Chiral ruthenium—terpyridine based metallodendrimers:
facile synthesis, characterization, and photophysical studies
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The new chiral ligand 4'-[6-(2,2'-diethoxy-1,1’-binaphthyl)]-2,2":6’,2"-terpyridine (L,) was synthesized in three steps
in 47% overall yield starting from 6,6'-dibromo-2,2'-diethoxy-1,1’-binaphthalene. L, was quantitatively converted

to 4'-[6-(2,2'-dihydroxy-1,1'-binaphthyl)]-2,2":6

',2"-terpyridine (L,) by treatment with BBr;, while L, was treated

with fert-butyldimethylsilyl chloride to give to 4'-{6-[2,2'-bis(zert-butyldimethylsiloxy)-1,1’-binaphthyl]}-2,2":6’,2"-
terpyridine (L;) in high yields. These new chiral terpyridine ligands L;_; were coordinated to Ru(i) centers to
generate Ru(L,_;)Cl; which were then treated with the tetrakis(terpyridine) core in the presence of 4-ethylmorpholine

to afford chiral Ru(terpy),**

based metallodendrimers containing enantiopure 1,1’-bi-2-naphthyl units in their

peripheries. These chiral metallodendrimers were characterized by NMR, ESI-MS, and cyclic voltammetry, while
their photophysical properties were studied using UV-Vis, luminescence, and circular dichroism spectroscopies.

Introduction

Interest in metal-containing dendrimers has continually grown
in recent years because of their potential applications as cata-
lysts,! synthetic light-harvesting antenna,? building blocks for
tailor-made materials,® molecular supports for chemical cata-
lysts,* and potential carriers for drug delivery.® Among many
linkages used for the assembly of dendritic structures, metal—
ligand coordination bonds offer an efficient synthetic pathway.®
The incorporation of metal centers in the dendritic structures
also offers tremendous synthetic versatility because metals can
partake as branching centers, building block connectors, cores,
terminal groups, and other structural auxiliaries.” Moreover,
the metal centers in the dendritic structures can impart inter-
esting properties such as the ability to absorb light, to give
luminescence, and to undergo multielectron redox processes.®
We have become interested in the construction of dendritic
architectures containing exploitable chiral peripherals based on
robust metal-ligand ligation. Herein we wish to describe facile
synthesis of chiral metallodendrimers containing optically
active 1,1-bi-2-naphthyl units in their peripheries. Such chiral
supramolecular assemblies may find applications in enantio-
selective catalysis and sensing. >

Results and discussion

Syntheses

Enantiopure  ligand  4-[6-(2,2'-diethoxy-1,1’-binaphthyl)]-
2,2":6',2"-terpyridine, L, was readily synthesized in three steps
starting from 6,6'-dibromo-2,2'-diethoxy-1,1’-binaphthalene,
1 (Scheme 1). Lithiation of 1 with n-BuLi at -78 °C followed by
hydrolysis afforded 6-bromo-2,2’-diethoxy-1,1’-binaphthalene,
2, in 60% yield. 2 was then lithiated with n-BuLi at —78 °C
and treated with trimethylstannyl chloride to give 6-
trimethylstannyl-2,2’-diethoxy-1,1’-binaphthalene, 3, in 90%
yield. Stille coupling between 3 and 4'-triflato-2,2":6',2"-

t Electronic supplementary information (ESI) available: 'H NMR and
UV-Vis spectra of L, ; See http://www.rsc.org/suppdata/dt/b2/
b206159g/
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terpyridine in the presence of Pd(PPh;),Cl, and LiCl afforded
L, in 87% yield. 4'-[6-(2,2'-dihydroxy-1,1’-binaphthyl)]-
2,2":6',2"-terpyridine, L,, was obtained in quantitative yield
by treating L; with BBr;, while 4’-{6-[2,2'-bis(tert-butyl-
dimethylsiloxy)-1,1’-binaphthyl]}-2,2":6’,2"-terpyridine, L,,
was obtained in 89% yield by treating L, with (tert-
butyl)dimethylsilyl chloride. All the intermediates and ligands
L,; have been characterized by 'H and *C{'H} NMR
spectroscopy.

