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Abstract: Herein, we quantify how imine exchange may be used to selectively transform one metallo—
organic structure into another. A series of imine exchange reactions were studied, involving a set of
4-substituted anilines, their 2-pyridylimines and 1,10-phenanthrolyl-2,9-diimines, as well as the copper
complexes of these imine ligands. Electron-rich anilines were found to displace electron-poor anilines in
all cases. Linear free energy relationships (LFERs) were discovered connecting the electron-donating or
-withdrawing character of the 4-substituent of an aniline, as measured by the Hammett o,a2 parameter, to
that aniline’s ability to compete with unsubstituted aniline to form imines. The quality of these LFERs allowed
for quantitative predictions: to obtain the desired degree of selectivity in an imine exchange between anilines
A and B, the required oyara differential could be predicted using a variant of the Hammett equation, log(Kag)
= p(oa — 08). We validated this methodology by designing and executing a three-step transformation of a
series of copper(l)-containing structures. Each step proceeded in predictably high yield, as calculated from
o differentials. At each step in the series of transformations, macrocyclic structures could be created or
destroyed through the selection of mono- or di-amines as subcomponents. The same methodology could
be used to predict the formation of a diverse dynamic library of helicates from a set of four aniline precursors,
as well as the collapse of this library into one helicate upon the addition of a fifth aniline.

Introduction reactions likewise generate the function at the hearts of a
growing number of synthetic molecular machif&s.’

M(_atallo—organlc self-assemb1y4 represents a fascinating We have recently reported a series of self-assembled metallo
subfield of supramolecular chemistry, not only because of the organic structures that are capable of rearranging not only at

static architectures that may be constructed using its prindiples, their labile metatligand bond<® but also at the dynamic
but also for the sake of the dynamic rearrangements that some,yalen imine bonds that hold these structures together

of these architectures may undefgBecent examples include  The acidity differential between two amines could be used as a
the reorganization of two separate coordination cages to form driving force to effect imine exchange with high selectivity:

a single catenatéthe pH-driven threading/unthreading of two  ynder acidic conditions, the more basic of two amines is
helices? the dynamic interconversion of different structures preferentially protonated, leaving the less basic amine free to
based upon solvent and template efféctsthe templated  incorporate into an imine under equilibrium conditions.
formation of specific porphyrin assemblies from dynamic | the present work, we examine how electronic effects may
Iibraries}l and the rearrangements of libraries of metallomac- provide a thermodynamic driving force for imine exchange
rocycles in response to ionic signafsDynamic reassembly  within Cui—imine complexes. We have investigated substitution
reactions involving structures incorporating both monocopper
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Scheme 1. Formation of Equilibrium Mixtures of Imines from
Unsubstituted and 4-Substituted Anilines with After Cu' (K'): p' = 4.82 (R* = 0.995, ESD = 0.15)
Pyridine-2-carbaldehyde (Left); Reaction of These Imines with
Copper(l) To Form New Equilibrium Mixtures of Imine Complexes
(Right)@
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Figure 1. Hammett plots for the thermodynamic competition of anilines
to form imines (as shown in Scheme 1) in the presence and absence of
copper(l), including the linear regressions used to obpaand p'; data

from both independent runs are plotted and analyzed together.
subunits. A linear free energy relationship was found between

