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The lowest allowed electronic transition of fac-[Re(Cl)(CO)s(bopy).] (bopy = 4-benzoylpyridine) has a Re — bopy
MLCT character, as revealed by UV-vis and stationary resonance Raman spectroscopy. Accordingly, the lowest-
lying, long-lived, excited state is Re — hopy MLCT. Electronic depopulation of the Re(CO); unit and population
of a bopy sz* orbital upon excitation are evident by the upward shift of »(C=0) vibrations and a downward shift
of the ketone »(C=0) vibration, respectively, seen in picosecond time-resolved IR spectra. Moreover, reduction of
a single bopy ligand in the MLCT excited state is indicated by time-resolved visible and resonance Raman (TR?)
spectra that show features typical of bopy*~. In contrast, the lowest allowed electronic transition and lowest-lying
excited state of a new complex fac-[Re(bopy)(CO)s(bpy)]* (bpy = 2,2'-hipyridine) have been identified as Re —
bpy MLCT with no involvement of the bopy ligand, despite the fact that the first reduction of this complex is
bopy-localized, as was proven spectroelectrochemically. This is a rare case in which the localizations of the lowest
MLCT excitation and the first reduction are different. SMLCT excited states of both fac-[Re(Cl)(CO)s(bopy).] and
fac-[Re(bopy)(CO)s(bpy)]* are initially formed vibrationally hot. Their relaxation is manifested by picosecond dynamic
shifts of »(C=O0) IR bands. The X-ray structure of fac-[Re(bopy)(CO)s(bpy)]PFs-CHsCN has been determined.
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and Re— NN metal to ligand charge transfer (MLCT)
excited states in these complexes often lie in a close energetic
proximity to intraligand (IL) states localized either on NN

Rhenium(l) carbonyl complexes of the tyfae-[Re(Cl)-
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or L. Such a situation gives rise to a variety of photochemical

and photophysical deactivation mechanisms that may be
subtly tuned by structural variations of the NN and L ligands

and the mediur.

Cl
The comple®® fac-[Re(Cl)(CO)(bopy)] contains the OCn |
4-benzoylpyridine (bopy) Iigqnd, which is an electron ﬁRe"“\N/ N
acceptor. It possesses a relatively low-lyfimg* IL state, oc “~ ! oCn, ‘ N
in which the electron is excited from a nonbonding orbital co d /Re\ )
on the ketone oxygen atom. Although an interplay between oc l N
O ——

MLCT and IL states can be expected, this complex displays
only a®MLCT emission both in a low-temperature glass and Figure 1. Schematic structures &ic-[Re(Cl)(bopy}(CO)g] (left) andfac-
fluid solution2 The bopy ligand is actually very similar to  [Re(boPY)(COXbpY)I" (right). These complexes are hereinafter denoted

. . Re(bopy} and Re(bo bpy), respectively. The prefiac will be omitted.
benzophenone, whose long-livéaz* excited state shows (bory? (bopy)bpy). resp Y P

a radical-like reactivity of the €O group, abstracting  (popy-)]~ that subsequently reacts by a H-atom transfer
hydrogen atoms from substrates such as 2-propanol. In inertorming an alcohol comple In [Re(bopy)(CO)bpy)]*,
media, benzophenone acts as a sensitizer by triplet energyyiical excitation may populate the Re bopy or Re—
transfer to suitable energy acceptors. Bopy, like benzophe-p,y MLCT excited state, hereinafter called MLCT(bopy) and
none, can be reduced to the corresponding ketyl radical\j_cT(bpy), respectively. Furthermore, population of a bopy
anion Electrochemical reduction of coordinated bopy i+ | state is also a possibility. The nature of the lowest

ligands in [Re(Cl)(COYbopy)] occurs in two closely spaced
one-electron steps at1.53 and—1.64 V vs Fc/F¢.2° The
small potential difference demonstrates that the redox orbitals
are almost entirely localized on single bopy ligands, with
any bopy-bopy electronic interaction being very small.
Reduction of one bopy ligand ifac-[Re(Cl)(CO)(bopy)]
has also been accomplished photochemiéally reductive
guenching of théMLCT excited state with Nkt the long-
lived SMLCT excited state, which may be formally viewed
as [R&(CI)(COx(bopy)(bopy )], is reduced in a bimolecular
reaction with triethylamine to produce [REI)(CO)(bopy)-
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excited-state cannot thus be a priori predicted. The MLCT-
(bpy) exited state can either be stable and long-lived, as usual
in this type of complexes, or undergo a bpy— bopy
interligand electron transfer, similar to that foddd*16.17.19

for fac-[Re(N-methyl-4,4-bipyridinium)(COX}(bpy)P*.

Aiming at detailed characterization of low-lying electronic
transitions and excited states of -Reopy complexes, we
have investigated ground-state resonance Raman spectra and
time-resolved visible and IR absorption spectrdauf[Re-
(CI)(COX(bopy)y] and fac-[Re(bopy)(CO)(bpy)]t, herein-
after called Re(bopy)and Re(bopy)(bpy); see Figure 1.
Through a combination of spectroscopic techniques, comple-
mented with spectroelectrochemical measurements, it is
shown that the lowest excited state of Re(bemnd Re-
(bopy)(bpy) have Re> bopy3MLCT and Re— bpy3MLCT
character, respectively. The X-ray structure of the novel
compound Re(bopy)(bpy) is also presented.

