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Abstract: Glycerol kinase (8.C. 2.1 .1.30, ATP: glycerol-3-phosphotransferase from S. cereuisiae) catalyzes the phosphorylation
by ATP of glycerol, dihydroxyacetone, and certain structural analogues of glycerol. Phosphorylation of racemic mixtures
produces chiral organic phosphates with enantiomeric excess (ee) >90-95Vain yields of 75-95Va (based on the quanti ty of

that enantiomer present in the starting racemic mixture). The unphosphorylated enantiomers can be recovered from the reactton
mixtures in 30-40Vo yields and 80-90% ee. This paper i l lustrates the use of glycerol kinase for preparative-scale (10-500

mmol) phosphorylat ions and for kinetic resolut ions. Products produced include o-3-chloropropane-1,2-diol- l-phosphate,
o-3-mercaptopropane- 1,2-diol- I -phosphate, o-3-aminopropane- 1 ,2-diol-3-phosphate, o-3-methoxypropane- 1 ,2-diol- 1-phosphate,
and o-butane-1,2,4-triol-l-phosphate. Convenient preparations ofsn-glycerol-3-phosphate (l mol) and dihydroxyacetone phosphate
(0.4 mol) are also described. Regeneration of ATP in situ is accomplished using either phosphoenol pyruvate and pyruvate
kinase or acetyl phosphate and acetate kinase.

PEP was used per equiv of racemic start ing material.  The
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Introduction
Glycero l  k inase (GK,  E.C.  2 .1 .1 .30,  ATP:  g lycero l -3-

phosphotransferase) catalyzes the phosphorylation of glycerol,
dihydroxyacetone, and a number of analogues of these substances
by ATP.2'3 The reaction is highly enantioselective.2'3 The enzyme
is inexpensive and stable in immobil ized form. This enzyme-
catalyzed phosphorylation thus provides a practical method for
the preparation of sn-glycerol-3-phosphate,4'5 dihydroxyacetone
phosphate,6 and chiral analogues of sn-glycerol-3-phosphate.2 This
manuscript i l lustrates the use of GK in syntheses and provides
experimental details for representative procedures in the l0-
500-mmol scale.

Our interest in this enzyme stems from three types of appli-
cations in synthesis. First, sn-glycerol-3-phosphate is a precursor
to synthetic phospholipids;7'8 the configuration of the compound
produced by glycerol kinase catalyzed phosphorylation of glycerol
is that found in natural ly occurring phospholipids.T Second,
dihydroxyacetone phosphate is a valuable start ing material for
aldolase-catalyzed reactions.6'e Third, chiral analogues of gly-
cerol-3-phosphate are potentially interesting as starting materials
for the preparation of phospholipid analogues,r0 and as chiral
synthons for other synthetic appl icat ions. We focused on two
questions in this work. First, what quantities of products can be
made using these GK-catalyzed phosphorylations'l Second, what
enantioselectivities can be obtained in resolutions based on them?

We were part icularly interested in the latter question (eq 1).
The schemes for kinetic resolution examined here were based on
l imit ing the extent of reaction by l imit ing the quanti ty of PEP
added during the course of the reaction: typical ly. 0.50 equiv of

( l )  Supported by the Nat ional  Inst i tutes of  Heal th,  Grant  GM 30367.
(2) Crans, D. C.; Whitesides, G. M. J. Am. Chem. Soc., preceeding paper

in th is issue.
(3)  Thorner,  J.  W.;  Paulus,  H.  In "The Enzymes";  Boyer,  P.  D. ,  Ed. ;

Academic Press:  New York,  1973; Vol .  8,  pp 487-508.
(4) The IUPAC chemical name for sn-glycerol-3-phosphate is o-

propane-1,2,3-triol-1-phosphate. It is known as syn-glycerol-3-phosphate (or
t--glycerol-3-phosphate) in the biochemical l iterature. The analogues of sn-
glycerol-3-phosphate will be referred to by their systematic chemical names
in this paper. We use oL nomenclature rather than RS nomenclature to
indicate absolute configuration. The names of the following substrates for
glycerol kinase il lustrate our choice of nomenclature system: D-propane-
I ,2-diol ((R)-propane- I ,2-diol), n-3-fluoropropane- 1,2-diol ((.S)-3-fluoro-
propane- I ,2-diol), n-3-aminopropane- 1,2-diol ((R)-3-aminopropane- I ,2-diol),
and o-3-mercaptopropane- 1,2-dio l  ( (S)-3-mercaptopropane- 1,2-dio l ) .

(5)  Rios-Mercadi l lo,  V.  M.;  Whi tesides,  G. M. J.  Am. Chem. Soc.  1979,
101,5829-9,  Rios-Mercadi l lo,  V.  M. Ph.D. Dissertat ion,  Massachusetts In-
st i tute of  Technology,  Cambridge,  Mass. ,  1980.

(6)  Wong, C.-H; Whitesides,  G. M. J.  Org.  Chem. 1983, 48,  3 l99-205.
(7) Eibl, H. Chem. Phys. Lipids 1980. 26,405-29.
(8)  Radhakr ishnan, R. ;  Robson, R.  J. ;  Takagaki ,  Y. :  Khorana, H.  G.

Methods Enzymol. 1982, 72,408-33.
(9)  Wong, C.-H.;  Mazenod, F.  P. ;  Whi tesides,  G. M. J.  Org.  Chem.1983,

48. 3493-t .
(10 )  Vas i l enko ,  L ;Dekru i j i i ,  B . ;Verk le i j ,  A .  J .  B iochem.  Ac ta1982 ,685 .

144-152. Tang, K.-C.; Tropp. B. E.; Engel, R. Tetrahedron 1918, 34,2813-8.
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phosphory la ted product  was eas i ly  separated f rom un-
phosphorylated rnaterial.  usual ly by selective precipitat ion of the
organic phosphate as its barium salt. We were able to isolate the
phosphorylated products in 75-95Vo of their theoretical yields.

Unphosphorylated materials were experimentally more difficult
to isolate, and isolated yields were typically only 20-40% of the
theoretical.  ATP was recycled using PEP as the ult imate phos-
phate donor.rr This regeneration scheme was chosen rather than
one based on acetyl phosphatel2 or methoxycarbonyl phosphatelr
in order to minimize the production of free phosphate in solution
by spontaneous hydrolysis of the phosphate,ra and thus to minimize
diff icult ies in isolat ions. For reactions run on larger scales than
those described here, acetyl phosphate might be useful because
it is easi ly obtained in large amounts.r2 Pyruvate was easi ly
separated from other products as i ts crystal l ine sodium salt. ls

Glycerol kinase is commercial ly avai lable from a number of
microbial sources.2 In this work, we used the glycerol kinase from
S. cereuisiae exclusively. The specific activity appears to be similar
for al l  of the commercial ly avai lable enzymes.2 The substrate
specificity is somewhat wider for glycerol kinase from S. cereuisiae
and C. mycodermc than for glycerol kinase from .8. coli and B.
stearothermophilus. The enzyme was used in immobilized form
in order to faci l i tate i ts recovery from reaction mixtures and to

( l  l )  Hirschbein,  B.  L. ;  Mazenod, F.  P. ;  Whi tesides,  G. M. ' / .  Org.  Chem.
t982,  47,  3765-6.

(12 )  Crans ,  D .  C . ;  Wh i tes ides .  G .  M.  J .  Org .  Chem.1983 ,  48 ,  3130-2 .
(13) Kazlauskas,  R.  J. ;  Whi tesides,  G. M. J.  Org.  Chem. in press.
(14) The half-l ivcs for spontaneous hydrolysis of the phosphoryl group

donors at pH 7.5, 25 oC, are as follows (phosphoryl group donor, / '72): acetyl
phosphate, 2l h; phosphoenolpyruvate, - l0r h; methoxycarbonyl phosphate,
0 .3  h .

( l5) *Beilsteins Handbuch der Organischen Chemie": Prager. B.. Jacobsen,
P.,  Eds. ;  Deutschen Chemischen Gesel lschaf t .  Ver lag von Jul ius Spr inger:
B e r l i n ,  l 9 2 l ; V o l .  3 .  p p  6 0 8 - 2 3 .

e  1 9 8 5  A m e r i c a n  C h e m i c a l  S o c i e t vo o o T - 7 R 6 1  / R s  /  I  5 0 7 - 7 0 r  9 S 0 l  5 0 / 0
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Table I. Kinetic Resolutions of Glycerol Analogues N (Eq I )
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L-N
D-N-P

ee(%,)

compd
no. N

scaleo
(mmol )

purity Vab

yield, Vo enz 3 I P  N M R ee, Vo' yield. Vo I a ] p , d  d e g

shi f t
reagent

50
500
50
l 0
l 0
25

I
I

t

3
4
f,

6
7

94
93
75
82
82
98
95
82

84
92
79
84
84

86
90
8 l
8 3
8 3
95
8 8
8 2

>94
>94

94
90
90

90

8 8
94

8 5
92

3 8
3 l

-6 . {
-6 . {

-26.629

dThe scale refers to the quantity of racemic starting material. All reactions were carried out at 27 oC. Other experimentat conditions arc given
in the Experimental Section. 'The enzymatic assay for purity was bas€d on measuring the quantity of o-N-P which reacted with NAD i. reaction
catalyzed by GDH. "Unless otherwise indicated, the enantiomeric excesses were determined in ref 2. The accuracy of the method is +17.. d [a]rrD(.,5, H)O). -'The enantiomeric purily was det€rmined using pu(hfc)r. The accuracy of this method is +3%. /The .otation of D-l produced fiom
D-'-P by hydrolysis calal lzed by alkal ine phosphatase was [a]rsD +7.t ( .5, HrO).

improve i ts stabi l i ty in aqueous solut ion.2 The stabi l i ty of the
soluble enzyme is low in solut ions which do not contain glycerol
as a stabilizing agent;3 less than 20Vo activity was observed after
24 h at pH 7.5 and 4 "C for glycerol kinase from S. cereuisiae
in glycerol-free solution. Immobilization of glycerol kinase in PAN
gelr6 increases the stability of the enzyme, immobilized glycerol
kinase from S. cereuisiae lost no activity on storage for 6 months
a t  4  oC .

The two simplest synthetic applications of glycerol kinase are
the phosphorylation of glycerol and dihydroxyacetone. For
comparison with the kinetic resolutions by phosphorylation of
unnatural substrates which form the basis for the major part of
this paper, we include in this paper improved preparations of
sn-glycerol-3-phosphate and dihydroxyacetone phosphate on I -mol
scales. In these syntheses, ATP was regenerated in situ using
acetyl phosphate and acetate kinase.l2'17

An accompanying paper describes studies of the substrate
specificity of the several commercially available glycerol kinases
and characterizes these enzymes kinetically.2 This paper also
reviews published background information relevant to applications
of GK in organic synthesis.

