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Toluene Dioxygenase-Catalysed Oxidation of Benzyl Azide
to Benzonitrile: Mechanistic Insights for an
Unprecedented Enzymatic Transformation

ia Agustina Vila™,' Mari zos",'* César Iglesias,™ Nicolds Veiga,'“ Gustav ,
Maria Agustina Vila*,® Mariana Pazos*,® César Iglesias,™ Nicolas Veiga,'? Gustavo Seoane,?

and Ignacio Carrera*®

Enzymatic dioxygenation of benzyl azide by toluene dioxyge-
nase (TDO) produces significant amounts of the cis-cyclohexa-
dienediol derived from benzonitrile, along with the expected
azido diols. We demonstrate that TDO catalyses the oxidation
of benzyl azide to benzonitrile, which is further dioxygenated
to produce the observed cis-diol. A proposed mechanism for
this transformation involves initial benzylic monooxygenation
followed by a nitrene-mediated rearrangement to form an
oxime, which is further dehydrated to afford the nitrile. To the
best of our knowledge, this is the first report of enzymatic oxi-
dation of an alkyl azide to a nitrile. In addition, the described
oxime-dehydration activity has not been reported for Rieske di-
oxygenases.

Research on new methodologies for the preparation of nitriles
is of high interest to the organic chemistry community, be-
cause they are considered very useful building blocks for the
preparation of pharmaceuticals and functional material."" In
recent years, the oxidative transformation of alkyl azides into
nitriles has attracted much attention; it is an interesting ap-
proach for the synthesis of nitriles because it does not require
elongation of the skeletal carbon chain. Several methods for
this transformation have used stoichiometric oxidant, with or
without a catalyst, for example, BrF," bis(acetoxy)iodoben-
zene,!  2,3-dichloro-5,6-dicyanobenzoquinone,”  tert-butylhy-
droperoxide,® Pd(OAc),,® Ru(OH)x/Al,0,;”" and electrochemical
anodic oxidation.®

Recently, we reported the structures of novel interesting
azido diols (Scheme 1) obtained from the biotransformation of
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Scheme 1. Biotransformation of benzyl azide by E. coli JM109 (pDTG601) in
a 5 L bioreactor by the previously described bi-phasic protocol.

benzyl azide by the toluene dioxygenase (TDO) enzymatic
complex from Pseudomonas putida F1 expressed in Escherichia
coli JM109 (pDTG601).”) In addition to the expected diol 1, the
exocyclic diene 2 was found; its formation was explained by
an spontaneous stereoselective double sigmatropic [3,3] shift
from 1. Significant amounts of cis-cyclohexadienediol, 3, were
obtained as a third product, derived from benzonitrile.

Here we demonstrate that TDO catalyses the oxidation of
benzyl azide to benzonitrile, which is further dioxygenated to
produce the observed cis-diol 3. To the best of our knowledge,
this is the first report of enzyme-catalysed oxidation of a ben-
zylic azide to a nitrile. Although it is well known that bacterial
dioxygenases are able to catalyse oxidations other than the
widely described dihydroxylation of aromatic rings (e.g., mono-
oxygenation of benzylic and allylic C—H bonds, sulfoxidations,
O- and N-dealkylations and oxidative carbocyclisations),!"""
the described transformation cannot easily be explained by
these activities. A plausible mechanism is presented.

