Springer Theses
Recognizing Outstanding Ph.D. Research

Jason M. Spruell

| The Power of

Click Chemistry for
Molecular Machines —
and Surface Patt --;-‘; =

e

pringer



Springer Theses

Recognizing Outstanding Ph.D. Research

For further volumes:
http://www.springer.com/series/8790


http://www.springer.com/series/8790

Aims and Scope

The series “Springer Theses” brings together a selection of the very best Ph.D.
theses from around the world and across the physical sciences. Nominated and
endorsed by two recognized specialists, each published volume has been selected
for its scientific excellence and the high impact of its contents for the pertinent
field of research. For greater accessibility to non-specialists, the published versions
include an extended introduction, as well as a foreword by the student’s supervisor
explaining the special relevance of the work for the field. As a whole, the series
will provide a valuable resource both for newcomers to the research fields
described, and for other scientists seeking detailed background information on
special questions. Finally, it provides an accredited documentation of the valuable
contributions made by today’s younger generation of scientists.

Theses are accepted into the series by invited nomination only
and must fulfill all of the following criteria

e They must be written in good English.

e The topic of should fall within the confines of Chemistry, Physics and related
interdisciplinary fields such as Materials, Nanoscience, Chemical Engineering,
Complex Systems and Biophysics.

e The work reported in the thesis must represent a significant scientific advance.

o If the thesis includes previously published material, permission to reproduce this
must be gained from the respective copyright holder.

e They must have been examined and passed during the 12 months prior to
nomination.

e Each thesis should include a foreword by the supervisor outlining the signifi-
cance of its content.

e The theses should have a clearly defined structure including an introduction
accessible to scientists not expert in that particular field.



Jason M. Spruell

The Power of

Click Chemistry for
Molecular Machines
and Surface Patterning

Doctoral Thesis accepted by
Northwestern University for Chemistry,
Evanston, IL, USA

@ Springer



Author

Dr. Jason M. Spruell

California NanoSystems Institute and
Materials Research Laboratory

University of California

Santa Barbara

CA 93106

USA

e-mail: jspruell@mrl.ucsb.edu

ISSN 2190-5053
ISBN 978-1-4419-9646-6

DOI 10.1007/978-1-4419-9647-3

Springer New York Dordrecht Heidelberg London

© Springer Science+Business Media, LLC 2011

Supervisor

Dr. J. Fraser Stoddart

Board of Trustees Professor of Chemistry
Department of Chemistry

Northwestern University

Evanston

IL 60208

USA

e-ISSN 2190-5061

e-ISBN 978-1-4419-9647-3

All rights reserved. This work may not be translated or copied in whole or in part without the written
permission of the publisher (Springer Science+Business Media, LLC, 233 Spring Street, New York, NY
10013, USA), except for brief excerpts in connection with reviews or scholarly analysis. Use in
connection with any form of information storage and retrieval, electronic adaptation, computer
software, or by similar or dissimilar methodology now known or hereafter developed is forbidden.

The use in this publication of trade names, trademarks, service marks, and similar terms, even if they are
not identified as such, is not to be taken as an expression of opinion as to whether or not they are subject

to proprietary rights.

Cover design: eStudio Calamar, Berlin/Figueres

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



For Joy



Supervisor’s Foreword

Chemical synthesis is being redefined on a daily basis by the present generation of
graduate students in chemistry departments the world over. The doctoral thesis
accepted by Northwestern University from Jason Spruell is an outstanding case in
point: it bears witness to this evolutionary process in our time.

Gone are the days when the synthesis of organic compounds is a narrowly
defined pursuit synonymous with natural product chemistry. Unnatural products
have not only claimed their rightful place as a worthwhile intellectual pursuit in
chemical synthesis, they are also a modern-day expression of Marcellin Berthelot’s
doctrine that chemistry can be distinguished alongside the other natural sciences
and philosophies by the fact that “chemistry creates its own object.”

Gone are the days when most of chemical synthesis is achieved under kinetic
control, often under quite extreme reaction conditions. With the advent of
supramolecular chemistry, we have witnessed the rapid development of dynamic
covalent chemistry. The carrying out of reactions under thermodynamic control
has made it possible to reach complex unnatural products in one step from rela-
tively simple starting materials. That’s not to say that this contemporary approach
to chemical synthesis can provide quick and efficient routes to all the unnatural
products we might wish to create. One of the current weaknesses of the thermo-
dynamic approach to chemical synthesis is the relatively small number of reactions
that can be performed under equilibrium conditions, even in the presence of a
catalyst. This deficiency is being addressed rather convincingly by “click chem-
istry,” a concept which was introduced into the chemical lexicon a decade or so
ago by Barry Sharpless, with his observation that Cu(I) catalyzes the azide-alkyne
cycloaddition much studied in former times by Rolf Huisgen. The CuAAC reac-
tion is a great example of a kinetically controlled reaction which goes more or less
to completion (100%) in double quick time. Reactions under kinetic control which
are high yielding are certainly competitively placed alongside thermodynamic
control in the synthesis of unnatural products.

Generally speaking, “click chemistry” under kinetic control is more functional
group tolerant when it comes to the choice of starting materials and conditions.
It was exactly for these reasons that, as a graduate student, Jason Spruell went out
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viii Supervisor’s Foreword

in search of fast and efficient ways of making mechanically interlocked molecules
(MIMs). His early work in solution demonstrates just how easy it is to synthesize
donor—acceptor [2]-, [3]- and [4]rotaxanes using CuUAAC “click chemistry.” His
penchant for going that extra mile was satisfied by his crafting of a one-pot
synthesis of constitutionally unsymmetrical donor—acceptor rotaxanes using “click
chemistry” in the CuAAC mode. Their amphiphilic bistable cousins have already
found application in the field of molecular electronics when fabricating crossbar
memory circuits.

Two words express the common theme which runs through the Spruell PhD
thesis. They are “copper catalysis.”

Jason describes the template-directed synthesis of a switchable [2]catenane
through a Cu(Il)-mediated Eglinton coupling of a [2]pseudorotaxane formed
between cyclobis(paraquat-p-phenylene) (CBPQT**) and a bispropargyl-func-
tionalized tetrathiafulvalene (TTF) derivative which, as a consequence of con-
taining a single switchable recognition unit, exists as one translational isomer in its
ground state that may be switched entirely to another translational isomer in the
excited oxidized state and exhibits very fast and reversible switching between the
two forms. In the parlance of electrical engineers, this single-pole, single-throw
(SPST) molecular switch operates between two distinct states in the face of
electrochemical stimuli. Call it a push-button molecular switch!

When Dr Spruell applied the same synthetic approach in the presence of the
expanded cyclobis(paraquat-4,4’-biphenylene) instead of CBPQT*" as the tem-
plating electron-poor cyclophane, he obtained a five-state [3]catenane which can
house highly stable TTF radical dimers. As a result of this creative leap in
unnatural product synthesis, it became possible for Jason to investigate both the
mixed valence and radical cation dimers of tetrathiafulvalene within a “molecular
flask.” In this way, chemical synthesis entered a radical phase in solution in more
ways than one: it was the crowning glory of the Spruell PhD thesis.

Gone are the days when chemical synthesis begins and ends with reactions
carried out in solution. Indeed, the fabrication of a molecular memory device
based on a crossbar architecture is no more and no less than chemical synthesis at
its best. In this spirit, Dr Spruell records in his PhD thesis the various routes he
explored to effect the CuAAC protocol in different environments beyond solution.
A heterogeneous reaction where dissolved alkyne and catalyst react with a surface-
bound azide, constitutes a solution surface approach to chemical synthesis. On the
other hand, a heterogeneous reaction, where the alkyne and catalyst are brought
together into contact with a surface-bound azide in a condensed phase, constitutes
a reagent-stamping approach to chemical synthesis. Finally, there is the so-called
StampCat method where immobilized copper catalyzes the reaction of an alkyne in
the condensed phase. Using this methodology, direct-write “click chemistry” was
carried out with sub-100 nm spatial resolution using a copper-coated atomic force
microscope (AFM) tip at writing speeds as high as 64 pm/s—a considerable
advance over the speeds obtained when patterning with conventional dip-pen
nanolithography (DPN). All that is needed is (1) an azide surface, (2) a solution of
a terminal alkyne and (3) a copper-coated AFM tip!



Supervisor’s Foreword ix

The Spruell thesis is a testament to the power of chemical synthesis in con-
temporary chemistry.

Evanston, May 2011 Fraser Stoddart



Preface

Great strides in the synthetic accessibility of donor—acceptor mechanically inter-
locked molecules have been made by the application of highly efficient and
ultramild chemical transformations during their template-directed synthesis. These
new departures in synthesis have indeed played a transformative role in that more
complex, higher-order, and functional architectures—once only a dream—are now
comfortably within reach. Specifically, the formation of mechanical bonds in [2]-,
[3]-, and [4]-rotaxanes and in [2]- and [3]-catenanes has become ever easier
through the use of the Cu*-catalyzed azide-alkyne cycloaddition and the Cu?*-
catalyzed Eglinton oxidative acetylenic homocoupling. The unique features of
donor—acceptor mechanically interlocked molecules—including dynamic mechan-
ical bonds which lend great structural and translational freedom, as well as the
ability to stimulate structural rearrangements through redox events—predisposes
them towards working as molecular machinery in functional materials and devices.
Their increased accessibility, combined with the application of such mild and
efficient processes for use in surface patterning techniques, bodes well for strat-
egies seeking to interface molecular machines and surfaces in the shape of working
devices. The development of such synthetic methods for high yielding rotaxane
and catenane syntheses, as well as finely resolved surface patterning techniques is
featured. Additionally, the unique workings of two electrochemically switchable
catenanes borne out of these synthetic protocols are presented.

Santa Barbara, March 2011 Jason M. Spruell

xi



Acknowledgments

I must begin by expressing my gratitude to Professor Fraser Stoddart for providing
me with the opportunity to work under his direction amongst a group of truly
special individuals, in not one but two excellent academic institutions. His sup-
portive and patient mentoring style will remain for me a constant source of
inspiration.

The mentorship, advice, and friendship that grew out of a relationship with the
very skilled post-doctoral scholar William Dichtel started me down the right path
at the beginning of this journey. Additionally, in a similar capacity, Ognjen
Miljani¢ and Diego Benitez have lent crucial support over the years, for which
I am also most grateful.

I gratefully acknowledge the financial assistance from the National Science
Foundation in the form of a Graduate Student Research Fellowship that has
allowed additional dimensions of research and intellectual freedom. Additional
support from Northwestern University through the Presidential Fellowship, along
with my recent involvement with the Northwestern Society of Fellows, has
become a wellspring of new friends, contacts, and ideas.

I am grateful for two unique opportunities to work outside of Fraser’s labora-
tories collaboratively. Professor Jim Heath and the California Institute of Tech-
nology shared warm hospitality and the use of facilities, along with helpful
guidance and support in a relationship that has continued to flourish. I must also
acknowledge Alshakim Nelson and the IBM Almaden Research Center for the
opportunity to spend a summer of research out of which has grown my interests in
polymer nanotechnology.

None of the research reported here would have been possible without the
excellent support of analytical services and the support staff therein. Jane Strouse
deserves special attention for nearly single-handedly running the analytical ser-
vices at UCLA. Jennifer Seymour also played a special role in my research at
Northwestern through her skilled use of mass spectrometry. I am also grateful to
Professor Alexandra Slawin of the University of St Andrews for her exceptional
crystallographic abilities.

Xiii



Xiv Acknowledgments

I must also thank and acknowledge my thesis committee composed of, in
addition to Fraser, Professors SonBinh Nguyen and Emily Weiss. Although our
association at Northwestern has been far too short, they have provided me with
lasting and valuable advice and input. An additional note of thanks must be
directed towards the entire Chemistry Department at Northwestern University for
the hearty reception and support they provided following our move across the
country.

The Stoddart group is a dynamic group of people that have made my daily
experiences both stimulating and always entertaining. While there are far too many
to mention here—Travis Gasa, Wenyu Zhang, J.C. Olsen, Matthew Belowich,
Ross Forgan, and Wally Paxton—have helped to create, throughout the years, a
particularly amiable work environment. My apologies to those I have forgotten in
this listing.

Finally, none of this work could have taken place without the constant and
patient support of my loving wife Joy. Her gentle guidance provided the needed
perspective to always press forward. She has not only provided for me, but has
always given of herself for our two wonderful sons, Nathan and London. What has
been achieved, we did together.



Contents

1 Kinetic and Thermodynamic Approaches for the Efficient
Formation of Mechanical Bonds. . . . ... ... ... ............
1.1 Introduction . ........... ... ...t
1.2 Highly Efficient Kinetically Controlled Syntheses

of [2JROtaxanes. . . . .. ..o i e
1.3 Syntheses of [n]Catenanes Under Kinetic and

Thermodynamic Control. . . . .......... ... ... .. .. .....
1.4 Formation of Higher Order Rotaxanes Using CuAAC .. ... ...
1.5 Shuttling and Switching Within Triazole-Containing

[2IROtAXANES. . . . . o ot e
1.6 Incorporating Mechanical Bonds into Materials

and New Environments . ... ........... ... ... ... .....
1.7 Conclusions . ... .. .. ...
References . . . ... .. ..

2 Efficient Templated Synthesis of Donor-Acceptor Rotaxanes

Using Click Chemistry . . .. ........... . ... . ... . .......
2.1 Introduction . ........... ... ...
2.2 Results and Discussion. . .. ...,
2.3 ConcClusionsS . ... .. vttt e
2.4 Experimental Section. ............. ... ... .. . .. .. ...

24.1 General Methods . . .......... ... ... .. ......
References . . . ... ...

3 A One-Pot Synthesis of Constitutionally Unsymmetrical
Rotaxanes Using Sequential Cu(I)-Catalyzed
Azide-Alkyne Cycloadditions . . . ... ......................
3.1 Introduction .......... ... ... ...
3.2 Results and Discussion. . .. ............. ... .. ........

11
16
17

19
19
20
23
23
23
31

35
35
36

XV


http://dx.doi.org/10.1007/978-1-4419-9647-3_1
http://dx.doi.org/10.1007/978-1-4419-9647-3_1
http://dx.doi.org/10.1007/978-1-4419-9647-3_1
http://dx.doi.org/10.1007/978-1-4419-9647-3_1#Sec1
http://dx.doi.org/10.1007/978-1-4419-9647-3_1#Sec1
http://dx.doi.org/10.1007/978-1-4419-9647-3_1#Sec2
http://dx.doi.org/10.1007/978-1-4419-9647-3_1#Sec2
http://dx.doi.org/10.1007/978-1-4419-9647-3_1#Sec2
http://dx.doi.org/10.1007/978-1-4419-9647-3_1#Sec3
http://dx.doi.org/10.1007/978-1-4419-9647-3_1#Sec3
http://dx.doi.org/10.1007/978-1-4419-9647-3_1#Sec3
http://dx.doi.org/10.1007/978-1-4419-9647-3_1#Sec4
http://dx.doi.org/10.1007/978-1-4419-9647-3_1#Sec4
http://dx.doi.org/10.1007/978-1-4419-9647-3_1#Sec5
http://dx.doi.org/10.1007/978-1-4419-9647-3_1#Sec5
http://dx.doi.org/10.1007/978-1-4419-9647-3_1#Sec5
http://dx.doi.org/10.1007/978-1-4419-9647-3_1#Sec6
http://dx.doi.org/10.1007/978-1-4419-9647-3_1#Sec6
http://dx.doi.org/10.1007/978-1-4419-9647-3_1#Sec6
http://dx.doi.org/10.1007/978-1-4419-9647-3_1#Sec7
http://dx.doi.org/10.1007/978-1-4419-9647-3_1#Sec7
http://dx.doi.org/10.1007/978-1-4419-9647-3_1#Bib1
http://dx.doi.org/10.1007/978-1-4419-9647-3_2
http://dx.doi.org/10.1007/978-1-4419-9647-3_2
http://dx.doi.org/10.1007/978-1-4419-9647-3_2
http://dx.doi.org/10.1007/978-1-4419-9647-3_2#Sec1
http://dx.doi.org/10.1007/978-1-4419-9647-3_2#Sec1
http://dx.doi.org/10.1007/978-1-4419-9647-3_2#Sec2
http://dx.doi.org/10.1007/978-1-4419-9647-3_2#Sec2
http://dx.doi.org/10.1007/978-1-4419-9647-3_2#Sec3
http://dx.doi.org/10.1007/978-1-4419-9647-3_2#Sec3
http://dx.doi.org/10.1007/978-1-4419-9647-3_2#Sec4
http://dx.doi.org/10.1007/978-1-4419-9647-3_2#Sec4
http://dx.doi.org/10.1007/978-1-4419-9647-3_2#Sec5
http://dx.doi.org/10.1007/978-1-4419-9647-3_2#Sec5
http://dx.doi.org/10.1007/978-1-4419-9647-3_2#Bib1
http://dx.doi.org/10.1007/978-1-4419-9647-3_3
http://dx.doi.org/10.1007/978-1-4419-9647-3_3
http://dx.doi.org/10.1007/978-1-4419-9647-3_3
http://dx.doi.org/10.1007/978-1-4419-9647-3_3
http://dx.doi.org/10.1007/978-1-4419-9647-3_3#Sec1
http://dx.doi.org/10.1007/978-1-4419-9647-3_3#Sec1
http://dx.doi.org/10.1007/978-1-4419-9647-3_3#Sec2
http://dx.doi.org/10.1007/978-1-4419-9647-3_3#Sec2

XVi

3.3 Conclusions
3.4 Experimental

Contents

341 General Methods . . .......... ... ... ... ... ...

References . . . ..

4 Heterogeneous Catalysis Through Microcontact Printing. . . . . . ..

4.1 Introduction

4.2 Results and Discussion. . . .. ... ...

4.3 Conclusions
4.4 Experimental

Section. . . ... .o

4.4.1 Reagents and General Methods . . .. ..............
4.4.2  Synthesis of Ferrocene Alkyne (5)................
4.43  Synthesis of Pentafluorophenylether Alkyne (6). . ... ..

444  Gold

Substrates . . . . ... ...

4.4.5 Formation of Mixed Azide Terminated SAMs

onGold . ... ... .. ..
44.6 PDMS Stamp Preparation [14] . ... ... ... ... ....
447  Metal-Coated PDMS Stamp Preparation. .. .........
448 StampCaton Gold . ........... .. ... ... .. ....
449 StampCaton Glass. . . ....... ... . ..
4.4.10 Reagent-Stampingon Gold . . .. ....... ... ... ....
4.4.11 Solution-Surface Functionalization on Gold . ........
4.4.12 Solution Reaction of 1-Azidohexane (3)

and 1-Octyne (4) . ... ..ot
4.4.13 Electrochemical Measurements . . ................
4.4.14 X-Ray Photoelectron Spectroscopy . ..............
4.4.15 Contact Angle Measurements . ... ...............
4.4.16 Infrared Surface Characterization. . ...............
4.4.17 Atomic Force Microscopy (AFM) Imaging. .........
4.4.18 Laser Scanning Confocal

Microscopy/Optical Microscopy . ................

References . . . ..

5 Heterogeneous Catalysis of a Copper-Coated Atomic
Force Microscopy Tip for Direct-Write Click Chemistry. . . ... ..

5.1 Introduction

5.2 Results and Discussion. . .. ............ ... ..

5.3 Conclusions
5.4 Experimental

Section. . ... .

5.4.1 Microcontact Printing of Alkyne Molecules onto
Azide-Terminated Silicon Wafer Pieces . .. ... ... ...
5.4.2  Direct-Write Click Chemistry of Propargyl-Amine
and TEG-Alkyne . . . .. ... .. ...

43
43
43
50

53
53
54
62
63
63
64
64
65

65
65
66
66
66
67
67

67
67
68
68
68
69

69
69

73
73
74
77
78

78

79


http://dx.doi.org/10.1007/978-1-4419-9647-3_3#Sec3
http://dx.doi.org/10.1007/978-1-4419-9647-3_3#Sec3
http://dx.doi.org/10.1007/978-1-4419-9647-3_3#Sec4
http://dx.doi.org/10.1007/978-1-4419-9647-3_3#Sec4
http://dx.doi.org/10.1007/978-1-4419-9647-3_3#Sec5
http://dx.doi.org/10.1007/978-1-4419-9647-3_3#Sec5
http://dx.doi.org/10.1007/978-1-4419-9647-3_3#Bib1
http://dx.doi.org/10.1007/978-1-4419-9647-3_4
http://dx.doi.org/10.1007/978-1-4419-9647-3_4
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec1
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec1
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec2
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec2
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec3
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec3
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec4
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec4
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec5
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec5
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec6
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec6
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec7
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec7
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec8
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec8
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec9
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec9
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec9
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec10
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec10
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec11
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec11
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec12
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec12
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec13
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec13
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec14
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec14
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec15
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec15
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec16
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec16
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec16
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec17
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec17
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec18
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec18
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec19
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec19
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec20
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec20
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec21
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec21
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec22
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec22
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Sec22
http://dx.doi.org/10.1007/978-1-4419-9647-3_4#Bib1
http://dx.doi.org/10.1007/978-1-4419-9647-3_5
http://dx.doi.org/10.1007/978-1-4419-9647-3_5
http://dx.doi.org/10.1007/978-1-4419-9647-3_5
http://dx.doi.org/10.1007/978-1-4419-9647-3_5#Sec1
http://dx.doi.org/10.1007/978-1-4419-9647-3_5#Sec1
http://dx.doi.org/10.1007/978-1-4419-9647-3_5#Sec2
http://dx.doi.org/10.1007/978-1-4419-9647-3_5#Sec2
http://dx.doi.org/10.1007/978-1-4419-9647-3_5#Sec3
http://dx.doi.org/10.1007/978-1-4419-9647-3_5#Sec3
http://dx.doi.org/10.1007/978-1-4419-9647-3_5#Sec4
http://dx.doi.org/10.1007/978-1-4419-9647-3_5#Sec4
http://dx.doi.org/10.1007/978-1-4419-9647-3_5#Sec5
http://dx.doi.org/10.1007/978-1-4419-9647-3_5#Sec5
http://dx.doi.org/10.1007/978-1-4419-9647-3_5#Sec5
http://dx.doi.org/10.1007/978-1-4419-9647-3_5#Sec6
http://dx.doi.org/10.1007/978-1-4419-9647-3_5#Sec6
http://dx.doi.org/10.1007/978-1-4419-9647-3_5#Sec6

Contents Xvii
5.4.3 Control Experiments . ........................ 80

544 Materials. . . ... ... ... 80

545 AFM ... 81
References . . . ... ... . . e 81

6 A Push-Button Molecular Switch . . .. ..................... 83
6.1 Introduction .............. ... .. 83
6.2 Results and Discussion. . . ............. ... ... .... 85

6.3 Conclusions . . ........ ... e 95
6.4 Experimental Section. ................. ... 96
6.4.1 General Methods . . ... ........ ... ... ......... 96

6.4.2  Computational Methods . .. .................... 96

643 Preparationof 3........ .. ... ... ... .. . .. ... 97

644 Preparationof 4. ....... .. ... . ... . ... ... 97

6.4.5 Preparationof 1.4PFg. .. ..... ... ... .. ... . ..... 98
References . . . ... .. . e 98

7 Highly Stable TTF Radical Dimers

in a Five-State [3]Catenane . .. ... ....................... 101
7.1 Introduction . .......... ... . .. ... 101
7.2 Results and Discussion. . ... ....... ... 102
7.3 Conclusions . ... ...t e 112
7.4 Experimental Section. . .......... .. .. .. .. .. ... 112
741 General Methods . .. ......................... 112

7.4.2  Computational Methods . .. .................... 113

7.4.3 Preparation of 1.4PF¢. . ... ... ... ... ... ...... 113
7.4.4 Oxidation Studies. . . .. .......... . 114
References . . . ... .. . e 114
About the Author . . . . . ... ... .. ... ... 117


http://dx.doi.org/10.1007/978-1-4419-9647-3_5#Sec7
http://dx.doi.org/10.1007/978-1-4419-9647-3_5#Sec7
http://dx.doi.org/10.1007/978-1-4419-9647-3_5#Sec8
http://dx.doi.org/10.1007/978-1-4419-9647-3_5#Sec8
http://dx.doi.org/10.1007/978-1-4419-9647-3_5#Sec9
http://dx.doi.org/10.1007/978-1-4419-9647-3_5#Sec9
http://dx.doi.org/10.1007/978-1-4419-9647-3_5#Bib1
http://dx.doi.org/10.1007/978-1-4419-9647-3_6
http://dx.doi.org/10.1007/978-1-4419-9647-3_6
http://dx.doi.org/10.1007/978-1-4419-9647-3_6#Sec1
http://dx.doi.org/10.1007/978-1-4419-9647-3_6#Sec1
http://dx.doi.org/10.1007/978-1-4419-9647-3_6#Sec2
http://dx.doi.org/10.1007/978-1-4419-9647-3_6#Sec2
http://dx.doi.org/10.1007/978-1-4419-9647-3_6#Sec3
http://dx.doi.org/10.1007/978-1-4419-9647-3_6#Sec3
http://dx.doi.org/10.1007/978-1-4419-9647-3_6#Sec4
http://dx.doi.org/10.1007/978-1-4419-9647-3_6#Sec4
http://dx.doi.org/10.1007/978-1-4419-9647-3_6#Sec5
http://dx.doi.org/10.1007/978-1-4419-9647-3_6#Sec5
http://dx.doi.org/10.1007/978-1-4419-9647-3_6#Sec6
http://dx.doi.org/10.1007/978-1-4419-9647-3_6#Sec6
http://dx.doi.org/10.1007/978-1-4419-9647-3_6#Sec7
http://dx.doi.org/10.1007/978-1-4419-9647-3_6#Sec7
http://dx.doi.org/10.1007/978-1-4419-9647-3_6#Sec8
http://dx.doi.org/10.1007/978-1-4419-9647-3_6#Sec8
http://dx.doi.org/10.1007/978-1-4419-9647-3_6#Sec9
http://dx.doi.org/10.1007/978-1-4419-9647-3_6#Sec9
http://dx.doi.org/10.1007/978-1-4419-9647-3_6#Bib1
http://dx.doi.org/10.1007/978-1-4419-9647-3_7
http://dx.doi.org/10.1007/978-1-4419-9647-3_7
http://dx.doi.org/10.1007/978-1-4419-9647-3_7
http://dx.doi.org/10.1007/978-1-4419-9647-3_7#Sec1
http://dx.doi.org/10.1007/978-1-4419-9647-3_7#Sec1
http://dx.doi.org/10.1007/978-1-4419-9647-3_7#Sec2
http://dx.doi.org/10.1007/978-1-4419-9647-3_7#Sec2
http://dx.doi.org/10.1007/978-1-4419-9647-3_7#Sec3
http://dx.doi.org/10.1007/978-1-4419-9647-3_7#Sec3
http://dx.doi.org/10.1007/978-1-4419-9647-3_7#Sec4
http://dx.doi.org/10.1007/978-1-4419-9647-3_7#Sec4
http://dx.doi.org/10.1007/978-1-4419-9647-3_7#Sec5
http://dx.doi.org/10.1007/978-1-4419-9647-3_7#Sec5
http://dx.doi.org/10.1007/978-1-4419-9647-3_7#Sec6
http://dx.doi.org/10.1007/978-1-4419-9647-3_7#Sec6
http://dx.doi.org/10.1007/978-1-4419-9647-3_7#Sec7
http://dx.doi.org/10.1007/978-1-4419-9647-3_7#Sec7
http://dx.doi.org/10.1007/978-1-4419-9647-3_7#Sec8
http://dx.doi.org/10.1007/978-1-4419-9647-3_7#Sec8
http://dx.doi.org/10.1007/978-1-4419-9647-3_7#Bib1

Chapter 1
Kinetic and Thermodynamic Approaches

for the Efficient Formation of Mechanical
Bonds

1.1 Introduction

The mechanical bonds and noncovalent forces that hold together the separate
components in mechanically interlocked molecules give rise to relative motions,
such as circumrotation and shuttling, which can be used in solid-state devices,
e.g., ultradense molecular memory circuits [1]. Bistable [2]rotaxanes and
[2]catenanes, which incorporate cyclobis(paraquat-p-phenylene) (CBPQT*") as a
n-electron-accepting ring component, are particularly well suited to these applica-
tions, on account of the fact that their switching actions can be controlled by the
reversible oxidation of their m-electron-donating primary recognition sites, e.g.,
tetrathiafulvalene (TTF). This feature allows these bistable molecules to be switched
across a range of different environments, without the addition of chemical reagents.
Since their emergence [2] almost two decades ago, virtually every member of these
classes of compounds have been synthesized using kinetically-controlled “clipping”
approaches (Fig. 1.1) in which a partially formed CBPQT** ring recognizes a
dumbbell or macrocycle containing complementary m-electron-rich recognition
units. This recognition process templates the final bond-forming step, which results
in closure of the ring. Moderate yields, long reaction times, operationally chal-
lenging reaction conditions (12 kbar pressure), and the incompatibility of the
CBPQT* ring to most subsequent chemical transformations limit the practical
utility of this approach to the preparation of bistable [2] rotaxanes and [2] catenanes.

This Chapter is reproduced in part with permission from: Dichte] WR, Miljani¢ OS, Zhang W,
Spruell JM, Patel K, Aprahamian I, Heatth R, Stoddart JF. Acc. Chem. Res. 2008 41, 1750-1761.
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contributions (J.M. Spruell prepared Sect. 1.4). J.R. Heath and J.F. Stoddart supervised the
original research and the preparation of the manuscript.
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Fig. 1.1 The template-directed clipping reaction used historically for the formation of CBPQT**
rings and mechanical bonds in donor—acceptor rotaxanes (and catenanes)

These shortcomings represent serious challenges to the further development of
increasingly sophisticated donor—acceptor mechanically interlocked compounds.

A key realization in the establishment of improved synthetic protocols for these
compounds (Fig. 1.2) is that the noncovalent bonding interactions which template
their synthesis live on in the final structures, and indeed, are crucial for their
subsequent function. Thus, kinetically controlled reactions, where these stabilizing
forces are retained in the transition state, can be expected to give mechanically
interlocked compounds in high yields. Furthermore, these compounds are lower in
free energy than their non-mechanically interlocked components, suggesting that
their synthesis under thermodynamic control should also be highly efficient. This
approach employs reversible reactions to ultimately provide the most thermody-
namically stable products, even if less stable side products are formed during the
course of the reaction. Donor—acceptor mechanically interlocked compounds had
not been synthesized previously under these conditions, which offer unique
advantages relative to kinetically controlled approaches, such as the dynamic
exchange of less stable mechanical bonds for more stable ones.
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Our recent success in developing both types of synthetic methodologies is a
direct result of our investigations of mild chemical transformations compatible
with the CBPQT*" ring and its host—guest complexes. This chapter describes the
development of new kinetically and thermodynamically controlled protocols for
the preparation of donor—acceptor rotaxanes and catenanes and the use of these
new protocols for the incorporation of mechanical bonds into increasingly com-
plex molecules.

