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The tert-butyl-substituted diamine (S)-3,3-dimethyl- 1,2-butanediamine (dmbn) forms five-membered chelate rings with 
metals that are effectively restricted to the 6 conformation in which the tert-butyl group is equatorial. The absorption 
and circular dichroism spectra are reported for [C~(NH,)~((S)-dmbn)l 3+, [Co(CN),((S)-dmbn)]-, truns- [CoCl,((S)-dmbn),]+, 
A-[C~((S)-dmbn)~]~+, and [Pt(NH3),((S)-dmbn)I2+. The spectra are compared to those for other monosubstituted diamines 
1 ,Zpropanediamine (pn) and l-phenyl-l,2-ethanediamine, and it is concluded that in [Pt(NH3)2((S)-pn)]2+ the 6 conformation 
is 70% populated. The effect of solvation on the spectra is examined, and on the basis of the results of 'H NMR spectroscopy 
of the complexes, the changes in the circular dichroism with solvent are interpreted in terms of the creation of asymmetric 
nitrogen donors via the stereoselective solvation of the NH2 protons. The bulky tert-butyl group is found to limit solvation 
at the adjacent NH2 compared to the analogous methyl derivative. The I3C NMR spectra show no evidence that more 
than one geometrical isomer of tr~ns-[CoCl~((S)-dmbn)~]+ and A-[Co((S)-dmbn),13+ is present, and the spectrum of the 
latter complex is consistent with the facial structure. The 5gC0 spectrum of the tris complex confirms the presence of only 
one isomer. 

Introduction 
The circular dichroism (CD) induced in the d-d transitions 

of metal complexes containing chiral chelate ligands is com- 
monly factorized into three contributions: the configurational 
effect due to a dissymmetric arrangement of chelate rings 
about the metal, the conformational effect caused by puckered 
dissymmetric conformations of the individual chelate rings, 
and the vicinal effect due to asymmetric groupings in the 
ligands.' For mono and trans bis complexes with chiral 
bidentate chelates, the configurational effect is not relevant; 
where the chelate is a five-membered diamine, the CD is 
believed to derive mainly from the conformational 
although in phenyl-substituted diamines a vicinal effect appears 
to be ~ igni f icant .~ ,~  

Investigation of the conformational effect requires a 
knowledge of the mole fractions of the various populated 
conformers. For five-membered diamine chelate rings there 
are two chiral conformers, 6 and A, which have the substituent 
in equatorial and axial orientations, respectively, for alkyl- or 
aryl-substituted diamines with the S c~nfigurat ion.~ The 
investigation is simplified if the chelate adopts one confor- 
mation exclusively. Complexes of the tert-butyl substituted 
diamine 3,3-dimethyl- 1,2-butanediamine, which has been given 
the abbreviation dmbn,6 are of special interest as it has been 
shown that the S isomer effectively adopts the 6 conformer 
exclusively in octahedral and square-planar complexes (Figure 

The CD of some mono and trans-bis((S)-3,3-di- 
methyl- 1,2-butanediamine) complexes of cobalt(II1) and 
platinum(I1) are reported here and are compared with the CD 
of related complexes with other monosubstituted diamines. 

The solvent has been observed to have a major influence 
on the CD of some related For trans-dihalo- 
bis((R)- 1,2-propanediamine)cobalt(III) it has been shown that 

Hawkins, C. J. "Absolute Configuration of Metal Complexes"; Wiley- 
Interscience: New York, 1971; Chapter 5. 
Bosnich, B.; Harrowfield, J. MacB. J .  Am. Chem. SOC. 1972. 94, 3425. 
Yano, S. ;  Saburi, M.; Yoshikawa, S.; Fujita, J. Bull. Chem. SOC. Jpn. 
1976, 49, 101. 
Hawkins, C. J.; McEniery, M. L. Ausr. J .  Chem. 1979, 32, 1433. 
For simplicity of discussion, only the S isomer of diamines will be 
considered even though in a number of the references cited the R isomer 
has been used and the CD spectra published are for the R isomer. 
Where this has occurred, the CD has been inverted. 
Hawkins, C. J.; Peachey, R. M. Aust. J .  Chem. 1976, 29, 33. 
Hambley, T. W.: Hawkins, C. J.; Martin, J.; Palmer, J. A.; Snow, M. 
R. Ausr. J .  Chem., in press. 
Hawkins, C. J.; Lawrance, G. A,; Peachey, R. M .  Ausr. J.  Chem. 1977, 
30, 2115. 

the solvent exerts its influence primarily through stereoselective 
hydrogen-bond interactions with the NH2 groups of the di- 
amine chelates.* The effect of the bulky tert-butyl group on 
this solvation is investigated in this paper. 

The study of the CD of tris(diamine)cobalt(III) complexes 
has had a very important role in the development of the field 
of metal complex optical a~ t iv i ty . ' , ~ - '~  In these complexes 
the configurational effect is usually dominant. In the present 
paper, the preparation and CD of h-[Co((S)-dmbn),13+ are 
reported. Carbon- 13 NMR is used to study which geometrical 
isomer was prepared and for this complex and trans- 
[CoCl,((S)-dmbn),]+ to determine the isomeric purity of the 
complexes. Cobalt-59 NMR, which is particularly sensitive 
to structural changes, is used to confirm the number of ste- 
reoisomers present in the tris complex. 

