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A high-yield synthesis of mixed-bridging-ligand Ru, compounds, Ruy(D(3,5-Cl,Ph)F)s—n(OAc),Cl [n = 1 (1) and 2
(2)] was developed, where D(3,5-Cl,Ph)F is his(3,5-dichlorophenyl)formamidinate. The acetate ligands in 1 and 2
can be quantitatively displaced with DMBA-I to yield Rux(D(3,5-Cl,Ph)F)3(DMBA-I)CI (3) and Ru,(D(3,5-Cl,Ph)F),-
(DMBA-1),Cl (4), respectively, where DMBA-I is N,N'-dimethyl-4-iodobenzamidinate. When compound 2 was treated
with 1 equiv of HDMBA-I, a unique Ru, compound containing three different types of bidentate bridging ligands,
cis-Ruy(D(3,5-Cl,Ph)F),(DMBA-I)(OACc)CI (5), was obtained. Subsequent reactions between 3/4 and (trimethylsilyl)-
acetylene under Sonogashira coupling conditions resulted in Ruy(D(3,5-Cl,Ph)F)s—,(DMBA-C=CSiMe3),Cl [n = 1
(6) and 2 (8)] in excellent yields, which were converted to the corresponding bis(phenylacetylide) compounds
Ru(D(3,5-Cl,Ph)F)s—n(DMBA-C=CSiMe;) (C=CPh), [n = 1 (7) and 2 (9)]. Structural studies of several compounds
provided insights about the change in Ru, coordination geometry upon the displacement of bridging and axial
ligands. Voltammetric studies of these compounds revealed rich redox characteristics in all Ru, compounds reported
and a minimal electronic perturbation upon the peripheral Sonogashira modification.

Introduction Scheme 1. Formation of a Dimeric Supramolecule via Reaction at
Peripheral Sites

Recent years have witnessed remarkable progresses in
supramolecular assemblies based on bimetallic metal com-
plexest A number of M@ and Rh paddlewheel species have

been organized into dimers, triangular trimers, and squarepy polycyclic aromatic hydrocarbons (PAHs), which has

tetramers through equatorial coordination of ditopic linkers. - resyited in a vast array of solid-state RB,CCFs)s—PAH

In particular, significant electronic couplings mediated by gypramolecules.

ditopic linkers have been demonstr;ited in many-ker— It is noteworthy that the aforementioned assemblies occur
M type systems with M= Mo or W/? revealing their poten-  through coordination to metal center(s) at either the equatorial
tial utility as charge-transfer materials. The use of multivalent . axial sites. which modifies the electronic property of

linkers that coordinate at the axial positions of Mmd Ry pyjilding blocks by a varying degree. Interested in retaining
paddlewheel species also yields interesting two-d|men_5|onalthe electronic properties of building blocks during the

hexagon and honeycomb assembtieEhe strong Lewis  assembly of supramolecules, we envision building blocks
acidity of RR(O.CCF;)s enables facile axial coordination  containing reactive functional groups away from the metal

: centers, which undergo homocoupling or cross-coupling to
Tel T ?%ggnjggfgisggndence should be addressed. E-mail: tren@purdue.eduyi|q dimeric supramolecules through the formation of robust

(1) Cotton, F. A.; Lin, C.; Murillo, C. AAcc. Chem. Re001, 34, 759. C—C bonds as outlined in Scheme 1. Metal-catalyzed cross-

‘2338‘;’3;-49;0““ C.; Murillo, C. A.Proc. Natl. Acad. Sci., U.S.A. coupling reactions have become one of the most powerful

(2) Cotton, F. A: Murillo, C. A.; Villagfa, D.; Yu, R.J. Am. Chem.  Synthetic tools in recent years, and frequently employed

\Slgl)lc. 2006 |312-8w3281'xC0Ft>t3nAF' ACh Liu, é:.QYd;OMtirzillo,lgézé.; methods include Suzuki, Heck, Negishi, and Sonogashira
Chishim. M. H Dalton Trans, 5003 3821, Chéholrﬁ’ \.t.  reaction$ The Sonogashira reaction (alkyne cross-coupling)
Macintosh, A. M.Chem. Re. 2005 105 2949.

(3) Miyasaka, H.; Campos-Femdez, C. S.; Clac, R.; Dunbar, K. R. (4) Petrukhina, M. A.; Scott, L. TDalton Trans.2005 2969.
Angew. Chem., Int. EQ200Q 39, 3831. Furukawa, S.; Ohba, M; (5) de Meijere, A., Diederich, F., Ed8/etal-catalyzed Cross-coupling
Kitagawa, S.Chem. Commur2005 865. ReactionsWiley-VCH: Weinheim, Germany, 2004.
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Ru, Compounds Bearing lodo/Ethynyl Substituents

has the advantages of mild conditions and simple require-
ments on starting materidlsand has been used in the
preparation of pushpull zinc porphyring, tripodal fer-
rocené® and dimers, trimers, and polymers of [M(bply)

(M = Ru and Os)and the extension of Mo-ethynylsl®In

an elegant and comprehensive study,

have developed a set of polyoxometalates (POMSs) bearing

iodo/ethynyl-substituted organoimido groups, which were
further converted into, under Sonogashira conditions, both
the dimer of POMs and the main-chain POM polymers that
exhibit interesting optoelectronic propertigs.

Aiming at the realization of organometallic molecular
wires, our laboratory has carried out extensive studies of Ru
complexes bearing one or two axial alkynyl ligaréisn
addition to their ability to mediate efficient charge transfer,
these Ry axial alkynyl species are both excellent electro-
phores and chromophores, which make them attractive
building blocks for supramolecular electronic and optoelec-
tronic materials. To minimize electronic perturbation, the
assembly process should take place at the periphery of Ru
axial alkynyls instead of Riwcenters. Previously, we reported
a series of Ry(LL) s—n(LL"), type compounds, where Lls
either an iodo-containing N,Abidentate ligand or its sub-
stitution surrogates, and the auxiliary ligand LL was exclu-
sively DmAnIF [bis(3-methoxyphenyl)formamidinat¥}.16
In this paper, we describe the synthesis and characterizatio
of a new series of R(LL) s—n(LL"), type compounds based
on the auxiliary ligand D(3,5-GPh)F [bis(3,5-dichloro-
phenyl)formamidinate].

