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Abstract

In this article we present for the first time accurate density functional theory (DFT) and time-dependent (TD) DFT data for a series of electron-
ically unsaturated five-coordinate complexes [Mn(CO);(L,)]~, where L, stands for a chelating strong w-donor ligand represented by catecholate,
dithiolate, amidothiolate, reduced a-diimine (1,4-dialkyl-1,4-diazabutadiene (R-DAB), 2,2'-bipyridine) and reduced 2,2’-biphosphinine types.
The single-crystal X-ray structure of the unusual compound [Na(BPY)][Mn(CO);(BPY)]-Et,O and the electronic absorption spectrum of the
anion [Mn(CO);(BPY)]™ are new in the literature. The nature of the bidentate ligand determines the bonding in the complexes, which varies
between two limiting forms: from completely w-delocalized diamagnetic {(CO);Mn-L, }~ for L, = a-diimine or biphosphinine, to largely valence-
trapped {(CO)gMnI—LZZ*}* for L,?~ =catecholate, where the formal oxidation states of Mn and L, can be assigned. The variable degree of
the m-delocalization in the Mn(L,) chelate ring is indicated by experimental resonance Raman spectra of [Mn(CO);(L,)]~ (L, =3,5-di-rBu-
catecholate and iPr-DAB), where accurate assignments of the diagnostically important Raman bands have been aided by vibrational analysis. The
L, =catecholate type of complexes is known to react with Lewis bases (CO substitution, formation of six-coordinate adducts) while the strongly
m-delocalized complexes are inert. The five-coordinate complexes adopt usually a distorted square pyramidal geometry in the solid state, even
though transitions to a trigonal bipyramid are also not rare. The experimental structural data and the corresponding DFT-computed values of bond
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lengths and angles are in a very good agreement. TD-DFT calculations of electronic absorption spectra of the studied Mn complexes and the
strongly m-delocalized reference compound [Fe(CO);(Me-DAB)] have reproduced qualitatively well the experimental spectra. Analyses of the
computed electronic transitions in the visible spectroscopic region show that the lowest-energy absorption band always contains a dominant (in
some cases almost exclusive) contribution from a m(HOMO) — 7" (LUMO) transition within the MnL, metallacycle. The character of this optical
excitation depends strongly on the composition of the frontier orbitals, varying from a partial L, — Mn charge transfer (LMCT) through a fully
delocalized w(MnL,) — 7" (MnL,) situation to a mixed (CO)Mn — L, charge transfer (LLCT/MLCT). The latter character is most apparent in
the case of the reference complex [Fe(CO);(Me-DAB)]. The higher-lying, usually strongly mixed electronic transitions in the visible absorption
region originate in the three lower-lying occupied orbitals, HOMO — 1 to HOMO — 3, with significant metal-d contributions. Assignment of these
optical excitations to electronic transitions of a specific type is difficult. A partial LLCT/MLCT character is encountered most frequently. The
electronic absorption spectra become more complex when the chelating ligand L,, such as 2,2'-bipyridine, features two or more closely spaced

low-lying empty 7" orbitals.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Much attention has been devoted to coordinatively and elec-
tronically unsaturated transition metal complexes due to the
involvement of many of them in catalytic cycles. Among typi-
cal examples belong coordinatively unsaturated two- or three-
legged piano stool (i.e., cyclopentadienyl or arene) complexes
with 16 valence electrons, which are stabilized by coordina-
tion of mw-donor ligands [1,2]. The incorporation of ar-donor
alkoxide co-ligands was used to prepare unsaturated polyhy-
dride complexes such as [IrHIHz(OR)(PiPr3)2] which is much
more reactive than [I''H3(PiPr3)3] with 18 valence electrons
[3.4].

Density functional theory (DFT) studies of a series of group-6
18e complexes [M(CO)sX]~ M =Cr, Mo, W; X=a good -
donor ligand like NH, ™, NHR™, OH™, OR™ or halide) have
shown that the w-donation from X induces some o-antibonding
interaction between M and the cis CO ligands. It also causes d/p
orbital mixing (hybridization) at the metal center, which reduces
cis M—CO mw-back-donation. Both effects are responsible for
strongly labilized cis M—CO bonds and dissociation of a cis
CO ligand. The resulting 16e species are stabilized by the -
donation from the lone-pair p; orbital of the ligand X to the
wr-acceptor orbital of the {M(CO)4} fragment [5,6]. A similar
situation applies for complexes [Mn(CO)sX] (X =e.g.,CI7) [7].

Aninteresting example of an electron-deficient group-6 metal
complex is [W(CO)3(CyH3)], where the acetylene ligand acts
as a four-electron donor after CO dissociation from parent
[W(CO)4(C2H3)], employing also its out-of-plane 1 -donor
orbital [6,8].

In the past 2 decades, considerable attention was paid to
group-6 carbonyl complexes with chelating w-donor ligands.
To the best of our knowledge, the first complex of this type,
[Cr(CO)3(1,2-S,S-CeHa)1?>~ (1,2-S,S-CeHy stands for benzene-
1,2-dithiolate), was published in 1985 by Sellmann et al., includ-
ing the crystal structure. This five-coordinate Cr species with
formal 16e configuration was found highly reactive towards
CO or NO™, producing 18e complexes [9]. In the following
paper, Sellmann et al., described a full series of formally Cr(0),
Mo(0) and W(0) tricarbonyl dithiolate complexes with various
substituents on the dithiolate ring, and also complexes with

aliphatic 1,2-dithiolates. The presence of electron-withdrawing
chloro substituents or methylation of the donor sulfur atoms
reduces significantly the w-donor ability of the dithiolate lig-
and, so that 18e tetracarbonyl species could also be isolated.
The six-coordinate 18e tetracarbonyl Mo and W complexes are
considerably more stable than the Cr compounds and do not split
off CO readily [10]. The increasing size of the heavier transi-
tion metal atom is an important factor contributing to the 3d—5d
periodic trends of this kind, with more examples given below.

Starting in 1992, Darensbourg et al., reported a series of
similar group-6 zerovalent metal tricarbonyl complexes with
catecholate ligands (1,2-0,0-C¢Hyq = CAT) [11-13]. The reac-
tivity trends, determined by the extent of the m-donation and
the metal size, resemble those in the dithiolate series. For
example, [Cr(CO)3(CAT)]2’ is unreactive towards P(OMe);
at room temperature while the larger Mo and W metal cen-
ters react with P(OMe)s even when donor fBu substituents are
bound at the catecholate ring (3,5-di-rBu-1,2-0,0-CgHy = Bu-
CAT). The same difference exists in the case of CO coor-
dination: while [Cr(CO)g(tBu—CAT)]Z’ is completely inert at
modest CO pressures, W forms a stable tetracarbonyl com-
plex under a CO atmosphere and Mo is an intermediate case,
the tricarbonyl and tetracarbonyl species being in equilibrium.
After the catecholate series, Darensbourg et al., continued the
structural and spectroscopic investigation of group-6 complexes
[M(CO)3(1,2-E,E'-C¢Hy)]*~ with other E,E’ combinations of
the m-donor groups: O,S; O,NH; NH,NH; S,NH. Attempts
to prepare a tungsten complex with the deprotonated 1,2-
diphosphinobenzene ligand (E,E’ = PH,PH) were not successful.
Experimental results and ab initio theoretical calculations have
demonstrated that the -donation and stabilization of the coor-
dinatively unsaturated 16e complexes increases in the order
NH,NH<O,NH<0O,0<S,NH<O,S<S,S [14,15].

No attempts have been made so far to prepare and investi-
gate this type of group-6 complexes with widely used a-diimine
ligands; although, [Cr(CO)g(BPY)]Z’ (BPY =2,2/-bipyridine)
was observed with IR spectroelectrochemistry as a two-electron
reduction product of [Cr(CO)4(BPY)] [16].

The work on group-6 complexes with formally d® transi-
tion metal centers inspired Liaw and co-workers to extend the
spectroscopic and crystallographic studies to group-7, namely
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d® Mn complexes. Among a great variety of compounds pre-
pared, a dominant position was devoted to five-coordinate
anions [Mn(CO)3(1,2-E,E’-C¢Hy4)]~, where E,E' are the fol-
lowing bidentate combinations: S,S; S,NH; Se,NH; Te,NH;
S,0 and O,0. According to IR v(CO) spectroscopic data, the
ligand w-donor ability was found to increase in the order
0,0<S5,0<S,S<S,NH < Se,NH < Te,NH. Curiously, the cat-
echolate complex [Mn(CO)3(CAT)]™ (CAT=1,2-0,0-C¢Ha4)
is unstable at room temperature and could not be isolated
[17-19]. Recently, Sweigart et al., prepared and characterized
a stable isomer of the latter complex. Its crystal structure has
revealed that this remarkable compound can be formulated as
1,2-benzoquinone n*-m-bound to the {Mn(CO)3 } ~ moiety. The
quinone oxygen atoms interact with the [Na(H,O)3]* counterion
[20]. However, the first stable five-coordinate Mn catecholate
complexes of this class, [Mn(CO),(L)(rBu-CAT)]~ (L=CO,
P(OEt)3) were prepared and thoroughly characterized, includ-
ing the crystal structure of the tricarbonyl anion and electronic
absorption spectra, already in early 1990s by Hartl et al. The
stabilizing (partial) m-delocalization within the Mn-catecholate
chelate ring has been proven by resonance Raman spectroscopy
[21-25]. The corresponding 5d Re catecholate complexes were
found to exist exclusively as stable six-coordinate 18e com-
pounds. This observation agrees with the 3d-5d periodic trends
reported [26] for the catecholate complexes of the group-6 met-
als (see above). The valence-localized concept is valid in this
case, as indicated [22,23] by the formation of the one-electron-
reduced d’” Mn-localized radical [Mn®(CO)3(:Bu-CAT)]>~. The
corresponding one-electron-oxidized five-coordinate complex
with the radical semiquinone ligand (fBu-SQ) lacking the -
donor properties is unfortunately too reactive and could not
be characterized [22,24] by spectroscopic techniques. Hartl
et al. also investigated an important group of strongly -
delocalized anions [Mn(CO)3(L;)]~ with chelating L, =2,2'-
bipyridine (BPY), 1,4-di-isopropyl-1,4-diazabutadiene (iPr-
DAB) and 4,4',5,5'-tetramethyl-2,2’-biphosphinine (TMBP).
These compounds were prepared by two-electron reduction
of precursor halide complexes [27-29]. The crystal structure
of air and moisture-sensitive [Mn(CO)3(BPY)]™ is presented
in a following section, that of [Mn(CO)3;(TMBP)]™ has been
published elsewhere [29]. The corresponding anionic rhenium
a-diimine complexes are also well known. The electronic
m-delocalization stabilizing the five-coordinate geometry of
[Re(CO)3(a-diimine)]~ increases with the basicity of the a-
diimine ligand [30,31]. One of the more investigated complexes
in this series is [Re(CO)3(BPY)] . This complex is well known
as an efficient catalyst of electrochemical reduction of carbon
dioxide [32]. In acetonitrile, it exists at room temperature in
a mixture with six-coordinate [Re(MeCN)(CO)3(BPY)]™. The
equilibrium shifts completely towards the latter anion at suf-
ficiently low temperatures. Also [Re{P(OEt)3 }(CO)3(BPY)]~
was formed electrochemically at room temperature [32,33]. This
behavior has not been observed for [Mn(CO)3(BPY)] ™ that only
exists in the five-coordinate geometry and is completely unreac-
tive towards carbon dioxide. Recently, the electronic absorption
spectrum of [Re(CO)3(BPY)]™ was analyzed by time-dependent
density functional theory (TD-DFT) calculations [34].

