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Nucleophilic substitution reactions @kimidomethyl derivatives of phenols with Olere studied theoreti-

cally using the semiempirical AM1 and Solvation Model 2.1 (SM2.1) methods in the gas phase and aqueous
solution, respectively. In the gas phase, the two reaction paths, in which the imide (1a) or phenol (1b) is func-
tioning as a leaving group, can occur competitively. In contrast, in agueous solution, path (1b) becomes more
favorable than (1a) because the transition states (TS) of path (1b) are more stabilized by solvent. Differences
in solvation energies are caused by the structural differencesiad. TitBe TSvia path (1b) is more dissociative

than thawia path (1a). Therefore we conclude that the solvent effects play an important role in the hydrolysis
of O-imidomethy! derivatives of phenols. However, reactivity is dependent on the acidities of both the imide
and the phenol fragments since thevalues vary progressively from 4.2 @) to 2.5 (Z=1V) as the acidities

of imide increase. These are in good agreement with the experimental results.
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Introduction the best leaving group as sacchanf), the reaction mecha-
nism did not change. However the rates of the hydrolysis
Recently, Getz et al. have reported the studies on the reasere dependent on the acidities of both the imide and the
tion mechanism of hydrolysis @-imidomethyl derivatives phenol fragments though they were more sensitive to the
of phenolst This reaction is important becau€eimido- acidity of the phenol.
methyl derivatives of phenols can serve as prodrugs of Nevertheless some questions are still remained unan-
phenolic drugg. The hydrolysis ofO-imidomethyl deriva-  swered for the proposed mechanism, since the reactants used
tives in basic solution (pH > 7.0) is a typical substitutionwere limited to a very strong electron-withdrawing phenol
reaction without the possibility of elimination, since no (Z=NGQ,). Therefore, in order to elucidate the hydrolysis
hydrogen atom is attached to tBgposition of the leaving mechanism oD-imidomethyl derivatives more thoroughly,
group. However, the substitutions can be competitive becausee have studied theoretically the2Sreactions by varying
two pathways are possible as represented in Egsi.€l), the imido group as well as phenol substituent in the gas
imide or phenol portion can competitively acts as a leavingphase and in solution.

group.
Calculation
HO—CH,~0CgH,—Z + Z~ (la)
2820 2 0c -z + on { For the gas phase reactions, the semi-empirical AM1
Z—CH;~OH + OCH,~Z  (1b) method in MOPAC 6.0 packadevas employed to conserve
computational time, since the reaction systems consisdered
Z=H, pF, pCl, pCN, pNO, in this study are relatively large and the useahninitio
o o) method is out of question. All stable structures, reactants (R)

o]

H\ g\ l{\ H\ and products (P), were fully optimized using the energy gra-
z= QN L"‘ Q h @ h @ h dient method. Transition states (TS) were located using the
’ ’ C\\O ' C\\o ’ 8 non-linear least square (NLLSQ) or TS options starting from
(V) the highest energy point determined previously using the
reaction coordinate methédFrequency calculations were

The proposed mechanism by Getal® for the hydrolysis  also performed to confirm all positive frequencies for the
was an {2 reaction of Eqg. (1b) where the phenol groupstable structures and one negative imaginary frequency for
functioned exclusively as a nucleofuge. Even in the case dhe TS® Substituents (Z) of phenol moiety used in the calcu-

lation have strong electron withdrawing property because

"Corresponding Author. Fax: +82-32-873-9333, e-mail: bslee@eVen the electron donating substituent acts as a electron
inha.ac.kr acceptor in the anionic reaction system, which made direct
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comparison with experiment difficult. Table 2 Calculated heats of formatiomHy) of reactant and

