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Tailoring Transition Metal Complexes for Nonlinear Optics Applications. 2. A Theoretical
Investigation of the Second-Order Nonlinear Optical Properties of M(CO3L Complexes
(M =Cr, W; L =Py, PyCHO, Pyz, PyzBE, BPE, BPEBF;)

Introduction

This is the second part of a series of pape®voted to the
theoretical investigation of the electronic and nonlinear optical donoracceptor (
(NLO) properties of some new pusipull asymmetrical transi-
tion metal (TM) complexes investigated experimentally by some
of us? based on the results of nonempirical quantum chemical
calculations. The importance of TM complexes in the field of
second-order NLO materials is now very well documerited,
but a deep understanding of the underlying electronic features
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In this work, we report an ab initio investigation of second-order nonlinear optical (NLO) properties and
absorption electronic spectra of pugbull transition metal chromophores of the formula [M(GQ)

(M = Cr, W; L = pyridine (Py), 4-formyl-pyridine (PyCHO), pyrazine (Pyans-1,2-bis(4-pyridyl)ethylene

(BPE)). Pyz and BPE are considered either with one nitrogen atom free or interacting with the strong acceptor
BF;. All of the molecular properties have been calculated using two different and methodologically independent
approaches: the time dependent and coupled perturbed density functional theories (TDDFT and CPDFT)
and the sum-over-states (SOS) approach, where the excited states are obtained via the single configuration
interaction (SCI) ab initio method. DFT results are in acceptable agreement with the experimental energy
values of electronic transitions (with the exception of chromophores with the fadpdocalization, like

BPE); SCI calculations overestimate excitation energies and produce an inversion in the orgler of*d

and d, — 7*co transitions. The SCISOS approach gives first-order hyperpolarizabilities, basically in
agreement as trend and values with the experiments and seems to be a tool generally suitable for the evaluation
of these properties also for transition metal complexes. On the other hand, the first-order hyperpolarizabilities
computed using the CPDFT approach are consistently overestimated in comparison with the experimental
results, especially in the case of a ligand with largeelocalization. We also show that the “two-level”
approximation taking into account only the lowest energy charge transfer excitation (g-g.,) is not
applicable to chromophores with the extendedelocalized ligand (BPE) coordinated to a transition metal,

due to significant contributions originating from intraligamd— s*_ transitions. This study reports a detailed
analysis and comparison of electronic NLO effects of transition metal complexes computed with DFT and ab
initio SCI—SOS methodology.

density functional theory (DFT) calculatiofdn particular,
information was obtained about the ground state electronic
features of the asymmetrical complexes as functions of the
aci¢tbase) character of the monohapto ni-
trogen donor,z-conjugated ligand L bound to the M(C®)
moiety (M = Cr, W). In addition, general rules concerning the
dependency of orientation and magnitude of dipole moment on
the local coordination symmetry were discussed.

In the present study, the theoretical investigation is extended

is still incomplete, because experimental NLO measurements !0 the determination and analysis of the first-order hyperpolar-

are limited in number as are the theoretical investigations, so izabilities of the title compounds, which are relatively simple
far carried out mainly at the empirical level. systems containing only one TM atom. This set of complexes,

Our previous papéreported basic data for some of the title
compounds such as best molecular geometries, charge distribu
tion, and orientation of dipole moment, obtained from ab initio

however, is characterized by such pronounced differences in
electronic features that it gives quite a broad spectrum of second-
order NLO responsesThe complexes investigated are of the
formula [M(COXL] (M = Cr, W; L = pyridine (Py), 4-formyl-
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Therefore, we considered 12 coordination compounds, all
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characterized by a metal atom in & ebnfiguration and zero
oxidation state.

The aim of the present investigation is thus to analyze the
electronic factors responsible for significant variations of second-
order NLO properties using two complementary methodological
approaches, as done, for example, by Varanasidbala class
of push—pull organic chromophores. The adopted methods are
the coupled perturbed density functional theory (CPBR&Nd
the sum-over-states (SOS) methé@isAs for the CPDFT
approach, our study is parallel to other investigations of
transition metal complexes already publisRétHowever, the

combined analysis of NLO properties based on the CPDFT and

single configuration interaction (SCHSOS method is an
original contribution of the present study. In both cases,
calculations have been carried out at the “ab initio” level. The
analysis of contributions entering the SOS, for each excited state
allows the conclusion that the “two-level” schethé not in
general applicable to TM pustpull chromophores, different
from the case of related organic species.

Computational Methods

NLO properties may be defined in terms of a power series
of the molecular dipole moment in the presence of an oscillating
electric field according to eq 1:

1 1
u(F) = #io + Zaij F+ EZﬁiijij + 8%yijkl FRE A
] I, | K]
(1)

wherei, j, k, ...= X, y, zZ, F(w) is the applied electric field with
angular frequency = 2mv; o, ik, andyju are elements of
the polarizability and of the first- and second-order hyper-
polarizability tensors, respectively.
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In the above equations, the integrdlg;|mdconcerning the
| and m pairs of states are defined 8%uj|m(the transition
moment) wher = m and aslllju;||0— [0]«;|00(the difference

between the dipole moment components of the excited and

ground states) wheh = m; wq is the angular frequency
associated with the ©> | transition;w, = w1 + w2 andw,
w1 + w2 + w3 are the polarization frequencies f@rand y,
respectivelyP is a suitable permutation operator giving a sum
over 6 and 24 terms for first- and second-order hyperpolariz-
abilities, respectively. The CPDFT calculations of the static
second-order hyperpolarizabilites have been carried out using
the B3LYP hybrid exchange-correlation functiofaand the
effective atomic core potential derived by Hay and \Wdtir

metal atoms, with the associated doubleasis. All-electron
double€ basis set of Dunning (D95V) has been adopted for all
other atomg® The excited states needed for SOS calculations
have been obtained from ab initio configuration interaction (CI)
including only single excited configurations (SG%)The SCI

and DFT calculations used the same basis set. For comparative
purposes, optical absorption spectra have also been computed
according to the random phase approximation (RP#jthin