The formation of nitrile 3 involves two processes: oxidation
of the primary azide functionality and dioxygenation of the
aromatic ring by TDO. This chained oxidation can occur from
either the benzylic azide in the starting material or from the
allyl azide in the cis-cyclohexadienediol 2, and can be chemi-
cally or enzymatically mediated (by the TDO complex or anoth-
er enzyme in the biocatalyst). In order to answer these ques-
tions we carried out the biotransformation of 1 in resting cells
of E. coli JM109 (pDTG601) (Figure 1A); only diol 2 was detect-
ed as a product, formed by spontaneous two [3,3] sigmatropic
shifts, as previously described.”) Because 3 cannot be pro-
duced from 1, benzonitrile (@ known substrate for TDO)'?
should be formed as a first intermediate prior to dioxygena-
tion. We carried out a control experiment with E. coli JM109
(lacking the genes for TDO) to assess other enzymes in nitrile
generation (Figure 1A). Benzonitrile was not detected, and
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Figure 1. A) Diol 1 is not a substrate for TDO. E. coli JM109 does not oxidize
benzyl azide to benzonitrile. B) Proposed sequence for the generation of
diol 3. C) HPLC product formation profiles for benzyl azide biotransformation
in a 5 L bioreactor by using a biphasic protocol. Formations of diols 1+2
are expressed together to simplify data analysis.

only unreacted benzyl azide was recovered. This strongly sug-
gested the participation of the TDO complex in the oxidation.
In the proposed formation of 3 (Figure 1B), TDO catalyses the
initial oxidation to form benzonitrile, which is subsequently di-
hydroxylated by the same enzymatic complex. We next studied
product formation profiles in a biotransformation carried out
in a 5 L bioreactor (Figure 1C)."¥ The plots show an initial lag
phase for the formation of cyanodiol 3, and then both curves
(which represent the formation of products 142 and forma-
tion of cyanodiol 3) display comparable initial slopes. These
profiles are consistent with the proposed initial formation of
benzonitrile from benzyl azide and subsequent dioxygenation
to 3.

In order to deepen our understanding of the benzyl azide
oxidation to benzonitrile by the TDO complex we studied the
biotransformation of phenylethylazide (Scheme 2). Three cis-cy-
clohexadienediols (4, 5 and 6) were isolated as the only prod-

Ns N; Ns OH
OH
OH OH OH
_— + +
OH OH OH
4,33%

5,6% 6,1%

Scheme 2. Biotransformation of phenylethylazide by E. coli JM109
(pDTG601) in resting cells.

ChemBioChem 2016, 17, 291 -295

www.chembiochem.org 292

CHEMBIOCHEM
Communications

ucts (overall yield, 40 %) along with unreacted starting material.
To our surprise, no nitrile functionality was found in any prod-
uct. The expected diol 4 accounted for 80% of the products,
but the formation of triols 5 and 6 deserves some comment.
The formation of 5 could be explained by the known benzylic
monooxygenation activity of TDO followed by ring dioxygena-
tion."® Formation of 6 is intriguing, given that it was not
a result of azide displacement by water, as phenethylic alcohol
was not detected in the E. coli JM109 control; this is explained
below.

It was evident that nitrile formation by the TDO complex re-
quires the azide functionality to be placed at the benzylic posi-
tion. Given the formation of 5, for the case of benzyl azide we
hypothesized that benzylic monooxygenation could occur as
the first step in the production of benzonitrile. Benzylic C—H
oxygenation by TDO has been extensively studied for alkyl
arenes."*'" Usually benzene rings that contain a benzylic C—H
bond can be monooxygenated by TDO to give alcohols; these
are better substrates than their alkyl precursors, and thus un-
dergo rapid cis-dihydroxylation to yield enantiopure triols. This
monooxygenation activity is highly sensitive to the arene sub-
stitution pattern; for example 1,4-disubstituted arenes are not
good substrates for benzylic monooxygenation by TDO.!"%

In order to obtain evidence that initial monooxygenation at
the benzylic position mediates nitrile formation by TDO, E. coli
JM109 (pDTG601) was supplied with p-chlorobenzyl azide as
a substrate (Figure 2 A). Nitrile formation was completely abol-
ished: diol 7 was the only product found in the reaction, along
with unreacted starting material. Also, no azide-rearranged
product was found.

