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Abstract

A series of functionalised 2,2':6',2"-terpyridine ligands, each with a closo-1,2-C,B;,HoR (R =H or Si'BuMe,) substituent in the 4'
position, either directly or indirectly attached to the heterocyclic ring, has been prepared; two members of the series, 4-(3-ortho-
carboranylpropoxy)-2,2':6',2"-terpyridine (4) and 4'-(ortho-carboranyl)-2,2":6',2"-terpyridine (7) have been characterised by X-ray
crystallography. The reaction of ligand (7) with alcohols results in the boron decapping of the closo-cage and yields a Zwitter-ionic
nido-cluster-functionalised ligand. Analogous changes to the carbaborane cage have been observed in complexes in which the terpyridine
domain is coordinated to ruthenium(ll). However, decapping does not occur if a Si'BuMe,-protected carbaborane cage is incorporated

into the terpyridine ligands. © 1998 Elsevier Science S.A.

1. Introduction

Metallosupramolecular chemistry is concerned with
the use of metal centres to control assembly processes
and/or as functional components of supramolecular
systems [1]. We have recently been extending our stud-
ies of metal-based assemblies to the assembly of multi-
nuclear dendritic systems [2—7]. In paralel we have
been developing strategies for the introduction of clus-
ters as functional groups onto such units [3,8—10] and
have aso developed the use of metal-assembled cores
as structural units bearing molecular recognition [11]
sites with a view to targeting specific biomolecular
targets. We hope to use these various structural motifs
for the specific targeting of biological sites with den-
dritic systems bearing multiple carbaborane functionali-
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ties. In this paper we describe in detail some of our
preliminary studies in ligand design and report initial
studies of the metallosupramolecular chemistry of the
new carbaboranyl-functionalised ligands.

2. Experimental section
2.1. General data

Standard Schlenk and vacuum line techniques were
used for al manipulation of air- and moisture-sensitive
compounds. Reaction solvents were reagent grade and
were distilled from appropriate drying agents under
nitrogen before use. Benzene, THF and diethyl ether
were distilled from sodium benzophenone ketyl; MeCN
was distilled from P,O,,. B,oH,, (Dexsil) and 1,2-
C,B,,H,, (Strem) were used as received. 4-Hydroxy-
2,2":6,6"-terpyridine [12], 4-chloro-2,2':6',6"-terpyri-
dine [12], [Ru(tpy)Cl,] [13] and 1-(Si'BuMe,)-1,2-
C,B,oH,; [14] were prepared according to literature
methods.
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'H, ®C and B NMR spectra were recorded on

Bruker AC 250 or Varian Gemini 300 spectrometers;
for 'B, &= 0 for BF, - Et,0. IR spectra were recorded
on a ATl Mattson Genesis Series FTIR spectrometer.
Positive-ion fast atom bombardment (FAB) mass spec-
tra were recorded on a VG ZAB 2SEQ instrument, with
4-nitrobenzy! acohol as matrix, and MALDI-TOF-MS
measurements used a PerSeptive Biosystems Vestec
spectrometer in positive linear mode at 5 kV accelera
tion voltage either without matrix or with a 2,5-dihy-
droxybenzoic acid matrix. Electrochemical measure-
ments were performed with an Eco Chemie Autolab
PGSTAT 20 potentiostat. A conventional three-elec-
trode configuration was used, with glassy carbon work-
ing and platinum bead auxiliary electrodes and
Ag/AgCl reference. For the electrochemical measure-
ments, the solvent was freshly distilled acetonitrile. The
base electrolyte was 0.1 M ["Bu,N][PF], recrystallised
twice from ethanol /water and dried in vacuo over
P,0,,. Potentials are quoted vs. the Fc/Fc* couple, and
all potentials were referenced to internal ferrocene added
at the end of each experiment. All elemental analyses
were performed by the Ciba Forschungsdienste Zentrale
Analytik.

2.1.1. Preparation of 4-(2-propyn-1-oxy)-2,2":6',6"-
terpyridine (1)

A dtirred solution of 4-hydroxy-2,2":6',6"-terpyridine
(HOtpy) (0.15 g, 0.60 mmol) in acetonitrile (20 ml) was
treated with potassium carbonate (0.50 g, 3.62 mmol),
followed by 3-bromoprop-1-yne (0.08 g, 0.67 mmol).
The suspension was heated at 60°C under nitrogen for
12 h. After cooling to room temperature, the product
was precipitated by pouring the reaction mixture into
deionised water (100 ml). The solid precipitate was
collected by filtration, washed with deionised water,
dried in vacuo, and recrystallised from heptane to give
(1D (95 mg, 55%) as colourless fine needles, m.p.
142-142.5°C. IR (KBr, cm™1): 3257 (s), 3095 (w),
2113 (w), 1563 (s), 1584 (s), 1406 (m), 1196 (m), 1032
(s), 787 (m), 725 (m). *"H NMR (CDCl,): & 255 (1,
“J=24 Hz, 1H, =CH), 491 (d, =24 Hz, 2H,
CH,), 7.30 (ddd, 2H, H®), 7.81 (dt, 2H, H*), 8.06 (s,
2H, H®), 858 (d, 2H, H?), 866 (dd, 2H, H®). *C
NMR (CDCl,): 6 55.8, 76.3, 77.6, 107.6, 121.3, 123.9,
136.7, 149.1, 155.9, 157.3, 165.8. MS(FAB): m/z 288
[M + H]*, 250 [M-(HC=CCH,)]*. Elem. ana.: Calc.
for C,gH,5N,0: C 75.25%, H 4.56%, N 14.62%; Found:
C 74.99%, H 4.70%, N 14.59%.

2.1.2. Preparation of (2)

A solution of B,oH,, (98 mg, 0.79 mmoal) in anhy-
drous acetonitrile (5 ml) was refluxed under argon for 2
h and then the solvent was removed by distillation. The
yellow residue was suspended in dry toluene (5 ml) and
compound (1) (230 mg, 0.80 mmol) was added; the

mixture was heated at reflux for 12 h and then evapo-
rated to dryness. The residue was dissolved in CH,Cl,
(100 ml) and the solution filtered through celite. The
organic layer was washed with water (50 ml), dried
over Na,SO,, and filtered. The filtrate was evaporated
to dryness to give a yellow—orange oil. After chromato-
graphic separation [SiO,, CHCI,-MeOH-NH ,OH-
(93:6:1)], the main fraction was collected and the sol-
vent removed to yield (2) as an orange oil (16 mg, 5%).
The compound was only partialy characterised. 'H
NMR (CDCl,): & 4.12 (br, s, 1H, C_,,H), 4.64 (s, 2H,
CH,), 7.33 (ddd, 2H, H®), 7.84 (dt, 2H, H*), 7.95 (s,
2H, H¥), 859 (dd, 2H, H®), 8.67 (dd, 2H, H®); *C
NMR (CDCl,): & 580, 68.8, 1059, 121.4, 124.3,
137.0, 149.1, 155.4, 157.6, 174.1.

2.1.3. Preparation of (3)

A solution of B,yH,, (2.0 g, 16.4 mmoal) in anhy-
drous acetonitrile (25 ml) was refluxed under argon for
2 h and then the solvent was removed by distillation.
The yellow residue was suspended in dry toluene (25
ml) and 5-chloropent-1-yne (2.40 g, 23.4 mmol) was
added. The reaction mixture was heated at reflux for 12
h. Evaporation of the solvent gave a yellow oily residue
which was redissolved in CH,Cl, and extracted with
deionised water. The organic phase was then dried over
MgSO, before being evaporated to dryness in vacuo.
Column chromatographic separation [SIO,, hexane—
CH,Cl, (4:2)], and remova of solvent afforded a
colourless solid (2.1 g) which was dissolved in dry
acetone (20 ml). Sodium iodide (1.40 g, 9.33 mmol)
was added to the solution and the reaction mixture was
heated at reflux for 12 h. After cooling to room temper-
ature, solid NaCl was removed by filtration, and the
filtrate was evaporated to dryness. Recrystallisation of
the residue from heptane gave (3) (2.7 g, 53%) as a
colourless solid, m.p. 55.5-56°C. IR (KBr, cm~1): 3056
(m), 2959 (w), 2566 (s), 2360 (W), 2343 (w), 1450 (m),
1423 (w), 1291 (w), 1240 (w), 1173 (s), 1071 (m), 1016
(m), 720 (s), 612 (w), 504 (w). *H NMR (CDCI 3. O
1.1-3.3 (br m, 10H, BH); 1.95 (m, 2H, CH,CH,CH,),
2.30 (t, 2H, CHcarb), 3.10 (t, 2H, CH,I), 3.55 (br s,
1H, C,H); ®C NMR (CDCI,): & 3.65, 32.34, 38.87,
6152, 74.10; "B NMR (CDCl,): 6§ —23 (d, 1B),
—5.7(d, 1B), —9.3(d, 2B), —11.8(d, 2B), —12.2 (d,
2B), —13.1 (d, 2B). MS (El): m/z 311 [M]*, 183
[M—I]*. Elem. and.: Calc. for CsH ;B ol: C 19.24%,
H 5.49%; found C 19.40%, H 5.71%.