DFT (time dependent density functional theory (TDDFT)) and
with the same basis set. As is well-known, in its original
formulation, the RPA method implicitly considers correlation

Among the theoretical approaches proposed for the calculationeffects between ground and excited states (via double excita-

of the components of andy, we have applied the coupled
perturbed (CP)and the sum-over-state (SOS) meth8tiEhe
coupled perturbed method known as CPHF for the Hartree
Fock schem&or CPDFT for the DFT variafitis based on the
direct determination of the self-consistent first-order density
matrix under the perturbation of a static or oscillating electric

tions), which are, on the contrary, absent in the SCI approach.
This latter approach is acceptable only in the case that no excited
states have double (or higher) excitation character and that
correlation effects can be ignored for the ground state. CPDFT,
SCI, and TDDFT calculations have been carried out using the
Gaussian 98 suite of progrartfsand SOS calculations were

field. In this sense, the CPHF or CPDFT methods are approachesperformed using a program written by us.

formally involving only the electron density of the ground state.

In the following, we will only discuss the first-order hyper-

On the contrary, the sum-over-states approach explicitly involves polarizability (), in terms of 3ot and fvec values, derived
both ground and excited states, and it can be considered as aifffom “vector components” o8, i = 3 ;=i(Bj + fjj + Bji), and

application of the time dependent perturbation theory of Orr
and Ward® The following SOS equations hold:
j @)
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respectively defined afror = [JiBi4Y2 and Bvec = B-ul|ul,
with 4 being the dipole moment. Thy8yec takes into account
only the magnitude of the vector part pfprojected along the
direction of the dipole moment of the ground state. Bhalues
are reported in units gfu = 1073° cm~® esul. To compare
computed and measur¢tvalues, the theoretical values have
been multiplied by factors derived from a phenomenological
approach? All of the results presented in this work refer to
the DFT optimized geometries of TM complexes obtained in
the previous and the present work (data not reported for
brevity). To validate the adopted methods, the first-order
hyperpolarizability for two well studied prototypical puspull
organic chromophoreg-nitroaniline (PNA) and 4-amino*4
nitrostilbene (ANS), has been calculated. It is well-known that
measuregB values of PNA and ANS are strongly affected by
the polarity of the solvert? as a consequence, some theoretical
studies have been carried out taking into account solvent
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TABLE 1: Dipole Moments (u), Static First-Order
Hyperpolarizabilities (f°), First Allowed Excitation Energies
(Amax), and Oscillator Strengths ) of PNA and ANS
Computed at Different Levels of Theory?

PNA

ANS

0
ﬁ TOT

0 0 0
“  PBror Bvec u Buec

CPDFT/D95V 81 88 86 10.6 110.2 1101
CPDFT/D95Vdp 77 87 86 11.7 106.4 105.9
CPDFT/6-31G(d,p) 74 68 66 99 874 867
CPDFT/6-31%#+G(d,p) 78 85 84 104 882 875
SOS-SCI/D95V 8.1 175 172 10.0 856 84.7
SOS-SCI/D95Vdp 7.8 155 153
SOS-SCI/6-31G(d,p) 7.7 140 138 9.6 712 706
SOS-SCI/6-31%+G(d,p) 7.9 15.1 149
expt 15.8 40
PNA ANS
lmax f 2«I‘I‘Ia)( f
TDDFT/D95V 336 0.333 480 0.653
TDDFT/D95dp 338 0.342 478 0.717
TDDFT/6-31G(d,p) 322 0.324 454 0.713
TDDFT/6-31H+G(d,p) 339 0.341 478 0.717
CIS/D95V 238 0.512 305 1.586
CIS/D95Vdp 248 0.504
CIS/6-31G(d,p) 238 0.512 302 1.572
CIS/6-31H+G(d,p) 249 0.505
expt 365 40

2y in debyes;Bror and Bvec in B units, fu = 107%° cm® esu’y;
Amax in Nnanometers? From ref 20h: EFISH measurements in the gas
phase with a wavelength of 1064 nf-rom ref 20d: EFISH
measurements in CHE$olution with a wavelength of 1907 nm.

effects?? In our work, the first-order hyperpolarizabilities of

PNA and ANS have been calculated only in order to assess the

reliability of computational schemes in predicting general trends
of NLO properties. In this context, the exclusion of the solvent
effects in the calculation ¢f does not seem to be an important
limitation. In any case, for a more consistent comparison, our
calculateds values are compared with EFISH (electric field
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treatment of correlation. With this in mind, calculations carried
out with a limited basis and with severely truncated CI
expansions on ANS are expected to give results less accurate
than those concerning PNA. Accordingly, for all of the basis
sets considered, the CPDIB} value of ANS is significantly
overestimated: the addition of polarization and diffuse functions
to the D95V basis does not improve the estimath?@‘C, and

also, the larger basis sets 6-31G(d,p) and 643tG(d,p) give
aﬁ?,EC value still too high with respect to the experiment. The
SOS value oﬁ?,EC is similar to the CPDFT one (at least for the
6-31G(d,p) basis set) but is in slightly better agreement with
the experiment (Table 1). The general trend of CPDFT and SOS
values can be considered as correct even taking into account
that the frequency dependent values reported in Table 1 should
be decreased (by about 120%) to give the corresponding
static values.

In Table 1, the first allowed excitation energigls,{) and
the corresponding oscillator strength¥ ¢f PNA and ANS,
computed at different levels of theory, are also reported. The
TDDFT method always gives slightly underestimated values
of Amax for PNA, while the corresponding values for ANS are
always largely overestimated (about-580 nm), as expected.

The SCI method underestimatisax by about 100 nm for both
PNA and ANS. In general, within a given methodology, the
Amax values appear to be quite independent of the composition
of the basis set.

