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Ruthenium-Induced Allylcarbamate Cleavage in
Living Cells**
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Organometallics are increasingly gaining attention as tools in
chemical biology owing to their distinguished physicochem-
ical properties, reactivities, and three-dimensional struc-
tures.! Along these lines, the exceptional ability of organo-
metallic compounds to catalyze a wide variety of chemical
transformations has not yet been sufficiently exploited for
chemical biology, but could yield bioactive molecules with
novel properties.”* For example, such catalysts could even-
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tually be used to amplify signals by turning over a substrate
multiple times, catalytically label or deactivate target bio-
molecules, or release prodrugs and all this in a cellular
environment. However, designing catalysts which work under
physiological conditions is a significant challenge owing to the
combined presence of air, water, and a plethora of cellular
components such as millimolar concentrations of thiols, which
are prone to poison organometallic catalysts, especially under
protic and aerobic conditions.”!

With respect to this new aspect of bioorganometallic
chemistry, we herein disclose a ruthenium-catalyzed release
of amines from their allylcarbamates that tolerates the
combination of water, air, and thiols, and we demonstrate
the utility of this cleavage reaction in living mammalian
cells.[10)

In the course of screening several organometallic catalysts
for a variety of reactions, we found that the complex
[Cp*Ru(cod)Cl] (Cp* = pentamethylcyclopentadienyl, cod =
1,5-cyclooctadiene; 1) catalyzes the cleavage of allylcarba-
mates 2 to their respective amines 3 in the presence of an
excess of thiophenol in an open flask experiment, tolerating
water and air (Scheme 1)."'? For example, the reaction of p-
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Scheme 1. Reaction of compounds 2 to form the respective amines 3.
[a] Isolated as the Boc-protected amine.

methylaniline allylcarbamate 2a (200 mm) with 5 equivalents
of thiophenol in the presence of 10 mol % ruthenium catalyst
1, carried out in MeOH/H,O (95:5) under air and overnight at
room temperature, provides p-methylaniline in 86 % yield if
isolated as the tert-butoxycarbonyl (Boc)-protected amine,
and 89% yield according to GC analysis (Table 1, entry 1).
This deprotection is quite general as it works under the same
conditions with high yields also for allylcarbamates of an
electron-acceptor-substituted aniline (2b, 85% yield) and a
primary (2¢, 94 %, isolated as the Boc-protected amine), as
well as a secondary amine (2d, 87 % yield; Scheme 1).1%]
The influence of air, water, and aliphatic thiols on the GC-
determined yields of this ruthenium-catalyzed cleavage is
shown for substrate 2a in Table 1. Accordingly, yields are not
significantly affected by air and water (Table 1, entries 1-3).
In contrast, omitting thiophenol prevents the carbamate
cleavage completely in the presence of water and air (Table 1,
entry 4). Most importantly for cellular applications, the
cleavage reaction can be performed in the presence of
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Table 1: Catalytic cleavage of allylcarbamate 2a to p-methylaniline with
[Cp*Ru(cod)Cl].®!

Entry Thiol Solvent Atm. T Yield
1 PhSH MeOH/H,0 air RT  89%
(95:5)
2 PhSH MeOH air RT 93%
3 PhSH MeOH/H,0 argon RT  96%
(95:5)
4 no thiols MeOH/H,0 air RT 0%
(95:5)
5 PhSH and MeOH/H,0 air RT 93%
PhCH,CH,SH (95:5)

6 PhCH,CH,SH MeOH/H,0 air  RT  34%
(95:5)

7 PhCH,CH,SH MeOH/H,0 air  37°C 67%
(95:5)

[a] General reaction conditions: 2a (200 mwm), [Cp*Ru(cod)Cl] (20 mm),
thiol (1 m; each), at room temperature (20-23 °C) overnight. Yields were
determined by GC analysis.

aliphatic thiols, such as benzeneethanethiol, with virtually no
influence on the yield of the reaction (93 %; Table 1, entry 5).
However, if performed at room temperature, the aromatic
thiol is necessary because substitution for an aliphatic thiol
leads to a significant reduction in yield (34%; Table 1,
entry 6). Interestingly, increasing the temperature to 37°C
provides the released amine with an improved yield of 67 %
by using the aliphatic thiol benzeneethanethiol as the only
nucleophile.

