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Replacement of 2,2"-bipyridine (bpy) by substituted 1,4-diazabutadiene (R-DAB) o-diimine ligands NAN leads to
a substantial hypsochromic shift of about 0.8 eV for the long-wavelength absorption band in compounds (NAN)-
Ir(CsMes) but to a bathochromic absorption shift of about 0.4 eV for the complex ions [(NAN)IrCI(CsMes)]*. DFT
calculations on model complexes based on experimental (R-DAB compounds) and geometry-optimized structures
(bpy systems) reveal that the low-energy transitions of the cationic chloro complexes are largely of ligand-to-ligand
charge-transfer character L'LCT (L = ow-diimine, L' = Cl) whereas the neutral compounds exhibit 7t — zz* transitions
between the considerably mixed metal d, and o-diimine sz* orbitals. The much more pronounced metal—ligand
orbital interaction for the R-DAB complexes causes the qualitatively different shifts on replacing the stronger basic
bpy by the better sz-acceptors R-DAB. Only the LUMO of the neutral compounds is destabilized on replacement
of bpy by R-DAB whereas the LUMO of [[NAN)IrCI(CsR's)[* and both HOMOs are stabilized through this change.
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ligands 2,2bipyridine (bpy} and 1,4-disubstituted 1,4-diaza- bpy R-DAB
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M =Rh, Ir M =Rh, Ir
transfer catalysis cycles we have come to najeaitatively
very different effect on replacing bpy by R-DAB ligands in
the precursor complex ions [(NN)MCI(CsMes)]t and in the
coordinatively unsaturated intermediatesA\(N)M(CsMes)
(M = Rh, Ir):

+
— T+ 7 N \—|
RN/\“_,\N\R N AN
“cl \%"u
7 N—/ N\
R/N/\I_,\N\R =N_ _N=

whereas a bathochromic absorption shift of about 0.4 eV
could be detected for the complex ions KN)IrCl-
(CsMes)]™, a substantial hypsochromic shift of ca. 0.8 eV
was observed for the long-wavelength absorption band in
compounds (MN)Ir(CsMes). Scheme 1 summarizes this for
representative examplésl’ and Figure 1 shows spectra of
R-DAB complexes.

To understand these puzzling observations we have now

undertaken DFT calculations for the iridium systems for
which some structural data are availablgvhile the cationic
complexes [(MN)IrCI(CsMes)]t are clearly identified as
iridium(l11) species, the situation is less obvious for neutral
(NAN)Ir(CsMes): on the basis of structural information for
the case with R= 2,6-dimethylphenyl (Xyl), the (R-DAB)
compounds were interpreted as enediamidiaium(lll)
complexes (R-DAB")Ir' (CsMes)!” while the corresponding
bpy complex was tentatively formulated witbffectve
oxidation states oft-ll for the metal and—1 for the bpy
ligand® This interpretation was based on the appearance of
weak long-wavelength near-infrared bands with the typical
vibrational splitting observed for bpyand its complexe¥
The extraordinaryegatve shifts of the reduction potentials
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on coordination of bpy or R-DAB with M(§Mes) were seen

as supporting this interpretation, suggesting very strong
metal/ligand orbitalr back-donatiort®~7 Although all four
kinds of complexes exhibit absorptions in the visible region
(Scheme 1), the nature of the low-energy transitions remained
unclear. We therefore attempted not only to resolve the origin
of the dichotomous bpy/R-DAB effect but also to establish
the assignment of these transitions.

Computational Details

Ground-state electronic structure calculations have been done
by density-functional theory (DFT) methods using the ADF20686%2
and Gaussian 98program packages. The lowest excited states of
the closed-shell complexes were calculated by the time-dependent
DFT (TD-DFT) method (both ADF and G98 programs).

