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Abstract: Residual dipolar couplings (RDCs) have attracted
attention in light of their great impact on the structural
elucidation of organic molecules. However, the effectiveness
of RDC measurements is limited by the shortage of alignment
media compatible with widely used organic solvents, such as
DMSO. Herein, we present the first liquid crystal (LC) based
alignment medium that is compatible with pure DMSO, thus
enabling RDC measurements of polar and intermediate polar-
ity molecules. The liquid crystals were obtained by grafting
polymer brushes onto graphene oxide (GO) using free radical
polymerization. The resulting new medium offers several
advantages, such as absence of background signals, narrow line
shapes, and tunable alignment. Importantly, this medium is
compatible with p-conjugated molecules. Moreover, sonica-
tion-induced fragmentation can reduce the size of GO sheets.
The resulting anisotropic medium has moderate alignment
strength, which is a prerequisite for an accurate RDC
measurement.

Incorporation of RDCs into NMR analytical techniques has
emerged as an important tool for stereochemical elucidation
in synthetic and natural products chemistry.[1] The anisotropic
NMR parameter, which provides exceptionally valuable
spatial structural information, has played a key role in
determining the relative configurations of remote stereocen-
ters and conformation of flexible molecules.[2] Furthermore,
RDC-enhanced structure analysis has also been used to

clarify the stereochemistry and conformation of reaction
intermediates or products from synthetic chemistry.[3]

In respect to RDC measurements in organic solvents, two
main types of alignment media have been developed in the
last two decades. These media include 1) stretched polymer
gels such as PDMS,[4] PAN,[5] PS,[6] PVAc,[7] PH,[8] PMMA,[9]

PEO,[10] PBLG gel,[11] and poly-HEMA;[12] and 2) liquid-
crystalline phases such as PBLG,[1d] polyguanidines,[13] poly-
isocyanates,[14] polyacetylenes,[15] ACHC-rich b-peptides,[16]

and disodium cromoglycate.[17] These media are applicable
to apolar as well as polar organic solutions. The orienting
properties, including advantages and drawbacks of different
alignment media, have been extensively discussed in several
reviews.[1d, 18] In general, lyotropic liquid-crystalline phases are
a good choice for measuring RDCs because they allow
simultaneous alignment of molecules. However, to date there
are no LC phases that are compatible with pure polar and
intermediate polarity NMR solvents such as dimethyl sulfox-
ide (DMSO), which is a widely used solvent in organic
chemistry. In our previous work we presented GO-based LCs
as a new alignment medium that is compatible with a broad
range of solvents (except pure DMSO), and demonstrated
several merits, such as high-quality NMR spectra without
background signals as a result of the rigidity and high
molecular weight of GO molecules.[19] Encouraged by these
results, we decided to further optimize the GO-based LC
phases to get an alignment medium that would be soluble in
pure DMSO solvent. In 2011, Gao and colleagues showed that
grafting polymer brushes to GO nanosheets could signifi-
cantly enhance dispersibility in polar solvents.[20] The resulting
polymer brushes, comprising abundant alkyl side chains,
exhibited good solubility in organic solvents and reduced
viscosity, even at high concentrations. The latter property is
a prerequisite for obtaining narrow line shapes in NMR
spectra.

Extensive optimization revealed that trifluoroethyl meth-
acrylate (TFEMA) was the optimal monomer for grafting
onto GO mono-sheets. The reaction involved a free radical
polymerization with initiator 2,2’-azobis-(2-methyl-propioni-
trile) (AIBN), which is shown in Figure 1A. To monitor the
reaction, FT IR spectroscopy was used to identify the
chemical structure of GO-g-TFEMA (Supporting Informa-
tion, Figure S1). Thermogravimetric analyses (TGA) (Sup-
porting Information, Figure S2) were in agreement with the
FT IR spectrum, which confirmed successful synthesis of 2D
GO sheets functionalized with TFEMA polymers.

