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ABSTRACT

The current chemical industry has been heavily optimised for the use of petroleum-derived base
chemicals as its primary source of building-blocks. However, incorporation of heteroatoms, absent
in the base chemicals, is necessary to meet the different property requirements in the plethora of

products the industry makes such as plastics, cosmetics and pharmaceuticals. As global oil reserves



deplete, a shift towards renewable bio-derived building-blocks, so called platform molecules, will
become a necessity. Bio-derived platform molecules are typically rich in heteroatoms as a result
of their biomass feedstock also being heteroatom rich, and it would therefore seem logical to carry
these heteroatoms through to the aforementioned products. A tool was herein developed to assess
the rationality of a synthetic route from feedstock to product, designed specifically to give a visual
representation of the pathways and options available. BioLogicTool plots (%heteroatom by mass
vs M) are an alternative to the conventional van Krevelen diagram, and are designed to better
consider the diversity in heteroatom content encountered in bio-based chemicals. The tool can
rapidly help its user to design more logical multi-step synthetic routes and enhance the mass
efficiency of pathways. Several examples were selected to demonstrate the power and limitations
of the BioLogicTool, but it was clear from these examples that removing heteroatoms from
platform molecules to reincorporate them later in the final product is, in most cases, not logical in

mass efficiency sense.

INTRODUCTION

The chemical industry of the 20™ Century was a success story, through the century countless
advances were achieved that brought a plethora of products to market that have come to define
humankind. However, the vast majority of the products created by the chemical industry are
derived from non-renewable fossil resources (i.e. petroleum-derived). Additional to issues around
long-term supply, petroleum-derived chemicals are inherently linked to negative environmental
problems brought about by damage caused during their production, use and end-of-life. As such
the 21% Century chemical industry will embrace a far greater prevalence of biomass as a feedstock
in a hope of overcoming long-term supply issues and environmental damage linked to the use of

fossil resources.



The vast majority of petroleum-derived products are reliant on just a handful of simple building-
blocks, the so-called base chemicals. These base chemicals (Figure 1, further information for each
is available in Table S1) have annual productions of a monumental scale, all exceeded 10 million
tonnes with ethene being produced in excess of 100 million tonnes. They each also contain a

functional group (phenyl ring, alkene or hydroxyl) that acts as the first site for further

functionalization.
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Figure 1. Petroleum-derived base chemicals: ethene 1; propene 2; butadiene 3; butene (isomers,

within dashed box) 4; benzene S; methylbenzene 6; dimethylbenzene (isomers) 7; methanol 8

A highly-optimized chemical industry takes these base chemicals as starting point for the
production of bulk and commodity chemicals, and eventually leading to the many products we are
reliant upon, such as plastics, textiles, pharmaceuticals, agrochemicals, dyes and detergents. It is
therefore logical that any future bio-based chemical industry likewise seeks to select a range of
large-scale building-block chemicals to use precursors to the desired products. Indeed, over the
last 20 years the use of bio-based building-block chemicals has re-emerged as an area of significant
academic and industrial interest. Although several terms are used for bio-based building-blocks,

the most widely used is that of platform molecules. A platform molecule is defined as:'



“...a chemical compound whose constituent elements originate wholly from biomass (material
of biological origin, excluding fossil carbon sources), and that can be utilised as a building block

for the production of other chemicals.”

For sake of further discussions in this article the authors compiled an extensive list of platform
molecules (Figure 2, 9-59) that match this definition. Further information for each compound in
this list is available in Table S2. The list contains platform molecules that are derived from several
different constituent parts of the biomass (e.g. cellulose, lignin, sugars, protein) and also from
different processing technologies (chemocatalytic, biological, thermochemical and extraction).
Although the list does not contain every single possible platform molecule it is a set that the authors
believe adequately represents the possible options. An additional 5 compounds (Table S3, 60-64)
were initially considered but removed from later discussions as a cap on the molecular mass of

220 g/mol was deemed appropriate.
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Figure 2. Biomass-derived Platform Molecules: methanol 9; carbon dioxide 10; formic acid 11;
ethanol 12; acetone 13; isoprene 14; butanol (n-, iso-) 15; pyruvic acid 16; acetoin 17; 3-
hydroxypropionic acid 18; lactic acid 19; oxalic acid 20; glycerol 21; furfural 22; y-valerolactone
23; 3-hydroxybutyrolactone 24; malonic acid 25; fumaric acid 26; levulinic acid 27; methyl vinyl
glycolate 28; succinic acid 29; erythrose 30; erythritol 31; guaiacol 32; levoglucosenone 33; 5-
(hydroxymethyl)furfural 34; itaconic acid 35; aspartic acid 36; malic acid 37; D-limonene and
pinenes 38; muconic acid 39; 5-(chloromethyl)furfural 40; adipic acid 41; L-lysine 42; glutamic
acid 43; tartaric acid 44; xylitol and arabitol 45; vanillin 46; syringol 47; levoglucosan 48; eugenol
49; 3-acetamido-5-acetylfuran 50; gallic acid 51; aconitic acid 52; glucosamine 53; sorbitol and
mannitol 54; citric acid 55; ferulic acid 56; fatty acids (e.g. lauric acid) 57; glucaric 58; fatty acid

