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. Structural features and shape switching of the
mor phological switches.

Titration of 1 by mercury ftriflate:

N
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'H NMR titration of ligandl by mercury triflate in CDGICDsCN: 6/4. From bottom to
top: addition of 0.0, 0.3, 0.5, 0.7, 0.9 and 1.Wwieglent of metal ion. Thermodynamic
equilibrium was reached within the time neededeimord the NMR spectra after addition of
the metal salt containing solution, i.e. a few tehseconds. The intermediate spectra show
that the equilibria between all species are conipari® the NMR time-scale.
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[I. Characterizations of the imine macrocycles.

MALDI-TOF (THAP) of Zn.1.N,Co:
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MALDI-TOF (dithranol) ofZn.1.N,Cs:
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MALDI-TOF (dithranol) ofHg.1.N>Cs:
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2D NMR analyses dfig.1.N,Ca:

H 10 N\/_\/ N H3
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COSY (CDC}/CDsCN: 52/48):
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ROESY (CDC} /CDsCN: 52/48):
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MALDI-TOF (dithranol) ofHg.1.N>C4:
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Solid state structure ¢1g.1.N.C,:

2D NMR analyses dfig.1.N>Cs:

COSY (CDC} /CDsCN: 52/48):
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ROESY (CDC} /CDsCN:
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MALDI-TOF (dithranol) ofHg.1.N-Cs;
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MALDI-TOF (THAP) analysis of the precipitate resolj from the mixing ofPb.1 and

NoCo:
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MALDI-TOF (dithranol) of Pb.1.N,Cs:

S13



Interes. o

T T
40 [ ex] -]

nberes. o

ek

- 280352

=

100 l I ‘ ‘ | u ‘ l
T T T
] w50 ez

Bd3.088

MALDI-TOF (dithranol) of Pb.1.N.C,:
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MALDI-TOF (dithranol) ofPb.1.N>Cs:
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MALDI-TOF (dithranol) ofPb.1.N>O:
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2D NMR analyses oflg.1.N>O:
COSY (CDC} /CD3sCN: 52/48):
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ROESY (CDC4/CDsCN: 52/48):
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ROESY (CDC4 /CDsCN: 56/44):
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MALDI-TOF (dithranol) of Pb.1.N>NH:
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MALDI-TOF (dithranol) ofZn.1.N,NH:
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Component selection in covalent dynamic self-assembly
processes of M.1.

Selection experiment operated By.1 betweerN,Cs; andN,Cs;
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'H NMR spectra showing the selection operatedZioyl betweenN,Cs and N,Cs, in
CDCIs/CDsCN: 6/4 at 5 mM concentration. Bottom: competitiexperiment betweeN,Cs
and N.Cs, spectrum recorded after 3 days at 65°C ; mideilacrocycleZzn.1.N,C3 ; top:
macrocycleZn.1.N,Cs.

Selection experiment operated By.1 betweerN>C, andN,Cs;

J - L.__‘_,./J”Jw W \WMJ \«J'ij J UL

s T “L
i

LJ'L)VM._.«MA ‘UUILJ et P it b .,v\,_/JJ LL..,
T I T

§5¢ soo 730

'H NMR spectra showing the selection operatedZioyl betweenN,C, and N,Cs, in

CDCI/CD3sCN: 6/4 at 5 mM concentration. Bottom: competitexperiment betweeN,C,

and N,Cs, spectrum recorded after 1 day at 50°C ; middlacnocycleZn.1.N,C, ; top:
macrocycleZn.1.N,Cs.

Selection experiment operated Hy.1 betweerN,C, andN,C,:
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'H NMR spectra showing the selection operatedZioyl betweenN,C, and N,Cs, in
CDCIs/CDsCN: 6/4 at 5 mM concentration. Bottom: competitiexperiment betweeN,C,
and N.C4, spectrum recorded after 6 days at 60°C ; mideiiacrocycleZzn.1.N,C, ; top:
macrocycleZn.1.N,C..

