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Miniature high-throughput chemosensing of
yield, ee, and absolute configuration from crude
reaction mixtures

Keith W. Bentley, Peng Zhang, Christian Wolf*
High-throughput experimentation (HTE) has emerged as a widely used technology that accelerates discovery and
optimization processes with parallel small-scale reaction setups. A high-throughput screening (HTS) method capa-
ble of comprehensive analysis of crude asymmetric reaction mixtures (eliminating product derivatization or isola-
tion) would provide transformative impact by matching the pace of HTE. We report how spontaneous in situ
construction of stereodynamic metal probes from readily available, inexpensive starting materials can be applied
to chiroptical chemosensing of the total amount, enantiomeric excess (ee), and absolute configuration of a wide
variety of amines, diamines, amino alcohols, amino acids, carboxylic acids, a-hydroxy acids, and diols. This advance
and HTS potential are highlighted with the analysis of 1 mg of crude reaction mixtures of a catalytic asymmetric
reaction. This operationally simple assay uses a robust mix-and-measure protocol, is amenable to microscale
platforms and automation, and provides critical time efficiency and sustainability advantages over traditional
serial methods.
INTRODUCTION

It has become routine in academic and industrial laboratories to con-
duct hundreds of reactions in parallel using modern high-throughput
experimentation (HTE) technology (1, 2). However, the analysis of
hundreds of asymmetric reactions remains challenging because costs,
time pressure, minute sample amounts, and waste management issues
need to be considered. The constant quest for new chiral pharmaceu-
ticals, agrochemicals, and other biologically active compounds
continues to increase the universal demand for analytical means that
effectively support asymmetric synthesis development and optimiza-
tion efforts (3). However, the determination of the reaction yield
and enantiomeric excess (ee) by traditional methods has remained
time-consuming and costly, and the mismatch in the throughput of
generally available synthetic and analytical tools has led to a growing
interest in conceptually new screening approaches (4). To fully exploit
the impact of HTE and to streamline serendipitous asymmetric re-
action development, screening methods that are compatible with
modern workflow platforms and time constraints, minimize waste
production and operational (consumables and labor) costs, and are ap-
plicable to automated parallel analysis of hundreds of small-scale re-
actions are required. Groundbreaking steps toward this goal have
been made with the introduction of one pot–multisubstrate–one cat-
alyst experiments that are typically combined with traditional serial
analysis such as gas chromatography–mass spectrometry (GC-MS) or
high-performance liquid chromatography–ultraviolet detection
(HPLC-UV) (5–7), infrared radiation (IR) (8), nuclear magnetic res-
onance (NMR) (9, 10), and MS methods (11–13) or biochemical as-
says (14–16). In addition, the potential of chiroptical methods has
attracted increasing attention (17, 18).

Kurtán et al. (19), Nieto et al. (20), You et al. (21), Anyika et al. (22),
Joyce et al. (23), our group (24, 25), and others (26, 27) have developed
stereodynamic sensors that generate strong circular dichroism (CD)
signals upon recognition of a chiral substrate. The utility of optical
chemosensors is generally tested with chemically pure, nonracemic
samples to avoid interference from other compounds. This provides
important information about the accuracy, sensitivity, and substrate
scope of a sensing assay. However, it excludes possible interference
from other compounds and therefore does not reveal the real potential
for analysis of asymmetric reactions, which typically contain starting
materials, by-products, catalysts, additives, etc., in addition to the
sensing target. Few cases of specialized sensing applications have been
reported. Li et al., Matsumoto et al., and our group used fluorosensors
to determine the enantioselectivity of the asymmetric titanium tartrate–
catalyzed addition of trimethylsilyl cyanide to an immobilized aldehyde
(28), the kinetic resolution of a nitroaldol product tagged with a fluo-
rescence probe (29), and the enzymatic kinetic resolution of trans-
1,2-diaminocyclohexane, respectively (30). Leung et al. applied a UV
indicator displacement assay to the stereochemical analysis of a diaster-
eoselective Strecker reaction (31) and demonstrated that the ee and
concentration of reductive amination products or of hydrobenzoin
generated by asymmetric dihydroxylation (AD) can be determined after
derivatization or isolation followed by artificial neural network data anal-
ysis (32, 33). Joyce et al. (34) recently reported the use of 3-hydroxypyridine-
2-carboxaldehyde as CD sensor for ee determination of an enzymatic
transamination. These pioneering steps toward high-throughput
screening (HTS) of asymmetric reactions were, in some cases,
limited to immobilized or tagged substrates, which increases the
overall workload and can interfere with the reaction outcome; product
derivatization or isolation steps were generally necessary before the
analysis.

