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Abstract—Hydrolysis of geranyl pyrophosphate is catalyzed by salts of Mn?* and involves C-O bond cleavage. The
first order rate constants reach limiting values with [Mn?*]> 1072 M, and the most reactive species is GPP(Mn**),
at the optimum pH of 6.5-7. The products are similar to those from acid hydrolysis except that more cyclic
hydrocarbons are formed in the presence of metal ions. Hydrolysis of geranyl phosphate is inhibited, and that of
citronnellyl pyrophosphate is weakly catalyzed by Mn?*. Other divaient metal cations catalyze the hydrolysis of
geranyl pyrophosphate and the sequence of effectiveness is Cu?* > Mn?* > Zn** > Co?* < Mg?* ~ Ca¥".

Geranyl pyrophosphate (GPP) is a postulated precursor
in the biosynthesis of cyclic monoterpenes such as
limonene, a-pinene, B-pinene,’:? although the E-con-
figuration of GPP precludes direct cyclization; the Z-
isomer, neryl pyrophosphate (NPP), is a precursor of
bicyclic monoterpenes in Pinus radiata.* The original
postulate of the role of NPP was based in part on the
product distribution in nonenzymic solvolyses and rear-
rangements of GPP, NPP and related compounds,®”’
where the Z-isomer yielded mainly cyclic products.
Recent enzymic studies with carbocyclase from Citrus
limonum® and Salvia officinalis® showed that GPP is also
a precursor of cyclic monoterpenes, but because enzy-
mic isomerization of GPP to NPP was excluded,*®
rotation or interconversion of an enzyme bound car-
bocationic species derived from GPP was postulated.>®

Carbocyclase is a Mn** dependent enzyme® and con-
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sistently nonenzymic hydrolyses of farnesyl,'® geranyl
and chrysanthemyl pyrophosphate!' are speeded, at
neutral pH, by Mg** or Mn** ions.

These observations suggest that metal catalyzed sol-
volysis of GPP could be a model for the enzymic reac-
tion. The present work describes- the effect of Mn** on
the hydrolysis of GPP and geranyl monophosphate (GP),
in an attempt to understand the role of Mn**, or other
divalent metal ions, in the biosynthesis of cyclic mono-
terpene hydrocarbons in plant tissues.

RESULTS AND DISCUSSION

Rates and products

In the presence of excess Mn®* at pH 7.0 and 40° GPP
is transformed into a mixture of prenyl alcohols and
terpene hydrocarbons (Scheme 1) and the overall reac-
tion is first order with respect to GPP. Figure | shows
the dependence of the initial rate of formation of
products upon [GPP], with a large excess of Mn**. If
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Fig. 1. Effect of [GPP) on the rate of Mn** catalyzed hydrolysis

at 40° and 0.1M TES, pH 7 and 0.03M MnCl,, @—@, For-

mation of total products; O—O, Formation of hydrocarbons. For
further details, see text.

log (dp/dt) (where p is product) is plotted as a function of
log GPP concentration, a straight line of unit slope is
obtained.

The rate of hydrolysis of 10~*M GPP at 40° and pH
7.0 is increased by a factor of up to $0 by Mn**. The first
order rate constants (k obs) are 3.4x1077s™", in the
absence of metal and 1.8%10~%s™!, in 1072M Mn**.
Complexing of Mn** with EDTA eliminates the
catalysis.

Added acetone or dioxane has little effect on the
spontancous hydrolysis, but with 0.005 M Mn**, organic
solvent at a mole fraction of 0.2 reduces the rate by
approximately 80%. These effects were not investigated
further.

The products at pH 7 are markedly affected by Mn**.
The spontaneous hydrolysis probably occurs largely with
P-O rather than C-O bond fission, or by concerted
nucleophilic substitution, and therefore gives oniy
geraniol. Hydrolysis of GPP in dilute acid occurs with

M. V.ViaL et al.

C-0 bond fission,*® and the products are qualitatively
similar to those of the Mn®* catalyzed hydrolysis, except
that Mn®* favors hydrocarbon formation (Table 1).

