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ABSTRACT: A density functional theoretical (DFT) study organometallic M-bpy: what is the bpy oxidation level?
(B3LYP) has been carrled out on 20 organometallic complexes M = Sc, Ti, V, Mn, Fe, Co, Ru, Zr, Rh
containing 77°>- and/or 77>-coordinated cyclopentadienyl anions
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(Cp ) and 2,2'-bipyridine (bpy) hgand(s) at varying oxidation
levels, i.e., as the neutral ligand (bpy®), as the 77-radical monoanion
(bpy* ™), or as the diamagnetic dianion (bpy”~)>". The molecular
and electronic structures of these species in their ground states and,
in some cases, their first excited states have been calculated using
broken-symmetry methodology. The results are compared with
experimental structural and spectroscopic data (where available) in
order to validate the DFT computatlonal approach. The followmg electron-transfer series and complexes have been studied:
[(Cp),V(bpy)]®"** (1-3), [(Cp),Ti(bpy)] ">*** (4—7), [(Cp),Ti(biquinoline)]** (8 and 9), [(Cp*), Ti(bpy)]° (10) (Cp
pentamethylcyclopentadienyl anion), Cg*Co(bpy) 19" (11 and 12), [Cp*Co(bpy)CI]+ ¥ (13 and 14), [Fe(toluene) (bpy)]° (15),

[Cp*Ru(bpy)] ™ (16), [(Cp),Zr(bpy)]” (17), and [Mn(CO);(bpy)]~ (18). In order to test the predictive power of our
computations, we have also calculated the molecular and electronic structures of two complexes, A and B, namely, the diamagnetic
dimer [Cp*Sc(bpy)(u-Cl)], (A) and the paramagnetic (at 25 °C) mononuclear spec1es [(7°-CsH4(CH,),N(CH,),)Sc("bpy)-]
(B). The crystallographically observed intramolecular 77— interaction of two N,N’-coordinated s7-radical anions in A leading to an
S = 0 ground state is reliably reproduced. Similarly, the small singlet—triplet gap of ~600 cm ™" between two antiferromagnetically
coupled (bpy"™)~ ligands in B, two ferromagnetically coupled radical anions in the triplet excited state of B, and the structures of A
and B is reproduced. Therefore, we are confident that we can present computationally obtained, detailed electronic structures for
complexes 1—18. We show that N,N’-coordinated neutral bpy® ligands behave as very weak 7 acceptors (if at all), whereas the
(bpy”)*~ dianions are strong 77-donor ligands.
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B INTRODUCTION
2,2/-Bipyridine (bpy) and its C-substituted derivatives are argu-

complexes [AI"'Cl,(bpy®),]Cl-MeCN® and [Li(THF),][AI""-
(bpy*"),] (THF = tetrahydrofuran).” The characteristic struc-

ably the most commonly used bidentate nitrogen-donor ligands in
coordination chemistry." Many main-group metal ions, lanthanoid
ions, actinoid ions, and transition-metal ions form coordlnatlon
compounds containing up to four N,N'-coordinated ligands.” It
was recognized very early that these bpy ligands” can exist in three
different oxidation levels, all of which have been characterized by
X-ray crystallography. These are the neutral (bpy®),” the 7r-radical
monoanion [ (bpy” ) ~],*and the diamagnetic dianion [ (bpy 7))

(Figure 1 and Table 1). All of these forms can bind in a bidentate
fashion to a Lewis ac1d such as amain- group metal ion hke A7
a transition-metal ion,*® and lanthanoid'® or actinoid'* ions. The
structures of some transition-metal-ion, lanthanoid, and actinoid
complexes containing the s7-radical monoanion (bpy™ )~ are
given in refs 8—10 and 11, respectively. The problem is, how do
we determine the ligand oxidation level in a given coordination
compound unambiguously? A very clear example for the ob-
served structural changes between N,N’-coordinated bpy” and
dianion (bpy”~)*" is shown in Figure 1 for the two diamagnetic
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tural features of an uncoordinated neutral® (bpy®) and alkaline
salts of the monoanion® (bpy* ™)~ and dianion” (bpy”~)* ™ are
summarized in Table 1.

The lowest unoccupied molecular orbital (LUMO) of neutral
bpy® shown in Figure Ic is 7 bonding between C1—C1’ and
C2—C3 and 7 antibonding between C1—N, C1—C2, and
C3—C4. It is therefore expected that filling of this LUMO
with one or two electrons will result in a stepwise shortening
of the C1—C1’ and C2—C3 bonds in the s-radical mono-
anion and the diamagnetic dianion, respectively, whereas the
bonds C1—N, C1—-C2, and C3—C4 are expected to undergo
some expansion (Table 1). Experimentally, the bond C1—C1’
exhibits the largest structural change upon one- and two-
electron reduction: bpy” — (bpy" ™)~ — (bpy’ )> : ~149 A —
~143A— ~138 A
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Figure 1. (a) Numbering scheme of the bpy ligand used in this work;
(b) oxidation levels of bpy; (c) 7*-LUMO of bpy; (d) intrali%and bond
lengths of an AI"™(bpy”) complex (left, ref 6) and an AI"™(bpy*")
complex (right, ref 7).

Table 1. Bond Lengths (A) of the Neutral, Monoanionic, and
Dianionic 2,2'-Bipyridine Ligands [(bpy®), (bpy" ), and

(bpy* )*"]
3
OO

°—N; Ny
bond, A (bpy”)°® (bpy )~ " (bpy*)**
ci—-cr 1.490(3) 1.431(3) 1.376(4)
CI1-N1 1.346(2) 1.388(2), 1.391(3) 1.437(4), 1.436(5)
C5—N1 1.341(2) 1.337(2), 1.337(2) 1.336(4), 1.337(4)
C4-CS 1.384(2) 1.375(3), 1.372(3) 1.365(5), 1.365(6)
C3—C4 1.383(3) 1.403(3), 1.406(4) 1.410(6), 1.412(7)
C2—-C3 1.385(2) 1.366(3), 1.363(3) 1.335(6), 1.336(6)
Cl-C2 1.394(2) 1.429(3), 1.428(2) 1.447(5), 1.448(5)

It has been repeatedly stated in the literature that an a priori
assignment of a bpy oxidation level (neutral, 7z-radical anion, and
dianion) based solely on the intraligand bond lengths in a given
transition-metal complex is not feasible “because a one-electron
reduction of the [(bpy”)] ligand has the same qualitative effect as
enhanced s7-backbonding from a reduced metal center.”® It is
this notion that, in the past, has hampered the correct electronic
structural description of a number of so-called “low-valent”
organotransition-metal complexes containing reduced N,N’-co-
ordinated bpy ligands (mono- or dianions).

In our view, the 7T-accepting character of neutral N,N’-coordi-
nated bpy ligands and its influence on the C—C and C—N bond
distances have been overestimated in the literature.'* '* This
was already pointed out by Tom Dieck et al. in 1975."> Neutral
bpy® has been classified as a weak 7 acceptor in the spectro-
chemical series, and no significant structural changes have been
observed upon coordination to high- or low-valent transition-metal
ions that could unambiguously be attributed to T-acceptor properties.
Consider, for example, the crystal structures of [Mn(bpyo)3]2+
(8S=0), where M = Fe, Ru, and Os, each possess a filled t2g6 metal
d-orbital set,"® which is, in principle, ideally suited for the study of

metal-to-ligand 7t backdonation. Clearly, the C—N and C—C
bond distances of these dications (Table 2) are indistinguishable
within the 30 error limits: specifically, the C1—C1’ bonds are
invariably at 1.47 &= 0.01 A. The same holds true for the trications
[(M™(bpy®)3]>" (M = Co, Rh, Ir), which also possess a t2g6
electron  configuration.'” The corresponding complexes
[Crm(bgyo)ﬂ 18 and [Gam(bpyo)3:|3+19 containing metal ions
with 3d” and 3d'® electron configurations, respectively, display
the same metrical details of the bpy® ligands as the other species
described above. Although we have found no structural evidence
that bpy” is a T acceptor, the magnitude of the error in the bond
lengths determined by X-ray crystallography is large enough that
very weak s-back-bonding interactions cannot be observed by
this technique. UV —vis absorption spectroscopy is a much more
sensitive tool to address the question of whether bpy® is a 7
acceptor, and such studies*® have revealed that bpy is indeed a
very weak 77 acceptor (much weaker than CN ™), consistent with
this effect being too small to observe crystallographically.

In this context, it is also interesting and revealing that the
diamagnetic neutral complex [(CO),Cr’(bpy®)]°, first pregared
in 1935*' and crystallographically characterized in 1992,%* dis-
plays the same structural features of an undisturbed neutral bpy°
ligand® [C1—C1" at 1.471(5) A] as in [Cr™(bpy®);]**."® This
neutral complex has been chemically (Na) and electrochemically
reduced by one electron, generating the paramagnetic monoanion
[(CO),CP(bpy )]~ (S = '/,);” the electron paramagnetic
resonance (EPR) spectrum, the UV—vis spectrum, and its geome-
try-optimized-calculated (density functional theory, DFT) struc-
ture” unambiguously reveal the presence of an N,N'-coordinated
radical monoanion (bpy" ™)~ (the calculated C1—C1’ distance is
short, at 1.423 A). The neutral species has also been electrochemi-
cally one-electron-oxidized, affording the paramagnetic monocation
[(CO),Cr'(bpy”)]* (S = /). Tts EPR spectrum and calculated
structure™ unambiguously show that the central chromium ion
possesses alow-spin d° (S ='/,) electron configuration and a neutral
bpy” ligand. We note in passing that the above monoanion, prepared
in 1972 by Kaizu and Kobayashi, is probably the first transition-
metal-ion complex containin% a (bpy" )~ ligand that has been
correctly identified as such.>*

It is noteworthy that all complexes containing a bona fide
N,N’-coordinated (bpy”~)~ s-radical monoanion® " display
C1—Cl’ bonds in the rather narrow range of 1.41—143 A
(Table 3). Again, there is no continuous variation of this bond
with varying 77-donor (or acceptor) strength of the central metal
ion observed.

To the best of our knowledge, N,N'-coordinated (bpy”~)*~
dianions have unambiguously been structurally characterized
onl¥ three times, namely, in tetrahedral [AI"'(bpy* ),] , in
[z (bpy*7)s]*", and in [La"(Tp"**)(bpy*”)(THF),]’, in
refs 7, 12, and 9, respectively. In all three cases, the C1—C1’ bond
at 1.36 £ 0.01 A is indicative of a C=C double bond. Thus, the
three oxidation levels of N,N’-coordinated bpy ligands can, in
principle, be readily identified by X-ray crystallography. For
example, in a recent report, Irwin et al.® have reported the crystal
structures of [Fe" (bpy”)(mes),]° and its one-electron-reduced
monoanion [FeH(bpy'*)(mes)z]f (mes represents the ligand
2,4,6-Me;CgH, ™). The metrical details of bpy0 and of its radical
monoanion (bpy” )~ clearly show that both forms can be iden-
tified and differentiated by X-ray crystallography (Table 3). The
N,N’-coordinated s-radical anion exhibits a C1—C1’ bond
length at 1.418(3) A, whereas the same bond in the neutral
bpy’ ligand is found at 1.481(3) A.
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Table 2. Experimental Bond Lengths (Averaged) in N,N’-Coordinated Neutral bpy Ligands in [M(bpy®);]"" Complexes
(Numbering Scheme as in Table 1)

complex ref Cl1-Cl, A C1-NI1, A C5—N1, A
[Cr™(bpy®)s)** 18 1.470(8) 1.348(9) 1.361(8)
[Ee"(bpy®)s]** 16a 1.472(7) 1.350(5) 1.353(5)
[Ru"(bpy®);]** 16b 1.474(8) 1.354(6) 1.348(6)
[0s" (bpy®),]** 16¢ 1.495(7) 1.359(9) 1.349(7)
[Co™ (bpy®)s]* 17a 1.468(4) 1.360(4) 1.339(4)
[Rh"(bpy®)s]** 17b 1.48(2) 1.34(2) 1.36(1)
(1" (bpy®);]** 17¢ 1.45(1) 1.36(2) 1.31(3)
[Ga"(bpy®),]** 19 1.478(9) 1.353(9) 1.340(9)
[z (bpy*)s)*~ 12 1.360(9) 1.437(7) 1.370(9)

