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A study was carried out on the reaction of p-nitrophenyl phosphates with hydroxamate nucleophiles in water
in the presence of dialkylammonium bilayer membranes. With ethyl bis(p-nitrophenyl) phosphate, clean second-
order kinetics was observed for all the hydroxamate nucleophiles, two equivalents of p-nitrophenol being released
in most cases. In contrast, a complex kinetics was observed for octadecylbis(p-nitrophenyl)phosphate. The
second cleavage process of this long-chain substrate by a long-chain hydroxamate was affected by the fluidity
of the matrix membrane, an inflection region being present in the Arrhenius plots near the phase transition tem-

perature(T,) of the 2C,;,N*+2C; membrane.

The activation energy was 14 and 21 kcal/mol at temperatures

above and below T, respectively. Similar changes in the activation energy had been observed for decarboxy-

lation and proton abstraction.

Since it was first found that bilayer membranes
are formed from dialkylammonium salts,%% physico-
chemical characterization of the dialkylammonium
bilayer has been extensively carried out. One im-
portant characteristic is the occurrence of the crystal-
to-liquid crystal phase transition similar to that of
biolipid bilayers, as confirmed by differential scanning
calorimetry,*% NMR spectroscopy,® fluorescence depo-
larization,®? and positron annihilation.”

The unique organization of the dialkylammonium
bilayer was subsequently used as site for several kinds
of organic reaction. A large rate difference was ob-
served between the intra-vesicle and inter-vesicle re-
actions of nucleophiles and a phenyl ester.®) A choles-
teryl nucleophile was specifically activated in the am-
monium membrane,” and the reaction rate was in-
fluenced by the phase transition in acyl transfer,1®
proton abstraction,) and decarboxylation.'?

In this article we report on the hydrolysis of activat-
ed phosphoric triesters by hydrophobic hydroxamate
nucleophiles in the presence of hexadecyltrimethylam-
monium bromide (CTAB) micelle and dialkylammo-
nium (2C,N+2C,;) bilayer membranes.'® The hydrol-
ysis of phosphoric triesters proceeds via general-base
or nucleophilic pathways. The relative ease of these
pathways is determined by structural combinations of
substrates and bases, the relative basicity of leaving
group and nucleophile and steric crowding in the
transition state being concluded to be the two most
important factors.14-16)

The micellar effect on the cleavage of phosphoric
triesters was studied by Bunton and Tharal” and
Epstein et al.'® for oximate nucleophiles and by Tagaki
et al.1® for imidazole nucleophiles. It was found that
cationic micelles accelerate the reaction and change
the mechanism. It is of particular interest to see
how the peculiar molecular organization of the bilayer
membrane affects the cleavage of phosphoric esters.

The structures of nucleophiles, substrates and mem-
brane-forming ammonium salts used in this study are
given below together with their abbreviations.

Ammonium salt

CHx(CHy)n1 o CH3  _ Gy
N\ Br CH3(CHa h5-N-CH3 Br
CHy(CH2)na” “CH3 CHs

n=121416,18 2CN"2C; CTAB

Nucleophite
/OH CH3(CH2)17\ /OH
CH3(CH2)16EN\ /NECHz(:Hle:N\
o R CHy(CH 17" o 0 CH;
R=H Cjg-HA 2Cig-suc-MHA
=Me Cig-MHA
=Phe Cig-PHA
Substrate

/°©N°2 n=2 Cy-BNPP

CHs(CHy), 10-P
ACHadn- =18 Cia-BNPP

g‘o@Noz

Experimental

Nucleophiles. Octadecanehydroxamic acid (C,s-HA),
N-methyloctadecanehydroxamic acid (C,-MHA), and N-
phenyloctadecanehydroxamic acid (C,;s-PHA) were pre-
pared from octadecanoyl chloride and the corresponding
hydroxylamines, and identified by NMR and IR spectros-
copy and elemental analysis. Cg-HA: mp 102—104 °C.
Found: C, 71.86; H, 12.46; N, 4.65%,. Calcd for C;gHs,-
NO,: C, 72.19; H, 12.45; N, 4.68%,. C;,s-MHA: mp 60—
62 °C. Found: C, 72.59; H, 12.39; N, 4.409%,. Calcd for
C o H;;NO,: C, 72.79; H, 12.54; N, 4.479%. C,-PHA:
mp 88—89 °C. Found: C, 76.33; H, 10.97; N, 3.709%.
Caled for C,H,NO,: C, 76.74; H, 11.00; N, 3.73%.

