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Steric control of the extent of reaction has been developed to rapidly synthesize ligated metal-containing
dendrons that have been employed in arylalkynyl complex dendrimer synthesis. Reaction of 1,3,5-
triethynylbenzene with excesss-[RuCly(dppe}] affords 1,3{trans[(dppe}rCIRUC=C]} ,-5-HC=CCsH3
(). Reaction ofl with 4-RGH,C=CH affords 1,3ftrans[(dppe}(RCsHs-4-C=C)RUG=C]},-5-HC=
CGCsH3z [R = H (2a), NO; (2b), NH, (20)]. 2a—c are coupled with 4-MgSiC=CCsH4l under Sonogashira
conditions to give 1,3trans[(dppeh(RCsHs-4-C=C)RUG=C]} »-5-(MesSiC=CCsH4-4-C=C)CsH3 [R
= H (3a), NO; (3b), NH; (3c)], which can be desilylated to afford 1{3rans[(dppex(RCsHs-4-C=C)-
RUC=C]},-5-(HC=CCsH4-4-C=C)CiHs [R = H (4a), NO, (4b), NH., (4c)]. Sonogashira coupling of
4a—c with 1,3,5-triiodobenzene gives the systematically varied peripherally metalated arylalkynyl
dendrimers 1,3,5-(3,5trans[(dppel(RCsHs-4-C=C)RUC=C]} ,CeH3-1-C=CCsH4-4-C=C)3CsH3 [R =
H (5a), NO; (5b), NH, (5¢)]. All complexes show two reversible oxidation processes by cyclic
voltammetry. Cubic nonlinearities determined usingZkezan technique and low-repetition femtosecond
pulses at 660 and 800 nm increasemgystem lengthening and progression from dendron to dendrimer.

In contrast to all other complexes in this stué¥,is a saturable absorber at 800 nm. Dispersion of both
the refractive and the absorptive nonlinearitiesbbfhas been determined, and the behavior has been
modeled for the first time with an inorganic complex.

procedures to metal-containing dendrimers are therefore a
current challenge. Most existing metal-containing dendrimers
contain ligated metals attached to the periphery of saturated
. organic dendrimers, but examples that are potentialtjelo-

i- 3 . .
calizable are also of interest, particularly becausetisystem

Introduction

Dendrimers are of significant current interest for a variety of
reasons, including applications in medical diagnostics and
possible applications in many areas such as molecular recogn

tion, catalysis, and photoactive device engineefifighus far, may facilitate the enhancement/modification of the electronic
the vast majority of studies have considered organic dendrimers, Y . - . - -
and optical properties mentioned previously. While zero-

but metal-containing dendrimers are also interesting because . . - .
the metal atoms can potentially impart or modify electronic generationr-delocalizable metal-containing dendrimers have

: PP .
optical, and/or magnetic properti&st! efficient synthetic been reported n ?‘?Vera' publicatiofisi* higher generation
examples are significantly scarcer and have largely focused on
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arylalkynylplatinum dendrimers containing 16 electron metal of Western Australia (3-nitrobenzyl alcohol matrix), and secondary
centers?> 29 electron-rich (18 electron) metal center-containing ion mass spectra (SI MS) were recorded using a VG ZAB 2SEQ
m-delocalizable dendrimers are restricted to the ruthenium- instrument (30 kV CSions, current 1 mA, accelerating potential
containing examples we reported previously, available via long- 8 kV, and 3-nitrobenzyl alcohol matrix) at the Australian National
winded multistep syntheses in overall very low yield&3!More University; peaks are reported @z (assignment, relative intensity).
facile syntheses are needed to fully explore the physical and Cycl?c voltammetry measurement; were recorded using a MacLab
material properties of these compounds. We report herein 400 mte_rface and MacLab potentiostat frorr_l Al? I_nstruments. The
straightforward syntheses of first-generation arylethynyl den- SUPPorting electrolyte was 0.1 M (NB)PF; in d'sst'”ed’ deoxy-
drimers peripherally functionalized with (arylethynyl)bis(diphos- 9€nated CClo. Solutions containing ca. ¥ 1072 M complex
phine)ruthenium units, including examples bearing donor or were maintained under argon. Measurements were carried out at

acceptor substituents to promote the polarization of electron 2o temperature using Pt disc working, Pt wire auxiliary, and
P . pr POl . Ag|AgCl reference- electrodes, such that the ferrocene/ferrocenium
density, together with their electrochemical and third-order

i . o redox couple was located at 0.56 V (peak separation ca. 0.09 V).
nonlinear optical properties; some of these results have beeng. . raies were typically 100 mV-s Transmission electron
described in a preliminary fashid#33

microscopy (TEM) was carried out using a Philips EM430
microscope (300 kV electron beam). The samples were supported
Experimental Procedures on alumina to reduce particle aggregation (a solution of ca. 2 mg

. . . of sample in CHCI, was adsorbed onto ca. 200 mg of alumina,
Materials. All reactions were performed under a nitrogen o g nernatant was pipetted off, and the sample was air-dried). A

atmosphere with the use of Schienk techniques unless otherwiseyo 5 syspension of the supported sample was then dispersed onto
stated. Dichloromethane and triethylamine were dried by distilling a standard copper grid coated with a holey carbon film. Molecular

over calcium hydride; all other solvents were used as received. The ,,4ejing calculations were carried out on a SGI IRIX workstation
petroleum ether had.all boiling range of 680 °C. Chromatography using the SYBYL forcefieléf in the program Spartan 5%.

