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ence of iodide. The same feature was common to 
some earlier reported reactions. The second product 
was C6H6Fe(C0)&!N, also known. This compound 
was shown by infrared analysis not to be present as an 
impurity in the starting material. Hence its origin 
would appear to be by a demethylation reaction of an 
unspecified nature. 

As has been so often the case in these reactions, the 
total yield of low-valent complexes is small. This is a 
disappointment, of course, but i t  suggests that an 
adequate explanation should be sought. We are 
inclined to consider the possibility that  many neutral 
complexes formed in these reactions are themselves 
susceptible to attack by (fairly brutal) reagents such as 
organolithium compounds ; in turn the anionic com- 
plexes would be lost in subsequent work-up either by 
air oxidation or by failure to elute from alumina on 
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chromatography. This result does preclude an estima- 
tion of the reactivities of various positions in the 
molecule and its correlation with bonding theory, 
which ultimately is one goal in this study. 

In  summary, we have succeeded in further sub- 
stantiating the nonselectivity of this kind of reac- 
tion. The isocyanide ligand, like carbonyls, is clearly 
susceptible to attack by a nucleophilic reagent. We 
find most intriguing, a t  this time, the potential iso- 
cyanide-carbonyl analogies which appear to be possible; 
we are especially interested in carbonylation-de- 
carbonylation reaction analogies. Some of our present 
efforts are being directed in this area. 

Acknowledgment.-We are pleased to acknowledge 
financial support for this work from the National Sci- 
ence Foundation through Grant GP-8140. 

CONTRIBUTION FROM THE WILLIAM RAMSAY AND RALPH FORSTER LABORATORIES, 
UNIVERSITY COLLEGE, LONDON W.C.l ,  ENGLAND 

The Relationship between Chelate Ring Size and the Stereochemistry of 
Some Cobalt(II1) Complexes Containing Quadridentate Ligands 

BY B. BOSNICH, W. R. KNEEN,  AND A. T. PHILLIP 

Received May 5 ,  1969 

The three homologous open-chain quadridentate ligands 1,8-diamino-3,6-dithiaoctane (EEE) ,  1,9-diamino-3,7-dithianonane 
(ETE) ,  and l,lO-diamino-4,7-dithiadecane (TET)  have been used to  prepare a number of isomeric dichlorocobalt(II1) 
complexes. It was found that the E E E  ligand gave only the blue cis-a-CoEEEClz+ isomer and the E T E  ligand gave the 
green trans-CoETEClZ+ and the red-violet cis-@-CoETEClz+ isomers while the T E T  ligand gave the red-violet cis-p-co- 
TETClz+ and the blue &-rr-CoTETClz+ isomers. In addition, a series of cobalt(II1) complexes of the type CoEEEXP" 
(where X- = Br-, Ns-, NCS-, NOz-, oxalate, and 2,2'-bipyridyl) has been prepared and investigated. These latter 
complexes all appear to have the cis-rr configuration. The equilibria trans-CoETEClz+ e cis-p-CoETEClp+ and cis-p- 
CoTETClz + 

cussed in terms of the conformations of the chelate rings. 
C~S-CY-COTETC~~ + have been studied and 

It is well known that1 five-membered chelate rings 
formed by bidentate ligands containing only single 
bonds are the most stable and that, with the saturated 
ligands, these five-membered rings adopt the stable 
staggered (gauche) conformation. In multidentate 
ligand systems a new problem arises by the circumstance 
that the ligand may adopt a number of arrangements 
about an octahedral metal ion. Thus, for example, 
the terdentate ligand diethylenetriamine may coor- 
dinate either in a planar or vicinal arrangement about 
an octahedral atom and the question arises as to which 
of the two arrangements is the most stable. I t  seems 
probable that two of the important considerations in 
deciding the outcome are the size of the individual che- 
late rings and the conformations which can be adopted. 
We have discussed this problem recently in relation to  
the quadridentate ligands triethylenetetramine and 
1,4,8,1l-tetraazaundecane (the latter contains an extra 

(1) H. Irving, R. J. P. Williams, D. F. Fenett, and A. E. Williams, J. 

(2) E. J. Corey and J. C .  Bailar, J. Am. Chem. SOL, 81,2620 (1969). 
Chew. Sac., 3494 (1954). 

the relationship between chain length and stereochemistry is dis- 

methylene group between the two secondary nitrogen 
 atom^).^ I t  was found that the former ligand tended to 
give &-octahedral complexes4 whereas the latter tended 
to give trans isomers. In this paper we wish to pursue 
this problem further and for this purpose we describe 
the results of our investigation of the stereochemistries 
adopted by the three homologous quadridentate ligands 
1,8-diamino-3,6-dithiaoctane (EEE), 1,9-diamino-3,7- 
dithianonane (ETE) , and I, lO-diamino-4,7-dithiadec- 
ane (TET) (Figure 1) about a cobalt(II1) atom. 

1. General Considerations 
Octahedral metal complexes formed by the ligands 

EEE, ETE, and T E T  can be envisaged as existing in 
potentially three isomeric forms : the cis-a, cis+, and 
trans isomers (Figure 2). In deciding which geometries 
will be the most stable for the quadridentate EEE ligand 
we shall consider only two factors: (a) that  each che- 

(3) B. Bosnich, R. D. Gillard, E. D. McKenzie, and G. A. Webb, J. Chem. 

