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Figure 3.—Intervalence electron-transfer absorption bands of
(tfd)Co~(L-L)~Co(tfd):~ in dichloromethane: , (L-L)
= DPPE; ----, (L-L.) = DPPA. Spectrareferto5 X 1074 M
solutions initially equimolar in 2 = 2— and 0 complexes in 2-ctn
cells and were obtained by difference. The vertical lines indicate
the approximate uncertainty in absorbance.

difference spectrum consists of a well-defined band at
~7350 em~! which is within the energy range expected
for intervalence electron-transfer absorptions.1é:84-3
At higher energies the difference spectrum contained
weaker bands (<209, deviation from additivity),
which are attributed to concentration-deplendent dis-

(34) (a) G. C. Allen and N. 8. Hush, Progr. Inorg. Chem., 8, 357 (1967);
(b) N. 8. Hush, ¢bid., 8, 391 (1967).

(35) M. B. Robin and P. Day, Advan. Inorg. Chem. Radiochem., 10,
247 (1987).

(36) D. O. Cowan and F. Kaufman, J. Amer. Chem. Soc., 93, 219 (1970).
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socidation and shifts in band maxima for the z = 1— com-
plex relative for the 2 = 2—, 0 species. The above
spectral interpretations are provisional, since the
spectral bands of the 2 = 2—, 0 species have not been
assigned. Similar results were obtained for the DPPA
system, but no analogous absorption band could be
detected in the DPPB system. The two electron-
transfer bands are shown in Figure 3. Additional spec-
tral studies showed that these bands are not due to
mononuclear adducts or [Co(tfd);],. Following previ-
ously published arguments,®® % the energies (Eop) of
these bands may be used to estimate the intramolecular
electron-transfer rate constants: (tfd);Co—-DPPA-Co-
(tfd)s™, Eop = 6850 cm—, k = 2 X 10°sec™!; (tfd),Co-
DPPE-Co(tfd).™, Eop = 7350 cm—3, b = 9 X 108sec™!.
These values are consistent with the expectation that in-
teraction between the two metal centers would be larger
with the shorter DPPA bridge and are similar in mag-
nitude to other cases!® * where two metal centers in the
same ion are separated by ca. 4-7 A. However, any
attempt to account quantitatively for differences in the
preceding quantities must await preparation of a more
extensive series of complexes exhibiting intervalence
electron-transfer processes.
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The syntheses and some properties of cobalt(111) complexes with the flexible tetramine ligands 3,7-diaza-1,9-nonanediamine
(2,8,2-tet) and 4,7-diaza-1,10-decanediamine (3,2,3-tet) and the amino acids glycine and alanine are reported. Comparison
of the properties of these complexes with those of the corresponding acetate derivatives indicates that the amino acid residues
are bonded to mutually trans sites through the carboxyl groups.

Introduction

Complexes of cobalt(III) with the flexible tetramine
ligands 3,7-diaza-1,9-nonanediamine (2,3,2-tet) and
4,7-diaza-1,10-decanediamine (3,2,3-tet) show a marked
preference for the trans topology.!=® In contrast,
complexes with triethylenetetramine (trien or 2,2,2-tet)
most commonly adopt a cis geometry.*® Similarly,
the sulfur-containing ligands 3,7-dithia-1,9-nonanedi-

(1) H. G. Hamilton and M. D. Alexander, Inorg, Chem., B, 2060 (1968).

(2) H. G. Hamilton and M. D. Alexander, J. Amer. Chem. Soc., 89, 5065

(132)7) H G. Hamilton and M. D, Alexander, Inorg. Chem., 8, 2131 (1969).
(4) A.M. Sargeson and G. H. Searle, ibid., 6, 787 (1967).

(6) D. A. Buckingham, P. A, Marzilli, and A. M. Sargeson, ibid., 8,
1032 (1967).

amine (ete) and 4,7-dithia-1,10-decanediamine (tet)
readily adopt the trans geometry® which is not found
for complexes with 3,6-dithia-1,8-octanediamine (eee).”
As a part of our continuing study of the steric course of
some reactions of mixed-ligand cobalt(III) complexes,
we have utilized the demonstrated preference of long-
chain flexible tetradentate ligands for the trans topology
in the synthesis of some novel frans-bis(amino acid)-
(tetramine)cobalt(III) complexes.