Results
All  GK-catalyzed reactions were carr ied out using similar

procedures. One equivalent of racemic substrate was allowed to
react with -0.05 eQuiv of ATP in the presence of a regeneration
system consist ing of pyruvate kinase (PK, E.C. 2.7.1.40, ATP:
pyruvate 2-O-phosphotransferase) and 0.50 equiv of PEp. The
reaction was allowed to proceed to completion. The course of
typical phosphorylations is summarized in Figure l. The organic
phosphate formed was isolated by precipitation as its barium salt.
If desired, unphosphorylated species were recovered from the
supernatant which remained after precipitation of the organic
phosphate. Residual salt and sodium pyruvate were separated
from the concentration supernatant by precipitation with ethanol.
Results are summarized in Table L

Yields and enantiomeric purities of products were established
using several technique. Enantiomeric puri t ies are based on an
enzymatic assay using glycerol-3-phosphate dehydrogenase (GDH,
E.C. 1.1.1.8, syn-glycerol-3-phosphate: NAD 2-oxidoreductase,
e<l 2)ta'tl that determined the content of organic phosphate which

H Q - H  O  G D H  O  O
t . : t ; 1 l

x -=-\cH2yp(o-)t NAD 
-+ 

x.-Acurvi;ro-1, + NADH t Hi

o 5  40  t5
T ime (m in )

Figure 2. Reaction of phosphorylated species with NAD catalyzed by
GDH: syn-glycerol-3-phosphate,  50 mM (O);  n-3-chloropropane-1,2-
dio l -  1 -phosphate,  7 3 mM (r) ;  n-3-aminopropane- 1,2-dio l -3-phosphate,
4l  mM (v) ;  o-3-mercaptopropane-1,2-dio l - l -phosphate,  28 mM (r) ;
ot- -g lycerol- l -phosphate,  25 mM (O);  o l -3-aminopropane- 1,2-dio l -3-
phosphate,  32 mM (v) .

contained the confi guration found for sn-glycerol-3-phosphate, I 8' I e

and comparison of this number with a quantitative 3rP NMR assay
that determined the total yield of organic phosphate (called here
the "chemical  y ie ld") .20 The GDH assay measured the quant i ty
of  NADH produced on oxidat ion catalyzed by GDH. Al l  of  the

" 0.5
O

c)

o.o
50 too t50 200

T i m e  ( h )

Figure l .  Extent  of  react ion in the GK-catalyzed phosphorylat ion of
glycerol  analogues as a funct ion of  t ime where C = the concentrat ion
of  product  at  t ime I  and Co = the concentrat ion of  or ig inal  star t ing
mater ia l .  Substrates examined rvere glycerol  (O),  ethylene glycol  ( t ) ,
o r - -3 -ch lo rop ropane-1 ,2 -d io l  ( v ) ,  o l -bu tane-1 ,2 ,4 - t r i o l  ( r ) ,  and  o l -3 -
methoxypropane- I ,2-dio l  (O).

t .o

o
O

O

o.5

e V
Y V

o b V o  o V  o V V V o

AV

i rv
Y

o.o

( 2 t

(16) Pol lak,  A. ;  Blumenf led,  H. ;  Wax, M.;  Baughn, R.  L. ;Whitesides,  G.
M. J. Am. Chem. Soc. 1980. 102.6324-36.

(17) Crans,  D.C.;  Kazlauskas,  R.  J. ;  Hirschbein,  B.  F. ;  Wong, C.-H.;
Abril, O.; Whitesides, G. M. Methods Enzymol., submitted for publication.

(18) Michal, G.; Lang, G. In 'Methods of Enzymatic Analysis', 2nd ed.;
Bergmeyer,  H.  U. ;  Ed. ;Ver lag Chemie;  Weinheim, 1974;Yol .3,  pp l4 l5-8.

(19 )  Fondy ,  T .  P . ;Pero ,  R .W. ;  Karka r ,  K .  L . ;Ghangas ,  G .  S . ;  Ba tzo ld ,
F.  H.  " r .  Med. Chem.1974. 17.697-792. (20) Barany,  M.;  Glonek,T.  Methods Enzymol.1982, 8 j ,  624-16.
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Figure 3. The 'H NMR spectra of the hydroxyl protons of o, t-, and
ol-3-chloropropane- 1,2-diol in the presence of Eu(hfc)1.

phosphorylated products described in this paper (with the exception
of l-5-P) were substrates for GDH. The quantitative :tP NMR
assay measured the integrated area of the signal of the product
relative to that of an internal standard.2l The two procedures
were in good agreement (*3%). Enantiomeric excesses of the
phosphorylated products were estimated by straightforward ex-
tensions of the enzymatic techniques used to assay sn-glycerol-
3-phosphate. GDH has been demonstrated to be highly selective
for one enantiomer of ol-glycerol-3-phosphate and two of its
analogues (eq 2).t8' le p.u"1ions used to assay the enantiomeric
exc€sses reported in Table I were carried out using a lO-fold excess
of NAD at a concentrat ion ([NAD]o = 0.8 mM) sl ightly above
the Michaelis constant (Kn,,.pap = 0.38 mM).18 We did not
expl ici t ly measure values of K. for the analogues of sn-
glycerol-3-phosphate with GDH. Kinetic plots (Figure 2) for the
reactions showed, however, that the consumption of organic
phosphate reached a plateau at around -97% of the total organic
phosphate calculated to be present on the basis of NMR spec-
troscopy. No evidence for unreacted organic phosphate or for
slowly reacting components was observed in the GDH assays. In
the case of o-3-chloropropane-1,2-diol- l-phosphate the enan-
tiomeric purity was established independently by the use of chiral
shift reagents.22 The phosphate ester group was cleaved by
treatment with alkaline phosphatase and the phosphate ion re-
moved by precipitation. The NMR spectrum of the resulting diol
was examined in the presence of Eu(hfc)rt' in acetonitrile. This
technique differentiated the hydroxyl groups of the two enan-
tiomers of the vicinal diols. Acetonitrile rather than conventional
solvents was chosen for this assay for three reasons. First, the
'H NMR chemical shif ts of the two hydroxyl groups of the two
enantiomers are clearly distinguished in the presence of Eu(hfc)3
in this solvent (Figure 3). Second, the solubi l i ty of the vicinal
diols in question (3-chloropropane-1,2-diol,  3-aminopropane-
1,2-diol, etc.) is greater in acetonitrile than in solvents normally
used with shift reagents. Third, the diols are hydrophilic and
difficult to obtain in anhydrous form; the use of acetonitrile
minimizes or elminates the interfering precipitates caused by the
reaction of the europium salts with small amounts of contami-
nating water.

The unphosphorylated products of eq I were isolated only in
t lro cases: l-3-chloropropane- 1,2-diol (r--1) and L-butane-1,2,4-
triol (l-5). In both instances, chemical recoveries were low; the

(21) The internal standard had been standardized against ol-glycerol-3-
phosphate (Glonek, T. J. Am. Chem. Soc. 1976, 98,7909-2. Glonek, T.; Van
Wazer, J. R. "I. Phys. Chem. 1976, 80,639-43.

(22) Cockeril l, A. F.; Davies, G. L. O.; Harden, R. C.; Rackham, D. M.
Chem. Reu. 1973. 7 3. 553-83.

(23) Fraser, R. R.; Petit, M. A.; Saunders, J. K. M. J. Chem. Soc., Chem.
Commun.197 l .  1450-1 .
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3SVoyield for I  reported in Table I,  for example, represents 38%
of the theoretical 0.5 equiv of L enantiomer present in the ot-
mixture. These low chemical yields ref lect the dif f iculty of iso-
lat ing diols and tr iols from relat ively di lute aqueous solut ions.2a
Enantiomeric excesses for these compounds were estimated pri-
marily by comparison of optical rotations with reported literature
values. In the case of l-1, Eu(hfc)3 provided an independent
estimate.

The procedures leading to phosphorylated products give, in
general, good yields and high enantiomeric excesses. The results
for unphosphorylated species are less satisfactory. Although the
enantiomeric excesses are adequate in the two cases examined,
in general they are, as expected, lower than for the phosphorylated
products. The use of 0.50 equiv of PE,P per equiv of racemic
substrate l imits overphosphorylat ion and faci l i tates isolat ion of
the phosphorylated product by ensuring that no PEP remains
unreacted at the conclusion of the reaction. These considerations
are especially important for compound 2 since L,-2-P is labile and
generates 2 in decomposing. I f ,  however, any ATP, PEP, or
phosphorylated product hydrolyzes, the regeneration system
contains insuff icient phosphoryl donor to phosphorylate the o
enantiomer completely. In this circumstance, the enantiomeric
excess of the re maining (nominal ly t-) enantiomer is lowered, but
the o (phosphorylated) enantiomer still has an enantiomeric excess
determined onlv by the enantioselectivity of the enzyme-catalyzed
react ion.

Certain propert ies of compounds l isted in Table I deserve brief
mention. Compnund o- I -P, 3-chloropropane- l ,2-diol- I -phosphate,

is  s tab le  in  so lu t ion for  months a t  room temperature and pH 7.
I n  s t r ong l y  ac id i c  so lu t i on  (pH  < l )  r rP  \MR spec t roscopy  i n -
dicates that phosphate equil ibrates between the C- I  and C-2
hydroxyl groups; the equilibrium mixture appears to contain -

80Vo C-l and -207a C-2 phosphorylated substances.2s Both
positional isomers are substrates for alkaline and acid phosphatase.
In basic solution (pH > l4) o-l-P converts to o-glycidol phosphate
in high (-quanti tat ive) yield. The faci le reaction of o-l-P with
st rong nuc leophi les  is  i l lus t ra ted by i ts  quant i ta t ive convers ion
to o-3-aminopropane-1,2-diol on treatment with aqueous ammonia.

The product obtained on phosphorylat ion of nl-3-amino-
propane-1,2-diol was the corresponding phosphoramidate (eq 3).
The preparation and isolat ion of the phosphoramidate can be
complicated by its reactivity. Ktihne has demonstrated that

H O H  H O H  O

H o  V  N H  
A r B G K >  

F -"- -  '  -  'n.2 
, f#- 

to'=\- NHP(o-L (5)

aqueous phosphoramidates react in aqueous triethanolamine buffer
(pH 7-10) and generate O-phosphorylated products derived from
phosphorylation of the buffer.26 Our reactions were carried out
at  pH 10.0 in  water  conta in ing no buf fer .  o-2-P is  lab i le  ( t r tz=
3 h,  pH 7.0)  a t  neut ra l  pH and s tab le  a t  a lka l ine pH ( t112= l4
days, pH l0). The presence of magnesium ion further decreases
the stability of the amidate. It was thus necessary to restrict
manipulat ions of this compound to values of pH about 9.5. By
working at these high values, however, several problems arise. The
stability and activity of the glycerol kinase are reduced under these
conditions (to 30 and 50Vo of the stability and activity at pH 7),s
and magnesium ion required for enzymatic activity is removed
by precipitation as magnesium hydroxide and magnesium phos-
phate. The N-phosphorylated derivative of o-3-aminopropane-
1,2-diol is a substrate for both alkal ine phosphatase and GDH.