[*] W. Zong,[+] Prof. X. Lei, Prof. M. L. Hu
College of Chemistry & Materials Engineering, Wenzhou University
Wenzhou, 325035 (P.R. China)
E-mail: xxlei@wzu.edu.cn

G. W. Li,[+] J. M. Cao, Prof. R. X. Tan
Institute of Functional Biomolecules, State Key Laboratory of
Pharmaceutical Biotechnology, Nanjing University
Nanjing, 210093 (P.R. China)
E-mail: rxtan@nju.edu.cn

Prof. C. Griesinger
Department of NMR-based Structural Biology, Max Planck Institute
for Biophysical Chemistry, 37077 Gçttingen (Germany)

Dr. H. Sun
Leibniz-Institut fír Molekulare Pharmakologie (FMP)
Robert-Roessle-Strasse 10, 13125 Berlin (Germany)
E-mail: hsun@fmp-berlin.de

[++] These authors contributed equally to this work.

Supporting information for this article can be found under http://dx.
doi.org/10.1002/anie.201511435.

Angewandte
ChemieCommunications

3690 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2016, 55, 3690 –3693

http://dx.doi.org/10.1002/ange.201511435
http://dx.doi.org/10.1002/anie.201511435
http://dx.doi.org/10.1002/anie.201511435
http://dx.doi.org/10.1002/anie.201511435


To study the anisotropic properties of GO-g-TFEMA in
DMSO, 2H NMR spectra were recorded using medium
concentrations ranging from 1.0–54.3 mgmL¢1. Splitting of
the deuterium solvent signal occurred at a concentration of
5.4 mgmL¢1, and was augmented by increasing concentra-
tions of GO-g-TFEMA (Supporting Information, Figure S5),
indicating that the strength of the alignment induced by LCs
can be scaled by adjusting their concentration. The NMR
signals of the 2H quadrupolar splitting were highly symmetric
and a linewidth of 2.5 Hz at a high GO concentration of
54.3 mg mL¢1 was observed (Figure 1B). This result suggested
that GO-g-TFEMA shows excellent solubility and dispersi-
bility, and exhibits very low viscosity in DMSO. These
physical properties of GO-g-TFEMA reveal a significant
advantage compared to that of unmodified GO phases
previously reported.[19] Thus, GO-g-TFEMA show great
potential for application as a standard alignment medium,
and could avoid frequently occurring line broadening prob-
lems that arise because of the observed high viscosity in
unmodified GO LC phases.

Another drawback of our previously reported unmodified
GO LCs was the strong p–p interactions that occurred
between GO sheets and analytes, which excluded the
possibility of RDC measurements on aromatic organic
molecules. In the new GO-g-TFEMA phase, potential p–p

interactions are expected to be blocked by steric hindrance
arising from the alkyl chain brushes grafted onto graphene
oxide. To investigate this hypothesis, estrone was employed as
a probe. Estrone (10 mg) was added to GO-g-TFEMA LCs
(9.0 mgmL¢1) with a quadrupolar DMSO splitting of 2.2 Hz.
A high quality proton NMR spectrum was obtained under
anisotropic conditions (Figure 2), suggesting that aggregation
of the GO layer and analytes could indeed be successfully
prevented by grafting of GO with polymer chains. In
accordance with the unmodified GO LCs, there were no
background signals in the NMR spectrum (Figure 2).

Additionally, we used Boc-l-tryptophan to demonstrate
the compatibility of aromatic systems with the GO-g-TFEMA
LCs medium. Figure 3A shows a section of the anisotropic
CLIP-HSQC spectrum of Boc-l-tryptophan containing
a number of carbon proton signals in the aromatic region.
The quality of the spectrum in the presence of GO-g-TFEMA
LCs was even comparable with the isotropic example, as
shown in Figure 3 A. The size of the RDCs of Boc-l-
tryptophan and estrone ranged from ¢25.4–2.2 Hz, and
¢16.6–28.9 Hz, respectively (Supporting Information, Tables
S1 and S2).

