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Complexes of the type Ru(phen),L?*, where L is a substituted bipyridine family member, have been prepared, and
their photochemical substitution reactions have been investigated. In the presence of a bis-benzonitrile derivative,
acting as a bidentate chelate, photoexpulsion of L is performed under the action of visible light, with quantitative
formation of new complexes of the type Ru(phen),L'?* (L' = his-nitrile ligand). Several complexes have been
characterized by X-ray crystallography. In particular, the bis-benzonitrile complexes could be crystallized, and the
structure of these compounds, containing a 13-, 14-, or 15-membered metal incorporating ring, was obtained. By
heating Ru(phen),L'2* with a bipy derivative in refluxing ethylene glycol, quantitative formation of the starting complex
[Ru(phen),L?*] was carried out. The present series of compounds presents properties that could be profitably used
in the design and construction of multicomponent systems acting as photochemically driven molecular machines.

Introduction of organelles in the cell) are also essential. Most of the

The control of molecular motions within synthetic com-  artificial systems proposed until now as models of biological
pounds is an important task in relation to the new field Motors or simply as mimics of everyday life machines can
referred to as “molecular machin€s® Multicomponent be set in motion under the action of an electrochemical signal.
systems can be set in motion by sending a signal to the!n _this case, an electroactive component is r(_educed or
system, with one of the components changing its position in ©Xidizéd to lead to a new and unstable species whose
space while the other ones are considered motionless. In"élaxation process to a thermodynamically more stable

[ _ L s .
biology, molecular machines and motors play an essential Situation implies a motiof~** A few molecular machines

role. The rotary motor ATP synthase is certainly one of the have also been described which operate under the action of

most important biological motof&s’ Linear motors such as
myosin-actifi (muscles) or kinesin-microtubufe§ (transport

a chemical signal (pH chandémetal exchangé, or series
of organic reaction§). Light irradiation has also been
reported to originate in molecular motions, either in conjunc-
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respect, the rotary motor proposed by Ferringa and Haradaspectra were recorded with a Kontron Uvikon 860 or an Uvikon
is a remarkable example because the rotation motion isXL spectrophotometer.

realized via a sequence of photochemical or thermal steps, SynthesisThe commercial starting materials were obtained from
without consuming any chemical reagé?ﬁ? Transition Acros, Aldrich, Fluka, Lancaster, or Merck. Some ligands and
metal based light-driven machines are particularly promising. complexe;were prepeged fo”g‘é‘”r.'.g literature pr9°e‘?'“fe§ #EN
For example, ruthenium(ll) complexes of the Ru(bidy) 6,6-dmbp; 3’3'dmbp’30dCIbp‘ biiq (1'1"’"30““'”0'2'29)' Ru-
family (bipy = 2,2-bipyridine) seem to be especially (Pheny(CHsCN): (PFy)z.*? Ru(pheni(6,6-dmbp)(Pf)., " and Ru-

. . - o ; . . oo (phen)(3,3-dmbp)(Pk)..2” All charged species were isolated as
interesting, because, by introducing appropriate modifications pg; saits. The solvents were distilled over the appropriate drying
in the bipy backbone, photochemical expulsion of a given agents.

ligand can be carried out specifically and quantitativéR?. dCNs. Sodium hydride (0.33 g, 8.4 mmol) was added to a stirred
We have recently taken advantage of this property to designsolution of 2-cyanophenol (1.0 g, 8.4 mmol) in dry DMF (10 mL)
and elaborate new ruthenium(ll) complexes for which chelate under argon. The mixture was heated to°8until all the NaH
exchange (expulsion or recoordination) can be performed had reacted. 1,3-Dibromopropane (0.84 g, 4.2 mmol) was then
under light irradiation or thermall8? For instance, a Ru-  added, and the mixture was heated to reflux for 3 h. The cooled
(phen) fragment hosted in a macrocyclic receptor can be reaction mixture was poured into 30 mL of water. The precipitate
photochemically expelled, with recoordination being in- obtained was separated by filtration and then washed with water

duced by a thermal brocess. In the present paper. we Would(z x 20 mL). Recrystallization from EtOH gave 0.39 g of white
y P : P paper, heedles (1.4 mmol, 34%JH NMR (200 MHz, CDC): & (ppm)

like to report that ligand exchange takes place between 7.56 (dd, 2H), 7.07 (dd, 2 HJ = 9.1, 1.0 Hz), 7.04 (dt, 2 H] =
bidentate chelates. The photolabile ligand is a bipy derivative. 8, 1 Hz), 4.38 (t, 4 HJ = 5.6 Hz), 2.43 (q, 2 HJ = 5.6 Hz).