the equilibrium constant of an imine exchange reaction and the NMR  spectroscopy, but it was not necessary to do so to
electron-donating ability of a given aniline’s 4-substituent, as determine the relative amounts of the two anilines incorporated.
measured by the Hammetga.aparamete?*25This correlation The equilibrium constantk’, obtained through integration of
enabled us to design progressive transformations in which the IH resonances corresponding to the free 4-substituted and
electron-rich anilines displaced electron-poor anilines. Succes-unsubstituted anilines, thus refer to a conceptually simplified
sive transformations were thus possible in the same reactionsystem in which each equivalent of heteroleptic complex is
flask, with each imine-exchange step proceeding in greater thancounted as one-half of an equivalent of each of the homoleptic
95% yield. The anilines so introduced may form parts of larger complexes shown in Scheme 1. Details as to the determination
building blocks, allowing structural complexity to be created of equilibrium constants are provided in the Supporting Infor-
or transformed during the substitution reaction. Structural mation. The anilines investigated, together with their substitu-
diversity could also be predictably created and destroyed: Whenents’ opara Value$® and the logarithms of the equilibrium
mixtures of electron-poor anilines were employed together as constantsk and K' obtained in the absence and presence of
building blocks, a diverse collection of complexes was formed. copper(l), are presented in Table S1 in the Supporting Informa-
The addition of a single electron-rich aniline resulted in tion. Each data point was collected twice, in two independent
quantitative displacement of all electron-poor anilines, giving experimental runs.
a single imine complex. When anilines bearing 4-substituents more electron withdraw-
ing than acetyl, such as nitrefya = 0.78), were employed,
we were not able to observe the corresponding imine to form
The mixture of equimolar amounts of pyridine-2-carbalde- in competition with unsubstituted aniline. In the absence of
hyde, aniline, and a 4-substituted aniline resulted in conversion competition, these anilines were also not observed to form
of the pyridine-2-carbaldehyde into a mixture of two imines, imines in the absence of copper(l); imines were formed only to
as shown in Scheme 1 (left). The presence of 1 equiv of eacha limited extent in the metal’s presence.
aniline pushed the conversion to completion; no residual When the logarithms of the equilibrium constaitandK’
aldehyde was observed under these reaction conditions. Thewere plotted against the Hammettavalues® of the anilines’
mixture of two imines and two anilines reached equilibrium in  4-substituents, a pair of linear free energy relationships (LFERs)
all cases within 48 h at room temperature. Equilibrium constants was revealed (Figure 1). These data thus followed the Hammett
could be determined by integrating thll NMR resonances  equation, logk/Ko) = op,2425with Ko = 1, trivially.
corresponding to the free 4-substituted and unsubstituted Bothp andp', corresponding to the equilibria before and after
anilines. the addition of copper(l), are negative and large, which indicates
The addition of copper(l) tetrafluoroborate resulted in the that the incorporation of an electron-rich aniline residue strongly
quantitative formation of a mixture of imine complexes (Scheme stabilized both imine ligands and copper(l) complexes. This
1, right). A new equilibrium, measured by an equilibrium observation is consistent with the findings of Gaggteal. in
constantK’, was reached in all cases within 48 h at room the context of Pt(salicylaldimine) complex&sThe observation
temperature. In cases in which both anilines were incorporated,thatp’ was of greater magnitude tharnndicated that the cationic
ESI-MS showed that the expected statistical mixture of homo- metal complex was more stabilized by the presence of electron-
leptic and heteroleptic complexes was present. We were notdonating groups than was the neutral ligand, which makes
able to distinguish between homo- and hetero-complexes by intuitive sense. The ratio of the twovalues,p'/p = 1.26, may
be seen as an amplification factb#® relating the logarithms
of the two equilibrium constants and indicating to what degree

a Competition equilibrium constants befol€) @nd after K') the addition
of copper(l) were determined for the series of 4-substituted anilines shown
in Table S1 (Supporting Information).

Results and Discussion
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(25) Jaffe, H. HChem. Re. 1953 53, 191-261. 2005 1948-1951.

9888 J. AM. CHEM. SOC. = VOL. 128, NO. 30, 2006



Designing Transformations ARTICLES

Scheme 2. A One-Pot Series of Transformations, Using Substituent Effects and the Chelate Effect To Provide Driving Forces for Imine
Exchange