C4—Cs, A

1.357(10)
1.379(5)
1.374(6)
1.359(9)
1.374(4)
1.36(2)
1.39(3)
1.39(1)
1.357(10)

C3—C4, A

1.357(20)
1.379(7)
1.372(8)
1.38(1)
1.359(5)
1.38(2)
1.35(3)
1.37(1)
1.44(1)

C2—C3,A

1.380(10)
1.385(5)
1.388(8)
1.366(9)
1.371(S)
1.37(2)
1.35(3)
1.395(10)
1.34(1)

C1-C2, A

1.370(9)
1.384(S)
1.379(7)
1.388(8)
1.377(5)
1.39(1)
1.37(3)
1.38(1)
1.433(9)

Table 3. Crystallographic Bond Lengths in N,N'-Coordinated bpy Ligands in Selected Complexes (Atom Numbering as in Table 1)

complex ref ci—-c1,A C1-NI, A CS—NI, A C4—Cs, A C3—C4, A C2—C3,A C1-C2,A
A 26 1.419(9), 1.387(8), 1.351(8), 1.370(8), 1.403(7), 1.367(9), 1.399(7),
1.415(9) 1.397(8) 1.346(8) 1.373(7) 1.411(7) 1.356(7) 1.407(7)
B 27 1.422(5), 1.366(5), 1.360(5), 1.344(7), 1.357(7), 1.389(6), 1.364(6), 1.404(6),
1.410(5) 1.380(5) 1.348(5) 1.349(6) 1.411(6) 1.349(6) 1.402(6)
1 28b 1.422(3) 1.388(3) 1.372(2) 1.368(3) 1.415(3) 1.368(3) 1.416(3)
2 28b 1.466(4), 1.358(3), 1.338(4), 1.376(4), 1.390(4) 1.381(4), 1.378(4), 1.394(4),
1.473(4) 1.353(3) 1.346(4) 1.371(5) 1.374(4) 1.400(4)
3 29 1.465(4) 1.349(4) 1.347(4) 1.375(5) 1.375(5) 1.371(5) 1.389(4)
S 3la 1.422(9) 1.381(9) 1.355(8) 1.38(1) 1.395(20) 1.385(10) 1.43(1)
7 32 1.46(2) 1.35(1) 1.37(1) 1.37(2) 1.37(2) 1.38(2) 1.375(20)
10 3la 1.409(5) 1.386(5), 1.342(5), 1.364(7), 1.360(8) 1.360(9), 1.352(8), 1.410(6),
1.382(5) 1.340(5) 1.381(9) 1.352(8) 1.420(6)
11 38 1.419(3) 1.385(3) 1.376(3) 1.366(3) 1.401(4) 1.364(4) 1.410(3)
15 38 1.417(3) 1.383(2) 1.371(2) 1.368(2) 1.406(3) 1.370(3) 1.409(2)
16 38 1.407 1414 1.382 1.354 1.418 1.367 1421
17 38 1.40(1) 1.39(1) 1.38(1) 1.35(1) 1.42(1) 1.35(1) 1.44(1)
18 38 1.418(3) 1.384(3) 1.373(3) 1.363(4) 1.411(4) 1.365(4) 1.412(4)
[Fe"(bpy?)(mes),]° 38 1.481(3) 1.350(3) 1.343(3) 1.381(3) 1.380(4) 1.383(4) 1.397(4)
[Fe"(bpy™™) (mes),]” 38 1.418(3) 1.385(2) 1.355(2) 1.371(3) 1.400(4) 1.358(4) 1.418(3)

Broken-symmetry DFT calculations can also provide data that
allow a distinction to be made between the oxidation state of the
central metal ion and the oxidation level of the N,N’-coordinated bpy
ligand. We will use this computational tool here for a series of known
organometallic compounds of the type [ (Cp),M(bpy)]" (M =V, Tj;
n=1—,0, 1+, 2+) (complexes 1—7 and 10), [(Cp*)Co(bpy)]”*
(11 and 12), [(*toluene)Fe(bpy)]° (15), [(Cp*)Ru(bpy)] -
(16), [(17°-Cp);Zr(bpy)]® (17), and [(CO)sMn(bpy)]~ (18).
We will also include two 2,2-biquinoline complexes [(Cp),Ti-
(biquinoline)]** (8 and 9), as shown in Schemes 1 and 2. We will
characterize their electronic structures by broken-symmetry DFT
calculations and validate these results with the reported experimental
data (X-ray crystallographic data, magnetochemistry, EPR spectros-
copy, etc.) in an effort to gain chemical insights into the nature of these
complexes using established computational methodology.

B RESULTS

1. Experimental Details of Complexes A and B. Because the
oxidation state of scandium in most known coordination com-
pounds is I+ with a d° electron configuration, we will first
consider two organometallic scandium complexes A and B

9775

containing one (in A) or two (in B) N,N’-coordinated bpy-type
ligands per Sc™ ion, namely, diamagnetic [(17°-Cp*)Sc-
(bpy'*)(/t-Cl)]z (A;8= 0)26 and [{WS‘C5H4(CH2)2N(CH3)2}‘
Sc"'("bpy"),] (B; S =0, 1).”” The ground state of B has not
been determined experimentally, but paramagnetism at ambient
temperature has been suggested [S = 1(2)] because of the
absence of normal "H NMR resonances.

== Cal
N 7 NN
n—1sg" _sel ¢
T — Nel \N —
~3.2A ¢ NN Y

The Evans method with B in a benzene solution yielded a
magnetic moment of 1.54 up at ambient temperature, possibly
indicating a spin equilibrium of a singlet state (S =0) and a triplet
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Scheme 1. Complexes and Spin States under Consideration

[(7*-Cp*)sc(bpy*)(4-Chl S=0 A
[(1%-CsH4(CH2)aN(CHa)2)Sc(Mbpy™),)° 8=01 B
[(r-Cp)(rP-Cp)V by ))° s=Y 1
[(7*-Cp)2V"(bpy "™ $=0,1 2
[(7°-Cp)2V"(bpy")** s=, 3
[(7*-Cp)(7*-Cp)Ti"(bpy* )] s=" 4
[(7°-Cp)oTi"(bpy")° =01 5
[(7*-Cp)aTi"(bpy%)]™* s=1, 6
[(7°-Cp)Ti" (bpy°)>* $=0 7
[(7°-Cp)Ti"(biquinoline*)]® S=01 8
[(77°-Cp), Ti"(biquinoline®)]* s=1 9
[(175-Cp), T (bpy")° §=0,1 10
[(7*-Cp*)Co" (bpy")1° §=0 1
[(#7*-Cp*)Co"(bpy)" s=1, 12
I(7*-Cp*)Co"(bpy®)C ™ s$=0 13
[(7*-Cp*)Co"(bpy®)CI)® s=1, 14
[(1/8-toluene)Fe'(bpy")]° s=0 15
[(7°-Cp*)Ru"(bpy*)T §=0 16
[(#7°-Cp)oZr (bpy®)° $=0 17
[(CO)sMn(bpy)I S=0 18
Scheme 2. Ligands and Abbreviations
e

©—|e

(o)™ (cpn’™

_ _ CH;
Q0 &

2,2'-bipyridine toluene

/ N\
\ N /
2,2'-biquinoline

? e

I

N\
[(CsHa(CH,)oN(CH3),] ™

\_/ N7

4,4'-dimethyl-2,2'-bipyridine ("bpy)

excited state (S = 1). Both A and B have been characterized
by X-ray cr}fsteillogr;aph}f,26’27 and all (bpy) ligands in A and B

display the characteristic C—C and C—N distances of an N,N’-
coordinated s7-radical monoanion (bpy" )~ (Table 3), as the
original authors have correctly noted. The C1—C1’ distances are
all in the narrow range of 1.416 &= 0.006 A. The 77°-coordinated
cyclopentadienyl monoanions and the presence of a putative Sc'"
ion in A and B render the oxidation level of the bpy ligand as a 71-
radical monoanion in both complexes. Because these (bpy” )~
anions in solid A are 77— interacting at a distance (centroid-to-
centroid) of ~3.29 A (between the two coplanar (bpy"™ )~
ligands), an intramolecular antiferromagnetic exchange coupling
between these two radical anions has been proposed to afford the
observed singlet ground state of A.*

In contrast, the two ("bpy” )™ radical anions N,N’-coordi-
nated to one Sc'" ion in B adopt a cis configuration with respect
to each other. The two spins can, therefore, couple intramole-
cularly antiferromagnetically, yielding a singlet ground state, or
ferromagnetically, yielding a triplet state. The above experimen-
tal results have led the authors®**” to the description of the
electronic structures of A and B, as shown above and in Scheme 1.
The Sc—N distances in A and B are long (~2.2 A) and rule out
significant s-bonding effects. We decided to test our DFT
methodology by computationally optimizing the geometry of A
and B and calculating their electronic structures (see the Results
section). We then apply this approach to more complicated cases
as encountered in complexes 1—18 (Scheme 1).

1.2. Complexes 1—3. The vanadium complexes 1—3%*° (their
structures are shown in Figures 3 and 4) formally constitute an
electron-transfer series, where 1 is neutral,”® 2 is a monocation,?“8b
and 3 is a dication;”” their ground states are reported as S = 1,0,
and '/,, respectively. All three compounds have been characterized
by single-crystal X-ray crystallography, and the bond distances of the
N,N'-coordinated (bpy) ligands are given in Table 3. It is interesting
that the cyclopentadienyl anions in 2 and 3 are both bound in an 77°
fashion, whereas in 1, one of these Cp~ anions is ring-slipped (77°-
coordination) and the other remains 7°*-coordinated. The (bpy)
structural data clearly indicate that there are neutral bpy° ligands in 2
and 3, rendering the oxidation state of the central vanadium ion as
I+ (d*electron configuration) in 2 and IV+ (d") in 3. Interest-
ingly, the bpy ligand in neutral 1 exhibits the characteristic geometric
features of a s-radical anion (Table 3), which implies the presence
of a V%™ jon (d).

TheS="/, ground state for 1 could be obtained via an intra-
molecular antiferromagnetic coupling between a high-spin V"'
(d*)ionand a (bpy" ") anion; i.e., the unpaired electron resides
in a metal-centered d orbital. Regrettably, its EPR spectrum has
not been reported in the original paper.”® Complex 3 also
possesses an S = 1 , ground state. Its X-band solution EPR
spectrum in acetonitrile”” exhibits the typical eight-line spectrum
with a large >'V hyperfine coupling constant of 67 x 10 *cm ™"
characteristic of a V'V ion.

In the original paper, Beckhaus et al.*® have not determined
the ground state of 2 unambiguously. In principle, it could be a
singlet or a triplet state (S=0, 1).

1.3. Complexes 4—10. Complexes 4—7 constitute the four-
membered electron-transfer series [ (Cp),Ti(bpy)] "*"*" of which
S and 7 have been characterized by single-crgstal X-ray crystal-
lography.**~** Complex 10 is [ (Cp*),Ti(bpy)]° *'* and complexes
8 and 9 are [ (Cp),Ti(biquinoline)]**,*** respectively, which have
all been structurally characterized [ Cp* represents the monoanion
pentamethylcyclopentadienyl(1—)]. Complexes 5—10 all contain
two 77°-coordinated cyclopentadienyl anions, a central titanium ion,
and an N,N'-coordinated bpy- or 2,2'-biquinoline-type ligand.

