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Abstract: He | and He Il gas-phase photoelectron spectra of(®ICCF;), are reported. The electron
configuration of the metalmetal bond of Ri(O,CCR), is determined to be? 7 62 6*2 7** with an ionization
energy order oy ~ & > 0 > 6* ~ x*. The 6* and «* ionization energies are similar within the range of
vibrational energy separations. Assignment of the-Rh ¢ ionization is assisted by previous observations
that ionizations fromd orbitals in My(O,CCR)4 (M = Mo, W) and Ma(O,CH), show enhanced intensity
over ionizations from ther and s orbitals with He Il excitation. Changes in ionization energies from the
dimolybdenum molecule to the dirhodium molecule and changes in ionization intensities from He | to He Il
excitation indicate greater metdigand mixing in these molecules than observed in other dimetal
tetracarboxylates. Amsterdam density functional calculations agree with the observation that-fRk &h
ands* energies are similar. The calculations also indicate substantial ligand mixing into the-metzl o

and orbitals, which is enhanced by the trifluoroacetate ligand despite the inductive withdrawal of electron
density by the electronegative fluorine atoms. It is found that a specific set of ligand orbitals that possess the
same symmetries as the RRh o andzr orbitals are destabilized by overlap interactions with the filled fluorine

p orbitals, resulting in greater metdigand mixing among these orbitals. The increased mixing explains the
long-observed enhancement of thando* ionizations from He | to He Il excitation for a number of {O--
CCR)4 (M = Mo, W, Ru) systems.

Introduction be the site of reactivity in almost all of the catalytic studies.

Dirhodium molecules have a number of important applica- Therefore, it is valuable to understand the electronic structure

tions in many areas of chemisthMost notably, many deriva-
tives have proven to be valuable as catalysts for a variety of

reaction processes including hydrogenation and dehydrogenation

reactions oxidation and oxidative addition reactiohghoto-
catalytic reactions (water splitting)and reactions involving
carbene$ 8 Some dirhodium carboxylates have also been
shown to possess relevant biological chemistry, such as
antitumor activity? In nearly all of these cases, the choice of
ligand substituents on the dimetal species greatly affects the
reactivity of the system. Also, the RtRh bond is believed to
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of the Rh-Rh bond in these and similar complexes, and to
examine how this interaction is affected by ligand substitution.
The orbital model of metaimetal bonding and antibonding
Interactions has given chemists a powerful tool to understand
the structure and reactivity of dimetal systems. These orbitals,
which are designated, 7, 0, 6*, 7*, and o*, possess different
types of metatmetal and metatligand interactions that define
the bonding and properties of these systems. The synthesis of
new metat-metal bonded systems provides an opportunity for
the experimental examination of the factors that influence their
electronic structure, not only for the fundamental interest of the
bonding in inorganic systems but also for the insight such work
provides regarding the reactivity of these compounds. Such
systems have now been prepared with a majority of the transition
metals, thereby permitting study of these orbitals over a range
of orbital electron occupations and metahetal bond distances.
The most direct method of probing the individual metaietal
electronic interactions is photoelectron spectroscopy, and this
tool has provided much experimental information on the
electronic structure of metaimetal bonds. Most of the initial
photoelectron studies focused ornpvio,, and W, systems of
the form My(O,CR),1%-21 but we have recently been able to
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study a much wider range of metahetal bonded systeni%;24
Unfortunately, dirhodium tetracarboxylates such as(Rk
CCHg)4 readily decompose thermally, making them unsuitable
for study via gas-phase photoelectron spectroscopy((zh
CCHR)4 is the first dirhodium tetracarboxylate complex that has
proven to be sufficiently thermally stable to study via gas-phase
photoelectron spectroscopy.

It has been generally accepted that the formal metadtal
bond order in Rh(Il-Rh(ll) carboxylates is one. This notion
is supported by the vast amount of structural information
reported on various R{O,CR), molecules in which all reported
Rh—Rh bond distances are consistent with a single metadtal
bond! The energetic ordering of the RiRh bonding and
antibonding orbitals is not as well substantiated. Starting from
the ground-state configuration of M@,CR), 0%1%)?, the
addition of six electrons as in RO.CR), leads to a ground-
state configuration of2r*020* 27*,4 assuming that the RHRh
ar* orbitals are destabilized relative to tldé.

As a result of this uncertainty, spectroscopic and computa-
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species was determined computationally to be in the-Rim
a* orbital 3 However, other relatively high-level theoretical
treatments have reported much different ground-state configura-
tions. Ab initio calculations performed by Nakatsuji and co-
workers suggest a ground-state -RRh configuration of
a*0%m*40*202.31 More recent SCF-¥-SW calculations per-
formed on the full RA(O,CCF;)4 molecule concur with the
earlier Xou results by suggesting an orbital ordering of
o2 0%n*46*2 with an energy separation between tteand
sr* orbitals of 0.48 eV and between their ionization energies of
~0.75 eV32

In this paper we report the photoelectron spectrum o{®h
CCHR)4, the first dirhodium tetracarboxylate for which such data
has been obtained. The assignment of this spectrum is aided by
observation of the variations in ionization cross-sections with
change of photon source and by comparison with the spectrum
of Mo,(O,CCR)4. Electronic structure calculations at several
levels of sophistication (Fenskélall and density functional)
are presented also. These results add important new understand-

tional work has been carried out to understand the valenceing to the nature of the metametal interactions and how they
electronic structure of these systems. The earliest studies wereare influenced by the perfluoroacetate ligand in®aCCF)4

done by Dubicki and MartiB® who performed extended tdkel
calculations on R{{O,CH), and concluded the formal bond
order to be one based on an electron configuration of
0%1*0%0* 2r*.4 This report was followed by SCFeXcalculations

on Rhp(O,CH), that indicated this same formal RIRh bond
order, but suggested that th& orbital is destabilized relative

to thes* level, giving a ground-state configuration ordering of
0%m*0%m*49*2,26.27 The switching of the RRRh #* and o*
levels was attributed to the fillecfilled symmetry interaction
between thé* orbital and the appropriate symmetry combina-
tion of oxygenz-type lone pairs. The first direct experimental
work came soon thereafter. EPR studies on, (Q}CCH)4-
(H20),]" ions showed that the unpaired electron occupies the
a* level.2829 This result was supported by a rigorous compu-
tational study (SCF-CI) where the unpaired electron for this
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as well as in Mg(O,CCR;)a.

