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Abstract
Anthocyanins are natural pigments that provide colors of orange, red, pink, purple, and blue to
many flowers, fruits, and vegetables. Pyranoanthocyanins are more stable anthocyanin-derived
compounds that result from the reaction of an anthocyanin with an organic cofactor, commonly
hydroxycinnamic acids. Pyranoanthocyanins are rare in nature, with only three known natural
sources, including Staghorn sumac. Staghorn sumac, or Rhus typhina, is a North American shrub
or small tree that produces red to burgundy fruits in the fall that persist throughout the winter
months. Four minor pyranoanthocyanin compounds were isolated from a sumac extract. All four
were initially characterized by UV-Vis and MS. Two of the four compounds were structurally
elucidated by NMR methods, a third was very minor in concentration and unable to be studied by
NMR but was verified by HRMS. The fourth pyranoanthocyanin appeared to have undergone
degradation prior to NMR and HRMS analysis.
In addition to the structural elucidation of these novel compounds, the development of the
anthocyanin and pyranoanthocyanin content of sumac was followed over the 2021 growing season
in Charlottetown, Prince Edward Island. Through this developmental series, it was observed that
anthocyanin content rises in July, followed by pyranoanthocyanin content in August, which both
then settle to an intermediate concentration over the winter. Furthermore, the glucocaffeic acid
concentration rises and falls in line with the anthocyanin concentration, verifying that this is the
suspected cofactor in the pyranoanthocyanin formation. Additional conclusions on the pigment
development were also made.
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1 Introduction
1.1 Natural Colorants
1.1.1 The Chemistry of Color
The color perceived through the human eye plays an influential role in all aspects of one’s life,
including the food they eat, clothes they wear, and even decisions they make.1 In nature, the vast
array of colors exhibited by plants, fruits, and vegetables provide them with additional purposes.
For example, green chlorophyll allows plants to make energy through photosynthesis or when a
flower’s colorful appearance is used to attract pollinators.2 The colors that are displayed by these
living organisms are necessary, functional aspects of their life. The anthocyanin and
pyranoanthocyanin natural pigment compounds are the focus of this thesis thus understanding the
chemical concept of color is important.
A molecule can appear colored if it absorbs light in the visible light region of the electromagnetic
spectrum, specifically 360-780nm. The chromophore is the part of the molecule responsible for
the light absorption, which usually consists of a conjugated 𝜋 system of electrons. The absorption
of light by the conjugated system causes the excitation of a ground-state electron, creating an
excited state. This 𝜋 to 𝜋* electronic transition occurs between the HOMO and LUMO, creating
an energy gap.3 The energy of a photon is represented by the equation E=hc/𝜆, where h is plank’s
constant, c is the speed of light, and 𝜆 is the absorbance wavelength. The maximum wavelength
absorbed, 𝜆!"# , is inversely related to the energy gap of the HOMO and LUMO states. Generally,
the more conjugated a 𝜋 system is, the smaller the energy difference and thus a higher 𝜆!"# is
1

observed. UV-Vis spectroscopy will reveal the 𝜆!"# of a compound. A bathochromic shift in
𝜆!"# is the term for an increase in 𝜆!"# towards the red end of the visible spectrum, whereas a
decrease in 𝜆!"# signifies a hypsochromic shift towards the blue end of the spectrum.3
In terms of color, the 𝜆!"# of a compound signifies the absorbed color, which leaves the remaining
color to be reflected and observed by the human eye. This absorption corresponds to the
complementary observed color, which the color wheel easily displays. A simple example is the
natural pigment betanin, which is responsible for providing the red color of beets and strongly
absorbs light in the green region around 535nm. This leaves the red region of the visible spectrum
to be observed. Figure 1.1.1 illustrates this concept, where the arrow shows the absorption of green
light to give a red color appearance.

violet: 400nm
blue: 450nm
green: 500nm
yellow: 550nm
orange: 600nm
red: 700nm

Figure 1.1.1 The color wheel displaying the red appearance of betanin with the approximate
wavelength absorption values of each color region.
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1.1.2 The Four Main Classes of Natural Pigments in Plants
The compounds that express the brilliant colors of plants can be categorized into four main classes:
chlorophylls, carotenoids, betalains, and flavonoids.4 Although the four classes differ structurally,
as shown in Figure 1.1.2, they are all similar in the means of having a highly conjugated system
that provides them with a chromophore to display a large variety of colors. These naturally
produced compounds collectively provide many benefits to their host, including photosynthesis,
growth and development, pollination and seed dispersal, or photoprotection. Additionally, these
pigments have been shown to have various human health benefits when consumed in the diet.5, 6

Figure 1.1.2 Common example of each of the four main classes of natural pigments.
1.1.2.1 Chlorophylls
Chlorophylls comprise the green color of plants and have the important role of absorbing sunlight
and creating energy for the host through photosynthesis. The structure of the pigment compound
includes a porphyrin aromatic system with a central magnesium atom and varying side chains

3

attached to the ring, commonly having a long hydrocarbon tail. There are several forms of
chlorophyll, but chlorophyll a and chlorophyll b are the most common and are the forms found in
plants. Chlorophyll a, whose structure is shown in Figure 1.1.2, is the primary photosynthetic
molecule present in all photosynthesizing plants. In contrast, chlorophyll b is an accessory pigment
for photosynthesis, as it broadens the absorption spectrum allowing for more light to be converted
to energy.6, 7

1.1.2.2 Carotenoids
The carotenoids are responsible for most yellow and orange natural colors. With a tetraterpenoid
structure of a polyene chain and two end groups, these compounds give the distinctive color to
carrots, pumpkin, autumn leaves, and are present in most fruits and vegetables. The carotenoids
are further classified as xanthophylls or carotenes, based on whether they contain oxygen atoms
or not. The structure of 𝛽 carotene is shown in Figure 1.1.2 and is the primary carotenoid found in
carrots. Functionally, this class of pigments will assist in photosynthesis by absorbing additional
sunlight or providing photoprotection.6, 8

1.1.2.3 Betalains
Betalains are nitrogenous pigments found in flower petals, fruits, and vegetables. Depending on
their structure, these compounds can be distinguished as red-violet betacyanins or yellow
betaxanthins. Betanin is shown in Figure 1.1.2 and is the most common betacyanin glycoside as it
is well known for its role in coloring red beets. The physiological function of betalains is not fully
understood. They have been found to promote attraction for dispersion in some species, but other
purposes like increased pathogen resistance and osmoregulation are suggested.9, 10
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1.1.2.4 Flavonoids and Anthocyanins
The flavonoid class of natural pigments is extensive, specifically found in flowers, fruits, and
seeds. It is comprised of many subgroups, some of which include flavones, flavonols, flavanols,
and anthocyanins. All subgroups of this class are similar in structure in that they are a polyphenol
compound of a basic skeleton of two phenyl rings joined by an additional ring, illustrated in Figure
1.1.3. The subgroups of this class of pigment all have this general structure but differ in the number
and position of hydroxyl groups, as well as the oxidative state of the C ring. These water-soluble
compounds are generally found in nature as glycosides. There are some yellow producing
compounds of this class, specifically chalcones and aurones, as well as colorless, but the majority
of the pigmentation observed in plants is produces by the anthocyanin subgroup.5,11 The
anthocyanin (ACN) group of pigment compounds, whose structure is also shown in Figure 1.1.3,
produce red, purple, and blue colors. The anthocyanins and anthocyanin-derived pigments are of
specific focus herein.

Figure 1.1.3 The general structure of a flavonoid and an anthocyanin.
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1.2 Anthocyanins
1.2.1 Structure, sources, and function
The ACN class of pigment compounds is very abundant in nature, with over 600 differing
anthocyanins currently identified. These pigments display various orange, pink, red, purple, and
blue shades in a large variety of species. The compound is composed of the basic anthocyanidin
structure, also termed the aglycone, which is a flavylium cation with a positive charge on the
oxygen of the C ring. The anthocyanidin is the form of the anthocyanin without its glycosidic sugar
attachment. As of 2009, there were 23 different types of anthocyanidins.12 These aglycone species
differ in the position and number of hydroxy group or O-methyl groups attached to the aromatic
rings. In nature, there are only six commonly found anthocyanidins, which are summarized in
Table 1.2.1 with their respective substitution patterns according to the numbering system used in
Figure 1.1.3.12
Table 1.2.1 The six major skeletal structures of anthocyanidins found in nature based on their B
ring substitution pattern.

Anthocyanidin
Pelargonidin
Cyanidin
Delphinidin
Peonidin
Petunidin
Malvidin

Abbreviation
Pg
Cy
Dp
Pn
Pt
Mv

R3’
H
OH
OH
OMe
OMe
OMe

R5’
H
H
OH
H
OH
OMe

When an anthocyanidin becomes glycosylated, it is then an ACN. Glycosylation of the aglycone
generally occurs as an O-glycoside bond on C3 but is also known to occur on C5 or C7. ACNs can
6

have additional sugar attachments or acylations, creating a diverse library of ACNs.13 The most
common ACN in nature is cyanidin 3-O-glucoside. This results from cyanidin being the most
common aglycone found in nature, representing fifty percent of the ACN makeup of fruits and
vegetables, and glucose being the most prevalent glycoside.12
Flowers, fruits, and vegetables are the most common sources of ACNs, with additional sources
including plant leaves, stems and cereals. In the petals of flowers, ACNs play a large role in color.
Red, purple, and blue flowers are generally those resulting from ACN pigmentation, including
cyanidin in red rose and delphinidin in blue hydrangea.14 The fruits are another area of natural
sources that ACNs are very dominant, more extensively in berries. Grapes, raspberries, and
blueberries are a few examples of fruits that are highly concentrated with ACNs. Regarding
vegetables, the sources of ACNs are also extensive, with some examples including red cabbage,
purple cauliflower, and black beans.15 Within all of these sources, the ACN content can range from
20-15000 mg/kg with smaller fruits having a higher surface to volume ratio containing higher ACN
concentrations.16 It should be noted that the ACN profile of red wine is extensively studied but is
not the focus of this research.
The ACNs in these species have several functions. Primarily, they serve as colorful attractants to
pollinators of flowers or for seed dispersal in fruits. Additional functions these compounds serve
to their hosts include protection from abiotic and biotic stressors, photoprotection, deterrents from
herbivores or parasites, and provide antioxidant effects. In the benefit of humans, ACN research
has quickly increased through the application of their antioxidant abilities to treat various
diseases.17
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1.2.2 Color and stability
There are a variety of factors that play a role in the stability of ACNs, and thus impacting their
exhibited color. Primarily, the instability of anthocyanins arises from their large influence on pH
changes. The principal form of an ACN is at low pH, where it is dominant in the flavylium cation
form, denoted as AH+. This is the equilibrium structure of ACNs that is generally associated with
their structure, as this form is where the compound is most stable and exhibits the most intense
color. Increases above pH 1 result in shifts in the equilibrium, along with color changes and
irreversible degradation of the ACN.12 The equilibrium structures of cyanidin changing from AH+
as pH is increased are shown in Figure 1.2.1