Examples of electron-deficient five-coordinate complexes
of group-8 metals are rare. Among them we place
[Fe(CO),(CN)(1,2-S,NH-C¢H4)]™, which is a starting com-
pound for functional models of the dinuclear iron active sites
of [Fel-only hydrogenases) [35], and the photochemically
prepared related complex [Fe(CO)(CN),(S,N-CsHs)]™ (S,N-
CsHy =2-pyridinethiolate anion) [36]. Series of 2e-reduced
ruthenium compounds of the type [Ru(CO),(L)(a-diimine)]™
(L =alkyl, EPh3~ (E = Ge, Sn, Pb) and {Ru(CO),(n’-CsHs)} ~;
a-diimine = iPr-DAB, BPY) also belong to this class of formally
d® metal complexes [37-39].

It is of interest to unravel whether representatives of
another series of group-8 complexes, [M(CO)3(a-diimine)]
(M=Fe, Ru; a-diimine=e.g., R-DAB, BPY) [40] can be
described as valence-trapped 18e {M—(«a-diimine)} or electron-
deficient {M®—(a-diimine®~)} compounds stabilized by -
delocalization within the M(a-diimine) chelate ring. The
extreme charge-separated 16e {M"—(a-diimine®~)} alternative
is highly unlikely.

One example of strongly -delocalized five-coordinate com-
plex of group-9 metals is [Co(triphos)(fBu-CAT)]*; triphos
standing for MeC(CH,PPh,); capable of stabilizing five-
coordinate geometries [41]. This compound is completely
inert towards an uptake and transfer of dioxygen. The
m-delocalization within the metal-catecholate chelate ring
decreases when proceeding to the corresponding rhodium and
iridium complexes. Strong evidence for this trend has been
obtained from the resonance Raman spectra, comparison of
redox properties and increasing affinity towards dioxygen and
Lewis bases [42]. The metal dependence fully complies with
the general behavior of the five-coordinate, formally 16e com-
plexes of chelated 3d-5d metals from the different groups of
the periodic table, as illustrated above. The increasing size of 4d
and 5d metal centers and larger ligand-field splitting between the
d-levels, causing worse energy matching with frontier orbitals of
the non-innocent ligand, are the main factors accounting for the
observed differences in the extent of the m-delocalization and,
consequently, in the stability of the five-coordinate geometry
versus uptake of a sixth ligand. More details are given in Fig. 1.

In the literature, quite a large number of crystal structures,
spectroscopic (NMR, IR, Raman) and electrochemical prop-
erties and reactivity of the electron-deficient five-coordinate
complexes stabilized by chelating w-donor ligands have been
reported so far. On the other hand, there has been an apparent
lack of deep theoretical (DFT or ab initio) analyses of their
ground-state molecular orbitals (MO) and electronic absorp-
tion spectra with fully assigned electronic transitions. The
only exceptions published to date are the group-7 metal com-
plexes [Mn(CO)3(TMBP)] ™ (ref. [29]) and [Re(CO)3(BPY)]™
(ref. [34]). In a few other cases, simplified MO schemes and
qualitative descriptions of the bonding situation have been pub-
lished [15,18,24,42]. An illustrative MO scheme relevant to this
article is depicted and analyzed in Fig. 1. In order to reduce
the information gap, we present here a series of five-coordinate
anionic complexes [Mn(CO)3(L;)]~ with a variety of chelat-
ing w-donor ligands L, (Chart 1 and Fig. 2). According to
the published experimental data, these complexes feature a dif-
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Fig. 1. Qualitative MO scheme for the five-coordinate complexes [Mn(CO);3
(L2)]~ being studied, adapted from the literature [18,24,42].

ferent degree of m-delocalization the Mn-L; chelate ring. We
have selected the extended tricarbonyl manganese series as the
far most representative and complete one, for every complex
is well characterized in the literature. The only exception is
[Mn(CO)3(BPY)] ™, an important member of the series, where
the synthesis, crystal structure and electronic absorption spec-
trum are published for the first time in this work. For comparison,
we also deal with some representatives of the peculiar group
of complexes [40,43]. [Fe(CO)3;(R-DAB)] that may be isoelec-

R
€]
8: G)S s
@O R E)s: i: Q

N
H
R-CAT (R=Me, tBu)  125.8-CgH, 1,2-S,NH-CgH,
m \_ /" \_/
BPY TMBP
7N\ R-DAB

R—N N—R (R =Me, iPr, iPry-Me, 2,6-iPrp-Ph)
Chart 1. Chelating non-innocent ligands L,>~ (in the uppermost row) and
L, used in the investigated five-coordinate complexes [Mn(CO)3(L2)~ and

[Fe(CO)3(R-DAB)].

Fig. 2. Optimized B3LYP geometry of the complexes represented by
[Mn(CO)3(Me-CAT)]~ (top) and [Mn(CO)3(BPY)]~ (bottom), together with
the orientation of the cartesian coordinates used in the DFT calculations.

tronic with [Mn(CO)3(R-DAB)]™ (see above). The main goal
is the thorough description of the electronic absorption spectra
and the nature of the orbitals, excited states and electronic tran-
sitions involved. The bonding properties and reactivity of the
complexes are also discussed to some extent, starting with the
qualitative description in Fig. 1.

The frontier molecular orbitals of the trigonal pyramid
{Mn(CO)3}* moiety (C3y symmetry) are combined with
the right-symmetry counterparts of the formally two-electron
reduced chelating ligand L,. The occupied d(M) orbitals
(M =Mn in this case) are not degenerate in the anionic complex
having an idealized Cs symmetry. The unoccupied orthogonal
e-orbitals of {Mn(CO)3}* are involved in the o- and -bonding
with Lzz’; in fact, the free rotation of the chelated tricarbonyl
fragment in solution [24] causes their interswitching. In the
case of an aromatic L,>~, the empty m~ MO represents a low-
lying orbital not involved in the strong w-bonding with the
{Mn(CO)3}* moiety. The strength of the w-interaction between
{Mn(CO)3}* and L,?~, controlled by their mutual energetic
position, determines the extent of the mw-donation from L22*
in [Mn(CO)3(Ly)]~ stabilizing the five-coordinate geometry of
the complex. Representatives of the series with a low-lying
7" (Ly27) HOMO (e. g., catecholate complexes) and, hence, less
m-delocalized bonding in the metallacycle, tend to uptake a sixth
ligand, in particular at low temperature. In contrast, very sta-
ble five-coordination is achieved when the occupied 7" (Ly>7)
orbital rises in energy to approach the e ; level of {Mn(CO)3}*,
as indicated by higher reduction potentials of neutral L, (e.g.,
going from an o-quinone to 2,2'-bipyridine). The e;—m" (L")
interaction weakens on going from Mn to Re, and the com-
plexes [Re(CO)3(Ly)]~ are commonly six-coordinate. The main
reason is the strongly labilized e-orbital set for the 5d metal.
The larger ligand-field splitting of the metal-d orbital set for
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Re causes also stabilization of the three occupied d(M) orbitals
in the five-coordinate formally d® complex. Experimentally the
splitting is consistent with a high-energy shift of the d — 7"
electronic transition drawn as the thin arrow in Fig. 1, out of
the visible spectroscopic region. As examples may serve the
complexes [M(CO)3(iPr-DAB)] (M =Mn [28] and Re [30b]),
and also the series [M(triphos)(Bu-CAT)]* (M =Co, Rh, Ir)
[42]. The thick arrows shows a low-energy electronic transition
denotedasm — " , which occurs between the frontier orbitals of
the -delocalized Mn—L; metallacycle and manifests itself usu-
ally as an intense absorption band in the visible spectroscopic
region. This low-energy absorption is one of the characteristic
features of the investigated class of five-coordinate electron-
deficient complexes stabilized by strong m-donation from a
simple non-innocent chelating ligand. The visible absorption
spectra become more complicated and may be less easily inter-
preted using the above qualitative picture when other orbitals are
involved in the optical excitation [34], such as a set of close-lying
unoccupied 7" orbitals of aromatic chelating ligands represented
here by BPY and TMBP (Chart 1).

2. DFT and TD-DFT calculations of electronically
unsaturated complexes

2.1. [Mn(CO)3(R-CAT)]~
(R-CAT = 3,5-di-R-1,2-0,0-CsHy; R = Me, tBu)

The ground-state bonding properties of the five-coordinate
complex [Mn(CO)3(tBu-CAT)]™ (rBu-CAT =3,5-di-tert-butyl-
catecholate) were thoroughly investigated by a wealth of spec-
troscopic and electrochemical techniques [21-25].

The experimental results, especially the EPR spectrum of the
one-electron-reduced metal-centered radical [Mn°(CO)3(rBu-
CAT)]*~ (a(Mn)=5.34mT, in THF), largely rBu-CAT-based
electrochemical oxidation, a nucleophilic attack of CS; at the
tBu-CAT oxygen atoms [25] and formation of six-coordinate
adducts with Lewis bases at low temperatures, have pointed to a
predominantly valence-localized, Mn'-(rBu-CAT) nature of the
bonding. Some delocalization of the ¥ HOMO and 7* LUMO
(Fig. 1) over the Mn(¢Bu-CAT) chelate ring and carbonyl ligands
has been revealed by resonance Raman (rR) spectroscopy [24].
Light-excitation into the lowest-energy electronic transition of
[Mn(CO)3(rBu-CAT)]™ at 546 nm had only a weak effect on the
1,(CO) Raman band. On the other hand, it resulted in a signifi-
cantly enhanced Raman band at 530 cm™!, assigned tentatively
to a Mn(sBu-CAT) chelate-ring vibration. The lowest-energy
m— 7" electronic transition within the Mn(sBu-CAT) chelate
ring (Fig. 1) has therefore a partial LMCT character. When the
laser irradiation was directed into the higher-lying absorption
band at 436 nm (see the inset to Fig. 4 below), the intensity of
the v(CO) Raman band increased considerably while that of the
Raman band due to the chelate-ring vibrational mode decreased.
In conformity with these changes, the corresponding electronic
transition has been assigned [24] as d(Mn) — 7" (LUMO), see
Fig. 1. Despite the qualitatively correct bonding model used in
the earlier publications [21,24,25], the present review benefits
from the more accurate analysis based on the DFT MO cal-

Table 1
The comparison of selected experimental and DFT calculated bond lengths (A)
and angles (°) for [Mn(CO)3(Me-CAT)]~ model complex

Bond(s) ADF/BP GO3/B3LYP Exp.?
Mn'—0’ 1.939 1.921 1.916
Mn'—C1/(CO)yp 1.793 1.796 1.727
Mn'—C’(CO)pas 1.762 1.755 1.755
o4'—C4 1.333 1.330 1.334
c4'—Cs’ 1.414 1.418 1.384
C'—C’(Ph)yy 1.406 1.402 1.391
C'—0/(CO)ay 1.175 1.167 1.174
Mn'—0'—C4’ 113.4 1135 -
04'—Mn'—05’ 82.8 82.9 82.1
O'—Mn'—C1'(CO)yp 108.0 106.2 111.0
O—Mn'—C’(CO)pas 90.8 89.4 91.5

* Experimental (primed, square pyramidal) structure of [Mn(CO)3(tBu-
CAT)]~ averaged in Cs symmetry [21].

culations. The rBu groups at the catecholate ligand have been
replaced by methyl substituents in [Mn(CO)3;(Me-CAT)]™ to
provide the best model for the experimentally studied tBu-CAT
complex.