Experimental Section

Photoelectron SpectroscopySamples were prepared according to
published proceduréd Pertinent instrument operating conditions have
been discussed elsewhéfeDuring data collection, neither M(O,-
CCR)4 nor Rh(O,CCR;), displayed any signs of decomposition.
Mo2(O,CCFs)4 and RR(O,CCHR;), exhibited sublimation temperatures
(at 10 Torr) of 135-140 and 136-135 °C, respectively.

Calculations. Density functional calculations were performed with
the ADF program developed by Baerends et*and vectorized by
Ravenek® The numerical integration procedure was developed by te
Velde and co-worker¥3” The BLYP method was used for all
calculations. The atomic orbitals on all centers were described by an
uncontracted triplé€: STO basis set (i.e., set 1V) that is available with
the ADF package. The 4sonfiguration on carbon, oxygen, and fluorine
as well as the P2g2p°33p°3d° configuration on Rh and Mo were
assigned to the core and treated by the frozen-core approximation. The
molecular structures of M@O,CCHs)s, M0y(O.CCFs)s, and Rh(O--
CCR;)4 were fully optimized under thB,4 point group by appropriate
orientation of the Ckgroups. Pertinent geometric parameters with
comparison to the crystallographically determined structures are
presented in Table 1. The theoretically optimized structures for the
molecules in the gas phase are generally in good agreement with the
experimentally determined structures from single crystals, with the Mo
Mo distances 0.050.07 A longer in the calculated structures. Calcula-
tions of the electronic structures and ionization energies were also
carried out at the experimental geometries, and similar results were
obtained. Only the results for which the ADF (BLYP) optimized
geometries were employed are reported here.

lonization energies can be determined in ADF by two methods. First,
the orbital energies from the neutral ground-state calculation can be
examined in a Koopmans-type approximatfé#® Second, the total
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Table 1. Structural Parameters from ADF Geometry Optimizations o&(@eCCHsz)s, M02(O.CCF;)4, and RR(O.CCFs)4 with Comparisons to
Crystallographically Determined Structutes

M02(0,CCH)s M0,(O.CCFy)s Rhy(O.CCRy)4

crystapt ADF crystapz>4 ADF crystaf?5s ADF
M—M (A) 2.089 2.160 2.114 2.170 2.390 2.442
M-0 (A) 2.114 2.116 2.115 2.116 2.028 2.104
M—-M-0 (°) 92.1 91.6 91.4 91.4 88.3 88
M—0—C (°) 117.7 115.9 115.6 116.2 117.5 117.2
o-C(A) 1.273 1.283 1.256 1.280 1.250 1.271
O—-C—-C(°) 118.9 117.4 117.5 117.5 115.9 115.3
c—C(A) 1.496 1.530 1.535 1.530 1.538 1.569
C—C—X()(X=HorF) N/A 109.0, 109.4 111.3 110.0, 1111 109.0 111.2,108.9
C—XA)(X =HorF) N/A 1.113,1.094 1.295 1.357,1.288 1.318 1.354, 1.364

aFor the perfluoro systems, the crystallographic data reported here are an average of several crystal structures as referenced.

Mo,(0,CCFy), Hel
—— T e ———
Rh,(0,CCF,), Hell
I I 1 1 1 I ] I 1
6 14 12 10 8 6 5 0 13 11 9
Tonization Energy (eV) Ionization Energy (eV)

Figure 1. He | spectra (6-16 eV) of Mo(O.CCR;)4 and Rh(O.CCR)a. .
The maximum number of counts in the spectra are 236{Mo) and Figure 2. He 1 (2300 counts) and He Il (450 counts) spectra18
eV) of Rh(O,CCR)a.

1300 (M = Rh).

energies of cations with a single electron removed from SuccessiVelnterpretatlon, but the difference in the profiles of the bands from 12

molecular orbitals (with the molecular geometry frozen) can be to 14 eV suggests some changing interactions to be discussed later. As

calculated and compared to the total energy of the neutral ground state'nntr:e.Sp?Ctrutr: (r)1f Mﬁi?%c\? R)a, trhf? gh(%?(l:'?r)]“ t'on'ﬁft.'r?r;ﬁ \?"Th hital
of the system to determine successive vertical ionization energies. Theehe g'e;S eij a : te' occu t Oth'o Itals tha C? ﬁ' t;" afOII |_||a
energies obtained via this second method are terfviegdr Although character. vioré support 1s given to this assignment when the Tull He

the Koopmans-type values have long been used to estimate ionizationITanOI He Il data for RK(O,CCF)., shown in Figure 2, are compared.
energies, it is theAEscr values that more correctly represent the he theoretical photoionization cross-section of the Rh 4d atomic orbital

ionization process because they account for the electron relaxation thatunder He Il ionization is pred'Cte.d to increase Whe.” compared to that

occurs among the remaining electrons in a molecule once one electronof _the_ Car.b"”' oxygen, and fluorine 2p atomic orblt‘ﬁlih(_a features

has been removed. We have chosen to present both the Koopmans an \ |on|zat|on'energ|es less than 1.1'7.5 e_\/ grow sub_stantla_lly compared

AEscr values in the discussion that follows. o tho;e at higher energy,_wh_ere_lonlzatlons are typl(_:ally Ilgand-ba_sed,
indicating that the former ionizations occur from orbitals that are high

Fenske-Hall molecular orbital calculations have also been performed in thodium character. Chanaes in the profile of the region above 11.75
for comparison and for illustration of orbital distributions. Details of ! u : ANges | prot g v y
this method have been given previou®yThe molecular structures eV from He | to He Il excitation are more subtle, but are nonetheless

significant for later discussion.

employed are the same as obtained from the ADF calculations (i.e., )
Figure 3 compares more closely the He | and He Il photoelectron

the optimized structures). ¢ th I-based : f he |
Information from lonization Features. Figure 1 shows the full ~ SPectra of the metal-based region of MCCH).. The lowest