No buffer. effects were observed on products or rates
cither in the presence or absence of metal. This is to be
expected, because potentigmetric'? and EPR binding"
measurements have shown that there is no significant
interaction between TES buffer base and Mn**. Increase
of ionic strength with 0.3 M KCI decreases the rate of
reaction by 20% in the presence of 10™*M Mn** and by
50% in its absence at pH 7.0 and 40°.

Analysis at partial reaction in the presence of Mn®*
showed that no geranyl monophosphate is formed, and
solvolysis did not proceed stepwise as with the enzymic
hydrolysis.'* Control experiments with nerol geraniol,
linalool and a-terpineol showed that Mn** did not
catalyze their interconversions or dehydrations. No other
prenyl pyrophosphate was found in the reaction mixture,
thus excluding isomerization of the substrate.

Effect of [Mn**] on hydrolysis rate

The dependence of the rate of hydrolysis of GPP on
{Mn**] is shown in Fig. 2 for reaction using either
MnCl, or MnSO,. At high [Mn**] the rate constants
reach limiting values so that GPP must be converted
completely into a reactive species, xGPP—yMn**.
Because the association constant for formation of the 1:1
complex is 2.5% 10°M™" at 25°," at 5 x 10~ M Mn?* and
10~*M GPP over 90% of the GPP is present as the 1:1
GPP-Mn complex. Figure 2 shows that the maximum
rate of hydrolysis is obtained at a much higher concen-
tration of Mn?", so that the reactive species is a complex
with a Mn**/GPP ratio > 1.

Prenyl pyrophosphates and phosphates behave
similarly with respect to hydrogen ion catalysis,>'* but
quite differently with respect to metal ion catalysis. At
pH 7.0 Mn®* retards the hydrolysis of GP (Fig. 3). No
hydrocarbons are formed and geraniol (94%) is the
major product, and the products are similar to those
from spontaneous hydrolysis of the monoanion, via
metaphosphate ion. Complexing of Mn** to the phos-

Table 1. Products of hydrolysis of GPP*

b

Products 10-?1( Hn2+ 0.424 H,50,
aleohols 94 (100) 98.3
hydrocarbons ¢ 1.7
linalool 71.0 (29.0) 77.7
geraniol 19.0 (65.0) 17.1
nerol 0.6 (2.0) 0.9
a-terpineol 3.3 (3.3) 2.6
myrcene 2.7 0.3
ocimene (E+Z) 1.7 1.2
lizmonene 1.2 0.07
unidentified 0.3

a) Moles % of products at 40°C with 10™M GPP and TES butfer, ph 7.0,

unless specified.

b) at 20‘C6; <)

Values in parentheges are in the absence of Mn

2+,
;

no hydrocarbons were detected in the absence of ’Hn2+.
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Fig. 2. Effect of Mn?* on GPP hydrolysis at 40°, 0.1 M TES, pH
7.0 and 107 M GPP. @—@, Formation of total products; O—0O,
Formation of hydrocarbons.
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Fig. 3. Effect of Mn®* on GP hydrolysis (conditions as in Fig. 2).

phate moiety will inhibit elimination of metaphosphate
ion. The differences between GPP and GP as substrates
are readily understandable because phosphate mono-
esters cannot readily chelate with a metal jon.

The rate of hydrolysis of the 2,3-dihydro analog of
GPP, citronellyl pyrophosphate (CiPP), is increased by
only a factor of five by 1072M Mn®* at pH 7.0 and 40°,
and no hydrocarbons are formed. The allylic double
bond in GPP favors formation of a carbocationic species
and may also help to stabilize a reactive metal-substrate
complex.

Effect of pH

Figure 4 shows that a change in pH from 6.5 to 7.0 has
little effect on the rate of solvolysis, and a further change
to pH 7.6 reduces the rate by only one third, over a wide
range of (Mn®*]. A wider range of pH could not be used,
because at pH 7.6 a visible precipitate was formed, and
at pH < 6.5 the spontaneous hydrolysis is fast, relative to
the Mn?* catalyzed reaction.