Furthermore, we investigated the feasibility of GO-g-
TFEMA LCs for structure elucidation of organic molecules
by using two test compounds: 1) dihydroartemisinin malaria
treatment drug, the discovery of which was awarded the
Nobel Prize in 2015; 2) estrone, a well-established sample
compound employed in previous RDC and RCSA studies.[21]

In a mixture of GO-g-TFEMA LCs (18.9 mgmL¢1) and
dihydroartemisinin (10 mgmL¢1) RDCs range from ¢11.7 to
27.6 Hz. Experimental RDCs were used to calculate the
alignment tensor: 1) from the reference X-ray structure in the
case of dihydroartemisinin;[22] and 2) with a density functional
theory (DFT) refined structure of estrone,[21] using the
singular value decomposition method (SVD)[23] and the
program package MSpin.[24] Q-factors of 0.15 and 0.19 were
obtained for dihydroartemisinin and estrone, respectively,
suggesting that GO-g-TFEMA is a suitable alignment
medium for accurate measurement of RDC data (Figure 3B).

A moderate and tunable degree of alignment is, in
principal, of great importance to an LC-based anisotropic
medium because it guarantees the precision and accuracy of
RDC measurements. As we reported previously, the aligning
degree of unmodified GO LCs can be scaled by varying the
concentrations of GO monomer, leading to a corresponding
quadrupolar splitting of 3.8 to 30.2 Hz in the deuterated
DMSO signal. However, after alkyl brushes were grafted onto
GO, the maximum quadrupolar splitting dramatically
decreased to 6.1 Hz from 30.2 Hz, with the same average
size (4 mm) of unmodified and polymer-grafted GO mono-
mers (Figure 4B). This significant difference can be explained

Figure 1. A) Representation of the synthetic procedure for obtaining
GO-g-TFEMA. B) 1D 2H spectrum (25 88C, eight scans) of a sample
containing 54.3 mgmL¢1 of GO-g-TFEMA in [D6]-DMSO with a deute-
rium splitting of 12.5 Hz (2.5 Hz linewidth). C) Photograph of GO-g-
TFEMA in a [D6]-DMSO dispersion inside an NMR tube.

Figure 2. 1H NMR spectra of estrone in isotropic [D6]-DMSO (blue),
and in 9.0 mgmL¢1 anisotropic GO-g-TFEMA LCs (red).
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by OnsagerÏs theory,[25] which predicts that the thickness of
GO layers increases upon grafting with alkyl brushes, result-
ing in a lower effective aspect ratio. As illustrated in Figure 5,
the critical concentration of liquid-crystalline phase forma-
tion of grafted GOs is much higher than that of the
unmodified GOs, suggesting that the strength of induced
alignment is lower for grafted GOs than for GOs lacking
attached polymers at the same concentration.

The limiting factor for inducing stronger alignment by
increasing concentration is the high viscosity of LCs, which
brings about distortions and line broadenings of NMR signals.
A typical asymmetric line shape was readily observed for the
GO-g-TFEMA LCs, with a quadrupolar splitting of 6.1 Hz. A

recent study by Pasquali and co-workers showed an isotropic-
nematic phase transition of graphene dispersed in chlorosul-
fonic acid at high 20–30 mg mL¢1 concentrations, indicating
that graphene sheets with reduced size could enhance
dispersion ability.[26] Inspired by this result, we fragmented
the unmodified GOs by sonication. The maximum quadru-
polar splitting of the resulting LCs changed from 30.2 to
51.4 Hz, as shown in Figure 4C. After sonication, the average
size of GOs was reduced from 4 mm to 80 nm, with a maximum
concentration of 20.4 mgmL¢1 compared to 10.0 mg mL¢1 for
the unfragmented GOs. Subsequently, a quadrupolar splitting
of 12.5 Hz was observed for the polymer-grafted GOs (the
average size of precursor GOs was 80 nm) with a maximum
dispersion concentration of 57.6 mg mL¢1 in DMSO, as shown
in Figure 4D. Using the method described above, the align-
ment strength of polymer-grafted GOs could be increased
two-fold compared to the 4 mm GO LCs at their maximum