Within the ADF program, Slater type orbital (STO) basis sets
of triple-¢ quality with polarization functions were employed. The
inner shells were represented by the frozen core approximation (1s
for C, N, 1s-2p for Cl, and 1s-4d for Ir were kept frozen). The
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Scheme 1
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Figure 1. Absorption spectra of organoiridium complexes with R-DAB
ligands?!’” Lower scale: Spectra of [(R-DAB)IrCl#Mes)](PFs) in CHsCN
(R = Xyl (—), cyclohexyl (---),p-tolyl (-+*), o-tolyl (-----)). Upper scale:
Spectrum of (Xyl-DAB)Ir(GMes) in toluene. (Absorbance values are
different for each spectrum.)
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following density functionals were used within ADF: the local
density approximation (LDA) with VWN parametrization of
electron gas data or the functional including Becke’s gradient
correctiord? to the local exchange expression in conjunction with
Perdew’s gradient correctibhto LDA correlation (ADF/BP).
Compositions and energies of molecular orbitals as well as elec-
tronic transition energies and their composition were calculated by
the asymptotically correct SAOP functiofs({ADF/SAOP) which

(22) Becke, A. D.Phys. Re. A 1988 38, 3098. Becke, A. DPhys. Re.
A 1988 38, 3098.
(23) Perdew, J. PPhys. Re. A 1986 33, 8822.

[(bpy)IrCI(CsMes)]*
yellow
440 nm (sh)

349 nm

-2e, +CI
E,=-1.04V

+2e7,-CI°
Ep=-155V

(bpy)Ir(CsMes)
purple

737 nm

672 nm

617 nm

530 nm (sh)
494 nm

is more accurate for higher-lying MOs and electronic transitions.
Core electrons were included in the ADF/SAOP calculations. The
scalar relativistic (SR) zero-order regular approximation (ZORA)
was used within this study.

Within Gaussian-98 Dunning’s polarized valence dotiblesis
setg>were used for C, N, Cl, and H atoms and the quasirelativistic
effective core pseudopotentials and corresponding optimized set
of basis functior® for Ir. Becke's hybrid three-parameter functional
together with the Lee, Yang, and Parr correlation functional
(B3LYP)?” was used in Gaussian 98 calculations (G98/B3LYP).

Throughout the calculations the;\@es ligand was replaced by
CsHs. Calculations on R-DAB complexes were done with-RCHs.

The calculations were performed with@y-constrained symmetry
(xz as the symmetry plane).

Results and Discussion

The cationic complexes [(NN)IrCI(CsMes)] " and neutral
(NAN)Ir(CsMes) are connected by a chloride-dissociative
two-electron reduction (EEC or ECE process) which is
chemically reversiblé?~%6 The main experimental absorption
maxima®1’ for the bpy and R-DAB systems are given in
Scheme 1; other experimental absorption data are sum-
marized further below together with the calculation results
(Table 5). For simplification, the cyclopentadienide coligand
was used in unsubstituted form in the calculations and the
substituent R= Me in R-DAB.

Geometry Optimization. Geometry optimization of the
Me-DAB/CsHs-containing model systems using ADF/BP
reproduces the essential experimental characteristics of the

(24) Schipper, P. R. T.; Gritsenko, O. V.; van Gisbergen, S. J. A.; Baerends,
E. J.J. Chem. Phys200Q 112 1344.

(25) Woon, D. E.; Dunning, T. H. . Chem. Phys1993 98, 1358.

(26) Andrae, D.; Haeussermann, U.; Dolg, M.; Stoll, H.; Preusghéor.
Chim. Actal99Q 77, 123.

(27) Stephens, P. J.; Devlin, F. J.; Cabalowski, C. F.; Frisch, M.Bhys.
Chem.1994 98, 11623.
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Table 1. Experimental and ADF/BP-Calculated Selected Bond Lengths

(A) and Angles (deg) of R-DAB Complexes

[(R-DAB)Ir(CsR's)]

[(R-DAB)IrCI(CsR's)]*

calca? expP calca? expP
Ir—N 1.983 1.977 2.066 2.091
Ir—ClI 2.377 2.354
Ir—C 2.2372.247 2.1742.204 2.2242.243 2.2152.198
(N—C)oas 1.366 1.373 1.297 1.288
(C—C)oas 1.377 1.334 1.449 1.445
N—Ir—N 77.0 76.9 76.6 76.0
Ir-N—C 118.0 116.8 115.5 115.3
(N-C—C)pas 1135 113.6 115.6 115.3
N—Ir—ClI 86.0 86.9

aCalculated for R= Me and R = H. P Experimental values for R=

Xyl and R = Me .’

