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A series of sulfur-substituted dppz-based ligands and their Re(I)(CO)3Cl complexes are reported. The sulfur-
substituted ligands and complexes show interesting electronic properties atypical of dppz-type systems. Substitution of
dppz with thiocyanate (SCN) groups results in behavior typical of an electron withdrawing group. However, substitution
of dppz with the electron donating trithiocarbonate (S2CS) or deca-alkylthioether (Sdec) groups confer intraligand
charge-transfer (ICT) from the S adduct to the phenazine lowest unoccupied molecular orbital (LUMO). Upon
complexation of the substituted dppz ligand to Re(CO)3Cl this ICT red-shifts and increases in intensity. Analysis of
these observations using density functional theory (DFT) calculations and resonance Raman spectroscopy reveals
that these transitions are a mixture of metal-to-ligand charge-transfer (MLCT) and S f phenazine ICT in nature.
The synthesized compounds are also characterized using 1H NMR spectroscopy, IR spectroscopy, and electro-
chemistry. Single-crystal X-ray analysis was performed on dppz(SCN)2 (C20H18N6S2 a = 8.780 Å, b = 9.792 Å,
c = 10.400 Å, R = 95.95�, β = 112.13�, γ = 95.38�, triclinic, P1, Z = 2, R1 = 0.0306, wR2 = 0.0829.

Introduction

Complexes incorporating dipyrido[3,2-a:20,30-c]phenazine
(dppz) and its derivatives have been the subject of extensive
investigation because they possess interesting photophysical
properties.1-5 One striking example of this is the observation
that some dppz complexes exhibit a “light switch effect”,
being highly emissive in aqueous solution in the presence of
DNA but non-emissive in normal aqueous solution.6-10

Theoretical and photophysical studies suggest that the
excited states of Re(I) complexes with dppz-type ligands

contain closely lying ligand centered (LC) and metal-to-
ligand charge-transfer (MLCT) states of differing orbital
parentage. The orbital parentage of electronic transitions in
dppz has been the subject of some early theoretical investiga-
tions which remain the current thinking on the electronic
structure of the ligand.2,11-15 In dppz the lowest lying
unoccupiedmolecular orbitals (MOs) may have phenanthro-
line character, b1(phen), in which the wave function ampli-
tude is predominantly across the A, B, and C rings (Figure 1)

Figure 1. Dppz ligand structure with ring labels and numbering.
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or phenazine character, b1(phz), in which the amplitude is on
the B, D, and E rings.
In this sense they are segregated MOs. There is also a

third low-lying delocalized a2 MO. These states can be
alternatively tuned in energy by chelation of the ligand to
various metals, thus affecting the b1(phen) MO, or by
substitution at the E-ring, thereby altering the energy of the
b1(phz) MO.16-22 The basis of the “light switch effect” is the
energetics of these states. The metal-phz MLCT state is
termed the dark state and is non-emissive. Olson et al.23

suggested that this is the lowest excited state in protic solvents
because the phz nitrogen atoms become protonated and this
causes stabilization of the excited state. The luminescence is
therefore quenched, and non-radiative decay is from the dark
state. Brennaman et al.24 showed that the Mfphen MLCT
state is entropically favored over the enthalpically favored
Mfphz “dark” state. This is because the dark state involves
a more significant reorganization of solvent because of its
greater charge separation. Substitution at both the 11 and 12,
and 2 and 7, positions on dppz has been studied, and in
both cases perturbation of the interplay of states in the ligand
and its complexes was found.25-31 Understanding the pro-
cesses which occur in dppz complexes is vital to the develop-
ment of rationally designed complexes for applications
in photoelectrochemical cells32 and therapeutic drugs.33,34

Recently a tetrathiofulvalene substituted dppz ligand has
been used to create a donor-acceptor ensemble in which
the fulvalene unit acts to donate charge to the b1(phz)
orbital thus creating a new electronic transition to the
dppz systems.35,36 Also, dppz substituted with octadecane-
thioether groups has been prepared for incorporation in
metallomesogen compounds.37

In this paper we report results of sulfur-containing dppz-
type ligands inwhich the degree of charge donation to the phz
ring system is altered.We have investigated three dppz-based
ligands in which differing sulfur-bearing substituents are
appended (Figure 2). We find that for the trithiocarbonate
and thioether ligands there is strong intraligand charge-
transfer (ICT) character in the electronic structure of both
the ligands and their complexes; this effect is much smaller
in the dppz(SCN)2 ligand as SCN behaves as a normal
electron-withdrawing phz substituent. In the Re(L)(CO)3Cl
complexes (L = dppzS2CS, dppz(Sdec)2) this ICT increases
in intensity and a new band appears around 330 nm for both
complexes. These features are analyzed using density func-
tional theory (DFT) calculations and resonance Raman
spectroscopy to reveal that the nature of these transitions is
a mixture between MLCT and S f phenazine ICT.

Experimental Section

Materials. Commercially available reagents were used as
received. Literature procedures were used to prepare 1,10-
phenanthroline-5,6-dione,38 1,2 diamino-benzene-4,5-bis(thio-
cyanate),39 and 5,6-diamino-1,3-benzodithiol-2-thione.40 Dppz
ligands were synthesized by the Schiff base condensation of
1,10-phenanthroline-5,6-dione with the appropriate diamino
compound. 11,12-Bis-(decaalkylthioether)dipyridophenazine was
synthesized by the method of Kestemont et al.41 The rhenium
complexes were synthesized as previously reported.42

Dipyrido[3,2-a:20,30-c]phenazine-11,12 bis(thiocyanate) (dppz-
(SCN)2) (1).Yield= 0.54 g, 63%. 1HNMR (300MHz CDCl 3)
δ 9.61 (dd, 2H, J=1.5Hz, 8.1Hz), 9.34 (dd, 2H, J=1.8Hz, 4.5
Hz), 8.87 (s, 2H), 7.87 (dd, 2H, J = 4.5, 8.1) ppm. Anal. Calcd
for C22H14N6S 2; C 60.30, H 2.41, N 20.49. Found: C 60.26, H
2.15, N 20.36. M/z (ESI POS): 419.01 {[dppz(SCN)2] þ Naþ}.

