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A series of his(terpyridine)Ru" complexes have bheen prepared, where one of the terpyridines is functionalized in
the 4'-position by a phosphonic or carboxylic acid group for attachment to TiO,. The other is functionalized, also
in the 4'-position, by a potential electron donor. In complexes 1a, 3a, and 4a,b, this donor is tyrosine or hydrogen-
bonded tyrosine, while in 2a it is carotenoic amide. The synthesis and photophysical properties of the complexes
are discussed. On irradiation with visible light, the formation of a long-lived charge-separated state was anticipated,
via primary electron ejection into the TiO,, followed by secondary electron transfer from the donor to the
photogenerated Ru". However, such a charge-separated state could be observed with certainty only with complex
2a. To explain the result, quantum chemical calculations were performed on the different types of complexes.

Introduction depends on the efficiency of the charge separation at

sensitizer (S)ysemiconductor interfaces, and a long-lived

charge-separated state is necessary for dye-sensitized solar
ells to get a good photovoltaic performance. Accordingly,

Much research effort has aimed at understanding light-
induced charge separation in natural or artificial molecular
systemg ar:q hd‘?s'g”'ﬂg rr_10c:e| S);ster_ns lthat are C?f?"’?b'e %the performance of a photovoltaic cell is limited by electron
converting light into chemical or electrical energy. Efficient (. itizer recombination (He)TiO, — STiO,). One way

dye-sensitized solar cells have been developed based o, i quence the charge recombination rate is to introduce
ruthenium-polypyridine complexes attached to nanocrys- . ajectron donor covalently linked to the sensitizer. By

o Rl e : nk )
t"’I‘"'ne, films of TiC,. B.e%desf o;her fﬁctors,l the light-to- o2 cement of the simple sensitizer with molecular dyads,
electricity conversion yield of the photovoltaic systems paqeq on Rupolypyridine complexes linked to phenothi-

azine or triarylamine, long-lived photoinduced charge separa-
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Ruthenium—Terpyridine-Based Dyads
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donor-sensitizer systems where the sensitizer is & tRs- to TiO,, such a tyrosineRu(bpy} dyad formed a charge-

(bipyridine) (Ru(bpy3) complex and the primary donor is a separated state in which tyrosine acted as electron donor to
phenol such as covalently linked tyrosine (83#}* In the the photooxidized Rl mimicking the electron transfer from
presence of an external acceptor, these systems are capabfeyr, to P680 in photosystem Il (PSII) in natu¥€This type

of transferring an electron from the excited sensitizer to the of system is interesting not only for preparation of photo-
acceptor, generating RuThis is then rereduced to Riby voltaic cells but also for further development of dyads
intramolecular electron transfer from the phenol. Attached ¢ontaining electron donors that can take part in photoinduced

(11) Bonhote, P.; Moser, J.-E.; Vlachopoulos, N.; Walder, L.; Zakeeruddin, oxidative CataIySIS such as water oxidation.

S. M.; Humphry-Baker, R.; Pechy, P.; Gzel, M. J. Chem. Soc., When one is working with Rupolypyridine-based dyads
Chem. Commuril996 1163. link in thi -
(12) Bonhote, P.; Moser, J.-E.; Humphry-Baker, R.; Vlachopoulos, N.; N ed to an acceptor (in this case T)Qterpyridine (tpy)

Zglggertéddirgzs. M.; L. Walder, L.; Gizel, M. J. Am. Chem. Soc.  ligands should be preferred due to the favorable geometry

1999 121, 1324.

(13) Sun, L.; Hammarstro, L.; Akermark, B.; Styring, SChem. Soc. Re of the (fomplex formed. In_ the Ru(b@y)yp.e Complexes_
2001, 30, 36. several isomers can potentially be formed, in some of which

14 Tthggge?Tx”Serg ey %‘Lr'f‘iﬁ~"‘si”n”dafr&Alﬂiféssé’ﬁe’#EOEZ"VK"’" the donor and the acceptor are close in space. By contrast,

41, 6258. the link to TiO, and the donor (tyrosine) can be placed in
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reference complegb (Scheme 2), where alanine (Ala) has
replaced tyrosine, was also prepared. We also prepared the
related complex2a (Chart 1 and Scheme 3), where the
sensitizer is linked to a carotenoid, as well as the reference
complex2b (Chart 1 and Scheme 4). The phosphonate group
was chosen as anchoring group because it has been shown
to bind more strongly to Ti@than carboxylate, which is
more commonly use#l®17.18

The complexe8ab (Chart 1 and Scheme 5), where the
phosphonate group is directly attached to the terpyridine
ligand, were also synthesized, as well as the compléaes
¢, which have a carboxylate binding group in place of the
phosphonate (Chart 1 and Scheme 6). Finally, density
functional theory (DFT) calculations have been performed
to determine the characteristics of the lowest unoccupied
molecular orbital (LUMO) for a number of different Ru-
(tpy). complexeg?24

Results and Discussion

Synthesis.The complexedab were prepared according
to Scheme 2. The two terpyridine ligan8sand 10 were
consecutively added to Ru(DMS£),%° in ethanol solution
to give complex12. This complex was then converted to
the acid chloride and allowed to react with the ethyl esters
of tyrosine and alanine, respectively. Selective hydrolysis
of the phosphonate esters then gave the phosphonic acids
lab. The ligand10 was prepared according to a literature
procedurée, while the ligand9 was synthesized by two
different routes. The first route goes via the methylterpyridine
8, Scheme 1. It involves the enoiBeas intermediate. The
initial attempts to prepare this directly by condensation of
acetylpyridine and acetaldehyde gave intractable mixtures
as product. However, by preparation of the enolate of
2-acetylpyridine by treatment with LDA, followed by addi-
tion to acetaldehyde at low temperature, the aldot®uld
be obtained in a decent yield. Dehydration gave the enone
6, which was then allowed to react with pyridacylpyridinium
iodide (7) and ammonium acetate according to thé liirke
proceduré®?’ to give 4-methyl-2,2:6',2"'-terpyridine @).
Oxidation gave the terpyridine carboxylic a@dThe second
method used was oxidation of-@-furyl)-2,2:6',2"'-terpy-
ridine?® to the corresponding acid using potassium perman-

spatial separation of the donor and the acceptor. A drawback

of using Ru(tpy) is its much shorter excited-state lifetime

of ~250 pg°as compared with-1 us lifetime of Ru(bpyj,

but chromophore is known to efficiently inject electrons into

TiO,.12

To study the properties of a terpyridine analog to the Tyr-
Ru(bpy} dyad, we initially synthesized compleba (Chart
1; Schemes 1 and 2) on the basis of Ru@py3ing tyrosine
as electron donor. In compléba, one of the two tpy ligands
carries a phosphonate group, while the second tpy ligand is
linked to tyrosine-ethyl ester via an amide bond. The

(15) Grosshenny, V.; Harriman, A.; Ziessel, Rngew. Chem., Int. Ed.

Engl. 1995 34, 1100.

(16) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; P. Belser, P.;

von Zelevsky, A.Coord. Chem. Re 1988 84, 85.
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(17) Zabbri, H.; Gillaizeau, |.; Bignozzi, C. A.; Caramoni, S.; Charlot, M.-
F.; Cano-Boquera, J.; Odobel, Forg. Chem.2003 42, 6655.

(18) Bae, E.; Choi, W.; Park, J.; H. Shin, H. S.; Kim, S. B.; Lee, JJ.S.
Phys. Chem. 2004 108 14093.

(19) Hay, P. JJ. Phys. Chem. 2002 106, 1634.

(20) Guillemoles, J. F.; Barone, J. V.; Joubert, L.; Adama].®hys. Chem.
A 2002 106, 11354.

(21) Ciofini, I.; Daul, C. A.; Adamo, CJ. Phys. Chem. 2003 107, 11182.

(22) Ciofini, I.; Laine, P. P.; Bedioui, F.; Adamo, @. Am. Chem. Soc.
2004 126, 10763.

(23) Zhou, X.; Ren, A. M.; Feng, J. KI. Organomet. Chen2005 690,
338.

(24) Persson, P.; Lundquist, M. J. Phys. Chem. BR005 109 11918~
11924.

(25) Evans, I. P.; Spencer, A.; Wilkinson, G.Chem. Soc., Dalton Trans.
1973 204.

(26) Krohnke, F.Synthesidl976 1.

(27) Krohnke, F.Angew. Chem., Int. Ed. Endl963 2, 386.

(28) Husson, J.; Beley, M.; Kirsch, Qetrahedron Lett2003 44, 1767.
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is presented in Scheme 3. To prepare an amine-functionalized
terpyridine ligand, ((bromomethyl)phenyl)terpyridin&5f
was allowed to react with phtalimide to give the protected

(29) Raboin, J.-C.; Kirsch, G.; Beley, M. Heterocycl. Chen00Q 37,
1077.

(30) Fallahpour, R.-ASynthesi200Q 8, 1138.

(31) Armspach, D.; Constable, E. C.; Diederich, F.; Housecroft, C. E.;
Nierengarten, J.-FChem—Eur. J.1998 4, 723.

(32) Holbrey, J. D.; Tiddy, G. J. T.; Bruce, D. W. Chem. Soc., Dalton
Trans.1995 17609.

(33) Potts, K. T.; Usifer, D. A.; Guadalupe, A.; Abruna, H.DAm. Chem.
S0c.1987 109 3961.