It is substituted by a bis-nitrile ligand which, in turn, is dCN,. The same procedure was used as for g@ecrystalli-
substituted by the bipy-type compound in a thermal reaction. zation from toluene gave 2.59 g of brown crystals (8.86 mmol,
Remarkably, the ligand exchange is accompanied by sig-53%).1H NMR (200 MHz, CDC}): ¢ (ppm) 7.58 (m, 4H), 7.08

nificant photochromisrd? (dd, 2 H,J=8, 1 Hz), 7.04 (dt, 2 H) = 8, 1 Hz), 4.25 (m, 4 H),
. . 2.18 (m, 4 H).
Experimental Section Ru(phen)(dCNy)(PFe), (1). A mixture of dCN, (79 mg, 0.3

IH NMR spectra were acquired on either a Bruker WP200 SY mmol), cis-Ru(phen)Cl; (145 mg, 0.27 mmol), EtOH (10 mL),

(200 MHz) or a Bruker AM 400 (400 MHz) spectrometer, using 2nd HO (10 mL) was heated to reflux i@ h under argon. An

the deuterated solvent as the lock and residual solvent as the internafd4€0us K,PESOIF‘“OH wag added to the mlxture.to form a yellow-
reference. Mass spectra were obtained by using a VG ZAB-HF orange solid, which was filtered and washed with water. Chroma-

spectrometer or a Fisons VG Trio 2000 (EI) spectrometer. Pho- 1°09"aPhy (SiQ, acetone/HO/KNO; aq, eluent 1000/1_0/? followed
toirradiation was performed in a quartz UV cdl 1.0 cm) or in by anion exchanlge. g;l\Zeas a yellOWdeOI'd In SEA’ yieldH NMR
a NMR tube ¢ = 5.0 mm) using a Hanimex side projector (250 (400 MHz, COCIy): 6 (ppm) 9.93 (dd, 2 H) = 5.21, 1.26 Hz),

W halogen lamp). Electrochemical experiments were performed 8.82 (dd, 2 HJ = 8.12, 1.22 Hz), 8.46 (dd, 2 H| = 8.26, 1.22
using an EG&G PAR model 273A potentiostat with a standard 12): 8-33 (dd, 2 H) = 8.29, 5.22 Hz), 8.30 (d, 2 H,= 8.88 Hz),
three-electrode configuration as previously descrit§eédCyclic 8.17(d, 2HJ=8.88 Hz), 7.89 (dd, 2 H) = 5.30, 1.24 Hz), 7.65
voltammetry was carried out in MeCN solution, usingiBRF; as (ddd, 2 H,J = 8.92, 7.60, 1.72 Hz), 7.59 (dd, 2 4.~ 8.24, 5.30
supporting electrolyte, a Pt working electrode, a Pt counter Hz), 7.46 (dd, 2HJ=7.79, 1.69 Hz), 7.18 (d, 2 H = 8.61 Hz),
electrode, and SCE as reference. The typical sweep rate was 10906 (dt, 2 H,J = 7.64, 0.52 Hz), 4.61 (s, 4 H). FAB-MS1/z =

mV/s, and the window used was frofn2.0 to+1.7 V. Absorption 871'07[M iPFB]' calcd 871. UV-vis (1,2-DCE): Amax NM €,
L-mol~t-cm™1) = 382 (14100). CV (CHCN), E (V vs SCE): 1.45

(16) (a) Kelly, T. R.; De Silva, H.; Silva, R. ANature 1999 401, 150— (13+/2%), =1.40 irreversible (irr) {#*%), —1.53 irr (1*7°).
152. (b) Kelly, T. R.; Silva, R. A.; De Silva, H.; Jasmin, S.; Zhao, Y. Ru(phen)(dCN3)(PFe)2 (2). The same method employed fbr
an \é,ﬁm.d_Che';n. SOIQOO_Q \1/22G69§15_If69|\£}|9'T brodi. L Venturi. M afforded?2 in 62% yield as a yellow solidH NMR (200 MHz,
allardini, R.; Balzani, V.; Gandolfi, M. T.; Prodi, L.; Venturi, M.; ) _
Philp, D.; Ricketts, H. G.; Stoddart, J. kngew. Chem., Int. E&Eng|. acetoneds): o (ppm) 10.27 (dd, 2 HJ = 5.2, 1.2 Hz), 9.11 (dd,
1993 32, 1301-1303. 2H,J=28.4,1.1Hz), 869 (dd, 2 H] = 8.4, 1.2 Hz), 8.59 (dd,
(18) (a) Livoreil, A.; Sauvage, J.-P.; Armaroli, N.; Balzani, V.; Flamigni, 2 H,J = 8.4, 5.2 Hz), 8.48 (d, 2 H) = 8.8 Hz), 8.35 (d, 2 H)
L.; Ventura, B.J. Am. Chem. Socl997 119 12114-12124. (b) =8.8 HZ) 8.20 (dd 2 HJ =54 1.2 HZ) 7.68 (ddd 2 H.] —

