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Little experimental data are available regarding the coordination
geometry of Lewis acids to organic carbonyl groups. While the
available evidence for coordination with H* indicates a geometry
corresponding to eq 2 (H-O-C = 115°), calculations indicate
that Li* prefers a linear geometry (eq 3).2 We have carried out
extensive calculations at the STO-3G and STO-3/21G levels for
the interaction of formaldehyde with various first and second row
Lewis acids, and the results indicate that a linear geometry is
preferred when the cation can act as both a ¢ and 7 acceptor.’®

The origin of the nonlinear distortion has not yet been ade-
quately determined. Molecular orbital calculations at the
INDO??? level fail to detect any distortion of the “lone-pair”
orbitals of 2 and 3. However, the direction of nonlinear deviation
found for a variety of bridged and cyclic ketones in addition to
2 and 3 suggests a steric effect. Although steric repulsion between
the shift reagent and substituents on the substrate moiety appears
to be unimportant for nitriles,!* the C-O-Fu distance for ketones
(ca. 3.7 A) is shorter than the C-C-N-Eu distance (ca. 5.1 A)
for nitriles by approximately 1.4 A. In any case, the concept of
steric interactions provides a useful device for interpreting and
predicting distortions from an otherwise linear arrangement.
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Oxygen Chiral Phosphodiesters. 2. Enzymatic
Synthesis and Configurational Analysis of
[«-130]-2’-Deoxyadenosine 5’-Diphosphate

Sir:

The mechanistic investigation of enzymes which catalyze re-
actions involving nucleoside di- and triphosphates has been fa-
cilitated by the use of diastereomeric phosphorothioate analogues
in which a nonbridging oxygen atom of a phosphate group is
replaced by a sulfur atom.!* For example, the separated dia-
stereomers of ATPaS** have been used to probe the stereochemical

(1) Eckstein, F. Acc. Chem. Res. 1979, 12, 204.
(2) Knowles, J. R. Annu. Rev. Biochem., in press.
(3) Eckstein, F.; Goody, R. S. Biochemistry 1976, 15, 1685.
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¢ Enzymatic synthesis of [a-!%0] dADP (or ADP) from cyclic
[**OJdAMP (or AMP). The example shown is the preparation of
the S, diastereomer of [o-'%0] nucleoside diphosphate from the
Ry, diastereomer of cyclic ['%0] nucleoside monophosphate. @ re-
presents !80.

course of a number of adenyly! transfer reactions, thereby pro-
viding important information regarding the formation of an
adenylated enzyme intermediate during catalysis. The separated
diastereomers of ATPSS>5 have been used to examine the nature
of metal ion coordination to the nucleotide, since the stereose-
lectivity of an enzymatic reaction involving ATPSS often depends
on the identity of the divalent metal ion used to promote catalysis.
However, mechanistic ambiguity can result, since phosphoro-
thioates are often poor substrates for enzymes. Experiments
employing nucleotides which are oxygen chiral at either the a-
or 3-phosphorus atom would not be subject to this problem. In
this communication, we report the syntheses of the first oxygen
chiral nucleoside diphosphates, the Rp and S} diastereomers of
[a-180]-2’-deoxyadenosine 5'-diphosphate ([a-*0O]dADP); these
materials were prepared from the Sp and Rp diastereomers, re-
spectively, of cyclic [1*0]-2’-deoxyadenosine 5’-monophosphate
(cyclic ['*O]dAMP)® by using the adenylate cyclase from Bre-
vibacterium liquefaciens'® as a stereospecific catalyst. We also
describe a simple, sensitive, and general method for the deter-
mination of the absolute configuration of nucleoside poly-
phosphates which are oxygen chiral at either the a- or 8-phos-
phorus atom. Our experiments illustrate that the stereochemical
course of the reaction catalyzed by the bacterial adenylate cyclase
is inversion of configuration whether phosphorothioates'* or oxygen
chiral substrates are used.