Figure 2. Sulfur substituted dppz based ligands in this study.
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Dipyrido[3,2-a:20,30-c]phenazine-11,12 dithiol-15-thione (dppzS2-
CS) (2).Yield=0.27 g, 87%. 1HNMR (300MHzCDCl 3) δ 9.60
(dd, 2H, J= 1.8 Hz, 8.4 Hz), 9.30 (dd, 2H, J= 4.5 Hz, 1.8 Hz),
8.45 (s, 2H), 7.83 (dd, 2H, J = 8.4 Hz, 4.5 Hz). Anal. Calcd for
C19H12N4S3 3 2H2O=C53.75,H2.85,N13.20.Found:C53.38,H
2.53, N 13.32. Mass spectrum was not available because of poor
solubility.

Dipyrido[3,2-a:20,30-c]phenazine-11,12 bis (decaalkylthioether)
(dppz(Sdec)2).Yield=0.213 g, 56%1HNMR(300MHzCDCl 3)
δ 9.58 (dd, 2H, J=1.5 Hz, 8.1 Hz), 9.25 (dd, 2H, J = 1.5 Hz,
4.5Hz), 7.99 (s, 2H), 7.77 (dd, 2H, J=4.5Hz, 8.1Hz), 3.23 (t, 4H,
J = 7.5 Hz), 1.89 (m, 4H), 1.58 (m, 4H), 1.28 (b, m, 24H), 0.88
(t, 6H, J=6Hz).Anal.Calcd forC38H50N4S2,C 72.70,H8.04,N
8.94, S 10.23. Found: C 72.50, H 7.75, N 8.93, S 10.05.M/z (ESI
POS): 627.3 {[dppz(Sdec)2 þ Hþ}.

fac-Chlorotricarbonyl(dipyrido[3,2-a:20,30-c]phenazine-11,12 bis-
(thiocyanate)-rhenium Re(dppz(SCN)2)(CO)3Cl.Yield = 0.323 g,
92%1HNMR(300MHz,CDCl 3) δ 9.82 (dd, 2H), 9.53 (dd, 2H),
8.97 (s, 2H), 8.10 (dd, 2H). Anal. Calcd for C23H8N6O 3S2ReCl,
C 39.34, H 1.15, N 11.97. Found: C 39.40, H 1.29, N 11.90. (ESI
POS): 666.9 {[Re(dppz(SCN)2)(CO) 3]

þ} ; 684.97 {[Re(dppz-
(SCN)2)(CO)3]

þ þ H2O}.

fac-Chlorotricarbonyl(dipyrido[3,2-a:20,30-c]phenazine-11,12
dithiol-15-thione)-rhenium Re(dppzS2CS)(CO)3Cl. Yield =
0.286 g, 80% 1H NMR (300 MHz, CDCl 3) δ 9.79 (dd, 2H, J=
1.5, 8.4Hz), 9.48 (dd, 2H, J=1.5, 5.1Hz), 8.52 (s, 2H), 8.04 (dd,
2H, J = 5.1, 8.4 Hz). Anal. Calcd for C22H8N4O3S3ReCl, C
38.06, H 1.16, N 8.07, S 13.86. Found: C 37.81, H 1.27, N 7.99, S
13.81 M/z (ESI POS): 716.8 {[Re(dppzS2CS)(CO) 3Cl] þ Naþ}.

fac-Chlorotricarbonyl(dipyrido[3,2-a:20,30-c]phenazine-11,12bis-
(decaalkylthioether)-rhenium Re(dppz(Sdec)2)(CO)3Cl. Yield =
0.28 g, 82% 1H NMR (300 MHz, CDCl 3) δ 9.73 (dd, 2H, J =
1.5, 8.1 Hz), 9.42 (dd, 2H, J=1.5, 5.1 Hz), 7.98 (s, 2H), 7.97 (m,
2H), 3.26 (t, 4H, J=7.5Hz), 1.925 (m, 4H), 1.60 (m, 4H), 1.28 (m,
24H), 0.88 (t, 6H, J = 7.2 Hz). Anal. Calcd for C41H50N4O3S2-
ReCl, C 52.8, H 5.4, N 6.01. Found: C 52.68, H 5.61, N 6.12.M/z
(ESI POS): 955.5 {[Re(dppz(Sdec)2)(CO) 3Cl] þ Naþ}.

Physical Measurements. Aldrich spectroscopic grade or H.P.
grade solvents were used for all spectroscopic measurements.
Spectral data were analyzed by using GRAMS/32 AI (Galactic
Industries) software. Mass spectrometry measurements were
acquired from a Micromass LCT instrument for electrospray
measurement or using a Shimadzu QP8000 alpha with ESI
probe. Microanalyses were carried out at the Campbell Micro-
analysis Laboratory at the University of Otago.

Absorption spectra were measured at room temperature
on a Varian Cary 500 Scan UV/vis/NIR spectrophotometer
with Cary WinUV scan application software. A scan rate of
600 nm min-1 was employed between 200 and 800 nm. Samples
were between 10-5 and 10-6 M in dichloromethane.

FT-Raman spectra were collected on powder samples using a
Bruker IFS-55 interferometer with a FRA/106 S attachment.
The excitation source was a Nd:YAG laser with an excitation
wavelength of 1064 nm. A liquid nitrogen cooled Ge diode
(D418T) was used to detect Raman photons. All spectra were
measured over 64-256 scans with a laser power of 80mWat the
sample and spectral resolution of 4 cm-1.

Resonance Raman spectra were recorded for all compounds
by using a setup described previously.43-46 Excitation wave-
lengths of 351, 407, 413, and 444 nm were employed and
solutions were typically 5-7 mM in dichloromethane solution.

