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The electronic structures of molecules of the form Cp*ReRdl) (where Cp*= 55-pentamethylcy-
clopentadienyl and Pdk 2,4-dimethylpentadienyl and various heteropentadienyl ligands, including the
azapentadienyl ligand tert-butyl-3,5-dimethyl-1-azapentadienyl and the oxopentadienyl ligands 2,4-
dimethyl-1-oxopentadienyl and 2,4-thft-butyl-1-oxopentadienyl) have been investigated using photo-
electron spectroscopy and computational methods. The photoelectron spectra of these half-open
metallocenes allow direct insight into the bonding capabilities of pentadienyl ligands and the influences
of heteroatom substitution on the electronic structure. The number of separate valence ionization bands
that are observed corresponds directly to the number of occupied valence metal d orbitals and highest
occupieds orbitals of the Cp* and Pdl ligands plus (in the case of the heteropentadienyl ligands) an
ionization that derives from the heteroatom (oxygen or nitrogen) lone pair orbital that is in the plane of
the ligand. The heteropentadienyl ligand substitution has strong effects on both the ligand- and the metal-
based ionizations. Interestingly, the ease of oxidation of the molecules does not follow the expected
periodic trend of increasing ionization energy with increasing electronegativity of heteroatom substitution.
Density functional calculations give orbital energies and characters for the Cp*Ru(Pdl) molecules in
good agreement with those determined by experiment and offer an explanation of the unusual trend in
ionization energies with heteroatom substitution. The calculations also show enhancegcRpenta-
dienyl bonding accompanying a weakening offaentadienyl bonding as the pentadienyl ligand becomes
more electronegative with heteroatom substitution, which is important for understanding the relative
structures and chemical reactivities of heteropentadiemgdtal complexes.

Introduction ligand is the incorporation of heteroatoms such as oxygen, ni-

. . . trogen, sulfur, and phosphorus into the pentadienyl fragiett.
The chemistry of pentadienyl (Pdl) ligands opens new avenues|, the past, compounds of this class were commonly obtained

of reactivity compared to the chemistry of the well-known 5q unexpected products from various chemical reacifHs22

cyclopentadienyl (Cp) ligand. A wide variety of Pdl ligands have | ater it was found that such alterations lead to very profound
been synthesized, and studieshave revealed several unique effects in the chemistry, with the heteropentadienyl complexes
properties of pentadienyl ligands, leading to numerous poss'bledisplaying a much wider range of facile substitutions and

applications of metatpentadienyl reaction chemistfy*! One reactions13.23 For example, the oxopentadieryhetal com-
of the interesting chemical perturbations of the pentadienyl
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Chart 1 chemical reaction of Cp*Ru(PdIl-O) with Oresults in the
oxidation of the Cp* ligand to €Me4(CHO) via a Cp*Ruf®-
2,4-dimethyl-1-oxopentadienyl)@pcomplex, which is remark-
ably stable at room temperature. This complex is useful in
selective oxidation reactions, as the activated oxygen molecule

Ru Ru Ru can be released under mild conditions. The interesting reaction
@/ chemistry displayed by these Cp*Ru(heteroPdl) complexes
é ¢ N-t-Bu relative to that of their simple pentadienyl analogues follows

from their differences in electronic structure. For example,
(Cp*),Ru Cp*Ru(PdI-C)  Cp*Ru(PdI-N) oxidation chemistry is linked to the energy for ionization and
the distribution of charge. While many studies have contributed

to the development of facile synthetic routes and reactivities of
these heteropentadienyl molecules, the electronic structure
effects of the heteropentadienyl ligands in transition-metal

Ru systems have been scarcely reported. This study provides a
lj>>i_|= foundation for understanding the electronic structures of rep-
resentative heteropentadienyhetal molecules based on the
results of gas-phase photoelectron spectroscopy and density
functional calculations.
Cp*Ru(PdI-O) Cp*Ru(PdI-O%) To help understand their valence ionizations and orbital
characters, the photoelectron spectra of the Cp*Ru(heteroPdl)
plexes are being utilized as precursors to novel organometallic molecules are compared with those of their all-carbon analogue
ring systems such as metallafur@hsind they are also being  Cp*Ru(PdI-C). Previously, the metal-based ionizations of CpRu-
used in the stereoselective functionalization of ketdhAé%sAt (PdI-C) have been assigned analogously to ferrocene, such that
least part of the reason for the enhanced reactivity of the ionizations from the orbitals of Cp*Ru(PdI-C) that correlate with
heteropentadienylmetal complexes appears to be more facile the metal-basedgorbitals of ferrocene (primarily the,gland
interconversions between various bonding modes, such aste-y orbitals using the standard coordinate system for metal-
conversion between® and#?® bonding to open a coordination  locenes) were assigned as the first and second ionization bands,
site at the metal214.27.28The interest in this chemistry has led followed by an ionization from the orbital of Cp*Ru(PdI-C)
to improved synthetic routes to transition-metal complexes with that correlates with the metal-baseg, arbital of ferrocene
heteropentadienyl ligand41> Recent reviews clearly demon-  (primarily the @2 orbital)3* However, the present study on
strate the rich reaction chemistry displayed by these heteropen-Cp*Ru(PdI-C) reveals that the ionization from the primarily
tadienyl-metal complexe$323 ruthenium gk orbital appears between those from the primarily
Among the many metalpentadienyl systems, the Cp*Ru- ruthenium ¢, and gz-y orbitals. The spectra show that these
(Pdl) class of compounds supports a rich variety of different half-open ruthenocenes have extremely delocalized electronic
pentadienyl ligands, including several heteropentadienyl li- structures with a large amount of mixing of the ligand-based
gandst*15.17The molecules that are the subject of the present Cp* and pentadienyl orbitals. The theoretical calculations of
study are depicted in Chart 1, along with a shorthand naming the electronic structure of these molecules agree with the above
convention that will be used to assist the discussion. Theseobservations. A fragment analysis within the Hartré®ck—
molecules are generally classified as half-open metallocenes.Roothaan formalism shows a significant enhancement of the
The presence of one open and one closed ring within the samedonor/acceptor abilities of the Cp* ligand with the Ru center
molecule offers the opportunity to compare the bonding of the compared to those of heteropentadienyl ligands. This is in
heteropentadienyl ligands with the bonding of the more familiar agreement with experimental metdigand bond distances,

