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Abstract: In this paper, we describe the extremely unusual optical properties of Ru'-based electron donor—
acceptor (D—A) polyene and some closely related chromophores. For three different polyene series, the
intense, visible d—x* metal-to-ligand charge-transfer bands unexpectedly blue-shift as the number of
E-ethylene units (n) increases from 1 to 3, and the static first hyperpolarizabilities 5o determined via hyper-
Rayleigh scattering and Stark spectroscopy maximize at n = 2, in marked contrast to other known D—A
polyenes in which S, increases steadily with n. Time-dependent density-functional theory and finite field
calculations verify these empirical trends, which arise from the orbital structures of the complexes. This
study illustrates that transition metal-based nonlinear optical chromophores can show very different behavior
when compared with their more thoroughly studied purely organic counterparts.

Introduction straightforward. Recent research has also shown that organo-
. . o ) ) transition metal complexes offer many exciting possibilities for

Molecular materials which exhibit nonlinear optical (NLO)  h¢ combination of NLO effects with other molecular electronic

properties are of great current interest due to their potential utility properties (e.g., redox or magnetic behavior) to produce novel

in novel optoelectronic and photonic technologiééhe pros- 1 ifunctional materialé. However, the study of the NLO

pects for imminent applications are currently more promising apayior of such compounds is currently a considerably less

for materials with quadratic (second-order) NLO effects, when ,o: e field when compared with purely organic materials

compared with those displaying cubic (third-order) effects, \;nich have been scrutinized very extensively.

although the two types of phenomena are not mutually exclusive. The majority of molecules having especially larf§ealues

The design criteria for purely organic quadratic NLO materials comprise a strong electron donor (D) group connected to a

are generally well establishédnd the preparation of molecules strong electron acceptor (A) via a conjugatedridge. The
having sufficiently large first hyperpolarizability coefficienis
which provide the molecular origins of such NLO effects, is  (2) (a) Nalwa, H. SAppl. Organomet. Cheni991, 5, 349-377. (b) Marder,
S. R. InInorganic Materials 2nd ed.; Bruce, D. W.; O’Hare, D., Eds.;
Wiley: Chichester, United Kingdom; 1992; pp. +2169. (c) Kanis, D.
T University of Manchester. R.; Ratner, M. A.; Marks, T. Xhem. Re. 1994 94, 195-242. (d) Long,
* Brookhaven National Laboratory. (Present address: Molecular Materials N. J. Angew. Chem., Int. Ed. Engl995 34, 21—-38. (e) Whittall, I. R.;

i R ; ; ; McDonagh, A. M.; Humphrey M. G.; Samoc, Mdv. Organomet. Chem
Research Center, Beckman Institute, MC 139-74, California Institute of 1998 42, 291-362. (f) Whittall, I. R.- McDonagh, A. M.. Humphrey M.

Technology, 1200 East California Blvd., Pasadena, CA 91125, USA). G.; Samoc, MAdy. Organomet. Chel998 43, 349405, (g) Heck, J.:
ﬁU”_'VETS_'W of Leuven. Dabek, S.; Meyer-Friedrichsen, T.; Wong, Boord. Chem. Re 1999
University of Arizona. 190-192, 1217-1254. (h) Gray, G. M.; Lawson, C. M. I@ptoelectronic
# Universidad de Zaragoza. Properties of Inorganic CompoundRoundhill, D. M., Fackler, J. P., Jr.,
(1) (a) Nonlinear Optical Properties of Organic Molecules and Crystals Eds.; Plenum: New York, U.S.A., 1999; pp.—27. (i) Shi, S. In
Chemla, D. S., Zyss, J., Eds.; Academic Press: Orlando, FL, 1987; Vols. Optoelectronic Properties of Inorganic Compoundundhill, D. M.,
1 and 2. (bMolecular Nonlinear Optics: Materials, Physics and fiees Fackler, J. P., Jr., Eds.; Plenum: New York, U.S.A., 1999; pp B%. (j)
Zyss, J., Ed.; Academic Press: Boston, 19940(@)anic Nonlinear Optical Le Bozec, H.; Renouard, TEur. J. Inorg. Chem200Q 229-239. (k)
Materials (Adances in Nonlinear Optics, Vol. 1.Bosshard, Ch., Sutter, Barlow, S.; Marder, S. RChem. Commur200Q 1555-1562. (I) Lacroix,
K., Prére, Ph., Hulliger, J., Fisheimer, M., Kaatz, P., Guer, P., Eds.; P. G.Eur. J. Inorg. Chem2001, 339-348. (m) Di Bella, SChem. Soc.
Gordon & Breach: Amsterdam, The Netherlands, 1995.Ndplinear Rev. 2001, 30, 355-366. (n) Coe, B. J. lComprehensie Coordination
Optics of Organic Molecules and PolymeMalwa, H. S., Miyata, S., Eds.; Chemistry || McCleverty J. A., Meyer, T. J., Eds.; Pergamon Press:
CRC Press: Boca Raton, FL, 1997. Oxford, United Kingdom, 2004; Vol. 9, pp 625687.
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linear optical properties of such polarizable dipolar compounds the electron donating strength of the'Rwenter and the electron

are characterized by intense, low energyrP¢A(sr*) charge-
transfer (CT) transitions. According to a widely used simple
two-state model (TSM) for such specieshe static first
hyperpolarizabilitys, can be given by

_ 3A#12(4“12)2
(Ema)”
whereui; is the transition dipole moment\u1» is the dipole

moment change, anBmax is the maximal energy of the CT
absorptiort. By is @ measure of the intrinsic NLO response under

Bo @)

accepting ability of . We have now also prepared and studied
a number of complexes featuring extendedonjugated bridges

in order to investigate how this aspect of the molecular structure
affects the linear and NLO properties of such chromophores. A
limited number of the experimental results described herein have
been previously communicatéd.

Experimental Section

Materials and Procedures.All reactions were performed under an
Ar atmosphere and in Ar-purged solvents. All reactions and chromato-
graphic purifications involving complex salts were performed in the
dark. Anhydrous THF was distilled from Na/benzophenone under

nonresonant conditions, and is especially relevant to practical Ar prior to use. The compounds (1,3-dioxolan-2-yl-methyl)tributyl
NLO applications where absorption must be avoided. Extending phosphonium bromid€, 4-[E-2-(4-pyridyl)ethenyl]benzaldehydé,

the length of ar-conjugated system generally increages,
and decreaseBnax and is hence one of the most commonly
adopted approaches to increasing fheesponses of dipolar
organic molecule$.D—A polyenes have therefore attracted
considerable attentichand have been found to possess some
of the largesp, values knowrf.Most such studies have involved

[Ru'' (NHg)s(HzO)[PFg]2, > trans[Ru' (SQs) (NH3)4(py)ICl (py = pyri-
dine) > trans[Ru" (SQy) (NHz)4(mim)]Cl (mim = N-methylimidazole}
and [MeQ]l (MeQ* = N-methyl-4,4-bipyridinium)®were synthesized
by previously published methods. Products were dried overnight in a
vacuum desiccator (Caglprior to characterization.

Physical Measurements.*H NMR spectra were recorded on a
Varian XL-300 spectrometer and all chemical shifts are referenced to

purely organic D and A groups, but those describing molecules Ts, The fine splitting of pyridyl or phenyl ring ABB’ patterns is
containing metal centers (often ferrocenyl D groups) have also jgnored and the signals are reported as simple doublets Jwidiues
confirmed that polyene chain extension affords the expectedreferring to the two most intense peaks. Elemental analyses were

increases info.’

We have used hyper-Rayleigh scattering (HR&)d Stark
(electroabsorptiod)measurements to probe the quadratic NLO
properties of a range of ruthenium pyridyl ammine compléRes.
Such chromophores can exhibit very laggieresponses which
are associated with intense, low energy metal-to-ligand CT
(MLCT) transitions!® The MLCT absorption and NLO proper-

performed by the Microanalytical Laboratory, University of Manchester
and UV-visible spectra were obtained by using a Hewlett-Packard
8452A diode array spectrophotometer. IR spectra were recorded as
evaporated films from CHgbetween NaCl plates with a Perkin-Elmer
RX-1 FTIR spectrometer and mass spectra were measured by using
+electrospray on a Micromass Platform spectrometer with acetone as
the solvent (cone voltage 30 V).

Cyclic voltammetric measurements were carried out by using an

ties of these complexes are highly tunable, in accordance with eggG pAR model 283 potentiostat/galvanostat. A single-compartment
the TSM, and can also be readily and reversibly switched via ce|l was used with a silver/silver chioride reference electrode, a Pt disk
the RU"" redox couplé? Our previous studies with complexes  working electrode and a Pt wire auxiliary electrode. Acetonitrile was

trans[RU" (NH3z)4(LP)(LA)]3" (LP = electron-rich ligand, & =
pyridyl pyridinium ligand) have largely focused on increasing

(3) (a) Oudar, J. L.; Chemla, D. 8. Chem. Physl977, 66, 2664-2668. (b)
Oudar, J. LJ. Chem. Physl977, 67, 446-457.

(4) Note that the prefactor of 3 in eq 1 is not unique and that other two-state

equations replace this factor by 6 or 3/2. See: Willetts, A.; Rice, J. E.;

Burland, D. M.; Shelton, D. PJ. Chem. Phys1992 97, 7590-7599.

See for examples: (a) Marder, S. R.; Cheng, L.-T.; Tiemann, B. G.; Friedli,

A. C.; Blanchard-Desce, M.; Perry, J. W.; SkindhgjSdiencel994 263,

511-514. (b) Marder, S. R.; Gorman, C. B.; Meyers, F.; Perry, J. W.;

Bourhill, G.; Bredas, J.-L.; Pierce, B. MSciencel994 265 632-635. (c)

Bublitz, G. U.; Ortiz, R.; Runser, C.; Fort, A.; Barzoukas, M.; Marder, S.

R.; Boxer, S. GJ. Am. Chem. S0d.997, 119 2311-2312. (d) Lawrentz,

U.; Grahn, W.; Lukaszuk, K.; Klein, C.; Wortmann, R.; Feldner, A.; Scherer,

D. Chem. Eur. J2002 8, 1573-1590.

Blanchard-Desce, M.; Alain, V.; Bedworth, P. V.; Marder, S. R.; Fort, A.;

Runser, C.; Barzoukas, M.; Lebus, S.; WortmannCRem. Eur. J1997,

3, 1091-1104.

See for examples: (a) Blanchard-Desce, M.; Runser, C.; Fort, A,;

Barzoukas, M.; Lehn, J.-M.; Bloy, V.; Alain, V\Chem. Phys1995 199,

253-261. (b) Alain, V.; Fort, A.; Barzoukas, M.; Chen, C.-T.; Blanchard-

Desce, M.; Marder, S. R.; Perry, J. \Morg. Chim. Actal996 242 43—

49. (c) Wu, Z.; Ortiz, R.; Fort, A.; Barzoukas, M.; Marder, S. R.