2.1.4. Preparation of compound (4)

A dtirred solution of HOtpy (0.50 g, 2.01 mmol) in
acetonitrile (10 ml) was treated with potassium carbon-
ate (1.48 g, 10.7 mmol), followed by (3) (627 mg, 2.01
mmol). The suspension was heated at 60°C under nitro-
gen for 12 h and was then filtered through celite. The
filtrate was evaporated to dryness in vacuo to give a
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white residue which was subjected to column chro-
matography [SIO,, CH,Cl ,—MeOH—concentrated aque-
ous NH, solution (88:11:1)] to afford (4) (50 mg, 6%)
as colourless crystals after recrystallisation from
CH,Cl ,—pentane, m.p.: 179-180°C. IR (KBr, cm™1):
3042 (w), 2936 (w), 2588 (s), 1561 (s), 1466 (w), 1441
(w), 1404 (w), 1385 (w), 1354 (s), 1198 (m), 1056 (m),
991 (w), 794 (s), 745 (w), 620 (w). *H NMR (CDCl ,):
8 1.2-3.2(br m, 10H, BH); 1.99 (m, 2H, CH,CH,CH ),
2.42 (m, 2H, CHcarb), 3.61 (br s, 1H, C_,, H); 4.17 (¢,
2H, CH, 1), 7.30 (ddd, 2H, H®), 7.83 (dt, 2H, H*), 7.94
(s, 2H, H®), 859 (d, 2H, H?), 8.65 (d, 2H, H®). *C
NMR (CDCl,): & 28.85, 34.96, 61.60, 66.32, 74.55,
107.10, 121.34, 123.96, 136.86, 149.03, 155.86, 157.23,
166.62. 'B NMR (CDCl,): 8 —2.2(d, 1B), —5.7 (d,
1B), —9.2(d, 2B), —11.8 (d, 4B), —13.0 (d, 2B). MS
(FAB): m/z 434 [M +H]*. Elem. and.. Cdc. for
C,oH,,B;oN,O: C 55.41%, H 6.28%, N 9.69%; Found:
C 55.04%, H 6.34%, N 9.66%.

2.1.5. Preparation of [Ru(1),]1[PF],

A stirred solution of [Ru(HOtpy),l[PR;]1, (0.10 g,
0.11 mmol) in acetonitrile (20 ml) was treated with
potassium carbonate (0.40 g, 2.90 mmol), followed by
3-bromoprop-1-yne (54 mg, 0.45 mmol). The suspen-
sion was heated at 60°C under nitrogen for 12 h and
then filtered through celite. Water (10 ml) and a satu-
rated methanolic [NH, ][PF;] solution (5 ml) were added
to the filtrate. Partial removal of the solvents in vacuo
caused [Ru(1),][PF;], to precipitate. The product was
collected by filtration, washed with a mixture of water
and ethanol, followed by diethyl ether, and dried in
vacuo to afford pure [Ru(1),][PF], (89 mg, 82%). IR
(KBr, cm™1): 3283 (w), 2361 (w), 2342 (w), 1612 (),
1468 (m), 1415 (m), 1382 (w), 1354 (w), 1210 (s), 1009
(w), 837 (), 787 (m), 558 (m). *H NMR (CD,CN): &
3.12 (t, “J=2.4 Hz, 2H, =CH); 5.27 (d, “J =24 Hz,
4H, CH,), 7.17 (m, 4H, H?®), 7.35(d, 4H, H®), 7.90 (dt,
4H, H*), 8.37 (s, 4H, H®), 8.46 (d, 4H, H®). ®C NMR
(CD,CN): & 58.63, 79.06, 103.54, 112.13, 125.39,
128.51, 138.83, 153.58, 157.52, 159.09, 165.53. MS
(FAB): m/z 821 [M-(PR)]*, 676 [M-2(PF,)]", 637
[M-2(PF;)-(HC=CCH ,)]*, 598 [M-2(PFy)-
2(HC=CCH,)]*. Elem. anal.: Cac. for CgH -
F,NgO,P,Ru: C 44.78%, H 2.71%, N 8.70%; Found:
C 44.18%, H 3.04%, N 8.04%.

2.1.6. Preparation of [Ru(2),][PFs], and [Ru(2)(tpy-
OH)I[PF],

A solution of BjyH,, (15 mg, 0.12 mmol) in anhy-
drous acetonitrile (2 ml) was refluxed under argon for 2
h after which [Ru(1),][PR;], (50 mg, 0.05 mmol) was
added. The reaction mixture was then heated at reflux
for 12 h. Removal of the solvent in vacuo gave a red
solid. The products were separated by column chro-

matography [SiO,, acetonitrile—saturated agueous
potassium nitrate solution (9:1)]; in order of their elu-
tion and after ion exchange: [Ru(2),][PFs], (17 mg,
27%), [Ru(2(HOtpy)lIPR], (25 mg, 41%), and
[Ru(HOtpy), I[PF,], (3 mg, 6%) [13] were obtained.

[Ru(2),l[PRs],: IR (KBr, cm™1): 3048 (w), 2579 (m),
2362 (w), 2344 (w), 1616 (), 1467 (w), 1420 (w), 1395
(w), 1356 (s), 1211 (m), 1059 (w), 1025 (w), 846 (s),
787 (w), 558 (M), 442 (w). *H NMR (CD,CN): & 4.70
(br s, 2H, C_,,H), 5.04 (s, 4H, CH.), 7.16 (ddd, 4H,
H%), 7.33 (d, 4H, H°), 7.91 (dt, 4H, H*), 8.32 (s, 4H,
H®), 8.43 (d, 4H, H®). *C NMR (CD,CN): & 61.80,
71.31, 98.08, 112.10, 125.38, 128.57, 138.91, 153.53,
157.57, 158.91, 165.34. "B NMR (CD,CN): § —2.5
(d, 2B), —4.0 (d, 2B), —8.9 (d, 4B), —11.1 (d, 8H),
—12.5 (d, 4B). MS (FAB): m/z 1057 [M-(PFy)]*, 911
[M-2(PF)]*, 755 [M-2(PF,)-(CH,C,B;,H,,)]*, 598
[M-2(PF,)-2(CH,C,B,,H,,)]". Elem. anal.: Calc. for
CasHsBooFNgO,P,RU: C 3597%, H 3.86%, N
6.99%; Found: C 35.00%, H 4.09%, N 7.01%.

[Ru(2)(HOtpy) [PF; 1,: 'H NMR (CD,CN; see Fig.
1): 8 4.70 (br s, 1H, C_, H), 5.04 (s, 2H, CH,), 7.14
(m, 8H, H>*5¢), 7.30 (d, 2H, H®), 7.43 (d, 2H, H®),
7.90 (m, 4H, H*+4€), 827 (s, 2H, H?®), 8.31 (s, 2H,
H®P), 838 (d, 2H, H*), 842 (d, 2H, H*). MS
(FAB): m/z 901 [M-(PRy)]*, 755 [M-2(PFy)]*, 598
[M-2(PF,)-(CH,C,B,)]".