Stoichiometry of the reactive complex

The data in Fig. 2 show that more than one mole of
Mn?* is bound per mole of GPP and Job's method'® was
used to obtain the stoichiometry of the reactive complex.
Initial rates were plotted as a function of the mole
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Fig. 4. Effect of pH and [Mn>*] on GPP hydrolysis (conditions
as in Fig. 2). B—8, pH =65, 0—0, pH=7.0; A—A,pH=76.

fraction of Mn?*, at constant [Mn®*] + [GPP), (Fig. 5).
Maximum rates of product or hydrocarbon formation
were observed at a mole fraction of 0.67, corresponding
to a Mn®*:GPP ratio in the reactive species of 2:1.
(Allowance was made for the contribution of the un-
catalyzed reaction.) The similarity of the two Job plots in
Fig. 5 suggests that alcohols and hydrocarbons are for-
med from the same GPP (Mn**), complex. This experi-
ment shows that this complex is the most reactive spe-
cies, but there is probably a contribution of hydrolysis of
the 1:1 complex, because the rate follows the concen-
tration of GPP (Mn?*), when the mole fraction of Mn?*
is relatively high; but at a low mole fraction of Mn®* the
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Fig. 5. Effect of mole fraction of Mn?* on rates of formation of
alcohois and hydrocarbons from GPP, at 40°C, 0.1 M TES, pH

7.0, with [GPP]+{Mn**]=15x10"m. @—@, Formation of
total products; O—0, Formation of hydrocarbons.
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rate is higher than predicted from the concentration of
GPP(Mn**), (Fig. 5). In addition the points of inflection
in plots of rate as function of [Mn**] (Fig. 2) suggest that
the dimanganese complex is the more, but not the only,
reactive, species. The experiments were in 0.1 M TES
buffer, and similar results were found with 0.025 M TES,
pH 7.0, except that precipitation sometimes occurred.

Our results agree with those for several hydrolyses of
pyro- and triphosphates in which ligand-metal; com-
plexes appear to be the reactive species.'" " '®

Overall kinetic scheme

For a reaction in which GPP(Mn**); is the most reac-
tive species the kinetic scheme for the hydrolysis of GPP
catalyzed by Mn®>* may be summarized as follows:

GPP + Mn®*  GPP(Mn®™)

K k
GPP(Mn**) + Mn* 2 GPP(Mn?*), - Products

The stability constant K, for the 1:1 complex is 2.5 x
10*M~"."! From (Mn®*] at half of the umiting rate (Fig. 2)
an estimate can be made of:

_ [GPPMn*)]  _ i
K.= _[_’—_’_[GPP(Mn M) 4x10PM™.

This value of K, differs from that of ca. 1.4M~}
reported by Brems and Rilling.!" This difference,
however, may be due to the differences in experimental
conditions. These authors performed their experiments
at 55°, at an ionic strength of 4.8 to 12, with 10™*M
substrate and pH 7.6 in TRIS buffer, which may form
mixed complexes with metal and substrate.'® Further-
more, in the figure in Ref. 11 there seems to be no
levelling off of reaction rate even up to concentrations of
metal ion of 2 M.

The highest rates observed by Brems and Rilling were
greater than ours in the presence of Mn®* by ap-
proximately two orders of magnitude, which is much
larger than expected from the temperature difference,
but they were observed at relatively high concentration
of metal ion. Divalent manganese tends to precipitate as
hydroxide at pH close to neutrality, and it may be that
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under the conditions used by Brems and Rilling sub-
microscopic colloidal particles were present. Colloidal
aggregates of heavy metal ions are very effective cata-
lysts of hydrolysis of phosphate esters,” and their exis-
tence would explain the high rates of hydrolysis obser-
ved by Brems and Rilling, as well as the apparent ab-
sence of any levelling off of the rate with increasing
metal ion concentration.

Temperature dependence

Table 2 compares the temperature dependence of the
reaction rate in spontaneous and metal catalyzed
hydrolyses of GPP, under conditions in which the pre-
dominant species is GPP (Mn>*),. The Arrhenius plots
are linear. The activation parameters for the metal ion
catalyzed hydrolysis include terms for complex for-
mation and breakdown, including alcohol and hydro-
carbon formation, and the catalysis is due to an increase
in log A (more positive AS$) which offsets the higher
activation energy (Table 2). The percentage of hydro-
carbon formation increases with increasing temperature,
as is generally found in elimination-substitution reactions
and the difference in activation energies is ca.
4kcal mol™', which agrees with the difference observed
between elimination and substitution reactions.?'