He | spectrum of RHO.CCFs). compared to that of M¢O,CCF).. ionization energy band at9.60 eV is best fit with two asymmetric

Mo2(O,CCF)s has been studied extensively, as has,(@eCCH)a Gaussian peaks. The next two bands, which slightly overlap with each
and the ground-state electronic structure and photoelectron spectra ofNer: require only one Gaussian peak each. The fit parameters for these

these molecules are perhaps the best understood of multiple-metal features in the photoelectron spectra 0RRCCF)4 are summarized

metal bondg81°In the spectra of MgO,CCFs); and Ma(O.,CCH)a, in Table 2. _ o _
the band at lowest binding energy corresponds to the ionization of an N the He Il spectrum there is a substantial increase in the area of
electron from the Me-Mo o orbital’2 The next lowest band results ~ P€aks 1, 2, and 3 relative to peak 4, suggesting that the three ionizations

from the overlapping ionizations from the Mt/lo ¢ andz-orbitals315 at lowest energy arise from orbitals with a larger proportion of metal
In the spectrum of MgO.CCF),, a region of overlapping ionizations character. Because of the relative intensity and overall width of the
starting at about 11.75 eV has been attributed to primarily ligand-based Pand at lowest ionization energy, which contains peaks 1 and 2, and
orbitals (the sharp features atl4 eV in this spectrum arise from the ~ Pecause of computational results to be discussed shortly, this feature

Ar 2P, and?Py; ion states generated by the Heline; Ar is present is assigned to the ionizations of the RRh 6* and * orbitals. The
as an internal reference). The onset of overlapping ionizations at the ©Verall width of the band containing peaks 1 and 2 is 0.58 eV compared
same energy in the spectrum of RB,CCF), is consistent with this to the width of peak 3 which is 0.29 eV. The width of a band containing

a single ionization is determined by the vibrational progression

(39) Lichtenberger, D. L.; Wright, L. L.; Gruhn, N. E.; Rempe, M. E.
Synth. Met1993 59, 353-367. (40) Yeh, J. J.; Lindau, IAt. Data Nucl. Data Table4985 32, 1-155.
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Hel

12 11 10 9 8
Ionization Energy (eV)
Figure 3. He | (1600 counts) and He Il (700 counts) spectra18
eV) of ha(OzCCF3)4.

Table 2. Peak Parameters for the He | and He Il Photoelectron
Spectra of Mg(O,CCF), and Rh(O,CCFR),42

ionization He | width area area
band energy (eV) high/low (eV) Hel Hell origin
M02(02CC|:3.)4
o 8.63 0.48/0.30 0.21 040 ¢
o+m 10.32 0.77/0.43 1 1 o+m
Rhy(O,CCR)4
1 9.55 0.39/0.28 1.17 1.36 -
2 9.77 0.43/0.31 0.88 1.04
3 10.61 0.36/0.22 0.24 0.56 o
4 11.08 0.48/0.43 1 1 o+m

aPeak areas for the Mo system are relative to that of the- (1)
band and for the Rh system are relative to that of peak 4.

J. Am. Chem. Soc., Vol. 122, No. 13, 208185

Hel
o/
[+
T T
| Hell
o/m
)
xJ
Py
T T T T T T T
12 11 10 9 8

Tonization Energy (eV)

Figure 4. He | (1100 counts) and He Il (400 counts) spectra18
eV) of Moy(O,CCR)a.

this and other systeni&#?-44 The exact cause of this cross-section
phenomenon for thé ionization has so far not been explained. It has
been observed only in the bridging dimetal acetates and has been
thought to be related to the unique nodal properties ofdtt®nd as

well as to the electron-withdrawing ability of the bridging ligands
(which directly relates to the ionization energy of the metaktal
orbitals). The enhancement was first noticed by Green and co-workers
who reported the He | and He Il spectra for a series of quadruply bonded
molybdenum complexes, ME>CCH)s, M02(O,CC(CHs)3)a, M0z(Os-
CCRy)4, and Ma(O,CH),.18 For this series, it was observed that the
He Il intensity of thed-ionization grew substantially relative to tlwe

+ g ionizations for both Ma(O,CH), ((0 + 7):0 ratio goes from 5:1

to 2.5:1) and Mg(O,CCR), ((0 + 7):0 ratio goes from 3:1 to 1.7:1).
They reported a small intensity enhancement fordiimnd of Ma(O,-
CCHg)s and an even smaller one for M@®.CC(CH)s)s. Green and
co-workers later used this enhancement to assign the photoelectron

associated with excitation to the positive ion state. If the orbital from gpecirum of Ry(O,CCR)4,%243 and again observed it in recent
which the electron is removed is substantially bonding, the vibrational synchrotron studies reported for M®.CCR)s% We have also

progression will be relatively broad. Assuming similar widths for the  qj,served this enhancement of #héonization band for WO.CCFs),
unresolved vibrational progressions of peaks 1, 2, and 3, the overall bt gig not see an appreciable enhancement fe{OMCCHs)s.*: For
width of the first band indicates peaks 1 and 2 may be separated by asihe ruthenium system, it was suggested that because ther band
much as 0.2 eV. Since the vibrational widths of these peaks are greatethag an |p (10.41 eV) similar to that of the analogous molybdenum
than 0.2 eV, the vibrational progressions of 1 and 2 are merged, and compound (10.44 eV), these orbitals may contain a relatively large
separate peaks are not observed in the first band. It is only possible to;maunt of carboxylate character. This hypothesis also explains the
say that the)* and 7* ionization energies are similar within the spread intensity changes for thé ando + x bands for both systems. The

of vibrational energies with excitation. _ , mixing of carboxylate character into tleandz ionizations will be a
A§ for the R_hrRh o, 7r, andd ionizations, information from previous point for consideration.

studies is parjllcularly helpful. For;ZBS_tems such asg(mgjcrg)‘hl&l? It is difficult to determine whether the RHRh 6* ionization feature

W2(0,CCR)s,*" and Ry(OCCR)s it has been observed thatina o pipits the same increase in intensity as shband because of the

