Inorg. Chem. 2004, 43, 7380—7388

Inorganic:Chemistry

* Article

Ultrafast Photochemical Dissociation of an Equatorial CO Ligand from
trans(X,X) -[Ru(X)2(CO)a(bpy)] (X = ClI, Br, I): A Picosecond
Time-Resolved Infrared Spectroscopic and DFT Computational Study

Anders Gabrielsson, T Stanislav Z&'lis,*# Pavel Matousek, § Mike Towrie, & and Antoni’n VIcek Jr.* T+

Department of Chemistry and Centre for Materials Research, Queen Maryekdity of London,
Mile End Road, London E1 4NS, United Kingdom, J. Hegky Institute of Physical Chemistry,
Academy of Sciences of the Czech Republic, Dalegs3, CZ-182 23 Prague, Czech Republic,
and Central Laser Facility, CCLRC Rutherford Appleton Laboratory, Chilton, Didcot,
Oxfordshire OX11 0QX, United Kingdom

Received April 6, 2004

Ultrafast photochemistry of the complexes trans(X,X)-[Ru(X),(CO).(bpy)] (X = ClI, Br, 1) was studied in order to
understand excited-state reactivity of equatorial CO ligands, coordinated trans to the 2,2'-bipyridine ligand (bpy).
TD-DFT calculations have identified the lowest electronic transitions and singlet excited states as mixed X —
bpy/Ru — bpy ligand to ligand/metal to ligand charge transfer (LLCT/MLCT). Picosecond time-resolved IR
spectroscopy in the region of »(CO) vibrations has revealed that, for X = Cl and Br, subpicosecond CO dissociation
is accompanied by bending of the X—Ru—X moiety, producing a pentacoordinated intermediate trans(X,X)-[Ru-
(X)2(CO)(bpy)]. Final movement of an axial halide ligand to the vacant equatorial position and solvent (CHs;CN)
coordination follows with a time constant of 13—15 ps, forming the photoproduct cis(X,X)-[Ru(X),(CO)(CH3CN)-
(bpy)]. For X = 1, the opticaly populated LLCT/MLCT excited state undergoes a simultaneous subpicosecond
CO dissociation and relaxation to a triplet IRul-localized excited state which involves population of an orbital that
is o-antibonding with respect to the axial I-Ru—I bonds. Vibrationally relaxed photoproduct cis(l,/)-[Ru(l),(CO)-
(CH3CN)(bpy)] is formed with a time constant of ca. 55 ps. The triplet excited state is unreactive, decaying to the
ground state with a 155 ps lifetime. The experimentally observed photochemical intermediates and excited states
were assigned by comparing calculated (DFT) and experimental IR spectra. The different behavior of the chloro
and bromo complexes from that of the iodo complex is caused by different characters of the lowest triplet excited
states.

Introduction energy dependence, the role of vibrational excitation,
stereospecificity of the CO loss, competition with alternative
relaxation and reaction pathways, and the factors limiting
the photochemical quantum yield are of considerable fun-
damental and practical importance. Photodissociation of a
CO ligand generates highly reactive coordinatively unsatur-

Optical excitation of transition metal carbonyl complexes
often results in breaking of a metaCO bond. This is an
ultrafast process, typically occurring on a femtosecond time
scale. The structural variety of metal carbonyls that undergo
photochemical CO dissociation is amazing. It includes simple

homoleptic carbonyls such as Fe(GAY(CO)s (M = Cr ated species that can act in photocatalytic cycles or even
Mo, W), or Ni(CO), as well as mixed-ligand complexes activate C-H bonds in hydr(?carbonfs.ﬁ _

[M(CO)4(diimine)], CopM(CO} (M = Co, Rh, Ir), CpMn- Mechanistically, a very_lnterestlng case is _pos_ed by
(COY, and metat-carbonyl clusters and porphyridd The carbonyl complexes containing electron-accepting ligands

nature and dynamics of reactive excited states, excitation-
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such as [M(CO)a-diimine)] (M = Cr, Mo, W), [Fe(CO3- (X = ClI, Br, I; R = H, C(O)OPI, C(O)OH, or Me).
(a-diimine)], or [Ni(CO)(o-diimine)]; a-diimine = bipyr- Irradiation into the lowest absorption band of the prototype
idine, phenanthroline, diazabutadiene, 2-pyridylcarbaldehyde,complextrans(Cl,CI}[Ru(Cl),(CO)(bpy)] in a CHCN or
and their derivative$.?®> The lowest excited state that is CHzOH solution producesis(Cl,CI)}[Ru(Cl),(CO)(solv)-
directly populated by optical excitation has a-vdiimine (bpy)].28-2° Interestingly, CO substitution is accompanied by
metal to ligand charge transfer (MLCT) character. CO is an a shift of one halide ligand from the axial to the equatorial
ancillary ligand which is not directly involved in MLCT  position2°:3°

excitation. Nevertheless, visible-light irradiation into the

intense MLCT(diimine) transition triggers an ultrafast CO 3, ’l(“\co W R ‘T"’\'\éo
dissociation. This reaction was studied in detail for [Cr(€0) "o “sav > vy + ©
S S’ X