Organomet. Chenil997 528 217-219. (d) Lee, I. S.; Seo, H.; Chung,

Y. K. Organometallics1999 18, 1091-1096. (e) Jayaprakash, K. N.; Ray,

P. C.; Matsuoka, |.; Bhadbhade, M. M.; Puranik, V. G.; Das, P. K.;

Nishihara, H.; Sarkar, AOrganometallics1999 18, 3851-3858. (f) Farrell,

T.; Meyer-Friedrichsen, T.; Malessa, M.; Haase, D.; Saak, W.; Asselberghs,

I.; Wostyn, K.; Clays, K.; Persoons, A.; Heck, J.; Manning, AJRChem.

Soc., Dalton Trans2001, 29-36. (g) Farrell, T.; Manning, A. R.; Murphy,

T. C.; Meyer-Friedrichsen, T.; Heck, J.; Asselberghs, I.; PersoonsuA.

J. Inorg. Chem2001, 2365-2375.

(8) (a) Terhune, R. W.; Maker, P. D.; Savage, C. Rhys. Re. Lett 1965
14, 681-684. (b) Clays, K.; Persoons, Rev. Sci. Instrum 1992 63,
3285-3289. (c) Hendrickx, E.; Clays, K.; Persoons, Acc. Chem. Res.
1998 31, 675-683.

(9) (a) Liptay, W. InExcited Statesvol. 1; Lim, E. C., Ed.; Academic Press:
New York, 1974; pp. 129229. (b) Bublitz, G. U.; Boxer, S. GAnnu.
Rev. Phys. Chem1997, 48, 213-242.
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freshly distilled (from Cak)) and [N(CHg-n)4]PFs, twice recrystallized
from ethanol and dried in vacuo, was used as the supporting electrolyte.
Solutions containing ca. 1® M analyte (0.1 M electrolyte) were
deaerated by purging with NAIl Ey;, values were calculated from
(Epa + Epd/2 at a scan rate of 200 mV'’s

Synthesis of [MeQ]CI. Excess aqueous NFAR; (0.2 M) was added
dropwise to a stirred solution of [MeQ (800 mg, 2.68 mmol) in water
(20 mL) at room temperature. The white precipitate was filtered off,
washed with water, and dried. This solid was dissolved in acetone (20
mL) at room temperature and excess [bHgn)4]Cl (0.2 M in acetone)
was added with stirring. The white precipitate was filtered off, washed
with acetone then diethyl ether and dried: 475 mg, 81%]D;0)

(10) (a) Coe, B. J.; Chamberlain, M. C.; Essex-Lopresti, J. P.; Gaines, S.; Jeffery,
J. C.; Houbrechts, S.; Persoons, lAorg. Chem 1997, 36, 3284-3292.
(b) Coe, B. J.; Essex-Lopresti, J. P.; Harris, J. A.; Houbrechts S.; Persoons,
A. Chem. Commun1997, 1645-1646. (c) Coe, B. J.; Harris, J. A,;
Harrington, L. J.; Jeffery, J. C.; Rees, L. H.; Houbrechts S.; Persoons, A.
Inorg. Chem 1998 37, 3391-3399. (d) Coe, B. J.; Harris, J. A;
Asselberghs, |I.; Persoons, A.; Jeffery, J. C.; Rees, L. H.; Gelbrich T.;
Hursthouse, M. BJ. Chem. Soc., Dalton Tran4999 3617-3625. (e)
Coe, B. J.; Harris, J. A.; Clays, K.; Persoons, A.; Wostyn, K.; Brunschwig,
B. S. Chem. Commur2001, 1548-1549. (f) Coe, B. J.; Harris, J. A;;
Brunschwig, B. SJ. Phys. Chem. 2002 106, 897—905. (g) Coe, B. J.;
Jones, L. A; Harris, J. A.; Sanderson, E. E.; Brunschwig, B. S.; Asselberghs,
1.; Clays, K.; Persoons, ADalton Trans 2003 2335-2341.

(11) (a) Coe, B. J.; Houbrechts, S.; Asselberghs I.; Persoonsngew. Chem.
Int. Ed. 1999 38, 366-369. (b) Coe, B. JChem. Eur. J1999 5, 2464
2471.

(12) Coe, B. J.; Jones, L. A.; Harris, J. A.; Brunschwig, B. S.; Asselberghs, I.;
Clays, K.; Persoons, Al. Am. Chem. So2003 125, 862—863.

(13) Spangler, C. W.; McCoy, R. KSynth. Commurl988 18, 51—-59.

(14) Ichimura, K.; Watanabe, S. Polym. Sci., Polym. Cherh982 20, 1419~

1432.

(15) Curtis, J. C.; Sullivan, B. P.; Meyer, T. lhorg. Chem.1983 22, 224~
236.
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8.89 (2 H, d,J= 6.1 Hz, GHsN), 8.75 (2 H, dJ = 5.3 Hz, GH4N),
8.36 (2 H, d,J= 6.1 Hz, GH.N), 7.89 (2 H, dJ = 5.3 Hz, GH4N),
4.38 (3 H, s, Me). Anal. Calcd for H1:CIN»-0.7H,0: C, 60.25; H,
5.70; N, 12.77. Found: C, 60.45; H, 5.94; N, 12.68.

Synthesis of E-3-(4-Pyridyl)-2-propenal. A solution of (1,3-
dioxolan-2-yl-methyl)tributyl phosphonium bromide (21.5 mL, 1.2 M
in anhydrous THF, 25.8 mmol) and anhydrous THF (15 mL) was added
dropwise to a mixture of NaH (1.4 g, 60% w/w dispersion in mineral
oil, 35.0 mmol) and pyridine-4-carboxaldehyde (2.76 g, 25.8 mmol)
in anhydrous THF (80 mL) at5 °C over 2 h. The mixture was stirred
for a further 30 min at room temperature before the dropwise addition
of water (at 0°C) to destroy unreacted NaH. A further 150 mL of
water was added and the solution was extracted with @HCk 100

[Mebpb*]PFs was filtered off, washed with water, ethanol then diethyl
ether and dried: 575 mg, 96%;; (CDsCOCD;) 8.94 (2H,dJ=6.1
Hz, GH4N), 8.79 (2 H, d,J = 6.7 Hz, GH4N), 8.30 (2 H, dJ = 6.9
Hz, GH4N), 7.97 (1 H, ddJ = 15.4, 10.7 Hz, CH), 7.84 (2 H, d,=

6.2 Hz, GH4N), 7.73 (1 H, ddJ = 15.7, 10.7 Hz, CH), 7.38 (1 H, d,
J=15.5Hz, CH), 7.30 (1 H, d) = 15.5 Hz, CH), 4.54 (3 H, s, Me).
Anal. Calcd for GsHisFeNoP: C, 48.93; H, 4.11; N, 7.61. [MPR ]

= 223. Found: C,48.98; H, 3.94; N, 7.28. [MPR]" = 223. Excess
[N(C4Hg-n)4]Cl (0.2 M in acetone) was added to a stirred solution of
[Mebpb*]PFs (100 mg, 0.272 mmol) in acetone (5 mL) at room
temperature. The white precipitate was filtered off, washed with acetone
then diethyl ether and dried (note: the [MebjBl-2.1H,0 product is
hygroscopic): 66 mg, 82%y (D20) 8.40 (2 H, dJ = 6.3 Hz, GH4N),

mL). The extracts were evaporated to near dryness under reduced8.34 (2 H, d,J = 6.3 Hz, GH:N), 7.80 (2 H, dJ = 6.3 Hz, GH.N),

pressure and 1:2 M HCI/THF (80 mL) was added. After stirring at
room temperature for 1 h, the solution was extracted with GKECk

7.48-7.40 (3 H, m, GH:N and CH), 7.25 (1 H, dd] = 15.5, 10.8 Hz,
CH), 6.86 (1 H, dJ = 15.5 Hz, CH), 6.80 (1 H, d] = 15.5 Hz, CH),

50 mL) and the extracts were discarded. The remaining aqueous phasé.10 (3 H, s, Me). Anal. Calcd for £H1:CIN2+2.1H,0: C, 60.75; H,

was made basic by the addition of aqueous NaOH (4.0 M), until a

pale precipitate formed (this occurred above pH 8.0), and the crude

product was extracted into CH{(6 x 80 mL). Note that care must

6.53; N, 9.45. Found: C, 60.69; H, 6.02; N, 9.27.
Synthesis of N-Methyl-4-{ E,E E-6-(4-pyridyl)hexa-1,3,5-trienyl} -
pyridinium]X, [Mebph *]X (X =1, PR~ or Cl~). [Mebph']l was

be taken to avoid adding too much base at this stage, or the suspensioprepared and isolated in the same manner as [MgbptyO, but using

turns dark brown and the yield drops substantially. Purification was
effected by column chromatography on silica gel (22d0 mesh).
The column was packed with a CHGlurry and elution with THF:
diethyl ether (1:10) gave a tan solid which was sublimed (G0 3
mmHg) to afford white crystals: 1.65 g, 48%; (CDCls) 9.79 (1 H,
d,J= 7.4 Hz, CH=0), 8.68 (2 H, dJ = 6.2 Hz, GHN), 7.44 (1 H,
d,J=15.8 Hz, CH), 7.39 (2 H, d] = 6.2 Hz, GH4N), 6.85 (1 H, dd,

J = 16.1, 7.6 Hz, CH);»(C=0) 1683 s cm-’. Anal. Calcd for
CgH/NO: C, 72.17; H, 5.30; N, 10.52. Found: C, 71.72; H, 5.36; N,
10.31.

Synthesis of E,E-5-(4-Pyridyl)penta-2,4-dienal. This compound
was prepared fronk-3-(4-pyridyl)propenal (1.50 g, 11.3 mmol), by
using exactly the same conditions and purification procedure as
described above, to afford a white solid: 1.44 g, 80%;(CDCl)
9.68 (1 H, d, 7.8 Hz, CHO), 8.65 (2 H, dJ = 6.2 Hz, GH4N), 7.37
(2 H, d,J=6.2 Hz, GH.N), 7.29 (1 H, ddJ = 14.8, 10.9 Hz, CH),
7.18 (1 H, dd,J = 15.1, 10.9 Hz, CH), 6.96 (1 H, dl = 15.0 Hz,
CH), 6.37 (1 H, ddJ = 14.6, 7.8 Hz, CH)»(C=0) 1665 s cm.
Anal. Calcd for GoHgNO: C, 75.45; H, 5.70; N, 8.80. Found: C, 75.35;
H, 5.79; N, 8.60.

Synthesis of E,E,E-7-(4-Pyridyl)hepta-2,4,6-trienal. This com-
pound was prepared frotd,E-5-(4-pyridyl)penta-2,4-dienal (1.00 g,
6.28 mmol), by using exactly the same conditions and purification
procedure as described above, to afford a white solid: 0.95 g, 82%;
on (CDCl) 9.55 (1 H, d, 7.8 Hz, CHO), 8.52 (2 H, dJ = 6.2 Hz,
CsH4N), 7.23 (2 H, d,J = 6.2 Hz, GHJN), 7.12 (1 H, ddJ = 15.2,
11.0 Hz, CH), 7.00 (1 H, dd] = 15.5, 11.0 Hz, CH), 6.76 (1 H, dd,
J=14.8, 10.7 Hz, CH), 6.686.52 (2 H, m, CH), 6.18 (1 H, dd] =
15.3, 7.8 Hz, CH)p(C=0) 1675 s cm*. Anal. Calcd for G,H1:NO:

C, 77.81; H, 5.99; N, 7.56. Found: C, 78.02; H, 5.74; N, 7.67.

