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The resolution and assignment of absolute configuration of the isomers of [Co(en)(gly)z]+ is reported. The optically active 
cations (+)-[Co(en)z(gly)]2+, (+)-trans(0)-,  (+)-p-cis(O)-, and (+)-a-cis(O)-[Co(en)(gly)2]+ react with acetaldehyde 
in an  aldol-type condensation reaction to give optically active threonine and allothreonine. Using kinetically controlled 
conditions, the reaction yields products with relatively high optical purities (16-35%). The isolated threonine and allothreonine 
contain an excess of the 5’ isomer indicating that the aldehyde prefers to attack the S “side” of the coordinated glycine 
in these cations. However, analysis of the amino acid distribution suggests that the diversity of geometric environments 
exhibited by the cations has little effect on the stereochemical course of the reaction. Finally, the product distribution 
found reinforces the assignment of the absolute configuration of the cations based on circular dichroism arguments. 

Introduction 
The chemical reactivity of the amino acid glycine coordi- 

nated to a transition metal ion has been recognized for some 
time. Akabori and coworkers’ demonstrated that the glycine 
molecules in bis(glycinato)copper(II), Cu(gly)2, react with 
acetaldehyde in an aldol-type condensation reaction to give 
threonine and allothreonine (eq 1). The structures of the S 
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forms of threonine and allothreonine are shown in Figure 1. 
Acetaldehyde has also been shown to react with the geo- 

metric isomers2 of [Co(gly)3] as well as the N-salicylidene- 
glycinatoaquocopper(I1) complex.3 Various other reactants 
such as formaldehyde, benzaldehyde, and pyruvic acid4 have 
been used in this reaction to produce serine, 0-phenylserine, 
and 0-hydroxy-0-methylaspartic acid, respectively. 

Recognizing the stereochemical possibilities of this reaction, 
Murakami and Takahashis examined the condensation 
products obtained from the reaction of acetaldehyde with two 
optically active Co(II1) complexes. They found that the 

reaction of the optically active cation (-)- [Co(en)2(gly)]2+ with 
acetaldehyde yields product amino acids with low optical 
activity (8% asymmetric synthesis). We have reexamined the 
stereospecificity of this reaction with the enantiomer of 
(-)-[Co(en)2(gly)]2+ as well as the optically pure geometric 
isomers of [Co(en)(gly)2]+ (Figure 2). This series of 
complexes provides an opportunity to study the product 
distribution obtained from the reaction as a function of changes 
in complex geometry. 
Experimental Section 

Reagents and Epuipment. All chemicals were reagent grade unless 
otherwise noted. The amino acids glycine and (5’)-threonine were 
purchased from Nutritional Biochemicals Corp., Cleveland, Ohio. 
Reagent grade acetaldehyde was purified just prior to use by dis- 
tillation (under N2) of 10 ml of aldehyde acidified with 2 drops of 
H3P04. All uv-visible spectra were obtained using a Cary 14 
spectrophotometer. The optical rotatory dispersion (ORD) spectra 
were obtained with a Beckman DU spectrophotometer, fitted with 
a Keston polarimeter attachment. Circular dichroism (CD) spectra 
were obtained using a Cary 60 spectrophotometer. A Sargent pH-Stat 
fitted with a Sargent miniature combination electrode was used for 
the reactions. The pH-Stat was standardized at pH’s of 7.00 and 
10.00 with standard buffers prior to each run. 

The proton magnetic resonance (pmr) spectra were recorded using 
a Varian A-60 spectrometer with sodium 2,2-dimethyl-2- 
silapentane-5-sulfonate (DSS) as a reference. The pmr samples were 
prepared by dissolving 80-100 mg of the complex in 0.5 ml of D20. 
Exchange of the NH2 protons was accomplished by addition of 1 .O 
N NaOD until the solution turned basic (pH 10) followed immediately 
by the addition of 1 drop of 6 N DC1. 

An F & M (Hewlett-Packard, Stokie, Ill.) Model 402 gas-liquid 
chromatograph (glc) with dual column flame ionization detectors was 
used for the amino acid analyses. The elemental analyses of the 
complexes were done by Galbraith Laboratories, Knoxville, Tenn. 

Syntheses. trans( O)-[Co(en)(gIy)z]Cb2H20 and 0-cis(0)-[Co- 
(en)(gly)z]CbHzO. The synthesis and characterization of these 
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Figure 1. (a) (SI-Threonine (S-thr); (b) (SI-ailothreonine (S-allo); 
S refers to the absolute configuration of the a-carbon atom. 
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Figure 2. (a) i\(.t-)-[Co(en),(gl~)]~+; (b) n(+)-tuai~s(O)-[Co(en)- 
(gly),]’; ( c )  A-p-cis(o)-[Co(en)(gly),l+; (d) A(-t)-ol-cis(o)-[Co(en)- 
(gly),]’; where giy is NH,CI19C0,-, N-0 ,  and en is NHzCH,CH2- 
NH,,, 3 -N .  In each case the R and S “sides” of the coordinated 
glycine molecule are shown. ‘The p-cis(0) isomer has nonequivalent 
glycine molecules. 

