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Diruthenium-DMBA Bis-Alkynyl Compounds with Hetero- and
Extended-Aryl Appendant: Preparation and Electrochemical Property
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Abstract: Under weak base conditions, diruthenium(ll) tetrakis-N,N’-dimethylbenzamidinate (DMBA) nitrate Ru,
(DMBA),(NO;), was reacted with arylethyne ligands, where aryl=NAP™ (N-methyl-1,8-naphthalimide), NAP*™ (N-
isopropyl-1,8-naphthalimide), Naphth (naphthalene) and Ant (anthracene), to afford four new compounds: trans-
Ru,(DMBA),(C,Ar), (Ar=NAP™, 1; NAP™, 2; Naphth, 3; Ant, 4). Molecular structures of new compounds were
determined using single crystal X-ray diffraction, and the Ru-Ru bond lengths (0.245 0~0.249 1 nm) are consis-
tent with the existence of a Ru-Ru single bond. These compounds are diamagnetic and were further characterized
with '"H NMR and UV-Vis-NIR spectroscopic techniques. Cyclic voltammograms of compounds 1~4 consist of two

reversible one-electron processes, an oxidation and a reduction, and their potentials depend on the nature of Ar.

CCDC 1555598, 1; 1555599, 2; 1555609, 3; 1555611, 4.
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0 Introduction molecular wires™”, light emitting materials® and
photovoltaic materials"”. Recent interesting examples

Conjugated metal-alkynyl compounds are of of linearly conjugated metal alkynyl or metal alkenyl
interest to both the inorganic and materials chemistry species include those based on mono- and bimetallic
communities'¥ and have been studied as prototypical Ru compounds supported by phosphine™ ™ and PtAu,
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heterometallics!> ¢,

Diruthenium compounds bearing axial alkynyl
ligands are known for their capacity to undergo
multiple reversible one-electron oxidation/reduction ™,

[17-19]

strongly couple across oligoyn-diyl bridges!"™"”, mediate

couplings between two ferrocenyls™, facilitate the

22 and function as the

formation of supramolecules
active species in molecular devices™*. Among N,N’-
bidentate ligands used to support the Ru, core, DMBA
(N,N" -dimethylbenzamidinate) and its derivatives are
the most electron donating and support a variety of
Ru,(Ill, IM) bis-alkynyls™" and Fe-Ru, heterometallic
complexes™. Reported in this contribution are four new
trans-Ru, (DMBA),(C,Ar), type compounds with Ar as
4-N-methyl-1,8-naphthalimide (1), 4-N-isopropyl-1,8-
naphthalimide (2), 1-naphthalene (3) and 9-anthracene
(4), as sketched in Scheme 1.
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R=Me (1) & Pr (2)
Conditions: Ru,(DMBA),(NO,),, Et,N, THF

Scheme 1 New Ruy(DMBA),(C,Ar), compounds

1 Experimental

1.1 Materials and measurements
[Ru,(DMBA),(NOs)] was prepared according to
literature procedures®. Also prepared according liter-
ature procedures were 1-ethynylnaphthalene®™, 9-ethy-
nylanthracene”, and 4-ethynyl-N-methyl-1,8-naphtha-
limide™. THF was distilled over Na/benzophenone
under a N, atmosphere. Diisopropylamine was purch-
ased from Acros Organics and distilled over potassium
hydroxide. The synthesis of Ru, compounds was
All  other

reactions were carried out using Schlenk techniques

performed under ambient atmosphere.

under N,. UV-Vis-NIR spectra were obtained with a
JASCO V-670 UV-Vis-NIR spectrophotometer. Infrared

spectra were obtained on a JASCO FT-IR 6300 spec-
trometer via ATR on a ZnSe crystal. 'H NMR spectra
were recorded on a Varian MERCURY300 NMR.
Cyclic voltammograms were recorded in 0.1 mol -~
n-Bu,NPF; and 1.0 mmol - L™ ruthenium species solu-
tion (THF, Ar degassed) using a CHI620A voltammetric
analyzer with a glassy carbon working electrode
(Diameter =2 mm), Pt-wire counter electrode, and an
Ag/AgCl reference electrode with ferrocene used as an
internal reference.
1.2 Preparation of 4-Ethynyl-N-isopropyl-1,8-