Armaroli, N.; Balzani, V.; Collin, J.-P.; Gavay P.; Sauvage, J.-P.;
Ventura, B.J. Am. Chem. Sod999 121, 4397-4408. (c) Brower, 8.6, 7.6, 1.7 Hz), 7.65 (dd, 2 H,= 8.4, 5.2 Hz), 7.45 (dd, 2 H]

A. M.; Frochot, C.; Gatti, F. G.; Leigh, D. A.; Mottier, L.; Paolucci, =7.6,1.7Hz),7.28 (dt, 2 H] = 7.6, 0.6 Hz), 4.47 (m, 4 H), 3.63
. F.; Roffia, S.; WILere|, G. W. HScie?é:eZOOl 291, 21%4—2128. _ (q, 2 H,J = 4.7 Hz). FAB-MS: m/z = 885.11 [M— PRy, calcd

19) Koumura, N.; Zijlstra, W. J.; Van Delden, R. A.; Harada, N.; Feringa, .

) e 150 w1 yee 9% 885. CV (CHCN), E (V vs SCE): 145 32%), —1.40 irr (12*7),

(20) Koumura, N.; Geertsma, E. M.; Meetsma, A.; Feringa, BJ.LAm. —1.54 irr @*0).

Chem. Soc200Q 122,12005-12006.

(21) (a) Von Zelewsky, A.; Gremaud, Gelv. Chim. Actal988 71, 1108- (25) (a) Angelici, R. J.; Quick, M. H.; Kraus, G. A.; Plummer, D.lforg.
1115. (b) Steel, P. J.; Lahousse, F.; Lerner, D.; Marzin@g. Chem. Chem 1982 21, 2178-2184. (b) Plummer, D. T.; Kraus, G. A;;
1983 22, 1488-1493. (c) Durham, B.; Walsh, J. L.; Carter, C. L; Angelici, R. J.Inorg. Chem 1983 22, 3492-3497.

Meyer, T. J.Inorg. Chem.198Q 19, 860-865. (26) Newkome, G. R.; Pantaleo, D. C.; Puckett, W. E.; Ziefle, P. L.; Deutsh,

(22) Laemmel, A.-C.; Callin, J.-P.; Sauvage, J.Hur. J. Inorg. Chem. W. A. J. Inorg. Nucl. Chem1981, 43, 1529-1531.

1999 383-836. (27) Nakamaru, KBull. Chem. Soc. JpriL982 55, 2697-2705.

(23) Collin, J.-P.; Laemmel, A.-C.; Sauvage, J.Neew. J. Chem2001, (28) Ogawa, S.; Shiraishi, S. Chem. Socl98Q 2527-2530.

25, 22—-24. (29) Ashby, M. T.; Govidan, G. N.; Grafton, A. KI. Am. Chem. Soc.

(24) For a preliminary account of this work, see: Baranoff, E.; Collin, J.- 1994 116,4801-4809.

P.; Furusho, Y.; Laemmel, A.-C.; Sauvage, JGRem. Commur200Q (30) Bonneson, P.; Walsh, J. L.; Pennington, W. T.; Cordes, A. W.; Durham,
1935-1936. B. Inorg. Chem 1983 22, 1761-1765.
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Table 1. Crystallographic Data 02—4 and 6

2 3 4 6
formula CGigHa0F12NsO2P2RuU GsoHa2F12N6O2P2RU GaeH2gF12NgP2RuU GsoHasF12NgP2RuU
MW 1135.90 1149.93 935.66 1113.90
cryst syst triclinic triclinic monoclinic orthorhombic
space group P1 P1 P12,/n1 P2,2:2;
a(Ah) 11.7423(2) 11.7128(2) 12.2556(3) 14.5015(5)
b (A) 12.9485(4) 12.8727(3) 22.7566(6) 17.5833(4)
c(A) 17.5210(5) 17.9605(4) 13.9607(2) 18.1465(5)
o (deg) 78.356(5) 81.777(5) 90 90
p (deg) 73.659(5) 73.525(5) 109.938(8) 90
y (deg) 76.790(5) 75.868(5) 90 90
V (A3) 2461.61(6) 2510.29(3) 3660.2(4) 4627.1(4)

z 2 2 4 4

color yellow orange orange dark red
Dcalca (g cn19) 1.53 1.52 1.70 1.60

u (mm™2) 0.475 0.467 0.615 0.501
temp (K) 173 173 294 173

A A 0.71073 0.71073 0.71073 0.71073
Ra 0.055 0.050 0.033 0.037
Ri? 0.084 0.075 0.045 0.046

