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Abstract

A chemosensory system is reported that operates without the need for separation techniques and is
capable of identifying anions and structurally similar bioactive molecules. In this strategy, the
coordination of analytes to a metal complex with an open binding cleft generates “static
structures” on the NMR time scale. Unique signals are created by strategically placing fluorine
atoms in close proximity to bound analytes so that small structural differences induce distinct 1°F
NMR shifts that can be used to identify each analyte. The utility of this method is illustrated by
quantifying caffeine levels in coffee, by identifying ingredients in tea and energy drinks, and by
discriminating between multiple biogenic amines with remote structural differences 6 carbons
away from the binding site. We further demonstrate the simultaneous identification of multiple
neutral and anionic species in a complex mixture.
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Reliable detection methods that operate on real-world complex mixtures without pre-
treatment are highly desirable for many fields ranging from health care and biomedical
research to food and beverage quality control because they can reduce costs and simplify the
detection process.[] Unfortunately, frequently utilized informative techniques, including
mass spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy are not ideal
for the analysis of complex mixtures without separation because signals from each
individual analyte may overlap with one another and be obscured by unwanted background
signals.[Z] Various chemosensory platforms have been used to make the analyte signals
immune from species that do not participate in recognition; however, closely related analytes
with similar binding behaviors are usually undistinguishable. We have recently demonstrated
that encapsulating the analyte in a molecular container coated with fluorine probes induces
changes in 1°F NMR signals useful for identification.[3] The sterically constrained env
ironment defined by the container enables size discrimination for the selective detection of
less sterically hindered molecules such as nitriles, but limits the implementation of this
method to a diverse array of analytes. We now report a chemosensory platform that
addresses this limitation and is capable of simultaneously identifying various neutral and
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anionic species in complex mixtures. By design, various analytes are immobilized within an
open binding cleft to generate “static complexes” on the NMR timescale. Fluorine atoms
appended to the cleft are strategically positioned proximate to the bound analyte to
distinguish between closely related analytes (Scheme 1a). The high sensitivity of fluorine
NMR shifts to the local environment and the low level of interfering background signals
allows this chemosensory platform to operate on complex mixtures without the need of
separation, wherein both neural and ionic species with minute structural differences are
simultaneously identified in complex mixtures.[4-6]

We view the amide-based palladium pincer complexes (Scheme 1b) to be versatile scaffolds
because metallation of the ligand creates a confined binding cleft with a Lewis acidic metal,
and also has a structure wherein fluorine probes can be positioned in close proximity to
analytes bound in the cleft.[”] Another appealing feature of these complexes is the ability to
undergo facile ligand exchange at only one coordination site, but also exhibit analyte bound
complexes that are static on the NMR timescale. The complexes are synthesized with a
weakly bound acetonitrile that is rapidly replaced by stronger ligands such as pyridine.8l
The wide analyte scope provided by this motif allows for the simultaneous detection of
multiple species. As a result of the well-defined coordination chemistry displayed by these
complexes, they have been investigated as recognition elements for chemical warfare agents
and used to construct functional molecular assemblies.[®] Furthermore, we have shown that
chiral fluorinated palladium pincer complexes are capable of differentiating pairs of
enantiomeric amines in complex mixtures.[10]

We initially prepared palladium complexes with ligands composed of aryl-groups bearing
CF3 and OCF3 groups with the aim of differentiating closely related analytes (Scheme 1b,
1-4). Consistent with our design, the X-ray single crystal structure of 2:CH3 CN clearly
showed that the fluorine probe is pointing towards the analyte and in close proximity to the
analyte binding site (Scheme 1c). We are also aware that fluorine groups have low
polarizablity as a result of this element's high electronegativity, which limits the chemical
shift dispersion. To compensate for this fact, w ehave incorporated a polarizable arylgroup
that can be substituted with bromine atoms adjacent to the fluorines to induce more
pronounced shifts by the perturbation of polarizable electrons (Scheme 1b, 5 and 6). We
report herein the discriminatory power of these chemosensory constructions for
representative neutral bioactive molecules.

