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ABSTRACT

A method is described for calculating all ratios of rate-constants characterizing
the reaction of a diol with an acylating or alkylating reagent. The application of these
ratios, for estimating the amount of reagent needed for maximal yield of each
monosubstituted derivative under definite reaction conditions, is presented. These
rate-constant ratios are also useful for calculating the proportions of products at
optional degrees of substitution and for investigation of reaction mechanisms.

INTRODUCTION

Numerous studies of differences between hydroxyl groups in carbohydrate
derivatives toward acylation or alkylation reactions have been made® since Ohle and
Dickhiuser in 1925 described? the partial acylation of 1,2-O-isopropylidene-a-D-
glucofuranose; these differences in reactivity have been mainly used for the synthesis
of otherwise unavailable compounds. Current interest is directed more toward
elucidating the factors influencing the reactivity of particular hydroxyl group and to
the relations between these factors. In addition to the roles of the acylating or alkyl-
ating reagent, the catalyst, and the solvent (which can be held constant) there are
many structural features of the sugar molecule itself (such as steric and polar effects
of adjacent groups connected with configuration and conformation) that may influ-
ence the reactivity of individual hydroxyl groups. Quantitative evaluation of the

*Present address: Laboratory of Monosaccharides, Prague Institute of Chemical Technology,
166 28 Prague 6 (C.S.S.R.)
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contribution of all of these effects to the reaction rate should make it possible to
predict the net reaction pattern for any polyol under a given set of reaction condi-
tions. Unfortunately, the common sugar derivatives having three or four free hydroxyl
groups give too complex results for this puipose, even in simplest reactions.
Derivatives of trideoxy sugars (or their analogues) having only one free hydroxyl
group could serve as the simplest model compounds (see ref. ), but they cannot
be used to determine the effect of one free hydroxyl group on the reactivity of another
hydroxyl group in the molecule. Furthermore, they are usually inaccessible in the
gram amounts needed until recently for detailed kinetic measurements®. Compounds
having two hydroxyl groups are thus more convenient, and the literature records a
number of studies on partial reactivity (leading references only are given), for example,
on alkyl 4,6-O-benzylidene-aldohexopyranosides*'®, on other appropriately sub-
stituted derivatives of glycosides® and cyclitols”, on dideoxy hexosides® and their
acetamido analogues®'°, on dianhydroalditols'®, on substituted 1,6-anhydro
sugars'?, and on nucleosides' 3. However, their reaction with one equivalent of the
acylating or alkylating reagent does not stop at the stage of monosubstituted deriva-
tives, and a part of the reagent is consumed in a subsequent reaction leading to a disub-
stituted derivative (Scheme I). As four different rate-constants*® (k,, k4, k3, and kJ)
may be involved, the interpretation is complicated to such an extent that it is generally
not possible to estimate the differences in the reactivity of hydroxyl groups (namely
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Scheme 1

*This designation of rate constants for the model compounds employed here (Scheme II) is used for
the general method presented.
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k,/k,) in the starting diol A from the final distribution of products* usually the only
information available from the experiment). Nevertheless, knowledge of k;/k,
and other rate-constant ratios can help to clarify the effects of some of the structural
features already listed for the sugar molecule. For instance, the ratio k;/k, quanti-
tatively describes (Scheme I) the increase or decrease of reactivity of a particular
hydroxyl group occasioned by a change of the neighboring hydroxyl group into an
acyloxy or alkoxy group, and the ratios k5/k’ and k,/k, indicate which one of the
hydroxyl groups reacts the more rapidly. The last-mentioned rate-constant ratio also
reflects the effect of a neighboring hydroxyl group upon the reactivity of a particular
hydroxyl group.

Methods of kinetic evaluation hitherto described (see, for instance, ref. %) for
the system given in Scheme I used many approximations (for example, k, = k, and
k) =k, or ki =k,). This paper presents a method for evaluating all desired ratios
of rate constants, based on relatively little experimental data; the irreversibility of the
reaction is the necessary condition.

