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The literal definition of a machine is an apparatus consisting of Scheme 1. Operation of 64-Deoxy-6*-(N-methyl-3- )
interrelated parts with separate functions and used in the perfor- Phenylpropionamido)-j-cyclodextrin 1 as a Molecular Machine

mance of some kind of work. With molecular machines, the work WO, P
involves regulating molecular motions and occurs in response to _CH,
external stimuli which may be either chemical, thermal, or N
photochemicat# A stimulus initially produces a system that is HO @°
out of equilibrium and, as equilibration occurs, work is dééis 12 - 1-adamantanol 12
is illustrated by molecular shuttlésyhere a stimulus changes the (Compression Stroke)
balance of the molecular recognition events to destabilize the 2.4:1 } _8AG = 1.4 kealmol1 25:1
original conformation and cause the components to move. Here AG=05 l AG=19

. . (kcal mol-1) < (kcal mol-1)
we report a molecular machine where the work output resulting + 1-adamantanol

from molecular recognition is harnessed to constrain the geometry oo (Decompression Stroke) o,

of an amide bond, and the apparent work performed in this process N N

is quantified. Further, a more advanced form of the device exists m@)\/\@ (E)\/\@
as two isomers that are interconverted photochemically. Only one

of the isomers exhibits the molecular recognition and performs the 1E 1E'

work, so the photoisor_neri_zqtion turns_the_ machine on and Offj The conformations of the machidevere determined in fD at

_ The molgcular machine is illustrated in Flgure 1 and its operation 25 °C, primarily using 2D'H NMR spectroscopy. This included
1S shoyvn in Schemes 1. and 2. The basic foln(Sgheme 1) distinguishing between the amidg){ and €)-isomerslZ and1E,
COMPIISEs :an ar)_/I substltuent_attachedﬂtcyc_:lodextnn. These and1Z' and1E', and the phenyl substituent when free and included
behave as the pls_ton and cylinder, respectively, of a molecu_lar in the cyclodextrin, as well as precluding the formation of dimeric
pump. The pump is fueled by 1-adamantanol. The compression Janus complexésThe methyl group was incorporated into the

Str?ke boft.the FtJISt.?hf] '?f\]/o'vesi |3tre}[mo|ecu|?r gompltexgt|on of the machine as a convenient handle for analysis, and the isomer ratios
aryl substituent within the cyclodextrin annuius in Water, In reSponse q o cajcylated by integrating the corresponding signals for those

to using hexane to extract the competitive guest, 1-adamantano|,protons in 1D'H NMR spectra. In the presence of 1-adamantanol,

"0”.“ the agueous solution a.n‘d therefore from the cyglodextrin when the phenyl substituent is not complexed, theigomer1Z
cavity. This molecular recognition process provides strain energy is in excess only by a ratio of 2.4:1. Complexation of the aryl group

t_o a_llter the ratio of the&)- and Z)-lsomers_of the amlde group by the cyclodextrin through removal of the 1-adamantanol causes
linking the cyclodextrin to the phenyl substituent, which therefore a more than 10-fold increase in the proportion of tEpigomer
serves as a torsion bar. The decompression piston stroke simplylz, to a ratio of 25:1

involves the addition of 1-adamantanol with the reverse conse- Under any particular set of conditions, the ratio of amide isomers
quences. reflects the difference in their ground state free energhes)£
and the alteration in the ratio resulting from a change in conditions
reflects the work performed on the amide bonitAG).” The
difference between the ratios of the isom&é&sand 1E, and1Z'
andl1E', in water containing 1-adamantanol, and in water alone, is
directly attributable to the cyclodextrirphenyl group hostguest
interaction. These ratios correspondA& values of 0.5 and 1.9
kcal mol?, respectively, on which basis the energy apparently
harnessed by the amide torsion bar as a result of the extraction of
1l-adamantanol and the consequent inclusion complex formation is
OAG = 1.4 kcal mot,