A mine and A-heterocycle moieties are ubiquitous bioactive molecules with a wide variety
of physiological functions.[!1] Biogenic amines are key biomarkers for the determination of
food freshness and human disease.[*2! For instance, a higher-than-normal level of serotonin
in serum may indicate carcinoid syndrome.[23] On the other hand, Atheterocycles are
commonly used in drugs and vitamins, and represent a major class of natural products.
Many well-known alkaloids, such as caffeine, nicotine, and morphine contain A-heterocyclic
units that are suitable ligands to bind to our palladium pincer compounds. As a result, we
began by exploring the 1°F NMR sensing potential of complex 1. Our initial results showed
that in non-coordinating solvents 1's Lewis basic amide group can replace the bound
acetonitrile gives rise to self-associated oligomeric species (Figure 1a).[14] To prevent the
formation of oligomeric species, an additional 15 equivalent of CH3CN was added to
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chloroform solution of 1. The monomeric species is stable under this condition with a well-
resolved singlet peak observed in 1%F NMR (Figure 1b). We then selected a series of amines
and A-heterocycles as the analytes to evaluate the potential utility in the detection of
biologically active compounds. The observation of the discrete signals at precise,
concentration-independent chemical shifts indicates the formation of “static” complexes on
the NMR time scale for the identification of each analyte. Figure 1 reveals the ability of 1 to
discriminate betw een similar analytes. A noteworthy feature is the contrast betw een the
new upfield shifted signal observed for benzylamine binding as opposed to the downfield
shift for 2-phenethylamine binding, which is caused by the addition of an additional
methylene (Figure 1e,f). It is worth noting that the NH, group on tryptamine (Figure 1g) is
solely responsible for the sensing result as no new peak was observed upon addition of 3-
methylindole (Figure 1h). Despite the fact that N-heterocylces, such as pyridine, nicotine
and quinoline all coordinate to 1 through a pyridine subunit, distinct shifts were produced
(Figure 1j-1). We also find that tertiary amines have a much lower coordinating ability with 1
in comparison with primary amines and the Lew is basic sites on planar A-heterocycles.
This deduction is based on the fact that the intensity of the generated signal is very low even
with analyte at high concentrations (Figure 1m). In contrast, secondary amines have
comparable coordinating capabilities as primary amines (for details, see Figure S12 in Sl).
Interestingly, two new equal intensity peaks were produced by cinchonidine (Figure 1n).
This observation is attributed to the steric bulkiness of cinchonidine, which induces the non-
equivalence of the two OCF3 groups (for details, see Figure S9 in Sl). The ability to
simultaneously identify multiple species is a desired property for chemosensing methods,
especially w hen interference is present or more than one analyte is of interest in the system.
As a demonstration, a mixture of seven compounds (three amines and four A~heterocycles)
provides seven new signals with which are uniquely assignable to the corresponding analytes
(Figure 1c). It is noteworthy that the receptors 1-4 with fluorine probes distinctly arranged as
shown in Scheme 1b all displayed different responses for each individual analyte, thus
allowing the collection of information of sufficiently many dimensions to unambiguously
identify a species (For the multiplexed sensing results using receptors 2-4, see Table S1 in
SI).

We next turned our attention to sensor 6 with fluorine probes connected to phenyl group and
adjacent to a bromine atom, which is expected to display larger 1°F NMR shifts as a result of
the polarizable aromatic ring and heavy atom. Sensing experiments shown in Figure 10
confirm the effectiveness of this design, as benzylamine induces a downfield shift of 3.12
ppm w ith 6, which is much larger than that observed with complex 1 (< 0.2 ppm).
Interestingly, the downfield shifts were less pronounced with A-heterocycles in comparison
to amines (pyridine and caffeine vs. benzylamine and 2-phenethylamine). The nature of the
coordination of caffeine to the Pd2* center was confirmed by an X-ray single-crystal
structure of the isolated complex 6 (for halogen bonding and m-r stacking interactions in the
crystal structure, see Figure S8 in SI).[15]