Experimental Section

Materials. fac-[Re(Cl)(CO)(bopy)] was synthesized according
to the literature metho#. The novel complefac-[Re(bopy)(CO}-
(bpy)]PR*CH3CN was prepared using a modified standard proce-
dure?® for fac-[Re(L)(CO)(NN)] ™, in which the PE~ counterion
was used instead of C}O, through addition of an excess of fH
PF; to fac-[Re(bopy)(COj(bpy)]OTf dissolved in methanol.

Characterization of the Complexeac-[Re(Cl)(CO)}(bopy)]:
89% vyield;

FT-IR (acetonitrile)vco = 2028 (s), 1928 (s), 1893 (s), 1670
(m) cnm'L;

1H NMR [(CD3),CO; 270 MHz] 7.59 (4H, ddJ) 7.4, aromatic
CH), 7.74 (2H, dJ 7.2, aromatic CH), 7.83 (4H, d,7.4, aromatic
CH), 7.87 (4H, dJ 7.8, aromatic CH), 9.09 (4H, d,7.1, aromatic
CH);

13C NMR [(CD5),CO; 67.9 MHZz] 125.15, 128.95, 130.18, 134.07,
135.40, 146.87, 154.69, 193.47 (CO).

fac-[Re(bopy)(CO)(bpy)]PF:CHsCN: 70% vyield;

FT-IR (acetonitrile)vco = 2036 (s), 1933 (br), 1672 (s) crh

1H NMR [(CD3),CO 270 MHz] 7.52 (2H, ddJ 8.1, aromatic
CH), 7.70 (5H, m, aromatic CH), 8.01 (2H, dd,6.5, aromatic
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CH), 8.47 (2H, dd,) 6.3, aromatic CH), 8.74 (2H, d,8.2, aromatic
CH), 8.80 (2H, dJ 6.8, aromatic CH), 9.49 (2H, d,6.9, aromatic
CH);

13C NMR [(CD5),CO; 67.9 MHz] 125.07, 125.82, 128.92, 129.29,
130.03, 134.18, 135.02, 141.62, 147.46, 153.14, 154.17, 156.11,
191.65 (CO), 192.87 (CO), 195.55 (CO);

ES-MSm/z 610.2, [Mf] — PFR.

Instrumentation. X-ray data were recorded on a CAD4 dif-
fractometer fitted with a low-temperature device operating in the
wl26 scan mode. The structures were solved by standard heavy
atom techniqué$ and refined by least-squares #tson F2. The
hydrogen atoms were calculated geometrically and refined with a
riding model. The prografd ORTEP-3 was used for drawing the
molecules and WinG¥X was used to prepare material for publica-
tion. Refinement details as well as a full list of atomic coordinates
and bond lengths and angles are available in the Supporting
Information. CIF data has been deposited at the CCDC, under
deposition no. 230056.

Ground-state resonance Raman spectra were obtained using a
Coherent Innova 90-5 UV argon-ion laser, with a power output of Figure 2. ORTEP diagram of [Re(bopy)(Cé&tbpy)]PFs:CHCN, showing
ca. 50 mW at 457.9 nm and 30 mW at 351.1 nm. The Raman 40% probability ellipsoids. The solvent molecule is omitted.
spectra were recorded using 2 mm quartz flow tubes, and the
scattered light was collected at°9@om the excitation beam passed ~ frequency-doubled Ti:sapphire laser pulses, respectively. Kerr gate
through a Spex Triplemate 187 Series monochromator and dispersedvas used to remove all long-lived emission from the Raman signal.
across a Princeton Instruments LN/CCD-1024 CCD camera. Spectral R° spectra were corrected for the Raman signal due to the solvent
were calibrated and solvent bands subtracted using CSMA CCD and the solute ground state by subtracting the spectra obtained at
Spectrometric Multichannel Analysis Software, version 2.4a, Prin- negative time delays<50, —20 ps) and by subtracting any weak
ceton Instruments Inc. program. residual emission that passed through the Kerr gate. The sample

Time-resolved UV-vis absorption spectra were measured using solutions for picosecond TRand TRIR experiments were flowed

the experimental setup at the Institute of Molecular Chemistry, @S @ 0.5 mm open jet and through a 0.5 mm QaiSter-scanned

University of Amsterdan® A ~130 fs and 390 nm pump pulse  Cell, respectively.

was generated by frequency doubling of the Ti:sapphire laser output.  The Spectral bands observed in TRIR spectra were fitted by

White-light continuum probe pulses were generated by focusing Lorentzian functions to determine accurately their center positions,

the 800 nm fundamental in a sapphire plate. widths, and areas. All spectral fitting procedures were performed
Time-resolved IR and Kerr-gate resonance Raman used theUSing Microcal Origin 7 software.

equipment and procedures described in detail previddsfy4 In The cyclic voltammogram of Re(bopy)(bpy) was recorded on a

short, the sample solution was excited (pumped) at 400 nm, using model 270/250 potentiostat from EG&G Instruments Inc., Princeton

frequency-doubled pulses from a Ti:sapphire laser~@00 fs Applied Research. Ahome-built. electrochemical cell was g;ed with

duration (fwhm) in the case of time-resolved visible and IR @& three-electrode system: working electrode (0.5t auxiliary

absorption spectroscopy, while pulses ef2lps duration were used electrode (Pt coil); an Ag-coil pseudoreference electrode. All values

for Raman and emission studies. TRIR spectra were probed with Were obtained at a scan rate of 100 mV/s with 0.1 MN#RFs

IR (~200 fs) pulses obtained by difference-frequency generation. SUPPOrting electrolyte and-22 mM concentration of the complex.

