2,0-3 diol group, which is now
cis-disposed. The 2,3-acetal, although presumably generated as the pyrénose form, is actuslly
isolated as the (more-stable) furanold tsutomer, to which it may readily rearrange after
acetonation. The acetonatlon of D-ribose also leads to a small proportion of a furanoid diacetal
having one acetal group at 0-2,0-3 pius a gecond acetal group spanning 0-5 and 0-1; this is one of
the exceptional examples where the' anomeric position is involved, although the product s%ill

appesrs to arisel8 vie an intermediste, acycllec acetal at D-5,
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~
[+]
‘ OH
ueéiﬁ_h_o
p-arabino 60 —TO% ({ref. /8)
Aldopentose
+%-or HOCHa L0, OH
(~2 mol ) < 0 o] H 0
HCONMe \ * e
2 Me,C OH OH
TsOH, 0° "~ WO o :
o-ride 40-50% Che, \Cl/ﬂez
35-40% (ref. /8)
HOCH, o
Hoa\\_‘/o CMGz
MagQ\D - cf‘\‘o
OH OH
o-/fyxo 80-85% (ref. /4 )

~

In the case of lyxose, acetonation between positions 3 and i is disfavered as these hydroxyl groups
are trang-related, but the cis-digposed 2,3~dicl reacts readily., The 2,3~acetal ls isclated in
high (80—85%) yieldlu; agsein the isolation of the product ag the furanose form may be considered
te result from pyranose ——pm furancse tautomerization gfter acetonation, The fourth aldopentose,
xylese, has 0-2, 0-3, and 0=k mutually irang-disposed, and its treatment with 2-alkoxypropenes
does not glve any single, stable cyclic acetal in high yieldlh; the product-mixture contains
significant propertions of rather unstable preoducts containing acyclie acetal groups, Such acyelie
acetals (ccmparela’l9) are mach less stable than the ecyelie acetals. The absence of significant
reaction at position 1 with the sldopentoses iz again noteworthy,

The behavior of 6-deoxyaldchexoses on kinetic acetonation iz resdily explicable by reference to
the reactions of similarly constituted aldopentoses. Thus, acetonation of E-f‘ucose (6-—deoxy-£;—
galactopyrancse) with 2-methoxypropene affords in 60% yield the pyranoid 5,h-acetallh, behaving
therefore in a manner exactly analogous to that observed with D-arabinose, Similarly, the behavior
of L-rhemncse (6-deoxy-;.-mannopyranose) mey be interpreted by reference to the reaction observed

L

with D-lyxose; the final product obtained  , in B0% yield, is 6-deoxy-2,3-0-isopropylidene-L.
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manncfuranose, and the reaction may be supposed to involve initial acetonation of the 2,3-cis dicl

in L-rhamnopyranocse, with subsequent tautomerization (campareeo) to the more-stable furanocse form,

OH
CHy o \>—OR
OM ~e0%
OH
HO Mez

L-Fucoss ‘ m. 10—
- 90° (Hzo,eqml)

0. OH
. OH
Chy 0 Y-or ——
Ho-42 80 % H°°“°
H H \\
3 432
L-Rhamnose
m. 92-93°
HO o Y-or ci 0
85% OH (ref. /4)
OH Me,C
HO 2"™~o
- 83° (H,0)

The behavior on acetonation of 2-deoxy-D-erythro-pentopyrenose nay be correlated directly with that
of D-ribose; the product cbtainedlh, 2-deoxy-3,h-gfisopropylidene-ogS-Q-egxﬁhro-pentopyranose
(85% yleld), results from straightforward1acetonation of the 3,4-cis diol group.

Such ribonucleosides as adenodine are converited by 2-alkoxypropenes into the corresponding 2',3'-
igopropylidene acetalslh’zl, but in this instance the kinetic acetonation procedure offers no
obvious advantages over the standard thermodynamic route, EBwidently, even if the alkoxypropene
reagent tends to attack the primery hydroxyl group preferentially, the distance bebtween 0~5' and
0-3" is too great for clesure to an isoprop&lidene acetel, even a somewhat strained one, and so
the eyelie acetal isoleted is that resulting from classic bridging of the 2',3'=-diol.