The rapid differential detection of structurally related organic compounds is crucial to
biomedical research and health care and in this context biogenic amines are of particular
interest as biomarkers for the disease. The precise identification of specific biogenic amines
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is important because of their different physiological functions. However, presently
chromatographic separations are necessary when multiple biogenic amines are present in the
sample under investigation.[16] To demonstrate the robust discriminatory power of our
method, we applied it to the analysis of a mixture of biogenic amines in aqueous solution.
Specifically, 2-phenethylamine, tyramine, tryptamine, and serotonin were selected on the
basis of their structural similarity. As shown in Figure 2, these analytes were successfully
resolved with this method. Moreover, tryptamine and serotonin, which differ by one
hydroxyl group, which is 6 carbons away from the binding site, are unambiguously
differentiated with well-separated peaks. We emphas ize that the precision provided with this
method is difficult to achieve by other non-eluting (chromatographic) methods. In contrast to
the well-separated signal obtained with 6, the palladium complex 5 without the bromine
substitution displays inferior discriminatory ability as shown in Figure 2b, which confirms
that the polarizable bromine contributes to the induced chemical shifts for a given analyte.

Coffee represents a complicated mixture, the primary constituents of which are water,
carbohydrates, fiber, proteins, free amino acids, lipids, minerals, organic acids, chlorogenic
acid, trigonelline, and caffeine.[17] To illustrate the precise identification and quantification
of a target species achievable with our sensing scheme, we demonstrate the detection of
caffeine in regular and decaffeinated coffee without pre-treatment.[18] In this experiment,
untreated coffee and non-volatile 4-nitrobenzotrifluoride (internal standard) was added to 1
in methanol for 19F NMR analysis. It is noteworthy that the association of caffeine in almost
quantitative in methanol (see Figure S6 in Sl) such that the concentration of caffeine can be
easily determined from the integration of the corresponding 1°F NMR signal. As shown in
Figure 3, although a number of unidentified species are observed, the signal produced at the
distinctive chemical shift allows for the unambiguous identification of caffeine in an
extremely complex background. The concentrations of caffeine in regular and decaffeinated
coffee were determined to be 612 and 29 mg/L, respectively.[19 Notably, the precision of
this method can be evaluated by concurrently adding another analyte of comparable
coordinating ability and known concentration (quinoline and caffeine have a similar
association to 1, see Figure S5 in SI for details). The deviation of the concentration of the
added quinoline calculated from 19F NMR is found to be less than 3%, thus suggesting the
matrices of coffee have a negligible impact on our sensing result (for the differentiation of
caffeine analogues, see Figure S14 in SI).

We next extended this strategy to the identification of ingredients of tea, artificial sweetener,
and energy drinks. In these experiments, an untreated solution of the commercial product
was directly mixed with 6 for 1°F NMR analysis. As shown in Figure 4, caffeine, aspartame,
acesulfame K, taurine and niacinamide were unambiguously identified, thus demonstrating
the wide applicability of this approach to the direct analysis of samples with complex
ingredients. Our identifications were corroborated by the ingredient lists provided by the
product manufacturers. (See Figure S13 in SI for details.)