All of the above results clearly indicate limitations of both
the CPDFT and SOSSCI approaches. We would like to stress,
however, that our choice of the computational frameworks is a
necessary compromise between high accuracy and low comput-
ing time. The test calculations on PNA and ANS confirm that
the CPDFT and SOSSCI approaches are able to give
complementary information, important for a correct analysis of
the trends and order of magnitude of the molecular first-order
hyperpolarizability. Furthermore, we are more interested in
reproducing the general trends of the NLO properties than exact

induced second harmonic) measurements, obtained either in the/alues because also the reference experimental data are known

gas phase with an incident radiation of 1064 nm for PNAr

in CHClz (a weakly interacting solvent) with an incident
radiation of 1907 nm for ANS% All of the properties are
computed on PNA and ANS considered in their best geometries.
The geometrical structure of the N®ubstituted phenyl ring

is almost exactly transferable from PNA to ANS. Table 1 shows
data foru and statigror andBvec (Byor andpiec) as well as
data for the optical excitations. CPDF . values of PNA

are quite insensitive to the atomic basis set, up to the tfple-
quality (D95V, D95Vdp, 6-31G(d,p), 6-3#1+G(d,p)) (see
Table 1). Results from the rather inexpensive D95V basis are
in good agreement with the experiment and comparable with
those of more extended basis sets. 3. values result in
being slightly more dependent on the composition of the basis
set. Indeed, the extension of the basis allows a more flexible
description of the excited states included in the perturbation
expansion. For example, the).. value of PNA decreases
from 17.2 to 13.83u upon going from the D95V basis to the
6-31G(d,p) basis. Both values are, however, in acceptable
agreement with the experiment (1%5). Some methodological
problems may arise when dealing with marelelocalized ANS
species. In the framework of DFT, difficulties originate from
its inadequacy to deal with the excited states and hyperpolar-
izabilities of highly z-conjugated moleculé?. On the other

to be affected in general by non-negligible errors.

Results and Discussion

Second-Order NLO Properties of [M(CO)sL] Species
(M =W, Cr; L =Py, PyCHO, Pyz, PyzBE, BPE, BPEBF;).
Static first-order hyperpolarizabilities computed by the CPDFT
and SOS approaches are shown in Table 2 together with the
corresponding dynamic hyperpolarizabilities computed using the
SOS method for a 1907 nm incident wavelength. Pyz and BPE
ligands are centrosymmetric and therefore do not exhibit second-
order NLO responses. The corresponding Bnoadducts are
asymmetric and show nonzero first-order hyperpolarizabilities
with a Y. value significantly increasing in the case of the
large m-delocalized BPEB#ligand (see Table 2).

CPDFT Calculations on W Complexes.For all of the
compounds investigated, the leading vector componefiaoid
the dipole momenty) are directed along the charge transfer
axes, and thereforgd)... is almost coincident with$.,. For
the 16e [W(CQOy] fragment, we computeﬂ?,EC = —1.9 pu:
the negative sign indicates that the leading vector component
of 3 is opposite the dipole moment direction. The coordination
of Py and Pyz ligands to [W(C@)) enhances the computed
535c values to—11.6 and—17.3 u, respectively, still with a
negative sign. In both cases, the compqzﬁ%gc values agree

hand, the SOS or SCI method may become inaccurate becausé sign but are about 3 times larger in absolute value than the
of the existence of a dense optical spectrum composed of severagxperimental value3?® A further strong enhancement of

low lying excitations, a case which strictly requires an extended

the absolute value of@?,EC (—49.8 pu) is observed for
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TABLE 2: First-Order Hyperpolarizabilities ( fu) of the Complexes Considered in This Study Using the CPDFT and SEISOS
Approaches

CPDFT SOS expt
static static SHGdo = 1907 nm)

ﬁ$OT ﬂ?/EC ﬁgoT ﬁ?/EC ﬂgoT ﬂ?/EC ﬁO ﬁA
PyzBF; 0.9 -0.9 0.3 0.3 0.3 0.3
BPEBR; 10.3 10.3 15.6 155 16.3 16.3
[W(CO)s] 1.9 -1.9 14.2 —-14.2 17.4 -17.4
[W(CO)sPy] 11.6 -11.6 8.0 -8.0 8.5 -85 —4.
[W(CO)sPyCHQ] 52.3 —49.8 25.8 —24.3 27.6 —26.0 —12
[W(CO)sPyz] 17.3 -17.3 12.8 -12.8 13.6 —13.6 —4.7°¢ —6bc
[W(CO)sPyzBR;]? 27.4 27.3 50.9 50.2 55.5 54.7 4 38
[W(CO)sBPE] 58.8 —58.8 11.4 —-11.4 12.4 -12.4 —5.%¢ —7bc
[W(CO)s(BPE)BR]* 165.8 162.9 46.3 42.8 49.8 46.0 —36°4 —4pd
[Cr(CO)) 1.8 -1.8 5.0 -5.0 6.7 -6.7
[Cr(CO)Py] 6.3 -6.3 0.1 0.1 0.1 0.1
[Cr(CO)XPyCHO] 34.7 —31.7 6.1 —5.3 6.4 —5.6
[Cr(CO)Pyz] 111 —-11.1 1.7 -1.7 1.8 -1.8
[Cr(COXPyzBF] 26.7 26.5 11.4 11.3 12.1 12.1
[Cr(CO)BPE] 334 —-33.4 4.9 4.8 51 5.0
[Cr(CO)(BPE)BFR] 114.5 113.3 15.2 15.0 16.1 15.9

aThe values of the diagonal components30f3x By, andp,z) for [W(CO)sPyzBFj] are 28.3,—0.4, and 0.Q3u (CPDFT) and 48.1, 0.0, and
0.0u (SOS) and for [W(CQBPEBF;] are—173.6, 0.1, and 0.0u (CPDFT) and-42.9, 0.4, and 0.Bu (SOS), respectively, to be compared with
solvatochromic data reported in the last column (see text for discus8idaken from ref 2¢ From EFISH measurementsFrom solvatochromic
measurement$.Taken from ref 23: EFISH measurements at 1907 nm in toluene ((WiBQ)and CHC} ([W(CO)sPyCHOQ]). Theoreticalp
values for [W(CO3Py] and [W(CO3PyCHO] obtained at the ZINDOSOS level are discussed in ref 25.

