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The conformational dynamism of macromolecules in
response to changing pH is essential to the maintenance of
many biological systems.[1] However, due to the complexity of
such systems the elements essential to conformational switch-
ing can be difficult to discern. Molecular switches, which are
relatively easier to prepare and analyze, can help to identify
these essential elements and employ them in new contexts.[2]

With this application in mind we now report a pH-dependent
switch based on our 2,6-benzamidodiphenylacetylene system.

Many structural motifs have been explored that behave as
switches in response to changes in pH.[3] With a notable
exception,[3d] these molecules tend to utilize intramolecular
hydrogen-bonds to stabilize a particular conformation. Direct
protonation of one H-bond acceptor changes that group to a
H-bond donor, forcing the system to reconfigure to a new
conformation.

While these studies characterize direct protonation as a
tool for controlling conformation, an alternative approach
employs remote protonation. The protein rhodopsin, for
example, uses a conjugated p-system to link a basic imine to
the spatially removed photo-switchable olefin. Thus, addition
of a proton to the basic site electronically controls the
absorption wavelength of the switch.[1a] In this way, it should
also be possible to manipulate a H-bonded equilibrium
through electronic modulation. A system of this type would
involve a basic site, such as an electron-donating amine, that is
removed from the H-bond network but linked through
conjugated p-bonds. Addition of a proton to the basic site
could then be communicated electronically to the H-bond
network, causing it to switch conformation.

We have designed a H-bonded 2,6-benzamidodiphenyl-
acetylene system that offers the ability for remote protona-
tion (Scheme 1). Based upon Kemp�s singly H-bonded b-
sheet mimetic,[4] our scaffold contains two potential H-bond
donors. The balance between the two conformations should
be biased toward the amide NH that offers the strongest
H-bond.

The strength of a H-bond can be controlled by increasing
or decreasing the acidity of the amide proton. For this task, 4-
substituted benzamides provide a wide variety of electron-
withdrawing or -donating groups spatially separated from the
H-bond donors. Additionally, para substituted benzoic acids
have well characterized Hammett values (sp)

[5] that correlate
acidity to the electronegativity of the para-substituent.[6]

To test this idea we prepared compound 1 according to
Scheme 2. This compound compares the electron-donating p-
NMe2-benzamide (sp =�0.83) with benzamide (sp = 0.00).

The electron-donating character of p-NMe2 should lower the
acidity of its associated amide NH (NHa) rendering it a
weaker H-bond donor relative to the benzamide NH (NHb).
The X-ray crystal structure of 1 (Figure 1a) shows that the
electron-donating p-NMe2 group causes the H-bond acceptor
to prefer the NHb with a CO···N distance of 3.1 � in the solid
state. This structure also displays a steric interaction between
the methyl benzoate and the benzamide ring causing a
rotation of 498 out of the amide plane.

Scheme 1. Conjugation of electron-withdrawing (EWG) or -donating
groups (EDG) to the H-bonded network can control the conforma-
tional equilibrium by increasing or decreasing the NH acidity.

Scheme 2. The synthesis and NOE contacts observed for 1 as well as
the structures of 3 and 4. Reagents and conditions: a) NaNO2, H2SO4,
AcOH then KI and H2O, 70 8C; b) Fe0, AcOH, reflux; c) benzoyl
chloride, pyr., DMAP, DCM; d) SnCl2·2H2O, EtOAc; e) methyl 5-
alkynyl-benzoate, [PdCl2(PPh3)2] , CuI, DMF, NEt3, 80 8C; f) p-NMe2-
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We have previously reported that electron-withdrawing
groups can be used to control the H-bonded conformation of
our diphenylacetylene system. Compound 2, which juxtaposes
p-NO2-benzamide (sp = 0.78) with benzamide (sp = 0.00),
should prefer to form a H-bond with the more acidic p-
NO2-benzamide. Figure 1b shows that the benzoate carbonyl
is H-bonded to the p-NO2-amide NH in the solid state, with a
CO···N distance of 3.1 �.[4i]

It is also possible to determine the position of the
conformational equilibrium in solution.[4i] By this procedure
(see Supporting Information for details) we find that the
conformational equilibrium of 1 in solution (CD2Cl2, 8 mm,
298 K) is biased toward the benzamide NH in a ratio of 1.3:1.
The conformational equilibrium of 2 in solution is biased
toward the p-NO2-benzamide in a ratio of 1.9:1.

Having demonstrated the ability to predictably influence
the H-bonded equilibrium by modulating spatially removed
functional groups we returned to remote protonation. Com-
pound 1 provides a basic dimethylamine (pKb� 11 in MeCN/
H2O)[7] that is conjugated to the H-bond network. When
deprotonated, electron donation from the p-NMe2 biases the
conformation toward the benzamide NH in the solid state and
the solution phase. However, protonation to form the
dimethyl-ammonium ion should transform it into an elec-
tron-withdrawing group, leading to a conformational switch
(Scheme 3).