The IR probe pulses cover spectral range ca. 200 amide and Spectroelectrochemlcal expen_ments were _performeoﬁ_—FPrCN

are tunable from 1000 to 5000 cf(i.e., 2-10 um). Kerr-gate using OTTLE cells whose design was published previot&sif

TR3 spectra were probed at 600 or 400 nm using an OPA or

Results
(32) Sheldrick, G. MSHELX97, Program for crystal structure determi- X-ray Crystallography. Crystals of [Re(bo C -
nation and refinementniversity of Gdtingen: Gidtingen, Germany, p -C|—>|/ Clz grapny fry [ t( Ft)yl)( Q?b?y)] b
1998. F 3 were grown rom an acetonitrile solu |qn y
(33) Farrugia, L. JJ. Appl. Crystallogr.1997, 30, 565. slow solvent evaporation. The structure was determined by
(34) Farrugia, L. JJ. Appl. Crystallogr.1999 32, 837. _ ; ; : ; ; :
(35) Vergeer. F. W.: Kleveriaan, C. J.. Stufkens, Dinbrg. Chim. Acta X-ray diffraction. The ORTEP diagram is shown in Flgure _
2002 327, 126-133. 2, and selected bond lengths and angles are summarized in

(36) Vicek, A., Jr; Farrell, |. R.; Liard, D. J.; Matousek, P.; Towrie, M.;  Taple 1, while all the structural data are collected in the
Parker, A. W.; Grills, D. C.; George, M. WI. Chem. Soc., Dalton

Trans.2002 701-712. Supporting Information. Bond distances and angles around
(37) (l\)/lattogsek, F;’L-é SE’arlkée;, 3A(.);N§1T2aday, P.F.; Toner, W. T.; Towrie, M. the Re(1) metal center are typical for [Re(L)(GOIN)]*
(38) Towrie, M. Pa?ker, A W.: Shaikh, W.: Matousek, Reas. sci.  complexes® with the N(1)-Re(1)-N(2) bite angle being

Technol.1998 9, 816-823.
(39) Matousek, P.; Towrie, M.; Stanley, A.; Parker, A. \ppl. Spectrosc. (42) Krejdk, M.; Dank, M.; Hartl, F.J. Electroanal. Chem., Interfacial

1999 53, 1485-14809. Electrochem1991, 317, 179-187.

(40) Matousek, P.; Towrie, M.; Ma, C.; Kwok, W. M.; Phillips, D.; Toner,  (43) Hartl, F.; Luyten, H.; Nieuwenhuis, H. A.; Schoemaker, GAPpl.
W. T.; Parker, A. W.J. Raman Spectros2001, 32, 983-988. Spectrosc1994 48, 1522-1528.

(41) Towrie, M.; Grills, D. C.; Dyer, J.; Weinstein, J. A.; Matousek, P.; (44) Mahabiersing, T.; Luyten, H.; Nieuwendam, R. C.; HartlC®ellect.
Barton, R.; Bailey, P. D.; Subramaniam, N.; Kwok, W. M.; Ma, C. Czech.. Chem. CommuR003 68, 1687-1709.
S.; Phillips, D.; Parker, A. W.; George, M. ppl. Spectros2003 (45) Busby, M.; Liard, D. J.; Motevalli, M.; Toms, H.; Vi, A., Jr.Inorg.
57, 367—380. Chim Acta 2004 357, 167—176.
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Figure 3. UV —vis absorption spectra of [Re(Cl)(bopfGO)s] (solid line)
and [Re(bopy)(CQ)bpy)]* (dashed line) measured in acetonitrile.

500

Table 1. Selected Bond Lengths and Angles of
fac-[Re(bopy)(CO})(bpy)IPFs

Lengths/A
Re(1)-C(1) 1.910(5) o(1-C(1) 1.158(7)
Re(1)-C(3) 1.923(6) 0O(2rC(2) 1.131(6)
Re(1)-C(2) 1.931(5) O(3¥C(3) 1.152(7)
Re(1)-N(2) 2.159(4) O(4%-C(9) 1.222(7)
Re(1)-N(1) 2.166(4) C(6)-C(9) 1.516(7)
Re(1)-N(3) 2.218(4) C(9-C(10) 1.479(8)
Angles/deg
C(1)-Re(1)-C(2) 86.9(2) C(1yRe(1)}-N(3) 95.34(19)
C(1)-Re(1)-C(3) 89.4(2) C(2yRe(1}-N(3) 90.61(19)
C(3)-Re(1)-C(2) 88.1(2) C(3yRe(1-N(3) 175.02(19)
C(1)-Re(1)-N(1) 96.84(18)  N(1)yRe(1)>-N(2) 75.10(16)
C(3)—Re(1)-N(1) 97.61(18) N(1)Re(1)-N(3) 83.35(15)
C(2-Re(1)-N(1) 173.18(18) N(2rRe(1)}-N(3) 84.30(15)
C(1)-Re(1)-N(2) 171.93(18) O(4)yC(9)—C(6) 118.2(5)
C(2)—Re(1)-N(2) 101.20(19) O(4yC(9)-C(10) 121.1(5)
C(3)-Re(1)-N(2) 91.21(19) C(103C(9)—C(6) 120.6(5)

characteristically small, 75.20The bopy C(9)-0O(4) bond
distance is 1.22 A. This is a typical value for aromatic
ketones such as benzophenone, for which an identie®d C
bond length was determiné&iThe nonplanarity between the
two rings of the bopy ligand indicates that there is no
substantialzr orbital overlap and conjugation that would