(4) A. M. Sargeson and G. Searle, Nulure, 200,356 (1963). 
Soc., A ,  1331 (1966). 
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Figure 1. The tliree ligands 1,8-diamino-3,B-d1tliiaocta1ie (EEE), l,g-diainino-3,7-ditliianonaiie (ETE), and l,l0-diamitio-4,‘i-ditiiia- 
decane (TET). 

c h -  a chair chair - trans-R,S.  cis - o -R,R chair-cis-p-  R,R truns - R,S 

cis -p  skew choir - cis - p - R ,S 
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t rans - R ,R skuw -trans-  R,R 

Figure 2.-Diagrammatic representations of the possible isomers and conformers formed by complexes of the three ligands EEE, ETE, 
TET. Column 1 shows the three isomeric forms; column 2 shows the three conformers of a six-membered chelate ring; columns 3 and 
4 show the possible geometric and conformational isomers formed by the ETE ligand; and columns 6 and 6 show the possible geometric 
and conformational isomers of the T E T  ligand. The dotted lines emanating from the sulfur atoms indicate the direction of the lone-pair 
electrons. 

late ring will adopt a staggered (gauche) conformation2 
and (b) that the atoms will approximately retain their 
normal trigonal, tetrahedral, and octahedral bond 
angles. Although there are undoubtedly other f actors3 
which may influence the stereochemical outcome, it 
seems probable that in the present system, these two 
considerations will be of major importance. Molecular 
models indicate that the only configuration which 
satisfies both these criteria is the cis-a isomer. In 
either the cis+ or trans stereochemistry there is con- 
siderable strain engendered in the system, the trans 
isomer being more strained than the cis$ isomer. 
Thus if the above considerations predominate, we would 
expect the EEE ligand to give mainly cis-a octahedral 
complexes. 

The situation with regard to the BTE ligarld is more 
complicated because of the presence of the central six- 
membered chelate ring. In  this discussion it is COII- 
venient to focus on two partly contingent aspects of the 
six-membered ring system. The first is related to the 

fact that the two coordinated secondary sulfur atoms 
are asymmetric, and thus the total ring system can be 
in either the optically inactive meso (R, S) configuration 
or in theopticallyactive forms (R,Ror S,S) .  I t  is known 
that in platinum(I1) complexes the asymmetric sulfur 
atom is relatively optically stable: and there is strong 
evidence to suggest that the same is true for cobalt 
complexes.6 The second aspect is related to the con- 
formation of the six-membered chelate ring which can 
adopt either a pseudochair or a number of pseudoboat 
conformations. The three Conformations which we 
call chair, boat, and skew are shown in Figure 2 .  
I t  should be noted that the skew conformation can exist 
in enantiomeric forms and that in the chair and skew 
conformations the hydrogen atoms are not eclipsed. 
We assume that the order of decreasing stability for 
these three conformers is chair > skew > boat for the 
following reasons. In the boat conformation the hy- 

( 5 )  F. G. RZann, J. Chem. Soc., 1745 (1930). 
(6) B. Bosnich and A. T. Phillip, J. A m .  Chenz. Soc., 90, 6362 (1968). 
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drogen atoms cannot arrange themselves in a proper 
staggered configuration, and furthermore, a hydrogen 
atom bonded to the central carbon atom of the tri- 
methylene chain is in close proximity to an apical oc- 
tahedral position (Figure 2). Both these effects mill 
contribute to the instability of the boat conformation. 
The chair and skew forms appear to be devoid of serious 
nonbonding repulsions except that the chair conformer 
has a somewhat less crowded structure than the skew 
conformer. We assume that the chair conformer is 
more stable than the skew conformer because a recent 
X-ray determination of the conformation of the 1,3- 
diaminopropanecobalt ring in the tris( 1,3-diamino- 
propane)cobalt(III) ion shows it to have a chair con- 
formation.' However, the isolation8 of two conforma- 
tional isomers of the trans-dichloro-l,4,8, ll-tetra- 
azaundecanecobalt( 111) ion suggests that the chair and 
skew conformers are of comparable stability. Thus, 
for our consideration of the stereochemistries adopted 
by the ETE ligand we shall make the assumptions 
(a) that the sulfur atoms can coordinate in three stable 
geometries, namely, the meso (R,S) form and the two 
optical isomers (R,R andS,S) and (b) that, ceterisparibus, 
within any given geometry of the coordinate sulfur 
atoms the chair conformation will be preferred over 
the skew conformation and the boat conformation is 
unlikely to occur under equilibrium conditions. Within 
these restrictions Figure 2 shows the possible isomers 
which can be obtained from the ETE ligand. Except 
for the chair cis-@-R,S isomer which is slightly strained, 
all of the stereochemistries are without strain, all can 
arrange the hydrogen atoms of all of the chelate rings 
in a staggered configuration, and there appears to be 
little congestion between neighboring ring systems in 
any of the isomers. It is evident from molecular models 
that when the coordinated sulfur atoms have an R,S 
geometry, the chair cis-a stereoisomer cannot be ob- 
tained whereas the R,R and S,S geometries allow for all 
three isomers. 

For the T E T  ligand we focus attention on the central 
(gauche) ethanedithiacobalt ring in which the sulfur 
atoms can either be R,S or either R,R or S,S. If the 
sulfur atoms are in the R,S geometry, the ligand can 
take up the somewhat strained and crowded trans 
geometry and the strain-free cis-@ geometry but not 
the cis-a stereochemistry, whereas if the sulfur atoms 
are R,R or S,S, all three forms are possible (Figure 2) .  
In all these cases the six-membered rings can adopt the 
chair conformation and, except for the trans-R,S stereo- 
isomer, there appears to be little strain and the non- 
bonding interactions appear to be small. 

