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ABSTRACT

The goal is the development of materials that are highly sensitive and selective for
chiral chemicals and biochemicals (such as insecticides, herbicides, proteins, and nerve agents)
to be used as sensors, catalysts and separations membranes. Molecular modeling methods are
being used to tailor chiral molecular recognition sites with high affinity and selectivity for
specified agents. The work focuses on both silicate and non-silicate materials modified with
chirally-pure functional groups for the catalysis or separations of enantiomerically-pure
molecules. Surfactant and quaternary amine templating is being used to synthesize porous
frameworks, containing mesopores of 30 to 100 angstroms. Computer molecular modeling
methods are being used in the design of these materials, especially in the chiral surface-
modifying agents. Molecular modeling is also being used to predict the catalytic and
separations selectivities of the modified mesoporous materials. The ability to design and
synthesize tailored asymmetric molecular recognition sites for sensor coatings allows a
broader range of chemicals to be sensed with the desired high sensitivity and selectivity.
Initial experiments target the selective sensing of small molecule gases and non-toxic model
neural compounds. Further efforts will address designing sensors that greatly extend the
variety of resolvable chemical species and forming a predictive, model-based method for
developing advanced sensors.
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Introduction

Chirality, or “handedness”, is four different groups attached to a carbon atom of a
molecule that has two nonsuperimposable mirror image forms (each named enantiomer).
The two forms of the chiral molecule can possess very different biological activity. Chiral
synthesis and separations of both intermediate and final compounds are currently extremely
important areas of research, especially for the chemical, pharmaceutical, agrochemicals, and
biomedical industries.! In the pharmaceuticals industry (where chiral drug production alone
is a $40 billion/year business) rising drug development costs and regulatory requirements
have translated into both slower licensing of new drugs and rapid rise in prescription drug
costs. This industry is looking for both catalysts (where much work is focused on
combinatorial chemistry approaches) and separations materials to greatly aid in the
production of enantiomerically pure final products. The development of tunable, highly
sensitive and selective molecular recognition materials for important chemical drug species
will require enantioselective capabilities.

I. Zinc Phosphate phases templated with the chiral organic molecule d-glucosamine.

In an effort to produce enantioselective materials, we have undertaken a study to
design chiral inorganic molecular sieves. We have employed the knowledge and successes of
recent work 21% by templating an inorganic structure with organic molecules. Zeolitic-type
structures with chiral tetrahedral framework topologies have previously been synthesized.'"”
3 Furthermore, chiral organometallic templates have been used to synthesize zeolitic and
layered frameworks.'*1® Amine molecules have been effective in templating zinc phosphates
due to the readily available H-bonding between the nitrogen of the amine and the “dangling”
hydroxide of terminal phosphate groups found on the walls of a pore."”'® The inherent need
for an enantioselective framework, and our past experiences with nonaluminosilicate
molecular sieves 12!, led us to study the zinc phosphate system. We have explored the
transfer of size, shape and chirality of our templating molecule to the crystalline zinc
phosphate system. The resultant materials from the synthetic approaches we describe are
envisioned to either become enantioselective chromatography materials or be developed into
membrane separations barriers.
Experimental )

Synthesis of chirally templated Zinc Phosphate Phases.

The phase space explored for this work is defined by the ratios of zinc, phosphorus
and hydroxide/template. The reactions are performed at room temperature, with reaction
times of 3, 6 and 24 hours. The starting materials are 4M H3PQy,, 25% wt. tetramethyl
ammonium hydroxide (TMAOH) in water, d-glucosamine hydrochloride (C;2NOsH,c*HCl;
DGA; see figure 1) and 2M Zn(NOs),.

Typical synthesis parameters for the hexagonal phase were as follows: 1.179g of
4M H;3P0O,, 3.6435g TMAOH, and 1.08g DGA are mixed in a capped Teflon bottle. To the
clear solution is added 1.94g 2M Zn(NOs),. The thixotropic mixture was shaken until milky
and allowed to stand at room temperature. The phase precipitated out of a gel-like solution
in 24 hours. The product was then recovered by vacuum filtration, washed repeatedly with
de-ionized water, and allowed to dry in air. Typical synthesis parameters for the layered
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Figure 1 (above) : d-glucosamine hydrochloride.