(6) Marsden, J. A.; Haley, M. M. Cross-coupling Reactions to sp Carbon
Atoms. InMetal-catalyzed cross-coupling reactiorde Meijere, A.,
Diederich, F., Eds.; Wiley-VCH: Weinheim, Germany, 2004.

(7) LeCours, S. M.; DiMagno, S. G.; Therien, M.J.Am. Chem. Soc.
1996 118 11854. LeCours, S. M.; Guan, H. W.; DiMagno, S. G.;
Wang, C. H.; Therien, M. 1J. Am. Chem. S0d.996 118 1497.

(8) Fink, H.; Long, N. J.; Martin, A. J.; Opromolla, G.; White, A. J. P.;
Williams, D. J.; Zanello, POrganometallicsl997, 16, 2646.

(9) Connors, P. J.; Tzalis, D.; Dunnick, A. L.; Tor, Y. Fhorg. Chem.

1998 37, 1121. Fraysse, S.; Coudret, C.; Launay, E@&. J. Inorg.

Chem200Q 1581. Fraysse, S.; Coudret, C.; Launay, J.,Am. Chem.

So0c.2003 125 5880. Pautzsch, T.; Klemm, Elacromolecule2002

35, 1569.

Le Stang, S.; Lenz, D.; Paul, F.; Lapinte, £.Organomet. Chem.

1999 572, 189. Courmarcel, J.; Le Gland, G.; Toupet, L.; Paul, F;

Lapinte, C.J. Organomet. Chen2003 670, 108.

Peng, Z.-HAngew. Chem., Int. ER004 43, 930. Kang, J.; Xu, B.

B.; Peng, Z. H.; Zhu, X. D.; Wei, Y. G.; Powell, D. Rngew. Chem.,

Int. Ed. 2005 44, 6902. Lu, M.; Kang, J. H.; Wang, D. G.; Peng, Z.

H. Inorg. Chem.2005 44, 7711. Lu, M.; Xie, B. H.; Kang, J. H.;

Chen, F. C.; Yang, Y.; Peng, Z. l&hem. Mater2005 17, 402. Xu,

B. B.; Lu, M.; Kang, J. H.; Wang, D.; Brown, J.; Peng, Z. €hem.

Mater. 2005 17, 2841.

Ren, TOrganometallic2005 24, 4854. Ren, T.; Xu, G.-LComments

Inorg. Chem2002 23, 355. Hurst, S. K.; Ren, T. Organomet. Chem.

2003 670, 188.

Ren, T.; Zou, G.; Alvarez, J. @hem. Commur200Q 1197. Xu,

G.-L.; Zou, G.; Ni, Y.-H.; DeRosa, M. C.; Crutchley, R. J.; Ren, T.

J. Am. Chem. So003 125 10057. Xu, G.-L.; DeRosa, M. C.;

Crutchley, R. J.; Ren, T. Am. Chem. So@004 126, 3728. Shi, Y.;

Yee, G. T.; Wang, G.; Ren, T. Am. Chem. SoQ004 126, 10552.

Xu, G.-L.; Crutchley, R. J.; DeRosa, M. C.; Pan, Q.-J.; Zhang, H.-X;

Wang, X.; Ren, TJ. Am. Chem. So@005 127, 13354. Blum, A. S;

Ren, T.; Parish, D. A.; Trammell, S. A.; Moore, M. H.; Kushmerick,

J. G.; Xu, G.-L.; Deschamps, J. R.; Pollack, S. K.; Shashidhad, R.

Am. Chem. So005 127, 10010.

(14) Chen, W.-Z.; Ren, TOrganometallic2004 23, 3766.

(15) Chen, W.-Z.; Ren, TOrganometallic®2005 24, 2660.

(16) Xu, G.-L.; Ren, TOrganometallic2005 24, 2564.

(10)

(11)

(12)

(13)

n

Results and Discussion

Synthesis of Ry(D(3,5-Cl,Ph)F);—,(OAc),Cl (n =1 and
2). Rup(LL) 4—n(LL")n (n = 1 and 2) type compounds are
generally prepared from R{LL)s-n(OAC), type starting

Peng and CO_Worker§naterials. The first examples of these types of compounds

were reported with LL as bisfalkoxyphenyl)formamidi-
natel’ in which the crude product contains compounds of
ranging from 1 to 4 (!) and repeated cumbersome column
purification was required. Much improved synthetic protocols
became available in recent years with LL as DpAniF[bis-
(4-phethoxyphenyl)formamidinaté},'° DPhF (diphenylfor-
mamidinatef%?*and DmAnIF® Typical reaction conditions
include the use of the HDArF ligand in slight excess, addition
of Et;N and LiCl, refluxing in THF between 12 and 24 h,
and subsequent purification via either recrystallization or
column chromatography. Upon reaction of,Ac),Cl with
HD(3,5-CkPh)F in a 1:3 molar ratio under the aforemen-
tioned conditions, two compounds were isolated from the
reaction mixture via chromatography and identified as
Rw(D(3,5-ChPh)F)(OAC)CI (1, 42%) andcis-Ru(D(3,5-
Cl,Ph)F}(OAC).Cl (2, 32%). To prepare2 selectively,
Ru(OACc),Cl was reacted with 2 equiv of HD(3,5-4Bh)F,
which always resulted in a mixture & (major) and1
(minor). It was found that the formation df was reduced
to a trace amount through both the elimination of thgNEt
additive and the addition of 2.2 equiv of the HD(3,5-
Cl,Ph)F ligand in portions.

Synthesis of Ry(D(3,5-Cl,Ph)F),—n(DMBA-I) ,.Cl (n =
1 and 2). The labile acetate ligand(s) in RD(3,5-
Cl,Ph)F)—(OACc),Cl can be easily displaced by a N;hi-
dentate ligand. As illustrated in Scheme 2, compouhds
and 2 reacted with 2 and 4 equiv of HDMBA-IN,N-di-
methyl-4-iodobenzamidine) to furnish KD (3,5-CLPh)F)-
(DMBA-I)CI (3; Scheme 3) anais-Rux(D(3,5-CLPh)F)-
(DMBA-1) ,Cl (4), respectively, in quantitative yields (in situ).
The retention of the cis arrangementliis a clear indication
that the spectator ligand D(3,54h)F is kinetically inert
under the reaction conditions. When compouldwvas
treated with 1 equiv of HDMBA-Icis-Rwy(D(3,5-CbPh)F)-
(DMBA-1)(OAC)CI (5) was obtained in 58% vyield. The
isolation of compound is surprising because reactions be-
tween Ry(OAc),Cl and HDMBA ligands in limited supplies
(as low as 1 equiv) always yielded RDMBA),Cl, and
unreacted RiOAC),Cl.?? It appears that the existence of

(17) Ren, T.; DeSilva, V.; Zou, G.; Lin, C.; Daniels, L. M.; Campana, C.
F.; Alvarez, J. Clnorg. Chem. Commuri999 2, 301.

