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Abstract

A detaled study 1 scarch for suitable Neaevideoxy-nucleosides which could serve as building

blocks for the stepwise synthesis of deoxs oligonucleotides was undertaken Several acyl groups namely 3-t-
butviphenyvlacetyl J-t-butyIphenovyacetyl. J-chlorobenzoyl, 3d-dichlorobensoxl. 2-methyl-benzoyl. 2.4+
dimethyibenzoyvl micotinoyl 4-t-butyibenzovl and 4-phenylasobenzoyt have been used for the protecuion of
the exocyelic amino groups of deoxynucleosides. Interesting data concerning the stabiley of N-acyl groups
towards a potent deacylatng system (0.2 N NaOH MeOH) are presented.

For the stepwise synthesis of deoxyoligonucleotuides
the cxocyelic amino groups  of deoxyadenosine.
deoxyguanosine and deoxyeytidine need protection by
suitable protecting groups.' It is important that the
protecting group selected for this purpose should be
easy to introduce, is stable throughout the synthesis
and can be removed under conditions which do not
alfect the final product Various alkali lubile protecting
groups have been proposed for the protection of amino
groups of the heterocvehe bases. Benzovl amsoyvt and
isobutyryl groups hive been used for the amino groups
of deoxyadenosine. deosyeyzudine and  deoxy-
guanosine, respectively. Since then  these N-acyl
protecting groups hive found much use i the
synthesis  of oligonucleotides by the two main
methologies. ie. the phosphodiester and phosphotries-
ter approach (for references see lit* ),

However Josses of Ne-protecting groups during
oligonucleotide  synthesis following  the  phos-
phodiester method® " as well as phosphotriester
method' V' have been reported. Partial removal of
isobutyryl group and anwsoy! group from  de-
oxyguanosme and deoxyestidine have been observed
during DEAEL-cellulose  column  chromatography
using  tricthylammonium  bicarbonate  bufter >
Some loss of N-anisovl group from N-anisoyldeoxy-
cytidine could not be prevented when “selectively”
removing the 3-O-acyl group usmg strong alkaline
conditions ~ '" In order to sefectively remove the 57-0-
4-chlorophenoayacelyl group using Na,CO; MeOH
van Boom er ol hase reported partial loss of N-anisoy |
group from the N-umsorleytidine  containing
oligomers during synthesis following phosphotriester
approach.'

As amide bonds are particularly susceptible tonards
nucleophiles 1t 15 of great anterest to know thar
stability as well as the conditions for their complete
removal in quanutative terms. Despite the importance
of this problem only few qualitatne or semi-
quantitative studies exist in hterature.™' ' Recently
Schiger determined the rate of hydrolysis of various
aliphatic  protecting  groups  for deoxyveyudine-5-
phosphate '™ Due to the particular lability of aliphatic
protecting groups in case of deoxyevudine this study is
only of theoretical interest. We  therefore felt

worthwhile to perform a systematic study for the N-
protecung groups which could offer an assortment
of switable N-acyl groups for nucleoside bases and
could help in planning oligonucleotide synthests in
more meaningful terms. Particular emphasis was laid
towards selecting more stable N-acyl groups to
prepare N-acvldeoaynucleosides which could serve as
reliable building blocks for the stepwise svathesis of
oligonucleondes, In certaun cises. wherever possible.
more lipophilic acyl groups were introduced which
could themselves serve as pseudopurification handles
while cmploving eatractive work-up and silica gel
column chromatography.' ™

RESULTS AND DISCUSSION

Synthesis of N-acvlated deoxynucleosides followed
known procedures™? {Scheme 1) The deoxynuc-
leosides 1. 2 and 3 were peracylated to 8.6 and 7 using
an excess of acevl chlonde in pyridine and then
selectively O-deacvlated to 8. 9 and 10 by treatment
with I N NaOH at 0”. For the synthesis of N-acylated
deonyguanosine the route via 3, §-di-O-aceta Ideoxy-
guanosine 1 has been used alternatnely.®”

Under the reaction conditions used in most cascs a
second acyl group was introduced at the heteroevelic
ring.”! This additional acyl function which is removed
during sclectne 3-O-deacylation has not been
outlined in Scheme 1. The various derivatives of
deoxynucleosides have been obtuwined as crystalline
compounds and uncquin ocally characterized (Tables 3
and 4).