Synthesis of N-Methyl-4-{ E,E-4-(4-pyridyl)buta-1,3-dienyl} -
pyridinium]X, [Mebpb *]X (X = I-, PR~ or Cl~). Piperidine (0.3
mL) was added to a solution &-3-(4-pyridyl)propenal (2.00 g, 15.0
mmol) andN-methyl-4-picolinium iodide (3.53 g, 15.0 mmol) in ethanol
(30 mL), and the solution was stirred at room temperature for 16 h.
The pale yellow precipitate was filtered off, washed with ethanol then
diethyl ether and dried: 657 mg, 12%,; (CDsOD) 8.77 (2 H,dJ =
6.7 Hz, GH4N), 8.57 (2 H, dJ = 6.2 Hz, GHuN), 8.16 2 H, dJ =
6.7 Hz, GH4N), 7.82 (1 H, ddJ = 15.5, 10.7 Hz, CH), 7.63 (2 H, d,

J = 6.2 Hz, GH4N), 7.52 (1 H, ddJ = 15.5, 10.7 Hz, CH), 7.12 (1
H, d,J = 13.1 Hz, CH), 7.10 (1 H, dJ = 13.1 Hz, CH), 4.92 (3 H,

s, Me). Anal. Calcd for @H1sIN>*HO: C, 48.93; H, 4.65; N, 7.61.
Found: C, 48.96; H, 4.59; N, 7.66. Excess aqueousMi(0.2 M)
was added to a solution of [Mebpp-H.O (600 mg, 1.63 mmol)

in water (150 mL) at room temperature. The white precipitate of

3882 J. AM. CHEM. SOC. = VOL. 126, NO. 12, 2004

E,E-5-(4-pyridyl)penta-2,4-dienal (1.85 g, 11.6 mmol) addanethyl-
4-picolinium iodide (2.73 g, 11.6 mmol) in ethanol (50 mL). An orange
solid was obtained: 1.6 g, 37%u (CDsOD) 8.72 (2 H, dJ = 6.9
Hz, GH4N), 8.52 (2 H, d,J = 6.3 Hz, GH4N), 8.10 (2 H, dJ=6.9
Hz, GH4N), 7.75 (1 H, ddJ = 15.4, 10.7 Hz, CH), 7.57 2 H, d,=
6.3 Hz, GH:N), 7.40 (1 H, ddJ = 15.5, 10.6 Hz, CH), 6.857.10 (4
H, m, CH), 4.34 (3 H, s, Me). Anal. Calcd for@17IN2: C, 54.27;
H, 4.55; N 7.45. Found: C, 53.89; H, 4.17; N, 6.99. [Mebj#Fs:
5H,0 was prepared and isolated in the same manner as [M§Pigh
from [Mebpht]l (200 mg, 0.53 mmol) to afford a yellow powder: 231
mg, 90%;0n (CDsCOCDs) 8.91 (2 H, d,J = 6.9 Hz, GHuN), 8.76 (2
H, d,J = 6.5 Hz, GH:N), 8.23 (2 H, dJ = 6.9 Hz, GH4N), 7.85 (2
H, d,J=6.5Hz, GHsN), 7.81 (1 H, dd,J= 15.7, 10.0 Hz, CH), 7.61
(1 H,dd,J=15.7,10.2 Hz, CH), 6.966.94 (4 H, m, CH), 4.52 (3 H,
s, Me). Anal. Calcd for GH17F¢N2P-5H,0: C, 42.15; H, 5.62; N, 5.78.
[M—PR]t = 249. Found: C, 41.85;H, 5.70; N, 5.60. [MPR|" =
249. [MebpHh]Cl-2.1H,0O was prepared and isolated in the same manner
as [Mebpb]CI-2.1H,0, from [Mebph]PF:5H,0 (200 mg, 0.413
mmol) to afford yellow hygroscopic granules: 115 mg, 86%](D.0)
8.35-8.29 (4 H, m, GH4N), 7.72 (2 H, d,J = 6.6 Hz, GH4N), 7.56
(2 H, d,J=6.2 Hz, GHuN) 7.31 (1 H, dd,J = 15.5, 9.8 Hz, CH),
7.21 (1 H, ddJ = 15.5, 9.8 Hz, CH) 6.786.58 (4 H, m, CH), 4.03
(3 H, s, Me). Anal. Calcd for GH17,CIN-2.1H,0: C, 63.29; H, 6.62;
N, 8.68. Found: C, 63.11; H, 6.55; N, 8.44.

Synthesis of N-Methyl-4-{ EE E,E-8-(4-pyridyl)octa-1,3,5-tetra-
enyl} pyridinium]PF s, [Mebpo*]PFe. [Mebpo']l was prepared in the
same manner as [Mebp, but usingE,E,E-7-(4-pyridyl)hepta-2,4,6-
trienal (273 mg, 1.47 mmol\-methyl-4-picolinium iodide (346 mg,
1.47 mmol) and piperidine (0.2 mL) in ethanol (5 mL). The poorly
soluble resulting red solid was stirred in water (500 mL) at room
temperature, the mixture was filtered to remove undissolved brown
material, and excess aqueousRR; (0.2 M) was added to the filtrate.
The orange precipitate was filtered off, washed with water, ethanol
then diethyl ether and dried: 180 mg, 258g; (CDsCOCD;) 8.91 (2
H, d,J = 6.9 Hz, GH4N), 8.77 (2 H, dJ = 6.6 Hz, GH4N), 8.23 (2
H, d,J = 6.9 Hz, GH4N), 7.87 (2 H, dJ = 6.6 Hz, GH4N), 7.82 (1
H, dd,J = 15.4, 10.6 Hz, CH), 7.657.54 (1 H, m, CH), 7.046.83
(6 H, m, CH), 4.54 (3 H, s, Me). Anal. Calcd for,§19FsNP-4H,0:

C, 46.35; H, 5.53; N, 5.69. [MPR]" = 275. Found: C, 46.42; H,
4.17; N, 5.62. [M— PR]* = 275.

Synthesis of N-Methyl-1,4-bis{ E-2-(4-pyridyl)ethenyl} benzene]X,
[Mebpp*]X (X =1, PFs~ or CI). Piperidine (2 mL) was added to
a solution of 4-E-2-(4-pyridyl)ethenyl]benzaldehyde (440 mg, 2.10
mmol) and N-methyl-4-picolinium iodide (490 mg, 2.08 mmol) in
ethanol (90 mL), and the solution was stirred at room temperature for
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24 h. The yellow precipitate was filtered off, washed with ethanol and
diethyl ether and dried: 200 mg, 22%; (CDsOD) 8.76 (2 H, dJ =
6.9 Hz, GH4N), 8.54 (2 H, dJ = 6.9 Hz, GHuN), 8.22 2 H, dJ =
6.9 Hz, GH4N), 7.99 (1 H, dJ=16.3 Hz, CH), 7.82 (2H, d]= 8.5
Hz, CHa4), 7.79 (2 H, dJ = 8.5 Hz, GH.), 7.66 (2 H, d,J = 6.9 Hz,
CsHaN), 7.60 (1 H, d,J = 16.3 Hz, CH), 7.52 (1 H, d) = 16.5 Hz,
CH), 7.35 (1 H, dJ = 16.3 Hz, CH), 4.36 (3 H, s, Me). Anal. Calcd
for CaiH1dN2°H20: C, 56.77; H, 4.76; N, 6.30. Found: C, 57.01; H,
4.37; N, 6.23. Excess methanolic PR (0.2 M) was added to a
solution of [Mebpp]l-H2O (300 mg, 0.675 mmol) in methanol (300
mL). The yellow precipitate of [MebpfjPFs was filtered off, washed
with methanol and dried: 218 mg, 73%; (CD;COCDs) 9.00 (2 H,
d,J= 6.7 Hz, GHuN), 8.63 (2 H, dJ = 6.0 Hz, GH4N), 8.37 (2 H,
d,J=6.7 Hz, GH4N), 8.10 (1 H, dJ = 16.3 Hz, CH), 7.88 (2 H, d,
J=8.7 Hz, GHJ), 7.84 (2 H, dJ = 8.7 Hz, GHJ), 7.64-7.69 (5 H,
m, 3 x CH and GH4N), 4.57 (3 H, s, Me). Anal. Calcd for
CxHigFNoP: C, 56.76; H, 4.31; N, 6.30. [MPR]* = 299. Found:
C, 56.35; H, 4.11; N, 5.96. [M— PR]* = 299. [Mebpp]Cl was
prepared and isolated in the same manner as [MgQbb from
[Mebpp']PFs (100 mg, 0.225 mmol) to afford yellow hygroscopic
granules: 71 mg, 89%j4 (D20) 9.00 (4 H, m, GH4N), 7.75 (2 H, d,

J = 6.7 Hz, GH:N), 7.53 (1 H, d,J = 16.3 Hz, CH), 7.37 (4 H, s,
CeHs), 7.10-6.83 (5 H, m, 3x CH and GH:N), 3.95 (3 H, s, Me).
Anal. Calcd for GiH1¢CIN,-H,0: C, 71.48; H, 6.00; N. 7.94. Found:
C, 71.02; H, 5.55; N, 8.33.

Synthesis of [RU (NH3)s(Mebpb™)](PFe)s (3). A solution of
[RU"(NH3)s(H20)](PFs)2 (110 mg, 0.222 mmol) and [MebplPFs (93
mg, 0.253 mmol) in acetone (13 mL) was stirred at room temperature
for 6 h. The resulting solution was loaded onto a column of silica gel
(450 g, 2206-440 mesh) packed with a CHGlurry, and eluted with
0.1 M NH4PKs in methanol/acetone/acetonitrile (1:3:1). The most intense
section of the major blue band was collected and diluted 5-fold with
diethyl ether. The dark purple precipitate was filtered off, washed with
a small amount of cold water, ethanol, then diethyl ether and dried:
73 mg, 39%;01 (CDsCOCDs) 8.94 (2 H, dJ = 6.7 Hz, GH4N), 8.87
(2 H, d,J=6.6 Hz, GH4N), 8.27 (2 H, dJ = 6.7 Hz, GH4N), 7.87
(1 H, dd,J = 15.4, 10.9 Hz, CH), 7.68 (1 H, dd,= 15.4, 10.7 Hz,
CH), 7.47 (2 H, dJ = 6.6 Hz, GHuN), 7.19 (1 H, dJ = 15.1 Hz,
CH), 7.14 (1 H, dJ = 15.1 Hz, CH), 453 (3H, s, Me), 3.33 (3 H, s,
transNHs), 2.66 (12 H, s, 4< cis-NH3). Anal. Calcd for GsHzoF1sN7-
PsRu: C, 21.34; H, 3.58; N 11.61. Found: C, 21.92; H, 3.43; N, 11.20.