(18) Angaridis, P.; Berry, J. F.; Cotton, F. A.; Murillo, C. A.; Wang, X.
Am. Chem. Soc2003 125 10327. Angaridis, P.; Cotton, F. A.;
Murillo, C. A.; Villagran, D.; Wang, X. P.Inorg. Chem.2004 43,
8290.

(19) Angaridis, P.; Berry, J. F.; Cotton, F. A.; Lei, P.; Lin, C.; Murillo, C.
A.; Villagran, D. Inorg. Chem. Commur2004 7, 9.

(20) Barral, M. C.; Herrero, S.; Jimez-Aparicio, R.; Torres, M. R;;
Urbanos, F. Alnorg. Chem. CommurR004 7, 42. Barral, M. C.;
GonZdez-Prieto, R.; Herrero, S.; Jimez-Aparicio, R.; Priego, J. L.;
Royer, E. C.; Torres, M. R.; Urbanos, F. Rolyhedron2004 23,
2637. Barral, M. C.; Herrero, S.; Jimez-Aparicio, R.; Torres, M.
R.; Urbanos, F. AAngew. Chem., Int. ER005 44, 305.

(21) Barral, M. C.; Gallo, T.; Herrero, S.; Jimez-Aparicio, R.; Torres,
M. R.; Urbanos, F. Alnorg. Chem.2006 45, 3639.

(22) Chen, W.-Z.; Ren, T., unpublished results.
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Scheme 2. Syntheses of Compoundsand 2

RU2(OAC)4C1 + 3 HD(3,5-C12P1’1)F

LiCl, EN,
THF, reflux
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Ru,y(OAc),Cl + 2.2 HD(3,5-CL,Ph)F

Scheme 3.
Cl
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aConditions: (i) 2 equiv ofN,N'-dimethyl-4- iodobenzamidine, LiCl,
EtN; 3, reflux 2 h, 86%. (ii) 4 equiv oN,N'-dimethyl-4- iodobenzamidine,
LiCl, EtsN, reflux 2 h; 4, 85%. (iii) 1 equiv of N,N'-dimethyl-4-
iodobenzamidine, LiCl, BN; 5, 58%.

DArF ligands slows down the substitution of OAc by
DMBA-I and thus enables the formation of the partial
substitution produch.

Synthesis of Alkynyl-Containing Ru, Compounds. It
was demonstrated previously that JDMANIF)—n-
(DMBA-I) .Cl type compounds underwent Sonogashira cross-
couplings with a variety of terminal alkynes EECY (Y =

8158 Inorganic Chemistry, Vol. 45, No. 20, 2006
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SiRs, Ph, and Fc) under mild reaction conditions: room
temperature, a short reaction period, and common organic
solventst#15 In this study, HGECSiMe; was used as the
exclusive substrate for cross-coupling because of the easy
removal of the SiMggroup. As shown in Scheme 4, both
compounds and4 reacted readily with HECSiMe; under
Sonogashira conditions to afford respectively the ethynylated
compoundss and8 in excellent yields. While Sonogashira
coupling reactions of organic substrates typically require
gentle heating, our coupling reactions occurred at room tem-
perature, indicating the activation of the iodo substituent via
coordination of the DMBA-I ligand to the Rwcenter. Com-
pounds6 and8 were readily converted to the axial phenyl-
acetylide adductg and9 via the reaction with LI&CPh in
excess.

Compoundsl—6 and 8 are Ru(ll,Ill) species and have
effective magnetic moments ranging from 3.7 to agQat
room temperature, which is consistent wit & 3/, ground
state. Compound¥ and 9 are Ruy(lll,lll) species and
diamagnetic. All compounds reported herein are stable in
an ambient atmosphere as both solids and solutions. The
MesSi groups in compoundda, 7a, 8a, and9a can be easily
removed with KCO;, as shown in Scheme 4.

Structures of Ruy(D(3,5-CLPh)F);—n(OAC),Cl Type
Compounds fi = 1 and 2). Molecular structures of
compoundsl and?2 were determined through single-crystal
X-ray diffraction studies. ORTEP plots @fand2 are shown
in Figures 1 and 2, respectively, and some selected bond
lengths and angles are listed in Table 1. The-Rw bond
lengths in1 and2 are 2.3219(4) and 2.3144(5) A, respec-
tively, which are between those reported for,&3CR)CI
type (2.272.30 A) and RWDArF),Cl type compounds
(2.34-2.39 A)= Clearly, the Ru-Ru distance gradually
increases as the number of DArF ligands increases in the
Rw(DArF)4-n(OAC)Cl type compounds. While RtO bond
lengths in Ry(O,CR)CI are within a narrow range of
2.02-2.03 A, Ru-0 bond lengths are ca. 2.08 and 2.05 A
in compoundsl and 2, respectively, reflecting the destabi-
lization of the Ru-O bond by theérans-Ru—N bond (trans
influence). In comparison with, compound has less steric
crowding around the axial positions, which permits the
coordination of HO in addition to the CI ligand. Similar
axial H,O coordination was observed in the structures of
Ruy(DpAniF),(OACc),CI*® and Ry(DmAniF),(OAc),Cl.*5

Structures of DMBA-I-Containing Ru , Compounds.
Among compounds containing the DMBA-I ligand, struc-
tures of3 and5 have been determined and some selected
bond lengths and angles are included in Table 2. The
molecular structure 08, shown in Figure 3, exhibits the
expected feature of a DMBA-I ligand in place of the acetate
in 1. Upon substitution, the RtRu bond is elongated from
2.3144(5) to 2.3276(8) A, which is significantly shorter than
that in Ry(D(3,5-CLPh)F),CI [2.368(1) A]2* As shown in
Figure 4, the coordination sphere of compo&mbnstitutes
three sets of bidentate bridging ligands: two D(3,5RB)F

(23) Angaridis, P. Diruthenium Compounds. Multiple Bonds between
Metal Atoms Cotton, F. A., Murillo, C. A.; Walton, R. A., Eds.;

Springer Science and Business Media, Inc.: New York, 2005.
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Scheme 4. Addition of Peripheral Ethynyl and Axial Alkyngl

Cl Cl Cl

cl cl a al cl
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a ¢ o Me c q o Me ca - ‘ Me
I
4 N\ Ph N\
- 8a, Y = SiMe; v 9a, Y = SiMe v
_ . ,Y = 3
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aConditions: (i) HGTMS, trans-Pd(PPB).Cl,, Cul, iPLNH, THF, rt. (i) K.COs, THF/methanol. (iii) 10 equiv of LigPh, THF.

