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Circular dichroism spectra of two series of mixed-ligand complexes, [Co(g-diketonate),(en), _,] >~ and [Co(s-
diketonate),,((S)-«-amino acidate) .., ] where n = 0-3, are analyzed in an effort to ascertain the validity of an often-used
Cotton effect-configuration rule for assigning absolute configurations to mixed-ligand complexes of low symmetry. CD
spectra of the intermediate members (n = 1, 2) of both series can be related to those of the terminal members (1= 0, 3),
for which Cotton effect-configuration relationships are known, if reasonable assumptions are made regarding (1) the energy

separation of ligand field terms and (2) the contribution of vicinal effects of chiral ligands.

Absolute configurations of the

mixed-ligand complexes containing (§)-a-amino acidate ligands assigned from CD results agree in all cases with configura-
tions assigned independently from analysis of anisotropic shielding in proton nmr spectra,

One of the most convenient methods of deducing relative
or absolute configurations of dissymmetric coordination

compounds is through analysis of Cotton effects in the region

of ligand field transitions.”™” Although theoretical treat-
ments of Cotton effect-configurational relationships are not
generally satisfactory at present, some empirical relationships
have been established for tris-bidentate complexes of cobalt-
(III) by a combination of X-ray structural determinations,
investigations of smgle crystal polarized spectra,'?!* and
solution CD studies.>”7:1%14716  The Jow-energy, magnetic
dipole allowed octahedral ligand field transition is split into
two transitions, A, and E, in D3 symmetry (or A and E in
C; symmetry) and into three transitions, A + 2 B, in C,
symmetry. An empirical rule which applies at least to tris-
(B-diketonato)cobalt(IIl), tris(1,2-diamine)cobalt(IIl), and
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tris(($)-a-amino acidato)cobalt(III) complexes may be stated
as follows. A stereoisomer has the A'” configuration with
respect to its Cy or pseudo-C;'® axis if the Cotton effect for
the E transition is positive and that for the A, or A transi-
tion (if it is apparent) is negative. Use of this rule in configu-
rational assignments requires that these transitions be identi-
fiable in the ORD or CD spectra. They are generally not
resolved in absorption spectra. The E transition has by far
the larger CD in cases where it has been identified by single-
crystal polarization studies, and it has been assigned to the
predominant CD band in numerous tris-bidentate and mixed-
ligand complexes of cobalt(II1).>”7

The energy order of the A and E transitions has been shown
to be E < A for the 1,2-diamine complexes from single-crystal
polarization'? and magnetic CD studies.’® This order is
believed to hold true also for the amino acidate complexes
based on the relative magnitudes of the CD bands.!® How-
ever the order is E > A for tris(8-diketonate) complexes.'?
In view of this energy reversal it was of interest to ascertain
whether the above empirical rule could be used for making
configurational assignments in mixed-ligand complexes of the
types [Co(pB-diketonate),(L)|°* and [Co(p-diketonate)-
(L),]°%, where L is an (S)-a-amino acid anion or a 1,2-di-
amine. This paper summarizes the Cotton effect-configura-
tion relationships established previously for the series [Co(g-
diketonate),(en);..,] > and presents previously unpublished
data concerning the series [Co($-diketonate),, ((S)-a-amino
acidate)s_,], where # = 0-3.

Experimental Section

Syntheses. Co(acac),(«-amino acidate) complexes where the
amino acid is (S)-alanine, (S)-valine, N-methyl-(S)-alanine, and N-
methyl-(S)-valine were prepared from NajCo(acac),(NO,),] using the
method described by Laurie.?® The A and A diastereomeric forms of
each complex were separated by column chromatography on alumina
as described previously.?* Co(acac)(S-val), was prepared in a similar
fashion from Na[Co(acac),(NO,),] or by ligand exchange of (S)-valine
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with Co(acac);.?* Five of the six possible diastereomers were isolated
by column chromatography on alumina. The synthesis of this com-
plex, diastereomer separation, and configurational as51gnments using
nmr will be described more fully in a separate publication.

