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Abstract

Chemists have managed to isolate and catalogue innumerable chemical compounds synthesized
by nature. The diversity, complexity, and therapeutic potential present in some of these natural
products often make them alluring targets for total synthesis. Yet, despite the evolution of
analytical techniques it is still commonplace for novel molecules to be mischaracterized. The
scarcity, purity, and intricate structures of some chemical compounds all contribute to the

challenges an isolation chemist faces when characterizing newly discovered natural products.

A biomimetic synthesis takes into account the target molecule’s biosynthetic origins and attempts
to replicate chemical reactions of the compound’s known or proposed biosynthesis within a
laboratory setting. Recently, total synthesis, and by extension biomimetic synthesis, has been

expertly employed in the structural revisions of many natural products.

This thesis will describe in detail the first biomimetic synthesis of several meroterpenoid natural
products. Every compound’s total synthesis features the same key step: a hetero-Diels—Alder
reaction between a common ortho-quinone methide intermediate and caryophyllene or humulene.
Furthermore, structural revisions are proposed for three of these compounds: littordial E, littordial
F and drychampone B. These revisions are proposed on the basis of our biosynthetic speculation
and the final structural reassignments of these compounds were carried out by means of 2D NMR

spectroscopy with supporting computational studies.

This work addresses a long-standing and still present problem in natural product chemistry: the
erroneous assignment of newly isolated compounds. There are many avenues leading to
mischaracterization of novel natural products and this work exemplifies how total synthesis in
conjunction with insightful biosynthetic speculation can be used alongside modern sprectoscopic

tools to correct such misassignments.
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Chapter 1

Introduction

1.1 Total Synthesis of Natural Products

For every living organism, nature has selectively developed a myriad of complex and structurally
diverse chemical compounds for all manner of functions (Figure 1.1). New molecules are
discovered every day and despite the impressive effort made by chemists to isolate and characterize
these compounds, we have only recorded a small fraction of Nature’s ever expanding molecular

library.!

1.3: canataxpropellane 1.4: palau'amine 1.5: ginkgolide B

Figure 1.1: The diverse structures of different natural products.

Natural products have long been attractive targets for the synthetic chemist. Their intriguing
biological properties and therapeutic potential are highly desirable for study in both academia and
in industry. Indeed, novel molecules are often employed as lead compounds in drug discovery, as
demonstrated by the fact that many pharmaceuticals on the market today are either natural products
or natural product derivatives.>* Additionally, natural product synthesis is often motivated by the

desire for new chemical understanding or the development of new methodologies. One example
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that illustrates this well is that of paclitaxel (sold under the brand name Taxol® by Bristol-Meyers-
Squibb, 1.6), a natural product with exceptionally potent anti-cancer activity that was originally
isolated from the Pacific yew, Taxus brevifolia.> Although Taxol® is typically produced through
semisynthetic methods on industrial scales, its fascinating chemical properties made it one the
most contested and sought-after total synthesis targets of the 1990’s. The first, though disputed,
total synthesis of Taxol® was published K. C. Nicolaou in 1994.° Since then, several syntheses of
this compound have been reported with varying strategies (Figure 1.2)."!* Taxol® remains a
highly relevant natural product to this day, both as a target for new total synthesis strategies as

well as a chemotherapeutic agent.

OH

HO %, s
9 ;’H %E OH OH O
HO_ _~
J;:Ei patchoulol MOH
o Holton, 1994 O OH OH

mucic acid
Nicolaou, 1994

Wieland-Miescher's ketone

Danishefsky, 1996 \
AcO O OH
CO,H
HO/\'5-| BZM ‘9 7@
2 [ —— < R O fe—r— —

e 4 .
L-serine : HO OBz OAc a-pinene
Mukaiyama, 1999 OH Wender, 1997

1.6: paclitaxel (Taxol®)

/o N\
X8
AN EtoJii /OQ

CHBrg
Baran, 2021 Kuwajima, 1998

Figure 1.2: Total syntheses of Taxol® achieved from diverse starting materials.5-!#

Despite nature’s impressive ability to synthesize such complex compounds, these may only exist
in scarce quantities, making their extraction and isolation difficult and low yielding. In such cases,
total synthesis facilitates the production of appreciable amounts of a desired compound that would
otherwise be inefficient to obtain directly from biological sources. Bryostatin 1 (1.14) is a marine-
derived natural product that has been tested in clinical trials against Alzheimer’s disease,'> as an
immunotherapeutic agent against leukemia!®!7 and HIV/AIDS eradication'®!? but the scarcity of

1.14 has significantly impacted its use in further clinical trials. The National Cancer Institute (NCI)
2



possessed an original stock of 18 g of 1.14 dating back to 1991. This material was isolated from
14 tonnes of the marine organism Bugula neritina, a yield of 0.00014%.2° Given the challenges
present in the isolation of bryostatin 1, total synthesis presented itself as a viable alternative to
generate sizeable quantities of 1.14 for further testing. The first total synthesis of bryostatin 1 was
reported by Keck in 57 steps (30 steps longest linear sequence, not shown)?' but would be
improved upon by Wender et al. who achieved the synthesis of 1.14 in 29 steps. The end-game of
this synthesis involves a Yamaguchi esterification/Prins cyclization sequence between compounds
1.7 and 1.8 to form macrolactone 1.9 in good yield. The final sequence of manipulations includes
ozonolysis, an alkynoate-to-diene isomerization, a Horner—Wadsworth—-Emmons olefination and
silyl ether deprotection to afford bryostatin 1 on gram-scales, sufficient to meet global clinical

needs (Scheme 1.1).22

R =TBDPS

TMS R'=TES

1.Yamaguchi esterification
82% Og; then PPhj

[

2. PPTS, MeOH 80%, 90% brsm
760/0
CsHq4 R = TBDPS CsH1 R = TBDPS
1.9 1.10
CaHy; = PPh3, Me3PhOH 90%
1.8 (accessed in 13 steps)
woe_ 1)
o
P

1.12
NaHMDS

92%, 11:1 Z.E

1.14: bryostatin 1 1.13 R = TBDPS 1.11 R = TBDPS

Scheme 1.1: Wender’s total synthesis of bryostatin 1 (1.14).2



1.2 Biomimetic Synthesis of Natural Products

Synthesizing some of the natural products that have been presented thus far is a daunting challenge
— their successful synthesis represents many years of hard work and research. Entirely new
methodologies might need to be developed mid-project or novel reagents need to be designed to
overcome a litany of issues a chemist may face in any given synthesis. One way in which chemists
can optimize and direct their own syntheses is to take inspiration from the processes that have been
engineered by nature. Biomimetic synthesis aims to recreate the chemical environments in which
natural products, and any biosynthetic intermediates en route to these natural products, have been
formed in living organisms. By design, these biomimetic syntheses tend to be concise and efficient,
often employing elegant reaction cascades paralleling more complex enzymatic processes,
inducing significant complexity from comparatively simple starting materials. The classical and
most often cited example of a biomimetic synthesis is that of the alkaloid tropinone (1.19),
achieved in 1917 by Sir Robert Robinson through an intramolecular “double Mannich reaction”.
A one-pot reaction between succinaldehyde (1.15), methylamine (1.16) and acetonedicarboxylic
acid (1.17) generates intermediate 1.18 which undergoes immediate decarboxylation to afford
tropinone in 17% yield (Scheme 1.2).2* This work is a landmark in the field of organic synthesis,
inspiring future chemists to carefully consider the biogenesis of their synthetic targets and

facilitating the study of exceptionally complicated molecules.

CHO decarboxylation N
[ + HoNMe + 0 _— 0 B — %
CHO 17% ©
COOH COOH
1.15: succinaldehyde  1.16: methylamine 1.17: acetonedicarboxylic 1.18 1.19: tropinone

acid

Scheme 1.2: The biomimetic synthesis of tropinone (1.19) by Robinson.?

The Daphniphyllum alkaloids are a series of natural products isolated from plants of the
Daphniphyllaceae family. Since the discovery of daphnimacrin by Yagi in 1909 over 320 of these
alkaloids have been identified.?® Due to their highly intricate framework, these caged compounds
have made Daphniphyllum alkaloids highly sought-after targets for total synthesis. Perhaps the
greatest contribution to the field of Daphniphyllum alkaloid chemistry came from the work of
Clayton Heathcock who achieved a biomimetic synthesis of proto-daphniphylline (1.21).2¢ Proto-

4



daphniphylline is an important intermediate in the biosynthesis of other members of this
captivating family including daphniphylline (1.22) and secodaphniphylline (1.23) (Scheme 1.3).
Proto-daphniphylline was proposed to originate from squalene (1.20) in several steps, with
subsequent transformations accounting for natural products 1.22 and 1.23 (Scheme 1.3, a). Key to
Heathcock’s biomimetic synthesis is the formation of the £/Z-aldehydes 1.24 and 1.25, whose
structures are clearly analogous to squalene. Heathcock successfully generated 1.21 in 15% yield
over three simple steps from these aldehydes (Scheme 1.3, b), a true testament to the power of the

biomimetic approach.

a) Proposed biosynthesis of proto-daphniphylline (1.21)

biosynthesis
HN
7

1.21: proto-daphniphylline

1.20: squalene

1.22: daphniphylline 1.23: secodaphyniphylline

b) Heathcock's biomimetic synthesis of proto-daphniphylline (1.21)

CHO “
X AN
; : 10 N x X
CHO

(E)-1.24 1. KOH
2. NH,

or 3. CH3COOH
Rl bt

1.21: proto-daphniphylline

15% vyield over 3 steps

(2)1.25

Scheme 1.3: a) A simplified scheme Heathcock’s proposed biosynthesis of 1.21, highlighting

key carbon atoms in the final alkaloid skeleton. b) Heathcock’s biomimetic synthesis of 1.21.2



Biomimetic synthesis is the main focus of the George group and of one the best examples to
demonstrate its potential is seen in garcibracteatone (1.32, Scheme 1.4).%” Isolated from the bark
of Garcinia bracteata, this polycyclic polyprenylated acylphloroglucinol’s (PPAP) complex
scaffold presents a significant synthetic challenge. George and co-workers proposed a biomimetic
synthesis of 1.32 via an oxidative radical cyclization cascade. Starting from commercially
available phloroglucinol (1.26), Friedel-Crafts acylation followed by prenylation and dearomative
alkylation affords precursor 1.27 as a mixture of diastereoisomers. The free radical cyclization
cascade was induced using Mn(OAc)3/Cu(OAc)2 in AcOH, affording garcibracteatone (1.32) and
its C-5 epimer 1.33 in 14% and 8% yields respectively. The total synthesis of garcibracteatone
highlights the success of employing a biomimetic approach, demonstrated by the efficiency and

selectivity of the oxidative radical cascade to form this natural product’s ornate architecture.

Mn(OAc);
Cu(OAc),, AcOH
—

single electron
oxidation

intramolecular
aromatic radical

substitution
-

5-exo-trig

1.32: garcibracteatone —

8% 14%

Scheme 1.4: George’s biomimetic synthesis of garcibracteatone (1.32).%

From these few examples it is clear that the biomimetic approach is a powerful means by which
chemists may induce significant molecular complexity in a few short steps. However,
consideration of a compound’s biosynthetic origin can have more benefits than simply achieving

its synthesis in a concise fashion, as shall be described in the next section.



1.3 Structural Revisions of Natural Products by Biomimetic Synthesis

A total synthesis begins with the retrosynthetic analysis of the target molecule and having the
correct structure for said molecule is paramount. While this may seem like an obvious statement,
without a correct structure, a working forward synthesis becomes impossible. Misassigned
structures for newly isolated natural products is a common problem and the result of several
obstacles that isolation chemists can encounter during the characterization process. Anything from
the methods used in the material isolation steps to data interpretation present opportunities for
error. Ideally, an X-ray crystal structure would be obtained to provide the unambiguous assignment
of the molecule. Of course, this is only possible if appropriate crystals of the compound are
available and with many new natural products isolated as oils or amorphous solids, chemists are
forced to adopt other analytical techniques when assigning structures. Besides X-ray
crystallography, NMR spectroscopy has become the most widely used method for compound
characterization and is frequently supported by other experiments such as computational studies
and mass spectrometry. Despite the advances made in the field of NMR spectroscopy, structural
assignments of novel compounds remain a challenging undertaking with molecules still subject to

erroneous assignments.?®

Presently, compound purity and quantity still greatly impact the quality of NMR data.
Furthermore, molecules which exhibit more intricate architectures will naturally generate complex
spectra, requiring more thorough examination and often leading to human error in the
interpretation of this data. Outside of more conventional analytical techniques, total synthesis has
proven to be an effective method for the revision of previously misassigned natural products.?’
The highly designed and controlled nature of the laboratory setting allows reaction products to
predicted, isolated, and characterized during most steps of the synthesis. A biomimetic approach
is even more enlightening, as structural revisions are based on plausible biosynthetic pathways.
Additionally, a biomimetic synthesis often intercepts products that act as intermediates en route to
the target compound or result in yet to be isolated products, adding further credibility to proposed
revisions. The George group has a great deal of experience in the realm of natural product structure

revisions, a few examples of which are highlighted further.



Siphonodictyal B (Figure 1.3) is a meroterpenoid isolated from Aka coralliphaga (also known as
Siphonodictyon coralliphagum), a bright yellow marine sponge. The true structure of this natural
product eluded chemists for a number of years; having been misassigned by Faulkner initially upon

its isolation in 19813° (1.34) and again by Faulkner and Clardy in 1986°' (1.35).

1.34: siphonodictyal B 1.35: siphonodictyal B 1.36: siphonodictyal B 1.37: liphagal
originally proposed structure second proposed structure revised structure

Figure 1.3: Proposed and revised structures of siphonodictyal B, and liphagal.

The George group’s interest in siphonodictyal B was derived from a proposed biosynthesis of the
related meroterpenoid liphagal (1.37), also isolated from Aka coralliphaga.®* Liphagal (1.37)
possesses an intriguing 6-7 terpene ring system fused to an electron-rich benzofuran ring that was
assigned by means of 2D NMR studies. Its elaborate structure and potent, selective inhibition of
phosphatidylinositol-3-kinase (PI3K) o quickly made liphagal a synthetic target for several
research groups. In their original isolation work, Andersen and co-workers put forward two
possible biosynthetic pathways to rationalise the construction of the liphagal framework. The first
pathway hypothesized a late-stage polyene cyclization event to generate the 6-7 ring system, an
approach which inspired their own total synthesis of 1.37. This biogenesis raises some questions
regarding the feasibility of the proposed cyclization reactions, an issue which Andersen and co-
workers encountered in their own synthetic studies,? as well as the plausibility of some of the
proposed intermediate structures, which had yet to be isolated in nature. The second pathway
detailed that an epoxidation and subsequent ring expansion of the co-isolated siphonodictyal B
could generate 1.37. (Scheme 1.5). At the time, Andersen had put forth this hypothetical
biosynthesis using Faulkner’s second proposed structure of siphonodictyal B (1.35). Thus, to
achieve correct stereochemistry in the final natural product, a late-stage C-8 epimerization was
required. Considering both siphonodictyal B and liphagal were isolated from Aka coralliphaga,
this second pathway seemed the more likely route towards 1.37. Additionally, this theorized
biosynthesis gives an indication as to a second potential misassignment of siphonodictyal B (1.35).

Ideally, the C-8 epimer of 1.35 i.e., the revised structure 1.36 (Figure 1.3), should provide liphagal

8



through Andersen’s second proposed pathway without the need for an extra epimerization step
(Scheme 1.5). Epoxidation of revised siphonodictyal B (1.36) to 1.38 and subsequent acid-
catalysed epoxide ring-opening should provide the 0-QM intermediate 1.39. Bond migration
results in the desired ring expansion to cycloheptanone 1.40 which is primed to undergo the final

benzofuran formation step to produce liphagal (1.37).

structure

revision epoxidation
.

1.35: siphonodictyal B 1.36: siphonodictyal B
second proposed structure revised structure

epoxide
ring opening

benzofuran
formation

1.37: liphagal 1.40 1.39

Scheme 1.5: The proposed biosynthesis of liphagal (1.37) starting from a structural revision of
siphonodictyal B (1.36).

The synthesis of the revised structure of siphonodictyal B (1.36) begins with the conversion of (+)-
sclareolide (1.41) to aldehyde 1.42 in six steps according to known literature procedures (Scheme
1.6). Arylation of 1.42 with the organolithium species derived from arylbromide 1.43 affords
alcohol 1.44 as a single diastereomer. Dehydration of 1.44 is achieved upon treatment with POCl3
giving alkene 1.45 in 54% yield. Finally, formylation to 1.46 and subsequent global deprotection
yields (-)-siphonodictyal B (1.36) in good yield. The relative configuration of C-8 was confirmed
by clearly visible NOESY correlations; Faulkner had originally assigned this configuration
through observation of the coupling constants of H-8. The stage was now set to perform the final
biomimetic cascade. Gratifyingly, treatment of 1.36 with m-CPBA followed by TFA to induce the
epoxide ring-opening generated (+)-liphagal (1.37) in 42% yield.?® Data for synthesized liphagal
matched that of isolated material exceptionally, strongly supporting the hypothesis of revised
siphonodictyal B (1.36) acting as the biosynthetic precursor to liphagal. To further validate this

structural revision, Faulkner’s second proposed structure of siphonodictyal B (1.35) was also
9



synthesized and submitted to the same biomimetic cascade conditions as 1.36. NMR data for the
product of this cascade did not match isolated 1.37 and was instead assigned as 8-epi-liphagal (not
shown), thus confirming George’s structural revision.
i-PrO:©:Oi-Pr
Br o Oi-Pr

6 steps from t-BuLi, THF,
known procedures  _~ | A -78°Ctort

|

74%

1.41: (+)-sclareolide 1.42

54% POCIj3, pyridine
(+ 36% r.s.m.) toluene, 80 °C

n-BuLi, TMEDA, THF

BClz, CH,Cl,, 0 °C 0 °C; then DMF

77%

65%
(+23% r.s.m.)

1.46 1.45

m-CPBA

NaHCO3

CCly, 0°C
then add TFA

42%

1.36: (-)-siphonodictyal B 1.37:(+)-liphagal
revised structure

Scheme 1.6: The synthesis of the revised structure siphonodictyal (1.36) and its biomimetic

conversion to liphagal (1.37).%

Furoerioaustralasine (1.53) is a pentacyclic alkaloid natural product isolated in 1993 by Waterman
from Eriostemon banksi, a flowering plant species native to Far North Queensland.?* The structure
of furoerioaustralasine was originally proposed to have a cis relationship between oxygen
substituents at the C-1" and C-2’ positions (1.54, Scheme 1.7). In addition to furoerioaustralasine,
Waterman and co-workers also isolated and characterized epoxides cis-erioaustralasine (1.51) and
trans-erioaustralasine (1.52) in the same paper. These natural products could be biosynthesized
from the quinolone derivative 1.47 (Scheme 1.7). Oxidation and alkene isomerization of 1.47 to
1.48 facilitates an intramolecular hetero-Diels—Alder reaction to the cis- and frans-decalins 1.49
and 1.50. Epoxidation and N-Me oxidation furnishes cis-erioaustralasine and trans-

erioaustralasine. Epoxide 1.51 can undergo an epoxide ring opening by nucleophilic attack of the
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neighbouring carbonyl to afford the final product 1.53. The co-isolation of cis-erioaustralasine
(1.51) and trans-erioaustralasine (1.52) served as inspiration for a structural revision by the George
group.>> Mechanistically, nucleophilic attack during the epoxide ring-opening stage is only
possible from the face opposite the epoxide, resulting in a trans relationship between oxygen
functionalities (1.53). To confirm this hypothesis a concise biomimetic synthesis of

furoerioaustralasine was achieved in 3 steps from commercially available starting materials.

N\ intramolecular
oxidation, alkene Oj& hetero-Diels—Alder
isomerization /\/ — reaction
—_— z —_— +
N (6]
\
1.48 1.50
epoxidation,

N-Me oxidation

epoxide
ring-opening
-~
“0 +
N ~O C)
Q H
: . . : ) . OAc
¢ 1.54: (+)-furoerioaustralasine 1.53: (+)-furoerioaustralasine
1 originally proposed structure | revised structure 1.51: cis-erioaustralasine  1.52: trans-erioaustralasine

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Scheme 1.7: The proposed biosynthesis of furoerioaustralasine (1.53).

The synthesis of 1.53 begins with a tandem Knoevenagel condensation/oxa-6n-electrocyclization
between commercially available starting materials 2,4-dihyroxyquinoline (1.55) and citral (1.56)
(Scheme 1.8). Treating a mixture of 1.55 and 1.56 with catalytic amounts of EDDA and refluxing
in toluene affords pyranoquinoline 1.57 in 94% yield on a multigram scale (~15 g). Construction
of the decalin motif was achieved by an elegant thermal rearrangement cascade based on a
procedure described by Riviera.> Adsorption of 1.57 on silica gel and heating to 140 °C triggers
an initial retro-oxa-6m-electrocyclization. Subsequent alkene isomerization and a concomitant
intramolecular hetero-Diels—Alder reaction produces a 1.3:1 mixture of cis-/trans-decalin
diastereomers (1.59 and 1.60), separable only by recrystallization. Epoxidation of the desired cis-
decalin 1.59 with m-CPBA afforded a mixture of epoxide products 1.62 and 1.61, with moderate
selectivity for epoxidation of the exo face of the alkene (2.2:1 ratio 1.62 to 1.61). Finally, treatment
of exo-epoxide 1.62 with trifluoroacetic acid initiates the crucial intramolecular Sn2 epoxide ring-
opening, resulting in the sought-after stereochemical inversion at C-2’ with retention at C-1’ to
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yield the revised structure of furoerioaustralasine (1.53) in 77% yield. This already concise
synthesis was streamlined further by telescoping the final epoxidation and acid-catalysed ring-
opening steps into a one-pot protocol, sacrificing moderate stereoselectivity for increased step
economy. NMR data of synthetic 1.53 matched that of isolated furoerioaustralasine. Furthermore,
appropriate crystals of 1.53 were grown and submitted for X-ray diffraction analysis,

unambiguously confirming the revised structure of furoerioaustralasine.

M/VL
H = %

1.56: citral intramolecular
oH _ o jQ hetero-Diels-Alder
N\ EDDA, Toluene, 110 °C Si0y, 140 °C A reaction
—— _ > =
7 —_—
Knoevenagel condensation, retro-oxa-6m- 57%
N~ "0 ot N~ ~O A
H oxa-6n-electrocyclization H electrocyclization, N o}
949% alkene isomerization H 1.3:1 d.r. 1.59/1.60
1.55: 2,4-dihydroxyquinoline ° 1.57 1.58
m-CPBA
2.2:1d.r.1.62/1.61 | CHCI3 0°C
epoxidation

epoxide

ring-opening TFA, CH,Cly, rt
- -

77%

i 1.54: (+)-furoerioaustralasine
' originally proposed structure !

1.62 (47%) 1.61 (18%)

1.53: (+)-furoerioaustralasine
revised structure
exo epoxide endo epoxide

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Scheme 1.8: The biomimetic synthesis of furoerioaustralasine (1.53).%

Cytosporolide A is a caryophyllene-derived meroterpenoid isolated and characterized in 2010 by
Che and co-workers.?” The most striking feature in its proposed structure is the presence of a highly
strained, 9-membered peroxylactone ring (1.64, Figure 1.4, a). The unusual peroxide bond of 1.64
was assigned on the basis of the chemical shift at C-8 (6. = 87.5), which is significantly downfield
in relation to C-8 (o = 74.2) of a known -caryophyllene-derived meroterpenoid 6-
hydroxypunctaporonin (1.66).*® By comparing the C-8 chemical shifts of 1.64 with NMR data of
the caryophyllene-derived meroterpenoids guajadial and psidial A (not shown), synthesized by
Lee and co-workers,* George and Spence propose a 6-membered aryl ether ring could account for
the C-8 chemical shift reported for the cytosporolide natural products. Biosynthetically, the revised
structure of cytosporolide A (1.65) could be achieved via a hetero-Diels—Alder reaction between
(-)-fuscoatrol A (1.67) and an ortho-quinone methide (1.69) derived from the dehydration of
known fungal metabolite CJ-12,373 (1.68) (Figure 1.4, b).
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1.64: (+)-cytosporolide A 1.65: (+)-cytosporolide A 1.66: 6-hydroxypunctaporonin B 1.67: fuscoatrol A

originally proposed strucutre revised strucutre
b) -~ _
HO.__O
hetero-Diels—Alder
HO OH -H,0 reaction
HO
[0}
C7H1s
C7H1s
1.68: (+)-CJ-12,373 - 1.67 1.69 - 1.65: (+)-cytosporolide A

revised strucutre

Figure 1.4: a) Original and revised structures of (+)-cytosporolide A as well as related

compounds b) Proposed biosynthesis for the formation of (+)-cytosporolide A (1.65).

A simplified analogue of the cytosporolide A (1.73, Scheme 1.9, a), was synthesized to validate
the proposed structural revisions of the cytosporolides. Alcohol 1.70 was treated with TFA and
excess HC(OEt); (1.71). Heating at 100 °C generated 0-QM 1.72 in situ, which was instantly
trapped by caryophyllene, affording analogue 1.73 in 53% yield. The data of analogue 1.73, which
contained the proposed 6-membered aryl ether ring, closely matched that of isolated (+)-

cytosporolide A, including the key chemical shift at C-8 (8. = 88.6 for analogue 1.73).%

The first total synthesis of (+)-cytosporolide A (1.65) would be achieved by Takao and co-workers
in 2015.*! As in the model study, the key step in this synthesis is a hetero-Diels—Alder reaction
between 0-QM 1.69 and a protected form of the putative precursor fuscoatrol A (1.74). 0o-QM
intermediate 1.69 is generated under thermal conditions and readily undergoes the desired
cycloaddition with 1.74. Subsequent deprotection afforded 1.65 in 22% yield over 3 steps. NMR
data for synthetic 1.65 unequivocally matched that of isolated (+)-cytosporolide A, verifying its

structural revision by George and Spence.
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a) George's synthesis of cytosporolide analogue 1.73

1.71
MeO.__O HC(OEt);, TFA o
HO OH 100°c . OH
0-QM formation
HO
1.70 1.71: caryophyllene 1.72

b) Takao's total synthesis of (+)-cytosporolide A (1.65)

HO.___O
HO OH  1.74, toluene, 100 °C, 5 h
HO 0-QM formation
(e}
C7H1s

1.68: (+)-CJ-12,373

hetero-Diels—Alder
reaction

53%

1. hetero-Diels—Alder

reaction
—_——

2. deprotection

C7H1s

1.65: (+)-cytosporolide A

22% over 3 steps

Scheme 1.9: a) The George group’s biomimetic synthesis of analogue 1.73.%° b) Takao’s total

synthesis of (+)-cytosporolide A 1.65.4!

Once more, biomimetic synthesis proves itself to be a valuable weapon in the in the synthetic

chemist’s arsenal. Not only does its utility and incorporation in complex syntheses result in elegant

pathways to structurally diverse natural products but additionally, as this section has detailed, the

biomimetic approach has become an increasingly important and useful tool when isolating new

natural products. The consideration of plausible reaction pathways and the formation of likely

biosynthetic intermediates, in combination with powerful spectroscopic tools, greatly reduces the

assignment of incorrect natural product structures.
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1.4 Ortho-Quinone Methides in Natural Product Synthesis

The ortho-quinone methides (abbreviated as 0-QMs, 1.75, Figure 1.5) are ephemeral chemical
species that have been exploited by nature, and more recently by organic chemists, in the synthesis
of complex natural products. Although 0-QMs were proposed as early as 1907 by Fries,*? evidence
for their existence would only arrive in 1998 through the pioneering work of Amouri and co-
workers who solved their X-ray crystal structure through complexation of 0-QMs to transition
metals.*> The transient nature of these species can be attributed to their high reactivity, or more
specifically, their propensity to rearomatize instantly upon generation. There are several studies
which detail the importance of 0-QMs in important biological processes such as their role in DNA
cross-linking and other nucleic acid alkylating reactions.**#¢ Despite their utility, the power of o-
QMs in total synthesis has only recently been harnessed by synthetic chemists with few examples
reported prior to the 1990’s. There are already comprehensive reviews detailing the use of 0-QMs
in natural product synthesis up to 2014,*7#® thus, only some selected syntheses, as well as more

recent works, will be covered in this section.

1.4.1 Generation and Reactivity of ortho-Quinone Methides

There are many ways to achieve in situ generation of 0-QMs including thermolysis,*-5?

hotolysis,>: >* treating with acid®® or base,*® and oxidation®” (Figure 1.5), all of which typically
P y g

involve the elimination of a stable benzylic substituent.

OH OH

L (L on
[0] \ : o Acid/Base

\
hv R A
TN

OH OH

©/\/ @[/OAC

Figure 1.5: General structure of 0-QMs and common methods of generation.

Reactions of ortho-quinone methides can be divided into three major categories: Michael
additions, [4+2] cycloadditions and oxa-6m-electrocyclizations (Figure 1.6). The application of

these reactions in total synthesis will be discussed in this section.
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OH Michael 9] [4+2] O R
addition cycloaddition
CCw 82 O =ie (O}
R2
R R H
1.75

oxabm | B CH=CH,
electrocyclization

CO

Figure 1.6: Typical reactions of 0-QMs.

1.4.2 Michael Reactions of ortho-Quinone Methides

The use of 0-QMs as Michael acceptors in organic synthesis has remained underexplored when
compared to cycloadditions or electrocyclizations, with fewer examples cited in literature.
Generation of 0-QMs for Michael additions can prove problematic, requiring careful selection of
the reaction conditions to minimise unwanted side reactions, a factor which may have discouraged

their use as intermediates in total synthesis.

The Pettus group are pioneers in the field of ortho-quinone methide chemistry. In addition to the
several published total syntheses which utilise 0-QMs, the group have also distinguished
themselves by their use of Grignard reagents to generate 0-QMs under relatively mild conditions.
One such example can be seen in the total synthesis of (+)-rishirilide B (1.80), in which an 0-QM
generated by this Grignard reagent strategy undergoes a Michael addition (Scheme 1.10).%8 Excess
isobutyl magnesium bromide 1.77 was added dropwise to the Boc-protected phenol 1.76 to form
the key 0-QM 1.78. This intermediate was trapped by a second equivalent of the Grignard reagent
to afford the alkylated phenol 1.79. The final natural product was achieved from 1.79 in a further
13 steps.

MgBr
9 OBoc OBoc
OBoc
Michael
1.77, excess ’5* addition
—~y ——— B _ >
o” Et,0, -78 °C
’2—\ 1.78 \ MgBr
OH
1.76 — - 1.79 1.80: (+)-rishirilide

B

Scheme 1.10: The total synthesis of (+)-rishirilide B (1.80) by Pettus.*®
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The George group have firmly established themselves as experts in the realm of biomimetic
synthesis and often make use of the 0-QMs in their natural product syntheses. This is clearly
exemplified in their total synthesis of ent-penilactone A (1.86) and penilactone B (1.87) by a
common 0-QM intermediate 1.82 (Scheme 1.11).%° Heating precursor 1.81 under reflux formed
the ortho-quinone methide 1.82. In the presence of a lactone 1.83, the 0-QM can react via a
Michael addition to give adduct 1.84. A second equivalent of 1.82 participates in an additional
Michael reaction to give compound 1.85. Finally, a ring closure yielded the desired natural

products 1.86 and 1.87 in 46% and 85% yield, respectively.

