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ABSTRACT: Ethylene is an important plant hormone that is involved
in a variety of developmental processes including agriculturally
important ripening of certain fruits. Owing to its significant roles, a
number of approaches have previously been developed to detect
ethylene via molecular interactions. However, there are no current
approaches for detection that are selective via a discrete homogeneous
molecular interaction. Here we report two profluorescent
chemodosimeters for the selective detection of the plant hormone
ethylene. The approach consists of a BODIPY fluorophore with a
pendant ruthenium recognition element based on a Hoveyda-Grubbs
2 generation catalysts. A marked increase in fluorescence is observed
upon exposure to ethylene and selectivity is observed for ethylene over
other alkenes, providing a unique approach towards ethylene
detection. Imaging in live cells demonstrated that ethylene could be
detected from multiple relevant sources.

Ethylene is one of the five major plant hormones and is intricately
involved in complex signaling pathways controlling a disparate array of
plant phenotypes. The expression of ethylene in the cell triggers many
responses ranging from the regulation of cellular growth processes such
as inhibition of cell division and leaf abscission to environmental
stresses such as pathogen response and drought.! However, it is most
commonly known as a ripening agent of climacteric fruit such as kiwi
fruits, apples, tomatoes, mangos, and bananas. As a consequence of its
essential role in multiple facets of plant growth, development, and post-
harvest characteristics, a number of methods for ethylene detection
have been developed. The primary means of ethylene detection rely on
gas chromatography methods or laser based systems.> GC is the most
prevalent method and can sensitively detect ethylene in the low parts
per billion range. The ability to detect ethylene along with
advancements in genetic approaches has led to an increased
understanding of associated signaling pathways in fruit ripening over
the past decades.’> However, practical limitations imposed by many
current methods have spurred interests in developing molecular
approaches towards ethylene detection. An appropriately designed
method for detecting ethylene in solution has the potential to allow for
ethylene detection at the cellular level.

Plants detect ethylene with copper containing ethylene receptors
(ETRs) that bind to the = bond of ethylene via interactions with metal
d orbitals. Therefore it is not surprising that the few recently reported
approaches towards detection of this small and unique phytochemical
have utilized an interaction with transition metals as the basis for

detection. The affinity of many late transition metals for 7 systems is
well-described by the Dewar-Chatt-Duncanson model of bonding,*
which coupled with the quenching effects of these metals on
fluorescence is an attractive strategy for ethylene detection. Burstyn
and coworkers developed a silver impregnated poly(vinyl phenyl
ketone) (PVPK) film for sensing ethylene.’ It is suggested that the Ag*
ion is coordinated to both the carbonyl and aromatic ring, but upon
exposure to ethylene the Ag*-arene binding is disrupted resulting in a
decrease in fluorescence. Esser and Swager used a copper scorpionate
complex bound to a conjugated fluorescent polymer to detect
ethylene.® Competitive coordination to ethylene disrupts the binding
of the metal to the polymer, which results in an increase in
fluorescence. The Swager group has also adapted this system to a
chemoresistive sensor.” Kodera and coworkers used a Ag* ion bound
by an N,S,S-macrocyclic ligand to interact with a pendant anthracene.®
Upon binding of ethylene measureable changes were observed in the
absorbance and fluorescence spectra of the anthracene moiety. While
the coordination based approaches are attractive in terms of
developing a reversible sensor for ethylene (Figure 1), these are not
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Figure 1. Molecular strategies for detection of ethylene.
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viable for applications in more complex environments, such as a cell,
due to either heterogeneity or a lack of selectivity. Small molecule
fluorescent chemodosimeters provide exceptional spatial and temporal
resolution, allow for better signal build up, and are well suited for
potential application in biological systems.”