(bpy)] and related [M(CQJo.-diimine)] (M = Cr, Mo, W) X M
complexed$ 11167182021t was shown that CO dissociation } ) o ]
in [Cr(COW(bpy)] occurs from a FranekCondonMLCT Equatorial CO loss is rather efficient, as is documented

excited state within less than 400 fs after excitafiéhThe by the near-unity quantum yield values repoftefdr the
correspondingdMLCT(diimine) states are unreactive and Photolysis of [Ru(CR(CO)(bpy)] and values of 0.68 and 0.34

decay to the ground state. The photochemical quantum yielddetermined for, [Ru(Br)(CO)(4,4-(COOH)-bpy)] and

is determined by branching of the FrargRondon'MLCT [Ru(1)(CO)(4,4-(COOH)-bpy)], respectively. Prolonged
excited-state evolution between CO dissociation and relax- Iradiation of these complexes leads to a complete decar-
ation to the unreactive triplefs120.26 Photochemical CO bonylation by substitution of the second CO ligafé®

dissociation from [M(CQ)diimine)] complexes is stereospe- ~_Herein, we have_chosen the complexemns(X,X)[Ru-
cific, concerning only the axial CO ligand, that is coordinated (X)2(COX(bpy)] (X = Cl, Br, I) to investigate the mechanism
perpendicularly to the M(diimine) plarféL12.1415.17,18.20,21,23.27 and dynamics of photochemical dissociation of an equatorial

Equatorial CO ligands in these complexes appear to be inertc©_from carbonyk-diimine complexes with a low-lying
toward photodissociation. MLCT excited state. Moreover, the associated shift of an
Nevertheless, equatorial CO dissociation was obs&h&d axial halide ligand poses further interesting mechanistic

in the complexestrans(X,X)[Ru(X)2(CO(4,4-R.-bpy)] guestions, namely V\_/hethgr_it occurs simulfcaneous_ly or
subsequently to the dissociation of an equatorial CO ligand.
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Experimental Section

Materials. The complexesrans(X,X}[Ru(X)2(CO)(bpy)] (X =
Cl, Br, 1) were synthesized according to the procedure described
previously®30333%nd characterized BNMR, »(CO) IR, and UV~
vis spectroscopy. All measurements were performed iCNH
(Aldrich spectroscopic grade).

Time-Resolved IR Spectroscopy, TRIR.Time-resolved IR
measurements used the equipment and procedures described in
detail previously?>=3° In short, the sample solution was excited
(pumped) at 400 nm, using frequency-doubled pulses from a Ti:
sapphire laser of~150 fs duration (fwhm). TRIR spectra were
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probed with IR (150 fs) pulses obtained by difference-frequency
generation. The IR probe pulses cover a spectral range ca. 200 cm
wide. The pump and probe laser beams were focused to a spot of
a maximum diameter of 20@m. About 30 mL of sample solutions
in CH3CN flowed through a CaFIR cell, which was rastered in
two dimensions to minimize sample photolysis. Optical path lengths
of 0.5—-1 mm were used. The sample concentration was adjusted
to achieve IR absorbance in th¢CO) region of about 0.3. The
spectra are reported at time delays of 2 ps and longer, when
coherence effects fully subsided. All spectral and kinetic fitting
procedures were performed using Microcal Origin 7 software.
Quantum Chemical Calculations.The ground-state electronic
structures of all systems examined were calculated by density
functional theory (DFT) methods using the Gaussiar®Ggd
Turbomolé! program packages. Low-lying excited states of the Figure 1. DFT-optimized structures of thizans(Cl,CI}[Ru(Cl)x(CO)-
closed shell complexes were calculated by time-dependent DFT (PPY)] (top left), its photoproductis(Cl,CI}[Ru(Co(CO)(CHCN) (bpy)]

R . right), an ible ph hemical intermedi m
using the TD-DFT GO3 program. Both Turbomole and Gaussian I(tROF:/va?/et%u?nge?gs;rg esr‘?O\?vtno:C (§03f§3L\t(?3/v§gu?Jt:15((tl))lgtéi), %\ﬁg}mole/
03 were used for calculations of vibrational frequencies, which were B3LYP/COSMO in a CHCN solvent cage (blue), experimental values (red).
performed at optimized geometries corresponding to the functional The calculated(CO) values are scalétlby the factor 0.961.
and basis set used. Excited-state IR spectra were modeled by ] ) )
unrestricted KohaSham calculations for the lowest lying triplet  (B3LYP)* (G98/B3LYP) or the hybrid functional using Perdew,

states using the corresponding predominant single-determinantBurke’ Ernzerhdf exchange and correlation functional with 25%

electron configurations.
The conductorlike screening moéfe(COSMO) incorporated
within Turbomole was used for modeling of the solvent influence.

The difference density plots were prepared using the GaussView

software.

6-31G* polarized doublé-basis set§ (geometry optimization)
or correlation consistent polarized valence dodthasis setd (TD-
DFT) were used for H, C, N, O, and Cl atoms, and the quasi-
relativistic effective core pseudopotentials and the corresponding
optimized set of basis functions were employed férand Ru?6

In these calculations, either the hybrid Becke’'s three parameter

functional with the Lee, Yang, and Parr correlation functional
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HF exchange (PBE1PBE) was uséd.

Changes in electron-density distribution upon excitation were
calculated as difference electron densities between the ground state
and the investigated excited state, as described by TD-DFT (G03).

Geometry optimizations were carried out without any symmetry
restrictions. The approximat€,, symmetry was used for the
description of the spectra and molecular orbitals. Here ztheis
is coincident with theC, symmetry axis, the bpy ligand being
located in theyzplane, Figure 1.

Results

Calculation of Molecular Structures and »(CO) IR
Spectra.Molecular structures dfans(Cl,CI}[Ru(Cl)z(CO),-
(bpy)] and of several photochemical intermediates, optimized
using GO3/B3LYP-DFT calculations, are shown in Figure
1. The structure oftrans(l,)-[Ru(l)(CO)(bpy)] is very
similar to that of the chloro complex. Selected calculated
bond lengths and angles are summarized in the Supporting
Information. The calculated structures well reproduce the
experimental structurés® of trans(Cl,CI}[Ru(Cl)(CO),-
(bpy)] andtrans(l,I}[Ru()2(CO),(4,4-(COOH)-bpy)], namely
the slight bending of the axial XRu—X moiety toward the
bpy ligand.