2.1.7. Preparation of
[Ru(4)(5)1[PF]

A dtirred solution of [Ru(HOtpy),l[PR], (0.20 g,
0.22 mmol) in acetonitrile (20 ml) was treated with
potassium carbonate (0.20 g, 1.45 mmol), followed by
(3) (155 mg, 0.50 mmol). The suspension was heated at
60°C under nitrogen for 24 h, and then filtered through
celitee. Water (10 ml) and saturated methanolic
[NH,][PF,] solution (5 ml) were added to the filtrate.
Partial removal of the solvents in vacuo resulted in the
precipitation of a red solid. After filtration, the solid
residue was washed with a mixture of water and ethanol,
then diethyl ether. The products were separated by TLC
[SIO,, acetonitrile—saturated agueous potassium nitrate
solution (7:1)] to afford in order of their elution, and
after ion exchange: [Ru(4)X(5)][PR;] (60 mg, 24%) and
[Ru(4),][PF,], (85 mg, 30%); intractable material re-
mained on the baseline.

[RUABIPR]: *H NMR (CD,CN; see Fig. 1): &
2.15-2.23 (m, 6H, overlapping CH,CH,CH, and
-CH,(5)), 2.66 (m, 2H, -CH(4)), 359 (br s, 1H,
CenH(B)), 4.35 (br s, 1H, C_,, H(4), 447 (t, *J=6.1
Hz, 2H, -CH,0(4)), 4.53 (m, 2H, -CH,0O(5)), 7.15 (m,
4H, H3A+4C) 7.35 (d, 2H, H®), 7.39 (d, 2H, H®),
7.88 (t, 4H, H*+4%), 8.25 (s, 2H, H®B), 8.34 (s, 2H,
H3P), 8.44 (d, 2H, H**), 848 (d, 2H, H*). B NMR
(CD,CN): 8 —36.9(d, 1B), —32.9(d, 1B), —21.6 (d,
1B), —18.9 (d, 2B), —16.3 (d, 1B), —14.9 (d, 1B),

[Ru(4),]1[PF,], and
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_|2+

[Ru(a)(5)"

[Ru(8)(tpy)I*

Fig. 1. The proposed structures of [Ru(2(HOtpy)]2*, [Ru(G)X(6)]*, [Ru(6)(tpy)]?* and [Ru(8)tpy)]* and the ring nomenclature used for *H NMR

Spectroscopic assignments.

—12.7(d, 2B), —11.6 (d, 4B), —12to —10 2 (d, 2B),
—9.6(d, 2B), —6.1(d, 1B), —2.8(d, 1B). MS (FAB):

m/z 955 [M-(PFg)I*, 782 [M-(PFg)-
((CH,)3;C,BgH I, 771 [M-(PFg)-
((CH,);C,BoH )], 598 [M-(PFg)-

((CH2)3C289H11)'((CH2)3czBloH11)]+-
[RU(4),][PF,1,: IR (KBr, cm~1): 2924 (w), 2587 (m),
1614 (s), 1467 (w), 1422 (w), 1390 (w), 1356 (w), 1214
(m), 1059 (w), 1025 (w), 839 (s), 787 (w), 558 (m), 471
(w). '"H NMR (CD,CN): & 215-223 (m, 4H,
CH,CH,CH,), 2.66 (m, 4H, -CH ,(4)), 4.35 (br s, 2H,
CapH), 447 (t, 4H, -CH,,0), 7.13-7.17 (ddd, 4H, H®),
7.36 (d, 4H, H®), 7.88 (dt, 4H, H*), 8.26 (s, 4H, H?),
8.45 (d, 4H, H?). *C NMR (CD,CN): & 29.55, 34.74,
63.70, 69.50, 76.68, 111.87, 125.26, 128.37, 138.71,
153.45, 157.40, 159.20, 166.52. "B NMR (CD,CN):
5—125(d, 2B), —11.4 (d, 4B), —9.4 (d, 2B), —5.7
(d, 1B), —2.6 (d, 1B). MS (FAB): m/z 1113 [M-

(PF-1*, 967 [M-2(PFy)1*, 783 [M-(PFy)-
((CH ,)3C,B,,H,)]", 598 [M-(PFgy)-
2((CH,),C,BoH,;)]". Elem. anal.. Calc. for

CuoHeBooFoNgO,P,RU: C 38.19%, H 4.33%, N
6.68%:; Found: C 38.69%, H 4.34%, N 6.55%.

2.1.8. Preparation of (6)

A 1.6 M solution of "BuLi in hexanes (5.3 ml, 8.5
mmol) was added dropwise with stirring to a solution of
1-(Si'BuMe,)-1,2-C,B,,H,, (2.0 g, 7.7 mmol) in adry

2 Overlapping signals.

benzene/diethyl ether (2:1) mixture (25 ml) at 0°C. The
mixture was stirred for 30 min while it warmed to room
temperature. The solution was then cooled to 0°C and
4'-chloro-2,2':6',2"-terpyridine (Cltpy) in a solution of
benzene,/ diethylether (2:1) mixture (100 ml) was added
dropwise with stirring. After heating at reflux for 12 h,
the solution was quenched with 100 ml of water, trans-
ferred to a separating funnel, and extracted with diethyl
ether (3 X 50 ml). The combined organic phases were
dried over anhydrous MgSO, before being evaporated
to dryness. The yellow residue was filtered through a
small plug of silica gel using CH,CI, as the euant.
Recrystallisation from heptane afforded compound (6)
(2.15 g, 60%) as a colourless solid, m.p. 199.5-200°C.
IR (KBr, cm™1): 2928, 2577, 2361, 2342, 1582, 1464,
1384, 1088, 834, 822, 785. 'H NMR (CDCl,,): 8 — 0.14
(s, 6H, SiMe,); 0.88 (s, 9H, CMe;); 1.2-3.8 (br m,
10H, BH); 7.33 (m, 2H, H®); 7.83 (dt, 2H, H*); 8.57 (d,
2H, H?); 8.71 (br d, 2H, H®); 876 (s, 2H, H?®). ©*C
NMR (CDCl,): § —3.76, 20.33, 27.19, 77.60, 83.25,
121.18, 122.86, 124.28, 136.83, 143.47, 149.40, 154.86,
156.03. B NMR (CDCl,): 8 —11.8(d, 2B); —9.2(d,
2B); —7.2 (d, 4B); —2.4 (d, 1B); 1.9 (d, 1B). MS
(FAB): m/z 491 [M +H]". Elem. and.: calc. for
C,3H4sB1oN5Si: C 56.41%, H 7.20%, N 8.585; Found:
C 55.90%, H 7.03%, N 8.32%.

2.1.9. Preparation of (7) by deprotection of (6)

A solution of (6) (1.88 g, 3.84 mmol) in dry THF (50
ml) was cooled to —78°C and a 1.0 M solution of dry
["Bu,N]F in THF (6 mmol in 6 ml) was added drop-
wise with stirring. The mixture was allowed to stir for
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10 min while warming to room temperature, and then
20 ml of water were added. The solution was trans-
ferred to a separating funnel and extracted with diethyl
ether (3 50 ml). The combined organic phases were
dried over MgSO, and filtered. Removal of the solvent
in vacuo gave a colourless residue which was subjected
to flash chromatography [SIO,, CH,Cl ,—MeOH-con-
centrated aqueous NH, solution (90:9:1)], followed by
recrystallisation from hexane to yield compound (7) as a
colourless solid (0.8 g, 56%), m.p. 209.5-210°C. IR
(KBr, cm™1): 3061, 2993, 2856, 1582, 1565, 1466,
1395, 1266, 1080, 800, 785. "H NMR (CDCl,): & 4.30
(br s, 1H, C_,,H); 1.0-3.6 (br m, 10H, BH); 7.34 (m,
2H, H®); 7.84 (dt, 2H, H*); 8,52 (s, 2H, H®); 856 (d,
2H, H?); 8.68 (br d, 2H, H®). *C NMR (CDCl,): &
58.80, 74.50, 118.48, 121.42, 124.47, 137.02, 144.19,
149.28, 154.75, 156.38; "'B NMR (CDCl,): 6 —12.8
(d, 2B); —11.1 (d, 4B); —8.7 (d, 2B), —3.6 (d, 1B),
—2.1(d, 1B). MS (FAB): m/z 376 [M + H]*. Elem.
ana.: Calc. for C;;H,,B,oN;: C 54.38%, H 5.64%, N
11.19%,; Found: C, 52.8%; H, 6.0%; N, 10.0%.