the proportion of the majority imine will be enhanced through through subcomponent substitution. Scheme 2 demonstrates the
the addition of copper(l). realization of this idea: Three distinct subsequent transforma-
The R? and estimated standard deviation (ESD) values tions were carried out in the same reaction vessel. The anilines’
calculated during the linear least-squares fit suggested that these differentials were used as driving forces for the first two of
data may be of sufficient quality and reproducibility to allow these substitutions. The entropy gain associated with the
conclusions to be drawn relevant to the use of these electronicformation of a more chelating ligaftiserved to push the last
effects to control subcomponent substitution; a statistical reaction forward.
analysig® is presented in the Supporting Information. For an  The series of reactions shown in Scheme 2 demonstrated the
arbitrary pair of 4-substituted anilines A and B, the equilibrium use of successive subcomponent substitutions to generate,
constant for a competition experiment of the type shown in destroy, and regenerate structural complexity. Dimeric macro-
Scheme 1 may be defined &g = Ka/Kg, or logKas) = cycle (mesocafd) 2, previously reported by the group of
log(Ka) — log(Kg), where Kn and Kg are the equilibrium Hannor® and characterized structurally by Kruger et®alhas
constants for the competitions between unsubstituted aniline anda topology fundamentally different from that of mononuclear
substituted anilines A and B, respectively. Combining this complexl. The mononuclear topology may be readily regener-

equation with the Hammett equation, we obtained eq 1: ated upon treatment @with dimethylaminoaniline to generate
3, which may then be converted into monomeric macrocycle
l0g(Kag) = p(0a — 0p) (1) 4,18 which has its own distinct topology. Although the structural

complexity of macrocycle2 and4 is not great, the creation of

Equation 1 allows one to predict the equilibrium constant .ompjexity is a necessary precondition for the generation of
for the competition reaction between an arbitrary pair of anilines, ¢,nction. a worthwhile ultimate goal.

either in the presence (usipg = —4.82) or in the absence ( Using eq 1, one would predict imine exchange yields of
= —3.82) of copper(l). This equation also permits one 0 g7 594 for both thel—2 and the2—3 transformations, using
Fietermlne t.her differential reqwreq to obtaln_a given seleptmty the Gpara value for 4-aminotoluene and ignoring the entropic
in substitution. The greater magnitudegofndicates that higher  etects of macrocycle formation or destruction. Because het-
selectivity may more readily be obt_alnf_ed in the_presence of eroleptic complexes are also present, the true yield2, &
copper(l); for example, for a substitution reaction between gnq4 are less than the imine exchange yields presented above.
anilines A and B to proceed in greater than 95% yield, itis |5 a4dition to the mononuclear complexes described above,
necessary to have a difference betwegrand g of at least __we have also studied imine exchange equilibria in the context
0.53 in the presence of copper, versus 0.67 in the metal's phenanthroline diimines and dicopper helic&t&323 con-
absence. 3 o structed from these ligands, as shown in Scheme 3.

Be_cause the amlme_s shown in Figure 1 span arange of 1.33  aq iy the case of the mono-imine systems of Scheme 1, no
o units, one may consider the programming of two subsequenteq aidehyde was noted in any of the equilibrium reaction
transformations between three distinct structures, in which both .+ res. The equilibrium constarknenandK' prenwere again
imine exchange reactions proceed in greater than 95% yield. yotermined examining only the relative equilibrium concentra-

The substituted anilines could be incorporated into larger j,ns of free unsubstituted and substituted anilines, resulting in
molecules, allowing the introduction of structural complexity

(31
(28) Severin, K.Chem.-Eur. J2004 10, 2565-2580. (32
(29) Otto, S.; Furlan, R. L. E.; Sanders, J. K. 8tience2002 297, 590-593. (33
(30) Box, G. E. P.; Hunter, W. G.; Hunter, J. Statistics for Experimenters: Chem. Commuril997, 1807-1808.
An Introduction to Design, Data Analysis, and Model Buildidghn Wiley (34) Keegan, J.; Kruger, P. E.; Nieuwenhuyzen, M.; MartinQxyst. Growth
& Sons: New York, 1978. Des.2002 2, 329-332.
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Scheme 3. Formation of Equilibrium Mixtures of Imines from Unsubstituted and 4-Substituted Anilines (from Table S1, Supporting
Information) with 1,10-Phenanthroline-2,9-dicarbaldehyde (Left); Reaction of These Imines with Copper(l) To Form New Equilibrium Mixtures
of Dicopper Double-Helicates (Right)
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a conceptually simplified system in which structures containing equilibrium expressions to allow direct comparison of these
both anilines are counted as partial contributors to the concen-values (details are provided in the Supporting Information). As
trations of the two homo-imine complexes. The Hammett plots can be seen in Figure 2, the linear least-squares fits are of lower
corresponding to this system, before and after the addition of quality and the data are less reproducible than was observed in
copper(l), are shown in Figure 2. the mononuclear case; a statistical anafjssspresented in the
Thesep values are similar in magnitude to those observed in Supporting Information. In contrast with the mononuclear case

