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Half-Sandwich Structure of Cyclopentadienyl Dialuminum [Alx(n°-CsHs)] from Pulsed-Field
lonization Electron Spectroscopy and ab Initio Calculations

Yuxiu Lei and Dong-Sheng Yang*
Department of Chemistry, Usrsity of Kentucky, Lexington, Kentucky 40506-0055
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Cyclopentadienyl dialuminum [ACp, Cp= CsHs] was prepared in a pulsed laser ablation cluster beam
source and identified with a time-of-flight photoionization mass spectrometer. The high-resolution electron
spectrum of this complex was obtained using pulsed-field ionization zero electron kinetic energy (ZEKE)
photoelectron spectroscopy. Three isomeric structures with two Al atoms residing on the same or opposite
sites of the Cp plane were predicted by second-order MgRégsset perturbation theory. A half-sandwich
structure with an aluminum dimer perpendicular to the Cp plane was identified by the experiment. The ground
electronic states of the neutral and ionized species?Afein Cs symmetry and'A; in Cs, symmetry,
respectively. In both the neutral and ionic states, one of theafdms binds with five carbons, and the
metak-ligand bonding consists of orbital and electrostatic contributions. lonization citheneutral state
enhances the metaligand bonding but weakens the metahetal interaction.

1. Introduction belonging to [ALCp*]". The monomeric [AICp*| signal was
only about 8% of [A})Cp*]™. Encouraged by the success with
the (pentamethylcyclopentadienyl)aluminum(l) compound,
Schriwkel and co-workers have also attempted to isolate the
parent cyclopentadienylaluminum(l) compound, but such ex-
periments were not successful due to its low thermal staBflity.
In this paper, we report pulsed-field ionization-zero electron
kinetic energy (ZEKE) photoelectron spectroscopy of cyclo-

main group elements have been known to include discrete pentadienyl dialuminum [AC'p, sz' cyclopentadienyl]. The
[MCpp](n = 1—3) molecules, polymeric structures with [..-M ZEKE spectroscopy, c_ombmed with second-order Meﬂler
Cp—M...] backbone strands, and [MGh = 4—6) clusters:-7 Plesset (MP2) calculations, shows that theGl complex is

In 1991, Schiiokel and co-workers reported the synthesis in a mixed-valent half-sandwich structure. In this structure, an

- - Al atom is directly bound to the Cp ligand in»® fashion,
and structure of the first (pentamethylcyclopentadienyl)a- .
luminum(l) compound, [(AICp*), Cp* = pentamethylcyclo- whereas the other Al atom acts like a spectator. To our

pentadienylE In the solid state, room-temperature X-ray knowledge, this is the first gaseous mixed-valent cyclopenta-

crystallography showed that the tetrameric compound consistedOllenyl metal cgmplex.chargct.erlzed s.pectrqscopmally, and it
of a tetrahedral Alcore. Each Al atom in this tetrahedron was represents an interesting binding configuration.

n° bonded to a terminal Cp* ring, and each Cp* ring plane was
parallel to an opposite Alface? In the toluene solutior?’Al
NMR spectra recorded in the temperature ran@e to+25°C Our metal cluster beam ZEKE spectrometer was described
indicated the complex to be a tetramer. Above°80) the27Al in a previous publicatiof The AL,Cp complex was formed in
NMR spectroscopy showed the existence of both the tetramer@ pulsed supersonic molecular beam. The aluminum was
and monomer, and the concentration of the monomer increasedntroduced into the gas phase by pulsed laser ablation of an Al
with increasing temperatures. Analysis of the temperature rod (99.9%, Alfa Aesar). Reaction with gaseous cyclopentadiene,
dependence of th&Al NMR spectra yielded the dissociation ~Produced by distillation of dicyclopentadiene (Aldrich) at 210
energy of 150(20) kJ mot for the process [AICp¥ — 220 °C, in this high-energy environment led to production of
4AICP*.° In the gas phase, an electron diffraction study at the AlCp complex. The mechanism leading to formation of
139(4) °C showed that the tetramer was decomposed into this complex is unknown at the present time, but it likely
monomeric units, consistent with the observation of solution iNvolves the reaction of an Al dimer with a Cp radical. Laser
NMR Spectroscop)’]/f_)A more recent mass Spectrometric Study, ablation was carried out with the second harmonic Output of a
however, yielded different observations from those of the NMR Nd:YAG laser (Lumonics YM-800, 532 nm, 0.5 mJ). During
and electron diffraction studié$.In that mass spectrometric ~ the experiment, the Al rod was continuously translated and
study, the [AICp*}, compound was laser vaporized and ionized, rotated by a motor-driven device to ensure each laser pulse
and the resulting ions were determined with Fourier transform ablated a fresh metal surface; cyclopentadiene liquid was kept
ion Cyc|ot|’on resonance mass spectrometryl These ion Signa|g’:lt about ’C to minimize dimerization and stabilize the vapor

