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A Tin(IV) —Ruthenium(ll) —Tin(IV) Cyclic Porphyrin Trimer with Replaceable Chiral
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A series of cyclic metalloporphyrin trimerBu(CO)(py)[Sn(carboxylate)],2, having cavities lined with different
carboxylate groups are synthesized by adding the appropriate carboxylic acids to the mixe&t{@@)(py)-
[Sn(OH),]»2. This methodology provides ready access to a wide range of cavities lined with substituents possessing
chirality or hydrogen-bonding groups. The potential of such systems is illustrated by synergistic binding of a
hydroxypyridine to the Ru(Il-CO center and to the hydroxyl groups obajuinate-lined cavity. The effect of
changing the carboxylate lining of the cavity on the course of epoxidation reactions catalyzed by these trimers is
also reported.

As part of a project? aimed at achieving recognition and Chart 1
catalysis within the cavities of designed macrocycles, we de- R
scribe here a series of cyclic metalloporphyrin trim&g(CO)-
(py)[Sn(carboxylate)].2, that incorporate a ruthenium(ll) car-
bonyl porphyrin and two tin(IV) porphyrins (see Chart 1). The
tin centers are good attachment points for carboxylates, provid-
ing ready access to a wide range of cavities lined with sub-
stituents possessing chirality or other desired properties. We
illustrate the potential of such systems by demonstrating syn-
ergistic binding of a hydroxypyridine to the ruthenium center
and to the hydroxyl groups of a quinate attached to tin. The
ruthenium center is also a potential catalytic site, and the effect
of changing the carboxylate lining of the cavity in the course
of epoxidation reactions catalyzed by these trimers is reported.

Tin(1V) metalloporphyrins have been known since the end
of the last century and were among the first artificial metal-
loporphyrins synthesizet! Despite this early start, relatively
little has been published since, perhaps because the coordination
chemistry seemed well established. Tin(IV) porphyrins can be
synthesized in high yield by heating a mixture of the free-base
porphyrin and SnGt2H,0 in pyridine at reflux in the presence
of air. The postulated intermediate is an unstable tin(ll)
metalloporphyrin, which is rapidly air-oxidized to give the stable — . .
purple dichlorotin(1V) metalloporphyrif. _charge. Coorc_ilnanon of neutra_l ligands is rare and only_ occurs

Tin(IV) metalloporphyrins preferentially coordinate two if the counterion associated with the 7metallioporphyr|rl |§7very
anionic ligands, thus giving the metalloporphyrin no overall weakly coordinating (for.example, GF0:™, NO; ,.a.md clan).>

Tin(IV) metalloporphyrins are strongly oxophilic, as expected
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carboxylate complex. The tin(IV) ion sits centrally within a (TMP)(O), as the epoxidation catalyst, yields of over 95% have
slightly expanded porphyrin ring and coordination of the been obtained for the epoxidation of various alkenes in benzene.
carboxylate anions is monodentate, in contrast to the bidentateWe needed a system that was highly active yet selective enough

binding mode found for group 4 metalloporphyrindhese
compounds are formed via Sn(Por)(CHHOOCR hydrogen-
bonded intermediates, which can be detected by NMR spec-
troscopy® Once formed, the carboxylate complexes are kineti-
cally quite inert and, in the absence of acid, only exchange
ligands over a period of weeks at room temperafiigen upon

the addition of an excess of GDO,H to Sn(TPP)(@CCHg),,

no exchange is observed afte h atroom temperaturé’ The
stability of these carboxylate complexes allows tin(IV) metal-

to be compatible with the complex superstructure of our hosts.
The 2,6-dichloropyridiné-oxide/Ru(TMP)(O) system seemed
to fulfill these criteria. In addition, since thé-oxide is present
in a large excess relative to the catalyst, inactivation of the
catalyst through dimerization to the inactiueoxo species is
suppressed until the end of the reactién.

The ease of synthesis and the relatively high kinetic and
thermodynamic stabilities of the bound carboxylate ligdnis
implied that tin porphyrins might be useful units to effect

loporphyrins to be used as sensors for organic acids. Incorpora-changes in both the nature and the binding characteristics of

tion of tin(IV) metalloporphyrins into polymer membranes gave
potentiometric probes that showed high sensitivity for salicylate
and 2-hydroxybenzohydroxamafe'? The stabilities of these
complexes may generally be correlated with tikg palues of

the conjugate acids. As the acidities of the conjugate acids

the cavity of theRu(CO)Mj2 trimers2 Though the slow-
exchange kinetics did not make the carboxyldtr interaction
a useful motif for binding substrates within the cavity, it opened
the possibility, through variation of the nature of the bound
carboxylate, of controlling the size and functionality of the

decrease, the anions become more electron rich, and thus bettecavity. Therefore, supramolecular interactions such as hydrogen

ligands, but also become prone to hydrolysis (for example,
ethoxide)!314 Stronger acids yield complexes that are more
stable to hydrolysis, but the anions coordinate to the tin much
more weakly (for example, nitraté€y. The carboxylate com-
plexes seem to occupy the middle ground, and those with
internal hydrogen bonds (such as salicylate and 2-hydroxyben-
zohydroxamate) seem to have unusually high stabilities, as doe
9-anthroic acid

We have already demonstrated that the ruthenium centers in
our porphyrin trimers can be used as recognition sites for
pyridine-containing ligandsHowever, the ruthenium porphyrin
is also a potential catalytic site. Cyclopropanoafibepoxide
isomerization'® and oxidatio4”18 have all been catalyzed by
ruthenium porphyrins. Ruthenium porphyrins have proved to
be versatile catalysts for the oxidation of organic substrates.
The synthesis of the bis(oxo)ruthenium(VI) porphyrin complex
Ru(TMP)(O} led to the discovery of catalytic epoxidation of
alkenes by this complex in the presence of molecular oxygen.
More recently, iodosylbenzetfeand heteroaromatis-oxided®
have been employed as more reactive oxygen sources tha
molecular oxygen. HeteroaromabiEoxides have lower reactiv-
ity than reagents such as iodosylbenzene but do not degrad
the catalyst or react with the substrate in the absence of catalyst
The most effective heteroaromatitoxide was 2,6-dichloro-
pyridine N-oxide owing to the low basicity of 2,6-dichloropy-
ridine and the inability of the free parent pyridine to coordinate
to the ruthenium center and block further reactibivith the
use of 2,6-dichloropyridinéN-oxide as the oxidant and Ru-
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bonding, van der Waals interactions, and electrostatic attraction
might be used in the place of ligandhetal binding.

Results and Discussion

Synthesis.The presence of the ruthenium porphyrin subunit

dn Ru(CO)[H )22 required that additional experimental precau-

tions be taken during metalation with tin(ll) chloride. The
carbonyl ligand can be displaced by pyridine in the presence
of light or heat, so there was some doubt as to whether the
ruthenium carbonyl porphyrin would be stable under the tin
insertion conditions. Initial attempts to insert tin by heatg
(CO)[H2]22 with powdered SnGi2H,0 in pyridine at reflux

in air for 2 h often gave only impure products. However,
shielding the reaction mixture from light during the tin insertion
allowedRu(CO)(py)[SnCl;],2 to be obtained without unwanted
substitution at ruthenium. At this point, the product was the
dichloro complex, which was converted to the dihydroxo
complex during workup. ThéH NMR spectrum of the crude
Ru(CO)(py)[SnCl,]22 trimer showed Sn(por) meso-H at 10.70

I'bpm and Ru(por) meso-H at 9.48 ppm, though the meso-H

region of the tin porphyrins showed some additional impurities,
ossibly resulting from partial hydrolysis. The complex had
pyridine coordinated to the ruthenium center, the pyridyl
o-protons giving a characteristic doublet at 0.68 ppm. After
removal of the solvent under high vacuum, the residue was
redissolved in chloroform and the solution was filtered through
Celite to remove excess tin chloride. The chloroform solution
was stirred with two portions of activity V alumina over 2 days,
in a manner similar to that described by Arnéldrhis afforded
Ru(CO)(py)[Sn(OH),]22 (Scheme 1), though often contami-
nated with excess pyridine, which had to be removed by
recrystallization from dichloromethane/hexanes. The hydroxyl
protons could be seen as broad features&tl2 ppm (inside)
and—7.83 ppm (outside) in thtH NMR spectrum. On average,
one of the coordination sites was occupied with ethoxide,
derived from the stabilizer in the chloroform solvent3.10
(t), —2.82 (q) ppm for CHCH,O— inside the cavity;,—2.67
(t), —2.43 (q) ppm for CHCH,O— outside the cavity). The
o-protons of the coordinated pyridine gave rise to a doublet at
0.84 ppm.