complexes have been previously reported.6,” Part of the following is 
a modification of the method of Matsuoka, et 01.637 To 80 ml of 10 
N N a O H  was added 46.0 g (0.163 mol) of [CoCl(gly)HzO(en)]C1 
and 60.0 g (0.810 mol) of glycine. Two hundred milliliters of water 
was added and the solution stirred for 3 days at room temperature. 
The solution was concentrated to 200 ml in  a stream of air and cooled 
in an ice bath, and the pH of the dark red solution adjusted to 7 by 
careful addition of concentrated perchloric acid. Upon standing of 
the mixture in a refrigerator for 1 hr? 15 g of the crude dark red 
trans(0) isomer precipitated and was removed by filtration. Addition 
of 50 ml of methanol to the filtrate and refrigeration for 10 hr yielded 
18.3 g of a pink precipitate containing principally the p-cis(0) isomer. 

The crude t rans(0)  precipitate was washed with several 50-ml 
portions of a 3:l water--ethanol solution, dissolved in water, and 
converted to the chloride salt by passing the solution through a Dowex 
1-X8 anion-exchange resin. The yield of trans(o)-[Co(en)(gly)2]- 
C1.2H20 was 11 g. 

A 6.0-g portion of the impure p-cis(0) isomer was separated from 
small amounts of the trans(0) and a-cis(0) isomers using Dowex 
50W-X8 cation-exchange resin and eluting with 0.3 AT NaC104. The 
eluting agent was removed from the pure p-cis(0) isomer by washing 
with absolute ethanol. As with the trans(0) isomer the perchlorate 
salt was converted to the chloride salt using an anion-exchange resin. 
The yield of p-cis(o)-[Co(en)(gly)2]CI.H20 was 3 g. 

The visible absorption and pmr spectra of both complexes were 
identical with those previously reported.7 Pmr (DzO, DSS): 
trans(O)-[Co(en)(gly)21+, 6 2.64 (s, 4 H, Cf1KXz),  3.61 (s, 4 H, 
gly CI12); /3-~is(GJ)-[Co(en)(gIy)2]+, 6 2.72, 2.86 (ni, 4 H, CH2CH2), 
3.44 s, 3.61 s (4 H, gly CH2). 

~u-cis(O)-[Co(en)(gly)z]Cl. Since only a trace of this isomer was 
detected in the above approach, the reaction scheme was modified. 
The preparation of the trdns(0) and p-cis(O), isomers was repeated, 
but after adjustment of the pH to 7, the solution was refrigerated for 
10 hr yielding 30.2 g of the mixed isomers. This mixture was triturated 
with 47 g (0.63 mol) of KC1 and 200 nil of water and the KC104 which 
formed was collected by filtration and washed with two 5-ml portions 
of ice water. After combining the washings with the filtrate, 5.0 g 
of activated charcoal was added and the suspension was stirred at 

room temperature for 15 min, All traces of the charcoal were removed 
using filter aid. The red filtrate was triturated with 142 g (0.63 mol) 
of AgCKhvH20 for 2 rnin and immediately filtered to reniove the 
silver halide and a small amount of the sparingly soluble trans(8) 
perchlorate. This isomer was recovered from the silver salt by washing 
with 500 ml of water. ‘The volume was reduced to 100 ml by 
evaporation at reduced pressure at 40’ arid then placed in an ice bath 
for ! hr. About 15 g of the txans(0) and P-cis(0) isomers was 
recovered from the dark red solution. ‘The a-cis(0) isomer was isolated 
using a Dowex SOW-X8 cation-exchange resin in the sodium form 
and eluting with 0.3 NNaC104. The workap was the same as thar 
used for the p-cis(0) isomer. This procedure was repeated three tiines 
until a sufficient quantity of material was available for resolution. 

‘The visible absorption and pmr data were identical with those 
reported earlier for this complex.7 Pmr (D20, DSS): F 2.62 (s, 4 
H, CIIzCHz), 3.53 ( s ,  4 Pi, gly CH2). 

(+)- arid (-)-irans(O)-[(.’o(en)(gily)z]X.Bli28, Where X- = I--, C1-, 
To a flask shielded from the light, containing a suspension of 2.21 
g (0.015 mol) of &tartaric acid and 5.35 g (0.015 mol) of silver 
&tartrate* in 140 ml of water, was added 100 rnl of a solution 
containing 9.35 g (0.039 mol) of racemic trari.s(O)-[Co(en)~ 
(gly)~]C1~2H2O. After stirring of the mixture for 30 min, thc, silver 
chloride was removed by filtration and washed once with 10 ml of 
water, and the volume of the filtrate and washings was reduced under 
vacuum at 40’ to 80 ml. Slow evaporation in the air produced 2.2 
g of the impure (+) disastereoisomer. The material *as washed once 
with 5 ml of ice water and then recrystallized from about 20 nil of 
water taking care so as not to heat above 40’: yield 0.96 g; [MID 
93430’. Further recrystallimtion did not change the rotation. 