He Il spectrum, the) ionization approximately doubles in intensity substantial overlap of this feature with that of the-Fh zz* ionization

relative to theo and ionizations as compared to the He | spectrum. envelope. Green and co-workers observed sepétated * ionization
Because of the similar increase in intensity observed here for peak 3features in the photoelectron spectrum obRUCCH)4* for which

relative to peak 4, peak 3 is attributed to the-”&h ¢ ionization and the electronic ground state & 27*2, with the assumption that these

peak 4 to th? RRRh o an_d_n ionizatic_ms_. The band at 11.08 eV can features represent ionizations from distinct molecular orbitals for this
also be assigned as arising from ionizations from—Rh o- and paramagnetic system. However, &tolF); (DtolF = N,N'-di-p-
7T-containing orbitals because of its location, which correlates with the tolylformamidinate: also termed DEM apeCHs-form) has been shown
analogous band in the spectra of #1,CCFs)s (10.44 eV) and RO to be diamagnetic and must therefore have an electronic occupation of

CCEh)“ (1?1'41 eV).. it in th . o 7*49*0.% The ordering of the MM ¢* and z* orbitals depends on
The enhanced intensity in the He Il experiment of éhienization the amount of ligand character in th¢ orbital, such that strongly

as compared to _the andz ionizations has been reproquced here for donating ligands with orbitals of the appropriate symmetry tend to
Mo(O,CCR)a. Figure 4 shows the He I/He Il comparison for these  joqiapilize the MM 6* orbital above the M-M z* orbital. This

features and fit parameters for these spectra are presented in Table thenomenon has been discussed elseviSrand will be reviewed
With He Il ionization, thed ionization feature doubles in intensity briefly in the computational results section

relative to that of ther + s band. This phenomenon has been used as .
a fingerprint for the identity of metalmetald and 6* ionizations for Therefo_re, based on this photoe_lectron data the_ground-state electron
configuration of the RERh bond in RB(O,CCR), is 0%1%0%0* 2n*4

with the ionizations from th@* and =* orbitals being very close in

(41) Blevins, C. H., Il.Diss. Abstr. Int. BL984 45, 1186.

(42) Clark, D. L.; Green, J. C.; Redfern, C. M.; Quelch, G. E.; Hillier,
I., H.; Guest, M. FChem. Phys. Lett1989 154, 326-329.

(43) Clark, D. L.; Green, J. C.; Redfern, C. NIl. Chem. Soc., Dalton
Trans.1989 10371044.

(44) Brennan, J.; Cooper, G.; Green, J. C.; Payne, M. P.; Redfern, C.
M. J. Electron Spectrosc. Relat. Phenat®95 73, 157-162.
(45) Cotton, F. A.; Ren, Tlnorg. Chem.1991 30, 3675-3679.
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energy. The observation that th& and z* ionizations are merged in Table 3. Summary of Energies and Orbital Compositions of
the same energy region largely obviates the question of which is the Rhx(O,CCF)4 Determined via the Fenskedall Method

more stable positive ion state. Thdonization is clearly observed to
precede ther and ionization band. According to the differences in
the He | and He Il spectra of R{D.CCR),, it appears that the Rh —10.16 By 91% Rh-Rh*
Rh o andzr bonding molecular orbitals contain a considerable amount —10.30 8 77% Rh-Rho*

orbital energy (eV) orbital symmetry amount of metal character

of ligand character. Similarly, some rhodium character is suggested :igég g é%g Ehh:gﬂg(d )

by subtle changes in the predominantly ligand region between 13 and _12:51 a;’ 24% Rh-Rh o 4

14 eV compared to the spectrum of M0O.CCF), and by the He I/He ~13.53 e 90% Rh-Rh 7

Il comparison of this region. This matter will be addressed shortly. —14.24 hg 22% Rh-Rh 6 (de-y?)
—15.75 ag 80% Rh-Rho

Information from Calculations a Symmetry labels are for thBa, point group. Three ligand-based

Before discussing the results of the calculations, it is important Orbitals at~—15.5 eV have been omitted from this table.
to clarify thq language for describing the orbital str'ucture. of Table 4. Summary of Energies and Orbital Compositions of
molecules with metatmetal bonds. The molecular orbitals with  Mo,(0,CCH,), and Ma(O.CCFs); Determined via the Fenskéall
predominant metal d orbital character (and the associatedMethod

ionizations) are labeled with the traditional Greek symbgls  gpital energy (ev)  orbital symmetry ~ amount of metal character
7, 0, 0%, etc. of a dimetal unit. These molecular orbitals may

. . . . M02(02CCH3)4

also contain a s_u!osta_ntl_al amount of ligand char_acter, and this 7923 by 89% Mo—Mo &
metgl—llgand mixing is important to understanding the elec- ~10.33 e 89% Mo—Mo 7
tronic structure and properties of these molecules. Under the —11.49 ag 78% Mo—Mo o
Dan point group, the_ﬁ andd*_ orbitals refer to the combi_natic_)ns M02(O:CCFs)a
of the metal g, orbitals while the ¢y orbitals are primarily -9.17 by 86% Mo—Mo & (dy)
involved in o bonding to the ligands. The molecular orbitals —11.74 Q 83% Mo—Mo &
with predominant ligand character are labeled with group —12.34 @ 16% Mo-Mo
theoretical symbols, using thBs, symmetry of the atoms ~1235 3 44% Mo-Mo o
di Iv bonded h | . . b h —13.67 gy 13% Mo—Mo 9 (de-y?)

irectly bonded to the metals. For interactions between the 1424 ag 62% Mo—Mo o
dimetal unit and the ligands it is helpful to remember the - -
symmetries of the metalmetal orbitals. Thus the metainetal Symmetry labels are for thB, point group.

