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ABSTRACT: Substituent effects play critical roles in both P g0 om =
modulatingreaction chemistryand supramoleculaself-assembly @  six R @_Rn+ Seven R’ 9-;‘:—( .
processedlsing substituted terephthalate dianions (p-phthalic gcid _» I " _ﬂ—g‘?
dianions;PTADASs), the effectof varying the type,number,and | «ouside binding” oo pesudomtExane

position of the substituents was explored in terms of their ability 10
regulate the inherent anion complexation features of a tetracatiopi

Y

methylenebenzene) (referred to as the Texas-sized molecular |[bdX2" P MOrF Metal cationdnduced
14, in the form of its tetrakis-P§ salt in DMSO.Severabf the
tested substituentsicluding 2-OH2,5-di(OH), 2,5-di(NH,), 2,5-
di(Me), 2,5-di(ClI), 2,5-di(Br), and 2,5-di(l), were found to prom
pseudorotaxane formation in contragi what was seen for the
parent PTADA system. Other derivatives of PTADA, including those with 2,3-di(OH), 2,6-di(OH), 2,5-di(OMe), 2,3,5,6-tetra(Cl),
and 2,3,5,6-tetra(F) substitueriésj only to so-called outside bindinghere the anion interacts wittf*lon the outside othe

macrocyclic cavitylhe differing binding modes produced by the choice T ADA derivative were found to regulate further
supramolecular self-assembly when the reaction components included addimhedtions (M). Depending on the specific

choice of PTADA derivatives and meiions (M = C8*, Ni%*, Zr?*, C*, Gd*, Nd**, El**, Sn?*, Tb*"), constructs involving
one-dimensional polyrotaxamesside-type rotaxanated supramolecular organic frameworks (83®&sjimensional metal—-

organic rotaxane frameworks (MORFs) could be stabilized. The presence and nature of the substituent were found to dictate whi
specific higher order self-assembled structure was obtained using a giviertlvatiprecific case of the 2,5-di(OR)%-di(Cl),

and 2,5-di(Br) PTADA derivatives and*Eso-called MORFs with distinct fluorescence emission properties could be produced.
The present work serves to illustrate how small changes in guest substitution patterns may be used to control structure well beyc
the first interaction sphere.

R:,: different types, positions, or number of substituents *

1D polyrotaxane
or
2D MORF

higher order self-assembly

.INTRODUCTION (2,6-di(1H-imidazol-1-yl)pyridine)[2](1,4-dimethyleneben-

Substituent effects are sifjnificant interest to chemistnd zene) (14+; studied asits tetrakis-P§ salt). The resulting

material scientistsThey also have a time-honored role in the interactions were found to support a wide range of higher-order
context of supramolecular Se|f.asse?ﬁbjydate,changes in self-assembled multicomponent structures including: (1) those
substituents have been used to modulate the structures of containing either interpenetrated or outside bound dianions, (2)
number of key materialscluding metatoordination cagés,  pseudorotaxanesharacterized bydifferent interpenetration
supramolecular polymers, metal-organic frameworks modesand in conjunction with appropriately chosen cations
(MOFs);” and covalentorganic frameworkéCOFs)! Sub-  hoth (3) metal-organic MIM species and (4) emissive MORFs,
stituent effects have also been used to modulate the structurgs shown in Scheme 1. In all cases, the nature of the substituent

and properties of mechanically interlocked molecules EMIMSIH-bond donorglectron donating or withdrawing) was found
In the latter context,most prior effort hasfocused on the

macrocycles or stopper moieties used to create catenanes o1 __ TACS
rotaxanes. Few reports have considered the effect of Received: December 14019 :
substituentson the linear threadingcomponent(so-called ~ Published:March 272020
axel); this is particularly true in the case of anioni€ ldeets.

we report a detailed study wherein 12 different substituted p-

terephthalicacid dianions(PTADAs) were tested in con-

junction with the so-called Texas-sized molecular box (cyclo[2]-

© 2020 American Chemical Society https://dx.doi.org/10.1021/jacs.9b13473
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Scheme 1. Effect of Substituents on p-Terephthalic Acid Dianions (PTADAS) in Stabilizing Different Supramolecular Constructs
via Interaction with the Cationic Macrocyclé'
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to play a key, structure-defining rol&.aken in concertthe Scheme 2. Structures of the Tetracationic Molecular Box
present findings provide support for the notion that the choicEleét (1**; Studied as Its Tetrakis-RFsalt) and Dianionic
the anionic threading component can provide a means to guRiBADA-Derived Guests 2-13 (as their

and regulate the self- assembly of MIM-type structures deriv@dtramethylammonium (TMA Salts) Considered in the

from otherwise identical starting materials. Present Study
Ml:esuLTs AND DiscussioN Macrocyelic Componenti(Host)

Basic Interactions between 1 #* and PTADA Deriva- U/ R
tives Bearing Different Substituents. As noted above, H@2)7™ : W 7/

understanding the factors that can be used to regulate the natu  yis) " H1)

of anion-based interpenetrated structumgght allow novel H3) 7\ 14+ T eapE,

MIMs and associated new materials to be created. In prior work ( : _

the p-terephthalic acid dianion (PTADA) wasound to be ‘ —N coo

effective as a linear threading component, allowing MIMs to be &N N\ NI PTADA

created from*1."' However, these studies provided no insights

into whether modifications to the PTADA structure could be Anion Precursors (Guests)

used to controthe nature of the products obtained from the =

basic PTADA + 4* self-assembly proceBisereforewe have - 7°° e

now expanded the scope of dianionic substrates considered as g

possible threading components include the 12 PTADA Me

derivatives shown in Scheme 2. COO Coo coo coo”
Interactions betweer1and Guests 2-12 in DMS@-As 5

a first step toward exploring functionalized PTADAs as potentia coo” coo coo coo~

axelswe explored the interaction between 2,5-dihydroxyter- cl 3 I OH

ephthalate dianion (2,5-di(OH)PTADA; 2) afd (Note: all /©/

dianionic species considered in this study were obtained by ' = o I _ "OH

adding 2 molar equiv of tetramethylammonium hydroxide s e coo coo

(TMA*-OH") to a DMSO-dg solution ofthe corresponding 6 7 8 9

terephthalic acid derivative.) To obtain insights into the nature coo” coo™ coo™ coo”

of the interactions betweefi 4nd 2, changes in thé NMR HO OH OMe cI c F F
spectrum were monitored as 2 was addedNote: all NMR
spectroscopic experiments were performed in DMSOA Lo M° Lo - COO_C' & ¥