To obtain the solvation Gibbs free energys in aque-  enthalpy 4H * ), entropy (-BS) and Gibbs free energy change
ous solution, the SM2.1 methoiplemented in AMSOL (AGy™) of activatiori for the reaction systems with Z = H in the gas
5.0 packagewas used. In the SM2.1 calculations, solvationPhase at 298 K

energy was obtained using the gas-phase optimized geomeZ'  Path AH;(R) AHT  -TAS™ AGy AG§
try (SM2.1//AM1) due to problems associated with the con- | (la) -26.0 12.6 11.6 24.2 -28.0
vergence and computational time. The Gibbs free energy (1b) 8.6 10.9 23 -70.5
changesAG,g) in aqueous solution were then obtained using (1a) -60.3 1.6 115 9.9 -58.6
Eq. (2), whereAG, refers to the gas-phase free energy (1b) 8.4 10.7 23 -70.2
change an@AGs to the solvation free energy change. m (1a) -90.2 -10.7 9.6 11 795
AGaq= AGy+ MG ) (1b) -8.6 8.0 -0.6 -73.3
IV (la) -390 -11.6 9.7 -1.9 -82.5
Results and Discussion (1b) -8.3 8.1 02 734
V (la) -735 -175 10.2 7.3 -88.9
As shown in Egs. (1), the two reaction paths can occur (1b) -11.0 8.9 21 677

competitively. Therefore we assume that the relative reactiin kcal mor*
vities will depend upon the leaving al'3|!|t_y of a nucleofuge. These results are inconsistent with the experimental results
In order to compare the nucleofugicities of the leaving.

groups, the proton affinities (PA) of Zand -OCsH.Z were in aqueous solution,e., Getzet al have reported that the

calculated and the results are collected in Table 1. As shomfé.hgrl?l\?Vrglégr]:u;gf;idtﬁ;t ?h?su:ﬁo:#%?a i\;igég tg € t%isgocl)-f
in Table 1, the PAs df andll were much larger (> 20 kcal L 9 y

1 . ent effects. Thus we calcuated the solvation free energy
mol™) than those of phenolate anions. However the PAs o . . )
AGy) in aqueous solution using the SM2.1 method men-
IlI-V are comparable to, or smaller than, those of phenolat .
. . ioned above. Calculatetl5s of R, TS and P and Gibbs free
anions.e.g, the PAs olll and"OGsHs are nearly the same ; o _ . .
. S o energy of reactionAG,, , for Z=H, obtained using Eqg. (2)
and the PA ol is very similar to that of O1,CN". This . . q L .
sugaests that the reaction mechanism can chanae depend®& summarized in Table 3. Activation free energies for full
99 9 PENARE ction system, Eq. (1), are collected separately in Table 4.

on the relative PAs of the leaving groups. o e
The calculated enthalpyKi®), entropy (-1AS") and Gibbs E xanlnn_atlon of¢Tap le 4 SE(;]\{vshthaththlesgqtlvzﬁtlon freehenergy
free energy change\G,” ) of activation as well as heat of In S0 utlon,AGaq. , 1S much higher t g IN the gas phase
J since the solvation free energy of reactafd@(R), is much

formation @Hs) of R with Z=H in the gas phase are summa- .
rized in Table 2. As expected from the PAs discussed abovéarger than that of TSAGJTS), due to the large solvation

theAH™ and/orAGy™ of reaction path (1b), in which pheno- energy of OH (see Table 3). CalculatetlG; of OH agrees

late is the leaving group, is more favorable than that of rea well with the experimental values (104-110 keal TdThe
g group, igher AG,, compared toAG] is consistent with the

tion path (1a), in which the imide is a leaving group, for Z Hughes-Ingold rule¥i.e., the activation energy rises as the
I andll. The AG,4™ for paths (1a) and (1b) are reversed for ghes-ing e T 9y
negative charge density is dispersed at the TS compared to

Z' =11l , IV andV. Moreover theAGfor Z' =V of path (1a) C : )
o _ the reactants. Similarly, reaction free energy in aqueous
is still more favorable by 0.3 kcal mblthan that of path : o . 0 .

solution, AG,,, , is also much larger thaG, in the gas

(1b) with the best leaving group Z = h(@lata not shown). phase (Table 2), since negative charge densities are more