Table 1 documents that both ADF/BP and GO3/B3LYP data
describe qualitatively well the experimental nearly square pyra-
midal geometry of one of the three independent [Mn(CO)3(1Bu-
CAT)]™ formula units contained within the asymmetric region of
the unit cell. The optimized geometry of [Mn(CO)3(Me-CAT)]~
was employed in the following single point electronic structure
calculations.

In the previously reported [21,24] qualitative MO diagram
of [Mn(CO)3(Bu-CAT)]~ (adapted in Fig. 1), the # HOMO
of the complex is mainly localized on the rBu-CAT ligand (3b;
HOMO) and the lower-lying set of three occupied d(Mn) orbitals
reside on the {Mn(CO)3}* fragment. The @" LUMO of the
complex has been attributed a predominant {Mn(CO)3}* char-
acter. The tricarbonyl metal fragment contributes here with one
member of its lowest-lying empty e-orbital set, which is asym-
metric with respect to the fBu-CAT plane [44]. It follows that
the m HOMO and w° LUMO of [Mn(CO)3(:Bu-CAT)~ are
the bonding and antibonding combinations, respectively, with
regard to the Mn—O bonds in the Mn(rBu-CAT) chelate ring.
Inspection of Table 2 reveals that these characters are largely
reproduced in the DFT-calculated molecular orbitals 46a—50a,
the LUMO and HOMO to HOMO — 3 of the model complex
[Mn(CO)3(Me-CAT)] ™, respectively. The 49a HOMO is local-
ized for 73% on the Me-CAT ligand while the 50a LUMO
resides for 75% on the {Mn(CO)3}* fragment (Fig. 3). The
w delocalization within the Mn(Me-CAT) chelate ring is not
negligible but still permits application of the valence-localized
concept, in agreement with the experimental data briefly listed
above. The 45a HOMO — 4 shows the predominant 7 (Me-CAT)
contribution, while the 51a LUMO + 1 and 52a LUMO + 2, ener-
getically well separated from the LUMO, reside again mainly
on the {Mn(CO)3}* fragment. We can deduce that the stabi-
lizing catecholate-to-CO r-back-donation is directed mainly
to the basal CO ligands. It is probably the apical CO ligand
that becomes readily substituted by P(OEt)s to form the dicar-
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Table 2

One-electron energies and percentage composition of selected highest occupied
and lowest unoccupied molecular orbitals of [Mn(CO)3(Me-CAT)]~ expressed
in terms of composing fragments.

—_—

Absorbance —

300

560 I 7b0
Wavelength / nm

MO E (eV) Mn Me-CAT COyp COpas
Empty
52a 231 1(p); 23(d) 18 6 51
51a 1.84 6(p); 36(d) 12 14 33
50a (") 0.62 10(p); 40(d) 25(m") 9 16
Occupied
49a () —1.18 5(p); 10(d) 73 (m") 1 10
48a —1.68 2(p); 41(d) 34 (w) 13 9
47a —1.82 58(d) 16 1 24
46a —2.09 2(p); 51(d) 19 14 13
45a —2.32 16(d) 78 () 4 1

2 The 7 and 7" notation of the frontier orbitals refers to the Mn(Me-CAT)
chelate ring.

bonyl derivative [Mn{P(OEt)3 }(CO),(:Bu-CAT)]~ with bond-
ing, redox and spectroscopic properties similar to those of the
parent tricarbonyl anion [24,25].

The GO3/B3LYP-computed electronic absorption spectrum
of [Mn(CO)3(Me-CAT)]~ (Fig. 4) reproduces reasonably well
the experimental spectrum of [Mn(CO)3(tBu-CAT)]~ (Fig. 4,
inset). Curiously, the intensity pattern of the two main absorp-
tion bands in the visible region resembles more closely that
of [Mn{P(OEt)3 }(CO),(:Bu-CAT)]~ [24]. The intensity ratio
is better reproduced by ADF/BP; although, this method gives
a slightly larger deviation of the calculated transition energies
from the experimental values (Table 3).

According to the TD-DFT data, the absorption band
of [Mn(CO)3(rBu-CAT)]~ at 2.28eV (546nm) corresponds
to a mixed electronic transition with a significant 49a
HOMO — 50a LUMO component. The predominant LMCT
(catecholate — Mn(CO)) character of the lowest optically avail-
able excited state is reflected in the resonance Raman (rR)

Fig. 3. Representation of the HOMO (bottom) and LUMO (top) of [Mn(Me-
CAT)(CO)3] .

* T T T " T T T 1
300 400 500 600 700
Wavelength / nm

Fig. 4. The simulated electronic absorption spectrum of [Mn(CO)3(Me-CAT)]~
based on GO3/B3LYP calculated excitation energies and oscillator strengths
(represented by vertical lines). Inset: The experimental electronic absorption
spectrum of [Mn(CO)3(tBu-CAT)™ in THF at 293 K.

spectrum of [Mn(CO)3(tBu-CAT)]™ (ref. [24]), which shows
enhanced intensity of several Raman bands between 1200 and
1550 cm™! belonging to coupled v(C-0O) and v(C-C) skeletal
vibrations of the catecholate ring. On the other hand, the consid-
erable delocalization of the frontier orbitals of [Mn(CO)3(tBu-
CAT)]~ (denoted as wand 7" (Mn-CAT)) over the Mn(fBu-CAT)
chelate ring and the three carbonyl ligands (see Fig. 3 and Table 2
for the Me-CAT model) results in a strong resonant enhance-
ment of a Raman band at 530 cm™!. The latter band is attributed
to a deformation of the square pyramidal coordination geom-
etry around the Mn center upon the predominant 49a — 50a
(w— ") excitation (Tables 3 and 4). The appearance of the
v(Mn-0) peak at 611 cm™! in the rR spectrum also documents
the involvement of the Mn(zBu-CAT) chelate ring in the 7 — "
electronic transition.

The higher-lying absorption band of [Mn(CO);(:Bu-
CAT)] at 2.89eV (436nm) does not correspond to a simple
d(Mn) — 7" (Mn-Bu-CAT) electronic transition, as was pro-
posed elsewhere [24]. Instead, it originates from several low-
lying occupied orbitals of a mixed Mn (d), catecholate (7" and )
and carbonyl nature. These contributing excitations are directed
mainly to the lowest empty 7" (Mn-7Bu-CAT) orbital. Therefore,
this absorption band cannot be assigned to any specific type of
electronic transition (MC, IL, MLCT). The strong participation
of the d(Mn) orbitals involved in the Mn — CO m-back-bonding
is probably responsible for a large intensity enhancement of the
high-frequency v(C=0) Raman band, which becomes strongly
diminished upon the lowest-energy — " optical excitation
within the Mn(rBu-CAT) moiety.

2.2. [Mn(CO)3(R-DAB)]~ (R-DAB = 1,4-di-R-1,4-
diazabutadiene; R = Me, iPr) and [Fe(CO)3(R-DAB)]
(R = Me, iPry-Me, 2,6-iPr;-Ph)

The calculated geometry of the five-coordinate complex
[Fe(CO)3(Me-DAB)] is in very good agreement with the exper-
imental distorted square pyramidal structure reported [43] for
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Table 3
Selected TD-DFT calculated lowest-lying singlet excitation energies for [Mn(CO)3(Me-CAT)]~ with oscillator strength (O.S.) larger than 0.005
State Composition ADF/BP GO3/B3LYP Experiment
(ADF/BP) " ” _, IS
Transition energy (eV) 0.S. Transition energy (eV) 0.S. Transition energy (eV) Emax M~ em™)
c'A 62% (49a — 50a) 2.66 0.132 2.59 0.091 2.28 8300
25% (47a— 50a)
d'A 70% (47a — 50a) 2.71 0.043
16% (49a — 50a)
e'A 50% (49a — 51a) 3.12 0.017
29% (46a — 50a) 3.02 0.160 2.89 6900
flA 41% (45a — 50a) 3.19 0.051

39% (46a — 50a)
7% (49a — 50a)

Table 4
Selected DFT GO3/BPW91 calculated Raman-active frequencies for
[Mn(CO)3(tBu-CAT)]~

v(em™h) v (cm™ 1) Assignment
519 530 3(C-Mn-C) + 8(0O-Mn-0)
569,586 580 3(C-Mn-C) + 3(0-Mn-0)
613 611 v(Mn-0)
1273 1254 w(C-0) (CAT)
1308 1316 v(C-0) +v(C-C) (CAT)
1423 1410 W(C-0) +1(C—C) (CAT)
1446 1434 v(C-C) (CAT)
1474 1463 v(C-C) (CAT) + 3(CH)
1541 1551 v(C-C) (CAT)

% Experimental resonance Raman spectrum [24].

the derivative with the 2,6-iPr-Ph-DAB ligand (Table 5). Crys-
tallographic data for a complex anion [Mn(CO)3(R-DAB)]~
were not available. The structural parameters calculated by both
DFT methods for the model compound [Mn(CO)3(Me-DAB)]~
closely resemble those of the neutral Fe complex. We there-
fore do not expect significant differences between the molecular
structures of the two species. The slightly longer C=0 bonds
and shorter M—CO bonds in [Mn(CO)3(Me-DAB)]~ compared
to [Fe(CO)3;(Me-DAB)] (Table 5) indicate a stronger Mn — CO

w-back-donation in the negatively charged complex. A com-
parison of [Mn(CO)3(Me-DAB)]™ with [Mn(CO)3(Me-CAT)]™
(Table 1) shows even smaller differences between these parame-
ters and does not allow any conclusive statement about the extent
of m-delocalization of the Mn—L, bonding. More revealing in
this regard are the experimental IR v(CO) frequencies. The much
lower values for [Mn(CO)3(iPr-DAB)]~ (1919 and 1811(br)
cm~tin butyronitrile) [28] compared to [Mn(CO)3(Bu-CAT)] ™
(1994 and 1891(br) cm~! in THF) [24] point to a fully delo-
calized m-bonding within the Mn(NCCN) metallacycle. This
situation is in line with the lack of ability of the five-coordinate
anion [Mn(CO)3(iPr-DAB)]™ to undergo adduct formation or
CO-substitution reactions in the presence of Lewis bases.

