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Abstract

An intensely blue-coloured protecting group forbaatylic acids has been developed. The
protecting group is introduced through a Steglisteefication that couples 6-(2-
hydroxyethyl)azulene (AzulE) and the carboxyliccesubstrate. Deprotection is effected
under basic conditions by the addition of the amadiase DBU, whereupon cleavage occurs,
accompanied by a colour change. A two-step deprotemethodology comprising

activation with oxalyl chloride and deprotectiorthva very mild base was developed for use
with base-sensitive substrates. The AzulE esters feeind to be compatible with other
commonly employed protecting groups — silyl eth®B§@M acetals — by studying their
orthogonal and concomitant deprotections. The l#tabf the new protecting group towards
various synthetic processes — oxidation, reductiorgs-coupling, olefination and treatment
with base — provided the basis of a versatilityfiproThis indicated that AzulE esters are
sensitive to strongly oxidising and basic agentgeatteing compatible with reducing
conditions and selected other reactions. The coanmea of a highly coloured protecting
group for tracking material (and avoiding loss ofmpound) through laboratory processes
warrants further investigation of this and/or rethtpecies.

Keywords

Azulene derivative; 6-(2-hydroxyethyl)azulene; gaitng group; carboxylic acid; basic
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Introduction

Target-oriented synthetic chemistry still relieeowvhelmingly on the use of protecting
groups to temporarily disable unwanted reactivitjuactional groups in complex organic
molecules, despite the ideals of protecting graep-bynthesis? Protecting groups may also
improve handling properties compared to the unptetesubstrate, such as decreased
polarity and increased solubility in organic solishMuch attention is paid to the
orthogonality of different protecting groups to kaxther and compatibility with key
synthetic transformations in order to avoid undssbieactivity’



The protecting groups typically used for carboxgaids are ester-based (Schem@with

the methyl ester being most common (Scheme lakgregtion of the carboxylic acid is
usually achieved by saponification or other hydiiolynethods, although non-basic reagents,
such as lithium halides, are employed if the neeks’ Alternatively, more specialist esters
may be used in cases where the methyl ester defiotection protocol is unsuitableThese
include, but are certainly not limited teyt-butyl esters, deprotected by acid/heat (Scheme
1b), trimethylsilylethyl esters, deprotected wigra-n-butylammonium fluoride (TBAF)
(Scheme 1c), or 3-propionitrile (2-cyanoethyl) esteleprotected by mild base (Scheme®1d).
The last type presents a useful orthogonality [@piin that mild base leads to few other
reactions, including deprotective events. Deprateadf the propionitrile ester is achieved by
elimination through an Eg mechanism beginning with deprotonation of the iaciéntre
adjacent to the nitrile.

Established protecting groups for carboxylic acids:

a O LiOH 0
R)J\OMe Eﬁ R)J\OH
b) © H* o)
R)J\O hgrat R)J\OH
c) O TBAF o)
RJ\O/\/ SiMes R)J\OH
d O mild base O
R)J\O/\/ CN R” “OH

New, coloured AzulE protecting group for carboxylic acids:
e) 0 i O
mild base
R L
O R® OH
1

Scheme 1. Ester-based protecting groups for catiscegids and their typical deprotection
methods

Coloured protecting groups increase reaction efficy by allowing the user to more
effectively track the protected compound throudipedcesses, including chromatography
and workup® Further advantage could be achieved by develapinptecting group that is
colour-indicating for deprotection, orthogonal ther protecting groups, yet easy to
deprotect.

With these principles in mind, we sought to devedagploured ester protecting group for
carboxylic acids. The bicyclic aromatic specieslezd is a non-alternant hydrocarbon,
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whose deep-blue colour arises from a visible-wanggle electronic transition; this is caused
primarily by the geometric dissimilarity betweer tHOMO and LUMO of azulene, which
decreases electronic repulsion in the singlet edataté. Further beneficial features are the
small molecular weight and low polarity of azuleetative to other dye molecules. Despite
these virtues, azulene-based protecting groups ¢ralyebeen sparingly employed
previously: azulen-1-yl-oxoacetates for carbohyehzased alcoholsind guaiazulene-based
esters and carbamates for carbohydrate alcoholglgooconjugate amines, respectivély?