Ru(mn) complexes Ru(L,_;)Cl; were prepared in high yields
(77-99%) by refluxing RuCl; and ligands L,_; in ethanol over-
night. As-prepared Ru(mr) complexes Ru(L,_;)Cl; were treated
with tetrakis(2,2':6',2"-terpyridinyl-4’-oxymethyl)methane in
ethylene glycol with 4-ethylmorpholine as the reducing agent at
120 °C to afford the crude products, whose chloride anions were
metathesized with PF¢~ to give more soluble chiral metal-
lodendrimers 4a—4c in good overall yields (73-89%; Scheme 2)."!
Compounds 4a—4¢ were characterized by 'H, “C{'H} NMR,
COSY, ESI-MS, and microanalyses. We were able to assign
almost all the aromatic proton signals based on the 'H NMR
and COSY spectra (Fig. 1). The integration ratio between
the aromatic protons and the methylene protons for
the tetrakis(2,2":6',2"-terpyridinyl-4’-oxymethyl)methane core
provides an excellent diagnostic for the purity of 4a—4c. ESI-
MS spectra of 4a and 4¢ show m/z peaks for the cationic species
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Fig.1 'H NMR spectra for 4a—dc (top to bottom). Only the aromatic
regions are shown. See experimental section for detailed assignments.
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Table 1 ESI-MS peaks and their assignments

Compound Assignment Observed mass Expected mass
4a [M — 3PF** 1495.5 1495.0
[M — 4PF(** 1085.1 1085.0
[M — 5PFgP* 839.0 839.0
[M — 6PF(** 675.1 675.0
M — 7PF{"* 557.8 557.8
4b [M — 3PF¢** 1419.4 1420.2
[M — 4PFg** 1028.7 1028.9
[M — 5PF¢** 793.9 794.1
[M — 6PF¢*" 637.5 637.6
4c [M — 3PF¢** 1724.9 1724.9
[M — 4PFg** 1257.4 1257.4
[M — 5PF¢** 976.8 976.9
[M — 6PF¢*" 790.0 790.0
[M — 7PF{"* 656.8 656.4

after successive loss of three to seven PF¢  anions, while the
ESI-MS spectrum of 4b exhibits m/z peaks for the cationic
species after loss of three to six PFs~ anions (Table 1). The
combination of NMR, mass spectrometric data, and micro-
analysis results has thus unambiguously established the
identities of 4a—4c.

UV-Vis spectra of 4a—4c exhibit broad peaks around 495 nm
due to metal-to-ligand charge transfer excitation, in addition to
those bands due to the ligands 4a—4c and tetrakis(2,2":6',2"-
terpyridinyl-4'-oxymethyl)methane core (Fig. 2). These *"MLCT
bands are slightly red-shifted from that of [Ru(terpy),*" (cf.
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Fig.2 UV-Vis spectra of 4a—4c in acetonitrile.
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476 nm), consistent with the presence of electron-donating
groups in the 4’ positions of the modified terpy ligands."
Although ligands L,_; are highly luminescent to give a broad
peak at ~430 nm upon excitation at 320 nm, the chiral metal-
lodendrimers 4a—4c¢ are non-emissive in solution at room tem-
perature. It is well-established that low-lying metal-centered
states can efficiently quench the luminescent *MLCT state in
ruthenium(ir) bis(terpyridine) complexes.'> Compounds 4a—4¢
exhibit one reversible Ru™"™ oxidation process with E,,, values
of 1.33, 1.34, and 1.29 V in acetonitrile, respectively. This trend
is consistent with the increasing electron-donating ability of the
hydroxy, ethoxy, and tert-butyldimethylsiloxy groups at the
4’ positions of the modified terpy ligands of 4b, 4a, and 4c,
respectively.