The strategy for the stereospecific synthesis of oxygen chiral
[a-*0]dADP (or [a-'30]ADP) from oxygen chiral cyclic
['*01dAMP (or cyclic ['*0]AMP) is summarized in Scheme I.
The adenylate cyclase from B. liquefaciens (ATCC 14929)
catalyzes the cyclization of ATP (or dATP) to yield cyclic AMP
(or cyclic dAMP) and pyrophosphate.l® At neutral pH, the
reaction catalyzed by this enzyme is reversible, with the velocity
for the production of ATP from cyclic AMP and pyrophosphate
being maximal at pH 7.3. At this pH and in the presence of 5
mM MgSO,, the equilibrium constant for the reaction written
in the direction of ATP synthesis is 8 M~112 At millimolar
concentrations of reactants and products, the reaction favors the
synthesis of cyclic AMP, To favor production of chiral acyclic
nucleotide, we have chosen to couple nucleoside triphosphate
production to the glycerol kinase reaction.!?
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sp[a-'°o]dADP

Figure 1. The a-phosphorus region of the 81.0-MHz 3P NMR spectra
of [a-1*0}dADP predicted to have the Sp configuration at the a-phos-
phorus. The bottom spectrum is that of the isolated enzymatic product,
and the top spectrum is that of the enzymatic product diluted threefold
with unlabeled dADP. No '*Q perturbation is observed on the resonance
for the S-phosphorus atom. The samples were prepared by percolation
through 3-mL columns of Chelex-100, lyophilization, and dissolution in
0.10 M EDTA, pH 9.0, containing 20% D,O. The spectra were obtained
with a 500-Hz sweep width and 8 K data points (0.12 Hz/real data
point). The approximate chemical shift of the a-phosphorus atom is
—10.1 ppm (upfield shift relative to an external capillary containing 85%
H,PO,).

Experiments recently reported by this laboratory have dem-
onstrated that the reaction catalyzed by the bacterial adenylate
cyclase is accompanied by inversion of configuration when ATPaS
is used as substrate.!! The Sp diastereomer of ATPaS is converted
to the Rp diastereomer of cyclic AMPS at about one-tenth the
rate that ATP is converted to cyclic AMP; this similarity in
reaction rates suggests that the same mechanism and stereo-
chemistry should apply to the reaction involving oxygen chiral
substrate. Thus, the recent chemical syntheses of oxygen chiral
samples of cyclic [\30]dAMP? and cyclic ['** O]JAMP permit the
stereospecific enzymatic syntheses of oxygen chiral samples of
[e-130]dADP and [a-'80]ADP. These oxygen chiral nucleoside
diphosphates can, of course, be enzymatically converted to oxygen
chiral samples of [a-'30]dATP and [a-'*0O]ATP.

Incubation of either the Rp or the Sp diastereomer of cyclic
['®*0]dAMP, pyrophosphate, and glycerol in the presence of
adenylate cyclase and yeast glycerol kinase'® resuited in the
production of about 50% glycerol phosphate!é (based on limiting

(13) The equilibrium concentration of ATP is calculated to be 0.57 mM
or a 19% yield based on pyrophosphate, assuming a value of 8 M™! for the
equilibrium constant for the adenylate cyclase reaction and initial concen-
trations of 30 and 3 mM for cyclic AMP and pyrophosphate. If a value of
150 is assumed for the equilibrium constant for the glycerol kinase reaction,
the addition of glycerol kinase and 5 mM glycerol to the reaction will produce
an equilibrium concentration of 2.88 mM ADP (96% yield based on pyro-
phosphate) and 0.026 mM ATP (0.9% yield based on pyrophosphate).

(14) Baraniak, J.; Lesiak, K.; Sockacki, M.; Stec, W. J. J. Am. Chem. Soc.
1980, 102, 4533.

(15) A reaction mixture (10 mL) contained 100 mM Hepes—KOH buffer
(pH 7.3 at 25 °C), 30 mM cyclic ['*0]dAMP, 3 mM pyrophosphate, 4.06
mM MgCl, (1 mM uncomplexed Mg?*), 5 mM glycerol, 10 mM sodium
pyruvate, 1 mM dithiothreitol, 0.1 mg/mL bovine serum albumin, 0.1 mg of
adenylate cyclase, and 50 units of yeast glycerol kinase (Sigma).