cyclopentadienyl ligands to the same metal center. which suggest an enhancement of Rip* bonding with
The relative reactivities of Cp*Ru(Pdl) and Cp*Ru(heteroPdl) accompanying weakening of the RBdl bonding as the

toward oxidative addition reactions with SnCMe,SnCb, |5, pentadienyl ligand becomes more electronegative with hetero-

and Q' and electrochemical oxidation in acetonitf#é’show atom substitutiod#1532 Most surprising, the first ionization

that oxopentadienyl complexes (hereafter referred to as Cp*Ru-energy of these molecules does not follow the expected periodic
(PdI-0O)) undergo reactions similar to those of the pentadienyl trend with substitution from PdI-C to PdI-N to PdI-O. The
analogue (hereafter referred to as Cp*Ru(PdI-C)) but are more principles governing these properties are explored in this work.
reactive than the all-carbon species. Also, the Cp*Ru(PdI-O)

molecule undergoes addition reactions with Bed CO but Experimental Section

the Cp*Ru(PdI-O*) and Cp*Ru(PdI-C) molecules do not. The .
Sample Preparation.The compounds Cp*Ru(PdI-&}33Cp*Ru-
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analyze#* and custom-designed photon source, sample cells, and (ZORA*~43), and the sensitivity of the results to the choice of
detection and control electronics, as described previcsthe functional was examined by comparing these calculations with the
ionization energy scale was calibrated using¥Rg ionization of results using only the VoskeWilk—Nusair local correlation
argon (15.759 eV) and th&,; ionization of methyl iodide (9.538 approximation without corrections (VWN) and also with the results
eV). The argon?P;, ionization also was used as an internal using the Perdew\Wang exchange-correlation generalized gradient
calibration lock of the absolute ionization energy to control corrections (PW91). References to these methods are available in
spectrometer drift to less thairD.005 eV throughout data collection.  the ADF documentatioff. The ZORA contributions had little effect
During He | and He Il data collection the instrument resolution, on the optimized geometries or KohSham orbital energies. The
measured using the full-width at half-maximum of the arges. VWN calculations gave slightly better agreement between the
ionization, was 0.0240.030 eV. All of the spectra were corrected pattern of orbital energies and the observed vertical ionization
for the presence of ionizations caused by other emission lines fromenergies, and the PW91 calculations gave slightly better agreement
the discharge souré&The He | spectra were corrected for the He between the optimized geometries and the crystal structures, but
I line (1.866 eV higher in energy and 3% of the intensity of the the differences are minor and do not affect the ionization assign-
He la line), and the He |l spectra were corrected for the He Il ments or interpretation of the electronic structure. Only the BLYP
line (7.568 eV higher in energy and 12% of the intensity of the He calculations are reported. The startingy, z coordinates for the
Ila line). All data also were intensity corrected with an experi- geometry optimizations for Cp*Ru(PdI-N) and Cp*Ru(PdI-O)
mentally determined instrument analyzer sensitivity function. In  molecules were from X-ray diffraction experimeAts> For the
the figures of the data, the vertical length of each data mark geometry optimizations the 1s functions on first-row atoms and
represents the experimental variance of that pgint. the functions through 4p on Ru were treated as frozen core, but
The samples sublimed cleanly, with no visible changes in the for the electronic structure analysis all functions were included in
spectra during data collection. The sublimation temperatures (in the calculations. The orbital plots were generated using the program
°C, at 104 Torr) were as follows: Cp*Ru(PdI-C), 47%68; Cp*Ru- Molekel#* The orbital coefficients and KohnSham Fock matrix
(PdI-N), 50-75; Cp*Ru(PdI-O), 42-65; Cp*Ru(PdI-O*), 66-65. obtained from the ADF calculations were transformed to a basis
Photoelectron Data AnalysisThe valence ionization bands are ~ Of the ligand fragment orbitals to assist the interpretation of the
represented analytically with the best fit of asymmetric Gaussian intéractions of the pentadienyl-based orbitals with those of the
peaks, as described in more detail elsewRéfhe Gaussians are ~ CP*RU fragmenti>4¢
defined with the position, the amplitude, the half-width for the high-
binding-energy side of the peak, and the half-width for the low- Results
binding-energy side of the peak. A minimum number of Gaussian
peaks is used to model the ionization band contours. The peak Photoelectron SpectroscopyThe general features of the
positions and half-widths are reproducible to abt:0t02 eV (~30 valence photoelectron spectra of the molecules Cp*Ru(PdI-C),
level). The parameters describing an individual ionization are less Cp*Ru(PdI-N), Cp*Ru(PdI-O), and Cp*Ru(PdI-O*) will be
certain when two or more peaks are close in energy and areintroduced, followed by a detailed analysis of the ionization
overlapping. Confidence limits for the relative integrated peak areas features and trends. The vertical ionization energies and relative
are about 5%, with the primary source of uncertainty being the zreas for the valence ionizations of the molecules under study
determination of the baseline under the peaks. The baseline is causegre given in Table 1.
by electron scattering and is taken to be linear over the small energy Before proceeding, it is worth reviewing the photoelectron

range of these spectra. The total area under a series of overlappin N R o ik

peaks is known with the same confidence, but the individual peak%np(iggﬂlrg f?a]:\/(gE(BSnu;eTg?t:a%n;Znac;ﬂgg:i O;;glsrgl\%gﬁsghrgr?ﬁ;ry

areas are less certain. He Il spectra are modeled with the same eneral pattemn of the ignizations of (C%R)J igsimilar to that