naphthalimide and its precursors

4-Bromo-1,8-naphthalic anhydride (1.00 g, 3.61
mmol) and isopropylamine (1.00 mL, 11.66 mmol) were
added to degassed ethanol (30 ml). The mixture was
refluxed under nitrogen for 18 hours to yield a dark
yellow solution and then placed in an ice bath. A light
yellow precipitate formed which was then filtered, and
rinsed with methanol (30 mL) to afford 0.89 g of 4-
bromo-N-isopropyl-1,8-naphthalimide (77% based on
4-bromo-1,8-naphthalic anhydride). '"H NMR (CD;0D):
0 8.64 (dd, J=7.3, 1.1 Hz, 1H), 8.55 (dd, J=8.5, 1.1 Hz,
1H), 8.40 (d, J=7.9 Hz, 1H), 8.03 (d, J=7.9 Hz, 1H),
7.84 (dd, J=8.5, 7.4 Hz, 1H), 5.42 (hept, J=7.0 Hz, 1H),
1.60 (d, J/=7.0 Hz, 6H). IR (cm™): C=0: 1 656 (s),
1 700 (s).

4-Bromo-N-isopropyl-1,8-naphthalimide (890 mg,
2.80 mmol), Pd(PPh;),Cl, (40 mg, 0.057 mmol) and
Cul (11 mg, 0.058 mmol) were dried under vacuum
for 3 hours, upon which 35 mL of diisopropylamine
(0.8 mL, 5.78 mmol) were

added. The dark brown solution was allowed to stir at

and ethynyltrimethylsilane

room temperature for 30 minutes and then heated to
reflux for 30 minutes until the solvent became black.
Upon rotary evaporation, the off-white solid was re-
dissolved in EtOAc, rinsed through a short silica plug,
and purified by column chromatography (SiOa, V ¢y ¢/
Vieaes=1) to afford 855 mg of 4-ethynyltrimethylsilyl-
(91% based on 4-
bromo-N-isopropyl-1,8-naphthalimide). Desilylation of

N-isopropyl-1,8-naphthalimide

4-ethynyltrimethylsilyl-N-isopropyl-1, 8-naphthalimide
(675 mg, 2.01 mmol) was accomplished using K,CO;
in a MeOH/CH,Cl, (2:1, V/V) solution to afford 524
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mg of 4-ethynyl-N-isopropyl-1,8-naphthalimide (98%).
'H NMR (CD;0D): 6 8.63 (dd, J=8.6 Hz, 2H), 8.51 (d,
J=7.5 Hz, 1H), 7.93 (d, J=7.7 Hz, 1H), 7.82 (1, J=7.9
Hz, 1H), 5.43 (hept, 1H), 3.72 (s, 1H), 1.60 (dd, J=
7.0, 0.6 Hz, 6H). Visible spectra, A,/ nm (g / (L +mol™
cem™)): 350 (35 240), 366 (32 580). IR (cm™): C=0:
1653 (s), 1 700 (s); C=C:2 102 (m); C=C-H: 3 227 (s).
1.3 Preparation of 1

Ru, (DMBA), (NO3), (45.2 mg, 0.049 mmol), 4-
ethynyl-N-methyl-1,8-naphthalimide (70.1 mg, 0.298
mmol), and E;N (0.6 mL) were dissolved in 50 mL THF
and reacted for 4 h to yield a dark red solution. Upon
solvent removal, the residue was purified by column
chromatography (5103, Vieae/Vir=9). Unreacted ligand
eluted first, followed closely by the desired product as
a deep red band. Upon solvent removal, the red
fraction was recrystallized from hexanes-THF to afford
43.7 mg of 1 (70% based on Ru). ESI-MS(m/z): [M]*,
1 260.0. '"H NMR (CD;0D): & 8.82 (d, /=8.2 Hz, 2H),
8.54 (d, J=7.4 Hz, 2H), 8.43 (d, J=7.8 Hz, 2H), 7.60
(d, J=7.8 Hz, 2H), 7.53~7.46 (m, 12H), 7.41 (d, J=7.8
Hz, 2H), 7.07 (d, J=7.1 Hz, 8H), 3.53 (s, 6H), 3.40 (s,
24H). Visible spectra, A,/ nm (¢ / (L+mol™ - cm™)): 322
(16 160), 460 (15 200), 550 (28 200), 877 (1 690). IR
(em™): C=0: 1 654 (s), 1 691 (s); C=C: 2 047 (s).
Anal. Found (Caled.) for C1HgNOsRu, (1-THF, %):
C, 63.28 (63.14); H, 5.04 (5.14); N, 10.52 (10.52).
1.4 Preparation of 2