(16) Measured enzymatically in aliquots by measuring the amount of
NAD* reduced by glycerol phosphate dehydrogenase; the formation of JADP
cannot be measured conveniently by using a coupled enzyme assay.
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Rple-*%0]dADP

Figure 2. The a-phosphorus region of the 81.0-MHz P NMR spectra
of [a-'*0}dADP predicted to have the Rp configuration at the a-phos-
phorus. The bottom spectrum is that of the isolated enzymatic product,
and the top spectrum is that of the enzymatic product diluted threefold
with unlabeled JADP. No '®0 perturbation is observed on the resonance
for the g-phosphorus atom. Sample preparation and spectral details are
identical with those described in the legend to Figure 1.
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@ Configurational analysis of the diastereomers of [o-'*0]dADP.

pyrophosphate!”) after 24 h;!'® examination of each reaction
mixture by *'P NMR revealed the presence of nucleoside di-
phosphate. After gel filtration of the reaction mixtures on
Sephadex G-25 to recover active adenylate cyclase, the unreacted
oxygen chiral cyclic nucleotides and nucleoside diphosphates were
isolated by chromatography on DEAE-Sephadex A-25 (HCO;").

(17) In the presence of Mg2*, pyrophosphate precipitates as the bismag-
nesium complex; this requires that the concentrations of both Mg?* and
pyrophosphate be kept low. Also, we have found that the formation of ATP
from cyclic AMP and pyrophosphate is inhibited by increasing concentrations
of uncomplexed Mg?*; at 1 mM uncomplexed Mg?*, the K, for cyclic AMP
is about 15 mM and that for pyrophosphate is about 2 mM: Wolin, M. S;
Gerlt, J. A., unpublished observations. The concentration of cyclic JAMP
was chcl)ssen to be as high as possible to minimize competitive inhibition by
dADP.

(18) The yield of glycerol phosphate (and dADP) could not be increased!?
by addition of more adenylate cyclase or glycerol kinase to the reaction
mixture. When the production of glycerol phosphate stopped, the adenylate
cyclase in the reaction mixture was about 50% as active as when the reaction
was initiated. When an analogous reaction was performed on (unlabeled)
cyclic AMP, we observed essentially quantitative conversion of the pyro-
phosphate to glycerol phothate and ADP, as judged by enzymatic assay for
glycerol phosphate and a 3'P NMR spectrum of the reaction mixture. Since
it is unlikely that the free energy of h}ldrolysis of cyclic JAMP is significantly
different than that of cyclic AMP,!” we attribute the less than quantitative
conversion of pyrophosphate to products due to inhibition of either adenylate
cyclase or glycerol kinase by dADP.

(19) Gerlt, J. A.; Gutterson, N. ; Datta, P.; Belleau, B.; Penny, C. L. J.
Am. Chem. Soc. 1980, 102, 1655.
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A 3P NMR spectrum of each sample of 80-labeled dADP
was obtained at 81.0 MHz, and the a-phosphorus regions of these
spectra are shown in Figures 1 and 2; also shown in the figures
are the same regions of spectra obtained under identical conditions
of the enzymatic products diluted threefold with unlabeled dADP.
The 30 perturbations?®?! observed in the diluted samples dem-
onstrate that the enzymatic products are highly enriched with 20;
a high degree of enrichment is expected since the starting samples
of cyclic ['*O]dAMP were enriched to the extent of at least 95%.°
The 0 perturbations of the a-phosphorus resonances are about
2.2 Hz.

On the basis of our previous stereochemical study of this en-
zyme, we would predict that the conversion of cyclic ['*0]dAMP
to [«-'*0]dADP would occur with inversion of configuration at
the chiral phosphorus atom. However, only one enzyme catalyzing
a phosphoryl transfer reaction has been examined stereochemically
with both phosphorothioate and oxygen chiral substrates; Knowles’
group has determined that the reaction catalyzed by glycerol kinase
is accompanied by an inversion of configuration whether a chiral
sample of [y-¢0,'* 0]ATPyS2 or [y-190,70,'80]ATP? is used
as the thiophosphoryl group donor. Since we did not feel that
this single example is sufficient precedent for the confident as-
signment of the configurations of our samples of [a-130]dADP,
we independently determined the configurations of our chiral
materials.

