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ABSTRACT

Hydrothermal systems are not the typical envirorisi@nwhich organic
chemistry is studied. However the organic reactlmqgoening there are increasingly
implicated in non-trivial geochemical processes. &@ample, the origins of life, the
formation and degradation of petroleum, and feetlegdeep biosphere. These are
environments where water is heated and pressunizéldt has a polarity more typical of
an organic solvent and an increased dissociatiostant that decreases its pH. In
addition, these environments host many transitietairoxide and sulfide minerals that
are not inert bystanders to the chemistry happesiognd them. This thesis takes from
the environment the complicated matrix of hot pueged water, organic material, and
minerals, and breaks it down, systematically, eldboratory to probe the effects
hydrothermal conditions and minerals have on thetreity of model organic
compounds. | conducted experiments at 300°C andMIP¥ using water, organic
reactants, and minerals. Methyl- and dimethyl-cgelaane based reactants provided
regio and sterio-chemical markers to indicate teaaghechanisms. Without minerals, |
found that the cyclic alkanes undergo a seriegwénsible stepwise oxidation and
hydration reactions forming alkenes-alcohols-ketpa@d alkenes-dienes-aromatic rings.
| also found the reactions to be reversible; thterke was readily reduced to the alkane.
When the reactions were carried out in the preseho@nerals, there were sometimes
dramatic effects including reaction rate enhanceraed changes in product
distributions. Minerals pushed the reaction indivection of oxidation or reduction
depending on the type of mineral used. The hydnagaction could be essentially
"turned off" using pyrite (Fe$ and troilite (FeS), which eliminated formationkaftone



products. In contrast, hematite {£g) and magnetite (RF®,) favored the hydration
reaction and enhanced ketone production. Sphal@mi8) was shown to act as a
heterogeneous catalysis for alkane isomerizatioadhyating the C-H bond and
increasing reaction rates until thermodynamic égiiim was reached. This suggests
that the types of minerals present in hydrothemnaironments will affect the functional
group composition of organic material. Minerals dwd pressurized water may also have

useful applications in organic chemistry as "gressttants and catalysts.
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Chapter 1
INTRODUCTION
What is Hydrothermal Organic Geochemistry?

This thesis is a culmination of experiments usirgpaic reactants in hot,
pressurized water, with and without minerals presems area of science, where
chemistry and geology meet under these extremeeiatype/pressure conditions, is
referred to as HOG: hydrothermal organic geochewmi$he purpose of this emerging
area of research is to turn what we typically sturdghe laboratory (classical bench-top
chemistry) into something relevant to processepéiaipg in the environment where
conditions aren’t standard laboratory temperatarespressures, and minerals are always
present during chemical reactions.

The geochemical significance of organic materidiydrothermal systems is
nothing new (Germanov, 1965) however up until rdgeAOG studies have been from
more of a petroleum perspective, and focused dkdmglanic matter effects (Engel and
Macko, 1993; Kvenvolden, 1980). Here | presentsesyatic study of the behavior of
specific organic molecules at hydrothermal cond#gidrom an organic chemistry
perspective. | focus on how organic reactions behawot pressurized water and how
different minerals can change that behavior. Assalt, this work contributes to a
molecular-level, mechanistic understanding of HORe insights gained into the
reactivity of organic functional groups and thefsce effects of minerals pushes future
opportunities for HOG investigations further inkeetrealm of mechanisms and

heterogeneous catalysis.



Properties of Hot Pressurized Water

Hot pressurized water (HPW) is interesting fronoaganic chemistry perspective
because of the physical and chemical changes &pgiem to HO molecules under high
pressure and high temperature conditions. Undeatdd temperatures and pressures, the
shape of the water molecule changes; the bond amgkases, making the molecule less
“bent”, leading to a decrease in the dielectricstant. This changes the molecule’s
polarity, making HPW a better organic solvent thamm temperature water. The ion
activity product (K,) for H,O dissociation also increases. This increases the
concentration of free Hand OHions. The increase in'Htoncentration lowers the pH
and makes kD a reasonable catalyst for acid-catalyzed reagtihile simultaneously
making it an effective base catalyst due to thegase in OHions. Details of these
changes can be found in reviews by Akiya and Say2@@?) and Siskin and Katritzky
(2001). For the experimental conditions used thinoug this study, 300°C and 100 MPa,
| calculated the neutral pH of water to be 5.3 gSWUPCRT92 (Johnson J., 1992) with
data and parameters from Shock et al. (1997). dlverst properties of water at 300°C
are reported to be similar to those of room tentpeesacetone (Siskin and Katritzky,

1991).

Environments with HPW

Heating and pressurizing water has made it a bettgmic solvent, catalyst, and
reactant, but this is not solely a laboratory-eagned state for ¥. HPW is found
naturally on Earth and possibly in extraterreseia/ironments. At the bottom of the
ocean, hydrothermal vents spew hot water rangimg fmerely warm to 400°C, that
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comes from deep in the earth where reservoirseachrtemperatures >400°C (Simoneit,
2003). On land, there are also hot springs andegdyasins where the source waters are
estimated to reach temperatures ranging from 98%505C at depths between 100 and
4,500 m below the surface (Leviette and Greitz@93).

On a young Earth, environments with HPW were likalgre abundant than on
the Earth we know today. Hydrothermal vents likédyninated the mostly submerged
planet due to widespread volcanism and tectonigigcfLunine, 1999; Shock et al.,
2000). As we begin to think about the origins t,lthought to have emerged between
4.5 and 3.9 Ga (Russell et al., 2003), we havemsider that HPW was likely present
when the first organic molecules were forming aneintually evolving into life (Chyba,
1993; Shock, 1996; Shock et al., 2000). Also, usimgplanet as an analogue for what
other young planets and extraterrestrial bodies bealjke, we’'d also expect HPW to
have been present during their history and coulshbaved in the origin of

extraterrestrial life (Lunine, 1999).

Why organic chemistry?

Organic molecules find their way into environmentsh HPW. Organic material
accumulates on the sea floor, is buried and makesgay deeper into these ocean
sedimentary systems. Microbes consume most ofit@vdilable carbon until what
remains is recalcitrant, not very bio-availablegasric compounds. These compounds
eventually are buried deeply enough to encountavH®imilarly, deep sedimentary
systems host compounds from oil/petroleum reses\vhat can come into contact with
HPW. As mentioned previously, water behaves méeedin organic solvent when heated
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and pressurized, so conveniently these organicdegtibons are likely undergoing
reactions in HPW; whereas, on the laboratory béogtwater and hydrocarbons
wouldn’t even be miscible. This type of moleculahbvior and reactivity is not well

understood, nor often explored by classical orgahemists.

Why Minerals?

As we start to think about these natural environseith water at elevated
temperatures and pressures, we quickly realizellleae are not “clean” laboratory-like
conditions. They are mostly sedimentary systemi ant abundance of minerals
(Simoneit, 1993). Minerals commonly found near loydermal vents and in deep
sedimentary systems include the oxides and sul6flagange of transition metals, for
example, hematite (F@s), magnetite (F£,), pyrite (Fe%), pyrrhotite (Fe,S), and
sphalertie (ZnS; Breier et al., 2012; Tivey, 1995ays in particular are theorized to be
important for the synthesis of organic compoundsyidrothermal systems (Ferris, 2005;
Williams et al., 2005; Williams et al., 2011). Thére as we consider the chemistry of
natural HPW we must also consider the presenceastive mineral species and how
their presence and composition may affect the acgaremistry happening in these
environments. Several studies have observed mia#ealts on organic reactions and
theorized their prebiotic importance (Cody, 200dhav, 1994; Russell et al., 1993;
Vaughan and Lennie, 1991; Williams et al., 2005ll/ms et al., 2011) but rarely are
these studies conducted at hydrothermal condititisthe intent of investigating

specific mechanistic effects (Schoonen et al., 2004



Implications

There are several geochemical motivations for stgdthe chemistry of this
pressurized matrix of ¥, minerals, and organic material. First, it iseeg®l to sustain
the deep biosphere. Microbes have been found ddegeionce expected in marine
sedimentary systems, far below where bioavailal@arc material, light, or other
energy sources might be available (Colwell etl®97; Parkes et al., 1994; Zlatkin et al.,
1996). It is hypothesized that the deep biosplefteeding” on small organic molecules
generated from abiotic hydrothermal reactions afdg once thought to be recalcitrant
hydrocarbons (Horsfield et al., 2006; Mason et2810; McCollom and Seewald, 2007;
Windman et al., 2007). Degradation of petroleumrsed hydrocarbons may also lead to
bioavailable organic molecules that act as an gnswgrce for microbes. This
degradation not only affects the deep biosphesdsd affects the petroleum reservoir
composition (Head et al., 2003; Larter et al., 2@0fBlenburg et al., 2006). Which brings
us to the second implication of HOG: reactions leetmvhydrocarbons and HPW can
affect the formation, degradation, and resultingnposition of petroleum reservoirs
(Kvenvolden et al., 1990; Kvenvolden et al., 199dnes et al., 2008; Seewald, 2003;
Simoneit, 1993; Siskin and Katritzky, 2001).

Third, on a much larger, global scale, HOG procgessemust be considered when
exploring the details of the carbon cycle. Mosthef Earth's organic carbon is buried in
sedimentary systems (Hedges, 1992). Reactionsvimgotarbon compounds that reach
hydrothermal conditions therefore may representha@rdranch of what happens to

carbon as it cycles through the Earth system.



Lastly, organic reactions in HPW have an astragimal implication. The
building blocks for life and life itself may haverfned in a hydrothermal environment
(Kompanichenko, 2012; Martin et al., 2008; RusstHl., 2003; Shock et al., 2000;
Shock and Schulte, 1998; Williams et al., 2011) fentioned previously, a young Earth
likely had HPW systems similar to present day ges/Bet springs and hydrothermal
vents. The thermodynamics of these environmentddimave been favorable for
production of molecules thought to be the precwsotife (Shock and Canovas, 2010;
Shock, 1993, 1996; Shock et al., 1998). Theresis aVidence that these life-precursor
molecules may have used clay sheets and miner&tsngdates or catalysts for prebiotic
chemistry (Cody, 2004; Lahav, 1994; Russell etl®93; Vaughan and Lennie, 1991;
Williams et al., 2005; Williams et al., 2011). Théare as we study the origins of life, not
only on our planet, but also as we go looking fdraterrestrial environments where life
may be forming or has formed, it is important tedian understanding of the chemistry

in these environments.

The role of this work

In summary, the study of how organic chemicalstraaelPW and in the
presence of minerals impacts the study of the desphere, petroleum reservoirs, the
carbon cycle, and aids in the search for the agiginife. Even with these vast and
diverse implications, HOG is a relatively new fieflinquiry but it is quickly gaining
momentum from the need to bring a better chemigtigted understanding to real world
environmental systems. | present three chaptet®#th push the HOG field towards a
more mechanistic understanding of the reactionscdraoccur in HPW. | then tie
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together the implications of the findings from taélsree data chapters in a final
conclusions chapter. Chapter 2 is a study of thetnaty of various functional groups in
HPW without minerals present; it showcases theumigversible nature of the reactions
and provides a deeper mechanistic understandifighofional group conversions at these
conditions. Chapter 3 introduces how the additibmom sulfide and iron oxide minerals
affects hydrothermal organic reactions, using #raessystem of molecules studied in
Chapter 2. Chapter 3 demonstrates how the reactnid relative rates of different
reaction pathways vary greatly depending on the tfmineral present. | emphasize
why the presence of minerals therefore cannot beregl while studying the chemistry of
environmental systems. Chapter 4 investigates Iptalsrite (ZnS), a common mineral
found in hydrothermal environments, can be a hgtreous catalyst for carbon-
hydrogen bond breaking reactions. Not only doeszihS mineral surface catalyze C-H
bond breaking, it also allows a simple isomerizatieaction to attain thermodynamic
equilibrium on laboratory time scales. Chaptersbaletails the kinetic and mechanistic
insights gained for the equilibrium betweds andtrans-alkanes in the presence of
sphalerite. The concluding chapter, Chapter 5, sana@s the overall advancement in
geochemistry gained from this work. | evaluatedbmplex, expensive, and sometimes
hazardous reagents that are necessary to do the oyrganic functional group
conversions | studied at hydrothermal conditiondasrambient laboratory conditions.
Therefore this body of work not only advances ibklfof organic chemistry but also has

“green” chemistry implications.



Chapter 2
ORGANIC FUNCTIONAL GROUP TRANSFORMATIONS IN WATER A
ELEVATED TEMPERATURE AND PRESSURE: REVERSIBILITY,EACTIVITY,
AND MECHANISMS
Abstract
Many transformation reactions involving hydrocarbaccur in the presence of

H>0 in hydrothermal systems and deep sedimentargmsgstWe investigate these
reactions using laboratory-based organic chemestperiments at high temperature and
pressure (300°C and 100 MPa). Organic functionaligitransformation reactions using
model organic compounds based on cyclohexane wihoo two methyl groups provided
regio- and stereochemical markers that yield inétrom about reversibility and reaction
mechanisms. We found rapidly reversible intercosioer between alkanes, alkenes,
dienes, alcohols, ketones, and enones. The alkaketdne reactions were not only
completely reversible, but also exhibited such resitee reversibility that any of the
functional groups along the reaction path (alcokelpne, and even the diene) could be
used as the reactant and form all the other graggsoducts. There was also a
propensity for these ring-based structures to defgahate; presumably from the alkene,
through a diene, to an aromatic ring. The produites provide strong evidence that
water behaved as a reactant and the various furattgpoups showed differing degrees
of reactivity. Mechanistically-revealing produatslicated reaction mechanisms that
involve carbon-centered cation intermediates. Wask therefore demonstrates that a
wide range of organic compound types can be gestkiat abiotic reactions at

hydrothermal conditions.



Introduction

The chemical reactions of organic molecules atatésl temperatures and
pressures are increasingly implicated in a suitgeoichemical processes. Examples
include the diagenesis and alteration of minenats@ganic matter in marine sediments
and sedimentary basins (Seewald, 2003; D’'Hondt ,e2@04; Hinrichs et al., 2006;
McCollom and Seewald, 2007), and organic and indogeeactions that result in the
accumulation of oil and natural gas deposits (8igkid Katritzky, 2001; Head et al.,
2003; Larter et al., 2003; Jones et al., 2008)a# also been proposed that hydrothermal
transformations of organic compounds provide naotrs®urces for microbial
communities within deeply buried sediments andydtdthermal systems in the oceans
(Head et al., 2003; Horsfield et al., 2006; McCuolland Seewald, 2007; Windman et al.,
2007; Mason, et al., 2010). Hydrothermal systemmslar to those found in mid-ocean
ridge environments are also thought to mimic thedd@mons where life, or the organic
precursors to life, may have developed on earlyrE&aross and Hoffman, 1985;
Nisbet, 1985; Shock, 1990; 1992; 1996; Shock arflilss, 1998; Shock et al., 1995;
1998; 2000; Seewald et al., 2006; Martin et al,@&hock and Canovas, 2010; Williams
et al., 2011). Seewald et al. (2006) states thesgde the significant role that aqueous
carbon compounds play in a broad spectrum of genida¢ and biological processes,
reactions that regulate the abundance of aqueohsrcaompounds at elevated
temperatures and pressures are poorly constraiiedsbme extent this is
understandable, given the wide range of organiciires and reactions found in natural
systems that can include both mineral and aquezactions. As an initial approach to
understanding such complex systems, this work fxos first understanding the
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functional group transformations that connect aflsato ketones without the added
complexity of a mineral phase.

Product studies of hydrothermal reactions forrgdaanumber of specific organic
functional groups have now been reported (Savadf#9;Katritzky et al., 2001; Siskin
and Katritzky, 2001; Watanabe et al., 2004). Notakihetic measurements on model
systems have uncovered features of these proddsgaelstinguish them from analogous
reactions at ambient conditions; specifically, tintse reactions may be controlled by
thermodynamic rather than kinetic factors (Sho&88l 1989, 1994; Helgeson et al.,
1993; Seewald, 1994, 2001). The first experimeenalence of metastable equilibrium
states was provided by Seewald (1994) who demdedtmaterconversion in simple
alkane/alkene systems and showed that hydrogedgtoydrogenation reactions for
ethane and ethene using a pyrite-pyrrhotite-magn@iPM) mineral redox buffer
attained metastable equilibrium in water at 350A@ 35 MPa. Interconversion between
alkene and alcohol functional groups has also bleemonstrated (Kuhlmann et al., 1994;
Akiya and Savage, 2001).

Interconversions between alkanes, alkenes anti@kare included in a general
reaction scheme proposed by Seewald (2001) thatects alkanes to carboxylic acids
(Figure 1). Alkanes and carboxylic acids represemte of the most abundant organic
structure types found in natural hydrothermal systand sedimentary basin fluids, and
decarboxylation of carboxylic acids is considereth¢ an important mechanism for
breaking larger organic structures into smallersoégure 1 summarizes a proposed
pathway that combines irreversible decarboxylatiod reversible functional group
interconversions to convert longer alkane chaits shorter ones, and also provides a
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starting point for a molecular-level understandi@rganic matter transformations and
other process involving organic structures thatinflnence mineral reactions and may
feed the deep biosphere.