9776 dx.doi.org/10.1021/ic2005419 |inorg. Chem. 2011, 50, 9773-9793
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Inspection of the C1—C1’ bond lengths of the bpy ligands in
Table 3 immediately reveals that complexes $ and 10 contain
an N,N'-bound (bpy’ )~ s-radical anion. In neutral 8, the 2,2’
biquinoline ligand is also in its N,N’-coordinated, one-electron-
reduced form, affording its 7z-radical anion [biquinolinolate(1—)]
with a relatively short C1—C1’ bond at 1.432(2) A;* the same
distance in the monocation 9 is long [1.477(5) A] Rel indicating the
presence of a neutral ligand. These structural results imply that the
distribution of oxidation states of the central titanium is IV+ (d°)
only in 7; in all other complexes, the titanium ion possesses a III+
(d") oxidation state. Concomitantly, the oxidation level of the bpy
or biquinoline ligand is neutral in 6, 7, and 9 and monoanionic
(7r-radical type) in S, 8, and 10. This distribution is shown in
Scheme 1. The monoanionic complex 4 has only been discovered
electrochemically, and no structural or spectroscopic data have been
reported.” We assume here that 4 possesses an § = '/, ground state
because of the fact that it contains an uneven number of electrons
and is isoelectronic with 1.

The electronic structures of 5, 8, and 10 are very interesting,
For complex $, Stucky et al.** have established from magnetic
susceptibility (200—350 K) and EPR studies that this species has a
triplet excited state that is thermally accessible from the ground-state
singlet. The sin§let and triplet states are separated by ~600 cm '
(J=—300cm™ ', H=—2J-S,-S,,and S; = S, = ' /5; its diamagnetic
ground state has been confirmed by "H NMR spectroscopy at
ambient temperature in C¢D). The authors of ref 30a concluded
from Fenske—Hall molecular orbital calculations that one unpaired
electron occupies a molecular orbital that is localized on the Cp,Ti
moiety of 5, while the other resides in the lowest-energy s7* orbital of
bpy, generating a coordinated s7-radical anion (bpy” ) . They also
suggested that “the preferred molecular geometries of the singlet
and triplet states are not the same”. A bent structure is proposed for
the singlet configuration (ground state), whereas the C,, structure is
favored by a triplet configuration.*® The calculated dihedral angle o
of the two planes TiN, and the best plane of the N,N’-coordinated
(bpy" )™ in 5 is 10.1° (experimental value of 23.2°).>™ Re-
placement of the Cp ligands in § with Cp* produces complex
10, which exhibits a structure with an @ angle of only ~2.5°,%
implying a very small singlet—triplet energy separation. Solid 10 has
been shown to be paramagnetic by EPR spectroscopy, and the
intensity of the signal increases with decreasing temperature
between 300 and 100 K, possibly implying a triplet ground state
for 10. Note that the data sets of the crystal structures of 5 and 10
have been collected at ambient temperature, where the prevalent
spin states are S = 0 for 5 and S = 1 for 10.

Complexes 8 and 9 have been structurally characterized,
but their electronic structures have not been determined in
detail.>>** Complex 8 possesses a singlet or triplet ground state,
whereas complex 9 is assumed to possess an S = '/, ground state
consistent with that observed for isoelectronic 3.

The structure of paramagnetic 6 (St = '/,) has not been
determined,®® but that of related 9 has been reported.** The electro-
nic structures of both 6 and 9 have been proposed to be typical Ti"
species with one unpaired electron in a titanium-centered d orbital
and neutral bpy° and biquinoline® ligands, respectively. An S = '/,
ground state is predicted in both cases.

1.4. Complexes 11—14. Kaim et al.*” have electrochemically
investigated the electron-transfer couple [(#7°-Cp*)Co(bpy)]**
(11 and 12). The neutral complex 11 has been characterized by
X-ray crystallography,® and it has been reported to possess an S = 0
ground state. The structural data of 11 (Table 3) indicate the
presence of a (bpy” )~ st-radical anion, which implies a central Co"
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ion (Sc, = '/,) that is intramolecularly antiferromagnetically
coupled to the radical, affording the observed singlet ground state.
This description signifies a singlet diradical electronic structure for
11 ([(7°-Cp*)Co(bpy™ )%, § = 0)

Compound 12, namely, [(17°-Cp*)Co(bpy)]* (S = '/,), has
only been characterized in solution by EPR spectroscopy.” It
displays a rhombic signal (g, = 2.277, g, = 2.094, and g3 = 1.972)
with large **Co hyperfine splitting parameters (A; = 60 G, A, =
28 G, and A; = 30 G) typical for a low-spin Co" ion (d’, Sc, =
Sy = '/,). This indicates that, although the structure is not
known, a neutral bpy® ligand should be present.

The synthetic precursor to 12 is the diamagnetic species
[(7>-Cp*)Co™ (bpy°)CI]* (13)* (its structure is not known),
which contains a neutral bpy® ligand and a low-spin central Co""
ion (d° Sco = 0). The one-electron-reduced form [(7°-
Cp*)CoH(bpyO)Cl]o (14) has only been generated electroche-
mically in solution,®” and its electronic structure has not been
established, but it is rather unstable and loses a chloride ion,
generating the monocation 12.

1.5. Complex 15. Diamagnetic [(#°toluene)Fe(bpy)]°
(15)" is isoelectronic with complex 11. The structure of 15
has been reported,'* and the metrical details of the bpy ligand
(Table 3) clearly display the characteristics of a z-radical
anion (as in 11). This formulation predicts the singlet dir-
adical electronic structure [(né—toluene)FeI(bpyk)]0 (§=0).
The original authors'* have preferred a description where
“extensive 7-backbonding to a [ (bpy®)] ligand from a first-row
transition metal” prevails and accordingly assigned a formal
metal oxidation state of zero to iron, suggesting a closed-shell
singlet description for 18.

1.6. Complex 16. The monoanion in complex 16, namely,
[(nS-Cp*)Ru(bpy)]_, is also diamagnetic and isoelectronic with
15.*° This species has been generated by the reduction of
[(Cp*) (bpyo)RuHCIJ with an excess of KCg in THEF. Its crystal
structure has been determined,* and on the basis of the observation
of a normal '"H NMR spectrum, a singlet ground state has been
established, but the electronic structure of this species has not been
determined in great detail. There are two crystallographically
independent anions in the unit cell. The N,N’-coordinated bpy
displays the characteristics of a highly reduced neutral bpy” ligand
(Table 3), namely, a radical monoanion (bpy’ )~ or, even more
appropriately, a dianion (bpy”~)*". Thus, the electronic structure of
16 may be described as either [(ﬂS—Cp*)RuI(bpy'f)]f or [(n*-
Cp*)Ru"(bpy” )], i.e, a singlet diradical or a closed-shell singlet.
This is a typical situation where only careful DFT calculations will
allow us to discriminate between the two formulations.

1.7. Complex 17. The synthesis of the zirconium complex 17
(Figure 15) has been rep01'ted.3’0’4la’41b From its normal 'H
NMR spectrum, it has been suggested that 17 is diamagnetic
(S = 0 ground state). It is, therefore, unknown which of the
following possibilities describes the electronic structure of 17
correctly: [(ﬂS—Cp)ZZrH(bpyo)]o, [(nS—Cp)ZZrIH(bpy'*)]o, or
[(7°-Cp),Zc" (bpy* )],

The crystal structure of 17 has also been reported.*'s It
displays a highly distorted N,N’-coordinated bpy ligand with
dearomatization of the rings and a short C1—C1’ bond at
1.40(1) A. The authors of ref 41c interpret these distortions as
resulting from “donation of electron density from zirconium to
antibonding levels of the (bpy) unit”. They imply the presence of
ad’ electron configuration of zirconium: [ ( Cp)ZZrH(bpyO)]. The
structure of [(Cp),Zr(bpy) (OTf)](OTf) (S = 0) has also been
reported;*'? it clearly contains a neutral bpy° ligand [C1—C1’ at
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1.48(2) A] and, therefore, is best described by the electronic
structure [(Cp),Zr" (bpy®)(OTf)]*

1.8. Complex 18. The synthesis, crystal structure, and DFT
calculations for [ (Na(bf v")][Mn(CO);(bpy)] - Et,O (S = 0) have
recently been reported.*** The most mterestmg feature of the crystal
structure is the presence of a neutral bpy” ligand coordinated to the
sodium cation and a reduced (bpy’ )~ sr-radical anion coordinated
to the manganese atom (Table 3). The electronic structure of the
anion 18 could then be described as [Mn’(CO);(bpy 7p K ~, where
the singlet diradical is composed of a central Mn” (d SMn '/,) and
an antiferromagnetically coupled 7- radlcal anion (bpy 7). The
reported closed-shell DFT calculations™* revealed a highest occu-
pied molecular orbital (HOMO) with 57% bpy character and 29%
manganese character; these restricted Kohn—Sham (RKS) calcula-
tions are not suited for identifying a singlet diradical configuration as
is invoked by the above electronic structure description. Therefore,
we have repeated the calculations using the broken-symmetry
formalism in an attempt to identify a singlet diradical solution for
18 (see below). Interestmgly, the structure of the related compound
[Mn'(CO)3(bpy”)I]° (S = 0) reveals the presence of a neutral bpy”
ligand, rendering the oxidation state of the central Mn ion as I+ (d°
Sy = 0).° Anion 18 may also be described by the following
resonance structures: [(CO)3MnI_ (bpy”)]~ (Mn d®, Sym = 0)

< [(CO):Mn’(bpy” )]~ (M, d, Sy, = 1/2) <> [(CO)Ma'
+(bpyz*) (Mn™, d6 SMn 0). The authors in ref 42a describe
their results on 18 as follows: “[t]he data are consistent with a
substantial localization of electron density in the 7% LUMO of the
Mn-bound bpy ligand and the formulation of [Mn(CO);(bpy)] -
as a compound with fully delocalized 77-bonding in the Mn(bpy)
metallocycle and strong (bpy)Mn — CO zr-backdonation”. This
description is equivalent to the latter two above resonance structures
and formally involves electron 7 donation from a (bpy* )*™ to a
Mn" ion with concomitant (bpy” )Mn'" — CO backdonatlon,
the first of the three above resonance structures involving a bpy®
ligand and a Mn'~ ion plays a very minor role.

2. DFT Calculations. The geometries of all complexes were
optimized using the B3LYP hybrid functional for spin-unrest-
ricted Mg & S = x systems, where the crystallographically
determined molecular structures (if available) were used as the
starting geometry. In general, the agreement between the
experimental and calculated intraligand bond distances is excel-
lent. The calculated bond lengths and other structural details are
available in the Supporting Information in the form of molecular
xyz coordinates. The M—X bond lengths are 0.06—0.09 A longer
than the experimental values, a feature that is typical of the
B3LYP functional. The calculated C1—C1’ bond distances of the
bpy ligands in complexes A, B, and 1—18 are given in Table 4.

2.1. Complexes A and B. The geometry-optimized structures
for the S = 0 and 1 spin states of complex A are shown in Figure 2.
Only the closed-shell (S = 0) optimized structure was found to be
in excellent agreement with the experimental structure.”® The
metrical data of both bpy ligands display the typical 7-radical
monoanionic (bpy” )~ character. An intramolecular 77— inter-
action between the two N,N’-coordinated (bpy" )™ ligands is
observed, with a distance of 3.28 A between the centroids of the
two bpy ligands (experimental value is 3.30 A”®). The HOMO of
A, shown in Figure 2a, is shared across both (bpy” )~ ligands.
This HOMO has 82.4% bpy character and only 15.0% scandium
character. The spins of the two electrons in this HOMO, formally
from the two (bpy” )  radical pairs, are in an antiparallel
alignment (Pauli principle). Thus, A possesses a diamagnetic
ground state. The five empty metal d orbitals are at higher energy,

Table 4. Calculated and Experimental C1—C1’ Bond Dis-
tances (A) and Corresponding Assignment of the Oxidation
Level of N,N’-Coordinated bpy Ligands

complex exptl caled assignment
A 1.419(9), 1.415(9) 1.439 (bpy" ™)™
B 1.422(5), 1.410(S) 1.432, 1.432 (bpy™ )~
1 1.423(3) 1.424 (bpy" )~
2 1.466(4), 1.473(4)* 1.476 bpy’, bpy’
3 1.465(4) 1472 bpy°
4 nd’ 1.395 (bpy> >~
5 1.422(9) 1.427 (bpy" )~
6 nd” 1.479 bpy®
7 1.46(2) 1.476 bpy°
8 1.432(2) 1.438 (biquinoline™ ™)~
9 1.484(5),7 1.477(5)" 1.484 biquinoline”
10 1.409(5) 1.424 (bpy )~
11 1.419(3) 1.428 (bpy™ )~
12 nd’ 1.474 bpy°
13 nd’ 1.473 bpy°
14 nd’ 1.484 bpy°
15 1.417(3) 1.427 (bpy ™)~
16 1.413(9), 1.401(9) 1.408 (bpy* ™ )*~
17 1.40(1) 1.425 (bpy* ™ )*>~
18 1418 1.419 (bpy" )~

“There are two crystallographically 1ndependent monocatlons in the
crystals of 2. " nd = not determined. “ From PFq ~ salt.  From I3 salt.

as was expected for a d° electron configuration at each Sc™" ion.