the mononuclear case; we have chosen to formulate theof Scheme 1, the addition of copper(l) slightly diminishes the
magnitude of the substituent effects for the helicates of Scheme
3: pphen < p'phen Whereasp > p'. Although the magnitudes of
the standard deviations in tignenandp’phenvalues permit less
confidence than in the caseswfndp’, an orbital explanation
might cautiously be invoked to account for this difference. The
pseudotetrahedral coordination geometry of copper(l) is more
flattened (distorted toward square planar) in the case of the
helicateg%2223This distortion raises the energy of the arbital
and allows for more efficient mixing between filled metal d
orbitals and empty ligand* orbitals3® both of these effects
acting to increase the degree ofatl-back-bonding. The
increased energetic importance of this back-bonding, which is
28 i i i i i i e enhanced in the cases of electron-poor ligands, might counteract

083 0664 0498 0332 -0.166; 0 0.166 0.332 0498 part of the stabilization afforded by the incorporation of more

) ) . ) electron-rich aniline residues, leading to the observed reduction
Figure 2. Hammett plot for the thermodynamic competition of 4-substituted . o
anilines with unsubstituted aniline to form diimines in the presence and of the magnitude opphen upon copper(l) coordination.
absence of copper(l) (as shown in Scheme 3), including the linear regressions

4.2 1 Before Cu' (K snen): ponen = 4.73 (R* = 0968, ESD = 0.37)

OMe

Me

After CU' (K’ phen ) plonen = -3.75 (R® = 0.964, ESD = 0.31)

used to obtaipphenandp’phen data from both independent runs are plotted
and analyzed together.
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The mixture of a set of four different electron-poor 4-sub- The use of Hammett correlations will also allow us to
stituted anilines with 1,10-phenanthroline-2,9-dicarbaldehyde undertake mechanistic studies, by investigating reaction rates
and copper(l) formed a dynamic combinatorial libx8/36-38 instead of equilibrium constants. Starting from imine exchange
of helicates, as shown in Scheme 4. We were not able to assigrreactions involving unbound imines, comparison of substituent
all 35 of the constitutionally distinct species expected to be effects with imine exchanges involving metal complexes should
present within the complicated mass spectrum of this library; allow for the presence of the metal to be quantified, giving
the multitude of peaks observed nonetheless covers the expectethsight as to whether exchange occurs while the ligand is
range for dications from 530 to 61@/z. The use of numerical  coordinated. Such studies are currently underway.
methods, as developed in the groups of &tand Severifé _ _
could allow predictions to be made as to the composition of EXPerimental Section
these libraries, based upon the anilines’ concentrations and the veasurement of Equilibrium Constants for Pyridyl —Imine
o values of their 4-substituents. The quality of these predictions Exchange (Scheme 1)A stock solution was prepared by mixing
would be limited by the quality of the linear Hammett correlation pyridine-2-carbaldehyde (0.0386 g, 0.36 mmol), aniline (0.033 mL, 0.36
shown in Figure 2 (ESD= 0.31) and the narrow range of mmol), andd®-DMSO (6.0 mL) together in a 10-mL Schlenk flask.
values (0.45< ¢ < 0.78) represented by this set of substituents; The flask was sealed, and the atmosphere was purified of dioxygen by
fine predictions would be difficult to make with confidence. ~ three eyacugtion/argon purge c_ycles. For each 4-substituted aniline

It is, however, possible to predict clearly that a diverse shown in Flgurtle. 1, the following procedure was followed. The
mixture of compounds should be observed on the basis of the4-substltuted aniline (0.030 mmol) was loaded into a Teflon screw-