Configurational assignment at the a-phosphorus atom in oxygen
chiral nucleoside diphosphates {or at the 8-phosphorus atom in
oxygen chiral nucleoside triphosphates) requires isotopic identi-
fication of the diastereotopic oxygen atoms.?* We have found
that measurement of the '®0 perturbations of the P NMR
chemical shifts of the a-phosphorus atoms in the diastereomeric
pair of a,8-bidentate complexes of [a-'30]dADP with Co(III)
is a simple and sensitive method for performing the required
configurational analysis; the rationale for this method is sum-
marized in Scheme II.

When dADP is reacted with [Co(NH;),]** according to the
protocol described by Cleland for formation of the ,8-bidentate
complexes of ADP with Co(III),?® a diastereomeric mixture of
a,B3-bidentate Co(NH,;),dADP complexes is formed as evidenced
by examination of the 3'P NMR spectrum of the reaction mixture,
After separating the diastereomeric complexes of Co(NH;),dADP
on a column of cross-linked cycloheptaamylose,? we have found
that the JADP complexes have spectroscopic properties similar
to those reported for the ADP complexes. In particular, the first
complex to elute from the cycloheptaamylose column has a
negative CD band at 540 nm and is the one whose a-phosphorus
resonance is more downfield in the 'P NMR spectrum of the
mixture. Cleland has assigned the ADP complex which elutes
first from the column to have the A screw sense and the second
to have the A screw sense; ! this assignment should be applicable
to the dADP complexes. Thus, this information allows physical

(20) Cohn, M.; Hu, A. Proc. Natl. Acad. Sci. 1978, 75, 200.

(21) Lowe, G.; Sproat, B. S. J. Chem. Soc., Chem. Commun. 1978, 565.

(22) Pliura, D. H.; Schomburg, D.; Richard, J. P.; Frey, P. A.; Knowles,
J. R. Biochemistry 1980, 19, 325.

(23) Blattler, W. A,; Knowles, J. R. J. Am. Chem. Soc. 1979, 101, 510.

(24) An alternate method of analysis would be to perform a hydrolysis
reaction in H,!’O with snake venom phosphodiesterase as catal?'st and then
analyze the chirality of the 5-dAMP with Knowles’ procedure® (the snake
venom phosphodiesterase is known to catalyze the hydrolysis of the Rp dia-
stereomers of nucleoside phosphorothioates with retention of configura-
tion26?7). We did not have sufficient material for this type of analysis due
to the apparent inhibition of the reaction by dADP!® and the amount of
adenylate cyclase which can be conveniently prepared.

(25) Abbott, S. J.; Jones, S. R.; Weinman, S. A.; Bockhoff, F. M.;
McLafferty, F. W.; Knowles, J. R. J. Am. Chem. Soc. 1979, 101, 4323.

(26) Burgers, P. M. J.; Eckstein, F.; Hunneman, D. H. J. Biol. Chem.
1979, 254, 7476.

(27) Bryant, F. R.; Benkovic, S. J. Biochemistry 1979, 18, 2825.

(28) Cornelius, R. D.; Hart, P. A,; Cleland, W. W. Inorg. Chem. 1977,
16, 2799.

(29) Cornelius, R. D.; Cleland, W. W. Biochemistry 1978, 17, 3279.

(30) Dunaway-Mariano, D.; Cleland, W. W. Biochemistry 1980, 19, 1496.

