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Several one-electron reduction products of y(1,2)-[H,SiV,W 0y ]° "~ were separated by precipitating or coprecipitating
with diamagnetic host compounds at different pH. Mono- and diprotonated species, 1 and 2, in powder samples
exhibit EPR spectra characteristic of a mononuclear oxovanadium species, indicating that the unpaired electron is
trapped at one vanadium atom. The EPR spectrum of the unprotonated species 0 shows 15 parallel lines, indicating
that the unpaired electron interacts equally with two vanadium atoms. While different species were precipitated depend-
ing upon the pH of the solution and the charge of the host anion, only one species 1’ was formed in the frozen
solutions at pH 3.2-4.7. The EPR spectrum of 1' indicates that the unpaired electron is trapped at one vanadium
atom and 1/16 of the spin density is delocalized onto the second vanadium atom. The species 1’ is probably another
form of the monoprotonated species. The EPR spectra show that some of 2 transform into 1 and some of 0 transform
into 1’ in the solid state at low temperatures. It is suggested that proton transfer between the heteropolyanion and
water molecues in the solid state is involved in these transformations.

Introduction

Mixed-valence Keggin and Dawson anions containing
vanadium(IV) and vanadium(V) exhibit a variety of interes-
ting EPR spectra. Solution spectra consisting of 15, 22, 36,
and 43 lines have been observed for di- and trivanadium
substituted species.'”® Multiline EPR spectra indicate that
the unpaired electron interacts with more than one vanadium
({=7/2) atom, and they can be simulated by using either
2 hopping electron model or a delocalized electron model>®
Polycrystalline EPR spectra have provided more information
about the behavior of the unpaired electron in these systems.
Temperature-dependent spectra indicative of intramolecular
electron transfer between two vanadium atoms were obser-
ved.” A temperature-independent spectrum with 57 parallel
lines was simulated by assuming that the unpaired electron
is delocalized over three vanadium atoms, two of them being
equivalent.® *

These studies show that vanadium atom can be used as
a very sensitive probe for the behavior of the unpaired elec-
tron in these metal-oxygen cluster compounds. We have ext-
ended our EPR study to reduction products of y{(1,2)-[H.-
SiV,Wi040]% ", which must have the same structure as
that® of y(1,2)-[PV,Wi04)°"; see Figure 1. In this compound
two vanadium atoms share two bridging oxygen atoms, while
those in the Keggin and Dawson anions share one bridging
oxygen atom. And the angle between the two V=0 vectors
is 31°.

Experimental

Preparation of Samples. Cs, y(1.2)-[H,SiV,W00y]-
nH,O (hereafter denoted as CsSiV.) was synthesized accord-
ing to the literature method?® Its IR spectrum agrees with
the reported one® except that the splitting of the 964 cm™!
band is not so well resolved. As this compound was used
as a coprecipitating agent, the cesium and water contents

Figure 1. The structure of y{1,2-[PV.W;04]°". Redrawn from
Figure 2 of ref 9.

of the cesium salts precipitated at pH 4.7 and 3.7 were ana-
lyzed to determine the charge of the anion. The salt precipi-
tated at pH 4.7. Caled for Css[SiVoW,,040]-12H,0: Cs 220,
H;O 6.0. Found: Cs 22, H,O 5.84. The salt precipitated at
pH 3.7. Calcd for Css[ HSiV,W,0041-8H;0: Cs 194, H,O 4.22.
Found: Cs 20.2, H,O 44.

CsSiV, was dissolved in a phthalate buffer of pH 3.7, and
reduced by sodium dithionite. A solid (hereafter called Sam-
ple I) was precipitated by adding cesium chloride. In order
to dilute Sample I in a diamagnetic host compound, Sample
I and CsSiV; in the ratio of 1 : 20 were dissolved in a phtha-
late buffer of pH 3.7, and a solid (Sample 1[I} was precipitated
by adding CsCl.

The same procedure was followed using an acetate buffer
of pH 4.7 to prepare undilute Sample III and dilute Sample
Iv.