To determine the rate of hydrolysis of the amide
bond spectrophotometric methods were used. The
stability of the various N-protecung groups has been
measured using a mixture of 0.2 N NaOH McOH (11,
v vy as the deaeylating agent. Nucleoside concentra-
tions  were about 004 mmole 1; therefore  the
hydrolysis followed first-order kinctics To compare
the stability of the different protecting groups it s
referred 1o the half life time =

Table t shows half life times for the hadrolysis of
different synthetic deoxyguanosine derivatives.

The hgher stability of the aromatic N-acyl groups is
significant.  the aliphatue sobutyryl group bemg

362



364 H. KOSTER et ul.

0 I?L 0
4 o 1]

4 It - |

XLy K 8.8 SLX S,
H

Ho° r—bci ¢ R—E-0-° NoOH HQKO_J "
Byricine
O

O—ﬁ-—R O

Nea
“n
LA

0
il
NHy H-N-C — H-N—-C—R
S N X N
¢ | C
e / J
2 0
HO~ -0 R—C-c1 ¢ R—C-0-° NeOH MO
Pyt igine
0-c—R o,
2 ! :
8 2
NHy H-N—C— R H-N-C —R
N ~)
L LA !
N"o o 0 0
0
Ho° R—C-ci ¢ R—C-01° oy HO°
Pyricne
0-C—R
OH ¢ , OH v
3 K
0 0 0
)
Qﬁ Qf:r"_' R
N7 N, N’ 0 0 !
) i 0 R-C—l 4 ¢ 0 H
HO Acetic anhydride _ Chy-C—0 a0 S
OMF/Pyridine Pyridine
- o—ﬁ-cu, 0—C—Chy
0 0
2
! ¢
R H Hy
a @— f HCO k HC
— f”a
o S s ST S e O
?H] CM3
JEN S S S
|
HyC, ¢ CH,
d ; Nen— n CHy— |
V } q H,C—C—O—O—C’#—
Ci HC |
CH, CH]
i
o e
J H;C—?—
CHy

Scheme 1. Synthesis of N-acyl protected deoxynucleosides.



N-Acyl protecting groups for deoxynucleosides

Table 1. N-Deacylation of various deoxyguanosine
derivatives®® with MeOH 0.2N NaOH (1:1, v viat 22

N~Acylated Deoxynucleosides 1 Iminl
c® (8a) 647
og! (ge) 552
ch (84) 412
EARETY na
a;" (81) 271
oq (gp) W
o (g2) 8

bs = bensoyl, ol — d-chlorobensovl, de = 34-dichloro-
benzoyl. nt = d-mitrobenzoyl. ib — mobutyryl. pa = 4-1-
butylphenylacetyl and po = 4-t-butylphenoxyacetyl,

stabilized by steric effects. The 4-1-butylphenoxyacetyl
and the 4-t-butylphenylacetyl group (the latter
independently dcvcloped by Reese et al') are
lipophilic  derivatives of the rccently  described
phenylacetyl group® and are of valuc for triester
approach. when only mild alkaline treatments have to
be used during oligonucleotide synthesis. If this cannot
be achieved according to the strategy used the iso-
butyryl group is superior. The latter is useful for diester
approach as well. although problems have been
reported.®” 2% Due to its stability the 4-chlorobenzoy!
group can be recommended for diester method. The
more labile 3.4-dichloro- and 4-nitrobenzoyl group
are not satisfactory, the former being uscd for the
synthesis  of the cndonuclease Pst | speaitic
oligonucleotide d-CCTGCAGG™ following the
triester method. Strong retention on silica gel columns
and partial breakdown of the guaninc ring during
condensation have been observed. These unwanted
side effects do not occur when using the benzoyl or 4-
chlorobenzoyl group the former being too stable for
synthetic purposes.®?

With respect to stability the benzoyl group for
deoxyadenosine seems to be satisfuctory, an increasc in
stability of about 20*, can be obtained by introducing
the anisoyl group'' (Table 2). although this effect may
be not great enough 1o be of preparative value. For
triester approach the more lipophilic 4-t-butylbenzoyl
group has been proposed without any kinetic data.!”
its stability should be between benzoyl and anisoyl {¢f
the corresponding derivatives of deoxyeytidine n
Table 2).

Considerable  dithiculties, however, were en-
countered durning the search for a more stable N-
protecting group for deoxycytidine. Several com-
pounds were synthesized and their stability measured
{Table 2).