Most reaction-based fluorescent probes rely on a selective
nucleophilic attack or oxidative transformations that are viable at room
temperature. Such approaches have successfully resulted in small
molecule fluorescent probes for reactive analytes such as H,O», ClO;,
027, NO, ONOO;, H:S, formaldehyde, and biological thiols, amongst
others.” However, ethylene is particularly challenging to detect as it is
not suitably nucleophilic or otherwise reactive with other organic
substrates under ambient or biological conditions. This was indeed
noted by Burstyn and others leading to the use of transition metal-x
interactions for ethylene detection. As such, we sought to utilize a
selective reaction mediated by a transition metal to develop a
fluorescent chemodosimeter for ethylene. After evaluating a number of
strategies for selectively reacting with ethylene, olefin metathesis was
explored as an intriguing approach.

It is well-established that both steric and electronic effects influence
the reactivity of olefins with metathesis catalysts.'” Indeed it is useful to
categorize olefin reactivity for predicting product outcomes of cross-
metathesis reactions. These categories range from highly active type I
olefins that undergo homodimerization rapidly such as ethylene and
allyl alcohol to type IV olefins such as trisubstituted and electron poor
olefins that do not participate in cross metathesis. This reactivity trend
poises that a ruthenium catalyst should be selective for ethylene over
other, more substituted alkenes.

We hypothesized that a Hoveyda-Grubbs 2" generation type
complex appended with a fluorophore would provide a sensitive and
selective chemodosimeter for the detection of ethylene. The presence
of a proximal heavy metal acts to quench fluorescence from the
fluorophore providing the “off-state” and upon reacting with the
analyte the metal is displaced resulting in an increase in fluorescence."
This approach utilizing the unique reactivity of a transition metal is in
line with other methods used for challenging small molecule analytes
including NO,"”> CO" and H,S'". Indeed this metal-displacement
approach is becoming a common strategy for chemodosimeter
design.'®

To evaluate this hypothesis, two BODIPY-based profluorescent
probes, BEP-4 and BEP-S, were prepared (Scheme 1). Starting from 4-
bromosalicylaldehyde 1a, alkylation and Wittig olefination provided
bromostyrene 3a. Lithium-halogen exchange followed by a
dimethylformamide quench provided aldehyde 4a. Condensation of
the aldehyde with 2,4-dimethylpyrrole followed by DDQ oxidation and
chelation with BF; provided the penultimate BODIPY Sa. Subsequent
reaction with Grubbs 2™ generation catalyst provided the BODIPY
Ethylene Probe-4 (BEP-4) (with numerical assignment arising from
the position of the bromine in the initial starting material relative to the
aldehyde). Additionally, to evaluate the influence of structural variation
on both reactivity and selectivity the analogous BEP-5 was prepared
from 5-bromosalicaldehyde 1b.

Next BEP-4 and BEP-5 were optically characterized. As expected,
the ruthenium containing complexes, BEP-4 and BEP-S are weakly
fluorescent in toluene (BEP-4: Aem = 512 nm, @ = 0.002; BEP-5: Aem =
513 nm, @ = 0.004. See SI figure S2) as compared to the styrene
products of a reaction with ethylene Sa and 5b ((5a: Aem = 514 nm, ® =
0.24; 5b: Aewm = 515 nm, ® = 0.21. See SI figure S2). To evaluate the
reactivity of the probes to ethylene both BEP-4 and BEP-5 were
dissolved in toluene and exposed to a balloon of ethylene gas (Figure
2a and 2b). Over 60 min a 14-fold turn-on was observed for BEP-4 and
24-fold for BEP-S at their relative Aem. A maximum turn-on 113 is

observed for BEP-4 and 78 for BEP-S. Interestingly, while BEP-4
shows a larger overall increase in fluorescence, it appears that BEP-S
reacts faster. For example after 1 h BEP-4 reaches 12% of its maximum,
while BEP-S is at 30% of maximum turn-on. While a number of other

Scheme 1. Synthesis and Reactivity of BEP-4 and BEP-S.
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Conditions: (a) 2-iodopropane, K,COs, Cs,COz; DMF, RT, 8 h. (b)
PhsPMeBr, n-BuLi, THF, -78 °C toRT to 30 °C 1 h, -78 °C add 2a to RT8 h
(¢) n-BuLi, THF, -78 °C to RT, -78 °C quench w/ DMF. (d) 2,4-
dimethylpyrrole, 1 drop TFA, CH,Cl,, RT, 90 min; DDQ, 10 min; then Et3N,
BF5-Et,0, RT 2 h. (e) Grubbs 2" Gen., CuCl, DCM, 40 °C, 1 h.

