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Abstract—Several alkoxystilbazole derivatives were 7-bound to the [Cp*Ru]* fragment and
the resulting complexes were examined for potential second-order non-linear optical effects.

The search for good optically non-linear materials
is driven by the desire to be able to process optical
information efficiently and in this context, optically
non-linear molecular species have attracted much
attention because of their higher intrinsic non-lin-
earities and their higher thresholds to laser damage.
As part of this effort, various research teams have
become interested in evaluating the properties of
metal-based molecular species given the high and
polarizable electron density which is a feature of
metal complexes.' The effect that the inclusion of
metals may have on the linear polarizabilities (and
related properties) of liquid crystalline coor-
dination compounds has already been described.>
Several ferrocene derivatives have been shown to
be very efficient optically non-linear materials and
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molecular hyperpolarizabilities of up to 66 x 10~
esu’ and solid state second harmonic generation
(SHQ) efficiencies of up to 220 x urea (at 1907 nm)*
have been measured.

Related ruthenocene systems have also been
studied®® and while the increased energy of the
HOMO-LUMO gap in these systems (as evidenced
by colour and cyclic voltammetry) inevitably led to
materials in which f was lower than in the cor-
responding iron systems, this presented one poten-
tial advantage in that the high-energy shift in 4,
led to greater transparency at 532 nm, opening up
additional potential applications.

Some of us have recently shown the high affinity
of the [Cp*Ru]* fragment (Cp* = °-CsMe;) for
aromatic systems.” The moiety [Cp*Ru]™ was
obtained by the reaction of [Cp*Ru(OCH;)], and
triflic acid; subsequent addition of molecules cap-
able of z-bonding led to a large variety of complexes
(Fig. 1).

Given the synthetic flexibility offered by such

1765



1766

D. W. BRUCE et al.

Ru CF3S04”
-
N
p—>all '
dR
. — Ho—&_>—0H @
Tu e “[Cp*RY]"" ——————— Ru CF,80,"
7 | N 7 I N
N;— ] Ho—&_>—oH
CF;S0;
Z 3
s
p—>al
1
Tu GF4S0;”
d B
L.>
Fig. 1. Synthetic interconvertability of “[Cp*Ru] ™.
systems, we therefore undertook the synthesis of [Cp*RuCl)n
Cp*Ru complexes with 7-bound stilbazole/
derivatives as optically non-linear materials. Since K2COy/MeOH
the complexes were salts, we reasoned that this Y
would promote non-centrosymmetry in the crystal [CP*RU(OCH)],
packing.
THF/CF43SO3H
RESULTS AND DISCUSSION
"[Cp*Ru] [CF3SO,"
Synthesis
The complexes were synthesized as shown in THFX-Ph-Y
Scheme 1.
A tetrahydrofuran (THF) solution of the +
[Cp*Ru]™* fragment, prepared in situ by addition =
of triflic acid to [Cp*Ru(OMe)], was immediately

transferred into a degassed Fischer—Porter tube
containing a solution of the chosen ligand in THF.
The mixture was then heated at about 80-90°C at
constant volume for about 48 h, after which the
mixture was cooled and the solvent removed. The
residue was washed with diethyl ether and pentane
and the product was extracted with dichloro-
methane and crystallized.

Complex with trans-4-methoxystilbazole

The first ligand was trans-4-methoxystilbazole. It
was expected that the Cp*Ru would coordinate to

Tu CF4S0,"
x—& >

Scheme 1. Scheme to illustrate the preparation of the
new complexes.