Table 2. ADF/BP Calculated Selected Bond Lengths (A) of bpy

Complexes
[(bpy)Ir(CsHs)] [(bpy)IrCI(CsHs)]*
Ir—N 1.967 2.048
Ir—Cl 2.377
Ir—Cep 2.256-2.278 2.226-:2.233
N—C2 1.395 1.365
N—C6 1.375 1.352
c2-C2 1.428 1.469

Xyl-DAB/CsMes compounds. Bond lengths and angles
calculated by using G98/B3LYP do not differ substantially
from those obtained with ADF/BP. An improvement relative
to the previous ab initio approach with H-DAB model
complexe¥ can be noted especially for the charged chloride-
containing precursor complex. In fact, the longer calculated
C—C distance within the R-DAB ligand of (NN)Ir(CsR's)

Zalis et al.
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m* bpy
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[(DAB)IrCpCIT* [(bpy)IrCpCIT’

Figure 2. MO schemes for model complex cations [(N)IrCI(CsHs)] ™
from DFT calculations (DAB= Me-DAB).

indicates a lesser degree of metal-to-ligand electron transfer

in the Me-DAB model, probably due to the lowefracceptor
capability of alkyl-DAB in relation to aryl-DAB ligands.
Nevertheless, the values still support the iridium(lll) oxida-
tion state description according to (R-DABIr"(CsR's)
(Table 1). Similar enediamido{? ligand structures were
observed for several main group spetiesnd for some early
transition metal complex&80n the other hand, the geometry
optimization for (bpy)lr(GHs) reveals a less pronounced
metal-to-ligand electron transfer. Especially the most indica-
tive inter-ring bond distance of bp/is calculated at 1.428
A and thus not thamuchshorter than the single bond of
1.469 A calculated for [(bpy)IrCl(§Hs)]* (Table 2). The
1.428 A value for C2C2 is certainly longer than what may
be expected for a<€€C double bond at the center of dianionic
bpy?~.30

Molecular Orbital Energies and Compositions. The

eventually calculated transition energies are based on the MO

energies from optimized geometries. The MO schemes of
the four model complexes and the frontier orbitals of the
Me-DAB compounds are illustrated in Figures-2;, a

(28) Schmidt, E. S.; Jockisch, A.; Schmidbaur JHAm. Chem. Sod999
121, 9758 and literature cited.

(29) (a) Mashima, K.; Matsuo, Y.; Tani, KOrganometallics1999 18,
1471. (b) Matsuo, Y.; Mahsima, K.; Tani, Kkngew. Chem2001
113 986;Angew. Chem., Int. EQ001, 40, 960.

(30) (a) Chisholm, M. H.; Huffman, J. C.; Rothwell, I. P.; Bradley, P. G.;
Kress, N.; Woodruff, W. HJ. Am. Chem. S0d.981, 103, 4945. (b)
Fedushkin, I. L.; Petrovskaya, T. V.; Girgsdies, F.;lko R. D.;
Bochkarev, M. N.; Schumann, FAngew. Chem1999 111, 2407;
Angew. Chem., Int. EA.999 38, 2262.
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Figure 3. Representations of the frontier orbitals of [(Me-DAB)IrCl-
(CsHs)]* from DFT calculations: A, HOMO (58§ B, LUMO (564).

- . Cp
Cp; Ir(d);

™ bpy
™ bpy
m* L; Ir(d); Cp

™ L; Cp; Ir(d)
ine)
Ir(d)

n bpy
_ Cp

| Il
0+

[(DAB)IrCp] [(bpy)IrCp]

Figure 4. MO schemes for model complexes [{N)Ir(CsHs)] from DFT
calculations (DAB= Me-DAB).

detailed characterization in terms of symmetry, energy, and
composition is given for the most relevant MOs in Tables 3
and 4.

If one starts with the cationic systems [{N)IrCI(CsHs)] ™,
the calculations yield a*(N AN)-based LUMO for both the
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bpy and Me-DAB species (Table 3, Figures 2 and 3). Due
to the lowersz* level and higher LUMO coefficients at the
N-coordination centers for DAB ligandéthe stabilization

on going from bpy- to R-DAB-containing cationic complexes
is quite pronounced (Figure 2).

