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Oxidation of Alkenes with a Surface-Bound
Metalloporphyrin-Peptide Conjugate
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Abstract

As reported in the proceeding paper, the catalytic oxidation of alkene substrates using a novel surface-bound
metalloporphyrin-peptide conjugate catalyst occurred largely in accord with the catalyst design. Yet despite the
regulation of many aspects of the oxidation, the asymmetric conjugate catalyst did not oxidize substrates
stereoselectively. The absence of stereoselective catalysns is considered here through ﬁxammatlon of potential
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problem. Molecular modeling of the catalyst suggested the binding pocket was too symmetrical. © 1999 Elsevier
Scncncc Lid. All rights reserved
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In the first paper in this series [1], we reported the AN AN AN AN
results of oxidation experiments using a surface-bound ONVINVINVS

The conjugate catalyst was able to mediate the 3 ~ ~S
oxidation of alkene substrates in good yield under a "on @ °:_<!H
variety of conditions. In addition, the oxidation - N
reactions showed expected substrate discrimination \ 7/ =Nz N- \_4
based on substrate size, as well as perturbation of L,/ "
o_xida‘t.ion.pr.odu.ct ratiqs. '1"he magnitude o't substrate T U

size discrimination and proauct ratio per‘turoatlon was  ——
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occurred between the porphyrin ring and the peptide gjgyre 1. Surface bound Mn(I)porphyrin-
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reaction in accord with the catalvst desion 1S paner
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considers the stereochemical outcome of those oxidations. Given the apparent interaction of
the substrate with the peptide portion of the catalyst and the asymmetric nature of the a-helical
peptide, we expected at least some stereoselectivity Interestingly, none was observed.
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Explanations for the surprising absence of stereoselective catalysis are discussed.

Results and Discussion
Stereochemistry of Mn(Ill)porphyrin-Peptide Conjugate Mediated Oxidation Reactions

After the initial analysis of the oxidation products by '"H-NMR, the chiral NMR shift reagent
Eu(hfc); was added to the NMR sample. The shift reagent resolved the enantiomeric proton
resonances and the relative amounts of each enantiomer was determined by peak integration.
All of the oxidation experiments involving prochiral substrates reported in the previous paper
[1] resuited in no significant enantiomeric excess. The detection limit for enantiomeric excess
under the conditions of this study was 5-10% ee. This result was surpnslng as other
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supportive of the catalyst design. Given the chirality of the amino acid residues and the
asymmetry of the peptide conformation, the absence of stereoselectivity was unexpected.

Experimental Explanations for Non-Enantioselectivity

In order to understand the catalyst’s deficiency, potential experimental explanations were
examined. Improper surface assembly was one possible explanation. The differences in the
oxidation results between the Mn(IlI)conjugate and the Mn(III)TPP reported in the previous
paper argue against glaring problems with the deposition of the Mn(Ill)conjugate on the
modified silica gel (if the surface had associated with the peptide rather than with the
unhmdered face of the porphyrm rmg, oxidation would have occurred from the unhindered face
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ing oxidation results in line with the results from the unhindered Mn(Ill)
1 1 : s

Mn(IlI)conjugate in an unde51red fashlon To address thlS issue, solutlon oxidation
experiments were performed using dissolved rather than surface-bound catalyst. The scale and
reactant ratios were the same as in the surface-bound experiments, styrene was used as the
substrate, and 50% aqueous isopropanol solvent system was used for catalyst solubility.
Experiments were performed in the presence and absence of a bulky nitrogenous ligand, 1,5-
dicyclohexylimidazole. Although differences in yield and product ratios comparable to the
surface-bound experiments were observed between the Mn(III)conjugate and Mn(III)TPP once
again no stereoselectivity was observed [2] The solution expenments suggest the behavior of
the surface-bound catalyst was as de31red w1th 0x1dat10n occurrmg from the hmdered face
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Catalyst degraa:

wavs: UV -vis, HPLC - =and amlno a01d analysis. UV-vis analysis of post-oxidation
Mn(III)con]ugate showed loss of porphyrin absorbance. Typical values were about 40% loss in

! Additional interesting observations not central to this paper were made and are described elsewhere in detail [2].