In addition to neutral organic molecules, the identification of various anions by
chemosensing methods is also challenging. In contrast to cations, the charge on the anions is
often more diffuse, which decreases the electrostatic interactions between the receptor and
the anions. Moreover, the solvation energy in water tends to be higher for anions than
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cations with comparable size, w hich requires a receptor design that can mitigate the
competition from the solvent.[20] We envisioned that the pincer ligand will encapsulate the
anions in a hydrophobic pocket, thus mitigating some of the solvation and encouraging a
static association on the NMR time scale between the palladium complex and the anions.
Furthermore, the anions bound to the Pd2* should be differentiable by their distinct shape
and size. As shown in Figure 5, complex 6 is capable of simultaneously identifying neutral
and anionic species in a complex mixture. In this case we display 1H coupled spectra, to
shown that the shifts cause by simple anion binding still produces adequate shifts. Anions
bound to 6 induce a significant upfield shift, while neutral species tend to induce a
significant downfield to slight upfield shift. This dichotomy enables the peaks to be easily
assigned and the identities of the analytes to be unambiguously determined. A species
with 19F NMR signal at —109.55 ppm issometimes observed when the experiment is
performed in THF/D, O, and is likely due to an oligomeric palladium complex as the
intensity of this peak decreased upon addition of excess amount of amine. This behavior has
been previously investigated, and a cyclic hexamer of a palladium pincer complex has been
reported and characterized by X-ray crystallography.[®f] It is noteworthy that the ability to
simultaneously identify anions and bioactive organic molecules by chemosensing methods
has not been demonstrated before and could be very useful for diagnostic test wherein a
comprehensive detection of multiple characteristic species is needed for disease
determination.

In summary, we have reported a chemosensory platform wherein analytes are immobilized
through coordination to a metal, and fluorine probes are located in ¢ lose proximity to the
analyte to produce precise 19F NMR shifts that can be used to identify the analyte. The
robust detection power of this strategy is demonstrated by the quantification of caffeine
content in coffee, identification of ingredients in beverages, and differentiation of
structurally similar biogenic amines. The simultaneous identification of multiple neutral and
anionic species is also achieved. The method of using palladium pincer complexes and 1°F
NMR to precisely probe local structures that we have illustrated here is only a representative
example of the more general chemosensory strategy we will continue to develop. The
method is not restricted to metal-ligand coordination, and chemosensing using 1°F NMR
represents a powerful general method for analyzing complex mixtures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

This work was supported by a National Institutes of Health (NIGMS) grant GM095843. Y.Z. acknowledges
Shanghai Institute of Organic Chemistry (SIOC), Zhejiang Medicine and Pharmaron for a joint postdoctoral fellow
ship. L.C. acknow ledges the Paul E. Gray UROP Fund for support. The authors thank Dr. Peter Mller for
collecting and solving X-ray structure data.

References

1. a Ho CK, Robinson A, Miller DR, Davis MJ. Sensors. 2005; 5:4-37.b Krantz-Riilcker C, Stenberg
M, Winquist F, Lundstrdm I. Anal. Chim. Acta. 2001; 426:217-226.c Du J, Hu M, Fan J, Peng X.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2017 January 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

10
11

12.

13.
14.

15.

16.

Page 6

Chem. Soc. Rev. 2012; 41:4511-4535. [PubMed: 22535221] d De Marco R, Clarke G, Pejcic B.
Electroanalysis. 2007; 19:1987-2001.e Pejcic B, Eadington P, Ross A. Environ. Sci. Technol. 2007;
41:6333-6342. [PubMed: 17948776] f Jun, Y.-w.; Lee, J-H.; Cheon, J. Angew. Chem. Int. Ed. 2008;
47:5122-5135.9g Kobayashi H, Ogawa M, Alford R, Choyke PL, Urano Y. Chem. Rev. 2010;
110:2620-2640. [PubMed: 20000749] h Domaille DW, Que EL, Chang CJ. Nat. Chem. Bio. 2008;
4:507-507.i Lavis LD, Raines RT. ACS Chem. Bio. 2008; 3:142-155. [PubMed: 18355003]

. a Baeten V, Dardenne P. Grasas Aceites. 2002; 53:45-63.b National Research Council. , editor.

Visualizing Chemistry: The Progress and Promise of Advanced Chemical Imaging. National
Acedemies Press; Washionton DC: 2006.

