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The diversity of electronic structures of metal clusters has
been subjected by many experimental and theoretical stu-
dies. As one of the simplest member of clusters, aluminum
trimer also has several low-lying electronic states, and many
experimental works'” have been devoted to characterize
these states. In order to make further understandings on
these states, reliable theoretical results are required for en-
ergetic properties and vibrational properties. In spite of
more than fifteen theoretical works treated Al, system, only
some of them®™ are interested on the characterization of
the excited states. Though the identity of the ground states,
2A,' in D, structure, established by ESR and photoelectron
experiments™’ are supported by an ab initio study,® there are
some disagreements between previous theoretical results on
the properties of these states, i.e., the geometries, vibrational
properties, the correct order of states, and energetic split-
tings between them. One of the main reason of these dis-
crepancies stems from the fact that the effect of one- and
multi-particle basis size is not explored completely. In con-

strating to Al,, where several extensive studies with basis
containing f-functions are reported,'””® no comparable
theoretical study is reported yet for Al,.

According to previous theoretical studies and ex-
perimental results, the adiabatic energetic splittings between
these low-lying states are expected to be only a few tenths
of eV. The harmonic frequencies range from 150 cm ™' to
350 cm ™. In order for a theoretical result to be informative
and predictive enough for these closely spacing states, prop-
er choice of one-particle basis set and adequate treatement
of electron correlations are indispensible. The main purpose
of this work is to report the effects of f-type basis function,
the effects of core-correlation, and the effects of triple ex-
citations in electron correlations on the 2A;' — 2A,"vibronic
transition of Al;, for which reliable experimental results are
reported recently.®’

The potential energy surface of these states are very flat
and the electron correlations are treated by the coupled-clust-
er correlation methods which are highly efficient and size
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consistent. The coupled-cluster single and double (CCSD)
method'® and the inclusion of the noniterative triples by the
CCSD(T) method" are applied to study the effect of the tri-
ple excitations on electron correlations. The restricted open-
shell Hartree-Fock (ROHF) single reference functions are
used mainly because the energy separation from the nearest
quartet state, ‘A, in C,, structure, are calculated to be less
than 0.3 eV.3"

The TZ2P (12s9p2d)/[6s5p2d] and the TZ2Pf (12s9p2d1fy
[6sSp2d1f] basis, as well as the PVDZ (12s8p1d)/[4s3p1d]
and the PVTZ (15s9p2d1f)/[5s4p2d1f] basis of Dunning'
are used to study the effect of the f-type basis function. The
TZ2Pf basis is made by argumenting one f-function (&=
0.240) to TZ2P basis, which is made by adding two d-func-
tions (£=0.100, 0.315) to McLean-Chandler (12s9p)/[6s5p]
basis.”” Spherical polarization functions (5d,7f) are used
through this work.

Because the computation times for high level electron
correlation methods are proportional to the high power of
the number of active molecular orbitals (MO), much com-
putational requirements can be reduced substantially by
freeze just a few portion of MOs.” Two, four, and ten core
electrons of each Al atom, corresponding 1s,2s,2p-electrons,
are frozen during the electron correlations in the drop-MO
(3), the drop-MO(6), and the drop-MO(15) methods, respec-
tively. Because of the segmental contraction in TZ2P and
TZ2Pf basis, three outermost virtual molecular orbitals (MO)
have unreasonably high MO energies, and these three MOs
are also frozen during the post-HF calculations of the drop-
MO(n) methods with TZ2P and TZ2Pf basis. All electrons
and all MOs are participating in the all-MO correlation
method. The computation times for the CCSD method, for
example, roughly proportional to N*XN,? where N, and N,
are the numbers of the occupyed MOs and the virtual MOs,
respectively. Only about 5% computation times are required
for the drop-MO(15) calculations compare with the cor-
responding all-MO calculations in this work.