alkyl esters (e.g. methyl laurate) 59

A glance at Figures 1 and 2 already highlight the major difference between a petroleum- or bio-
derived chemical industry in terms of the building blocks. The fossil feedstock of the current
chemical industry is heavily depleted of heteroatoms (oxygen, nitrogen, halogens etc.) and is
instead predominately comprised of hydrocarbons. This is clearly seen in the molecular structures
of the base chemicals (Figure 1), where only methanol (8) contains a heteroatom and this oxygen
is sourced from atmospheric gases and not from the crude oil or natural gas feedstock. The current
chemical industry therefore adds further functionality to simple base chemical building blocks,
this often includes the incorporation of heteroatoms. Biomass on the other hand is rich in
heteroatoms, especially oxygen and nitrogen, and therefore the platform molecules are more often

than not also very rich in heteroatoms. As such it is anticipated that any future bio-based chemical



industry will have to either remove this high heteroatom content if targeting drop-in replacements
to petroleum-derived product, or to embrace new products with a higher heteroatom content.
Indeed, the selection between targeting a bio-based drop-in replacement versus a new
chemical/material that offers similar properties to the incumbent petroleum-derived is a key
question that must be answered. For example, when seeking to substitute petroleum-derived
poly(ethene) with a bio-based equivalent, is the best approach to simply make the ethene monomer
(1) from biomass feedstock or should an alternative polymer with a different molecular structure
be sought? This question is particularly important when one considers the differences in the
heteroatom content of a biomass and petroleum feedstock relative to the desired product. It is when
considering this issue that we undertook a study to see if a simple calculation could be applied
prior to any physical lab work taking place that would allow for the assessment of the proposed
routes to be compared. Some previously established metrics showed initial promise in the regard.
For example Atom Economy (AE) is a facile calculation that can be performed by simply
understanding a reaction scheme and correctly identifying the reactants. AE is the percentage of
the reactants that ends up in the product. For the example of poly(ethene) above, AE already begins
to give a useful guide to the option clearly the use of a carbohydrate feedstock is somewhat illogical

as all the heteroatom content is removed. However, there are several issues with AE:

1) It does not consider what reactants are bio-derived or not

2) It requires a sound grasp of the reaction mechanism so that the stoichiometric equivalents
can be correctly determined (e.g. it may not be obvious to all that two of the carbon atoms
in the glucose are lost as CO> during the fermentation)

3) It does not offer a visual representation of a pathway



Biomass Utilization Efficiency (BUE) is another metric of merit when considering a pathway
from feedstock through to product. BUE seeks to determine how effective a chosen route is for
converting 1 kg of feedstock through to product, and can be extended to take into consideration
the yields of any reaction in question. Unlike AE, BUE specifically assigns atoms in the product
as being bio-based or not, though again this requires an even better grasp of the reaction
mechanism than required for AE. Despite the promise of the two metrics above we still wanted to
have at our disposal a tool that visually represented the differences in the reaction pathways and

that did not require an exact grasp of the reaction mechanisms.

MAPPING THE HETEROATOM CONTENT OF PLATFORM MOLECULES
The first obvious visual representation to use is that of the van-Krevelen diagram, as shown for
the base chemicals and platform molecules in Figure 3A. A van-Krevelen diagram is a plot of the
atomic ratios of H:C (y-axis) versus O:C (x-axis), and was developed as a mean of comparing the
composition of kerogen and petroleum.? The approach of using a van Krevelen diagram for
biomass feedstocks has already been demonstrated and certainly shows some merit, especially
when plotting some biomass feedstocks against fossil resources.’>> However, the conventional van
Krevelen plot has short-comings when used for considering pathways to and the use of bio-based
building-block chemicals. Dusselier et al. also saw the need for a refined version of the van
Krevelen diagram more appropriate for a bio-based chemical industry, and in their approach they
replaced either axis with a functionality ratio (F:C).° The Dusselier approach is an excellent
method that resulted in some important “key lesson” that those working in bio-based chemicals

should remain aware of. Herein we sought to modify the van Krevelen diagram further into simple



but powerful tool for bio-based product pathway selection as well as leading to some broader

general lessons around bio-based chemicals.
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Figure 3. Iterations of heteroatom content plots for petroleum-derived base chemicals (X) and
biomass-derived platform molecules (O): A) van Krevelen diagram (H:C versus O:C atomic
ratios); B) modification of van Krevelen diagram with axes flipped and ratios changed to % oxygen
and % hydrogen by mass; C) Enhanced plot with x-axis of B altered to be molecular mass (M,
g.mol™); D) Further enhanced plot with y-axis of C altered to %heteroatom (%weight). A version

of D with full assignments of all points is shown the supporting information (Figure S1)

Changing the x- and y-axis to a percentage of H and O content respectively (as %weight, Figure