(20) Dimerization of sterically unhindered R(Por)(O) to give inactive
(u-O)[RUV(OH)(Por)} can be prevented by adding a large excess of
a coordinating ligand: Leung, W. H.; Che, C. Nl.Am. Chem. Soc.
1989 111, 8812.

(21) Arnold, D. P.Polyhedron1986 5, 1957.
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Scheme 1
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Attempts to synthesize the carboxylate complexes directly
from the reactions oRu(CO)(py)[SnCl;],2 with silver car-
boxylates led to partial replacement of the chloride anions but
also resulted in side reactions at the ruthenium porphyrin units.

Binding Experiments. (a) Coordination of Carboxylates
to Ru(CO)(py)[Sn(OH),],2. Stirring or heatingRu(CO)(py)-
[Sn(OH)]22 with soluble carboxylic acids generally afforded
the corresponding tetracarboxylate complexes quantitatively.
This allowed access to a large range of trimers with different
cavity linings. However, there were limits to the types of
carboxylic acids that could be used. Diacids are known to bridge
the exterior coordination sites to give polyméts2olyhydric
acids are not usually soluble in chloroform, but this problem
could be circumvented by adding small amounts of methanol
to the reaction mixture. Although methanol is a competing

ligand, the corresponding methoxide complexes are not stable

to substitution by carboxylic acids. The size of the acid is also
important, as there must be enough space within the cavity for
both of the interior carboxylates; attempts to coordinate the large
podocarpate ligand (Chart 2) to the tin porphyringef{CO)-
(py)[Sn(OH),]22 were unsuccessful.

Once synthesized, tHRu(CO)(py)[Sn(carboxylate)]2 tri-
mers were sensitive to large amounts of hydroxylic solvents,

Webb and Sanders

Ru(CO)(py)[SnCl_];2

CHCl3,
room temperature

CI;O
Ru

"OH

Chart 2
HsG COOH OH
HO
HO
trans-
/l ot |
\N \N
OH
Podocarpic acid 4 5 6
NO,
Oy OCHjy Oy NH
Q e >
7 8 9

site of the ruthenium porphyrin, only the interior site being
available for incoming ligands, since the exterior position is
blocked by CO; (ii) the exterior coordination sites of the tin
porphyrins; (iii) the interior coordination sites of the tin

porphyrins, interior ligands displaying distinctly upfield chemical

such as methanol, because these displaced the carboxylate ligshifts in the'H NMR spectrum relative to exterior ligands, as
ands. Standard column chromatography could not be used tothey are shielded by the ring currents of all three porphyrins of
purify the complexes, since the tin centers coordinated irrevers-the host.

ibly to silica gel and alumina displaced the bound carboxylates
to regenerat®u(CO)(py)[Sn(OH),].2. However the complexes
could be recrystallized from dichloromethane/hexanes, and
washing with dry diethyl ether removed excess acid.

A Ru(CO)(py)[Sn(carboxylate}],2 complex has three dif-
ferent coordination environments: (i) the interior coordination

(22) Buchler, J. W. IrPorphyrins and MetalloporphyrinsSmith, K. M.,
Ed.; Elsevier: New York, 1975; Chapter 5, p 171.

The carboxylic acids we bound ®u(CO)(py)[Sn(OH),],2
were selected to impart specific characteristics to the cavity of
the trimer. The versatility of this method and characteristics of
the complexes were investigated initially with simple acids
(Chart 1).

Stirring a mixture ofRu(CO)(py)[Sn(OH);],2 and propionic
acid together for 15 min was found to be sufficient to exchange
the hydroxyls for propanoates. Removal of the chloroform
solvent and drying under high vacuum afforded BigCO)-
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two tin meso-H resonances (10.43, 10.45 ppm) but only one
ruthenium meso-H resonance (9.47 ppm). The only clear
resonance of the pyridine ligand was a doublet at 0.63 ppm,
due to the pyridybi-protons. The resonances of the interior and
exterior R)-2-phenylpropanoate ligands were clearly resolved.
The resonances for the phenyl rings appeared in a relatively
clear part of the spectrum, 4.5 ppm, and the-protons were
found as quartets at 0.38 ppm (exterior) ar@®.31 ppm
(interior). The exterior and interior resonances ofdhmethyls
appeared as doublets atl.15 and—1.83 ppm, respectively.
The relatively simple appearance of tf®-2-phenylpropanoate
resonances of the ligand suggested rapid rotation about both
the CH-Ph and SA-O bonds.

Mandelate, while retaining the spectroscopically useful phenyl
group of 2-phenylpropanoate, now has @ydroxyl group
(Chart 1). This was to act as a recognition unit for ligands bound
to the ruthenium center. The-hydroxyl group might also
internally hydrogen-bond to the carbonyl oxygen of the car-
boxylate group and thus eliminate one degree of free rotation
in the ligand.Ru(CO)(py)[Sn((R)-mandelate}],2 was synthe-

-- sized by the same method as that used for the cRu&CO)-
(py)[Sn((R)-2-phenylpropanoate}],2 trimer. After recrystal-
lization, the proton NMR spectrum showed a large chemi-
cal shift difference between the different tin meso-H

180°

' . resonances (0.69 ppm). This may be the result of the internal

180 o-OH---O=C hydrogen bond restricting intraligand rotation.
Figure 1. lllustration of the symmetry of the chir&®u(CO)(py)[Sn- Otherwise, the overall appearance of the spectrum was similar
(carboxylate))],2 trimers. to that observed for the 2-phenylpropanoate complex, the

exterior and interion-protons of the carboxylate appearing as
(py)[Sn(propanoate)],2 trimer. The proton NMR spectrum of ~ singlets at 1.65 and 1.27 ppm, respectively.
this compound showed a single tin porphyrin meso-H resonance Naproxenate &-(+)-6-methoxye-methyl-2-naphthaleneace-
at 10.57 ppm and a single ruthenium porphyrin meso-H reso- tate) is larger than either mandelate or 2-phenylpropanoate but
nance at 9.49 ppm. In the upfield region, a series of triplets still small enough to fit within the cavity. Although this ligand
and quartets denoted the bound propanoatds58 (t),—1.11 lacks any hydroxylic functions, the methoxy group on the
(q) ppm for exterior propanoate;2.14 (t),—1.72 (q) ppm for 6-position of the naphthyl ring could act as a hydrogen-bond
interior propanoate. Integration of the resonances of the acceptor (Chart 1).Ru(CO)(py)[Sn((S)-(+)-6-methoxy-a-
coordinated propanoates showed that the interior positions weremethyl-2-naphthaleneacetate),2 was synthesized using the
occasionally incompletely occupied. This was due to the method employed foRu(CO)(py)[Sn((R)-mandelate}],2. The
incomplete hydrolysis of these positions during the synthesis proton NMR spectrum showed coordination of the carboxylates
of Ru(CO)(py)[Sn(OH),].2. By using propanoate as a probe, (the exterior and interion-methyls gave rise to doublets at 1.03
we were able to fine-tune the hydrolysis period and achieve and 1.73 ppm, respectively) and two clearly separated tin
complete conversion. The presence of an unexpected 5 Hzporphyrin meso-H resonances (10.27, 10.33 ppm). The naphthyl
doublet at 0.7 ppm and triplet at 4.1 ppm showed that pyridine ring proton resonances overlapped and gave a complex pattern
was still coordinated to the ruthenium center, despite the between 4.0 and 7.1 ppm.
presence of excess acid. This was also found for all of the other |t as unclear whether enough functionality was present

Ru(CO)(py)[Sn(carboxylate)]»2 trimers. within the preceding chiral trimers to bind substrates effectively

