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The reaction of N,N'-bis(2,3-dihydroxypropyl)-5-acetamido-2,4,6-triiodoisoph-
thalamide 1 with 3-chloro-1-methoxy-2-propanol 2 has been studied. In addition
to the desired product .V..V'-bis(2.3-dihvdroxypropyl)-5-[ V-(2-hydroxy-3-methoxy-
propyl)acetamido]-2,4,6-triiodoisophthalamide 3, which is a pharmaceutical agent
of interest as a general purpose X-ray contrast agent in medical imaging, several
by-products were also formed. The by-products were formed by concomitant alky-
lation of other nucleophilic sites. The yield of 3 and the by-products was found
to be influenced by the presence of various cations during the alkylation step. It
was found that Ca®™ * showed the most promising results, giving the highest yield
of 3 as well as affording the best selectivity.

The response surface technique was used to analyze which variables influenced
the desired reaction and the competing reactions. Response surface models were
used to predict a detailed setting of the variables for an optimal synthetic pro-

cedure.

Nucleophilic alkylation is widely used in organic synthe-
sis for introducing functionalized side chains into a sub-
strate. Such reactions with oxygen-functionalized nucleo-
philes containing for example hydroxy, ether or poly-ether
moieties are often used for the modification of pharma-
ceutical agents to adjust their lipophilic—hydrophilic
properties in order to achieve a desirable pharmacoki-
netic profile. One problem which is often encountered in
this context is that the substrate to be alkylated may con-
tain several nucleophilic sites and the desired reaction is
accompanied by side reactions. These by-products often
cause difficult separation problems.

The problem depicted above was encountered in the
last step of a multistep synthesis of the X-ray contrast
agent' N,N’-bis(2,3-dihydroxypropyl)-5-[ N-(2-hydroxy-3-
methoxypropyl)acetamido]-2,4,6-triiodoisophthalamide
3.

The nucleophilic sites yielding the by-products are hy-
droxy and amino groups in the side chains. Owing to the
closely neighbouring location of these groups, they may
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serve as polydentate ligands for metal ions. Chelation to
such groups may therefore be used to improve the per-
formance of the desired nucleophilic alkylation reaction.
This may be achieved by introducing a suitable ion in
order to block the undesired nucleophilic sites. The
present paper summarizes our findings in this context.

The desired reaction is an alkylation on the acetanilide
group in N,N’-bis(2,3-dihydroxypropyl)-5-acetamido-
2,4,6-triiodoisophthalamide 1 with 3-chloro-1-methoxy-2-
propanol 2 as the alkylation agent. However, owing to the
presence of nucleophilic sites in the side chains, this re-
action yields some competing alkylation reactions to form
the O-alkylated by-product § and 6 and the N-alkylated
by-product 4, see Scheme 1.

Methods and results

Screening of metal ions. It is known that simple metal ions
present sometimes intervenes in alkylation reactions.””’
In order to determine whether the presence of metal ions
in the reaction mixture might have an influence on the
O:N alkylation ratio, a screening experiment was run with
several metal ions. The results of these experiments are
summarized in Table 1.
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Scheme 1.

Table 1. Results from HPLC measurements of the screening
runs with different cations added to the reaction mixture.

Response?

MCI,

n=1,2,3 Ya 123 Y3 Y.
LiCl 68.34 2.80 27.80 1.06
NaCl 60.22 2.36 36.46 0.96
KCl 59.73 2.32 36.98 0.97
CsCI® 48.81 1.71 48.75 0.73
MgCl,6H,0° - - - -
CaCl, 87.63 2.40 9.05 0.92
SrCl,6H,0 89.87 3.07 6.10 0.96
BaCl,-2H,0 78.81 2.17 17.96 1.06
CoCl,° -~ - - -
ZnCl,* — — — -
AICI,° - - — —
SbCl,° - - - -

®y,; HPLC area% of product 3; y,; HPLC sum area% of by-
products 4, 5 and 6, y,; HPLC area% of unchanged substrate
1, y,= 100—2,3= 1 Y PCsCl were prepared from Cs,CO,
and conc. HCI. °A stiff precipitate was formed within 5 min
after addition of the salt and before the addition of alkylating
reagent 2.

From these experiments, it was concluded that the
presence of metal ions influenced the regioselectivity of
the alkylation reaction and that Ca*" and Sr** showed
the most promising results for blocking or decreasing the
reactivity of the competing nucleophilic sites. For this rea-
son, Ca** was selected for further studies in order to
improve the procedure by optimizing the detailed experi-
mental conditions.