Table 1 Calculated proton affinities (PApf imide and phenol in

kcal mor* Table 3 Calculated the Gibbs free energies of solvatid@),
A" +H & AH activation (AG,, ) and reactionAG,, ) in aqueous solution in
kcal mor for the reaction systems with Z = H
A PA
" o]

| 39421 Z  Path AG(R} AG(TS) AG(P) AGy.°

I -362.31 | (1a) -115.6 -51.9 -61.5 26.1

1 -346.85 (1b) 634 709 259

WY -343.75 I (la) -119.4 622 752  -14.4

\% -332.28 (1b) -67.1 -75.7 -26.6
OGH: 346.97 m (1a) -121.6 651 723  -30.2
OCHF 34112 (1b) 739 771 289
OCH-CI 33670 vV (la) -121.2 653 713 -326
OGHSCN -331.22 (1b) 745 <185 287
OCHNO, 390,96 Vo (la) -128.2 672 709  -316

- n " (1b) -70.3 -84.0 -23.5
8PA = AH:(AH) - [AH{(A") + AH{(H")] where AH:(H") = 367.2 kcal — 5 5
mol?was used. Dewar, M. J. S.; Dieter, K. 31.Am Chem. So4986 3AG{(OH") = -110.0 kcal mot is |ncluded.bAGaq = AGg + [AGs(P) -
108 8075. AG(R)].
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Table 4. CalculatedAG;q 2in kcal mof* hydrolysis ofO-imidomethyl derivatives of phenols.
Z H F Cl CN NO» Reactivity difference between the two paths in the gas
7 phase and in agueous solution are caused by the solvation
la 1b 1a 1b 1a 1b 1a 1b 1a 1b feq energy differences at the TRG(TS), i.e,, as can be

| 875545 86.7 524 858 517 84.6 48.2 84.3 46.7 seen in Table 3AGL(TS) of path (1b) is much larger than

I 67.1 545 65.1 515 65.0 50.9 64.7 489 63.3 47.1 that of path (1la). This can be easily understood by the

Il 554 47.0 55.6 45.8 55.4 452 55.1 42.8 55.5 40.5 inspection of TS structures. The TS structures'ef Zand

IV 54.0 46.6 54.2 454 54.1 44.8 53.8 42.3 54.2 40.7 V with Z = H are depicted in Figure 1 and some selected

V 53.7 55.8 54.1 54.5 539 53.9 54.0 51.6 54.8 49.5 bond lengths of the reactants and TS are collected in Table 5.
aAGa’; = AG; + [AG(TS) - AG(R)]. Percentage bond order changeA{?s) on going from reac-

tant to TS is defined in Eq. )using the Pauling’s bond
delocalized in the product anions. These results suggest thatder definition:” where &, d” and & denote the bond
the decrease in reactivity of the hydrolysis @imido- lengths of reactant, TS and product, respectivelyadaadn
methyl derivatives of phenols is caused kinetically and thermoarbitrary constant where we adopged 0.6)-©
dynamically in solution.

Inspection of Table 4 shows thzﬁG:q of path (1b) is
lower than theﬂG;q of path (1a) except for=2/ with Z =
HorF. TheAGa’; of path (1b) for'ZV becomes progres-
sively more favorable than that of path (1a) as the substituent As can be seen in Figure 1 and Table 5, the bond length
(2) of phenol fragment becomes electron-withdraweng, d;Nu at the TS is much longer for path (1b) than path (1a).
AGa’; of paths (1b) and (1a) for Z = Cl are nearly the sameThe bond Iengthjgo of path (1b) is also longer than the
and that of path (1b) for Z = NGs more favorable by 5.3 bond lengthdZy of path (1a) except far=Zl. These bond
kcal molt. Experimental study on the reaction mechanismlength changes are in line with the\6, i.e., the longer the
has only been performed for two representative cases (Z dc’t u» the smaller is the #Z&n™, and the longer thelc”:O or
NO; and Z = IV or V), and our theoretical results are in dgy , the larger is the %n” . Smaller %An” in dgy, indi-
agreement with the experimental results. Therefore we cacates lesser degree of bond formation whereas smaller
conclude that the solvent effect plays an important role in th&eAn™ in dgo ordC’tN implies smaller degree of bond break-

. _exp(-d’/a) - exp(-dg/a) y

0, =
AN = R p(—doa) — exp(—de/a)

100  (3)

(1a) (1b)