chloroform experiments, 50% loss in aqueous isopropanol, and 60% loss in buffer. The precise
values depended on the reactivity of the substrate. Clearly, degradation of the porphyrin
occurred RP- HPLC analy31s of post—ox1dat1on Mn(III)conjugate allowed determmanon of the
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degradatmn The de gradatlon products formed a pleth ra of
made to specifically identify the new materials. The RP-HPLC run e mon t
the Soret band of the oomhvrm ring. Thus, only species with intact porphyrin rings were
detected. This indicates modification in addition to porphvnn ring de,qradatlon occurred to th
catalyst. Amino acid analysis provided more specific information regardlng the modification of
the individual amino acid residues. In the chloroform experiments, no consistent pattern of
degradation was observed as no amino acid ratio was consistently lower than the others. In
nearly all of the experiments in both aqueous solvents, the ratio of leucine residues was one to
two lower than the expected theoretical ratio of four. Thus, in those solvents the leucine
residues appeared to suffer more oxidative mod1ﬁcat10n than the other residues. Although
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the met. lcenter of the porphyrin ring [5], thereby being the most prone to o

The effect the degradation had on the stereochemical outcome of the oxrda.lon .eactlou was
uncertain. First, it was important to know if the catalytic activity decreased as modification
occurred. If the catalyst ceased to function after very limited modlﬁcatlon the effect of the
degradation on the enantioselectivity would be less than if the catalyst continued to oxidize
substrate after having been compromised. An experiment was performed where the
Mn(IIT)conjugate catalyst was subjected to two rounds of oxidations in 50% aqueous
isopropanol with styrene as the substrate. The scale of the reactions and ratios of reactants
were identical to previous experiments. After the first oxidation experiment, the catalyst was
recovered and used a second time. The yleld of oxidized styrene decreased very little from the
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catalyst. In fact, Mansuy, et. al. have performed some reactions under an average turnover
number of five [8]. Unfortunately, limited Mn(III)conjugate ruled out extensive low turnover
oxidation experiments. An experiment was performed at a catalyst to substrate to PhlO ratio of
1 : 300 : 30, in 50% aqueous isopropanol using 90 nmol of catalyst. The typical lower
oxidation yield for the Mn(Ill)conjugate versus Mn(III)TPP reaction was observed, and the
magnitude of the difference was the same as in previous experiments at higher turnover. Once
again, no enantiomeric excess was detected. @ The post-oxidation analysis of the
Mn(IIT)conjugate/IPS showed very littie degradation occurred under the lower turnover
conditions. The RP HPLC chromatogram was very clean and amino acid analys1s prov1ded the

this experiment, the absence of stereoselectivity could not be tied directly

theoretical ratios.
e
Additio sidered. (1) The peptide pac
with the porphyrm rmg was potentially arlable Although CD spectroscopy suggested high
helical secondary structure content, the packing between the peptide and the porphyrin ring
may be variable. Studies with three helix bundle systems have shown high secondary structure
content does not necessarily mean a stable tertiary structure has been obtained [9]. Variable
packing could produce a variety of substrate binding pockets leading to absence of
stereoselectivity. Although much of the data collected were consistent with the peptide being
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reasonably structured in the desired orientation, the data did not entirely rule out this concern.
(2) The substrate pooi was limited. Although a number of substrates were examined, the list
was far from exhaustive.” It is p0551ble substrates exist that may be oxidized stereoselectlvely
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Oy the catalyst as other reports show the ucgrcc of enanuust:lccuvuy for a parucular catalyst
varies with the substrate [10]. Yet, typically variances of 70% ee to 0% ee are not observed, so
we hesitate to place all of the blame on substrate selection.

Design Explanations for Non-Enantioselectivity

Although some potential experimental problems (catalyst degradation) exist, those concerns
were not the definitive source of the non-enantioselectivity. In fact, much of the evidence
suggested the catalyst performed about as well as its design allowed. Thus, the design of the
porphyrm-peptlde con_pugate catalyst was re-examined with the aid of computer molecular
modellng The potential design problems fell into three major areas—poor substrate binding
pOCKCI dimensions, a too symmetrical binding site, and poor peptide-porphyrin packing,.

gorphyrin—peptide conjugate model was constructed using standard templates found i
’il

T 17 with the pestide assembled in an ideal ag-helica! conformation T
Insig 4 Wiul ul€ pepuiae asscimioica in an ideal u-helical conformation. The quautduvc

i : 3 + ¢l a
features of the binding site were examined. In agreement with the modeling done at the onset
of the vroiect, the binding site anneared to be reasonable (Fioure 2). The leucine side chains

determined the physical dimensions of the binding site, with two of the four groups lying
slightly closer to the center of the porphyrin. The other side chains all projected away from the
porphyrm ring. The axis of the helix lay an appropriate distance above the porphyrin ring