3B) rather than the atomic ratio was preferential as it widened the number of points on each axis,



for example one can clearly see from Figure 3A how several molecules line up with an O:C ratio
of 1. Additionally, using a %weight value also takes into consideration the more significant role
the heteroatoms make relative to hydrogen towards the overall mass of the compounds. As such,
the plot is further enhanced by using the molecular mass (M) for the x-axis, as shown in Figure
3C. When considering pathways from the feedstock through to a final product the M is logically a
more useful component to include in the plot as this has a significant bearing of the mass yields of
reactions (linked somewhat to atom economy), e.g. elimination reactions clearly lower mass. The
use of M also highlights another key difference for the base chemicals and platform molecules,
which is that most platform molecules have a higher molecular mass. Indeed we chose to remove
those platform molecules whose M was >220 g/mol to refine the plots, details of these molecules
(60-64) and extended BioLogicTool plots containing them can be found in the supporting
information. The final iteration of the plot is made by converting the %oxygen of the y-axis to
become %heteroatoms (Figure 3D). This final iteration has no effect on the base chemicals, and it
is for this reason that such a change was never applied to van Krevelen diagrams, but is of
importance to some platform molecules and for many other bio-based chemical, a point recently
highlighted by Hiisley et al.” From our list of platform molecules, 6 contain heteroatoms other than
oxygen, these being 3 example amino acids (lysine 42, aspartic 36 and glutamic acid 43, these
being selected as commonly occurring amino acids), two compounds derivable from chitin (3-
acetamido-5-acetylfuran 50 and glucosamine 53) and 5-(chloromethyl)furfural 40. It would be
anticipated that other heteroatom containing platform molecules may become more prevalent in
the future, including compounds containing sulfur (e.g. cysteine and methionine), phosphorous
(e.g. phosphorolipids) or other halogens. Additionally, as the plots are planned to be used to assess

pathways to products it is likely a greater consideration of the role of heteroatoms is required.
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Rivas-Ubach et al. took a similar approach when refining the van-Krevelen plot for classifications
of organic matter in environmental studies, they too appreciated the need to consider heteroatoms
such as N and P in biological samples.® However, Rivas-Ubach’s classification was still based on
atomic ratios (O:C, H:C, N:C, P:C and N:P) and as shown from the discussion above there is
additional merit in the use of %mass over atomic ratio.

By using the %heteroatom versus M plots, an even more striking comparison of a petroleum-
and biomass-derived chemical industry was possible by plotting a range of key products from the
current chemical industry onto the plot developed above. For this a selection of fourteen products
that represent examples of polymers of various classes, solvents, pharmaceuticals, synthetic
preservatives, organocatalysts, herbicides, nematic liquid crystals, dyes and surfactants was used.
The outcome of this approach, shown in Figure 4, highlights how important the introduction of
heteroatoms in the chemical industry is, whilst also further showing the necessary increase in
molecular mass to prepare the desired products (note: the mass of the constitutional repeat unit
was used for the example polymers). Only the plastic poly(ethene) 65 remains devoid of
heteroatoms, all of the other products selected include some heteroatom content, with
poly(vinylchloride) 66 and the herbicide 2,4-dichlorophenoxyethanoic acid 72 both containing
>50%weight heteroatom. Nine (64%, 66-68, 70, 72-74, 76-77) of the selected products contain
heteroatoms other than oxygen, this reinforcing the need to use %heteroatom and not simply
%oxygen for the comparative plots. Figure 4 also highlights another major consideration, this
being that a petroleum-derived chemical industry is essentially heavily reliant on oxidation
processes, where oxidation is viewed as being the increase in oxidation number of the carbons
present and therefore means inclusion of all heteroatoms. Instead, many of the platform molecules

already have levels of oxidation similar to the desired products and therefore a biomass-derived

11



chemicals industry will be less reliant on oxidation, perhaps instead favouring preservation of the
heteroatom content from the platform molecules, this ensuring better overall mass efficiencies for
the conversion of feedstock through to product. This important aspect will be discussed in greater
detail through selected examples below, and is where the use of such %heteroatom versus M
becomes most valuable. Using these plots as a tool to assess what pathways from biomass

feedstock through to product are most logical has been abbreviated by the authors to BioLogicTool.
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Figure 4. Mapping major products from the chemical industry against the base chemicals and
platform molecules on a plot of %heteroatom (by mass) versus molecular mass (M, g.mol™).
Products: poly(ethene) 65; poly(vinyl chloride) 66; N-methyl-2-pyrolidone (solvent) 67; N-acetyl-
p-aminophenol (paracetamol) 68; methyl paraben (preservative) 69; para-toluenesulfonic acid
(organocatalyst) 70; poly(ethylene terephthalate) (polyester) 71; 2.4-dichlorophenoxyethanoic
acid (herbicide) 72; nylon-6,6 (polyamide) 73; 4-cyano-4'-penylbiphenyl (liquid crystal) 74;

poly(bisphenol-A) carbonate (polycarbonate) 75; 2,2'-Bis(2,3-dihydro-3-oxoindolyliden) (indigo

12



blue dye) 76; sodium dodecylsulfate (surfactant) 77; bisphenol A diglycidyl ether (resin precursor)