Therefore, the present DFT calculations validate the structure
and proposed ground state (S = 0) of A.

We have also optimized the structure of A for a triplet excited
state. This structure is shown in Figure 2b. Interestingly, the bond
lengths of the bpy ligands still indicate s7-radical monoanionic
character (bpy”™)~, but in contrast to the structure of the singlet
state of A, the 77—t interaction between the two (bpy” )™ radicals
does not exist anymore in its triplet excited state (centroid-to-
centroid distance of 3.65 A). The two planar Sc(bpy”™~) moieties
are now twisted away from each other so that the lowest-energy 7*
orbitals of the (bpy” )~ ligands cannot overlap and the two spins of
the [Sc(bpy” )~ ], unit order in a ferromagnetic fashion [the plane-
(bpy1)—centroid(bpyl) —centroid(bpy2) angle is 68.1°]. The en-
ergy difference between the geometry-optimized singlet ground state
and the triplet excited state is calculated to be 6.4 kcal/mol. The two
unpaired electrons in the triplet state reside in the bonding and
antibonding combinations of the 77* orbitals of the two (bpy™ )~
ligands.

The molecular structure of B has been optimized using a RKS
closed-shell (S = 0) and a broken-symmetry BS(1,1) (Mg = 0)
approach; the latter solution was found to be more stable by 3.6 kcal/
mol and is shown in Figure 3. The optimized geometry of the
broken-symmetry solution for B is in excellent agreement with
the experimental geometry” and indicates the presence of two
(bpy” ™)~ radical anions and a central Sc"" ion with a d° electron
configuration, as revealed by the Mulliken spin-density distribution
(ot spin of 0.89 and /5 spin of —0.90, each on the bpy ligands). The
two SOMOs possess 89.4% and 89.9% ligand character for the first
and second (bpy” )~ ligands, respectively. The geometry of the
triplet excited state of B is nearly identical with that of the ground
state (Mg = 0; Figure 3). The singlet—triplet energy gap has been
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46.6% bBY! 5OMOs
82.4% bpys 45.4% bpy2

Figure 2. Calculated structures of A: (a) S = 0, including the HOMO (isoelectron density surface 98.0%) of A; (b) S = 1, including
the two SOMOs of A and the spin-density distribution plot (Mulliken). Color code: green, scandium; pink, chlorine; blue, nitrogen;
black, carbon.

1.392 A 1.383 A

1391A  1.383A (b)

0.94
SPIN-DENSITY PLOT

SPIN-DENSITY PLOT !

Figure 3. Calculated structures of B [(a) S=0and (b) S= 1] and the SOMOs and spin-density distribution (Mulliken). The overlap integral (S) in
part a is the calculated spatial overlap between the 0.- and (3-spin components of the magnetic orbitals. Color code: green, scandium; blue,
nitrogen; black, carbon.
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Figure 4. Calculated structure of 1 (S ="/,), the SOMOs (S represents
the overlap integral), and the spin-density distribution (Mulliken).
Color code: green, vanadium; blue, nitrogen; black, carbon.

calculated to be ~390 cm ™" (J= —293 cm ™ ").* This is in very good
agreement with experiment, where it was shown by 'H NMR
spectroscopy (Evans method) that B is paramagnetic (1.54 ug per
Sc ion) in a benzene solution at ambient temperature. Antiferro-
magnetic spin exchange coupling between two cis-configured biden-
tate ligand radicals (e.g, semiquinonates) in an octahedral complex
mediated by a diamagnetic metal ion has been described in the past.**

In summary, the agreement between the above DFT calcula-
tions and the experimental data on complexes A and B convin-
cingly demonstrate the power of this methodology.

2.2. Complex 1. Geometry optimization of 1 [B3LYP, BS-
2,1); S = '] using the experimental atom coordinates as the
starting point faithfully reproduces the experimental structure,
including the 77°-binding mode (ring slippage) of one Cp ~ ligand
and the more symmetric 77° mode of the other Cp  ligand.
Interestingly, a geometry optimization using the atom coordi-
nates of 2 (containing two 77°-bound Cp ™~ ions) as the starting
geometry also affords a structure with one #7°-bound Cp ™~ anion
and one 77>-bound Cp~ anion, but the relative positions between
the 77°-Cp and bpy ligands differ from those of the first optimized
structure. The latter solution represents a local energy minimum;
it is ~§ kcal/mol higher in energy than the first. Clearly, the ring
slippage in 1 has an electronic origin.

The N,N’-coordinated bpy ligand in 1 displays the character-
istic features of a s77-radical anion (bpy” )~ (Tables 3 and 4). The
central vanadium ion must, therefore, possess a III+ oxidation
state (d% Sy = 1). The calculated Mulliken spin-density distribu-
tion in 1 (Figure 4) is in excellent agreement with this formula-
tion, where a single electron is localized on the bpy hgand and
two unpaired electrons are located at the central V" jon. The
intramolecular coupling between these three electrons is anti-
ferromagnetic, yielding the observed S = l, ground state, with
the unpaired electron residing in a metal-centered ~d,, orbital.

Table 5. Ring-Slippage Parameters of the 77°>-Cp ~ Rings of 1
and 4 (See Reference 28b for Definition of the Ring-Slippage
Parameters)

compound A(A)  W(deg) AM-C,.(Ad) Q(deg)
1 (experimental)®®®  0.88 22 0.56 83
1 (calculated) 0.81 20 0.52 8.0
4 (calculated) 0.23 6 0.15 14

An antlferromagnetlc coupling constant (J) of —895 cm ™" has
been calculated.”® Consistent with the magnitude of the calcu-
lated antiferromagnetic coupling constant, the overlap integral
(S) between the two magnetic orbitals is 0.4S, which indicates a
strong interaction.

The three limiting electronic structure possibilities of 1, given
its experlmenta]ly established S = '/, ground state, are (a) low-spin
V" (d*) with a neutral bpy® ligand, (b) high-spin V" (d*, Sy = 1)
antlferromagnetlcally coupled to a (bpy” ) radical anion providing
an overall spin S = '/,, and (c) low-spin V" (d% Sy = 0) with a bpy-
centered radical anion. Electronic structure description (a) is ruled
out based on the observed bpy metrical parameters, which indicate
the presence of a (bpy’ )™ radical anion. Electronic structure
description (c) is ruled out because, in this formulation, there is
no driving force for the observed ring slippage of one of the Cp~
ligands. On the basis of the X-ray crystal structure alone, electronic
structure description (b) is favored because a high-spin V" (%,
Sy = 1) requires occupation of a d orbltal that is 77 antibonding with
two carbon atoms of one Cp ring,** providing the driving force for
the ring slippage; occupation of this d orbital also provides a
mechanism for a productive antiferromagnetic coupling interaction
with the singly occupied 77* orbital of the (bpy”™ ) ™ ligand, allowing
the central vanadium to be in-plane with the average plane of the bpy
carbon and nitrogen atoms (cf. complex 4, vide infra). It is reassuring
that the broken-symmetry BS(2,1) calculations reproduce this
predicted electronic structure description, and the ring-slippage
parameters of the optimized geometry agree very well with the
experimental values (Table 5).

In summary, the molecular and electronic structure of the
17-electron species 1 is best described as [(17°-Cp) (1’ Cp)VIII
(bpy")]°with an Sy = '/, electronic ground state, which is attained
via a strong intramolecular antiferromagnetic coupling between
a high- spm V™ ion (d% Sy = 1) and a (bpy” )~ 7-radical anion
(SL = '/5). Our data do not corroborate the proposed electronic
structure of 1, namely, [Cp,V"(bpy®)]°*® and instead are consis-
tent with the electronic structure descnptlon described above.

2.3. Complex 2. The geometry of the monocation [ Cp,V(bpy)]”
(2) was optimized by an unrestricted Kohn—Sham (UKS) calcula-
tion (S = 0) starting from the experimental atom coordinates.
Excellent agreement between the experimental and calculated
structures (Figure 5) has been achieved. There are two 77°-bound
Cp anions and a neutral N,N’-coordinated bpy present. The central
vanadium ion possesses a III+ oxidation state and its electronic
configuration is Jow-spin (dxyz; the HOMO is 83.7% vanadium in
character). The calculated C1—C1’ distance of the bpy ligand in the
cation 2, at 1476 A (Table 3), agrees well with experlment and
unambiguously indicates the presence of a neutral bpy” ligand.
Attempts to find a broken-symmetry [BS(1,1), Mg = 0] solution
failed, in each case converging to the same solution described above.

We have also calculated and optimized the structure of the para-
magnetic (S = 1) excited state of the monocation in 2 (Figure S).
Despite using a starting geometry with two 7°-bound Cp~ ligands,
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Figure S. Calculated structures of2[(a) S=0; (b) S=1]and 3 [(c) S="/,]: (a) HOMO of 2 (S = 0; (b) SOMOs and spin-density distribution of 2
(S=1); (c) SOMO of 3 (S = "/,). Color code: green, vanadrum, blue, nitrogen; black, carbon.

the final optimized structure contains one 77°-bound Cp~ ligand and
one 77°-bound Cp llgand the bpy bond lengths remain consistent
with the formulation bpy’. Thus, ring shppage is observed in the
excited state, as expected for a high-spin d” configuration (cf. 1). The
triplet structure of 2 is 2 kcal/mol higher in energy than the
diamagnetic ground-state structure that contains two # >-bound
Cp anions (Figure S). Note that the singlet and triplet geometries
of 2 have been calculated for a single molecule in the gas phase. In the
solid state, ring slippage may not be observed because of steric
hindrance and, consequently, the S = 1 excited state may not be
accessible up to room temperature Single- pomt calculations of the
crystal-structure geometries of 2% (with two 17°-bound Cp~ ligands)
reveal a singlet—triplet energy separation of 14—16 kcal/mol,
reflecting the large driving force for ring slippage in the case of a
high-spin d” configuration. In both the ground- and excited-state
structures, the bpy ligand is neutral.

2.4. Complex 3. The geometry of the dlcatron [Cp,V(bpy)]**
(3) was optimized by a UKS calculatlon (S="/,) starting from
the experimental geometry (Figure 5c).”” Excellent agreement be-
tween experiment and theory is observed. There are two 77°-bound
Cp ™ anions and a neutral bpy” ligand present (Table 3), which
allows assrgnment of a formal oxidation state of IV+ to the central
vanadium ion (d"). The calculated electronic structure of the dication
confirms this notion: the ligands Cp~ and bpy carry essentially no
spin density, whereas the central vanadium ion has one unpaired
electron in the d,, orbital (93% vanadium character) This nicely
corroborates the experlmental EPR spectrum of 3.%

2.5. Complex 4. Frgure 6 shows the calculated structure of the
monoamon [(77 Cp)(n Cp)TlHI(bpy )] (4,5 ="/,). One
17°-coordinated Cp ™~ and one 77°-coordinated Cp~ are identified,
although the extent of ring slippage is lower than that in 1 (Table S).
The SOMO possesses 90.5% titanium d character, indicating that the
central metal is a Ti"" (d') ion. This oxidation state implies the
presence of an N,N'-coordinated (bpy*~)*" dianion, as is verified by
the fact that the doubly occupied HOMO of 4 possesses 80% bpy
character and only 13% metal d character. The titanium d character
in the HOMO of 4 indicates that a (bpy”~ )~ dianion is a 77 donor
and, consequently, the calculated C1—C1’ distance (1.395 A) is
shghtly longer than that in the sodium- and potassium-coordinated
(bpy” )*~ complexes. The Mulliken spin-density distribution
(Figure 6) shows that ~1.26 unpaired electrons are present at the
Ti'"" center and only —0.26 on the (bpy* )*" ligand.