(24) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. R. "Purification of
Laboratory Chemicals"; Pergamon Press: Oxford, 1966.

(25) Phosphorylation of ol-3-chloropropane- 1,2-diol with phosphorus ox-
ytrichloride yields a l: l mixture of primary and secondary phosphorylated
alcohols (according to the procedure described in the Experimental Section
for ot--3-aminopropane-1,2-diol-3-phosphate). When the reaction product is
hydrolyzed under acidic conditions at 0 oC, pH <1, 2 h, the organic phosphate
rearranges and the isolated product contains 80Vo primary and 2OVo secondary
phosphate. Prolonged reaction time (24 h) did not alter the ratio between
primary and secondary phosphates.

(26) Krihne, H.; Lehman, H.-A.; Topelman, W . Z. Chem. 1976, 16,23-4.

D + 25"/"'L



7022 J. Am. Chem. Soc., Vol. 107, No. 24, 1985

The preparation of o-3-P was straightforward, except that the
thiol group was sensitive to autoxidation. Oxidation of this
substance to its disulfide dimer was, however, readily reversed
by reaction with sodium borohydride or 2-mercaptoethanol.
Alkaline phosphatase accepted both the thiol and the disulfide
as substrate.

Compound 4 was notable only in that it induced varying degrees
of ATPase activity in both immobilized and soluble glycerol kinase.
This ATPase activity was highest for the soluble enzymes at high
concentrat ions of 4 (>250 mM) and low pH (pH <7).

The synthesis of compound 5 i l lustrates the manipulat ions
necessary  to  phosphory la te  a  poor  subst ra te  (V^u*  -
0.02V-u*,sty".rol). The reaction was straightforward, although it
required large quantities of enzyma The product, D-5-P, was not
a substitute for GDH. The absolute configuration of the product
from the GK-catalyzed phosphorylation was established by two
pieces of evidence. First, chiral o- and l-butane-1,2,4-triol were
prepared chemically (by reduction of n- and l-malic acids2T) and
tested for activity with GK. Only the triol derived from o-malic
acid showed substrate activi ty. Second, the optical rotat ion of
the recovered unphosphorylated enantiomer is that corresponding
to l-butane- I  .2.4-tr iol .28

Discussion
The utility of glycerol kinase as a catalyst in organic synthesis

is determined by three factors: first, the range of structures which
glycerol kinase will accept as substrate; second, the enantiose-
lectivity of the phosphorylations glycerol kinase catalyzes; third,
the practicality of the operations (the cost of the enzyme, the
volume of solution required to produce a given quantity of product,
the stabi l i ty of the product under the reaction condit ions, and
related matters) involved in conducting reactions catalyzed by
glycerol kinase. A previous paper has explored structural features
required for useful activity. In brief, the conclusion from these
studies was that glycerol kinase accepts a range of substi tuents
at the C-3 posit ion of the nominal glycerol moiety (that is, the
terminal position that is not phosphorylated).4 limited substitution
at C-2, and little or no substitution at C-l (the terminal position
that is phosphorylated).4 GK-catalyzed phosphorylation is clearly
the best preparative route to sr-glycerol-3-phosphate and di-
hydroxy'acetone phosphate.5'6'e'17 For the unnatural substrates
summarized in Table I,  the scale and practical i ty of reaction is
l imited primari ly by Z-u*, and thus by the cose of the quanti ty
of enzyme required to achieve useful reaction velocit ies. For
glycerol kinase, product inhibition and deactivation of the enzyme
by high concentrations of reactants and products are not limiting
factors in the concentration range in which we have conducted
reactions (0.1-O.5 M).2n Based on experience with the compounds
in Table I, we found that it is practical to carry out syntheses of
up to l0 g of product in convenient laboratory-scale reactions using
substrates having activi ty as low as l%a that of glycerol.

We bel ieve that the phosphorylat ion reaction is enantiospe-
cific.2'3 and that the phosphorylated products listed in table I are
enantiomerical ly pure (that is, as enantiomerical ly pure as is
sn-glycerol-3-phosphate, a compound which is presumed to be
produced by GK-catalyzed phosphorylation of glycerol in l007o
ee2'3). This conclusion is based on the observation that these
phosphorylated products are substrates for glycerol-3-phosphate
dehydrogenase-itself a highly enantiospecific enzym"l8're-un6
that they appear to be completely consumed in reaction. The
chemical purities (as determined by quantitative 3rP NMR) were
in agreement with the enantiomeric purities (*-3Vo) determined
by the assay based on glycerol-3-phosphate dehydrogenase.
Further, most of the compounds had been prepared previously

(27) Conover, L. H.;Tarbell, D. W. "/. Am. Chem. Soc. 1950. 72,3586-8.
Nystrom, R. F. ;  Brown, W. G. Ib id.  1947,69,2548-9.

(28) MacNeil, P. A.; Roberts, N. K.; Bosnich, B. ,r. Am. Chem. Soc. 1981,
t03,22'73-80.

(29) GK-catalyzed phosphorylation is believed to follow a sequential path
(ref 3 and Knowles, J.R.; Annu. Reu. Biochem. 1980, 49,87'l-919); according
to the product inhibition pattern, glycerol kinase is competitively inhibited by
sn-glycerol-3-phosphate (Thorner,  J.  W. Ph.D. Dissertat ion,  Havard Univ-
ers i ty ,  Cambridge.  Mass. ,  1912).
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Figure 4. The 'H NMR spectrum of the hydroxyl protons in the presence
of Eu(hfc)3 of o-3-chloropropane-1,2-diol generated by enzymatic hy-
drolysis of o-3-chloropropane-1,2-diol-1-phosphate produced by GK-
catalyzed phosphorylat ion (a) and ot--chloropropane- 1,2-diol (b).

on a 0.1-0.5-mmol scale using soluble enzymes. The chemical
puri t ies of these preparations are often 97-l00Va (*3Va) as de-
termined by GDH assay. I t  hereby fol lows that a maximum of
3Vo of the L enantiomer can be present in the product and that
the minimum enantiomeric excess i f  94Vo. We bel ieve the values
of ee are considerably greater than this est imate, and note that
o-3-chloropropane- I  .2-diol- I  -phosphate generated in 84% purity,
yielded, after enzymatic hydrolysis of the organic phosphate,
o-3-chloropropane-1,2-diol. Analysis of the % ee of this substance
by chiral shif t  reagent also showed no detectable t- enantiomer
(137o,)94Vo ee, Figure 4). The unphosphorl'lated L enantiomers
were, not surprisingly, obtained with lower enantiomeric excesses
than the phosphorylated products. The stratagem used in carrying
out these reactions (that is, to use exactly 0.50 equiv of phos-
phoenol pyruvate and -0.05 equiv of ATP in order to l imit the
number of phosphate-containing organic spccies present in com-
pleted reaction solut ion, and thus to simpli fy '  puri f icat ions) wil l
not give complete phosphorylat ion of the o enantiomer i f  sig-
nif icant hydrolysis of product, ATP. or PEP occurs during the
course of the reaction. The residual o enantiomer present at the
end of the reaction wil l ,  of course, lower the enantiomeric excess
of the isolated unphosphorylated L enantiomer. In the event that
the L enantiomer is desired in high enantiomeric purity, using more
than 0.55 equiv of phosphoryl donors and al lowing the reaction
to proceed to completion should yield r- enantiomer in higher
enantiomeric excess. This conceptual stratagem was tested ex-
per imenta l ly  wi th  o l -3-methoxypropane-1.2-d io l  and or - -3-
aminopropane-1,2-diol.  The phosphorylat ion of ot--3-methoxy-
propane- 1,2-diol is complicated by concurrent ATPase activi ty
in the glycerol kinase. We hoped the use of 0.65 equiv of PEP
would substantial ly increase the extent of phosphorylat ion of
o-3-methoxypropane-1,2-d io l .  In  fac t ,  we observed on ly  an in-
signif icant increase (2%,) in yield of phosphorl ' lated product and
a large increase in the quanti ty of inorganic phosphate produced.
We therefore conclude that only modest increases in the extent
of  phosphory la t ion o f  the D enant iomer  ( l -5%) and in  the en-
antiomeric puri ty of the L enantiomer can be achieved by this
method for the part icular case of 3-methoxypropane-1,2-diol.
Nonetheless, we recommend the use of a sl ight excess of PEP
(0.51-0.52 equiv)  when the L enant iomer  is  des i red in  h igh en-
antiomeric puri ty. The labi l i ty of o-3-aminopropane- 1,2-diol-3-
phosphate required a different approach. The amidate was isolated
when i ts decomposit ion became appreciable in the reaction, and
after recovering the amine the phosphorylation was continued in
consecutive reactions using the recovered enzymes. The extent
of phosphorylation of o-3-aminopropane- 1,2-diol was considerably
increased (from 69 to 85Vo) by two consecutive reactions.

Alkaline phosphatase catalyzes hydrolysis of the phosphorylated
o enantiomer and provides a route to enantiomerical ly pure un-
phosphorylated material. This transformation was demonstrated
on a 2-mmol scale with o-3-chloropropane-1,2-diol-1-phosphate
using soluble phosphatase. The Vc ee of the o-3-chloropropane-
1,2-diol recovered from this reaction was )94Vo (see Table I).

Several of the compounds prepared in this study are of specific
interest. The conversion of 2 to i ts N-phosphorylated product,
D-2-P, at high pH provides an example of the use of an enzyme
as a catalyst under nonphysiological conditions. The corresponding
O-phosphorylated material,  o-3-aminopropane- I  ,2-diol- I  -phos-

phate, was prepared from o-3-chloropropane-1,2-diol- l  -phosphate
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and ammonia. The acid labi l i ty of o-2-P is such that i t  wi l l
probably be of only specialized interest as a starting material for
the preparation of phospholipid analogues; the O-phosphorylated
isomer should, however, provide entry to useful, nonhydrolyzable
amide analogues of phospholipids. Other compounds listed in
Table I,  especial ly o-3-chloropropane- 1,2-diol- l-phosphate and
o-3-mercaptopropane- 1 ,2-diol- 1-phosphate, are interesting for their
relevance as anti fert i l i ty agents.30 ol-3-Chloropropane-1,2-diol
has potent act ivi ty as an anti fert i l i ty agent in several mammals
and is currently sold as a rat poison (Epibloc).3o The mechanism
of action is poorly understood, and three distinct metabolic routes
with three active metaboli tes have been proposed.3O o-3-
Chloropropane- I ,2-diol- 1-phosphate was suggested as one of these
active metabolites and glycerol kinase was proposed to be the
enzyme that catalyzed the conversion of o-3-chloropropane-1,2-diol
to the corresponding organic phosphate.3l This suggestion was
rejected on the basis of evidencel2 that was interpreted as dem-
onstrating that o-3-chloropropane-1,2-diol was not a substrate for
glycerol kinase.12'31 Our evidence indicates that this interpretation
was incorrect. Labeled o-3-chloropropane-1,2-diol has subse-
quently been shown to be converted in vivo to labeled B-chloro-
acetic acid and to labeled p-chlorolactaldehyde.34 This oxidative
pathway is currently believed to be that reponsible for its biological
activi ty. Our demonstrat ion that o-3-chloropropane- 1,2-diol is
a substrate for glycerol kinase is not relevant to the correctness
of this proposal for the primary mode of action of the antifertility
agent. It may, however, explain some of the additional biological
effects associated with administration of ot--3-chloropropane-
1,2_dio I .30,32