Finally, it  should be noted for all three ligands that 
the asymmetry of the coordinated sulfur atoms is in- 
timately connected with the chirality of all of the chelate 
rings and with the chirality of the over-all stereochem- 
istry-all three must be compatible. 

(7) Y. Saito, T. Nomura, and F. Marumo, Bull. Chem. SOC. Japan, 41, 530 
(1968). 

(8) H. G. Hamilton and M. D. Alexander, J. A m .  Chem. Soc., 89, 5065 
(1967). 

2. Chemistry and Stereochemistry 
When air is passed through a methanol solution con- 

taining the EEE ligand and cobalt chloride, a rapid re- 
action occurs to produce a deep brown solution con- 
taining the sparingly (methanol) soluble oxygen adduct 
(peroxo complex). This complex is decomposed by 
hydrochloric acid to give to the deep blue CoEEEC12+ 
ion. Under similar conditions the ETE and T E T  
ligands do not consistently give the desired dihalogeno- 
cobalt( 111) complexes. The complexes of these latter 
two ligands were prepared as the dinitro derivatives 
which were then converted to the dichloro complexes. 
The ETE ligand gave a mixture of green and red-violet 
CoETEC&+ isomers while the T E T  ligand gave a mix- 
ture of red-violet and blue CoTETC12* isomers. All 
of these complexes were separated by fractional crystal- 
lization of their perchlorate salts. The stereochemis- 
tries were inferred from their visible absorption and 
nmr spectra in deuterated dimethyl sulfoxide solution. 

The cis-a-, cis+-, and trans-dichloro complexes 
should have different visible absorption spectra. In 
particular the 'A1, + 'TI, transition should split differ- 
ently for each of the isomers. The expected splittings 
can be calculated semiempiricallyg in terms of the spec- 
trochemical effects of the donor atoms which are ar- 
ranged differently in the three isomers. The results 
of such a calculation for the 'A1, +. lT1, transition are 
shown in Table I. In this table the effect of T bonding 
has been neglected and only the a-bonding contributions 
to the spectral shifts are given. It is readily shown, 
however, that the effect of T bonding will not alter 
these splitting patterns. 

TABLE I 
Transition cis- a cis-@ tvam 

dm-t dzz-82 '/a& 4- l/&x '/asa + '/&I ' /ass + ' / Z ~ C I  

d,, + d,z-,a '/4& -t l/46c1 l/& + 1/~6ci '/A + ' / Z ~ C I  

d,, + &a- y a  '/z& + '/zsci '/z% + '/4Sci '/z& 

In constructing Table I we have used the position 
of the IA1, -t IT1, transition of the Co("3)e3+ ion as 
reference and 6, and 6 ~ 1  refer, respectively, to the differ- 
ences in energy between this transition of C O ( T C " ~ ) ~ ~ +  
and that of the complexes C0(S&)s3+ and COC&~-. 
The effect of the sulfur and chloride groups will be to 
shift the components of the 'Al, ---t 'TI, band to the 
red region compared to CO("&~+; the shift due to 
chloride will be greater than that due to sulfur. lo 

Thus we expect that, of the three isomers, the c k a  
isomers should have one component shifted most to 
the red region and the trans isomer should have one 
component closest to the transition of the reference 
compound. The amount of splitting between the com- 
ponents for the cis-a and trans isomers will be about 
the same and is greater than the spread of splitting of 
the cis$ isomer. This latter complex is expected to 
have the components of the 'Al, + lT1, transition occur- 
ring between the most displaced component of the cis-a 

(9) H. Yamatera, B t d .  Chem. Soc. Japai l ,  81, 95 (1958). 
(10) C. K. J#rgensen, "Absorption Spectra and Chemical Bonding in 

Complexes," Pergamon Press t t d . ,  London, 1962. 
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Figure 3.-The visible absorption spectra of the complexes cis-a-CoEEEClz+, trans-CoETEClZ -, cis-p-CoETEC12+, cis-a-CoTETClz' , 
and cis-p-CoTETClz+. 

isomer and the least displaced component of the trans 
isomer. 

Figure 3 shows the visible absorption spectra of the 
blue, red-violet, and green isomers of the various di- 
chloro complexes formed by the three ligands. We as- 
sign the blue complexes to the cis-a configuration, the 
red-violet complexes to the cis$ configuration, and the 
green complexes to the trans configuration on the follow- 

ing spectral evidence. The two blue complexes Co- 
EEEC12+ and CoTETClzf have almost the same visible 
spectra as the cis-a-CoPEPClZ+ ion (PEP = 1,8-di- 
methyl-l,8-diamino-3,6-dithiaoctane) whose cis-oc con- 
figuration has been established on the basis of nmr and 
circular dichroism data." As can be seen (Figure 3) 

(11) B. Bosnich and A. Fr. Phillip, J .  Chein. soc., in press. 
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TABLE I1 
Compound Color hmaxPa m# eb at Amax AJP T ( N - H ) ~  

6is-n- [CoEEEClz] Clod Blue 607 290 100 4 .3 ,  4 . 8  

cis-CY- [CoEEE(NO*)z] C104 Yellow 457 525 111 4.2,  5 . 2  
C~S-CY- [CoEEE( NCS)e] CIO4 Red- brown 527 870 

cis-or- [CoEEEBrz] clod Green 620 3 94 120 4 . 5 , 4 . 9  

cis-0~- [CoEEE(Na)z] clod Brown-green 543 755 
6is-a- [CoEEEox]ClOa Red 518 223 t 81 
cis-CY- [CoEEEbipy] (c10& Brown 486 384 316 . I .  