(1a) (1b)
Figure 1. Optimized TS suructures of Z1 andV with Z = H for path (1a) and (1b) in the gas phase.
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Table 5. Some selected bond lengths (diinof reactants, TS and  Table 6. Calculategp;” andf; value$
products and percentage bond order changds (% at TS for Z =

H z Pz Bz
Path Reactants TS Products AfG Ill :é ig
| (la) w1438 1768 - 43 " 34 15
den - 2.146 1.425 30 - —
I (1a) & 1.429 1691 35 aRegression coefficients (r) are better than 0.95.
N . . -
den - 1.846 1.400 48 inciol SPY Th L . luti
(1b) o 1.434 1.760 _ 42 Princip e.(F\’I I?)‘. The :jeactl(\j/ltr:e;ég gqueous (sjo ution a(;e
e _ 2130  1.420 31 progressively increase (Qn ent®,,  are decrease .) as
I (la)  den 1438 1661 _ 31 the acidities of imide portions increase since the increasing
den _ 1932  1.400 a1 acidity imply stronger electron withdrawing power. Accord-
u . . . .. #
ab)  dwo 1427 1730 _ 39 ingly, the larger thg reactivity (thg smaller th&,, ), the
denu _ 2108  1.412 31 lesser is the seletivity (the smaller is theand/orf3;).
IV (la)  den 1.435 1652 - 30 —AGa’: _
(1b)  do 1.428 1723 - 39 AG?
denu - 2107  1.413 31 —24 - _pBpK (5)
230RT_ ~ Pl
V.  (la) kn 1.440 1648 - 29 -
denu - 1988  1.400 38 It is not possible to compare the theoretjzaland 3; val-
(1b)  co 1.425 O 39 ues with the experimental values because the substituent, Z,
denu - 2047 1411 35 used in the computation is rather limited. Even with this dif-
ficulty, comparison of two results may be meaningful. Theo-
5o 5t 5 retical p;” values for Z=1Il , IV andV are nearly constant,
Nu---------- R----mmmenees LG which is similar to the experimental resuéxperimentajp
( Dissociative-Type TS ) value are +0.47, +0.50 and + 0.84 for=zll , IV andV,
NU + R-LG respectively). Theoreticgl values are much greater than the
experimental values as already repotfethe same trend is
8- g+ do- also found for theg; values,i.e., theoretical and experimen-
Nu----R-—1G b
tal (0.206, 0.218, 0.279 for system lll, IV and V respec-
{Associative-Type TS ) tively) values are almost constant for tHeygbups.
Scheme 1 Summary. Although the two reaction paths can occur

competitively in the gas phase, the path (1b) becomes more
ing. Reference to Table 5 shows that thdn% values of favorable N agueous solution because the TS of p_ath (1b) is
more stabilized by solvent effects. The differences in solvent

ath (1b) are smaller fai’y, but larger i,  compared

path 1 CNu ger o P effects are caused by the dissociative nature of the TS lead-
0 dcy of path (1a), respectively. This implies that the TS, to path (1b). Thus we conclude that the solvent effects
structure for path (1b) is more dissociative (loose) than that 9 © P X

; . play a very important role in the hydrolysis ©fimido-
for path (_1a). Accordlngl_y, transfer of negative charge frommethyl derivatives of phenols. On the other hand, the reac-
nucleophile to substrate is relatively smaller but charge sepa-

) s : : . ivities are dependent on the acidities of both the imide and
ration within the substrate is large in the TS leading to pathhe henol fragments, since the (or ) values decrease
(1b) as represented in Scheme 1. Therefore it is conceivabﬁe P 9 '

that the solvation energy is much larger for dissociative-typé3 fogressively decreased from 4.2 (1.9) to 3.2 (1.4) as the

TS, and hence thaG4(TS) of path (1b) are much larger than aC|d_|t|es of imide portlons_ |rr]1crr]ease. These thleoretllca_l results
that of path (1b). are in good agreement with the experimental results in aque-

In order to test the substituent (Z) effects of phenol moietyous solution.

in aqueous solution, the Hammett, Eq.*#and the Bron- of?ﬁilgn\,(\)/\(/)vrlsdgment We thank Inha University for support
sted type correlations, Eq. (8)for path (1b) are examined. '
The o-value$® have been used to obtain better correlation
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