Ny X OO ﬁ \k(t XX

Figure 2. Stereoview of the porphyrin-peptide conjugate showing four leucine side chains
defining the binding site.
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the stereochemlcal outcome for each catalyst were not very successful. Nevertheless, the
catalyst structures were compared for similarities and differences by superimposing each
literature structure onto the porphyrin-peptide conjugate. Figure 3 shows overlays of the

? The substrate pool selected for this study was limited by three concerns. The substrates had to be suitably reactive to produce enough
oxide to quantify by 'H NMR at a iow cataiyst scaie. The substrates had to be somewhat solubie in the most promising aqueous
solvents. The substrates could not bear functional groups that would interfere with NMR analysis and the chiral shift reagent.



conjugate with three successful asymmetric catalysts [4,10e]. The positioning of the auxiliary
groups between the structures was strikingly similar. The leucine residues of the peptide lined
up very well with the aux111ary groups of the literature syQtems In fact, comparison with a
alyst reported b y k,ouman s group [4] (Flgure ja ws one to trace the strap of

t up ¢ ne, and back down a second
y ic catal }Sts had spacing and
own. So how was our catalyst different?
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positioning of the auxiliary groups very s similar to ou

Figure 3. Stereoviews of the conjugate (gray) superimposed with successful asymmetric
catalysts (black). (A) Reference 4. (B) Reference 10e. (C) Reference 10e.

If one were to divide the porphyrin plane into quadrants, the model systems all had
appendages blocking two of the quadrants while the other two were left open (Figure 4a) In
addition, the two blocked quad anfq are located diagonally from one another. Regardless of the

annroach of the substrate, the opening is encountered in the same fashion. Unlike the other
catalysts, the conjugate placed bulky leucine groups in such a way as to block all four
quadrants (Figure 4b). As the result, the substrate may have no clearly preferred route of entry,
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tnls conclusion has recently been ptov1dcd in a report
detailing oxidation studies using pic nce porphyrins of variable substitution [12].

5 rvation. When
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con]ugate (Flgure 5b) requires the substrate to tilt in oooosxte dlrectlm duc to the I
of the helix backbone, projecting the side chains in such a way that the front and back sides are
different. Thus, the alkene would be presented to the oxo group in a pseudo-mirror image
fashion leading to racemic oxidation.

substrate

(A)

front back

Figure 5. Comparison of substrate (styrene) binding from the front and back sides.
(A) A successful asymmetric catalyst [10e]. (B) The conjugate.

Since there is some limited conformational flexibility for the porphyrin-peptide conjugate,
molecular dynamics simulations were performed for t.he conjugate and conjugate-substrate
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complexes. The general mobility of the leucine side chains, the position of the peptide across
the helix, and the mobility of docked substrates were examined. Very early in the simulation,
the peptlde cham flopped over to one side (Figure 6), and stayed tlpped durmg the remainder of

the trajectory. Although that behavior is most likely e agg‘ratea in the gas phase calculauons
nevertheless, some listing of the peptide across the porphyrin face is reasonable given the
chirality of the helix and of the linking

cysteine residues. In fact, during the \Q

model building, the peptide consistently ~ ﬂﬁf

listed toward the right when viewed down & ~— direction of
the helix axis with the C-terminus placed o _FEE ), peptide listing
closest to the viewer. There are at least - ()

two important consequences of such  More open > < More closed
asymmetry: (1) substrate approach from  side — | e side

one direction should be favored over
approach from the other, (2) the precise
dimensions of the substrate binding Figure 6. View of the conjugate showing the direction

pocket may be variable. Clearly, the of peptide listing.
second point could negatively impact
stereoselectivity.
Additional dynamics simulations were performed with the conjugate containing docked

substrates (styrene, cis stilbene, or 2,4,6- trlmethvlstvrenc) When substrate was placed in the
more open side, the intercalated substrate rapldly pushed one of the leucine side chains out of
the way so the substrate could adopt a parallel orientation relative to the porphyrin ring, with
the aromatic ring of the substrate residing above one of the pyrrole rings of the porphyrin. This
orientation placed the alkene directly over the center of the porphyrin ring and would require a
top-on transition state structure. This result suggests that designing specific pockets to bind the
aromatic ring might increase the enantioselectivity. In order to accommodate the substrate, the
helix backbone moved sllghtly away from the porphyrm placing substrate in a hydrophoblc