The DFT calculated composition of the highest occupied
and lowest unoccupied molecular orbitals of [Mn(CO)3(Me-
DAB)]~ is presented in Table 6. The 24a’HOMO and
252'LUMO, shown in Fig. 5, are indeed strongly delocalized
over the Me-DAB ligand and the {Mn(CO)3} moiety. The o
LUMO of Me-DAB contributes slightly more to the HOMO
of the complex, while the LUMO of the complex resides more
on the Mn center and the carbonyl ligands. The higher-lying
empty orbitals (17a” LUMO + 1 and 26a’ LUMO + 2) are local-
ized considerably more on the carbonyl ligands. The lower-lying
occupied orbitals (HOMO — 1 to HOMO — 3) are mainly com-

Table 5

DFT calculated bond lengths (A) and angles in [M(CO)3(Me-DAB)]" (n=0 for M =Fe and n=—1 for M =Mn) model complexes

Bond(s) M =Fe ADF/BP GO3/B3LYP Exp.2 M =Mn ADF/BP GO3/B3LYP
M—N 1.934 1.931 1.927 1.963 1.960
M—C(CO),p 1.780 1.793 1.800 1.786 1.785
M—C(CO)pas 1.778 1.773 1.788 1.769 1.749
N—C 1.336 1.331 1.329 1.354 1.364
C4—C5 1.397 1.392 1.390 1.381 1.371
N—C(Me) 1.464 1.462 1.442 1.454 1.454
C—0O(CO),y 1.164 1.147 1.143 1.183 1.174
N—M—N’ 80.6 81.0 80.1 79.3 79.9
M—N—C 115.2 114.6 115.4 115.7 115.1
N—C—C’ 1144 114.8 114.2 114.5 114.8
N—M—C(CO),p 103.9 102.0 106.3 105.9 105.6
N—M—C(CO)pas 91.1 90.3 91.0 91.1 91.0

2 Experimental structure of [Fe(CO)3(R-DAB)] (R =2,6-diisopropyl-phenyl) averaged in Cs symmetry [43].
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Table 6

One-electron energies and percentage composition of selected highest occupied and lowest unoccupied molecular orbitals of [Mn(CO)3;(Me-DAB)]~ expressed in

terms of composing fragments

MO E (eV) Mn Me-DAB COyp COpas
Empty -
262 3.35 16(d2); 10(d,2_2) 6 5 61
17a” 2.99 6(p,); 24(dy;) 16 16 38
254/ 191 T(p,); 2(d.2): 6(dy2_2); 21(dyy) 42(x") 10 12
Occupied
24a' 0.01 10(p,); 7(d,2); 8(dy2_y2); 4(dxy) 55(w") 2 14
16a” —0.69 3(pz); 52(dxz); 2(dyz) 13 () 17 12
23 —0.99 1(p);29(d2); 1(d,2_ 12); 32(dxy) 8 7 20
22a' —1.10 3(py);22(d2); 32(d,2_y2); 8(dxy) 2 9 23
152" —2.43 6(dx;) 89 (m) 3 2

binations of the d(Mn) orbitals with small p-orbital compo-
nents and significant contributions from the carbonyl ligands.
An occupied m orbital of the Me-DAB ligand dominates the
152" HOMO — 4. With the exception of the strongly delocalized
HOMO and LUMO, the characters of the higher and lower-lying
molecular orbitals closely resemble those of [Mn(CO)3(Me-
CAT)]™ (Table 2). We can therefore state that the distribution
of the negative charge in these two five-coordinate complexes
corresponds fairly well with their HOMO characters. Starting
with the hypothetic two-electron-oxidized (16e) {(CO)3MnI-
L, }* moiety, the added two electrons mainly reside at L; in the
case of Ly =o-quinone, i.e., giving rise to the largely valence-
trapped {(CO);Mn!}*—L,2~ =catecholate bonding stabilized

Fig. 5. The representations of the HOMO (bottom) and LUMO (top) of
[Mn(CO)3(Me-DAB)] ™.

significantly, but not completely, by the catecholate — Mn(CO)
mr-donation. On the other hand, the two-electron reduction of
{(CO);Mn'-R-DAB}* (R = alkyl) results in almost completely
delocalized {(CO)3sMn-R-DAB}~ charge distribution in the
stable five-coordinate anion, with a strong Mn — CO w-back-
bonding and highly problematic assignment of the formal oxi-
dation state of the Mn center. Using the formal oxidation states
Mn(0) and R-DAB~ would imply a low-spin d’ (Mn) config-
uration and a radical-anionic chelating ligand. In such a case,
a strong antiferromagnetic coupling between the unpaired Mn
and DAB electrons would explain the apparent diamagnetism of
the complex. We refrain from this description.

Similar to the [Mn(CO)3(Bu-CAT)]™ complex in the pre-
ceding section, the UV-vis spectrum of [Mn(CO)3(iPr-DAB)]™
shows two dominant absorption bands in the visible region
(Fig. 7 and Table 7). The TD-DFT data calculated for the model
anion [Mn(CO)3(Me-DAB)]~ (Table 7) reproduce perfectly the
experimental parameters. In the simulated electronic absorption
spectrum (Fig. 6), the lowest-lying absorption band mainly cor-
responds to optical excitation into the strongly delocalized 24a’
HOMO — 25a' LUMO transition (w(Mn-L,) — 7" (Mn—L,) in
Fig. 1). Its limited R-DAB — Mn(CO) charge-transfer (LMCT)
character is compensated by a partial mixing with the 23a’
HOMO — 2 — 253’ LUMO (i.e., MLCT) transition.

The fully delocalized nature and negligible charge-transfer
character of the lowest-energy m(Mn-L,) — " (Mn-L;) tran-
sition (in line with the lack of solvatochromism) are also clearly
reflected in the experimental resonance Raman spectrum of
[Mn(CO)3(iPr-DAB)]™ recorded within a thin-layer optically
transparent electrochemical (OTTLE) cell in order to exclude air
and moisture. Electronic excitation with the 514.5-nm argon-ion
laser line resulted in the appearance of Raman bands listed in
Table 8. The resonance Raman effect for this five-coordinate
complex is weak, which means that the geometry and bond
lengths of the complex hardly change upon excitation. The
strongest enhancement of the Raman intensity was observed
for the band at 839 cm™!, which corresponds to mixed bend-
ing modes of the Mn(iPr-DAB) chelate ring. According to the
DFT calculated wavenumbers and characters in Table 8, also
the other Raman modes belong to deformation of the five-
coordinate anion. Importantly, no band was observed in the



F. Hartl et al. / Coordination Chemistry Reviews 251 (2007) 557-576 565
Table 7
Selected TD-DFT calculated lowest-lying singlet excitation energies (eV) for [Mn(CO)3(Me-DAB)]~ with oscillator strength (O.S.) larger than 0.005
State Composition ADF/BP GO03/B3LYP Experiment
(ADF/BP) — — — E—
Transition energy (eV) 0.S. Transition energy (eV) 0.S. Transition energy (eV) Emax M~ cm™ )
blA’ 79% (242’ — 25a’) 2.74 0.083 2.68 0.091 2.55 9300
16% (23a’ — 25a’)
alA” 83% (16a” — 252") 3.14 0.005 2.68 0.006
15% (212’ — 17a")
dla’ 66% (232’ — 25a) 3.36 0.065 3.24 0.073 3.21 6550
10% (222’ — 25a’)
14% (242’ — 25a')
A/ 78% (24a’ — 29a") 4.14 0.012 4.30 0.018
Molecular orbitals of the neutral complex [Fe(CO)3;(Me-
I DAB)] are presented in Table 9. The qualitative MO scheme
A calculated for this complex is similar to that of the anion
[Mn(CO)3(Me-DAB)]~ (Table 6). The main difference con-
cerns the frontier orbitals. The 24a’” HOMO is more local-
g ized on the {Fe(CO)3;} fragment while the 25a’ LUMO
3 resides more on the Me-DAB ligand. The characters of the
é 300 500 700 LUMO +2, LUMO +1 and HOMO — 1 to HOMO — 4 of the
< Wavelength / nm two five-coordinate Me-DAB species are comparable. Tak-
ing into account the highly delocalized nature of the fron-
tier orbitals (Fig. 7), we can better describe the bonding
situation in the [Fe(CO)3(R-DAB)] complexes formally as
- . | ' : . | {Fe(CO)3}5+—R-DAB5_, i.e., with some m-donation from R-
300 400 500 600 700 DAB to the electron-deficient {Fe(CO)3} fragment, rather than

Wavelength / nm

Fig. 6. The simulated electronic absorption spectrum of [Mn(CO)3(Me-DAB)]~
based on GO3/B3LYP calculated excitation energies and oscillator strengths
(represented by vertical lines). Inset: The experimental electronic absorption
spectrum of [Mn(CO)3(iPr-DAB)]™ in MeCN/10~! M BuyNPFg at 293 K.

CO-stretching region of the rR spectrum, as expected for the
almost unaffected Mn — CO mw-back-donation in the — 7"
(Mn(iPr-DAB)) excited state compared to the ground state.

The higher-lying intense absorption band has apparently a
complicated character, with a dominant HOMO — 2 — LUMO
contribution that can be simplified as d(Mn) — 7*(L,) (.e.,
MLCT) optical excitation, in line with Fig. 1. Evidently, the lat-
ter electronic transition has a more pronounced charge-transfer
character than the lowest-energy one.

Table 8
Selected DFT G03/BPW91 calculated Raman-active frequencies for [Mn(CO)3
(iPr-DAB)]~

v(em™h) v (ecm™ 1) Assignment
531 517 8(C-Mn—C) + 3(N-Mn-N)
820 839 3(iPr-DAB) + 8(N-Mn-N)
901 893 3(iPr-DAB)
924 917 3(iPr-DAB)

1216 1251 V(CN) +8(CH) (a")

1255 1294 v(CN) +8(CH) (a”)

1328 1328 3(CH)

2 Experimental data [45].

Fe(CO)3—R-DAB (18e). The former representation is supported
by the relatively high v(CO) frequencies of [Fe(CO)3(R-DAB)]
(2041, 1973 and 1967 cm~! for the 2,6-iPr;-Ph-DAB ligand,
and 2026, 1955 and 1946cm~! for the iPr,-Me-DAB lig-
and) [43] in comparison, for example, with the values for the
complexes [Fe(CO)3(PP)] (PP =chelating biphosphine ligand).
[Fe(CO)3(dmpe)] (dmpe =dimethylphosphinoethane) absorbs
in THF at 1976, 1902 and 1887 cm™! [46]. On the other hand,
the complex [Fe(CO);Cp] (Cp=~r]5 -CsHs), which can also be
denoted as {Fe(CO)3;}>*-Cp®~, shows comparable v(CO) fre-
quencies as [Fe(CO)3(R-DAB)], viz. 2048, 1981 and 1974 cm~!
[47].