We conclude from this study that glycerol kinase is a practical
catalyst for the enantioselective phosphorylation of a number of
unnatural analogues of glycerol. The phosphorylated products
are potentially useful as chiral synthons, both for phospholipidss
and, after removal of the phosphate group, for other chiral sub-
stances.35'36 Synthetic routes from sn-glycerol-3-phosphate to
phospholipids are well developed (i.e., for glycerol phosphatidic
acid derivatives,8 glycerol phosphorylcholine derivatives,3T glycerol
phosphorylserine derivatives,38 and glycerol phosphorylethanol-
amine derivatives3e). Similar routes should work with many of
the sn-glycerol-3-phosphate analogues described here.8'40

The question of whether glycerol kinase catalyzed phospho-
rylation provides the best route to any of the compounds in Table
I remains to be established. It seems unlikely that other routes
will compete in ease and efficiency for enantiospecific phospho-
rylation of glycerol itself. Several of these compounds could,
however, be prepared by alternative routes. For example, the
unphosphorylated precursors might be resolved independently (by
conventional chemical resolution,4l by lipase-42'43 or esterase-
catalyzedu'4s enantioselective hydrolysis, or by chiral reduction6)

(30) Lobl, T. I. Clin. Androl.1980, J, 109-22.
(31) Mohr i ,  H. ;Suter ,  D.  A.  I . ;  Brown-Woodman, P.  D.  C. ;  Whi te, I .  G. ;

Ridley, D. O. Nature (London) 1975, 255,'75-'7.
(32) Brooks, D. E. "r. Reprod. Ferti l. 1979, 56,593-9.
(33) Jones,  A.R. Aust .  J .  Bio l .  Sci .  1983,36,333-50.
(34) Stevenson, D. ;  Jones,  A.  R.  /nt .  J .  Androl .1984,7,79-86.
(35) Seebach, D.;Hungerbiihler, E. In *Modern Synthetic Methods 1980";

Scheffo ld,  R. ,  Ed. ;Otto Sal le Ver lag:  Frankfur t  am Main,  1980;Vol .  2,  pp
9l-171.  Vasel la,  A.  Ib id.  pp 113-261.

(36) The unphosphorylated enantiomer (in particular, l-3-chloro-
propane-1,2-diol) is useful as a chiral synthon for a-adrenergic blocking
agents, i.e., oxprenolol (Nelson, W. L.; Burke, T. R., Jr. J. Org. Chem. 1978,
43,3641-5) and bevantolol (Miyano, S.; Lu, L. D.-L.; Viti, S. M.; Sharpless,
K. B. Ibid. 1983, 48, 3608-l l.

(37) Aneja, R.; Chadha, J. S. Biochem. Biophys. Acta 1971, 248, 455-7 .
Hintze,  U. ;  Bercken, G. L ip ids,1975, 10,20-4.

(38) Browning,  J. ;  Seel ig,  J.  Chem. Phys.  L ip ids 1919, 24,103-18.
(39) Aneja, R.; Chadha, J. S.; Davies, A. P. Biochem. Biophys. Acta 1970,

2t8,  r02-t t .
(40) Tocanne, J.  F. ;  Verhei j ,  H.  M.;op den Kamp, J.  A.  F. ;van Deenen,

L. L. M. Chem. Phys. Lipids 1974, 13,389-403.
(41) Klyascichi tsk i i ,  B.A. ;  Shvets,  V.  I .  Rass.  Chem. Reu. 1972,41,

592-602.
(42) Wang, Y.-F. ;  Chen, C.-S. ;  Girdaukas,  G.;  Sih,  C.  J.  J .  Am. Chem.

Soc.  1984. 103.3695-6.
(43) Ladner, W. E.; Whitesides, G. M. J. Am. Chem. Soc. 1984, 106,

7250-r.
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or prepared by chira l  synthesis ( f rom, for  example,  chira l  ep-

oxidesaT). Chemical phosphorylation might then provide simpler

routes to the phosphorylated species discussed here.  Without

carry ing out  analysis and compar isons of  appl icable synthet ic

techiques on a case-by-case basis,  i t  is  impract ical  to judge the

relat ive mer i ts  of  possib le synthet ic  techniques.  In fact ,  i t  is

improbable that any single synthetic technique will prove best in

al l  instances.

Experimental Section

General. Chemicals were reagent grade and were used without further
pur i f icat ion.  Phosphoenolpyruvaterr  and acety l  phosphater2 were pre-
pared as described previously. Glycerol kinase from S. cereuisiae was
obtained f rom Genzyme, Inc.  (Boston,  MA).  Other enzymes and bio-
chemicals were obtained from Sigma unless otherwise specified. Water
was dist i l led twice,  the second t ime f rom glass.  Spectrophotometr ic
measurements were performed at 25 "C using a Perkin-Elmer Model 552
spectrophotometer equipped with a constant-temperature cell. Phos-
phorus NMR measurements were rout inely carr ied out  at  -30 oC on
a 40.48-MHz (23-T) Var ian instrument in l2-mm NMR tubes.  Samples
(nominally 0.05 M) contained 20Vo deuterium oxide as an internal lock.
Chemical shifts for 3rP are reported relative to external H3POa; downfield
shifts are positive. Accumulation parameters used for assays were: pulse
angle,  20o;  pulse delay,  1.5 s.  These condi t ions gave adequate spectra
after 100 transients. Quantitative 

3lP NMR measurements were carried
out using a 90o pulse angle and 2-min pulse delays,2l  and in internal
standard of  known concentrat ion (sodium phosphate).2r  Carbon-13
NMR spectroscopv was rout inely performed on a 67.S-mHz (63-T) Jeol
spectrometer in a 5-mm NMR tube.  Samples (100-200 mg/mL) were
d isso lved  in  deu te r ium ox ide  andr tC  chemica l  sh i f t s  were  repor ted  re l -
a t i ve  to  ex te rna l  sod ium 2 .2 -d ime thy l -2 -s i l apen tane-5 -su l fona te  (DSS) .
The spectra were completely proton decoupled;  a pulse angle of  90o and
a  pu lse  de lay  o f  1 .45  s  were  used .

Immobi l izat ions of  enzymes in PAN gel  were carr ied out  lo l lowing
the procedures descr ibed previously for  GK lE.C. 2.7.1.301,  PK [8.C.
2 . 7  . 1 . 4 0 ) ,  a n d  A K  [ E . C .  2 . 7  . 2 . r ] . t 6

The enzymatic reactions were carried out in three-necked, round-
bottomed flasks, which were modified to accommodate a pH electrode.
The pH of the reaction mixtures was controlled when necessary with a
Horizon pH controller (Ecology Co., Chicago) coupled to an LKB 10200
per ista l t ic  pump. Pr ior  to the addi t ion of  the immobi l ized enzymes, a l l
solutions were deoxygenated with argon using a gas dispersion tube. The
enzymatic reactions were conducted at room temperature under an argon
atmosphere unless otherwise speci f ied.  At  the end of  each react ion the
solutions containing the enzyme-containing gels were transferred to
250-mL centrifuge bottles, and the gels were compacted by low-speed
(3000 rpm) centrifugation. The supernatant was decanted and the gels
were washed with deoxygenated water and compacted by centrifugation.

Determination of Chemical Purity by t'P NMR Spectroscopy. The
phosphorus-containing compounds were assayed quantitatively by inte-
grat ion of  their  3rP NMR signals and compar ison of  the observed in-
tensities with that of an internal standard of known concentration.20 The
3rP NMR spectra were recordedin20Va deuterium oxide (pH 7-9) using
a pulse angle of  90o and a pulse delay of  2 min.20 The data were pro-
cessed twice and the average was reported. A representative sample
solut ion was prepared as fo l lows.  o-3-Chloropropane-1,2-dio l - l -phos-
phate bar ium sal t  (155 mg) was dissolved in water (3 mL) by addi t ion
of excess sodium sulfate (225 mg). The precipitated barium sulfate was
removed by centrifugation, and the precipitate was washed with deu-
terium oxide (0.8 mL). After precipitate was removed from the deu-
terium oxide, the supernatants were combined in a l2-mm NMR tube
and a 3lP NMR spectrum was recorded. An internal standard, inorganic
phosphate,  was added ( in the case of  o l -3-chloropropane-1,2-dio l - l -
phosphate,  0.5 mL of  0.4 M monosodium phosphate solut ion),  and an-
other 3rP NMR spectrum was recorded. The intensities in the 3rP NMR
spectra were measured and the purity of the organic phosphate was
calculated based on the inorganic phosphate used as internal standard.
The inorganic phosphate used as internal standard had previously been
calibrated against ot--glycerol-l-phosphate.2r The sensitivity of the
method was examined by adding increasing amounts of inorganic phos-
phate to a sample solut ion contain ing known amounts of  o l -g lycerol- l -
phosphate disodium salt. This assay was able to detect inorganic phos-

(44) Ar i ta,  M.;  Adachi ,  K. ;  I to,  Y. ;  Sawai ,  H. ;  Ohno, M. J.  Am. Chem.
Soc. 1983. 105. 4049-55.

(45) Cambou, B.;Klibanov, A.M. J. Am. Chem. Soc. 1984, 106,2687-92.
(46) Takemura, T.; Jones, J. B. J. Org. Chem. 1983, 48, 791-6, and

references therein.
(47) Miyano, S. ;  Lu,  L.  D.-L. ;  Vi t i ,  S.  M.;  Sharpless,  B.  - I .  Org.  Chem.

1983. 48.361 l -3.  and references therein.
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Figure 5.  Assignments in the tH NMR spectrum of  o l -3-chloro-
propane-1,2-diol used for determinations of enantiomeric excess: (a)
ot--3-chloropropane-1,2-dio l  ( reference sample);  (b)  wi th acet ic  acid
added to the reference sample;  (c)  wi th o l -3-chloropropane-1,2-dio l -d2
subst i tuted for  ot- -3-chloropropane-1,2-dio l ;  (d)  wi th ot- -3-chloro-
propane-1,2-dio l  was added to (c) .

phate at a concentration equal to 2 mol Va of the major phosphate com-
ponent (nr--glycerol-3-phosphate). Impurities were therefore detected at
the level  of  2 mol  %,but  the overal l  accuracy of  the quant i tat ive deter-
minations was not higher than 5Vo.