Figure 1. ORTEP representation of molecul@t 30% probability. All H Figure 2. ORTEP representation of molecul@t 30% probability. All H
atoms were omitted for clarity. atoms were omitted for clarity.
reaction between compouritland HG=CSiMe;, and its

ligands in the cisoidal position, one DMBA-| ligand, and structure (Figure 5) confirms the existence of peripheral

one carboxylate ligand. The RiRu distance irb is 2.3186- C=CSi - -
. =CSiMe;. Compound6éb, the desilylation product oéa,
8 A ar_1d cpmparable to that B[2.3144(5) Al. A‘T:' IS clegrly is shown in Figure 6. RuRu bond distances in compounds
shown in Figure 4, pompour@lhas Very open ax'?' p05|t|on§ 6a, 6b, and3 (Table 3) range from 2.3166(7) to 2.3386(6)
when compare:-d W'“3 a nd, consequgntly, contam_s an axial A, reflecting the insensitivity of the RaRu bond strength
H>O molecule in addition to the nominal chloro axial ligand. toward peripheral substituents. Compoudt, the bis-
g IS (ljnteresflng o r:k(])te ttr;]at ;(;tlzl ?Ehe I;uélegan EUZ;NG (phenylacetylide) derivative @b, has a drastically elongated
onds are longer than the and Ru=-Na bonds, @ p, Ry bond [2.5281(7) A], which is consistent with a
subtle consequence of the stronger trans influence of thesingle bond between two Ru(lll) centers (Figure!ZJhe
D'\gtBA"t ligand fth/i‘lrll DAIrE"gtar?d.S' L . Ru—Ru—C1 [164.2(2)] and Ru-Ru—C9 [161.6(2]] angles
ructures o ynyl-Lontaining Ru, .ompounds. significantly deviate from linearity, which are attributed
Compoundé6a is derived from the Sonogashira coupling to a second-order JahiTeller effect common among

Ru(l11,111) alkynyl compounds?®

(24) Lin, C. Ph.D. Dissertation, Florida Institute of Technology, Melbourne,
FL, 1997. Chen, W.-Z.; Cotton, F. A.; Dalal, N. S.; Murillo, C. A,;
Ramsey, C. M.; Ren, T.; Wang, X.; Wernsdorfer, W.Am. Chem. (25) Lin, C.; Ren, T.; Valente, E. J.; Zubkowski, J. D Chem. Soc., Dalton
Soc.2005 127, 12691. Trans.1998 571.
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Table 1. Selected Bond Lengths (A) and Angles (deg) for Compounds
land2

1 2
Rul-Ru2 2.3220(7) RutRu2 2.3267(7)
Rul-N1 2.088(5) Ru+N1 2.051(4)
Ru1-N3 2.103(5) RutN3 2.063(4)
Ru1-N5 2.068(6) Ruz2-N2 2.031(4)
Ru2-N2 2.049(5) Ruz-N4 2.030(4)
Ru2-N4 2.063(5) Rut01 2.053(3)
Ru2-N6 2.013(6) Rut03 2.054(3)
Ru1-01 2.082(5) Ru202 2.048(3)
Ru2-02 2.075(5) Ru204 2.043(3)
Ru1-Cl1 2.405(2) Ru2 05 2.362(3)
Rul-Cl1 2.480(1)
Ru2-Rul-CI1 175.37(5) Ruz2Rul-Cl1 171.52(3)
Rul-Ru2-05 169.90(8)

Table 2. Selected Bond Lengths (A) and Angles (deg) for Compounds
3and5

3 5
Rul-Ru2 2.3276(8) RutRu2 2.3186(8)
Ru1—-N1 2.030(1) RutN1 2.056(1)
Rul-N3 2.052(1) RutN3 2.058(1)
Rul-N5 2.063(1) RuN5 2.116(1)
Rul-N7 2.063(1) Ru2-N2 2.031(1)
Ru2-N2 2.049(1) Ruz-N4 2.064(1)
Ru2-N4 2.083(1) Ruz2-N6 2.069(1)
Ru2-N6 2.113(1) Rut01 2.078(1)
Ru2-N8 2.115(1) Ru2-02 2.035(1)
Ru1—Cl1 2.153(1) Ru%-Cl1 2.523(1)
Ru2-03 2.371(1)
Ru2-Rul-Cl1 178.41(4) Ru2Rul—Cl1 174.99(3)
Rul-Ru2-03 172.56(4)

Electrochemistry. As is often observed for Riypaddle-
wheel specie¥? all compounds reported herein display
rich and sometimes complicated redox chemistry. Cyclic
voltammograms (CVs) measured for JRDArF)3;(OAc) and
Ruw(DArF)3(DMBA) type compounds, namely, 3, 6a, and
7a, are shown in Figure 8, and the tentative assignment of

Figure 3. ORTEP representation of molecuat 30% probability. All H
atoms were omitted for clarity.

8160 Inorganic Chemistry, Vol. 45, No. 20, 2006
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Figure 4. ORTEP representation of moleciat 30% probability. All H
atoms were omitted for clarity.

Figure 5. ORTEP representation of molecua at 30% probability.

the observed couples is shown in Scheme 5. Compdund
exhibits three Rptbased one-electron couples: one oxidation
(B) and two reductions (C and D). The first reduction (C) is
guasi-reversible because of the partial dissociation of an axial
Cl~ ligand upon reduction, and the resultant species,
Ruy(D(3,5-CLPh)F}(OAC), is reoxidized at a more positive
potential (E). Upon a second reduction (D), one or more
ligands dissociated completely and rendered the couple
irreversible. As derivatives df, both Ry(D(3,5-CLPh)F}-
(DMBA)CI type compounds 3 and 6a) also exhibit one
oxidation and two reductions with improved reversibility in
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Figure 6. ORTEP representation of molecué at 30% probability.