2.1.10. Preparation of [Fe(6),]1[PF;],

A solution of (6) (100 mg, 0.20 mmol) in methanol
(2 ml) was added to a solution of [NH,],FeSO,],
6H,0 (80 mg, 0.20 mmol) in methanol (3 ml). The
mixture was stirred at room temperature for 10 min and
then excess aqueous [NH,][PFR;] was added. The result-
ing precipitate was collected by filtration, washed with
a small amount of ice-cold methanol, water, and diethyl
ether, and dried in vacuo to yield [Fe(6),][PR], as a
purple solid (0.132 g, 97%). IR (KBr, cm™1): 2935,
2576, 1609, 1426, 1074, 1031, 841, 785. 'H NMR
(CD,CN): 6 0.19 (s, 12H, SiMe,); 1.09 (s, 18 H,
CMe,); 1.3-3.8 (br m, 20 H, BH); 6.96 (br d, 4H, H®),
7.12 (m, 4H, H®); 7.93 (dt, 4H, H*); 8.71 (br d, 4H,
H?); 8.98 (s, 4H, H¥). ®C NMR (CD,CN): & —2.95,
21.18, 27.30, 80.7, 82.2, 125.71, 126.29, 128.92, 140.02,
144.45, 153.70, 157.63, 161.68. "B NMR (CD,CN): &
—11.3(d, 4B); —8.4 (d, 4B); —6.0 (d, 8B); —1.5 (d,
2B); 2.6 (d, 2B); MS (MALDI-TOF): m/z 1036 [M-
2PF,]".

2.1.11. Preparation of [Ru(tpy)(6)][PF;],

Compound (6) (111 mg, 0.23 mmol) was added to a
suspension of [Ru(tpy)Cl,] (100 mg, 0.23 mmol) in
methanol (30 ml). Two drops of N-ethylmorpholine
were added to the mixture which was then heated at
reflux with stirring for 1 h. The resulting deep red
solution was filtered through celite and excess aqueous
[NH,][PR;] was added to precipitate hexafluorophos-
phate sats, which were collected by filtration and
washed with ice-cold methanol, water and diethy! ether.
The red solid so obtained was subjected to column
chromatography [SIO,, acetonitrile—saturated agueous
potassium nitrate solution—-water (23:2:1)]; treatment of

the main fraction with excess agueous [NH,][PF;]
caused a red solid to precipitate. This was separated by
filtration, washed with ice-cold methanol and the di-
ethyl ether, and dried in vacuo to vyield solid
[Ru(tpy)(6)I[PF,], (60 mg, 28%). IR (KBr, cm~1): 2573,
1637, 1604, 1422, 1389, 840, 766, 537. 'H NMR
(CD4CN; see Fig. 1): & 0.12 (s, 6H, SiMe,); 1.06 (s,
9H, CMe,); 1.3-3.8 (br m, 10H, BH); 7.16 (m, 4H,
H5A*5C); 7.23 (m, 2H, H5®); 7.39 (d, 2H, H®%); 7.93
(t, 2H, H*); 7.96 (t, 2H, H*®); 8.47 (t, 1H, H*®); 8.50
(d, 2H, H*); 8.71 (d, 2H, H*®); 8.78 (d, 2H, H¥*);
8.79 (s, 2H, H®). ®C NMR (CD,CN): & —3.12,
21.12, 27.34, 80.82, 84.56, 124.91, 125.61, 125.74,
126.43, 128.35, 129.13, 137.60, 139. 05, 139.37, 141.08,
153.13, 153,53, 155.79, 156.97, 157.90, 158.76. 'B
NMR (CD,CN): 6 —11.1 (d, 2B); —8.4(d, 2B), —6.2
(d, 4B); —2.4(d, 1B); 2.6 (d, 1B). MS(MALDI-TOF):
m/z 827 for [M-PF;].

2.1.12. Preparation of [Ru(8),]
A suspension of RuCl; - 3H,0 (105 mg, 0.40 mmol)
in ethane-1,2-diol (10 ml) was stirred at room tempera-

Table 1
Fractional atomic coordinates for compound (4)
X y z

c(®» 1.1336(1) —0.1197(2) 0.01478(8)
c2 1.2240(1) —0.1959(2) 0.00820(8)
c(3 1.2249(1) —0.3315(2) 0.02940(8)
C4) 1.1356(1) —0.3880(1) 0.05560(7)
C(5) 1.04775(9) —0.3042(D) 0.05997(6)
N(2) 1.04638(9) —0.1711(1) 0.04019(6)
C(6) 0.94883(9) —0.3596(1) 0.08615(6)
Cc(7) 0.85822(9) —0.2801(1D) 0.08359(6)
Cc(8) 0.76667(9) —0.3374(1) 0.10666(6)
Cc(9) 0.76741(8) —0.4738(D) 0.13052(6)
C(10) 0.86284(8) —0.5451(1) 0.13184(5)
N(2) 0.95182(7) —0.49022(9) 0.11112(5)
C(11) 0.86902(8) —0.6928(1) 0.15501(6)
Cc(12) 0.95911(9) —0.7701(1D) 0.14558(7)
C(13) 0.9604(1) —0.9086(1) 0.16383(8)
c(14) 0.8729(1) —0.9660(1) 0.19129%(8)
C(15) 0.7883(1) —0.8810(1) 0.20059(8)
N(3) 0.78416(8) —0.7466(1) 0.18318(6)
oD 0.68191(7) —0.25188(8) 0.10363(5)
C(16) 0.5831(1) —0.3068(1) 0.12167(8)
c@an 0.50387(9) —0.1901(1) 0.11358(7)
C(18) 0.5258(1) —0.075%(1) 0.16622(7)
Cc(19) 0.45488(8) 0.0514(1) 0.16148(6)
C(20) 0.38929(9) 0.0917(1D) 0.23135(6)
B(D 0.3217(1) 0.0278(1) 0.15891(8)
B(2) 0.3849(1) 0.1008(1) 0.08739(7)
B(3) 0.4926(1) 0.1999(2) 0.12165(8)
B(4) 0.4952(1) 0.1894(1) 0.21379(8)
B(5) 0.2723(1) 0.1655(2) 0.20938(8)
B(6) 0.2687(1) 0.1766(2) 0.11676(8)
B(7) 0.3746(1) 0.2838(2) 0.09352(8)
B(®) 0.4436(1) 0.3381(2) 0.17186(9)
B(9) 0.3802(1) 0.2656(2) 0.24322(7)
B(10) 0.3046(1) 0.3233(2) 0.16900(8)
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ture for 30 min and then compound (7) (300 mg, 0.80
mmol) was added. The reaction mixture was heated to
120°C and this temperature maintained for 3 h with
constant stirring. Upon cooling to room temperature, a
suspension was obtained which was filtered; the solid
obtained was washed sequentially with ethane-1,2-diol,
water, methanol and diethyl ether to yield [Ru(8),] as a
dark red solid (160 mg, 48%). IR (KBr, cm™1): 2527,
1604, 1465, 1422, 1406, 1027, 786, 751. ‘H NMR
(dg-DMSO) 6 0.3—-3.2 (br m, 20H, BH); 3.25 (br s, 2H,
CpH); 7.22 (m, 4H, HS); 7.31 (br d, 4H, H®); 7.92
(dt, 4H, H*); 8.61 (s, 4H, H®); 8.88 (br d, 4H, H?). **C
NMR (ds-DMSO) 6 119.88, 124.15, 127.57, 137.72,
151.90, 153.18, 155.18, 157.83. *'B NMR (ds-DMSO)
8 —3.40(d, 2B); —7.5(d, 2B); —9.2(d, 2B); —12.2
(d, 2B); —15.3(d, 2B); —19.1 (2% d, 4B); —22.6 (d,
2B); —31.8 (d, 2B). MS (MALDI-TOF): m/z 831
[M*].