78. Note: for polymers the mass of the constitutional repeat unit (CRU) is used for the M.

BIOLOGICTOOL: ASSESSING PATHWAYS FROM FEEDSTOCK TO PRODUCTS BY
SUMMATION OF ROUTE VECTOR LENGTHS

The BioLogicTool created by modification of the van Krevelen diagram allows all feedstock (A),
intermediates (B, C) and final products (D) of a synthetic route to be plotted on the same graphical
object. This gives the opportunity to ‘visualise” reaction pathways by plotting vectors beginning

from starting materials (or intermediates) and ending to products (or intermediates) (Figure 5).
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Figure 5. Visualisation of a synthetic route starting from feedstock (A) and ending to product (D)
via intermediates (C & D) using the heteroatom content (%weight) for the y-axis and the molecular

mass M (g.mol ™) for the x-axis.

The tortuosity of the route formed by the vectors was deemed a good representation of the

logicality of said synthetic path (within the limits of the variables used here). However, tortuosity
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can be laborious to calculate and may require long computing times. Instead, the lengths (norms)
of all individual vectors were calculated (l;, eq. ii) and summed (iii) to give the Total length of a
synthesis (based on its vectorial representation). In the example Figure 5, 1y would be the length of
the vector formed by points A and B, I, the length of the vector formed by points B & C and so
on. Prior to any calculation, units of the data were removed by normalising them following

equation (1).

Xstd = —j;f;:m ()
L= Oy — xi0)? + Vi — Via)? (ii)
Vi,n € N, Total length = Y-, ; (1ii)

Equations i, ii & iii. (i) Formula used to standardised data (ii)) Formula used for the calculation
of the norm of a vector formed by the points A (xa,ya) and B (xb,yb) (ii1) Equation for the Total
length of a synthetic pathway. n is the number of vectors for a reaction pathway and i the variable

attributed to a vector

Finally, the Total length alone was not sufficient to give a proximate of the tortuosity of a
reaction pathway. During the computation, a final vector was taken into account: starting from the
feedstock and ending to the final product namely this vector was called the direct vector. In the
above example, the direct vector would be starting from A and ending to D but not via B or C.
This direct vector was also given a positive sign if the difference in %Heteroatom was positive
(i.e. heteroatom content increased) or a negative sign in the other case (i.e. heteroatom content is

reduced).
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Dividing the Total length of a reaction route by the length of the direct vector gives the
BioLogicTool scores which represent the logicality of a synthetic pathway. The more “logical” a
reaction is the less tortuous its vector path and the closer to 1 the BioLogicTool score should be.

Explanation for interpreting the BioLogicTool score value and sign is given in Table 1.

Table 1. Interpretation of high/low BioLogicTool score value and positive of negative sign

BioLogicTool score sign

+ -

Gain of heteroatom, | Loss of heteroatom,
>> 1

BioLogicTool more tortuous route | more tortuous route

score value Gain of heteroatom, | Loss of heteroatom,

more direct route more direct route

A spreadsheet tool was designed to allow any researcher interested in calculating the
BioLogicTool score of a reaction pathway and plotting it. This tool is available via the supporting
information.

As an example, the comparison between the bio-based and the oil-based route to NMP (67) will
be discussed (Scheme.l). NMP is a polar non-protic solvent used in large amount in the
formulation and processing paints and coatings, pharmaceuticals, plastics etc., its production is
estimated to be 200-300 kt/a. The current industrial process uses acetylene (79) as feedstock, this
condensed with formaldehyde to 1,4-butyndiol (80). A hydrogenation step forms 1,4-butanediol
(81) which is oxidised to y-hydroxybutyric acid (82). 82 is cyclised to form the y-butyrolactone

(83) and a lactone-lactam conversion with methylamine converts 83 to NMP (Scheme 1).
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Petrochemical route to NMP
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Scheme 1. Petroleum-derived and bio-derived route to NMP (67)
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Scheme 2. Route to Cyrene (86) using glucose as the repetitive unit of cellulose
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Figure 6. A BioLogicTool plot for the oil-based route to NMP; B BioLogicTool plot for a bio-
based route to NMP; C BioLogicTool plot for bio-based route to NMP without isolation of 85; D

BioLogicTool plot for synthetic pathway to Cyrene®
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The bio-based route to NMP starts from L-glutamic acid (43), one of the most abundant amino
acid in nature and is currently produced on very large scale by fermentation (2 million tons/year).’
The first step to NMP involves the decarboxylation of glutamic acid to y-aminobutyric acid
(GABA, 84). GABA is then cyclised to 2-pyrrolidone (85) which is eventually methylated to form
NMP. Alternatively, 2-pyrrolidone may not be isolated, instead, NMP can be directly generated
by a one-pot cyclisation/methylation of GABA. '°