Figure 1.2.1 The five equilibrium structures of ACNs and their general color, presented with
cyanidin.18
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When pH increases from a highly acidic environment of AH+, the neutral quinoidal base form, A,
is predominant and a more purple color is observed. With further pH increases, the A- form is
dominating, giving a blue to green hue. At pH values between 4-6, Compounds B and C, the
pseudobase and chalcone, are also present in equilibrium with the cation and quinoidal base.
Nevertheless, pH increases above pH 7 result in the loss of color through the irreversible
degradation of compound C, which is the result of an isomerization of the E-chalcone to the Zchalcone (not shown).12, 19, 20
When comparing the different colors of ACNs in their flavylium cation form, the B ring
substitution pattern that differs between anthocyanidins is a determining factor of the compound’s
𝜆!"# and thus their color. A maximum absorbance value for anthocyanins is about 510nm. A
bathochromic shift in 𝜆!"# of around 10nm is observed with hydroxylation of the B ring, resulting
in a bluing color change.12 This can be observed through the comparison of pelargonidin, cyanidin,
and delphinidin. Pelargonidin has one hydroxyl group on its B ring and largely exhibits an orange
color, while cyanidin with two hydroxyl groups is red and delphinidin with three hydroxyl groups
is more purple. Upon methylation of the B ring, only minor changes of 1-2nm in the maximum
UV-Vis absorption are observed. Furthermore, the addition of sugars to the anthocyanidin and
acylation of the ACN can cause bathochromic or hypsochromic shifts in 𝜆!"# and the color
changing effects are not as obvious as the B ring substitution pattern.12,13
Table 1.2.2 Three anthocyanidin-3-O-glucosides and their color change due to their B ring
hydroxylation pattern.21
Anthocyanidin-3-O-glucoside
Pelargonidin
Cyanidin
Delphinidin

R3’
H
OH
OH

R5’
H
H
OH
9

𝝀𝒎𝒂𝒙
496
512
520

Color
Orange
Red
Red – Purple

Co-pigmentation of ACNs with other organic molecules or metal ion is another factor that can
change the color and color intensity of an observed ACN pigment. When an ACN forms a complex
with another atom or molecule, it provides stability and color changing effects that are not
predictable. Co-pigment molecules form 𝜋 − 𝜋 stacking interactions with the ACN, which can be
done by a variety of different compounds, including organic acids, flavonoids, and metal ions.
Complexation with metal ions like Fe3+, Mg2+, or Al3+ through interactions from the B ring
dihydroxyl groups of certain ACNs are suggested to be the result of the stabilized blue colors in
flowers. These interactions are very important to ACN stabilization in plants, allowing for further
bathochromic shifts and increased color range, although it is still pH dependant.12, 20
Lastly, external factors are also playing a role in the colors ACNs produce, including light,
temperature, and soil nutrition. The absence of light will suppress the biosynthesis of ACNs in the
plant. This has been studied in petunia and rose flowers, where findings revealed that there are
photoreceptors involved in the regulation of ACN biosynthesis. Although increasing the amount
of light will generally enhance ACN synthesis, a temperature rise above normal conditions was
shown to result in pale coloration of flowers. Additionally, if the soil is lacking essential nutrients,
ACN biosynthesis or coloration can be affected. For example, most plants do not like an acidic
environment, but the hydrangea flowers have adapted to different soil pH and will change color
from red to blue in acidic soil. This change in color is due to the increased uptake of aluminum
with increased acidity, resulting in the co-pigmentation of ACNs with Al3+. Conclusively, it is not
a simple answer as to what ACN compound is coloring a certain flower, fruit, or vegetable; rather,
the joint work of various ACNs, their co-pigments, and external factors are all influencing the
pigmentation of their host.14, 20
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1.2.3 The biosynthetic pathway of anthocyanins
The biosynthesis of anthocyanins follows the shikimate pathway, the phenylpropanoid pathway,
and the flavonoid pathway in the cytosol of the cells. Phenylanaline, a product of the shikimate
pathway in plants, is converted to 4-coumaroyl-CoA through the phenylpropanoid pathway in the
three steps displayed in Figure 1.2.2. This compound will react with three molecules of malonyl
CoA, catalyzed by chalcone synthase, to form a chalcone and begin the flavonoid pathway, also
exhibited in Figure 1.2.3. The formation of the chalcone allows for all subgroups of the flavonoid
class to by synthesized.11

Phenylpropanoid Pathway
Flavonoid Pathway

Figure 1.2.2 The phenylpropanoid pathway and the flavonoid pathway required for anthocyanin
biosynthesis. Abbreviations: PAL, phenylalanine ammonia lyase; C4H, cinnamate-4hydroxylase; 4CL, 4-coumaroyl-CoA-ligase; CHS, chalcone synthase; CHI, chalcone isomerase;
F3H, flavanone 3-hydroxylase; DFR, dihydroflavonol 4-reductase. 22
11

The flavonoid pathway continues with the chalcone isomerizing to a flavanone, resulting in the
formation of the C ring. Afterwards, flavanone 3-hydroxylase catalyzes the conversion of the
flavanone to a dihydroflavonol, where a hydroxyl group is added to carbon 3. Further
modifications include F3’H adding the 3’ hydroxyl or F3’5’H hydroxylating both the 3’ and 5’
positions.11,14 These two enzymes are important for allowing anthocyanins to display their large
range of colors, as modifications to the B ring are in part responsible for the color changes in
differing anthocyanins. F3’H is more prominent in plants, resulting in cyanidin based anthocyanins
being much more prevalent.
The dihydroflavonol is reduced to a leucoanthocyanidin through catalysis by dihydroflavonol 4reductase. This enzyme is found to be very substrate specific in certain plants, resulting in the
absence of some anthocyanins in certain species. Various subgroups will be derived from the
chalcone, flavanone, dihydroflavonol, and leucoanthocyanidin compounds produced in the
flavonoid pathway.11 In terms of anthocyanin biosynthesis, three additional steps are required from
the synthesis of leucoanthocyanidin, illustrated in Figure 1.2.3.

Figure 1.2.3 The biosynthesis of anthocyanin from leucoanthocyanidin. Abbreviations: ANS,
anthocyanidin synthase; UGT, UDP glycosyltransferase.23
The biosynthesis of anthocyanins continues from the flavonoid pathway through the action of
anthocyanidin synthase, converting the leucoanthocyanidin into the anthocyanidin. Lastly, the
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unstable anthocyanidin is glycosylated at C3 by a glycotransferase to form the stable anthocyanin.
This is commonly flavonoid 3-O-glucotransferase (UFGT), the enzyme responsible for adding an
O-glucose substitution to C3. This step can yield cyanidin, pelargonidin, or delphinidin 3glycosides, which can then be converted to peonidin, petunidin or malvidin 3-glycosides through
reactions with O-methyltransferase. Additional modifications, like glycosylation or methylation,
yield the extensive array of the less common anthocyanins.11,23,24 Upon completion of the
anthocyanin formation, storage of the pigments is generally found to be in the vacuole. The
mechanism of this transport is not well understood, as well as the pH regulation during storage.11

1.3 Pyranoanthocyanins
1.3.1 Structure and sources
The pyranoanthocyanins (PACNs) are an anthocyanin-derived pigment that result from the
reaction of an ACN with an organic cofactor to form a larger and generally more stable pigment
compound. The general structure of a PACN, shown in Figure 1.3.1, includes an additional pyran
ring with a substituent on carbon 12. This substituent can range from a simple hydrogen to a more
intricate aromatic complex, as shown in the examples in Figure 1.3.2.25 Thus, the classification of
a PACNs will vary depending on the cofactor that reacts to form the new product, and the reacting
ACN will create diversity within classes.
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Figure 1.3.1 The structure and numbering scheme of a general pyranoanthocyanin.

Figure 1.3.2 Structural examples of some of the different types of PACNs.26
14

The occurrence of PACNs in nature is very minimal, rather they are found in processed foodstuff
including wine and fruit juices.27 This is due to their known property of developing with increased
storage time of foodstuff as the ACNs continue to react. Similar to ACNs, the PACN makeup of
red wine is well studied and multiple types of PACNs in wine have been identified. The PACN
content in wine is suspected to play a large role in the coloration of aged red wine, as PACN
concentration increases with time and the ACN concentration decreases. Stored black current and
black carrot extract also have shown to contain PACNs, but their occurrence was not found in the
fresh plant material.26
The only known naturally occurring sources of PACNs in the current literature are strawberries,28
red onion,29 and Staghorn sumac.30 5-carboxylpyranoanthocyanins were found in onion and
strawberry, and the first in planta 5-ring hydroxyphenyl-PACNs were isolated from sumac. The
focus of this research is the hydroxyphenyl-PACNs in sumac, thus this type of PACN will be of
larger focus herein.