Ru, (DMBA),(NOs), (93 mg, 0.102 mmol), 4-
ethynyl-N-isopropyl-1,8-naphthalimide (134 mg, 0.508
mmol) and Et;N (0.3 mL) were reacted in 100 mL of THF
for 3 h. The reaction mixture was purified similarly to
that of 1 to afford 112 mg of 2 (84% based on Ru).
ESI-MS(m/z): [M]*, 1 316.1. 'H NMR (CD;0D): & 8.78
(dd, J=8.3, 1.3 Hz, 2H), 8.50 (dt, J=7.3, 1.6 Hz, 2H),
8.40 (dd, J=7.8, 1.8 Hz, 2H), 7.74~7.27 (m, 16H), 7.10
~7.02 (m, 8H), 5.47~5.34 (m, 2H), 3.40 (d, J=1.8 Hz,
24H), 1.57 (dd, J=3.1, 1.9 Hz, 12H). Visible spectra, A
/ nm (g / (L-mol™-cm™)): 323 (20 940), 462 (20 050),
549 (37 140), 870 (2 450). IR (cm™): C=0: 1 653 (s),
1 690 (s); C=C: 2 049 (s). Anal. Found (Calcd.) for
CrHgN1O;Ru, (2-THF -2H,0, %): C, 62.31 (62.43); H,
5.40 (5.66); N, 9.82 (9.83).

1.5 Preparation of 3

Ru, (DMBA),(NOs), (0.095 g, 0.104 mmol) was
added to a solution of 1-ethynylnaphthalene (0.043 g,
0.28 mmol) and 3 mL EtN in THF (30 mL) and
stirred for 4 h. The crude solution was run over a
silica plug, eluting 3 with a solvent mixture with
Viesanest Vioae: Viy=89:10:1. The ensuing recrystallization
from THF/MeOH yielded 3 as deep red, crystalline
solid (52 mg, 0.048 mmol, 46% based on Ru). ESI-MS
(m/z): [M+H]*, 1094. 'H NMR (CDCl,): 6 8.59 (dd, J=
7.9, 1.4 Hz, 2H), 7.71 (dd, J=6.9, 1.3 Hz, 2H), 7.51~
7.32 (m, 22H), 7.10~7.03 (m, 8H), 3.42 (s, 24H). Visible
spectra, A, / nm (& / (L-mol™+cm™)): 372sh (32 162),
391 (33 184), 508 (18 195), 681sh (1 791), 892 (3 214).
IR (ecm™): C=C: 2 063 (s). Anal. Found (Caled.) for
CeoHeNgORu, (3-H,0, %): C, 64.85 (64.85); H, 5.64
(5.44); N, 9.97 (10.08).
1.6 Preparation of 4

Ru, (DMBA),(NOs), (0.085 g, 0.093 mmol) was
added to a solution of 9-ethynylanthracene (0.055 g,
0.27 mmol) and 1.5 mLL ELNH in THF (20 mL) and
stirred 12 h. The crude solution was purified similarly
to that of 3 to afford 50 mg of 4 (0.042 mmol, 45%
based on Ru). ESI-MS (m/z): [M+H],1195. 'H NMR
(CDCly): 6 8.88 (d, J=8.4 Hz, 4H), 7.93 (s, 2H), 7.86
(d, J=8.5 Hz, 4H), 7.51~7.30 (m, 20H), 7.13 (d, J=6.8
Hz, 8H), 3.55 (s, 24H). Visible spectra, A, / nm (g /
(L-mol™-cm™): 283sh (35 544), 289 (49 953), 502
(41 938), 699sh (1 785), 903 (2 291). IR (ecm™): C=
C: 2045 (s). Anal. Found (Caled.) for C7,H7NzO45Ru,
(4-1.5H,0-THF, %): C, 66.97 (66.91); H, 5.76 (5.69);
N, 8.53 (8.67).

CCDC: 1555598, 1; 1555599, 2; 1555609, 3;
1555611, 4.

2 Results and discussion

2.1 Syntheses

As shown in Scheme 1, compounds 1~4 were
prepared from the direct reaction between Ru,(DMBA),
(NO3),® and HC,Ar in the presence of Et;N/Et,NH in
satisfactory to very good yields after purification.

Consistent with the previous studies of related
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compounds, compounds 1~4 are diamagnetic, which
facilitate their characterization using 'H NMR. In
addition, the purity of these compounds was also
confirmed by combustion analysis.
2.2 Crystal structures

Molecular structures of compounds 1~4 have
been determined using single crystal X-ray diffraction
and structural plots are shown in Fig.1. While mole-
cules 2~4 do not contain a crystallographic symmetry
element, there is a C, axis passing through the
midpoint of the Ru-Ru bond and relating two adjacent
DMBA ligands in 1. It is clear from Fig.1 that all
compounds adopt the expected paddlewheel geometry
with four equatorial bridging DMBA and two axial

arylethynyl ligands. The Ru-Ru bond lengths are

within a narrow range of 0.245 0~0.249 1 nm, which
agrees with the values reported for other Ru,(DMBA),
(C,R), type compounds® and is consistent with the
presence of a Ru-Ru single bond. The Ru-C bond
lengths in 1~4 (0.196~0.201 nm) are also in agreement
with the previous reports**.

