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3. u-Amido-u-superoxo-dichlorodiamminecobalttetraammine-
cobalt(2+). This was prepared from [(NH,),Co(NH,)(0,)Co(NH;),]-
(NO,), by Werner’s procedure;® we were only able to prepare the
chloride salt [(NH;),Co(NH,)(0,)Co(NH,),(CD,]Cl,, which was re-
precipitated from H,0 by addition of concentrated HCl. Anal.
Calcd for Co,H,,N,0,Cl,: Co, 28.8; N, 23.5; H, 4.88; Cl, 34.7.
Found: Co, 29.0; N, 24.3; H,4.78, Cl, 34.9. Solutions of the
chloride of 3 in 0.1 M HCIO, rapidly became grayish green, prob-
ably due to replacement of coordinated chloride by H,0, giving
[(NH;), Co(NH,) ,(0,)Co(NH,),(H,0),]**. This was reversed by
addition of concentrated HCl, when the chloride of 2 was precipitated,
but irreversible changes were rapid, leading to cobalt(IlI)-pentaam-
mine derivatives. Heating of the chloride of 2 in HCl gave [Co-
(NH,),(CD]** as reported by Werner.®

In fresh 0.1 M HCIO, solutions, we find Apyay 720 nm (e 140),
Ash 590 nm (e 131), and A,y 476 nm (e 271).

4. Conversions of [(NH,),(C)Co(NH)(0,)Co(NH,),(CD]**
and [(NH,),Co(NH,)(0,)Co(NH,),(C]),]** to [(NH,),Co(NH,)(0,)-
Co(NH,),]**. Following the general outline of the Werner proce-
dure,® 1.0 g of the chloride of 2 (or 3) was added to 50 ml of liquid
NH, at —33°. The mixture was stirred vigorously and allowed to
warm slowly to 0°.  When complete solution of the chloride .
of 2 had occurred, 25 ml of distilled water was added and, with the
solution temperature kept below +10°, the solution was cautiously
acidified with 6 N H,SO, to pH 2. The solution was placed in the
dark at 25° for 2 days, and then the finely divided precipitate of
gray [(NH,),Co(NH,)(0,)Co(NH;),1(SO,), was removed by filtra-
tion and converted to the corresponding nitrate.®* From the chlo-
ride of 2 was obtained a 41% vyield of octaammine nitrate, whose
high purity was indicated by electronic absorption spectroscopy
[Amax 700 nm (e 305), Appax 477 nm (e 368)] and by photolysis
in 0.1 M HC10,.? Complex 3 gave the octaammine nitrate, but
only in 19% yield, and samples we obtained contained other bi-
nuclear cobalt ammines.

5. Photochemistty of [Co(NH,),(CD)(H,0)]**. Unlike most
cobalt(III) ammines and other Co!ll products of u-superoxo-dico-
balt ammine photochemistry we have studied, {Co(NH,),(CD)-
(H,0)]** is quite unstable when irradiated with near-ultraviolet
light and we corrected for this in photochemical studies of 2.
Moggi, et al.,'® reported recently that on 254- and 313-nm irradia-
tion [Co(NH,),(Cl)(H,0)]** was converted not only to Co?* but
also to [Co(NH,),(H,0),]**. We have confirmed and extended
these findings as summarized below.

hv
p2 LA 2+ 3+
[Co(NH ;) ,(CDH(H,0)] Tilute 10, Co?* + [Co(NH,),(H,0),]

Quantum Yields

Co?* [Co(NH,),(H,0),]3* A
0.24 0.10 254 nm
Both aquation and reduction 313 nm
observed
<0.001 ~0.01 365 nm
<0.0001 <0.001 >480 nm

II. Photochemical and Analytical Procedures. These have been
described in our previous papers.?’> Gas analyses were done with
the aid of Dr. James White.