Effects of other metal ions

Figure 6 shows that other metal ions catalyze
hydrolysis of GPP. Transition metal ions are the most
effective in the sequence: Cu®>* >Mn?* > Zn** > Co®*,
but Ca®* nor Mg** are relatively ineffective. There is no
obvious relation between Lewis acidity”* and catalytic
effectiveness of the metal ion. (The experiments with
Cu?* were in HEPES buffer to avoid complexation.)

The apparent high reactivity of Cu** may be due to
catalysis by colloidal aggregates because a precipitate
was formed above 0.002M Cu**. However the sequence
of effectiveness depends on temperature, for example at
30° the sequence of catalytic effectiveness is: Mn®* >
Cu®>* > Co®*. This question was not explored in detail.

The product compositions are similar for reactions in
the presence of the various metal ions (Table 3).
However, the amounts of cyclic products were largest
with Co®", Zn** and Mg”*. Although Ca** and Mg** give
little overall rate enhancement (Fig. 6) the products are
derived by C-O bond cleavage.

Table 2. Temperature effects upon overall reaction and hydrocarbon formation from GPP*

107, s
T°C o Ma2* a2t
15.0 0.20 2.21 (2.2)
25.0 1.44 7.4 (3.2)
37.8 4.0 76.0
46.5 19.0 258.0 (6.0)
54.0 683.0 (6.0)
E, keal. mole”! 25 3
log A 11,3 16,7

a) At pH 7, 0.1 M TES buffer and 0.005 M Mn2+‘ Values in parentheses

are noles % hydrocarbon.



Hydrolysis by bivalent metal ions

2355

Table 3. Effects of metal ions on the products*

Product, Metal Ion
moles X

st o2 10wt 4?10 co?*  lowt zo2* 30w Mg?t
alcohols 93.3 94.3 94.7 96.7 96.8
hydrocarbons 6.7 5.9 5.3 3.3 3.2
linalool 69.5 71.0 65.4 71.0 66.5
geraniol 17.1 19.9 19.9 18.0 21.3
nerol - 0.6 1.0 0.5 -
a-terpineol 3.3 3.3 8.4 7.2 9.0
myrcene 3.6 2.7 1.9 1.6 1.9
ocimene (E+Z) 3.1 1.7 1.9 1.2 1.4
limonene . 1.3 0.6 0.5 -

a) At 40°C, pH 7.0, TES buffer, except where specified; lﬂ-“H GPP.

b)  HEPES buffer.

total rate (uM/hr)

M2

Fig. 6. Effect of concentration of metal ions on GPP hydrolysis

at 40°, 0.1 M TES, pH 7.0 and 10~*M GPP. HEPES buffer was

used. A—A, Cu*; A—A, Mn®; 0—0, Co*; 8—8, Mg**:
-0, Ca*.

Nature of the metal ion catalyzed hydrolysis

Both hydrogen and metal ions catalyze the formation
of carbocationic intermediates from GPP by neutralizing
the negative charge of the phosphate moiety.” But
divalent metal ions also increase the amounts of elimina-
tion, and cyclization, relative to the hydrogen ion
catalyzed reaction. (Tables 1 and 3).

The fact that more limonene was formed in metal ion
rather than in acid catalyzed hydrolysis deserves com-
ment. The transformation of GPP, with its E-confor-
mation, into cyclic products requires rotation about the
delocalized 2,3-double bond of the intermediate car-
bocation. This interconversion is not rag‘ifi with other
allylic carbocations in an aprotic solvent.“>* We found
no evidence of E-Z interconversion of the pyrophos-
phates via the tertiary linalyl pyrophosphate although it