Selection experiment operated Hy.1 betweerN,C3; andN,C,:
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'H NMR spectra showing the selection operatedZioyl betweenN,Cs and N,Ca, in
CDCIs/CDsCN: 6/4 at 5 mM concentration. Bottom: competitiexperiment betweeN,C3

and N.C,4, spectrum recorded after 6 days at 60°C ; mideiiacrocycleZzn.1.N,C3 ; top:
macrocycleZn.1.N,Cy.

Selection experiment operated Hyg.1 betweerlN,Cs; andN»Cs:
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'H NMR spectra showing the selection operatedHayl betweenN,Cs and N,Cs, in
CDCIs/CDsCN: 6/4 at 5 mM concentration. Bottom: competitiexperiment betweeN,C3
and N,Cs, spectrum recorded after 1 day at 60°C ; middlacnocycleHg.1.N,Cs ; top:
macrocycleHg.1.N,Cs. The spectrum of the competition experiment costailso peaks due
to unidentified species.

Selection experiment operated Ply.1 betweerN,C4 andN,Cs;
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'H NMR spectra showing the selection operatedPbyl betweenN,C4 and N,Cs, in
CDCI/CD3sCN: 6/4 at 5 mM concentration. Bottom: competitiexperiment betweeN,C,
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and N.Cs, spectrum recorded after 4 days at 65°C ; midaiacrocyclePb.1.N,Cs ; top:
macrocyclePb.1.N,Ca.

NMR titration of Pb.1.N,Cs by N,O showing that constitutional rearrangement occurs
leading to the formation of the most stable metailacrocycle Pb.1.N,O through
transimination:
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'H NMR spectra showing the conversion, by transitiima from Pb.1.N,Cs to Pb.1.N,O
upon addition oN>O in CDCL/CDsCN: 6/4 at 5 mM concentration and room temperature.
From bottom to topPb.1.N,Cs, after addition of 1.0 equivalent &f,0, then after 2.5, 8.5,
21.75, 32.25 hours, spectrum recorded at -50°C.

NMR titration of Pb.1.N,O by DMAP showing an interaction in the solutionteta
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'H NMR titration ofPb.1.N,O by DMAP in CDCE/CDsCN: 6/4 at 5 mM concentration
and room temperature. From bottom to top: 0.0,0@®,1.4, 2.0 equivalent of DMAP.

NMR titration of Pb.1.N,O by imidazole showing an interaction in the solntstate:
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'H NMR titration ofPb.1.N,O by imidazole in CDGJCDsCN: 6/4 at 5 mM concentration
and room temperature. From bottom to top: 0.0,10@®, 1.4, 2.0 equivalent of imidazole.

Selection experiment operated By.1 betweerlN,Cs andN>NH:
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'H NMR spectra showing the selection operatedPbyl betweenN,NH and N,Cs, in
CDCI/CD3sCN: 6/4 at 5 mM concentration. Bottom: competitexperiment betweeN,NH
and N.Cs, spectrum recorded after 1 day at room temperafureiddle: macrocycle
Pb.1.N2NH ; top: macrocycléb.1.N,Cs.

Even if the imine region (ca. 9.0 ppm) strongly gesis that selection dfi,NH has
occurred, the other peaks do not perfectly fit witlose of Pb.1.N>.NH. This is again
explained by an intermolecular interaction betwtgenmetallo-macrocycle and the remaining
diamine. Indeed, addition ®,Cs to Pb.1.N>,NH induces immediate changes of the chemical
shifts, which eventually reach those displayechim ¢competition experiment (see below). On
the other hand, addition df;,NH ontoPb.1.N,Cs induces, by a transimination reaction which
requires hours to reach completion, the formatibthe more stable macrocydRb.1.N,NH
(see below).

Titration of Ph.1.No>NH by N»Cs:
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'H NMR titration of Pb.1.N,NH by N,Cs in CDCL/CDsCN: 6/4 at 5 mM concentration.
From bottom to top: 0.0, 0.3, 0.5, 0.7 and 1.0 emjent of N.Cs. Thermodynamic
equilibrium was reached within the time needecetmord the NMR spectrum after addition of
the diamine, i.e. a few tens of seconds.