Theoretical models for water-mineral-organic-mbe@rocesses that drive
diagenetic transformations, petroleum formation labltat generation in the deep
biosphere can be built using detailed kinetic dretrhodynamic data about interrelated
hydrothermal organic reactions. The present wogktheee goals relevant to furthering a
kinetic and thermodynamic understanding of thetreascheme presented in Figure 1.
First, although interconversion between individpairs of functional groups in the
proposed reaction pathway has been demonstratepsty, the extent of reversibility
across the entire reaction scheme has not yetdstahlished. Therefore, one goal of the
current work is to explore the reversibility anteirtonnectedness of as many of the
functional group interconversions in Figure 1 asgpolewithin a single chemical
reaction systemrSecond, although kinetic results are publishedéveral of the
reactions in Figure 1, a comparison of the relateactions rates of the various functional
groups is not. Thus, a second goal is to obtaative rate information for as many of the
functional group interconversions in Figure 1 asgplole, so that meaningful comparisons
can be made among them. Finally, the third gotd @btain mechanistic information for
the reactions presented in Figurel, so that uraleistg can move from
phenomenological to fundamental.

In the approach taken here, stereochemical andafegmical probes are used to
study the reversible reactions of model substitatedohexanes. For some of the
reactions studied, these techniques also providenmation on reactive intermediates,
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thus yielding mechanistic information. By initiadithe reaction scheme at different
specific functional groups, information on relatingactivity and the extent of overall
reversibility along the entire reaction schemeltamed. Low extents of conversion are
used to minimize secondary reactions of the funetigroups.

Under the experimental hydrothermal conditions fiwe the reaction path
connecting alkanes to ketones is completely reblersalthough for the cyclohexane
structures investigated, formation of dehydrogasharematic structures eventually
dominates the product distributions. The variougfional groups exhibit quite different
rates of overall chemical reactivity. Water is atdiserved to be a reactant. Interestingly,
under the conditions and timescales of these exjeits, no carboxylic acids are
detected as products, although other productgelgaire carbon-carbon bond

fragmentation are observed.

Methods

Reactions were performed in capsules made frotedgald tubes (3.35 cm
long, with a 5 mm outer diameter and 4 mm innemaiter). Before use, the gold was
annealed at 600°C for 15 h. One end of the tubewedded closed and the tube was
purged with ultra high purity argon (Ar) for 15 mifihe capsule was then immediately
filled with 250 pL of Ar-purged 18.2 K&-cm water (NANOpure® Dlamony UV,
Barnstead International) and a measured volumieeobtganic reactant to give a final
concentration around 0.2 M (Table 1 and TabletZhis exact number of pmoles used in
each experiment). The open end of the capsulelvesswelded closed while the bottom
¥, of the tube was kept cold in an ice-ethanol gl(thre measured temperature was -
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15°C) to minimize reactant loss due to volatiliaatiThe sealed capsules were weighed
and placed in a stainless steel, cold-seal reaggesel and pressurized to 100 MPa with
deionized (DI) water. The reaction vessel was plane pre-heated furnace and heated
to a maximum temperature of 300°C. A thermocoumdadie the pressure vessel
monitored the reaction temperature of the capsiilgsically, ca. 3 h was required to
reach 300°C owing to the large thermal mass ofdhetion vessel. The time zero point
for each experiment was taken as the time wherdhgel was put into the preheated
furnace. This means the reported experiment duratidudes the time it took for the
system to reach 300°C.

After each experimental run, the reaction vesseal geackly cooled to room
temperature in water while maintaining high presgoravoid capsule bursting. The
pressure was then relieved and the gold capsutesverl and weighed to assure no
leakage. The outsides of the capsules were rimsdithloromethane (DCM, 99.9%,
Fisher Scientific) to prevent contamination anchttiee capsules were frozen in liquid
nitrogen. Frozen capsules were sliced open wittalpsl and placed in glass vials
containing 3 mL DCM with 5.85 pL af-decane (99%, Alfa Aesar) added as an internal
gas chromatography standard. Vials were cappedapglles were allowed to thaw.
Vials were shaken to fully extract the contentshef capsule. The DCM/organic layer
(lower layer, below the water) was removed withspdsable glass pipette and placed in
an autosampler vial for analysis by gas chromafdgrdGC). Extraction blanks were
also used to identify contaminants and/or impusitrethe DCM or decane; blanks

consisting of 3 mL DCM with 5.9 pL of-decane were mixed alongside capsule
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extractions, and treated identically to the expental samples throughout the
extraction/analysis process.

The experiments used a series of monomethyl- andttiylcyclohexane
molecules (Tables 1 and 2). The concentrationeeptoducts were determined from
calibration curves using authentic standards (nieyblohexane, 99%, Sigma-Aldrich; 1-
methyl-1-cyclohexene, 97%, Aldrich; 1-methylcyclghaol, 97%, Alfa Aesar; 2-
methylcyclohexanokis + trans, 97%, Alfa Aesar; 2-methylcyclohexanone, 99+%,
Sigma-Aldrich; 3-methylcyclohexanone, >97%, Sigmds&h; 4-methylcyclohexanone,
99%, Aldrich; 1-methyl-1,4-cyclohexadiene, 96+%gi8a-Aldrich; toluene, 99.8%,
Aldrich; cis-1,2-dimethylcyclohexane, 99%, Aldricttans-1,2-dimethylcyclohexane,
99%, Aldrich; 1,2-dimethylcyclohexene, 96+%, Chem$&o0;0-xylene, >99.5%,
Aldrich; p-xylene, 99%, Alfa Aesar; and-xylene, >99.5%, Aldrich). All quantitative
work was performed using GC with flame ionizatigtettion (GC-FID) on a Varian
CP-3800 equipped with a 5% diphenyl/95% dimethgisahe column (Supelco, Inc). The
injection temperature was set at 200°C and the eeatypre program used depended on
whether the experiment utilized dimethyl compouadmonomethyl compounds. For
dimethyl compounds the oven temperature start®@ then increased to 100°C at a
rate of 5°C/min then increased to 200°C at 20°C/miml finally increased to 300°C at
25°C /min where it was held for 10 min. For the maethyl system the oven started at
40°C and was increased to 90°C at a rate of 2°C/wlilowed by an increase to 300°C at
30°C /min where it was held for 2 min. Concentnasiof structures that did not have
authentic standards were determined using a cabbraurve made from an authentic
standard of an isomer of the structure. If an isowees not available, the average GC
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response factor for standards with similar striegwas used. To determine
concentrations of dimeric products, the averagh®fGC response factors from all the
monomethyl standards was multiplied by two. Prositicat could not be identified using
authentic standards on the GC-FID were characténeegas chromatography-mass
spectrometry (GC-MS; Agilent 6890/5973) using tame analytical column and
temperature protocol as the GC-FID system. Ideatifon of peaks was based on the
interpretation of the mass spectra as well as casgpaagainst the NIST Mass Spectral
Library.

The mass balance for each experiment was assagsethming the number of
pmoles of quantified products with those of the aemmg reactant, then dividing by the
number of pmoles of reactant initially added to¢hpsule. The more volatile reactants
yielded less than ideal mass balance due to evamogaior to and while welding the
capsules. This was particularly true for experiraemth 1-methylcyclohexand), 1-
methylcyclohexene2d), 1-methyl-1,4-cyclohexadien2C), and toluene3E), which
yielded mass balances greater than 70%, but lass9®lo (there were no unidentified
product peaks in these experiments). The alcohbkatone reactants, and most of the
dimethylcyclohexane-derived reactants gave massbas that were greater than 90%
(Tables 1 and 2). The amount of conversion (alponted as % reacted) for each reaction
was calculated by summing the quantifiable prodants dividing by the sum of the
products plus the unreacted starting material. itethod avoids problems associated
with volatile reactants, but underestimates thermtxdf conversion for any reaction that
produced unquantifiable products (this occurrethendimethyl system only; all products
in the monomethyl experiments were quantified). mmber of hydrogen atoms
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produced or consumed in each experiment (Tablea%)calculated based on the degree
of unsaturation for each product. Hydrogen balar@a®ot be calculated for experiments
that resulted in a large amount of uncharacteniiggbr ©1, D2) because the extent of

unsaturation is unknown.

Results and Discussion

Experiments were performed using structures basddo simple cyclic alkane
structures, methylcyclohexan® @nd 1,2-dimethylcyclohexan$; (cis- andtrans;
Figure 2). Compared with the parent cyclohexane sthgle methyl group ifh serves as
aregiochemicaindicator for the formation of isomers. The twothg groups in6 have
cis- andtrans-stereochemistry on the cyclohexane ring and teogesas atereochemical
indicator of isomer formation. The fact that masgmers are possible products in the
reactions is a critical mechanistic tool, rathertta complicating factor. We show below

that complete identification of all of the minooplucts is mechanistically revealing.

Experiments Based on Methylcyclohexane

We focus on the functional-group transformatidreg tonnect alkanes to ketones
indicated in Figure 1. Experiments were startedhwdch of the functional groups along
the reaction path: alkane, alkene, alcohol, andriestas well as diene, and aromatic
structures (i.e., 1-methylcyclohexarig, (L-methylcyclohexene), cis- andtrans-2-
methylcyclohexanol3A + 3B), 2-methylcyclohexanondA), 1-methyl-1,4-

cyclohexadiene2C), and tolueneE)). Depending upon the starting structure and the
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reaction time, a large number of products can badd. A full summary of the products
formed in the various reactions is given in Fig8rand Table 1.

By comparing the percent of starting material red@nd the product
distributions for each experiment (Table 1, Figdyeinformation on the relative kinetic
reactivities of the different functional groups daobtained. The dien2) functional
group is interpreted to be the most reactive comgawnder the experimental conditions,
with the highest percent conversion (100%) exhibéger only 5.4 h reaction time. The
alcohol BA + 3B) functional group was the next most reactive, WHM% conversion
over the same time frame. The alkeBA)( ketone 4A) and alkanel) were less
reactive, with percent conversions decreasing a&4,66.8%, and 0.8%, respectively.
The fully aromatic toluene was almost completelyeaictive under the experimental
conditions with only 0.4% conversion, mostly to bene, after 144 h (6 days). Figure 4
not only depicts the percent of conversion for eaqieriment (pie charts), but also
showcases the relative product distributions ferghimary products (bar charts).

The products of the various reactions are disclssdetail below, but the
product distribution of an example reaction is indilaéely revealing. The gas
chromatogram of the products formed after a 3.ydrdthermal reaction of the alkene 1-
methylcyclohexene2@) is shown in Figure 5. Most of the other reactigase fewer
products, but the reaction 2A illustrates two notable features of the reactions
general. First, almost all of the functional groaps formed from the alkene, and this
turns out to be the case for most of the diffefenttional group reactants, implying
extensive interconversion among the functional gsosecond, multiple isomers of the
various functional groups were formed after only B.(with 76% conversion). This
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implies that interconversion among the isomeridpais and their common
intermediates is rapid on the timescales of theti@as. Multiple alkene and ketone
isomers also formed from the alkane reactant degfstmuch slower reaction with only
0.6% conversion. In other words, not only do fumaél group interconversions occur,
but they occur reversibly on timescales that aggdacompared to that for overall
decomposition of the starting material

Reaction of methylcyclohexang) (under the experimental conditions was very
slow. Only 0.6% conversion was observed after 4ah at 300°C and 100 MPa. After
almost 4 days the conversion increased, but n@ailyg, to 0.8%. The same products
were observed for both time periods, but with défe distributions (Table 1; Figure 4).
The main products are 1-methylcyclohexe?®&)(and other methylcyclohexene isomers
(2B'; Figure 3), toluene2E), and all three possible methylcyclohexanone issr@id,
4B, and4C; Figure 3). Of the methylcyclohexene isomers, ThyleyclohexeneZA) is
the most abundant at both reaction times. Of tlssipte isomeric
methylcyclohexanones, 2-methylcyclohexanot®)(is the most abundant at both
reaction times. Very small yields of the enonedtrtes §') are also observed.

Toluene is presumably formed by two consecutiveydeogenation reactions of
the alkenes2A and2B'), however, no methylcyclohexadiene isom&G ¢r 2D) could
be detected at either reaction time (Figure 3pfiears that the dienes are short lived
under the experimental conditions (see below). drhall yields of the enoneS'| are
likely formed by dehydrogenation of the cyclohexae® 4A-4C), i.e., analogous to the
dehydrogenation of the starting alkadgto form the alkene®A and2B'. Of the various
possible methylcyclohexanol isomers that could Hau@ed BA-3D), none are detected
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for either reaction time. However, the only vial@action path to the enone structure
must proceed via the alcohols, suggesting thatlttwhols are also extremely short lived
under the experimental conditions, and do not peatimeasurable concentrations. Note
that all three ketone isomers are observed, wlaghires three different alcohol
structural isomer precursors. Not only do the abt®lapparently react very quickly under
the conditions, but the observation of multipledkest isomers suggests that either they
interconvert rapidly, or they are formed from difat isomeric alkene precursors that
were generated rapidly.

The suggestion that the alcohols are short-livetku the experimental conditions
is confirmed in an experiment starting with 2-mdtlgglohexanol (as a mixture ofs-
andtrans-stereoisomers3A and3B). After only 5.4 h, 95.4% of the alcohols had tedc
The products included an isomer of the startingladt, 1-methylcyclohexanoB(C) and
minor quantities of other alcohol isom@&M', all three isomeric ketoned4-4C;
although only trace quantities 4B and4C were found), methylcyclohexang)@nd a
trace amount of toluerizE (see Table 1 for relative abundances). Due tosthast
reaction time, trace amounts of highly reactiveydebgenated diene isome®&J and
2D) and enonesh() could also be detected. The major products, hyofathis timescale
were the alkenes, in particular 1-methylcyclohex@#9, which constituted almost 50%
of the products. It should be noted that rearrarayetbpentene products were observed,
and trace amounts of uncharacterized dimeric stresD1 andD2 were also present in
the gas chromatogram (Figure 3, Table 1). Thesereésons, particularly the presence
of 1-methylcyclohexanol3C) and the 3- and 4-methylcyclohexano&s,(4B), support
the suggestion that alcohols react and intercomagitily and reversibly, and that
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ketones form via dehydrogenation of the alcoholpa#tial reaction scheme consistent
with the observation of alcohol isomers is showi (1) (NB, stereoisomers of the

alcohols are not included in Eq. (1), but are obsetin the experiments).

H o) Q/ + HZO ©< O\/
o
on T THO /O/
cis-/trans- ©/

Dehydration of alcohols under hydrothermal condgids known to be rapid (Xu and
Antal, 1994; Kuhlmann et al., 1994; Xu et al., 198#tal et al., 1998; Akiya and
Savage, 2001); so it is not surprising that alcelhare not found at measurable
concentrations on the timescale of the alkdnexperiments (1 and 4 days).

Ketones were observed as products in the reaatioaikane {). This raises the
guestion of whether the reaction can proceed caelplan the other direction; i.e., can
alkane () be formed during the reaction of a ketone? 2-Metftlohexanone4A) was
reacted under the same hydrothermal conditions’(3@@dd 100 MPa) and exhibited
roughly 3% conversion after 5 h. Thus, while notestive as the alcohol, the ketone
was considerably more reactive than the alkdn®.6% conversion in 24 h). The most
abundant products of the ketone were 1-methylcyahol BC), alkene isomer2@A
and2B'), toluene 2E), and two methylcyclohexenone isoméesy.(Some rearranged
alkene products were detected, in addition to g serall amount of a cyclohexadiene
isomer D). Notably absent were 2-methylcyclohexan@®4,(3B), and
methylcyclohexanel]. Formation of 1-methylcyclohexand) again confirms rapid

reversible reaction on the timescale of the expemtmThe most likely mechanism for
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formation of this alcohol is reduction of the ketdio 2-methylcyclohexanoBA, 2B),
followed by dehydration to form an alkene and sgbsat re-addition of water to the
alkene, as illustrated by Eq. (2). Note this isikinto Eq. (1) with an additional

hydration step.

+H2 O/ +H20 ©< (jfoH
(:\( -— (I <— (2)
OH

cis-/trans-

The re-addition of water could also occur at thdgeation intermediate precursor to the
alkene after rearrangement. The absence of delecttidane is presumably a
consequence of the fact that the alkene underggegidogenation to form a
cyclohexadiene and then toluene faster than itngoaés hydrogenation. Toluene is
observed as a product in every experiment, whichtpdo the propensity for
dehydrogenation of the cyclic alkenes. Formatioarofmatic products from cyclohexane
has been observed previously in supercritical watawvever the experiment differed in
that a transition metal catalyst was used (Critvenand Parsons, 1994). In order to form
the alkane from the ketone, two formal additionsnolecular hydrogen are required. At
early reaction times the required hydrogen maybeatvailable to form the alkane.
Formation of toluene must liberate hydrogen, atglghocess may act as a hydrogen
source for formation of alkane at later reactiomets. Hydrothermal reaction of ketone
4A for a longer time period (20 h) does in fact reguformation of alkanel(), in

addition to many other low-yield products (Table lh}jerestingly, the alken4) and
toluene RE) are the most abundant products after this longgestion time. This result

reinforces the time-dependence of the productidigions, discussed below.
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As mentioned above, a common trend in all the expsants is the tendency to
form aromatic products, specifically toluer®Ej. A likely reaction path to toluene is via
cyclohexadiene, itself formed by dehydrogenationrté of the alkene isomers (Figure
3). Diene isomer2D, 2C) are detected in very minor quantities in the sktenm (5 h)
experiments starting with the alcohaBA(+ 3B) and the ketoned; Table 1). However,
dienes were not detected starting with the alkdhg(esumably due to the longer
reaction times required for appreciable alkane eosign. Conversion of a diene to
toluene would be expected to be rapid due to tadive stability of the aromatic system,
and it is possible that the diene is too reactiveetnain at detectable concentrations in
experiments longer than a few hours.