[W(CO)sPyCHOJ; the value is about 4 times larger than the ~ CPDFT Calculations on Cr Complexes.The [Cr(CO}L]
experimental valué® Note, however, that the experimental value complexes exhibit a second-order NLO response systematically
was obtained from EFISH experiments working with an incident lower than that of the corresponding W(0) complexes (Table
wavelength of 1907 nrd23 under these conditionsfec 2), a trend which can be ascribed to the reduced polarizability
values are reliable only in the case that theontribution can of the Cr(0) atom, with respect to W(0). In general, the
be neglected. In addition, the experimental values are probablycalculated first-order hyperpolarizabilities for Cr(0) compounds
underestimated due to the reversible dissociation of the ligand are about 36-:50% smaller than those for W(0) complexes. On
L.2 Theoretical 8y values calculated by the ZINDESOS the other hand, the general trend computed for various chro-
approacf® are in better agreement with the experiment, being mophores is confirmed in [Cr(C@)] complexes: the absolute

equal to—5.91 and—15.55u for [W(CO)Py] and [W(COj- value of 89 increases by increasing theconjugation of the
PyCHO], respectively. In the case of [W(CyzBF], we ligand and in the presence of the electron withdrawing BF
computedfds. = 27.38u: the increase in the value and the group.

positive sign (in agreement with the experinfratre entirely SCI—SOS Calculations on W Complexesn the SCSOS

due to the inversion of the dipole moment caused by the
coordination of the strong electron acceptorsBffoup. The
leading component gf is almost unaffected by the presence
of the BF; group, being always almost parallel to the direction
of the dipole moment axis and the charge transfdie
replacement of Pyz with the more-delocalized BPE ligand
produces a strong effect g#f.. As shown in Table 2, the

O value of [W(CO}BPE] is still negative but with an . L .
g\tl)é%lute value E';lbc(mt gtime]s larger thag that of [W(E9}]. Some observation can be drawn when considering Figure 1:

Such a result for [W(CQBPE] does not agree with the (i) In the case of M(CQ)fragments, where only M~ 7*co
experimental value, which is negative but close in value to €xXcitations are present, several excited states contribute to

calculations, the number of the CI roots considered (i.e., the
number of excited states inserted in the summation) has been
limited to 100, while the CI space is the full space for each
complex. In Figure 1, the calculatgl.. values of all of the
chromophores investigated are plotted versus the number of
states (ordered by increasing energy) included in SOS: 100
excited states lead always to converged values.

0 . .
[W(CO)sPyz] (see Table 2).Notably, coordination of BEto Bvec: each of them to a small extent and, in general, with the
the free nitrogen atom of [W(C@BPE] enhances considerably san:)e sign. (i) M— z* andz. — 7%, excitations contrlputg
the CompUte(ﬁSEc value, which also becomes positive. to fyec to @ much larger extent than corresponding excitations

A significant increase of the value of the first-order hyper- involving carbonyl groups. (iii) A really dominant contribution
polarizability (still negative) associated with the presence of BF cannot be observed in any of the examined cases. This is clearly
was obtained by the solvatochromic metfidtimust be pointed ~ in disagreement with expectations based on the two-level
out that solvatochromic measuren®éntan give af value approximation. (iv) In the presence sfconjugated ligands L,
comparable only with the leading diagonal element of the tensor contributions of opposite sign came from low energy states as
and not WIthﬂ?/EC In our case, Sincéyyy and ﬂZZZ are very well as from hlgher energy ones. This fact further reinforces
small (Table 2), the leading element to be consideretliis observation iii but underlines the possible occurrence of the
The CPDFT 0ffy for [W(CO)sPyzBFR] and [W(CO)(BPE)- cancellation of opposite contributions. (v) An oscillating
BF;3] is equal to 28.3 ane-173.6/3u, respectively, and therefore  behavior ofﬂ?,EC depending on the number of terms included
in qualitative agreement with the solvatochromic results (24.0 in SOS is present with large amplitude in all cases of ligand L
and —36.0u, respectively, see Table 2). coordinated to BE:
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Figure 1. StaticfSvec (ﬁ?,EC) values of [M(COJL] complexes (M=

W, Cr; L = Py, PyCHO, Pyz, PyzBf-BPE, BPEBE) calculated using

the SCHSOS approach as a function of the number of excited states
used in the SOS expansion.

The values off)z. computed according to SOS differ
significantly (by a factor of 2.65.0) from the corresponding
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general trend (see Table 2). In particular, the important role
played by the BE group (increase in the absolute value of
BYec and sign inversion) is common for SOS and CPDFT
results: compare [W(C@pyzBF3] and [W(COPyz]. The
substitution of Pyz with BPE ligand (characterized by a more
extendedr-delocalization) has little effect on SO%values.
This is due to the balance of a positive contribution of-#
* | excitation (twice larger in BPE than in Pyz complex) and
of a negative contribution due to intraligand excitation in BPE
(absent in the Pyz ligand, see Figure 1 and Table 2).

As commented above, solvatochromic data are available for
[W(CO)sPyzBF;] and [W(CO)}(BPE)BF;]. The SOS3x«« Vvalues
for [W(CO)sPyzBF;] and [W(CO}(BPE)BF;] are equal to 48.1
and—42.9/u, respectively, which are closer to solvatochromic
data than the CPDFT values. Therefore, our SOS calculations
are able to reproduce nicely also fine differences betvkgn
and 9c. values. The comparison with the solvatochromic
experiment is satisfactory considering that such an approach is
characterized by quite large uncertainties.

SCI—=SO0S Calculations on Cr ComplexesAlso, the SOS
approach predicts the first-order hyperpolarizability of the related
Cr(0) chromophores to be much smaller, in general, than that
of the corresponding W(0) chromophores (Table 2). As in the
case of the W(0) complexes, calculatglj.. values of
[Cr(COX%BPE] and [Cr(COYBPE)BF;] are quite different from
those calculated by the CPDFT approach (Table 2).

