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Protection of the amino acid function of C-formylglycine (abbreviated: C-formyl-
glyOH) by synthesis from the chiral bis(ethylenediamine)glycinatocobalt(III)
ion is described. The A(-)sg-[Co(en),C-formylglycinato}** complex, 2, condenses
in aqueous pyridine buffer with (§)-penicillamine to give largely the (25,45, aS)
(C) and (2S,4S,aR) (B) isomers of the corresponding Co(III) complexes of the
coordinated penicilloates. The stereochemistry of these isomers was elucidated by
X-ray crystallography. Isomer C, A(2S,4S,a8)—(C,;H,0,N¢SCo - C10O, - 3H,0):
space group P2,2,2,; a = 18.478(6), b = 12.698(3), c = 9.889(4) A, Z = 4, 2308 in-
dependent reflections [F°Z3.0(F%)], residual R,=0.045. Isomer B,
A(25,48,0R)—(C,H,30,N(SCo - ClO, - 2H,0): space group P2,2,2,; a=15.865
(6), b=13.142(4), c = 10.683(4) A, Z = 4, 4400 independent reflections [F* = 3.0
(F?)), residual R, = 0.070. With the condensation reaction in Me,SO or DMF so-
lutions, all four possible isomeric (4S) penicilloato complexes were observed. In
DCl solution, each isomer undergoes a rearrangement to give an equilibrium mix-
ture with its C-2 epimer. The condensation in 0.1 M DCl leads stereoselectively to
the (25,45, aS) (C) isomer as the initial product, which subsequently epimerises.
The mechanisms of the condensation and epimerisation reactions are discussed.

The first total synthesis of the penicillin nucleus
was achieved in the 1950’s by Sheehan and co-
workers."” Germane to the successful synthesis
was the attainment of the correct stereochemistry
at C-2 and C-a during the thiazolidine condensa-
tion (Scheme 1). In Sheehan’s work, the reaction
of the protected C-formylglycine 1 with (S)-pen-
icillamine afforded largely two of the possible
four diastereoisomers,* isolated in 54 % total
yield, which were efficiently separated on the ba-
sis of their different solubilities in water—alcohol
mixtures. One diastereoisomer was found to have
the naturally occurring configuration,

*In accordance with Chemical Abstracts usage, these
penicilloic acids are treated as derivatives of 2-thiazol-
idineacetic acid and are numbered as in Scheme 1.
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(2R,45,aR), whilst the other was subsequently*
shown to be (25,4S5,aS).

Protected C-formylglycines such as 1, apart
from their use as precursors in penicilloic acid
synthesis, have potential in the preparation of
a,B-diaminoacids as well as the derived f3-lactam
compounds. Analogues of 1 have now been pre-
pared in which protection of both the amine and
carboxylate functions is achieved by coordination
to a substitution-inert tetraaminecobalt(IIT)
moiety. The preparation of tris(2-aminoethyl)-
amine complexes of this type, via Vilsmeier-
Haack formylation of the chelated glycinato com-
plex, has previously been reported.>¢ However,
for this system, which is achiral with respect to
the disposition of chelate rings, the reaction with
(S)-penicillamine in Me,SO or aqueous solution
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exhibited little stereoselectivity.” The possibility
exists that the use of a chiral ligating system
about Co** could lead to asymmetric induction in
the reaction with (§)-penicillamine, and for this
reason the enantiomers of the bis(ethylenedi-
amine)(C-formylglycinato)cobalt(III) ion, A-
and A-2, have been synthesised. In this paper we
report the preparation of these potentially useful
chiral synthons, their reactions with (S5)-penicill-
amine, akin to that described in Scheme 1, the
stereochemical course of the reaction and the so-
lution properties of the derived complexes.

Experimental

Absorption spectra and optical rotations were
monitored with a Cary 14 spectrophotometer and
a  Perkin-Elmer P22  spectropolarimeter
(£0.002°), respectively, for the latter in 1 dm
quartz cells. All listed values of specific ([a],) and
molar ([M],) rotations are at 25.0+0.1°C in units
of deg ml g! dm™! and deg M™! m™!, respec-
tively. IR spectra (KBr disks) were recorded on a
Perkin-Elmer 683 spectrophotometer. NMR
spectra were recorded with a Bruker CXP 200
(*H) or a Jeol INM-FX 200 instrument (‘H, *C)
using sodium 3-(trimethylsilyl)propanesulfonate
(NaTPS) (H) or 1,4-dioxane (**C) as internal
standards. Unless otherwise stated, D,0O was
used as solvent and chemical shifts § (positive
downfield) are given in ppm relative to 1,4-di-
oxane ("C) or Me,Si ('H), taking & for NaTPS as
—-0.02.

The ion-exchange resins employed, AG
50W-X2 (cation) and Dowex 1-X8 (anion), were
both 200400 mesh (Bio-Rad). Dimensions of re-
sin columns are given as diameter X length. All
routine evaporation of solvents was carried out at
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reduced pressure (~20 torr) on a Biichi rotary
evaporator using a water aspirator and water
bath (45°C).

All chemicals were of analytical grade. Com-
mercial HO,SCF; (3M Co.) was distilled before
use. S-penicillamine was purchased as natural D-
penicillamine.

[Co(en),glyO](ClO,),. Portions of [Co(en),-
CO;]CI? (138 g, 0.50 mol) were carefully added to
ice-cold 4 M HCIO, (325 ml) with stirring and the
ice-cooled mixture was purged with N, for 1h.
Glycine (41 g, 0.50 mol) followed by NaOH solu-
tion (32g, 0.80 mol in 150 ml of water) were
added to the reaction mixture and the resulting
solution was heated on a steam-bath for 2 h. To
the hot, orange-coloured solution was added
NaClO, - H,0 (150 g) with stirring and the mix-
ture was left at 0°C overnight to crystallize. The
orange crystals were collected and washed with
ethanol and ether. Yield 184 g (81.5%).

[Co(en),glyO]Cl,. Crude [Co(en),glyO](ClO,),
(184 g, 0.4 mol), dissolved in water, was sorbed
on an AG 50W-X2 column (820 cm) in the H*
form. The column was washed with 0.5 M HCl to
remove two minor purple impurities and the
main (orange) band was eluted with 2M HCIL.
This fraction was concentrated to 180 ml whence
crystals started to form. The precipitation was
completed by gradual addition of ethanol
(200 ml) with stirring. The solid product was col-
lected, washed with ethanol-water (2:1, v/v), eth-
anol and then ether. Yield 115 g (97 %).