corresponded to [ACp,*] * (x = ), with the strongest signal ~ Pressure of the ligand. The Alp complex and other species
formed in the molecular beam were seeded in a He/Ar carrier

* Corresponding author. E-mail: dyang0@uky.edu. gas mixture and expanded to the vacuum chamber. The gas

Metallocenes play a central role in organic and organometallic
synthesisand chemical catalystsCompared to transition metal
cyclopentadienyl (Cp) complexes where metal (M) atoms are
strongly bound in a fivefold;® mode, the binding between main
group elements and Cp is generally weaker and more diverse.
It ranges fromy* to #® and from highly ionic to largely covalent
character across the periodic tablé.The z-complexes of the

2. Experimental and Computational Methods
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mixture had a reservoir pressure-060 psi and was delivered
by a piezoelectric pulsed vald&The gas pulses were synchro-
nized with the laser pulses to optimize the production of the
Al,Cp complex.

Charged species in the molecular beam were removed by a
dc electric field before they entered into the spectroscopy
chamber, neutral products were identified with photoionization
time-of-flight mass spectrometry, and the ionization threshold
of Al,Cp was located by photoionization efficiency (PIE) 40700 (50)
spectroscopy. Prior to ZEKE experiments, the production of Vl
[Al .Cp]t was maximized by adjusting the timing and power of
the vaporization and ionization lasers and backing pressure of
the carrier gas. ZEKE electrons were generated by photoexci-
tation of neutral molecules to high-lying Rydberg states,
followed by delayed pulsed electric field (& delay, 1.2 V/cm
strength, and 100 ns width) ionization of these Rydberg states. T T T T T 1
A small dc field ¢~0.08 V/cm) was applied to help discriminate 40500 40800 41100 41400 41700 42000
ZEKE electrons from kinetic electrons produced by photoion- Wavenumber (cm™)
ization. The photoionization and photoexcitation laser was the Figyre 1. Photoionization efficiency curve of ACp seeded in a He/
doubled-frequency output of a dye laser (Lumonics HD-500) Ar (1:1) mixture.
pumped by the third harmonic of a Nd:YAG laser (Continuum

Surelite-1l, 355 nm). A delay generator (Stanford Research 1082 |
Systems DG535) provided the pulsed electric field for ionization. 851 |

The ion and electron signals were detected by a dual micro- 482

channel plate detector (Burle), amplified by a preamplifier 173 il

(Stanford Research Systems SR445), averaged by a gated SU[ 117 hot bands

integrator (Stanford Research Systems SR250), and stored in a 0 Sl

laboratory computer. Laser wavelengths were calibrated against

titanium atomic transitions in the frequency range of the ZEKE
spectrum* The field dependence of ZEKE peak positions could d
not be measured for this complex due to the limited size of the

ZEKE signal. However, the field-induced energy shift for this

complex is likely smaller than the spectral line width, as shown

(a) Experiment

MMJA.J....NL___..

