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As molecular recognition involving metal complexes continues
to gain importance, for example, in the design of nucleic acid probes
or enzyme inhibitors, so does the demand for efficient syntheses
of enantiopure chiral-at-metal coordination compounds. However,
compared with the availability of highly sophisticated methods for
the asymmetric synthesis of organic molecules, synthetic control
of metal-centered chirality, particularly in kinetically inert metal
complexes, is still in its infancy.' ™ For example, the generation
of enantiopure ruthenium polypyridyl complexes lacking additional
chirality in the organic ligand sphere relies solely on chiral
resolution techniques® and thus does not differ conceptually from
the first report on the optical resolution of chiral complexes by
Werner almost a century ago.°

We here introduce a method for the asymmetric synthesis of
enantiopure [Ru(pp)(pp")(pp”)]>" complexes in which pp, pp’, and
pp” are achiral 2,2-bipyridines.* Our strategy employs salicylox-
azolines as chiral auxiliaries,” which upon deprotonation serve as
bidentate ligands that provide excellent asymmetric induction in
the course of the coordination chemistry and, importantly, can
thereafter become substituted stereospecifically with complete
retention of configuration in the presence of acid.

Figure 1. A and A enantiomers of the chiral Ru complex dication 1.

We began by selecting complex dication 1 as a representative
model system for a typical tris-heteroleptic ruthenium complex
(Figure 1). This complex contains 2,2"-bipyridine (bpy), 5,5’
dimethyl-2,2’-bipyridine (Me;bpy), and 4,4’-di-tert-butyl-2,2"-bi-
pyridine (rBu,bpy) as ligands and can form A and A enantiomers.

With [(5°-CsHg)RuCl,], as the ruthenium source, the reaction
with (S)-5-isopropyl-2-(2’-hydroxyphenyl)oxazoline [(S)-2] in the
presence of K,COj5 afforded (S)-37" (79%), which was photolyzed
in acetonitrile with UV light to provide (5)-4 in 96% yield (Scheme
1). Precursor (S)-4 contains four labile ligands, all of which are
accessible for substitution. Accordingly, heating of (S)-4 with 1
equiv of bpy in chlorobenzene at 70 °C for 1 h and subsequently
with Me,bpy again in chlorobenzene at 70 °C for 2.5 h afforded
Agry-Sc-5 (61% yield) as the main diastereomer, with a diastere-
opurity of 98.4% (Table 1, entry 1). Changing the order of ligands
by first adding the larger Me,bpy ligand followed by bpy afforded
complex Ag,-Sc-6 with a further improved diastereopurity of 99.3%
(Table 1, entry 2). Even more, the reaction of (S)-4 with first
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Scheme 1. Diastereoselective Synthesis of Salicyloxazoline
Complexes Ary-Sc-5—7 (See Table 1 for the Compositions of
these Complexes; L1, L2 = Achiral 2,2’-Bipyridines)
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Table 1. Diastereoselectivity in the Formation of Salicyloxazoline
Complexes Ag,-Sc-5—7 Starting from Precursor (S)-42

entry L1 L2 main product yield diastereopurity”
1 bpy Me,bpy Agy-Sc-5 61% 98.4%
2 Me,bpy bpy ARry-Sc-6 59% 99.3%
3 1Buybpy Me,bpy Ary-Sc-7 64% 99.6%

“ Conditions: Reaction of (5)-4 in C¢HsCl at 70 °C first with 1 equiv
of L1 (1.0 h) and then with 1 equiv of L2 (2.5 h). ® Determined by 'H
NMR.

tBu,bpy and then Me,bpy yielded Agy-Sc-7 with almost exclusive
formation of only a single diastereomer (Table 1, entry 3).