was performed on silica gel (23@00 mesh ASTM) or ungraded Synthesis of 1,3trans-[(dppe),CIRUC=C]} -5-HC=CCieHs
basic alumina. Ammonium hexafluorophosphate, sodium hexafluo- 1). 1,3 5-Triethy;1y|benzene (70 mg, 0.467 mma})s[RuCh-
rophosphate, tetra-butylammonium fluoride, phenylgcetylene (Al- (dp.pe,}]’(l.lo g, 1.14 mmol), and NE’IBF\.’ZOO mg, 1.18 mmol)
drich), and CuCl (J. T. Baker) were used as received. PdfpPPh were stirred in CHCI, (25 mL) for 17 h. The solution was filtered

was a gift from Dr. B. L. Flynn, Department of Chemistry, . . . S

. . - . . into rapidly stirred EfO (ca. 150 mL). The resultant precipitate
Australlan National University. T_he following were prepz?\red by was coFI)Iec)t/ed, washed V\(/ithjﬂ, and r()adissolved in Oﬁi. NIFE)tg
Iggr;ttljre 4 [)I—:gggas-l\l Ol '3’2'52%1 gﬁbi‘nﬁ é?setll\sﬂ_e;ilé]; (5 mL) was added, the solution was stirred for 5 min, and the solvent
4 N 41351 4 dz,b § & Atz [ z was removed under reduced pressure. The resultant yellow powder
(dppe}],* and 1,3,5-triiodobenzerté. was purified by column chromatography on basic alumina, eluting

Methods ar_wd Instrl_Jmentati_on. Microane_llyses were carrie_d out i CH,Cl,, to afford a yellow powder (800 mg, 85%). Anal. Calcd
at the Australian National University. UWis spectra of solutions for CyiH0oCLPsRW: C 69.15. H 5.00%. Found: C 69.42, H

in tetrahydrofuran (THF) in 1 cm quartz cells were recorded using 5.29%. IR: »(=CH) 3302 cm, »(C=C) 2059 cn. UV—vis: 1
a Cary 5 spectrophotometer. Infrared spectra were recorded 85334 nm.e 38 300 M-t oL, 1,'_| NMR: 6 2.68 (m, 16H, PCht
dichloromethane solutions using a PerkinElmer System 2000 FT- CH.P) }3_01 (s, 1H, &CH), 6.41-7.70 (m 83H, phehyl)?lP
IR. *H (300 MHz) and®*P NMR (121 MHz) spectra were recorded | \R: 6 50.5. S| MS: 2014 (M1, 20) 1979 ([M’— CIl+, 15)
using a Varian Gemini-300 FT NMR spectrometer and are 933 (tRuCI(dppej]*, 1'5), 898 ([Ru,(dpp'Q)*, 100). ‘ ’

referenced to residual chloroform (7.24 ppm) or externg®®j Synthesis of 1,3trans-[(dppe),(PhC=C)RUC=C]} ,-5-HC=

(0.0 ppm), respectively. Fast atom bombardment mass spectra (FAB
g : .~ . "CCgH3 (2a). 1,3{trans[(dppe}(CIRUCG=C]} ,-5-HC=CCsH3; (1)
MS) were recorded using an AutoSpeC instrument at the University (773 mg, 0.364 mmol), NEPFs (92 mg, 0.56 mmol), phenylacetyl-

ene (0.4 mL, ca. 3.6 mmol), and NE2 mL) were stirred in

(23) Hu, Q. Y.; Lu, W. X,; Tang, H. D.; Sung, H. H. Y.; Wen, T. B,;

williams, 1. D.: Wong, G. K. L.; Lin, Z.; Jia, GOrganometallics2005 refluxing C_HZCIZ (40 mL) for 17 h. The solution was allowed to

24, 3966. cool and dried under reduced pressure. The resultant yellow powder
(24) Onitsuka, K.; Ohara, N.; Takei, F.; Takahashi,C#&lton Trans. was triturated with diethyl ether, and the residue was purified by

2006 3693. column chromatography on alumina. Removal of solvent from the

(25) Leininger, S.; Stang, P. J.; Huang, Giganometallics1998 17, eluate afforded a yellow solid (747 mg, 84%). Anal. Calcd for

3981.

(26) Ohshiro, N.; Takei, F.; Onitsuka, K.; TakahashiJSOrganomet. CiaHuioPsRuW: C 73.87, H 5.17%. Found: C 74.46, H 5.78%. IR:
Chem.1998 569, 195. v(C=C) 2055 cm'. UV—vis: 4 335 nm,e 79 700 M1 cm™*. 1H

(27) Onitsuka, K.; Fujimoto, M.; Ohshiro, N.; Takahashi, Agew. NMR: & 2.64 (m, 16H, PChCH,P), 3.02 (s, 1H, &CH), 6.41
Ch(legj’Cl)rr]\ti.tsELi;g?(Q' a'sélffhgéshi Polym. Prepr. (Am. Chem. Soc.,Di 7.70 (m, 93H, ph;anyl)?lP NMR: é4'4' SI "\/IS: 72146 ([‘MT‘ 3),
Polym. Chem.p004 45, 435. ' 999 ([Ru(G=CPh)(dppej*, 98), 898 ([Ru(dppe)*, 100).

(293 élcl;)(i)naati,zA.bgLagoni, P.; Marchetti, L.; Rizzato, ngew. Chem., Synthesis of 1,3ftrans[(dppe),(O,NCgH 4-4-C=C)RUC=C]} »-

Int. Ed. 42, 5990. _ 5-HC=CCeH3 (2b). 1,3{trans[(dppe}(CIRUC=C]},-5-HC=
B oo /508 16 a1g. <Y» M G Samoc, M LutherDavies. - oy, (1) (512 mg, 0.254 mmol), NKPFs (55 mg, 0.337 mmol),

(31) McDonagh, A. M.; Powell, C. E.; Morrall, J. P.; Cifuentes, M. P.;  4-02NCeH4sC=CH (153 mg, 1.04 mmol), and NE{1 mL) were
Humphrey, M. G.Organometallics2003 22, 1402. _ stirred in refluxing CHCI, (25 mL) for 22 h. The solution was
21(3223)5|;UFSL S.; Cifuentes, M. P.; Humphrey, M. Giganometallic22002 filtered through a short pad of alumina, and the solvent was removed

'(33) Powell. C. E.: Morrall, J. P. L.: Ward, S. A.: Cifuentes, M. P.: from the filtrate u_nder reduced pressure. The_ r_esultant red res_ldue
Notaras, E. G. A.; Samoc, M.; Humphrey, M. &.Am. Chem. So2004 was triturated with petroleum ether and purified on an alumina
126, 12234. column with CHCI, and petroleum ether (11:9) as eluent. The

(34) Trumbo, D. L.; Marvel, C. S]. Polym. Sci., Part A: Polym. Chem.  e|uant was reduced to dryness, and the red solid was dried under
1986 24, 2311. vacuum (218 mg, 38%). Anal. Calcd for§H;0604NPsRW,: C

(35) Takahashi, S.; Kuroyama, Y.; Sonogashira, K.; Hagihara, N.
Synthesisl98Q 627.