~ i 3 - P -  [CoETEClz] clod Red-violet 53 7 250 84 3 . 7 5 , 4 . 1 , 4 . 2 5 , 6 . 1 5  
t ~ ~ n s -  [ CoETEClz] clod Green 630 60 80 4 . 1 5  
ck-or- [ CoTETClz] clod Blue 570 990 84 . . .  
cZ'S-P- [CoTETClz] C104 Red-violet 545 258 76 . . .  

3.9, 6 . 5  sh 
4 .5 ,  5 . 2  
4 . 4 , 4 . 9  

I :: 

Xmax refers to the maximum absorption of the first d-d transition (IAlg -+ lTlg). The  apparent disparity between the two blue forms 
and the two red-violet forms arises from differences in intensity of the components of the split manifold and is not due to the positions of 
the components (Figure 3 ) .  The spectra of the E E E  complexes were 
taken in water and the others were taken in 2 A4 HC1. M solutions in water 
a t  20". 

b E refers to the extinction coefficient a t  maximum absorption. 
c A N  (anz ohm-' mol-') is the molar conductance of 

d N-H proton nmr in deuterated DMSO; TMS reference. 

the splitting of the lA1, -+ lT1, band is poorly resolved 
in these complexes although it is evident in the Co- 
EEEC12+ ion as two shoulders which occur a t  645 and 
550 mp. The circular dichroism data" of the cis-a- 
CoPEPC12+ ion identify these two components a t  
about 635 and 550 mp, respectively. The lowest 
energy (two-component) transition of the green Co- 
ETEC12+ ion occurs a t  630 mp while the higher energy 
component, which is poorly resolved, probably occurs 
a t  about 500 mp (Figure 3). These observations are 
consistent with the predictions of Table I if we assign 
the blue isomers to the cis-a configuration and the green 
isomer to the trans geometry. The 'A1, + 'TI, transi- 
tion of the red-violet complexes has a maximum absorp- 
tion a t  about 535 mp and shows evidence of splitting to 
lower energies. This is consistent with the expectations 
emanating from Table I and supports our assignment 
of the cis+ configuration for these red-violet complexes. 
Further support for these assignments is afforded by 
their nmr spectra in deuterated dimethyl sulfoxide. 

The nmr of these complexes is complicated in the 
regions where the aliphatic protons absorb but the 
rather broad absorptions shown by the amino protons 
provide positive stereochemical information. The 
blue CoEEEC&+ ion shows two signals of equal area at  
r 4.3 and 4.8, the red-violet CoETEC12f ion shows four 
signals of equal area a t  r 3.75, 4.1, 4.25, and 6.15, and 
the green CoETEClzf ion shows only one signal a t  
7 4.15. These observations are consistent with the 
assignments made on the basis of the visible absorption 
spectra because, of the four N-H protons in these com- 
plexes, two pairs are environmentally equivalent in the 
cis-a geometry, no two are equivalent in the cis+ geom- 
etry, and all are essentially equivalent in the trans 
geometry. The N-H proton signals shown by the blue 
and red-violet CoTETC12+ ions occur over about 37 
and do not show a simple pattern. It seems probable 
that these complex nmr patterns are due to the presence 
of a number of conformational isomers which are ther- 
mally accessible because of the greater flexibility of the 
terminal six-membered ring systems. The various 
complexes of the type CoEEEX2+ (X- = Br-, N3-, 
NCS-, NO2-, oxalate) all show two N-H proton signals 

and, on this basis, are assigned the cis-a configuration. 
The relevant physical data for these and the CoEEE- 
bipy3f ion are collected in Table 11. 

The present series of complexes is relatively stable 
in acid solutions a t  room temperature but the dihalogeno 
complexes are susceptible to very rapid base hydrolysis 
in alkaline solutions. Although in basic media the 
initial reaction is undoubtedly one of hydroxide sub- 
stitution of the chloro ligands, there is a subsequent re- 
action which occurs and which leads to the precipita- 
tion of a brown material. We have not investigated 
this subsequent reaction in any detail but i t  appears 
that the process involves reaction between the coor- 
dinated ligand and hydroxide ions. Nearly all of these 
dithiadiamino complexes are very sensitive to hydroxide 
ions, and, in the caqe of the cis-a-CoEEEox+ ion, for 
example, the complex cannot be recrystallized from 
hot neutral water without considerable decomposition. 

In order to make meaningful comparisons of the 
preferred isomeric forms adopted by any one ligand it is 
necessary to distinguish between two types of equilib- 
ria: (a) those which involve the movement of the 
chelate arms with respect to a fixed configuration of the 
sulfur atoms and (b) those which are established by 
circumstances where both the sulfur atoms and the 
chelate are allowed to move freely. This distinction is 
important because, as we have seen, the configurations 
of the sulfur atoms have a strong influence on the final 
stereochemical outcome. We have investigated the 
equilibria of the first kind by the following methods. 

When a 2 M hydrochloric acid solution of the cis-a- 
[CoEEEClz]C104 complex is boiled for 5 hr, a small 
violet shift of the visible absorption spectrum occurs 
which is undoubtedly due to the production of a small 
standing concentration of the aquo species. The addi- 
tion of perchloric acid to this solution eventually leads 
to the almost quantitative precipitation of the blue 
cis-a- [CoEEEClt IC104 starting complex. Prolonging 
boiling of dilute methanol solutions of the cis-a- 
[CoEEEC12 IC104 complex eventually leads to decom- 
position but a t  all times the remaining complex is spec- 
trophotometrically identical with the starting material. 
(Under these latter circumstances the cis-Co(trien)- 
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Clz+ ion is converted to the trans i ~ o m e r . ~ )  These re- 
sults are in accord with the prediction, based on con- 
formational arguments, that the cis-a geometry is the 
most stable for the EEE ligand. 