A) N3 N3
E. coli JIM109
(pDTGE01) no nitrile
36 % detected
Cl Cl

_——

Figure 2. A) Nitrile formation activity was abolished when para substitution
was made in the aromatic ring. B) Model of p-chlorobenzyl azide and benzyl
azide (yellow) docked in the active site of TDO (PDB ID: 3EN1): C (grey), N
(blue), O (red), H (white), Cl (green).
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Based on the X-ray structure of TDO,™ we performed mo-
lecular docking to rationalise this result. p-Chlorobenzyl azide
and benzyl azide were docked into the active site of TDO (Fig-
ure 2B): residues GIn215 and Phe216 form a “wall” at the
active site, thus preventing lateral movement of the substrates.
As a consequence, whereas the benzylic position of the mono-
substituted substrate is 4.54 A from the dioxygen molecule
bound to the Fe'" ion, for the 1,4-disubstituted substrate this
distance is greater (5.37 A, which prevents benzylic monooxy-
genation from taking place). The results are in full agreement
with the prediction of Boyd et al. based on the similarities of
the active sites of TDO and NDO."*"

Thus, both the formation of 5 from phenylethylazide and
the lack of nitrile formation in p-chlorobenzyl azide suggest
that initial monooxygenation at the benzylic position to yield
the a-hydroxyl azide 8 mediates nitrile formation. Scheme 3
shows a possible route for the overall oxidation process from
8. According to computational results at the UB3LYP/LANL2DZ
level of theory, coordination of 8 to Fe'" in the TDO active site
would be highly favoured. By using the metal and amino acid
coordinates of the TDO crystal structure, we obtained the
most stable geometry for the resulting coordination complex 9
(Scheme 3 A). The structural constraints imposed by the pro-
tein architecture lead to the formation of a high-spin adduct,
for which the resulting four-membered chelate ring is stable
enough to support bidentate coordination through the hy-
droxylic oxygen and nitrogen N1 of the azide. Azides can bind

A)

CHEMBIOCHEM
Communications

transition metals by the carbon-attached nitrogen (N1) or by
coordination with the terminal nitrogen (N3)."® N1 coordina-
tion results in a shortening of the terminal N2—N3 bond and
a weakening (elongation) of the bond between N1 and N2,
thereby facilitating loss of dinitrogen (N,).'® For 9 the calculat-
ed Wiberg bond indexes (bond orders) are 1.45 (N1-N2 bond)
and 2.34 (N2—N3), thus nitrogen loss could be favoured there-
by resulting in a iron(IV)-nitrene intermediate 9a (Scheme 3B).
The generation of an imido-iron(IV) complex in iron-containing
monooxygenases (equivalent to 9a) has been recently de-
scribed for acyl azides in the P450-catalysed conversion of car-
bonazidates to oxazolidinones."”

Given the high reactivity of iron(IV)-nitrene species, rear-
rangement of the nitrene to provide a more stable Fe'-coordi-
nated compound is proposed (Scheme 3B). Migration of the
phenyl group (pathway B1) would afford 10, which would
render the corresponding formylaniline or its dioxygenated de-
rivative (not found in the reaction medium). In the case of OH
or H group migration, the corresponding benzaldoxime 11 or
benzamide’s iminol 12 would be obtained (pathways B2 and
B3, respectively). Both products could be dehydrated to give
benzonitrile, thus implying either oxime or nitrile dehydratase
activity by TDO (or other enzyme present in the microorgan-
ism), as spontaneous dehydration would not be expected in
the reaction medium. In order determine the correct pathway
we used benzaldoxime (E and Z isomers) and benzamide as
substrates with E. coli JM109 (pDTG601). Benzamide gave no

Hys228

0. ..-Hys222

oR Asp376—<: Fel! o ’
H-O0_ N=N=N , 376 9P

N3 TDO, O, N°N+ coordination to Fe' Aepare ‘ \ &
1 - —
7 i 2 “3N in the active site
NADH +H* NAD* + H,0 Y
8 9

B)

B1) Ph migration

OH 1pO

1
N=Fe" |B2) OH migration

iron(IV) nitrene

‘ B3) H migration

3

N
/\g\r UB3LYP /LANL2DZ

H TDO i
L]
HO)§N---Fe” o)\NH
/N
z
O — Q%
10 not observed
H
IDO . Enz
X N---Fell Sves oy
N---Fe N+ O--Fe
O-H -H,0 H
?
11, benzaldoxime
Enz
OH H ]
IDO N + \?..Fell
N---Fe” H H

