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OBJECTIVE: To develop a methodology for computer-aided molecular design of
catalysts. Emphasis is on the design of biomimetic catalysts for.alkane
activation, with specific emphasis on methane-to-methanocl conversion.

TECHNICAL APPROACH: A methodology for developing new catalysts using
computer-aided molecular design (CAMD) techniques is being developed and
applied to selective alkane hydroxylation. An iterative procedure for
designing catalysts includes several tasks: (1) investigation of enzymes
to learn what structural features to build into the synthetic catalyst; (2)
use of CAMD methods to find synthesizable catalysts with the regquired
molecular features; (3) synthesis of potential catalysts identified in the
CAMD studies:; (4) structural and chemical characterization of the synthetic
catalysts to verify that the molecular structures are those desired; and
(5) m asurements of catalytic activity and stability of the designed

catalysts, The structural characterization and catalytic activity
determinations provide information from which the CAMD predictions can be
evaluat.d. More importantly, the resulting structure-activirty

relationships give a basis for further improvements in catalyst design.

Biomimetic Alkane Oxidation. Our design activities are guided by
structural and chemical information about naturally occurring bioclogical
catalysts such as cytochrome P,s, methyl reductase, methyl transferase,
and methane monooxygenase. Specifically, cytochrome P,s, carries out the
hydroxylation of many hydrocarbons. The active site of P,;; contains an
iron porphyrin. The P, reaction cycle is illustrated in Figure 1. Since
the reaction occurs at ambient temperature and pressure, two one-electron
reductions are required to activate O, resulting Iin the reactive
intermediate, an oxo-iron(IV) porphyrin radical cation. (In high-
temperature direct conversion, a reductant is not required to activate 0;.)
This intermediate then reacts with the bound alkane inserting the Fe bound

"oxygen atom in the alkane C-H bond, and regenerating the starting

Fe(1Il)-porphyrin catalyst. (In some biomimetic reactions, we use single
oxygen atom doners, such as lodosylbenzene, NaOCl, and others, to generate
the reactive Fe=0 intermediate without having te provide a reductant or
0,.)
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Figura 1.

The catalytic site in cytochroms P,y fliustrates =zoms of the
structural Features that are jmpertant in blologlcal alkane cxldation and
which may bs useful in designing cur synthatic catalysts. As can be pesn
from the crystal structure! of P,y shown in Figure 2, the actiwve Fea centar
is enbedded deep within tha proteln matrix. The active site mnlzo hasz,
adjacent ‘to the Fe porphyrin, a pocket of 1 size and shape suwlred far
binding the substrate moleculs (cemphor in this case). Having the active J
site burisd deep in the protein provides selective access of che subastrate '
molecule to the catalytle center, thereby preventing oxidation of other
systam compenents, including Py itself, This insuyras the stabilizy of
the catalytic system as a whole.

-

Flgure 2

Figure 2 alco shows that tha Fe perphyrin is bourd mt che zctlve sita
by a thiolate gulfur coordinated to the Fe at an axial ligetion pasition.
The sulfur Eigand is thought to promwte the forpatlon of the reactive Fe=0
spaglae by making lysis of the O-0 bopd eaaler. ‘Therafore, providing a

)
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suitable axial ligand is a desired structural feature for our synthetic
catalyst,

- Figure 3.

Closer examination of the catalytic site as shown in Figure 3 points
out the necessity of a good lock-and-key fit between the substrate and the
binding cavity, This is especially true if a specific carbon atom of the
substrate is to be selectively hydroxylated. 1In addition, the pocket gives
the enzyme high affinity for its substrate, The driving forces for
substrate binding are the hydrophobic and van-der-Waals interactions.
Thus, in a polar solvent an aliphatic pocket of the size and shape of the
substrate is a desirable structural feature.

The crystal structure of cytochrome P,sq in the absence of the camphor
molecule shows that the pocket is rigid, That is, instead of collapsing
the cavit, fills with water molecules. The rigidity of the pocket serves
two purposes. First, it increases the affinity. for the substrate. And,
second, it provides catalyst stability by preventing internal oxidation of
the protein immediately surrounding the active site.