The following procedure was used to prepare frozen solu-
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Figure 2. EPR spectra of (a) Sample I (undilute powder precipi-
tated at pH 3.7) at 298 K, (b} Sample II (dilute powder precipita-
ted at pH 3.7) at 298 K, and {c) Sample 1] at 77 K. In addition
to the component observed at 298 K, a new component (2a)
appears at 77 K.

tions. CsSiV; was dissolved in a buffer, reduced by adding
sodium dithicnite, and precipitated by adding cesium chlo-
ride. The precipitate was dissolved in the same buffer, and
an equal volume of ethylene glycol was added to the solution.
The mixed solution was frozen by liquid nitrogen.

Measurements. EPR spectra were recorded on a Bru-
ker EPR spectrometer (Model ER 200E) operating at 9.7
GHz. The microwave frequency was measured by an Anritsu
frequency counter, and DPPH was used as a g-marker. IR
spectra were recorded on a Mattson FT IR spectrometer
(Galaxy 2000). Cesium was determined by ICP-Mass spectro-
metry, and hydrated water was analyzed by TGA.

Results and Discussion

Diprotonated Species. The EPR spectra of Samples
[ and II (undilute and ditute powder samples precipitated
at pH 3.7) measured at 298 K are shown in Figures 2(a)
and 2(b). Samples I and I exhibit the same spectrum (herea-
fter “Spectrum 2") typical of a mononuclear oxovanadium
complex. (The four chemical species reported in this paper
and their EPR spectra will be designated by the number
of protons attached to the heteropolyanion.) When a parama-
gnetic heteropolyanion is diluted into a diamagnetic host
compound, the guest anion having the same charge as that
of the host anion is most likely to be coprecipitated. Elemen-
tal analysis shows that the host compound precipitated at
pH 3.7 is mainly Css[HSiV:WioO4]-8H,O. Since the charge
of the host anion is —5, the species 2 responsible for Spec-
trum 2 must be the diprotonated species, Y(1,2)-[H:SiVVW,o-
OplP~.
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Figure 3. (a) Measured and (b) simulated EPR spectra of Sam-
ple I at 298 K.

The 77 K spectra of Samples I and Il exhibit an additional
component (Spectrum 2a); the spectrum for Sample Il is
shown in Figure 2(c). Spectrum 2a is attributed to a mono-
protonated species; see below.

The EPR spectrum of an oxovanadium complex can he
described by the spin Hamiltonian.

H=pH-g-S+5-4"1 6y

For an axial system the spin Hamiltonian may be written
4as

H,=plg,HS.+g (HSAHSYI+ASL+A,SL+SL) @)

If the system responsible for Spectrum 2 is assumed to be
axial, the best EPR parameters determined by simalation
are g,=19555, g, =19670, A,=(—)0.0156, and A, =(—-)
0.0054 cm ™', However, this simulation does not generate the
splitting of the fourth perpendicular line into three lines,
indicating that this system deviates from the axial symmetry.
We have not been able to stmulate the spectrum by introd-
ucing in-plane anisotropy alone. Proper simulation of the
spectrum required setting the principal axes of g and A to
be noncoincident. When the A; axis is rotated 40° from the
g axis, the observed splitting is simulated; see Figure 3.
The resufting EPR parameters are gy=g.=1.970, g;=1.945,
A =A,=(—)0.00525, and A;=(—)0.0156 cm™".
Monoprotonated Species. Sample IV (dilute sample
precipitated at pH 4.7) exhibits the same spectrum at 298
and 77 K; see Figure 4(a). Since the host compound is Css
v{1,2)-[SiV,W004], the guest anion must be the monoproto-
nated species, y{1,2}-[HSiVYVW;,04]%". The spectrum
(Spectrum 1), which is similar to that of a mononuclear oxo-
vanadium complex, could be simuiated nicely using the axial
spin Hamiltonian given in Eq. (2); see Figure 4(b). The resu-
lting EPR parameters are g,=1914, g,=1964, 4,=(—)
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Figure 4. (a) Measured and (b) simulated EPR spectra of Sam-
ple IV (dilute powder precipitated at pH 4.7). The spectra mea-
sured at 298 and 77 K are the same.
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00164, and A.=(—)0.00563 cm™.

On close examination of Spectrum 1 we note that each
of the broad parallel lines consists of several lines. This sug-
gests that several closely related species contribute to Spect-
rum L A sample prepared by controlled potential electrolysis
exhibited two such species.