Busby et al.
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Figure 4. Ground and excited-state resonance Raman spectra: (a) Kerr-
gate picosecond time-resolved resonance Raman spectrufh ¢ffRe-
(Cl)(bopy)(CO)s), measured using 600 nm probe at 8 ps after 400 nm laser
pulse excitation; (b) ground-state resonance Raman spectrum of [Re(Cl)-
(bopy)(CO)s], measured using stationary 457.9 nm irradiation with emission
background subtracted; (c) ground-state resonance Raman spectrum of [Re-
(bopy)(CO}(bpy)]", measured upon stationary irradiation at 351.1 nm. All
spectra were measured in acetonitrile. Asterisks indicate regions of solvent
subtraction.

lying electronic transitions of both complexes, their (pre)-
resonance Raman spectra have been investigated.

The preresonance Raman spectrum of Re(bamquired
upon CW excitation at 457.9 nm, Figure 4b, shows an
enhanced band at 2028 cinwhich is due to the X1)
v(C=0) vibration of the Re(CQ)moiety and a group of

overcome the steric repulsion between the rings, at least inbands corresponding to bopy-localized vibrations, including

the solid state. A similar twisted structure was found for
benzophenon.
UV —Vis Absorption and Resonance Raman Spectros-

a band due to the bopy(C=0) vibratior?®>2°at 1671 cnm™.
The most intense band at 1616 ¢hseems to contain at
least two unresolved vibrations, which correspond to ring

copy. UV —vis absorption spectra of both complexes (Figure C—C stretching mode¥.Other bopy-localized vibrations are
3) are very similar, exhibiting a broad absorption band present between 1000 and 1250 ¢rand are assigned to
between ca. 330 and 410 nm, which is characteristic of an C—Ph/py stretching and €H bending mode$’ The reso-

MLCT transition, although IL(bopy) transitions may con-
tribute as well. In addition to the bands seen for Re(bgpy)

nance enhancement of Raman bands due to vibrations of both
the Re(COj and the bopy ligand is indicative of the 457.9

the spectrum of Re(bopy)(bpy) shows a typical structured nm excitation being in preresonance with the MLCT(bopy)
absorption with sharp peaks at 320 and 307 nm due to bpytransition, although a small contribution from a nearby IL-
intraligand (IL) transitions. The band seen for both complexes (bopy) transition cannot be entirely excluded.

at ca. 260 nm originates in an IL(bopy)r* transition(s).
To obtain more detailed information on the nature of low-

Re(bopy)(bpy) shows a significantly different resonance
Raman spectrum, Figure 4c. Excitation at 351.1 nm was used

(46) Kutzke, H.; Klapper, H.; Hammond, R. B.; Roberts, K.Akta
Crystallogr., Sect. B00Q 56, 486.

4526 Inorganic Chemistry, Vol. 43, No. 14, 2004

(47) Tahara, T.; Hamaguchi, H.; Tasumi, Nl. Phys. Chem1987 91,
5875-5880.
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Figure 5. Time-resolved visible absorption spectra of (a) [Re(Cl)(bepy)
(CO)], measured at 2, 3, 10, and 75 ps, and (b) [Re(bopy)§®PY)]",

Raman spectrum (T&R see Figure 4a. The spectrum was
measured at 8 ps after 400 nm excitation using a probe
wavelength of 600 nm that was tuned into the strong TA
band. The TRspectrum is consistent with the reduction of
one bopy ligand upon excitation. The ground-state band at
1671 cn! due to the ketone(C=O0) vibrations disappears.
This vibration seems to be manifested in the excited-state
TR3 spectrum by a~1610 cn! shoulder, as is indicated by
comparison with TRIR spectra; vide infra. The new bands
at 1586, 1470, 1330, 1187, and 996 ¢nare attributed to
the to C-Ph/py stretching and €H bending modes of the
bopy~ radical-anionic ligand’

For Re(bopy)(bpy), the TA signal is much weaker and
comprises of a broad shoulder between 500 and 600 nm and
an absorbance sharply rising into the UV region; see Figure
5b. The TA spectrum of Re(bopy)(bpy) is very similar to
the spectra of typic@LCT excited state8:50of [Re(Etpy)-
(COX(dmb)I" (dmb = 4,4-dimethyl-2,2-bipyridine) and

measured at 4, 40, and 1000 ps. Both were measured in acetonitrile, after, ) .
excitation at 393 nm. The spectra evolve in the directions of the arrows. [RE(CI)(CO)(bpy)], warranting the same assignment of the

lowest excited state of Re(bopy)(bpy). The TA signal does
to avoid interfering emission. The spectrum shows a strongly not decay during the time interval investigated, in agreement

enhanced band pertaining to th§ B »(C=0) vibration at
2037 cn1l. Its relative intensity is much stronger than in
the case of Re(bopy) The band due to the bopy=€D