1.2 Highly Efficient Kinetically Controlled Syntheses
of [2]Rotaxanes

The CBPQT** cyclophane binds 7-electron rich aromatic systems, such as 1,5-
dioxynaphthalene (DNP) and TTF with high association constants (K, = 10° M ™!
for oligoethyleneglycol-bearing derivatives) [3]. Consequently, the 1:1 complexes
are the dominant species in DMF or MeCN solutions containing the cyclophane
and a DNP or TTF derivative at concentrations (1-200 mM) used typically in
preparative procedures. Hence, synthetic transformations which are sufficiently
mild, so as to be compatible with the complex formation can, in principle, be used
either (i) to attach bulky stoppers, affording rotaxanes, or (ii) to effect macrocy-
lizations, affording catenanes, both in high yield. Until recently, few such trans-
formations were known, largely because of the sensitivity of the CBPQT*" ring
towards nucleophiles and bases. We have found, however, that the mild condi-
tions, excellent functional group tolerance, complete regioselectivity, and the high
efficiency of the Cu(I)-catalyzed azide-alkyne cycloaddition [4, 5] (CuAAC) make
it an ideal reaction for the formation of mechanical bonds under kinetic control [6].
The protocol is exemplified (Scheme 1.1) by the synthesis of the [2]rotaxane
3-4PF¢. The cyclophane CBPQT-4PFg is threaded by the DNP derivative 1,
bearing two triethyleneglycol chains terminated by azide groups, forming the



4 1 Kinetic and Thermodynamic Approaches

Scheme 1.1 Template- o~Omg~Ny +N’:!>—<!:Nf, 4 PFg
directed synthesis of the @\i] — O~0|~g~Ng
[g]fféane t:;.4(1;1316 using the O-./“o"‘\..o 1 DMF/-10°C rgfa]
u methodology mowl?% X
4 PFg~ RO e O
[1 = CBPQT] * 4PF¢
CuSO,+ 5 HzO
N. o Ascorbic Acid @ @0
CBPQT » 4PF, DMF/-10°C j %
82%
+ +
t N®)—@)\ 4 PFg~ J;
@ NNN—0"~[0~0
@@ OO0 SC oﬁF@H
[. OurmgrrO~Ny N
SOSON ?
+
3 + 4PFq

pseudorotaxane [1 C CBPQT]-4PFg. The addition of the bulky propargyl ether 2
with its tetraarylmethane core, along with catalytic amounts of CuSO,4-5H,0 and
ascorbic acid, resulted in the efficient formation of the [2]rotaxane 3-4PF.
Notably, the formation of the corresponding dumbbell—the CuAAC product
without the encircling CBPQT** ring—was not observed, even when only a slight
excess of CBPQT*" (1.05 eq. relative to 1) was employed in the reaction. No
doubt inspired by the increasing use of the CuAAC reaction in materials science
[7] and biochemistry [8], several researchers have used this approach successfully
to prepare [2]rotaxanes of other kinds [9]. A particularly elegant example is the
one described by Leigh and coworkers [10] in which the Cu(l) ion serves both as a
catalyst and as a templating element in the formation of the rotaxane.

1.3 Syntheses of [r]Catenanes Under Kinetic
and Thermodynamic Control

A similar kind of “click chemistry” strategy (Fig. 1.2a and b) was employed in the
synthesis (Scheme 1.2) of [2]catenanes [11], simply by performing a macrocyc-
lization of a DNP derivative, whose oligoethylene glycol chains are terminated at
one end by an alkyne and at the other by an azide in the presence of CBPQT**. The
efficiency of the macrocyclization was investigated [12] as a function of ring size
by subjecting the [2]pseudorotaxanes [4a—¢ C CBPQT]-4PF, to either the con-
ditions employed for the synthesis of 3-4PF¢ or to Cul in MeCN. These conditions
gave the corresponding [2]catenanes 5b-4PFg and 5¢-4PF¢ in 41 and 23% isolated
yields, respectively. The [2]pseudorotaxane [4a C CBPQT]-4PFg, however, failed
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Scheme 1.2 Template-directed synthesis of donor—acceptor [2]catenanes S5a—c-4PFg and
7Ta—c-4PF¢ with varying sizes of the DNP-containing macrocycles using either the CuAAC or
Eglington oxidative alkyne homocoupling

to react and only 4a and CBPQT-4PF, were recovered, possibly because the glycol
chains of 4a are too short to form a macrocycle free of significant ring strain.

The successful syntheses of the [2]rotaxane 3-4PF¢ and the catenanes Sb-4PFg
and S5c-4PFg demonstrate that the copper acetylides, that most likely serve as
intermediates in the CuAAC reaction, are compatible with the chemically sensitive
CBPQT*" and its pseudorotaxane-like host—guest complexes. We have also
investigated the likelihood of [2]catenane formation employing other reactions,
such as the Eglington oxidative alkyne homocoupling [13], which also proceed
through Cu-acetylide intermediates. In addition to the more symmetrical nature of
the starting materials and products, we found the same trends in yields relative to
the oligoethylene glycol chain lengths during the formation of the catenanes
7Ta—c-4PFg, as was observed for those using the CuAAC approach. The dialkyne-
containing catenanes, however, were formed in significantly improved yields, as
exemplified most notably in the synthesis of 7b-4PF¢, which was isolated in 97%
yield, reflecting a remarkably efficient macrocyclization process. As observed in
the case of [4a-CBPQT]-4PFg, no catenane was obtained during the attempted
cyclization of the pseudorotaxane [6a-CBPQT]-4PFs: a single-crystal X-ray
structural analysis of this pseudorotaxane also suggested that the oligoethylene
glycol chains of 6a are far too short to form a strain-free macrocycle.
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Scheme 1.3 Mechanism for the template-directed synthesis of various donor—acceptor [2]caten-
anes (IOa—c4+) under thermodynamic control

The noncovalent bonding interactions between the components of catenanes
and rotaxanes stabilize these molecules significantly relative to the sum of their
individual components lacking mechanical bonds. This pronounced energetic bias
renders dynamic covalent chemistry (DCC) [14, 15] appealing for the synthesis
(Fig. 1.2c—e) of mechanically interlocked compounds. DCC depends on thermo-
dynamically controlled reactions that recycle the starting materials and the side-
products until equilibria favoring the mechanically interlocked compounds as the
most stable ones are established. We have shown [16] recently that a thermody-
namically controlled nucleophilic substitution can provide an efficient route to
donor—acceptor catenanes incorporating the CBPQT** ring. In this research, tet-
rabutylammonium iodide (TBAI) was employed as the catalyst in a “magic ring”
experiment, in which the CBPQT** ring was first of all opened and then reversibly
closed around a crown ether ring to form a donor—acceptor catenane. Mechanis-
tically, this transformation commences (Scheme 1.3) with a rate-limiting nucleo-
philic attack of TBAI onto the CBPQT** ring to generate the trication 8**. TBAI
was chosen as the catalyst because it is a good nucleophile, a good leaving group, a
poor reducing agent, and soluble in MeCN. The tricationic m-acceptor 8°* com-
plexes readily [17] with crown ethers, such as 9a—c, to give pseudorotaxanes
[8 79]**. Nucleophilic attack then occurs, closing the CBPQT** ring around
the crown ethers to give catenanes 10a—c**, regenerating the iodide ion.
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The reversibility of the overall reaction was confirmed by an exchange experiment.
The preformed [2]catenane 10a** was treated with an excess of the crown ether
9b, which has been shown to associate more strongly with CBPQT**, and pre-
sumably with the trication 8°*. After equilibrium was reached over the course of
11 days, the more stable [2]catenane 10b™* constituted about ~90% of the final
reaction mixture.

Since the reaction proceeds only at elevated temperatures (~ 80 °C), the
equilibration can be arrested on cooling to room temperature, a property which
allows the convenient isolation of the catenated products. The approach is general
in scope, easy to execute—since protecting atmospheres and dry solvents are not
required—and proceeds in yields as high as 93%. In the context of molecular
devices, the bistable catenane 10c** was prepared in a straightforward manner by
dynamic nucleophilic substitution in 60% yield—that is, almost three times more
efficiently than by using [18] the traditional kinetically controlled approach. We
have, however, failed thus far to extend this method to the synthesis of rotaxanes.
Our rationalization for this failure is that—at the elevated temperatures required
for reaction to occur—the association of the m-electron accepting 8** with an
acyclic n-donating dumbbell is less favorable compared to the association of 8>*
with a much more constrained n-donating macrocycle. However, on going from
the CBPQT* ring to cyclobis(paraquat-4,4'-biphenylene)—a larger m-accepting
ring which associates [19] with crown ethers with 1:2 stoichiometry—we were
able to prepare [20] the respective [3]catenanes, derived from 9a and 9b, in yields
greater than 84 and 91%, respectively. This virtually undiminished efficiency of
conversion suggests that even larger mechanically interlocked systems—including
perhaps the elusive donor—acceptor polycatenanes—could be targeted by the
protocol involving dynamic nucleophilic substitution.

1.4 Formation of Higher Order Rotaxanes Using CuAAC

One of the most significant challenges towards realizing the long-standing
objective to incorporate multiple CBPQT*" rings into higher order rotaxane
architectures and ultimately into a wide variety of materials, is the modest effi-
ciency of the clipping reaction and the low convergence that characterized the
strategy associated with its synthesis. For example, the simultaneous clipping of
two CBPQT** rings onto a bistable dumbbell afforded [21] only 9% of the desired
[3]rotaxane, which represents one of the most complex compounds of this kind
that can be prepared practically using this synthetic approach. No longer con-
strained by the requirement of performing the clipping reaction on a fully formed
dumbbell template in the final step of the synthesis, retrosynthetic analysis of a
palindromic [3]rotaxane structure suggested a disconnection in the middle of the
molecule, with the simultaneous formation of the final structure and incorporation
of the CBPQT** rings using the CuAAC reaction. Indeed, a similar—albeit sim-
plified—palindromic [3]rotaxane 13-8PF, was synthesized [6] (Scheme 1.4) from
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Scheme 1.4 Template-directed synthesis of the [3]- and [4]rotaxanes 13-8PFg and 15-12PF¢
through CuAAC of a stoppered DNP-derivative with bi- and trifunctional alkynes

the stoppered DNP azide 11, the bis(propargyl ether) 12, and CBPQT-4PF¢ in a
significantly improved 79% isolated yield. Furthermore, by substituting tris-
1,3,5(4'-ethynylphenyl)benzene 14 for 12, the branched [4]rotaxane 15-12PF¢ was
obtained in 72% isolated yield, and represents the first example of a donor—
acceptor [4]rotaxane prepared in our laboratory. The good yields obtained during
the synthesis of these higher order rotaxanes point to a significant advantage of the
CuAAC stoppering approach, since there is essentially no penalty in the yields of
the compounds when incorporating multiple cyclophanes into the molecules.

We have subsequently elaborated this methodology to enable the one-pot syn-
thesis of rotaxanes with two different stoppers, employing sequential CuAAC
reactions [22]. The order of the two cycloadditions is controlled by protecting the
alkyne functions with trimethylsilyl (TMS) groups, which are then removed after
the first CuAAC reaction is complete. Though methods commonly employed for
alkyne desilylation occur under more strongly nucleophilic conditions and are thus
not compatible with the presence of the CBPQT*" ring, we confirmed that Ag(I)-
catalyzed hydrolysis of the TMS groups [23] is compatible both with the presence
of the CBPQT*" ring and the carrying out of the subsequent CuAAC reactions in the
same pot. In order to highlight the efficiency of this methodology, the three-fold
symmetric amphiphilic [4]rotaxane 21-12PF¢ was synthesized [24] (Scheme 1.5) in
one-pot, first by (a) performing the CuAAC reaction between the monofunctional
DNP derivative 17 and the triazide 16, (b) the removal of the silyl protecting
groups, and (c) the second stoppering reaction with the hydrophilic azide 20 in the
presence of the CBPQT** ring. The complexity of the final products available from
comparatively simple starting materials using this strategy is noteworthy, and—as a
consequence of identifying mild and efficient desilylation conditions—the intro-
duction of the CBPQT** ring need not occur in the final step of the synthesis of the
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Scheme 1.5 Sequential template-directed CuAAC synthesis in one pot of an amphiphilic
[4]rotaxane 21-12PF¢

rotaxane. We are currently taking advantage of these features to design and
synthesize previously unavailable topologies of mechanically interlocked donor—
acceptor compounds.

1.5 Shuttling and Switching Within Triazole-Containing
[2]Rotaxanes

An important aspect of the development of the CuAAC threading-followed-by-
stoppering synthetic approach involved an investigation of whether the incorporation
of disubstituted 1,2,3-triazole units into the dumbbell components of [2]rotaxanes
would impact significantly either (i) the thermally activated or (ii) electrochemically
controlled motions of the CBPQT** ring. The former situation was investigated [25]
by measuring (Fig. 1.3) the rate of shuttling of the cyclophane between two
degenerate DNP recognition sites separated by a bis(triazole)-containing central
spacer unit in the molecular shuttle 21-4PF¢. When the motion of the CBPQT** ring
is slow on the NMR time scale, the resonances of protons on opposite sides of the
dumbbell separate into two signals of equal intensity. See, for example, the reso-
nances for the -Bu (H,, H,)) and i-Pr (H,, H,') protons in the partial spectrum
recorded at 261 K in Fig. 1.3. The frequency of the shuttling increases with tem-
perature, resulting eventually in the coalescence of the two pairs of signals at 309 K,
corresponding to an energy barrier of 15.5 =+ 0.1 kcal mol~". This value is similar to
those measured previously [26] for degenerate molecular shuttles containing tri-
phenylene and tetraethylene glycol spacers (15.0 & 0.2 and 15.5 + 0.1 kcal mol ™",
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Fig. 1.3 The two degenerate co-conformations of the 21-4PFg shuttle (leff) and portions of the
variable-temperature '"H NMR spectra (500 MHz, CD3;COCD3) obtained at different tempera-
tures containing the -Bu (H,/H,') and i-Pr (H,/H,') resonances
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respectively). These findings suggest that the disubstituted 1,2,3-triazole rings may
be incorporated into rotaxanes and may even be located between the recognition sites
without significant concern that they will interfere with the movement of the
CBPQT** ring.

Satisfied that the disubstituted 1,2,3-triazole units do not disrupt the thermally
activated shuttling of the CBPQT*" ring, we went on to assess their compatibility
with the electrochemical switching processes of bistable [2]rotaxanes. The pro-
totypical bistable [2]rotaxane 23-4PF¢ was prepared (Scheme 1.6) through Cu-
AAC-mediated stoppering of the diazide 22 containing both a TTF and a DNP
moiety [27]. The '"H NMR spectrum of 23-4PFg in CD;COCD3, in common with
those of other bistable [2]rotaxanes of this type, indicated the dominant presence
(>95%) of the TTF-encircled translational isomer at equilibrium. The reversibility
of the electromechanical switching process of 23-4PF; is evident (Fig. 1.4) from
spectroelectrochemical (SEC) measurements. Before the switching process is
initiated (E = 0 vs. Ag wire), the absorbance centered at 840 nm corresponds to
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the charge transfer (CT) interaction typically observed when a TTF unit is
encircled by a CBPQT* ring. Between +0.50 and +0.80 V, new bands appear with
maxima at 445 and 595 nm, corresponding to the absorbance of the TTF radical
cation (TTF"). These changes are accompanied by the bleaching of the TTF-
CBPQT*" CT band. When the applied potential was increased further, the
absorption band of the TTF" was replaced by a new peak with a A, at 380 nm,
which can be assigned to the TTF dication (TTF2+). In contrast to the TTF", the
TTF** does not absorb significantly between 500 and 600 nm, and so permits
the observation of the weak DNP-CBPQT** CT peak at ca. 530 nm. Finally, when
the applied potential is returned to zero, the spectrum gradually makes its way
back to its original state containing the TTE-CBPQT** CT band, verifying the full
reversibility of the redox process. These observations, along with other supporting
"H NMR spectroscopic data and the full electrochemical characterization of
23-4PF¢, confirmed that the triazole rings do not interfere with the unique
switching mechanisms of these compounds, paving the way for their incorporation
into range of new material and device architectures.

1.6 Incorporating Mechanical Bonds into Materials
and New Environments

The mechanical force and changes associated with the generation of translational
isomers during the electrochemical switching process of these bistable rotaxanes
and catenanes form the raison d’etre for their incorporation into molecular elec-
tronic devices, nanoelectromechanical systems, and nanoparticle-based controlled
release vehicles. These technological applications motivated an investigation of
the fundamental thermodynamic and kinetic parameters of the switching processes
in a range of condensed environments, such as within polymer gels [28], self-
assembled monolayers (SAMs) on gold surfaces [29], and molecular switch tunnel
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junctions (MSTJs) [3]. The correlation of these parameters across each of these
environments for several bistable rotaxanes and catenanes provides compelling
evidence for (i) a universal switching mechanism and for (ii) attributing this
mechanism to the hysteretic response of molecular memory circuits.

The subsequent development of the CuAAC methodology has greatly enhanced
our efforts to prepare new bistable [2]rotaxanes which can operate in different
environments, e.g., the recent development of a derivative which forms liquid
crystalline (LC) phases [30]. The ordering of liquid crystals is a cooperative
phenomenon that is highly sensitive to weak perturbations, including the photo-
isomerization of small quantities of added molecular rotors [31]. Hence, we set out
to align electrochemically switchable bistable [2]rotaxanes within LC phases, as a
possible means of amplifying the effect of molecular switching and so influence
the bulk LC ordering. The bistable [2]rotaxane 24-4PF¢ (Fig. 1.5) with dendritic
mesogens as stoppers was synthesized by subjecting the diazide 22 and mesogens
functionalized with propargyl ester groups to the same CuAAC conditions
employed for the synthesis of 23-4PFg. The convergence of the CuAAC approach
is particularly noteworthy in this case: it allows 22 to be employed as a general
precursor to nearly all symmetrically stoppered bistable rotaxanes. The high effi-
ciency of the reaction was also critical, as our efforts to attach these mesogens to
threads containing TTF and DNP units under esterification conditions had been
unsuccessful, precluding even an attempt at synthesizing the mesogenic bistable
[2]rotaxane using the clipping protocol. As expected, 24-4PF, exhibits an LC
smectic A (Sa) phase from 10 to 150 °C, above which it undergoes thermal
decomposition. Peaks with d spacings of 83.0 (100), 41.5 (200), and 27.3 A (300)
were observed in its small angle X-ray scattering (SAXS) pattern obtained at
40 °C. This layer spacing of ~8 nm observed for the S5 phase corresponds to the
extended molecular length of 24-4PFg. The electrochemical switching of 24-4PFg,
which was characterized in solution by CV and SEC, was qualitatively similar to
that shown in Fig. 1.4 for 22.4PF. Our current efforts focus on switching LC
assemblies of 24-4PF¢ while monitoring its effect on the LC properties of the
system as a whole.

In moving beyond using the CuAAC reaction to facilitate the synthesis of well-
defined [2]-, [3]-, or [4]rotaxanes, we have recently achieved a long-standing goal of
synthesizing donor—acceptor polyrotaxanes which incorporate a considerable
number of CBPQT** rings [32]. We are particularly interested in studying the effect
of electromechanical switching on the bulk properties of the associated polymer.
Relatively few examples of polyrotaxanes have been reported, with the exception of
those which incorporate more chemically robust cyclodextrin [33] or cucurbituril
[34] derivatives as the macrocyclic component. Donor—acceptor polyrotaxanes have
remained synthetically elusive, mostly because the clipping reaction is unlikely to
provide a high coverage of CBPQT** rings onto a stoppered polymer template, i.e.,
dumbbell. We employed a CuAAC step-growth polymerization to prepare [32]
(Scheme 1.7) azide-terminated polymers 27 ranging in M,, from 32 to 180 kDa by
adjusting the feed ratio of the monomers—bis(triethyleneglycol propargyl ether)
DNP derivative 25 and the DNP diazide 26. Following purification of the polymers,
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Fig. 1.5 a Structural formula of a mesogenic electrochemically switchable bistable [2]rotaxane
24-4PFg. b Tllustration of the hypothetical organization of 24-4PF¢ into a smectic A phase, as
suggested by small angle X-ray scattering data

CBPQT* rings were threaded onto the chains, and alkyne-bearing stoppers were
finally attached, once again using the CuAAC reaction, providing the polyrotaxane
29-4nPF. The use of 0.6 equivalents of CBPQT*"-4PF relative to the total number
of DNP units resulted in polyrotaxanes with an average coverages ranging from 90 to
58% of the repeat units encircled by CBPQT** rings, as measured by integration of
the appropriate '"H NMR resonances.
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Fig. 1.6 Graphical
representation of the CuAAC
synthetic approach towards —_— -

the synthesis of CBPQT**-
containing polyrotaxanes and Q
an idealized representation of Threading | Stoppering

the folding observed in these
materials as a consequence of
stacking of the alongside
DNP units against the outside
of the CBPQT*" rings

One of the first unique properties observed in the polyrotaxanes is that they fold
into a compact structure as a consequence of secondary intramolecular interac-
tions. By limiting the CBPQT*" incorporation to less than 50% of the available
DNP units and using alternating DNP-containing monomers with differing binding
affinities, a majority of the rings encircle the more favorable DNP units, while the
secondary DNP recognition sites stack on the outside of the rings. In this manner,
the polymer adopts a folded conformation (Fig. 1.6), an effect observed previously
[35] in aqueous solutions of polymers containing alternating n-electron donors and
acceptors and in more rigid polymers and oligomers of certain polyamide [36] and
m-phenylene ethylene [37] “foldamers”. The folding behavior was characterized
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(Fig. 1.7) by several techniques, such as gel permeation chromatography (GPC),
in which the apparent molecular weight of each polyrotaxane sample was smaller
than that measured for its polymer thread precursor, a phenomenon which is
suggestive of a more compact structure. The noncovalent interactions responsible
for the folding process were further characterized by variable-temperature 'H
NMR spectroscopy of the polyrotaxanes and an oligomeric model compound.
Finally, the lengths of the polyrotaxanes were found to be significantly shorter than
the precursor polymeric threads, as measured by atomic force microscopy per-
formed on the polymers drop-cast onto highly ordered pyrolytic graphite. Our
current work on these polyrotaxanes focuses on incorporating TTF monomers into
the polymer backbone, a modification which will allow study of the electrome-
chanical switching process of the CBPQT** rings along the polymer backbone,
both in solution and in the bulk.

Finally, inspired by the increasing use of the CuAAC for surface functionali-
zation [38—40], we have successfully attached stoppering groups to surface-bound
pseudorotaxanes—a simple and direct route to simultaneously synthesizing
[2]rotaxanes and interfacing them with nanostructured materials. We have used
this approach for the preparation (Fig. 1.8) of snap-top covered silica nanocon-
tainers (SCSNs) [41]. An SCSN consists of a [2]rotaxane tethered to the surface of
a silica particle (400 nm in diameter) containing hexagonally arranged 2 nm
diameter pores. The [2]rotaxanes on the surface incorporate «-cyclodextrin (o-CD)
rings, each encircling an oligoethylene glycol thread and fixed in place by a
CuAAC reaction with a cleavable stopper. When intact, these rotaxanes efficiently
trap guest molecules, such as the fluorescent probe rhodamine B, within the pores
of the silica. However, hydrolysis of the adamantyl ester-containing stopper,
catalyzed by porcine liver esterase, results in dethreading of the o-CD rings and
diffusion of the guest molecules out of the pores, while non-cleavable control
stoppers or denatured samples of the enzymes showed no such evidence of guest
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Fig. 1.8 The preparation and opening of adamantyl ester stoppered snap-top covered silica
nanocontainers. The empty pores of the silica nanoparticles are loaded with the desired payload,
such as fluorescent marker Rhodamine B (small spheres). The openings to the pores are blocked
by a-cyclodextrin (x-CD) based rotaxanes containing enzyme-cleavable stoppers. Cleavage of the
stoppers by the appropriate enzyme releases the «-CD macrocycles and allows the payload to
diffuse from the pores

molecule release. Because of the wide range of stoppering units that can be
attached to the SCSN precursor, a multitude of snap-top systems with differenti-
ated modes of activation can be prepared with relative ease. In addition to further
developing the SCSN systems, we anticipate using the CuAAC reaction—carried
out either in solution or through recently-developed microcontact printing tech-
niques [42]—to incorporate new classes of electrochemically active mechanically
interlocked compounds into molecular electronic devices.

1.7 Conclusions

As a result of investigating mild chemical transformations compatible with the
CBPQT** cyclophane which operate under either kinetic or thermodynamic con-
trol, we have developed template-directed synthetic protocols to provide well-
defined donor—acceptor mechanically interlocked compounds with increased
convergence and reaction efficiency. These complementary advances serve to
make bistable [2]rotaxanes and bistable [2]catenanes of this type more compatible
with a variety of new device architectures and aid and abet the efficient preparation
of previously inaccessible compounds, including large well-defined mechanically
interlocked compounds and polymers. These synthetic tools are indispensible as
we seek to create complex systems with emergent properties [43] and increasingly
sophisticated functions, especially within device settings.
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Chapter 2

Efficient Templated Synthesis of
Donor-Acceptor Rotaxanes Using Click
Chemistry

2.1 Introduction

The discovery of highly efficient synthetic strategies for making electrochemically
switchable, mechanically interlocked compounds will facilitate their continued
development as components in molecular electronic devices [1-6] (MEDs) and
nanoelectromechanical systems [7-26] (NEMS). Traditionally, such compounds,
incorporating cyclobis(paraquat-p-phenylene) (CBPQT*") as the m-accepting ring
component, have been synthesized [27, 28] by “clipping” a partially formed
CBPQT* ring (Fig. 2.1a) around a dumbbell or ring containing 7-electron-rich
recognition sites. Although this synthetic strategy has found wide application
[29-32], the moderate yield typical of the CBPQT*" clipping reaction limits its
practical value to the preparation of [2]rotaxanes and [2]catenanes. Herein, we
describe an alternative synthetic approach (Fig. 2.1b and c) to donor—acceptor
rotaxanes—including previously inaccessible [3]- and [4]rotaxanes. Their synthesis
relies upon the efficient stoppering of their pseudorotaxane precursors.

This Chapter is reproduced in part with permission from: Dichtel WR, Miljani¢ OS, Spruell
JM, Heath JR, Stoddart JE. J. Am. Chem. Soc. 2006 128, 10388-10390.

Author Contributions: W.R. Dichtel and J.F. Stoddart prepared the original manuscript.
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Spruell synthesized the compounds reported in the communication (J.M. Spruell synthesized
compounds 2 and 5). J.F. Stoddart and J.R. Heath supervised the original research.
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2.2 Results and Discussion

Motivated by the use of click chemistry [33, 34] in the synthesis of a variety of
functional materials [35-52] including an example [53-55] in which the Cu cat-
alyst templates rotaxane formation, we reasoned that donor—acceptor rotaxanes
might be obtained by attaching alkyne-terminated stoppers to CBPQT*" pseud-
orotaxanes using the Cu-(I)-catalyzed Huisgen 1,3-dipolar cycloaddition (“click”
chemistry). The click reaction has been noted for its high regioselectivity [33, 34]
tolerance of sensitive functional groups, mild reaction conditions, and excellent
yields. The click reaction occurs at room temperature (and below), requiring only
the addition of catalytic amounts of CuSO,4 and ascorbic acid, all conditions which
are ideal for strong binding of CBPQT** to a wide variety of thread molecules
containing m-donors.

This threading-followed-by-stoppering approach is complementary to clipping
and has a number of advantages. Because the recognition elements are fully
formed from the outset of the reaction, templation utilizes the full thermodynamic
binding of CBPQT*" to the guest of interest. The click methodology is also much
more convergent: relatively simple, modular rotaxane components are synthesized
in parallel, and the mechanically interlocked structure is assembled in the final step
of the reaction protocol. The general synthetic strategy (Scheme 2.1) involves the
mixing of CBPQT-4PF, in DMF at —10 °C, with a 1,5-dioxynaphthalene (DNP)
derivative 1 carrying azide-terminated glycol chains. Under these conditions,
the equilibrium lies predominantly in favor of the [2]pseudorotaxane
[1CCBPQT*"]-4PFs. A propargyl ether-functionalized stopper 2 is then added to
the reaction mixture along with CuSO4-5H,0 and ascorbic acid. Following these
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Scheme 2.1 Threading-followed-by-stoppering route to [2]rotaxane 3-4PFg

mild reaction conditions, the [2]rotaxane 3-4PF¢ was isolated in 82% yield. For-
mation of the dumbbell was not observed by thin layer chromatography.

Encouraged by this successful proof of concept, we decided to apply this
methodology to the synthesis of [3]rotaxanes. Doubly bistable [3]rotaxanes
incorporating tethered CBPQT** rings have been used as redox-driven molecular
muscles [56]. Although actuation was achieved, clipping two CBPQT*" rings
around the synthetically valuable palindromic dumbbell gave the desired [3]ro-
taxane in only 9% yield. Using the click methodology, a similar (albeit simplified)
palindromic [3]rotaxane was synthesized (Scheme 2.2) from relatively simple
precursors CBPQT-4PFg, the stoppered DNP azide 4, and bis-(propargyl ether) 5
in 79% isolated yield.

The comparative efficiency of the click methodology is emphasized by the
synthesis (Scheme 2.3) of the branched [4]rotaxane 8-12PFg in 72% isolated yield
after reacting 4 with tris-1,3,5(4’-ethynylphenyl)benzene [57] 7 in the presence of
CBPQT-4PFs. A clipping approach is expected to provide this [4]rotaxane in very
low (<3%) yield.

The partial "H NMR spectra (Fig. 2.2) of 8-12PFg reflect its 3-fold symmetry.
The resonances for the DNP protons, which are shielded and resonate at
0 = 6.49 (H-2/6), 6.22 (H-3/7), and 2.75 (H-4/8, not shown) ppm, are typical for
rotaxanes containing CBPQT*" and DNP residues. At +25 °C, rotations of the
bipyridinium units and p-phenylene ring systems in the CBPQT** rings are slow
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Scheme 2.2 Synthesis of [3]rotaxane 6-8PF with high efficiency

on the 'H NMR time scale, resulting in broadening of the signals for the CBPQT
protons. The spectrum becomes much simpler as the signals for these protons
coalesce at higher temperatures. At lower temperatures, the exchange processes
between all of the relevant protons slows yet further, allowing for resolution of
non-equivalent proton signals. Throughout the temperature range investigated,
the triazole resonance remains a sharp singlet near 6 = 8.60 ppm, a reasonable
value for triazole protons. This observation suggest that the triazole does not
compete with DNP to bind with the CBPQT** ring—a hypothesis we are cur-
rently investigating more thoroughly.
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2.3 Conclusions

During this preliminary research, it has become apparent that, as a result of using
click chemistry as the covalent modification step in rotaxane synthesis, it not only
renders the simple donor—acceptor [2]- and [3]rotaxanes (Schemes 2.1 and 2.2)
much more accessible but it also provides the opportunity to prepare respectable
quantities of more exotic mechanically interlocked compounds, such as the
branched [4]rotaxane (Scheme 2.3). The synthesis and applications of these new
materials to MEDs and NEMs will now become part of the ongoing research
efforts in our laboratories.