Unprotonated Species. The EPR spectra of Sample
III (undilute sample precipitated at pH 4.7) measured at 298
and 77 K are shown in Figure 5. The 298 K spectrum consi-
sts of a broad component and a component (Spectrum 0)
having 15 “parallel” lines. At 77 K the broad component
disappears and a new component (Spectrum 0a) appears. Si-
nce the species 0 responsible for Spectrum 0 is not copreci-
pitated with Css ¥(1,2)-[SiV,Wy,Ow] at pH 4.7, it must be
the unprotonated species, y(1,2)-[SiVVW,04]°~. The broad
component may be attributed to a two-electron reduction
product. Spectrum Oa appearing at low temperature agrees
with the frozen solution spectrum; see below.

Spectrum @ is similar to that of a(1,2)-[PV"VVW,0]%,
in which the unpaired electron interacts with two equivalent
vanadium atoms>® Some hyperfine lines seem to be broade-
ned at 77 K, indicating that the electron transfer rate is
temperature-dependent. When an electron is hopping bet-
ween two sites, modified Bloch equations can be used to
describe the EPR line shape®® This method has been used
successfully to simulate the solution EPR spectra of various
mixed-valence compounds. We have extended this method
to the simulation of Spectrum 0 which is a polycrystalline
spectrum. Qur approach is to calculate the positions of eight
hyperfine lines expected when the unpaired electron is trap-
ped at each vanadium atom for a given direction of the mag-
netic field, then to calculate the spectrum for each combina-
tion of two nuclear spin states using modified Bloch equa-

Jeongmin Park and Hyunsoo So

P SO [ U ST SO SN SR ST S (N M T

250 300 350 400
Magnetic Field (mT)
Figure 5. EPR spectra of Sample 11 (undilute powder precipita-
ted at pH 4.7) measured at (a) 298 and (b) 77 K. The broad
component observed at room temperature disappears and a new
component {0a) appears at 77 K.
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Figure 6. {3} Measured and (b) simulated EPR spectra of Sam-
pie III at 298 K

tions, and finally to add up the spectra for all possible combi-
nations of the nuclear spin states and for all possible direc-
tions of the magnetic field.

In order to simulate Spectrum 0 we assume that the prin-
cipal axes of g and A coincide, the g1 axes are parallel to
the V=0 vectors, and the g axes lie in the plane containing
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Figure 7. (a) Measured and (b) simulated frozen sclution EPR
spectra of Sample I or IIL

two V=0 vectors. A simulated spectrum is shown in Figure
6(b). The parameters used for simulation are g,=1947, g.=
1975, 2:=1984, A,=A,={—)0.0060, A;=(—)Y.0128 cm™},
and P=2.6X10Y 571 Here P is the transition probability
per second for the intramolecular electron transfer. Although
most of the observed lines are accounted for, the intensity
distribution of the inner lines is not simulated satisfactorily.
The discrepancy may originate in the assumption that the
principal axes of g and 4 are coincident. The imperfect simu-
lation makes it difficult to determine an accurate transition
probability.

The broad component, which is indicative of a strong dipo-
lar interaction, may be assigned to a two-electron reduction
product. The relative intensity of this component depended
upon the amount of reducing agent added. The fact that
its intensity decreases as the temperature is lowered shows
that it originates in the excited triplet state, the ground state
being a singlet. Such excited state EPR spectrum was obser-
ved for the copper(Il) acetate dimer."'! The two-electron re-
duction product can also explain the sharpness of the EPR
spectrum observed for Sample III. If Sample III were a pure
one-electron reduction product, its spectrum would be quite
broad because of the intermolecular dipolar interaction. As
the species 0 was diluted in the two-electron reduction pro-
duct, it exhibited a sharp spectrum. A broad component
showing a similar behavior was also observed for Sample
L

Frozen Solution Spectrum. The same EPR spectrum
was observed for the frozen solutions at pH 32, 3.7 and
4.7. This spectrum (Spectrum 1) shown in Figure 7(a} is
different from any spectrum attributed to un-, mono-, or dip-
rotonated species above. Its parallel lines have flat tops, and
one perpendicular line exhibits superhyperfine structure with
a splitting of 0.67 mT. The spectrum can be simulated by
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Table 1. EPR Parameters of v(1,2)-[H,SiVVVW,,0,0]7" "~ Spec-
ies