The hypothesized reactivity of dienes is confirmedn experiment starting with
1-methyl-1,4-cyclohexadienC). After 5.4 h only trace amounts of the diene rievea;
the major product was toluen2g), accompanied by significant amounts of alkene
isomers 2A, 2Bl]), the alkaneX), alcohol isomers (1- and 2-methylcyclohexar3dl;
3A, 3B), and all three ketone isomes, 4B, 4C). The diene also formed
uncharacterized dimeric products (at low yieldshilar to those observed starting with
1-methylcyclohexene.

A reaction starting with toluen@[) resulted in almost no conversion even after
144 h (Table 1). Small quantities of benzene amdesdimers were the only products.
The absence of alkane, alkene, alcohol, or ketoo@ugts suggests that the formation of
toluene may be irreversible. However, one must rebe the reaction system consists of
only toluene and D, and a hydrogen source is necessary to form eskend alkanes,
etc. The minor amount of benzene that formed cbaldoupled with Hand CQ
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formation, but evidently any reaction from this ambof H, generation was

undetectable, and @ alone was an insufficient hydrogen source tocedaluene under
the experimental conditions. (Other experimentgiatawith dimethylcyclohexane
suggest reversible formation of aromatic specieghm#ée possible when there are other
sources of hydrogen, as discussed in the nexbsgctHlydrogen balances were estimated
for the alkane, alcohol, and ketone reactions olhyaccurate hydrogen balance requires
a complete description of the products, which préet the reactions of toluene, alkene,
and diene, since a large proportion of their preslfmrmed were dimer( andD?2)

with unknown structures. To determine the numbédryafrogen atoms liberated, the
number of hydrogen atoms in each product molecale sempared to the number in the
corresponding reactant and the difference was phigiti by the final amount of that
product. For all the reactions considered, thenevi@ver hydrogen atoms in the
products than were present in the starting matéMiaimalization of these hydrogen
amounts to 100% reaction, so comparisons coulddmerbetween experiments, gave
about 140 pmoles of hydrogen atoms lost for bdtharad reactions, between 95 and 102
pmoles lost for the alcohol reaction, and aroundo5@3 pmoles lost for the ketone
reactions; the range is a result of how unsaturatdonsider the dimers to be (Table 1).
For the alkane reactions, each mole of alkanerézatted generated just over one mole of
molecular hydrogen. For the alcohol reaction, oéerof molecular hydrogen was
formed for each mole of alcohol reacted. The kedaare more oxidized than either the
alkane or the alcohol, and in this case each nialeacted ketone generated half a mole
of molecular hydrogen (Table 1). This evidencedatks that hydrogen is produced in
the course of these reactions. If all of the hydrogtoms estimated in Table 1 were
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actually present in the experiments as dissolvgdtithe experimental conditions (near
the critical point for water), the toncentrations for most of the experiments woall f
between 1.6 and 7.0 mmolar. The ddncentration evaluated in this manner for the
alcohol experiment is ~188 mmolar. With the excepbbthe alcohol experiment, the
estimated values are in the same range,aohicentrations measured in submarine
hydrothermal fluids (0.4 to 16 mmolal; Shock anch@aas, 2010). Whether 188 mmolar
H, is an attainable concentration in organic richireedts where these reactions can
occur remains to be determined.

The observation of multiple isomers of the varipusducts that formed at
essentially the same rate suggests both rapiccorteersion and reversible reactions.
Mechanisms that account for the reversible reastiowolving the alkene and alcohol
functional groups are shown in Figure 6. The cosieer between the alkenes and
alcohols is depicted as an E1 mechanism; howeveviqusly published mechanisms for
alcohol dehydration under hydrothermal conditioagensuggested an E2 mechanism is
possible (Kohlmann et al., 1994; Akiya and Sava@e1). Either way, the central
intermediates in the alkene-alcohol interconversiare the carbon-centered cations
(Figure 6). The formation of rearranged 5-membeiregl structures such &2B'
provides unequivocal evidence for these intermediaa 1,2-alkyl shift reactions of the
cationic 6-membered ring. These rearranged pro@uetalso observed in the acid-
catalyzed dehydration &A/B under ambient conditions (Friesen and Schretz2@hl)
and in Akiya and Savage’s (2001) dehydration expenits with cyclohexanol in high-
temperature KO. Formation of the various alkene and alcohol s@observed can be
explained as a result of formation of these catlmnalkene protonation followed by
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deprotonation and/or hydration/dehydration. A ddéf& but related mechanism for
isomer formation (not included in Figure 6) invadve 1,2-hydride shift reaction of the
cation intermediates. The current experiments dadistinguish between these two
mechanisms, but the cation intermediates in Figuaee key for both pathways. The
mechanisms of the hydrogenation/dehydrogenatiasticess under hydrothermal
conditions are not well understood at this timel experiments using the
monomethylcyclohexane system cannot provide insigbause they lack
stereospecificity. The mechanism outlined in Figdirmplies that dehydrogenation of
the alkanel) mainly yields the most stable alkene ison®%X)( An alternate mechanism
for formation of alkene isomers wherein irreversidehydrogenation at all of the carbon-
carbon bonds in the alkane ring occurs to givedifferent alkenes directly is unlikely
given: 1) the demonstrated intermediacy of theocati and 2) the observation that alkene
isomers also formed when starting with both theladt and ketone functional groups.
Experimental results from reactions of the dimatiiglohexane ring systems (see the
next section) provide additional information speecib the
dehydrogenation/hydrogenation reactions.

In summary, essentially all of the cyclohexanearas with different functional
groups can be formed starting from any of the ottnectional groups. These experiments
demonstrate interconversion among the functionalgs along the entire reaction path
of Figurel from alkane to ketone, and back agawmieric alkene, alcohol and ketone
products are formed seemingly simultaneously, imglyot only that the various
functional groups are interconvertible, but alsat tieactions among them are rapidly
reversible on our experimental timescales. La#ily, interconversion between alkenes
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and alcohols proceeds via a carbon-centered ciatiermediate, as is evident by the

formation of rearranged alkene and alkane products.

Experiments Based on Dimethylcyclohexane

The reactions of the monomethylcyclohexane systeseribed above
demonstrate almost universal interconversindreversibility among a range of
functional groups. Although the alkane can be cdaedeinto the alkene (and vice versa)
the extent to which the dehydrogenation/hydrogenateactions that couple the alkane
and alkene are reversible cannot be demonstratie inon-stereospecific monomethyl
system. The stereochemical properties of 1,2-dighethlohexane §), which can exist
ascis- andtrans diastereomersc(s-6 andtrans-6; Figure 2) can be exploited to explore
the reversibility of the dehydration/hydration reacs. For one diastereomer to convert
into the other, a common intermediate must be wétom both directions. In this
section we show that the stereocisomers do inddecconvert rapidly, and provide
evidence that both a common transient intermediatithe alkene are involved in the
interconversion reaction.

Hydrothermal reactions starting with eitlogs-6 or trans-6, revealed a reaction
that was considerably faster than starting withmfemomethylalkanelj. At 300°C and
100 MPa in water, the alkang) exhibited only 0.6% conversion after 24 h, antyon
0.8% conversion after 92 h (~4 days). Te andtrans-dimethyl alkanesds-6, trans-6)
exhibited 2.5% and 0.6% conversion, respectivdter 24 h, which increased to 3.1%
and 1.1%, respectively, after 48 h (2 days). With methyl substituents, the number of
potential regioisomers of the alkene and alcohoetfional groups that can form is much
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larger, thus no attempt was made to identify eypeoguct peak observed in the gas
chromatograms of the dimethyl structures. Instdasproducts were divided into the
groups summarized in Table 2. The major producte@feaction of bothis-6 and
trans6 are: the alternate alkane stereoisomer, smalltijigsnof other alkane isomers,
1,2-dimethylcyclohexene’f), dimethylcyclohexene isomergg(]), several
dimethylcyclohexanone isome& (, R911), o-xylene (1) and small amounts of other
xylene isomers1(1BL]; m-xylene ando-xylene are not separable under the GC
conditions). After just one day the stereoisomeihefstarting dimethylcycloalkane is
among the major products, confirming facile intenoersion between thas- andtrans-
alkanes. However, the product distribution is tidegpendent.

A partial mechanism for product formation from thimethylcyclohexane system
is shown in Figure 7. The mechanism is based oworlegoroposed for the monomethyl
cyclohexane system. By analogy to the observedustedn the monomethyl system, in
particular the 5-membered rearranged products,ragose that the mechanism for
formation of rearranged products in the dimethylalyexane system is via 1,2-alkyl
shifts in carbon-centered cation intermediatesyfégy). The alcohol) and diene
(1017) structures in Figure 7 are not actually detette&C in the dimethylalkane
experiments because longer reaction times wereadgedncrease conversions, therefore
these highly reactive species are no longer presatdtectable concentrations. This is
analogous to the fact that diene and alcohol prisduere not detected in
methylcyclohexanelj experiments that were longer than 1 day.

Reactions starting with an alkene analogue, Ipiethylcyclohexene7h), were
much faster, and exhibited 65.7% conversion afteh30.15 days). The product
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distribution was, not surprisingly, complex; mapwoducts identified include alkane,
alkene, and ketone isomeesxylene and xylene isomers, in addition to other
uncharacterized putatively dimeric structures. Ingoatly, boththecis- andtrans-1,2-
dimethylcyclohexanec(s-6, trans-6) were formed from the dimethylcyclohexene, along
with other alkane isomers. This result confirmg tha alkane and alkene are
interconvertible, as observed in the monomethyiiesys Significantly, both alkane
stereoisomers appear to be formed simultaneously.

Compared to the hydration/dehydration reactidms nhechanisms of
hydrogenation/dehydrogenation are not as well wstded. The dimethylcyclohexane
system offers some insight into possible mechanfemthe
hydrogenation/dehydrogenation reactions. For tise chdehydrogenation of an alkane,
we can consider three basic mechanism types: dedcemoval of molecular hydrogen,
stepwise removal of two hydrogen atoms, and stepresioval of a proton and a hydride
ion. Concerted removal of molecular hydrogen iskefy because, in this case,
microscopic reversibility would predict concertedtldgion of hydrogen to form the
alkane from the alkene, and that process wouldrfame of the stereoisomers of
dimethylcyclohexanegd). In fact, both stereoisomers are formed, witty@anslightly
higher abundance of thiansisomer relative to theisisomer. The observets-to-trans
ratio of 0.86 reflects the known thermodynamic sitglof the trans compared to the
cis-isomer. Using thermodynamic data from Stull e(H#69) the Gibbs energies of
formation at 300°C fotrans- andcis-dimethylcyclohexane were interpolated to be 245

kJ/mol and 250 kJ/mol, respectively. We concluad temoval of hydrogen from the
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alkanes is therefore more likely to occur via @8tise mechanism, as illustrated in
Figure 8.

The common intermediate in the interconversiothefstereoisomers of the
dimethylcyclohexane is indicated &$T in Figure 8. Carbon-hydrogen bond cleavage
can occur homolytically to give a hydrogen atom arwhrbon-centered radical, or
heterolytically to give either a hydride and a carzentered cation, or a proton and a
carbon-centered anion. The asterisks in Figuren®tdethe various possible atomic,
radical or ionic intermediates. A stepwise hetdarolgleavage mechanism is unlikely
since at one of the steps a hydride anion musbimeed in the dehydrogenation reaction.
Microscopic reversibility would then require thabydride be added in one of the steps
in the alkene hydrogenation reaction. Hydride wdaddextremely reactive in any
agueous environment and is thus unlikely to exist form or with a lifetime that could
act as such a reagent. The more likely stepwisdnameem then is sequential liberation of
a hydrogen atom with a carbon-centered radicahastarmediate. Generation of a free
hydrogen atom at each step may not be necessamgxdmple, transfer of a hydrogen
atom to another molecule capable of acceptingithgps an alkene, would allow carbon-
hydrogen bond cleavage to occur together with faionaof a new carbon-hydrogen
bond. In the absence of hydrogen-atom transferat¢hieation energy for the reaction is
the carbon-hydrogen bond dissociation energy. Augid free hydrogen atom by
simultaneously forming another bond would also cedine energetic demand on the
reaction kinetics.

Thecis-stereoisomer of the dimethylalkares(6) reacts somewhat faster than the
transisomer {rans-6). This difference can be understood within theternof Figure 8;
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at the point of the intermediatiN(T ), addition of a hydrogen atom before the loss of a
second hydrogen regenerates the starting alkamauBe théransisomer is favored
thermodynamically over thas-, a faster return trans from intermediatéNT has the
effect of apparently reducing the reactivity of trems and increasing the reactivity of
thecis-isomer.

Time-series experiments were performed using dotiethylcyclohexane
stereoisomers to gain an understanding of how ptadistributions changed through
time (Figure 9). For both stereoisomers, the mbahdant products at all times are the
aromatico-xylene (L1), and the alkane stereoisomeis{(6 or trans-6). After short
reaction times, the concentrations of the alkertekatones are higher than they are after
longer reaction times. Alcohols are involved in thierconversions of the ketones;
however, they have comparatively short lifetimese(previous section) and presumably
quickly drop below detection. At the longer reasttones the ketones also drop below
detection. After five days the primary products @eylene (L1) and the alkane
stereoisomerdfs-6 or trans-6). Subsequent reaction appears to involve mainly
interconversions between these functional groumhduld be noted that the system is
sealed and the hydrogen concentration is not ldfeso liberated hydrogen atoms must
increase in concentration presumably as hydrogsnlgaddition, in both experiments,
the concentrations of the aromatic xylenes stadetrease slightly after steadily rising
for the first 5-10 days. It is not clear what compds are forming directly from the
xylenes, but this result implies that formatioraobmatic products may not be

irreversible given a sufficient concentration oflnygen in the mixture. In summary, as
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in the monomethyl experiments, the concentratidrikevarious products respond quite

rapidly to changes in the reaction environment.

Carbon-carbon bond cleavage

The appearance of products with rearranged caskeletons (Figs. 3 and 7) and
minor products that have lost one carbon atom Ei@) provide evidence for carbon-
carbon bond cleavage in these hydrothermal reactioims is a necessary step for
ketone-to-carboxylic acid reaction proposed by S#e\{2001; see Figure 1). However,
carboxylic acids were never detected in any oftyairothermal experiments. Instead,
the only reactions observed for the ketones aradton/reformation of the alcohols, and
dehydrogenation to form enones (Figure 3). Thatghd extract and detect carboxylic
acids by our analytical method was investigatedgiai cyclic carboxylic acid, benzoic
acid, and a dicarboxylic acid, adipic acid, at antcations of ~0.02 M (the average
amount of mass missing based on mass balance a#bagl for the monomethyl system;
Table 1). Benzoic acid was easily extracted andalet using the experimental
analytical methods. Adipic acid is more water-st#¢ubhan benzoic acid and was not
extracted/detected with our method. Heptanoic acgkven-carbon monocarboxylic
acid, has aqueous solubility similar to that ofzma acid and should be extracted and
detected along with benzoic acid. Therefore lorgrghor cyclic carboxylic acids would
have been detected if formed at concentrationseabav detection limits (<0.0004 M for
benzoic acid). This suggests the sealed hydrotlesystems studied here do not achieve
conditions that are sufficiently oxidizing to fortetectable amounts of long chain or
cyclic mono-carboxylic acids, at least for the teattimescales studied here. Short
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chain or dicarboxylic acids may have been formetigone undetected, but given the
high mass balances in the experiments and lackidéece for broken ring structures
missing multiple carbons, this seems unlikely. Sidis experiments differed from these
however, in that he used a mineral buffer to mantgdrogen fugacity at a lower value
than what is estimated to be present here. For glear8eewald’s most reducing
condition used a PPM mineral assemblage to maithai concentration around 0.4
mmolal. As stated previously, if all of the estiedhydrogen atoms liberated (Table 1)
were present as dissolved &t the experimental conditions (near the critpaht), then
the concentrations fall between 1.6 and 7.0 mnfolamost experiments, (except for the
alcohol experiment which is closer to 188 mmola). HThese concentrations are all
higher than Seewald’'s;Htoncentration, and therefore his experimental tmms$ where
carboxylic acid formation was observed were ledsicang. Seewald stated that “these
reactions may not be available in dry or minerakfenvironments.” This study shows
that minerals are not necessary for the oxidatfalkanes to form ketones, although the
conversions were small. The presence of minerat¥palower H concentrations, may
however, be necessary to promote the producti@arnioxylic acids.

The pH at experimental conditions was not measursdu; however, using
thermodynamic equilibrium calculations the pH carestimated (Shock, 1995; Shock et
al., 1989; 1997). The pH of neutral water at 30@nd 100 MPa was calculated to be 5.3.
The organic compounds used should not affect pHitlae only potential products that
would affect pH are undetectable amounts of carioagids and C@ On average the
experiments had about 10% missing mass; if allriegs was due to GE&he resulting
pH is calculated to be 4.77. Similarly, if the niigsmass was due entirely to carboxylic
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acid products (benzoic acid was used for the calians) the resulting pH would be 3.46.
Therefore the lowest possible (i.e., worst caseate) pH in the experiment would be
3.46, compared to a 5.3 neutrality. A lower pH doaififect reaction rates for acid
catalyzed reactions. However, we do not expect@@tand carboxylic acids were

formed to this extent.

Conclusions

The primary goal of this work was to obtain evideror extended
interconversion between the multiple functionalug® presented in Figure 1 to provide
support for this as a pathway for hydrothermal ddgtion of large organic structures.
Evidence of this is clearly obtained from experitsan which detailed product analysis
was performed starting at various points along#aetion pathway. Formation of all
functional groups from alkanes to ketones is ols®no matter what the starting point in
the reaction scheme. Furthermore, the observatiarutiiple regio- and stereochemical
isomers for all of the functional groups is coremtwith multiple and rapid
interconversions at each step, i.e., the reactroms one functional group to the next do
not proceed in a purely linear fashion. These erparts provide the best experimental
support to date for the extended reversible reacttheme of Figure 1. The experimental
results further suggest that we have explored largas of the potential energy reaction
surface, supporting the idea that the reactionybdistribution may be controlled by
thermodynamic rather than kinetic factors.