After recovery of the (+) diastereoisomer, the volume was reduced 
to 40 nil under a stream of air l o  yield 1.35 g of the inipiire (-) 
diastereoisomer. The yield after recrystallization was 0.60 g; [MID 

The ( 9 )  diastereoisomer, 0.96 g, was ground in a mortar with I0 
mi of water. After addition of 1.7 g of sodium iodide the mixture 
was triturated for 2 inin. The iodide salt of the complex was removed 
by filtration and washed once with 3 ml each of water, ethanol and 
finally acetone; the yield of (..i-)-trans(Q)-[Co(en)(gly)z] 1 .W20  was 
0.65 g. Anal. Calcd for [ C O C ~ H ~ ~ ~ ~ N ~ ] ~ ” H L O :  C, 17.49; H, 4.4.0; 
W, 13.60. Found: C, 17.58; I-I, 4.69; N ,  13.49. 

The (-) diastereoisomer was siniilarly converted to thc iodide salt 
using 6 ml of water and 1.1 g of sodium iodide; the yield of (--)- 
truns(0)-[Co(en)(gly)z]I.HzO was 0.41, g. 

The (+) iodide was suspended in 30 ml of water and converted 
to the chloride salt by addition of I .2 g of freshly prepared silver 
chloride, A check of the rotation of the isolated chloride gave a value 
identical with that of the iodide salt. 

(+)- and (-)-p-cis(a)-[Co(en)(gly)~jX.apjizg) ~~e~~ X- = I-, C - ,  
The resolution was done in a manner identical with that for the 
trans(0) isomer on 4.76 g of ~-c is (GJ) - [Co(en) (g ly)z]~1~~~20.  The 
(+) diastereoisomer ([R?]4,70 +50OOu) was crystallized first arid after 
conversion to the iodide salt yielded 0.50 g of (+)-8-clr(hl),.[Co- 
(en)jgly)z]I.2H20. Anal. Calcd for [GOC~PII~U~N~]I.~H~C): C, 
16.76; H, 4.69; Id, 12.89. Found: C, 16.42; H, 4.68; N, 12.89. 

The rotation of the (.-) diastereoisomer was [MI470 -t5850°; the 
yield was 0.40 g as the iodide salt. 

(+)- and (-)-~u:cis(O)-[Cu(era)o2jCI.E%LO. A solutioii of the 
complex, 4.44 g (0.139 mol) in 100 ml of water, was added dropwire 
to 5.45 g (0.139 mol) of silver antimonyl &tartrate9 which w;ts 
suspended in 250 1n1 of water in a darkened flask. The silver chloride 
wliicli was formed was removed by filtration and the red sollition 
condensed under a stream of air to 70 i d  followed by the addition 
of 40 nil of absolute ethanol. After the mixture stood in the re- 
frigerator (5-10’) for several days, a very hard red tar formed which 
was coated with 2.0 g of the nearly pure (+) isomer. The compound 
was removed from the tar and purified by heating momentarily at 
30’ in about 20 ml of water. After cooling and slow evaporation under 
a stream of air, crystallization occurred. After two crystallizatioris 
the rotation did not change; [MI480 --10,400e. The yield was 1.01 
g. 

The (+) diastereoisomer was converted to the chloride salt by 
suspending it in 11 ml of water and slowly adding concentrated 
hydrochloric acid until the initially forrried SbOCl dissolved, An q u a l  
volume of water was added, the Sb0C1 was removed, and the filtrate 
was evaporated to dryness a t  reduced pressure at  30’. The red 
material was purified by dissolvirig in 5 x n l  of water and adding acetone 

3270’. 
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until precipitation occurred. The procedure was repeated twice to 
yield 0.50 g of (+)-a-cis(O)-[Co(en)(gly)a]CI.H20. Anal. Calcd 
for [ C O C ~ H I ~ ~ ~ N ~ ] C I . H ; ? O :  C, 22.47; H, 5.66; N, 17.47. Found: 
C, 22.47; H,  5.37; N ,  17.54. 

All efforts to isolate the (-) isomer from the red tar failed, and 
silver antimony I-tartrate9 was synthesized and used as the resolving 
agent. Thus, the red tar, [MI480 +1770', was dissolved in 50 ml of 
water and converted to the chloride salt by passage through a column 
containing Dowex 1-X8 resin in the chloride form. Isolation and 
purification for the (-) isomer as the antimonyl I-tartrate was the 
same as before. The yield was 0.77 g as the chloride salt. 