stretching vibration is extremely weak, probably not reso-

nantly enhanced. Bands between 1000 and 1600 can
all be attribute&*84°to vibrations of the bpy ligand. Overall,

with the expected longMLCT(bpy) excited-state lifetime.
The assignment of the lowest excited state of Re(bopy)-
(bpy) as®MLCT(bpy) is further supported by its emission
spectrum which shows a broad, unstructured MLCT-type
band both in a glass and a fluid solution. The following
emission maxima were determined (corrected for the instru-

the resonance Raman spectrum of Re(bopy)(bpy) is similarment response): 515 nm (77 K, MeOH/EtOH (4/5 viv)

to thosé“® of [Re(CI)(COx(bpy)] and [Re(4-Etpy)(CQ)
(bpy)I*, perhaps with the exception of the 1615 ¢rband,

glass), 578 nm (RT (room temperature), £L#), 580 nm
(RT, MeOH/EtOH (4/ 5 viv)). The Re(bopy)(bpy) emission

whose much larger relative intensity could indicate a bopy in fluid CH3CN occurs very close to the typical MLCT(bpy)
contribution. It can be concluded that the lowest absorption emission of Re(4-Etpy)(CQbpy)]" (571 nm)>! The ob-

band of Re(bopy)(bpy) originates predominantly in a MLCT-

(bpy) transition, with a possible IL(bopy) contribution.
Time-Resolved Visible Absorption (TA) and Resonance

Raman Spectra (TR). TA spectra of the two complexes

served rigidochromism is also characteristic of MLCT(bpy)
states.

Time-Resolved Infrared Spectroscopy, TRIR.TRIR
experiments were performed to investigate the behavior of

measured using 393 nm excitation show very different the GO and G=0 stretching modes of the Re(C{ynd

behavior; see Figure 5. For Re(bopyg very broad absorp-

tion is seen, with a maximum at ca. 575 nm, which closely

resembles the U¥vis spectrum of the electrochemically
generated [Re(Cl)(CQ(opy)(bopy )] radical aniort® This

bopy moieties, respectively, after 400 nm excitation.

For Re(bopyy, excitation essentially preserves the ground-
statev(C=0) IR pattern with all the bands being shifted to
higher wavenumbers, Figure 6. In particular, th&1A

provides evidence that the 575 nm TA band originates in a »(C=0) vibration shifts by+54 cnT upon excitation in both

sze* transition of a single reduced bopyligand which is
formed upon MLCT(bopy) excitation. The TA spectrum is
thus attributed to 8MLCT(bopy) excited state, formulated
approximately as [R€CI)(CO)(bopy)(bopy )]. Interest-
ingly, the TA band is seen to narrow and blue-shift during
the first 10 ps, which is assigned to vibrational cooling of

CH,CI, and acetonitrile, while the ketongC=0) band®
undergoes a downward shffiof —55 cn1?, from 1670 to
1615 cm?, Figure 7. This behavior confirms tHLCT-
(bopy) character of the lowest excited state: Decrease of
the electron density at the Re atom upon MLCT excitation
diminishes the Re— CO =z back-donation, which is

the excited molecule. Once the cooling is complete, the manifested by an upward shift 8fC=0) frequencie$§!53-57

absorption decreases very slowly in intensity, indicating that

the SMLCT(bopy) excited state lives into the nanoseconds (50) Kalyanasundaram, KI. Chem. Soc., Faraday Trans. 1986 82,

time domain.

The assignment of the lowest excited state of Re(bopy)
asMLCT is further supported by its time-resolved resonance

(48) Smothers, W. K.; Wrighton, M. SI. Am. Chem. Soc983 105
1067-1069.

(49) Liard, D. J.; Busby, M.; Matousek, P.; Towrie, M.; ¢k, A., Jr.J.
Phys. Chem. 2004 108 2363-2369.

2401-2415.

(51) Dattelbaum, D. M.; Omberg, K. M.; Schoonover, J. R.; Martin, R.
L.; Meyer, T. J.Inorg. Chem.2002 41, 6071-6079.

(52) The assignment of the 1615 chband asy(C=O0) is based on its
high intensity and comparison with IR speéfraf radical anions of
benzophenone derivatives bearing an electron-accepting substituent
on the phenyl rings, whose spectra were assigned by isotopic
substitution.

(53) Glyn, P.; George, M. W.; Hodges, P. M.; Turner, 0.JChem. Soc.,
Chem. Commuril989 1655-1657.
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Figure 6. Time-resolved infrared spectra in the region of Re(€@L=