A(+)ssy- and A(=)sp9-[Co(en) glyO](O;SCF), -
HO;SCF;. [Co(en),glyO]Cl, (48 g, 0.15 mol) was
dissolved in 11 of water and the solution passed
down a column (6x20 cm) of Dowex 1-X8 anion-
exchange resin in the acetate form. The eluate
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was concentrated to 200 ml and 46 g (0.075 mol)
of disodium bis((+)sg-tartrato)diantimonate di-
hydrate  (Na,[Sb,((+)sss-tart),] - 2H,0)  was
added. The resulting solution was left to crys-
tallize at 20°C overnight. The orange crystals
were isolated, washed with water, methanol-wa-
ter (1:1, v/v), methanol and then ether (55g,
Fraction A). The combined filtrates were concen-
trated to 50ml and a further 46g of
Na,[Sb,((+)sse-tart),] - 2H,0O was added. Heating
on a steam-bath effected dissolution and initiated
the formation of orange crystals. The mixture
was cooled in ice and after crystallization was
complete, the solid product was collected,
washed with ethanol (4-5 times) and ether (38 g,
Fraction B). Fraction A, comprising the dias-
tereoisomer  A(—)sg-[Co(en),glyO][Sb,((+)sge
tart),] - 4H,0, was recrystallized repeatedly (usu-
ally twice) from boiling water (ca. 1.51) until the
specific rotations became constant: [a]g —83,
[a]sss =264, [a]470 849 (0.05 %, in H,0). Fraction
B, comprising A(+)sg-[Co(en)-
LglyO][Sb,((+)sge-tart),] - 4H,0O, was similarly re-
crystallized from boiling water (ca. 0.8 1) until the
specific rotations became constant: [a]s 284,
[a]s4 508, [t]sp —496 (0.05 %, in H,0).

In separate experiments, each of the diastereo-
isomers (65 g) was dissolved in water (10-151)
and sorbed on a column (7x13cm) of AG
SOW-X2 resin in the Na* form. The column was
washed with 11 of water, followed by 110f 0.5 M
HCI. The complex was eluted with 2M HCI and
the eluate was carefully evaporated to dryness.
The amorphous residue was treated with trifluor-
omethanesulfonic acid (80 ml), causing the com-
plex to dissolve with evolution of HCI gas. This
process was facilitated by the use of a rotatory
evaporator. Following the gas evolution, a homo-
geneous solution was obtained which was poured
into vigorously stirred ether (11). After '/, h of
vigorous stirring, the solid, hygroscopic product
was collected, washed with ether (3-5 times), ra-
pidly sucked dry on the filter and finally dried in
vacuo over P,0,,. Yield of each chiral [Co(en),-
glyO](O,SCF;), - HO,SCF; salt ~60g. Anal.
Calcd. for CoC,H,,F;N;O,,S;: Co 8.40, S 13.71.
Found: Co 8.0, S 13.9.

A(+)ss0- and A(—)sgo-[Co(en),C-formyl-
glyOJ]Cl,- HCI - 2H,0. The procedure was identi-
cal for each of the enantiomers. Chiral [Co(en),-
glyO](O,SCF;), - HO,SCF; (22 g) was dissolved
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in dry N, N-dimethylformamide (150 ml). The so-
lution was stirred and cooled in an ice/salt cooling
mixture and POCI, (25 ml) was added dropwise
over 20 min. After stirring for 2 h at room tem-
perature the reaction mixture was poured into
iced water (21) and the resultant solution sorbed
on a column (7x10cm) of AG 50W-X2 resin.
The column was washed with water (11) and 2M
HCI (~21) to remove a minor purple band. The
remaining orange-coloured band was eluted with
4 M HCI and the eluate evaporated to dryness.
The residue was cautiously (HCI gas evolution!)
treated with 96 % sulfuric acid (60 ml) followed,
upon completion of the gas evolution, by water
(3ml). The mixture was stirred overnight and
was then poured into ice-water (4 1). The result-
ing solution was sorbed on a column (7x10 cm)
of AG S0W-X2 resin which was then washed with
water (0.51) and 1M HCI (11). Using 2M HCI
the major orange-coloured band was eluted (a
minor band remained on the column) and the
eluate was concentrated to ~15 ml whence crys-
tallization commenced. This process was com-
pleted by addition of acetone (100 ml) and the
product was collected, washed with acetone and
dried in the air; (12 g, 90 %). Anal. Calcd. for
CoCH,,C,N;O,-HCl-2H,0: Co 13.88, C
19.80, H 5.93, N 16.49, C1 25.05. Found [A{~)sg
isomer]: Co 13.2, C 19.8, H 5.9, N 16.4, Cl 25.4.
e 98, ¢ 116 M~! cm™! (0.10 M Cl). Specific
rotations (0.03 %, in 0.10 M HCl; A(+)sg form):
[a]sso 420, [a]ss 535, [alss 845, [a)is* —1410,
[a)s —1030, [alys —1000. 'H NMR (D,0): §
2.5-3.1 (br, H,NCH,CH,NH,), 5.47 (s, CH
(OH),), 7.59 (s, CHO), 4-6 (br, NH,); ratio of
CH(OH), to CHO: ~20:1. *C NMR (CF,SO;H):
d 113.0 (COO0), 95.0 (CHO), 37.6, (CHCHO),
~-22.1, -$.9, -23.7, —24.5 (en CH,); (D,0): &
116.4/116.2 (COO) 87.9 (CHO), 42.1 (CHCH
(OH),), 21.3/21.1 (CH(OH),), —20.9, —21.1,
—21.4, =22.0, —22.3, —22.8, —23.3 (en CH,).
For one of the isomers [A(+)sg-form], optical
purity was ascertained through conversion to the
derived serinato complexes by reduction with
tetrahydridoborate(III) ion.® The isomer (0.25 g)
was dissolved in phosphate buffer (0.25M,
pH 7.0, 30 ml) and NaBH, (0.5 g) was cautiously
added in portions (H, evolution!). The resulting
solution was diluted three-fold and sorbed on a
column (3%x20 cm) of AG 50W-X2 resin in the
Na* form. Elution with the phosphate buffer sep-
arated two major orange-coloured bands (a mi-



nor third band remained at the top of the col-
umn) and the eluates of these (diluted three-fold)
were each sorbed on a column (3X4 cm) of the
same resin. After washing with 1 M HCI1 (0.11) to
remove Na* the complexes were eluted in each
case with 3 M HCl and the resultant eluates evap-
orated to dryness. The products were taken up in
water and their visible and rotatory dispersion
spectra recorded. The maxima of these spectra
agreed (to within +2 %) with those of the opti-
cally pure A(+)sg-[Co(en),S-serOJ** (first band)
and A(+)sg-[Co(en),R-serO]?* (second band)
complexes.”!?

A-[Co(en),(2S,4S,aR )-penicilloato]ClO, - 2H,0
(Isomer B) and  A-[Co(en),(2S,4S,aS)-
penicilloato]ClO,-3H,0 (Isomer C). To a solu-
tion of A(—)sg-[Co(en),C-formylglyO]Cl, - 2H,0
(1.05g, 2.5 mmol), NaClO,-H,0 (1.05g, 7.5
mmol) and (S)-penicillamine (0.41 g, 2.7 mmol)
in water (5ml) was added pyridine (0.4 ml, 5
mmol). Upon standing at 20°C, well-formed or-
ange-red crystals deposited and after 48 h the re-
action mixture was warmed to 30 °C, filtered, and
the filtrate set aside. The collected crystals were
washed with water (2X20ml) followed by eth-
anol, and dried in the air. Yield of A-[Co(en),-
(28,48, aR)-penicilloato]ClO, - 2H,O 0.69g
(50%). Anal. Caled. for CoC,H,Cl-
N¢O4S - 2H,0: Co 10.78, C 26.36, H 5.90, Cl
6.48, N 15.37, S 5.86. Found: Co 10.5, C26.1, H
5.8,Cl 6.8, N 15.1,S 5.4.