_____ RS N\, I AL ST PR SR . R, T o -~ Al A A sesead A o a4l £ T . g
POCKEL GCIiNca oy n lCUL«IIlC erluqu 1110SC Hld. or cidnges oCCurIica aurlng me 1rst o Pps oI

a Avmaming gimnilatinmg a gilhotrata Astamtatine ramantmad ameofan ety 4lin wamantaAda. AF
thc d A 11D auuu}at Ulld. Tllc o batxat UllG lt tlU 11<lilial lUd wl lb" lt dun 1115 tllC ICinaiiuct i
the simulations. Docking the substrate in the more closed side of the conjugate led to a very

A
different result. From that starting point, the substrate was immediately pushed across the
porphyrin ring toward the more open side. Then it settled into an orientation similar to that

observed in the previous simulations. In these simulations, the peptide clearly forced the
substrates to move toward the more open side. The simulations suggest binding to the two
sides of the conjugate is not equivalent. Thus, designing a specific pocket to bind the
substrate’s aromatic ring on the more open side of the binding pocket may have a greater
impact on enantioselectivity.

Conclusions
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some potential issues. Especially helpful was a comparison made to successful asymmetric

catalysts reported in the literature. Based on the molecular modeling studies, questions were

raised regarding the symmetry of the substrate binding pocket and the packing of the peptide

chain across the porphyrin ring. Those observations may now be examined simply by altermg
1]1:

tha aminna arnid caritanm~ra AfF tha mamtida Alanim Mlio cxrmatlantia lavilailiee, s~ ~laba A v v s
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notential ctreno of the nornhvrin-nentide annraac 1f a gteraneslactiva catalvet ran ha
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generated simplv bv altering the amino acid seguence s0 as to create an asvmmetric binding
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pocket, it would suggest the chirality of the amino acid residues and of the peptide helix in this
initial catalyst were insufficient to produce asymmetric catalysis. In addition to such
asymmetry, the precise positioning and packing of the side chains may be crucial [14].

Experimental
General Methods

Refer to the previous paper for general experimental details [1].

After performing the reaction, work-up, and initial analysis as described in the previous
paper, enantiomeric excess was determined by integration of the 'H NMR spectrum obtained
after addition of Eu(hfc); (Aldrich). The shift reagent was added in 1-10 mg aliquots until the
enantiomeric resonances were resolved. Reactions performed in CDCl; required about 3-5 mg
of shift reagent, reactions in 50% i-PrOH required 30-40 mg, and reactions performed in buffer
required 10-15 mg.

Mn(1iI) Conjugate Solution Oxidation Experiment

Z

stock solution of n(III)c:onJugate was prepared in 50% aqueous MeOH. The

rancantratinn af tha enlnitinn 1 was detarmined eanantraceanicallv (e... = 1 0 v 10° N\~ r\m'l\ Tan
VULIVLVIILLIAQLIVIL VUl LIV DULULIVLL VYYQO UwiLwililiLg luu }JUUuUO\IU AR L \U%b L«\JJ v AV Wwiil I- i\
a nair of 5-ml near shaned flasks. 15 nmol of Mn(IIDconiucate was added. The samnles were

y“ll A o AAAL yv“l U‘l“rlvu LI“UL\\J, A w ALABBAVA VA L'&‘A\LAAIVVAAJ U‘DWUV AW RN W e A AAwS vmllrlvu Y WA W
lyophilized to dryness. A similar procedure was followed to prepare two flasks containing 15

nmol of Mn(III)TPP. To all four flasks, 60 uL. of 50% iPrOH- dg in pH 7 phosphate buffer and
3.4 uL (30 umol) styrene were added. To one of each pair of Mn(III)conjugate and Mn(III)TPP
flasks, 0.87 mg (3.75 umol) dicyclohexylimidazole (Aldrich) was added. All reactions were
stirred for a few minutes under argon at room temperature, then 0.66 mg (3.0 pmol) ground
PhIO was added. The reaction, work-up and analysis were done as described in the first paper.

Mn(IIl)Conjugate Catalyst Recovery Experiment

L A S S A o e e mend - el 1 .

A Mn(lil)conjugate/IPS oxidation experiment was performed as previously described wi
styrene as the substrate. After the reaction was complete, the silica was rinsed three times with
ralaYal Tha ~nra 11ead MnalITNrAaninionta/ITPQ wwae trancforrad harl inta a S-ml near chanad
\ % L% & e VIIVG SUU IVLIULL JUULLJUEAIL/ 1D WaAS U dlisiviiVu Udavih UMW & JTHi pLal silapewa
flask and the oxidation nrocedure was nerformed a second time
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Mn(IIl)Conjugate/IPS Low Catalyst Turnover Oxidation Experiment

T -

0 a 5-ml pear shaped flask, 18 mg (90 nmol) of Mn(IIl)c onjugate/u’b was transferred. To
that flask, 120 UL of 50% iPrOH solvent and 3.0 pL (26 umol) of styrene were added. The

lhyte ad yimAd vy Far o necm ~ (N £
soiution was stirreqa unaer argon ior a 1ew uuuul.c;b tnen U.57 mg (2.6 umol) ground PhiO was
added. The reaction, work-up, and analysis were performed as previously described.