CD spectra of chiral terpy ligands L,—L; exhibit three Cotton
effects around 235, 270, and 330 nm, corresponding to the !B,
'L,, and 'L, transitions, respectively (Fig. 3). The Cotton effects
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Fig. 3 Circular dichroism spectra of L;—L; in acetonitrile.

due to the 'L,, and 'L, transitions have been previously
observed in 1,1’-binaphthyl-based oligomers linked through
their 6,6’-positions.* Interestingly, chiral metallodendrimers
4a—4c exhibit CD signals similar to chiral terpy ligands L,—L;,
indicating that no new chirality has resulted upon the formation
of metallodendrimers (Fig. 4). The insolubility of 4a—4c in non-
polar organic solvents has precluded their use as chiral ligands
for asymmetric catalysis. In summary, chiral Ru-terpy based
metallodendrimers with enantiopure 1,1’-bi-2-naphthyl units in
their peripheries have been readily synthesized. Current effort
is focused on the introduction of solubilizing substituents
into such chiral metallodendrimers so that their utility as chiral
ligands for asymmetric catalysis can be explored.
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Fig. 4 Circular dichroism spectra of 4a—4c in acetonitrile.
Experimental

Materials and general procedures

All of the chemicals were obtained from commercial sources
and used without further purification. All of the reactions and

manipulations were carried out under N, with the use of
standard inert atmosphere and Schlenk techniques. Solvents
used in reactions were dried by standard procedures. UV-
Visible spectra were obtained using a Hewlett Packard 8452A
diode array spectrophotometer. Circular dichroism (CD)
spectra were recorded on a JASCO J-810 spectropolarimeter.
"H NMR spectra were recorded on Varian XL-400 spetrometer.
"H-NMR spectra were recorded at 400 MHz and referenced to
the proton resonance resulting from incomplete deuteration of
the deuterated chloroform (6 7.26), or acetonitrile (6 1.93).
BC{'H} NMR spectra were recorded at 100 MHz, and all of
the chemical shifts are reported downfield in ppm relative to the
carbon resonance of the methyl group of acetone-dq (6 29.8), or
chloroform-d, (6 77.0). Cyclic voltammetry (CV) experiments
were carried out with a 0.5 mM solution of the desired
compound under dried and deoxygenated acetonitrile on a
BAS 100B electrochemical analyzer, with a platinum disk
(1.0 mm diameter) working electrode, a platinum auxiliary
electrode and a silver wire reference electrode. Tetrabutyl-
ammonium hexafluorophosphate (Bu,NPF,) was used as the
electrolyte.
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Syntheses

4'-[6-(2,2'-Diethoxy-1,1'-binaphthyl)]-2,2':6'2"-terpyridine,

L,. To a 100 mL three-necked round bottom flask was
added 4'-triflato-2,2":6',2"-terpyridine (2.613 g, 5.19 mmol),
6-trimethylstannyl-2,2'-diethoxy-1,1’-binaphthalene (1.978 g,
5.19 mmol), Pd(PPh;),Cl, (0.409 mmol), LiCl (1.282 g,
30.2 mmol) and toluene (100 mL) under N,. The mixture was
refluxed for 48 h and then cooled to room temperature. After
the solvent was removed in vacuum, methylene chloride was
added to dissolve the solid, and the solution was washed with
water. The organic layer was dried over MgSO,. After removing
solvent, the residue was purified via silica-gel chromatography
with ethyl acetate—hexane (1 : 1 v/v) to afford a pure light yellow
solid of L;. Yield: 2.60 g (87%). '"H NMR (CDCl,): 5 8.83
(s, 2H, H12), 8.74 (d, 4.9 Hz, 2H, H16), 8.69 (d, 8.6 Hz, 2H,
H13), 8.45 (d, 1.8 Hz, 1H, H3), 8.08 (d, 8.6 Hz, 1H, H2), 7.97
(d, 8.6 Hz, 1H, H10), 7.89 (m, 2H, H14), 7.88 (d, 8.6 Hz, 1H,
H9), 7.75 (dd, 8.6 Hz, *J= 1.8 Hz, 1H, H4), 7.48 (d, 8.6 Hz, 1H,
H1), 7.45 (d, 8.6 Hz, 1H, H11), 7.36 (m, 1H, HS), 7.35 (m, 2H,
H15), 7.27 (d, 8.6 Hz, 1H, HS5), 7.24 (m, 1H, H7), 7.18 (d,
8.6 Hz, 1H, H6), 4.08 (m, 4H, CH,), 1.08 (m, 6H, CH,).
BC{'H} NMR (CDCl,): § 156.7, 156.2, 155.4, 154.7, 150.7,
149.4, 137.2, 134.8, 134.5, 133.6, 130.2, 129.6, 128.2, 127.1,
126.7, 126.5, 125.8, 125.4, 124.1, 123.8, 121.7, 120.9, 120.6,
119.2,116.6, 116.1, 65.6, 65.4, 15.4, 15.3.