Gaussian peaks (energies and shapes) as obtained from the analy P . . " " .
of the molecules studied here, but with additional splittings in

of the He | spectra. Only the relative intensities of the Gaussian Lo S
peaks are allowed to vary to account for the changes in ionization the ionizations of the present molecules due to the reduction in

cross sections with excitation photon energy. symmetry. This similarity can be seen in t_he comparison of the
Computational Methodology. The BLYP method (Becke He | phgtoe_lectron spgctrum of (CpRu W'th t.h.at ,Of Qp*Ru-
exchang® and LYP correlation functidi) at the GGA (generalized ~ (Pdl-C) in Figure 1. Briefly, for (Cp%Ru the initial ionizations
gradient approximation) level was used for all calculations that are in the low-energy region (610 eV) derive from the three
reported. The atomic orbitals on all centers were described by the 0Ccupied metal d orbitals of the low-spifi shetal followed at
TZP (valence triple with a polarization function) Slater-type basis  higher ionization energy in this region by ionizations derived
set that is readily available with the ADF 2004.01 pack#ga. from the highest occupied orbitals (g") of the two Cp* anion
calculation on the Cp*Ru(PdI-C) molecule with the TZ2P basis ligands. Assumindsq molecular symmetry for (Cp3Ru and
set showed very little difference from the TZP basis set. In addition a coordinate system with the metabxis pointed toward the
to these calculations, the contributions of scalar relativistic effects center of the cyclopentadienyl ring, the metal-based orbitals are
were examined by means of the zero order regular approximation a;(d2) and eq(de-2/dyy) symmetry. In the well-known spectrum

(34) Siegbahn, K.; Nordling, C.; Fahlman, A.; Nordberg, R.; Hamrin, (41) van Lenthe, E.; Baerends, E. J.; Snijders, J.@hem. Phys1993
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Turner, S.; Klinger, G.; Lorenzed. Re. Sci. Instrum.1986 57, 2366. 110 8943-8953.
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Photoelectron SpectroscapyViley-Interscience: London, 1970. Portmann, H. P. L. C., Ed.; 766; MOLEKEL 4.3; Swiss Center for Scientific
(37) Lichtenberger, D. L.; Copenhaver, A.B Electron Spectrosc. Relat. Computing, Manno, Switzerland: Manno, Switzerland, 262002.
Phenom199Q 50, 335-352. (45) Senthilkumar, K.; Grozema, F. C.; Bickelhaupt, F. M.; Siebbeles,
(38) Becke, A. DPhys. Re. A: At., Mol., Opt. Phys1988 38, 3098 L. D. A. J. Chem. Phy2003 119 9809-9817.
3100. (46) Senthilkumar, K.; Grozema, F. C.; Fonseca Guerra, C.; Bickelhaupt,
(39) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789. F. M.; Siebbeles, L. D. AJ. Am. Chem. So@003 125 13658-13659.
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Table 1. Fit Parameterst and General Assignments and
Labels of lonizations

rel are&
high, low He Il/
position  half-width Hel Hel label
Cp*Ru(PdI-C)
6.63 0.39,0.37 1 1 M1
6.84 0.29,0.16 0.62 129 M2
7.44 0.43,0.37 1.27 0.80 M3
7.73 0.37,0.25 0.75 0.64 ligamd(L1)
8.01 0.44,0.31 0.79  0.65 ligand(L2)
8.92 0.42,0.25 0.84 0.86 liganmd(L3)
9.24 0.43,0.31 0.58 0.65 ligand(L4)
10.08 0.62,0.20 0.85 0.73 ligand(L5)
Cp*Ru(PdI-N)
6.08 0.46,0.33 1 1 M1
6.86 0.27,0.20 0.70 173 M2
7.12 0.27,0.26 0.66 1.35 M3
7.48 0.41,0.34 1.10 1.03 ligand(L1)
8.04 0.36, 0.31 120 0.8 N lone pétirligand ¢
8.34 0.45,0.30 0.90 0.78 (NLP and L2)
8.94 0.47,0.37 0.90 0.82 ligand(L3)
9.63 0.79, 0.66 1.33 0.62 ligand(L4)
10.29 0.54, 0.32 1.32 0.59 azadienyl syr(L5)
Cp*Ru(PdI-O)
6.63 0.43,0.31 1 1 M1
7.07 0.23,0.16 055 147 M2
7.42 0.43,0.41 111 1.07 M3
7.93 0.35,0.31 0.90 0.71 ligamd(L1)
8.41 0.36, 0.34 1.10 0.7 O lone pairligand©
8.75 0.43,0.25 0.99 0.71 (OLPandL2)
9.46 0.45,0.37 0.81 0.72 ligamd(L3)
10.04 0.57,0.40 0.98 0.60 ligand(L4)
Cp*Ru(PdI-O%)
6.47 0.45,0.35 1 M1
6.87 0.23,0.19 0.50 M2
7.11 0.51,0.32 1.04 M3
7.75 0.44,0.34 0.96 ligand (L1)
8.22 032,029 091 } O lone pair+ ligand ¢
8.55 0.48, 0.30 1.17 (OLPandL2)
9.26 0.41,0.41 0.85 ligand (L3)
9.74 0.61, 0.47 1.20 ligand (L4)

aAll energies in eV Relative to peak assigned areal). ¢ Specific
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peaks, with the center peak assigned to%hg, ion state and
the outer peaks in this band assigned to the sprbit split
states from théE,q configuration.

As for the Cp*x ionizations of (Cp*)Ru in the region from
710 9.5 eV, the g orbital (from combination of the:& orbitals
of the two Cp* ligands) is the correct symmetry to interact with
the metal d orbitals, while the;gcombination is not. The
metak-ligand bonding stabilizes the obsen g ion state of
the molecule (ionization band labeled Cp2 in Figure 1A) by
about 1.5 eV relative to thég;, ion state (Cp1l in Figure 1A),
indicating significantly delocalized mixing.

The ligand-based;g and &, orbitals (combinations of the
totally 7 bonding & orbitals of the Cp* anions) are fairly stable,
and their ionizations are not observed in this energy region.
The sharp ionizations just above 10 eV in the spectrum of
(Cp*)2Ru are associated with a particular symmetry combination
of the methyl C-H bonds. Valence ionizations at higher energy
are from the G-C and C-H o bonds and the most stahte
bond orbitals of Cp*.