RESULTS AND DISCUSSION

Among the various pairs of rate constants noted in Scheme I, the ratio k5/k}
is the only one that can be determined directly by experiment. In this case of com-
petitive reactions of two monohydroxy derivatives B and C, the following equation
is valid:

_ k> _ log ¢c,—log ¢¢ @
ki logcg,—logcy

where c¢, and cg, are the initial concentrations of compounds B and C, and ¢cand ¢
their concentrations at time ¢ This ratio can be obtained from the reaction of a
synthetic mixture of B and C with less than 1.0 equivalent (preferably about 0.5
equivalent) of the reagent, under the same conditions as those used for the reaction
of A alone. When compared with the direct kinetic evaluation of X} and £k, about
15 times less of compounds B and C are required, in an experimentally simpler
procedure, to achieve comparable accuracy. As the resulting ratio of rate constants
is a dimensionless number, the concentrations can be expressed in moles, mole-
percent, percent, and so on. The same is also true for the other calculations described
in this paper.

Thus, to observe the reaction of methyl 3-acetamido-3,6-dideoxy-B-p-gluco-
pyranoside (“A”™) with acetyl chloride in pyridine (Scheme II), a mixiure of methyl
3-acetamido-2-0-acetyl-3,6-dideoxy-f-D-glucopyranoside (“B”) and the correspond-
ing 4-0O-acetyl derivative (“C”) in the ratio 1.11:1.0 was prepared from the individual

*An excess of the monosubstituted derivative B over C (Scheme I) may arise either by a higher rate
of formation of B from A (k./ks >1), by a slower disappearance of this derivative (k4/k{ >1), or by
a combination of both of these effects.
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monoacetates, and this mixture was acetylated with 0.74 equivalent of acetyl chloride*
under the same conditions as these used in the standard acetylation of “A”. From
the reaction mixture, 68.5% of unreacted “B” and 32.7% of unreacted “C” were
isolated by careful column chromatography on silica gel (by weighing the dried,
combined, chromatographically pure fractions), and this result leads to the value
k5[ky = 3.0. In order to achieve the accuracy k3fk} = 3.0 £0.2, concentrations cg
and ¢, must be estimated with a precision 1 1% (starting with 50 mg of each mono-
substituted derivative, this requires an accuracy of +0.5 mg in weighing).
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Reaction of methy! - 3—acetamido-3, 6-dideoxy-g-b-glucopyranoside ("A”)
with acetyl chlioride in pyridine

Scheme IT

The same competitive reaction can also be accomplished with two mono-
substituted derivatives of different compounds, thus permitting correlation of results
for various diols.

The ratio k,/k, can be obtained (with some uncertainty) from the amounts
of compounds B and C present in the final mixture from acylation or alkylation of
diol A, under conditions where the amount of a disubstituted derivative D is negligi-
ble, by using the equation:

—— T — 2 .

P &)
Unfortunately, rate-constants for carbohydrate derivatives are usually not
sufficiently different and, at a low concentration of D (¢, —0) the degree of substitu-
tion (d.s.) (and also cg and ¢¢) is too low to permit accurate estimation of the ratio.
In addition, experiments at low d.s. are less practical from the preparative point of

*Examples used in this paper utilize experimental data from ref. 10.
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view. Somewhat more-accurate results can be obtained if the amount of the disub-
stituted derivative D, instead of being neglected, is distributed between its precursors,
that is, between B and C, according to the previously expressed ratio k3/k; (eq. I).
For both procedures the precision of the ratio obtained becomes lower as the con-
centration cy, increases.

For instance, the reaction of methyl 3-acetamido-3,6-dideoxy-f-D-gluco-
pyranoside (“A”) with 1.3 equivalents of acetyl chloride in pyridine (Scheme II),
gave, after chromatographic separation on silica gel, the following amounts of
products: Cupn 18.8, Cagn 23.7, Cuge» 7.1, and cup» 50.3%. For such a large fraction of
disubstituted derivative “D™, an erroneous value (3.3) will be obtained for k,/k, by
neglecting c.y~, instead of the correct value of 1.2 (see method 1.a). By using the
distribution of “D” between “B” and “C” (k5/k}, = 3.0), the value of 0.8 was obtained
from the calculated values of cug» 35.6, and c.c» 45.8% at c.p~ extrapolated to zero.