Using the BioLogicTool to visualise these pathways highlights the differences in terms of
complexity and rationality (Figure 6). Many intermediates with close M/%weight Heteroatoms are
involved in the oil-based route which necessarily increases the Total length of the reaction (1.930)
and thus, its BioLogicTool score (+1.688) (Figure 6A). On the other hand, the bio-based route,
with only 3 reaction steps, has a cumulative vector length of 1.62 and a BioLogicTool score of -
1.280 (Figure 6B). If the isolation is avoided and GABA is directly cyclised and methylated the
cumulative vector length does not change (1.62 due to the normalisation of data) but the
BioLogicTool scores drops to -1.15 (Figure 6C). Despite the seemingly small difference between
these scores they illustrate well how the BioLogicTool can be used as a tool to discriminate between
two routes to an identical product but that both cumulative vector length and BioLogicTool score
should be taken into account to make an informed decision. Nevertheless, the bio-based route to
NMP is a drop-in replacement which does not overcome the initial issues caused by NMP. Indeed,
despite its good biodegradability and low aquatic life toxicity, NMP is an irritant solvent that is
toxic upon chronic exposure. Hence, using a safer, greener replacement would be preferable.
Recently, an alternative solvent, Cyrene®, was developed which is likely an excellent replacement
for polar aprotic solvent such as NMP. Cyrene® is produced from raw biomass by pyrolysis,

forming levoglucosenone (33) and a single step hydrogenation produces Cyrene® (86) (Scheme
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2).!112 Because of the simple synthetic route (Figure 6D), with the only intermediate 33 almost
being on the direct vector (From glucose (cellulose) to Cyrene®), the BioLogicTool score of this
pathway is -1.038, showing very low tortuosity.

These chosen examples illustrate well how the BioLogicTool presented here can help in
assessing the rationality of a reaction scheme using readily available data. The high-heteroatom
content of bio-derived molecules make them attractive to use as raw materials for commodity
products. Nonetheless, it is evident that in some cases the bio-based route to a product might not

always be the preferred one, especially when low/no heteroatoms are present in the final product.

LOW/NO HETEROATOM CONTENT PRODUCTS FROM BIOMASS

It will not always be the case that the final products of the chemical industry will need to have a
high heteroatom content, there will still be a necessity in a future bio-economy for chemicals of
very low polarity (e.g. hydrophobes of surfactants, lubricants, solvents for cleaning). Therefore,
practical solutions for the production of low/no heteroatom content products from a biomass-
derived chemical industry will need to be developed. The first option is to consider which platform
molecules of low heteroatom content will be of most practical use. The terpenes (isoprene 14,
pinenes and D-limonene 38) were the only platform molecules on the list with no heteroatom
content. In fact, terpene chemistry is already widely developed and exploited, especially in the
preparation of flavours and fragrances and is a major contributor to proportion of our current
chemical industry that is already bio-derived. However, terpenes are not available on a scale to
match base chemicals, data is limited for turpentine oil (a mixture rich in terpenens) production

but is estimated to have been around 360-370 ktonnes in 2017.13
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An alternative option would be plant-derived oleochemicals, the examples used in the platform
molecules list being lauric acid 57 and methyl laurate 59. Again, oleochemistry is already
industrially well established, for example many surfactants are reliant on the C12 lauric acid from
palm kernel oil as the hydrophobic component. Other important fatty acids as chemical precursors
include oleic 60 and ricinoleic acid 61, both widely used as their C=C (both) and —OH (latter)
functionality allow for further chemical modification. However, both have a M of >280 g/mol and
were therefore omitted from the list of platform molecules in Figure 2 but are included in the
extended plots in the supporting information. Nevertheless, oleochemicals will likely remain a
major contributor to the low heteroatom content products of a bioeconomy though more
sustainable pathways to their manufacture, perhaps via fermentation, will most certainly be
needed.

Other low heteroatom content compounds are extractable directly from biomass, especially
secondary metabolites such as waxes, carotenoids 63-64 or phenolics like anacardic acid 62.
However, in all these instances the global annual production will be too low to substitute the many
millions of tonnes of base chemicals produced.

The final option for a biomass-fed chemical industry will be to remove heteroatom content from
those platform molecules that are more easily producible a mega-scale (i.e. those available from
lignocellulose). An example of this possible approach is given below for the comparison of
petroleum-derived poly(ethene) versus the same polymer but produced from glucose as feedstock
(Scheme 3). As petroleum-derived poly(ethene) is simply the addition polymerization of the base
chemical ethene 1, and the polymers constitutional repeat unit (CRU, atoms within the brackets)
is identical to the M of 1 then no path on the plot is possible as neither M nor %heteroatom (0%)

changes. This also means that the BioLogicTool score (tortuosity) is 1 for the petrochemical route.
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The possibility for production of bio-derived poly(ethene) has received much press lately, but
clearly the BioLogicTool plot (Figure 7) highlights a major issue in this approach, the total removal
of all the heteroatoms from original glucose feedstock means that a very significant mass is lost
overall during the process, this being in the form of waste CO, and H>O that carries little or no
value as by-product. Evidently, a far more suitable bio-derived replacement for poly(ethene) must

be sought in the future, this appears even more obvious before one considers the negative

environmental contribution made by poly(ethene) due to its low biodegradability.
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Scheme 3. Route to biomass-derived poly(ethene) 65 from glucose via the platform molecule
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Figure 7. BioLogicTool plot (heteroatom content by %weight vs. molecular mass M) for the

production of biomass-derived poly(ethene) from a glucose feedstock
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POLY(ETHYLENE TEREPHTHALATE) — ASSESSING THE OPTIONS