(b) v-ALCp, 'A, « *A”

W@

a

by previous ZEKE measurements of Cgf().1° _J

Geometries and vibrational frequencies of,@p and ; o
[Al.Cp]" were calculated with the MP2 method and (c) +ALCp, ‘A, <A
6-311+G(d,p) basis set, implemented in the GAUSSIANO3
programt® Multidimensional Franck-Condon (FC) factors of AN

vibrational transitions from ACp to [ALL,Cp]* electronic states
were computed using the theoretical equilibrium geometries, T
harmonic \E)ibrational fgr]equencies, and no?mal modegcoordinates (d) ALCp-Al, A" A

of the neutral and ionic complexés!® The Duschinsky effect -

was considered to account for normal mode differences between J ' : ) .

the neutral and ionic states in the FC calculati$hSpectral #0220 Ll el 142050 ol
broadening was simulated by giving each line a Lorentzian line Wavenumber (cm™)

shape with the experimental spectral line width. Transitions from Figure 2. ZEKE spectrum of AICp seeded in a He/Ar (1:1) mixture
excited vibrational levels of the neutral complex were simulated (a) and simulations of singlet- doublet transitions of the v-ACp

by assuming thermal excitations at specific temperatures.  (b), -Al2Cp (c), and A-Cp—Al (d) isomers at 50 K. The transition in
(c) represents ionization of tHA" state of t-AbCp leading to théA;

state of [v-AbCp]".

3. Results and Discussion

A. Photoionization Efficiency and ZEKE Spectra. Figure ground vibrational levels of the neutral and ionized complexes.
1 presents the photoionization efficiency (PIE) spectrum of Above the origin of the electronic transition, the spectrum
Al,Cp seeded in a He/Ar (1:1) mixture. The ionization threshold exhibits 1082 and 851 cm intervals and a main vibrational
determined from the sharp onset of the ion signal is 40 700(50) progression of 482 cr separations. Nested inside the 482ém
cm™L. This value was corrected by110 cnt?, the energy shift progression are 175 and 50 chintervals, respectively. All
induced by a dc extraction field of 320 V cth The ionization these transitions correspond to vibrational excitations in the
threshold from the PIE measurement was used to simplify the ionized complex. In addition, another 50 chvibrational
ZEKE experiment and correlate with ZEKE signals. progression begins from a small peak at 24-¢érnelow the

Figure 2a shows the ZEKE spectrum of,8p also seeded  0—0 transition. The intensities of these peaks depended on the
in a He/Ar (1:1) mixture. Peaks from single vibrational-mode condition of the molecular beam, and they are attributed to
excitations are labeled in the figure, and others are easily transitions from excited vibrational levels of the neutral complex
assigned to transitions involving two or more vibrational modes. to various vibrational levels of the 50 cthmode in the ion.
The first strong peak appears at 40 690(5) €f5.0449(6) eV] By comparison to the vibrational frequencies of gaseol®8&p
and is the origin (8-0) of the electronic transition between the ligand and MCp (M= Mg, Ca, Sr, Zn, and Cd) complexés?6
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Figure 3. Structural isomers of ACp.

TABLE 1: Electronic States and Relative Energies Eg) of
Various Isomers of Cyclopentadienyl Dialuminum from
MP2/6-311+G(d,p) Calculations

isomers states E. (eV)
v-Al,Cp

Cs A" 0.01

Cs, Ay 1.00
[v-Al.Cp]*

Cs, 1AL 471

Cs SA" 6.41
t-AlCp?

Cs 2A" 0
Al—Cp—Al

Cs 2N’ 0.09

Cs A" 2.43
[Al—=Cp—All "

Dsh AL 4,13

C A 7.27

aThe singlet, triplet, and quartet states of t@p were converged
to the corresponding states of v-8ip. The t-AbCp doublet state has
the A=Al bond tilt about 60 against Cp plane.

and solid compounds of CpBe&lInCp28 KCp,?° FeCp,%° and
ZnCp,,3! the observed 1082 and 851 chiintervals may be

Lei and Yang

TABLE 2: Adiabatic lonization Energies (IE), Including
Vibrational Zero-Point Energy Corrections, of Various
Isomers of Cyclopentadienyl Dialuminum from MP2/
6-311-G(d,p) Calculations

electronic transitions IE (eV)

[v-Al.Cp]t < v-Al.Cp

A1 (Cs,) — 2A" (Cy) 5.11

SA" (Cy) < 2A" (Cy) 6.77

SA" (Cs) — “A1(Cs,) 5.73
[V-Al 2Cp]+ —t—Al Lp?