o orbital may mix with the ligand g combinations, the metal
metalsr orbitals may mix with the ligandyerbitals, and so on.
These interactions are the focus of the discussion.
Rhy(O,CCR;)4 has been examined previously via the SCF-
Xo-SW method® This calculation found a number of ligand-
based orbitals in the same energy region as theRho*, 7*,
and o levels. The ground-state calculation of this system
indicated that the HOMO of Rf0,CCR;), is the RR-Rh 6*
orbital and that it is separated from the next highest occupied
molecular orbital, the RRRh z* orbital, by 0.48 eV. The
calculated ionization energies, however, suggested that a ligand-
based ionization of gesymmetry should occur (12.21 eV)
between the RhRRh 6* (11.99 eV) andx* (12.78 eV)
ionizations. A second ligand-based ionizationg (@& mmetry)
was calculated to be at nearly the same energy as that of the
a* and yet another (fy symmetry) was calculated to be at higher
ionization energy than the RIRh ¢ bond. In the computational
comparison of R{{O,CH), and Rh(O,CCRs),, there was a
different ordering of the ligand-based orbitals between the
formate and trifluoroacetate ligand set. It was noted that the e
set of orbitals of RHO,CCFs), contained CG-C bonding
character and that there was considerable contribution from the
fluorine atoms. This note will become important. In addition,
Fenske-Hall calculations presented in this same report agreed Mo2(O.CCH)s, and the SCF-X calculation on RE(O>CCFs)4
with the SCF-@-SW results in that the third highest occupied intermingles metal- and ligand-based ionizations in the low-
orbital was a ligand-based orbital of &mmetry that contained  energy region.

Figure 5. Contour plots (valuet0.05) of the RR-Rh zr*, 6*, and 6
molecular orbitals.

C—C bonding character. Orbital Energies and Interactions. Closer examination of
The experimental and computational results to this point Fenske-Hall calculations on several dimetal tetraacetate mol-
present some unexpected observations for th€OMCCFs)4 ecules and on the isolated ligands helps to clarify the fragment

molecules in general and the RO,CCR),; molecule in orbital interactions within the ligand and with the metals. Orbital
particular. Basically, the strongly electron-withdrawing sCF  energies and characters for M0,CCHs)s, M0z(O,CCFs)4, and
groups are expected to stabilize the orbital energies £2QBs)~ Rhy(O,CCRs)4 are summarized in Tables 3 and 4. Contour plots
in comparison to those of @@CHz)~ and to pull them away  of the highest occupied molecular orbitals (RRhz*, 6*, and
from the valence metal orbitals. However, the ionization studies ¢) of Rh(O,CCFs)4 are shown in Figure 5. The ordering of
indicate that the valenag andr ionizations of Me(O,CCF)4 molecular orbitals found with this method agrees almost
are associated with more ligand character than are those ofidentically with that using the SCFo«SW method. One
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Figure 6. Contour plots (value:0.05) of the antisymmetric combina-
tion of oxygen 2p orbitals and the four linear combinations (&b,
and g) of this orbital that are formed under a paddlewheel geometry.

difference is that this FenskdHall calculation places three
ligand-based molecular orbitals between the ligand-basgd b
orbital and the RrRh ¢ bond, while the SCF-%-SW results

placed two ligand-based orbitals in this same region. The
previously reported molecular orbital energies and compositions

are also similar to those found here.

The two highest occupied orbitals of R®,CCFs), in this
calculation are the RRRh 6* and z*, which are separated by
0.14 eV. The similarity in energy of these two orbitals follows
from the effect of the metalmetal single bond distance and
from the different ligand contributions to tlé& and 7* orbitals.

To a first approximation, the MM o6* orbital is the least
antibonding of the metalmetal antibonding orbitals (i.e., the
0*, m*, and o* orbitals) because of the smaller overlap between

J. Am. Chem. Soc., Vol. 122, No. 13, 20B187

Figure 7. Contour plot (valuet0.05) of the ligand-based, RtRh
sr-containing (g) molecular orbital.

occupied orbital of the trifluoroacetate ligand (to be discussed
below), is antibonding with respect to the RRh sz* orbital.
Such an interaction acts to destabilize this metal-based orbital.
As for the relative metatmetal antibonding character of the
a* orbital in Rhp(O,CCR)4, it is certainly less than that of the
o* orbital in a system possessing a metaietal quadruple,
triple, or double bond because of the relatively longer metal
metal bond distance observed in this HRh single bond-
containing system. The* orbital is expected to be slightly more
metal-metal antibonding than th& orbital, but thed* orbital

is more metatligand antibonding than the* orbital. These
interactions tend to compensate, and the Fensial calcula-
tion determines that the RIRh 6* and z* orbitals are nearly
degenerate for RHO,CCHR;)a.

The O-C—0 n-bonding andr-antibonding fragment orbitals
form combinations of &, ,, and bg symmetry, the last of which
can form bonding and antibonding combinations with the-Rh
Rh 6 bond?* As seen from the contour plot of the RRh ¢
bond in Figure 5, there is very little ligand character in this
orbital. The oxygen character is canceled out because of the
similar amount of G-C—0 z-bonding andz-antibonding by
symmetry fragment orbitals that contribute to this molecular
orbital, leaving a small amount of carbon character in the-Rh
Rh 6 bond.

As with the SCF-X%-SW calculations, the Fenskéall

the dy atomic orbitals on the metal centers. One of the highest calculations suggest that there should be numerous ligand-based,

occupied orbitals of the trifluoroacetate ligand is an antisym-
metric combination of the oxygensptomic orbitals. Under
D4n symmetry, this fragment orbital forms linear combinations
of &y, b1, and g symmetry, as shown in Figure 6. Theb

metal-metal bond-containing ionizations throughout the metal-
based ionization manifold for both perfluoroacetate molecules.
The ligand-based molecular orbitals for RB,CCR;), in the
outer valence region are a doubly degenerateet located at

combination has the appropriate symmetry and orbital orienta- —12.10 eV and a singly degeneratg arbital at—12.51 eV. A

tion to combine with the RhRh 6* fragment orbital to form
one molecular orbital that is metaligand bonding as well as
one that is metatligand antibonding. The metaligand anti-

contour plot of one of theeorbitals is presented in Figure 7.
These gorbitals contain 10% RhRhz-bonding character but
the electron density of these molecular orbitals is predominantly

bonding combination of these fragment orbitals is the molecular located on the oxygen atoms and throughout the ligands.

orbital that is ordinarily called the RFRh 6* orbital. As shown
in Table 3, the orbital labeled RIRh 6* is 77% metal in

Likewise, the g orbital at—12.51 eV possesses a small amount
of Rh—Rho-bonding character with the remainder of the density

character. The other 23% of the orbital character is from the found at the oxygen and fluorine atoms. These orbitals have

oxygen p orbitals of the ligands. The oxygem gharacter in
this orbital is apparent from the contour plot in Figure 5. As a
result of the metatligand antibonding nature of this orbital,
the Rh—Rh o* orbital is destabilized.