2.1.13. Preparation of [Ru(tpy)(8)][PF]

Compound (7) (300 mg, 0.80 mmol) was added to a
solution of [Ru(tpy)Cl,] (352 mg, 0.80 mmol) in
methanol (60 ml). Two drops of N-ethylmorpholine
were added to the mixture which was subsequently
stirred at reflux for 1 h. The resulting deep red solution
was filtered through celite and excess agueous
[NH ,][PR;] was added to precipitate the product as its
hexafluorophosphate salt. After filtering, the residue
was washed with ice-cold methanol, water, and then
diethyl ether, and the red product mixture was separated
by using column chromatography [SiO,, acetonitrile—
saturated agueous potassium nitrate solution—water
[47:2:1]. The mgjor fraction was[Ru(tpy)(8)I[PF;], which
was isolated as a dark red solid (140 mg, 21%). IR
(KBr): 2529, 1606, 1465, 1448, 1423, 1385, 1029, 841,
767, 558. "H NMR (CD,CN; see Fig. 1): 6 0.3-3.2 (br

Table 2
Selected bond distances and angles for compound (4)

Bond distances (Ac)

C(5)-C(6) 1.482(2) C(10-C(11) 1.490(1)
C(19)-B(2) 1.718(2) C(19)-B(2) 1.706(2)
C(19)-B(3) 1.700(2) C(19)-B(4) 1.727(2)
C(20)-B(2) 1.711(2) C(20)-B(4) 1.696(2)
C(20)-B(5) 1.692(2) C(20)-B(9) 1.693(2)
C(19)-C(20) 1.655(1) C(8)-0(1) 1.361(1)
o(1)-C(16) 1.428(1) C(16)-C(17) 1.516(2)
C(17)-C(18) 1.507(2) C(18)-C(19) 1.524(2)
Bond angles (°)

C(18)-C(19)-C(20) 117.6(1) C(18)-C(19-B(1) 118.9(1)
C(18)-C(19-B(2)  124.1(1) C(18)-C(19>-B(3)  121.5(1)
C(18)-C(19-B(4)  115.0(1) C(17)-C(18)-C(19) 117.1(D)

C(16)-C(17)-C(18) 111.7(1)
C(8)-0O(D)-C(16)  118.6(1)
Dihedral angles (°)
N(3)-C(11)-C(10)-N(2) 7.0
N(2)-C(6)-C(5)-N(2) 4.9

Oo(D-C(16)-C(17) 107.3(1D)

Table 3
Fractional atomic coordinates for compound (7)

X y z
N(D) —0.7377(2) —0.01948(9) 0.07142(9)
N() —0.1975(1) 0.05263(9) 0.20948(8)
N(3) 0.3370(2) 0.21760(9) 0.35514(9)
Cc(D) —0.9107(2) —0.1137(1) 0.0320(1D)
(@) —0.9149(2) —0.2284(1) 0.0349(1)
) —0.7320(2) —0.2466(1) 0.0778(1)
Cc4) —0.5508(2) —0.1510(1) 0.1181(1)
C(5) —0.5613(2) —0.0379(1) 0.11468(9)
C(6) —0.3739(2) 0.0707(1) 0.16618(9)
c( —0.3900(2) 0.1867(1) 0.17415(9)
Cc(8) —0.2172(2) 0.2873(1) 0.23259(9)
Cc —0.0333(2) 0.2691(1) 0.2780(1)
C(10) —0.0294(2) 0.1496(1) 0.26349(9)
C(11) 0.1618(2) 0.1246(1) 0.31252(9)
Cc(12) 0.1550(2) 0.0084(1) 0.3135(1)
Cc(13) 0.3360(2) —0.0114(1) 0.3594(1)
C(14) 0.5167(2) 0.0838(1) 0.4044(1)
C(15) 0.5086(2) 0.1962(1) 0.4008(1)
C(16) —0.2318(2) 0.4155(1) 0.25229(9)
c@an —0.4429(2) 0.4416(1) 0.2779(1)
B(1) —0.2177(2) 0.4998(1) 0.3815(1)
B(2 —0.0250(2) 0.5436(1) 0.3236(1)
B(3) —0.1448(2) 0.5034(1) 0.1851(1)
B(4) —0.4142(2) 0.4346(1) 0.1564(1)
B(5) —0.5154(2) 0.5444(1) 0.2293(1)
B(6) —0.3953(2) 0.5845(1) 0.3675(1)
B(7) —0.1261(2) 0.6537(1) 0.3961(1)
B(8) —0.0811(2) 0.6566(1) 0.2749(1)
B(9) —0.3224(2) 0.5890(1) 0.1714(1)
B(10) —0.3098(2) 0.6823(1) 0.3018(1)

m, 10H, BH); 2.89 (br s, 1H, C_,,H); 7.07 (ddd, 2H,
HC); 7.16 (ddd, 2H, H%); 7.23 (br d, 2H, H%®); 7.35
(br d, 2H, H%); 7.88 (2 x dt, 4H, H**%C); 8.34 (4,
1H, H*¥B); 8.44 (d, 2H, H*); 8.47 (s, 2H, H®P), 8.50
(d, 2H, H®); 8.70 (d, 2H, H®). *C NMR (CD,CN):
8 44.07,117.89, 117.98, 121.75, 124.52, 135.22, 125.29,
128.08, 128.45, 136.23, 138.82, 153.39 (X 2), 154.77,
156.60, 159.04, 159.35. *'B NMR (CD,CN): § —7.4
(d, 1B); —9.2 (d, 1B); —12.5(d, 1B); —15.9 (d, 1B);
—16.8 (d, 1B); —19.1 (d, 1B); —22.2 (d, 1B); —31.9
(d, 1B); —34.5(d, 1B). MS (MALDI-TOF): m/z 699
[M-PR,]*.

2.2. Crystal structure determination of (4) and (7)

2.2.1. Crystal data for (4)

C,H,7B1oN;O, colourless blocks, crystal size 0.35
X 0.50x0.80 mm, M =433.57, monaclinic, space
group P2,/n, a=12796(1), b= 9.624(1), c=
19.097(1) A, B=92687(6) A, V=2349.2(3) A’
F(000) =906, Z=4, D,=1.23 g cm 3, w(Cu—K a)
=4.897 cm™ 1.

2.2.2. Crystal data for (7)
C,7H,;N;B,,, colourless blocks, crystal size 0.38 X
0.54x 058 mm, M = 375.49, ftriclinic, space group
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P1, a=6.935(1), b= 12.062(1), c = 13.817(3) A, a =
107.827(13), B = 102.532(13), y=102.222(8) A, V =
1024.9(3) A%, F(000) = 388, Z =2, D, = 1.217 gcm 2,
w(Cu—K a) =454 cm™ 1.

2.2.3. Data collection and refinement for (4) and (7)

The crystals selected for X-ray structure determina
tion were stuck with oil on to glass fibres. Unit cell
parameters were determined by the least-squares method
using 24 for (4) or 25 for (7) carefully centred indepen-
dent reflections. Data collection was carried out at 298
K for (4) and 293 K for (7) on afour-circle Enraf-Non-
ius CADA4 diffractometer using monochromatised Cu—
Ka radiation (A = 1.54178 A). The w — 26 technique
was used to measure 5297 reflections for (4) and 4356
reflections for (7), both in the range 5° < 26 < 148°.
Three standard reflections monitored every hour during
data collection showed no significant decay in either
case. For (4), the 4167 unique data with | > 30 (I)
were used to solve and refine the structure. The usual
corrections were applied. The absorption correction was
determined by ¢ scans (max/min transmission
1.00/0.91). For (7), the 3871 unique data with | >
30 (1) were used to solve and refine the structure. The
usual corrections were applied. The absorption correc-
tion was determined by s scans (max /min transmission
1.00/0.58).