The observation of rearranged alkene and alkapaupts is entirely consistent
with a cation intermediate in the alkene/alcohtgioconversion, as is expected based on
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evidence from prior literature. Water must be aaol, a catalyst, and a reagent in at
least some of the reactions. Water provides the @atialyst and the reactant for
hydration of the alkene, and it provides the catadynd is the product of dehydration of
the alcohol. The alkane/alkene and alcohol/ketatexconversions require addition and
removal of hydrogen atoms, and the experimentsotiprovide direct evidence for or
against water involvement in these reactions. Eoethat conversion of the alkanes into
alkenes proceeds faster than expected based otediomd homolysis suggests a role for
water in these reactions as well. The productsabatimulate at longer reaction times are
dehydrogenated aromatic systems, presumably watfottmation of molecular

hydrogen, suggesting that aromatization is thermadycally favorable at the
experimental temperatures and pressures.

Another goal of the present work was to obtailoinfation on the relative rates of
the reactions of the various functional groups. éfrtle experimental conditions the
reactions proceeded with very different rates ddpgnupon the starting functional
group, yielding an overall reactivity order of: dee> alcohol > alkene > ketone > alkane
> aromatic ring. This is the first time that suekhative rate data has been obtained within
a single reaction system. That dehydration is dribeofastest reactions points to the
highly catalytic activity of hydronium ions undéret experimental conditions.

Dehydration is an elimination reaction that isdeed thermodynamically.
Dehydrogenation to form the aromatic system repritssan elimination that also appears
to be favored thermodynamically. The high tempegatpparently drives the reaction
systems in the direction of elimination presumdi#gause of the temperature
dependence of the entropy contribution to the émeergy. These observations may be
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relevant to understanding the process responsible&turation of organic material at
high temperatures and pressures. For the cyclictsites studied here, the results
indicate that aromatization processes competeamithconnect to the other functional
group interconversions, at least at the curreneenrpental conditions. The fact that no
carboxylic acids were detected under the presearditons and reaction timescales,
suggests that carbon-carbon bond cleavage at theek&unctional group may be the rate
determining step in the overall degradation processtural systems. Alternatively, it
might suggest other pathways for carboxylic acinfation (not included in Figure 1)
may be the main routes that form carboxylic acidsch are known to accumulate in
natural systems. One possibility is that carboxgticds are formed in reactions that
involve minerals as catalysts or reagents, and wgopkoceeding in our laboratory to
explore this possibility. The fact that highly réae species can be formed from simple
alkanes, and that a wide range of functional graassrapidly interconvert under
laboratory hydrothermal conditions suggests theaetions may play an important role
in generating the diversity of organic compoundsvin to exist in natural hydrothermal
systems. This further implies that microbial ecésys deep in Earth’s crust or at
seafloor hydrothermal vents may depend to somenegteorganic molecules generated

from thermodynamically controlled abiotic reactions
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Table 1. Product distributions for experimentdwitonomethylcyclohexane-based functional groups.

Starting Structure

alkane alkane alkene alcohol ketone ketone diene toluene

(1) (1) (2A)  (3A+3B) (4A) (4A) (20) (2E)

experiment duration (h) 23.6 92.3 3.5 5.4 5.5 20 54 144

pmoles of starting material 60.3 60.3 49.7 49.7 50.3 50.3 49.8 49.6

% mass balance 89.7 70.5 85.2 103 92.9 94 83.8 85.4

% reacted 0.6 0.8 76.4 95.4 3.1 6.8 100 0.4

Products® % in final reaction mixture

alkanes  dimethylcyclopentane R1A™ 0 0 0.23 0 0.02 0.04 0 0
dimethylcyclopentane R1A' 0 0 0.12 0 0 0 0 0
dimethylcyclopentane R1A' 0 0 0.14 0 0 0 0 0
1-methylcyclohexane 1 99.43 99.21 11.57 1.27 0 0.20 5.29 0
ethylcyclopentane R1B 0 0 1.15 0.06 0 0.01 0.02 0
alkenes  dimethylcyclopentene R2A' 0 0 <0.01 0 0 0 0 0
methylcyclopentene C2A 0 0 0.11 0 0.28 0.43 0 0
dimethylcyclopentene R2A' 0 0 0.39 0.05 0 0 0.02 0
dimethylcyclopentene R2A' 0 0 2.19 0.29 0 <0.01 <0.01 0
dimethylcyclopentene R2A' 0 0 2.29 0.35 0 <0.01 <0.01 0
dimethylcyclopentene R2A' 0 0 2.23 0.45 0 <0.01 <0.01 0
ethylcyclopentene R2B' 0 0 0 1.04 0 0 0 0
methylcyclohexene 2B <0.01 <0.01 11.74 21.64 0.12 0.65 9.14 0
methylcyclohexene 2B' 0 0 0.72 1.86 0 <0.01 0.83 0
dimethylcyclopentene R2A' <0.01 <0.01 8.67 1.32 <0.01 0.09 0.09 0
ethylcyclopentene R2B' <0.01 <0.01 5.78 6.68 <0.01 0.21 0.60 0
1-methylcyclohexene 2A 0.07 0.10 25.39 46.90 0.30 137 21.30 0
ethylcyclopentene R2B' 0 0 0.99 1.33 0 <0.01 0.07 0
methylcyclohexene 2B’ 0 0 0 <0.01 0 0 0 0
dimethylcyclohexene R2A' 0 0 0 <0.01 0 0 <0.01 0
alcohols  methylcyclopentanol C3A 0 0 0 0 0.17 0.14 0 0
1-methylcyclohexanol 3C 0 0 3.41 414 0.37 0.62 1.72 0




A%

Table 1(cont.)

% in final reaction mixture (cont.)
alkane alkane alkene alcohol ketone ketone diene toluene
Products® (1) (1) (2A)  (3A+3B) (4A) (4A) (20) (2E)
ethylcyclohexanol C3B 0 0 0.19 0.27 0 0 0.03 0
cis-2-methylcyclohexanol 3A 0 0 0.63 1.24 0 0 0.47 0
methylcyclohexanol 3D’ 0 0 0 0.19 0 0 0.05 0
trans-2-methylcyclohexanol 3B 0 0 1.66 3.35 0 0 1.33 0
methylcyclohexanol 3D’ 0 0 0 0 0 0.01 0.18 0
ketones dimethylcyclopentanone R4 0 0 0.11 <0.01 0.03 0.08 0 0
2-methylcyclohexanone 4A 0.30 0.31 4.39 5.60 96.93 93.25 1.02 0
3-methylcyclohexanone 4C 0.14 0.10 0.73 0.76 0 0 0.29 0
dimethylcyclopentanone R4 0 0 <0.01 0.15 <0.01 0 0 0
4-methylcyclohexanone 4B <0.01 0 <0.01 <0.01 0 0 <0.01 0
enones  methylcyclohexenone 5' <0.01 <0.01 <0.01 <0.01 0.16 0.18 0 0
methylcyclohexenone 5' <0.01 <0.01 0.92 <0.01 0.96 1.16 0 0
methylcyclohexenone 5 0 0 1.50 0 <0.01 <0.01 <0.01 0
dienes methylcyclohexadiene 2D 0 0 0 <0.01 0.01 0 0.01 0
1-methyl-1,4-cyclohexadiene 2C 0 0 0 <0.01 0.02 0 0 0
aromatics benzene cacC 0 0 0 0 0 0 0 0.17
toluene 2E 0.06 0.28 5.09 0.13 0.41 140 49.20 99.70
m/p-xylene C2D 0 0 0 0 0.17 0.17 0 0
dimers dimers D1 0 0 6.89 0.93 0.07 0 7.11 0.12
_______________ dmers2 D2 | 0 0 077 0 0 0 124 0
hydrogen atoms liberated (umol) 0.8 11 ND* 91-97 1.7-21 35 ND ND
H atoms normalized to 100% conversipmpl) | 140 140 ND 95-102 55-68 52 ND ND

%Every product from each experiment is includechimtble.
*Bold symbolsrefer to chemical structures illustrated in FigBre
“Bold numbersindicate % remaining starting material.

IND- not determined due to large dimer production
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Table 2. Quantified products from experiments wiithnethylcyclohexane-based functional groups.

Experimental Conditions

Products (umoles§

time initial % % trans cis alkane 1,2- alkene o- xylene  ketone
Reactant (d) pmoles MB®  reacted| alkane alkane isomers alkene isomers xylene isomers isomers toluene
cis-1,2-dimethylcyclohexane 1 61.0 94 2.5 0.76 55.¢ 0.055 0.009 0.17 0.264 0.199 trace 9nd
(cis-6) (2¥ (0.02) 0.9) (0.006) (0.002) (0.02) (0.002) (0.002)
2 61.0 83.8 31 0.827 49.6 0.056 0.021 0.11 0.46 0.103 trace nd
(0.5) (0.004)  (0.3) (0.003) (0.001)  (0.03) (0.01) (0.002)
6 61.0 86.5 45 1164 504 0.165 0.0168 0.241 0.640 0.151 nd trag
0.3) (0.007) (0.2) (0.002) (0.0009) (0.006) (0.001) (0.003)
16 61.0 84 4.6 1.35 49.1 0.194 0.013 0.282 0.441 0.110 nd tracy
2 (0.03) (0.9) (0.006) (0.002) (0.008) (0.005) (0.002)
trans-1,2-dimethycyclohexang 1 60.0 96.5 0.60 57.6 0.0883 trace 0.040 0.091 0.08 trace 0.04 n
(trans-6) 0.2) 0.1) (0.0005) (0.001) (0.009) 0.01) (0.03)
2 60.0 97.0 1.1 57.6 0.093 0.02 0.053 0.16 0.272 0.046 trace ng
(0.5) 0.3) (0.008) (0.01) (0.004) (0.01) (0.006) (0.002)
10 60.0 99.9 1.8 58.84 0.22 0.152 0.010 0.096 0.450 0.152 nd tral
(0.2) (0.09)  (0.02)  (0.005) (0.002) (0.008) (0.004) (0.002)
19 60.0 96.4 1.9 56.8) 0.237 0.180 0.007 0.13 0.395 0.134 nd tra
(0.8) (0.5) (0.004)  (0.006) (0.004)  (0.01) (0.008) (0.005)
24 60.0 99.0 2.0 58.2 0.327 0.213 0.007 0.160 0.351 0.147 nd tra
(0.5) 0.3) (0.004) (0.009) (0.002) (0.002) (0.002) (0.002)
1,2-dimethylcyclohexene 0.15 49.9 g6.8 65.7 2.66 2.30 1.58 14.92 15.7 4.42 0.076 181 trace
(7TA) (0.4) (0.02) 0.02) 009 (0.09) (0.2 (0.03)  (0.002) @01
o-xylene 10 63.5 91.6 0.4 nd nd nd nd nd 57.9 0.051 nd 0.203
(12) (0.2) (0.1)  (0.001) (0.002)
21 63.5 89.5 0.6 nd nd nd nd nd 56.6 0.045 nd 0.275
(0.2) (0.1)  (0.004) (0.006)
37 63.5 93.3 0.7 nd nd nd nd nd 588 0.063 nd 0.363
0.2) 0.1) (0.002) (0.004)

3Dimers were not quantifiedB- mass balancéBold- remaining amount of starting materifid- not detectednumbers in parentheses are the analytical erroolg)rim the
number above therdThe alkene generated a significant number of urtifighie isomer peaksditalic- semi-quantitative due to possible unidentifiezhiers
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Figure 1.Schematic illustration of functional group intergensions (horizontal arrows),
and carbon-carbon bond cleavage reactions (vedrcaws) that convert larger alkanes
into smaller alkane fragments. The functional grouprconversions consist of
oxidation/reduction and hydration/dehydration remaxd. The part of the reaction scheme
that is contained in the box, from alkanes to kespiis the focus of the present work.

44



cis- trans-
6

1

Figure 2 Model cyclic alkanes used throughout the studythyleyclohexaneX) and
cis- andtrans-1,2-dimethylcyclohexanes). Various functional groups were added to
these basic structures to investigate interconvengactions.
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Figure 3. Summary of the products of the hydrottemactions starting from any of the
structures highlighted in grey. The structureshim lbox correspond to the reaction
scheme from alkane (structure 1) to alkenes (strasthumbered 2) to alcohols
(structures numbered 3) to ketones (structures eumald) shown in Figure 1. Structures
designated with “ ' ” represent more than one stinatisomer. Products formed via
rearrangement carry the designation "R". Minor pictgl that lost or gained a carbon
atom are designated "C". Not shown aye uncharaetkdimeric structures that are
formed in some reactions in smal| yieldBhe actual structure was not characterized and
may be an isomer of the one showQis andtrans stereoisomers of these alcohols may
also have been formed that are not separable timel@nalytical conditions.m-Xylene
andp-xylene are not separable under the GC conditieitiser or both may be formed.
Note dimer structure9(, D2) are not included.
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Alkane (1): 24 h Alkane (1): 96 h Alkene (2A): 3.5h

0.6%

Alcohol (3A +3B):5h Ketone (4A): 5.5 h Ketone (4A): 20 h
97.7% 3.1% : 6.8% :

Diene (2C): 5.4 h ot products

I

B Alkane (@) B Ketone (4A)
B Alkene (2A) I Toluene (2E)

| Alconhol (3A+3B) | |other products

100%

Figure 4. Pie charts show percent conversion feeséndividual experiments with
various starting materials; the black slice repneséotal products formed. Bars illustrate
the relative distribution of primary reaction pratiiithat comprise the total products. The
bar segment representing “other products” is time stiproducts that are not part of the
primary reaction scheme.
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Figure 5. Chromatogram of products formed from hyleyclohexeneZA) reacted at
300°C and 100 MPa for 3.5 hours. Top panel is tetertimes from 2.5 to 5.5 min,
bottom panel is retention times from 9.5 to 32.8,rboth on the same vertical scale (-1
to 120 mV). No products were observed between rd38eb min. “Impurity” represents
an impurity in the DCM or decane (used as an irlestandard; 1S). Peak labels are
defined in Table 1 and structures are shown inrei@u
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Figure 7. Partial summary of products and a papti@posed mechanism for
hydrothermal reaction starting withs- or trans-1,2-dimethylcyclohexanes) or 1,2-
dimethylcyclohexenes’]. The overall pathway links alkane and ketone fuonal

groups according to the scheme in Figure 1. Strastdesignated with “ ' ” represent
more than one structural and/or stereoisomer,¢hebisomers were not characterized.
Products formed via rearrangement carry the des@néR". Uncharacterized dimeric
structures formed in small yields when startingwtite alkenedA) and xylene 11) are
not shown. Rearranged xylene isomérsR’) are presumably formed from rearranged
alkenesR7").
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Figure 8. Proposed mechanism for the step-wisedtelgnation of 1,2-
dimethylcyclohexaned) and hydrogenation of 1,2-dimethylcyclohexenA)under
hydrothermal conditions. The star represents ettieeunpaired electron of a cation site
or an anion site on the intermediatd T ).
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Figure 9. The amounts of products formed from hgfteomal reactions using two
different alkane sterioisomers as the startingtegdic(a)cis-1,2-dimethylcyclohexane

(cis-6) and (b)trans-1,2-dimethylcyclohexandr@ns-6). Each point represents an
individual capsule experiment (300°C and 100 MPHJ@) of a given duration.
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Chapter 3
THE EFFECTS OF MINERALS ON ORGANIC FUNCTIONAL GROUP
TRANSFORMATIONS IN HYDROTHERMAL SYSTEMS
Abstract

Hydrothermal environments in deep sedimentaryesystare composed of three
major constituents: hot pressurized water, orgaraterial, and inorganic minerals or
clays. There have been studies of the reactivigrgdnic compounds in high pressure,
high temperature water, but few have investigatas the inorganic mineral phase
affects organic reactions under these conditiohg 3tudy takes the complex
environmental matrix of mineral assemblages anll brdanic material and simplifies it,
to systematically study the effects of pyrite (Befyrrhotite (Fe.S), magnetite (R©,)
and hematite (F©3) on an alkandrans-1,2-dimethylcyclohexane, and a ketone, 2-
methylcyclohexanone, in water at 300°C and 100 MPa.

Without minerals, alkane and ketone functional g=ocan reversibly interconvert
at these conditions through alkene and alcohotstras via reduction/oxidation and
hydration/dehydration reactions. The work presghiere describes how the addition of
minerals can shift these reactions to selectivehaace or inhibit the formation of
specific products and, sometimes, dramaticallycatiee amount of reactant conversion.
The oxide and sulfide minerals had different efgéir example, when pyrite and troilite
(FeS; used as a pyrrhotite analogue) were addiu teeaction the dehydration reaction
rates were enhanced; in contrast, hydration reagtiwere enhanced by hematite and

magnetite.
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| observed redox effects and correlations betwkeramount of available mineral
surface and the amount of specific products forriiéith pyrite, the alkane reactant
formed the oxidized product xylene, whereas witB Ralid not. In reactions starting
with the ketone reactant, FeS enhanced formatigheofeduced alkane and alkene
products, whereas pyrite again favored more oxddmeducts, i.e., toluene and eneones.
For experiments with FeS, varying amounts of s@fa®a had no effect on the extent of
conversion, or the product distributions observéds suggests the FeS mineral effects
were a result of solution-phase reactions, likelysed by mineral-dissolution driven H
and HS concentrations. Conversely, hematite and, edpe@arite reactions had
marked correlations between surface area and oeaativolving the breaking and
reforming of C-H bonds. This observation suggeastsréaction rate enhancement from
these minerals may be due to surface interactiatadyzing C-H bond cleavage. |
conclude that minerals in hydrothermal systems lsayaficant and varied effects on
organic functional group reactivity. The minerated here are found in many natural
environments and likely influence the distributminorganic molecules present in those
environments through both surface interactionsrameral-driven solution phase

chemistry.