As mentioned, the ionizations of the half-open metallocenes
in this study are similar to those of (CpRu, but the degeneracy
of the ion states is split, due to the lower symmetry of the
molecules. In addition, the heteropentadienyl complexes also
contain an ionization in this region that derives from the oxygen
or nitrogen p orbital (depending on the heteroatom substitution)
that is in the plane of the ligand. This orbital will be referred to
as the in-plane lone pair or simply the lone pair. The ionizations
of each of these molecules will now be considered in more
detail.

Cp*Ru(PdI-C). Assignment of the ionization bands is aided
by comparison of the relative ionization peak intensities in the
He | and He Il spectra, which provides insight into the atomic
character associated with each ionization b&%The relative
ionization intensities of the peaks in the He | and He Il spectra
are listed in Table 1. For visual comparison, the He | and He Il
close-up spectra of this pentadienyl molecule are shown in
Figure S1 in the Supporting Information. Briefly, after account

assignment based only on the experimental information of the lone pair to is taken for analyzer sensitivity, resolution, and higher energy
one of the ionizations and ligand to the other is not certain.

Cp2 Cp1

M

I
10 9 8
lonization Energy (eV)

Figure 1. He | photoelectron spectra of (A) (CpRu, (B) Cp*Ru-

(PdI-C), (C) Cp*Ru(PdI-N), and (D) Cp*Ru(PdI-O).

of ferrocene (not showrff, the initial portion of the metal
ionization region is attributed to tH&,4 positive ion state and
the sharp shoulder to higher binding energy is ascribed to the
2Aqq ion state. The metal band of (CpRu has a more
complicated structure than that of ferrocene, due to-spibit
splitting of the?E,g positive ion state into two states. Close-up
examination of the band from 6 to 7 eV in the spectrum of
(Cp*)2Ru in a previous repctt revealed three overlapping

photons in the discharge source, the photoelectron spectra
obtained with He l& photons differ from those obtained with
He la. photons only in the relative intensities of the ionization
bands. The change in relative intensities as a function of the
change in source photon energy from Hetb He llo is due
primarily to the different inherent photoionization cross-sections
of the atomic orbital§® The theoretical photoionization cross-
section of Ru 4d atomic orbitals decreases by a factor of 1.25
for He Il excitation compared to He | excitatiGhwhile the
photoionization cross-section for C 2p orbitals decreases by a
factor of 3. As a result, the ionization bands arising from
predominantly metal character should increase relative to the
bands with ligand (carbon) character when the He Il spectrum
is compared to the He | spectrum. The amount of the metal
ligand mixing modifies the relative intensity changes according
to the character of the molecular orbital. The metal bands are
labeled as M1, M2, and M3 for the purpose of discussion. The
metal bands increase in relative area compared to the rest when
He Il photons are used instead of He | photons. The increase
of M2 is substantial, indicating a relatively pure metal orbital,
while the increases of M1 and M3 are less noticeable, indicating
significant mixing of M1 and M3 with the ligand orbitals. Both

(48) Cauletti, C.; Green, J. C.; Kelly, M. R.; Powell, P.; Van Tilborg, J.;
Robbins, J.; Smart, J. Electron Spectrosc. Relat. Phendii8Q 19, 327—

353.

(49) Green, J. CAcc. Chem. Red994 27, 131-137.
(50) Green, J. C.; Decleva, Boord. Chem. Re 2005 249, 209-228.
(51) Yeh, J. J.; Lindau, IAt. Data Nucl. Datal985 32, 1.
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observations have important implications for the interpretation compared to the corresponding ionization of Cp*Ru(PdI-C).
of the bonding and electronic structure. Interestingly, the metal-based ionizations M1 and M3 shift even
The metal-based ionizations of the related molecute (  more to lower ionization energy. The metal-based first ioniza-
CsHs)(°-2,4-dimethylpentadienyl)ruthenium (CpRu(PdI-C) in  tion, M1, is affected the most, decreasing by about 0.55 eV,
the present notation) have been assigned previously by Gleiterindicating considerable energy differences in the HOMO's. This
et al3! similarly to the assignment of the metal-based ionizations unusual result will be addressed in more detail in the Discussion.
of ferrocene, with the first two bands seen in the spectrum  Cp*Ru(PdI-O). The assignments of the ionization bands of

attributed to ionization from the predominantlyzdz and dy this molecule are again similar to those of the Cp*Ru(PdI-C)
orbitals and the third ionization band appearing at higher energy analogue, but in this case there is an even more clear separation
ascribed to ionization from the predominantly drbital. A of the individual ionization peaks. The first three ionizations