Job plot analysihased on these spectrghangesvasthen
constructed (cf. Figure S1 in the Supporting Information). The
resulting plotrevealed thathe value for y (defined asthe
product of chemical shift change for the signal corresponding to

H(3) on 1%* and the host concentration) reached a maximumshift changes (most notably in the imidazole C—-H resonance)
value when the mole fraction was 0.5 ([H]/([H]+[GWhere observed wherf*I(maintained at 0.50 mM) was titrated with

[H] and [G] represent [host] and [guest], respectively). Whileincreasing quantities of 2 fit well to a 1:1 binding model but less
it is subject to recognlzed caveats as a proof of stoicHfometryell to other simple stoichiometric alternatives. Assuming a 1:1
such a finding is consistent with a 1:1 ([H]:[G]) interaction  binding interaction allowed an association constant gffog K
between 4* and anion 2 predominating in solutioRurther 3.9(1) to be calculated (cf. Figures S2 and S3 in the Supporting
support for this conclusion came from the fact that the chemicabrmation).
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A mixture containing* and 1 molar equiv o was then ol .
subject to a 2D diffusion ordered spectroscopic analysis (2D- :;; ..
DOSY). Similar diffusion times for the proton sign#ieof 1 8 = T
were foundSuch a finding is interpreted in terms*6fihd 2 2201 g, -
existing primarily in the form of a 1:1 compl&x2JP, under >-30] ooy T
the conditionsof analysiqcf. Figure S4 in the Supporting “_40_ W B
Information). A one-dimensional nuclear Overhauser enhance- 5 o

ment (1D-NOE) spectroscopic analysis revealed cross peaks
between H(b) on 2 and H(2,3,6) 8h this is as expected for a

structure wherein 2 is inserted into the macrocyclic cévity ofrji ure 1. Chemical shift change values of HE3Yb ds the [G]/

to prod_uce a psgudorotaxane-ltype StrUCtu,re a,S sh_ow_n in Sch%io is varied during the courdd BIMR spectroscopic titration
1 (cf. Figure 35 in the Supporting Informatiofis blndl? experiments performed by addirg&; 4 (G; labeled with blaek
mode stands in contrast to what was seen for PTADA Glone e o , and blue: ”, respectively) into a solution df-#PF~ (kept

The interactionsbetween the other PTADA derivatives constant at 0.500 mM) (298 K; DMS£&D0 MHz).
considered in this study (i.2512) and f* were investigated
using similar solution-phase methods, n4nidIMR spectral

s findingsare interpreted in termsof lone pair-1 and -1
titrations, Job plots, and 2D-DOSY and 1D-NOE Spedmsco.%nor—acceptor interaction(s) playing a dominant role in the

A binding model was considered for the host—guest interacnggﬁnplexation Explicit evidencefor -1 donor-acceptor

with .3:2 (G:H) . stoichio_m_e_try,which .mirrored th?t Seen interactions came from the observation that treatment of
previouslyand included initial formation of two limiting (1.00 mM in DMSO) with 1 molar equiv of dianions 2-a4,
complexesnamely those involving 1:1 and 1:2 ([H]-[G wellas the other PTADA derivatives considered in this study,

J

ratios, before further conversion to a 2:3 host-guest 8mple1<ed to the observation of a presumed charge transfer (CT) band
The binding stoichiometriesociation constants (as I K 5 1onger wavelengthgcf. Figure S49 inthe Supporting

and binding modes inferred from these studies are summari rmation).

in Table 1 (Cf'. Figures S3, 8.8’ S13, 318.’ S23, 528, 532, S36, 9 other PTADA substituentlass found to stabilize an
S44and S48 in the Supporting Information). inserted binding mode is represented by 5-8. These four guests
lack substituents capable of supporting intramolecular hydrogen
bond interactions. Relatively strong 1:1 binding affinities on the
order of log K[14*-5] > log K,{14*6] = log K,{14"7] > log
K,{14*8] were deduced from the associtedMR spectral

05 10
[GV/[H]

Table 1. Summary of the Interactions between PTADA
Derivatives 2-12 and*f as Inferred from NMR
Spectroscopic Analyses Carried Out in DMSO-d

guest [H[G] log K, Y] titrations. In the case of 5, the addition of <1 molar equiv of the

' . dianionic guestto 14" leadsto a broadeningand then

PTADA 1:1° 3.5(1) outside : ; .

9 1-9° 3.9(1) inserf disappearance of the signafresponding to proton H(1) on

3 g 5'0(1) 3.7(2).3.3(3) inser® the macrocyclichost (cf. Figure S17 in the Supporting

4 P 5'6(1)’3'8(2)’3'3(3) inser® Information). This finding is taken as evidencethat the

5 1P 5'3(1)' R insor? complexation between 5 arfdi$ dynamic and occurs on the

6 1P 5'1(1) inser® NMR time scalen contrastonly one set of proton signals is

7 1:1b 5'1(1) inserf observed when analogous titrations are carried out with 6, 7, or

8 1:1b 4'3(1) inserf 8, a finding interpreted in terms of fast exchange between the

9 1P 4'7(1) outside bound and unbound forms (i.e[14*-anion] and free 1* +

10 1:1b 4'0(1) outside anion) at room temperature. It is to be noted that adding near or

11 1:1b 5'8(1) outside less than 1 molarequiv of these dianionic guests induces a

12 1P 4:9(1) outside downfield shift in the H(1) resonancé‘afstfollows: 6 > 7 > 8

SEquations governing the relevant equilibria are given in the follo
two footnote[H] +[ Gl BIHG]. TH] +[ G] BHHG],

v\{'ﬁf' Figure 2a). Meanwhile, the upfield chemical shift change for
€ H(3) resonance decreases with increasing ge@sten-

K, K
[HG] + [ G BKIHG,], [HG] + [ HG,] HidH G4. “Mode inferred
from 1D-NOE spectroscopic studies fafures S5510,515,S20,

S$25,529,and S33 in the Supporting Informatiofflnsert” means N400-

the guest anion threads through the centehefhost molecule to =
form a pseudorotaxane; see text for details.