4'-[6-(2,2'-Dihydroxy-1,1’-binaphthyl)]-2,2':6’,2"-terpyridine,
L,. To a stirred solution L; (2.15 g, 3.76 mmol) in CH,Cl,
(90 mL) was added dropwise a solution of BBr; (159 g,
63.5 mmol) in CH,Cl, (10 mL) at 0 °C. The mixture was allowed
to warm to r.t and stirred at r.t. for 2 h, then poured into a large
amount of ice/water. A deep red precipitate was obtained.
After filtration, the solid was treated with 5% NaOH aqueous
solution, and the product was extracted with CH,Cl, and dried
over MgSQO,. The pure yellow solid of L, was obtained after the
removal of the organic volatiles. Yield: 1.94 g (99 %). '"H NMR
(CDCl,): 6 8.77 (s, 2 H, H16), 8.71 (d, 4.3 Hz, 2 H, H16), 8.67
(d, 7.9 Hz, 2 H, H13), 8.41 (s, 1 H, H3), 8.04 (d, 9.2 Hz, | H,
H2), 8.00 (d, 9.2 Hz, 1 H, H10), 7.91 (d, 6.7 Hz, 1 H, H9), 7.88
(t, 7.9 Hz,2 H, H14), 7.79 (d, 8.5 Hz, 1 H, H4), 7.42 (d, 9.2 Hz,
1 H, HI1), 7.41 (d, 9.2 Hz, 1 H, H1), 7.38-7.30 (m, 4 H, H15,
H7 and HS), 7.25 (d, 7.3 Hz, 1 H, HYS), 7.17 (d, 8.5 Hz, 1 H,
H6), 5.41 (br, 2 H, OH). *C{'H} NMR (CDCl,): § 155.9, 155.3,
153.5, 153.1, 149.6, 148.7, 136.9, 133.9, 133.7, 133.1, 1314,
130.9, 129.1, 128.1, 127.1, 126.8, 125.8, 125.3, 124.4, 123.7,
123.6, 121.5,118.7, 118.5, 118.2, 112.4, 111.8.

4'-[6-(2,2'-Di-tert-butyldimethylsiloxy-1,1’-binaphthyl)]-
2,2':6',2"-terpyridine, L;. A solution of L, (1.90 g, 3.68 mmol),
tert-butyldimethylsilyl chloride (1.221 g, 8.10 mmol), and
imidazole (1.254 g, 18.42mmol) in 6 mL of DMF was heated at
35 °C under N, overnight. After cooling to room temperature,
the reaction mixture was poured into 5 % NaOH aqueous
solution, and the product was extracted with CH,Cl,, washed
twice with 5 % NaOH aqueous solution, and dried over
MgSO,. After filtration and evaporation, the solid residue was
purified by column chromatography on silica gel (ethyl acetate—
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hexane: 1/1) to give the light yellow product L;. Yield: 2.43 g (89
%). "H NMR (CDCl;): § 8.84 (s, 2 H, H12),8.75 (d, 4.9 Hz, 2 H,
H16), 8.69 (d, 7.9 Hz, 2 H, H13), 8.43 (d, 1.8 Hz, 1 H, H3), 7.96
(d,8.5Hz, 1 H,H9), 7.89 (tof d, 7.6 Hz, 1.8, 1 H, H14), 7.84 (d,
9.2 Hz, 2 H, H2 and H10), 7.78 (dd, 9.2 Hz, 1.8, 1 H, H4), 7.36
(td, 6.1 Hz, 1.2, 2 H, H15), 7.35 (d, 9.2 Hz, 1 H, HS5), 7.30 (m, 2
H, H7 and HS), 7.25 (d, 6.7 Hz, 1 H, H6), 7.24 (d, 9.8 Hz, 1 H,
H1), 7.21 (d, 8.5 Hz, 1 H, H11), 0.506 (s, 9 H, C(CHs),), 0.497
(s, 9 H, C(CH,;) 3), 0.059 (s, 3 H, CH,), 0.040 (s, 3 H, CH,),
—0.163 (s, 6 H, CH;). *C{'H} NMR (CDCly): 6 156.3, 155.8,
152.0, 151.2, 150.3, 149.0, 136.8, 134.8, 134.5, 132.9, 129.5,
129.23, 129.21, 128.8, 127.7, 126.7, 126.6, 125.9, 125.7, 124.8,
123.7, 123.3, 122.2, 121.7, 121.4, 121.2, 120.5, 118.7, 25.04,
2499, 17.58, 17.56, —4.26, —4.48, —4.58.