Complexes 4 and 1 are formally isoelectronic; however, in 4,
we are assigning a ligand oxidation level of (bpy*~)*~, and in 1, we

SPIN-DENSITY PLOT

Figure 6. Calculated structures of 4 (S = '/,) and the SOMO, HOMO,
and spin-density distribution (Mulliken). Color code: green, titanium;
blue, nitrogen; black, carbon).

are assigning the level (bpy” ) . This difference is consistent with
the higher-energy d orbitals of titanium compared to vanadium. The
extent to which ring slippage of one Cp ™ ligand occurs is dependent
upon the occupation of the energetically second-lowest d orbital: in
the case of 1, this orbital is occupied by a single unpaired electron, and
in the case of 4, this orbital is less than half-occupied, in this case via 7t
donation from the (bpy* )>" dianion. This interpretation is con-
sistent with the extent of ring slippage of one Cp~ ligand being much
greater in 1 than in 4 (Table S).

2.6. Complex 5. The geometry of diamagnetic S was optimized
by a closed-shell (S = 0, RKS) and, alternatively, a broken-symmetry
BS(1,1) calculation. It was found that the BS(1,1) solution is 7.9
keal/mol lower in energy than the closed-shell solution. The opti-
mized structure agrees well with the experimental one (Figure 7).
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7)) 88.8%Ti

Figure 7. Calculated structure of 5 [(a) S = 0; (b) S = 1] and the SOMOs and spin-density distribution plots (Mulliken). Color code: green, titanium;

blue, nitrogen; black, carbon).

Thus, the neutral molecules in $ are singlet diradicals with one
unpaired electron in the 77* orbital of bpy and the other unpaired
electron in a metal-centered d orbital (dxyl, 88.5% titanium). It is
gratifying that the calculated geometry of the Ti(bpy" ™) unit is bent
with a dihedral angle o of 10.3° (exptl = 23.3°) between the TiN,
plane and the best plane of the bpy. The presence of the (bpy” )~ 7-
radical anion is identified by the calculated short C1—C1’ distance of
1427 A [exptl = 1.422(9) A].

The optimal structure of the triplet excited state (S = 1, UKS)
of § has also been calculated. As shown in Figure 7, the presence of
(bpy™™)~ is identified by the short C1—C1’ bond length (1.427 A).
The Ti(bpy" ) unit is now flat (the dihedral angle between the
TiN, and bpy planes is at ~0°), as has been proposed based on
Fenske—Hall molecular orbital calculations™ and which is consistent
with the experimental structures of isoelectronic 8** and 10,>' which
are proposed to be ground-state triplets. The calculated Mulliken
spin-density distribution shown in Figure 7 displays the 77*ligand
SOMO and the half-filled metal-centered d orbital; they are ortho-
gonal with respect to each other and constitute a ferromagnetic
superexchange coupling, yielding the observed S = 1 excited state.

Using the Yamaguchi approach,* we have calculated the
energy separation between the diamagnetic ground state and the
energetically low-lying triplet excited state of 5 to be ~300 cm ™
(JA —150 cm™"). This is in reasonable agreement with experiment
(J~ —300cm ).

Gratifyingly, our DFT methodology has reproduced the
molecular and electronic structure of 5 obtained by experiment.
The previous (mainly experimentally based) assignment of $ as
[(7>-Cp),Ti" (bpy")]° is corroborated by the present DFT
calculations. Our calculations even reproduce the bent nature of
the Ti(bpy’ ™) unit and its flat structure for the triplet excited
state (see also complexes 8, 10, and 17 vide infra). The origin of
the bending of the bpy plane away from the TiN, plane is
understood by the fact that this bending lowers the symmetry
from C,, to C, allowing the bpy 7* orbital (A’ symmetry) to
overlap with the singly occupied d,, orbital (A’ symmetry),
forming a weak o-bonding interaction between the two orbitals

that is maximized at ot = 90°. Given that the o-bonding interac-
tion between the nitrogen-centered (formally sp”) lone pairs and the
central titanium jon is maximized at & = 0°, it appears that balancing
these opposing interactions is responsible for the observed ot angle. It
is noteworthy that, in C,, symmetry, the d orbital has A; symmetry,
whereas the bpy 7% orbital has B, symmetry, precluding their
interaction in this point group. This bending contrasts the planarity
of 1 because the high-spin d” electronic configuration of the central
vanadium in 1 results in the occupation of a d orbital that has the
correct symmetry and spatial distribution for a productive overlap
with the bpy 77* orbital without deviating from @ = 0°; this interaction
is stronger than the bonding interaction in $, as is expected from
the spatial distribution of the orbitals involved and confirmed by
the calculated J values* for these compounds (J = —895 cm™ ' in 1
and —146 cm ' in §).

2.7. Complexes 6 and 7. The structures of the paramagnetic
monocation 6 (S ="/,) and of the diamagnetic dication 7 (S = 0)
have been optimized by UKS calculations using the atom
coordinates of 7 as the starting geometry (Figure 8). The
structural features of the N,N’-coordinated bpy ligands clearly
display the characteristics of the neutral oxidation level bpy® in
both cases. Also, both Cp~ monoanions are coordinated in an 77>
fashion in both 6 and 7. Therefore, the central metal ion must
have a Ill+ oxidation state (d") in 6 and a IV+ oxidation state (d°)
in 7. This is nicely borne out by the Mulliken spin-density
distribution (Figure 8), which shows a single unpaired electron in
a metal d orbital for 6 but no spin density on any atom in the
dication 7. Note that the calculated structure of 7 agrees well with
the experimental one;>” the structure of 6 has not been reported.
The LUMO of 7 becomes the SOMO in 6; both are metal-
centered d orbitals with 89.0% titanium character in 6 and 86.2%
in 7. These results corroborate the proposals by the previous
authors in refs 30 and 32.

2.8. Complex 8. The geometry of complex 8 (S = 0) has been
calculated using a closed-shell RKS and a BS(1,1) approach. The
broken-symmetry solution was found to be 15 kcal/mol lower in
energy than the closed-shell solution (Figure 9); the latter will
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SPIN-DENSITY PLOT

Figure 9. Calculated structure of 8 [(a) S = 0; (b) S = 1], including spin-density distribution plots (Mulliken) and frontier molecular orbitals.

Color code: green, titanium; blue, nitrogen; black, carbon.

not be considered further. We have also optimized the geometry
of the triplet state of 8 by a UKS calculation with atom coordi-
nates of 8 as the starting point. The bond distances and angles
of the singlet and triplet structures are nearly identical. In both
cases, the presence of a 2,2’-biquinolinate s7-radical anion is
established by a short C1—C1’ distance at 1.438 A [Table 3;
experimental value 1.432(2) A]; the Cp ™~ anions are all bound in
an 77° fashion. The singlet and triplet states are nearly degenerate,
with the singlet state being lower in energy by only ~0.02 kcal/
mol. The small singlet—triplet gap corresponds to a small cal-
culated antiferromagnetic coupling constant J of only —7 cm ™",
which is significantly smaller than is observed (—300 cm ™ ") and
calculated (—150 ecm™') for analogous 5. Notably, the Ti-
(biquinolinate®™) moiety is flat in both the singlet and triplet

states, whereas in S, the former is bent and only the latter triplet
state possesses a flat Ti(bpy™ ) unit.

The Mulliken spin-density distributions of the singlet and
triplet states of 8 (Figure 9) show that, in each case, one unpaired
electron resides in the biquinoline 77* orbital and the other
resides in a metal-centered d orbital. We propose that more
magnetochemical and spectroscopic data for 8 are needed in
order to test the validity of the above calculations.

2.9. Complex 9. The geometry-optimized (UKS) structure of
the cation [(Cp),Ti(biquinoline)]"™ (9), where the experimental
atom coordinates” were used as the starting geometry, clearly
shows the presence of a neutral 2,2’-biquinoline ligand and two
Cp ™ anions, which renders the central metal ion Ti"™ d" (the
calculated structural parameters are in excellent agreement with

9783 dx.doi.org/10.1021/ic2005419 |inorg. Chem. 2011, 50, 9773-9793



Inorganic Chemistry

FORUM ARTICLE

the experimental ones; see Figure 10). The electronic structure
description [(Cp)ZTiIH(biquinoline)]+ (St ='/,) is confirmed
by a Mulliken spin-density distribution analysis, which places a
single unpaired electron in a metal d orbital. This result gives us
confidence that the electronic structure of [(Cp)ZTiIH(bpyO)]+
(6, Sy ="'/,) is similar.

2.10. Complex 10. Calculations on the singlet state of
[(Cp*),Ti™(bpy"~)]° (10; see Figure 11) have been performed
in a fashion completely analogous to those described for 5 and 8
(see Figures 7 and 9). The broken-symmetry solution BS(1,1)
was found to be 12.7 kcal/mol lower in energy than the closed-
shell singlet RKS solution. The optimized geometry displays the
geometrical features of an N,N’-coordinated bpy 7-radical anion.
Both Cp*~ ligands are bound in an #7° fashion, and the Ti(bpy" ™)
moiety is flat. These results agree nicely with experiment. The
geometry of the triplet state of 10 has also been optimized (S =1,

90.4% Ti

Figure 10. Calculated structure of the cation 9 and its SOMO. Color
code: green, titanium; blue, nitrogen; black, carbon.

UKS). The singlet and triplet structures are virtually identical.
The energy of the singlet state is only ~0.1 kcal/mol lower in
energy than that of the triplet state and gives rise to the rather
small calculated antiferromagnetic coupling constant of
J=—39 cm ™. Experimentally, a triplet ground state has been
proposed based on the observation that the intensity of the
triplet EPR signal of solid 10 increases with decreasing
temperature (from 296 to 100 K). However, in this tempera-
ture range, the increase in the signal intensity with decreasing
temperature is expected if the antiferromagnetic coupling
constant is on the order of the calculated value even if
the ground state is a singlet. A full variable-temperature
(4—300 K) magnetochemical study is clearly called for.
Nevertheless, it is evident that the singlet—triplet (or triplet—
singlet) energy gap is small (<100 cm™ ') based on both the
experimental and computational results.

2.11. Complex 11. Geometry optimization of diamagnetic 11
was performed by a closed-shell singlet (RKS) calculation and a
broken-symmetry BS(1,1) calculation. The latter was found
to be 2.9 kcal/mol more stable than the RKS singlet solu-
tion (Figure 12a). The short C1—C1’ bond length of 1.428 A
[experimental value of 1.419(3) A] of the coordinated bpy li§and
indicates the presence of the sr-radical anion (bpy™ ) .** All
other C—C and C—N bond lengths also agree nicely with the
experimental structure. The Mulliken spin-density plot shown in
Figure 12a shows [3-spin density (~1e) located on the (bpy" )~
ligand and a-spin density (~1e) located on a low-spin Co' ion
(d7, Sco = '/,). The two sg)ins are strongly antiferromagnetically
coupled (J = —2740 cm™ ) and the spatial overlap integral S of
the two magnetic orbitals is 0.63. Of the magnetic orbitals of 11,
the O-spin component is predominantly cobalt in character
(75.5%) and the f-spin component is predominantly (bpy™ ™)~
in character (80.6%). The LUMO of 11 is a predominantly
cobalt-centered ¢-antibonding d orbital (61.5% cobalt). Com-
plex 11 is, therefore, best described as [(Cp*)Co"(bpy" )] a
singlet diradical. Our calculations contrast the proposed electro-

nic structure description of 11 as [(nS—Cp*)COI(bpyo)]O.37

89.7%Ti

SPIN-DENSITY PLOT

SPIN-DENSITY PLOT

89.6%TI

Figure 11. Calculated structure of 10 [(a) S = 0; (b) S = 1], with spin-density distribution (Mulliken) and frontier molecular orbital plots for both spin

states. Color code: green, titanium; blue, nitrogen; black, carbon.
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Figure 12. Calculated structures of (a) 11 (S = 0) and (b) 12 (S = '/,) and qualitative molecular orbital schemes and spin-density distributions

(Mulliken). Color code: green, cobalt; blue, nitrogen; black, carbon.