. Zhao Y, Markopoulos G, Swager TM. J. Am. Chem. Soc. 2014; 136:10683-10690. [PubMed:

25051051]

. For a review discussing applications of 19 NMR, see: Yu J-X, Hallac RR, Chiguru S, Mason RP.

Prog. Nucl. Magn. Reson. Spectrosc. 2013; 70:25-49. [PubMed: 23540575]

. For examples of 19F NMR detection based on disturbation of electron density of fluorine; see: Gan

H, Oliver AG, Smith BD. Chem. Commun. 2013; 49:5070-5072.Zhao Y, Swager TM. J. Am.
Chem. Soc. 2013; 135:18770-18773. [PubMed: 24299149]

. For NMR chemosensing methods based on other strategies, see: Perrone B, Springhetti S, Ramadori

F, Rastrelli F, Mancin F. J. Am. Chem. Soc. 2013; 135:11768-11771. [PubMed: 23889210] Salvia
M-V, Ramadori F, Springhetti S, Diez-Castellnou M, Perrone B, Rastrelli F, Mancin F. J. Am.
Chem. Soc. 2015; 137:886-892. [PubMed: 25534150] Teichert JF, Mazunin D, Bode JW. J. Am.
Chem. Soc. 2013; 135:11314-11321. [PubMed: 23802800]

. a Reed JE, White AJP, Neidle S, Vilar R. Dalton Trans. 2009:2558-2568. [PubMed: 19319401] b

Moriuchi T, Takagi Y, Hirao T. Eur. J. Inorg. Chem. 2008:3877-3882.c Moriuchi T, Morimoto K,
Sakamoto Y, Hirao T. Eur. J. Inorg. Chem. 2012:4669-4674.

. a Moriuchi T, Bandoh S, Kamikawa M, Hirao T. Chem. Lett. 2000:148-149.b Moriuchi T, Bandoh

S, Miyaji Y, Hirao T. J. Organomet. Chem. 2000; 599:135-142.

.a Wang Q-Q, Begum RA, Day VW, Bowman-James K. J. Am. Chem. Soc. 2013; 135:17193-17199.

[PubMed: 24093892] b Zigon N, Guenet A, Graf E, Kyritsakas N, Hosseini MW. Dalton Trans.
2013; 42:9740-9745. [PubMed: 23685676] c Lang T, Guenet A, Graf E, Kyritsakas N, Hosseini
MW. Chem. Commun. 2010; 46:3508-3510.d Goldup SM, Leigh DA, Lusby PJ, McBurney RT,
Slawin AMZ. Angew. Chem. Int. Ed. 2008; 47:3381-3384.e Burgess MG, Naveed Zafar M, Horner
ST, Clark GR, James Wright L. Dalton Trans. 2014; 43:17006-17016. [PubMed: 24869561] f Wang
Q-Q, Day VW, Bowman-James K. Chem. Commun. 2013; 49:8042.

. Zhao Y, Swager TM. J. Am. Chem. Soc. 2015; 137:3221-3224. [PubMed: 25723526]

. aten Brink B, Damink C, Joosten HMLJ, Huis in 't Veld JHJ. Int. J. Food Microbiol. 1990; 11:73—
84. [PubMed: 2223522] b Ancin-Azpilicueta C, Gonzalez-Marco A, Jimenez-Moreno N. Crit. Rev.
Food Sci. Nutr. 2008; 48:257-275. [PubMed: 18274975] ¢ Ruiz-Capillas C, Jimenez-Colmenero F.
Crit. Rev. Food Sci. Nutr. 2004; 44:489-499. [PubMed: 15969322] d Clemens, L.; Jurgen, D.,
editors. Bioactive Heterocyclic Compound Classes: Pharmaceuticals and Agrochemicals. John
Wiley & Sons; Weinheim: 2012.

a Santos MHS. Int. J. Food Microbiol. 1996; 29:213-231. [PubMed: 8796424] b Khuhawar MY,
Qureshi GA. J. Chromatogr. B. 2001; 764:385-407.