The HOMO is composed mainly of p(Cl) and d(Ir) orbitals
(Figure 3) which is also stabilized albeit to a lesser extent
on going from the bpy to the R-DAB complex. The cal-
culation with the hybrid B3LYP functional indicates slightly
larger d(Ir) contributions to the'@&dOMO for both com-
plexes. The origin of this comparatively small effect is the
weakero donor capability of R-DAB in comparison to bp$.
Taken together, the HOMOLUMO difference is smaller
for the R-DAB system, in agreement with the lower energy
of this o(Ir—Cl) — 2*(N AN) transition in the experiment
for the cations [(MN)IrCI(CsMes)] ™ (cf. Table 5).

In contrast to the cationic systems where HOMO and
LUMO are not extensively mixed, the neutral species Ky
Ir(CsHs) are calculated with a very different electronic
situation (Table 4, Figures 4 and 5): the frontier orbitals
result from an extensive, symmetry-supported interaction
between thea-diimine 7* MO and the corresponding
electron-rich ¢ orbital (d, of the initial ¢ fragment
Ir(CsHs). The distinctly stronger interaction in the Me-DAB
complex with its much smalleo-diimine zz system in-
evitably results in a considerably larger HOMQUMO gap
than for the bpy analogue and, by extension, to a corre-
sponding HOMO— LUMO transition at much higher
energy (cf. Table 5). This DFT-based interpretation ex-
plains the very substantial difference between the (R-DAB)-
Ir(CsMes) and (bpy)lr(GMes) compounds (Scheme 1) and
is also in agreement with the redox potential differences
Eps(0x) — Epd(red) from processes (1) and (2) which are
1.83 V for NAN bpy*¢ but 2.87 V for NAN =
Xyl-DAB. 17

Ep{0x)

[((NAN)IF(C;Meg)] — 2e [(NAN)IF(C:Mel)]*" (1)

Epc(red)

[(NAN)IF(CgMeg)] + e [NAN)IF(CsMe))]  (2)

If one views all four MO schemes (Figures 2 and 4), it is
remarkable that only the LUMO of the neutral compounds
is destabilized on replacement of bpy by R-DAB whereas
the LUMO of [(NAN)IrCI(CsHs)] " and both HOMOs are
stabilized through this change.

Electronic Transitions. Results from TD-DFT calcula-
tions using both the ADF/SAOP or the G98/B3LYP ap-
proach are summarized together with experimental data in
Table 5.

Beginning with the cationic chloride complexes [N)-
IrCI(CsMes)]t, we had previoush'7speculated whether the
lowest transitions observed were due to either-toFNAN
or GMes -to-NAN charge transfer. The surprising low-
energy shift of the typically green R-DAB complexes in

Figure 5. Representations of the frontier orbitals of [(Me-DAB)Igtd)]
from DFT calculations: A, HOMO (493 B, LUMO (504).

bands in the visible of the cationic complexes are mainly
caused by chloride-to-diimine transitions with some metal
involvement (Ir-Cl bond) and ther*(N AN) LUMO as target
orbital. This kind of transition has similarly been found
in organometallic complexes of the-diimine ligands
where it was at times referred to as ligand-to-ligand charge
transfer (LLCT) or o bond-to-ligand charge transfer
(SBLCT)23! In agreement with the experiment these bands
are calculated with a relatively low intensity, probably
reflecting poor orbital overlap. The second major transition
is due to a metal-to-ligand charge transfer (MLCT), followed
by another LLCT (bpy complex). Whereas the agreement
of absolute energy values from ADF/SAOP is excellent for
the R-DAB example, each of the two observed bands of the
bpy complex seems to involve two transitions which did not
allow us to exactly ascertain the accuracy of the two methods
used.

For a proper description of the low-energy transitions of
the neutral species (NN)Ir(CsMes), we must further dif-
ferentiate. As an intriguing result of the calculations, we are
now able to obtain a more quantitative extent of the different
degrees of metalligand iz orbital mixing in relation to the
aforementioned associated geometrical effects in these
complexes. The R-DAB systems appear to exhibit a rather
complete transfer of two electrons from the metal to the
sr-acceptor ligand, confirming the experimental structure and
oxidation state description for (R-DAB)Ir'"' (CsMes), R =
2,6-dimethylphenyl (Table 1). Accordingly, the TD-DFT
method confirms the occurrence of one intense transition at
rather high energy (Table 5). The transition energy of the
model is calculated at slightly higher value than the
experimentally observed absorption; however, in agreement
with previous arguments the character of the transition is
— a* (HOMO — LUMO) with a somewhat higher ligand

comparison to the yellow-orange bpy analogues was a maincharacter of the HOMO and rather high metal contribution

reason for undertaking this study.
As the TD-DFT calculation results from Table 5 in
conjunction with Tables 3 and 4 suggest, the long-wavelength