(34) Fallahpour, R.-ASynthesi®00Q 12, 1665.
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aminel6. The reaction between Ru(DMS{),?°> and16in
EtOH gave the mono(terpyridyl)ruthenium compléx.
Further reaction with the phosphonated terpyridifeégave
complex 18. Deprotection with hydazine hydrate gave
complex19with a free amino group that could subsequently
be linked to alltrans-8'-apos-carotenoic acid20),*® to give
complex21. The hydrolysis of the phosphonate ester groups
in 21 was performed using trimethylsilyl bromide in the
presence of triethylamine, giving the target compex In

this last reaction, the more reactive trimethylsilyl iodide

=

—N
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Hydrolysis of the phosphonate ester groups was accom-
plished by using trimethylsilyl iodide.

The preparation of the carboxylic acid functionalized
ruthenium complexeda—c is shown in Scheme 6. Coordi-
nation of 2 equiv of ligan® to the ruthenium(ll) precursor
Ru(DMSO)CI, gave the bis(terpyridine) compl®8. React-
ing the acid chloride o028 with 1 equiv of hydrogen-bonded
tyrosine {Tyr-dpa), tyrosine-ethyl esterTyr), or alanine-
ethyl ester Ala) afforded complexeda—c.

Photophysics of the Complexes 1a,blhe steady-state
absorption spectra dfa,b on TiO, films are shown in Figure
1. Both spectra are nearly identical with those measured for
the free molecules in methanol solution. They exhibit the
characteristic MLCT band of ruthenium comple¥azntered
at 487 nm, without any appreciable splitting or red shift.
This shows that the attachment to the Tiirface via the
phosphonate group has negligible effect on the spectroscopic
properties of the Ru(tpy)chromophore.

In flash photolysis experiments, whéab were dissolved
in methanol and excited at 532 nm, no long-lived transients
were observed, which is expected since the excited state of

reagent could not be used, since it turned out to react with Ru(tpy), has a subnanosecond lifetifiBy contrast, irradia-

the carotenoid moiety. The reference compl2x was
prepared by refluxing Ru(tpy)(DMSO)ZI(22) and the
phosphonated terpyridin®0 in EtOH giving complex23,

tion of 1la—TiO, and1b—TiO, gave rise to a strong bleaching
centered at 490 nm, accompanied by two positive absorption
bands at around 410 and 515 nm (Figure 2), which all recover

followed by hydrolysis of the phosphonate ester groups using by a multiexponential process. It is known that bleaching of

trimethylsilyl iodide.

In the preparation of3ab (Scheme 5), Ru(4POsEt-
terpyridine)C} (24) and ligand25 were refluxed in EtOH
giving the bis(terpyridine) comple26. This was then linked
to alanine ethyl esterAla) or hydrogen-bonded tyrosine
(Tyr-dpa)3® using (benzotriazol-1-yloxy)tris(pyrrolidino)-

ground-state absorption due to electron injection inzTigD
ultrafast (time scale fsps)2~#! while recovery by recom-

(36) Sun, L.; Burkitt, M.; Tamm, M.; Raymond, M. K.; Abrahamsson, M.;
LeGourrierec, D.; Frapart, Y.; Magnusson, A.; Kenez, P. H.; Brandt,
P.; Tran, A.; Hammarstro, L.; Styring, S.; Akermark, BJ. Am. Chem.
Soc.1999 121, 6834.

phosphonium hexafluorophosphate (PyBop) as coupling (37) Benko G.; Kallionen, J.; Korppi-Tommola, J. E. |.; Yartsev, A. P;

reagent, in the presence of diisopropylethylamine (DIEA).

(35) Singh, H.; John, J.; H. R. Cama, H.IRt. J. Vitam. Nutr. Resl973
43, 147.
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Sundstion, V. J. Am. Chem. So2002 124, 489.

Benkg G.; Myllyperkio, P.; Pan, J.; Yartsev, A. P.; SundstroV. J.

Am. Chem. SoQ003 125, 1118.

(39) Piotrowiak, P.; Galoppini, E; Wei, Q.; Meyer, G. J.; Wiewior,JP.
Am. Chem. SoQ003 125 5278.

(38)
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Figure 1. Steady-state absorption spectralaf-TiO, (dotted line) and
1b—TiO; (solid line) in methanol.
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Figure 2. Transient absorption spectra recorded after excitation at 532
nm of the dye-sensitized films in methanol: (@—TiO,, recorded at Zs
(squares), 2@«s (circles), 18Qus (triangles); (b)la—TiO, recorded at 2

us (squares), 1@s (circles), 50us (triangles), 18Q:s (down triangles).
The inset shows kinetics at 515 and 490 nm, respectively.

bination of the injected electrons with the oxidized dye is
multiexponential, taking place with rates ranging from

to ms#2-45 Performing a three-exponential fit of the recovery
of the bleached b—TiO, system, we obtained the lifetimes
(amplitudes in parenthesesu4 (44%), 21Qus (40%), and
>1 ms (16%). Thela—TiO, system behaved in a similar

(40) He, J.; BenkpG.; Korodi, F.; Polivka, T.; Lomoth, R.; Akermark,
B.; Sun, L.; Hagfeldt, A.; Sundstro, V. J. Am. Chem. So2002
124, 4922.

(41) Pan, J.; BenkoG.; Xu, Y.; Pascher, T.; Sun, L.; SundsmmpV.;
Polivka, T.J. Am. Chem. So@002 124, 13949.

(42) Kleverlaan, C. J.; Indelli, M. T.; Bignozzi, C. A.; Pavani, L.; Scandol
F.; Hasselman, A. G. M.; Meyer, G. J. Am. Chem. So200Q 122
2840.

(43) O’Regan, B.; Moser, J.; Anderson, M.; @&mel, M. J. Phys. Chem.
199Q 94, 8720.

(44) Haque, S. A.; Tachibana, Y.; Klug, D. R.; Durrant, JJRPhys. Chem.
B 1998 102, 1745.

(45) Galoppini, E.; Guo, W.; Zhang, W.; Hoertz, P. G.; Qu, P.; Meyer, G.
J.J. Am. Chem. So@002 124, 7801.

Table 1. Electrochemical Data in Acetonitrile Solution

EyalV vs Fc0

compd *[RuII/II LL']3+/2+ [RUII/III LL']3+/2+ carotenoid (p-OHHO
la ~—1.2 0.92 >0.9
1b ~—1.2 0.92
2a ~—1.2 0.92 0.%
3a ~—1.2 0.91 0.52
3b ~—1.2 0.91
4a ~—1.2 0.91 0.52
RU'(bpy)s -1.18 0.8¢
RuU'(ttpy) —1.24 0.9

a Calculated withEyp—o = 2.1 eV.? Reference 64 First oxidation peak
assigned to H-bonded phenol. Non-H-bonded phenol is oxidizéd at
0.9 V. 4 Reference 61.

way. It must be noted, however, that we have not been able
to detect formation of the oxidized form @& or 1b, because

the 410 and 515 nm bands are not due to the oxidized Ru-
(tpy). chromophore (see, e.g., Figure 8 below showing
spectroelectrochemistry on a similar complex). Nevertheless,
it seems probable that the recovery process, which we have
observed, is the result of recombination between the oxidized
sensitizer and injected electrons, because we have success-
fully observed an electron transfer to the oxidized Rug@py)
from a secondary donor (see below the com@ex With
comparison of the dynamics of the complexegb shown

in Figure 2, however, there is no conclusive evidence for
secondary electron transfer from the tyrosinelim This

is in contrast to the behavior of bipyridine type Ru com-
plexesi®8 and the reason could be that the redox potential
of Ru"—terpyridine complexes is too low for efficient
oxidation of tyrosine (cf. Table 1).

Photophysics of Complex 2alt seemed possible that,
by the use of an efficient secondary donor, both injection
and secondary electron transfer could be observed. We
therefore synthesized compl2ain which a carotenoid, all-
trans-8'-apo43-carotenoic acid, is attached to the Ru(tpy)
chromophore. Since carotenoids are excellent electron do-
nors’® and oxidized carotenoids have a strong distinct
absorption band in the 86000 nm regiort?5! reduction
of Ru'"(tpy), by secondary electron transfer from the
carotenoid moiety should be easy to follow. To minimize
direct excitation of the carotenoid moiety, which has a strong
absorption in the 400500 nm regior?? we excited the
complex2a at 520 nm corresponding to the red tail of the
Ru(tpyy chromophore, where the carotenoid has a negligible
absorption. In solution, excitation @a produced transient
absorption spectra consistent with formation of the carotenoid
triplet state, most likely via triplettriplet energy transfer
from the Ru(tpy) moiety (data not shown). However, 2a—

(46) Magnusson, A.; Berglund, H.; Korall, P.; Hammaisird..; Akermark,
B.; Styring, S.; Sun, LJ. Am. Chem. S0d.997, 119, 10720.

(47) Sjadin, M.; Styring, S.; Akermark, B.; Sun, L.; HammarstpL. J.
Am. Chem. So200Q 122, 3932.

(48) Pan, J.; Lin, W.; Wang, W.; Han, Z.; Lu, C.; Yao, S.; Lin, N.; Zhu,
D. Biophys. Chem2001, 89, 193.

(49) Frank, H. A.; Brudvig, G. WBiochemistry2004 43, 8607.

(50) Polivka, T.; Pullerits, T.; Frank, H. A.; Cogdell, R. J.; Sundstr&/.
J. Phys. Chem. B004 108 15398.

(51) Jeevarajan, J. A.; Wei, C. C.; Jeevarajan, A. S.; Kispert, L. Bhys.
Chem.1996 100, 5637.

(52) He, Z.; Kispert, L. DJ. Phys. Chem. B999 103 9038.
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Figure 3. Transient absorption spectra at @4 (full symbols) and s
(open symbols) obtained after 520 nm excitatior2aef-TiO,. The inset
shows kinetics measured at 840 nm 8&—TiO> (lexc = 520 nm).

