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Theoretical Studies on the Gas-Phase Pyrolysis of Esters 
The effect of a- and ^-methylation of Ethyl Formates1
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The gas-phase thermolysis reactions of a- and ^-methylated ethyl formates, Y = CH-X-CHRiCH2R2 where X = Y = O or 
S and Rj = R2 = H or CH3, are investigated theoretically using the AMI method. The experimental reactivity order is repro
duced correctly by AMI in all cases. The thermolysis proceeds through a six-membered cy이ic transition state conforming to 
a retro-ene reaction, which can be conveniently interpreted using the frontier orbital theory of three-species interactions. 
The methyl group substituted at Caor Ce is shown to elevate the n—HOMO of the donor fragment (Y = C) and depress the 
cr*-LUMO  of the acceptor fragment (Cfl -H), increasing the nucleophilicity of Y toward ^-hydrogen which in turn increases 
the reactivity. The two bond breaking processes of the Ca-X and -H bonds are concerted but not synchronous so that the 
reaction takes place in two stages as Taylor suggested. The initial cleavage of Ca-X is of little importance but the subsequent 
scission of C0 -H occurs in a rate determining stage.

Introduction

The gas-phase thermal decomposition reaction of esters 
has been studied extensively.2 Taylor25 proposed a fairly 
detailed picture of the transition state (TS) for pyrolysi옹 of 
ethyl esters, (1): the TS has a six—membered cyclic structure 
in which electrons move in a cyclic manner, not at precisely 
the same time but sequentially as numbered in (1) so that 
is less electron rich than Ca is electron deficient.

There is, however, still a controversial problem of the rate 
determining step; some investigators interpreted their data 
in favor of the CQ-0 bond polarization20 whereas some in
determining step; some favor of the cleavage of the C^-H bond2(-2yas the rate deter

mining process. Experimentally monomethylation at the a- 
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(R - CHj) as well as ^9-carbon (R '= CH3) led to a greater 
reactivity26; a-methylation stabilizes the TS by electron 
donation to 하le incipient a-carbonium ion, but 난le effect of 
^-methylation is not well understood.2^ The rate enhance- 
ment by a ^-CH3 group was variously interpreted as due to 
long range stabilization of the remote a -carbonium ion2* or 
due to steric acceleration by the relief of hindrance between 
substituent옹 on the carbon atom which changes from s/>3 to 
more crowded 贵 in the TS.

In a previous work,3 we reported on the gas-phase ther
mal decomposition reactions of alkanoic esters, Y = C(R3)- 
X-CHRjCHg^ where X = Y = 0 or S with Rj = R2 = H and 
R3 = H, CH3 or NH2 in (2), studied theoretically using the 
semiempirical MO methods of MNDO4 and AMI5. The de
composition was found to proceed through a six-membered 
cyclic transition state (TS) conforming to a concerted pro
cess of 한retro-ene reaction, with 한此 correct experimental 
reactivity order reproduced by AMI. The reactivity was con
veniently interpreted using the frontier orbital (FMO) theory 
of three-species interactions6; the most important factors 
controlling 반蛇 reactivity are the n：-donating ability factors 
controlling the reactivity are the -donating ability of the 
兀-HOMO of 난记 donor fragment, (Yt = C2), and the accep
ting ability of the (?*-LUMO  of the acceptor fragment, 
(Cg-Hg), i.e., the ease of nucleophilic attack of Yx upon ^-hy
drogen, H6, in (2). However the difference in reactivity was 
found to arise originally from 나｝e ease of p-n conjugation in 
the ground state (GS),7 (3), depending on the groups X and Y 
for the fixed R groups; the stronger 나】e p-nconjugation 난】e 
higher is the ^-HOMO of the donor (Yi-C” and the lower is

나蛇(t*-LUMO  of the acceptor (Cs-Hg) leading to an easier 
nucleophilic attack by Yx upon -hydrogen, H6.

In order to unravel further the mechanism of the gas- 
phase pyrolysis of esters, we carried out AMI calculations on 
ethyl formates w辻h a methyl group at the a- or -carbon 
atom, i.e.t IJ = CH3 with R2 = R3 = H (iso-propyl formate) 
and I、= R3 그 H with R2 = CH3 (w-propyl formate) in (2).