However, the correct results can be obtained only by kinetic evaluation of
this problem. The solution presented here for a system of second-order, irreversible
equations (Scheme I), which may also be used for reactions following first-order
kinetics (the concentration of the reagent c¢x is not a factor in this calculation),
makes the following calculations possible:

I. Evaluation of the ratios k,/k,, kilk,, kylks, k5lk,, and kifk, for certain
reaction, given data on either (@) the distribution of compounds A, B, C, and D
(that is, the concentrations c,, cg, and cp) and the ratio k5/k (equation 1), or (b)
two (and more) distributions corresponding to different d.s., that is, ¢4, ¢g, Cc, Ca» Cg>»
and c¢.

II. Calculation (employing estimated ratios of rate constants) of (4) the maxi-
mum Yyield of the monosubstituted derivative B, together with the corresponding
degree of substitution at this stage (that is to say, the amount of acylating or alkylat-
ing reagent needed in order to achieve this maximum yield of compound B); {(b) the
maximum yield of C, together with the amount of reagent required; and (¢) the
composition of the reaction mixture at any given concentration of unreacted starting
compound.

L.a Evaluation of ratios of rate constants k,[ks, ki/k,, kifk,, ky/k,, and ki[k,
at known values of ¢,, ¢y, Cc, and k5/k; . — For this reaction system, involving one
competitive and two consecutive, second-order reactions (Scheme I), the following
differential equations are valid: )

de

— =2 = (ky+ks)cpex )
d:
'd—cB:szACX-‘k‘,;CBCX - (4)
ds
e _ kycncx—Ksecex ©)
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~dg, ,
—2 = K cgex+kiccex ©)
dt
d(_' *
—"5—— ,"ZCACX+k4CAcx+k4chX+kZCCCX (7) s

where —de,/dt is the rate of disappearance of the starting diol A, —dcy/dt is the rate
of disappearance of the reagent, and dcg/ds, deg/dt, and dep/dt denote the rate of
increase of the substances B, C, and D; ¢,, ¢y, ¢¢, ¢p, and cx are defined as the instan-
taneous molar concentrations of the substances A, B, C, D, and X at time ¢, and &,,
k,, k5, k. are the corresponding rate-constants.

Dividing equation (4) by equation (3) yields the differential equation (8),
which describes the dependence of concentration of compound B on the concentra-
tion of the diol A. Analogously, equation (9), describing the dependence of concen-
tration of the monosubstituted derivative C on the concentration of A, was obtained
from equations (5) and (3).

___(EA= k2 _ :i-cs (8)
dey,  kyotks (katkg)e,

dec ks _ 2Cc )

dCA k2+k4 (k2+k4)CA

l

After substituting =p (10) and =gq (I1), the solution of the
kz k4 k4
linear, differential equation (8) is given by (72). The analogous solution of (9) may be
rewritten in the form (I3), after substitution of k =1—-p ({9 and k =kq
4 4
(15):
D (1—q) .q
g = c,—cil V¢ 12
8= oy Ve (22)
- 11— —Pp (1-kq) ka

cc=————{(cp—cay Ve 13).
©= Geae 1)( A A) 3

Now it is possible, on the basis of experimental values for c,, cg, ¢¢c, and k=k5 [k,
(cao» the initial concentration of the starting diol A, equals 100%), to determine the
unknown values p and q from equations (I2) and (I3); the desired ratios of rate
constants are then obtained by simple algebraic operations, employing equations (1),
(10), and (11). Thus k4 [k, = q/p, and so on. For computational purposes it is suitable

*This equation is valid only when no side reactions of X (reaction with water, decomposition, and so
on) are involved. However, these side-reactions do not affect the result obtained from equations (8)
and (9).
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to express p in terms of equation (/2); substitution into the relationship (I3) then
leads to the form (I6), where q is the only unknown.