(36) Chaudret, B.; Commenges, G.; PoilblancJRChem. Soc., Dalton (38) Clark, M.; Cramer, R. D., Ill; van Opdensch, N.Comput. Chem.
Trans.1984 1635. 1989 10, 982.

(37) Gan, Z.; Roy, RCan. J. Chem2002 80, 908. (39) Spartan v. 5.0; Wavefunction: Irvine, CA.
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70.90, H 4.87, N 1.25. Found: C 70.24, H 5.16, N 0.91%. IR:
»(C=C) 2045 cml. UV—vis: 1 475 nm,e 47 800 M1 cm™L. 1H
NMR: ¢ 2.60-2.69 (m, 16H, CH), 3.06 (s, 1H, &CH), 6.47
7.96 (m, 91H, phenylp!P NMR: 6 54.0. FAB MS: 2236 ([M],
20), 1044 ([Ru(G=CCcH4NO,)(dppe}]*, 10), 898 ([Ru(dppe)™,
100).

Synthesis of 1,3ttrans[(dppe).(H,NCgH 4-4-C=C)RuC=C]} .-
5-HC=CCgH3 (2c). A mixture of 1,3{trans[(dppe}CIRUC=C]} »-
5-HC=CGCsH3 (1) (681 mg, 0.356 mmol), NiPFR; (425 mg, 0.337
mmol), 4-HG=CCsH4NH; (420 mg, 3.59 mmol), and NE(2 mL)
was stirred in refluxing CECl, (50 mL) for 18 h. The solution

Powell et al.

cm1 UV—vis: 1334 nm,e 55700 M cm™1. 1H NMR: ¢ 0.22
(s, 9H, Me), 2.69 (m, 16H, CH), 3.66 (br s, 4H, NH), 6.93-7.70
(m, 95H, phenyl)31P NMR: 6 54.5. FAB MS: 2116 ([M— 2H,-
NCsH4C2)]*, 1), 898 ([Ru(dppe]*, 100).

Synthesis of 1,3 trans-[(dppe).(PhC=C)RuC=C]},-5-(HC=
CC¢H4-4-C=C)C¢H; (4a). Complex3a (185 mg, 0.080 mmol) and
NBU"4F (2 mL, 1 M solution in THF) were stirred together in gH
Cl, (25 mL) for 2 h. The solution was filtered through a short pad
of alumina, and the solvent was reduced in volume to yield the
yellow product (151 mg, 84%). Anal. Calcd forfgH114PsRw: C
74.86, H 5.12%. Found: C 74.61, H 5.80%. IR(C=CH) 3303

was allowed to cool and passed through a short pad of aluminacm™, »(C=C) 2056 cn™. UV—vis: 1 330 nm, 99 400 Mtcm™.

with 11:9 CHCl,/petroleum ether. The solvent was removed from

IH NMR: ¢ 2.66 (m, 16H, PCLCH,P), 3.18 (s, IH, H&C), 6.40-

the eluate under reduced pressure, and the resultant solid was’.70 (m, 97H, phenyl}'P NMR: 6 54.4. SI MS: 2246 ([M], 5),

triturated with petroleum ether. The residue was further purified
by column chromatography on alumina, eluting with 1:1,CH/
petroleum ether. Solvent removal from the eluate afforded a
mustard-yellow powder (340 mg, 44%). Anal. Calcd fesi11N,Ps-

Rw: C 72.85,H 5.19, N 1.29. Found: C 71.97, H5.02, N 1.27%.
IR: »(C=C) 2054 cnrt. UV—vis: 4 333 nm,e 23 000 M1 cm.

IH NMR: 6 2.67 (m, 16H, CH), 3.03 (s, 1H, &CH), 6.5%-7.55

(m, 95H, phenyl)3P NMR: ¢ 54.6. FAB MS: 2176 (M}, 2),
2060 ([M — C,CeHsNH,], 1), 898 ([Ru(dppe] ™, 100).

Synthesis of 1,3ftrans-[(dppe).(PhC=C)RuC=C]},-5-
(Me3SiCEC-4-CsH4CEC)C6H 3'CH2C|2 (3&) 4-M&>,SI%CC6H4|
(372 mg, 1.24 mmol), 1,3trans[(dppep(PhC=C)RUC=C]} ,-5-
HC=CCiH3 (28) (275 mg, 0.13 mmol), and Pd(P§h (49 mg,

2145 ([M — HC=CGCgH,] ™, 10), 999 [Ru(G=CPh)(dppej*, 15),
898 ([Ru(dppej ', 100), 500 ([Ru(dppe)i, 30).

Synthesis of 1,3ftrans-[(dppe)x(O,NCgH 4-4-C=C)RUC=C]} »-
5-(HC=CC¢H44-C=C)C¢H; (4b). A mixture of 3b (51 mg, 0.021
mmol) and NBU,F (0.5 mL, 1 M solution in THF) in CHCI, (10
mL) was stirred for 1 h. The resultant solution was passed through
a short pad of alumina, and the eluate was dried under reduced
pressure to yield a red powder (38 mg, 77%). Anal. Calcd for
CradH11N,04PsRW: C 71.97, H 4.83, N 1.20. Found: C 71.77, H
5.16, N 1.15%. IR:»(C=C) 2045 cm?. UV—vis: 1 474 nm,e
40 790 M1 cm L H NMR: 0 2.62-2.66 (m, 16H, CH), 3.18 (s,
1H, C=CH), 6.47-7.96 (m, 95H, phenylP NMR: ¢ 53.9. FAB
MS: 2289 ([M — NO, — H]*, 5), 1044 ([Ru(GCCsHsNOy,)-

0.042 mmol) were added to a thoroughly deoxygenated mixture of (dppe)]*, 10), 898 ([Ru(dppe)*, 100).