Single crystals of suitable quality for X-ray diffraction of
dppz(SCN)2 were grown from a concentrated chlorobenzene
solution. Crystal data, data collection, and refinement para-
meters are listed in Table 1. Measurements were made with a
Bruker diffractometer equippedwith anApex II charge-coupled
device (CCD) area detector using graphite monochromatedMo
KR (λ = 0.71073 Å) radiation. The structure was solved by
direct methods and refined on F2 by use of all data in full-matrix
least-squares procedures, with all non-hydrogen atoms refined
anisotropically.

The electrochemical cell for cyclic voltammetry was made up
of a 1 mm diameter platinum rod working electrode embedded
in a KeL-F cylinder with a platinum auxiliary electrode and a
Ag/AgCl reference electrode. The potential of the cell was
controlled by an EG&G PAR 273 A potentiostat with model
270 software. Solutions were typically about 10-3 M in dichlor-
omethane with 0.1 M tetrabutylammonium hexafluoropho-
sphate (TBAPF6) as supporting electrolyte, and were purged
with nitrogen for approximately 5 min prior to measurement.
The TBAPF6 was recrystallized from ethyl acetate and dried
under reduced pressure at 70 �C for 10 h, and then kept at 90 �C
until use. The scanning speed was 1 V s-1, and the cyclic voltam-
mograms were calibrated against the decamethylferrocenium/dec-
amethylferrocene (DMFc) couple (-0.012 V in CH2Cl2) and are
reported relative to the saturated calomel electrode (SCE) for
comparison with other data by subtracting 0.045 V.47

Computational Methods. Calculations were performed by
using the Gaussian 03 package48 and GaussSum 2.1.49 In vacuo
geometry optimizations and calculation of harmonic vibra-
tional frequencies were performed by DFT, employing the
B3LYP or CAM-B3LYP functional. Time-dependent density

Table 1. Crystal Data for dppz(SCN)2

dppz(SCN)2

chemical formula C20H18N6S2
formula weight 396.44
temperature 89(2) K
wavelength 0.71073 Å
crystal system triclinic
space group P1
unit cell dimensions a = 8.780 Å R = 95.95�

b = 9.792 Å β = 112.13�
c = 10.400 Å γ = 95.38�

volume 815.2 Å3

Z 2
density (calculated) 1.615 Mg/mm3

absorption coefficient 0.348 mm-1

F(000) 404
crystal size 0.32 � 0.32 � 0.06 mm3

θ range for data collection 2.11-27.00
index ranges -11 e h e 11

-12 e k e 12
-13 e l e 13

reflections collected 25533
independent reflections 3570 [R(int) = 0.0245]
completeness to θ = 27.00 99%
absorption correction semiempirical from

equivalents
max. and min transmisson 1.000000 and 0.884893
refinement method full-matrix least-squares

on F2

data/restraints/parameters 3570/0/253
goodnes -of-fit on F2 1.012
final R indices [I > 2σ(I)] R1 = 0.0275, w R2 =

0.0801
R indices (all data) R1 = 0.0306, wR2 =

0.0829
largest diff. peak and hole 0.475 and -0.288 e 3 Å

-3
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Wiley and Sons, Inc.: New York, 2001.
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functional theory (TD-DFT) calculations were performed with
a dichloromethane solvent field on the geometry obtained from
the in vacuo calculation, as the in vacuo TD-DFT were un-
satisfactory. Solvent calculations were implemented using the
keyword iefpcm for dichloromethane. This implements a self-
consistent reaction field method; the integral equation forma-
lism polarizable continuum model, in which the solvent is
considered as a continuum of a determined dielectric constant
and the solute is within a cavity of the solvent and ismodeled as a
series of interlocked spheres.50-52 If the excitation is charge-
transfer in nature, TD-DFT using the B3LYP functional can
underestimate the energy of charge-transfer transitions.53 It has
been suggested that the primary origin of this effect is self-
interaction error.54 The use of long-range corrected coulomb
attenuated hybrids such as CAM-B3LYP have been shown to
overcome this problem.55 To test this in our systems TD-DFT
calculations were performed using B3LYP and CAM-B3LYP
functionals; we find that the CAM-B3LYP overestimated the
transition energies (see Table S2, Supporting Information) for
the ligands and complexes and thus we have used the B3LYP
calculations in our interpretation of the data, as these calcula-
tions more closely predicted the experimental data.

The LANL2DZ core potential and associated basis set was
used previously to describe the rhenium atom of analogous
complexes.56 Calculated frequencies were scaled by a factor of
0.975. Illustration of the vibrational modes was achieved using
the Molden package.57

Results and Discussion

I. Modeling and Structure. The structures of the
ligands and complexes were modeled using DFT
(B3LYP) with a LANL2DZ basis set for rhenium and
6-31G(d) for the other atoms. In the absence of crystal-
lographic data a comparison of modeled vibrational
spectral data with experiment offers a good method of

validating the calculations.58-63 Our analyses of the Ra-
man data sets reveals amean absolute deviation of 7 cm-1

on bands ofmoderate to strong intensity; we consider this
a good correlation (Figure 3).64,65 Importantly this means
that these calculations offer some insight into the electro-
nic character of the ligands and how the electronic
structure is altered by chelation to a metal.
An analysis of the calculated structural data is unsur-

prising with one exception; the relative disposition of the
S-CH3 groups on the dppz(Sdec)2 ligand (modeled as
dppz(SMe)2 to reduce computational expense) reveals
that there are three rotamers of similar energy (Figure
4). Frequency calculations performed on each rotamer,
showed there were no imaginary frequencies, indicating
that each rotamer is a local minimum energy structure.
The alpha rotamer has the lowest calculated energy
difference relative to the beta and gamma rotamer struc-
tures and also the lowest mean absolute deviation (MAD)
between calculated and experimental FT-Raman spectra.
All calculated results presented for dppz(Sdec)2 and Re-
(dppz(Sdec)2)(CO)3Cl therefore pertain to the alpha ro-
tamer.
It was possible to obtain a crystal structure of the

dppz(SCN)2 ligand; this crystallizes in the triclinic space
groupP1. The dppz skeleton is virtually planar showing a
mean deviation of 0.039 Å with a maximum deviation of

Figure 3. Comparison between the experimental and calculated FT-
Raman spectra of Re(dppz(Sdec)2)(CO)3Cl.