Figure 2 (below) : Synthesis-space diagram of (d-glucosamine +
TMAOH)/Zinc/Phosphate structures established by powder X-ray diffraction patterns.
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Pphase were as follows: 1.179g of 4M H;POy, 4.008g TMAOH, and 1.08g DGA are mixed in

- acapped Teflon bottle. To the clear solution is added 1.94g 2M Zn(NOj),. The thixotropic
mixture was shaken until milky and allowed to stand at room temperature. The phase
precipitated out of a gel-like solution in 3 hours. For both crystalline phases, the template
could not be removed by high vacuum at room temperature, calcination or solvent extraction
(1M HCVEtOH) without collapse of the structures. However, the template could be removed
from the mesoporous phase after exposure to mild drying atmospheric conditions for long
periods of time (= one month).

Characterization

Powder X-ray diffraction data were collected at room-temperature on a Siemens
Model D500 automated diffractometer, with ©-20 sample geometry and Cu K, radiation,
between 20 =5 and 60°, step size 0.05°. Data presented were collected on “as synthesized”
materials. Transmission Electron Microscopy (TEM) was performed on a JEOL 1200EX
at 120 keV. Images were collected using a Gatan 694 retractable multiscan CCD camera.
(Template was removed prior to TEM studies. Failure to remove template resulted in the
structure “bursting”, caused by electron beam heating of organic in pores.) *'P Cross-
polarization magic angle spinning (CP/MAS) and Bloch-decay MAS NMR data were
acquired at 121.4Mhz on a Varian Unity Plus Spectrometer using a 7mm supersonic probe
manufactured by Doty Scientific. Typical experimental parameters were 6.0kHz spinning
speed, 6us rf-pulse lengths (1/2-pulse for both *'P and 'H), and pre-pulse delays of 30s for
CP/MAS experiments and between 120s and 600s for Bloch-decay experiments. 'H
decoupling was performed during all experiments.

Results

Within the strict phase reaction limitations, we formed either (1) no precipitated phase;
(2) Hopeite (Zn3(POy),*4H,0; a thermodynamically stable, small pored mineral); (3) a
layered material (with intralayered distances of = 17A); or (4) a mesoporous phase, with a
hexagonal crystal lattice. (See figure 2) Note: layered materials of differing intralayer
distances can be synthesized, depending on reaction conditions. Only one is presented here.
(See figure 3.) Powder X-ray diffraction allowed us to identify and monitor the growth of
different crystalline phases: a mesoporous phase (similar X-ray pattern to hexagonal MCM-
41%), a layered phase and the Hopeite phase. (See figure 4) For “finger-printing” purposes,
the identifiable peaks in the powder X-ray diffraction patterns (20 = 1.5 - 10°) for the
mesoporous, layered and Hopeite phases are d (in A) = 31.223; d= 17.404; and d = 9.141,
respectively. The X-ray data is reinforced by TEM data. Distinct, measurable intralayer
spacings on the interim layered phase, the mesoporous phase (see figure 5) and crystalline
Hopeite are observed.

An investigation of the phase space indicates there is a very narrow range of reactants
that provide for the synthesis of the mesoporous and layered phases. The phase space
described here had a reaction time of 24 hours, with partial studies at 3 and 6 hour reaction
times (to monitor phase growth). The reaction conditions studied indicate that 24 hours at
room temperature will produce the mesoporous phase with reactants in the following ratio:
0.3H3PO4: 0.5Zn(NOs), : 0.8(TMAOH + DGA). The layered phases were less well defined
in ratio for crystallization, and tended to surround the region for mesoporous crystallization.




Figure 3 (above) :
shown above.

Figure 4 (below) :

phase space.
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Figure S : TEM of chirally templated zinc phosphate mesoporous phase. The white spots
are 32A pores, the walls are zinc phosphate. The template was removed under mild vacuum
with time. A scale bar is shown.




There are also distinct regions for Hopeite crystallization and no precipitation of a phase.

We observed a transition in phase growth which is dependent on time of reaction. Much like
was observed in the M41S studies® we observed an evolution of phase growth beginning with
the interim layered templated-zinc phosphate phase (observed at 3 hours) with a primary d
spacing of 33 (1) A. This layered phase disappears with an additional few hours of reaction
time. After 24 hours of reaction, the mesoporous phase was observed, with identifiable d
spacings of 35 and 25 (£1) A. When the reaction was allowed to continue until 48 hours,
Hopeite was the only crystallographic phase present. (See figure 6) The system appears to
drive toward the thermodynamically stable, probably more favored, Hopeite phase.