In the more advanced version of the machine, shown in Scheme
2, the alkene moiety between the phenyl substituent and the amide
Figure 1. Schematic representation of a mechanical machine and its group serves as a photochemical on/off switch. Irradiation at 300

torsion bar

(twisted) torsion bar

. . — .
piston  cylinder — fuel (untwisted)

molecular counterpart. nm converts the trans cinnami@eto the cis isomegB, while the
reverse process occurs at 254 hirhe ratios of the amide isomers
Australian National University. of 2 and3 were determined under the conditions and in the manner
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Scheme 2. Operation of trans-6”-Deoxy-6-(N-methylcinnamido)-
f-cyclodextrin 2 and the Cis Isomer 3 as a Molecular Machine
Having a Photochemical On/Off Switch
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5.6:1, found when 1-adamantanol is present in the mixture, is very
similar to that of3Z' and3E' of 4.2:1, measured in the absence of
the competitive guest. This is consistent with the NMR spectra
recorded for this system, which show little interaction of the phenyl
group with the cyclodextrin cavity, irrespective of the presence of
1l-adamantanol. The small difference between Al values for

the isomers88Z and3E (1.0 kcal mot?), and3Z' and3E' (0.8 kcal
mol~1), shows a corresponding lack of work on the amide bond
(0AG = —0.2 kcal mot?). Thus the cis double bond prevents the
host-guest interaction and in that mode the machine is turned off.
By contrast, the ratio of the trans cinnamide amide ison2&'s
and2E' in water alone (100:1) is much greater than tha2sfand

2E in water containing l-adamantanol (2.6:1). The increase is
attributable to removal of 1-adamantanol causing complexation of
the aryl substituent by the cyclodextrin, as observed in NMR

spectra. In this case the energy harnessed by the amide bond, as

calculated from the difference between th& values for the
isomers in the presence of 1-adamantanol (0.6 kcalHhahd in

its absence (2.7 kcal md)), is )AG = 2.1 kcal mot?. It follows

that the trans alkene moiety allows complexation, and in this mode
the machine is turned on.

The conformations of the cyclodextrin derivativies3 were also
examined irde-DMSO. The NMR spectra show that in this solvent
there is little interaction of the aryl substituent with the cyclodextrin
cavity, consistent with there being no driving force for the
inclusion? As expected on this basis, the ratios of tf®- (and
(E)-amide isomers in DMSO were found to be remarkably similar
to those in water containing 1-adamantanol. It follows from the

different conformations and ratios of the amide isomers in DMSO

and water without 1-adamantol, that changing the solvent in this
way, and vice versa, drives these molecular machines in a similar
manner to the addition and removal of 1-adamantanol to aqueous
solutions.

In summary, the apparatus illustrated in Figure 1 and exemplified
by the cyclodextrin derivatives—3 constitutes a molecular machine
where the output energy of molecular recognition is harnessed to
do work and constrain the geometry of an amide bond. In the case
of the cinnamide® and 3, their photoisomerization provides the
machine’s on/off switch. The apparent work performed on the amide
bond is 1.4, 2.1, and-0.2 kcal mot?, with the propionamide,
and the cinnamide® and3, respectively. This demonstration that
work output can be harnessed and quantified in such molecular
devices takes us one step closer to their practical application.

Acknowledgment. The authors gratefully acknowledge the
support of this work by the Australian Research Council.

Supporting Information Available: Details for the synthesis of
1-3 and their operation as molecular machines. This material is
available free of charge via the Internet at http://pubs.acs.org.

References

(1) For reviews on molecular machines, see (a) Stoddart, Ac€&. Chem.
Res.2001 34, 409-522. (b)Molecular SwitchesFeringa, B. L., Ed.;
Wiley-VCH: Weinheim, Germany, 2001. (c) Feringa, B. L.; Koumura,
N.; van Delden, R. A,; ter Wiel, M. K. JAppl. Phys. A2002 75, 301~
308. (d) Balzani, V.; Venturi, M.; Credi, AMolecular Deiices and
Machines: A Journey into the NanoworléViley-VCH: Weinheim,
Germany, 2003. (e) Easton, C. J.; Lincoln, S. F.; Barr, L.; Onagi, H.
Chem—Eur. J.2004 10, 3120-3128. (f) Kelly, T. R.Top. Curr. Chem.
2005 262 1—-227. (g) Khuong, T.-A. V.; Nunez, J. E.; Godinez, C. E;
Garcia-Garibay, M. AAcc. Chem. Re006 39, 413-422.

