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ABSTRACT
"i"'_ _. _4__!

-" The second Quarterly Report of 1992 on the Catalytic Conversion of Light Alkanes

:.: reviews the work done between April 1, 1992 and June 31, 1992 on the Cooperative

"" Agreement, The mission of this work is to devise a new catalyst which can be used in a

"_ simple economic process to convert the light alkanes in natural gas to oxygenate products that

can either be used as clean-burning, high octane liquid fuels, as fuel components or as

_! precursorsto liquid hydrocarbon transportation fuel.

._ During the past quarter we have continued to design, prepare, characterize and test

novel catalysts for the mild selective reaction of light hydrocarbons with air or oxygen to

:_ produce alcohols directly. These catalysts are designed to form active metal oxo (MO) species

_. and to bc uniquely active for the homolytic cleavage of the carbon-hydrogen bonds in light

alkanes producing intermediates which can form alcohols. We continue to investigate three

-_ molecular environments for the active catalytic species that we are trying to generate: electron-

_ deficient macrocycles (PHASE I), polyoxometallates (PHASE If), and regular oxidic lattices

including zeolites and related structures as well as other molecular surface structures having

" metal oxo groups (PHASE I).

CONTRACT RESULTS TO DATE AND STATUS

-

°

Electron Deficient Macrocycles - Using computer-assisted molecular design techniques

we have generated the concept that porphine macrocycles having nitro substituents on the

meso-positions should be among the most highly electron deficient macrocycles yet devised.

j Iron complexes of these macrocycles should therefore be highly active catalysts for air-

_: oxidation of light alkanes - perhaps even more active than the perhaloporphyrins examined to



date. For this reason we have begun an active program of nitroporphine synthesis and have

_ made considerable progress on new and more efficient porphine synthesis, porphine nitration

techniques and have generated for the f'wst time new metallo(nitroi_phine) complexes for use

_ as alkane oxidation catalysm. Testing is underway and initial results will be reported in the next

_i quarterly progress report.

Progress has also been made in synthesizing porphine macrocycles having the CF3-

t_ group in the meso-position in place of the C6Fs-group. The CF3-group should be more

electron withdrawing than the C6F 5- group currently used, and thus catalysts should have

"_ higher molar activity. In addition, the CF3-group is of lower molecular weight and CF3-
...'_.

, containing catalysts might be considerably less expensive to make and use.

i/i Studies of gas phase electron aff_ty of porphryrin complexes are giving insight into the

effects of halogens on the _- and meso positions of the prophryin ring. In addition effects on

.: the iron center by _- and meso-halo groups is being determined. We are gaining an insight into

., how electron withdrawal from vaious points in the porphyrin macrocycle effects
, "..

_ electrochemical and catalytic properties of these new materials. In addition, new studies from

_._. X-ray Photoelectron Spectroscopy are determining important electronic properties of these

'-_ materialsincludingchargedensityonthenitrogenatomsinthemacrocyle.

-.

:_ During the past quarter we have compared catalytic and thermal oxidation of isobutane

:_ to TBA in order to better understand the oxidation process. The role of radical, peroxidic and

_ hydropcroxidic intermediates has been assessed, tert_BuW1hydroperoxide has been implicated

!_ in the reaction mechanism and it has been shown that perhaloporphryin complexes are not only

the most active light alkane oxidation catalysts known, but also provide the fastest rate of

hydroperoxide conversion to alcohols ever observed. Nearly enzymatic in their rate, these

reactions have considerable utility for alcohol production and may provide practical routes of

interest.

........ ' ' " !r'



,polyoxometallates - As indicated in our last quarterlyreport,we continue to assess the

•_ catalytic activity of oxidation-active first row transition metals including iron, in the

coordination sphereof polyoxometaUates that have been referred to in the past by Hill and co-

=_ workersas "inorganic porphryins". Because they are inorganic oxides, we expect them to hold

up well under industrial process conditions so there is a great driving force for making

catalytically active polyoxometallate materials. Because the reduction potential of iron and

othermetals in the frameworkof polyoxometallates is not high, catalytic activity is not as high

as with the porphryinanalogs.

Duringthe past quarterwe have made and tested polyoxometallates having a variety of

central heteroatoms in order to vary the reduction potential of iron in the framework (see\"

discussion in last qum'terlyreport). We have found differences in activity as a function of..._

from a low of about 100 turnovers to a high of about 350 turnovers in the_._°_

,_ low temperatureoxidation of propane to isopropyl alcohol and acetone. We are simultaneously

.i studying the electrochemistry of these catalysts and will report any correlations between

_,_ reduction potential and catalytic activity in the next quarterlyreport. We are also studying

effects of activity of oxidation-active centers in polyoxoanions

" and will report on this work in the future.
_°s.£

" Zeolitie Catalysts - We have shown thatoxidation-active transitionmeta]centers in the
..

framework of zeolites catalyze the homolytic cleavage of C-H bonds, even the very unreactive
..

ones in methane. These catalysts generate methyl radicals into the vapor space where under
.._.

reaction conditions they areconvened to methanol and by-products. In this report we consider
o-,,

i in detail the fate of methyl radicals and, using kinetic modelling techniques, show the limits of

methanol productionunder a variety of conditions which are likely toprevall in the laboratory.

i We conclude thata catalystcapable of cleaving C-H bonds to producegas phase methyl racicals

- iv -
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I,,_ will not be successful unless it possesses other featureswhich direct the selectivity of surface

processes. Low temperaturesurface catalysis is required,therefore we must learnfirst how to
::_:., cleave C-H bonds at milder temperatureand then how to control surface pathways to produce

-_. methanol as the majorproduct.
::.

Our earlier iron zeolites required temperatures in excess of 400°C to activate the

.... methane molecule. During the past quarterwe have studiedzeolitic catalystswhich can activate

"_, methaneattemperaturesaslowas365°Candethanebelow300degrees.We hopebyadjusting

'+ the surface redox potential to reduce methane oxidation temperature to near 300°C where

i?-' selective surface reactionscouldprovide highermethanolyields.

i.i
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1.0 INTRODUCTION

We have found a family of new catalytic materialswhich, if successfully developed, will be
_,_

effective in the conversion of light alkanes to alcohols or other oxygenates. Catalysts of this type

_._ have the potential to convert natural gas to clean-burninghigh octane liquid fuels directly without

,_ requiring the energy-intensive steam reforming step. In addition they also have the potential to

_._ upgrade light hydrocarbons found in natural gas to a varieD' of high value fuel and chemical

,:_ products. In orderfor commerically useful processes to be developed, increases in catalytic life,

... reactionrateand selectivity arerequired. Recent progressin the experimentalprogr_..mgearedto the

_: furtherimprovementof these catalysts is outlined in Sections 5 and 6.
• ..-.

r=_ 2.0 PURPOSE, :._

" The mission of the work presented in this quarterly report is to generate novel catalytic

technology which will permitthe development of a simple, efficient and economical process for the

direct conversion of naturalgas to liquid transportationfuels. This process shouldbe simple enough

to liquify natural gas economically even at a remote reservoir site. It is a furthermission of this

work tOfind new routes from naturalgas or its components :o high value oxygenates by direct air-

oxidation using these new catalysts.

The technical objective of the research is to design the first effective molecularcatalyst for the

direct air-oxidation of the hydrocarbons found in naturalgas to an alcohol-rich oxidate which can

either be used directly or convened into gasoline vi=__aknown technology. The development of an

_ efficientcatalystforthesmoothandselectiveoxidationoflightalkanestoalcoholswillnotonly

! - provide a solution to the problem of liquifying natural gas, but will create new opportunities to

"_ utilize the relatively inexpensive and abundant light alkanes for the production of a variety of

_! valuable fuel and chemical products. Processes for converting natural gas or its components
(methane, ethane, propane, andthe butanes) to alcohols for use as motor fuels, fuel additives or fuel

L precursorswillnotonlyaddavaluablealternativetocrudeoilbutwillproduceaclean-burning,high
octane alternativeto conventional gasoline.

E



[_ 3.0 TECH]_. CAL BACKGROUND,,,

The First Quarterly Report of 1992 for Catalytic Conversion of Light Alkanes Cooperative

_i Agreement, Section 3.0, can be consulted for details of the technical background relating to this
_._=

project.

4.0 METHODOLOGY
, ..-.,

i3

Details of the suprabiotic methodology to be used to conduct research on the Catalytic

Conversion of Light Alkanes can be found in Section 4.0 of the First Quarterly Report of the

,. Cooperative Agreement.

5.0 RESULTS AND DISCUSSION

The three major thrusts of the research program are catalysis by A) metals in electron

deficient macrocyles (PHASE lr). B) polyoxometallates (PHASE II), and C, metals in regularoxidic

matrices (PHASE m).

MISSING PAGES INTENTIONALLY REMOVED

[_ . • . . . .
r._" ' '""-xvl"- ' ..... : "' ' ..... '
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_ 5.1.2.1 ZINDOProer_m_

Since the ZINDO programin the CAChe system was used for this study, brief comments on
_{,:i

_ the ZINDO programandits limitationsare discussed herefirst.
;._

..... ZINDO (Professor M.C. Zerner's Intermediate Neglect of Differential Overlap program)

provides two different valence-electron-only semi-empirical procexlures:a method for computing

s_ctroscopic properties(electronic spectra) and a method of computingmolecular geometries. The

.:; ZI_'DO program in the CAChe system is limited to 60 atoms anda maximumof 210 basis functions.

,: ZINDO uses the theoretically-based INO paramete_on and therefore containsparameters

.... for transition metals. ZINDO's prediction on structures, in general, is not as reliable as MOPAC's

which uses experimentally-based parameters. However, MOPAC does not deal with transition

- metals.

ZINDO has analternativeparamctcrizafionfor electronic (UV/visible) spectrawhich produces

good but not exact results. It is not expected that the spectracreat:d with ZINDO will look exactly

like UV-visible spectra obtained with a spcctrophotometer for many reasons which will not be

discussed heredue to limited space.

Computational Chemistry at this level often provides only approximate results. However

everything being equal, trendsmay be established for a given series of compounds. In this study, it

was foundthat tetranitro-porphyrin-_ is quite different from Zu or Fe homologs in structuralshape

(bucklingvs.plane).To confirmtheINO resultsrequiresexperimentalstudyand/orhigherlevel

calculations.

i



i_ 5.1.2.2 Simulation Method

__ Compounds of porphine and its derivatives (Figure-2) were "synthesized" using the Mokx:ular

i__ Editor program in the CAche system. Structures were initially optimized using the Molecular

:'_ Mechanics program, and the optimized structures were further fine tuned using the ZINDO semi-

_ empirical Quantum program. Based on the ZINDO outputs, a theoretical electronic spectrum of each

.... compound was generated using the configuration interaction (CT) option with CI=14, which means

"_ that one electron is excited from any of the fourteen HOMOs into any of the fourteen LUMOs.
.,.

t--.--.