& val | d: inal f the f capped NMR tube containing the stock solution (0.5 mL). The tube’s
narrow range ob values employed: no singie one ot the four atmosphere was purged of dioxygen with three evacuation/argon purge

initially present anilines is able to quantitatively displace the . jes The equilibration was followed during 48 h at room temperature,
others. A more electron-rich aniline, however, would be after which time the evolution was found to have ceased in all cases.
expected to readily eject all of the others, reducing the diverse The equilibrium constant was then determined from the ratio of the
mixture to a single complex. As shown in Scheme 4, the reaction integratedH NMR signals of the free 4-substituted and unsubstituted
of the dynamic library of electron-poor helicates with 4-dimeth- anilines (see the Supporting Information). Tetrakis(acetonitrile)copper-
ylaminoaniline (4 equiv) resulted in the collapse of this library, (1) tetrafluoroborate (0.0047 g, 0.015 mmol) was then added, giving a
with the generation of helicagas the unique product observed. dark red solution. The tube’s atmosphere was purged of dioxygen with
The largeo differential (Ao = 1.28) between dimethylaminoa- three evacuation/argon purge cycles. Follo'wing 48 h of equilibration
niline and the four electron-poor anilines of Scheme 4 allows &t 00 temperature, evolution was again found to have ceased.

one to predict an essentially quantitative formation of helicate Integration of theH NMR signals corresponding to substituted and

5 (>99 5% . 1] t with ob fi unsubstituted anilines was again used to determine the equilibrium
( :5%) using eq 1, in agreement with observation. constant. Characterization data for all complexes are provided in the

Supporting Information.
Measurement of Equilibrium Constants for Phenanthrolyl—
Substituent electronic effects may thus readily be employed piimine Exchange (Figure 2).A stock solution was prepared by
to drive ligand subcomponent substitution. The quantification mixing 1,10-phenanthroline-2,9-dicarbaldehyde (0.0431 g, 0.18 mmol),
of these effects using the Hammett equaifoallowed us to aniline (0.033 mL, 0.36 mmol), andf-DMSO (6.0 mL) together in a
predict product identities and yields with good accuracy. Several 10-mL Schlenk flask. The flask was sealed, and the atmosphere was
transformations may follow each other in the same reaction purified of dioxygen by three evacuation/argon purge cycles. For each
flask, allowing the creation, destruction, and recreation of 4-substituted aniline shown in Figure 1, the following procedure was

macrocyclic geometries. The driving force provided by sub- followed. The 4-substituted aniline (Q.QSO mmol) was loaded |ntp a
. Teflon screw-capped NMR tube containing 0.5 mL of the stock solution.
stituent effects may also be used to control and shape the

Lo . . I . The tube’s atmosphere was purged of dioxygen with three evacuation/
COFIStItU.tIOH of a dynam!c combinatorial “prary’_ alloyvlr]g the argon purge cycles. The equilibration was followed during 48 h at room
generation and destruction of molecular diversity within mix- emperature, after which time the evolution was found to have ceased
tures. in all cases. The equilibrium constant was then determined from the

To generate potentially useful function from such rearrange- ratio of the integratedH NMR signals of the free 4-substituted and
ment reactions, it will be necessary to make them revefsible  unsubstituted anilines (see the Supporting Information). Tetrakis-
or cyclict>#1in nature. We are currently investigating the use (acetonitrile)copper(l) tetrafluoroborate (0.0047 g, 0.015 mmol) was
of pH changes to this end; our previous investigaii®A%2! then added, g?ving a dark solut_ion. The tube’s atmosphere was purged
have revealed thatka differences may be exploited to effect of d|ox.¥gen.wnh three.evacuanon/.argon purge cycles. Following 43 h
the substitution of an arylamine for an alkylamine at low pH, of equllllbratlon, _evolutlon was again found to have ceased. Integ_ratlon
despite the higher nucleophilicity of alkylamines under neutral of .the H NMR S|gnals correspondlng t© SUbSt't.u.teq and unsubsiituted
conditions. Competition with protons might thus allow us to anilines was again used to determm.e the equilibrium constant.
reverse the selectivity described herein, allowing us to generate, Successive Subcomponent Substitution (Scheme Ztock solu-