Figure 4. Structures of dppz(Sdec)2 rotamers.
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0.072 Å for C16. A notable feature is the arrangement of
the thiocyanate groups relative to the dppz skeleton
(Figure 5). The torsion angle for the S2 SCN group out
of the E-ring plane is 85.54� (calculated 83.3�) while the S1
SCN group is close to coplanar with the dppz frame-
work (torsion angle = 1.98�, calculated 1.08�). Experi-
mental and calculated bond lengths are in good agree-
ment, with the C15-S1 bond length being the only one
with greater than 0.02 Å difference between experimental
and calculated values.

Vibrational Spectroscopy. The IR carbonyl stretching
frequencies for the Re(L)(CO)3Cl complexes in this study
are presented in Table 2. The stretching frequency of the
carbonyl group reports on the electron density at the
metal center.66,67 As can be seen, the frequencies for the
three substituted dppz complexes and the parent dppz
complex are very similar, indicating the different electro-
nic effects of the sulfur-containing substituents do not
affect the metal center. This is consistent with the segre-
gated orbital model with disconnected phen and phz
MOs.2,11,20

FT-Raman Spectroscopy. A table of selected FT-
Raman bands, their calculated frequency, vibrational
mode, and assignment is presented in the Supporting
Information. A common feature for all compounds in
this study is the strong band around 1400 cm-1 assigned
as a phz vibration. A band at around 1320 cm-1 assigned
as a phen-based vibration is present in all compounds
except the dppzS2CS ligand. Unique to dppzS2CS and its

Re(I) complex is a strong band at 1096 cm-1, a CdS
stretching mode of the trithiocarbonate adduct.

II. Physical Properties. The 1H chemical shifts for
substituted dppz ligands and their complexes give infor-
mation regarding the electronic effects of the substituents
on the ligand.68 The singlet corresponding to H-13/10 is
sensitive to the relative electron withdrawing/donating
effects of the substituents at the 11 and 12 positions.
Table 3 gives the 1H NMR data for the dppz protons, for
the ligands in this study as well as dppz itself. These data
indicate that the electron withdrawing effects of the
substituents can be ordered: thiocyanate > trithiocarbo-
nate > thioether. The thioether substituents increase the
electron density on the phenazine portion of the ligand.
The chemical shifts for protons at the phen end of the
ligand are relatively unaffected by substituents; this sup-
ports the view of segregated phen and phz MO model of
dppz.21

The coordination induced shift (CIS) = δ(complex) -
δ(ligand)measures the difference in chemical shift of a signal
between the coordinated and free ligand (Table 3). CIS
parameters have been shown useful in probing the π back-
bonding nature ofmetal polypyridyls.69 The general trend
is a small increase in chemical shift upon coordination of
the ligands to Re(I). This increase is larger for the phen
protons, that is, the protons closest to the Re(I) center.
This deshielding upon coordination is expected to occur
for two reasons: a reduction in electron density on the
ligand resulting in a downfield shift, because of donation
of σ electron density to form the twometal-ligand bonds,
and the back-donation of π electron density from the
Re(I) center to the ligand. These shifts of approximately
0.2 and 0.1 ppm for the phen and phz based protons,
respectively, are similar to those of Re(dppz)(CO)3Cl and
other Re(I) complexes of substituted dppz complexes.68

Electrochemical Studies. Electrochemical data for the
ligands and Re(I) complexes in dichloromethane are
presented in Table 4. Many studies, both electrochemi-
cal and computational,1,2,13,19,21 have shown that the
lowest unoccupied molecular orbital (LUMO) of a wide
range of dppzs ligands and their Re(I) complexes is
phenazine-based. This conclusion is due to the reduction
potential of dppz (-1.28 V vs SCE)42 being much closer

Figure 5. ORTEP diagram of dppz(SCN)2 emphasizing the conforma-
tionof the SCNgroups. Selectedbond lengths (in angstroms): S(1)-C(19)
1.692(13); S1-C(15) 1.780(12); S(2)-C(20) 1.708(14); S(2)-C(16) 1.789-
(12). Selected bond angles (in degrees): C(19)-S(1)-C(15) 100.44(6);
C(20)-S(2)-C(16) 100.48(6).

Table 2. Carbonyl Stretching Frequencies (cm-1) for Re(I)L(CO)3Cl Complexes
in CH2Cl2 Solution

compound A0(1) A0 0 A0(2)

Redppz(CO)3Cl 2025 1923 1900
Re(dppz(SCN)2)(CO)3Cl 2026 1925 1903
Re(dppS2CS)(CO)3Cl 2025 1924 1901
Re(dppz(Sdec)2)(CO)3Cl 2025 1924 1901

Table 3. 1H NMR Data for Ligands and Re(I) Complexes

phen phz

compound H 3, 6a H 2,7 H 1,8 H 13,10

dppz(SCN)2 9.34b 7.86 9.61 8.87
dppzS2CS 9.30 7.83 9.60 8.45
dppz(Sdec)2 9.25 7.77 9.58 7.99
dppzc 9.28 7.80 9.65 8.36
Re(dppz)(CO)3Cl

c 9.47(0.19)d 8.02(0.22) 9.87(0.22) 8.45(0.10)
Re(dppz(SCN)2)(CO)3Cl 9.53(0.19) 8.1(0.24) 9.82(0.21) 8.97(0.10)
Re(dppzS2CS)(CO)3Cl 9.48(0.18) 8.04(0.21) 9.79(0.19) 8.52(0.07)
Re(dppz(Sdec)2)(CO)3Cl 9.42(0.17) 7.97(0.14) 9.73(0.15) 7.98(0.01)

aAtom labeling shown in Figure 1. bChemical shifts for all com-
pounds referenced toCDCl3 solvent peak at 7.260 ppm. cChemical shifts
for dppz and Re(dppz)(CO)3Cl.