I •
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Com_und X Metal

I H H,H P

II NO2 H, H Free-base TNP

III NO 2 Zn(+2) TNP-Zn

rv NO2 Cu(+2) TNP-Cu

V NO2 Ft(+2) TNP-F¢

VI H Fe(+2) Porphyrin-Fe

VII H Cu(+2) Porphyrin-Cu

Note:TNP = mu-anim>-porphyrin;p = porphine
f
_..

f, HGURE 5-2
I
L.,

SUBS3THJTEDPOP_HINE NUCLEUS

E -7-
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5.1.2 Conclusig_

"! 1. In most cases (except TNP-Cu), tetranitroporphinatocopper(H),theZINDO predicts that the

two oxygens of the nitro group are out of the l_h_'in ring plane, suggesting that the steric

problemof the nitrogroupcould be eased by tilting the two oxygens.

2. ZINDO results indicatethatmetals play a key role in determining the porphyrinring structure,

.... e.g. buckling vs. plane.

. In the case of tetranitro-porphyrins,TNP-Cu (Figure 5-9) is buckled, TNP-Zn (Figure 5-7)

much less buckled, and TNP-Fe (Figures 5-1I) fiat. The buckled TNP-Cu results in a shorter

distance (3.658 A) between the two oppositenitrogens of porphyrinring as shown in Table 5-

I.

TNP-Cu > TNP-Zn> TNP-Fe

Most buckled , , _ Flat

In the case of porphyrins(without the nitro group), porphyrin-Cu (Figure 5-14) is slightly

buckled andp0rphyrin-Fe(Figure 5-13, again, flat.

3. From the HOMO and LUMO energy gap listed in Table 5-2, the following trends are

observed:

* The energy gap between HOMO and LUMO of metalloporphyrins is usually larger than its

corresponding free base porphyrins. For example, either porphyrin-Fe (5.199 ev) or

F porphyrin-Cu (5.105 ev) has a larger energy gap than porphine (4.858 ev). The
t'" .

_ HOMO/LUMO energy gap of TNP-Zn (4.501 eV) or TNP-Fe (4.575 ev)is larger than

'; tetranitroporphine(4.283 ev), but tetranitroporphyrin-Cuis (4.078 ev).



• The tetranitrogroups tend to decrease the HOMO and LUMO energy gap of porphine or a
"!

ii:.: given metalporphyrinsystem. This is illustratedwith thefollowing examples:
r_

!=i_ porpbine(4.858ev)> free-baseTNP (4.2.83ev)

?_ Porphyrin-Fe(5.199 ev) > TNP-Fe (4.574 ev)

= Again, in the case of copper, the reverse was found, porphine-Cu (5.105 ev) vs. TNP-Cu

(4.0?8 ev).

4. The calculated Q bands (500_-600nm) andB Bands (380-420 dm) of tetranitro-porphyrinsare

listed in Table ITI.ForB bands, the wavelength decreases along the series Zn>Fe>Cu and for

Q bands, Cu>Zn>Fe, note thatthe peak of [he 694 mn band of TNP-Fe is not included.

Again, note that the B and Q band shifts of TNP-Cu arenot in the same direction.

Nitro groups cause a red shift for both Q and B bands as illustratedin the cases of porphinevs.

tetranitro-porphine,porphyrin-Fe vs. tetranitro-porphyrin-Fe,and porphyrin-Cuvs.tetranitro-

porphyrin-Cu.

5. Graphicrepresentationof HOMOs and LUMOs is not included in this report.However, each

MO involved in the UV/visible absorptioncan be accessed when needed, lt is observed that

the ironcentersof TNP-Fe participatesin manyQ andB bands but Zn and Cu do not.



VI

:.: 5.1.2.3 Resul_.._.._

i:_ 5.1.2.3.1

The simulated porphinestructure and its electronic spectra are shown in Figure 5-3 and 5--4

respectively. The tabulatedabsorptionpeaks are given below.

-.,,.

MO.._._s Enert,v Peak Molar

GAPS W.avelent_h Absorptivi_

HOMO -> LUMO 4.858 ev 661 mn 5450 l/tool-cre

HOMO -> LUMO +1 4.966 653 5450

HOMO-2-> LUMO 7.230 364 240570

HOMO-3-> LUMO 7.230 362 256608

HOMO-3-> LUMO 7.251 361 256608

HOMO-2-> LUMO 7.338 353 288684

HOMO-3 ->LUMO +I 7.359 352 288684

HOMO-2 ->LUMO +I 7.338 353 -

HOMO- I->LUMO 5.311 345 275684

HOMO ->LUMO +2 6.566 343 269438

5.1.2.3.2 _Tetranitro-porphine,Free-BaseTNP_

The porphinering of'the fre=-baseTNP is predictedto be flat with the nitrogroups (actually,

• thetwooxygensofthenitrogroup)outoftheporphinering(Figure5-5).Thestructuralinformation

suchasbondlength,bondangleanddihedralangleislistedinTable5-I.

,.. .. • ' •

• • ., _ • . . .., . ,.. . ... • :. • .,,. , . ". . ,.
. " . . , : . , ., , .

, The theoretically predicted electronic spectrumof the free-base TNP is shown in Figure 5-6.
i
L. The most intensive absorptionpeaks and the lowest energyabsorption peaks arelisted below.

_i - 10-
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HOMO -> LUMO 4.283 ev. 701 mn 50 l/tool-cre

"_ HOMO -> LUMO +I 4.525 655 50
HOMO- 1 ->LUMO 5.227 369 280900

HOMO-4 -> LUMO +4 8.244 262 112360
t..j

5.1.2.3.3 Tetmnitro-porphyrin-Zn,TNP-Zn
=- .

., Figures 5-7 and 5-8 show the structure andelectronic spectrumof TNP-Znrespectively. Some

ofits structuraldata are listed in Table 5-1. The most intensive absorption peaks and the lowest

,energyabsorptionpeaks are listed below.

- Peak .Molar
GAPS Wavelen_ Absorptivity

HOMO-> LUMO 4.501ev 656 nm 13750I/mol-cm

HOMO ->LUMO +I 4.529 653 13750

HOMO ->LUMO +4 6.224 393 112500

HOMO -> LUMO +5 6.230 392 105750

HOMO ->LUMO +3 6.179 388 105750

HOMO-2 ->LUMO +I 7.134 357 195000

HOMO-4-> LUMO 7.172 335 195000

HOMO-2 -> LUMO +5 8.855 193 90000

!'! 5.1.2.3,4 Tetranitro-Porphyrin-Cu,TNP-C'u
• . .. . '. , . . • • . ,"

•." •, . . '.' . • .:.,..... . • _,... . . .,.'

[ According to ZINDO calculation, TNP-Cu has a saddle shape structure (Figure 5-9). Its
L_ structural information and calculated electronic spectrum are listed in Table 5-1 and Figure 5-10

L respectively. The most intensive absorptionpeaks and the lowest energy absorptionpeaks are listed
tJ_IUvq.

.13-



TABLE 5-1

'__ STRUCTURAL DATA
r'-', •

: CompoundsL..._

II m IV V
,_' Free Base TNP TNP-Zn TNP-Cu TNP-Fe
! •

Dihedral Angle

i:
1234 143 -152.930 -179.148 -153.264
1235 -37 28.278 1.004 28.840

Diagonal Distance

N N 4.126 3.929 3.658 4.068
N N 4.139 3.929 3.681 4.054

Distance

N-M 1.983 1.921 2.029

Bond Angle

O-N-O 120.853 121.750 111.432 121.398

Bond Length

N-O 1.232 1.231 1.211 1.232

- 14-
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TABLE S.2 "

HOMO_LUMO Ener_ GaD

f'_ HOMO LUMO HOMO-LUMO
_...

!' Porphine -6.341 ev -1.483ev 4.858ev
; .

Tewznitroporphine -7.547 -3.264 4,283
,..

Tetranitroporphyrin-Zn -7.461 -2.960 4.501

Tetranitroporphyrin-Cu -7.819 -3.741 4.078

t Tetranitroporphyrin-Fe -7.617 -3.042 4.575

Porphyrin-Fe -6.448 -1.281 5.199

Porphyrin-Cu -6.322 -1.217 5.105

TABLE 5.2a

O Bands B Bands

(nm) (am)

Porphine 661,653 364,362,361

Tetranitroporphinc 701,655 369

Tetranitroporphyrin-Zn 656,653 393,392,388

Teuanitroporphyrin-Cu 722 378

Tetrani_oporphyrin-Fe 638,636 380,340

Porphyrin-Fc 573,572 426,421,332,323

, Porphyrin-Cu 716,547,546 371,324

•

.... . . " , _.. o , :.

'.: .I" • . . . • ' . '. ., . "

I
i
I
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U"

"_ MO._.__s Ener_ Peak Molar
;_ GAPS Wavelen_d_ Absomtivi_

"--7

L_

HOMO -> LUMO 4.378 EV 722 mm 26250 l/tool-cre
_..

HOMO- 1 -> LUMO 5.643 378 70000

HOMO- I->LUMO +2 6.400 297 133345

HOMO -> LUMO +8 7.417 268 175000

HOMO-I I->LUMO +2 8.320 225 75000

HOMO- 1 -> LUMO +10 9.084 188 170000

5.1.2.3.5Te_--_itro-porphyrin-Fe,TNP-Fe

The structure of TNP-Fe and its electronic spectrum are shown in Figure 5-11 and 5-12

respectively. Some of its structuraldata is listed in Table 5-1. The most intensive absorptionpeaks

andthe lowest energy absorption peaks are listed below.

MO__.._s Ener_,' Pe...._ Mol_.._

GAPS Wavelengt!3 Absorpfiv_y_i__

HOMO-8 ->LUMO +8 10.812ev 694 nm 7800I/mol-cm

HOMO-> LUMO 4.575 638 12000

HOMO ->LUMO +I 4.589 636 12000

HOMO-1 -> LUMO +1 5.538 380 158000

HOMO -> LUMO +5 6.380 340 183000

HOMO-3 -> LUMO +8 9.775 252 80000

HOMO-8-> LUMO + 2 8.837 210 68900

HOMO-2 -> LUMO +9 9.725 187 190000
,., , , • .

•', ' '. 1 . ...

C:

[--,

L
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:! 5.1,2.3.6 Porphwin-Fe

A flat ring of lx_rphyrin-Fe(Figure 5-13) is predictedby ZlNDO. The most intensive and the

lowest energy absorption peaks are listed below.

MOs _ P_ Molar

GAps. Wavelen2th Absorptiviw

HOMO -> LUMO -5.167 ev 573 nm 7800 Fmol-cm

HOMO -> LUMO +1 -5.171 572 7800

HOMO-2 -> LUMO +4 10.006 426 20

HOMO-9 -> LUMO +4 11.728 421 20

HOMO- 1 -> LUMO 5.629 332 350000

HOMO- 1 -> LUMO +1 5.633 323 350000

HOMO-6 -> LUMO +3 6.856 320 348900

HOMO-3-> LUMO 7.398 318 , 275000

. . :

%..°,_

. . . . • • .

I
t.,,,
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5.1.2.3.7 Porphyrin,-C'u

A slightly out of plane structure('Figure5-14) is predicted with ZINDO. The most intensive

and lowest energyabsorptionpeaks of the electronics_ (Figure5-15) are listed below.