0) vibrations measured in acetonitrile after 400 nm excitation: (a) [Re-
(Cl)(bopy:(CO)g], spectra measured at 2, 4, 8, 10, 100, and 1000 ps; (b)
[Re(bopy)(CO)(bpy)]*, spectra measured at 2, 3, 4, 10, 15, and 1000 ps.
The IR features undergo small dynamical shifts in the directions of the
arrows. Experimental points are separated by &n L.
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Figure 7. Time-resolved infrared spectra [Re(Cl)(bog)O);] in the
region of the ketone(C=0) measured in acetonitrile at 2, 4, 40, 100, and
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tively.5® (Note that the magnitude of the shift is related to
the charge separation upon MLCT excitation.) Downward
shifts of organicy(C=0) vibrations were seen previously
upon MLCT excitation of complexes with carboxylated'2,2
bipyridine ligands [Ru(bpyf4-CO.Et)-4-CHz-2,2-bpy)P+ %°

and [Re(4-Etpy)(CQJ4,4-COEL)-2,2-bpy)]" ¢ and in [Pt-
(Cl)x(4,4-CO,Et)-2,2-bpy)] .8 The v(C=0) shifts in these
complexes fall betweer26 and—46 cnmt. The—55 cn1?!
v(C=0) shift, found herein, is less than that accompanying
benzophenone reductior;262 cm'l, but close to values
found for the reduction of benzophenone derivatives bearing
electron-accepting substituefts his can be rationalized by
the excited electron density being largely delocalized over
the bopy~ ligand, polarized toward the pyridine ring. The
N-coordinated R§CO); unit acts as an electron acceptor
toward the bopy ligand. It follows that the charge separation
in the excited state is not complete and the=@ group
acquires only partial ketyl, €O, character. This conclusion
agrees with the relatively small upward shift of thg€=0)
vibrations of Re(CQ)

The upward shift ofy(C=0) IR bands consists of two
components: one instantaneous that occurs within the
instrument time resolution; a dynamic one that follows on a
picosecond time scale and originates in vibrational relaxation
and solvatiorf? In particular, thet+54 cn1? shift of the A;
band consists of a c&45.6 cm? “instantaneous” shift and
a+8.4+ 0.9 cm! dynamic shift that is biexponential with
time constants of 1.8 0.2 ps (88%) and 17.% 4.3 ps
(12%). The width of this band narrows by ca. 30% with a
time constant of 5.& 0.9 ps. The bopy(C=0) band shows
a small dynamic blue-shift of abott1.5 cnT! with a time
constant estimated as 14452.5 ps.

For Re(bopy)(bpy) in acetonitrile, the TRIR spectrum
displays an upward shift of the Re(CQ)C=0) bands on
excitation, while the lower ground-state broad band, which
corresponds to merged'At- A'(2) vibrations, splits into two
bands, Figure 6b and Table 2. As observed also in TA, the
TRIR bands do not undergo any decay, in accordance with
the very long excited-state lifetime. The change of the

1000 ps after 400 nm excitation. The spectra evolve in the directions of the €XCited-state’(C=0) IR spectral pattern and thed2 cnr?

arrows. Experimental points are separated by &nr L.

upward shift of the high-energy 2034 citA'(1) »(C=0)
band upon excitation are similar to those observed for [Re-

At the same time, the excited electron density populates a(EtPY)(COXdmb)]" (34 cn),14providing good evidence

m* orbital of a bopy ligand, weakening the ketone=O
bond. This results in a decrease of the=@ stretching
frequency. The observed C=0) shift is higher than that
measured for [Re(Cl)(CQW,4-bpy)] (+30 cnrt)545
though less than that found for [Re(CI)(GOIQ ™),
where X@ is N-methyl-4,4-bipyridinium (MQ") andN-phen-
yl-4,4'-bipyridinium (PQ), (+67 and-+65 cnT?, respec-

(54) George, M. W.; Johnson, F. P. A.; Westwell, J. R.; Hodges, P. M,;
Turner, J. JJ. Chem. Soc., Dalton Tran$993 2977-2979.

(55) Gamelin, D. R.; George, M. W.; Glyn, P.; Grevels, F.-W.; Johnson,
F. P. A.; Klotzbucher, W.; Morrison, S. L.; Russell, G.; Schaffner,
K.; Turner, J. JInorg. Chem.1994 33, 3246-3250.

(56) Dattelbaum, D. M.; Meyer, T. J. Phys. Chem. 2002 106, 4519~
4524,

(57) zdis, S.; Farrell, I. R.; VIek, A., Jr.J. Am. Chem. So2003 125,
4580-4592.
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that the excited electron density is localized on the bpy
ligand, instead of bopy. This conclusion is further supported
by the lack of any changes in the region of ketof{€=0)
vibrations, between 1600 and 1700 ¢mlt can thus be
concluded that the lowest excited state of Re(bopy)(bpy) has
a3MLCT(bpy) character.

(58) Busby, M.; Matousek, P.; Towrie, M.; W&, A., Jr. Manuscript in
preparation.

(59) Chen, P.; Omberg, K. M.; Kavaliunas, D. A.; Treadway, J. A.; Palmer,
R. A.; Meyer, T. JInorg. Chem.1997, 36, 954-955.

(60) Chen, P.; Palmer, R. A.; Meyer, T.J.Phys. Phem. A998 102
3042-3047.

(61) Weinstein, J. A,; Grills, D. C.; Towrie, M.; Matousek, P.; Parker, A.
W.; George, M. W.Chem. Commur2002 382—383.

(62) Juchnovski, I. N.; Kolev, T. MSpectrosc. Lett1985 18, 481—490.

(63) Asbury, J. B.; Wang, Y.; Lian, TBull. Chem. Soc. JprR002 75,
973-983.