AR = JIIFo| — |FdV|Fol. Ry = [TW(IFol — |Fcl)ZZw(|Fol?)]"2

Ru(phen)(dCN,)(PFe)2 (3). The same method employed for
afforded3 in 65% yield as a yellow solid:H NMR (200 MHz,
acetoneds): 0 (ppm) 10.21 (dd, 2 HJ = 5.2, 1.2 Hz), 9.08 (dd,
2H,J=28.2,1.2Hz),8.70 (dd, 2 H = 8.2, 1.2 Hz), 8.45 (dd,
2H,J=8.2,5.2Hz),847 (d, 2 H)=8.8 Hz), 8.35 (d, 2 H)
= 8.8 Hz), 8.23(dd, 2 H) =5.2, 1.2 Hz), 7.68 (dd, 2 H, 8.2, 5.2
Hz), 7.64 (ddd, 2 H) = 8.5, 7.2, 1.7 Hz), 7.26 (d, 2 H = 7.4
Hz), 7.23 (dd, 2 HJ = 7.4, 1.7 Hz), 6.93 (dt, 2 H) = 7.4, 0.7
Hz), 4.35 (m, 4 H), 2.14 (m, 4 H] = 4.7 Hz). FAB-MS: m/z =
889.3 [M — PR, calcd 889. CV (CHCN), E (V vs SCE): 1.46
(18+2%), —1.40 irr (127), —1.54 irr @),

Ru(phen)(dClbp)(PFe)2 (5). A mixture of cisRu(phen)Cl, (203
mg, 0.38 mmol) and dClbp (86 mg, 0.38 mmol) was heated at reflux
in degassed ethylene glycol (5 mL) for 4 h. After the mixture had

cooled to room temperature, water (10 mL) and a saturated solution

of aqueous KP§30 mL) were added. The orange-brown precipitate
was collected by filtration and washed with water and diethyl ether.
After column chromatography on silica (eluent: §HN/H,O/KNO;
100/7/0.7) and anionic exchange using aqueoussK&Bright red
powder was obtained (91 mg, 0.13 mmol) with a yield of 33pb.
NMR (CDsCN, 400 MHz): 6 (ppm) 8.74 (dd, 2 H) = 8.32, 1.20
Hz), 8.52 (dd, 2 HJ = 5.24, 1.20 Hz), 8.47 (dd, 2 H = 8.08,
1.20 Hz), 8.42 (dd, 2 H} = 8.32, 1.20 Hz), 8.26 (d, 2 H,= 9.04
Hz), 8.16 (d, 2 HJ = 8.80 Hz), 8.02 (t, 2 H) = 8.08 Hz), 7.91
(dd, 2 H,J = 5.24, 8.32 Hz), 7.59 (dd, 2 H, = 5.34, 1.06 Hz),
7.43 (dd, 2 HJ = 8.08, 1.16 Hz), 7.31 (dd, 2 H, = 5.36, 8.20
Hz). FAB-MS: m/z=831.0 [M— PRK]*, calcd 831.00, 66%; 686.0
[M — 2 PR + e7]%, calcd 686.03, 56%; 462.1 [M- 2 PRy —
dClbp+ e7]*, calcd 462.04, 100%); 343.2 [M 2 PRj]2"/2, calcd
343.02, 62%. UV-vis (CHsCN): Amax DM €, L-mol~1-cm™) =
381 (9100), 429 (11500). CV (GBN), E (V vs SCE): 1.43%%+/27),
—1.12 irr B2H).

Ru(phen)(big)(PFg). (6). In a two-neck flaskcis-Ru(phen)-
(CH3CN)(PFs)2 (110 mg, 0.13 mmol) and biq (34 mg, 0.13 mmol)

2 H,J=8.20, 0.88 Hz), 8.22 (d, 2 H}l = 8.84 Hz), 8.18 (dd, 2
H, J = 5.40, 1.08 Hz), 8.14 (d, 2 Hl = 8.84 Hz), 7.95 (d, 2 H,
J=7.36 Hz), 7.90 (dd, 2 H) = 5.40, 8.20 Hz), 7.74 (dd, 2 H,
= 5.40, 1.08 Hz), 7.64 (dd, 2 H, = 5.36, 8.16 Hz), 7.53 (t, 2 H,
J=7.20 Hz), 7.09 (dt, 2 H) = 8.84, 1.28 Hz), 6.98 (d, 2 Hl =
9.08 Hz). UV~vis (CH:CN): Amax NM (€, L-mol~t-cm™t) = 377
(22300), 439 (11200), 525 (11000). CV (€EN), E (V vs SCE):
1.38 @°2%), —0.90 @**'*), —1.38 6179), —1.65 @Y 1).

Ru(phen)(biiq)(PFe)2 (7). The presence of two diastereoisomers
in a 2:1 rati@® precludes the complete attribution of thé NMR
(400 MHz) spectrum. FAB-MSm/z = 863.0 [M — PR ™, calcd
863.0, 80%; 718.1 [M— 2 PRk + e7]*, calcd 718.0, 100%. CV
(CHsCN), E (V vs SCE): 1.26 32%), —0.96 (72'*), —1.45 (7*19),
—1.67 (1.