2.2.4. Sructural analysis and refinement

The structures were solved by direct methods using
the program SIR92 [15]. Anisotropic least-squares re-
finement was carried out on all non-hydrogen atoms
except those of the acetonitrile and water solvent
molecules using the program CRYSTALS [16]. The
hydrogen atoms are in calculated positions with a fixed
distance of 1.0 A. Scattering factors were taken from
the International Tables for X-ray Crystallography [17].
For (4), the fina R values were 0.043 and 0.051 and
the final Fourier-difference maps were featureless.
Atomic coordinates are given in Table 1 and selected

Table 4
Selected bond distances and angles for compound (7)

Bond distances (A)

C(5)-C(6) 1.490(2) C(10-C(11) 1.488(2)
C(8)-C(16) 1.515(1) C(16)-C(17) 1.649(1D)
C(16)-B(1) 1.733(2) C(16)-B(2) 1.712(2)
C(16)-B(3) 1.711(2) C(16)-B(4) 1.730(2)

Bond angles (°)

C(8)-C(16)-C(17) 116.60(9) C(8)-C(16)-B(1) 115.80(9)

C(8)-C(16)-B(2) 123.08(9) C(8)-C(16)-B(3) 123.9(1)
C(8)-C(16)-B(4) 117.18(9) C(9)-C(8)-C(16) 120.3(1)
C(7)-C(8)-C(16)  120.6(1)

Dihedral angles (°)
N(3)-C(1D)-C(10)-N(2) 8.2
N(2)-C(6)-C(5)-N(1) 0.0

bond lengths and angles in Table 2. For (7), the fina R
values were 0.057 and 0.065 and the final Fourier-dif-
ference maps had min/max values of —0.271,/0.298 e
A3, Atomic coordinates are given in Table 3 and
selected bond lengths and angles in Table 4.

Atomic coordinates, thermal parameters and bond
lengths and angles have been deposited at the Cam-
bridge Crystallographic Data Centre.

3. Results and discussion

3.1. Ligand design and synthetic strategy

We decided to adopt the 2,2':6',2"-terpyridine (tpy)
metal-binding domain as the basic ligand structure to
which carbaboranyl substituents were to be appended.
The reasons for the adoption of this domain have been
described in detail elsewhere but are related to the
stereogenic properties of the tpy domain when coordi-
nated to six-coordinate metal centres[18,19]; in contrast
to derivatised 2,2'-bipyridine ligands, 4'-substituted tpy
ligands give neither optical nor mer /fac isomers with
such metal centres. We also decided, in the first in-
stance, to introduce functionality in the form of closo—
ortho-carbaboranyl substituents. This decision was dic-
tated by the stability and ready availability of the cluster
core, together with the known and extensive organic
chemistry of such carbaboranes [20,21].

This led us to consider a number of possible strate-
gies, varying in the synthetic timing of the assembly of
the carbaborane cluster unit. We proposed two possible
strategies: (1) preparation of an alkyne-functionalised
tpy ligand which would subsequently be reacted with
B,oH,, to generate the carbaborane in the final step, or
(2) the preparation of a suitably functionalised carbabo-
rane which would be coupled with the tpy domain in the
final steps of the reaction sequence. In view of our
previous use of the metal-directed reactivity of coordi-
nated oligopyridine ligands in the synthesis of novel
species [22—24], we also kept in mind the possibility of
devising sub-strategies in which coordinated tpy ligands
were the precursors. Both of the strategies allow consid-
erable flexibility in the synthesis and permit the intro-
duction of variable spacer groups between the tpy and
the carbaboranyl domains.

3.2. Ligands with spacers between the tpy and carbabo-
ranyl domains

We initialy decided to adopt the metal-free strategy
(1) for the synthesis of species with flexible spacers
between the tpy and carbaboranyl domains and our
entry involved the reaction between decaborane(14) and
an alkynyl-substituted tpy ligand (Scheme 1). The de-
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Scheme 1.

sired alkynyl functionalised tpy ligands could be conve-
niently prepared by akylation of the oxygen atom of
2,2":6,2"-terpyridin-4(1XH)-one (HOtpy) [12]. In the
first step of the sequence, HOtpy was reacted with
3-bromoprop-1-yne in the presence of base to give the
alkynyl-substituted tpy (1) as a white crystalline solid in
56% yield. Compound (1) exhibited the expected spec-
troscopic properties and was subsequently reacted with
B,oH,, in acetonitrile. However, this reaction yielded
the desired compound (2) in optimised yields of < 5%.
The low and unreproducible yield of (2) prevented its
full characterisation and its identity is proposed on the
basis of *H and *C NMR spectroscopies. The '"H NMR
spectrum of (2) showed typical signals for the tpy
moiety and the coupling constants for the tpy unit in
this and al other compounds were as previously re-
ported [13]. The most diagnostic feature is the observa
tion of H®, the proton directly next to the site of
attachment of the substituent, at 6 7.95, in contrast to
its chemical shift of 6 8.06 in the starting material (1).
Mixtures of (1) and (2) clearly showed two separate
singlets for the two H® environments, eliminating the
possibility of medium or concentration effects resulting
in the shift. The metal-directed substrategy is discussed
later.

Scheme 2 shows our second strategy, in which a
functionalised C,B,, cage bearing an electrophilic site,
which could subsequently be reacted with HOtpy, was

ByoH14 + HC=CCH,CH,CH,C

i) MeGN
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Me,CO Qy e
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Scheme 2.

assembled before attachment to the heterocyclic ligand.
Activation of decaborane by heating in acetonitrile fol-
lowed by reaction with 5-chloropent-1-yne yielded an
intermediate  1-(3-chloropropyl)-closo-1,2-carbaborane,
which was isolated as a colourless oil but which was not
further characterised. We considered that the pendant
chloropropyl group would only be moderately elec-
trophilic and decided to convert the crude chloropropyl
compound directly to the 3-iodopropyl analogue (3) in a
Finkelstein reaction with sodium iodide in acetone.
After recrystallisation, the cluster derivative (3) was
isolated in 53% yield as a white solid. Both the B and
3C NMR spectra of (3) were in accord with a closo-1-
R-1,2-C,B,,H; cluster and this was supported by mass
spectroscopic data. In particular, the ™ B NMR spectrum
exhibited six resonances in a 2:2:2:2:1:1 ratio in the 6
—2to —14 region and the electron impact mass spec-
trum showed the expected parent ion a m/z 311. The
'H and **C NMR spectra of compound (3) were fully
consistent with the presence of the 3-iodopropyl chain.
Compound (3) reacted with HOtpy in the presence of
potassium carbonate to yield the ether (4) as a white
solid. Spectroscopic and mass spectrometric data were
consistent with the formulation of (4). The most impor-
tant features were the observation of resonances similar
to those for (3) in the *'B NMR spectrum, the appear-
ance of a new H® pesk a & 7.94 in the 'H NMR
spectrum and the correct partial microanalysis. All of
these suggested that the closo-1,2-C,B,;,H,;-unit had
remained intact in the reaction sequence and this was
confirmed by the results of an X-ray crystallographic
study.

Single crystals of compound (4) suitable for X-ray
diffraction were grown from chloroform. The molecular
structure of (4) is shown in Fig. 2 and selected bond
distances and angles are listed in Table 2. The structural
determination confirms the gross structural features of
the molecule. The structural parameters for the ordered
closo-C,B,, cage are unexceptional [25]; the C(19)-
C(20) edge is 1.655(1) A. The propoxy-chain is not in a
fully extended conformation but is nonetheless oriented
such that the tpy unit is held remote from the carbabo-
rane fragment. The approximately planar tpy moiety
adopts the expected trans,trans-conformation [26,27] of
the three pyridine rings about the interannular C-C
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Fig. 2. The molecular structure of compound (4). Hydrogen atoms are omitted for clarity.

bonds; the torsion angles are given in Table 2. An
interesting arrangement of the molecules of (4) is ob-
served in the solid-state lattice; the tpy units form stacks
with the carbaborane cages residing in channels be-
tween the stacks and the crystal lattice is partitioned
into distinct tpy and cluster domains. However, the
various domains in the lattice interpenetrate to give a
complex overal packing arrangement.