Feldman JM. Semin. Oncol. 1987; 14:237-246. [PubMed: 2442815]

a Dell'Amico DB, Calderazzo F, Di Colo F, Guglielmetti G, Labella L, Marchetti F. Inorg. Chim.
Acta. 2006; 359:127-135.b Wang Q-Q, Day VW, Bowman-James K. Chem. Commun. 2013;
49:8042-8044.

CCDC-1428032 (for 2:CH3CN), and -1428033 (for 6:caffeine) contain the supplementary cry
stallographic data for this paper. These data can be obtained free of charge from The Cambridge
Cry stallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

For selected examples on the mehods to detect biogenic amines, see: Kumpf J, Freudenberg J,
Fletcher K, Dreuw A, Bunz UHF. J. Org. Chem. 2014; 79:6634-6645. [PubMed: 24937181] Chow
C-F, Lam MHW, Wong W-Y. Anal. Chem. 2013; 85:8246-8253. [PubMed: 23883419] Maynor
MS, Nelson TL, O'Sulliva C, Lavigne JJ. Org. Lett. 2007; 9:3217-3220. [PubMed: 17637024]

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2017 January 18.


http://www.ccdc.cam.ac.uk/data_request/cif

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Zhao et al.

17.

18.

19.

20.

Page 7

Chu, Y-F., editor. Coffee: Emerging Health Effects and Disease Prevention. First Edition. John
Wiley & Sons; New Delhi, India: 2012.

a Rochat S, Swager TM. J. Am. Chem. Soc. 2013; 135:17703-17706. [PubMed: 24245751] b
Kobayashi T, Murawaki Y, Reddy PS, Abe M, Fujii N. Anal. Chim. Acta. 2001; 435:141-149.c
Zuo YG, Chen H, Deng YW. Talanta. 2002; 57:307-316. [PubMed: 18968631] d Xu W, Kim T-H,
Zhai D, Er JC, Zhang L, Kale AA, Agrawalla BK, Cho Y-K, Chang Y-T. Sci. Rep. 2013; 3:2255.
[PubMed: 23877095]

The reported concentrations of caffeine in regular and decaffeinated starbucks coffee measured by
HPLC are 548 and 27.2 mg/L, respectively . See: McCusker RR, Goldberger BA, Cone EJ. J.
Anal. Toxicol. 2003; 27:520. [PubMed: 14607010] McCusker RR, Fuehrlein B, Goldberger BA,
Gold MS, Cone EJ. J. Anal. Toxicol. 2006; 30:611. [PubMed: 17132260]

a Gunnlaugsson T, Glynn M, Tocci GM, Kruger PE, Pfeffer FM. Coord. Chem Rev. 2006;
250:3094-3117.b Duke RM, Veale EB, Pfeffer FM, Kruger PE, Gunnlaugsson T. Chem. Soc. Rev.
2010; 39:3936-3953. [PubMed: 20818454] c Perruchoud LH, Hadzovic A, Zhang X.-a. Chem. —
Eur. J. 2015; 21:8711-8715. [PubMed: 25931372] d Gale PA, Caltagirone C. Chem. Soc. Rev.
2015; 44:4212-4227. [PubMed: 24975326] e Chang K-C, Sun S-S, Odago MO, Lees AJ. Coord.
Chem. Rev. 2015; 284:111-123.f Bregovic VB, Basaric N, Mlinaric-Majerski K. Coord. Chem.
Rev. 2015; 295:80-124.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2017 January 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhao et al.