(+)-trans( 0)-[Co(en) (S-thr) (gly)]CEHzO and (-)-trans( 0)- 
[Co(en)(S-thr)(gly)]I, Where S-thr is the (S)-Thrmnine Anion. The 
procedure described for the preparation of the trans(0) and p-cis(0) 
glycine analogs was followed by treating (S)-threonine with 
[CoCl(gly)H2Q(en)]C1. Potassium hydroxide was used as the base 
and a fivefold molar excess of the amino acid was employed instead 
of an eightfold one. The pH of the resulting solution did not exceed 
9.0. In attempting to precipitate the desired complexes from the 
reaction mixture as their perchlorate salts, only a cream white solid 
was obtained (possibly KC104). This material was removed by 
filtration and the filtrate placed on a column containing Dowex 
50W-X8 resin in the H+  form. Because of the large concentration 
of other ions present, the positively charged cobalt complexes did not 
form a tight band at  the top of the resin but streaked badly making 
it impossible to do an effective separation of the desired compounds. 
Upon elution with 0.5 N HCI, the amino acid complexes which carried 
a 1+ charge and had oxygen atoms in the trans position easily 
separated from their cis-oxygen counterparts and from compounds 
having higher positive charge. The acidic solution containing the 
trans(0) isomers was collected and evaporated to dryness a t  reduced 
pressure (40'). The residue was dissolved in 75 ml of water and KCI 
was removed by the dropwise addition of a 3.0 N AgC104 solution 
to the chilled (0-5')  deep red liquid until precipitation ceased. After 
removal of the AgCl and KC104 hy filtration, a careful separation 
was performed on t.he filtrate using Dowex 50W-X8 ion-exchange 
resin in the H.+ form and eluting with 0.3 N HCI. After 40-50 days 
of slow eluting, four bands were clearly visible. The third band from 
the bottom of the column, which was the broadest and most intense, 
contained the two glycinato-S-threoninato compounds. Using a 
fraction collector, 322 15-ml fractions were collected and several tubes 
checked for optical purity by recording the ratios of the observed 
rotation at  480 mp to the optical absorbance at 530 mp. The more 
soluble (+)-trans( 0)- [ Co( en) (S-thr) (gly)] + cation eluted first. After 
evaporation to dryness, the crude (+) diastereoisomer was redissolved 
in water and converted to the iodide salt by passing it over Dowex 
1-X8 anion-exchange resin in the iodide form. Evaporation as before 
and cryst,allization from about 20 ml of water afforded 1.2 g of the 
diastereoisomer. Anal. Calcd for [ C O C ~ H ~ O O ~ N ~ ] ~ :  C, 21.90; H, 
5.02; N ,  12.80. Found: C, 21.90; H,  5.41; N ,  13.31. 

Recovery and purification of the less soluble (-) diastereoisomer 
were as before but conversion to the iodide salt was unnecessary. The 
yield was 0.7 g. And.  Calcd for [CoCxH2004N4]Cl.H20: C, 26.30; 
€3, 6.04; N, 15.39. Found: C, 26.15; H, 6.15; N, 15.35. 

The visible absorption spectra and absolute configurations of these 
two cations were found to be identical with those which have been 
previously reported.10 Pmr (D20, DSS): (+)-trans(O)-[Co(en)- 

3.63 (d, 2 H,  gly CH2), 3.63 (d, 1 H,  thr a-CH), 4.38 (m, 1 H, thr 
8-CH); (-)-trans(0)-[Co(en)(S-thr)(gly)]+, 6 1.44 (d, 7.0 Hz, 3 H, 
CH3), 2.87 (s, 4 H,  CH2CH2), 3.64 (d, 2 H ,  gly CH2), 3.75 (d, 1 
H, thr a-CH), 4.37 (m, 1 El, thr fl-CH). 

(+)- and (.--)-[Co(en)2(gly)]C12. This complex was prepared and 
resolved according to the procedure described by Liu and Douglas.] 1 
Anal. Calcd for (+)-[CoCsHzoOzNs]Clz: C, 22.30; H, 6.18; N, 
21.70. Found: C, 22.47; H, 6.32; N, 22.00. The visible absorption 
and circular dichroism spectra agree with those previously reported.11 

Reactions of the Complexes with Acetaldehyde. All of the con- 
densation reactions were carried out under nitrogen gas using a 
pH-Stat. 

To 10 ml of doubly distilled, degassed water was added 0.3 mmol 
of the optically active complex and the temperature of the resulting 
solution adjusted to 25 f 0.5'. After addition of 1.0 ml of an aqueous 
solution containing the aldehyde, the pH was automatically adjusted 
to a constant value by the addition of 0.08 N carbon dioxide free 
NaOH.  Reaction termination was accomplished by the addition of 

(S-thr)(gly)]+, 6 1.47 (d, J = 7.0 Hz, 3 H, CH3), 2.89 (s, CH2CH2), 
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1 drop of concentrated acetic acid. The solvent and the unreacted 
aldehyde were removed under vacuum (30') and the residue was 
redissolved in 40 ml of water. A 1-ml portion of this solution was 
reserved for determining the mole per cent of glycine reacted using 
glc methods.'*J3 The cobalt(II1) complexes present in the remaining 
39 ml of solution were destroyed by acidifying with 2 drops of 
concentrated acetic acid and purging with H2S gas for 10 min. 
Addition of 5 drops of concentrated aqueous NH3 caused the im- 
mediate precipitation of COS. The sulfide was removed by filtration 
using filter aid and washed twice with 2-ml portions of water, and 
the clear or very light brown filtrate was evaporated to dryness a t  
water aspirator pressure (SO'). The residue was taken up in 3-5 ml 
of water and the solution was placed on a small chromatography 
column containing 10-12 ml of Dowex 1-X8 resin in the OH- form. 
After washing with 30 ml of water to remove the ethylenediamine, 
the amino acids were released from the resin by addition of 50 ml 
of 1.0 N HC1. The acidic solution was evaporated to dryness a t  
reduced pressure (50') leaving a mixture of amino acid hydrochloride 
salts which was analyzed for the optical isomers of threonine and 
allothreonine using glc.14 