may be too reactive under our conditions to be detected.
In addition Cramer found no isotopic scrambling in the
hydrolysis of 'O neryl monophosphate.”’ Another
difference between hydrogen ion and Mn** catalyzed
hydrolyses of prenyl substrates is that for the hydrogen
ion catalyzed reactions, product distribution and rates
are essentially independent of the leaving group,®"
which is clearly not so for hydrolyses of GPP and GP in
the presence of Mn'*. Meltal ions can participate in
enzymic reactions of phosphorylated substrates by
shielding negative charges in the phosphate moiety.” But
the absence of a relationship between Lewis acidity®
and catalytic effectiveness of metal ions, and the
differences between mono- and pyrophosphate
hydrolyses suggest that the metal ion may play a more
complicated role. Two metal ions could coordinate with a
geranyl pyrophosphate trianion, giving a cationic com-
plex which should readily break a C-O bond (Scheme 2).
Formation of the neutral PP-Mn, complex by break-
down of a cationic complex should provide much of the
driving force for the reaction. Therefore GPP(Mn**),*
makes the major contribution to reaction, although the
equilibrium is in favor of GPP(Mn*), (cf Ref. 11), Such
complexes canpot be formed from monophosphate
esters, which is consistent with the marked differences in
behavior of the mono- and pyrophosphate esters.

The increased formation of cyclic products in metal
ion, relative to the hydrogen ion, catalyzed hydrolyses of
GPP, suggests that the carbocationic species formed
from the metal ion complex has a longer life than from
the acid catalyzed reaction. At the same time interactions
between the double bonds and the metal ions may favor
a conformation compatible with cyclization.

Bond cleavage of a GPP(Mn®*)," complex will give
the carbocation and the formally neutral PP; complex
(Scheme 2). This neutral complex should however be
strongly hydrated and therefore deactivate adjacent
water molecules, so that the cation has a longer lifetime,
and can more easily change its conformation from anti
to syn and then lose a proton, forming an alkene, rather
than undergo addition of water. There are, however,
examples of high nucleophilicity of metal bound
()}l—.29.30
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Therefore metal ion catalysis seems to be better than
acid hydrolysis as a model for enzymic reactions. Al-
though enzymic reactions occur in aqueous media, the
active sites of enzymes are typically in hydrophobic
regions and shielded from the solvent, a purpose which
might be served by the PP.-Mn leaving group.

EXPERIMENTAL

Synthesis of radioactive substrates

1°H Ortho- and pyrophosphates of geraniol and citronellol
were prepared from the corresponding labelled alcohols.
Geraniol (Aldrich) and citronellol (Chemical Procurement Labs)
were distilled in a spinning band column at 5-10torr. Less than
1% of contaminants were detected by GLC of the distilled
alcohols. Geraniol was oxidized with activated MO, and
citronellol with CrOy-pyridine in CH;C),.32** The aldehydes thus
obtained were reduced with a slight excess of NaB’H, (New
England Nuclear) of 293 Ci/mol® The 1-H alcohols thus
obtained were diluted to final specific radioactivities of 2.9 to
5.2x 10" dpm mol™' and were phosphorylated with di-(triethyl-
ammonium) phosphate. The ortho- and pyrophosphates were
separated by ion exchange chromatography on DEAF-Sephadex
A 25% using a linear gradient of triethylammonium bicarbonate,
pH 7.5,% between 0.05M and 0.5 M, controlled by conductivity
measurement. The samples were freeze dried, to remove the
buffer.

The fractions containing phosphate or pyrophosphate esters
were extracted from the freeze dried sample with n-propanol-
conc. NH,OH 2:1 (v/v), which does not dissolve inorganic ortho-
and pyrophosphate. The solvent was evaporated, the samples
were dissolved in dil. NH, pH 7.0, and were stored at 4°. They
were less stable when stored as frozen solutions or as dried
powders at ~18°.

!