" Physical Measurements. ORD and CD spectra of the Co(acac) (e~
amino acidate) complexes were obtained in chloroform solution at
ambient temperature using a Cary Model 60 spectropolarimeter with
the Cary Model 6001 CD accessory. Absorption spectra in chloro-
form solution were recorded on a Cary Model 14 spectrophotometer.
Spectra of the Co(acac)(S-val), diastereomers were obtained in a
similar fashion using water as the solvent.

Results and Discussion

[Co(p-diketonate),,(en)s_,]*" Complexes. The Cotton
effect-configuration relationships for tris(8-diketonato)co-
balt(II1) complexes in the region of the low-energy ligand
field transition were established only recently.’®!!>!¢  Iso-
mers having the A configuration show a small negative CD
band around 14,500-15,000 cm™! assigned®® to the A transi-
tion followed by a positive band ca. 17,000 cm™* which has
a Ae approximately 4 times larger and is assigned'® to the B
transition. A negative band at higher energy is assigned to
the second octahedral transition. The signs of these bands
are reversed for the A isomers.!® CD spectra of A-(+)-
[Co(en)s** and A-(+)-[Co((+)pn)sI**, on the other hand, are
characterized by a large positive band (E) at low energy
(~20,300 cm™) followed by a much smaller negative band
(A) around 23,400 cm™*.>771%

Boucher recently achieved resolution of [Co(acac);en]+
through formation of diastereomeric (+)-arsenyltartrate
salts.?* The CD spectrum of the (+)s4s isomer in the region
of the low-energy ligand field transition shows a small nega-
tive band ca. 17,300 cm™" followed by a positive band at
19,500 cm™ which has a larger Ae by a factor of 4. Another
negative band attributed to the second octahedral transition
occurs at higher energy. Except for an overall shift toward
higher energy as a result of the larger crystal field strength of
en over acac”, the CD spectrum of (+)sq4s-[Co(acac)en]” is
extremely s1m11ar to those found for tris(B-diketonato)cobalt-
(11I) complexes having the A configuration. The mixed-
ligand complex has only C; symmetry, and three €D bands
are expected to arise from the low-energy octahedral transi-
tion. A transition of B symmetry is derived from the A,
transition in D3 symmetry, and the B(D;) transition splits
into components having A and B symmetries. Since three
transitions are not apparent in the CD spectrum, the assump-
tion was made that the stronger band contains the A and B
transitions of E parentage and that the positive sign of this
CD band indicates the complex has the A configuration with
respect to its pseudo-Cy axis. McCaffery, et al.,* have:
discussed in detail the rationale for use of this method of
assigning configurations to complexes of C; symmetry, and
“parentage arguments” of this sort have been used to assign
configurations to a number of low-symmetry complexes
having bidentate ligands. This procedure has been questioned
by Schaffer, however,?®

Resolution of [Co(f-diketonate)(en),])** complexes using
several f-diketonate ligands has been reported.”**” CD
spectra of the (+)p isomers are all very similar and are
characterized by a single, broad, positive band in the region
of the low-energy octahedral transition, ce. 20,000 cm™
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These complexes have been assigned the A configuration on
basis of the sign of this band.?***?

If the arguments of McCaffery, et al.,** are valid for these
complexes of C; symmetry, the variation in CD spectra with
decreasing n in the series [Co(g-diketonate),(en);-,]>™" may
be explained in the following way. Where n =3 or 2 the E
transition (D;) or the combined A + B transitions of E
parentage (C,) lie sufficiently far to the high-energy side of
the A,(D3) or B(C,) transition that both are seen. The CD of
the E or A + B transition prediminates, and a positive sign
for this band is diagnostic of the A (C5 or pseudo-C3) con-
figuration. For# =1 all three transitions are close in energy
and a single, broad CD band results. The overall sign of the
band is determined by the sign of the transitions having E
parentage, i.e. positive for the A configuration. Finally, for
n =0 the Ay and E transitions are again well separated in
energy and both are seen; however the energy order of these
transitions is now opposite that of the n = 3 case.