Working in the zinc phosphate phase space, we found that we could synthesize a
structure with a 3-dimensional pored system. Of particular interest to us was the TEM data.
The coherent spacings were all approximately 32 A, the pore sizes are consistent and the
pores are distinct. Measurements of the repeat distance of the pores to be approximately 36
A. This corresponds to 2d;0o/3 of the (100) peak (assignment of 31.2 A powder X-ray
diffraction peak to the (100); see figure 6). The remaining XRD peaks do not correspond to
(110) or (200) peaks and may be due to impurity phases. There is a degree of shorter range
ordering to the pores, however, there is a lesser degree of long range coherent crystalline pore
ordering. Much like some water:co-solvent silica/surfactant disordered mesophases (d-
H),?2 the liquid crystalline packing of the d-glucosamine molecules may have a disordered
arrangement of cylinderical 1-d pores (quasi-hexagonal) that are intersecting disordered
unimodal channels. Both systems exhibit similar long range disorder of the hexagonal packed
pores in TEM images and the (100) diffraction peak in powder X-ray diffraction.

3'p MAS NMR data indicate a crystalline framework for the mesoporous phase (as
opposed to the all silicate MCM*® mesoporous materials which have amorphous walls). The
three peaks (8.0, 4.5 and 2.5 ppm chemical shifts) are all consistent with tetrahedral
monophosphate species with varying degrees of distortion of the tetrahedral unit (see figure
7). The resonances are assigned as follows: the peaks at 8.0 and 4.5 ppm correspond to an
impurity phase, consisting of Hopeite (4.5ppm) and an unknown Hopeite-related phase
(8.0ppm), and the peak at 2.5 ppm attributed to the framework of the mesoporous phase.
Note: the Hopeite-related phase is present only during and after NMR spinning (as
monitored by XRD). The narrow peak widths (HWHM = (.75 ppm) suggest, at most, a
very small degree of variation in the geometry of the phosphate tetrahedra within the
framework and thus show no evidence for the formation of an amorphous phosphate phase.
Instead, data shows that the walls of this zinc phosphate mesoporous phase have an ordered
arrangement of its tetrahedral atoms. Cross polarization and relaxation studies suggest that
the mesoporous and Hopeite phases are phase separated on the nanometer scale or greater.
The chemical shift for the mesoporous phase was found to be close to that of the *'P MAS
NMR data for crystalline ZnPO-X molecular sieves (5.8ppm).?* The data strongly suggests
the walls of this zinc phosphate mesoporous phase have an ordered arrangement of its
tetrahedral atoms.



Figure 6: Powder X-ray diffraction patterns detailing the effect of time on reaction products.
3 hours = layered phase; 24 hours = mesoporous phase; 48 hours = Hopeite phase.
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Figure 7 : >'P MAS NMR of mesoporous phase (with impurities), referenced to 85%
H;3PO,. (*) indicates the mesoporous phase.
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Discussion

The ability to rapidly synthesize enantiomerically pure final products is clearly a
desirable goal. However, this requires highly selective and active chiral catalysts. Typically,
the asymmetric synthetic route to a drug or intermediate is so difficult that separation of the
racemate turns out to be the cost-effective solution. The ability to design a chiral separations
material is required. Furthermore, many drug molecules are larger than the average zeolitic
pore (> 15A) and therefore will be excluded from any separations. Chiral separations of large
drug molecules through a chiral framework mesoporous phase should not be limited by the
size of the drug molecules. With our mesoporous phase, the size of the pores and the
possible chirality of the framework are important if this phase is to be used as a separations-
material.

Characterization results show that the zinc phosphate mesopore we describe is
successfully templated by the chiral d-glucosamine hydrochloride. Powder X-ray diffraction
data showed a hexagonally packed mesoporous phase, with short range coherent order. The
3'P MAS NMR data indicated that the walls of the phase are crystalline and similar in local
structure to Zn/P zeolite-analogs, as opposed to amorphous walls found in the silicate MCM
mesopores phases. The single unidirectional pore size and shape of this mesopore also
substantiates the possibility of chirality in the framework, in a fashion similar to the earlier
predicted chiral polymorph of Zeolite B and of reported Co/P, -ABW, and -HEX phases.'>!
With those reported materials, the crystallographic screw axis (which describes the chirality
of the tetrabedral framework atoms) is shown to run in the direction of the channel system of
the largest pore opening. Furthermore, by using one enantiomer of the chiral template in the
reactions, we have attempted to ensure that structure direction will be enantiomerically pure.