The ligand character in th&* molecular orbital, as shown

also been found in theoretical treatments ob®RCH),, but
they have considerably different ligand character and are both
more stable than the RIRh ¢ orbital, unlike for RR(O,CCF;)4

for which calculations suggest that the ligand-basedrbital
should be less stable than this metaletal bonding orbital. In

in Table 3 and illustrated in Figure 5, is calculated to be more further contrast, as seen in Table 4, the three highest occupied

than twice that in ther* orbital. In the Rh—-Rh zz* orbital this

molecular orbitals of the acetate system X@CCHg), are

ligand character, which is composed of the second highestmetal-based. A stepwise examination of the fragment orbitals
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-4.06

Formate Acetate Trifluoroacetate

Figure 8. Correlation diagram of highest occupied orbitals (contour

value+0.05) of the formate, acetate, and trifluoroacetate ligands. One
of the deeper orbitals of each ligand is included to show the correlation
to the HOMO of trifluoroacetate. Energies are in eV and symmetry
labels are for theC,, point group.

Lichtenberger et al.

This orbital overlap effect of the fluorine p orbitals on these
ligand orbitals is reminiscent of the “mesomeric” effect of
fluorine p orbitals on benzeneelectrons in fluorobenzernés”
or the “hyperconjugative” effect of €H or C-heteroatom bonds
on adjacent carbon p orbitdls.In the fluorobenzenes the
stabilization provided by the inductive electron withdrawal by
the fluorine on the first benzene ionization is countered by
the filled—filled interaction between the fluorine,glectrons
and the benzene electrons. In contrast to traditional examples
of hyperconjugation, the effect observed for fluorination of the
acetate ligand involves neither C-heteroatom bonds nor carbon
p- orbitals. Instead, the special feature for the fluorination of
the acetate ligand is that the p orbital electrons (“lone pairs”)
of the three fluorines have filletfilled interactions with the
carbon-carbono bond. This bond in turn has a filledilled
interaction with the in-plane symmetric combination of the
oxygen p electrons. The highest occupied orbital is the anti-
bonding combination composed of these fluorine p orbitals, the
carbon-carbon bond, and the in-plane oxygen p orbitals as
pictured in Figure 8. In this case the stabilization provided by
the inductive electron withdrawal by the fluorine atoms is
countered by the filled-filled interaction between the p orbital
electrons of the three fluorine atoms and the carbmarbono
bond.

When four trifluoroacetate ligands are placed in a paddle-
wheel orientation around two metal centers, this highest
occupied molecular orbital forms linear combinations with
symmetries (under thB, point group) of ag, &, and kg which
are the same, respectively, as the-M ¢ andr bonds and the
0 combination of the M g_,2 orbitals. Of course, these ligand

of these ligands is therefore necessary to understand how theyfragment orbitals can form bonding and antibonding combina-

interact differently with the metalmetal bonding manifold.

Ligand Valence Orbitals. For the purposes of this correla-
tion, the formate {O,CH), acetate {O,CCH;), and trifluoro-
acetate {O,CCR;) ligands will be compared. A correlation
diagram of some of the highest occupied molecular orbitals of
each of these ligands, as determined by the Fenilkd

tions with the metal fragment orbital of appropriate symmetry.
Because thé combination of the M g2 orbitals is empty,
only the metatligand bonding combination is occupied. For
this reason, this 4§ combination is the most stable of the four
ligand-based orbitals shown in Table 3. Likewise, because the
Rh—Rh o andsr bonds are occupied, as are the three remaining

method, is presented in Figure 8. Analogous calculations were combinations of the trifluoroacetate HOMO, thg; @and &

performed via ADF and similar results were obtained. The
highest occupied orbital of the formate ligand is calculated to
be an in-plane, antisymmetric 1(lsymmetry) combination of
oxygen 2p atomic orbitals. The next highest occupied orbital is
composed of an in-plane, symmetrig)(@ombination of oxygen

2p orbitals that are out-of-phase with the orbital character on
the H atom. The third highest occupied orbital is an out-of-
plane, antisymmetric ga combination of oxygen 2p AOs.
Similar orbitals occur for the acetate ligand with the exception
that the a orbital is less stable because of the increasedCO
antibonding interaction. All of these orbitals exist for the

trifluoroacetate, but there is an important difference that occurs

as a result of the fluorine lone pairs: the HOMO of the

trifluoroacetate ligand is not the same as for the acetate or

formate ligands. Because of the electron-withdrawing capability
of the fluorine atoms, the jpband a valence orbitals of

trifluoroacetate are more stable than in the formate or acetate

ligands. However, as a result of the lone pairs of the fluorine
atoms, the aorbital contains additional antibonding character

between the fluorine atoms and the-C o bond. This orbital

is calculated to be in the same energy vicinity as the HOMOs

molecular orbitals can have substantial mixing between the metal
and the ligands. The mixing of thg @mbination with the Rk
Rh 7 bond is shown in Figure 7.

Metal—Ligand Interactions. A molecular orbital diagram
that summarizes all of these various metiggand interactions
is presented in Figure 9. This diagram is based on the results
of the current FenskeHall calculation and the energies are not
those that have been determined experimentally, although there
are many similarities. For instance, the order of the valence
orbitals from the FenskeHall calculation is the same as seen
experimentally from the spectrum of K,CCR;),, with the
exception that thé orbital is placed slightly below the first
orbital. The major metatligand interactions are those that
involve the RR-Rh o, 7z, *, and 6* orbitals. Theo* orbital is
metal-based, but contains some amount of mdigand anti-
bonding character. In the absence of the ligand set,othe
fragment orbital is considerably more stable than the-Rh
w* fragment orbital, but upon mixing with the ligands, th&
orbital becomes similar in energy to the RRh * orbital. As
for the Rh-Rh 6 bond, it is slightly destabilized from its energy
in the Rh** fragment because of a slight excess of the ligand
b, O—C—0 z-bonding fragment orbital over the-antibonding

of the formate and acetate ligands. Furthermore, in addition 10 igand fragment orbital of the same symmetry. Regarding the

the C-C o-bonding and G F antibonding character of this

orbital, there is calculated to be a considerable amount of oxygen

character that is oriented such that it can interactarfashion
with the metal atoms of a metaietal bonded system.