Design of the new protecting group revolved arotiredstabilisation of anionic charges on
centres adjacent to the seven-membered ring oéaeutue to the cyclopentadienyl anion
resonance structure (Figure 1). The consequentyoitthese position$*3should enable
deprotection under basic conditions by aggEhechanism, analogous to the propionitrile
esters described above. This, coupled with theoatsvsymmetry and consequent ease of
spectroscopic analysis in the case of the 6-substitazulene species, led to identification of
6-(2-hydroxyethyl)azulene as an ideal candidatgetterate the so-named AzulE esters
(Schemes 1le and 2).

<—>%

Figure 1. Resonance stabilisation of anionic chatghe 6-methyl(ene) position of 6-
substituted azulenes

Rj\OH ' HO

6-(2-Hydroxyethyl)azulene (2)

|
{0

AzulE ester (1)

Scheme 2. Generation of AzulE estdsffom carboxylic acids and 6-(2-
hydroxyethyl)azulene2)

Results and Discussion

6-(2-Hydroxyethyl)azulene2f'* was prepared from 6-methylazule8}, ftself readily
available through a recent advance involving mi@esvheating? by deprotonation with
lithium diisopropylamide (LDA) followed by additioof paraformaldehyde (Scheme 3). It
was found that cannulation of formaldehyde vapgenerated by cracking of



paraformaldehyde, into a solution of the 6-methylaze anion provided the best yields of 6-
(2-hydroxyethyl)azulene.

1. LDA, THF
! 2. (CH,0), HO !
3 2
73%

Scheme 3. Preparation of 6-(2-hydroxyethyl)azul@ye

Protection of carboxylic acids as the correspon@h{d-hydroxyethyl)azulene (AzulE) esters
was undertaken through Steglich-type esterificatramch has benefits of providing reliably
high yields and being relatively insensitive toand moisture. A range of carboxylic acids
was thus protected to form the corresponding Aadters (Table 1). High yields were
typically obtained from reaction of aromatic (ee&il,2 and 12), heteroaromatic (entry 3),
conjugated olefinic (entries 4-5) and aliphatidijes 6—10) acids with 6-(2-
hydroxyethyl)azulene in the presence of eitig@t’-dicyclohexylcarbodiimide (DCC) d¥-
ethyl-N'-3-(dimethylamino)propylcarbodiimide (EDCI) and dirfethylamino)pyridine
(DMAP) catalyst at ambient temperature. The triobdcetate (entry 11) was instead
prepared by reaction of 6-(2-hydroxyethyl)azulentthe acid chloride.

Table 1. Protection of carboxylic acids as theiukzesters

2
)?\ DC%I\%I:A\EDCI 0
R OH CH,Cl, R%O
1
Entry Carboxylic acid, Product Yield
RCO:H
1° Benzoic acid la 84%
2° 1-Naphthoic acid 1b 83%
3¢ 2-Furoic acid 1c 83%
4 Cinnamic acid 1d 93%
5 Sorbic acid le 72%
6 Acetic acid 1f 59%
7 5-Bromovaleric acid 1g 80%
8 (Benzyloxy)acetic acid 1h 73%
9 Fmoc-Gly-OH 1i 93%
10°  Cyclohexanecarboxylic 1j 77%
acid
11 Trichloroacetic acid 1k 53%
17 Azulene-1-carboxylic 1l 77%
acid




@ Unless stated otherwise, protections of carboyadids were performed with 6-(2-
hydroxyethyl)azulene (1.0-1.25 equiv.), DCC (1.5-4quiv.), DMAP (0.16-0.39 equiv.) in
CHCI; at r.t. for 3-5 hours.