Determinations of the Enantiomeric Excesses by Assays Based on
Glycerol-3-phosphate Dehydrogenase (GDH). The procedure for quan-

titative determinations of .sn-glycerol-3-phosphate was based on the gly-

cerol-3-phosphate dehydrogenase catalyzed reduction of NAD. Since
most of  the sn-glycerol-3-phosphate analogues are substrates for  g ly-

cerol-3-phosphate dehydrogenase. the procedure for assay of .sn-
glycerol-3-phosphate was expanded to include these analogues. The assal'
was carried out as described previously with minor modification..r8're 4
representative assay for o-3-aminopropane- 1,2-diol-3-phosphate follows.
A buf fer  contain ing hydrazine and glyc ine (2.00 mL, 0.4 M hydrazine,
0 .5  M g lyc in ,  pH 9 .8 )  and  NAD (0 .1  mL,3 l  mM)  (20  pL ,20  U)  was
placed in a 3-mL cuvette. The cuvette was equilibrated for 2-4 min ar
25 oC; glycerol-3-phosphate dehydrogenase was added. The absorbance
at 340 nm was recorded (rNeoH = 6220 M-r cm-r). When a steady
absorbance level (baseline) was reached, a small volume (0ll mL) of the
sample solut ion was added to the assay solut ion and the increase in
absorbance was recorded. Al ter  5 to l0 min no fur ther increase was
observed.  The sample solut ion contained o-3-aminopropane-1,2-dio l -3-
phosphate bar ium sal t  (32 rng) d issolved in water (25 mL).  The assays
were run in duplicates (or triplicates if more than 3Vc variation was
observed in the first two determinations). The absorbance at 340 nm was
measured against  a b lank,  a l though th is contro l  appeared not  to be
cr i t ical  for  the determinat ions.  In the blank.  water was subst i tuted for
the sample solut ion.

Determination of Enantiomeric Excess of o- and t--3-Chloropropane-
1,2-diol Using Europium(III) Shift Reagents. The enantiomeric excess
of  3-chloropropane-1,2-dio l  was convenient ly  determined using t r is [3-
(hep ta f l  uo rop ropy lhyd roxymethy lene) -d -camphora to l  eu rop ium (  I  I  I  )
(Eu(hfc)r)  in CD3CN.20'2r  we employed a 2: l  rat io of  shi f t  reagent to
dio l .  Enant iomers of  subst i tuteda8 v ic inal  d io ls were found to be c lear ly

(a8) This technique was found to work for substituted vicinal diols when
the subst i tuent  is  larger than a methyl  group.  o l - -Propane-1,2-dio l  d id not
show suf f ic ient ly  large shi f ts  to completely separate the two enant iomers in
this technique. One hydroxyl group can be substituted with an amine group
or a carboxylic acid group. No separation was observed when one h1'droxyl
group was subst i tuted wi th an ester  group.
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di f ferent iated wi thout  any chemical  modi f icat ions.  The shi f ts  o i  OH
signals and the integrat ion of  the peaks suggests the s ignals demon-
strat ing the enant iomeric excess are the hydroxyl  protons.  This assign-
ment was supported by the following two observations (Figure 5). First,
replacement of the hydroxyl protons in or -3-chloropropane- 1,2-diol with
deuter ium removes the observed s ignals f rom the NMR spectra.  Ad-
di t ion of  ot- -3-chloropropane- 1,2-dio l  to the above sample re introduces
the four hydroxyl  s ignals.  Second. the s ignals f rom protons of  the hy-
droxyl  group disappear af ter  addi t ron ol  acet ic  acid:  the s ignals became
so broad they were barely d ist inguished l rom the basel ine.

A representat ive determinat ion of  enant iomeric excess is  as fo l lows.
Dry ot- -3-chloropropane-1.2-dio l  ( , i  r rL.  a commercia l  sample dr ied ov-
ernight at I torr over CaSOa) was dissolved in 0.6 mL of acetonitri le-d3
in a 5-mm NMR tube ( the commercia l  sol !ents were used wi thout  fur-
the r  man ipu la t i ons ) .  A  lH  NMR spec t rum \ \d5  reco rded .  Approx i -
mately 40-100 mg of  Eu(hfc) ,  rvas added direct ly  as a sol id to thc NMR
tube. The shi f t  reagent was dissolved by shaking the \MR tube and a
tH NMR spectrum was recorded; the integrat ion of  the hydroxyl  group
peaks measures the relative amounts of o and L enantiomers.

sz-Glycerol-3-phosphate (sn-Gly-3-P).r t  A 2-L aqueous solut ion of
glycerol  (92.1 g,  I  mol) .  ATP (4.4 g,  8.0 mmol) ,  magnesium chlor ide (6.1
g.  30 mmol) ,  and 2-mercaptoethanol  (0.5 mL, 7 mmol)  was adjusted to
pH 7.0 and deoxygenated.  A suspension of  immobi l ized glycerol  k inase
(600 U) and acetate k inase (800 U) was added and the mixture was
st i r red magnet ical ly  at  ambient  temperature under argon.  Disodium
acety l  phosphate ( l .2L, l . l  mol)  kept  at  0 oC was added v ia a per ista l t ic
pumpover 5 days.  The pH was kept  at  7.0 (+0.5)using a pH contro l ler
wi th automat ic addi t ion of  4 M sodium hydroxide solut ion.  The reactor
was lef t  for  2 days al ter  complet ing the addi t ion of  acetv l  phosphate.  At
th is t ime enzymat ic assay showed 9 '7Vc conversion of  g lycerol  to in-
glycerol-3-phosphate. The solution was separated from the enzym-con-
taining gel by decantation followed by centrifugation. The enzymes were
washcd wi th 200 mL of  deoxygenated water and centr i fuged; the su-
pernatant  was added to the react ion solut ion.  The solut ion was passed
through charcoal  ( -50 g)  to remove ATP and concentrated at  I  torr  to
0.5-1 L. A saturated solution of barium chloride dihydrate (48.8 g, 0.200
mol)  was added, and the precip i tate.  consist ing pr imar i ly  of  bar ium
phosphate,  was separated by f i l t rat ion.  : \ddi t ional  bar ium chlor ide di -
hyd ra te  Qaa  g ,1 .00  mo l )  and  e thano l  ( -1  L )  were  added  to  p rec ip i ta te

the bar ium sal t  of  sn-glycerol-3-phosphate.  The precip i tate was al lowed
to consol idate for  2 days to faci l i tate f i l t rat ion.  Af ter  dry ing at  I  torr
over CaSOa, a tota l  of  0.92 mol  (924,  )  of  .sn-glycerol-3-phosphate was
obtained (314 g of  sol id contain ing 90% bar ium sn-glycerol-3-phosphate
as determined by enzymat ic assay):  r3C \MR (D:O. pH -  l2)  6 (DSS)

7 6 . 8  ( d , ' / . . o ,  =  6 . 2 H 2 ) , 7 3 . 1  ( d . 2 J < . o p =  3 . 5  H z ) . 6 8 . 9  ( s ) :  3 ' P  N M R
(DrO,  pH -12 )  6  4 .2  ( t , 3 / . r r . , r  =  6  - l  Hz ) ;  [ o ] "o  -1 .2o  (c  2 .5 ,  H2O,
pH -0 )  The  tu rnover  number  fo r  ATP dur ing  the  syn thes is  was  l l 5 ,
and the act iv i t ies of  enzymes recovered in the gel  were:  GK 95Vo; AK
8 3 E , .

Dihydroxyacetone Phosphate (DHAP).11 The reaction was repeated
fo r  th ree  consecu t i ve  runs  o f  appro r ima te l r  0 .32  mo l .  A  to ta l  o i  0 .95
mo l  o f  DHAP was  genera ted .  To  a  I  [ -  o i  deo rygena ted  so lu t i on  con-
t a i n i n g  d i h y d r o x y a c e t o n e  ( 3 6 . 0  g . 0 . a 0 0  n r o l ) .  A T P  ( l 2  g . 4 . 0  m m o l ) .
magnes ium ch lo r ide  (1 .6  g .  8 .0  mmol ) .  and  l -mercap toe thano l  (0 .3  mL ,
4  mmol )  were  added  PAN- imnrob i l i zcd  g i r cc ro l  k inase  (  1500  U ,  de te r -
mined wi th g lycerol  as substratc)  and P. \ \ - immobi l ized acetate k inase
(1700 U).  To th is mixture a deoxvgcnated solu l ion of  acety l  phosphate
(410  mL,0 .45  mo l )  was  added  us ing  a  pe r i s ta l t i c  pump over  l 6  h .  The
mixture was st i r red at  room temperature under argon,  and the pH was

automat ical ly  contro l led aL 6.7- '7.0 by addi t ion of  aqueous NaOH (4 M)
through a per ista l t ic  pump. The react ion was stopped when enzymat ic
assay indicated 98% conversion (  l6 h) .  Af ter  the react ion solut ion was

separated f rom the enzyme-contain ing gel ,  the solut ion was f i l tered
through charcoal  (^  2.5 g)  Quant i tat ive 

rrP NMR was used to deter-
mine the concentrat ion ol  inorganic phosphate in the react ion mixture,
and a solution of barium chloride dihydrate ( la.6 g, 60 mmol) was added
at pH 6 to precip i tatc the phosphate.  Af ter  the precip i tate was removed

by f i l t rat ion.  the dihydroxyacetone phosphate was precip i tated by ad-
di t ion of  bar ium chlor ide dihydrate (98 g,  0.40 mol)  and 3 volumes of
ethanol .  Dry ing at  I  torr  over CaSOa resul ted in I  l6 g o iproduct  (0.33

mol, 87% pure. calculated as Ba.DHAP by enzymatic assay, overall yield
8 3 % ) ;  r r C  N M R  ( D z O , p H  2 - 3 )  6  ( D S S )  2 1 3 . 5  ( d ,  t / . . o ,  =  8 . 8  H z ) ,
9 8 . 8  ( d .  , / . . o ,  =  8 . 8  H z ) ,  1 2 . 2  ( d . 2 J c o p  =  4 . 4  H z ) , 7 1 . 1  ( d .  2 J  =  4 . 4
H z ) . 6 9 . 6  ( s ) . 6 8 . 0  1 s ) :  

r r P  N M R  ( D 2 O .  p H  9 . 5 )  6  4 . 2  ( t ,  r , / p e c . H  =  6 . 3
Hz) ,3 .8  ( t ,  t / ro .n  =  l . 2Hz l .  Thc  tu rnover  number  fo r  ATP was  83
and the activities for the enzy'mes recovered at the conclusion of the three
runs  were :  GK,62%,  AK.  307o .

o-3-Chloropropane-1,2-dio l - l -phosphate (o- t -P).  PEP-K+ (10.9 g,

5 0 . 0  m m o l ) ,  A T P  ( 1 . 6  g , 2 . 5  m m o l ) .  m a g n e s i u m  c h l o r i d e  ( 1 . 5  g , 7 . 5

mmol ) ,  2 -mercap toe thano l  (100  p l , .  1 .4  mmol ) ,  and  o t - -3 -ch lo ro -
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propane- 1 ,2-diol (8.4 mL, 100 mmol) were dissolved in 130 mL of water.
The pH of  the solut ion was adjusted to 7.5 wi th 4 N NaOH. The
react ion was star ted by the addi t ion of  immobi l ized GK (  1300 U, de-
termined with glycerol as substrate) and PK (500 U). The reaction was
monitored by "P NMR; aliquots (3-mL) were removed from the reactor
and added to I .5-2.0 mL of deuterium oxide in a l2-mm NMR tube, and
a 3rP NMR spectrum was recorded. After 5 days the reaction was
complete. The supernatant was separated from the immobilized enzymes
by centr i fugat ion and decantat ion,  and the enzyme-contain ing gel  par-
ticles were washed once with 50 mL of deoxygenated water. The wash
solution and the supernatant were combined and passed through charcoal
(-25 g)  to remove ADP and ATP. Bar ium chlor ide dihydrate (13.4 g.

