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Abstract: Molecular structures and excited states of CpM(CO), (Cp = 7°-CsHs; M = Rh, Ir) and
[CI,Rh(CO),]~ complexes have been investigated using the B3LYP and the symmetry-adapted cluster (SAC)/
SAC—configuration interaction (SAC—CI) theoretical methods. All the dicarbonyl complexes have singlet
ground electronic states with large singlet—triplet separations. Thermal dissociations of CO from the parent
dicarbonyls are energetically unfavorable. CO thermal dissociation is an activation process for [CI,Rh(CO),]~
while it is a repulsive potential for CpoM(CO),. The natures of the main excited states of CpM(CO), and
[CI,Rh(CO),]™ are found to be quite different. For [CI,Rh(CO),], all the strong transitions are identified to
be metal to ligand CO charge transfer (MLCT) excitations. A significant feature of the excited states of
CpM(CO); is that both MLCT excitation and a ligand Cp to metal and CO charge transfer excitation are
strongly mixed in the higher energy states with the latter having the largest oscillator strength. A competitive
charge transfer excited state has therefore been identified theoretically for CoRh(CO), and Cplr(CO),. The
wavelength dependence of the quantum efficiencies for the photoreactions of CpM(CO), reported by Lees
et al. can be explained by the existence of two different types of excited states. The origin of the low
guantum efficiencies for the C—H/Si—H bond activations of CpM(CO), can be attributed to the smaller

proportion of the MLCT excitation in the higher energy states.

|. Introduction

Since the discovery that thé transition-metal dicarbonyls
such as CpM(CQ)and Cp*M(CO} (Cp = #5-CsHs, Cp* =
n°-Cs(CHz)s, M = Rh, Ir) have the unique ability to activate
the normally unreactive €H bonds of alkanes upon light
excitation2 numerous experimental efforts have been made to

photoreaction mechansims. Although considerable progress has
been made over the past decade, the identity of the primitive
photoproducts and their reactivities toward-B/Si—H bond
activations and ligand substitution are still actively debated.
Various experiments including low-temperature matrix isola-
tion 2 laser-flash photolysi$kinetic and spectroscopic studies

understand their structures, spectra, and the details of thel? the gas phase.and in liquid noble gaséssuggest a
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dissociative mechanism in which the first step of the reaction
is the photoinitiated loss of CO, forming a coordinatively
unsaturated intermediate of%CsRs)M(CO) (R = H, CHg).

On the other hand, Lees et’dhave performed a number of
photochemical quantum efficiency experiments for the ligand
photosubstitution and -€H/Si—H bond activation reactions of
CplIr(CO), CpRh(CO), Cp*Rh(CO}», and (HBPz*)Rh(CO),
(HBPz* = 3,5-dimethylpyrazolyl). An important observation
in their studie$8is that the quantum efficiencies are dependent
both on the excitation wavelength and on the ligand involved.
The short-wavelength irradiation at 313 nm (3.96 eV) of CpRh-
(CO), gives a quantum efficiency ope, > 0.1 for ligand
substitution and €H/Si—H bond activations, while the long-
wavelength irradiation at 458 nm (2.71 eV) gives a quantum
efficiency of ¢r ~ 0.001 for ligand substitution. The photo-
chemistry of Cp*Rh(CQ)is analogous to CpRh(Cg)but the
quantum efficiency values are lower by more than an order of
magnitud€’® The study of (HBPz)Rh(COY), irradiation reported
a considerably larger quantum yield g ~ 0.38 On the basis

10.1021/ja0108178 CCC: $22.00 © 2002 American Chemical Society
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Scheme 1. lllustration of the Molecular Structures of (a) CpRh(CO); (Cs), (b) Cplr(CO); (Cs), and (c) [CI.Rh(CO)2]~ (Cyy)

of their experimental results, Lees ef'@i®8concluded that two have been reported. It will be interesting to compare the
types of excited states with distinct reactivities are involved in similarities and differences of the excited states of these
the photochemistry of both CpRh(C£gnd Cp*Rh(COy, and complexes, and more importantly, to understand the exact
consequently, two different reaction intermediates are implicated natures of the excited states. The third objective is to provide
in the mechanism. The ligand photosubstitution takes place theoretical insight into the photochemistry of CpM(G@nd
predominantly via an associative mechanism in which a ring [CI,Rh(CO}]~ and to clarify the origin of the low quantum
slippage °—#°) is the preliminary step and the intermolecular efficiencies for the G-H bond activation of CpRh(CQ@)and
C—H/Si—H bond activations proceed via the dissociative Cplr(CO).

mechanisn. Il. Computational Methods
Another important question that needs to be clarified is the P
origin of the low quantum efficiencies for the-@&1 bond Molecular structures and the potential energy surfaces of CO thermal

activation of Cp*M(CO) and CpM(CO). A recent ultrafast disso_ciations_ from the dicarbqnyls were cal'culated using the B3LYP
spectroscopic study of Cp*M(C@(M = Rh, Ir)® suggested density functional method as implemented in the Gaussidhsafte
that there are lower lying excited states below the strong metal & Programs. The details of the B3LYP method have been presented
o ligand CO charge transfer (MLCT) band. Excitation into these in the literature!-18 Geometry optimizations were carried out for the
. L complexes in their singlet and lowest triplet states and also for all the

states does not lead to CO dISSOCIQtlon. Insteqd, most of thespecies in the thermal dissociation processes. The standard 6-311G-
molecules relax to the grouqd state in a short time. However, (g by basis set was used for carbon, oxygen, chlorine, and hydrogen.
the exact natures of the excited states remain unknown. The Hay-Wad£® 17-valence electron relativistic effective core poten-