DFT calculations (RKS) of the related compound [(Cp*)Rh-
(bpy)]° have been reported;*” our attempt to find a broken-
symmetry solution for this species failed, and our calculations
reproduced the results of ref 47. The electronic structure discrepancy
between 11 and its Rh-containing congener [(Cp*)Rh(bpy)]°,
namely, that 11 is a diradical and the rhodium species is not, high-
lights the important affect of both metal d-orbital energy and spatial
distribution. In this case, [ (Cp*)Rh(bpy)]° is not a diradical because
the rhodium d orbitals are large enough that high covalency esta-
blishes the closed-shell singlet electronic structure even though the
HOMO contains nearly equivalent rhodium and bpy character
(35.8% and 40.3%, respectively). The calculated C1—C1’ bond
length of 1.435 A is consistent with the presence of a (bpy" ™)~
radical monoanion; however, given the closed-shell singlet character
of this species, we prefer the electronic structure description [ (Cp*)-
Rh™"(bpy”)]°, where substantial 77 donation from the (bpy”~)*~
dianion to the Rh™ center is responsible for the calculated C1—C1’
bond length.

2.12. Complex 12. Cation 12 is the one-electron-oxidized
form of 11; it possesses an S = ', ground state, but its structure is
not known.*” Geometry optimization (UKS) of the structure of

the monocation 12 (Figure 12b) shows that, in agreement with
the above calculations for 11, the electron removed upon one-
electron oxidation of 11 comes from the (bpy” )~ s-radical
anion to afford a neutral bpy® ligand in 12, consistent with the
long C1—C1’ bond (1.474 A) calculated for 12. The unpaired
electron resides in a cobalt-centered d orbital, as is observed by
the experimental EPR spectrum (COH, d’,s="/ 2).37

2.13. Complexes 13 and 14. For complex 13, namely, the
monocation [(17°-Cp*)Co™ (bpy®)CI]* (S = 0), both a broken-
symmetry and a closed-shell (RKS) calculation converged to the
same closed-shell solution (Figure 13a). The geometrical features are
summarized in Table 4. Note that no crystal structure of this species
has been reported. The calculated bond distances in the N,N'-
coordinated bpy ligand in 13 clearly show that it is present in its
neutral form (bpy'; calculated C1—C1’ bond length of 1473 A).
Therefore, the monocation 13 contains a central Co™ ion (d°,
Sco=0), an 775-Cp*7 monoanion, a chloride anion, and a neutral
bpy” ligand: [(17°-Cp*)Co™ (bpy”)CI]".

We have also performed a UKS calculation on the neutral one-
electron-reduced form of 13, namely, [(77°-Cp*)Co"(bpy”)CI]°
(14, S = '/,). Experimental structural data have not been reported
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Figure 13. Calculated structures of (a) 13 (S = 0) and (b) 14 (S = '/,) and qualitative molecular orbital schemes. Color code: green, cobalt; pink,

chlorine; blue, nitrogen; black, carbon.

for this compound.’” The geometry optimized structure
(Figure 13b) shows that a neutral bpy® is present (C1—Cl’ =
1.484 A) and the SOMO is a metal-centered d orbital (83.2% cobalt).
Thus, one-electron reduction of 13 is a predominantly metal-centered
process. Experimentally, it has been shown that complex 14 rapidly
loses a chloride ion in solution to afford comglex 12.

2 14. Complex 15. [(toluene)Fe(bpy)]® (15)"* contains an

17°-bound neutral toluene ligand, possesses a diamagnetic (S 0)
ground state, and is isoelectronic to [ (% —Cp*)CoH(bpy 1° (11,
§=0). A geometry optimization of 15 starting from the experimental
geometry has been carried out by a broken-symmetry [BS(1,1)]
calculation and a closed-shell singlet (RKS) calculation (Figure 14). It
was found that the BS(1,1) solution is 4.5 keal/mol lower in energy
than the closed-shell singlet solution. The N,N’-coordinated bpy
ligand displays the geometrical features of a sr-radical anion; the
C1—CY’ bond length (1.418 A) effectively reproduces the experi-
mental value [1.417(3) A]. The Mulliken spin-density plot shown in
Figure 14 displays 0t-spin density (0.94e) on the metal ion and 3-spin
density (0.80e) located on the (bpy" )~ ligand. The two spins
are strongly antiferromagnetically coupled (J = —2800 cm ‘).
The spatial overlap of the two magnetic orbitals is S = 0.61. The
0o.-spin component of the “HOMO” in 15 is predominantly metal-
centered (84.9% iron), and the 3-spin component is predominantly
(bpy” ) -centered (86.0% bpy). Three doubly occupied metal-
centered orbitals have also been identified, and the LUMO is
predominantly an iron-centered (d- orbltal) o- antlbondmg orbital
(69.8% iron), rendering the central ion as Fe' (d’, Sg. = '/,). We have
found no computational evidence for the “extensive s7-backbonding
to the 2,2'-bipyridine” from an Fe’ center suggested in ref 14.

2.15. Complex 16. For the monoanion [(17°-Cp*)Ru(bpy)] ™~
(16, S = 0), a closed-shell RKS geometry optimization yielded
a structure that agrees very well with the crystallographically

determined structure described in ref 40 (Figure 15). Geometry
optimization using broken-symmetry DFT provided the same
molecular and electronic structure indicative of a closed-shell singlet
species, which contrasts the electronic structure a551gnments of
isoelectronic 11 and 15 as singlet diradicals. An 77°-coordinated
cyclopentadienyl anion and a highly reduced bpy ligand are present
in addition to a central ruthenium ion. Interestingly, the calculated
C1—Cl’ bond distance in 16 is very short (1408 A) and is in
excellent agreement with the experimental values [1.413(9) and
1.401(9) A for two crystallographically independent anions]. Simi-
larly, the other calculated C—C and C—N bond distances in 16 are
intermediate between those observed for an uncoordinated radical
anion and a dianion.

We have identified three filled metal d orbitals (HOMO—1,
HOMO-2, and HOMO-—3) that possess 82.2%, 76. 4%, and
85.9% ruthenium character (Figure 15). This is typical for a Ru' ion
with a low-spin d° configuration. The HOMO in 16 is of predomi-
nantly ligand character (72. 7%) and represents a filled 77 orbltal of
bpy®, rendering it an N,N'-coordinated dianion (bpy”~)>~
dianion undergoes some degree of 77 donation into an empty metal d
orbital (ligand-to-metal donation). The HOMO possesses 17.3%
ruthenium character (the remaining 10.0% is Cp*-centered and is
antibonding with respect to the ruthenium d orbital), and the Ru—N
bonds are short and qu1te covalent. This explains the difference of the
structural data of the (b y ~)*" dianionsin 16 and [Alm(bp >,
and [Z"(bpy*~)3]*" in refs 7 and 12, respectively. The electronic
structure of 16 differs from those of isoelectronic 11 and 15 for two
reasons: (1) the increased radial distribution of 4d compared to 3d
orbitals provides a mechanism for higher overlap between the
ruthenium d orbital and the bpy 77* orbital compared to the same
interaction with an iron or cobalt d orbital and (2) the increased
covalency of the second-row transition metals compared to first-row
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Figure 14. Calculated structure and qualitative molecular orbitals of 15.
Color code: green, iron; blue, nitrogen; black, carbon.

transition metals suggests that the e, orbitals in 16 are substantially
higher in energy than those in 11 and 1S, resulting in double
occupation of the bpy 77* orbital i in 16 being more favorable than an
open-shell singlet derived from Ru' antiferromagnetically coupled to
a (bpy” ) -centered radical anion.

2.16. Complex 17. The ge geo metry—optlmlzed structure (closed-
shell, RKS) of [(17°-Cp),Zr (bpy 11° (17) is shown in Figure 16.
No broken-symmetry solution [BS(1,1)] has been found for this
species, in contrast to our calculations on isoelectronic $, 8, and 10.
The calculated structure of 17 displays a strongly bent Zr(bpy)
moiety [0(caled) =40.3% o (exptl)*! =43.9°], and the C1—C1’ and
C—N bond distances closely resemble those observed for an N,N’-
coordinated dianion (Table 3). The HOMO of 17 (Figure 16)
possesses 23.3% zirconium character and 71.9% bpy character. We,
therefore, propose a dominant resonance structure [(7>-Cp)Zr"-
(bpy”~)1° with strongly covalent Zr—N bonds due to 7 donation of
the electron density from bpy”~ to the Zr'" ion via bending of the
average bpy plane away from that of the ZrN, plane. Note that this
complex is isoelectronic with 2 ([ (o Cp)ZVHI(bpyO) 17). Therefore,

182.2% Ru

\ N

| 85.9% Ru

Figure 15. Calculated structure and qualitative molecular orbital dia-
gram of 16. Color code: green, ruthenium; blue, nitrogen; black, carbon.

with species 2, 5, 8, 10, and 17, electronic structures of dz/bpy0
(Sr=0),d"/(bpy ") (Sy=0),and d’/(bpy*)*” (Sy=0) areall
represented, highlighting the effect of the energy and spatial
distribution of the metal d orbitals on the overall electronic structure.

We have also calculated the optimal geometry of a triplet
excited state of 17, which is 1.1 kcal/mol higher in energy than
the closed-shell singlet state of 17. We observe a half-filled
zirconium d orbital (SOMO—1 is 79.0% ziconium) and a
(bpy" ™)~ m-radical anion (SOMO—2 is 92.8% bpy), 1nd1cat1ng
the electronic structure description [ (1’ Cp)ZrHI(bpy )1°(s=1).
The structure of the Zr(bpy) unit is flat, as in the triplet states of
S, 8, and 10.

2.17. Complex 18. A single-point broken-symmetry calculation
[BS(1,1)] on the crystal structure coordinates of 18 provided a
solution that was nearly isoenergetic to (0.4 kcal/mol lower in energy
than) the closed-shell singlet (RKS) solution that was reported in ref
42a (Figure 17). These nearly isoenergetic solutions indicate that a
singlet diradical formulation for the electronic structure of 18 may be
appropriate. This close energetic separation between the two solu-
tions may also reflect complications associated with calculation
of the energy of a monomeric unit of a polymeric crystal lattice. The
best descnptlon of the electronic structure involves [(CO);Mn'-
(bpy )] with significant 77 donatlon of the electron density from a
(bpy* )*" dianion to a Mn" ion (d% Sy, = 0). Overall, this 7
donation results in C1—C1’ and C—N distances resembling those of
a (bpy"™) ™ radical anion, which would imply the presence of Mn".
The (bpy)Mn metallocycle exerts strong 77 backdonation into the
carbonyl ligands: (bp I)N[n — CO.** Thus, our calculations confirm
those of Hartl et al.:*** the monoanion is probably best described -
as a compound with “fully delocalized 77-bonding in the Mn(bpy)
metallocycle and strong (bpy)Mn — CO s-backdonation”.
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Figure 16. Calculated structure and HOMO of 17: (a) S = 0 ground state; (b) triplet excited state (S = 1). Color code: green, zirconium; blue,
nitrogen; black, carbon).

1.378(3) A 1.490(3) A

1.347(3) A

1.339(3) A

T
17.6% Mn

$=0.83 56.5% bw

L=}
47.7% Mn
34.7% bpy

62.1% Mn

Figure 17. Calculated electronic structure using a broken-symmetry BS(1,1) approach for [Na(bpy®)(diethyl ether)]*[(CO);Mn°(bpy" )]~
(18; single-point calculation on the crystal structure geometry), including a qualitative molecular orbital diagram and Mulliken spin-density distribution.
Color code: green, manganese; pink, sodium; red, oxygen; blue, nitrogen; black, carbon).
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These calculations suggest that metal-to-ligand 77 backdonation
in [(CO)sMn " '(bpy®)] ™~ plays only a minor (if any) role.