NMR titration of Pb.1.N,Cs by NoNH showing that constitutional rearrangement occurs
leading to the formation of the most stable metailacrocycle Pb.1.No,NH through
transimination:
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'H NMR spectra showing the conversion, by transitigma from Pb.1.N,Cs to
Pb.1.NoNH upon addition ofN,NH in CDCL/CD3sCN: 6/4 at 5 mM concentration and room
temperature. From bottom to top: 0.0, 0.3, 0.5, 0.0 equivalent oN,NH, then after 3, 19,
27, 51 hours.

Competition experiment operated hg.1 betweerlN,Cs andN,NH:
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'H NMR spectra showing the selection operate@ iyl betweerN,Cs andN,NH, in
CDCIy/CDsCN: 6/4 at 5 mM concentration. Bottom: competitexperiment betweeN,Cs
andN,;NH, spectrum recorded after 2 days at 60°C ; middkcrocyclezn.1.N>NH ; top:

macrocycleZn.1.N,Cs.
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V. Diamine-dependent selection of metal ions.

Competition experiment betwe@m(OTf), andPb(OTf), of the complex formation from

! IR
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1]!501 10.00 950 9.10 8.50 8.00 7.8]
H NMR spectra showing the inherent preference loétweerzn andPb, in

CDCIs/CDsCN: 6/4 at 5 mM concentration. Bottom: competitexperiment between
Zn(OTf), and Pb(OTH), spectrum recorded after a few hours at room teatpe ; middle:
Zn.1; top:Pb.1.

Competition experiment betwe@m(OTf), andHg(OTf), of the complex formation from

L e l

i b J,

10.39. 10.00 9.80 9.02 8.81 8.00 .80
H NMR spectra showing the inherent preference loétweerZn andHg, in

CDCI3/CDsCN: 6/4 at 5 mM concentration. Bottom: competitexperiment between
Zn(OTf), and Hg(OTf), spectrum recorded after 1 day at 60°C ; middig1 ; top:Zn.1.

1

Competition experiment betwe@&b(OTf), andHg(OTf), on the complex formation from

1
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H NMR spectra showing the inherent preference loétween Pb(Il) and Hg(ll), in
CDCI3/CD3sCN: 6/4 at 5 mM concentration. Bottom: competitexperiment between

Pb(OTf), and Hg(OTTf), spectrum recorded after 1 day at 60°C ; middigl ; top:Pb.1.

Competition experiment betweedAn(OTf), and Pb(OTf), on the macrocycle formation
from an equimolar mixture df andN,Cs;
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9.0 8.5C §.00 T.80 3.730 3.700

CDCI3/CD3CN 6/4, 5 mM concentration. Bottom: competitionppement between
Zn(OTf), and Pb(OTH with an equimolar mixture df andN,Cs, spectrum recorded after a
few hours at room temperature ; middh.1.NoCs ; top: Zn.1.N2Cs.

Competition experiment betweedin(OTf), and Pb(OTf), on the macrocycle formation
from an equimolar mixture df andN-O:
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CDCI3/CDsCN: 6/4, 5 mM concentration. Bottom: competitiorperment between
Zn(OTf), and Pb(OTH with an equimolar mixture df andN,O, spectrum recorded after 1
day at room temperature ; middRb.1.N,O ; top:Zn.1.NO.

Competition experiment betweedin(OTf), and Pb(OTf), on the macrocycle formation
from an equimolar mixture df andN->C>:
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CDCI3/CDsCN: 6/4, 5 mM concentration. Bottom: competitiorperment between
Zn(OTf), and Pb(OTH with an equimolar mixture df andN,C,, spectrum recorded after 2
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days at 65°C ; toZn.1.N,C,. Note that the [1+1] macrocycRb.1.N,C, does not form
under those conditions (see text).