140 80

a) b)

120 L i i []
é‘ 570
3 o 260 ]
g 80 T s }
é 60 ;%“" }
E } I
3 20 5
F] ﬁéi 210 i!
od oq®
0 2 4 5 [] 0 1z [ 2 4 5 8 0 12
Time (hours) Time (hours)
& 15
c) d)
5 12
af
o}
w3 e
I e
P18
Lottt |
1k A .
A o YA oo o gt

W e e e et
2% oo™ e 00 e me\ et

@t \gcwz“d pred Memi‘° p.;:m\ e
Figure 2. BEP-4 and BEP-5 optical characterization in toluene. Turn-
on fluorescence response of 2 uyM (a) BEP-4 or (b) BEP-S under an
atmosphere of ethylene. Aex =475 nm. Normalized emission at max Aem
vs time. Error bars represent SD at each time point from three experi-
ments. . Fluorescence responses of 2 uyM (c) BEP-4 or (d) BEP-S to
allyl alcohol and biologically relevant alkene species. Bars represent
normalized integrated fluorescence intensity responses between 490
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and 630 nm with Aex = 475 nm for the respective analytes (100 M) at t
=0,5,10, 15, 30, 45, and 60 min (black).

solvents were evaluated, characterization was conducted in toluene due
to lower vapor pressure and common use in olefin metathesis
reactions. However, it should be noted that both probes respond to
ethylene in an 80/20 mixture of water and acetone (Figure S3). Owing
to the difficulty in accurately dosing small amounts of ethylene to a
solution of probe, allyl alcohol was used as a fast-reacting
monosubstituted type I alkene benchmark. In a typical experiment a 2
UM probe solution of BEP-4 or BEP-S would be treated with 100 uM of
isoprenol, prenol, limonene, oleic acid or allyl alcohol. This series of
alkenes serves to represent a range of alkenes species to evaluate probe
selectivity and extent of turn-on. We were delighted to observe the
probe solutions exhibit a significant increase in florescence only when
exposed to the type I alkene, allyl alcohol. Isoprenol, prenol, limonene,
and oleic acid showed little to no turn-on as compared to the control
sample. These results suggest that both BEP-4 and BEP-5 demonstrate
promising selectivity for ethylene over other potential terpene and
terpenoid compounds that would be present in plant samples.

Turn-on in florescence is presumably due to metathesis with
ethylene or allyl alcohol and cleavage of the covalent connection
between the BODIPY and the ruthenium producing the corresponding
products Sa and Sb. To support this BEP-5 was reacted with an excess
of ethylene to return the styrene 5b. It should be noted that the control
samples for BEP-4/5 demonstrate a slow background turn-on.
Exposure of a BEP-4 solution to open atmosphere does result in
isolable aldehyde product, which is also observed in the mass spectrum
of the crude mixture. However, exclusion of moisture and oxygen does
not appear to completely ablate this effect and while exposure to a
long-wave handheld UV lamp does increase this background turn-on,
carefully limiting exposure of the probes to light does not provide a
completely stable background.

With these findings in mind we went on to evaluate the ability of the
two probes to detect an environment of ethylene. This was done by
injecting ethylene into an airtight cuvette via a gastight syringe and
observing fluorescence intensity after 60 minutes (Figure 3). Using a
series of different ethylene injections ranging from S pL to 500 pL
resulted in a dose dependent increase of fluorescents as seen in figure 3.
Limits of detection were calculated to be 29 yL for BEP-4 and 20 yL for
BEP-S. This corresponds to 13 ppm and 9 ppm ethylene, respectively,
in the headspace of the cuvette.
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Figure 3. BEP-4 and BEP-$ in toluene show turn-on response to eth-
ylene gas injected via gas tight syringe. Turn-on fluorescence response
of 2 yuM (a) BEP-4 or (b) BEP-5. \ex =475 nm, Aem = 513 nm (BEP-4)
and 514 nm (BEP-S). Endpoints represent normalized fluorescence 60
min after the addition of ethylene. Error bars denote SD.