Although we had succeeded in preparing a carbabo-
ranyl-functionalised ligand, the low and variable yields
of compound (4) were not amenable to further investi-
gations of the coordination behaviour of the ligand and
so we turned our attention to developing ligand synthe-
ses using the metal-directed substrategy starting from
coordinated HOtpy. We have previously reported the
preparation of [Ru(HOtpy),[PFs], [13]. This complex
contains two pendant nucleophilic hydroxy groups which
react cleanly with two equivalents of the electrophilic
alkyne derivative HC=CCH,Br to yield the
ruthenium(l1) complex [Ru(1),][PR], in high yield.
This complex was fully characterised by the usua
means; significant spectroscopic features include the
observation of the terminal alkyne proton resonance at
8 3.12 and the methylene group at & 5.27 in the 'H
NMR spectrum and a resonance at & 79.1 in the ©*C
NMR spectrum assigned to the terminal alkynyl carbon
atom. The alkyne groups in this complex are expected
to show all of their normal reactivity and treatment with
decaborane(10) gave a dark-coloured reaction mixture,
from which the complex [Ru(2), ][PR; ], was isolated in
27% yield as a red solid after chromatographic separa
tion. The identity of [Ru(2),][PF], was established by
elemental analysis, FAB—mass spectrometry and multi-

nuclear NMR spectroscopy. The B and *C NMR
spectra were consistent with the presence of equivalent
closo-C,B,,H,; cages and spectroscopic data were in
close agreement with those for the carbaboranes dis-
cussed above. However, a disadvantage of this synthetic
route is the formation of side products arising from
additional metal-directed reactions. In this case, the
cleavage of the ether chain results in the formation of
the compounds [Ru(2)(HOtpy)I[PF;], (41% yield) and
[Ru(HOtpy), l[PF,], (6%). The structure of the
[Ru(2)(HOtpy)]** cation is shown in Fig. 1, along with
the ring labelling used in the assignments given in the
experimental section. The 'H NMR spectrum of
[RU(2)(HOtpy)]** is considerably more complicated
than those of the homoleptic complexes discussed above.
The connectivity within each of the rings of the two
non-equivalent tpy ligands was established by COSY
spectroscopy and final assignments were made by com-
parison with the appropriate homoleptic complexes. The
most obvious features in the 'H NMR spectrum of
[Ru(2)(HOtpy)]** are the two singlet resonances as-
signed to H3® and H*".

A similar aternative methodology for the synthesis
of complexes of (4) from [Ru(HOtpy), (PR, in place
of HOtpy was aso adopted and follows the genera
strategy shown in Scheme 2. The reaction of
[Ru(HOtpy), [PF,], with two equivalents of compound
(3) again resulted in the formation of a dark coloured
reaction mixture from which the desired product
[Ru(4),][PF,], could be isolated as a red solid in 30%
yield after chromatography. Characterisation by 1B,
3C and '"H NMR spectroscopies, elemental analysis and
FAB—-MS confirmed the identity of the compound and
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the presence of two equivalent carbaboranyl-functiona-
lised tpy ligands in the ruthenium(l1) complex cation.
The NMR spectroscopic data for the carbaborane were
in general agreement with those of the free ligand.

In the course of these reactions we noted that the
yield of [Ru(4),][PFR], was variable and that severa
other products were formed in significant quantities.
The carbaborany! units in the [Ru(4),]** cation readily
undergo boron decapping under the conditions of the
synthesis and work-up, and a second product, isolated in
24% yield, was identified as [Ru(4)(5)][PF;] in which
ligand (5)~ contains an anionic nido-{C,B4H 4]~ unit.
The structure of the [Ru(4)(5)]* cation is shown in Fig.
1. The analytical data indicated the presence of a single
[PR;]~ counterion and, assuming that the complex con-
tains ruthenium(l1), this is only compatible with the
presence of a negatively charged ligand. The B NMR
spectrum of [Ru(4)(5)][PF;] contained signals that could
be assigned to both a cIoso-C%BlO unit and a nido-C, B,
moiety. The observation of "B resonances shifted to
higher field (highest field resonance, =& —37) to-
gether with two carbaboranyl CH resonances, one of
which is shifted to higher field with respect to that in
[Ru(4),][PF,],, provide telling evidence for the forma-
tion of one anionic nido cluster. The FAB mass spec-
trum of [Ru(4)(5)][PF;] was also consistent with this
formulation exhibiting a highest mass peak at m/z 955
({Ru(4)(5)} *). The remaining material from the reaction
of [Ru(HOtpy),[PF;], with (3) was strongly absorbed
by silica and remained on the baseline during chromato-
graphic purification. NMR spectroscopic examination of
material extracted from the silica led us to propose a
formulation of [Ru(5),] for this compound.

We have investigated the electrochemical behaviour
of acetonitrile solutions of the complexes [Ru(4), [[PF;1,
and [Ru(4)(5)][PF;] by cyclic voltammetry. The com-
pound [Ru(4),][PR], exhibits a single reversible
Ru(I1) /(111) couple at +0.75 V vs. Fc/Fc*™ whilst that
for [Ru(4)X(5)][PF;] is observed at +0.74 V. The similar-
ity in these values and their closeness to that of
[Ru(EtOtpy),l[PF;], (EtOtpy = 4'-ethoxy-2,2":6',2"-
terpyridine) [13] indicate that the alkoxy-spacer between
the tpy and cluster domains prevents there being any
meaningful electronic communication between the two.
In effect, the complex [Ru(4)(5)]>" exists as a charge
localised Zwitterion in which there is no significant
interaction between the ruthenium(ll) cation and the
anionic nido cage in the ligand. Although our initial
am had been the development of carbaborane-
functionalised ligands, the observation of a range of

H\VBmHm HWBme L‘W&o"'m
2 _— +
H Li

Li
Scheme 3.

metal-directed reactivity prompted us to develop addi-
tional ligands in which direct communication between
the carbaborane and the tpy was to be expected.

3.3. Direct attachment of the tpy and carbaboranyl
domains

Accordingly, the next stage in our investigations was
to prepare a ligand in which the heterocyclic and
carbaborane domains were directly linked. From our
suite of available 4'-substituted tpy ligands, we chose to
use 4-chloro-2,2':6,2"-terpyridine (Cltpy) as the pre-
cursor to the cluster-functionalised ligand. Thisligand is
expected to react with nucleophiles at the 4 site with
concomitant loss of chloride. We have noted previously
that this process may be accelerated by coordination of
the Cltpy to a transition metal centre [22—24]. In princi-
ple, reaction of Cltpy with the monoanion of ortho-
carbaborane should yield a directly linked derivative.
However, attempts to prepare monolithiated ortho-
carbaborane yield mixtures in which dilithiated and
non-lithiated compounds predominate (Scheme 3). In
his recent developments of the chemistry of 1,2-
C,B,oH;,, Hawthorne has made use of the protecting
group Si'BuMe, (TBDMS) and has shown that monoli-
thiation of 1-Si'BuMe,-1,2-C,B,H,; is facile and may
be used to prepare mono C-substituted derivatives [14].

Lithiation of 1-Si'BuMe,-1,2-C,B,,H,; generated
1-Li-2-Si'BuMe,-1,2-C,B,,H,, in situ and this was
reacted directly with Cltpy in THF. This resulted in the
formation of compound (6) as an air stable, colourless
solid in 60% yield. The protected carbaborane in ligand
(6) is stable in solutions in aprotic solvents, in contrast
to the deprotected sg)eci&s (7), as is discussed below.
The 'H, "B and “C NMR spectra of solutions of
compound (6) were fully consistent with the presence of
the 1,2-substituted closo-carbaborane cage. The reten-
tion of the TBDMS protecting group was confirmed by
the observation of resonances at 6 —0.14 and 0.88 in
the 'H NMR spectrum. Mass spectrometric and elemen-
tal analysis aso confirmed the proposed composition.