TiO, no carotenoid triplet was observed. Instead, a new
transient absorption centered at 840 nm appeared in less thal .
10 ns (Figure 3). The position of this band matches exactly ,q{:}
the spectrum of the atfans8-apofi-carotenal radical a'1
observed earliet! Thus, we assign the 840 nm band to the
carotenoid radical. Since no carotenoid radical was observed
for the complex2ain solution, we can safely conclude that MLH
it is formed as a result of a sequential electron transfer
according to the following scheme: (1) Excited Ru(kpy)
injects an electron into the conduction band of Zi(®) Figure 4. Calculated lowest unoccupied molecular orbital (LUMO) of
Oxidized Ru(tpy) is reduced by the secondary electron Somplexesla—ac
transfer from the carotenoid, forming a charge-separated stat
between the carotenoid and TiQ(3) Recombination of
charges between carotenoid and Ti@ccurs on the time
scale of a fewus (Figure 3).

Finally, transient absorption measurements in theps
time domain (data not shown) show that both complebees
and 2a suffer from low efficiency of the initial electron

ab

%hat the injection efficiency of the dye as measured by the
maximum IPCE is strongly dependent on the remote ligdnd.
To study this, we have used the B3LYP/LANL2DZ
approach, which like other DFT/LANL2DZ combinations,
has been used successfully to describe the geometrical,
electronic, and spectroscopic properties of related organo-

o . S metallic system$? 23 We have also recently shown that such
injection from the excited Ru(tpymoiety into the conduc- calculations can be extended to Ru dyes bound to, TiO

tion band of TiQ. This was somewhat unexpected, since it as
has earlier been demonstrated that terpyridine complexes Withnanocrystal .
Here the DFT calculations on complexish showed that

phosphonate as linking group can be quite efficient dyes in the LUMO is located on the remote terpyridine (tpy) ligand

solar cells, as judged from IPCE valus= Therefore, we (Figure 4). This is probably not an effect of the amide group
have performed quantum chemical calculations to find origin of 1ab since we obtain the same LUMO when the remote

of the low efficiency of the electron injection. . . . .-
y J ligand is unsubstituted terpyridine.

wavelength sansitions n il ne compexes ivolve excitaton B COTiast the LUMO of both complexeay i jocated
g P on the tpy that is connected to the BiQrigure 4), which

A :
of Ru 4d elgctrons o tpyr*, as In the parent RUtpy)., suggests a more favorable interaction thadab. Despite
where the highest few occupied and the lowest few unoc- _ . L .

this, the electron injection from these complexes is also

cupied _orbltals consist (.)f Ru .4.d ar_1d Y y orbitals, .. inefficient. Intuitively, one would think that the phenyl spacer
respectively. The electronic transitions involving these orbit- d : . ) i
. . I . could work, by conjugation to the tpy ring, as a mediator in
als give rise to the characteristic MLCT absorption bands : I
. . the excited electron transfer. However, as seen in Figure 4,
around 500 nm. The efficiency of subsequent excited-state .
. . . the phenyl does not contribute to the LUMO of complexes
electron transfer into the Tironduction band depends on o )
. Y . 1 and2 because it is rotated out of the tpy plane, according
the spatial overlap of the LUMO with TiQorbitals and on . ) ;
, . to our calculations by ca. 30In contradiction, Jing et &
LUMO energy relative to the conduction band. It thus seems T . .
report efficient injection with a complex which, although the

reasonable that efficient electron injection is favored if the other ligands are different from those in our complexes. has
LUMO is localized on the tpy ligand with the substituents 9 P ’
the 4-(4-phosphonatophenyl)tpy ligand.

that bind to the surface. When using the (4-phosphonatophe- Because of the indications that the linkina phenvl aro
nytpy ligand as in complexeka and?2a, it has been shown use ¢ inaicat . inking phenyl group
reduces the interfacial electronic coupling, we also calculated

(53) Jing, B. W.: Zhang, H. Zhang, M. Lu, Z.: Shen,JT Mater. Chem. the electronic structure of a series of complexes in which
1998 8, 2055. the anchoring group is directly attached to the tpy ligand.
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Figure 5. Transient absorption spectra of @) in ACN solution at 0.4 0 100 200 300 200
ps (solid line), 2.5 ps (dashed line), 10 ps (dotted line), and 200 ps (dash
dotted line) and (b¥b—TiO, at 0.25 ps (solid line), 10 ps (dashed line), Time (ps)
100 ps (dotted line), and 300 ps (dash dotted line). Excitation is at 490 nm. Figure 6. Transient absorption kineticade = 490 nm) of (a3b and (b)

. 4cin ACN solution (solid lines) and on Tigfilm (dashed lines) showing
The resulting LUMOs of the complexeda,b and4—c are decay of excited-state absorption (top) and ground-state bleaching recovery
shown in Figure 4. I18a,b, the LUMO is located largely on  (bottom).

the tpy ligand connected to the anchoring phosphonyl group. 12

This is in fact true also for the complexda—c, where the pre—————— |
carboxyl anchor is directly attached to the tpy ligand but 0.8
where also the other tpy ligand has a carbonyl substituent. ’?: 0] TN e
According to our calculations, the injection into Ti®om N 675 nm
complexes3 and 4, in which the chromophore is directly g 0.0
connected to the anchor, should be more efficient than from o
complexesl, which contain an intervening phenyl group. % -044| 465nm

Photophysics of Complexes 3a,b and 4ec. All mea- R L
surements on these complexes were carried out in acetonitrile oo
(ACN) instead of methanol because of solubility problems. 1245 T T T T

0 100 200 300 400

As for the complexesl, the absorption spectra of the
complexes exhibit the characteristic MLCT band located . T . _ o
around 490 i, regardless of whether the complex is in CE1E T, Tansrt st Kieies b nAch soutor Comtines)
solution or attached to TigXilm (data not shown), demon- (o0 and 465 nm (bottom). Excitation is at 490 nm.
strating that the attachment group, carboxylate or phospho-
nate, has no effect on the spectroscopic properties of thethe kinetics after 490 nm excitation are shown in Figures
Ru(tpy) chromophore (Figure 1). 6a,b and 7, respectively. In solution the decay of the excited-
Transient absorption spectra measured in thgfstime state absorption and recovery of ground-state bleaching are
domain are similar for all complexes. The transient spectra slow (>500 ps, Figures 6 and 7, solid lines). This means
recorded after 490 nm excitation of the complél in that, perhaps due to the presence of substituted ligands, the
solution and attached to the Ti@lm are shown in Figure lifetime is significantly longer than the-250 ps expected
5. In solution, the transient absorption spectrum consists of for Ru(tpy).1®
a ground-state bleaching of the Ru(tpghromophore €540 When the complexes were attached to Jiin, additional
nm) and broad, structureless excited-state absorption extendeecay occurring on a time scale of a few picoseconds was
ing beyond 730 nm. It is obvious that these spectral featuresobserved (Figures 6 and 7, dotted lines). Since recovery of
are present regardless of whether the complex is in solutionthe ground state, measured at 465 nm, and decay of the
or attached to the TigXilm, but attachment clearly changes excited-state absorption, measured-&00 nm, occur with
excited-state dynamics. the same rate, the process corresponds to a quenching of
To explore the attachment-induced changes further, wethe excited Ru(tpg)chromophore. This quenching, however,
have recorded the transient absorption kinetics of complexesis not due to electron injection, because the oxidized Ru-
4b,c and3b at 465 nm and 600675 nm, which corresponds  (tpy)., which must be formed during electron injection, has
to the bleaching and excited-state absorption signals, respecno absorption bands in this spectral region (Figure 8). Instead,
tively. For these complexes in solution and adsorbed on, TiO this process, whose nature is not clear, forms the ground-

Time (ps)
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Figure 8. Spectroelectrochemical changés=(1 mm) upon oxidation of 465 nm
4b (~0.3 mM) at 1.10 V vs ferrocene/ferrocenium in acetonitrile solution
with 0.1 M [(n-C4Hg)aN][PFg] as supporting electrolyte. Inset: difference || P s S R
spectrum. o]
. 0 100 200 300 400
0.010 (a) Time (ps)
| Figure 10. Transient absorption kineticdgyxc = 490 nm) of (a)3a and
0.005 (b) 4a.
0,000 exhibits a multiexponential decay with three time constants
of 0.22, 9.5, and 13Qus. Since the time constants are
-0.005 - considerably greater for complex&a,b (see above), back
400 500 600 700 electron transfer is faster for compldk than for complex
Wavelength (nm) la This could be a result of shorter distance between the
Ru(tpy) chromophore and Tigsurface in the complesb.
0.8 In Figure 9b, the microsecond kinetics of the compdix
=l are compared with the reference complex lacking the
E tyrosine moiety. Similar to the complexés,b (Figure 2),
2|80 - the decay at 350 nm (as well as the recovery at 490 nm) is
< 04 490 nm slightly faster for the complexdb than for 4c, but the
A difference is too small to unambiguously assign this effect
to secondary electron transfer from tyrosine to the oxidized
0 25 50 75 100 Ru(tpy) moiety. Thus, although the change of the attachment
Time (us) group in the complex4b appears to improve electron
Figure 9. Transient absorption spectradti—TiO, measured at 2s (solid injection, the evidence for secondary electron transfer is not