2.4 Experimental Section
2.4.1 General Methods

All reagents were purchased from commercial suppliers (Aldrich or Fisher) and used
without purification. 1,5-Bis[2-(2-(2-(toluene-4-sulfonyl)ethoxy)ethoxy)ethoxy]-
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naphthalene [58,] cyclobis(paraquat-p-phenylene) [59,] and 4-[bis[4-(¢-butyl)phe-
nyl][4-(isopropyl)phenyllmethyl]phenol [60,] tris-1,3,5(4’-ethynylphenyl) benzene
[61] were prepared using previously published procedures. Thin layer chromatog-
raphy (TLC) was performed on silica gel 60 F254 (E. Merck). Preparative thin layer
chromatography (Prep TLC) was performed on glass plates with a I mm thick layer
of silica gel 60 F254 (E. Merck). Column chromatography was performed on silica
gel 60F (Merck 9385, 0.040-0.063 mm). Nuclear magnetic resonance (NMR)
spectra were recorded on a Bruker Avance 600 (‘H: 600 MHz; '*C: 150 MHz) or
500 ('H: 500 MHz; '*C: 126 MHz) spectrometer. Chemical shifts are reported as
parts per million (ppm) downfield from the Me,Si resonance as the internal standard
for both 'H and '*C NMR spectroscopies. Electrospray ionization (ESI) mass
spectra were measured on a Finnigan LCQ ion-trap mass spectrometer using 1:1
MeCN:H,O as the mobile phase. High-resolution fast atom bombardment (HR-
FAB) mass spectra were obtained on a JEOL JMS-600H high resolution mass
spectrometer equipped with a FAB probe. Electrospray ionization mass spectra were
obtained on a Finnigan LCQ ion trap mass spectrometer.
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Preparation of 1,5-Bis[2-(2-(2-(azide)ethoxy)ethoxy)ethoxy]naphthalene 1 1,5-
Bis[2-(2-(2-(toluene-4-sulfonyl)ethoxy)ethoxy)ethoxy]naphthalene ~ [58]  (S1,
0.200 g, 0.273 mmol) and sodium azide (0.355 g, 5.458 mmol) were dissolved in
DMF (2.7 mL) and heated to 60 °C for 12 h (Scheme 2.4). The crude reaction
mixture was partitioned between 100 mL of water and CH,Cl,, and the aqueous
phase was washed with CH,Cl, (3 x 50 mL). The combined organic extracts were
washed with brine, dried (MgSO,), and the solvent evaporated. The crude product
was chromatographed (SiO2, 7:3 CH,Cl,:Et,O eluent) to give 96 mg (74.4%
yield) of 1 as a pale yellow solid. 1: '"H NMR (500 MHz, CDCls, 25 °C, TMS):
5 7.86 (d, *J (H,H) = 9 Hz, 2H, DNP aryl -H p-0), 7.35 (t, 3J (H,H) = 9 Hz, 2H,
DNP aryl -H m-0), 6.84 (d, °J (H,H) = 8 Hz, 2H, DNP aryl -H 0-0), 4.31 (t,
3] (H,H) = 5 Hz, 4H, DNP-OCH,), 4.00 (t, °J (H,H) = 5 Hz, 4H), 3.82 (t,
3] (H,H) = 9 Hz, 4H), 3.71 (m, 8H), 3.37 (t, °J (H,H) = 5 Hz, 4H, CH,N;); '*C
NMR (125 MHz, CDCl;, 25 °C): 6 154.2, 126.7, 125.0, 114.5, 105.6, 71.0, 70.7,
70.0, 69.8, 67.8, 50.6; HRMS (FAB): Calcd for C,,H30NgOg m/z = 474.2227.
Found m/z = 474.2226.

Preparation of 4-[Bis[4-(z-butyl)phenyl][4-(isopropyl)phenyl]methyl]phenyl-prop-
argyl Ether 2 Tetraarylmethane S2 (4-[bis[4-(¢-butyl)phenyl][4-(isopropyl)-
phenyl]methyl]phenol [60,] 0.750 g, 1.528 mmol) and K,CO; (0.634 g,
4.585 mmol) were suspended in DMF (7.6 mL). Propargyl bromide (0.6 g of an 80
wt% solution in xylenes, 3.47 mmol) was added and the solution was heated to
50 °C for 12 h (Scheme 2.5). The reaction mixture was poured in 75 mL of EtOAc
and was washed with 1 M NaHSO, (75 mL), H,O (2 x 75 mL), brine (75 mL), and
dried (MgSO,). The solution was evaporated onto silica gel, loaded onto a silica gel
column, and chromatographed using 1:9 EtOAc:hexanes as the eluent to obtain
0.602 g (75% yield) of 2 as a white solid. 2: '"H NMR (500 MHz, CDCls, 25 °C,
TMS): 7.22 (d, 2J(H,H) = 9 Hz, 4H, Ar-H ortho-tBu), 7.12 (d, J(H,H) = 7 Hz,
2H, Ar—H, Ar-H ortho-iPr), 7.07 (m, 8H, all meta Ar-H), 6.85 (d, 2J(H,H) = 6 Hz,
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2H, Ar-H ortho-0), 4.66 (d, “J(HH) =2 Hz, -O-CH,-), 2.88 (septet,
2J(H,H) = 7 Hz, 1H, -CH(CH;),), 2.52 (t, °J(H,H) = 2 Hz, 1H, CCH), 1.30
(s, 18H, tBu), 1.24 (d, >’J(H,H) = 7 Hz, 6H, iPr); *C NMR (125 MHz, CDCI3): §
155.4, 148.2, 146.0, 144.4, 144.0, 140.4, 132.2, 130.9, 130.6, 125.1, 124.0, 113.2,
78.7, 75.3, 63.1, 55.7, 34.2, 33.4, 31.3, 23.9; HRMS (FAB): Calcd for C3oH,s0
m/z = 529.3470. Found m/z = 529.3449.

Preparation of the [2]Rotaxane 3-4PFs Diazide DNP derivative 1 (0.0070 g,
0.015 mmol), CBPQT*" (0.017 g, 0.015 mmol), and the alkyne-functionalized
stopper 2 (0.016 g, 0.031 mmol) were dissolved in DMF (0.160 mL) at —10 °C,
forming a deep red solution. Stock solutions of CuSO4-5H,O in DMF (20 uL,
0.074 M) and ascorbic acid in DMF (20 pL, 0.148 M) were added. The solution
was stirred at —10 °C for 24 h, at which time the solvent was evaporated. The red
solid was redissolved in Me,CO and the [2]rotaxane was purified by preparative
TLC using a 1% w/v NH4PFg solution in Me,CO as the mobile phase. The ro-
taxane product was recovered from the silica gel by washing with an excess of
eluent solution. The Me,CO was concentrated to a minimum volume, and the
product was precipitated from this solution through the addition of an excess of
cold water. The click [2]rotaxane 3-4PF¢ was isolated as a purple solid (0.033 g,
84% yield). 3-4PF¢: 'H NMR (500 MHz, CD;COCDj3, 52 °C): § 9.21 (br s, 8H,
2-CBPQT*"), 8.29 (s, 8H, f-CBPQT*"), 8.02 (s, 2H, triazole-H), 7.75 (br s, 8H,
aryl-CBPQT*"), 7.29 (d, *J (HH) = 7 Hz, 8H, stopper aryl-H o-tBu), 7.11
(m, 20H, stopper—all meta Ar—H plus o-iPr aryl -H), 6.84 (d, 37 (H,H) = 9 Hz,
4H, stopper aryl -H 0-0O), 6.49 (d, 37 (H,H) = 8 Hz, 2H, DNP 0-0), 6.26
(t, °J (H,H) = 8 Hz, 2H, DNP- m-0), 6.02 (br s, 8H, CBPQT*" benzyl H), 4.97
(s, 4H, stopper -OCH.,), 4.61 (t, >J (H,H) = 5 Hz, 4H), 4.50 (br m, 4H), 4.30 (br
m, 4H), 4.15 (t, °J (H,H) = 5 Hz, 4H), 4.09 (br m, 4H), 4.00 (br m, 4H), 2.89
(septet, 37 (H,H) = 7 Hz, 2H, stopper iPr H), 2.80 (d, 37 (H,H) = 8 Hz, 2H, DNP
p-0), 1.31 (s, 36H, tBu), 1.23 (d, °J (H,H) = 7 Hz, 12H, iPr CH3); '*C NMR
(125 MHz, CD;COCDs, 52 °C): 149.6, 147.3, 146.7, 145.8, 145.4, 137.9, 133.1,
132.6, 131.9, 131.7, 129.3, 126.3, 125.8, 125.2, 114.6, 110.0, 105.9, 72.1, 71.8,
71.1,70.5, 69.3, 66.6, 64.3, 62.6, 35.0, 34.3, 31.8, 24.3; MS (ESI, 1:1 MeCN:H,O0,
0.1% AcOH): Found 1170.9 (M-2PF¢)**, 723.3 (M-3PE¢)>*, 512.9 (M—4PFe)*".

General Click Chemistry Procedure for the Synthesis of High Order Rotaxanes and
Preparation of [3]Rotaxane 6-8PFs; DNP Derivative 4 (0.013 g, 0.0155 mmol,
1.05 eq. per alkyne), CBPQT* (0.0195 g, 0.0178 mmol, 1.2 eq. per alkyne), and
the dialkyne functionalized tetraarylmethane 5 (0.0040 g, 0.0074 mmol) were
dissolved in DMF (0.090 mL) at —10 °C, forming a deep red solution. Stock
solutions of CuSO,4-5H,0 in DMF (20 pL, 0.036 M, 0.05 eq per alkyne) and
ascorbic acid in DMF (20 pL, 0.072 M, 0.1 eq. per alkyne) were added. The
solution was stirred at —10 °C for 24 h, at which time the solvent was evaporated.
The red solid was redissolved in Me,CO and the product [2]rotaxane was purified
by preparative TLC using a 2% w/v NH4PF solution in Me,CO as the mobile
phase. The rotaxane product was recovered from the silica gel by washing with an
excess of Me,CO/NH4PFg solution. The Me,CO was concentrated to a minimum
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volume, and the product was precipitated from this solution through the addition of
an excess of cold water. The click [3]rotaxane 6-8PF¢ (0.033 g, 84% yield) was
isolated by filtration as a purple solid and dried under high vacuum overnight.
6-8PF4:"H NMR (500 MHz, CD5CN, 75 °C): 6 8.77 (br s, 16H, a-CBPQT*"), 8.07
(s, 2H, triazole-H), 7.99 (s, 16H, f-CBPQT*"), 7.30 (m, 28H, aryl-CBPQT**, all
stopper aryl-H o-tBu), 7.10 (m, 28H, stopper m- aryl -H, stopper aryl -H o0-iPr),
6.86 (m, 8H, stopper aryl -H 0-0), 6.41 (d, 37 (H,H) = 8 Hz, 2H, DNP 0-0), 6.37
(d, >J (HH) = 8 Hz, 2H, DNP 0-0), 6.01 (m, 4H, DNP- m-0), 5.79 (d,
2J (H,H) = 13 Hz, 8H, CBPQT*" benzyl H), 5.79 (d, °J (H,H) = 13 Hz, 8H,
CBPQT* benzyl H), 5.11 (s, 4H, OCH,-triazole), 4.83 (t, °J (H,H) = 5 Hz, 4H,
triazole-CH,), 4.46 (br m, 8H), 4.30 (br m, 12H), 4.25 (m, 8H), 2.88 (septet,
3J (H,H) = 7 Hz, 2H, stopper iPr H), 2.56 (d, >J (H,H) = 8 Hz, 2H, DNP p-0),
2.55(d, *J (H,H) = 8 Hz, 2H, DNP p-0), 1.31 (s, 18H, central tBu), 1.29 (s, 36H,
external tBu), 1.22 (d, *J (H,H) = 7 Hz, 12H, stopper iPr); '>’C NMR (125 MHz,
CDsCN, 75 °C): 6 156.2, 156.1, 150.9, 148.5, 148.4, 146.2, 145.2, 144.7, 144.3,
144.3, 143.8, 140.1, 140.0, 136.4, 131.8, 131.6, 131.2, 130.3, 130.0, 128.0, 127.9,
126.1 1254, 124.6, 124.3, 124.2, 124.2, 113.5, 113.4, 108.2, 104.4, 104.3, 70.4,
69.8, 69.6, 68.2, 68.0, 65.0, 62.9, 62.6, 61.1, 50.5, 33.8, 33.8, 33.1, 30.5, 30.4,
23.1; MS (ESI, 1:1 MeCN:H,0, 0.1% AcOH): Found 1,324.6 (M-3PF)**, 957.3
(M—-4PE)™, 736.9 (M—5PFq)°*, 589.9 (M-6PF¢)%", 484.9 (M—7PFq)’*.

Preparation of [4]Rotaxane 8-12PF¢ The above procedure was followed using
tris-1,3,5(4'-ethynylphenyl)benzene 7[57] (0.0040 g, 0.011 mmol) as the alkyne
containing component. Preparative TLC as described above provided the [4]ro-
taxane 8-12PF6 (47.5 mg, 72% yield) as a purple solid. 8-12PFs: 'H NMR
(500 MHz, CD;COCDs, 52 °C): 6 9.17 (br s, 24H, a-CBPQT*"), 8.61 (s, 3H,
triazole-H), 8.28 (s, 24H, f-CBPQT™*"), 7.79 (m, 39H, aryl-CBPQT**, all central
unit Ar-H), 7.26 (d, 37 (H,H) = 7 Hz, 12H, stopper aryl -H o-tBu), 7.07 (m, 30H,
stopper—all meta Ar—H plus o-iPr aryl -H), 6.88 (d, °J (H,H) = 9 Hz, 6H, stopper
aryl -H 0-0), 6.49 (d, 3 J (H,H) = 8 Hz, 6H, DNP 0-0), 6.22 (overlapping t,
J (H,H) = 8 Hz, 6H, both DNP- m-0), 6.03 (br m, 24H, CBPQT** benzyl H),
4.00 (t, *J (H,H) = 8 Hz, 6H, stopper- OCH,), 4.55 (m, 12H), 4.50 (m, 12H), 4.43
(m, 12H), 4.32 (t, °J (HH) = 5 Hz, 6H, triazole-NCH,), 2.86 (septet, °J
(H,H) = 7 Hz, 3H, stopper iPr H), 2.55 (br s, 3H, DNP p- O), 1.28 (s, 54H, tBu),
1.20 (d, J (H,H) = 7 Hz, 12H, iPr CH;); *C NMR (125 MHz, CD;COCDs,
25 °C):156.2, 150.8, 148.4, 147.2, 146.2, 145.2, 144.7, 144.3, 143.6, 141.4, 140.2,
140.0, 136.3, 131.8, 131.2, 130.3, 130.0, 127.9, 127.9, 127.7, 126.2, 125.7, 125.4,
124.6, 124.3, 124.2, 121.5, 113.4, 108.2, 104.4, 104.2, 70.35, 69.9, 69.7, 68.1,
68.0, 65.0, 62.9,50.5, 33.8, 33.1, 30.4, 23.1; MS (ESI, 1:1 MeCN:H,0, 0.1%
AcOH): Found 1915.2 (M=3PFs)*", 1400.3 (M-4PF,)**, 1091.3 (M-5PF,)’*, 885.3
(M—6PF¢)®", 738.1 (M=TPFq)"*, 627.7 (M-8PF¢)®*, 541.8 (M-9PF,)°*.

Preparation of Stopper-DNP-OH S4 Tetraarylmethane S2 (1.500 g, 3.057 mmol),
dioxynaphthalene monotosylate derivative (1.799 g, 3.668 mmol) [61], K,CO;
(1.690 g,12.23 mmol), and [18]crown-6 (0.040 g, 0.153 mmol) were taken up in
MeCN (30 mL). The heterogeneous solution was refluxed with vigorous stirring
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Scheme 2.6 Preparation of DNP azide derivative 4

for 12 h (Scheme 2.6). The reaction mixture was filtered through Celite and the
solvent was evaporated. Flash chromatography of the crude product (SiO,, 85:15
CH,Cl,:hexanes) yielded 1.725 g (70% yield) of the alkylation product S4 as an
amorphous white solid. '"H NMR (500 MHz, CDCls, 25 °C, TMS): 6 7.88
(d, *J (H,H) = 9 Hz, 1H, DNP p-0), 7.86 (d, °J (H,H) = 9 Hz, 1H, DNP aryl -H
p-0), 7.32 (m, 2H, DNP aryl -H m-0), 7.23 (m, 4H, stopper aryl -H o-tBu), 7.09
(m, 10H, stopper all meta Ar-H and o-iPr), 6.85 (d, 37 (H,H) = 8 Hz, 1H, DNP
aryl -H 0-0), 6.84 (d, *J (HH) =8 Hz, 1H, DNP aryl -H 0-0), 6.80
@, 37 (H,H) = 9 Hz, 2H, stopper aryl -H 0-0), 4.31 (m, 4H, both DNP-OCH,),
4.16 (t, 3J (HH) = 5 Hz, 2H, stopper -OCH,), 4.07 (t, *J (H,H) = 5 Hz, 2H,
stopper -OCH,CH,), 4.00 (m, 4H, both DNP-OCH,CH)), 3.78 (m, 2H,
HOCH,CH,), 3.75 (m, 2H, HOCH,), 2.88 (septet, 3J (H,H) = 7 Hz, 1H, iPr-H),
1.31 (s, 18H, t-Bu), 1.24 (d, °J (HH) = 7 Hz, 6H, iPr —-CH;); '*C NMR
(125 MHz, CDCIl3, 25 °C): 6 156.4, 154.3, 154.1, 148.2, 1459, 144.5, 144.0,
139.7, 132.1, 130.9, 130.6, 128.9, 128.8, 126.7, 126.6, 125.1, 125.1, 125.0, 124.0,
114.7,114.4, 113.0, 105.7, 72.5, 70.0, 69.9, 69.7, 67.9, 67.8, 67.2, 63.0, 61.8, 34.2,
33.4, 23.9; HRMS (FAB): Calcd for Cs4HeO¢ m/z = 808.4703. Found
m/z = 808.4701.

Preparation of Stopper-DNP-OTs S5 S4 (0.300 g, 0371 mmol), DMAP (0.005 g,
0.037 mmol), and triethylamine (0.261 mL, 1.854 mmol) were dissolved in
CH,Cl, (3.7 mL). The solution was cooled to 0 °C, and p-toluenesulfonyl chloride
(0.085 g, 0.445 mmol) was added. The solution was allowed to warm slowly to RT
while stirring for 12 h. The reaction mixture was diluted into CH,Cl, (50 mL),
washed with H,O (2 x 50 mL), saturated NH4Cl (2 x 50 mL), brine
(1 x 50 mL), dried (MgSO,), filtered, and the solvent evaporated. The crude
product was passed through a short plug of SiO, in CH,Cl, to obtain 0.221 g
(61.9% vyield) of the pure tosylated product S5. S5: "H NMR (500 MHz, CDCl,,
25°C, TMS): & 7.83 (d, °J (HH)=9Hz, 1H, DNP p-0), 7.79 (d,
J (HH) = 9 Hz, 1H, DNP aryl -H p-0), 7.78 (d, *J (H,H) = 8 Hz, 2H, tosylate
aryl -H 0-S), 7.30 (m, 2H, DNP aryl -H m-0), 7.23 (m, 4H, stopper aryl -H o-tBu),
7.08 (m, 10H, stopper all meta Ar—H and o-iPr), 6.85 (d, 37 (H,H) = 8 Hz, 1H,
DNP aryl -H 0-0O), 6.80 (d, 37 (H,H) = 9 Hz, 2H, stopper aryl -H 0-0), 6.78
(d, >J (HH) = 8 Hz, 1H, DNP aryl -H 0-0), 4.32(t, >J (H,H) = 5 Hz, 2H), 4.19
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Scheme 2.7 Synthesis of dialkyne stopper derivative 5

(m, 6H), 4.07 (t, °J (H,H) = 5 Hz, 2H), 3.99 (t, *J (H,H) = 5 Hz, 2H), 3.91
(t, *J (H,H) = 5 Hz, 2H), 3.83 (t, °J (H,H) = 5 Hz, 2H), 2.87 (septet, °J (H,H) =
7 Hz, 1H, iPr-H), 2.35 (s, 3H, OTs -CH3), 1.29 (s, 18H, t-Bu), 1.24 (d, *J (H,H) =
7 Hz, 6H, iPr —CHs); '*C NMR (125 MHz, CDCls, 25 °C): 6§ 156.4, 154.2, 154.0,
148.2, 145.9, 144.7, 144.5, 144.1, 139.7, 132.1, 130.9, 130.6, 129.7, 128.9, 127.9,
126.7, 126.6, 125.1, 125.0, 124.0, 114.7, 114.4, 113.0, 105.7, 105.6, 70.0, 69.8,
69.3, 68.9, 67.9, 67.8, 67.2, 63.0, 34.2, 33.3, 31.3, 29.6, 23.9, 21.5. HRMS (FAB):
Calcd for Cg;H70gS m/z = 962.4791. Found m/z = 962.4833.

Preparation of Stopper-DNP-N3 4 S5 (0.275 g, 0.285 mmol) and sodium azide
(0.186 g, 2.855 mmol) were stirred in DMF (3.81 mL) at 50 °C for 6 h. The
reaction mixture was filtered through Celite and the solvent was evaporated.
The resulting solid was sonicated in CH,Cl, and soluble fractions chromato-
graphed (SiO,, 8:2 CH,Cl, eluent) to yield 0.170 g (68% yield) of 4 as an
amorphous white powder. 4: '"H NMR (400 MHz, CDCls, 25 °C, TMS): 6 7.89
(d, *J (H,H) = 8 Hz, 1H, DNP p-0), 7.87 (d, °J (H,H) = 8 Hz, 1H, DNP aryl -H
p-0), 7.34 (m, 2H, DNP aryl -H m-0), 7.23 (m, 4H, stopper aryl -H o-tBu), 7.09
(m, 10H, stopper all meta Ar-H and o-iPr), 6.85 (d, 37 (H,H) = 8 Hz, 1H, DNP
aryl -H 0-0), 6.84 (d, °J (HH) =8 Hz, 1H, DNP aryl -H 0-0), 6.80
@, 37 (HH) =9 Hz, 2H, stopper aryl -H 0-0), 432 (m, 4H), 4.16
(t, °J (H,H) = 5 Hz, 2H), 4.07 (t, °J (H,H) = 5 Hz, 2H), 4.01 (m, 4H), 3.84
(t, °J (H,H) = 5 Hz, 2H), 3.44 (t, >J (H,H) = 5 Hz, 2H, -CH,N3), 2.88 (septet,
3J (H,H) = 7 Hz, 1H, iPr-H), 1.30 (s, 18H, t- Bu), 1.24 (d, °J (H,H) = 7 Hz, 6H,
iPr —CH;); '*C NMR (125 MHz, CDCI3, 25 °C): § 156.5, 154.2, 154.1, 148.2,
145.9, 144.5, 144.0, 139.7, 132.1, 130.9, 130.6, 126.7, 126.6, 125.1, 125.1, 125.0,
124.0, 114.7, 114.5, 113.0, 105.6, 70.3, 70.0, 69.9, 69.8, 67.9, 67.2, 63.0, 50.7,
34.2, 33.3, 31.3, 23.9; HRMS (FAB): Calcd for Cs4Hg3N305 m/z = 873.4768.
Found m/z = 873.4736.

Preparation of Trityl Alcohol S7 4-t-Butylphenyl bromide (24.5 mL, 30.1 g,
141.4 mmol) was added slowly to freshly cleaned magnesium turnings (3.50 g,
144 mmol; cleaned by sonication in Et,O) in THF (65 mL) under an Ar atmo-
sphere. The solution was heated under reflux for 4 h until the solid Mg had
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disappeared. The Grignard reagent was cooled down to 0 °C and a solution of
methyl 4-methoxybenzoate (S6, 10.00 g, 60.2 mmol) in the minimum amount of
THF was added by cannula transfer. The mixture was heated under reflux for 1 h
(Scheme 2.7), then was taken up in CH,Cl, (100 mL), washed with sat. NH,C1
(3 x 100 mL) and brine, dried (MgSQ,), and the solvent evaporated. The crude
product was recrystallized from hexanes to yield 20.8 g (86% yield) of S7 as white
crystals. S7: '"H NMR (500 MHz, CDCls, 25 °C): 6 7.33-7.31 (m, 4 H, H-Ar),
7.21-7.18 (m, 6 H, H-Ar), 6.84 (d, >J (H,H) = 9 Hz, 2 H, H-Ar), 3.80 (s, 3 H,
-OCH3), 1.321 (s, 18 H, -CH3); "*C NMR (125 MHz, CDCl5): § 158.4, 149.8,
144.1, 139.5, 129.0, 127.4, 124.6, 113.0, 81.3, 55.1, 34.3, 31.3; Anal. C: 83.74, H:
8.18 (caled C: 83.54, H: 8.51). HRMS (FAB): Caled for C,gH340,
m/z = 402.2559. Found m/z = 402.2567.

Preparation of Tetraarylmethane Alcohol S8 Trityl alcohol S7 (10.00 g,
24.2 mmol) and phenol (45.4 g, 483 mmol) were mixed neat and heated to 80 °C
until the phenol melted. Concentrated HCI (1.1 mL) was added and the solution
was heated to 100 °C for 5 h. The reaction mixture was taken up in PhMe, washed
with aqueous 0.5 M NaOH (7 x 75 mL), and dried (MgSO,), and the solvent
evaporated to give the crude product as a yellow oil. Chromatography (silica gel,
25% hexanes in CH,Cl,) afforded 6.06 g (62%yield) of S8 as a white powder. S8:
"H NMR (400 MHz, CDCls, 25 °C): 6 7.24-7.22 (m, 4 H, H-Ar), 7.10-7.04 (m, 8
H, H-Ar), 6.77 (d, °J (H,H) = 9 Hz, 2 H, H-Ar), 6.70 (d, >J (H,H) = 9 Hz, 2 H,
H-Ar), 4.63 (s, 1 H, -OH), 3.79 (s, 3 H, -OCH3), 1.30 (s, 18 H, -CH3); '°C NMR
(100 MHz, CDCl3): 6 157.3, 153.3, 1484, 144.2, 1399, 139.7, 1324, 132.2,
130.6, 129.1, 124.1, 114.0, 112.5, 62.8, 55.2, 34.3, 31.4; Anal. C: 84.89, H: 8.15
(caled C: 85.31, H: 8.00). HRMS (FAB): Calcd for C34H330, m/z = 478.2872.
Found m/z = 478.2886.

Preparation of Tetraarylmethane Diol S9 A 1 M solution of BBr3 in CH,Cl,
(23.0 mL, 23.0 mmol) was added dropwise to a solution of methyl aryl ether S8
(5.00 g, 10.4 mmol) in CH,Cl, (350 mL) at O °C. The reaction mixture was
warmed up to room temperature and stirred for 36 h under Ar. MeOH (5 mL) and
then H,O (200 mL) were added to quench the reaction. The organic layer was
separated and collected. The aqueous layer was washed with CH,Cl,
(3 x 200 mL) and the combined organic layers were dried (MgSO4). Removal of
the solvent in vacuo afforded 4.85 g (100% yield) of S9 as an orange powder
requiring no further purification. 89: "H NMR (500 MHz, CDCls, 25 °C): 6 7.23
(d, *J(H,H) = 9 Hz, 4H, H-Ar), 7.07 (d, >J(H,H) = 9 Hz, 4H,H-Ar), 7.04 (d,
3J (H,H) = 9 Hz, 4 H, H-Ar), 6.70 (d, °J (H,H) = 9 Hz, 4 H, H-Ar), 1.30 (s, 18
H, -CH3); '°C NMR (125 MHz, CDCly): § 153.1, 148.3, 144.0, 139.8, 132.3,
130.5, 124.0, 113.9, 62.7, 34.2, 31.3; HRMS (FAB): Calcd for C33H360, m/
7z = 464.2715. Found m/z = 464.2721.

Preparation of Diacetylene 5 Propargyl bromide (80% w/w solution in xylenes,
4.80 g, 32.3 mmol) and K,CO;5 (2.68 g, 19.4 mmol) were added to a solution of
diol S9 (1.50 g, 3.23 mmol) in DMF (20 mL). The reaction mixture was heated to
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50 °C and stirred for 40 h under Ar. The reaction was taken up in EtOAc
(150 mL), washed with 1 M NaHSO, (1 x 150 mL), H,O (2 x 100 mL), and
brine (2 x 100 mL), dried (MgSQ,), and evaporated onto silica gel. Chroma-
tography (silica gel, 10% EtOAc in hexanes) afforded 1.12 g (64% yield) of 5. 5:
"H NMR (500 MHz, CDCI3, 25 °C): 8 7.24 (d, °J (H,H) = 9 Hz, 4H, H-Ar), 7.10
(d, *J(H,H) = 9 Hz, 4H, H-Ar), 7.07 (d, *J(H,H) = 9 Hz, 4 H, H-Ar), 6.85
(d, 3J (HH) = 9 Hz, 4 H, H-Ar), 4.66 (d, *J (H.H) = 2 Hz, 4 H, -CH,-), 2.52
(t,*J (H,H) = 2 Hz, 2 H, H-acetylene), 1.30 (s, 18 H, -CH3); >°C NMR (125 MHz,
CDCls): 6 1554, 148.3, 143.9, 140.3, 132.0, 130.5, 124.0, 113.3, 78.7, 75.3,
62.7,55.7, 34.2, 31.3; HRMS (FAB): Calcd for C39H400, m/z = 540.3028. Found
m/z = 540.3042.
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Chapter 3

A One-Pot Synthesis of Constitutionally
Unsymmetrical Rotaxanes Using
Sequential Cu(I)-Catalyzed Azide-Alkyne
Cycloadditions

3.1 Introduction

Highly efficient and convergent strategies for the synthesis of mechanically
interlocked compounds are essential in order to facilitate the development of
sophisticated and functional artificial molecular machinery [1-15]. In this context,
we recently developed [16] a simple and high-yielding method for the synthesis of
donor—acceptor rotaxanes [16-24] based on a threading-followed-by-stoppering
approach [25-29] that utilizes the Cu(I)-catalyzed azide-alkyne cycloaddition
(CuAACQ) [30, 31]. Although we have employed [16, 20, 22] this method to
prepare previously unavailable mechanically interlocked compounds, it is best
suited for the template-directed synthesis [32-37] of [n]rotaxanes stoppered by
identical bulky groups. Rotaxanes that incorporate two different stoppers, such as
the amphiphilic bistable [2]rotaxanes [38-43] used as the storage elements in
crossbar memory circuits [1, 44-52], represent a significant increase in structural
complexity and are thus even more challenging synthetic targets. Herein, we report
(1) the extension of a general, one-pot method [53] that uses sequential CuAAC
reactions to address this challenge, and (2) demonstrate its application to the
highly convergent synthesis of an amphiphilic [4]rotaxane.

A sequence of two or more CuAAC reactions may be controlled (Fig. 3.1)
through (i) performing the reaction of the desired azide and alkyne partners in the
presence of another masked reactive functionality, (ii) removing the masking
group to present another reaction partner, and (iii) repeating the CuAAC reaction

This Chapter is reproduced in part with permission from: Spruell JM, Dichtel WR, Heath JR,
Stoddart JF. Chem. Eur. J. 2008 14, 4168-4177.
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AR

Fig. 3.1 Graphical representation of the sequential CuAAC strategy applied to the synthesis of
mechanically interlocked molecular compounds. A constitutionally unsymmetrical monoprotect-
ed pseudorotaxane may be stoppered in the initial step (I), the protecting group removed in the
second step (II), and then functionalized with a different type of stopper in the third step (III) to
form a constitutionally unsymmetrical [2]rotaxane. The use of a multifunctional stopper allows
higher order rotaxanes (e.g., the branched [4]rotaxane described in this Chapter) to be assembled
sequentially in one pot

of the unmasked functionality. These sequences prove most efficient if they could
be performed in one-pot, a goal that adds the requirements that each of the three
(or more) steps must proceed to nearly quantitative conversion and that the
reagents used in the beginning of the sequence must not interfere with those
employed in subsequent steps. Such a sequence was devised [53] for the covalent
attachment of peptide building blocks to a central unit directed by a silyl protecting
group. The extension of such a method to mechanical bond formation adds several
challenges, most prominently, the need for all components of sensitive donor—
acceptor mechanically interlocked compounds to tolerate each of the steps of a
sequential CuAAC method. The ring most commonly employed in donor—acceptor
mechanically interlocked compounds, namely cyclobis(paraquat-p-phenylene)
(CBPQT4+), is sensitive to most bases, nucleophiles, and reducing agents, severely
limiting the range and scope of reagents and conditions available to carry out the
deprotection(s). The prevalent use of silyl groups for the protection of alkynes, and
the availability of relatively mild methods for the deprotection of trimethylsilyl-
(TMS)-protected alkynes [54—58] in particular, led us to investigate this protecting
group with the intention of developing a one-pot sequential CuAAC method
compatible with the CBPQT** ring and its donor—acceptor complexes.