Experimental Section

Physical Measurements. Electronic and Circular Dichroism

(6) B. Bosnich, W. R, Kneen, and A. T. Phillip, ébid., 8, 2567 (1069).

(7) J. H. Worrell and D. H. Busch, ibid., 8, 1563, 1572 (1989).
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Spectra and Optical Rotatory Dispersion Curves.—Electronic
absorption spectra were measured on a Beckman Model DBG
spectrophotometer equipped with a Beckman Model 1005 10-in.
potentiometric recorder using matched 1-cm silica cells, ORD
curves were recorded with a Cary Model 60 spectropolarimeter.
CD curves were recorded with a Cary Model 60 spectropolarim-
eter equipped with a Cary Model 6002 circular dichroism ac-
cessory. For both the CD and ORD spectra, the solutions were
approximately 107% 3/, and the cell path length was 1, 2, 5, or 10
cm as dictated by the optical density and the rotation. A solvent
blank was used to determine the base lines for these spectra; the
solvent was water unless otherwise noted. Optical isomers are
denoted by (4 ) or {(—), the sign of the rotation at the Na b line;
if another wavelength was used, the wavelength appears as a
subscript.

Elemental Analyses.—Carbon, hydrogen, and nitrogen analy-
ses were performed by Alfred Bernhardt Mikroanalytisches
Laboratorium, Elbach, West Germany, and by Micro-Tech
Laboratories, Skokie, Ill.

Syntheses. Preparation of 3,7-Diaza-1,9-nonanediamine,
NH,CH,CH,NHCH,CH,CH,NHCH.,CH,.NH,, 2,3,2-tet.—The
procedure reported by Hamilton and Alexander! was modified as
follows. To a solution of 500 g of ethylenediamine in 500 ml of
ethanol was added 240 g of 1,3-dibromopropane in 10-ml portions
every 20 min. This slow addition was used because of the highly
exothermic nature of the reaction. The temperature should
remain about 50° throughout the addition after which 400 g of
potassium hydroxide was added and the solution was stirred for
1 hr. After filtration, ethylenediamine and ethanol were re-
moved by distillation. The product was then collected by vac-
uum distillation at 140-145 (8 mm).

Preparation of 4,7-Diaza-1,10-decanediamine, NH,CH.CH,-
CH.NHCH,CH.NHCH.CH.CH,NH,, 3,2,3-tet.—The procedure
used here was similar to that given above for 3,7-diaza-1,9-nonane-
diamine using 240 g of 1,2-dibromoethane and 500 g of 1,3-di-
aminopropane in place of 1,3-dibromopropane and ethylenedi-
amine, The product was collected at 150-160° (5 mm).

Preparation of trans-Dichloro(3,7-diaza-1,9-nonanediamine)-
cobalt(III) Chloride, frans-[Co(2,3,2-tet)Cl,]Cl.—This was pre-
pared according to the directions of Hamilton and Alexander.?

Preparation of trans-Dichloro(4,7-diaza-1,10-decanediamine)-
cobalt(III)  Chloride, trans-[Co(3,2,3-tet)Cl;]Cl.—4,7-Diaza-
1,10-decanediamine (17 g, 0.1 mol) was added to a solution of
CoCl;-6H,0 (24 g, 0.1 mol) in 200 ml of water. A stream of air
previously passed through a KOH solution to remove CO; was
bubbled through the solution for 16 hr, To the red solution was
added 25 ml of concentrated HCl and it was evaporated to near
dryness on a steam bath. The solution was cooled and the crude
green product was removed by filtration, washed with ethanol,
recrystallized from hot water, and dried at 110° for 24 hr. Anal.
Calcd for CoCgHN(Cly:  C, 28.29; H, 6.48; N, 16.50. Found:
C, 28.12; H, 6.68; N, 16.45.