\Q\< OH, Linalool

3\. Myrcene
H” "Ocimenes

Identification of the radioactive substrates

Radioactive pyro- and monophosphates were identified by
TLC on silica gel-H in n-PrOH-conc NHOH-H,0 (6:3:1, o/0)
or silica gel-H ammonium phosphate plates.’” The alcohol in the
phosphorylated substrate was identified after its liberation by
hydrol;(.sis with apyrase plus phosphomonoesterase from
E.coli® followed by extraction with hexane, by tic on Ad-
sorbosil-$ plates (Applied Science Laboratorics) with twofold
development in EtOAc-hexane 15:85 (t/v) or by glc.*

The phosphorus:alcohol ratio was determined by measuring
the liberation of orthophosphate and hexane soluble radioactivity
cither directly in acid molybdovanadate,” which splits only the
C-0 aliylic bond, or after hydrolysis in I M HCi for 10 min at
100°,% which also splits the P-O-P bond. The ratio was I:1 for
GP and 1:2 for GPP. These two products liberated 95% of
their radioactivity in 20 min in 0.1 M HCI at 370, whereas the
citronelly] derivatives were acid stable under these conditions.

Measurement of the rate of hydrolysis

The total reaction rate was measured by the liberation of
hexane soluble radioactivity from a given labelled substrate,
Duplicate incubations were performed, if not otherwise stated, in
sealed ampoules at 40° in a total volume of Iml of 0.1 M
TES-NH,OH buffer, pH 7.0. Substrate concentrations were 0.5~
§%107*M. Metal concentrations are indicated for each experi-
ment.

Reaction was quenched by cooling the ampoules to 0° and
extracting the aqueous phase with 2 mj of hexane (b.p. 40-60°),
Radioactivity in one aliquot of the hexane phase was measured
by conventional beta liquid scintillation spectrometry.® Another
portion of the hexane extract was treated with silicic acid to
adsorb alcohols,” and radioactive hydrocarbons were measured
in an aliquot of the supernatant hexane.

Initial rates were measured for up to 7% of total reaction and
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observed first order rate constants were calculated from
averaged duplicate values by the method of least squares.

In some experiments, the unreacted substrate in the aqueous
phase was identified after hexane extraction. The aqueous phase
was added to EDTA of a final concentration of 0.02M. The
sample was applied to a 0.8 x15cm column (8 ml) of DEAE-
Sephadex A-25% and eluted with a linear gradient of NH,HCO,.
No radioactive GP emerged from this column. The only radioac-
tive peak, corresponding to GPP, was hydrolyzed with potato
apyrase plus phosphomonoesterase from E.celi*® The resulting
alco’hol was extracted with hexane and identified as geraniol by
gle.

Hdentification of reaction products

Radioactive products were identified qualitatively by tlc and
glc. The tlc of alcohols was performed as described in the
presence of appropriate carriers, which were detected by
exposure to I, vapour. The plates were scraped in 0.5 cm portions
into scintillation vials for counting. The glc was performed in an
instrument with a thermal conductivity detector, whose outflow
was connected to a gas phase Geiger counter (Biospan 4998,
Nuclear Chicago). Radioactivity and catrier peaks were simul-
taneously recorded in a two channel instrument.® The products
were identified by co-chromatography of the radioactivity with
the carrier peak of known standards. Alcohols were separated at
100° on a Chromosorb G AW DMCS column coated with 0.8%
polyethyleneglycol adipate; hydrocarbons were separated on the
same column at 60°, and were further identified on Apiezon L*
and Bg'-oxydipropionitrile* columns.

Radioactivity peak areas were determined by weighing copies
of the tracings.
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ethanesulfonic acid.

REFERENCES
'D. J. Banthorpe, B. V. Charlwood and M. J. O. Francis, Chem.
Rev. 72, 115 (1972).
IR. Croteau, Biosynthesis of monoterpenes and sesquiterpenes.
In Odor and Taste Substances, (Edited by F. Drauert), p. 153.
Verlag Hans Carl, Nuremberg (1975).
3C. A. Bunton and O. Cori, Interciencia (Caracas) 3, 291 (1978).
*0. Cori, Arch. Biochem. Biophys. 135, 416 (1969).
SP. Valenzuela and O. Cori, Tetrahedron Letters 1089 (1967).
“F. Cramer and W, Rittersdorf, Tetrahedron 23, 3015 (1967),
’). A, Miller and H. C. S. Wood, Angew. Chem. 76, 301 (1964).
*L. Chayet, M. C. Rojas, E. Cardemil, A. M. Jabalquinto, R.