Introduction of a sccond OMe group nto the 2-
position of the phenyl ring (10f) did not lead to a
deactivation of the carbonyl-C-atom towards
nucleophilic attack. Apparently the sterical hindrance
of the o-substituent 1s so large that the phenyl ring 1s
turned out of the mesomeric planc of the amide bond
and by this only the electron withdrawing inductive
effect of the two O-atoms s operating. This may
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explain the greater stability of the 2.4-dimethoxy-
benzoyl group compared to the 4-methoxy-
benzoylanisoyl) group in compound 10b.

The cxtended  =n-electron  system  of the 4-
phenylazobenzoyl  residuc  (10g)  resembles  the
unsubstituted phenyl ring (10a) in its influence on the
CO group of the amide bond. A similar observation
has been madc for the pyridine ring in the nicotinoyl
group (101). The 4-phenylazobenzoy! group. however,
may be of interest due to its strong absorption in the
visible region.”®

A distinct increusc in stability compared to 10a has
been observed when introducing the 4-t-butylbenzoyl
group (10m). This cffect might be due to the clectron
releasing properties of the t-Bu group. This cffect is
particularly pronounced when introducing the N.N-
dimethylammobenzoyl group (10h). But nevertheless
the stability of the N-acyl group mn 10h cannot be
compared to that of suitable deoxyadenosine and
deoxvguanosme N-acyl derivatives.

Great diflicultics 1 introduce the mesitoyl group led
1o an examination of the 2.4-dimethyibenzoyl group.
The resulting compound.  N-24-dimethylbenroyi-
deoxyceytidine (10k). is the hitherto most stable N-acyl
derivative of deoxycyudine. morcover it s casy 10
preparc and 10 handle.  Considerations  using
molecular models show that the 2-Me groupin 10k can
shicld the CO function eificiently but leads to a less
sterical hindrance than the 2-OMe group in 10f In
contrast to 10f the mesomeric system between the
phenyl ring and the amide group apparently scems 10
be intact in 10k The electron releasing effect of the
pheneyl ning apparently is important for stabilization
of the amide bond. The remarkablc low stability of the
likewise sterically hindered pivaloyl groupin 10j points
again o the importance of the resonance cffect.

Table 2 N-Deacrvlation of vanous deovveytidine  and
deosyadenosine derivatives using MeOH 0.2 N NaOH (1:1.
voviat 22°

N~acylated Deoxynucleosides 1 !min]
Ca- (102) 6.8
ey (1ob) 4.0
<™ (100) 4,4

az
cq (10g) 6.7
3 (1gn) 31,0
ac
¢y (lom) 0.2
i
cBb (124) 2.1
t
Cdl (109) 109.0
c$® (10%) 116.0
en’ (101) 7.3
to
Cq (10m) 9.0
bz
g (2a) 224.0
A:" ( 9v) 285.,0
ac = acctyl. 1l - 2-methylbenzoyl. an = d-methoxy-

benzoyllunisoyly, az = 4-phenylazobenzoyl. bs = benczoyl,
da = 4-N N-dimethylaminobensoyl, db = 24-dimcthyl-
benzoyl. th = 4-t-butylbenzoyl. nc = mcotnoyl.
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Scheme 20 Possible explanation for the increased lability of N-acyl derivatives of deoxveytidine. DE
= Dcoxyribose

Compared to the acctyl group'™ (10mn) the pivaloyl
group leads to a dramaticincrease in stability due to its
exerting sterical  shielding  effect. For large-scale
preparations of N-acyl derivatives of dcoxyeytidine the
24-dimcthylbenzoyl group might be too expensive.
For this case the 2-mcthylbenzoyl group has been
imtroduced (100). Its stability is in the same range as
that of the 2.4-dimethylbenzoyl group. The 2.4-
dimethylbensoyl group newly introduced for the
protection of the cytosine ring has been used during
synthesis of the Pstl-specific octanucleotide?® and
shown 1o be a very suitable protecting group for this
purposc.