We believe that quantitative chemosensing of chiral compounds
with stereodynamic metal complexes is particularly practical and bears
unprecedented promise for HTS applications (35, 36). We now intro-
duce bis(2-hydroxy-1-naphthyl)ketone, 1, and show that it forms stereo-
dynamic Al, Zn, and Ti complexes that can be used for the determination
of absolute configuration, ee, and concentration, which we refer to as
comprehensive chirality sensing (CCS). The concept of CCS with metal
complexes of 1 is applicable to a large variety of chiral substrates and
allows accurate reaction analysis without laborious product isolation
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or derivatization. Chiral amines, diamines, amino acids, carboxylic acids,
hydroxy acids, and diols can be quantitatively analyzed with a simple
mix-and-measure protocol. We highlight the potential of this approach
by applying the titanium complex of 1 in direct ee and yield analyses
using crude reaction mixtures of the Sharpless AD of trans-stilbene,
and demonstrate significant time and sustainability advantages over
conventional reaction analysis.
RESULTS AND DISCUSSION

Probe design and CCS with a stereodynamic zinc complex
We show the underlying principles of our CCS method in Scheme 1.
We envisioned that 1 would instantly form stable metal complexes that
exist as a racemic and therefore CD silent mixture of rapidly intercon-
verting enantiomers. Coordination of a chiral substrate disturbs this
equilibrium and favors formation of one diastereomer through asym-
Bentley, Zhang, Wolf Sci. Adv. 2016; 2 : e1501162 12 February 2016
metric transformation of the first kind. The binding event and the in-
stantaneous chiral induction result in a fluorescence change and an
induced CD (ICD) signal, which are quantitatively correlated to the
substrate amount and ee, respectively. We prepared 1 in three high-
yielding steps (Scheme 1 and Supplementary Materials). We then
tested the potential of stereodynamic chirality sensing with ligand
1 using a stoichiometric amount of Et2Zn and enantiopure trans-
1,2-diphenylethylenediamine, 4. The complex formation between
1 and Et2Zn and the subsequent coordination of the diamine substrate
occurred spontaneously and gave quantitative amounts of the dinuclear
species (1-Zn-4)2 according to MS analysis (see the Supplementary
Materials). We observed a very strong CD signal of the in situ–formed
complex at high wavelength at a concentration of 1 mM in diethyl
ether, and similar CD responses to other aliphatic and aromatic amines
5 to 8 were obtained (Fig. 1). Additional CD sensing experiments re-
vealed a remarkably broad substrate scope, including amino alcohols
9 to 14 and amino acids 15 to 18. All sensing experiments were conducted
Scheme 1. Concept of chirality sensing and asymmetric reaction analysis with a stereodynamic CD/fluorescence chemosensor and synthesis of
bis(2-hydroxy-1-naphthyl)ketone, 1.
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using a simple mix-and-measure protocol, pipetting tetrahydrofuran
(THF) solutions of 1, 4, or another substrate, and finally, Et2Zn (in
hexanes) in air into small vials as indicated in Fig. 1. Solutions were
further diluted with THF and subjected to CD analysis within a few
minutes. Careful inspection of the spectra shows that the absolute
configuration of each substrate can be determined from the sign of
the ICD maximum at 425 nm. The R enantiomers of amines and
amino acids afford a negative CD amplitude, whereas a positive CD
effect is induced upon addition of the S enantiomers. Amino alcohols
and diamines exhibit the opposite relationship between the chiroptical
sensor readout and the absolute configuration of the substrate (see the
Supplementary Materials).