I0_____ Energy Peak Molar

GAPS Wavelen_h AbsorDfivit_

HOMO -> LUMO +2 5.272 ev 716 nm 50 l/mol-cm

HOMO -> LUMO +1 5.111 547 36558

HOMO-> LUMO 5.105 546 36558

HOMO-I -> LUMO +2 6.617 371 50

HOMO -> LUMO +3 6.803 324 146233

HOMO-I ->LUMO 6.45 319 164512

C

I •
1

i
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-, 5.1.3 " PERCHLORINATED meso-TETRAPIIENYLPORPHYRINS

During the past quarter, we have carried out the synthesis of Ni and Co complexes of the

chlorinated meso-tetraphenylporphyrins H2TPI_20 and H2TPI_28 to be used in crystallographic

and spectroscopic studies necessary to obtain structural information of the molecules. This study

will help us to explain the relative effects of sU:ric vs. electronic structures of potential oxidation

catalysts.

The Ni complex of H2TPPCI20 was prepared in good yield using a standard procedure and the

chlorination of the peripheral pyrrolic positions carried out using chlorine gas. Spectral changes

observed for both metal insertion and _-chlorination were as expected and chromatographically pure

samples have been prepared. Both NiTPPCI2o and NiTPPCI28 were submitted for analysis by

252Cf mass spectrometry.

Approximately two grams of meso-tetra(pentachlorophenyl)porphyrin (1: Figure 5-16) was

prepared. One gram was purified by chromatography to be used in the metal insertion and

chlorination reactions. Since the Resonance Raman and crystallographic studies required the Nickel

and Cobalt complexes of the chlorinated porphyrins, it was considered appropriate to insert the metal

into H2TPPCI20 and attempt _chlorination of the resulting complexes directly. Chlorinations had

previously been carried out on the iron complexes since this gave the species required for catalytic

studies.

Nickel insertion was carried out in DMF and NiTPPCI2o (2: Figure 5-16) purified by filtering

through a pad of neutral alumina. Metallation was found to be faster when smaller volumes were

used.
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•-_ C_orination of the Ni complex was first attemptedwith N-chlorosuccinimlde. NiTPPCI20 in

-" o-dichlorobenzenewas treatedwithN-chi " " "_ md be.rod at 140°C. The startingmaterial

remaine_tunchangedeven _a 1 h. At this stage, chi_ gas was bubbledthroughthe solution for

: 3 rain.and continued heauingfor a fiuthcr 15 mi_ _ red solution immediately mined greenish and

the Sorerband exhibited a red-shift of 16 mm. The two visible bands at 530 and 562 mmmoved to

536, 564 and a new band appeared at 608 indicating the formation of a "chlorin" chromophore.

Within 15rain. thispeak increasedin intensity andred-shiftedto give a strongabsorptionat634 nra.

The chlorin_._onof NiTPPCI20 was successfully effecteA using chlorine gas alone at 140°C.

The starting material(NiTPPCI20; red) sad the produc_(H]TPPCL28;3; green) have very similarrf

,.'aloesin severalmixed solvent systems in addition to puredichloromethaneandbenzene.

5.1.3.1 Synthesis of meso-Tetmk_:(!_entschlorovhenvl_.,_hina-

tonickel(I_,TPPCI2{_

meso-Tetrakis(pentach}_rophenyl)poxphyrin(I;275mg) and N,N-dimethylformamide(140

ml)wereplacedina500ml round-bottomflaskandheatedtorefluxwithmagneticstirring.Nickel

acctatetetra.hydrate(l.0g)wasaddedandheatingcontinuedwhilemenitoringthereactionbyUV-

visiblespectroscopy.The588nm absorptionofthestartingmaterialdecreasedwiththeappearance

ofanew peakat562nra.The541neaabsorptionofthestartingmaterialbroadenedoutonthelong

wavelengthside.Thereactionwascompletein2h.withtheproductshowingtwostrongabsorptions

at528nm and562nm andtheSoretbandat412mm. thereactionmixturewas dilutedwithwater

(300ml),allowedtostandfor30rain.andfaltered.Theproductwaswashedthoroughlywithwater

anddriedinavacuum-dessicator.

I'



,_ The crude solid was dissolved in minimum chloroform, passed through dry alumina (neutral;

Act. I) and eluted out cleanly with chloroform, leaving bel_d the impurities at the origin of the

_"J column. The pure product was obtained as a red solid by recrystallization from dichloromethane-

methanol; the uv-visible spectrum is given in Figure 5-17.

5.1.3.2. SYnthesis of mes_-tetr_is(_nt_hl_phenvl),_

 t hlomlx,rphinato-ickel(IB.TP .. 2 Ni

A solution of meso-Tetrakis(pentachlorophenyl)porphinatonickel(]]) (NiTPPC1 20; 15 rag) in

o-dichlorobenzene (8 ml) was heated to 140°C and treated with chlorine gas for 3 min. Heating was

continued for 30 rain. within which time the Soret band shifted from 412 nm to 436 nra. The

reaction mixture was cooled to room temperature, the solvent removed under high vacuum and the

product purified by passing a dichloromethane solution throagh neutral alumina (Act. I). The pure
.

product was crystallized from methanol; the uv-visible speclrum is given in Figure 5-18.

5.1.4 COMPARISON OF OXIDATIONS USING Fe(TI:)PF20___)C] WITH

OXIDATIONS USING FeCTPPC'I2oB-Y_8)CI

lt has been shown that complexes of the structure FeCI'PPF20[3-Y8)C1, Y = H(1), C1(2), Br(3)

catalyze the oxidation of alkanes using iodosyl benzene as the oxidant. In a similar manner

complexes of the structure: Fe(TPPCI20_Y8)C1, Y = H, Cl, also catalyze the same transformations

(4). On the other hand, we have recently discovered that quite surprisingly these two systems behave

very differently from one another when ox3,_en is used as the oxidant. While we have demonstrated

(past quarterly reports) that the complexes: Fe(TPPF20_-Y8)C1, Y = H, Cl, Br, are exceptional

catalysts (the most active known to date) for alkane oxidation using molecular oxygen, the

complexes: Fe(TPPCI20_3-Y8)C"I,Y = H, C1, are totally inactive for oxidizing alkanes with 0 2. The
-

- • ... ..

• .

t
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UV/VISIBLESPECTRUMOF TPPCI Ni2B
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.4 complexes, FeCI'PPF20_-CIs)Cl, and Fe(TPPCI20_CI8)CI have similar Fe(I_/Fe(_I) reduction

- potentials, El/2 = 0.28 and 0.27 respectively (5,6). Thus they are similar electronically. Their
/

sm_c_s, however, arenot _l&. The complex, F,e_'r_Pt,__8)Cl, is gently buckled, Figure 5-

19,and the iron center is f_'ly well exposed. On *.heotherhand,the complex: Fe(TPPCI20_Clg)CI

is very crowded with the iron center surroundedby a clusterof eight chloro groups, Figure 5-20. If

the mechanism of this reactionproceeds via reductivebindingof dioxygen between two iron centers,

Figure 5-21, steric hindrancecould prevent oxygen activationby Fe(TPPCI20_CI8)CI.
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FIGURE5-19

• SIMULATEDSTRUCTUREOF Fe(TPPF20 -Cl 8)
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FIGURE5-20

SIMULATEDSTRUCTUREOF Fe(TPPCI28)._
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5.1.6 EL,EL-'I'RONAFFINITY STUDIES OF IRON HALOPORPHYRIN

COMPLEXES

In past quarterlyreportswe have described the method used to determine the electron affinity

of metalloporphyrin complexes. This serves as a gas phase check on the ease of reduction of

iron(III) to iron(II) and is expected to relate to both solution phase reduction potential and to

catalytic activity.

Table 5-3 shows the relationships between electron affinity, reduction potential and catalytic

_: . activity for a series of iron haloporphyrin complexes. Indeed there is correspondence between
L * " • ' " , " " "' "' ' " " ' •

electron affinity and reduction potential, and therefore to catalytic activity. We have also

determined gas phase electron affinity for the complexes Fe(TPP_=CI8)Cl (0.2.10ev), Fe(TPP_o-

C18[3-C18)C1(2.93ev), and Fe(TPPCI28)Cl (2.93ev), although these results arepreliminaryand must

t be tel'reed. These numberscorrespond qualitatively with reduction potentials determinedby cyclic

vol_.
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I-TRIFLUORO-2-(2PYRROLYL)ETHYL p-.NITROBENZOATE

! -40-
L. •

I .

L.



)

TA.BLF_,85-3

.... l_.ATIONSl:m_ BETW_-!_ ELRCTRON AFFINITY

.... REDUCTION POTENTIAL AND CATALYTIC ACTIVITY

COMPOUND EA (Cv)E E1/2_ a ACTrVITYb
._,

.,

Fet'rPP)CI 2.15 -0.221 0

.... Fe(TPPF20)C! 3.15 +0.007 1160_

Fe(TPPF2oJ3-CI8)cl c 443.28 1800

a Cyclic voltammetry in CH2Cl 2 vs. SCE, TBAC-supporting electrolyte, glassy carbon
electrode

b Catalyst turnovers for 60°C isobutaneoxidations in benzene.

c This complex thermally autoreduced at 300°C during vaporization producing

FeCII)O'I:)PF20_CI8) andCl.



5.1.7 STUDIES OFIRON HAI_PORPHYRTNC"OMPT_Y_L'w8

_= The elecu_nic saucun_ of niu_gen in a porph_in affects the binding ability and thereforethe

redox potential of the central metal in a metalloporphyrin.The electronic sm_ctureof the nitrogen

can he modified by functional groups attached to the porphyrin. _nen tetraphenylporphyrin is
.'

modified by halogen groups,the correspondingPe(m) porphyrinsshow a greatimprovement in light
r- ..

alkane oxidation activity, X-ray Photoelectron $pectrascopy (XPS) is an effective teel to

differentiate the change in the electronic strucun_ of nitrogen and/or the centralmetal by measuring

XPS core level binding energies of nitrogen andthe central metal ion (I-4). The present XPS study

examines some porphyrinsandiron porphyrins recentlydeveloped for the oxidation of light alkanes.

5.1.7.1 X-rayPhoelectronSpectroscow{'XPSorESCA)

XPS studieswerecarriedoutusingaKratosXsamisurfaceanalysissystem.The systemis

equippedwithadualanodeX-raysource(Mg andAlanode)andhemisphericanalyzer.Thisstudy

usedonlyAlKa=1486.6eV radiationoperatedat180W (12mA, 15kV).TheX-raygunwasset

15mm awayfromthesampletoreducepossibledamagetoporphyrinsamplesbyheatgeneratedin

theX-raysource.Thebasepressureinthemainchamberwasbelow5xi0"9torr.Porphyrinsamples

wcrcpreparedon agoldfoilinaway similartothatreportedby KarweikandWinograd(5).The

goldfoilwasthenmountedoi.astainlesssampleholder.Thesampleholderwasthenattachedtoa

directinsertionprobewhichcanbeheatedto300°Corcooledunderaliquidnitrogenflowand

transferredtothemainchamberforanalysis.Inthisstudytheexperimentswereconductedatroom

temperature.