[Co(p-diketonate),, ((S)-a-amino acidate)s,,] Complexes.
The absolute configuration of trans-(+)p-[Co(S- 8.13)3] has
been shown to be A by a single-crystal X-ray study.” The
CD spectrum®® of this complex in the ligand field region is
representative of those of most cis- or trans-tris((S)-a-amino
acidato)cobalt(lIl) diastereomers having the A configuration.
A strong, positive CD at low energy (~19,000 cm™) believed
to be of E parentage is followed by a much smaller, negative
band maximizing around 22,000 cm™. Both A-cis and A-
trans diastereomers of tris((S)-x-amino acidato)cobalt(III)
complexes, on the other hand, generally have a single, broad,
negative CD-band centered around 19,000 cm™. The differ-
ence in the number of CD bands observed for A and A
diastereomers in this region has been attributed to the occur-
rence of vicinal effects.”® The E transition is believed to lie
at lower energy than A, and the vicinal contribution of (§)-
amino acidate ligands on a A complex reduces positive CD at
the wavelength of the E transition and enhances negative CD
at the wavelength of A. In the A diastereomers, negative CD
is enhanced in the E region to such an extent that A is can-
celed. In either case the band associated with the E transi-
tion is dominant and may be used to assign the absolute con-
figuration. Thus although the energy order of the E and A
transitions appears to be reversed on going from the tris((S)-
a-amino acidato)cobalt(IIl) complexes, # = 0, to the tris(B-
diketonato)cobalt(III) complexes, n = 3, the Cotton effect-
configuration rule stated above is applicable to both.

When one acetylacetonate ligand in Co(acac)s; is replaced
by an amino acid anion, two diastereomeric species, A and A,
are formed. These have been separated chromatographically
for the complexes where the amino acid is S-ala, N-Me-S-ala,
S-val, and N-Me-S-val.2! The A configuration has been as-
s1gned21 to the (+)p isomer in each case from proton nmr
spectra using anisotropy-shielding arguments developed pre-
viously for related series of complexes.?®

CD spectra of the eight n = 2 complexes are presented in
Figures 1 and 2. In each case two CD bands of opposite
sign are clearly seen in the region of the low-energy absorp-
tion envelope. These spectra are very similar to those ob-
served for the n = 3 complexes with regard to both the rela-
tive intensities of the two bands and the position of the
dominant band. The positions of both bands in Figures 1
and 2 are shifted toward higher energy than for then =3
complexes as a result of the stronger average ligand field. A
reasonable assumption is that the order of electronic energy

(28) (a) E. A. Berends and J. G. Brushmiller, Inorg. Nucl. Chem.
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Figure 1. CD spectra in chloroform solution: —, (~)p-[Co-
(acac),(S-ala)}; - - -, (+)p-[Co(acac),(S-ala)]; - « -, (-)p-[Co(acac),-
(N-Me-S-ala)]; - -- -, (+)p-{Co(acac),(N-Me-S-ala)]. Absorption
spectrum in chioroform solution: -- -, (<)p-[Co(acac),(N-Me-S-ala)].
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Figure 2. CD spectra in chloroform solution: —, (=)p-[Co(acac),-
{S-val)]; - - -, (+)p-[Co(acac),(S-val)]; - - -, (—)p-[Co(acac), (V-Me-S-
val)]; - -« - - - -, (+)p-[Colacac), (N-Me-S-val)]. Absorption spectrum
in chloroform solution: - - -, (+)p-[Co(acac),(S-val)].

levels for Co(III) in these complexes of C; symmetry is not
significantly different from that in the » = 3 complexes, and
the dominant CD band has E parentage. Thus the A configu-
ration is assigned to diastereomers having a positive dominant
band, and the A configuration is assigned to those for which
this band is negative. These configurational assignments are
in complete agreement in all cases with those made earlier by
the nmr method.?! Vicinal effects are not as pronounced in
Co(S-ala)(acac), and Co(S-val)(acac), as is the case forn =0
as may be seen by the fact that the CD spectra for A and A
forms of a given complex are nearly mirror images. Vicinal
effects apparently have a stronger influence on CD spectra of
the complexes containing NV-methyl-substituted amino acidate
ligands.