The bond length of the *A;" and the *A," states are op-
timized within Dj, structure by the numerical gradient
method. Any deviations from the given symmetry results
the increase in energy by the present methods. The adi-
abatic transition energy for *A;' — 2A," is calculated by the
difference in total energies at their optimized geometries.
The force constants for the harmonic frequencies are cal-
culated by the numerical derivation of the first-order energy
gradient obtained by the recently developed® analytic gra-
dient methods with frozen MOs in the coupled-cluster
methods. This analytical gradient method with the dropped
MO space is recently implemented in the ACES-II program
system.” The total energies, bond lengths, symmetric har-
monic frequencies, and the vibronic transition energy are
calculated with different one- and multi-particle basis, and
the results are shown in Table 1.

The difference between the results by the all-MO method
and those by the drop-MO method, which will be desig-
nated as the ‘drop-MO effect in this work, corresponds to
the core-correlation (core-core and core-valence correlation)
effects™ of the given method with the given basis set. The
drop-MO effects of the frozen 1s,2s,2p-electrons by the
drop-MO(15) method are about +0.01A on bond-length and
about — 100 cm™! on transition energy, except the results

Notes

with PVTZ basis in which the effects are about 0.02-0.03 A
and ~250 cm™ !, respectively. It looks like that the core-
correlation effects are exaggerated by the drop-MO methods
with the PVTZ basis, partially because the basis functions
for the core eclectrons in the correlation-consistent PVTZ
basis are optimized including the electron correlations while
this core-correlations are neglected in the drop-MO methods.
The drop-MO(6) method reduce the drop-MO effect by half
and the results with PVDZ/CCSD and TZ2P{/CCSD(T) are
shown for the comparisons. The drop-MO(3) method pro-
duce virtually the same results as those by the all-MO
methods. The drop-MO effect on the harmonic frequencies
is almost negligible in all cases.

The effects of a f-type function in one-particle basis is re-
flected in the difference between the results with TZ2P and
TZ2Pf basis. The effects turn out to be important in this sys-
tem, about —0.01 A on bond-length and +300 cm™ on the
transition energy. The effect on the harmonic frequencies is
still insignificant, less than +10 cm™'. The same trends and
similar magnitudes of the effects of a f-function and the
core-correlations were discussed in the previous extensive
studies! for Al,.

The effects of the triple electron excitations in correlation
methods can be conjectured from the differences between
the results of CCSD and those of CCSD(T). While the ef-

Table 1. Results for total energies (E,;,=F+720 a.u.), bond
lengths R (Al-Al), harmonic frequencies @(a,"), and the transition
energy (T.) of Al,

R(A)  o@)em )Tfm )

E.n(A)) ) .. A

(a.un) A A AN A A
PVDZ/CCSD
All-MO —5.876670 2.5837 2.6821 341 296 1002
Drop-MO(®6) - 5.874314 2.5865 2.6856 339 295 977
Drop-Mo(15) —5.861945 2.5944 2.6945 336 293 892
PVDZ/CCSD(T)
All-MO —5.894746 2.5783 2.6695 348 306 1472
Drop-MO(I5) - 5.879363 2.5898 2.6820 343 302 1370
TZ2P/CCSD
All-MO —6.248727 2.5540 2.6558 337 292 978
Drop-MO(15) —5.872813 2.5560 2.670 338 293 904
TZ2P/CCSI(T)
All-MO —6.271462 2.5457 2.6402 346 303 1521
Drop-MO(15)  —5.802456 2.5484 2.614 348 305 1480
PVTZ/CCSD
All-MO —6.101282 2.5257 2.6228 360 314 1334
Drop-MO(15) —5.903745 2.5504 2.6511 348 304 1066
PVTZ/CCSD(T)
All-MO —6.127512 2.5201 2.6099 368 326 1858
Drop-MO(15) - 5.925804 2.5441 2.6363 358 316 1630
TZ2Pf/CCSD
All-MO -6.127512 2.5201 2.6099 352 307 1301
Drop-MO(15)  —5.888867 2.5470 2.6452 350 306 1199
TZ2P{/CCSD(T)
All-MO —-6.291817 2.5342 2.6256 362 319 1832
Drop-MO(6) -6.147974 2.5381 2.6298 361 318 1804