:!ne), 1b0/4KS_ (d?sheCfiAjinteT),OSQts (Iqlgtlt_ed Iine)ﬁnglgﬁlsd(daﬁhdcilptted conclusive. One reason is most certainly that the oxidation
e e 110 st 19} 1 Potential for tyrosine is too high for effiient oxidation by
RuU"(tpy). (Table 1). However, by introduction of hydrogen-
state Ru(tpy) Perhaps it may correspond to a small fraction bonding substituents on tyrosine, the oxidation potential can
of molecules, which, following the fast electron injection, be decreased, leading to efficient secondary electron trans-
undergo also a rapid recombination, leading to a formation fer.3¢ We therefore also prepared the complegasnd4a
of a ground state Ru(tpy)within a few picoseconds. Absorption spectra of these complexes are again similar to
Although we are unable to conclusively explain the origin those of the complexekab, and the femtosecond transient
of the rapid process, nanosecond flash photolysis measureabsorption spectra exhibit the same features as shown for
ments gave strong indications of electron injection. Excitation 4b (Figure 5). In contrast to complexeb and 4b,c, the
of the4b—TiO, system by nanosecond pulses gave rise to a kinetics of the decay of the excited states of the complexes
transient absorption spectrum consisting of a bleaching at3a and 4a were not appreciably changed on going from
490 nm and a positive band below 400 nm (Figure 9a). Thesesolution to TiQ film (Figure 10a,b). The reason is not clear
features can be attributed to the oxidized Rufjisg¢e Figure but could be related to the bulky dpa arms on one tpy. In
8), which is formed during the laser pulse and recombines addition, there was no indication of electron transfer from
with the electrons in Ti@on the microsecond time scale. the dpa arms to Rl
Thus, some electron injection indeed occurs. The kinetics In conclusion, although efficient secondary electron trans-
of both spectral bands (Figure 9b) reflect the dynamics of fer is only observed with certainty with a carotenoid donor,
back electron transfer. The recovery kinetics at 490 nm phenolic donors can probably also function provided they
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have sufficiently low redox potentials. Carboxylate and AgNOs; in CHCN) reference electrode. The experiments were
phosphonate attachment groups are essentially equally efcarried out in dry ACN with 0.1 M tetrabutyl ammonium hexafluo-
ficient in electron injection, but it seems necessary that theserophosphate.

groups are attached directly to the terpyridine ligands. Mass spectrometryexperiments were done on a BioAPEX-94e
superconducting 9.4 T Fourier transform ion cyclotron

resonance mass spectrometer (Bruker Daltronics, Billerica,
MA) (ESI-FTICR MS).

TiO, Film Preparation. TiO, paste (average particle sizel3 Computational Details. Density functional theory (DFT) cal-
nm) was purchased from Solaronix SA. To obtain a mesoporous culations were employed to investigate the electronic structures of
film of uniform thickness, we used Scotch tape as framer and a the substituted Riftpy), complexes. Geometry optimizations as
glass rod to spread a drop of viscous T&Dispension onto a 76 well as calculations of relevant molecular orbitals were performed
26 x 1 mn® microscope glass slip. After removal of the tape and using the B3LYP function&¥°¢together with the LANL2DZ basis
drying in air at room temperature for about 2 h, it was sintered at set> 5 The geometries of the complexéab, 2b, 3b, and4b,c
420-440 °C for 30 min to form a transparent Tiilm. The were obtained by full geometry optimization. Due to the many
thickness of the film was measured to be aboyt8 by both degrees of freedom, the geometries of comple3@s3a, and4a
interference pattern in the steady-state absorption spectrum and bywere obtained by a partial optimization scheme that reduced the
a profilometer. Dye sensitization of the Ti@lm was carried out computational time. The fully optimized templatezb( 3b, and
by soaking the still hot (86C) film in a ~1 mM methanol or ACN 4b) were merged with the separately optimized flexible donors (R
solution and incubated at room temperature for about 24 h. After of 2a, 3a, and4a in Chart 1), and the electronic structure of the
the sensitization procedure, the film was rinsed with solvent several assembled complex was then calculated. All calculations were
times to wash off the nonattached dye, covered with solvent and performed using the Gaussian03 progfdm.
another microscope glass slip, and finally sealed. All the dye-  Synthesis. General MethodsAcetaldehyde was treated with
sensitized films were freshly prepared and kept in the dark before NaHCQ; and distilled from MgSQ@ Tetrahydrofuran (THF) was
all measurements. distilled over Na and benzophenone. Dimethylformamide (DMF)

Spectroscopy Steady-state absorption measurements were madeand diisopropylamine were distilled from Catdnd stored over
on a Jasco-V-530 spectrophotometer. Nanoseearidrosecond ~ Molecular sieves and NaOH pellets, respectively. DryClwas
transient absorption measurements were carried out on a laser flasilistilled from Cah prior to use. All other reagents and solvents
photolysis setup described elsewh&Briefly, the excitation pulse ~ Were purchased as reagent grade and used without further purifica-
at 532 nm (3 mJ/pulse, 7 ns fwhm) was obtained from a Quanta- tion. NMR spectra were recorded on a Varian (300 MHz or 400
Ray 230 Nd:YAG laser. For other wavelengths, the excitation light MHz) spectrometer. Compounds,” 7,%° 20 Tyr-dpa,* Ru(ttpy)-
(1 mJ/pulse, 7 ns fwhm) was generated by a Quanta-Ray MOPO (DMSO)Ch,®* and Ru(DMSO)CI,*> were prepared according to
pumped by a 355 nm output of Quanta-Ray 230 Nd:YAG laser. literature procedures.
The probe light was provided by a 75 W Xe arc lamp and was  3-Hydroxy-1-pyridin-2-ylbutan-1-one (5). 2-Acetylpyridine
collinear with the excitation beam. After passing through the sample, (7.5 mL, 0.067 mol) was added dropwise to a solution of LDA
the probe light was spectrally filtered using two monochromators [prepared from diisopropylamine (14.5 mL, 0.10 mol) arBulLi
and finally detected by a Hamamatsu R928 photomultiplier tube. (2.1 M, 47 mL, 0.10 mol) in 100 mL of THF] cooled at15 °C.
To prevent degradation of the dye due to laser light irradiation, The resulting solution was stirred atl5 °C for 2 h. Acetaldehyde
samples in solution were measuradhi1 cmquartz cell with stirring (7.5 mL, 0.13 mol) was added dropwise and the reaction mixture
by a magnetic stirrer and samples on Tihn were kept moving stirred for 0.5 h. A saturated solution of W&l (75 mL) was added.
during measurements by using ar-X translation stage.

Femtosecond transient absorption measurements were carried ou5) Becke, A. D.J. Chem. Phys1993 98, 5648.

e o ; ; 56) Lee, C. T.; W. Yang, W. T.; Parr, R. ®hys. Re. B 1998 37, 785.
on an amplified titanium-saphire laser system (Spectra Physics), 2573 Dunning, T. H., Jr:q; Hay, P. J. IModer?\/ TheoreticalSChemistry

with tunable pulses obtained from an optical parametric amplifier. Schaefer, H. F., Ill, Ed.; Plenum Press: New York, 1977; Vol. 3, pp
The amplified titanium-saphire laser system was operated at a 1-27.

i ; ; (58) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.
repetition rate of 1 kHz, producing120 fs pulses with an average (89) Frisch, M. J.: Trucks, G. W.: Schlegel, H. B.: Scuseria, G. E.: Robb,

Experimental Section

output power of~1 W and a central wavelength of 800 nm. The M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
amplified pulses were divided into two paths: one to pump an K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
optical parametric amplifier (TOPAS, Light Conversion) for the V.; Menucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Peterson, G. A;

) o Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
generation of excitation pulses centered at 490 nm and the other to J.; Ishida, M.; Nakajima, T.; Honda, V.; Kitao, O.: Nakai, H.: Klene,

produce white-light continuum probe pulses in a 0.5 cm sapphire M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.;
plate. To prevent sample degradation, the excitation pulses were Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazev, O.;

attenuated to an energy 650 nJ/pulse by using neutral density Q‘gﬁﬂﬂhﬁ';‘f an:/rgihR';GPOX] ?Ills';\};aggp telgs-k lyl:‘)]ér\mlxgrﬁ))g? '3' YJ

filters. The mutual polarization of pump and probe beams was set Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
to magic angle (54°%. Steady-state absorption spectra were O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J.

measured before and after fs transient absorption measurements to ~ B:: Ortiz, J. V.. Cui, J. V.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
. Stefanov, B. B.; Liu, G.; Liashenko, A.; Pikorz, P.; Komaromi, I.;
ensure that no permanent photochemical changes occurred over the  yiartin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A; Peng, C. Y.:

duration of the experiment. Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
: . . . W.; Wong, M. W.; Gonzalez, C.; Pople, J. Saussian03revision
Electrochemistry. Cyc_llc voltammetry was cgrrled ou_t in a three- B.05: Gaussian, Inc.: Wallingford, CT, 2003.
compartment cell by using a glassy-carbon disk working electrode, (60) Priimov, G. U.; Moore, P.; Maritim, P. K.; Butalanyi, P. K.; Alcock,
a platinum wire as the counter electrode, and a Ag/&AD mM N. W. J. Chem. Soc., Dalton Tran200Q 445.
(61) Johansson, O.; Borgstny M.; Lomoth, R.; Palmblad, M.; J. Bergquist,
J.; Hammarsthm, L.; Sun, L; Akermark, Blnorg. Chem2003 42,
(54) Pascher, TBiochemistry2001, 40, 5812. 2908.
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The organic phase was collected, and the aqueous phase extracteand washed with MeOH. The filtrate was evaporated, and the
with 40 mL of E£O. The organic phases were combined and dried resulting solid dissolved in NaOH (pH 10). The pH of the
over NaSQ,, and the solvent was evaporated. The crude product resulting solution was adjusted to pH-8 with HCI (2 M). The
was purified on a column of silica gel and eluted with EtGAc  solid was collected by filtration and washed with water and dried
pentane (2:3). Condensation products from acetaldehyde elutecdto yield 1.15 g (78%) of the acid. For NMR, see method A.
first and then unreacted 2-acetylpyridine, followed by the desired  Complex 11. A suspension of Ru(DMSQEI?® (1.3 g, 2.7
product5 (6.6 g, 60%).tH NMR (CDCly): 6 = 1.31 (d,J = 6.2 mmol), 10 (0.50 g, 1.1 mmol), and LiCl (0.20 g, 4.7 mmol) in
Hz, 3H), 3.2+3.27 (m, 1H, PyCO€,—), 3.41-3.46 (m, 1H, ethanol (100 mL) was refluxed for 1.5 h under nitrogen atmosphere.
PyCO(H,—), 3.80 (d,J = 3.3 Hz, 1H,—CHOH), 4.33-4.40 (m, The solvent was evaporated, and the crude product was purified
1H, —CHOH), 7.48-7.52 (m, 1H, PyH), 7.84-7.89 (m, 1H, Py- on a column of aluminum oxide. The product was eluted with
H), 8.05-8.08 (m, 1H, PyH), 8.67—8.69 (m, 1H, PyH). MeCN—EtOH (100:0 to 95:5). A brown band was collected, and
1-Pyridin-2-ylbut-2-en-1-one (6). 5(2.0 g, 0.012 mol) was  solvent was evaporated. The resulting solid was suspended in 50
dissolved in dry CHCl, (50 mL), and the solution was cooled to  mL of acetone-diethyl ether (2:1) and filtered to give 0.66 g (79%)
—30°C. EN (5.1 mL, 0.036 mol) was added, and then methane- of the monoterpyridyl complexXH NMR (DMSO-dg): 6 = 1.27
sulfonyl chloride (1.1 mL, 0.014 mol) was added dropwise. The (t, J= 7.0 Hz, 6H,—POCHCH3), 4.06-4.10 (m. 4H,—POCH,-
solution was allowed to reach ambient temperature over night. The CHg), 7.79-7.82 (m, 2H, PyH), 7.91-7.96 (m, 2H, PrH), 8.18
dark solution was filtered through Celite, which was washed with (dt, J = 7.7, 1.5 Hz, 2H, Pyd), 8.30-8.33 (m, 2H, PhH),
CH,Cl,. Evaporation of solvent and purification on a column of 8.79 (d, 7.7 Hz, 2H, PW), 8.93 (s, 2H, PyH), 9.01-9.03 (m, 2H,
silica gel eluting with EtOAe-pentane (1:1) afforded 1.4 g (79%) Py-H).
of product6. *H NMR (CDCl): ¢ = 2.03 (dd,J = 7.0, 1.5 Hz, Complex 12.Complexesl1 (0.23 g, 0.33 mmol) an8 (0.1 g,
3H, —C=CHCHj3), 7.25 (dg,J = 15, 7.0 Hz, 1H,—C=CHCHy), 0.36 mmol) were refluxed in ethanol (40 mL) and DMF (6 mL)
7.45 (dddJ=7.7,4.8, 1.1 Hz, 1 H, PH#), 7.60 (dgq,J = 15, 1.5 for 14 h. The solvent was evaporated and the crude product purified
Hz, 1H, —CH=CHCH), 7.84 (dt,J = 7.7, 1.8 Hz, 1H, PyH), by column chromatography (silica gel, eluent £LH—H,O—
8.10-8.13 (m, 1H, PyH), 8.69-8.71 (m, 1H, PyH). KNOg3(sat.), 60:40:10). Fractions containing product were collected,
4'-Methyl-2,2":6',2"-terpyridine (8). A mixture of the pyridy+ and the solvent was removed. The resulting solid was dissolved in
enoneb (1.3 g, 8.8 mmol), 2-pyridacylpyridinium iodid&)¢° (2.87 a small amount of CBECN—H,0 (1:1), and a saturated solution of
g, 8.8 mmol), and ammonium acetate (14 g, 180 mmol) in methanol NHsPF; was added. Addition of HCI (0.5 M) gave a red precipitate
(20 mL) was refluxed for 6 h. The solvent was evaporated, and that was filtered out, washed with diluted HCI, and dried to give
water was added (50 mL). The solution was extracted with-CH 0.16 g (43%) of12. *H NMR (CD:CN): 6 = 1.38 (t, 6H,
Cl, (3 x 30 mL). The solvent was evaporated, and the crude product ~POCHCHg), 4.18-4.25 (m. 4H,—POCH,CHy), 7.18-7.24 (m,

was recrystallized from cold EtOHH,0 (1:1). Yield: 1.1 g (50%).
IH NMR (CDCly): 0 = 2.53 (s, 3H, Py€El3), 7.26-7.34 (m, 2H,
Py-H), 7.83-7.87 (m, 2H, PyH), 8.29 (s, 2H, PyH), 8.60-8.63
(m, 2H, PyH), 8.69-8.71 (m, 2H, PyH).

4H, Py—H), 7.37 (d, 2H, PyH), 7.45 (d. 2H, PyH), 7.95-8.02

(m, 4 H, PhH), 8.12-8.2 (m, 2H, PyH), 8.32-8.36 (m, 2H, Py-

H), 8.65 (dd, 4H, PyH), 9.04 (s, 2H, PyH), 9.12 (s, 2H, PyH).
Complex 13.The complext2 (40 mg, 36umol) was suspended

2,2:6',2"-Terpyridine-4'-carboxylic Acid (9). Method A. The in thionyl chloride (4 mL) and refluxed under nitrogen for 3 h.
oxidation was performed according to a modified procedure The excess of thionyl chloride was evaporated. A solution of
described by McCafferty et & Methylterpyridine7 (0.20 g, 0.81  tyrosine ethyl ester hydrochloride (10 mg, Afinol) in 3 mL of
mmol) and selenium dioxide (0.31 g, 2.8 mmol) in 5 mL of dioxane MeCN and 0.1 mL triethylamine was immediately added. This
were refluxed for 24 h. The solution was filtered through Celite, solution was stirred at room temperature for 16 h. The crude product
which was washed with warm ethanol. The solvent was removed Was purified on a column of silica gel using Me€#K,0—KNOs-
under reduced pressure, and the resulting solid was suspended ifsat.) (91:5:1) as eluent. The solvent was evaporated, and the
ethanol (5 mL). A solution of silver nitrate (0.15 g, 0.89 mmol in complex was redissolved in a minimum amount of MeOH and
1 mL water) and 3 mL of NaOH (1 M) was added. The black Precipitated with a saturated solution of K?Fhe red precipitate
suspension was stirred at room temperature for 16 h. The blackWwas collected by filtration, washed with water, and dried to give
silver oxide was removed by filtration and the solid washed with 0.030 g (64%) of product. ESI-FTICR M$n(e): singly charged

NaOH (1 M). Ethanol was removed under reduced pressure, andP€ak at 1160.2, [M- PF6]", calcd 1160.2; doubly charged peak

the pH of the resulting solution was adjusted to pHX4with HCI
(2 M). The solid was collected by filtration and washed with water
and dried to yield 0.15 g (66%) of the acitH NMR (DMSO-d):
0 = 7.51-7.55 (m, 2H, PyH), 8.03 (dt,J = 7.7, 1.8 Hz, 2H, Py-
H), 8.64 (dd,J = 8.1, 1.1 Hz, 2H, PyH), 8.74-8.76 (m, 2H, Py-
H), 8.85 (s, 2H, PyH).

2,2:6',2"-Terpyridine-4'-carboxylic Acid (9). Method B. To
a solution of 4(2-furyl)-2,2:6',2"-terpyriding® (1.6 g, 5.3 mmol)
in pyridine (60 mL) and KO (30 mL) was added KMng4 g, 25
mmol) in small portions. The reaction was stirred for 24 h, and the
remaining KMnQ was reduced by adding B#&03 in H,O until

at 507.6, [M— 2PF6 t*, calcd 507.61H NMR (CD3CN): 6 =
1.32 (t, 3H,—OCH,CHj), 1.40 (t, 6H,—POCHCHs), 3.22-3.40
(m, 2H, —CHCH,Ph), 4.174.31 (m, 6H,—POCH,CH;—OCH,-
CHg), 5.0-5.07 (g, 1H,—CHCH,Ph), 6.84 (d, 2H, Pli) 6.92 (s,
1H, —Ph—OH) 7.17-7.27 (m, 4H, PhH), 7.30 (d, 2H, PyH), 7.38
(d, 2H, PyH), 7.47 (d, 2H, PyH), 7.95-8.02 (m, 4H, PhH), 8.06
(d, 1H, —NH-), 8.12-8.18 (m, 2H, PyH), 8.32-8.36 (m, 2H,
Py-H), 8.62-8.67 (m, 4H, PyH), 9.04 (s, 2H, PyH), 9.08 (s, 2H,
Py-H). Anal. Found: C, 47.64; H, 3.89; N, 7.40. Calcd: C, 47.86;
H, 3.71; N, 7.51.