Registry No. - [(NH;);Co(NH,)(0,)Co(OH)(NH,)5](C104)s,
37339-54-1; [(CI)(NH, )sCo(NH, )(O5)Co(NH;)sCI|(NO3),,
37339-56-3; [(NH;)s Co(NH, X(O,)Co(NH;),(C1),]Cl,,
37339-55-2 5 [(NH3 )4 CO(NHz)(Oz)CO(NHa )4] (N03 )4 N 12139-
90-1; [Co(NH, )a(CI)(H, 0)|, 39262-43-6.
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(16) Photoaquation and reduction to Co** of [Co(NH,),(H,0)-
(CN]** was studied previously by L. Moggi, N. Sabbatini, and V.
Balzani, Gazz. chim. Ital., 97, 980 (1967).
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The study of coordination complexes has recently received
added impetus with the discovery that some possess anti-
cancer activity.>>® In addition to the well-publicized plati-
num-amine complexes,*® for which antitumor properties
have been demonstrated, a number of transition metal
complexes of amino acids are now undergoing laboratory
tests as anticancer agents;**®> among these are complexes
derived from the amino acid S-methyl-L-cysteine.*>*

Livingstone and Nolan® synthesized quite a large number
of complexes of S-methyl-L-cysteine (SmcH): the poly-
meric six-coordinate [M(Smc),], (M = Co, Ni, Cu, Zn, Cd)
which involve coordination via the amino and bidentate,
bridging carboxylato groups; the planar [M(SmcH)X,] (M =
Pd, Pt; X = Cl, Br) in which the ligand donors are thioether
and amino groups; and [Cu(Smc),Ag]NOs, which involves
ligand coordination to copper viz oxygen and nitrogen
donors and to silver via the sulfur atom. The work of
Livingstone and Nolan had been preceded by the work of
McAuliffe, Quagliano, and Vallarino” on the amino acid
DL-methionine, a ligand which differs from S-methylcys-
teine in possessing an extra -CH,~ group in the carbon
chain. The results in these two papers>*® lead to the con-
clusion that the donor properties.of these two ligands are
very similar. In fact, work carried out in this laboratory,
as well as adding to the number of complexes of S-methyl-
cysteine, shows that there are some significant differences
in the complexing properties of these ligands.

Experimental Section

Starting Materials. S-Methyl-L-cysteine (Nutritional Biochemi-
cals Corp.) and analytical grade metal salts were used without fur-
ther purification.

Preparation of the Complexes. [Cu(Smc)(NO,)]. S-Methyl-
L-cysteine (0.68 g, 0.005 mol) and Na,CO, (0.27 g, 0.0025 mol)
in water (10 ml) were added dropwise to a solution of Cu(NO,),"
3H,0 (2.42 g, 0.010 mol) in water (10 ml). Precipitation of a
light blue solid occurred immediately. The solid was filtered, washed
with methanol (10 ml) and water (10 ml), and dried in vacuo over
P,0,,; vield 85%.

Na[Cu(Smc),]. A solution of Cu(NO;),-3H,0 (0.60 g, 0.0025
mol) in water (10 ml) was added to a solution of S-methyl-L-cys-
teine (1.35 g, 0.010 mol) and Na,CO, (0.53 g, 0.005 mol) in water
(10 ml). Immediate precipitation of a blue complex occurred.
The solid was filtered, washed with methanol (10 ml) and ethanol
(10 mi), and dried in vacuo over P,O,,; yield 75%.

. (1) Part V: C. A, McAuliffe and S. G. Murray, Inorg. Chim. Acta,
in press.

(2) B. Rosenberg, L. Van Camp, J. E. Trosko, and V. H.
Mansour, Nature (London), 222, 385 (1969); B. Rosenberg and
L. Van Camp, Cancer Res., 30, 799 (1970).

(3) J. J. Roberts and J. M. Pascoe, Nature (London), 235, 282
(1972).

(4) D. R. Williams and P. A. Yeo, J. Chem. Soc., Dalton Trans.,
1988 (1972).

(5) The complexes reported here are currently being tested at
the laboratories of the Imperial Cancer Research Fund.

(6) S. E. Livingstone and J. D. Nolan, Inorg. Chem., 1, 1447
(1968).

(7) C. A. McAuliffe, J. V. Quagliano, and L. M. Vallarino,
Inorg. Chem., 5, 1996 (1966).
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Table I. Physical Properties and Analytical Data of the Metal Complexes
Mp, Mot Analyses,? %

Complex Color °C BM C H N Metal
[Cu(Smc)(NO,)] Pale blue 220 2.21 18.0 (18.5) 3.1(3.1) 10.3 (10.8) 25.0 (24.5)
Na{Cu(Smc),] Blue 220 2.27 28.8 (29.5) 4.9 (5.0) 8.7 (8.6) 13.1 (13.0)
[Pd(SmtH),}[PdCL,] Yellow 186 11.8 (12.0) 2.32.3) 3.5(3.5)
[Co(Smc),Ag]NO,-H,0 Purple 108 4.87 18.8 (18.6) 3.5(3.5) 8.0 (8.2)