A1 (Cs,) —2A" (Cy) 5.09

SA" (Cy) —2A" (Cy) 6.75
[Al=Cp—All T — [Al —=Cp—Al]

1A1' (D5h) —2A’ (Cs) 4.42

SA (Cy) —2A' (CY 7.53

3A (Cy) — A" (Cy) 5.19

aThe neutral t-AICp isomer is converted to the ionic v-8lp upon
ionization.? The calculated IE values were corrected#9.36 eV, the
averaged MP2 computational error for the IEs of metal association
complexes?43

did not survive from the geometry optimization and was
converged to t-AICp. For the t-A}Cp isomer, the MP2
calculations located only a doublet state, and other spin states
were converged to the corresponding spin states of Gl

For v-Al,Cp and A-Cp—Al, the theory found the doublet and
quartet states for the neutral complex and the singlet and triplet
states for the ion. The doublet state of the neutral complex is
more stable than the quartet state, whereas the singlet ion is
more stable than the triplet ion. The lower energy of the doublet
state may be understood by considering frontier orbital interac-
tions between the Al atoms (or Atlimer) and Cp radical. For
example, if an Al 3p electron fills in the highest occupied
molecular orbital (HOMO) [(€¢")3] of the Cp radical, and the

assigned to ligand-based vibrations, whereas the 482, 175, andather Al 3p- electron remains to be metal-based, the resulting

50 cntlintervals may be attributed to metdigand and metat
metal vibrations. The 175 cnh spacing is close to the predicted
Al—Al stretch frequency (169 cm) of the AL ™22, ground
staté233and may thus be assigned to the excitation of the Al
Al stretching mode of the [ACp]" ion. The observation of the
Al—Al stretch indicates that the Cp radical binds with an Al
dimer, rather than two separate Al atoms. In the following

complex should be in a doublet spin state. On the other hand,
if both the Al and Cp ground electron configurations remain
unchanged upon metaligand coordination, the complex should
be in a quartet spin state. Because the Al 8jectron [IE(Al)

= 5.9858 eV’] has higher energy than the'exr electron of

the Cp radical [IE(Cp)= 8.4272 eVJ?® the doublet state of
Al,Cp is expected to be more stable than its quartet state. Similar

sections, we will discuss detailed spectral analysis and structuresconsiderations can be used to rationalize the relative stability

of the ALCp complex.

B. Structural Isomers. Figure 3 presents four possible
structural isomers of ACp with Al atoms residing on the same
or opposite sides of the Cp ring. ACp—Al (Figure 3a) is an
inverse sandwich structure with Al atoms on opposite sides of
the Cp ring. This type of structure is the building block of
common polymeric [MCpjcompounds in the solid staid hree
other isomers (Figure 3td) contain Al atoms residing on the
same side of the Cp ring, with Abeing horizontal (h-AICp),
tilted (t-Al,Cp), or vertical (v-ApCp) to the Cp plane, respec-
tively.

The inverse sandwich structure is formed by the Cp ring
binding to two isolated Al atoms, and the other structures are
formed by Cp binding to Al The ground electronic state of
Cp is known agE;" (Dsp) with an electron configuration of
(a2')?(e/")® and is subjected to a Jahiteller distortion?0-21
Each Al atom has a 3pelectron in its ground electron
configuration, and the ground electronic state of iAFIT, with
a olz! configuration32-36 The interaction of two Al atoms or
an Al, dimer with a Cp radical is thus expected to form@p

in doublet/quartet neutral states and singlet/triplet ionic states.

of the singlet and triplet ions. Among the doublets of the three
isomers, their energy differences are predicted to be less than
0.1 eV (Table 1). This is in contrast to pentamethylcyclopen-
tadienyl dialuminum (AICp*), where the inverse sandwich
isomer with Al on opposite sides of the Cp* plane was calculated
to be about 0.3 eV more stable than the half-sandwich isomer
with two Al atoms on the same sidé.