The 1.0-ml portion described above containing a small amount of 
product complexes was placed in a 3.0-ml centrifuge tube and the 
complexes were destroyed with H2S as before. After centrifuging, 
the supernatant liquid was removed and evaporated to dryness by 
heating (100') under a stream of Nz gas. The residue containing 
ethylenediamine and the amino acids was analyzed for the relative 
amounts of glycine, threonine, and allothreonine using glc.I2,13 

Except for the p-cis(0) isomer where only one reaction was carried 
out, the amino acid distribution reported is based on two duplicate 
reactions (each an average of three chromatograms) on each complex. 
In the case of the trans(O)-[Co(en)(gly)2]+ cation, reactions were 
carried out on both the (+) and (-) isomers, and within experimental 
error enantiomeric amino acid distributions were obtained. The error 
in each of the relative mole per cent values of the four amino acids 
forms (S)- and (R)-threonine and (S) -  and (R)-allothreonine was 
about f5%. 

In case of the trans(O)-[Co(en)(gly)z]Cl complex the mono- 
condensation product complexes could be cleanly separated from the 
other possible products using ion-exchange chromatography. After 
termination of the reaction, the acidified reaction mixture was 
separated using a Dowex 50W-X8 cation-exchange resin in the H+ 
form. Eluting for 5 days with 0.1 N HCI yielded four separate bands. 
Visible absorption spectra of the intact complexes and glc analysis 
of the ligands established that the first and second bands (fastest 
moving) contained the four diastereomeric monocondensation products, 
trans(0)-[Co(en)(thr or allo)(gly)]+. The third broad band was 
composed of the dicondensation products, trans(O)-[Co(en)(thr or 
allo)2]+, while the fourth band correspond to the unreacted frans- 
(0 ) -  [Co(en) (g ly )~ ]  + cation. 

Results and Discussion 
Absolute Configuration of the Complexes. Circular  di-  

chroism (CD)  forms the basis for the assignment of absolute 
configuration of all of the  complexes shown in Figure 2. The 
visible absorption a n d  CD d a t a  for the  optically active bis- 
(glycinato) complexes are given in  Tab le  I. 

The (+)-trans(0)-[Co(en)(g!y)z]+ cation is assumed to have 
pseudo-D4h symmetry,  D q ( 0 )  < Dq(N) ,  with the lAig -* 'Eg 
transition most probably occurring at 18.3 kK.15 Using  the 
same approach as Mason, et a1.,16 the positive CD absorption 
(+1.98) for this transit ion suggests that the (+)-trans(0)- 
[Co(en)(gly)2]+ ion can b e  related to (+)-[Co(en)3]3+ which 
has the A absolute configuration. The same configuration has 
been assigned to (+)-trans-[Co(l-pn)(gly)2]+.17 Pmr argu-  
ments  based on the  diastereomeric trans(0)- [Co(en)(AA)z]+ 
a n d  trans(0)-[Co(en)(AA)(gly)]+ complexes, where  AA i s  
an optically active amino acid,  further support  the absolute  
configuration assignment.10 

Argumen t s  involving lower symmetry  should apply  to the 
p -c i s (0 )  and  a-cis(0) isomers. However,  the visible spectra 
and CD absorptions for these two isomers show little splitting. 
Only the a - c i s ( 0 )  isomer has more than  one  CD absorption 
in  the Tig(Oh) transit ion region. Similar CD pat terns  were  
found for (+)- [ Co(en)z( CO)3] + and (+)- [Co(en)2(C204)] + 
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Table I. Electronic Absorption and Circular Dichroism Data for 
the [Co(en)(gly),]+ Cations' 

Complex Absorptionb CDC 

18.8 (90). 22.2 sh (45). 18.3 (t1.98) 

James C. Dabrowiak and D. W. Cooke 

A(+)-P-CiS(O)- 19.9 (125), 27.9 (138) 19.0(+1.92) 
25.7 (+0.08) 
27 .8  (-0.11) 
30.4 (+0.14) 
19.5 ( t2 .90)  19.9 (106), 27.9 (142) 
22.5 (-0.30) 
27.4 (-0.07) 
30.2(+0.10) 

Data were measured in aqueous solutions at approximately 10.' 
The band position is given in kK followed by the molar ex- M. 

tinction coefficient. ' The CD band position is given in kK 
followed by (€1 - cy). 

which were assigned the h absolute configuration.16 On the 
basis of the sign of the dominant CD band for the Tig(0h) 
transition region we have assigned the A configuration to 
(+)-P-cis( 0)- [ Co(en) ( g l y ) ~ ]  + and (+)-a-cis( 0)- [Co(en)- 

Liu and Douglas" resolved and assigned the A configuration 
to the (-)~-[Co(en)2(gly)]2+ cation. This assignment was 
later amended18 on the grounds that the dominant CD peak 
for this complex should be related to the 1Ea transition of 
[Co(en)3]3+ and not the 'A2 transition. Using pseudo-D3 
symmetry the correct assignment of (+)D- [Co(en)2(gly)]2+ 
is A. The configuration of all of the cations used in this study 
is shown in Figure 2. 