Itisinteresting to note that the mam influence on the
stability - of an  acyl function towards alkaline
hydrolysis 1s determuned by the heterocyclic base and
that the stability of the amide bond can only be
influenced 1n a hmited range by inductive. resonance
and steric cffects onginating in the acyl group. A
comparison of compounds 8a, 9a and 10a makes this
phecnomenon  particularly  evident.  According  to
Khorana'* removing a proton from the amide bond
leads to an increase in stability towards nucleophilic
attack on the carbonyl-C-atom of the amidc bond duc
to the delocalization of the negative charge within the
amide bond. The large difference in stability of N-acyl
derivatives of deoxyeyudine as compared to that of

t+The amount of deovyundine after a 16-hours treatment of
N-2.4-dimethylbensoyldeoxycytidine (10k) at room tempera-
ture 1s less than 0.6, as shown by hplc analysis performed
with an equipment of Laboratory Data Control on
Lichrosorb Si-60 (7u. Merck). column: 250mm Icngth.
4.6 mm i.d. solvent system: 30", methanol {containing 1",
aqucous triethylammonium acetate. pH 70).70°, chloro-
form, flow ruate 2ml.min; retention times: N-24-
dimethylbenzoyldeoxycytidine at  front, 102sec for
deoxyunidine, 125sec for 24-dimethylbensoic aad, 185sce
for dcoxycytidine.

deoxyadenosinc and dcoxyguanosine may be
attributed to a strong clectron withdrawing effect of
the heterocyclic base cytosine under strong alkaline
conditions (pH > 12). We assume that the negative
charge at the amide N atom following deprotonation
(pH > 12), is mainly delocalized into the heterocyclic
ring (0?), thus making the carbonyl-C-atom of the
amide bond more susceptible towards nucleophilic
attack (Scheme 2).

Methanol 0.2 N NaOH (1:1. v/v) is a very powerful
N-deacylating rcagent, the rate of hydrolysis being
increased by a factor of about 5 13 depending on the
N-acylated dcoxynucleoside when compared to
aqucous concentrated ammonia widely used.?” The
work-up is simple by using cation ion exchanger. Side
reactions namely dcamination are neglegible.t This
reagent therefore offers an alternative to the known
procedures at lcast for oligonucleotide synthesis
following the diester method. The N-deacylation using
this reagent may be induced by nucleophilic attack of
the methylate anion on the carbonyl C-atom of the N-
acyl group.”” Other alcohols are not effective and even
suppress the rate of N-deacylation when compared to
aqueous sodium hydroxide.?” N-deacylation is
suppressed most strongly in the presence of 1.4-
dioxane. For the repeated 3'-O-dcacylations necessary
in" diester approach it is therefore advisable to use
dioxane to render the oligonucleotides soluble in
agqueous 2N NaOH.

To our knowlcdge this is the first comprehensive
study regarding N-acyl protecting groups which have
becn invariably used n oligonucleotide synthesis. The
results obtained allow to sclect N-acyl protecting
groups according to their stability and;or lipophilicity.
We feel confident that the availability of such a
collection of data will prove to be of much value for the
synthesis  of oligonuclcotides  following  different
strategies and for other compounds bearing amino
groups to be protected during chemical transforma-
tions.
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Fable 3 Data of elementary analysis. melting and  decomposition  wemperatures of  N-uacylated
deoxynucleosides Abbreviations see legends o Table 1 and 2.

Ilementary Analysis Melting Decomposi~
Deoxy-~ Molecular calculated found point tion point
nucleoside weight C I . ci ¢ 4] N a1 °c °c
«3" (9n) 385,10 56.07 4,97 18.1%
27 21,0 394 . 54,79 5.11 17,76 54,55 5.33 17.64 120
¢ (1og) .
d ==v 435,19 60,66 L .86 16,00 59,79 4.85 15,81 198
ch® (102) 331,15 57.97 5.17 12.68 57.75 5,06 12,46 206
cg“ (1on) 374,19 57.72 5.92 14,97 58,10 6,10 4,81 300
cgb (10ik) 159,18 60,13 5.89 11,69 60,10 5,89 11,54 180
c:m (1of) 301,18 55.21 5,41 10,74 55.58 5,44 10,59 189
(ve)eff(re)(z1) 5422 59.75 4,08 15,49 59.50 4,04 15.50 208-1209
(pi)cPi(pt ) 479.3 60,08 7.7S 8,76 60,29 7,74 8,77 204
d 1d
cy” (1om) 357,02 61.98 6.50 10.R5 61,73 6.56 10.70 199
3’ (8¢) hos5.6 50,9  3.97 '7.206 8.7h 50,11 13,96 17,27 8.77 100
(tc)czl(\o)(lgg) 49,6 S51.46 L, 1t b, 0 7.0 bo,70 W17 13.73 7.07 10
‘e ¢de e )(12a 524,08 h8.08 3.65 13,36 13,52 47,26 3,65 12,97 13.65 120
d =H=
(\c)G:t(lc)(lgg) 500,10 50.38 4,01 16,80 50,15 4,07 16,66 200
(ve)eh™(1e)(12p)  52%.55 59,08 6,457 13,25 52,96 6,21 12.97 9l 102
1e)6P (e (1o 544,55 57.3% 6,29 12,86 57.24  5.87 12.37 94 102
a =4