Cede 미 ation

The calculations were carried out with 한蛇 AMI method.5 
All geometries were fully optimized. TSs were located by the

Tab盹 1. Heats of Formation。｛切 of Ground (GS) and Transition 
States (TS) and Activation Enthalpies (厶目*)  (kcal/mol) by AMI

X Y Ri R2
心

4H*
GS TS

0 S H H -19.17 26.99 46"
ch3 H -23.29 18.47 41.76
H CH3 -25.97 20.38 46.35

s S H H 23.81 74.12 50.31。

ch3 H 20.10 68.50 48.40
H ch3 17.02 66.56 49.54

0 0 H H -97.02 -33.49 63.53flch3 H -101.00 -40.55 60.45
H ch3 -103.86 -41.51 62.35

s 0 H H -39.92 24.29 64.2M
ch3 H -43.62 19.13 62.75
H ch3 -46.71 16.25 62.96

aRef. 3.

reaction coordinate method,8 refined by 난】e gradient norm 
minimization9 and characterized by conforming only one 
negative eig이ivahie in the Hessian matrix.10

Results and Discussion

The heats of formation for the reactants and TSs 
are 아iown in Ta비e 1 together with 산)e activation eiHhMpies 
(厶 H*)  for the 난］ermal decomposition of the esters. In 
general, ^-methylation leads to more stable ground (4-a and
4- 幻 and transition states. The stabilities of the ground

(5w/3) I； y(5-/3)y

HZ jj-H /、、/ 'h
어"，坎« " E/3)

(4-a) (4-3)

states are mainly determined by one—electron energies. 
2£勺，which in turn is largely dependent on the ^-nonbond- 
ed interactions11; in (4-a) there are two stabilizing, (5H4) 
and (5，r/3), and one destabilizing, (4^/3),^-nonbonded struc- 
tur으용「2 whereas in 4-fi, there are three stabilizing struc
tures, one (6灯4) and two (5/r/3).

Reference to Table 1 reveals that the activation barrier is 
lower and hence the reactivity is higher with a-methylation 
(Ri = CH3( R2 = R3 = H) than with ^-methylation (R2 = CH3, 
Ri 느 R3 느 H) in all cases of X, Y = 0 or S. Furthermore the 
^-methylated compounds have lower activation barriers 
사lan the unsubstituted (R】 = R2 = R3 = H) series, except for 
(O-C = S), for which the activation enthalpies differ negligi
bly small amount between the unsubstituted and ^-methyl
ated compounds. We also note that the difference in the bar- 
rier, 眾广*心血 厂厶上厂當心，decreases from -4.6 to
0.2 kcal/mol as the barrier heights increase from O-C = S to
5- C = 0; this corresponds to a decrease in selectivity along 
with a decrease in reactivity and constitutes violation of the 
reactivity selectivity principle (RSP).13

The ester decomposition proceeds by a retro-ene pro
cess,14 which can be conveniently interpreted by three-spe-
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Figure 1. Frontier orbital of w-propyl formates and isopropyl formates by AMI.
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cies interaction3-6 within the framework of frontier orbital 
(FMO) theory;15 thus the in-phase interactions16 between 
the r-HOMO of the donor, (Y1-C2)，and the two <t*-LUMO s 
of the acceptors, (X3-C4) and (C5-H6), in the TS (5) will be 
the key factors controling the reactivity.

FMO patterns (Figure 1) for the three fragments, irres
pective of whether a- or ^-methylated, are entirely similar 
to those of the unsubstituted ethyl formates3; thep-AO lobe옹 

of the k-HOMO of the donor, (Yi = C2), decreases in the 
order that corresponds to the decreasing reactivity:2e,?r(O- 
C = S)>(S-C = S)>(O-C = O)>(S-C = O), and a*-LUMO s 
of the (C5-Hg) fragment are substantially higher than a*-

In-phase over laps (*)

between fragMonls in the TS.