Electronic Absorption Spectra of [M(CO)sL] Species
(M =W, Cr; L =Py, PyCHO, Pyz, PyzBE, BPE, BPEBF;).
Optical excitations of W and Cr complexes have been computed
using the TDDFT and SCI methods (Table 3). In Figure 2, we
report the simulation of experimental spectra obtained by
broadening the computed excitation lines by means of a
Lorentian function with a half-width equal to 30 nm.

For simplicity, in Table 3, only absorption wavelengti$, (
energies, and oscillator strengtffisare reported concerning two
low lying charge transfer transitions expected to contribute
mostly to values, namely, theyd— 7% (Aw—.) and dy —
7* co (Am—co) transitions. The relative intensity of theyd—

% transitions are always much higher than those of the-d
7* co ones (see the oscillator strengths of Table 3).

The SCliu—co values are in a reasonable agreement with
the experiment, while the correspondirg,—.. values are
significantly underestimated. In addition, SCI calculations
producely—. values lower thaiy—co values, in contrast with
the experiment (see Table 3). However, the general trend of
Am—L values for the different [M(CQL] (M W, Cr)
complexes is well reproduced by our SCI calculations, when
compared with the experimental data. In particular, the computed
red shift of Ay—_ due to the coordination of BRo the free
nitrogen of Pyz in [W(C@PyzBF;] is about 90 nm (1.3 eV),

a value not too far from that observeéd shift to lower energies

of Am—L may be easily correlated with the enhancement of the
absolute value ofg of [W(COs)PyzBFs] with respect to
[W(CO)sPyz], observed experimentally and confirmed by both
CPDFT and SOS calculations. The replacement of Pyz with
the moren-delocalized BPE ligand shifts,—. to a higher value

by about 35 nm (0.6 eV), while the coordination of the free
nitrogen of BPE to BEkin [W(CO)sBPE] produces a smaller
increase of only 12 nm (0.2 eV), in good agreement with the
experimental trend.

The computediy—_ values for the [Cr(CQ)] complexes
are systematically lower than those of the corresponding W(0)
complexes. The red shift calculated when the free nitrogen of

CPDFT values; however, the two methods agree as for the Pyz or BPE is coordinated to Bis smaller than that for the
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TABLE 3: Absorption Wavelengths and Energies for d— L and d — CO Transitions in Cr(0) and W(0) Complexes,
Computed with Different Methods?

sl TDDFT expt

d—L d—cCo d—L d—Co d—L d—Co
[W(CO)s Py] 234,5.30,0.134  347,3.57,0.036  401,3.09,0.071  419,2.96,0.012 b 332
[W(CO)sPyCHO] 274,4.53,0.355  346,3.58,0.035  532,2.33,0.206  414,2.99,0.012 —4400
[W(CO)sPyz] 250,4.97,0.228  343,3.62,0.034  436,2.84,0.155  414,2.99,0.012  nder 398
[W(CO)sPyzBF] 336,3.69,0.279  338,3.67,0.034  526,2.36,0.256  401,3.10,0.011 ¢ 528 390
[W(CO)sBPE] 283,4.38,0.739  346,3.58,0.026 492,252 0.319  422,2.94,0.012 °© 441 403
[W(CO)s(BPE)BF] 295,4.20,0.984  346,3.59,0.034  603,2.06,0.324  418,2.96,0.012 ¢ 449 403
[Cr(CO) Py] 199,6.23,0.078  370,3.35,0.006  368,3.37,0.035  387,3.20,0.012
[Cr(CO%PYCHO] 231,5.37,0.246  370,3.35,0.005  502,2.47,0.150 390, 3.18, 0.013
[Cr(CO%Pyz] 209,5.94,0.130  370,3.35,0.006  417,2.81,0.113 388, 3.19, 0.013
[Cr(CO%PyzBFy] 249,4.98,0.225  369,3.36,0.006  525,2.36,0.183 383, 3.24,0.011
[Cr(CO%BPE] 264,4.70,1.368  369,3.36,0.005 464, 2.68, 0.253 393, 3.15, 0.013

[Cr(COX(BPE)BR] 265,4.67,1.448  373,3.33,0.007 564, 2.20, 0.232 394, 3.15, 0.011

aFor each transition, the first, second, and third values are the wavelength (nm), the energy (eV), and the oscillator strength, respectively.
b Taken from ref 23¢ Taken from ref 2.
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Figure 2. Simulated absorption U¥vis spectra of [M(CO)L] complexes (M= W, Cr; L = Py, PyCHO, Pyz, PyzBi-BPE, BPEBKE) calculated
at the SCI/LANL2DZ (- - -) and TDB3LYP/LANL2DZ €) levels of theory.

corresponding W(0) complexes. The extension of theelo- An—L andAm—co, given by the TDDFT approach, is parallel to
calization of the organic ligand (e.g., [Cr(C®Yyz] vs [Cr- the experiment; in particulaky—. is always predicted at a lower
(COXBPE]) leads to a quite significant red shiftaj—. (Table energy thamy—co. The red shift ofly—_ due to the presence
3). of the BF; group in [W(CO}PyzBF] is equal to about 90 nm

The TDDFT value ofiy—co is red-shifted by about 50 nm (0.5 eV), similar to the SCI value but smaller than the
(~0.6 eV) with respect to the SCI one and is in fairly good experimental oné.In the case of [W(CQ(BPE)BFR], Am—L
agreement with the experiment. On the other hang,_ is increases by more than 100 nm (0.5 eV), similar to the
remarkably higher than the SCI value and in general also red- corresponding Cr(0) complex, a result which disagrees with the
shifted with respect to the experiment (Table 3). The trend of SCI data and with the experiment. The very large enhancement
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Figure 3. 9. from the two-level approximation (TL) versyde.
computed from the full SOS expansion.

of the CPDFT first-order hyperpolarizability in the case of
[M(CO)s(BPE)BR;] (M = W, Cr) chromophores, can be
correlated to such a large red shift.