Finally, we evaluated the ability of BEP-4 and BEP-5 to detect
exogenous ethylene in live cells via confocal microscopy. Excitingly,
both BEP-4 and BEP-5 were successful in detecting ethylene in a live
cell environment with a variety of ethylene sources. HEK239T cells
were exposed directly to ethylene gas or vapor from a ripe banana and

mango. The cells were then treated with 2 pM BEP-S and imaged.
Ethylene gas resulted in a 74% increase in fluorescence and gas from a
sealed chamber holding a ripe banana and mango resulted in a 61%
increase in mean fluorescence compared to a control that was
protected from ethylene exposure (see Figure SS and S6). Additionally,
BEP-4 and BEP-S were able to detect ethylene from the ethylene
releasing molecule ethephon, which undergoes hydrolysis to ethylene
and is used as an agricultural ethylene source, in PC12 cells. Depending
on concentration of probe used, BEP-4 displayed a 14-22% increase in
mean fluorescence and BEP-5 showed a 25-31% increase in mean
fluorescence relative to the appropriate control (See Figure S7). Two
significant differences between mammalian cells and plants is the
presence of a cell wall and chlorophyll, which can interfere in some
imaging experiments. Chlamydomonas reinhardti, represents a
valuable model system as it has both a carbohydrate rich cell wall and
chlorophyll. In the green algae C. reinhardtii BEP-4 was able to detect
exogenous ethylene gas and ethylene from ripe fruit (Figure 4). BEP-S
was also able to detect exogenous ethylene gas, however no statistically
significant turn-on was observed for ethylene from fruit (Figure S9).
These results are especially exciting considering that other examples of
olefin metathesis in biological systems often required significant efforts
to design compatibility.'® We hypothesize that the relatively
hydrophobic nature of BEP-4/5 drives membrane diffusion and
cellular accumulation. Additionally, the fact that these probes do not
necessitate turnover of a catalytic cycle via a prone methylidene
intermediate is a potential benefit, which may pose a challenge in other
in aqueous

olefin metathesis

attempts to perform catalytic

environments.'”

Figure 4. Confocal microscopy of BEP-4 in live Chlamydomonas rein-
hardtii cells. Pelleted cells were treated with 20 yM BEP-4 in PBS for
1S min at 37 °C, excess unreacted probe was removed, cells were resus-
pended, plated and imaged. (a) Control (b) cells diffused with eth-
ylene gas for 15 min, media removed and cells were treated with probe
as in the control (c) cells diffused with gas from banana for 1 h, media
removed and cells were treated with probe as in control.. Scale bar
represents 10 pm in all images. (d) Normalized mean fluorescence
intensities of Chlamydomonas cells with each treatment. Error bars
denote SD (n=2).**p < 0.01.*p < 0.0S.

In summary two new chemodosimeters based on Hoveyda-Grubbs
2™ generation catalysts were developed for the selective detection of
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ethylene. The probes do not appear to react significantly with olefins
that are not rapidly reacting type I olefins, however a steady increase in
background fluorescence is observed. A dose dependent increase in
fluorescence upon exposure to ethylene gas is observed. Slight
structural variation provides some variance in fold turn-on and rate of
reaction with ethylene. While these initial findings are promising,
structure-activity studies to improve sensitivity by varying the ligand
identities on Ru are being investigated. Both BEP-4 and BEP-5 were
capable of detecting ethylene in a cellular environment. Efforts to apply
these probes in plant cells, such as Arabidopsis thaliana are currently
underway.

ASSOCIATED CONTENT

The supporting information is available free of charge on the
ACS Publications website at DOI:

Experimental details, including synthesis and characterization,
selectivity assays, spectroscopic methods, cellular imaging
methods.