The filtrate obtained above was kept for a fur-
ther 24 h at 20°C to separate crystals of the
(25,45, 05) isomer (C). These were collected and
washed with ethanol (2x20ml) and ether;
(0.23g, 17%). Anal. Caled. for CoC,,H,,Cl-
NO,S -3H,0: Co 10.43, C 25.52, H 6.07, Cl
6.28, N 14.88, S 5.68. Found: Co 10.8, C25.8, H
6.2, C1 6.5, N 14.9, S5.4.

A4-[Co(en),(2S,4S ,aS)-penicilloato] (ClO,), - H,0.
A solution was prepared as described in the pre-
ceding preparation except that 0.2 ml of pyridine
was used. After 48 h at 20°C orange crystals of
the title complex (0.46 g) were collected by fil-
tration. To the filtrate was added a solution of
NaClO, - H,O (4 g) in water (2 ml) and the mix-
ture was left for a further 4d, when another
0.72 g of product was obtained. Total yield 1.18 g
(75%). Anal. Calcd. for CoC,HyCl,N:O,,S -
H,0: Co 9.36, C 22.90, H 4.97, Cl 11.27, N
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13.35. Found: Co 9.4, C 22.8, H 4.9, Cl 11.7,
N13.3.

Protonation of A-[Co(en),(2S,4S,aR)-penic-
illoato](C1O,) - 3H,0 (0.5g) in 15ml of 0.1 M
HCIO, containing 30 ml of methanol led to pink
needles of the corresponding diperchlorate salt
after 3d at 5°C. A further quantity was obtained
on prolonged standing at —20°C (total ~0.4 g).

Condensations in Me,SO and HCONMe,. A solu-
tion of  A(—)sz-[Co(en),C-formylglyO]Cl, -
HCI-2H,0 (0.6 g, 1.4 mmol) and (S)-penicilla-
mine (0.28g, 1.85 mmol) in Me,SO or
HCONMe, (15 ml) was kept for 5d at 20°C. The
complexes present in the resultant deep-red solu-
tion were precipitated by the addition of 20 ml of
EtOH followed by 200 ml of ether. The precip-
itate was collected and dried over P,O,, Dia-
stereoisomer ratios in the products were deter-
mined by integration of the signals for the gem-
dimethyl region in the 'H NMR spectra (0.1 M
DCI).

The presence of small quantities of water (5-
20%) or 1 equivalent of pyridine in the Me,SO
reaction mixture did not alter the isomeric ratios
appreciably.

NMR experiments. A solution in 1 ml D,0 was
made containing 212mg of A(—)spe- oOr
A(+)sgo-[Co(en),C-formylglyO]Cl, - HCI - 2H,0,
82 mg of (S)-penicillamine (1.1 eq.) and 0.04 ml
of pyridine. For the high-pH solutions a buffer of
1 M pyridine/0.1 M DCI was used as solvent; this
results in a 5:2 ratio of pyridine:DCI. A buffer of
1M pyridine/0.5M DCI gives a 3:2 ratio. A
low-pH experiment was performed in the ab-
sence of pyridine using 0.1 M DCI as solvent.
Epimerisation experiments were carried out on
approximately 2-5 mg of the appropriate isomer
dissolved in the relevant solvent.

Crystal structure determination. A summary of
the crystal, experimental and structure refine-
ment data is given in Table 1. Single crystals of
both the isomer C and isomer B complex perchlo-
rate salts were of rhombic habit. All X-ray dif-
fraction data were measured using a Syntex P2,
four-circle diffractometer with graphite-mono-
chromated MoKa radiation. Unit cell dimensions
for each compound were determined from a
least-squares fit to the 20-values of 14 reflections.
Intensities were measured at room temperature
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Table 1. Crystal, experimental and refinement data.

Compound name

Isomer C, A-(25,4S,a.S)

Isomer B, A-(2S,4S,0R)

Formula C,2H20,NsSCo - ClO, - 3H,0 Cy2H204NgSCo - CIO, - 2H,0
Formula weight 564.88 546.86
Space group Orthorhombic P2,2,2, Orthorhombic P2,2,2,
alA 18.478(6) 15.865(6)
b/A 12.698(3) 13.142(4)
c/A 9.889(4) 10.683(4)
uik® 2320(2) 2227(2)
No. of formula units per cell, Z 4 4
Calculated density, D./g cm™ 1.617(2) 1.631(2)
Linear absorption coefficient, wem™ 104 10.7

[MMoKa = 0.71069A)
Crystal dimensions/mm 0.18x0.27x0.23 0.13x0.18x0.22
Diffractometer Syntex P2, Syntex P2,
Monochromator Graphite Graphite
Scan type w—20 w20
Scan speed; min., max.”° s’ 0.081, 0.488 0.081, 0.488
Number of scans per measurement 1 1
Scan range (a+b tan 0); a, b 23,07 23,07
Diffraction range; min., max./° 2.0, 50.0 2.0, 65.0
Number of intensities measured 4664 4599
Number of independent observations 2308 4400
Refinement type Blocked matrix Blocked matrix
Number of variables (final model) 291 281
Least-squares weighting Unit Unit
Final R factor 0.045 0.070
Isotropic extinction parameter, r* 3(1)x107* Not refined

3R =Z|k|F,| — |F||/=k|F,] summed over all independent observations, where F, and F, are the observed and
calculated structure factors, respectively, and k is the data scale-factor. °Ref. 11.

in the ®-20 scanning mode. Background was
measured at each end of each intensity scan.
Crystal orientation was checked periodically dur-
ing data collection; the intensities of three stan-
dard reflections in each data set, monitored every
100 intensity measurements, did not vary system-
atically and the maximum random fluctuation
was £2.5%. After each set of intensity data had
been checked for gross systematic errors, Lorentz
and polarization factors, but not absorption cor-
rections (u~ 10.5 cm™'), were applied and sym-
metry-equivalent reflections were averaged to
yield sets of structure amplitudes used in the sub-
sequent analyses.

Each structure was solved by the heavy-atom
method and increasingly detailed structural mod-
els were refined by least-squares techniques. For
isomer C, in the crystals of which the perchlorate
ions are well ordered, the positions of the oxygen
atoms of three water molecules of crystallization
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and of all the hydrogen atoms were located on a
difference map. The perchlorate ions in crystals
of isomer B exhibit very large thermal vibration
amplitudes (or are somewhat disordered). As a
consequence it was not possible to determine the
coordinates of the hydrogen atoms of the gem-
dimethyl groups or of the two water molecules of
crystallization, the oxygens of which were located
on a difference map. However, the positions .of
all the other hydrogen atoms could be inferred
from geometrical considerations (the bond length
to hydrogen was taken as 0.88 A).