Another plastic whose production from biomass is being extensively investigated is that of
poly(ethene terephthalate) 71 (PET). The production of 1,2-ethanediol from biomass has been
previously developed and is already commercial, and therefore the current challenge relates
primarily to finding a viable route to bio-based terephthalic acid 87 or its corresponding alkyl
diesters. Leading potential pathways from biomass to terephthalic acid are shown in Scheme 4,
alongside the current route from petroleum-derived para-xylene (Route A). BioLogicTool plots
were created for each pathway, these plots are presented in Figure 8, and the values for the
cumulative route vectors and BioLogicTool score (tortuosity) are collated in Table 2. A glance at
Scheme 4 reaffirms the earlier discussion that a move to a biomass fed chemical industry will
result in a shift to higher hetereoatom content building-blocks, especially seen in Routes C-F where
sugars are the feedstock for each pathway.

The first bio-derived Route (B) is via the D-limonene 38, as previously stated this is a rare
example of a platform molecule that is devoid of heteroatoms. Route 2 requires first isomerization
and dehydrogenation to yield para-cymene 88, this subsequently oxidized using nitric acid and
potassium permanganate to form 87.!* However, as previously stated the global production of D-
limonene of circa 70,000 tonnes would be orders of magnitude too small to meet demand of 87
and the use of such a harsh oxidation is best avoided.!> Nevertheless, Route B (Figure 8B) does
have a very short cumulative vector path (1.48, Table 2) and a very low tortuosity score (-1.08) by
virtue of only having two steps. Route C is via the glucose-derived platform molecule isobutanol
15, this dehydrated to isobutene gas 89 followed by multiple steps of dimerization, cyclisation and
dehydrogenation to yield bio-based para-xylene 7 that is oxidized as per Route A.'® The

BioLogicTool plot for this pathway (Figure 8C) instantly highlights an issue, which is the total
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removal of all the oxygen from the initial glucose is followed by its reintroduction at the oxidation
step of 7. As such Route C results in the highest cumulative vector (2.84) and the highest score for
tortuosity (-9.50), and on this basis would seem an illogical pathway to select for the production
of bio-based terephthalic acid. Route D goes via the platform molecule 5-(hydroxymethyl)furfural
34, and uses the ability of furan units to undergo Diels-Alder additions as a diene.!” The Diel-
Alder addition of ethene 1 to 34 is problematic due to extensive side reaction as a result of this
platform molecules instability, and instead the addition and concurrent aromatization is carried out
on 2,5-dimethylfuran 91. This pathway produces bio-derived para-xylene 7 that, as for Route C,
can be oxidized to 87 under the same conditions current used for petrochemical terephthalic acid,
thus representing a bio-based drop-in replacement.'® Route D also requires total removal of all the
original heteroatom content of the feedstock followed by extensive reoxidation to 87, and much
like Route C, this results in a very high cumulative vector (2.59) and BioLogicTool score (-8.01)
suggesting this pathway is not ideal. However, this route is already heavily optimised and the
Diels-Alder addition and concurrent dehydration occurring at very high conversions.!”!>? An
alteration to the Route D has recently been demonstrated whereby some of the original oxygen can
be maintained in the product diethyl terephthalate 94 (Route E), this is achieved through the Diels-
Alder addition of ethene to diethylfuranoate 93 (more stable than 34) with ethene over a clay

catalyst.?!

By avoiding total removal of heteroatom content the BioLogicTool score for this path
from feedstock to product is much lower (Figure 8E), -2.42. Evident from the comparison of

Routes D and E is that there is clear merit in avoiding total heteroatom removal in the pathway to

87.
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Scheme 4. Routes to terephthalic acid 87 from petroleum and biomass feedstock Route A: oil-
based route to 87 using p-xylene 7 as intermediate; Route B: Bio-derived route to 87 from D-
Limonene 38; Route C: Bio-derived route to 87 via complete deoxygenation of glucose to 7 then
oxidation to 87; Route D: bio-derived route to 87 via complete deoxygenation of fructose then
oxidation of 7 to 87; Route E: Bio-derived route to alternative replacement of 87,
diethylterephthalate with partial deoxygenation of fructose; Route F: Route to potential bio-

derived replacement of PET (hence 87), poly(ethenefuranoate) (PEF)
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Figure

8. BioLogicTool plots (heteroatom content by %weight vs. molecular mass M) for the

production of terephthalic acid 87 via: A) petroleum-derived base chemical para-xylene 7; B)

platform molecule D-limonene 38; C) platform molecule iso-butanol 15; D) platform molecule 5-

(hydroxymethyl)furfuryl 34 and 2,5-dimethylfuran 91 as intermediate; E) platform molecule 5-