The role of the chiral template is still being studied, so as to better understand how
this small template is able to space fill extremely large intracrystalline voids. Much like the
crystalline guanadine zinc phosphate phase reported by Harrison and Phillips'®, it is possible
that a number of DGA cations “cooperate” in a type of planar conformation, whereby they
collectively are large enough to fill the 31.2 A pore of the mesoporous phase. In much the
same way, hydrogen-bonding interactions between the amine group of the template to the
oxygen atoms of the framework may account for the stability of the unit. However, there is
also the possibility that protons from the hydroxyl groups of the sugar are weakly hydrogen
bonding to the “dangling” phosphate groups of the framework. This would account for a
much weaker interaction between the template and the framework. This theory is of interest
to us because of our ability to remove the template through mild (long term) dehydration (see
above), contrary to many amine templated zinc phosphate systems. Another theory for
template geometry is that the d-glucosamine molecules are forming a large liquid crystalline
(LC) cholesteric mesophase. This LC mesophase is comprised of helical aggregates of
molecules, which contain a chiral center, and is referred to as a “twisted nematic
mesophase”.?® In this case, chirality is maintained in the resulting superstructured template.
Characterization and enantiomeric separation studies are on going to further resolve the issue
of template molecular ordering.
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IT a. Optical Reporter Groups for Sensing Chiral Chemicals.

Abstract

For chemical and biological sensing, molecular recognition centers that respond to the
selective binding of chiral chemical species are needed. We are developing a novel type of
chiral porphyrin as a chiral reporter group for chemical sensor devices. Molecular
simulations are being used to guide the synthesis of these enantiomerically selective
chiroporphyrin receptors for specified chiral substrates. One of the goals is to constrain the
freedom of motion of functional groups attached at the periphery of the porphyrin ring to
enable selective interactions of the chiroporphyrin with a target chiral species. An example of
this type of chiroporphyrin receptor is zinc(Il) heptabromo-mono-2-methoxyphenyl-
tetraphenylporphyrin 1; this porphyrin has no chiral atoms, but is chiral because of restricted
rotation of the 2-methoxyphenyl substituent. The single methoxy group asymmetrically
incorporated into the receptor promotes enantiomerically selective binding and hydrogen
bonding to substrates, as shown by proton NMR spectroscopy.

Introduction

Many chemical and biological species that are of interest for chemical sensing are
chiral. These materials include most biological materials, such as proteins and sugars, and
many pharmaceuticals, herbicides, pesticides, and chemical and biological warfare agents. In
principle, highly sensitive, selective, and specific recognition of these chemicals can be
accomplished by computer design and synthesis of suitable molecular receptors.

The procedures for the synthesis of porphyrin derivatives have recently attained the
richness and diversity required for the synthesis of highly elaborated superstructures that can
be formulated as receptors for chiral chemical species. Currently, we are pursuing the goal of
using molecular simulations to guide the synthesis of porphyrin-based receptors for chiral
chemical species. Especially important in this regard is the advent of highly substituted
nonplanar porphyrins!. The nonplanar porphyrins may resolve some of the recognized®
difficulties associated with tailoring porphyrins for chiral recognition and catalysis. Besides
their highly controllable structure, the most important property of porphyrins for sensor
applications is their favorable optical properties (strong absorbance and emission, optical
sensitivity to guest-host interaction). These optical properties can be used for self-reporting
the substrate-binding event to the sensor device. For these reasons, we have used molecular
mechanics to design a porphyrin receptor for chirally substituted pyrrolidines and
piperidines.

Figure 1 shows a chiroporphyrin receptor designed by molecular simulation
specifically for the selective binding of chiral amines, 2-pyrrolidinemethanol in particular.
This initial choice for the target and receptor was influenced partly by the relative
computational simplicity of the conformational search for the lowest-energy conformers.
Specifically, the amine-chiroporphyrin complexes have severe steric constraints imposed by
the crowding of the substituents at the porphyrin periphery, although even in this case about
100 stable conformers (local minima) can be calculated for the complexes. This comparative
simplicity improves the likelihood of verifying the computational procedures and obtaining a
clear preference for binding one enantiomer of the amine over the other. The desire for
computational and chemical simplicity for our initial endeavor led us to design and synthesize

13




Figure 1: Zinc Chiroporphyrin 1.
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the novel chiroporphyrin—zinc(II) heptabromo-mono-2-methoxyphenyl-meso-tetraphenyl-
porphyrin. This porphyrin has no chiral atom but it is chiral because the rotational barrier
for the methoxyphenyl group is large. In addition, the steric crowding of the peripheral
substituents forces the porphyrin into a highly nonplanar conformation giving the chiral
porphyrin enantiomers illustrated in Figure 2. It was hoped that this would also result in a
highly constrained and enantioselective binding site at the metal center for various chiral
amines. Indeed, this has been verified by proton NMR spectra, which have been interpreted
with the aid of molecular simulations of the complexes formed between the porphyrin
enantiomers and (S)-2-pyrrolidinemethanol.