LUMOS of the (X3-C4) fragment (Table 2).
Table 2 shows that the ^-HOMO levels of the donor, (Y「 

C2), are raised whereas the(r*-LUMO  levels of the acceptor,

Table 2. Energy Levels (eV) of zr-HOMO of Donor (YrC2) and a*-LUMOs of Acceptors (X^CQ and (C5-HQ for a- and /9-CH3-ethyl for
mates (Y = CHXCHR1CHR2)by AMI

Alkyl O-C-S s-c = s O-C = O S-C = O

w-Propyl jt-HOMO (Yi-C2) -10.1823 -9.4714 -11.4511 -10.0294
R1 = H (-12.6944)° (-13.9752户

R2 = CH3 a*-LUM0  (X「C4) 1.9879 1.3229 2.0881 1.2729
a*-LUM0  (CuH。 3.3937 3.4059 3.5176 3.4862

z-Propyl ^-HOMO (Yi-C2) -10.1089 -9.4527 -11.5126 -10.0410
Ri = CH3 (-12.5123)° (-13.1550)°
R2 = H ff*-LUM0  (X3-C4) 1.9150 1.2251 2.0510 1.2633

<7*-LUMO  (Cs-Hg) 3.3819 3.4045 3.4763 3.5076
Ethyl。 k-HOMO (Yi-C， -10.2031 -9.4815 -11.6501 -10.0473
Ri = H (-13.7892)° (-14.1629)。

r2 = h <7*-LUM0  (X3-C4) 1.9786 1.3096 2.0836 1.2661
(广-LUMO (C5-H6) 3.4304 3.4546 3.5454 3.5507

flThe levels in parenthesis are for the (HOTJth ^-orbital. 'Ref. 3.
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Table 3. Formal Charges (Electronic Unit) and Bond Lengths(A), and Their Charges 厶q and Ad, for Pyrolysis of Esters

Charges(e.u.) Bond Length(A)
X Y R] R2 ------------------------------------------------------------------------------------ ----

Atom GS TS ^qa Bond GS TS 厶次2
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1.545 1.613 0.067
1.354 1.276 -0.078
1.441 1.993 0.552
1.513 1.418 "0.095
1.117 1.277 0.160

1.545 1.617 0.072
1.358 1.276 -0.082
1.440 1.915 0.475
1.517 1.411 -0.106
1.121 1.344 0.223

1.537 1.614 0.077
1.659 1.575 -0.084
1.753 2.253 0.500
1.508 1.392 -0.116
1.118 1.451 0.333

1.537 1.618 0.081
1.662 1.576 -0.086
1.737 2.134 0.397
1.510 1.392 -0.118
1.122 1.544 0.422

1.229 1.287 0.058
1.358 1.281 -0.077
1.466 1.917 0.471
1.516 1.414 -0.102
1.116 1.345 0.229

1.229 1.298 0.069
1.360 1.285 -0.075
1.434 1.704 0.270
1.517 1.414 -0.103
1.122 1.502 0.380

1.231 1.302 0.071
1.690 1.600 -0.090
1.751 2.110 0.359
1.508 1.403 -0.105
1.119 1.493 0.374

1.231 1.305 0.074
1.691 1.602 -0.089
1.735 2.012 0.277
1.509 1.406 -0.103
1.122 1.559 0.437

aAq and are variations in charge and bond length from ground (GS) to transition state (TS).

(Cg-Hg), are lowered for both the a- and ^-methylated tivity of the a- and ^-methylated series, since the elevation
series relative to the corresponding levels of the unsubsti- of the donor HOMO level coupled with the depression of the
tuted ester series.3 This is in accord with the enhanced reac- acceptor LUMO level will facilitate charge transfer between
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the two levels17 and lead to an easier nucleophilic attack by 
Yi upon /9-hydrogen, H& We al옹。note that the extents to 
which (Y「C2)兀-HOMO is raised and (C5-H6)(r*-LUMO  is 
lowered are invariably greater with 버ecompared to the 
B -methylated series, which is again in line with the greater 
reactivity of the a-compared to the p -methylated series.