the more electron-rich, methoxy-substituted aro-
matic ring, hence enhancing its donor capacity. The
new complex, [Cp*Ru(n®-trans-methoxystilba-
zole)][CF;S0s], was characterized by spectroscopic
methods and mass spectrometry. Particularly
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indicative of the structure are the data from 'H
NMR showing a shift of the aromatic protons of
the methoxy substituted ring from §6.90 and 7.30
in the spectrum of the free ligand to §6.55 and 6.39
in the spectrum of the ruthenium complex, implying
that the Cp*Ru fragment was in fact 7-bound to
this ring. The protons of the pyridine ring were also
shifted from 38.55 and 7.40 in the free ligand to
08.93 and 8.11 for the complex. The two vinyl pro-
tons of the complex no longer had the appearance
of a standard AB system and had collapsed into
two singlets. The *C NMR spectra also highlighted
the coordination of the methoxy-substituted aro-
matic ring, the carbons being shifted to high field.
It is interesting to note that the ruthenium formed
a n-bond with an aromatic ring rather than form a
o-bond with the nitrogen of the pyridine ring. This
was perhaps surprising considering that few =-
bound substituted pyridine complexes are known,
the tendency being for the pyridine to form a o-
bond with the metal centre. The reaction of
[Cp*Ru]* with pyridine itself is complex and the
product obtained depends on solvent polarity.’
With isoquinoline, 'H NMR shows a-coordination,
whereas with quinoline, the data are consistent with
n-coordination. Both 2,6- and 3,5-lutidine form =-
complexes with Cp*Ru. In the case of 2,6-lutidine,
this is not surprising as the nitrogen is highly steri-
cally hindered, but it would be possible to form o-
bonded species with 3,5-lutidine, and yet the result-
ing complex is still z-coordinated. This again dem-
onstrates the high propensity of the Cp*Ru
fragment for forming n-bonded complexes.

Complexes with improved acceptor groups
The mixed-metal complex shown below was syn-
thesized as we had already established that f

increased on coordination of a stilbazole ligand to
a [MX(CO,] M = Rh,Ir) fragment.®

S *
Ru
CH40 ¢l

co

CFaS0q

The complex was synthesized by mixing a 1:2
molar ratio of [RhC1(CO),]; and [Cp*Ru(n’-trans-
4-methoxystilbazole)] ™ in dichloromethane. It was
characterized by elemental analysis, IR spec-
troscopy and 'H and “C NMR. The 'H peaks were
broad at ambient temperature suggesting fluxion-
ality. At low temperature, the 'H peaks were less
broad and the NMR spectrum had separated into
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two complete sets of signals. This would seem to
imply that two conformers were present, the inter-
change being slow on the NMR time-scale,
although the identity of the two species is not clear.

An alternative method of improving the acceptor
capacity of the pyridine group was to quaternize it.
Both rrans-4-methoxy-N-methylstilbazolium tri-
flate and trans-4-methoxy-N-methylstilbazolium
iodide were reacted with [Cp*Ru]™ as described
before, but only the triflate system successfully -
bonded to the ruthenium wvia the methoxy-sub-
stituted ring. However, [Cp*Ru(trans-4-methoxy-
N-methylstilbazolium)] diiodide was prepared suc-
cessfully from the corresponding ditriflate com-
pound by a simple anion metathesis.

The zwitterionic complex shown below
([Cp*Ru(4-octyloxy-4'-carboxylatebiphenyl)]) was
also prepared as being neutral, it would be possible
to evaluate f§ by electric field-induced second har-
monic generation (EFISH).

: Ru+:

0o~ S0

A similar complex, [Cp*Ru(#°-PhCO,)], was pre-
viously reported.’

Unfortunately, the complex formed was
extremely insoluble and no NMR data or §
measurements could be obtained.

Second harmonic generation

All of the complexes mentioned above were
tested for their ability to frequency double laser
light of 1.06 um using the Kurtz Powder
technique.'® Disappointingly, none showed any sig-
nificant SHG (the limit of detection of the exper-
iment was estimated to be 0.1 x urea) and so we
concluded that although the chromophores syn-
thesized would be expected to have a significant
hyperpolarizability, this was not manifested in a
measurable SHG response due to unoptimized
packing in the solid state.