— - 1.82
0 o
OH N
(0] OH . 0 on o ( OH
110 °C Michael addition
g OAc o ] 0 e
NN o
[ S | o
H 1.82 HO'y OH | o
L R HO'Y
B b R
1.81 1.83 1.84
Michael addition
o o)
HO H ing cl H. HO O/H
6 oOH o 0 ring closure O‘ 0 [ o
O /\‘ O
0" : (0] »
OH R |l| (0] R
1.86: R=H: ent-penilactone A (46%) 1.85

1.87: R=CO,H: penilactone B (85%)
Scheme 1.11: George’s biomimetic synthesis of ent-penilactone A (1.86) and penilactone B

(1.87).%

George et al. would revisit intermediate 1.82 in their biomimetic synthesis of peniphenones A
(1.86), B (1.87) and (S)-peniphenone D (1.88) (Scheme 1.12).5° Once more, 0-QM 1.82 is formed
by heating precursor 1.81 under reflux (Scheme 1.11). Doing so in the presence of coupling
partners 1.84 and 1.85, with subsequent manipulations, affords the desired natural products 1.87
and 1.88, respectively. Peniphenone A (1.86) was originally proposed to be the product of a [4+2]
cycloaddition with an exocyclic alkene coupling partner, but its synthesis presented some problems
and required a revised strategy. An alternative method was worked on which made use of an
enolate as a Michael donor. Thus, treatment of the bis-TBS ether 1.83 with LiTMP in THF/HMPA,
followed by the addition 0-QM precursor 1.81, generated the necessary 0-QM and enolate
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simultaneously. Michael addition followed by bis-TBS deprotection, spiroketalization and a
subsequent TPAP oxidation, yielded the desired natural product 1.86. Peniphenone C (not shown)
was achieved by means of an electrophilic aromatic substitution/autoxidation sequence also using

intermediate 1.82.%°

O OH
OAc
OH
1.81 OH
TBS =
O O OTBS oM
H oo e

1.83 1.84
- _— -
o Michael addition/ 0 Michael addition
0 o Spiroketalization (62% over 3 steps)

(14% over 3 steps)

1.82
1.86: (+)-peniphenone A OH 1.87: peniphenone B
7N Michael addition
0 (51%)
(@)
1.85
O OH OH
ANt
(¢]
OH o

1.88: (S)-peniphenone D

Scheme 1.12: George’s synthesis of the peniphenones A (1.86), B (1.87) and (S)-D (1.88).%°

1.4.3 Oxa-6m-electrocyclizations of ortho-Quinone Methides

ortho-Quinone methides can readily undergo oxa-6m-electrocyclization reactions to afford
chromenes (2H-benzopyrans). These chromenes are incredibly versatile building blocks, present

in many natural products or acting as key intermediates for their biosynthesis.

Cortistatin A (1.97, Scheme 1.13) is a marine natural product with potent anti-angiogenic and anti-
proliferative activity and a peculiar, modified steroidal skeleton.®! Its low abundance, intriguing
architecture and potent biological activity quickly made 1.97 an attractive synthetic target. Indeed,
several elegant total syntheses of 1.97 have been published by many prestigious research groups.®*

% From their own investigations into the synthesis of 1.97, Danishefsky and co-workers published
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a concise synthesis of the cortistatin core (1.96), which made deft use of 0-QM chemistry.® A 1,2-
addition of the bromide 1.89, via the corresponding aryllithium species, to aldehyde 1.90 generated
alkoxide 1.91. Intramolecular carbamate migration and subsequent elimination formed 0-QM 1.93
which immediately reacts in an oxa-6m-electrocyclization to give compound 1.94 in 71% yield.
Further manipulations of 1.94 produced 1.95. Treatment with TBAF resulted in simultaneous

deprotection and alkylation, yielding the pentacyclic core 1.96 of the cortistatin family in 88%

yield.
N o
C)
0 L
TBSO Br 02 “NER,
) TBSO ™
t-BuLi then 1.90 TBSO
o] oj _ O g .
EtzN/go d o ‘ o -
o o) o
@ NEt, OTBS €]
L L OTBS
1.89 CHO 1.91 - 192
OTBS l
1.90
Avee U Xy i |0
o I — o) electrocyclization 2 0
F 0 I o ) geceatzaten Ny 7
(@) 0 71% O
‘(OMS OTBS OTBS
1.95 1.94 1.93

TBAF \ 88%

Scheme 1.13: Danishefsky’s synthesis of the cortistatin A core (1.97).%°

The Trauner group has also made use of the versatility of 0-QMs, as seen in their synthesis of the
prenylated napthoquinones mollugin (1.100) and microphyllaquinone (1.103) (Scheme 1.14). By
simply treating 1.98 with triethylamine, 0-QM 1.99 was easily formed, with an oxa-6n-
electrocyclization step affording 1.100 in 81% yield. Similarly, 1.102 was generated from
napthoquinone dimer 1.101, also undergoing an oxa-6m-electrocyclization, producing 1.103 in

70% yield.5
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1.98 1.99 1.100: mollugin

oxa-6n-
electrocyclization
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1.101 1.102 1.103: microphyllaquinone

Scheme 1.14: Trauner’s biomimetic synthesis of mollugin (1.100) and microphyllaquinone

(1.103).%

The George group would once again leverage their expertise of 0-QM intermediates in their
biomimetic synthesis of the rhodonoid natural products. Rhodonoids A (1.109), C (1.113) and D
(1.114) are thought to be derived from a common, previously isolated, chromene intermediate
1.107 (Scheme 1.16). This chromene was synthesized in a single step from orcinol (1.104) in a
tandem Knoevenagel condensation/oxa-6m-electrocyclization cascade via the 0-QM intermediate
1.106. A one-pot protocol involving an acetate protection, Schenck ene reaction and Kornblum—
DeLaMare rearrangement formed ketone 1.108 from chromene 1.107. A [2+2] photocycloaddition
and same-pot deprotection gave rhodonoid A (1.109) in 60% yield.®” Treatment of 1.107 with m-
CPBA yielded epoxide 1.110 in 51% yield (1:1 mixture of diastereomers). In the presence of
SnCl4, 1.110 may undergo a 6-endo-tet or a 5-exo-tet ring opening, affording 0-QMs 1.111 and
1.112. Intramolecular nucleophilic attack of intermediates 1.111 and 1.112 by the hydroxyl group
generates the natural products rhodonoid C (1.113) and rhodonoid D (1.114) in 32% and 5% yield

respectively.®
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Scheme 1.15: George’s biomimetic synthesis of rhodonoids A (1.109), C (1.113) and D
(1.114)_67,68

Other members of this family of natural products — rhodonoids B (1.119), E (1.120) and F (1.121)
— were synthesized in similar fashion. Chromene 1.118 (as a mixture of £ and Z isomers) was
identified as a precursor to these compounds and could be prepared from orcinol (1.104) and
faresal (1.115) using the same conditions described in the synthesis of rhodonoids A, C, and D.
A Knoevenagel condensation with subsequent oxa-6m-electrocyclization of 0-QM 1.117 yielded
the desired chromene in 84% yield. A [2+2] cycloaddition, followed by a 'O, reaction produced
1.120 and 1.121.57 A [2+2] cycloaddition, protection and Schenck ene reaction allowed for a
formal synthesis of 1.119. The final 2 steps in the sequence to form 1.119 have previously been

reported by Hsung and Tang.%°
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Scheme 1.16: George’s biomimetic synthesis of rhodonoids B (1.119), E (1.120) and F
(1.121).%7

1.4.4 [4+2] Cycloadditions of ortho-Quinone Methides

The most prominent and well-studied application of 0-QMs in synthesis is their use in hetero-
Diels—Alder reactions. Their capacity to construct six-membered rings under varied conditions and
with a wide range of dienophilic partners makes strategies involving [4+2] cycloadditions of o-
QMs very attractive. The ability to participate in hetero-Diels—Alder reactions has led to numerous
successful total syntheses being reported which make use of this reactivity. The first and perhaps
the most famous application of ortho-quinone methides in total synthesis is in the biomimetic
synthesis of carpanone (1.124) by Chapman in 1971. A palladium(Il) mediated dimerization of
phenol 1.122 generated the 0-QM 1.123, which immediately reacts in an intramolecular [4+2]
cycloaddition yielding 1.124 in 46% yield (Scheme 1.17).7° In a single step a large degree of
molecular complexity was established with the formation 2 new rings as well as 5 stereocentres,

making this seminal work a showcase for the potential of 0-QM:s in total synthesis.

NaOAc
‘ MeOH/H,0
<o PdCly, 38 °C, 2 h
—_—
© OH

1.122 =

[4+2]
cycloaddition
—_———
46%

- 1.124: carpanone

Scheme 1.17: Chapman’s biomimetic synthesis of carpanone (1.124).7
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Another excellent example of the use of 0-QMs in [4+2] cycloadditions is in the biomimetic
synthesis of lucidene (1.128) by Baldwin (Scheme 1.18).”! Thermolysis of the hydroxybenzyl
alcohol 1.125 at 170 °C generated the necessary 0-QM 1.127. Two equivalents of 1.127 react with
humulene (1.126) to form the desired natural product 1.128 and its diastereoisomer, isolucidene
(1.129) in 17% overall yield (2.5:1 ratio in favour of 1.128). The mono-adduct 1.130 was also
formed in 28% yield. Re-exposure of 1.130 to the hydroxybenzyl alcohol 1.125 under similar
reaction conditions (sealed tube, 160 °C) afforded 1.128 and 1.129 in similar relative amounts as
before. This synthesis is also a great display of the regioselectivity of humulene (1.126) as the
mono-adduct 1.130 is only generated by reaction of 1.127 with the more reactive A!? alkene of

humulene as opposed to the other alkenes present in its structure.

\ — -

1.126:humulene

OO
OH sealed tube

170 °C

[4+2]
cycloaddition 1.128: lucidene 1.129: isolucidene

B — e
(17% overall yield, 2.5:1 ratio in favour of 1.128)

1.125

1.130
28%

Scheme 1.18: Baldwin’s biomimetic synthesis of lucidene (1.128)."!

In 2008, the Trauner group would once again make excellent use of 0-QM chemistry in their work,
this time reporting the total synthesis of the complex natural product rubioncolin B (1.137) by
utilizing a one-pot oxidation/tautomerisation/Diels—Alder cascade’ (Scheme 1.19). Starting from
the bis-TBS ether 1.131, a TASF mediated deprotection generated the phenoxide anion 1.132.
Subsequent oxidation with PhI(OAc); resulted in the oxonium cation 1.133 which was deprotected
by a second equivalent of TASF to form 1.134. Quinone 1.134 exists in equilibrium with its
tautomer, the 0-QM 1.135, which undergoes the key [4+2] cycloaddition to give compound 1.136
in 60% yield. Finally, demethylation of 1.136 using BBr; afforded the natural product, rubioncolin
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B (1.137) in 95% yield. Further highlighting the utility of 0-QMs, this synthesis makes use of
another ortho-quinone methide reaction that was discussed earlier (See Scheme 1.14). The bis-
TBS ether 1.131 is derived from an acid chloride and a tertiary alcohol (alcohol derived portion of
the molecule is highlighted in green in Scheme 1.19). This alcohol was made in 4 steps from the
natural product mollugin (1.100, Scheme 1.14), also synthesized by Trauner via an oxa-6m-

electrocyclization of an 0-QM.%¢

Synthesized in 4 steps
from the natural product mollugin (1.100)

MeO,C  OMe MeO,C ~ OMe MeO,C  OMe
0,C 0 0 : (0] O 0 I Q 0 I Q
MeO, TASF MeO,CH, o PhI(OAc), 0
— 2 . —

TBSO ! e} l
OTBS OTBS
TBS

1.131 1.132 1.133

TASF = tris(dimethylamino)sulfonium difluorotrimethylsilicate \ TASF

MeO,C OMe
02 o LD
cycloaddition tautomerization MeO,C Y
- _ = O,
60% A\ g < H
O
1.137: rubioncolin B - 1.135 - B 1134 B

Scheme 1.19: Trauner’s total synthesis of rubioncolin B (1.137).7?
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Spirooliganones A and B (1.143 and 1.144) are a pair of epimer natural products isolated from the
roots of /llicium oligandrum™ and contain a complex 5/6/6/5/3 pentacyclic framework, including
a rare dioxa-spiro system. At the time of writing, three total syntheses for 1.143 and 1.144 have
been reported, all published within a year of each other by the groups of Xie, Tong and Yu.”*7¢
Despite varying approaches between syntheses, a common strategy employed by these groups was

a [4+2] cycloaddition of an 0-QM with (-)-sabinene (1.141, Scheme 1.20).

In the first synthesis by Xie (Scheme 1.20, a), this cycloaddition strategy is employed early on
with the required 0-QM 1.140 being generated from 1,3-cyclohexadione (1.138) and formaldehyde
(1.139) under Hoffmann conditions. The hetero-Diels—Alder reaction between 1.140 and 1.141 in
one-pot afforded the spirocycle 1.142 as a mixture of diastereomers in 79% yield. The resulting
diastereomers were separated by flash column chromatography and recrystallisation. Each
diastereomer was subjected to identical conditions to yield the two natural products 1.143 and

1.144 in seven steps.”

Following a biomimetic approach, the syntheses by Tong and Yu placed a greater emphasis on
developing their 0-QM precursors first and carrying out the key [4+2] cycloaddition later. In both
cases, this strategy defers the installation of critical stereocentres which would be introduced by
the hetero-Diels—Alder step. This approach minimises the number of late-stage manipulations
which can prove problematic due to the presence of an unstable cyclohexadione moiety, as well as
avoiding potential obstacles that may arise when separating products. Both syntheses also form
their respective 0-QMs by elimination of a benzylic substituent under thermal conditions. In
Tong’s synthesis (Scheme 1.20, b), heating of the 0-QM precursor 1.145 in a sealed tube at 160
°C in the presence of 1.141 resulted in an aromatic Claisen rearrangement and a subsequent [4+2]
cycloaddition to generate spirocycle 1.147 in 79% yield. 1.147 was converted to the natural
products 1.143 and 1.144 in a further 6 steps.”” Yu and co-workers employed a similar strategy
using compound 1.148 (Scheme 1.20, c¢). Thermolysis in the presence of 1.141 generates adduct

1.150 in 82% yield which was converted to spirooliganones A and B in 3 more steps.’¢
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a) Xie synthesis (2014)

(o] L\ [4+2)]
j.l\ prolme cycloaddltlon
H™ H CH 3CN 1.140 (79%
(¢]

1.138 1.139 1.141: (-)-sabinene

1.142

1.143: (-)-(17S)-spirooliganone A
1.144: (-)-(17R)-spirooliganone B

b) Tong synthesis (2014)

OAc OAc

OAc sealed tube, 2N [4+2]
©\/\ 160 °C ‘\)/\t" B cycloaddition
(] —_— (o} _——
\/K ~ Aromatic (79%)

Claisen rearrangement |
1.145 1.141
Prepared in 4 steps

1.146 1147 1.143: (-)-(17S)-spirooliganone A
1.144: (-)-(17R)-spirooliganone B
¢) Yu synthesis (2015)
OoTBS OTBS
A x ~.
OH  sealed tube, AR [4+2]
170 °C NS> cycloaddition
OH —_— (o8 —
(82%)
| |
1.141
1.148 1149 1.150 1.143: (-)-(17S)-spirooliganone A
Prepared in 5 steps 1.144: (-)-(17R)-spirooliganone B

Scheme 1.20: Published total syntheses of spirooliganones A (1.143) and B (1.144) by the
groups of Xie’*, Tong’® and Yu.”¢

Bruceol (1.151, Figure 1.7) 1s a polycyclic meroterpenoid isolated from the Western Australian
shrub, Philotheca brucei, in 1963 by Jefferies and co-workers.”” Bruceol possesses an intriguing
pentacyclic framework, with a 5,7-dihydroxycoumarin fused to a “citran” ring system,
biosynthetically derived from a geranyl cyclization. The relative configuration of 1.151 was
determined by X-ray crystallography of 8-bromobruceol; at the time no detailed NMR studies were
conducted. Years later, the absolute configuration of bruceol was confirmed by X-ray analysis of
its chloroacetate and iodoacetate derivatives.’® In 1992, Waterman and co-workers would publish
detailed NMR studies of what they believed was 1.151. As it turns out, Waterman had mistakenly
isolated and characterised a related natural product, isobruceol (1.152, Figure 1.7).7
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1.151:bruceol 1.152:isobruceol

Figure 1.7: The structures of bruceol (1.151) and isobruceol (1.152).

This misassignment was confirmed in 2019 when George and co-workers achieved the first total
synthesis of 1.151 and 1.152 nearly 50 years following the original isolation of bruceol.’’ Both
1.151 and 1.152 were synthesized in a biomimetic fashion by making expert use 0-QM chemistry,
including an intramolecular hetero-Diels—Alder reaction as the final step in both syntheses.
Knoevenagel condensation between 5,7-dihydroxycoumarin (1.153) and citral (1.56) followed by
an oxa-6m-electrocyclization of the resulting 0-QM formed the isomeric chromenes 1.154 and

1.155 in 13% and 15% yield respectively (Scheme 1.21).

S

o
1.56: citral
(0}
\ pyridine, 110 °C, 9 h .
Knoevenagel condensation
HO OH oxa-6r-electrocyclization
1.153

1.154 1.155
13% 15%

Scheme 1.21: Synthesis of chromenes 1.154 and 1.155.

A stereoselective Jacobsen—Katsuki epoxidation of chromene 1.155 using 10 mol % of Jacobsen’s
catalyst (R,R)-1.156, with m-CPBA and NMO as stoichiometric oxidants, gave two epoxides 1.157
and 1.159. These labile epoxides readily undergo ring openings to give the 0-QMs 1.158 and 1.160
which are now primed to react in the key [4+2] cycloaddition, finally yielding the natural product
(-)-bruceol (1.151) in 11% yield and (+)-2"-epi-bruceol (1.161) in 3% yield (Scheme 1.22). 'H and
13C NMR data between George’s synthetic bruceol (1.151) and Waterman’s isolated sample
revealed multiple discrepancies. X-ray crystallography of synthetic 1.151 and a detailed NMR
analysis of Jefferies’ original, isolated sample of bruceol from 1963 confirmed Waterman’s

erroneous assignment.
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0 = -
10 (‘,’Q’ZR&,}QG’ ’;’BCOEBA epoxide ring [4+2]
o opening cycloaddition
_— _—
Jacobsen—Katsuki
epoxidation
1.155 1.157 1.158 1.151: (-)-bruceol
11%, 98:2 e.r.
+
= i N= epoxide ring [4+2]
PV opening cycloaddition
7 N\ _—
t-Bu o’ ¢o t-Bu
t-Bu  t-Bu HH oH
(R,R)-1.156 (I _
- 1.159 - 1.160 1.161: (+)-2"-epi-bruceol

3%, 90:10 e.r.

Scheme 1.22: George’s biomimetic synthesis of bruceol (1.151).8°

Following a re-isolation of 1.152 and confirmation of its structure by X-ray analysis in the same
study,®® George et al. would also carry out a biomimetic synthesis of isobruceol. Taking the
previously synthesized chromene 1.154 and treating with methanolic NaOH gave chromene 1.162,
which exists with 1.154 in a separable equilibrium mixture. This transformation proceeds via a
methoxide-induced ring opening of the lactone followed by cyclization of the ester intermediate
at the C-9 phenol. Another stereoselective epoxidation, this time using (S,5)-1.156, triggers the
cascade seen in the synthesis of 1.151, affording (-)-isobruceol (1.152) and (+)-2'-epi-isobruceol
(1.163) in 5% and 2% yield respectively.

10% (S,S)-1.156, m-CPBA

NaOH, MeOH, rt NMO, CH,Cl,, -78 °C

- =

40%

Jacobsen—Katsuki
epoxidation

1.154 1.162 1.152:(-)-isobruceol  1.163:(+)-2-epi-isobruceol
5%, 93:7 e.r. 2%, 96:4 e.r.

Scheme 1.23: George’s biomimetic synthesis of isobruceol (1.152).%
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1.5 Project Aims

The art of organic synthesis has developed exponentially since its inception and the continued
development and discovery of novel chemical reagents, methodologies, and reactions has greatly
aided chemists on their ambitious quest of resolving and understanding the molecules engineered
by nature. The dynamic nature and extensive scope of natural product synthesis lends itself to
collaborations across various areas of research including medicinal, biological, and industrial
chemistry.®! This introductory chapter has highlighted a fraction of what is possible in natural
product synthesis including: the power of the biomimetic approach as a synthetic strategy, the use
of total synthesis in determining the correct structures of newly isolated compounds, and the utility

of ortho-quinone methides as reactive intermediates.

This thesis will outline the work carried out towards the biomimetic synthesis and the
accompanying structural revisions of three meroterpenoid natural products: littordial E, littordial
F and drychampone B (Figure 1.7), all while utilizing the concepts covered in this past chapter.
Based on our own biosynthetic speculation, we believe the key step in the syntheses of these
natural products to involve a hetero-Diels—Alder reaction between an appropriate phloroglucinol-
derived ortho-quinone methide and caryophyllene or humulene. Our synthetic strategies are based
on this biosynthetic proposal. Hopefully, this project will adequately highlight the importance of
considering a molecule’s plausible biosynthesis when assigning a novel structure and when used
in combination with spectroscopic data, significantly reduces the likelihood of error in its initial

assignment.

OHC

2.65: littordial E 2.66: littordial F
revised structure revised structure

OH O
2.71: drychampone B 2.75: drychampone B
Originally proposed structure revised structure

Figure 1.7: Project overview.
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Chapter 2

The Biomimetic Total Synthesis and Structure Revision of
Littordials E and F, and Drychampone B

2.1 Introduction
2.1.1 The Chemistry of (—)-Caryophyllene

(—)-Caryophyllene (also called (—)-trans-caryophyllene or S-caryophyllene, 2.1, Figure 2.1) is a
sesquiterpene natural product found in several different species of plants and fungi and plays a
critical role in the chemistry of numerous natural products. Caryophyllene possesses a bicyclic
structure with a 9-membered ring trans-fused to cyclobutane, as well as two alkene functional
groups. These alkenes are responsible for the reactivity of caryophyllene, with the endocyclic A*?
alkene being more reactive than the external alkene as a result of increased substitution and ring

strain.!

2.1: (-)-caryophyllene

Figure 2.1: The structure of (—)-caryophyllene (2.1).

Molecular mechanics calculations and '*C NMR studies have determined that caryophyllene can
adopt four possible low energy conformations in solution, denominated aa, of, fo. and Sf. These
conformers contrast in the relative disposition of their exocyclic alkene and vinyl methyl moieties
(Figure 2.2). From these studies, the ratio between conformations aa /fa /ff in solution was
calculated as 48:28:24 with af8 being the only unpopulated conformer of caryophyllene.? The
conformational flexibility of 2.1 is an important intrinsic feature of the molecule as it governs the
stereochemistry of its reaction products.
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Figure 2.2: Relative populations of (—)-caryophyllene (2.1) conformers in solution.?

Naturally, caryophyllene’s abundance and predisposed reactivity has made it a notable component
of many terpenoid natural products. Chemists have made deft use of caryophyllene as a reagent in

many total syntheses, a few of which are described further.

2.1.2 Caryophyllene in Natural Product Synthesis

Psiguadial B (2.9) is one of many caryophyllene derived meroterpenoid natural products isolated
from the leaves of Psidium guajava (the common guava) and shows potent inhibitory activity
against human HepG2 cells.®> The bicyclo[4.3.1]decane ring frans-fused to cyclobutane
(highlighted in red, Scheme 2.1) presents a significant synthetic obstacle. Construction of this
complex motif would become the focus of the first total synthesis of 2.9, achieved in 2016 by the
Reisman group in 16 steps using an abiotic approach (not shown).* Cramer and co-workers
speculated that biosynthetically, 2.9 could be derived from caryophyllene (2.1) and an appropriate
phloroglucinol derived ortho-quinone methide intermediate. Cramer postulated that the
bicyclo[4.3.1]decane ring could be formed by an acid-catalysed rearrangement of caryophyllene,
resulting in a framework which bears a striking resemblance to caryolanol, a known terpene co-
isolated with 2.1 from Brazilian Cangerana oil.> Using DMEDA as a base catalyst and HFIP as
the solvent, psiguadial B was formed in 8% yield in a one-pot reaction between
diformylphloroglucinol (2.2), benzaldehyde (2.3), and caryophyllene (2.1). Related products
guajadial (2.10), psidial A (2.11), and a diastereomer 2.12, were also formed via a [4+2]
cycloaddition. Experimental observations and DFT calculations support a Michael
addition/cyclization cascade as a plausible biosynthetic pathway in the synthesis of psiguadial B

(Scheme 2.1).6
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Scheme 2.1: Cramer’s biomimetic synthesis of psiguadial B (2.9).°

Plant species of the Myrtaceae family have provided organic chemists with numerous
meroterpenoids of varying biological activities. A common feature of these species is the presence
of a B-triketone moiety derived from syncarpic acid (2.14, highlighted in green Scheme 2.2 but
can also be seen as 2.22 in Scheme 2.3). In their studies of this family of compounds, the Porco
group reported the isolation and characterization of rhodomyrtusials A and C (2.15 and 2.16, the
also isolated rhosomyrtusial B is not shown), novel caryophyllene-derived meroterpenoids from
Rhodomyrtus tomentosa (Scheme 2.2). Additionally, two new biogenetically related isomers,
rhotomentodiones A and B (2.17 and 2.18), and two known analogues, tomentodiones Q and R

(2.19 and 2.20), were also obtained from the plant material (Scheme 2.2).”
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2.15: rhodomyrtusial A (4%) 2.17: rhotomentodione A (19%) 2.18: rhotomentodione B (5%)
2.16: rhodomyrtusial C (4%) 2.19: tomentodione Q (15%) 2.20: tomentodione R (8%)

Scheme 2.2: Porco and Liu’s biomimetic synthesis of compounds 2.15-2.20.7

Rhodomyrtusials A and C consist of a unique 6/5/5/9/4 fused bis-furan ring system, motivating a
desire for further synthetic studies. All isolated natural products were proposed to form via the
reaction of a common enetrione intermediate (2.14) with 2.1. Compounds 2.15 and 2.16 were
hypothesized to form via a stepwise Michael addition pathway, whereas 2.17-2.20 were speculated
to be the products of a [4+2] cycloaddition. To validate their biosynthetic speculation, the Porco
group carried out biomimetic syntheses of their newly isolated natural products. The desired
enetrione intermediate was formed in situ by a Komblum-DeLaMare rearrangement of
endoperoxide 2.13. A hetero-Diels—Alder reaction between 2.14 and 2.1 affords compounds 2.17—
2.20 as a mixture of diastereomers. The stepwise Michael reaction of the fa conformer of
caryophyllene in a re-face approach affords rhodomyrtusial A (2.15) in 4% yield. Rhodomyrtusial
C (2.16) is generated in 4% yield via the same stepwise Michael reaction pathway but reacts with
the BB conformer of caryophyllene in a si-face approach.” This study is great showcase of
caryophyllene’s versatility in synthesis; in a single step six natural products are formed from a
common intermediate via two different pathways, leading to two sets of 1somers with distinct

structural features.
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Continuing with natural products of Rhodomyrtus tomentosa, thodomentones A and B (2.25 and
2.26) display an unprecedented oxa-spiro[5.8]tetradecadiene structure (Scheme 2.3). This
fascinating architecture was proposed by Qiu to be the result of a caryophyllene cycloaddition via
its less reactive exocyclic alkene, rather than the more reactive A*° alkene that has been discussed
up until this point. The structure of 2.25 was determined via X-ray crystallography, confirming the
presence of the oxa-spirocycle motif. Furthermore, rhodomentone B (2.26) differs from 2.25 only
in the presence of a diol located at C-4/C-5. The absolute configurations of these hydroxyl groups
were determined by CD spectroscopy, inferring an anti-relationship. Biosynthetically, these
vicinal diols could be formed by the epoxidation and subsequent H>O induced ring opening of
rhodomentone A (2.25). To support their characterization of these natural products, Qiu and co-
workers carried out total syntheses of 2.25 and 2.26. Starting from acetylphloroglucinol (2.21),
methylation and deacetylation affords syncarpic acid 2.22 in 67% yield. Proline-catalysed
Knoevenagel condensation of 2.22 with isovaleraldehyde (2.23) generates key intermediate 2.24
in near quantitative yields, which was successfully characterized by NMR. Triketone 2.24
undergoes a biomimetic Diels—Alder reaction with caryophyllene to afford rhodomentone A (2.25)
in 27% yield.® Despite assigning an anti-relationship to the hydroxyl groups of 2.26, the authors
inexplicably employ Upjohn dihydroxylation conditions in their conversion of isolated 2.25 to
2.26; conditions which produce a syn-diol rather than the anti-diol they have assigned. Their
explanation for the use of these conditions is not present in the paper, made more perplexing by
the fact that their proposed epoxidation/ring-opening sequence could have been easily
investigated. These discrepancies could be indicative of a misassigned structure and may warrant

further investigation.

A

oH o o
1) CHgzl, CH30Na 2.23: isovaleraldehyde
2) 5 N HCI, reflux S proline, CH,Cly . =
_— B ———
HO OH 67% (0] OH 95% (0] (6]
O A ~

2.21 2.22 2.24

H
Z

H

K;0s0,4, NMO
0 acetone, H,O 0
\\\\ -—
“““ / “OH 40% . 27% 2.1: caryophyllene
o = OH o : toluene, relfux, 6 h
Y Possible misassignment Y
2.26: rhodomentone B 2.25: rhodomentone A

generated from isolated 2.25

Scheme 2.3: Qiu’s synthesis of rhodomentones A (2.25) and B (2.26).8
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2.1.3 The Chemistry of Humulene

Humulene (2.27) is a naturally occurring cyclic sesquiterpene found in Humulus lupus, the
common hop, and can constitute up to 40% of the plant’s essential oil make up.® Aside from giving
beer its characteristic flavour, humulene and its oxidation products are found as fundamental
components of many natural products, a few of which will be discussed further in this chapter. The
reactivity of humulene originates from its three alkenes, which can undergo regioselective
functionalization. Fujita et al. set out to determine the structures of humulene’s oxidation products
using a crystalline sponge method.! Treatment of humulene with one equivalent of m-CPBA
yielded epoxides 2.28-2.30 in 75, 14 and 5% yield respectively. Using two equivalents of oxidant
formed the diepoxide 2.31 exclusively and confirmed the order of alkene reactivity as Al>> A39>

A%’ (Scheme 2.4).

o
m-CPBA (2.0 eq) m-CPBA (1.0 eq)
O  CH,Cly, —10 °C to rt CH,Cly, =10 °C to rt o, 7/ . /
O \ le} N\
2.31 2.27: humulene 2.28 2.29 2.30
30% 75% 14% 5%

Scheme 2.4: Fuyjita’s epoxidation of humulene (2.27).1°

To further elucidate its unique regioselectivity, Hermans and co-workers performed DFT
calculations and temperature dependent NMR experiments in a full structural analysis study of
humulene.!! Four conformations of humulene were reported, each of which was chiral, leading to
a total of eight possible humulene conformers, in line with previous work done by Shirahama.!?
Hermans et al. note that the electron density of the humulene alkenes, thus their reactivity toward
electrophiles, is substantially affected by hyperconjugation of the allylic oc.c orbital. This
hyperconjugation is only possible when these allylic orbitals are perpendicular to the alkene. The
calculated relative reactivity shows the A!? alkene is more reactive than the A%? alkene by factor
of 6.2, which is in good agreement with experimental data.!® Humulene has seen extensive use in

the field of total synthesis predominantly as a coupling partner in [4+2] cycloaddition reactions.
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Figure 2.3: The structure of humulene (2.27) and its conformers.!'!!2

2.1.4 Humulene in Natural Product Synthesis

As discussed in Chapter 1 (Scheme 1.18), Baldwin’s seminal synthesis of lucidene is an excellent
showcase of humulene’s regioselectivity.!? In another work, Baldwin and co-workers carried out
an investigation into the tropolone family of natural products which include pycnidione (2.32),
eupenifeldin (2.33) and epolone B (2.34) (Figure 2.4).!* These three natural products feature
identical tropolone rings (highlighted in red) all connected to sesquiterpene backbone. The addition
of two equivalents of a tropolone derived 0-QM to humulene would hopefully afford the desired

natural product analogues with the correct regio- and stereoselectivity.

2.32: pycnidione 2.33: eupenifeldin 2.34: epolone B

Figure 2.4: Structures of pycnidione (2.32), eupenifeldin (2.33), epolone B (2.33).
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Protected tropolone 2.35 was synthesized in 5 steps from commercially available phthalic acid
(Scheme 2.5). Heating 2.35 in a sealed tubed at 150 °C for 24 hours generated heterodiene 2.36.
Initially, 2.36 was trapped by methylcylcohexene (2.37) to test the feasibility of the cycloaddition.
Gratifyingly, a hetero-Diels—Alder reaction between 2.36 and the 2.37 generates adduct 2.38 in
good yield. In the presence of humulene, 2.36 undergoes an initial cycloaddition to produce
monosubstituted compound 2.39. A second cycloaddition proved less facile most likely due to
steric factors. Nonetheless, in the presence of excess 2.27 a second hetero-Diels—Alder reaction is

achieved, giving analogue 2.40 in 20% yield.