Table 3. Selected Bond Lengths (A) and Angles (deg) for Compounds C D
63, 6b, and7b 6a
6a 6b 7b

Rul-Ru2 2.3281(7) 2.3386(6) RuRu2 2.5281(7) D

Rul-ClI1 2.2881 2.407(2) RuiN1 2.030(4) 3 C

Rul-N1 2.0484 2.042(4)  RuiN3 2.136(4)

Rul-N3 2.0910 2.089(4) RuiN5 2.065(4)

Rul—-N5 2.1148 2.126(4) RuiN7 2.009(4)

Rul-N7 2.0993 2.095(4)  Ru2N2 1.987(4)

Ru2-N2 2.0400 2.016(4) Ru2N4 2.018(4)

Ru2-N4 2.0703 2.056(4) Ru2N6 2.077(4) c

Ru2-N6 2.0685 2.075(4) Ru2N8 2.125(4) 1 B

Ru2-N8 2.0602  2.056(4) RuiCl 1.993(5) E

clo-c11 1.191(9)  1.203(8) Ru2C9 1.986(5) | ! L L | | I |
C1-C2 1.192(7) 15 1 0.5 0 05 -1 15 2
C9-C10 1.187(7)
c26-C27 1.168(10) E/V, vs. Ag/AgCl

 R(11— _ Figure 8. CVs of Rw(D(3,5-ChPh)F)3(OAc) and Ry(D(3,5-ChPh)F)s-
Ruz-Rul-Cll  178.16(3) 177.69(4) Rsﬁﬂégé 1211128; (DMBA) type compounds recorded in a 0.20 M THF solution ofjBBFs

at a scan rate of 0.10 V'&

general. Wh”? thre_e aforementio_nEd compou_nds areé scheme 5. Assignments of Observed RBased Redox Couples
Ru(l1,111) species, bis(phenylacetylide) adduda is a +e +e

-e e
Ru(I11,111) species and exhibits an irreversible oxidation RuZHLIVTRu;H’HTRU?HJH C Ru,! D Rup"t
(A), a reversible reduction (B), and a quasi-reversible re- .
duction (C). - X
CVs measured for R(LL) »(LL"), type compounds, namely, e
2, 4, 8a, and9a, are shown in Figure 9, and the observed {Ruy M1 < {Rupy MY

couples can also be assigned based on Scheme 5. The CV ay gtands for the axial ligand.

of 2 consists of two reductions (C and D) and two irreversible

oxidations (B1 and B2) of different currents. The presence but significantly improved reversibility that is attributed to
of two oxidations in [Ry(DPhF}CI] [u-1,4-GH4CO;),] was the robustness of N,Nvidentate ligands over carboxylates.
noted by Jimaez-Aparicio and co-workers recently and Electrode potentials of corresponding couplegtiand 8a
rationalized with the fast association/dissociation of an axial are identical within experimental errors, indicating a minimal
H,O ligand?! Axial coordination of HO in 2 was clearly electronic perturbation of the Rwore by peripheral sub-
revealed by an X-ray study (Figure 2), which may be stituents. The oxidation couples B of compourdand 8a
responsible for the appearance of B1 and B2. Tie were cathodically shifted by 0.46 V from that of compound
Ru(D(3,5-CLPh)FR(DMBA) .Cl type compoundg and8a 2 and by 0.25 V from those of R(D(3,5-CbPh)F3(DMBA)-
exhibit CVs of the same type of redox couples as tha of Cl type compounds3and6a), reflecting the strong donor
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9a

2

E/V, vs. Ag/AgCl

Figure 9. CVs of cis-Ruy(D(3,5-ChPh)F),(OAc), and cis-Rux(D(3,5-
Cl,Ph)F)(DMBA) ,; type compounds recorded in a 0.20 M THF solution
of BuyNPFs at a scan rate of 0.10 V&

nature of DMBA ligands. Both compoundsand8a are less
stable toward reduction than compourgisnd6a, as shown
by the irreversibility of couples C. Clearly, RillL) 2(LL")2-

Cl type compounds are less redox-robust thag(IRy) 3(LL")-

Cl type compounds. The bis(phenylacetylide) compodad

a Ru(IIL1) species, displays a well-behaved CV with one
reversible oxidation (A) and two reversible reductions (B

and C). The electrode potentials are cathodically shifted by
at least 220 mV from those of the corresponding couples in

Ru(D(3,5-CLPh)Fy(DMBA-C ;TMS)(C,Ph), (74). The re-

Chen and Ren

Cul andtransPd(PPBh),Cl, were purchased from Strem Chemicals.
Ligands HD(3,5-GIPh)F and HDMBA-I were prepared from modi-
fied literature procedure.Magnetic susceptibility was measured
at 294 K with a Johnson Matthey Mark-1 magnetic susceptibility
balance. Elemental analysis was performed by Atlantic Microlab,
Norcross, GA. Cyclic and differential pulse voltammograms were
recorded in a 0.2 Mr(-Bu);NPF; solution (THF, N-degassed) on

a CHI620A voltammetric analyzer with a glassy-C working
electrode (diameter 2 mm), a Pt-wire auxiliary electrode, and a
Ag/AgCl reference electrode. The concentration of Ruecies was
always 1.0 mM. The ferrocenium/ferrocene couple was observed
at 0.582 V (vs Ag/AgCl) under the experimental conditions.

Preparation of Ru,(D(3,5-CLPh)F)3;(OAc)ClI (1) and cis-Ru,-
(D(3,5-Cl,Ph)F),(OAC),Cl (2). A round-bottomed flask was charged
with Ru(OAC),Cl (1.0 g, 2.11 mmol)N,N'-bis(3,5-dichlorophenyl)-
formamidine (2.11 g, 6.33 mmol), LiCl (0.50 g),#&k (2 mL), and
60 mL of THF. The mixture was gently refluxed overnight. After
cooling to room temperature, the reaction mixture was filtered
through a silica gel pad to get rid of excess LiCl. The mixture was
further purified with a silica column (THF/hexanes1/9 to 1/1)
to yield 1.15 g ofl (42% based on Ru) and 0.69 mg 2{32%
based on Ru).