B DISCUSSION

As summarized in Figure 1 and Tables 1 and 3, the most signi-
ficant variation of the structural parameters of an N,N’-coordinated
bpy-type ligand as a function of its oxidation level [neutral bpy’,
monoanionic sr-radical (bpy”~)~, and dianion (bpy> ) ] is
observed for the C1—C1’ bond and the two C1—N1 and C1'—N1’
bonds within the M(bpy) five-membered chelate ring. These bond
lengths are almost always very similar to those reported for the free
bpy” ligand and the sodium (potassium) salts of the monoanion and
dianion.

In contrast to statements in the literature, the neutral ligand
bpy is only a week 77 acceptor (as has been quantified by its position
in the spectrochemical series and the data in Table 2).">*° The
C1—C1’,C1-N1, and C1'~N1’ bonds in complexes bearing bpy’
are always very similar to those of the uncoordinated free ligand (see
data in Table 3). 77 backdonation from the metal to the neutral bpy”
ligand cannot play a significant role in the binding of a neutral bpy”
ligand because, in general, the LUMO of the ligand is much higher in
energy than the highest-filled metal d orbital (see data in Table 2).

The corresponding mono- and dianion, (bpy" )~ and
(bpy27)27 , have very weak or no st-acceptor character. In contrast,
the dianion (bpy”~)*” can act as a fairly strong 77 donor because its
HOMO has 7t symmetry and is, empirically, in the correct energy
range for effective 77 donation.

The metal-to-nitrogen bond lengths are primarily governed
by the o-donor strength of the respective bpy’, (bpy™ ), and
(bpy”~)*” ligands, which increases in this order because of the
increasing electrostatic nature of the metal-to-ligand interaction.
Only the (bpy*~ )" dianion will display an additional covalent 7t
interaction with a suitable empty metal d orbital of 77 symmetry,
leading to a further shortening of this bond.

It is therefore possible to unambiguously identify the neutral
oxidation level of a bpy ligand in a given coordination complex by
its rather uniform C1—C1’ distance at 1.47 £ 0.02 A and its two
C1—N1 and C1’'—N1’ distances of 1.36 & 0.01 A (see Table 2).
Any significant shortening of the C1—C1’ bond and, concomi-
tantly, elongation of the C1—N1 and C1’—N1’ bonds is a clear
indication for the reduction of the ligand by one or two electrons.

It is also now well established that the geometrical parameters
of an N,N'-coordinated 7z-radical monoanion (bpy™ )~ are very
similar to those observed for the corresponding sodium or potas-
sium salts.**" In this form, the ligand is neither a good 77 acceptor
nor a good 7T donor and, therefore, its geometrical parameters will
not depend greatly on the nature of the transition-metal ion (or its
d" electron configuration) to which it is bound.

To the best of our knowledge, there are, to this date, only
three crystallographically characterized (transition-)metal ion com-
plexes containing a genuine dianionic (bpy” )>” ligand, namely,
[AI"(bpy® ),]~,7 [2+™ (bpy* )3)>~,"> and 17.*'° The observed
C1—CY’ distances at 1.36 & 0.02 A and the long C1—N1 and
C1'—NY’ distances at 1.44 %+ 0.02 A are similar in these complexes
and in the salt [Naz(bpyzf)(dme)z] 3 It is conceivable that the
dianion is a good 77 donor in coordination compounds with empty
metal-centered 7% orbitals, as we have shown above for 16— 18 and
[Cp*Rh(bpy)]°. If sufficient electron density is shifted from the
ligand dianion to the metal ion (77 donation), the C—C and C—N
bond lengths in the coordinated dianion can resemble those of a
coordinated st-radical monoanion. A second consequence of this

mechanism is a shortening of the M—N bonds, giving it more
covalent (double-bond) character. Thus, the crystallographically
observed intraligand bond lengths of a monoanion can be obtained
by two different mechanisms: (a) 77 donation of the electron density
from the dianionic ligand to the metal ion or (b) a genuine 77-radical
monoanion that is coordinated to a metal ion via two M—N o
bonds. These two mechanisms can be identified and distinguished
using DFT. If a broken-symmetry solution [e.g, BS(1,1)] for a
diamagnetic molecule is significantly lower in energy than its closed-
shell counterpart, a singlet diradical is likely to be the ground state. In
a singlet diradical, the overlap integral S between the two magnetic
orbitals (i.e.,, a metal d orbital and a ligand 77* orbital) is significantly
less than 1.0 (antiferromagnetic coupling between the two magnetic
orbitals). If; on the other hand, the ground state is a closed-shell
singlet, the overlap integral S is expected to be 1.0 and the molecular
orbital composed of a metal d orbital and a ligand 77* orbital is a
HOMO filled with two electrons with antiparallel spins (Pauli
principle).

In the following, we will discuss our computational results on
the electronic structures of complexes A, B, and 1—18. Com-
plexes A and B both contain a central Sc™' ion with a d°
configuration, which is the most stable oxidation state of
scandium. The 7°-coordinated Cp* and CsH,(CH,),N(CHj),
ligands are closed-shell monoanions and, consequently, the bpy
ligands in both A and B are sr-radical monoanions (bpy” ) . An
intramolecular 77— interaction of two (bpy’ )™ radicals in A
yields a HOMO of 77 symmetry (Figure 2) that is filled by two
electrons with antiparallel spins, allowing an S = 0 ground state.
The HOMO possesses ~82% ligand character. This has been
proposed by the original authors in ref 26 to explain the observed
diamagnetism of A and is nicely corroborated by the present
calculations. Interestingly, the calculated excited S = 1 state of A
has a different structure than its singlet ground state counterpart: the
71—t interaction of the two (bpy” )~ ligands is now disrupted by
twisting the two bpy planes relative to each other.

In mononuclear B,*’ the two (bpy’ ™)~ radicals are coordi-
nated in a cis configuration relative to each other (Figure 3b),
which leads, via intramolecular antiferromagnetic coupling, to
the observed singlet ground state and at slightly higher energy to
the triplet excited state. Thus, B is a singlet diradical, where the
BS(1,1) solution provides an overlap integral of S = 0.32. The
experimental and calculated intraligand bond distances in A and
B are in excellent agreement (Table 3), consistent with the
notion that N,N’-coordinated (bpy” )~ radical monoanions are
present. Note that the triplet excited state of B has nearly the
same geometric structure as the singlet ground-state structure.
The calculated energy difference between the singlet and triplet
states of ~600 cm™ ' (based on a calculated coupling constant
J=-293cm ', H=—2J-S,-S5,and S; = S, = '/,) agrees well
with the experimentally determined small paramagnetism of B at
ambient temperature. A full variable-temperature study of the
magnetic susceptibility of solid B could verify the calculations
quantitatively.

It is gratifying that the computational methodology that we
have employed successfully reproduces the experimental struc-
tural and electronic structural data of A and B, including subtle
effects such as 71— interactions in A and ferromagnetic as well as
antiferromagnetic spin-coupling phenomena of two cis-config-
ured s-radical anions (bpy"~)” in B. These results encouraged
us to use this methodology with confidence in cases where the
oxidation state of the central metal ion is not restricted to one
very stable form, such as, for example, Sc™' in A and B.
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The electron-transfer series consisting of the vanadium com-
plexes 1—3, the structures of which are shown in Figures 4 and 5,
is interesting in that the two Cp~ monoanions in 1 are coordi-
nated in an #° fashion and another one in an #° fashion (ring
slippage), whereas in 2 and 3, both Cp~ ligands are coordinated
in an 7° fashion. This structural feature of neutral 1>*" is nicely
reproduced in the calculations, which show an energetically low-
lying solution where a central V" ion (d? Sy = 1) is antiferro-
magnetically coupled to a 7z-radical anion (bpy™ ), 1yielding the
observed S = '/, ground state: [(7>-Cp) (17°-Cp) V' H(bpy'f)]o
(§="/2).

One-electron oxidation of 1 to 2 is a ligand-centered process
that is accompanied by a rearrangement of the 7>-bound Cp~ in
1 to an 77°-bound Cp in diamagnetic 2. A closed-shell calcula-
tion of 2 reproduces the experimental structure,”® and a broken-
symmetry [BS(1,1)] calculation converged to the same solution.
The HOMO in 2 is a doubly occupied metal d orbital (~84%
vanadium), rendering the central vanadium ion as low-spin V'"".
The transformation from 1 to 2 is complicated: oxidation of 1
occurs at a ligand-centered orbital and results in a change of spin
state at the metal from high-spin d” in 1 (which favors ring
slippage) to low-spin d” in 2 (which does not favor ring slippage).
Apparently, antiferromagnetic couplin§ between the (bpy™ )~
radical monoanion and the high-spin V' center in 1 provides the
stabilization required to overcome the destabilization associated
with population of a V—Cp antibonding orbital, the occupation
of which results in 7° — 7 ring slippage. The corresponding
calculated triplet excited state of 2 (quite close in energy to the
singlet) is achieved only if one Cp~ undergoes 17° — 7° ring
slippage. The two SOMOs of triplet 2 are metal-centered (93%
and 79%, respectively), rendering the central vanadium ion a V"
(d% S =1) species. The bpy ligand in 2 (S = 1) is clearly a neutral
ligand. Considering these computational results for the mono-
cation 2, we feel that it would be important to spectroscopically
investigate the electronic structure of 2 in more detail.

A further one-electron oxidation of the monocation 2 to the
dication 3 is a metal-centered process (V™ — VY, and the
calculated structure of 3 displays two 7>-Cp~ anions and a
neutral bpy” ligand. The SOMO in 3 possesses ~93% metal d
character. This is in excellent agreement with the EPR spectro-
scopic results.”” Thus, the above calculations reproduce all
known spectroscopic and structural features of the electron-
transfer series 1—3 very reliably:

[(m°>-Cp)(n*-Cp)V"(bpy™)I° +—e‘ [(n>-Cp)V"(bpy®)™
1(85=") 2(S=0)

+tef-e

[(n>-Cp)2V" (bpy )1
3(5="7)

In a similar fashion, we have also computationally studied the
four-membered electron-transfer series 4—7 shown in
Figures 6—8. We have established that § contains a central Ti"™"
ion, two Cp anions, and a s-radical monoanion (bpy” ) .
5 possesses a singlet ground state that is attained via intramole-
cular antiferromagnetic coupling of the spins of the Ti"" ion (d")
and the sr-radical monoanion (bpy* ™)~ (Figure 7). A BS(1,1)
solution has been found. The calculated singlet—triplet energy
gap in § is small and in good agreement with experiment. The
presence of a bent Ti(bpy) unit in the singlet state has been
reproduced computationally. The optimized geometry of the

Scheme 3. Bending of the Average Plane of the Carbon and
Nitrogen Atoms of bpy Away from the Ti—N—N Plane in the
Singlet Geometry of Complex 5

singlet geometry

/ =Cp

— =bpy

triplet geometry

triplet excited state of the Ti" (bpy’ ) moiety is now flat. These
features have been correctly proposed by the original authors in
1978.>** One-electron oxidation of § to 6 is a ligand-based
process, whereas 6 to 7 (Figure 7) is metal-centered. The one-
electron reduction of S to 4 is a ligand-centered process.