1:1 CHCI/NEt; (50 mL) and refluxed for 18 h. The solution was
allowed to cool to room temperature, the mixture was filtered

Synthesis of 1,3ftrans[(dppe)(HNCgH 4-4-C=C)RUC=C]} »-
5-(HC=CCgH4-4-C=C)C¢H3; (4c). A mixture of 3c (110 mg, 0.047

through a short pad of alumina, and the solvent was removed from mmol) and NBU,F (1.0 mL, 1 M solution in THF) in CHCI, (40
the eluate under reduced pressure. The residue was triturated withmL) was stirred for 1 h. The resultant solution was passed through
petroleum ether, and the resultant yellow product was collected by a short pad of alumina, and the eluate was dried under reduced

filtration (226 mg, 76%). Anal. Calcd for £H1,.Cl,PsRWSi: C
71.96, H 5.20%. Found: C 72.07, H 5.80%. IR{(C=CSiMe;)
2157 cn1l, »(RUG=C) 2056 cnrt. UV—vis: 1 335 nm,e 94 900
M-t em . *H NMR: 6 0.26 (s, 9H, Me), 2.67 (m, 16H, PGH
CHyP), 5.27 (s, 2H, ChkLCl,), 6.41-7.70 (m, 97H, phenyl)3P
NMR: 0 54.4. FAB MS: 2318 ([M[, 2), 2217 (IM— C,Ph}, 2),
898 ([Ru(dppej ™, 100).

Synthesis of 1,3ttrans-[(dppe),(O,NCgH 4-4-C=C)RuC=C]} .-
5-(Me3SiC=CCg¢H;-4-C=C)C¢H3 (3b). 1,3{trans[(dppe)(O,-
NCgH4-4-C=C)RUG=C]} -5-HC=CCsH3 (2b) (151 mg, 0.067
mmol), 4-MeSiC=CCsH,l (97 mg, 0.32 mmol), and Pd(PRh(23
mg, 0.020 mmol) were heated in a 1:1 refluxing mixture of ,€H
Cl/NEt; (20 mL) for 21 h. The solution was passed through a short

pressure to yield a brown powder. This was further purified by
liquid diffusion of MeOH into a solution in CkCl, (95 mg, 89%).
Anal. Calcd for GsoH116N2PsRw: C 73.87, H 5.14, N 1.23.
Found: C 72.81,H5.10, N 1.17%. IR(C=C) 2055 cm’. UV—

vis: A 328 nm,e 93 200 Mt cm™L. 'H NMR: 6 2.67 (m, 16H,
CHy), 3.11 (s, 1H, &CH), 3.72 (br s, 4H, Nb), 6.79-7.85 (m,
95H, phenyl).31P NMR: 6 54.5.

Synthesis of 1,3,5-(3,%trans-[(dppe),(PhC=C)RuC=C]} ,CsH3z
1-C=CCgH44-C=C)3C¢H3 (5a). 1,3,5-Triiodobenzene (6.8 mg,
0.015 mmol), 1,3ftrans[(dppex(PhC=C)RUC=C]}»-5-(HC=C-
4-C¢H,C=C)C¢H3z (4a) (100 mg, 0.045 mmol), and Pd(P§h(105
mg, 0.091 mmol) were added to a deoxygenated mixture of 1:1
CH.CI/NEt; (50 mL), and the mixture was refluxed for 12 h. The

pad of alumina, and the eluate was taken to dryness under reducedeaction mixture was cooled to room temperature and filtered
pressure. The product was purified by column chromatography on through a short pad of alumina, and the solvent was removed under

alumina with 3:2 CHCl,/petroleum ether as eluent, affording a red
solid (82 mg, 50%) after removal of solvent. Anal. Calcd for
CraH120N204PsRW,Si: C 71.31, H 5.02, N 1.16. Found: C 71.24,
H5.41, N 1.19%. IR:»(C=CSiMe;) 2153 cnl, »(RUC=C) 2045
cm1 UV—vis: 1 475 nm,e 46 830 M1 cm™L. 1H NMR: 6 0.26

(s, 9H, Me), 2.66-2.69 (m, 16H, CH), 6.48-7.96 (m, 95H,
phenyl).31P NMR: 6 53.9. FAB MS: 2408 ([Mf, 10), 1044 ([Ru-
(C=CCHsNO,)(dppe}] ™, 10), 898 ([Ru(dppe)*, 100).

Synthesis of 1,3trans[(dppe),(H.NCgH4-4-C=C)RuC=C]} .-
5-(MesSiC=CCgH4-4-C=C) CgH3 (3c). A mixture of 2c (285 mg,
0.138 mmol), 4-MegSiC=CCsHgl (425 mg, 1.42 mmol), Pd(PBh
(6.0 mg, 6.7umol), and NE% (5 mL) was refluxed in CKCl, (25
mL) for 17 h. The reaction mixture was allowed to cool and was
passed through a short pad of alumina with,CH as eluent. The

reduced pressure. The residue was extracted intgCGHNd was
adsorbed onto an alumina column, eluting with diethyl ether (200
mL) to remove any unreacteth. Subsequent elution with G&l,
(200 mL) afforded a yellow solution, which gave a yellow powder
on reduction of the solvent volume (57 mg, 56%). Anal. Calcd for
CuodH342P24RUs: C 75.12, H 5.06%. Found: C 74.36, H 5.86%.
IR: v»(C=C) 2057 cm. UV—vis: 1 339 nm, 342 500 M1cm1.,
IH NMR: 6 2.65 (m, 48H, PCEKCH,P), 6.50-7.75 (m, 294H,
phenyl).31P NMR: 6 54.2. SI MS: 2245 ([l,3trans[(dppe)-
(PhG=C)RUCG=C]} ,-5-(C=C-4-GH,C=C)CeH3] *, 7), 2145 (I,3-
{trans[(dppel(PhG=C)RUG=C]} »-5-(C=C)CeH3] *, 55).