-42-
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" XPS spectra were acquired using the Kratos Vision software. Binding energy (BE)

_ measurement was referenced to Au 4f712 = 84.1 eV. For Nls the BE measurements were

reproduce_le within +/- 0.2 eV. For_3/2 the BE meamummentswere reproduciblewithin44-0_.

eV. When F is present, a swong energy loss peak of the Fls line overlaps with the Fe2P3/2 line and

affects the accuracy of the Fe2P3/2 BE measurements. In this case the measurements are

reproduceablewithin +/- 0.5 eV. The BE results mpormdwere au averageof 2-3 measurements.We

are currently negotiating with Kratos to modify the datareduction software so that the Fls energy

loss line can be substmmeatand hence animprovementin the accuracyof Fe_3/'2 BE measurements

can be obtained.Curve fitting of the His _ wm achieved using the curve fitting routine in the

Kratos Vision software. The Nls spectra were resolved assuming a peak shape of 50-50 Gaussian-

Lorentian combination and an equal full-width-half-maximum (FWttM) for both aza and pyrrole

nitrogens in the free base porphyrins.

5.1.7.2 Materials

Tetraphenylporphyrin(H2TPP),tetrakis(pentafluorophenyl)-porphyrin(H2TPPF20),

Fe(III)TPPCIand Fe(III)TPPF20CIwere purchasedfrom AldrichChemicalCo._t-oxo-

(Fe(III)TPP)20wasobtainedfromStremChemicalsInc.Alltheabovechemicalswereusedas

received.Teu-akispenu_uorophenyl_)-ocmbromoporphyrin(H2TPPF20Br8)wassynthesizedby

Surf.

5.1.7.3 Free Base Pomhwins

Three free base porphyrins" tetraphenylporphyrin (H2TPP), tetrakispenta-

fluorophenyl)porphyrin(H2TPPF20)andtetrakis-(pentafluorophenyl)[]-octabromo-porphyrin

(H2TPPF20Br8)were examined.

!
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-'. The XPS Nls spectrumof H2TPPis shown in Figure 5-22a. The s_eclrum can be curvefitted
-

into two sets of Nls lines. Each set contains a main peak and a satellite line 2.9 eV away from the

• main peak. The lower binding energy set (main peak=398.0 eV) is assigned to the am nitrogen (N:)

and the higher binding energy set is assigned to the pyxmle nitrogen (N:H) in the prophyrinatoring.

The binding energy (BE) difference between the two main Nls peaks is 2.1 eV. The XPS Nls

spectra of H2TPPF20 and H2TPPF20Br8 also show two sets of N peaks. The results of binding

energy measurementsare summarizexlin Table 5-4.

From Table 5-4, it is clear that modification of the porphyrinato ring with halogen groups

results in an increase in the XPS Nls BE. Replacing phenyl groupwith pentafluorophenylgroup,

increases NIs BE by 0.8 eV for aza and pyrrole nitrogens. Introductionof the bromo group to the

beta position of H2TPPF20 results a fitrtherincrease of 0.4 eV in the Nls BE. The increase in the

N ls BE suggests a lower electron density of nitrogen in the halogen modified porphyrins than

H2TPP.Thelowerelectrondensitycanbeat_-ibumdtothestrongelectronwithdrawingpropertiesof

F andBr.

HollanderandShirley(6)havecomparedthecorrelationofNls BEs withatomiccharges

calculatedby(a)CNDO (b)anextendedHuckelmethodand(c)Paulingvalencebondmethod.They

concludedthattherangeofCNDO chargeswerethemostplausibleandresultedinthefollowing

equation:

E/_ Q= lOeV

Where _ E is the BE shift in eV and _ Q is the change in the electron density. Fadley ct. al.

(7) and Siegbahn et. al. (8) have shown that the relation between core level BE shift and the valence

electron density change can be extended to ali elements. Based on.the above equation suggested by

i, Hollander and Shirley, the results of Nls BN measurements indicate that the addition of a H+ to N

reduced electronic charge by 0.21 electron. Modification of the perphyrinby repacing the 20 phenyl

H's by 20 F atoms in the four phenyl rings reduces electronic charge of N by 0.08 electron. Further

modification of H2TPPF20 with 8 bmmo groupsin the beta positionreduces 0.04 electronfrom each
i "

| " N,



TABLE

,-. P_'_ULTS OF _ BINDING _GY

,T,.yt

BINDING ENERGY (eV)

Nls _3_

Sample Aza N pyrroleN Metallo H

H2TPP 398.0 400.1

H2TPPF20 398.8 400.9

H2TPPF2oBr 399.2 401.3

Fe(I_TPPCI - 399.0 711.6

FeTPPF20 - 399.4 713.2

(Fc(iii)TPP)20 . 398.2 710.4

L..
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-_ 5.1.7.4 IronPorphyrins
t

-. Three iron porphyrins were examined; Fe(III)TPPCI, tt-oxo-(Fe(III)TPP)20 and
_ Fe(IIJ)TPPF20.

]

Figure 5-22b shows the XPS Nls specmnn of Fe(m)TPPCI. Only one set of Nls main peak

(BE- 399.0 eV) with a shake satellite was observed. Si_l_" Nls spectrum was observed for the

other two iron porphyrins.The observationof only one set of N ls peaks indicates thatFe(I_ bonds

equally to four nitrogens in the porphyrin.The Nls BFs of those iron porphyrins aresumma.rizedin
Table 5-4.

The Nls BFs of Fe(m)TPPC'Iand $t-oxo-(FeTPP)20 are0.9 and 0.2 eV higher thanthe aza N

of H2TPP respectively. The N ls BE of Fe_TPPF20 is 0.7 eV higher than that of the aza N of

H2TPPF20. The results indicate that although the Fe of _t-oxo-(FeTPP)20 is in the 3+ state, it does

not modify the electron density of N as extensively as the Fe3+ in FeTPP or FeTPPF20. The results

also indicate that the effect of Fe3+ ions on the Nls electron density is stronger for FeTPP than

FeTPPF20(I.0 vs 0.6 eV).

• Figure 5-23 shows the XPS Fe2P spectra of Fe(In')TPPCl (2a), Fe(III)TPPF20CI (2b) and _t-

oxo-(FeTPP)20 (2c). The Fe2P3/2 BFS of the iron porphyrins, measured from peak maximum, are

also listed in Table 5-4. FeTPPF2oCI shows the highest Fe2P3/2 BE and (FeTPP)20 shows the

lowest Fe2P3/2 BE. Comparing FeTPPCI with (I:eTPP)20 , it seems that the higher the Fe2P3/2 BE

the higher is the Nls BE. However, Kadish ct. __.__1.studied a series of Fe(III)TPPX where X = C1,Br,

CIO4 or N3(1 ). They observed that Fe2P3/2 binding energies have little effect on N ls BE. Their

Fe.2P3/2BEs for FeTPPCI and (FeTPP)20 aresimilar to our results. They, however, only observed a

. 0.2 eV (vs 0.8 eV in this study) difference in Nls BFS between FeTPPCI and (FeTPP)20. The

,. reason for this inconsistency between their and our results is notclear at this moment.
w. ,'; ' _ ' '

¢
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•" FIGURE5-23

i,_..:.. XPS Fe2P SPECTRA OF Fe(III)TPPCI(a),Fe(III)..

TPPF2oCI(b), ANDOXO-(FeTPP)20(c )

.° •
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i" KndisheL al. have also correlatedXPS _3_ BEs with half-wave poten_ls for reductionof

Fe0]l) to Fe(]1) for a series of Fe(m)TPPX andFeOEP(m)x where X=CIO4, CI,Br or N3(1). They

found a linear relationship between Fe_3/2 BFs and the half-wave potentials. Their results are

reproducedin Figure 5-24 (open circles). When our datafor Fe01DTPPCI andPe0_TPPF20CI are

included into Figure 5-24 (filled circles), the trendremains. Thus the relationshipbetween Pe2p3t2

BE and half-wave potential for reductionof Pe011)to Pe(II) seems also to applyw Fe(m)TPPCI and

Fe(HJ)TI:'PF20.
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,_-._ 5.1.8 _CTRONIC SPECTROSCOPYOF HALOPORPHYRINCOMPLI_XT:_S

_ 5J.8.1 UV/Visible Sl))ctmsco_v of MflDfTPPF20_: _

..... We have proposed that constant regeneration of Fe(II) during oxidation due to high

Fe(III)/Fe(rl) reduction potentials is the key to active alkane oxidation catalysts. Although Fe(II)

complexes may notbe air stableand therefore inconvenientto analyze spectoscopically, many stable

metal(H) porphyrincomplexes exist and their UV/Visible spectrahave now been recorded. Table 5-

5 lists the positions of the Sorer bands for the complexes M(II)(TPPF20[3-CIs)CI and

M(H)(TPPF20[3-Brs)CI. For fwst row groupVIII transition metals, Sorer absorptionsbetween 428

and 439 nmareobserved.

5.1.8.2 X-Ray CrystalStructureDetermination0f M(IDfTPPF20_:._

We have now determined the structures of a number of perhalogenated porphryins and

mctaJloporphyrins. Several of these structures have been shown in previous quarterly reports. The

buckling of these complexes has been noted and the effect of buckling on catalytic activity

discussed. Table 5-6 summarizes the crystal strucure data gathered which indicate the degree of

distortion from planarity of the atoms in the porphryin ring.

5.1.8.3 ElectronicStructureofHalogenatedMetalloporphryins

The absorption bands of a series of halogenated porphyrins shift to lower energies as the size

of the porphyrin substituents increases. AMI calculations show that the red shifting in the

absorptionspectrumisduetoadecreaseintheHOMO-LUMO energygap,whichisaresultofthe

distortion of the porphyrin ring. As we pointed out in the last quarterlyreport, the electronic effect

• of the halogens is to lower the absolute energies of the orbitals. During the past quartergeometry
_,'i

;i optimizationswereimprovedtoincreasetheaccuracyofthecalculations.As aresult,thegeometries

L became less distorted causing a decrease in the transition energies, Table 5-7. At this point,

"" TPPF20[3-CIgandTPPF20_Br 8 an: availablein their final geometries.
"

.... ° DL "
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-i TABLE 5-5

Soret Positions

a
....' hl n P h

-- Metal Soret _,

Palladium 423
Cobalt 428
Copper 430
Nickel 439
Zinc 440
Silver 494

Brominated Porphyrins b

Metal Soret

Palladium 431
Copper 436
Nickel 433
Zinc 466
Silver 508

a M(TPPF2013_Ci8)

.. b M(TPPF2oI3.Br8)
i . , ,. ," ". . ,'

!?"

( "
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5.1.9 MECHANISMS OF ISOBUT ,ANE OXIDATION
.._

d

In an effort to further understand the mode of operation of the perhaloporphyrin complexes in

catalyzing the oxidation of isobutane to tert_butyl alcohol, TBA, we have considered that a possible

pathway may involve the catalytic generation of radicals at low temperatures. Under very mild

conditions radical reactions may give rise to selective oxidation processes. In this regard we have

compared the thermal oxidation of isobutane with that of catalytic oxidation in an attempt to gain

further insight into these reactions.