There are several theoretical studies in the literature of the tials were used for Rh and Ir atoms where the 4s and 4p electrons of
oxidative addition reaction between methane and transition-metalRh and the 5s and 5p electrons of Ir were treated explicitly as valence
complexed?-14 All the theoretical studies have focused on the electrons. The valence electrons of Rh were described by the (5s6p4d/

reaction energy profile of the-€H bond activation on the basis 3s3p2d) basis set and those of Ir were described by the (5s6p3d/3s3p2d)
of the assumption that the coordinatively unsaturated mono- basis set? The method and the basis sets used have been confirmed to
carbonyl CpM(CO) is the key intermediate. Theoretical inves- give reliable geometries and energetics of transition-metal carbonyl
tigations of the excited states should be valuable for under- complexes in our previous paper.

. h he oh hemi h ;i | The excited singlet states of the three complexes were calculated
standing the nature of the photochemistry of these dicarbony using the symmetry-adapted cluster (SAC)/SA®nfiguration interac-

complexes. tion (SAC—CI) method with the local moduf&.The details of the SAC/
There are three principal objectives in the present study. The SAC—CI for calculating ground and excited states of molecules have

first objective is to determine the molecular structures and been presented elsewhé&?e? This method has been applied success-

electronic ground states of CpM(COand [CLRh(CO)]~ . .

(Scheme 1). The potential energy surfaces of the thermal (19) Fisch I o; Truske, & W Sctjecel, 1. B, Seuscria, 5, £ fous, M.

dissociations of CO from CpM(C@and [CbRh(CO}Y]~ should R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,

. . o . K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
also be discussed to understa_md the dissociation mec_hamsm and R.: Mennucci. B. Pomelli, C.: Adamo. C.: Clifford. S.: Ochterski, J.
to evaluate the energy requirement for the generation of the Petersson, G. A,; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;

monocarbonyls under thermal conditions. The molecular and Ea\?fcskt’e%n%\j’Féégg?‘(?&hgr.'; ﬁ;sﬁgfforf’i'f;' ,gi'sﬁa,g'%slgo}z"osn'ﬁ"ar‘]d%?rﬁ';z‘

electronic structures of the monocarbonyls CpM(L)=%LCO, goype'\;ts, R.;martinAR. (L3 Foxl, D. é Igeri]tfh T, Alk-)Laf'{/?mébﬂ. é.;hljler\}g,

. . 1 . Y., Nanayakkara, A.; Gonzalez, C.; allacombpe, . Gl P. . .
PHs) have already been dISCUSSQd b)_’ Z'egler e%_ and Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Hoffmann et al® and the thermal dissociation energies of CO Gordon, M.; Replogle, E. S.; Pople, J. SAUSSIAN 98Revision A.5;

. Gaussian, Inc.: Pittsburgh, PA, 1998.
from CpM(CO) have also been evaluated by Ziegler et'al.  (17) Becke, A’ D.J. Chem. p%yslgg3 08, 5648.
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complexes shown in Scheme 1. To the best of our knowledge, (19) EMSL Gaussian Basis Set Order ForBasis sets were obtained from the

no theoretical studies of the excited states of these molecules Extensible Computational Chemistry Environment Basis Set Database,
Version, as developed and distributed by the Molecular Science Computing

Facility, Environmental and Molecular Sciences Laboratory which is part
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Soc 1996 118 2069. USA.

(10) Saillard, J. Y.; Hoffmann, Rl. Am. Chem. Sod 984 106, 2006. (20) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270.

(11) Ziegler, T.; Tschinke, V.; Fan, L.; Becke, A. D. Am. Chem. Sod 989 (21) Hu, Z. M,; Boyd, R. JJ. Chem. Phys200Q 113 9393.
111, 9177. (22) Nakatsuji, H.; Hada, M.; Ehara, M.; Hasegawa, J.; Nakajima, T.; Nakai,

(12) Song, J.; Hall, M. BOrganometallics1993 12, 3118. H.; Kitao, O.; Toyota, K. SAC/SAECI program system (SAECI96)

(13) Musaev, D. G.; Morokuma, KI. Am. Chem. Sod 995 117, 799. for calculating ground, excited, ionized, and electron attached states and

(14) Siegbahn, P. E. Ml. Am. Chem. Sod 996 118 1487. singlet-to-septet spin multiplicities.

(15) Hoffmann, R.; Padmanabhan, Krganometallics1983 2, 1273. (23) Nakatsuji, H.; Hirao, KJ. Chem. Phys1978 68, 2053.