42 dCoordination induced shift (CIS)=
δ(complex) - δ(ligand) (shown in parentheses).
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to that of phenazine (-1.4 V) than that of 2,2-bipyridine
(-2.35 V).1 The change in reduction potential is there-
fore a good indicator of alteration of the phz MO
energy level by the substituent. The order of the ligand
reduction potentials reflects the electron-withdrawing
ability of the substituent as established from 1H NMR,
that is, the reduction potential of dppz(SCN)2 >
dppzS2CS > dppz(Sdec)2. This trend is again reflected
in the Re(I) complexes, with an average decrease of
220 mV upon coordination, comparable to other Re(I)
dppz complexes.18,42,60

Electronic Absorption Spectra-Time Dependent DFT
Calculations. To understand the visible spectra of these
ligands and their complexes it is instructive to relate the
observed bands to (1) the TD-DFT results and (2) the
resonance Raman band enhancements. TD-DFT has
been successfully applied to the prediction of metal poly-
pyridyl electronic transitions.26,61,62,70-73

It is generally found that the shifts in energies are well
predicted, but the absolute values are offset; this is true
for charge-transfer transitions as discussed byDreuw and
Head-Gordon.54 The calculated and experimental data
reflect the nature of the electronic transition of interest.
The electronic absorption spectra of the ligands and their
complexes are presented in Figures 6 and 7 respectively.
These spectra differ considerably from unsubstituted

dppz and its Re(I) complex. The most striking difference
is that for dppzS2CS and dppz(Sdec)2 the ligand spectra
have strong absorption bands at 427 and 434 nm, sig-
nificantly red-shifted from that of dppz (378 nm). Upon
complexation this band is further red-shifted to 439 and
447 nm for Re(dppzS2CS)(CO)3Cl and Re(dppz(Sdec)2)-
(CO)3Cl, respectively.
The second difference occurs in the spectra of the Re

complexes; for Re(dppzS2CS)(CO)3Cl and Re(dppz-
(Sdec)2)(CO)3Cl a band appears at around 330 nm which

is absent in the spectrum of Redppz(CO)3Cl. Analyses of
the TDDFT calculations show qualitative agreement
with experimental absorption data. (Table 5)
The dppzS2CS and dppz(Sdec)2 ligands show bands

that are significantly red-shifted from dppz and dppz-
(SCN)2. For example dppzS2CS and dppz(Sdec)2 have
lowest energy transitions predicted to lie at 401 and 404
nm respectively, whereas the lowest energy transitions for
dppz and dppz(SCN)2 are at 345 and 368 nm respectively
(Table 5)
For the Re complexes the predicted UV visible data

may be split into two groups; for Re(dppz)(CO)3Cl and
Re(dppz(SCN)2)(CO)3Cl, weak bands are predicted at
433 and 492 nm respectively (see Table 5), while for
Re(dppzS2CS)(CO)3Cl and Re(dppz(Sdec)2)(CO)3Cl a
very strong band is predicted at 410 and 434 nm respec-
tively, similar to the transition observed in the corre-
sponding ligands. The makeup of the LUMOs for
dppzS2CS and its Re(I) complex differ from those of
dppz, dppz(SCN)2 and dppz(Sdec)2. There are a number
of UMOs of dppz that lie close in energy; these have phz
character (labeled 5b1), phen character (4b1), or are

Table 4. Electrochemical Data for Ligands and Complexes

compound Ered
a/V vs SCE ΔRb

dppz(SCN)2 -0.85
dppzS2CS -0.98
dppz(Sdec)2 -1.23
dppzc -1.28
dppzCNc -0.91
dppzMec -1.30
dppzoxadc -0.85
Re(dppz(SCN)2)(CO)3Cl -0.63 0.22
Re(dppzS2CS)(CO)3Cl -0.75 0.23
Re(dppz(Sdec)2)(CO)3Cl -1.03 0.21
Re(dppz)(CO)3Cl

c -1.01 0.27
Re(dppzCN)(CO)3Cl

c -0.63 0.28
Re(dppzMe)(CO)3Cl

c -1.04 0.26
Re(dppzoxad)(CO)3Cl

c -0.75 0.1

aReduction potentials are recorded against DMFcþ/DMFc and
converted to SCE. Solvent CH2Cl2, supporting electrolyte TBAPF6.
Irreversible oxidations were observed toward the solvent limit. bThe
decrease in reduction potential upon coordination. cPreviously studied,
included for comparison.60

Figure 6. Electronic absorption spectra of the ligands recorded in
CH2Cl2.

Figure 7. Electronic absorption spectra of the Re(I)L(CO)3Cl com-
plexes recorded in CH2Cl2.
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delocalized (4a2). In addition to these UMOs, dppzS2CS
possesses a LUMOþ1 (Figure 9) which is a non bonding
orbital with 80% of its character on the trithiocarbonate
adduct. This orbital becomes LUMOþ3 in the complex
with 85% density on the S moiety, as the phen and
delocalized MOs are stabilized in energy, becoming
LUMOþ1 and LUMOþ2 respectively.
The transitions that are predicted may be classified

based on orbital percentage, and specifically, the role of
the S atoms in the transitions. The level of charge transfer
that involves the S atoms for ligands and complexesmaybe
parametrized by integrating electronic charge changeswith
transition as a function of sections of the molecule. This is

achieved with a Mulliken charge partitioning scheme
which describes charge distribution throughout amolecule
by assigning partial charges to atoms.74The partitioning of
the atoms into the domains, phen, phz, S adduct, andmetal
(for the complexes) is depicted in Figure 8.

Figure 8. Re(I) dppz molecule sectioned into portions for calculated
transition charge changes.