Taking into account the similar nature and energies of the
high-lying occupied and low-lying empty molecular orbitals of
[Mn(CO)3(R-DAB)]~ and [Fe(CO)3(R-DAB)], it is not surpris-
ing that their electronic absorption spectra are also very similar.
[Fe(CO)3(iPrp-Me-DAB)] again shows, in the visible region,
(Table 10) two main absorption bands that are perfectly repro-
duced in the computed spectrum of the model [Fe(CO)3;(Me-
DAB)]. A similar UV—-vis spectrum has been reported also for
the iron tricarbonyl complex with the 2,6-iPr;-Ph-DAB ligand
[43]. Apparently, the different nature of the substituents at the
imine nitrogen atoms of the R-DAB ligands does not play a
significant role in this case. The lowest-energy electronic tran-
sition consists mainly of the 24a’ — 252" (HOMO — LUMO)
excitation. Differently from [Mn(CO)3;(Me-DAB)]™, this elec-
tronic transition has a partial MLCT character. This difference
may account for the reported efficient photosubstitution of a
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Table 9

One-electron energies and percentage composition of selected highest occupied and lowest unoccupied molecular orbitals of [Fe(CO)3(Me-DAB)] expressed in terms

of composing fragments

MO E (eV) Fe Me-DAB COyp COpas
Empty
26a —1.61 12(d2);5(d,2_y2) 3 3 74
17a” —2.07 4(p;); 45(dy) 22 8 21
254 —2.97 3(py); 2(d2); 6(d,2_12); 15(dxy) 61 (") 5 6
Occupied
24a —4.81 12(p,); 9(d2); 15(d,2_ 12); 8(day) 39(m") 3 15
16a” —-5.72 3(pz): 55(dyz); 2(dyz) 19 () 12 8
23 —6.12 4(py): 2(d2); 13(dy2_ 12); 47(dxy) 9 9 13
22a —6.36 1(p,); 56(d2); 19(d,2_,2); 1(dyy) 2 1 20
152" —7.17 10(dx;) 84 () 3 2

CO ligand in [Fe(CO)3(2,6-iPr,-Ph-DAB)] by PPh3 (although
probably not from the initially populated excited state) [48],
while the more w-delocalized complex [Mn(CO)3(iPr-DAB)]™
is photostable. On the other hand, the resonance Raman spectra
of [Fe(CO)3(2,6-iPr-Ph-DAB)] recorded upon irradiation into
the lowest-energy absorption band [43], show only weak effects
for the v4(CO) and DAB v(CN) modes, but strong resonance
enhancement of Raman intensities for bands corresponding
to low-frequency v(Fe-C), 8(Fe—~CO) and 3(Fe-DAB) modes.
This result and the absence of solvatochromism are in favor
of a strongly delocalized nature of the lowest-energy excited
state. The previous analysis of the Raman excitation profiles by
Stufkens et al., invoked the presence of three independent close-

J

Fig. 7. The representation of the HOMO (bottom) and LUMO (top) of [Fe(Me-
DAB)(CO)3].

lying electronic transitions within the lowest-energy absorption
band of [Fe(CO)3(2,6-iPry-Ph-DAB)] [43]. This feature is, how-
ever, not reproduced in our TD-DFT calculations (Table 10).
Similar to [Mn(CO)3(Me-DAB)]~, the higher-lying absorp-
tion band in the UV-vis spectrum of the iron complex has its
origin in a strongly mixed electronic transition between the
ground-state Kohn-Sham molecular orbitals, with the principal
232’ HOMO — 2 — 253’ LUMO component. This transition has
an apparent MLCT (d — =) character, which agrees with the
increasing intensity of the Raman bands due to the vs(CO) and
intraligand v(CN) modes in the resonance Raman spectra of
[Fe(CO)3(2,6-iPr-Ph-DAB)] [43].

2.3. [Mn(CO)3(BPY)]~ (BPY = 2,2'-bipyridine)

The extremely air- and moisture-sensitive anion
[Mn(CO)3(BPY)]~ was prepared under strictly inert conditions
by reduction of [MnBr(CO)3(BPY)] with sodium naphthalenide.
The product could be crystallized from diethyl ether in a sealed
tube to give an unusual structure, [Na(BPY)][Mn(CO);
(BPY)]-Et;O, with tetrahedral coordination of the sodium
counterion linked to one of the CO ligands and one diethyl
eiher molecule (Scheme 1, Fig. 8, Table 11). The BPY ligand

7N
B C,oHgNa
7 S N—=Mn,
— | YcO DME,RT
co

_—

crystallization
Et20, RT

Scheme 1.
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Table 10
Selected TD-DFT calculated lowest-lying singlet excitation energies (eV) for [Fe(CO)3(Me-DAB)] with oscillator strength (O.S.) larger than 0.001
State Composition ADF/BP GO3/B3LYP Exp.?
(ADF/BP) ,, . . I
Transition energy (eV) O.S. Transition energy (eV) O.S. Transition energy (eV) Emax M~ em™)
blA/ 78% (24a’ — 252a") 2.73 0.076 2.56 0.083 2.49 5900
17% (23a’ — 252")
alA” 83% (162" — 252’) 2.93 0.005 2.79 0.002
15% (242’ — 17a")
dlA’ 40% (232’ — 252a’) 3.48 0.043 3.29 0.055 3.33 3000
27% (228’ — 25a’)
19% (24a’ — 26a’)
elA/ 51% (224’ — 25a’) 3.61 0.028 3.59 0.031 3.98 sh

30% (232’ — 25a)
6% (242’ — 26a’)

2 For [Fe(CO)3(iPry-Me-DAB)] in benzene at 293 K [43].

attached to the sodium cation probably liberated by a partial
decomposition of the complex anion prior to the crystallization.
The Mn center adopted a geometry that can be best described
as a transition between a distorted square pyramid and trigonal
bipyramid. Comparison of the two different BPY ligands
reveals significant shortening of the inter-ring C—C bond in
the Mn-bound BPY (1.418(3)A versus 1.491(3)A for the
Na-bound BPY). The Mn-bound BPY shows intra-ring bond
lengths alternating between 1.36 and 1.41 A, in contrast to the

C16 C24
Fig. 8. ORTEP view of one molecule of [Na(BPY)][Mn(CO)3(BPY)]-Et;0.
Ellipsoids are scaled to enclose 50% of the electron density. The numbering is
arbitrary and different from that used in the assignment of NMR spectra. Rel-
evant distances (A) and bond angles (°): N1-C1, 1.375(3); C1-C2, 1.364(4);
C2-C3, 1.413(4); C3-C4, 1.364(4); C4-C5, 1.414(3); C5-NI1, 1.391(3);
C5-C6, 1.418(3); C6-C7, 1.411(3); C6-N2, 1.378(3); C7-C8, 1.366(4);
C8-C9, 1.408(4); C9-C10, 1.362(3); C10-N2, 1.370(3); N1-Mnl, 1.980(2);
N2-Mnl, 1.981(2); Mnl-Cl11, 1.771(2); Mnl-C12, 1.796(3); Mnl1-C13,
1.767(2); C11-01, 1.176(3); C12-02, 1.157(3); C13-03, 1.172(3); Nal-03,
2.334(2); N3-Nal, 2.430(2); N4-Nal, 2.417(2); N3-C14, 1.339(3); N3-Cl18,
1.349(3); C18-C19, 1.491(3); C19-N4, 1.347(3); N1-Mnl1-N2, 78.79(8);
C13-Mnl1-C11, 87.4(1); C13-Mn1-C12, 96.7(1); C11-Mn1-C12, 93.8(1);
Mnl1-C11-01, 177.4(2); Mnl1-C12-02, 175.1(3); Mn1-C13-03,176.0(2);
N3-Nal-N4, 67.58(7).

regular C—C distances (1.38-1.39 Z\) in the Na-bound BPY.
The latter ligand strongly resembles BPY in the non-reduced
complex [Mnl(CO)3(BPY)] (ref. [49]) (Table 12). These
data are consistent with a substantial localization of electron
density in the m* LUMO of the Mn-bound BPY ligand and

Table 11

Crystal data for the structure of [Na(BPY)][Mn(CO)3(BPY)]-Et,O
Molecular formula Cy7Hp6MnN4NaO4
Molecular weight 548.45

Crystal habit Dark red plate
Crystal dimensions (mm) 0.20 x 0.20 x 0.17
Crystal system Monoclinic

Space group P2ic

a(A) 10.7836(3)

b(A) 18.4574(6)

c(d) 13.8223(3)

a(®) 90.00

B () 102.815(2)

y (©) 90.00

V(A% 2682.62(13)

z 4

d (gcm?) 1.358

F(000) 1136

w(em™) 0.547
Diffractometer Kappa CCD
X-ray source Mo Ka

T (K) 150.0(1)

Scan mode Phi and omega scans
Maximum 6 27.47

hkl ranges —13,12; —22,23; —17, 15
Reflections measured 16365

Unique data 6116

Rint 0.0494
Reflections used 5254

Criterion 1>201

Parameters refined 380
Reflections/parameter 13

WR2 0.1197

R1 0.0447

Weights a, b 0.0331;2.8913
GoF 1.125

Difference peak/hole (e A=3) 0.437(0.064)/—0.335(0.064)
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Table 12

Comparison of selected experimental and DFT-calculated bond lengths
(A) and angles in [Mn(CO)3(BPY)]~, and experimental bond lengths of
[MnI(CO);(BPY)]

Bond(s) ADF/BP GO03/B3LYP Exp.? Exp.P
Mn-N 1.986 1.980 1.981 2.04
Mn—C12(CO)yp 1.789 1.784 1.796 1.80
Mn—C(CO)pas 1.774 1.753 1.769 1.79
N1-C1 1.371 1.372 1.373 1.34
N1-C5 1.403 1.402 1.385 1.36
Cl-C2 1.375 1.370 1.363 1.39
C2-C3 1.424 1.426 1.410 1.38
C3-C4 1.378 1.372 1.365 1.37
C4-C5 1.415 1.420 1.412 1.39
C5-C6 1.419 1.410 1.418 1.48
C-0O(CO),y 1.183 1.172 1.168 1.16
N1-Mn-N2 79.2 79.3 78.8

Mn-NI1-Cl 126.8 126.9 127.2

Mn-N1-C5 116.6 116.7 117.0

N1-C5-Cé6 113.4 113.5 113.4

N1-C5-C4 120.9 120.9 121.5

CI1-N1-C5 116.4 116.2 115.9

N1-C1-C2 124.4 124.7 124.3

Cl1-C2-C3 119.2 119.2 119.5

C2-C3-C4 117.8 118.0 118.3

N1-Mn-Cl11 93.4 92.8 93.5
Cl11-Mn-C12 87.6 88.9 93.8

2 Experimental structure of [Na(BPY)][Mn(CO)3(BPY)]-Et, O averaged in Cy
symmetry.

b Selected (averaged) bond lengths in the experimental structure of
[MnI(CO)3(BPY)] [49].

the formulation of [Mn(CO)3(BPY)]™ as a compound with
fully delocalized m-bonding in the Mn(BPY) metallacycle and
strong (BPY)Mn — CO mr-back-donation. This description is
supported by the low IR CO-stretching frequencies: 1916(s) and
1815(s,br) cm™! (for the BuyN™* salt in PrCN) [27] compared
to the values for valence-trapped [Mn(CO)3(fBu-CAT)]™
(see above). We conclude that the bonding situation in both
anionic a-diimine complexes [Mn(CO)s3(L,)]”™ (Lo, =BPY
and /Pr-DAB in Section 2.2) is very similar. However, their
electronic absorption spectra are considerably different (Figs.
6 (inset) and 10 (inset)). Based on the TD-DFT calculations,
we have been able to clarify this difference by the involvement

Table 13

of several closely lying unoccupied, largely " (BPY)-based
molecular orbitals in the low-energy electronic transitions, see
below.