5.1.9.1 Thermal Oxidation of Isobutane

Overall, the thermal reaction rate is independent of oxygen pressure but proportional to the

square of the isobutane concentration (carbon tetrachloride solvent). The only active hydrogen is the

tertiary hydrogen, so initiation gives the ten-butyl radical, t-Bu,. The following reactions form the

chain:

(1) t-Bu, + 0 2 _ t-BuOO], A fast reaction

(2) t-BuOO, + i-Bull _ t-BuOOH + t-Bu, Hydroperoxide is - 1/2 the

product

(3) t-BuOO* + t-BuOO* _-- 2t-BuO* + 0 2

(4) t-BuO* + i-Bull _ t-BuOH + t-Bu, Alcohol is -1/2 the product

i _. (5) t-BuO, __. Acetone + CH3, - 2% of the product at 145°C
•

f _P
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• TABLE 5-7

Porphyrin Calculations
.._

Absorntion dnt_

Compound Qz Qy Sorer

TFPPCIs 624 nra 536 am 436 am

TFPPBrs 640 nm •553 am 452 am

Calculated dnt_

Compound Q, Qx Soret = Sorer,x

TFPPCIs 513 nm 506 am 342 nm 340 nm

TFPPBrs 558 run 533 am 354 nra 350nra

Orbital Ener_ie_

bl b_ el e2

TFPPCls -9.07 -9.08 -2.77 -2.57

TFPPBrs -8.97 -9.03 -2.92 -2.90

- 56 -
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_ Before escaping the cage at 50-100°C, about 10% of the t-BuO, reacts with itself to form di-

, !'.err.-butylperoxide Whichis fairly stable at this Ie.mpemmre.

_-" 5.1.9.2 Catalytic Oxidations

_.,>

Thermal oxidations requireelevated temperatureswhereas iron perhaloporphyrincomp_xes

catalyze reactions as low as room temperatureand arehighly active for isobutaneoxidation at 60°C.

One possible way in which these complexes may operate as catalysts is shown in Figure5-25. If R,

and HO* combine in the coordination sphere to expel ROH, this scheme can be regarded as a

catalytic cycle in which the iron is a true catalyst. If, however, the boundradicalproductof equation

(d) escapes into the medium, it would undergo radical reactions the same as those shown in the

thermal pathway above. The iron complex then should be more proprerly regarded as a living

initiatorrather than as a truecatalyst. If this is so, the 'catalytic' pathway should be as follows:

Catalyst

Initiation: (1) 2RH + 0.502 ---------> 2R* + H20

Chain: (2) R* + 0 2 ------> ROO, (Fast)

(3) 2ROO* ------> 2RO, + 0 2

(4) ROO* + RH --> ROOH + R* (Faster than (3))

(5) 2ROOH --(Cat.)--> ROO* + RO. + H20 (Fast)

(6) RO. --> Acetone + MeO* (Slower than (3))



t,
i .:

(7) MeO, + RH--> MeOH + Re

_ (8) RO. + RH -->ROH + Re

wt.,.

Termination: (9) 2RO,--> ROOR

(I0) ROOR-(cat.)--->products(Fast)(7)

Comparing pure thermalwith catalyzed reactions,we see that:

a) The initiation step in both cases makeswater in additionto t-butyl radicals.

b) Rapid decomposition of the hydroperoxide has the effect of increasing the conversion to

product by increasing the free radical flux.

c) Thus, the amount of RO, intermediate must also be greater, so the fraction of acetone

should increase. In fact we make considerably more acetone in catalytic isobutane

oxidation than in thermal oxidations.

d) About10% oftheRO, shouldgotoROOR. SincefarlessROOR thanthisisseen,it

musteitherbe catalyticallydecomposed,step(I0),orthecatalystmustoperateto

prevent its formation.

Thus the catalyst for the hypothetical process shown above has at least three functions. It must

initiate the reaction of isobutane, Figure 5-25. It must decompose te.._rt.rt-butylhydroperoxide to TBA

': and02(seenextsection).Itmustdecomposedi-ten-butylperoxideunderoxidationconditions,or

ii!' otherwisepreventitsformation.... ,

E
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5.1.10 HALOGEN SUBSTITUENT EFFECTS ON THE CATALYTIC

_' ACTIVITY OF IRON PORPHYRIN COMPLEXES FOR THE

-+ DECOMPOSITION OF tert-BUTYL HYDROPEROXIDE

lt has long been known that iron complexes are effective promoters of the decomposition of o

alkyl hydroperoxides (1). There has been considerable recent interest in the efficient catalytic +
-.

conversion of ter_.!-butylhydroperoxide to tert-butyl alcohol (2-12), Eq. 1, but with currently

available catalyst systems, elevated temperatures are often required and reaction selectivity is

typically around 80%. Tetraphenylporphyrinatoiron(HI)chloride was recently shown to be one of the

more active catalysts for decomposition of tert-butylhydroperoxide (4), but in order to obtain

relatively rapid rates it was necessary to either conduct reactions at somewhat elevated temperatures

_60°C) or to add imidazole which resulted in a hydroperoxide decomposition catalyst that was active

at room temperature.
i

ROOH ROH + 1/2 0 2 (1)

rn this communication we report that by halogenating the porphyrin ring of iron

tetraphenylporphyrinato complexes we were able to greatly enhance catalytic activity, reduce

reaction temperatures and observe reaction seiectivities of 90%. Perhaloporphyrinatoiron(III)

complexes gave the fastest rate of hydroperoxide decomposition by any metal complex observed to

date. In fact with room temperature reaction rates of well over 100 catalyst cycles per second, these

are among the fastest reactions catalyzed by a synthetic homogeneous transition metal complex in

solution (14). Rates are within an order of magnitude of the activity of the catalase enzyme which

decomposes hydrogen peroxide to water and oxygen (15). In addition, this study may have

relevance to the mechanism of some recentay disclosed rapid air-oxidations of isobutane catalyzed by

iron haloporphyrin catalysts (16,17).

-',
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+-, 5.1.10.1 Procedures

iii:.. Materials. Metal complexes used as catalysts: tetrakispentafluorophenyl_-octa.

+ chloroporphyrinatoiron(III)chloride, Fe(TPPF20_3.Cl8)Cl,tetrakispentafluor o phenylJ3-

octabromoporphyrinatoiron(III)chloride, Fe(TPPF20_3.Br8)CI ' and tetra-

kispentafluorophenylporphy-rinatoiron(III)chloride, FeCTPPF20)CI' were prepared by methods

described previously (16,17). Benzene, (99.99%), Aldrich, te_-butyl alcohol, (99.6%), Aldrich, and

p-xylene, (99+%), Aldrich were used as purchased, tert_Butyl hydroperoxide (90%, 5% water, 5%

tc_fin-butylalcohol) was used aspurchased from Aldrich.

Procedures. A solution of thecatalyst in p-xylene (internalstandard)was quickly added to a

rapidly stirring solution of te..._rt.rt-butylhydroperoxide in the solvent at room temperature. Oxygen

evolution was measured manometrically and liquid products were analyzed periodically by

standardized gas chromatography.

5.1.10.2 Results:

Figure 5-25 compares the activity of a number of iron complexes for the decomposition of

ten-butylhydropcroxide,TBH, inbenzene,ltisclearthatporphyrinatoiron(I_complexesarcquite

activeforcatalyzingthistransformationandthattheextentofporphyrinringhalogenationhasa

dramaticeffectonthecatalyticactivityoftheporphyrinatoiron(III)complexused.Verylow

concentrationsoftheperhaloporphyrincomplexesFe(TPPF2013-Y8)Cl,Y-CI'Brwereextremely

effectiveincatalyzingroom temperatureTBH decomposition.Table5-8comparestheproduct

prof'fleandextentofconversionofTBH inbenzeneaftertwoorthreehours.SeI-._vitytotert-butyl

alcohol,TBA, wasfoundtobe90% inallinstancesinwhichperhaloporphyrinatocomplexeswere

usedascatalysts.Selectivitywaslowerwhenpartiallyhalogenatedorunhalogenatedp')rphyrins
:" were USed.. . . •
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Fiqure5-25 Formationoftert_butylalcohol,TBA,fromtert-butylhydroperoxide(10ml)in

'i'i benzene(48ml)-p-xylene(2.4ml)using2x10"4mmolesofcatalyst:

_:_, 1.6 0 Fe('i'PPF201_318)CI, & Fe(TPPF20)CI, 0 Fe(TPP)CI,

-. & Fe(acac)3.
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:_ Kropf and Ivanov recentlyobserved second orderdependenceon hydroperoxideconcentration
:' .;

:": . during some copper phthalocyaninecomplex-catalyzed decompositions of te.....nrt-butylhydroperoxide

"_:_ (I2) carriedout at 60°C in chlorobenzene. Interestingly, these workers found that electron donation

to the phthalocyanine macrocycle enhance,d catalytic activity whereas electron withdrawal retarded

- it. Figure 5-25 shows the apparent second order dependence on hydroperoxide concentration

exhibited by decompositions catalyzed by both halogenated and unhalogena_ted
,..

tetraphenylporphyrinatoiron(KI)chlorocomplexes in benzene as a solvent. Incrementaladditionof

the radical inhibitor, 2,4--di-tert--butyl-L>-cresol,prolonged an induction period which grew longer by
..

a time that was proportional to the concentration of inhibitor used, Figure 5-27. At inhibitor

concentrations I0,000 fold greaterthan that of the iron porphyrincomplex, the inductionperiod was

still less than one hour long.

5.1.10.3 Discussion

There has been much discussion in the recent literature (9,13,18) surrounding the issue of

hctcrolytic vs. homolyfic O-O bond cleavage in hydroperoxidesduring metalloporphyrincatalyzed

hydroperoxide decomposition. It has been shown that ten-butyl hydroperoxideundergoeshomolytic

O-O bond cleavage in the presence of porphyrinato iron complexes (18, 19, 20). Peracidic

compounds undergo heterolytic cleavage under the same conditions (18). A recent report (13)

indicates that electron "push" from electron donating substiment groups on the macrocycle coupled

with electron "pull" from the peroxide bound to an iron in the macrocycle resultin enhancedrateof

heterolytic O-O bond cleavage, Eq. 2. Electron pull fi-omthe boundperoxide is generatedby electon

withdrawing groups in the E-positio_ on the aromaticperacids used in the study. These observations

arereasonable since by pushing electron density from the macrocylic ligand toward the iron center

one might stabilize a high-oxidation state ferryl and by removing electron density from the aromatic

,. peracid portion of the complex one would stabilize developing negative charge.

_:.I/ii: ....
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:_ Fioure5-26 Secondorderplotsforthecatalyticdecompositionofted--butylhydroperoxidein

benzene. 0 Fe_PF20_-CIs)CI, _ Fe_PPF20)Ci, 0 Fe_PP)CI.
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,. Fiqure5-27 EffectofBHTonthedecompositionoftert-butylhydroperoxide(10ml)

- catalyzedbyFe(TPPF2oI3-CIB)CI,2x,10"4,mmoles,inb_nzene(4Bml)-

p-xylene(2.4ml).
,.
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_,.<: C(O)Ph_Y(p) (-)OC(O)Ph-_Y(p)
/

 o_o'=:2 X ---_ X (2)

.r+.-?