Table 5. Experimental and Calculateda Electronic Data for Complexes and Ligands

changes in wave function amplitude with transition
for the optical electron

λ/
nmb εc

λ/
nmd fe

MO configurations, major
components (% contribution)

sulfur adduct phz phen metal

dppz 379 12900 345 0.29 H-1, L (79%) 59f71 (12) 41f29 (-12)
367 11300
270 43700 286 0.56 H, Lþ1 (16%); H-1, Lþ2 (-37%) 56f30 (-26) 44f70 (26)

dppz(SCN)2 401 19700
381 17200 368 0.36 H-1, L (85%) 9f3 (-6) 37f76 (39) 54f21 (-33)
287 52400 296 1.08 H, Lþ1 (62%) 22f4 (-18) 33f60 (27) 45f35 (-10)

dppzS2CS 427 11100
407 13400 401 0.88 H, L (85%) 47f18 (-29) 37f64 (27) 16f18 (2)
386 10200
290 35900 284 0.81 H-1, Lþ2 (35%); H, Lþ3 (-39%) 31f5 (-26) 39f29 (-10) 30f67 (37)

dppz(Sdec)2 434 20350 404 0.54 H, L (85%) 43f4 (-39) 44f72 (28) 14f24 (10)
409 13500
293 49900 305 0.62 H-1, Lþ1 (54%); H, Lþ2 (28%) 36f2 (-34) 45f36 (-9) 19f62 (43)

292 0.42 H-5, L (74%); H-1, Lþ1 (12%) 26f3 (-23) 28f68 (40) 46f28 (-18)

Re(dppz)(CO)3Cl 433 0.06 H-1, L (91%) 1f64 (63) 5f35 (30) 93f1 (-92)
360 13800 340 0.18 H-4, L (71%); H-3, Lþ2 (24%) 68f60 (-8) 26f40 (14) 6f0 (-6)
280 50000 289 0.83 H-7, L (-35%); H-3, Lþ2 (38%) 44f49 (5) 17f50 (33) 40f1 (-39)

492 0.03 H-1, L (56%) 0f3 (3) 1f74 (73) 5f23 (18) 94f0 (-94)
Re(dppz(SCN)2)(CO)3Cl 415 sh 411 0.10 H-1, Lþ1 (89%) 0f0 (0) 1f6 (5) 5f87 (82) 94f7 (-87)

393 11200 388 0.10 H-3, L (-22%); H, Lþ2 (72%) 6f3 (-3) 12f52 (40) 7f45 (38) 75f0 (-75)
288 41500 299 0.55 H-4, Lþ1 (33%); H-3, Lþ2 (29%) 24f2 (-22) 36f36 (0) 31f59 (28) 9f3 (-6)

Re(dppzS2CS)(CO)3Cl 439 53200 410 0.73 H-2,L (56%); H-1, Lþ1 (-35%) f 38f8 (-30) 19f41 (22) 6f48 (42) 38f3 (-35)
417 sh
335 34000 317 0.80 H-4, Lþ2 (31%); H-2,Lþ3 (53%)g 44f54 (10) 39f20 (-19) 10f25 (15) 7f0 (-7)
291 70800

Re(dppz(Sdec)2)(CO)3Cl 447 49200 434 0.30 H-1, L (83%) f 23f4 (-19) 21f62 (41) 9f34 (25) 47f1 (-46)
424 sh 410 0.26 H-2, L (81%) 28f4 (-24) 22f63 (41) 4f33 (29) 46f0 (-46)
321 55600 331 0.86 H-3, Lþ2 (86%)g 40f1 (-39) 50f33 (-17) 8f65 (57) 1f1 (0)
294 51500

aCalculations were run with a solvent field, see Experimental Section. bExperimental absorption maxima. cExperimental extinction coefficient
(Lmol-1 cm-1). dCalculated absorptionmaxima. eCalculated oscillator strength. fTransitionmay be best described as sulfur to dppz andmetal to dppz,
see Figure 8 and text for details. gTransition may be best described as sulfur to dppz, see Figure 8 and text for details.

Figure 9. Selelcted MOs of dppzS2CS: a, HOMO; b, HOMO-2; c,
LUMO (4b2) ; d, LUMOþ1.

(74) Zalis, S.; Farrell, I. R.; Vlcek, A., Jr. J. Am. Chem. Soc. 2003, 125,
4580–4592.
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The level of electron density changes associated with
particular transitions is shown in Table 5. For these
data the strong transition observed in dppz(Sdec)2 and
dppzS2CS is dominated by a S f phz transition, which
differs from the lowest lying transition of dppz and
dppz(SCN)2 which is a πfπ* transition of the dppz
framework. In the case of dppz(SCN)2 there is some
S character in this transition, but it is very small compared
to that for the dppzS2CS and dppz(Sdec)2 transitions. For
all of the ligands a second higher energy transition is
present; this is best described as a delocalized LC πfπ*
transition in which donor and acceptor MOs are both
delocalized and are not polarized toward the S atoms. For
the metal complexes there are some differences in the
predicted UV-vis spectra. First an MLCT transition is
predicted for Re(dppz)(CO)3Cl which is dominated by a
dπfphen transition. This transition shifts to the red for
Re(dppz(SCN)2)(CO)3Cl and consistent with this shift
the predictedMOs associatedwith the transition aremore
delocalized, comprising dπfphen and dπfphz transi-
tions. In the case of Re(dppz(Sdec)2)(CO)3Cl, the strong
absorption at 447 nm (predicted at 434 nm) is also
attributed to an ICT. The calculated donor MOs for this
transition (HOMO-1 and HOMO-2) retain their sulfur
character from the free ligand, but also contain significant
density on themetal center (Figure 10). One can therefore
think of this as a charge transfer transition from both the
metal and the sulfur portions to the phenazine LUMO.
For Re(dppzS2CS)(CO)3Cl the electronic transitions that
comprise the strong absorption at 439 nm (predicted
410 nm) are dπfphen and S f phz with the ICT being
the dominant configuration. The net charge transfer is
similar to that of Re(dppz(Sdec)2)(CO)3Cl, that is, charge
transfer from themetal and sulfur adduct to the accepting
phzMO.With this in mind it is interesting to note there is
a negligible solvatochromic effect for the Re(dppzS2CS)-
(CO)3Cl and Re(dppz(Sdec)2)(CO)3Cl complexes.
The higher energy transition observed in Re(dppzS2-