On the Validity of the Two-Level Approximation. For the

chromophores investigated in this work, the SOS approach is a

natural way to analyze the general reliability of the two-level
approximation proposed by Oud&nvhich has been very often
applied to traditional pushpull organic chromophores. The
approximation is based on the assumption that only the first
charge transfer (in our case, thg € 7*| excitation) may give

a significant contribution to the first-order hyperpolarizability.

Under Oudar’s assumption, the SOS expansion for the calcula-

tion of Sppp (p being the direction of the charge transfer) reduces
to

Wodfoeeo
40”) = (wod —

27 ((")Oe2 - @

wz)
wherefoe and wee are the oscillator strength and the angular
frequency of the excitation from the ground sté@&lto the
excited statgelJand Aueo is the variation of the static dipole
between thdelJand |O00states. Some attempt of applying the
two-level approximation for a qualitative analysis of experi-
mental observations of organometallic ptghull chromophores
has been done in ref 2. The two-level approximation can now
be checked against our present full SSIOS calculations, by
comparing full SC+SOS Y. values with the values given
by eq 7, considering only theyd— z*_ excitation. Note,
however, that the@d— 7* | excitation is not the lowest energy
transition in the considered complexes, different from the

— gr*|_ transition occurring in conjugated organic systems. As
shown in Figure 3, a fairly good correlation can be established
between the two sets of values (full SE3OS and two-level)

for all of the chromophores, with the exception of [W(GBIPE]

and [W(CO}(BPE)BF;], for which the two-Ievel@f’,EC value is
significantly larger than both the SOS and experimental vaues.
Analysis of the excited states (Figure 1) that significantly
contribute to thg8d.. value in the SC+SOS expansion easily
explains such a drawback, due to the missing — 7*_
excitation contributions which are naturally considered in the
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Figure 4. Variation of polarity upon MLCT excitation of [M(CQl.]
complexes. On the left, the upper and lower arrows repregstortthe
ground statei(o) and excited state:tr) dipole moments, respectively.
On the right are the values gf anducr as well as the differencAu

= pct — Ho.

complete cancellation of opposite contributions, the $3$,§
values are quite close to the two-level-approximation (TL) ones.
In general, however, one should consider that such fine effects
on fY:c might be dependent on the specific nature of the
ligand and of its substituent?

In Figure 4, we report the direction and magnitude, along
the charge transfer axis, of the dipole moments of the ground
state (o) and the ¢ — o* charge transfer statedy) as well
as their differenceict — uo (Au). In the presence of the BF
group in [W(CO}PyzBF;] and [W(CO}(BPE)BFs], uo is
reduced in magnitude and inverted in direction with respect to
the corresponding BHree complexes; the direction ot is
conserved, and its magnitude is increased in [WEP@2BR],
while its direction is inverted in [W(CQJBPE)BF]. The
modification of bothug anduct actually does not have a large
effect on their difference, which remains quite comparable.
Therefore, the large enhancementfd. due to coordination
of BF3 is not caused by large differences in dipole moments in
the excited and ground state but to a reduced excitation energy
and to an increased oscillator strength. The behavior of

SOS but not in the two-level approach. These contributions act [M(CO)sL] push—pull chromophores investigated in this work

against those of the,d— 7* | transitions and seem to be specific
for the BPE chromophore with higke-delocalization. An
analogous effect is present also in the complexes of Cr(0) with
BPE and BPEB§and is responsible for the oscillating behavior
of foec as the number of excited states included in the SOS

differs significantly from that of classical organic pusbull,
s-conjugated chromophores, where an increased delocalization
produces a large red shift of thgax value of the charge transfer
state. On the contrary, as shown also by Marks et al. for para-
substituted styrylpyridine W(C@)xomplexes? the dy — 7%

expansion increases (see Figure 1). However, due to a nearlyexcitation is localized mainly on the pyridine ring coordinated
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to the metal and the extension of theconjugation of the ligand excited state properties. Furthermore, we stressed that the

has only a minor effect. electronic mechanism of the first-order hyperpolarizabilities in
Our ab initio calculations proved to give acceptable predic- organometallic chromophores may be quite different and more

tions of the trend and values of optical absorption spectra and complicated from that usually accepted for classical pysiil

the second-order NLO hyperpolarizability, for the set of new linear organic chromophores. As a consequence, care must be

push-pull organometallic compounds considered here. The used when dealing with oversimplified theoretical schemes for

adopted computational framework, limited in sophistication by

analysis, as the two-level approximation.

a necessary compromise between high accuracy and relatively

low computing time, givedy— values calculated by the SCI
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Despite the disagreement between SCI computed and observedelle scienze chimiche (ex 40%) 1999; title: Molecole per

Av—L values, the SC+SOSpY.. values are fairly close to the
experiment, probably due to compensations internal to the
method. All of the above commented examples allow one to
conclude that the SEISOS approach is suitable in general to

estimate second-order NLO properties and, unlike the semiem-

pirical approaches, is of very broad applicability, including the
case of transition metal complexes.

Conclusions

In the present investigation, we have shown that ab initio
calculations of the static first-order hyperpolarizability of the
push-pull organometallic chromophores [M(C&] (M = Cr,

W; L = Py, PyCHO, Pyz, PyzBfBPE, BPEBE)? and of their
electronic excitations give relevant information especially when

two complementary computational approaches, such as CPDFTg

and SCH+SQOS, are used.

The DFT approach gives correct trends and values of the
major charge transfer transitions but overestimates first-order
hyperpolarizabilities particularly in the case of chromophores
with highly conjugated ligands. The SE80S approach
produces complementary results: electronic transitions calcu-
lated by the SCI approach deviate from the experiment, and
only the main trend oftyy — &*_ energies is reproduced.
However, the first-order hyperpolarizability calculated by the
SCI—SOS approach is correct in trend and also in sign and
magnitude with respect to the experiment.