12, benzamide iminol

Scheme 3. A) Monooxygenation of benzyl azide by TDO gives hydroxyazide 8, which could coordinate to Fe' in the active site of the enzyme. This bidentate
coordination is supported by computational calculations at the UB3LYP/LANL2DZ level of theory. B) The proposed coordination could promote nitrogen loss
to form an iron(IV)-nitrene complex, which could rearrange via three pathways (B1, B2 and B3).
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Scheme 4. A) Benzamide is not a substrate for TDO. B) Biotransformation of
Z and E benzaldoximes by E. coli JM109 (pDTG601).

reaction (all starting material recovered; Scheme 4 A). However,
Z and E benzaldoximes afforded nitrile 3 along with the ex-
pected oxime diol 13 and triol 14, although in different pro-
portions (Scheme 4B). Nitrile formation was not detected in
a control experiment (same substrates with E. coli JM109), thus
suggesting oxime dehydratase activity of the TDO complex.
However, because of the known E/Z isomerisation of benzal-
doximes in protein preparations,'® we cannot establish wheth-
er both isomers are substrates for TDO-mediated dehydration.
The formation of 14 can be explained by reduction of the
oxime moiety to the primary alcohol by an alcohol dehydro-
genase in E. coli, according to previous reports."® In view of
these results, we propose that pathway B2 of Scheme 3B de-
scribes the formation of benzonitrile.

The enzymatic transformation of oximes to nitriles has been
described for Fe'-containing enzymes such as aldoxime dehy-
dratases,"” and cytochrome P450 monooxygenases,”” but to
the best of our knowledge it has not been previously de-
scribed for TDO or other Rieske dioxygenases. Further studies
regarding this point will be reported in due course by our
group.

Another possibility for the transformation of 8 into 3 is that
hydroxyazide 9 could be transformed to benzonitrile by a
Schmidt reaction®” in the TDO active site, promoted by a pro-
ton transfer. However, the evidence of nitrile formation from
benzaldoximes as well as the formation of 6 in the biotransfor-
mation of phenylethylazide makes this mechanism less proba-
ble and favours our proposed route. A possible explanation for
the formation of 6 is coordination of the starting material with
Fe' to promote N, loss and thus formation of the correspond-
ing metal-nitrene complex (Scheme 5). Rearrangement of the
iron(IV)-nitrene complex would produce the corresponding
imine, which is unstable in water and produces the aldehyde
(Scheme 5B). As stated previously, reductases in E. coli could
reduce this aldehyde to the phenethylic alcohol, which is
a known substrate of TDO, thus finally giving triol 6.1° The
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Scheme 5. Proposed mechanism for the formation of 6.

low overall yield for this transformation could be explained by
the fact that the initial coordination to Fe would not be as
strong as in complex 9, as there is no OH group to produce
a bidentate ligand.

In summary, we present the first example of enzyme-cata-
lysed conversion of an alkyl azide into a nitrile. A proposed
mechanism for this transformation by the TDO complex in-
volves initial benzylic monooxygenation, followed by nitrene-
mediated rearrangement to form an oxime, which is further
dehydrated to afford the corresponding nitrile. This oxime-de-
hydration activity has not previously been reported for Rieske
dioxygenases. The suggested iron-catalysed nitrene generation
is being studied in our group as it could be of great impor-
tance and might contribute to the development of novel enzy-
matic C—H amination strategies of organic compounds,®?
a field that has been recently developed for P450 enzymes!”*
but not yet for Rieske dioxygenases.