2 Found (calcd).
Table II. Infrared®? and Electronic¢ Spectra of the Metal Complexes
v(CO0)45ym, v(COO0)gym:
Complex v(NH,)}, cm™? em™? cm™! Visible bands, kK
[Cu(Smc)(NO,)] 3290, 3230 m, 1615 s 1420 s 12.5,15.2
3120 w
Na[Cu(Smc),] 3290 m, 3230 m, 1615s 1390s 16.3
3120w
[Pd(SmcH),][PdCL,] 3200 m, br 1725 s 1415 s 20.2-20.9,25.8,26.5

[Co(Smc),Ag]NO,-H,0d 3290 m, 3240 m

1590 s 1382 9.1,20.0,34.7

@ Assignments made by comparison with the deuterated complexes. ® In KBr disks. ¢ Solid reflectance spectra. ¢ Broad absorption at

~3500 cm™ assignable to »(OH).

[Pd(SmcH),][PdCl,]. S-Methyl-L-cysteine (0.405 g, 0.003
mo]) was added to a stirred solution of Na,PdCl, (1.03 g, 0.0035
mol) in water (8 ml), and the resulting mixture was warmed to 40°
for 30 min. Upon cooling the resulting yellow solution to room
temperature, dropwise addition of ethanol (25 ml) resulted in the
deposition of a yellow precipitate. This was filtered, washed with
methanol (10 ml), and dried in vacuo over P,O,,; vield 45%.

[Co(Smc), AgINO,-H,0. To a stirred suspension of [Co(Smc),]°
(0.5 g, 0.0053 mol) in water (8 ml) was added a solution of AgNO,
(0.26 g, 0.0053 mol) in water (5 ml). An immediate gray precipitate
formed. This was filtered, and upon washing with ethanol (20 ml)
the gray color changed to purple. The purple solid was dried in
vacuo over P,0O,,; yield 80%.

Measurements. Metal analyses were determined using EDTA;®
carbon, hydrogen, and nitrogen were determined by the microana-
lytical laboratory of this department. Magnetic measurements, in-
frared and electronic spectra, and conductivity measurements were
obtained as previously described.?

Results and Discussion

All the complexes reported by Livingstone and Nolan®
have also been prepared and examined in this study, and
essential agreement with their results was found.

In general, amino acids complex as monoanionic species
and with divalent metals form complexes of type [ML,].
In the methionine work” an attempt was made to isolate
complexes of different stoichiometry, and, in addition to
[MMt,] (M =Mn, Co, Ni, Cu, Zn; Mt = anion of DL-methio-
nine), complexes of type [MMt]ClO,; (M = Ni, Cu) and

Li[NiMt;] were isolated; no [CuMts] ~ complex could be
obtained. In this study with S-methylcysteine no complex
of nickel(Il), other than that of [Ni(Smc).], could be ob-
tained. However, with copper(Il) salts a tris-ligand com-
plex Na[Cu(Smc);] was isolated but no [Cu(Smc)]ClO4
was isolable, [Cu(Smc),] being formed in every attempt.
However, using an anion of better coordinating ability
than perchlorate did lead to a 1:1 derivative, [Cu(Smc)-
(NO3)|, Table L.

It is difficult to postulate a structure for [Cu(Smc)(NO3)].
Infrared spectra (Table II) indicate that the COO™ and I:Ile
groups are coordinated, and bands at 1382 and 815 cm
can be assigned to monodentate nitrate.'® There are no
bands attributable to Cu-S bonding, and so it is likely that
this complex is polymeric and involves bridging carboxylato
groups. A comparison of the infrared spectra of Li[NiMts]

(8) H. A. Flaschka, “E.D.T.A. Titrations,” Pergamon Press,
Oxford, 1964.
(9) L. Barraco and C. A. McAuliffe, J. Chem. Soc., Dalton

Trans., 948 (1972).
(10) F. Curtis and Y. M. Curtis, Inorg. Chem., 6, 804 (1967).