Both complexes show a symmetrical ;jfand antisym-
metrical (B) v(CO) vibrations at about 2000 and 2060 ¢
respectively. Ground-state(CO) wavenumbers of both
complexes and of plausible photochemical intermediates
were calculated using GO3 or Turbomole software packages
with the B3LYP functional. The calculated and experimental
values are summarized in Figure 1. Generally, a reasonable
agreement with experimental values for the starting com-
plexes and their final photoproducts was obtained even using
vacuum calculations. Calculations of the molecules in a-CH

(47) Stephens, P. J.; Devlin, F. J.; Cabalowski, C. F.; Frisch, M.Bhys.
Chem.1994 98, 11623.

(48) Perdew, J. P.; Burke, K.; Ernzerhof, Rhys. Re. Lett. 1996 77,
3865.

(49) Adamo, C.; Barone, VJ. Chem. Phys1999 110, 6158.

(50) Haukka, M.; Kiviaho, J.; Ahlgme M.; Pakkanen, T. AOrganome-
tallics 1995 14, 825-833.
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Table 1. DFT GO3/B3LYP Calculated One-Electron Energies and
Compositions of Selected Highest Occupied and Lowest Unoccupied
Molecular Orbitals oftrans(CI,CI}[Ru(Cl)2(CO)(bpy)] Expressed in
Terms of Composing Fragments

prevailing
MO E(eV) character Ru CO CI bpy
Unoccupied
355 —1.32 o*CI—-Ru—Cl 26(d?);29 (de-yy) 11 28 6
8a —1.98 mbpy 2 97
15by —2.16 xbpy 1 (k) 98
14y  —3.04 =z bpy 1(dy) 2 1 96
Occupied
7% —6.05 Cl+Ru 34 (dy) 4 61
13y  —6.12 CI+Ru 30 (dy) 5 64
34a —6.97 ClI 5 1 92 2
26, —6.98 CI 5 92 3
12y -7.61 Cl 6 (R) 2 85 7
6 —7.69 mbpy 2 (dy) 2 96

Table 2. DFT GO3/B3LYP Calculated One-Electron Energies and
Compositions of Selected Highest Occupied and Lowest Unoccupied
Molecular Orbitals oftrans(l,I)-[Ru(l)2(CO)(bpy)] Expressed in Terms
of Composing Fragments

prevailing
MO E(eV) character Ru CO | bpy
Unoccupied
7 —1.87 mbpy 2 98
3la —1.93 o*I—Ru—l 3(s);18(d?); 27 (de-yy) 6 43 2
11y  —2.09 7 bpy 1 98
10y —2.97 xbpy 1(dy) 2 3 94
Occupied
6 —5.78 I+ Ru 18 (Gy) 81
9y —-5.81 I+Ru 15 (dy) 1 83
30a -6.24 | 4 95
25, —6.26 | 4 95
8 —6.83 I+Ru 9 (p); 4 (0 1 79 7
5% —7.64 Ru 48 (d) 9 13 30
7br —7.80 Ru 60 () 14 16 10
43  —7.84 mbpy 13 (Qy) 2 3 82
CN solvent

and B, vibrations, while shifting bothv(CO) wavenumbers
below the experimental values.

Electronic Structure and Absorption Spectra. Tables
1 and 2 summarize KohkfiSham frontier molecular orbitals
of trans(X,X}[Ru(X)2(COX(bpy)] X = ClI, |, calculated by
GO03/B3LYP. (Note that MO compositions depend little on
the particular functional used.) Generally, the electronic

2000 4

1000 4

¢/ dm®mol'cm’

04
300

4(')0 560
wavelength / nm

Figure 2. Electronic absorption spectra tfans(Cl,CI}[Ru(Cl)(CO)-
(bpy)] (A) andtrans(l,1)-[Ru(l)2(CO)(bpy)] (B) in CH:CN.

600

Figure 3. Changes of electron density distribution upon the two lowest
electronic transitions dfans(CI,CI}[Ru(Cl)2(CO)(bpy)]. Blue and violet
colors correspond to a decrease and increase of electron density, respectively.

Absorption spectra of both complexes are shown in Figure
2, and the calculated and experimental excitation energies
are summarized in Tables 3 and 4.

cage increases the separation between the A The lowest absorption band wans(Cl,CI}[Ru(Cl),(CO),-

(bpy)] at 352 nm ¢ = 1560 M~ cm™?) is attributed by TD-
DFT predominantly to the'd; — b'A; transition. Its mixed
LLCT/MLCT character is obvious from the calculated
changes of electron density distribution, see Figure 3, left.
A weaker 8A; — b'B; LLCT transition lies at higher energy.
The lowest in energy is the forbiddeita— a'B, transition.

It has a mixed LLCT/MLCT character, see Figure 3, right.

structures of both complexes are characterized by a highAs was foun&*>3for other halide complexes of low-valent

degree of mixing between occupied Ruahd X p; orbitals.
The two highest occupied MOs are essentially Ru—X
m-antibonding. The relative halide contribution increases on
going from ClI to I, although the absolute calculated values
may be somewhat exaggeraféd.he occupied lower-lying
12b, and 8h orbitals of the chloro and iodo complex,
respectively, are weakly bonding with respect to the axial
X—Ru—X moiety. The lowest unoccupied orbitals are bpy
m*. They are followed in energy by an orbital that is
o-antibonding with respect to the-XRu—X bond and partly
Ru—CO zw-antibonding. Notably, this* orbital lies at lower
energy for X=1 than Cl, 3.85 and 4.73 eV above the
HOMO, respectively.