Synthesis of [RU (NH3)s(Mebph™)](PFe)s (4). This was prepared
and purified in manner similar t8 by using [RU(NH3)s(H20)](PFs)2
(120 mg, 0.243 mmol) and [MebpPFs-5H,0 (114 mg, 0.235 mmol)
in acetone (15 mL) with a reaction time of 3 d. A dark purple solid
was obtained: 20 mg, 10%) (CDsCOCDs) 8.91 (2 H, d,J = 6.8
Hz, GHuN), 8.82 (2 H, dJ = 6.6 Hz, GH4N), 8.24 (2 H, dJ = 6.8
Hz, GHuN), 7.83 (1 H, ddJ = 15.4, 10.1 Hz, CH), 7.55 (1 H, dd,
=15.7,9.9 Hz, CH), 7.43 (2 H, d,= 6.6 Hz, GH4N), 7.10-6.90 (4
H, m, CH), 4.53 (3 H, s, Me), 3.32 (3 H, BansNH3), 2.64 (12 H, s,

4 x CiS—NH3). Anal. Calcd for G/H3F1gN7PsRu: C, 23.46; H, 3.71;
N, 11.26. Found: C, 24.15; H, 3.50; N, 10.71.

Synthesis of [RU (NH3)s(Mebpp™)](PFe)s (5). This was prepared
and purified in manner similar té by using [RU(NH3)s(H,0)](PFs)2
(111 mg, 0.225 mmol) and [MebpjPFs (100 mg, 0.225 mmol) in
acetone (35 mL). A dark red solid was obtained: 88 mg, 42%;
(CDsCOCD;) 8.99 (2 H, dJ = 6.9 Hz, GH.N), 8.83 (2H,dJ=6.7
Hz, GH4N), 8.37 (2 H, dJ = 6.9 Hz, GH.sN), 8.10 (1 H, dJ=16.4
Hz, CH), 7.88 (2 H, dJ = 8.8 Hz, GH.), 7.83 (2 H, d.J = 8.8 Hz,
CeHa), 7.74 (1 H, d,J = 16.5 Hz, CH), 7.67 (1 H, dJ = 16.3 Hz,
CH), 7.55 (2 H, d,J = 6.7 Hz, GHuN), 7.45 (1 H, d,J = 16.4 Hz,
CH), 4.57 (3 H, s, Me), 3.28 (3 H, sransNH;g), 2.67 (12 H, s, 4x
CIS—NH3) Anal. Calcd for GiHz4F1gN7PsRu: C, 27.40; H, 3.72; N,
10.65. Found: C, 27.73; H, 3.33; N, 10.22.

Synthesis oftrans-[Ru" (NH3)4(py)(MeQ™)](PFe)s (6). A solution
of trans[RU"'(SOy)(NH3)4(py)]Cl (212 mg, 0.558 mmol) in water (10

mL) was reduced over zinc amalgam (3 lumps) with Ar agitation for
20 min. This was filtered under Ar into a flask containing a solution
of [MeQ*]CI-0.7H;0 (135 mg, 0.616 mmol) in water (10 mL) and the
reaction was stirred at room temperature under Ar for 6 h. Excess
aqueous N&PFs (0.2 M) was added to precipitate the crude product
which was purified in manner similar 18 to yield a dark red solid:
94 mg, 20%n (CDsCOCD;) 9.19 (4 H, d,J = 6.6 Hz, GH4N), 8.94
(2H,d,J=5.2Hz, H9, 8.75 (2 H, dJ = 6.9 Hz, GHsN), 8.12 (2

H, d,J= 6.9 Hz, GH4N), 8.02 (1 H, tJ = 6.9 Hz, H), 7.63 (2 H, t,
J=6.6 Hz, H9), 4.66 (3 H, s, Me), 2.87 (12 H, s, 4 NHj3). Anal.
Calcd for GeHasF1sN7PsRu: C, 22.49; H, 3.30; N, 11.48. Found: C,
22.95; H, 3.28; N, 11.21.

Synthesis of trans-[Ru" (NHz)4(py)(Mebpb™)](PFe)z (8). This
was prepared and purified in manner similar@dy using trans-
[RU™(SOy)(NH3)4(py)]ICl (171 mg, 0.450 mmol) in water (7 mL) and
[Mebpb*]CI-2.1H,0 (116 mg, 0.391 mmol) in water (5 mL) with a
reaction time of 24 h. A dark red solid was obtained: 100 mg, 28%;
on (CDsCOCD;s) 8.93 (2 H, d,J = 6.7 Hz, GH4N), 8.88-8.83 (4 H,

m, GH4N and H9), 8.25 (2 H, d,J = 6.9 Hz, GH4N), 7.96-7.81 (2

H, m, CH and H), 7.66 (1 H, ddJ = 15.5, 10.9 Hz, CH), 7.63 (2 H,
d,J = 6.3 Hz, GH4N), 7.54 (2 H, t,J = 7.0 Hz, H%), 7.17 (L H, d,

J=15.4 Hz, CH), 7.16 (1 H, d) = 15.4 Hz, CH), 4.54 (3 H, s, Me)
2.78 (12 H, s, 4x NH3). Anal. Calcd for GoHsaF1sN7PsRu: C, 26.50;

H, 3.56; N, 10.82. Found: C, 26.85; H, 3.53; N, 10.26.

Synthesis of trans-[Ru" (NHz)4(py)(Mebph™)](PFe)z (9). This
was prepared and purified in manner similar@dy using trans-
[RU™(SOy)(NH3)4(py)]CI (140 mg, 0.369 mmol) in water (6 mL) and
[Mebph*]CI-2.1H,0O (105 mg, 0.325 mmol) in water (4 mL) with a
reaction time of 3 d. A dark red solid was obtained: 52 mg, 13f6;
(CDsCOCDs) 8.94-8.91 (4 H, m, GHsN and H9), 8.84 (2 H,dJ=
6.7 Hz, GH4N), 8.25 (2 H, dJ = 6.7 Hz, GH4N), 7.98 (1 H, m, H),
7.85 (1 H, dd,J = 15.7, 10.3 Hz, CH), 7.637.55 (5 H, m, GH.N,
CH and H*9), 7.09-6.93 (4 H, m, CH), 4.53 (3 H, s, Me), 2.83 (12 H,
s, 4 x NHg). Anal. Calcd for G:HzaF1gN7PsRu: C, 28.34; H, 3.68; N
10.51. Found: C, 28.95; H, 3.54; N, 10.14.

Synthesis of trans-[Ru' (NH3)4(py)(Mebpp™)](PFe)s (10). This
was prepared and purified in manner similar@dy using trans
[RU"(SO)(NH3)4(py)]CI (209 mg, 0.550 mmol) and [MebpjCI-H,O
(200 mg, 0.567 mmol) in water (45 mL). A dark red solid was
obtained: 51 mg, 9%, (CDsCOCD;) 8.98 (2 H, d,J = 6.7 Hz,
CsHaN), 8.91 (2 H, d,J = 5.1 Hz, H9), 8.85 (2 H, d,J = 6.6 Hz,
CsH:N), 8.37 (2 H, dJ = 6.9 Hz, GH:N), 8.11 (1 H, dJ = 16.3 Hz,
CH), 7.98 (1 H, tJ = 7.6 Hz, H), 7.89 (2 H, d,J = 8.8 Hz, GH.),
7.86 (2 H, dJ = 8.8 Hz, GH.), 7.82-7.51 (7 H, m, 3x CH, GHaN
and H9), 457 (3 H, s, Me), 2.82 (12 H, s, % NH3). Anal. Calcd for
CaeHseF18N7PsRu: C, 31.78; H, 3.69; N 9.98. Found: C, 31.87; H,
3.64; N, 9.46.

Synthesis oftrans-[Ru'" (NHz)s(mim)(Mebpb1)](PFe)s (13). This
was prepared and purified in manner similar @dy using trans-
[RU™(SOy)(NH3)4(mim)]CI (92 mg, 0.240 mmol) in water (4 mL) and
[Mebpb*]CI-2.1H,0 (62 mg, 0.209 mmol) in water (10 mL) with a
reaction time of 12 h. A dark purple solid was obtained: 27 mg, 14%;
On (CDsCOCD;) 8.96 (2 H, dJ = 6.7 Hz, GHsN), 8.88 (2 H, dJ =
6.6 Hz, GHuN), 8.27 (2 H, d,J = 6.7 Hz, GH4N), 8.21 (1 H, s,
CsN2Hg), 7.88 (1 H, ddJ = 15.4, 10.9 Hz, CH), 7.68 (1 H, dd,=
15.4, 11.0 Hz, CH), 6.73 (2 H, d,= 6.7 Hz, GH.N), 7.49 (1 H, s,
CsN2Hg), 7.39 (1 H, s, @N2Hg), 7.18 (1 H, dJ = 15.4 Hz, CH), 7.17
(1 H,dJ=154Hz, CH), 454 (3H, s, £1s.N—Me), 3.94 (3 H, s,
C3N2H3—Me), 2.68 (12 H, S, 4x NH3) Anal. Calcd for Q9H33F13N8-
PsRu: C, 25.09; H, 3.66; N, 12.32. Found: C, 25.69; H, 3.24; N, 11.94.

Synthesis oftrans-[Ru'' (NH3z)s(mim)(Mebph*)](PFe)s (14). This
was prepared and purified in manner similar@dy using trans
[RU"(SQy)(NHz)4(mim)]CI (153 mg, 0.400 mmol) in water (5 mL) and
[Mebphf]CI-2.1H,0 (110 mg, 0.341 mmol) in water (10 mL). A dark
purple solid was obtained: 67 mg, 21%,; (CDsCOCD;) 8.91 (2 H,
d,J=6.9 Hz, GHsN), 8.82 (2 H, dJ = 5.7 Hz, GH4N), 8.24 (2 H,
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d,J=6.9 Hz, GH4N), 8.15 (1 H, s, GN2H3), 7.83 (1 H, dd,J = 15.4, for the diabatic states are given by
10.2 Hz, CH), 7.657.48 (4 H, m, CH, GHsN and GN;H3), 7.37 (1

H, s, GN,Hs), 7.08-6.94 (4 H, m, CH), 4.52 (3 H, s, $£,N—Me), 1 A2\
3.95 (3 H, s, GN2H3-Me), 2.65 (12 H, s, 4x NH3). Anal. Calcd for (:b2 =511 |—7 4)
CaiHssF1sNsPsRu: C, 26.96; H, 3.77; N, 11.98. Found: C, 27.20; H, 2 Aptyy" + 4uq,
3.67; N, 11.41.