It is desirable to design all of these features into a synthetice
catalyst which mimics the P,;, reaction, but which is designed for a chosen
substrate molecule, Metalloporphyrins provide a unique molecular structure
for construction of tailored catalysts. Also, over 70 metals have been
inserted into porphyrins and Fe, Mn, Ru, and Rh have been shown to catalyze
alkane oxidation reactions. Besides providing the catalytic metal center,
the porphyrin macrocycle serves as a platform upon which additional
molecular architecture is erected to provide the structural features
required to mimic the size and shape selectivity of the enzyme. A variety
of peripheral substituents are possible for construction of the binding
cavity. Peripheral substituents can be used to modify the properties of
the metal incorporated into the porphyrin ring. Substituents can also be
used to control solubility or to attach the metalloporphyrin catalyst to a
support,
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compucer-iided Molecular Degign. We are using molecular mechanics
caleulecions to svaluate mew molecular desipns basad on patslloporphyrins.
OQur efforts te design end syntheslze bicmimetie catalysts for wethane
oxidartion are bawed on tetraphenyl porphyrinm, shown in Figurs &.

Flgurs &.

Using thls hasic structure =ac & starcing polint substituents ATe added
te the pnenyl rings to generate A binding cavicy at the m=tal sentesr. AD
exanple 16 the carboranyl derivarive shown In Figure 5.

9

Flgurs 5.

The deap-pocket porphyrin shown has e cavity not much largsr than the
bound oxygen atom. The cavity 1= formed by the carborsne CREES, the amilde
Tinkages to the ortho-positiens of the phenyl rings, sod the porphyrin
nacrocycle Ltself. Tha size of tha caviey Formed Is best perceived when

the van-der-Waals surface of the atoms is displayed as in the dot aurface
of Figure 6.
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Figure 6.

As can be seen from Figure 6 it will be difficule

to get both oxygen

and methane into the pocket of this carboranyl porphyrin. Aan improved
catalyst structure might include an extra atom in the amide 1ink, thus

providing a slightly larger cavity as shown in Figure 7,

Cavrgy Sisisisns (4 po}
Figure 7.

This illustrates the usefulness of simple molecular graphics techniques

’

in designing catalysts. However, more sophistocated molecular mechanics
methods can help to further evaluate such hypothetical structures. For

example, energy minimization of the structure shown {

n Figure 7 with a

methane molecule positioned in the pocket demonstrates that binding of

methane in the cavity is not unfavorable energetica

1ly. Such energy

minimization calculations include the complete set of force constants

(bonds, angles, torsions, etc.) of the molecules and

the van-der-Waals,

electrostatic, and hydrogen-bonding interactions between all atoms. A

solvent cage can be generated around the molecule,
mechanics caleulation made to include the interactions w
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and the molecular
ith the solvent, as



11luatrated in Fipure B. The structures shown in Fipures T amd £ are the
result &f such an enargy-mlolmization calculation, but for simplicity
Figure T does not show the solwent.

hhﬂuﬁﬂf-ﬂlhpnkj-hhh.bw"

Figure 3.

A aven more Teallstic picture of the Intersccion of the methane

molecule with Ehe cavicy-somtaining, long-chein cacbozanyl pecphyein is
gbtained by carrying cut = molecular dynamiss zaleulacifon ac 300" K. This

.allowe the effsct of the catalysr’s motion on subscrats binding o ba
svaluated at the spacified cemperarture.

Figure 5.

Figure % shows the carbaranyl porphyrin afrer § pz has wlapeed atc 300"
K starcing from the wtructurs shewn In Figures 7 and 8. By thip time tha
etthane molecule hos moved ocuc ofF the pecket. MHowaver, as shown 1n Figpure
18, methane has moved back into the pocker by ¥ ps.  Tha pelecular dynamies
caloulacions muggaszr In a more meaningful way that the binding of pathans
13 not unfavored moergetically for the lerng-chain carboranyl porphyrin,
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Figure 10.
Various other modified metalloporphyrins have been evaluated by
molecular mechanics calculations. Several of these are currently being
synthesized,

Synthesis, After a potential metalloporphyrin catalyst such as the
carboranyl porphyrin has been evaluated by CAMD methods, it must be
synthesized and tested. Computer designed metal-porphyrins with shape and
size selective cavities at the metal site have been synthesized. In
collaboration with §. B. Kahl at the University of California at San
Francisco, the manganese(III) derivative of the long-chain carboranyl
porphyr‘n (with a carbon atom in the amide links, see Figure 18) has been
synthesized.