Mono-N, N-dioctadecylamide of succinic acid (9.3g, 15
mmol) as prepared from dioctadecylamine and succinic
anhydride, and 2 g (18 mmol) of N-hydroxysuccinimide were
dissolved in 70 ml of tetrahydrofuran (THF), 3.7g (18
mmol) of dicyclohexylcarbodiimide being added with stirring
at ice-bath temperature. The reaction mixture was warmed
to room temperature after 1 h and stirred for 24 h. N,N’-
Dicyclohexylurea was filtered. After the solvent had been
removed, the residue was recrystallized from 1:10 ether—
methanol to give colorless powder: yield 9.3 g (86%), mp
64—67 °C. The succinimide ester obtained (5g, 8 mmol)
was dissolved in 30 ml of CHCI;, and 2.5g (30 mmol) of
N-methylhydroxylamine and 3 g (30 mmol) of triethylamine
in 60 ml of CHCI; were slowly added with stirring. After
the mixture had been stirred for 6 h at room temperature,
the solvents were evaporated and the residue was dissolved
in ether, washed with dilute hydrochloric acid and water,
and dried over Na,SO,. The solution was concentrated
and 3 g of solids was recovered by addition of methanol.
Colorless powder was obtained by repeated recrystalliza-
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tion from 1:1 acetone—ecther: yield 1.4 g (30%), mp 50—52
°C. The product, N-methyl-3-(dioctadecylcarbamoyl)pro-
panehydroxamic acid, (2C;s-suc-MHA) was confirmed by
IR and NMR spectroscopy and by elemental analysis.
Found: C, 75.62; H, 12.80; N, 4.20%. Calcd for CyHg,-
N,0,: C, 75.63; H, 12.69; N, 4.30%.

Preparation and purification of N-dodecylbenzohydroxa-
mic acid (C,,-BHA),29 and N-benzylbenzohydroxamic acid
(BBHA)2) were reported. C,NtC,-MHA was supplied by
T. Sakamoto.??

Substrates. Tris (p-nitrophenyl) phosphate (1g, 2.2
mmol) was refluxed for 1 d in 10 ml of dry ethanol, coloreless
needles of C,-BNPP being obtained on cooling: yield 0.7
g (90%), mp 134—135°C (lit,*» mp 133 °C). The purity
was confirmed by NMR spectroscopy and elemental anal-
ysis. Found: C, 45.50; H, 3.57; N, 7.68%. Calcd for
C,H;3N,O.P: C, 45.67; H, 3.56; N, 7.61%.

Triethylamine (3.7 g, 37 mmol) and 10.0 g (37 mmol) of
octadecyl alcohol were dissolved in 100 ml of dry ether,
21g (137 mmol) of POCI; being added with stirring at
ice-bath temperature. The mixture was then stirred for
3h at room temperature and precipitates were removed.
The solvent was evaporated and the residual white solid
was recrystallized from acetonitrile: yield 15 g, mp <30 °C.
The acid chloride obtained and 21.5g (155 mmol) of p-
nitrophenol were dissolved in 100 ml of dry ether, 15.5g
(155 mmol) of triethylamine being added dropwise with
stirring at ice-bath temperature. After stirring for one day
at room temperature, precipitates were removed and the
solution was concentrated to give a waxy product. Re-
crystallization twice from acetone and methanol gave color-
less needles of C,s-BNPP: yield 3g (13%), mp 59—60 °C.
The NMR spectrum was consistent with the expected struc-
ture. Found: C, 60.80; H, 7.68; N, 4.89%. Calcd for
CoHN,OsP: G, 60.79; H, 7.65; N, 4.83%,.