® The reaction took 16 hours to reach completion.

¢ EDCI (1.6-2.2 equiv.) was used in place of DCC.

4 Protection was achieved by reaction of trichlogglcchloride (5 equiv.) with 6-(2-
hydroxyethyl)azulene and pyridine in @El, at r.t. for 3 hours.

® More forcing conditions were required in this ca3®AP (1 equiv.) and heating at reflux
overnight in CHCl,.

The deprotection of AzulE cinnamatkdj with base was studied under a range of conditions
(Table 2). Efficient deprotection was achieveatiygh the use of either TBAF (entry 1) or
the amidine bases 1,8-diazabicyclo[5.4.0Jundece {EBU) (entries 2—4) and 1,5-
diazabicyclo[4.3.0]non-5-ene (DBN) (entry 5) at aemb temperature. The amine base
piperidine did not fully deprotect the AzulE estexder the conditions usually employed for
9-fluorenylmethyloxycarbonyl (Fmot®deprotection (piperidine in DMF at ambient
temperature, entry 8) but, with heating at refluacetonitrile, the deprotection proceeded
with high conversion (entry 14). These results¢ate a potential for orthogonality between
Fmoc-protected amines and AzulE-protected carboxgdids (see also Table 5 results).
Weaker bases did not deprotect the AzulE esteasiefiily (entries 15-23) and a control
experiment in the absence of base (entry 24) |Edysio recovery of the starting materiad,
indicating that no thermally induced backgrouncttieam occurs. 6-Vinylazulenel(** was

the main by-product of most of these deprotecteaction, except with the nucleophilic base
piperidine (entries 8-14) from which the base atl8weas obtained. This demonstrates that
the 6-vinylazulene by-product may be intercepteith wifficiently nucleophilic basées,

which fits with the expected electron demand pattdithe azulene system.

Table 2. Deprotection studies on AzulE cinnamate

base
4

solvent

O time, temperature
/ Q RCOOH  + o
(0] then HCI aq. (10%)
: o vabs
N
5

Entry Basé€ Solvent Reaction Temperature Conversior?
time

1 TBAF THF 20 min r.t. 100%

2 DBU MeCN 3 hours r.t. 100%

3 DBU EtOH 3 hours r.t. Partfal



4 DBU THF 3 hours r.t. 100%
5 DBN MeCN 3 hours r.t. 100%
6 (-)-Sparteine DMF Overnight r.t. 2%
7 (-)-Sparteine  MeCN Overnight r.t. 0%
8 Piperidine DMF Overnight r.t. 70%
9 Piperidine MeCN Overnight r.t. 0%
10 Piperidine EtOH Overnight r.t. 0%
11 Piperidine THF Overnight r.t. 0%
12 Piperidine EtOH Overnight Reflux 28%
13 Piperidine THF Overnight Reflux 18%
14 Piperidine MeCN Overnight Reflux 108%
15 NaOH 1:1 Overnight r.t. 37%
H,O/THF
16 DIPEA MeCN Overnight r.t. 0%
17 NE% DMF Overnight r.t. 0%
18 NEg MeCN Overnight r.t. 0%
19 NEg MeCN Overnight Reflux 11%
20 DABCO MeCN Overnight r.t. 3%
21 DABCO MeCN Overnight Reflux 94%
22 DMAP MeCN Overnight r.t. 0%
23 Morpholine  MeCN Overnight r.t. 0%
24 - MeCN Overnight Reflux 0%

@ Base loading was 3% v/v. Bases are listed inrtagymately) decreasing order of base
strength.

P Conversion was determined by integration of redgignals in théH NMR spectrum of
the reaction mixture. The azulene species produrcte deprotection was 6-vinylazulene
(4), unless otherwise noted.