...... The studiesreportedinthi..__scommunicationdemonstratetheeffectsofelectron"pull"fromthe

"" porphyrin macrocycle and electron "push" from the alkyl-hydroperoxide that is decomposed.

' Surprisingly, the result is thatof greatly enhanced decomposition rates. These observationscould

be rationalized by a mechanism shift to hemolytic O-O bond cleavage, Eq. 3, which is enhanced by

electron withdrawal from the macrocyclic ligand and thus from the metal center which it surrounds.

Electron withdrawal would be expected to raise the Fe(]ID/Fe(IIJ reduction potential (16,17) and

favor the hornolytic O-O bond dissociation step resulting in the production of iron(II) from the

iron(III)peroxy complex with release of alkylperoxyradicals.The resulting te_-butylperoxy radical

could reactfurtherto produceoxygen and the ten-butoxy radical,Eq. 4, which ultimately gives TBA

(9,12,18).

(CH3)3 "OOC(CH3)3
0-0

,,,

2.00C(CH3)3 - > 2,0C(CH3)3+ 02 (4)

A catalytic reaction which is consistent with the observations presented above can be

envisioned as proceeding vi...Aathe pathway shown in Scheme 5-28, below. Early studies of metal

complex catalyzed hydropcroxide decomposition were rationaliz_ based on M(III)/M(II) catalysis

via the welJknownHaber-Weiss cycle shown in Figure5-28.

i" " More recentsmdiea,however,haveindicatedthatmetaloxospeciesmay beinvolved(I8-2I)

inmetallopozphyn'n"-cataiyze,dalkylhydropcroxidedecomposition.

".



-_ FIGURE5-28

HABERWEISS DECOMPOSITIONOF HYDROPEROXIDESUSING
__ METALLOPORPHYRINSAS CATALYSTS (RORPHYRINRING OMITTED)
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.._ Balch and his co-workers have found (19) that Fe(TPP)OH re,actsstoichiometrically with te_.g.n-

butylhydroperoxide t0 form the alkylperc,xy iron(I_ complex suggested in Figure 5-28. In the

_ presence of a suitable base (19) this complex homolyzes to form not Fe(H), but the ferryl complex,

_ Eq.5. Figure 5-29 shows the possible generationof alkoxy and alkylperoxyradicalsby a mechanism
I in which no iron(II) species take part, but ratherthe catalysis occurs vi.=_aaa one-electron homolyfic

!_ Fe(HI)/Fe(IV)=O couple. At this time it is not possible to assess the relative contributions from

pathwaysshown in Figures 5-28 and 5-30.
,.-._
T

(TPP)FeOO_-Bu) + B ('B)O'PP)Fe(IV)=O+ t-BuO_ (5)
f.
i *

•

The similarity between the effects of reduction potential on catalytic activity for both the

decomposition of ten-butyl hydroperoxide to te__..rt.n-butylalcohol and the air-oxidation of isobutane

(16.17) to te.._n_-butylalcohol raises the possibility that these reactions have pathways in common.

We continue to pursue the synthetic potential of this reaction,extend the trendsin catalytic activity

with increasing reduction potential, and consider possible implications of this work for airoxidations

using perhaloporphyria catalysts.



FIGURE5-29
'!

'-_ POSSIBLEMETALOXO PATHWAYSFOR DECOMPOSITIONOF HYDROPEROXIDES
USINGMETALLOPORPHYRINCATALYSTS(PORPHYRINRINGOMITTED)
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5.3 METALSIN OXIDICMAT ,CSS

..

5.3.1 DEVE.LOPMENT AND APPLICATION OF A.KINETIC MODEL FOR

OXIDATIONOFMETHANE.

5.3.1.1 $ummar_and Conclusions

This section condenses initial work on modeling the homogeneous oxidation of methane,

covering the basic l-carbon set of reactionsand expansion to include 2-carbonkinetics in both plug-

flow (or batch) and back-mixed reactors. As a general example, we use the reaction of 3:1

methane:air at 400°C and 815 psi, which approximates many of the laboratoryexperiments. For

applying the models, our targetwas to fred a process which converts at least 20% of the methane to

methanol at 80% selectivity.

The basic model is a set of 61 equations, updated from work of Bedeneev, ct. al., solved for

given conditions by SIMUSOLV, a commercial batch (or plug-flow) isothermal process simulator.

Calculating all 19 species, the model finds that the oxidation starts slowly and builds up to a high

rate which drops off quickly as the oxygen is depleted. Detailed examination of all reactions

confirms that the main path is oxygen combining with methyl radicals to ultimately make methoxy

radical,whichabstractshydrogenfrommethanetoformmethanolandmake new methylradical.

Branchingcomesfromsplittingperoxycompoundsintotworadicals.Mostofthecompeting

oxidationtocarbonmonoxideandwaterproceedsbyabstractinghydrogenfrommethanoliccarbon.

Overtherange380-450°C,methanolselectivityisfavoredbyhightemperature,lowoxygen,and

highmethane.Themodelwasadjustedtolowertheoxidationratebysolidglasssurface;however,it

. seemstoovercorrectforhighsurfacesolids. :
, .
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One accepted path for catalysis of methane oxidation is formation and emission of methyl

radicals, the simulation of which is possible by adding that reaction to the model. Adjusting the rate

constant to higher and higher values showed methanol selectivity going through a maximum and.

followed first by formaldehyde and finally by ethane. Nearly 80% methanol at 4% methane
":

conversion is made at 2.5% oxygen, but selectivity drops at higher oxygen (and conversion). Thus,

our commercial target is not likely to be obtained solely with this type of catalysis in a plug-flow

reactor. The model gives good agreement with the few sets of homogeneous conditions reported in

the literature. The exception is the 1988 paper by Gcsser and coworkers; however, they

subsequently reported reactor instability.

5.3.1.2 Basic Model for Methane Oxidation

This model, the workhorse of our program, has been used to examine the overall course of the

homogeneous oxidation, rank the importance of reactions, look at the effect of variables, check the

impact of adding solid surfaces, predict the results of catalysis, and interpret experimental results.

5.3.1.2.1 The Model Basics

The original set of reactions for this model was taken from a paper by Bedeneev, Gol'denberg,

Gorban, and Teitel'boim, Kin & Kat (Trans) 2_.997-13 (1988). In the present set, displayed in Table

5-9, only Reactions 14 and 53 have been updated; however, the new rate constant for #14, CH30. +

CH 4 = CH3OH + CH3,, increases the selectivity to methanol from 30 to 58% when charging 25%

air in methane at 400°C and 850 psi. The new rate constant for #53 is about 3 times larger than the

old but has less effect on the overall production of carbon dioxide.

iiii : .
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-., Simusolv, a commercial modelling and simulation software, was used to solve the 61

: differentialequationsby Gearstiff integration. We have found thatrunning the integrationfor a very

.... short time, less than 1%of the total run time, serves to initialize all of the species and allow trouble-

" free operation for the rest of the run. Also, adding an adjustable factor common to all of the rate

constants allows the time scale to be shifted to smallerunits, thereby enabling operationat extremes

of variables including runtime and temperature.

5.3.1.2.2 Air Oxidationof Methane

The simple model is batch, starting from zero time with a premixea:l,preheated gas at constant

temperature and pressure. (Because expansion or contraction of volume is always less than 2%, the

same data can be used for a plug-flow reactor at various residence times.) Typically, the test re.action

in this report will be 3:1 methane:air at 400°C and 815 psi. Figures 5-30, 5-31, and 5-32 illustrate

the course of the oxidation according to the model:

I. The oxygen curve in Figure 5-30 shows that oxidation is quite slow at first and increases

rapidly as the radicals build up, so that only 15 % of the oxygen is used up in the first 8 seconds and

then completely exhausted in the next 8 seconds. This means that, in the final stages, the

experimenter cannot easily stop the reaction reproducibily short of completion. Most of the

published data are.taken at very long residence times, presumably where the results can be repeated.

Only recently has there been a report CRitzand Baiker, I.E.C. Res. 30 2287 [1991]) where space

velocities have be,en sufficiently high to examine the early stages of the reaction. Unfortunately, the

preheated gases were not premixed, so that their initially high ethylene yield cannot be compared to

our model.
o

2. An interesting feature of the model reaction is the long "tail" which keeps on going long

after the oxygen has been exhausted. The reason for thisbehavior is hydrogenperoxide which builds

.- up and and then decays to produce radicals. Experimentally, little or no peroxide is observed,

._- perhaps because of:
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_ a. Verylongresidencetimessothattheperoxidedecomposesbeforethereaction

is quenched.

.2

b. Error in some of our rate constants.
.,.

c. Catalyzed decomposition of the peroxide by surfaces either in or after the'?

reactor. Many solids are known to be active.

3. Figures 5-30 and 5-31 illust-_ate what happens to all species in the reaction. When the

oxygen is being consumed, the products increase while intermediates generally rise and then decline.

After oxygen is gone (about 16.5 see), the reaction changes dramatically. Peroxides decline,

methanol and formaldehyde are consumed, and the important products become ethylene, hydrogen,

and *CH2OH. During regular oxidation, concentrations of H and OH are very low; .CH3, .CHO

and .CH2OH low; HO2. is higher; and CH30® is very high. Upon depletion of the oxygen,

• CH2OH becomes the most stable intermediate.

4. Variation of the product distribution with time appears in Figure 5-32, along with the

ro:thane conversion, which with 3:1 methane:air grows to about 6.7%. Note that the post-oxygen

reaction drops methanol selectivity from an encouraging 55% to 44%, so that the existence of a 'tail'

becomes an important consideration. Experimentally, one generally sees lower methanol, low

hydrogen peroxide, low formaldehyde and high carbon dioxide; so, perhaps the 'tail' is taking piace

at the very long residence times customarily employed. It is interesting that formaldehyde starts out

as 30% of the product and &,'ops continuously to 1% or less.

i _ .. ,
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• 5.3.1.2.3 ImportantReactionsInThe Oxidation

....

:_ The step-wise single-electron oxidation of methane to methanol requires.Removal of one

.... hydrogen to *CH 3, conversion somehow to CH30,, followed by abstraction of H to produce

methanol. Working backwards, we looked at the important sources of CH30, which arc CH3OO,

and CH3OOH. These, in turn, are made from ,CH 3 by addition of oxygen molecule. To get a

precise picture, we asked Simusolv to calculate the % contribution of all the reactions which make or

destroy CH3OH. CH30*, CH3OO*, CH3OOH, and .CH 3. The simplified Table 5-I0 lists the

predominant reactions.

As expected, the model pictures the f_miliar autoxidation model for oxidation of methane to

methanol:

Initiation: CH 4 + 0 2 = CII3 + HO 2

Propagation: CH 3 + 0 2 = CH3OO

2 CH3OO = 2 CH30 + 02

CH3OO + CH 4 = CH3OOH + CH 3

CH30OH = CH30 + OH (Chain-Branching)

CH30 + CH 4 = CH3OH + CII3

Sidereactionsaretheabstractionofhydrogenfrom bothCH30. and methanoltoyield
. •

i,ii_i" fomaldehydeand *CH2OH, followedby further.oxidationtocarbonoxidesand water.Modest

,:_ changes in temperature and/or pressure can have significant effect on the competitive reactions.