Other Materials. Commercial CTAB was recrystal-
lized twice from ethanol. Dialkyldimethylammonium bro-
mides (2C,N+2C,) were prepared by stepwise alkylation.?*)

Kinetics. Hydrolysis was initiated by injecting sub-
strate solutions (in ethanol or acetonitrile) into aqueous
solutions of surfactants containing given amounts of catalyst.
The progress of the reaction was followed by the appearance
of p-nitrophenolate anion (Amax=400nm in CTAB micelles
and 390 nm in ammonium membranes, ¢=18100) with a
Hitachi 124 spectrophotometer. The surfactant concen-
tration was 1x10-3M (1 M=1 mol dm~3), which is larger
than the cmc of CTAB and 2C,N+2C;. The reaction con-
ditions were 3 v/v%, organic solvent-H,O, x=0.01 (KCI),
0.01—0.02 M borate buffer (pH 7—10), unless stated other-
wise. The pH measurement was carried out with a Toa
Digital pH meter (Type HM-10A), the pH variation of
the reaction medium being smaller than 0.05.

Results

Course of Phosphoric Ester Cleavage. Ethyl bis(p-
nitrophenyl) phosphate (C,-BNPP) undergoes slow hy-
drolysis in alkaline CTAB solutions (pH 8—10). The
UV absorption of Cp-BNPP (4_,,.=270 nm) dimin-
ishes with time, new absorptions appearing at 400
and 290 nm (Fig. 1). The 400-nm band is attrib-
utable to p-nitrophenolate anion, one equivalent of
which is formed eventually. The 290-nm band is
ascribable to ethyl p-nitrophenyl phosphate anion (e=
9500) (C,-MNPP-) which is stable under these con-
ditions. Tagaki et al'® confirmed that phenyl p-
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Fig. 1. Spontaneous hydrolysis of Cy-BNPP in the

CTAB micelle.
pH 9.6, 30 °C, 0.01 M borate buffer, 4=0.01(KCl),

3 v/v%EtOH-H,0. [CTAB]=1.00x103M, [C,-
BNPP]=5.00x 10-¢ M.
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Fig. 2. The course of the ester cleavage of C,-BNPP.

nitrophenyl phosphate anion is hydrolyzed very slowly
even at 55 °C, pH 12.5. Brass and Bender'® similarly
observed the formation of p-nitrophenyl methylphos-
phonate anion at 288 nm (¢=9560) in the alkaline
hydrolysis of bis(p-nitrophenyl) methylphosphonate.

In the presence of excess hydroxamate nucleophiles,
the predominant course of reaction is the release of
two equivalents of p-nitrophenol without formation of
ethyl p-nitrophenyl phosphate anion.

The courses of the phosphoric ester cleavage are
summarized in Fig. 2. The alkaline hydrolysis (ko
process) is negligible in the presence of excess of most
hydroxamates, since the UV peak (1_,,, 290 nm)
characteristic of diester product C,-MNPP- (Fig. 1)
cannot be detected in the reaction mixture.

On the other hand, if equimolar amounts of sub-
strate and nucleophile (C,;-MHA) are present, we
observe, upon correction for the alkaline hydrolysis,
rapid formation of one equivalent of p-nitrophenol
followed by much slower p-nitrophenol release. These
steps correspond to the £y, and kgy processes (Fig.
2). Introduction of additional C;-MHA during the
second stage induces rapid p-nitrophenol release of
the ky, process.

Behavior of Different Hydroxamate Nucleophiles toward
Co-BNPP. Figure 3 shows the time course of
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Fig. 3. The time course of the p-nitrophenol (PNP)
release from C,-BNPP by several hydroxamates in
the presence of the CTAB micelle.
30 °C, pH 8.8, 0.02 M borate buffer, £=0.01 (KCl),
[CTAB]=1.00x 103 M, [hydroxamate]=>5.00x 10-5
M, [C,-BNPP]=5.00x10-¢ M. p-Nitrophenolate
anion: An,; 400nm, &=1.81x104% Cs-MHA:
—0—, GC;-HA: —@—, C;iPHA: —N—,
C;,N*C,-MHA: —A—.

p-nitrophenol release from C,-BNPP by a series of
long-chain hydroxamate nucleophiles in the CTAB
micelle.