In the final refinement cycles (blocked matrix),
the coordinates and anisotropic temperature fac-
tors of all non-hydrogen atoms, a scale-factor
and, for isomer C, an isotropic extinction par-
ameter were varied. The contributions from the
hydrogen atoms, each of which was assigned an
isotropic temperature factor slightly greater than
the equivalent isotropic factor for the atom to



which it was bonded, were included but none of
their parameters was refined. All observations
were included (no “less-thans” cut-off) with
equal weight.

Owing to the large thermal motion of the per-
chlorate ions and water molecules in the isomer B
crystals the final structure for isomer C is con-
sidered to be significantly the more accurate.

The absolute configuration of each complex
was determined from anomalous dispersion ef-
fects exhibited by the X-ray diffraction data.

Atomic scattering factors for the non-hydrogen
atoms were computed from numerical Hartree-
Fock wave functions'? and were corrected for
anomalous dispersion.”® The atomic scattering
factor of Stewart, Davidson and Simpson' was
used for hydrogen. Computations were per-
formed with The XRAY System,* modified lo-
cally for the Perkin-Elmer 3240 computer.

Results

A(+)ss- and A(—)sg9-[Co(en),C-formylglyOJ**.
The racemic [Co(en),glyO]** complex was ob-
tained from [Co(en),CO,]CI® in a facile synthesis.
The procedure for the subsequent resolution em-
ploying [Sb,((+)sg-tart),]*~ as the resolving agent
has been reported previously with sparse experi-
mental detail,'®!” and a more detailed report has
therefore been given here. Introduction of a for-
myl group on the methylene carbon atom of the
chelated glycinate ligand to yield the A(+)sg- OF
A(—)sge-[Co(en),C-formylglyOJ** complexes was
achieved (via the Vilsmeier-Haack reaction) in
essentially the same manner as described for the
similar, but achiral [Co(tren)glyO]** complex.>*

In anhydrous CF;SO,H medium the *C NMR
spectrum indicates that the [Co(en),C-formyl-
glyOJ]** ion is present as the free aldehyde. How-
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ever, in D,0 solution both the 'H and *C NMR
spectra are consistent with the aldehyde being
present almost entirely in hydrated form, the free
aldehyde now constituting <5 % (based on the
'H NMR integration). This is consistent with pre-
vious observations for the [Co(tren)C-formyl-
glyO)** system. In the present system, which con-
tains two chiral centres (the metal centre and the
methine carbon centre of the amino acid che-
late), the *C NMR spectrum in D,O reflects the
presence of both diastereoisomeric forms (~1:1)
of the hydrated aldehyde complex, since all the
expected resonances appear as double peaks with
a pair separation of Ad < 0.2 ppm. Such doubling
is not seen in the C spectrum in CF,SO;H, in
spite of the fact that two diastereoisomeric forms
of the non-hydrated [Co(en),C-formylglyOJ]** ion
(for the A complex: aR-A-2 and a.S-A-2) would
also be expected. It seems highly unlikely that
one diastereoisomer should dominate entirely
over the other in this case since no such high de-
gree of stereoselectivity has so far been seen in
closely related systems with even more bulky sub-
stituents. The simplicity of the *C NMR spec-
trum in CF;SO;H may therefore be rationalized
in terms of an interconversion process (illustrated
here for the aR-A and aS-A forms) which is ra-
pid on the NMR time-scale. Such fast intercon-
version could occur via a planar enol (3) species
(Scheme 2), produced by protonation of the car-
bonyl oxygen and loss of a proton at the strongly
activated methine centre. The single observed
signal would imply that the aldehyde forms are
dominant and that the enol 3 is, on average, a
relatively minor and short-lived component.
Strong evidence that deprotonation at the “in-
ner” methine (a) carbon atom occurs readily is
provided by the '"H NMR data in D,0. Whereas
the resonance attributable to the —CH(OH),

2+ 2+ 2+
H
N N//\\7 N//\\7
OHC I':llz I/? Hj}c nz | N H .nz I N
D e D - I a
N N\) N
arR-A-2 A-3 asS-8-2
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Fig. 1. Molecular geometry and atom numbering in A-[Co(en),(25,48S,aS)-penicilloato]* (Isomer C) and
A-[Co(en),(2S,4S,aR)-penicilloato]* (Isomer B). Hydrogen atoms have been omitted for clarity.

Table 2. Atomic fractional coordinates of non-hydrogen atoms for A-[Co(en),(2S,4S,aR)-penicilloato]ClO, - 2H,0
(isomer B) and A-[Co(en),(2S,4S,a.S)-penicilloato]CIO, - 3H,0 (isomer C).

Isomer B Isomer C

Atom x/a y/b z/c xa y/b z/c

S1 0.0527(1) —0.0940(1) —0.0318(1) 0.2693(1) 0.2580(1) 0.3110(2)
c2 0.1496(4) —0.1288(4) 0.0582(5) 0.2541(3) 0.1907(4) 0.4709(7)
N3 0.1225(3) —0.1595(4) 0.1822(4) 0.3046(3) 0.2368(4) 0.5699(5)
C4 0.0439(3) —-0.2168(4) 0.1646(5) 0.3390(3) 0.3356(5) 0.5246(7)
Cc5 —-0.0186(4) —0.1498(5) 0.0862(5) 0.2966(3) 0.3782(5) 0.4019(7)
Ca 0.2149(4) —0.0439(4) 0.0523(5) 0.2689(3) 0.0732(5) 0.4524(5)
Cc7 0.2418(4) —0.0292(4) —0.0850(5) 0.2492(3) 0.0137(5) 0.5848(6)
08 0.2566(4) -0.1027(3) —0.1491(5) 0.1911(2) 0.0343(3) 0.6421(5)
C9 —0.0854(5) ~0.2146(6) 0.0181(8) 0.3398(4) 0.4456(6) 0.3007(8)
Cc10 —0.0592(5) —0.0646(6) 0.1642(7) 0.2299(4) 0.4409(6) 0.4469(9)
C11 0.0051(4) —0.2557(5) 0.2881(6) 0.4199(3) 0.3213(5) 0.4955(7)
012 —0.0519(3) ~0.3218(4) 0.2762(4) 0.4563(3) 0.4053(4) 0.5069(7)
013 0.0304(4) -0.2211(5) 0.3875(4) 0.4430(2) 0.2335(4) 0.4622(6)
N14 0.1851(3) 0.0566(3) 0.1042(4) 0.3454(2) 0.0512(4) 0.4164(5)
Coi5 0.2202(0) 0.1678(1) —0.0079(1) 0.3816(0) —0.0662(1) 0.5252(1)
016 0.2447(3) 0.0636(3) ~0.1246(4) 0.2938(2) —0.0548(3) 0.6271(4)
N17 0.1041(3) 0.1800(4) —0.0763(5) 0.3357(3) —0.1680(4) 0.4006(5)
c18 0.0996(4) 0.2679(6) —0.1615(7) 0.3224(3) —0.2672(5) 0.4762(7)
C19 0.1822(5) 0.2738(6) —0.2319(6) 0.3873(4) —0.2884(5) 0.5627(7)
N20 0.2521(3) 0.2660(4) —0.1396(5) 0.4047(3) —0.1902(4) 0.6380(5)
N21 0.1983(3) 0.2736(4) 0.1159(5) 0.4745(3) —-0.0702(4) 0.4305(5)
Cc22 0.2735(6) 0.3019(7) 0.1885(9) 0.5250(3) 0.0079(5) 0.4926(7)
c23 0.3487(6) 0.2658(8) 0.1319(11) 0.5080(4) 0.0194(6) 0.6412(8)
N24 0.3359(3) 0.1690(5) 0.0598(5) 0.4287(3) 0.0283(4) 0.6526(5)
Cli25 0.3307(2) 0.4593(2) 0.4765(3) 0.1169(1) —0.2391(1) 0.4056(2)
026 0.3830(5) 0.5247(6) 0.5465(8) 0.1619(3) —0.1486(4) 0.3878(6)
027 0.2625(6) 0.5124(6) 0.4296(12) 0.0587(3) —0.2352(5) 0.3085(6)
028 0.3044(8) 0.3728(7) 0.5255(17) 0.0867(4) —0.2426(6) 0.5398(6)
029 0.3852(8) 0.4288(16) 0.3792(13) 0.1582(3) —0.3314(4) 0.3801(8)
030 0.0635(4) 0.0271(5) 0.4173(7) 0.5179(3) 0.5526(4) 0.3306(5)
031 0.0717(5) 0.0333(17) 0.6811(7) 0.5934(2) 0.4069(4) 0.5900(5)
032 0.5575(4) 0.2393(5) 0.2774(6)
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methine proton in D,O appears as a sharp sin-
glet, we find no sign of the “inner” methine pro-
ton, the implication being that this has exchanged
with solvent D*. This exchange process would be
expected to be more strongly activated for the
free aldehyde than for the hydrated form.