3.2 Results and Discussion

As a preliminary appraisal of the ability of the TMS group to prevent a contiguous
alkyne functionality from participating in the desired CuAAC reaction, 3-tri-
methylsilyl-2-propyn-1-ol (1) and 1-azidohexane (3) were treated (Table 3.1, entry 1)
with the CuSO4e5H,0/ascorbic acid catalyst system in DMF. Somewhat surpris-
ingly, under these reaction conditions, significant amounts of the 1,2,3-triazole
product 4 (54% conversion) were formed over the course of 24 h, presumably as a
result of the slow hydrolysis of the TMS group. The protecting group did,
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Table 3.1 Chemoselectivity between 1 and 2 in CuAAC reaction with 3 to form either 4 or 5§
HO,

= siMe, N-;W N)LN/\/\/\

R
CuS0, » 5H,0 / Ascorbic Acid
*UR N g [D;IDMF / 25 °C 4R =CH;0H

2 5 R = CH3(CH2)4CHs
Entry 1:2:3 Time (h) 4:5 Conversion® (%)
1 1:0:1 24 1:0 54
2 1:1:1 16 1:99 96

2 With respect to 3, monitored by integration of ' H NMR spectra

however, slow down the CuAAC reaction substantially, and a competition experi-
ment (Table 3.1, entry 2) between 1 and 1-octyne (2) in a CuAAC reaction with 3
resulted in excellent chemoselectivity for the formation of 1,4-dihexyl-1,2,3-triazole
(5), despite the observation of partial hydrolysis of 1 to propargyl alcohol (8%) at the
conclusion of the experiment. This test-bed work demonstrates that the TMS pro-
tecting group is sufficiently kinetically stable under the conditions of the CuAAC
reaction, so much so that the cycloaddition occurs almost exclusively with the
unprotected alkyne.

Next, appropriate conditions for the sequential desilylation and CuAAC reac-
tions required for the desired one-pot procedure (Table 3.2) were investigated. The
Ag'-catalyzed hydrolysis of TMS protected alkynes [54—58] was assumed to be
sufficiently mild to ensure the survival of the CBPQT**. Indeed, 10 mol% AgPF in
the presence of H,O (1 eq. per alkyne) catalyzed the hydrolysis of the TMS group,
resulting (Table 3.2, entry 3) in nearly quantitative conversion in 18 h when the

Table 3.2 Reaction condition development: one-pot TMS deprotection of 1 followed by CuAAC
reaction of the generated alkyne

AgPFg / H,0 HO, = 3
[D;IDMF [D;]IDMF / 25 °C
Entry Deprotection Conv CuAAC reagents® CuAAC time Conv
conditions (%)* (additive) (h) (%)°
(°C, h) (additive)
1 25, 48 98¢ CuSO4¢5H,0 90 45
Ascorbic Acid
2 25, 48 98¢ Cu nanopowder 90 >08
3 40, 18 >08° Cu(MeCN),4PFq 26 93
4 40, 18 >98° Cu nanopowder 1 >98
Cu(MeCN)4PF6
5 40, 54, 90°¢ Cu nanopowder 5 >98
(CBPQTe4PFy) Cu(MeCN),PF
(CBPQTe4PFy)

% With respect to 1, monitored by integration of "' H NMR spectra
®3(1.1 eq.) was used

¢ With respect to propargyl alcohol intermediate

90.05 eq. of AgPFg was used

€0.10 eq. of AgPFs was used
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reaction mixture was heated to 40 °C. AgPF¢ was introduced into the reaction
mixture in order to prevent counterion exchange and subsequent precipitation of
Ag' or CBPQT**-containing salts. Interestingly, the desilylation proceeded
noticeably more slowly when the reaction was performed (Table 3.2, entry 5) in the
presence of CBPQT4+. No decomposition of the CBPQT4+, however, was observed.
Next, we developed conditions to effect the second CuAAC reaction in the presence
of silver salts remaining from the deprotection. The CuSO4e5H,0O/ascorbic acid
catalytic system (5/10 mol%, respectively) formed (Table 3.2, entry 1) the CuUAAC
product, albeit somewhat slowly. Upon addition of the CuSO,¢5H,0 and ascorbic
acid, a silver mirror formed on the walls of the reaction vessel, most likely as a
result of the reduction of Ag' to Ag® by Cu(I) and/or ascorbic acid, both processes
that would impact negatively upon the availability of Cu(I) required to catalyze the
cycloaddition. Although the CuAAC reaction proceeds to higher conversions when
an excess of ascorbic acid (1.3 eq. per alkyne; 6.3 eq. per CBPQT*) is used, the
intensities of the broadened CBPQT** resonances in the 'H NMR spectrum of the
reaction mixture were attenuated to 17% of their initial values. The excess of
ascorbic acid (E° = 0.3 V) presumably reduces the CBPQT*" (E° = —0.29 and
—0.71 V) [38], and while the reversibility of this process was not determined,
reduced CBPQT** derivatives do not bind electron rich guests. As an alternative to
adding ascorbic acid at all, Cu® was used (Table 3.2, entry 2) as a copper source,
which presumably generates the catalytically active Cu(I) following oxidation by
Ag'. Indeed, this procedure did ultimately produce the desired CuAAC reaction,
although we subsequently found that a small amount of additional Cu(MeCN),PF¢
helped to speed up the reaction (Table 3.2, entry 4) further, despite the fact that the
addition of Cu(MeCN),PFy alone catalyzed the CuAAC reaction only slowly
(Table 3.2, entry 3). Finally, it was confirmed that, when the above sequence is
carried out in the presence of CBPQT**, the sequential deprotection/CuAAC
reactions proceed (Table 3.2, entry 5) to high conversion with no decrease in the
intensities of the CBPQT4+ "H NMR resonances.

With the three-step sequential CuUAAC methodology operating well in our
hands, we envisioned that the sequential CuAAC reactions could be used to attach
different stoppers to each end of a pseudorotaxane. Furthermore, in order to test this
method for the synthesis of compounds with particularly complicated structures, a
branched [4]rotaxane was chosen so that each CuAAC reaction and deprotection
step would have to occur, not just once, but three times within each molecule. The
threefold symmetry, previously incorporated into acid/base-switched molecular
elevators [59-61] and present in the non-trivial amphiphilic [4]rotaxane 11e12PF¢
was accessed (Scheme 3.1) in one-pot by sequentially stoppering the constitu-
tionally unsymmetrical dioxynaphthalene (DNP) derivative 7, firstly with the
trifunctional azide 6 and then subsequently with the monofunctional azide 10. The
DNP derivative 7 was synthesized (Scheme 3.2) bearing one TMS-protected alkyne
and one terminal alkyne such that the constitutional asymmetry endowed by
the TMS group would be expressed in the amphiphilic character of the final
branched [4]rotaxane. The triazide 6 and monoazide 10 were each obtained
(Scheme 3.3) through azide displacement of their benzyl chloride precursors.



3.2 Results and Discussion 39

o B
L CuS0,-5H,0 | [DJOMF/25°C : h = &)
Y ) ) 7 3 | -
® ¥ ele Ascorbic Acid | >98% Conversion H = ‘3' (@) 4pF,
s 5 L. ]
° T AR 0@

L L m .
8 =
m CBPQT - 4PF, + 10 10
Cu Nanopowder Cu Nanopowder
Cu(MeCN),PF, Cu{MeCN),PF,
Y i 2, -
m
[D,JOMF 1 =5 °C [D;IDMF 1 25 °C °

>88% Conversion >86% Conversion

R 8 R = SiMe,
AgPF, I H.O
+ [;]DMF [ 40 °C |:|E|

>88% Conversion

SR=H

Scheme 3.1 Sequential CuAAC synthesis of the [4]rotaxane 11e12PFs and the dumbbell
compound 12. Labels for "H NMR spectroscopic monitoring of the reactions are identified by
boxed letters

Scheme 3.2 The synthesis :—\ M\
O O O O

of the constitutionally
unsymmetrical DNP

derivative 7 nBu Li / Me3SiCl
THF / RT
26% Yield

0O 0o O O
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Before attempting the template-directed synthesis of the [4]rotaxane, we first of
all pursued (Scheme 3.1) the same reaction sequences—which we had in mind to
prepare 11e12PF¢—to form the dumbbell compound 12. The relative simplicity of
the '"H NMR spectrum of 12 compared to that (vida infra) of the [4]rotaxane was
the motivation for us making the dumbbell compound first. By stoppering
the monofunctional DNP derivative 7 in a controlled, sequential manner in the
absence of CBPQTe4PF, first with the triazide 6 and then subsequently with the
monoazide 10—following silyl deprotection of the protected alkyne—we antici-
pated obtaining compound 12 in high yield. This three-step reaction sequence was
carried out in an NMR tube in DMF-d; such that each step of the reaction could be
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monitored (Fig. 3.2) closely by "H NMR spectroscopy. Upon mixing the triazide 6
with the monoalkyne 7 in a 1:3 molar ratio, the first CuAAC reaction proceeded to
form the tris—-TMS-protected compound 8, the outcome of which was confirmed by
the transformation of the terminal alkyne proton resonance (6 = 3.39 ppm in
Fig. 3.2a) of the DNP derivative 7 to the triazole proton resonance (6 = 8.25 ppm
in Fig. 3.2b) of the tris—-DNP intermediate 8. The chemical shifts of the methylene
group resonances neighboring the terminal alkyne and azide (6 = 4.22 and
4.61 ppm, respectively, in Fig. 3.2a) are transformed into the methylene group
resonances (0 = 4.62 and 5.76 ppm in Fig. 3.2b) neighboring the newly-formed
triazole. In keeping with the model experiments, some partial hydrolysis (17%) of
the TMS protecting groups also occurred during the first CuAAC reaction of 6
with 7. Even so, as indicated by the model experiments, the TMS group protects
the alkynes to the extent that the CuAAC reaction occurs, forming 8 with a high
conversion (>98% with respect to 6). The Ag'-catalyzed desilylation was then
performed, affording the tris—alkyne 9, once again in high conversion (>98%).
Completion of the desilylation was confirmed by the migration and transformation
of the methylene group singlet resonance (6 = 4.23 ppm in Fig. 3.2b) neighboring
the silyl protected alkyne of 8 to a doublet (§ = 4.20 ppm with J* ~ 3 Hz in
Fig. 3.2c) for the methylene group neighboring the terminal alkyne in 9. This
diagnostic splitting pattern is a result of long-range coupling between the liberated
terminal alkyne proton and the neighboring methylene protons in 9. Upon addition
of 3.3 equivalents of the azide-containing hydrophilic precursor 10 (Fig. 3.2f), the
methylene peak (6 = 4.45 ppm) neighboring the added azide was evident along
with the terminal alkyne proton peak (6 = 3.38 ppm) for the tris—alkyne 9. Both of
these peaks reappeared as another set of signals—for the methylene group next to a
triazole (0 = 5.62 ppm) and for the second triazole proton (6 = 8.33 ppm) in
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Fig. 3.2 'H NMR (600 MHz, DMF-d,, 25 °C) spectroscopic monitoring of the synthesis of the
dumbbell compound 12. Several diagnostic resonances are numbered and the changes monitored
throughout the reaction steps indicated by letters a, b, c, f, and g in Scheme 3.1. See the text for
further discussion

Fig. 3.2g—after the second (Cu-nanopowder/Cu(MeCN),PF¢-promoted) CuAAC
reaction was carried out to form the final dumbbell compound 12 with >98%
conversion with respect to tris—alkyne intermediate 9.

With an intimate knowledge of the spectroscopic characteristics accompanying
the sequential CuAAC reaction in the formation of the dumbbell compound 12, the
synthesis of the [4]rotaxane 11e12PF¢ was attempted in a similar manner with
periodic monitoring (Fig. 3.3) by "H NMR spectroscopy. The steps leading to the
formation of the tris—alkyne intermediate 9 were exactly the same as those fol-
lowed in the synthesis of 12. The addition of 3.3 equivalents of CBPQTe4PF, at
—5 °C to the intermediate 9 resulted in the formation of the [4]pseudorotaxane
[9 C 3CBPQT]e12PF, which was stoppered with the monoazide 10 using the
Cu-nanopowder/Cu(MeCN),PF¢-promoted CuAAC reaction to yield the amphi-
philic branched [4]rotaxane 11e12PFs. The addition of CBPQTe4PFy caused
broadening of all the peaks (Fig. 3.3d) as a consequence of the many dynamic
equilibria associated with the formation of pseudorotaxanes. The terminal alkyne
proton resonance, however, was resolved clearly (6 = 3.17 ppm) from the other
signals and so it was used as a diagnostic resonance with which to monitor the
progress of the final CuAAC reaction. The disappearance of the terminal alkyne
proton resonance (Fig. 3.3d) in the [4]pseudorotaxane [9 C 3CBPQT]e12PF¢ and
the appearance of a second triazole peak (6 = 8.10 ppm in Fig. 3.3e) for the
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Fig. 3.3 'H NMR (600 MHz, DMF-d,, 25 °C) spectroscopic monitoring of the synthesis of the
[4]rotaxane 11e12PFg. Several diagnostic resonances are numbered and the changes monitored
throughout the reaction steps indicated by letters a, b, ¢, d, and e in Scheme 3.1. See the text for
further discussion

[4]rotaxane 11e12PFg heralded the completion of the second CuAAC reaction.
Although we had never performed the second CuAAC reaction at low tempera-
tures in the test-bed investigations (Table 3.2, entry 5), the tris—alkyne 9 was
consumed completely during the final CuAAC reaction performed at —5 °C. All
three of the second CuAAC reactions occurred with considerable efficiency,
forming the threefold symmetric amphiphilic [4]rotaxane in 44% yield from a one-
pot synthesis. Although, the isolated yield of 11e12PF at first glance may seem
low in comparison with the near-quantitative conversions observed by 'H NMR
spectroscopy, it represents the overall yield for a sum of nine “consecutive”
reactions, including the formation of three mechanical bonds, starting from no less
than 10 building blocks. Also, extensive purification by preparative thin-layer
chromatography was required in order to isolate the highly polar amphiphilic
branched [4]rotaxane as a pure compound. In addition, a small quantity of a minor
[2]rotaxane by-product, comprised of a CBPQT**-encircled thread 7, stoppered by
two hydrophilic stoppers 10, was isolated. The formation of this compound can be
attributed to the use of a very slight excess of 7 over 6 at the start of the three-step
reaction sequence. Importantly, no evidence of constitutional defects—for exam-
ple, missing rings, missing DNP threads, or crosslinking—was observed during the
template-directed synthesis of 11e12PF¢. The successful silver-catalyzed silyl
deprotection, performed in the second and intermediate step of the sequence,
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although not forming a bond itself, enabled the direction of the useful bond-
forming CuAAC reaction in the third step of the sequence. Moreover, this reaction
is another example that can be added to the small list of chemical reactions that
may be performed in the presence of CBPQT**.

3.3 Conclusions

The protocol presented demonstrates the general and highly convergent nature of
the sequential CuAAC strategy for the template-directed synthesis of a tripodal
[4]rotaxane. Employing this one-pot methodology, constitutionally unsymmetrical
rotaxanes may be prepared quickly and efficiently, aiding and abetting their
continued use as components of molecular machinery and electronics. This
methodology sets forth a new synthetic paradigm for CBPQT*"-containing com-
pounds in which the formation of the mechanical bond need not occur in the final
step of the synthesis. These advances have been driven by the discovery and use of
reactions amenable to the sensitive nature of CBPQT4+. We intend to continue to
develop new synthetic strategies performed under thermodynamic [62] as well as
kinetic [16] control so that mechanical bonds may be precisely and predictably
introduced into a wide range of complex functional molecules.

3.4 Experimental
3.4.1 General Methods

All reagents were purchased from commercial suppliers (Aldrich or Fisher) and
used without purification. Dry solvents were obtained from a commercial Dri-
Solv® solvent delivery system (EMD Chemicals). The molarity of nBuLi solu-
tions was determined immediately before use by titration using salicyaldehyde
phenylhydrazone [63] as an indicator. Cyclobis(paraquat-p-phenylene) [64], 1,5-
bis[2-(2-(2-(2-propyne)ethoxy)ethoxy)ethoxy]|naphthalene [19], and 3,4,5-tris-[(2-
(2-methoxy)ethoxy)ethoxybenzyloxy]benzyl chloride [52] were prepared using
previously published procedures. Copper nanopowder was used as received from
Aldrich and is described as metallic copper (99.8%) particles <100 nm in size.
Thin layer chromatography (TLC) was performed on silica gel 60 Fosy
(E. Merck). Preparative thin layer chromatography (Prep TLC) was performed on
glass plates with a 1 mm thick layer of silica gel 60 F,s4 (E. Merck). Column
chromatography was performed on silica gel 60F (Merck 9385, 0.040-0.063 mm).
Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance
600 ("H: 600 MHz; '*C: 150 MHz) or 500 (‘H: 500 MHz; '*C: 126 MHz) spec-
trometer. Chemical shifts are reported as parts per million (ppm) downfield from
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the Me,Si resonance as the internal standard for both 'H and '*C NMR spec-
troscopies. Electrospray ionization (ESI) mass spectra were measured on a Finn-
igan LCQ ion-trap mass spectrometer using 1:1 MeCN:H,O as the mobile phase.
High-Resolution Fast Atom Bombardment (HR-FAB) mass spectra were obtained
on a JEOL JMS-600H high-resolution mass spectrometer equipped with a FAB
probe. Electrospray Ionization (EI) Mass Spectra were obtained on a Finnigan
LCQ ion trap mass spectrometer.

3.4.1.1 Method Development
General Procedure for Single Step Methodology Experiments and Table 3.1, Entry 1

3-Trimethylsilyl-2-propyn-1-ol (1) (0.010 g, 0.078 mmol) and 1-azidohexane (3)
(0.010 g, 0.078 mmol) were dissolved in DMF-d; (0.780 mL) in an NMR tube.
Stock solutions of CuSO4e5H,0 in DMF-d; (18 pL, 0.072 M, 0.05 eq. per azide)
and ascorbic acid in DMF-d; (18 pL, 0.144 M, 0.10 eq. per azide) were added and
the mixture left at RT. The reaction progress was monitored by comparing the
integrated area of the disappearing —CH,Nj; resonance at 3.50 ppm with that of the
appearing —CH,N(triazole) at 4.57 ppm in the "H NMR spectrum of the reaction
mixture.

Methodology Experiment for Table 3.1, Entry 2

The above procedure was followed using 3-trimethylsilyl-2-propyn-1-ol (1)
(0.010 g, 0.078 mmol), 1-octyne (2) (0.0090 g, 0.078 mmol), and 1-azidohexane
(3) (0.010 g, 0.078 mmol) dissolved in DMF-d; (0.780 mL) and stock solutions of
CuSO4¢5H,0 in DMF-d; (18 pL, 0.072 M, 0.05 eq. per azide) and ascorbic acid
in DMF-d; (18 pL, 0.144 M, 0.10 eq. per azide).

General Procedure for Two Step Methodology Experiments and Table 3.2, entry 1

3-Trimethylsilyl-2-propyn-1-ol (1) (0.0070 g, 0.055 mmol) was dissolved in
DMF-d; (0.546 mL) in an NMR tube. A stock solution of AgPFs in DMF-d,
(30 pL, 0.1 M, 0.05 eq. per alkyne) and H,O (3 pL, 0.164 mmol) were added and
the mixture left at room temperature. The reaction progress was monitored by
comparing the integrated area of the disappearing -CH,CCSi singlet resonance at
4.19 ppm with that of the appearing -CH,CCH doublet resonance at 4.16 ppm in
the "H NMR spectrum of the reaction mixture. Following sufficient conversion, to
this solution was added 1-azidohexane (3) (0.0080 g, 0.060 mmol) and stock
solutions of CuSO,4e5H,0 in DMF-d; (18 pL, 0.072 M, 0.05 eq. per azide) and
ascorbic acid in DMF-d; (18 pL, 0.144 M, 0.10 eq. per azide) and the reaction
was left at room temperature. Conversion of the CuAAC reaction was monitored
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by comparing the integrated area of the disappearing —CH,N; resonance at
3.50 ppm with that of the appearing —CH,N(triazole) at 4.57 ppm in the '"H NMR
spectrum of the reaction mixture.

Methodology Experiment for Table 3.2, Entry 2

The above procedure was followed using 3-trimethylsilyl-2-propyn-1-ol (1)
(0.0070 g, 0.055 mmol), DMF-d; (0.546 mL), stock solution of AgPFg in DMF-d;
(30 pL, 0.10 M, 0.05 eq. per alkyne), H>O (3 pL, 0.164 mmol), 1-azidohexane (3)
(0.0080 g, 0.060 mmol), and copper nanopowder (0.0010 g, 0.016 mmol). The
reaction mixture was heterogeneous, as the copper nanopowder remained at the
bottom of the NMR tube.

Methodology Experiment for Table 3.2, Entry 3

The above procedure was followed using 3-trimethylsilyl-2-propyn-1-o0l (1)
(0.0080 g, 0.055 mmol), DMF-d; (0.530 mL), stock solution of AgPFg in DMF-d,
(23.5 pL, 0.235 M, 0.1 eq. per alkyne), H,O (3 pL, 0.16 mmol), 1-azidohexane
(3) (0.0080 g, 0.060 mmol), and Cu(MeCN),PF, (0.002 g, 0.005 mmol, 0.1 eq.
per alkyne). After the addition of the AgPFq solution, the mixture was warmed to
40 °C. The subsequent CuAAC reaction was performed at room temperature.

Methodology Experiment for Table 3.2, Entry 4

The above procedure was followed using 3-trimethylsilyl-2-propyn-1-ol (1)
(0.0070 g, 0.055 mmol), DMF-d; (0.546 mL), stock solution of AgPFg in DMF-d,
(23.5 uL, 0.235 M, 0.1 eq. per alkyne), H,O (3.0 pL, 0.16 mmol), 1-azidohexane
(3) (0.0080 g, 0.060 mmol), copper nanopowder (0.0010 g, 0.016 mmol), and
Cu(MeCN)4PF¢ (0.002 g, 0.005 mmol, 0.1 eq. per alkyne). After the addition of
the AgPF¢ solution, the mixture was warmed to 40 °C. The subsequent CuAAC
reaction was performed at room temperature.

Methodology Experiment for Table 3.2, Entry 5

The above procedure was followed using 3-trimethylsilyl-2-propyn-1-o0l (1)
(0.0070 g, 0.055 mmol), DMF-d; (0.546 mL), stock solution of AgPFg in DMF-d,
(23.5 pL, 0.235 M, 0.1 eq. per alkyne), H,O (3.0 pL, 0.16 mmol), 1-azidohexane
(3) (0.0080 g, 0.060 mmol), copper nanopowder (0.0010 g, 0.016 mmol),
Cu(MeCN)4PF¢ (0.002 g, 0.005 mmol, 0.1 eq. per alkyne), and CBPQTe4PF,
(0.0115 g,0.0110 mmol, 0.2 eq. per alkyne). CBPQTe4PF¢ was dissolved initially
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with 1 and remained as a spectator throughout the sequence. After the addition of
the AgPF¢ solution, the mixture was warmed to 40 °C. The subsequent CuAAC
reaction was performed at room temperature.

3.4.1.2 Synthesis and Characterization

1-[2-(2-(2-(3-Trimethylsilyl-2-Propyne)Ethoxy)Ethoxy)Ethoxy]-5-[2-(2-(2-(2-Pro
pyne)Ethoxy)Ethoxy)Ethoxy]Naphthalene (7)

nBuLi (0.52 M in hexanes, 665 pL, 0.343 mmol) was added dropwise to a solu-
tion of 1,5-bis[2-(2-(2-(2-propyne)ethoxy)ethoxy)ethoxy]naphthalene, (0.156 g,
0.311 mmol) dissolved in dry THF (15.7 mL) at —78 °C under an Ar atmosphere.
After stirring for 15 min at —78 °C Me;SiCl (48.0 pL, 0.374 mmol) was added
dropwise and the reaction mixture was stirred at RT for 12 h. The crude reaction
mixture was quenched with saturated aq. NH4Cl (15 mL) and extracted with
CH,Cl, (4 x 20 mL). The combined organic extracts were washed with brine
(20 mL), dried (MgSO,), and evaporated. The crude product was subjected to
chromatography (SiO,, 93:7 to 90:10 CH,Cl,:Et,0O eluent) to give 47 mg (26%
yield) of 7 as a pale yellow oil. 7: "H NMR (600 MHz, CDCls, 25 °C, TMS): &
7.86 (d, *J (H,H) = 8 Hz, 2H, DNP aryl —H p-0), 7.34 (t, °J (H,H) = 8 Hz, 2H,
DNP aryl -H m-0), 6.84 (d, *J (H,H) = 8 Hz, 2H, DNP aryl —H 0-0), 4.30
(t, 7 (HH) = 5Hz, 4H, DNP-OCH,), 420 (s, 2H, —OCH,CCSi), 4.19
(d, *J (HH) = 2.4 Hz, 2H, —-OCH,CCH), 4.00 (t, *J (HH) = 5 Hz, 4H),
3.82-3.80 (m, 4H), 3.72-3.67 (m, 12H), 2.41 (t, *J (H,H) = 2.4 Hz, 1H, -CCH),
0.17 (s, 9H, —Si(CHj;)3); *C NMR (151 MHz, CDCls, 25 °C, TMS): & 154.5,
126.9, 125.2, 114.8, 105.8, 101.6, 91.5, 79.8, 74.6, 71.1, 70.9, 70.9, 70.6,
70.6, 70.0, 69.3, 69.2, 68.1, 59.3, 58.5, 0.0; HRMS (FAB): Calcd. for C3;H4404Si
m/z = 572.2805; found m/z = 572.2823.

Tris-1,3,5-(4'-Azidomethyl)Benzene (6)

NaNj; (1.079 g, 16.61 mmol) was added to a solution of tris-1,3,5-(4'-chloro-
methyl)benzene, (0.500 g, 1.11 mmol) dissolved in dry DMF (75 mL) and the
solution was stirred at 60 °C for 24 h. The crude reaction mixture was quenched
with H,O (75 mL) and extracted with CH,Cl, (2 x 50 mL). The combined
organic extracts were dried (MgSQO,), and evaporated. The crude product was
subjected to chromatography (SiO,, 7:3 hexane:CH,Cl,) to give 450 mg (86%
yield) of 5 as a white solid. 5: "H NMR (400 MHz, CDClj, 25 °C, TMS): 6 7.78 (s,
3H, central aryl-H), 7.73 (d, 37 (H,H) = 8 Hz, 6H, aryl -H m-CH,N3), 7.45 (d,
3J (H,H) = 8 Hz, 6H, aryl —H 0-CH,N3), 4.42 (s, 6H, CH,N;); >C NMR
(151 MHz, CDCls, 25 °C, TMS): 6 141.8, 140.9, 134.8, 128.7, 127.7, 125.2, 54.5;
HRMS (EI): Calcd. for C,7H,1Ng m/z = 471.1920; found m/z = 471.1939.
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3,4,5-Tris-[(2-(2-Methoxy)Ethoxy)Ethoxybenzyloxy]Benzyl Azide (10)

NaN; (0.379 g, 3.53 mmol) was added to a solution of 3,4,5-tris-[(2-(2-
methoxy)ethoxy)ethoxybenzyloxy]benzyl chloride [52], (0.282 g, 0.353 mmol)
dissolved in DMF (3.7 mL) and the solution was stirred at 60 °C for 24 h. The
crude reaction mixture was quenched with H,O (50 mL) and extracted with
CH,Cl, (2 x 25 mL). The combined organic extracts were washed with H,O
(2 x 20 mL), brine (20 mL), dried (MgSO,), and evaporated. The crude product
was subjected to chromatography (SiO,, EtOAc eluent) to give 221 mg
(77% yield) of 10 as a pale yellow amorphous solid. 10: '"H NMR (600 MHz,
CDCls, 25 °C, TMS): § 7.32 (d, *J (HH) = 9 Hz, 4H, aryl —-H m-0), 7.27
(d, *J (H,H) = 9 Hz, 2H, aryl —-H m-0), 6.91 (d, *J (H,H) = 9 Hz, 4H, aryl -H
0-0), 6.79 (d, *J (H,H) = 9 Hz, 2H, aryl —H 0-0), 6.57 (s, 2H, aryl -H 0-CH,N3),
5.01 (s, 4H, benzylic CH,0), 4.94 (s, 2H, benzylic CH,0), 4.21 (s, 2H, —-CH,N3),
4.16 (t, °J (H,H) = 5 Hz, 4H), 4.12 (t, °J (H,H) = 5 Hz, 2H), 3.89-3.85 (m, 6H),
3.74-3.71 (m, 6H), 3.60-3.57 (m, 6H), 3.40 (s, 6H, OCHj3), 3.39 (s, 3H, OCH3);
3C NMR (151 MHz, CDCls, 25 °C, TMS): 6 158.7, 158.6, 153.2, 138.5, 130.9,
130.3, 130.2, 129.3, 129.2, 114.7, 114.3, 108.2, 74.7, 72.1, 71.2, 70.9, 70.8,
69.9, 67.6, 67.5, 59.2, 55.1; HRMS (FAB): Calcd. for C43Hs550,N3(Na)
m/z = 828.3649; found m/z = 828.3684; elemental analysis: C: 64.33, H: 6.81, N:
5.19 (calcd. C: 64.08, H: 6.88, N: 5.21).