Synthesis of trans-[Ru" (NHs)(mim)(Mebpp©)](PFe)s (15). A ool = Emadt12) 5
solution oftrans[Ru" (SQy)(NH3)4(mim)]CI (299 mg, 0.781 mmol) in Hap = | Aty | ®)

water (15 mL) was reduced over zinc amalgam (3 lumps) with Ar

agitation for 20 min. This was filtered under Ar into a flask containing A |alative error of-£20% is estimated for thé, values derived from

a solution of [Mebpp]CI-H,O (263 mg, 0.745 mmol) in water (35 the Stark data and using eq 1.

mL) and Fh_e solution was stirred at 38 for 5 d. The crude product Computational Procedures. All theoretical calculations were
was precipitated by addition of excess aqueousfNel (0.2 M) and performed by using the Gaussian 29grogram. The molecular
purified on a silica gel column by using NFIF in acetone (0.1 M) as geometries were optimized assumi@g symmetry using the hybrid

the eluant. The first major purple band was collected and precipitated functional B3P8& and the LanL2D2 basis set. The same model
with a 5-fold excess of diethyl ether, t_h'_en reprempltgted from acetone/ .o mistry was used for properties calculations. Electronic transitions
diethyl ethzr to_glve a dark purple solid: 35 319’_5‘%’(CD3COCD3) were calculated by means of the TD-DFT method and the excited-
8.98 (2 H, d,J = 6.6 Hz, GHiN), 8.85 (2 H, d.J = 5.8 Hz, GHaN), state dipole moments were calculated by using the one particle RhoCl

8.37 (2 H, dJ = 6.6 Hz, GHaN), 8.20 (1 H, s, GNoH3), 8.11 (1 H, density. The default Gaussian 98 parameters were used in every case.
d,J=16.3 Hz, CH), 7.87 (4 H, s, &Els), 7.78-7.52 (5 H, m, 3x CH,

CsHaN), 7.49 (1 H, s, GN2H3), 7.39 (1 H, s, GNzH3), 4.57 (3 H, s, Results and Discussion

CsHisN—Me), 3.95 (3 H, s, GNzHz—Me), 2.67 (12 H, s, 4x NHa). . . .
Anal. Calcd for GeHsFiNsPsRU: C, 30.47: H, 3.78: N, 11.37. Molecular Design and Synthesis.We have synthesized

Found: C, 31.15: H, 3.57: N, 10.88. seven new dipolar Rucomplex salts in order to obtain data
Hyper-Rayleigh Scattering. Details of the hyper-Rayleigh scattering ~ for three series in which the linkage between the coordinated
(HRS) experiment have been discussed elsewhé&fé, and the pyridyl and N-methylpyridinium rings varies between 0 and 3
experimental procedure used was as previously desctgdalues E-CH=CH units (Figure 1). Then = 0 or 1 complex salts
were determined by using the electric-field-induced second harmonic featuring trans Nklor N-methylimidazole (mim) ligandsi( 2,
generationBioes for p-nitroaniline (29.2x 107%° esu in acetonitrilé} 11, and12) are knownt%acdand form complete series with the

as an external reference. All measurements were performed by usingnew compounds, 4, 13, and14. However, then = 0 complex
the 1064 nm fundamental of an injection-seeded, Q-switched Nd:YAG salt with a trans pyridine (py) ligandb) is new and forms a

laser (Quanta-Ray GCR-5, 8 ns pulses, 7 mJ, 10 Hz). Dilute acetonitrile series with the existing = 1 analogué‘)d (7). 8, and9. Three

solutions (165—107% M) were used to ensure a linear dependence of . . . .

I2,/1,2 on solute concentration, precluding the need for LambBeer complex salts of a new ligand in vyhlcrfaE-l,4-b|s(ethenyI)-
correction factors. Samples were filtered (Millipore, O:46), and none phenylene group bridges the terminal rlnﬁs;I(O, and_l5) have
showed any fluorescence. One-dimensional hyperpolarizability is &S0 been prepared to allow further comparisons with the related
assumed, i.63106a = B333, and a relative error of-15% is estimated. polyenyl species.

Stark Spectroscopy The electroabsorption apparatus, experimental ~ The new pyridyl polyene pro-ligand salts [Mebgband
methods and data analysis procedure were exactly as previously[Mebpht]l were synthesized via stepwise Wittig oxopropenyl-
reported;®"* with the only modification being that a xenon arc lamp  ations of pyridine-4-carboxaldehyde with (1,3-dioxolan-2-yl-
was used as the light source in the place of a tungsten filament bulb. methyl)tributyl phosphonium bromidé, followed by base-
Butyronitrile was used as the glassing medium, for which the local catalyzed condensations witk-methyl-4-picolinium iodide.
field correctionfi is estimated as 1.38¢1° The Stark spectrum for This synthetic approach affords only the desirecEatiroducts
each compound was measured a minimum of three times using different . . . .

although the isolated yields are low. The aldehyde intermediates

field strengths, and the signal was always found to be quadratic in the . .
applied field. A two-state analysis of an intramolecular CT (ICT) E-3-(4-pyridyl)-2-propenal - andE,E-5-(4-pyridyl)penta-2,4-

transition gives dienal have been previously syntheS|ze<_1I via other_met?—fods.
[Mebpb]l and [Mebph']l were metathesized to their Clor
Aug? = Ay + duy ) PR~ salts for complexation reactions with the precursors
. . . . . (20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
whereAuasis the dipole moment difference between the diabatic states, A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
Auiz is the observed (adiabatic) dipole moment difference, ands E- NE-:gturantMJ-CC-;FD?(Dprig, ? MiII,aT, é. M.; D?/ni%s, A '\DA.; Eudin,,
e B . . N Strain, M. C.; Farkas, O.; lomasi, J.; barone, V.; Cossi, M.; Camml,
the _transmon dipole moment. T_h_e latter can be determined from the R.: Mennucci. B.- Pomelli, C.: Adamo. C.: Clifford.’S.: Ochterski, J.:
oscillator strengtHys of the transition by Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;

Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
g 12 J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
|10l = [f,d(1.08 x 10 °E,0] ?3) Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.;
Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L,;
whereEmaxis the energy of the ICT maximum (in wavenumbers). The géméaez,_(:.; ;ie;adG—Gord_on, l\l/l Reg!ogée, Ehsl.j;:‘oi)é%é]. A. GAUSSIAN
i At 2 ; ; : , Revision A.7; Gaussian, Inc.: Pittsburgh, PA, .
degree of delocalizatioa,® and electronic coupling matrix elemetfig, (21) The B3P86 Functional consists of Becke’s three parameter hybrid functional
(Becke, A. D.J. Chem. Phys1993 98, 5648-5652) with the nonlocal

(16) Hendrickx, E.; Clays, K.; Persoons, A.; Dehu, C. d&®, J.-LJ. Am. Chem. correlation provided by the Perdew 86 expression: Perdew, Phis.
Soc.1995 117, 3547-3555. Rev. B 1986 33, 8822-8824.

(17) Houbrechts, S.; Clays, K.; Persoons, A.; Pikramenou, Z.; Lehn, Chgm. (22) D95 on first row: Dunning, T. H.; Hay P. J. INModern Theoretical
Phys. Lett 1996 258 485-489. Chemistry Schaefer, H. F., lll, Ed.; Plenum: New York, 1976, vol. 3, 1.

(18) Staelin, M.; Burland, D. M.; Rice, J. EChem. Phys. Lett1992 191, Los Alamos ECP plus DZ on N&Bi: (a) Hay, P. J.; Wadt, W. Rl. Chem.
245-250. Phys 1985 82, 270-283. (b) Wadt, W. R.; Hay, P. J. Chem. Phys

(19) shin, Y. K.; Brunschwig, B. S.; Creutz, C.; Sutin, N.Phys. Chenl996 1985 82, 284-298. (c) Hay, P. J.; Wadt, W. R. Chem. Physl985 82,
100, 8157-8169. 299-310.
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Scheme 1
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Figure 1. Chemical structures of the complex salts investigated. /
Il 15 Ml 15 Table 1. Electrochemical and UV—Visible Data for the New
[RU"(NH3)s(H20)][PFe]2, ™ trans [Ru (SQs) (NHz)a(py)ICI, ™ or Complex Salts trans-[RU'(NHz)a(L)(LA)](PFe)s?
trans[Ru™ (SQy)(NH3)4(mim)]CI% by using established coor- v
dination chemistry method§2¢dThe compouncE,E,E-7-(4- RG-S
pyridyl)hepta-2,4,6-trien&t was also prepared and used to syn- BP0 ] e
thesize the corresponding pro-ligand salt with fes€H=CH salt  LP LA ELaRUMT OEe (e, Mtemye assignment
boqu, [Mebpo]l. However, we have unfortunately been unable NH; Mebpb™ 0.45(85) —0.79 584 (18 700) d- 7*(Mebpb®)
to isolate any Rl complexes from the salt [MebpiPFe. 354 (32 600) 7 — 7*
Indeed, the reactivities of the new pyridyl polyene pro-ligands 4 NHs Mebph" 0.45(75) —0.77 ?)55253((3};7588) &> 7*(Mebph*)
i Il 2+ i 2+ (| = T
with [RU"(NH3)s(H20)]" or trans[RUTL(NH3)u(H0)*" (L = 5 NHs Mebpp" 0.45(75) —0.89 526 (19 400) ¢~ 7*(Mebpp")
py or mim) appear to decrease dramatically as the length of the 378 (44 000) 7 — 7*
polyene chain increases. Detailed YVisible-based kinetic 6 py MeQ" 0.69(85) —0.81(100) 566 (17 200) o x*(MeQ*)
studies are underway in order to further investigate this —1.40 (110) 23518((1573;)8())) &7 Py)
interesting behavior. 8 py Mebpb 0.64(85) —0.75 552 (19 800)”d—>;1r*(Mebpb+)
The pro-ligand salt [Mebpfjl was prepared by base- 356 (35 800) 7 — 7*
catalyzed condensation of &P-(4-pyridyl)ethenyl]benzalde- 9 py Mebpht 0.62(85) -0.76 355122((5214 fg&) ¢~ 7*(Mebph*)
4 nri ~ i . . 7 — a*
hydel with N-methyl-4-picolinium iodide, and then con\(erted 10 py Mebpp 0.62(90) —0.90 510 (22800) d- 7*(Mebpp*)
into [Mebpp']X (X = CI~ or PR™~) for complexation reactions. 378 (45 400) 7 — a*
[Mebpp']CIO4 has been reported previoughi/but the cation 13 mim Mebpb 0.44 (85) —0.77 592 (21 400) d~ 7*(Mebpb*)
i i i ; 352 (40 200) 7w — *
was pre_pared in that case via _mon_omethylatlon of 1,4his| 4 mim Mebpht 0.45 (100) —0.75 570 (21 900) 6 *(Mebph)
2-(4-pyridyl)ethenyl]benzene with dimethyl sulfate. The syn- 392 (52 500) 7 — 7*
thetic chemistry used to prepare the iodide salts of the new pro- 15 mim Mebpp 0.44 (95) —0.88 520 (19 900) e~ 7*(Mebpp*)
ligand cations is summarized in Scheme 1. 376 (44 500) & — 7
Electronic Spectroscopy Studies.Electronic _absorption aData for3, 4, 13, and14 taken in part from ref 122 Measured with
spectra for the new complex safis 6, 8—10, and13—15were solutions in (freshly distilled from Cafjiacetonitrile ca. 16 M in analyte

recorded in acetonitrile and the results are presented in Tableand 0.1 M in [N(GHg-n)4]PFs at a Pt disk working electrode with a scan

rate of 200 mV s'. Ferrocene internal referen&e, = 0.46 V,AE, = 70
1. As expected, all of the complexes show intense ﬁlIRu mV. ¢For an irreversible reduction proce€dvieasured with acetonltrlle

a*(LA) MLCT bands, withimax values in the region 566600 solutions ca. 5x 1075 M.
nm, which give rise to strong purple or blue colorations. Each

e : I :
complex also shows a single intense UV absorption due to  — * intraligand CT (ILCT) excitations, which overlap the

less intense d(RY — z*(py) MLCT bands in8, 9, and 10.
(23) Selected examples: (a) Huang, Y.-Z.; Shi, L.-L.; Yang, JFétrahedron These ILCT bands red-shift and gain intensityrascreases