Figure 3. A) Overlay of sections of the 500 MHz [1H,13C]-CLIP-HSQC
spectra of Boc-l-tryptophan in the isotropic [D6]-DMSO phase (blue
contours) and in anisotropic 47.80 mgmL¢1 GO-g-TFEMA LCs (red
contours, up-shifted 1.40 ppm in the 13C dimension). The isotropic 1JCH

couplings and 1JCH + 1DCH couplings under the aligned conditions are
shown in the spectrum. B) Correlations between the experimental and
calculated 1DCH values of dihydroartemisinin and estrone. RDC fitting
was performed using the SVD method. Q factors are 0.15 and 0.19 for
dihydroartemisinin and estrone, respectively.

Figure 4. 1D 2H spectrum of: A) 10.0 mgmL¢1 GO (medium size,
averaging 4 mm) before sonication; B) 29.9 mgmL¢1 GO-g-TFEMA
(medium size) before sonication; C) 20.4 mgmL¢1 GO (small size, ca.
80 nm) after sonication; D) 57.6 mgmL¢1 (small size) GO-g-TFEMA
after sonication.

Figure 5. Proposed model for the formation of LC phases of unmodi-
fied GO and polymer-grafted GO dispersions by increasing LC concen-
tration with various sheets sizes: the critical concentration for LC
formation is higher for smaller GO sheets than for larger GO sheets.
However, the critical concentration of the grafted GO sheets with the
same average size increases because of a lower effective aspect ratio.
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dispersion concentrations. Further investigations concerning
the extent of grafting are described in the Supporting
Information, Figures S13 and S14.

In summary, we presented GO-g-TFEMA LCs as a new
tunable alignment medium by grafting polymer brushes onto
GO sheets. This work is the first example of an LC-based
aligning medium that is compatible with pure DMSO. The
excellent solubility and intrinsic low viscosity of the medium
allowed us to acquire high-quality NMR spectra with narrow
lines. Similar to the previously reported unmodified GO, no
background signals were observed because the residual
impurity of monomers and polymerization initiators was
easily eliminated by efficient washing. Importantly, GO-g-
TFEMA is compatible with aromatic compounds because of
steric hindrance provided by polymer brushes, which block p–
p interactions between GO sheets and analytes. We proposed
a sonication-based fragmentation method which enabled us to
produce liquid crystals with moderate alignment for accurate
RDC measurements. We believe that GO-g-TFEMA holds
great promise for RDC measurement applications and
structural elucidations of polar organic molecules, while
retaining complementarity with existing alignment media.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (21572164, 81530089, 21132004,
21571143, 81421091), the Sino-German Center for Research
Promotion (GZ1104), C.G. was supported by the Max Planck
Society and the DFG (FOR 934). We thank staff at Shanghai
Synchrotron Radiation Facility for SAXS characterization.

Keywords: alignment medium · functionalized graphene oxide ·
liquid crystals · NMR spectroscopy · residual dipolar coupling

How to cite: Angew. Chem. Int. Ed. 2016, 55, 3690–3693
Angew. Chem. 2016, 128, 3754–3757

[1] a) G. Kummerlçwe, B. Luy in Annual Reports on NMR
Spectroscopy, Vol. 68 (Ed.: A. W. Graham), Academic Press,
New York, 2009, pp. 193 – 232; b) R. M. Gschwind, Angew.
Chem. Int. Ed. 2005, 44, 4666 – 4668; Angew. Chem. 2005, 117,
4744 – 4746; c) R. R. Gil, Angew. Chem. Int. Ed. 2011, 50, 7222 –
7224; Angew. Chem. 2011, 123, 7360 – 7362; d) C. M. Thiele, Eur.
J. Org. Chem. 2008, 2008, 5673 – 5685.