Coordination of a chiral ligand to a tin porphyrin should yield and whether this functionality was projecting sufficiently deeply
a trimer with a chiral cavity. 2-Phenylpropanoate was selected into the cavity. b-(—)-Quinate ((R,3R4R,5R)-(—)-quinate)
because both enantiomers are commercially available and thereappeared to offer a solution. Although this ligand no longer
are large size differences among the substituents>(Rihe > has an aromatic group to act as&hNMR probe, it is rigidly
H) at the chiral carbon. Itis also small enough that both interior defined by the cyclohexane ring and thehydroxyl group.
ligands can be accommodated within the cavity but large enoughQuinate has hydroxyl groups at the 3-, 4-, and 5-positions,
to project over the potential active site at the ruthenium center. providing many hydrogen-bonding sites in the center of the
A mixture of Ru(CO)(py)[Sn(OH)2]22 and 4.1 equiv of R)- cavity. Molecular modeling also suggested that the 4-hydroxyl
(—)-2-phenylpropanoic acid was heated in chloroform briefly groups of the interior quinates may be able to hydrogen-bond
before the solvent was removed under reduced pressure. Tao each other. The insolubility af-quinic acid in chloroform
remove excess acid, the solid was washed with dry diethyl etherrequired a slight modification of the experimental procedure.
after recrystallization from dichloromethane/hexanes. Heating a mixture oRu(CO)(py)[Sn(OH)]»2 andb-quinic acid

The proton NMR spectrum of this trimer was much more in chloroform/methanol (2:1), followed by removal of the
complicated than that observed for the propanoate complex. Thesolvent under reduced pressure, gave the quinate complex, which
chiral ligands effectively remove a plane of symmetry from the then proved to be soluble in chloroform. The proton NMR
complex and instead introduceCa axis of rotation (Figure 1). spectrum of this host was different from those obtained with
Thus all the protons except those on the two planes shown inthe other chiral acids, for in this case there was no separation
Figure 1 gave rise to pairs of resonances. Therefore, there wereof the tin porphyrin meso-H chemical shifts. The eigt€H,—
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resonances of the quinate groups could be observed in the regiomolpyridine had chemical shifts of the-protons (8.35 ppm)
—2.3 to —0.7 ppm, though the-CHOH— resonances were sufficiently different from those of pyridine (8.60 ppm) that
masked by the side chains on the porphyrin. Despite the resolution in the proton NMR spectrum was a realistic expecta-
complexity of the'H NMR spectrum, it was almost completely  tion.23

assigned through a COSY NMR experiment. This showed that |njtially, the intrinsic difference in the binding affinities of

the interior and exterior quinate ligands gave rise to two these ligands for a ruthenium monomer in CR@Ad to be
analogous coupling patterns, though the chemical shifts weredetermined. This also allowed the feasibility of monitoring
quite different. However, proton g1 with dihedral angles of binding by 'H NMR spectroscopy to be established. Our
60° to its vicinal partners (Chart 1), gave only a weak cross- standard ruthenium monomBu(CO)3 was not suitable, since
peak in the COSY spectrum. The E protons of the interior the pyridine adduct had three different atropisomers, each with
quinates could be found, but the cross-peaks to the E protonss|ightly different chemical shiftd2* This led to overlapping
of the exterior quinates were too weak to be detected. signals for the bound pyridine and did not allow any resolution
Instead of hydrogen bonding, other aspects of enzymatic hetween the two different pyridyl complexes. The problem was

binding and catalysis may be explored by using different types ayoided by switching to symmetrical carbonyl(tetrakis(3,5-di-
of carboxylates to line the cavity. Mercaptocarboxylates might tert-butylphenyl)porphinato)ruthenium(ll).

be used for nucleophilic catalysis;—x interactions might be By analogy with the values known for zinc porphyriithe

studied using aromatic carboxylates, and py_ridinium car_bo_xy- ratio between the constants for binding of 4-methanolpyridine
lates could be used to generate charged cavities. In a prel|m|naryanol pyridine to a ruthenium(ll) porphyrin was anticipated to
experiment aimed toward investigating the latter case, 1-(car-

o . be approximately 1.5:1, with the more basic 4-methanolpyridine
boxymethyl)pyridinium chloride anBu(CO)(py)[Sn(OH)2]22 binan% more tightly. A 10-fold (based upon porphyrin) Fe)xcess
were stirred together in a chloroform/methanol mixture. How-

- o of pyridine was added to a solution of the ruthenium porphyrin
ever, instead of the carboxylate coordinating to the host, the (4.20umol in 0.500 mL of CDCY), and aliquots of a solution
chloride counterion coordinated to the tin centers to regenerate . ¢’ X '

S of 4-methanolpyridine (20 equiv total in 204 of CDCl3) were
Ru(CO)(py)[SnCl;]22 and produced the 2-(1-pyridinium)acetate added. A ZSC?yMHle( NMg spectrum g{lthe mixtsare was
zwitterion as a byproduct.

(b) Binding of Pyridines to Chiral Ru(CO)(py)[Sn(car- recorded after each addition. The Ru(PBg;Ru(Por)PyCH,-

e . OH rati t il df the int ti f th
boxylate)],2 Complexes. (i) Binding of 4-Methanolpyridine ratiowas mos: €asily measured iom e integration orthe

. . . y-proton (pyridine) angB-proton (pyridine+ 4-methanolpyri-
to Chiral Ru(CO)(py)[Sn(b-quinate)];2. The cavity of the dine) resonances, though the spectra showed thettprmtons
chiral quinate trimer was designed to present a rich hydrogen-

bonding environment for any ligand bound to ruthenium. Those of the complexed pyridine ligands were resolved (doublets at

X O . 1.66 (Py) and 1.61 ppm (PyGBH)) even at 250 MHz. The
ligands that can hydrogen-bond to the lining of the cavity should . .
display higher constants for binding to the quinate trimer than product of the Ru(PorPyCHOH:Ru(Por)Py and Py:PyCH

those without hydrogen-bonding functionalities. Since the OH ratiios gave a relative binding constant of 2:2.5, which

. . . was similar to that expectéd.
ruthenium porphyrin was already bound to pyridine, the best h hod diod ine the relati
way to determine the magnitude of any hefigand hydrogen Tb.ej.ame fmﬁt 0 waslluse dto e’;]ermmet e relative cor?stants
bonding was through a competition experiment between pyridine fo Pinding of these two ligands to the quinate trimer (Scheme

; ; o 2). A 20-fold excess of pyridine was used because if a higher
(Py), which has no hydrogen-bonding ability, and the hydrogen- /- ™} i
bonding pyridyl ligand (Py:). The presence of a large excess binding constant were observed due to hydrogen bonding, then

of pyridine ensured that all trimers had pyridine bound initially. 'OWer proportions of 4-methanolpyridine to pyridine would have

Subsequent addition of aliquots of the competing ligand to the © P& used to ensure a measurable trigitrimerPyCHOH
host/pyridine mixture allowed the ratio of heRy to hostPyon ratio. In addition, the proton NMR spectra were recorded at
to be determined at each individual PydRyatio. The relative 200 MHz to improve the dispersion of the boundproton

binding constantKj) could then be obtained from the equation resonances. The pyridine_:4-methano|pyridine ratio was deter-
mined directly by integration of the spectra.