°_ TABLE $-10

RELATIVE IMPORTANCE OF REACTIONS, PER CENT
, 3:1 Methane:Air

: sls# als# sls# _01s_
Reactio,q 380(: _ 420(: 400,C,

Make Methanol

14.. CH30 + CH4 = CH3OH -t- CH3 66 81 63 72

7. 2CH3OO = CH20 + CH3OH + 02 8 14 7 11

43. CH30 + CH30H = CH3OH + CH2OH 12 2 13 6.1
Destroy,,Methanol

40. HO2 + CH30 H = H202 +-C-H2OH 29 28 25 28

43. CH30 + CH30H = CH30H + CH2OH 27 18 29 24

38. CH30O + CH30H = CH3OOH + CH_OH 17 38 14 24a;

41. OH + CH3OH = H20 + CH2OH 16 10 22 14
Make Methoxy

28. CH3OOH = CH30 + OH -- 51 28 67 48

6. 2CH3OO = 2CH30 + 02 34 44 26 47
Destroy Methoxy

14. CH30 + CH4 = CH30H +CH3 65 72 49 68

15. CH30 + 02 = CH20 + HO2 4 21 4 17

21. CH30 + CH20 = CH3OH + CHO 9 3 27 7

43. CH30 + CH3OH = CH3OH + CH2OH 12 2 10 6
Make Methyl Peroxy

3. CH3 + 0 2 = CH3OO 100 100 100 100

Destroy Methyl Peroxy-- s $ t $

_!. 4. CH3OO = CH3 + 0 2

6. 2CH3OO = 2CH30 + 02 33 48 32 40., • , . , , :

• 9. c.300. H02= C.30OH+ 02 30 31 2S
I_! 7. 2CH3OO = CH20 + CH30H + 0 2 14 21 13 17



_ TABLE 5.10 (Cont'd)

Make Methyl Hydrolen Peroxide
• g. CH3OO + HO2 = CH3OOH + 0 2 60 96 60 59

18. CH3OO + CH20 = CH3OOH -I- CHO 12 2 11 14

38. CH3OO + CH3OH = CH3OOH -t- CH2OH 15 1 14 12

"_ 48. CH3OO + H20 2 = CH3OOH + HO2 10 0.4 12 7
..,.

-,_ Dest.roy Methyl Hvdrolen Pq.ro;_ide
._ 28. CH3OOH = CH30 "4"OH .100 l(X) 100 100

_ M=ke Methyl
4. CH3OO = CH3 + 0 2 = = = *

._ 14. CH30 + CH4 = CH3OH + CH3 55 50 58 55

, S. OH + CH4 = H20 + CH3 38 43 35 38

.... pe=troy Methv! ,=
.._ 3. CH3 + 0 2 = CH3OO 87 88 97 98

.. =Equations 3 and 4 represent an equ|i|brium favoring the formation of CH_OO:
i therefore, equation 4 does not give any net formation of CH3 or removal 3f
.---, CH3OO.

'i "Since the equilibrium favors formation of CH_tOO, the rate of equation 3 is
._: greater than 4 and the net rate of removal of.l:H 3 is equation 3 minus equation 4.

This difference was used in comparing the varmus rates of destroyinl[ methyl.

t
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5.3.1.2.4 EffectofReactionVarifies

Temperature,pressure,andinitialreagentconcentrationsareadjustableparameters:

:-_ I. The effect of temperature on 3:I methane: air is shown in Figures 5-33(a) and (b). As
LJ

expected, the rateof oxidation increases with temperature. Also, selectivity to methanol go_ rp,

,_ especially at long residence times when reaction after oxygen depletion is allowed to occur. (At
t:.:

highertemperature,lessperoxidebuildsupsothetailisless.)

[)
2. Increasingthe pressure from 615 to 1015 psi does raise the rate somewhat but has little

i! effectonproductdistributionsinFigures5-33(c)and(d).

I"_', 3. Figure5-34a,b,c,anddshowhow raisinginitialconcenu'ationofpureoxygenfrom2

to 20% changes methanol selectivity from 70% down to 11-26%, depending on residence time. The

i. time for complete consumption of oxygen increases simply because there is more to use up,

i.... Formaldehyde increases during the oxidation but, by the time ali oxygen is gone, has droppedoff to
, aboutthesamelowlevelsinallcases.

Ii,' 4. Methane-lean mixtures yield low selectivities to methanol. In Figures 5-35a and5-35b

_ theMeOH:CO ratioisaboveI.Iat3:1methane:airand430°C,butgoesdowntoabout.25whenthe

methaneisdroppedto10% by substitutingnitrogen.The evenlower5% methaneinoxygenin

! Figure5-35creactsveryslowlytocarbonoxidesandwater.Theover-ridingreasonisthatlowering
i...

methaneallowsmuch morehydrogenabstractionfromotherspecies,includingmethanol,andresults

:, finallyintheircompleteoxidation.ThisisclearlyillustratedinFigure5-35dwhere,asmethaneis

depleted,intermediatesfirstgrowandthendroprapidlyastheyinturnareoxidized.

E.
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5.3.1.2.5 _nl_bition by Solid

i_ A unique feature of the Bedeneev ct. al. model is inclusion of equations 56-61 to adjust for

__ quartz surface. In U.S. Patent 4,918,249 to Sun, we report some data for oxidation of methane over
' 2

:_ glass beads. We modified the Russian reactions to make oxidized products shown in Table 5-1 la

_; and used proportionality constants to adjust an inhibition ram constant Z which in turn, was adjusted

-_ so that oxygen was consumed in the same time as the experiment. Matching experimental and

"_ calculatedratiosofCO2:CO yieldeda Valueof56:44.Table5-Iibsummmir_ thesenumbersand

shows the averaging of the prcexponential factors to give the final expression: Z 9.8E13 exp(-

:_ 31,600/RT). If Z is proportional to glass surface area (we used .03 m2/gm beads in a .5 inch LD., I0

cc reactor), this corresponds to Z=I in an empty i_actor at 313°C. Bedeneev et al used data at 341

" and 313°C, so the agreement is excellent. Also, note in Table Hb that selectivity to methanol by

model and experiment agree precisely at the two low oxygen conversions but not at the two higher.

If inhibition is proportional to surface area, one can calculate the effect of a high-surface solid

catalyst(assumingthesamereactivityasglasssurface).Inhibitionby methylhaslittleeffectandcan

be ignoredinour system.But,inTable 5-Iic,even a 1 m2/gm solidquenchesthereaction

completely.On closerscrutiny,theculpritistheMeOOH (andMeOO*). EithertheRussianrate

constantsfordestructionofMeOO aretoohighortheperoxideisbrokenintoradicalswhich

continuethechain.HOOH and HOO* removalslowsthereactionatI00 m2/gm, sothatthe

oxidationproceedsonlyto97% oxygenconsumed and thenlevelsoff.Destructionby a surface

preventsbuild-upofperoxideand thuseliminatesthepost-oxygenreaction'tail'and the

accompanyingdropinmethanolyield.

E
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T_L_ 5-11(s)

_' Modil'md Solid Reactions

., Assume a|! adsorbed carbon goes to carbon o=|des.
_,, Y_---fractionof adsorbed carbon to CO2.

Rote Constant

: 56. CH3 -i- (1.25 -t- .SY)O_ ----1.5H_O -I- YCO_ -I- (1-Y)CO. .00SZ
57. CHOO + (.25 + -sY_:)o : 1"5"H20 + YCO2 + (1-Y)CO. .00SZ

"_ 58. HO3 : .SHOO + .750_." .00SZ
i 59. CH':OOH +'(.5 -i- ,SY_O2 : 2H20 -I- YCO2 -I- (1-Y)CO. .OOSZ

H_ : Hd° + "502" .0015Z

60 : + .0olsz-_ 61.

.... T_RLE S.IICW)

Calculation of the Preexponent.bl.l:_'tor of Z
._ 3:1 Methane:Air, 815 psi

Time % 02 ._ _ ._ _!__ " Preexp

29 407 39.2 7 6802 47 46 1.0 .45 9.7xE13
31 418 38.6 11 10700 44 45 .61 .45 10.5xE13
32 422 38.4 26 10721 56 46 .35 .32 9.2xE13
33 430 37.9 38 14946 56 44 .29 .33 9.9xE13Average 9.8xE13

"Z calculated by matching the model reaction time to that seen experimentally (US
patent 4,918,249). Plotting log Z versus 1/T gives.Eact. = 31.6 kcal. Forcing a
match of experimental versus calculated C02:CO rattos gtves a value of 56:44.

TABLE 5-11(c_

High Surface Area Silica
3:1 Methane:Air, 440 C, 815 psi

SA. m2/g m_ 0 1 1 100
Quench COO Yes No No
Seconds 4.0 N.R. 15 29
GHSV 2E4 5E3 3E3
%0 left None None 3"*
Sol, %Aic 52.7 51.6 53.1

CO 38.5 38.3 34.5
2.2 2.0 1.0.... CO

Forth=ld 6.4 8.1 11.4
_'.'_ Met_ Conv 7.2. 7.4. 7.5• .. , .
• ._ _ .

_Mr

: " " *eAt the end of reaction time, oxygen levels
off and oxidation stops.

• ,
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_" This bringsup a problem with using a single model to predict catalyzedreactions. Generally,

catalysts arehigh surface area solids supporting transition metals, like iron, which areknown to be
:?

very active peroxide de,composers, perhaps a million times more potent than silica, and should

quench the homogeneous oxidation completely. Since methane is oxidized, either the peroxide is

...:. broken into radicals which are emitted into.the vapor phase, or the catalyzed oxidation occurs

,:. completelyonthesurface.

i,
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.= 5.3.1.2.6 Decomposifio.nofMethanol

_J

-:. The decomposition of methanol to CO and H2 is catalyzed by some metals, for example

" copper, particularly under reducing conditions. As expected, the model shows a large increase in

-_ hydrogen when this reaction becomes important. Also, methanol should continue to dropat longer

" residence times. This reaction is not a part of the model at this time.

5.3.1.2.7 .CatalysisofMethylRadicals

One way tocatalyzeoxidationofmethanetomethanolistocreatemethylradicalsonasolid

surfaceandejectthemintothevaporphase.Suchasituationcanbe modelledby addingthe

catalyu=reactionandadjustingitsramconstant.Asthereaction,we chose:

CH 4 + .2502 = CII3+ .5H20.

A carefulcheckofallspeciesinreactionof3:1methane:airat400°Cshowedthatamoderate

quantitylevelofcatalysishasnoeffectonmostofthem.Methanol:CO ratiogoesupalittle,methyl

peroxideincreaseswhilehydrogenperoxidegoesdown,andCHO becomesmorefavored.Overall,

however,theoxidationlooksmuch thesame,exceptfortheexpectedrateincrease.