To evaluate the carbamate cleavage under conditions that
more closely resemble a physiological environment, the bis-
allyloxycarbonyl-protected rhodamine 110 (4; Figure 1a) was
synthesized.!" This caged fluorophore is virtually nonfluor-
escent (Figure 1b, entry 1) and stable in the presence of E.
coli cell extract (Figure 1b, entry2).'’) However, upon
allylcarbamate deprotection, strongly green-fluorescent rhod-
amine 110 (5) is released (Figure 1a). This allows for mon-
itoring of the ruthenium-catalyzed reaction by fluorescence
analysis. For example, the reaction of 4 with 1 (20 mol %) in
the presence of cell extract and an additional glutathione
(GSH; 3.5 mm)!" leads to the release of the fluorophore with
a yield for 5 of 6% at 37°C (Figure 1b, entry 3). Under the
same conditions, but with additional thiophenol, the yield
increases to 80 % as measured after 2.5 h (Figure 1b, entry 4),
resulting in a turnover number of 8. These results demon-
strate that [Cp*Ru(cod)Cl] is able to catalyze the cleavage of
allylcarbamates under biological conditions consisting of
millimolar concentrations of GSH as well as a plethora of
cellular components from the whole-cell extract.

Finally, the caged fluorophore 4 was used as a tool to
investigate the ruthenium-induced allylcarbamate cleavage in
living mammalian cells. For this, cultured HeLa cells were
loaded with caged fluorophore 4 by incubating the HeLa cells
with 4 (100 um) for half an hour, followed by washing the cells
with phosphate-buffered saline (PBS) buffer solution, and the
subsequent addition of fresh media. Thereafter, catalyst 1 was
added to the medium in final concentrations as low as 20 pM.
Fluorescence should now only develop inside the cell where
the caged fluorophore 4 is located. Indeed, observing the
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Figure 1. Influence of cell extract on the ruthenium-catalyzed allylcarba-
mate cleavage. a) Ruthenium-catalyzed deprotection of the caged
fluorophore 4 to rhodamine 110 (5). b) Fluorescence development with
4. Reaction conditions: Entry 1: 4 (0.5 mm) in DMSO/H,0 (1:1).

Entry 2: 4 (0.5 mm), in DMSO/cell extract (1:1), and GSH (3.5 mwm),
yielding an overall pH of 7.0. Entry 3: Same as entry 2, but with
additional [Cp*Ru(cod)Cl] at 100 pm. Entry 4: Same as entry 2, but
with additional [Cp*Ru(cod)Cl] at 100 um and 3.5 mm PhSH. Reaction
mixtures were shaken at 120 rpm for 2.5 h at 37°C. Yields were then
determined by comparing the fluorescence of diluted samples with a
standard curve of different concentrations of rhodamine 110. For the
shown vials, the solutions were diluted 20-fold with H,O/MeOH (1:1)
and excited with a long-wavelength UV lamp.

changes in fluorescence by live-cell imaging with a confocal
fluorescence microscope demonstrates that green fluores-
cence increases in intensity by around 10-fold over a time
period of 15 minutes within the cytoplasm of the cells
(Figure 2a and b). For comparison, in the absence of
thiophenol, the fluorescence increases more modestly by
around 3.5-fold, indicating that thiophenol is beneficial,
although not absolutely required, for the induction of
fluorescence. This is consistent with our model experiments
in cell extract (see Figure 1).

Additional cell-staining experiments with the red fluo-
rescent membrane carbocyanine dye DilC,4(5) illustrate that
the fluorescence only develops in the interior of the cell
(Figure 2c—f). In control experiments, we verified that no
fluorescence evolves in the absence of ruthenium complex 1
or the absence of the caged fluorophore 4 (data not shown).
Together, these experiments demonstrate that ruthenium
complex 1 is capable of passing through the cell membrane
and inducing the cleavage of allylcarbamates within living
cells. Notably, cytotoxicity experiments with the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) method verify that treatment with the organoruthe-
nium compound 1, thiophenol, and the caged fluorophore 4
does not influence the viability of the cells (see the Supporting
Information).
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Figure 2. Fluorescence microscopy imaging of ruthenium-induced uncaging of allylcarbamate-protected rhodamine 110 (4) inside HeLa cells.
Shown are superimposed phase-contrast and fluorescence images. Images a) and b): Cells were preincubated with 4 (100 um) for 30 min, washed
with PBS buffer solution, and then treated with [Cp*Ru(cod)Cl] (20 um) and thiophenol (500 pm). The shown images are a) right after this
addition and b) after 15 min. Images c)—f): Cells were preincubated with 4 (100 um) for 30 min and at the same time with the membrane
carbocyanine dye DilC5(5) (Molecular Probes). After washing with PBS buffer solution, cells were treated with [Cp*Ru(cod)Cl] (40 um) and
thiophenol (100 um). The shown images are c) right after this addition and d)—f) after the indicated times.