__¢C= (q—1)
_p179) q
Camch D) (en et 0y | — cc =0 us)

To find the root of this nonlinear equadon, the “half interval” method was used.
All calculations were performed on a Hewlett—Packard 2116B computer.

Thus, substituting the data previously noted from the reaction of methyl
3-acetamido-3,6-dideoxy-B-D-glucopyranoside (“A™) with 1.3 equivalent of acetyl
chloride in pyridine (Scheme II), namely, c«,- 18.8, cug» 23.7, Cuc- 7.1, and cup- 50.3%,
together with the value of 100% for ¢,,, and the value 3.0 for the ratio k5/k}, (see
eq. 1), the following values of the ratios of rate constants were calculated: k,/k,,
1.2; kylk,, 1.25 kblk,, 4.3;5 kS1k,, 3.5; k4fks, 1.4. The differences between the values
are significant as they are well outside experimental error [when approximately
gram amounts of “A” were used in the reaction and the composition of the product
was estimated by weighing (£0.3 mg) the dried, combined, chromatographic frac-
tions (the total yield was usually higher than 99.5%), the deviation of given ratio
from the mean never exceeded 10% in different experiments]. From the values ob-
tained, it is obvious that there is a significant difference between the reactivity of a
particular hydroxyl group in the diol and in its monoacetate. This enhancement of
reactivity due the substitution in the f-position is higher for the 2-OH group (k5/k,)
than the for 4-OH group (k,/k.)*.

All of these equations may be used in connection with acylation or alkylation
reactions obeying second- or first-order kinetics. Moreover, in the latter case, it is
possible to integrate equation (3), and to substitute the solution, ¢, = ¢,, e~ k2 ko,
in equations (72) and (Z3). Then, if the distribution at time ¢ (not the final distribution)
is known, absolute values of the rate constants can be obtained. These equations can
be transformed into the form employed by Garegg'* for this special case.

When there is no interaction possible between the two hydroxyl groups, or
between the substituted and the free hydroxyl group (usually for » >1, if no iong-
range effects are anticipated'®), k, =k, k, = k/, and, therefore, p=1—q. Substitu-
tion in equation (12) gives (I7), from which the value k,/k, = k' [k} = (1 — @)/q can
be calculated. This modification:

log (cg+cp)—log e,
q= g( B A) g Ca (17),
log cy,—log c,,

is valid also for deoxy sugars (R’'=H, n=1), such as 1,6-anhydro-3-deoxy-£-D-
xylo-hexopyranose and methyl abequoside, that do not possess the 1,3-diaxial arrange-
ment of hydroxyl groups.

*For further discussion, see ref. 10.
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1.b Evaluation of the ratios k,[k4, ki/k,, k5/ky, k3 [k, kifks, and X[k, ar two
known different distributions c,, cg, Ce¢, and ¢, cp, co. — Evaluation of the ratio
k5[k, by equation (I) may be difficult when the differences between the individual
rate-constants are too great, that is, if one of the monosubstituted derivatives is
formed in very Iow yield and, therefore, is unavailable in sufficient amount. In addi-
tion to this complication, the partially substituted compounds that are generally
the synthetic objective are consumed again in this second stage of the reaction.
In such cases it is advantageous to perform the acylation or alkylation of the diol A
to two different degrees of substituiion. The pair of equations (16) and (J6’) obtained
are solved in such a way that an optional value of k is substituted (values starting
with k = 0.1 and successively increasing by 0.2 can be used) in equations (I6) and (16")
in order to calculate q and q’'. The correct value of k is then situated at the minimum of
the dependence {q — q’| versus k. It is evident that, for exact values of all concentrations,
the difference |q—q’| is zero for the correct value of k. The validity of k estimated
in this way can be verified by comparing the ratios of rate constants calculated for
both degrees of substitution according to I.a. The accuracy of the ratios thus cal-
culated depends on the experimental error in determining the concentrations of single
components of the reaction mixture. This error becomes more significant when two
similar distributions are used for the calculation. For more-accurate resulfs, it is
advisable to use one of the distributions having ¢, near zero (¢, <5%) in order to
obtain sufficient sensibility in k = &k} /k’. The use of a third (fourth, etc.) set of concen-
trations of products can be used to further improve the precision. More than two
distributions should be used in particular when one (or more) of the rate constants
is substantially different from unity, that is, if the concentration of one component
in the resulting mixture is very low.