1.3.2 Color, stability, and formation
PACNs are similar to their ACN precursors in that they are pigmented, water-soluble, and nontoxic, yet they carry some additional distinctive features in terms of color and stability. Most
notably, PACNs are not as susceptible to degradation and color loss upon an increase in pH. It was
observed that when the pH changed from 1 to 5, eighty percent of ACN color intensity was lost
due to formation of the carbinol base, while the PACN content was hardly affected.26 The increased
stability of PACNs to pH changes has deemed them as compounds of interest in the search for
stable natural food colorants. The additional pyran ring that is created in the formation of PACNs
from ACNs and organic cofactors is responsible for this increase is stability. This extra ring
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provides protection of the C4 and C5 positions of the ACN flavylium cation from nucleophilic
attack of water, hindering their degradation.26,31
This increase in stability of PACNs compared to ACNs has made PACNs of interest in the search
for new food colorants. The replacement of synthetic dyes is being requested due to their potential
health risks. ACNs are current natural food colorants approved for use in Canada, but their
applications are limited due to their limited stability to environmental factors. Therfore, PACNs
have become of popular interest for their potential application as an alternative food colorant.4
There are also spectroscopic differences between the ACN and PACN classes of compounds. In
comparison to their ACN precursor, hydroxyphenyl-PACNs exhibit a hypsochromic shift in 𝜆!"#
of about 5-10nm, generally around 500nm. This results in a more orange hue, which explains the
generally observed orange-red color of these PACNs. This hypsochomic shift is characteristic of
other types of PACNs as well but is not common to all types.26 The structural difference of PACNs
also leads to a sharper peak in the UV-Vis absorption spectrum. This shape change can be seen in
the comparative UV-Vis absorption spectra in Figure 1.3.3. Similar to ACNs, the B ring
substitution of the ACN precursor plays a role in the PACN color, with increases in hydroxylation
or methylation causing a bathochromic shift in 𝜆!"# . The hydroxyphenyl-PACNs are a 5 ring
system, with the conjugated E ring also displaying the same bathochromic shift effects upon its
hydroxylation.26
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Figure 1.3.3 The UV-Vis Absorption Spectra of an ACN (Pelargonidin-3-O-lathyroside) on the
top and its PACN derivative (Panaxidin A 3-O-lathyroside) on the bottom. 32
The mechanism of formation of pyranoanthocyanins is not well established as they were only
discovered in 1996 in red wine and only have three known natural sources; thus, the literature
studies of their mechanism are regarding their formation in wine, rather than in planta, and most
mechanisms are only proposed. The mechanisms are variational between the types of PACNs,
although conditions required for their synthesis require ACN content and a cofactor with a
polarizable double bond.33 The reaction can occur directly with the hydroxycinnamic acid, or with
the decarboxylated vinylphenol. The direct reaction with caffeic acid is facilitated through the
presence of the electron donating substituents of the aromatic ring due to their stabilizing effects
on the proposed intermediate carbenium ion. This allows for the four common natural
hydroxycinnamic acids, caffeic, coumaric, ferulic, and sinapic acid, to react with ACNs to form
hydroxyphenyl-PACNs.
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1.4 Anthocyanins, Pyranoanthocyanins, and Staghorn Sumac
1.4.1 Staghorn Sumac
Sumac is a shrub or small tree of the Anacardiaceae family and the Rhus genus that has over 250
species, generally found in tropic, subtropic and temperate regions across the world. These
deciduous plants have historically been used as dyes, medicines, beverages, and spices. The Rhus
typhina, synonym Rhus hirta, species of sumac is popular in North America and native to Eastern
North America. Commonly called Staghorn sumac, these woody plants can grow in harsh
conditions and the female flowers of this plant produce red fruits that persist throughout the winter
months, making them emergency foods for birds in the winter.34, 35 The fruits of Staghorn sumac
are single seed, hairy fruits that are red in color and deepen to burgundy during the fall; these fruits
form dense seed clusters, as shown in Figure 1.4.1.

Figure 1.4.1 A photo of a Staghorn sumac tree and a close-up of their red fruit seed clusters.36, 37
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The chemical composition of the sumac plant and all its parts have been previously studied,
although the majority of this research on sumac concerns R.coriaria, another popular species of
sumac that is native to Europe. The antioxidant activity of sumac has been particularly studied,
revealing that some sumac fruits have higher antioxidant properties than most fruits.38 The
anthocyanin content of this species, along with R. typhina and R. glabra, was reported in 1997,
although R. coriaria has since been extensively studied and contains many flavonoids, organic
acids, tannins, and essential oils.39-41 A comparative study on R. coriaria and R. typhina by Kossah
et al.42 determined that these two species had differing chemical composition of their fruits, in
terms of vitamins, organic acids, and amino acids. Although anthocyanins were not discussed,
variation in other phytochemical classes leads to suggest the ACN content would also differ. In
2013, Wu et al.38 published the first phytochemical investigation of R. typhina fruits where ten
phenolic compounds and their antioxidant activity was outlined, including m-glucocaffeic acid,
gallic acid and quercetin. Five proposed novel anthocyanins with unique aglycones were also
revealed. The anthocyanins found in R. typhina that were discussed were only partially identified,
which lead to the publication by Kirby et al.30 later that year where the specific anthocyanin content
of R. typhina was determined through NMR spectroscopy. This was the first study that extensively
identified the ACN content of a sumac species, which also lead to the discovery of an in planta
source of PACNs. Rhus typhina, or Staghorn sumac, will simply be referred to as sumac herein.

1.4.2 Major pigments in sumac
The pigmentation of the deep red sumac fruits results from the presence of anthocyanins and
pyranoanthocyanins that accumulate in the hairs that cover the seeds. Sumac is of special interest
in the research of PACNs as it is one of the three only discovered sources of PACNs in planta.
This discovery was made in 2013 by the Kirby group at Agriculture and Agri-Food Canada’s
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(AAFC) Charlottetown Research and Development Center, with sumac being the first 4-vinylcatechol PACN found in planta.30 4-vinyl-catechol PACNs are a hydroxyphenyl-PACN with an
OR group on C3 and C4 of the E ring.
The major ACN content in sumac was discovered to be cyanidin or delphinidin based ACNs with
unusual OMe substituents on C7 and 2-gallate acylations on the 𝛽-D-galactose at C3.30 Through
investigation of the major ACN components, PACN content was found and the two major PACNs
of sumac were described. These PACNs are suspected to result from the reaction of the ACNs with
m-glucocaffeic acid, which was previously determined to be present in sumac by Wu et al.38 The
four ACNs and two PACNs that compile the major pigmentation of sumac are shown in Figure
1.4.2. These structures were all confirmed by NMR spectroscopy.
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Figure 1.4.2 The major pigment compounds found in Staghorn sumac; four ACNs and two
PACNs discovered by the Kirby group at AAFC in 2013.30

1.4.3 Naming of sumac pigments
The naming of the sumac ACNs and PACNs discussed in this thesis are abbreviated by their
structural components to clearly indicate their differences. An abbreviation for the anthocyanidin
base compound will be used, specifically Cy for cyanidin or Dp for delphinidin, as well as G for
the presence of a 3-O-galactoside and g for the presence of a gallate group attached to the C2 of
galactose. Additionally, 7Me signifies that there is a rare O-methyl group at C7 on the A ring
instead of the popular hydroxyl group. If there is Py in front of the name, this signifies the PACN
version of the ACN precursor. For example, the most abundant PACN in sumac is Py7MeCyGg.
This abbreviation signifies the PACN form of the 7MeCyGg ACN, which itself is built of cyanidin,
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with the 7-O-methyl present, as well as the galactose and gallate groups. The complete list of ACN
and PACN compounds in sumac with their abbreviations is found on page VI.

1.4.4 Minor pyranoanthocyanins in sumac
Although the major ACN and PACN pigmentation of sumac fruits is established, there are minor
ACN and PACN peaks in the UPLC chromatography of the sumac fruit crude extract that are still
not described. PACNs have been of particular interest in recent literature due to their increased
stability for potential food dyes and are rarely naturally occurring, thus four minor PACN
compounds will be structurally identified through UV-Vis, MS, and NMR spectroscopy.
The minor ACNs in sumac were all found to be precursors of 7MeCyGg or 7MeDpGg, thus
through comparison of MS signals of the known ACN and PACN pigments in sumac, the unknown
PACN pigments are able to be hypothesized. The structures of the four minor PACNs in sumac,
shown in Figure 1.4.3, are proposed to be related to the two major PACNs previously published
(Py7MeCyGg and Py7MeDpGg) with a loss of the methyl group on C7 and/or the gallate acylation
on C2 of galactose.
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Figure 1.4.3. The structure, substitution pattern, and MS M+ value of the four proposed minor
pyranoanthocyanins in sumac.
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1.4.5 Development of anthocyanins and pyranoanthocyanins in sumac
Anthocyanins, pyranoanthocyanins and m-glucocaffeic acid are three important compounds that
result in the pigmentation of sumac. ACNs are known to be present in various natural sources, but
PACNs found in planta is a rare occurrence. Therefore, following the development of the ACNs,
GCA reactant, and PACN products over a growing season of the sumac fruits will provide
insightful information into the development process and relative concentrations of these
compounds. A developmental study on PACN pigmentation in planta has not previously been
published, but it is expected that the ACNs will accumulate first, followed by the PACN formation
as ACN concentrations increase and therefore reactions with GCA increase. The four major ACNs
and their four respective PACNs that will be followed through UPLC analysis over the 2021
growing season from a small sumac tree in Charlottetown, Prince Edward Island are as follows:
(Py)7MeCyGg, (Py)7MeCyG, (Py) CyGg, and (Py)7MeDpGg. GCA concentration will also be
monitored.