To evaluate the possibility of fast ee sensing, we collected CD spec-
tra of the Zn complex of 1 and varying enantiomeric composition of
N-methyl ephedrine 14 (Fig. 1, D and E). Plots of the sensor ICD re-
Bentley, Zhang, Wolf Sci. Adv. 2016; 2 : e1501162 12 February 2016
sponses versus substrate ee at three different wavelengths consistently
showed a sigmoidal relationship, which can be attributed to coexisting
m-oxo–bridged homo- and heterochiral (1-Zn-14)2 species in solution
(36). Indeed, electrospray ionization (ESI)–MS analysis confirmed the
formation of a dinuclear complex of 1, Zn, and amino alcohols includ-
ing 14 with a [2:2:2] stoichiometry (see the Supplementary Materials).
This explains the observed nonlinear CD responses of our sensor, and
it compares well with nonlinear effects (NLEs) commonly encountered
in asymmetric reactions with chiral catalysts prepared from diethylzinc
and amino alcohols or other ligands (37, 38). We then tested the suit-
ability of the stereodynamic Zn complex for quantitative chirality
sensing. We were pleased to find that a simple mix-and-measure
protocol with several nonracemic samples of 14 gave accurate results
(Table 1). The averaged ee values calculated from the responses at
three different wavelengths were within 2.2% of the actual value.
Fig. 1. Chiroptical sensing of amines, amino alcohols, and amino acids. Top: General CD sensing scheme and substrate scope (only one enantiomer
of each substrate is shown) of the zinc complex of 1. Middle: (A) CD spectra of the Zn complex derived from 1 and (1R,2R)-4 (blue) and (1S,2S)-4 (red). (B) CD

response to (R)-6 (blue) and (S)-6 (red). (C) CD response to (R)-9 (blue) and (S)-9 (red). Bottom: (D) CD spectra of the Zn complex derived from 1 and non-
racemic samples of14. (E) Plots of theCD amplitudes at 338nm (blue), 385 nm (red), and 445nm (green) versus ee. (F) Plot of the fluorescence intensity of the
Zn complex derived from 1 and varying equivalents of 14. All CD spectra were collected at 1 mM in diethyl ether.
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Moreover, the binding of 14 to the Zn complex of 1 results in fluo-
rescence enhancement in addition to the ICD effect. Unlike the enan-
tioselective CD response of our sensor to the ee of 14 or other chiral
substrates, the change in the fluorescence readout is not enantio-
selective and therefore independent of the substrate ee. The strongest
fluorescence intensity was measured when an equimolar amount of
14 was present, and substrate excess did not further alter the fluores-
cence output of the sensor (Fig. 1F and Supplementary Materials).
This nonenantioselective fluorescence sensor output can be used for
accurate determination of the total substrate concentration of 14 (Table 1).

CCS with aluminum and titanium complexes of 1
The use of ligand 1 for chirality sensing is not limited to zinc com-
plexes. The formation of an aluminum complex with Me3Al and 1 pro-
vides an entry to chemosensing of chiral a-hydroxy acids and carboxylic
acids (Fig. 2 and Supplementary Materials). Again, the CD response
of the stereodynamic metal complex can be systematically correlated
to the absolute configuration of the substrates. The R enantiomers of
a-hydroxy acids yield a positive CD sensor response at 450 nm,
whereas S enantiomers give a negative signal. We observed the oppo-
site trend with carboxylic acids (see the Supplementary Materials). In
analogy to the zinc complex discussed above, 1 appears to form di-
nuclear aluminum complexes according to ESI-MS analysis (see the
Supplementary Materials).

The general utility of the zinc and aluminum complexes of ligand
1 for chirality chemosensing of amines, amino alcohols, amino acids,
a-hydroxy acids, and carboxylic acids encouraged us to further eval-
uate this tropos ligand. We were pleased to find that chiral 1,2-, 1,3-,
and even 1,4-diols generate a distinctive ICD response to the Ti com-
plex of 1 (Fig. 2C and Supplementary Materials). Again, nonenantio-
selective fluorescence enhancement was observed as the substrate
amount was steadily increased to an equimolar amount, and no further
change was observed in the presence of excess of 25. We conducted ee
and concentration analyses as described above with hydrobenzoin
25 as substrate (Fig. 2, D to G). In analogy to the quantitative chiral-
ity chemosensing of amino alcohol 14 with the stereodynamic zinc
binaphtholate complex, we observed that the CD and fluorescence re-
sponses of the titanium complex formed in situ from 1 can be used
for fast determination of the enantiomeric purity and the amount of
nonracemic samples of 25 covering a wide ee and concentration range
(Table 2).