(46) Brundle, C. R.; Baker, A. DElectron Spectroscopy: Theory,
Techniques and Applicationécademic Press: London, 1977.

(47) Briggs, D.Handbook of X-ray and Ultraiolet Photoelectron
SpectroscopyHeyden: London, 1977.



Metal—Metal Bonding in RK(O,CCFRs)4 J. Am. Chem. Soc., Vol. 122, No. 13, 208189

B Table 5. lonization Energies and Orbital Compositions Calculated
with the ADF Package Using the BLYP Method for M0.CCH)a,
10~ L/_ MOz(OzCCF?.)4, and RE(OZCCE)43
T -
_— expt AEsce  Koopmans orbital character
IP(eV) IP(eV) IP(eV) neutral cation
|- 8%(d,,)
MOz(OzCCl‘b)4
| 6.89 6.89 6.89 77% MeMo 6  78% Mo—Mo o
8.68 8.38 834 85% MeMox 62% Mo—Mo
1l ) 8.65 8.46 87% Me-Mo o  68% Mo—Mo ¢
) shift 0.09 2.64
= (lig‘:fnd—bxa;e M02(02CCF3)4
8.76 8.76 8.76 74% MeMo 6  78% Mo—Mo o
-6~ b 10.46 10.02 9.96 85% MeMo .  64% Mo—Mo &
(metal-based) : 1028  10.09 88% MeMoo 65% Mo—Mo o
v - shift 0.20 2.65
Rh*  Rhy(O,CCFy),  (O,CCFy* RI(O:CCRY)s
Figure 9. Molecular orbital diagram of RXO.CCFs)s from a 9.55-9.77 9.55 9.55 742& RhRh 5i 642/0 Rh—Rhé:
transformed FenskeHall calculation. All orbitals in this diagram are 9.72 9.63 88% RiRhz* 73% Rh-Rhx
; ) 10.61 10.72 10.65 85% RRh6  80% Rh-Rhd
occupied. For clarity, the levels of the degeneraté,,) ando (d-y?)
RhA* f ¢ orbitals h b ‘ d If th lecul bital 11.08 10.61 1094  66% RARhz 36% Rh-Rhax
fragment orbitals have been staggered. e molecular orbita . 11.46 11.97 69% RhRho  27% Rh-Rho
energies had been taken from the experimentally determined energies, 15 g 11.49 12.06 250 RFRh7r  53% Rh-Rh
the 6 (dy) orbital would be located above the ligand-based-Rh = shift 0.27 2.80

orbitals.
a All calculated energies have been shifted by the amount indicated

so that the first ionization matches the experimental value.
Rh—Rh ¢ andx bonds, these fragment orbitals are more stable
than are the appropriate symmetry combinations of the trifluo-
roacetate orbitals in the Fenskelall calculation. Therefore,
the less stable (i.e., antibonding) combination of these ligand
and metal fragment orbitals are ligand-based in the Fenske

Hall and _SCF')Q'_SW_ calculations. _ 5. The ionization energies determined with the ADF package

The primary point is that the metaimetalo and orbitals (BLYP method) via the Koopmans amtEscr methods for the
can mix with filled trifluoroacetate orbitals of the same highest metal-containing orbitals of KB,CCFs)s are also
symmetry. The calculated order of the ionizations, the primary ,resented in Table 5. There are several interesting comparisons
ligand or metal character in the least stahl@ed aq orbitals, — hat can be made between the results from the ADF and
and the degree of metaligand mixing are sensitive 10 the  pense-Hall methods. ADF finds that the RfRh &* orbital
relative energies of the metainetal and ligand fragment g gjightly less stable than the* orbital, while the Fenske
orbitals. The photoelectron spectroscopy indicates that there isyq)| calculation inverts the order of these two orbitals, but both
substantial metatligand mixing in th_eo ands ionizations. The methods determine that they are within 0.2 eV, in agreement
SCF-Xo and FenskeHall calculations seem to place these i analysis of the photoelectron spectrum. In the ADF
ligand orbitals somewhat too unstable relative to the metal .5icyiation, the separation between the Koopmans values for
orbitals, although it must be emphasized that such results arey,q s+ and 7* orbitals is calculated to be 0.08 eV. whereas the
for the ground-state ordering of these orbitals rather than the AEscrvalue is 0.17 eV. In the Fenskéall calculations, these
energetic order in which electrons are photoionized from these , pitais are separated by 0.14 eV. Further, the ADF koopmans
orbitals. - . energies suggest that the orbitals that follow the-Rh 6 orbital

Such a molecular orbital diagram also explains the change to higher binding energy contain RiRh ¢ ands character and
that occurs in the ionization profile in the £24 eV region.  are metal-based in the neutral ground-state calculation but are
The ionization intensity near 12 eV appears to increase in the jigand-based in the cation calculation. As is evident from Table
He I SpeCtl’um I’e|atlve to the lonizations at h|gher lonization. 5’ relaxation of the R.th o- andn_containing orb|ta|s upon
Assuming that the ionizations with some metal-basehd photoionization introduces a large amount of ligand character
character are in this area, these features would indeed bejntg these orbitals, whereas the change in the amount of metal
expected to increase in intensity in the He Il experiment. character in the and6* orbitals is much smaller. In fact the
Because of the large number of overlapping ionizations that re|axation is such that for R0,CCR)s, the Rh-Rh o- and
occur in this part of the spectrum, it is difficult to make these ;.containing orbitals change from predominantly metal-based
assignments conclusively, but such a result is consistent with i the neutral molecule (69 and 66% Rh, respectively) to ligand-
the remainder of the spectrum as well as with these calculations.hased (27 and 36% Rh) in the respective cation states. A similar

lonization Energies.Density functional theory has been used trend is observed for M¢O,CCFs)s, although the Me-Mo o
previously to probe metalmetal bond$/4%50 and the ability =~ and orbitals are calculated to contain more metal character in
the cation states (65 and 64%, respectively) than in the analogous
rhodium system because the molybdenum d orbitals are inher-
ently less stable than the Rh d orbitals. The intensity ofahe
andsr bands would therefore be expected to decrease relative

of ADF to calculate ionization energies for the systems that
have been studied has been reasonably good. ADF computa-
tional results are consistent with the band assignments for the
photoelectron spectrum of M@,CCF;), as shown in Table

(48) Ziegler, T.J. Am. Chem. S0d.985 107, 4453-4459.