1.5 Bulk Extraction of Sumac Pigment Compounds
A bulk supply of sumac fruits collected in 2013 and 2015 in locations across Charlottetown, Prince
Edward Island were used in the extraction of the PACNs. The workup of this plant material was
previously done through my summer work contract for Dr. Chris Kirby at AAFC and was the
initial process required to extract the novel PACNs from sumac. This bulk extraction led to the
research of this honours project; thus, the methods of this extraction are described.
The fruits collected were kept at -80ºC until future use for extraction. The pigments of the sumac
fruits are found in the hairs that cover each seed that make up the red cone, thus separation of the
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hairs from the seeds was initially required. The seeds were frozen with liquid nitrogen and lightly
blended, which resulted in most of the hairs to separate from the seed. A 2mm filter was used to
further separate the seeds and hairs by rubbing the frozen seeds on the filter. This process was
repeated until all two large bags of bulk sumac fruits were prepared for the following extraction
process.
In a 1L bottle, 30g of hairs and 600mL of a 1:1 H2O and 0.1% TFA acidified MeOH solvent were
added. A polytron was used at 2500 RPM for about 5 minutes to break up the plant material, which
was then sonicated at 25ºC for one hour and left to settle overnight to allow for optimal pigment
extraction.
The solution was centrifuged, the extract was filtered by vacuum and the MeOH was removed by
rotary evaporation. The remaining acidic aqueous solution was further separated using ethyl
acetate to extract the non-pigmented organic compounds. The aqueous solution with the pigment
compounds was collected and evaporation of any dissolved ethyl acetate was done through rotary
evaporation.
Flash chromatography was used to separate any non-pigment compounds from the extract. This
was done with a Büchi Sepacore (Büchi, Geneva, Switzerland) and a 100g C18 RediSep Rf Gold
high performance column. The extract was loaded to the column and washed with water and
followed by ethyl acetate to remove any sugars, non-pigment organics, and non-ACN phenolics.
The sumac pigments, ACNs and PACNs, were collected from the column with a MeOH with 0.1%
TFA wash and dried through rotary evaporation.
The extract collected up to this point contained the ACN and PACN makeup of the sumac
pigmentation. ACNs compared to PACNs have different retention times in liquid chromatography
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techniques, therefore, another separation using flash chromatography was performed to separate
the ACNs from the PACNs. The Büchi Sepacore with a 50g C18 RediSep Rf Gold high
performance column was used with H2O + 0.1% TFA and MeOH + 0.1% TFA solvents to collect
the PACNs. At a 20% organic elution, the extract was loaded to the column and the following
gradient method was used: t0 min = 35% B, t3 min = 35% B (isocratic), t43 min = 45% B, t46 min =
100% B, t49 min = 100% B, followed by a 3 minute gradient back to initial conditions and a 3
minute equilibration. This chromatography resulted in the anthocyanins immediately eluting and
two major peaks in the 515nm UV photometer spectrum during the 40-minute gradient. These
peaks were a mixture of PACNs as the first peak and a second peak of solely the major PACN,
Py7MeCyGg. This was confirmed through the UPLC-ESI-MS methods to be discussed in section
2.2.2. The ACNs were not collected as they are previously published compounds and were not
needed for any research within the Kirby group at AAFC. The PACNs were collected from each
run with the first peak kept separate from the second peak because Py7MeCyGg was the only
PACN in the second peak. Identical fractions from each peak were combined and dried by rotary
evaporation to be stored in the fridge for the future use of this sumac pigment extract in this project.

1.6 Project Goals
There are two complementary goals of this research on the natural pigment compounds of Staghorn
sumac. Primarily, the isolation and characterization of the minor PACNs found in sumac fruit are
to be purified from the bulk extraction process outlined in section 1.4. These new compounds will
be structurally elucidated using NMR, HRMS, and UV-Vis to confirm the proposed structures
outlined in section 1.4.4.
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Secondly, the development of the prominent ACN and PACN pigment components of the fruit
will be demonstrated through a developmental study of a sumac tree over the 2021 growing season.
Weekly collection of fruits from a single tree in Charlottetown, Prince Edward Island will
demonstrate the concentration changes of the major anthocyanins and pyranoanthocyanins, along
with the GCA cofactor as seen in Figure 1.6.1. This will demonstrate the pigment formation
process developed in the hairs of the sumac fruits, specifically providing insight into the rare
PACN formation in planta.

Figure 1.6.1 Structure of the anthocyanin, m-GCA cofactor, and resulting pyranoanthocyanins
found in Staghorn sumac that are discussed in this research. R5’ = H in Cy, OH in Dp; R7 = H or
OMe; R2 = gallate or H.
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2 Materials and Methods
2.1 Chemicals and Materials
Reverse-osmosis Milli Q water was prepared in house (Millipore Corporation, Billerica, MA,
USA) and used for extraction, along with ACS grade methanol (>99.8%). High purity, OmniSolv
Brand, HPLC-grade methanol, acetonitrile and trifuoroacetic acid (>99.5%) were purchased from
VWR International (Mississauga, ON, Canada) and used for chromatographic separations. Formic
acid (98-100%) from EMD Millipore Corporation (Billerica, MA, USA) was used for HPLC
chromatography.
The deuterated solvents TFA-D and MeOD used for NMR spectroscopy were purchased from
Cambridge Isotope Laboratories (Andover, MA, USA). Sigma-Aldrich (Sigma-Aldrich
Corporation, St. Louis, Missouri, USA) was the supplier of the caffeic acid that was used for the
cofactor standard in the developmental series.

2.2 Pyranoanthocyanin Isolation and Characterization
2.2.1 Separation of PACNs using HPLC
The extraction of the PACNs from Staghorn sumac through the bulk extraction process discussed
in section 1.5 resulted in a crude extract of PACNs in one peak and another separate peak collection
of largely Py7MeCyGg. A Waters semi-preparative HPLC system (Waters Co. Milford, MA,
USA) was used for the isolation of the minor PACNs in the first peak. The HPLC system had the
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following setup: a Waters 2707 series autosampler, a 1525 series binary HPLC pump, a Waters
2998 DAD, a column heater at 37°C, a Waters fraction collector III, and a XSelect CSH Phenyl
Hexyl prep column (10×150mm, 5𝜇m solid core particle; Waters Co., Milford, MA, USA). The
solvent system used was A = 5% formic acid with water and B = 5% formic acid with acetonitrile
at a flow rate of 5mL/min. The following gradient was used for optimal separate of the PACNs: t0
= 10% B, t3min = 10% B (isocratic), t38min = 11.8% B, t40min = 100% B, t42min = 100% B (isocratic),
t43min = 10% B, t45min = 10% B (isocratic). Fraction collection by time started at t12min until t38min
and automatically collected in two-minute intervals.
The HPLC separation provided five collections that contained the following compounds: PyDpGg,
PyDpGg and PyCyG, PyCyGg, Py7MeDpGg, and Py7MeCyG. Corresponding collected fractions
were pooled, concentrated, and checked for purity through UPLC-ESI-MS analysis.

2.2.2 Purification of PACNs using UPLC
All UPLC analysis discussed in this thesis was performed on a Waters Acuity H-class UPLC
system (Waters Limited, Mississauga, ON, Canada) equipped with DAD (210-700nm range
recorded; 1.2nm resolution; 20 Hz sampling rate) and a tandem quadrupole mass spectrometer.
Sample vials were kept refrigerated at 5 °C, and the Acquity CSH-C18 column (2.1×100mm,
1.7𝜇m particle size) was heated to 45 °C. A Waters tandem quadrupole mass spectrometer was
used in series with the UPLC with ion generated by electrospray ionization with MS positive ion
scans performed from 200-2000amu, which provided the MS spectra with the molecular ion [M]+
as principle peaks. The solvents used were A = water, B = acetonitrile, and C = 10% formic acid.
The following gradient was used at a 0.45mL/min flow rate and solvent C consistently at 10%:
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t0min = 5%B, t0.5min = 5%B (isocratic), t2min = 15%B, t5min = 20%B, t5.5min = 90%B, t6.5min =
90%B (isocratic), followed by 0.5 minutes back to initial conditions and 3 minutes of equilibration.
Purification of three collections from HPLC was required to obtain samples of high purity for
NMR analysis. This was done through UPLC fraction collection. The PyDpGg and PyCyG
compounds were separated on UPLC as their collection from HPLC methods did not produce
resolved peaks for isolation. Secondly, Py7MeCyG contained about 20% impurities and was
therefore purified by UPLC fraction collection to obtain enough of a highly pure PACN for NMR
analysis. Additionally, initial NMR data on PyCyGg revealed that it was not ideal to do NMR
analysis with as there were impurities in the 1H NMR results. Therefore, UPLC fraction collection
was performed on this PACN to obtain a sample of the compound of high purity for NMR. The
purification of PyCyGg was not as simple as with Py7MeCyG, as there was an overlapping peak
that was not easily separated, causing the separation process to be extremely slow. The separation
was completed in repetition to obtain sufficient 1H NMR results but further separation for a
complete NMR analysis was not in the scope of this project. Therefore, the PyCyGg sample with
approximately 10% impurity was used for the remainder of the NMR experiments.
The major PACN that is already published, Py7MeCyGg, that was collected from the flash
chromatography in section 1.5 yielded remarkably more product than all the other PACNs. To
further purify this compound, another cleaning by flash chromatography by the same method and
Büchi Sepacore instrument as section 1.5 was performed again, with manual fraction collection on
the Py7MeCyGg peak. The sample was dried to rotary evaporation and stored in the fridge for
future use.
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2.2.3 Structural elucidation by NMR spectroscopy
The PACN samples were prepared in deuterated methanol with 1% deuterated TFA. This acidic
solution was required to have the flavylium cation equilibrium structure as the dominant PACN
form. The samples contained 1mg or less of PACN as very minimal amounts of the minor
components were collected from the extract. A Bruker Advance III 600 NMR spectrometer
(Bruker Biospin Ltd., Milton, ON, Canada) with a 1H operating frequency of 600.28 MHz and a
13

C operating frequency of 150.94 MHz using TOPSPIN acquisition software. Spectra were

acquired on a 5 mm TCI cryoprobe with a controlled temperature of 25.0 ± 0.1 °C. The reference
signals used for all 1H and 13C NMR spectra were the MeOD residual solvent peaks at 3.31ppm
and 49.15ppm, respectively. All spectra were processed and analyzed using Bruker TOPSPIN.
The appendices contain full NMR data of PyCyGg and Py7MeCyG. The NMR experiments used
for full structural elucidation of these two new compounds were 1H,
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C DEPTq135, gHSQC,

gHMBC, gCOSY and H2BC. Additionally, a ROESY experiment was obtained for Py7MeCyG
as it was of high purity compared to PyCyGg. Preliminary 1H NMR of PyCyG revealed an
insufficient concentration to acquire a detailed spectral analysis, while the 1H NMR PyCyG
revealed signs of degradation. The 1H NMR of the known Py7MeCyGg major pigment compound
was performed for comparison and is shown in the appendices.