O

od”3 sealed tube o 2.37
150 °C,24 h hetero-Diels-Alder O
60%
OMe o) OMe
2.36

sealed tube, p-xylene
150°C, 24 h

2.27, sealed tube,
p-xylene, 150 °C, 24 h

2.39

Scheme 2.5: Baldwin’s biomimetic synthesis of tropolone analogue 2.40.!*

42



The George group has made use of humulene in their biomimetic syntheses of the hyperjapone
and hyperjaponol family of meroterpenoid natural products (Scheme 2.6).!> The simplest of these
compounds, hyperjapone A (2.43), is unmistakably formed via a hetero-Diels—Alder reaction
between humulene (2.27) and an o,f-unsaturated ketone species (2.42) derived from the natural
product norflavesone (2.41). This reaction occurs regioselectively with respect to humulene, in
line with Baldwin’s previous studies.!>!* The proposed biosynthesis of the hyperjaponols (Scheme
2.6 a. Hyperjaponols A and B not shown) is based upon hyperjapone A (2.43) acting as a common
biosynthetic precursor. Hyperjaponol C (2.48), the most structurally complex of these molecules,
elicited the greatest interest from the George group thanks to its intricate frans-isodaucane
framework. This ornate architecture could theoretically be synthesized by a cyclization/alkyl shift
sequence starting with epoxidation of 2.43 at the exposed face of the A%? alkene to form 2.44.
Subsequent acid-catalysed ring opening of this epoxide generates the key tertiary carbocation 2.45,
which is primed for the crucial biomimetic cascade. A stereoselective cation-alkene cyclization of
2.45 affords the secondary carbocation 2.46. Finally, a stereospecific 1,2-alkyl shift generates
tertiary carbocation 2.47 which, after deprotonation, produces hyperjaponol C (2.48). According
to computational work done by Tantillo and co-workers,'® these types of carbocation
rearrangements in terpene biosynthesis tend to form via concerted processes, so it is likely that the

rearrangement of 2.45 to 2.47 occurs in a single step.

The biomimetic synthesis of hyperjapone A (2.43) and hyperjaponol C (2.48) begins with the
trimethylation of phloroglucinol (2.49) to give norflavesone (2.41) in 69% yield over two steps.
The hetero-Diels—Alder reaction is achieved by oxidation of 2.41 using Ag:O/TEMPO in the
presence of humulene (2.27), furnishing hyperjapone A in 32% yield. The rearrangement cascade
to give 2.48 starts with the epoxidation of 2.43 to give 2.50 in 76% yield. In the presence of para-
toluenesulfonic acid, 2.50 is converted to the natural product hyperjaponol C (2.48) in 43% yield.
The length of the synthesis can be reduced by telescoping these final two steps, epoxidation
followed immediately by acid-catalysed ring opening in one-pot produces 2.48 in 34% yield
(Scheme 2.6 b).
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a) Proposed biosynthesis of hyperjapone A and hyperjaponol C
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b) The George group's biomimetic synthesis of hyperjapone A and hyperjaponol C
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Scheme 2.6: a) The proposed biosynthesis of hyperjapone A (2.43) and hyperjaponol C (2.48) b)
The biomimetic synthesis of 2.43 and 2.48 by the George group.’



Xenovulene A (2.51) is a sesquiterpenoid natural product isolated from Acremonium strictum and
acts as a benzodiazepine inhibitor, binding to human GABA receptors.!” Structurally analogous to
2.51 are sterhirsutins A and B (2.52 and 2.53) which were isolated from Stereum hirsutum a fungus
located in the Tibetan Plateau. Sterhirsutins A and B show moderate antiproliferative activities
against human myelogenous leukemia (K562) cells.!® Despite originating from different fungal
species, these compounds share 5/6/11 tricyclic cores with a sesquiterpene motif (highlighted in

red) likely derived from humulene (Figure 2.5).

2.51: xenovulene A 2.52: sterhirsutin A 2.53: sterhirsutin B

Figure 2.5: The strucutures of xenovulene A (2.51) and sterhirsutins A and B (2.52 and
2.53).17:18

Kirschning et al. rationalized that the core of xenovulene and the sterhirsutins may be formed in
nature by a cycloaddition between humulene and a ribose-derived vinyl ketone.!” The requisite
vinyl ketone 2.54 was arduously prepared in 10 steps from p-ribose for the key cycloaddition
reaction (Scheme 2.7). Heating a solvent-free mixture of 2.54 and excess 2.27 at 150 °C for 5 days
with subsequent TBAF-mediated deprotection afforded two diastereomers 2.55 and 2.56 in 51%
combined yield, with 2.55 assigned as the xenovulene A core. A derivative of compound 2.55 (not
shown) yielded crystals for X-ray diffraction analysis, confirming its structure. Investigations into
the diastereoselectivity of the reaction by the authors suggest the re-face approach by 2.54 in the
transition state is favoured due to minimised steric clash between the methyl group of humulene
and the acetonide group of 2.54. Finally, an acid-catalysed acetonide rearrangement of 2.55 and

2.56 yielded 2.57 and 2.58 respectively, in 65% combined yield.
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Scheme 2.7: Kirschning’s biomimetic synthesis of the tricyclic cores of xenovulene A (2.55) and
sterhirsutins A and B (2.75 and 2.58).%°
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2.2 Isolation of Littordials A—F

Littordials A—E (2.59-2.64, Figure 2.6) are phloroglucinol-derived meroterpenoid natural products
isolated in 2019 from the leaves of Psidium littorale. Better known as the strawberry guava, this
plant’s edible fruits are widely popular due to their sweetness and high nutritious value.?’ A sixth
natural product, Littordial F (2.64) was isolated from the same plant later that year.?! Compounds
2.60, 2.61, 2.64 showed moderate cytotoxic activity against the MDA-MB-231 and B16 human
cancer cell lines; 2.64 showed activity against the A549, B16, and HepG-2 cell lines.

OHC

HO :
CHO CHO CHO

2.61: littordial C

CsHyq

2.62: littordial D B 2.63: littordial E B 2.64: littordial F
originally proposed structure originally proposed structure

Figure 2.6: Littordials A-F (2.59-2.64), as assigned by Qu and Xu.?%%!

Littordials A-D (2.59-2.60) all possess a 6/6/9/4 tetracyclic framework, which is presumably
synthesized in nature via a reaction of (-)-caryophyllene (2.1) with a diformylphloroglucinol-
derived coupling partner. This union could be achieved by a hetero-Diels—Alder reaction between
an appropriate 0-QM and the reactive A*° alkene of caryophyllene. There is strong literature
precedent for this proposed biosynthesis, with compounds such as psiguajdianone,?
myrtucommulones K and N and guajadial and psidial A,?* among others, having been synthesized
through similar [4+2] cycloadditions. Of these natural products, we found littordials E (2.63) and
F (2.64) to be of particular interest due to their uncommon structures, which feature seven- and

eight membered rings respectively (highlighted in blue, Figure 2.6).
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2.3 Proposed Biosynthesis of Littordials E and Littordial F

Though they still contained the same phloroglucinol and caryophyllene derived moieties as the
other littordials, 2.63 and 2.64 were assigned unique 6/7/9/4 and 6/8/9/4 ring systems respectively.
Qu and Xu rationalize that the proposed seven- and eight-membered rings of littordials E and F
could be formed via an uncommon Michael addition between (-)-caryophyllene and a suitable
phloroglucinol-derived 0-QM.!?* Despite evidence suggesting caryophyllene’s potential to
undergo Michael additions,® we find the formation of the seven- and eight-membered rings of 2.63
and 2.64 in this manner to be biosynthetically implausible, leading us to believe that the structures
of these compounds have been misassigned. Furthermore, the formation of diastereomeric natural
products also suggests a non-enzymatically mediated biosynthesis with stereochemical
configurations most likely derived from the isomeric complexity of the caryophyllene and 0-QM
reactants (these factors are discussed in the Computational Methods section, 2.4.5). The
complexity of isolated compound spectra also makes assigning these compounds with full
confidence a challenge, as extensive signal overlap may obscure key signals or in some cases

suggest implausible correlations leading to erroneous structures.

Instead, we propose that littordials E and F are likely diasterecomers of other littordial natural
products (Figure 2.7). Specifically, we believe littordial E (2.65) is a diastereomer of littordial C
(2.61) and that littordial F (2.66) is a diastereomer of littordials A and B (2.59 and 2.60). We
propose that all these compounds may be readily synthesized via a hetero-Diels—Alder reaction
between (—)-caryophyllene and 0-QMs of varying alkyl side chain lengths. In the following
sections, we will detail the biomimetic synthesis of these natural products as well as revising their

originally proposed structures, all based on our biosynthetic speculation.

2.65: littordial E o-QM 2.1: caryophyllene 2.66: littordial F
revised structure revised structure

Figure 2.7: Proposed biomimetic synthesis and structural revisions of littordials E and F (2.65

and 2.66).
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2.4 Biomimetic Synthesis and Structure Revision of Littordials E and F

Our biomimetic synthesis of littordials E and F was initially guided by the synthesis of closely
related natural products guajadial (2.10) and psidial A (2.11) by Lee and co-workers.?* These
compounds, as well as diastereomer 2.12, were isolated as by-products in Cramer’s synthesis of
psiguadial B (2.9, Scheme 2.1). As is expected for the littordials, both guajadial and psidial A were
synthesized via a hetero-Diels—Alder reaction between (-)-caryophyllene and a
diformylphloroglucniol-derived 0-QM (2.5) (Scheme 2.8). Under the authors’ optimized
conditions, a Knoevenagel condensation of diformylphloroglucinol (2.2) with benzaldehyde (2.3)
generated the key 0-QM 2.5 which is sequestered by caryophyllene, giving compounds 2.10, 2.11
and 2.12 in 25% combined yield (60:20:20 ratio of 2.10:2.11:2.12). We hypothesized that
replacing benzaldehyde with hexanal in this multicomponent cascade could successfully generate
littordials C and E (2.61 and 2.65). Alternatively, using butanal as the aldehyde component of the
Knoevenagel condensation should produce littordials A, B and F (2.59, 2.60, 2.66).

o H OH Ph
one . 5% wiw PTS4q), 100 °C OHC f
o W/IW (aq) AN N
+ + D\
HO OH 0% o N
H -Ha HO (o) H

2.2 2.1: caryophyllene 2.3:benzaldehyde 2.5 21

hetero-Diels—Alder |

CHO CHO
2.10: guajadial 2.11: psidial A

25% combined yield
(60:20:20 ratio of 2.10:2.11:2.12)

Scheme 2.8: The biomimetic synthesis of guajadial (2.10) and psidial A (2.11) by Lee et al.>*

49



2.4.1 Synthesis of diformylphloroglucinol (2.2)

Our synthesis of littordials E and F began with the preparation of diformylphloroglucinol (2.2)
using previously reported conditions by Hintermann et al.>® Diformylation of anhydrous
phloroglucinol (2.49) using Vilsmeier—Haack conditions was achieved on a multigram scale in

83% yield, affording 2.2 (Scheme 2.9).

OH POCI; DMF O OH O
1,4-dioxane, rt
— » H H
/©\ Vilsmeier—Haack )ﬁL
HO OH formylation HO OH
2.49 2.2

83%

Scheme 2.9: Synthesis of diformylphloroglucinol (2.2).

'"H NMR spectra of the final product in ds-DMSO revealed a significant amount of water still
present following its synthesis. The presence of 3 hydroxyl groups and 2 carbonyls in 2.2 make it
a formidable H-bond donor and acceptor, facilitating bonding with water molecules. As such, 2.2
required significant drying prior to use, which was done in a 110 °C oven and on a high vacuum
line. Diformylphloroglucinol was typically prepared a few days prior to use in order to remove as
much water from the product as possible. Fortunately, we discovered during this project that 2.2
is available for purchase, avoiding the need for laborious syntheses. We were kindly gifted some
commercial diformylphloroglucinol by Dr. Chris Newton, who was working at the University of

Adelaide at the time, which proved more than sufficient for the completion of this project.

2.4.2 Total Synthesis of Littordials A, B, C, E and F

With a healthy stock of 2.2 now available, we turned our attention to the key hetero-Diels—Alder

step. Once again, we looked to the work done by Lee et al. as a starting point. For their optimized

conditions, the multicomponent reaction was carried out in 5% w/w PEG-600/a-Tocopherol-based

diester of Sebacic acid (PTS) solution while heating under reflux.?* As these reagents were

unavailable to us at the time, we began searching for alternative conditions. During our exploration

of the literature, the results reported by the Cramer group in their synthesis of psiguadial B (2.9)
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caught our attention. In generating this meroterpenoid, Cramer et al. reported the formation of
appreciable amounts of both guajadial (2.10) and psidial A (2.11) as side products in their reactions
(see Scheme 2.1).% Thus, we selected the conditions which maximized the yield of the side
products, 2.10 and 2.11, and applied these to our synthesis of littordials E and F in the hope that
these compounds would form in good yields. To our delight, reacting 2.2 and hexanal in the
presence of (—)-caryophyllene with catalytic EDDA in HFIP afforded littordial C (2.61) and
littordial E (2.65) in 40% and 17% yield, respectively. Under the same reaction conditions,
replacing hexanal with butanal gave littordials A and B as an inseparable mixture in 42% yield

(5:1 ratio in favour 2.60 by NMR) and littordial F (2.66) in 3% yield (Scheme 2.10).

H hetero-Diels—Alder
oHC Z Y reaction OHC
2.1, hexanal ~ >
EDDA, HFIP, rt HO o= H HO

CHO CHO CHO

OHC

OH 2.67 2.1: caryophyllene 2.61: littordial C 2.65: littordial E
OHC — - revised structure
40% 14%
HO OH
CHO ) )
22 42% combined yield
’ (5:1 ratio in favour of 2.60)
on
2.1, butanal H i
, = hetero-Diels—Alder
OHC - S
EDDA, HFIP, t z /Zj;F reaction OHC
.
X, >
HO O~ H HO
CHO CHO CHO
2.68 .1
2.1: caryophyllene 2.59: littordial A + 2.60: littordial B

OHC

HO

CHO

2.66: littordial F
revised structure

3%

Scheme 2.10: Biomimetic synthesis of littordials A, B, C, E and F.

Considering the dubious nature of the proposed structures 2.63 and 2.64, the assignment of
littordial C (2.61) was also called into question at an early stage of the project. Single crystals of
synthetic littordial C for X-ray analysis were obtained by recrystallisation from ethanol. The
crystal structure of littordial C (2.61) is given in Figure 2.8, showing the H-atoms at key

stereocentres (remaining H-atoms were omitted for clarity). The diffraction data matches the
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originally proposed structure of 2.61%° and confirms what we observed in our 2D NMR studies.
Unfortunately, we were unable to grow crystals for both 2.65 and 2.66. The structures of these two

compounds were reassigned by 2D NMR spectroscopy, supported by computational studies.

Figure 2.8: X-ray crystal structure of littordial C (2.61).

A thorough structural analysis of 2.65 and 2.66 was initially impeded by the constant presence of
diastereomeric impurities in our “clean” samples. One such example can be seen in a 'H NMR
spectrum of littordial C (Figure 2.9, a). Our 1D NMR spectra remained relatively unaffected by
the presence of these contaminants but 2D NMR analysis proved challenging due to extensive
signal overlap. Although the structure of 2.61 was unambiguously assigned by X-ray
crystallography, early characterization attempts by 2D NMR required us to develop more a
meticulous purification procedure to achieve clean samples for analysis. After much trial and error,
it was found that trituration of the crude mixture using diethyl ether, following the straightforward
removal of excess aldehyde and caryophyllene, yielded a mixture of natural products as an orange
gum. This gum, which was composed only of our natural product diastereomers, was separated by
flash chromatography using a Biotage Isolera™ One Flash Chromatography System (see
Experimental Procedures for more detail) giving a clean natural product sample (Figure 2.9, b)).
This protocol would be adopted for the purification of all our synthesized littordials. The difficulty
in separating these compounds may have also hindered spectroscopic analysis in the isolation

work, contributing to the misassignment of the natural product structures.
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Figure 2.9: Section of the 'H NMR spectra of an impure sample of littordial C (red) and clean
sample of 2.61 (blue). The impurity was identified as the diastereomeric natural product,
littordial E (2.65).

Whilst comparing the data for our synthetic littordial samples with that of the 1solated compounds
we observed an intriguing discrepancy. The optical rotations for the isolated littordials C, E and F
are given as [a]3’=+36.9,—16.7 and —42.0, respectively.?*?! In comparison, our synthetic samples
of 2.61, 2.65, and 2.66 gave optical rotations of [a]3°= —50.4, +45.1, and +44.4. While we
considered this inconsistency the result of an initial error during the data recording process,
subsequent measurements proved that this was not the case. The absolute configuration of littordial
A (2.59) was determined by single-crystal X-ray diffraction analysis with Ga Ka radiation and was
supported by comparisons between calculated and experimental CD spectra.?’ The configuration
of 2.59 arises from the natural, (-) enantiomer of caryophyllene, available for purchase from
commercial sources. This (-) enantiomer was purchased from the Sigma-Aldrich as used as
received for all our reactions. As we expected, the CD spectra of our synthetic littordials C, E and
F matched the spectra of the isolated compounds (see Section 2.11.3 for our CD spectra). Despite

the considerable variation in optical rotation values, we believe that CD spectroscopy and single
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crystal X-ray diffraction analysis removes any doubt as to the absolute configuration of the natural
products. These differences in optical rotation values could be explained by the presence of minor
diastereomeric impurities, which may exist in either the synthetic or the isolated samples and
contribute greatly to optical activity. Joyce and co-workers discuss these issues, focusing on CD
spectroscopy and optical rotation, in the case of the famously misassigned absolute configuration

of frondosin B.2¢

2.4.3 Structural Revision of Littordial E by 2D NMR Spectroscopy

With an adequate sample of littordial E (2.65) in hand, a comprehensive structural revision could
now be carried out. Our 1D NMR spectra closely matched data reported for the isolated natural
product. However, key differences in the 2D spectra required closer inspection. Full NMR spectra
for our synthesized natural products as well the isolated natural product spectra?’ can be found in

Section 2.11.1.

The structural reassignment of littordial E begins with the examination of C-14’ which the isolation
team had assigned as a methylene sub-unit belonging to their proposed seven-membered ring.?°
The isolation team’s claimed COSY correlation between one of the H-14' signals (on = 0.77) and
H-5 (6u = 2.17) is difficult to assess due to overlapped peaks around the region of H-5. Although
we observe a correlation from this region to H-14', the proximity of one of the H-10" signals (éu =
2.18) makes this H-14"/H-5 coupling highly ambiguous. Additionally, in our spectra we observe a
clear COSY correlation in the region of oy = 1.41-1.45 to H-14" (6u = 0.77). Signals from this
region are assigned to the second proton of H-10' (6 = 1.43) and H-2 (ou = 1.44). Considering
that a COSY correlation from H-2 to H-14" would be impossible, this correlation of dy = 1.41-1.45
to H-14' can only arise from the coupling of the H-10' proton to H-14". These two couplings, ou =
2.18 to 6y =0.77 and du = 1.43 to ou = 0.77, therefore imply a correlation of H-10" to H-14' rather
than H-14' to H-5, which is only possible with our proposed structure 2.65 (Figure 2.10).
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Figure 2.10: Section of the COSY spectrum (in CDCIl3) of synthetic littordial E (2.65). The key
coupling of H-14' to H-10" suggests C-14' is located within the branching alkyl chain of 2.65 and

not within a seven-membered ring as originally proposed.

HMBC correlations from H-14"to C-9" /C-10"/C-11'/C-12" also suggest that C-14' is likely located
within the alkyl chain connected at C-9' rather forming part of a seven-membered ring.
Furthermore, HMBC correlations from H-9' to C-1'/C-6'/C-5/C-6 along with H-5 to C-4 and H-14
to C-4/C-5 implies the presence of a six-membered ring as seen in the other littordial natural
products. The NOESY spectrum of 2.65 is challenging to interpret due to a large degree of peak
overlap in key regions. From the NOESY spectrum in CDCI3 there is an unambiguous coupling of
H-14 (6 = 1.12) to H-9" (6 = 2.47) showing that these centres possess the same relative
configuration. The stereochemistry of H-5 is far more difficult to characterize due to significant
peak overlap. Though one could infer the presence of some couplings to H-5, many of these do
not aid the assignment of its stereochemistry and are far too ambiguous to assign with any degree
of certainty. To resolve these issues, NOESY and ROESY experiments were carried out using dg-
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benzene as the solvent. Using ds-benzene resolved some of the overlapping peaks seen in CDCls.
As before, we see a clear coupling from H-14 (6 = 0.76) to H-9' (6 = 2.45) confirming their relative
configuration. In ds-benzene there is also a clear coupling of H-5 (6 = 2.13) to H-1 (6 = 2.04).
Couplings to H-1/H-9 are crucial for stereochemistry determination as their absolute
configurations (which arise from (-)-caryophyllene) are known. Knowing the stereochemistry of
H-5 one can deduce that H-14 will have an opposite configuration resulting from the trans A*?
alkene of (-)-caryophyllene (2.1). The NOESY correlation of H-9' to H-14 means that H-9" will
also be opposite to H-1/H-5. Our structural revision of littordial E is summarised in Figure 2.11,

showing key couplings from our 2D NMR experiments.

CHO

2.63: littordial E 2.65: littordial E
originally proposed structure revised structure

Figure 2.11. Key 2D NMR correlations supporting the structural revision of littordial E (2.65).
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2.4.4 Structural Revision of Littordial F by 2D NMR Spectroscopy

The structural revision of littordial F (2.66) is described here and proceeds in a similar manner to
what 1s written for littordial E (2.65). Once more, our 1D NMR spectra match the data for the
isolated natural product fully. Differences between isolated and synthetic 2D NMR data support
our structural revision, the key correlations supporting this are displayed in Figure 2.12. Full NMR
spectra for our synthesized natural products as well as spectra of isolated 2.66%! can be found in

Section 2.11.1.

HO
OHC

HO O
CHO ‘/

- =COSY -~ =HMBC % =NOESY

.

OHC

HO

CHO
2.64: littordial F 2.66: littordial F
originally proposed structure revised structure

Figure 2.12. Key 2D NMR correlations supporting the structural revision of littordial F (2.66).

From the HSQC spectrum of our synthetic 2.66, the coupling of C-9’ to a single proton at dy=2.47
is in contradiction to what 1s reported from the isolation, which assigns C-9’ as a -CH> unit within
the originally proposed 8-membered ring. Furthermore, the authors also state C-10’ is a tertiary
carbon but we see coupling to protons at § = 1.43 and 8 = 2.16.>! The COSY spectrum establishes
correlations from H-9'/H-5/-H-6 as previously seen in 2.65, connections which would be
impossible in the 1solation team’s proposed structure. The isolation chemists’ observed correlation
between H-12' to H-10' is also questionable. Although correlations to H-10" are observed, the
significant overlap around 6 = 0.85-0.80 makes distinguishing between signals from H-12" and H-
11" difficult. However, we do see a coupling from a multiplet around & = 1.03 to H-10',
corresponding to the second proton of C-11'. Other signals around the region of 6 = 1.03 are
designated as the gem-dimethyl protons located on the cyclobutane ring of caryophyllene, making
this assignment much less ambiguous.
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From the HMBC spectrum, we observe many of the same correlations present in the spectrum for
2.65 including H-9' to C-1'/C-6'/C-5/C-6, H-5 to C-4/C-14 and H-14 to C-4/C-5. These couplings
were used to establish the six-membered ring. The proximity of the proton signal of H-9' (6 =
2.47) to that of H-7 (& = 2.51) obscures the coupling of H-9' to C-5/C-6, a factor which may have
contributed to Xu’s misassigned structure (Figure 2.13). The correlation from H-9' to C-6 is
particularly important, as in the proposed structure this would represent an uncommon five-bond
correlation, the fact that it is seen in our data is further evidence of the presence of a six-membered
ring in 2.66. Finally, the n-propyl side chain of 2.66 is established by the correlations H-9' to C-
10’/C-11', H-10" to C-11', H-11" to C-10'/C-12" and H-12' to C-10'/C-11'". We observe the same
NOESY correlations for 2.66 that are also seen in 2.65. Spectra of 2.66 obtained in d¢-benzene is
consistent with spectra collected in CDCls. Therefore, 2.65 and 2.66 are assigned the same relative

configurations.
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Figure 2.13: Section of the HMBC spectrum of littordial F (2.66). The strong coupling of H-7 to
C-5 and C-6 obscures couplings from H-9' (red and blue arrows) to these carbon atoms which

may have contributed to Xu’s misassigned structure.
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2.4.5 Computational Methods

As mentioned previously in this chapter, caryophyllene (2.1) can adopt four possible low energy
conformations in solution termed aa, af, fo and Sf (See Figure 2.2). Based on the relative
population of these low energy conformers in solution and on the work of Lee et al.,>* we have
proposed that littordials B and C (2.60 and 2.61) and littordials E and F (2.65 and 2.66) are formed
from the [4+2] cycloaddition between an 0-QM and the fa conformer of 2.1. Littordial A (2.59)
is likely derived from the less populated ff conformer of caryophyllene (Figure 2.14). The single
crystal X-ray diffraction analysis of isolated 2.59, our X-ray crystal structure of synthetic 2.61 and
our extensive 2D NMR studies support this hypothesis. To verify our structural revisions further,
computational modelling was performed to investigate the proposed cycloaddition pathways that
produce littordials A (2.59), B (2.60), F (2.66) and an unknown diastereomer 2.69. These
computational studies were performed by one of our collaborators at the University of Adelaide,
Dr. Thomas Fallon. Calculations were performed using DFT with the M06-2X functional and the
6-31+G(d) basis set for geometry optimizations and frequency analysis, with single-point energies

calculated at the 6-311+(d,p) level.

OHC OHC
HO HO
CHO CHO
2.59: littordial A ) 2.60: littordial B
BB OH Ba
+ -~ OHC g ¥
NS
HO o}
CHO
OHC 2.68 OHC
HO HO
CHO CHO
269 2.66: littordial F

unobserved isomer revised structure

Figure 2.14: Proposed stereochemical outcomes for reactions with different caryophyllene (2.1)

conformations.

When considering possible reaction pathways, we must take into account the various
conformations of caryophyllene (2.1), the formation of either the £ or Z isomer of 0-QM 2.68, and

the endo/exo stereoselectivity of the hetero-Diels—Alder reaction. Firstly, calculated energies for
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the E- and Z-isomers of 2.68 are nearly identical (Z-2.68 relative AG = —1.2 kJ mol ™) and given
that the selectivity in the formation of 2.68 is unknown, we must assume that both £- and Z-
configurations are plausible reactants. Secondly, given the af conformer of 2.1 is non-populated,
any pathways involving this conformation were not considered. Thus, there are a total of 12
possible reaction pathways which could form littordials A, B, F and diastereomer 2.69 (see Section
2.11.5 for full computational data). The lowest energy transition states leading to 2.59, 2.61 and
2.66 are given in Figure 2.15. Our computational study revealed an energetically feasible,
concerted cycloaddition between 2.1 and 2.68, under our reaction conditions. Our calculations give
transition states with C-O forming bond lengths between 2.64 and 2.96 A, consistent with previous
computational studies of Diels—Alder reactions of 0-QMs.?’
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HO  bho  191A
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smd = hexafluoroisopropanol, 298 K

Figure 2.15: Calculated lowest energy transition states leading to littordials A, B and F.
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Of all pathways, the formation of 2.59 (caryophyllene-ff—Z-0-QM—exo-TS) possesses the lowest
calculated energy barrier at AG* =40.9 k] mol!. Littordial A (2.59) was isolated as a minor isomer
and synthesized in a 1:5 ratio with 2.60 (42% combined yield, mixture of diastereomers),
observations which are consistent with the fact that is derived from the minor, ff, conformer of
2.1. Littordials B (2.60) and F (2.66) are both derived from more populated fa conformer of 2.1
via endo transition states. Littordial B (2.60) is formed from the £-2.68 species with a predicted
lowest-energy barrier of AG* = 51.9 kJ mol™!. On the other hand, 2.66 is furnished by the Z-0-QM
2.68 with a predicted lowest-energy barrier of AG* = 49.6 kJ mol™!. From our synthesis, littordial
B is formed is greater yield than littordial F despite being predicted to have a higher energy barrier
for its transition state. Although our calculations have shown feasible reaction pathways under our
conditions, obtaining complete predictive power over the product distributions given by our study
is unrealistic. This is due to both the conformational flexibility of caryophyllene (2.1) and the
configurational uncertainty of 2.68. Additionally, challenges with purification, degradation and

other experimental uncertainties contribute to the unpredictability of these outcomes.

One final observation to make regarding this computational study is the possible formation of a
fourth unknown diastereoisomer 2.69. Our calculations show that the lowest-energy pathway
(caryophyllene-pf—Z-0-QM—endo-TS, see Figure 2.81 in Section 2.11.5) to generate 2.69 has a
predicted barrier of AG* = 55.6 kJ mol !. This higher energy barrier might explain the absence of

this diastereomer both in our synthesis and the original isolation studies.
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2.5 Isolation of Drychampones A-C

Drychampones A—C (2.70-2.72) were isolated in 2016 from the ethanol extract of the aerial part
of Dryopteris championii; a fern species used in traditional Chinese medicine to treat a variety of
ailments.?® These meroterpenoid natural products all possess an 11/6/6 ring-system featuring a
humulene moiety coupled to an acylphloroglucinol derivative through a six-membered
heterocyclic ring. Additionally, drychampones A and C contain a pyrone tethered to the
phloroglucinol derived functionality (Figure 2.16). All compounds were isolated as racemates,

implying a non-enzymatic biosynthesis.

2.70:
2.72:

)-drychampone A R =CH,CHj 2.71: (t)-drychampone B

(+
(t)-drychampone C R =H Originally proposed structure

Figure 2.16: Structures of drychampones A—C (2.70-2.72) as assigned by Li and Wang.?®

2.6 Proposed Biosynthesis of Drychampones A—C

Wang and co-workers proposed that drychampones A—C are formed biosynthetically via a hetero-
Diels—Alder reaction between humulene (2.27) and ortho-quinone methides 2.74 and 2.78, which
can be traced back to two co-isolated phloroglucinol derived precursors 2.73 and 2.77 (Figure
2.17). Drychampones A and C (2.70 and 2.72) are furnished through an additional pyrone coupling
of intermediates 2.75 and 2.79. Interestingly, Wang et al. propose that in the biosynthesis of 2.71,
humulene undergoes an isomerisation event to a cis-humulene species.?® This isomerization was
proposed on the basis of an alkene signal seen in the 'H NMR spectrum, which the authors assigned
as being cis-configured on the basis of its coupling constant. This is despite extensive signal

overlap in this region which would impede any accurate characterization of these signals.
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Figure 2.17: Wang’s originally proposed biosynthesis of drychampones A—C (2.70-2.72),

featuring an unusual humulene isomerization step.?®

While there is substantial literature precedent for cycloaddition reactions between humulene and
0-QMs 1in the context of meroterpenoid natural products (some examples discussed in detail in
Section 2.1.4), the originally proposed humulene isomerization step is highly questionable. We
envisage a hetero-Diels—Alder reaction to still be the crucial step of this synthesis, but without the
formation of this dubious cis-humulene species (Scheme 2.11). Under oxidative conditions, 0-QM
2.74 may be generated from precursor 2.73. This 0-QM can then be trapped in sifu with humulene
to yield drychampone B (2.75), which should now contain two E-configured alkenes. Additionally,
our revised structure of drychampone B matches a compound Wang et al. believe is a precursor to
drychampone A (2.70). Re-subjecting 2.75 to the same oxidative conditions could generate a
second 0-QM (2.80) which may undergo a Michael reaction with pyrone 2.76 to afford 2.70
(Scheme 2.11). If proved correct, this proposed biosynthesis may allow for this synthesis of

drychampone A from precursor 2.73 in a one-pot procedure.
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OH O
OH O
2.73 2.27: humulene 2.74 2.75: drychampone B
revised structure

O

‘ o O]
=

HO
2.76

Michael addition

2.70: drychampone A

Scheme 2.11: Our proposed biosynthesis of drychampones A and B (2.70 and 2.75).