Ru(L, ;)Cl; complexes. Ligands L,—L; were dissolved in
ethanol, and an excess amount of RuCl;-xH,O was added. The
reaction mixture was refluxed overnight. After cooling to room
temperature, the solvents were evaporated and the residue was
washed with ethanol. Dark brown solids of Ru(L,_;)Cl; were
obtained, and used for subsequent metallodendrimer syntheses
without further purification. The yields for Ru(L,)Cl;,
Ru(L,)Cl;, and Ru(L;)CI; were 77, 99 and 77%, respectively.

Metallodendrimer 4a. To a solution of tetrakis(2,2": 6',2"-
terpyridinyl-4’-oxymethyl)methane (183 mg, 0.173 mg) and
4-ethylmorpholine (0.2 mL) in ethylene glycol (70 mL) was
added Ru(L,)Cl; (540 mg, 0.692 mmol) and the mixture was
heated to 120 °C for 18 h after which period a deep red solution
was obtained. This was concentrated to 10 mL in vacuo, cooled
to room temperature, and treated with water (20 mL). The red
solution was filtered and the filtrate was treated with potassium
hexafluorophosphate to give a deep red solid. After crystalliz-
ation by CH;CN-methanol, the red solid was purified via silica-
gel chromatography with acetone to afford pure red solid (583
mg, yield 73%). Anal. calc. for CyH,4F4sN,,0,PsRu,, 4a-
14H,0: C, 50.73; H, 3.57; N, 6.21%. Found: C, 50.91; H, 3.11;
N, 6.35%. '"H NMR (CD,CN): 69.08 (s, 8 H, H12), 8.81 (s, 4 H,
H3), 8.71 (s, 8 H, H12’), 8.63-8.60 (m, 16 H, H13 and H13"),
8.31(d, 9.2 Hz, 4 H, H2), 8.09 (d, 9.2 Hz, 4 H, H10), 8.01 (d, 9.2
Hz, 4 H, H4), 7.97 (d, 7.9 Hz, 4 H, H9), 7.93-7.87 (m, 16 H,
H14 and H14"), 7.72 (d, 9.2 Hz, 4 H, H1), 7.60 (d, 9.2 Hz, 4 H,
H11), 7.50 (d, 5.5 Hz, 8 H, H16), 7.43 (d, 5.5 Hz, 8 H, H16'),
7.38 (t, 7.9 Hz, 4 H, H8), 7.34 (d, 9.2 Hz, 4 H, H5), 7.29 (t, 7.9
Hz, 4 H, H7), 7.16-7.13 (m, 16 H, H15 H15"), 7.10 (d, 8.5 Hz,
4 H, H6), 5.50 (s, br, 8 H, H17), 4.21-4.13 (m, 16 H, OCH,),
1.12-1.09 (m, 24 H, CH,). *C (Acetone-dy): § 167.4, 159.5,
159.3, 157.0, 156.8, 156.7, 155.4, 153.5, 153.4, 148.7, 138.8,
138.7, 135.6, 134.8, 132.2, 131.1, 130.3, 130.2, 130.1, 128.9,
128.7, 128.6, 128.4, 127.4, 126.9, 125.7, 125.5, 125.3, 124.2,
122.0, 120.9, 120.3, 120.2, 117.1, 116.3, 112.5, 69.1, 65.4, 65.3,
30.4,15.3, 15.1.