(51) Wong, M. W.Chem. Phys. Letfl996 256, 391—399.
(52) Turki, M.; Daniel, C.; Z&s, S.; Vieek, A., Jr.; van Slageren, J,;
Stufkens, D. JJ. Am. Chem. So2001, 123 11431-11440.

metals, TD-DFT calculations underestimate energies of low-
lying MLCT/LLCT transitions, although the characters of
the transitions are well accounted for. The structured band
between 270 and 320 nm corresponds to predominantly IL
transitions.

trans(l,1)-[Ru(l)2(CO)(bpy)] shows a broad absorption
between 500 and 350 nm with an apparent maximum at 398
nm (€ = 1730 M* cm™), Figure 2. The lowest allowed
transition was identified as'A; — b*A;. It has the same
LLCT/MLCT character as was discussed above tfans-
(CL,CD-[Ru(C(COX(bpy)], only with a higher LLCT
contribution. Very close in energy lies theéAa—b'B;
transition of a comparable intensity. It involves excitation
into the 31a o* | —Ru—1 orbital. It is very different from

(53) zdis, S.; Benamor, N.; Daniel, Gnorg. Chem.in press.
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Table 3. Selected TD-DFT Calculated Excitation Energies of Lowest-Lying Singlet Electronic Transitiareang{Cl,CI}[Ru(Cl)2(CO)(bpy)] with

Oscillator Strength Larger than 0.001

GO03/B3LYP GO03/PBE1PBE experiment
state composition (GO3/B3LYP) transition, eV (nm) osc str transition, eV (nm) osc str expt extinction coeff
b'A; 99% (13 — 14by) 2.37 (523) 0.006 2.56 (484) 0.007 3.52 (352) 1560
b'B; 86% (13h — 35a) 3.35(370) 0.002 3.46 (358) 0.002
d'A; 99% (72— 8a) 3.38 (367) 0.005 3.63(342) 0.005
etA; 97% (12 — 14hy) 3.93 (315) 0.020 4.14 (299) 0.025
d'B, 68% (62— 14hy); 17% (5a— 14hy) 4.18 (297) 0.138 4.29 (289) 0.229

Table 4. Selected TD-DFT Calculated Excitation Energies of Lowest-Lying Singlet Electronic Transitidrensfl,|)-[Ru(l)2(CO)(bpy)] with

Oscillator Strength Larger than 0.001

GO03/B3LYP GO03/PBE1PBE experiment
state composition (GO3/B3LYP) transition, eV (nm) cscstr  transition, eV (hnm)  osc str expt extinction coeff
b'A;  99% (9h — 10by) 2.16 (574) 0.005 2.32 (534) 0.005  3:18.44 (398-360) 1730
b'B;  87% (9h — 31a); 5% (7h — 31a) 2.78 (446) 0.004 2.85 (435) 0.004
d'A;  67% (6a— 7a); 28% (8h— 10hy) 3.24 (383) 0.005 3.27 (379) 0.018
e'A;  63% (8 — 10by); 32% (6a— 7a) 3.29 (377) 0.038 3.48 (356) 0.024
eB;  55% (7h — 31a); 26% (8h — 31a) 4.39 (282) 0.090
elB, 50% (4a— 10hy); 30% (8h — 7a) 4.41 (281) 0.090
b'B, Table 5. TD-DFT Calculated Low-Lying Triplet Excitation Energies of
bjae trans(l,)HRu(1)2(CO)(bpy)]
>
s @ — GO3/B3LYP GO3/PBE1PBE,
w . e
state character transition, eV (nm) transition, eV (nm)
30k \ 3 30 F aB, 99% (62— 10hy) 2.08 2.23
\ R aA;  99% (9h — 10by) 2.10 2.25
2B, @A, 87% (6a— 3la) 2.29 2.30
a%A aB1  83% (9h— 3la); 2.35 2.36
1 12% (30a— 10hy)
bA) —— 3
25 g, — A 25)

T — 2 ape .
order of these two transitions could depend on the medium,
since larger solvatochromism is expected for the MLCT/

_ ) _ LLCT a'A; — b'A; transition than for the IRul-localized
20k singlets triplets 20k singlets  triplets alA; — a'B;. The next higher-lying transition i$A; — d'Ay,
[RU(Cl) (O} (bBY)] [Ru(), (CO), (bbY)] which can also contribute to the lowest absorption band. It

Figure 4. Correlation diagram of the TD-DFT (G0O3/PBE1PBE) calculated
low-lying singlet and triplet excited states wans(Cl,CI}[Ru(Cl),(CO)-
(bpy)] andtrans(l,1)-[Ru(l)2(CO)(bpy)] complexes.

Figure 5. Changes of electron density distribution upon th&;a— a2A;

and &A; — a%B; triplet electronic transitions afrans(l,1)-[Ru(l)2(CO)-
(bpy)]. Changes of electron density upon the corresponding singlet
transitions are virtually identical. Blue and violet colors correspond to a
decrease and increase of electron density, respectively.

the corresponding transition of the chloro complex. Quali-
tatively, the aA; — b'B; transition oftrans(1,1)-[Ru(l)2(CO)-
(bpy)] involves transfer of electron density from tb d,
orbitals of the +Ru—I bonds and a massive reorientation

of electron density at the halide atoms, Figure 5. Hereinafter,

it will be known as an IRul-localized transition. The relative
energies of the'&; — b'A; and d@A; — a'B; transitions

has an LLCT character with a minert*, that is, o bond to
ligand charge transfer, contribution.

Shown in Figure 4 are correlation diagrams between triplet
and singlet states of the two complexasns(Cl,CI}[Ru-
(C)o(CO)(bpy)] has &, and &A1 lowest-lying triplet states.
They have the same LLCT/MLCT character as the corre-
sponding singlets, see Figure 3. The next higher stafi\is a
which involves population of the* orbital. It lies 0.47 eV
above the #\; state. The situation is profoundly different
for trans(l,1)-[Ru(l)2(CO)(bpy)], see Figure 4 and Table 5.