[hostPy,J[PY] The behavior of the quinate trimer upon addition of 4-metha-
N — nolpyridine was quite different from that of the monomer. The

[hostPyY][PYo] a-proton resonances of the bound pyridyl ligands actually
overlapped, making resolution impossible. However, there was
Proton NMR spectroscopy was the most convenient method for a marked downfield shift of the ruthenium meso-H resonance,
measuring this ratio, as pyridine ligands bound to ruthenium from 9.48 ppm (pyridine bound) to 9.57 ppm (4-methanolpy-
porphyrins are in slow exchange on the NMR time scale. The ridine bound). This, in conjunction with the smaller upfield shifts
proton NMR spectrum of the quinate trimer was very complex shown by thea-protons of 4-methanolpyridine in the adduct,
and presented few windows in which such a small change in suggests that the 4-methanolpyridine is being pulled away from
the overall spectrum could be measured. However, the pyridyl the porphyrin plane, perhaps due to the effects of hydrogen
a-protons of the bound pyridine occupied a relatively clear bonding. The trimePy:trimerPyCHOH ratio was easily
region around 0.6 ppm. Therefore, the competing pyridyl ligand determined by integration of the ruthenium meso-H signals. As
was chosen so that its pyridyi-protons displayed chemical  with the monomer, the product of the trimByCHOH:trimer
shifts distinct from those of the pyridyl-protons of pyridine. Py and Py:PyCHOH ratios gave the relative binding constant.
If both ligands bind to the ruthenium center with equivalent
porphyrin—pyridine distances, this chemical shift difference (23) Pouchert, C. J.; Behnke, The Aldrich Library of3C andH FT
should be preserved in the complex and both sets of signals NMR Spectralst ed.; Aldrich: Milwaukee, WI, 1993; Parts 1 and 2.
should be resolved in the proton NMR spectrum. Molecular (24) Marvaud, V.; Vidal-Ferran, A.; Webb, S. J.; Sanders, J. KINChem.

ing indi - idi - idi Soc., Dalton Trans1997, 985.
modeling indicated .that 4-methanolpyridine, 4 ethanqlpyrldlng, (25) (a) Levy, E. G. Ph.D. Thesis, University of Cambridge, 1996. (b) Izatt,
and 3-propanolpyridine should all be able to participate in R. M.; Bradshaw, J. S.; Pawlak, K.; Bruening, R. L.; Tarbet, B. J.

hydrogen bonding to the quinate groups, but only 4-metha- Chem. Re. 1992 92, 1261.
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Figure 2. Changes observed in the upfield region of five NMR
. . . . spectrum when 4-methanolpyridine is added to a mixturR(iCO)-

This showed that the quinate trimer displayed a 20-fold (py)[Sn(p-quinate)];2 and pyridine in CDG. (a) No 4-methanolpy-
preference for binding 4-methanolpyridine instead of pyridine. ridine is added. Resonances due to the methylene protons of both the
Therefore, a net enhancement ot®)-fold for the binding internal (labeled) and external quinate groups are visible in this part of
of 4-methanolpyridine to the quinate trimer over the ruthenium the spectrum. (b) With a pyridine:4-methanolpyridine ratio of 20.2:1,
monomer was observed. The chemical shifts of the interior he peaks of the new 4-methanolpyridine complex start to appear in

: - . " ) _the spectrum. (c) With a pyridine:4-methanolpyridine ratio of 1.33:1,
quinate groups were considerably shifted upon binding 4-metha the spectrum is now largely that of the 4-methanolpyridine-containing

nolpyridine, while the exterior quinate groups were Ieft un- gpecies. This spectrum shows that though the interal quinate groups
changed. This is consistent with hydrogen bonding to the interior experience a significant change, coordination of 4-methanolpyridine
quinate residues causing the stronger binding (Figure 2). Thehas little effect upon the chemical shift of the external quinate groups.
free energy calculated for the exchange of pyridine with
4-methanolpyridine is 5.4 0.6 kJ/mol. This is lower than the
value of 12-25 kJ/mol expected for hydrogen bonding between

All combinations of racemic pyridine and host were found
to give 1:1 diastereomeric mixtures, despite molecular modeling

hydroxyl group@ and suggests that restriction of the rotation suggesting that for several of the host/guest pairs there should
of the quinate ligands about the tisarboxylate axis may have been significant interaction between the carboxylate and

enforce a high entropic cost on any hydrogen-bonding interac- PY1idyl moieties. We believe rotation about the-3D axis to

tions. The 500 MHz NOESY spectrum of the trirfeyCH- be the reason for this low selectivity. The relauvgly S|m.ple.

OH complex showed no cross-peaks between the resonance&PPearance of the NMR spectra suggested that this rotation is

of the pyridyl ligands and the interior carboxylates. rap_ld at room temperature, preventing the cavities from having
(i) Binding of Racemic Pyridines to Chiral Ru(CO)(py)- defmed.chlrallshapes. -

[Sn(carboxylate)],2 Complexes.The binding of chiral acids Despite th¢|r lack of select|V|ty, the complexesRil(CO)-

to Ru(CO)(py)[Sn(OH),].2 imparted chirality to the cavity, and (py)[Sn(D-qumz_ate)z]ZZ W'th_ 5and6 ShOWEd some unexpected

we wanted to test the stereoselectivity of some of these resultanEff€Cts: The mixture ob with the quinate trimer gave a very

chiral hosts by binding racemic pyridyl guests. Racendiy-( complex proton NMR spectrum with few assignable resonances.

4-(4-pyridyl)trans-cyclohexane-1,2-dio) and &)-1-phenyl- Four ruthenium meso-H resonances were observed, while the

1-pyridylpropan-1-ol €) (Chart 2) were added to solutions of ligand pyridylo-protons gave an ill-resolved multiplet between
the chiral trimers in CDG| and the resulting mixtures were O:78 and 0.85 ppm. The rest of the spectrum could not be

analyzed by NMR spectroscopy to determine the ratio of assigned, since the resonances of the cyclohexane-1,2-diol ring
diastereomers. The results from these studies provided someg_nOI the_ qmlnate groups r?verlgpp;]ed in both thedofr)e(-j agd t\'llvoo-l
insight into the factors important in discriminating between imensional spectra. Though the spectrum defied detaile

racemic guests or between transition states within a chiral cavity. INt€"Pretation, the smaller upfield shifts of the pyridyprotons
compared to those for the analogous compleRofCO)(py)-

(26) March, JAdvanced Organic Chemistryith ed.; Wiley-Interscience: [S_n((R)-mandeI_ate)]22 with 5 (0-_49 ppm) suggested that, in
New York, 1992; Chapter 3, p 76. this case, as with 4-methanolpyridine, there may be hydrogen-
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bonding interactions with the quinate groups of the cavity. The reaction, a small amount (4 equiv relative to the ruthenium
mixture of 6 with Ru(CO)(py)[Sn(p-quinate),],2 also gave a porphyrin) ofmCPBA (86% purity) had to be added. The bV
complicated spectrum. The pyridyl-protons of the ligand visible spectrum showed that a R(D),(por) species was
appeared as two unresolved multiplets at 0.60 and 0.64 ppm.formed in the process. Insufficiemt-CPBA was present to
This suggested some hydrogen bonding, since the pyridyl significantly affect the result of the oxidation experiment, and
a-protons are found at 0.50 ppm in the spectrum of the carboxylate exchange at tin was sufficiently slow not to be a
analogous complex o6 with Ru(CO)(py)[Sn((R)-mande- major problen®10 In a further control experiment, a 1:20
late);].2. However, the resonances of the phenyl groups were mixture of Sn(TPP)(propanoatednd 2,6-dichloropyridineN-
well resolved in a clear region of the spectrum and provided oxide in CDC} showed no displacement of the propanoate by
the key to the interpretation of this spectrum. The 500 MHz the N-oxide.
gradient NOESY and COSY spectra of this mixture revealed Initially, to test the reaction conditions, styrene was epoxi-
an unexpected coupling pattern. Rather than two diastereomeriadized withRu(CO)3. This reaction was found to proceed rapidly
complexes, four individual complexes could be identified. Two and was essentially complete after 3 h, producing styrene oxide
of these could be easily identified as the diastereomeric adductsin 87% vyield (a turnover number of 157).
of (&)-1-phenyl-1-pyridylpropan-1-ol with the quinate trimer, Epoxidations of styrene in the presenceRuf(CO)(py)[Sh-
present in an approximately 1:1 ratio. The remaining two ((R)-2-phenylpropanoate}],2 andRu(CO)(py)[Sn((R)-2-man-
complexes in the mixture were found to have additional pyridyl delate)],2 did not result in any observable enantiomeric
a- andpB-proton resonances at 1.23 and 5.04 ppm, respectively. excesses. At first inspection, this might not be entirely unex-
By comparison to those of the pyridine complex of the pected, since styrene has no binding functionality and reaction
ruthenium monomeRuU(CO)3 (1.23 and 5.13 ppm, respec- can occur just as easily on either the exterior or the interior
tively), these can be assigned tv)¢1-phenyl-1-pyridylpropan- face of the cavity. However, the complete lack of enantiose-
1-ol coordinated to the exterior of the cavity. Thus, the exterior lectivity did imply that either reaction is prevented from
CO must have been displaced hy){1-phenyl-1-pyridylpropan-  occurring inside the cavity or chiral induction within the cavity
1-ol. No other combination of host and racemic pyridyl ligand is so weak that the substrate has no preferred direction of attack
showed any trace of this displacement phenomenon. Repetitionon the catalytic center. The chemical yields, based on the amount
of this experiment with the exclusion of light gave the same of styrene consumed, were low, at 20% and 53%, respectively.
mixture, with exactly the same ratio of products. A possible  When methyl 4-vinylbenzoate was epoxidized with the chiral
explanation is that hydrogen bonding of-)1-phenyl-1- mandelate trimer, a moderate yield of the epoxide (46%) was
pyridylpropan-1-ol to the quinate groups within the cavity pulls obtained, but once again no enantiomeric excess was observed.
this ligand away from the porphyrin plane and causes it to pull  Epoxidation ofN-(4-nitrobenzyl)-4-vinylbenzamide witRu-
the ruthenium ion, normally displaced toward the carbg@hyl, (CO)(py)[Sn((R)-2-mandelate}],2 was hampered by the lim-
into the plane of the porphyrin ring. This leads to weakening jted solubility of the substrate in benzene. However, since a
of the Ru-CO bond and therefore to susceptibility of the sjgnificant amount of the substrate was soluble, it was hoped
carbonyl to substitution. It remains to be seen if this could be that the dissolved benzamide would be able to exchange with
used as a general approach to nonphotolytic replacement of thehe remaining undissolved substrate. Both the soluble and the
CO group. insoluble product fractions were analyzed. No enantiomeric
Catalysis Experiments.In a series of preliminary experi-  excess was observed in either fraction, and the overall chemical
ments, botiRu(CO)(py)[Sn((R)-2-phenylpropanoate}],2 and yield was only 11%.
Ru(CO)(py)[Sn((R)-mandelate}],2 were tested as catalysts for ~ These results, in conjunction with the lack of selectivity
the enantioselective epoxidation of prochiral alkenes. observed toward racemic pyridines, suggest that the cavities of
Although both carboxylate ligands are of similar size and the current range of chirdRu(CO)(py)[Sn(carboxylate)]»2
shape, theR)-mandelate groups have a hydroxyl as a possible trimers are not sufficiently structured to provide any significant
binding site, and it was hoped that using substrates designed taenantioselectivity, irrespective of the presence or absence of
interact with the hydroxyl moiety would lead to enantioselec- any binding interactions within the cavity. A rigid chiral
tivity. Modeling was used to select or design alkenes and superstructure has been shown to be necessary for high
carboxylates so the interaction between the substrate and theznantioselectivity in metalloporphyrin epoxidations, though often
cavity would be maximized. Molecular modeling suggested that at the expense of synthetic flexibili}.Recently, a porphyrir
hydrogen-bond donors/acceptors at the para position of the styrylpeptide conjugate was also shown to lack the rigidity required
group may be able to interact with the hydroxyl groups of the to exhibit high enantioselectivif
chiral mandelate trimer. Furthermore, an inclined aromatic ring  Future approaches will be directed toward catalytic studies
placed slightly further out from the styryl core may be able to at low temperatures or toward the synthesis of hosts with more