Experimental

Heptabromo-mono-2-meth-oxyphenyl-meso-tetraphenyl-porphy-rin 1 was
synthesized by a modified Suzuki coupling reaction’, using 2-methoxyphenyl-B(OH), (5
equiv.), PA[(PPhs)]s (0.15 equiv.), KyCO; (20 equiv.) in toluene at 90-100°C for two days.
The racemic mixture was purified by column chromatography using silica gel and chloroform
(60%)/hexane (40%). Zinc was inserted using Zn acetate in chloroform/methanol. The
porphyrin enantiomers were then separated cleanly by chiral chromatography using a
ChiralcelOD column eluted with 89:10:1 hexanes, chloroform, and isopropanol.

300-MHz proton-NMR spectra of the Zn porphyrins and pyrrolidine complexes
were measured in toluene-dg at 193K. Molecular mechanics calculations were performed
using a version of POLYGRAF (MSI) using a force field for metalloporphyrins developed
over the last ten years and recently improved'*.

3. RESULTS AND DISCUSSION

The chiroporphyrin is obtained as a racemic mixture that can be separated by chiral
chromatography. In solution, racemization of the individual enantiomers is very slow, taking
days at room temperature. The molecular simulations indicate that simple analogs of
chiroporphyrin 1 will completely inhibit racemization at room temperature. The Zn(II)
chiroporphyrin derivative binds a single nitrogenous base to form a five-coordinate complex.
Complexes with chiral derivatives of pyrrolidine and piperidine at the axial coordination sites
of the metal give significant changes in the UV-visible absorption and emission spectra.

Energies (kcal/mol) of selected low-energy conformers of the (S)-2-
pyrrolidinemethanol complexes with the chiroporphyrin enantiomers when the axial
ligand and the methoxy group are on the same face of the porphyrin. Lowest energy
conformers indicated in bold; H-bond energies in parenthesis.

Table 1.

Chiroporphyrin Chiroporphyrin
Enantiomer-1 Enantiomer-2
Complex Rotational syn anti syn anti
Isomer
cis 0° 237.41 (-0.14) 244.00 (-2.85)  237.18(-3.52) 245.40 (-0.01)
180° 237.76 (-2.97) 245.21 (0.00) 238.38 (-0.18) 244.61 (0.00)
trans 0° 238.64 (-0.18) 246.76(-0.06) _ 238.65 (-0.18) 249.74(-0.04)
180° 238.54 (-0.18) 246.76(-0.06) 23849 (-0.18) 249.88(-0.05)
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Figure 2 : Zinc Chiroporphyrin enantiomers (mirror plane separates the two enantiomers).
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Three major types of conformational isomers are calculated. First, the cis and trans
complexes differ by whether the ligand and the methoxy groups are on the same (cis) or
opposite (frans) face of the porphyrin ring. Second, the ligand can have different chiralities at
the nitrogen atom; specifically, the NH hydrogen can be on the same side as the hydroxyl
group (syn) or the opposite side (anti). Third, because of the saddle conformation of the
porphyrin ring there are two preferred orientations of the ligand related by 180° rotation
about the Zn-ligand bond. The 0° conformer is shown in Figure 3.

Table 1 lists the energies of selected conformers of the complexes between 2-
pyrrolidinemethanol and the chiroporphyrin enantiomers for the cis complex. Compared
with the cis complexes, the frans complexes are all at 238.5 kcal/mol or higher energy.
Therefore, the calculations predict that, in the case of enantiomer-2, only the cis-0°-syn
conformer (shown in Figure 3) is likely to be observed. In contrast for enantiomer-1, while
the cis-syn configuration is still favored, both the 0°- and 180°-rotational isomers are
energetically accessible. In addition, the cis configuration is less favored over the trans for
enantiomer-1 so that both configurations may be observed.