and Na[Cu(Smc);] suggests that both complexes have simi-
lar structures, and thus the latter can also be assigned a six-
coordinate pseudooctahedral configuration (I). (It is em-
phasized that only one possible geometrical isomer is

shown.)
. o _
] W
C]) O_C_CHCstCH3
|
C—O—|———=NH;
CHySCHHCT / \Cu//
\H N/————I N
2 | \
c=0
HoN
CHCHRSCH3
- I -

The method of Volshtein and Mogilevkina'® was used by
McAuliffe'? to prepare [Pd(MtH)Cl,]. However, although
Livingstone and Nolan® have prepared [Pd(SmcH)Cl,]H,0,
the reaction of Na,PdCl, and S-methylcysteine by a method
analogous to that used to prepare [Pd(MtH)Cl,] leads to the
isolation of a complex the analysis of which corresponds to
the formula Pd3(SmcH),Clg (Table I). Coordinated amino
groups are indicated by infrared absorptions at 3200 cm™,
WNH,), and 1573 cm™?, §(NH,). The »(COO0)ygyrm mode
occurs at 1725 cm™, indicative of free non-hydrogen-
bonded ~CO,H groups.®''* Bands due to v(Pd-S) at 385
cm™" and »(Pd-Cl) at 330 cm™ can also be distinguished.
These results suggest that the most plausible structure for
Pdy(SmcH),Cl, is II.  Additional evidence is obtained for

2+

SCHz NH2
G2 y'spd 0N pac, -
HOzCCH / ~CI™ \_ _CHz
NHg SCH2
1

this formulation by the appearance of two major absorp-
tions at 25.8 and 26.5 kK in the visible reflectance spectrum.
The band at 25.8 kK has been assigned to the [PdCl4)*” by
Gray.” The conductivity of this complex in water Ajpgo =
97 mhos at 24°) is also consistent with the above formula-
tion.

(11) L. M. Volshtein and M. F. Mogilevkina, Russ. J. Inorg.
Chem., 8, 304 (1963).

(12) C. A. McAuliffe, J. Chem. Soc. 4, 641 (1967).

(13) H. B. Gray, Transition Metal Chem., 1, 239 (1965).
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A mixed-metal complex, [Co(Smc),Ag]NO;-H,0, was
obtained by treating [Co(Smc),] with silver nitrate in water.
The visible spectrum of the [Co(Smc),Ag]NO;-H0 com-
plex differs very little from that of [Cd(Smc),], suggesting
that in the former the coordination about the Co(II) atom
is still [CoN;04]. The appearance of a weak absorption
in the infrared spectrum of [Co(Smc),Ag]NO3-H-O at 380
cm™!, assigned to v(Ag-S),% is evidence of the formation
of bonds between the originally uncoordinated thioethers
and silver ion.

It should also be mentioned that no complex of the type
Li[Ag(Smc),] could be prepared. Numerous attempts
were made to isolate such a derivative, both in daylight and
in the dark. This contrasts sharply with the ready availa-
bility of Li[AgMt,].”

A closer examination of the results obtained from this
work and previous work on DL-methionine”'? and S-methyl-
cysteine® complexes indicates that there are, as expected
and as has already been realized, similarities between the
donor properties of these two ligands. However, the pres-
ent work has shown some significant differences. The simi-
larities and differences can be summarized as follows. Simi-
larities: (a) isostructural [ML,],, complexes (M = Co, Ni,
Cu, Zn; L = Mt, Smc) containing the [MN,0,4] donor set;
(b) the existence of similar mixed-metal complexes. Dif-
ferences: (a) the existence of complexes [ML;] ™ (when
L =Mt, for Ni but not for Cu; when L = Sme, for Cu but
not for Ni); (b) exactly similar reaction conditions produce
[Pd(MtH)Cl,] and [Pd»(SmcH),Cl,][PdCL]; () the exis-
tence in the solid state of Li[AgMt,] but not of Li[Ag-
(Smc),].

Registry No. [Cu(Smc)(NO,)], 39532-20-2; Na[Cu-
(Smc)3], 39494-99-0; Pd;(SmcH),Clg, 39495-00-6; [Co-
(Smc), Ag]NO;H,0, 37339-69-8.
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Since Vaska showed that zrans-Ir(CO)CI(PPhs), reversibly
binds oxygen,’ interest in synthetic oxygen carriers has
grown rapidly. Work published recently has examined dif-
fering aspects of these systems: the O-O distance in the
complexes,” oxygen uptake as a function of ligand,® and the
effect of differing d® metal ions.* As part of a program
aimed at studying synthetic oxygen carriers involving multi-

(1) L. Vaska, Science, 140, 809 (1963).