CH3 B

+ /

CH3(CH2)11—T;J-CH2$|:N\
CHy O CHs

CiaN'Co-MHA

The ultimate p-nitrophenol release varies consid-
erably with nucleophile. Excess of Cg-HA, G-
MHA, and 2C,;-MHA (not shown in Fig. 3) releases
two equivalents of p-nitrophenol due to ky, and kg,
processes of Fig. 2. However, C,,-PHA produces 1.4—
1.6 equivalents, the relcase by C;,N*C,-MHA being
one equivalent. In the reaction with C;-PHA, the
difference spectrum indicates increases in absorbance
at 245 and 300 nm (shoulder). The 245-nm absorp-
tion can be attributed to the monosubstitution product,
the shoulder at 300 nm suggesting the formation of
Co-MNPP- (1., 290 nm, see above). The simple
alkaline hydrolysis is too slow to explain the results.
General base catalysis (Eq. 1) might become com-

OEt (6} OEt

0 S
(r,::’o H o/ M N\ H” o (1)
CiHas © © o, ©

NO; NO; NO,

petitive with the nucleophilic process, since the latter
process is rendered less efficient due to steric hindrance
of the phenyl substituent near the nucleophilic center.
Similarly, less than two equivalents of p-nitrophenol
were released with related nucleophiles, BBHA and
C;o-BHA. The release of one equivalent of p-ni-

OH OH
/ 7/
< >—CN < >—CN
& e & (CHanCH
BBHA Ciz-BHA
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TaeLe 1. VALUES OF k; FOR p-NITROPHENOL RELLASE
FROM C,-BNPP wWITH HYDROXAMATE NUCLEOPHILES

103 &, /st
Nucleophile - -
CTAB 2C,N+2GC, 2C  (N+2C,;
None(OH-) 1.0 1.8 1.4
Cs-HA 9.1 35 28
C;s-MHA 88 100 74
C,s-PHA 8.3 45 50
2C,-MHA 45 40 28

30°C, pH 8.8, 0.02M borate buffer, x=0.01(KCl),
[Ammonium]=1.00x 10-3 M, [hydroxamate]=5.00 x
105 M, [C,-BNPP]=:5.00x10-¢ M.

trophenol by C,,N+C,-MFHA is ascribed to the very
low reactivity of the first substitution product 1 in
the subsequent nucleophilic attack. There is no indi-
cation of the genecral base catalysis (formation of Cg-
MNPP-) in this case.

0]
- It
80 o-t-o e
CH3(CH2)11'N‘CH29N _ OFEt
CH3 O CH3

1

The presence of the C;,N+C,-MHA moiety in the
intermediate and/or nucleophile appears to interfere
with the second nucleophilic attack. This presump-
tion is supported by the following experiments: (a)
no p-nitrophenol release was observed when C,y-MHA
was added to an equimolar reaction mixture (1:1
adduct formed) of C,-BNPP and C,N+C,-MHA, (b)
addition of C;,N*Cy-MHA did not promote p-ni-
trophenol relcase from an equimolar reaction mixture
(1:1 adduct formed) of C;g-MHA and C,-BNPP.

In spite of the varying extent of p-nitrophenol release,
all the time courses of Fig. 3 obeyed the pseudo first-
order kinetics (Eq. 2) for up to 809, conversion.

Aoo— 4y
— 2
= @

where A~ and A4, are absorbances at the infinite
time and at time ¢, respectively. The results indicate
that the second nucleophilic attack is not slower than
the first one (ky,=<ky,) in the two-step nucleophilic
attack toward C,-BNPP, except in the case of C;N*-
C,-MHA.

The kinetic pattern of the C,-BNPP clecavage was
the same in the CTAB micelle as well as in the di-
alkylammonium membrane for given nucleophilies.
The pseudo first-order rate constants with various
hydroxamates in micellar and membrane systems are
summarized in Table 1. The effective nucleophile
is the hydroxamate anion. The true nucleophilic re-
activity of the anion cannot be compared, since the
pK, value and consequently the fraction of the dis-
sociated species was not determined.

Cleavage of Cg-BNPP. The reaction scheme for
the cleavage of long-chain substrate C;s-BNPP is
fundamentally the same as that for Cy-BNPP (Fig.
2). However, the kinetic patterns are quite different.
In the reaction with excess C;g-HA, the first-order

kit = —In
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kinetics holds only approximately, two equivalents of
p-nitrophenol being released. The reaction with Cig-
PHA was very slow (ky,<#koy), no further kinetic
examination being performed.