Drop-MO(15) —5.911090 2.5407 2.6317 360 318 1760
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Table 2. Some theoretical and experimental data for A, and A" states of Al
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R.(AL-Al) (A A (@, om ! Ay’ (©, cm™’ T,
Basis set/Method P ¢ ) ( 2 v ) r { ) < Ref
All AZ" all el all el cm
ECP+(DZ+P)/CASSCF 2.569 2.663 1802 8
ECP+(3s3p1d)/SCF-CCI 2.593 2.863 887 9
ECP+3s3p1d)/MRD-CI 2.553 2.693 285 199 261 - 565 10
ECP+(3s3p1d)/GVB-CI 2.620 11
(6s4p1d)/CCx+ST4 2.602 289 12
(5s4p2d)/MCSCF 2.570 2.66 1207 13
(6s5p2d1f)/Drop-MO(15)
CCSD(T) 2.541 2632 360 236 318 188 1760 This
CCSDT* 1533 work
IR-Spectrum 245 319 1770 6
Photo-electron 360 235 315 195 1550 7

"B CA)=—725.912151 a.u.

fect of the triple excitations on bond-length is about —0.01
A, which probably can be neglected, the effect on the tran-
sition energy is about +500 cm ' which is definitely not
small for a predictive studies on these closely spacing states.
This results explain why previous thoeretical studies in
Table 2 without triple excitation produced an unproper
values for the excitation energy. The effect of the triple ex-
citations also can be considered from a multi-reference
character of these electronic states. Relatively correct results®
by the CASSCF method implys the multi-reference charact-
er of the 2A," state. It is now well established that the in-
clusion of the noniterative triple excitation is an efficient
method to minimize deficiencies caused by the multi-
reference character. The effect on the harmonic frequencies,
however, is still less than 10 cm ™!, which can be neglected
in most cases.

Considering these three effects together, the effects of the
core-correlations probably can be neglected without sig-
nificant deterioration in the quality of results provided by
the proper choice of basis for core-electrons, while the ef-
fects of a f-type function in one-particle basis and the ef-
fects of the triple excitations in multi-particle basis can not
be neglected for a predictive results. The efficient and re-
liable combination of one- and multi-particle basis for the
study of low-lying electronic states of Al, is the com-
bination of the CCSD(T) correlation method, a basis set con-
taining at least one f-type function, and the exclusion of the
1s,2s,2p-¢lectron correlations which requires computational
times only 5% of all-MO method.

When the effect of the zero-point vibrational energy
(ZPE), calculated from experimental or theoretical harmonic
frequencies, is included, the transition energy decrease a-
bout 70 cm !. On the other hand, the transition energy in-
crease about 70-90 cm ™! by the inclusion of the core-corre-
lations. As a result, the result of the drop-MO(15) method
without ZPE correction can be compared with experimental
value directly in this case.

In order to estimate the qualities of results with the
present method, the drop-MO(15)/CCSD(T)/TZ2Pf method,
the adiabatic transition energy at the geometries optimized
with drop-MO(15)/CCSD(T) method is calculated again by
the drop-MO(15) method with the CCSDT* coupled-cluster
theory which includs full triple excitations in electron corre-