2 1 0 I
&1 8 @) 1.970 1.964 1.947, 1975 1.969
& @) 1.945 1.914 1.984 1.940
A, A A) —525 —56.3 —60.0 —570
A A ~-1560 —164.0 —1275 —165.0
B. B; —54
B; —74

*Hyperfine coupling constants are in units of 107 ¢cm™'. Their
signs are assumed {0 be negative,

assuming that the unpaired electron is trapped at one vana-
dium atom with partial delocalization onto the other vana-
dium atom. The appropriate spin Hamiltonian is as follows:

H=H\+B\S,l,+BoSyel+BsS ol @

The z; axis was assumed to lie along the second V=0 vector
which cants away from the first V=0 vector by 31°. The
simulated spectrum is shown in Figure 7(b). The resulting
parameters are g,=1940, g, =1969, A,=(—)0.0165 A, =
(—)0.0057, B\=B,=(—)0.00054, and B,={(—)0.00074 c¢m™.
The isotropic hyperfine coupling constants for two vanadium
atoms are 0.0093 and 0.00061 cm™. If the isotropic hyperfine
coupling constant is used as a2 measure of the unpaired elect-
ron density on the vanadium atom, the ratio of the unpaired
electron density on two vanadium atoms is 15: 1.

The species 1" responsible for Spectrum 1’ is the only
species trapped in the frozen solution at pH 3.2-4.7. It is
also formed from 0 in the solid state at low temperatures.
Probably a proton transfer is involved in this transformation;
see below. The species 1' has most of the unpaired electron
density at one vanadium atom and only 1/16 of it at the
second vanadium atom. If the extent of delocalization of the
unpaired electron onto the second vanadium atom is compa-
red, 1’ lies between the diprotonated species for which the
unpaired electron is trapped at one vanadium atom and the
unprotonated species for which the electron interacts equally
with two vanadium atoms. These results lead us to believe
that 1’ is another monoprotonated species. We have already
seen a monoprotonated species 1 which does not exhibit
any superhyperfine structure. Thus 1’ and 1 should have
different configurations. It is intriguing that the monoproto-
nated species can have different configurations in the matrix
of a host compound and in the frozen solution.

It is remarkable that only 1’ is trapped in the frozen solu-
tions at pH 3.2-4.7. This means that all other one-electron
reduction species, which have been in equilibrium with 1’
in solution, transform into 1° in the process of freezing.

EPR Parameters. The EPR parameters of the four
species are listed in Table 1. The parameters of 1 and 1
are similar to those of other heteropolyanions containing one
oxovanadium ion.'*™® Although the parameters of 2 are nor-
mal, the principal axes of g and A are noncoincident. EPR
spectra of most oxovanadium complexes could be intepreted
in terms of an axial spin Hamiltonian. For an axial system,
the principal axes of g and 4 are coincident, and one of them
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is parallel to the V=0 vector. But 2 shows a feature charac-
teristic of 2 severe noncoincidence of the principal axes of
g and A. A similar noncoincidence was found for an oxomoly-
bdenum compound, [MoO(SCN);]?~, for which the A; axis
deviates slightly from the Mo=O0 axis, but the g, axis is
rotated 14° from the Mo=0 vector.” While the orientation
of the 4 matrix is determined primarily by that of the non-
bonding 4, orbital, the principal axes of the g matrix are
determined by the orientations of the orbitals of the excited
states which are mixed into the ground state pia spin-orbit
coupling. So the principal axes of g and 4 need not coincide,
but the rotation of the gy axis by 40° from the A; axis is
difficult to explain.

The parameters of 0 look peculiar, for g is larger than
the other g values. Such reversal has never been observed
for oxovanadium complexes. The small A; value is similar
to that of [HPV"™V,Wy0415~, in which the unpaired electron
trapped at one vanadium atom is partially delocalized onto
the other two vanadium atoms.”