When treated with NaBH, at pH7, the
A(+)sge-[Co(en),C-formylglyOJ** ion produced
a 1:1 mixture of the serinato complexes
A(+)s[Co(en),S-serO)** and A(+)s5-[Co(en),
R-serO]**. Each isomer was optically pure
(%£2%), which established that the synthesis of
the [Co(en),C-formylglyO]** complex from
[Co(en),glyOJ** proceeds with retention of con-
figuration.

Table 3. Bond distances (A) and angles (°) for isomer
C and isomer B. Estimated standard deviations in
units of the last significant digit are given in
parentheses.

A. Distances
Bond Isomer B Isomer C
S1-C2 1.870(6) 1.818(7)
-C5 1.846(6) 1.842(7)
C2-N3 1.450(7) 1.474(8)
—Ca 1.524(8) 1.529(8)
N3-C4 1.469(7) 1.476(8)
C4-C5 1.568(8) 1.543(10)
-C11 1.543(8) 1.534(9)
C5-C9 1.542(10) 1.539(11)
-C10 1.537(10) 1.534(10)
Co—C7 1.541(8) 1.554(8)
-N14 1.508(7) 1.483(7)
C7-08 1.207(7) 1.243(7)
-016 1.292(7) 1.269(7)
C11-012 1.259(8) 1.265(8)
-013 1.223(8) 1.238(8)
N14-Co 1.970(5) 1.957(5)
Co-016 1.892(4) 1.916(4)
-N17 1.988(5) 1.977(5)
-N20 1.975(5) 1.976(5)
-N21 1.950(6) 1.956(5)
-N24 1.973(5) 1.945(5)
N17-C18 1.472(9) 1.485(8)
C18-C19 1.512(10) 1.497(10)
C19-N20 1.487(9) 1.487(8)
N21-C22 1.471(11) 1.494(8)
C22-C23 1.419(14) 1.510(11)
C23-N24 1.500(13) 1.475(8)
Cl25-026 1.409(9) 1.429(6)
-027 1.382(10) 1.442(6)
-028 1.319(12) 1.440(6)
-029 1.410(15) 1.421(6)
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B. Angles

Angle

C2-S1-C5
S1-C2-N3
~Ca
N3-C2-Ca
C2-N3-C4
N3-C4-C5
-C11
C5-C4-C11
S1-C5-C4
-C9
-C10
C4-C5-C9
-C10
C9-C5-C10
C2-Co~C7
-N14
C7-Ca-N14
C6-C7-08
-016
08-C7-016
C3-C11-012
-013
012-C11-013
C6-N14-Co
N14-Co-016
-N17
-N20
-N21
-N24
016—-Co-N17
-N20
—-N21
-N24
N17-Co-N20
-N21
-N24
N20—-Co-N21
-N24
N21-Co-N24
C7-016-Co
Co-N17-C18
N17-C18-C19
C18-C19-N20
Co-N20-C19
Co-N21-C22
N21-C22-C23
C22-C23-N24
Co—-N24-C23
026-Cl25-027
-028
-029
027-Ci25-028
-029
028-Cl25-029
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Isomer B

93.1(3)
107.1(4)
111.0(4)
116.3(5)
106.1(4)
108.5(5)
113.5(4)
113.0(5)
101.6(4)
108.5(4)
109.7(5)
112.1(5)
112.6(5)
111.7(5)
108.6(4)
114.4(5)
109.1(4)
119.6(5)
116.1(5)
124.3(5)
115.3(5)
119.3(6)
125.4(6)
109.7(3)

85.5(2)

91.2(2)
172.0(2)

93.8(2)

92.6(2)

90.4(2)

87.2(2)
177.9(3)

93.2(2)

85.6(2)

91.6(2)
174.9(2)

93.6(2)

91.0(2)

84.9(2)
117.4(4)
109.5(4)
107.8(5)
108.2(5)
109.0(4)
113.2(5)
111.9(8)
112.9(8)
108.7(5)
110.2(5)
120.1(8)
101.8(8)
109.3(7)
110.9(8)
104.0(11)

Isomer C

90.4(3)
107.1(4)
109.1(4)
110.7(5)
114.1(5)
108.5(5)
112.1(5)
112.9(5)
103.5(4)
106.6(5)
110.6(5)
116.3(6)
111.2(6)
108.5(6)
109.4(4)
112.5(4)
109.5(4)
119.0(5)
117.3(5)
123.7(5)
113.7(6)
119.4(6)
126.9(6)
109.7(3)

86.7(2)

90.5(2)
172.4(2)

93.3(2)

92.2(2)

90.8(2)

86.9(2)
175.7(2)

89.5(2)

85.6(2)

93.5(2)
177.3(2)

93.5(2)

91.7(2)

86.2(2)
115.3(4)
108.1(4)
108.0(5)
107.9(5)
109.8(4)
109.6(4)
109.5(5)
106.8(5)
110.4(4)
108.9(4)
111.3(4)
109.2(3)
109.0(4)
108.1(4)
110.3(4)
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Structural results. Two isomers of the cobalt(III)
complexes with coordinated penicilloate were
isolated as monoperchlorate salts suitable for X-
ray crystallographic analyses. They are denoted
isomers B and C in the Experimental and the
structures of the cations are shown in Fig. 1. The
absolute configurations of the chiral centres have
been deduced by the anomalous dispersion
method, from the known configuration of the
(S)-penicillamine and from the rotatory disper-
sion of the (en),Co-aminoacidato complex. All
three methods give consistent results for all the
chiral centres. Table 2 gives the atomic fractional
coordinates for non-hydrogen atoms and Table 3
gives bond lengths and angles for the two struc-
tures. Tables of atomic fractional coordinates for
all atoms and tables of thermal parameters and
structure factor amplitudes are available on re-
quest from one of the authors (A.H.).