Synthesis of 1,3,5-(3,%trans-[(dppe),(O.NCgHs-4-C=C)-
RUCEC]}2C6H3-1-CECC6H4-4-CEC)3C6H3 (5b) A mix-
ture of 1,3{trans[(dppek(O,NCsH4-4-C=C)RUC=C]},-5-

eluate was dried and triturated with petroleum ether. The residue (HC=C-4-GH,C=C)CsH; (4b) (26 mg, 0.011 mmol), 1,3,5-

was purified by liquid diffusion of MeOH into a solution in GH
Cl, to afford a brown powder (130 mg, 41%). Anal. Calcd for
CraH12NPsRW,Si: C 73.13, H 5.32, N 1.19. Found: C 72.91, H
5.22, N 1.13%. IR:v(C=CSiMe;) 2154 cn1l, »(RUCG=C) 2053

triiodobenzene (1.9 mg, 0.004 mmol), and Pd#R25 mg, 0.022
mmol) was heated for 22 h in refluxing 1:1 GEl,/NEft; (30 mL).

The solution was passed through a short pad of alumina, and the
solvent was removed under reduced pressure to yield a red powder
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(25 mg, 82%). Anal. Calcd for £H33eNsO12P24RUs: C 72.26, H
4.78,N 1.19. Found: C 72.05, H 4.67, N 1.18%. IRC=C) 2045
cm L UV—vis: 1475 nm, 108 660 M1cm IH NMR: 6 2.63—
2.66 (m, 48H, CH), 6.85-7.96 (m, 288H, phenylP NMR: &
53.8. FAB MS: 898 ([Ru(dppe)’, 3).

Synthesis of 1,3,5-(3,%trans-[(dppe)(H2NCgH 4-4-C=C)-
RuC=C]},C¢H3-1-C=CC¢H4-4-C=C)3sCeHs (5¢). A mix-
ture of 1,3{trans[(dppe)r(H.NC¢H44-C=C)RUG=C]} »-5-
(HC=C-4-GH4C=C)CsH3 (4c) (88 mg, 0.039 mmol), 1,3,5-
triiodobenzene (5.9 mg, 0.013 mmol), and Pd(§PH7 mg, 0.053
mmol) was heated for 17 h in refluxing 1:1 @El,/NEt; (40 mL).

The solution was passed through a short pad of alumina, and the
solvent was removed under reduced pressure to yield a brown

powder (57 mg, 64%). Anal. Calcd for§gHz4gNeP24sRUs: C 74.14,
H 5.08, N 1.22. Found: C 73.96, H 5.22, N 1.20%. IRC=C)
2052 cntl. UV—vis: 4 340 nm,e 342 000 Mt cm L. H NMR:
0 2.63 (M, 48H, CH), 3.74 (m, 12H, NH), 6.75-7.90 (m, 288H,
phenyl).31P NMR: 6 54.5. FAB MS: 898 ([Ru(dppeg)", 100).
Z-Scan MeasurementsZ-scan measuremefisvere performed
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an initial core) and the more recent convergent approach
(preparation of wedges that are coupled to the core at the last
step), and both have been applied to the synthesis-adélo-
calizable arylalkynylmetal-containing dendrimers. Divergent
routes have been exploited to afford platinum-containing
dendrimers by Takahashi et%land Stang et & and require

use of a large excess of reagent at each dendritic growth step
to ensure formation of the desired product; while successful,
this procedure is difficult to apply to higher generation den-
drimers?” The convergent procedure to dendrimers, by com-
parison, usually results in an increased ease of purification of
the products. The major difficulty with the convergent route is
the need to prepare alkynyl-functionalized 1,3%\B-trisub-
stituted arenes, the branching points in dendrimer construction;
following preparation of 1,3-dibromo-5-iodobenzene, Taka-
hashi’s route requires three steps to afford 1,3-diethynyl-5-
triisopropylethynylbenzen€,and our route requires five steps

to prepare 1,3-bis(4-ethynylphenylethynyl)-5-trimethylsilylethy-

using two amplified femtosecond laser systems. The first system Nylbenzené?3'and this is before the metal complexation needed
was based on a Coherent Mira-900D titanium-sapphire oscillator to form the organometallic dendrons. A more facile access to
and included a chirped pulse titanium-sapphire amplifier operating metal-containing 1,3-A5-B-substituted arene dendrons is nec-
at a repetition rate of 30 Hz. This system was used at a wavelengthessary, both for higher generation dendrimer synthesis and to

of 800 nm and provided ca. 150 fs fwhm pulses. The second systempromote physical property investigations.

was a Clark-MXR CPA-2001 regenerative titanium-sapphire ampli-
fier providing 775 nm femtosecond range pulses pumping a Light

The tunable steric bulk of a ligated metal center suggests a
better approach to dendron synthesis. It has previously been

Conversion TOPAS traveling wave optical parametric amplifier shown thatcis-[RuCl(dppm})] reacts with 1,3,5-triethynyl-
(OPA). This system was usually operated at a repetition rate of henzene to afford 1,8trans[(dppmpCIRUC=C]},-5-HC=

250 Hz (reduced from the usual default rate of 1 kHz to minimize

potential problems with thermal effects and sample photodecom-

positiorfl). The required wavelengths, which were in the range of
650-1300 nm for measurements of dispersion of nonlinear optical

properties, were obtained by using the second harmonic of the
signal, the second harmonic of the idler, or the signal, respectively,

in three tuning ranges. The OPA pulse duration was ca. 150 fs
and the pulses were attenuated, as needed, to a few microjoule

CCeH3;1214 the tris product is not formed, even with excess
ruthenium-containing reagent. In the present work, the Ru-
(dppm} unit, which undergoes replacement of the second chloro
by alkynyl with difficulty,**~48 was replaced with the Ru(dppe)
building block, which undergoes the second substitution with
far greater eade474%%5 and therefore provides a more conve-

"_nient group to facilitate dendrimer construction. Thus, reacting

The Z-scans were performed on solutions placed in 1 mm thick 1,3,5-triethynylbenzene witleis-[RuCl(dppe)] immediately

glass cells with ca. 1 mm thick glass walls. We ensured that the

Rayleigh lengthszz = awe%4, wherewy is the 12 radius of the
beam at the focal plane, were greater than 3 mm to justify a thin
sample approximation. Typicallyy, was in the range of 40670
um. In instances where the beam from the OPA deviated from