CS)(CO)3Cl at 335 nm and in Re(dppz(Sdec)2)(CO)3Cl at
321 nm is accounted for in the calculations. The greater
intensity of this transition in Re(dppz(Sdec)2)(CO)3Cl
(5.56 � 104 L mol-1 cm-1) over Re(dppzS2CS)(CO)3Cl
(3.4� 104 L mol-1 cm-1) may be explained by the parent
molecular orbitals and the subsequent charge distribu-
tion. The transition responsible in Re(dppz(Sdec)2)-
(CO)3Cl is HOMO-3 f LUMOþ2. The donor orbital is
a delocalized ligand orbital with high density on the sulfur

(41%) and phz (51%) portions. The acceptor LUMOþ2
orbital (4a2 delocalized) has its density on the phen (66%)
and phz (32%) regions, the net result being an increase
in charge on the phen portion of the dppz, thus indicat-
ing a pseudocharge transfer from the sulfur to the phen,
although involving two delocalized MOs. The corre-
sponding transition in Re(dppzS2CS)(CO)3Cl involves
HOMO-4 f LUMOþ2 and HOMO-2 f LUMOþ3,
the latter being the dominant contribution. On inspection
the HOMO-4 f LUMOþ2 transition would result in a
similar S f phen pseudo CT transition as in Re(dppz-
(Sdec)2)(CO)3Cl. However, the dominant acceptor MO
LUMOþ3, the MO unique to Re(dppzS2CS)(CO)3Cl
having 85% of its electron density on the S2CS adduct,
counteracts any ‘S f phen’ behavior of the HOMO-4 f
LUMOþ2. The sum charge transfer of these transitions
is therefore much more diffuse than that of Re(dppz-
(Sdec)2)(CO)3Cl (S2CS 10, Phz -19, Phen 15, Metal -7)
perhaps explaining the lower intensity of the 320 nm
transition in Re(dppzS2CS)(CO)3Cl.
It is interesting to note that the HOMO does not play

as significant a role in the configurations that make up
many of the transitions for the metal complexes. The
HOMO has χ symmetry with respect to the ligand N
atoms;75 however the LUMO and LUMOþ1 which
dominate the configurations of the lower energy transi-
tions are of ψ symmetry. Thus HOMO, LUMO and
HOMO, LUMOþ1 interactions are symmetry disal-
lowed.

Resonance Raman spectroscopy. In addition to the
theoretical studies it is possible to probe the nature of
the observed electronic transitions using resonance Ra-
man spectroscopy.76 The resonance Raman effect pro-
duces strong Raman band intensity enhancements as
a consequence of the vibronic coupling of normal co-
ordinates with electronic transitions.77 The observed en-
hancements of intensity is not random across the normal
modes of the probed molecule; rather those modes that
mimic the nature of the electronic photoexcitation show
preferential enhancement.78 Hence vibrational modes
that are enhanced are associated with the structural
distortions attendant upon the active chromophore. A
number of studies have examined the Raman spectra of
dppz-type ligands and their complexes in concert with
DFT calculations.61,62,73 Examination of the resonance
Raman spectra of Re(dppz(SCN)2)(CO)3Cl shows that
the major bands present in the normal Raman spectrum,
that is, those at 1400 and 1447 cm-1 remain strong
features as the excitation wavelength is tuned across the
main visible absorption band. This is consistent with the
TDDFT data which predicts the main lowest lying ab-
sorption feature of Re(dppz(SCN)2)(CO)3Cl to be a
composite of dπfphen and dπfphz MLCT transitions.
Such transitions would enhance the modes associated
with 1400 and 1447 cm-1 and these are phz stretch and
delocalized modes respectively. For Re(dppz(Sdec)2)-
(CO)3Cl using the excitation wavelengths 407, 413, and
444 nm, a distinct enhancement of the bands at 1221 and

Figure 10. Selected MOs of Re(dppz(Sdec)2)(CO)3Cl: a, HOMO-1; b
HOMO-3; c, LUMO; d, LUMOþ2 (4a2). AdditionalMOs of the ligands
and complexes are shown in Tables S3 and S4 (Supporting Information).

(75) Orgel, L. E. J. Chem. Soc. 1961, 3683–3686.
(76) Horvath, R.; Gordon, K. C.Coord. Chem. Rev. 2009, DOI: 10.1016/j.

ccr.2009.11.015.
(77) Clark, R. J. H.; Dines, T. J. Angew. Chem. 1986, 98, 131–160.
(78) Hirakawa, A. Y.; Tsuboi, M. Science 1975, 188, 359–361.
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1427 cm-1 relative to the FTRaman data is observed, and
there is a diminution of the 1314 cm-1 band. The en-
hanced band at 1221 cm-1 (mode 93) is assigned to a phz
vibration. The 1427 cm-1 band is a phz vibration, but also
with significant E ring character (Supporting Informa-
tion,Table S1). The enhancement of these modes is con-
sistent with the Sf phz assignment of the transition. The
diminution of the 1314 cm-1 band, assigned as a phen
mode, supports this. The 351 nm resonanceRaman shows
a different set of features including the enhancement of
the 1578 cm-1 band (mode 118). This band is assigned as a
delocalized vibration, in which there is also significant E
ring bond distortion. This is consistent with the assign-
ment from the TD-DFT data (Table 5) in which this band
is attributed to a delocalized transition.
The resonance Raman spectrum of Re(dppzS2CS)-

(CO)3Cl (Figure 11) generated with 444 nm excitation
shows enhancement of the 1096 cm-1 (mode 81) CdS
based mode, and the 1409 and 1449 cm-1 phz vibrations.
This is consistent with an S f phz assignment. The
resonance Raman spectrum generated with 351 nm ex-
citation shows the enhancement of the 1080 cm-1 band
(mode 79) which is also a CdS based vibration.
This is a different mode than the one enhanced in the