A manifold of very closely spaced four triplet states is
present. Two of them B, and &A1, have the usual LLCT/
MLCT character, whereas théAg and &B; states involve
excitation into theo*(I —Ru—1) orbital, acquiring a IRul-
localized character. The changes in electron density distribu-
tion upon population of the®A, and &B, states are shown

in Figure 5. The TD-DFT calculated energies of the four
lowest triplet states are very close to each other. In contrast
to TD-DFT, single-determinant KohfSham geometry
optimization yields #A, as the lowest state. DFT calculations
alone thus cannot unequivocally predict which triplet state
of trans(l,1)-[Ru(l)2(CO)(bpy)] will be the lowest at the
relaxed geometry and solvent environment. Comparison
between calculated and experimental excited-state IR spectra
indicates the IRul-localizecPA, state to be the lowest triplet

depend somewhat on the functional used. The actual energystate, vide infra.
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Figure 6. Difference time-resolved IR spectra wans(Cl,Cl}[Ru(Cl).-
(CO)(bpy)] measured in CECN at 2, 4, 8, 12, 28, and 80 ps aftel50

fs, 400 nm laser pulse excitation. The spectra evolve in the direction of the
arrows. Experimental points are separated by 4&nr L.

Time-Resolved IR Spectroscopy (TRIR)trans(CI,Cl}
[Ru(Cl)2(CO)2(bpy)] and trans(Br,Br)-[Ru(Br) »(CO),-
(bpy)]. TRIR spectra (Figure 6) of [Ru(GCO)(bpy)]
consist of four spectral features: (i) two negative bands

with vacancy in the equatorial plane. The calculat€dO)
wavenumber is 7 cmt (G03, vacuum) or 9 cmi (Turbo-
mole, CHCN) higher than the calculated photoproduct
wavenumber, see Figure 1, bottom left. Although the
calculated difference im(CO) wavenumbers of the inter-
mediate and photoproduct is smaller than the experimental
value of 20 cm?, the direction of the change is correct, and
this result is a good indication farans(Cl,CI}[Ru(Cl),(CO)-
(bpy)] being the primary intermediate. The DFT optimized
geometry shows that the €Ru—CIl moiety is bent (1627
toward the vacant position. Considering that the-BU—

Cl moiety in the parent complex is bent toward the bpy ligand
by 9.5, it follows that the CO dissociation is accompanied
by bending of the CtRu—CI moiety by 26.8. We have
also investigated the effect of solvent coordination on the
intermediate structure. ThiglCO) wavenumber fotrans-
(CI,CID-[Ru(CI)z(CO)(CHCN)(bpy)] was calculated lower
than for the photoproduct both in a vacuum and the solvent
cage, indicating that it cannot correspond to the observed
intermediate.

The temporal evolution of TRIR spectra wans(CI,Cl)
[Ru(Cl)x(COX(bpy)] shows (Figure 6) that both bleach bands
and the 1989 cmt intermediate band (which partly overlaps
with the 2004 cm? bleach) are formed “instantaneously”

(bleaches) due to depleted ground-state absorption at 2004wvithin the instrument time resolution. These features are well

and 2066 cm?; (ii) a transient band at 1989 crhthat is
attributed to a pentacoordinated intermediatans(Cl,Cl)
[Ru(CI)(CO)(bpy)], see below; (iii) a band at 1969 cin
that is assigned to thas(Cl,CI)}[Ru(Cl)x(CO)(CHCN)(bpy)]
photoproduct by comparison with the IR spectrum of an
authentic, crystallographically characterizedample; (iv)
a very weak shoulder at 1941945 cn* that belongs either
to an unidentified side-product or to a vibrationally excited
species.

The assignment of the 1989 chtransient band ttrans-
(CI,CN-[Ru(CI)z(CO)(bpy)] is based on DFT calculations.
The spectral pattern consisting of a sing{€0) band shows

that the intermediate is a monocarbonyl species. In principle,

we can consider a trigonal bipyramidal or square pyramidal
structures withtrans(ClI,Cl) or cis(CI,Cl) geometries. To
identify the most probable intermediate structure, we have
calculatedv(CO) wavenumbers of the parent complex, the
photoproductcis(Cl,Cl}[Ru(Cl),(CO)(CHCN)(bpy)], and

developed already in the spectrum measured at 2 ps after
400 nm excitation. The intensity of the 1989 ¢nntermedi-

ate band rapidly decays with a time constant of 18.0.6

ps while the 1969 crmt product band grows in with a similar
time constant of 13.# 1.0 ps. The presence of an isosbestic
point and similar time constant values testify to a direct
conversion of therans(CI,CI}[Ru(Cl),(CO)(bpy)] interme-
diate into thecis(Cl,CI}[Ru(Cl)(CO)(CHCN)(bpy)] prod-

uct. The apparently faster decay of the 1989 timand is
most probably caused by interfering 5.6.5 ps band
narrowing. This is manifested by an early deepening of the
overlapping 2004 cm bleach, probed at 1997 crh The
intensity of the higher bleach band at 2066 ¢éns time-
independent in the 21000 ps time range investigated,
excluding the presence of any recombination with free CO.
The weak shoulder between 1941 and 1945 cgrows
during the first 10 ps and then decays to a constant
background in the next ca. 50 ps.