As shown in Fig. 2F, we obtained a linear CD response to the sub-
strate ee at two distinct wavelengths, which is in contrast to the chir-
optical NLE of the zinc complex described above. Although the linear
Bentley, Zhang, Wolf Sci. Adv. 2016; 2 : e1501162 12 February 2016
CD effect could be attributed to a monomeric metal complex (39), it is
known that diphenolate- and binaphtholate-derived titanium
complexes typically form m-oxo–bridged dinuclear structures and often
exhibit dynamic equilibria of higher aggregates (40). We observed only
a signal of ternary (1-Ti-25)2 by ESI-MS and detected no sign of the
mononuclear analog, higher aggregates, and binary Ti complexes
carrying either only 1 or 25 (see the Supplementary Materials).
NMR analysis at 25°C and low temperatures showed broad reso-
nances in the aromatic region indicating a mixture of interconvert-
ing species, and titration analysis with Ti(Oi-Pr)4 proved consecutive
substitution of all four isopropoxides upon coordination of 1 and 25
(see the Supplementary Materials). The fluorescence signal and the CD
intensities of (1-Ti-25)2 did not change in the presence of excess of
25 (Fig. 2, D, E, and G, and Supplementary Materials), which is in
excellent agreement with the ESI-MS results. Together, these obser-
vations support predominant formation of (1-Ti-25)2 under ther-
modynamic control; that is, the observed chiral amplification and
ICD signal are a result of asymmetric transformation of the first kind.
As discussed above, the appearance of dinuclear complexes such as (1-
Zn-14)2 typically results in nonlinear chiroptical effects (Fig. 1E). With
regard to the dinuclear Ti complexes, we found evidence that the per-
fectly linear correlation between the ICD effect and the ee of the diol
substrate shown in Fig. 2F originates from a thermodynamic preference
for the homochiral versus the heterochiral (1-Ti-25)2 species. To dif-
ferentiate between homo- and heterochiral complexes, we designed
ESI-MS exchange experiments using (S,S)-25, Ti(Oi-Pr)4, and either
enantiomer of the diol 26. In agreement with the NMR, CD, and flu-
orescence data described above, the ESI-MS results suggest that the
diol ligands can be exchanged from the Ti center, whereas the ICD reporter
ligand 1 is not replaced. The addition of (R,R)-26 to [1-Ti-(S,S)-25]2 in-
deed gave a mixture of the two homochiral complexes [1-Ti-(S,S)-25]2
and [1-Ti-(R,R)-26]2, which appeared with similar intensities, whereas
the intermediate heterochiral Ti complex containing both (S,S)-25
and (R,R)-26 was not detected (Fig. 2 and Supplementary Materials).
In contrast, the homochiral dinuclear Ti complex containing one mol-
ecule of each diol was observed by MS when (S,S)-25 and (S,S)-26
were used. The results of our ESI-MS ligand exchange experiments
thus suggest that the homochiral Ti complex is more stable than
the heterochiral analog, which explains the linear ICD effect observed
for the diol ee sensing.

CCS of crude materials from an asymmetric reaction
The general practicality and time efficiency of chirality sensing with
stereodynamic metal complexes of ligand 1 led us to use the titanium
Table 1. CCS of N-methyl ephedrine 14.
Sample composition
 Chemosensing results
Entry
 Ee (%)
 Conc. (mM)
 Abs. config.
 Ee (%), 338 nm
 Ee (%), 385 nm
 Ee (%), 445 nm
 Ee (%), avg.
 Conc. (mM)
 Abs. config.
1
 87.0
 0.56
 R
 85.4
 89.5
 82.6
 85.8
 0.60
 R
2
 76.0
 1.01
 R
 78.5
 79.3
 76.7
 78.2
 1.09
 R
3
 26.0
 2.36
 S
 27.2
 22.5
 24.3
 24.7
 2.29
 S
4
 68.0
 2.93
 S
 70.2
 65.3
 64.8
 66.8
 2.96
 S
5
 89.0
 3.34
 S
 90.6
 86.9
 84.2
 87.2
 3.38
 S
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Fig. 2. Chiroptical sensing of carboxylic acids, hydroxy acids, and diols. Top: Substrate scope using 1with Me3Al (19 to 24) or Ti(Oi-Pr)4 (25 to 29).
Only one enantiomer is shown.Middle: (A) CD spectra of the Al complex derived from 1 and (R)-22 (blue) and (S)-22 (red). (B) Sensor response to (R)-23 (blue)