(31) The A screw sense isomer has the .S configuration at the a-phosphorus
atom, and the A screw sense isomer has the R configuration at the a-phos-
phorus: these configurations are independent of the presence of 120.
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Figure 3. The a-phosphorus region of the 81.0-MHz 3P NMR spectra
of Co(NH;),dADP prepared from the enzymatic products which had
been isotopically diluted with an equal amount of unlabeled dJADP. The
top spectrum is that of the sample prepared from the [a-!*Q}dADP
predicted to have the Sp configuration, and the bottom spectrum is that
of the sample prepared from the [a-'*Q}dADP predicted to have the Rp
configuration. Prior to obtaining the spectra, the mixtures of Co-
(NH,),dADP diastereomers were passed through 3-mL columns of
Chelex-100, lyophilized, and dissolved in 0.075 M EDTA, pH 5.5, con-
taining 25% D,0. The spectra were obtained with a 500-Hz sweep width
and 8 K data points. The approximate chemical shift of the center of
the multiplets is +0.80 ppm. The first and third sets of resonances are
associated with the A screw sense diastereomer, and the second and
fourth are associated with the A screw sense diastereomer (two sets of
resonances are present for each diastereomer because of spin—spin cou-
pled to the S-phosphorus atoms).

distinction of the diastereotopic oxygen atoms in an uncomplexed
nucleoside diphosphate.

The required isotopic identification of the diastereotopic oxygen
atoms in uncomplexed [a-'|0]dADP can be accomplished by a
comparison of the %0 perturbations of the a-phosphorus reso-
nances of the Co(NH;)4,dADP diastereomers. The nonbridging
P-O bonds at the a-phosphorus atom should have different bond
orders as a result of complexation with the cobalt ion, with the
P-O bond whose oxygen is coordinated to the cobalt having the
smaller bond order.’> This difference in bond order will cause
the 180 perturbations in the Co(NH,),dADP diastereomers to
be different, with the complex in which 80 is complexed with
the Co(III) having the smaller perturbation,®33-34

In Figure 3, we present the a-phosphorus regions of the 81.0-
MHz 3P NMR spectra of the Co(NH;),dADP complexes ob-
tained from enzymatically produced samples of [*0O]dADP which
had been isotopically diluted with an equal amount of unlabeled
dADP. Examination of the spectrum for the sample synthesized
from the Rp diastereomer of cyclic [130]dAMP reveals that the
130 perturbation in the A screw sense complex is about 1.3 Hz
and that in the A screw sense complex is about 2.4 Hz; these
relative values®® demonstrate that the absolute configuration of
this sample of uncomplexed [a-'*0]dADP is Sp. In the spectrum
for the sample synthesized from the Sp diastereomer of cyclic

(32) The best crystallographic evidence for this statement is provided by
the analysis of phosphatobis(ethylenediamine)cobalt(III): Anderson, B.;
Milburn, R. M.; Harrowfield, J. MacB.; Robertson, G. B.; Sargeson, A. M.
J. Am. Chem. Soc. 1977, 99, 2652,

(33) Lowe, G.; Potter, B. V. L.; Sproat, B. S.; Hull, W. E. J. Chem. Soc.,
Chem. Commun. 1979, 733.

(34) Cohn, M.; Hu, A. J. Am. Chem. Soc. 1980, 102, 913.

(35) These values differ from those that would be expected if the order of
the P-Q bond complexed to Co(III) were 1 and that of the uncomplexed bond
were 2,93 i e., these bonds do not appear to be formal single and double bonds.
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["*0]dAMP, the 80 perturbation in the A complex is 2.5 Hz and
that in the A complex is 1.3 Hz; these relative values demonstrate
that the absolute configuration of this sample of uncomplexed
[a-1®O]dADP is Rp. These assignments are in agreement with
those predicted on the basis of the configurations of the precursor
cyclic ['80]dAMP samples and the stereochemical course of the
adenylate cyclase reaction determined by using ATPaS as sub-
strate. Thus, the stereochemical course of the reaction catalyzed
by this enzyme is inversion of configuration by using either oxygen
chiral or phosphorothioate substrates.

These results illustrate the considerable utility of substitu-
tion-inert Co(IIT) complexes in determining the configuration at
the a-phosphorus atom of oxygen chiral [a-'®O]nucleoside di-
phosphates. Since substitution-inert 8,y-bidentate complexes of
nucleoside triphosphates can be prepared? and their screw senses
have been assigned,*® examination of the 130 perturbations of the
B-phosphorus atoms in complexes prepared from oxygen chiral
[8-180] nucleoside triphosphates should be the most convenient
method for determining their configurations.