*A two-stage reaction is one which is concerted but not synchro
nous; the two changes in bonding can take place 응uccessiv은ly and 
one of them may be rate-limiting.20

Thus the activation enthalpies,厶 H*,  are lowered and 
hence the reactivities are increased as the ^-HOMOsof the 
(丫1-。2)fragment are elevated and the <?*-  LUMOS of the 
(C5-H6) fragment are depressed. This is accompani은d by the 
decrease in the C5-H6 bond polarization (4 and the degree 
of bond breaking (厶 d) in the TS (Table 3). Thus as the。*-  

LUMO of (C5-H6) gets higher, bond polarization (厶 q) and 
the degree of bond cleavage (△』)of the C5-H6 bond in the 
TS increases and the reactivity of the pyrolysis decreases 
(厶H*  increase). This is in line with the principle of narrow- 
ing of inter-frontier level separation,18 according to which 
the higher the LUMO, and the lower the HOMO, the further 
the reaction should progress along the reaction coordinate in 
order to narrow down the inter-frontier level gap sufficiently 
to achieve the necessary amount of charge transfer in the 
TS,厶瓦f =件/厶€ , where 厶€ is the inter-frontier energy 
gap and is the interaction matrix between the two FM°s 
The total energy of the reaction system rises however until 
난le TS is reached so that 厶H*  becomes higher as the reac
tion progresses further along the reaction coordinate. These 
trends apply equally to the a*-LUMO  of (C5-H6) of both the 
a- and ^-methylated series. In between the two series, how
ever, 厶q and 厶d for (C^HQ together with AH*  are always 
greater with the less reactive (higher 厶 H*)  -methylated 
series, which is also in accord with the principle of in
ter-frontier level gap narrowing.

Inspection of Table 3 shows that polarization ( A q) ^nd 버e 
degree of bond cleavage (厶涉)of the X3-C4 bond decrease in 
the order of decreasing reactivity, O-C = S>S-C = S>0- 
C = 0>S-C = 0, irrespective of whether a- or ^-methyla
tion, with the more reactive a-methylated series having, in 
all cases, the greater 厶 Q and 소 g values compared to -me
thylated series. This order is in fact in line with the degree of 
carbonium ion stabilization at C4; due to the conjugation 
of type (3), the bond polarization and bond cleavage will be in 
the order of reactivity: O-C = S>S-C = S>O-C = 0>S-C = 
O. This, however, suggests that breaking of the X3-C4 bond 
is not rate determining, since a greater bond cleavage or 
bond polarization should require higher 4values, i.e.r less 
reactivity,19 in contrast to the reverse order of reactivity 
found in Table 1. Thus, the incipient bond cleavage of th은 

X3-C4 bond is not rate-limiting, but the cleavage of the C5- 
H6 bond taking place subsequently is actually the rate deter
mining (vide supra). In this sense, Taylor's proposition20 of 
the electron shift involved in the reaction in an anticlockwise 
direction following the sequence as numbered in (1) is quite 
reasonable; bond cleavage of the X3-C4 bond is initiated due 
to the instability rendered to the bond by the p-n conjuga
tion, (3), in the gr이md state. Once the X3-C4 bond starts to 
cleave, the electrons will be transferred to ^-hydrogen, 
which will in turn starts the electron shift to form a double 
bond. These processes proceed in successive stages*,  since 

if the electron shifts were synchronous, the degree of bond 
polarization (厶g) (and bond cleavage (厶 d)) of the C5-H6 bond 
will parallel that of the X3-C4 bond, which is in quite contrast 
to what we obtained: a greater Aq or Ad of one bond, e.g. 
X3-C4, is shown to give a smaller Aq or Ad of the other, e.g. 
C5-H6, and vice versa (Table 3). Thus the processes may be 
concerted but are certainly not synchronous, and take place 
in succesive stages according to the sequence a오 numbered in 
(1). This interpretation can, of course, accommodate a large 
C3-deuterium (C^D。kinetic isotope effect of kH/kD = 2.1 
found experimentally, since cleavage of the C5-H6 bond 
takes place in the last, rate determining stage.