C. Observed Structural Isomer and Electronic Transition.
From the MP2 calculations, the ground state of theCl
complex appears to be a doublet spin state. However, because
the energy differences among the doublets of the three isomers
are so small (Table 1), the theory is unable to establish the
preferred structure. To determine the structure of this complex,
we shall compare theoretical and experimental IEs, vibrational
frequencies, and spectral intensities. Table 2 lists the theoretical
IEs of v-Al,Cp, t-Al,Cp, and A-Cp—Al. These IE values were
corrected by+0.36 eV, the averaged error of MP2/6-31G-

(d,p) calculations on the IEs of other metdiband association
complexes$®43 The calculated IE values of th#\; — 2A"
transitions of v-A}Cp and t-AbCp and theéA — 4A" transition

of AI—Cp—Al are close to the experimental value of 5.0449

Table 1 lists the relative energies of these spin states for the(6) eV, whereas the calculated |IE values of all other transitions

Al—Cp—Al, t-Al,Cp, and v-A}Cp isomers predicted by the
MP2/6-311G(d, p) calculations. The h-ACp initial structure

are either too high or too low. Moreover, the quartet states of
both v-AlLCp and AF-Cp—Al are predicted to be at least 1.0
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TABLE 3: Peak Positions (cnt!) and Assignment of the Cq[-]__,([)qh) AIZC__’Hq (Cs‘-) A]1
Al,CpZEKE Spectrum i -
rel rel N R N
position assignment positiort position assignment xpositior? —
40666 17° —24 41295 174l5} 605 2e \ Ty
40690 OG-0 0 41316 4%173 626
40721 30°17} 31 41345 4ls5] 655
40740 174 50 41378 3024353173 688
40770 3o§17§ 80 41395 435(1)17(1) 705 g‘-‘
40787 17(2) 97 41473 17‘2’435(2) 783 e
40811 17? 121 41518 435(2) 828 &
40822 300173 132 41541 3 851
40829 3d275é 139 41569 435(2)173 879
40837 17 147 41593 37, 903
40865 53 175 41652 47 962
40915 5%173 225 41684 3024517& 994
40949 30‘1353173 259 41700 4§17(1) 1010
40965 547 275 41716 35 1026
40998 30‘1)5(1)173 308 41740 417 1050 ) - o
41014 547 324 41747 497 1057 Figure 4. Qualitative molecular orbital diagram of v-Ap constructed
41037 5% 0 347 41772 zg 0 1082 from the outer valence orbitals of Cp and,Al
24 51 1
ﬁg;g 29;1’;0170 ggg ﬂgg? g%t?zz £l 7t ﬂg? to large differences between the neutral and ionic geometries.
41116 3‘())2107041 426 41874 57 . 1184 Simulations (not shown) of the triplet- doublet and triplet—
41172 41 v 482 41994 4%5% 0 1304 quartet transitions of the three isomers display no similarity to
41202 3004417 512 42022 314l 1332 the measured spectrum either. Thu_s, these comparisons clearly
41221 447} 531 42130 43 1440 show Fhat observed spectrum originates from %@«— 2"
41253 30417 563 42194 3l4ts! 1504 transition of the half-sandwich v-ACp complex. With the good
41259 300173455; 569 42301 435} 1611 agreement between the simulation and the experimental spec-
41270 417, 580 42499 3147 1809 trum, we can now make a detailed spectral assignment. The
2 Relati - . 1082 and 851 cmt intervals are assigned to vibrations of the
elative positions are referenced to the position of theD 0 . .
transition at 40 690 cri. C—C stretch (or ring breathing mode),{, &) and CH wag
(vs*, a) of the Cp ring, and the 482, 175, and 50 ©m
TABLE 4: Measured and Calculated Adiabatic lonization progressions above the-0 transition are attributed to excita-
Energies (IE, eV) and Vibrational Frequencies (cm?) of thae tions of the Al-Cp stretchiy™, a), Al—Al stretch ¢s*, a),
Half-Sandwich Structure of Cyclopentadienyl Dialuminum: and A-Cp bend 1, &) in the ioniclA; state, respectively. In
ZEKE MP2 addition, the second 50 crhprogression beginning from the
IE [*A1 (Cs,) — 2A" (C9)] 5.0449 (6) 5.11 24 cn! peak below the 80 transition is assigned to the
C—C stretch (g v2") 1082 1136 transitions from the excited vibrational levels of tg’ state.
CHwag (a, vs") . 851 859 By combing the two 50 cmt progressions, we obtain the
2: :gf’s?rt;fé‘;h(é@;ﬁ)) ‘l"% ‘1122 vibrational frequencies of 24 and 19 cinfor the two Al-Cp
Al—Cp bend (& 1’}1518+) 50 52 bending motlongw(17/V3o, d/a’) in the?A"” state. Itis noteo! that
Al—Cp bend (42", vi7/va0) 24/19 13/41 the Al-Cp bend is doubly degeneratg)(& the *A; (Cs,) ion