In conclusion, [Cp*Ru(cod)Cl] has been shown to be
capable of inducing the uncaging of amines from their
respective allylcarbamates under physiological conditions
such as in living mammalian cells. The described reaction is
an encouraging starting point towards the goal of designing
catalytic organometallics as tools in chemical biology.

Received: May 3, 2006
Published online: July 20, 2006

Keywords: bioorganometallic chemistry - cleavage reactions -
homogeneous catalysis - mammalian cells - ruthenium

[1] For bioorganometallic chemistry and medicinal organometallic
chemistry, see: a) K. Severin, R. Bergs, W. Beck, Angew. Chem.
1998, 110, 1722-1743; Angew. Chem. Int. Ed. 1998, 37, 1634 —
1654; b) D. B. Grotjahn, Coord. Chem. Rev. 1999, 190, 1125-
1141; c¢) (Ed.: G. Jaouen), J. Organomet. Chem. 1999, 589, 1—
126; d) N. Metzler-Nolte, Angew. Chem. 2001, 113, 1072-1076;
Angew. Chem. Int. Ed. 2001, 40, 1040-1043; e¢) R. H. Fish, G.
Jaouen, Organometallics 2003, 22, 2166-2177; f) R. Stodt, S.
Gencaslan, I. M. Miiller, W. S. Sheldrick, Eur. J. Inorg. Chem.
2003, 1873-1882; g) D. Schlawe, A. Majdalani, J. Velcicky, E.
HeBler, T. Wieder, A. Prokop, H.-G. Schmalz, Angew. Chem.
2004, 116, 1763-1766; Angew. Chem. Int. Ed. 2004, 43, 1731 -
1734; h) D. R. Van Staveren, N. Metzler-Nolte, Chem. Rev. 2004,
104,5931-5985; 1) 1. Ott, B. Kircher, R. Gust, J. Inorg. Biochem.
2004, 485-489; j) Bioorganometallics (Ed.: G. Jaouen), Wiley-
VCH, Weinheim, 2005; k) Y. K. Yan, M. Melchart, A. Habte-
mariam, P. J. Sadler, Chem. Commun. 2005, 4764-4776; 1) C. S.
Allardyce, A. Dorcier, C. Scolaro, P. J. Dyson, Appl. Organomet.

Angew. Chem. 2006, 118, 57735776

2

[3

—_—

[lhui

—

Chem. 2005, 19, 1-10; m) F. Wang, A. Habtemariam, E. P. L.
van der Geer, R. Fernandez, M. Melchart, R. J. Deeth, R. Aird,
S. Guichard, F. P. A. Fabbiani, P. Lozano-Casal, I. D. H. Oswald,
D. 1. Jodrell, S. Parsons, P. J. Sadler, Proc. Natl. Acad. Sci. USA
2005, 102, 18269-18274; n) P. J. Dyson, G. Sava, Dalton Trans.
2006, 1929-1933; o) U. Schatzschneider, N. Metzler-Nolte,
Angew. Chem. 2006, 118, 1534—1537; Angew. Chem. Int. Ed.
2006, 45, 1504-1507; p) J. E. Debreczeni, A. N. Bullock, G. E.
Atilla, D.S. Williams, H. Bregman, S. Knapp, E. Meggers,
Angew. Chem. 2006, 118, 1610-1615; Angew. Chem. Int. Ed.
2006, 45, 1580-1585; q) A.F. Peacock, A. Habtemariam, R.
Fernandez, V. Walland, F. P. A. Fabbiani, S. Parsons, R. E. Aird,
D. L. Jodrell, P.J. Sadler, J. Am. Chem. Soc. 2006, 128, 1739—
1748; 1) Y. K. Yan, M. Melchart, A. Habtemariam, A.F. A.
Peacock, P.J. Sadler, J. Biol. Inorg. Chem. 2006, 11, 483 —488.
Catalytic hydrogenation of membrane lipids has been demon-
strated in living cyanobacteria, plant, and mammalian cells. See,
for example: a) L. Vigh, F. Jo6, A. Cséplo, Eur. J. Biochem. 1985,
146, 241-244; b)S. Benko, H. Hilkmann, L. Vigh, W.J.
van Blitterswijk, Biochim. Biophys. Acta 1987, 896, 129-135;
c) L. Vigh, D. A. Los, I. Horvéth, N. Murata, Proc. Natl. Acad.
Sci. USA 1993, 90, 9090-9094; d) I. Horvéath, A. Glatz, V.
Varvasovszki, Z. Torok, T. Pali, G. Balogh, E. Kovécs, L.
Nédasdi, S. Benko, F. Jod, L. Vigh, Proc. Natl. Acad. Sci. USA
1998, 95, 3513 -3518.