r-stack with the phenyl ring of the mandelate ligands. Therefore, rigidly defined cavities, for example, cavities containing bridging
in addition to styrend, two other substrates were tested (Chart chiral dicarboxylates.

2). Methyl 4-vinylbenzoate8]) has an ester group as a hydrogen-
bond acceptor, and-(4-nitrobenzyl)-4-vinylbenzamide®) has Conclusions
an amide group as a hydrogen-bond acceptor/donor with a
p-nitrophenyl ring as ar-acceptor.

The method of Hirobe et al. was used for the epoxidation
experiments, with a slight modificatidf. The Ru(CO)(py)-
[Sn(carboxylate)].2 trimers have pyridine tightly coordinated
to the ruthenium. To displace the pyridine and initiate the

Mixed metalloporphyrin trimers containing both tin(IV) and
ruthenium(ll) have been synthesized using a stepwise synthetic
strategy. The orthogonal coordination behavior of tin(IV)
porphyrins and ruthenium(ll) porphyrins was exploited to allow

(28) (a) Collman, J. P.; Zhang, X.; Lee, V. J.; Uffelman, E. S.; Brauman,
J. |.Sciencel993 261, 1404. (b) Collman, J. P.; Wang, Z.; Straumanis,
(27) In Ru(TPP)(CO)(py), the ruthenium is pulled 0.079 A out of the plane A.; Quelquejeu, MJ. Am. Chem. Sod999 121, 460. (c) Zhang, R.;
of the porphyrin: Little, R. G.; Ibers, J. Al. Am. Chem. S0d.973 Yu, W.-Y.; Lai, T.-S.; Che, C.-MChem. Commuri999 409.
95, 8583. (29) Geier, G. R.; Sasaki, Tetrahedron1999 55, 1859.
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stepwise coordination of ligands to selected sites within the host. (15 mL), fresh 10% water on alumina was added (1.5 g), and the
The tin centers were good attachment points for carboxylatesresulting mixture was stirred for 24 h. After filtration and removal of
and provided stable hosts having cavities lined with substituentsthe sol_vent under reduced pressure, the red residue was recrystallized
possessing chirality or other desired properties. In this manner, from dichloromethane/hexanes to aff@®d(CO)(py)[Sn(OH)z]2 (62

. . . ) - : mg, 0.019 mmol, 43% yield). Anal. Calcd for;&H16dN13050SnRU
&1‘1‘;‘3*‘3}2‘;‘2’5‘ hydrogen-bonding groups or chiral groups 1/ " "3 0, H, 5.1; N, 5.6. Found: C, 63.0; H, 5.1; N, 5.5. IR (cry

g . . CHCI; solution; cnml): vco = 1940 (br);von = 3619 (w).*H NMR
_The |nfluer_1ce n_)f these carboxylatg-hned cavities upon the CDCl): & —8.12,—7.83 (2 br s, 3.0H, OH in, OH out)=3.10 (1),
binding of pyridyl ligands to the ruthenium centers of these hosts —2 82 (q),~2.67 (1),—2.43 (q) (1.2H, bound C¥CH;0); 0.84 (d, 2H,
was investigated. The rich hydrogen-bonding environment o-H of Py); 2.46 (s), 2.58 (s), 2.67 (s) (36H,CHs); 3.01 (br t, 8H,
provided by ap-quinate-lined cavity was found to enhance the —CH,CH,CO,CHs of Ru(Por)); 3.24 (br t, 16H;-CH,CH,CO,CHj of
binding of 4-methanolpyridine to the ruthenium center. How- Sn(Por)); 3.51 (s, 12H;-CH,CH,CO,CHjs of Ru(Por)); 3.72 (s, 24H,
ever, the chiral carboxylate ligands were not held rigidly enough —CH:CH,CO,CHj of Sn(Por)); 4.09 (br t, 10H-CH,CH,CO,CHj of
to enforce any stereocontrol upon the binding of racemic pyridyl Ru(Por)+ /-H of Py); 4.40 (br t, 16H;-CH.CH,CO,CHj of Sn(Por));
ligands. 4.78 (t, 1H,y-H of Py); 7.68-8.65 (m, 24H, aromatic); 9.61 (s, 2H,
Similarly, though these hosts were effective catalysts for the meso-H of Ru(Pon)); 10.65 (s, 4H, meso-H of Sn(Pofjz NMR

S . (CDCl; + Py): 6 15.56, 15.70, 21.70, 21.92, 29.79, 36.40, 36.85, 51.49,
epoxidations of alkenes, the presence of chiral carboxylatesg; g5°74 95 77 35 81.67 89.66. 90.99. 97.78. 98.61 118.12. 118.46

within the cavities could not induce any enantioselectivity in 11g 75 12051, 121.76, 122.05, 123.35, 123.76 (Py), 127.94, 128.38,
the epoxidation reactions. _ _ _ 131.61, 132.41, 132.79, 133.10, 133.34, 133.65, 135.95 (Py), 136.09,

The methodology established in this work allows easy 136.17, 137.55, 138.15, 140.06, 140.31, 140.49, 140.69, 141.08, 142.06,
variation of the sizes, shapes, and functionalities of the cavities 142.28, 142.47, 142.55, 142.86, 143.44, 143.55, 143.90, 149.92 (Py),

within these trimers? This accessibility to a wide variety of

173.29, 173.654max (CHCL)/Inm: 405, 417, 525 (sh), 548, 583. MS:

hosts permits systematic investigations of host/guest or catalystMo ions detected.

substrate interactions.