A

&

Figure 11.
Some potential problems with this catalyst involve (1) the prevention

of the reaction from occurring at the un-protected face of the porphyrin,
and (2) the rotation of the phenyls so that the carborane cages no longer
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farm a cavity. Both of thare problems might be solved if the carboranyl
praleg with cerberanes attached st all 8 ortho-phanyl position could be
syntheglzed, The ceta-carboranyl perphyrin weuld have both axial
conrdination positions of the metal protected. (Ses Figure 12.)

Tetra(o-dinitrophenyl }poerphyrin (TDMPF) has recently been syntheslzed
ot Sandis.? This porphyrin, shown in Figure 11, is the pracursor for bis-
deep-pockat porphyrins like the carboranyl porphyrin shown 1n Figure 12.

Figure 12.

Structural Charscterlsation, Chatracterization of the synthesized
designed catalysts 15 & major task of the CAMD program. For sxample, TDHPF
has heen characterized by laser-desorption FT BAGE apectromstry and by
varlous speatroscopic technigues imcluding Rapan-Adi£farence, FMR, FTIR and
Uv-visible absorption spectrosccopies. Mass spectrometry shows that che
putative TDNPP compound has the correct molesular waight (795 amu) .2
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Actus! and Simulaied NMR Spectrum of Hy Tstra{o-dinitrophenyl) Porphyrin
I the Phenyl Proton Reglon

5
7.8 7.6 PPM 7 8 7.6 PPM
Figure 13.

Figure 13 shows the phenyl-proton region of the NMR spectrum of the
putative TDNPP compound.? The spectrum on the left is the actual spectrum;
the one on the right is a simulation. The simulation 1s obtained by
assuming an AB, proton spectrur with an 8 Hz coupling between A (para) and
B (meta or ortho) protons. The AB, spectral pattern implies that the
phenyl rings are substituted at either both orthe or both meta carbons; the
size of the coupling constant implies that the A and B protons are at
adjacent positions on the ring. Therefore, the phenyl rings have
substituents at both carbons ortho to the carbon bonded to the porphyrin
macrocycle.
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FTIR Spectrum of H, Tetra(o-dinitrophenyl) Porphyrin
Figure 14.

The FTIR spectrum, shown In Figure 14, indicates that the ortho
substituents are nitro groups.2 The N=0 symmetric and antisymmetric
stretching vibrations pgive the two strong lines at 1345 and 1525 cm™?,
Further, these lines disappear when the mnitre groups are converted to the
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amines. Thay are replacad by the amine deformation at 1612 agnd che
symmetric and antisymetric K-H gtretching at 3461 and 3369 enl,

Alkana-Oridmtion Gatalytie Accivicy. Seversl activity testing goals
have besn pursued. Firat, methane conversion & methansl usibp
metalloporphyrin cacaly&ts should ba demonstrated. Second, a stable
process using O, a3 the oxidant nesds to be developed. Third, a
photochemical cycle that provides the reductant (For activating 0p) is
desirable. And, finally, we would like ta ghow reglo-selactive
hydrexylation of alkanes using the designed sterically hindered catalysts.
Frogress hes been made toward achieving these goals and the results are
described in the next sectlon.

SICNITICANT ACCOMPLTTSHMENTS: Methane Convarsion. We have deponstraced
that an iron porphyrin will catalyze the hydroxylation of metnane and
ethane. Tabla 1 coopares the resactionm condivions under which methans,
ethane, and hexane are converted to the correspending slcohols. The bateh
reactions were rum under amblent conditicns aXcept that ths gasecus
hydracarbons were Tun &t eleveted pressures te increase solubility. For
simplicity in interpretaticm, the catalyst used in this work Ls not one of
the designed cactalyscs, but a sterically un-hindered ona (Fe
tetra{pentafluprophenyl)porphyrind. Iodosylbenzene was used as the
oxidant, -
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Hexane is hydroxylated at moderate rates (-9 catalyst turnovers/min for
hexanols) to give mainly 2-, and 3-hexanocl and some l-hexanol and
hexanones, Ethane is converted catalytically (~3 catalyst turnovers), but
much less efficiently. Small amounts of methane were converted also (~0.1
catalyst turnovers), but even less effectively. These results compare
favorably with recent Russian work? using a different Fe porphyrin (Fe(IIl)
tetra(o-nitrophenyl)porphyrin). See Figure 15.
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Figure 15,