EXPERIMENTAL
Preparation of trans-4-methoxystilbazole
This was synthesized by literature methods."
Yield 30.2 g; 78%. Found (calc.): C, 79.4 (79.6) ;

H, 6.2 (6.2): N, 6.4 (6.6)%. UV/vis: 4,325 nm (¢
15,800 mol dm~* cm™"), CH,CL,.
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Preparation of 4-octyloxybiphenyl-4'-carboxylic
acid

4-Octyloxy-4'-cyanobiphenyl (1 g, Merck) was
dissolved in glacial acetic acid (16 cm®) in a round-
bottomed flask. A mixture of concentrated sul-
phuric acid (8 cm?) and distilled water (8 cm®) was
added dropwise to the stirred solution. A condenser
was fitted and the reaction mixture was heated
under reflux for 48 h, after which it was allowed
to cool and the white precipitate was collected by
filtration. Yield 0.82 g; 77%. Found (calc.) C, 77.1
(77.3); H, 7.9 (8.0)%. Infrared: (KBr) v, 1686
cm™.

Preparation of trans-4-methoxy-N-methylstilbazo-
lium triflate

Methoxystilbazole (1.5 g, 7.1 x 107 mol) was
dissolved in outgassed dichloromethane (10 cm?) in
a Schlenk tube under argon. Methyltriflate (0.8 cm?,
7.1 x107* mol) was added and the reaction was
stirred for 1 h. The bright yellow precipitate that
formed was collected by filtration and crystallized
from dichloromethane. Yield 2.54 g; 95%. Found
(calc.) C, 50.5(51.2); H,4.3 (4.3); N, 3.4 (3.7); S,
8.6 (8.5)%. Infrared: (KBr) vso 1030 cm™'.
UV/ViS: A, 407 (6 16,700 mol dm > cm™"), CH,Cl,.

'H NMR (CD,Cl,):

H  He
HSHE  H2
CHz%0 —
H HH )\ ’N+'CH31_
W op &%

H': 53.87, (s, 3H) ; H?: 68.50, (AA’XX’, 2H) ; H*:
57.88, (AA’XX’, 2H), H*, H®: 67.65, 87.01, (AB,
2H); H: 67.62, (AA'XX’, 2H); H': 66.95,
(AA’XX’, 2H); H: 54.29, (s, 3H).

Preparation of n-bound ruthenium compounds

Preparation of [Cp*Ru(n-trans-4-methoxystil-
bazole)] triflate. The experiment was carried out
under argon. [Cp*RuCl,]," (300 mg) and potas-
sium carbonate, K,CO; (0.550 g, excess) were
placed in a Schlenk tube. Outgassed methanol (20
cm?®) was added and the mixture was stirred under
reflux for 20 min until the solution turned purple.
After removing the solvent under vacuum, [Cp*Ru
(OCH,;)], was extracted into outgassed THF (20
cm?, 10 cm?), and the solution was filtered to remove
the unreacted K,CO; residue. Triflic acid (90 pul, 1
mol. equiv.) was then added to the purple solution
which was stirred for 10 min to give the orange/
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brown ‘[Cp*Ru]*[CF;S0;] " species in solution.
Trans-4-Methoxystilbazole (0.206 g, 1 mol. equiv.)
was dissolved in outgassed THF (5 cm®) in a Fis-
cher—Porter tube, into which the orange/brown
‘[Cp*Ru]*CF5S0;5 "’ solution was transferred by
cannula. The mixture was heated (85°C) and stirred
for 24 h. On cooling, the solution was transferred
by a cannula into a Schlenk tube (any red oil remain-
ing in the Fischer—Porter tube was dissolved in more
THF and also transferred to the Schlenk tube). The
solution was evaporated to dryness in vacuo and
the remaining solid was washed with diethyl ether
(20 ¢m?) and pentane (20 cm?). The solid was then
washed with dichloromethane (3 c¢m®), giving an
orange powder, which was crystallized from
acetone. (The product was soluble to an extent in
dichloromethane, therefore the washings were
retained and concentrated to give an orange solid
which was treated as above.) Yield 0.15 g; 26%.
Infrared: vgo 1026 cm™"'. UV/vis: A, 389 nm (¢
17400 mol dm~* cm™!), CH,Cl,. Mass spec-
trometry: molecular ion M/z 597 ; [Cp*Ru(y-trans-
4-methoxystilbazole)] fragment M/z 448.