In the reaction with excess C;e-MHA, the first-
order plots in the GTAB micelle consist of two lines

(Fig. 4). Since the ultimate p-nitrophenol release is
two equivalents per mole of C,-BNPP, the result
Time/min
10— 2 3

8 08¢t 1

N k2

2.. 06 ¥l

8 %"

< 04f

<]

L

voz2r ¥ ki

0'00 2 4 6 8

Time/min

Fig. 4. Pseudo first order plots of the reaction of C,-
BNPP with C,;;-MHA in the presence of the CTAB
micelle.
pH 8.7, 0.02 M borate buffer, u=0.01 (KCl), [CTAB]
=1.00x10*M, [C;-MHA]=1.00x10"%M, [Cys-
BNPP]=1.00x10-5M. 30°C: —0—,43 °C: —@—.
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indicates that the second stage of the nucleophilic
displacement (k;, process) is appreciably slower than
the first stage (ky, process). Similar kinetic results
were obtained in the membrane system. Figure 5a
shows the first order plots obtained at 30 °C. The
slopes for the initial release do not vary much with
the membrane. On the other hand, the slope for
the second stage is suppressed increasingly with in-
creasing lengths of the alkyl chain of the membrane.
At a higher reaction temperature of 43 °C, the changes
in slope are smaller except for the 2C;;N+2C; mem-
brane (Fig. 5b). The apparent rate constants of the
first and second steps of the reaction, k£, and £,, re-
spectively, are given in Table 2. The £, value was
determined from the initial linear portion of the first-
order plots, k, being obtained from the second linear
portions corresponding to 60—909, conversion.
These two steps approximately correspond to the kg,
and ky, processes. The k; value is (7.8+1.0) x10-2

ov

%, %,
Q . ¥ 9

o 0 0 b o‘p”o P

P N k ki 21N

7 N\ | HA 7N HA 'o 3
Yo} e Y ®)
g ; |‘

st at 30 °C and (18+3) X 10-3s~1 at 43 °C, indicating
that the magnitude of £, is not influenced by the mem-
brane (or micelle) used.? In contrast, £, is dependent

1.0
8 0.8 -
<
~
-~ 06 / L
<:2 A
<P 0.4 OX:_‘___‘__..—-——"""H L
v 0.2 B

(a) 30°C (b) 43°C
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Fig. 5. Pseudo first-order plots of the reaction of C,;-BNPP with C;;-MHA in the

presence of dialkylammonium membranes.
pH 8.7, 0.02M borate buffer, x=0.01(KCl),

[Cy-BNPP]=1.00% 10-5 M, [C,s-

MHA]=1.00x 10-¢ M, [2C,N+2C,]=1.00x 10— M. 2C;,N+2C;: —O—, 2C,,N*2C,:
—@—, 2C;N*2C;: —A—, 2C;yN*2C;: —A—.

TaBLE 2. VALUES OF ky, k;, AND k,/k; IN THE REACTION OF C,;-BNPP wita C;;-MHA

Micelle and At 30°G At 43°C

membranc 103 kyfst 109 kyfs—t kolky 10%ky /st 108 kyjst Fofky
CTAB 7.8 2.3 1/3.4 16 5.1 1/3.0
2G,,N+2C, 8.8 4.5 1/2.0 17 9.9 1.7
9C,N+2C, 6.9 1.7 1/4.1 15 6.8 1/2.2
2C,N+2C, 8.6 1.0 1/8.6 21 9.8 1/2.2
2C,,N+2C, 8.3 0.52 1/15.8 20 1.4 1/13.8

pH 8.7 (30°C), pH 88 (43°C), 0.02M borate buffer (£=0.01), [Ammonium]=1.00x10-* M, [C,,-MHA]=

1.00x 10-¢ M, [C,-BNPP]=1.00x 10-5 M.
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Fig. 6. Arrhenius plots for £, ,psa for the reaction of
Cys-BNPP with C;s-MHA in the 2C,(Nt2C, mem-
brane.
pH 9.4, 0.02 M borate buffer, £=0.01(KCl), [2C,,-
N+2C,]=1.00x 102 M, [C;;-MHA]=1.00x [0—¢ M,
[C1s-BNPP]=1.00x 10-5 M.