lations. The results are given in Table 2 along with other
previous theoretical results and recent experimental results.
The vibrational frequencies and the transition energy by the
present work are much closer to experimental values than
other previous results, and the bond lengths of this work,
which is shorter than any other previous value, is expected
to be the most reliable one among ever suggested values.
Even though a good agreements between experimental har-
monic frequencies and the theoretical results with CCSD(T)/
TZ2Pf method are already well established for usual or-
ganic molecules,” the perfect agreements between ex-
perimental values and the present results for the harmonic
frequencies of these two states are quite encouraging for
futher applications of this method. The results of this work
will be utilized in studying all possible vibronic transitions
between low-lying electronic states of Al;. At least six
states are belived to be detected experimentally.*’
Acknowledgment. The author is grateful to Professor
W. Weltner, Jr., at the University of Florida and Professor
D. Leopold at the University of Minnesota for the preprints
of their experimental results before publication.®” The en-
couragements and many helps from Professor R.J.Bartlett at
the University of Florida is also acknowledged very much.

References

1. Howard, J. A.; Sutcliff, R.; Tse, J. S.; Dahmane, H;
Mile, B. J. Chem. Phys. 1985, 89, 3595.

2. Cox, D. M.; Trevor, D. J.; Whetten, R. L.; Rohlfing, E.
A.; Kaldor, A. J. Chem. Phys. 1986, 84, 4651.

3. Jarrold, M. F.; Bower, J. E.; Kraus, J. S. J. Chem. Phys.
1987, 86, 3876.

4. Fu, Z.; Lemire, G. W.; Hamrick, Y. M.; Tayler, S.; Shu,
1. C; Morse, M. D. J. Chem. Phys. 1988, 88, 3524.

5. Hamrickm, Y. M.; Van-Zee, R. J.; Weltner, Jr., W. J.
Chem. Phys. 1992, 96, 1767.

6. Li, S.; Van-Jee, R. J.; Weltner, Jr., W. Chem. Phys. Lett.
1996, 262, 298.

7. Villalta, P. W.; Leopold, D. ‘Anion Photoelectron Spec-
troscopy of Metallic Species: First Row Transition Me-
tal Monocarbonyls and Aluminum Trimer, in pre-
paration as the Ph.D. Thesis of P.W.Villata, University
of Minnesota (1995).



344  Bull. Korean Chem. Soc. 1997, Vol. 18, No. 3

8. Basch, H. Chem. Phys. Lett. 1987, 136, 289.

9. Pettersson, L. G. M.; Bauschlicher, Jr., C. W.; Hal-
icioglu, T. J. Chem. Phys. 1987, 87, 2205; ibid, 1987,
87, 2198. '

10. Pacchion, G.; Fantucci, P.; Koutecky, J. Chem. Phys.
Lert. 1987, 142, 85.

11. Upton, T. H. J. Chem. Phys. 1987, 86, 7054.

12. Tse, 1. S. J. Chem. Phys. 1990, 92, 2488; ibid 1992, 96,
1767.

13. Gonzale, N.; Simons, J. J. Chem. Phys. 1994, 101,
10746.

14. Bauschlicher, Jr., C. W.; Partridge, H.; Langhoff, S. R.
J. Chem. Phys. 1987, 86, 7007; Bauschlicher, Jr., C. W;
Dames, L. A.; Taylor, P. R. J. Phys. Chem. 1989, 93,
2932,

15. Sunil, K. K.; Jordan, K. D. J. Phys. Chem. 1988, 92,
2774,

16. Purvis III, G. D.; Bartlett, R. J. J. Chem. Phys. 1982,
76, 1910.

17. Bartlett, R. J.; Watts, J. D.; Kucharski, S. A.; Noga, J.
Chem. Phys. Lett. 1990, 165, 513.

18. Dunning, Jr., T. H. J. Chem. Phys. 1989, 90, 1007.

19. McLean, A. D.; Liu, B.; Chandler, G. S. J. Chem. Phys.
1984, 80, 5130.

Notes

20. Hehre, W. J.; Radom, L.; Schleyer, R. vR.; Pople, J. A.
_ Ab Initio Molecular Orbital Theory; John Wiley &
Sons: New York, 1986; p 36.