The product yields are much less than could be expected if a stable
oxidant system could be found. For example, note that only 0.02% of the
oxidant is converted to give methanol, yet none remained at the end of the
reacti n. Even for hexane, only 53% of the oxidant goes into producing
hexanols. The low yields in terms of oxidant converted to product can be
shown to result from efficient catalytic destruction of the oxidant.

FeTF5PP~hexgne-~i0B
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Figure 16.

Figure 16 show the yield of 2-hexanol as a function of reaction time.
We see that the reaction rate is initially high, but drops off rapidly with
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time. This behavisr iz shown to result fros dapletion of oxldant foth by
conversion of hexane and by catalytic dastrustion of osxidant {see below) .
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Fipure 17,

The degree of dsstruction of evidant iz 1llustrated im Figure 17. A%
rere Limg the reaction 1s initlated in the absence of alkane suhstTate,
which is subsaguerntly added after various elapsed times. . If the oxidant
were mot catalytically destroyed the tlme at which the substrate was xddaed
would not matter. ({The catalyst is not destroyed, as determined from the
-vizible absorption speeimum.) Instead, we cee that very little oxidant
cemains afrer caly 20 min., The reaction i= catalytlic because the Eame
experiment in whizh the catalvgt and subgcrate ATE added afrer varicus
rlapsed tiwes alwayc gives tha same eycloneaxsnal yleld.

Tn the case of wethane and sthane somvereion, catalytle destraction of
the oxidant has a graat effect. Becausze of the lower intrimsic converslon
raies for methans and athans very litcle iz converted during the time when
viable oxidant 1s present. The difference in the convarsion ratas Is
exaggerated for the alkanss, because hexanz and cyclohexane coxpets
favorably with oxidant inactivation whereas methans and ethane do not.

The oxidant-inactivation problem should be aseneble To catalyst design
efforts, since it 1= possible that & prutected cavity ean be devised which
allows oxygen transfer from jcdogylbanzens to the Fe, but which doss not
allow the active Fe-porphyrin jnrermediate to attack iodosylbenzene via the
destructive pathway.

activity Tests with Denigned Catalysts. Savaral desipgned porphyrina
have been synthesized and charactarized spectroscopically (see above) and
hava alsge been chemically characterized and teatad for alkane activation
activity. In particuler, the long-chain carboranyl porphyrin shown Im
Figure 18 hes been tested.  Bacause the long chain with a carbon aAtom
batween the amide proup and the carborane Iz more flexibla than whan the
mxtre arom 1l an exygen, the pocket rends to collapse {compare Flgure 18
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and Figures 9 and 10). Nevertheless, one Mn axial coordination site is
fairly protected (Figure 18), and the caleculations predict some degree of
regio-selectivity in alkane oxidation reactions.
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Figure 18.

To determine the regio-selectivity of alkane oxidation at the pProtected
site, we must somehow block the reaction at the unprotected face of the
porphyrin. One method is to bind a ligand at that position. Figure 19
shows the result of a UV-visible absorption spectroscopic study of the
binding of imidazole to a completely unhindered Mn porphyrin. Assuming
v that only one imidazole binds per Mn porphyrin gives a poor theoretical fit
to the binding data. However, assuming two imidazoles bind gives a good
fit, a shown in Figure 19, ‘

- imicazole Coordinstion to
Manganese(iil) Tetra{pentafiuorcpheny) Porphyrin
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] 1:1 Wmidazole Binding Analysis i 2:1 imidazole Binding Analysis
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Figure 19,

Studies of the catalytie activity as a function of imidazole
concentration show that the 1:1 complex is sctive whereas the 2:1 complex
is inactive. This is deduced from the fact that peak activity occurs at