(31) van Slageren, J.; Klein, A.; Zalis, Soord. Chem. Re 2002 230,
193.
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Table 3. ADF/SAOP-Calculated One-Electron Energies and Percentage Composition of Selected Highest Occupied and Lowest Unoccupied MOs of
[(NAN)IrCI(CsHs)1t, Expressed in Terms of Composing Fragmeénts

MO E (eV) prevailing character Ir Cl Cp bpy/Me-DAB
NAN = bpy

unoccupied
67d —9.57 Ir(d); bpy; Cp 28 (d) 11 18 52
424’ —9.65 bpy 9 (d) 8 72
664 —9.74 bpy; Cp 13 (d) 9 10 67
654 —10.52 bpyrz* 4 (d) 2 92 (t*)

occupied
414’ —12.48 Cl(p)+ Ir(d) 34 (d) 53 7 4
644 —12.72 Cl(p)+ Ir(d) 28 (d) 62 6
63d —13.34 Ir(d) 36 (d) 28 20 9
404’ —13.90 Cl(p)+ Ir(d) 24 30 4 42
624 -14.20 Ir(d) 2 (s); 65 (d) 14 4 7
394’ —14.07 bpy 9 11 3 76

NAN = Me-DAB

unoccupied
33d’ —-9.77 Ir(d), Cp; CI 28 (d) 18 33 8
574 -10.29 Ir(d), Cp; DAB 45 (d) 30 23
564 —11.52 7 DAB 15 (d) 7 (p) 76 @)

occupied
324’ -13.19 Cl(p)+ Ir(d) 29 (d) 63 2 6
554 —13.52 Cl(p)+ Ir(d) 15 (d) 72 8
544 —14.07 Ir(d) 46 (d) 15 20 15
314’ —14.62 Cl(p)+ Ir(d) 31 41 8 9
534 -14.81 Ir(d) 2(s); 1 (p); 51 (d) 14 8 6

a Cp = CsgHs.

Table 4. ADF/SAOP-Calculated One-Electron Energies and Percentage Composition of Selected Highest Occupied and Lowest Unoccupied MOs of
[(NAN)Ir(CsHs)], Expressed in Terms of Composing Fragménts

MO E (eV) prevailing character Ir Cp bpy/Me-DAB
NAN = bpy

unoccupied
414’ —4.09 Ir; Cp; bpy 48 (d) 24 27
60d —5.26 a* bpy; Ir(d) 14 (d) 6 79
404’ —5.32 7* bpy 2 (d) 3 95
594 —5.87 7 bpy; Ir(d); Cp 15 (d) 10 754%)

Occupied
584 —7.37 a* bpy; Ir(d); Cp 3 (p); 23 (d) 22 51
574 —8.48 Ir(d) 9 (s); 78 (d) 7 5
394’ —8.54 Ir(d) 76 (d) 7 16
56d -9.20 Ir(d) 5 (s); 87 (d) 3 4
384’ —9.66 bpy 2 (d) 97
374’ -9.92 Cp 1 (p); 5 (d) 72 21

NAN = Me-DAB

unoccupied
51d -3.33 Ir(d); Cp; DAB 30 (d) 55 23
314’ -3.99 Cp; DAB 3(d) 73 23
504 —5.60 7% DAB; Ir(d); Cp 36 (d) 20 43 *)

occupied
494 -7.78 7% DAB; Ir(d); Cp 17 (d) 22 61
304’ —8.50 Ir(d) 67 (d) 9 23
484 —8.67 Ir(d) 9 (s); 74 (d) 10 6
474 —-9.25 Ir(d) 6 (s); 82 (d) 4 6
294’ —9.99 Cp 7 (d) 73 19

a Cp = C5H5.

to the LUMO, approaching an LMCT situation as would be

appropriate for a formulation (R-DAB)Ir'" (CsR's).