Preparation of trans-Bis(acetato)(4,7-diaza-1,10-decanedi-
amine)cobalt(III)  Perchlorate, ‘rans-[Co(3,2,3-tet)(OAc),]-
ClO;.—A solution containing 2 g of #rans-[Co(2,3,2-tet)Cly]Cl
and 4 g of sodium acetate was warmed on a steam bath for 2 hr
after which excess LiClO; was added and the solution cooled.
The large red-violet needles were removed by filtration, washed
with acetone, and air dried. Anal. Caled for CoCi1aHxsN.ClOs:
C, 32.00; H, 6.22; N, 12.44. Found: C, 31.71; H, 6.08; N,
12.22,

Preparation of {rans-Bis(acetato)(3,7-diaza-1,9-nonanedi-
amine)cobalt(III)  Perchlorate, trans-[Co(2,3,2-tet)(OAc).]-
C10;.—This was prepared in a manner analogous to the prepara-
tion of frans-{Co(3,2,3-tet)(OAc),]ClO, using 2 g of #frans-[Co-
(2,3,2-tet)Clo]Cl in place of frans-[Co(8,2,3-tet)Cly]Cl. Awnal.
Caled for CoCyyHggN,ClOs: N, 12.84. Found: N, 12.45.

Preparation of trans-Bis(amino acid)(4,7-diaza-1,10-decane-
diamine)cobalt(III) Perchlorate trans-[Co(3,2,3-tet)(aaH),]-
(C10,);.—The method was the same for the diglycine and di-
alanine complexes, One gram of #rans-{Co(3,2,3-tet)Cls]Cl and
,1.5 g of the amino acid were dissolved in 15 ml of water. The
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solution was adjusted to pH 5.5 with 5 / NaOH and warmed at
40° for 16 hr. On adding LiClO; and cooling, red-violet crystals
formed and were removed by filtration. Anal. Caled for the
glycine complex, trans-{Co(3,2,3-tet)(glyH).] (ClO4);, CoCi:Hse-
NeCl;045: C, 21.11; H, 4.69; N, 12.32. Found: C, 21.37;
H, 5.14; N, 11.95. Calced for the alanine complex trans-[Co-
(3,2,3-tet)((S)-ala)}(ClOs);, CoCuHzNsCl;0: C, 23.66; H,
5.07; N, 11.83. Found: C, 24.26; H, 5.22; N, 11.67.

Preparation of trans-Bis(amino acid)(3,7-diaza-1,9-nonane-
diamine)cobalt(III) Perchlorate, trans-[Co(2,3,2-tet)(aaH),]-
(Cl04);.—The method was the same as for the preparation of
trans-[Co(3,2,3-tet ){aaH );] (Cl04); using trans-[Co(2,3,2-tet)-
CL]Cl in place of trans-{Co(3,2,3-tet)CL]JCl. Anal. Caled for
the glycine complex, trans-[Co(2,3,2-tet)(glyH),](ClO4);, Co-
CuHyNgCl;05: C,19.76; H,4.49; N,12.57. Found: C,19.98;
H, 5.11; N, 12.80. Calcd for the alanine complex, trans-[Co-
(2,3,2-tet)((S)-alaH )| (ClO4)s, CoCiHuNCLO,: C, 22.41;
H, 4.88; N, 12.07. Found: C,22.60; H, 5.29; N, 11.88.

(= )-trans- (RR)-Co(3,2,3-tet)Cla* — trans- (RR)-Co(3,2,3-
tet)(glyH).**.—(— )trans-(RR)-[Co(3,2,3-tet )Cl,] C108 (0.02500
g)and 1 g of glycine were dissolved in 10 ml of water and warmed
at 40° for 2 hr. At this time the solution was spectrophoto-
metrically identical with a solution containing #rans-[Co(3,2,3-
tet)(glyH).] (Cl04)3 and excess glycine. The circular dichroism
curve of the solution was then measured. Ae; = 0.16,

Results and Discussion
Synthesis and Characterization.——During the course
of this study, several 2,3,2-tet and 3,2,3-tet complexes
containing monodentate amino acids were prepared’
along with the bis-acetato complexes of (3,2,3-tet)-
Coll and (2,3,2-tet)Co'l. These reactions are sum-
marized below (where aaH is amino acid and OAc is
the acetate anion).
pH 5.5
trans-Co(3,2,3-tet)Cla™ + aaH/(excess) —5a°—>
trans-Co(3,2,3-tet }(aaH ),3+
pH 5.5
trans-Co(2,3,2-tet)Cla™ + aaH(excess) —5?
) trans-Co(2,3,2-tet )(aaH )o* +
trans-Co(3,2,3-tet)Cla™ + OAc~(excess) —5?

trans-Co(3,2,3-tet )(OAc)
trans-Co(2,3,2-tet)Cly* + OAc~(excess) —5?

trans-Co(2,3,2-tet }(OAc) +

The analytical values of the complexes prepared
clearly indicate that the amino acids coordinate with
the cobalt(ITT) ion as unidentate ligands. Since these
complexes are obtained from an acidic solution, the
amino acid retains an acidic proton and is coordinated
as a neutral ligand, in agreement with the analytical
results.