There are two types of substituent(s) that can promote anic
forming ring-through structures. One type is embodied in anic
2-4, which contain hydrogen bond donor(s) ortho to the
carboxylateunit(s). Within this set, the binding affinities
corresponding to the first host-guest interaction event foIIovs}:
the order log K{14*4] > log K,{1%*-3] > log K;{1%"-2] (cf. (
Figures S3, S8, and S13 in the Supporting Information). Un
identicalconditions of'H NMR spectral analysisthe H(3)
signal corresponding to the pyridine subufiitveéd found to

2200+
N

Av I Hz

-204
-404
-60-
-804
-100+—

03 06 09
[G]/[H]
a

03 06 09
[G]/[H]

igure 2. Chemical shift change values seen for the H(1) (a) and H(3)
b) resonances df4PR" (maintained at 0.500 mM) as a function of
increasing [G)/[H] (G =5, 6, 7, or 8, labeled with magédiiéeie

e and blue , respectively, and H'Y 4s measured HBNMR
spectratitrations carried out under otherwise idenggplerimental
conditions (298 K; DMSQ:&00 MHz). Note: in the case‘dthd

shift upfield to a greater extent for 4 > 3 > 2 (cf. Figure 1). THggescipitation occurred when the [G]/[H] ratio exceeded 0.8.
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tration in the order 5 > 6 = 7 > 8 (cf.Figure 2b),as do the

¥y s "
calculated 1:1 log K valuesThese results are interpreted in ¢ o A‘v— ® P Pe M‘?\ ® @ ﬁ\'_ [
terms of a balance between (1) steric effects, which would Ieﬁfgy\gﬂ'ﬁ J"\@Qﬁ’ P AT Vs ey 4
the carboxylate anions to adopt a more orthogonal orientatio © © ©
a; 2, a4
8 -3

relative to the phenytore,and (2) electronic effectsyhich
would affect the charge density on the anion. Nevertheless, i
important to note that substituents as large as bromine may | &
tolerated at the 2- and 5-positions of the PTADA core withou
triggering an appreciable reduction in the anion binding affini
1D-NOE spectral analyses of 1:1 mixtures of the 2,3- and !
dihydroxy PTADA derivatives 9 and t@gpectivelynd 1*
revealed no discernible correlation-ascribable signals in eithe
caseThe same was true for the 2,5-dimethoxy and tetrachlor Wfl
derivatives 11 and 2spectivelyhis was taken as evidence -
that these latter anions birfd tia a so-called outside binding
mode,as was found initially in the case tife unsubstituted  Figure 3.Top (a—as), side (h—bs), and front (G-c5) views of the
parent, PTADA solid-statestructuresof 14*2,2DMF-6H0, (2H*-1*%)-3:(H*-3),
Further evidence that anions 2-12 would associateWwith 1 4H,0 and 1*4,-16H,0, respectivelyiighlighting key distances and
came from electrospray |0n|zat|on h|gh_reso|ut|on mass the overall “bO)f” conformations ‘BTSben'in'thelse th.ree' Complexes. )
spectrometric (ESI-HRMS) analySes.instanc&€SI-HRMS Selected Key dlstgnces are shown to aid in V|suaI|zat_|on, as is the “box”
analyses ofomplexes contaningand 2 revealed a peakc  conformation o ouine form The rad bl and gt lueballs
corresponding to [1* + 2-H]™* (m/z 825.2879;calcd m/z ’ ’

. ; . N atoms, respectivelySome or all of the counteranionssolvent
825.2898)(cf. Table S1 inthe Supportinglnformation). moleculesynd hydrogen atoms have been omitted for clarity.

Analogous samples derived from the other tested anionic guests
(i.e., 3—12) were also obtained and analyzed. Again, evidence ~*

&

K . . ‘/Ky 5‘*} % %
complex formation was seen in all cases (cf. Figures S50-S6« ¥ Ly e/ Cy e/ YL/
the Supporting Information). { $ >3 < f;% (>3 ‘%”; ):i
Interactions between 4* and Guests 2-12 in the Solid ° b " I, P & 1 , »
State. In order to obtain additionalinsightsinto the likely B ve
binding modes forthe complexes formed from™ and the Y . A a4 i A4
variousanionic guest®-12, an effort wasmade to obtain {:« N % T E Y

As initially inferred from the 1D-NOE studies (vide supra), the
resulting structures revealed that guests 2-8 thread through t b, b, ‘ b
cavity of 4" to give pseudorotaxane-type complexes. Howevel
the specifics were found to vary according to the class of PT/
derivative employed. e ~— —¢ —
The intramoleculathydrogen bondsin 2-4 invoked to t ”f }-M “”7 " J““‘ ”’if j““‘ 2'895/‘ J"S’“‘
c, [N c,

diffraction-grade crystals of the addudsrIt* (n = 2-12). ‘i'n\\iw 3134 <158 bitw
E u?‘% )v-\t% %
: |

rationalize the solution-phase binding behavior were seen in 1 “cl

solid-state structures of complexé242DMF-6HO, (2H*: ) _ )

14+)-3-(H+-3)4-4H20, and 1"4,,16H,0. Here, the host adopts Figure 4.Top (a—ay), side (—by), and+front (G—cy) views of the

a “boxlike” conformatiofihe carboxylate anion in these three Single;crystal structures'ob14H0, %:6,12H0, 17, 10HO,

bound guestsvasfound to be relatively coplanamith the and 17-8,10H,0-CH;CN, respectivelyhighlighting some key
. . IStance&an e twistchair conformation O seen In tnese

benzene ringPresumablythis favors—1r donor—acceptor dist d the "twist chair” conf tion oft* in th

. ) . . . complexes. Selected key distances are shown to aid in visualization, as is
interactions with*1and accounts in part for the observed iNseffe “twist chair’ conformation of*lin outline formThe red gray

binding mode. Consistent with this supposition are the relativ@Benprown,and purple balls represent selecteae@yl CCl, Br,

shortseparations (around 3.3 A) seen between the benzeneand | atoms on the threading anions Beshectivelome or all of

rings in 2-4 and the nitrogen atoms on the pyridine rifigs of the counteranionsolvent moleculeand hydrogen atoms have been

in the case of complex&a2}-2DMF-6H0, (2H"1%")-3-(H* omitted for clarity.