similar assignment would be expected for the Cp*Ru(PdI-C) are the metal-based ionizations, followed by five ionizations
molecule, since the only difference between the two molecules arising from the four ligand-basedorbitals and the additional
is permethylation of the cyclopentadienyl ring. However, the oxygen lone pair orbital. The He | and He Il photoelectron
He I/He 1l comparison of the ionizations of Cp*Ru(PdI-C) spectra of the oxopentadienyl molecule from 6 to 11 eV are
indicates that the previous assignment is not correct for the shown in Figure S3 (Supporting Information), and the relevant
ionizations of these molecules. The dramatic increase in the information on ionization intensities is collected in Table 1. The
relative intensity of the M2 band (refer to He Il/He | relative increase in the intensity of the M3 ionization in the He I
areas in Table 1) leads to the assignment of that band to thespectrum relative to the ionizations at higher energy is seen most
nonbonding metal 4 (similar to the?Ay4 state in ferrocene),  clearly in this case. On the basis of the observation that the
because it is expected to have the greatest metal character. Thexygen lone pair ionization in acetone appears at 9.76%V,
M1 and M3 bands are attributed to ionizations primarily from and taking into account the formal negative charge on the
the dz-y2 and dy orbitals that are derived from thegype MO oxopentadienyl ligand, the fifth or sixth ionization bands in the
of ferrocene, although which is which cannot be determined photoelectron spectrum most likely have substantial oxygen lone
solely from these photoelectron spec#ahe greater splitting pair character.
of the ¢ band compared to that in ruthenocene is due to the  The substitution of the oxygen atom for a £gtoup in the
lowered symmetry of the pentadienyl molecule. The spectra of pentadienyl ligand is again expected to stabilize all of the
the subsequent molecules and the computational models to bonizations with pentadienyl character, more so than the nitrogen
discussed lend additional support to this assignment andatom substitution. When the ionizations of Cp*Ru(PdI-C) and
interpretation. Cp*Ru(PdI-O) are compared (Table 1 and Figure S4 (Supporting
The intensities of the ionization bands that occur at energies |nformation)), it is evident that all of the ligand-based ionizations
above M3 in Table 1 generally decrease relative to the bandsin the Cp*Ru(Pdl-O) molecule are stabilized relative to the
below M3, supporting the assignment of the bands above M3 metal-based ionizations, indicating that there is strong mixing
to ionizations containing generally more ligand character and petween the Cp* and 2,4-dimethyl-1-oxopentadienyl orbitals.
less metal character. Two ionization shoulders labeled as L1 The nonbonding M2 ionization is stabilized by about 0.2 eV in
and L2 in Table 1 are observed in addition to the ionization the oxopentadienyl molecule compared to that of the pentadienyl
labeled M3 in the band around 8 eV. The band at 9 eV requires molecule, due to the charge effects from the electronegative
two peaks (L3 and L4) to model the contour, and the band near oxygen atom. However, the energies of the metal-based M1
10 eV (L5) requires only one peak. On the basis of the spectrum and M3 ionizations are not affected by the oxo substitution.
of (Cp*)2Ru, it can be anticipated that the ionization bands L1, This again is a topic for discussion.
L2, L3, and L4 each contain two ionizations of mixed Cp* and Cp*Ru(PdI-O%). The effect of alkyl group substitution on

2,4-dimethylpentadienyl character. The exact assignment of ihe oxopentadienyl ligand is studied using Cp*Ru(PdI-O*) as
these bands to their corresponding molecular orbitals is difficult 5 comparison to the 2,4-dimethyl-1-oxopentadienyl molecule.
because of the mixing between both ligands and the metal. TheThe relative shifts of the valence metal-based and pentadieny!-
description of these ionizations is assisted by the ADF calcula- phased ionizations give an indication of the overall electronic
tions performed on this molecule that will be described later. gffects of methyl andert-butyl substitution on the oxopenta-
Cp*Ru(PdI-N). The assignments of the ionization bands of dienyl ligand. The ionizations corresponding to the oxopenta-
this molecule are similar to those of the pentadienyl analogue. dgienyl ligand are expected to destabilize the most ugot
The He | and He Il close-up spectra of Cp*Ru(PdI-N) are shown pyty| substitution compared to methyl substitution. These shifts
in Figure S2 (Supporting Information). The first three bands are observed in the ionization energies listed in Table 1, and
are pl’edominantly Ru 4d in Character, and the ionizations at visual Comparison of the He | Spectrum of ﬂm‘t_buty|oxo_
higher energy are ligand-based. The similar characters of thepentadienyl molecule with that of the methyloxopentadieny!
M1 and M3 ionizations and the relative intensity changes from molecule is shown in Figure S4 (Supporting Information). All
He | to He Il excitation are more apparent than for Cp*Ru- of the metal-based and ligand-based ionizations oftée
(PdI-C) because of the greater separation of the metal-basedyytyloxopentadienyl group have been shifted to lower ionization
|0p|zat|ons from the ligand-based |0n|zat|ons.. .From comparison energy relative to those of the oxopentadienyl molecule, and
with the spectrum of Cp*Ru(PdI-C), an additional peak in the M1 and M3 are shifted substantially. This is another indication
band from 8 to 8.5 eV derives from the presence of the nitrogen that there is an extensive mixing of metal and ligand orbitals
lone pair. The electronegative nitrogen in the pentadienyl ligand (both Cp* and pentadienyl! ligand) in these molecules.
is expected to stabilize the ionizations of Cp*Ru(PdI-N) relative Computational Results. Orbital surface plots and Kokn
to those of the Cp*Ru(PdI-C) pentadienyl molecule. This is - gham orbital energies for the eight highest occupied molecular
generally true for the ligand-based ionizations, although the orpyitals and the corresponding photoelectron ionization bands
shifts are uneven, and the first ligand-based ionization, L1,
actually shifts to lower ionization energy by about 0.25 eV (53) kimula, K.: Katsumata, Y.: Achiba, Y.; Yamazaki, Randbook

of He | Photoelectron Spectra of Fundamental Organic Mole¢@Bewentific
(52) Bohm, M. C.; Gleiter, RTheor. Chim. Actal981 59, 127, 153. Societies Press: Tokyo, Japan, 1980.
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Figure 2. Comparison of ionization bands with molecular orbital = l\ r — — |
surfaces £0.05) for the frontier orbitals of Cp*Ru(PdI-C). The 10 9 8 7 6
vertical lines with labels shown at the top of the spectrum represent L
the calculated KohnSham orbital energies with the energy of the lonization Energy (eV)
HOMO aligned with the first ionization. Figure 3. Comparison of ionization bands with molecular orbital
surfaces £0.05) for the frontier orbitals of Cp*Ru(PdI-N). The

for the Cp*Ru(PdI-C) molecule are shown in Figure 2. The vertical lines shown at the top of the spectrum with labels represent
computational results agree with the primary features in the }:‘g&%cu'?‘ed KohsSham orbital energies with the energy of the