Data for 1. FABMS (m/e, based ort%®Ru): 1261 [M— CI]*.
Vis—near-IR: Amax M (€, M~ cm™1) 515 (5260). Anal. Found
(calcd) for Q1H24C|N602RU2: C, 38.04 (3801), H, 1.68 (1.87);
N, 6.48 (6.49)ymoi(corrected)= 6.35 x 103 emu,uer = 3.89uz.

CV [EidV, AEYV, ibackwarditorward: B, 1.078, 0.065, 0.703; C,
—0.222, 0.054, 0.772,{D), —1.484;E,{E), 0.736.

Data for 2. FABMS (m/e, based ort®Ru): 988 [M — CI] *.
Vis—near-IR: Amax NM €, M~ cm™1) 515 (5260). Anal. Found
(calcd) for GH24CloN4sOsRw, (2-0.5THF): C, 35.85 (36.20); H,
2.44 (2.66); N, 5.02 (5.28)mol(corrected)= 5.99 x 10°3 emu,
Ueft = 378/,{5 Cv [E1/2/V, AEp/V, ibackware!iforward]: Epa(Bl), 1.000;
E12(B2), 1.281;E,(C), —0.304; D,—1.270, 0.141, 0.468.

Method B To Prepare 2.A round-bottomed flask was charged

versibility of the oxidation couple (A) depends on the number | .., RU(OAC),Cl (0.47 g, 1.0 mmol), 1.1 equiv df,N'-bis(3,5-

of DMBA ligands: compoundacontains one DMBA ligand
and the oxidation (A) is irreversible, resembling those of
RW(DArF)4(C.Y), type compound®?6 Compound9a has
two DMBA ligands and its oxidation (A) is reversible,
analogous to those of RIDMBA) 4(C,Y)., type compound?’

Conclusion
Rux(D(3,5-CbPh}F)s—n(0O.CMe)Cl (n = 1 and 2) type

dichlorophenyl)formamidine (0.37 g, 1.1 mmol), excess of LiCl,
and 40 mL of THF. The mixture was gently refluxed for 1 h, and
at that point, another 1.1 equiv ®fN'-bis(3,5-dichlorophenyl)-

formamidine was added to the reaction mixture. After refluxing
under N overnight, the mixture was cooled to room temperature
and filtered through silica gel to get rid of excess LiCl. Thin-layer
chromatography indicates that compouhd the major product.

The purification is the same as that above. Yield: 0.88 g (86%).

compounds were prepared and further derivatized to yield ~Preparation of Ru(D(3,5-CLPh)F)s(DMBA-I)CI (3). A mix-

Rw, compounds containing peripheral iodo and ethynyl

substituents. The latter compounds are of interest as building
blocks for both homo- and heterodimeric supramolecular

ture of 1 (1.2 g, 0.93 mmol)N,N'-dimethyl-4-iodobenzamidine
(0.38 g, 1.40 mmol), LiCl (0.20 g), B¥ (2 mL), and THF (40
mL) was refluxed overnight, with the color of the reaction mixture
changing from dark purple to green. The reaction mixture was

molecules. Moreove_r, functional dendrpn_s can be covalently filtered through silica gel. After solvent removal, the residue was
grafted onto the periphery of those building blocks through  ified from recrystallization (THF/hexanes1/9) to yield a green

various organic coupling reactions such as Heck @hck

crystalline material (1.2 g, 86%). FABM3n(e, based orf®Ru):

reactions. Promising preliminary results have been obtained1511 [M*]. Vis—near-IR: Amas NM €, M~1 cm1) 473 (8280), 581

and will be reported soon.

Experimental Section

(3580). Anal. Found (calcd) for fgH3:Cl1sNglRu,* THF: C, 39.46
(39.48); H, 2.22 (2.49); N, 7.42 (7.08)moi(corrected)= 6.41 x
10°3 emu,uerr = 3.91ug. CV [EylV, AEp/Vv ibackwardiforward: B,

(Trimethylsilyl)acetylene and phenylacetylene were purchased 0.915, 0.061, 0.992; C;-0.343, 0.068, 0.785; D+-1.077, 0.080,
from GFS Chemicals, silica gel was purchased from Merck, and 0.863.

(26) Bear, J. L.; Han, B.; Huang, S.; Kadish, K. Morg. Chem.1996
35, 3012.

(27) Xu, G.-L.; Campana, C.; Ren, Thorg. Chem.2002 41, 3521. Xu,
G.-L.; Jablonski, C. G.; Ren, T. Organomet. Chen2003 683 388.
Hurst, S. K.; Xu, G.-L.; Ren, TOrganometallics2003 22, 4118.
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Preparation of cis-Ruy(D(3,5-CLPh)F),(DMBA-I) ,.CI (4). A
mixture of2 (0.2 g, 0.20 mmol), HDMBA-I (0.22 g, 0.80 mmol),

(28) Mandel, H. G.; Hill, A. JJ. Am. Chem. Sod.954 76, 3978. Bino,
A.; Cotton, F. A.; Kaim, W.Inorg. Chem.1979 18, 3566.



Ru, Compounds Bearing lodo/Ethynyl Substituents

LiCl (0.10 g), EsN (1 mL), and THF (40 mL) was refluxed
overnight, with the color of the reaction mixture changing from

added. After stirring at room temperature for ca. 1 h, the mixture
was purified via recrystallization from THF/methanol to yield 0.07

dark purple to green. On cooling to room temperature, the reaction g (49%) of dark-red material. FABMSr(e, based of®Ru): 1577

mixture was filtered through silica gel. After solvent removal, the
residue was purified via recrystallization from THF/hexanes (1/9)
to yield a green crystalline material (0.21 g, 85%). Viear-IR:
Amax NM (€, M~1 cm™1) 442 (6000), 547 (2060), 654 (140Q)mor
(corrected)= 6.83 x 1072 emu,uer = 3.83us. Anal. Found (calcd)
(7.71). CV EwaV, AEYV, ibackwardifoward: B, 0.664, 0.077, 0.850;
Ey(C), —0.612;E,(D), —1.480.

Preparation of cis-Ruy(D(3,5-CLPh)F),(DMBA-1)(O ,CMe)-
ClI (5). A mixture of 2 (0.20 g, 0.20 mmol), H-DMBA-I (0.05 g,
0.20 mmol), 20 mL of THF, and excess of LiCl and;Etwas
refluxed under Ar for 1 h. The color of the reaction mixture changed
from purple to brown. The purification of the desired product was
carried out by a silica column (THF/hexanesl/5 to 1/2). Yield:
0.14 g (58%). FABMS 1022 [M- CI]*. ymoi(corrected)= 6.48 x
1073 emu, pes = 3.93 up. Vis—near-IR: Amax NM €, M1 cm™)
475 (5030). Anal. Found (calcd) fors@31NgClglORu-THF: C,
37.11 (37.54); H, 2.64 (3.00); N, 6.53 (6.41).