The equilibrium between the green and red-violet 
[CoETEC12]C101 complexes was measured spectro- 
photometrically a t  80” in 2 I\/ hydrochloric acid solu- 
tions. Starting Tvith either the red-violet cis+ [Co- 
ETECla]C104 or the green trans- [CoETECl2]C1O4 
complexes an essentially constant spectrum was ob- 
tained and in both cases corresponded to a mixture of 
about GOYo cis-p-CoETEClz+ and 40yc trans-Co- 
ETEClz”. These proportions, however, are only ap- 
proximate because of the presence of a small concentra- 
tion (-5yC) of aquo species in the solution. The 
presence of these aquo species was inferred from the 
nature of the spectrophotometric changes during the 
reactions. Thus the initial spectrophotometric changes 
do not give isosbestic points although after about 1 hr 
the reaction settles down and the products are formed 
in essentially constant proportions. The absence of 
isosbestic points initially is due to a small blue shift in 
the spectrum caused by the coordination of the spec- 
trochemically stronger aquo group. This initial blue 
shift is seen clearly in the early stages of the isomeriza- 
tion of the cis-P-CoETEC12+ species. Like most co- 
balt(II1) isomerizations, i t  seems probable that the 
present systems isomerize mainly via the aquo species. 

The equilibrium between the red-violet and blue 
[CoTETCl2]C1O4 complexes was measured a t  40” in 
2 M hydrochloric acid solution. The red-violet isomer 
slowly changed to the blue form and after about 6 hr 
an essentially constant spectrum was obtained. An 
analysis of the final spectrum indicated that more than 
95yc of the blue isomer was present a t  equilibrium. 
Under the same conditions the blue isomer showed only 
a slight blue shift in its spectrum n-hich was undoubtedly 
due to a small standing concentration of the aquo 
species. We have been unable to detect any of the 
red-violet form in either of the equilibration experi- 
ments although a dilute perchloric acid solution of the 
blue isomer does precipitate the less soluble red-violet 
isomer on standing a t  room temperature for 1 month. 
As in the ETE systems the isomerization probably pro- 
ceeds via the aquo species. 

The simplest way of achieving the equilibria of the 
second kind without excessive decomposition is by an 
electron-transfer mechanism where scrambling can 
occur via a cobaltous intermediate. \Ve have reported 
elsewhere’l that the reaction between NOz- ions and 
the cis-a-CoPEPClZf ion leads, by an electron-transfer 
process, to complete isomeric equilibration and we have 
used this fact in order to investigate the equilibria of 
the second kind in the complexes described here. 

The cis-a-CoEEEClp’, cis-P-CoETECl2+, trans-Co- 
ETEClz+, cis-P-CoTETCl%+, and cis-a-CoTETCl2+ 
ions were treated with NOZ- ions to form the dinitro 
complexes. All of the substitutions are characterized 
by an induction period similar to that described for the 
cis-a-CoPEPClaf ion and in the case of each of the 

CoETEClzf and CoTETClZ+ isomeric pairs the spec- 
trum of the solutions containing the dinitro products 
was the same for each pair irrespective of the starting 
isomer. These observations strongly suggest an elec- 
tron-transfer substitution process which leads to ligand 
scrambling. When each of these dinitro complexes 
was converted back to the dichloro complexes, the 
CoEEE(KO&+ species gave only cis-a-CoEEEClz+, 
CoETE(NO&+ gave a mixture of 60Yc cis-p-Co- 
ETECl%+ and 4 0 7 ~  trans-CoETEClz+, and Co- 
TET(NO&+ gave only cis-a-CoTETClz+. The de- 
tails of these interconversions are given in the Experi- 
mental Section. These results are not totally conclu- 
sive, however, since (a) the equilibrated species are the 
dinitro and not the dichloro complexes and (b) there 
may be some isomeric change during the dinitro to 
dichloro interconversions ; but they do allow for the 
establishment of the equilibrium of the donor sulfur 
atom geometries. Furthermore, in the preparative 
reaction of the CoTETC12+ ions, the decomposition 
of the dinitro species to form the dichloro complexes 
leads, under similar conditions, to the isolation of the 
less stable cis-P-CoTETClz+ ion. This latter fact sug- 
gests that  the dinitro to dichloro transformation does 
not initially lead to the establishment of the equilibria 
of the first kind and so the present results are probably 
meaningful in the sense that the formation of any un- 
stable isomers would be detected if they occurred in 
concentrations greater than lOy0 of the reaction mix- 
ture. 

Thus both types of equilibria lead to the same iso- 
meric proportions and it would appear that  the com- 
plexes isolated from the preparative reactions have their 
donor sulfur atoms in the most stable configurations. 

3. Discussion 
Our initial premise that ring sizes and ring conforma- 

tions of these quadridentate ligands have an important 
influence on the final stereochemistries of their com- 
plexes has been substantiated by the results described 
here. However, these considerations alone are not 
sufficient in all cases to predict the preferred stereo- 
chemistry although they do suggest the stereochem- 
istries which are likely to be unstable. Thus, we have 
found that the CoEEEXZ”+ complexes all have the 
cis-a geometry as would be predicted from the con- 
formational arguments given previously but not all the 
isomers allowed on conformational arguments are found 
to occur under equilibrium conditions for the Co- 
ETECl2+ and CoTETClz+ complexes, We may ra- 
tionalize the isomeric behavior of the CoETECIZ+ 
complexes if we assume that the most stable configura- 
tion of the sulfur atoms in this complex is X,S. This, 
as we have seen (Figure 3), allows the ligand to take 
up the experimentally observed cis$ and trans geom- 
etries but not the cis-a geometry. The fact that  the 
CoTETCl,+ complex can adopt the cis-a geometry 
establishes (Figure 2) that the sulfur atoms are K , R  
or S,S and thus the ligand should be able to adopt 
strainlessly all of the three possible isomers. The 
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factors which favor the almost exclusive presence of the 
cis-a-CoTETClz+ a t  equilibrium are not clear. 