ay* andv represent the vibrational modes in the iokAg and neutral Statf ¢":1’nd splits into two nondegenerate modésuta a') in .
2A" states, respectively.The calculated |E values were corrected by the “A" (Cg) neutral $tate. _In the zeroth-order approximation
+0.36 eV, the averaged MP2 computational error for the IEs of metal P2S€d on the harmonic oscillator and one-to-one correspondence
association complexé&:*3 of normal mode coordinates, one would expect little intensity

of the doubly degeneratg @n mode transitions that involve
eV higher in energy than their doublet states (Table 1). an odd quantum number [i.eA(vT—v) = +1, £+3, +5].
Therefore, these quartet states should not be populated undeHowever, our calculations indicate a rotation of the normal
supersonic expansion conditions, and A& < #A; transition coordinates of the;@on mode with respect to the corresponding
of v-Al,Cp and theéA — *A" transition of A-Cp—Al can thus a and & neutral modes. This rotation leads to the@ mode
be excluded from the observed spectrum. Because their IEbeing a mixture of the'aand & neutral modes (Duschinsky
values are predicted to be too high, the triptet doublet effect). Because of this mode mixing, transitions involving an
transitions of all three isomers can be excluded from the arbitrary number of quanta of either components of thme
experimental spectrum as well. Therefore, only the singtet ~ mode are possible, as confirmed by the FC factor calculations.
doublet transitions are possible. Table 3 lists the complete assignment for each observed ZEKE

Parts b-d of Figure 2 show the spectral simulations of singlet transition. Compared to the free Cp radicad(c stretch= 1081
< doublet transitions in comparison with the experimental cm™ andvcuwag= 681 cnt?),2%2 the G-C stretch frequency
spectrum. In these simulations, vibrational frequencies were not(1082 cnt?) is comparable but the CH wag frequency (852
scaled, but the ionization energy was shifted to the experimentalcm™2) is much higher in this complex, as observed for other
value for easier comparison of the measured and calculatedcyclopentadienyl metal complex&&7-31 Compared to the free
vibrational frequencies and spectral profiles. The simulation Al,, the A=Al stretch frequency (175 cm) in this complex
from the v-ALCp structure (Figure 2b) matches the experimental is close to that of the ionic A2Z4* ground state (169 cm)32
spectrum reasonably well, and those from $&p (Figure 2c) but is much lower than that of the neutral,All, ground state
and A-Cp—Al (Figure 2d) exhibit too long FC profiles due (286 cnt1).34-36
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TABLE 5: Bond Distances (A) of v-Al,Cp, Al,, and Cp from MP2/6-311+G(d,p) Calculations
molecules states AlAl Al —C,; Al—C, Al—C3 Al—C4 Al—Cs C.—C, Co—C; Cs—C4 C4—Cs Cs—C,

v-Al,Cp A" 2.814 2306 2313 2308 2308 2313 1426 1422 1428 1422 1426
[v-Al.Cpl*  A; 2.984 2220 2220 2220 2220 2220 1429 1429 1429  1.429  1.429
Al o1, 2.704

Aly* 2y 3213

cp 2B, 1.442 1355 1452 1355  1.442

aThe Al—Al bond length of the Al (31,) from a rotational analysis is 2.76% 0.002 A3* b The C-C bond length of Cp%E;"") from a rotational
analysis is 1.42% 0.001 A%’ the C-C bond lengths of JahfTeller distorted Cp38,) from a vibronic analysis are 1.416, 1.404, and 1.435 A,
The C-C bond length in the Cpanion ¢A;) is predicted to be 1.419 A by our MP2/6-3#G(d,p) calculations.