'H NMR (CD,COCD,):

+ CF3SOy

It can be seen that the ‘Cp*Ru’ fragment is z-bound
to the methoxy-substituted ring as H> and H® are
significantly shifted as comparable with the spec-
trum of the free trans-4-methoxystilbazole ligand
(67.35 and 66.90, respectively).

AA'’XX': H': §8.93, 2H), H*: §8.11, QH)—J =7
Hz; AA’XX’: H?, H*: 67.70, (d, 2H); H®: 66.55,
(d,2H)—J = 7Hz; H%: 66.39, (d, 2H) ; H: 64.06,
(s, 3H); H*: 52.09, (s, 15H).

"*C NMR (CH,COCD:;):
+ CF3805

N
1

3

C':0147.2;C?:6130.8;C*: 6133.4; C*, C*: 6122.8,
6114.8; C%: 694.3; C7: 684.99; CB: §76.5; C°:
5147.8; C'°: 657.0; C'': 69.8; C'?: §96.5.
Preparation of [Cp*Ru(n-4-octyloxybiphenyl-4'-
carboxylate)]. The same method was used as for
[Cp*Ru(yn-trans-4-methoxystilbazole)] triflate, up
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to the point of generating the Cp*Ru fragment.
This solution was then transferred by cannula into
a Schlenk tube containing an outgassed solution
of 4-octyloxybiphenyl-4’-carboxylate. A white/grey
precipitate formed which was collected by filtration
and washed with diethyl ether (20 ¢m’), pentane
(20 cm®), acetone (20 cm?) and acetonitrile (20 cm?).
Yield 0.42 g; 26%. Found (calc.) C, 66.9 (66.3);
H, 7.1 (7.2)%. Infrared : (KBr) vco 1604 cm ™', 1399
cm~'. Mass spectrometry : molecular ion M/z 563.

Preparation of [Cp*Ru(y-trans-4-methoxy-N-
methylstilbazolium)] ditriflate. The same method
was used as for [Cp*Ru(y-trans-4-methoxystil-
bazole)], only using trans-4-methoxy-N-methyl-
stilbazolium triflate in the final step. Yield
0.510 g; 22%. Found (calc.) C, 42.1 (42.6); H, 4.2
(4.1); N, 1.8 (1.8); S, 8.4 (8.4)%. Infrared: (KBr)
vso 1032 cm ™' UV/vis: 1., 408 nm (¢ 23,400 mol
dm™? em™ ), CH,Cl,.

"H NMR (d®-acetone) :

2+ 2CF3SO5~
1
N-CH 3

H': 62.95, (s, 3H); H2: 68.97, (AA'XX’, 2H): H*:
88.39, (ZZ'XX’, 2H)—J =7 Hz; H*, H?: §7.50,
67.62, (AB, 2H—-J.,z_17 Hz); H®: §6.46,
(AA'XX’, 2H); H: 86.26, (AA'’XX', 2H)—J =7
Hz; H®: 64.55, (s, 3H); H’: 51.89, (s, 15H).

3C NMR(CD,COCD,) :

12 13»@..<
Ru
10 7 6 -
1 P P, N ?H
K

C': 648.17; C*: 6134.10; C7: 693.61; C?: 685.91;
C’:677.07;C:5152.56; C": 557.46;C": 510.17;
C": §97.20; C"™: 5122.09, (g, Jor 320 Hz);
C2, C3, C°, C*: 5125.44, 5128.96, 6136.23, §146.43.