Complex 14.This complex was prepared in the same way as

the violet color disappeared. The solution was made basic by 13- The complexi2 (66 mg, 59umol) was suspended in thionyl

addition of NaOH (2 M), and the MnOformed was filtered off

(62) McCafferty, D. G.; Bishop, B. M.; Wall, C. G.; Hughes, S. G
Mecklenberg, S. L.; Meyer, T. J.; Erickson, B. Wetrahedronl995
1093.
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chloride (4 mL) and refluxed under nitrogen for 3 h. Excess of

thionyl chloride was evaporated. A solution of alanine ethyl ester

hydrochloride (11 mg, 7Zmol) in 3 mL of MeCN and 0.1 mL

triethylamine was immediately added. This solution was stirred at

room temperature for 16 h. The crude product was purified on a
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column of silica gel using MeCNH,O—KNO3(sat.) (91:5:1) as

washed with EtOH, and dried under vacuum to give(0.17 g,

eluent. The solvent was evaporated, and the complex was redis-66%). 'H NMR (DMSO-dg): ¢ = 3.58 (s, 6H,—CHj3), 4.91 (s,

solved in a minimum amount of MeOH and precipitated with a
saturated solution of KRFThe red precipitate was collected by
filtration, washed with water, and dried to give 0.045 g (63%) of
product. ESI-FTICR MSr/e): singly charged peak at 1068.2, [M
— PF6 ], calcd 1068.21H NMR (CD3CN): ¢ = 1.33-1.42 (m,
9H, —OCH,CH3;—POCH,CHj3), 1.69 (d, 3H,—~CHCHy), 4.15-4.32
(m, 6H, —OCH,CH;—POCH,CHj), 4.76-4.84 (m, 1H,—CH-—
CHj3), 7.16-7.26 (m, 4H, PyH) 7.37 (d, 2H, PyH), 7.47 (d, 2H,
PyH), 7.95-8.02 (m, 4H, PH4), 8.08 (d, 1H,—NH-), 8.12-
8.19 (m, 2H, PyH), 8.32-8.36 (m, 2H, PyH), 8.63-8.67 (m, 4H,
Py-H), 9.05 (s, 2H, PyH), 9.13 (s, 2H, PyH). Anal. Found: C,
45.65; H, 4.56; N, 7.90. Calcd: C, 45.55; H, 3.66; N, 8.08.
Complex 1a.Complex13 (30 mg, 2&mol) was dissolved in 3
mL of dry CH;CN under argon. The solution was cooled t6@)
and 0.4 mL of Si(CH)3l (2.8 mmol) was added slowly under
stirring. After 2 h, 4 mL of MeOH was added and the solution was
left at room temperature for 3 h. A saturated J®; water solution

was added and the red precipitate filtered off and washed with water

to give pure product 25 mg (87%). ESI-FTICR M&/€): doubly
charged peak at 479.62, [M 2PF6 ', calcd 479.59!H NMR
(CDsCN): ¢ = 1.32 (t, 3H, —OCH,CHg), 3.22-3.40 (m, 2H,
—CHCH,Ph), 4.28 (g, 2H,—OCH,CHs), 5.0-5.07 (m, 1H,
—CHCH,Ph), 6.84 (d, 2H, Plid) 7.17—7.27 (m, 4H, PyH), 7.30
(d, 2H, PhH), 7.38 (d, 2H, PyH), 7.47 (d, 2H, PyH), 7.95-8.05
(m, 5H, PhH, —NH-), 8.18-8.24 (m, 2H, PyH), 8.32-8.36 (m,
2H, PyH), 8.63-8.70 (m, 4H, PyH), 9.04 (s, 2H, PyH), 9.09 (s,
2H, PyH).

Complex 1b.Complex14 (22 mg, 1&mol) was dissolved in 3
mL of dry CH;CN under argon. The solution was cooled t6@)
and 0.3 mL of SiMel (2.1 mmol) was added slowly under stirring.
After 2 h 4 mL of MeOH was added and the solution was left in
room temperature for 3 h. A saturated MMk water solution was

2H, —CH,—), 7.52 (t, 2H, PyH), 7.59 (d, 2H, PH), 7.84-7.93
(m, 4H, PhtH), 7.99 (t, 2H, PyH), 8.15 (d, 2H, PH), 8.75 (d,
2H, PyH), 8.94 (s, 2H, PyH), 9.34 (d, 2H, PyH).

Complex 18.Complex17 (0.17 g, 0.24 mmol) and0 (0.11 g,
0.25 mmol) were refluxed in EtOH (40 mL) for 1.5 h under argon
atmosphere. The solvent was removed and the residue chromato-
graphed on silica gel (eluent: GEIN—H,O— KNOj3(sat.), 90:7:

2). Fractions containing product were combined, and the solvent
was removed. The remaining solid was dissolved in a small amount
of CH;CN—H,0 (2:1), and an excess of NFF; in water was
added. The formed precipitate was filtered off, washed wi® H
and dried under vacuum to gide (0.25 g, 81%)!H NMR (CDs-

CN): 6 =1.39 (t, 6H,—CHjy), 4.174.25 (m, 4H,—CH,—), 5.03

(s, 2H, —CHy—), 7.19-7.23 (m, 4H, PyH), 7.43-7.47 (m, 4H,
PyH), 7.78 (d, 2H, PHH), 7.84-7.98 (m, 8H, PyH, PhtH), 8.12-

8.20 (m, 4H, PHH), 8.32-8.37 (m, 2H, PHH), 8.62-8.67 (m, 4H,
Py-H), 9.02 (s, 2H, PyH), 9.05 (s, 2H, PyH).

Complex 19.To a solution oflL8 (0.25 g, 0.20 mmol) in EtOH
(50 mL) and CHCN (10 mL) was added 0.2 mL of NINIH»xH,O.

The reaction mixture was left with stirring over night under argon
atmosphere. The solvents were removed under reduced pressure,
and the solid was dissolved in a small amount of;CN—H>O

(2:1). Addition of excess NHPF; in water gave a precipitate that
was filtered off, washed with water, and dried under vacuum to
give 19(0.19 g, 87%)*H NMR (CDsCN): 6 = 1.39 (t, 6H,—CHs),

4.21 (m, 4H,—CH,—), 4.35 (s, 2H,—CH,—), 7.21 (t, 4H, PyH),

7.45 (d, 4H, PyH), 7.80 (d, 2H, PHH), 7.98 (t, 4H, PyH), 8.12—

8.19 (m, 2H, PHH), 8.29 (d, 2H, PH), 8.32-8.37 (m, 2H, Ph-

H), 8.67 (d, 4H, PyH), 9.03 (s, 2H, PyH), 9.06 (s, 2H, PyH).

Complex 21.Complex19 (91 mg, 0.08 mmol), carotenoi2i0
(46 mg, 0.11 mmol), and DMAP (12 mg, 0.1 mmol) were dissolved
in dry CH,Cl, (8 mL) and CHCN (4 mL) under argon atmosphere,

added and the red precipitate filtered off and washed with water to in the dark. After 15 min of stirring, DCC (33 mg, 0.16 mmol)

give 18 mg (86%) of pure product. ESI-FTICR M&V€): doubly
charged peak at 433.60, [M 2PF6 ', calcd 433.58!H NMR
(CDsCN): 6 = 1.36 (t, 3H,—OCH,CHy), 1.69 (d, 3H,—CHCHa),
4.29 (q, 2H,—OCH,CHs), 4.76-4.84 (m, 1H,—CHCHy), 7.16—
7.24 (m, 4H, PyH) 7.37 (d, 2H, PyH), 7.50 (d, 2H, PyH), 7.94-
99 (m, 4H, PhH), 8.1 (1H,—NH-), 8.20-8.24 (m, 2H, PHH),
8.26-8.31 (m, 2H, PyH), 8.65-8.70 (m, 4H, PyH), 9.16 (s, 2H,
Py-H), 9.13 (s, 2H, PyH).

Ligand 16. A suspension 015 (4.0 g, 10 mmol) and potassium
phtalimide (3.3 g, 18 mmol) in dry dimethylformamide (100 mL)
was heated under argon at 80 for 3 h. The solution was cooled
to room temperature, diluted with CH{|100 mL), and filtered.
The white precipitate was washed with CHCThe combined

dissolved in CHCI, (1 mL) was added. The reaction mixture was
left with stirring 13 h. The solvent was removed under reduced
preassure and the resulting solid purified on silica column using
CH3CN—H,O—KNOj3(sat.) (90:5:1) as eluent. Fractions containing
product were combined, and the solvent was removed. The
remaining solid was dissolved in a small amount ofsCN—H,0
(2:1), and an excess of NHF; in water was added. The formed
precipitate was filtered off, washed with,8, and dried under
vacuum to give2l (77 mg, 58%). ESI-FTICR MSnie): doubly
charged peak at 649.80, [M 2PR]?", calcd 649.751H NMR
(CDsCN): 6 = 1.05 (s, 6H, CarCHs), 1.39 (t, 6H,—CHs), 1.49—

1.69 (m, 4H, CarCH,—), 1.73 (s, 3H, CarCHjg), 2.02 (s, 3H,
Car—CHy), 2.04 (s, 3H, CarCHs), 2.07-2.13 (m, 8H, CarCHj,

filtrate was washed with water (100 mL), and the aqueous phase Car—CH,—), 4.15-4.27 (m, 4H, —CH,—CHj3), 4.64 (d, 2H,

was extracted with CHGI(2 x 50 mL). The combined organic
phase was washed with 100 mL of NaOH (0.1 M) and watex (2

—CH,—NH~-), 6.13-6.47 (m, 6H, Car-CH—), 6.68-6.87 (m, 5H,
Car-CH-),7.08-7.13 (m, 1H, CarCH-), 7.18-7.25 (m, 4H,

100 mL). The solvent was evaporated until a white solid started to Py-H), 7.31 (t, 1H,—NH—), 7.42-7.49 (m, 4H, PyH), 7.72 (d,
precipitate. E{O was added to get complete precipitation. The solid 2H, PhH), 7.93-8.02 (m, 4H, PyH), 8.12-8.20 (m, 4H, PhH),

was collected by filtration, washed with &, and dried to give
4.5 g (96%) of the productH NMR (CDCl): 6 = 4.92 (s, 2H,
PhtCH,Ph-), 7.32-7.36 (m, 2H, PyH), 7.57 (d,J = 8.2 Hz, 2H,
PhH), 7.69-7.73 (m, 2H, Py-H), 7.847.88 (m, 6H, PH and
PhtH), 8.62-8.65 (m, 2H, PyH), 8.68-8.72 (m, 4H, PyH).
Complex 17.Ru(DMSO)CI, (0.21 g, 0.43 mmol) was dissolved
in EtOH (40 mL) at 85°C under argon atmosphere. Ligaté

8.35 (dd, 2H, PH), 8.63-8.71 (m, 4H, PyH), 9.03 (s, 2H, Py-
H), 9.06 (s, 2H, PyH).