(hydroxymethyl)furfuryl 34 and diethylfuranoate 93 as intermediate. F) Production of 92 from

fructose via 34. Note: the biomass-derived routes all start from a relevant biomass feedstock (sugar

or D-limonene)
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Table 2. Comparison BioLogicTool Scores for the Various Pathways to Terephthalic acid

Route  Feedstock Key Number  Cumulative BioLogicTool

intermediate of steps Pathway Length Score (tortuosity)

A Petroleum 7 1 1.41 1.00

B D-limonene 88 2 1.48 -1.08
C Glucose 15 5 2.84 -9.50
D 91 4 2.59 -8.01
D* 92 4 3.30 -3.29

Fructose

E! 93 5 2.64 -2.42
F¢ 34 and 92 2 2.44 -5.25

'final product is diethylterephthalate; ®same as D but 92 replaces 91 for Diels-Alder addition;
“final product is 2,5-furandicarboxylic acid 92, this a potential replacement for terephthalic acid in

polyesters such as poly(ethene furanoate) (PEF)

If the direct Diels-Alder addition of diacid 92 with 1 could be achieved in high yields then this
pathway becomes even better (Route D*, Table 2) with the cumulative vector reducing to just 3.3,
and low lower tortuosity retained at -3.29. This reaction has yet to be optimised, with only very
small yields quoted in patents from 2008 and 2014.'%2? A final option for maximum retention of
feedstock heteroatom content is to consider replacing terephthalic acid entirely, one choice being
selecting poly(ethenefuranoate) (PEF) as an alternative to PET. This pathway, Route F, has one of
the shortest cumulative pathways (2.44) and a relatively low BioLogicTool score (-5.253), higher
than D* due to the normalisation of the data. The low cumulative pathway for PEF together with

the relatively low tortuosity score also represents a conclusion that was anticipated at the end of
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the introduction: the BioLogicTool can highlight how important retention of feedstock

%heteroatom content is in maximizing the mass efficiency of converting biomass to products.

OPPORTUNITIES FOR BIO-BASED AROMATICS FROM LIGNIN

The replacement of petroleum-derived aromatics by bio-based alternatives is one of the biggest
challenges of the transition towards the use of renewable feedstocks in chemical production. The
case of terephthalic acid above is only one of many examples of aromatic compounds extensively
used in the chemical industry. Currently, 40% of the bulk chemicals belong to the aromatic
category, and a myriad of products are derived from benzene, toluene and xylenes. Although some
renewable aromatic feedstocks such as tannins or cardanols derived from cashew oil have already
a place in the chemical industry, their abundance is not adequate to replace all petroleum-derived
aromatic compounds. Fortunately, there is a large reservoir of aromatics in the support tissue of
plants. Lignin, being the second most abundant biopolymer on earth, is the only source that can
replace petroleum-derived aromatics at scale. However, its complexity, heterogenicity, and
recalcitrance have complicated its application. Currently, only a small proportion of lignin is used
to produce chemicals, vanillin and ferulic acid being the only products produced at industrial scale
from it (Figure 9B).? The production of vanillin is an illustrative example of the current status of
bio- vs petroleum-based industry: 85% of world’s vanillin production comes from petroleum,
while only 15% has its origin from woody biomass.>* Moreover, the only reason why this figure
is not even smaller is the premium that is paid for “natural” vanilla as opposed to “synthetic” or
“artificial” vanilla. Cheap oil prices ensure that many commodity chemicals are currently produced
at a price that is difficult to obtain from bio-based sources. A look at the path from benzene to

vanillin shows, though, that other parameters (atom economy, greenness, sustainability etc.) favour
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the isolation of vanillin from woody biomass (Figure 9A). In this case, the bio-based route is less
tortuous than the petroleum-based route. Having said that, vanillin has to be obtained from
depolymerization of lignin. Unfortunately, lignin is a complex polymer with a non-defined

structure, and it is not possible to apply the BioLogicTool for this particular feedstock.
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Figure 9. A: BioLogicTool plot for the oil-based production of vanillin 46; B Monomers currently

produced from lignin.

Despite its low numbers, the fact that vanillin is at present produced from lignin has driven the
interest of scientists to use it as a monomer for constructing renewable polymers from it.>* Other
monomers potentially derived from lignin have also been used for the synthesis of bio-based
polymers, and this has been recently reviewed.”>2® Nonetheless, all these examples use model
compounds, that is, molecules that “could” be obtained from lignin but that are currently derived
from petroleum. This trick allows preparing the polymers in similar conditions to the standard
petrochemical settings: high purity monomers. Unfortunately, this is not representative of what is

actually obtained from lignin depolymerization, where purity is typically considerably lower.?>=%-3