Ru(phen)(3,3-dmbp)(PFe)2 (8). A mixture of cis-Ru(phen)Cl,

(145 mg, 0.272 mmol), 33imbp (55 mg, 0.300 mmol), water (10
mL), and ethanol (10 mL) was refluxedrfd h under Ar. The black
turbid mixture became a deep-red, clear solution in 1 h. After
cooling the mixture down to room temperature, aq K®Bs added
to form an orange precipitate, which was filtered off and washed
with water to give a red solid. The solid was chromatographed over
SiO, (acetone/HO/KNO; = 100/10/1) to give8 which still
contained impurity. Recrystallization from dichloromethane/
methanol gave8 in a pure form in 54% yield as an orange solid.
IH NMR (acetoneds, 200 MHz): 6 (ppm) 8.84 (dd, 2 HJ = 8.3,
1.2 Hz), 8.70 (dd, 2 H) = 8.3, 1.2 Hz), 8.42 (d, 2 H] = 8.9 Hz),
8.36 (d, 2 HJ = 8.9 Hz), 8.16 (dd, 2 H) = 5.2, 1.2 Hz), 8.02
7.92 (m, 4 H), 7.86 (d, 2 H) = 5.2 Hz), 7.68 (dd, 2 HJ = 9.2,
5.2 Hz), 7.33 (m, 2 H), 2.49 (s, 6 H, GH UV—vis (CH,CN):
Amax NM (€, L-mol~*-cm™) = 423 (13360), 453 (14000). CV
(CHCN), E (V vs SCE): 1.27 @+/2+), —1.33 @*/*), —1.48
(8+19).

X-ray Structural Studies. Single crystals suitable for X-ray

were heated at reflux under argon in degassed ethylene glycol (5analysis were obtained for complex2s4 and6 by slow diffusion

mL) for 1 h. The addition of a saturated solution of aqueous KPF
caused the precipitation of a red compound, which was collected
by filtration, washed with water and diethyl ether, and then air-
dried. The comple)6 was isolated (126 mg, 0.12 mmol) with a
yield of 94% as a dark red solidH NMR (400 MHz, 1,1,2,2-
tetrachloroethaned,): ¢ (ppm) 8.68 (d, 2 HJ = 8.84 Hz), 8.65
(dd, 2 H,J=8.20, 1.00 Hz), 8.61 (d, 2 H,= 8.60 Hz), 8.46 (dd,

of p-xylene (99%) into a methanolic solution of the complex. For
all computations, the MolEN package was ugk@rystal data and
details of data collection for complex&s-4 and6 are provided in
Table 1.

(31) Fair, C. K. InMoIEN, Interactive Structure SolutianNonius B. V.:
Delft, The Netherlands, 1990.
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Scheme 1

dClbp big

\_y N7

biiq 3,3"-dmbp
Ru(phen),(dCN,)(PF¢), i1 Ru(phen),(dClbp)(PFg),  :5
Ru(phen),(dCN;)(PFs),  :2  Ru(phen)y(big)(PFs) :6
Ru(phen),(dCN,)(PFq), :3  Ru(phen)y(biiq)(PFe); 7

Ru(phen),(6,6-dmbp)(PFe), : 4  Ru(phen)y(3,3'-dmbp)(PF¢), : 8

Nphen(3)¢
iy

Results and Discussion

Synthesis of Ligands and ComplexesThe ligands and
complexes synthesized or involved in this study are depicted Figure 1. ORTEP view of the cationic part & and 3. Ellipsoids are
in Scheme 1. scaled to enclose 30% of the electronic density. Hydrogen atoms are omitted
The dicyano ligands dCNdCN;, and dCN are prepared for clarity.
in good vyields by heating 2-cyanophenoxide with the Table 2. Selected Bond Lengths (A) and Bond Angles (deg)¥3f 2,
corresponding dichloroalkane in refluxing DMF following and3

the procedure described by Angelici efalThe sterically 1 2 3
hindering diimine chelates are prepared as already regofed Ru—Nagcn) 2.040 2.030 2.022
or are commercially available (biq). The ruthenium com- Ru—Ndcne) 2.047 2.029 2.046
plexesl—3 are obtained under relatively mild conditions by Eﬂ:mphe”“) g'ggg 3'822 %‘8?2
reacting the precursor Ru(phe@), with the appropriate RU-Norny 2059 2071 2072
dicyano ligands in a refluxing EtOHH,O mixture for 2 h. Ru—Nphen(a) 2.054 2.055 2.057
Nacnay—Caeney 1.149 1.148 1.149

By contrast, the preparation of complexXes7 requires harsh

L. . Nacney—Caene 1.121 1.175 1.151
@ @
conditions because it is necessary to use ethylene glycol at
reflux for several hours to coordinate the hindering chelate. “dCNﬂ)_Eﬂ_HdCN@) gg-g gg-g gg-g
H phen(1)— — Nphen(2) . . .