Three geometric isomers are possible for complexes in this
series where n = 1, and each of these can have A or A configu-
rations. Geometric isomers are named with regard to the

cm~l x 1073
Figure 3. CD spectra in aqueous solution: —, (<)p-cis-N-C,-[Co-
(acac)(S-val),]; - - -, (+)p-trans-N-C,-[Co(acac)(S-val),];- - -, ()p-
trans-N-C,-[Co(acac)(S-val),]. Absorption spectrum in agueous solu-
tion: -, (=)p-trans-N-C,-[Co(acac)(S-val),].

arrangement of nitrogen donor atoms, cis or trans, and with
regard to the point group symmetry of the molecule, C; or
C,. Thus the isomers are labeled A- or A-trans-N-C,, A- or
A-cis-N-C;, and A- or A-cis-N-C';. Five of the six possible
diastereomers for Co(acac)(S-val), have recently been isolated
by column chromatography. Those having C; symmetry are
readily distinguished from those having C, symmetry by pro-
ton nmr, and cis and trans diastereomers can be differentiated
on basis of their visible absorption spectra.?®> The helicity
has been assigned to four of the diastereomers from proton
nmr anisotropy-shielding considerations.?®

CD spectra of the five diastereomers in the ligand field
region are shown in Figures 3 and 4. CD spectra of the (+)p-
trans-N-C, and the (+)p-cis-N-C; diastereomers resemble
those of the n =2 complexes in this series having the A con-
figuration. A small negative CD band at low energy is fol-
lowed by a much stronger positive band at higher energy.
Another negative band at higher energy is attributed to the
second octahedral transition. All three transitions occur at
higher energy than for the n =2 complexes as a result of the
greater average ligand field. In view of the arguments pre-
sented earlier in this paper, these isomers are assigned the A
configuration. The remaining diastereomers have dominant
negative CD’s in the region of the low-energy transition fol-
lowed by positive CD’s in the region of the second octahedral
transition. Accordingly, these are assigned the A configura-
tion.

The relative amplitude of the low-energy, negative CD band
for the A isomers is smaller than that of any other member
of the Co(acac),(S-val);..,, series. Since the transition of E
parentage lies lower than that of A for the n = 0 complexes
and higher than A for the » =3 and 2 complexes, it is likely
that these transitions are close in energy for the # = 1 species.
Thus it is more probable that the small negative CD band
arises from a vicinal effect of the (§)-valine ligands than from
the transition of A parentage. Vicinal effects, when evaluated
by Douglas’ method,'*® enhance negative CD in this wave-
length region for Co(S-val);.!*® In the A isomers the vicinal
effect reinforces the negative CD of the E transition, resulting
in strong negative CD in the low-energy region.

Configurational assignments based on the sign of the domi-
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Figure 4, CD spectra in aqueous solution:
(acac)(S-val),); - - -, (+)p-cis-N-C,-[Co(acac)(S-val),]. Absorption
spectrum in aqueous solution: —, (~)p-cis-N-C,-[Co(acac)(S-val),].

nant low-energy CD band are in agreement with those made
by the nmr method for four diastereomers of Co(acac)(S-
val),. The configuration of the (—)D-cis N-C, diastereomer
was not assigned by the nmr method since the cis-N-C; iso-
mer of opposite helicity was not isolated, thereby precluding
a comparison of proton chemical shifts. 3 The (Op-cis-N-C,
diastereomer is assigned the A configuration by the CD
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method. Thus the missing diastereomer must be A-cis-N-C,-
[Co(acac)(S-val),].