several possible intermediates, see Figure 1. To agree with TRIR spectra otrans(Br,Br}[Ru(Br)(CO),(bpy)] show
the trend in the experimental TRIR spectra, the calculated essentially the same behavior as that described above for

intermediater(CO) wavenumber has to be higher than the the chloro complex. The intermediate band at 1983 %cm
value calculated for the photoproduct. Calculations with decays with a time constant of 14 3 ps, being converted
different initial geometries of the intermediate produced two to a photoproduct whose peak at 1969 émrows with an

different optimized geometries, that correspond to two local identical time constant of 1% 1 ps. In addition, a very weak

minima on the potential energy surface. They essentially
differ only in the CHRu—Cl bonding angle. One intermedi-
ate approaches a trigonal bipyramidas(CI,CI}[Ru(Cl),-
(CO)(bpy)] structure, with the GIRu—Cl angle of 116.7.

shoulder appears transiently at ca. 1941 tnthis feature

grows within the first 5-6 ps and disappears at 100 ps.
trans(l,1)-[Ru(l) 2(CO)2(bpy)]. TRIR spectra (Figure 7)

show that excitation afans(l,1)-[Ru(l)2(CO)(bpy)] in CHs-

Its v(CO) wavenumber calculated in a vacuum is essentially CN ultimately leads to a monocarbonyl prodai(l,1)-[Ru-
identical with that calculated for the photoproduct. A solution (1),(CO)(CHCN)(bpy)], that is characterizédby av(CO)
value could not have been obtained since the calculation didband at 1967 crit. However, the excited-state behavior of
not converge. The second intermediate structure can betrans(l,1)}-[Ru(l)(CO)(bpy)] is very different from those of
approximately described &sns(Cl,CI}[Ru(Cl)x(CO)(bpy)] the chloro and bromo complexes. The TRIR spectiaafs-
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Figure 8. Photodynamics otrans(l,l)}-[Ru(l)2(CO)(bpy)] in CHCN.
Figure 7. Difference time-resolved IR spectratwans(l,|}-[Ru(l)2(CO)- Kinetic profiles of the absorbance due to the photoproduct at 1967 cm

(bpy)] measured in CKCN at 2, 8, 15, 30, 100, 300, and 1000 ps after (top,_l), the IRul-localizecPA; excited state at 2036 crh (top, O, values
~150 fs, 400 nm laser pulse excitation. The spectra evolve in the direction multiplied by the factor of 3), and the ground-state bleach at 2059 cm

of the arrows. Experimental points are separated b% 4nr 2. (bottom, a). The growth of the product is faster (3515 ps) than théA,
excited-state decay and the bleach recovery, which occur with a common

. . . time constant of ca. 155 ps. (The absorbance at 2036 ésnslightly
(I'I)'[RU(I)Z(CO)Z(bpy)] exhibit the fOllOWIhg four features: negative at long time delays because of an overlap with the bleach ground-

(i) bleached ground-state bands at 2000 and 2059 i) state absorption.)
a photoproduct band at 1967 chthat grows in; (iii) two
transient bands at ca. 1981 and 2045 tmhose long-time  wavenumber side, apparently due to an overlap between the

decay kinetics are similar within the experimental accuracy. excited-state and hot photointermediate absorptions, vide
This feature belongs to a dicarbonyl species wha$&0) supra.

bands are downshifted from the ground-state values. It was (i There are also the early spectral changes2@ ps).
assigned by DFT to the IRul-localize®\, excited state:  The 2036-2045 cnt! band narrows and its maximum shifts
DFT(G03) vacuum calculation yields thgCO) vibrations g ts final position of~2045 cntt during the first 20 ps.
of trans(l,-{Ru(l)(COX(bpy)] at 1997 and 2041 cm in This is manifested by decay at 263R035 cnt!and a small
the ground state and at 1966, 2017 érim the *A; excited initial rise at 2045-2050 cntl. The 1981 cm® band
state. The calculated downward shift is in a reasonable yngergoes a rapid partial decay during the first-18 ps.
agreement with the experimental observation, given that the (iii) The 20-100 ps range. The photoproduct feature at

wavenumbers are calculated in a vacuum and that the 19811967 cnT! grows in from a broad background with a time

_l H - _ .
crg tpan?h '? trl?roadtentlad O.rt] éts tal;)wgvavenumberb side constant of 55+ 15 ps, see Figure 8, top. The weak 1935
indicating that the actual excited-stat(CO) wavenumber cm ! feature slightly increases in intensity during the first

could be somewhat lower. Initially, the 1981 chis more . P .

) ’ ~10 ps and then decays. Biexponential fitting yielded a
1

intense than the 2032045 cn? but these two IR features 9 2 and 51+ 6 ps rise and decay time constants.

become comparable in intensity after about 10 ps. It appears..cooctivel
that the 1981 cmt initially contains a second component P Y-
I (iv) Also, there are later spectral changed,00 ps. The

which is also responsible for its extensive broadening on the . :
product band stays constant at longer time scale while the

low-energy side. By analogy with the chloro complex, itis 3 . _
attributed to the pentacoordinateécans(l,l)-[Ru(l)2(CO)- A, excited-state feature; (2045, 1981 éﬁdecay and the
bleach bands recover with a common time constant of ca.