) ) aligned with the first ionization. The MBu group is
experimental photoelectron spectra. The energy spacings of th§yated in the lower fight corner of the molecule.
calculated orbital energies for the valence region of these
molecules match the spacings of the vertical ionization energies gqr the orbitals of the azapentadienyl complex, shown in
in this energy region extremely well, and the characters of the Figyre 3, the first three orbitals are primarily Ru 4d in character
orbitals agree with the characters indicated by the experiment.yith nonbonding M2. The fourth MO, labeled L1, is delocalized
The first three orbitals (M+M3) are predominantly Ru 4d in  gyer the Cp* and azapentadienyl ligand and metal orbitals. The
character, M2 being predominantly theAdrbital with very  fifth MO is primarily nitrogen (in plane lone pair) in character
little ligand character on the basis of the calculations, in and is labeled as N LP. In the figure, this MO is correlated
agreement with the intensity differences in the He | and He Il with the fifth ionization band in the photoelectron spectrum of
experiments. The calculations for the pentadienyl molecule show the azapentadienyl molecule, but it is not possible to make a
that the M1 and M3 KohaSham orbitals are metal-based in  definitive assignment of this ionization in this region by the
character and have greater mixing from the ligand orbitals. The He | and He Il comparison, because all of the ligand-based MO’s
next four orbitals from the calculations are primarily Cp* and have substantial nitrogen character in them. The sixth and
2,4-dimethylpentadienyl ligand-based and have a significant seventh MO’s have both Cp* and azapentadienyl ligand
amount of mixing in their molecular orbitals with each other character with some metal character. The eighth MO shown in
and with metal-based orbitals. The last MO shown in Figure 2 Figure 3 is predominantly azapentadienyl in character, and the
is the symmetrict combination of the pentadienyl ligand last MO shown is a representation of the symmetrapmbina-
fragment, which remains largely localized on this ligand. tion of the azapentadienyl ligand fragment.
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OLP L , .
r ) ax Figure 5. Correlation among the HOMO energies (eV) of Cp*,
\ %4_}-*2;(& PdI-C, PdI-N, and PdI-O ligands. The blue line represents the
@ . 7 HOMO energies for the optimized geometries of the free anions,
Ru and the red line represents the HOMO energies of the free anions
‘_‘? constrained to the geometries when bound to the metal.
! (0]
L4

Discussion

L3

The photoelectron spectra of this series of heteropentadienyl-
[ . || I substituted half-open ruthenocenes display an unusual trend with
L4 L3 L2 OLPLT M3 M2 M1 heteroatom substitution. Chemical substitutions in molecules
; with atoms and functional groups of increasing electronegativity
generally result in increasing ionization energies. In the series
of half-open ruthenocenes with the pentadienyl ligands PdI-C,
PdI-N, and PdI-O one would expect the ionization energies to
increase in the order PdI-€ PdI-N < PdI-O, but this is not
observed for the first ionization and several of the other
ionizations of these molecules. Although this order is not
obtained for the metal complexes, this order is obtained for the
calculated orbital energies of the ligands themselves, as shown
in Figure 5. This figure shows the correlation between the
highest occupiedr molecular orbitals of Cp*, 2,4-dimethyl-
lonization Energy (eV) pentadienyl, Xtert-butyl-3,5-dimethyl-1-azapentadienyl, and 2,4-

Figure 4. Comparison of experimental ionization bands with dimethyl-1-oxopentadienyl based on density functional theory
calculated molecular orbital surfaces.05) for the frontier orbitals ~ calculations of the ligands. The orbital energies depicted in blue
of Cp*Ru(PdI-O). The vertical lines shown at the top of the are for the free ligand anions at their optimized geometries. One

spectrum W_ith labels represent the calculateq Keﬁham orbital_ of the degenerate '€ orbitals of the Cp* anion is shown on the
energies with the energy of the HOMO aligned with the first |eft of Figure 5. The next column shows the corresponding
lonization. HOMO energy and orbital of the 2,4-dimethylpentadienyl anion.

The bonding stabilization this orbital experiences in Cp* is lost
The oxopentadienyl molecule shows primary features similar with the increased separation between the terminal carbon atoms
to those of the azapentadienyl complex. The fifth MO labeled of 2,4-dimethylpentadienyl, and the orbital energy is less stable.
as O LP has substantial oxygen in-plane orbital character, which This shift is partially counterbalanced by the smaller number
correlates with the fifth ionization band in Figure 4. However, of methyl groups in 2,4-dimethylpentadienyl compared to that
again the mixing of oxygen character with all the ligand in Cp*, so that the energy difference between the HOMO's of
orbitalsmakes it difficult to assign this ionization precisely in Cp* and 2,4-dimethylpentadienyl is smaller than would occur
the spectrum on the basis of He | and He Il comparisons. The othe_rv\_nse. This energy s_|m|Iar|ty cqntnbutes to the Iar_ge degree
most stabler combination of the oxopentadienyl ligand ionizes ©f Mixing between the highest orbitals of the pentadienyls and

: . : ... Cp* in the molecules. The energies of the highest occupied
at higher energy and is not shown in the valence ionization
regiogrj1 in Figurgy4 orbitals of the PdI-N anion and the PdI-O anion show the steady

stabilization of orbital energies with increasing electronegativity
The calculated KohnSham orbital energies follow a trend  of the groups in the terminal positions of the pentadienyls, as
between the molecules similar to the trend observed in the expected.
experimental ionization energies. For example, the first ioniza-  p close-up view of metal-based ionizations for the pentadi-
tion energies of the pentadienyl and oxopentadienyl molecules eny] molecules, shown in Figure 6, makes clear the unusual
are calculated to be approximately the same, and that of thepattern of the first ionization energies. The correlation of all of
azapentadienyl molecule is calculated to be destabilized tothe measured valence ionization energies of these molecules is
considerably lower ionization energy compared to the other shown in Figure 7. The M2 ionization approximately follows
molecules. the trend of higher ionization energy with increasing electrone-
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Table 2. Calculated Total Donor and Acceptor Abilities for