Tuble 4. LiV-spectroscopic properties of N-acylated deoxynucleosides

Deoxy= Solvent )max] 8mnxL )maxz Emax;, )min men 300 280
) 280 260
nucleoside ' rum - ‘nm . rnm |

\Z" (9p) ¢ 290 31910 - - 240 6060  0.995 1.934
C:z (10¢€) 13 329 8620 264 15090 281 12610 1.507  0.905
sz (;22) o 307 10470 261 22740 286 7510 1.099 0.385
cg“ (101) c 351 36840 246 15810 285 7350  1.193 0,581
rgb (10K) B 105 11360 258 21360 286 9690 1,061 0,491
cgm (10f) B N2 25680 275 18670 287 14450 1,191 1,237
Nc),Cgc(Nr)(Zl) B 308 9890 264 27030 290 7720 0.783 0,430
Pi)zczi(Pi)(ZJ) \ 308 7270 248 14650 276 3060 2,035 0,395
cgb {10m) i} 306 12150 265 26510 292 10590 0.733 0,624
cgl (8¢) T 30% 14240 249 21450 275 9870 1,314 0,596
1c)ogc(xc)(;:g) 311 11480 249 21800 27 5800 1.694 0,408
c)G:t(\ )(égg) 56 23970 - - 20T 12390 0,611 0,584
\C)Gga(\c)(égg) 259 14G80 260 19750 258 13420  0.880 0,802

287 12070 269 8770
Ac)Ggo(Ac)(;gg) 252 13360 260 12570 257 12910 0.801 0.877

282 11360 268 8690

Solvents A = Dioxane, B = Dioxane: Water (8:2, v.v), C = Ethanol Water (8:2.v v). Abbreviations sec
legends to Tables | and 2.
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Abbreviations. See refs' and the legends to Table 1 and 2.

Muterials. Deoxynucleosides {Papicrwerke Waldhof-
Aschaffenburg. Mannheim), carboxylic acids and‘ot
carboxylic aad chlorides (Aldrich), solvents (Merck,
Darmstadt) were purchased commercially. All reagents and
solvents were crystallized or distilled beforc use,

General methods. Tic and UV spectroscopy has been
performcd as described.' Preparative tic has been performed
on commercially available thin layer plates from Merck
(Darmstadt) containing fluorescence indicator (254 nm).
Descending paper chromatography to work up micro-
preparative N-deacylations has been achieved using paper
from Schleicher and Schill (2043bmgh): solvent: 2-
propanol/water (7:3, viv). The substances were eluted as
described’ and identified via R, values and UV spectra.

Synthesis of N-acyluted deoxynucleosides. A% (9b), C**
(10g), C’ (10a). C* (10h). CP (10k), C™ (10f). CH(10m), >
(10n), C" (100) and G¢' (8¢).

General method. The deoxynucleoside was dricd in racto by
threefold evaporation with dry pyridine and dissolved in dry
pyridine (about 5ml pyridine;mmole deoxynucleoside). To
tiris soln or suspension an excess of acyl chloride was added at
0 . The excess of acyl chloride should not exceed 0.3-04
cquivts with respect 1o the functions to be acylated
(exception: less reactive acyl chlorides such as N.N-
dimethylaminobenzoy! chloride). The acylation was stopped
by addition of sufficient but small amount of water. After
ditution with acetone the peracylated deoxvnucleoside 8. 6 or
7 could be obtained by precipitation into ice-water. This
crude material was generally subjected to seleclive O-
deacylation. which could be performed quantitatively in
20min using 1 N NaOH in dioxanc (or pyridine). After
ncutralization with Dowex 50WX8 ion-cxchanger (pyri-
dinium), the ton-exchanger was washed with pyridine/water
and the N-protected deoxynuclcosides 8. 9 or 10 crystallized
from EtOH or EtOH. water after eliminaton of traces of
pyridine. Ifthe liberated carboxylic acid had alow solubilityin
aqueous systems, thec mixture was evaporated 1o dryness and
before crystallization extracted with ether. By addition of
some NaHCO, (about 57 ) 10 the crystallization medium the
last traces of carboxylic acids could be held in soln The N-
protected deoxynuclcosides were filtered and stored over
PO, 1n vucue at 35 for 3 4 days.