[2] a) H. Sun, E. J. dÏAuvergne, U. M. Reinscheid, L. C. Dias,
C. K. Z. Andrade, R. Oliveira Rocha, C. Griesinger, Chem.
Eur. J. 2011, 17, 1811 – 1817; b) H. Sun, U. M. Reinscheid, E. L.
Whitson, E. J. dÏAuvergne, C. M. Ireland, A. Navarro-Vazquez,
C. Griesinger, J. Am. Chem. Soc. 2011, 133, 14629 – 14636;
c) M. E. Garc�a, S. Pagola, A. Navarro-Vazquez, D. D. Phillips,
C. Gayathri, H. Krakauer, P. W. Stephens, V. E. Nicotra, R. R.
Gi, Angew. Chem. Int. Ed. 2009, 48, 5670 – 5674; Angew. Chem.
2009, 121, 5780 – 5784; d) V. Schmidts, M. Fredersdorf, T.
Lîbken, A. Porzel, N. Arnold, L. Wessjohann, C. M. Thiele, J.
Nat. Prod. 2013, 76, 839 – 844; e) H. M. Ge, H. Sun, N. Jiang,
Y. H. Qin, H. Dou, T. Yan, Y. Y. Hou, C. Griesinger, R. X. Tan,
Chem. Eur. J. 2012, 18, 5213 – 5221.

[3] a) B. Bçttcher, V. Schmidts, J. A. Raskatov, C. M. Thiele, Angew.
Chem. Int. Ed. 2010, 49, 205 – 209; Angew. Chem. 2010, 122, 210 –
214; b) G. Kummerlçwe, B. Crone, M. Kretschmer, S. F. Kirsch,

B. Luy, Angew. Chem. Int. Ed. 2011, 50, 2643 – 2645; Angew.
Chem. 2011, 123, 2693 – 2696; c) M. J. Riveira, P. Trigo-MouriÇo,
E. Troche-Pesqueira, G. E. Martin, A. Navarro-V�zquez, M. P.
Mischne, R. R. Gil, J. Org. Chem. 2015, 80, 7396 – 7402.

[4] J. C. Freudenberger, P. Spiteller, R. Bauer, H. Kessler, B. Luy, J.
Am. Chem. Soc. 2004, 126, 14690 – 14691.

[5] a) G. Kummerlçwe, J. Auernheimer, A. Lendlein, B. Luy, J. Am.
Chem. Soc. 2007, 129, 6080 – 6081; b) G. Kummerlçwe, M. Behl,
A. Lendlein, B. Luy, Chem. Commun. 2010, 46, 8273 – 8275.

[6] a) B. Luy, K. Kobzar, H. Kessler, Angew. Chem. Int. Ed. 2004, 43,
1092 – 1094; Angew. Chem. 2004, 116, 1112 – 1115; b) G. Kum-
merlçwe, S. Knçr, A. O. Frank, T. Paululat, H. Kessler, B. Luy,
Chem. Commun. 2008, 5722 – 5724.

[7] J. C. Freudenberger, S. Knçr, K. Kobzar, D. Heckmann, T.
Paululat, H. Kessler, B. Luy, Angew. Chem. Int. Ed. 2005, 44,
423 – 426; Angew. Chem. 2005, 117, 427 – 430.

[8] P. Haberz, J. Farjon, C. Griesinger, Angew. Chem. Int. Ed. 2005,
44, 427 – 429; Angew. Chem. 2005, 117, 431 – 433.

[9] a) R. R. Gil, G. Chakicherla, N. V. Tsarevsky, M. Krzysztof, J.
Org. Chem. 2008, 73, 840 – 848; b) C. Gayathri, N. V. Tsarevsky,
R. R. Gil, Chem. Eur. J. 2010, 16, 3622 – 3626.

[10] C. Merle, G. Kummerlçwe, J. C. Freudenberger, F. Halbach, W.
Stower, C. L. von Gostomski, J. Hopfner, T. Beskers, M.
Wilhelm, B. Luy, Angew. Chem. Int. Ed. 2013, 52, 10309 –
10312; Angew. Chem. 2013, 125, 10499 – 10502.