Page 8

F3CO OCF; 1 (1.0 mM)

6 ‘\ CH,CN (15 equiv)
g f e i &
” k J U mixture

@Am (0.5 mM)
©NNH2 (0.5 mM)

\
& w, (0.5mM)

HN/

.
In
I\
L
] o
!
[
L
B
)|
I

No /
J\ \fib (1.0 mM)
o N
X
@ (0.5 mM)
A W
A Oy W (0smm)
N
JL @ﬁ (0.5 mM)
N
[NAJ (2.0 mM)

H
< (0.5 mM)

A A =

57.2 -57.4 -576 -57.8 -58.0 -38.2 -58.4 -58.6 PPV
OYQYO
L oy et
. vy O ¢ ‘ F
©/\/NH o)\);;jIN> N / BT g‘; h?:&
©/\NH24> | %NHZ¢ @ l /@ 6 (2.0 mM)
S A ~

~

3.12 ppm
T T T

T r

T Y T T T T T T T
-103 -104 -105 -106 -107 -108 -109 PPM

Scheme 1.
a) Cartoon representation of the chemosensory method reported herein. Structurally similar

analytes bind to a metal complex, inducing distinct 1°F NMR shifts in fluorine atoms placed
in close proximity to the bound analyte. b) Palladium pincer complexes with fluorine probes
at different locations. ¢) X-ray single crystal structure of 2:CH3CN
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19F NMR spectra (64 scans each) of a) complex 1 alone (1.0 mM in CDCl3) showing the
formation of oligomeric products, b—n) a mixture of complex 1 (1.0 mM in CDCl3), CH3CN
(15 mM) and different analytes (0.5-2.0 mM), b) no analyte, ¢) mixture of seven analytes, d)

superimposition of the spectra of complex 1 with each of the seven analytes collected

independently, e-n) complex 1 bound to various analytes. 0) 1°F NMR spectrum (64 scans)
of a mixture of complex 6 (2 mM in CDClI3), CH3CN (30 mM) and different analytes (0.5—

2.0 mM).
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Figure 2.

1H-decoupled 1°F NMR spectra (128 scans) of mixtures of a) complex 6 and b) complex 5
(ca. 2.0 mM each), with (from left to right) 2-phenethy lamine, tyramine, tryptamine, and
serotonin (ca. 0.25 mM each) in THF/D,0. The spectra are aligned with respect to the
receptor peak so that the magnitudes of the chemical shift dispersions of 5 and 6 may be
directly compared.
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-18 -109 -110 PPM

19F NMR spectra (128 scans) of a mixture of complex 1 (ca. 3.0 mM in MeOH/D,0/H,0),
internal standards (molar ratio of 4-nitrobenzotrif luoride:quinoline = 50:35.1) and coffee. a)
40 pL of regularly brewed coffee was added. b) 80 pL of decaffeinated coffee was added.
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Figure 4.
1H-decoupled 1°F NMR spectra (64-128 scans each): a) superimposed spectra of mixtures of

complex 6 (ca. 2.8 mM) with aspartame (ca. 4.1 mM), taurine (ca. 4.1 mM), caffeine (ca. 2.0
mM), niacinamide (ca. 2.0 mM), and acesulf ame potassium (ca. 2.0 mM) in MeOH/D,0/
H,0, each collected independently. Spectra of b) tea brewed f rom loose genmaicha green
tea, c) tea brewed from Allegro brand Asian Gen Mai Chatea bag, d) Essential Everyday
brand No Calorie Sweetener, and ) 4C brand Energy Rush Tea2Go energy drink,
respectively, with complex 6 (ca. 2.8 mM) in MeOH/D,0/H,0, with identif iable
ingredients labelled.
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Figure 5.

19F NMR spectrum (128 scans) of a mixture of complex 6 (ca. 2.6 mM), 2-phenethy lamine
(ca. 0.1 mM), tyramine (ca. 0.1 mM), tryptamine (ca. 0.1 mM), serotonin (ca. 0.1 mM),
tetrabuty lammonium azide (ca. 0.2 mM), tetrabuty lammonium acetate (ca. 1.1 mM),
tetrabuty lammonium iodide (ca. 0.2 mM), tetrabuty lammonium bromide (ca. 0.2 mM), and
tetrabuty lammonium chloride (ca. 0.2 mM) in THF/D,0. The distance between the most
upfield and most downfield signals is 4.35 ppm.
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