Preparation of [Cp*Ru(n-trans-4-methoxy-N-
methylstilbazolium)] diiodide. [Cp*Ru(n-trans-4-
methoxy-N-methylstilbazolium)] bis(triflate) (70
mg, 9.2. x 10~° mol) and tetrabutylammonium iod-
ide (326 mg, 2 mol. equiv.) were placed in a Schlenk
tube under argon. Outgassed acetone (10 cm’) was
added and the reaction mixture was stirred over-
night. The yellow precipitate that formed was col-
lected by filtration. Yield 60 mg; 91%. Found
(calc.) C,41.5(41.9); H, 4.4 (4.4); N, 1.9 (2.0); S,
35.5 (35.4)%. (UV/vis: Ay 316 nm (¢ 23100 mol

14
2+ 2CF3S05
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dm~*cm™"), CH,Cl,. '"H NMR (CD,COCD,) : the
spectrum was assigned as for [Cp*Ru(y-trans-4-
methoxy-N-methylstilbazolium)] bis(triflate).

Preparation of [Cp*Ru(n-trans-4-methoxystil-
bazole-cis-Rh(CO),(Cl)] triflate. [Cp*Ru(y-trans-4-
methoxystilbazole)] triflate (110 mg, 1.84x10~*
mol) and [Rh(CO),Cl], (36 mg, 0.5 mol. equiv.)
were dissolved in outgassed dichloromethane
(10 cm?) in a Schlenk tube and stirred under argon
for 30 min. Hexane (10 cm®) was added and the di-
chloromethane was removed under vacuum. The
yellow precipitate obtained was collected by fil-
tration, washed with pentane (2 x 10 cm®) and di-
ethyl ether (10 cm?). Yield 88 mg; 63%. Found
(calc.), C, 40.4 (41.0); H, 4.1 (3.6); N, 1.6 (1.8);
S, 44 (4.1)%. Infrared: (dichloromethane) vcq
2087, 2014 cm™'; (KBr) veo 2078, 2013, 2000
em™'. UV/vis: 7., 340nm (¢ 26.900 mol dm*
cm™ ), CH,CL.

'‘H NMR (CD,COCD,):

B.Q__ + CFaS05”
Ru .
Ci
CH,0
TN \ N—Rh-CO
3 ]
2 1 Cco

At ambient temperature : all aromatic signals were
broad. Total unsaturated integration was equi-
valent to 10 protons. H': 68.77; H2: 67.88 ; H®, H*:
37.55; H*: 66.43; H®: 66.36; H': 63.93, (s, 3H);
H*: 31.96, (s, 15H).

At low temperature (183K): signals were less
broad. Total aromatic integration was equivalent
to 10 protons. The two protons numbered 1 were
no longer in an equivalent environment. The same
was true for the protons numbered 2. H': 89.09,
(m), 48.95, (m); H?: 88.71, (m), 68.44, (m); H?,
H*: 67.75, (m); H®: $6.40, (m) ; H®: 66.25, (s, br.);
H’:63.85, (m); H*: 51.87, (s).

*C NMR (CD;COCDs):

1112 i 13
+ CF3803~
Ru
Ci
CH;0 N y
10 9 6 -
8 7 4 3 N f{h(130
2 9 cO

At ambient temperature: C*: §134.0; C*: §94.7;
C7:085.7; C*: 877.0; C°: 8148.3; C'°: §57.5; C'':
810.3; C": 897.1; C', C?, C*, C°: 8132.6, 5130.5,
01241, 6115.9.

At low temperature (183K): C*: 5146.4; C°:
592.9:C7:683.8:C*:675.2;:C%:6152.3;C'?: 64.5;
C':69.0;C"?:8954;C', C3, C* C°:5141.7,6132.3,
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6130.5, 6128.9, §127.8, 6123.7, 6123.0, §122.4. The
peaks assigned to carbons 1, 2, 4, 5, 6, 7, 8, 10 and
12 in the spectrum taken at ambient temperature
all appeared as two lines in the low temperature
spectrum.
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