2.7 Biomimetic Synthesis and Structure Revision of Drychampone B

2.7.1 Synthesis of the 0-QM precursor

The synthesis of the necessary 0-QM precursor (2.73) begins with a reduction of commercially
available diformylphloroglucinol (2.2). Initial attempts at a stepwise reduction of the aldehyde
functional groups using LiAlH4 proved unsuccessful, often leading to unclean material and poor
yields. Fortunately, a simple protocol for the simultaneous reduction to the desired methyl
substituents has been reported by Jung and co-workers.? Treating diformylphloroglucinol with
NaBH;CN in the presence of hydrochloric acid gave dimethylphloroglucinol (2.81) in 46% yield
after purification (Scheme 2.12). Despite the consistently modest yields (approximately 40% for
every reaction), this double reduction protocol was easily scalable and afforded clean product.
Additionally, the efficiency of a simultaneous reduction avoided the need for a more laborious,
and potentially more inefficient, stepwise procedure. With 2.81 in hand, the requisite 0-QM

precursor was synthesized in just one more step using Friedel-Crafts chemistry. Acylation of 2.81
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with butyryl chloride using a modified literature procedure,*® furnished our desired ortho-quinone

methide precursor 2.73 in 59% yield (Scheme 2.12)

(0]

N

CHO
NaBHCN H H
HO OH Lo HolLTHE it 1O OH  Alcl,, PANO,, 75°¢ HO OH
R .
OHC 46% 59%

OH OH OH O
2.2 2.81 2.73

Scheme 2.12: Synthesis of 0-QM precursor 2.73.

2.7.2 Biomimetic Synthesis of Drychampone B

With a route to precursor 2.73 secured all that remained to synthesize drychampone B (2.75) was
carrying out the hetero-Diels—Alder reaction. We initially tested oxidation conditions previously
reported by the George group in the synthesis of the hyperjapone and hyperjaponol natural
products.'® To our delight, oxidation using Ag>O and TEMPO generated 0-QM 2.74 which was
trapped in situ by humulene (2.27) to give drychampone B (2.75) in 17% yield after purification
(Scheme 2.13).

HO OH 2.27, Ag,0, TEMPO hetero-Diels-Alder
Et,0, -78 °C, rt OH reaction
et
17%
OH O
OH O
2.73 2.27: humulene 2.74 2.75: drychampone B

revised structure

Scheme 2.13: Biomimetic synthesis of drychampone B (2.75)

Following the successful synthesis of drychampone B, we continued to investigate alternative
conditions to improve the yield of the hetero-Diels—Alder reaction (Table 2.1). The low yields
were initially attributed to the low reactivity of humulene but increasing the equivalents of 2.27
had no pronounced effect on yield (Table 2.1, entry 2). Both catalytic and equivalent amounts of
TEMPO resulted in no reaction (Table 2.1, entries 3 and 4). The required use of excess TEMPO
in our reaction could be indicative of the quality of the reagent present in our lab, which had seen
extensive use over several years. Replicating the original Ag>O conditions described by Lei?! for

oxidative 0-QM generation saw no reaction (Table 2.1, entry 5). Likewise, using MnO> as the
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singular oxidant gave no results (Table 2.1, entry 6). Going back to TEMPO but replacing Ag>O
with other co-oxidants such as PIDA, PIFA and CAN (Table 2.1, entries 7-10) showed only
decomposition. Finally, using only TEMPO while open to air gave no indication of reaction despite

running for 5 days (Table 2.1, entry 11).

Table 2.1. Optimization of the biomimetic synthesis of drychampone B (2.75):

2.27
HO OH Oxidant
Conditions
_—

OH O
275 drehampere 3

Entry (el({]:ll;iflgllzﬁtes Oxidants (eq) Solvent Conditions Result
1 1.2 T‘g‘ﬁgo(l(%) Et:0 ~78°C —>1t, 18 h 17%
2 2.0 T‘gﬁgo(l(%) Et:0 ~78°C > 1t,17h 15%
3 2.0 T‘g‘ﬁgo(l(@) Et,0 —78°C —>1t,17h No reaction
4 2.0 T‘g‘ﬁ%l(ﬁ)l) Et,0 ~78°C > 1t, 17h No reaction
5 2.0 Ag0(1.2) Benzene rt, 17 h No reaction
6 2.0 MnO:; (2.2) Benzene rt, 24 h No reaction
7 2.0 TI];HI\XII} O( 1(222)) Et,O -78°C > rt,4h Decomposition
8 2.0 Tgﬁéo(l('g'{)) THF -78°C > rt,2h Decomposition
9 2.0 T]SII\A/III\)IO(I('Z%)O) MeOH -78°C > r1t,3h Decomposition
10 2.0 T]SII\A;[II\)IO(I(% ')2) MeOH -78 °C —rt, 3 h Decomposition
11 2.0 TEMPO (2.0) Et,O Air, rt, 5d No reaction
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2.7.3 Structural Revision of Drychampone B by NMR Spectroscopy

With enough material available to us, we began our structural revision of drychampone B (2.75)
by means of NMR spectroscopy. Attempts were made at growing crystals of 2.75 for X-ray
crystallography, but these were unsuccessful. However, considering the originally proposed
structure of drychampone B is the result of a single, dubious coupling constant, NMR data should

prove more than sufficient for the reassignment.

Our 1D NMR data for synthetic 2.75 perfectly matched that of the isolated natural product with
both 'TH NMR and '3C NMR spectra in CDCl3 matching the peaks for the isolated sample exactly.?8
Our synthetic compound data as well as isolated material NMR spectra?® can be found in section
2.11.1. There was a minor impurity that could be seen in the '"H NMR spectrum, identified as H-
grease, but this was negligible and would have no impact on the structural reassignment. Likewise,
our 2D NMR spectra in CDCI3 matched isolated product data. COSY correlations between H-4/H-
5/H-6/H-7" as well as HMBC correlations from H-13 to C-9/C-8/C-7/C-6 and H-7" to C-6/C-7
establish the connectivity between the acylphloroglucinol and humulene moieties. Additionally,
HMBC correlations from H-7' to C-1"/C-2'/C-6" confirm the central six-membered ring of 2.75
(Figure 2.18). Reassignment of the structure of 2.75 proved trivial, as observation of the coupling
constants of H-9 and H-10 would be indicative of the alkene bond geometry in humulene. In the
CDCls spectrum of 2.75, these proton signals appear as an overlapped multiplet. After much trial
and error, running a '"H NMR spectrum in ds-benzene resolved these overlapped peaks well,
indicating a frans coupling constant (*Jo.;9 = 15.8 Hz) thus proving our structural reassignment of

drychampone B (2.75).

3Jg.10 = 15.8 Hz

— =COSY .~ =HMBC ‘2‘.71: drychampone B 2.75: erchampone B
Originally proposed structure revised structure

Figure 2.18. Structural revision of drychampone B (2.75).
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2.8 Conclusions and Future Directions

We have achieved concise biomimetic total syntheses of littordials C, E and F (2.61, 2.65, and
2.66) by means of an intermolecular hetero-Diels—Alder reaction between and 0-QM intermediate
and (-)-caryophyllene (2.1). Additionally, littordials A and B (2.59 and 2.60) were produced as an
inseparable mixture of diastereomers in 42% combined yield (a 5:1 ratio in favour of 2.60 based
on NMR spectra). The originally proposed structure for littordial C was confirmed by our 2D NMR
studies and single crystal X-ray diffraction analysis. Revised structures of littordials E and F (2.65
and 2.66) were proposed on the basis of our biosynthetic speculation and were confirmed by their
biomimetic synthesis and subsequent 2D NMR experiments. Computational studies supported the
feasibility of our proposed cycloadditions in the formation of littordials A, B and F (2.59, 2.60,
2.66).

Drychampone B (2.75) was synthesized in 3 steps from diformylphloroglucinol (2.2). The key step
in this synthesis involved an intermolecular hetero-Diels—Alder reaction between an 0-QM and
humulene (2.27). A structural revision of 2.75 was performed on the basis of dubious A%!° alkene
coupling constant, suggested by the isolation chemists to belong to a cis-humulene species. The
proposed structural reassignment was confirmed by our 'H NMR spectrum of 2.75 in deé-benzene,
which showed 3Jo.79 coupling constant of 15.8 Hz, consistent with the presence of an E-configured
alkene. The revised drychampone B (2.75) was also proposed to be a biosynthetic precursor to
drychampone A (2.70) and could theoretically be formed by the Michael addition of a pyrone
(2.76) to 0-QM 2.74. The success of this Michael addition could also open the door for a one-pot
synthesis of 2.70 from precursor 2.73 and should be investigated further.

This project highlights the important role biomimetic synthesis plays in structural characterization
of newly isolated small molecules. Despite the ever expanding, powerful arsenal of analytical
techniques available for structure elucidation, isolation chemists are still prone to error when it
comes time to assign novel structures. In many cases this is simply due to the proposal of structures
that may satisfy analytical data but whose formation in nature is poorly rationalized, or entirely
non-existent in the worst of cases. In combination, modern spectroscopic techniques and
biomimetic synthesis significantly reduce the number of these misassigned structures by
combining the spectroscopic data with logical structures that are the result of feasible biosynthetic

pathways.
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2.9 Experimental

2.9.1 General Methods

All chemicals were purchased from commercial suppliers and used as received. All reactions,
unless otherwise stated, were performed under an inert atmosphere of N». All organic extracts were
dried over anhydrous magnesium sulfate. Thin layer chromatography was performed using
aluminium sheets coated with silica gel F2s4. Visualization was aided by viewing under a UV lamp
and staining with ceric ammonium molybdate or KMnOj stain followed by heating. All R values
were measured to the nearest 0.05. Flash column chromatography was performed using 40-63-
micron grade silica gel. Melting points were recorded on a digital melting point apparatus and are
uncorrected. Infrared spectra were recorded using an FT-IR spectrometer as the neat compounds.
High field NMR spectra were recorded using either a 500 MHz spectrometer ({H at 500 MHz, 13C
at 125 MHz) or 600 MHz spectrometer (‘H at 600 MHz, '3C at 150 MHz). The solvent used for
NMR spectra was CDCI5 unless otherwise specified. 'H chemical shifts are reported in ppm on the
8-scale relative to TMS (8 0.0) or CDCls (8 7.26) and '*C NMR chemical shifts are reported in
ppm relative to CDCI3 (6 77.16). Multiplicities are reported as (br) broad, (s) singlet, (d) doublet,
(t) triplet, (q) quartet, (quin) quintet, (sext) sextet, (hept) heptet and (m) multiplet. All J-values
were rounded to the nearest 0.1 Hz. ESI high resolution mass spectra were recorded on an ESI-
TOF mass spectrometer. Circular dichroism (CD) spectra were measured using a JASCO J-715

spectropolarimeter.
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2.9.2 Experimental Procedures

Synthesis of diformylphloroglucinol (2.2)

OH POCI; DMF O OH O
1,4-dioxane, rt
I - | H
83%
HO OH HO OH
2.49 2.2

POCI; (15.6 mL, 167 mmol) was added dropwise to DMF (12.8 mL, 166 mmol) with vigorous
stirring. The solution was stirred under a N> atmosphere at room temperature for 30 min. This
Vilsmeier reagent was transferred dropwise, via cannula, to a stirred solution of anhydrous
phloroglucinol (10.1 g, 79.9 mmol) in 1,4-dioxane (50 mL) under a N> atmosphere. This mixture
was vigorously stirred at room temperature for 16 h. The resulting yellow solid was cooled to 0 °C
and subsequently added to an ice-water slurry (approx. 400 mL). The mixture was slowly warmed
to room temperature and stirred for a further 4 h. The resulting orange precipitate was filtered and
washed with cold H>O. This solid was dissolved in H,O (50 mL), heated under reflux for 5 min
and then cooled to 0 °C. The resulting solid was filtered, washed with cold H>O and dried in an
oven at 110 °C to constant weight to yield diformylphloroglucinol (2.2) as a red-orange powder

(12.1 g, 66.4 mmol, 83%). Data for 2.2 matched that of published literature.* 2

R¢: 0.15 (petrol/EtOAc, 1:1)

IR (neat): 2887, 1598, 1502, 1438, 1393, 1253, 1187, 1096, 947, 846 cm™!

'H NMR (500 MHz, de-DMSO): 6 12.56 (br s, 2H), 10.01 (s, 2H), 5.89 (s, 1H)
13C NMR (125 MHz, de-DMSO): 8 191.4, 169.5, 169.2, 103.8, 93.9
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Synthesis of littordial C (2.61) and littordial E (2.65)

OH caryophyllene (2.1)
OHC hexanal OHC
EDDA, HFIP, rt
B
HO OH HO :
CHO CHO CHO
2.2 2.61: littordial C 2.65: littordial E

40% 14%

To a round-bottom flask open to air was added (-)-caryophyllene (2.1) (1.52 mL, 7.25 mmol),
HFIP (20 mL), and hexanal (0.85 mL, 6.81 mmol). To this biphasic mixture was added 2.2 (400
mg, 2.20 mmol). The reaction mixture was stirred vigorously for 5 min after which, EDDA (60
mg, 0.33 mmol) was added in a single portion. The mixture was stirred at room temperature for 4
h. The solvent was removed under reduced pressure. Excess hexanal was removed on the rotary
evaporator and on a high vacuum pump. Unreacted caryophyllene (2.1) was removed by eluting
the reaction mixture through a pad of SiO> using neat petrol as the eluent. Trituration of the
resulting mixture with diethyl ether yielded a mixture of diastereomers as an orange gum. These
diasterecomers were separated by flash chromatography using a Biotage Isolera™ One Flash
Chromatography System with iLOK™ Empty Solid Load Cartridges, and Carl Roth silica gel 60
(230 - 400 mesh grade), and 1% Et,O/petrol as eluent, to give 2.61 (400 mg, 0.85 mmol, 40%) as
a yellow powder and 2.65 (139 mg, 0.30 mmol, 14%) as a yellow oil. To obtain single crystals
suitable for X-ray analysis, littordial C (20 mg, 43 pmol) was dissolved in ethanol (0.5 mL) ina 5

mL vial and left at room temperature overnight to afford colourless prisms (10 mg, 50 %).

Data for 2.61:

Mp: 105 - 108 °C

R¢: 0.65 (5% EtOAc/petrol)

[a]%’=—-50.4 (c 1.0, CH.CL), c.f. [a] 35 =+36.9 (¢ 0.1, CH>Cl,) from Xu et al.

IR (neat): 2951, 1633, 1441, 1382, 1304, 1178, 890 cm™!

TH NMR (600 MHz, CDCl3): & 13.25 (s, 1H), 13.06 (s, 1H), 4.92 (s, 1H), 4.90 (s, 1H), 2.93 (m,
1H), 2.41 (q,J=8.7 Hz, 1H), 2.32 (td,J=13.1, 11.9, 3.2 Hz, 1H), 2.19 (dd, /= 16.8, 3.9 Hz, 1H),
2.02 (dd,J=12.6,9.2 Hz, 1H), 1.77 — 1.65 (overlapped, m, 5H), 1.61 — 1.53 (overlapped, m, 2H),
1.46 (s, 3H), 1.39 — 1.35 (overlapped, m, 3H), 1.31 — 1.22 (overlapped, m, 8H), 1.17 (overlapped,

m, 1H), 0.97 (s, 3H), 0.92 (s, 3H), 0.85 (t, J = 7.1 Hz, 3H)
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13C NMR (150 MHz, CDCl3): 8 192.2, 192.0, 168.0, 167.5, 164.0, 150.9, 111.3, 111.2, 105.8,
104.3, 88.2, 59.5, 47.8, 42.5, 40.7, 36.1, 35.6, 34.8, 32.3, 29.7, 29.6, 29.5, 28.6, 24.8, 23.6, 23.3,
22.8,21.8,14.2

HRMS (ESI) m/z: [M + H]" Calculated for C20H4205 469.2949; found 469.2955

Data for 2.65:

R¢: 0.60 (5% EtOAc/petrol)

[a]%’ =+45.1 (¢ .7, CHyCL), c.f. [a]3’ =—-16.7 (¢ 0.1, CHCly) from Xu et al.

IR (neat): 2953, 2926, 1631, 1440, 1382, 1306, 1177, 855 cm’!

'TH NMR (600 MHz, CDCl3): & 13.42 (s, 1H), 13.33 (s, 1H), 4.94 (s, 1H), 4.90 (s, 1H), 2.51 (dt,
J=13.9, 5.2 Hz, 1H), 2.46 (ddd, J = 9.2, 5.0, 2.6 Hz, 1H), 2.43 — 2.38 (m, 1H), 2.24 — 2.06
(overlapped, m, 4H), 2.01 (ddd, J=11.8, 10.1, 5.5 Hz, 1H), 1.95 (ddd, J=15.4, 5.6, 3.1 Hz, 1H),
1.84 (dddd, J=15.1, 12.6, 5.5, 3.1 Hz, 1H), 1.71 (overlapped, m, 2H), 1.63 (dd, /= 10.7, 7.7 Hz,
1H), 1.59 — 1.53 (m, 1H), 1.48 — 1.37 (overlapped, m, 2H), 1.14 (m, 1H), 1.12 (s, 3H), 1.02
(overlapped, m, 1H), 1.01 (s, 3H), 1.00 (s, 3H), 0.84 (t, /= 7.1 Hz, 4H), 0.77 (m, 1H).

13C NMR (150 MHz, CDCl3): 8 192.4, 192.1, 169.1, 168.0, 164.6, 152.3, 110.5, 106.0, 105.0,
104.2, 84.0, 53.4, 42.8, 38.8, 37.9, 36.4, 35.7, 35.1, 33.8, 33.4, 32.3, 30.7, 29.0, 24.6, 22.8, 22.7,
22.3,21.6,14.3

HRMS (ESI) m/z: [M+H]" Calculated for C20H4205 469.2949; found 469.2936
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Synthesis of littordial A (2.59), littordial B (2.60) and littordial F (2.66)

OH caryophyllene (2.1)
OHC butanal
EDDA, HFIP, rt
HO OH H
CHO CHO CHO CHO
2.2 2.59: littordial A 2.60: littordial B 2.66: littordial F

42% combined yield 3%
5:1 ratio of in favour of 2.60

To a round-bottom flask open to air, was added (-)-caryophyllene (2.1) (1.73 mL, 8.23 mmol),
HFIP (25 mL), and butanal (0.75 mL, 8.23 mmol). To this biphasic mixture was added 2.2 (500
mg, 2.75 mmol). The reaction mixture was stirred vigorously for 5 min after which EDDA (99.0
mg, 0.55 mmol) was added in a single portion. The mixture was stirred at room temperature for 4
h. The solvent was removed under reduced pressure. Excess butanal was removed on the rotary
evaporator and on a high vacuum pump. Unreacted caryophyllene (2.1) was removed by eluting
the reaction mixture through a pad of SiO> using petrol. Trituration of the resulting mixture with
diethyl ether yielded a mixture of diastereomers as an orange gum. These compounds were
separated by flash chromatography using a Biotage Isolera™ One Flash Chromatography System
with iLOK™ Empty Solid Load Cartridges, and Carl Roth silica gel 60 (230 - 400 mesh grade),
and with 1% Et,O/petrol as eluent, to give 2.66 (40.8 mg, 0.09 mmol, 3%) as a pale yellow oil and
an inseparable mixture of 2.59 and 2.60 (5:1 ratio in favour of littordial B, 492 mg, 1.15 mmol,

42%) as a yellow powder.
Data for 2.66:

R¢: 0.60 (5% EtOAc/petrol)

[a]%® = +44.4 (¢ 0.62, CHCl), c.f. [a]3® = —42.0 (c 0.2, CH2Cly) from Zhu et al.

IR (neat): 2954, 2929, 1631, 1441, 1383, 1306, 1178, 846 cm’!

TH NMR (600 MHz, CDCl3): 6 13.42 (s, 1H), 13.32 (s, 1H), 10.16 (s, 1H), 10.01 (s, 1H), 4.95 (s,
1H), 4.90 (s, 1H), 2.51 (dt,J=13.9, 5.4, 1H), 2.47 (m, 1H), 2.41 (m, 1H), 2.22 —2.10 (overlapped,
4H), 1.99 (m, 1H), 1.95 (ddd, J = 15.4, 5.7, 3.0 Hz, 2H), 1.84 (dddd, J = 15.1, 12.2, 5.3, 3.0 Hz,
1H), 1.72 — 1.69 (overlapped, m, 2H), 1.63 (dd, J = 10.7, 7.7 Hz, 1H), 1.57 (m, 1H), 1.43 (m,
overlapped, 1H), 1.12 (s, 3H), 1.04 (m, 1H), 1.01 (s, 3H), 1.00 (s, 3H), 0.83 (overlapped, m, 1H),

0.81 (overlapped, m, 3H)
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13C NMR (150 MHz, CDCl3): 6 192.3, 192.1, 169.1, 168.0, 164.6, 152.4, 110.5, 106.1, 105.0,

104.2, 84.1, 53.6, 42.7, 39.0, 38.1, 36.4, 35.8, 35.2, 33.8, 33.2, 31.7, 30.7, 22.7, 22.3, 21.5, 18.4,
14.6

HRMS (ESI) m/z: [M + H]" Calculated for C27H3305 441.2636; found 441.2640
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Synthesis of dimethylphloroglucinol (2.81)

NaBchN HO OH
HO OH " aq. HCI, THF, it
LR
OHC 46%
OH OH
22 2.81

To a stirred solution of 2.2 (5.47 g, 30.0 mmol) and NaBH3CN (9.42 g, 150 mmol) in THF (85
mL) was added 3M HCI (50 mL, 150 mmol) dropwise. The reaction mixture was stirred at room
temperature for 3 h. Upon completion, the mixture was diluted with H>O and extracted with EtOAc
(3 x 150 mL). The combined organic extracts were washed with H,O (150 mL), brine (2 x 150
mL), dried over anhydrous MgSOs, filtered and concentrated in vacuo. The crude residue was
purified by flash column chromatography on SiO> (petrol/EtOAc, 5:1) to afford 2.81 (2.12 g, 13.8
mmol, 46%) as a pale orange solid. Data for 2.81 matched that of published literature.?

Mp: 158.6 —161.0 °C

R¢: 0.50 (petrol/EtOAc, 1:1)

IR (neat): 3525, 3423,2942, 1611, 1511, 1460, 1280, 1249, 1150 cm'!
TH NMR (500 MHz, CD30D): 6 5.97 (s, 1H), 2.00 (s, 6H)

13C NMR (125 MHz, CD30D): 6 154.3, 104.2, 96.1, 8.5
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Synthesis of ortho-quinone methide precursor (2.73)

o

N

H H
© OH " Alcl, PhNO,, 75°c  HO OH

59%
OH OH O
2.81 2.73

To a stirred of solution of 2.81 (258 mg, 1.67 mmol) in PhNO; (6 mL) at 0 °C, was added AICI3
(885 mg, 6.64 mmol). This mixture was stirred at 0 °C for 10 min. Butyryl chloride (0.19 mL, 1.83
mmol) was added dropwise to the reaction which was then warmed to 75 °C using an aluminium
heating block and stirred for 3.5 h. The resulting dark red solution was cooled to room temperature
and diluted with cold water. This mixture was extracted with EtOAc (3 x 20 mL). The combined
organic phases were extracted with 1M NaOH (2 x 15 mL). The aqueous extracts were acidified
by conc. HCI. The aqueous layer was extracted with EtOAc (3 x 20 mL). The combined organic
extracts were dried over MgSQs, filtered, and concentrated in vacuo. The crude residue was
purified by flash column chromatography on SiO; (pet/EtOAc, 10:1 — 4:1 gradient elution) to
afford 2.73 (223 mg, 0.99 mmol, 59%) as a pale orange solid. Data for 2.73 matched that of

published literature.>

Mp: 136.4 —138.6 °C

R¢: 0.30 (petrol/EtOAc, 4:1)

IR (neat): 3468, 2964, 2875, 1612, 1432, 1379, 1320, 1284, 1238, 1199, 1159 cm’!

'H NMR (500 MHz, de-DMSO): & 11.49 (s, 2H), 9.20 (s, 1H), 3.04 (t, J = 7.3 Hz, 2H), 1.96 (s,
6H), 1.62 (h, J=7.3 Hz, 1H), 0.91 (t,J= 7.3 Hz, 3H)

13C NMR (125 MHz, de-DMSO): 8 206.0, 160.3, 158.4, 105.3, 102.6, 45.5, 18.0, 14.0, 8.6
HRMS (ESI) m/z: [M+H]" Calculated for C12H;704 225.1121; found 225.1116
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Synthesis of drychampone B (2.75)

N
2.27: humulene
HO OH Ag,0, TEMPO
Et,0, -78 °C, rt
- .
OH O 17%
2.73 2.75: drychampone B

revised structure

To a solution of 2.73 (53.8 mg, 0.24 mmol) and humulene (2.27) (0.07 mL, 0.30 mmol) in Et,O
(5 mL) at —78 °C in a cooling bath of dry ice and acetone was added Ag>O (69 mg, 0.30 mmol)
and TEMPO (78.3 mg, 0.50 mmol). The reaction was stirred at —78 °C for 1 h, then slowly warmed
to room temperature where it was stirred for a further 16 h. The mixture was filtered and
concentrated in vacuo. The crude residue was purified by flash column chromatography on SiO»
(1:0 = 30:1 petrol/EtOAc gradient elution) to yield 2.75 as a yellow gum (18.8 mg, 0.04 mmol,
17%).

R¢: 0.65 (petrol/EtOAc, 5:1)

IR (neat): 3520, 3422, 2932, 1610, 1421, 1379, 1202, 1159, 1106 cm'!

TH NMR (600 MHz, CDCl3): 6 5.18 — 5.14 (m, 2H), 5.03 (m, 1H), 3.00 (td, J = 7.4, 3.8 Hz, 2H),
2.92 (dd, J=16.1, 5.7 Hz, 1H), 2.60 (d, J = 14.5 Hz, 1H), 2.37 (ddd, J = 14.5, 7.1, 3.0 Hz, 1H),
2.19 (t, J=12.4 Hz, 1H), 2.16 — 2.09 (m, 1H), 2.07 (overlapped, 4H), 1.89 — 1.82 (m, 2H), 1.77
(dd, J=12.9, 4.4 Hz, 1H), 1.70 (q, J = 7.4 Hz, 2H), 1.63 (s, 3H), 1.34 (m, 1H), 1.21 — 1.15 (m,
1H), 1.14 (s, 3H), 1.06 (s, 3H), 1.02 (s, 3H), 0.97 (t, J = 7.4 Hz, 3H)

13C NMR (150 MHz, CDCl3): 8 206.4, 162.8, 157.5, 154.7, 143.1, 136.7, 123.2, 120.2, 105.8,
101.5, 99.5, 82.2, 46.7, 42.9, 41.5, 38.4, 37.9, 34.8, 30.5, 30.4, 24.4, 23.9, 20.1, 19.0, 17.3, 14.2,
7.2

HRMS (ESI) m/z: [M+H]" Calculated for C27H4004 427.2843; found 427.2837
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2.11 Supporting Information

2.11.1 NMR Spectra

Figure 2.19: 'H NMR spectrum of diformylphloroglucinol (2.2) in ds-DMSO

— %

OH

HO OH
CHO
22
"H NMR
dg-DMSO
500 MHz !

T T T T T T T T T T T T T T T T T T T T T T T T T
‘0 3s 30 25 20 5 o os oo 9s 90 8s 80 75 70 6s 60 5s 50 4as 40 3s 30 2s 20 5
f (pom

Figure 2.20: 3C NMR spectrum of diformylphloroglucinol (2.2) in ds-DMSO
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Figure 2.21: '"H NMR spectrum of the mixture of littordials A (2.59) and B (2.60) in CDCl3
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Figure 2.22: 3C NMR spectrum of the mixture of littordials A (2.59) and B (2.60) in CDCls
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Figure 2.23: '"H NMR spectrum of littordial C (2.61) in CDCl3
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Figure 2.24: 3C NMR spectrum of littordial C (2.61) in CDCl3
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Figure 2.25: COSY spectrum of littordial C (2.61) in CDCl3
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Figure 2.26: NOESY spectrum of littordial C (2.61) in CDCl3
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Figure 2.27: HSQC spectrum of littordial C (2.61) in CDCl3
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Figure 2.28: Enlarged section of the HSQC spectrum of littordial C (2.61) in CDCl3
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Figure 2.29: HMBC spectrum of littordial C (2.61) in CDCl3
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Figure 2.31: '"H NMR spectrum of littordial E (2.65) in CDCl3
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Figure 2.32: 3C NMR spectrum of littordial E (2.65) in CDCls
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Figure 2.33: COSY spectrum of littordial E (2.65) in CDCl3
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Figure 2.34: NOESY spectrum of littordial E (2.65) in CDCl3
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Figure 2.35: HSQC spectrum of littordial E (2.65) in CDCl3
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Figure 2.36: Enlarged section of the HSQC spectrum of littordial E (2.65) in CDCl;
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Figure 2.37: HMBC spectrum of littordial E (2.65) in CDCl3
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Figure 2.38: Enlarged section of the HMBC spectrum of littordial E (2.65) in CDCls
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Figure 2.39: '"H NMR spectrum of littordial E (2.65) in d¢-benzene
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Figure 2.40: 3C NMR spectrum of littordial E (2.65) in ds-benzene
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Figure 2.41: COSY spectrum of littordial E (2.65) in d¢-benzene
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Figure 2.42: TOCSY spectrum of littordial E (2.65) in ds-benzene
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Figure 2.43: ROESY spectrum of littordial E (2.65) in ds-benzene
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Figure 2.44: NOESY spectrum of littordial E (2.65) in deé-benzene
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Figure 2.45: HSQC spectrum of littordial E (2.65) in d¢-benzene
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Figure 2.46: Enlarged section of the HSQC spectrum of littordial E (2.65) in ds-benzene
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Figure 2.47: HMBC spectrum of littordial E (2.65) in des-benzene
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Figure 2.48: Enlarged section of the HMBC spectrum of littordial E (2.65) in ds-benzene
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Figure 2.49: '"H NMR spectrum of littordial F (2.66) in CDCl;
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Figure 2.51: COSY spectrum of littordial F (2.66) in CDCl3
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Figure 2.53: HSQC spectrum of littordial F (2.66) in CDCl3
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Figure 2.54: Enlarged section of the HSQC spectrum of littordial F (2.66) in CDCl;
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Figure 2.55: HMBC spectrum of littordial F (2.66) in CDCl3
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Figure 2.56: Enlarged section of the HMBC spectrum of littordial F (2.66) in CDCl3
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Figure 2.57: '"H NMR spectrum of littordial F (2.66) in ds-benzene
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Figure 2.58: 3C NMR spectrum of littordial F (2.66) in d¢-benzene
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Figure 2.59: COSY spectrum of littordial F (2.66) in ds-benzene

r0.5
@
‘L‘]w} r1.0
27
50 r1.5
D
OHC
r2.0
HO oo
r2.5
2.66: littordial F
cosy 3.0
dg-benzene
600 MHz 3.5
r4.0
r4.5
6 agﬂ’
5 r5.0
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ -95.5
5.5 5.0 4.5 4.0 3.5 3.0 2.0 15 1.0 0.5
f2 (ppm)
Figure 2.60: NOESY spectrum of littordial F (2.66) in ds-benzene
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Figure 2.61: HSQC spectrum of littordial F (2.66) in ds-benzene
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Figure 2.62: Enlarged section of the HSQC spectrum of littordial F (2.66) in d¢-benzene
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Figure 2.63: HMBC spectrum of littordial F (2.66) in ds-benzene
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Figure 2.64: Enlarged section of the HMBC spectrum of littordial F (2.66) in ds-benzene
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Figure 2.65: '"H NMR spectrum of dimethylphloroglucinol (2.81) in CD3OD
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Figure 2.66: 3C NMR spectrum of dimethylphloroglucinol (2.81) in CD;0D
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Figure 2.67: '"H NMR spectrum of 0-QM precursor (2.73) in CD30D
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Figure 2.69: '"H NMR spectrum of drychampone B (2.75) in CDCl3
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Figure 2.70: '"H NMR spectrum of drychampone B (2.75) in d¢-benzene highlighting the key
coupling
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Figure 2.71: 3C NMR spectrum of drychampone B (2.75) in CDCl3
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Figure 2.72: COSY spectrum of drychampone B (2.75) in CDCl3
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Figure 2.73: HSQC spectrum of drychampone B (2.75) in CDCl3
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Figure 2.74: Enlarged section of the HSQC spectrum of drychampone B (2.75) in CDCl3
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Figure 2.75: HMBC spectrum of drychampone B (2.75) in CDCl3
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'H NMR spectrum of isolated littordial C (2.61) in CDCl3%°

Figure 2.77
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13C NMR spectrum of isolated littordial C (2.61) in CDCl13%°
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Figure 2.79: HSQC spectrum of isolated littordial C (2.61) in CDCl3%°
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Figure 2.80: HMBC spectrum of isolated littordial C (2.61) in CDCl3%°
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Figure 2.81: COSY spectrum of isolated littordial C (2.61) in CDCl3%°
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Figure 2.82: NOESY spectrum of isolated littordial C (2.61) in CDCl3%°

A AAAY
e

...................