[r-Co)n*Co)TI" bRy [m*-Cp),Ti(bpyO)P*
4(S=11y) 7(S=0)
+e

-e -e|+e

[(-CP)Ti"bpy ") <=== [(n*-CP),Ti"(opy®) ™
5(S=0) 6(S="/)

The electronic structures of the neutral complexes 5 (Figure 7),
8, (Figure 9), and 10 (Figure 11) allow some interesting observa-
tions to be made:***" the Ti"'(bpy"~) or Ti" (biquinoline® ")
moieties are flat in 8 and 10 but bent in $ in the singlet state; all
three species possess such flat moieties in the triplet excited state.
The bonding in the singlet state allows an antiferromagnetic
coupling between the spins of a metal-centered d" orbital and a
bpy-centered 77*' orbital, the magnitude of which increases with
increasing bending angle o (Scheme 3). In flat Ti(L) moieties, the
overlap integral S becomes very small (approaching zero), with the
consequence that the triplet state is stabilized to the degree where,
computationally, the singlet and triplet states are nearly degenerate.
It is unfortunate that, at present, these predictions cannot be
validated because of a lack of pertinent experimental data in refs
31 and 33, although it has been proijosed that 10 possesses a triplet
ground state (EPR spectroscopy),”’ whereas § is diamagnetic. The
spin state of 7 has not been reported,” but the fact that it is
paramagnetic [1.62 up at ambient (?) temperature] may indicate a
singlet—triplet equilibrium, which would be in excellent agreement
with the present calculations. More magnetochemical and other
spectroscopic data on §, 8, and 10 are needed in order to validate our
present DFT models for these complexes.

In the context of compounds §, 8, and 10, the zirconium
complex 17 (Figure 16) is of interest because it is formally
isoelectronic with $, 8, and 10, although the zirconium 4d orbitals
are larger than those of the corresponding 3d orbitals in 5, 8, and 10.
The calculated closed-shell structure of 17 displays a larger bending
angle o in 17 than in S. Consequently, the HOMO of 17 shown in
Figure 16 possesses ~23% zirconium and ~73% bpy character; it is
not a singlet diradical because a BS(1,1) calculation converged on
the same result as this RKS calculation. A description of its electronic
structure as [(7°-Cp),Zr" (bpy*~)] with significant 77 donation
from the (bpy”~)*" ligand to the Zr"" ion affords structural features
that approach those characteristic for a coordinated s7-radical anion
(bpy" ). The Mulliken spin population analysis shows zero spin
density at the central zirconium ion and at the ligand, contrasting the
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Scheme 4

[(7>-Cp)Co(bpy®)Cn™ (13, S =0)

+te||-e
[(7>-Cp*)Col(bpy®)C® (14,5 ="1,)
-ClI ||+CI
[(n>-Cpr)Colbpy®]™ (12,8 =1
te||-e
[(7>-Cp")Co'(bpy ° (11,5=0)
+te||-¢e
[(7°-Cpr)Co'(bpy® )" (8="1) ?

electronic structures of S, 8, and 10 (Figures 7,9, and 11), which are
singlet diradicals. We have found no computational evidence for a d*
electron configuration at the central zirconium ion and an electronic
structure description as [(7°-Cp),Zr" (bpy®)]® with strong metal-
to-ligand 77 backdonation, as was suggested in ref 41c. Interestingly,
the first triplet excited state corresponds to the description
[(7°>-Cp),Ze™ (bpy")1° (S = 1), which is a clear indication of
the inherent stability of the Zr'" ion (d°) over Zr'"" or Zr".

The cobalt complexes 11 and 12 possess electronic structures
that are best described as [(17°-Cp*)Co" (bpy")]° (S = 0) and
[(17°-Cp*)Co" (bpy®)]" (S ='/,) according to the present DET
calculations (Scheme 4). This one-electron oxidation of 11 to 12 is a
ligand-centered process: (bpy” )~ — bpy® The addition of a
chloride ion to the monocation 12 yields complex 14, which displays
the electronic structure [ (77°-Cp*) COHCI(bpyO)]O (§="/,). One-
electron oxidation of 14 yields 13, a Co™" species best described as
[(7°-Cp*)Co™Cl(bpy°®)]*; the one-electron oxidation of 14 to 13
is, therefore, a metal-centered process.

Isoelectronic 11 and 15 are both singlet diradicals: [(17°-Cp*)-
Co''(bpy” )1” (S = 0) and [(37°toluene)Fe'(bpy™ )1° (S = 0),
respectively. 15 has originally been described as Fe’, although “a
substantial transfer of electron density from the iron atom to the 7*
orbitals of bipyridine” has been proposed. This mechanism and the
corresponding electronic structure are not correct. The BS(1,1)
computational solution for 15 points to a singlet diradical, where
an Fe! central ion (&7, Spe="/) couples antiferromagnetically to a
(bpy" )~ radical anion. Isoelectronic complex 16, on the other
hand, should be described as [(17°-Cp*)Ru"(bpy> )]~ (S = 0).
Complexes 11, 15, and 16 are isoelectronic, but their intramole-
cular electron density distributions differ: 11 is d” (low-spin)
(bpy")7; 15 is d’ (low-spin) (bpy"~)~; 16 is d° (low-spin)
(bpy”~)*".In 16, an N,N'-coordinated (bpy*~)*" dianion trans-
fers electron density to the central ruthenium ion via ligand-to-
metal 77 donation, giving it some reduced Ru' character and some
oxidized character of the (bpy*~)*™ anion.

Bl CONCLUSIONS

In this paper, we have laid out what we consider to be guiding
principles for the assignment of the oxidation level of bpy in a
given coordination compound. On the basis of the C1—C1’

bond length alone, a neutral bpy® ligand can be identified if this
bond length is within the range 1.47 £ 0.02 A. This is because
bpy” is a very weak 7T acceptor, so weak, in fact, that structural
distortions of the intraligand bond lengths of bpy® associated
with 77 backdonation from a transition-metal ion into the bpy-
centered LUMO are not observable by X-ray crystallography.
Similarly, the presence of a (bpy” )~ dianion can be unambigu-
ously assigned based on the C1—C1’ bond length if it falls within
the range 1.36 =+ 0.02 A. The assignment of a given bpy oxidation
level becomes more complicated when the C1—C1’ bond length
is intermediate. On the basis of empirical observations and DFT
calculations, we propose here that (bpy”~)*~ may act as a strong
7 donor, giving C1—C1’ bond lengths that range between that
observed for the s7-radical monoanion (bpy"~)~ (~1.43 A) and
that observed for the (bpy”~)*~ dianion in the absence of a 7-
accepting metal ion (~1.36 A). Differentiation between the
following two electronic structure descriptions is not possible
based on structural data alone: (a) (bpyzf)M with strong 7
donation from the (bpy27)27 dianion to the metal ion and (b) a
(bpy’ ™) radical monoanion antiferromagnetically coupled to a
transition-metal ion. Differentiation between these two bonding
modes requires a more in-depth spectroscopic and variable-
temperature magnetochemical investigation and may be aided
by broken-symmetry DFT calculations. Ideally, electronic struc-
tures derived from DFT calculations would be verified by
calculating measurable spectroscopic and structural parameters
in order to justify the electronic structure assignment. Despite
the difficulties of differentiating between electronic structure
descriptions (a) and (b), the following guiding principles may
allow one to a priori assign a bpy ligand oxidation level with some
confidence, although the assignment should be verified by
experiment and/or theory. First, the radial distribution of 3d
orbitals is smaller than the corresponding distribution in 4d and
5d orbitals, and a diradical description [i.e., (bpy" )™ antiferro-
magnetically coupled to a transition-metal ion] is generally
favored with first-row transition metals, whereas a description
involving 7 donation from a (bpy”~)*” dianion to a transition-
metal ion is more common with second- and third-row transition
metals. Second, and more subtly, the geometry of a particular
species may have a profound impact on the electronic structure
description, wherein geometries involving weak spatial overlap
between metal-centered d orbitals and the bpy 77* LUMO favor a
diradical formulation, whereas geometries that provide a me-
chanism for increased overlap between these orbitals may favor a
mr-donation model. Finally, the relative energies of metal d
orbitals and the bpy 7* LUMO must be closely matched for a
diradical electronic structure description to be valid, and calibra-
tion to this variable requires exposure to a broad array of
compounds such as that presented in this manuscript.

In conclusion, bpy” is a very weak 77 acceptor,'>*° (bpy" )~ is
neither a 77 donor nor a 7T acceptor but is ideally suited for a
productive antiferromagnetic couplin§ interaction with an open-
shell transition-metal ion, and (bpy” )*~ may be a strong 7
donor. Differentiation between these descriptions requires a
combination of theory and experiment, as has been described
in this manuscript.

B EXPERIMENTAL SECTION

All DFT calculations were performed using the ORCA program
package.*”® [(Cp),Ti" (bpy*)]° () is the most well-characterized dir-
adical described in this paper, with known geometry from an X-ray
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31 ) .
crystal structure”® and a measured antiferromagnetic exchange-cou-

pling constant, J, of approximately —300 cm ™~ ".** We have calculated
this species using four functionals, namely, BP86,* B3LYP,*" 52
TPSS,>® and TPSSh.>* The best agreement between the measured and
calculated antiferromagnetic exchange-coupling constants for 5 was
obtained with the B3LYP functional (see the Supporting Information),
and the known geometry of this species was also satisfactorily repro-
duced. Therefore, we have carried out all calculations reported in this
manuscript (geometry optimizations and single-point calculations for
complexes A, B, 118, and [Cp*Rh(bpy)]°) using this functional.

The all-electron Gaussian basis sets were those developed by the
Ahlrichs group.’"** All calculations have been performed using an
empirical van der Waals correction to the DFT energy.”” For metal
and other atoms directly coordinated to a metal (including the carbon
atoms of cyclopentadienyl rings), triple-C quality basis sets (TZVP) with
one set of polarization functions were employed (see the Supporting
Information for results with other basis sets).>® For all atoms not bound
directly to a metal, slightly smaller polarized split-valence SV(P) basis
sets were employed that were of double- quality in the valence region
and contained a polarizing set of d functions on the non-hydrogen
atoms.> Auxiliary basis sets used to expand the electron density in the
resolution-of-the-identity (RT) approach were chosen®*~° to match the
orbital basis. For compounds 17 and 18, which include second-row
transition-metal ions, the zeroth-order regular approximation (ZORA)
method®” was implemented; in these calculations, ZORA-TZVP*® and
ZORA-SV(P)® replaced the standard basis sets TZVP and SV(P),
respectively. The radial integration accuracy for all calculations was
improved by setting the radial resolution parameters to 10 for all metals
and § for all other atoms.

The self-consistent-field calculations were tightly converged (1 X
10 8 E, in energy, 1 X 1077 B, in density change, and 1 X 107 in the
maximum element of the DIIS error vector). All geometries were tightly
optimized and were carried out in redundant internal coordinates without
imposing symmetry constraints. Geometry optimization was considered
converged after the energy change was less than 1 x 10°° Ej, the gradient
norm and maximum gradient element were smaller than 3 x 10 >and 1 x
10* Ej, bohr ™/, respectively, and the root-mean-square and maximum
displacements of all atoms were smaller than 6 x 10 *and 1 x 10> bohr,
respectively.

Throughout this paper, we describe our computational results by
using the broken-symmetry (BS) approach described by Ginsberg®® and
Noodleman.*® Because several BS solutions to the spin UKS equations
may be obtained, the general notation BS(m,n)61 has been adopted,
where m (n) denotes the number of spin-up (spin-down) electrons at
the two interacting fragments. Unrestricted corresponding orbitals,* quasi-
restricted orbitals,”® and canonical orbitals (isoelectron density surfaces =
95%) as well as spin-density plots (isoelectron density surfaces = 99.5%)
were generated with the program Molekel, version 4.3.57%

B ASSOCIATED CONTENT

© Supporting Information. Geometry-optimized molecu-
lar xyz coordinates for complexes A, B, 1—17, and [(Cp*)Rh-
(bpy)]% comparison of DFT calculations and basis sets in
calculating 5; comparisons between optimized and experimental
structures; a comparison of the electronic structures for these
compounds derived from single-point calculations on crystal
structure geometries (where available) and geometry optimiza-
tions; absolute energies; atomic charge and spin-density distribu-
tions; and Mulliken, Loewdin, and natural population analyses for
members of the electron-transfer series [(Cp),Ti(bpy)]*” "%/~
(4—7). This material is available free of charge via the Internet at
http://pubs.acs.org.
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