3)44H,0, and 1*4,-16H,0 (cf. Figure 3c).Short distances

(£3.25 A) between the oxygen atom of the ~OH moieties angblane on the macrocycté The shortest distance between the

the nitrogen atom ofhe —-NH, substituent on 2-4 and the =~ C atom of the Cl$ubstituent on 5, or the Cl, Br, or | atoms on

bridging benzene rings dfi were also seen. 6-8, to the two pyridine rings df s around 3.5 A, while the
Another insertbinding mode was found in the complexes distance between the benzene ring on the guest and the pyridine

formed from 5-8 as inferred from the single-crystal structuresraf on 1*is ca3.0 A (cfFigure 4).

14*5,,14H,0, #*6,,12H,0, "7,10H,0, and 48, 10H,0- Consistent with what was inferred from the solution studies

CH4CN (cf. Figure 4). It is noteworthy tHattiopts a “chair’  discussed abovgyests 9-12 alinteract with 1* via outside

conformation in these complexes; this stands in contrast wittbinding modes in the solid state, as determined via single-crystal

the “box” mode seen in the above studiéeverthelesshe X-ray diffraction analyses Eifjure 5). This mirrors what was

carboxylate moietiesre again essentially orthogortal the seen in the case of1** and the parentPTADA guest,the

linking benzene ringThis resultsin an opening up of the structure of which (1**PTADAy 16H,0) is also shown in

structures and formation of pseudorotaxanes where the cenffajure 5 for comparison'® Presumablya combination of

phenylof the anionic guests is perpendicular to the benzene attractive -1 donor—-acceptdrydrogen-bondand electro-

7446 https://dx.doi.org/10.1021/jacs.9b13473
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S = b\a appearing in this article
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;. & 3 = =,
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¥ @ &8 ¥ . . A N
Se°s RCx) ] 3% L Figure 6. Chemicalpseudoequilibrium between limitingxternal
e w Ty 8 “outside) and internal (“insert”) binding modes.
® b4 & g
{ % 4 :
Previous work + . . .
a b, ) d, 10H,0, and *8,-10H,0-CH,CN. An outside binding mode,

Figure 5. Top (a—e;) and side (a-€,) views of the “twist chair Out1, was found to be preferred in the case of PTADA, 24, 9,

conformation of*1with the guest PTADA, 9, 10, 11, or 12 as seen iﬁmd 10. Mode Out2 is possible fpr anions 5-8 and 11-13. Itis
the single crystal structure<ePTADA16H,0 (a), T*-914H,0 noteworthy that all the tested anion precursors adopt two stable

(b), 1%+10,12H0 (c), 1411, 7H,0 (d), 1*-12,DMF-7HO (e), conformations. In one mode, the carboxylate moiety is coplanar
respectivelsome or all of the counteraniaadyent moleculemd with the central benzene ring (e.g., PTADA, 2-4, 9, and 10). All
hydrogen atoms have been omitted for clarity. of these anions favor either the In1 or Out1 binding modes

when they are allowed to interact witf.1Another mode in

seen in the case of anions 5-8 and 11-13. Here, the carboxylate
static interactionserve to stabilize the observed extracavity subunits are perpendicular to the benzene plaese anions
binding, while presumably unfavorable steric effati$itate interact with 4" preferably through the In2 or Out2 modes.
againstpseudorotaxane formation (dfigure 5 and Figures The AE, -, values summarized in Table 2 provide support
S70-S73 in the Supporting Information). As detailed below, &r the notion that the inset mode is more stable than outside
effort was made to gain greater insight into the relative binding in all cases under vacuubowever solution effects
importance of these various putative influences. play an importantrole in defining the complexation mode.

On the basis of the above results, we conclude that when eecificallywe have found through these calculations that in
size of the substituent lies between those of -H and ~OMe andter pseudorotaxane formation is favored in the case of 2-8.
the PTADA core is monosubstituted opara-disubstituted, However, outside binding is still seen in the complexes
pseudorotaxane complexes wiffi 4re stabilizedUnsubsti- containing PTADA and 9-13.
tuted, ortho- or meta-disubstituted, and more sterically hindere@ihe above findingsonsidered in concegirovide support
versions of PTADA tend to bind outside of macrdtydlaet for the notion that the substituents on the anion not only change
type of structure formed with PTADA-type substrates can thiise electronic and steric features of what are ostensibly similar
now be predicted with some degree of confidence. substrates but can also induce changes in the conformation of

Interactions between * and Guests 2-13 as Probed the carboxylate moieties (i.e., 70@oieties that are coplanar
Using Calculations. Theoretical calculations were carried outvgperpendicular to the linking benzene ring). This latter change
an effort to obtain additional insight into the interactions appears to have a large effect on whether an insert or outside
between“ and each anionic precursor (i.e., PTADA or anionkinding mode is favored. The substituents on the anion skeleton
2-13). Using the single-crystal structures reported in this stualypear to affect the relative stability of the outside and inside
as the starting poirdy outside and 4 interpenetrated binding modes.In other words,we suggesthat the experimentally
modes (cfTable S5 in the Supporting Information) involving determined differenceseflect thermodynamicrather than
1% and these anionswere considered using the molecular  kinetic control.

mechanicyMM+) force field and semiempiricalmethods Effect of Anionic Substituents on the Higher-Order
(PM3) included in the HyperChem 7.5 program. Both vacuurBelf-Assembly of 14* and Metal Cations (M). Multi-
and aqueoussolutions (concentrationsof 0.1 M in each component Self-AssemblyComparison among PTADA or

componentwere considered in these calculatiohbe most 2, 1**, and M (M = Cc**, N#*, Zr?*). The fact that different
stable outside and insert modes for each host—-guest complebinding modes with 4 could be stabilized via the choice of
were then comparethe energy difference between these twosubstituent on the PTADA core led us to explore howif,
limiting binding modes was considered to reflect the these initialstructuraldifferences might translate into control
thermodynamic propensity odiny given pair to stabilize a over the preparation of higher order self-assembled dpecies.
pseudorotaxane structure,opposed to one involving only an an initial set of studie$! (2.0 mM), 2 (6.0 mM), and M (M =
outside interaction (cf. Figure 6 and the Supporting Co*, Ni%*, Zr?*; 12.0 mM as their N salts) were mixed in
Information). DMF/CH3CN/H 0O (1/1/1, v/vi/v) and allowed to stand
The calculation results lead us to suggsdt the anionic uncapped for3 daysto 2 weeks.This “one-pot” procedure
substrates PTADA2-4, 9, and 10 will adopt the inset mode, yielded diffraction-grade crystals of [14*-2;-Co?*4H,0]:
In1, when they thread through the cavity of 14*. This 18H,0, [14*25Ni?*4H,0]-2DMF-7H,0, and [14*2;Zr?*
calculation-based finding is consistent with the pseudorotaxatd,O]-13H,0.
structures [1"n] (n = 2-4) seen in the single-crystaK-ray Single-crystaX-ray diffraction analysesevealed thefor-
diffraction structures of*12,,2DMF-6H0, (2H*-1%")-3-(H*: mation of 1D metal—-organic polyrotaxangk’*2-M],, (M =
3),4H,0, and 1"4,,16H,0. In contrast, guests 5-8 and 11— Co**, Ni%*, Zn?*), in all three cases (cFigure 7b).In these
13 insert into * via a second mode, In2, as represented by thructures, the anionic guest 2 inserté'itdgrovide a formal