Gaussian behavior, spatial filtering of the beam was carried out.

affords the peripherally chloro-functionalized dendron 1,3-
{trans[(dpperCIRUC=C]} »-5-HC=CCsH3 (1) (Scheme 1)
under steric control in good yield. Reactionslofvith alkynes
proceed cleanly, again with steric control, to form peripherally
arylalkynyl-functionalized dendrons; for example, reactions with
4-RGH4C=CH (R= H, NO,, NH,) afford 1,3{trans[(dppe)-

Occasionally, the truncated Airy pattern beam was used, as(RCsHs-4-C=C)RUG=C]},-5-HC=CC¢H3 (2a—c) in fair to

described by Rhee et &.This, however, did not influence the

accuracy of the results because all measurements were routinely (44) Faulkner, C. W.; Ingham, S. L.; Khan, M. S.; Lewis, J.; Long, N.

calibrated againsZ-scans taken on the pure solvent and on silica
and glass plates of thicknesses in the range 68 Inm; the
nonlinearity of silica was taken to b® = 3 x 10716 cm? W1

independent of the wavelength, which is a reasonable approximation

within the wavelength range used (see ref 43). In Z&fcan
experiments, the nonlinear phase shiftd, for the measured

J.; Raithby, P. RJ. Organomet. Chenl994 482 139.

(45) McDonagh, A. M.; Cifuentes, M. P.; Whittall, I. R.; Humphrey,
M. G.; Samoc, M.; Luther-Davies, B.; Hockless, D. C. R.Organomet.
Chem.1996 526, 99.

(46) McDonagh, A. M.; Whittall, I. R.; Humphrey, M. G.; Hockless, D.
C. R.; Skelton, B. W.; White, A. HJ. Organomet. Cheni996 523 33.

(47) Younus, M.; Long, N. J.; Raithby, P. R.; Lewis, J.; Page, N. A,;
White, A. J. P.; Williams, D. J.; Colbert, M. C. B.; Hodge, A. J.; Khan, M.

samples were kept below 1.5 rad. Thus, typically, the pulse energiess . parker, D. 'GJ. Organomet. Chen1999 578 198.

were on the order of a microjoule per pulse, and the peak light
intensities were of the order of 100 GW cfn

Results and Discussion

Syntheses and Spectroscopic and Electrochemical Char-
acterization. The two major routes to dendrimers are the
original divergent procedure (progressively building away from

(40) Sheik-Bahae, M.; Said, A. A.; Wei, T.; Hagan, D. J.; van Stryland,
E. W. IEEE J. Quantum Electroril99Q 26, 760.

(41) Samoc, M.; Samoc, A.; Luther-Davies, B.; Humphrey, M. G.; Wong,
M.-S. Opt. Mater.2002 21, 485.

(42) Rhee, B. K.; Byun, J. S.; van Stryland, E. W.Opt. Soc. Am. B
1996 13, 2720.

(43) Milam, D. Appl. Opt.1998 37, 546.

(48) Bickley, J. F.; Higgins, S. J.; Stuart, C. A.; Steiner)iorg. Chem.
Commun200Q 3, 211.

(49) Atherton, Z.; Faulkner, C. W.; Ingham, S. L.; Kakkar, A. K.; Khan,
M. S.; Lewis, J.; Long, N. J.; Raithby, P. R. Organomet. Chenl993
462, 265.

(50) Touchard, D.; Morice, C.; Cadierno, V.; Haquette, P.; Toupet, L.;
Dixneuf, P. H.J. Chem. Soc., Chem. Commu894 859.

(51) Guesmi, S.; Touchard, D.; Dixneuf, P. Bhem. Commuri996
2773.

(52) Touchard, D.; Guesmi, S.; Pichon, L. L.; Daridor, A.; Dixneuf, P.
H. Inorg. Chim. Actal998 280, 118.

(53) Touchard, D.; Haquette, P.; Daridor, A.; Romero, A.; Dixneuf, P.
H. Organometallics1998 17, 3844.

(54) Matsumi, N.; Chugo, Y.; Lavastre, O.; Dixneuf, P. Brganome-
tallics 2001, 20, 2425.

(55) Powell, C. E.; Cifuentes, M. P.; Morrall, J. P. L.; Stranger, R;
Humphrey, M. G.; Samoc, M.; Luther-Davies, B.; Heath, GJAAm. Chem.
Soc.2003 125 602.
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Scheme 1. Syntheses of-152

SiMe;

R 0 R-O-=H i -O—=-siMe, L
H Z¥X ZINX 2 = X 3 P\

H (Ru] [Ru] R [Ru] Z N

’ . Josd \\ [Ru] [Ru]
e s Ao 07 So
R =H, 2a (84%) R R=H,3a (76%) PR
NO,, 2b (38%) NO,, 3b (50%)
NH,, 2¢ (44%) NHo, 3¢ (41%)
H l 4
i
I
(Rul < ,Ql I
RO : - Z7N
_[Ru] Rul
3 - S
R R

R =H, 5a (56%) R =H, 4a (84%)

Ru [Ru] NO,, 5b (82%) NO,, 4b (77%)

D% Sa NH,, 5¢ (64%) NHy, 4c (89%)

R R
a[Ru] = trans[Ru(dppe)]. (1) a: cis[RuCk(dppe}], NHsPF and b: NE$. (2) NHPFs, NEts. (3) PA(PPE)4, NEt. (4) BwNF.

excellent yield (Scheme 1). While the ethynyl groupliris Table 1. Cyclic Voltammetric Data for Selected Complexes
sterically shielded from reacting at a further ruthenium center, complex Eyp RUMIT (V) AE1 (V)

this group and those iPa—c can react with other metal reagents 1 0.53.0.72 0.19

and are therefore available for further derivatization. For 2a 0.47, 0.60 0.13
example, the ethynyl groups iBa—c can be coupled with 2b 0.67,0.81 0.14
1-iodo-4-trimethylsilylethynylbenzene to give the trimethylsi- gz‘ g-gg’ 8-31 8-15
lylethynyl-terminated dendrons 1{3rans[(dppeh(RCsH4-4- 4a 0.50. 0.62 012
C=C)RUG=C]} »-5-(MesSiC=C-4-CsH4C=C)CsH3 (3a—C) in 4b 0.68, 0.81 0.13

fair to excellent yield, which can in turn be desilylated with 5a 0.48, 0.59 0.11
NBU",F to afford the ethynyl-terminated dendrons {{gans a CHyCl; solvent, AGAgCI reference electrodes (ferrocene/ferrocenium
[(dppex(RCsH4-4-C=C)RUG=C]} ,-5-(HC=C-4-CsH4C=C)- couple located at 0.56 V).