Preparation of Ruy(D(3,5-CLPh)F);(DMBA-4-C ,TMS)CI (6a).
A mixture of 3 (1.2 g, 0.79 mmol)trans-Pd(PPh),Cl, (0.1 g, 0.14
mmol), Cul (0.05 g, 0.26 mmol)PLNH (20 mL), THF (20 mL),
and (trimethylsilyl)acetylene (0.5 mL) was stirred at room temper-

[M*]. ITH NMR: 6 8.18 (s, 1H, NEiIN), 8.00 (s, 2H, NEIN), 7.84—
7.80 (d, 2H, aromatic), 7.386.60 (m, 30H, aromatic), 3.63 (s, 6H,
NCH).

Preparation of cis-Ruy(D(3,5-CLPh)F),(DMBA-4-C ,TMS),ClI
(8a). A mixture of 4 (0.5 g, 0.34 mmol)trans-Pd(PPh),Cl, (0.1
g, 0.14 mmol), Cul (0.05 g, 0.26 mmolRrLNH (20 mL), THF
(20 mL), and (trimethylsilyl)acetylene (0.5 mL) was stirred at room
temperature overnight. After solvent removal, the residue was
dissolved in a THF/hexanes (1/4) solution and filtered through silica
gel. The filtrate was collected, and after the solvent was removed,
the residue was recrystallized from ethyl acetate/hexanes (1/7) to
yield a gray/green crystalline material. Yield: 0.37 g (78%). ESIMS
1367 [M — CI]*. ymoi(corrected)= 5.89 x 103 emu,ues = 3.75
us. Anal. Found (calcd) for &HseNsCloRWSi» THF: C, 47.05
(47.50); H, 4.08 (4.40); N, 7.43 (7.64). Viimear-IR: Amax, NM (€,

M~1 cml) 444 (9100), 650 (2520). CVEy/V, AEYV, ipackward
iforward: B, 0.652, 0.070, 0.82%,(C), —0.592; D,—1.262, 0.172,
0.706.

Preparation of cis-Ru,(D(3,5-CLPh)F);(DMBA-4-C,H),ClI
(8b). Compound3a (0.20 g, 0.14 mmol) was dissolved in 30 mL
of ethyl acetate/methanol (20 mL/10 mL), to which 0.2 g of
K,CO; was added. After stirring at room temperature for 20

ature overnight. After solvent removal, the residue was dissolved min, the mixture was filtered through a 2-cm silica gel pad to

in a THF/hexanes (1/5) solution and filtered through silica gel. The

remove excess ¥C0Os;. Removal of the solvent afforde8b as a

filtrate was allowed to stand, and needlelike crystals were harvestedgreen material, which was further purified by recrystallization

over 2 days. Yield: 0.88 g (75%). FABM$n(e, based ori®Ru):
1442 [M* — CI]. Anal. Found (calcd) for €sHsCl13NgRW,Si:
THF: C, 44.09 (44.11); H, 2.80 (3.12); N, 7.30 (7.22or
(corrected)= 6.04 x 103 emu,uer = 3.79ug. Vis—near-IR: Amax
nm (e, M~ cm™) 473 (8190), 573 (3560). CVE»/V, AEYV,
ibackwardiforward: B, 0.903, 0.062, 0.998; C;-0.358, 0.082, 0.741;
D, —1.096, 0.097, 0.917.

Preparation of Ruy(D(3,5-CLPh)F);(DMBA-4-C,H)CI (6b).
Compoundsa (0.35 g, 0.24 mmol) was dissolved in 30 mL of THF/
methanol (20 mL/10 mL), to which 500 mg of,&O; was added.
After being stirred at room temperature for 2 h, the mixture was
filtered through a 2-cm silica gel pad. Removal of the solvent
afforded6b as a brown microcrystalline material, which was further
purified via recrystallization from THF/hexanes (1/9). Yield: 0.22
g (65%). FABMS (e, based 0A%Ru): 1409 [MH']. Anal. Found
(calcd) for GoHzeClisNsRWwTHF: C, 43.74 (43.70); H, 2.73 (2.90);
N, 7.51 (7.55).

Preparation of Ruy(D(3,5-CLPh)F);(DMBA-4-C , TMS)(C,Ph),

(7a). To 40 mL of THF containing 0.4 g ddawas added 10 equiv
of PhCCLI, and the mixture was stirred at room temperature for
30 min, during which time the solution became dark red was
bubbled through the reaction mixture for 15 min, and the mixture
was filtered through a silica gel pad. After solvent removal, the
residue was purified via recrystallization from THF/methanol to
yield 0.22 g of a dark-red crystalline material (46%). NMR: 6
8.16 (s, 1H, NGEIN), 7.99 (s, 2H, NEIN), 7.82-7.78 (d, 2H,
aromatic), 7.24-6.48 (m, 30H, aromatic), 3.62 (s, 6H, Kg), 0.32
(s, 18H, Si(®3)3). Anal. Found (calcd) for g3Hs4Cl12NgRW,SI:
C, 50.55 (50.20); H, 3.05 (3.30); N, 6.85 (6.79). ¥izear-IR: Amax
nm €, M~ ecm™) 520 (15 320), 900 (sh). CVE/V, AEYV,
ibackwardiforward:  Epd(A), 1.197; B, —0.154, 0.071, 0.860E,(C),
—1.247.

Preparation of Ruy(D(3,5-CLPh)F);(DMBA-4-C ,H)(C,Ph),
(7b). Compound7a (0.15 g, 0.09 mmol) was dissolved in 30 mL
of THF/methanol (20 mL/20 mL), to which 500 mg o,&O; was

(ethyl acetate/hexanes 1/6). Yield: 0.33 g (90%). FABMSr{/e,
based on!®Ru): 1211 [M" — CI]. Anal. Found (calcd) for
CugHsoNsClgRWp: C, 46.67 (46.12); H, 2.89 (3.23); N, 9.00 (8.96).