interpenetrated structures seen f8rJi(n = 5-8) in single- pseudorotaxansubunit. Cation coordination by a pair of
crystal structuresof 14*-5,14H,0, 1**-6,12H,0, 14*7, carboxylgroupsfrom neighboring pseudorotaxane subunits
7447 https://dx.doi.org/10.1021/jacs.9b13473
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Table 2. Pictorial Representations of the Lowest Energy External and Internal Binding Modes and the Difference between the
Minimum Internal Binding Energy (f and the Minimum External Binding Energy,(f as Calculated under Vacuum and in
Water using HyperChem7.5

a2y e [T

BN — £ (O | Y ===

T | // = /N)/ ’ |§:R: 1

\,,, m T /\ \/\@ R ; N ] ,/,/ . . 4:

Inl In2 Orutl Out2
AE-out = By = Eout (kcal/mOI)a
G most stable insert complex most stable outside binding method & method B method & method ¥

PTADA In1 Out1 -11.88 7.86 10.74 41.53
2 In1 Out1 -11.23 1.3 -3.94 -6.92
3 In1 Out1 -13.4 1.36 -12.95 -2.79
4 In1 Out1 -13.95 0.33 -1.26 -12.88
5 In2 Out2 -10.53 -8.64 -9.34 -12.07
6 In2 Out2 -10.36 -6.48 -11.53 -10.56
7 In2 Out2 -10.31 -6.68 2.68 -28.99
8 In2 Out2 -11.12 -5.57 8.39 -27.96
9 In1 Out1 -12.99 1.01 2.7 7.08
10 In1 Out1 -12.96 -0.45 26.07 245.9
1 In2 Out2 -6.84 -11.19 15.94 5.03
12 In2 Out2 -5.54 10.58 63.55 53.40
13 In2 Out2 -6.16 3.28 84.53 6.67

®E,, and E are the respective atomic reaction formation enek@igs,; is the enthalpy change from the “outside” binding mode structure,

considered as the initial state, to the insert binding mode structure taken as tA

fibategpadsent respectively four simulation approaches:

molecular mechanics (MM+) force field under vaseuanigmpirical methods (PM3) under vacmatgcular mechanics (MM+) force field in
water,and semiempiricalethods (PM3) in wateBSolvation was accounted for by applying a 2.55 nm x 2.55 nm x 2.55 nm periodic box.

coo ~ coo
ISR T Be
“Ho
coo = Lk coo" O -
2 -~ \ PTADA Y W
= 0
o = Co?*, Niz* \ . Q
— oy N
— or Zn? Q
14+
a
Ay [ iy
k4 ' \ /
'.‘:’» g’ ,\:'b S K0 SR
3 “ue @ 3°
2 WK' ~¢« &y
¥ ¥ ¥ b
& 4 4 % *
g g g K= *
[ 4 ' 4 &
[142M2+4H,0]*, (M= Co?*, Ni?*, or ZnZ") [14* PTADA ,*Co?* «6H,0]** [1#* PTADA ,*Ni**,»12H,0] [14**PTADA ;Zn?*,*4H,0]*

“QOutside” structure

9 F .

Figure 7. (a) Schematic representation showing the proposed formation of the metal-organic 1D polyrotaxan&Qoligfihg &,

Ni%*, Zr?*) and outside binding structure tife complexes formed with*1M, and PTADA.(b) Top view of single-crystatructures ofl D

polyrotaxanes {12:M], (M = Co?*, Ni?*, Zr?*). (c) Separate structure without MIMs formed am8hdPTADA,and C&*, Ni?*, or Zr** as

determined via single-crystal structural analfsRTADI Co**6H,0]-2DMF-2H,0, [1**PTADA,;Ni?*»6H,0]-34H,0, and [1,-PTADAy
Zn**¢12H,0]-20H-88.5H0. All metal atoms are highlighted as blue balls. Different colors are used for the anions to illustrate the different locz
chemical environments. Some or all of the counterswlicarst, molecules, and hydrogen atoms have been omitted for clarity.

1D polyrotaxane

then serves to produce the observed 1D polyrotaxane necklaicgrof 1*. Of note is that formation of the carboxylate—cation
like structures (cf. Figure 7c). In contrast to what was seen iR dR@dination bonds servesto weaken the intramolecular

metal-free pseudorotaxane formed frSrarid 2 (i.e.14*2,
2DMF-6H0), where the benzene ring on 2 is orthogonal to thgdrogen bondsbetween thesubstituent(-OH) -and the

benzenering of 1%, in these three cation-containing carboxylate aniowhich frees up the hydroxyl groups to form
polyrotaxanes the benzene ring on 2 is parallel to the benzehgdrogen bonds with the imidazole C-H protons pres&nt in 1

7448 https://dx.doi.org/10.1021/jacs.9b13473
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(cf. Figure 7b).Presumablythese ancillary interactions add derived results provide support for the conclusion that 2 is more
stability to the overall complex. efficient in stabilizing species such 4§ 24-M-5H,0] (M =