. X 7 . . tions of each component noted below (0-@/13 mmol) ind-DMSO
repetitive motion, which lies at the heart of biological motts. (approximately 0.4 mL) were prepared in NMR tubes, and the

(36) Lehn, 3. M.: El A VSCience2001, 201, 23312332 concentration of each component relative to the known concentration
enn, J. M.; Eliseev, A. clenc — . .
(37) Constable, E. C.; Housecroft, C. E.; Kulke, T.; Lazzarini, C.; Schofield, E. of t-BuOH (0.025 M), used as an internal standard, was measured by

Conclusions

R.; Zimmermann, Y Dalton Trans.2001, 2864-2871. NMR integration. The volume noted for each successive addition was
Eggg g?tlge,r's.si (l%/lat\e(z ?”g%&-b‘é‘g”'&'f‘%g_?gggh Trans.2004 699-705. then measured using a syringe. The tube’s atmosphere was purged of
(40) Collin, J.-P.; Dietrich-Buchecker, C.; GauinP.; Jimenez-Molero, M. C.; dioxygen with three evacuation/argon purge cycles after each addition,
Sauvage, J.-PAcc. Chem. Re2001, 34, 477-487. .y and then the sample was heated td60uring 24 h; evolution had in
(“1) BK_OlL_’_m,\Ll';?dr'z'igzéjésﬁ{gir"l'g)vzv_'fgs\_/an Delden, R. A; Harada, N.; Feringa, o caqes ceased after this time. Copies of all spectra are provided in
(42) Howard, JNature 1997, 389 561-567. the Supporting Information.
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A solution of 4-aminoacetophenone @-DMSO (0.140 mL, 0.222 evacuation/argon purge cycles and left 6oh at 50°C. The!H NMR
M) was added to a solution of pyridine-2-carbaldehyd@%DMSO spectrum showed a series of broad peaks in the usual range for dicopper
(0.160 mL, 0.194 M) in an NMR tube with a Teflon screw-cap. Solid double-helicates (97 ppm)2° and the ESI-MS showed a multitude of
tetrakis(acetonitrile)copper(l) tetrafluoroborate (0.0051 g, 0.0162 mmol) peaks over the expected range from 530 to 61f) consistent with
was then added, giving a dark red solution, the NMR spectrum of which the presence of a diverse dynamic library of helicates. The subsequent
corresponded to complek A solution of 4,4-methylenedianiline in addition ofN,N'-dimethylp-phenylenediamine (0.0077 g, 0.048 mmol)
d®-DMSO (0.096 mL, 0.162 M) was then added, resulting ifHa led to the displacement of all of the electron-poor anilines and the
spectrum corresponding to that of comp®xhe imine exchange yield formation of complex5 as the unique copper complex observed by
was estimated to be 99.5% B integration. A solution ofN,N'- ESI-MS (n/z = 535.5) and NMR {H NMR (400 MHz, 300 K,ds-
dimethylp-phenylenediamine id®-DMSO (0.154 mL, 0.202 M) was DMSO): 6 = 8.91 (s, 4H, imine), 8.42 (dJ = 8.4 Hz, 4H,
then added, leading to the displacement of-éthylenedianiline and 4-phenanthrolyl), 8.13 (d] = 8.1 Hz, 4H, 3-phenanthrolyl), 7.68 (s,

the formation of comple8 in 97% yield, as measured Bi integration. 4H, 5-phenanthrolyl), 6.01 (d) = 8.8 Hz, 8H, phenylene), 8.80 (d,

A solution of 2,2-(ethylenedioxy)bis(ethylamine) idf-DMSO (0.117 = 8.9 Hz, 8H, phenylene), 2.77 (s, 24H, methyl)).

mL, 0.133 M) was then added, leading to the displacemem,Nf- ) .
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