'"H NMR spectra of the penicilloate diastereoisom-
ers. Data for the 'H NMR spectra due to the pen-
icilloate ligands in the characterised (2S,4S,aR)
(B) and (25,4S,aS) (C) penicilloato complexes
are given in Table 4. Also tabulated are the spec-
tra of the other two diastereoisomers which are
derived by epimerisation at the C-2 atom. Their
syntheses and structural assignments will be re-
ported later. Comparing the spectra of the neu-
tral monoperchlorate salts in 0.1 M DCV/D,0 and
in D,O alone, it can be seen that the peak posi-
tions and the coupling constants are pH-depend-
ent. For product identification purposes it is
therefore necessary to record '"H NMR spectra
under standard conditions. The best comparisons
were made using 0.1M DCI in D,O, where
[D*] > [Co**]. It was found most convenient to
characterise the isomers by the gem-dimethyl sig-

nals (& 1-2 ppm) for the pair of chemically ineq-
uivalent methyl groups in each diastereoisomer.

Assignments of the peaks in the spectra are
straightforward. The singlets at  ~ 4 ppm are at-
tributed to the C-4 protons, and the remaining
doublets to the adjacent C-2 and C-a protons. In
0.1 M DCI, the signal at 8 4.29 (B) or 4.02 (C)
was initially a multiplet but changed to a doublet
during one day. A doublet was also observed im-
mediately in neutral D,0O. The multiplet arises
from coupling of the coordinated NH, protons
with the chelate methine proton. Slow exchange
of these NH, protons with D,O leads to the doub-
let signal for the C-a hydrogens. The chemical
shifts for the methine protons are consistent with
those observed for the diastereoisomers of the
analogous bis(ethylenediamine)alaninato com-
plex,'® which shows quartets for the methine hy-
drogen centered at about 8 3.9 ppm.

The remaining doublet of the penicilloato com-
plexes is ascribed to the C-2 proton which is cou-
pled to the C-a hydrogen.

Preparation and identification of penicilloato
compexes. (a) Aqueous solution. The reaction of
A(—)sz-[Co(en),C-formylglyOJ** with (S)-pen-
icillamine in pyridine buffer (pH ~ 4-5) gave only
two isolable diastereoisomers; these could be se-
lectively precipitated as the 1+ or 2+ perchlorate
salts, depending on reaction conditions. For in-
stance, the reaction in the presence of 2 equiv. of
pyridine (added to neutralise the HCI of crys-
tallisation) and 3 equiv. of sodium perchlorate
gave large, orange crystals of the A(—)sg-
[Co(en)(2S5,4S, aR)-penicilloato]ClO, 2H,0
salt in 50 % yield. Upon standing, a second fine,
orange precipitate of the (25,4S,aS) isomer ap-
peared, having the same constitution. At lower

Table 4. Selected 'H NMR data for A(—)sge-[Co(en),penicilloato]?*®* complex isomers.?

Solvent Isomer (CHy), C4H CH C@H  JH-aH-2)

01MDCl  (A) (2R4SaR)® 1.39 1.65 4.37 4.03 5.30 4 Hz
(B) (25,4S,0R)%? 155 1.74 4.45 4.29 5.39 9 Hz
(C) (254S,a8)* 1.48 1.62 412 4.02 5.32 2 Hz
(D) (2RA4S,aS)° 151 1.76 4.63 4.01 5.47 10 Hz

D,0 (B) (25,4S,0R)° 1.36 1.60 3.60 423 517 3 Hz
(C) (2R4S,09)° 1.38 1.51 3.60 3.76 5.16 2 Hz

#Signals due to penicilloato ligands only. ®Diperchlorate. “Monoperchlorate. “Spectrum identical to that for
diperchlorate. °Deduced from epimerisation experiments.
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pH, in the presence of one equiv. of pyridine,
only one isomer crystallised under similar condi-
tions, in 75 % yield as a 2+ ion. This compound,
whose 'H NMR spectrum showed it to be the
(28,4S,0S) isomer, gave an IR spectrum contain-
ing a band at 1725 cm™! consistent with a COOH
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group. It also dissolved in water to give an acidic
solution.

The course of the condensation reaction in
0.1 M DCl and in buffers consisting of 3:2 and 5:2
ratios of pyridine to DCI was also followed by
NMR. The various diastereoisomers were readily
identified (vide infra). In the pyridine buffers,
signals for two isomers only were clearly visible,
their NMR spectra matching those of the two
complexes whose structures have been estab-
lished. The condensation is pH-dependent. In the
5:2 pyridine/DCI buffer a ratio of 70:30 for the
(25,4S,aR) (B) to the (25,4S,aS) (C) isomers was
seen after 29 h, whilst in the 3:2 buffer the corre-
sponding ratio was 35:65 after 50 h. Upon pro-
longed standing some Co(II) was produced,
thereby broadening the peaks in the spectrum.

In 0.1 M DCI, '"H NMR measurements (Fig. 2)
showed the situation to be very different; only a
trace of the (2S,4S,aR) isomer appeared, two
major products again being formed. These are
the (25,45, 0.) isomer (C) and its acid epimerisat-
ion product, deduced to be the (2R,4S5,aS) form
(vide infra). Initially, the former isomer predomi-
nates, implying kinetic control of its formation;
however, in time the latter isomer predominates.
It is evident that in D,O solution, the C-a proton
is lost to solvent and replaced by deuterium.

B. D D,P

Fig. 2. (A) "H HMR spectra measured over a period of 8 days showing the course of the condensation of (S)-
penicillamine with A(—)sge-{Co(en),C-formylglyQO]Cl, in 0.1 M DCI (details given in the experimental section).
(B) Expansion of the gem-dimethyl region (1-2 ppm) for the spectrum obtained after 8 days. Abbreviations
used are: P, (S)-penicillamine; A, the (2R,4S,aR)-penicilloato isomer; B, the (25,4S,aR) isomer; C, the

(25,4S,0.5) isomer; D, the (2R,4S,aS) isomer.

4
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However, the C-4 methine proton, which appears
as a singlet, is clearly visible for the major iso-
mers as well as for penicillamine. After 23 h, the
signal for the (25,4S,aS) isomer is growing at a
faster rate than that for the (2R,45, a.S) form. Af-
ter 70 h, however, the two species are present in
roughly equal concentrations, and after 8 days
the latter isomer is in excess. A similar effect is
seen on examining the gem-dimethyl region. The
spectrum for the methyl region after 8 days re-
veals, on expansion, the presence of all four iso-
mers, although two of these are minor compo-
nents.