Compound (6) behaves as a terdentate N,N’,N’-
donor towards iron(ll) and ruthenium(ll) and this is
illustrated in the formation of the complex cations
[Fe(6),]*" and [Ru(tpy)(6)]** under standard reaction
conditions. Both the iron(I) and ruthenium(ll) com-
plexes have been isolated as the hexafluorophosphate
sdts. The *H, B and C NMR spectra of CD,CN
solutions of the low-spin, diamagnetic purple complex
[Fe(6),][PFs], were consistent with the presence of two
equivalent closo-carbaborane cages. The structure of
[Ru(tpy)(®)]** is shown in Fig. 1, along with the ring
nomenclature used for NMR spectroscopic assignments.
The 'H NMR spectrum shows signals in the aromatic
region which can be assigned to the two different tpy
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environments, whilst the B NMR spectrum confirms
the presence of a closo-C,B,, cage. The mass spectra
of both complexes were consistent with their formula
tions. The electrochemical behaviour of [Fe(6),][PF;],
and [Ru(tpy)(®)][PF;], has been studied, and in each
case reversible metal(I1) /(111) redox processes were
observed. In the case of [Fe(6),][PF;], an iron(l1) /(111)
process was oObserved a +0.91 V whilst for
[Ru(tpy)(6)I[PF,], a process was observed at +1.00 V
(al potentials vs. interna Fc/Fc*). These values com-
pare with potentials of +0.74 V and +0.92 V for
[Fe(tpy),]** and [Ru(tpy),]*", respectively [28,29], and
the destabilisation of the M(lI1) state indicates that the
1-Si'BuMe,-1,2-C, B, H,, substituent is slightly elec-
tron withdrawing. Comparison of these data with those
described above for the complexes [Ru(4),][PF;], and
[RU(4)(B)][PF;], alow an assessment of the effect of
having the tpy and carbaboranyl domains directly con-
nected as opposed to being separated by an electroni-
cally insulating spacer. Using these data and our previ-
oudly established linear free energy relationships in
systems of this type [13,28,29] it is possible to predict a
redox potential for the ruthenium(l1)/(111) couple in
[Ru(6),][PR], of +1.08 V. Attempts to prepare
[Ru(6),][PF1, directly from RuCl,-nH,O aways re-
sulted in the formation of mixtures of protected and
partially deprotected species.

The silyl protecting group in (6) can be removed
under standard conditions, and reaction of (6) with
tetrabutylammonium fluoride in THF gave the directly
linked deprotected tpy-carbaborany! ligand (7) (Scheme
4). Anadytical, mass spectrometric and NMR spectro-
scopic data were all in accord with the structure. Once

Li SiMe,'Bu N l P
@) | N
BioHio =N

again, the B NMR data fully confirm the presence of
an intact ortho-closo-carbaboranyl cluster. The depro-
tection is confirmed by the appearance of the carbabo-
ranyl CH resonance at & 4.30 in the "H NMR spectrum.
The influence of the spacer may be directly quantified
by a comparison of the H® resonances in compounds
(4), (6) and (7). In (49 H? is observed at & 7.94
wheress in the directly linked species (6) and (7) H? is
observed at & 8.76 and 8.52, respectively. This indi-
cates a general deshielding effect of the directly linked
cluster and the minor effect of the bulky protecting
group. The structure of the deprotected ligand (7),
which is related to the previously reported 1-(2-
pyridyl)-1,2-C,B,,H,, [30], was confirmed by the re-
sults of a single crystal X-ray diffraction study.

The molecular structure of (7) is shown in Fig. 3 and
selected bond distances and angles are listed in Table 4.
The structural parameters for each of the terpyridine and
cluster domains are unexceptional [25] and the closo-
C,B,, cage is ordered; the carbon—carbon distance
within the cage is 1.649(1) A. As expected, the three
pyridine rings adopt a trans,trans arrangement, and the
tpy unit is essentially planar; torsion angles are given in
Table 4. The packing of molecules of (7) in the solid-
state lattice gives an array in which the tpy units are
parallel and the cluster units reside in the channels
between them. This is reminiscent of the features we
described above for compound (4) but for (7) the array
is infinitely ordered (Fig. 4) and interpenetration of
parts of the network does not occur.

The deprotection of compound (6) to form (7) is not
a straightforward reaction, since loss of the Si'BuMe,
substituent renders the carbaborane cage susceptible to

Scheme 4.
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Fig. 3. The molecular structure of compound (7). Hydrogen atoms
are omitted for clarity.

removal of a boron vertex. Thus, in methanol or ethanol
solutions, compound (7) undergoes a transformation to
the Zwitterionic nido-derivative (9). Scheme 5 shows
the decapping process and a possible intermediate in
which the nido-cage carries two bridging hydrogen
atoms. The formation of the Zwitterion (9) formally
involves the migration of one proton from the cluster to
the tpy unit. The low solubility of (9) in common
organic solvents prevented us from obtaining well re-
solved *H, **C or B NMR spectra but the TOF mass
spectrum showed a parent ion a m/z = 366, consistent
with the proposed composition.

Complex formation involving ligand (6) has been
demonstrated by reactions with [NH ], FE(SO,], - 6H,0
in methanol or with [Ru(tpy)Cl,] in methanol in the
presence of N-ethylmorpholine to yield, after anion
exchange, [Fe(6), ][PF;], and [Ru(tpy)(6)I[PF;],, respec-
tively. The retention of the closo-cluster of (6) in the
coordinated ligand was confirmed by *'B, 'H and *C
NMR spectroscopic and mass spectrometric data. In
contrast, complex formation with ligand (7) was not
straightforward. The reaction between RuCl,- 3H,0
and (7) in ethane-1,2-diol gave a dark red product, for
which the TOF—MS exhibited a parent ion at m/z 831.
This indicated a neutral product containing two anionic
ligands, each a tpy unit bearing a pendant nido-
[C,BoH,,]~ group. The "B NMR spectrum of the
product was wholly consistent with this, exhibiting peaks
between 6 —3.40 and —31.8 with patterns and intensi-
ties as expected for this nido-cage. The *H, *C and "'B
NMR spectra also confirmed the presence of two equiv-
alent ligands. The product is therefore formulated as
[Ru(8),] where ligand [(8)] has the structure shown.
The reaction of ligand (7) with [Ru(tpy)Cl ;] in methanol
in the presence of N-ethylmorpholine gave, after anion
exchange, [Ru(tpy)(8)[PR;] in almost quantitative yield.
The presence of the nido-cluster unit was confirmed by

the appearance in the "*B NMR spectrum of nine equal
intensity resonances between 6 —7.4 and —34.5. The
'H NMR spectrum was more complex than that of
compound [Ru(8), 1, consistent with the presence of two
tpy units in two environments; the spectrum could be
assigned by comparison of those of the homoleptic and
heteroleptic species. The decapping of the coordinated
ligand (7) is more facile than that of the free ligand and
this observation can be attributed to the enhanced reac-
tivity of the metal coordinated ligand [23].

The electrochemical properties of the complexes
[Fe(6),1IPF,1,, [Ru(tpy)(®)I[PFsl,, [Ru(®),] and
[Ru(tpy)(®)][PF,] have also been investigated. The
[Fe(6),]*" cation shows a reversible metal-centred
one-electron redox process at +0.91 V vs. Fc/Fc*.
This comparesto the value of +0.74 V for [Fe(tpy),]**
[28], indicating that the carbaboranyl substituent is
dightly electron withdrawing. Similarly, [Ru(tpy)(6)]**
exhibits a reversible one-electron process at +1.00 V
compared to +0.92 V for [Ru(tpy),]** [28]. Reversible
redox processes for [Ru(8),] and [Ru(tpy)(8)]* at +0.80
V and +0.86 V revea that the nido-cage is aso

(b)

Fig. 4. Two views (related by rotation) of the packing of molecules
of (7) in the solid state showing the stacking of the tpy units and the
discrete tpy and cluster domains.
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Scheme 5.

dightly electron withdrawing. These data all indicate
that directly linking the carbaborane unit to the tpy
metal-binding domain results in significant electronic
communication between the metal and the cluster.

4, Conclusions

In conclusion, we have shown that carbaboranyl
functionalised tpy ligands may be prepared using con-
ventional ‘organic’ reactions or by using the metal-di-
rected reactivity of coordinated Xtpy ligands. We are
currently investigating the incorporation of these ligands
into metallodendrimers.
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