A notable structural feature of the Ru,(DMBA),
(C,Ar), type compounds is the significant distortion of
the first coordination sphere of the Ru, core from an

(D). The origin of

such distortion is rooted in a second order Jahn-Teller

idealized paddlewheel structure

effect, as originally proposed to rationalize the struc-
tures of the Ruy(DArF),(C,Ph), type compounds (DArF
=N,N'-diarylformamidinate)*!. The structural distortion

is typically reflected by (i) the large variation in Ru-N
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Hydrogen atoms were omitted for clarity
Fig.1 ORTEP plots of compounds 1 (a), 2 (b), 3 (¢) and 4 (d) at 30% probability level
Table 1 Selected bond lengths (nm) and angles (°) for compounds 1~4"
1
Rul-Rul’ 0.249 1(2) Rul-N3 0.201 0(16) c1-c2 0.124(2)
Rul-Cl 0.201 0(17) Rul-N4 0.218 1(12)
Rul-N2 0.204 0(18) Rul-N5 0.199 7(17)
Rul’-Rul-Cl 162.5(5) Rul’-Rul-N3 93.4(4) Rul’-Rul-N5 93.9(4)
Rul’-Rul-N2 81.2(4) Rul’-Rul-N4 79.2(4)
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Continued Table 1

Rul-Ru2 0.245 67(4) Rul-N7 0.210 5(3) Ru2-N10 0.206 5(3)
Rul-Cl 0.197 1(4) Rul-N9 0.199 6(3) c1-c2 0.120 6(6)
Ru2-C18 0.195 8(4) Ru2-N4 0.209 9(3) C18-C19 0.121 4(6)
Rul-N3 0.201 1(3) Ru2-N6 0.200 5(3)
Rul-N5 0.208 3(3) Ru2-N8 0.199 6(3)
Ru2-Rul-N3 91.24(9) Rul-Ru2-N4 81.62(9) Ru2-Rul-C1 167.74(12)
Ru2-Rul-N5 82.59(8) Rul-Ru2-N6 90.49(9) Rul-Ru2-C18 167.44(12)
Ru2-Rul-N7 81.12(9) Rul-Ru2-N8 92.12(9)
Ru2-Rul-N9 90.15(8) Rul-Ru2-N10 83.24(9)
Rul-Ru2 0.244 98(6) Rul-N5 0211 8(4) Ru2-N8 0.209 8(6)
Rul-Cl 0.196 1(6) Rul-N7 0.200 6(6) C1-C2 0.121 3(9)
Ru2-C3 0.198 2(7) Ru2-N2 0.208 1(5) €3-C4 0.121 7(9)
Rul-NI 0.199 0(5) Ru2-N4 0.201 7(6)
Rul-N3 0.205 6(6) Ru2-N6 0.200 8(5)
Ru2-Rul-N1 91.56(15) Rul-Ru2-N2 82.03(14) Ru2-Rul-Cl 167.91(18)
Ru2-Rul-N3 83.20(14) Rul-Ru2-N4 90.35(15) Rul-Ru2-C3 168.4(2)
Ru2-Rul-N5 81.57(13) Rul-Ru2-N6 91.83(15)
Ru2-Rul-N7 90.99(15) Rul-Ru2-N8 81.91(15)
Rul-Ru2 0.245 06(3) Rul-N5§ 0.203 8(2) Ru2-N8 0.204 1(2)
Rul-C1 0.197 1(3) Rul-N7 0.206 3(2) c1-c2 0.121 1(4)
Ru2-C3 0.196 3(2) Ru2-N2 0.205 1(2) C3-C4 0.121 2(4)
Rul-N1 0.203 9(2) Ru2-N4 0.206 1(2)
Rul-N3 0.203 8(2) Ru2-N6 0.204 5(2)
Ru2-Rul-N1 86.87(6) Rul-Ru2-N2 86.08(6) Ru2-Rul-C1 177.8(3)
Ru2-Rul-N3 87.68(6) Rul-Ru2-N4 84.84(6) Rul-Ru2-C3 176.7(2)
Ru2-Rul-N5 85.90(6) Rul-Ru2-N6 86.70(6)
Ru2-Rul-N7 84.87(6) Rul-Ru2-N8 88.06(6)

“ There are two crystallographically independent molecules in compounds 1~3; geometric parameters for only one of them are

tabulated herein.

bond lengths, (ii) both acute and obtuse Ru-Ru-N

angles, and  (iii) significantly nonlinear Ru-Ru-C
angles. These are clearly the case for the structures of
1~3. However, the distortion is completely suppressed
in 4: Ru-N bond lengths are within a narrow range,
Ru-Ru-N angles are all acute and Ru-Ru-C angles are
fairly linear. We surmise that the steric effect of

anthracene may be responsible for a more symmetric

structure.