and (S)-23 (red). (C) CD spectra of the Ti complex derived from 1 and (1R,2R)-25 (blue) and (1S,2S)-25 (red). An equivalent of Et3N was added to a-hydroxy
acids before analysis. (D) Fluorescence intensity of the Ti complex derived from 1 and varyingmolar equivalents of 25. (E) Plot of the fluorescence intensity at
600 nm of the Ti complex derived from 1 and varying amounts of 25. (F) Plots of the ICD amplitudes at 375 nm (red) and 470 nm (blue) for the Ti complex
derived from 1 and nonracemic samples of25. (G) ICD intensity at 375 nm (triangles) and 470 nm (diamonds) for the complex obtained fromTi(Oi-Pr)4,1, and
various amounts of (1R,2R)-25 (blue) and (1S,2S)-25 (red). All spectra were collected at 1 mM in diethyl ether. Bottom: Thermodynamically controlled Ti
complex formation and equilibrium between homochiral species observed by ESI-MS using (1S,2S)-25 and (2R,3R)-26.
Bentley, Zhang, Wolf Sci. Adv. 2016; 2 : e1501162 12 February 2016 5 of 8
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sensor in an important real-case application. We selected the Sharpless
AD to test the usefulness of our sensing method for analysis of the
yield and ee of an asymmetric reaction. We conducted four variations
of the oxidation of trans-stilbene 30 to hydrobenzoin 25, following a
standard literature procedure (41). Upon completion, the titanium sen-
sor complex was simply added to a THF solution containing 1 mg of
the crude AD product and subjected to CD and fluorescence analyses
(Table 3). Two fast measurements of the characteristic CD and fluo-
rescence responses of the sensor using a single sample allowed accu-
rate determination of the yield, ee, and absolute configuration of the
major enantiomer formed. The sensing analysis proved straight-
forward and did not require recalibration of the previously determined
probe readouts. Comparison with traditional analysis (gravimetry and
chiral HPLC) of isolated 25 highlights that chiroptical sensing is a prac-
tical alternative with real HTS potential. The yields and, in particular,
Bentley, Zhang, Wolf Sci. Adv. 2016; 2 : e1501162 12 February 2016
the ee’s vary only by a few percent, and the small deviation can prob-
ably be further reduced by using automated pipetting equipment,
which is common in HTS settings. Nevertheless, the results are gen-
erally considered sufficiently accurate for HTS purposes. Errors up to
10% can be tolerated because the purpose of HTS is typically to un-
cover trends and to identify efficient reactions that afford >90% yield
and >90% ee, for example, the Sharpless AD method shown in entry
1. The dual sensing approach (ee and fluorescence) with ligand 1 is
fast, robust, and reproducible and allows analysis of minute amounts of
a crude reaction mixture while laborious product derivatization or iso-
lation procedures are avoided. The total time and solvent amount re-
quired for the analysis of the four AD reactions by chiroptical sensing
were 15 min and 10 ml, respectively. This compares favorably with the
4 hours and 480 ml needed for the traditional analysis performed with
an automated HPLC purification system. It is noteworthy that screening
Table 2. CCS of hydrobenzoin 25, using 1 and Ti(Oi-Pr)4.
Sample composition
 Chemosensing results
Entry
 Ee (%)
 Conc. (mM)
 Abs. config.
 Ee (%), 375 nm
 Ee (%), 470 nm
 Ee (%), avg.
 Conc. (mM)
 Abs. config.
1
 76.0
 0.56
 R,R
 79.7
 79.3
 79.5
 0.53
 R,R
2
 68.0
 1.01
 R,R
 70.5
 66.9
 68.7
 1.01
 R,R
3
 12.0
 1.76
 R,R
 13.6
 12.6
 13.1
 1.88
 R,R
4
 26.0
 2.36
 S,S
 24.2
 22.3
 23.3
 2.47
 S,S
5
 89.0
 2.93
 S,S
 91.3
 86.8
 89.1
 2.72
 S,S
Table 3. Comparison of the yield, ee, and absolute configuration of hydrobenzoin obtained by AD of stilbene.
Sharpless AD
 Traditional analysis
 Chiroptical sensing
Entry
 Catalyst
 T (°C)
 Yield (%)
 Ee (%) and abs. config.
 Yield (%)
 Ee (%) and abs. config.
1
 AD-mix-b
 0.0
 99.1
 99.1 (R,R)
 95.4
 98.9 (R,R)
2
 AD-mix-b
 25.0
 71.0
 86.3 (R,R)
 65.3
 87.7 (R,R)
3
 AD-mix-b
 50.0
 17.7
 75.4 (R,R)
 12.2
 75.8 (R,R)
4
 Cinchonine
 25.0
 54.2
 0.0 (n/a)
 51.1
 1.3 (n/a)
6 of 8



R E S EARCH ART I C L E
of hundreds of samples would barely increase the total time required for
CCS, which can be conducted in parallel and is adaptable to automation.