The lowest energy cis-0°-syn complex of (S)-2-pyrrolidinemethanol with enantiomer-
2 is shown in Figure 3. In this conformer, a strong hydrogen bond exists between the
methoxy and hydroxyl groups, and a weaker H-bond exists between the N-H group and the
methoxy group. The total H-bond energy is 3.5 kcal/mol, arising almost entirely from the
hydroxyl H-bond. The H-bonds and coordination to the metal provide two of the three
interactions necessary for enantiomeric selectivity. The groove formed by the saddle
conformation of the ring gives a third steric interaction that provides enantiomeric selectivity.
Note that the rotational barriers for the two lowest-energy rotational conformers were
calculated to be 10.0 and 12.0 kcal/mol for the porphyrin enantiomers 1 and 2, respectively.

According to the calculations, enantiomer-2 is likely to form a specific complex in
which only one rotational isomer of only the cis complex is observed. In contrast, at least
two conformers should be present for enantiomer-1. This is in good agreement with the
proton-NMR spectra of the chiroporphyrin complexes, shown in Figure 4 for the region
encompassing the N-H proton of the (S)-2-pyrrolidinemethanol ligand. For comparison with
the chiroporphyrin, the spectrum of Zn octabromo-meso-tetraphenyl-porphyrin
(ZnBrgTPP) is shown at the bottom of Figure 4. This porphyrin is achiral, but simulates
ligand binding to the trans face of the chiroporphyrin. The peak at —-3.2 ppm is the NH
proton of the axial ligand as shown by deuterium substitution; the two faces of the porphyrin
are indistinguishable resulting in only one peak.

The spectrum of the complex of the porphyrin enantiomer that elutes at 12 minutes
with (S)-2-pyrrolidinemethanol complex exhibits a NH doublet in the —3.2-ppm region and a
second doublet near —3.0 ppm. We assign the doublet near —3.2 to the frans isomer in which
the methoxy group and the ligand are on opposite faces of the porphyrin ring because of the
similarity with the spectrum of ZnBrgTPP. The doublet at —3.0 ppm is assigned to the cis
isomer, downshifted due to the ring current of the methoxyphenyl group and possibly weak
H-bonding to the methoxy group. The doublets most likely result from 180°-rotational
isomers of the ligand, as suggested by the molecular mechanics calculation, with the rotational
isomers undergoing slow interconversion on the NMR time scale. For the 12-minute
enantiomer, the NMR results indicate nonspecific binding of the ligand and only weak H-
bonding of the ligand to the methoxy group. The NMR results for this porphyrin enantiomer
are generally in agreement with the calculation for enantiomer-1, in that multiple cis
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Figure 3: Lowest energy complex between 2-pyrrolidinemethanol and chiroporphyrin
enantiomer-2.




conformers are observed. However, the calculations may slightly overestimate the energies of
the frans forms since they are also observed.

The NMR spectrum of the complex with the enantiomer that elutes at 28 minutes
exhibits only NH signals near —2.5 ppm. We attribute this to highly specific binding with
significant H-bonding to the methoxy group as shown in Figure 3. This accounts for the large
downfield shift of the NH proton. There is little evidence of ligand binding to the face
opposite the methoxy group or for the 180° rotational isomer. The molecular simulations and
the NMR results are consistent with enantiomer-2. The H-bonded cis-0°-syn form is highly
favored over both the trans forms and the 180° isomer. In addition, NH hydrogen bonding is
stronger than for enantiomer-1, accounting for the larger downfield shift. :

The top spectrum in Figure 4 shows the spectrum of the chiroporphyrin racemate
with (S)-2-pyrrolidinemethanol. One can rationalize this spectrum as a sum of the two
individual porphyrin enantiomers.

Conclusions

Proton-NMR results show that chiral amines can bind selectively to the
chiroporphyrin enantiomers if a suitable fit is possible, otherwise nonspecific binding is
observed. One enantiomer of 2-pyrrolidinemethanol binds in a highly specific fashion to one
porphyrin enantiomer, while it binds to the other porphyrin enantiomer non-specifically.
Equivalently, (S)-2-pyrrolidinemethanol binds specifically to enantiomer-2, while (R)-2-
pyrrolidinemethanol binds nonspecifically to enantiomer-2. The chiroporphyrin receptor
benefits from the nonplanarity of the porphyrin in two ways. First, the saddle structure acts
to limit the rotational freedom of the axial ligand to two isomers related by a 180° rotation.
Second, the nonplanarity brings the methoxy group closer to the axial ligand permitting the
formation of the directing H-bond. Finally, the steric crowding of the substituents, which
brings about the nonplanar structure, also limits the orientations of the methoxy chiral-
resolving group to provide enhanced enantiospecificity. These results demonstrate the
promise of designing highly specific receptors for chemical sensors using molecular
simulations.
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Figure 4 : NMR spectra of the chiroporphyrin enantiomers and ZnBrgTPP with (S)-2-
pyrrolidinemethanol in the NH region of the axial ligand.
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II b. A Pyridine-Sensitive Venus Flytrap Porphyrin