2.2.4 HRMS characterization of PACNs
UHPLC-HRMS analysis of the six PACNs isolated from the sumac extract was performed to
obtain further verification of the assigned compound. A Thermo Scientific Vanquish UHPLC
chromatograph equipped with HRMS-CAD-UV detection, which included a Thermo Scientific
30

ID-XTM TribridTM mass spectrometer fitted with a heated electrospray ionisation (H-ESI) source,
a Thermo Scientific charged aerosol detector VF-D20-A, and a Thermo Scientific diode array
detector (DAD) VF-D11-A-01 scanning 200 – 600 was used. The solvents A = 0.1% FA in water
and B = 0.1% FA in acetonitrile were used at a 0.5mL/min flow rate with a Kinetex 1.7𝜇m C18
100 Å (50 × 2.1mm) with the following gradient: t0min = 5%B, t0.2min = 5%B (isocratic), t4.8min =
98%B, t8min = 98%B (isocratic), t8.5min = 5%B, t9.8min = 5%B (isocratic). The MS parameters
include positive ion scans performed from 150-2000amu at an ion transfer tube temperature of
300°C and a vaporizer temperature of 275°C. The ACD/Spectrus processor was used to obtain the
processed spectra found in the appendices.

2.3 Sumac Developmental Series
2.3.1 Sumac fruit collection
The developmental series of the pigment compounds in sumac required the weekly collection of
sumac fruits. It was interesting to find out that the Kirby group studied sumac PACNs and I
happened to have a sumac tree in my yard in East Royalty, Charlottetown, Prince Edward Island.
The age of the tree is unknown but has been there since the late 1990’s when the land was
purchased by my parents. Whenever my honours project was being discussed, it was decided to
incorporate the sumac tree at my house into my work for a unique addition and thus a collection
of three fruits per week were taken from the tree for future use as part of this developmental series.
The collection of three sumac fruits began on July 14, 2021 and was continued weekly until
October 27, 2021. After this date, the fruits were still collected but not on a weekly basis as the
growing season of the plant was over and it was assumed that there would be less biochemical
31

activity. Additional collection dates included November 22, 2021 and January 7, 2022. This
resulted in a total of 54 samples over the span of 26 weeks, with three biological replicates per
collection date, marking July 14, 2021 as week 1. Upon collection of the fruits, the seeds with the
pigmented hairs were manually separated from the stem and immediately stored at -80ºC until
future use. Each biological replicate was stored separately.

2.3.2 Pigment extraction
The vials containing each sumac bob were freeze dried for two days, followed by the removal of
the hairs from the seeds. The sample was frozen with liquid nitrogen so that when rubbed on a
sifter, the hairs easily separated. The hairs from each of the three bobs for each collection date
were stored separately in a desiccator for approximately one month until they were used for further
analysis.
In 1.7mL microcentrifuge tubes, 10 ± 0.1mg of hairs were weighed on a Mettler Toledo XP26
analytical balance and 1mL of solvent was added. The solvent used was a 1:1 H2O and MeOH
solution with 0.1% trifluoroacetic acid. A sample from week 8 was lost, leaving 53 remaining
samples for extraction. The microcentrifuge tubes were sonicated at 25ºC for one hour and left to
sit for about 24 hours to promote extraction. The vials were centrifuged at 1400RPM for 20
minutes and the solution was collected for analysis by UPLC-ESI-MS.

2.3.3 UPLC analysis and data collection
The 53 sumac fruit extracts were analyzed by UPLC-ESI-MS to follow the development of the
ACNs, PACNS, and the 3-glucocaffeic acid cofactor. Using the method described in section 2.2.2,
a 10𝜇L injection was performed on each of the 53 sample vials. A total of 8 peaks, 4 ACNs and 4
PACNs, in the chromatograph of each individual fruit were integrated using the automatic
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integration function of the MassLynx system at 515nm. This gave a total of twenty-four integration
values per collection week, with eight per fruit. An average integral value from two collection
dates, thus six fruits, for each ACN and PACN was calculated. This same UPLC analysis method
was performed again to monitor the GCA cofactor development, except an injection volume of
2𝜇L was used due to the higher concentration of GCA in the samples and the analysis was
monitored at 313nm.
Standard solutions were prepared and used to convert these integral averages for each of the four
ACNs and PACN and the GCA into a measure of concentration. The standards used were CyG for
the ACNs, Py7MeCyGg for the PACNs, and caffeic acid for the GCA cofactor. CyG was obtained
from a previous isolation in the Kirby lab, Py7MeCyGg was the major PACN isolated from the
sumac fruits, and caffeic acid was purchased from Sigma Aldrich. A 1mg/mL solution of each
standard was prepared and diluted to a 0.01mg/mL solution and analyzed by UPLC-ESI-MS. The
resulting integral values for these standards were used with their corresponding molar
concentration to obtain a scaling factor. The scaling factor for each group, the ACNS, PACNs, and
GCA, was used to convert the average integral values of each collection week into a molarity value
for easier interpretation of the data. This data produced concentration vs time graphs that were
used to examine the development of the four ACNS, four PACNs, and GCA cofactor in the sumac
fruits over the 2021-2022 growing season.
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3 Results and Discussion
3.1 Isolation and characterization of minor pyranoanthocyanins
The bulk extraction outlined in section 1.5 of the PACNs in sumac produced a crude extract of
about six PACNs. Two of these are the major PACNs and were previously isolated and
characterized by the Kirby group at AAFC. The four additional minor PACNs were isolated from
this extract by HPLC and UPLC methods to ultimately characterize these novel PACNs by NMR.
Figure 3.1.1 is the UPLC spectrum at 510nm of the sumac extract that was used as the source of
PACN isolation with all known peaks labelled. As previously mentioned, the major PACN is not
present in large amounts in the extract of the chromatogram in Figure 3.1.1 as it was collected as
a separate peak during the bulk extraction process outlined in section 1.5.
Py7MeDpGg
3. PyCyGg
4. Py7MeCyG

1. PyDpGg

2. PyCyG

Py7MeCyGg

Figure 3.1.1 The UPLC chromatograph of the sumac crude extract before HPLC isolation. The
two major PACNs are labelled in blue and the four minor PACNS of interest in red.
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3.1.1 Preliminary characterization of pyranoanthocyanins by UV-Vis and MS
Each of the four minor PACNs that were of interest in this thesis were characterized by UV-Vis
and MS. This data is illustrated in Table 3.1.1. The MS data of each PACN supported the proposed
molecular formula with its [M]+ value, with the additional major fragments being the loss of the
galloyl-galactose on C3 of ∆314 m/z, or just a galactose difference of ∆162 m/z, and the aglycone
mass through the loss of glucose at C3’’ of ∆162 m/z. Furthermore, the sharp shape and 𝜆!"# from
the UV-Vis spectra determined at 510nm was in alignment with the literature, where PACNs have
a maximum absorption of around 500nm. Furthermore, the two minor PACNs that were obtained
in larger concentrations both had the distinctive orange color that the hydroxyphenyl-PACNs are
generally known to have. The color of these two compounds is displayed in Figure 3.1.2.
Table 3.1.1 UV-Vis and MS data of the four minor pyranoanthocyanins labelled as the appear in
the chromatograph of Figure 3.1.1.
Compound
1. PyDpGg
2. PyCyG
3. PyCyGg
4. Py7MeCyG

Formula
C42H39O23+
C35H35O18+
C42H39O22+
C36H37O18+

𝝀𝒎𝒂𝒙
513
502
510
506

[M]+
911
743
895
757

Primary MS Fragments
597, 435
581, 419
581, 419
595, 433

Figure 3.1.2 PyCyGg (left) and Py7MeCyG (right) at 1%TFA-D in MeOD.
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3.1.2 Isolation of pyranoanthocyanins
The PACN sumac extract was separated into fractions by HPLC and analyzed by UPLC to check
their purity. The following collections with their major peaks were produced by HPLC separation:
PyDpGg, PyDpGg and PyCyG, PyCyGg, and Py7MeCyG.
The PyDpGg and PyCyG peaks were not able to be fully separated by HPLC as their peaks were
not resolved. The two compounds were purified through UPLC separation. Although the UPLC
separation produced highly pure compounds, their presence in sumac was very minor. The NMR
analysis of both these minor PACNs was not obtainable, which will be discussed further in section
3.3.
UPLC analysis suggested a high enough purity for NMR of Py7MeCyG, yet initial NMR results
revealed that there were some unknown impurities in the spectra. The sample was then purified by
UPLC to obtain a highly pure sample of this collection that was ready for a full spectral analysis
by NMR.
PyCyGg was also assumed to be sufficient for NMR following HPLC separation through initial
UPLC analysis, although the preliminary NMR results also revealed some unknown impurities.
Similar to the purification of Py7MeCyG, this PACN was cleaned through UPLC although the
separation was not as straightforward. There was an unknown peak with a very similar retention
time to Py7MeCyG and thus the separation by UPLC fraction collection was tedious and timeconsuming. As a result, only a small amount of this compound was purified by UPLC to obtain a
refined 1H NMR spectrum. The remainder of the NMR analysis, which includes the 13C and 2D
experiments, were run with the sample from HPLC separation that contained about 10% impurity.
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3.1.3 NMR characterization of two minor pyranoanthocyanins
The structural characterization of PyCyGg and Py7MeCyG was completed through NMR analysis.
The 1D and 2D NMR experiments acquired for each compound were 1H, 1D

13

C DEPTq135,

gHSQC, gCOSY, H2BC and gHMBC. A ROESY experiment was performed on PyCyGg as it
was of higher purity. The 1H NMR of the known major PACN Py7MeCyGg was run for the
purpose of comparison between its two minor PACN precursors. The process of NMR analysis of
PyCyGg is described, with PyCyGg done in a similar manner.
Through initial comparison of the 1H NMR spectra of the major Py7MeCyGg and minor
Py7MeCyG, evidence of this structure was clear as the rare 7-O-Me singlet peak around 4.1ppm
was present and the galloyl aromatic proton peak around 6.6ppm was absent. This comparison is
shown in Figure 3.1.3 and provided confidence that the remaining NMR analysis would verify the
Py7MeCyG structure.