M2 A : €
L1 M3 M1 Cp* and Pentadienyl Ligands and the Calculated Mayer
Ru—L Bond Order.
1 w3 B Cp*Ru- Cp*Ru- Cp*Ru-
Cp* Pd-C Cp* Pd-N Cp* Pd-O
L1
3 AM2 i1 c total donor ability 120 1.28 123 114 132 1.03
total acceptor ability 038 062 046 047 045 051
: : ; ; r Mayer Ru-L bond order 188 232 2.09 198 215 195
8.0 75 7.0 6.5 6.0

molecule. An understanding of the trend in the first ionization
energies of the molecules begins with a more complete
understanding of the energies of the highest occupied orbitals
of the ligands. When the ligands bind to the metal, they undergo
geometric distortions to optimize the bonding and minimize
steric repulsions. The PdI-C ligand binds most strongly to the
metal (vide infra) and undergoes the greatest distortion. This
distortion and its effect on the highest occupied orbital of the
ligand are shown in Figure 5, in which the orbital energies for
the ligands at their coordinated geometries are depicted in red.
In comparison to the free PdI-C anion, the coordinated PdI-C

lonization Energy (eV)

Figure 6. Close-up spectra of the metal bands of (A) Cp*Ru(PdI-
C), (B) Cp*Ru(PdI-N), and (C) Cp*Ru(PdI-O).

G

| N
7;\_/—\£
\

: ==::::::_-_ ~_OLp ligand has undergone a distortion in which the terminal carbon
[ \\\— atoms move~0.5 A closer to each other and the terminal .CH
R~ L2 groups twist~50° to improve the terminal C s interaction
of Cp'n with the metal. The result on the ligand is that some bonding
N L3 character is reintroduced between the terminal carbon atoms,
- as shown by the orbital surface (the lower orbital in the second
La column) in Figure 5. Consequently, the highest occupied orbital
10 of PdI-C is stabilized at the geometry of the coordinated ligand
Clp* Clp* Clp* Clp* (shown in red) relative to the same orbital of the free ligand
Ru Ru Ru ﬁ” (shown in bI_ue). Pd_ITC is Fhe only ligand of the group for which
C'p* Bdl-C PIdI-N Pdl-0 the HOMO is stabilized in the coordinated geometry relative

to the free ligand, and this orbital becomes more stable than

Figure 7. Correlation diagram illustrating the shifts of ionization
energies observed upon substitution of Cp* wjth2,4-dimethyl-
pentadienyly®-1-tert-butyl-3,5-dimethyl-1-azapentadienyl, ant
2,4-dimethyl-1-oxopentadienyl. Specific assignment of the lone pair
to one of the ionizations and ligand (L2) to the other is not certain.

the corresponding orbital of both Cp* and PdI-N. This interac-
tion dominates the charge effects on the ligand HOMO energy
from the change in electronegativity from PdI-C to PdI-N.

Proceeding to PdI-O in Figure 5, the electronegativity change
dominates and the HOMO of PdI-O is the most stable of the

gativity, occurring at approximately 0.2 eV higher ionization HOMO's of these ligands. This pattern with only slight
energy for the oxopentadienyl complex compared to the energiesadjustments (due to the charge and overlap interactions in the
of the other two. The shift of the M2 ionization from the molecule) is reflected in the trend of the experimentally observed
pentadienyl to the azapentadienyl complex is only slight, which L1 ionization energies in Figure 7.
may be a consequence of the added inductive donation effect Because of the delocalized electronic structure of these
of the t-Bu group bound to the nitrogen atom of the azapenta- molecules, the perturbations in the electronic structures of the
dienyl. The M2 orbital is the most pure of the metal-based heteropentadienyl ligands are felt throughout the molecules. The
orbitals, and this probably accounts for this ionization most M1 and M3 ionizations reflect the same general pattern in
closely following the electronegativity trend. The shifts of the ionization energies as the L1 ionization, as tempered by the
M1 and M3 ionization energies observed for these half-open energy proximity and overlap with the ligand orbitals. The L1
ruthenocenes clearly do not follow the periodic trend of ionization is closest in energy to the metal ionizations in the
electronegativities with the heteroatom substitution, and the case of the PdI-N molecule, and the calculations show that the
deviation of the first ionization from this trend is the most M1 orbital of this molecule has the most pentadienyl character
dramatic, with the first ionization of the PdI-N molecule (29%) and the least metal character (58%) of these molecules.
occurring at substantially lower energy than the first ionization The corresponding values for the PdI-C molecule are 12% and
of the other molecules. The trend of the first ionization energy 77%, and the corresponding values for the PdI-O molecule are
from PdI-N to PdI-O is as expected, but the first ionization intermediate at 21% and 66%. Thus, the first ionization of the
energy of the PdI-C molecule is abnormally high in this series. PdI-N molecule is shifted most to lower ionization energy.
The Kohn-Sham orbital energies from the calculations Donor/Acceptor Abilities of Pentadienyl Ligands. The
reproduce these trends and offer an explanation for the unusuakrystallographic data suggest an enhancement of theGpd
behavior. The lower first ionization energy of the PdI-N bonding, with accompanying weakening of the-Rrdl bonding,
molecule compared to that of the PdI-C molecule might at first as the pentadienyl ligand becomes more electronegtiyé?33
thought be attributed to the inductive and/or steric effects of The calculated donor abilities of the heteropentadienyl ligands
thet-Bu substitution on the nitrogen atom. However, replacing in these complexes follow the expected trend of decreasing
the t-Bu group with a hydrogen atom in the calculations donor ability with increasing electronegativity of the heteroatom
produces the same trend in the ionization energies, with only a substitution, as shown in Table 2. At the same time, and not
slight (~0.1 eV) stabilization of the first ionization of the PdI-N  necessarily expected on the basis of electronegativity, the
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heteropentadienyl ligands are calculated to be poorer acceptor The M1 and M3 ionizations as well as the first ligand-based
ligands than pentadienyl. As a consequence, the heteropentaionization L1 of Cp*Ru(PdI-C) show an extra degree of
dienyl ligands bind less strongly to the Ru center in these stabilization that is out of line with the other molecules in this
molecules than the pentadienyl ligand. The acceptor and thestudy. The higher than expected ionization energies of Cp*Ru-
donor ability of Cp* increases on going from pentadienyl to (PdI-C) follow from the stronger bonding of the pentadienyl
heteropentadienyl molecules, indicating a significant enhance-ligand to the metal, the greater distortion of the pentadienyl