CONCLUSION

In summary, we have discussed the concept of CCS with stereody-
namic Zn, Al, and Ti complexes carrying a simple reporter ligand
for fast analysis of minute sample amounts of a wide variety of chiral
target compounds. The chiroptical probes are conveniently formed in
situ, and the general application scope includes, but is not limited to,
26 chiral amines, diamines, amino alcohols, amino acids, carboxylic acids,
a-hydroxy acids, and diols. The substrate recognition and chiral
amplification processes generate strong CD and fluorescence signals
that were systematically correlated to the absolute configuration, ee,
and concentration of the analytes tested. We demonstrated the general
utility and accuracy of chiroptical chemosensing with the direct analysis
(eliminating product derivatization and isolation) of 1 mg of crude re-
action mixtures of the catalytic AD of trans-stilbene using a simple
and robust mix-and-measure protocol that does not require recali-
bration of the chiroptical sensor readouts. This case study highlights
how chiroptical chemosensing provides an effective means for fast
screening of crude reaction mixtures together with a critical sustain-
ability advantage over traditional chromatographic methods as a result
of reduced solvent and energy consumption. The chiroptical sensing
method holds considerable promise for HTE applications and other
asymmetric reactions. For example, it could be applied to HTS of
reactions yielding free amines or a-hydroxy carboxylic acids. We ex-
pect that the general applicability and practicality of this CCS ap-
proach will increase the throughput of many chemical development
programs by providing time-efficient and cost-effective screening tools
that streamline current asymmetric reaction discovery and optimiza-
tion protocols.
MATERIALS AND METHODS