J. AM. CHEM. SOC. = VOL. 124, NO. 11, 2002 2665



ARTICLES Hu et al.
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Figure 1. Optimized geometries of CpRh(CEH)CpIr(CO), and [CbRh(COY]~ in their singlet!A’' or *A; and triplet3A” or 3A; states using the B3LYP
method. The large shaded circles denote carbon atoms, the blank circles denote the oxygen atoms, and the small shaded circles denote the fiydrogen atom
respectively.

fully to the excitation spectra and to the reactions of several transition- singlet and triplet states of CpM(C@are found to béA' and
metal complexe¥=2° The basis sets used for the excited-state 3A" and those of [CIRh(COY]~ arelA; and3A, respectively.

calculations are essentially the same as those described above except Some geometrical changes from the singlet to the triplet states

for hydrogen for which the standard 6-311Gfdasis set was used . . .
instead. The total numbers of contracted basis functions are 199 forare apparent from Figure 1. The-NC—O bond is essentially

CpM(CO) and 146 for [CIRh(CO}] . The number of occupied orbitals  In€ar in the singlet states while it is bent in the triplet states.
is 40 in each case. For CpRh(CO) and Cplr(CO), the C-M—C bond angle is

In the present study, we have calculated eight singlet excited statesincreased from about 90n the singlet states to 10and 110
for each molecule. In the SAC/SAECI calculations, six 1s core in the triplet states, and the €M distances are also increased
molecular orbitals of C, O, and Cl and six highest virtual orbitals were from 2.0 A in the singlet states to 2.16 and 2.18 A in the triplet
frozen for [CbRh(CO}Y]~ and nine 1s core molecular orbitals of C and  states. The geometrical differences between CpRh{G@®)
O and nine highest virtual orbitals were frozen for CpM(g®hich Cplr(CO), are small although the latter has a shorter@bond
result in active spaces of 31 .occupigd orbitals and .150 virtugl orbitals length. For [C}Rh(CO}Y] -, the Rh-Cl bond length and the €l
for CpM(CO), and 34 occupied orbitals and 100 virtual orbitals for Rh—Cl bond angle are dramatically changed from the singlet

Cl,Rh(CO}]~ tively. Th thresholds f turbati ) . -
[seltzactién V\}iré rle ?felc&vseai foret)hingrrgznd rsetzteo a:d jzopf(;;"aj " state to the triplet state. The energies of the triplet states are

for the excited states, respectively. The main reference configurations c@lculated to be much higher than those of the singlet states.

from SE-CI with a coefficient greater than 0.1 were included in the The energy differences are 33.4 kcal/mol for CpRh(£@%.4
SAC—CI calculations. kcal/mol for Cplr(CO), and 59.7 kcal/mol for [GRh(CO}] -,

respectively. It is obvious that the ground electronic states of
the molecules are the singlet states. The singhgilet separa-

A. Molecular Structures of CpM(CO). and [CI,Rh(CO),] . tions of the dicarbonyl CoM(CQ)presented here are substan-
As shown in Scheme 1, the two CO groups are equivalent in tially larger than those of the corresponding monocarbonyl
the Cs structures of CpRh(CQ)and Cplr(CO) and theC, CpM(CO). The singlettriplet separations of CpM(CO) have
structure of [CJRh(COY] . [CI,Rh(COY]~ has a square-planar  been reported to be 1-5.0 kcal/mol with the singlet states
structure, as already confirmed in our previous papéFo being slightly more stabl.
determine the ground electronic state, the geometrical parameters B. Thermal Dissociation of CO from CpM(CO), and
of CpRh(CO), CplIr(CO), and [CLRh(CO}]~ for both the [CI2RNh(CO),] . Although the CO thermal dissociation is
singlet and the lowest triplet states were optimized. The believed to be an energetically demanding process, the dis-
optimized structures are shown in Figure 1. The electronic sociation energies are unknown experimentally. Also, it is not
clear whether the dissociation is an activation process or a simple
(24) Nakatsuji, HChem. Phys. Letll97§ 59, 362. repulsive potential. We tried to answer these questions by

(25) Nakatsuji, HChem. Phys. Lettl979 67, 329. I . R .
(26) Nakatsuiji, H. InComputational Chemistry: Reews of Current Trends studying the potential energy surfaces of CO thermal dissocia-

Leszczynski, J., Ed.; World Scientific: Singapore, 1997; Vol. 2. : B
(27) Hada, M.; Imai, Y.; Hidaka, M.; Nakatsuji, H. Chem. Phys1995 103 tions from the dicarbonyl complexes.