TET Vol. 37, No. 13—D

2387

Vicuiia and O. Cori, Arch. Biochem. Biophys. 188, 318 (1977).
*R. Croteau and F. Karp, /bid. 198, 512 (1979).

'°C. George-Nascimento, R. Pont-Lezica and 0. Cori, Biochem.
Biophys. Res. Commun. 48, 119 (1971).

"D. N. Brems and H. C. Rilling, J. Am. Chem. Soc. 99, 8351
(1977).

12N. E. Good, G. D. Winget, W. Winter, T, N, Connolly, S. Izawa
and R. M. M. Singh, Biochemistry §, 467 (1966).

M. A. Valenzuela and V. Calvo, personal communication.

L. M. Pérez, G. Taucher and O. Cori, Phytochemistry 19, 183
{1980).

C. A. Bunton, O. Cori, D. Hachey and J. P. Leresche, J. Org.
Chem. 4, 3238 (1979).

*W. C. Vosburgh and G. R. Cooper, J. Am. Chem. Soc. 63, 437
(1941).

'7H. Siget and P. A. Amsler, Ibid. 98, 7390 (1976).

p. L. Miller and F. H. Westheimer, bid. 88, 1514 (1966).

P, A. Amsler and H. Sigel, Eur. J. Biochem. 63, 569 (1976).

XW. W. Buicher and F. H. Westheimer, J. Am. Chem. Soc. T7,
2420 (1955); F. Millich and E. L. Hayes, Ibid. 86, 2914 (1964).

AC. K. Ingold, Structure and Mechanism in Organic Chemistry,
p. 461, Cornell University Press, Ithaca, New York (1953).

ZStability Constants, Spec. Publ., no. 17. The Chemical Society,
Burlington House, London (1964).

BE, M. Kosower, Molecular Biochemistry, p. 260-261. McGraw-
Hill, New York (1962).

MN. C. Deno, R. C. Haddon and E. N. Nowak, J. Am. Chem.
Soc. 92, 6691 (1970).

¥]. M. Bollinger, J. M. Brinich and G. A. Olah, Ibid. 92, 4025
(1970).

®N. L. Allinger and J. H. Siefert, Ibid. 97, 752 (1975).

W, Rittersdorf and F. Cramer, Tetrahedron 24, 43 (1968).

B1. L. Ingraham and D. E. Green, Science 128, 310 (1958).

BR. Breslow, D. E. McClure, R. S. Brown and J. Eisensach, J.
Am. Chem. Soc. 97, 194 (1975).

®D. A. Buckingham and L. M. Engelhardt, Ibid. 97, 5915 (1975).

3] Attenburrow, A. F. B. Cameron, J. H. Chapman, R. M.
Evans, B. A. Hems, A. B. A. Jansen and C. T. Walker, J. Chem.
Soc. 1094 (1952).

%W. G. Dauben, M. Lorber and D. S. Fullerton, J. Org. Chem.
34, 3587 (1969).

3], C. Collins, W. W. Hess and F. J. Frank, Tetrahedron Letters
3363 (1968).

¥]. Edmond, G. Popjék, . M. Wong and U. P. Williams, J, Biol,
Chem. 246, 6254 (1971).

M. 0. Oster and C. A. West, Arch. Biochem. Biophys. 121, 112
(1968).

%M. Smith and H. G. Khorana, Methods in Enzymology
(Edited by S. P. Colowick and N. O. Kaplan) Vol. VI, p. 651.
Academic Press, New York (1963).

%S. A. Sofer and H. C. Rilling, J. Lipid Research 10, 183 (1969).

3E. Beytia, P. Valenzuela and O. Cori, Arch. Biochem. Biophys.
129, 346 (1969).

¥R. Parvin and R. A. Smith, Anal. Biochem. 27, 65 (1969).

“L.F. Leloirand C. E. Cardini, Methods in Enzymology (Edited by
S. P. Colowick and N. 0. Kaplan), Vol. I, p. 840. Academic
Press, New York (1957).

“M. H. Klouwwen and L. Ter Heyde, J. Chromatog. 7, 297
(1962).