In the acetylation of “A” already mentioned, when using the values c.,. 18.8,
Cug» 23.7, and cuce. 7.1% for the first distribution (d.s. = 1.31), and the values ..
4.6, cug» 13.8, and cug» 2.1% for the second distribution (d.s. = 1.75; obtained ana-
logously by reaction of “A” with 1.8 equivalent of acetyl chloride in pyridine),
together with c.,,. 100%, the minimum for |q—q’| was found approximately at
k = 3.0. Calculation according to procedure I.a gave then the same results for both
distributions as obtained in La.

H.a Calculation of the maximum yield of the monosubstituted derivative B
together with the required amount of reagent. — Equation 12 gives the dependence of
concentration of the monosubstituted derivative B on the concentration of the star-
ting compound A. The maximum concentration of B is thus obtained at the point
where dcg/dc, =0. Differentiation of (I2) with respect to ¢, yields equation (I8)
which, after rewriting in the form (J9), gives the value of the concentration of com-
pound A,

P (1—q) (g—1)
1—qcs}, =0 (8
(a—1) (1—qcy ca ) )
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( 1 )1/(q—1) 19
AT\ 9 >
el

at the maximum concentration of B. By substituting this concentration into the
relation (72), the value of ¢§** is obtained. The concentration of C at this point is
obtained similarly by substitution in equation (Z/3). The concentratior, calculated
from the distribution of the compounds obtained, d.s. = (cg+ cc+2¢p)/100, can be
used as the criterion of the consumption of reagent, assuming quantitative reaction.

Thus, in the present example (Scheme II), 24.9% is the maximum yield of
methyl 3-acetamido-2-0-acetyl-3,6-dideoxy-f-D-glucopyranoside (“B™) that can be
obtained, if the reaction conditions employed for the calculation of the constants
P> 4, k (see 1.a) are used. The concentrations of other components at this point are
the following: cuy» 29.0, Cucn 9.6, and cup- 36.5%. The d.s. value corresponding to
this distribution (d.s. 1.08) requires the net consumption of 1.09 equivalent of acetyl
chloride, under anhydrous conditions (usually, 5-10% excess of the reagent ovel the
calculated value should be employed).

ILb Calculation of the maximum yield of the monosubstituted derivative C,
together with the required amount of reagent. — Calculation as in IL.a can also be
performed for the second monosubstituted derivative C. By differentiating equation
(13) (dec/des = 0) there is obtained equation (20) for the concentration of diol A at

max
( 1 )1/(k‘1—1) i (20)
Cy = ———
* 7 \kgeg, ™

g™,
and this concentration is then used for evaluating cg (eq. 12) and ¢g&** (eq. 13). The d.s.
value and the consumption of reagent is then calculated according to procedure IL.5.

Thus, the following concentrations of individual compounds at ¢£§F are obtained
for the reaction of “ A with acetyl chloride in pyridine: cu,» 49.3, cugn 21.9, ciGF 11.4,
and cup» 17.4%. This indicates that no more than 11.4% of methyl 3-acetamido-4-O-
acetyl-3,6-dideoxy-f-D-glucopyranoside (“C™) can be obtained under these condi-
tions, and that in order to achieve this maximum yield, 0.68 equivalent of acetyl
chloride must be used.

Il.c Calculation of the composition of the reaction mixture at any given con-
centration of unreacted starting compound. — Equations (I12) and (I3) may be employed
also for the calculation of ¢ and c¢, that is, for the estimation of the composition
of a reaction mixture at any given c, value, if the values p, q, and k are known
(normal substitution). This procedure permits a better comparison of an experimental
result with one performed on another compound to a different degree of substitution.
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