[4]Rotaxane (11012PF¢)

Tris-1,3,5-(4'-azidomethyl)benzene (6) (0.0107 g, 0.0227 mmol) and DNP deriva-
tive 7 (0.0390 g, 0.0682 mmol, 1.0 eq. per azide) were dissolved in DMF-d;
(0.45 mL) in an NMR tube. Stock solutions of CuSO4¢5H,0 in DMF-d; (45 L,
0.072 M, 0.05 eq. per azide) and ascorbic acid in DMF-d; (45 pL, 0.144 M, 0.10 eq.
per azide) were added and the mixture left at RT for 20 h (until the -CH,Nj reso-
nance at4.61 ppm was replaced by the —CH,N(triazole) resonance at5.76 ppm in the
'"H NMR spectrum of the reaction mixture). A stock solution of AgPF¢ in DMF-d;,
(50 pL, 0.235 M, 0.17 eq. per TMS) and H,O (3.7 pL, 0.2081 mmol, 9 eq. per
TMS) were added and the mixture left at 40 °C for 36 h (until the -CH,CCSi singlet
resonance at 4.36 was replaced by the -CH,CCH doublet resonance at 4.23 ppm and
the —CCSi(CH3); resonance at 0.16 ppm was replaced by the —Si(CHj); resonances
at 0.08 and 0.05 ppm in the 'H NMR spectrum of the reaction mixture). 3,4,5-Tris-
[(2-(2-methoxy)ethoxy)ethoxybenzyloxy]benzyl azide (10) (0.0584 g, 0.0725
mmol, 1.1 eq. per alkyne), CBPQTe4PFs (0.0840 g, 0.0763 mmol, 1.1 eq. per
DNP), Cu nanopowder (Aldrich, 0.002 g, 0.0315 mmol), and Cu(MeCN),PF¢
(0.002 g, 0.0054 mmol) were then added and the dark purple reaction mixture was
cooled to —5 °C for 40 h (until the -CCH resonance at 3.17 ppm was no longer
observed in the 'H NMR spectrum), after which time a Ag mirror had formed on the
walls of the NMR tube. The reaction mixture was filtered through a fritted funnel to
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remove residual solids and the solvent evaporated. The resulting purple oil was
redissolved in Me,CO and the [4]rotaxane was purified by preparative TLC using
50% MeOH/CH,Cl, followed by 3% w/v NH4PFg in Me,CO followed by a 12:7:1
1 M NH,Cl:MeOH:MeNO, mobile phases consecutively on one preparative TLC
plate. The rotaxane product was recovered from the silica gel by washing with excess
water, then Me,CO, and finally a 4% w/v NH4PFg solution in Me,CO. The recovered
material was then resubjected to preparative TLC using a 12:7:1 1M
NH,Cl:MeOH:MeNO, mobile phase. The rotaxane product was again recovered
from the silica gel as before. The Me,CO was concentrated to a minimum volume,
and the product was precipitated from this solution through the addition of an excess
of cold water. The [4]rotaxane 11e12PF¢ was isolated as a purple solid (78 mg, 44%
yield). 11¢12PFg: '"H NMR (600 MHz, CD;COCD;, 52 °C, TMS) (assignments
verified by COSY and HMQC): § 9.08 (br s, 24H, o-CBPQT™*"), 8.19 (br s, 24H,
phenylene-CBPQT4+), 7.92 (s, 3H, central benzene aryl -H), 7.90 (d,
37 (H,H) = 8 Hz, 6H, central aryl —H m-methylene triazole), 7.83 (s, 3H, triazole —
H),7.74 (s, 3H, triazole —H), 7.56 (br s, 24H, -CBPQT*"), 7.46 (d,>J (H,H) = 8 Hz,
6H, central aryl —H o-methylene triazole), 7.32 (d, 37 (H,H) = 8 Hz, 12H, stopper
aryl -H m-0), 7.28 (d, 37 (H,H) = 8 Hz, 6H, stopper aryl -H m-0), 6.92 (d,
3J(H,H) = 8 Hz, 12H, stopper aryl —=H 0-0), 6.83 (d, *J (H,H) = 8 Hz, 6H, stopper
aryl —-H 0-0), 6.74 (s, 6H, stopper aryl —H o-methylene triazole), 6.41 (d,
3J (H,H) = 8 Hz, 3H, DNP aryl —H p-0), 6.30 (d, *J (H,H) = 8 Hz, 3H, DNP aryl —
H0-0),6.16(t,”J (H,H) = 8 Hz, 3H, DNP aryl -H m-0), 6.08 (t, *J (H,H) = 8 Hz,
3H, DNP aryl -H m-0), 5.96 (br s, 24H, CBPQT4+ benzyl —H), 5.56 (s, 6H, central
CH,-triazole), 5.39 (s, 6H, stopper CH,—triazole), 4.96 (s, 12H, stopper phenyl—
OCH,), 4.88 (s, 6H, stopper phenyl-OCH,), 4.45-4.39 (m, 12H, DNP-OCH,), 4.37
(s, 6H, OCHtriazole), 4.34 (s, 6H, OCH,-triazole), 4.25-4.17 (m, 12H), 4.13
(t, *J (H,H) = 5 Hz, 12H, stopper aryl-OCH,), 4.10 (t, *°J (H,H) = 5 Hz, 6H,
stopper aryl-OCH,), 4.06-3.97 (m, 12H), 3.95-3.85 (m, 12H), 3.83-3.74 (m, 30H),
3.67-3.60 (m, 18H), 3.53-3.48 (m, 18H), 3.31-3.27 (m, 27H, stopper—-OCH3), 2.72
(d,*J(H,H) = 8 Hz, 3H, DNP aryl —-H p-0), 2.68 (d, *J (H,H) = 8 Hz, 3H, DNP aryl
—H p-0); 3C NMR (151 MHz, CD5COCDs, 2 °C, TMS): § 159.6, 153.6, 151.9,
145.9, 145.6, 145.2, 141.1, 138.1, 137.7, 136.8, 132.2, 132.0, 131.9, 131.1, 130.8,
130.4, 129.7, 129.6, 128.9, 128.6, 126.8, 126.6, 125.2, 125.1, 125.0, 115.0, 114.7,
109.0, 107.9, 104.9, 104.7, 75.1,72.4,72.4,71.7,71.3,71.2,71.0, 70.9, 70.7, 70.1,
69.7,68.8,68.1,65.8,65.7,64.3,64.2,58.7,54.1,53.5; MS (ESI; MeOH/H,O = 1:1,
0.1% AcOH): m/z = 1,777.4 [M—4PFq]**, 13927 [M-5PF¢]>*, 1,136.5
[M—6PF,]%", 953.4 [M-7PF4]"*, 816.2 [M-8PF]%*.

Dumbbell Compound (12)

Tris-1,3,5-(4'-azidomethyl)benzene (6) (0.0103 g, 0.0219 mmol) and DNP
derivative 7 (0.0378 g, 0.0659 mmol, 1.0 eq. per azide) were dissolved in
DMF-d; (0.45 mL) in an NMR tube. Stock solutions of CuSO,¢5H,0O in
DMF-d; (43 pL, 0.072 M, 0.05 eq. per azide) and ascorbic acid in DMF-d,
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(43 pL, 0.144 M, 0.10 eq. per azide) were added and the reaction mixture was
held at RT for 20 h (until the —CH,Nj3 resonance at 4.61 ppm was replaced by
the —CH,N(triazole) resonance at 5.76 ppm in the 'H NMR spectrum of the
reaction mixture). A stock solution of AgPF¢ in DMF-d; (50 pL, 0.235 M,
0.17 eq. per TMS) and H,O (3.7 pL, 0.208 mmol, 9 eq. per TMS) were added
and the mixture was heated to 40 °C for 36 h (until the —-CH,CCSi singlet
resonance at 4.36 was replaced by the —CH,CCH doublet resonance at
4.23 ppm and the —CCSi(CHj3); resonance at 0.16 ppm was replaced by the
—Si(CHj3); resonances at 0.08 and 0.05 ppm in the '"H NMR spectrum of the
reaction mixture). 3,4,5-Tris-[(2-(2-methoxy)ethoxy)ethoxybenzyloxy]benzyl
azide (10) (0.0584 g, 0.0725 mmol, 1.1 eq. per alkyne), Cu nanopowder
(Aldrich, 0.002 g, 0.0315 mmol), and Cu(MeCN)4PF¢ (0.002 g, 0.0054 mmol)
were then added and the reaction mixture was allowed to rest at room
temperature for 24 h (until the -CCH resonance at 3.38 ppm was replaced by
the —CH(triazole) at 8.31 ppm in the 'H NMR spectrum of the reaction
mixture), after which time a Ag mirror had formed on the walls of the NMR
tube. The reaction mixture was filtered through a fritted funnel to remove the
residual solids and the solvent evaporated. The resulting brown oil was
subjected to chromatography (SiO,, 10:90 Me,CO:CH,Cl, followed by 10:90
MeOH:CH,Cl, eluent) to give 63.2 mg (65% yield) of 12 as a colorless oil. 12:
'"H NMR (600 MHz, CDCl;, 25 °C, TMS) (assignments verified by COSY and
HMQC): § 7.84 (d, *J (H,H) = 8 Hz, 6H, DNP aryl —H p-0O), 7.71 (s, 3H,
central benzene aryl -H), 7.64 (d, 37 (H,H) = 8 Hz, 6H, central aryl
—H m-methylene triazole), 7.53 (s, 3H, triazole —H), 7.43 (s, 3H, triazole —H),
7.34 (d, 37 (H,H) = 8 Hz, 6H, central aryl —H o-methylene triazole), 7.35-7.26
(m, 24H), 6.91 (d, 37 (H,H) = 8 Hz, 12H, stopper aryl —-H 0-0), 6.81-6.79
(m, 12H, stopper aryl —H 0—O and DNP aryl —H 0-0), 6.53 (s, 6H, stopper aryl
—H o-methylene triazole), 5.51 (s, 6H, tris—phenyl benzene—CH,N), 5.33 (s, 6H,
stopper phenyl-CH,N), 4.96 (s, 12H, stopper O-CH,—phenyl), 4.92 (s, 6H,
stopper O-CH,—phenyl), 4.67 (s, 6H, triazole-CH,0), 4.67 (s, 6H, triazole—
CH,0), 4.26-4.23 (m, 12H, DNP-OCH,), 4.15 (t, °J (H,H) = 5 Hz, 12H,
stopper phenyl-OCH,), 4.13 (t, *J (H,H) = 5 Hz, 6H, stopper phenyl-OCH.),
3.97-3.94 (m, 12H), 3.89-3.85 (m, 18H), 3.79-3.76 (m, 12H), 3.74-3.72
(m, 18H), 3.70-3.66 (m, 36H), 3.60-3.58 (m, 18H), 3.40 (s, 27H, stopper
—OCH3); *C NMR (151 MHz, CDCls, 25 °C, TMS): § 158.6, 158.6, 154.3,
153.2, 145.7, 1459, 141.7, 141.2, 138.7, 134.2, 130.2, 130.0, 129.9, 129.2,
129.0, 128.7, 127.9, 126.7, 125.3, 125.1, 122.6, 122.6, 114.6, 114.3, 108.0,
105.7, 74.7, 71.9, 71.1, 70.9, 70.7, 70.7, 70.6, 70.6, 69.8, 69.8, 67.9, 67.4,
67.4, 64.7, 64.7, 59.1, 54.2, 53.7; MS (ESI; MeOH/H,0O = 1:1, 0.1% AcOH):
m/z = 1,464.4 [M + 3HI™*, 1,098.5 [M + 4H]*", 879.2 [M + SH]>*; HRMS
(ESI; MeOH/H,O = 1:1, 0.1% AcOH): m/z caled. for [CruoHaosN;50g0]**:
1,098.5220 [M + 4H]**; found: 1,098.5203.
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Chapter 4
Heterogeneous Catalysis Through
Microcontact Printing

4.1 Introduction

The chemical toolkit for the modification of inorganic surfaces with organic mol-
ecules has grown dramatically in recent years. Much of the underlying science has
been driven by developing technologies [1-5] such as biomolecular and chemical
sensing [6, 7], molecular electronics [8, 9], light harvesting [10], and others.
These applications all have certain requirements that place unique demands on the
chemistry, which often impact more than just the choice of substrate or organic
modifier. For example, electronic communication between surface-bound organic
molecules and the underlying substrate may be necessary. Other application-spe-
cific requirements include rapid and efficient surface attachment chemistries that
provide (i) high surface coverage, (ii) protection of the underlying substrate against
oxidation [11], and/or (iii) control over molecular orientation.

The ability to pattern the organic monolayer spatially is a common requirement.
The technique of microcontact printing (UCP) permits [12-16] the patterned
transfer of a molecular ink onto a surface using an elastomeric stamp. The
transferred molecules may form a self-assembled, high coverage monolayer—e.g.,
thiols on gold [14, 16] or silanes on silicon dioxide [17]. Alternatively, LCP can
promote the spatially selective reaction between an already surface-bound

This Chapter is reproduced in part with permission from: Spruell JM, Sheriff BA, Rozkiewicz
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molecule and a molecular ink. This concept has been demonstrated for (i) the
patterning of peptides using amide [13, 15, 18] coupling chemistry, (ii) the for-
mation of thermodynamically stable imine [19] bonds, and (iii) for the promotion
of the Huisgen 1,3-dipolar cycloaddition, yielding [20] a triazole link between a
surface-bound moiety and the ink molecule. Both the triazole- and amide-coupling
chemistries typically require catalysts or additional stoichiometric reagents, such
as carbodiimides, when performed in solution. However, within the unique envi-
ronment [21] created when the surface-bound and molecular ink reagents are
brought into close contact using a stamp, the reactions have been reported [20, 21]
to proceed—at least to some extent—without these additional components.

The organic functionalization of surfaces is heterogeneous, involving a solid-
surface reacting with solution- or gas-phase reagents. The two-dimensional nature
of surfaces also means that steric effects can either impose kinetic barriers upon
thermodynamically favored chemical processes, or they can impart kinetic sta-
bility to certain non-equilibrium surface structures [22-24]. The presence of
kinetic barriers, in turn, implies that different chemical approaches towards
functionalizing surfaces with organic components might lead to different cover-
ages and/or surface structures.

In this chapter, we investigate four different chemical pathways (Scheme 4.1a—d)
relevant to the Cu-catalyzed azide-alkyne cycloaddition (CuAAC) reaction
[25-28]. Three of those pathways lead to surfaces functionalized with organic
molecules [11, 21, 29-34]. At the outset, our practical goal was to identify surface-
functionalization protocols that are capable of attaining (i) spatial selectivity, (ii)
high surface coverage, and (iii) rapid reaction kinetics. Our ultimate goal is to
achieve a fundamental understanding of how different reaction pathways influence
the chemical outcome as it applies to the organic functionalization of surfaces.

4.2 Results and Discussion

The four pathways illustrated in Schemes 4.1a—d vary with regard to how the
reaction components (1-7, Fig. 4.1, and the Cu source) are introduced to one
another. A Cu catalyst is required for the CuAAC reaction to proceed to any
appreciable extent in each scheme. Probes 5-7, when attached to surfaces, are
respectively designed for specific redox, X-ray photoelectron spectroscopy (XPS),
or fluorescent signatures, thus allowing for the full characterization of the func-
tionalized surfaces using complementary techniques. Scheme 4.1a summarizes a
homogeneous, solution-based pathway in which 1-azidohexane (3), 1-octyne (4),
and CuSO4e5H,0O/ascorbic acid [25] react in solution, and provides a reference
against which the surface chemistries can be compared. Under conditions chosen
to simulate those relevant to surface functionalization (20-fold excess of 4 relative
to 3), the CuAAC reaction proceeded to 95% conversion during 6 h. This finding
is a useful baseline for comparison of the kinetics of the reactions performed
through each of the (Scheme 4.1b—d) heterogeneous surface reactions.
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Scheme 4.1 Various routes to affect the Cu(I)-catalyzed azide-alkyne coupling (CuAAC) in
different environments: a Solution: A solution reaction where azide, alkyne, and catalyst
participate in a homogeneous reaction; b Solution-Surface: A heterogeneous reaction where
dissolved alkyne and catalyst react with a surface bound azide; ¢ Reagent-Stamping: A hetero-
geneous reaction where the alkyne and catalyst are brought into contact with a surface-bound azide
in the condensed phase; d StampCat: A heterogeneous reaction where immobilized copper
catalyzes the reaction of an alkyne with a surface bound azide in the condensed phase

The substrates for the CuAAC reactions described in Schemes 4.1b—d were
composed of azide functionalities tethered to undecyl alkyl chains as self-
assembled monolayers (SAMs) on gold and silicon oxide through terminal thiol
and silane groups, respectively. Following on the work of Collman et al. [29, 30],
the monolayers on Au were deposited from a 1:1 mixture of two thiols (azi-
doundecanethiol and octanethiol) to form mixed monolayers in which the rela-
tively long, projecting azido functions are accessible for reaction. Glass slides
functionalized with azide moieties were created in a two-step process [20]
whereby a bromoundecylsilane SAM is converted to the azido-terminated SAM
through nucleophilic displacement of the bromide by sodium azide. The Solution-
Surface approach (Scheme 4.1b) introduces both the alkyne-terminated molecules
and the Cu(l) catalyst, dissolved in a solution placed in contact with the surface.
Similar chemistry has been reported previously on Au [29, 30] and other [35, 36]
substrates. The Reagent-Stamping method (Scheme 4.1c) employs pCP
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A

Fig. 4.1 Formulas of molecules studied

methods—using polydimethylsiloxane (PDMS) stamps—to introduce both the
alkyne-containing reactant and the Cu(I) catalyst to the surfaces by the (solvent-
less) contacting of inked stamps onto the surfaces. Finally, the StampCat proce-
dure (Scheme 4.1d) utilizes a PDMS stamp coated with a thin Cu metal film. The
stamp itself catalyzes the spatially-selective reaction between a small-molecule
alkyne and the azide surface, also under solvent-free conditions.

Elastomeric stamps are often modified [37, 38] to improve their ability to
transfer various inks for uCP, generally by increasing the loading potential of the
stamp. The CuAAC reaction may be catalyzed in both the solution [25, 39-44] and
solid phase [45] using heterogeneous catalysis in the form of a copper metal
source. We hypothesized that a Cu-coated elastomer would similarly catalyze the
coupling between surface-bound azides and terminal alkynes. Thus, we modified
cured PDMS stamps via electron-beam deposition of a 10 nm Ti adhesion layer
followed by a 50 nm Cu layer. The resulting metal-coated flat or patterned stamps
retained most of their elasticity and were used in the StampCat process.

Surfaces functionalized via Schemes 4.1b—d were characterized by water
contact angle, XPS, FTIR, and cyclic voltammetry (CV) measurements. For
Scheme 4.1c and d, flat, non-patterned stamps were utilized. For the experiments
on surfaces following the CuAAC reaction with each molecular probe (5-7), all
measurements other than CV were carried out after the relevant reaction steps had
proceeded to completion (vida infra). For the reaction of an Au surface with 5, CV
measurements were carried out to validate the formation of a covalent linkage
between 5 and the surface, and to follow the reaction kinetics of Schemes 4.1b—d.

Cyclic voltammetry measurements were utilized to confirm the formation of a
covalent bond between the surface and 5, and to quantify the extent of the reaction.
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Fig. 4.2 Electrochemical measurements at various scan rates, indicating covalent functionali-
zation of ferrocene-containing ink 3 through StampCat. Proof of covalent attachment is supported
by the linear plot of current versus scan rate (Inset: current recorded at +0.51 V for each scan
rate). The electrolyte was 1 M HClO4

Figure 4.2 displays CV data, collected for a mixed monolayer of 1 and 2 that was
functionalized by StampCat of 5. The linear increase in current as a function of
scan rate, and the identical values for the peak potential for both oxidation and
reduction of the ferrocene, indicate covalent surface attachment of the ferrocenyl
moieties. A square-root dependence of current on scan rate would be expected for
similar redox behavior if the electroactive components were dissolved in solution.
Similar spectra were obtained for surfaces functionalized with 5 employing the
Reagent-Stamping and Solution-Surface schemes. Integration of these spectra
confirmed that similar efficiencies were obtained using all three schemes.

Further spectroscopic proof of surface functionalization was obtained by XPS.
The StampCat process using the pentafluorophenolic ether 6 demonstrated a
pronounced change (Fig. 4.3a, b) in the XPS spectra of the F 1s region as a
consequence of the addition of a highly fluorinated molecular entity onto the
surface. Surfaces functionalized with 5, using the Reagent-Stamping process,
displayed similar changes in their XPS spectra. Figure 4.3c presents high-resolu-
tion XPS spectra of the N 1s region, and shows two peaks at 400 and 404 eV with
an intensity ratio of 2:1, similar to other reports for azide groups on gold [31] and
graphitic [35] surfaces. After functionalization with 5, a single feature in the N
1s region is observed (Fig. 4.3d). These changes for CuAAC functionalized sur-
faces were common to every situation we investigated, and are also consistent with
literature observations [29, 30]. For surfaces functionalized with §, changes in the
Fe 2p region of the spectrum revealed (Fig. 4.3f) the presence of an Fe-containing
molecule.

External Reflectance IR spectroscopy also revealed the presence or absence of
azide functions at the surface (Fig. 4.4) via measurement of a large peak centered
on 2,103 cm ™' that arises from the azide symmetric stretching mode. Upon either
StampCat or Reagent-Stamping of 5, the integrated peak intensity is attenuated by
~90% while a Solution-Surface reaction with 5 leads to its complete
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Fig. 4.3 XPS data demonstrating the functionalization of azide-terminated Au substrates (a, ¢,
and e) with pentafluorobenzene 6-containing (b) and ferrocene 5-containing alkynes (d and f).
The StampCat CuAAC reaction is demonstrated in the F 1s region before (a) and after (b) the
reaction with the pentafluoro alkyne 6. The Reagent-Stamping CuAAC reaction is demonstrated
in the N ls and Fe 2p regions of the XPS before (c, e) and after (d, f) the reaction with the
ferrocene-containing alkyne 5



4.2 Results and Discussion 59

Fig. 4.4 IR spectra 14
demonstrating the reduction
of the azide stretch after

—— 50% Azide Surface
1.2 4 —— Reagent-Stamping
StampCat

functionalization with the 1.0 4 —— Selution-Surface
ferrocene-containing ink § T 08 4
using the Reagent-Stamping,
StampCat, and Solution- Absorba_:‘ce 0.6 4
. x 10
Surface methods 0.4 4

0.2 4

0.0 4

2180 2160 2140 2120 2100 2080 2060 2040

Wavenumbers / cm” —a

disappearance. These results suggest azide consumption resulting from triazole
ring formation and hence the functionalization of the surface in general. Water
contact angle measurements also lent qualitative support to the idea that all three
methods proceed with comparable reaction efficiency (see Experimental Section).

The solution-based homogeneous reaction (Scheme 4.1a) provided a baseline
for comparison with the heterogeneous, surface-based reactions of Schemes 4.1b—d.
Under the conditions employed to approximate those expected for surface-based
reactions, the reaction proceeds (Fig. 4.5¢) to >95% conversion within 400 min
with a half-life around 1 h. The homogeneous CuAAC reaction is known to
demonstrate complicated kinetics. Under catalytic conditions in copper, Finn and
coworkers [46] found the reaction to demonstrate different rate orders in copper
depending on concentration and ligand choice. Thus, rather than elucidate the rate
law for the conditions described above, we used them as a rough benchmark for
the kinetics of the different surface functionalization approaches.

The measured rates (using cyclic voltammetry) of the chemical processes
summarized in Schemes 4.1b—d are shown in Fig. 4.5. For these experiments, the
attachment of 5 to azide-presenting Au surfaces was monitored as a function
of reaction (or stamping) time. When making the StampCat measurements, a new
Cu-coated PDMS stamp was used in the microcontact printing of the surfaces
produced for each time point. Two different StampCat kinetic series were inves-
tigated: one in which freshly deposited CuPDMS stamps were employed (fresh)
and another in which the stamps were allowed to age for 24 h (aged). The inte-
grated intensity of the CV spectra increased (Fig. 4.5a) as a function of reaction (or
stamping) time for all methods, and permitted calculation of ferrocene coverage at
the surfaces. That all three methods produced coverages at a maximum of
2 x 10" molecules/cm? at extended reaction times indicates that the CuAAC
proceeds to completion, in agreement with previous measurements [30] made on
the same mixed monolayer surfaces. Plotting the number of functionalizing fer-
rocene molecules/cm? as a function of the reaction time provides (Fig. 4.5b) a
means to monitor the kinetics of each CuAAC process.
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Fig. 4.5 The kinetics of
CuAAC catalysis for
Scheme 4.1a—d. a Cyclic
voltammograms, collected (at
300 mV/s) as a function of
stamping time, for the
StampCat process. Coverage
increases with longer
stamping times (using aged
stamps). b Plot demonstrating
the conversion of azide
surfaces to surfaces
functionalized with 5, as a
function of time, for all three
surface-based reactions
(Scheme 4.1b—d). For the
StampCat process, reaction
kinetics for stamps that were
used within an hour of metal
deposition, and for stamps
that were aged in air for 24 h,
are shown. Both exhibit linear
response functions on this
plot, as indicated by the
straight lines that are drawn
to guide the eye. ¢ Reaction
conversion versus reaction
time for the Solution reaction
(Scheme 4.1a) between 1-
azidohexane (3) and 1-octyne
(4), as measured by '"H NMR
spectroscopy

4 Heterogeneous Catalysis Through Microcontact Printing

(a)

Current
I mA

(b)

!

Molecules of
Ferrocene | cm?
x 10%

(c)

Reaction
Conversion | %

0.08 -
—— 1 min
0.06
0.04
0.02
0.00
0.02 4
-0.04
-0.06
-0.08 T T 1
0.2 0.4 0.6 0.8
Potential / V (vs . Ag/AgCl) ——m
" A
2.0 4 '
LY
15 4 ] /
& ; = Reagent-Stamping
P e * Solution-Surface
1.0 A / + StampCat (aged)
Y, v StampCat (fresh)
0.5 4 :j/_’_l/
00 { &
T v T T T - T
0 20 40 60 80

Reaction Time [ MinUtes m——j

100 -
&0

60 <

= Solution Reaction
w] *

T T T T T T T T 1
L] 50 100 150 200 250 300 350 400

Reaction Time [ MinuteS —m

The Reagent-Stamping process produced fully functionalized surfaces at the
fastest rate, with complete conversion being attained within 30 min. In compari-
son, the StampCat process using aged stamps catalyzed the reaction at half the
rate, generating complete coverage after 1 h. Interestingly, a comparison of the
two kinetic curves reveals different operable rate orders, with the Reagent-
Stamping displaying what appears to be pseudo-first order exponential growth and
the StampCat process zero-order linear growth. Zero-order reaction behavior was
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Fig. 4.6 No ferrocene 0.08 -
functionalization was 0.08 N ——PDMS
observed for stamping with ‘ gtlpprg':‘ss
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also observed when freshly deposited Cu-coated PDMS stamps were used in the
StampCat process, but the rate was slower, producing 10-fold less coverage after
60 min of stamping time. The Solution-Surface reaction proceeded at a very high
rate initially, producing surfaces functionalized with over 1.2 x 10'* ferrocene
molecules/cm? after 5 min. However, the efficiency plummets in the later stages of
the reaction, only producing fully functionalized surfaces (containing
2 x 10" molecules/cm?) after 180 min of reaction. This non-linear kinetic
behavior for the Solution-Surface method is comparable to the pseudo-first order
exponential growth of the Reagent-Stamping method, a feature that can be
attributed to an abundance of Cu(l) catalytic centers available for reaction when
employing both of these methods. The Solution-Surface process produced fully
functionalized surfaces slower than either Reagent-Stamping or StampCat (using
aged stamps).

The StampCat process involving the CuAAC reaction is dependent on the
catalytic Cu metal coating being present. When bare PDMS or platinum-coated
stamps were used for the functionalization of the azide-coated gold surfaces, there
was no electrochemical evidence (Fig. 4.6) of the CuAAC reaction having
occurred with ferrocene alkyne S. This result was unexpected based upon a pre-
vious report [20] of quantitative copper-free click reaction onto glass surfaces. An
electrochemical analysis of surfaces functionalized with 5 provides a quantitative
assessment of reaction efficiencies. The earlier work employed highly sensitive but
non-quantitative surface characterization methods. We appreciate now that the
reaction without a catalyst results in very limited conversion, even over prolonged
reaction times.

In an effort to interrogate the nature of the StampCat process, the reaction
efficiencies achieved from stamps with freshly deposited Cu films, and those with
Cu films that had been aged for 24 h (Fig. 4.5b) were compared. Both situations
exhibit linear response functions in terms of ferrocene functionalization versus
time, indicating a similar chemical mechanism. However, the aged stamps yielded
5-fold more ferrocene coverage at 60 min than the freshly coated stamps, implying
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that the aging process increases the concentration of the active catalytic species on
the Cu-coated stamps. While the homogeneous CuAAC reaction is catalyzed by
free Cu(l) ions, heterogeneous versions of the reaction have been reported [39-44]
in which surface-bound CuO and Cu,O species are thought [41, 47] to be
responsible for the catalysis.

Studies of the oxidation of Cu surfaces [48] indicate that Cu,O is the pre-
dominant initial surface species formed under conditions that are most similar to
those for the stamps aged in air for 24 h. It is this Cu,O coating which most likely
acts as the active heterogeneous catalyst in the StampCat process. The stamps with
freshly-deposited Cu films are less catalytically active because they contain fewer
catalytically active Cu,O surface sites. The aged Cu-coated PDMS stamps also
lose their activity over repeated stampings (see supporting information), implying
that the surface Cu,O film is somehow disturbed or depleted during the first
stamping event.

The ability to produce spatial surface patterns is a key advantage of pCP
methods. It is possible that the active catalyst from the StampCat scheme is either
the solid surface of the stamp itself, or potentially Cu(I) ions that leave the stamp
and diffuse through an adsorbed water layer at the stamp or wafer surface. Thus,
we used the StampCat method to react the azide-presenting glass surface with a
micro-patterned stamp containing the fluorescent alkyne 7. We reasoned that, for
long stamping periods, the finer features of the stamp would be washed out of the
stamped pattern, if the catalyst originated from diffusing Cu(I) ions. Otherwise, the
stamped pattern would reflect the fine structure of the stamp itself. The stamped
patterns were measured using confocal fluorescence microscopy, and compared
(Fig. 4.6) alongside atomic force microscopy (AFM) images of the surface of the
Cu-coated PDMS stamp.

AFM of the Cu-coated PDMS stamp reflected the molded pattern of 3 x 5 pm
lines (Fig. 4.7a), but also revealed a finer structure of submicrometer width lines at
a pitch of about 1 pm. This pattern likely arises from contraction of the PDMS
stamp when it is removed from the vacuum of the metal deposition chamber. In
any case, both the patterned and the fine-structure features are observed in the
fluorescence micrographs of the glass surface. This observation, coupled with the
above described results that PDMS-only stamps, or Pt-coated PDMS stamps do not
promote the surface click reaction to any appreciable extent, confirms that the
catalyst for StampCat is likely the (oxidized), Cu-coated surface of the PDMS
stamp. The StampCat process can clearly be harnessed to generate impressively
small feature sizes for pCP.

4.3 Conclusions

We have explored multiple pathways for achieving Cu-catalyzed, surface func-
tionalization of azide-modified surface. One particular novel pathway is the
StampCat method, in which a Cu-coated elastomeric stamp is utilized to catalyze
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(@) 2800 nm

Fig. 4.7 a AFM Investigation of a CuPDMS patterned stamp topography where both the large
line patterns—present before metal deposition—and metal ripples—as a consequence of metal
deposition—are observed. b StampCat of the fluorescent alkyne 7 onto azide-functionalized glass
slides using the patterned CuPDMS stamp produces lines of stripes that are observed by
fluorescent microscopy. The ripple pattern transfer is consistent with heterogeneous catalysis

the reaction heterogeneously, and with spatial selectivity, between molecules with
pendant alkynes and surface-bound azides. The StampCat method enables solvent-
free, fast and efficient surface functionalization. The mechanism and kinetics of
the StampCat pathway are contrasted with three other schemes that vary primarily
in terms of the increasing range of reactant and reagent immobilization for the
CuAAC reaction. A linear rate order is observed for metallic Cu film based
catalysis while pseudo-first order behavior is exhibited by freely diffusing Cu(I)
catalytic processes. The CuAAC reaction is becoming an increasingly important
approach towards chemically functionalizing surfaces, and these studies should
provide a firmer understanding of how that reaction can be harnessed for appli-
cation-specific uses.

4.4 Experimental Section
4.4.1 Reagents and General Methods

All reagents were purchased from commercial suppliers (Aldrich or Fisher) and
used without purification. Dry solvents were obtained from a commercial
DriSolv® solvent delivery system (EMD Chemicals). Thin layer chromatography
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(TLC) was performed on silica gel 60 Fs4 (E. Merck). Column chromatography
was performed on silica gel 60F (Merck 9385, 0.040-0.063 mm). Nuclear mag-
netic resonance (NMR) spectra were recorded on a Varian Inova 500 (1H:
500 MHz; '*C: 126 MHz) or 400 (‘H: 400 MHz; *C: 101 MHz; "°F: 377 MHz)
spectrometer. Chemical shifts are reported as parts per million (ppm) downfield
from the Me,Si resonance as the internal standard for both 'H and '*C NMR
spectroscopies and CFECly as the internal standard for 'F NMR spectroscopy.
Electrospray ionization (ESI) mass spectra were measured on a Agilent LC/MS
ion-trap mass spectrometer using 1:1 MeCN:H,O as the mobile phase. Fast atom
bombardment (FAB) mass spectra were measured on a Waters 70-SE-4F mass
spectrometer. The synthesis of 1-azido-11-undecanethiol [29] (2) and lissamine
rhodamine alkyne [20] (7) have been described elsewhere. Azide terminated
SAMs on glass were prepared as published previously [20].

4.4.2 Synthesis of Ferrocene Alkyne (5)

5-Hexyn-1-ol (1.410 mL, 13.04 mmol) and then dicyclohexylcarbodiimide
(0.987 g, 4.78 mmol) were added to a solution of ferrocene carboxylic acid
(1.001 g, 4.347 mmol), 4-dimethylaminopyridine (0.027 g, 0.217 mmol), and
4-(dimethylamino)-pyridinium p-toluenesulfonate (0.068 g, 0.217 mmol) dis-
solved in dry methylene chloride (45 mL) and the solution was stirred at ambient
temperature under N, for 12 h. The crude reaction mixture was filtered through a
pad of Celite and the solvent evaporated. The crude product was subjected to
chromatography (SiO,, 1:9 EtOAc:Hexanes eluent) to give 0.990 g (73% yield) of
5 as an orange oil. 5: '"H NMR (500 MHz, CDCls, 25 °C, TMS): 6 4.80—4.78 (m,
2H, aryl -H), 4.38-4.36 (m, 2H, aryl -H), 4.23 (t, *J(H,H) = 6.4 Hz, 2H, CH,0),
4.18 (s, 5H, aryl -H), 2.28 (dt, *J(HH) = 6.9 Hz, *J(HH) = 2.7 Hz, 2H,
CH,CCH), 198 (t, “J(HH) = 2.7 Hz, 1H, CCH), 1.87-1.81 (m, 2H, CH>),
1.72-1.65 (m, 2H, CH,); °C NMR (126 MHz, CDCls, 25 °C, TMS): 171.7, 84.0,
71.4,71.3,70.2, 69.8, 68.9, 28.0, 25.2, 18.2; HRMS (ESI): Calcd for C7H,gFeO,
m/z = 310.0656, found m/z = 310.0649.