The reaction of the A(+)sg-[Co(en),C-formyl-
glyOJ** isomer was also studied, although in a
much less thorough way. Interpretation of results
is hampered by the fact that we were unable to
isolate any isomerically pure samples. It should
be stressed that without samples suitable for X-
ray structure determination it is not possible to
make stereochemical assignments readily. A 'H
NMR study of the condensation reaction in the

>

Whj u

>

Il " | A It

5:2 pyridine/DCl buffer system showed, how-
ever, the formation of only two major isomers.

(b) Me,SO and HCONMe, solution. The
A(—)sg-[Co(en),C-formylglyO]Cl, - HCl - 2H,0

salt is sufficiently soluble in Me,SO or
HCONMe, to allow the condensation reaction to
occur. Quenching of the reaction by addition of
ether gave a powder which was a mixture of pen-
icilloato complex isomers. 'H NMR analysis of
this powder in 0.1 M DCl showed that all four di-
astereoisomers were formed in both solvents and

B.
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Fig. 3. (A) 'H HMR spectra of the (2S,4S,0.R)-penicilloato complex (isomer B) immediately after dissolution
(lower) and after 24 h (upper) showing the formation of the (2R,4S,aR) isomer (isomer A). (B) 'H NMR spectra
of the (25,4S,aS)-penicilloato complex (C) immediately after dissolution (lower) and after 24 h (middle) and 46
h (upper), showing the formation of the (2R,4S,a.S) isomer (isomer D).
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that the reaction was substantially complete
within five days at 20°C. Apart from those signals
due to the (25,4S,a8) and (25,4S,aR) isomers,
another two pairs of signals were visible in the
gem-dimethyl region. Fractional crystallisation of
the products from the reaction mixture in Me,SO
lead to reasonably pure samples of a new isomer
(A), as well as the (25,4S,aR) (B) form isolated
as the monoperchlorate salt. This preparation,
however, was difficult to reproduce.

Isomer interconversion. The stereochemical re-
arrangements of the diastereoisomers under a va-
riety of conditions were studied using 'H NMR
spectroscopy. In neutral, unbuffered solution,
the (25,4S,a8) (C) and (25,45,aR) (B) isomers
were stable for at least two days and no sign of
change was observed. At higher pH the solutions
darken rapidly and considerable decomposition
occurs. In 0.1 M DCI solution, however, the iso-
mers rearrange. Fig. 3A shows the 'H NMR spec-
trum of the (25,4S,aR) isomer a few minutes af-
ter dissolution in this solvent and after standing
for 24 h at 20°C. In the latter spectrum, signals
due to two species are visible, viz. those for the
(25,45, aR) (B) isomer and signals due to another
species (A). The latter has a distinct spectrum
which is still characteristic of a penicilloate iso-
mer: Thus, in the methyl region another pair of
peaks has appeared while in the downfield region
a singlet due to the C-4 proton, as well as two
doublets with small coupling constants, due to
the C-2 and C-a protons, are present. Integration
of the signals revealed that the reaction pro-
ceeded to give an equilibrium ratio of the

COORDINATED PENICILLOATES

(25,45,0R) (B) isomer to the A isomer of about
70:30. The equilibrium was established more ra-
pidly in 1 M DCI, the ratio being around 80:20.
The new isomer (A) has the same spectrum, un-
der identical solvent conditions, as isomer A iso-
lated from the reaction in Me,SO. A sample of
this compound, when dissolved in 0.1 M DCI,
isomerises to the same equilibrium mixture as the
(25,4S,aR) isomer under the same conditions.

Similarly, the (25,4S5,0S) (C) diastereoisomer
also isomerises in acid (Fig. 3B) to give an equi-
librium mixture (ca. 60:40 in favor of the new iso-
mer D). In this reaction mixture the doublet sig-
nals for the C-a protons are superimposed,
whereas the remaining signals are separated. In
1 M DCI, the equilibrium was attained more ra-
pidly and lay almost entirely in favor of isomer
(D). This new isomer had a '"H NMR spectrum
identical to that for the remaining diastereoi-
somer formed in the condensation in Me,SO or
HCONMe,.

Both the (25,45, aR) (B) isomer and the isomer
generated in acidic conditions (A) decompose in
acid, on a much slower time scale, to give some
free penicillamine, some of the (2S,4S,aS) (C)
isomer and isomer D (vide infra).

During the course of all the reactions in acidic
D,O, neither the C-2 nor the C-a protons ex-
change with deuterons. Their signals remain as
doublets.

Discussion

The mechanism of thiazolidine formation by the
condensation of cysteine with formaldehyde has

HS HO s HO s
j\ HCHO ~ j\ HCHO ~ j\
HaN COOH HaN COOH Ho/\u COOH
ol
HS HO. s
<Sl BN By
= = H
H* )\@ HCHO ®
N~ coow H \u COOH H>\u COOH
Scheme 3.
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been well studied.'® In acidic solution, and in the
absence of a large excess of aldehyde, the equili-
bria which lead to ring closure may be summar-
ised! as in Scheme 3. The equilibrium constant
for the formation of thiazolidine-4-carboxylic
acid from cysteine and formaldehyde is large,?
and by analogy it is to be expected that the con-
densation of 2 (Scheme 2) with penicillamine will
also be thermodynamically favorable. The inclus-
ion of the gem-dimethyl group in the five-mem-
bered ring will serve to increase the rate of cycli-
zation via the Thorpe-Ingold effect.”’ A mecha-
nism similar to that depicted in Scheme 3, in
which penicillamine replaces cysteine and 2 re-
places formaldehyde, may be applied to the for-
mation of the penicilloato complexes in the pres-
ent study.

Although, in general, short-chain and electron-
deficient aldehydes exist to a large extent as the
hydrates in aqueous solution, the active species is
undoubtedly the unhydrated free carbonyl
form.” In acidic solution, the rate-determining
step for the synthesis of thiazolidine-4-carboxylic
acid is the formation of the carbinolamine by re-
action of the amine with the aldehyde, rather
than the subsequent dehydration or cyclisation
steps." The thiol is more reactive than the amine
towards the aldehyde but the reverse reaction is
sufficiently fast to allow access to the free thiol
for cyclisation. Dehydration of the carbinolamine
is expected to be general acid-catalyzed and not
rate-determining' at pH < 6. Reaction via attack
of thiol on the iminium ion is preferred to nu-
cleophilic displacement of hydroxide ion or water
from the carbinolamine and is analogous to other
reactions of the iminium group. Cyclisation via
the attack of amine on the thionium ion
(R,C =S*—R’) may also be considered, although
this would seem unlikely’ as a route because of
the inferior stability of the thionium ion relative
to the iminium ion.