In summary, the results presented herein indicate that CD
spectra of intermediate members (n = 1, 2) of the two series,
[Co(B-diketonate),(en);.-,,] > and [Co(B-diketonate),,((S)-
a-amino acidate)s ,], can be related to those of the terminal
members (# = 0, 3) for which Cotton effect-configuration
relationships are well established. In the region of the low-
energy octahedral transition CD spectra generally show either
a single band or two bands of opposite sign, one of which
predominates. The number of bands occurring in this region
can be explained on basis of the energy separation between
transitions of E and A, (D;) parentage and, where chiral
ligands are present, on basis of a vicinal contribution to the
CD. Configurational assignments made by analysis of Cotton
effects for the [Co(acac),((S)-a-amino acidate);_,] series
where n =1, 2 are in complete agreement with those made by
an independent nmr method. Thus there is good justifica-
tion for extending (using the parentage arguments of
McCaffery, et al.**) the Cotton effect-configuration rule
stated earlier in this paper to include mixed-ligand complexes
of the type discussed here and perhaps also others for which
this rule has often been applied with no strong justification.

Registry No. (-)p-[Co(acac),(S-ala)], 39670-354; (+)p-[Co-
(acac),(S-ala)], 39670-34-3; (—)p-[Co(acac),(N-methyl-S-ala)], 43211-
934; (+)p-[Co(acac), (N-methyl-S-ala)], 43211-94-5; (—)p-[Co-
(acac),(S-val)], 36300-71-7; (+)p-[Co(acac), (S-val) ], 36300-70-6;
(-)p-[Co(acac), (V-methyl-S-val) ], 43211-78-5; (+)p-[Co(acac), (V-
methyl-S-val)], 43211-97-8; (-)p-cis-N-C,-[Co(acac)(S-val), ], 43211-
98-9; (+)p-trans-N-C, [Co(acac)(S-val), ), 43211-99-0; (~)p-trans-N-

C, [Co(acac)(S-val), ], 43212-00-6; (-)p-cis-N-C, [Co(acac)(S-val), ],
43212-01-7; (+)p-cis-N-C, [Co(acac)(S-val), ], 43212-02-8.
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Novel Formally Three-Coordinate Rhodium(I)-Carborane Complexes Containing

Metal-Carbon o Bonds
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The reaction of C-monosubstituted lithium denvatlves of 1,2-and 1 7-dxca.rba-closo-dodecaborane(l2) with [(C,H,),P],-
RhCl and [(CH;),P],Rh(CO)CI in ethereal solvents gives rise to a novel series of neutral rhodium(I)~carborane complexes

containing a metal—ca.rbon o bond.

In particular, by treating [(C,H,),P],RhCl with lithium derivatives of 2-R-1,2- and 7-

R-1,7-B,;C,H,, (R =CH,, C,H,), unusual threecoordinate complexes of the type [(C,H;),P],Rh(g-arb) have been ob-
tained. The preparation and charactenzatmn of these compounds and their reactions w:th carbon monoxide and benzo-

nitrile are reported and the proposed structures are discussed.

Introduction v
The research described herein comes from our long-range
interest in the synthesis and the characterization of transi-
tion metal-o-carborane and -m-carborane (1,2- and 1,7-
dicarba-closo-dodecaborane(12), res‘?ectlvely) complexes
containing metal-carbon ¢ bonds.!™ In this paper we
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Naz. Chim, Inorg., A24 (1972).

report an account of the preparation and characterization

of some novel three-coordinate neutral rhodium(I)~carborane
complexes incorporating the 2-R-1,2-B1,C,Ho" and 7-R-1,7-
B1oCaHio™ (R = CHj, C¢H;) ligands through metal-carbon ¢
bonds. The four-coordinate compounds obtained by allow-
ing these complexes to react with CO and C4HsCN are also
described.

Results and Discussion

We have been able to prepare a series of rhodium(I)-car-
borane complexes whose formulas and analytical data are
listed in Table I.

‘The complexes of general formula [(C¢Hs)sP],Rh(o-carb),
where carb is 1,2- or 1,7-dicarba-closo-dodecaborane(12)