Ill. Results and Discussions

6993, . . .
(28) Morita, H.; Nakai, H.; Hanada, H.; Nakatsuji, Mol. Phys 1997, 92, . Flgure 2 shows the optlmlzed geometr_les of the parent
23 dicarbonyl molecules and the corresponding monocarbonyl
(29) g';‘;"kzas%f" H.; Ehara, M.; Palmer, M. H.; Guest, MJFChem. Phys1992 molecules in their ground singlet states. The geometries of the
(30) Nakatsuji, H.; Ehara, MJ. Chem. Phys1994 101, 7658. parent molecules are the same as the singlet state geometries
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Figure 3. Potential energy curves of CO thermal dissociations from the
parent dicarbonyl complexes calculated using the B3LYP method (a) Cplr-
(COy),, (b) CpRh(CO), and (c) [CtRh(COY]~.

dissociation is an activation process with a transition state at a
Rh—CO distance of about 3.7 A. The transition state lies 41.4
kcal/mol higher than the parent fRh(CO)]~ and 8.8 kcal/
mol higher than the final produét.The energy needed to break
the Rh—CO bond of [C}Rh(CO}] " is therefore 41.4 kcal/mol
instead of 35.3 kcal/mol. These results also imply that the
reverse recombination mechanisms of CO to the monocarbonyl
o ot the L CoRn molecules are different. The recombination of CO to,fi-
Fi : i L . -
F ng(;”f <:2|2 Rﬁ){étgn{f—edaﬂﬁc’?ﬂi"ﬁi r?oéa? bd(;‘:]?/:bg%&F&F*O)(’@g?r'(ré%?’)lvand (CO)I" is also an activation process, while the recombination
[CI2RN(CO)T in their singlet states using the B3LYP method. The large of CO to CpM(CO) is a simple associative process. Our results
shaded circles denote carbon atoms, the blank circles denote the oxygerare generally consistent with the experimental observation that
atoms, and the small shaded circles denote the hydrogen atoms, respectivelythe M—CO bond dissociation is difficult under thermal condi-
tions. The expulsion of CO from CpM(C&and [CLRh(COY]~
shown in Figure 1 even though the orientation of the cyclo- can be achieved, however, by photoexcitation.
pentadienyl of CoM(CQ)is different. Not only the geometries C. Excited States of [C}Rh(CO),] . The calculated excita-
but also the energies of the two conformations of CpM(£O) tion energies, oscillator strengths, main configurations, and
are essentially the same. The potential energy curves for theMulliken population changes (relative to the ground state) are
conversion of the two conformations are very flat (Table S3) summarized in Table 1. The eight singlet excited states are
indicating that there is no energy barrier between the two composed of two A three B, and three B states. The
conformations. The potential energy surfaces of CO thermal molecular orbitals involved range from the 10 highest occupied
dissociations should therefore be independent of the conforma-orbitals to the 10 lowest virtual orbitals, the same case as those
tions of the parent molecules. The geometries of the moleculesof CoRh(CO) and Cplr(CO), as discussed below. The diagrams
in the dissociation paths are also optimized and are collectedof the most important orbitals involved are illustrated in Figure
in the Supporting Information (Table S2). The molecular shape 4, and the important SCF orbitals are collected in the Supporting
and the geometrical parameters of CpM(CO) are very similar Information (Table S5). A common feature of the SCF orbitals
to their parent molecules. The [BRh(CO)I" has a T-type shown in Figure 4 is that the occupied orbitals are the metal d

structure compared to the square-planar structure oR[GI orbitals and the metalCl antibonding or bonding orbitals and
(CO)]~. The geometries of CpM(CO) are close to previous that the virtual orbitals have metaCO antibonding or non-
theoretical resultsl- bonding characters. The nature of the excited state can be

Figure 3 shows the potential energy curves of CO thermal analyzed by means of the main configurations, orbital diagrams,
dissociations in the present study with the zero of energy in and Mulliken population changes discussed below.
each case taken to be the parent dicarbonyl molecules. Two The excitation energies of the eight singlet excited states range
significant features can be drawn from Figure 3. One is that from 3.57 to 5.37 eV. The three intense excited states afe 1B
the CO dissociation energies of CpM(CQGre much higher at 3.57 eV, 2B at 4.61 eV, and 2Aat 5.01 eV with oscillator
than that of [CdRh(CO)]~. The energy differences between strengths of 0.0726, 0.0652, and 0.0939, respectively. The
the parent molecules and the resulting molecules are 73.4 kcalloscillator strengths of the other excited states are weaker by
mol for Cplr(CO}, 50.6 kcal/mol for CpRh(CQ)and 35.3 kcal/ more than an order of magnitude. The main configurations of
mol for [CI,Rh(CO)] . These results show that the generation the 1B, state are (16g6b;) and (16a 7b;). As shown in Figure
of CpM(CO) and [CIRh(CO)T is energetically unfavorable and 4, 163 is essentially an occupied d orbital of Rh,;6b the
that Cplr(CO) needs the highest temperature to dissociate CO. lowest unoccupied molecular orbital (LUMO), and both éhd
Another feature is that the dissociation mechanisms of CO from 7b, are the Rh-CO antibonding orbitals. Mulliken population
CpM(CO), and [CbRh(CO)]~ are different. For CpRh(CQ) changes show a clear metal to CO charge transfer in the 1B
and Cplr(CO), the potential energy curves are totally repulsive state: Rh has a charge loss of 0.334 and each CO has a charge
and the energy remains unchanged when theQ® distance increase of 0.201. Therefore, 1B a typical MLCT excitation
is larger than 4.0 A. However, for [gRh(CO})], the Rr-CO state and the electronic excitation to this state may lead to Rh