MLCT of fac{Re(Cl)(4-benzoylpyridingCO)]

Table 2. Ground- and Excited-StatgCO) Wavenumbers of [Re(Cl)(bopfLO)], [Re(Cl)(4,4-bpy)(CO)], [Re(bopy)(CO}(bpy)]", and
[Re(Etpy)(CO}(dmb)]", Measured in Acetonitrile, at 500 ps, Once Vibrational Relaxation Is Completed

ground state excited state Av
compd G=0 A" A'(2) A'(1) Cc=0 A" A'(2) A1) c=0 A" A'(2) A'(1)
Re(bopy} 1670 1895 1923 2026 1615 1976 1999 2080 -55 +81 +76 +54
Re(4,4-bpyy* ° 1891 1927 2025 1957 1992 2055 +66 +65 +30
Re(bopy)(bpy) 1670 1929 1929 2035 1968 2012 2076 +39 +83 +41
Re(Etpy)(dmb}t49 193¢ 1930 2034 1970 2013 2068 +40 +83 +34
aMeasured in CkCl,. P Merged doublet.
T T T 1
[ J
[ ]
o |
: s
g g !
o
<
20|60 20IZO 1 9|80 19I40 1 9|00 1 8I60 18|20
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Figure 8. Low-temperature IR spectroelectrochemical reduction of Re-
(bopy)(bpy) measured in butyronitrile in the presence of'1d BusNPFs

at 223 K: @, Re(bopy)(bpy)©O, Re(bopy~)(bpy); O, Re(bopy)(bpy");

M, [Re(PrCN)(CO)(bpy2)] .

The A(1) »(C=0) band shift has an instantaneous
component of-21.7+ 2 cn1 followed by a biexponential
dynamic shift of+21.34 2 cn1%, which occurs with 1.6
0.2 ps (85%) and 26.6& 3.6 ps (15%) time constants. The
band narrows by 30% with a 3£ 0.2 ps time constant.
The middle excited-state(C=0) band at 2012 cnt also
shows an upward shift and narrowing. These vibrational
dynamics are very similar to those found for [Re(Etpy)(&O)
(dmb)]" in acetonitrilé?*° and [Re(CI)(CO)bpy)] in di-
methylformamidé?

Electrochemistry and Spectroelectrochemistry of Re-
(bopy)(bpy). Re(bopy)(bpy) in a CECN solution is reduced
in two electrochemically and chemically reversible one-
electron steps aE;, = —1.44 and—1.66 V (vs Fc/F¢).

Wavenumbers / cm”

Figure 9. Room-temperature IR spectroelectromical reduction of Re-
(bopy)(bpy) measured in butyronitrile in the presence of'Id BusNPFs
at 293 K: @, Re(bopy)(bpy)O, [Re(PrCN)(CO)(bpy)]*.

bers would be expected for a bpy-localized reductidh.

UV —vis spectroelectrochemistry studied at 223 KiRrCN
shows that reduction of Re(bopy)(bpy) is accompanied by
growth of a band at ca. 360 nm and of a broad band with
maxima at 500 and-570 nm, which tails toward ca. 700
nm. These features resemble the visible specituof
Re(bopy)(bopy), again supporting the formulation of the
first reduction product as Re(bopy(bpy). Accordingly, the
typical® bpy~ zzz* bands at 800 nm and longer wavelengths
are missing. The IR features of Re(bopybpy) decrease
during continuing reduction, being replaced by IR bands at
1997 and 1884 cnt, which are attributed to the second
reduction product Re(bopy)(bpy~). This assignment is
based on comparison with the speétraf the complexes

These values are close to the first reduction potentials of [Re(CI)(COX(bpy )]~ (1998, 1885, 1868 cr) and [Re-

Re(bopy) (—1.53 V}° and [Re(4-Et-pyridine)(CQjbpy)*

(—1.56 V)3 respectively. This makes it hard to decide
whether the first reduction is localized on the bopy or the
bpy ligand. Nevertheless, the bopy localization of the first

(HCOO)(COX}(bpy )]~ (1997, 1879 cm?) which contain
bpy~ and an anionic axial ligand. Further reduction is
accompanied by bopy substitution, producing [Re(PrCN)-
(COX(bpy?)]~, which is characterized by(CO) bands at

reduction step was confirmed by IR spectroelectrochemistry 19g0 1863 and 1851 crh®*

measured at low temperature, 223 K; see Figure 8. In situ

IR spectroelectrochemistry at room temperature (Figure

reduction initially produces a species characterized by IR 9) shows completely different behavior, whereby the bopy

bands at 2022, 1919, 1905, and 1624 &nThe disappear-
ance of the parent keton¢dC=0) band at 1670 cnt and
its shift to 1624 cm* demonstrat@%2that the first reduction
is indeed bopy-localized, producing Re(bopybpy). This
conclusion is further supported by th€CO) wavenumbers,
which are very close to those measured for [Re(L)($0)
(bpy)] complexes where L is an anionic ligand (e.g.:=L
HCOQO, 2019, 1916, 1894 cnj; L = Cl~, 2020, 1914, 1897
cm 1).84 A much larger downward shift af(CO) wavenum-

ligand undergoes an electrode-catalyzed substittitfSby
the solvent forming [Re(PrCN)(C&ippy)]" (2040, 1935 (br)

(64) Johnson, F. P. A,; George, M. W.; Hartl, F.; Turner, JOdyano-
metallics1996 15, 3374-3387.

(65) van Outersterp, J. W. M.; Hartl, F.; Stufkens, DQiganometallics
1995 14, 3303-3310.

(66) Krejak, M.; Vicek, A. A. J. Electroanal. Chem199], 313 243
257.