C1¢ (101) was isolated out of the O-dcacylation reaction by
preparative tle, The product was chromatographically pure
and therefore suitable for the determination of kinetic
parameters. The elemental analysis, however, showed the
presence of some silica gel as impunty. Satisfactory
clementary analysis could be obtained from 71 (Table 3). Asa
conscquence of lability of the N-pivaloyl group. C {10j)
could be only detected by tlc during O-deacylation The rate
of hydrolysis of the N-acyl function, however, could be
determined using 7j. as the ester groups have no influence on
the absorption of the chromophore. 7j was obtained following
the general procedure {scc above). Crystallization from EtOH
gave an analytically pure product (Table 3).

Synthesis of N-acylated deoxyguanosine dericatices via 3',5'-
di-O-ucyluted  deoxyguunosine 11, (Ac)G,(Ac) (11) was
prepared according 1o the method described ® by acetylation
of 1 with Ac; O 1n pyridine/N.N-DMF Rcaction of 11 with
the appropriate acid chloride yiclded after precipitation into
icc-water and crystallization from EtOH. 12c. (Ac)GEHAC)
and  N-34-dichlorobenvzoyl-3'.5'-di-O-acetyl  dcoxy-
guanosine, (Ac)G{(Ac). (12d). Similarly 12p and 12q were
preparcd The derivative 8e which was ditficult to prepare by
the direct acylution procedure (see gencral method above)
could be obtained by reaction of 11 with 2.8 equivnts of 4-
nitrobenzoyl chloride. The di-N-acylated compound was
precipitated into wcc-water and the dried ppt washed on a
sintered glass funnel with conc ammonium bicarbonate. On
diluton with water (Ac)G]'{Ac) (12e) precipitated from the
yellow cluate in pure form. For the determination of the

H. KOSTER et al.

kinetic parameters 12¢. 12d and 12e were used directly. The
properties and analytical data are summarized in Tables 3
and 4. The N-acylated deoxynucleosides 8a, 8i, 9a and 10b
were prepared earlier.®23

Determination of kinetic parameters by UV spectrophoto-
metric methods. The rate of N-deacylation was determined by
following the change 1n absorption ts time using a Gilford
spectropholometer {model 2400-S). The bathochromic shift
of the N-protecled compared to the unprotected
deoxynucleosides could be used favourably. The rate of N-
deprotection was mcasured at the following wave lengths:
310nm for G} (8a). G (8¢). C2"(10b), CY7 (10 ), CI® {106, C"
{100), C¥ {10n). C7* (100). (PIICF'(Pi) (7)) and C® (10m),
290 nm for A2" (9b)and A} (9a). 300 nm for GP (8i). G** (12p)
and GJ° (12q), 340 nm for C4* (10h), 360 nm for G7' (8e) and
370 nm for C” (10g). For evaluation three different methods
were used: (a) If the measurements could be undertaken at a
wave length at which neither the unprotected deoxy-
nucleoside nor the anon of the removed N-acyl function
absorbed, the evaluation could be performed by using the rate
law for a first-order rcaction. Plotting InC/C vs t led to a
graph out of which the kinetic data could be obtained (Tables
1 and 2). (b} In case of the compounds 8e, 10g and 8i no wave
length could be found at which either the liberated acyl group
or the unprotected deoxynuclcoside had no own absorption.
Then the obscrved absorption E is an addition of the
absorption of the N-protected deoxynucleoside (index 1) and
the absorption of the liberated acyl group (index 2):

E =E, +E, th
E, and E, obey opposing exponcntial equations:
E, =Ey-e*2land E, =E,,(1 -c*") (3
Insertion of cquation (2) and (3) into (1) gives
£ =E, e+ E (I —-e"* {4)

As the rate constants k are identical, equation (4) can be
simplified to

E =(E, -E,,);e’" +E,, (5)

E ., can be determined out of the kinetic for t — x. Alter
subtraction of E | ; or displacement of zero adjustment by the
same valaoe gives an exponential equation which allows the
determination of the rate constant k asin {a). {c) In the case of
very slow reaction ratcs (e.g. hydrolysis of 8¢ with 02N
NaOH/dioxane) the slope of the reaction approximates to be
linear. Then for the evaluation of kinetic parameters the rate
law has been used in the differentiated form

d dE
C=—k~cor = -k-E.
dt dt
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