(bpy)] intermediate. (iv) Also, there is a weak feature at 1935 155 Fi 8 N tral ch i
cm™! that is due to an unidentified side-product or a psS, See Figure ©. No Spectral changes occur on a time
scale longer than ca. 600 ps.

vibrationally excited species.
Strong overlap between the transient IR features and theDiscussion
bleached ground-state bands and the early vibrational
dynamics, which are manifested by band narrowing and Electronic structures of the complexeans(X,X}[Ru(X).-
shifts, complicates detailed kinetic analysis of the data. (CO)(bpy)] (X = CI, I) are characterized by highest
Nevertheless, it is possible to distinguish four distinct time occupied orbitals with strongly mixed RujéX(p,) character.
domains: (i) First we describe features formed within the The lowest unoccupied MOs are almost entirely bgy(
instrument time resolution. TRIR spectra measured im- Interestingly, an unoccupied RXX o¢-antibonding orbital
mediately (-2 ps) after excitation show bleached ground- occurs at relatively low energies. It originates in an out-of-
state bands at 2000 and 2059 ¢éma broad®A, excited- phase overlap between the symmetric combination of halide
state absorption between 2030 and 2045 cand at 1981 p, orbitals with Ru(d) orbitals. Population of this* MO
cm %, and a very weak feature at ca. 1935¢énirhe 1981 upon electronic excitation has profound photochemical
cm! band is intense and strongly broadened at its low- consequences, as will be discussed below.
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Scheme 1. Proposed Mechanism of Photochemical CO Substitution/  Scheme 2. Proposed Mechanism of Photochemical CO Substitution/

Isomerization oftrans(CI,CI}[Ru(Cl)2(CO)(bpy)] Isomerization oftrans(l,1)}-[Ru(l)2(CO)(bpy)]
1 LLCT/MLCT "LetmieT
trans-[Ru(Cl),(CO),(bpy)] trans-[Ru(1),(CO)x(bpy)]
A <1ps “

- CO, CI-Ru-Cl bending <1 ps

- CO, I-Ru-I bending
3IRuI exc. state

trans-[Ru(Cl)2(CO)(bpy)] trans-*[Ru(1)2(CO)x(bpy)]

trans-[Ru(l)o(CO)(bpy)]
hv —————————
hv
13 ps
Cl-shift 55 ps
+ CH,3CN 155 ps cooling
|-shift
+ CH3CN
. Y
cis-[Ru(Cl)(CO)(CH3CN)(bpy)]
\ cis-{Ru(1)z(CO)(CHaCN)(bpy)]

GS: trans-[Ru(l)2(CO)(bpy)]

GS: trans-[Ru(Cl),(CO),(bpy)]

Unreactive “trapping” spin-triplet LLCT/MLCT states were

TD-DFT analysis and assignment of electronic transitions Nt observed eithéf. This, together with the femtosecond
show that 400 nm laser pulse irradiation wans(X,X) rate of CO dissociation, implies that potential energy surfaces
[Ru(X)2(COX(bpy)] (X = CI, Br, 1) excites predominantly of the_ optically excned.’d\l qntj/or the Iower—llower. Iy_mg
the @A; — b'A; LLCT/MLCT electronic transition. Previous a'B; singlet states are dissociative. The-RZO dissociation

studies have shown that the same overall photochemicalis much faster than relaxation (intersystem crossing) to any
- SLLCT/MLCT state or internal conversion to the ground
reaction (eq 1) occurs for X Cl, Br, and I, although the

quantum yield drops in the order Gt Br > 1.2831 An state. This conclusion agrees with the near-unity quantum

equatorial CO ligand is lost upon excitation, and its position Y/€d*® of the photochemical CO substitution trans(Cl,-

is occupied by one of the halide ligands that shifts from the CD-[RU(CD(COXk(bpy)].

axial position, eq 1. Nevertheless, the results presented above The LLCT/MLCT character of the#, and 4B, (Figure

demonstrate that the excited-state dynamics and photochemi3) itself does not warrant a dissociative character. Its potential

cal mechanisms are profoundly different for the chloro and energy surface most probably becomes dissociative through

bromo complexes on one side and the iodo complex on the@ strongly avoided crossing with higher-lying LF-type state(s)

other. along the reaction coordinate, resulting in an ultrafast CO
For trans(Cl,CI}[Ru(Cl)(CO)(bpy)] (Scheme 1), excita- dissociation. The same behavior is exhibited ®LCT

tion into the lowest absorption band triggers an ultrafat ( €Xcited states of [Cr(CQYpy)] and other metal car-

ps) dissociation of a RuCO bond that yields a pentacoor- bONyls*®18:21.5559

dinatedtrans(CI,CI}[Ru(Cl),(CO)(bpy)] intermediate with For trans(l,1)-[Ru(l)(CO)(bpy)], the optically populated

a coordination vacancy in the equatorial Ru(bpy) plarass ILLCT/MLCT excited state undergoes parallel subpicosecond

to the bpy ligand, Figure 1, bottom left. DFT calculations CO dissociation coupled with—Ru—I bending and an

indicate that the CO dissociation is accompanied by sym- intersystem crossing to triplet IRul-localized excitéd and,

metrical bending of the GiRu—Cl unit by about 27. It can possibly, also theéB; state, see Scheme 2. Thans(l,l)-

be concluded that the first stage of the Cl-ligand movement [Ru(l)2(CO)(bpy)] intermediate appears to be initially formed

is concerted with the RuCO bond breaking. The second highly vibrationally excited, as is manifested by the broad-

reaction step follows with a rate constant of 13 ps. It involves ness of the 1981 cm band at early time delays and its long

the final movement of a Cl ligand to the vacant equatorial tailing toward lower wavenumbers. The small transient

position, accompanied by coordination of a £ sol-

vent molecule at the axial position. The final product, (54) Twov(CO)bands upshifted from their ground-state values are expected

- - fi
cis(Cl,CIHRU(CIA(CO)(CHCN)(bpy)], is formed. The same S e o e o caloated a1 2026 and 2069 toy DFT/
mechanism operates ftnrans(Br,Br}[Ru(Br),(CO)(bpy)], (55) Guillaumont, D.; Daniel, GCoord. Chem. Re 1998 177, 181—199.

for which the second step occurs with a time constant of ca. (56) Goumans, T. P. M.; Ehlers, A, W.; van Hemert, M. C.; Rosa, A;
P Baerends, E. J.; Lammertsma, X.Am. Chem. So2003 125, 3558~

15 ps. 3567.
TRIR experiments show no signs of any LLCT/MLCT (57) ?392"1(,73025%5&, A.; Baerends, E.JJ.Am. Chem. Sod 997, 119,
excited state of the parent molecutans(Cl,CI}[Ru(Cl),- (58) Baerends, E. J.; Rosa, Soord. Chem. Re 1998 177, 97—125.