Introduction

Hydrothermal reactions of organic compounds playngortant role in many
geochemically relevant systems. Examples inclutefdrmation, degradation, and
therefore composition, of oil and petroleum demogitead et al., 2003; Jones et al.,

2008; Kvenvolden et al., 1990; Kvenvolden et #94; Seewald, 2003), the chemical
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transformations associated with submarine hydrathevents (Simoneit, 1993; Tivey,
1995), and the metabolic pathways of subsurfaceotnés (Horsfield et al., 2006; Mason
et al., 2010; Oldenburg et al., 2006; Simoneit,20indman et al., 2007). Many studies
of hydrothermal reactions of organic compounds e been reported (Akiya and
Savage, 2002; Katritzky et al., 2001; Savage, 199&p et al., 2013; Siskin and
Katritzky, 2001; Watanabe et al., 2004; Yang et2012) and some general principles
are starting to emerge. For example, organic r@astinder these conditions can be quite
different from corresponding reactions under amioenditions. One reason for this is
the increased importance of thermodynamic rathear Binetic control, as evidenced by
the fact that hydrothermal organic reactions amwshto be highly reversible (Reeves et
al., 2012; Seewald, 1994; Shipp et al., 2013; Shb@R3). Although there have now
been many reported studies of the hydrothermal ®tgnof a wide range of organic
functional groups (Akiya and Savage, 2001; Katgtekal., 2001; McCollom et al.,

2001; McCollom et al., 1999; Reeves et al., 20E¥age, 1999; Shipp et al., 2013;
Watanabe et al., 2004; Yang et al., 2012), onlva df these have included the inorganic
components relevant for geochemical systems, ssictags and other minerals (Bebie
and Schoonen, 2000; Bell et al., 1994; Breier e8l12; Cody et al., 2004; McCollom et
al., 1999; Seewald, 2001; Williams et al., 2005|IMfns et al., 2011).

The role of inorganic solids such as mineralsyidrbthermal organic reactions
has gained attention within the last decade, wathesdramatic effects observed when
minerals were incorporated into experimental swf®ustoukos and Seyfried, 2004; Fu
et al., 2008; Schreiner et al., 2011; Shipp etsabmitted). Mineral assemblages are
sometimes used as redox(B,) buffers during studies of hydrothermal organic
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reactions (Andersson and Holm, 2000; Seewald, 198dwald, 2001). However, studies
that focus on specific mineral effects and how matginfluence the reactivity of

specific organic functional groups (beyond coninglisolution redox conditions) are
essentially absent from the geochemical literaturelerstanding the ways in which
minerals control organic reactivity is importarmica@ minerals have been proposed to act
as early life catalysts (Cody, 2004; Cody et 0@, Ferris, 2005; Lahav, 1994; Martin
et al., 2008; Mulkidjanian, 2009; Russell et a@93; Wang et al., 2012; Wang et al.,
2011) and as templates for organic synthesis mw&c(Fu et al., 2008; Holm and
Andersson, 2005; Schoonen et al., 2004; Williame.eR005; Williams et al., 2011).
Perhaps more importantly, determining how minecalstrol the mechanisms of organic
reactions is critical if we are to establish guglprinciples on which to build predictive
models of organic reactivity in geochemical systefie goal of the present work is to
study the effects specific minerals have on thedtyermal chemistry of organic
functional groups, and whether these effects camti@nalized in terms of properties of
the minerals that are independently understood.

An important class of inorganic materials commdolynd in natural
hydrothermal systems is the iron-bearing oxide suifide minerals. Examples include
magnetite, R4, hematite, F€; pyrite, Fe$ and pyrrhotite, FeS. These are among
the most abundant minerals in deep sedimentargsgsf(Simoneit, 1993; Vaughan and
Lennie, 1991). But, more importantly for the praseark, these minerals are related to
each other via redox equilibria involving wateg, &hd HS. In the presence of water
these four minerals occupy adjacent stability Balda Fe-S-O-H stability diagram and
are dependent only on the Bind BS fugacity, Figure 10. At equilibrium in an aqueous
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system, the distribution of iron minerals (e.g. gmetite, hematite, pyrite, and pyrrhotite)
will be determined by the solution phase activibésl, and/or HS (when these are in
excess). Alternatively, when the minerals are icess they can be used to alter the
agueous concentrations of Bind/or HS. As mentioned above, mineral assemblages
have been used to buffer the concentrations,artd HS in previous studies of
hydrothermal reactions. In this way minerals cantic how reducing or oxidizing the
hydrothermal environment is, and thus, potentiedlgtrol the organic reactions occurring
under these conditions.

In water at elevated temperatures and pressure)esakanes undergo a series of
interconnected reactions that give a range of ptsdeontaining functional groups
including alkenes, alcohols, ketones and aromatictsires. Shipp et al. (2013) recently
reported on the reactivity of 1,2-dimethylcyclohegainder hydrothermal conditions
(300°C and 100 MPa), and observed oxidation viadyyen loss to form alkenes and
aromatic xylenes, as well as oxidation to form yketones through a combination of
dehydrogenation and hydration reactions. The readtieps are illustrated in Figure 11.
The reactions along horizontal arrows represerdasion (hydrogen removal, to the left)
and reduction (hydrogen addition, to the rightctems. The reactions along vertical
arrows represent hydration (addition of water, gaip) and dehydration (loss of water,
going down). An important feature to note is thegse reactions are all reversible under
hydrothermal conditions. For example, starting vaitketone, the products formed
include alkenes, xylenes, and some alkane. Fuethidence of reversibility is obtained
from stereochemical studies. Specifically, whemtistg with thetransisomer of 1,2-
dimethylcyclohexane, thas-stereoisomer of the starting structure is fornmedddition
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to the alkene, xylene, and ketone products. Thanallstereoisomer acts as a
stereochemical probe for reaction reversibility] afso as a probe for the most
elementary reaction step, cleavage of a singlelenvaond.

The reaction scheme shown in Figure 11 for dinletltjohexane based
compounds allows the hydrothermal chemistry ofuittlial functional groups to be
directly compared within the same chemical systeon.example, Shipp et al.’s 2013
study with water alone compared the relative ratesaction of the various functional
groups. In that study the alcohol and the dieneewlee most reactive; by far, alkanes
were the least reactive, and the alkene and keteinibited intermediate reaction rates.
For all of the starting structures, the productrthstions tended to be complex in
reactions without minerals.

Here, | extend my previous work on the dimethylojiexane system to study the
influence of minerals on these same hydrothernaadtiens. In principle, the mineral
influences on specific functional groups could bé&amed by starting at different points
along the reaction scheme in Figure 11, as in @temalone experiments. However, the
goal of the present work is to investigate whethere are systematic differences in this
sequence of reversible reactions that can be atitlto changes in mineral composition,
changes in the surface area of the added minerahamges in the redox conditions that
result from adding specific minerals. Therefore,hage chosen to start at opposite ends
of the reaction scheme, utilizing a fully reduced aehydrated reactant, the alkane,
trans-1,2-dimthylcyclohexane, and an oxidized, hydratsttant, the ketone, 2-

methylcyclohexanone.
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As mentioned above, mineral assemblages havegusyibeen used to control
equilibrium redox conditions by buffering solutiphase Hand BS (Holm and
Andersson, 2005), in order to study organic chemistder these conditions (Seewald,
2001). Here we take a different approach askinghégreand how, the chemistry
responds to changes in redastentialupon addition of a mineral. Figure 10 shows the
equilibrium stability fields for the common ironides and sulfides in the presence of
water at 300°C and 100 MPa. Addition of one of ¢hesnerals to a hydrothermal
organic reaction effectively initiates reactionattmust trend toward different pseudo-
equilibrium concentrations of #4H,S, and organic products. The question is, are the
reactions far enough from equilibrium, and suffintig influenced to change reaction
pathways or efficiencies? | find that although thi@eral effects are not simple and
cannot be assigned to only one property (e.g.,gdmim bulk composition vs. changes in
surface area or crystal structure), the answdrisoquestion is yes. Experiments in the
presence of troilite (used as a pyrrhotite analpgugite, magnetite, and hematite affect
the extents of conversion (relative to a no-minecaldition) and selectively enhance or
inhibit specific reaction pathways. The minerakett are different not only for different
functional groups, but also for different minerd&sr some minerals there is a
dependence on surface area, implying reactioreatiheral surface, and for others there

is no dependence on surface area, consistent figittedue to solution phase reactants.

Methods
Experiments were conducted in small gold capsdls&sdm long, 5.0 mm outer
diameter and 4.0 mm inner diameter). Cut gold twibe® annealed at 600°C for 15
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hours prior to use. One end of the tube was ardedetlosed and the capsule was loaded
with 250 pL argon purged de-ionized water (18.2-8m, NANOpure® Dlamond™

UV, Barnstead International), 60 pmoles organictaa, and a weighed amount of
mineral (amounts were determined based on theadksimeral surface area, see below
for surface area measurements). The capsule haad sm@s purged with ultra high

purity argon before being welded closed. Capsulm®\placed in a cold-seal reaction
vessel, heated to 300°C and pressurized to 100 Ri&actions were allowed to proceed
at these conditions for 24 hours, quenched in rtamperature water, and once cool, the
pressure was released. The capsules were remaradie reaction vessel, rinsed in
dichloromethane (DCM, 99.9%, Fisher Scientifichzien in liquid nitrogen, and opened
in glass vials containing 3 mL DCM and 5.9 pL dexé@msed as an internal standard;
99%, Alfa Aesar). Once thawed, the capsules in Dd&ldane were shaken to fully
extract organic products. The organic phase waaratgul from the aqueous phase and
analyzed via gas chromatography with flame iontratietection (GC-FID) on a Varian
CP-3800 equipped with a 5% diphenyl/95% dimethgishe column (Supelco, Inc). The
GC conditions were as follows: an injector tempae@bf 200°C, and a GC oven heating
program that started at 40°C for 4 min, followedaagmperature ramp to 90°C at
2°C/min, followed by another temperature ramp t6°80at 30°C/min where it was held
for 10 min. Products were identified by matchinggngion times with the retention times
of known standards. Quantification was achievedgisesponse factors generated with
calibration curves of known standards. Concentnataf structures that did not have
authentic standards were determined using a cabbraurve made from an authentic
standard of a structural isomer. If an isomer wasawvailable, the average GC response
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factor for standards with similar structures wasdus o determine concentrations of
dimeric products, the average of the GC resporderfafrom all the standards was
multiplied by two. Products that could not be idéedl using authentic standards on the
GC-FID were characterized via gas chromatographgsmspectrometry (GC-MS). The
GC-MS was an Agilent 6890/5973 using the same &nalycolumn and temperature
protocol as used with the GC-FID system. Identifaaof peaks was based on the
interpretation of mass spectra as well as compaagainst the NIST Mass Spectral
Library.

The organic reactants used waans-1,2-dimethylcyclohexane (99%, Aldrich)
and 2-methylcyclohexanone (99+%, Sigma-Aldrich)e imonomethyl ketone was
chosen because the dimethyl ketone was not avaitaishmercially and the mono and
dimethyl compounds had been shown previously t@ Isawilar reactivity at our
experimental conditions (Shipp et al., 2013). Whhieerals used were synthetic powders
purchased from Alfa Aesar: §@4(97% metals basis), @3 (99.5% metals basis), FeS
(99.9% metals basis), and FeS (99.9% metals bXsRay diffraction (XRD) analysis
(Siemens D5000 with coppemik1.541 A radiation) of powders revealed crystal
structures consistent with troilite, pyrite, hertegteand magnetite. Troilite (FeS) is not as
common in nature as pyrrhotite (58; x= 0 to 0.2) but it is an end member of the
pyrrhotite group. | am therefore using troiliteaapyrrhotite analogue in order to avoid
the added complication of iron vacancies in tha salfide crystal structure. To avoid
confusion | will refer to it simply as FeS througitdhe rest of the chapter. Surface areas
were measured usingMbsorption (Tristar 11 3020) and the BET surfaceaa were 2.35
m?/g for pyrite, 1.09 rfig for FeS, 7.8 Aig for magnetite, and 12.9%g for hematite.
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Results and Discussion

Within our experimental timeframe and P-T condigd24 h, 300°C, 100 MPa)
the minerals do not have time to come to equilibrivith the surrounding water (Holm
and Andersson, 2005). However, on their approaduytalibrium, the minerals used in
this study will promote a trend toward different &hd HS concentrations, Figure 10.
Addition of these minerals to the experiment shautohately result in a different end
point, but we also find differences in early tineactivity (24 h). Alkanes and ketones
represent two ends of the oxidation/reduction-htydn&dehydration pathway in Figure
11. Experiments were performed starting at theénds of the reaction scheme in order
maximize sensitivity to changes in the reactiorhpatys. Experiments were run to low
conversions in order to minimize secondary reastidime amount of mineral used
throughout the study was standardized to give M2@f surface in each capsule, unless

otherwise stated.

Experiments Starting with trans-1,2-Dimethycyclarex

The overall conversion afans1,2-dimethylcyclohexane into products was
altered in the presence of minerals, in some dhsasatically, Figure 12. The percent
conversion (calculated from the total number ofduais formed) changed relative to
conversions in experiments with water alone, foegberiments using a mineral. Percent
conversions increased in the presence of all mmeraept for FeS. The increased
conversion was greatest in the presence of pyritet + 0.3% (n=2) conversion after 24
h, compared to 1.6 + 0.2% (n=5) conversion in watene. In contrast, the percent
conversion in the presence of FeS was only 0.9D29 (n=2). Not only were changes
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in extent of conversion observed, but the prodigttidutions were also different, with
enhancement of some products and suppression@fsabk compared to water alone.
The product distribution for reactions with minerthat started with theans
1,2-dimethylcyclohexane provide information on taktive importance of the
oxidation-reduction (dehydrogenation/hydrogenatam) hydration-dehydration
pathways. The oxidation pathway ultimately forms #iiomatic xylene products, almost
certainly via the corresponding alkene and dienggires. Formation of the ketone from
the alkane involves oxidation (to an alkene), lgion (to an alcohol) and, finally,
oxidation (to the ketone). Previous experimentwater alone showed the lifetimes of the
alcohol and diene are sufficiently short that tdeynot build up appreciable
concentrations in a 24 h experiment (Shipp et@l32. However, detection of xylene or
ketone products is evidence that the alcohol aededmust form in the course of the
reaction since they are the obvious precursorgtiones and xylenes, respectively.
Suppression of oxidation would be expected to tesubwer yields of xylene and/or
ketone products. Reaction of the alkane may stduo under these conditions, however,
and may be detected by formation of thestereoisomercfs-1,2-dimethylcyclohexane).
Formation of thecis-isomer gives information about the primary steghie overall
reaction pathways that start from the alkane. Sigatly, Shipp et al. (submitted) show
that isomerization dfrans-1,2-dimethylcyclohexane ts-1,2-dimethylcyclohexane is
catalyzed in the presence of sphalerite (ZnS) hatthe reaction proceeds via an
intermediate involving cleavage of a single C-H dolsomerization thus represents a
probe for the most elementary chemical reactiahénreaction scheme, cleavage of a
single covalent bond. In water alone xylenes, kescand theis-stereoisomers are
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produced in roughly equal amounts (Figure 13). Thisot the case in the presence of
any of the minerals investigated in the preserdystu

Reaction of thérans-alkane with pyrite and with FeS produced oxidation
products but, interestingly, no ketones were detedtigure 13. In water alone, ketones
are formed at abundances similar to those of thergiroducts. This suggests that with
the iron sulfides, the hydration reaction pathwaguppressed. The two sulfide minerals
seem to further affect reactivity differently, aaek thus discussed separately.

Unlike all of the other minerals, FeS decreasewersion of the startinjans
1,2-dimethylcyclohexane relative to the water-oesperiments, Figure 12. The change
in product distribution with FeS is similarly dratita apart from theis-stereoisomer,
only the alkene is formed in detectable quantifiégure 13. Although the overall
conversion is reduced, the yield of tis-stereoisomer is actually increased somewhat
compared to the water only experiment. It appdaptimary C-H bond cleavage
required to initiate the reaction sequence is nppeessed. Thus, the fundamental
reactivity oftrans-1,2-dimethylcyclohexane may not be altered inpgtesence of FeS,
but its propensity to form the more oxidized xyle@ad ketones certainly is. From the
stability diagram (Figure 10) one can see thagatlérium FeS is consistent with an
agueous environment that can have both a relathigly H;, activity and a relatively high
H,S activity; i.e., the FeS is stable in more redg@queous environments.