Reaction Conditions. The reaction conditions used for the 
condensation of the aldehyde with the metal complexes were 
carefully controlled. I t  became apparent that the maximum 
amount of stereochemical information could be gained by 
considering at  least four important points. 

Of prime importance to the stereochemical analysis was the 
stability of the optically active complexes in the basic reaction 
medium. Maintaining the integrity of the optically active 
templates during the course of the reaction was essential to 
maximizing the optical purity of the products. All of the 
cations studied were stable in basic media (no detectable 
racemization or decomposition at  pM 1 1 .O) for periods up to 
12 hr. These conditions proved to be more severe than those 
actually used for the condensation reactions. 

In order to compare the product distribution obtained from 
(+)-[Co(en)z(gly)]2+ with the three isomers of [Co(en)- 
(gly)2]+, it was desirable to synthesize only the monocon- 
densation products of the latter. Following the stereochemical 
course of the reaction by analyzing a mixture of mono- and 
discondensation products would be unnecessarily complicated. 
The steric effects exerted by coordinated threonine or allo- 
threonine on a second molecule of attacking aldehyde would 
be difficult to predict. 

In a series of trial reactions in which the p H  and aldehyde 
to complex ratio were varied, the order of reactivity of the 
cations was established. The complexes were found to react 
with the aldehyde in the order (+)-[Co(en)2(gly)]2+ > 
(+)-trans( 0)- [ Co(en) (gly)~] + > (+)-P-cis(O)- [ Co(en) (gly)~] + 

> (+)-a-cis(0)-[Co(en)(gly)z]+. The 1+ cation with the 
fastest reaction rate, trans(0)-[Co(en)(gly)2]+, proved to be 
very useful in establishing the optimum reaction conditions 
for the formation of only monocondensation products. 

The product complexes from a series of aldehyde con- 
densation reactions involving the trans(0) cation were isolated 
using ion-exchange chromatography. This technique allowed 
the separation of the mixture into the two types of condensation 
products. Separate bands were observed for the monocon- 
densation products (two bands, four isomers), dicondensation 

(gly)21+. 

products (one broad band, ten isomers), and the unreacted 
trans(0) cation. Amino acid analysis of the destroyed 
complexes12J3 provided a means of identifying the composition 
of the bands. The conditions ultimately chosen for the reaction 
were found by maximizing the amount of monocondensation 
products synthesized and at  the same time preventing the 
formation of any detectable amount of dicondensation products. 
This occurred a t  pH 9.5 (25') with an  aldehyde to complex 
ratio of 1 : 1. In a period of 3 hr, 12% of the coordinated glycine 
in trans(O)-[Co(en)(gly)2]+ reacted to form threonine and 
allothreonine. 

Using the same conditions established for the trans(0) 
isomer, the cis(0) isomers reacted with the aldehyde at  a slow 
rate. The slowest to react, a-cis(O), yielded only a trace (1-2% 
reacted glycine) amount of product. Attempts to improve the 
yield obtained from this complex by lengthening the reaction 
time led to a geometric isomerization. Ion-exchange separation 
of the complexes formed over 12-24-hr reaction periods showed 
that the trans(0) (visible absorption 18.8 and 22.2 kK) and 
possibly P-cis(0) (extinction coefficients of the d-d bands) 
geometries were present. The fact that the a-cis(0) complex 
was stable to racemization and isomerization in basic media 
in the absence of the aldehyde suggests that monocondensation 
products themselves are unstable. The products from extended 
reaction times are being further investigated. 

A third important factor was the possibility of racemization 
about the a center of the coordinated threonine and allo- 
threonine. The lability of the methylene or methine protons 
of coordinated amino acids in basic media appears to be 
general.19 Sargeson, et al.,zo have shown that the a asymmetric 
center in certain cobalt(II1)-(S)-alanine and -(S)-valine 
complexes is susceptible to racemization in basic media. As 
a check on the importance of this factor in the condensation 
reaction, the stability of two of the four possible trans(0) 
monocondensation products was studied. 

The reaction of the aldehyde with A(+)-truns(0)-[Co- 
(en)(gly)2] + produces four diastereoisomeric complexes: 
A(+)-trans( 0)- [Co(en) (S-thr) (gly)] +, A(+)-trans( 0)- [Co- 
(en)(R-thr)(gly)] +, A(+)-truns(0)- [Co(en)(S-allo)(gly)]+, and 
A(+)-trans(0)-[Co(en)(R-allo)(gly)] +. Two of these com- 
plexes A( +)- and A(-)-trans( 0)- [Co(en)(S-thr) (gly)] +, the 
latter being enantiomeric to A(+)-trans(O)-[Co(en)(R- 
thr)(gly)], were synthesized from optically pure (S)-threonine 
and separated using ion-exchange chromatography. At p H  
9.5 (3.0 hr) no change in the stereochemistry about the a center 
was detected. Inversion about this asymmetric center leads 
to formation of allothreonine (epimerization) which would have 
been easily detected using glc.12-14 Although not synthesized 
and examined directly, the (+)- and (-)-trans(0)-[Co(en)- 
(S-allo)(gly)]+ cations are very likely stable to inversion under 
the same conditions also. 