It is interesting to contrast the behavior of these 
ligands with their all-nitrogen analogs. Unlike the 
CoEEEC&"+ complexes, the stereochemistries adopted 
by the corresponding cobalt(II1) derivatives of the 
ligand triethylenetetramine are dependent on the 
nature of the X ligands. l2 The truns-(R,S)-Co-2,3,2- 
tetClp+ ion (2,3,2-tet = 1,4,8,11-tetraazaundecane) is 
more stable than the corresponding cis-@ isomer and 
is present almost exclusively a t  equilibrium3 whereas 
the analogous CoETEC&+ system gives a mixture which 
contains somewhat more of the cis-@ than the trans 
isomer. Finally, whereas the czs-a-CoTETClz+ ion 
is the most stable isomer, the trans-dichloro isomer of 
the all-nitrogen analog is the most stable.13 In general 
terms, therefore, i t  would appear that the sulfur ligands 
tend to prefer cis geometries, whereas the all-nitrogen 
analogs tend to favor the trans isomers. The reason 
for this general tendency is probably connected with 
the larger size of the sulfur atom. Scale molecular 
models suggest that  increasing the size of the two inner 
donor atoms of quadridentate chelates will tend to 
favor cis configurations over the trans configurations. 

4. Experimental Section 
The  ligands E E E ,  E T E ,  and T E T  were prepared by methods 

described e1se~here . I~  
Preparations. cis-au-[CoEEECl2] C104.-To a solution of EEE 

(16 g )  in methanol (100 ml) was added a solution of cobalt chlo- 
ride hexahydrate (21 g) in methanol (300 ml). -4 dark brown 
solution resulted arid air was drawn through i t  for 3 hr, during 
which time the  color intensified and some brown crystals sepa- 
rated. Hydrochloric acid (20 ml, 10 N )  was added to the re- 
sulting mixture and after warming on a steam bath for 10 min 
a clear, deep blue solution was obtained. Most of the methanol 
was removed by distillation to give a residual volume of about 
150 nil, and upon the addition of sodium perchlorate (10 g )  in 
water (50 ml), deep blue crystals of the complex were obtained 
(10.5 g; 30%). These were collected and washed with a little 
water followed by acetone. They were recrystallized from hot 
2 M hydrochloric acid by the addition of sodium perchlorate. 
After several hours the crystallization was complete. Anal. 
Calcd for CoHisP\'aO&ClaCo: C, 17.6; H ,  3.9; N ,  6.9; S, 15.7. 
Found: C, 17.8; H,4.1; S, 6.8; S, 15.9. 

cis-a-[CoEEEBr2] ClO4.-Hydrobromic acid (2 ml; 4870) was 
added to  a hot solution of cis-a-[CoEEEC12]C104 (0.68 g) in 
water (20 ml). The  mixture was warmed on a steam bath for 
10 min during which time the color changed from blue to  green. 
After filtration, sodium perchlorate (2 g) in water (5 ml) was 
added and upon cooling deep green crystals were obtained. 
These were collected and washed with a little water followed by 
acetone. Anal. Calcd for C6H16N204S2CIBr2Co: C, 14.5; 
H ,  3.2; S, 5.6; S, 12.9. Found: C, 14.6; H, 3.1; Iv, 5.8; S, 
13.0. 

cis-a-[CoEEE(Na)l] c104.-A solution of sodium azide (0.165 
g) in water (5 ml) was added to a hot solution of cis-a-[Co- 
E E E C I Z I C ~ O ~  (0.52 g )  in water (20 ml). Upon warming the 
resulting solution a t  80' for 5 min a change from blue to  deep 
green-brown occurred. Sodium perchlorate (2 g) in water (5 ml) 
was added to the hot filtered solution and on cooling deep green- 
brown, almost black crystals were obtained. These were col- 

(12) A. M. Sargeson and G. H. Searle, Inovg. Chew.. 6, 787 (1967). 
(13) B. Bosnich and M. L. Tucker, unpublished observations. 
(14) (a) F. P. J. Dwyer and F. Lions, J .  Ant. Chrm. SOC., 73, 1545 (lY50); 

(b) F. P. J. Dwyer, W. S.  Gill, E. C. Gyarfas, and F. Lions, ibid., 5'4, 4178 
(1852); (c )  ibid., 74, 3134 (1952). 

lected and washed with a little cold water followed by methanol- 
ether (8070 ether) and finally with ether (0.25 g; 47%). A n d .  
Calcd for C~H16Ns04SzC1Co: C, 17.1; H, 3.8; S,  26.5; S, 15.2. 
Found: C, 17.5; H ,3 .8 ;  N,26.7; S, 15.4. 
cis-a-[CoEEE(N02)2]C104.-Sodium nitrite (0.15 g) in water ( E  