Next,therateconstantwasincreasedgraduallytoaveryhighvalue,withtheresultslistedin

Table5-12aandpicturedinFigure5-36.Thecarbonoxidesdecreasewhilemethanolgoesthrougha

maximum. Formaldehydegoesupgraduallyatlh'standthenjumpstobecomethemajorproduct.

Finally,asmore oftheoxygenisusedup bythecatalyticreaction,ethanebecomesthemajor

product.Thenumbersinparenthesesatthebottomofthegrapharethefractionofmethylssupplied

L_ bythecatalyst,indicatingthat,atthelargemm constant,veryfewarebeingmadeinthevaporphase.

": Raising the temperature gives much the same overall picture, except that the ramconstant does not

!" havetobcsolargetomakemaximum methanol.Changingthecatalyticreactiontoproducemethyl

andhydroxylradicalshasonlyminoreffectonproductdistributions.

L
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TABLE 5.12(_

_._ Catalyzed CH_L+ .25 O,j = CH= + .5 H_O
815 psi. M:K, = 3:1. Comp'leteConv."of 0 2. Facked_ SAr.03. 400C

K Cat:l E-8 E-7 E-6 E-5 E4 E-3 E-2 E-1 1
Seconds 26 4.4 .6 .08 .01 .001 2E-4 2E-5 3E-6
GHSV 3100 2E4 13E4 1E6 8E6 8E7 4E8 4E9 3E10
Select, % 57.9 50.7 39.3 23.6

MeOH 44.1 52.8 59.0 61.8 60.4
• CO 41.5 32.9 25.6 18.3 12.9 10.4 8.5 4.9 1.7

CO2 9.3 6.6 4.8 3.2 1.0 0.3 .08 .02 .002
Formal 5.0 7.6 10.4 13.6 15.2 19.4 28.2 36.3 33.9
C H .01 .15 .07 0.4 .09 4.0 15.0 39.3

Met_ _onv 7.3 S.0 8.4 9.0 9.1 9.2 9.S 11.8

% Me Cmt.(Av) 35 43 46 65 72 82 90

TABLE 5-12(b_

Conditions for Maximizing Methanol
815 psL CompleteOxYgen Convers|on.Packed Bed (SA=.03)

Oxidant .25air .25a|r .05 0 2 .10 0 2 .25a|r .25a|r • 2 " 2
Catalyze Me Me&OH Me Me Me Me&OH
K Cetal E-5 E-10 E-5 E-5 E-4 E-10 E-5 E-4
GHSV 1E6 1E6 15E5 81E4 96E5 16E5 17E5 69E5
Select_ % 55.9 67.0 68.5 69.6 62.4

Aic 61.8 59.5 64.3 13.0 14.1
Aid 13.6 12.7 13.7 12.1 14.6 12.7

Meth Conv 8.4 8.0 6.9 12.1 9.4 9.0 7.4 14.4

TABLE 5-12(_c_).

Methane-Oxygen Mixtures

Cat=lyzedCH. + .2S Oy : CH (S.A..#-0)
Max. Methanol "Comp.Con_ 0 2. _I_ _ .S H,_0

p, atm 55 30 30 30 15
% Oxygen 10 10 15 2.5 10
K Carat E-4 E-4 E-5 E-5 E-5
GHSV 7E6 6E6 5E5 4E6 6E5

• Set, % 78.1 62.6
• Aic 62.6 62.5 57.1
i CO 17.8 17.5 30.5 6.2 23.0
):. 2.3 2.3 1.8 .08 1.0
_- _lOd2 13.9 i4.8 10.5 13.2 12.9
• Meth Conv 13.6 13.6 18.3 4.12 13.9

[,-
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In practice, catalyst activity would probably be adjusted to achieve maximum methanol;

therefore, we settled on that point to make the variablecomparisonsdisplayed in Tables 12b and 5-

....' 12c. Methanol selectivity is favored by high temperature,low oxygen, and independentof pressure

(from 15 to 55 atm). The highest methanol in these Tables is a little less than 80% at 2.5% oxygen

charged -- and only 4 % methane conversion. Thus, the model predicts that our target of high

selectivity at high conversions is unlikely by this type of catalysis.

J

5.3.1.2.8 ComparisonWith ReportedHomogeneous Oxidations.

Among others,fivegroupsofworkershavereportedworkonoxidizingmethanetomethanol

recently"

I. Gesser ct al. Most of the recent reports of homogeneous oxidation of methane have

come from Gesser and coworkers Pet Div Prep3_66160(1991); Avv Cat5745 (1990); Comb Flame

79216 (1990); and IECRes 27252 (1988). Their most recent results and the model agree, at least to

some extent:

a. The 1991paperconcernstheeffectofreactorpacking,butlistsrunsforempty

reactorandglassbeads.AsTable5-13ashows,theconversionsperunittime

areingoodagreement.Ifformaldehydeisremovedfromtheproduct,the

modelpredictssomewhatlessmethanolintheemptyreactorversussomewhat

moreoverglassbeads.

• o, '.

• . , . .
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., Comparison of Gessere Data und Model
882 psi, GHSV:2200

i_ Source Gesser Model Gesser Model
Tamp, C 364 364 381 381
% Oxy Chqi 3.0 3.0 2.5 2.5
Packing None - Glass -
Res t, aec 42.3 43.4 24.9 20-25

% oxy 76) 2o (o) o% Meth conv 2.7 3.0 3.07
Selectivity, %
MeOH 74.7 66.0 70.0 68-66
CO 19.3 27.7 25.7, 23-27

6.3 .005 4.5 .64
COd2 .. 5.81 _ 8.1-6.5

"Gesser et al. Pet Div Prep _ 160(1991).

T.ARLE 5.13(b_ '

s,, o,-- (o;,,,, .App,,,t-,}v, Moa,I
Charge402% 0 2 m Methane, 815 ps|

Selectivity. tool % I_OH
__ GHSV MeOH CO c_.O_O2

412 666 44 44 11 - .12 1E4 59 34 1.5 5.4
411 816 49 42 9 - .14 62 36 1.6
412 1449 40 51 10 - .19

422 660 40 45 15 - .25 E4 60 33 1.4 5.6
to to to to to 64 3S 1.5
6613 23 61 9 7.1 1.27

431 533 45 42 13 - .19 1.9E4 62 31 1.3
to to to to to 66 33 1.4
6579 23 61 8 8.2 1.29

441 1832 43 49 8 - .35 2.5E4 63 29 1.2 6.0
to to to to to 67 31 1.3

442 6679 20 63 9 9.1 1.4

452 633 24 60 13 3.1 .80 3.8E4 65 28 1.1 6.2
to to to to to to 70 30 1.2

.. 452 6613 20 63 9 8.8 1.7

*.. Preheater 666 41 39 2.0 17.52
500 666 ._O 47 2.4

(9.0% Oxygenused)
u_,,

"_ I aiwa s produceslow.ethane and hydr.ogen.

i /1/ Themode __ Ys,...I_,, assumingformaldehydeesnot observed,tSola numoers _,,_.,...d

(_ - 9S-
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q b. In the first 1990 paper,Gesser et al reportabout 43 % methanol at 380-410°C

and 10% oxygen at 10 atm. in an empty glass-lined reactor, stopping the
--,,..

:, reaction at "minimum" time of 160 sec on the average. Considering the

difficulty in finding that minimum lime, we think the model prediction, plotted

in Figure 5-3"/is in excellent agreementat 60 seconds and 43% methanol. (The

90% methanol from naturalgas reported in the same paperis far above model
"_

predictions and must be either an experimental aberration or reflect a very

beneficial "sensitizer"in the gas.)

c. The datareporw.,din the 1988 paperaredifficult to rationalize. Comparedwith

the model, residence times used by Gesser ct. al. arehigh by a factor of I00 or

more. Many times, temperatures were so high as to give complete reaction in

less than 2 seconds andtend to generatehot spots. In fact, those same workers

measured temperature oscillations duringreaction (f'trst1990 paper). Only in

two cases of low oxygen at moderate temperature did the model predict about

the sameproduct distribution.

2. Workat Sun. A very thoroughattemptwas madeto reproducethe 1988 Gesserpaperin

a replicaof theirapparatuswith the yields'summarized in Table 5' 13(b). None of the reportedhigh

methanol yields Wereever observed; in fact, methanol selecdvities were generally lower than model

predictions,especially at higher temperatures. Undoubtedly, oscillating reactions, back-mixing, and

hot spots were occurring. Also, Sun workers saw high CO2 and ethane, the latter at high

temperaturesandspacevelocitieswherehotspotsarcmorelikely.

3. Burche.___.TheirpaperinJChem SocFarTrans8..5.53561(1989)issoconstructedthat

" insufficientinputwasgivenforustomakemodelcomparisons,butTheseBritishworkersapparently

i couldnotreproducethe Ges,ser1988yields.
• , .
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_ TABLE 5-14 ,

Comparison With Rytz and Bilker|l)
' 450 C, 750 psi, 5% Oxygen

Model _. _ _ Model.
Oxygen U sad 0,4 0.4 1.0 1.0 1.0 1.0
Time, sec 1.0 .76 2.51" 1.9" 3.14 4.0
Select, %

74.9 27.9 60.7
33.2

27.6 61.3 2_ 61.343.2 0 1.6

CH.O (1o)20.4 (o) 91 _.(9o__66.36
Metl_ Conv 1.71 .68 6.8 6.12

*Time when oxygen is _ust completely consumed.
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-.-:, 6.0 CONCLUSIONSul L n _

• .

..

- We continue to makeprogress on tuning redox potentialsof first row transition metal centers

in various ligand environments to create more active catalysts for oxidatively converting light

alkanes to alcohol-rich oxidates. We have been particularly successful with iron centers in

increasing reduction potentials so that Fe01) will exist in oxidizing media. It is likely that low

oxidation-stateiron intermediatesarealways available in these systems for activating the dioxygen

molecule. We have been able to favorably adjustreduction potential of macrocyclic complexes by

severe electron withdrawal from the macrocycle. A _cent example of this is the use of the nitro

group, one of the most electrophilic organic substiments, to withdraw electrons from a porphyrin

macrocycle. The !Kegginions canbe variedto tunethe reductionpotentialof

ironin the frameworkof the polyoxometallate. The relationshipbetween first-rowtransitionmetals

and the specific zeolitic frameworkin which they reside can determine the predominant oxidation

state of the metal and hence its ability to activate oxygen. In ali of these cases, our ability to

homolyze and subsequently selectively oxidize a light alkane is related to our ability to properly

tune the redox chemistry at the metal center responsible for oxidation activity. We have now

several families of metal catalysts capable of convening alkanes at faster rates than have ever been

observedbefore. In some cases, such as in the oxidation of isobutane, selectivities high enough to

give practicalsynthesis of alcohols are achieved, and in other cases, such as methanol, considerably

moreprogress must still be made. Future work will continue to refine redox potentials for greater

activity but will also concentrate on tailoring the ligand structureor metal surface specifically to

enhance selectivity to desired alcohols, in this way we will ultimately have a series of catalytic

agents able to selectively oxidize 5ght alkanes to useful fuel oxygenates.

._°° ' • , . ° • .'
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