J. AM. CHEM. SOC. = VOL. 124, NO. 11, 2002 2667
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Table 1. Excitation Energies, Oscillator Strengths, Main Configurations, and Mulliken Population Changes Calculated by the SAC/SAC—CI

Method for [CI,Rh(CO),]~

population change?®

state main configuration excitation energy, eV oscillator strength A(Rh) A(CO) A(Cl)

1B; 0.65(16a—6b;)—0.60(16a—7hy) 3.57 0.0726 0.334 —0.201 0.033
1B, —0.62(16a-16ky)—0.53(16a—17ky) —0.37(16@-15k,)—0.26(15a—16ky) 3.58 0.0044 0.245 —0.082 —0.041
2By 0.48(4a—16h,)—0.46(32—16kp) —0.41(3a—17ky)—0.37(4a—17kp) 4.26 0.0010 0.163 —0.092 0.010
2By 0.52(4a—6b;)+0.43(3a—6b;) —0.41(4a—7h1)—0.41(3a—7hby) 4.61 0.0652 0.150 —0.170 0.097
1A; 0.80(16a—194)—0.33(16a—18a) +0.30(15a—18a)—0.20(16a—20a) 4.70 0.0078 0.490 —0.284 0.038
2A; 0.48(4h—6b;)+0.48(5h —6b;) —0.44(4R—7b;)—0.40(5h—6by) 5.01 0.0939 0.230 —0.170 0.055
3B: 0.65(17a—6b;)—0.48(17a—7b;) —0.35(14a—7b;)+0.34(14a—6by) 5.17 0.0041 —0.001 -0.194 0.194
3B; 0.67(16a—17hy)—0.57(16a—16ky) +0.28(15a—17hky)—0.20(15a—16ky) 5.37 0.0002 0.569 —0.321 0.035

aMulliken population change corresponds to the charge difference between the excited state and the ground state.

7b,

6b, (LUMO) 198

16b, 17b,

b. Virtual orbitals
Figure 4. Diagrams of the most important SCF orbitals involved in the excited states #H@TO)]~, (a) occupied orbitals and (b) virtual orbitals.

Table 2. Excitation Energies, Oscillator Strengths, Main Configurations, and Mulliken Population Changes Calculated by the SAC/SAC—CI

Method for CpRh(CO),

populatio n change?

state main configuration excitation energy, eV oscillator strength A(Rh) A(CO) A(Cp)

1A" —0.72(24a-18a"y-0.51(24a-17a")—0.26(22a-18a"y-0.25(24a-20a") 2.71 0.0000 —0.109 -—0.038 0.184
2A" 0.78(23a-18a")-0.49(23a~17a")+0.31(23a-20a") 3.22 0.0081 0.224 —0.072 —0.080
1A 0.69(15a"-18a"0.43(15a*-17a")+0.25(15a*-20a"+0.23(24a-28a’) 3.95 0.0000 0.231 —-0.117 0.004
2A' 0.42(23a-27a'y-0.41(23a-25a')—0.37(24a-28a')t+0.31(24a-27a") 4.38 0.0116 0.246 —0.218 0.190
3A 0.46(23a-27a'y-0.46(23a-25a')+0.34(24a-28a')-0.29(23a-28a") 4.45 0.0359 0.246 —0.201 0.157
4A' 0.73(24a-25a'y-0.44(24a-27a')—0.26(24a-28a’) 4.57 0.1671 —0.146 —0.122 0.391
3A"  —0.74(21a-18a")-0.46(21a-17a")—0.38(21a-20a") 4.84 0.0045 0.169 —0.048 -—0.073
4A"  —0.47(24a-18a"10.47(22a-18a")+0.43(22a-17a"+0.39(24a-17a") 5.86 0.0012 —0.318 -0.034 0.387

aMulliken population change corresponds to the charge difference between the excited state and the ground state.

CO bond breaking. The main configurations of ,2&e (4a
6hy), (3a 6by), (4a 7hy), and (3a 7hy). 4a is the highest
occupied molecular orbital (HOMO) and is dominated by the p
character of Cl with RRCl antibonding character and 3ia a

d orbital of Rh. This is also a MLCT excitation state as shown
by the population changes. The main configurations of /&
(4by 6by), (5by 6by), (4by 7by), and (5h 7hy). Both 4k and 5h

are d orbitals of Rh, and Mulliken population changes again
show a clear metal to CO charge-transfer excitation. The main
orbitals involved in other excited states are the occupied 3a
45, 16a, and 17a orbitals and the virtual 16b 17lp, 18a,
19a, and 20a orbitals. 17ais the p orbital of Cl with a weak
Rh—ClI antibonding interaction. 16tand 17k are the RR-CO
nonbonding orbitals and 18and 20a are the Rydberg orbitals
of Rh, C, and O. Electronic excitation into these orbitals may

effect for the metatCO bond breaking. These excited states
are therefore less important for the reactions involving metal
ion oxidation and they are actually much weaker than the MLCT
states.