27



One of the most controversial aromatic petroleum derivates is bisphenol A (BPA, Figure 10C),
a precursor for most polycarbonates and epoxy resins. Many potential replacements for BPA have
been reported based on potentially lignin-derived monomers.>' 7 Yet, to the best of our
knowledge, there is only one example where an actual lignin-derived monomer (4-n-
propylsyringnol, Figure 10C) was used.’® Moreover, the authors conducted an early-stage
economic assessment which showed that the scale-up of the bissyringol (Figure 10C) could be
economically feasible. The comparison of BPA with the lignin-based BPA replacement shows two
interesting features. On one hand, that the use of lignin-derived fragments is advantageous for
phenolic derivatives, as the hydroxyl group is already present. The cumulative pathway length is
1.42 for the bissryingol synthesis (Figure 10B) versus 2.21 for BPA (Figure 10A). However, as
already stated, the process for obtaining lignin-derived monomer is not computed in the
BioLogicTool. In any case, the formation of aromatics from lignin seems more logical than from
sugars (vide supra). The other feature that stands out from the comparison of the BPA against its
bio-based replacement is the extra functionality in the form of methoxy groups in the latter. The
extra functionality has, of course, some impact on the properties of the materials.>* Sometimes it
will be desired and sometimes undesired but it can be certainly stated that lignin-derived polymers
will have unique properties. In the current situation of dominant petroleum-derived polymers,
these unique properties could confer an advantage to lignin alternatives and offer a unique selling

point to their production.
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Figure 10. Comparison of BPA and the lignin-derived potential alternatives. A: BioLogicTool plot
of the oil-based route to BPA; B: BioLogicTool plot of a potential bio-derived replacement for
BPA, bissynrigol; C: Chemical structures of plotted molecules BPA, 4-n-propylguaiacol,

bissyringol and representative dimers derived from lignin depolymerization.

Besides polymers, lignin-derived monomers can serve as a starting point for drugs and natural
products.?®> An example of applying the BioLogicTool to consider the production of L-dopa from

lignin can be found in the supplementary information.

LIMITATIONS OF THE BIOLOGICTOOL
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The tool was specifically developed to be simple to use, giving a visual representation of data

supported with relevant numerical values (7otal length and BioLogicTool score) and to also be

accessible prior to experimental work. However, users should also be aware of a number of

potential limitations to the tool, some of which are listed below:

BioLogicTool Total length and score (tortuosity) do not take into account the yields of the
various reaction steps in any path. Users can insert values for yields in the available tool
and this will colour code each arrow for a reaction based on the yield quoted (example
given in Supporting Information, figure S5). Note the values generated (cumulative vector
and BioLogicTool score) do not take these yields into account, only the visual
representation of the plot is altered

The tool does not highlight where excess reagents or reactants are required. Other metrics
such Process Mass Intensity are more appropriate for this but they require the reaction to
be performed in the first instance and for the user to gather data for the mass of each regent
used

The tool does not consider energetics of the reaction steps and overall pathways. It is
possible that a third axis could be included to address this but this approach would require
additional computational work and remove the ease to which the tool can be used

The tool does not give direct information on whether one process is more or less
environmentally friendly or economically viable to another, many additional parameters
are required to make such judgements. However, there is likely to be some correlation
between improved resource efficiency and a reduction in the number of steps to lower both

cost and environmental impact, therefore the tool may offer some initial general assessment

of this
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CONCLUSION

Iterative steps in the modification of the van Krevelen diagram led to development of a new
visual representation of building-block chemicals, one that is more suited to making a comparison
between petrochemical and bio-based routes to desired products of the chemical industry. The
higher heteroatom content in platform molecules were highlighted by the so-called BioLogicTool
plots (%heteroatom by mass vs. molecular mass). Whether the chemical industry should seek drop-
in replacements to conventional petrochemicals or embrace a whole new range of products is thus
assisted by visualisation through application of the tool. If logic prevails then the future bio-based
economy must seek to keep incorporated into its final products those original heteroatoms present
from the starting biomass feedstock. The capabilities of the BioLogicTool was enhanced further
by summation of the vectors for multi-step pathways from feedstock to product, whilst a simplified
tortuosity score could also be easily calculated. In doing so the BioLogicTool allows for
hypothetical routes to be assessed before any laboratory reactions takes place. The approach of the
BioLogicTool has been demonstrated through some selected examples including options for
replacing NMP, bio-based routes to terephthalic acid and the importance lignin holds in accessing
aromatic compounds (especially ones that contain heteroatoms). As such the simple approach
herein offers a facile and rapid means to compare established and new routes from feedstock to
product, with that feedstock being either the incumbent fossil resources (petroleum, gas) or

biomass.

ASSOCIATED CONTENT

Supporting Information contains: full tables of the base chemicals and platform molecules

with all the values (M, O:C and H:C, %oxygen, %heteroatom) used to prepare the BioLogicTool
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plots; a larger version of Figure 3D with assignment of the all data points; the structures of the
platform molecules with an M >220 g/mol; BioLogicTool plots extended to contain the platform
molecules with M >220 g/mol; discussion on potential benefits of the synthesis of L-dopa from
lignin as highlighted by the BioLogicTool; an example of a colour-coded plot based on user defined
yields for each step. The spreadsheet form of the tool is available as part of the supplementary
information and also accessible through via DOI 10.15124/64d80432-9929-4b74-bcb7-

8e3226ec03ce
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