Optimization study. The response surface modelling
(RSM) technique was used to establish which experimen-
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tal conditions should be used for obtaining improved
yields of the desired product with a concomitant im-
provement of the regioselectivity of the alkylation, i.e.,
suppression of by-products formation. Thorough ac-
counts of RSM methodology have been given in the lit-
erature®'" and we do not here go into any details of the
underlying principles.

The objectives of the present study were (i) to deter-
mine which variables influence the selectivity as well as
the yield of the N-alkylation reaction; this implies that
both linear and non-linear effects must be determined and
(i) to determine the optimum experimental conditions,
i.e., the detailed settings of the experimental variables
which yield the maximum of the desired product and
minimum of side products. A yield of 3 less than 959
and a yield of 4, 5 and 6 exceeding 2.59, was considered
unacceptable. Quadratic response surface models were
used eqn. (1).

M

K
2
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y=BO+Zkak+ Z
k=1 k=11

(1

Models were determined which relate y,, yield of the de-
sired product 3 and the sum of the yield (y,) of by-prod-
ucts (4, 5 and 6) to the settings of the experimental var-
iables, x,, k=1,...,5.

The structure of the by-products (4, S and 6) are very
similar and it was assumed that the reactions by which
they are formed would depend in a similar way on varia-
tions in experimental conditions. For this reason, the sum
of the yields of by-products was used as single measure
of the undesired reactions.”

Experimental variables as well as the explored range of
their variation are specified in Table 2. A brief discussion
of why these variables were selected follows.

Amount of alkylating agent, x,. It would be beneficial from
a practical and economical point of view if a stoichio-
metric amount of 2 could be used. However, initial ex-
periments had shown that an excess should be used for
obtaining a reasonably high yield. The question was there-
fore, how large an excess should be used.

Amount of sodium hydroxide, x,. The product 3 is base-
labile and the basicity of the reaction mixture might in-
fluence the rate of hydrolytic degradation of 3. For this
reason, the amount of sodium hydroxide in the reaction

" The experimental error of each of the observed yields can
safely be assumed to be ap2proximately normal and indepen-
dently distributed, N/D(0,5°). For this reason, y, which is the
observed sum of the by-product yields will also have a normal
distributed error. The significance of the experimental varia-
bles are evaluated from cumulative normal probability distri-
bution plots and for such analysis a normal distributed error
is essential. It is, however, common to use ratios of observed
yields as a measures of selectivity. Such ratios will not have
a normal distributed error.
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Table 2. Experimental design and results from HPLC analysis

Experimental variable® Response”
# X4 X2 X3 Xa X5 Y1 Y2 Y3
1 -1 -1 -1 -1 +1 81.255 1.393 15.864
2 +1 -1 -1 -1 -1 90.823 3.494 4.059
3 -1 +1 -1 -1 -1 89.293 2.239 7.372
4 +1 +1 -1 -1 +1 94.076 3.615 0.913
5 -1 -1 +1 -1 -1 87.900 2.420 8.560
6 +1 -1 +1 -1 +1 93.867 3.213 1.5680
7 -1 +1 +1 -1 +1 90.852 2.212 5.720
8 +1 +1 +1 -1 -1 93.376 4.411 1.072
9 -1 -1 -1 +1 -1 66.234 1.581 29.970
10 +1 -1 -1 +1 +1 83.852 2.019 12.613
11 -1 +1 -1 +1 +1 85.790 1.430 12.130
12 +1 +1 -1 +1 -1 89.970 2.300 6.970
13 -1 -1 +1 +1 +1 58.008 1.285 38.366
14 +1 -1 +1 +1 -1 89.840 4.058 3.302
15 -1 +1 +1 +1 -1 88.520 2.225 8.120
16 +1 +1 +1 +1 +1 93.627 3.409 1.472
17 -2 0 (0] 0 0 73.430 1.120 24.310
18 +2 0 0 0 0 91.112 3.270 3.557
19 0 -2 0 [¢] 0 59.215 1.256 36.861
20 0 +2 0 0 (6] 92.650 2.590 2.930
21 0 0 -2 0] 0] 79.800 0.960 18.400
22 (¢} 0 +2 0 6] 94.003 3.360 1.700
23 0 0 0 -2 6] 91.203 2.528 4.234
24 0] 0 0 +2 0 83.103 1.389 12.578
25 0 0 0 (o] -2 89.950 2.727 5.647
26 0 0 (0] 0] +2 86.070 1.590 10.670
27 0 0o 0 0 0 88.739 2.427 6.823
28 0] 0 0] (6] (0] 89.794 2.666 6.039
29 6] 0 0 0 0 90.411 2.488 5.892
30 0 0 0 (0] (0] 88.765 3.478 5.015
31 0 0 o] (6] 0 90.189 3.012 4.688
32 0 0] 0 0 0 90.753 2.701 4.678