24 22 2.0 L8 16 14 12

112

L0 0.8 0.8 Q4

0.5

+0.0

rao

Fs.5

FLO

rds

50

Fas

H6.0

65

A (pgwd

fl (o)



113

'H NMR spectrum of isolated littordial E (2.65) in CDCl5%°

Figure 2.83
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Figure 2.85: HSQC spectrum of isolated littordial E (2.65) in CDCl5%
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Figure 2.87: COSY spectrum of isolated littordial E (2.65) in CDCl3%°
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Figure 2.88: NOESY spectrum of isolated littordial E (2.65) in CDCl15%°
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Figure 2.89: '"H NMR spectrum of isolated littordial F (2.66) in CDCl32!
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Figure 2.91: HSQC spectrum of isolated littordial F (2.66) in CDCl5?!
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Figure 2.92: HMBC spectrum of isolated littordial F (2.66) in CDCl3*!
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Figure 2.93: COSY spectrum of isolated littordial F (2.66) in CDCl5?!

|

)

J o

= -
S =
<=

{

|

|

[ 1

4

J

.................................................

Figure 2.94: NOESY spectrum of isolated littordial F (2.66) in CDCl5?!
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Figure 2.95: '"H NMR spectrum of isolated drychampone B (2.75) in CDCl3%®
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Figure 2.96: 13°C NMR spectrum of isolated drychampone B (2.75) in CDCl3%®
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Figure 2.97: COSY spectrum of isolated drychampone B (2.75) in CDCl5*®
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Figure 2.98: HSQC spectrum of isolated drychampone B (2.75) in CDCl5?®
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Figure 2.99: HMBC spectrum of isolated drychampone B (2.75) in CDCl3%®
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Figure 2.100: NOESY spectrum of isolated drychampone B (2.75) in CDCl3?®
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2.11.2 Comparison of natural and synthetic NMR data

2.61: littordial C

Assignment Isolated sample, Synthetic sample, Isolated sample, Synthetic sample
'"H NMR, 600 MHz, '"H NMR, 600 MHz, 3C NMR, 150 MHz, 3C NMR, 150 MHz,
CDCl;,(J, Hz)* CDCl3, (J, Hz) CDCls, (J, Hz)* CDCl3, (J, Hz)
1 1.36, overlapped 1.37, overlapped 59.4 59.5
2 1.37, overlapped 1.37, overlapped 24.7 24.8
1.60, overlapped 1.59, overlapped
3 1.37, overlapped 1.36, overlapped 47.7 47.8
2.03 dd (12.6, 10.8) 2.03,dd (12.6,9.2)
4 88.1 88.2
5 1.70, overlapped 1.74, overlapped 40.6 40.7
6 1.56, overlapped 1.56, overlapped 36.1 36.1
1.75, overlapped 1.74, overlapped
7 2.20,d (13.8) 2.19,dd (16.8, 3.9) 355 35.6
2.33,ddd (14.8, 12.0, 3.0) 2.32,td (13.1, 11.9, 3.3)
8 150.8 150.9
9 2.41,dd (18.0, 8.4) 2.41,q(8.7) 424 42.5
10 1.73, overlapped 1.73, overlapped 23.5 23.6
11 34.7 34.8
12 0.98,s 0.97,s 21.7 21.8
13 0.93,s 0.92,s 29.5 29.7
14 1.47,s 1.46, s 232 233
15 493,s 4.92,s 111.0 111.2
491,s 4.90, s
17 163.9 164.0
27 105.7 105.8
3’ 167.9 168.0
4’ 104.2 104.3
57 167.4 167.5
6’ 111.1 111.3
7’ 10.00, s 9.99, s 192.1 192.2
8’ 10.18, s 10.18, s 191.9 192.0
9’ 2.93,d(10.2) 293, m 29.6 29.6
107 1.27, overlapped 1.27, overlapped 29.5 29.5
1.73, overlapped 1.73, overlapped
117 1.58, overlapped 1.23, overlapped 28.4 28.6
1.27, overlapped
12’ 1.18, overlapped 1.17, overlapped 322 323
1.28, overlapped
137 1.27, overlapped 1.26, overlapped 22.7 22.8
147 0.86,t(7.2) 0.85,t(7.1) 14.1 14.2
3-OH 13.25,s 13.25,s
5“OH 13.06, s 13.06, s
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2.65: littordial E
revised structure

Assignment Isolated sample, Synthetic sample, Isolated sample, Synthetic sample
'"H NMR, 600 MHz, "H NMR, 600 MHz, 13C NMR, 150 MHz, 3C NMR, 150 MHz,
CDCls, (J, Hz)* CDCl;, (J, Hz) CDCls, (J, Hz)*® CDCl;, (J, Hz)
1 2.00, overlapped 2.01,ddd (11.8, 10.1 5.5) 532 534
2 1.84,tdd (13.8, 5.4, 3.0) 1.44, overlapped 22.6 22.8
1.84,dddd (15.1, 12.6, 5.3, 3.1)
3 1.95, ddd (15.0, 5.4, 3.0) 1.95,ddd (15.4, 5.6, 3.1) 37.8 37.9
2.10,d (2.4) 2.13, overlapped
4 84.0 84.0
5 2.17, overlapped 2.17, overlapped 38.7 38.8
6 1.56, m 1.56, overlapped 333 334
1.70, overlapped 1.70, overlapped
7 2.13,m 2.14, overlapped 35.6 35.7
2.52,dt(13.8,5.4) 2.51,dt(13.9,5.2)
8 152.1 1523
9 2.40, dd (18.0, 9.6) 2.40, m 42.7 42.8
10 1.63,dd (10.8, 7.8) 1.63,dd (10.7, 7.7) 36.2 36.4
1.69, overlapped 1.71, overlapped
11 33.6 33.8
12 1.01,s 1.01,s 222 223
13 1.00, s 1.00, s 30.6 30.7
14 1.11,s 1.12,s 21.5 21.6
15 4.94,s 4.94,s 110.5 110.5
4.90, s 4.90, s
1’ 164.6 164.6
27 104.1 104.2
37 167.7 168.0
4’ 104.9 105.0
57 168.8 169.1
6’ 105.9 106.0
7’ 10.02, s 10.02, s 192.0 192.1
8’ 10.17, s 10.16, s 192.3 192.4
97 245, m 2.46,ddd (9.2, 5.0, 2.6) 349 35.1
107 1.42, overlapped 1.43, overlapped 28.8 29.0
2.18, overlapped 2.18, overlapped
117 1.19, m 1.14, overlapped 322 323
2.03, overlapped 1.20, overlapped
127 1.24, overlapped 1.22, overlapped 22.5 22.7
137 0.84,1(7.2) 0.84,t(7.1) 14.1 14.3
147 0.77, m 0.77, m 243 24.6
1.00, overlapped 1.02, overlapped
3-“OH 13.3,s 13.33,s
5-“OH 134,s 13.42,s
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2.65: littordial E
revised structure

Assignment Isolated sample, Synthetic sample, Isolated sample, Synthetic sample
'H NMR, 600 MHz, 'HNMR, 600 MHz, 13C NMR, 150 MHz, 3C NMR, 150 MHz,
CDCls, (J, Hz)2 d¢-benzene, (J, Hz) CDCl;, (J, Hz)?® ds-benzene
1 2.00, overlapped 2.04,ddd (15.4,7.5,3.7) 53.2 53.7
2 1.84, tdd (13.8, 5.4, 3.0) 1.21, overlapped 22.6 22.8
1.76, overlapped
3 1.95, ddd (15.0, 5.4, 3.0) 1.60, overlapped 37.8 37.8
2.10,d (2.4) 1.75, overlapped
4 84.0 83.7
5 2.17, overlapped 2.13,td (9.1, 2.8) 38.7 39.0
6 1.56, m 1.21, overlapped 333 334
1.70, overlapped 1.44, overlapped
7 213, m 1.85,ddd (13.5, 11.3, 4.8) 35.6 35.8
2.52,dt(13.8,5.4) 2.32,dt(13.9,5.3)
8 152.1 152.3
9 2.40, dd (18.0, 9.6) 2.21,td (10.2, 7.8) 42.7 42.8
10 1.63, dd (10.8, 7.8) 1.59, overlapped 36.2 36.6
1.69, overlapped 1.73, overlapped
11 33.6 33.7
12 1.01,s 0.92 (s) 222 22.3
13 1.00, s 0.99 (s) 30.6 30.6
14 1.11,s 0.76 (s) 21.5 21.2
15 494, s 4.87 (s) 110.5 110.7
4.90, s 5.00 (s)
17 164.6 164.4
27 104.1 104.6
37 167.7 168.1
4’ 104.9 105.3
57 168.8 169.4
6’ 105.9 106.0
7’ 10.02, s 9.98, s 192.0 191.8
8’ 10.17,'s 10.10, s 192.3 192.0
9’ 245, m 245, m 349 354
107 1.42, overlapped 1.46, overlapped 28.8 29.4
2.18, overlapped 2.40, m
11’ 1.19, m 1.28, overlapped 322 32.6
2.03, overlapped 1.60, overlapped
12’ 1.24, overlapped 1.27, overlapped 22.5 23.1
1.42, overlapped
137 0.84,t(7.2) 0.86, t (7.0) 14.1 144
147 0.77, m 1.02, overlapped 243 24.9
1.00, overlapped 1.20, overlapped
3-0OH 13.3,s
5-OH 134,s
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2.66: littordial F
revised structure

Assignment Isolated Sample, Synthetic Sample, Isolated Sample, Synthetic Sample,
'"H NMR, 600 MHz, "H NMR, 600 MHz, 3C NMR, 150 MHz, 3C NMR, 150 MHz,
CDCl;, (J, Hz)?*! CDCl;, (J, Hz) CDCl;, (J, Hz)*! CDCl3, (J, Hz)
1 2.00, m 1.98, overlapped 53.5 53.6
2 1.46, m 1.43, overlapped 22.6 22.7
1.86, m 1.84, dddd (15.1, 12.2, 5.3, 3.0)
3 1.97, m 1.95,ddd (15.4, 5.7, 3.0) 37.9 38.1
2.12, overlapped
4 84.0 84.1
5 2.18, overlapped 2.16, overlapped 38.9 39.1
6 1.60, overlapped 1.57, overlapped 33.7 332
2.18, overlapped 1.69, overlapped
7 1.74, overlapped 2.14, overlapped 35.6 35.8
2.54, overlapped 2.51, overlapped
8 154.0 152.4
9 2.43, overlapped 241, m 42.5 42.7
10 1.65, overlapped 1.63,dd (10.7, 7.7) 36.3 36.4
1.72, overlapped
11 33.1 33.8
12 1.04,s 1.00, s 222 22.3
13 1.02, s 1.01,s 30.6 30.7
14 1.14,s 1.12,s 21.3 21.5
15 4.92,s 4.90, s 110.3 110.5
497,s 495,s
17 164.5 164.6
27 104.9 105.1
3’ 167.8 168.0
4’ 104.0 104.2
57 169.0 169.2
6’ 106.0 106.1
7’ 10.01 192.2 192.3
8’ 10.16 192.0 192.1
9’ 2.14,m 247, m 35.0 35.2
248, m
107 1.44, m 1.43, overlapped 31.6 31.7
2.16, overlapped
117 0.88, m 0.83, overlapped 18.3 18.4
1.05, m 1.04, overlapped
127 0.83,d (3.6) 0.81, m 14.5 14.6
3“OH 13.3,s 13.32,s
5“OH 134,s 1342, s
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2.66: littordial F
revised structure

Assignment Isolated Sample,
'"H NMR, 600 MHz,
CDCl;, (J, Hz)?*!

Synthetic Sample,
'"H NMR, 600 MHz,
ds-benzene, (J, Hz)

Isolated Sample,
3C NMR, 150 MHz,
CDCl;, (J, Hz)*!

Synthetic Sample,
3C NMR, 150 MHz,
ds-benzene, (J, Hz)

1 2.00, m 1.97, m 53.5 54.0
2 1.46, m 1.20, overlapped 22.6 22.8
1.86, m 1.73, overlapped
3 1.97, m 1.59, overlapped 37.9 38.0
1.73, overlapped
4 84.0 83.7
5 2.18, overlapped 2.08,td (8.9, 3.0) 389 39.1
6 1.60, overlapped 1.19, overlapped 33.7 33.7
2.18, overlapped 1.39, overlapped
7 1.74, overlapped 1.85, overlapped 35.6 359
2.54, overlapped 2.30, overlapped
8 154.0 152.4
9 2.43, overlapped 2.20,td (9.9, 7.6) 42.5 423
10 1.65, overlapped 1.58, overlapped 36.3 36.5
1.71, overlapped
11 33.1 33.1
12 1.04,s 091,s 222 222
13 1.02, s 0.95, s 30.6 30.6
14 1.14,s 0.75, s 21.3 21.1
15 492, s 4.86, s 110.3 110.6
497,s 499, s
17 164.5 164.3
27 104.9 105.3
3’ 167.8 168.1
4’ 104.0 104.5
57 169.0 169.4
6’ 106.0 106.1
7’ 192.2 191.8
8’ 192.0 191.9
9’ 2.14,m 243, m 35.0 354
248, m
107 1.44, m 1.43, overlapped 31.6 32.1
2.35, overlapped
117 0.88, m 0.99, overlapped 18.3 18.7
1.05, m 1.16, overlapped
12’ 0.83,d (3.6) 0.88,t(7.2) 14.5 14.7
3“OH 13.3,s
5“OH 134,s
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OH O

2.75: drychampone B
revised structure

Assignment Isolated sample Synthetic sample Isolated sample Synthetic sample 1*C
'H NMR, 500 MHz, 'H NMR, 600 MHz, 3C NMR, 125 MHz, NMR, 150 MHz,
CDCl;, (J, Hz)*® CDCl;, (J, Hz) CDCl, (J, Hz)® CDCI;, (J, Hz)

1 1.74,dd (12.5, 4.2) 1.77,dd (12.9, 4.4) 41.6 41.5
2.17,t(12.5) 2.19,t(12.4)

2 5.00, dd, (8.7,4.2) 5.03, m 123.3 123.2

136.8 136.7

4 1.84 1.89 — 1.82, overlapped 38.0 37.9
2.10,m 2.16-2.09, m

5 1.16, m 1.21-1.15,m 30.6 30.5

1.28, m 1.34,m

6 1.83 1.89 — 1.82, overlapped 34.8 34.8

7 823 82.2

8 2.35,m 2.37,ddd (14.5,7.1, 3.0) 43.0 429
2.56,d (14.5) 2.60,d (14.5)

9 5.15,m 5.18-5.14,m 120.3 120.2

10 5.14,d (16.2) 5.18-5.14,m 143.1 143.1

11 38.4 38.4

12 1.61,s 1.63,s 17.4 17.3

13 1.12,s 1.14,s 20.1 20.1

14 1.00, s 1.02,s 24.4 24.4

15 1.04,s 1.06, s 30.4 30.4

1’ 99.5 99.5

27 154.8 154.7

37 105.9 105.8

4’ 162.9 162.8

57 10L.5 101.5

6’ 157.6 157.5

7’ 2.05 2,07, overlapped 23.9 23.9

2.90, dd (16.8, 5.2) 2.92,dd (16.1,5.7)

8’ 206.5 206.4

9’ 2.99,1d (7.5, 3.0) 3.00, td (7.4, 3.8) 46.8 46.7

107 1.67, m 1.70,q (7.4) 19.0 19.0

117 0.95,t(7.5) 0.97,t(7.4) 14.3 14.2

127 2.04,s 2.07,s 7.3 72

127



2.11.3 CD spectra

Figure 2.101: CD spectrum of synthetic littordial C (2.61)
Littordial C

10

T T L] T T T T
250 20 290 310 330 350 370 3%

Wavelength (nm)

Figure 2.102: CD spectrum of synthetic littordial E (2.65)
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Figure 2.103: CD spectrum of synthetic littordial F (2.66)
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2.11.4 Single crystal X-ray data

A single crystal of littordial C was mounted in paratone-N oil on a MiteGen crystal mount and the
data was collected on an X-ray diffraction at 150(2) K on an Oxford X-calibur single crystal
diffractometer using Mo Ka radiation. The data set was corrected for absorption using a multi-
scan method, and the structures solved by direct methods using SHELXS-97°2 and refined by full-
matrix least squares on F2 by SHELXL-2015,%* interfaced through the programs X-Seed** and
Olex2.% Except as otherwise indicated, all non-hydrogen atoms were refined anisotropically and
hydrogen atoms were included as invariants at geometrically estimated positions. The table below

provides the crystal data and structure refinement details for littordial C.
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Table 2.2: Crystal data and structure refinement for littordial C (2.61)

Compound littordial C

Empirical formula C29H400s5

Formula weight 468.61

Temperature/K 149.9(3)

Crystal system tetragonal

Space group P4,2,2

a/A 11.13120(10)

b/A 11.13120(10)

c/A 41.3856(7)

a/° 90

p/e 90

y/° 90

Volume/A3 5127.83(13)

V4 8

Pealcg/cm’ 1.214

wmm-! 0.081

F(000) 2032.0

Crystal size/mm? 0.28 x 0.253 x 0.049
Radiation MoKa (A =0.71073)

20 range for data collection/°|6.504 to 58.868

Index ranges -15<h<15,-15<k<15,-56 <1<57
Reflections collected 183383

Independent reflections 6837 [Rint = 0.0878, Rsigma = 0.0419]
Data/restraints/parameters  |6837/0/316
Goodness-of-fit on F? 1.061

Final R indexes [[>=2c (I)] |R1=0.0522, wR> =0.1013
Final R indexes [all data] R1=0.0738, wR2 =0.1076
Largest diff. peak/hole / e A|0.30/-0.20

Flack parameter 0.3(3)
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Figure 2.104: A perspective view of one selected molecule of the asymmetric unit of Littordial C
(2.61), with all non-hydrogen atoms represented by ellipsoids at the 50% probability level (Carbon,
black; Hydrogen, white; Oxygen, red).
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2.11.5 Computational data

Calculations were carried out with density functional theory (DFT) using Gaussian 16 (revision
A.03). Geometries were optimised in the gas phase at the M06-2X/6-31+G(d) level.’® Stable
ground states and transition states were identified by the number of imaginary vibrational
frequencies. Zero-point energies and thermal corrections. The transition states were shown to
connect reactants and products using intrinsic reaction coordinate calculations.?” Single-point
energy calculations of the optimised geometries were carried out in the gas phase at the M06-2X/6-
311+G(d,p) level and in toluene solvent using the SMD continuum solvent model*® using
parameters adapted for hexafluoroisopropanol,®® at the M06-2X/6-311+G(d,p) level. The
optimised geometries are given below in Cartesian coordinates and the energies given in units of
Hartree. The Gibbs free energy in solution at 298.15 K was calculated as Gsom = Emos-2x/6-
311+G(d,p)sol. T TCGmo6-2x/6-31+G(d) + ks TIn(cksT/p). TCG is the thermal correction to the free energy.
The final term is a correction to account for the difference in translational entropy resulting from
the change in concentration from ideal gas-phase species at pressure p = 1 atm to ideal solution-
phase species at concentration ¢ = 1 mol/L at temperature T and is equal to 7.93 kJ/mol at 298.15

K.
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Table 2.3: Calculated free energies of starting materials and products. *Relative free energy refers to the
comparison of isomers for ground state structures, and activation barriers for transition state structures.

Structure  E(M06-2X/6- TCG/a.u. E(M06-2X/6- E(M06-2X/6- G(M06-2X/6- Relative free
31+G(d))/a.u. 311+G(d,p))/a.u. 311+G(d,p), 311+G(d,p), energy
smd=HFIP)/a.u. smd=HFIP, (kJ.mol")*
kBTIn(ckBT/p
)/kJ.mol!
caryophyllene-aa -585 7257137 0319369 -585 8701592 -585 8837733 -1537391 4 02
caryophyllene-fa -585 7243348 0318311 -585 8688689 -585 8828104 -15373917 00
caryophyllene-ff -585 7241116 0318325 -585 8685618 -585 8824629 -1537390 7 09
caryophyllene-af -585 7176052 031845 -585 8620886 -585 8758407 -1537373 0 187
E-0-QM -840 2913633 0181864 -840 517878 -840 5314837 -2206330 0 00
Z-0-QM -840 2928995 0182755 -840 5197473 -840 5319208 -2206328 8 12
caryophyllene- aa-E-0QM-DA-endo-TS -1426 013502 0526059 -1426 384883 -1426 415368 -3743664 5 570
caryophyllene- aa-E-0QM-DA-exo-TS -1426 005817 0527022 -1426 377629 -1426 408544 -3743644 0 774
caryophyllene- aa-Z-0QM-DA-endo-TS -1426 013397 0525987 -1426 385137 -1426 415652 -3743665 4 548
caryophyllene- aa-Z-0QM-DA-exo-TS -1426 010993 0525416 -1426 383138 -1426 41439 -3743663 6 566
caryophyllene-fa-E-0QM-DA-endo-TS -1426 014362 0524671 -1426 385792 -1426 416022 -3743669 8 518
caryophyllene-fa-E-0QM-DA-exo-TS -1426 009367 052547 -1426 380946 -1426 4119 -3743656 9 648
caryophyllene-fa-Z-0QM-DA-endo-TS -1426 01598 0526132 -1426 387605 -1426 417901 -3743670 9 496
caryophyllene-fa-Z-0QM-DA-exo-TS -1426 011766 0526119 -1426 383722 -1426 415246 -3743664 0 565
caryophyllene-$f-E-0QM-DA-endo-TS -1426 013817 0525369 -1426 385293 -1426 414933 -3743665 1 556
caryophyllene-$f-E-0QM-DA-exo-TS -1426 008401 0525517 -1426 379909 -1426 411371 -3743655 4 653
caryophyllene-$f-Z-0QM-DA-endo-TS -1426 013723 0525687 -1426 385407 -1426 414787 -3743663 9 556
caryophyllene-ff -Z-0QM-DA-exo-TS -1426 014931 0523749 -1426 38694 -1426 418456 -3743678 6 409
littordial A a -1426 090088 0534693 -1426 458849 -1426 480928 -3743813 9 00
littordial A §8 -1426 089845 053431 -1426 45846 -1426 480299 -3743813 3 06
littordial B a -1426 087814 0534646 -1426 455989 -1426 477299 -3743804 5 16 1
littordial B § -1426 092068 0534246 -1426 46053 -1426 483029 -3743820 6 00
littordial F « -1426 089128 0534153 -1426 457787 -1426 479869 -3743812 5 56
littordial F § -1426 091118 0533955 -1426 459633 -1426 481796 -3743818 1 00
littordial Z a -1426 055952 0535309 -1426 45999 -1426 481311 -3743813 3 68
littordial Z S -1426 058801 053523 -1426 462887 -1426 483839 -3743820 1 00
littordial C a -1504 637837 0589259 -1505 062961 -1505 086141 -3950048 6 172
littordial C § -1504 641707 0588419 -1505 067514 -1505 091867 -3950065 9 00
littordial E a -1504 676253 0587463 -1505 064759 -1505 088862 -3950060 5 60
littordial E S -1504 678204 0587124 -1505 066487 -1505 090796 -3950066 5 00
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caryophyllene-aa

Emos-2x/6-31+G(ay): -585.7257137
TCGmMmos-2x/6-31+G(dy): 0.319369
Emo6-2x/6-311+G(d,py): -585.8701592
EMo6-2x/6-311+G(d,p), smd=HFIP): -585.8837733
Imaginary frequencies: none

C 2.35765800 1.28920400 -1.27276900
H 2.75047400 2.24433300 -1.64359300
H 1.60131300 0.94806400 -1.99172900
H 3.16746900 0.55706500 -1.27840400
C 1.75202400 1.48368400 0.09197200
C 2.00209500 0.72477700 1.16689500

H 1.48650900 0.99305700 2.09185500

C 0.61554400 2.47146500 0.16406200

H 0.44692100 2.76399100 1.20764200

H 0.82340500 3.38593000 -0.40608700
C -0.67678900 1.80794600 -0.37586600
H-0.64372100 1.76121100 -1.47302300
H -1.52680800 2.45745900 -0.12391500
C -0.93160000 0.40743700 0.18316800
H -0.58765100 0.35821400 1.22583200
C -0.44091400 -0.86235600 -0.57765700
H -0.55666300 -0.67585300 -1.65374400
C -2.37367500 -0.18484000 0.14935000
C -1.72081500 -1.57264600 -0.06539000
H -1.53510900 -2.07596600 0.89197400
H -2.21006300 -2.27453300 -0.74988300
C -3.18432300 0.24956700 -1.07140300
H -4.09662400 -0.35403400 -1.14837500
H -2.62542400 0.12830900 -2.00581300
H -3.48563400 1.30114700 -0.99547900
C -3.19056700 0.00443200 1.41882000
H -3.43782800 1.06345800 1.56961800
H -2.63609400 -0.34122300 2.29891400
H -4.13310000 -0.55488400 1.36995200
C 0.88279200 -1.56453900 -0.38038600
C 1.48818800 -2.13057100 -1.43033200
H 1.08834400 -2.04013700 -2.43782900
H 2.40837900 -2.70128600 -1.31822500
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C 2.64341200 -0.63079000 1.19322500
H 3.14617600 -0.81271700 2.15024700
H 3.38697100 -0.75649500 0.39954400
C 1.52051400 -1.68181400 0.99361500
H 0.76654200 -1.55379500 1.78211700
H 1.94095900 -2.68705700 1.11458000

caryophyllene-pa

Emos-2x/6-31+G(ay): -585.7243348
TCGMos-2x/6-31+G(dy): 0.318311
Emo6-2x/6-311+G(d,py): -585.8688689
EMo6-2x/6-311+G(d,p), smd=HFIP): -585.8828104
Imaginary frequencies: none

C 2.23843300 -1.84841800 1.08026600
H 2.44383000 -2.92553500 1.10085400
H 1.42938800 -1.66586100 1.80056400
H 3.12871200 -1.32670800 1.44095100
C 1.84581800 -1.41663600 -0.30945700
C 2.30204900 -0.30592400 -0.89676800
H 1.93275200 -0.07688600 -1.89649100
C 0.72789700 -2.19037100 -0.95508100
H 0.69214700 -1.96709400 -2.02855800
H 0.87160000 -3.27395200 -0.84745800
C -0.61531800 -1.79571000 -0.31369800
H -0.62501000 -2.11121000 0.73825500
H -1.41508500 -2.36887500 -0.80582900
C -0.98657200 -0.31483900 -0.40198700
H -0.83899400 0.04546400 -1.43182200
C -0.41950300 0.77493100 0.58201000
H -0.15699900 0.29257600 1.53342500
C -2.42837900 0.05739900 0.06962300
C -1.85149100 1.36108500 0.66445700
H -1.98447500 2.20945000 -0.01309200
H -2.20430800 1.65277200 1.66011500
C -2.96781400 -0.85303400 1.17244000
H -3.88991500 -0.42533400 1.58404500
H -2.25579000 -0.95979800 1.99904700
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H -3.20161800 -1.85592400 0.79626200
C -3.45669800 0.21133400 -1.04175300
H -3.66495200 -0.75558700 -1.51812800
H -3.09669000 0.89872200 -1.81588200
H -4.40406000 0.60417600 -0.65217000
C 0.70344000 1.71434600 0.18062200
C 0.52132200 2.70648700 -0.69723500
H -0.42914600 2.89075800 -1.19041600
H 1.33973900 3.37058800 -0.96784700
C 3.04931100 0.79965300 -0.19930800
H 3.40649400 1.52590900 -0.93681100
H 3.93130900 0.43632700 0.34243900
C 2.08536500 1.50406900 0.78643900
H 2.50993100 2.46745800 1.09317800
H 1.99398500 0.89232300 1.69195400

caryophyllene-$3

Emo6-2x/6-31+G(d)): -585.7241116
TCGMos-2x/6-31+G(dy): 0.318325
Emo6-2x/6-311+G(d,py): -585.8685618
EMo6-2x/6-311+G(d,p), smd=HFIP): -585.8824629
Imaginary frequencies: none

C 2.28618300 1.31135500 1.52130700
H 1.48707700 0.96083400 2.18829600
H 2.60516600 2.29431800 1.89072100
H 3.12621900 0.62167000 1.61889000
C 1.77099000 1.43817900 0.11204500
C 2.15626900 0.67358200 -0.91603800
H 1.69532700 0.86333200 -1.88937500
C 0.63205500 2.42681800 -0.06774800
H 0.43011900 2.91474200 0.89422300
H 0.90506200 3.22612600 -0.76861300
C -0.65448200 1.73201400 -0.55279000
H -0.58963200 1.54223200 -1.63268200
H -1.49611300 2.42689600 -0.41786900
C -0.98002200 0.41824900 0.15880800
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H -0.72720600 0.49356200 1.22820100
C -0.44734100 -0.95049300 -0.38083600
H -0.38239300 -0.88116100 -1.47438100
C -2.42975500 -0.14349600 0.03902600
C -1.81606600 -1.56297900 0.01165200
H-1.77837100 -2.00468300 1.01342400
H -2.25447100 -2.29089500 -0.68035400
C -3.10281200 0.19210700 -1.29216700
H -4.02425100 -0.39287200 -1.39872300
H -2.46112100 -0.04084800 -2.14957500
H -3.37230100 1.25315200 -1.35219200
C -3.35888600 0.18333300 1.19862000
H -3.58280700 1.25772700 1.22850400
H -2.90403100 -0.09389200 2.15664900
H -4.31093700 -0.35407100 1.10658600
C 0.81736100 -1.59943400 0.14501200
C 0.93446800 -1.97934300 1.42077100
H 0.13966800 -1.82525400 2.14781900
H 1.84338400 -2.44975400 1.78983100
C 2.94897400 -0.59707200 -0.82693000
H 3.54157700 -0.62839500 0.09173000
H 3.64612000 -0.70025100 -1.66722700
C 1.97079800 -1.79974600 -0.82389200
H 2.52479400 -2.71031400 -0.56793200
H 1.57271600 -1.94063600 -1.83698900

caryophyllene-of3

Emos-2x/6-31+G(ay): -585.7176052
TCGMos-2x/6-31+G(dy): 0.31845
Emo6-2x/6-311+G(d,py): -585.8620886
EMo6-2x/6-311+G(d,p), smd=HFIP): -585.8758407
Imaginary frequencies: none

C -1.73996400 -2.33628400 1.04352000
H-0.71621200 -2.50586700 1.40323500
H -2.18377400 -3.32756400 0.88594200
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H -2.30201100 -1.83816800 1.83790500
C -1.74144900 -1.56122200 -0.24618700
C -2.35062200 -0.38715600 -0.44019900
H -2.25410800 0.05259300 -1.43319700
C -0.78877500 -2.03383900 -1.31423600
H -0.82239800 -3.12177300 -1.45627400
H -1.06881000 -1.57348300 -2.26761700
C 0.66480500 -1.61010100 -0.95062900
H 1.22543800 -1.45975600 -1.88141100
H 1.16524100 -2.44026900 -0.43052500
C 0.82148600 -0.38276000 -0.04710600
H 0.30867600 -0.57197500 0.90404600
C 0.51235200 1.08665200 -0.47509000
H 0.74342600 1.21985200 -1.53977400
C 2.27288600 0.06028600 0.31466400