Proton Transfer in the Solid State. Now that the
EPR spectra of un-, mono-, and diprotonated species have
been identified, the spectral components appearing at 77 K
may be assigned. Spectrum 2a in Figure 2(c) agrees with
Spectrum 1. This means that some of the diprotonated spec-
ies 2 transform into the monoprotonated species 1 by proton
transfer from 2 to a hydrated water molecule at low tempe-
rature. Temperature dependence of the spectrum indicates
that the proton transfer is reversible for fresh samples.®

Spectrum 0a in Figure 4(b) coincides with Spectrum 1',
indicating that some of the unprotonated species 0 transform
into the monoprotonated species 1’. The source of the proton
is probably not the hydrated water molecules, for ¢ cannot
be more basic than OH™. Then the proton must come from
an oxonium ion which is in the vicinity of the heteropoly-
anion in the crystal. X-ray structural analysis has revealed
that crystals of some heteropoly compounds contain oxenium
ions.’

These results suggest the following scheme for the trans-
formation of the species.

_H+ .
HSiVYY (2) +?—1 HSiV'V (1)

t .

HSiVYY (1) +% SiV¥V (0)

Aithough transformation between 1 and 1’ has not been ob-
served directly, formation of 1’ only in the frozen solutions
at pH 3.2-4.7 suggests such transformation."”

Solid-state thermal isomerizations of some heteropolya-
nions were reported,’®® but their energetics are poorly un-
derstood. Proton transfer in the solid state containing hete-
ropolyanions has not been reported so far. As was pointed
out by Finke ef al.," solid-state rearrangements of polyanions
may be more general and proton transfer may induce such
rearrangements in some cases.

Effect of Protonation on Molecular Structure. We
will assume that y(1,2)-[SiVVVWi04)’~ has essentially the
same structure as y(1,2)-[PV,Wi04]°~ shown in Figure 1.
The vanadium atoms are connected by two bridging oxygen
atoms. The V-O-V angle (97°) shows that the contribution
of the oxygen 2s orbital to the V-O bonding is relatively
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small. The unpaired electron in the V** ion resides in the
3d,, orbital, and overlap of two 3d, orbitals provides the
pathway of electron transfer between the two vanadium
atoms. For the unprotonated species, the extent of this over-
lap is large enough to allow the unpaired electron to interact
equally with the two vanadium nuclei.

Now we consider the protonated species. Terminal and
bridging oxygen atoms are potential sites for protonation.
The protonation behavior of polyvanadates and vanadotung-
states suggested that the bridging oxygen atoms are more
basic than the terminal oxygen atoms.® 2 There are several
types of bridging oxygen atoms in y(1,2)-[SiV¥VW0,] :
those between two tungsten atoms, those between one tung-
sten atom and one vanadium atom, and those between two
vanadium atoms. When a hexavalent tungsten atom in a he-
teropolyanion is replaced by a pentavalent vanadium atom,
the bridging oxygen atoms bhonded to the vanadium atom
get extra negative charges® So the oxygen. atoms between
two vanadium atoms are most basic, and they must be pro-
tonated preferentially.

When the bridging oxygen atom O, is protonated, the V-
Oy, bond length is expected to increase. X-ray structural anal-
yses of polyvanadates have revealed that protonation of Oy
increases the V-0 bond distance by 0.05-0.10 A®#, In addi-
tion, the V-Oy-V angle is expected to increase on protonation,
for sp® hybrid orbitals of O, are involved in the V-O, bond-
ing. The V-O,-V angles in a hexavanadate fall in the range
109-113°, indicating that sp® hybrid orbitals are used in the
V-0, bonding even when the oxygen atom is unprotonated.”
In this case protonation of O, causes no significant change
in the V-O,-V angle. However, when the V-O,-V angle is
97°, it may increase by ca 10° on protonation. These changes
cause considerable lengthening of the V---V distance. Model
building shows that the angle between two Y=0 vectors
also increases on protonation to accomodate the elongated
V;0s moiety in the heteropolyanion framework. All these
changes decrease overlap of the two 3d,, orbitals. This exp-
lains why the electron is trapped at one vanadium atom for
the diprotonated species.
~ Now the intermediate case is the monoprotonated species.
Actually two different species have been identified. The spec-
ies 1 is coprecipitated at pH 4.7 with Csg v(1.2)-[SiV,W10040].
and formed from the diprotonated species 2 in the solid
state at low temperature. So the structure of 1 seems to
be closely related to that of 2. On the other hand, U’ is
trapped in the frozen solution at pH 3.2-4.7, and formed from
the unprotonated species 0 in the solid state at low tempera-
ture. So 1’ seems to be closely related structurally with 0.