55.0 mmol) was added, and a fine precipitate formed. To this suspension
was added 5 volumes of  95Vo ethanol .  The precip i tate was al lowed to
settle, separated by fi ltration, and dried at I torr overnight over CaSOo.
A tota l  of  l8. l  g of  whi te sol id was isolated.  The pur i ty  was 847o ( that

is, it contained 84%, o-t-P.Ba) as determined by enzymatic assay and by
quant i tat ive 3rP NMR spectroscopy;  th is pur i ty  impl ies the isolat ion of
47 mmol of n-l-P.Ba. and a 94Vc yield based on o-3-chloropropane-1,2-
d io l :  rH  NMR (D ,O.  pH 9 .5 )  6  (DSS)  4 .0 -4 .1  ( l  H ,  m) ,  3 .6 -3 .9  (4  H ,
m)r  r rc (D2o. pH 9.5)  D (DSS)75.2(d,  ' / . .o,  = 5.5 Hz),  69.7 (d,2Jcop
=  3 .6  Hz ) ,  50 .8  ( s ) ;3 rP  NMR (D20 ,  pH 9 .5 )  6  4 .4  ( t , 3 " r * .n  =  6 .8  Hz ) ;

[o]"o +3.3o (c 2.5,  H2O, pH -0) .  The turnover number for  ATP
during the synthesis was 20. The enzymatic activities recovered in the
gel  were:  GK, '757o: PK,82Vo.

o-3-Chloropropane-1,2-diol-l-phosphate (o-l-P) (Large Scale).
PEP-K+ (127 g,0.600 mol), ATP (4.0 g, 7.0 mmol), magnesium chloride
(15 .3  g ,75 .0  mmol ) ,2 -mercap toe thano l  (0 .2  mL ,3  mmol ) ,  and  o t - -3 -
chloropropane-1,2-dio l  (133 g,  1.20 mol)  were dissolved in 2 L of  deox-
ygenated water. The pH of the solution was adjusted to 7.2 with NaOH
( -  30 g of  sol id NaOH and 4 M NaOH).  The react ion was star ted b;-
the addi t ion of  immobi l ized GK (10000 U determined wi th g lycerol  as
substrate) and PK (1000 U). The reaction was monitored by 3rP NMR:
aliquots (3 mL) were removed from the reactor and added to 1.0-2.0 mL
of deuter ium oxide in a l2-mm NMR tube.  Af ter  7 days the react ion
was complete, but the reaction was continued for 2 additional days. The
supernatant was separated from the immobilized enzymes by centrifu-
gation and decantation, and the enzyme-containing gels were washed

twice with 200-mL portions of deoxygenated water. The wash solutions
and the supernatant were combined (total 2.6 L) and passed through
charcoal ( - 100 g) to remove ADP and ATP. Barium chloride dihydrate
(159 g,0.65 mol)  was added and a precip i tate formed. Ethanol  (95%,

8 L) was added to this suspension and the precipitate was allowed to
settle overnight. The solid was isolated by fi ltration and dried at I torr
overnight over CaSOa. A total of 203 g of white solid was isolated. The
solid contained 92Vo of o-l-P.Ba as determined by enzymatic assay (907c

o- l -P.Ba as determined by quant i tat ive 3tP NMR) and 3Va inorganic
phosphate.  The y ie ld wasg3%o based on o-3-chloropropane-1,2-dio l :  rH

NMR (DzO,  pH 7 )  6  (DSS)  4 .0 -4 .1  ( l  H ,  m) ,3 .6 -3 .9  (4  H ,  m) ;  ' 3C

NMR (DzO,  pH 7 )  6  (DSS)  75 .1  (d . ' " / . . o0  = '7 .3H2) .69 .6  (d ,2 " I cop
= 3.6 Hz),  50.7 (s) ;  3 'P NMR (D20, pH 7.2)  6 3.9 ( t ,  3/pocH = 6.6 Hz);

[* ] t 'o  +3.3o (c 2.5,  H2O, pH -0) .  The turnover number for  ATP
dur ing the synthesis was 85.  The recovered enzyme act iv i t ies were as
fol lows:  GK, 7 6Vo; PK, 8 l  %.

o-Glycidol  Phosphate.  o- l -P.Ba (500 mg. 1.6 mmol)  was dissolved
in 4 mL of deuterium oxide at 0 "C by addition of Dowex 50W-X8 resin.
The Dowex 50W-X8 resin was removed by f i l t rat ion,  and the pH was

increased to Zl4 with 4 N NaOH. After - l5 min at room temperature
al l  the o- l -P rvas converted to n-glyc idol  phosphate.  The pH was then
immediately reduced ( t r rz -  I  h at  pH Z l4)  to -7.5 by addi t ion of  sol id
NaHCO3 ( to buf fer  the solut ion) fo l lowed by 2 N HCl.  The aqueous
o-glycidol phosphate was stored at 4 oC until use. No other product was
observed  b .v  ' 'P  NMR:  iH  NMR (D :O,  pH >14)  6  (DSS)  4 .4 -4 .55  ( l

H .  m ) ,  3 . 6 5 - 3 . 8 5  ( 1  H ,  m ) ,  3 . 3 - 3 . 4 5  ( l  H ,  m ) ,  2 . ' 7 - 2 . 8 5  ( l  H .  d d , . r  =

5  H z ) ,  2 . 5 - 2 . 6 5  ( r  d d , /  =  4 .  5  H z ) ; ' r C  N M R  ( D z O .  p H  - 1 4 )  6  ( D S S )

65.3 (d,  'Jor*  = 4.3 Hz).53.5 (D. ' " / ro. .  = 7.7 Hz).46.3 (s) ;  IP NMR
(DzO,  pH -  l 4 )  6  4 .1  ( r ,  r " /pocH =  6 .1  Hz ) .

o-3-Aminopropane- 1,2-dio l -  1-phosphate.  o-3-Chloropropane- I  .2-
dio l - l -phosphate bar ium sal t  (600 mg, 1.75 mmol)  was added to water
(5 mL) and cooled in an ice bath.  Dowex 50W-X8 was added unt i l  the
organic phosphate dissolved (pH <2) The Dowex 50W-X8 beads and
the faint yellow color of the solution were removed by passing the solution
through charcoal .  The Dowex 50W-X8 resin was washed by passing an
addi t ional  20 mL of  water through the charcoal .  The o-3-chloro-
propane-1,2-dio l - l -phosphate solut ion was added dropwise to a st i r red
so lu t i on  o lammon ium hydrox ide  (25  mL)  p laced  in  an  i ce  ba th .  A f te r
the end of  th is addi t ion the solut ion was st i r red for  30 min at  0 oC, the
ice bath was removed, and the react ion solut ion was st i r red for  I  h at
ambient  temperature.  The excess ammonia and water are removed by
evaporat ion at  40-,50 oC, and the resul t ing oi l  was dissolved in 2 mL of
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water.  Bar ium chlor ide dihydrate (0.44 g,1.8 mmol)  and ethanol  (20

mL, 95Vo) were added to precip i tate the o-3-chloropropane- 1,2-dio l -  1-
phosphate monobarium salt. The suspension was stirred for l5 min at
0 oC, and the solid was separated by centrifugation. The supernatant
was discarded. The sol id was washed wi th ethanol  ( . l0 mL.95Vo),and.
after centrifugation, the solid was dried over CaSOa at I torr overnight.
The resul t ing bar ium o-3-aminopropane- 1,2-dio l -  I  -phosphate (0.50 g,

94Vo) was more than 957o pure as determined by quantitative I'P NMR
(no other phosphate-contain ing compound was observed):  r lC NMR
(D2O,  pH l3 )  6  (DSS)  76 .8  (d .  3 - I  =  5 .5  Hz ) ,  70 .5  (d .2J  =  3 .7  Hz ) ,  41  .6
(s ) ;  3 'P  NMR (Dzo ,  pH l0 )  6  4 .5  ( t .  ) J  =  6 .3  Hz ) .

A s imi lar  preparat ion was carr ied out  for  o l -3-chloropropane-1,2-
dio l - l -phosphate on a l -mmol scale.  The isolated or--3-aminopropane-
1,2-dio l -1-phosphate bar ium sal t  (0.28 g)  was more than 957o pure (no

other phosphate-contain ing compound was observed) as determined by
quant i tat ive 3rP NMR (887o react ion y ie ld) .

o-3-Aminopropane-1,2-dio l -3-phosphate (o-2-P).  PEP-K* ( l  I  g,  50

mmol ) ,  ATP (  1 .6  g ,2 .5  mmol ) ,  magnes ium ch lo r ide  (  1 .5  g ,  7 .5  mmol ) ,

2-mercaptoethanol  (0.  1 mL, I  .4 mmol) ,  and ot--3-aminopropane- 1,2-dio l
(9  t  g ,7 .8  mt - ,  100  mmol )  were  d i sso lved  in  approx ima te l y  100  mL o f
water and the pH was adjusted to 10.5 rv i th 4 N NaOH. Immobi l ized
GK (3500 U. determined wi th g lycerol  as substrate)  and PK (500 U)
were added. and the volume was adjusted to approximately 250-300 mL.
The reaction was monitored by 3tP NMR; aliquots (3-mL) were removed
from the reactor and added to 1.5-2.0 mL of deuterium oxide in a l2-mm
NMR tube.  and a rrP NMR spectrum was recorded. Af ter  2 days 55Vo

of the PEP had been converted into product ,  a precip i tate had formed

and  the  pH had  d ropped  to  9 .5 .  The  pH was  ad jus ted  to  10  w i th  4  N
NaOH and  magnes ium ch lo r ide  ( l  5  g )  was  added .  A f te r  2  more  days

the re i rct ion suspension contained 69% product .  but  inorganic phosphate
was forming (br  decomposi t ion of  phosphoramidate)  at  the same rate as
product was being produced. The reaction u"as therelore stopped at this
point  and worked up.  The enzyme-contain ing gels were separated by

centrifugation: the supernatant was removed and combined with the first
wash of  enzymes. Af ter  passing the solut ion through charcoal ,  the in-
organic phosphate was precipitated by addition of barium chloride di-

hydrate (1.0 g,4 mmol) .  The bar ium phosphate was removed by f i l -

t rat ion,  and more bar ium chlor ide dihydrate (1.6 g,31 mmol)  and95Vo
ethanol  (1.5 L)  were added to precip i tate the amidate.  The precip i tate
was allowed to settle and the amidate was collected in a Biichner funnel

and dr ied at  I  torr  over CaSOa. The unreacted amine was recovered
from the supcrnalant by evaporation of solvent (ethanol and water). The
amine  was  red isso lved  in  50  mL o f  wa te r .  and  ATP (0 .78  g ,  1 .3  mmol ) .
magnesrum ch lo r ide  (0 .75  g ,  3 .7  mmol ) .  and  PEP monopo tass ium sa l t
(3 . - s  g .  l 7  mmo l )  were  added .  The  pH was  ad jus ted  above  9 .5  w i th  4