The SOS approach allows also a detailed analysis of the
electronic origin of the first-order hyperpolarizability. In this
context, we have shown that in puspull [M(CO)sL] organo-
metallic chromophores the first-order hyperpolarizability is
controlled by mechanisms different from those of traditional
push—pull organic chromophores, due to the very particular role
and spatial location of theyd— z* | charge transfer transition.
These findings confirm previous observatidi#§We have also
shown that upon going from [M(CGRyz] to [M(CO)BPE]
(and their B adducts) an intraligand transition must be taken
into consideration for a correct prediction .. Due to this
latter effect, the observed and calculated increase of the first-
order hyperpolarizability as the-delocalization increases must
be attributed not only to a larger increase of polarity upon
excitation (Figure 4) but also (and mainly) to increased intensity
and decreased excitation energy of the-¢ z* | transition.

Finally, our calculations have clarified, in a way more
consistent than previously suggesteithe origin of 8 values
experimentally found in solvatochromic investigation for
[W(CO)sPyzBF] and [W(CO)(BPE)BHF.

In conclusion, our investigation has pointed out the op-
portunities and limitations of ab initio schemes when applied

Materiali Funzionali Nanostrutturati: Composti Organometallici
con ProprieteDttiche non Lineari (NLO) per Materiali nano-
strutturati) and by the Consiglio Nazionale delle Ricerche.

References and Notes

(1) Bruschi, M.; Fantucci, P.; Pizzotti, M.; Rovizzi, @. Mol. Catal.
A 2003 204, 793.

(2) Pizzotti, M.; Ugo. R.; Roberto, D.; Bruni, S.; Fantucci, P.; Rovizzi,
C. Organometallic2002, 21, 5830.

(3) (a) Long, N. JAngew. Chem1995 107, 37; Angew. Chem., Int.
Ed. Engl. 1995 34, 21. (b) Optoelectronic Properties of Inorganic
CompoundsRoundhill, D. M., Fackler, J. P., Jr., Eds.; Plenum Press: New
York, 1999. (c) Heck, J.; Dabek, S.; Meyer-Friedrichsen, T.; Wong, H.
Coord. Chem. Re 1999 190 1217. (d) Le Bozec, H.; Renouard, Eur.

J. Inorg. Chem200Q 229. (e) Lacroix, P. GEur. J. Inorg. Chem2001,
339. (f) Di Bella, S.Chem. Soc. Re 2001, 30, 355. (g) Andfe J. M.;
elhalle, J.Chem. Re. 1991 91, 843. (h) Nalwa, H. SAppl. Organomet.
hem.1991, 5, 349.

(4) (a) Bruce, D. W.; Thornton, AMol. Cryst. Lig. Cryst1993 231,
253. (b) Lesley, M. J. G.; Woodward, A.; Taylor, N. J.; Marder, T. B.;
Cazenobe, |.; Ledoux, |.; Zyss, J.; Thornton, A.;. Bruce, D. W.; Kakkar, A.
K. Chem. Mater1998 10, 1355.

(5) (a) Roberto, D.; Ugo, R.; Bruni, S.; Cariati, E.; Cariati, F.; Fantucci,
P.; Invernizzi, |.; Quici, S.; Ledoux, I.; Zyss, @Qrganometallic200Q 19,
1775. (b) Roberto, D.; Tessore, F.; Ugo, R.; Lucenti, E.; Quici, S.; Vezza,
S.; Fantucci, P.; Invernizzi, |.; Bruni, S.; Ledoux-Rak, I.; Zyss, J.
Organometallics2002 21, 161. (c) Bourgault, M.; Baum, K.; Le Bozec,
H.; Ledoux, I.; Lucetti, G.; Zyss, New J. Chem1998 517. (d) Roberto,
D.; Tessore, F.; Ugo, R.; Bruni, S.; Manfredi, A.; Quici,Chem. Commun.
2002 846.

(6) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and
Molecules Oxford University Press: New York, 1989.

(7) Varanasi, P. R.; Jen, A. K.-Y.; Chandrasenkhar, J.; Namboothiri,
I. N. N.; Rathna, AJ. Am. Chem. Sod.996 118 12443.

(8) (a) Stevens, R. M.; Pitzer, R. M.; Lipscomb, W.N.Chem. Phys.
1963 38, 55. (b) Gerratt, J.; Mills, I. MJ. Chem. Phys1968 49, 1719.

(c) Pulay, P.J. Chem. Physl983 78, 5043. (d) Sekino, H.; Bartlett, R. J.
J. Chem. Physl986 85, 976. (e) Dykstra, C. E.; Jasien, P.Ghem. Phys.
Lett. 1984 109 388. (f) Hurst, G. J. B.; Dupuis, M.; Clementi, &.Chem.
Phys.1988 89, 385.

(9) (a) Fournier, R.; Andzelm, J.; Salahub, D.RChem. Physl989
90, 6371. (b) Komornicki, A.; Fitzgerald, G. Chem. Physl993 98, 1398.

(10) Orr, B. J.; Ward, J. AMol. Phys.197Q 20, 513.

(11) (a) Coe, B. J.; Harris, J. A.; Brunschwig, B. S.; ®ad.; Orduna,

J.; Coles, S. J.; Hursthouse, M. B.Am. Chem. So€004 126, 10418. (b)
Coe, B. J.; Jones, L. A.; Harris, J. A.; Brunschwig, B. S.; Asselberghs, |.;
Clays, K.; Persoons, A.; Gar) J.; Orduna, JJ. Am. Chem. So004
126, 3880. (c) Coe, B. J.; Harris, J. A.; Jones, L. A.; Brunschwig, B. S.;
Song, K.; Clays, K.; Gan, J.; Orduna, J.; Coles, S. J.; Hursthouse, M. B.
J. Am. Chem. So@005 127, 4845. (d) Liao, Y.; Eichinger, B. E.; Firestone,
K. A.; Haller, M.; Luo, J.; Kaminsky, W.; Benedict, J. B.; Reid, P. J.; Jen,
A. K.-Y.; Dalton, L. R.; Robinson, B. HJ. Am. Chem. SoQ005 127,
2758. (e) Karton, A.; Iron, M. A.; van der Boom, M. E.; Martin, J. M. L.
J. Phys. Chem. R005 109, 5454. (f) Curreli, S.; Deplano, P.; Faulmann,
C.; lenco, A.; Mealli C.; Mercuri, M. L.; Pilia, L.; Pintus, G.; Serpe, A
Trogu, E. F.Inorg. Chem.2004 43, 5069.