)
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the concentration of the imidazole at which the concentration of the 1:1
somplex is graatest. See Figure 20.
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Fipure 20,

For the carberanyl porphyrin (MoTCEPF). & similaer analysis of Imidazcle
binding {shown in Figure 21) indicates that snly the 1:1 complex I1s= formed.
This has two advantages. First, imidazole can be usad to block the
soprotecced coordination site.  Second, {midazole acts #9 & promater {see
Figure 20), raising the catelytic activity at the pratected Hn mire.
Furthermore, we obtain complete Eormation of the most ackive 1:1 complex,
rather than leas than 20% formariem of the 1:1 cowplex for sterically
unhindered porphyrins like MnTF,PP.
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Figure 1.

Figure 22 summarlzez the racults of rhe activity testing for tha
carboranyl-porphyrin catalyst. The fiver bar shows the yield of haxanol
for MnIF,PP for comparison with the results for the designad cerboramyl
porphyrin. The second bar glves tha eyclohexanal yield for MnlCBEP in rhe
absence of iplidagele (Im}, Withour imidarelie present the reaction ig free
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to occur at the unprotected face of the porphyrin and a moderate yvield is
observed. When imidazole is present only the residual cyclohexanol formed
even in ‘the absence of catalyst is observed (third bar). The lack of
catalysis in this case is a result of the limited access that
iodosylbenzene and cyclohexane have to the pocket on the sterically
hindered face of the porphyrin.
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Figure 22.

On the other hand, n-hexane is predicted to have greater access to the
cavity and might be expected to be oxidized especially at the end carbon
positions. Hexane is not oxidized significantly (fourth bar) presumably
because the oxidant is still too large to enter the pocket.

A smaller oxidant such as 0, can enter the pocket, and, therefore would
be expected to oxidize hexane. Indeed, hexane is hydroxylated when 0, is
used as he oxidant (last bar). Further, selectivity for l-hexanol over
the secondary hexanols is indicated. However, the latter result needs to
be confirmed using a longer lived oxidant system than the sodium
borohydride/0, system.

Photochemical 0,-Oxidation of Alkanes. A goal is to develop a long-
lived system using O, as the oxidant, preferably a photochemically
initiated system. A photochemical system would allow mechanistic and
reaction-rate studies. In the past, strong reductants such as sodium
borohydride, H,, and Zn metal have been used. These compounds provide the
reducing equivalents (e- in Figure 1) required to reduce the Fe(IlI)
porphyrin and the 0,-Fe(II)-porphyrin complex in the Py,sp cycle. However,
these reductants suffer in that they must be replenished periodically, or,
in the case of H;, the required Pt colloid catalyst is expensive and
unstable. All are short lived systems.

A photochemical cycle that drives alkane oxidation has been developed.

The photochemical system has the advantage that it is long lived (>6 hr)
and can be photo-initiated for spectroscopic determinations of reaction
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TEtes . The system mimics biological photezynthesis and glectron-transfer
processes ta drive biomimatic hydrocarbon oxidation. The photochemical
cycle 15 11luscratad in Figure 23.
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Figure 23.

The photachemical process was developsd and patentad at Sandla for
photochemical splitting of water te gemerate H;.* Howevar, tha cytle can
be usad to phorochewically convert a weak sscrificial reductanc, such a&s a
tertiary amine (E = +0.B V), to 4 strong reductant {tristhanclamina, TEDA),
such as the Sn-porphyrin w-anfon or reduced haptylviolegen (E = -0,3 V).
Escantially, the reactlon uses wisible light energy to activats O; rarher
thern higk temperatures as Iin conventicmal direct methane  cenvarslon
schemes . Tha full resction scheme for photochemical axidatien of
hrdrocarbone iz shown in Figure 24, A tin(IV) er antimeny(¥) porphyrin is
used as the photosensitizer.
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Figure 24.
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Figure 25 shows the hexansl yield Iin terms of photosensitizer turnovers
as a funccion of reaction time. The systam ehows Mittle degradation sven
during & hr. Aftar £ hr the catalyet had turned over &6 times.

Protacyele Oxidatior of Hexane
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Figure Z5.
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