The crystal structure of the monocation Ag,-Sc-5 shown in Figure
2 reveals a A configuration at the ruthenium center and steric
interference between the iPr group and the Me,bpy ligand. Thus,
the formation of Ag,-Sc-5—7 can be rationalized by the stereose-
lective incorporation of the first added ligand (L1) at the two
coordination sites pointing farthest away from the iPr group, with
the second bidentate ligand (L2) filling the remaining two vacant
coordination sites. According to this mechanism, the first ligand
addition determines the chirality at the metal center. Theoretically,

Figure 2. Crystal structure of Ag,-Sc-5 from two different perspectives
(ORTEP drawings with 50% probability thermal ellipsoids). Only one
complex of the unit cell is shown, and the PFs~ counterion and solvent
molecules have been omitted for clarity.
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Scheme 2. Stereospecific Synthesis of Complex A-1 (PFs~
Counterions) from Agy-Sc-7
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in the course of the reaction of (S)-4 with L1 and subsequently
L2, a total of four diastereomers can be formed if L1 = L2: two
with A and two with A configuration at the ruthenium center. To
our surprise, in each of the discussed conversions, virtually no A
diastereomer was detectable. The predominant minor diastereomer
in the formation of Ag,-Sc-5 (Table 1, entry 1) was Agr,-Sc-6 (Table
1, entry 2) and vice versa. Thus, the coordinated salicyloxazoline
in precursor complex (S)-4 provides excellent control over the
configuration at the metal center. This high A/A diastereoselectivity
is crucial for the enantiopure formation of the final tris-heteroleptic
ruthenium complexes.

Next, we continued with the highly diastereopure complex Ag,-
Sc-7 and set out to synthesize A-1 by replacing the salicyloxazoline
ligand with bpy with retention of configuration.® In preliminary
experiments we recognized the acid lability of the salicyloxazoline
ligand in complexes of type Ag,-Sc-5—7. Gratifyingly, after several
rounds of optimization, we found that treatment of Ag,-Sc-7 with
5 equiv of trifluoroacetic acid (TFA) at 50 °C in freshly distilled
dry acetonitrile for 3.5 h led to smooth replacement of the
salicyloxazoline ligand by two acetonitriles to afford intermediate
10, which could be followed by the subsequent reaction with bpy
to afford A-1 with complete retention of configuration as determined
by chiral HPLC analysis (Scheme 2 and Table 2, method A).° Even
more conveniently, complex Ag,-Sc-7 could be converted into
virtually enantiopure A-1 in a one-pot procedure by the reaction
with 15 equiv of bpy in the presence of 5 equiv of TFA in dry
MeCN at 110 °C in a closed vessel for just 2 h (Scheme 2 and
Table 2, method B). The chiral HPLC traces of A-1 and A-1
synthesized according to this protocol from the chiral oxazolines

Table 2. Stereospecific Formation of A-1 from Ag,-Sc-7

method conditions yield er?
99.4:0.6

A (i) synthesis of intermediate 10: 88%
MeCN, 50 mM Ag,-Sc-7, 5 equiv
of TFA, 50 °C, 3.5 h.
(if) formation of A-1: MeCN, 10
mM 10, 15 equiv of bpy, 110 °C
in a closed vial, 2 h.
B one-step substitution: MeCN, 50 91%
mM Ag,-Sc-7, 5 equiv of TFA, 15
equiv of bpy, 110 °C in a closed
vial, 2 h.

99.6:0.4

“ Enantiomeric ratios determined by chiral HPLC analysis.
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Figure 3. HPLC traces demonstrating the enantiopurity of synthesized A-1
and A-1: (a) A-1 synthesized from (S)-2; (b) A-1 synthesized from (R)-2;
(c) A/A-1 synthesized from rac-2. All of the complexes were synthesized
according to method B (Table 2). HPLC conditions: Daicel Chiralcel OD-
R, 250 x 4 mm; flow rate, 0.5 mL/min; eluent, 0.087% H;POu4(aq) and
MeCN (30 — 60% in 20 min).

(8)-2 and (R)-2, respectively, are shown in Figure 3 and demonstrate
the enantiopurity of the complexes A-1 and A-1. The scope of this
stereospecific replacement of the chiral auxiliary with retention of
configuration was verified by applying it to the incorporation of
1,10-phenanthroline and 4,4’-dimethoxy-2,2"-bipyridine (=99.3:0.7
e.r. in both cases; see the Supporting Information for more details).

In conclusion, we here have introduced salicyloxazolines as
powerful chiral auxiliaries for the synthesis of enantiopure chiral-
at-metal ruthenium polypyridyl complexes. We are convinced that
this work will pave the way to control of the stereochemistry in
even more complicated metal complexes. Work along these lines
as well as the application of this method to the asymmetric synthesis
of bioactive ruthenium complexes is in progress.
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