Experimental Section 
Materials. 3,3-Dimethyl- 1,2-butanediamine was prepared and 

resolved by a published procedure6 However, better resolution was 
achieved with +44.0° (c 1.0, benzene) (literature 32.15°).6 
The absolute configuration of this isomer has been shown to be S by 
an X-ray study of salts of its tetraamminecobalt(II1) ~ o m p l e x . ~  
Potassium tetracyano( (S)-3,3-dimethyl- 1,2-butanediamine)cobaIt- 
ate(II1) was prepared by a published method.6 All other reagents 
were of AnalaR grade. The solvents used for spectroscopy were dried 
and distilled by standard methods. Microanalyses were carried out 
by the University of Queensland's microanalytical service. 

Preparation of Tetraammine((S)-3,3-dimethyl-1,2-butanedi- 
amine)cobalt(III) Nitrate Sesquihydrate. The complex was prepared 
by the general method of Yoneda and co -~orke r s '~  and was re- 
crystallized from dilute nitric acid. Anal. Calcd for C6H31N9Cd10.5: 
C, 15.8; H, 6.8; N, 27.6. Found: C, 15.9; H, 6.6; N, 27.7. An attempt 
was made to isolate the perchlorate salt of the complex by adding 
several drops of concentrated perchloric acid to a filtered, concentrated 
solution of the nitrate salt. The crystals that precipitated on cooling 
analyzed as the mixed nitrate perchlorate salt [Co(NH&((S)- 
dmbn)] (N03)~.5(C104)1.5. Anal. Calcd for C6H28C~C~l.5N7.5010.5: 

(9) Kojima, M.; Yoshikawa, Y.; Yamasaki, K. Bull. Chem. SOC. Jpn. 1973, 
46, 1687. 

(10) Harnung, S. E.; Sorensen, B.; Creaser, I.; Maegaard, H.; Pfenninger, 
U.; Schaffer, C. E. Inorg. Chem. 1976, 15, 2123. 

(11) Harnung, S. E.: Kallesae, S.; Sargeson, A. M.: Schaffer, C. E. Acta 
Chem. Stand., Ser. A 1974, 28, 385. 

(12) McCaffery, A. J.; Mason, S. F.; Norman, B. J.; Sargeson, A. M .  J .  
Chem. SOC. A 1968, 1304. 

(13) Kuroda, R.; Saito, Y. Bull. Chem. Sot. Jpn. 1976, 49, 433. 
(14) Bernth, N.; Larsen, E. Acta Chem. Stand. 1978, 32, 545. 
(15) Yoneda, H.: Muto, M.;  Tamaki, K. Bull. Chem. SOC. Jpn. 1971, 44, 

2863. 
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Table I. CD Data for Bands with ' A ,  -+ IT, (Oh) Parentage 
for Cobalt(II1) Complexes with (S)-Diamines 

H~N-NH~ 
X 

Figure 1. 6 conformation for the chelate ring formed by (S)-3,3- 
dimethyl-1,2-butanediamine with X equal to C(CH3)3. 

C, 14.9; H, 5.8; N, 21.6. Found: C, 15.0; H, 5 .5 ;  N, 22.0. A similar 
mixed salt has been reported for the analogous complex of (R)- 
phenyl- 1 ,2-ethanediamineS4 

Preparation of trans -Dichlorobis( (S)-3,3-dimethyl-1,2-butanedi- 
amine)cobalt(III) Perchlorate. The chloride salt of the complex was 
prepared by the method for the corresponding 1,2-~ropanediamine 
complex.I6 It was converted to its perchlorate salt by precipitation 
from a methanolic solution with perchloric acid. Anal. Calcd for 
C1,H3,CoC1,N40,: C, 31.2; H, 7.0; C1, 23.0; N, 12.1. Found: C, 
31.0; H, 6.9; C1,23.2; N, 12.1. For spectroscopic studies in acetonitrile, 
the tetraphenylborate salt was freshly prepared by the addition of 
a filtered, concentrated, aqueous solution of sodium tetraphenylborate 
to a solution of the perchlorate in dilute perchloric acid. The mixture 
was stirred for 30 min and filtered to yield a pale greeen product, 
which was dried under vacuum over P205. 

Preparation of A-Tris((S)-3,3-dimethyl-1,2-butanediamine)co- 
balt(1II) Chloride Hydrate. The method of Krause and Megargle" 
for [Co(en)J3+ was used to prepare [Co((S)-dmbn),]Cl3.H20. Anal. 
Calcd for C18H50CoC13N60: C, 40.6; H, 9.5; N, 15.8. Found: C, 
40.9; H, 9.2; N, 15.6. Column chromatography using a procedure 
published previously for [Co(pn),l3' I I  and 'H, 13C, and 59C0 NMR 
spectra of the complex were consistent with only one isomer being 
present. 

Preparation of A-Tris((S)-3,3-dimethyl-l,2-butanediamine)co- 
balt(1II) Chloride Perchlorate. An alternative method of preparation 
of the tris complex was also successful. 3,3-Dimethyl-l,Zbutane- 
diamine was added in a mole ratio of 3:l to a solution of trans-di- 
chlorotetrakis(pyridine)cobalt(III) chloride1* in a minimum volume 
of dry dimethyl sulfoxide. Reaction was immediate with the solution 
changing from a deep green to a deep orange. On addition of ethanol 
and ether, an oil was formed, which on trituration with acetone 
produced an orange solid that was removed by filtration. The solid 
was dissolved in a minimum volume of warm water, the solution was 
filtered, and several drops of concentrated perchloric acid were added. 
The orange crystals that precipitated from the cooled solution were 
filtered, washed with ice-cold water, and dried under vacuum. The 
product analyzed as a mixed chloride perchlorate salt. Anal. Calcd 

C, 35.7; H, 8.4; C1, 17.3; N, 13.7. No evidence for a second isomer 
was again obtained. 