Galloyl
aromatic
singlet

7-OMe
singlet

Figure 3.1.3 The comparison of the aromatic region and 7-OMe peak of Py7MeCyCg (top) and
Py7MeCyG (bottom).

The process of characterizing this PACN was initiated by extracting all unique carbon shifts from
the DEPTq135

13

C spectrum, shown in Figure 3.1.4. Along with providing 36 unique carbon

assignments, this experiment also provided insight into the type of carbon, where CH2 and
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quaternary carbons are phased down, the CH and CH3 carbons are phased upwards, the aromatic
carbons on to the left end and the sugar carbons are to the right end. All carbon atoms in the
molecule were quaternary or tertiary except for the secondary carbon of each sugar attachment and
the 7-OMe group. Figure 3.1.5 demonstrates the numbering system that was used to tabulate all
NMR data. Table 3.1.2 illustrates the NMR analysis for Py7MeCyG.

Figure 3.1.4 The DEPTq135 13C spectrum of Py7MeCyG.

Figure 3.1.5 Numbering system used for NMR analysis of Py7MeCyG and PyCyGg. In
Py7MeCyG, R7 = Me and the galloyl group numbered in blue is not present; in PyCyGg R7 = H.
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The 2D NMR experiments provide further detail into the structure of the pyranoanthocyanins
compared to the 1D spectra. The gHSQC experiment shows all carbons that have a hydrogen
directly attached and is a very useful tool in structural elucidation. This spectrum shown in Figure
3.1.6 revealed 24 peaks for 22 carbons with attached protons, and an additional two peaks for the
two CH2’s in the sugars. These CH2 carbon-hydrogen assignments are shown in red due to the
gradient of the HSQC that differentiates CH2 carbons as a negative projection compared to CH
and CH3 carbons. This spectrum allows for differentiation between aromatic C-H assignments on
the left end and the sugar assignments on the right. Along with identifying the CH2’s of the sugars
in red, the C1’s of the sugars were identified as they were upshifted compared to all other sugar
peaks due to their attachment to oxygen.

7-OMe
Gal6
Gal2

Gal4
Gal3
Glu2
Glu5

11

6 8

Glu6

Glu3

Glu4
Gal5

Glu1
Gal1

2’’ 2’

5’’ 5’

6’’ 6’

Figure 3.1.6 The gHSQC spectrum of Py7MeCyG with CH and CH3 connections in blue, CH2
connections in red and labelled shift assignments.
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The complete assignment of the two sugar components was done through analysis of a H2BC
experiment. This experiment shows correlation peaks between a carbon and a hydrogen exactly
two bonds away and is therefore useful in structural elucidation of sugar molecules as it allows
pairing of carbons with their neighbouring hydrogens. The glucose molecule can be connected
completely from carbon 1 to 6 by H2BC analysis as the hydrogens are all trans. In comparison,
there is a J value of approximately zero between positions 3-4 and 4-5 of the galactose ring,
resulting in the break in H2BC connections when assigning this ring. In summary, the sugars are
assigned using the H2BC spectrum in Figure 3.1.7 in combination with the HSQC data in Figure
3.1.6. Therefore, the two sugar components were able to be assigned as shown in the HSQC
spectrum of Figure 3.1.6.

Figure 3.1.7 The H2BC spectrum of Py7MeCyG.

The assignment of the PACN aglycone was then accomplished using the gHMBC spectrum
illustrated in Figure 3.1.8. An HMBC experiment reveals information about two, three, or four
bond C-H coupling, although two bond is not usually seen in aromatic systems. This spectrum
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revealed the assignment of the A, B and E ring protons. The H2BC spectrum was used to identify
the 5’/6’ and 5’’/6’’ C-H pairs. The HMBC spectrum further allowed connection between the
sugars to the C3 and C3’’ carbons and the 7-OMe to the aromatic C7 as this experiment can connect
long rang atoms through the oxygen bond. Further use of the HMBC will complete the aglycone
assignment, tabulated in Table 3.1.2.

Figure 3.1.8 The aromatic region of the gHMBC spectrum of Py7MeCyG.

The NMR data of the additional PACN, PyCyGg, that was able to be analyzed by NMR is detailed
in Table 3.1.3. The 1H NMR of the purified sample validated the structure through the presence of
a galloyl aromatic peak and the absence of the 7-OMe, thus the same method of analysis was used
on this PACN as previously described for Py7MeCyG. The aromatic region of the 1H NMR is of
special interest when analyzing and comparing the NMR data of these compounds as they are
largely aromatic. The pople notation is used to characterize the peaks of each ring system of
protons, where a letter for each peak is given and they are denoted in terms of shifts and their
splitting patterns. In the Figure 3.1.9, the aromatic region of the main cyanidin-based PACN,
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Py7MeCyGg, and its two related PACNs that were elucidated are compared with their
corresponding proton shifts labelled. All three PACNs have the same ring systems: the A ring has
an AX system, the B ring has an AMX system, the D ring has one lone proton, and the E ring is
another AMX system identical to ring C. Additionally, Py7MeCyGg and PyCyGg have an AX
system from the galloyl group. It should be noted that there is a formic acid solvent impurity
present in the Py7MeCyG and PyCyGg spectra around 8.1ppm, along with other impurity peaks
in the top PyCyGg spectrum that are not labelled. In the red spectrum of Py7MeCyG, the H11
singlet is shifted downfield about 0.5ppm compared to the two other compounds. This PACN is
the only one with the loss of a galloyl group, thus the galloyl group in the green and blue spectra
must be interacting with H11 on the D ring of the PACN to lower its chemical shift. Otherwise,
there is no significant differences in the aromatic peaks of the three cyanidin-based PACNs in
sumac.

11
5’’ 6/8

5’

6’’

solvent

11

galloyl

solvent

2’’

2’/6’

2’’

6

8

5’’

2’ 6’’ 6’

6/8

11

5’’

2’’
6’’

5’

galloyl

2’/6’

5’

Figure 3.1.9 The aromatic region of Py7MeCyGg (blue), Py7MeCyG (red), and PyCyGg (green)
with their labelled hydrogen peaks.
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Table 3.1.2 Complete NMR structural analysis of Py7MeCyG.
Py7MeCyG
Position 𝛿 13C
(ppm)
Aglycone 2
163.8
3
135.7
4
149.6
5
153.7
6
100.4
7
169.0
7-OMe 57.9
8
100.0
9
154.5
10
109.5
11
99.2
12
169.1
1’
122.0
2’
118.9
3’
146.6
4’
153.5
5’
116.8
6’
125.9
1’’
123.2
2’’
118.1
3’’
147.8
4’’
155.5
5’’
118.6
6’’
126.4
Galactose 1
107.2
2
73.0
3
74.9
4
70.2
5
77.5
6A
62.7
6B
Glucose
1
104.3
2
75.1
3
77.8
4
72.0
5
79.0
6A
63.2
6B

𝛿 1H
(ppm)
7.49 (d)
4.09 (s)
7.37 (d)
8.15 (s)
8.03 (d)
6.95 (d)
7.94 (dd)
8.17 (d)
7.09 (d)
7.99 (dd)
4.78
4.04
3.56
3.84
3.40
3.53
3.40
4.99
3.57
3.55
3.36
3.69
3.73
4.03

HMBC

H2BC

ROESY

169.1, 154., 109.5

4.09

169.0
153.7, 109.5

4.09

109.5, 123.2, 135.7

4.78

125.9, 153.5
122.0, 146.6
118.9, 153.5,

125.9
116.8

126.4, 155.5, 169.1
123.2, 147.8
118.1, 155.5, 169.1
135.8

7.94
6.95
4.99

126.4
118.6
73.0
107.2, 74.9
73.0

7.99
7.09
8.15

72.0, 63.2
77.5
147.8
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75.1
104.3
75.1
79.0, 77.8
62.7
79.0

8.17
4.99

Table 3.1.3 Complete NMR structural analysis of PyCyGg.
PyCyGg
Position
Aglycone

Galactose

Galloyl

Glucose

2
3
4
5
6
7
8
9
10
11
12
1’
2’
3’
4’
5’
6’
1’’
2’’
3’’
4’’
5’’
6’’
1
2
3
4
5
6A/B
C=O
1
2/6
3/5
4
1
2
3
4
5
6A
6B

𝛿 13C
(ppm)
161.2
134.6
149.2
153.5
101.3
168.3
101.2
154.2
108.4
98.9
169.1
121.6
117.4
147.1
153.1
117.2
125.0
123.0
117.9
147.7
155.0
118.4
126.0
103.5
75.2
73.5
70.1
78.3
62.3
167.6
120.8
109.9
146.4
140.1
104.1
74.9
77.6
72.0
79.0
63.4

𝛿 1H
(ppm)
7.06 (d)
7.06 (d)
7.48 (s)
7.72 (m)
6.83 (d)
7.73 (m)
8.10 (d)
7.10 (d)
7.81 (dd)
5.00
5.67
3.69
3.89
3.46
3.73
6.75
5.13
3.61
3.60
3.39
3.85
3.80
4.15