(67) Miholova D.; Vicek, A. A. J. Organomet. Chenl982 240, 413—
419.
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cm 1).%5 Free bopy, characterized by an undiminished 1670 a similar complex with two electron-accepting ligands, [Re-

cm ! band, is also present in the solution. (MQ™)(CO)(dmb)]" (MQ™ = N-methyl-4,4-bipyridine, dmb
_ . = 4,4-dimethyl-2,2-bipyridine), whose MLCT(MQ) lies
Discussion below the MLCT(dmb) state. Nevertheless, optical excitation

By a combination of steady-state and time-resolved of [Re(MQ")(CO)(dmb)I" populates first MLCT(dmb) and

spectroscopic techniques, it has been demonstrated that thg:eMMI;C.T(I\/:.Q) S;at? is formed ?ubs;ﬁgl%er;t&/l% ghdmb
lowest allowed electronic transition of Re(bopyd Re— Q™ interligand electron transfer ( Y-t Neither

bopy MLCT, which is closely followed in energy bysar* bop.y"—> bpy nor bpy~ — .bopy ILET oceurs upon
bopy IL transition. Accordingly, the lowest-lying electronic excitation of Re(_bopy)(bpy) since the optlcglly pqpulated
excited state iSMLCT(bopy), in which the excited electron MLCT (bpy) state is t_he lowest excited state. Finally, it s_hou_ld
density is predominantly localized on a single bopy ligand, bf EOted t_ha('; n(l) ewder(]jce V\_/asffoun(kjjfor at;]y del_ocalflzatlon
which acquires bopy character. This excited state is long- of the e>k<)C|te N ecl\t;(EgTebnsny ro(;n MFIJ_thg_ t;)py, .., Tor d
lived, and a radical-like photochemical reactivity can thus g:;':g etween (bpy) an (bopy) excite
be expected from Re(bopy) ' . : . _

Re(bopy)(bpy) is an interesting case of a complex that ¢ & IRRER S (IR S0 S0 TR
contains two electron-accepting ligands which have similar P o o .
reduction potentials. The lowest excited state of Re(bopy)- both complexes are formed initially V|brat|onally hot. Since
(bpy) can be either of a MLCT(bopy) or MLCT(bpy) nov = 1— 2 y(C=0) bands are seen in the TRIR spectra,

character. As was demonstrated electrochemically and specyv e can conclude that the energy released during intersystem

. . . ) crossing from the optically populatéMLCT excited states
troelectroche_mlcally, the bopy ligand is reduced first, 0..22 (ca. 6400 cm?)* is rapidly (<1 ps) redistributed into low-
V less negatively than bpy. On the basis of electrochemical : .
. . frequency skeletal, solvensolute, and first solvation shell
data, MLCT(bopy) is expected to be the lowest excited state. .~ """ . X )
o . ibrations, whose relaxation occurs on a picosecond time
Nevertheless, resonance Raman, emission and time-resolve o .
- : Scale by energy dissipation into the bulk solvent. This
visible, and IR absorption spectra clearly show that Re(bopy)- ~.. "~ . . . )
. " vibrational dynamics are typical for MLCT excited states of
(bpy) has a Re~ bpy lowest-allowed electronic transition L N 14963
3 . . . [Re(L)(COX(diimine)]™* complexed?i4®:
and a®MLCT(bpy) lowest-lying excited state, which can be In conclusion, théMLCT(bopy) and®MLCT(bpy) were
formulated as [REbopy)(CO}(bpy~)]*. The complex Re- ’ Py by

(bopy)(bpy) thus represents a very unusual case where thefound to be the lowest excited states of [Re(Cl)(&)py}]

N .
lowest unoccupied redox orbital, i.et*-bopy, is different and [Re(bop_y)(CQIbpy)] » respectively. It follows that the
) . L bpy ligand introduces a MLCT(bpy) state at rather low
from the lowest unoccupied optical orbital, i.e*-bpy. To ; . .
. o , energies even if another, more strongly, electron-accepting
understand the different localizations of the first electro- . ; ! ) L
. . NS ligand (i.e. bopy) is present in the coordination sphere. The
chemical reduction and the lowest MLCT excitation, it has g o
. . ; different localizations of the lowest MLCT excitation and
to be considered that the electrochemical potentials and . : S
X ; . ; S the first reduction are caused by an extra stabilization of the
excited-state energies are pertinent to species with different J |, B L .
o : . R€'(bpy ™) chelate ring in the MLCT(bpy) excited state. Both
Re formal oxidation states, that is, | and II, respectively. A ; : . :
- . | z excited states are long-lived, but rather different photochemi-
7 delocalization of the excited electron over the' gy ) . )
. . . . cal behavior can be expected for these complexes. This study
chelate ring will stabilize the MLCT(bpy) excited state )
. . also demonstrates the great power of TRIR spectroscopy in
relative to the MLCT(bopy) state where the excited electron . : : .
. . revealing the nature and dynamics of low-lying excited states
is delocalized over the ketone group, farther away from the . .
| - . of organometallics, by following the spectral and temporal
Re' center. Moreover, the monodentate pyridine unit of the N .
) i ) . : changes of vibrations dfoth the metat-carbonyl unit and
bpy ligand provides weakerr interaction with Re than

chelating bpy. In an alternative, but conceptually equivalent, functional groups of an organic ligand.
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