The amino acid may be bound to the cobalt(I1I) ion
as a monodenate ligand with an oxygen atom of the
carboxyl group or with the nitrogen of the amino group.
Previous syntheses of monodentate bis(amino acid)-
tetraamminecobalt(III) complexes under conditions
similar to the ones used in this study; that is, reaction
of the diaquotetraamminecobalt(III) ion, Co(NHsj)-
(H;0).%+, with excess amino acid, resulted in the for-
mation of the oxygen-bonded amino acid complex.®

(8) G.R. Brubaker and D. P. Schaefer, Inorg. Chem., in press.
(9) J. Fujita, T. Yasui, and Y. Shimura, Bull. Chem. Soc. Jap., 88, 654
(1965).



Mixep-Licanp CoMPLEXES OF CoBALT(IIT)

Similarly, reaction of excess glycine with the hydroxy-
aquotriethylenetetraminecobalt(IIT) ion at pH 5 pro-
duces the monodentate, oxygen-bonded glycine com-
plex.’® We therefore expect that the monodentate
amino acid complexes of 3,2,3-tet and 2,3,2-tet we have
prepared contain the oxygen-bonded amino acid ligand.
Of course, the acetato ligand must coordinate viac a
carboxyl oxygen.

In accord with the postulate of oxygen-bonded amino
acid residues, the infrared spectra show a strong
absorption at 1655 cm~! assignable to the OCO sym-
metrical stretch of the coordinated carboxyl group.
The corresponding vibration for the frans-bis-acetato
complexes occurs at about 1645 cm™.

Our attempts to prepare N-bonded monodentate
amino acid complexes, either directly from the amino
acid at pH 8 or indirectly from the amino acid ester,?
produced only the chelated amino acid complex.

Electronic Spectra —Electronic spectra of trans-
[Co(3,2,3-tet) (OAC):1ClO, trans-[Co(3,2,3-tet) (glyH), ]-
(ClOy)s, trans-[Co(2,3,2-tet)(OAC):]ClOy, and trans-
[Co(2,3,2-tet) (glyH):](ClOy4); are shown in Figure 1.

350 200 450 500 550 600
Wavelength, nm.

Figure 1.—Electronic absorption spectra: {rans-[Co(2,3,2-tet)-
(glyH):] (ClOy)s, ; trans-[Co(2,3,2-tet)(0OAc):]ClO;, —----- ;
trans-[Co(3,2,3-tet)(glyH )] (ClOs);, «+vv+evvervves trans-[Co-
(8,2,3-tet)(OAC):]ClOy, =+ —+mrmvmr e .

TABLE I

ELECTRONIC ABSORPTION SPECTRA FOR SOME
CoNyO.,»+ COMPLEXES

————-——Nmax, nmM (€)= —
Band 1 Band Ia Band II
trans-[Co(NH;)s(0OAc),] ClOy 552 (58) 367 (58)
¢is-[Co(NHj3)s(OAc)] ClOy 523 (102) 366 (59)
¢is-[Co(NH;)s(glyH )] (ClO04)a 516 (96) 362 (58)
trans-{Co(en)y(OAc),]ClO, 540 (51) 360 (68)
cis-[Co(en);(0Ac),]ClO4 505 (115) 360 (98)
cis-a-[Co(trien) (glyH )] (C10s)s 512 (221)
cis-B-[Co(trien)(glyH )] (C104)s 403 (173) 360 (114)
trans-{Co(2,3,2-tet)(glyH ).] -
(ClOy)s 550 (69) 437 (31) 358 (76)

trans-[Co(2,3,2-tet)(OAc),]ClO, 543 (79) 443 (29) 361 (82)
trans-[Co(3,2,3-tet)(glyH),]-