“Experimental variables: x, (Definition) [levels: —1,0,+1]: x,; (amount of NaOH/equiv.) [1.30, 1.45, 1.60]; x,; (amount of
CaCl,/equiv.) [0.80, 1.15, 1.50]; x5, (T/°C) [25.0, 32.5, 40.0]; x,; (substrate concentration/g ml~') [1.00, 1.35, 1.70];
Xs; (amount of 3-chloro-1-methoxy-2-propanol/equiv.) [1.40, 1.55, 1.70]. "y1; HPLC area% of product 3; y,; HPLC sum
area% of by-products 4, 5 and 6; y,;; HPLC area% of unchanged substrate 1.

mixture should be kept to a minimum. However, a certain
amount is necessary to obtain a homogeneous mixture,
but in preliminary experiments it was observed that too
high a pH promoted the formation of by-products.

Amount of calcium chloride, x;. It was observed that cat-
ions, added as chlorides to the reaction mixture, influ-
enced the rate and the selectivity. The effects of the cation
were assumed to be due to formation of a chelate com-
plex with the adjacent free hydroxy groups in the sub-
strate 1, or to coordination between the acetanilide anion,
the cation and the alkylating agent 2. The properties of
the complex are likely to be dependent on the ionic sur-
face area of the substrate and the charge of the cation. It
was found that Ca®™" and Sr*™" showed the ‘best’ prop-
erties both with respect to the decrease in the formation
of the by-products (4, § and 6), and an increase in the
reaction rate as well as an improved yield of 3. For eco-
nomic reasons, Ca** was selected for further studies.
The concentration of Ca*" in the reaction mixture may
be critical, but from a practical and industrial point of
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view an amount as small as possible was desired. The
question is therefore, how much is necessary to achieve
the goal.

Substrate concentration, x,. For preparative runs, a high
substrate concentration is desirable. However, too high a
substrate concentration increases the viscosity of the re-
action mixture. This may lead to concentration gradients
during the addition of the alkylation agent, which may, in
turn, have a detrimental effect on the selectivity of the
reaction. For this reason, the concentration of the sub-
strate must be considered.

Reaction temperature, xs. The selectivity depends on the
relative rates of the desired and side reactions and since
the specific rates of these reactions may have different
temperature dependences, variation of the reaction tem-
perature was explored.

Reaction time. The reaction time, defined as the run time
before quenching the reaction mixture, was not included



as a design variable. Initially experiments in which the
course of the reaction was monitored up to a total re-
action time of 48 h showed that the pattern of product
distribution did not change, compared with what was ob-
served after 24 h. For evaluation of the optimum condi-
tions, the total reaction time of 24 h was fixed.

Experimental design and response surface model. A central
composited rotable design'® was used. The design matrix
and yields obtained in the experimental runs are sum-
marized in Table 2. From the data in Table 2, the re-
sponse surface model parameters () were computed us-
ing the PLSR method."" The significance of the
parameters were estimated from the cumulative normal
probability plots shown in Fig. 1. From these plots the
following conclusions were drawn as to the influence of
the experimental variables (significant variables ac-
counted).

Model for 3. Main effect(s): $, (amount of sodium hy-
droxide), B, (amount of calcium chloride), B, (substrate
concentration). Interaction effect(s): f,, (amount of so-
dium hydroxide x amount of calcium chloride), B,,
(amount of sodium hydroxide x substrate concentration),
B,4 (amount of calcium chloride x substrate concentra-
tion), and P55 (reaction temperature X amount of alkyla-
tion agent). Quadratic effect(s): B,, (square of amount of
calcium chloride).