(2) (a) 1. A. Ibers and S. J. La Placa, Science, 145, 920 (1964); (b)
J. A. McGinnety, R. J, Doedens, and J. A, Ibers, ibid., 155, 709 (1967);
(c) M. S. Weininger, I. F. Taylor, Jr., and E. L. Amaa, Chem.
Commun., 1172 (1971).

(3) L. Vaska and L. S, Chen, Chem. Commun., 1172 (1971).

(4) L. Vaska, L. 8. Chen, and W. V. Miller, J. Amer. Chem. Soc.,
93, 6671 (1971). .
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Table I. Analytical and Infrared Data of the Complexes

% carbon % hydrogen Ir spectra, cm™

Caled Found Calcd Found »(CO)v(O,)
[Ir(CO)(dpp),]1C1 61.1 61.0 48 4.6 1910
[Ix(dpp),]Cl 615 61.3 49 4.7
[Ir(dpp),(0,)]C1 59.6 59.7 48 4.8 830
[Ir(CO)(vpa),]Cl 55.9 56.0 39 36 1950
[Ir(vpa),]Cl 56.3 56.5 39 39
[Ir(vpa),(0,)ICl 54.6 54.8 39 37 840

dentate ligands, which may relate to natural oxygen trans-
porters, we have begun, and wish to report here on, the reac-
tion of a series of bidentate group Vb ligands with Vaska’s
compound.

The ligands employed in this study were 1,3-bis(diphenyl-
phosphino)propane (dpp), 1,2-bis(diphenylarsino)ethane
(dae), cis-1,2-bis(diphenylarsino)ethylene (vaa), cis-1-di-
phenylphosphino(2-diphenylarsino)ethylene (vpa), 1-di-
phenylphosphino(2-diphenylarsino)ethane (pae), and bis-
(diphenylphosphino)-o-carborane (dpc). We also used cis-

Ph,P PPh,
\C /
\O/
BIOHIO

dpc =

1,2-bis(diphenylphosphino)ethylene (vpp), but while our
work was in progress, Doronzo and Bianco published the re-
sults of a similar study.® Our results are in agreement with
theirs.

Expetimental Section

The Ligands. These were prepared by literature methods® or by
methods to be published shortly.’

The Complexes. The method used in complex synthesis was sim-
ilar to that of Vaska and Catone® and involved the steps

L~L reflux
Ir(CO)CI(PPh,), CsHg, cold (Ir(COXL~L),]CL toluene
69 1-propanol

0
[[r(I°L),]Cl —= [Ix(L™L),(0,)]Cl
CeH,

Analyses were determined by the Microanalytical Laboratory of this
department (see Table I). Infrared spectra were obtained as Nujol or
hexachlorobutadiene mulls on a Perkin-Elmer 621 spectrophotometer.

Results and Discussion

With the ligands dae, vaa, pae, and dpc no reaction occurred
upon mixing with Vaska’s compound in benzene; even after
reflux both the ligand and Ir(CO)CI(PPh;), appeared to be
unchanged. However, reaction did occur with the ligands
dpp, vpp, and vpa. In the infrared spectra of the [Ir(CO)-
(L~L),]Cl complexes {CO) bands were observed at 1910
em™ ! (dpp) and 1950 cm™! (vpa). These frequencies may be
compared with that of the analogous complex [Ir(CO)(dpe),]-
Cl (dpe = 1,2-bis(diphenylphosphino)ethane), which exhibits
CO) at 1933'¢cm™!.# Although there is some risk involved
in speculating the extent of back-bonding in complexes
which have not been proved to be isostructural, it may none-
theless be mentioned that the low frequency of the dpp ad-
duct compared with that of dpe may indicate a lower CO
bond order in the dpp complex because of decreased back-
donation from the metal to the phosphine. This rather sur-
prising result may be explained as due to the increased steric

(5) S. Doronzo and V., D. Bianco, Inorg, Chem., 11, 466 (1972).

(6) W. Levason and C. A. McAuliffe, Advan, Inorg. Chem.
Radiochem., 14, 173 (1972).

(7) K. K. Chow and C. A. McAuliffe, in preparation.

(8) L. Vaska and D. L. Catone, J. Amer. Chem, Soc., 88, 5324
(1966).