Acknowledgements

This study was financed by the Agencia Nacional de Investiga-
cién e Innovacién (Uruguay, Project FCE 6045). The authors
would like to thank Prof. Sonia Rodriguez (Cdtedra de Microbiolo-
gia, Facultad de Quimica-UdelaR) for her continuous support
and mentoring in the microbiological processes and Prof. Alejan-
dra Rodriguez and Rafael Gonzdlez (Polo Tecnoldgico de Pando,
Facultad de Quimica, UdelaR) for the HRMS analysis.

Keywords: azides - oxidation -

Rieske

biocatalysis - dioxygenases -

[11 a)F.F. Fleming, L. Yao, P.C. Ravikumar, L. Funk, B.C. Shook, J. Med.
Chem. 2010, 53, 7902; b) A. Kleeman, J. Engel, B. Kutscher, D. Reichert,
Pharmaceutical substances: Syntheses, Patents, Applications, Thieme,

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1021/jm100762r
http://dx.doi.org/10.1021/jm100762r
http://www.chembiochem.org

.@2 ChemPubSoc
et Europe

s

[10]

[11]

ChemBioChem 2016, 17, 291 -295

Stuttgart, 1999, ; ¢) T. Wang, N. Jiao, Acc. Chem. Res. 2014, 47, 1137 -
1145.

R. Sasson, S. Rozen, Org. Lett. 2005, 7, 2177 -2179.

a)W. Zhou, L. Zhang, N. Jiao, Angew. Chem. Int. Ed. 2009, 48, 7094 -
7097; Angew. Chem. 2009, 121, 7228-7231; b) Y. Zhao, X. Chew, G.Y.C.
Leung, Y. Yeung, Tetrahedron Lett. 2012, 53, 4766 -4769.

W. Zhou, J. Xu, L. Zhang, N. Jiao, Org. Lett. 2010, 12, 2888 -2891.

M. Lamani, P. Devadig, K. R. Prabhu, Org. Biomol. Chem. 2012, 10, 2753 -
2759.

L. Martinez-Sarti, S. Diez-Gonzélez, ChemCatChem 2013, 5, 1722-1724.
J. He, K. Yamaguchi, N. Mizuno, J. Org. Chem. 2011, 76, 4606 -4610.
J-Q. Ye, Z-L. Zhang, Z-G. Zha, Z-Y. Wang, Chin. Chem. Lett. 2014, 25,
1112-1114.

N. Thevenet, V. de La Sovera, M.A. Vila, N. Veiga, D. Gonzalez, G.
Seoane, . Carrera, Org. Lett. 2015, 17, 684-687.

a) L. P. Wackett, L. D. Kwart, D. T. Gibson, Biochemistry 1988, 27, 1360—-
1367; b) O. Takikawa, R. Yoshida, O. Hayaishi, J. Biol. Chem. 1983, 258,
6808-6815; c) J. M. Brand, D. L. Cruden, G. J. Zylstra, D. T. Gibson, Appl.
Environ. Microbiol. 1992, 58, 3407-3409; d) D.R. Boyd, N.D. Sharma,
S. A. Haughey, M. A. Kennedy, B.T. McMurray, G. N. Sheldrake, C.C.R.
Allen, H. Dalton, K. Sproule, J. Chem. Soc. Perkin Trans. 1 1998, 1929-
1934; e) D. R. Boyd, N. D. Sharma, N. I. Bowers, J. Duffy, J. S. Harrison, H.
Dalton, J. Chem. Soc. Perkin Trans. 1 2000, 1345-1350; f) D.R. Boyd,
N. D. Sharma, B.E. Byrne, S. A. Haughey, M. A. Kennedy, C. C.R. Allen,
Org. Biomol. Chem. 2004, 2, 2530-2537.

a) S. M. Resnick, K. Lee, D. T. Gibson, J. Ind. Microbiol. 1996, 17, 438-457;
b) P. K. Sydor, S. M. Barry, O. M. Odulate, F. Barona-Gomez, S. W. Haynes,
C. Corre, L. Song, G. L. Challis, Nat. Chem. 2011, 3, 388-392.