D. Excited States of CpRh(CO) and Cplr(CO),. For
CpRh(CO}) and Cplr(COjy, we calculated four A" and four A"
singlet excited states. The calculated excitation energies, oscil-
lator strengths, main configurations, and Mulliken population
changes for CpRh(CQ@)are summarized in Table 2 and the
diagrams of the most important orbitals involved are illustrated
in Figure 5. As shown in Figure 5, the occupied orbitals are
metal d orbitals and metalCp antibonding or bonding orbitals,
and the virtual orbitals are the metaLO antibonding or
nonbonding orbitals.

The lowest excited singlet state is calculated to be 1A" at

lead to intramolecular charge rearrangement which has less2.71 eV with zero oscillator strength. The main configurations
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21a' 22a' 15a" 23a’ 24a' (HOMO)

a. Occupied orbitals

252 17a" 18a"

b. Virtual orbitals

Figure 5. Diagrams of the most important SCF orbitals involved in the excited states of CpRh&BOCplr(CO), (a) occupied orbitals and (b) virtual
orbitals. 25a’ is the LUMO of CpRh(C@and 17a" is the LUMO of CplIr(CQ) The 27a’ and 28a’ orbitals of CpRh(G@hown in this figure are exchanged
to be 28a’ and 27a’ for the case of Cplr(O)

Table 3. Excitation Energies, Oscillator Strengths, Main Configurations, and Mulliken Population Changes Calculated by the SAC/SAC—CI
Method for Cplr(CO);

populatio n change?

state main configuration excitation energy, eV oscillator strength A(Rh) A(CO) A(Cp)

1A" 0.66(24a-17a"y0.66(24a-18a") 3.30 0.0000 —0.067 —0.068 0.183
2A" 0.69(23a-18a"y-0.65(23a-17a") 3.84 0.0073 0.235 —0.110 -—-0.035
1A 0.53(24a-29a'H0.43(15a*-18a")—0.37(15a*-17a"0.36(24a-26a") 4.55 0.0002 0.216 —0.194 0.153
2A 0.67(23a-28a'y-0.62(23a-25a") 4.93 0.0335 0.242 -0.171 0.080
3A 0.79(24a-25a'y-0.48(24a-28a’) 5.00 0.2132 —0.253 —0.052 0.338
4N 0.53(15a*-18a"y-0.51(15a*17a") —0.33(24a-29a')-0.33(24a-26a") 5.13 0.0140 0.139 —0.121 0.072
3A"  —0.80(24a-20a"y+0.31(24a-21a") 5.15 0.0001 0.264 —0.229 0.195
4A"  —0.58(23a-20a"y-0.50(24a-19a")—0.27(22a-20a")0.26(23a-17a") 6.20 0.0188 0.329 —0.170 0.009

aMulliken population change corresponds to the charge difference between the excited state and the ground state.

of 1A" are (24a’' 18a"), (24a’' 17a"), (22a' 18a"), and (24a' 20a"). 4.45 eV with considerable oscillator strengths. The predominant
243" is the HOMO with metalCp antibonding character  configurations are (23a' 27a") and (23a' 25a") for both 2A" and
dominated by the p character of Cp and 22a'’ is the m&apl 3A' states. As shown in Figure 5, 23a' is a typical d orbital of
bonding occupied orbital dominated by metal d character. 17a", the metal, and the electronic excitations at these states result in
18a", and 20a" are the metaCO nonbonding virtual orbitals  the charge transfer from the metal d orbital to -RPO
with metal, C, and O Rydberg orbital characters. As a result, antibonding orbitals. Other excited states are much weaker than
electronic excitation to this state has no effect for the metal the excited states discussed here and correspond to electronic
CO bond photoactivation. Mulliken population changes show excitation into the 17a" and 18a" RI€CO nonbonding orbitals.
that the charge transfer is from the ligand Cp to the metal and The calculated excitation energies, oscillator strengths, main
CO. The intramolecular charge rearrangement may result in aconfigurations, and Mulliken population changes for Cplr(€0)
structural change. This excited state compares to the photo-are summarized in Table 3. The excited states of CplrgCO)
chemical experiment of CpRh(C®)n the long-wavelength are essentially similar to those of CpRh(G@)xcept for the
irradiation at 458 nm (2.71 eVy.° higher excitation energies and minor configuration differences.
The important excitations are the A' excited states in the range The orbital diagrams shown in Figure 5 are generally common
of 4.3~ 4.6 eV. Interestingly, the strongest excitation is found for both Cplr(CO) and CpRh(CQ) with the exceptions that
to be 4A" at 4.57 eV with the main configurations of (24a’' 25a"), 17a" turns out to be the LUMO for Cplr(C@and the 27a' and
(24a’ 27a’), and (24a’ 28a’). 25a’ is the LUMO with metal, C, 28a’ orbitals of CpRh(CQ@)shown in Figure 5 are reversed for
and O Rydberg orbital characters and 27a' and 28a’ are-metal the case of Cplr(CQ) The lowest excited state is again 1A"
CO antibonding orbitals. 24a’ is the HOMO dominated by the but at 3.30 eV with the main configurations of (24a' 17a") and
p orbitals of Cp as discussed above. Although the electrons can(24a’ 18a"). This excited state corresponds to the charge transfer
be excited into the metalCO antibonding orbitals, the pre- from the ligand Cp to the metalCO nonbonding orbitals with
dominant excitation is from 24a’' to 25a’', namely, from the p Rydberg character, and it compares to the photochemical
orbitals of Cp to the Rydberg orbitals of Rh, C, and O. Mulliken experimental value for Cplr(C@pat 366 nm (3.40 eV}2
population changes also confirm that the charge transfer is not The most interesting excitations correlating to the photo-
from the metal to CO but from the ligand Cp to the metal and reactions of Cplr(CQ)are the A' excited states at about 5.0
CO. So, this excited state is not the MLCT excitation. The eV. The strongest excitation is the 3A" at 5.00 eV for Cplr-
MLCT excitations are found to be 2A" at 4.38 eV and 3A' at (CO), compared with the 4A" at 4.57 eV for CpRh(GOJ his
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becleh 4. C})mpafrisog of the Cglcula_ted M_er:aé(Rh 4d, Ir 5|ds) to CO to deduce that the surface reactions proceed via the photopro-
T arge-Transfer Excitation Energies with Experimental Spectra H i
for [CLRA(CO)s]-, CORN(CO), and Cpir(CO)s duced Rh(CO)/AIO; surface intermediate.