Experimental Section

NMR spectra were recorded on Bruker AC 250, DPX 250, AM 400,
WM 400, and DRX 500 spectrometers, infrared spectra on a Perkin-
Elmer 1710 spectrometer, and UVisible spectra on a Uvikon 810
spectrophotometer. FABFIB™ mass spectra were obtained on a Kratos
MS-50 spectrometer usinganitrobenzyl alcohol matrix, and MALDI-
TOF mass spectra were recorded on a Kratos Kompact MALDI-2
spectrometer.

Column chromatography was carried out on 60 mesh silica gel or
alumina UG1 unless otherwise stated. All solvents were distilled before
use.Ru(C0)Zn,2-PysT was prepared according to known proceddres,
and carbonyl(tetrakis(3,5-dert-butylphenyl)porphinato)ruthenium(ll)
was the gift of Dr. N. Bampos. Recrystallization was performed either
by layering methanol onto a concentrated solution of the porphyrin in
chloroform or by adding hexanes or methanol to a dichloromethane or
chloroform solution of the porphyrin, followed by slow removal of
the solvent on a rotary evaporator.

The resonances of carbonyls bound to ruthenium porphyrins are too
weak to be observed in tH&C NMR spectra and can only be observed
if the samples are isotopically enriched wiicO3*

Preparation of Ru(CO)(py)[Sn(OH).]»2. Ru(CO)Zn,2:PysT (150
mg, 0.045 mmol) was dissolved in chloroform (225 mL), 20% methanol
in TFA (75 mL) was added, and the resulting green solution was stirred
for 10 min. The reaction was monitored by BVisible spectroscopy,

Preparation of Ru(CO)(py)[Sn((R)-2-phenylpropionate)].2. (R)-
2-Phenylpropionic acid (3.aL, 26 umol, 4.1 equiv) was added to a
solution of Ru(CO)(py)[Sn(OH),]22 (20 mg, 6.4umol, 1 equiv) in
chloroform (2 mL), and the mixture was briefly heated to reflux. After
cooling, the solvent was removed from the solution under reduced
pressure, and the red-purple residue that remained was recrystallized

from dichloromethane/hexanes and then washed with ether (%

mL) and hexanes to givieu(CO)(py)[Sn((R)-2-phenylpropionate)],2
(11 mg, 3.0umol, 48% yield). Anal. Calcd for &@7H198N13034SnRU-
2H,0: C, 66.0; H, 5.2; N, 4.9. Found: C, 65.8; H,5.2; N, 4.8. IR (dry
CHCl; solution; cnTY): vco = 1940 (s).*H NMR (CDCl): 6 —1.83
(d, 7.1 Hz, 6H,0-CH;z of in-Phprop);—1.15 (d, 7.1 Hz, 6Ho.-CHs of
out-Phprop);—0.31 (g, 7.1 Hz, 2Hp-CH of in-Phprop); 0.38 (q, 7.1
Hz, 2H, a-CH of out-Phprop); 0.63 (d, 5.0 Hz, 2kd-H of Py); 2.34
(s), 2.456 (s), 2.462 (s), 2.57 (s), 2.60 (s) (36HGH3); 2.8—3.0 (d of
m, 8H, —CH,CH,CO,CHjs of Ru(Por)); 3.07 (br m, 16H;-CH,CH,-
CO,CHs of Sn(Por)); 3.40 (s), 3.42 (s) (12H;CH,CH,CO,CH;3 of
Ru(Por)); 3.51 (s), 3.52 (s), 3.54 (s), 3.55 (s) (24HGH,CH,CO,CH3
of Sn(Por)); 3.99 (m, 14H;-CH,CH,CO,CHjs of Ru(Por)+ o-CH of
in-Phprop+ -H of Py); 4.31 (m, 17H;-~CH,CH,CO,CHjs of Sn(Por)
+ y-H of Py); 4.63 (d, 7.3 Hz, 4Hp-CH of out-Phprop); 5.88 (t, 7.4
Hz, 4H,m-CH of in-Phprop); 6.28 (t, 2Hp-CH of in-Phprop); 6.44 (t,
7.6 Hz, 4H,m-CH of out-Phprop); 6.71 (t, 7.3 Hz, 2h-CH of out-
Phprop); 7.66-8.30 (m, 24H, aromatic); 9.47 (s, 2H, meso-H of Ru-
(Por)); 10.43 (s), 10.45 (s) (4H, meso-H of Sn(Poi})ax (CHCl3)/
nm: 414, 545, 581. MS: no ions detected.

Preparation of Ru(CO)(py)[Sn((R)-mandelate}],2. (R)-Mandelic

and extra TFA was added if needed. The green solution was Washedacid (5.80 mg, 38.kmol, 4.0 equiv) was added to a solution R-

with distilled water (4x 225 mL); then the red solution was dried
with MgSQ. After filtration, the solvent was removed from the red

(CO)(py)[SN(OH)2]22 (30.0 mg, 9.42«mol, 1.0 equiv) in chloroform
(3 mL), and the mixture was briefly heated to reflux. After cooling,

solution under reduced pressure. The residue was dissolved in pyridinejhe solvent was removed from the solution under reduced pressure.

(15 mL), and powdered tin(ll) chloride dihydrate was added (90 mg,
0.40 mmol). The reaction vessel was protected from light, and the
suspension was heated to reflux in air for 2 h. The reaction mixture

The red-purple residue that remained was recrystallized from dichlo-
romethane/hexanes and washed with hexanes to aRo(€O)(py)-
[Sn((R)-mandelate}],2 (29 mg, 7.8umol, 80% yield). Anal. Calcd

was allowed to cool, and pyridine was removed under reduced pressure¢,, CooH1sN15036SRU-CH,Clr2H,0:  C. 63.5: H, 4.8 N, 4.7.

The red residue was dissolved in chloroform, the solution was filtered
through Celite, and the solvent was removed from the filtrate under
reduced pressure. The crue(CO)(py)[SnCl;],2 was dissolved in

chloroform (15 mL), and 10% water on alumina was added (1.5 g).
The mixture was stirred for 24 h and filtered, and the solvent was
removed from the filtrate. The residue was dissolved in chloroform

(30) The complementary coordination properties of Sn(lV), Ru(ll), and Zn-
(II) were recently used in this laboratory to create mixed-metal
porphyrin trimers of a very different geometry under thermodynamic
control: Kim, H.-J.; Bampos, N.; Sanders, J. K. M. Am. Chem.
Soc.1999 121, 8120.

(31) Eaton, S. S.; Eaton, G. forg. Chem 1976 15, 134.

Found: C, 63.4; H, 5.0; N, 4.8. IR (dry CH{olution; cnTY): vco=
1940 (br, s)yon = 3450 (br).*H NMR (CDCl): 6 0.61 (d, 5.2 Hz,
2H, o-H of Py); 0.98 (s, 2Ha-CH of in-Mand); 1.67 (s, 2Hg-CH of
out-Mand); 2.35 (s), 2.36 (s), 2.49 (s), 2.50 (s), 2.61 (s), 2.62 (s), (36H,
—CHz); 2.8-3.0 (d of m, 8H,—CH,CH,CO,CH; of Ru(Por)); 3.08
(br m, 16H,—CH,CH,CO,CHjs of Sn(Por)); 3.406 (s), 3.412 (s) (12H,
—CH,CH,CO,CH3 of Ru(Por)); 3.54 (s), 3.56 (s), 3.57 (s), 3.58 (s)
(24H, —CH,CH,CO,CH; of Sn(Por)); 3.94 (m, 10H;CH,CH,CO,-
CH; of Ru(Por)+ 8-H of Py)); 4.16 (d, 7.6 Hz, 4Hy-CH of in-Mand);
4.36 (m, 16H,—CH,CH,CO,CHjs of Sn(Por)); 4.54 (t, 5.2 Hz, 1H;-H