All the complexes have been characterizedtByNMR _and Nphen(@-RU—Nphen(a 78.4 80.3 80.2

FAB-MS spectroscopy and by X-ray crystallographic study Nacny—RU—Nphen() 174.6 175.7 176.7

in the cases o2—4 and6. Nacn(z~RU=Nphenq) 172.8 174.5 174.6

. . Nphen2-RU—Nphen( 173.0 1715 171.9

Structural Studies. The ORTEP diagrams of compounds  R{Nacyr—Cuents, 1670 1723 1757

2 and 3 with partial atomic numbering schemes are shown Ru—Nacn—Caene) 168.2 172.4 175.4

in Figure 1. Selected bond lengths and bond angles are given , o

in Table 2 the geometry about the ruthenium atom is distorted from

octahedral. Comparison of theq®ay—Ru—Ngcne) angles

for 1—3 suggests that the degree of distortion decreases on

going from1 to 3 as a result of the greater length of the

chain connecting the two benzonitrile nuclei of dCN

compared to dCh The more open nature of the dCN ligand

(32) Ichida, H.; Tachiyashihi, S.; Sasaki, ®hem. Lett1989 1579-1580. is clearly shown by the increasing Rtlacny—Cacng) and

(33) ﬁolliglsétJ-TGW ﬁ:gfm%nﬁeﬁ% 1Dg'§ ng;icgi\éveﬂgshlthll R.; Greguric, 1. Ru—Ngcen@e—Cacniz) angles, average values for which are

(34) R?th];]erfdrd,'T. J Pg'lligrini,.P. A AIdrich—Wright, J R.; Junk, P.C; 167,173, and 173in 1, 2, and3, respectively. In addition,
Keene, F. REur. J. Inorg. Chem1998 1677-1688. the dihedral angle between the two mean planes of the phenyl

For complexes2 and 3, the ruthenium-nitrogen bond
lengths range from 2.022 to 2.076 A and are very similar to
those observed if** and in other ruthenium phenanthroline
type complexe&3* The N—Ru—N bond angles indicate that
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Table 3. Selected Bond Lengths (A) and Bond Angles (deg)

for 4 and6
4
RU—Ndmbp(l) 2.113 Nimbp(l)_ RU—Ndmbp(z) 78.6
RU—Ndmbp(2) 2.100 Nohen(zy~RU—Nphen(2) 79.5
Ru—Nphen(1) 2.083 Nohen@r~RU—Nphen(4) 79.0
RU—Nphen(z) 2.077 Nimbp(lr RU—Nphen(4) 167.4
RU—Nphen(3) 2.094 Nimbp(z)_ RU_Nphen(l) 175.2
Ru—Nphen(4) 2.084 Nohen2y~RU—Nphen() 177.0
dihedral angle of dmbp 1.6
6
RU—Nbiq(l) 2.113 NJiq(l)_RU_Nbiq(Z) 77.6
Ru—Npig(2) 2.086 MNheny~RU—Nphen(2) 79.2
Ru—Nphen(1) 2.091 MNhen@~RU—Nphen(a) 80.4
RU—Nphen(z) 2.097 Naiq(l)_RU_Nphen(4) 170.7
RU—Nphen(g) 2.073 NJiq(Z)_RU_Nphen(l) 178.4
RU—Nphen(4) 2.060 MNhen@~RU—Nphen(3) 172.0
dihedral angle of dmbp -1.3

and the neighboring phenanthrolines, different types of
distortion are induced. First, the RN bonds are elongated
(2.11 and 2.10 A for 6/6dmbp and 2.11 and 2.086 A for
big), and second, the hindering chelate adopts a twisted
conformation, resulting in a dihedral angle between the two
aromatic subunits of the bipyridine or the biquinoline of,
respectively, 1.6and 1.3. In each complex, the bite angle
of the third ligand is slightly smaller than those of the
phenanthroline units. Interestingly, it should be noted that
spontaneous resolution occurs during crystallization in the
case of complex6, (noncentrosymmetric space group,
orthorhombic,P2,2,2;).

Photochemical Substitution ReactionsOn irradiation
with visible light in acetonitrile, solutions of all the ruthenium
complexes 4—8) undergo photochemical reactions at rates
varying from fast to relatively slow. The fact that the BV
visible and*H NMR spectra of the complexes do not change
in the dark over a large range of temperatures indicates that
these complexes have good thermal stability. As previously
demonstrated for other ruthenium complexes in which the
ruthenium coordination sphere is crowdéé photochemical
substitution of the hindering ligand by the nitrile solvent takes
place efficiently and selectively (reaction 1).