The enzymatic syntheses of the diastereomers of [a-1¥Q]ADP
are currently in progress.
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Total Synthesis of (+)-Maytansinol. The Common
Precursor to the Maytansinoids

Sir:

The ansa macrocyclic antitumor substances, maytansinoids,
originally isolated and characterized by Kupchan,! have been the
focus of many pharmacological? and synthetic efforts.> These
highly potent materials are currently undergoing clinical trials
under the auspices of the National Cancer Institute. In the last
2 years, there have been successful routes reported for (£)-N-
methylmaysenine (2) in racemic* and optically active’ forms and
(£)-maysine 3,° the first naturally occurring maytansinoid. We
report herein the total synthesis of (%)-maytansinol 1a which

(1) Kupchan, S. M.; Komodo, Y.; Branfman, A, R.; Sneden, A. T.; Court,
W. A, Thomas, G. J,; Hintz, H. P. J.; Smith, R. M.; Karim, A.; Howie, G.
A,; Verma, A. K.; Nagao, Y; Dailey, R. G.; Zimmerly, V. A.; Sumner, W.
C. J. Org. Chem. 1977, 42, 2349,

(2) Chabner, B. A.; Levine, A. S.; Johnson, B. L.; Young, R. C. Cancer
Treat. Rep. 1978, 62, 429.

(3) (a) Gotschi, E.; Schneider, F.; Wagner, H.; Bernauer, K. Helv. Chim.
Acta 1977, 60, 1416. (b) Samson, M,; DeClerq, P.; DeWilde, H.; Vandewalle,
M. Tetrahedron Lett. 1977, 3195. (c) Edwards, O. E.; Ho, P-T. Can. J.
Chem. 1977, 55, 371. (d) Elliot, W. J.; Fried, J. J. Org. Chem. 1976, 41, 2469.
(e) Bonjouklian, R.; Ganem, B. Tetrahedron Lett. 1977, 2835.

(4) Corey, E. J.; Weigel, L. O.; Floyd, D.; Bock, M. G. J. Am. Chem, Soc.
1978, 100, 2916. Meyers, A. 1; Roland, D. M.; Comins, D. L.; Henning, R.;
Fleming, M. P.; Shimizu, K. Ibid. 1979, 101, 4732.

(5) Corey, E. J.; Weigel, L. O.; Chamberlin, A. R.; Lipshutz, B. J. Am.
Chem. Soc. 1980, 102, 1439,

(6) Meyers, A. I; Comins, D. L.; Roland, D. M,; Henning, R.; Shimizu,
K. J. Am. Chem. Soc. 1979, 101, 7104.
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1, R=H
1b, R = COCH(CH,)N(CH, )COCH,
I, R= COCH,

MeO

MeO

maysine (3)

contains all the requisite functionality and stereochemical prop-
erties of the antitumor agents maytansine (1b), maytanacine (1¢),
and other simple acylated derivatives.” Since natural (-)-1a has
been transformed via routine acylation to (-)-1b, (-)-1¢, and other
esters at C-3, this also constitutes the formal total synthesis, in
racemic form, for these highly active tumor inhibitors and es-
tablishes 1a as the pivotal precursor to all these interesting sub-
stances.

The synthetic scheme leading to ()-1a follows from the key
intermediate 4a® which served as the precursor to (£)-maysine.®

MeO

Me MeO

4a,R, =H,R, = CHO
4b, R, = COCH,, R, = CHO
4¢, R, = COCH,, R, = CO,Me

MeQ

(7) Maytansinol is the key precursor isolated by Kupchan' and observed
by the Takeda Company group and transformed into a variety of acylated
derivatives at C-3; Higashida, E.; Asai, M.; Ootsu, K,; Tanida, S.; Kozai, Y.;
Hasegawa, T ; Kishi, T.; Sugino, Y.; Yoneda, M. Nature (London) 1977, 270,
721.
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