Introduction
Metal complexes that drastically alter their shape upon binding of a ligand are not very

common,’* and very few have been fully characterized by X-ray structure determinations of
both conformers. We report on an “open” zinc porphyrin host molecule that swings into a
“closed” form upon binding a pyridine base. This conformational flip, which is reversible, is
based on a rotation of the porphyrin substituents around their bonds to the meso positions; the
X-ray structures of the two conformers show that it optimizes complementarity between host -
and guest (induced fit®). The description of this system as a pyridine-sensitive Venus flytrap"*
porphyrin readily comes to mind in view of its conceptual similarity to the insectivorous plant
Dionaea muscipula.

The industrially available chiral cyclopropane derivative 1(R)-cis- hemicaronaldehyde’
(“biocartol™) is a convenient source of low symmetry (C2) metal complexes of
tetramethylchiroporphyrin (H2TMCP), which are useful prototypes of asymmetric catalysts

and enantioselective receptors."® In the view of promoting attractive IT-IT interactions”’

between ester substit-uents and aromatic ligands, the m- and p-nitrophenyl esters of 1(R)-cis-
caronaldehydic acid were synthesized® and condensed with pyrrole to afford the corresponding
tetra-m(p)-nitrophe-nylchiroporphyrins H2T-m-NPCP (1) and H2T-p-NPCP (2)in 5-10%

yield. In both cases, this atroposelective cyclization affords the oo atropisomer as the sole

porphyrin product. The latter is then smoothly converted to its zinc complex, [Zn(EtOH)(T-m-
NPCP)] (3) or [Zn(EtOH)(T-p-NPCP)] (4), respectively,’ by reaction with zinc acetate in
refluxing chloroform-ethanol (1:1). No atropisomerization occurs under these conditions,
indicating that the bulky cyclopropyl groups prohibit rotation of the meso substituents.

The crystal structure of 3 '° confirms the open conformation and the C2 symmetry with
the 2-fold axis running through the mean plane of the highly ruffled porphyrin (Figure 1). The
zinc center and its ethanol axial ligand are therefore disordered over two equivalent positions.
In addition, there are two different ethanol conformers for each position. The ethanol oxygen
atom is at a long hydrogen-bonding distance to the carbonyl group. The conformation of the
ester groups is such that the four carbonyl oxygen atoms are in positions nearly eclipsing the

four R pyrrole carbon atoms C(a2), C(a3), C(a3)’, and C(a2)’, thereby pushing the m-

nitrophenyl groups to the periphery of the porphyrin and nearly perpendicular to its mean
plane. The similarity of 1 H NMR spectra for 3 and 4, and particularly the absence of a notable
porphyrin ring current effect on the phenyl resonances, suggests analogous conformations of
the nitrophenyl ester groups of 3 and 4 in solution.

Addition of an equivalent of 3,5-Iutidine to a CDCI3 solution of 4 results in an

immediate and complete switching from the open oo conformation to the closed, axially
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ligated ccottow form. This flipping is conveniently monitored by the change of multiplicity of

the pyrrolic proton NMR resonances from a D2-symmetric to a C4-symmetric pattern’’.
Pyridine, 4-methylpyridine, and piperidine all induce a qualitatively similar effect, but

the conversion to the closed form is incomplete and the oiof} atropisomer is formed as well to
varying degrees. Addition of hydrochloric acid to a solution of the closed ol conformer

opens the flytrap, affording the aaf atropisomer. Crystals of X-ray quality were obtained by
diffusion of pyridine into a solution of 4 at room temperature. The pyridine adduct [Zn(py)(T-
p-NPCP)] (5) exhibits the ccoiool conformation (Figure 2). Its unusual stereochemical features

give a clue to the origin of this conformational switching. The porphyrin macrocycle is highly
C4V domed, and the plane of the pyridine ligand is in eclipsed orientation with a N-Zn-N axis.
The coordinated pyridine is tightly sandwiched between a pair of nearly parallel p-nitrophenyl

groups by double IT-IT stacking (d center-center ca. 3.5 A), while the other pair is nearly

perpendicular and exhibits edge-to-face interactions with it (d center-center = 5.0 and 5.5 A). A
single carbonyl group, C(16)-O(1), shows the usual “inward” orientation, while the other three
are directed radially outward.