(Cl104)s 560 (60) 460 (47) 367 (63)
trans-[Co(3,2,3-tet)(OAc)]Cl0; 550 (70) 465 (46) 368 (93)

Spectral data for these ions and some related tetramine
complexes are tabulated in Table I. Note, from Figure
1, that in the visible region the spectra of the bis-acetato
complexes of 3,2,3-tet and 2,3,2-tet are very similar to

(10) L. G. Marzilli and D. A, Buckingham, Inorg. Chem., 6, 1042 (1967).
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those of the bis-(amino acid) complexes of 3,2,3-tet
and 2,3,2-tet, confirming the assignment of oxygen-
bonded amino acids. If the amino acid were nitrogen
bonded, we would expect an electronic spectrum more
typical of a CoNg complex, with the bands at higher
energy consistent with the relative positions of nitrogen
and oxygen donors in the spectrochemical series, or, in
the unlikely case that one amino acid was oxygen
bonded and one was nitrogen bonded, the spectra should
be typical of a CoN;O complex but inconsistent with
the observed spectra.

Compatison of the spectra of irans-[Co(3,2,3-tet)-
(OAc):]JClOy and trans-[Co(2,3,2-tet) (OAc),]ClO, with
those of the isomers of Co(en)s;(OAc), and Co(NHs),-
(OAc); confirms the trans configuration. The first
band of the bis(acetato)tetraamminecobalt(III) com-
plex shows a distinct splitting in the trans isomer but
no splitting in the cis isomer!! as do the corresponding
Co(en):(OAc),'? isomers. The tramns-[Co(3,2,3-tet)-
(OAQ);]ClO4 and trams-[Co(2,3,2-tet) (OAc):]ClO4 com-
plexes show splitting of the first band. The spectra of
the cis isomers should be more intense than those of

" the trans isomers.

The electronic spectra are in accord with the behavior
expected for complex ions of the type CoA4B, as pre-
dicted from crystal field theory.!* In the Dy, complex
Co(NH;)4(OAc),t and pseudo-Dy  Colen)e(OAc),t,
the T, (0;) excited state is split into 'E, and A, com-
ponents. Due to the nature of the ligands, the in-
plane field (the plane containing the four nitrogen
atoms, the xy plane) is greater than the axial (z axis)
field, and the more intense low-energy band may be
attributed to the A, — !E, transition while the band
next higher in energy is assigned to the !A;, — !Ag,
transition. Although trans-Co(3,2,3-tet)(OAc),* and
trans-Co(2,3,2-tet) (OAc),* are not of Dy symmetry,
their spectra closely approximate this model. Thus,
for trams-[Co(2,3,2-tet) (OAc):]ClO, and trans-[Co-
(3,2,3-tet) (OAc),;]ClO; the long-wavelength band is
assigned to the transition approximating the !A;, —
'E; and the next shorter wavelength band assigned to
that approximating the 1A;, — A, transition. The
monodentate amino acid complexes of 3,2,3-tet and
2,3,2-tet, structurally similar to the acetato complexes,
are assigned the trans configuration under the same
criteria.

Under the alkaline conditions used for the prepara-
tion of trans-[{Co(2,3,2-tet) (OAc).]ClO4 and trans-[Co-
(3,2,3-tet) (OAc):]ClO,, the secondary amine protons
exchange rapidly, and we expect that the thermody-
namically more stable configuration of the donor atoms
will be obtained. Thus thetrans-[Co(2,3,2-tet) (OAC).]-
ClO, complex should have the RS (meso) configuration
shown to be more stable for trans-Co(2,3,2-tet)Cl,+ 14
trans-[Co(3,2,3-tet) (OAc),]ClO, is assigned the more

(11) M. Linhard and M. Weigel, Z. Anorg. Allg. Chem., 264, 321 (1951).

(12) V. Carunchio, G. Illuminati, and G. Ortaggi, Inorg. Chem., 8, 2168
(1967).

(13) H. Yamatera, Bull. Chem. Soc. Jap., 81, 95 (1958).