of the ammonium membrane used, decreasing with
increasing alkyl chain lengths of the dialkylammo-
nium membrane at 30 °C. but not necessarily at 43
°C. A smaller £, value was obtained only for the
2C;gN+2C; membrane at higher temperature. The
rate depressing effect for £, can be seen more clearly
by comparing the ratio of the rate constants k/k;.
The ratio is ca. 1/3 for the CTAB system at both tem-
peratures, the temperature effect being similarly small
for the 2C;,N*+2C,; system. It is smaller at 30 °C
than at 43 °C for the 2C;,N+2C, and 2C;(N*2C,; sys-
tems, but small and constant at the two temperatures
for the 2CN+2C, membrane.
ky/k, due to temperature is the largest for the 2C,,N+2C,
system, the temperature effect was studied carefully
in this system. Figure 6 shows the Arrhenius plots
for k;. The plots are represented by two lines with
inflection at 35 to 40 °C.

Discussion

The kinetic behavior of the nucleophilic attack of
a series of long-chain hydroxamates toward phosphoric
esters is summarized in Table 3. Clean second-order
kinetics was observed for all the hydroxamates in the
case of C,-BNPP. This indicates that the first sub-
stitution is not faster than the second: k;,<ky, in
Fig. 1. A Cyg alkyl chain is introduced in the first
substitution. The resulting monosubstitution product
is hydrophobic and the second substitution would be
accelerated more efficiently in the micelles and mem-
branes. Micellar acceleration is greater with hydro-
phobic substrates.

In sharp contrast with C,-BNPP, no clean second-
order kinetics could be found for C;s-BNPP. It ap-
pears that the steric constraint considerably retards
the reaction with C;g-PHA and 2C,-MHA. The
monosubstitution products of C;;-BNPP possess struc-
tures 2 and 3. The CPK molecular model shows
that the steric interference due to N-substituents (R)

Yoshio Okanarta, Hirotaka Inara, and Toyoki KUNITAKE
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TaBLE 3. KINETIC BEHAVIOR OF VARIOUS COMBINATIONS
OF NUCLEOPHILE AND SUBSTRATE

Substrate
Nucleophile -
C,-BNPP C,s-BNPP
Cs-HA Clean second order: Approximate pseudo
ks <Fia. first order: k;=<k,.
2 equiv. PNP released. 2 equiv. PNP released.
C,s-MHA  Clean second order: Two steps in the first
kg <Kklia. order plots: k,>k,.
2 equiv. PNP relcased. Membrane fluidity in-
fluential,
2 equiv. PNP released.
C;s-PHA  Clean second order: PNP release very slow.
1.4—1.6 equiv. PNP
released.
2C,;-MHA Clean second order: Two steps in the first

order plots: &, >k,.
k, very small,
More than equiv. PNP

kua <kuia-
2 equiv. PNP released.

released.
< "
0, .0 0.0
O/P\ /P\
0 o
N-R N-CH,
C=0 C=0
2 3

is appreciable in 2. Thus, when R=H, mono- and
disubstitutions proceed smoothly, but when R=phenyl,
even the monosubstitution virtually does not proceed.
When R =methyl, the monosubstitution is smooth but
the disubstitution is slower. When the attacking nu-
cleophile is a double-chain compound, even the mono-
substitution is extremely slow with a N-methylhydro-
xamate (20;-MHA). Disubstitution proceeds faster
than monosubstitution for the combination of C,-
BNPP and 2C;;-MHA (Eq. 4). The double alkyl
chain in 2C;;-MHA may be not very demanding
sterically since the double chain is removed from the
phosphorus center.

- 0, Ot OOt
o 9 g

koA N NeC

Qa6 8w
NO2 ﬂ

The rate constant for the pair of C,;-BNPP and
C;s-MHA shows a characteristic variation with the
membrane matrix. £k, (i.e., ky;,) appears to be sen-
sitive to membrane fluidity (Table 2).