C 1.73930600 1.50865100 0.38068200

H 1.42707300 1.77545400 1.39846100

H 2.37193300 2.30952100 -0.01817500
C 3.27244000 -0.11061700 -0.82784400
H 4.20912600 0.40435300 -0.58307600
H 2.89856300 0.30906800 -1.76866800
H 3.50576800 -1.16807300 -1.00033100
C 2.83584400 -0.52496000 1.60217200
H 3.01872300 -1.60227900 1.49673500
H 2.13992100 -0.37939300 2.43666200
H 3.78813700 -0.04964600 1.86830700
C -0.76602600 1.83911100 -0.16065100
C -1.11132700 2.89396700 -0.90623200
H -0.54168100 3.18145000 -1.78719200
H -1.97449600 3.50828400 -0.65783200
C -2.84110800 0.57632900 0.60047600
H -3.27519400 0.08437700 1.47697100
H -3.61090500 1.23210400 0.17828100
C -1.62220100 1.44114900 1.03215000
H -1.02486700 0.86685300 1.75116900
H -1.97345300 2.33909800 1.55341500
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E-0-QM

Emos-2x/6-31+G(ay): -840.2913633
TCGMos-2x/6-31+G(dy): 0.181864
Emo6-2x/6-311+G(d,py): -840.517878
EMo6-2x/6-311+G(d,p), smd=HFIP): -840.5314837
Imaginary frequencies: none

C 0.56465800 -0.47515600 -0.00004700
C 1.85161500 -0.89313600 0.00000100
C 0.16593600 0.92499200 -0.00007100

C -1.17421000 1.30597100 -0.00000500
C -2.19185700 0.28435700 0.00000200
C -1.89334400 -1.07534500 0.00003500
C -0.51022100 -1.53526200 -0.00003700
C -2.96671500 -2.04114200 0.00001700
H -2.67722900 -3.10102900 -0.00004900
C -1.52622100 2.71034600 0.00005500
H -2.59427900 2.96529300 0.00014900
0 -4.16290300 -1.72652600 0.00003400
0 -0.68124100 3.61104800 0.00002100
0 -0.21190700 -2.72226500 -0.00009800
0 1.12544300 1.82265600 -0.00016000
H 0.69271000 2.73025200 -0.00013500
0 -3.43741300 0.71494700 0.00006400
H -4.03454500 -0.09420300 0.00007200
C 5.64921100 -0.15432200 0.00004300
H 5.69975900 0.49017000 0.88452900

H 6.53566600 -0.79478000 0.00034500
C 4.36696300 -0.98190500 0.00009700
H 4.34668100 -1.63777900 0.87951000
H 4.34669500 -1.63789600 -0.87923300
C 3.11875500 -0.09900200 0.00002300
H 3.12285400 0.57484400 -0.86794900
H 3.12279700 0.57491500 0.86792900

H 5.70000100 0.48966900 -0.88479000
H 1.95563200 -1.98071600 0.00006700
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Z-0-QM

Emos-2x/6-31+G(ay): -840.2928995
TCGMos-2x/6-31+G(dy): 0.182755
Emo6-2x/6-311+G(d,py): -840.5197473
EMo6-2x/6-311+G(d,p), smd=HFIP): -840.5319208
Imaginary frequencies: none

C 0.62238900 -0.58613400 -0.23360500
C 1.79886200 -1.21294200 -0.48361900
C -0.58017000 -1.40277300 -0.06997000
C -1.84416100 -0.83468800 0.05463700
C -1.96659000 0.60106300 0.03909200
C -0.86612900 1.44614100 -0.07287400
C 0.48633400 0.90635500 -0.16341400
C -1.06193300 2.87659500 -0.05859700
H -0.15992800 3.49934200 -0.13418300
C -3.01190700 -1.68243900 0.19334600
H -3.98780300 -1.18727200 0.28545900
0 -2.17482400 3.40888900 0.03045200
0 -2.94548000 -2.91432100 0.20957300
0 1.47576100 1.63142800 -0.18071300
0 -0.41903500 -2.70703900 -0.06019300
H -1.32300600 -3.12847200 0.04341100
0 -3.19151300 1.07579400 0.14628700
H -3.12750400 2.07881700 0.12723700
C 5.18762500 0.34674200 0.45925700
H 5.08145000 1.30174700 -0.06561100
H 5.67729300 0.54082000 1.41815600
C 3.82301500 -0.30479600 0.66472800
H 3.17412700 0.35884300 1.24424200
H 3.93057500 -1.23978100 1.22792100
C 3.13864400 -0.59430800 -0.68993200
H 3.04842600 0.34821000 -1.23540600
H 3.76458200 -1.28641900 -1.26402900
H 1.75797100 -2.30125800 -0.51152300
H 5.84866100 -0.29548600 -0.13321300
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caryophyllene-aa-Z-oQM-DA-exo-TS
Eo06-2x/6-31+G(a)): -1426.010993
TCGmo6-2x/6-31+G(dy): 0.525416
Eo6-2x/6-311+G(dp)): -1426.383138
EM06-2x/6-311+G(d.p), sma=HFIP): -1426.41439
Imaginary frequencies: 1

C 1.31560700 1.42367800 -2.00839200
H 2.01837500 0.85653800 -2.63221300
H 1.80013300 2.35108700 -1.70732500

H 0.42860700 1.63565100 -2.61617400
C 0.88344000 0.57424700 -0.86320500
C 0.83654500 0.98577300 0.47377600
H 0.67632000 0.16245100 1.17327800
C 0.53270000 -0.84571000 -1.15293700
H -0.16454500 -1.19842800 -0.38134800
H 0.04023400 -0.93505000 -2.12422600
C 1.80940100 -1.73710000 -1.13836600
H 2.27833200 -1.68754200 -2.12891300
H 1.47796100 -2.77349100 -1.00513300
C 2.85489300 -1.38589500 -0.08365900
H 2.36728600 -1.14010200 0.86697000
C 3.93416100 -0.32002800 -0.43833500
H 4.12171300 -0.35501000 -1.51952800
C 3.99736800 -2.40517600 0.22535200
C 4.97785700 -1.20831500 0.28911500
H 5.14630100 -0.87013700 1.31791300
H 5.94649200 -1.32125300 -0.20800400
C 4.31303800 -3.34830500 -0.93189400
H 5.23972000 -3.89488000 -0.72580600
H 4.44664200 -2.81157300 -1.87791900
H 3.51551500 -4.08676700 -1.07217200
C 3.82756300 -3.17974200 1.52408600
H 2.98566600 -3.87936200 1.46175800
H 3.63931800 -2.49785100 2.36128000
H 4.73011400 -3.75647700 1.75635600
C 3.87354800 1.12445700 -0.00718500
C 4.48484000 2.06702000 -0.72823400
H 4.97187400 1.83889600 -1.67266300
H 4.52757600 3.10108100 -0.39302700
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C 1.75246300 2.05151700 1.04409300

H 1.34372800 2.39766200 2.00003700

H 1.81002900 2.92458900 0.38469700

C 3.17400800 1.50154600 1.28251100

H 3.11885500 0.64230000 1.96294700

H 3.75351500 2.27334400 1.79935200

C -1.91080500 0.65054300 0.37047900
C -0.94028800 1.67045600 0.64076700
C -2.36886800 -0.19730600 1.39297000
C -3.33021800 -1.21252500 1.14680400
C -3.79694300 -1.39471200 -0.18472900
C -3.29460100 -0.63394900 -1.24925200
C -2.27911600 0.37558200 -1.00943500
C -3.75501800 -0.88082600 -2.58829600
H -3.30524900 -0.25718200 -3.37579200
C -3.79533000 -2.04429400 2.22296000
H -4.54238700 -2.81013000 1.97026400
0 -4.60621100 -1.72882500 -2.88519100
0 -3.39911400 -1.94332100 3.39107400
0 -1.67212900 0.95417600 -1.93279900
0 -1.88022100 -0.03232800 2.62000800
H -2.33330500 -0.70417000 3.20760400
0 -4.70976700 -2.33442800 -0.39086800
H -4.90469500 -2.33633500 -1.37223400
H -0.79672500 1.79980400 1.71548000
C -1.00568500 3.00639500 -0.09671200
H -1.89033800 3.00970900 -0.73801600
H -0.15992400 3.14065800 -0.77865000
C -1.05862500 4.18273800 0.88123800
H -1.92985600 4.06639000 1.53769200
H -0.17603100 4.16500100 1.53337600
C -1.13109100 5.52009900 0.15095500
H -2.01310500 5.56378400 -0.49556000
H -0.24862400 5.66695300 -0.48172300
H -1.18506600 6.35664200 0.85279400
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caryophyllene-aa-E-oQM-DA-exo-TS
Eo06-2x/6-31+G(a)): -1426.005817
TCGomo6-2x6-31+G(d)): 0.527022
Emo6.2x/6-311+G(dp)): -1426.377629
EM06-2x/6-311+G(d p), sma=HFIP): -1426.408544
Imaginary frequencies: 1

C 1.08562800 1.06382000 -2.81595500
H 0.65747200 2.06048400 -2.96078000
H 0.65008600 0.39443600 -3.55879400
H 2.16867500 1.13338000 -2.98393100
C 0.82298400 0.55470400 -1.43466200
C 0.84486100 1.38615000 -0.31484200
H 0.80040400 0.86669800 0.64707900
C 0.60538400 -0.90435600 -1.25119700
H -0.07774000 -1.07096700 -0.40441600
H 0.14987000 -1.33421700 -2.14722700
C 1.93158000 -1.65067400 -0.94997000
H 2.66872300 -1.42431000 -1.73331400
H 1.69101500 -2.71491900 -1.04866800
C 2.51886100 -1.42027300 0.44005500
H 1.69725200 -1.33554500 1.16512000
C 3.63399900 -0.31272000 0.60255000
H 3.59833100 0.01407700 1.64785700
C 3.60980200 -2.46742500 0.86267700
C 4.68956300 -1.42795200 0.48345000
H 5.57364300 -1.34622300 1.12525500
H 5.01796000 -1.57501200 -0.55125500
C 3.67869100 -3.79307300 0.11615100
H 4.56255600 -4.35252100 0.44492900
H 3.76128800 -3.65362500 -0.96663800
H 2.79829900 -4.41626100 0.31596100
C 3.56058200 -2.72533800 2.36830400
H 2.67364200 -3.31453500 2.62916500
H 3.52344100 -1.79426500 2.94436900
H 4.44653700 -3.28399500 2.69198200
C 3.73165200 0.92998600 -0.24804600
C 4.37543300 0.96015800 -1.41975300
H 4.84579500 0.08253200 -1.85375500
H 4.46382000 1.88561600 -1.98654500
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C 1.75930100 2.59507400 -0.31268500
H 1.35628100 3.42412500 0.27361600

H 1.91223300 2.96423500 -1.33208400
C 3.11546500 2.20355100 0.31190500

H 3.81040700 3.04007600 0.17509600

H 2.97182700 2.08813400 1.39325000

C -1.88614200 0.78510000 -0.08237100
C -1.07719700 1.95047300 -0.24591300
H -1.11962000 2.31059600 -1.27443100
C -2.24287500 0.22741800 1.15901400
C -3.07499300 -0.91889600 1.25476700
C -3.50557100 -1.54703000 0.05183300
C -3.09847900 -1.08692000 -1.20731300
C -2.23168700 0.07500500 -1.31205100
C -3.51830700 -1.77496900 -2.39990700
H -3.15785700 -1.36171800 -3.35353600
C -3.43926100 -1.45042200 2.54124900
H -4.09061500 -2.33553300 2.54882400
O -4.24645900 -2.77684200 -2.40038000
0 -3.05791900 -0.96692300 3.61664400
0 -1.73900200 0.45172700 -2.39404800
C -1.07331000 3.06931500 0.78717200
H -0.25629800 2.95842700 1.51001800
H -1.98405500 2.97537800 1.38730700
0 -1.76560800 0.78798200 2.26810900
H -2.13179800 0.27604400 3.04587500
0 -4.29020700 -2.61203300 0.17026700
H -4.48293100 -2.94472200 -0.75093300
C -1.04998500 4.45158900 0.12908800
H -1.97838700 4.58191700 -0.44127900
H -0.23575600 4.51391600 -0.60386700
C -0.91074500 5.56966100 1.15900200
H -1.72207000 5.52775300 1.89379000
H -0.93564100 6.55555400 0.68590600
H 0.03537700 5.48195100 1.70601100
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caryophyllene-aa-E-0QM-DA-endo-TS
Evo6-2x/6-31+G(d)): -1426.013502
TCGmo6-2x/6-31+G(a)): 0.526059
Emo6.2x/6:311+Gd p)): -1426.384883
EM06-2x/6-311+G(d p), sma=HFIP): -1426.415368
Imaginary frequencies: 1

C -2.01585300 0.68175000 -0.51080000
C -0.90921300 1.31576000 -1.14623000
C -2.81421600 -0.24024100 -1.22205000
C -3.94563700 -0.86021700 -0.63623600
C -4.25121400 -0.56468500 0.72359300
C -3.45718700 0.29845700 1.48916600
C -2.28533200 0.93317900 0.90348600
C -3.78544700 0.54717500 2.86867000
H -3.11868600 1.23208100 3.41257900
C -4.76374000 -1.76330100 -1.40288800
H -5.63329400 -2.20207500 -0.89392900
0 -4.75568400 0.04267400 3.45037000
0 -4.53580500 -2.06133400 -2.58338700
0 -1.49124100 1.61611000 1.57722200
0 -2.50087100 -0.50595200 -2.48792900
H -3.18180400 -1.14830900 -2.83973300
0 -5.31896800 -1.15561300 1.24545500
H -5.38884200 -0.85963800 2.19699200
C 0.19322100 -0.77935700 1.37848600
H 0.05267500 -0.43951500 2.40634700
H 0.81178100 -1.68522300 1.36819300
H -0.77985100 -1.07041200 0.96042900
C 0.83035500 0.27592000 0.54102600

C 0.78206200 0.24404800 -0.84335400
H 1.43113100 0.96551900 -1.34015900
C 1.67456500 1.30001600 1.22072400

H 1.88142500 2.13318000 0.53860000

H 1.17191800 1.69098100 2.11114500

C 3.02616600 0.63907600 1.60434700

H 2.87202600 -0.04866900 2.44605700
H 3.68456100 1.43766000 1.96991600

C 3.70612900 -0.09860000 0.44964400
H 3.46427200 0.39432600 -0.50296400
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C 3.55225800 -1.64148700 0.28621500
H 3.54419800 -2.08711300 1.28932100
C 5.25193900 -0.29994500 0.46925600
C 5.01098900 -1.65380600 -0.24184300
H 5.03483900 -1.54047200 -1.33286100
H 5.63481400 -2.50731600 0.04373800
C 5.82165900 -0.49583000 1.87402000
H 6.85977200 -0.84166700 1.80971800
H 5.26008000 -1.23766900 2.45224700
H 5.81919500 0.44307400 2.43984900
C 6.05781700 0.74531700 -0.28756800
H 6.00028600 1.72045400 0.21318400
H 5.68425600 0.86712200 -1.31066700
H 7.11561500 0.46208800 -0.34466600
C 2.50481700 -2.35078500 -0.53949100
C 2.08880900 -3.56684900 -0.16782400
H 2.42998500 -4.03006400 0.75536900
H 1.39384000 -4.14178100 -0.77621000
C 0.60250800 -1.02890800 -1.63984200
H 0.19697500 -0.79509400 -2.62960900
H -0.11039400 -1.70751800 -1.15793600
C 1.96460700 -1.73905600 -1.81822000
H 2.68570000 -1.02616700 -2.24172400
H 1.83653500 -2.53205900 -2.56293500
H -0.84208200 1.06997700 -2.20768200
C -0.54773700 2.76019400 -0.85506200
H -1.50286800 3.30457500 -0.91374100
H -0.21847900 2.88764500 0.17721000
C 0.42955200 3.39734700 -1.84307700
H 0.10532400 3.19104900 -2.87197600
H 1.43028000 2.95859700 -1.73908100
C 0.53251900 4.90669600 -1.62689600
H 1.24459800 5.36224300 -2.32116400
H 0.86350000 5.13194000 -0.60695300
H -0.43911200 5.38996900 -1.77426300
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caryophyllene-aa-Z-oQM-DA-endo-TS
Eo6-2x/6-31+G(d)): -1426.013397
TCG106-2x/6-31+G(d)): 0.525987
Emo6.2x/6-311+Gdp)): -1426.385137
E06-2X/6-311+G(d.p), smd=HFTP): -1426.415652
Imaginary frequencies: 1

C 2.00117600 0.59474200 -0.61086900
C 0.86238900 1.32708600 -1.04770400
H 0.53327100 0.97746700 -2.02613100
C 2.86868700 0.98562500 0.42798700
C 3.99719900 0.20695000 0.78819200
C 4.22578000 -1.02077600 0.10209800
C 3.36610200 -1.47758700 -0.90463900
C 2.21024800 -0.68519300 -1.29089400
C 3.62092400 -2.73501900 -1.55839400
H 2.90659800 -3.03114500 -2.34067200
C 4.88092100 0.64428700 1.83783300

H 5.73880000 -0.00244000 2.06901900
0 4.57805000 -3.47289100 -1.28862500
0 4.71973000 1.69256200 2.47744700
0 1.38100100 -1.07306000 -2.13711800
C 0.69958300 2.82561100 -0.87013700
H 0.41384300 3.09368300 0.15153000

H 1.69728400 3.26528100 -1.00140400
0 2.61775000 2.12131400 1.07417700

H 3.34004100 2.24690500 1.75437400
0 5.28786800 -1.72871200 0.46805500
H 5.30306000 -2.55565700 -0.09107700
C -0.26630200 -1.85128800 0.06856600
H -0.15658900 -2.68187400 -0.63120800
H -0.90968000 -2.15307200 0.90513500
H 0.71527000 -1.61997200 0.50357000
C -0.84277700 -0.65139600 -0.60330500
C -0.74090400 0.62027100 -0.05449900
H -1.39742800 1.35927200 -0.51630600
C -1.69096000 -0.84945100 -1.81267900
H -1.80332500 0.10223700 -2.34732900
H -1.23456200 -1.57451200 -2.49269400
C -3.09397600 -1.33833200 -1.36211100
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H -3.02855800 -2.38736300 -1.04460700
H -3.74326600 -1.32131300 -2.24710700
C -3.72628300 -0.50321800 -0.24747800
H -3.41764800 0.54723100 -0.34255400
C -3.60978500 -0.94449100 1.24365000
H -3.67645000 -2.03971600 1.27404500
C -5.27613500 -0.49752000 -0.07706400
C -5.03454400 -0.36524300 1.44635900
H -4.99071400 0.68748700 1.75231600
H -5.69930700 -0.90898200 2.12585200
C -5.93189500 -1.83224300 -0.43024200
H -6.97517600 -1.83509700 -0.09412800
H -5.42873800 -2.68264900 0.04261500
H -5.93150900 -2.00184000 -1.51329900
C -6.00557500 0.64780400 -0.76343700
H -5.94896200 0.54838000 -1.85514000
H -5.56946600 1.61483400 -0.48809300
H -7.06602200 0.66286800 -0.48478500
C -2.53839600 -0.52599500 2.22360000
C -2.19123400 -1.36257900 3.20848200
H -2.60641200 -2.36550000 3.27936700
H-1.48091700 -1.07134100 3.97942400
C -0.52898700 0.84671000 1.42415800
H -0.03512800 1.80696300 1.60088300
H 0.11788900 0.07527500 1.85575300

C -1.89289700 0.84552900 2.15465300
H -2.56211700 1.56531600 1.66265700
H -1.73421300 1.21270700 3.17434500
C -0.26141500 3.44895500 -1.88310100
H -1.25774800 2.99455300 -1.79714200
H 0.09183600 3.22557200 -2.89762700
C -0.37811500 4.96053300 -1.69741900
H -1.05538900 5.40184400 -2.43428500
H 0.59878900 5.44362500 -1.80662600
H -0.75953700 5.20463000 -0.69982000
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caryophyllene-fa-E-oQM-DA-exo-TS
Eo06-2x/6-31+G(a)): -1426.009367
TCGvos-2x6-31+G(a)): 0.52547
Eo6-2x/6-311+G(d.p)): -1426.380946
EM06-2%/6-311+G(d p), sma=HFIP): -1426.4119
Imaginary frequencies: 1

C 0.91605500 0.51642100 -3.10911800
H 0.31895000 -0.15708700 -3.72565400
H 1.97750100 0.36989300 -3.35807000
H 0.65382600 1.54614400 -3.36661800
C 0.69326100 0.23749500 -1.65854600
C 0.88943200 1.19838400 -0.66774400
H 0.94160800 0.80163300 0.34835500
C 0.40404700 -1.16196300 -1.24603700
H -0.17141000 -1.15881300 -0.30856900
H -0.18622700 -1.67453200 -2.01135500
C 1.71867600 -1.94797000 -1.00877900
H 2.30682200 -1.96659800 -1.93654200
H 1.41625200 -2.98700300 -0.82127600
C 2.59274700 -1.49689300 0.15874000
H 1.96329100 -1.14515400 0.98990800
C 3.80256200 -0.50685300 0.00436200
H 4.24536700 -0.66949800 -0.98848700
C 3.59474800 -2.54613600 0.73247800
C 4.55378400 -1.37300600 1.03814200
H 4.40255100 -1.01109600 2.05992900
H 5.62448700 -1.53119900 0.87104100
C 4.17699700 -3.47606700 -0.33253800
H 5.01785200 -4.03773300 0.09048500
H 4.55122600 -2.92785600 -1.20439100
H 3.43596100 -4.20334100 -0.68366600
C 3.08892700 -3.35208500 1.91968800
H 2.27819100 -4.02747900 1.61774900
H 2.70542200 -2.69520500 2.70805300
H 3.89094500 -3.96548300 2.34771900
C 3.67238000 0.98186400 0.21872800
C 3.88299600 1.56939700 1.40063200
H 4.14990800 1.01635200 2.29504500
H 3.79811500 2.64898800 1.50980800
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C 1.84276400 2.34869000 -0.92152600
H 1.77335500 3.07702000 -0.10814400
H 1.59939600 2.87570400 -1.85143400
C 3.29471900 1.83364000 -0.98411300
H 3.96787100 2.69627000 -1.05060700
H 3.43705100 1.25377100 -1.90323100
C -1.83569200 0.86081600 -0.09716900
C -0.94687600 1.93637600 -0.40151800
H -1.05630300 2.25121000 -1.44033200
C -2.15523900 0.41829000 1.20213300
C -3.07285700 -0.64096700 1.42701900
C -3.62855400 -1.31188600 0.30113900
C -3.26117900 -0.97933400 -1.00878600
C -2.31145700 0.09405700 -1.24416900
C -3.80691400 -1.71022900 -2.12255600
H -3.47194900 -1.39727400 -3.12263100
C -3.40181500 -1.04932900 2.76800500
H -4.12476300 -1.86996500 2.87559800
0 -4.61345000 -2.64288000 -2.00869500
0 -2.91581400 -0.53027300 3.78219000
0 -1.84670900 0.34436700 -2.37575100
C -0.72757900 3.08912500 0.56929600
H 0.13895000 2.91377300 1.21856000

H -1.58121300 3.11687900 1.25389100
0 -1.56459200 1.00540900 2.23904200
H -1.92192000 0.58102500 3.07148300
0 -4.49127800 -2.29243400 0.54277700
H -4.76624900 -2.67218900 -0.33805000
C -0.62306100 4.44102400 -0.14093200
H -1.57372400 4.64283200 -0.65079000
H 0.14150600 4.40802700 -0.92515100
C -0.31004100 5.56927200 0.83894100
H -1.06939800 5.62639100 1.62639900
H -0.27438300 6.53930200 0.33466300
H 0.65890200 5.40597100 1.32516500
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caryophyllene-fa-Z-oQM-DA-exo-TS
Eo06-2x/6-31+G(a)): -1426.011766
TCGomo6-2x/6-31+G(dy): 0.526119
Eo6-2x/6-311+G(dp)): -1426.383722
EM06-2x/6-311+G(d.p). sma=HFIP): -1426.415246
Imaginary frequencies: 1

C 0.87169600 1.84001800 -2.43376200
H -0.10686800 1.89833100 -2.92866500
H 1.57157100 1.39326000 -3.15185100
H 1.21615000 2.84598200 -2.18899400
C 0.73295800 0.94585400 -1.24913000
C 0.79892900 1.38188200 0.06839700
H 0.88801000 0.57972800 0.80300300
C 0.60282200 -0.51380900 -1.50829700
H 0.02872200 -0.98257800 -0.69614400
H 0.07588300 -0.69185100 -2.45044200
C 2.00130600 -1.17621800 -1.57545700
H 2.57069500 -0.74015400 -2.40779500
H 1.82393500 -2.22520100 -1.84846500
C 2.84900000 -1.16163400 -0.30592200
H 2.21251100 -1.31092800 0.57930000
C 3.89950100 -0.03814400 0.02202200
H 4.30264000 0.33571000 -0.92976400
C 4.01424800 -2.19782400 -0.24248600
C 4.82228600 -1.15379200 0.56011100
H 4.69084300 -1.30958200 1.63507600
H 5.89168500 -1.06047700 0.34320100
C 4.66140700 -2.47167300 -1.60055900
H 5.58941100 -3.03688200 -1.45636900
H 4.91709400 -1.54851800 -2.13292400
H 4.00826200 -3.06648900 -2.24933900
C 3.68665800 -3.50621100 0.46165200
H 2.96023400 -4.09137800 -0.11668000
H 3.26003100 -3.32409300 1.45408800
H 4.58630400 -4.12100000 0.58548500
C 3.58277200 1.15164400 0.89869900
C 3.74727300 1.14218700 2.22504900
H 4.10491100 0.27553200 2.77069600
H 3.52465400 2.02554500 2.82040400
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C 1.55667100 2.63316900 0.45704900

H 1.37859900 2.84310900 1.51817400

H 1.21608100 3.51007900 -0.10495000
C 3.06340000 2.41526300 0.22630000

H 3.61133300 3.28624000 0.60378000

H 3.25206600 2.36306800 -0.85380400
C -1.85551100 0.54058300 0.36116300
C -1.08800700 1.73896900 0.47844600
C -1.99503300 -0.32972100 1.45960700
C -2.76493600 -1.51759000 1.38137000
C -3.36401700 -1.85124000 0.13315800
C -3.17944500 -1.06256400 -1.01092700
C -2.36134000 0.13849000 -0.94512100
C -3.76545900 -1.45890800 -2.26426400
H -3.57218200 -0.79894500 -3.12285000
C -2.92301200 -2.36351700 2.53536400
H -3.54455100 -3.26184100 2.41383900
0 -4.45891800 -2.47426600 -2.41401000
0 -2.39991600 -2.12931200 3.63324800
0 -2.02847200 0.78425900 -1.95874900
0 -1.38545100 -0.00659800 2.59834600
H -1.60846000 -0.71013900 3.27135000
0O -4.09050500 -2.96182900 0.08762800
H -4.42121400 -3.06454400 -0.84879000
H -0.79785800 1.93530000 1.51264500
C -1.50108500 3.00511900 -0.26216400
H -2.45159700 2.81929300 -0.77008000
H -0.79880300 3.26515700 -1.06103100
C -1.64044100 4.18601300 0.70357000
H -2.36446500 3.92645900 1.48668700
H -0.68417900 4.36455100 1.21321800
C -2.08838400 5.45607100 -0.01549500
H -3.05278500 5.30421600 -0.51187100
H -1.36223600 5.74773200 -0.78306000
H -2.19587300 6.29277200 0.68098300
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caryophyllene-fa-E-oQM-DA-endo-TS

Eo6-2x/6-31+G(d)): -1426.014362
TCGvos-2x6-31+G(a)): 0.524671
Eo6-2x/6-311+G(dp)): -1426.385792
EM06-2X/6-311+G(d.p), sma=HFIP): -1426.416022
Imaginary frequencies: 1

C 0.13030100 -1.95992600 -0.68821800
H 0.01562700 -2.92585500 -0.19265900
H 0.75878500 -2.09042600 -1.58044000

H -0.85346500 -1.62480100 -1.04187400

C 0.74286300 -0.94723000 0.22212400
C 0.65144100 0.40926600 -0.03631400
H 1.37352200 1.01548400 0.51006700
C 1.61307900 -1.42186600 1.33518900
H 1.72918500 -0.63056600 2.08711100
H 1.16018500 -2.29044800 1.82261700
C 3.00538800 -1.79495500 0.77766400
H 2.89749400 -2.60632700 0.04498700
H 3.58441400 -2.21353100 1.61247600
C 3.81766500 -0.65170900 0.17126100
H 3.73581200 0.24493200 0.80583800
C 3.68709400 -0.20252200 -1.33075200
H 3.39861700 -1.07718800 -1.92966900
C 5.32950900 -0.93757100 -0.08824700
C 5.22736100 -0.05280700 -1.35051900
H 5.53976900 0.97479800 -1.14275900
H 5.74226700 -0.40042700 -2.25248500
C 5.61892400 -2.39213500 -0.45935300
H 6.65138200 -2.48082100 -0.81675100
H 4.96140400 -2.75275500 -1.25863400
H 5.50489800 -3.06210400 0.40061600
C 6.27933700 -0.46885100 1.00418200
H 6.14399200 -1.05767500 1.92052800
H 6.10654300 0.58487800 1.25050800
H 7.32434600 -0.57697900 0.68951000
C 2.83808500 0.97866200 -1.75524300
C 3.22441800 2.24603400 -1.57442400
H 4.16688000 2.51486400 -1.10661900
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H 2.59370800 3.07264700 -1.89571900
C 0.31000500 0.93696900 -1.40996500
H 0.11971900 2.01276800 -1.35023600
H -0.60594600 0.47761500 -1.79911400
C 1.48341100 0.69294500 -2.38687000
H 1.34237300 1.32675400 -3.26929100
H 1.45771800 -0.34308600 -2.74107200
C -2.03988600 0.40555600 0.70203200
C -0.84422500 0.97045900 1.21903400
C -2.94919000 1.06753000 -0.14977400
C -4.12427600 0.43229200 -0.62214900
C -4.36010800 -0.92538000 -0.25855800
C -3.46108800 -1.64465500 0.53809300
C -2.25692100 -1.00259000 1.03869200
C -3.72418200 -3.02278900 0.86279000
H -2.97741000 -3.52596900 1.49452100
C -5.04921400 1.14357400 -1.46763200
H -5.94401000 0.59778700 -1.79781000
0 -4.72195000 -3.64542900 0.47589900
0 -4.88294500 2.31540500 -1.83096100
0 -1.39284400 -1.61587400 1.69582900
0 -2.68819700 2.32143600 -0.50574100
H -3.44096200 2.63440300 -1.08465600
0 -5.46787400 -1.49108200 -0.72270400
H -5.48239700 -2.43387900 -0.39483100
H -0.46796800 0.38939700 2.06058300
C -0.59012900 2.45858900 1.35418500
H -1.53497100 2.90413800 1.69476800
H -0.39693300 2.93123700 0.38669900
C 0.51451400 2.79843100 2.35522100
H 0.26484000 2.36050100 3.33008700
H 1.46634600 2.34613200 2.04600200
C 0.70137300 4.30769300 2.49800900
H 1.48227000 4.54553300 3.22606100
H -0.22579700 4.78722700 2.82994500
H 0.98495400 4.75800500 1.54038600
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caryophyllene-fa-Z-oQM-DA-endo-TS
Eo06.2x/6-31+G(a)): -1426.01598
TCGvo06-2x6-31+G(d)): 0.526132

Emo6-2x/6-311+Gd p)): -1426.387605
EM06-2x/6-311+G(d p), sma=HFIP): -1426.417901
Imaginary frequencies: 1