Preparation of Diammine( (S)-3,3-dimethyl-1,2-butanediamine)- 
platinum(I1) Chloride Hydrate. The complex was prepared by the 
general method of Appleton and Hall.I9 Anal. Calcd for 
C6H2,C1,N40Pt: C, 16.6; H, 5.1; C1, 16.3; N, 12.9. Found: C, 16.9; 
H, 5.4; C1, 16.3; N, 12.5. 

Spectroscopy. UV-visible absorption and CD spectra were mea- 
sured on a Cary 17 spectrophotometer and a Jobin Yvon Mark I11 
Dichrograph, respectively. Specific rotations were measured in a 0.1-m 
cell with a Perkin-Elmer 141 polarimeter. The IH (100 MHz), I3C 
(25.1 MHz), and 59C0 (23.6 MHz) NMR spectra were measured on 
a JEOL FXlOO FT-NMR spectrometer. For the 'H NMR sodium 
3-(trimethy1silyl)propanesulfonate and tetramethylsilane were used 
as internal references. The I3C NMR spectra were measured in the 
proton noise-decoupled mode with dioxan (6 67.4) as the internal 
reference. Assignments of the I3C resonances were based on off- 
resonance proton-decoupled spectra. For the 59C0 NMR spectra, a 
'Li external lock was used, and [ C O ( N H ~ ) ~ ] ~ +  ( 6  0) was used as an 
external reference. 

Results 
Absorption and CD Spectra. The absorption and CD spectra 

a re  given in Figures 2-6. The  CD bands with lAl, - ITI, 
(Oh) parentage for the dmbn complexes a r e  compared with 
those of other diamines in Table  I. 

for C18H&OC13N606: C, 35.5; H, 7.9; C1, 17.4; N, 13.8. Found: 

(16) Martinette, M.; Busch, J.; Gulbinskas, M. J.  Am. Chem. Soc. 1955, 77, 
6507. 

(17) Krause, R. A.; Megargle, E. A. J .  Chem. Educ. 1976, 53, 667. 
(18) Werner, A. Ber. Dtsch. Chem. Ges. 1906, 39, 1538. 
(19) Appleton, T. G.; Hall, J. R. Inorg. Chem. 1970, 9,  1800. 

band I band I1 

diamine h, nm A€ A, nm A€ ref 

(i) [Co(NH,),L] 
dmbn 5 26 +0.04 46 2 -0.39 b 

Pen 528 +0.02 464 -0.17 d 

dmbn 400 +0.12 34 8 -0.77 b 

Pen 352 - 0.44 d 

(iii) truns-[CoCl,L, I +  f 
dmbn 612 -0.81 464 +0.15 b 
Pn 602 - 0.76 463 +0.10 g 

602 -0.82 463 +o. 12 h 
Pen 618 -0.52 459 -0.42 d 

615 -0.45 46 5 -0.28 i 
(iv) A - [ C O L , ] ~ + ~  

dmbn 499 +2.13 441 -0.58 b 
Pn 493 +1.95 439 -0.58 i 

4 94 12.12 440 -0.63 k 
Pen 491 +2.68 433 -0.49 1 

a In water. This work. Reference 23. Reference 4. 
Reference 25.. In methanol. Reference 3 1. Reference 8. 
Reference 3. I Reference 39. Reference 40. Reference 14. 

Pn 517 +0.06 46 1 -0.34 C 

(ii) [Co(CN),L] - a 

Pn 397 +0.15 347 -0.67 E 

NMR Spectra. The NMR of the CHCH2 protons has been 
published elsewhere.' The NH resonances a re  of particular 
relevance to the discussion of the CD spectra and are presented 
here in Table  I1 for [Co(CN),((S)-dmbn)]- and trans- 
[CoCl,((S)-dmbn),]+. In dimethyl sulfoxide the N(2)H,, 
resonance for [Co(NH3),((S)-dmbn)l3+ occurs a t  6 4.32 (t)  
while the other three NH resonances form a broad band 
centered a t  6 4.94. The solvent peak in 0.01 M D2S04 partially 
obscures a number of the NH resonances for this complex. 
The NH resonances were assigned by selective decoupling of 
the assigned CH resonances. The I3C chemical shift data for 
the complexes a re  given in Table 111. For each carbon in 
trans- [CoCl,((S)-dmbn),]+ and [Co((S)-dmbn),l3' there is 
no evidence for more than one peak, consistent with isomeric 
purity. The 59C0 chemical shift data  (ppm) with half-band- 
widths in parentheses are as follows: [Co(NH,),((S)- 
dmbn)13+, -357.2 (195 Hz);  [Co((S)-dmbn),I3+, -818.6 (50 
Hz) .  For the tris complex there was no evidence of a second 
resonance, again consistent with isomeric purity. 

Discussion 
Cobalt(II1) Complexes. For octahedral cobalt(II1) com- 

plexes, the spin-paired d6 configuration gives rise to  two 
spin-allowed transitions in the visible, 'Al, - IT1, and ]A!, - lT2,. Both are electric dipole forbidden, but the former is 
magnetic dipole allowed, and, in the presence of a dissymmetric 
force field, the low-symmetry components of the former have 
an induced rotational strength. The  complexes [Co(NH,),- 
((S)-dmbn)13+, [Co(CN),((S)-dmbn)]-, and trans-[CoC12- 
((S)-dmbn),]+ have tetragonal-holohedrized crystal fields that 
result in the splitting of the lTlB level into levels with IE and 
lA2, symmetries and the IT2, level into levels with IE, and 'B2, 
symmetries. The separation of the tetragonal components of 
the 'Alg - 'TI, absorption is related to the difference in the 
spectrochemical parameters, A, for the ligands.20-21 The 
splitting is observed in trans-dichlorobis(diamine)cobalt(III), 
giving rise to absorptions a t  about 600 and 450 nm that have 
IE, and lAzg symmetries, respectively. The splitting is not 

(20) Yamatera, H. Bull. Chem. SOC. Jpn. 1958, 31, 95. 
(21) Schaffer, C. E.; Jsrgensen, C. E. Mat.-fys. Medd.-K. Dan. Vidensk. 