(14) H. G, Hamilton and M. D. Alexander, J. Amer. Chem. Soc., 89, 5065
(1967).
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stable RR,SS configuration of trans-Co(3,2,3-tet)Cl™.
With these assumptions the trans-Co(3,2,3-tet) (OAc), ™
iont is of C; symmetry and trans-Co(2,3,2-tet) (OAc).™
is of C; symmetry. The amino acid complexes are
prepared in acid solution, and the configuration of the
secondary nitrogen atoms should be the same as that
of the starting trams-dichlorotetramine complex. In
both cases three components resulting from the splitting
of the Ty, state make it impossible to distinguish
C, from C, symmetry by the number of spectral com-
ponents.

Optical Acitivity.—Whereas the visible spectra of the
trans-Co(3,2,3-tet) (aaH):*t and trans-Co(2,3,2-tet)-
(aaH),3* ions are in accord with a Djcrystal field model,
the circular dichroism spectrum of {rans-(RR)-Co(3,2,3-
tet) (glyH),3* (Figure 2) distinctly shows the lower sym-

+0.2

+04r

Ae.

=04r

30 400 250 500 550 600
Wavelength, nm.

Figure 2.—Circular dichroism curve for (—)-trans-(RR)-Co-
(8,2,3-tet)(glyH o3 +.
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metry of the molecule. #rans-Co(3,2,3-tet)(glyH).8+
was not isolated but was prepared by warming (—)-
trans-(RR)-[Co(3,2,3-tet)Cly]Cl0O, in a solution satur-
ated with glycine and was detected in solution by com-
paring the electronic spectrum with that of trans-[Co-
(3,2,3-tet) (glyHy) ](Cl0Oy4); in a saturated glycine solu-
tion. There are three transitions apparent in the
circular dichroism spectrum, as the degenerate 1E,(D;)
state has split into the two components expected in
C. symmetry. The great similarity in shape between
the CD curves of trans-(RR)-Co(3,2,3-tet)(glyH),*+
and trans-(RR)-[Co(3,2,3-tet)Cl,]C10, is obvious on
comparison, both showing the same order (+, —, +)
and same magnitude for the 'T), components. Those
of the trans-bis-glycine complex occur at higher energy,
reflecting the relative positions of the glycine and
chloro ligands in the spectrochemical series.

In warm basic solutions, otte of the amino acid resi-
dues is displaced by hydroxide. In a subsequent step,
the remaining amino acid molecule undergoes intra-
molecular chelate ring closure with a concomitant topo-
logical shift, A detailed study of the steric course of
these reactions is now in progress.
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The ligand-exchange kinetics of ML (M = Co or Ni, L = dimethyl sulfoxide (DMSO)) in DMSO and the mixed solvents

DMSO-nitromethane and DMSO-methylene chloride are independent of the composition of the solvent.
NiLg2*, B(25°) = 3.2 X 103 sec™, AH* = 13.0 kcal/mol, AS* = 1.4 eu; CoLs?",
k(25°) = 3.1 X 10° sec™!, AH* = 12.2 kcal/mol, AS*

kinetic parameters have been obtained:

The following

9.8 eu. The independence of the exchange parameters on the

composition of the solution is consistent with a dissociative mechanism.

Many nmr studies have been reported on the ligand-
exchange kinetics of octahedral paramagnetic transition
metal complexes in a neat solution of the ligand.?
Under these conditions, pseudo-first-order kinetics, the
role of the ligand as a stoichiometric component of the
reaction cannot be definitively studied. Mixed sol-
~ vents can be utilized to elucidate the dependence of the
. ligand-exchange rate on the ligand concentration. Ex-
« periments of this type should aid in elucidating a reac-

(1) Rohm and Haas Co., Philadelphia, Pa. 19137.
(2) T.R. Stengle and C. H. Langford, Coord. Chem. Res., 2, 349 (1967).

tion mechanism. We report data on the ligand-ex-
change kinetics of M(DMSO)¢*+, M = Co(Il) or
Ni(II), in dimethyl sulfoxide (DMSO) and in admix-
tures with with nitromethane and methylene chloride.?
The latter two solvents are inert in the sense that they
are noncoordinating.

Experimental Section

The metal complexes of DMSO were prepared as described pre-
viously except dehydration with triethyl orthoformate of M-

(3) L. S. Frankel, Chem. Commun., 1254 (1969).