Complex 2a.A solution 0f21 (30 mg, 0.018 mmol) in DMF (2
mL), CH;CN (3 mL), and E4N (0.1 mL) was cooled to 0C under
argon. MgSiBr (0.1 mL, 0.77 mmol) was added, and the resulting
mixture was allowed to reach room temperature, while left with
stirring for 24 h in the dark. MeOH (degassed, 2 mL) was added

(0.17 g, 0.36 mmol) was added, and the solution was heated atand the stirring continued for 2 h. About 95% of the solvent was

reflux for 1 h while a precipitate was formed. The reaction mixture

was cooled to room temperature, and the product filtered off,

removed under reduced pressure, ang®ER mL) and CHCN (5
mL) were added. The precipitate formed was filtered off and washed
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with Et,O to give2a (14 mg, 51%).1H NMR (DMSO-dg): 6 =
1.01 (s, 6H, CarCHg), 1.40-1.61 (m, 4H, CarCH,—), 1.65 (s,
3H, Car-CHj3), 1.94-2.03 (m, 14H, CarCHj, Car-CH,—), 4.58
(d, 2H,—CH,—NH-), 6.18-6.49 (m, 6H, CarCH—), 6.61-6.82
(m, 5H, Car-CH-),7.06-7.10 (m, 1H, CarCH-), 7.23-7.29
(m, 4H, PyH), 7.52-7.56 (m, 4H, PyH), 7.62 (d, 2H, PH),
7.93-8.10 (m, 6H, PyH), 8.39 (d, 2H, PH), 8.51 (dd, 2H, Ph-
H), 8.61 (t, 1H,—NH—), 9.04-9.11 (m, 4H, PyH), 9.43 (s, 2H,
Py-H), 9.51 (s, 2H, PyH).

Complex 23.Ru(tpy)(DMSO)C} (22) (0.30 g, 0.52 mmol) and
10 (0.24 g, 0.54 mmol) were refluxed in EtOH (60 mL) for 3 h

Wolpher et al.

NMR (CD3CN): 6 = 1.53 (t, 6H, CH—CH3), 4.43 (m, 4H, Ci,—
CHg), 7.18 (t, 2H, PyH), 7.23 (t, 2H, PyH), 7.36 (d, 2H, PyH),
7.49 (d, 2H, PyH), 7.95-8.02 (m, 4H, PyH), 8.35 (d, 2H, PH),
8.41 (d, 2H, PhH), 8.66-8.69 (m, 4H, PyH), 8.98 (d, 2H, PyH),
9.08 (s, 2H, PyH).

Complex 27a.A solution of complex26 (67 mg, 55umol),
PyBOP (32 mg, 6umol), and DIEA (10.6uL, 61 umol) in 1 mL
of dry CH;CN and 2 mL of CHCI, was left with stirring for 30
min under argon. Tyrosine ethyl estetpa (40 mg, 63:mol) and
DIEA (10.6 uL, 61 umol) in 2 mL of CH,CI, was added, and the
resulting solution was stirred under argon for 12 h. The solution

under argon atmosphere. The solvent was removed and the residugvas diluted with 50 mL of ChkCl, and washed with bO, the

chromatographed on silica gel (eluent: £M—H,0—KNO3 (sat.),

organic phase was dried over ]84, and the solvent was removed

90:7:2). Fractions containing product were combined, and the under reduced pressure. The red solid was chromatographed on
solvent was removed. The remaining solid was dissolved in a small silica gel (eluent gradient: GJEN — CH;CN/H,O/KNOs(sat.), 50:

amount of CHCN, and an excess of NRFs in acidic water was
added. The formed precipitate was filtered off, washed wi® H
and dried under vacuum to gi&3 (0.360 g, 59%)H NMR (CDs-
CN): 6 =1.39 (t, 6H,—CHs), 2.57 (s, 3H~CH3), 4.18-4.25 (m,
4H, —CH,—CHjy), 7.18-7.24 (m, 4H, PyH), 7.44 (d, 2H, Py-H),
7.47 (d, 2H, PyH), 7.1 (d, 2H, PhH), 7.95-8.00 (m, 4H, PyH),
8.13 (d, 2H, PHhH), 8.17 (d, 2H, PHH), 8.34 (dd, 2H, PHH), 8.66—
8.70 (m, 4H, PyH), 9.02 (s, 2H, PyH), 9.05 (s, 2H, PyH).
Complex 2b.A solution 0of23 (60 mg, 0.052 mmol) in dry CH
CN (10 mL) was cooled under argon atmosphere. M®il (0.1
mL, 0.7 mmol) was added, and the resulting mixture was allowed
to reach room temperature, while left with stirring ¥ h in the

10:5). Fractions containing product were combined, and the solvent
was removed. The remaining solid was taken up intoCliby
addition of HO—NH4PFR; and CHCI,. The organic phase was
washed with water and dried over }&0,, and the solvent was
evaporated under reduced pressure to give 71.7 mg (7526)eof
ESI-FTICR MS (e): doubly charged peak at 718.77, [M
2PR]?, calcd 718.73; doubly charged peak at 791.76,fMPFs
+ H']?*, calcd 791.72'H NMR (CDsCN): 6 = 1.22 (t, 3H, CH—
CHg), 1.53 (t, 6H, CH—CHj3), 3.08 (dd, 1H, tyr-CH,—CH), 3.27
(dd, 1H, tyr—CH,—CH), 4.14-4.21 (14H, G1,—CHjz, Ph—CH,—
N, Py—CH,—N), 4.44 (q, 4H,—CH,—CHj), 4.95 (q, 1H, tyrCH—
N), 7.17-7.27 (m, 6H, PyH, tyr—PhH), 7.35-7.39 (m, 10H, Py-

dark. MeOH (degassed, 2 mL) was added and the stirring continuedH), 7.48 (m, 3H, Py, —NH-), 7.78 (t, 4H, PyH), 7.95-8.01

for 2 h. A saturated NEPFR; water solution was added and the red
precipitate filtered off and washed with water to gile (47 mg,
83%). ESI-FTICR MS ifve): singly charged peak at 813.18, [M
— 2PF6, H]*, calcd 813.13'H NMR (DMSO-dg): 6 = 2.58 (s,
3H, —CHj3), 7.23-7.28 (m, 4H, PyH), 7.52-7.60 (m, 6H, PyH,
PhH), 7.98-8.070 (m, 6H, PyH, PhH), 8.36 (d, 2H, PH), 8.47
(d, 2H, PhH), 9.07-9.13 (m, 4H, PyH), 9.44 (s, 2H, PyH), 9.50
(s, 2H, PyH).

Ligand 25. To a solution of 4(p-(CO.Me)Ph)-terpyridiné® (0.84
g, 2.3 mmol) in methanol (20 mL) was added NaOH in water (1
M, 40 mL). The reaction was heated at 80 for 10 h while it

(m, 6H, PyH, PhH), 8.14 (d, 2H, PHH), 8.57 (d, 4H, PyH), 8.65—
8.70 (m, 4H, PyH), 8.97-9.01 (m, 4H, PyH).

Complex 27b. A solution of complex26 (60 mg, 54umol),
PyBOP (29 mg, 5&umol), and diisopropylethylamine (DIEA) (9.5
uL, 55umol) in 1 mL of dry CHCN and 2 mL of CHCI, was left
with stirring for 30 min under argon. L-Alanine ethyl ester
hydrochloride (8.4 mg, 5amol) and DIEA (19«L, 110 umol) in
2 mL of CH,Cl, was added, and the resulting solution was stirred
under argon for 12 h. The solution was diluted with 50 mL of,€H
Cl, and washed with kD, the organic phase was dried over,Na
SO, and the solvent was removed under reduced pressure. The

became a clear solution. The solvent was removed under reduceded solid was chromatographed on silica gel (eluent gradient- CH
pressure and the solid redissolved in water. The pH of the resulting CN — CH;CN—H,O—KNOs(sat.), 90:5:2). Fractions containing

solution was adjusted to pH—-% with HCI (2 M). The white
precipitate was collected by filtration and washed with water and
dried to give 0.76 g (93%) of the acitd NMR (DMSO-dg): 6 =
7.72 (t, 2H, PyH), 8.1-8.71 (m, 4H, PHH), 8.24 (t, 2H, PyH),
8.82-8.91 (m, 6H, PyH).

Complex 26.A solution of24° (0.28 g, 0.49 mmol) and silver-
(I triflate (0.30 g, 1.2 mmol) in EtOH (40 mL) and DMF (10 mL)
was heated at 680C for 20 min, to give a blue solution. Ligarkb

product were combined, and the solvent was removed. The
remaining solid was taken up into GEl, by addition of HO—
NH4PF and CHCI,. The organic phase was washed with water
and dried over Ng&0Q,, and the solvent was evaporated under
reduced pressure to giv&7b [50.4 mg (77%)]. ESI-FTICR MS
(m/e): singly charged peak at 1068.23, [MPFK;] *, calcd 1068.18.