1111) was added to a hot solution of czs-cr-[CoEEECl~] c104 (0.44 g) 
in water (15 ml) and the mixture was warmed on a steam bath 
for 5 min. Sodium perchlorate (1 g )  in water (5 ml) was added 
to  the resulting orange solution, and upon coo:ing, bright yellow 
crystals deposited. These were collected and washed with a little 
water followed by acetone (0.28 g; GOYG). Anal. Calcd for 
C & ~ G N ~ O ~ S Z C ~ C O :  C, 16.7; H ,  3.7; X, 13.0; s, 14.9. Found: 
C, 16.9; H ,  3.8; N ,  12.9; S, 14.8. 

cis-a-[CoEEE(NCS)2] C104.-Sodium thiocyanate (0.21 g )  in 
water (5 ml) was added to  a hot solution of cis-a-[CoEEEC12:- 
Clod (0.53 g )  in water (20 ml). On warming the mixture at 89' 
for 5 min the color changed to  deep red. The  solution was 
filtered while hot and sodium perchlorate (2 g) in water (5 ml) 
was added. Upon cooling, the solution deposited dark reddish 
brown crystals which were collected and washed with a little 
iced water, then with acetone in ether (20%) acetone), and finally 
with ether. A n d .  Calcd for C ~ H ~ ~ S ~ O ~ S ~ C I C O :  C ,  21.2; H, 
3.5; S,28.2. Found: C,21.3; H ,3 .9 ;  S, 28.1. 

cis-a-[CoEEEbipy] (C104)8.-2,2'-Bipyridyl (0.24 g )  in metha- 
nol (5 ml) was added to  a hot solution of cis-a-[CoEEEC12]C104 
(0.64 g) in water (15 ml). The mixture was warmed a t  50" just 
long enough to  complete the change from biue to deep brown 
(ca.  1-2 min) and then without delay (disproportionation) the 
solution was filtered and quickly cooled in an ice bath. Sodium 
perchlorate (2 g )  in water (5 nil) was added, and upon scratching 
the walls of the  vessel, brown crystals were obtained (0.49 g; 
45%). These were collected and washed with a little iced water, 
followed by acetone. Anal. Calcd for ClsHzaO&Cld2o: C ,  
27.7; H,3 .5 ;  S,9.2. Found: C,28.2; H,3.4;  S ,9 .4 .  

cis-a- [CoEEEox] C104.-Lithium oxalate, prepared by  dis- 
solving lithium carbonate (0.11 g) and o x a 3  acid (0.135 g )  in 
water (5 ml), was added to  a hot solution of cis-a-ICoEEEC121- 
ClO4 (0.61 g )  in water (20 ml). The resulting bright red solution 
was acidified with concentrated perchloric acid (0.2 ml) and 
filtered while warm, and the complex was induced to  crystallize 
by cooling to 0'. The red crystals were taken in water at 30", 
filtered to remove some brown material, and cooled to  0". Upon 
the addition of concentrated perchloric acid (0.5 ml), shiny bright 
red leaflets were obtained. These were collected and washed 
with a little iced water and finally with acetone. Calcd 
for C8H1~N2OxS~C1Co: C, 22.5; H ,  3.8; S, 15.0. Found: C,  
22.7; H,4.2; S, 15.0 

jCoETEC12] C104.-To an ice-cold solution of cobalt acetate 
tetrahydrate (2.5 g )  in methanol (150 ml) was added sodium 
nitrite (1.4 g) in cold water (10 ml), and then, without de!ay, 
the ligand E T E  (2.02 g )  in hydrochloric acid (20 ml: 1 N )  was 
added. The  resulting brown solution was transferrel to  an ice 
bath and air was drawn through the solution for 2 hr during which 
time the color deepened and a brown solid deposited. Both the 
solid and solution were transferred into an evaporating dish and 
urea (1.2 g )  was added. The  mixture was heated on a steam 
bath and hydrochloric acid (5 ml; 10 1V) was slowly added. 
Gas was evolved, the solid slowly dissolved, and the solution 
turned dark red. After 0.75 hr perchloric acid (1.2 ml; con- 
centrated) was added to the now clear solution, which was then 
evaporated down under a stream of air for a further 0.25 hr 
during which time crystals began to appear. The  whole mix- 
ture was cooled in an ice bath for 1 hr and the violet crystals 
(1.9 g) were collected and washed with acetone. A second crop 
was obtained by further evaporation and cooling (0.6 g).  The  
product obtained by the above procedure consisted of a mixture 
of the green trans- [CoETECI2] C104 and red-violet cis-p-[Co- 
ETEC12]C104 complexes. 

tmns-[CoETEC121C104.-The mixture of isomers (2.5 g) was 
taken up in boiling hydrocliloric acid (30 ml; 5 iM). The solu- 
tion was filtered and allowed to cool to room temperature. After 

Anal. 

These were separated as follows. 
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3 hr the green needles of the trans complex were filtered off and 
washed with a little water and then with acetone (0.66 g). Anal. 
Calcd for C ~ H I ~ K ~ O ~ S ~ C I ~ C O :  C, 19.9; H, 4.3; N, 6.6; CI, 
25.1. Found: C, 19.5; H, 4.3; N, 6.5; C1, 24.9. 

cis+ [CoETECla] C104.---After the addition of perchloric acid 
(1 ml; concentrated), the red-violet filtrate obtained after the 
separation of the trans isomer was allowed to stand in a refrigera- 
tor for 1 day. The  red-violet needles thus obtained were washed 
with a little ice water and then with methanol (0.5 9). Anal. 
Calcd for C,HlsNzO4SaC1aCo: C, 19.9; H, 4.3; N, 6.6; C1, 25.1. 
Found: C, 19.7; H, 4.3; N, 6.6; C1,2,5.2. 