Lett. 1985 26, 6447-6448. (b) Hagedorn, I.; Hohler, WAngew. Chem., ithi i _
Int. Ed. Engl.1975 14, 486. (c) Tolbert, L M.; Zhao, X.-DJ. Am. Chem. within the three series of polyene complex satst, 6-9, and

Soc.1997, 119, 3253-3258. (d) Leitis, L.; Jansone, D.; Skolmeistere, R.; 11—14, and their energies are essentially independent of the

Popelis, J.; Gavars, M.; Shimanskaya, M. V.; Maslii, L. K.; Nikol'skaya, i [aen]
G5 Khim. Getorotsiki. Soedii001, 7780, nature of the trans ligand and also very similar to those observed

(24) (a) Duhamel, L.; Ple, G.; Ramondenc, Tétrahedron Lett1989 30, 7377 for the corresponding pro-ligand satsNonmethylatedx,w-
7380. (b) Ramondenc Y Ple, CEetrahedron1993 49, 10 855-10 876. VT i se— 1* i
(25) Kumtake M.; Nasu, K.; Manabe O.; NakashimaBull. Chem. Soc. Jpn dlpyl’ldyl po!yenes_also shovylnten i n ban_ds In_ th? 306 i
1994 67, 375-378. 400 nm region which red-shift and gain intensity with increasing
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Table 2. Electrochemical and Visible MLCT Absorption Data for 60000 -
Complex Salts 1—-15
E, V vs Ag—AgCl
(AB, VP 40000-]
Amal Enmad Ema El/Z[L+/0] ’r\
salt LP n  (nm) (ev) (Mtem™) Eyg[RU"M or Byt £
1 NH; 0 590 210 15800  0.51(75) —0.86(70) 5 500004
2¢ NH; 1 595 2.08 16 100 0.46 (70) —0.80 w
3 NH; 2 584 212 18700 0.45(85) —0.79
4 NH; 3 568 218 17 500 0.45(75) —0.77
5 NH3 526  2.36 19 400 0.45 (75) —0.89 1] : ; | : | |
6 py 0 566 219 17200  0.69(85) —0.81(100) 200 300 400 500 600 700 800
e py 1 563 220 14 800 0.65(70) —0.75 Wavelength (nm)
8 Py 2 552 225 19800 0.64 (85) —0.75 Figure 3. UV —visible absorption spectra of the complex s#t&ed), 7
9 Py 3 542 229 24900  0.62(85) —0.76 (yellow), 8 (green), and (blue) at 298 K in acetonitrile.
10 py 510 2.46 22800 0.62 (90) —0.90
119 mim 0 602 206 16200  0.52(75) —0.83(70) 60000 —
12 mim 1 604 205 16 200 0.47 (80) —0.81
13 mim 2 592 2.09 21400 0.44(85) —0.77
14 mim 3 570 2.18 21900 0.45 (100) —0.75
15 mim 520 2.38 19 900 0.44 (95) -—0.88 40000 4

aMeasured with ca. 5< 107> M solutions in acetonitrile at 298 K.
b Measured with solutions in (freshly distilled from Cgtacetonitrile ca.
1073 M in analyte and 0.1 M in [N(GHo-n)4]PFs at a Pt bead/disk working | [
electrode with a scan rate of 200 mVsFerrocene internal referen&e, || \
= 0.46 V, AE, = 70 mV.°For an irreversible reduction proce$sRef \J L
10c. ¢ Ref 10d." Data taken in part from ref 12.Ref 10a. N
300 400

T T T 1
500 600 700 800

20000+

E(Mcm™)

40000
Wavelength (nm)
Figure 4. UV —visible absorption spectra of the complex sdlfs(red),
30000 12 (yellow), 13 (green), andL4 (blue) at 298 K in acetonitrile.
& 20000 irrespective of whether terminal metal centers are preésént.
—; | To our knowledge, the only previous reports of B polyenes
e 10000_k f in which the CT bands blue-shift with increasing the number
\\/ ~~IN of vinylenic spacer units involve several series of compounds
& N : containing tetrathiafulvalenyl (TTF) D groups in combination
0200 300 400 500 B0 700 560 with various strong electron acceptors including 2,2-dicyano-

Wavelength (nm) vinyl and 5-methylidene-1,3-diethyl-2-thiobarbituric aéfd.
Figure 2. UV —visible absorption spectra of the complex sdlt&ed), 2 Interestingly, related TTF comp_ounds with 4-n|trophenyl A
(yellow), 3 (green), andt (blue) at 298 K in acetonitrile. groups show more normal optical behawdrD—A oligo-
(phenylenevinylene) chromophores, in which the conjugated
bridge contains alternating 1,4-phenylene rings Br@H=CH
units, can also display hypsochromic shifting of CT bands on
extension of conjugatioff. The blue-shifts of ca. 0.2 eV
observed in the MLCT bands on moving fromEzE,E-1,3,5-
hexatrienyl to a longeE,E-1,4-bis(ethenyl)phenylene bridge (i.e.
4—5,9— 10,0r 14— 15) are consistent with results obtained
with related purely organic compoundfs.

n.2” To a first approximation, it is reasonable to assume that
the ILCT excitations irl—4, 6—9, and11—14 possess relatively
limited CT character and will not therefore contribute substan-
tially to the NLO responses which will be dominated by the
lower energy and more strongly directional MLCT transitions
(but see later). The MLCT data for the new complex salts are
also collected in Table 2, together with those for the previously

reported compoundd, 2, 7, 11, and 12 for purposes of (28) (a) Gonzkez, M.; Marfn, N.; Segura, J. L.; Gar) J.; Orduna, Jretrahedron

i H iai i Lett. 1998 39, 3269-3272. (b) Gam, J.; Orduna, J.; Rupez, J. |.; Alcala
comparison. _Representatlve UVisible absorption spectra for R Vilacampa. B.. Sachez. C.. Mart, N Segura, J. L. Gorlzz. M.
the three series of polyene complex sdls4, 6—9, and11— Tetrahedron Lett1998 39, 3577-3580. (c) Gonzaz, M.; Marfn, N.;

H H ~ Segura, J. L.; Seoane, C.; Gard.; Orduna, J.; AlcaleR.; Saachez, C.;
14 are shown in Figures 2-4. . Villacampa, B.Tetrahedron Lett1999 40, 8599-8602. (d) Gonzez, M.
The collected absorption data in Table 2 show that within \S/_Lilgura, J. LB.; aeoagg, CV lvlf_ar,th.’;\lGafn, J.; g)r%uga, J.C;hAlcéélggi:
. illacampa, B.; Herhadez, V.; Lpez Navarrette, J. T. Org. Chem
each o_f the three separate polyene senefrtlaevalu_es change 66, 8872-8882. (¢) Andreu, R.; Gan J.; Orduna, JTetrahedron2001
only slightly on moving fromn = 0 to 1, but then increase as 57, 7883-7892.

©
N

. . . (29) Bryce, M. R.; Green, A.; Moore, A. J.; Perepichka, D. F.; Batsanov, A. S.;
n_mcreases further up to 3. The ML_CT maxima hence sh_n‘t _to Howard, J. A. K.; Ledoux-Rak, |.; Goritez, M.; Martn, N.; Segura, J.
higher energy as the polyene chains are extended. This is a L.; Garin, J.; Orduna, J.; AlcalaR.; Villacampa, B.Eur. J. Org. Chem.

. 2001, 1927-1935.
highly unusual result because the CT bands efADpolyene (30) (a) Meier, H.; Petermann, R.; GeroldChem. CommurL999 977-978.

chromophores almost invariabtgd-shifton chain elongation, (b) Mata, J. A.; Uriel, S.; Llusar, R.; Peris, Brganometallics200 19,
3797-3802. (c) Meier, H.; Gerold, J.; Kolshorn, H.; Baumann, W.; Bletz,
M. Angew. Chem., Int. EQ002 41, 292—-295. (d) Meier, H.; Gerold, J.;

(26) The absorption maxima for the PFsalts of the pyridyl pro-ligands are as Jacob, D.Tetrahedron Lett2003 44, 1915-1918.
follows (nm, in acetonitrile): 264n(= 0), 316 = 1), 356 o = 2), 394 (31) (a) Alain, V.; Reloglia, S.; Blanchard-Desce, M.; Lebus, S.; Lukaszuk,
(n=3). K.; Wortmann, R.; Gubler, U.; Bosshard, C.} @er, P.Chem. Phys1999
(27) Woitellier, S.; Launay, J. P.; Spangler, C. Worg. Chem1989 28, 758— 245 51-71. (b) Luo, J.-D.; Hua, J.-L.; Qin, J.-G.; Cheng, J.-Q.; Shen,
762. Y.-C.; Lu, Z.-H.; Wang, P.; Ye, CChem. Commur001, 171-172.
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Table 3. MLCT Absorption, Stark Spectroscopic, and HRS Data for Complex Salts 1—-15

lmaxa Emaxa /J‘th A,MIZC Aﬂabd Hab' ﬁO[S]g /))10611h ﬂO[H]‘

salt LP n (nm) (eV) fos? (D) (D) (D) cy2e (cm™) (107 esu) (107 esu) (1072 esu)

1k NH3 0 645 1.92 0.20 5.2 13.8 17.3 0.10 4700 120 750 123
2 NH3 1 681 1.82 0.23 55 16.2 19.6 0.09 4100 175 828 142
3m NH3 2 675 1.84 0.43 7.9 22.4 27.4 0.09 4300 482 2593 372
4m NH3 3 669 1.85 0.36 7.2 27.1 30.6 0.06 3500 475 1308 131
5 NH3 610 2.03 0.36 6.8 28.3 31.4 0.05 3600 373 1116 n 19
6 py 0 611 2.03 0.29 6.1 16.2 20.3 0.10 4900 171 899 85
7 py 1 638 1.94 0.25 6.0 19.3 22.7 0.08 4100 218 904 n78
8 py 2 631 1.97 0.50 8.2 25.1 30.0 0.08 4300 514 1332 n75
9 py 3 625 1.98 0.36 7.0 28.6 31.8 0.05 3500 412 1519 n 43
10 py 573 2.16 0.41 7.0 27.8 311 0.05 3900 343 1404 n 88
11 mim 0 658 1.88 0.22 5.5 17.1 20.3 0.08 4100 170 523 100
12/ mim 1 687 1.80 0.26 6.3 18.0 22.0 0.09 4200 256 857 168
13m mim 2 684 1.81 0.48 8.4 23.3 28.7 0.09 4300 586 1440 237
14m mim 3 678 1.83 0.42 7.8 26.7 30.9 0.07 3700 563 1660 175
15 mim 610 2.03 0.36 6.8 30.1 33.1 0.04 3400 397 1358 n 46

aMeasured in butyronitrile glasses at 77 s (s the oscillator strength determined by numerical integration of the digitized spéd@alculated from
eq 3.¢ Calculated fronfinAui2 usingfine = 1.33.9 Calculated from eq 2 Calculated from eq 4.Calculated from eq 5 Calculated from eq 17 Obtained
from 1064 nm HRS measurements in acetonitrile solutions at 29®krived frompB1064 by application of the TSM,and assuming that the MLCT transition
is dominant) Ref 10f.k Ref 10c.! Ref 10d.™ Data taken in part from ref 12.Underestimated due to close proximity &fiax to 532 nm.° Ref 10a.