The experimental and DFT-computed bonding parameters
of [Mn(CO)3(BPY)]™ are again in a very good agreement
(Table 12). The optimized geometry was employed in the fol-
lowing single point electronic structure calculations. Calculated
energies and compositions of Kohn-Sham molecular orbitals
of the anionic complex are collected in Table 13. The frontier
orbitals have very similar, strongly (CO)Mn-BPY mixed char-
acters, the 31a’ LUMO being localized more on the BPY ligand
(68%) than the 30a’ HOMO (57%). Table 12 and Fig. 9 document
that the 32a’ LUMO + 1 is largely composed by another, higher-
lying 7" (BPY) orbital. The three lower-lying occupied orbitals,
22a"” HOMO — 1, 292" HOMO — 2 and 282" HOMO — 3, are
delocalized over the {Mn(CO)3} moiety.

The experimental UV—-vis spectrum of [Mn(CO)3(BPY)]™
(Fig. 10, inset) shows in the visible area an intense absorption
band at 547 nm, with several much less intense shoulders on both
the higher and lower-energy sides. A medium-intensity absorp-
tion band appears at 352 nm. This spectroscopic pattern is repro-
duced appreciably well by the TD-DFT calculations (Fig. 10 and
Table 14). Based on the computed results, the prominent visible
absorption band originates from an electronic transition with
a substantial 302’ HOMO — 32a’ LUMO + 1 character and a
small contribution from the 308" HOMO — 31a’ LUMO excita-
tion. This largely MLCT/LLCT (Mn(CO) — BPY) transition is
complementary to the lowest-energy one; however, the dominant
302’ HOMO — 31a’ LUMO component gives the lowest-lying
excited state only a limited charge transfer character. The higher-
lying transition (better reproduced by ADF/BP) is nearly exclu-
sively 30a” HOMO — 23a” LUMO + 2, again with a consider-
able MLCT/LLCT character. Our calculated spectrum repro-
duces also the small shoulder at 465 nm that is related to three
separate MLCT/LLCT electronic excitations originating mainly
from the 22a” HOMO — 1, which is a largely d(Mn) orbital.
We can conclude that despite the similar strongly delocalized
nature of the w-bonding in the Mn(a-diimine) chelate ring
of [Mn(CO)3(a-diimine)] ™, reflected in their frontier orbitals,
the electronic absorption spectra in the visible absorption
region may strongly differ. The HOMO to HOMO — 4 char-

One-electron energies and percentage composition of selected highest occupied and low-lying unoccupied molecular orbitals of [Mn(CO)3;(BPY)]~ expressed in

terms of composing fragments

MO E(eV) Mn BPY COqyp COpas
Empty
24a" 2.28 7(pz); 29(dy;) 19 13 31
23a” 1.56 1(dy,) 96 1 2
324’ 1.53 3(p,); 1(d2); 6(d,2_y2); 5(dyy) 74(w") 4 5
31a 1.06 5(px); 2(d2); 10(dy2_y2); 4(dxy) 68 (") 4 7
Occupied
302’ —0.14 9(p,); 4(d2); 14(d,2_y2); 2(dxy) 57 (w") 2 12
224" —-1.27 2(p,); 60(d;) 8 17 12
29a’ —1.52 2(p,);24(d2); 1(dy2_42); 37(dyy) 4 9 21
284’ —1.66 2(py);31(d,2); 15(d,2_ 12); 18(dyy) 1 6 25
21a” —2.71 1(dy;) 98 (m)
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HOMO

HOMO-1

acters of [Mn(CO)3(a-diimine)]~ (a-diimine =R-DAB, BPY)
are very close (Tables 6 and 13). The determining factor is then
the difference in the number, symmetry and energy between
the low-lying empty 7" (a-diimine) orbitals. The major influ-
ence of the a-diimine ligand on the spectroscopic pattern is
apparent from the close correspondence between the UV-vis
spectra of the five-coordinate complexes [Mn(CO)3(BPY)] ™,
[Re(CO)3(BPY)]™ (Refs. [30,31]) (also computed by TD-DFT
[34]) and [Ru(Me)(CO)>(BPY)]~ (ref. [39]).

A
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Fig. 10. The simulated electronic absorption spectrum of [Mn(CO)3(BPY)]™
based on GO3/B3LYP calculated excitation energies and oscillator strengths
(represented by vertical lines). Inset: the experimental electronic absorption
spectrum of [Mn(CO)3(BPY)]™ in THF/ 10~ M BuyNPFg at 293 K.

LUMO+1

LUMO
Fig. 9. The representation of the HOMO — 1 to LUMO + 1 of [Mn(CO)3(BPY)] .

2.4. [Mn(CO)3(TMBP)]~ (TMBP = 4,4',5,5 -tetramethyl-
2,2'-biphosphinine)

The ground-state bonding properties and Kohn-Sham molec-
ular orbitals, excited states and electronic absorptions spectra
of the five-coordinate complex [Mn(CO)3(TMBP)]™ have been
analyzed in detail in our previous report [29]. The frontier
orbitals are depicted in Fig. 11. The molecular orbital diagrams
of [Mn(CO)3(L;)]™ (L, =BPY, TMBP) are qualitatively very
similar, only the LUMO+1 and LUMO+2 characters are
interchanged [29]. Despite the HOMO of [Mn(CO)3(TMBP)] ™~
is stabilized by 0.8 eV compared to that of the BPY complex,
it remains strongly m-delocalized (Table 15). The calculated w
HOMO character is in agreement with the stable five-coordinate
geometry of [Mn(CO)3(TMBP)]™ in the presence of Lewis
bases as well as with a large delocalization of w-bonding within
the Mn—-TMBP metallacycle revealed by crystallographic data.
The different HOMO energies are reflected in the oxidation
potentials of [Mn(CO)3(Ly)]™: —1.53V for L, =BPY [27]
but only —0.97V for L, =TMBP [29] (THF, 293K). The
LUMO of [Mn(CO)3;(TMBP)]~ lies only ca. 0.3eV lower
in energy than that of the BPY complex, having a nearly
exclusive 7 (TMBP) character (Table 15). Differently from
[Mn(CO)3(BPY)]™, the lowest-energy electronic transition
of [Mn(CO)3;(TMBP)]™ consists almost exclusively from a
single excitation, viz. 36a" HOMO — 37a’ LUMO, manifesting
itself as a medium-intensity broad absorption band at 540 nm
(Table 16). It has therefore a considerable MLCT/LLCT (i.e.,
(CO)Mn — TMBP) character, which also applies for other
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Table 14
Selected TD-DFT calculated lowest-lying singlet excitation energies for [Mn(CO)3(BPY)]~ with oscillator strength (O.S.) larger than 0.005
State Composition ADF/BP GO3/B3LYP Exp.
(ADF/BP) . . . ]
Transition energy (eV) 0.S. Transition energy (eV) 0.S. Transition energy (eV) Emax M~ em™)
A 67% (302" — 31a’) 1.54 0.010 1.84 0.043 1.69 1700
32% (302" — 32a’) 1.83 sh
TA” 92% (302" — 23a”) 2.05 0.039 2.33 0.053 2.04 sh
A 60% (302 — 32a’) 227 0.117 2.35 0.137 2.26 11300
26% (302’ — 31a")
'\ 84% (222" — 31a’) 243 0.013 2.58 0.012 2.66 sh
A 54% (302’ — 33a’) 2.92 0.015 2.85 0.012
36% (222" — 23a")
TA! 46% (22a” — 23a") 3.00 0.058 2.90 0.010
38% (302" — 33a’) 3.51 7000
A 50% (282’ — 32a’) 3.31 0.050 3.55 0.040
31% (292’ — 32a")
1A 66% (302" — 25a") 3.37 0.091 3.82 0.020

13% (212" — 31a’)

significant electronic transitions in [Mn(CO)3(TMBP)]™ in
the visible and near-UV spectroscopic region (Table 15). The
higher-lying, predominantly 28a” HOMO — 1 — 37a" LUMO
transition probably also contributes to this absorption band. The
prominent asymmetric absorption band at 411 nm arises due
to two close-lying electronic transitions of similar intensities,

9

Fig. 11. The representation of the HOMO (bottom) and LUMO (top) of
[Mn(CO)3(TMBP)] .

viz. 368 HOMO — 29a2” LUMO + 1 and 368" HOMO — 38a’
LUMO +2, both with ca 20% contributions from other exci-
tations originating in the 282" HOMO — 1. Finally, a group of
similar, strongly mixed MLCT/LLCT electronic transitions is
responsible for the intense absorption below 400 nm, with the
maximum absorbance at 320 nm.

Comparison of the electronic absorption spectrum of
[Mn(CO)3(BPY)]™ in the preceding section with that of
[Mn(CO)3;(TMBP)]™ (ref. [29]) reveals similar spectroscopic
patterns in the visible region, in agreement with the similar
nature of molecular orbitals and electronic transitions involved.
The corresponding absorption bands of [Mn(CO)3;(TMBP)]™
are shifted to shorter wavelengths. The origin of this shift mainly
lies in the large relative stabilization of the HOMO of the latter
complex compared to that of [Mn(CO)3(BPY)]~, both orbitals
being heavily involved in all electronic transitions in the visible
spectroscopic region. The 7" (L,) contribution to the HOMO
is around 50% in both complexes. This behavior agrees with
the stronger electron-withdrawing nature of the neutral TMBP
ligand compared to that of BPY [29].