When considering the role of a weakly soluble mahen organic reactivity, the
effects of both the mineral surface and of solupbase reactants should be considered.
Although both of these effects may play a role,dbeinant one can be distinguished by
considering the effect of varying the amount ofedichineral. At equilibrium, the
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concentration of mineral-derived solution phaseta#s is independent of the quantity
of added mineral, whereas the surface area obyitusieases. Thus, if an effect
increases with the addition of ever larger amoohtsineral, there is strong evidence for
a dominant mineral surface effect. In contrasanifobserved mineral effect is essentially
uninfluenced by adding larger amounts of minerbb{e a critical minimum quantity, of
course), one may reasonably conclude that solytiase differences are the dominant
mineral effect. In our FeS experiments, the systarasot at mineral-solution
equilibrium; never-the-less, the presence of the steongly influences the organic
reaction chemistry compared to results in watey-erperiments, and there is no
apparent dependence on added mineral (i.e., suafaeg, see Figure 14. Neither the
conversion nor the product distribution varies gigantly with increasing quantities of
FeS. This argues strongly for a dominant role &butson phase reactants and not surface
reactions. The suppression of oxidation producésig consistent with a more reducing
environment, which is, in turn, consistent with firesence of solution phase &hd HS.
Hydrogenation of covalent double bonds with molacihlydrogen is well known in
hydrothermal systems (Reeves et al., 2012; Seed@@tl), although the detailed
mechanism for this process is nopHSs also a well-understood reducing agent in
organic chemistry. In water alone, the reactiommeating the alkene formed initially
with the more oxidized xylene and ketone produptscampletely reversible, and a
plausible explanation for the lack of oxidized stures in the FeS experiments is simply
that the rates of the reverse reactions (hydrogematehydration) that take the oxidized

species back toward the alkane are increased iprésence of Hand HS. Thus, FeS
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does not suppress reactivity, so much as incréasete of reactions leading away from
the oxidized species.

The situation for reactions in the presence oitpyFeS) is very different. In this
case the overall rate of consumption of the alksadging material is dramatically
increased (Figure 12), and the rate of consumtioreases with increasing quantities of
added mineral. At low amounts of added surface, éinesamount of xylene produced is
similar to that which occurs in water alone; howeategreater amounts of added surface,
the yields increase by almost 100% (Figure 14)it€grenhancement of thees-trans
isomerization reaction, to form tlees-alkane product, happens at even low surface area;
the degree of isomerization increases slightly witlhieasing surface area, relative to a
water only experiment, but the increase appedsg twon-linear. This result provides
strong evidence for a pyrite surface effect rathan an effect due to changes in the
solution composition. Relative to FeS, pyrite odes position in the stability diagram
that supports a lower equilibriumpldctivity, Figure 10. Consistent with a less redgdci
environment, significant quantities of xylene asenfied in reactions with pyrite as
compared to reactions with FeS. The dependencg@fe formation on the amount of
mineral added further suggests that pyrite infl@srite reaction predominantly via a
surface effect. This is consistent with the obsownahat the major product, by far, with
pyrite addition is theis-stereocisomer. Isomerization requires activatioth @eavage of a
C-H bond, and previous experiments using sphaléfit&) also showed dramatically
enhanced C-H bond cleavage catalyzed by the misertdce (Shipp et al., submitted).
Effectively pyrite (like sphalerite) reduces theeggetic barrier to C-H bond cleavage,
which is responsible for the isomerization, andspreably also catalyzes the relatively
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rapid progress towards xylene. These experiment®tceveal the exact nature of the
surface catalytic effect, however, pyrite has aatigg surface charge and has previously
been shown to bind aqueous organic species (Badi&ahoonen, 2000) which likely
plays a critical role.

The isomerization reaction does not require foromadf the alkene. The results
from the work with sphalerite suggested isomeraatftrans-1,2-dimethylcyclohexane
could occur via an intermediate species (betweeralkane and alkene) that has lost a
single hydrogen atom. The intermediate could eilie® another hydrogen atom to form
the alkene or a hydrogen atom could be added loeickr either theis- or the original
trans-stereoisomer. By the principle of microscopic reuality the sphalerite and pyrite
minerals catalyze both the C-H bond breaking aed¥H bond formation processes.

Formation of ketone products decreases in theepoespyrite presumably
because hydration of the alkene competes lessmitblidehydrogenation. Hydration of
the alkene probably proceeds at the same rateths absence of pyrite, since it is
catalyzed by hydronium ions, but dehydrogenatioxytene appears to be faster in the
presence of pyrite.

Based on my stability diagram, hematite and matgnledth occupy a position
lower on the HS axis than either pyrite or FeS; hematite and re@tgnalso fall within
different H; stability fields (Figure 10). Both of the oxidemerals increase the rate of
alkane consumption compared to water alone, bunhtitease in conversion is not as
great as we observed in experiments using pyrigr(€ 12). A major difference in the
product distribution for the reactions with ironides versus those with iron sulfides, is
that the oxides enhance formation of the oxygenanimg products at the expense of
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xylene formation (Figure 13). With both hematitel anagnetite, ketones constitute the
major product, while no ketones were ever deteatiéit pyrite or FeS. Hematite and
magnetite experiments exhibit similar yields ofdcet, and both of these minerals
produce more ketones than are produced in expetsmathout minerals (water alone).
Differences in the equilibrium aqueous redox ctiads in the experiments
containing magnetite and hematite result almosiuskely from differences in the H
activities these minerals promote (note, magnetigtable at slightly higheaH,S over
some range odH, relative to hematite). The equilibrium hydrogem\aty in the
presence of hematite is lower than that in presehogagnetite (i.e., at equilibrium the
aqueous environment in the presence of hematiepscted to be more oxidizing).
Distinguishing the relative importance of solutjpmase reactants and surface effects is
more difficult for the hematite and magnetite expents (compared to pyrite for
example) because the changes in reaction ratesreiéer. Never-the-less, experiments
using a range of surface areas were performedthgtiron oxides in an attempt to
distinguish surface effects from solution compositeffects. Product distributions in
experiments with hematite and magnetite were nyptdiffierent from those in water
alone, where the most abundant product is xylemewere broadly similar
(ketone>alkane>alkene) in experiments with lowatefareas (Figure 15). Xylene was,
in fact, the least abundant product in experimeinits both iron oxides and the xylene
yield remained relatively constant in the presesfdarge amounts of surface. Notably,
this effect was not the same for all products. essamount of hematite surface increases
the yield of thecis-alkane isomer also increases. This is not the foagbe magnetite
experiments where the alkane product yield waslairto that in no mineral
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experiments, and remained fairly constant at higineounts of surface. The opposite
pattern holds for the alkene products, which alaixely constant and simliar those in
experiments with water alone for hematite, but Wwhicrease linearly with increasing
magnetite surface, although, admittedly, the effeabt very large.

Thecis-transisomerization reaction is also influenced by thespnce of iron
oxide minerals. In experiments with hematite, tfiiency of the isomerization process
depends upon the amount of hematite surface usedistent with surface catalyzed C-H
bond cleavage and suggests that the mechanismilarsio what we observe with pyrite.
With the mineral loadings studied here, a similaface effect cannot be observed
readily using magnetite, suggesting magnetiteléss effective surface catalyst for C-H
bond cleavage than hematite in reactions with timethylcyclohexanes.

Magnetite appears to enhance the formation of legtapparently at the expense
of xylene (Figure 13). The paths to the ketonetaritie xylene diverge at the alkene.
Dehydrogenation of the alkene leads to xylene, &tyain of the alkene leads ultimately to
ketone after another dehydrogenation step at ttahal. In the presence of magnetite the
hydration path is apparently enhanced, or the delgghation path is suppressed,
compared to water alone. It is important to remantitat the pathways are reversible,
and the hydration/dehydration reactions linkingahesne and the alcohol are probably
very rapid on the timescale of these experimerdsciiically, dehydration of the alcohol
was the fastest reaction observed in the hydrothlemsactions of dimethylcyclohexane
in water alone (Shipp et al., 2013). In the no-maheontrol experiments, it is clear that
the alcohol/alkene equilibrium strongly favors #ikkene. One plausible explanation for
the change in the reaction path in the presenceaghetite is that the alcohol/alkene
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equilibrium position is shifted toward the alcoh8urface binding is necessarily
accompanied by a decrease in energy that coulddp@nsible for the increase in the

alcohol-derived ketone product in the presence ajmetite.

Experiments Starting with 2-Methylcyclohexanone

The experiments starting with ttrans-1,2-dimethylcyclohexane suggest a
variety of ways in which minerals can influenceang hydrothermal chemistry. It is
obviously of interest to see if these effects tiatesto the chemistry of a very different
functional group. Previous work on the hydrotherotamistry of cycloalkanes in water
alone showed that xylenes are quite unreactiverthéecurrent experimental conditions,
but that ketones, another oxidized functional gragm react to give a range of products
(Shipp et al., 2013). Therefore, we have investiddhe effect of minerals on the
hydrothermal chemistry of a model cyclohexanone.

2-Methylcyclohexanone undergoes hydrothermal r@adh water alone at 300°C
and 100 MPa. For a 24 h reaction period, the tataVersion of the ketone is 10.6%. No
single reaction pathway dominates in water alortetha major products are
methylcyclohexenes, toluene, methylcyclohexane aredhylcyclohexenones, Figure 16.
The methylcyclohexenone (eneone) products are debgdation products, but the
formation of alkenes requires hydrogenation folldviay dehydration. Based on the
results of the mineral experiments with the cydtaak, we can make predictions as to
how the minerals might change the reactivity ofkbtone. For the alkane starting
material, pyrite was found to catalyze C-H bondkineg, which suggests that the yields
of dehydrogenated products might increase for i@acf a ketone in the presence of
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pyrite. In alkane experiments with FeS, the formmabf oxidized products was
significantly suppressed, to the point that overativersion of the alkane was lowered.
So, starting with an oxidized structure (ketonehwiieS, we might expect increased
reactivity and formation of reduced products. Bogmatite and magnetite favored
oxygenated products, with hematite also seemirigdititate C-H bond cleavage. Thus
we predict that similarly, in ketone reactions tixygenated products might dominate in
the presence of hematite and magnetite, effectioggring conversion of the ketone,
and that dehydrogenated products might be faverdae presence of hematite.

In experiments starting with 2-methylcyclohexananthe presence of FeS,
overall conversions were dramatically increase8d% from 10.6% in experiments
without minerals. Instead of the large number aidoicts formed in water-only reactions,
reduced products are now dominant; 43% of the mtsdormed were alkenes, 21.2%
was the alkane, and very little enone or toluemepcts were formed. Formation of
alkenes and the alkane require hydrogenationyeeéuction of the ketone. Thus, this
observation is in line with our prediction and egliy consistent with the results from
experiments starting with the alkane. The effed aéducing environment is now much
more evident because the starting structure is wxitBzed (ketone vs. alkane). The high
conversion suggests the reduction reactions are aapthe timescale of the experiment.
This, in turn, suggests the decreased amount afecsion of the cycloalkane in the
presence of FeS is not due to a decrease in thewastants for the reactions that
consume the alkane, but, rather, to an increaeimates of reactions that form reduced

products in the reversible reaction scheme, hesd that reform the alkane.

71



Addition of pyrite to 2-methylcyclohexanone expeents also dramatically
increased the extent of conversion, from 10.6%atewalone to 88.5%. Again, mainly
two types of products were formed in contrast ®rtultiple products observed in water
alone; but in this case, the products are enoné%jand toluene (23.4%). Both of these
are dehydrogenated (i.e. oxidized) products. Agdhis,is consistent with predictions and
with observations from the dimethylcyclohexane expents. The pyrite apparently
catalyzes cleavage of C-H bonds to enhance the oafermation of dehydrogenated
products in the reversible reaction scheme, sotliese accumulate at the expense of the
other, more reduced products.

The addition of the iron oxides, hematite and netiggy, changed the extent of
conversion of the ketone, but to a much smallegredhan observed for either of the
sulfide minerals. The conversions are 20.0% anth6d hematite and magnetite,
respectively, compared to 10.6% without mineratl a80% in the presence of the iron
sulfides (Figure 16). The iron oxide minerals ds®dess selective in the types of
products formed than the sulfide minerals. In expents with hematite, the major
products from reaction of the ketone include tokiand the enones, with very little
conversion to the alkane. Toluene and eneone ptodoe dehydrogenated and require
C-H bond cleavage, consistent with the predictansve. In the presence of magnetite,
the major products from the ketone are the enargkcariously the alcohol, i.e.,
oxygenated products; again as predicted from tkemal experiments. We can speculate
that the reason for this is a specific interacbbthe alcohol, or perhaps the ketone and
enone, with the surface of the magnetite, thatltegushifting the equilibria to one that
favors higher concentrations of oxygen containiingcsures.
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Conclusion

The presence of minerals can affect organic chémeeations under
hydrothermal conditions. Mineral surfaces, coupleith redox state, can in some cases
dramatically change the outcome of an organic r@aeind the type of functional groups
that are can accumulate over time. Some produetsnks for example, are completely
eliminated from the product suites when experimentkide the reduced iron sulfide
minerals: pyrite and FeS. FeS is even more sekettian pyrite, allowing only the
reversible conversion of alkane to alkene and itihdpany further oxidation. The iron
sulfides enhance dehydration reactions and thexeéfi@y enhance the reactivity of
ketone functional groups, with pyrite favoring fation of xylenes/toluene and the
alkane isomers, and FeS favoring formation of doidyalkenes and the alkane isomers.
Iron oxides, magnetite and hematite, allow the &frdn of alkanes to ketones, but tend
to suppress the oxidation to xylene as compareesiats in water alone. Magnetite
especially favors oxygenated products (ketonesyrezse and alcohols), and exhibits less
ketone conversion than is observed in water aldhe.elimination of the hydration
reaction via pyrite and FeS and the suppressiaxiofation to xylene by hematite and
magnetite seem to be independent of surface andagra likely a result of the particular
H, and HS activities which the minerals promote as theyaggh equilibrium with the
solution. The increased rates of isomerization@makidation to xylene in the presence
of pyrite do seem to have a surface area dependandeyrite may be promoting the
oxidation reaction via heterogeneous catalysis-bf kbnd cleavage at the mineral
surface. Reversable alkane isomerization appedrs tacreased in the presence of
hematite and related to the amount of surface anesent. In contrast, increased
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magnetite surface area seems to enhance dehydtiogetoethe alkenes but not the
reverse, hydrogenation, which proceeds (presumaldglution) with no apparent rate
change.

The minerals studied here, iron oxides and sulfides highly abundant in
hydrothermal systems and undoubtedly have an affetihie organic reactions taking
place in the environment. This work shows thatpgtesence of these minerals can
change the functional group distributions of praduand can be used to selectively
enhance or suppress specific reaction pathways.éffact is not due to simple redox
changes in solution; certain reaction pathways dégmend on the amount of available
mineral surface area. Further work needs to be ttonaderstand exactly how the
minerals interact with the organic functional greum a mechanistic level in order to

understand why the minerals increase or decreasatibs of specific reaction pathways.
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Table 3. Product distributions for reactiondrahs-1,2-dimethylcyclohexane with various iron-bearmmnerals. Amounts of alkenes,
ketones, and xylenes, are the sum of all isomemsdd for each type of compound. Note, no alcoh@sewletected in these
experiments. "Others" represent products that are part of the main reaction schemercent conversion is an indication of the
total amount of products formed compared to stgmmaterial.

Products (umoles)
Total
Surface conversion
Mineral Area, (nf) (%) cis-alkane alkenes xylenes ketones others
none n/a 1.6+0.2 0.148 £ 0.007 0.11+0.08 0031+ 0.19+0.06 0.19+0.01
pyrite 0.05 6.3 3.22 nd 0.3 nd 0.2
0.11 8.3 3.52 nd 0.9 nd 0.2
0.22 10.4+0.3 3.96 £0.10 nd 1.3+0.2 nd oLz
~ FeS 0.05 0.90 0.25 0.07 nd nd 0.148
© 0.11 0.94 0.13 0.01 nd nd 0.138
0.22 0.91 +0.02 0.23+0.01 0.08+£0.02 nd nd 204
0.007
hematite 0.06 1.4 0.20 0.14 0.08 0.28 0.13
0.11 1.9 0.36 0.10 0.11 0.33 0.18
0.22 3.1+£0.7 09+0.3 0.06£0.01 0.19+£0.03.33:0.06 0.19+0.04
magnetite 0.06 1.0 0.14 0.11 0.049 0.16 0.13
0.11 1.6 0.14 0.26 0.065 0.27 0.17
0.22 20+£05 0.15+0.02 04+0.1 0.050+0.00636+0.12 0.17 £ 0.038

n/a, not applicable

nd, not detected

product amounts are + the standard deviation ilicap experiments; n = 5 for no-mineral experiesntm= 2 for sulfide
mineral experiments and n = 3 for oxide mineralezkpents.

Analytical error for pmole amounts is <10%.



Table 4. Product distributions for reactions of thylcyclohexanone with various iron-bearing miteralkenes, alcohols, ketones,
dienes, and eneones are the sum of all the isdorened for each type of compound. Ketones are is@raalucts of the starting
reactant. "Others" represent products that werg@axitof the main reaction scheme. Dimers are umiitksd products with masses

consistent with two connected rings. Percent caiortis an indication of the total amount of praduormed compared to starting
material.