[CoTETC1~]ClO4.--The ligand TET (6.3 g) in methanol (30 
ml) and hydrochloric acid (30 ml; 1 N )  was added to an ice- 
cold solution of cobalt acetate tetrahydrate (7.5 g) in methanol 
(100 mi), followed by sodium nitrite (4.5 g) in water (10 ml). 
Air was passed through the solution for 2 hr during which time 
the initial bluish color faded and a brown solid precipitated. 
The resulting mixture was transferred to an evaporating dish 
on a steam bath and urea (3.6 g) in water (10 nil) mas added. 
The solution was warmed and hydrochloric acid (30 ml; 10 M )  
was slowly added. The  brown solid gradually dissolved with 
the evolution of gas to form, after about 0.5 hr of heating, a deep 
brown solution. After heating on the steam bath for a further 
0.25 hr the solution became bluish. The  clear solution was filtered 
and perchloric acid (6 ml; concentrated) was added. I t  was again 
heated on a steam bath under a current of air for 5 niin whereupon 
deep purple crystals began to deposit. After cooling in an ice 
bath for 1 hr, these were collected and washed with a little iced 
water and then methanol. These crystals consisted of a mixture 
of the blue cis-a-[CoTETCl,] C104 and the red-violet cis-p-[Co- 
TETCla] C104 complexes. 

czs-P-[CoTETClg] C104.-The mixture of isomers (2.1 g) was 
taken up  in boiling hydrochloric acid (35 ml; 5 M )  and filtered. 
Red-violet needles were obtained after the filtrate was allowed to 
stand at room temperature for 3 hr.  These were collected and 
washed with a little iced water followed by acetone. The filtrate 
remaining was brought to boiling and set aside overnight in a 

They were separated as follows. 

refrigerator. h second crop of red-violet crystals was obtained. 
These were filtered and washed as before (total yield 1.0 g). 
.4naZ. Calcd for C8H&204S2C13Co: C, 22.0; H ,  4.6; iY: 6.4; 
C1,'24.3. Found: C, 22.1; H,4.7; K,6.4; C1,24.4. 

cis-a- [CoTETC12] ClOc.-The filtrate remaining from the 
second crop of red-violet crystals was boiled for 5 min, and per- 
chloric acid (1 ml; concentrated) was added. After allowing the 
now blue solution to  stand in a refrigerator overnight, the re- 
sultant blue crystals were filtered and washed with a little iced 
\Tater and then with acetone (0.4 9). Calcd for C8Haa- 
SyO&C13Co: C, 22.0; H, 4.6; N, 6.4; C1, 24.3. Found: C, 
21.6; H, 4.6; N, 6.4; C1, 24.2. 

A11 of these compounds were stored over calcium chloride. 
Chemical 1nterconversions.-The following general method 

was used for converting the dichloro complexes to the dinitro 
derivatives and then back to the dichloro complexes. The di- 
chloro complex (5 X mol) and sodium nitrite mol) 
were dissolved in water (25 ml) and were heated to  80'. The 
color changed within a few minutes to orange and the solution 
=-as heated for a further 5 min and cooled, and the visible spec- 
trum was taken. (The rate of nitrite substitution is more than 
ten times as fast as aquation, which suggests tha t  the former is 
Co(I1) catalyzed.) The resulting solution (20 ml) was made 
up  to 25 ml with concentrated hydrochloric acid and heated with 
urea (1 .I X The color changed rapidly and the 
conversion was complete in 0.5 hr.  (This time is insufficient 
for complete equilibration of the dichloro complexes and any 
isomers formed in greater than 10% yield would be detected.) 
The  solutions were cooled and the dichloro products were ana- 
lyzed spectrophotometrically. 

Instruments.-The absorption spectra were measured using a 
Unicam SP 800 (recording) spectrophotometer and the nmr 
spectra were taken by means of a Varian HA-100 spectrometer. 
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A series of complexes containing the novel u-bonded allenyl ligand has been prepared from iridium(I), platinum(0), and 
cobalt(1) compounds. The  complexes were formed by S N ~ '  attack on substituted 3-halopropynes. Provisional structures 
have been assigned to  these complexes on the basis of their infrared, Raman, and nmr spectra. Kinetic evidence is pre- 
sented demonstrating the second-order nature of the reaction. The  reductive cleavage of the metal-carbon bond in the 
cobalt complexes, yielding allenes and the regenerated cobalt(1) species, has been demonstrated. 

Introduction 
The central element in low-valent organo-transition 

metal complexes often possesses nonbonded d-electron 
pairs which can act as nucleophilic centers1 Alkyla- 
tion of such a metal is a conceptual oxidation. Thus re- 
actions between alkylating or acylating agents and low- 
valent transition metals can be included in the broad 
class of oxidatine-addition processes.2 In the course of 

(1) J. P. Collman, Accozcnfs Chein. Res . ,  1, 137 (1968). 
( 2 )  J. P. Collman and W. K. Roger, Adzraiz. O ~ a a i ~ o ~ n e l n l .  Chem., 7, 64 

(1908) 

studying oxidative additions of d8 Complexes, we treated 
Vaska's3 iridium( I) complex 1 with a-haloacetylenes 
and were surprised to find a-bonded metalloallenes to 
be the major products of this reaction. Further in- 
vestigation revealed that other transition metal centers 
which are susceptible to oxidative addition react with 
a-haloacetylenes in this way and that the a-bonded 
rnetalloallenes are stable members of a hitherto little- 
known type of transition metal complex. 

( 3 )  L. Vaska and J. W. UeLuzio, J~ Ani. Chevi. SOL.,  83, 2784 (1961) 