[11] T. Montag, C. M. Thiele, Chem. Eur. J. 2013, 19, 2271 – 2274.
[12] L. F. Gil-Silva, R. Santamar�a-Fern�ndez, A. Navarro-V�zquez,

R. R. Gil, Chem. Eur. J. 2016, 22, 472 – 476.
[13] L. Arnold, A. Marx, C. M. Thiele, M. Reggelin, Chem. Eur. J.

2010, 16, 10342 – 10346.
[14] M. Dama, S. Berge, Org. Lett. 2012, 14, 241 – 243.
[15] a) N. C. Meyer, A. Krupp, V. Schmidts, C. M. Thiele, M.

Reggelin, Angew. Chem. Int. Ed. 2012, 51, 8334 – 8338; Angew.
Chem. 2012, 124, 8459 – 8463; b) A. Krupp, M. Reggelin, Magn.
Reson. Chem. 2012, 50, S45 – S52; c) M. Dama, S. Berger,
Tetrahedron Lett. 2012, 53, 6439 – 6442.

[16] C. M. Thiele, W. C. Pomerantz, N. L. Abbott, S. H. Gellman,
Chem. Commun. 2011, 47, 502 – 504.

[17] E. Troche-Pesqueira, M. M. Cid, A. Navarro-V�zquez, Org.
Biomol. Chem. 2014, 12, 1957 – 1965.

[18] a) G. Kummerlçwe, B. Luy, TrAC Trends Anal. Chem. 2009, 28,
483 – 493; b) R. R. Gil, C. Griesinger, A. Navarro-Vazquez, H.
Sun, Structure Elucidation in Organic Chemistry: The Search for
the Right Tools, Wiley-VCH, Weinheim, 2015, Chapter 8.

[19] X. X. Lei, Z. Xu, H. Sun, S. Wang, C. Griesinger, L. Peng, C.
Gao, R. X. Tan, J. Am. Chem. Soc. 2014, 136, 11280 – 11283.

[20] L. Y. Kan, Z. Xu, C. Gao, Macromolecules 2011, 44, 444 – 452.
[21] F. Hallwass, M. Schmidt, H. Sun, A. Mazur, G. Kummerlçwe, B.

Luy, A. Navarro-Vazquez, C. Griesinger, U. M. Reinscheid,
Angew. Chem. Int. Ed. 2011, 50, 9487 – 9490; Angew. Chem.
2011, 123, 9659 – 9662.

[22] J. P. Jasinski, R. J. Butcher, H. S. Yathirajan, B. Narayana, T. V.
Sreevidya, Acta Crystallogr. Sect. E 2008, 64, o89 – o90.

[23] J. A. Losonczi, M. Andrec, M. W. F. Fischer, J. H. Prestegard, J.
Magn. Reson. 1999, 138, 334 – 342.

[24] a) A. Navarro-V�zquez, Magn. Reson. Chem. 2012, 50, S73 –
S79; b) Mestrelab Research S.L., 2014, http://www.mestrelab.
com.

[25] L. Onsager, Ann. N. Y. Acad. Sci. 1949, 51, 627 – 659.
[26] N. Behabtu, J. R. Lomeda, M. J. Green, A. L. Higginbotham, A.

Sinitskii, D. V. Kosynkin, D. Tsentalovich, A. N. G. Parra-
Vasquez, J. Schmidt, E. Kesselman, Y. Cohen, Y. Talmon, J. M.
Tour, M. Pasquali, Nat. Nanotechnol. 2010, 5, 406 – 411.