Preparation of cis-Ruy(D(3,5-CLPh)F),(DMBA-4-C,TMS) -
(C,Ph), (9a). To a THF solution containing 0.29 g &a (0.21
mmol) was added 5 equiv of PhCCLi. After stirring under fidr
15 min, @ was bubbled through the reaction mixture. The product
was purified by chromatography (ethyl acetate/hexanel/10).
Yield: 0.24 g (75%). UV-vis: Amax M (€, M1 cm™1) 518
(14 350), 912 (1580)H NMR: ¢ 8.00 (s, 2H, NEIN), 7.7.0~-
6.78 (m, 30H, aromatic), 3.37 (s, 12H, MNeg), 0.303 (s, 18H,
Si(CH3)3). Anal. Found (calcd) for @HgeNsClsRW,Si» THF: C,
54.51 (54.41); H, 4.24 (4.57); N, 6.87 (6.86). CK1p/V, AEYV,
ibackwardiforward: A, 0.971, 0.065, 0.917; B;-0.418, 0.064, 0.956;
D, —1.477, 0.066, 0.731.

Preparation of cis-Ru,(D(3,5-CLPh)F),(DMBA-4-C ;H),(C,Ph),
(9b). Compoundda (0.20 g) was dissolved in 20 mL of THF and
10 mL of methanol, to which was added an excess &I®. After
stirring for 30 min, the solution was filtered through silica gel.
Removal of the solvent afforded a dark-red pow@&ér,Yield: 0.13
g (75%).*H NMR: 6 8.00 (s, 2H, NE&IN), 7.72-6.78 (m, 30H,
aromatic), 3.38 (s, 12H, N&3), 3.22 (s, 2H, GH).

X-ray Data Collection, Processing, and Structural Analysis
and Refinement.Single crystals were grown via slow evaporation
of a hexanes/ethyl acetate solutidi) ¢r a THF/hexanes solution
(2, 3, and5). The X-ray intensity data were measured at 300 K on
a Bruker SMART1000 CCD-based X-ray diffractometer system
using Mo Ka. (A = 0.710 73 A). Thin plates of dimensions 0.20
0.10x 0.04 mn? (1), 0.14x 0.08 x 0.06 mn¥ (2), 0.18 x 0.10x
0.01 mn¥ (3), 0.31x 0.12x 0.01 mn# (5), 0.28x 0.0.21x 0.06
mm? (6a), 0.27 x 0.25x 0.10 @b), and 0.42x 0.30 x 0.08 mn?
(7b) were used for X-ray crystallographic analysis (Table 4).
Crystals were cemented on a quartz fiber with epoxy glue. Data
were measured using scans of 0.3frame such that a hemisphere
(1271 frames) was collected. No decay was indicated for any of
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Table 4. Crystal Data for Compounds—3, 5, 6a, 6b, and7b

Chen and Ren

1-Y,CeH14'EtOAC 2:H,0-2THF 32THF 5 6a/,CsHg THF 6b 7bY,CeH 14 THF
formula CigH24Cl13NOsR,  CagH21CloN4O/RU,  CseH31CliaslNgOzRL,  CysHo7CiolNgOsRUz - CooHaoClisNsORWSI CsoH3zClisNgRU,  Cr3H57ClisNgORW,
fw 1411.72 1166.78 1637.78 1379.82 ~1580.08 1407.83 ~ 1689.81
space group C2 P1 P1 P2,/c P1 P2,/c P1
a A 29.0204(15) 11.247(3) 12.8766(9) 15.416(2) 13.2166(12) 11.6248(10) 14.444(2)
b, A 14.8456(8) 12.382(2) 13.0643(9) 22.943(4) 14.0803(14) 15.1656(13) 14.451(2)
¢ A 13.4913(7) 18.534(5) 21.5652(14) 17.110(4) 18.807(3) 32.409(3) 18.962(3)
a, deg 77.32(2) 107.493(1) 89.144(7) 93.125(11)
5. deg 100.314(1) 73.25(2) 91.9230(1) 113.033(14) 87.640(14) 100.0340(10)  99.824(11)
v, deg 72.070(13) 104.573(1) 80.432(10) 106.141(9)
V, A3 5718.5(5) 2327.3(10) 3325.2(4) 5568.9(18) 3448.1(7) 5626.2(8) 3724.4(10)
Z 4 2 2
T, °C 27 27 27 27 27 27 27
A(MoKa), A 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
Pealc g CNT3 1,640 1.665 1.636 1.646 1.522 1.662 1.507
w, mmt 0.53 1.212 1.486 1.575 1.004 1.198 0.885
R1 0.043 0.041 0.063 0.055 0.053 0.048 0.048
WR2 0.102 0.099 0.170 0.134 0.143 0.113 0.123

the six data sets in the re-collection of the first 50 frames at the two THF solvate molecules. In the case of cryséd, the
end of each data collection. The frames were integrated with the asymmetric unit contains one independent molecule, one THF

Bruker SAINTsoftware packadg@using a narrow-frame integration
algorithm, which also corrects for the Lorentz and polarization
effects. Absorption corrections were applied ussfDABSupplied
by George Sheldrick.

Structures were solved and refined using the BrdELXTL
(version 5.03) software packa@én the space group82 for 1, P1
for 2, 3, 6a, and7b, andP2;/c for 5 and6b. Positions of all non-H

solvate molecule, and half of a benzene solvate molecule. In the
case of crystabb, the asymmetric unit contains one independent
molecule. In the case of crysté@b, the asymmetric unit contains
one independent molecule, one THF solvate molecule, and gbe H
With all non-H atoms being anisotropic and all H atoms in the
calculated position and riding mode, the structure was refined to
convergence by a least-squares method Foh SHELXL-93

atoms of Rymoieties were revealed by direct methods. In the case incorporated inSHELXTL.PC V 5.03

of crystall, the asymmetric unit contains one independent molecule,
half of a hexane solvate molecule, and one ethyl acetate solvate

molecule. CrystaP displayed an asymmetric unit containing one
independent molecule, two THF solvate molecules, and o1& H
molecule coordinated to the axial position. Crystaland5 both

contain asymmetric units containing one independent molecule and

(29) SAINT V 6.035 Software for the CCD Detector SystBmker-AXS
Inc.: Madison, WI, 1999.

(30) SHELXTL 5.03 (WINDOW-NT Version), Program library for Structure
Solution and Molecular Graphi¢8Bruker-AXS Inc.: Madison, WI,
1998.
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