Selsk. 1965, 34 (13), 1. 
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figure 2. UV-visible absorption and circular dichroism spectra of [CO(NH~)~((S)-~~~~)](C~O~)~,~(NO~)~,~ in water (-) and dimethyl sulfoxide 
(- - -). 

(i) [Co(CN),((S)-dmbn)I - 
0.01 M D 2 S 0 , b  3.57 4.27 4.29 4.38 0.70 0.09 0.79 
CD,ODC 3.39 4.10 4.15 4.25 0.71 0.10 0.81 
(CDj),SOb 3.04 3.49 3.85 4.08 0.45 0.23 0.68 

(ii) [CoCl, ( (8 -dmbn) ]  '+ 

CD CNC 4.15 4.68 4.46 4.46 0.53 0 0.53 

(CD j )  SOb 4.36 5.55 4.83 5.55 1.19 0.72 1.91 
C D , O P  4.40 5.37 4.84 5.31 0.97 0.53 1.50 

N(2) is bound to  C(2) and N(1) to C(1). In ppm from sodium 3-(trimethylsilyl)propanesulfonate. In  ppm from tetramethylsilane. 

observed for the other two complexes, but it has been estimated 
to be of the order of 100 cm-' or 2 nm for the tetraammine22 
and 1500 cm-' or 19 nm for the tetracyano? with the IA,, - 
IE, component lower in energy for the former but higher for 

the latter. Generally for the tetragonal complexes only one 
Cotton effect is observed under the IA,, - ITzg absorption, 
and, as the IAl, -, lBZg remains magnetic dipole forbidden 
under the tetragonal field, this Cotton effect is usually assigned 
to the IAl. - 'E. comDonent. 

(22) Hawkins, C. J.; Lawrance, G .  A. Inorg. Nucl. Chem. Leu. 1973, 9, 
1183. 

For the'hs(diahne) 'complexes it has been established that 
the trigonal field splits the '4 -, IT,, into two components,lA, 
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the complex [Co(NH3),((S)-pen)l3' has been ascribed to a 
vicinal effect arising from the polarizable phenyl group., 

For the above three tetraammine complexes, if water is 
replaced by dimethyl sulfoxide as solvent, there is a slight 
increase in the size of the two Cotton effects under the IAl, - 'TI absorption. Evidence was obtained for [Co(NH3),- 
(pen)lk to show that this change with solvent was consistent 
with an increase in the stereoselective solvation of the N H 2  
protons, with N H  being more strongly solvated than NH,,., 

(ii) [Co(CN),((3)-dmbn)r. The lower energy 'Al, - lAZg 
component of the ,Alf - 'T1 absorption has a small positive 

as has been found for [C~(eN) , ( (S ) -pn ) l - .~~  For the 
analogous phenyl compound, [Co(CN),( (S)-pen)]-, only a 
negative is observed corresponding to the 'A,, - 'E, Cotton 
effect., The total negative rotational strength under the 'Al,  - lT1, for the aqueous solutions varied in the order dmbn > 
pn >> pen, as was found for the tetraammine complexes. 

Solvation of these complexes involves proton donation by 
the solvent at the nitrogen of the coordinated cyanide ligands, 
which causes an increase in A for the c ~ a n i d e , ~ ~ , ~ '  which in 
turn gives rise to a larger tetragonal splitting of the cubic 
absorption bands.28 If the rotational strengths of the individual 
components did not vary, this would still lead to an increase 
in the observed Cotton effects as the degree of protonation 
increased because the increased separation of the transitions 
would lead to a lower degree of cancellation for the positive 
and negative Cotton effects. The ability of the solvents to 
donate protons increases in the order (CH3)2S0 << C H 3 0 H  
<< H20.29 This is reflected in the increase in the energy of 
the ,Al,  - ,TI, absorption: (CH3),S0, 362; CH30H,  355; 
H 2 0 ,  352 nm. The aqueous solution shows the largest Cotton 
effects consistent with the greater tetragonal splitting. 

Solvation of the tetracyano(diamine)cobalt( 111) complexes 
also involves electron donation by the solvent to the N H 2  
protons. Due to the axial-equatorial relationship of the NH2 
protons, and the difference in the interactions of these protons 
with other atoms in the complex, they are solvated to different 
degrees, and this difference in the strength of the interaction 
between the solvent and the NH2 protons varies with solvent 
and should give rise to a concomitant change in the size of the 
chemical shift difference between the two protons (AN, Table 
11). For [Co(CN),((S)-dmbn)]- the N(1)H2 group that is 
removed from the bulky tert-butyl group has a chemical shift 
difference, AN(1), which increases as the ability of the solvent 
to donate electrons29 increases. However, this is not observed 
for N(2)H2 where dimethyl sulfoxide, the strongest electron 
donor of the solvents studied, has a considerably smaller value 
of AN(2) than water or methanol. This reflects the larger 
molecular volume of dimethyl sulfoxide and its greater un- 
favorable interactions with the tert-butyl group. 