(CO)(bpy)], whose population would precede the CO loss. (59) Daniel, C.Coord. Chem. Re 2003 238-239, 143-166.
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feature at~1935 cn1? could correspond to the photoproduct
excited in both thes(CO) and low-frequency modes. The
ca. 55 ps time constant of the formation of tinans(l,l)-
[Ru()2(CO)(CHCN)(bpy)] photoproduct corresponds to
convoluted vibrational relaxation, final shift of the iodo
ligands, and solvent coordination.

The presence of the IRul-localized excited state State
is manifested by the observation of the 1981 and 2045'cm
features at longer time delays. It is initially formed vibra-
tionally excited in low-frequency modes. It cools with a time
constant of 6-9 ps, as is documented by the upshift and
narrowing of the 20362045 cmt! absorption. The*A,
excited state is unreactive. 1ts155 ps decay matches the
rate of the ground-state recovery.

The mechanism proposed above foans(l,l)-[Ru(l)2-
(CO)(bpy)] (Scheme 2) is in agreement with the rather low
quantum vyield (0.34) measurddor CO photosubstitution
in trans(l,1)-[Ru(1)2(CO)(4,4-(COOH)-bpy)]. TRIR experi-
ments show that the quantum vyield is limited by the
branching of the FranekCondon LLCT/MLCT &A; excited-

state evolution between CO dissociation and intersystem

crossing to the unreactive (“trapping”) IRul-localizetha

state. The presence of a low-lying excited state in the iodo

complex is further supported by the observattarf a low-
energy (652 nm) emission frotrans(l,1)-[Ru(l)2(CO)(4,4-
(COOH)-bpy)] in low-temperature glasses.

The contrasting excited-state behavior of the chloro (and
bromo) complexes as compared with the iodo complex can

be understood in view of the singtetriplet correlation
diagram shown in Figure 4. The optically populated LLCT/
MLCT b?A; state oftrans(Cl,CI}[Ru(Cl),(CO)(bpy)] can

either react, decay to the ground state, or undergo intersyste

crossing (ISC) to the®8, state of the same LLCT/MLCT

origin. Decay to the ground state is expected to be slow
because of a large energy gap. ISC to triplet states of a simila

LLCT/MLCT character is slower than CO dissociation. On
the other handirans(l,)-[Ru(l)2(CO)(bpy)] has two IRul-
localized triplet excited statesA& and &B; which lie at
comparable or slightly lower energies than tHé pstate.

Intersystem crossing to these states is expected to be ver

fast because of different orbital origin with little involvement

of the electronic system of the organic bpy ligand and a
heavy-atom effect of both Ru and the | ligands. Fast ISC to
these states provides an efficient relaxation pathway for the

optically populated LLCT/MLCT BA; state, which competes
with the ultrafast CO dissociation. TR&Rul-localized states
are bound with respect to CO dissociation. Accordingly,

I

Y.
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toproduct, and triplet state is much more extensive than in
the case of the chloro complex. This is probably caused by
lower frequencies of all vibrations involving the heavy iodo
ligands, which allow for excitation into higher vibrational
levels.

Conclusions

The dynamics and mechanism of dissociation of an
equatorial CO ligand from carbonytliimine complexes
were unraveled usingans(X,X}[Ru(X)2(COXx(bpy)] (X =
Cl, Br, I) as an example. For X= Cl| and Br, optical
excitation of thelLLCT/MLCT transition triggers femto-
second CO dissociation and—-Ru—X bending, that is
followed by a 13-16 ps movement of an axial halide ligand
to the vacant equatorial position. &s(X,X}[Ru(X)(CO)-
(CHsCN)(bpy)] photoproduct is ultimately formed. Foans-
(1,D)-[Ru(D)2(COX(bpy)], the same reaction mechanism leads
to a vibrationally hot photoproduct. Relaxeid(l,1)-[Ru(l)2-
(CO)(CHCN)(bpy)] is formed with a time constant of 55
ps. Importantly, the initial CO dissociation competes with
intersystem crossing from the optically excitédLCT/
MLCT excited state into a IRul-localized triplet excited state.
This is an unreactive state, which decays directly to the
ground state with a time constant of about 155 ps. The
different excited-state behavior dfans(Cl,CI}[Ru(Cl),-
(COX(bpy)] andtrans(l,D)-[Ru(l)(CO)(bpy)] is explained
by different energetic positions of IRul-localized triplets
relative to the'LLCT/MLCT states. TheCIRuCl-localized
states are too high in energy to be populated for the chloro
complex, but thélRul states lie much lower for the iodide.
Their population by intersystem crossing from & CT/

"MLCT states is possible energetically, while facilitated by

the heavy-atom effect of the iodide ligands. TH&ul-
localized states act as “trapping states”. Their population from
the optically populatedLLCT/MLCT state is competitive
with the femtosecond CO dissociation, limiting the photo-
chemical quantum vyield.

There is no fundamental difference in the rate and
mechanism of photochemical dissociation of an equatorial
and axial CO ligand from carbonydiimine complexes.
They both occur with femtosecond rates on (nearly) dis-
sociative excited-state potential energy surfaces. However,
dissociation of an equatorial CO triggers a large restructuring
of the coordination sphere, which takes place within a few
tens of picoseconds.
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