C -1.20696500 1.76938400 -1.93742100
H -0.51336400 1.53505800 -2.75014000
H -1.11498400 2.82351000 -1.67402500
H -2.23214600 1.59578300 -2.29507100
C -0.94766700 0.84412500 -0.79819400
C -0.83180200 1.25775100 0.53216400
H -0.82302600 0.43695100 1.25368000
C -0.80508300 -0.60678200 -1.10599800
H -0.80833600 -0.75770000 -2.18949500
H 0.18243300 -0.92683500 -0.73267500
C -1.86583400 -1.50571100 -0.42931800
H -1.60621900 -1.65773700 0.62547600
H -1.79122600 -2.49180300 -0.90487300
C -3.30053100 -0.99937700 -0.52696700
H -3.46825600 -0.50345100 -1.49511500
C -3.88122900 -0.09378900 0.60367400
H -3.44363700 -0.42354700 1.55360900
C -4.47959800 -1.99020700 -0.28370700
C -5.23337400 -0.81999800 0.39648700
H -5.86588600 -0.28267400 -0.31768800
H -5.82061700 -1.04462300 1.29226200
C -4.14146400 -3.09396900 0.71840200
H -5.05147000 -3.64110900 0.98840600
H -3.70759000 -2.69842100 1.64324000
H -3.43283300 -3.81468600 0.29568700
C -5.10745500 -2.58304800 -1.53560400
H -4.40686100 -3.26024500 -2.03926500
H -5.38867000 -1.79804100 -2.24598800
H -6.00808500 -3.15756100 -1.29077000
C -3.81327000 1.41436800 0.53081900
C -4.46289400 2.10755200 -0.40737300
H -5.06789600 1.62297800 -1.16994700
H -4.41664400 3.19332800 -0.44412200
C -1.55335000 2.48846200 1.05232700
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H -1.64561700 3.24555300 0.26905200
H -0.98223600 2.94156700 1.87150000
C -2.96368400 2.13404300 1.56281400
H -3.45473300 3.06474800 1.86645100
H -2.87212800 1.51537500 2.46332600
C 1.84475300 0.48167400 0.35797900
C 1.03760300 1.63574800 0.64477800
C 2.19139100 -0.40078300 1.39875000
C 3.05735300 -1.50608200 1.19355400
C 3.54995000 -1.74184600 -0.12016100
C 3.16301300 -0.94041800 -1.20321800
C 2.24651900 0.17430600 -1.01259100
C 3.64967600 -1.24125600 -2.52214900
H 3.29460800 -0.58394100 -3.32959900
C 3.41691300 -2.35700000 2.29389700
H 4.10319600 -3.18753100 2.07556200
0 4.42561600 -2.17093100 -2.78170800
0 2.99849900 -2.20205200 3.44955500
0 1.76670500 0.81119100 -1.97002500
0 1.69230700 -0.17343600 2.61177000
H 2.06720400 -0.87904400 3.21812800
0 4.37249600 -2.76778100 -0.29013400
H 4.60158900 -2.79503300 -1.26476200
H 0.94504600 1.78213400 1.72294500
C 1.30550300 2.94602600 -0.07387900
H 0.57213000 3.69845300 0.23884900
H 1.24312600 2.81798200 -1.15439000
C 2.70868400 3.45292500 0.29396800
H 3.45030500 2.72720900 -0.05750600
H 2.80954300 3.49986000 1.38632000
C 2.99198300 4.82381300 -0.31434300
H 2.92906400 4.78448400 -1.40673300
H 3.99341600 5.17345800 -0.04720600
H 2.27097900 5.57013600 0.03706600
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caryophyllene-f/-E-oQM-DA-exo-TS
Evo6-2x/6-31+G(d)): -1426.008401
TCGomo6-2x/6-31+G(dy): 0.525517
Eo6-2x/6-311+G(dp)): -1426.379909
EM06-2x/6-311+G(d.p), sma=HFIP): -1426.411371
Imaginary frequencies: 1

C -1.11181400 0.71539900 -2.71055200
H -2.19661400 0.75281800 -2.88772000
H -0.66356400 -0.02008100 -3.37896600
H -0.69451900 1.69671500 -2.95266700
C -0.86948900 0.34532400 -1.28350500
C -0.87800200 1.29781100 -0.25778400
H -0.87465800 0.88847600 0.75573200
C -0.59255800 -1.07859100 -0.95524100
H -0.62951300 -1.68114500 -1.86816700
H 0.44827200 -1.12533400 -0.58383100
C -1.49717700 -1.69377300 0.13080800
H -1.21096700 -1.31606200 1.12062900
H -1.28786800 -2.77147900 0.14530800
C -2.98638900 -1.46957600 -0.09846400
H -3.21868200 -1.54869400 -1.17235000
C -3.67691500 -0.19152700 0.46894500
H -3.18895100 0.06688800 1.41714700
C -4.01598700 -2.33355400 0.68938800
C -4.91559600 -1.07530600 0.76444300
H -5.63126800 -1.04253700 -0.06416400
H -5.44776800 -0.88716600 1.70306300
C -3.51907500 -2.74867400 2.07397700
H -4.34548000 -3.17978300 2.65072400
H -3.12447000 -1.90096400 2.64523200
H -2.72892200 -3.50542300 2.00662900
C -4.57466800 -3.53466900 -0.05864500
H -3.79874800 -4.29552500 -0.21187200
H -4.96072200 -3.24216500 -1.04176100
H -5.39347700 -4.00113000 0.50217400
C -3.83709100 1.06368100 -0.35912200
C -4.55033300 1.07901200 -1.48936000
H -5.03589200 0.18707700 -1.87985700
H -4.67246100 1.99119300 -2.06966200
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C -1.73328600 2.54469200 -0.41668000
H -1.79923400 2.82679700 -1.47222600
H -1.30614300 3.39760600 0.11513600
C -3.15810600 2.32415600 0.14037700
H -3.75905600 3.20141600 -0.12378000
H -3.10413600 2.29562800 1.23624000
C 1.87516600 0.70096300 -0.09264800
C 1.00748700 1.83205000 -0.23678600
H 1.03245500 2.19969200 -1.26431400
C 2.25640200 0.14535700 1.14328300
C 3.19517800 -0.91541100 1.23345800
C 3.71544800 -1.46300100 0.02612300
C 3.28582200 -1.01777100 -1.23054700
C 2.29883500 0.04672100 -1.33142500
C 3.79623800 -1.63164800 -2.42885300
H 3.40851200 -1.23958800 -3.38049200
C 3.57499000 -1.44546400 2.51546500
H 4.30991100 -2.26251200 2.51974300
0 4.62883000 -2.54839900 -2.43456800
0 3.11884900 -1.03197200 3.59128100
0O 1.77765400 0.38077400 -2.41197300
C 1.04046000 2.95567200 0.80218800
H 1.90527800 2.79844200 1.45212200
H 0.17594900 2.92505600 1.47575700
0 1.69631500 0.62459900 2.25217600
H 2.09142400 0.12894300 3.02710100
0 4.60428000 -2.44325600 0.13832400
H 4.84962500 -2.73060500 -0.78585400
C 1.16510800 4.32967400 0.13733500
H 2.11281400 4.36610000 -0.41472100
H 0.37457800 4.46724100 -0.61125200
C 1.11459200 5.46104300 1.16110800
H 1.90485700 5.34625300 1.91087000
H 0.15434700 5.46711700 1.69002000
H 1.24224800 6.43722000 0.68439100
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4
caryophyllene-f/-Z-oQM-DA-exo-TS
Eo6-2x/631+G(a)): -1426.014931
TCGovos-2x6-31+G(a): 0.523749
Eo6-2x/6-311+G(dp)): -1426.38694
EM06-2%/6-311+G(d p), sma=HFIP): -1426.418456
Imaginary frequencies: 1

C -1.20696500 1.76938400 -1.93742100
H -0.51336400 1.53505800 -2.75014000
H -1.11498400 2.82351000 -1.67402500
H -2.23214600 1.59578300 -2.29507100
C -0.94766700 0.84412500 -0.79819400
C -0.83180200 1.25775100 0.53216400
H -0.82302600 0.43695100 1.25368000
C -0.80508300 -0.60678200 -1.10599800
H -0.80833600 -0.75770000 -2.18949500
H 0.18243300 -0.92683500 -0.73267500
C -1.86583400 -1.50571100 -0.42931800
H -1.60621900 -1.65773700 0.62547600
H -1.79122600 -2.49180300 -0.90487300
C -3.30053100 -0.99937700 -0.52696700
H -3.46825600 -0.50345100 -1.49511500
C -3.88122900 -0.09378900 0.60367400
H -3.44363700 -0.42354700 1.55360900
C -4.47959800 -1.99020700 -0.28370700
C -5.23337400 -0.81999800 0.39648700
H -5.86588600 -0.28267400 -0.31768800
H -5.82061700 -1.04462300 1.29226200
C -4.14146400 -3.09396900 0.71840200
H -5.05147000 -3.64110900 0.98840600
H -3.70759000 -2.69842100 1.64324000
H -3.43283300 -3.81468600 0.29568700
C -5.10745500 -2.58304800 -1.53560400
H -4.40686100 -3.26024500 -2.03926500
H -5.38867000 -1.79804100 -2.24598800
H -6.00808500 -3.15756100 -1.29077000
C -3.81327000 1.41436800 0.53081900
C -4.46289400 2.10755200 -0.40737300
H -5.06789600 1.62297800 -1.16994700
H -4.41664400 3.19332800 -0.44412200
C -1.55335000 2.48846200 1.05232700
H -1.64561700 3.24555300 0.26905200
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H -0.98223600 2.94156700 1.87150000
C -2.96368400 2.13404300 1.56281400
H -3.45473300 3.06474800 1.86645100
H -2.87212800 1.51537500 2.46332600
C 1.84475300 0.48167400 0.35797900
C 1.03760300 1.63574800 0.64477800
C 2.19139100 -0.40078300 1.39875000
C 3.05735300 -1.50608200 1.19355400
C 3.54995000 -1.74184600 -0.12016100
C 3.16301300 -0.94041800 -1.20321800
C 2.24651900 0.17430600 -1.01259100
C 3.64967600 -1.24125600 -2.52214900
H 3.29460800 -0.58394100 -3.32959900
C 3.41691300 -2.35700000 2.29389700
H 4.10319600 -3.18753100 2.07556200
0 4.42561600 -2.17093100 -2.78170800
0 2.99849900 -2.20205200 3.44955500
0 1.76670500 0.81119100 -1.97002500
0 1.69230700 -0.17343600 2.61177000
H 2.06720400 -0.87904400 3.21812800
0 4.37249600 -2.76778100 -0.29013400
H 4.60158900 -2.79503300 -1.26476200
H 0.94504600 1.78213400 1.72294500
C 1.30550300 2.94602600 -0.07387900
H 0.57213000 3.69845300 0.23884900
H 1.24312600 2.81798200 -1.15439000
C 2.70868400 3.45292500 0.29396800
H 3.45030500 2.72720900 -0.05750600
H 2.80954300 3.49986000 1.38632000
C 2.99198300 4.82381300 -0.31434300
H 2.92906400 4.78448400 -1.40673300
H 3.99341600 5.17345800 -0.04720600
H 2.27097900 5.57013600 0.03706600
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caryophyllene-//-E-0QM-DA-endo-TS

Eo6-2x/6-31+G(a)): -1426.013817
TCGomos-2x/6-31+G(d)): 0.525369
Eo6-2x/6-311+G(dp)): -1426.385293
EM06-2%/6-311+G(d p), sma=HFIP): -1426.414933
Imaginary frequencies: 1

C 0.11617700 -1.96284700 0.55061200
H 0.71237600 -2.15363600 1.45540500
H 0.00756000 -2.88865500 -0.01552100
H -0.87594700 -1.63476700 0.88720900
C 0.79235900 -0.90605900 -0.25615100
C 0.70211600 0.43189900 0.10527800
H 1.42371300 1.08724000 -0.38275900
C 1.63253300 -1.31810300 -1.43091000
H 1.68500700 -2.41157600 -1.45673200
H 1.10597000 -1.02397300 -2.35085000
C 3.05623000 -0.73395400 -1.41622500
H 3.03952300 0.32957800 -1.68967400
H 3.62247100 -1.23750200 -2.21151900
C 3.79801400 -0.91151100 -0.09283900
H 3.55515900 -1.89421300 0.34180200
C 3.70433800 0.16407100 1.03828800
H 3.60805700 1.15129400 0.56809000
C 5.34680500 -0.73966100 -0.07680100
C 5.20135000 -0.11140800 1.33004900
H 5.31888500 -0.86081200 2.11994800
H 5.82932500 0.75459700 1.56565500
C 5.84928500 0.28500200 -1.09383300
H 6.90598600 0.50709400 -0.90507900
H 5.29783300 1.23040900 -1.03631400
H 5.76579300 -0.09192000 -2.11982900
C 6.15152800 -2.02689300 -0.17654600
H 6.03753700 -2.48358000 -1.16807900
H 5.82167800 -2.75653400 0.57166100
H 7.21981600 -1.83706500 -0.01709800
C 2.70183800 0.05525800 2.16894700
C 2.71630000 -0.97128900 3.02479000
H 3.43511200 -1.78405800 2.94400100
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H 2.00091500 -1.03622100 3.84179200
C 0.36019200 0.84281900 1.52220300

H -0.18277500 0.04134700 2.03095000
H -0.29152400 1.72223500 1.54308800
C 1.65736100 1.14931200 2.30233500

H 1.40243800 1.29855100 3.35704000

H 2.07455100 2.09758000 1.93765100

C -1.99811200 0.46571500 -0.63485800
C -0.79129800 1.06787500 -1.08470500
C -2.92184100 1.05832000 0.25169500
C -4.11857200 0.40075500 0.62942200
C -4.36799000 -0.90833000 0.12366300
C -3.46435000 -1.55770700 -0.72556600
C -2.23579500 -0.89338200 -1.12880000
C -3.74526800 -2.88848600 -1.19925400
H -2.99345700 -3.33828500 -1.86420300
C -5.05336400 1.04097900 1.51888100
H -5.96301800 0.48015900 1.77458200
0 -4.76353800 -3.52675200 -0.90122200
0 -4.88023000 2.16982300 1.99795800
0 -1.37485300 -1.44895700 -1.83805400
0 -2.65824800 2.27107700 0.73069600
H -3.42350700 2.53621800 1.31854000
0 -5.49532700 -1.49741600 0.50355200
H -5.51881400 -2.40037300 0.07786900
H -0.41663900 0.56734600 -1.97808100
C -0.54129400 2.56494200 -1.09379600
H -0.29576500 2.94529300 -0.09639900
H -1.49536600 3.04571400 -1.34621000
C 0.51985300 2.98720300 -2.11066600
H 0.20609800 2.66462100 -3.11138200

H 1.47108000 2.47614400 -1.90765800
C 0.74570600 4.49769200 -2.10088200
H 1.49297100 4.79422900 -2.84256500
H 1.09295700 4.83543500 -1.11816300
H -0.18303400 5.03260700 -2.32661000
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-’(‘"2.90_4,

caryophyllene-ff-Z-0QM-DA-endo-TS
Emos-2x/6-31+G(ay): -1426.013723
TCGMos-2x/6-31+G(dy): 0.525687
Emo6-2x/6-311+G(d,py): -1426.385407
EMo6-2x/6-311+G(d,p), smd=HFIP): -1426.414787
Imaginary frequencies: 1

C -0.14447900 -0.69084400 1.69600800
H -0.72088900 -1.58695900 1.96752300
H 0.02285800 -0.08698900 2.58906600
H 0.82368500 -1.03897000 1.31307200
C -0.89672200 0.07127600 0.65748400
C -0.88072800 -0.34841400 -0.66454400
H -1.56870600 0.16471500 -1.33692100
C -1.69978300 1.25722700 1.11542800
H -1.81632800 1.17739400 2.20313100
H -1.10130600 2.16430000 0.95775100
C -3.08888300 1.38852200 0.47786600
H -3.01033200 1.63005000 -0.59067300
H -3.58316700 2.25126400 0.94527900
C -3.96228200 0.15311900 0.67980400
H -3.80805900 -0.23699500 1.69827400
C -3.91078200 -1.04866800 -0.31207500
H -3.74750100 -0.65755400 -1.32392600
C -5.49639000 0.24837000 0.42954200
C -5.43558700 -1.21210300 -0.08239200
H -5.63670500 -1.92850300 0.72164800
H -6.04697700 -1.47138500 -0.95343700
C -5.86114800 1.22075900 -0.69182800
H -6.91912800 1.10686100 -0.95499600
H -5.27376100 1.04521000 -1.60014700
H -5.70344700 2.26148400 -0.38511100
C -6.35033100 0.51171600 1.66079700
H -6.17941700 1.52498100 2.04642600
H -6.11647800 -0.19894700 2.46155800
H -7.41773600 0.41941600 1.42672600
C -2.99066000 -2.22972100 -0.08423600
C -3.05039000 -2.96551600 1.02980100
H -3.75072300 -2.74374600 1.83269000
H -2.39749700 -3.82290800 1.17779600
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C -0.64011700 -1.80254900 -1.02565300
H -0.03631300 -2.28919500 -0.25412100
H -0.08100100 -1.89758400 -1.96101700
C -1.98748900 -2.55044100 -1.17518100
H -1.78106900 -3.62588800 -1.19436200
H -2.42572000 -2.29456700 -2.14835300
C 1.92575100 0.29659500 -0.60051500
C 0.76836000 0.62561800 -1.35853100
C 2.77581700 -0.75165300 -1.02455600
C 3.96198800 -1.08444800 -0.32689800
C 4.27953600 -0.35549100 0.85600200
C 3.44458600 0.65492700 1.34845000

C 2.21076600 0.99371300 0.65386400

C 3.78956400 1.34679900 2.56321300

H 3.08786700 2.12460400 2.89785200

C 4.82509000 -2.13135000 -0.80899900
H 5.73592500 -2.33358400 -0.22845600
0 4.81064200 1.11399000 3.22444600

0 4.59084100 -2.79897900 -1.82557900
0 1.38520400 1.79885800 1.12264700
0 2.45633500 -1.41912900 -2.12989700
H 3.17369200 -2.09782500 -2.29198700
0 5.40031800 -0.68443600 1.48510800
H 5.47360300 -0.09815000 2.29105900
H 0.69717400 0.04496500 -2.27844900
C 0.30021900 2.05042400 -1.55012500
H 0.07367300 2.53463500 -0.60141100
H -0.60349200 2.05098000 -2.17293300
C 1.39702900 2.86394400 -2.25746500
H 1.72208100 2.34089700 -3.16618700
H 2.26897500 2.92231100 -1.59652000
C 0.90891100 4.26766600 -2.60784300
H 0.59790000 4.80682900 -1.70655500
H 0.05236200 4.22956400 -3.29014600
H 1.69815000 4.85000500 -3.09244300
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2.59 Littordial A — «
Emos-2x/6-31+G(ay): -1426.090088
TCGMos-2x/6-31+G(dy): 0.534693
Emo6-2x/6-311+G(d,py): -1426.458849
EMo6-2x/6-311+G(d,p), smd=HFIP): -1426.480928
Imaginary frequencies: none

C -1.57589600 0.56454700 -0.00455600
C -0.72946500 1.80269400 0.09630000

C -2.45476700 0.29187100 -1.05947800
C -3.24942200 -0.88611500 -1.08760100
C -3.12993800 -1.80752800 -0.02788900
C -2.23001300 -1.57409600 1.03400400
C -1.46595500 -0.37636400 1.01030600
C -2.06915700 -2.55173600 2.09114500
H -1.32391300 -2.32559500 2.86796400
C -4.16285500 -1.13900700 -2.18633000
H -4.74878200 -2.06813800 -2.14000200
0 -2.71115200 -3.60195200 2.14990100
0 -4.30313800 -0.37530400 -3.14216000
0 -0.64935500 -0.16659100 2.05419400
C -1.42787900 2.88845000 0.93755300
H -1.76272800 2.44473500 1.88303400
H -0.70841600 3.68073900 1.18808800
0 -2.53374200 1.18605900 -2.04473400
H -3.19350300 0.85980600 -2.70868700
0 -3.87928600 -2.90834100 -0.06607200
H -3.66602100 -3.45313200 0.73423300
C 0.61359600 0.58082300 1.93244300

C 0.66691300 1.35081900 0.59186600

C 1.69111600 -0.51401500 2.08057700

H 2.63261400 -0.05389900 2.39874300
H 1.36003200 -1.12335300 2.92989700
C 1.94474900 -1.41887200 0.86340300
H 2.11012100 -2.44159900 1.22916700
H 1.04519400 -1.47804300 0.23365700
C 3.16928000 -1.05675900 0.02206000
H 4.02280000 -0.89328600 0.69923900
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C 3.19643900 0.06729800 -1.05728900
H 2.21756000 0.12626900 -1.55109400
C 3.62598900 -2.06052100 -1.07958200
C 4.11593800 -0.84535200 -1.90315800
H 5.17168300 -0.62798200 -1.70444800
H 3.94986000 -0.87289700 -2.98543000
C 2.45715300 -2.76639200 -1.76661600
H 2.81580300 -3.30128100 -2.65371400
H 1.68293800 -2.06344500 -2.09480800
H 1.98553900 -3.49945800 -1.10158000
C 4.68098700 -3.07173300 -0.65457200
H 4.26858100 -3.78852000 0.06702400
H 5.53791000 -2.57402900 -0.18729400
H 5.04811500 -3.64147600 -1.51679500
C 3.67049600 1.45829400 -0.70662500
C 4.53272100 2.09792700 -1.50361800
H 4.91715800 1.64195200 -2.41237900
H 4.88005300 3.10240900 -1.27512600
C 1.67729100 2.50657900 0.55849300

H 1.48223500 3.08603500 -0.35432300
H 1.49338000 3.19007600 1.39517100

C 3.16882300 2.12441000 0.55861000

H 3.74698400 3.04335700 0.70616300

H 3.39476500 1.48459900 1.42003800

H 1.64542200 1.92548400 3.27821300

C 0.65765800 1.46669400 3.17454100

H -0.09050800 2.26031700 3.14433500
H 0.47384400 0.85044900 4.05987000

H -0.57686000 2.19639700 -0.91544800
H 0.97808300 0.62652200 -0.16238700
C -2.63425200 3.52652700 0.23963000
H -3.14127500 4.17644100 0.96314000
H -3.35659800 2.74705900 -0.03369700
C -2.26535000 4.34431100 -0.99750300
H -1.51172700 5.10284700 -0.75263800
H -3.14261800 4.86215100 -1.39747900
H -1.86953100 3.71100800 -1.79636100
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2.59 Littordial A — f
Emos-2x/6-31+G(ay): -1426.089845
TCGMos-2x/6-31+G@dy): 0.53431
Emo6-2x/6-311+Gd,py): -1426.45846
EMo6-2x/6-311+G(d,p), smd=HFIP): -1426.480299
Imaginary frequencies: none

C -1.55617400 0.52715000 0.04260000
C -0.79301300 1.82280600 0.12497100
C -2.43900600 0.20540300 -0.99547800
C -3.15407800 -1.02198600 -1.02246500
C -2.94805500 -1.94542900 0.02195900
C -2.03975800 -1.66513200 1.06482700
C -1.35578900 -0.41871500 1.04305000
C -1.78551100 -2.64663700 2.10068500
H -1.03514800 -2.38519000 2.86090700
C -4.07141100 -1.32347400 -2.10528200
H -4.59364900 -2.28979000 -2.05782400
0 -2.35574500 -3.73775500 2.15772900
0 -4.28159500 -0.56105200 -3.04947100
0 -0.52138500 -0.19016100 2.07036000
C -1.56359600 2.86007900 0.96532900
H -1.91315300 2.38067300 1.88730400
H -0.89136900 3.67682300 1.26337600
0 -2.59547800 1.10091300 -1.97083300
H -3.24572200 0.73718300 -2.62487300
0 -3.62318800 -3.09303000 -0.01403800
H -3.35332400 -3.63286200 0.77268100
C 0.63057400 0.71119500 1.96246900

C 0.62351900 1.44395000 0.61324200

C 1.86378800 -0.20111900 2.07967500

H 2.75448600 0.44067100 2.11651900

H 1.79878700 -0.69310200 3.05703700
C 2.03059200 -1.25575000 0.96582700
H 2.24306000 -2.22829500 1.43003600
H 1.08676000 -1.39530100 0.42005300
C 3.16684600 -0.96428600 -0.00939600
H 4.07260700 -0.72658300 0.56935200
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C 3.07274700 0.09983900 -1.15048600
H 2.06769400 0.08546900 -1.58760600
C 3.55840000 -2.02336400 -1.07832700
C 3.97024300 -0.84183900 -1.99236600
H 5.03253400 -0.60285200 -1.87823900
H 3.73540500 -0.91932000 -3.05929100
C 2.35402600 -2.77935800 -1.63903600
H 2.65278100 -3.36064900 -2.51911600
H 1.54568000 -2.10562800 -1.94562200
H 1.94470600 -3.47785800 -0.89937500
C 4.65692700 -2.99666300 -0.67635200
H 4.30761300 -3.68164400 0.10669600
H 5.53451500 -2.46348300 -0.29344900
H 4.97588400 -3.60425900 -1.53191700
C 3.48660900 1.53097500 -0.88378100
C 4.76582200 1.86079500 -0.67560300
H 5.56616500 1.12546600 -0.69525000
H 5.05835400 2.88815800 -0.47328900
C 1.64183100 2.59514000 0.52579000

H 2.38127800 2.53800300 1.33247700

H 1.12737200 3.55563200 0.64985400

C 2.41230700 2.60026400 -0.80927700
H 1.70159900 2.47731200 -1.63931400
H 2.88400600 3.58000800 -0.93933200
H 1.47112600 2.19494100 3.30107600

C 0.55518100 1.60737500 3.19627700

H -0.29142900 2.29278900 3.16032100
H 0.45164600 0.97987500 4.08668100

H -0.67528100 2.22013100 -0.89104400
H 0.93907000 0.69104200 -0.11185600

C -2.77412300 3.46190200 0.24226700
H -3.31753100 4.09031400 0.95830000
H -3.46334300 2.66065400 -0.05152500
C -2.40644800 4.29823800 -0.98270500
H -1.66903700 5.06807000 -0.72335300
H -3.28844400 4.80429000 -1.38725400
H -1.99127600 3.67985200 -1.78359900
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2.60 Littordial B — a
Emos-2x/6-31+G(ay): -1426.087814
TCGmMmos-2x/6-31+G(dy): 0.534646
Emo6-2x/6-311+G(d,py): -1426.455989
EMo6-2x/6-311+G(d,p), smd=HFIP): -1426.477299
Imaginary frequencies: none

C 1.82085600 0.31592200 -0.10276300
C 0.87782200 1.49261000 -0.22291700
C 3.08921700 0.35641400 -0.70593300
C 3.99157200 -0.73676400 -0.67243700
C 3.59222300 -1.91526700 -0.01067400
C 2.32935300 -1.99556800 0.60756400
C 1.46753400 -0.86216700 0.54546200
C 1.93174700 -3.20475800 1.30078400
H 0.94131200 -3.20558700 1.77784600
C 5.28962000 -0.64962400 -1.31319600
H 5.93507600 -1.53718100 -1.24821900
0 2.64276700 -4.20895200 1.37679300
0 5.68590400 0.35166000 -1.91157800
0 0.27783300 -1.02310100 1.14279000
0 3.42046400 1.48258000 -1.33526300
H 4.33001100 1.36963000 -1.71594700
0 4.44317000 -2.93892300 0.01432500
H 4.01519100 -3.68053000 0.51549200
C -0.55977800 0.13796000 1.39960800
C -0.55938100 1.02822300 0.13450200
C -1.91785400 -0.48080000 1.76871600
H -1.77170300 -0.96777200 2.74033300
H -2.63396600 0.33384300 1.93995300
C -2.51919100 -1.52269400 0.80894300
H -1.74077800 -2.22765500 0.49085300
H -3.24958800 -2.10418200 1.38641400
C -3.22941800 -0.91899400 -0.38887000
H -2.50620800 -0.46730600 -1.07546700
C -4.35379600 0.10297800 -0.12513200
H -4.95338200 -0.23006500 0.73204900
C -4.21336800 -1.72735200 -1.28832900
C -5.02182000 -0.40850200 -1.43008000
H -4.68787400 0.17087800 -2.29970400
H -6.11505500 -0.47241300 -1.43927600
C -4.99830200 -2.79736300 -0.53320400
H -5.80372400 -3.18754900 -1.16631900
H -5.45601500 -2.41039200 0.38388500
H -4.35125500 -3.63857600 -0.25700900
C -3.61976800 -2.30749900 -2.56392500
H -2.92413000 -3.12475900 -2.33574400
H -3.07121600 -1.54324300 -3.12643400
H -4.40491700 -2.70835000 -3.21638700
C -4.03949100 1.56317500 0.04453800
C -4.80192100 2.33876200 0.82334100
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-5.64346100 1.93244400 1.37951300
-4.61275700 3.40507900 0.92804600
C -1.53913700 2.22744200 0.17431900
H -1.81681800 2.47372200 1.20699800
H -0.99406400 3.10055600 -0.19535900
C -2.83954400 2.15214000 -0.66908300
H -3.09479700 3.17982700 -0.94898900
H -2.63883000 1.62249900 -1.60976100
C 1.39234600 2.76374100 0.51745600
H 2.33895600 2.53399000 1.02342300
H 0.69008500 3.05859600 1.30660100
C 1.61728400 3.96327300 -0.40596500
H 2.32268500 3.67576900 -1.19260600
H 0.67640700 4.22413500 -0.91002500
C 2.14305900 5.17887400 0.35355900
H 3.09984900 4.95110300 0.83661500
H 1.44096700 5.49011900 1.13586100
H 2.30037500 6.03135400 -0.31423700
H 0.84623800 1.75634000 -1.29058900
H -0.55286100 1.72131100 2.89849800
C 0.02361700 0.82936600 2.63522300
H 1.06383200 1.12461400 2.47764600
H -0.00825000 0.13897800 3.48276700
H -0.85131000 0.36350600 -0.68629800

IT

2.60 Littordial B —

Emos-2x/6-31+G(ay): -1426.092068
TCGmmos-2x/6-31+G(dy): 0.534246
Emo6-2x/6-311+G(d,py): -1426.46053
EMo6-2x/6-311+G(d,p), smd=HFIP): -1426.483029
Imaginary frequencies: none

C -1.64561300 0.38414100 0.08910100

C -0.76543000 1.57917900 -0.15852300
C -2.51779700 0.25148600 1.17678000

C -3.35632800 -0.88668100 1.32504400
C -3.29586500 -1.90592700 0.35326100
C -2.41136800 -1.80703100 -0.74224400
C -1.60108500 -0.64630700 -0.83849500
C -2.31797700 -2.87704300 -1.71524800
H -1.58473500 -2.74887400 -2.52510300
C -4.26128000 -0.99935100 2.45477700
H -4.88125600 -1.90598100 2.50445600
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0 -3.00388900 -3.89953000 -1.66876300
0 -4.35870700 -0.14370600 3.33455200
0 -0.80209100 -0.54105900 -1.91715100
0 -2.55222700 1.24158800 2.06702600
H -3.21252000 1.00751700 2.76723300
0 -4.08791300 -2.96677400 0.50587400
H -3.91660700 -3.58830500 -0.24671200
C 0.53803000 0.04240100 -1.77406600
C 0.61394800 1.02101900 -0.57965500
C 1.44661400 -1.17943600 -1.54922100
H 1.00835700 -1.76049400 -0.72448700
H 1.35748700 -1.80205900 -2.44856200
C 2.94262300 -0.96553800 -1.24475600
H 3.43149100 -1.90734000 -1.52852900
H 3.38034500 -0.20957900 -1.91121700
C 3.34456700 -0.70448700 0.21428600
H 2.57910000 -1.12195700 0.88606000
C 3.76429800 0.68995900 0.80235400
H 4.29677800 1.25296800 0.02311900
C 4.72621100 -1.25571700 0.68562900
C 4.79711100 -0.06356500 1.66768900
H 4.38904900 -0.33799800 2.64547700
H 5.76928100 0.41965600 1.81165000
C 5.81538900 -1.15574700 -0.38297900
H 6.79660200 -1.33088100 0.07349800
H 5.84186500 -0.16853100 -0.85788900
H 5.67986400 -1.90482600 -1.17154100
C 4.70429200 -2.65184100 1.28969400
H 4.45488200 -3.40296100 0.52885300
H 3.96043300 -2.72265600 2.09101200
H 5.68279900 -2.91565700 1.70910900
C 2.74199300 1.59642400 1.44437500
C 2.31997800 1.44908100 2.70344100
H 2.71308600 0.68423000 3.36674500
H 1.55345000 2.10036200 3.11595700
C 1.68367800 2.10215900 -0.78002600
H 1.31517400 2.90605400 -1.42614000
H 2.54487600 1.67456700 -1.30288700
C 2.18215300 2.67989500 0.55028700
H 2.97373200 3.41132100 0.33469100
H 1.38346200 3.22195000 1.06954200
C -1.42772100 2.54960400 -1.15383500
H -1.66511600 2.01708600 -2.08491600
H -0.72311100 3.35077000 -1.41457400
C -2.70485800 3.18726100 -0.60477300
H -3.43907800 2.40353400 -0.38012300
H -2.48227200 3.68007600 0.35030700
C -3.31069800 4.19087900 -1.58374300
H -3.56137300 3.70784000 -2.53501300
H -2.60826700 5.00427900 -1.79871100
H -4.22635200 4.63661600 -1.18355000
H -0.63049200 2.10829600 0.79321800
H 1.84419000 0.93888600 -3.26314300
C 0.79030300 0.67783600 -3.13730300
H 0.19209900 1.58194100 -3.27669100
H 0.52117000 -0.03997700 -3.91782000
H 0.92920800 0.42006400 0.28327600
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2.66 Littordial F — «
Emos-2x/6-31+G(ay): -1426.089128
TCGMos-2x/6-31+G(dy): 0.534153
Emo6-2x/6-311+Gd,py): -1426.457787
EMo6-2x/6-311+G(d,p), smd=HFIP): -1426.479869
Imaginary frequencies: none