In contrast to those of [GRh(CO})]~, the MLCT excitations

state excitation energy, ev expt, eV of CpRh(CO) and Cplr(CO) exist only in the higher energy
[CI2Rh(COY~ 1B, 3.57 3.7 states. The MLCT excitations of CpRh(GQjre calculated to

gﬁi g:gi 4.8 be 2A" at 4.38 eV and 3A' at 4.45 eV. These states correspond
CpRh(CO) 2A 4.38 4.34 to the experimental absorption band of CpRh(£&1)286 nm

3A 4.45 (4.34 eV)7d For Cplr(CO}, the MLCT excitation is calculated
CplIr(COY 2A 4.93

to be 2A" at 4.93 eV. These results imply that the photochemistry
a Experimental absorption spectra af{CsHo)sN][CI,Rh(CO}] from ref of CpM(CO), is different from that of [CIRh(CO)]".
31d.P Ref 7d. An important observation in the present study is the identi-
fication of two different types of excited states involved in the
is the ligand Cp to metal and CO charge-transfer excited state photochemistry of CoRh(C@and Cplr(CO). One is the ligand
as discussed for the 4A' excited state of CpRh(CTh)e MLCT Cp to metal and CO charge transfer excitation which appear in
excitation is found to be the 2A' state at 4.93 eV with the main both long-wavelength and short-wavelength irradiations with
configurations of (23a’ 28a’) and (23a' 25a’). Both 23a' and 25a'different characteristics. Another is the MLCT excitations which
are metal d orbitals as CpRh(COand 28a' is the ¥CO exist only in the short-wavelength irradiation. These results
antibonding orbital corresponding to the 27a’ orbital diagram provide valuable theoretical insight into the photochemical
of CpRh(CO}) shown in Figure 5. The 4A' state at 5.13 eV has experiments performed by Lees et’dlOn the basis of their
the main configurations of (15a" 18a") and (15a" 17a"). 15a" wave-dependent quantum efficiency measurement, Lees et
is the d orbital of Ir, and 18a" and 17a" are the-@O al.’ed4.80 proposed a photophysical representation of the low-
nonbonding virtual orbitals with the Ir, C, and O Rydberg orbital energy excited states and their reactivities in CpRhgCO)
characters. This excitation does not contribute to theCl® Cp*Rh(CO}», and (HBPz*)Rh(CO),. Two different types of
bond photoactivation although it is a metal to CO charge-transfer excited states are suggested in the photophysical representation
excitation. Despite the similar features of the main excited states,and a {>—#°) ring slippage mechanism is proposed for the
the SCF orbitals involved in other excited states of Cplr(£0) ligand photosubstitution at the lower energy state. The photo-

have wider diversity than those of CpRh(GO) initiated ¢73-Cp)Rh(CO) may undergo rapid intersystem cross-
E. Discussion and Comparison with the ExperimentTable ing to corresponding triplet ligand field excited states or undergo

4 summarizes the calculated metal (Rh 4d, Ir 5d) to £0 rapid reversible ring slippage to relax back to the ground state.

charge-transfer excitation energies for J&h(CO}Y]~, CpRh- The wavelength dependence of the quantum efficiencies for the

(CO),, and Cplr(CO). The available experimental spectra are C—H/Si—H bond activations and ligand photosubstitution of
included for comparison. MLCT excitations have been charac- CpM(CO)’8 can be understood by the existence of the two
terized in great detail for the square-planar complexes with d different types of excited states discussed above. AQ@Y*
electronic configurationdt Geoffroy et aBld have reported the ~ bond breaking mechanism suggested from the photolysis study
electronic absorption spectra of some square-planar Rh(l) andof Cp*Rh(CO)**is unlikely to occur as the MCp antibonding