Figure 2. ORTEP view of the cationic part of and 6. Ellipsoids are
scaled to enclose 30% of the electronic density. Hydrogen atoms are omitted
for clarity.
h
. . Ru(phen)(L)*" — =~ Ru(phen)(CH,CN),”" + L (1)
groups tends to increase going frdnto 3. In the latter, one s
phenyl ring is coplanar with the trans phenanthroline ligand.

This feature was previously observed in RU(GIBYICCaHe)?" On the other hand, photochemical experiments performed

: ; : L . with a cooling system and monochromator demonstrate that
in which the phenyl rings of the benzonitrile are in the same . . .
mean plane as the correspondinans-2,2-bipyridine thermal energy does not interfere with the photochemical
The ORTEP struct dfand6 ,h i Fi ' 5 process. While the photochemical reactionglob are fast
N structures érandpo are shown in Figure =, ¢ ranges from seconds to minutes under the present
_and selected bond lengths and bond angles are summarize xperimental conditions), fo7 and 8 the reactions are
in Table 3. _ ) ) complete only after several minute®) r hours {). Using
_The rutheniumr-nitrogen bond lengths i and 6 are ¢y jic voltammetry to investigaté, these relatively slow
significantly longer than those observed2and3 or in the processes have allowed the detection of an intermediate
X-ray structures of previously reported ruthenium polypy- gpecies. Indeed, careful examination of the anodic peak
ridine complexes}**indicating a more distorted octahedral  y1entials reveals three distinct redox couples perfectly
environment about the Ru atom. As a result of steric constant during the photolysis. Although the reversibility of
interaction between the hindering chelate (@@bp or biq)  he redox couple appearing as intermediate is not obvious,
(35) Griffth, W. P.. Reddy, B.. Shoair, A G. F. Suriaatmaja, M.. Whit the value of 1.36 V (vs SCE) could be estimated. This value
rirtn, . P Reday, b.; oair, A. G. F.; surlaatmaja, .; e, H :
A. J. P.: Williams. D. 1. Chem. Soc.. Daiton Trant998 2819 I!es betwegn those of starting compouh@L.27 V) and the
2825. final reaction product Ru(phesfiCHsCN)?" (1.45 V). In
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Figure 3.

Scheme 2

e
(phen)zRu\

8
| ~ hvor A
N7~ Ny CHoCN

(phen)zRU< " Ru(phen),(CH;CN),(PF),
NCCHj

+3,3-dmbp
1! intermediate

Figure 3, voltammograms of an acetonitrile solution8of

(a) Cyclic voltammogramms @ before irradiation. (b)(e) Evolution of8 solution with irradiation time: (b) 1, (c) 5, (d) 8, and (e) 17 min.
Conditions: CHCN, ("BusNPFs;, 0.1 M), Pt electrodey = 100 mV s1, 25°C.

of the starting compounds, compldxa), ligand dCN (b),
and an equimolar mixture ef and dCN (c).

After irradiating an NMR tube containing the mixture (c)
for a few minutes, the spectrum obtained (d) corresponds to
a mixture of Ru(phenfdCN,)?" and 6,6-dmbp (spectra e
and f, respectively). The selectivity of the photoreaction can
also be proven by following the evolution of the electronic
spectrum of the starting mixture, because strongly marked
isosbestic points appear during the irradiation process. More
generally, the presence of such isosbestic points has been
used in order to select the best experimental conditions for
the photoreaction. Solvents such as acetone, 1,2-dichloro-
ethane, and C¥Cl, (stabilized with amylene) facilitate clean
reactions leading to the expected products, whereas the
presence of alcohols generates small amounts of unidentified

show the changes in the three redox couples on irradiation.pyproducts. The concentration of the dCNgand with

As previously demonstrated byH NMR and HPLC
analysis of Ru(bipy)3,3-dmbp¥* 3 this intermediate could

respect to complex concentration turns out to be critical. Not
surprisingly, a large excess of the dicyano ligand speeds up

be postulated as a ruthenium complex incorporating both athe reaction rate and suppresses parasitic reactions. The

CH3CN molecule and an*-bipyridine ligand as depicted in
Scheme 2.
Photochemical Chelate to Chelate ExchangePhoto-

efficiency of the photochemical exchange reaction is also
very dependent on the nature of the leaving chelate. Although
no quantum yields have been determined, the following

chemical reactions (reaction 2) in which a hindering chelate efficiency order, 6,6dmbp= dClbp > biq > 3,3-dmbp >
is substituted by a dinitrile chelate have been carried out for pjig, is suggested by monitoring UWisible spectra as a

different complexes under varying experimental conditions. fynction of time during the irradiation experiments. Figure

Ru(phen)(L)2" + dCN, ™ Ru(phen)(dCN.)*" + L (2)