For some recent examples of molecular machines, see (a) Morin, J.-F.;

Shirai, Y.; Tour, J. MOrg. Lett.2006 8, 1713-1716. (b) Eelkema, R.;

Pollard, M. M.; Vicario, J.; Katsonis, N.; Ramon, B. S.; Bastiaansen, C.

W. M.; Broer, D. J.; Feringa, B. LNature2006 440, 163. (c) BernaJ.;

Leigh, D. A.; Lubomska, M.; Mendoza, S. M.; g, E. M.; Rudolf, P.;

Teobaldi, G.; Zerbetto, fNat. Mater.2005 4, 704-710. (d) Carella, A;

Rapenne, G.; Launay, J.-Rew J. Chen2005 29, 288-290. (e) Scarso,

A.; Onagi, H.; Rebek, J., J8. Am. Chem. So@004 126, 12728-12729.

(f) Onagi, H.; Blake, C. J.; Easton, C. J.; Lincoln, S.GChem—Eur. J.

2003 9, 5978-5988.

For detailed discussions of such processes in the context of supramolecular

chemistry, see (a) Chatterjee, M. N.; Kay, E. R.; Leigh, D.JAAmM.

Chem. Soc2006 128 4058-4073. (b) Kay, E. R.; Leigh, D. ANature

2006 440 286-287. (c) Balzani, V.; Clemente-Legp M.; Credi, A

Ferrer, B.; Venturi, M.; Flood, A. H.; Stoddart, J. Proc. Natl. Acad.

Sci. U.S.A2006 103 1178-1183.

(4) (a) Anelli, P. L.; Spencer, N.; Stoddart, J. F.Am. Chem. Sod.991,
113 5131-5133. (b) Murakami, H.; Kawabuchi, A.; Kotoo, K.; Kunitake,
M.; Nakashima, NJ. Am. Chem. S0d.997, 119, 7605-7606. (c) Lane,

A. S.; Leigh, D. A.; Murphy, AJ. Am. Chem. S0d.997, 119 11092~
11093. (d) Armaroli, N.; Balzani, V.; Collin, J.-P.; GaanP.; Sauvage,
J.-P.; Ventura, BJ. Am. Chem. Sod 999 121, 4397-4408. Also see
the extensive list of references cited in 3a.

(5) (a) Onagi, H.; Easton, C. J.; Lincoln, S. ©rg. Lett.2001, 3, 1041~
1044. (b) Miyauchi, M.; Takashima, Y.; Yamaguchi, H.; HaradaJA.
Am. Chem. So@005 127, 2984-2989. (c) Miyauchi, M.; Hoshino, T.;
Yamaguchi, H.; Kamitori, S.; Harada, A. Am. Chem. So2005 127,
2034-2035.

(6) Thomas, K. M.; Naduthambi, D.; Zondlo, N.J.Am. Chem. So2006
128 2216-2217.

(7) The work performed to stabilize the amid®-{somer is the inverse of

the apparent stability and increase in proportion of that isomer. Therefore

the AG and 0AG values are calculated from the inverse of the amide

(2)-I(E)-isomer ratios.

Irradiation of the trans alkerzat 300 nm affords a 1:9 mixture @and

3 in the photostationary state, from which the cis isoiBevas isolated

using HPLC. Irradiation of the cis isomer at 254 nm affords a 1:1 mixture

of 2 and 3. The efficiency of the photoreversion is limited by the
overlapping absorptions & and3 at this wavelength. Sources of lower
wavelength light that might be more effective are not readily available.
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