4.4.3 Synthesis of Pentafluorophenylether Alkyne (6)

1-Chloro-5-hexyne (1.57 mL, 16.3 mmol) was added to a slurry of pentafluor-
ophenol (1.002 g, 5.433 mmol) and potassium carbonate (4.505 g, 32.60 mmol) in
dry DMF (50 mL) and the mixture was stirred at 80 °C under N, for 16 h. The
crude reaction mixture was partitioned between EtOAc (300 mL) and an aqueous
solution of NH,4Cl (1 M, 200 mL). The organic layer was washed with aqueous
NH4CI (1 M, 1 x 200 mL), H,O (3 x 200 mL), and brine (1 x 200 mL) and
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then dried (MgSO,) and evaporated. The excess of 1-chloro-5-hexyne was distilled
away (110 torr, 150 °C) and the residual crude product was subjected to chro-
matography (SiO,, Hexanes eluent) to give 1.002 g (70% yield) of 6 as a colorless
oil. 6: "H NMR (500 MHz, CDCls, 25 °C, TMS): 6 4.18 (t, >J(H,H) = 6.3 Hz, 2H,
CH,0), 2.28 (dt, *J(HH) = 7.0 Hz, “J(H,H) = 2.7 Hz, 2H, CH,CCH), 1.96
(t, “JAHH) = 2.7 Hz, 1H, CCH), 1.93-1.87 (m, 2H, CH,), 1.77-1.70 (m, 2H,
CH,); '*C NMR (126 MHz, CDCls, 25 °C, TMS): 83.9, 75.3, 68.9, 28.9, 24.6,
18.1; "’F NMR (377 MHz, CDCls, 25 °C, CFCl): § —-157.4 (d, *J(F,F) = 21.2 Hz,
2F, 0-OCH,), —163.9 (dd, *J(F,F) = 21.4, >J(F,F) = 21.4, 2F, m-OCH,), —164.1
(t, *J(F,F) = 21.4, 1F, p-OCH,); HRMS (FAB): Calcd. for [C;,HoFsO + H]*
m/z = 265.0652, found m/z = 265.0652.

4.4.4 Gold Substrates

Gold substrates were prepared by electron-beam evaporation of a titanium adhe-
sion layer (15 nm, deposition rate of 1 A/s) followed by gold (150 nm, deposition
rate of 1 A/s) onto 4 in. silicon(100) wafers in a cryogenically pumped deposition
chamber. The silicon wafers were cleaned prior to metal deposition for 10 min in
piranha solution (1:3 30 wt% aqueous H,0,:H,SOy; 130 °C), rinsed with deion-
ized water, and dried under a filtered N, stream (Warning: Piranha solution reacts
violently with organic material. It should be prepared freshly before use and
disposed of properly. Do not store or combine with organic material.).

4.4.5 Formation of Mixed Azide Terminated SAMs on Gold

Method adapted from previously published source [30]. Freshly cleaved Au sub-
strates were submerged in piranha solution (1:3 30 wt% aqueous H,O,:H,SOy;
130 °C) for 1 min, rinsed with H,O, submerged in concentrated HCl for 1 min,
rinsed with copious amounts of H,O followed by ethanol, and finally dried under a
steam of filtered N,. The cleaned gold substrates were then submerged in a deposition
solution containing octanethiol (1, 0.5 mM) and 1-azido-undecanethiol (2, 0.5 mM)
dissolved in EtOH (total concentration of thiol = 1 mM) for 16 h. After deposition
the SAM substrates were rinsed with EtOH and dried under a stream of N».

4.4.6 PDMS Stamp Preparation [14]

A 10:1 (wt:wt) mixture of PDMS-Sylgard Silicone Elastomer 184 and Sylgard
Curing Agent 184 (Dow Corning Corp. Midland, MI) was poured over a
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fluoro-coated flat or patterned silicon wafer (SAM of (tridecafluoro-1,1,2,2-tetra-
hydrooctyl)-1-trichlorosilane, Gelest) in a Petri dish. The mixture was left at
ambient temperature for 1 h before being placed in an oven at 60 °C for 16 h, after
which the cured PDMS was slowly pulled away from the surface and cut into
~1 cm? squares to be used as elastomeric stamps. Stamps to be used for Reagent-
Stamping were then oxidized in UV/ozone plasma (50 W, 10 s) and stored in
water until just before use.

4.4.7 Metal-Coated PDMS Stamp Preparation

PDMS FElastomer stamps were suspended in a cryogenically pumped deposition
chamber and electron-beam evaporation of a titanium adhesion layer (10 nm,
deposition rate of 1 A/s) followed by Cu or Pt (50 nm, deposition rate of 1 A/s)
was carried out. They were then cut into ~ 1 cm? squares to be used as elastomeric
stamps either immediately after preparation or allowed to oxidize for at least 24 h
in air prior to use.

4.4.8 StampCat on Gold

Ink solution (molecular alkyne, 5 mM in MeCN) was applied to the metallic side
of a metal-coated PDMS stamp and the solvent allowed to evaporate, after which it
was blown dry in a stream of N,. The inked stamp was then brought into contact
with the azide-terminated SAM on gold substrate for 2 h with a load of 40 g to
ensure conformal contact, after which the stamp was peeled away from the surface.
The surface was then washed extensively with MeCN and EtOH, and then dried in
a stream of Nj.

4.4.9 StampCat on Glass

Ink solution (7, 1 mM in EtOH) was applied to the metallic side of a Cu-
coated PDMS stamp and the solvent allowed to evaporate, after which it was
blown dry in a stream of N,. The inked stamp was then brought into contact
with the azide terminated SAM on glass substrate for 1 min with a load of
40 g to ensure conformal contact, after which the stamp was peeled away from
the surface. The surface was then washed extensively with EtOH and dried in a
stream of N,.
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4.4.10 Reagent-Stamping on Gold

To a freshly oxidized PDMS stamp was applied ink solution (molecular alkyne,
5 mM in MeCN) to cover the stamp surface followed by Cu(OAc), (1 drop, | mM
in EtOH) and ascorbic acid (1 drop, I mM in EtOH). The solutions were allowed
to mix on the surface of the stamp for 1 min, blown dry in a stream of N,, and
brought into contact with the azide terminated SAM on gold substrate for 1 h with
a load of 40 g to ensure conformal contact, after which the stamp was peeled away
from the surface. The surface was then washed extensively with MeCN and EtOH,
and then dried in a stream of N.

4.4.11 Solution-Surface Functionalization on Gold

Method adapted from reported [1] procedure. A solution of 5 (3 mM),
CuSO4¢5H,0 (1 mM), and ascorbic acid (2 mM) in DMF was placed on top of
azide-terminated SAM coated gold substrates. The reaction was performed pro-
tected from light under foil to prevent photo-oxidation of the thiol monolayers
during the reaction. The substrates were rinsed extensively with EtOH, CH,Cl,, and
H,O after the desired reaction time had elapsed, and then dried in a stream of N,.

4.4.12 Solution Reaction of 1-Azidohexane (3) and 1-Octyne (4)

1-Azidohexane (3) (0.0050 g, 0.039 mmol) and 1l-octyne (4) (0.0756 g,
0.786 mmol) were dissolved in DMF-d, (0.786 mL) in an NMR tube. Stock
solutions of CuSO4¢5H,0 in DMF-d, (54 pL, 0.072 M, 0.1 eq. per azide) and
ascorbic acid in DMF-d; (54 pL, 0.144 M, 0.20 eq. per azide) were added and the
mixture left at room temperature. The reaction progress was monitored by com-
paring the integrated area of the disappearing —CH,Nj3 resonance at 3.47 ppm with
that of the appearing—CH,N(triazole) at 4.52 ppm in the "H NMR spectrum of the
reaction mixture.

4.4.13 Electrochemical Measurements

Electrochemical measurements were performed in a custom built, cylindrically
bored Teflon cone cell (10 mm inner diameter) pressed against the surface of the
sample. The bored opening was filled with aqueous perchloric acid (1 M) as an
electrolyte solution. The counter electrode (platinum coiled wire) and reference
electrode (a glass frit-isolated Ag(s)/AgCl(s)/3 M NaCl(aq)) were each suspended
in the electrolyte solution. The exposed surface extending from under the Teflon
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cone was contacted by a Tungsten probe (Micromanipulator Company, part
number 7B) which served as the working electrode. The cell potential was con-
trolled and the current generated was measured using a VMP Multi-Potentiostat
(Princeton Applied Research, Oak Ridge, TN).

4.4.14 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were performed in an ultra
high vacuum chamber of an M-probe surface spectrometer that has been described
elsewhere [49]. All measurements were taken on the center of the sample at room
temperature. Monochromatic Al K, X-rays (1,486.6 eV) were incident at 35° from
the sample surface and a takeoff angle of 35° from the plane of the sample surface
was employed to collected the emitted electrons. ESCA-2000 software was used to
collect and analyze the data. Survey scans from O to 1,000 eV were conducted
followed by detailed scans for C 1s (282-292 eV), N 1s (393410 eV), F 1s (680-
696), and Fe 2p (700-730 eV).

4.4.15 Contact Angle Measurements

The sessile contact angle (6) water were obtained with an NRL C.A. Goniometer
Model #100-00 (Rame-Hart, Inc.) at room temperature. Contact angles were
measured from sessile drops by lowering a 1 pL drop of H,O from a syringe
needle onto a surface and recording the contact angle at both edges of the drop.
This was repeated three times and averaged to obtain the 0 for the surface.

Contact angle measurements obtained from surfaces functionalized with ferr-
ocenyl-alkyne § using each of the three methods suggested similar high levels of
functionalization (Table 4.1). Surfaces functionalized with the pentafluoropheno-
late 6 using the StampCat technique were the most hydrophobic (80°). The contact
angles for these functionalized surfaces differed from those for both the hydro-
philic gold surfaces (56°) and the azide-containing mixed monolayers (77°), each
of which is in agreement with previously recorded [29, 50] values. The similar
contact angle changes for surfaces functionalized with 5 through each of the
methods add qualitative support to that all three procedures (Schemes 4.1b—d)
proceed with comparable reaction efficiency.

4.4.16 Infrared Surface Characterization

Surfaces were characterized by external reflection Fourier transform infrared
spectroscopy using a Vertex 70 FT-IR spectrometer (Bruker Optics Inc.) equipped
with a liquid N, cooled MCT detector and an AutoSeagull accessory
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Table 4.1 Contact angle

8 ; . Surface Method Compound H,0O Contact
goniometry for functionalized Anele (°
o gle (°)
and unfunctionalized gold - ~
surfaces Au ~ - 565+ 1.5
50% N3 on Au - -2 765 £ 1.7
50% N3 on Au Solution-Surface 5 72.6 £ 3.0
50% N; on Au Reagent-Stamping S 68.5+£53
50% N3 on Au StampCat 5 735 + 34
50% N3 on Au  StampCat 6 80.3 £ 3.6

? No functionalization reaction was performed

(Harrick Scientific Products, Inc.). The light incident the sample was 86° from the
normal and only plane-polarized light was collected. A total of 128 scans were
recorded with 4 cm ™' resolution. A background spectrum of a freshly cleaned gold
substrate was subtracted from the spectra were baseline corrected using the con-
cave rubberband method (25 iterations, excluding CO, bands, 256 baseline points).

4.4.17 Atomic Force Microscopy (AFM) Imaging

AFM Measurements were carried out with a digital multimode Nanoscope III
(Digital Instruments, Santa Barbara, CA, USA) scanning force microscope in
contact mode, with 512 x 512 data acquisitions, using V-shaped Si;N, AFM tips
(Nanoprobes, Digital Instruments) with a nominal spring constant of 0.32 N/m.
The scan angle was set to 90°. Typical scan rates of 1-2 Hz were used to acquire
the data. All imaging was conducted at room temperature in air.

4.4.18 Laser Scanning Confocal Microscopy/Optical Microscopy

Fluorescence images were obtained on Carl Zeiss LSM 510 with an excitation Ar-
Kr laser beam of 563 nm wavelength and a 40x objective. The emitted fluores-
cence was collected on a PMT Hamamatsu R6357 spectrophotometer. All imaging
was conducted at room temperature in air.
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Chapter 5

Heterogeneous Catalysis

of a Copper-Coated Atomic Force
Microscopy Tip for Direct-Write
Click Chemistry

5.1 Introduction

Spatial control over the chemical composition of surfaces with sub-100 nm
precision has been demonstrated [1-5] with a range of scanning-probe lithographic
(SPL) methods. These methods combine high resolution direct-write surface pat-
terning with real-time imaging of patterned surfaces, offering—under certain
circumstances—significant advantages over conventional top-down lithographic
approaches. Nevertheless, the majority of these techniques are essentially
destructive to the surface—involving the initial oxidation [6, 7], reduction [8], or
mechanical displacement [9-11] of surface materials—which are often incom-
patible with the direct deposition of delicate soft materials, such as biomolecules.

A particularly appealing SPL method is to use catalysis to attach soft materials
directly to surfaces. Catalytic scanning probe tips capable of destructive chemical
transformations have been used to hydrogenate surface-bound organic azides
[8, 12], oxidize an organic dye photocatalytically [7] and hydrolyze silyl
ethers [13]. More importantly, some catalytic scanning probe tips are capable of
constructive chemical transformations allowing the direct attachment of molecular
compounds to surfaces. For example, atomic force microscopy (AFM) tips coated
with palladium films and nanoparticles have been employed to couple organosi-
lanes to alkene terminated surfaces [12], and to drive Suzuki [14, 15] and
Heck [15] coupling reactions at surfaces under basic conditions. In some cases, the
conditions required for such reactions may not be suitable for the coupling of

This chapter is reproduced in part with permission from: Paxton WF, Spruell JM, Stoddart JF,
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delicate molecules. Thus, developing other versatile strategies for attaching a wide
range of molecules covalently to surfaces would expand the toolkit of techniques
afforded by scanning probe methods.

Copper-mediated azide—alkyne 1,3-dipolar cycloaddition [16—18] (CuAAC)—
“click” chemistry—is another promising candidate for coupling molecules to
surfaces catalytically. This remarkable reaction proceeds in high yield under mild
conditions with a demonstrated tolerance for a wide range of functional groups not
exhibited by traditional coupling reactions. The procedure for carrying out these
reactions homogeneously in solution has been adapted to functionalize either
azide-[19] or alkyne-terminated [20] surfaces, involving relatively stable Cu(I)
compounds or the in situ chemical [19] or electrochemical [21] reduction of Cu(II)
to the catalytically active Cu(I) species. This reaction has also been applied
towards scanning probe lithography. In a beautiful demonstration of catalytic
scanning probe lithography, Frommer and Malkoch et al. [22] attached organ-
oazides covalently to alkyne-terminated surfaces using dip-pen nanolithography
(DPN) [23-29]. In their approach, AFM tips inked with an acetonitrile solution
containing (i) copper(l) iodide, (ii) diisopropylethylamine, and (iii) azide-func-
tionalized dendrons were used to write features (i.e., the dendrons) onto acetylide
surfaces. Using this method of localized “click” chemistry, it was possible to
prepare features with linewidths as small as 300 nm. In addition to the homoge-
nous Cu(l) catalysts, heterogeneous copper metal alone is known [30-34] to cat-
alyze this reaction in solution, a procedure that can be generalized to surfaces as
well. In fact, we have recently demonstrated [35] that heterogeneous copper metal
stamps for microcontact printing, when inked with a terminal alkyne, are capable
of catalyzing this reaction locally—i.e., where the stamp is in contact with a
suitable substrate, and on the microscale. In this case, the reaction—believed to be
catalyzed by Cu(l) that exists [36] in the native copper oxide layer—proceeds
without the need for in situ reduction or additional reagents. We reasoned that, in
an appropriate environment, a nanoscale heterogeneous copper surface would
catalyze this reaction as well as a microscale one, even as it moves across a
reactive surface.

5.2 Results and Discussion

In this chapter, we report an alternative approach (Fig. 5.1) towards direct-write
coupling of molecules to surfaces via CuAAC using a movable heterogeneous
copper surface—in the form of a thin layer of copper deposited onto an AFM tip.
This method is capable of catalyzing CuAAC on a suitable surface locally without
the need for auxiliary reagents. Using this approach, we observed a significantly
higher degree of spatial control than previously reported [23-25]. In contrast to
DPN experiments, this work was carried out under EtOH because of its ability to
solvate a variety of alkynes and its chemical compatibility with the liquid cell. For
each experiment, a silicon wafer with an azide-terminated SAM was fixed into a
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Fig. 5.1 A schematic representation of a scanning probe lithography approach to copper-
catalyzed azide—alkyne cycloaddition (CuAAC) on surfaces, illustrating the three critical
elements required for direct-write “click” chemistry: (1) a surface-anchored azide-terminated
species that can be functionalized selectively with (2) a solvated terminal alkyne in the presence
of (3) a copper catalyst. Terminal alkynes (including propargyl-amine, 4-pentynoic acid, and
2,5,8,11-tetraoxatetradec-13-yne) dissolved in EtOH are “clicked” to a reactive surface—a
mixed monolayer of 11-azido-undecyltrichlorosilane and octyltrichlorosilane (1:1) on a silicon
wafer—as the copper-coated AFM tip is moved across the surface with spatial resolution
comparable to the tip dimensions

polystyrene Petri dish which was then filled with a 50 mM ethanolic solution of a
compound bearing a terminal alkyne.

Catalytically-active tips were produced by thermal evaporation of a 4 nm
adhesion layer of titanium, followed by a 10 nm layer of copper onto commer-
cially available silicon nitride AFM tips (DNP-S from Veeco Instruments,
Woodbury, NY). These copper-coated tips were then aged in air for at least 24 h to
facilitate the formation of the catalytically-active oxide layer. Azide-terminated
silicon wafers were prepared using an adaptation of a previously described [37]
procedure. Briefly, mixed monolayers of 11-bromo-undecyltrichlorosilane and
octyl-trichlorosilane (1:1) were formed on piranha-cleaned silicon wafer pieces.
The terminal bromide was then displaced from the SAM-coated silicon by soaking
wafers in a 0.1 M solution of NaN3; in DMF.

Because the reaction proceeds at some finite rate and requires good contact
between the reacting surface and the catalyst, we presumed that—as with other
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Fig. 5.2 Contact mode AFM images in an ethanolic solution of 4-pentynoic acid (50 mM) using
a copper-coated AFM tip. Topography (left) and tip-substrate friction (right) of a 9 x 10 pm
region at low force (30 nN) and high speed (40 pm/s) after writing a 1 x 1 um square (center) at
high force (200 nN) and low speed (1 pm/s)

AFM-based direct-write methods—it would be possible to switch between read
and write modes by changing the applied force and the scanning speed of the
copper AFM tip. Figure 5.2 shows the topography and friction contact mode AFM
images (reading) of a9 x 10 pm region acquired using a relatively low scan force
(30 nN) and fast scan speed (40 pum/s) after scanning (writing) a 1 x 1 pum area at
a higher force (300 nN) and slower scan speed (2 pm/s) in a 50 mM ethanolic
solution of 4-pentynoic acid. The written feature is evident in both the topography
and friction images, indicating the deposition of a material (increase in topogra-
phy) that exhibits higher friction compared with the surrounding areas. These
changes in topography and friction are consistent with “clicked” monolayers of
4-pentynoic acid on azide surfaces formed by microcontact printing. Writing of
alkynes onto azide surfaces was also possible with propargylamine and 2,5,8,11-
tetraoxatetradec-13-yne (see Experimental Section). Control experiments
attempting to reproduce this same effect with an unmodified silicon—nitride AFM
tip on the same surface in 50 mM 4-pentynoic acid failed, as did experiments
using a copper-modified tip on an azide surface in EtOH that did not contain a
terminal alkyne (see Supporting Information). In each of these cases, no pattern
was evident in either the topography or the friction image at scanning forces below
400 nN. Above 400 nN, deformation of the SAM was evident, resulting in topo-
graphical depressions (rather than raised features) and regions of lower (rather than
higher) friction, presumably as a result of mechanical deformation of the SAMs at
high scanning forces. These control experiments indicate that copper metal and a
molecule bearing a terminal alkyne group are both required to produce features.

We explored the effect (Table 5.1) of writing at different scan forces and at
different scan speeds. In each case, the written surfaces were read using a scan
force of 53 nN and a scan speed of 40 pum/s. Scanning at a force in excess of
200 nN was required in order to cause any changes in surface topography.
Thereafter, the degree of surface modification scales to some extent with increased
forces up to at least 350 nN. Despite the lack of topographical changes at forces
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Table 5.1 Effect of varying

o Speed Force Height Max. Friction
writing scan speed and (m/s) (nN) (nm) (arb. units)
contact force on observed
height and friction of 2 350 1.1 12
0.25 umz 4-pentynoic acid 2 300 1.4 12
features written via direct- 2 260 L3 13
write click chemistry® 2 200 0.4 15

2 200 0 15
2 31 0 7
2 53 0 10
4 53 0 9
8 53 0 11
16 53 0 5
32 53 0 5
64 53 0 2

# Imaging (reading) in all cases was performed over a 25 pm?
area using scan force and speed of 53 nN and 40 pm/s,
respectively

below 200 nN, we observed changes in the friction image even at forces as low as
31 nN with these tips. This relatively low force is on the order of that used
previously [15] in surface Suzuki and Heck couplings.

We also adjusted the scan speed and found that these changes in tip-surface
friction were still evident—but to a lesser degree—at writing speeds as high as
64 um/s! This surprising observation indicates that, although reading at scan
speeds up to 64 pum/s cannot completely prevent reaction, the scan speed can be
adjusted to decrease the extent of the surface functionalization. More importantly,
the ability to pattern surfaces with this method using these significantly higher scan
speeds amounts to an important advantage over typical DPN methods [38] and
should facilitate higher throughput SPL patterning of nanoscale features.

In addition to writing relatively simple patterns, we have successfully produced
more elaborate features as well. The outline of the letter “N”—written by a copper
AFM tip on an azide-terminated surface in a 50 mM ethanolic solution of
4-pentynoic acid and shown in Fig. 5.3—demonstrates the spatial control possible
with this method. The enlarged region (Fig. 5.3, right) shows minimum linewidths
on the order of 50 nm, in contrast with the 300 nm linewidths reported previously
[22]. These linewidths are comparable with the nominal unmodified AFM tip
diameter (20 nm), and could presumably be reduced by using sharper AFM tips.

5.3 Conclusions

In summary, we have demonstrated an alternative approach towards the con-
structive patterning of surfaces using azide—alkyne cycloadditions in which the
coupling reaction is catalyzed by a copper-coated AFM tip. This method builds
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Fig. 5.3 Friction image (left) of a 4 pum tall “N” catalytically written in 4-pentynoic acid onto an
azide-terminated surface using a copper-coated AFM tip, and a 0.8 x 0.8 pm close-up (right) of
features indicating resolution of copper-catalyzed direct-write “click” chemistry

upon previous work [35] by using spatially controlled heterogeneous (rather than
homogeneous) catalysis to attach molecules covalently to an appropriate surface
under relatively mild conditions, without the need for additional reagents, and with
dramatically improved spatial resolution. All that is required is (1) an azide surface
(2) a solution of a terminal alkyne and (3) a copper-coated AFM tip. The CuAAC
reaction can be carried out under liquid which becomes essentially an infinite
reservoir of molecular “ink.” Surprisingly, substantial patterning of alkynes onto
azide surfaces is possible at writing speeds as high as 64 pum/s, a marked
improvement over those required for patterning with conventional DPN. Because
our method uses the same platform as many AFM-based methods, it is amenable to
other advantageous modifications, such as massive parallelization [39]. These
advantages open the door for the direct covalent attachment of a potentially lim-
itless library of molecules that bear terminal alkyne functionality—including bio-
molecules—under relatively mild conditions, with sub-100 nm spatial resolution.

5.4 Experimental Section

5.4.1 Microcontact Printing of Alkyne Molecules onto
Azide-Terminated Silicon Wafer Pieces

Our procedure for preparing surfaces containing microcontact printed features for
comparison to features written via direct-write click chemistry (adapted from a
published procedure [35]) was as follows: Polydimethylsiloxane (PDMS) stamps
were prepared from a 10:1 mixture of PDMS-Sylgard Elastomer 184 and Sylgard
Curing Agent 184 (Dow Corning Corp. Midland, MI), poured over a fluoro-coated
patterned silicon wafer—SAM of (trideca-fluoro-1,1,2,2-tetrahydroocty)-1-
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Fig. 5.4 50 x 50 Micron region contact mode atomic force microscopy topography (left) and
friction (right) images in EtOH of 4-pentynoic acid monolayers stamped onto azide-terminated
silicon wafers. Topography image indicates a height of 1.0(2) nm. Friction image indicates the
carboxylic acid terminated regions exhibit higher friction than the unreacted (azide-terminated)
regions

trichlorosilane (Gel-est, Inc., Morrisville, PA)—in a Petri dish. The mixture was
allowed to stand at room temperature for 1 h before being placed into an oven at
60°C for 16 h. The cured PDMS was then peeled away from the patterned silicon
wafer and cut into ~ 1 cm? pieces and used as stamps. These stamps were oxidized
in UV/ozone plasma (200 W, 10 s) and stored in deionized H,O until ready for use.
Oxidized PDMS stamps were removed from H,O and dried under a stream of N,
and were then immediately inked with 1 drop of 1 mM CuSO4e5H,0 in EtOH, 1
drop of 2 mM ascorbic acid in EtOH, and 4 drops of 5 mM terminal alkyne in
EtOH. This mixture was allowed to combine on the stamp for 30 s before being
removed from the stamp under a stream of N,. The stamp was placed immediately
onto an azide-terminated silicon wafer piece for at least 1 h. The stamp was then
removed from the silicon wafer piece which was rinsed liberally in EtOH, followed
by deionized H,0, and then dried under a stream of N, and stored in a fluoroware
container, protected from heat and light. Figures 5.4-5.6 show AFM images
(topography and friction) of typical features prepared by microcontact printing the
three compounds used in this chapter: 4-pentynoic acid, propargylamine, and
2,5,8,11-tetraoxatetradec-13-yne (TEG-alkyne). Analysis of microcontact printed
films by contact mode AFM indicated that the carboxylic acid terminated regions
were approximately 1 nm taller than unreacted azide-terminated regions.

5.4.2 Direct-Write Click Chemistry of Propargyl-Amine
and TEG-Alkyne

Writing of alkynes onto azide surfaces was also possible with propargylamine and TEG-
alkyne (Figs. 5.4 and 5.5) under the same conditions used to write 4-pentynoic acid.
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Fig. 5.5 50 x 50 Micron region contact mode atomic force microscopy topography (leff) and
friction (right) images in EtOH of 2,5,8,11-tetraoxatetradec-13-yne (TEG-alkyne) monolayers
stamped onto azide-terminated silicon wafers. Topography image indicates a height of 1.0(1) nm.
Friction image indicates the TEG-alkyne-terminated regions exhibit higher friction than the
unreacted (azide-terminated) regions

5.4.3 Control Experiments

Attempts to reproduce direct-write click chemistry using SiN AFM tips on azide-
terminated surfaces in 50 mM 4-pentynoic acid in EtOH failed. A constant scan
rate of 2 pum/s for writing at forces <400 nN failed to produce any raised features
of higher friction. Writing with a force ~400 nN appeared to perturb the mono-
layer, possibly because of monolayer destruction [40]. Control experiments
involving a copper AFM tip and 50 mM of ethanolic alkyne (4-pentynoic acid) on
an azide-terminated surface produced similar results, confirming that both alkyne
and a copper AFM tip are required to pattern an azide surface using this method.
The contact mode topography and friction images shown in Fig. 5.6—taken after
attempting to write TEG-alkyne onto an azide surfaces using an unmodified SiN
AFM tip—are representative of the results of these control experiments.

5.4.4 Materials

All reagents were obtained from commercial sources and were used as received.
For AFM experiments we used 100% EtOH (Chromasolv, Sigma—Aldrich) and
silicon—nitride AFM tips (DNP-S; Veeco Instruments, Woodbury, NY) with
nominal tip radii of 10 nm and force constants ranging from 0.5 to 1 N/m.
2,5,8,11-Tetraoxatetradec-13-yne was prepared using a previously described
procedure [41].
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Fig. 5.6 50 x 50 Micron region contact mode atomic force microscopy topography (leff) and
friction (right) images in EtOH of propargylamine monolayers stamped onto azide-terminated
silicon wafers

54.5 AFM

All AFM work was performed on a Bioscope II (Veeco Instruments, Woodbury,
NY) at the NUANCE Center at Northwestern University. All AFM imaging was
done in contact mode. All images were subject to standard image processing
protocols, including image flattening.
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Chapter 6
A Push-Button Molecular Switch

6.1 Introduction

The chemistry of catenanes [1-6] has experienced a resurgence in recent years,
driven in part by improved template-directed protocols [7-14] enabling their
synthesis as well as technical applications made possible by virtue of their unique
molecular topologies. By calling upon molecular recognition and self-assembly
[1, 2, 15, 16], mechanically interlocked molecules (MIMs) are efficiently brought
into being, allowing the use of these chemical compounds as the basis for con-
structing artificial molecular machines [17, 18] and fabricating molecular elec-
tronic devices [19-24]. The introduction of bi- and multistable MIM platforms
[21, 23, 25-32] enables these applications, particularly if the basis for switching
involves electrochemical processes.

Our long-standing interest in the synthesis and applications of charged MIMs—
specifically those that incorporate as one ring component the rm-electron poor
tetracationic cyclobis(paraquat-p-phenylene) (CBPQT**) cyclophane [33-35]—
have allowed the production of a variety of electrochemically switchable mole-
cules [19-24, 36]. Traditionally, CBPQT4+-based catenanes and rotaxanes have
been synthesized by “clipping” a partially formed CBPQT*" ring around a
n-donor unit [37, 38], such as 1,5-dioxynaphthalene (DNP) or tetrathiafulvalene
(TTF), as part of a preformed macrocycle or a dumbbell compound. While this

This Chapter is reproduced in part with permission from: Spruell JM, Paxton WF, Olsen J-C,
Benitez D, Tkatchouk E, Stern CL, Trabolsi A, Friedman DC, Goddard WA, Stoddart JF,
J. Am. Chem. Soc. 2009, 131, 11571-11580.
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Fig. 6.1 The structural
formulas of the switchable
single-station [2]catenane
1-4PFg (top) which is
represented as a two-state
push-button molecular switch
incorporating a single
tetrathiafulvalene (TTF)
station and the traditional
switchable bistable
[2]catenane 2-4PFg (bottom)
which is represented as a
three-state switch
incorporating both TTF and
1,5-dioxynaphthalene (DNP)
stations

1 Off 2
: ‘_@‘_M&,cij\j\) 2-4PF,

4PFg

approach has successfully yielded a number of useful compounds in the past,
recent investigations [5, 39-43] have shown that the synthesis of MIMs from
pseudorotaxanes containing fully-formed CBPQT*" rings can be more effective
and efficient. Central to the implementation of this “threading-followed-by-clip-
ping” approach to catenane synthesis has been the introduction of ultra-mild
reactions to effect the final macrocyclization, yielding the catenane in the presence
of the CBPQT*" ring which is sensitive to bases, nucleophiles, and reducing
agents. Of particular success has been the use of Cu'*- and Cu**-mediated pro-
cesses in alkyne-based couplings, such as the CuAAC reaction [44] and Eglinton
coupling [45].