The 1H NMR spectra of 1 (8 mm, CD2Cl2) in the presence
of 0–6 equiv of trifluoracetic acid (TFA) are shown in
Figure 2. The spectrum in the absence of acid depicts two
singlets at 9.26 and 8.95 ppm that can be assigned to NHb and
NHa in Scheme 3. Additionally the two doublets assigned to
Hc and Hd in Scheme 3 resonate at 7.87 and 6.72 ppm. Upon
addition of 6 equiv of TFA, the NHa resonance migrates Dd =

0.43 ppm downfield. The resonance corresponding to NHb

shifts Dd = 0.04 ppm upfield after 3 equiv then begins to move
downfield again upon addition of 4–6 equiv. The resonances
of the aryl protons Hc and Hd also shift downfield by 0.31 and
0.94 ppm, respectively. NOE and COSYexperiments after the
addition of 0, 2, and 3 equiv of TFA confirm the identity of the
salient peaks.

The downfield shift of Hc and Hd suggests that the
dimethyl-ammonium ion is acting as an electron-withdrawing
group whose influence is distance dependent, as demon-
strated by the greater shift of Hd compared with Hc. The shift
of NHa beyond NHb suggests that a conformational switch
may be occurring. Further analysis of the amide resonances is
complicated by the competing influences of the changing H-
bond equilibrium and the electronic effect of protonating the
NMe2 group.

Titration of compound 3 (Scheme 2) serves to isolate the
electronic effect of protonation by removing the intramolec-
ular H-bond. Addition of 0–6 equiv of TFA causes the p-
NMe2-benzamide and benzamide NH signals in 3 to migrate
0.04 and 0.05 ppm downfield (See Supporting Information).

Figure 3 compares the shift of the amide resonances in 1
and 3. Subtracting the shift of the p-NMe2-NH of 3 from that
of 1 yields the migration of NHa due only to the changing
conformational equilibrium (triangular markers, Figure 3).
The line in Figure 3 at d = 9.00 ppm corresponds to the amide
resonance of 4 in the absence of TFA (Scheme 2). Compound
4 balances two p-NMe2-benzamides and as such its amide
resonance should approximate the shift of NHa when the
conformational equilibrium ratio is 1:1. After 1 equiv of TFA,
NHa�s corrected resonance has moved downfield of the line,
indicating that the H-bonded equilibrium is now biased
toward the p-N(H)Me2

+-benzamide. Using a similar method
as in the neutral case the equilibrium ratio in the presence of
6 equiv of TFA is calculated to be 99:1 toward the dimethy-
lammonium-benzamide.

These results in solution and the solid state support the
presence of a conformational equilibrium between two H-
bonded configurations. The position of this equilibrium can
be predictably biased by conjugating electron-donating or

Figure 1. a) The solid-state structure of 1 depicting the methyl ben-
zoate H-bonded to the benzamide NH; b) The solid-state structure of
2 depicting the methyl benzoate H-bonded to the p-NO2-benzamide
NH. The ORTEP ellipsoids are shown at the 50% probability level.
Blue N, grey C, red O, white H.

Scheme 3. The proposed pH-dependent molecular switch based upon
compound 1.

Figure 2. 1H NMR spectra of 1 (8 mm, CD2Cl2) with 0–6 equiv of TFA.
The peak labels correspond to the assignments in Scheme 3.
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-withdrawing groups to the H-bond network. Furthermore,
we show that the pH-dependent conversion of a donating
group to a withdrawing group is communicated to the remote
H-bond network, triggering a conformational switch.
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Schueler, A. B. Oswald, L. K. Nicholson, Proc. Natl. Acad. Sci.
USA 2009, 106, 8543 – 8548.

[2] a) Molecular Switches (Ed.: B. L. Feringa), Wiley-VCH, Wein-
heim, 2001; b) T. D. Nguyen, K. C-F. Leung, M. Liong, C. D.
Pentecost, J. F. Stoddart, J. I. Zink, Org. Lett. 2006, 8, 3363 – 3366;
c) D. Liu, A. Bruckbauer, C. Abell, S. Balasubramanian, D.-J.
Kang, D. Klenerman, D. Zhou, J. Am. Chem. Soc. 2006, 128,
2067 – 2071; d) E. R. Kay, D. A. Leigh, F. Zerbetto, Angew. Chem.
2007, 119, 72 – 196; Angew. Chem. Int. Ed. 2007, 46, 72 – 191;

e) J. A. Lee, M. C. DeRosa, Chem. Commun. 2010, 46, 418 – 420;
f) Q. Gan, Y. Ferrand, C. Bao, B. Kauffmann, A. Gr�land, H.
Jiang, I. Huc, Science 2011, 331, 1172 – 1175.