The stereoselective solvation of the NH2 group can markedly 
affect the CD of diamine complexes.8 However, the total 
asymmetry introduced at the N donors as measured by CAN 
(Table 11) does not vary significantly for [Co(CN),((S)- 
dmbn)]- with water, methanol, and dimethyl sulfoxide, and 
therefore this factor should not contribute to the observed 
differences in the CD, although it will contribute to the actual 
CD spectra for the complex. 

Under the (Al, - IT2, absorption, two Cotton effects are 
observed, a small positive and a very small negative. The 

Cotton effect and the A,, - f E component a larger negative, 

I I 

- 0 . 8  
I I I I 

4 5 0  400 350 300 250 100 

WAVELENGTH (nm) 

Figure 3. UV-visible absorption and circular dichroism spectra of 
K[Co(CN),((S)-dmbn)] in water (-), methanol (-e-), and dimethyl 
sulfoxide (- - -). 
Table 111. ''C Chemical Shift Dataa for Complexes of 
(S)-3,3-Dimethyl-l,2-butanediamine 

complex CH CH, C (CH3)3 

[ C O ( N H , ) , L ] " ~  66.96 46.20 32.94 26.46 
[ Co(CN),L] 68.00 47.54 32.96 26.68 

[ COL, ] ,+ 68.13 46.49 32.75 26.61 
[Pt(NH,),LI2' 69.54 48.57 32.3Id 26.73 

In  ppm from Me,Si. In D,O. In CD30D. With satellite 

~ M ~ S - [ C O C I , L ~ ] " ~  66.91 46.15 32.70 26.32 

peaks due to coupling to IgSPt with 'JPtc 41.0 Hz. 

- 'E and 'Al - lA2, with the doubly degenerate transition 
lowest in energy.IJ3 

(i) [ C ~ ( N H ~ ) ~ ( ( S ) - d m b n ) l ~ + .  This complex has a CD 
spectrum very similar to analogous complexes with mono- 
substituted diamines such as (S ) -  1,2-~ropanediamine,~~ and 
( S ) -  l-phenyl-l,2-ethanediamine (pen)., The lower energy 
component of the IAl, -. lTlg band is positive and is smaller 
than the higher energy negative Cotton effect. Under the lAlB - IT2, absorption there is a small positive band, and under 
the charge-transfer absorption there is a large negative Cotton 
effect. For the tert-buty16v7 and derivatives, the 
chelate ring is exclusively in the 6 conformation with the 
substituent equatorial. For (S)-l,2-propanediamine, the X 
conformer is slightly populated (nx = 0.1),7924 and this could 
explain the difference in the total rotational strengths for the 
IA,, 7 'TI absorption in the dmbn and pn complexes. An 
additional factor that could influence the CD of the dmbn 
complex relative to the pn complex is the slight increase in 
puckering of the dmbn chelate ring relative to the pn.' The 
much smaller size of the CD under the ,Al, - 'TI, band for 

(23) Hawkins, C. J.; Larsen, E.; Olsen, I. Acta Chem. Scand. 1%5,19, 1915. 
(24) Hawkins, C .  J.;  Palmer, J.  A. Coord. Chem. Rev., in press. 

(25) Goto, M.; Takeshita, M.; Sakai, T. Inorg. Chem. 1978, 17, 314. 
(26) Shriver, D. F.; Posner, J.  J .  Am.  Chem. SOC. 1966, 88, 1672. 
(27) Alexender, J.  A.; Gray, H. B. J .  Am. Chem. SOC. 1968, 90, 4260. 
(28) Bailey, T. D.; Hawkins, C. J .  In 'Stereochemistry of Optically Active 

Transition Metal Compounds"; Douglas, B. E., Saito, Y., Eds.; Amer- 
ican Chemical Society: Washington, 1980; ACS Symp. Ser. No. 119, 
pp 221, 237. 

(29) Mayer, U.; Gutmann, V. Struct. Bonding (Berlin) 1972, 12, 113.  
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Figure 4. UV-visible absorption and circular dichroism spectra of trans- [CoCl,((S)-dmbn),]+ in acetonitrile (-) as the tetraphenylborate 
salt and in methanol (-. -) and dimethyl sulfoxide (- - -) as the perchlorate salt. 

charge-transfer region shows a large negative Cotton effect. 
These bands were also observed for [C~(CN), ( ( s ) -pn) l - .~~  

(iii) trans-[CoCI,( (S)-dmbn),]+. For the analogous 1,2- 
propanediamine8 and 1 -phenyl- 1 ,2-ethanediamine4 complexes, 
the solvent has been observed to alter greatly the CD spectra. 
In solvents such as acetonitrile that do not solvate the N H 2  
groups strongly, and therefore do not introduce an additional 
source of dissymmetry by creating an asymmetric donor group, 
the 'Alg - 'E, Cotton effect is negative and the 'A,, - 'A2, 
positive. However, for strongly solvating solvents such as 
dimethyl sulfoxide, the 'Al, - 'Eg Cotton effect is less negative 
and the 'Al, - 'A, Cotton effect changes sign. The change 
in the Cotton effects, especially the 'A - 'Azg component 
has been found generally to mirror the 3AN  value^.^,^ These 
effects are again found for [C~Cl,((S)-dmbn)~]+. 