Here, we report (i) the facile template-directed synthesis and characterization of
a switchable [2]catenane through a Cu?*-mediated Eglinton coupling [45] on a
[2]pseudorotaxane formed between CBPQT*" and a bispropargyl-functionalized
tetrathiafulvalene (TTF) unit, which, as a consequence of containing a single
switchable binding station, (ii) exists in one translational form in its ground state
that (iii) may be mechanically switched wholly to another translation form in the
excited oxidized state and (iv) exhibits very fast and reversible switching between
both forms. Moreover, this compound expands our understanding of the mechanics
of switching within a catenated framework whereby the elimination of the weaker
secondary binding station, traditionally found in bistable MIMs, results in the
reduction of complexity to that of a simple push-button operated switch (Fig. 6.1).
In the parlance [46] of electrical engineering, this “single-pole single-throw”
(SPST) molecular switch operates between two distinct working positions through
electrochemical stimuli. The simplicity of this single-station switch stands in
contrast to previously constructed [19-24, 36], more complicated bi- and multi-
station molecular switches analogous to “single-pole double-throw” (SPDT)
switches. These observations and perspectives are supported by a solid-state
structure, extensive NMR spectroscopic studies, cyclic voltammetry, and spec-
troelectrochemistry, as well as computational investigations.
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6.2 Results and Discussion

Variants of the Eglinton coupling have been used extensively to prepare [2]- and
[3]catenanes of mixed compositions through both covalent-[3, 47, 48] and tem-
plate-directed [49-55] protocols. We recently applied [40, 41] this useful homo-
coupling to prepare hetero[2]catenanes bearing 1,5-dioxynaphthalene as a single
station for a CBPQT** ring in very high yields under mild reaction conditions.
Inspired by the novelty of these simple and high yielding approaches to catenane
synthesis, we speculated that the same protocols could be employed to create a
hetero[2]catenane bearing the electrochemically switchable TTF unit and thus
arrive at an electrochemically switchable catenane.

TTF and its derivatives have been used extensively [19-24, 36] to create
electrochemically switchable MIMs. The m-electron rich neutral state may be
oxidized reversibly either once or twice to m-electron poor radical cation and
dication states, respectively. Toggling between the neutral and oxidized states,
when the TTF is incorporated into a catenane or rotaxane containing CBPQT**,
allows the ejection of the oxidized TTF** dication from inside the ring through
electrostatic repulsion. Usually a secondary weaker binding station, such as DNP,
is incorporated into the molecule to replace the oxidized TTF>* dication within the
CBPQT™*" cavity upon its ejection, providing a discrete and long-lived switched
co-conformation, even following the reinstatement of the neutral TTF unit.
Breaking with tradition, we have synthesized a single-station [2]catenane, com-
pound 1-4PFg, which operates through an electrostatic repulsive mechanism and
may be switched (vide infra) between two discrete translational states, eliminating
the need for a secondary station.

The 7-electron rich TTF derivative 4 was prepared (Scheme 6.1) by propargy-
lation of the two arms of TTF diol 3 [27]. Upon mixing 4 and CBPQT-4PF¢ in a 2:1
molar ratio, respectively, in MeCN, the solution became intensely emerald green as a
consequence of the formation of pseudorotaxane [4 C CBPQT]-4PFg. The addition
of Cu(OAc),-H,O (1.25 equiv per terminal alkyne) at 23 °C for 2 d effected the
desired Eglinton coupling, affording the [2]catenane 1-4PFg as a green solid in 64%
yield. This exceptionally high yield in the formation of a complex mechanically
interlocked topology through macrocyclization reflects the synthetic advantages of
the “threading-followed-by-clipping” approach invoked in its design. A very similar
[2]catenane 2-4PFg (Fig. 6.1) containing both TTF and DNP recognition units was
prepared [36] previously by the traditional “clipping” of a partially-formed
CBPQT* ring around one of these recognition sites in the TTF/DNP macrocycle.
Although this protocol produced a very useful bistable molecular switch, the final
“clipping” step afforded that catenane in only 23% yield. The current method results
in a switchable catenane in much higher yield than that previously reported, while the
structural replacement of a DNP binding moiety with a butadiyne unit in compound
1.4PFg affects the switching behavior of the molecule profoundly.

Slow diffusion of iPr,O into a MeCN solution of 1-4PFg at room temperature
produced light green, needle-like single crystals suitable for X-ray structural
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analysis. Two different views of the solid-state structure of 1** represented as
ellipsoids as well as with space-filling representation are shown in Fig. 6.2. Of the
two constitutional isomers possible for disubstituted TTF, only the frans isomer
was observed in the solid state, similar to that for the previously reported [36]
TTE/DNP catenane. The CBPQT** ring encircles the TTF unit in an association
that is stabilized through a combination of n—r stacking interactions and [C-H:-O]
interactions from o-bipyridinium hydrogen atoms to, in one instance, the second
and third oxygen away from the TTF in the oligoether chain, and in another, to the
second oxygen atom away from the TTF in the oligoether chain. In common with
the previously [41] reported DNP-based Eglinton coupled catenanes, the butadiyne
fragment is aligned approximately parallel to the external bipyridium face of the
CBPQT** cyclophane with an interplanar distance of 3.34 A, a short contact that
could be a consequence of a stabilizing 7—7 interaction. Catenane 1** packs in the
presence of its four disordered PFq~ counterions with the butadiyne units as the
closest point of contact, and so does not form an extended donor—acceptor stacking
arrangement.

"H NMR Spectroscopy provides (Fig. 6.3a) additional confirmation of the
interlocked nature of 1-4PFg, as well as the relative position of the CBPQT** ring
encircling the TTF unit exclusively in the ground state. Most notable is the
presence of two sets of signals arising from both the a- and f-bipyridium protons
of the CBPQT*" ring at room temperature. When encircling the TTF moiety, the
local symmetry of the TTF unit is commuted to the CBPQT** ring such that the
pairs of a- and f-bipyridium protons are rendered heterotopic and are thus each
separated into a set of anisochronous signals [56]. Interestingly, although the cis
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Fig. 6.2 Solid-state structure of 1** displayed from two angles. In addition to the disordered
PF¢~ counterions, hydrogen atoms and solvent molecules are omitted for clarity. The CBPQT*
ring is shown in blue, the TTF unit in green, and the butadiyne and glycol units shown in black
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and trans isomers of the disubstituted TTF unit can rapidly interconvert [57] in the
presence of a trace of acid, both configurational isomers appear to be present after
isolation and purification of 1-4PF4. Two clear singlets are observed in a 3:1 ratio
for the protons on the TTF rings located at ¢ 6.24 and 6.06 ppm. This ratio is
repeated throughout the entire spectrum, not only for the signals of protons
neighboring the TTF and the ethylene glycol units of its own macrocycle, but also
for those of the CBPQT*" ring. Upon chemical oxidization and re-reduction of the
TTF (vide infra) effecting the translational switching of the catenane, this ratio is
increased to 13:1 in favor of the major—most likely trans—configurational iso-
mer. Interestingly, this same distribution is arrived at without switching the
molecule after the catenane has remained in solution for at least five months,
indicating that this distribution represents the equilibrated state of configurational
isomers within this catenane. We believe that this equilibrium is reached so much
more slowly relative to other TTF-based mechanically interlocked systems
because, in this unique catenane, TTF constitutes the only station for the CBPQT**
ring. In bistable systems, such as 2-4PFs, the CBPQT** ring is commonly dis-
tributed between both stations within the ensemble to some degree—depending on
the relative binding affinities of the constituents—such that for a single molecule,
although the CBPQT*" ring sits around the TTF unit on average more often than
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Scheme 6.2 Oxidative switching mechanism of the push-button molecular switch

the competing station, it spends a considerable amount of time well away from the
TTF unit. We propose that it is only during this “off-time” that the TTF is able to
interconvert between its cis and trans configurational isomers. Since there is
minimal “off-time” allowed in the case of the monostation catenane 14+, the
CBPQT* ring kinetically traps the TTF, increasing the time necessary for it to
equilibrate into its steady state distribution of configurational isomers.

Chemical oxidation of 1** to 1%+ was performed (Scheme 6.2) in CD;CN using
2 equiv of tris(4-bromophenyl) ammoniumyl hexachloroantimonate as the chem-
ical oxidant [58, 59] and the effects of chemical switching were probed using 'H
NMR spectroscopy. After oxidation, substantial changes were observed (Fig. 6.3b)
in the "H NMR spectrum. Most notable were the large downfield shifts for the
resonances corresponding to the TTF** protons as well as for the methylene protons
neighboring the TTF>* dication. Such large shifts are a consequence of building up
positive charge which is shared across the TTF unit. Structurally, this oxidation
forces the tetracationic CBPQT*" ring away from the TTF** unit, moving it to the
position furthest away. The relationship of the TTF and the butadiyne units within
their macrocycle dictates that the butadiyne represents the position furthest away
from the TTF** unit and the most stable site for the CBPQT** ring. The resonances
for the methylene units neighboring the butadiyne are shifted upfield by 0.29 ppm,
reflecting the movement of the CBPQT** ring from being around the TTF to that of
encircling the butadiyne moiety. Although '*C NMR chemical shifts are inherently
insensitive to ring current shielding effects, thus limiting the probe nuclei available
across the all carbon butadiyne chain to ascertain the position of the CBPQT** ring
in the oxidized state 1°*, a series of 1D NOE experiments clearly show (Fig. 6.4)
through-space correlations between the resonances for the methylene protons
neighboring the butadiyne units and the CBPQT** ring resonances in 1%, inter-
actions that are not present in 1**. Additionally, 1D NOE correlations, which were
present between the signals for the methylene protons neighboring the TTF unit and
the CBPQT*" ring in 1** disappear after it is switched to 1®*. The resonances of the
CBPQT*" ring shift upon oxidation to 1%* and are also substantially simplified.
Both the o- and f-bipyridium protons, as well as the methylene protons within the
cyclophane become homotopic, since they are no longer under the influence of the
local symmetry of the TTF unit. This increased symmetry indicates that, not
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Fig. 6.4 1D NOE through-space correlations of 14" and 1% (600 MHz, 273 K); (a) 'H NMR
spectrum of compound 1* which displays (b) through-space correlations with the CBPQT* ring
after selectively pulsing the nearest the TTF moiety, but displays (¢) no through-space
correlations with the CBPQT** ring after selectively pulsing the nearest the diyne, (d) '"H NMR
spectrum of compound 1% which displays (e) no through-space correlations with the CBPQT**
ring after selectively pulsing the nearest the TTF moiety, but displays (f) through-space
correlations with the CBPQT** ring after selectively pulsing the nearest the butadiyne. Additional
1D NOE correlations not highlighted with a small black arrow are attributable to close
interactions with the nearest neighbor protons of the selectively irradiated resonances rather than
through-space correlations between protons within each macrocycle of the catenane

surprisingly, rotation of the cyclophane around the butadiyne unit is fast on the
NMR time-scale. Finally, the addition of 2 equiv of Zn dust to re-reduce 1%+
restores the original spectrum (Fig. 6.3c) of 1**, indicating that the TTF unit once
again resides within the CBPQT** cavity.

The switching of 1-4PFs was also induced electrochemically. Cyclic voltam-
metry (CV) experiments (Fig. 6.5) using NBuyPF¢ as the electrolyte in MeCN
were performed probing the TTF-centered oxidation processes, specifically the
reversible TTE — TTF**, and TTF** — TTF** one electron events. These pro-
cesses are well resolved in the CV (Fig. 6.5b) of compound 3, displaying two
distinct oxidation peaks centered at 4404 and +793 mV (vs. Ag/AgCl),
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respectively. It has been well established [19-24] that, when encircled by the
electron poor CBPQT** ring, the first oxidation of TTF is shifted substantially to
more positive potentials, usually to near the potential of the second oxidation for
the unencircled TTF. Thus, the first oxidative scan of 1-4PFg shows (Fig. 6.5a)
only one broad peak centered at 714 mV (vs. Ag/AgCl), corresponding to both
distinct one-electron processes producing TTF** via the TTF™* from the neutral
TTF unit. The translation of the CBPQT* ring is intimately involved with this
oxidation process and is known [19-24] to occur upon the first oxidation to the
TTE™* species, leaving the second oxidation to TTF** to occur at the same
potential it would in the absence of the macrocycle. In the case of traditional
multistation TTF-based catenanes or rotaxanes, such as [2]catenane 2-4PF, the
first oxidative scan contains signals attributed to the first TTF oxidation at lower
potentials for unencircled co-conformations. Indeed, integration of the first oxi-
dation at lower potentials relative to the other oxidative signals forms the basis of
determining the ratio of metastable to ground state co-conformations within the
molecular ensemble of these traditional multistation switches. No such first oxi-
dative signal was present for 1-4PF, indicating that there is only one available
station for the CBPQT** ring—it encircles the TTF fully in the ground state and no
other translational states exist.

Performing two successive oxidative scans at various scan rates and temperatures
allows the elucidation of the kinetics associated with the return of the CBPQT** ring
from the oxidized co-conformation to the ground state co-conformation (GSCC) [20,
26, 27, 32]. In traditional bistable MIMs, oxidation of the TTF in the first CV scan
forces the CBPQT™* ring onto the weaker binding station. Because the CBPQT** ring
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Fig. 6.6 Spectroelectrochemistry (MeCN, 100 mM NBu4PFy) of (a) 1** displaying a strong
absorption centered at 830 nm corresponding to the TTF-CBPQT** CT absorption, (b) 1%* after
sustained current flow at +1.2 V where the CT absorption is replaced by a strong absorption
arising from TTF** at 400 nm, and (c) 1** reformed after sustained reduction at 0 V displaying
the regained CT absorption

has an affinity for the weaker binding station—sitting in a local energy minimum—
reduction of the TTF unit to it neutral state does not immediately result in the return to
the GSCC. This co-conformation, in which the CBPQT4+ ring encircles the weaker
binding station while the TTF is inits neutral state, is known [20] as the metastable state
co-conformation (MSCC). The conversion of the MSCC to the GSCC is an activated
process such that it occurs over a finite time period (between the first and second
successive CV scans) and is dependent [19-24] upon both the temperature and the
environment of the MIM. However, no matter how fast the scan rate or low the
temperature used in the CV (1,000 mV/s and 263 K, shown in Fig. 6.5a), the presence
of a MSCC, as would be indicated by the first oxidation of unencircled TTF in the
second scan, was not observed for 1-4PFg. Standing in contrast to the case of single-
station catenane 1-4PFg, a thorough electrochemical investigation of the MSCC to
GSCC relaxation process for two-station catenane 2-4PFg was possible [32] across a
range of scan rates and temperatures between 263-283 K because the weaker binding
DNP station slows the return of the CBPQT*" ring to the TTF. The lack of any
observable MSCC for 1-4PF, suggests that the butadiyne moiety has very little, if any,
affinity for the tetracationic macrocycle, and serves as no more than a passive bystander
following a convenient catenation protocol for the formation of this [2]catenane, i.e.,
there is no experimental evidence for an electronic interaction, be it stabilizing or
destabilizing, between the butadiyne moiety and the CBPQT* ring.

Substantial changes occur in the UV-Vis spectrum of 1-4PFg upon electro-
chemical oxidation. The UV-Vis spectrum of 1** in MeCN (with 100 mM
NBu4PFg) contains (Fig. 6.6a) a broad charge transfer (CT) absorption centered at
830 nm, characteristic of a CBPQT4+-encircled TTF. The catenane was fully



92 6 A Push-Button Molecular Switch

(a)  2-State Switch (SPST) (b) 3-State Switch (SPDT)

+ |
_(_w-’“\_\,_\ T ™ o .
T8N &, e aa™ § L @,
@ § 2 oy e @ o o @
- | — o T
) ) .}J ‘2 e o ® e
L Lot L Lo b
14 o+ 2 (GSCC) 2 (MSCC)

AE =4.2 keal/mol® AE=16 kealimal®

Relative Energy
Y8
e

J

k
2t 0

f=p
]
ml
El
(=2
]

=
)
=
O
El
(v
A
[=1=
=
)
H

8 (relative circumrotation of the CBPQT** ring around the crown ether)

Fig. 6.7 Relative energy surface diagrams depicting the energetic consequences of electro-
chemically switching the TTF to TTF** in (a) the single-station catenane 1-4PFg and in (b) the
traditional double station catenane 2-PFg where the CBPQT** ring position is represented by blue
spheres. Compound 1** exists as a single translational state which may be switched wholly to its
inverse state as described by a 180° circumrotation of the CBPQT*" ring around the TTF
containing crown ether to arrive at 1%*, where the CBPQT** ring only sits in a local minimum as a
consequence of its aversion to the TTF** dication. Conversely, 2** exists as a mixture of the
GSCC and MSCC in which the CBPQT** ring encircles the TTF and the DNP units, respectively.
Upon oxidation of the TTF unit, the CBPQT*" ring encircles only the DNP unit of 2%* and
remains there for a finite length of time even after reduction of the TTF unit reforming 24
“Values were calculated as described in the text; Value was measured and originally reported
[32]

switched to 1°* after passing a sustained current held at +1.2 V (vs. Ag/AgCl) for
several hours in a custom built [60] spectroelectrochemical cell, as indicated by the
complete loss of the CT band at 830 nm and the appearance of a band at 400 nm
characteristic of the TTF?** dication. Interestingly, the lack of any transition that
can be attributed to an electronic interaction between the butadiyne moiety and the
CBPQT* ring in 1%* (Fig. 6.6b) supports the hypothesis that no affinity exists
between these two components. The original spectrum of 1** was restored
(Fig. 6.6c), albeit somewhat attenuated, after re-reduction by holding the potential
at 0 V (vs. Ag/AgCl) for several hours.

The experimental data illustrate a generalized view (Fig. 6.7) of the changes in
the energy surface of 1-4PF¢ upon electrochemical switching. In order to inves-
tigate the exact nature of this energy landscape, we turned to quantum mechanical
modeling. Because only one translational state was observed for 1-4PFg in the first
scan using CV, the difference in energy between the co-conformation in which the
CBPQT™*" ring encircles the butadyine unit, as opposed to the TTF unit, could not
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14+

Fig. 6.8 Computed structures for in (a) the ground state co-conformation (GSCC) and
(b) the metastable state co-conformation (MSCC). (¢) The MSCC for 1** has the LUMO
(depicted as the orbitals sandwiched in the structure) localized on the CBPQT* ring with the
HOMO (depicted as the top set of orbitals) localized on the TTF while the HOMO-1 (depicted as
the lower set of orbitals) localized on the butadiyne unit

be directly measured. Equally challenging, the return rate of the CBPQT*" ring to
the TTF unit after restoring the ground state of the oxidized catenane occurs far too
quickly to measure, thus preventing the experimental calculation of the barrier to
circumrotation of the CBPQT*' ring around the crown ether. In any event,
quantum mechanical investigations provide the means to study these key processes
in more detail on the extremely fast time-scales through which the molecular
switch 1-4PFg operates.

In order to understand the energy profile and mechanism for the switching
process of 1**, we turned to density functional theory (DFT) of the M06 flavor [61,
62], which we have established [63] to provide excellent accuracy for energetics of
other rotaxane-based architectures. We performed geometry optimizations for the
TTF-encircled (GSCC) and butadiyne-encircled (MSCC) translational isomers of
1** at the M06/6-31G** level of theory, leading to predicted structures which are
displayed in Fig. 6.8. We calculated a difference in binding energy of 15.2 kcal/
mol between the GSCC and MSCC in MeCN as solvent. This predicted energy
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difference between the GSCC and MSCC suggests a differential population of
10'':1 (GSCC:MSCC) at 298 K.

Since we were most interested in learning about the energy profile for the
switching process, we mapped the potential energy surface by performing a
manually-steered scan for the rotation of the TTF-butadiyne macrocycle with
respect to the electron deficient CBPQT** ring. We used the less computationally
expensive MO6-L functional to generate structures along the path from the
MSCC to the GSCC. After further optimization of the highest energy structures
(using the M06 functional), we estimate that the process of resetting the MSCC
to the GSCC has a barrier of ~4.2 kcal/mol. These results agree with the
inability to observe an MSCC under the experimental conditions [60] employed
(263 K, 1,000 mV/s). Our estimated barrier of ~4.2 kcal/mol for the resetting of
the MSCC to GSCC corresponds to a 2 x 107'% s (~200 ps) relaxation time at
298 K (~600 ps at 263 K). Although this small “barrier” to circumrotation may
be partly due to weak binding between the butadiyne fragment and CBPQT**
ring—the HOMO-1 to LUMO interaction—it is most likely dominated by the
alongside stabilizing interaction with the HOMO, which is located almost
entirely on the neutral TTF unit. Figure 6.8c depicts the empty orbital on the
CBPQT* cyclophane—LUMO in red and blue—and the doubly occupied
orbitals on the TTF—HOMO in green and turquoise—and on the butadiyne
fragment—HOMO-1 in brown and orange. From these calculations, we estimate
that the excitation energy for a possible CT transition between the CBPQT** ring
and the encircled butadiyne moiety for the oxidized translational state 1%*. Using
the experimental value for the CBPQT**-encircled TTF CT absorption band
(Amax = 830 nm, Fig. 6.6) and the calculated HOMO (—0.1957 Eh) and
HOMO-1 (0.2477 Eh) energies, the LUMO is estimated to be —0.1415 Eh.
Extending these energies to the oxidized catenane 1%*, a CT transition between
the HOMO (the HOMO-1 in 1*") localized on the butadiyne unit and the
LUMO + 1 (the LUMO in 14+) would lead to an absorption centered around
~425 nm—which would likely overlap and be eclipsed by the intense absorp-
tion of the TTF** dication.

Our experimental and computational results suggest strongly that the
catenane 1-4PFs behaves as a very simple push-button molecular switch
(Fig. 6.7a) in which the ground state contains two local minima but of vastly
different energies, separated by 15.2 kcal/mol, such that the TTF-encircled
translational state is nearly solely populated (roughly 1 out of every ~ 10"
molecules exists in the other translational state). Oxidation of the TTF unit—
pushing the button—inverts the local minimum, creating a local maximum, and
thus effecting the complete circumrotation of the CBPQT* ring around its
companion macrocycle so that it rests securely in the local minimum on the
butadiyne moiety as long as the TTF** retains its dicationic character. Inversion
of the local maximum around the TTF>* dication, by reduction to the neutral
species—releasing the button—re-establishes the situation represented by the
original energy diagram whereby the CBPQT** ring quickly—during several
hundred picoseconds—migrates over a very small “barrier”, estimated to be
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~4.2 kcal/mol, to occupy the deep well it enjoys by encircling the TTF unit.
This very small AE* value, although technically an activation barrier, hardly
constitutes even what we might call a “speed bump” for the circumrotation
such that the process occurs at the “diffusion” controlled rate of 5 x 10° s~ at
room temperature, allowing the mechanical switching from 1%* to 1** to occur
almost instantaneously.

This situation is quite different from that of the traditional, two-station
[2]catenane 2-4PF, (Fig. 6.7b) in which a battle is waged between the TTF and the
DNP units for occupancy by the CBPQT** ring in the ground state, until an
equilibrium is established such that, within the ensemble, the CBPQT4+ ring
occupy the TTF and DNP local energy minima in a 9:1 ratio based around the AG®°
of 1.6 kcal/mol [20]. In this case, oxidation of the TTF unit converts its position
from a local minimum to a local maximum, such that the DNP unit becomes the
sole local minimum and all of the CBPQT** rings migrate to encircle it. Although
re-reduction of the TTF** dication reestablishes the TTF unit as the global min-
imum, the CBPQT** rings remain kinetically trapped within the DNP local energy
well for some time until they transverse a relatively large barrier AG* of 16 kcal/
mol [32] in order to equilibrate once again to form the 9:1 ratio of co-conformers.
While a complex interplay between local energy minima and transient excited
states allows the switching within the two-station catenane 2-4PFg, the situation is
much less complicated in the case of the single-station catenane 1-4PF¢ where the
simple push of a button toggles between energy surfaces each with a singly
occupied minimum.

6.3 Conclusions

We have demonstrated the efficient synthesis, to all intents and purposes, of a
single-station, yet switchable, hetero[2]catenane by means of the Eglinton cou-
pling-based macrocyclization of a TTF thread around a CBPQT*" ring. The
simplicity of the synthetic approach and molecular design belie the effectiveness
of 1-4PF¢ as a perfect switch in which the ensemble is composed nearly com-
pletely of one co-conformation in both the ground and excited states. The push-
button switching nature of 1-4PF¢ sheds light upon the operation of switchable
mechanically interlocked molecules, tempting us to celebrate the simplicity of a
single-station, yet switchable architecture, in the context of more complicated—
and synthetically more challenging—molecular targets. The unique combination
of two discrete translational forms, coupled with the ability to toggle completely
between these two electrochemically controllable states, positions this push-button
molecular switch as an ideal candidate for introduction into solid-state electronic
device settings. It is towards these and other goals that we will continue to apply
mechanically interlocked architectures afforded through the Eglinton coupling and
other mild alkyne-based reactions.
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6.4 Experimental Section
6.4.1 General Methods

All reagents were purchased from commercial suppliers (Aldrich or Fisher) and used
without further purification. Cyclobis(paraquat-p-phenylene) hexafluorophosphate
[33], 1-iodo-8-tetrahydropyranyloxy-3,6-dioxaoctane [64], and 4,4'(5’)-bis[metha-
nol]Jtetrathia-fulvalene [65] were prepared according to literature procedures.
Thin layer chromatography (TLC) was performed on silica gel 60 F,sy
(E. Merck). Column chromatography was performed on silica gel 60F (Merck 9385,
0.040-0.063 nm). Nuclear magnetic resonance (NMR) spectra were recorded at
25 °C (unless otherwise noted) on Bruker Avance 500 and 600 spectrometers, with
working frequencies of 500 and 600 MHz for 'H, and 125 and 150 MHz for '*C
nuclei, respectively. Chemical shifts are reported in ppm relative to the signals
corresponding to the residual non-deuterated solvents [66]. All Bc spectra were
recorded with the simultaneous decoupling of proton nuclei. Transient 'H-'"H NOE
experiments were performed using a Double Pulsed Field Gradient Spin Echo NOE
(DPFGSE-NOE) pulse sequence with a mixing time of 600 ms. Electrospray Ioni-
zation (ESI) mass spectra were obtained on a Agilent 6210 LC-TOF high resolution
mass spectrometer. Cyclic voltammetry experiments were performed on a Princeton
Applied Research 263 A Multipurpose instrument interfaced to a PC using a glassy
carbon working electrode (0.018 cm?, Cypress system). The electrode surface was
polished routinely with 0.05 pm? alumina/water slurry on a felt surface immediately
before use. The counter electrode was a Pt coil and the reference electrode was a
AgCl coated Ag wire. The concentrations of the samples were 1 mM in 100 mM
electrolyte solution (NBuyPFs in MeCN). UV-Vis absorption spectra were recorded
on a Varian Cary-300 spectrophotometer. The X-ray intensity data were measured
on a Bruker APEX II CCD system equipped with a graphite monochromator and a
CuKo ImuS microsource (A = 1.54178 A).

6.4.2 Computational Methods

Calculations were performed on all systems using density functional theory (DFT)
with the M06-L, M06 functionals, as implemented in Jaguar 7.6. The M06 functional
is a new hybrid meta-GGA exchange—correlation functional that leads to impressive
accuracy for a very large validation set of systems, including van der Waals dimers,
reactions, and transition metal complexes. Starting with a structure from the crys-
tallographic data we optimized the geometry using the 6-31G** basis set with the
MO6 functional in the gas phase. Single point energies were calculated using the M06
functional and the 6-311 ++G** basis set. Solvent corrections were based on single
point self-consistent Poisson-Boltzmann continuum solvation calculations for
acetonitrile (¢ = 37.5, Ry = 2.18 A) using the PBF module in Jaguar.
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6.4.3 Preparation of 3

4,4'(5")-Bis[methanol]tetrathiafulvalene (1.500 g, 5.673 mmol) was added to a
slurry of NaH (60% dispersion in oil, 1.743 g, 43.57 mmol) in dry THF (700 mL)
and the mixture was heated under reflux in an N, atmosphere for 1 h. A solution of
1-iodo-8-tetrahydropyranyloxy-3,6-dioxaoctane (7.420 g, 21.56 mmol) in dry THF
(75 mL) was added to the reaction mixture dropwise over 1 h. The reaction mixture
was refluxed under an N, atmosphere for 24 h. After cooling the mixture to RT,
MeOH was added, the solution was filtered through a plug of silica, and the solvents
were removed in vacuo. The crude brown oil was partitioned between CH,Cl,
(300 mL) and 1 M NH4CI (300 mL), the organic phase washed with H,O
(1 x 100 mL) and brine (1 x 100 mL), dried (MgSQ,), and the solvent removed
in vacuo. The residual brown oil was dissolved in a 1:1 mixture of CH,Cl,:MeOH
(150 mL) and HCI (0.4 mL, 12 M) was added. The solution was stirred at RT for
1.5 h, after which 1 M NaOH (200 mL) was added. The mixture was extracted with
CH,Cl, (3 x 100 mL), dried (MgSQ,), the solvent removed in vacuo, and sub-
jected to chromatography (SiO,, 97:3 to 95:5 CH,Cl,:MeOH eluent) to provide a
yellow oil (1.316 g, 44%). 3: "H NMR (500 MHz, CD,Cl,): 6 6.27 (s, 2H, SCH),
4.26 (s, 4H, SCCH,), 3.68-3.54 (m, 24H), 2.59-2.49 (m, 2H, OH); '*C NMR
(125 MHz, CD,Cl,): 6 135.04, 134.94, 116.87, 116.75, 110.82, 72.91, 72.89, 70.99,
70.80, 70.70, 69.78, 69.77, 68.50, 62.02; HRMS (ESI) Calcd for C,oH3,05S,:
528.0980, Found: 529.1046 ([M + H]").