The energy landscape revealed by molecular mechanics calculations is very complex,

but some general conclusions can be drawn. The macrocycles of the ciooio conformers are
predominantly domed and the oo conformers are predominantly ruffled, in agreement with

the crystal structures. For the pyridine complex, the lowest-energy oicic.o conformer for any
specific arrangement of the carbonyls is always lower in energy (ca. 1 kcal/mol) than the

corresponding ofaf conformer.
This energy gain provides a plausible driving force for the afof -> aooa
atropisomer conversion. In contrast, for the ethanol complex, the afafd conformer is more

stable (by ca. 2 kcal/mol) than the ccoioior conformer. The preference of these ligands for either

conformer is probably the combined effect of (a) a minimization of the steric repulsion between
the substituents and the axial ligand and (b) a maximization of their attractive van der Waals
interactions by favorable packing. The predicted preference of ethanol and pyridine for a
particular conformer is carried over into the crystal environment. Structural decomposition of
both the calculated and X-ray structures of the pyridine complex into contributions from
ruffling, saddling, doming, and waving distortions'* shows that the macrocycle is almost
purely domed. This domed conformation also favors the eclipsed ligand orientation which is
observed in the crystal structure.
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The apparent lower rotation barrier of the porphyrin substituents in the presence of
pyridine bases deserves further investigation. Our current interpretation, based on the crystal
structures, is that the highly domed conformation of the porphyrin, which results from strong
binding of pyridine (Zn-N: 2.119 A), allows fast meso group rotation at room temperature and
attainment of a dynamic equilibrium between atropisomers.

In contrast, weak ethanol ligation results in a long Zn-O bond (2.227 A)andina
ruffled porphyrin conformation which inhibits meso group rotation. Molecular mechanics

calculations provide significantly lower estimates for the aotolet -> ol rotation barrier of

the domed porphyrin complex (26-35 kcal/mol) than for the ofofd -> a3 transition of the

ruffled conformer (30-45 kcal/mol).
It is noteworthy that the degree of flipping induced by pyridine and its derivatives
parallels their substituent electron-releasing properties (3,5-lutidine > 4-methylpyridine >

pyridine), in keeping with the electrostatic component of I'1-I1 interaction and the known

electron donor-acceptor arene complexation chemistry."" The flipping ability of the host
substituents (p-nitrophenyl > m-nitrophenyl) follows the same trend. On the other hand, the
lower effect of piperidine (pyridine > piperidine) is likely to reflect a less-than-ideal fit of this

guest in a chair conformation relative to the flat aromatic core of pyridine. The observed
ranking of guests suggests that the driving force for the afaff -> acoiet conversion is

enthalpic (the entropic change is similar) and arises from more favorable interactions between

host and guest.
We note that the ligand-triggered ofaf -> ccorowex conversion could in principle bring

together and align appropriate reactive or catalytic groups, as well as provide a mechanism for
the controlled delivery of pyridine-containing drugs. Its utility in the creation of shape-selective
and chiral oxygenation catalysts, and of hemoprotein analogues, will also be explored.
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Supporting Information Available: Synthetic schemes for 1 and 2, 400 MHz 1 H NMR
spectra of 4 and of 4 in the presence of 1 equiv of 3,5-lutidine, and X-ray structural
information on 3 and 5 (54 pages). An X-ray crystallographic file, in CIF format, is available
through the Internet only. See any current masthead page for ordering and Internet access

instructions.

Figure 1. ORTEP view (50% probability) of the X-ray structure of the zinc chiroporphyrin
[Zn(EtOH)(T-m-NPCP)] 3 showing the afaff conformation of the host and ethanol guest.

Figure 2. ORTEP view (50% probability) of the X-ray structure of the zinc chiroporphyrin
[Zo(py)(T-p-NPCP)] 5 showing the aoao conformation of the host in the presence of the
pyridine guest. The coordinated pyridine is tightly sandwiched between a pair of nearly parallel
p-nitrophenyl groups by double face-to-face II-IT stacking, while the other pair is nearly

perpendicular and exhibits edge-to-face interactions with it.

Figure 1 Figure 2
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Open configuration of “Venus Flytrap” porphy

Figure 3
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Figure 4: Closed configuration of “Venus flytrap” porphyrin due to addition of pyridine.
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