N NaOH. This react ion was cont inued for  4 days unt i l  no addi t ional
increase in amidate concentrat ion was observed.  The solut ion was then
worked up as before.  The sol id f ract ions were combined to g ive 13.9 g

o f  so l i d  p roduc t ,  wh ich  by  enzymat i c  assav  and  quan t i t a t i ve  r rP  NMR

contained 81% of  o-2-P.Ba and 18% of  PEP'Ba. The overal l  1 ie ld of  the
ch i ra l  am ida te  was  the re fo re  l 5% (31  mmol  o f  o -2 -P .Ba) :  r l {  NMR
( D ' O  p H  I  l )  6  ( D S S )  3 . 7 - 3 . 8  ( l  I { .  m ) . 3 . - s - 3 . 6 5  ( l  H .  m ) . 2 . 7 s - 2 . 9 0
( 2  H .  m ) ;  r r C  N M R  ( D 2 O p H  l 2 )  6  ( D S S )  7 6 . 9  ( d . ' / . . r ,  =  7 . 3  H z ) .

6 8 . 1  ( s ) , 4 9 . 0  ( d .  r / c N p  =  l 6  H z ) :  r r P  N M R  ( D : O , p H  l l )  6  9 . 4  ( t ,
' / . n . * ,  =  8 . 9  [ { z ) :  [ ^ l t t n  * 1 . 2 o  ( c  2 . 5 .  H r O .  p H  l 2 ) .  T h e  r e c o v e r e d
act iv i t ies of  thc immobi l ized enzvntcs were:  GK, 29%: PK, 38%,.

o-3-Mercaptopropane-1.2-dio l - l -phosphate (n-3-P).  PEP K+ Q 2 g,

l 0  m m o l ) .  A T P  ( 0 . 4 8  g , 0 . 7 5  m m o l ) .  m r g n e s i u m  c h l o r i d e  ( 0 . 4 - 5  g , 2 . 3

mmol ) ,  and  n l -3 -mercap top ropane-1 ,2 -d io l  (1 .7  mL ,  20  mmol )  were

dissolved in 100 mL of  water,  and the pH was adjusted to 7. ,5.  Immo-

bi l ized GK (500 [ , .  determined wi th g lycerolas substrate)  and PK (200

U) were addcd to the solut ion.  The reactor  was st i r red at  room tem-
perature under l tn argon atmosphere.  The react ion progress was moni-
to red  by  3 lP  NMR,  and  a f te r  7  days  no  P I IP  rema ined .  The  reac t ion
suspension was t ranssferred by forced s iphon through a sta in less steel

cannula into 250-mL centr i fuge bot t les,  lnd the enzyme-contain ing gels

were compacted by centr i fugat ion.  The gels were washed wi th 50 ml-

of  deoxygenated water.  The supernatant  was combined wi th the wash

and  the  so lu t i on  passed  th rough  charcoa l  1 -25  g ) .  The  r rP  NMR

spectrum at this point indicated the presence of inorganic phosphate (- I
mmol) .  The inorganic phosphate was prccip i tated by the addi t ion of
bar ium chlor ide dihydrate (0.24 g.  1 mmol) ,  and bar ium phosphate was
removed by f i l t rat ion.  The organic phosphate was precip i tatcd by ad-
d i t i on  o f  add i t i ona l  ba r ium ch lo r ide  d ihyd ra te  (2 .4  e . l 0  mmo l )  and  500
rrrL of  deoxygenated 95V, cthanol .  The precip iate was al lowed to set t le

to faci l i tate f i l t rat ion,  and af ter  dry" ing at  I  torr  over CaSOa the two
fract ions contain ing the fo l lowing:  f ract ion I  (0.43 g) .  mainl l  inorganic
phosphate monobar ium sal t  (as determined b-v "P NMR);  f ract ion 2
(2.69 g) ,  90% o-3-P.Ba (as determined by enzymat ic assay) and 2%,
ino rgan ic  phospha te  (as  de te rm ined  by  quan t i t a t i ve  r rP  NMR) .  The
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yield of  o-3-P.Ba was 84Vc (8.4 mmol) :  rH NMR (DzO, pH 9.0)  D
(DSS)  4 .0 -4 .2  (  I  H ,  m) ,  3 .6 -4 .0  (2  H ,  m) ,  2 .6 -2 .9  (2  H ,  m) ;  r rC  NMR
( D r O ,  p H  9 . 5 )  6  ( D S S )  7 9 . 4 ( d .  ' . / . . o ,  =  5 . 5  H z ) , 7 1 . 9  ( d , 2 J c o p =  3 . 6
Hz),  32.5 (s) ;  r rP NMR (D2O, pH 8.5)  6 4.4 1t ,  

3" I* . "  = 6.4 Hz):  la l25o
*9.7" (c 2.5,  H2O, pH -0) .  The recovered enzyme act iv i t ies were the
following: GK, 79Vo; PK, 837o.

Contact with air during the GK-catalyzed reaction (or isolation pro-
cedure) resulted in oxidation of the thiol to the disulfide. The thiol can
conveniently be regenerated by reduction of the disulfide with sodium
borohydridea2 or 2-mercaptoethanol. A representative procedure using
2-mercaptoethanol is as follows. o-3-Mercaptopropane- 1,2-diol- l -phos-
phate (and disul f ide impur i t ies)  (1.0 9,2.5 mmol)  was dissolved in l0
mL of deoxygenated water by addition of Dowex 50W-X8 resin. The
Dowex 50W-X8 resin was removed by fi ltration and washed with 5 mL
of deoxygenated water. The pH of the solution was increased to 9.0 with
deoxygenated 4 N NaOH. 2-Mercaptoethanol (0.70 mL, l0 mmol) was
added to the solution and stirred for I h at room temperature under
argon. Bar ium chlor ide dihydrate (0.73 g,  3.0 mmol)  and 50 mL of
deoxygenated ethanol are added to the solution. The resulting solid was
separated by centrifugation, the supernatant was discarded, and the solid
was washed with 50 mL of deoxygenated ethanol. After drying overnight
at I torr over CaSOa, 0.90 g of solid was recovered.

o-3-Methoxypropane-1,2-diol-l-phosphate (o-a-P). PEP-K+ (2.2 e,
l0 mmol) ,  ATP (0.48 g,  0.75 mmol) ,  magnesium chlor ide (0.a5 g,  2.3
mmol) ,  and ol -3-methoxypropane-1,2-dio l  (2.1 g,20 mmol)  were dis-
solved in 50 mL of water and the pH was adjusted to 7.5. The reaction
was star ted by addi t ion of  immobi l ized GK (160 U, determined wi th
glycerol as substrate) and PK (83 U), and the totalvolume was adjusted
to 150 mL. The reaction was monitored by 3tP NMR. In the late stages
of the reaction inorganic phosphate formed simultaneously with product.
After 4 days the reaction was complete (no PEP remained). The en-
zymes were separated from the reaction mixture by centrifugation and
decantation, and the enzyme-containing gels were washed once with 50
mL of deoxygenated water. The wash solution and reaction mixture were
combined and passed through charcoal (25 il. Barium chloride di-
hydrate (0.73 g, 3 mmol) was added to precipiate the inorganic phos-
phate. After the precipiate was removed by fi ltration, a second batch of
barium chloride dihydrate (2.0 9,8 mmol) was added. To this suspension
were added 2 volumes of 957o ethanol and 3 volumes of ice-cold acetone
to precipitate the organic phosphate. The precipitate was allowed to
settle and fi ltered. The white solid (3.1 g) was dried at I torr overnight
over CaSOa. The purity was 847o as determined by enzymatic assay
(corresponding to 8.1 mmol of o-4-P.Ba, SlVo yield). The major impurity
was inorganic phosphate (l5Ea) as determined by quantitative 3rP NMR:
IH  NMR (DzO,  pH 7 .0 )  6  (DSS)  4 .0 -4 .05  ( l  H ,  m) ,3 .75 -3 .85  (2  H ,
m) ,  3 .6 -3 .5  (2  H ,  S ) ,  3 .4  (3  H ,  s ) ;  r3C NMR (DzO,  pH 7 .0 )  6  (DSS)
7 7 . 8  ( s ) ,  7 . 1 . 1  ( d .  t / . . o ,  =  7 . 3  H z ) , 7 0 . 1  ( d , 2 J c o p  =  5 . 5  H z ) , 6 3 . 1  ( s ) ;
I 'P NMR (Dzo, pH 7.0)  d 3.3 ( t ,  ' . , r . . ,  = 6.6 Hz).  The recovered
enzyme act iv i t ies were the fo l lowing:  GK, 95Vc; PK, 84Vo.

o-Butane-1,2,4- t r io l - l -phosphate (o-5-P).  PEP-K+ (5.43 g,  25.0
mmol,  ATP (0.96 g,  I  mmol) ,  magnesium chlor ide (1.8 g,9.0 mmol) ,
and ol -butane-1,2,4- t r io l  (5.31 g,  50.0 mmol)  were dissolved in 130 mL
of water and the pH was adjusted to 7.5 with 4 N NaOH. The reaction
was started by addition of immobilized GK (1300 U, determined with
glycerol as substrate) and PK (70 U). The reaction was followed by 3tP

NMR, and after 9 days the reaction was completed (no PEP remained).
The reaction mixture was centrifuged and the supernatant was removed
by decantation. The enzymes were washed once with 50 mL of deoxy-
genated water, and the enzyme wash was combined with the supernatant
of  the react ion mixture and passed through charcoal  ( -25 g.  Bar ium
chfor ide dihydrate was added (0.24 g,1.0 mmol)  to precip i tate the in-
organic phosphate. After the precipitate was removed by fi ltration,
additional barium chloride dihydrate (25 mmol, 6.1 g) was added. The
organic phosphate precipitated after the addition of 500 mL of 95Vo
ethanol. The precipitate was fi ltered and dried over CaSOa at I torr
overnight. A total of 7 .44 g of white solid was isolated. The purity was
95Vo as determined by "P NMR and corresponds to the isolation of 24
mmol of o-S-P.Ba (97Vo yield): 'H NMR (DzO, pH 7.0) 3.75-3.8 ( I H,
m ) , 3 . 5 - 3 . 7  ( 3  H ,  m ) ,  1 . 5 5 - l  . 7  ( 2 H ,  m ) ;  r 3 C  N M R  ( D z O ,  p H  7 . 0 )  6
(DSS)  72 .9  (d ,  ' r . . o ,  =  5 .5  Hz ) ,72 .6  (d ,2Jcop=  3 .7  Hz ) ,63 .0  ( s ) ,39 .3
(s) ;  "P NMR (Dzo, pH 7.0)  d 4.3 ( t ,  r . / "o. ,  = 6.5 Hz);  [* ] r to +2.5"
(c 2.5, H2O. pH -0). The recovered enzyme activities were as follows:
GK, 8OVo: PK. 85Vo.