A comparative investigation of three ketohexoses on kinetic acetonation has been conducted22 and
the resulta are presented in the follcwing_ch;rt. As with the aldohexoses, the results may be

interpreted in terms of initial attack on the ketchexopyranose at the primary hydroxymethyl group,
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followed by ring-closure at the most accessible (non-snemeric) secondsry bydroxyl group; subsequent
pyrancse —— furanose tautomerization may take place if further stabilizatiog ig thereby
achieved, Thus D-tegatose gives the 1,3-isopropylidene acetal in 85—90% yleld and the isolated
product retains the pyrancid ring-form, whereas D-fructose and L-sorbose, which likewise undergo
acetal bridging between the primary {0-1) position end 0-3, are isolated as the furanoid tautomers
of their 1,3-isopropylidene scetals, The substitution-mode of the products from these three

ketchexoses is entirely different from that in the prc:d.w.zc‘.-ts3 of conventicnal thermodynamic

acetonation,
CMe
HO 0 Sor MO O Nod
) — 2
HO CHa0H HO-~ Hy
H H
p — Tagatosa 85-95%
0
Meac//
OH OH HOCH, 04 duy
0
0-7~CH,0H \)_ oR 0 — )
OH - 0 Me OH
o GH wo o Me HO
55 % (as friacetate)
p— Fructose
s)
Py
Me.C /
OH OH o\/ M,
0
07 7CH M H-0R 0 - 0
HO. OH HO aQ Me OH
OH OH Me H
HOCH,
L- Sorbose . 35% (as triocetats)
(Ref. 22}
The branched-chain sugar D-aptose [3-(hydroxymethyl) -E-—glycero-tetrose], which on clesgic fa e

acetonation=? gives A mixture of two 1,2:3 3)-diacetals iscmeric at the spiré atom (C-3), reacts - . =

4

with 2-methoxypropene to give a mixture of four monoacetsl products, which are probably 3,3%-

8plro monoscetals in both 3-stereoizomeric forms, each existing as a pair of furanoid anomers.
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In epplication of this scetonstion procedure to di- and oligo-saccharidesez, the same selectivity
as observed with moncsaccharides is agaln evident, and the complete absgence of glycosidic bond-

‘ cleavage makes the reaction attractive as a method for selective protection in synthesis, The
symmetrical disaecharide (1, G~trehalose is notoriously difficult to convert into derivatives
subgtituted selectively at only one of the two a—g-glucopyranos_yl residues, but nevertheless it is
readily converted by the action of 1.5 mol of 2-methoxypropene into its 4,6-monoacetel, which ean
be isolated in 40% yielda; this reaction furnished the starting point for synthegis of & wide

range of uﬁaymetrically substituted derivatives of trehelose of interest as potential inhibitors

2k
of trehalases ',

. Me
Me 0
CH,0H
HO o 0 0
AcO
HO HO L Y-or ACO
0 (1.5 mol) o)
HO 0 : AcO 0
CH,0H CH,0A¢

40% (ref. 8, 24)

Another nonreducing disaccharide, sucrose, has a particularly labile glycosidic linkage, but
acetonstion with 2=-alkoxypropenes under the stenderd conditions gave no evidence for glycosidic-
bond cleavage. With ~2 mol or reagent, the maln product was 4,6-0O-isopropylidenesucroze, snd use
of a larger proportion of the reagent caused introduction of a second acetsl group engeging the
primary l-hydroxymethyl group of the E-fructose moiety in linkage to 0-2 of the Q-glucose moiety.
Thése products were iﬁ;olxad;edl1+ as thelr peracetates =nd their structures established by direct

425 26

comparison with products earlier obtaine from sucrose by the action of 2,2-dimethoxypropene

under conditions where glycosidie hydrolysis is minimized,
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Me Me
Me’&o Me’&
OH
o~z 0 o 0 0
AcO AcO.
HO "‘;°| 1 -oR AcO + 0 | OAc
/ )

HOCHa . 0 2 Ac0 AcOCH, o O CHy0B
Meac Ac
|
H : Ac 0
CH,0H CH, OAc \CHZ
RO AcO
30-50% 10-25%
Sucrose (Ref. /4) (cf ref.25) {cf. rof 26)

Among the reducing disaccharides examined, the behavior of maltose and lactose offers interesting
contrastsee. The action of ~2 mol of 2-slkoxypropene on maltose led to 4,6-acetcnation of the
nonreducing residue; the product was isolated after acetylation in ~50% yield as a crystalline,
peracetylated mixture of ¢ and P anomers. It may be speculated that further reaction through
attack of the reagent &t 0-6 of the reducing residue does not lead to ready stabilization through
subsequent closure to a cyclic acetal -becauge of sterecelectronic inaccessibility of a suitably
disposed hydroxyl group for this process, This behavior is in contrast to the situation observed
with sucrose, where an S-tembered ring is readily closed between 0-1 of the fructose residue and

0-2 of the glucose residue, Indeed, this reaction may develcp into a useful probe to indicate

inter-residue conformational proximity-effects in oligo- end poly-saccharide chains.
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GH,0H