of Py); 4.79 (d, 7.6 Hz, 4Ho-CH of out-Mand); 5.97 (t, 7.6 Hz, 4H,
m-CH of in-Mand); 6.39 (t, 2Hp-CH of in-Mand); 6.51 (t, 4H, 7.6
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Hz, m-CH of out-Mand); 6.82 (t, 2Hp-CH of out-Mand); 7.05 (br s, THF (17 mL) to give a pale yellow solution. The Grignard solution
OH); 7.70-8.30 (m, 24H, aromatic); 9.46 (s, 2H, meso-H of Ru(Por)); was cooled to 153C with a water bath, and more dry THF was added
10.45 (s), 10.53 (s) (4H, meso-H of Sn(PotfC NMR (CDCk): 6 (15 mL). The ketone solution was added dropwise over the period of
15.52, 15.62, 21.71, 36.20, 36.63, 51.40, 51.74, 69.10, 69.78, 74.79,1 h, which produced a brown solution and a green-white solid. After
77.20,81.42,89.36,91.12, 97.55, 97.61, 98.35, 118.10, 118.21, 119.08all of the ketone solution had been added, the mixture was stirred at
120.42,121.52,121.67, 123.13, 123.35, 123.75, 125.32, 125.66, 125.9115°C for 1 h and then heated to reflux overnight. The resulting mixture
126.36, 127.84, 128.21, 131.39, 132.29, 132.71, 133.33, 133.52, 135.99was allowed to cool, and saturated i solution was added (7 mL),
136.22, 137.02, 137.82, 137.89, 138.39, 139.92, 140.19, 140.30, 140.37followed by distilled water (33 mL). The product was extracted from
140.42,140.86, 141.20, 141.38, 142.48, 142.77, 143.00, 143.28, 143.82the aqueous phase with ethyl acetate (100 mk,23 mL), the extract
143.87,144.01, 144.05, 167.74, 168.13, 173.16, 17382(CHCL)/ was dried (MgS@ and filtered, and the solvent was removed under
nm: 415, 545, 581. MS: no ions detected. reduced pressure to give a yellow oil. TLC indicated a mixture (silica/
Preparation of Ru(CO)(py)[Sn((S)-(+)-6-methoxy-a-methyl-2- diethyl ether), but crystallization of the oil from hot acetonitrile gave
naphthaleneacetate).2. (S-(+)-6-Methoxy-a-methyl-2-naphthalene- white crystals. The solid was filtered off and washed three times with
acetic acid (Naproxen) (1.54 mg, 6.@#nol, 4.3 equiv) was added to  cold acetonitrile and once with hexanes to giv&)-L-phenyl-1-
a solution of Ru(CO)(py)[Sn(OH)z]-2 (4.92 mg, 1.55umol) in pyridylpropan-1-ol as a white crystalline solid (362 mg, 1.70 mmol,
chloroform (2 mL), and the mixture was briefly heated to reflux. After 17% yield). Anal. Calcd for @HisNO: C, 78.8; H, 7.1; N, 6.6.
cooling, the solvent was removed from the solution under reduced Found: C, 78.6; H, 7.1; N, 6.7. IR (Nujol mull; ct®: vony = 3143

pressure to giveRu(CO)(py)[Sn((S)-(+)-6-methoxy-a-methyl-2- (s), 1604 (s), 1278, 1224, 1200, 1134, 1071, 1062, 1006, 991, 827,
naphthaleneacetate),2 (6 mg, 1.5umol, 96% yield).'H NMR 764, 722, 699 (s)*H NMR (CDClg): ¢ 0.90 (t, 7.3 Hz, 3H~CHy);
(CDCls): 6 —1.73 (d, 6.9 Hz, 6Ho-CHs of in-Naphth);—1.03 (d, 6.9 2.32 (m, 3H,—CH,— + OH); 7.26-7.44 (m, 7H,5-H of Py + H of

Hz, 6H, a-CHjs of out-Naphth);—0.28 (q, 7.3 Hz, 2Hp-CH of in- Ph); 8.51 (d, 5.8 Hz, 2Hy-H of Py).**C NMR (CDCk): 6 7.92 (CH),
Naphth); 0.47 (q, 7.1 Hz, 2Hy-CH of out-Naphth); 0.58 (d, 5.0 Hz, 33.93 (CH), 77.61 (C*), 121.18 (CH), 126.04 (CH), 127.37 (CH),
2H, a-H of Py); 2.30 (s), 2.35 (s), 2.45 (s) (36H,CHg); 2.97 (m, 128.44 (CH), 145.76 (C*), 149.40 (CH), 155.97 (CHsax (CHCL)/

24H, —CH,CH,CO,CH; of Ru(Por) and Sn(Por)); 3.40 (s), 3.41 (s) nm): 227. Mass spectral dat@/): calculated for GH;sNO 213; FIB*
(12H, —CH,CH,CO,CHj3 of Ru(Por)); 3.50 (s), 3.520 (s), 3.524 (s), found 214.3 ([M+ H]").

3.58 (s) (24H,—~CH,CH,CO,CH3; of Sn(Por)); 3.93, 4.21 (br my30H, Preparation of Methyl 4-Vinylbenzoate 3® Concentrated sulfuric
—CH,CH,CO,CHs; of Ru(Por) subunitt+ —CH,CH,CO,CH; of Sn- acid (3 drops) was added to a solution of 4-vinylbenzoic acid (100
(Por) subunitst Ar H and ArOCH; of Naphth+ ,y-H of Py)); 4.43 mg, 0.67 mmol) in methanol (10 mL), and the mixture was heated to
(d), 4.62 (s), 6.38 (d), 6:57.1 (m) (20H, Ar H and ArOChlof Naphth); reflux for 4 h. The solution, diluted with chloroform (10 mL), was
7.58-8.25 (m, 24H, aromatic); 9.47 (s, 2H, meso-H of Ru(Por)); 10.27 then washed with saturated sodium bicarbonate solution (10 mL). The
(s), 10.32 (s) (4H, meso-H of Sn(Por)). MS: no ions detected. agueous layer was extracted with chloroform (10 mL), and the combined
Preparation of Ru(CO)(py)[Sn(p-quinate)].2. b-(—)-Quinic acid organic phases were washed with distilled water (20 mL) and dried
(1.24 mg, 6.45%:mol, 4.1 equiv) was added to a solutionRfi(CO)- (MgSGQy). The solution was filtered, and the solvent was removed under

(py)[SN(OH)2)22 (5.00 mg, 1.57%mol, 1 equiv) in chloroform/methanol reduced pressure to afford a yellow oil, which was then purified by
(2:1, 1 mL), and the mixture was briefly heated to reflux. After cooling, column chromatography (dichloromethane/silica). The solvent was
the solvent was removed from the solution under reduced pressure,removed from the fast running product band under reduced pressure
and the red-purple residue that remained was redissolved in chloroform.to give methyl 4-vinylbenzoate as a white crystalline solid (90 mg,
Filtration through cotton wool removed excess quinic acid. The solvent 0.60 mmol, 82% vyield). Anal. Calcd forgH:002: C, 74.1; H, 6.2.
was removed from the filtrate under reduced pressure toRWEO)- Found: C, 73.2; H, 6.1*H NMR (CDCl): 6 3.92 (s, 3H,~OCHj);
(py)[Sn(p-quinate);].2 as a red-purple solid (5 mg, 1/8nol, 82% 5.38 (d, 11.0 Hz, 1H=CHy); 5.86 (d, 17.1 Hz, 1H+=CH,); 6.76 (d of
yield). 'H NMR (CDCl): 6 —2.43 (t, 12.0 Hz, 2H, 6-H of axial in- d, 10.9 Hz, 17.6 Hz, 2H=CH—Ar); 7.46 (d, 8.4 Hz, 2H, Ar H); 8.00
Quin); —2.28 (d, 14.1 Hz, 2H, 2-H of axial in-Quin);-1.81 (t, 12.2 (d, 8.4 Hz, 2H, Ar H).13C NMR (CDCk): ¢ 52.04 (CH), 116.45 &

Hz, 2H, 6-H of axial out-Quin)—1.63 (d, 11.6 Hz, 2H, 2-H of axial CH,), 126.10 (CH), 129.29 (CH), 129.88 (C*), 136.03 (CH), 141.93
out-Quin); —1.45 (d, 15.6 Hz, 2H, 2-H of equatorial in-Quiny;1.41 (C%), 166.86 (C=0). Mass spectral datan(z): calculated for GoH1002