For small synthetic molecules with superoxide dismutase activity
invivo, see: a) D. Salvemini, Z.-Q. Wang, J. L. Zweier, A.
Samouilov, H. Macarthur, T. P. Misko, M. G. Currie, S. Cuzzoc-
rea, J. A. Sikorski, D.P. Riley, Science 1999, 286, 304-306;
b) D. P. Riley, Chem. Rev. 1999, 99, 2573 -2587.
Organometallics have recently been used to catalyze protein
modifications in a test tube. For an overview, see: a) J. M. Antos,
M. B. Francis, Curr. Opin. Chem. Biol. 2006, 10, 253-262;
b) J. H. Maarseveen, J. N. H. Reek, J. W. Back, Angew. Chem.

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

Chemie

5775



Zuschriften

5776

2006, 118, 1873-1875; Angew. Chem. Int. Ed. 2006, 45, 1841 -

1843.

Testing of many organometallic compounds in our laboratory for

catalysis under these conditions has revealed that not the

individual components alone, but rather in combination, causes
serious problems for most organometallic catalysts.
[6] For an overview of organometallic catalysis in water, see:
Aqueous-Phase Organometallic Catalysis (Eds.: B. Cornils,
W. A. Herrmann), 2nd ed., Wiley-VCH, Weinheim, 2004.
[7] For some air- and moisture-tolerant transition metal catalysts,
see: B. D. Sherry, F. D. Toste, Chemtracts 2005, 18, 14-28.
[8] For transition metal catalyzed C—C bond formations in water
and under air, see: C.-J. Li, Acc. Chem. Res. 2002, 35, 533 -538.
[9] For transition-metal-catalyzed carbon-sulfur bond formations,
see: T. Kondo, T. Mitsudo, Chem. Rev. 2000, 100, 3205-3220.

[10] For ruthenium-catalyzed reactions in the presence of thiols, see,
for example: a) Y. Inada, Y. Nishibayashi, M. Hidai, S. Uemura,
J. Am. Chem. Soc. 2002, 124, 15172-15173; b) T. Kondo, Y.
Kanda, A. Baba, K. Fukuda, A. Nakamura, K. Wada, Y.
Morisaki, T. Mitsudo, J. Am. Chem. Soc. 2002, 124, 12960 —
12961.

[11] Catalyst 1 has previously been shown to catalyze the allylation of
thiols with allylcarbonates in MeCN and under an atmosphere of
argon: T. Kondo, Y. Morisaki, S. Uenoyama, K. Wada, T.
Mitsudo, J. Am. Chem. Soc. 1999, 121, 8657 —8658.

[12] In the course of the reaction, PhSH is converted into allylphen-
ylsulfide and CO, is released. Mechanistically, this reaction is
related to the ruthenium-catalyzed addition of nucleophiles to
allylic carbonates which is postulated to proceed through the
formation of a m-allylruthenium species. See, for example: B. M.
Trost, F. D. Toste, A. B. Pinkerton, Chem. Rev. 2001, 101, 2067 —
2096.

[13] It is noteworthy that we obtain as a side product the partial
oxidation of PhSH to the disulfide. However, in the presence of
an excess of thiol, no negative influence on the yield of the
carbamate cleavage is observed.

[14] For uncaging rhodamine dyes, see, for example: a) S. P. Leytus,
L. L. Melhado, W. F. Mangel, Biochem. J. 1983, 209, 299 -307;
b) S. S. Chandran, K. A. Dickson, R. T. Raines, J. Am. Chem.
Soc. 2005, 127, 1652 -1653.

[15] In contrast, the corresponding bis-allylcarbonate derivative is
hydrolyzed rapidly under these conditions.

[16] Glutathione is present in virtually all mammalian cells at
millimolar concentrations: N. Kaplowitz, T. Y. Aw, M. Ookhtens,
Annu. Rev. Pharmacol. Toxicol. 1985, 25, 714 -744.

[5

—_

www.angewandte.de © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. 2006, 118, 5773 -5776