Post-Oxidation Evaluation of Mn(1ll) Conjugate/IPS

Evaluation of Mn(IlI)conjugate/IPS after oxidation experiments was performed three ways.
(1) UV-vis analysis: after the oxidation was complete the Mn(III)conJugate/IPS was treated
with glacial acetic acid to remove the Mn(IlI)conjugate from the silica. The solution was
filtered, rinsed thoroughly, and diluted in a 5-ml volumetric flask. The absorbance at 472 nm
was found for the resulting solution and comparison was made to the theoretical value. (2)
RP-HPLC anaiysiS' post-oxidation Mn(’III)conjugate/IPS was rinsed three times with water,

three times with acetone, followed by three rinses with methylene chloride. The sample was
allowed to air dry while shielded from the light. The Mn(III)conjugate was released from a

small sample of the IPS using 5 drops of acetic acid. About 20 uL of the solution was injected
onto a C4 analytical column (Microsorb-MV, Rainin). A lmear gradient of 40% B to 60 % B
over 15 minutes was used. The detector was set at 470 nm. Mn(IIT)conjugate eluted at about
15 minutes. Most degradation products eluted earlier in a broad hump. (3) Amino acid

analysis: a small amount of the rinsed post-oxidation Mn(IIl)conjugate/IPS was placed into
amino acid analysis tubes. Control samples of Mn(IlI)conjugate/IPS were also included. The
analysis was performed as previously described [1].

Molecular Modeling

Models of the porphyrin-peptide conjugate were constructed with Insight® i [15], using
standard /nsight molecuiar fragment templates. All energy minimization and moilecuiar
dynamics calculations were done in the gas phase with a distant dependent dielectric constant

A tha OCFFR tantial £ +3 A + ’ Fmaesmn o H tha stanmact
and ui® urr pownuar Cnergy IuncCuosiis. Minimization was periormea using ine sieepest
descents algorithm followed by the conjugate gradient minimization algorithm. Minimization
was continued until the RMS derivative was less than 0.10 kcal/mol/A.

The peptide fragment was constructed as an ideal o-helix, and minimized prior to attachment
to the porphyrin ring. The glutamic acid and lysine side chains were constrained initially to
form two salt brldges in the helix. The pH of the system was set to neutral, and only the helix
side chains were allowed to move in the initial energy minimization. Then, the peptide was
attached to the porphyrin ring and the completed porphyrin-peptide conjugate structure was
energy minimized. This structure served as the template for other experiments. Models for the
successful asymmetric catalysts reported in the literature were constructed in a similar fashion.
For bis-faced systems, only a single face was constructed.

The substrate binding sites for all of the models were examined by generating solvent
acce351ble surfaces. A variety of substrates were docked manually, usmg the “bump” operation

v Tennierls IT sxrhainle £amda ssmfarravalla sram Aae Wanla Amntnnta i FCaramt cbsmiadirens zz7ama
lll lﬂblgﬂt 11 Nnicn I1indas unravoraoi€ van act VVddlb LCOrlLacls. LJITIEIENl SUuUcCtuires wer
compared graphically after structural superposition.

Dynamics trajectories were calculated for the free base conjugate, and for conjugate with

bound styrene, cis stilbene, and 2,4,6-trimethylstyrene. Prior to dynamics, the conjugate with
the bound substrate was energy minimized with no constraints. Dynamics simulations were

el
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~on

usmg a leaptrog mtegg@anon algorithm with a 1 fs time step. The

ps,
trajectories were analyzed visually using Insight~ II.

GRG was supported by a NIH training grant (5T326M0437) and by scholarships from the

NCAA and the ARCS foundation. All molecular modeling work was performed in the
Whitaker Molecular Modeling Laboratory in the Department of Bioengineering.
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Computatlonal results obtamed using software programs from Biosym/MSI of San Diego—dynamics
calculations were done with thenDzscover program, using the CFF91 forcefield, and graphical displays
were printed out from the Insight”® IT molecular modeling system.