Metallodendrimer 4b. By a procedure analogous to that
described above, red solid 4b was obtained in 80% yield. Anal.
calc. for C,ysH ,5F4N,,0PsRu,, 4b-4H,0: C, 51.65; H, 3.13;
N, 7.05%. Found: C, 51.26; H, 3.15; N, 6.74%. 'H NMR
(CD,CN):09.08 (s, 8 H, H12), 8.79 (d, 1.8 Hz, 4 H, H3), 8.72 (s,
8 H, H12'), 8.64-8.60 (m, 16 H, H13 and H13"), 8.24 (d, 8.6 Hz,
4 H, H2), 8.05 (dd, 9.2 Hz, 1.8 Hz, 4 H, H4), 8.03 (d, 8.5 Hz,
4 H, H10), 7.97 (d, 7.3 Hz, 4 H, H9), 7.93-7.88 (m, 16 H, H14
and H14"),7.51 (d, 9.2 Hz,4 H, H1), 7.50 (d, 4.3 Hz, 8 H, H16),
7.43(d,5.5Hz,8 H,H16'),7.39 (d, 9.2 Hz, 4 H, HS), 7.37 (t, 6.7
H, HB), 7.34 (d, 8.5 Hz, 4 H, H11), 7.32 (t, 6.7 Hz, 4 H, H7),
7.16-7.13 (m, 16 H, H15 and H15’), 7.10 (d, 8.5 Hz, 4 H, H6),
5.50 (s, br, 8 H, H17). C (Acetone-dy): 6 167.2, 159.3, 159.2,
156.8, 156.7, 155.9, 154.4, 153.3, 148.6, 138.7, 138.5, 136.1,
135.2, 131.6, 131.4, 130.7, 129.8, 129.7, 128.8, 128.6, 128.4,
128.3, 127.0, 126.7, 125.6, 125.3, 125.1, 125.0, 123.5, 121.8,
120.5,119.3, 117.4, 1154, 114.3, 112.4, 59.1, 30.3.



8+

(PF)g

R = H, -CH,CHj, -Si'BuMe,

Metallodendrimer 4c. By a procedure analogous to that
described above, red solid 4¢ was obtained in 89% yield. Anal.
calc. for C,53Hyg0F4sN,,016PsRU,SIg, 4¢:4H,0: C, 53.48; H,
4.61; N, 5.92%. Found: C, 53.23; H, 4.42; N, 5.59%. 'H NMR
(CD4CN):09.09 (s, 8 H, H12), 8.81 (d, 1.8 Hz, 4 H, H3), 8.72 (s,
8 H, H12"), 8.65 (d, 8.5 Hz, 8 H, H13), 8.61 (d, 8.5 Hz, 8 Hz,
H13"), 8.19 (d, 9.2 Hz, 4 H, H2), 8.06 (dd, 9.2 Hz, 1.8 Hz, 4 H,
H4),7.98 (d,9.2 Hz, 4 H, H10), 7.95 (d, 7.9 Hz, 4 H, H9), 7.94—
7.88 (m, 16 H, H14 and H14'), 7.52 (d, 5.5 Hz, 8 H, H16), 7.48
(d,9.2Hz,4 H, H1), 7.45(d, 4.9 Hz, 8 H, H16"), 7.44 (d,9.2 H,
H5), 7.37 (d, 9.2 Hz, 4 H, H11), 7.36 (t, 6.7 Hz, 4 H, HS), 7.30
(t, 7.0 Hz, 4 H, H7), 7.198-7.13 (m, 20 H, H6, H15 and H15"),
5.51 (s, br, 8 H, H17), 0.55 and 0.51 (s and s, 72 H, C(CH,),),
0.15and 0.13 (s and s, 24 H, SiCH,;), 0.01 and —0.05 (s and s, 24
H, SiCH,). *C (Acetone-dg): 167.4, 159.5, 159.4, 157.0, 156.8,
153.7, 153.5, 152.1, 148.5, 138.8, 138.7, 136.1, 135.3, 132.2,
130.9, 130.4, 130.3, 130.1, 128.9, 128.6, 128.4, 127.7, 126.9,
126.0, 125.5, 125.3, 124.3, 123.1, 122.6, 122.1, 121.8,
121.4,112.5,69.2,30.2,25.5,25.4,18.2,18.1, —4.0, —4.1, —4.2,
—4.5.
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