Ir(I) complexes. Our computed values for 18t 3.57 eV and orbital is an occupied orbital instead of a virtual orbital involved
2B, at 4.61 eV correlate very well with the two absorption bands in the excited states. In contrast, charge transfer from th&pl
observed at 3.7 and 4.6 eV fomfC4Hg)4N][CI,Rh(CO}].31d antibonding orbital to the RRCO antibonding or nonbonding
The present results for [€Rh(COY]~ are also in line with the  virtual orbitals may strengthen the-MCp bond interaction.
experimental values of 3.9 and 4.8 eV for the chloro-bridged A competitive charge-transfer mechanism in the photochem-
dimer [CIRh(CO})],*'¢and 3.9 and 4.6 eV for Rh(C@RI ,04%2 istry of CpRh(CO) and Cplr(CO) identified in the present study
surface species. The close similarity between the theoretical andenables us to provide a theoretical explanation for the low
experimental results indicates that JRh(CO})]~ is a good quantum efficiencies for the €H bond activation of CpRh-
model molecule for the study of the electronic structures and (CO), and Cplr(CO). The quantum efficiency depends on the
excitations of these kinds of molecules. Experimentally, Yates proportion of the CpM(CO) intermediate produced in the higher
et al33 have reported that the Rh(CfAI,03 surface speciesis  energy excited states. Since the metal to CO charge transfer
also effective for G-H bond activation in methane and excitation and the ligand Cp to metal and CO charge transfer
cyclohexane and for HH bond activation in H under UV excitation are mixed in the higher excited states and the ligand
irradiation. Since all the intense excitations are identified to be Cp to metal and CO charge transfer excitation is much stronger
the MLCT excitations which lead to the expulsion of CO for than the MLCT excitation, the proportion of the CO photodis-
the case of [GRh(CO)]~ in the present study, it is reasonable sociation is relatively small. The origin of the low quantum
efficiencies for the &H bond activation is therefore not only
(31) (a) Geoffroy, G. L.; Wrighton, M. S.; Hammond, G. S.; Gray, H.JB. attributed to the existence of lower lying excited states below

Am. ChemSoc.1974 96, 3105. (b) Isci, H.; Mason, W. Rnorg. Chem .
1975 14, 913. () Brady, R.; Plynn, B. R.. Geoffroy, G. L.; Gray, H. B.: the stronger MLCT band explained by Bromberg ef alt

Peone, J., Jr.; Vaska, Inorg. Chem 1976 15, 1485. (d) Geoffroy, G. L.; mainly attributed to the smaller proportion of the MLCT
Isci, H.; Litrenti, J.; Mason, W. Rnorg. Chem1977, 16, 1590. (e) Epstein, o . . .

R. A.; Geoffroy, G. L.; Keeney, M. E.; Mason, W. Riorg. Chem 1979 excitation in the higher energy excited states.

18, 478.

(32) Wovchko, E. A.; Zubkov, T. S.; Yates, J. T., JrPhys. Cheni998 102 (34) Pradella, F.; Rehorek, D.; Scoponi, M.; Sostero, S.; TraversoJ.O.
10535. Organomet. Chenml993 453 283.

(33) (a) Ballinger, T. H.; Yates, J. T., J8. Phys. Chem1992 96, 9979. (b) (35) Pollak, C.; Rosa, A.; Baerends, EJJAmM Chem. Sod 997 119 7324.
Wong, J. C. S.; Yates, J. T., . Am. ChemSoc.1994 116, 1610. (c) (36) Rosa, A.; Baerends, E. J.; Gisbergen, S. J. A.; Lenthe, E.; Groeneveld, J.
Wovchko, E. A,; Yates, J. T., J&. Am. ChemSoc.1995 117, 12557. (d) A.; Snijders, J. GJ. Am Chem. Sod 999 121, 10356.

Wong, J. C. S,; Yates, J. T., Ir. Phys. Chem1995 99, 12640. (37) Guillaumont, D.; Daniel, CJ. Am. Chem. Sod 999 121, 11733.
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Since our interest centers mostly on the nature of the excited meta-Cp antibonding orbital to a metalCO nonbonding
states of the title compounds, the met&lO photodissociation orbital. Electronic excitation to this state may have little effect
mechanism has not been considered in this paper. Both thefor the M—CO bond photoactivation. The photodissociation of
geometry distortion and the crossing with the potential energy CO from CpM(CO) can be achieved in the higher energy levels;
curves of the states during ligand expulsion are important for however, since a ligand Cp to metal and CO charge-transfer
understanding the photodissociation mechanisms of transition-excitation is stronger than the MLCT excitation, the proportion
metal carbonyl complexe$.37 of CO photodissociation should be small. A competitive charge-
VI. Conclusions transfer mechanism in the photochemistry of CpM(£®)
responsible for the low quantum efficiencies for thel€bond
activation. The wavelength dependence of the quantum efficien-
cies for the G-H/Si—H bond activations and ligand photosub-
stitution of CpM(CO) can be explained by the existence of
the two different types of excited states of CpM(GO)

We have investigated the molecular structures and the excited
states of CpM(CQ)and [CLRh(CO)]~ complexes using the
B3LYP and the SAC/SAECI theoretical methods. All the
dicarbonyl complexes have singlet ground electronic states with
large singlet-triplet separations. Large geometry differences
between the singlet and triplet states have been found with a Acknowledgment. This work was supported by grants from
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