C -2.12727700 0.31903900 -0.40886800
C -0.97649900 1.27877800 -0.64479400
C -3.44994400 0.65907200 -0.74588100
C -4.55844100 -0.16990500 -0.43395300
C -4.32029800 -1.39665700 0.21708500
C -3.00508100 -1.80309800 0.51298000
C -1.93185400 -0.93386500 0.16626900
C -2.76081400 -3.09212200 1.13005300
H -1.71299600 -3.36936700 1.31200900
C -5.90904600 0.23098400 -0.77994800
H -6.71716300 -0.45908400 -0.49849500
0 -3.66011300 -3.87107400 1.45227300
0 -6.17925900 1.28375100 -1.35969300
0 -0.70405400 -1.41699700 0.42656300
C -1.23399500 2.68278500 -0.04070900
H -0.27108500 3.21032700 0.00435000
H -1.87273800 3.26286300 -0.71161300
0 -3.64109700 1.81679000 -1.37486600
H -4.61355600 1.92538600 -1.54062300
0 -5.36777300 -2.16095400 0.51876800
H -5.02901600 -2.98805500 0.94938500
C 0.42649400 -0.81390800 -0.27019500
C 0.32206400 0.70167700 -0.05050700
C 1.62820600 -1.47983900 0.43522000
H 1.74654900 -1.02565500 1.42719100
H 1.28724700 -2.50427900 0.62110100
C 2.99701000 -1.56810300 -0.28832800
H 2.88146300 -1.42318500 -1.36958700
H 3.33565100 -2.60683500 -0.17917400
C 4.15006000 -0.69674900 0.22177700
H 4.07406600 -0.58629900 1.31436900
C 4.51823900 0.68490000 -0.39449900
H 4.27792600 0.66719800 -1.46722400
C 5.60562600 -1.16444600 -0.10341700
C 6.00731700 0.32815800 -0.19871900
H 6.37713600 0.70770400 0.76084000
H 6.70902500 0.60711900 -0.99195300
C 5.73184700 -1.85431400 -1.46217500
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H 6.79100900 -1.96247300 -1.72342800
H 5.25062000 -1.28234300 -2.26354200
H 5.28877500 -2.85680700 -1.45014300
C 6.28467100 -1.99402400 0.97647500
H 5.79965300 -2.97341100 1.07933600
H 6.23883300 -1.48944000 1.94778700
H 7.33984200 -2.16865100 0.73357900
C 3.95915200 1.93938500 0.22275000
C 4.70430800 3.02769600 0.42847800
H 5.75979100 3.05221600 0.16833700
H 4.28258500 3.92982100 0.86427900
C 1.58264300 1.43525400 -0.53867100
H 2.13050000 0.78837700 -1.23082100
H 1.31422400 2.32198900 -1.12412900
C 2.50892100 1.85211200 0.61661400
H 2.16316900 2.79756800 1.05261300
H 2.43061700 1.10003000 1.41381900
H -0.83924700 1.40410300 -1.73029800
C -1.85678900 2.68359900 1.35667500
H -1.31769000 1.99224300 2.01848400
H -2.88729800 2.31276300 1.30000800
C -1.85490700 4.08269500 1.97041300
H -0.83186500 4.45689000 2.09183000
H -2.39348300 4.78906700 1.32885000
H 1.05537600 -0.69912900 -2.35759600
C 0.32647700 -1.22945700 -1.73935900
H 0.50913900 -2.30445400 -1.83702000
H -0.66702200 -1.01135400 -2.14025900
H 0.25407800 0.82510400 1.04082000
H -2.33429600 4.09004100 2.95395400

~/

2.66 Littordial F-— /)’
Emos-2x/6-31+G(d)): -1426.091118
TCGMos-2x/6-31+G(dy): 0.533955
Emo6-2x/6-311+G(d,py): -1426.459633
EMo6-2x/6-311+G(d,p), smd=HFIP): -1426.481796
Imaginary frequencies: none

C -1.85863000 0.37162300 -0.17516000
C -0.58329500 1.17428600 -0.14315700
C -3.08955700 0.89102100 -0.60261300
C -4.29599600 0.14930700 -0.48005000
C -4.24680500 -1.14380000 0.07823800
C -3.01606700 -1.70661700 0.47902000
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C -1.84833200 -0.91982300 0.32635100
C -2.95351500 -3.06109400 0.99247500
H -1.95697200 -3.44800800 1.25191500
C -5.56161400 0.71289900 -0.91665500
H -6.45491300 0.08594900 -0.78352800
0 -3.94545500 -3.77569700 1.14256600
0 -5.67013100 1.83275100 -1.41576500
0 -0.66719500 -1.46935900 0.68172400
C -0.43867300 1.90218400 1.21126300
H -0.35877400 1.14457200 2.00574500
H 0.52138700 2.43892700 1.19848900
0 -3.09894800 2.11838100 -1.11908300
H -4.03044000 2.34592400 -1.36755000
0 -5.38738200 -1.82272900 0.19579700
H-5.17751700 -2.71096100 0.58145700
C 0.42701300 -1.22590500 -0.26406300
C 0.67551900 0.29238900 -0.39783800
C 1.60148500 -1.93726500 0.41584300
H 1.63544100 -1.58170100 1.45411800
H 1.33660900 -3.00104500 0.46213000
C 3.00804500 -1.80734800 -0.19882400
H 2.97879100 -1.91976400 -1.29128600
H 3.56101300 -2.68617400 0.15907000
C 3.85360200 -0.58931500 0.19970000
H 3.51846500 -0.21421800 1.17863500
C 4.12384000 0.66407100 -0.70745000
H 4.17246900 0.33610800 -1.75510900
C 5.39870400 -0.79180900 0.28211800
C 5.55342600 0.69131200 -0.12533300
H 5.62397200 1.33250700 0.75872800
H 6.36447400 0.94745400 -0.81523800
C 5.94728400 -1.72126400 -0.80111800
H 7.03957000 -1.63635800 -0.84034000
H 5.55951600 -1.47416600 -1.79576800
H 5.70488700 -2.77036400 -0.59661600
C 5.93596700 -1.19558400 1.64703300
H 5.60254800 -2.20667700 1.91490400
H 5.58887900 -0.50775100 2.42608000
H 7.03276000 -1.19410400 1.65536600
C 3.23982800 1.88404500 -0.62028700
C 3.40216200 2.83895100 0.30023400
H 4.20412900 2.81869200 1.03191800
H 2.72743200 3.69047500 0.34603100
C 1.33678800 0.65697500 -1.73443600
H 2.02411100 -0.13281300 -2.05298200
H 0.57192500 0.73235700 -2.51796300
C 2.12737300 1.96619600 -1.64313800
H 2.56526500 2.17925400 -2.62858500
H 1.46359400 2.80650500 -1.40396900
H -0.64686700 1.93914600 -0.92704300
C -1.55608000 2.88539400 1.54911500
H -2.51339900 2.35324000 1.61695600
H -1.66437400 3.60956900 0.73201700
C -1.28672400 3.61547000 2.86415800
H -1.19933400 2.90628800 3.69513300
H -0.35105000 4.18386700 2.81333400
H 0.88524900 -1.98871900 -2.25530100
C 0.03702000 -1.92348200 -1.56968000
H -0.29522300 -2.94209400 -1.34381700
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H -0.77350000 -1.40014000 -2.08641500
H 1.38808400 0.54433800 0.39832300
H -2.09194500 4.31619600 3.10477000

Unobserved diastereomer 2.69 Littoridal Z — «
Emos-2x/6-31+G(ay): -1426.055952

TCGmmos-2x/6-31+G(dy): 0.535309

Emo6-2x/6-311+G(d,py): -1426.45999

EMo6-2x/6-311+G(d,p), sma=HFIP): -1426.481311

Imaginary frequencies: none

C -3.13620000 0.73850000 -0.11300000
C -2.51980000 -1.98870000 0.00970000
C -1.83760000 0.37150000 0.28340000
C -4.11970000 -0.21340000 -0.48680000
C -3.79110000 -1.58160000 -0.43810000
C -1.57890000 -0.98980000 0.38340000
C -5.43950000 0.21540000 -0.90570000
H -6.14730000 -0.57740000 -1.18880000
C -2.20720000 -3.39920000 0.11500000
H -1.21170000 -3.66090000 0.50240000
0 -4.71370000 -2.46620000 -0.80290000
H -4.31900000 -3.37060000 -0.68660000
0 -3.42870000 2.03500000 -0.13420000
H -4.37100000 2.12890000 -0.43860000
0 -0.40570000 -1.45720000 0.83660000
C -0.78250000 1.41260000 0.59640000
H -1.09880000 1.95250000 1.50340000
C 0.58940000 0.75170000 0.88800000

C 0.43850000 -0.58270000 1.63630000
0 -2.99050000 -4.29460000 -0.20230000
0 -5.79050000 1.39390000 -0.95590000
C 1.72290000 -1.41350000 1.76640000
H 2.41140000 -0.90870000 2.45100000
H 1.41580000 -2.33390000 2.27660000
C -0.22310000 -0.43490000 3.00690000
H -1.16170000 0.12350000 2.94510000
H 0.44120000 0.08120000 3.70480000

C 3.00460000 1.67150000 1.51150000

H 3.42290000 2.52820000 2.05140000

C 3.55290000 1.67740000 0.10300000

C 3.50050000 0.39690000 -0.69580000
H 2.60250000 0.38380000 -1.32760000
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C 3.63220000 -0.97060000 0.02310000
C 4.72370000 0.00760000 -1.56040000
H 5.64800000 0.39110000 -1.11530000
H 4.70080000 0.26750000 -2.62340000
C 4.47760000 -1.47540000 -1.18870000
C 5.70050000 -2.30810000 -0.83470000
H 6.32600000 -1.79420000 -0.09710000
H 6.31350000 -2.50400000 -1.72200000
H 5.40450000 -3.27670000 -0.41360000
C 3.64110000 -2.18240000 -2.25400000
H 2.76250000 -1.59670000 -2.54530000
H 3.29270000 -3.16090000 -1.90490000
H 4.24520000 -2.34350000 -3.15370000
C 4.08210000 2.78370000 -0.42180000
H 4.13440000 3.71250000 0.14020000

H 4.48370000 2.79790000 -1.43190000
C 2.42200000 -1.79680000 0.44670000
H 1.67870000 -1.81310000 -0.35990000
H 4.31620000 -0.85600000 0.87730000
C -0.62190000 2.46560000 -0.54090000
H 0.41460000 2.44060000 -0.90730000
H -1.25200000 2.18910000 -1.39260000
C -0.95710000 3.89890000 -0.12750000
H -0.30230000 4.20700000 0.69860000
H -1.98070000 3.92670000 0.25770000
C -0.80620000 4.87550000 -1.29030000
H 0.21660000 4.86470000 -1.68280000
H -1.48080000 4.60750000 -2.11030000
H -0.43980000 -1.42680000 3.41310000
H 2.76940000 -2.83370000 0.54630000
C 1.47430000 1.79630000 1.59310000

H 1.23070000 2.77110000 1.15750000

H 1.17550000 1.86180000 2.64720000

H 1.02390000 0.49840000 -0.08590000
H 3.35710000 0.77990000 2.03830000

H -1.03880000 5.90000000 -0.98630000

Unobserved diastereomer 2.69 Littoridal Z — f
Emos-2x/6-31+G(ay): -1426.058801

TCGMos-2x/6-31+G(dy): 0.53523

Emo6-2x/6-311+G(d,py): -1426.462887

EMo6-2x/6-311+G(d,p), smd=HFIP): -1426.483839
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Imaginary frequencies: none

C 3.20480000 -0.92600000 0.07880000
C 2.57530000 1.80180000 0.12020000

C 1.89460000 -0.55660000 0.43990000
C 4.18780000 0.02230000 -0.30840000
C 3.85290000 1.38980000 -0.30150000
C 1.63280000 0.80820000 0.50570000

C 5.51810000 -0.40730000 -0.69110000
H 6.22340000 0.38310000 -0.98630000
C 2.25510000 3.21330000 0.18430000

H 1.25370000 3.48110000 0.55110000

0 4.77610000 2.26850000 -0.67800000
H 4.37590000 3.17390000 -0.59000000
0 3.51700000 -2.21750000 0.10610000
H 4.46620000 -2.30690000 -0.17960000
0 0.45820000 1.29120000 0.93640000
C 0.82950000 -1.58570000 0.77020000
H 1.10910000 -2.06780000 1.71920000
C -0.55270000 -0.91970000 0.97340000
C -0.42690000 0.43040000 1.69780000
0 3.03920000 4.10320000 -0.14700000
0 5.88140000 -1.58340000 -0.69890000
C -1.73740000 1.22680000 1.73000000
H -2.49650000 0.62810000 2.24730000
H -1.55640000 2.10360000 2.36110000
C 0.15990000 0.29300000 3.10210000

H 1.14140000 -0.18950000 3.07620000
H -0.49850000 -0.30110000 3.74180000
C -2.66090000 -2.48000000 0.81230000
H -2.25370000 -2.81010000 -0.15330000
C -3.81140000 -1.52750000 0.57390000
C -3.63150000 -0.45480000 -0.47110000
H -2.74630000 -0.68010000 -1.07770000
C -3.58470000 1.03450000 -0.03250000
C -4.78770000 -0.06030000 -1.42400000
H -5.76250000 -0.18780000 -0.94200000
H -4.80950000 -0.54190000 -2.40650000
C -4.31180000 1.41410000 -1.35370000
C -5.38980000 2.48050000 -1.23540000
H -6.09750000 2.23650000 -0.43570000
H -5.95400000 2.57570000 -2.17040000
H -4.94880000 3.45930000 -1.01090000
C -3.34800000 1.75070000 -2.49010000
H -2.57000000 0.98900000 -2.61320000
H -2.85100000 2.71150000 -2.31400000
H -3.89380000 1.82350000 -3.43730000
C -4.92760000 -1.62030000 1.29930000
H -5.04830000 -2.38790000 2.05870000
H -5.76190000 -0.93630000 1.16480000
C -2.26460000 1.68040000 0.34980000
H -1.51350000 1.48140000 -0.42390000
H -4.30310000 1.15510000 0.79180000
C 0.71440000 -2.71210000 -0.28260000
H 1.58120000 -3.37110000 -0.20750000
H -0.15820000 -3.32510000 -0.02340000
C 0.58490000 -2.23800000 -1.72990000
H 1.50370000 -1.71730000 -2.02540000
H -0.22730000 -1.50460000 -1.82810000

178



C 0.32820000 -3.40510000 -2.68050000
H 1.13360000 -4.14390000 -2.61400000
H -0.60970000 -3.91390000 -2.43120000
H 0.27630000 1.28290000 3.55140000

H -2.39760000 2.76950000 0.35730000

C -1.52430000 -1.89860000 1.67930000
H -0.93870000 -2.73670000 2.07660000
H -1.99080000 -1.42670000 2.55100000
H -0.94590000 -0.67850000 -0.02130000
H -3.04440000 -3.37290000 1.31760000
H 0.26310000 -3.07080000 -3.71960000

2.61 Littoridial C — «
Emos-2x/6-31+G(ay): -1504.637837
TCGMos-2x/6-31+G(dy): 0.589259
Emos-2x/6-311+G@d,py): -1505.062961
EMo6-2x/6-311+G(d,p), sma=HFIP): -1505.086141
Imaginary frequencies: none

C 2.72398800 -1.06764800 -0.68279100
C 1.20279800 -3.03698100 0.59571200
C 1.51087700 -0.68515900 -0.08676700
C 3.20187200 -2.40197800 -0.65850300
C 2.42318700 -3.38418600 -0.01566400
C 0.77407600 -1.68059700 0.54260200
C 4.45864300 -2.74625300 -1.29278400
H 4.76674300 -3.80059400 -1.23602200
C 0.41981600 -4.04993500 1.27314200
H -0.51502500 -3.72044600 1.74972400
0 2.87530200 -4.63397100 0.00143400
H 2.20933900 -5.18330900 0.49368500
0 3.42449200 -0.11644100 -1.29392100
H 4.24412100 -0.53784400 -1.66709000
0 -0.40600900 -1.43749900 1.13145100
C 1.02009900 0.74067400 -0.20060100
H 1.08830700 1.00696300 -1.26508700
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C -0.49248400 0.78730900 0.14640000
H -0.98782900 0.27103200 -0.68317400
C -0.80264600 -0.06579000 1.39924000
0 0.75009300 -5.23443200 1.33859200
0 5.17320000 -1.93100200 -1.87543200
C -0.02744100 0.37555400 2.64358100
H -0.27249000 1.40547200 2.91844200
H 1.05159500 0.30601500 2.48724200

H -0.29203200 -0.27465300 3.48159800
C -2.29192100 -0.19490300 1.75761600
H -2.69324900 0.81032000 1.93946400
H -2.32319100 -0.71686600 2.72099800
C -1.00472900 2.24809100 0.20174400
H -0.19762400 2.88500900 -0.17093500
H -1.17238100 2.56586700 1.23826600
C -2.26086900 2.62746200 -0.62478300
H -2.15971300 3.68653800 -0.88332600
H -2.25491900 2.08107800 -1.57650700
C -3.58272400 2.45767900 0.09585900
C -4.37808500 1.20097400 -0.11744100
H -5.06276000 1.06909000 0.72966000
C -3.66267500 -0.13389200 -0.40465400
C -5.16763100 0.97427500 -1.43410000
H -4.64632300 1.41893500 -2.29003500
H -6.21610200 1.28699000 -1.45072500
C -4.85764400 -0.54349700 -1.31793700
C -4.49138000 -1.26872100 -2.60409000
H -3.71312500 -0.72721800 -3.15300700
H -5.36241900 -1.36757500 -3.26196500
H -4.11676600 -2.27702900 -2.39126100
C -5.96218700 -1.29511000 -0.57969700
H -6.26297600 -0.79178800 0.34534100
H -5.64001100 -2.31009700 -0.32043600
H -6.85004900 -1.37758900 -1.21629500
C -4.01814900 3.40931800 0.92500000
H -3.46936600 4.33715700 1.06806700
H -4.94177500 3.29545000 1.48618800
C -3.19922300 -0.96191300 0.77944000
H -2.69417600 -1.87687600 0.44780200
H -2.82773200 0.06453600 -1.08430000
H -4.08381800 -1.28071500 1.34509400
C 1.92735700 1.75825900 0.55483500
H 1.36006100 2.26585900 1.34379700

H 2.73686100 1.21841700 1.06112000

C 2.54905900 2.81696200 -0.35749100
H 1.75556000 3.38547200 -0.86436400
H 3.12003500 2.31343800 -1.14573000
C 3.45328800 3.78667100 0.39897700

H 4.25136900 3.22161100 0.90065700

H 2.87928600 4.28027800 1.19650400
C 4.07920900 4.84929600 -0.50242900
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H 3.28147200 5.41241100 -1.00401400
H 4.65219100 4.35436200 -1.29674800
C 4.98408800 5.81045400 0.26409400
H 4.42368200 6.33482100 1.04549000
H 5.80347100 5.27035200 0.75005400
H 5.42370000 6.56339500 -0.39623400

3 r°

2.61 Littoridial C —
Emos-2x/6-31+G(d)): -1504.641707
TCGmMmos-2x/6-31+G(dy): 0.588419
Emo6-2x/6-311+G@d,py): -1505.067514
EMo6-2x/6-311+G(d,p), smd=HFIP): -1505.091867
Imaginary frequencies: none

C 2.01497300 0.90328500 1.29467800
C 1.44755200 2.54152100 -0.92309800

C 1.28000300 0.37130900 0.22828900
C 2.48608600 2.24378100 1.27531100

C 2.20030300 3.05116000 0.15667100

C 1.00672600 1.19653900 -0.85132000
C 3.25526500 2.76840800 2.38810300

H 3.59037900 3.81296800 2.30632700
C 1.11691300 3.38959400 -2.04961900
H 0.50016700 2.93875900 -2.84177900
0 2.64801200 4.30401400 0.15217800

H 2.34783600 4.72395300 -0.69560700
0 2.27801700 0.10637300 2.32644800
H 2.80555800 0.62898300 2.98433800
0 0.34102200 0.70874100 -1.91582400
C 0.78488000 -1.04760200 0.15931200
H 0.74287300 -1.44579400 1.18064700
C -0.66547800 -0.97600700 -0.37297900
H -1.19180800 -0.36905600 0.37490200
C -0.78679700 -0.20533900 -1.70766500
0 1.48116900 4.56080200 -2.15041100
0 3.53899900 2.11206500 3.38871600

C -0.75947600 -1.08255900 -2.95487800
H -1.68670600 -1.65098600 -3.05889400
H 0.07630000 -1.78604600 -2.93225700
H -0.65050300 -0.44205700 -3.83437700
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C -2.01409600 0.72331400 -1.70417000
H -2.03379100 1.21268700 -2.68576300
H -1.81663600 1.51476500 -0.96704600
C -1.37411000 -2.33573800 -0.41809400
H -0.74925400 -3.08792400 -0.91037400
H -2.27923900 -2.25864800 -1.02845300
C -1.78799500 -2.82169000 0.97583900
H -2.32009600 -3.77646100 0.86489000
H -0.90980500 -3.01876800 1.60056500
C -2.69616600 -1.82294000 1.65548100
C -3.88363500 -1.36776800 0.84266800
H -4.17064700 -2.17041300 0.14998300
C -3.83464300 -0.01504000 0.04879500
C -5.15190200 -0.83297300 1.54055300
H -4.91399900 -0.30817500 2.47056000
H -5.95353700 -1.55223800 1.73419600
C -5.34866600 0.16777600 0.37854400

C -5.77574000 1.58102600 0.74350300

H -5.14982500 1.98633000 1.54558200

H -6.81837600 1.60351900 1.08084600

H -5.69205100 2.24976000 -0.12222200
C -6.27327200 -0.40772600 -0.69398600
H -5.98021200 -1.41961100 -0.99429900
H -6.28849000 0.21881300 -1.59250200
H -7.29792600 -0.45892900 -0.30948300
C -2.42286100 -1.35527800 2.87400700
H -1.53531600 -1.67822500 3.41108800

H -3.06218700 -0.64116700 3.38377700

C -3.40923400 0.13423900 -1.41883400
H -4.11956100 0.84101200 -1.86788200

H -3.27568600 0.70150700 0.66856800

H -3.56370800 -0.80543900 -1.96625400
C 1.75200900 -1.92378600 -0.65686800
H 1.31807400 -2.92178900 -0.80213300
H 1.88751500 -1.48578100 -1.65466200
C 3.11864600 -2.08024100 0.01012500

H 2.98524400 -2.46626100 1.02973500

H 3.59066200 -1.09492300 0.11819200

C 4.05127100 -3.00252900 -0.77196500
H 4.17423800 -2.61665700 -1.79394700
H 3.58679600 -3.99386500 -0.87313400
C 5.42533200 -3.15483100 -0.12240900
H 5.30031800 -3.53619800 0.89906600

H 5.88940500 -2.16507200 -0.02578800
C 6.34743600 -4.08191600 -0.91006300
H 5.91393300 -5.08418000 -0.99432100
H 6.50646300 -3.70345600 -1.92542100
H 7.32589900 -4.17883700 -0.43111400
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2.65 Littordial E - «
Emos-2x/6-31+G(ay): -1504.676253
TCGMos-2x/6-31+G(dy): 0.587463
Emo6-2x/6-311+Gd,py): -1505.064759
EMo6-2x/6-311+G(d,p), smd=HFIP): -1505.088862
Imaginary frequencies: none

C -1.92325500 -0.36494200 -0.67953800
C -0.84940600 0.59904800 -1.14660900
C -3.25022400 -0.26455700 -1.13509300
C -4.29794400 -1.07782000 -0.63105700
C -3.98963400 -2.04406100 0.34715800
C -2.66204300 -2.21984600 0.78212500
C -1.65113900 -1.38085900 0.23283000
C -2.34058800 -3.25438700 1.74564200
H -1.28407200 -3.36489600 2.02758900
C -5.65750700 -0.92455200 -1.11326100
H -6.41680300 -1.58460400 -0.67025500
0 -3.18492100 -3.99716600 2.25035100
0 -5.98628100 -0.10755000 -1.97465000
0 -0.40188700 -1.64761300 0.65353500
C -1.26014000 2.08330400 -0.97060200
H -0.35014000 2.69410600 -1.04846100
H -1.90840200 2.38789500 -1.79586500
0 -3.50677500 0.64617300 -2.07170500
H -4.47465200 0.60789300 -2.28759900
0 -4.98154000 -2.79299800 0.82427600
H -4.59583200 -3.42945000 1.48034000
C 0.70802800 -1.15587600 -0.15510500
C 0.46079400 0.34232700 -0.37883000
C 1.92346200 -1.47431800 0.74289900
H 1.94884800 -0.74970100 1.56665900
H 1.66372000 -2.43335700 1.20446700
C 3.33152500 -1.62680300 0.11113800
H 3.26204000 -1.80262700 -0.96941100
H 3.75310800 -2.55457400 0.51978700
C 4.37523100 -0.53786500 0.38325100
H 4.23073200 -0.13262400 1.39646400
C 4.65448000 0.64393100 -0.59137700
H 4.47441100 0.30150700 -1.62054100
C 5.88135400 -0.93203000 0.24448000
C 6.15630700 0.50530500 -0.26239400
H 6.43993000 1.17449600 0.55813400
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H 6.87250000 0.61706600 -1.08337800
C 6.14017000 -1.96077300 -0.85682200
H 7.21733100 -2.03389800 -1.04687000
H 5.65578400 -1.68745400 -1.80106600
H 5.78487400 -2.95764900 -0.57148000
C 6.57118300 -1.35227600 1.53401600
H 6.16939700 -2.30634400 1.89918600
H 6.42898200 -0.60185300 2.31939200
H 7.64919100 -1.48223400 1.37929600
C 3.95620700 1.96009600 -0.37299000
C 4.59198200 3.13013500 -0.46685200
H 5.65377400 3.18416200 -0.69486900
H 4.07076600 4.07244300 -0.31855400
C 1.67691500 1.03006600 -1.02205600
H 2.31586600 0.27220600 -1.48583800
H 1.36364800 1.68505800 -1.84308700
C 2.49994500 1.84503600 -0.00962200
H 2.05047800 2.83620000 0.12862400
H 2.44451700 1.34440300 0.96685000
H -0.66581600 0.42943500 -2.21913100
C -1.95662100 2.40848900 0.35197800
H -1.40834400 1.96775800 1.19745700
H -2.95563700 1.95268300 0.36526600
C -2.09317900 3.91396300 0.57542800
H -1.09269400 4.37050800 0.60568400
H -2.61020800 4.36302300 -0.28502100
H 1.43498000 -1.56978200 -2.17167400
C 0.72412700 -1.97546100 -1.44718400
H 1.00666200 -3.01054800 -1.22969500

H -0.26180300 -1.98012300 -1.91966100

H 0.32423900 0.75993700 0.63006600
C -2.84656000 4.26649000 1.85694700
H -2.33517200 3.80822800 2.71420700
H -3.84864600 3.81922800 1.82029700
C -2.96366300 5.77390800 2.07350000
H -3.50744800 6.00770600 2.99397900
H -3.49479300 6.24769400 1.24034500
H -1.97291300 6.23727100 2.14190500
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2.65 Littordial E — S
Emos-2x/6-31+G(ay): -1504.678204
TCGmMmos-2x/6-31+G(dy): 0.587124
Emo6-2x/6-311+G(d,py): -1505.066487
EMo6-2x/6-311+G(d,p), smd=HFIP): -1505.090796
Imaginary frequencies: none

C -1.85863000 0.37162300 -0.17516000
C -0.58329500 1.17428600 -0.14315700
C -3.08955700 0.89102100 -0.60261300
C -4.29599600 0.14930700 -0.48005000
C -4.24680500 -1.14380000 0.07823800
C -3.01606700 -1.70661700 0.47902000
C -1.84833200 -0.91982300 0.32635100
C -2.95351500 -3.06109400 0.99247500
H -1.95697200 -3.44800800 1.25191500
C -5.56161400 0.71289900 -0.91665500
H -6.45491300 0.08594900 -0.78352800
0 -3.94545500 -3.77569700 1.14256600
0 -5.67013100 1.83275100 -1.41576500
0 -0.66719500 -1.46935900 0.68172400
C -0.43867300 1.90218400 1.21126300
H -0.35877400 1.14457200 2.00574500
H 0.52138700 2.43892700 1.19848900
0 -3.09894800 2.11838100 -1.11908300
H -4.03044000 2.34592400 -1.36755000
0 -5.38738200 -1.82272900 0.19579700
H -5.17751700 -2.71096100 0.58145700
C 0.42701300 -1.22590500 -0.26406300
C 0.67551900 0.29238900 -0.39783800
C 1.60148500 -1.93726500 0.41584300
H 1.63544100 -1.58170100 1.45411800
H 1.33660900 -3.00104500 0.46213000
C 3.00804500 -1.80734800 -0.19882400
H 2.97879100 -1.91976400 -1.29128600
H 3.56101300 -2.68617400 0.15907000
C 3.85360200 -0.58931500 0.19970000
H 3.51846500 -0.21421800 1.17863500
C 4.12384000 0.66407100 -0.70745000
H 4.17246900 0.33610800 -1.75510900
C 5.39870400 -0.79180900 0.28211800
C 5.55342600 0.69131200 -0.12533300
H 5.62397200 1.33250700 0.75872800
H 6.36447400 0.94745400 -0.81523800
C 5.94728400 -1.72126400 -0.80111800
H 7.03957000 -1.63635800 -0.84034000
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H 5.55951600 -1.47416600 -1.79576800
H 5.70488700 -2.77036400 -0.59661600
C 5.93596700 -1.19558400 1.64703300
H 5.60254800 -2.20667700 1.91490400
H 5.58887900 -0.50775100 2.42608000
H 7.03276000 -1.19410400 1.65536600
C 3.23982800 1.88404500 -0.62028700
C 3.40216200 2.83895100 0.30023400
H 4.20412900 2.81869200 1.03191800
H 2.72743200 3.69047500 0.34603100
C 1.33678800 0.65697500 -1.73443600
H 2.02411100 -0.13281300 -2.05298200
H 0.57192500 0.73235700 -2.51796300
C 2.12737300 1.96619600 -1.64313800
H 2.56526500 2.17925400 -2.62858500
H 1.46359400 2.80650500 -1.40396900
H -0.64686700 1.93914600 -0.92704300
C -1.55608000 2.88539400 1.54911500
H -2.51339900 2.35324000 1.61695600
H -1.66437400 3.60956900 0.73201700
C -1.28672400 3.61547000 2.86415800
H -1.19933400 2.90628800 3.69513300
H -0.35105000 4.18386700 2.81333400
H 0.88524900 -1.98871900 -2.25530100
C 0.03702000 -1.92348200 -1.56968000
H -0.29522300 -2.94209400 -1.34381700
H -0.77350000 -1.40014000 -2.08641500
H 1.38808400 0.54433800 0.39832300
H -2.09194500 4.31619600 3.10477000

186