Products (umoles)
Surface  Total
Area  conversion
Mineral (m?) (%) alkane alkenes dienes toluene alcohols ketoeegones others dimers
none n/a 10.6 0.10 1.59 0.02 0.68 0.51 0.17 087 099 0.1
pyrite 0.22 88.5 0.84 0.22 nd 9.12 0.83 1.83 364 164 8.16
o FeS 0.22 87.4 981 1992 0.01 0.04 3.05 0.07 0.02 487 131
o
hematite 0.22 20.0 0.04 0.47 0.03 0.97 0.41 0.43 045 092 3.36
magnetite  0.22 6.0 0.02 0.29 nd 0.14 0.34 0.03 129 072 0.21

n/a, not applicable
nd- not detected
Analytical error for pmole amounts is <10%.
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Figure 10. Mineral stability diagram for pyrite,rpyotite, hematite, and magnetite in
water at 300°C and 100 MPa, calculated using SUFRRJohnson J., 1992) together
with data and parameters from Shock et al. (1997).
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Figure 11. Schematic view of reversible reductiaidation and hydration-dehydration
reactions of 1,2-dimethylcyclohexabased hydrocarbons under hydrothermal conditions

(300°C, 100 MPa).
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Figure 12. The amount of conversion for 24-houregixpents without mineral (water
only), with iron sulfides (pyrite and FeS), andiwiton oxides (hematite and magnetite)
under hydrothermal conditions (300°C, 100 MPa)oEbars represent the standard
deviation in replicate experiments; Water Only Ba@plicates, the sulfide minerals each

had 2 replicates, and the oxide minerals each haglRates.
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Figure 13. Product distributions for hydrothernr20@°C, 100 MPa) reactions twans
1,2-dimethylcyclohexane without minerals (top panelth iron sulfide minerals (middle
panel), and with iron oxide minerals (bottom pan&btal conversion percentages are
based on all products formed (Table 3) and notthesstructures illustrated.
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dimethylcyclohexane with iron oxide minerals, dsirection of surface area used. Error
bars on “No Mineral” are based on 5 replicate expents. Error bars on 0.22°msurface
area points are based on 3 replicate experiments.

86



. 0.9%
No Mineral 165 reecant y 0.9%
Total conversion:
10.6% = )= )=
1.2% 2.8% 0.2%
Pyrite 9.49 reactant ﬂ 2.1%
Total conversion:
88.5% —( )= )=
23.4% 0.6% 2.1%
FeS <0.1% eactant 6 7%
Total conversion:
L
<0.1% 43.0% 21.2%
Hematite 0.9% reactant ﬂ 0.8%
Total conversion:
20.0% (=)=
1.9% 0.9% <0.1%
Magnetlte 2.4% reactant 0.6%
Total conversion:
" -0 é -0
0.3% 0.5% <0.1%

Figure 16. Product distributions for the hydrothafmeaction (300°C, 100 MPa) of 2-
methylcyclohexanone without minerals (top panelhwon sulfide minerals (middle
panel), and with iron oxide minerals (bottom pan€dtal conversion percentages are
based on all products formed (Table 4) and notthesstructures illustrated.
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Chapter 4
SPHALERITE IS A GEOCHEMICAL CATALYST FOR CARBON-HYBOGEN
BOND ACTIVATION
Abstract
Knowing how minerals influence the reactions ofammg compounds in

hydrothermal systems is a critical component ofansidnding the deep branch of Earth’s
global carbon cycle (Amend et al., 2011; Cody, 208dzen and Sverjensky, 2010).
Hydrothermal experiments show that both synthasisdecomposition of organic
compounds are strongly influenced by the presehad@rerals such as transition metal
sulfides (Bell et al., 1994; Cody, 2004; Fu et 2008). However, there is essentially no
predictive understanding of how minerals contrel thechanisms of organic reactions,
partly because geochemical organic reactions tibe tomplex and difficult to study in
detail (Burdige, 2006; LaRowe and Van Cappellerd,120Here we present the first
experimental results that show how a mineral caalyze the most fundamental
component of an organic reaction mechanism-theimgand making of single
covalent bonds. We studied two simple alkanges,andtrans-1,2-dimethylcyclohexane.
The stereochemistry of these molecules providearken that allows C-H bond cleavage
to be probed. In the absence of mineral, hydrothéraaction (in HO at 300°C, 100
MPa) of either stereoisomer is slow, and generatasge number of products. In the
presence of sphalerite (ZnS), the reaction rateamatically increased and only one
product, the corresponding stereoisomer, is forrBgtalerite acts as an efficient and
highly-specific heterogeneous catalyst for cleavaiggngle carbon-hydrogen bonds in
the dimethylcyclohexanes. The mineral rapidly gatie$ the reaction towards
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thermodynamic equilibrium, allowing both the kimstiand thermodynamics of this
primary mechanistic process to be fully characegtizJnder these conditions, sphalerite
is a robust catalyst for carbon-hydrogen bond atitm (Bergman, 2007; Labinger and

Bercaw, 2002).

Main Text

Organic compounds are almost ubiquitous in natwdtothermal environments,
in deep sedimentary systems, in subduction zohspreading centers, and at continental
hot spots (Simoneit, 1993). Aqueous organic reastio hydrothermal environments
affect petroleum formation, degradation, and contjos(Seewald, 2003; Simoneit,
1993), and provide energy and carbon sources f&p decrobial communities (Horsfield
et al., 2006). The essential components that cbthteachemical reactions of organic
material in hydrothermal systems are the organgerabals, hot pressurized water, and
associated mineral assemblages. To date, themaarg studies of organic reactions in
water at high temperatures and pressures (Katrégtlgy., 2001; Savage, 1999; Watanabe
et al., 2004); however, only a very few of theseehimcorporated the critical inorganic
mineral components present in natural systemswhelgeriments have demonstrated
sometimes spectacular influences of minerals oarocgeactions (Cody et al., 2004;
Schoonen et al., 2004; Seewald, 2001; Williamd.e2@05), but attempts to unravel
exactly how minerals control functional group trf@mshations are virtually non-existent.
Here we describe a mechanistic study of the hydrathl reactions of simple alkanes
that reveals an efficient and highly specific cgialeffect of the mineral sphalerite (ZnS)
on a fundamental organic reaction. Sphaleritedgramon precipitate in sedimentary
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exhalative base metal deposits (i.e., black smpkaleng with other common sulfides
(CuFe$S, PbS, Feg FeS,) (Breier et al., 2012; Tivey, 1995), and lbesn the focus of
recent origins-of-life investigations (Mulkidjania2009; Wang et al., 2012).

Recent work on the hydrothermal reactions of thel@halkane<is- andtrans
1,2-dimethylcyclohexane at 300°C and 100 MPa irewalone, revealed very slow
reactions (<5% conversion over 2 weeks), and thmmdton of a complex mixture of
isomeric products including alkanes, alkenes, ketpand aromatic functional groups
(Shipp et al., 2013). A key finding of this prevsowork was that the functional group
interconversions were reversible. However, equiioramong the reaction products was
not attained even on week-to-month timescalespagth at longer reaction times,
aromatic xylenes began to accumulate at the expdrsber products.

Hydrothermal reaction dfis- or trans-1,2-dimethylcyclohexane in the presence
of sphalerite yields very different results. Fitbi rate of the reaction is dramatically
increased in the presence of the mineral (FigujeSé&cond, essentially only one product
is formed: the corresponding stereoisonues- (s formed frontrans and vice versa), in
sharp contrast to the large number of products édrim the water-only experiments.
Some small amounts of xylenes are formed in theticgawith sphalerite but almost four
times less than observed in the water-only experiseespite much higher conversions
over a similar time period (see Table 5 for exaotlpct distributions).

Formation of one stereoisomer from the other do¢sdd or take away any
atoms, therefore, sphalerite must be acting asadysa The stereoisomerization reaction
requires either carbon-carbon bond cleavage, fatblay bond reformation, or carbon-
hydrogen bond cleavage, and reformation. To testiwihond-breaking process is
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responsible for the reaction, experiments weregperéd with thecis- andtrans-1,2-
dimethylcyclohexane reactants in@with sphalerite. Deuterium incorporation was
found in the isomerized products, with the majootyhe products containing only one
deuterium for a reaction time of 24 hours. Prefgagsingle deuterium incorporation

was also observed in the remaining starting matéreese results are consistent with a
mechanism in which sphalerite catalyzes breaking adrbon-hydrogen bond to form a
common intermediate (I) that can either reverhogame starting structure, or form the
isomer by reformation of the carbon-hydrogen bdfigyre 18). The hydrogen that adds
to the common intermediate is not the original loggn atom, but rather must be derived
from the solvent, since essentially all of the prcid incorporated at least one deuterium.
Small amounts of product with 2 deuterium atomsanadso observed after 24 hours of
reaction, indicating replication of the exchangegass with sequential incorporation of a
single deuterium. Reeves et al. (2012) recentlgntep deuterium incorporation in
alkanes under hydrothermal conditions, which wasbated to addition of solvent-
derived deuterium to the corresponding alkeneswiiea¢ also observed under
equilibrium conditions. The selective incorporatif a single deuterium in the
dimethylcyclohexanes shows that formation of amia¢kis not necessary for deuterium
incorporation in the presence of sphalerite (alkeare not detected anyway), confirming
catalytic breaking and making of single C-H bondshie presence of the mineral.

The reaction rate is increased sufficiently in pnesence of sphalerite that
thermodynamic equilibrium is readily attained;,ithe mineratatalyzeshe approach to
equilibrium. Starting with theis-1,2 dimethylcyclohexane, only the&nsisomer forms
in appreciable quantities, and the rati@ist to transisomers attains a constant value of
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0.354 by day 14 (Figure 19). Starting with trensisomer, thecisdsomer is the only
appreciable product, and essentially the saisdo trans ratio of 0.341 is observed over
the same time-scale. The apparent equilibrium eomsks, must equal the activity
product for the reactiomansscis; therefore, if activity is equated with concentrat
Keq = [cis]/[trang = 0.348 (the average experimental ratio). The lav for approach to
equilibrium contains both the forwarkl) (@nd reversek() reactions, Figure 19: d[A]/dt =
-k[A] + K’[B]. At infinite t, this expression is reduced ][, = K'[A] J/(k + k') and [B], =
KIA] o/ (k =K’); thus Keq = [B]«/[A] = K/K'. The best fit values to the time-resolved data of
Figure 19 are, k = 0.0215hand k' = 0.0078 Ht, yielding: k/k’ = 0.363. The slight
difference between ¢gderived from the kinetic model (0.363) and thatanted from the
measured concentration ratio (0.348) is probabby/tduhe small amounts of xylenes
formed in the reaction. The free energy differebegveen theis- andtransisomers is
thus determined to be 4.8 kJ Mol

The surface area of the sphalerite used in thgseriexents, measured using an
N, BET isotherm, is 12.68 T, and so the total mineral surface area availabthe
experiments is 0.11 At the concentrations used in the experimentsatiea occupied
by trans-1,2-dimethylcyclohexane is ca. 28.Ahe total area of the dimethylcyclohexane
is ca. 8.3 m Thus, there are many more reactant moleculescuame accommodated
by the mineral surface, which means there mustédm®ymore molecules than surface
active sites. Assuming the mineral surface aredadla to the dimethylcyclohexane is
the same as that available to nitrogen (it is ppbbamaller), and assuming the area of an
active site is the area of a dimethylcyclohexahm@y be larger), the number of active

sites on the mineral is less than 3 x’1The number of reactant molecules is ca. 3%, 10
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and all of these must react at least once by the &quilibrium is reached. This means
that each active site must catalyze at least 18€tions, and probably many more as
equilibrium is approached.

Experiments were performed to distinguish betwesterogeneous (surface) and
homogeneous catalysis mechanisms. The reactiopniateo equilibrium was found to
increase essentially linearly with the mass of #gita loaded into the reaction container,
Figure 20. The equilibrium concentrations of theresbisomers are the same at different
mineral loadings, equilibrium is just attained maapidly with more mineral. The
available surface area increases linearly with dadmeral, whereas the activity of
mineral-derived dissolved species at equilibriunméependent of the amount of mineral,
this observation argues strongly for a surfacelyzgd reaction. Using data and
parameters from Shock et al. (1997) and Sverjeesky. (1997), we calculate an
equilibrium concentration of aqueous?Zthat would be present as a result of sphalerite
dissolution at 30U and 100 MPa to be 4.4 x 1nol L. Experiments were performed
with no mineral, but in the presence of 0.6, 6.8 & mg/L of ZnCJ, which correspond
to 1, 10 and 100 times the calculated equilibriumoentration of Zfi ions, respectively.
These experiments gave results that were indigghgble from water alone, indicating
that the sphalerite catalysis was not due to theasgs ZA" ions.

Mechanistic study of mineral catalysis of hydrethal organic reactions is a new
field in geochemistry, which has possible implioas for green chemistry. The catalysis
of carbon-hydrogen bond activation, for examples, b@en the subject of extensive
research, and a wide range of potential catalyste how been synthesized, mostly
based on organometallic chemistry (Bergman, 20@Bjriger and Bercaw, 2002).
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Although the reactions described here are rapiduamnidually selective in a geochemistry
context, the timescales and reaction temperatueesd yet particularly useful for
general catalysis. However, the sphalerite used isarot optimized, particularly in

terms of surface area. More importantly, mineratsextremely inexpensive, robust and
require no synthesis compared to conventional angetallic catalysts. The results
described here therefore suggest that the usetafatizt occurring and relatively
abundant minerals that are appropriately optimmeg represent a new approach to the
development of useful heterogeneous catalysts Wada range of organic

transformations.

Methods Summary

50 umoles of reactantréns or cis-dimethylcylohexane; Aldrich, 99%) plus ZnS
synthetic powder (Alfa Aesar, 99.99%) and 250 pukpéirged 18.2 MR-cm water were
sealed into Ar-purged gold capsules by welding. ddgesules (3.35 ¢cm x 5 mm OD x 4
mm ID) were placed in a stainless steel, cold-s=adtion vessel, pressurized to 100 MPa
with DI water, and heated to 300°C. At each timmpdhe vessel was quenched, two
capsules (one of each reactant) were removed hanekessel was reheated to 300°C.
Capsules were rinsed with dichloromethane (DCM)faozkn in liquid N before
opening in 3 mL DCM and 5.9 ui-decane (internal standard). Products were quadtifi
by gas chromatography (GC) with flame ionizatiotedgon (Varian CP-3800, 5%
diphenyl/95% dimethylsiloxane column, Supelco, Ikgr details see Shipp et al.

(2013). For DO experiments, BD was substituted for @ and extracts were analyzed
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via GC-mass spectrometry (Agilent 6890/5973) usimggsame column and temperature
protocols.

The ZnS was confirmed to be sphalerite by X-rajraition (Siemens D5000
with Cuka radiation) and <0.001% other metals by ICP-MS (e X-Series). BET

surface area was also measured bydsorption (Tristar I 3020).

References

Amend, J.P., McCollom, T.M., Hentscher, M., Bach, (2011) Catabolic and anabolic
energy for chemolithoautotrophs in deep-sea hyerathl systems hosted in
different rock typesGeochim. Cosmochim. Act®, 5736-5748.

Bell, J.L.S., Palmer, D.A., Barnes, H.L., DrummoBd:. (1994) Thermal-decomposition
of acetate .3. catalysis by mineral surfac&sochim. Cosmochim. Acs8, 4155-
4177.

Bergman, R.G. (2007) Organometallic chemistry: @¢tivation. Nature446, 391-393.

Breier, J.A., Toner, B.M., Fakra, S.C., Marcus, M. White, S.N., Thurnherr, A.M.,
German, C.R. (2012) Sulfur, sulfides, oxides arghoic matter aggregated in
submarine hydrothermal plumes at 9 degrees 5043\ Eacific RiseGeochim.
Cosmochim. Act88, 216-236.

Burdige, D.J. (2006) Geochemistry of marine sedisidPrinceton University Press,
Princeton, NJ.

Cody, G.D. (2004). Transition metal sulfides anel dhigins of metabolisnAnnu. Rev.
Earth Planet. Sci32, 569-599.

Cody, G.D., Boctor, N.Z., Brandes, J.A., FilleyRT,.Hazen, R.M., H. S. Yoder, J.
(2004) Assaying the catalytic potential of tramsitimetal sulfides for abiotic
carbon fixationGeochim. Cosmochim. Adt8, 2185-2196.

Fu, Q., Foustoukos, D.I., Seyfried, W.E. (2008) &fad catalyzed organic synthesis in
hydrothermal systems: An experimental study usmeg-of-flight secondary ion
mass spectrometr&eophys. Res. LeB5.

Hazen, R.M., Sverjensky, D.A. (2010) Mineral sugscgeochemical complexities, and
the origins of life. Cold Spring Harbor Perspdiol. 2.

95



Horsfield B., Schenk H. J., Zink K., Ondrak R., Ekenann V., Kallmeyer J.,
Mangelsdorf K., Primio R. D., Wilkes H., ParkesR.Fry J. and Cragg B. (2006)
Living microbial ecosystems within the active zarieatagenesis: Implications
for feeding the deep biospheEarth Planet Sc. Let246 (1-2), 55-69.

Katritzky A. R., Nichols D. A., Siskin M., MurugaR. and Balasubramanian M. (2001)
Reactions in high-temperature aqueous méch@m. Revi01, 837-892.

Labinger, J.A., Bercaw, J.E. (2002) Understandimg) Bxploiting C-H Activation.
Nature417, 507-514.

LaRowe, D.E., Van Cappellen, P. (2011) Degradatiomatural organic matter: A
thermodynamic analysi§&eochim. Cosmochim. Act®, 2030-2042.

Mulkidjanian, A.Y. (2009) On the origin of life ithe Zinc world: I. Photosynthesizing,
porous edifices built of hydrothermally precipitdtanc sulfide as cradles of life
on EarthBiol. Direct4.

Reeves, E.P., Seewald, J.S., Sylva, S.P. (2012)dggd isotope exchange between n-
alkanes and water under hydrothermal conditi@eochim. Cosmochim. Acia,
582-599.

Savage P. E. (1999) Organic chemical reactionapersritical waterChem. Re\Q9,
603-621.

Schoonen, M., Smirnov, A., Cohn, C. (2004) A pectipe on the role of minerals in
prebiotic synthesisAmbio33, 539-551.