The possibility of epimerization of the four [Co(en)z(thr 
or allo)] 2+ complexes was discounted by consideration of the 
a-proton exchange rate20 of (-)-[Co(en)2(S-ala)]2+. The initial 
step in the racemization process is the deprotonation of the 
asymmetric carbon atom. Assuming a close similarity between 
the 2+ cations formed in the condensation reaction and 
(-)- [Co(en)z(S-ala)]2+, the t i j 2  based on pseudo-first-order 
kinetics is about 100 hr at  pH 9.5. The rate of epimerization 
a t  this pH should be very slow and is assumed not to affect 
the product analysis. 

Finally, the reaction was carried out at  constant pH in the 
absence of a buffer system, Mason, et al.,21 have given ev- 
idence that highly charged anions of the kind normally found 
in buffers (co32-,  P043-) can form outer-sphere complexes 
with certain cobalt(II1) complexes. The presence of such 
outer-sphere structures in the aldehyde condensation reaction 
may have an effect on the Stereochemical course of the reaction 
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Table 11. Product Distribution from the Reaction of Acetaldehyde with Some Optically Active Glycine Compleres 
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% glycine 
Complex % threoninea % allothreoninea reacted Temp (“C), pH Ref 

A(-t)-[Co(en),(slu)l** 26 (16, S )  74 (35, S) 12 25, 9.5 This work 

A(+)trans(O)-[ Co(en)(gly) , ] + 33 (33, S) 67 (31,s)  11 25, 9.5 This work 
A( +)P-cis(O)- [ Co(en)(gb 1 I + 28 (21, S) 72 (28, S) 6 25,9.5 This work 
A(+)ol-cis(O)-[ Co(en)(gly), ] + 36= 64e 1-2 25, 9.5 This work 

a The per cent amino acid found is given, followed by the per cent asymmetric yield, IS-R/S+R I X IOz, and the configuration of the enan- 
tiomer in excess. This work treats the reaction of A(-)-[Co(en),(gly)]z’ with aldehyde. The data in the table 
have been adjusted to  correspond to the products from the A(+) isomer. pH not specified in the original work. The value in the table has 
been measured from solutions identical with those described in ref 5.  e Insufficient sample available for the analysis of the optical isomers of 
threonine and allothreonine. 

A(+)- [ W e n )  ,(gly) I ’+ 78 (8, S) 22 90 R T , ~  l i d  5 

[ c ~ ( I - P ~ ) , ( ~ I Y ) I ~ +  69 (1, S) 31 95 RT, I l d  5 

RT is room tcmperature. 

Optically active but the isomer used in the reaction was not specified. 
which would be difficult to assess. 

Stereochemical Analysis of the Products. Table 11 shows 
that using relatively mild conditions substantial amounts of 
asymmetric synthesis can be achieved. The three complexes 
for which the per cent asymmetric synthesis was determined 
show that changes in geometry (Figure 2) have little effect 
on the product distribution. Similar asymmetric yields and 
product distributions were obtained for all of the compounds. 

Since the reaction conditions did not allow the racemization 
of the a center of the coordinated amino acid (epimerization), 
the stereochemistries of the products reflect the direction of 
the attacking aldehyde. The data in Table I1 show that the 
direction of attack of the aldehyde is probably not influenced 
by changes in the local environment of the coordinated glycine 
molecule. In every case an excess of the S amino acid was 
produced. Figure 2 shows that the glycine molecules in 
A(+)-[Co(en)2(gly)]2+ and A(+)-trans(o)-[Co(en)(gly)2]+ 
have primary amine functions as near-neighbor donor groups. 
The P-cis(0) geometry, on the other hand, contains two 
nonequivalent glycine molecules each of which has different 
donor atoms as near neighbors (-NH2, -NH2 vs. -NH2, 
- C 0 2 - ) .  Presumably both molecules of glycine in the P-cis(0) 
compound react with the aldehyde but the distribution of 
products from this complex is essentially the same as that 
produced from A(+)-[Co(en)2(gly)]2+ and A-trans(@- 
[ Co(en) (gly)~] +. The complex A( +)-a-cis( 0)- [ Co(en) (81 y) 21 + 

should provide the most effective test of this type of near- 
neighbor effect but unfortunately the reaction with aldehyde 
was very slow (1-2% glycine reacted). Without significantly 
modifying the glc analytical procedure14 a quantitative analysis 
of the isomer distribution was not possible. However, one glc 
technique13 did permit the determination of the relative 
amounts of the two distereomers. Values similar to those of 
the other three isomers were found. 

The product distribution for the aldehyde condensation with 
A(+)-[Co(en)2(gly)]2+ at pH 9.5 contrasts markedly with that 
reported by Matsuoka, et al.6 The reason for the low optical 
purity (1-8%) and the different product distribution observed 
(threonine:allothreonine = 2: 1) in the earlier work is not clear. 
However, the possibility of racemization (epimerization) of 
optically active products cannot be discounted. The effect of 
pH, reaction time, and temperature on the product distribution 
is being investigated. 