AUTHOR INFORMATION

Corresponding Author
*E-mail: Brian.Michel@du.edu

ORCID

Brian W. Michel: 0000-0002-4737-8196
Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENT

Financial support from the University of Denver is gratefully
acknowledged. We thank Professor Michelle Knowles and Alan
Weisgerber (University of Denver) for assistance with cell
culture and imaging. We thank Professor Krishna Niyogi and
Dr. Masakazu Iwai (University of California, Berkeley) for
providing Chlamydomonas and helpful suggestions for imaging.

REFERENCES

(1) (a) Wang, K. L. C; Li, H.; Ecker, J. R. Ethylene biosynthesis and
signaling networks. Plant Cel}, 2002, 14, S131-S151; (b) Alonso, J. M.;
Stephanova, A. N. The ethylene signaling pathway. Science 2004, 306,
1513-1515; (c) Light, KM.; Wisniewski J.A.; Vinyard W.A.; Kieber-
Emmons M.T. Perception of the plant hormone ethylene: known-knowns
and known-unknowns. /. Biol Inorg. Chem. 2016, 21,715-728.

(2) (a) Cristescu, S. M.; Mandon, J.; Arslanov, D.; De Pessemier, J.;
Hermans, C.; Harren, F. J. M. Current methods for detecting ethylene in
plants. Ann. Bot, 2013, 111, 347-360; (b) Caprioli, F.; Quercia, L. Eth-
ylene detection methods in post-harvest technology: A review. Sens. Actua-
tors, B, 2014, 203, 187-196.

3) (a) Yoo, S.-D.; Cho, Y.; Sheen, J. Emerging connections in the
ethylene signaling network. Trends Plant Sci, 2009, 14, 270-279; (b)
Jedermann, R.; Praeger U.; Geyer, M.; Lang W. Remote quality monitoring
in the banana chain. Phil Trans. R. Soc. A. 2014, 372, 20130303; (c)
Janssen S.; Schmitt K.; Blanke M.; Bauersfeld M.L.; Wollenstein J.; Lang
W. Ethylene detection in fruit supply chains. Phil. Trans. R. Soc. A. 2014,
20130311.

(4)  Hartwig, J. F. Organotransition Metal Chemistry: From Bond-
ing to Catalysis, University Science Books, 2010.

(5) (a) Green, O; Smith, N. A; Ellis, A. B.; Burstyn J. N. AgBF.-
Impregnated Poly(vinyl phenyl ketone): An Ethylene Sensing Film /. Am.
Chem. Soc.2004, 126, 5952-5953; (b) Cintrén, M. S.; Green, O.; Burstyn,

J. N. Ethylene Sensing by Silver(I) Salt-Impregnated Luminescent Films.
Inorg. Chem. 2012, 51,2737-2746.

(6) Esser, B.; Swager, T. M. Detection of ethylene gas by fluores-
cence turn-on of a conjugated polymer. Angew. Chem., Int. Ed,, 2010, 49,
8872-8875.

(7) Esser, B.; Schnorr, J. M.; Swager, T. M. Selective detection of
ethylene gas using carbon nanotube-based devices: Utility in determination
of fruit ripeness. Angew. Chem., Int. Ed,, 2012, 51, 5752-5756.

(8) Hitomi, Y.,; Nagai, T.; Kodera, M. A silver complex with an
N,S,S-macrocyclic ligand bearing an anthracene pendant arm for optical
ethylene monitoring. Chem. Commun. 2012, 48,10392-10394.

9) (a) Yang, Y.; Zhao, Q.; Feng, W.; Li, F. Luminescent Chemo-
dosimeters for Bioimaging. Chem. Rev. 2013, 113,192-270; (b) Chan, J,;
Dodani, S. C; Chang, C. J. Reaction-based small-molecule fluorescent
probes for chemoselective bioimaging. Nat. Chem., 2012, 4,973-984 .

(10)  Chatterjee, A. K.; Choi, T.-L.; Sanders, D. P.; Grubbs, R. H. A
General Model for Selectivity in Olefin Cross Metathesis. /. Am. Chem.
Soc.,, 2003, 125,11360-11370.

(11)  Lakowicz, J. R. Principles of Fluorescence Spectroscopy,
Springer US 2006.