Electrochemical StudiesThe new complex salt3—6, 8—10, resonance effects can hinder its ability to afford structure
and13—15 were investigated via cyclic voltammetry in aceto- activity relationships for static first hyperpolarizabilities. We
nitrile and the results are presented in Table 1, and also collectechave hence also carried out Stark spectroscopic measurements
in Table 2. All of the complexes exhibit reversible or quasi- as an alternative approach to derivifg values and other
reversible RU/!" oxidation waves. Within each of the polyene molecular electronic parameters, having the advantage over HRS
series, the Rl Ey; values decrease by ca. 50 mV on moving that resonance effects can be ignored.
from n = 0 to 1, indicating that the Ru centers become more  Stark Spectroscopic StudiesAll of the new complex salts
electron rich due to the mildly electron donating influence of 3—6, 8—10, and13—15were studied by electronic Stark effect
the 4-vinyl groups. However, further extension of the conjugated spectroscopy in butyronitrile glasses at 77 K and the results

bridges leads to only small changes in the''Rupotentials. are presented in Table 3, together with previously reported
The pyridinium ligand first reduction waves are reversible only datal®12 As found previously with related Fuammine
for n= 0, even up to scan rates as high as 200"V Although complexes?"19the electroabsorption spectra®f6, 8—10, and

correlation between the MLCT energies and the redox potentials 13—15 were successfully modeled in terms of a large second
is hence not possible, it can be concluded that variations in thederivative term, a small first derivative component and a
ligand-based LUMO energies are primarily responsible for the negligible zeroth derivative contribution.

observed changes in the MLCT energies on moving from In all cases, the MLCT bands undergo marked red-shifts in
1 to 3. TheEp values for5, 10, and 15 are considerably  the 77 K glass, as observed previously in related compo§rids.
negatively shifted with respect to those for their= 3 Although the same general trend in the variatiorEgfx with
counterparts, in keeping with the observed blue-shifts in the increasingn is evident in either medium, the form of this trend
MLCT bands. varies. At 298 K in acetonitrile, the decreasegijpxon moving
Hyper-Rayleigh Scattering Studies.The molecular first from n = 0 ton = 1 are only slight, while the subsequent
hyperpolarizabilities of complex salg&-6, 8—10, and13—15 increases up ta = 3 are larger. The reverse pattern is observed

were measured in acetonitrile solutions by using the HRS at 77 K in butyronitrile, i.e. relatively large decrease <y,
techniqué617with a 1064 nm Nd:YAG laser fundamental. The followed by small increases. Within each polyene seres,
resulting resonance enhangées values were used to derive  increases steadily with, as is normally observed for BA
estimated static hyperpolarizabilitiSsfH] by application of the polyenes, whilg:s, is maximized ah = 2. As also observed in
TSM,?2 assuming that the MLCT bands dominate the NLO related compound®f the Auap values are considerably larger
responses. The results are given in Table 3, together withthan their adiabatic counterparts. The magnitude,dfeflects
previously reported datgac.d12 the degree of mixing between the diabatic states, and the
Unfortunately, because the TSM leads to underestimations observed values of 0.1 are indicative of a limited degree of
of Bo when the CT absorption maximum is located close to the delocalization, consistent with the assignment of the visible
second harmonic wavelength of 532 nm, flfH] data for the absorptions as arising from MLCT transitions. Within the three
py complex salts are of little utility and do not afford any polyene seried—4, 6—9, and 11—14, the values ofc,? and
meaningful insights into the effects of extension of the Ha,decrease on moving from= 2 to 3, indicating a decreasing
conjugated system. However, the data for both of the other extent of orbital overlap between the 'Relectron donor and
polyene series show th@&p[H] maximizes atn = 2, and the N-methylpyridinium electron acceptor groups. The fact that both
values fom = 3 are similar to those fan = 1. The decrease in  cy? andHg, have their lowest values in the= 3 andE,E-1,4-
Bo[H] on moving fromn = 2 to 3 is somewhat larger for the  bis(ethenyl)phenylene-bridged compounds is entirely logical
pentaammine series. The underestimation effect is also foundbecause these species contain the longest conjugated bridges.
in the Bo[H] values for5, 10, and15. Although HRS is a very Most importantly, the values ¢#o[S], derived by using eq
useful technique, the results given here demonstrate thatl, also show remarkably consistent behavior within each series;
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Table 4. ILCT Absorption and Stark Spectroscopic Data for Complex Salts 3—5, 8—10, and 13—15

Anad Epa® e Aurs® Atz Hay' PolSlicr® PolSlmcr® BolSlror”"

salt LP n (nm) (eV) fos? (D) (D) (D) (o (cm™) (107 esu) (1072 esu) (10720 esu)

3 NH;3 2 377 3.29 0.58 6.8 12.7 18.6 0.16 9700 64 482 546
4 NH3 3 408 3.04 0.63 7.4 14.5 20.8 0.15 8700 101 475 576
5 NH3 385 3.22 0.91 8.6 13.6 21.9 0.19 10 200 113 373 486
8 py 2 370 3.35 0.52 6.5 11.7 17.4 0.16 10 000 51 514 565
9 py 3 404 3.07 1.00 9.3 12.5 22.4 0.22 10 300 134 412 546
10 py 403 3.08 0.97 9.1 11.8 21.7 0.23 10400 121 343 464
13 mim 2 374 3.32 0.42 5.8 16.4 20.1 0.09 7700 59 586 645
14 mim 3 408 3.04 0.66 7.6 13.0 20.0 0.18 9300 95 563 658
15 mim 385 3.22 0.72 7.7 13.7 20.6 0.17 9700 91 397 488

aMeasured in butyronitrile glasses at 77 s (s the oscillator strength determined by numerical integration of the digitized spéo@alculated from
eq 3.¢ Calculated fromfiniAui2 usingfine = 1.33.9 Calculated from eq 2 Calculated from eq 4.Calculated from eq 3 Calculated from eq 1" Sum of
the 3[S] values for the two absorption bands, i®[S]iL.ct + Bo[SImLcT-

Bo[S] increases on moving from= 0 ton = 1, shows a further n = 2 compounds and ca. 100 for their= 3 counterparts.
dramatic increase to = 2, and then decreases. Note however Summation of the two individugBo[S] values indicates that
that this decrease ifig[S] is only experimentally significant  the total responses for the= 2 or 3 chromophores are very
for the py series. Th@y[S] values are of similar magnitude, similar and show no convincing evidence for either a decrease
but generally substantially larger than those derived from the or an increase. These results indicate that the ILCT transitions
HRS measurements. This result is apparently consistent withcontribute ca. 10% of the overall NLO responses ofrihe 2
the red-shifts in the MLCT bands on moving from solution to compounds but ca. 20% for their= 3 analogues. It can be
glass. However, because other two-state equations are availablassumed that the corresponding relative contributions imthe
which would change the calculatgty[S] values by constant = 0 or 1 chromophores will be<5%, so our previous
factors of either 2 or 0.5direct comparisons between the two assumption that only the MLCT bands need to be considered
sets off}y data should be made only with caution. What is most in these cases is reasonable.
significant is that the trends shownfg[S] are broadly the same The observation that both MLCT and ILCT transitions
as those found irBg[H], although the increase ifig[H] on contribute to the NLO responses of our complex chromophores
moving fromn = 1 ton = 2 is considerably smaller than that isin some respects reminiscent of the results reported previously
observed in thgo[S] values for the mim complexes. Since the for ferrocenyl-containing De—A compounds? Such complexes
Bo[H] values for5, 10, and15 are clearly of little validity, it is also display two absorptions in the region 3D0 nm, with
satisfying to note that thgy[S] data for these compounds appear the higher energy (HE) band having greater intensity than that
to be entirely reasonable. In each cg8¢S] is smaller than at lower energy (LE). However, in polyene derivatives bearing
that of the analogous = 3 compound, and this result can be terminal strongly electron accepting groups both bands red-shift
traced largely to the corresponding increases of ca. 0.2 eV inasn increases, although the HE band shifts more than the LE
Emax @accompanied by decreasesuity which more than offset one’? The electronic structures of such ferrocenyl derivatives
the slightly largerAui2 values. Nevertheless, tifg[S] values have provoked some controversy; Kanis et al. claimed that the
for 5, 10, and 15 are still very large and have been achieved LE bands are ligand-field-based and the NLO responses are
with considerable gains in visible transparency, since the MLCT dominated by the HE bands which were assigned as being of
bands of these chromophores are somewhat higher in energyMLCT charactei® However, Calabrese et al. have assigned the
even than those of their = 0 counterparts. LE bands as being of MLCT type and the HE bands as
Figures 2-4 show that within the three polyene series, a clear predominantly ILCT in nature, but with some metal charatter.
trend in the high energy ILCT bands is also evident. As noted In keeping with the latter model, recent Stark spectroscopic
earlier, these absorptions red-shift and gain intensity steadily Studies show that both bands have larye;, values*? An
asn increases, such that they become particularly significant octamethylferrocenyl complex with a 1-dioxothia-3-(dicyano-
for then = 2 or 3 complex chromophores. The question hence Methylene)inden-2-yl electron acceptor arif B E-hexa-1,3,5-
arises as to whether the potential contributions of these trienyl bridge has respectiv&u;, values of ca. 18 ah9 D for
excitations to the quadratic NLO responses can be ignored, ashe LE and HE band¥. In this chromophore, application of
has been the case thus far (and in our previous report). the TSM indicates that the HE transition is responsible for ca.
Unfortunately, our Stark setup does not allow the ILCT bands 25% of thef response, while the LE transition contributes 75%.
for then = 0 or 1 compounds to be analyzed, since it has an Interestingly, in the compound {&,E-4-(ferrocenyl)buta-1,3-
operational short wavelength limit of ca. 350 nm. This cutoff dienyl} nitrobenzene, which contains a shorter conjugated bridge,
arises from several factors including the intensity of the light the HE transition was found to dominate the TSM response,
source, detector sensitivity and excessive near-UV absorptionwith a ca. 63% contributio® In contrast, the electronic
by the ITO glass windows used in the Stark cell. However, data Structures of our RU compounds are more readily under-

for the ILCT bands have been obtained for the= 2 or 3 stood and show an increasing contribution of the ILCT
chromophores and also for the complexes of the Meébigand. (32) Barlow, S.; Bunting, H. E.; Ringham, C.; Green, J. C.; Bublitz, G. U.;
The data shown in Table 4 reveal that the ILCT bands do indeed ??f&g?'z?‘ Perry, J. W.; Marder, S. B. Am. Chem. S0d999 121,
possess relatively larg&us, values which lie in the range 40 (33) Kanis, D. R.; Ratner, M. A.; Marks, T. J. Am. Chem. Sod992 114,

0 i i+ ; 10338-10357.
7(_)/0 _Of those for the corresponding MLCT transitions. Ap (34) Calabrese, J. C.; Cheng, L.-T.; Green, J. C.; Marder, S. R.; Tand, W.
plication of eq 1 then afford8o[S]i.ct values of ca. 50 for the Am. Chem. Sod 991, 113 7227-7232.