Acetonitrile has a low electron-donor power,29 and its sol- 
vation of the NH2 protons will not significantly contribute to 
the AN values. Thus for the pn8 and dmbn complexes, U( 1) 
is 0. The AN(2) values show differences in the long-range 
anisotropic shielding of the axial and equatorial amine protons 
by the substituent: pn, 0.75; dmbn, 0.53. Because the solvent 
is able to interact more strongly with the equatorial protons 
than the axial protons, as the donor power of the solvent 
increases, the AN( 1) and AN(2) values should also increase 

in size, notwithstanding any major long-range anisotropic 
shielding contribution to these values by the solvent. Methanol 
solvates more strongly than acetonitrile, but dimethyl sulfoxide 
donates electrons much more strongly than both.29 The AN( I), 
AN(2), and CAN values increase in the order acetonitrile, 
methanol, and dimethyl sulfoxide for the dmbn and pn com- 
plexes. However, the bulk of the tert-butyl group restricts the 
solvation at  N(2)H2 for the dmbn complex compared to the 
pn complex, especially for the larger dimethyl sulfoxide, and 
the value of CAN for trans-[CoC12((S)-dmbn),]+ is signifi- 
cantly less than for the pn complex. This smaller degree of 
asymmetry introduced at  the nitrogens via solvation results 
in a smaller change in the observed CD with solvent and 
noticeably in the smaller negative Cotton effect for the IA,, 
-+ 'Azg transition in dimethyl sulfoxide. 

For trans-[CoC12((s)-pen),]+ the asymmetry introduced at 
the nitrogens via solvation as measured by the X U  values 
is much greater than for both the above complexes, and the 
'A,, - 'A2, transition has a large negative Cotton effect in 
dimethyl sulfoxide and even has a negative Cotton effect in 
methanol. 

The charge-transfer region for trans- [CoCl2((S)-dmbn),]' 
has three Cotton effects. For the analogous trans- 1,2-cyclo- 
hexanediamine (chn)M and pn3I complexes, the corresponding 



CD Spectra of Co"' and Pt" Complexes Inorganic Chemistry, Vol. 21, No. 3, 1982 1079 

AC 

+ 2.c 

+ 1.c 

C 

- 1.c 

c 
00 

50 

D 

I I I I I 1 I I I 
600 500 400 300 2 0 0  

WAVELENGTH (nm) 

Figure 5. UV-visible absorption and circular dichroism spectra of A-[C~((S)-dmbn)~]Cl~ in water (-) and in 0.5 M Na3P04 (---). 

lower energy negative and positive bands have been assigned 
to pI - d s  transitions and the higher energy negative to a pI - dzz transition. 
tran~-[CoCl,(.(S)-dmbn)~]+ can exist in two geometrical 

isomeric forms with the two tert-butyl groups cis or trans. The 
13C spectrum shows no evidence that two isomers are present 
in the isolated compound. 

(iv) [C~((S)-dmbn),]~'. There are four possible isomers for 
this complex resulting from the facial and meridional geometric 
isomers, and the A and A distributions of chelates. The 
conformation is restricted to the 6 chirality due to the necessity 
for the tert-butyl group to be equatorial. Statistically the 
meridional isomer should have three times the population of 
the facial isomer. If the complex had been prepared under 
equilibrium conditions, say over charcoal at elevated tem- 
peratures, both isomers would have been expected to be 
present, probably in their statistical ratio, as has been found 

for [ C ~ ( p n ) ~ ] ~ + . ~ ~  In addition, both the A and A distributions 
of chelates would have been present; although based on the 
[ C ~ ( p n ) ~ ]  3+ the A(666) configuration would have 
been present in only relatively small concentration. 

Column chromatography with Sephadex cation exchanger 
SP-C25 and with 0.1 M sodium orthophosphate as eluent, that 
had successfully separated the four isomers for [Co(pn)J3+," 
gave only one band for [Co((S)-dmbn)J3+ isolated by the 
above two methods of preparation. The 13C NMR spectrum 
of the isolated complex has only one signal for each different 
type of carbon, and the 'H NMR resonance for C(CH3)3 
shows only one sharp signal, unbroadened by 59C0 coupling. 
For the meridional isomer, each carbon and the C(CH3)3 
protons should yield three resonances as the three chelates are 
not related by symmetry. This has been observed for related 
complexes such as [Co(ibn),13+, where ibn is 2-methyl-1,2- 
pr~panediamine,~ but three resonances for each carbon were 

(30) Treptow, R. S. Inorg. Chem. 1966, 5, 1593. 
(31) Ito, H.; Fujita, J.; Saito, K. Bull. Chem. SOC. Jpn. 1969, 42, 1286. 

(32) Dwyer, F. P.; Sargeson, A. M.; James, L. B. J .  Am. Chem. SOC. 1964, 
86, 590. 
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Figure 6. UV-visible absorption and circular dichroism spectra of 
[F't(NH3)2((S)-dmbn)]C12 in water (-) and dimethyl sulfoxide (- - -). 