Table 4 summarizes the measured and calculated IEs and!ABLE 6: Natural Charges and Electron Configurations in
vibrational frequencies. The MP2 calculations underestimate the\é}Al\l/ngp/’(sgli’lirg(dcg);rom the Natural Population Analysis
IE value by 0.29 eV, which is slightly smaller than the averaged .
MP2 computational errors (0.36 0.05 eV) for the IEs of other electron
metal association complexé&s#2 The calculated frequencies molecules charges configurations
are generally in excellent agreement with the measured values, ~V-AlzCp A", Cy)

expect for the very soft metaligand bending modes/{; and Ala 0.59 38°3p>™

— 91 13

v30) in the 2A"" state. él; _8&51 ggeéfﬁlm
D. Bonding of the Half-Sandwich v-ALCp Complex. »—[Al.Cp]* (*A1, Cs,)

Previous studies have shown that bonding interactions between Aly 0.54 34:373pL.07
Cp and main group elements are highly ionic for group 1 Alp 0.79 38 °3pp 2
elements and largely covalent for groups 14 and 15 elements, Al C(EH Do) _8-83 gijssg?m
with complexes of other main group elements exhibiting various Al ; (22”'+ DSUh) 1:00 3895355
degrees of ionic and covalent chara&er. Cp By, QCZ) 0.0 2897 P20

In Figure 4, we show a qualitative molecular orbital diagram
of v-Al,Cp constructed from the valence orbitals of Cp ang Al
ground states and by assuming the geometry of the complex t
be in theCs, point group. The Cp £ orbital is placed in lower
energy than the Alx, orbital because the first ionization energy

of the organic moiety (8.4272 eﬁF)iiEilgher than that of the  charge transfer from the Altom that binds directly with the
metal dimer (5.6, 5.8, or 6:6.4 eV)***® The energy separa-  cp radical. As a result, the Altom bears a positive charge

tion between the € and @" orbitals of Cp is assumed to be (9 59) and the Cp ligand has a negative charg®.54).
larger than that between the and og orbitals of Ab. This is However, the Al atom that is not directly bound to Cp remains
because the bonding features of the €p(partially antibonding  ggsentially a zero-charge. The natural electron configurations
among C 2pr orbitals) and &' orbitals (bonding among all C  r¢ predicted to be 382386 for Al, and 3893p13for Aly in

2pr orbitals) are rather different, whereas the, A, and og v-Al,Cp @GA"). The later is almost identical to the Al electron
orbitals are quite similar (both with an Al 2p electron). Tie configuration 3%8%3pL-1%in the ground state of Al(3[1,). Due
orbital of the Ab dimer is of @ representation when labeled in 4 the depletion of the electron density on one of the Al atoms
Cs, and interacts with the;€ orbital of the Cp moiety. Similarly, (34 thus between the Al atoms), the-4l bond is weakened,
the gy orbital of Al is of & symmetry inCs, and can interact  an jts bond length is increased from 2.704 to 2.814 A upon
with the a" orbital of Cp. Because the Atz andog orbitals Cp coordination. Because the two Al atoms in the complex carry

have higher energies than the Cgy @nd " orbitals, these  yather different electric charges, the half-sandwich oAl may
interactions stabilize the ligand orbitals and destabilize the metal ;o considered as a mixed-valent complex, as it is expected by

orbitals. The highest occupied molecular orbital ;j2ef considering their formal oxidation states.
v-Al,Cp remains a largely Alpz character but has higher The T
- ) ; ground state of the v-[ACp]" ion is*A; in Cs, symmetry