For the condensations leading to the penicil-
loato complexes of this study we propose a gen-
eral mechanism involving an iminium intermedi-
ate. Here, the mechanism (Scheme 4) is argued
for the specific case involving the A-[Co(en),-
(aR)-C-formylglyOJ** ion as a reagent to give the
(aS,4S5)-penicilloato isomers 6 and 7. As dis-
cussed above, the C-formylglycinato complex ex-
ists in solution as an equilibrium mixture of the
aR and aS isomers. However, the argument
would be completely parallel for the situation
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starting with the A-[Co(en),(aS)-C-formyl-
glyOJ** isomer. Depending on the face at which
the sulfur atom attacks the iminium double bond
in 5, the 2R (6) or 25 (7) isomers may arise. This
mechanism is consistent with the results of the
isomerisation experiments starting with authentic
(25,45,0R) (B) and (25,45,05) (C) diastereoi-
somers in 0.1 M DCI solution. Each of these
complexes isomerises to give an equilibrium mix-
ture containing itself and one other diastereo-
isomer. These isomerisations proceed with reten-
tion of the C-a and C-2 hydrogen atoms, both of
which are seen throughout by their doublets in
the '"H NMR spectra. Isomerizations in acidic so-
lution therefore occur about the C-2 centre. It is
difficult to see how the configurations about C-a
and C-4 centres could invert without the loss (and
hence exchange) of a proton. By implication, the
logical mechanism for inversion at C-2 without
loss of its proton is via the imine 5, involving ring
opening and ring closing with breaking of the
C(2)-S bond. The results preclude isomerization
through dissociation to penicillamine and the for-
mylglycine complex followed by reformation, a
situation which would lead to C-o proton ex-
change. Furthermore, the (25,45,aR) and
(25,4S5,aS) isomers do not interconvert in acid,
which is also consistent with a stable configur-
ation at the C-a atom. A mechanism involving
the formation of an enamine intermediate
through loss of the C-a proton is also excluded. If
inversion at the C-4 centre had occurred, more
isomers would have been evident.

On the basis of this analysis, it is possible to as-
sign the stereochemistry of the acid epimerization
products for which there are no crystal structures.
The mechanism outlined in Scheme 4 implies that
the isomerization is in fact an epimerisation at
C-2 with the stereochemistry at C-a unchanged.
It follows that the configuration of the isomer
which is interconvertible with the (25,4S,aR) (B)
isomer in acidic solution is (2R,4S,0R) (A), i.e.
the complex of the naturally occurring penicilloic
acid anion. Similarly, the C-2 epimer of the
(25,45,05) (C) 7 form is the (2R,4S,aS) (D) 6 di-
astereoisomer. In this way, all four of the dias-
tereoisomers were identified.

The condensation of A-[Co(en),C-formyl-
glyOJ**, 2, with (S)-penicillamine exhibits vary-
ing degrees of stercoselectivity under the differ-
ent conditions. In 0.1 M DCI, the A-(2S,4S,aS)
(C) 7 diastereoisomer is formed initially as a ki-



netically controlled product before subsequent
isomerization to the A-(2R,4S,aS) (D) 6 form.
Under these conditions only a little of the two di-
astereoisomers is formed. In decreasingly acidic
conditions, the A-(25,45,aR) (B) isomer is
formed in significant amounts. In aqueous pyri-
dine/HCI buffers, only the (25,4S,aS) (C) and
(25,45,0R) (B) isomers are formed. No acid epi-

COORDINATED PENICILLOATES

merisation products were observed under these
last conditions. The change in the (25,4S,aR)/
(25,45, 0.S) isomer ratio on going from 3:2 to 5:2
pyridine/DCl buffers (35/65 to 70/30) is quite sub-
stantial and the pH change is only ~0.3. It seems
likely that this effect is associated with critical
ionisation of the reactants. When the condensa-
tion is carried out in the presence of two equiv. of

(2R, 4S5, aS) lsomer D

(]
Scheme 4.

(25, 4S5, aS) Isomer C
7
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pyridine, the resulting penicilloato complexes
crystallize as the monovalent (carboxylate)
forms, whilst with one equivalent of base, the
acid salts are obtained. In Me,SO and
HCONMe,, the stereoselectivity is far less pro-
nounced. The proportions of each isomer were
approximately (Me,SO reaction): A, 30; B, 10;
C, 30; D, 30 % and (HCONMe, reaction): A, 20;
B, 5;C,35; D, 40%.

Some discussion of the stereoselectivity seems
warranted. Firstly, consider the thiazolidine for-
mation, in particular the role of the asymmetric
centre in (S)-penicillamine. This process is a
5-endocyclic ring closure,” argued to be “dis-
favoured” for a system composed entirely of first-
row elements but “allowed” in this case since sul-
fur is involved.?* Several models® are available
for the prediction of the stereochemistry asso-
ciated with addition to unsaturated carbon
atoms, although as far as we are aware, thiazoli-
dine formation has not been treated theoreti-
cally. The stereochemistry of the iminium group
is important and it has been demonstrated® that
in organic solvents, aldimines exist exclusively in
the E rather than the Z configurations. Given
that this stability also applies to the aqueous con-
densations, the preferred rotamer is as shown in
Schemes 4 and 5. Addition of the S atom
(Scheme 5) would occur below the plane to gen-
erate the observed (S) stereochemistry about the
thiazolidine C-4 atom. H-bonding between the
imine and the carboxylate group could also assist
this specificity.

Accounting for the specificity at the chelate
methine centre () is more difficult. The results
imply the A-R configuration of the chelated C-
formylglycine to be by far the more abundant
and/or the more reactive one. Once the nucle-
ophile has added at the carbonyl centre the che-
late methine chiral centre (a) is fixed under the

Scheme 5.
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Scheme 6.

acidic conditions. Neither this proton nor the
thiazolidine ring protons exchange with water.
However, not only is the formylglycine an o-
stereogenic centre” labilized through the enol
form, but under the acidic aqueous conditions
roughly equal concentrations of the two dia-
stereoisomeric hydrates occur. This is in keeping
with observations on analogous amino acid sys-
tems.*® Moreover, there seems to be no obvious
reason why the addition of the nucleophile at the
formyl group should be stereospecific. If any-
thing, a specificity opposite to that observed
would be expected. In these respects, the isomer
distributions observed under higher pH condi-
tions are more in keeping with the previous ob-
servations, but clearly we have no obvious expla-
nation for the stereospecificity in acid nor the
change in isomer distribution as the pH increases.

The variation in solubility of the isomers with
protonation and with the anion leads to interest-
ing possibilities for “milking” the reaction mix-
tures and for interconversion of B (A,25,4S,aR)
to A (A,2R,4S,aR), the naturally occurring form,
and of C (A,25,45,0S) to D (A,2R,45,aS). Ap-
propriate solubilities of individual salts could well
lead to stereoselectivity for the formation of the
individual isomers. This aspect is currently being
explored.

Finally, the issue of ring-closure to give the B-
lactam, penicillamic acid, still needs to be ad-
dressed. An interesting opportunity arises here
which is more difficult to organise in the regular
organic chemistry. Generation of the chelate es-
ter shown in Scheme 6 creates a very reactive
amino acid ester (~10° fold more reactive than
the uncoordinated ester)” in the vicinity of an in-
tramolecular nucleophile, in this case the N atom
of the thiazolidine ring. The combination of the
enhanced reactivity and the propinquity of the
two reaction centres may be enough to generate
the strained B-lactam.
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