(12)  (a) Franz, K. J.; Singh, N.; Spingler, B.; Lippard, S. J. Metal-
Based NO Sensing by Selective Ligand Dissociation. Angew. Chem., Int.
Ed, 2000, 39, 4081-4092 (b) Hilderbrand, S. A; Lippard, S. J. Cobalt
Chemistry with mixed Aminotroponiminate Salicylaldiminate Ligands:
Synthesis, Characterization, and Nitric Oxide Reactivity. Inorg. Chem.
2004, 43, 4674-4682 (c) Tsuge, K.; DeRosa, F.; Lim, M. D.; Ford, P. C.
Intramolecular Reductive Nitrosylation: Reaction of Nitric Oxide and
Copper(1I) Complex of a Cyclam Derivative with Pendand Luminescent
Chromophores. /. Am. Chem. Soc. 2004, 126, 6564-6565. (d) Lim, M. H.;
Wong, B. A,; Pitcock, W. H,, Jr.; Mokshagundam, D.; Baik, M.-H.; Lippard,
S. J. Direct Nitric Oxide Detection in Aqueous Solution by Copper(1I)
Fluorescein Complexes. J. Am. Chem. Soc,, 2006, 128, 14364-14373 (e)
Rivera-Fuentes, P.; Lippard, S. J. Metal-Based Optical Probes for Live Cell
Imaging of Nitroxyl (HNO). Acc. Chem. Res., 2018, 48, 2927-2934. (f)
McQuade, L. E.; Pluth, M. D.; Lippard, S. J. Mechanism of Nitric Oxide
Reactivity and Fluorescence Enhancement of the NO-Specific Probe
CuFll. Inorg. Chem. 2010, 49, 8025-8033.

(13)  (a) Michel, B. W,; Lippert, A. R; Chang, C. J. "A Reaction-
Based Fluorescent Probe for Selective Imaging of Carbon Monoxide in
Living Cells Using a Palladium-Mediated Carbonylation." J. Am. Chem.
Soc, 2012, 134, 15668-15671. (b) Zheng, K.; Lin, W.; Tan, L.; Chen, H,;
Cui, H. "A unique carbazole-coumarin fused two-photon platform: devel-
opment of a robust two-photon fluorescent probe for imaging carbon
monoxide in living tissues." Chem. Sci, 2014, 5, 3439-3448. (c) Moragues,
M. E.; Toscani, A.; Sancenon, F.; Martinez-Manez, R.; White, A. J. P.; Wil-
ton-Ely, J. D. E. T. A Chromo-Fluorogenic Synthetic “Canary” for CO
Detection Based on a Pyrenylvinyl Ruthenium(II) Complex. /. Am. Chem.
Soc. 2014, 136, 11930-11933.(d) Torre, C. d. 1; Toscani, A.; Marin-
Hernandez, C.; Robson, J. A.; Terencio, M. C.; White, A. J. P.; Alcaraz, M.
J.; Wilton-Ely, J. D. E. T.; Martinez-Manez, R.; Sancenon, F. Ex Vivo Track-
ing of Endogenous CO with a Ruthenium(II) Complex. /. Am. Chem. Soc,
2017, 139, 18484-18487; (e) Sun, M; Yu, H.; Zhang, K.; Wang, S.; Hayat,
T.; Alsaedi, A.; Huang, D. Palladacycle Based Fluorescence Turn-On Probe
for Sensitive Detection of Carbon Monoxide. ACS Sens., 2018, 3,285-289.