Competition experiment betweein(OTf), and Pb(OTf), on the macrocycle formation
from an equimolar mixture df andN,Cj:
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CDCIy/CDsCN: 6/4, 5 mM concentration. Bottom: competitiorperment between
Zn(OTf), and Pb(OTH with an equimolar mixture df andN,C,4, spectrum recorded after 2
days at 65°C ; middl&n.1.N,C, ; top: Pb.1. NoCj.

Competition experiment betweedn(OTf), and Hg(OTf), on the macrocycle formation
from an equimolar mixture df andN->C>:
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CDCI3/CDsCN: 6/4, 5 mM concentration. Bottom: competitiorpexment between
Zn(OTf), and Hg(OTf) with an equimolar mixture df andN,C,, spectrum recorded after 1

day at 60°C ; middleZn.1.N,C; ; top: equimolar mixture of Hg(OT£)1 andN,C,.

Competition experiment betwee(OTf), and Hg(OTf), on the macrocycle formation
from an equimolar mixture df andN,Cs:
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CDCI3/CDsCN: 6/4, 5 mM concentration. Bottom: competitiorperment between
Zn(OTf), and Hg(OTf) with an equimolar mixture df andN,Cs, spectrum recorded after 2
days at 60°C ; middl&n.1.N,Cs ; top:Hg.1.N.Cas.

Competition experiment betweedn(OTf), and Hg(OTf), on the macrocycle formation
from an equimolar mixture df andN,C,:
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CDCIy/CDsCN: 6/4, 5 mM concentration. Bottom: competitiorperment between
Zn(OTf), and Hg(OTf) with an equimolar mixture df andN,C,, spectrum recorded after 2
days at 60°C ; middlé4g.1.NoC, ; top:Zn.1.N2C,.

Competition experiment betweedn(OTf), and Hg(OTf), on the macrocycle formation
from an equimolar mixture df andN->Cs;
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8.50 g.00 7.50
CDCI3/CDsCN: 6/4, 5 mM concentration. Bottom: competitiorpexment between

Zn(OTf), and Hg(OTf) with an equimolar mixture df andN,Cs, spectrum recorded after 2
days at 60°C ; middld4g.1.N,Cs ; top:Zn.1.N.Cs.

Competition experiment betwedtb(OTf), andHg(OTf), on the macrocycle formation
from an equimolar mixture df andN,C,:

o LUl
I | Je ool
R S W V.

9.00 8.20 2.00 7.50

CDCI3/CDsCN: 6/4, 5 mM concentration. Bottom: competitiorperment between
Pb(OTf) and Hg(OTf) with an equimolar mixture df andN,C,, spectrum recorded after 2
days at 60°C ; middld49.1.N,C, ; top: Pb.1.N2C,.

Competition experiment betwedtb(OTf), andHg(OTf), on the macrocycle formation
from an equimolar mixture df andN,Cs;

A Josh g

9.00 8520 300 7.80
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CDCI3/CDsCN: 6/4, 5 mM concentration. Bottom: competitiorperment between
Pb(OTf), and Hg(OTf) with an equimolar mixture df andN,Cs, spectrum recorded after 2
days at 60°C ; middle4g9.1.NoCs ; top: Pb.1.N2Cs.

Competition experiment betwedtb(OTf), and Hg(OTf), on the macrocycle formation
from an equimolar mixture df andN-O:

I [ T M&
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9.00 8.50 g.00 7.80
CDCI3/CDsCN: 6/4, 5 mM concentration. Bottom: competitiorpexment between

Pb(OTf) and Hg(OTf) with an equimolar mixture df andN,O, spectrum recorded after 2
days at 60°C ; middld41g.1.N,O ; top: Pb.1.NO.

V. Constitutional co-evolution in response to reciprocal metal
ion/diamine effects.

Constitutional evolution of an equimolar mixture bf zinc triflate and mercury triflate
upon sequential addition dLCs andN,C>:

A i m I

WL\&

8. 50 . DEI 7. SD
'H NMR spectra showing the co-evolution of an equananixture of1, zinc triflate,
mercury triflate upon sequential additionNfCs andN,C,, in CDCKL/CDsCN: 6/4 at 5 mM.
From bottom to top: equimolar mixture bfzinc triflate and mercury triflate after additioh

one equivalent oN,Cs, after further addition of one equivalent#$C, (spectrum recorded
after 3 days at 60°C)Hg.1.N.Cs ; Zn.1.N2Cs ; Zn.1.NoCo.