2.5. [Mn(CO)3(1,2-S,S-C¢Hy)]~ (1,2-S,S-CsHy = benzene-
1,2-dithiolate)

The first attempt to compute the anion [Mn(CO)3(1,2-S,S-
CsH4)]™ using ab initio and DFT methods dates back to 1999
(ref. [18]). The geometry of the anion was optimized on the
Hartree-Fock and MP2 levels of theory. The coordination sphere
of Mn is again a transition between square pyramid and trig-
onal bipyramid. The calculated Mulliken charge distribution
has been in favor of the Mn(I) oxidation state of the metal
center, similar to [Mn(CO)3(tBu-CAT)]~ (Section 2.1). The
slightly lower CO stretching frequencies of [Mn(CO)3(1,2-S,S-
CeHa)1~(1986(vs) and 1887(s,br) cm™! in THF, 293 K) [18]
compared to [Mn(CO)3(rBu-CAT)]™ (1994 and 1891 cm™)
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Table 15
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ADF/BP calculated one-electron energies and percentage composition of selected occupied and unoccupied frontier molecular orbitals of [Mn(CO)3;(TMBP)]~,

expressed in terms of the constituent fragments (%) [29]

MO E (eV) Mn TMBP COyp COpas
Empty
30a” 2.18 2(pz); 24(pxz) 35 6 27
382 1.37 3(p,); 2(d2);4(dy2_y2); 15(dxy) 60 4 10
292" 1.33 3(dy); 2(dyz) 93 2
374 0.79 1(dy2_y2); 1(dyy) 96 (") 1
Occupied
36a —0.94 9(p,); 7(d2); 13(d2_y2); 3(dxy) 49 (") 2 16
284" ~1.50 2(p.): 2(dx); 40(dy) 36(m) 11 8
352 —1.78 4(p,); 15(d,2); 40(dyy) 12 15 14
34a’ —-2.29 1(p,);46(d2); 13(d,2_,2); 2(dxy) 11 0 25
27" —2.37 2(p,); 16(dy;) 71 () 6 5
Table 16
Calculated lowest-lying TD DFT singlet excitation energies (eV) for [Mn(CO)3;(TMPB)]~ with oscillator strength (O.S.) larger than 0.002 (ref. [29])
State Composition ADF/BP GO3/B3LYP Exp.
(ADF/BP) . . . I
Transition energy (eV) 0.S. Transition energy (eV) 0.S. Transition energy (eV) Emax M~ em™)
1A 94% (36a" — 374’) 1.87 0.009 2.20 0.025 2.29 2400
1A 71% (284" — 374a’) 2.43 0.003 2.68 0.011
28% (362’ — 29a”)
1A 61% (362" — 29a”) 2.72 0.084 2.87 0.094 3.02 15000
21% (282" — 374’)
A/ 71% (36a’ — 382") 2.78 0.064 293 0.088
22% (282" — 292a")
N 51% (282" — 29a”) 3.29 0.091 345 0.117
32% (358 — 38a’)
1A/ 55% (352’ — 382") 3.60 0.113 3.73 0.117 3.86
15% (282" — 29a")
1A 34% (34a’ — 29a”) 3.74 0.199 3.92 0.094

24% (272" — 38a’)

[21,24] point to a stronger w-donation from the dithiolate ligand
and higher electron density at the Mn-carbonyl moiety than in
the catecholate complex. The geometry of [Mn(CO)3(1,2-S,S-
CeHy)]™ is qualitatively well described by our DFT calculations
(Table 17), both methods slightly overestimating the Mn—S bond
lengths.

Table 17
The comparison of experimental and DFT calculated selected bond lengths (A)
and angles of [Mn(CO)3(1,2-S,S-C¢Ha)]™

Bond ADF/BP GO3/B3LYP Exp.?

Mn-S 2.262 2.267 2.230
Mn-C(CO)qp 1.757 1.785 1.750
Mn—C(CO)pas 1.791 1.791 1.775
S1-C4 1.754 1.748 1.732
C4-C9 1.416 1.414 1.392
C-C(Ph),y 1.403 1.400 1.382
C-0O(CO),y 1.174 1.165 1.164
S1-Mn-S2 87.7 87.9 87.8

Mn-S1-C4 107.7 106.3 107.0

% Experimental structure averaged in Cs symmetry [18].

The composition and energies of the Kohn-Sham molec-
ular orbitals of [Mn(CO)3(1,2-S,S-C¢Hy)]™ are presented in
Table 18. The 17a” HOMO () of the complex (Fig. 12) indeed
resides less on the bidentate ligand than that of [Mn(CO)3(Bu-
CAT)]™ (Table 2 and Fig. 3), in agreement with the higher IR
CO-stretching frequencies of the latter complex (see above).
The LUMO (") characters in these two five-coordinate com-
plexes are very similar. Contrary to this, the 26a’ HOMO — 1 is
localized more on the dithiolate ligand, which is compensated
by the smaller dithiolate contribution to the 24a" HOMO — 3.
The 18a” LUMO + 1 and 292" LUMO + 3 are largely localized
on the {Mn(CO)3 } moiety. In general, the highest occupied and
low-lying empty molecular orbital sets of [Mn(CO)3(1,2-S,S-
CeHy)]™ and [Mn(CO)3(tBu-CAT)] ™~ are comparable. The only
exception is the low-lying 282" LUMO +2 of the former com-
plex, which fully resides on the dithiolate ligand. The bonding in
the Mn(dithiolate) chelate ring can be classified as more delo-
calized than in Mn(catecholate), in agreement with the trends
presented in Introduction for the other complex series.

The electronic absorption spectrum of [Mn(CO)3(1,2-S,S-
CeH4)]~ shows in the visible part three absorption bands of
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One-electron energies and percentage composition of selected highest occupied and lowest unoccupied molecular orbitals of [Mn(CO)3(1,2-S,S-C¢H4)]~ expressed

in terms of composing fragments

MO E (eV) Mn S,S-CeHa COyp COpas
Empty
292’ 2.33 2(p,); 14(d2); 11(d2_12) 5 11 56
284’ 1.86 1(dy;) 97 1 1
18a” 1.85 6(p,); 30(d,;) 26 8 28
274 0.48 12(p,); 3(d;2); 5(d,2_y2); 30(dy) 27 (w") 10 13
Occupied
172" —1.56 1(p2); 30(d,7); 1(dy;) 52(m") 9 6
262 —-1.77 8(p,); 12(d2); 10(dy2_y2) 53(m) 1 15
254 —2.28 L(p,);42(d2); 9(d,2_y2); 8(dxy) 15 0 23
24a' —2.37 3(p,); 21(d,2_ 12); 26(dyy) 26 15 8
16a” —2.59 3(p,); 6(dy;) 68 () 7 5

Fig. 12. The representation of the HOMO (bottom) and LUMO (top) of
[Mn(CO)3(1,2-S,S-CcHy)] ™.

medium to low intensities (Table 19) [18]. The most intense band
at 400 nm belongs to an electronic transition with a dominant
contribution from the 24a” HOMO — 3 — 27a’ LUMO excita-
tion and a minor 258" HOMO — 2 — 27a’ LUMO contribution.
This transition has a negligible charge-transfer character, corre-
sponding mainly to redistribution of the electron density within
the {Mn(CO)3 } moiety. The two lower-lying electronic transi-

Table 19

tions are also directed to the 27a’ LUMO (Fig. 12). The lowest-
energy one, originating in the 17a” HOMO, can be attributed
a partial LMCT (dithiolate — Mn(CQO)) character. This
HOMO — LUMO transition is symmetry-forbidden, which
explains its small oscillator strength and the low molar absorp-
tion coefficient of the corresponding absorption band at 552 nm
(Table 19). The higher-lying 26" HOMO — 1 — 27a" LUMO
transition also corresponds a to partial dithiolate — Mn(CO)
charge transfer (LMCT), giving rise to the absorption band at
502 nm. Apparently, the low-lying electron transitions computed
for [Mn(CO)3(1,2-S,S-CgH4)]™ are dominated by a single one-
electron excitation, in contrast to those of more strongly absorb-
ing [Mn(CO)3(Me-CAT)]™ (Table 3). Their common feature is
the partial LMCT nature of the lowest-energy excited states.

2.6. [Mn(CO)3(1,2-S,NH-CsH4)]~
(1,2-S,NH-CsH4 = 2-thiolatophenylamido)

The optimized structure of the last electronically unsaturated
complex in the studied series, [Mn(CO)3(1,2-S,NH-CgH4)]™
(Table 20) agrees again very well with the experimental one
[17], reproducing the distorted tetragonal pyramidal coordina-
tion environment of the Mn center. Protonation of the amide site
is known to labilize the [S-C¢H4-NH] ™ ligand and promote coor-
dination of the fourth CO ligand. This reactivity demonstrates
the strong m-donor ability of the chelating ligand stabilizing the
five-coordinate geometry, which is also reflected in the short
Mn-S and Mn-N bonds [17].

Calculated lowest-lying TD DFT excitation energies (eV) for [Mn(CO)3(1,2-S,S-C¢H4)]~ with oscillator strength (O.S.) larger than 0.005

State Composition ADF/BP GO3/B3LYP Experiment®
(ADF/BP) - . . T
Transition energy (eV) 0.S. Transition energy (eV) 0.S. Transition energy (eV) Emax M~ em™)
Tp” 97% (172" — 27a") 2.33 0.012 2.30 0.008 2.24 1556
N 97% (262’ — 27a’) 2.72 0.077 2.67 0.032 247 2109
1A/ 68% (242’ — 27a’) 3.25 0.053 2.76 0.020 3.10 4569
10% (258" — 27a’)
N 61% (17a” — 19a”) 3.97 0.139 343 0.138 3.55 2079

13% (262" — 28a’)

% In THF at 293 K [18].
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Table 20
Comparison of experimental and DFT calculated selected bond lengths (A) and
angles of [Mn(CO)3(1,2-S,NH-CgH4)]~

Bond ADF/BP GO3/B3LYP Exp.2
Mn-S 2.286 2.328 2.268
Mn-N 1.937 1.910 1.889
Mn-C(CO),p 1.757 1.780 1.753
Mn—C(CO)pas 1.786 1.791 1.761/1.776
S-C4 1.748 1.740 1.714
N-C9 1.363 1.371 1.375
C4-C9 1.424 1.420

C—C(Ph)yy 1.402 1.400

C-O(CO)yy 1.175 1.160 1.159
S-Mn-N 82.8 82.8 834
Mn-S-C4 100.5 98.7 100.2
Mn-N-C9 124.8 125.6 124.2

2 Experimental structure averaged in Cy symmetry [17].

Table 21

One-electron energies and percentage composition of selected highest occu-
pied and lowest unoccupied molecular orbitals of [Mn(CO)3(1,2-S,NH-CgHa4)]~
expressed in terms of composing fragments

MO E (eV) Mn S,NH-CgH, COyp COlas
Empty
47a 2.56 2(p); 27(d) 12 10 49
46a 2.44 3(p); 21(d) 15 15 46
45a 232 1(d) 94 1 3
44a 0.92 9(p); 40(d) 31(w") 8 11
Occupied
432 —098 3(p): 39(d) 41 (") 8 9
42a —1.32 5(p); 33(d) 40 () 5 16
4la —-1.72 60(d) 8 0 30
40a  —1.88 2(p); 47(d) 25 13 11
39a —233 1(p); 17(d) 70() 5 6

Inspection of Table 21 reveals completely delocalized nature
of the frontier orbitals, the 43a HOMO and 44a LUMO (Fig. 13).
The increased electron density on the Mn center in compari-
son with [Mn(CO)3(1,2-S,S-CgH4)]™ (Table 18), as judged on
grounds of the HOMO characters, is also reflected in the stronger
Mn — CO m-back-donation. This trend agrees with the lower
IR CO-stretching frequencies of [Mn(CO)3(1,2-S,NH-CgH4)]™
(1973(vs) and 1870(s,br) cm™! in THE 293 K) [17] com-
pared to [Mn(CO)3(1,2-S,S-C¢H4)]™ (see above). The purely

Fig. 13. The representation of the HOMO (bottom) and LUMO (top) of
[Mn(CO)3(1,2-S,NH-C¢Ha)] ™.

ligand-based 282" LUMO +2 of [Mn(CO)3(1,2-S,S-C¢Hy)]™
has its equivalent in the 45a LUMO + 1 of [Mn(CO)3(1,2-S,NH-
CeHy)]™. The 46a LUMO +2 and 47a LUMO + 3 are largely
localized on the carbonyl ligands.