The phase transition temperature (7,) of the di-
alkylammonium bilayer membrane has been deter-

mined by various physicochemical means. The re-
sults determined by differential scanning calorimetry

70N
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TABLE 4. PHASE TRANSITION TEMPERATURE TasLE 5. AcTIVATION ENERGY IN 2C;(N+2C; MEMBRANE
+ p—

oF DIALKYLAMMONIUM(2C,N+2C,Br-) MEMBRANES E, /kcal mol—1
n 12 14 16 18 Reaction Below — Above Remark

T, °C 0—5 18 28 45 T, T,
Nucleophilic displacement 21 14  This study

(kma” process)

Decarboxylation (Eq. 5) 25 19 Ref. 12
Proton abstraction (Eq. 6) 46 20 Ref. 11

Fig. 7. Schematic illustration of nucleophiles and sub-
strates in the membrane matrix.
Note that the double-chain substrate in B perturbs
the neighboring membrane less than the single-chain
substrate in A.

seems to be most reliable. The 7, data are given
in Table 4. At reaction temperature 30 °C, the
2C,N+2C; and 2C,;(N*+2C, membranes are in the
crystalline phase, their k, values being smaller than
those in the other membranes. At reaction tempera-
ture 43 °C, only the 2C;(N+2C; membrane is in the
crystalline state, giving a small £, value. The in-
fluence of the membrane fluidity is more apparent
when k,fk, values are compared. The membranes in
the liquid crystalline state (above T,) give £,/k, ratios
of 1/2—1/4, but the rigid membranes at temperatures
below T, give smaller ratios.

It may be asked why the £y, process and not the
kys process is affected by membrane fluidity. The
ks process is a reaction between a single-chain nu-
cleophile and a single-chain substrate. The same type
of reaction between a single-chain imidazole and a
single-chain phenyl ester is influenced by phase tran-
sition.!® The presence or absence of the influence
of the membrane fluidity might depend on particular
combinations of the single-chain reagents.

The ky, process is a reaction between a single-
chain nucleophile and a double-chain monosubstitu-
tion product. Since the reactivity of the nucleophile
(Cis-MHA) is not affected by membrane fluidity (&,
invariant), the dependence of £;;, on the membrane
fluidity should arise from the varying reactivity of
the double-chain intermediate. If we assume that the
double-chain compound does not destroy the neigh-
boring dialkylammonium membrane matrix, its reac-
tivity would be affected by membrane fluidity more
than the reactivity of the single-chain substrate. That
is, the dialkyl species can be a part of the membrane
matrix but the single-chain species should act as an
impurity for the membrane. The situation is illus-
trated in Fig. 7.

The inflection of the Arrhenius plots (Fig. 5) is
similarly associated with the phase transition, although
the inflecting temperature region centered at 38 °C
is 10 °C higher than T, of the 2C;,N+2C, membrane
(28 °C).

The presence of two sets of the activation energy
in the membrane system has been detected in the
cleavage of a phenyl ester,!®) in decarboxylation (Eq.
5),12 and in the proton abstraction (Eq. 6).11)

, C=N
] —>02N’©[O' ()

Co3 COz

CI — [ o
O2N (o O2N o

@'cq_%%o@nm —%“% [@%‘;CHCWOQNOZ]

Base BaseH"
0
f
=, Orbo=an -+ oo (6)

The E, value determined from Fig. 6 is 14 kcal/
mol at temperatures above 7, and 21 kcal/mol at
temperatures below 7,. E, values obtained in the
temperature ranges above and below 7, for different
types of reaction are compared in Table 5. In all
cases, E, below T, is appreciably larger than E, above
T,. It becomes more difficult for these reactions to
proceed at low temperatures due to increased rigidity
of the 2C,(N+2C; membrane matrix.

Conclusion

Phase transition is associated with the regulation
of physiological functions of the biomembrane. For
example, the activity of succinic acid oxidase of sheep
liver mitochondria membrane changes with phase tran-
sition, the activation energy being 2 and 12 kcal/mol
at temperatures above and below T, respectively.25)
These biochemical results are very similar to those
observed for some common organic reactions: nu-
cleophilic displacement, base-catalyzed proton abstrac-
tion, and unimolecular decarboxylation (Table 5). It
is presumed that the regulation of the reaction rate
by phase transition becomes possible for a large variety
of organic reactions.

This study was supported in part by Grant-in-Aid
for Scientific Research No. 447079 from Ministry of
Education, Science and Culture.
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