2.3 Vis-NIR spectroscopy and voltammetry

As noted earlier, all four compounds have a deep
wine red color with a slight variation in hue. The Vis-
NIR absorption spectra of 1~4 are shown in Fig.2,
featuring a distinctive NIR band around ca. 880 nm
that is responsible for the wine red color. This
absorption is likely attributed to the 7*(Ruy)—6%*(Ruy)
transition according to a prior TD-DFT analysis of

related Ru,(DMBA),(C,R), compounds™. The Vis
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region is dominated by a very intense band with a
transition energy depending on the nature of Ar.
While the A, for Ar as both NAP™ (1) and NAP™ (2)
are 550 nm, the A, for Ar as Naphth (3) and Ant (4)
are blue-shifted to 508 and 502 nm, respectively. This
absorption may be assigned to the §(Ru,)+m7(C=C)—
o*(Ru-C) transition based on the said TD-DFT study,
which provides a ready rationale for the observed
energy dependence on Ar. Electron donating Naphth
and Ant destabilize o*(Ru-C) more significantly than
electron withdrawing NAP™ and NAP™, which led to
significantly wider optical gaps for 3 and 4. The Vis
spectra of both 1 and 2 also feature a shoulder at ca.
450 nm that is absent in the spectra of 3 and 4,
pointing to a possible NAP based transition. Also
noteworthy is that while all four aryl ligands are
strongly fluorescent, compounds 1~4 are non-emissive,
reflecting the efficient quenching by the Ru,(DMBA),
core.

Ru,(DMBA),(C,R), type compounds often display

T T T T
1
4% 10 — 2 A
S
--------- 4
3%10* i
£
S
S 2% 104 L 4
E i
3 .
: H
1X10¢H L .
,»——;‘-“*‘*_
0 1 1 1 —
400 600 300 1000 1200
A/nm

Fig.2  Vis-NIR spectra of compounds 1~4 recorded in
THF solution

rich electrochemical characteristics®™**# and compo-
unds 1~4 are no exception. As shown in Fig.3, their
(CV) all consist of two rever-
(A) and a

reduction (B), and both are Ru,-based. It is also clear

cyclic voltammograms

sible one-electron couples, an oxidation

that the electrode potentials of compounds 1 and 2 are
far more positive than those of the corresponding
couples in 3 and 4, reflecting the electron-deficient
nature of NAP ligands. Since the oxidation and
reduction potentials can be respectively correlated
with the HOMO and LUMO energies™™, the electro-
chemical HOMO-LUMO gap (E,) can be directly
calculated from the difference between En(A) and E,;
(B), and the values for 1~4 are listed in Table 2.
Interestingly, the E, remains fairly constant across the
variance in electrode

potentials. Clearly, both the HOMO and LUMO are

Ruy-based, and the inductive ligand effects on their

series despite the large

energies are about the same within the experimental

€rrors.

1 1
1 0.5 0 -0.5 -1 -1.5 -2
E/V (vs Fc'/Fc)

Fig.3 Cyclic voltammograms of compounds 1~4 recorded
in 0.10 mol- L™ THF solution of Bu,NBF, at the

scan rate of 100 mV s

Table 2 Electrode potentials of observed redox couples in Ru,(DMBA),(C,Ar),

Eu (A)/V Eus(B)/ V
Ar (AE, / :;V( E.M 1 o) (AE, | ::V( :M [ i) EIV
NAP™ (1) 0.120 (68, 0.90) ~1.42 (73, 0.96) 154
NAP™ (2) 0.120 (67, 0.92) ~1.43 (92, 0.92) 1.55
Naphth (3) -0.03 (69, 0.97) ~1.63 (67, 0.97) 1.60
Ant (4) -0.03 (68, 0.92) ~1.57 (76, 0.81) 1.54

"E=E\»(A)-E(B)
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3 Conclusions

Four new Ru,(DMBA),(C,Ar), compounds have
been prepared and structurally characterized. While
both the voltammetric responses and electronic
absorption spectra are dominated by the Ru,-centered
processes, both the electrode potentials and excitation
exhibit

arylethynyl ligands.

energies significant dependence on the
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