(d, 9.7 Hz, 2H, 6-H of equatorial in-Quin)-0.88 (d, 12.4 Hz, 2H, = 162; FIB' found 163 ((M+ H]").
6-H of equatorial out-Quin);:-0.80 (d, 14.5 Hz, 2H, 2-H of equatorial Preparation of N-(4-Nitrobenzyl)-4-vinylbenzamide.Dry triethyl-
out-Quin); 0.61 (d, 5.0 Hz, 2Hx-H of Py); 0.88 (t, 6.8 Hz, 2H, 3-H amine (1 mL) was added to a solution of 4-vinylbenzoic acid (100
of equatorial in-Quin); 1.262.00 (~10H, br s+ m, —OH + 4-H of mg, 0.68 mmol, 1 equiv) under argon in freshly distilled dry
axial Quin+ 5-H of equatorial in-Quin); 2.33 (s), 2.34 (s), 2.53 (s), dichloromethane (10 mL), followed by freshly distilled thionyl chloride
2.64 (s) (38H,—CHs; + 5-H of axial out-Quin); 2.8-3.0 (d of m, 8H, (100 uL, 1.35 mmol, 2 equiv). The initially yellow mixture became
—CH,CH,CO,CHs of Ru(Por)); 3.11 (g, 16H;-CH,CH,CO,CHjs of black after 5 min. The black mixture was stirred at room temperature
Sn(Por)); 3.43 (s), 3.44 (s) (12H,CH,CH,CO,CHj3 of Ru(Por)); 3.53 for 2 h, 4-nitrobenzylamine hydrochloride (127 mg, 0.67 mmol, 1 equiv)
(s), 3.55 (s) (24H;-CH,CH,CO,CHj3 of Sn(Por)); 3.97 (m, 8H;-CH_- and DMAP (16.5 mg, 0.14 mmol, 0.2 equiv) were then added, and the
CH,CO,CHs; of Ru(Por)); 4.13 (d, 7.0 Hz, 2H3-H of Py); 4.39 (m, solution was stirred for 1 h. The resulting mixture was washed with
16H, —CH,CH,CO.,CH;z of Sn(Por)); 4.97 (t, 7.7 Hz, 1H;-H of Py); distilled water (2x 10 mL), the organic layer was dried (Mg®@nd
7.68-8.23 (m, 24H, aromatic); 9.49 (s, 2H, meso-H of Ru(Por)); 10.72 filtered, and the solvent was removed from the filtrate under reduced
(s, 4H, meso-H of Sn(Por) subunits). MS: no ions detected. pressure. The residue was purified by column chromatography (silica/
Preparation of (£)-1-Phenyl-1-pyridylpropan-1-ol3? Clean dry diethyl ether), the main product fraction was collected, and the solvent

magnesium turnings (0.27 g, 11 mmol) and a crystal of iodine were was removed under reduced pressure. The yellow residue was recrystal-
added to a 100 mL three-necked round-bottomed flask equipped with lized twice from hot toluene to givie-(4-nitrobenzyl)-4-vinylbenzamide

a reflux condenser and a pressure-equilibrating dropping funnel, and as yellow needles (94 mg, 0.33 mmol, 49% vyield). Anal. Calcd for
the system was placed under argon. The magnesium turnings wereCigH14N2Os: C, 68.1; H, 5.0; N, 6.9. Found: C, 68.0; H, 5.1; N, 6.7.
gently heated under vacuum before 4-benzoylpyridine (1.83 g, 10 mmol) IR (Nujol mull; cm™): vyy = 3237 (S);vco = 1637 (s), 1605, 1545,
was added to the dropping funnel against a flow of argon. Dry THF (7 1515 (s), 1352 (s), 1316 (s), 1300, 1251, 1114, 1051, 988, 918, 859,
mL) containing ethyl iodide (1.56 g, 10 mmol) was added to the 799, 772, 736, 722H NMR (CDCl): 6 4.76 (d, 6.1 Hz, 2H;-CH,—
magnesium turnings, initially giving a yellow color, which rapidly ); 5.39 (d, 11.0 Hz, 1H+=CH,); 5.86 (d, 17.9 Hz, 1H=CH,); 6.61 (br
disappeared with the evolution of heat. The colorless solution was stirred s, 1H, NH); 6.76 (d of d, 10.9 Hz, 17.6 Hz, 1HCH—R); 7.50 (d of

at 15°C for 30 min and then at 5TC for 1 h, resulting in the dissolution d, both 8.3 Hz, 4H, Ar CH); 7.78 (d, 8.4 Hz, 2H, Ar CH); 8.20 (d, 8.7
of most of the magnesium turnings. The ketone was dissolved in dry Hz, 2H, Ar CH).*3C NMR (CDCk): ¢ 43.09 (CH), 116.21 £CH,),
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A Sn(IV)—Ru(ll)=Sn(IV) Cyclic Porphyrin Trimer

123.8 (CH), 126.34 (CH), 127.42 (CH), 128.21 (CH), 132.68 (C*),
135.79 (CH), 141.05 (C*), 146.19 (C*), 147.15 (C*), 167.74<Q).
Amax (CHClg)/nm: 269. Mass spectral datan/g): calculated for
C16H14N203 282: FIB" found 283.1 ([M+ H]+)

Binding of 4-Methanolpyridine to Carbonyl(methanol)(tetrakis-
(3,5-di-tert-butylphenyl)porphinato)ruthenium(ll). Pyridine (3.04
mg, 38.4umol) was added of a solution of carbonyl(methanol)(tetrakis-
(3,5-ditert-butylphenyl)porphinato)ruthenium(ll) (5.0 mg, 4uiol)
in CDCl; (500uL). Aliquots of a solution of 4-methanolpyridine (8.47
mg, 77.6umol) in CDCk (200 uL) were added to the porphyrin
solution, and a 250 MHZH NMR spectrum was recorded after each
addition. The Ru(PorPy:Ru(PordPyCHOH ratio was most easily
determined by comparing the integration of tppgroton (pyridine)
resonance to the integration of tfigoroton (pyridine+ 4-methanolpy-
ridine) resonances.

Binding of 4-Methanolpyridine to Ru(CO)(py)[Sh(b-quinate),].2.
Pyridine (3.05 mg, 38.&mol) was added of a solution &tu(CO)-
(py)[Sn(p-quinate)].2 (6.2 mg, 1.6«mol) in CDCk (610xL). Aliquots
of a solution of 4-methanolpyridine (9.02 mg, 8%ihol) in CDCk
(200 uL) were added to the porphyrin solution, and a 500 Mtz
NMR spectrum was recorded after each addition. The trifetrimer
PyCHOH ratio could easily be determined from integration of the
respective ruthenium meso-H signals.

Binding of Racemic Pyridines to Chiral Trimers. For the soluble
(£)-1-phenyl-1-pyridylpropan-1-ol, a 100-fold excess of the ligand was
added to each solution of chiral trimer in CRCFor the less soluble
(£)-4-(4-pyridyl)trans-cyclohexane-1,2-diol, the ligand was added to
each CD{ solution of chiral trimer until the solution was saturated.

Oxidation of Styrene and Styrene Derivatives with Chiral Ru-
(CO)(py)[Sn(carboxylate)],2 Trimers. The catalyst Ru(CO)3, 1.2

Inorganic Chemistry, Vol. 39, No. 26, 2006929

mg, 1.0umol, or Ru(CO)(py)[Sn(carboxylate)].2, 3.7 mg, 1.Qumol)

was added to a solution of 2,6-dichloropyridiNeoxide (29.5 mg, 180
umol) in benzenads (2 mL). The mixture was stirred while being
protected from light; them-chloroperoxybenzoic acid (86%, 0.7 mg,
3.5umol) was added. The resulting red solution was stirred while being
protected from light for 20 min before the substrate was added (180
umol: styrene, 17.7 mg; methyl 4-vinylbenzoate, 27.6 ry(4-
nitrobenzyl)-4-vinylbenzamide, 48.0 mg). The reaction mixture was
protected from light while being stirred. Reaction progress was
monitored by*H NMR spectroscopy. Enantiomeric excesses were
determined by adding+)-Eu(hfcy to the NMR sample until the
resonances of the diastereomeric complexes could be clearly re$blved.
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