Received: December 9, 2015
Published online: February 17, 2016

Angewandte
ChemieCommunications

3693Angew. Chem. Int. Ed. 2016, 55, 3690 –3693 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1002/anie.200500634
http://dx.doi.org/10.1002/anie.200500634
http://dx.doi.org/10.1002/ange.200500634
http://dx.doi.org/10.1002/ange.200500634
http://dx.doi.org/10.1002/anie.201101561
http://dx.doi.org/10.1002/anie.201101561
http://dx.doi.org/10.1002/ange.201101561
http://dx.doi.org/10.1002/chem.201002520
http://dx.doi.org/10.1002/chem.201002520
http://dx.doi.org/10.1021/ja205295q
http://dx.doi.org/10.1002/anie.200900760
http://dx.doi.org/10.1002/ange.200900760
http://dx.doi.org/10.1002/ange.200900760
http://dx.doi.org/10.1021/np300728b
http://dx.doi.org/10.1021/np300728b
http://dx.doi.org/10.1002/chem.201104078
http://dx.doi.org/10.1002/anie.200903649
http://dx.doi.org/10.1002/anie.200903649
http://dx.doi.org/10.1002/ange.200903649
http://dx.doi.org/10.1002/ange.200903649
http://dx.doi.org/10.1002/anie.201007305
http://dx.doi.org/10.1002/ange.201007305
http://dx.doi.org/10.1002/ange.201007305
http://dx.doi.org/10.1021/acs.joc.5b00817
http://dx.doi.org/10.1021/ja046155e
http://dx.doi.org/10.1021/ja046155e
http://dx.doi.org/10.1021/ja071248s
http://dx.doi.org/10.1021/ja071248s
http://dx.doi.org/10.1039/c0cc02730h
http://dx.doi.org/10.1002/anie.200352860
http://dx.doi.org/10.1002/anie.200352860
http://dx.doi.org/10.1002/ange.200352860
http://dx.doi.org/10.1039/b812905c
http://dx.doi.org/10.1002/anie.200461241
http://dx.doi.org/10.1002/anie.200461241
http://dx.doi.org/10.1002/ange.200461241
http://dx.doi.org/10.1002/anie.200461267
http://dx.doi.org/10.1002/anie.200461267
http://dx.doi.org/10.1002/ange.200461267
http://dx.doi.org/10.1021/jo701871g
http://dx.doi.org/10.1021/jo701871g
http://dx.doi.org/10.1002/chem.200903378
http://dx.doi.org/10.1002/anie.201301929
http://dx.doi.org/10.1002/anie.201301929
http://dx.doi.org/10.1002/ange.201301929
http://dx.doi.org/10.1002/chem.201202554
http://dx.doi.org/10.1002/chem.201503449
http://dx.doi.org/10.1002/chem.201000940
http://dx.doi.org/10.1002/chem.201000940
http://dx.doi.org/10.1021/ol202547y
http://dx.doi.org/10.1002/anie.201201891
http://dx.doi.org/10.1002/ange.201201891
http://dx.doi.org/10.1002/ange.201201891
http://dx.doi.org/10.1002/mrc.3894
http://dx.doi.org/10.1002/mrc.3894
http://dx.doi.org/10.1016/j.tetlet.2012.09.060
http://dx.doi.org/10.1039/C0CC02123G
http://dx.doi.org/10.1039/c3ob42338g
http://dx.doi.org/10.1039/c3ob42338g
http://dx.doi.org/10.1016/j.trac.2008.11.016
http://dx.doi.org/10.1016/j.trac.2008.11.016
http://dx.doi.org/10.1021/ja506074a
http://dx.doi.org/10.1021/ma102371d
http://dx.doi.org/10.1002/anie.201101784
http://dx.doi.org/10.1002/ange.201101784
http://dx.doi.org/10.1002/ange.201101784
http://dx.doi.org/10.1107/S1600536807063180
http://dx.doi.org/10.1006/jmre.1999.1754
http://dx.doi.org/10.1006/jmre.1999.1754
http://dx.doi.org/10.1002/mrc.3905
http://dx.doi.org/10.1002/mrc.3905
http://www.mestrelab.com
http://www.mestrelab.com
http://dx.doi.org/10.1111/j.1749-6632.1949.tb27296.x
http://dx.doi.org/10.1038/nnano.2010.86
http://www.angewandte.org