not observed at 22.63 MHz for ~ ~ ~ - A ( X X X ) - [ C O ( ( R ) - ~ ~ ) ~ ] ~ + , ~ ~  
and for A(AAA)-[Co((R)-pn),l3+ the 'H NMR spectrum at 
25 1 MHz showed only two doublets for the CH3 groups in the 
ratio 2:3.34 The evidence is consistent with the facial isomer, 
but the data are not conclusive. However, as 13CH3 and I3CH2 
do have different chemical shifts for mer-A- and fac-A-[Co- 
( ( R ) - ~ n ) , l ~ + , ~ ~  the I3C spectrum supports the above conclusion 
from the chromatography that only one isomer is present. The 
A and A configurations for related complexes do show different 
13C resonances for the two configurations. For example, 
A-[Co((R,R)-bn),I3+, where bn is 2,3-butanediamine, has a 
13CH resonance at 6 57.4 and the A isomer has the same 
resonance at  6 58.6.35 For the A and A isomers of [Co- 
((R)-pn)J3+, the C H  resonances are at 6 53.7 and 55.0, re- 
~pec t ive ly .~~ The fact that only one resonance is observed for 
C H  in [Co((S)-dmbn),l3' shows the isolated complex has 
predominantly one configuration which, as stated above, would 
be A. For [ C ~ ( ( R ) - p n ) ~ l ~ +  the four stereoisomers, mer-A, 
fac- A, mer- A, andfac-A, give separate 59C0 resonances.3638 
The samples of [Co((S)-dmbn),13+ isolated here give a single 
relatively sharp 59C0 resonance which confirms the above 
conclusion that only one stereoisomer is present. In conclusion, 
under the nonequilibrium experimental conditions used here 
to prepare [Co( (S)-dmbn)13+, only one stereoisomer was 

~~~~ ~ ~ ~ 

(33) Kojima, M.; Yamasaki, K. Bull. Chem. SOC. Jpn. 1975, 48, 1093. 
(34) Sudmeier, J. L.; Blackmer, C. L.; Bradley, C. H.; Anet, F. A. L. J .  Am. 

Chem. SOC. 1972, 94, 757. 
(35) Bagger, S.; Bang, 0. Acta Chem. Scand., Ser. A 1976, 30, 765. 
(36) Craighead, K.  L. J .  Am. Chem. SOC. 1973, 95,4434 
(37) Johnson, A.; Everett, G. W. Inorg. Chem. 1973, 12, 2801. 
(38) Koike, Y.; Yajima, F.; Yamasaki, A,; Fujiwara, S.; Chem. Lett. 1974, 
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isolated. It has the A(666) configuration, and the experimental 
evidence is consistent with the facial isomer. 

The CD spectra of tris(diamine)cobalt(III) complexes have 
major contributions from the configurational effect and the 
conformational effect. The A(666) isomers of [Co((S)- 
dmbn)J3+ and [Co((S)-pn),I3+ have very similar CD spectra 
in the d-d and in the charge-transfer  region^."*'^^^^^^^ The 
analogous complex with 1-phenyl-1 ,2-ethanediaminei4 again 
shows some differences to the alkyl diamines in the d-d region 
with a larger positive Cotton effect for the 'A - 'E component 
and a slightly smaller negative for the 'Al - 'A, component. 
This could again be due to a vicinal effect from the polarizable 
phenyl group. In the literature, there are reports that the Aemx 
value for the charge transfer can be factorized into contri- 
butions from the configurational effect and conformational 
effect."*12 Values of -30'' and -20i2 have been obtained for 
the A configuration and -3," and -812 for each 6 conformation. 
Neither set of values agrees with the value of -34 found for 
A- [Co((S)-dmbn),13+. 

The effect of added phosphate ion on the observed CD of 
A-[Co( (S)-dmbn)3]3+ is similar to that observed for analogous 
diamine c o m p l e x e ~ : ~ ~ - ~ ~  the 'Al - 'E component is reduced 
and the 'A, - IA2 component is increased in size. This has 
been attributed to the stereoselective ion pairing of the 
phosphate along the C3 axis to the equatorial N H  protons 
parallel to the C3 axis rendering the nitrogens asymmetric with 
the same c~nf igu ra t ion .~~  

Platinum(I1) Complexes. [Pt(NH3),( (S)-dmbn)l2'. The 
absorption and CD spectra of diammine((S)-diamine)plati- 
num(I1) complexes show two d-d peaks at about 280 and 220 
nm and a charge-transfer peak at 200 nm. All three Cotton 
effects are negative for the S configuration.4446 For [Pt- 
(NH3)2((S)-pn)]2+ the low-energy band has been assigned to 
the spin-forbidden 'Al - 3E, (D4,,) transition, which gains 
intensity through spin-orbit coupling, and the Cotton effect 
at 220 nm has been assigned to the IAl, - 'E, transiti01-1.~~ 

As the CD of the (S)-pn complex is approximately half the 
size of the (S,S)-trans- 1,2-~yclohexanediamine complexu that 
is restricted to the 6 conformation, it has previously been 
concluded that the 6 conformation is 75% populated in [Pt- 
(NH3)2((S)-pn)]2+.1 Recent conformational analyses based 
on vicinal proton coupling  constant^'^^^ and vicinal 195Pt-'3C 
coupling  constant^^^*^' have concluded that in the pn complex 
the 6 conformation is 66% and 72% populated, respectively. 
If the size of the spin-allowed transition, 'A,, - 'E,, for 
[Pt(NH3),((S)-dmbn)12+ is taken as a measure of the con- 
formational effect for a 6 conformation (At -1.25), the ob- 
served value44 of At  -0.51 for [Pt(NH3)2((S)-pn)]2+ would 
correspond to the 6 conformation having a 70% population, 
in excellent agreement with the NMR conformational anal- 
yses. 

The CD and absorption spectra of [Pt(NH3)z((S)-dmbn)]2+ 
both show a slight increase in intensity of the low-energy band 
on changing the solvent from water to dimethyl sulfoxide. 
Because of the absence of apical ligands in the square-planar 