Seewald J. S. (2001) Aqueous geochemistry of loveoutar weight hydrocarbons at
elevated temperatures and pressures: Constrasmbsfrineral buffered laboratory
experimentsGeochim. Cosmochim. Adé®, 1641-1664.

Seewald J. S. (2003) Organic-inorganic interactionsetroleum-producing sedimentary
basinsNature426, 327-333.

Shipp, J., Gould, I.R., Herckes, P., Shock, E.Liljisvhs, L.B., Hartnett, H.E. (2013)
Organic functional group transformations in wateelavated temperature and
pressure: Reversibility, reactivity, and mechanisBeochim. Cosmochim. Acta
104, 194-209.

Shock E. L., Sassani D. C., Willis M., and SverlgnB. A. (1997) Inorganic species in

geologic fluids: Correlations among standard mtilarmodynamic properties of
aqueous ions and hydroxide complexasochim. Cosmochim. Adsd, 907-950.

96



Simoneit, B.R.T. (1993) Aqueous high-temperature laigh-pressure organic
geochemistry of hydrothermal vent syste@sochim. Cosmochim. Acka,
3231-3243.

Sverjensky, D.A., Shock, E.L., Helgeson, H.C. (19Ri&diction of the thermodynamic
properties of aqueous metal complexes to 1000°GatdGeochim.
Cosmochim. Actél, 1359-1412.

Tivey, M.K. (1995) The influence of hydrothermalifi composition and advection rates
on black smoker chimney mineralogy: Insights fromdeling transport and
reaction.Geochim. Cosmochim. Acs®, 1933-1949.

Wang, W., Li, Q., Yang, B., Liu, X., Yang, Y., SW. (2012) Photocatalytic reversible
amination of alpha-keto acids on a ZnS surfaceligagons for the prebiotic
metabolismChem Commun (CamB, 2146-2148.

Watanabe M., Sato T., Inomata H., Smith, Jr., RAkai K., Kruse A. and Dinjus E.
(2004) Chemical reactions off Compounds in near-critical and supercritical
water.Chem Re04, 5803-5821.

Williams, L.B., Canfield, B., Voglesonger, K.M., Haway, J.R. (2005) Organic
molecules formed in a "primordial woml3eology33, 913-916.

Acknowledgements

We thank the members of the Hydrothermal OrganicoBemistry group for

discussion on this research. This work was funded®F grant 0826588.

97



Table 5.Reaction conditions and productsod- andtrans-1,2-dimethylcyclohexane in
water, at 300°C and 100 MPa, with and without sptii@l (ZnS).

Products, pmoles (+SD)

Time MB % trans Cis- alkane 1,2- alkene o- xylene  ketone
Reactants (d) (%) Reacted alkane alkane isomers alkene isomers xylene isomers isomers
ngﬁ]esr cis 18 974 528| 254 230 ndt nd nd 0.162 0080  0.032

(0.2) (0.1) (0.002) (0.009) (0.005
3.0 99.3 65.7 32.4 17.1 nd nd nd 0.153 0.068 trace,
(0.9) (0.4) (0.005) (0.002)

7.0 97.8 72.3 35.1 13.5 nd nd nd 0.16 0.095 trace
(0.6) (0.2) (0.04) (0.004)

14.0 98.3 74.0 36.1 12.78 nd nd nd 0.169 0.096 trace,
(0.2) (0.05) (0.0008) (0.003)

trans 1.8 96.7 19.1 38.9 8.99 nd nd nd 0.141 0.068 nd
(0.1) (0.02) (0.007)  (0.007)

3.0 95.7 22.3 37.0 10.37 nd nd nd 0.152 0.077 nd
(0.2) (0.06) (0.007)  (0.006)

7.0 97.4 25.5 36.2 12.15 nd nd nd 0.144 0.066 nd
(0.2) (0.05) (0.005) (0.006)

14.0 99.3 25.8 36.7 12.5 nd nd nd 0.151 0.084 trace
(0.5) (0.1) (0.007)  (0.008)

Water  cis 1.0 94.1 2.5 0.76 55.9 0.055 0.009 0.17 0.264 0.199 trace
only? (0.02) (0.9) (0.006) (0.002) (0.02) (0.002) (0.002)

2.0 83.8 3.1 0.827 49.6 0.056 0.021 0.11 0.46 0.103 trace
(0.004) (0.3) (0.003) (0.001) (0.03) (0.01) (0.002)

6.0 86.5 4.5 1.164 50.4 0.165 0.0168 0.241 0.640 0.151 nd
(0.007) (0.2) (0.002) (0.0009) (0.006) (0.001) (0.003)

16.0 84.4 4.6 1.35 49.1 0.194 0.013 0.282 0.441 0.110 nd
(0.03) (0.9) (0.006) (0.002) (0.008) (0.005) (0.002)

trans 1.0 96.5 0.6 57.6 0.0883 trace 0.040 0.091 0.08 trace 0.0

(0.1) (0.0005) (0.001) (0.009) (0.01) (0.03

2.0 97.0 1.1 57.6 0.093 0.02 0.053 0.16 0.272 0.046 trace
(0.3) (0.008) (0.01) (0.004) (0.01) (0.006) (0.002)

10.0 99.9 1.8 58.84 0.22 0.152 0.010 0.096 0.450 0.152 nd
(0.09) (0.02) (0.005) (0.002) (0.008) (0.004) (0.002)

19.0 96.4 1.9 56.8 0.237 0.180 0.007 0.13 0.395 0.134 nd
(0.5) (0.004) (0.006) (0.004) (0.01) (0.008) (0.005)

24.0 99.0 2.0 58.2 0.327 0.213 0.007 0.160 0.351 0.147 nd
(0.3) (0.004) (0.009) (0.002) (0.002) (0.002) (0.002)

MB- mass balanctstandard deviation in parenthesis is based on ticallgrror between triplicate
injections”Bold= remaining starting reactafind = not detectedWater-only results used for
comparison, previously published by Shipp et alLl@0
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Figure 17. Sphalerite enhancement of stereoisoat@iz The extent of conversion of
cis-1,2-dimethylcyclohexane to thieans stereocisomer, reacted with sphalerite (open
symbols) and without sphalerite (closed symbolsilan aqueous hydrothermal
conditions (300°C and 100 MPa).
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100



60

50 Reactants

1% [ ]/

trans-alkane

JO L

cis-alkane

Conversion (umoles)

Products
0 1 1 1 1

0 4 8 12 16
Time (d)

Figure 19. The path to equilibrium for either stesemer reacted in water with sphalerite
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mineral (water only) results. Least squares trémeltias an Rof 0.9928
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Chapter 5
CONCLUSION
What have | learned?
Throughout this body of work one thing is consistaone of it would be
possible without water. Not only does water ach aslvent and reaction medium, it is
also an active participant in the reactions. Hydratind dehydration reactions usgtH
directly as a reactant and product, an@Hhparticipates indirectly as a source of hydrogen
for reduction reactions. In room temperature wtterreactions studied wouldn’t be
possible. To do the reactions detailed in thisithesing classical organic chemistry
methods one would need to utilize strong oxidasdtalysts and reducing agents. Figure
21 depicts the reactions that are necessary tg oatrthe individual steps of the
hydrothermal reactions observed in this study. Qlyekane based organics are used as
the example structures in the figure and are dyecmparable with the methyl and
dimethylcyclohexane structures used throughoutwioik. Dehydrogenation of an alkane
is typically difficult, the most recent and pronmgimethod involves heating the solution
over a palladium and titanium dioxide catalyst (Doen et al., 2010). A multiple step
process is then required to make an alcohol froralleene. The first step uses mercury
(I1) acetate and water, followed by a second stiprey sodium borohydride. To then
turn the alcohol into a ketone one then needs sal&ecid and sodium dichromate. The
reverse of these reactions are just as compledehgdrogenate an aromatic ring,
organic chemists use high pressure hydrogen gaa pladinum catalyst. To reduce a
ketone to alcohol, sodium borohydride is used iet#wanol solution, and then to
dehydrate the alcohol, concentrated sulfuric axiadded and the solution is heated. Note
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that in Figure 21 most of the procedures involveessive, sometimes toxic reagents and
multiple steps. Many of the reactions aren’t evessible at ambient conditions (25°C
and 0.1 MPa), and additional heat is necessaryaimqte the reaction. In chapter 2
however, | showed that not only was it possiblgdadrom an alkane to a ketone, but it
happens quite readily, and reversibly, in HPW (8d@hd 100 MPa) without adding any
other reagents or catalysts. Going from a cydkarge to an aromatic ring also happens
readily at my hydrothermal conditions without addedgents or catalysts. This is a vast
improvement over having to work with things likeramium (IV), mercury, palladium ,
platinum, and concentrated sulfuric acid.

Not only did | eliminate the reagents typically assary to conduct the functional
group transformations depicted in Figure 21, | shdwhat the addition of minerals to the
reaction system can be a powerful tool for procebectivity. | was able to enhance or
suppress formation of specific functional groupdurcts using naturally abundant,
nontoxic minerals. Pyrite (Fgsand troilite (FeS) for example can be used tmielate
the formation of ketone functional groups when @ity alkanes. FeS also prevents the
alkene from further oxidizing to the aromatic protiy) so that oxidation of the alkane
stops with formation of the alkene. Pyrite on thigeo hand, allows the alkane to be fully
oxidized all the way to the aromatic products. Gasely, hematite and magnetite favor
formation of the ketones. Therefore, if one wariteceduce a ketone, they shouldn’t use
one of the iron oxides, they should use one ofrthresulfides which drive ketone
dehydration either to the alkene/alkane (FeS)p @romatic products (pyrite). These
results not only provide useful organic chemistigis, but all the methods are
compatible with “green” chemistry techniques inttteey eliminate hazardous reagents,
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catalysts, and solvents. Of course, there is aanti@l energy input required to carry out
the reactions at 300°C, but many of the classiggmic reactions also require energy
input in the form of heat.

In natural environments, the findings that certainerals can direct a reaction
may have promising predictive uses. For examphguldn’t expect the natural organic
material found in a hydrothermal system composestiyof pyrite and pyrrhotite
(FexS, a more common crystal structure of troilitefémtain many ketone functional
groups. On the other hand, a system composed nadstiyn oxides may contain plenty
of ketones. These minerals are often found in seafiydrothermal systems and
petroleum formations (Breier et al., 2012; Kvenwrieet al., 1990; Simoneit, 1993;
Tivey, 1995), but more needs to be done to chatiaetthe natural organic functional
groups also present in environments with differamteral assemblages to test this
theory.

Origins of life investigators have theorized thahenals may act as catalysts for
organic reactions in hydrothermal systems (Cod942Qahav, 1994; Russell et al.,
1993). This work confirms that, indeed, mineralgéhan effect on the reactivity of
organic compounds. The results of my mineral/orgasactions in Chapters 3 and 4
provide further evidence that minerals common tdroghermal vents can be
heterogeneous catalysts for organic reactions.|Spiea pyrite, and hematite activated
carbon-hydrogen bonds which are among the most,fasidamental bonds in organic
chemistry. The development of catalysts that caéinate C-H bonds is currently an
active area of research. To date, typical methodsive organo-metallic catalysts that
use expensive metals, (Re, Fe, Ru, Os, Rh, lgriet) are almost always unstable
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(Bergman, 2007; Labinger and Bercaw, 2002). Spitaleasn’t yet been optimized as an
efficientcatalyst for C-H bond activation, but in my expegnts it s the most effective

of the minerals studied, and compared to the orgaetllic catalysts currently being

used, it is by far the most abundant and robust.

Future Work

As is typical with novel scientific research, tinerk generates as many questions
as it answers, and leaves room for much futuresinyation. Toluene and xylene were
never able to be reduced in water alone, or eveanvehmineral was present. This was
surprising since FeS inhibited the production derg/toluene but could not reduce the
aromatic ring when xylene/toluene was the stan@agtant. This leaves open the
guestion of whether or not the oxidation of cyelikanes to their corresponding aromatic
rings is a completely reversible reaction. The aidence of reversibility from aromatic
ring formation was the decrease in xylene concgatrahown in the time-series plot of
the hydrothermal reaction ofs- andtrans-cyclohexane in water (Figure 9). There was
no evidence as to where the xylene was going how#muld have been reduced, or it
could have formed dimer or benzene products thed wet quantified. Reactions starting
with xylene and toluene in water alone, or withifgyrFeS, or sphalerite, have, thus far,
yielded no reaction to detectable quantities oficed products, even over week-long
timescales. This absence of evidence is not, howpvaof of irreversibility. Perhaps in a
system with alkanes, alkenes, and ketones therenatggh sources of hydrogen that the
aromatic ring is more reactive. Perhaps future expnts utilizing other hydrogen

sources or tracking the progress of xylene molecafter their formation could yield
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insight into whether the reaction from a dienetere/toluene is truly a reversible
reaction.

Thermodynamic calculations of the temperature amaiidgen fugacity
dependence of cyclohexane-benzene and methylcy@akeoluene equilibrium
suggests that by lowering the temperature of mgargEents | may be able to push the
equilibrium in favor of cyclohexane (Figure 22) sAlshown in Figure 22 are the
temperature and hydrogen fugacity dependence ofmmmmineral assemblages, pyrite-
pyrrhotite-magnetite (PPM) and hematite-magnetiel). In order to push the
equilibrium in favor of cyclohexane instead of benga, | might be able to use PPM, or
FeS alone, at around 200°C. At 300°C, the condstissed in this study, it is evident that
the iron sulfide, and especially the iron oxidenemnals alone wouldn’t be able to produce
a high enough hydrogen fugacity to reduce the aticmags.

Mechanistic details of many of the reactions stddiere still remain elusive.
Many of the reactions involve adding and removigdrbgen atoms; however, it is
unclear if hydrogenation/dehydrogenation proceeéas\hydrogen radical, a cation, or an
anion. If hydrogen radicals are involved, radicapping methods (like addition of an O
source) could be investigated for use in thesestgb@xperiments. If instead, the
reactions are dependent on hydrogen cations, expets at various pH could prove to
be useful avenues for future work. Experimentsgisisidition of NaOH may also
indicate if hydrogen cations or anions were invdlvay increasing or decreasing the
rates of the hydrogen ion’s removal; | would expeatess OHto encourage removal of

H* but not of H.
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Complicating the mechanistic story even furthee, tae surface interactions
between organic compounds and minerals. How andexhgtly do the minerals change
the rate of reactions and type of reaction pathveagslable? In Chapter 3 | noted a
positive correlation between the abundance of kepi@ducts and the amount of
available surface. Unfortunately, in order to vauyface area in these experiments, the
amount of mineral also changed, causing simultamebanges in bulk composition.
Future studies could utilize a single mineral gebtmvarious surface areas so that the
amount of material used could be held constantemalying surface area. That way
surface area affects could be better separatedidtdkncomposition effects. Mineral
surface properties at these conditions may alsodightful for determining the types of
organic-mineral interactions that are involved.dstigations into surface catalysis
experimental techniques and semiconductor progarileerent to each mineral might
help explain the observed mineral effects on myoigreactions. For example,
oxidizing and reducing power of semiconducting mateecan be related to conduction
and valence band edge energies (Xu and Schooned;, 2Q et al., 1996)

A mystery that still lingers in my mind is that thie “missing” carboxylic acids.
Seewald (2001) showed formation of carboxylic gmoducts in experiments using
similar aqueous temperature and pressure condiiomg experiments, but with an
added pyrite-pyrrhotite-magnetite (PPM) mineralfeufHe suggested the acids were
forming directly from the ketones that were gersutadis oxidation products of their
starting alkanes. He came to this conclusion bgiisg a decrease in ketone
concentration at the same time as an increaseahoxgic acid concentration.
Throughout the chapters presented here, | shovetezhble levels of carboxylic acid
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products, with minerals or without, even when nartatg reactant was a ketone. There
was however, one experiment, not reported in amgyopublished data sets, that formed
large quantities of a carboxylic acid. The reacteastrans-1,2-dimethylcyclohexane, in
a 24 hour long experiment with 0.2Z surface area of pyrite. The carboxylic acid
generated was toluic acid, and it was by far then@aoduct. At the time, | considered
this experiment to be a fluke. Four identical expents were conducted, with only this
one producing a carboxylic acid product. It wasggothesis that something went
“wrong” with this experiment that allowed the attdform. The likely culprit is oxygen
present in the capsule as a result of insufficaegon purging during experimental
procedures. It would be useful to test this hypsithand determine if carboxylic acid
production is a result of a more oxidized environtrtban can be generated with pyrite
alone. | suggested something to this effect in @rapafter comparing the estimated
redox state for my system with that generated énSbewald (2001) experiments using a
PPM buffer. Seewald's PPM conditions were moreinixig than my no mineral
conditions and | accounted this to be the likelyseaof differences in carboxylic acid

production.

Final Thoughts

In summary, this work contributes to a greater usta@ding of the behavior of
organic molecules in natural hydrothermal environteeThe multidisciplinary nature of
this work leads to diverse implications and advanneorganic chemistry, geochemistry,
petrology, astrobiology, catalysis, and environrakahd green chemistry. It also opens
the door for future studies within an emerging iled hydrothermal organic

109



geochemistry; one with an emphasis on mineral sarfatalysis and mechanistic organic

chemistry.
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Hydrothermal Reactions (300°C, 100 MPa)
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Figure 21. A comparison of the hydrothermal reaxtideveloped in Chapter 2 (upper
box) and classical organic chemistry reactions €iolox).
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Figure 22. Temperature and hydrogen fugacity degecel of the pyrite-pyrrhotite-
matnetite (PPM), hematite-magnetite (HM), benzeysethexane, and toluene-
methylcyclohexane equilibriums in water at 100 MiP@ssure.
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