ment of Ru-Cp* bonding at the expense of Rpentadienyl ligand in bonding to the metal, and the increased bonding
bonding. The calculated Mayer Riigand bond orders reflect character between the terminal carbon atoms of the pentadienyl
the same trend, as shown in Table 2. The Mayer-kRjand when bound to the metal center. As a consequence of the orbital

bond orders have values near 2 because, although the ligandsnixing and in contrast to group electronegativity, the Cp*Ru-
are formally six-electron donors representing a triple bond, the (PdIl-N) complex has the lowest first ionization energy of this
totally symmetricst orbitals of the ligands have poor overlap group of molecules. Whereas the PdI-C ligand has the strongest
with metal d orbitals and are substantially more stable in energy bonding to the metal, the PdI-O ligand has the weakest bonding
and, therefore, are not effective donors. Donation from the two to the metal, and is most susceptible to conversion fi8rto
highest occupied orbitals of the pentadienyls accounts for most #® bonding to the metal. For example, the Cp*Ru(PdI-O)
of the Mayer double-bond order. The PdI-C ligand bonds most molecule undergoes addition reactions with BNMad CO in
strongly, and as the bonding of the pentadienyl weakens from which the PdI-O ligand rearranges #8-allyl bonding to the

the PdI-N to the PdI-O ligands, the bonding of the Cp* to the metal and the PMgor CO ligand binds to the vacated
metal in these molecules strengthens. The PdI-C ligand is thecoordination site as shown by

only pentadienyl of this group that bonds to the metal more

strongly than Cp*. The calculations are thus seen to reproduce

the experimentally observed enhancement of-Byclopenta- X%/
dienyl bonding accompanying a weakening of-faentadienyl

bonding, as the pentadienyl ligand becomes more electronegative Ru + co —= Me
with heteroatom substitution. These indications of relative bond Me & \co
strengths, along with the additional stabilization of the penta- o °

dienyl complex observed in the valence ionizations, show that Me Me

the heteropentadienyl complexes should have enhanced reac-

tivities. The rearrangement of the PdI-O ligandjfballyl bonding is

A substantial part of the weakening of the -Rueteropenta- favored in general by the weaket Ru—PdI-O ligand bonding
dienyl bond is directly due to the poorer bonding between the and in particular by the weaker R®© and Ru-C2 (carbon
heteroatom and the metal. The-RD Mayer bond orderisonly  adjacent to the heteroatom) bonding of the PdI-O ligand
0.38 in the PdI-O complex compared to a-Ru bond order of compared to that of the other ligands. The Cp*Ru(PdI-C)
0.44 in the PdI-N complex and a R terminal bond order of  complex, with stronger’ bonding of the PdI-C ligand to the
0.57 in the PdI-C complex, consistent with atomic size and metal center, does not undergo this reaction. The reactivity of
electronegativity. the Cp*Ru(PdI-O*) complex suggests that the electronic effects

Insights into the Reactivities of Heteropentadienyt-Metal are more important than the steric effects for this molecule. The
Complexes.The characteristic features of electronic structure bulky t-Bu groups on PdI-O* might favor the opening up of
and bonding uncovered by the present study of half-open the ligand to thex®-allyl arrangement with reduced steric
heteropentadienylruthenium molecules provide a framework congestion, but the increased electron donor ability of the ligand
for understanding the chemistry of these and other heteropen-moves the orbital energies and ionizations to lower energy and
tadieny-metal systems. The photoelectron spectra of these increases the bonding to the Ru center, disfavoringybte 72
molecules are particularly informative, because identifiable rearrangement. The Cp*Ru(Pdl-O*) molecule does not add
ionization peaks are observed corresponding to each of thePMe; or CO.
expected valence ionization states of these molecules. A The electronic structure and bonding features of these
correlation diagram of the shifts in ionization energies upon heteropentadienyl complexes help in understanding the proper-
ligand substitution is shown in Figure 7. Several important points ties of other transition-metaheteropentadienyl complexes. For
are evident from this diagram. The breakdown of degeneracy example, the reactivities displayed by (heteropentadienyl)Mn-
of the Cp* z ionizations upon substitution of a pentadienyl (CO); molecules are consistent with the electronic structure and
ligand in place of a Cp* ligand is one indication of the honding properties uncovered in this study, even though the
delocalized electronic structure across the ligands of theseelectronic structure of the Mn(C@fragment is much different
complexes. Another indication of substantial mixing and delo- from that of the Cp*Ru fragmeri€ For instance, the carbonyl
calization throughout the molecules is the observation that all stretching frequencies of the (azapentadienyl)MnZmlecule
of the ionizations are perturbed when a heteroatom is substitutedare lower than those of the corresponding pentadienyl and
for a CH, group. The assignment of a specific ionization in the oxopentadienyl molecules, reflecting the greater electron rich-
spectra of the heteropentadienyl molecules to the heteroatomness that results from the lower ionization energy of the HOMO
in-plane lone pair ionization is not possible on the basis of the of the azapentadienyl. In this case the lone pair of the nitrogen
He I/He Il comparison because of the extensive mixing of ligand atom donates so strongly to the metal that it disrupts the fully
character in all of the orbitals. Looked at another way, the delocalized;5-azapentadienyl bonding and forms ghN, 7°3-
substantial coupling and mixing between all of the valence allyl-type structure’28The (oxopentadienyl)Mn(C@tomplex
orbitals is one reason that separated ionization peaks arereadily undergoes phosphine addition reactions to fogfa (
observed for all of the ion states. oxopentadieny)Mn(CQPRs, while the corresponding azapen-
tadieny-metal complex is inert, reflecting the weaker metal
(54) Mayer, 1.Chem. Phys. Lettl983 97, 270-274. oxygen bonding compared to the metaitrogen bonding?
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