3888 J. AM. CHEM. SOC. = VOL. 126, NO. 12, 2004



Extended Dipolar Complexes ARTICLES

Table 5. Results of B3P86/LanL2DZ Calculations for the

Electronic Transitions of the Complex Cations in Salts 1—4 and
6—92
% parent B E¢ 1t
S sat  (107%esu) (V) fosC (D) Au1(D) transition
E 1 112 257 037 6.19 2117 HOME LUMO
° 486 051 525 1.33 HOMO-3LUMO
(o8 2 112 256 048 6.99 26.07 HOME© LUMO
3.84 043 545 16.72 HOME-LUMO+1
0 401 049 569 6.22 HOMO-3LUMO
0 1' 2' 3 3 156 262 079 890 2794 HOME LUMO
n 339 106 9.10 3.48 HOMO-3-LUMO
) ) ) 4 134 260 174 13.27 1881 HOME LUMO
Figure 5. Stark-derivegby values as a function af (only dominant MLCT 3.07 057 699 1094 HOMO-3LUMO
transitions considered). - ® - - = NHj3 series {—4); — —A— — = py 6 192 234 050 750 21.71 HOMS LUMO
series 6—9); —M— = mim series {1-14). 3.80 0.17 340 176 HOME-LUMO+2
487 050 519 556 HOMO-6-LUMO
transitions to the NLO response as the conjugated path length 7 259 234 058 807 2697 HOMSLUMO
is extended 357 0.34 498 1010 HOME-LUMO+1
T o 399 073 696 441 HOMO-3-LUMO
Static First Hyperpolarizability Trends. The HRS data 8 271 2.42 083 952 29.77 HOMS LUMO
indicate thatfy in these complex chromophores is effectively ggi é-ig g-ii ‘152; :8%&?&5%21
maximized gtn = 2. The o values denv_ed by_usmg Stgrk 9 212 546 158 1301 2503 HOMO LUMO
spectroscopic data for the MLCT bands mirror this trend (Figure 300 096 9.19 7.78 HOMO-+LUMO
5), and no evidence for significant further increasesnier 3 334 001 105 9.04 HOME-LUMO+1

is ob;erved even when the contribu_tions of the ILCT transitions 2 Caleulated i the das phase using the oofimized B3PE/LANL2DZ
are included in the .Stark analysis. Kan'ls et gl. have l_"sed geometry? Calculated ugsingF;he FF metﬁcfd.:ron?TD-DFT calculations.
ZINDO-SOS calculations on the hypothetical series of pyridyl The measurenax values for the HE ILCT transitions are as follows (eV,
carbonyl complexes Cr(CE)NCsHy-4-E-(CH=CH),-CgH4-4- in acetonitrile at 298 K): 4.631), 3.97 @), 3.50 @), 3.16 @), 4.88 6),
CHO} to predict that theb,ec response (the vector component 3.99(), 348 €), 3.16 0).

of # along the dipole moment direction) reaches a maximum
for n = 1 and then decreases sharply upnte= 3.3° This
behavior is clearly very different to that found in purely organic
polyenes, and was rationalized based on the fact that a pyridyl-
coordinated metal center acts as bothr-alonor and ao-
acceptor, and the primary acceptor of charge from the metal
d-orbitals is actually the pyridyl ring, not the remote formyl
group3® Perhaps surprisingly, no other theoretical or empirical

studies have appeared since to test this conclusion. Our Althouah th ; o is limited. th
experimental results are in agreement with the theoretical though the extent of quantitative agreement is limited, the

predictions of Kanis et al. inasmuch as the extension of the theoretical calculations generally predict the experimentally

polyene bridges does not lead to continual increases in the®PServed trends. The calculated molecular static first hyper-
quadratic molecular NLO response. However, the prediction that polarizabilities do not increase st_eadlly on increasing th_e length
Bo falls off dramatically after only one CHCH unit is at pf thes spacer, but reach amammumraﬁ 2 (for the cations
variance with our experimental data which show thd,B- n 3 a“‘?' 8) and then decrease on passmgnt@ 3 (for the
1,3-butadienyl bridge is effectively optimal. These differences cations in4 and9). The FF apprqach y|g|ds .r.easpnable eSt',mateS
of B values, but does not provide an intuitive interpretation of

in conclusions may arise from limitations of the ZINDO h | h heref | ; g lcul
theoretical model, but are more probably related to the obviously t_ e resu tsaWe ave It erehore also gerl ormed TD-DFT cfa ﬁu a-
limited similarity between a neutral Cr(CO)unit and a '[IOI‘:S |n|or er to e>;]p OEI?D'[ [?F?FXCItIe Ie _ectron_lc st_ates of these
dicationic Rl ammine center, the latter being a considerably molecules. Given that TD- calculations give rise to a poor
stronger electron donor. description of CT processes and that solvent effects have not
. . . . been considered, the results of such calculations are expected
Theoretical Studies. To further probe and rationalize the to yield a qualitative explanation of the experimentally observed
unusual finear and NLO properties of our novel metallopolyene tre)rqu rac:her than uZntitative data Trlloe results yresented in
chromophores, we have also carried out MO calculations on ’ 4 ’ P
Table 5 show that there are two common features in all of the

the complex cations in salt$—4 and 6—9. Molecular first S S .
hyperpolarizabilities have been calculated by the finite field (FF) compounds studied: the LE absorption is due in every case to
a HOMO— LUMO transition, and there is also a HE absorption

method that involves a double numerical differentiation of the = . . X
arising from a transition from an orbital below the HOMO

dipole moment with respect to the applied electric field. .
o . . ; (HOMO-3 in most cases, but HOMO-6 férand HOMO-1 for
Excitation energie€, transition dipole moments and ground 9) to the LUMO. In a broad sense, the picture emerging from

and excited-state dipole moments have been calculated usin . L
P g[hese calculations is similar to the model proposed for metallo-

the time-dependent density-functional theory (TD-DFT) ap-
proach. Although TD-DFT is known to yield a poor description
of excitations involving charge-transféit is the most accurate
method that can be used on large molecules at an affordable
computational cost. The choice of the B3P86 functional was
based on the more accurate TD-DFT results provided by this
functional when compared to the more widely used B3L13YP.
The results of these calculations are presented in Table 5.

(35) Kanis, D. R.; Lacroix, P. G.; Ratner, M. A.; Marks, T.JJ.Am. Chem.
Soc 1994 116, 10 089-10 102. ZINDO-SOS calculations at a wavelength (36) Tozer, D. J.; Amos, R. D.; Handy, N. C.; Roos, B. O.; Serrano-Asdre

of 1907 nm gaveec x 10% esu (): —29.2 (0),—44.6 (1),—29.4 (2), Mol. Phys.1999 97, 859-868.
—22.1 (3). Neither calculated MLCT maxima nor dipole parameters were (37) Wiberg, K. B.; Stratmann, R. E.; Frish, M.Ghem. Phys. Letl998 297,
quoted in this report. 60—64.
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Figure 6. lllustrations of the 0.05 contour surface diagrams of the MOs involved in the LE (MLCT) and HE (ILCT) transitions for the complex cations in
compoundsl—4 and6—9, calculated from TD-DFT2 HOMO-6. > HOMO-1.

cene Dz—A compounds? involving a LE band assigned as and consequently the LE transition usually considered as MLCT

MLCT or d — #* and a HE band regarded as ILCT or— 7* (d — x*) has some ILCT f — x*) contribution that increases

in character. This result also concurs with the Stark spectroscopicwith the conjugation path length. Whilst theoretical calculations

results (see earlier). Our calculations also predict that while the probably overestimate this effect (this decreas@dn, is not

HE bands shift bathochromically on lengthening thepacer, observed experimentally; Table 3) it constitutes a possible

this is not the case for the LE bands which are rather insensitive explanation for the unexpectedly logy values of then = 3

to the length of the spacer and display an overall small homologues in these series of compounds. The calculations also

hypsochromic shift when moving along the two series of predict thaju;, continually increases up o= 3, in contrast to

compoundsi — 4 and6 — 9). the experimental data which show that this parameter is
Quite surprisingly, these calculations predict that the change maximized an = 2 (Table 3). Concerning the excitation energy

in dipole momentfAu12) caused by the LE transition decreases of the HOMO— LUMO band, the calculated HOMOLUMO

on passing from compoun8 to 4 and from 8 to 9. An gap remains nearly constant (within 0.12 eV) along the two

explanation of this result can be found based on the topology series of compounds, in manner similar to the predictions made

of the MOs involved in this transition (Figure 6). It can be seen for ferrocenyl chromophores by Barlow et3IThis phenom-

that the HOMO, being essentially a Réd orbital in compounds  enon, together with the increased correlation on lengthening the

1 and6, gains in character along the two series of compounds 7z bridge already observed in oligo(phenylenevinylene) com-
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poundg’that causes a decreased HOME&.UMO contribution beyond 2 double bonds are unprecedented. A reasonable level
to the LE transition, is responsible for the observed hypsochro- of agreement is found between experiment and theory, and the
mic shifts. unusual optical behavior can be attributed to the orbital

Concerning the HE transitions, the TD-DFT calculations structures of the complexes. The TD-DFT results show that the
reproduce the experimental excitation energies (measured at 298HOMO gains inz character along the two series of complexes
K in acetonitrile) rather more closely than is the case for those and consequently the lowest energy transition usually considered
of the LE bands (Table 5). This greater accuracy of prediction as MLCT in character has some ILCT contribution that increases
is probably due to the decreased CT character of these transitionsyith the conjugation path length. Hence, our results clearly
when compared to the LE ones. The trend<Eifior the HE demonstrate that while the design criteria for metal-containing
bands are entirely as expected, showing a red-shift on increasingyL.O chromophores may often be similar to those for purely
the length of the conjugated spacer. It is noteworthy that the grganic molecules, this is certainly not universally true. It is
topology of the orbitals involved (Figure 6) shows an increased interesting to speculate how changes in the relative electron
contribution of the Rl 4d orbital to the HOMO-3 and hence  gonating/accepting strengths of the terminal groups in dipolar
an increased MLCT character for the higher homologues in the metallopolyenes may affect the orbital structure and hence the
two series of compounds. In contras&othe calculated values  opserved optical properties. For example, it may be anticipated
of u12 and Aus. for the HE transitions do not agree well with  yh4; more strongly electron-accepting units such as 5-meth-
the experimental data. _ ylidene-1,3-diethyl-2-thiobarbituric acid will cause the drop-

Finally, there is also a feature common to all of the pyridine o« i 5. 15 occur after a value af greater than 2. Continued
complexes ir6—9, consisting of a transition from the HOMO g 4o matic studies can be expected to uncover further interesting,
to an antlbond|qgt orbital, generally LUMC-1 (L,lJMO+2,, and perhaps unexpected, differences between the optical be-
for 6). The oscillator strength calculated for this transition havior of novel transition metal-based NLO chromophores and

Increases on moving from - Otol, th_en _decreases with that of their more thoroughly studied purely organic counter-
increasingn. The corresponding absorption is observed only parts

for compoundé and assigned as having-d 7*(py) character
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We have presented the first combined, detailed, experimental
and theoretical study on the effects of polyene chain extension
on the linear absorption and NLO properties of metal pyridyl
complexes. The phenomenon of blue-shifting of CT bands with
the addition of CH=CH units has only been reported once
previously, and the observed decrease@drwith extension JA0315412
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