In order to assess the effect of the ~OH substituents presed¢?*, N©*, Zr*) (cf. Scheme 4 , Table 4, and Tables S11-S12
in 2, analogOU$tud|eswere carried outusing the parent in the Supporting Information).
PTADA system. However, in contrast to what was setn for [1
2M], (M= Co 2", Ni®", Zr), these crystallization efforts Scheme 4. Possible Interactions amofig M (M = Co*,
yielded only discrete structuresonsisting of[1*-PTADAy Ni2*, Zr?*), and PTADA or 2 Shown in the Form of a
Co?*-6H,0]-2DMF-2H ,0, [14-PTADA ,Ni%*,-6H,0]- Chemical Equilibriurfi
34H,0, and [14,PTADAyZn?*s12H,0]-20H"-88.5H,0.
Specificallyyariousarrangementef dianionsand hydrated
metal cations are seen to reside outside the*t¢cé &idure

7¢). Presumablythis reflects the facthat PTADA per se is S, %@ 3
AEHGM

R, \)’ Qo
substituent groups hydrogen bond metal cation

ineffective at stabilizing an insert-type pseudorotaxane structu°
The difference between the structures formed with 2 and with

PTADA provided us with a preliminary indication that,in ) !—(
systems involving complexation Wittsfnall changes in guest s Aﬁ; ‘U»°

structure can serve to contrstructure welbeyond the first
coordination sphere.

Complexation between PTADA or 2 and Co?* was . W
considered in the context tfie pseudoequilibrium shown in ABncw~Ew=Erv - Em
Scheme 3. A MM+ force field calculations was carried out Ur@[ Ev, and Ky are the formation energié&, gy is the enthalpy
change from the ternary complex Ill as the initial state to the ternary

Scheme 3. Complexation Process between M (M -NEG complex IV as the finatate.
Zn?*) and PTADA or 2 Shown in the Form of a Chemical
Equilibrium® Table 4. Energy Difference (kcal/mol) between the Metal

Complex and Hydrogen Bond Induced Complex (Structures

R}, v Q . .
substitucnt groups bydrogenbond 0 mefal cation on the Right and Left of Scheme 4, Respectively) Calculated
under Vacuum and Water Solution Conditions Using
o L . Hyperchem 7.5
'm he GM
S — 2 . < 7+ AE, gy — AEy (kcal/mol)

r I W method anion Co** Ni2* Zn
AEgy - Ew =Ey- E, A PTADA -10.15 -5.92 -6.64
®E,, E,, and K are their atomic reaction formation enetjigg, is 2 —11.52 —11.53 -11.27
the enthalpy change from complex | as the isiifital to complex Il c PTADA 20.94 20.91 33.80
as the finastate. 2 -17.64 -29.75 -33.17

@A and C represent respectivelyifferent simulation approaches

di uti 0.1 M f h involving the molecular mechanics (MM+) force field applied under
vacuum and in aqueous solution ( or each componeny.,-,ym and in wateBolvation is accounted for by applying a 2.55

The results obtained proved to be consistent with the inferengg x 2 55 nm x 2.55 nm periodic box.
that, in comparison with PTADA, 2 is a better ligand for M (M=
Co?*, NiZ", Zr?*) (cf. Table 3 and Table S12 the Supporting

Information). In comparison with PTADA, dianion 2 is be_tter able to form
Moreover, three-component self-assemb2,1-5H,0] metal comple_xes (a presumed thermodynamic effe_ct) and thus
(M = C&*, NP*, Zr*), was considered in the reaction betwee romote multlpompongnt _self-assembly, a conclusion supported
an inserted anion and M(HO)s. The resulting calculation- y both experimental findings and theory. To the extent such a

supposition is correct, it provides further support for the notion

Table 3. Energy Difference (kcal/mol) between the Metal  that the substituent(s) on the anion affechot only initial
Complex and Hydrogen Bond Induced Complex (Structures supramolecular complex formation but also the ensuing metal-

on the Right and Left of Scheme 3, Respectively) Calculated@ f/leclitself-assemf)lys A blvC
under Vacuum and Water Solution Conditions using u |componﬁn e Qfsem y Comparison among
Hyperchem 7.5 PTADA or 2, 1**, and Cd”". An effort wasthen made to

explore the effecbf Iargermetal cationson the basic self-
AEgy — AEy, (kcal/mol) assembly proceduria the specific case o€d?* diffraction-
method o CP NIz 71 gradecrystalsof what proved to be self-assembled multi-
component structures could be obtained by mixing G(NO

A pADA L T 0 2% 4H,0 and #* with either 2 or 13 in DMF/6D (1/1, v/v). In
c PTADA 7' 38 B 4'92 - '58 contrast,only metal-free constructsontaining f* and the
9 —4.01 1455 _12.24 dianions in question were found for 9-12. The MOF structure

containing PTADA and €avas obtained in the absenc¥.of 1

A and C represent respectively differergimulation approaches: ~An analysis ofsingle crystals oft 425, Cf*2H,0]-12H,0-
molecular mechanics (MM+) under vacuum and in water. Solvatio®PMF revealed a 1D polyrotaxane structure (Figure 8)n
accounted for by applying a 2.55 nm x 2.55 nm x 2.55 nm periodi€ontrast, 13 (i.e., 2,3,5,6-tetra(F)PTADA)was found to
box. stabilize an anionic MOF wherein both the anion-coordinated

7449 https://dx.doi.org/10.1021/jacs.9b13473
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Cations of the lanthanide series are generally considered to be
relatively hard Lewis acids and have been recognized for their all-
important roles in catalysis and optical mat&tiaigrevious
work,PTADA was found capable of supporting a rotaxanated
supramoleculaorganic framework(RSOF), [14*-PTADAy
Gd**,-8H,0],, when it wascocrystallized with GY in the
presence of*l(cf. Figure 9¢)!?To test the effect of replacing
PTADA by 2, an analogousrystalgrowth procedure was
employed Specifically2 molar equiv of gadolinium nitrate
hydrate (Gd(NO3)36H,0) was dissolved in a glassvial
containing 0.1 mL ofwater.Then, 1 molar equiv of 14* (2

mM) was added. Finally, a 5 molar equiv solution of 2 in DMF/
H,0 (1/1, vi/v) was layered slowly with a DME/Hhixture of

(1/1, v/v). After the mixture was allowed to stand for 2 weeks,
diffraction-grade single-crystal sample¥-8f-Bd*,-6H,0]-
H,0O-4DMF were obtained.