(14)  (a) Sasakura, K.; Hanaoka, K.; Shibuya, N.; Mikami, Y.; Kimura,
Y.; Komatsu, T.; Ueno, T.; Terai, T.; Kimura, H.; Nagano, T. Development
of a Highly Selective Fluorescence Probe for Hydrogen Sulfide. /. Am.
Chem. Soc., 2011, 133, 18003-18005 (b) Choi, M. G.; Cha, S.; Lee, H,;
Jeon, H. L.; Chang, S.-K. Sulfide-selective chemosignaling by a Cu2+ com-
plex of dipicolylamine appended fluorescein. Chem. Commun. (Cam-
bridge, U. K.), 2009, 7390-7392 (c) Hou, F.; Huang, L.; Xi, P.; Cheng, J.;
Zhao, X,; Xie, G.; Shi, Y.; Cheng, F.; Yao, X.; Bai, D.; Zeng, Z. A Retrievable
and Highly Selective Fluorescent Probe for Monitoring Sulfide and Imag-
ing in Living Cells. Inorg. Chem.,, 2012, 51, 2454-2460 (d) Hou, F.; Cheng,
J; Xi, P.; Chen, F,; Huang, L.; Xie, G.; Shi, Y.; Liu, H; Bai, D.; Zeng, Z.
Recognition of copper and hydrogen sulfide in vitro using a fluorescein
derivative indicator. Dalton Trans. 2012, 41, 5799-5804. (e) Wang, M. Q;
Li, K; Hoy, J. T.; Wu, M. Y,; Huang, Z.; Yu, X. Q. BINOL-Based Fluores-

ACS Paragon Plus Environment

Page 4 of 6



Page 50of 6 Journal of the American Chemical Society

cent Sensor for Recognition of Cu(II) and Sulfide Anion in Water. /. Org.

1 Chem. 2012, 77, 8350-8354.(f) Santos-Figueroa, L. E.; Torre, C.; Sayed, S.

2 E.; Sancenon, F.; Martinez-Manez, R.; Costero, A. M.; Gil, S.; Parra, M.

3 Highly Selective Fluorescence Detection of Hydrogen Sulfide by Using

Anthracene-Functionalized Cyclam-Cu" Complex. Eur. J. Inorg. Chem.

4 2014, 41-45.

5 (15)  Strianese, M.; Pellecchia, C. Metal complexes as fluorescent

6 probes for sensing biologically relevant gas molecules. Coord. Chem. Rev,

7 2016, 318,16-28.

8 (16) Some examples of aqueous or biologically relevant olefin metathe-

9 sis: (a) Hong, S. H.; Grubbs, R. H. Highly Active Water-Soluble Olefin
Metathesis Catalyst. /. Am. Chem. Soc. 2006, 128, 3508-3509. (b) Jor-

10 dan, J. P.; Grubbs, R. H. Small-Molecule N-Heterocyclic-Carbene-

1 Containing Olefin-Metathesis Catalysts for Use in Water. Angew.

12 Chem., Int. Ed, 2007, 46, 5152-5155. (c) Binder, J. B,; Blank, J. J;

13 Raines, R. T. Olefin Metathesis in Homogeneous Aqueous Media Cata-

14 lyzed by Conventional Ruthenium Catalysts. Org. Lett. 2007, 9, 4885-
4888. (d) Lin, Y. A; Chalker, J. M.; Floyd, N.; Bernardes, G. J. L.; Davis,

15 B. G. Allyl Sulfides Are Privileged Substrates in Aqueous Cross-

16 Metathesis: Application to Site-Selective Protein Modification. /. Am.

17 Chem. Soc. 2008, 130, 9642-9643. (e) Lo, C.; Ringenberg, M. R;;

18 Gnandt, D.; Wilson, Y.; Ward, T. R. Artificial metalloenzymes for olefin

19 metathesis based on biotin-(strept)avidin technology. Chem. Commun.

20 2011, 47, 12065-12067. (f) Mayer, C; Gillingham, D. G.; Ward, T. R;
Hilvert, D. An artificial metalloenzyme for olefin metathesis. Chem.

21 Commun. 2011, 47, 12068-12070. (g) Sauer, D. F.; Himiyama, T.;

22 Tachikawa, K.; Fukumoto, K;; Onoda, A.; Mizohata, E.; Inoue, T.;

23 Bocola, M.; Schwaneberg, U.; Hayashi, T.; Okuda, J. ACS Catal. 2015, 5,

24 7519-7522.

25 (17) Ulman, M.; Grubbs, R. H. Ruthenium Carbene-Based Olefin Me-

26 tathesis Initiators: Catalyst Decomposition and Longevity. J Org.
Chem. 1999, 64, 7202-7207.

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60 ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

Page 6 of 6

ACS Paragon Plus Environment