According to our TD-DFT calculations, the lowest-energy
absorption band of [Mn(CO)3(1,2-S,NH-CgH4)]™ at 500 nm
originates almost exclusively in the 43a HOMO — 44a LUMO
transition (Table 22). The HOMO-LUMO gap in this case
(1.90eV) is smaller than that for [Mn(CO)3(1,2-S,S-CgHy)]™
(2.04eV). However, the latter complex shows the band due to
the HOMO — LUMO transition red-shifted to 552 nm. This dis-
crepancy may reflect the stronger m-delocalization within the
Mn(1,2-S,NH-CgH4) metallacycle. The lowest-energy absorp-
tion band of the asymmetric complex [Mn(CO)3(1,2-S,NH-
CgH4)]™ is considerably more intense compared to that of
[Mn(CO)3(1,2-S,S-C¢Hy4)]~, where the corresponding elec-
tronic transition is symmetry-forbidden (see above).

The more intense visible absorption band of [Mn(CO)3(1,2-
S,NH-CgH,4)]™ at 402 nm is attributed to two electronic tran-
sitions (Table 22). The dominant one calculated at 3.32eV
(ADF)-3.37 eV (G03) involves the couple 41a HOMO — 2/40a

Table 22
Calculated lowest-lying TD DFT singlet excitation energies (eV) for [Mn(CO)3(1,2-S,NH-C¢H4)]~ with oscillator strength (O.S.) larger than 0.005
State Composition ADF/BP GO3/B3LYP Experiment®
(ADF/BP) . . . T
Transition energy (eV) 0.S. Transition energy (eV) 0.S. Transition energy (eV) emax M~ cm™")
A 92% (43a — 44a) 2.27 0.022 2.55 0.034 2.48 6639
TA 81% (42a — 44a) 2.68 0.057 2.64 0.005
9% (40a — 44a)
1A 57% (40a — 44a) 3.32 0.088 3.37 0.179 3.08 9745
16% (41a — 44a)
A 74% (43a— 46a) 3.56 0.027 3.89 0.010

8% (43a— 47a)

? In THF at 293K [17].
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HOMO — 3 as starting states and the 44a LUMO as the arriv-
ing state. The major contribution from the 40a — 44a excita-
tion gives this electronic transition only a limited MLCT/LLCT
((CO)Mn — 1,2-S,NH-CgHy) character, similar to the descrip-
tion of the intense 400-nm absorption band of the dithiolate
complex (see above).

3. Concluding remarks

The noteworthy feature of this work is the detailed insight
from the DFT calculations into the intriguing electronic structure
of this series of five-coordinate, electron-deficient complexes
[Mn(CO)3(L»)]™ containing a variety of non-innocent chelating
ligands L. All electronic transitions in the visible spectro-
scopic region have been thoroughly analyzed with TD-DFT and
assigned successfully in terms of one-electron excitations. As
predicted from experimental (spectroscopic, crystallographic,
electrochemical) data and reactivity, the complexes exhibit a
different degree of w-delocalization the MnL, metallacycle sta-
bilizing the five-coordinate geometry, which is particularly well
reflected in the DFT-computed characters of the highest occu-
pied molecular orbital (wm HOMO). The three lower-lying occu-
pied orbitals, HOMO — 1 to HOMO — 3, were attributed in the
literature [18,24,42] predominant d(Mn) characters (see Fig. 1).
The computed data presented in this review clearly document
that the former description of these orbitals has been oversim-
plified, neglecting the substantial contributions of carbonyl or L,
(" and ) orbitals. The characters of the low-lying unoccupied
molecular orbitals also vary significantly along the series stud-
ied. The " LUMO is often complementary to the m HOMO,
ranging from largely carbonyl-Mn localized (L, =R-CAT) to
strongly delocalized (L, =R-DAB), depending on the relative
energies of the {Mn(CO)3} and L, based orbitals involved in
the m-bonding delocalized over the Mn(L;) metallacycle. A dif-
ferent situation is encountered, however, for aromatic ligands
like TMBP or BPY featuring a set of closely spaced low-lying
" orbitals.

Comparison of the complexes [Mn(CO)3(R-DAB)]~ and
[Fe(CO)3(R-DAB)] reveals that they can be treated as isoelec-
tronic, strongly m-delocalized compounds. Stabilization of the
iron valence orbitals causes less delocalized m-bonding in the
chelate ring compared to the manganese center, the HOMO hav-
ing a stronger carbonyl-Fe character and the LUMO being more
localized on the R-DAB ligand.

The peculiar mixing of the metal, carbonyl and chelating-
ligand contributions in the high-lying occupied and low-lying
empty molecular orbitals of [Mn(CO)3(L;)]~ and [Fe(CO)3(R-
DAB)] together with the distorted geometry of the complexes
makes the general discussion and comparison of their electronic
absorption spectra an uneasy task. Each compound in the series
in fact demands separate treatment and description. The common
feature of the electronic transitions in the visible spectroscopic
region is their limited or completely absent charge transfer char-
acter, in line with the lack of solvatochromism. This property is
probably responsible for the excellent agreement between their
computed and experimental energies obtained without the need
to include the solvent environment in the TD-DFT calculations,

which is important for charge-transfer electronic transitions
[50].

4. Experimental

Diethyl ether (Et;0) and dimethoxyethane (DME) of ana-
lytical grade (both Acros Chimica) were distilled freshly from
sodium benzophenone. The precursor complex [MnBr(CO)3
(BPY)] was prepared according to a published procedure [51].

4.1. Synthesis of [Mn(CO)3(BPY)]~ as a sodium salt

In a glove-box, a freshly prepared solution of sodium naph-
thalenide (10 mL, 0.6 mmol) in DME was added at room temper-
ature to a solution of [MnBr(CO);(BPY)] (113 mg, 0.3 mmol).
The resulting violet solution was stirred for 5 min and the solvent
was evaporated. The black solid obtained was washed with dry
Et;O (5mL) and then dried under vacuum for 12 h to remove
traces of remaining naphthalene. Part of the solid (ca. 10 mg)
and Et;O (2 mL) were sealed in a tube that was then heated at
35°C at a water bath and gradually cooled down to room tem-
perature (12h). During this time, dark red plate crystals grew
up inside the tube. 'H and '*C NMR measurements revealed
that one molecule of free 2,2'-bipyridine was produced upon the
reduction at room temperature. According to the NMR data, the
solution contains a mixture of 2,2’-bipyridine and the anionic
monomer Na[Mn(CO)3(BPY)]. The NMR signals of free 2,2’-
bipyridine were assigned by comparison with literature data
[52]. In the crystalline state, the free 2,2'-bipyridine molecule
chelates the Na* counterion. Na[Mn(CO)3(BPY)] was found to
be too oxygen and moisture-sensitive to give satisfactory ele-
mental analysis data.

'H NMR (THF-ds, 25°C): § 5.87 (m, 2H, Hs5), 6.38 (m,
2H, Hy4), 7.49 (m, 2H, H3 3), 9.34 (m, 2H, Hgg). '*C NMR
(THF, 25°C): 6 109.55 (s, Cs5), 118.40 (s, C44/), 121.25 (s,
C33), 139.40 (s, Cp2), 154.05 (s, Cg 6/), 237.50 (s, CO).

The NMR spectra were recorded on a Bruker AC-220 SY
spectrometer operating at 200.12 MHz for 'H and 50.32 MHz for
13C nuclei. Solvents peaks served as internal references relative
to Me4Si at O ppm.

4.2. X-ray structural determination

Dark red plates of the extremely air-sensitive complex
Na[Mn(CO)3(BPY)] were obtained by slow cooling of a solution
in EtpO from 35 °C to room temperature. The tube was broken
in a gloevbox, and crystals were protected with Paratone oil for
handling on a Nonius Kappa CCD diffractometer using a Mo Ka
(A =0.71069 A) X-ray source and a graphite monochromator at
150 K. The crystal structures were solved using SIR 97 (ref.
[53]) and SHELXL-97 (ref. [54]). ORTEP drawings were made
using ORTEP III for Windows [55]. CCDC-295444 contains the
supplementary crystallographic data. These data can be obtained
free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html [or
from the Cambridge Crystallographic Data Center, 12 Union
Road, Cambridge CB2 1EZ, UK; Fax: (internet.) +44 1223/336
033; E-mail: deposit@ccdc.cam.ac.uk].
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4.3. DFT and TD DFT calculations

The ground-state electronic structures of the studied com-
plexes [Mn(CO)3(L2)]™ and [Fe(CO)3;(Me-DAB)] were calcu-
lated by DFT methods, using Amsterdam Density Functional
[56,57] (ADF2005.01) and Gaussian 03 (ref. [58]) software
packages, with the exception of L, =TMBP. The complex
[Mn(CO)3;(TMBP)]~ was calculated earlier with ADF2000.2
and Gaussian 98, as described elsewhere [29]. When possible,
the calculations were done in constrained Cy symmetry, with the
metal center and Cyp located in the plane of symmetry.

Within the ADF program Slater type orbital (STO) basis sets
of triple-{ quality with one polarization function for H, C, N and
O atoms and triple-{ quality with additional two polarization
functions for S, Mn and Fe were employed. Inner shells were
represented by the frozen core approximation (1s for C,N, O; 1s,
2s, 2p for S, Mn and Fe). Within the ADF program, the functional
including Becke’s gradient correction [59] to the local exchange
expression in conjunction with Perdew’s gradient correction [60]
to local density approximation (LDA) with Vosko-Wilk-Nusair
(VWN) parametrization [61] of electron-gas data (ADF/BP),
was used. Within Gaussian03, B3LYP hybrid functional [62]
were used together with 6-31G” polarized double-{ basis sets
[63,64] for H, C, N, O, S, Fe and Mn atoms (G03/B3LYP).
The vibrational analyses were done with the “pure” density
functional BPWO91 [59,65], using structures optimized with this
functional.

The low-lying excited states of closed-shell complexes were
calculated using the TD-DFT method (both ADF/BP and
GO3/B3LYP). The electronic absorption spectra were simulated
using the GaussSum software [66].

The substituents on the /Pr-DAB and /Bu-CAT ligands
were modelled by the methyl group (Me-DAB) and (Me-
CAT). The vibrational analyses of [Mn(CO)3(iPr-DAB)]™ and
[Mn(CO)3(rBu-CAT)]™ were done for the real complexes.
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