In the case ofthe previously reported RSOF formed with
Figure 8.Top view of the basic unit {gand truncated view of the ~ PTADA, 1** and Gd"', the rotaxane units are connected by
ﬁ’glﬁggt%xﬁgqiﬁ) fOLr‘}“d in'thteh StrU,CtU,rEOf)E:(ZZS'th2+'t2hH2?A]'C)F intermoleculahydrogen bonds$!? In marked contrast,the

PV AISO STown 1S The anionic uptpesent in he RSOF produced with 2, namelyj-pk-Gd*,-6H,0],,, consists

2;?3#323 ;:?lntlﬁd;rigﬂsfﬁg ?%Fg)dzazzaHr;g?( I'DeKAVFO_f the more of a more complex 2D Iay_ered metal_—organic_ rotaxane
framework (2D MORF)n this MORF dianion 2 is threaded
through the cavity df ih a manner analogous to what was seen

metal complex (i.e.,418*,2H,0) and the tetracationic box in the 1D polyrotaxanes [1-2:M], (M = Co %', Ni**, Zr?")

1%* are located in the cavitJhus,even though self-assembly discussed above. The rotaxane repeating units are connected via

occurs, no interpenetrated structure was obtained. The cont€grdination bondShis creates a rotaxaned network wherein

between what was seen with 2 and 13 (and other anions testBg)individual network layers are further connected by apparent

lends further support to the notion that substituent effects caflydrogen-bonding interactions to give the fistalicture (cf.

play a key role in regulating the self-assemblyadtensibly ~ Figure 9b).

similar molecular- and atomic-scale building blocks. To explore whetherthe structural differencescaused by
Comparison of the Multicomponent Self-Assembly formally replacing PTADA with 2 would be recapitulated in the
Achieved Using PTADA o2, 1**, and Lanthanide Metal caseof other trivalent lanthanide cations, similar multi-

Cations M (M = ¥ Gd*, Sni*, TB*, Nd*). As a complement component‘one-pot” self-assembly proceduregh 2, 14,
to the above studies, efforts were made to explore the extended M (M = N&, Sri*, E{*, TB") were carried out (Table 5).
structuresif any,stabilized by the lanthanide metahtions. In contrastto the 3D MORFs obtained in the case qgdrior

P AT 3R,

PTADA Cb o)

- y .
Q = O = Nd*, Sm™, Eu**, Gd*,
— or Th**
|

MORF-di(OH)-Nd, RSOF-Gd MORF-Sm or Tb MORF-Nd
Sm, Eu, Gd, or Tb FiY J
This work Previous work
C

Figure 9. (a) Schematic representation showing the proposed formation of the 2D MORFs %chdifindvbE[NE*, Smi*, EG*, Gd*, or
Tb**) and rotaxane or 3D MORF structures formed“fid, and PTADA or 2. (b) 2D MORF structures formed 4fokh (M = Nd*, Sni,
Ev*, Gd*, or TB%), and 2. (c) RSOF or 3D MORF structure formed athdvidM = Gd&*, Smi*, TB*, Nd*), and PTADA. All metal atoms are
shown as blue ballolors are used to highlight the different local chemical environments of the various linking anions.

7450 https://dx.doi.org/10.1021/jacs.9b13473
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in the case of all four test cations.These 2D MORFsare
essentially identicalith the structure formed via the self-

Table 5. Summary of Guest (PTADA or #),dnd M Three-
Component Self-Assembled Structures

. assembly of &d2, and*1(cf. Figure 9b). However, they differ
anionic precursor from what is obtained from the combination of Gd**,

PTADA 2 unsubstituted PTADA, anftd. Taken in concert, these findings
metal mode type mode type provide further support for the proposition that the structures of
c* outside inside polyrotaxane metal-based frameworks produced from the tetracationic host
NiZ* 1%, lanthanide(lll) cationsand PTADA-type anions depend
s on not only the choice ofcation butalso the nature othe

dianionic guest.
G inside RSOFs inside MORFs The anion precursordependencen the structureand
emission properties is seen in the multicomponent self-assembly
NG inside 3D MORFs  inside  MORFs among 4, Ed*, and anion PTADA, 2, 6, or 7. Dianions 6 and 7
snit were used to test further the extent to which substituent-based
EG precursor differences could affect the above multicomponent,
Tb*

metal-based self-assemblgrocess.Using crystal growth
procedures analogous to those used to obtain the 2D MORFs,
[1425M,],, (M = Gd*, Ed*, Nd*, Sni*, TB"), a combination
studies involving PTADA (cf. Figure'dBthe introduction of ~ of 6 or 7, Eli, and 4*yielded diffraction-quality single crystals
hydroxyl substituents on the 2 - and 5-positions of the PTAD®#f [1**-64EW**,4H,0]-4H,0-3DMF and [*-7g-El*,-6H,0]-

core (i.e., to produce 2) gave rise to similar 2D MORFs, namty5HO, respectively (dfigure 10). In contrast to the MIMs
[1425M,6H,0]-4H,0-4DMF (M = N&*, Smi*, E&*, T, produced with PTADA or 2, where change# the anion

MORF-di(OH)-Eu MORF-di(Cl)-Eu MORF-dl(Br)-Eu
C

20 617 6 661 7 614 1.0
X L = gos
NS N4 617 Q7 B
2 £, 24 206
g0 699 2 23 Lo4
: 592 X2 3, 2
Sos = S 592 696 S
= ~ 1 70 i 0.2

.0 0 Ao 0 0.0

500 550 600 650 700 750 800 500 550 600 650 700 750 800 500 550 600 650 700 750 800 500 550 600 650 700 750 800
Wavelength / nm Wavelength / nm Wavelength

Figure 10. Single-crystal X-ray structures (a) and 3D-framework structuf&sPBABREIE P, 3H,0],, [1425 EV*,-6H,0],, [1*65 EVy