V1. Constitutional adaptation in response to shape changes.

Selection betweeN,O andN,Cs upon addition ofl:
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T T T |
3.00
Selection betweemN,O and N,Cs upon addition ofl (400 MHz *H NMR spectra in

CDCI3/CD3sCN 6/4). Bottom: equimolar mixture ™0 andN,Cs ; top: after addition of 1
equivalent ofl. The peaks belonging t,0 are marked with a circle and the peak belonging

to N,Cs is marked with a star.

NMR spectra showing the non-selective solutionestainsisting in the mixture df N,O
andN,Cs in CDCE:

oM N
Ml b

T T | T
3.50 3.00
'H NMR spectra showing the non-selective solutiatestonsisting in the mixture df

N2O andN,Cs in CDCk. Bottom: equimolar mixture of, NoO and N,Cs ; middle: self-
assembly betweeh andN,Cs ; top: macrocyclel,.(N2O),. The peaks belonging to the free
N.O are marked with a circle and the peak belonginfedreeN,Cs is marked with a star.

MALDI-TOF (dithranol) of the equimolar mixture df N>,Cs andN-,O:

5t 1558
| &77 1080
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Constitutional evolution from an equimolar mixtwil, 2 andN->O:
_,U SO N U G S |
3 L b

10.00 9.30 .00 .30 G.01 7.30 7.0

'H NMR spectra showing the selective self-assembbggss resulting from an equimolar
mixture of1, 2 andN,O in CDCKL/CDsCN: 6/4 at 5 mM concentration. From bottom to top:

mixture after 2 days at room temperature ; Macrtee(N20), ; 1 ; 2.

Constitutional evolution from an equimolar mixtufel, 2, N,Cs and Pb(OTH:

ﬂu MJ{J\JLJIJL

\ .JQLMLJLW
JLJ J\JMMMMLJLM

1 1000 9.50_ 9.00 . 8.5C0 g.00 . 750 .
H NMR spectra showing the selective self-assemiaggss resulting from an equimolar

mixture ofl, 2, N,Cs and lead triflate in CDGICDsCN: 6/4 at 5 mM concentration. From
bottom to top: mixture after 1 day at room tempanet Pb.1.N.Cs ; 2.

'H NMR titration of an equimolar mixture dfand2, by Pb(OT#):

S36



5;——:?—
'-r=

—

—

I e

u L) N | W SN, S S W
LL A Ve oA
L I TN S ¥
_J I (NI S S

1D!50I - I1D!DDI o 9.|50 T 9.|DD - | Blﬁﬂ 3.00 7.80
'H NMR spectra showing the titration of an equimataxture of1 and2 by lead triflate in
CDCIy/CDsCN: 6/4 at 5 mM concentration. From bottom to @@, 0.3, 0.5, 0.7, 1.0

equivalent of lead triflatel ; Pb.1; 2 ; Pb.2; ; Pb.2.

Analysis of an equimolar mixture df and?2 after sequential addition oNCg and lead

| J M Y
_,,U VU N B R W B

1 JL_JMJNJ__JJL_M__;_
i T
#LL D N
s S TRV S

13.0C 9.50 9.10 8.40 8.00 .80
'H NMR spectra of an equimolar mixture band2 after sequential addition dfCs and

lead triflate in CDGJ/CD3CN: 6/4 at 5 mM concentration. From bottom to teguimolar
mixture of1 and2 after addition of 2.0 eq. MCsg, after further addition of 1.0 eq. of lead
triflate i1 1.(NCg)2 12 2(NCg)2 ; Pbl(NCg)z
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Discussion on the studies of the constitutionap&ataon by using zinc triflate

A selective self-assembled state was also achiefted addition of zinc triflate to the
mixture of 1, 2 andN,Cs but it required in all cases the addition of 2duigalent of zinc
triflate (see below).