[12]

[13]

[14]

[15]

[16]

(7]

[18]

[19]

[20]

[21]
[22]

[23]

CHEMBIOCHEM
Communications

T. Hudlicky, D. Gonzalez, D.T. Gibson, Aldrichimica Acta 1999, 32, 35-
62.

M. A. Vila, M. Brovetto, D. Gamenara, P. Bracco, G. Zinola, G. Seoane, S.
Rodriguez, I. Carrera, J. Mol. Catal. B 2013, 96, 14-20.

D. R. Boyd, N. D. Sharma, N. . Bowers, H. Dalton, M. D. Garrett, J. S. Har-
rison, G. N. Sheldrake, Org. Biomol. Chem. 2006, 4, 3343 -3349.

R. Friemann, K. Lee, E. N. Brown, D. T. Gibson, H. Eklund, S. Ramaswamy,
Acta Crystallogr. Sect. D Biol. Crystallogr. 2009, 65, 24-33.

W. R. Thiel in Organic Azides: Syntheses and Applications (Eds.: S. Brase,
K. Banert), Wiley, Hoboken, 2010.

a) R. Singh, M. Bordeaux, R. Fasan, ACS Catal. 2014, 4, 546-552; b) R.
Singh, J. N. Koley, P. A. Sutera, R. Fasan, ACS Catal. 2015, 5, 1685-1691.
B. Ferreira-Silva, |. Lavandera, A. Kern, K. Faber, W. Kroutil, Tetrahedron
2010, 66, 3410-3414.

a)R-Z. Liao, W. Thiel, J. Phys. Chem. B 2012, 116, 9396-9408; b)J.
Nomura, H. Hashimoto, T. Ohta, Y. Hashimoto, K. Wada, Y. Naruta, K-i.
Oinuma, M. Kobayashi, Proc. Natl. Acad. Sci. USA 2013, 110, 2810-2815.
J.-L. Boucher, M. Delaforge, D. Mansuy, Biochemistry 1994, 33, 7811-
7818.

B. V. Rokade, K. R. Prabhu, J. Org. Chem. 2012, 77, 5364-5370.

J. Yamaguchi, A. D. Yamaguchi, K. Itami, Angew. Chem. Int. Ed. 2012, 51,
8960-9009; Angew. Chem. 2012, 124, 9092-9142.

C. C. Farwell, R.K. Zhang, J. A. Mcintosh, T. K. Hyster, F. H. Arnold, ACS
Cent. Sci. 2015, 1, 89-93.

Manuscript received: December 3, 2015
Accepted article published: December 10, 2015