CeH3 (4a—c) in excellent yield. The terminal ethynyl function-
ality in the dendrons4a—c is available for a variety of  (MLCT) band, in the range of 336340 nm for the non-nitro-
transformations, including homocoupling to afford tetraruthe- containing complexes and considerably red-shifted to ca. 475
nium quadrupolar complexéscoupling with a triplatinum zero- nm for the nitro-containing complexezb—5b. The amino-
generation dendrimer to afford a hexaruthenitmiplatinum terminated terminal acetylene comple2esand4c are signifi-
dendrimer® and, as in the present study, reaction with 1,3,5- cantly less stable than the other complexes prepared in this study,
triiodobenzene in a palladium(0)-catalyzed Sonogashira reactionwith evidence of oxidation or decomposition being observed
to afford peripherally metalated first-generation arylalkynyl upon chromatography or prolonged exposure to air in solution.
dendrimers (Scheme 1). _ While mass spectrometry was useful in characterizing the
Complexesl—5 were characterized byd and*P NMR, IR, smaller complexes, larger molecules failed to give a parent ion,
and UV-vis spectroscopy. Thitd NMR spectra generally show g observation noted with other ruthenium alkynyl dendrirfrs.
two major features: a multiplet at approximately 2.6 ppm due T fyrther characterize the dendrimers, we employed molecular
to the protons in the dppe bridging unit and a large number of yodeling to calculate the dendrimer dimensions and compared
resonances from approximately 6:8.5 ppm due to the phenyl  this to transmission electron microscopy (TEM) images (see

groupsH NMR spectra of complexes containing arrCSiMe; Figure 1 for the nitro-containing exampf); the molecular
group Ba—c) have a strong singlet at ca. 0.2 ppm, while those modeling indicates that the dendrimers are approximately 50
of complexes containing an ethynyl protah Ra—c, and4a— A in diameter, in agreement with the TEM results50 A).

C) possess singlets at approximately 3 ppm. PHe NMR
spectra contain singlets, consistent with trans ligated metal
centers, the mono-alkynyl compléxhaving a chemical shift

of 50.5 ppm, and the bisalkynyl complex&af-c, 3a—c, 4a—

¢, and5a—c) resonating at ca. 54 ppm. In the IR spectra, RuC

C stretching bands appear at ca. 2045 trfor the nitro-
containing complexeb—5b) and in the range of 206€2055
cm~ for all other complexes, while€CSiMe; stretching bands
occur at ca. 2155 cm for 3a—c. The UV—vis spectra of all
complexes contain an intense metal-to-ligand charge transfer

Cyclic voltammetry data for selected chloro-, phenyl-, and
nitrophenyl-capped complexes—5 are listed in Table 1.
Replacing a chloro substituent by phenylethynyl (proceeding
from 1 to 2a) results in a slight increase in the ease of oxidation.
In contrast, the 4-nitrophenylethynyl-substituted complexes are
significantly more difficult to oxidize. Peripheral ligand sub-
stitution therefore provides a facile method to tune metal electron
density. All complexes have two reversible oxidations, which
are assigned to R{l' processes at the ruthenium atoms
separated by 1,3-diethynylbenzene units.

(56) Powell, C. E.; Cifuentes, M. P.; Humphrey, M. G.; Willis, A. C.; Third-Order NLO Studies. Measurements of third-order
Morrall, J. P.; Samoc, MPolyhedron2007, 26, 284. molecular nonlinearities were performed on all new complexes
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complexes, data for the electron donating wedges and dendrimer
(2c—5¢) are indistinguishable from those of their electron
withdrawing analogues2p—5b).

The cubic nonlinearities for the phenyl-terminated complexes
2a—5a and precursorl were also measured at 660 nm, of
interest because the second harmonic corresponding to 660 nm
(330 nm) is essentially coincident with,ax for these complexes,
and hence, two-photon effects may be expected to be enhanced.
The similarities inyimag between the two measurement wave-
lengths for1l and 2a suggest that there is little two-photon
enhancement for these complexes. Increasing TPA is noted on
progressing fronRa through3a, and4a to 5a, corresponding
to an increase in the-system size.

As can be seen in Table 2, the nitro-containing dendrimer
5b exhibits surprising behavior at 800 nm. In contrast to the
nitro- containing wedge<0, 3b, and4b), which are two-photon
absorbers (i.e., possess a positivgsg), the dendrimebb acts
as a saturable absorber (i.e., possesses a negatiye Because
of this, a study of the cubic nonlinearities st over a range of
frequencies was undertaken. The dispersion of the real and
imaginary parts of the hyperpolarizabilityeas and yimag Was
found to be approximated relatively well by a simplified, three-
term expression fop = yrea + iYimag @s follows:

_ A n B _
4 vo—2v—ily  v,—2v—il,
C 1
va— v =il (v, — v —iD,)?

where A, B, and C are adjustable constants. This expression
was optimized to fit simultaneously the experimental data for
both the real and the imaginary parts pf resulting in the
following parameters: (i) the values of the damping constants
I'1 and T, were 2660 and 2211 crh, respectively; (i) the
resonance frequencies taken for the calculations wegre

1 20462 cn! and v, = 31250 cn1?, corresponding to wave-

ca lengths of 489 and 320 nm (slightly shifted from the absorption
spectra maxima); and (iii) the values of the consta#gts, and
Cwere 5.17x 1072} 4.05x 1072, and 6.78x 1021 in cn?

stat V-2, respectively. The first two terms in the square brackets
using theZ-scan technique at 800 nm; results are presented inare two-photon resonant at the two respective frequeneies,
Table 2. The nonlinearities for dendriméa and its wedge andvy,, while the third term is one-photon resonanwatThe
constituent®a, 3a, and4ain most cases have very large error negative sign in front of the third term accounts for the
margins (due to solubility limitations), rendering comparison absorption saturation.

difficult. The b andc series of complexes (with the polarizing Figure 2 shows experimental results obtained in this study,
peripheral substituents N@nd NH) have considerably higher  as well as an interpretation of the dispersion of the refractive
nonlinearities than the correspondiagseries. Because of the  and absorptive parts of the nonlinearity using the simplified
large uncertainties associated with nonlinearities of these dispersion formulas. The nonlinear absorption results reveal a

T

Figure 1. (a) SPARTAN model obb. (b) TEM image of5h.