energy than ther, orbital Of.Alz' This explains why the_ IE of and is formed by removal of the Abased p electron of the
the v-AbCp [5.0449(6) ﬁ\ﬂe's Iowe_r tha}n;hat of thefd"m?r 2A" state. In this singlet ion state, the electron configurations
(56,58, 0r6.6:6.4 eV): Energies of the eand 4 orbitals .. or electric charges of the carbon and Aloms are rather similar
of the complex depend on the strength of relevant orbital v, yqe of the doublet neutral state. On the other hand, the
Interactions, a_nd their energy order_ may be d|ffer_ent_from vv_hat electron configuration of Al experiences a dramatic change
is shown in Figure 4. On the basis of the qualitative orbital ¢ 3¢913pL13in the 2A" state to 35973¢P24in the 1A, state

. B . ;
analysis, the complex would have“s; ground state irCs,, and the electric charge of Als increased from-0.05 in the

but the orbital degeneracy is lifted by the Jafireller effect, 251 gtate 10 0.79 in théa, state. These changes in the electron
resulting in a%A" ground statg.zP'resumany, a second Jahn configuration and electric charge suggest that ionization removes
ZTe,I'Ier component Sh.OU|d be in“a’ state and lie close to the " an electron largely from the ABp orbital (mixed with the Cp

A" component, but it was not located by our calculations. In & oharacter in an antibonding fashion). As the electron density

the 2A"" ground state, the AIC distances are predicted to be d ; ; ; :
' . ecreases, the AlAl bonding becomes weaker in the ion. This
2.306— 2.313 A, and the €C distances are 1.422 1.428 A bond weakening is evident from the increase of the-Al

(Table 5). Although the predict AIC (and C-C) bond distances  yiqtance from 2.814 to 2.984 A upon ionization.
differ slightly, these differences are significant as our calcula-
tions with Cs, restriction failed to converge.

Along with these orbital interactions, electrostatic interactions
play a large role as well. Table 6 presents the natural charges We have reported the first joint ZEKE spectroscopic and MP2
and electron configurations of v-4Cp, Al,, and Cp from the computational study of cyclopentadienyl dialuminum. ZEKE

2The electron configurations of the Cp radical are represented by
those of the C atoms. Als referred to the Al atom that binds directly
Oto Cp, whereas Alhas no direct binding with the ligand.

natural population analysis. This analysis shows a significant

4., Conclusions
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spectroscopy measures the adiabatic IEs and several vibrationaCammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;

frequencies, and MP2 calculations predict a number of low-

Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.

energy isomers- By comparing the eXperim?mal measureme.mSD.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
and theoretical calculations, we have determined a half-sandwichG.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;

structure for the complex. In this structure, the, Mimer is
perpendicular to the Cp plane and one of the #&bms binds
with the Cp radical in &° mode. The ground state of the neutral
complex is?A" in Cs symmetry. The metalligand bonding in
the 2A" state has both orbital and electrostatic contributions.
lonization of the?A"” state removes an electron of the largely
Al, pr mixed with Cpsr in an antibonding manner and yields
alA; state inCs, symmetry. In this singlet state, the metal

ligand bonding becomes stronger due to the removal of the

antibonding electron, whereas the metaletal bonding be-

Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
Gaussian03revision C.02; Gaussian Inc.: Wallingford, CT, 2004.

(17) Berces, A.; M. Z. Z.; Yang, D. SComputational Molecular
SpectroscopyWiley: New York, 2000; p 110.

(18) Yang, D.-S.; Zgierski, M. Z.; Rayner, D. M.; Hackett, P. A;
Martinez, A.; Salahub, D. R.; Roy, P.-N.; Carrington, T. JJtChem. Phys.
1995 103 5335.

(19) Duschinsky, FActa Physicochim. URSE37, 7, 551.

(20) Applegate, B. E.; Miller, T. A.; Barckholtz, T. Al. Chem. Phys.
2001, 114, 4855.

(21) Applegate, B. E.; Bezant, A. J.; Miller, T. A. Chem. Phy2001,

comes weaker due to the depletion of the electron density 114, 4869.

between the two Al atoms.
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