It has been suggested that ^-methylation partially contri
butes to long range stabilization of the incipient carbonium 
ion at the a-carbon (C4). However this seems unlikely since 
the long range a-carbonium ion stabilization should lead to a 
greater bond polarization (A and bond cleavage (厶d) of the 
X3-C4 bond for the ^-methylated rather than for the unsub
stituted ethyl formates obtained in Table 3.

We conclude that a methyl group, being a o- as w이1 a응 

^•-donor, substituted at either a- or ^-carbon elevates the 
兀一HOMO of the donor (Y^-C?)and depre응ses the(j*-LUM0  
of 난acceptor (C5-H。, which increases the nucleophilicity 
of Yi toward H6 resulting in the increase in reactivity.

This effect is greater with the a-methyl group, since Ca is 
nearer to the donor, (Yx-C2). The initial cleavage of the X3- 
C4 bond takes place in a 1•이ativ이y fast stage, but the subse
quent scission of the C5-H6bond occurs in a rate determining 
stage. The whole process is concerted but not synchronous.
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Acid—Base and Spectroscopic Properties of 1,4—Benzodiazepines 
in Sodium Dodecyl Sulfate Micellar Solutions

Joon Woo Park * and Hye Sung Cho

Department of Chemistry, Ewha Womans University, Seoul 120-750. Received November 10, 1989

Acid-base equilibria and spectroscopic properties of diazepam and chlorodiazepoxide were investigated in sodium dodecyl 
sulfate (SDS) micellar solutions as functions of pH. The results were compared with the behaviors in homogeneous aqueous 
media. The presence of SDS increased the pK々 of chlorodiazepoxide to 6.3 from 4.7, while it has little effect on the pK“ of dia
zepam. The acidic protonated form of diazepam was moderately fluorescent when the solution was excited at 350 nm, and 
emission intensity of the species was enhanced about 5 fold by the presence of SDS. On the other hand, the acidic solution of 
chlorodiazepoxide was non-fluorescent, but the neutral solution of the compound was fluorescent upon excitation at 350 nm. 
The emission peak of the neutral chlorodiazepoxide shifted to shorter wavelength region without significant change in the 
emission intensity upon the addition of SDS. Procedures for assay of the individual drugs from their mixture by the use of 
SDS micelle were discussed.

Introduction

Surfactants are amphiphilic m이ecules composed of a hy
drophobic portion and a hydrophilic portion. At certain con
centration (cmc), surfactat molecules aggregate to form a 
self-assembled aggregates, micelles, Micelle solubilizes 
and/or binds many organic substances and ionic species. 
The physico-chemical properties of chemical species are 
usually significantly mod迁ied upon binding on micelles. 
Hence, the micellar systems have been used as novel media 
for chemical and photochemical reactions.1 Recently, the mi- 
cellar chemical and photochemical reactions.1 Recently, the 
micellar systems have also been employed to modify and im
prove many analytical schemes.2

1,4-Benzodiazepines  are a class of physiologically active 
drugs and widely prescribed as anti-anxiety agents. Thus 
ass죠y of the drugs in formulation and biological fluids has 
been the subject of intensive studies. Much emphasis has 
been placed on the electro-chemical methods for the analysis 

of l,4-benzodiazepines.3~5 Absorption6 and fluorescence7-10 
spectrophotometry were also utilized to determine some of
1,4-benzodiazepines.  Recently, the interaction of 1,4-benzo- 
diazepines with surfactants and resultant enhancement of 
fluorescence emission were reported.7"10 Also studies on the 
kinetics of hydrolysis11 and solubilization12 of the drugs in 
micellar solutions were described.

1,4-Benzodiazepines are protonated in acidic media. The 
protonated and deprotonated species of organic molecules 
usually show different chemical stability and physico-che- 
mical properties. Since 반le acid-base equilibria of organic 
molecules are greatly influenced by the presence of ionic 
micelles,26 the studies on the acid-base b 산lavior and pH-de- 
pendent spectroscopic properties of 1,4-benzodiazepines in 
micellar solutions would provide valuable information on the 
가lemistry of the compounds. The results can be utilized to 
develop a micelle-improved spectroscopic method for the 
analysis of the drugs.

In this report, we present the studies of acid-base and