CONSTITUTIONAL |
ADAPTATION >
|
N/ \N
+M \\/RJ
+ +
[ -M
| N N N\ |
= \l/ =
N N M
\__R_“
NH,
SELECTION /RS SELECTION
HoN
I
| N
R Pt | 0 N\l N
M
1 o o NG
+ +
|
N g N |
| N o N o
= \'il/ &
¢} 2 6}

Representative illustration of an adaptation prededuced by molecular shape change
and correlated self-assembly through imine borttiéncase where “M”"=zZn(ll).

Noteworthy, in the case of the diamitNO, a more complex mixture was obtained
indicating once again that the zinc(ll) ion can m@ll accommodate the additional oxygen
atom.

Complexation of a mixture of ligands and 2 by zinc triflate reveals the sequential
formation of each complex.n.2; is formed at 0.5 equivalent of zinc while ligahdtay free.
Further addition of 0.5 equivalent induces theiphformation ofZn.1. Zn.1 is then formed
quantitatively after addition of an other 0.5 e@l@nt of zinc triflate, i.e. at 1.5 equivalent of
metal ion. Further addition of 0.5 equivalent tlyexlds the complexedn.1 andZn.2.
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'H NMR titration of an equimolar mixture dfand2 by zinc triflate in CDGJCDsCN: 6/4
at 5 mM concentration. From bottom to top: 0.0, 0.3, 0.7, 1.0, 1.3, 1.5, 2.0 equivalent of
zinc triflate, thernl, Zn.1, 2, Zn.2,, Zn.2.

The titration therefore shows a strong preferemgetiie formation oZn.2, which is in
agreement with the binding constants of compleragiteviously reported.Such behaviour
then explains why 2.0 equivalent are needed incts® of zinc triflate whereas only one
equivalent of lead triflate is able induce the d@dtpn process in response to shape change.
At one equivalent of zinc triflate there is onlyrfg@ formation ofZn.1. As observed, addition
of a diamine then induces only the partial formaid the corresponding metallo-macrocycle.
Whereas in the case of lead triflate the formatadnthe macrocyclic species shifts all
equilibria towards the formation of this productaramplificating process, such behaviour is
not possible in the case of zinc triflate due te tigh stability ofZn.2,. The free energy of
macrocycle formation through imine self-assemblyn@ sufficient to break that strong
complex. That is why additional zinc triflate isaded, the selective self-assembly being then
a linear process since the complér.1 must be already quantitatively present before the
addition of the diamine.

Furthermore, addition of hexacyclen to sequesttiage zinc cation induces the whole
system to go back to its original constitution eueristic of the metal-free states.

Constitutional evolution from an equimolar mixtwel, 2, NoCs with 2.0 equivalents of

Zn(OTA),:
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'H NMR spectra showing the selective self-assemimggss resulting from an equimolar
mixture of1, 2, N,Cs after addition of 2.0 equivalents of zinc triflateCDCL/CDsCN: 6/4 at
5 mM concentration. From bottom to top: mixtureeaft day at 60°CZn.1.N.Cs ; Zn.2.

Noteworthy, there are some peaks in the mixtureciwvbielong to neitheZn.1.N,Cs nor
Zn.2. These peaks belong to an intermolecular non-eovalssociation betweemn.1.N,Cs
andZn.2. That was proved by MALDI-TOF mass spectrometse(below) and byH NMR
spectrometry on the mixing dIn.1.N,Cs and Zn.2 which immediately after the mixing
showed these peaks.

MALDI-TOF of the equimolar mixture of, 2, N,Cs after addition of 2.0 equivalents of

zinc trlflate
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Adduct betweerzn.1.N-Cs andZn.2.
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Since thls behaviour is not observed in the casbe)fsystem contalnlng the dlam|N@C4,
it again reflects the fact thatn.1.N,Cs has a higher energy thatn.1.N.C, due to the

presence of the longer diamine.
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