[3] a) S. J. Geib, S. C. Hirst, C. Vicent, A. D. Hamilton, J. Chem. Soc.
Chem. Commun. 1991, 1283 – 1285; b) M. H. Al-Sayah, N. R.
Branda, Org. Lett. 2002, 4, 881 – 884; c) G. A. Hembury, V. V.
Borovkov, J. M. Lintuluoto, Y. Inoue, Chem. Lett. 2003, 32, 428 –
429; d) M. A. Alcalde, C. Gancedo, A. Jover, J. Carrazana, V. H.
Soto, F. Meijide, J. V. Tato, J. Phys. Chem. B 2006, 110, 13399 –
13404; e) D. Tuncel, �. �zsar, H. B. Tiftik, B. Salih, Chem.
Commun. 2007, 1369 – 1371; f) M. Becuwe, F. Cazier, M. Bria, P.
Woisel, F. Delattre, Tetrahedron Lett. 2007, 48, 6186 – 6188; g) H-
Y. Hu, J-F. Xiang, Y. Yang, C-F. Chen, Org. Lett. 2008, 10, 1275 –
1278; h) C. J. Richmond, A. D. C. Parenty, Y.-F. Song, G. Cooke,
L. Cronin, J. Am. Chem. Soc. 2008, 130, 13059 – 13065; i) D.
Tuncel, M. Katterle, Chem. Eur. J. 2008, 14, 4110 – 4116; j) B.
Brazdova, N. Zhang, V. V. Samoshin, X. Guo, Chem. Commun.
2008, 4774 – 4776; k) S. M. Landge, I. Aprahamian, J. Am. Chem.
Soc. 2009, 131, 18269 – 18271; l) S.-Y. Hsueh, C.-T. Kuo, T.-W. Lu,
C.-C. Lai, Y.-H Liu, H.-F. Hsu, S.-M. Peng, C. Chen, S.-H. Chiu,
Angew. Chem. 2010, 122, 9356 – 9359; Angew. Chem. Int. Ed.
2010, 49, 9170 – 9173; m) M. Muraoka, H. Irie, Y. Nakatsuji, Org.
Biomol. Chem. 2010, 8, 2408 – 2413; n) J. Leblond, H. Gao, A.
Petitjean, J.-C. Leroux, J. Am. Chem. Soc. 2010, 132, 8544 – 8545.

[4] a) D. S. Kemp, Z. Q. Li, Tetrahedron Lett. 1995, 36, 4175 – 4178;
b) D. S. Kemp, Z. Q. Li, Tetrahedron Lett. 1995, 36, 4179 – 4180;
c) J. M. Cary, J. S. Moore, Org. Lett. 2002, 4, 4663 – 4666; d) X.
Yang, A. L. Brown, M. Furukawa, S. Li, W. E. Gardinier, E. J.
Bukowski, F. V. Bright, C. Zheng, X. C. Zeng, B. Gong, Chem.
Commun. 2003, 56 – 57; e) X. Yang, L. Yuan, K. Yamato, A. L.
Brown, W. Feng, M. Furukawa, X. C. Zeng, B. Gong, J. Am.
Chem. Soc. 2004, 126, 3148 – 3162; f) W. Hu, N. Zhu, W. Tang, D.
Zhao, Org. Lett. 2008, 10, 2669 – 2672; g) P. N. Wyrembak, A. D.
Hamilton, J. Am. Chem. Soc. 2009, 131, 4566 – 4567; h) J. Jo, D.
Lee, J. Am. Chem. Soc. 2009, 131, 16283 – 16291; i) I. M. Jones,
A. D. Hamilton, Org. Lett. 2010, 12, 3651 – 3653; j) A. N. Swin-
burne, M. J. Paterson, A. Beeby, J. W. Steed, Chem. Eur. J. 2010,
16, 2714 – 2718; k) I. M. Jones, A. D. Hamilton, Angew. Chem.
2011, 123, 4693 – 4696; Angew. Chem. Int. Ed. 2011, 50, 4597 –
4600.

[5] C. Hansch, A. Leo, R. W. Taft, Chem. Rev. 1991, 91, 165 – 195.
[6] a) M. S. Morales-R�os, V. P�rez-Alvarez, P. Joseph-Nathan, L. G.

Zepeda, Magn. Reson. Chem. 1994, 32, 288 – 291; b) P. Gilli, L.
Pretto, V. Bertolasi, G. Gilli, Acc. Chem. Res. 2009, 42, 33 – 44;
c) A. Gooch, A. M. McGhee, M. L. Pellizzaro, C. I. Lindsay, A. J.
Wilson, Org. Lett. 2011, 13, 240 – 243.

[7] a) J. P. Idoux, R. Zarrillo, J. Org. Chem. 1975, 40, 1519 – 1521;
b) J. P. Idoux, G. E. Kiefer, G. R. Baker, W. E. Puckett, F. J.
Spence, K. S. Simmons, R. B. Constant, D. J. Watlock, S. L.
Fuhrman, J. Org. Chem. 1980, 45, 441 – 444.

Figure 3. The change in chemical shift of NHa (^) and NHb (*) of 1
as well as that for p-NMe2-NH (^) and p-H-NH (*) of 3 upon addition
of 0–6 equiv of TFA (8 mm, CD2Cl2). The ~ markers represent the shift
of NHa minus the shift of p-NMe2-NH of 3. The line at d =9.00 ppm
represents the amide resonance of 4 in the absence of TFA.
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