(49) Cotton, F. A.; Feng, XJ. Am. Chem. S0d997, 119, 7514-7520.
(50) Cotton, F. A.; Feng, XJ. Am. Chem. S0d.998 120, 3387-3397.
(51) Hino, K.; Saito, Y.; Benard, MActa Crystallogr., Sect. B981

37, 2164.
(52) Ouyang, X.; Campana, C.; Dunbar, K.IRorg. Chem.1996 35, (54) Handa, M.; Sono, H.; Lasamatsu, K.; Kasuga, K.; Mikuriya, M.;
7188-7189. Ikenoue, SChem. Lett1992 453-456.

(55) Cotton, F. A.; Kim, Y.Eur. J. Solid State Inorg. Chert994 31,
525-534.

(53) Campana, C.; Dunbar, K. R.; Ouyang, X.Chem. Soc., Chem.
Communl1996 2427-2428.
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to that of thed band from He | to He Il excitation as is indeed relative energies of the metametal and ligand fragment

observed in the spectra of M@®,CCF;)4 and Rh(O,CCR)4. orbitals, and the characters can change substantially with
Thed* and * orbital characters are intermediate in nature and ionization. Overall, the ADF method is reasonable in calculating
show intermediate changes in He I/He Il intensities. the order and relative separation of metaletal orbitals in

The amount of ligand character that is added to the-Mo Rhp(O,CCFs)4. The ionization energies determined by fhiEscr
o andx orbitals of Ma(O,CCHg)4 is calculated to be similar  method are in good agreement with experiment. Even the
to that for M@(O,CCR),4. As is shown in Table 5, the Mo Koopmans values, with the exception of that for the ligand-
Mo ¢ andz orbitals remain predominantly metal-based (68 and based RHRRh o ionization, match the order and relative
62%, respectively). The result is that the intensity of the  separation of the valence ionizations despite their neglect of
ionization band may be enhanced for all of these compounds, the electron relaxation process that occurs upon ionization. This
but it is expected to be more enhanced fopr@®RCCF)4 than finding underscores the extent of the metigand orbital

for Mox(O.CCF;)s and Ma(O,CCH)s. The relative peak areas  mixing and the influence of these interactions on the properties
presented in Tables 1 and 2 for the trifluoracetates and found of these systems.

by Green and co-worke¥sfor Moy(O,CCHg)4 ((o + ):0 for
He | is 1:0.21 and for He Il is 1:0.36) support this conclusion.
The a4 and g trifluoroacetate-based fragment orbitals must
therefore be energetically closer to the-Rkh o ands fragment

The increased ligand character in dhv@nd orbitals of the
molecules with perfluoroacetate ligands is interesting in light
of the high electron-withdrawing ability of the fluorine atoms
. ; . and the stabilization of the ligand orbitals. The photoelectron
orpltals than to the. same qrbltals in the molybdenum system. spectra show that the metahetal ionizations are stabilized
This result is consistent with the greater inherent stability of oy 6 the ligand ionizations, and thus the electron withdrawal
Rh d orbitals compared to MO d orbitals. Th‘?re IS thu_s more by the fluorine atoms affects the entire molecule and does not
ligand character introduced into these-RRh orbitals than into preferentially stabilize the ligand orbitals relative to the metal

Fhe ang_l?:gou?bMeg{lo orEitaIs.tAstfo(; M?(gﬁCCI;rli)4, tt:jere orbitals. A critical factor in these systems is the overlap of the
'S o antibonding character 1o destabliize thg anc @ filled fluorine p orbital “lone pairs” with the €C bond in one

&C:rg‘frér%%n;megggifIn;EQeexd:lA?eZsavcgrlt v?ﬁ#?ﬁer:églkinan d of the highest occupied orbitals of the ligand. As shown by each
fragment orbitalPs than is suggested by our calculations 9 of the calculational methods reported here, this intraligand
) interaction destabilizes this particular ligand orbital relative to
Conclusions other orbitals and allows a better energy match between this
_ ~ orbital and the M-M ¢ andx bonds. As a consequence, ihe
The photoelectron data reported here provide new insight into andz bond orbitals of Mg{O,CCF)4 are associated with more

the nature of the metaimetal and metatligand valence ligand character than are those of ¥©,CCHs)s or M0y(Ox-
electronic interactions in the general class 0b(GLCR) CH)s. Theo andx bond orbitals of R{O,CCFs)4 contain the
molecules. These data for RD.CCF), are the first for a Rk largest amount of ligand character of this group of molecules

Rh system in this class, and this information reflects on the pecause of the combination of the fluorine electronic effects
understanding of the electron distribution and bonding between anq the greater inherent stability of the rhodium d orbitals. The
metal atoms in the group VI dimetal tetracarboxylates. The gjgnificant amount of ligand character introduced into these

ipnizatiogs 0; T?(gicc'%)“ support a ground-state configura-  mgjecular orbitals is demonstrated experimentally by photo-
tion of o%7%620*2x*4 with nearly degenerate ionizations from electron spectroscopy.

the Rh-Rh 6* and x* orbitals. Thed ionization precedes a
band that contains the and s ionizations. The enhancement
of ¢ ionizations observed in the He Il experiment for other
dimetal systems is present again in the spectrum c{®h
CCR)4 and assists in assigning this ionization. This phenomenon
is traced to the high ligand character present in the-Rho-
andsr-containing orbitals of lowest binding energy.
Computations help to reveal the orbital interactions that are
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