HMBC

H2BC

168.3, 108.4
168.3, 108.4
134.6, 108.4, 123.0
161.2
147.1
161.2
169.1, 155.0
147.7, 123.0
155.0
134.6
167.6

75.2
103.5, 73.5
75.2
62.3
78.3

140.1, 146.4, 167.6, 120.8
103.5, 147.7

74.9
72.0
77.6, 79.0
72.0
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3.1.4 HRMS
HRMS analysis was performed on all six isolated PACNs. The purpose of this analysis was to
provide higher accuracy MS data on the two minor PACNs that were not able to be characterized
by NMR and to obtain values for the remaining compounds for publication. Table 3.1.4 shows the
six PACN compounds that were isolated from the sumac extract, which includes the two
previously published compounds and the four unpublished compounds isolated in this research.
As presented in the table, all obtained experimental masses were within 1-2 ppm of the calculated
mass, supporting the proposed masses for the five compounds. This mass identification is
especially significant for PyCyG, as structural elucidation by NMR was not obtainable due to its
very minor concentration in planta. The PyDpGg sample revealed no major peaks from the HRMS
analysis. The most likely explanation of this is degradation of the compound during the period
between initial isolation UV-Vis and MS characterization and the HRMS analysis, although it is
unknown as to why this PACN was the only one to degrade.
Table 3.1.4 HRMS data of all six pyranoanthocyanins isolated from the sumac extract, with
PyDpGg having degraded leaving no mass available.
Compound
Py7MeCyGg
PyCyGg
Py7MeCyG
PyCyG
Py7MeDpGg
PyDpGg

Molecular
Formula
C43H41O22+
C42H39O22+
C36H37O18+
C35H35O18+
C43H41O23+
C42H39O23+

Experimental HRMS
M+ (amu)
909.209
895.195
757.198
743.183
925.205
-
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Calculated M+
(amu)
909.208
895.193
757.197
743.182
925.203
911.188

𝚫ppm
1
2
1
1
2
-

3.2 Sumac Developmental Series
Sumac is one of three known sources of PACNs found to be synthesized in planta. Since the
discovery of their in planta occurrence, identified PACNs have been characterized by
spectroscopic methods but there is no reports regarding aspects of their formation. Additionally,
7-OMe substituted and gallic acid acylations are uncommon anthocyanin modifications.
Therefore, the development of the PACN content in sumac and its comparison to the ACN content
was studied.

3.2.1 Sumac fruit collection
The developmental study was conducted through weekly collection of sumac fruits from one tree
in Charlottetown, Prince Edward Island over the period of its growing season, specifically July
2021 to January 2022. The fruits of these trees are unique in that they remain on the tree and
colourful into the winter months, providing birds with an emergency food source. Therefore, the
last collection date was January 7th, 2022 to observe if any additional changes in the pigmentation
occurred over the winter. Upon collection of the fruits, the development of the pigmented
compounds was evident. The fruits changed from green to pink during July, then to a deep red in
August, followed by a burgundy color into late fall and winter. This color change of the collected
fruits can be observed in Figure 3.2.1.
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2
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4
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8

Figure 3.2.1 Sumac fruits collected at the following dates in 2021: 1, July 14; 2, July 21; 3, July
28; 4, August 4; 5, August 11; 6, August 18; 7, September 8; 8, November 22.

3.2.2 UPLC pigment analysis
The pigments were extracted from each sumac fruit and analyzed by UPLC-ESI-MS. The
following four ACNs and their respective PACNs were monitored: (Py)7MeCyGg, (Py)7MeCyG,
(Py)CyGg, and (Py)7MeDpGg. All four anthocyanins are previously reported compounds, along
with Py7MeCyGg and Py7MeDpGg, while Py7MeCyG and PyCyGg are the novel minor PACNs
analysed by NMR in section 3.1.
A collection of UPLC chromatographs shown in Figure 3.2.2 begin to show the general trends in
the pigment formation. It was projected that the ACN content would increase first, followed by
the PACNs at a later date, as the reaction to form PACNs is not assumed to be immediate. This is
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show in the aging of red wine, where the PACN concentration continues to increase with longer
storage time. As predicted, the ACN peaks rose first, followed by the PACNs. In Figure 3.2.2
showing the change in peak intensity over the fall months of collection, the ACNs labelled A-D
are to the left of the spectrum with a shorter retention time in comparison to the PACNs labelled
E-H on the right. The major ACN labelled as peak D shows a rapid increase in intensity from July
to August, followed by a slow decrease. Although some of the labelled peaks are hard to see in
Figure 3.2.2, they were present in minor concentrations compared to the larger scale of the major
pigmentation compounds. A separate series of chromatographs not shown were also collected at
313nm to monitor the GCA concentration. A chromatograph at 515nm and 313nm from each
collection date can be found in the appendices.
H

D
October 13

A

B

C

E

F

G

September 22

September 8

August 25

August 11

July 28

Figure 3.2.2 The UPLC chromatographs at 515nm showing the ACN and PACN development in
2021 with the matching colors representing the ACN/PACN versions of the compound. Peak A =
CyGg, B = 7MeDpGg, C = 7MeCyG, D = 7MeCyGg, E = PyCyGg, F = Py7MeDpGg, G =
Py7MeCyGg, H = Py7MeCyGg.
48

3.2.3 Standardized pigmentation analysis
The development of the ACN and PACN pigments was clearly shown when the chromatographs
of the progressing weeks were compared. Nevertheless, a simpler visual comparison through
graphical evaluation allows for more detailed analysis. The integral values were standardized to
obtain a concentration and the values were averaged over two collection dates. Therefore, nine
points resulted from the collection of three biological replicates of fruits per collection date for a
total of 18 weeks, with an average calculation performed over two collection dates (six fruits).
This was done for the ACNs, PACNs, and the GCA datasets. The standard concentration used for
the ACNs, PACNs, and GCA were the compounds cyanidin 3-glucoside, Py7MeCyGg, and caffeic
acid, respectively. As a result, Concentration vs Time graphs were created and used to further
evaluate the development of the sumac pigment compounds.
The four ACNs were compared to each other, as well as the four PACNs. Figure 3.2.3 and Figure
3.2.4 show a Concentration (M) vs Time (Months) graph comparing each set. As displayed, each
ACN produced the same trend where its concentration rose from July to August, decreased in
September, and remained steady over the winter months into January. The PACNs also have a
similar feature between them, although it is not like the ACNs. The PACN concentration escalated
later in August compared to the ACNs developing in July, and on average, they continued to
increase in concentration until a steady level is reached in late October when they plateau.
7MeCyGg is the major ACN, with an increase in concentration of over 300% compared to the next
major ACN. Similarly, Py7MeCyGg is the major PACN by an increase in molarity of over 200%.
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Anthocyanin Formation Over Time
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Figure 3.2.3 Concentration (M) vs Time (Months) graph of the four anthocyanins.

Pyranoanthocyanin Formation Over Time
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Figure 3.2.4 Concentration (M) vs Time (Months) graph of the four pyranoanthocyanins.
The ACNs were also compared to their respective PACN, which gives a clear representation
between the ACN and PACN trend differences. The comparison of the four ACN-PACN pairs is
illustrated in Figure 3.2.5. These graphs show the large difference in concentration between ACNs
and PACNs, as well as the delayed PACN formation later in the season compared to their ACN
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precursors. The ACN concentrations range from a 30% to 220% increase over its respective
PACN. In terms of the major ACN-PACN pigment pair, (Py)7MeCyGg, the ACN molarity is
greater by 80%. This reveals how minimal PACN content is present in the sumac fruits compared
to the ACNs, as the major PACN is greater by over 200%, yet its ACN precursor is still greater by
80%.
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Figure 3.2.5 Concentration (M) vs Time (weeks) graphs comparing the concentration of each
ACN and its derived PACN. ACNs are shown in blue, with PACNs shown in orange.
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With this knowledge on the formation times of ACNs in PACNs in the sumac fruits and their
relative concentrations, conclusions can be made about their resulting color changes throughout
their growing season. From the comparison of the PACN to ACN content in the sumac fruits, it is
evident that that ACN content has a very large majority of the contribution to the color of the seed
hairs, specifically 7MeCyGg and 7MeDpGg, as they have a much higher molarity compared to the
other ACNs and PACNs. Therefore, it can be presumed that the deepened color change is largely
due to the increase in ACN concentration, as well as the peak in PACN concentration in September.
Additionally, there would be other factors affecting the color change in the fruit as discussed in
section 1.2.2, including co-pigmentation and the weather conditions.
A graph comparing GCA to the ACN and PACN formation was created with the (Py)7MeCyGg
pair to observe the PACN formation reaction. The graph is displayed in Figure 3.2.6. A similar
result is observed in the blue GCA curve compared to the orange ACN curve below it. GCA is
known to occur in large concentrations in sumac, but its role as the cofactor in the synthesis of the
sumac PACNs was only assumed based on hydroxyphenyl-PACN formation with other
hydroxycinnamic acids in wine or in the laboratory. Through this developmental series, this
hypothesis is supported as the GCA concentration increased and then decreased in alignment with
the ACN. This decrease in GCA and ACN concentration is thus assumed to be due to their in
planta reaction to form the PACNs.
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Figure 3.2.6. Concentration (M) vs Time (weeks) graph comparing the ACN-PACN
concentration of (Py)7MeCyGg to the GCA cofactor concentration.
Furthermore, the three ACNs that are cyanidin based were investigated to observe if any
conclusions could be made about the biosynthesis of ACNs in sumac. As previously discussed, the
biosynthesis of these ACNs would initially result in cyanidin 3-galactoside (CyG), followed by
the 7-OMe and galloyl modifications. There was no indication of CyG in the UPLC
chromatographs, only the CyGg, 7MeCyG, and 7MeCyGg ACNs, thus these modifications must
be occurring immediately upon the formation of CyG. A graphical comparison of the CyGg and
7MeCyG concentrations in Figure 3.2.7 shows that the two compounds have a very similar curve,
although the methylated ACN peaks in concentration before the galloyl acylated version.
Additionally, the 7MeCyG shows a faster increase in peak concentration. Based on these
observations, it can be hypothesized that the formation of the major ACN occurs through the
pathway outlined in Figure 3.2.8, where the CyG anthocyanin is modified to 7MeCyG by a 7-Omethyltransferase, followed by the galloyl modification by an anthocyanin acyltransferase. There
is no evidence that the formation of PACNs in planta occur through an enzymatic reaction, rather
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it is the result of an increase in ACN and GCA concentration and their reaction to form a more
stable pigment compound.
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Figure 3.2.7 A Concentration (M) vs Time (weeks) graph illustrating the development of the two
ACN precursors to the major 7MeCyGg ACN.