Finally, the ability of the aldehyde to recognize the ring 
system of three of the complexes in the same way reinforces 
the assignments of absolute configuration. However, the utility 
of this reaction as a means of assigning the absolute con- 

figuration of other glycine-containing systems should await 
a thorough dilineation of the aldehyde recognization process. 

Acknowledgment. We wish to thank the Division of General 
Medical Science of the National Institutes of Health for its 
support through Grant AM12262 and NIH Biomedical 
Sciences Support Grant 3S05RR07146-01Sl. 

Registry No. A(+)-trans(0)-[Co(en)(gly)2]1, 54003-40-6; A(-)- 
trans(0)-[Co(en)(gly)z]I, 54053-69-9; A(+)-p-cis( 0)-[Co(en)(gly)z]I, 
54003-41-7; A(-)-p-cis(0)-[Co(en)(gly)z]I, 54053-70-2; A(+)+ 
cis( 0)- [ Co(en) (gly)~] C1, 54053-7 1-3; A(-)-a-cis( 0)- [ Co(en) (gly)2] C1, 
54053-72-4; A( +)-trans( 0)- [ Co(en)(S-thr) (gly)] I, 54003-42-8; 
A(-)-trans(0)-[Co(en)(S-thr)(gly)]Cl, 54036-72-5; [CoCl(gly)- 
HzO(en)]CI, 15559-96-3; glycine, 56-40-6; acetaldehyde, 75-07-0; 
A ( + ) - [ C o (en ) 2 ( g 1 y ) 3 C 12, ,I ( + ) - 
trans(O)-[Co(en)(gly)2](d-tartrate). 54003-30-4; A(-)-trans(0)- 
[Co(en)(gly)z](d-tartrate), 54053-66-6; A(+)-a-cis(0)-[Co(en)- 
(gly)z](antimonyl &tartrate), 54053-68-8. 

References and Notes 

5 4 0 0 3 - 2 8 - 0 ; 

M. Sato, K. Okawa, and S. Akabori, Bull. Chem. Soc. Jap., 30, 937 
(1957). 
Y. Ikutani, T. Okuda, M. Sato, and S. Akabori, Bull. Chem. SOC. Jap., 
32, 203 (1959). 
K. Harada and J. Oh-hashi, J.  Org. Chem., 32, 1103 (1967). 
S. Akabori, T. T. Otani, R. Marshall, M. Wintz, and J. P. Greenstein, 
Arch. Biochem. Biophys., 83, 1 (1959). 
M. Murakami and K. Takahashi, Bull. Chem. SOC. Jap., 32.308 (1959). 
N. Matsuoka, J. Hidaka, and Y. Shimura, Bull. Chem. SOC. Jap., 39, 
1257 (1966). 
N. Matsuoka, J. Hidaka, and Y .  Shimura, Bull. Chem. Soc. Jap., 40, 
1868 (1967). 
J. I. Legg, D. W. Cooke, and B. E. Douglas, Inorg. Chem., 6,700 (1967). 
H. A. Goodwin, E. C. Gyarfas, and D. P. Mellor, Aust. J. Chem., 11, 
426 (1958). 
J. C. Dabrowiak and D. W. Cooke, J. Am. Chem. Soc., 92, 1097 (1970). 
C. T. Liu and B. E. Douglas, Inorg. Chem., 3, 1356 (1964). 
G. W. Gehrke, H. Nakamota, and R. W. Zumwalt, J .  Chromatogr., 45, 
24 (1969); D. L. Stalling, G. W. Gehrke, and R. W. Zumwalt, Biochem. 
Biophys. Res. Commun., 31, 616 (1968). 
G. W. Gehrke, D. Roach, R. W. Zumwalt, D. L. Stalling, and L. L. Wall, 
“Quantitative Gas-Liquid Chromatography of Amino Acids in Proteins 
and Biological Substances,” Analytical Biochemistry Laboratories, 
Columbia, Mo., 1968. 
J. C. Dabrowiak and D. W. Cooke, Anal.  Chem., 43, 791 (1971). 
R. A. D. Wentworth and T. S. Piper, Inorg. Chem., 4, 709 (1965). 
A. J. McCaffery, S. F. Mason, and B. J. Norman, J.  Chem. Sac., 5094 
(1965). 
Y. Kojima and M. Shibata, Inorg. Chem., 9, 238 (1970). 
S. K. Hall and B. E. Douglas, Inorg. Chem., 8, 372 (1969). 
D. H. Williams and D. H. Busch, J. Am. Chem. Soc., 87,4644 (1965); 
J. B. Terrill and C. N. Reilley, Inorg. Chem., 5, 1988 (1966). 
D. A. Buckingham, L. G. Marzilli, and A. M. Sargeson, J .  Am. Chem. 
SOC., 89, 5133 (1967). 
R. Larsson, S. F. Mason, and B. J. Norman, J. Chem. Soc., 301 (1966); 
S. F. Mason and B. J. Norman, ibid., 307 (1966). 