P(7%) i
975 20 2
25 19 f
875 18 2%
825 17 o
775 16 %3
725 15 523
675 14 bt
825 13 T3
575 12 %55
525 1 523
475 10 44
425 9 33
375 8 o534
325 7 o545
275 6 (]
225 5 ot
175 4 535
125 3 0>
75 2 (3Y4
25 1 *;
-4 -3 -2 -1 0 2 3 4 5 ©®

B coefficients
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Model for 4, S and 6. Main effect(s): B, (amount of so-
dium hydroxide), f, (reaction temperature), and B, (sub-
strate concentration). Interaction effect(s): p,5 (amount of
calcium chloride x amount of alkylation agent). Qua-
dratic effect(s): none. After removal of insignificant terms,
the following estimated models were obtained for 3 (y,)
and 4, 5 and 6 (y,) respectively, eqns. (2) and (3).

y, = 88.21 + 4.87x, + 5.86x, — 3.41x,
= —3.02x,x, + 2.89x,x, — 2.00x3x5 — 2.754x3  (2)
¥, =240 + 0.75x, + 0.50x5 — 0.21x, + 0.32x,x5 3)

Plots of residuals versus estimated response, and normal
probability plots of the residuals showed acceptable fea-
tures.'>!'? Isocontour projections of the response surfaces
are shown in Fig. 2. These projections show that the op-
timum result was to be expected under the following con-
ditions.

The substrate 1 (200 g, 0.268 mol) was dissolved in a
solution of sodium hydroxide (18.2 g, 0.455 mol,
1.7 equiv.) in methanol (220 ml) (1.10 ml g~ '). When the
substrate was completely dissolved, the reaction tempera-
ture was adjusted to 10°C. Calcium chloride (41.5 g,
0.374 mol, 1.4 equiv.) was added and the reaction mix-
ture was stirred for 15 min and the alkylation agent 2
(56.5 g, 0.454, 1.60 equiv.) was added in one portion.
Samples from the reaction mixture were withdrawn after
t=24 h, 48 h, and 72 h and the composition of the mix-
ture was determined by HPLC.
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Fig. 1. Normal probability plot of the estimated regression coefficients: (a) model for desired product 3; (b) model for the sum

of by-products 4, 5 and 6.
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Fig. 2. Contour plots of the response surfaces showing the vyield of (a) 3 and (b) sum of 4, 5 and 6. The plots show the
variations of the responses when the four experimental variables x, (amount of NaOH/[equiv.]); x,, (amount of CaCl,/[equiv.]),
X3, {T/°C), and x,, (substrate concentration/g ml~") are varied, and one variable is fixed, xs=+1 (1.70 equiv. of 3-chloro-
1-methoxy-2-propanol). To read the plot, the large frame shows the variation in reaction temperature (x;) and substrate
concentration (x,). In this frame, nine subplots showing the contour projections of the surface when the amount of calcium
chloride (x,) and the amount of sodium hydroxide (x,) are varied. For instance, the variation in response for the settings xz=-1,
X4=—1 and the varying of x, and x, is shown in the subplot in the lower left-hand corner of the figure. Other settings are

evaluated analogously.

Experiments conducted under these conditions af-
forded for r=24 h an 83.85Y% yield of 3 and 1.06%, of 4,
5 and 6; for r=48 h 96.089% yield of 3 and 2.06%, of 4,
5 and 6; and for =72 h a 96.809, yield of 3 and 2.31%,
of 4, 5 and 6 and these results confirmed the conclusions.

Discussion and conclusion

The results obtained verify our assumption that an in-
creased N:O ratio could be obtained by adding Ca** ions
to the reaction mixture. It was also observed that the rate
of the product-forming reaction was considerably in-
creased. This result cannot be explained by a blocking of
the competing nucleophilic sites of the substrate. Some
other effects must also intervene.

The results of semiempirical molecular orbital calcula-
tions'*'* of the partial charges on the nucleophilic sites
of the substrate without complexing cations and with sin-
gly charged, and doubly charged cations present is shown
in Table 3.

It is seen that the charge of the desired nucleophilic site
is increased in the presence of cations. This may explain
the increased rate and may contribute to the improved
selectivity. Another factor which may contribute to the
improved selectivity is that the agent can form an epoxide
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in situ under the basic conditions used. The epoxide thus
formed may be coordinated to Ca*™ ions which assist in
the ring opening alkylation reaction.

The response surface model shows that it is, however,
necessary to use almost stoichiometric amounts of the
Ca™" ions. These results, indicated that trivalent ions
should also be evaluated in order to increase the partial
charge on the desired nucleophilic site. However, a test
run with AICl; added to the reaction mixture did not af-
ford the desired improvement of the alkylation reaction.

Table 3. Calculated partial charge distribution on nucleophilic
sites in the substrate 1.