IH NMR (CDsCN): 6 =1.31 (t, 3H, CH—CHg), 1.53 (t, 6H, CH—
CHg), 1.57 (d, 3H, CH-CH3), 4.23 (g, 2H,—CH,—CHg) 4.43 (m,

(0.173 g, 0.49 mmol) was added, and the resulting solution was 4H, —CH,—CHz), 4.68 (qv, 1H, NH-CH—CHs) 7.18 (t, 2H, Py-

heated at reflux under argon for 22 h. The red solution was filtered,

H), 7.24 (t, 2H, PyH), 7.35 (d, 2H, PyH), 7.49 (d, 2H, PyH),

and the solvent was removed under reduced pressure. The red solid@.52 (d, 1H,—NH—), 7.94-8.01 (m, 4H, PyH), 8.22 (d, 2H, Ph-

was chromatographed on silica gel (eluent: ;CN—H,0—KNO3-

H), 8.32 (d, 2H, PHH), 8.68 (d, 4H, PyH), 8.98 (d, 2H, PyH),

(sat.), 80:15:5). Fractions containing product were combined, and 9.07 (s, 2H, PyH).
the solvent was removed. The remaining solid was dissolved ina Complex 3a.Complex27a(25 mg, 14umol) was dissolved in

small amount of CHCN—H,0 (2:1), and an excess of NP in

3 mL of dry CHCN under argon. The solution was cooled to

water was added. The formed precipitate was filtered off, washed 0 °C, and 0.1 mL of Si(Ck)sl (0.7 mmol) was added slowly under

with H,O, and dried under vacuum to gi&& (0.24 g, 44%).1H

(63) Figgemeier, E.; Aranyos, V.; Constable, E. C.; Handel, R. W.;
Housecroft, C. E.; Risinger, C.; Hagfeldt, A.; Mukhtar |&org. Chem.
Commun2004 7, 117.

(64) Liu, D.; Gao, Y.; Kispert, L. DJ. Electroanal. Chem200Q 488
140-150.
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stirring. After 2 h 4 mL ofMeOH was added and the solution was
left at room temperature for 3 h. A saturated Ji; water solution

was added and the red precipitate filtered off and washed with water
to give pure product 15.1 mg (64%). ESI-FTICR M&€): doubly
charged peak at 690.74, [M- 2PR]?", calcd 690.70; doubly
charged peak at 763.73, [M PR; + H]2t, calcd 763.69'H NMR
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(CDsCN): 6 = 1.24 (t, 3H, CH—CHgy), 3.05 (dd, 1H, tyrCH,—
CH), 3.25 (dd, 1H, ty+ CH,—CH), 4.11 (s, 4H, PRCH,—N), 4.21
(9, 2H, CH,—CHg), 4.33 (s, 8H, Py CH,—N), 4.97 (q, 1H, tyr
CH—N), 7.17-7.21 (m, 6H, PyH, tyr—Ph—H), 7.40 (d, 2H, Py-
H), 7.45 (d, 2H, PyH), 7.51-7.60 (m, 9H, PyH, —NH-), 7.93
(t, 4H, PyH), 8.01-8.06 (m, 6H, PyH, PhH), 8.23 (d, 2H, Ph-
H), 8.62-8.68 (m, 8H, PyH), 8.98 (s, 2H, PyH), 9.12 (d, 2H,
PyH).

Complex 3b.Complex27b (15 mg, 12umol) was dissolved in
2 mL of dry CHCN under argon. The solution was cooled to 0
°C, and 0.1 mL of Si(Ch)sl (0.7 mmol) was added slowly under
stirring. After 2 h 3 mL ofMeOH was added and the solution was
left with stirring in room temperature for 3 h. A saturated )
water solution was added and the red precipitate filtered off and
washed with water to give pure product 9.6 mg (69%). ESI-FTICR
MS (m/e): single charged peak at 1012.17, [M PR] *, calcd
1012.12; doubly charged peak at 433.61, [M2PFR]2", calcd
433.58; singly charged peak at 866.19, fM2PF, —H*]*, calcd
866.14."H NMR (DMSO-dg): 6 = 1.23 (t, 3H, CH—CHg), 1.48
(d, 3H, CH-CHs), 4.15 (g, 2H,—CH,—CHs), 4.55 (qv, 1H, NH-
CH—CHy), 7.24 (t, 2H, PyH), 7.30 (t, 2H, PyH), 7.42 (d, 2H,
Py-H), 7.52 (d, 2H, PyH), 7.97 (t, 2H, PyH), 8.07 (t, 2H, PyH),
8.25 (d, 2H, PHH), 8.57 (d, 2H, PHH), 8.91 (d, 2H, PyH), 9.03
(d, 1H, —NH=), 9.11 (d, 2H, PyH), 9.17 (d, 2H, P-Py-H), 9.53
(s, 2H, PyH).

Complex 28.Ru(DMSO)ClI, (0.7 g, 1.44 mmol) and ligan€
(0.8 g, 2.9 mmol) were refluxed in EtOH (60 mL) and DMF (10

mL) for 26 h. The solvent was removed and the residue chromato-

graphed on silica gel eluent GEIN—H,0— KNOj(sat.) (60:30:

Complex 4b.Complex28 (60 mg, 63umol) was suspended in
thionyl chloride (5 mL) and refluxed fa3 h under argon. Excess
thionyl chloride was evaporated and the resulting solid dissolved
in dry DMF (3 mL). A solution of tyrosine ethyl ester hydrochloride
(15.5 mg, 63umol) in dry acetonitrile (2 mL) and triethylamine
(0.1 mL) was immediately added. The resulting mixture was heated
at 90°C for 2 h and left at 50°C over night. The solvent was
removed and the residue chromatographed on silica gel with eluent
CH;CN—H,0—KNO3(sat.), (80:12:4). Fractions containing product
were combined, and the solvent was removed. The remaining solid
was dissolved in a small amount of @EN—H,O (1:1), and an
excess of NP in water was added. The resulting solution was
acidified with HCI (1 M) until a precipitate formed. The product
was filtered off, washed with D, and dried under vacuum to give
4b (35 mg, 49%). ESI-FTICR MSn{/e): singly charged peak at
992.20, [M— PR ], calcd 992.13; singly charged peak at 846.21,
[M — 2PR;, H" ]*, calcd 846.16'"H NMR (CD3CN): 6 = 1.31 (t,
3H, —CH,—CHj3), 3.22-3.40 (m, 2H, TyrCH,), 4.26 (q, 2H,
—CH,—CHj3), 5.0-5.08 (m, 1H, Tyr-CH-), 6.84 (d, 2H, PHH),

7.09 (s, 1H, PROH), 7.16-7.23 (m, 4H, PyH), 7.29 (d, 2H, Ph-
H), 7.37 (t, 4H, PyH), 7.93-8.04 (m, 5H, PyH, N—H), 8.61—
8.69 (m, 4H, PyH), 9.06 (s, 2H, PyH), 9.24 (s, 2H, PyH).

Complex 4c.Complex28 (76 mg, 80umol) was suspended in
thionyl chloride (5 mL) and refluxed fo3 h under argon. Excess
thionyl chloride was evaporated and the resulting solid dissolved
in dry DMF (3 mL). A solution of alanine ethyl ester hydrochloride
(12.3 mg, 80umol) in dry acetonitrile (2 mL) and triethylamine
(0.1 mL) was immediately added. The resulting mixture was heated

10). Fractions containing product were combined, and the solventat 90 °C for 2 h and left at 50°C overnight. The solvent was
was removed. The remaining solid was dissolved in a small amountremoved and the residue chromatographed on silica gel eluept CH

of CH;CN—H,0 (1:1), and an excess of NFIF; in water was
added. The solution was acidified with HCI (1 M) until a precipitate
formed. The product was filtered off, washed witbh® and dried
under vacuum to giv@8 (0.75 g, 55%)H NMR (CD3;CN): ¢ =
7.20 (t, 4H), 7.38 (d, 4H), 7.87 (t, 4H), 8.68 (d, 4H), 9.27 (s, 4H).
Complex 4a.To a solution of comple®28 (85 mg, 90umol)
and DIEA (15.6uL, 90 umol) in dry DMF (2 mL) was added
PyBOP (47 mg, 8&mol) in 1 mL of DMF. The solution was left
with stirring for 30 min under argon. Tyrosine ethyl estelpa (56
mg, 89umol) and DIEA (30.8uL, 178 umol) in 1 mL of DMF

CN—H,0—KNO4(sat.) (80:12:4). Fractions containing product were
combined, and the solvent was removed. The remaining solid was
dissolved in a small amount of GAN—H,0 (1:1), and an excess

of NH4PFs in water was added. The resulting solution was acidified
with HCI (1 M) until a precipitate formed. The product was filtered
off, washed with HO, and dried under vacuum to give (38 mg,
45%). ESI-FTICR MS 1fve): singly charged peak at 900.15, [M

— PR ]*, calcd 900.11H NMR (CDsCN): 6 = 1.33 (t, 3H,
—CH,—CHj3), 1.68 (d, 3H, Ala-CH—CH3), 4.29 (q, 2H,—CH>—
CHy), 4.78-4.85 (m, 1H, Ala=CH—CHj), 7.17-7.24 (m, 4H, Py-

was added, and the resulting solution was stirred under argon forH) 7.35-7.41 (m, 4H, PyH), 7.93-8.01 (m, 4H, PyH), 8.15 (d
12 h. The solvent was removed under reduced pressure. The red; N—H), 8.63-8.70 (m, 4H, PyH), 9.17 (s, 2H, PyH), 9.25 (s

solid was chromatographed three times on RP gel (eluent3){CH
CO—H,0O—KNOg(sat.), 5:10:1). Fractions containing product were

2H, PyH).
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