By using UV—visible and*H NMR techniques, it has been

demonstrated that reaction 2 takes place quantitatively and

selectively. Figure 4 shows thHel NMR spectra in CRCl,

(36) Tachiyashihi, S.; Ikesawa, H.; Mizumachi, Ikorg. Chem1994 33,
623-625.
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5 shows some examples of photosubstitution reactions for
different complexes under varying experimental conditions.
By using dCN or dCN, as the bis-nitrile chelate,
photochemical substitution occurs with the same efficiency
and selectivity. Plot b in Figure 5 shows the spectra obtained

during the irradiation of comple# in the presence of dGN
Interestingly, as is shown in plot c in Figure 5, the
photoexchange is accompanied by a significant degree of
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4
(a)
dCN,
Jj i (b)
4 and dCN,
,‘.__JU LLMLJ) ©
@
ne
h ()
6,6'-dmbp
) @

Figure 4. H NMR spectra (200 MHz, aromatic region) in @Cl, of 4
(a), dCN (b), equimolecular mixture of and dCN (c), this same mixture
after light irradiation during 10 min (d), and the expected reaction products
1 (e) and 6,6dmbp (f). Dotted lines indicate some typical signals of the
starting complex, the complext and the 6,6dmbp ligand in the mixture
before (c) and after irradiation (d).

photochromism. The deep red color of Ru(ph@md)?" (Amax

= 525 nm in 1,2-DCE) changes in a few seconds of
irradiation to orange-yellow, the characteristic color of Ru-
(phen}(dCNy)?" (Amax = 382 nm in 1,2-DCE). The differ-
ences in the absorption spectralofind 6 originate from
the different nature of the third ligand coordinated to the
common Ru(phen)ore. The dicyano ligand, which is a poor
o-donor and goodr-acceptor, stabilizes the, dtyg) orbitals

of Ru which results in a high energy MLCT excited state.
The bis-quinoline ligand, on the other hand, is a better
mr-acceptor than phenanthroline, which lowers the energy o

the MLCT excited state. To obtain reversible systems, that
is, to reverse reactions 1 or 2, photochemical experiments

were performed starting from Ru(phef@CN,)?+ with an

excess of the hindering chelate. The photoexpulsion of the

bis-nitrile ligand occurs cleanly with 2;Bipyridine and to
some extent with 3;3dmbp. Because it is known that nitrile
ligands are photochemically labité these results can be
attributed to strong steric congestion inhibiting the coordina-

tion reaction when the entering ligand is a bipy-type chelate

bearing bulky substituents ortho to the nitrogen atoms.

(37) Hecker, C. R.; Fanwick P. E.; McMillin, D. Rnorg. Chem 1991,
30, 659-666.
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Figure 5. Electronic absorption spectra df 6, and8 before and after
different irradiation times. Experimental conditions: @j)n acetone in
the presence of 10 equiv of dGNb) 4 in 1,2-DCE in the presence of 10
equiv of dCN, (c) and (d)6 and8, respectively, in 1,2-DCE in the presence
of 10 equiv of dCN.

Thermal Back Reaction. It was possible to regenerate
the starting complexes4{-8) almost quantitatively from
either Ru(phenJCHzCN),?" or 1 following reactions 3 or 4
by refluxing the reagents in ethylene glycol for 4 h. These
high yields strongly contrast with those obtained in the initial
preparation of complexe4—8 in which the starting com-
pound is Ru(phenll,.

A
Ru(phen),(CH;CN),?* + L ——— Ru(phen),(L)>* + 2CH;CN (3)
)
HO OH
A
Ru(phen),(dCN,)** + L ~— ™ Ru(phen),(L** + dCN, 4)
—
HO OH

L = 6,6-dmbp, dClbp, big, 3,3dmbp, and biig.
Importantly, it was possible to carry out the photochemical
forward reaction (hindering chelate releaaajithe thermal
back reaction (dCprelease with recoordination of 6;:6mbp
or big) in the same reaction mixture containing an excess of
both ligands, dCl the aromatic diimine, and the starting

f ruthenium(ll) complex. The solvent, EtOGEH,OCH,CH,-

OH, in which all the components (ligands and complexes)
are soluble, proved to be compatible with both the photo-
chemical and thermal processes.

It is now recognized that the initial step of photochemical
substitution reactions in the ruthenium polypyridine com-
plexes occurs following a dissociative mechaniit.Ex-
citation of the MLCT bands leads to the charge-transfer
excited state, allowing the thermal population of dissociative
d—d states’ 2% These states lie only slightly above the

(38) Suen, H. F.; Wilson, S. W.; Pomerantz, M.; Walsh, dnbrg. Chem.
1989 28, 786-791.

(39) Durham, B.; Caspar, J. V.; Nagle, J. K.; Meyer, TJJAm. Chem.
Soc.1982 104,4803-4810.
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