4H,0],, [1*"7gEl*6H,0],, [1*-PTADA;EUV*,-3H,0]-16H,0 (MORF-Eu), [1*25 E(*,6H,0]-4H,0-4DMF (MORF-di(OH)-Eu), [4"65
Eu*,4H,0]-4H,0-3DMF (MORF-di(Cl)-Eu),and [1**75Eu*,6H,0]-18.5H0 (MORF-di(Br)-Eu) as determined via single-crystatay
diffraction analysésl metal atoms are shown as blue Béfisrent colors are used to highlight the different local chemical environments of the
various linking anionsuminescence microscopic photos (cgath single crystal (a) under conditions 0865 nm illumination(d) Solid
photoluminescence spectra of each single crystal in (a) obtained using an excitation wavelength of 424 nm.
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conformation and binding orientation are seen in the presencelatively small substituentge.g., 2-OH, 2,5-di(OH), 2,5-

of M, in the case ofthe MIMs derived from 6 or 7 similar di(NH,), 2,5-di(Me), 2,5-di(Cl), 2,5-di(Br), or 2,5-di(l))
interpenetrated binding modese found in the absence or  support the formation of pseudorotaxane structures when they
presence of the Emetal cation. Specifically, the benzene ringire combined with*1. In contrastPTADA itself and its 2,3-

of the anionic guestadoptsa near-verticabrientation with di(OH), 2,6-di(OH), and 2,3,5,6-tetra(Cl) derivatives give rise

respecto the benzene bridge preserih 14*. Moreover,in to complexes characterized by so-called outside binding when
contrast to what was found in the 2D MORFs produced withthey are allowed to interact with*1A combination of steric,
PTADA or 2 and variouslanthanide(lll) cationsthe Eu** electronicand intramolecular hydrogen-bonding effects within

centers in [1-65EU",-4H,0]-4H,0-3DMF and [4-75EW*, the PTADA derivatives is thoughto dictate which binding
6H,0]-18.5H0 serve to link dimeric structuresproducing mode prevails.Dianionic guestsubstituenteffectsare also
ultimately 3D MORF-type constructs. manifested in terms dictating structures whose complexity
The emissive featuresf the higher-orderself-assemblies extends beyond the first coordination spRerénstancehe
produced from various combinations &f, Btf, and PTADA introduction of a specific substituent (2¢b-di(OH)) on the
and its derivatives were also found to depend on the choice BTADA core (to give 2) serves to convert formally PTADA
anionic guestThese differencesre readily apparertb the containing complexes characterized by extezelflassembly
unaided eye in that different colors are seen for crystits of [{M = Ni?*, Co?*, Zn**, Cd**) into polyrotaxane structuriée
PTADA;EU*,3H,0],, [14+25EW*,-6H,0],, [1464EUy have also found that the tetra(F) PTADA derivative (i3.,
4H,0],, and [1*"74 E#*,6H,0], on excitation with 365 nm  stabilizes an unusual anionic M@Rerein the cationiclis
light (cf. Figure 10 and Figure S109 in the Supporting  included into the hole ofthe MOF on crystallization under
Information).The differences in the corresponding emission standard conditionkikewisethe use of 2 in lieu of PTADA
spectra, including the peak wavelergth,)and the lifetime, ~ serves to convert the RSOF (M =*Gar 3D MORFs (M =

1, are summarized in Table 6. The underlying data are included”, NC?; Srﬁi, Tbt)+ seen witt;+PTADA into new 2D MORFs
in the Supporting Information (séction S11). (M = Gd*, EU**, Nd**, Sm*, Tb**). In addition,it was found
that, when PTADA and its 2,5-di(OH)2,5-di(Cl), and 2,5-

Table 6. Fluorescence Features Determined for Crystalline di(Br) substituted derivatives (i.e., 2, 6, or 7) are combined with

Samples of [*PTADA;EW*,-3H,0], [1**2-EWy 1** and Ed*, MORFs are produced that are characterized by
6H,0],, [14* 64 EW*,-4H,0],, and [F*74EW*,-6H,0],, different structural and fluorescence feallfiethus propose
that a modest variation in the guest substitution patterns could
crystal Aem ma(NM) T (bs) emerge as a useful means of controlling structure over a variety
[14PTADAEU*»3H,0],, 617 1246 of length scale#cluding those that extend beyond the initial
[14*25 EC*6H,0],, 661 199 host—guest recognition and cation coordination spheres. To the
(1465 EG*4-4H;0], 614 573.1 extent this proves truiécould allow a useful approach to the
[14 73 EF*,6H,0], 619 701.6 preparation of complexMIMs with novel luminescentor

functional features.
Particularly notable differences are seen i, thevalue of .
[14*25-EW**,y6H,0], relative to the other three structures. ASSOCIATED CONTENT
Complexes f1-PTADA;EW*,-3H,0],, [1*"64EW*44H,0],, *  Supporting Information
and [1%74Eu**,-6H,0], give rise to an intense red The Supporting Information isavailablefree of chargeat
luminescence upon excitation at 365 nm. Their emission spedirzs://pubs.acs.org/doi/10.1021/jacs.9b13473.
are characterized by three intense features centered at 592 nm, agyperimentatetails NMR spectroscopic analysgs)-

around 617 nm, a7nd 5at arou7nd 696 5@1‘:(4274 nm) that are HRMS results, data fitting, and single-crystalX-ray
assigned t&D, » Fy, °Dy » F,, and®Dy —» ’F, transitions, diffraction studies (PDF)
respectively. In contrast, under 365 nm UV li§h2fEu*, Crystallographic data (CIF)

6H,0],,appears purple to the naked eye. The emission spectrum
of this complex includes bands at 681,and 720 nm (A =

424 nm), respectively, that are ascrif@g+o'F;, Dy~ Fs,

and®D, - 'F, transitionstespectivelylhis complex also had

the smallest T value. The unique natur& @& Eu**,6H,0],

leadsus to propose that, as a consequencef an -OH
substituent effe¢t there is effective energy transfer from the
ligand 2 to the Elcenter ion in this complex that is not seen in
the case of the corresponding species prepared from PTADA, 6,

Crystallographic data (CIF)
Crystallographic data (CIF)
Crystallographic data (CIF)
Crystallographic data (CIF)
Crystallographic data (CIF)
Crystallographic data (CIF)
Crystallographic data (CIF)
Crystallographic data (CIF)

or 7. More broadly,this combination offindingsservego Crystallographic data (CIF)
underscore further how smdifferences in the anionic guest Crystallograph!c data (CIF)
can translate into readily discernible differenae¢he bulk Crystallographic data (CIF)
properties of self-assembled complexegenerated under Crystallographic data (CIF)
ostensibly identical conditions. Crystallographic data (CIF)
. Crystallographic data (CIF)

CONCLUSION Crystallographic data (CIF)

In summarywe have shown here how modest changes inthe ~ Crystallographic data (CIF)
substituent on a PTADA core can influence the interaction of Crystallographic data (CIF)

such anionic precursorswith the cation macrocycle1*". Crystallographic data (CIF)
Monosubstituted or para-disubstituted derivativebearing Crystallographic data (CIF)
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