The existence of two monoprotonated species may be exp-
lained in terms of the V-0,-V angle. When O, is protonated,
the V-Gy(H)-V angle is ca 109° because of the sp® hybrid
orbitals involved. When O, is not protonated, the V-G-V
angle can be either ca 109° (sp®) or ca 90° {p* ). Therefore,
when a proton is removed from 2, the V-Oy-V angle need
not change from ce 109°. This monoprotonated species,
which will have essentially the same structure as 2, may
be 1. On the other hand, when a proton is added to 0, one
of the V-O,-V angles should change from 97° to ca 109°.
This monoprotonated species, which has a large V-Oy(H)-V
angle and a small V-O,-V angle, may be 1'. Since any change
in the V-O,-V angle is associated with a considerable adjust-
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Figure 8. Infrared spectra of (a) Csy y{(1,2}-[ H.8iV,W10u]-nH,-
0O, (b} Css y(1.2)-[HSiV:W 1404 - nH;0, and (c) Css v(1,2)-[SiV, Wiy~
Q] nH;0.

ment in the whole framework of the anion, an energy barrier
can exist between these two monoprotonated species.

The effect of protonmation on the molecular structure is
also reflected in the IR spectra of Css—, Y(1,2)-[H,SiV:WO4]
(n=2, 1 or 0); see Figure 8. The IR spectrum of the diproto-
nated species exhibit four prominent bands at 700-1100 cm™!
similar to those of the a-[SiW04p]*", for which the bands
were assigned to the stretchings of the following groups:
967-981 (W=0), 920-928 (Si-0), and 878-894 and 780-797
cm™! (W-0,-W, W-0-W).5%* Here O, and O. represent the
bridging oxygen atom between corner-sharing octahedra, and
that between edge-sharing octahedra, respectively. y(1,2)-{ H;-
SiV,W040]* " is expected to exhibit similar bands in addition
to the bands characteristic of the y structure and the V,0q
moiety. Some additional bands appear overlapped with the
bands at 964 and 909 cm™!. In fact, the 964 cm™! band is
split into two lines in the IR spectrum reported previously®
One of these lines may originate in the stretching of V=0.

The effect of deprotonation is clearly seen in the spectra.
The band at 866 cm ™! and the bands at 909-918 cm ™! under-
go no significant change on deprotonation. The band at 777
cm™! band is broadened for the monoptonated species, and
split into two bands at 741 and 791 cm™! for the unprotona-
ted species. The 964 cm™! band shiits to lower frequency
as the proton is removed, and an additional band appears
at 988 cm™! for the unprotonated species. However, it is
difficult to explain these changes in terms of the degree
of protonation.

Concluding Remarks, We have detected at least four
different one-electron reduction products of y(1,2)-[H,SiV.-
Wi600)6 ™ by EPR spectroscopy. Temperature-dependent
transformations between seme species in the solid state sug-
gest that proton transfer is involved. The EPR spectra have
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provided considerable information on the structures of these
species. However, several unsolved problems remain: (1)
Why is the g; axis rotated 40° from the A; axis in 2? (2)
What causes the proton transfer in the solid states? In addi-
tion, a complete simulation of Spectrum 0 is also an unsolved
problem. More work is needed, including EPR study of dilute
single crystals, to clarify these problems.
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A new kind of aminophosphonopeptides containing carbapenem, allyl{5R,65)-3-(2-carbobenzyloxyamino-3-dialkylphos-
phonopropionyl-2-amino)ethanthio-6-{(1'R)-hydroxyethyl) -7-ox0-1-azabicyclo[ 3.2.0]hept-2-ene-carboxylate 1a-1d, have
been synthesized. 2-Carbobenzyloxyamino-3-dialkylphosphonopropionyl-2-amino-ethanethiol 7a-7d, aminophesphonopep-
tides, were produced starting from N-carbobenzyloxyserine methyl ester (2) and 2.amino-3-dialkyl-phosphonopropionate
(4) by way of methyl 2-carbobenzyloxyamino-3-dialkylphosphonopropionate 5a-5d. The coupling of amino-phosphonope-
ptides 7a-7d and allyt (5R,65)-6-{ (1'R)-hydroxyethyl} -1-aza-3,7-dioxobicyclo[ 3.2.0]-heptane-2-carboxylate yielded amino-

phosphonopeptides containing carbapenem la-1d.