21. Baeck, K. K.; Watts, J. D.; Bartlett, R. J. submitted to J.
Chem. Phys. 1996.

22. Advanced Concepts in Electronic Structure (ACES II)-
A product of the University of Florida Quantum Theory
Project, developed by J. F. Stanton, J. Gauss, J. D.
Watts, Balkova, S. A. Perera, K. K. Baeck, M. Nooijen,
D. Bernholdt, and H. Sekino. The program uses the
VMOL integral package written by J. Almlof and P.
Taylor and a modified version of the ABACUS integral
derivative package of T. U. Helgaker, H. J. Aa. Jensen,
J. Olson, P. Jorgensen and P. Taylor.

23. Bauschlicher, Jr., C. W.; Langhoff, S. R.; Taylor, P. R.
J. Chem. Phys. 1990, 93, 502; Bauschlicher, Jr., C. W;
Partridge, H. J. Chem. Phys. 1994, 100, 4329.

24. Noga, J.; Bartlett, R. J. J. Chem. Phys. 1987, 86, 7041;
Scuseria, G. E.; Schaefer, H. F. Chem. Phys. Lett. 1988,
152, 382.

25. Thomas, J. R.; Deleeuw, B. J.; Vacek, G.; Crawford, T.
D.; Yamaguchi, Y.; Schaefer, IIl, H. F. J. Chem. Phys.
1993, 99, 403.

A Practical Procedure for the Preparation of
(1E,3E)-5-Alkoxy-1-siloxy-1,3-dienes

Sun Ho Jung*, Mun Su Yeo, Soon Ok Kim, and Chan Seong Cheong;T

Department of Chemistry, Sungshin Women's University, Seoul 136-742, Korea
Division of Applied Science, Korea Institute of Science and Technology, Seoul 136-791, Korea
Received December 7, 1996

Siloxydienes have been widely used in organic synthesis.
They are known to take a variety of electrophiles in the
presence of Lewis acid or fluoride anion.! They are also
finding widespread use in Diels-Alder reactions.” During stu-
dies related with substituent effects on the stereo- and re-
giochemical outcome of Diels-Alder reaction, we needed to
prepare various (1E,3E)-5-alkoxy-1-siloxy-1,3-dienes such
as 1. Generally, 1-siloxy-1,3-dienes have been prepared
from o,B-unsaturated aldehydes by deprotonation of the -
position followed by trapping of the resulting anions with
the silylating agents.'** Unfortunately, these methods do
not work well with &-alkoxy-o,B-unsaturated aldehydes
such as 2.> Elimination of the $-alkoxy group is known to
be a serious obstacle to access to desired dienes. Such dif-
ficulties can be removed by employing the Wittig process,
for example, by reacting «-alkoxyaldehydes 3 with phos-
phoranes 4.>* However, the stereoselectivities which attend
such procedure are not satisfactory (ratios of 1E,3E-dienes
to other dienes are ~2:1). Thus, the development of a more
practical and stereoselective procedure for the preparation of
(1E,3E)-5-alkoxy-1-siloxy-1,3-dienes is of value.
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We have examined the preparation of (1E,3E)-5-alkoxy-1-
siloxy-1,3-dienes from &-alkoxy-o.,B-unsaturated aldehydes,
in hopes that achievement of simultaneous deprotonation
and enolate trapping could minimize the elimination of the
d-alkoxy group. It was also anticipated that at low tem-
peratures, kinetic deprotonation would occur with mainte-
nance of the initially preferred transoid relationship between
the C=0 group® and the C=C bond to secure the E-stereo-
chemistry of the siloxy-containing double bond.

Upon surveying reaction conditions using &-t-butyl-
dimethylsilyloxy-o.,3-unsaturated aldehyde S5a as a model
substrate, it was found that treatment of the enal 5a with
lithium bis(trimethylsilyl)amide in the presence of t-butyl-
dimethylsilyl chloride in tetrahydrofuran-hexane containing
hexamethylphosphoramide (~5:1 THF-Hexane/HMPA) at