6.4.4 Preparation of 4

A solution of propargyl bromide in PhMe (80% by weight, 0.930 mL, 10.4 mmol)
was added to a mixture of 3 (920 mg, 1.74 mmol) and NaOH (696 mg, 17.4 mmol)
in THF (20 mL). The mixture was heated at 60 °C under ambient atmosphere for
24 h. The mixture was partitioned between EtOAc (100 mL) and 1 M NH,CI
(100 mL) and the aqueous phase was washed with EtOAc (2 x 75 mL). The
combined organic phases were washed with 1 M NH4Cl (75 mL) and brine
(75 mL), dried (MgSO,), the solvent removed in vacuo, and subjected to chro-
matography (SiO,, 1:1 to 8:3 EtOAc : hexanes eluent) to provide a brown oil
(704 mg, 67%). 4: "H NMR (500 MHz, CD,Cl,): 6 6.26 (s, 2H, SCH), 4.27 (s, 4H,
SCCH,), 4.17 (d, *J (H,H) = 2.3 Hz, 4H, C = CCH,0), 3.66-3.58 (m, 24H), 2.49
(t, *J (H,H) = 2.3 Hz, 2H, C = CH); *C NMR (125 MHz, CD,Cl,): § 135.06,
135.00, 116.81, 116.71, 80.23, 74.65, 70.94, 70.90, 70.85, 70.70, 69.78, 69.60,
68.47, 58.63; HRMS (ESI) Calcd for Cy6H3605S4: 604.1293, Found: 604.1310
(M), 622.1634 (IM + H,0O1"), 627.1191 ([M + Na]").
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6.4.5 Preparation of 1-4PF 4

Cu(OAc),-H,O (61.4 mg, 0.295 mmol) was added to a green solution of 4
(71.2 mg, 0.118 mmol) and CBPQT-4PF¢ (65.0 mg, 0.059 mmol) dissolved in
MeCN (45 mL) and the solution was stirred for 48 h under ambient conditions.
The solvent was removed in vacuo and the green residue was subjected to chro-
matography (SiO,, Me,CO to 1% NH4PFg in Me,CO eluent). The green band was
collected, concentrated in vacuo, and treated with cold H,O to precipitate a green
solid (64.4 mg, 64%). 1-4PFs: '"H NMR (600 MHz, CD;CN, 0 °C): § 9.15
(d, *J (H,H) = 6.7 Hz, 4H, «-CBPQT*"-H), 8.99 (d, *J (H,H) = 6.7 Hz, 4H, o-
CBPQT**-H), 7.89-7.87 (m, 4H, f-CBPQT**-H), 7.83-7.81 (m, 4H, f-CBPQT**-
H), 7.66 (s, 8H, p-Xylyl CBPQT*"), 6.26 (s, 2H, SCH), 5.73-5.59 (m, 8H, CBPQT
CH,), 4.15 (s, 4H, SCCH,), 3.87-3.86 (m, 4H), 3.84-3.82 (m, 4H), 3.81 (s, 4H,
C = CCH,0), 3.78-3.76 (m, 4H), 3.75-3.73 (m, 4H), 3.57-3.54 (m, 4H),
3.28-3.26 (m, 4H); '>C NMR (125 MHz, CD5CN): & 146.66, 145.69, 144.83,
136.94, 133.94, 131.73, 126.65, 126.23, 126.14, 120.30, 108.87, 76.93, 72.12,
71.56, 71.26, 71.21, 71.00, 70.76, 69.86, 68.83, 65.40, 59.15; HRMS (ESI) Calcd
for CerHggF24N40sP4S4: 1,702.2309 (M + 4PF), 1,557.2669 ([M + 3PFg]™),
706.1514 ([M + 2PF¢*"), 422.4463 (IM + PF¢*"), 280.5937 (M**), Found:
1,557.2734 (M + 3PF¢lh), 706.1514 (M + 2PFg)*"); mp 155-158 °C with
decomposition.
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Chapter 7
Highly Stable TTF Radical Dimers
in a Five-State [3]Catenane

7.1 Introduction

The observation of n—n radical-cation dimers upon the redox stimulation of
electron rich or poor heterocycles is long precedented [1]. However, investigations
on such systems have been hindered by the inherent sensitivity of even the sim-
plest radical-cation dimers, such that they have only been observed at low tem-
peratures or in the solid state [2—6], an attribute which has relegated them to be
considered as mere novelties, rather than the fundamental cornerstone of func-
tional devices [7]. Specifically, methyl viologen (MV>*), the predominant member
of a class of organic salts [8], valued previously for their herbicidal activity and
endemic to many disciplines and industries, was observed [9-15] long ago to form
diamagnetic radical cation dimers following the one-electron reduction of the
dication, but which were only stable at low temperatures and high concentrations
in strictly air-free environments. Similar n—n radical-cation and mixed-valence
dimers of tetrathiafulvalene [16] (TTF) are known to form upon the one-electron
oxidation of the neutral compound to its stable radical-cation. As the simple parent
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compound, however, the dimeric complex is once again only stable at low tem-
peratures and in the solid state [4, 7].

In recent years, a renaissance [17-26] in the radical cation dimer chemistry of
both MV>* and TTF has been spurred on by the discovery that inclusion complexes
of each species exhibit exceptionally high stabilities in solution at room tempera-
ture. Kim and co-workers [18, 19] observed that cucurbit[8]uril [27] enhances the
stability of both (MV*"*), and (TTF""), radical-cation dimers by encapsulating the
desired species such that they could be studied in solution at room temperature.
Subsequently, Fujita observed [20] mixed-valence dimer (TTF)5" stabilized within
self-assembled cages. When held in place covalently as members of crown
ethers [21], molecular clips [22], or appended to calixarenes [23], TTF units also
form stable radical-cation dimers. Of particular interest for radical-dimerized
species is the fact that the redox activation used in their production represents an
affinity umpolung—a concept borrowed from classical [28, 29] reactivity umpo-
lung—whereby an inversion in supramolecular affinity [30], rather than polarity, is
brought about through redox events. This affinity reversal has been used to drive the
switching in carefully designed molecular machinery [17, 24-26] whereby the
ground states of both MV?* and TTF form stable complexes with electron rich or
poor species, respectively, while the high affinity for their dimerized states upon
redox stimulation forces the adoption of a switched molecular (co)conformation
[17, 24]. Here, we elucidate further the concept of affinity umpolung through the
exploration of a series of tetrathiafulvalene dimer pairs formed and stabilized across
two oxidation states under ambient conditions, held together by virtue of
mechanical bonds in a five-state [3]catenane molecular framework demonstrating
electronic and translational switching.

7.2 Results and Discussion

Over the past several years we have applied ultramild Cu*- and Cu**-catalyzed
alkyne-based covalent couplings [31-35] for the efficient formation of mechanical
bonds in a suite of donor—acceptor rotaxanes and catenanes incorporating as one
ring component the m-electron poor cyclophane [36, 37], cyclobis(paraquat-p-
phenylene) (CBPQT**), which acts as the template for the production of these
mechanically interlocked molecules. These methods rely on the stoppering or
macrocyclization of a component threaded through the fully-formed CBPQT**
ring, a situation that takes advantage of the full binding energy of the two com-
ponents and enables the formation of higher-order rotaxanes and catenanes as a
result of templation. One such method, the Eglinton Cu®*-based oxidative alkyne
homocoupling [38], a reaction well-established [32, 33, 39-48] for the efficient
synthesis of catenanes, was recently used to macrocyclize a bispropargyl-func-
tionalized TTF derivative around the CBPQT** ring [49], forming a single-station
switchable [2]catenane where the newly bonded butadiyne unit serves largely a
structural role which allowed the operation of an exceptionally simple switching
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Scheme 7.1 [3]Catenane synthesis. Template-directed synthesis of Ehe [3]catenane 1-4PFg
consisting of two TTF units threaded through a cyclobis(paraquat-4,4-biphenylene) ring and
mechanically interlocked by the formation of structural butadiyne linkers

motif. Building upon this initial research, we applied the same synthetic approach
in order to form (Scheme 7.1) the switchable [3]catenane 1-4PF incorporating the
expanded cyclobis(paraquat-4,4’-biphenylene) as the templating n-electron
poor macrocycle [50, 51] in which now two n-electron rich components are known
[52-54] to coexist comfortably.

Upon mixing the m-electron rich bispropargylated TTF derivative 2 with
cyclobis(paraquat-4,4’-biphenylene) (3-4PFg) in a 5:1 molar ratio in MeCN, the
solution became an intense emerald green color, indicating the formation of the
[3]pseudorotaxane (2, C 3)-4PF4. Reaction with Cu(OAc),-H,O (1.0 equiv per
terminal alkyne) at room temperature for 3 days effected the desired oxidative
homocoupling, affording the [3]catenane 1-4PF¢ as a green solid in 50% overall
yield (Scheme 7.1). Remarkably, no [2]catenane or the ring-in-ring complex
byproducts were isolated—a finding which indicates the strong templation effected
through the wrapping of the ethylene glycol chains around the bipyridinium faces
of 3-4PF¢ in [C—H---O] type interactions [55].

The mechanically interlocked molecular structure was confirmed by X-ray
crystal structural analysis performed on green needlelike crystals obtained by slow
diffusion of iPr,O into a MeCN solution of 1-4PF¢ at 0 °C. Three different views of
the molecular structure are displayed in Fig. 7.1, using both ball-and-stick and
space-filling representations. Both TTF units (shown in green) exist in their trans
configurations and are housed within the cyclobis(paraquat-4,4'-biphenylene)
cavity (shown in blue) and stabilized by means of a combination of weak inter-
actions. These stabilizing elements consist of n—n stacking contacts with close
distances (3.58 A) between the bipyridinium faces and the included TTF units, as
well as [C—H---O] close contacts [55], observed with the second and third oxygen



104 7 Highly Stable TTF Radical Dimers in a Five-State [3]Catenane

L

Fig. 7.1 Solid-state structural investigations. The solid-state structure of [3]catenane 1*

displayed (left) as a top-down view in a ball-and-stick representation, (center) as a perspective
view in a space-filling representation, and (right) as a side-on view in a ball-and-stick
representation. The inclusion of the TTF units within the tetracationic cyclophane places them
in the ideal arrangement to form stable dimers in higher oxidation states. The disordered
PF¢~ counterions, hydrogen atoms, and MeCN solvent molecules have been omitted for
clarity

atoms (2.67 A (116.6°) and 2.23 A (171.6°), respectively) on one arm of each TTF
containing crown ether and the a-bypyridinium hydrogen. In keeping with pre-
viously reported Eglinton-derived catenanes [33, 49], the butadiyne fragments
(shown in purple) align themselves approximately parallel to the external bipy-
ridinium faces with close interplanar distances of 3.64 A. Of considerable interest
within the interlocked framework of 1-4PF is the relationship forged between the
two TTF units which are held side-by-side with each other by virtue of the two
mechanical bonds. When both TTF units are neutral—as in 14+—they are expected
to experience very little electronic interaction one with the other. The crystal
structure of 1** supports this notion since the TTF units experience a slipped-
stacked arrangement within the tetracationic cyclophane, their average planes
being separated by 3.63 A. It is this close internal contact and the resulting high
relative concentration that provide 1-4PF¢ with the possibility of forming strongly
coupled TTF dimers throughout its various oxidation states.

Cyclic voltammetry (CV) performed at room temperature was used to inves-
tigate the electrochemical switching mechanism of 1-4PF¢. The entire potential
scanning range for the [3]catenane, recorded (Fig. 7.2) at 200 mV/s, reveals four
separate one-electron oxidation events present in the [3]catenane: they occur at
405, 655, 1,320, and 1,470 mV versus Ag/AgCl. A large potential gap exists
between the first two (I and II) and final two (III and IV) oxidation events of
1-4PF¢, amounting to shifts in excess of 530 mV for the second oxidation of the
TTF units when compared with the control compound 2. Such large shifts in
oxidation potential indicate the formation of a highly stabilized species upon the
second oxidation event. In order to describe these oxidation events, we propose a
switching mechanism (Scheme 7.2) whereby the TTF units of 1-4PF are oxidized
individually in four separate steps, forming two stable dimers of tetrathiafulvalene
as the mixed-valence state, (TTF)3" labeled 15+, and the radical-cation dimer,
(TTF"™%), labeled 1%*, as well as a novel radical-cation/butadiyne dimer, labeled
17*. The formation of 17* occurs after the stepwise ejection the TTF** dication
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Fig. 7.2 Cyclic voltammetry (CV). Full range CVs (1 mM in MeCN, 100 mM NBu,PFg,
200 mV/s) of 1-4PF4 and 2 performed at room temperature. Four distinct one-electron oxidation
processes are observed for 1-4PF¢—(I) 405 mV, (II) 655 mV, (III) 1.32 V, and (IV) 1.47 V. The
subsequent re-reductions occur in three steps—(V) a two-electron process centered on 709 mV,
(VI) a one-electron process centered on 476 mV, and (VII) a one-electron process centered on
311 mV. Each of these process occur at potentials significantly shifted from the analogous redox
processes for 2, centered on 404 (ox), 793 (ox), 629 (red), and 297 (red) mV. These shifted
oxidation potentials indicate the formation of stabilized mixed-valence (TTF)>" and radical-
cation (TTF*"), dimer states, as well as a TTF**-butadiyne interaction

from inside the tetracationic cyclophane—an act which causes the circumrotation
of one of the crown ethers such that its butadiyne unit now occupies the cavity of
the cyclophane—leaving a TTF"* radical-cation associated with the other crown
ether and the newly presented butadiyne to constitute a stabilizing interaction
inside the cyclophane. The final oxidation of the 17* species results in the ejection
of the second TTF** dication from inside the tetracationic cyclophane in 1%*,
forming the translational state where both the dications occupy alongside positions
with respect to the bipyridinium units on the cyclophane. Further proof of the
translational change involved in the formation of 1%* is brought into focus again
when we consider the re-reduction of this highly charged structure. The first
re-reduction occurs as a two-electron process, reforming the highly stabilized
radical-cation (TTF""), dimer in 1%*. This re-reduction occurs very near the
potential for the first re-reduction of the control compound 2, an indication that
the TTE** dications, once removed from the cavity of the tetracationic cyclophane,
are re-reduced to radical-cations while outside of the cyclophane. It is worthy of
note that the re-formation of the (TTF**), dimer in 1%* strongly favors the insertion
of two cationic units—constituting the radical-cation dimer—inside the tetracat-
ionic cyclophane. Further reduction of the molecule occurs as two distinct one-
electron events with the mixed-valence (TTF)5* dimer 1°* formed after the first
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Scheme 7.2 Step-wise oxidative dimerization mechanism. The proposed oxidative switching
mechanism exhibited by the [3]catenane 1-4PFq proceeds in four distinct oxidation events
(labelled I through IV), forming stable intermediaries 1°*, 1°*, and 1%*. States 1°* and 1°* are
composed of stabilized mixed-valence (TTF)3* and radical-cation (TTF**), dimers housed within
the ‘molecular flask’ created by the [3]catenane’s mechanically interlocked architecture. Two
molecules of intermediate 17* are believed to disproportionate to give the more stable 1°* and 1%*
combination. The re-reduction of 18+ to 1** proceeds in three distinct events labelled V through
VII, reforming the stable intermediates 1°* and 1°* along the path to the ground state 1**

and the return to the ground state 1** after the second. The application of still
further reduction potentials results in two two-electron reversible processes for the
redox events of both bipyridinium moieties to the radical-cation and neutral states.
Both bipyridinium units are equivalent in the symmetrical [3]catenane and hence
the reduction and re-oxidation of these moieties occur simultaneously with respect
to each redox event.

In order to probe the proposed switching mechanism (Scheme 7.2) from yet
another angle, we conducted a series of spectro-photometric investigations on each
of the oxidation states of 1-4PFs. The different oxidation states in bulk solution
were generated by titrating the appropriate amount of an oxidant into MeCN
solutions containing 1-4PF¢ under ambient atmosphere at room temperature. The
UV-Vis-NIR spectra of a solution of the [3]catenane after the stepwise addition of
04 equiv of Fe(ClOy); are displayed in Fig. 7.3. The initial spectrum of 1**
displays a broad absorption band associated with the TTF-bipyridinium charge-
transfer (CT) interaction centered on 893 nm (labeled a). The addition of 1.0 equiv
of oxidant resulted in the formation of a very broad NIR absorption band centered
on 2040 nm, along with a new peak at 613 nm (labeled b): both absorbances are
known [2, 20, 22, 23] to correspond to (TTF)>* mixed-valence dimers as expected
for 1°*. Interestingly, the growth of these two peaks occurs with the attenuation
and blue-shifting of the original TTF-bipyridinium CT absorption band to roughly
half of its original intensity—an observation that is easily explained since one-half
of the TTF units, originally participating in the CT interaction, are effectively
removed upon their oxidation with the addition of 1.0 equiv of the oxidant. The
further addition of 1.0 more equiv of the oxidant removes completely the CT
absorption band as well as the NIR absorption band, and replaces them with two
strong absorption bands centered on 806 and 555 nm (labeled c)—that are
absorbances characteristic [2, 19, 22, 23] of (TTF"*), radical-cation dimers.
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The addition of a total of 3.0 equiv of oxidant resulted merely in the attenuation of
these two absorbances by one-half, without the growth of any new peaks which
could be attributed to 1”*—a finding that was initially puzzling, but became clear
later, following EPR investigations, as the product of the disproportionation of two
molecules of 17* to form one of 1®* and another of 1%*. The addition of yet another
1.0 equiv of oxidant to give a total of 4.0 equiv removed all the absorbances except
for a sharp peak centered on 375 nm (labeled d) characteristic of TTF*" dications.

Chemical oxidation of 1** to both 1®* and 1%+ was also performed in CD;CN
using 2.0 and 4.0 equiv, respectively, of tris(4-bromophenyl)ammoniumyl hexa-
chloro-antimonate [56] as the chemical oxidant so that the effects of oxidation on
the TTF units could be probed by 'H NMR spectroscopy. The ground state
spectrum (Fig. 7.4a) of 1** is complicated by the presence of both interconverting
[57] cis and trans configurational isomers for each TTF unit within the cavity—
each conferring their respective local symmetries throughout the [3]catenane.
Nonetheless, the resonances attributed to all of the important functions in the
molecule were easily assigned using 2D NMR techniques and they are annotated
on the spectrum in Fig. 7.4a. Upon the addition of 2.0 equiv of the chemical
oxidant, both TTF resonances disappeared along with broadening of all the other
resonances in the spectrum—both of these observations being expected following
the formation of the radical-cation (TTF*"), dimeric species 1%*. The presence of
clearly defined signals (Fig. 7.4b) for the oxidized species supports the stability
and electronically coupled nature of the radical-cation (TTF"*), dimer within 1%*.
Similar behavior has been reported by Kim and co-workers [19] who also recorded
an '"H NMR spectrum of the encapsulated (TTF""), radical cation-dimer, in their
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Fig. 7.4 NMR investigations. "H NMR Spectra (600 MHz, CD;CN, 293 K) of (a) 1**, (b) 1%,
and (¢) 1%+ formed through the addition of 0, 2.0, and 4.0 eq. of tris(4-bromophenyl)ammoniumyl
hexachloroantimonate oxidant. The presence of well-defined signals in the spectrum of 1%*
supports the notion that the (TTF"*), radical-cation dimer is diamagnetic

case as a supramolecular entity in cucurbit[8]uril. Finally, complete oxidation,
following the addition of an excess of oxidant to form 18+, resulted in the reap-
pearance of signals (Fig. 7.4c) for the TTF protons in a well resolved spectrum.
Close inspection of the resonances for the tetracationic cyclophane during the
oxidation steps reveal initial downfield migrations of all the resonances following
the formation of 1%*—resulting from the shielding effects of the closely associated/
included (TTF""), dicationic species. Upfield movements of the same cyclophane
resonances occurs upon the formation of 13*, as would be expected following the
ejection of the TTF** dications.

We have also performed continuous wave (CW) EPR spectroscopy over all of
the oxidation states generated by titrating the Fe(ClO,4); oxidant at 295 K into an
MeCN solution of 1-4PF¢ in unsealed quartz tubes. During the slow addition of the
oxidant, a signal for the radical emerged, which reached a maximum after the
addition of 1.0 equiv—producing the (TTF)3* mixed-valence state of 1>*—as
shown in Fig. 7.5a. The radical signal of 13* is broad, lacking hyperfine splitting,
because the two neighboring protons on the TTF units do not effectively couple
with the spin system. A broad signal, also lacking hyperfine splitting, was observed
for the model compound 2 upon oxidation with 1.0 equiv of Fe(ClO,4);. The
continued addition of the oxidant resulted in the attenuation of the radical enve-
lope, following the addition of 2.0 total equiv—a result which was surprising at
first, considering that another radical species is formed, at least formally, during
the continued oxidation to 1%*. The attenuation in the signal can be attributed to the
strongly paired (singlet) nature of the two interacting formal radical species
constituting the (TTF""), radical-cation dimer. The presence of a very small
radical signal can be attributed to a finite population of TTF unencircled
co-conformations in 1%* wherein the free TTF* units behave as normal triplet
state species. During the addition of another equiv of oxidant to give a total of 3.0
equiv, the expected emergence of the radical signal did not occurr—a result that
can best be explained by the disproportionation of the transient 17* species to form
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the stable 1%* and 1%* which are both EPR silent species. Finally, the addition of
4.0 total equiv of the oxidant causes the complete oxidation to 13* which bears no
radical character and is completely EPR silent.

The experimental data is commensurate with a compound exhibiting stable TTF
dimeric states as the mixed-valence (TTF)>" and radical-cation (TTF""), forms in
1°* and 1%, respectively, while also being suggestive of a novel TTE**-butadiyne
interaction in 17*. In order to investigate the exact nature and stability of these
dimeric species found in the different oxidation states of 1-4PF¢, we have resorted
to quantum-mechanical modeling. Density functional theory (DFT) using the
MO6-suite of functionals [58], a combination that we have shown [59] previously
to provide accurate structural and energetic descriptions of mechanically
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Fig. 7.6 Calculated energy landscape. DFT calculated relative energies for the five oxidation
states 14*—1%* of the three co-conformations shown. For each oxidation state the both-in co-
conformation was arbitrarily set at O kcal/mol. While the absolute energies between each
oxidation state are not directly comparable, the relative energetic differences between co-
conformations are comparable. The data indicate stable dimeric structures, (TTF)5" and (TTF™),,
in 15* and 1%, respectively, as well as a stabilized TTF**-butadiyne interaction in 17*

interlocked molecules—including the recent description [49] of the related single-
station TTF-based [2]catenane—was employed to shed light on the relative
energetic landscape of the [3]catenane 1** across its five different oxidation states.
We performed geometry optimizations on the both-in, one-in-one-out, and both-
out co-conformations (this convention for naming denotes the relative position of
the TTF units) for each of the oxidation states, 1**~1%*, at the M06-L/6-31G**
level of theory in the gas phase. Energies were calculated using the M06-2x
functional, including a continuum solvation correction for MeCN.

A detailed careful analysis (Fig. 7.6) of the calculated relative energies suggests
that for the 1**, 15*, and 1% oxidation states, the both-in co-conformation is
favored by ~ 20 kcal/mol, and that in fact, this co-conformation is more strongly
favored in the higher oxidized states—by 6 more kcal/mol in 1°* and 3 more kcal/
mol in 1%*—despite the inclusion of more charged species within the tetracationic
cyclophane. We attribute this increased stability to the formation of (TTF)3*
mixed-valence and (TTF™"), radical-cation dimerized states in these oxidized
species. It is important to note that, because the TTF-containing crown ethers do
not contain secondary m-electron rich recognition sites, bearing as they do only
glycols and the butadiyne unit, no competition exists for occupancy within the
cyclophane. This lack of competition between different recognition motifs allows
even weakly stabilized co-conformations to be observed and indeed occupied
almost quantitatively in this single-station [3]catenane [49]. An example of such a
weakly stabilized co-conformation is the novel TTF**-butadiyne interaction which
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exists in the one-in-one-out co-conformation of 17*. It was found by calculation to
be slightly more stable (~2 kcal/mol) than the both-out co-conformation of the
same oxidation state. The observation of this stabilized interaction is consistent
with the CV data in which a third sequential oxidation state exists (Fig. 7.2,
marked IIT), accounting for the formation of 17*. This interaction is once again
verified by the much larger energetic penalty (25 kcal/mol) for converting the one-
in-one-out co-conformation to the both-out co-conformation of 1%*—a process that
would break the stabilizing TTF"*-butadiyne interaction—as compared to the
same process in 1°*.

The electrostatic potential surfaces calculated for the most stable co-conforma-
tions for the [3]catenane at all five oxidation states are displayed in Fig. 7.7. The
ground state, structure 1*, exhibits symmetric CT interactions between the TTF
units and the bipyridinium faces as indicated by the shared electropositivity local-
ized between their adjoining faces. Throughout the oxidation sequence transforming
1** into 1%, the electropositive regions become more and more concentrated
between the encircled TTF units—an expected result since the TTF units form
increasingly strong interactions in the mixed-valence (TTF)5" and radical-cation
(TTE""), dimer states in the interior of the ‘molecular flask.” Within the 17* state, the
bulk of the electropositivity rests on the ejected TTE** dication while, to a lesser
extent, positive regions are also shared across the TTF"*-butadiyne interaction in the
interior of the cyclophane in this unsymmetrical structure. The final oxidation to 1%*
returns symmetry to the catenane, placing the highly electropositive regions
squarely on the TTF** dications outside of the tetracationic cyclophane.

Finally, in order to appreciate more fully the interactions of the species
incorporated within the tetracationic cyclophane of the the [3]catenane across its
five oxidation states, we conducted a simple computational binding study between
the encircled species in the most stable co-conformations for 1**, 15*, 1%* and 17*
in which the tetracationic cyclophane and unencircled components were excluded.
By omitting the cyclophane in the theoretical model, the interactions between the
included species can be investigated free of the energetic perturbations arising
from charge-charge repulsion from the encircling cyclophane. The solvated
interaction energy between two neutral TTF moieties—found in 1**—was cal-
culated to be —9.5 kcal/mol, while the interaction energy between a neutral TTF
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unit and a butadiyne fragment was calculated to be —5.3 kcal/mol; these values
serves as a baseline for the van der Waals (vdW) interaction energy caused by
bringing two n-electron surfaces into close proximity. The single-electron oxida-
tive formation of the (TTF)5" dimer—present in 15" —results in —10.5 kcal/mol in
total stabilization energy—1 kcal/mol higher than for the neutral species—while
the two-electron oxidation dimeric product (TTF™*),—present in 15— is stabi-
lized at —12.9 kcal/mol —2.4 kcal/mol higher than the neutral species. Interest-
ingly, the TTF"*-butadiyne dimer present in the one-in-one-out co-conformation of
17* experiences —7.0 kcal/mol in stabilization energy—that is, 1.7 kcal/mol higher
than the in the neutral case, most likely as a consequence of electrostatic attractive
interactions. These theoretical investigations indicate very clearly the presence of
moderately strong affinities, not only between the two TTF units, collectively
singly and doubly oxidized, but also between TTF"* radical cations and other
n-electron accessible moieties.

7.3 Conclusions

We have demonstrated the efficient formation and enhanced stability of (TTF)5*
mixed-valence and (TTF""), radical-cation dimers as well as an unprecedented
TTF *-butadiyne dimer within the ‘molecular flask’ composed of a mechanically
interlocked [3]catenane. The unique nature of the mechanical bond endows the
high stability of these electrochemically accessible dimeric states through both
ideal geometric arrangements and high apparent concentrations, while also
enabling structural and translational switching to be brought about through their
formation. This affinity umpolung drives the dimerization and step-wise circum-
rotation upon the successive oxidation of the TTF units such that finite structural
control emerges through electronic stimulation. The ability to generate and study
in detail both the discrete mixed-valence and radical-cation tetrathiafulvalene
dimers under ambient conditions within the mechanically interlocked framework
marks a departure from the current state-of-the-art and positions this and similar
molecules as attractive candidates for electronic and spintronic device applications
while also serving as valuable synthetic models of natural analogues [60].

7.4 Experimental Section

7.4.1 General Methods

All reagents were purchased from commercial suppliers (Aldrich or Fisher) and
used without further purification. Cyclobis(paraquat-4,4’-biphenylene) tetrakis-
hexafluoro-phosphate  [51] (3-4PFs) and 4,4'(5)-bis[2-(2-{2-(propargyl)eth-
oxy }eth-oxy)ethoxy]tetrathia-fulvalene [49] (2) were prepared according to
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literature procedures. Thin layer chromatography (TLC) was performed on silica
gel 60 F,s4 (E. Merck). Column chromatography was performed on silica gel 60F
(Merck 9385, 0.040-0.063 nm). Nuclear magnetic resonance (NMR) spectra were
recorded at 25 °C (unless otherwise noted) on Bruker Avance 500 and 600
spectrometers, with working frequencies of 500 and 600 MHz for 'H, and 125 and
150 MHz for '*C nuclei, respectively. Chemical shifts are reported in ppm relative
to the signals corresponding to the residual non-deuterated solvents [61]. All '*C
spectra were recorded with the simultaneous decoupling of proton nuclei. EPR
Measurements at X-band (9.5 GHz) were made using a Bruker Elexsys E580. The
EPR spectrometer was outfitted with a variable Q dielectric resonator (ER-4118X-
MD5-W1). Steady-state CW EPR spectra were measured using 0.2-2 mW
microwave power and 0.01-0.05 mT field modulation at 100 kHz, with a time
constant of 5.12 ms and a conversion time of 40.96 ms. Electrospray lonization
(ESI) mass spectra were obtained on a Agilent 6210 LC-TOF high resolution mass
spectrometer. Nanoelectrospray HRMS spectra were collected on a ThermoElec-
tron LTQ-FT-MS. Cyclic voltammetry experiments were performed on a Prince-
ton Applied Research 263 A Multipurpose instrument interfaced to a PC using a
glassy carbon working electrode (0.018 cm?, Cypress system). The electrode
surface was polished routinely with 0.05 pm? alumina/water slurry on a felt sur-
face immediately before use. The counter electrode was a Pt coil and the reference
electrode was a AgCl coated Ag wire. The concentrations of the samples were
I mM in 100 mM electrolyte solution (NBuyPFs in MeCN). UV-Vis-NIR
Absorption spectra were recorded on a Varian Cary—500 spectrophotometer.

7.4.2 Computational Methods

Calculations were performed on all systems using density functional theory (DFT)
with the M06-L and MO06-2x functionals, as implemented in Jaguar 7.6r110.
Starting with a structure from the crystallographic data, we optimized the geom-
etry using the 6-31G** basis set with the M06-L functional in the gas phase.
Single-point energies were calculated using the M06-2x functional and the 6-
31G** basis set. Solvent corrections were based on single point self-consistent
Poisson-Boltzmann continuum solvation calculations for acetonitrile (X = 37.5,
Ry = 2.18 A) using the PBF module in Jaguar.

7.4.3 Preparation of 1-4PF¢

Cu(OAc),-H,O (40.0 mg, 0.200 mmol) was added to a green solution of 2
(121 mg, 0.200 mmol) and 3-4PF4 (50.0 mg, 0.040 mmol) dissolved in MeCN
(30 mL) and the solution was stirred for 72 h under ambient conditions. The
solvent was removed in vacuo and the green residue was subjected to
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chromatography (SiO,, MeOH:2M NH,4Cl:MeNO, (7:2:1) eluent). The green band
was collected, concentrated in vacuo, and treated with cold H,O to precipitate a
green solid (49.2 mg, 50%). 1-4PFg: '"H NMR (600 MHz, CD5CN, 293 K): ¢
9.21-9.04 (m, 8H, a-bipy*-H), 7.95-7.79 (m, 8H, S-biby*-H), 7.66-7.60 (m, 16H,
phenylene-H), 5.95 (s, 4H, SCH), 5.79-5.70 (m, 8H, macrocyclic CH,), 3.96-3.91
(m, 8H, SCCH,), 3.89 (s, 8H, C=CCH,0), 3.85-3.83 (m, 8H), 3.82-3.79 (m, 8H),
3.77-3.75 (m, 8H), 3.73-3.70 (m, 8H), 3.69-3.66 (m, 8H), 3.61-3.58 (m, 8H),
3.36-3.33 (m, 8H); '>°C NMR (125 MHz, CD5CN, 293 K): § 145.78, 145.31,
142.04, 133.67, 133.57, 131.00, 129.00, 126.73, 125.73, 119.74, 110.55, 77.28,
76.85, 72.17, 71.85, 71.36, 71.23, 71.10, 71.01, 71.00, 70.89, 70.51, 70.10, 69.84,
6871, 6834, 6552, 5926, 5917, HRMS (ESI) Calcd for C]00H108F24N4O]6P488:
2,311.4402 (IM + 3PF¢]h), 1,083.2405 ([M + 2PF4]*"), 673.8389 ([M + PE¢]*"),
469.1382 (M™), Found: 2,311.4394 ([M + 3PEq]"), 1,083.2416 ([M + 2PF4]*"),
673.8392 ([M + PFq]*"), 469.1385 (M™*); mp 152-156 °C with decomposition.

7.4.4 Oxidation Studies

UV-Vis-NIR Spectra were recorded from a solution of 1-4PFs (3 mL, 0.3 mM,
MeCN) through a 1.0 cm path-length cuvette throughout the successive addition of
a solution of Fe(ClO4)3; (2 pL aliquots, 100 mM, MeCN). EPR Spectra were
recorded from a solution of 1-4PFg (854 pL, 0.5 mM, MeCN) in an unsealed
quartz tube (1.4 mm 1.D.) tube throughout the successive addition and mixing of a
solution of Fe(ClOy4)3 (4 pL aliquots, 50 mM, MeCN; the solution in the tube was
removed and mixed with the parent solution and added oxidant between the
recording of each spectrum). Nanoelectrospray HRMS spectra were performed on
solutions of 1**, 1%, 1%*, and 1%* (3 uM, MeCN) prepared from the titration of
Fe(ClOy4); (50 mM, MeCN). '"H NMR spectra were recorded from a solution of
1-4PF¢ (122 pL, 2.0 uM, CD3CN) following the successive addition of tris(4-
bromophenyl)ammoniumyl hexachloroantimonate (0.4 mg aliquots).
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