[ntroduction

Since 2-aminoethylphosphonic acid (2-AEPn) was isolated
from sheep rumen in 1959 by Horiguchi and his coworkers,'
many aminophosphonic acids and their derivatives have been
discovered in living organism. Aminophosphonic acids are
also discovered in mamimalian tissues such as human muscle,
sheep liver, and bovine brain.*~® Its concentration in human
tissues was higher in heart and skeletal muscle than in liver
and brain. It has been known that the compounds having
carbon-phosphorus bond are also stable. Aminophosphonic
acids and their derivatives have attracted attenion because
of their antibiotic, herbicidal, pesticidal, anticancer, and en-
zyme inhibitory activities and because of particulary their
structural similarities to biologically important amino acids.

Recently, incorporated with synthetic derivatives, biological
activity of aminophosphonopeptides were widely investigated.
Kieinrok et al? investigated central pharmacological proper-
ties of aminophosphonic acids and their derivatives. Among
varicus disciplines neurochemistry and neuropharmacology
are the most brisk areas concerning the activity of amino-
phosphonic acid. The effect of @-phosphono-a-aminocarboxy-
lic acid on seizures and brain level in E1 mice was tested.”
Carbapenem has a different structure from penicillin and
cephalosporin and has a broader antibiotic, antibacterial acti-
vity and resistance to hydrolysis by B-lactamase. There were
many carbapenem derivatives containing amide-bonded alkyl-
thiol group at C-3 position which were synthesized because
of their antibiotic activity."'~"* Atherton® reported phospho-
nopeptides containing penicillin or cephalosphorin synergis-
ted antibiotic activity. Phosphonopeptides are structurally di-
vided into two groups, one containing carbon-nitrogen bond
and the other amide containing phosphorus-nitrogen bond,

Phosphonopeptides containing C-N amide bond was found
to be a strong compeptitive inhibitor of peptide hydrolysis
enzyme. Jacobson® reported N-[[ {(benzyloxycarbonyl)amino}
methylJhydroxyphosphonylJ-L-phenylalanylalanine was an
active inhibitor of carboxypeptidase A. Elliott? also observed
that phosphonopeptides containing C-N amide bond was an
effective inhibitor of enkephalinase in kidney of rat and brain
of man. Phosphonopeptides containing P-N amide bond have
antibiotic activity because they inhibit biosynthesis of pepti-
doglycan in bacterial cellwall as well as penicillin and cepha-
losphorin antibiotics. Allen® synthesized alaphosphorin which
i1s a dipeptide of l-aminoethylphosphonic acid and L-alanine
and showed its antibacterial and antiviral activities. Niida*
and Bayer” separated bialafos(phosphinothricylalanylalanine)
from a fermentation broth of Strepfomyces hygroscopicus and
Stretomyces viridochromogens, and discovered its broad anti-
biotic activity for Gram positive and Gram negative bacteria.
Now we accomplished a total synthesis of new aminophos-
phonopeptides containing carbapenem 1a-d. In this paper,
the authors wish to report the synthesis of allyl-(5R,6S5)-3-
(2-carbobenzyloxyamino-3-dialkylphosphonopropionyl-2-
amino)ethanethio-6-{ (1'R)-hydroxyethyl} - 7-oxo-1-azabicyclo[ 3.
2.0]hept-2-ene-carboxylate 1a-d, as shown in Scheme 1.

Results and Discussion

A synthesis of allyl (3R ,65)-(2-carbobenzyloxyamino-3-dial-
kylphosphonopropionyl-2-amino)ethanthio-6-{ (1'R)-hydroxy-
ethyl}-7-oxo-1-azabicyclo[3.2.0Thept-2-ene-carboxylate la-d
was carried out using inexpensive chemicals. N-carbobenzyl-
oxyserine methyl ester (2) was tosylated to give O-tosyl N-
carbobenzyloxyserine (3)-in 86% yield. Methy! 2-carbobenzyl-
oxyamino-3-dialkylphosphonopropionate (§) was prepared in