HO v}
HO Ho| _ CH,OH L y-0R ACO CHzoAc
O o}
Aca O
HO 2 c2 ACO 200
¢
HO OH - OAc
Maltose 50 %
Me

HO
CHpOH L Y-0oR \ E
CHLOH 2. Ac,0
HO o 2.0 2

HO P“CH
HO 2
HO sz
OH
Lactose 40%

(Raf. 22)

The acetonation of lactose22 proceeds to give a diacetal as the major (40%} product in which the
nonreducing residue has the anticipated 4,6-acetal gubstituent, and the second acetal group spens
the primary position {G-6) of the reducing residue in a 9-membered ring that engages 0-2 of the
nonreducing residue. Again, the reaction ie of interest as a chemical probe for assessing group-
proximity relations in those conformations, generated by rotation about the ¢, angles of the
interglycosidic bond, that are gterically ellowed. Thus, In addition to the evident utility of
these products in the chemical synthesis of such important carbohydrates as oligosaccharide
haptenic determinants, the acetonation reaction has potential for affording fundsmental information
on the nature of saccharide chein conformations, as well as possibly useful methods for
stabilization and modification of fiber properties (through inter-residue acetalation along 2
linear chain} and generation of three-dimensional structures (through inter-chain erosa-linking).
In this regard, the behavior of the cello-cligosaccherides on the one hand, and the cyclosmyloses
on the other, will be of interest,

From a different viewpoint, such macrocyclic polyethers as the 9-tembered ring formed from
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lactoseee are of interest as they constitute chirally substituted, cyclie polyethers susceptible to
functional modification'as by glycol-cleavage degradation of the suger rings, with subsequent
applications in chiral synthesis and for specific complexation of various cations.

Other potential applications of these kinetic acetonation reactions, at present only in a very
preliminary stege, involve their use in structural modification of ecarbohydrate antibiotics,
especially in the sminocyclitol field, in the quest for semigynthetic analogs of improved or
modified response as compared with the parent, microbially synthesized agents, Here, the kinetie
mode of reaction, leeding to unusual bridged structures, together with the freedom from problems
associated with hydrolytiec degradation, offer a wide range of useful possibilities.

Final mention should algo be made of the extensions fessible with minor structural variastions in
the reagent used, 'Thus, the use of l-alkoxycyclohexenes instead of l-alkoxypropenes opens up
access, by an exactly comparable sequence, to cyclohexylidene acetals produced under kinetie
coutrolaT. Although such cycloalkylidene acetals are rather less attractive than lsopropylidene
acetals in expleoratory synthesis, notably because their n.m.r, spectra are less readily interpreted,
they do on occagion afford stable, crystalline products in structures where the corresponding
igopropylidene snalogs mey be liquids; the availability of crystalline intermedlates offers
procedural convenience,

Another variant of this type invelves the use Pf vinylidene acetals for the formation of cyeclie
orthoesters under kinetic control. Thus, under conditlons similer to thoge used for klnetic
acetonation of D-glucose, the reactien of D-glucose or D-mennose with 1,l-dialkoxyethenea gives28
in »80% yield the 4,6-cyclic orthoesters, The differences of chemical reactivity between ortho-
esters and acetala offer a wealth of opportunities for explolting use of both groups, introduced

under conditions of kinetie eontrol, in chemical synthesis.

o R |
o M'j"%o '
‘o cH,zOHo R O%OA
HO AL > HO
. . HO ©

>80%
HO OH

H

{ Ref. 28)

—1599—



In summary, the work presented here leamds to the following generallzations:

1. 2-Alkoxypropenes permit acetonation of sugars and thelr derivetives under exclusive kinetic
control,

2, The Favored site for initial attack by the reagent is at a primary hf,rdroucyl group.

2, Sugars not having a primary hydroxyl group in the favored tautomer in solution reasct without
tautomerization to give dioxolaenes.

L., The anomeric hydroxyl group dees not generally take part in the reaction,

5. Stoichiometrie control of the reaction may he exercised, to permit access to either monoacetals
or diacetals,

6. Acetals of oligo- and poly-saccharides are readily accessible, as the conditions do not affect
glycosidie linkages,

T. The method permits access to strained-ring scetals and to medium-sized rings.

8, Extension of the method by use of other alkoxyslkenes affords a wide verlety of different
cyclic acetals and orthozsters, formed under conditions of kinetie control,

The reactions desecribed here provide a general base of acvel protecting-group strategy of wide

potentisl utility in the synthesis and modifieation of carbohydrate structures.

This work was first presented as part of the Symposium on Blocking Groups at the 179th National
Meeting of the American Chemicel Society, Houston, Texas, Merch 24—27, 1580, Division of
Carbohydrate Chemistry.
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