Table 2. Linear and Cubic Nonlinear Optical Data

800 nm 660 nm

complex Amax €2 ReyP Im yb ly|P ReyP Im yb ly|P
1 334,38 —900+ 500 0+ 100 900+ 500 —300+ 150 180+ 50 350+ 180
2a 335, 8.0 500Gt 400 200+ 100 540+ 100 —200=+ 500 0+ 30 200+ 500
2b 475,4.8 —1300+ 1000 150+ 40 1300+ 1000
2c 333,23 100Gt 400 0+ 100 1000+ 400
3a 335,9.5 70CGt 1200 0+ 0 7004+ 1200 —910+ 700 330+ 60 970+ 680
3b 475, 4.7 —1100+ 220 310+ 60 1100+ 230
3c 334,5.6 —2200+ 800 400+ 200 2200+ 800
4a 330,9.9 170Gt 500 0+0 1700+ 500 —250+ 400 250+ 50 350+ 320
4b 474,4.1 —5000+ 1300 1320+ 270 5200+ 1300
4c 328,9.3 —1400+ 500 1300+ 300 1900+ 300
5a 339, 34.2 —1600+ 2400 0+0 1600+ 2400 —3100+ 600 2000+ 400 3700+ 700
5b 475, 10.9 —23000+ 10000 —6200+ 2800 240006t 10000
5c 340, 34.2 —2900+ 2300 4700+ 1200 5500+ 2600

a Amax iN NM, € in 10* M~ cm™%, THF solvent.” In 10736 esu, THF solvent.
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Figure 2. (a) Two-photon absorption profile &b as compared to the one-photon absorption spectrum. Profiles are plotted as a function
of v for the one-photon profile and as a function of #r the two-photon profile. Dotted line is the one-photon absorption spectrum.
Dashed line is the simulation by the equation given in the text. (b) Dispersion of the real part of the hyperpolarizability as compared with

the one-photon absorption spectrum. Real part of the hyperpolarizability is plotted agaixitd line is the one-photon absorption
spectrum.

range (ca 706850 nm) in which the sign of» (andyimag) is

Conclusion
negative, corresponding to absorption saturation. Outside this
range, the sign o is positive, indicating the dominance of This work has demonstrated the use of steric control of the
two-photon absorption. extent of reaction as a new and rapid methodology for dendron

The two-photon absorption profile &b exhibits two major synthesis, a procedure that should be applicable to other metal-

s " . containing systems. The sterically controlled synthetic meth-
features. Both absorption transitions are two-photon active, and

> ) “""odology employed for the facile preparation of alkynylruthenium
competition between two-photon absorption and absorption yendronsl. 2a—c. 3a—c. and4a—c. and thereby the alkynyl-

bleaching appears to be the main reason for the distortion of thenjum dendrimerssa—c, should be applicable to the

the two-photon profile, leading to the absence of an enhancementsynthesis of other organometallic dendrimers, judicious modi-

of two-photon absorption by a second excited state as describedication of the ligand sphere providing a ready means to modify
by Kamada et &’ These features are quite different from those  the steric environment and thereby control the extent of reaction.

seen by us in a dendrimer with metals at each generation, forOverall, this methodology affords rapid access to nanometer-
which the long wavelength transition was found to be essentially sizedsz-delocalized organometallic complexes. Such species can

two-photon inactivé. have interesting electronic and optical properties. In the present
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work, 5b anomalously (cf. all other complexes prepared for this

Organometallics, Vol. 26, No. 18, 2@@b3

tallic (or indeed inorganic) complexé%The present work is

study) shows absorption saturation behavior at 800 nm, which consistent with the dispersion of cubic nonlinearity in this
prompted us to carry out a wavelength dependence study oforganometallic dendrimer resulting from an interplay of two-

both its refractive and its absorptive nonlinearity. Spectral

photon absorption and absorption saturation and suggests that

dependences of two-photon absorption cross-sections (relatecimple dispersion relations can reproduce the behavior of both

to the imaginary part of the third-order polarizability) have been
studied®-60 but there is very little data on the dispersion of
both real and imaginary parts of the third-order polarizability
y,61.62 without which the structureproperty relationships are
difficult to develop; at the time of this study, there were no
extant studies of the dispersion pta andyimag Of organome-

(57) Kamada, K.; Ohta, K.; lwase, Y.; Kondo, &hem. Phys. Let2003
372, 386.

(58) Drobizhev, M.; Karotki, A.; Rebane, A.; Spangler, Gpt. Lett.
2001 26, 1081.

(59) He, G. S.; Lin, T.-C.; Prasad, P. N.; Kannan, R.; Vaia, R. A.; Tan,
L.-S. J. Phys. Chem. BR002 106, 11081.

(60) Audebert, P.; Kamada, K.; Matsunaga, K.; Ohta,JKOpt. Soc.
Am. B2003 20, 529.

(61) Couris, S.; Koudoumas, E.; Ruth, A.; LeachJSPhys. Chem. B
1995 28, 4537.

(62) van Keuren, E.; Wakebe, T.; Andreaus, R.; Mohwald, H.; Schrof,
S.; Belov, V.; Marasuda, H.; Rangel-Rojo, Rppl. Phys. Lett1999 75,
3312.

real and imaginary components of the hyperpolarizability, but
the radically different behavior &b and the related dendrimer
with metal atoms at each generafi@uggests that our under-
standing is still incomplete. Studies to address this deficiency
are currently underway.
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