Final article published: January 21, 2016

www.chembiochem.org

295

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1021/ar400259e
http://dx.doi.org/10.1021/ar400259e
http://dx.doi.org/10.1021/ar400259e
http://dx.doi.org/10.1021/ol050523h
http://dx.doi.org/10.1021/ol050523h
http://dx.doi.org/10.1021/ol050523h
http://dx.doi.org/10.1002/anie.200903838
http://dx.doi.org/10.1002/anie.200903838
http://dx.doi.org/10.1002/anie.200903838
http://dx.doi.org/10.1002/ange.200903838
http://dx.doi.org/10.1002/ange.200903838
http://dx.doi.org/10.1002/ange.200903838
http://dx.doi.org/10.1016/j.tetlet.2012.06.131
http://dx.doi.org/10.1016/j.tetlet.2012.06.131
http://dx.doi.org/10.1016/j.tetlet.2012.06.131
http://dx.doi.org/10.1021/ol101094u
http://dx.doi.org/10.1021/ol101094u
http://dx.doi.org/10.1021/ol101094u
http://dx.doi.org/10.1039/c2ob06949k
http://dx.doi.org/10.1039/c2ob06949k
http://dx.doi.org/10.1039/c2ob06949k
http://dx.doi.org/10.1002/cctc.201300064
http://dx.doi.org/10.1002/cctc.201300064
http://dx.doi.org/10.1002/cctc.201300064
http://dx.doi.org/10.1021/jo2004956
http://dx.doi.org/10.1021/jo2004956
http://dx.doi.org/10.1021/jo2004956
http://dx.doi.org/10.1016/j.cclet.2014.04.024
http://dx.doi.org/10.1016/j.cclet.2014.04.024
http://dx.doi.org/10.1016/j.cclet.2014.04.024
http://dx.doi.org/10.1016/j.cclet.2014.04.024
http://dx.doi.org/10.1021/ol503708v
http://dx.doi.org/10.1021/ol503708v
http://dx.doi.org/10.1021/ol503708v
http://dx.doi.org/10.1021/bi00404a041
http://dx.doi.org/10.1021/bi00404a041
http://dx.doi.org/10.1021/bi00404a041
http://dx.doi.org/10.1039/a801515e
http://dx.doi.org/10.1039/a801515e
http://dx.doi.org/10.1039/a801515e
http://dx.doi.org/10.1039/b000753f
http://dx.doi.org/10.1039/b000753f
http://dx.doi.org/10.1039/b000753f
http://dx.doi.org/10.1039/b409149c
http://dx.doi.org/10.1039/b409149c
http://dx.doi.org/10.1039/b409149c
http://dx.doi.org/10.1007/BF01574775
http://dx.doi.org/10.1007/BF01574775
http://dx.doi.org/10.1007/BF01574775
http://dx.doi.org/10.1038/nchem.1024
http://dx.doi.org/10.1038/nchem.1024
http://dx.doi.org/10.1038/nchem.1024
http://dx.doi.org/10.1016/j.molcatb.2013.06.003
http://dx.doi.org/10.1016/j.molcatb.2013.06.003
http://dx.doi.org/10.1016/j.molcatb.2013.06.003
http://dx.doi.org/10.1039/b608417f
http://dx.doi.org/10.1039/b608417f
http://dx.doi.org/10.1039/b608417f
http://dx.doi.org/10.1107/S0907444908036524
http://dx.doi.org/10.1107/S0907444908036524
http://dx.doi.org/10.1107/S0907444908036524
http://dx.doi.org/10.1021/cs400893n
http://dx.doi.org/10.1021/cs400893n
http://dx.doi.org/10.1021/cs400893n
http://dx.doi.org/10.1021/cs5018612
http://dx.doi.org/10.1021/cs5018612
http://dx.doi.org/10.1021/cs5018612
http://dx.doi.org/10.1016/j.tet.2010.03.050
http://dx.doi.org/10.1016/j.tet.2010.03.050
http://dx.doi.org/10.1016/j.tet.2010.03.050
http://dx.doi.org/10.1016/j.tet.2010.03.050
http://dx.doi.org/10.1021/jp305510c
http://dx.doi.org/10.1021/jp305510c
http://dx.doi.org/10.1021/jp305510c
http://dx.doi.org/10.1073/pnas.1200338110
http://dx.doi.org/10.1073/pnas.1200338110
http://dx.doi.org/10.1073/pnas.1200338110
http://dx.doi.org/10.1021/bi00191a008
http://dx.doi.org/10.1021/bi00191a008
http://dx.doi.org/10.1021/bi00191a008
http://dx.doi.org/10.1021/jo3008258
http://dx.doi.org/10.1021/jo3008258
http://dx.doi.org/10.1021/jo3008258
http://dx.doi.org/10.1002/anie.201201666
http://dx.doi.org/10.1002/anie.201201666
http://dx.doi.org/10.1002/anie.201201666
http://dx.doi.org/10.1002/anie.201201666
http://dx.doi.org/10.1002/ange.201201666
http://dx.doi.org/10.1002/ange.201201666
http://dx.doi.org/10.1002/ange.201201666
http://dx.doi.org/10.1021/acscentsci.5b00056
http://dx.doi.org/10.1021/acscentsci.5b00056
http://dx.doi.org/10.1021/acscentsci.5b00056
http://dx.doi.org/10.1021/acscentsci.5b00056
http://www.chembiochem.org