o-3-Bromopropane-1,2-dio l - l -phosphate (o-6-P).  nI- -3-Bromo-
propane-1,2-dio l  (0.15 mL, 1.5 mmol) ,  PEP-K+ ( l  l0  mg, 0.53 mmol) ,
and ATP (20 mg, 0.03 mmol) were dissolved in 4 mL of triethanolamine
buffer (0.1 M) containing magnesium chloride (1.0 mM) and adjusted
to pH 7.8. Soluble GK (20 U, determined withhglycerol as substrate)
and PK (10 U) were added to the solution. After the reaction mixture
had been incubated at ambient temperature for 24 h, its 3rP NMR

('ran.s and Whitesides

showed  no  rema in ing  PEP o r  ATP Thc  :o lu t ron  *as  passed  th rough
charcoal  to remove ATP and enz) 'mes.  Bar iurn chlor ide dihrdrate (0.2;1
g ,  1 .0  mmol )  and  25  mL o f  i ce -co ld  ace tonc  ue re  added  to  the  so lu t i on .
The  resu l t i ng  wh i te  p rec ip i ta te  o f  o -6 -P .Ba  uas  : cpa ra tcd  b r  cen t r i f u -
ga t ion  and  washed  once  w i th  50  mL o f  i cc -co ld  acc tonc  bc fo rc  i t  was
dr ied  ove r  CaSOa a t  1  to r r  ove rn igh t .  The  resu l t i ng  so l i d  t l - 10  n9 .0 .53
mmol )  was90Vo pure  by  enzymat i c  assay  (88% pure  b1  quan t i ra t i r c  r rP

NMR).  The y ie ld was957a based on combined phosphoryl  group donors
(ATP and  PEP) :  rH  NMR (D2O,  pH 7 .0 )  6  (DSS)  3 .95 -4 .05  (  I  H .  m)
3 . 8 0 - 3 . 8 8  ( 2  H ,  m ) ,  3 . 4 5 - 3 . 6 5  ( 2  H ,  m ) ;  ' 3 C  N M R  ( D z O ,  p H  7 . 0 )  6
(DSS)  75 .0  (d , ' / . . o0  =  6 .7  Hz ) ,70 .8  (d ,2Jcop=  4 .4H2) ,39 .8  ( s ) ;  r rP

NMR (DzO, pH 7.0)  6 3.4 ( t ,  ' . / ro.n = 6.7 Hz).
o-Butane- 1,2-diol- 1-phosphate (D-7-P). ot--Butane- 1,2-diol ( I 00 rr L.

l . l  mmol) ,  PEP-K+ (42 mg,0.2 mmol) ,  and ATP (20 mg, 0.03 mmol)
were dissolved in 4 mL of  t r iethanolamine buf fer  (0.1 M) contain ing
magnesium chlor ide (  l0 mM) and the pH was adjusted to 7.5.  GK (  I  50
U, determined wi th g lycerolas substrate)  and pK (10 U) were added to
the solut ion.  Af ter  incubat ion at  ambient  temperature for  42 h,  r rP

NMR showed no remaining PEP or ATP. The solut ion was passed
through charcoal  to remove ADP and the enzymes. The o-7-P.Ba pre-
c ip i tated on addi t ion of  bar ium chlor ide dihydrate (0. l2 g,  0.5 mmol)  and
4 volumes of 95% ethanol. The solid was isolated by centrifugation and
decantation of the supernatant. The solid was washed once with l0 mL
of 95Vo ethanol and dried over CaSOo at I torr overnight. The 66 mg
of white solid, approximately 85Vo pure (containing 9Vo inorganic phos-
phate), corresponded to a yield of 82Vo based on combined ATP and PEP:
' H  N M R  ( D z O ,  p H  l 0 )  6  ( D S S )  3 . 6 - 4 . 0  ( 3  H ,  m ) ,  1 . 3 5 - 1 . 6  ( 2  H ,  m ) ,
0 . 8 5 - 0 . 9 5  ( 3  H .  m ) :  r r c  N M R  ( D 2 O ,  p H  l 0 )  d  ( D S S )  7 7 . 3  ( d . , / . . o ,
=  7 .3  Hz ) ,  72 .4  (d .2 /cop  =  3 .7  Hz ) ,30 .0  ( s ) ,  13 .9  ( s ) ;  r rP  NMR (DrO,
pH 10)  6  4 .3  ( t .  ' / "oc "  =  6 .1  Hz ) .

l-3-Chloropropane- 1,2-diol (t--l ) (Small Scale). l-3-Chloropropane-
1,2-diol was recovered from the supernatant of the precipitation of bar-
ium o-3-chloropropane- 1,2-dio l -  I  -phosphate in the 50-mmol scale reac-
t ion (2.4 L) .  The solut ion was concentrated to -500 mL by rotary
evaporat ion,  added to 500 mL of  ethanol  (95Ea),  and concentrated to
-200 mL. The precip i tate (mainly sodium pyruvate)  was removed by
filtration and washed with absolute ethanol. This procedure was repeated
four times and a yellow oil remained. The oil was purified by disti l lation
(bp 96 oC, I torr) to yield 2.2 g of colorless liquid (20 mmol, 39Vo yield)

i l i t . 47  bp  213  "c l  IH  NMR (DzO)  6  (DSS)  3 .85 -4 .0  (1  H ,  m) ,  3 .5 -3 .7
( 4  H ,  m ) ;  ' 3 C  N M R  ( D z O )  6  ( D S S )  7 5 . 7  ( s ) , 6 7 . 1  ( s ) ,  5 0 . 4  ( s ) ;  [ o ] r o o
-6.4 (c 5, H2O). The rotation corresponds to an enantiomeric excess of
-85Vo.43 The enantiomeric excess was also determined to be 88% usine
Eu(hfc)3 in CDTCN.

t--3-Chloropropane- 1,2-diol ( t-- I ) (Large Scale). r - 3 - C h loropropane-
1,2-dio l  ( r - - l )  was recovered f rom the supernatant  f rom the large-scale
synthesis of  n- l -P.Ba. The supernatant  (10 L)  was concentrated by
evaporation to -l L. To the solution was added -2 L of 95% ethanol
and the resul t ing sol id was removed by f i l t rat ion and washed wi th ab-
solute ethanol .  The solut ion was concentrated to -200 mL and added
to -1 L of  ethanol .  The precip i tate was again removed br ' f i l t rat ion and
the solut ion was concentrated to dryness.  The resul t ing oi l  u,as dissolved
in 200 mL of  absolute ethanol  and the precip i tate \ \ 'as removed by f i l -
t rat ion.  Af ter  removing most of  the ethanol  br  evaporat ion.  the residual
o i l  was  d i s t i l l ed  [bp  98  oC,  I  t o r r  1 l i t . 4 'bp  ] l - l  oC)1 .  Th is  p rocedure
y i e l d  2 l  g o f  c o l o r l e s s  l i q u i d  ( 1 9 0  m m o l . 3 l "  1 , i e l d ) :  

' H  N M R  ( D z O )
6  (DSS)  3 .85 -4 .0  ( l  H ,  m) .  3 . - s -3 .7  (4  H ,  m) :  r rC  NMR (DzO)  6  (DSS)
7 5 . 7  ( s ) , 6 7 . 1  ( s ) , 5 0 . 4  ( s ) ;  [ . ] " o  - 6 . 8 o  ( c  5 .  H 2 0 ) .  T h e  e n a n t i o m e r i c
excess was also determined to be 94% using Eu(hfc) ,  in CD3CN.

o-3-Chloropropane-1,2-dio l  (o- l  ) .  Bar ium o-3-chloropropane- 1,2-
d io l - l -phospha te  (o - l -P )  (0 .80  g ,2 .1  mmol )  was  recons t i t u ted  in  6  mL
of water by addition of Dowex-50 until the pH fell below 4. After
removalof the resin, the pH of the solution was raised to -9 by addition
of sodium carbonate. Alkaline phosphatase (20 U) was added in soluble
form, and the solut ion was lef t  at  ambient  temperature.  Af ter  30 min
the solut ion was c loudy (due to inorganic phosphate).  Hydrolysis was
complete by the fo l lowing day as observed by ' 'P NMR. The inorganic
phosphate was removed by first adding barium chloride dihydrate (0.5
g,  2 mmol)  to the solut ion and then adding 20 mL of  absolute ethanol .
The precipitate was removed by centrifugation and the supernatant was
concentrated to -5 mL. Another 20 mL of absolute ethanol was added
and the precipitated solid was removed by centrifugation. After con-
centrat ing the supernatant  to -0.5 mL, I  mL of  absolute ethanol  was
added, the sol id was removed by centr i fugat ion,  and the supernatant
concentrated. o-3-Chloropropane-1,2-diol was not further purified. The
132 mg of  color less l iquid corresponded to a y ie ld of  57Vo: tH NMR
(ace ton i t r i l e -d r )  3 .8 -4 .0  ( l  H ,  m) ,3 .5 -3 .7  (4  H ,  m) ;  l o l "o  *7 .1o  (c  5 ,
HrO)ot  (correspondingto -95Vo ee).  The enant iomeric pur i ty  was de-
termined using Eu(hfc)3 in CD3CN and found to be )97V0 ee (no I
enant iomer was observed).



l-(-)-Butane-1,2,4-triol (l-5) was recovered from the supernatant of
the precipitation of barium o- I ,2,4-butanetriol- I -phosphate on a 25-mmol
scale ( I . l L). The solution was concentrated to -400 mL by evaporation
and 500 mL of 957o ethanol was added to the solution. After the solution
was concentrated to -200 mL, another 800 mL of  95Vo ethanol  was
added and the solid (mainly sodium pyruvate) was removed by fi ltration.
The solid was washed with ethanol and the combined solution concen-
trated. The removal of sodium pyruvate by fi ltration was continued until

7027

no further precipitate formed by evaporation and a slightly yellow oil
remained. The crude product (0.17 g) corresponded to a yield of -29Vc''.
'H  NMR (D :O)  6  (DSS)  3 .5 -3 .8  (3  H ,  m) ,  3 .2 -3 .5  (2  H ,  m) ,  1 .4 -1 .6
(2 H,  m) ;  r rC NMR (DzO) 6  (DSS) 73.3 (s) ,  70.0  (s) ,  62.8  (s) ,  39.2  (s) ;

[ . ] "o  -26.6"  (c  5 ,  H2o) .26
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