444 nm spectra, indicating a different orbital parentage
between the transitions probed, even though both transi-
tions involve the S2CS substituent. An examination of the
two resonantly enhanced S2CS modes shows that they
distort the S2CS group in slightly different ways. The
band enhancement with 351 nm excitation (mode 79)
(Figure 12) may be described as r4 þ r2 þr2

0; the band
enhanced with 444 nm excitation (mode 81) has r4 - r2
-r2

0 character. The enhancement of mode 81 is consistent
with the TD-DFT data in that the electronic transition
attributed to this excitation has a donor MO (HOMO-2)
with antibonding r2,r2

0 character populating an acceptor
MO with antibonding r4 character but non bonding
across r2 and r2

0. Thus this will distort the S2CS along r2
and r2

0 as a compression or shortening of bond length and
elongate the r4 bond. For the 351 nm excitation a different

orbital parentage is active; the donor MO is antibonding
along r2, r2

0 (HOMO -2), but in this case the acceptor
MO (LUMOþ3) is antibonding along r4 r2 r2

0. Thus
elongation of all three bonds will accompany photoexci-
tation at this wavelength. Also enhanced at 351 nm is
the 1424 cm-1 band (mode 98), assigned as a delocalized
vibration, with a large perturbation of the E ring.
Common among the Re(dppzS2CS)(CO)3Cl and Re-

(dppz(Sdec)2)(CO)3Cl complexes is the enhancement of
bands involving significant E ring/sulfur bond perturba-
tion, confirming the orbital parentage responsible as the
sulfur based MOs. Absent, however, from this analysis
are the carbonyl stretching modes that would be com-
monly found in the resonance Raman spectra of MLCT
transitions. If the low energy transitions of Re(dppzS2-
CS)(CO)3Cl and Re(dppz(Sdec)2)(CO)3Cl are in fact ICT
transitions involving the metal center, one might expect
enhancement of these carbonyl bands across the red
wavelengths (407-444 nm). The calculated TD-DFT
data suggest that these transitions, normally assigned as
MLCT in nature because of their low energy, are not
dominated by dπ to π* configurations but also involve
other electronic configurations which reduce the effective
MLCT. Therefore the enhancement of the carbonyl
bands is not as strong in these compounds compared to
Redppz(CO)3Cl where such additional configurations do
not contribute to the low energy transitions.76

Conclusions

The synthesis and characterization of a series of sulfur-
substituted dppz ligands and their Re(I) complexes are
reported. The sulfur substituents reveal some interesting
electronic properties that are atypical of dppz ligands and
their complexes. In the case of the dppz(SCN)2 the properties
of both the ligand and Re(I) complex are similar to those
observed for other dppz systems with electron-withdrawing
substituents on the phenazine. For dppzS2CS and dppz-
(Sdec)2 the substituents are strongly electron donating lead-
ing to some atypical and unique properties for the ligands and
the respective Re(I) complexes. First the infrared data of the
complexes reveals that the S-substituents have only a minor
effect on the backbonding of theRe.NMRstudies reveal that
the electron density about the phz ring is strongly perturbed
by the substituents, with the SCN substituent reducing the

Figure 11. Resonance Raman spectra of Re(dppzS2CS)(CO)3Cl gener-
ated with different excitation wavelengths. FT-Raman spectrum was
measured on a powder sample; all other spectra were obtained from
5 mM CH2Cl2 solutions.

Figure 12. Eigenvector diagrams for selected vibrational modes show-
ing displacement vectors of Re(dppzS2CS)(CO)3Cl. The bond designa-
tions r1 through r5 for the trithiocarbonate adduct are also shown.
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electron density at the phz, the S2CS being similar to the
dppz, and the Sdec being electron donating; the Sdec also
shows the smallest shift in the phz 1H signals on coordination
to Re(I)(CO)3Cl. The electrochemistry reveals that all of the
S-substituted dppz ligands are easier to reduce than dppz,
with the electron withdrawing dppz(SCN)2 being the easiest;
however, on coordination all three Re(I) complexes show a
slightly smaller stabilization to reduction relative to dppz
(200 versus 270mV). The electronic absorption spectra of the
ligands dppz(Sdec)2 and dppzS2CS show the presence of a
low energy band attributed to a S f phz ICT transition.
Furthermore, the Re(I) complexes of these ligands show
some shifts of this low energy transition, and calculations
reveal that the nature of the transition is a mixture ofMLCT
and S f phz; the system is effectively donating electrons to
the phz from two different directions. This interpretation is
supported by the resonance Raman data that show enhance-
ments of vibrations attributable to the sulfur substituents.
The partial oxidation of themetal center in the mixed excited
state results in the absence of the usual carbonyl band
enhancement observed in the resonance Raman spectra of
Re(I)(CO)3Cl polypyridyl MLCT transitions.
Both Re(dppzS2CS)(CO)3Cl and Re(dppz(Sdec)2)(CO)3-

Cl possess a higher energy transition around 330 nm atypical
of Re(dppz)(CO)3Cl type complexes. This transition is

assigned as pseudo S f phen ICT and is more intense in
Re(dppzSdec)2)(CO)3Cl thanRe(dppzS2CS)(CO)3Cl.Exam-
ination of the orbitals from TD-DFT calculations show a
unique UMO (LUMOþ3) on Re(dppzS2CS)(CO)3Cl which
has high density on the S2CS adduct, thus resulting in a more
diffuse transition with lower intensity compared to that of
Re(dppzSdec)2)(CO)3Cl. Resonance Raman excitation of
Re(dppzS2CS)(CO)3Cl at 351 and 444 nm results in enhance-
ment of different vibrational modes; this pattern of enhance-
ments of the S2CSmoietymay be rationalized with respect to
the orbitals attributed to the transitions through calculations.
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