platinum(I1) complexes, the differences in the strength of 
solvation at the equatorial and axial NH2 protons would not 
be as marked as in the octahedral complexes, and hence the 
degree of asymmetry introduced at the nitrogens and the 

(39) McCaffery, A. J.; Mason, S. F.; Ballard, R. E. J .  Chem. SOC. 1965, 
2883. 

(40) Piper, T. S.; Karipides, A. G. J .  Am. Chem. SOC. 1964, 86, 5039. 
(41) Mason, S.  F.; Norman, B. J .  Proc. Chem. Soc., London 1964, 339. 
(42) Mason, S. F.; Norman, B. J. Chem. Commun. 1965, 73. 
(43) Sarneski. J. E.; Urbach, F. L. J .  Am. Chem. SOC. 1971, 93, 884. 
(44) Ito, H.; Fujita, J.; Saito, K. Bull. Chem. SOC. Jpn. 1967, 40, 2584. 
(45) Sullivan, E. A. Can. J .  Chem. 1979, 57, 67. 
(46) Bosnich, B.; Sullivan, E. A. Inorg. Chem. 1975, 14, 2768. 
(47) Erickson, L. E.; Sarneski, J .  E.; Reilley, C N. Inorg. Chem. 1975, 14, 
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changes in C D  with solvent are less significant. 
In [Pt(NH3)z((S)-dmbn)]z+ the quaternary carbon has an 

approximate trans relationship with the Pt. The vicinal cou- 
pling between the carbon and 195Pt is therefore maximized, 
giving a value of 41 Hz. An axial carbon has a torsional angle 
with Pt  of about 90' and therefore has a very small coupling 
with ISsPt .  In [Pt(NH3)2(meso-bn)]2' and [Pt(NH3)2(ibn)]2+, 
the 6 and X conformations are equally populated, and hence 
the observed 3JRc values, 27.3 and 22.4 Hz, respectively, are 
the averages of the values for the axial and equatorial me- 
t h y l ~ . ~ ~  The methyl groups in [Pt(NH3)2((R,R)-bn)]2+ are 
predominantly, but not exclusively, in equatorial orientations, 

(48) Bagger, S.  Acta Chem. Scand., Ser. A 1974, 28, 467. 

and have a value of 49.8 H z  for 3Jptc.48 A direct comparison 
of the ,JRc values for the equatorial quaternary carbon in the 
dmbn complex and the equatorial methyl carbons in the above 
complexes is not possible because of the different substituent 
effects. 
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The electronic structure of CO~(CO)~CY clusters, where Y = H, F, CI, Br, I, CH,, CF3, or COOCH,, is discussed on the 
basis of their He I excited gas-phase photoelectron spectra. A qualitative energy level diagram has been afforded which 
allows a satisfactory discussion of the PE data. The most interesting feature of our interpretative model is the presence 
of a molecular orbital of e symmetry which accounts for a large portion of the interaction between the Co, triangle and 
the apical carbon atom Cap and for the electron transmission from the apical substituent Y and the cobalt atoms via a 
resonance-type mechanism. In agreement with previous NQR and IR data, evidence for significant Y-C,, *-bonding 
donation with Y = CI, Br, or I is presented. The relationships existing between the present clusters and molecules of type 
M,(C0)12 and (p-CH2)[ML,], have been stressed. 

Introduction 
Since it was suggested that transition-metal clusters can 

offer good models to mimic substrate-surface interaction,z a 
large number of spectroscopic studies have been devoted to 
this class of molecules. 

Until now, however, few gas-phase photoelectron (PE) in- 
vestigations have been carried out,, although these compounds 
often show good stability and volatility which make them 
suitable for PE investigations. 

In order to get more information about the potentiality of 
this technique as applied to transition metal clusters and as 
a further development of our previous ~ t u d i e s , ~ ~ * ~ - ~  we have 
undertaken a PE study of the series CO,(CO)~CY (Y = H ,  
F, C1, Br, I ,  CH3, CF,, COOCH3),6 whose chemical and 
structural features have received widespread attention in the 
past 20 years.' 

(a) University of Padova. (b) CNR of Padova. (c) University of 
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1979, 37, 191. (b) Bursten, B. E.; Cotton, F. A.; Green, J. C.; Seddon, 
E. A,; Stanley, G. G. J. Am. Chem. Soc. 1980, 102,955. (c) Van Dam, 
H.; Stufkens, D. J.; Oskam, A. Inorg. Chim. Acta 1978,31, L377. (d) 
Green, J. C.; Seddon, E. A,; Mingos, D. M. P. J .  Chem. SOC., Chem. 
Commun. 1979, 94. 
Granozzi, G.; Tondello, E.; Benard, M.; Fragali, I. J .  Orgonomet. 
Chem. 1980, 194, 83. 
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1981, 48, 73. 
Some of the present results have appeared in a preliminary communi- 
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Chem. 1981, 208, C6. 

Table I. Ionization Energies (eV) of the Co,(CO),CY Clustersa 
band label 

cluster A' (S') A" B' B" C' (S") C" 

H 8.75 (7.9) 10.23 14.0 18.0 
CH, 8.58 (7.9) 9.93 14.2 (12.7) 17.7 

14.3 (16.2) 17.9 CF, 8.96 (8.2) 10.40 
COOCH, 8.73 (8.1) 9.80 11.57 14.2 17.9 
F 8.96 (8.2) 10.24 14.3 18.1 
c1 8.63 (7.9) 9.85 12.28 14.1 17.7 

8.73 (8.0) 9.80 11.55 14.2 (12.8) 17.9 Br 
I 8.76 (8.1) 9.77 10.94 12.46 14.1 17.8 

a Values in parentheses refer to shoulders. 

A trigonal-pyramidal structural core C O ~ C  (C3" symmetry) 
was early inferred from chemical evidence* and IR mea- 
s u r e m e n t ~ ~  and subsequently confirmed by several structural 
 determination^.^ 

Y 1 
(CO ),CO,+,CO /\ (COi, 

(C0)3Co 

The peculiar arrangement of three Co atoms with the apical 
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