General procedure
A solution of AD-mix-b (179.0 mg), methanesulfonamide (13.2 mg,
0.14 mmol), and trans-stilbene (25 mg, 0.14 mmol) was vigorously stirred
in 8 ml of a 1:1 water/t-BuOH mixture overnight. Excess Na2SO3 was
added, and stirring was continued for an additional hour. The reaction
mixture was quenched with CH2Cl2, washed with 2 M NaOH, and
dried over MgSO4. The reaction was also carried out as described above
with stilbene (25 mg, 0.14 mmol), K3Fe(CN)6 (137.0 mg, 0.42 mmol),
K2CO3 (57.6 mg, 0.42 mmol), OsO4 (14.1 ml, 0.0013 mmol), cinchonine
(1.0 mg, 0.0031 mmol), and methanesulfonamide (13.2 mg, 0.14 mmol)
at room temperature. We used the crude product of these reactions to
determine the yield, ee, and absolute configuration of hydrobenzoin
with 1 as described above and in the Supplementary Materials. For
comparison, the reaction mixtures were purified by flash chromatog-
raphy on silica gel (3:1 CH2Cl2/EtOAc) to isolate pure hydrobenzoin
as colorless crystals and to determine the yield and ee. The ee was deter-
mined byHPLC on a Chiralcel OJ column using hexanes/i-PrOH (92:8, v/v)
as mobile phase at 1 ml/min, t1 (S,S) = 19.4 min, and t2 (R,R) = 23.4 min.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/2/e1501162/DC1
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General information
Synthetic procedures
Enantioselective sensing experiments
Quantitative ee and concentration analysis
Ee and concentration analysis of hydrobenzoin 25 obtained by asymmetric Sharpless
dihydroxylation
MS analysis of the in situ complex formation
Analysis of the sensing mechanism with the stereodynamic Ti complex
Crystallography
Scheme S1. General synthesis of 1.
Fig. S1. 1H and 13C NMR spectra of 2 in CDCl3.
Fig. S2. 1H and 13C NMR spectra of 3 in CDCl3.
Fig. S3. 1H and 13C NMR spectra of 1 in CDCl3.
Fig. S4. Structures of substrates 4 to 29.
Fig. S5. CD response of the zinc complex of 1 to chiral diamines, amines, and amino
alcohols.
Fig. S6. CD response of the zinc complex of 1 to chiral amino acids.
Fig. S7. CD response of the aluminum complex of 1 to carboxylic acids.
Fig. S8. CD response of the titanium complex of 1 to chiral diols.
Fig. S9. CD spectra obtained from 1, (S)-19, and Me3Al (solid red) and from 1, (S)-19, and B(OMe)3
(dashed red).
Fig. S10. CD spectra of the Zn complex obtained with 1 and scalemic samples of 14.
Fig. S11. Exponential relationship between the CD amplitudes at 338 nm (blue), 385 nm (red),
and 445 nm (green) and the ee of 14.
Fig. S12. Fluorescence spectra of the complexes formed from 1, Et2Zn, and varying
concentrations of 14 from 0 to 100 mol% (blue) and 120 to 200 mol% (red).
Fig. S13. Fluorescence intensity (I) measured at 600 nm plotted against the ratio of [14]/[1].
Fig. S14. Curve fitting of the fluorescence emission at 600 nm.
Fig. S15. CD spectra of the Ti complex obtained with 1 and scalemic samples of 25.
Fig. S16. Linear relationship between the CD amplitudes at 375 nm (red) and 470 nm (blue)
and the ee of 25.
Fig. S17. Fluorescence spectra of the complexes formed from 1, Ti(Oi-Pr)4, and varying
concentrations of 25 from 0 to 100 mol% (blue) and 120 to 160 mol% (red).
Fig. S18. Fluorescence intensity (I) measured at 585 nm plotted against the ratio of
[25]/[1].
Fig. S19. Curve fitting of the fluorescence emission at 585 nm.
Fig. S20. Asymmetric Sharpless dihydroxylation of trans-stilbene.
Fig. S21. HPLC separation of the product obtained with AD-mix-b at 0°C on a Chiralcel OJ
column using hexanes/i-PrOH (92:8, v/v) as mobile phase.
Fig. S22. HPLC separation of the product obtained with AD-mix-b at 25°C on a Chiralcel OJ
column using hexanes/i-PrOH (92:8, v/v) as mobile phase.
Fig. S23. HPLC separation of the product obtained with AD-mix-b at 50°C on a Chiralcel OJ
column using hexanes/i-PrOH (92:8, v/v) as mobile phase.
Fig. S24. HPLC separation of the product obtained with cinchonine at 25°C on a Chiralcel OJ
column using hexanes/i-PrOH (92:8, v/v) as mobile phase.
Fig. S25. MS spectrum of the complex obtained from 1, Et2Zn, and (1R,2R)-4.
Fig. S26. MS spectrum of the complex obtained from 1, Et2Zn, and (1R,2S)-10.
Fig. S27. MS spectrum of the complex obtained from 1, Et2Zn, and (1R,2S)-14.
Fig. S28. MS spectrum of the complex obtained from 1, Me3Al, and (R)-23.
Fig. S29. MS spectrum of the complex obtained from 1, Ti(Oi-Pr)4, and (1R,2R)-25.
Fig. S30. MS spectrum of the complexes obtained from 1, Ti(Oi-Pr)4, and a mixture of (1S,2S)-25
and (2R,3R)-26.
Fig. S31. MS spectrum of the complexes obtained from 1, Ti(Oi-Pr)4, (1S,2S)-25, and
(2S,3S)-26.
Fig. S32. Excerpt of the NMR spectrum showing the methine proton septet in [Ti(Oi-Pr)4]
(red) after addition of one equivalent of 1 (green) and upon addition of one equivalent of
25 (blue).
Fig. S33. Excerpt of the NMR spectrum showing the methyl doublet of [Ti(Oi-Pr)4] (red)
after addition of one equivalent of 1 (green) and upon addition of one equivalent of
25 (blue).
Fig. S34. CD intensity at 375 nm (triangle) and 470 nm (diamond) for the complex obtained
from Ti(Oi-Pr)4, 1, and (1R,2R)-25 (blue) and for (1S,2S)-25 (red).
Fig. S35. X-ray structure of bis(2-methoxy-1-naphthyl)ketone, 3.
Fig. S36. X-ray structure of bis(2-hydroxy-1-naphthyl)ketone, 1.
Table S1. Ee determination of N-methylephedrine.
Table S2. Experimentally determined concentrations of five samples of varying concentrations.
Table S3. Ee determination of hydrobenzoin.
Table S4. Experimentally determined concentrations of five samples of varying concentrations
of 25 using the fluorescence response at 600 nm.
Table S5. Comparison of calculated and actual ee and concentration values of hydrobenzoin
obtained by asymmetric Sharpless dihydroxylation.
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