Figure 3.2.8. The proposed biosynthetic pathway of ACN formation in Staghorn sumac. UGT,
UDP glycotransferase; 7-OMT, 7-O-methyltransferase; AAT, anthocyanin acyltransferase.
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3.3 Experimental Difficulties
3.3.1 PyCyG and PyDpGg structural elucidation
The two PACNs PyCyG and PyDpGg were isolated from the sumac fruit extract and purified by
UPLC, but were not able to be structurally elucidated by NMR methods. As a result, HRMS
analysis was conducted on the PACN samples to verify if these proposed compounds were present
in the isolated sample. As shown in section 3.1.4, the PyCyG structural mass was supported, but
analysis pf PyDpGg was not able to be completed.
The separation of these two compounds, as discussed in section 3.1.2, was the first sample to be
purified for NMR by UPLC collection. As a result, technical difficulties arose with the UPLC that
resulted in loss of the sample during the method development. The chromatographs were not
reproducible, as the peaks were shifting and not allowing for successful collection of the two peaks.
Since PyCyG was already very minor in the sumac extract, loss of multiple injections during UPLC
separation resulted in a pure extract but a very low concentration compared to the other PACNs
that were isolated.
In contrast, it appeared that a sufficient amount of PyDpGg was isolated from HPLC and UPLC
methods based on its strong orange color, yet the 1H NMR did not show the presence of aromatic
hydrogens. The results of this NMR were contradictory, as the preliminary UV-Vis and MS results
strongly indicated the presence of a PACN compound. Therefore, trials with samples of 1% to
10% formic acid in MeOD were experimented, with no improvement in the 1H NMR spectra with
increases in acid content. Following HRMS analysis of this sample, it was concluded that
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degradation of the PACN had occurred during the period between HPLC isolation of PyDpGg and
the attempt to elucidate the structure through NMR methods.

3.3.2 Inconsistency in sumac pigment development
Although the general trends in the ACN and PACN content of the sumac fruit was observed, there
was fluctuation in the pigment concentration that did not allow for a smooth curve. In all the
graphical figures in section 3.2 (Figure 3.2.3 – Figure 3.2.7), point 6 has a dip in concentration
from point 5, followed by an increase at point 7. It is very unlikely that the decrease then increase
in concentration of the GCA and pigment compounds occurred in the fall, however the reason for
this change is unknown.
Upon collection of the sumac fruits, it was evident that there was variation between fruits collected
on the same date. Figure 3.3.1 shows the three sumac fruits collected on August 4, 2021, which
clearly exhibits the variation in pigment concentration in different fruits from the same tree on the
same date. The fruit on the left is more pink and lighter in color than the two other fruits. From
observing the color difference in fruits collected on the same date, it can be assumed there is a
large variation in pigmentation between fruits. This allows for a possible explanation in the
fluctuation of the pigmentation data collected.

Figure 3.3.1. The three sumac fruits collected on August 4, 2021.
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4 Conclusion and Future Work
The two objectives of this research were achieved. Primarily, the four minor pyranoanthocyanins
in the sumac fruit extract were isolated. All four compounds were characterized by UV-Vis and
MS, with the data supporting the proposed structures. Two of the four compounds were fully
characterized by NMR analysis, specifically PyCyGg and Py7MeCyG. Upon HRMS analysis of
the additional two compounds not abundant for NMR, it was concluded that the PyCyG structure
was further verified, while PyDpGg had undergone degradation. Additional UPLC purification of
PyCyGg will be performed prior to publication to obtain complete NMR data of higher purity.
Furthermore, additional studies on PACNs in sumac fruits can be explored, including their molar
absorptivity values.
The developmental series conducted on four anthocyanin and pyranoanthocyanin pairs of
compounds allowed for further conclusions to be made about the pigmentation of sumac fruits.
These compounds were monitored over the 2021-2022 season of a Staghorn sumac tree in
Charlottetown, Prince Edward Island. The anthocyanins were found to rapidly increase in
concentration from July to August, followed by a gradual decrease in abundance as the
pyranoanthocyanins began to form and peak in concentration in October. The 7MeCyGg ACN
was found to be the major pigment with an observed increase in molarity by over 300% compared
to all other ACNs; the respective PACN was also highest in PACN concentration, with about a
200% increase compared to others. A biosynthetic pathway for the ACNs in sumac was outlined,
as well as the conclusion that the ACN and GCA cofactor both rapidly increase in concentration
prior to their reaction to form a PACN. Future work on the pigment development would involve
obtaining additional samples during another season and/or at another location to produce a
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smoother plot. Only one tree in one location was monitored in the developmental study, thus
performing the same analysis in another season and location would produce a more accurate
average of the pigment concentrations over their period of development. Likewise, performing
additional technical replicates of analysis on each fruit would increase the accuracy, rather than
the one 10mg sample taken from each fruit in this research. Overall, the first study of PACN
development in planta was successful and further exhibited the properties of these compounds in
nature.
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6 Appendices
Appendix A. UV-Vis and MS of Pyranoanthocyanins
Appendix A.1 PyDpGg

Figure A.1.1 ES+ MS of PyDpGg.

Figure A.1.2 UV-Vis of PyDpGg.
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Appendix A.2 PyCyG

Figure A.2.1 ES+ MS of PyCyG.

Figure A.2.2 UV-Vis of PyCyG.
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Appendix A.3 PyCyGg

Figure A.3.1 ES+ MS of PyCyGg.

Figure A.3.2 UV-Vis of PyCyGg.
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Appendix A.4 Py7MeCyG

Figure A.4.1 ES+ MS of Py7MeCyG.

Figure A.4.1 UV-Vis of Py7MeCyG.
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Appendix B. NMR of Pyranoanthocyanins

Appendix B.1 PyCyGg

Figure B.1.1 1H NMR of PyCyGg.

Figure B.1.2 13C DEPTq135 NMR of PyCyGg.
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Figure B.1.3 gHSQC of PyCyGg.

Figure B.1.4 gCOSY of PyCyGg.
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Figure B.1.5 gHMBC of PyCyGg.

Figure B.1.6 H2BC of PyCyGg.
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Appendix B.2 Py7MeCyG

Figure B.2.1 1H NMR of Py7MeCyG.

Figure B.2.2 13C DEPTq135 NMR of Py7MeCyG.
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Figure B.2.3 gHSQC of Py7MeCyG.

Figure B.2.4 gCOSY of Py7MeCyG.
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Figure B.2.5 gHMBC of Py7MeCyG.

Figure B.2.6 H2BC of Py7MeCyG.
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Figure B.2.7 ROESY of Py7MeCyG.

Appendix B.3 Py7MeCyGg

Figure B.3.1 1H NMR of Py7MeCyGg.
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Appendix C. HRMS of Pyranoanthocyanins

Figure C.1 HRMS of PyCyG.

Figure C.2 HRMS of PyCyGg.

Figure C.3 HRMS of Py7MeCyG.
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Figure C.4 HRMS of Py7MeCyGg.

Figure C.5 HRMS of Py7MeDpGg.
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Appendix D. Sumac Developmental Series UPLC Chromatographs
Appendix D.1 UPLC Chromatographs at 515nm

Figure D.1.1 Representative UPLC chromatograph at 515nm of the following sumac fruit
collection dates starting from the bottom chromatograph: July 14, July 21, July 28, and August 4,
2021.
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Figure D.1.2 Representative UPLC chromatograph at 515nm of the following sumac fruit
collection dates starting from the bottom chromatograph: August 11, August 18, August 25, and
September 1, 2021.
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Figure D.1.3 Representative UPLC chromatograph at 515nm of the following collection dates
starting from the bottom chromatograph: September 8, September 15, September 22, and
September 29, 2021.

79

Figure D.1.4 Representative UPLC chromatograph at 515nm of the following sumac fruit
collection dates October 7, October 13, October 20, and October 27, 2021 sumac fruit collection
dates.
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Figure D.1.5 Representative UPLC chromatograph at 515nm of the following sumac fruit
collection dates starting from the bottom chromatograph: November 22, 2021 and January 7,
2022.
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Appendix D.2 UPLC Chromatograph at 313nm

Figure D.2.1 Representative UPLC chromatograph at 313nm of the following sumac fruit
collection dates starting from the bottom chromatograph: July 14, July 21, July 28, and August 4,
2021.
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Figure D.2.2 Representative UPLC chromatograph at 313nm of the following sumac fruit
collection dates starting from the bottom chromatograph: August 11, August 18, August 25, and
September 1, 2021.
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Figure D.2.3 Representative UPLC chromatograph at 313nm of the following sumac fruit
collection dates starting from the bottom chromatograph: September 8, September 15, September
22, and September 29, 202.
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Figure D.2.4 Representative UPLC chromatograph at 313nm of the following sumac fruit
collection dates starting from the bottom chromatograph: October 7, October 13, October 20, and
October 27, 2021 sumac fruit collection dates.
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Figure D.2.5 Representative UPLC chromatograph at 313nm of the following sumac fruit
collection dates starting from the bottom chromatograph: November 22, 2021 and January 7,
2022.
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