(12) Oudar, J. LJ. Chem. Phys1997, 67, 446.

(13) (a) Becke, A. DPhys. Re. A 1988 38, 3098. (b) Becke, A. DJ.
Chem. Phys1992 96, 2155. (c) Becke, A. DJ. Chem. Phys1993 98,
5648. (d) Stevens, P. J.; Devlin, F. J.; Chablowski, C. F.; Frisch, M. J.

to rather simple organometallic chromophores, such as thepnys, Chem1994 98, 11623.

push-pull [M(CO)sL] complexes, in the context of NLO and

(14) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.



Second-Order NLO Properties of M(C§R)Complexes

(15) Dunning, H., Jr.; Hay, P. Methods of Electronic Structure Theory
Schaefer, H. F., lll, Ed.; Plenum Press: New York, 1977; Vol 3.

(16) Foresman, J. B.; Head-Gordon, M.; Pople, J. A.; Frisch, M. J.
Phys. Chem1992 96, 135.

(17) (a) Stratmann, R. E.; Scuseria, G. E.; Frisch, M. Lhem. Phys.
1998 109, 8218. (b) Bauernschmitt R.; Ahlrichs, Rhem. Phys. Letl.996
256, 454. (c) Casida, M. E.; Jamorski, C.; Casida, K. C.; Salahub, D. R.
Chem. Phys1998 108 4439.

(18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K.
M.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; Rabuck,
A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, R;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzales, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.;
Replogle, E. S.; Pople, J. AGaussian 98revision A.1; Gaussian, Inc.:
Pittsburgh, PA, 1998.

(19) Willetts, A.; Rice, J. E.; Burland, D. M.; Shelton, D. B.Chem
Phys.1992 97, 7590.

(20) (a) Clays, K.; Persoons, Rhys. Re. Lett. 1991, 66, 2980. (b)
Stéhelin, M.; Burland, D. M.; Rice, J. EChem. Phys. Letll992 191, 245.

(c) Cheng, L. T.; Tam, W.; Stevenson, S. H.; Meredith, G.JRPhys.
Chem.1991 95, 10631. (d) Cheng, L. T.; Tam, W.; Marder S. R.; Stiegman
A. E.; Rikken G.; Spangler C. WJ. Phys. Chem1991 95, 10643. (e)
Dehu, F.; Meyers, F.; Hendrickx, E.; Clays, K.; Perssons, A.; Marder, S.
R.; Bredas, J. LJ. Am. Chem. S0d.995 117, 10127. (f) Woodford, J. N.;

J. Phys. Chem. A, Vol. 109, No. 42, 2008645

Pauley, M. A.; Wang, C. HJ. Phys. Chem. A997, 101, 1989. (g) Kodaira,
Y.; Watanabe, A,; Ito, I.; Matsuda, M.; Clays, K.; Persoons JAChem.
Soc., Faraday Trand 997 93, 3039. (h) Kaatz, P.; Donley, E. A.; Shelton,
D. P.J. Chem. Phys1998 108 849.

(21) (a) Sim, F.; Chin, S.; Dupuis, M.; Rice, J. E.Phys. Chenl993
97, 1158. (b) Luo, Y.; Ayren, H.; Vahtras, O.; Jgrgensen,Ghem. Phys.
Lett. 1993 207, 190. (c) Mikkelsen, K. V.; Luo, Y.; Aren, H.; Jgrgensen,
P.J. Chem. Phys1994 100, 8240. (d) Yu, J.; Zerner, M. CJ. Chem.
Phys.1994 100, 7487. (e) Lipinski, J.; Bartkowiak, WChem. Phys1999
245, 263. (f) Champagne, B.; PegeE. A.; Jacquemin, D.; van Gisbergen,
S. J. A,; Baerends, E. J.; Soubra-Ghaoui, C.; Robins, K. A.; Kirtmad, B.
Phys. Chem. £00Q 104, 4755. (g) Wang, C. K.; Wang, Y. H.; Su, Y;
Luo, Y.J. Chem. Phy003 119 4409. (h) Salek, P.; Vahtras, O.; Helgaker,
T.; Agren, H.J. Chem. Phys2002 117, 9630. (i) Nandi, P. K
Chattopadhyay, T.; Bhattacharyya, S.THEOCHEM2001 545 119.

(22) (a) Tozer, D. J.; Amos, R.; Handy, N. C.; Roos, B. O.; Serrano-
Andres, L. Mol. Phys.1999 97, 859. (b) Tozer, D. J.; Handy, N. ®hys.
Chem. Chem. Phy200Q 2, 2117. (c) Grimme, S.; Parac, M\ChemPhy-
sChem2003 3, 292. (d) Cai, Z.-L.; Sendt, K.; Reimers, R.Chem. Phys.
2002 117, 5543. (e) Dreuw, A.; Head-Gordon, M.Am. Chem. So2004
126, 4007. (f) van Gisbergen, S. J. A.; Shipper, P. R. T.; Gritsenko, O. V.;
Baerends, E. J.; Snijders, J. G.; Champagne, B.; KirtmaR§s. Re.
Lett. 1999 83, 694.

(23) (a) Cheng, L.-T.; Tam, W.; Eaton, D. Brganometallics199Q 9,
2856. (b) Cheng, L.-T.; Tam, W.; Meredith, G. R.; Marder, S.NRl.
Cryst. Lig. Cryst.199Q 189, 137.

(24) Bruni, S.; Cariati, E.; Cariati, F.; Porta, F. A.; Quici, S.; Roberto,
D. Spectrochim. Acta, Part 2001, 57, 1417.

(25) Kanis, D. R.; Lacroix, P. G.; Ratner, M. A.; Marks, T.JJ.Am.
Chem. Soc1994 116, 10089.