Partial charge in substrate

Anion with counter ion

Functional Neutral

group® molecule  None M* M+t
Ar—{N] -0.380 —0.404 —0.559 -0.718
AN-C[0] ~ —0.341 -0.402 -0.516 —0.602
ArCO-{NJH —-0.253 -0.379 —0.258 —0.349
AC[OFNH  —0.325 -0.350 —0.333 —0.309
sec-[O]H —-0.341 —-0.351 -0.340 —-0.342
prim-[O]H -0.326 -0.337 —-0.330 -0.324

@ The partial charge is given for the atom given in brackets

[l



Such highly charged ions will be strongly solvated in
methanol (the solvent used) and therefore less prone to
coordinate to the substrate or the reagent.

Since only one reaction has been studied, it is not pos-
sible to draw any general conclusions as to increased re-
activity in the presence of complexing cations of poly-
functional nucleophiles. The results are, however,
promising and motivate further studies.

Experimental

Chemicals. The substrate 1 was obtained from Nycomed,
the agent 2 was supplied by Borregaard Fine Chemicals,
other chemicals and solvents were obtained from EKA
Nobel (sodium hydroxide), Merck [hydrochloric acid,
methanol, antimony(I1I) chloride, lithium chloride, potas-
sium chloride, cesium carbonate, cobolt chloride], Norsk
Medisinaldepot (sodium chloride, aluminium chloride),
and Fluka (magnesium chloride hexahydrate, strontium
chloride hexahydrate, barium chloride dihydrate, zinc
chloride). The quality was p.a. or ‘for synthesis’.

General procedure for the screening experiment for the cat-
ions. The substrate 1 (100 g, 0.134 mol) was dissolved in
a solution of sodium hydroxide (7.5 g, 0.187 mol,
1.4 equiv.) in methanol (150 ml). When the substrate 1
was completely dissolved, the reaction temperature was
adjusted to 30°C, and the metal chloride (1.0 equiv.,
0.134 mol) was added (where M = Li, Na, K, Cs, Mg, Ca,
Sr, Ba, Co, Zn, Al and Sb). The reaction mixture was
stirred for 15 min, then the alkylation agent 2 (20.7 g,
0.187 mol, 1.4 equiv.) was added in one portion. Samples
from the reaction mixture were withdrawn after 24 h and
the composition of the mixture was determined by
HPLC. The results obtained are summarized in Table 1.

General procedure for the response surface experiment. Set-
tings of the variables, x,—xs, in the individual runs and
the results obtained are summarized in Table 2.

N,N’-Bis(2,3-dihydroxypropyl)-5-acetamido-2,4,6-tri-
iodoisophthalamide 1 (200 g, 0.268 mol) was dissolved in
a solution of sodium of sodium hydroxide (x, g) in metha-
nol (x5 ml).

When the substrate 1 was completely dissolved, the
given amount (x,) of calcium chloride was added and the
reaction mixture was stirred for 15 min. The amount (x,)
of the alkylation agent 2 was added in one portion.
Samples from the reaction mixture were withdrawn after
24 h and the composition of the mixture was determined
by HPLC.

HPLC analysis. The reaction mixture was analysed by
HPLC to determine the amounts of product, by-products
and unchanged substrate. The integrated peak areas were
used for quantification.

Two eluents, A and B, were used. Eluent A was pure
acetonitrile and eluent B was purified water. The eluents
were degassed with helium prior to use.

REGIOSELECTIVITY IN ALKYLATION REACTIONS

The solvent delivery system used was gradient pump-
ing 3-17Y%, of eluent A, for 60 min with a flow rate of
1.0 ml min~". The columns used were RP-18, Brownlee
Columns (L 250 mm, ID 4.6 mm) and particle size 5 pm.
A UV detector operating at wavelength A =254 nm was
used.

Computing. In-house developed software SynDe (Synthesis
Design) written in Zortech C/C + + version 3.0 was used
for creating the experimental design, for plotting the
cumulative normal probability graphs, and for calculating
and plotting the response surfaces.

The UNSCRAMBLER program version 5.00'¢ was
used to estimate the regression coefficients, by means of
the partial least-squares regression (PLSR) method,"
with the cross-validation method'’ for validation pur-
poses. All the computation was performed under DOS
5.0 on a COMPAQ DESKPRO 50M, a 32 bit i486
microprocessor-based microcomputer.

Molecular mechanics calculations. The calculation of the
atomic point charge for the anion of the substrate 1 was
done by use of the AM1 (Austin Model 1)'*'#!'® method.

The AM1 routine used in the present work was the one
routine implemented in the semiempirical quantum chem-
istry software MOPAC 6.0'>?° with key words: AMI
PRECISE GNORM =0.2 MMOK. The MOPAC pro-
gram was run on a VAX computer under VMS.
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