On the other hand, the geometry optimization for
(bpy)Ir(CsHs) with a moderately diminished inter-ring dis-

tance of bpy has already pointed to a less extensi{e) &

7*(N AN) orbital interaction with only partial metal-to-ligand
electron transfer in the ground state. Much in agreement with to bpy in complexes (NN)Ir(CsRs); there is also a crucial
the ADF/SAOP calculated values there are now three main change in character of that— z* transition from a more
transitions in the visible, each af— 7* character with some
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start from the HOMO of mixed metal/ligand composition.

The original hypothesié'” of an effective one-electron

charge transfer in the ground state from the metal to the bpy
ligand in (bpy)Ir(GMes) appears to be confirmed. Thus, there

is not only a DFT-reproduced enormous low-energy shift of

the long-wavelength transitions on changing from R-DAB

LMCT-like situation for the R-DAB systems to a more
MLCT contribution. Whereas there are three different MLCT-resembling condition in the bpy case. Strong metal/
m*(bpy) target orbitals involved, all three of these transitions ligand orbital mixing occurs for the (destabilized) LUMO



Replacement of bpy by DAB Acceptor Ligands

Table 5. Selected Calculated Lowest TD-DFT Singlet Transition Energies and Oscillator Strengths for Complexes

ADF/SAOP G98/B3LYP
state main composn (%) and CT character trans eAergy osc stP trans energy osc stP EXpt Emax(Ama x)/€®
[(bpy)IrCI(CsR's)]
A 94 (644— 65d); L'LCT 2.34 (529) 0.018 3.04 (408) 0015 o) 440
A 58 (63a— 65d); 26 (644 — 664d); MLCT 2.97 (417) 0.023 3.41 (368) 0.0d9 :
A 68 (64a— 664d); 19 (63a— 654d); L'LCT 3.05 (406) 0.016 3.29 (377) 0.0}4 3.55 (349)
1A 90 (414 — 424d'); L'LCT 3.38(367) 0.024 3.63(342) 0.030
[(Me-DAB)IrCI(CsR's)] *
A 85 (55a— 564); 14 (54a— 56d); L'LCT 2.21 (561) 0.005 2.58 (481) 0.008 2.14 (580)/350
A 76 (544— 564d); 12 (53a— 564d); MLCT 2.94 (422) 0.033 3.24 (383) 0.054 2.92 (425)/3210
1A, 94 (55a— 57d); 4 (53a — 564d) 3.39 (365) 0.054 3.87 (320) 0.062
A 66 (53a— 564d); 20 (324 — 33d") 3.45 (359) 0.011 3.45 (359) 0.018
[(opy)Ir(CsR's)]
A 73 (584— 594); 26 (584 — 60d); = — 7*/MLCT 1.91 (649) 0.031 2.09 (594) 0.071 1.68 (740)%sh,
1.85 (670)
2.01 (618Y
A" 90 (584— 404'); 5 (39& — 59d); = — 7*/MLCT 2.41 (514) 0.059 2.67 (464) 0.068 2.33(533)
A 61 (584— 604d); 19 (584 — 594d); 13 (394 — 404d'); 2.68 (462) 0.133 2.82 (440) 0.172 2.53 (490)
7 — a*/MLCT
A" 86 (394 — 594); 11 (584 — 40d') 2.84 (436) 0.027 2.85 (434) 0.018
A 83 (394 — 404d'); 8 (584 — 604d) 3.57 (347) 0.229 4.21 (294) 0.131
[(Me-DAB)Ir(CsR's)]
A 93 (494— 504); 2 (484 — 504d); & — 7*/LMCT 3.22(388) 0.209 3.25(381) 0.205 2.88 (431)/10 000
A" 97 (304 — 504d) 3.25(382) 0.012 3.03 (409) 0.009
A 97 (474— 504d) 3.82(328) 0.001 3.72 (337) 0.018

aTransition energies in eV (corresponding wavelengths in nm), calculated foiMR and R = H. P Only transitions with oscillator strengtis0.001
are listed £ Absorption maxima in eV (or nm), molar extinction coefficieatsn M~ cm=2 (from refs 16,17); R= Xyl, R ' = Me. 4 Vibrationally structured
band (ref 16).
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