° RelevantH NMR peaks partially obscured. Conversion estimhaie90% deprotection
according to baseline subtraction of the overlagpeaks.

4 The azulene species formed in the deprotectiontheasorresponding base addsict

Using the effective deprotection conditions of DBlLAcetonitrile, a selection of AzulE
esters were converted to the corresponding carlwoagids in excellent isolated yields
(Table 3). Thus, aromatic (entries 1 and 2), hetenmatic (entry 3), conjugated unsaturated
(entries 4 and 5) and aliphatic carboxylic acidgrfes 7—8) were liberated from their AzulE
esters. The product obtained by deprotection aflB5-bromovaleratelQ) waso-
valerolactone (entry 6), which presumably arisesuiystitutive lactonisation of the
bromocarboxylate that forms upon elimination.



Table 3. Deprotection of AzulE esters

o DBU

MeCN, r.t.
RJ<O ——— RCOOH + 4

HCI aq.

1

Entry AzulE Deprotected acid Reaction Yield®
ester time

1 la Benzoic acid 3 hours 99%
2 1b 1-Naphthoic acid 3 hours 97%
3 1c 2-Furoic acid 4 hours 97%
4 1d Cinnamic acid 8 hours 94%
5 le Sorbic acid overnight 77%
6 1g 5-Bromovaleric acid overnight %
7 1h (Benzyloxy)acetic acid overnight 85%
8 1j Cyclohexanecarboxylic overnight 65%

acid

%lsolated yield.
P The isolated product wasvalerolactone, presumably formed by intramolecular
nucleophilic attack on the bromoalkane by the ceylate revealed in the deprotection.

With careful observation, the colour change thauog during the deprotection can be used
as a visual indicator of reaction progress. Dudlegvage of the protecting group, a subtle
but nonetheless noticeable colour change from oigdigple to blue can be observed. Visible
light spectroscopy reveals a shift framux = 571 nm for AzulE cyclohexanecarboxylalg)(

t0 Amax = 608 nm for 6-vinylazulenel) (Figure 2a). Visually, the change is distincithwthe
starting esters appearing purple while the vinylkeze product is blue (Figure 2b and c).

This enables facile TLC analysis of the reactioogpess with no need for UV light or a stain
to visualise the components (Figure 2d). It i® @sssible to tell from the colour of a
reaction mixture whether the eliminative deprotatiis complete or on-going (Figure 2e).
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Figure 2. Colour change on deprotection. a) Visliglet absorption spectrum of a
deprotection reaction: AzulE cyclohexanecarboxy{ajein acetonitrile (solid line) and after
3 hours of reaction with DBU (dashed line); b) 6h§&iroxyethyl)azulene cinnamatéd] in
acetonitrile before addition of DBU; c) reaction@{2-hydroxyethyl)azulene cinnamadfily
in acetonitrile with DBU after 3 hours; d) TLC pafsilica gel, no stain required) showing
AzulE cinnamate (left band), reaction with DBU icetonitrile after 30 minutes showing
starting material remaining and some 6-vinylazuleéeeeloping (middle band) and after 4
hours showing nearly full conversion (right bare)) AzulE cinnamate in 1:1
acetonitrile:dichloromethane (left, purple), durmegction with DBU: after 40 minutes
(middle, purple-blue) and after 8 hours resultimdull conversion to 6-vinylazulene (right,
blue).



Based on the similarity of AzulE esters to 3-prayidle and related estefsan Elg
mechanism was initially proposed for these elimugatieprotections. This is questionable
given the relative acidities of 6-methylazulene oK 25.4 in organic solvefft**assumed to
be somewhat higher for 6-(2-hydroxyethyl)azulerme) the conjugate acid of DBU (pKa =
24.3)!® Kinetic experiments measuring the rate of deptiie of various AzulE esters were
then conducted (Table 4, see Supporting Informdtouetails of the experiments). There
was a distinct correlation between pKa of the Ebed carboxylic acid, as a surrogate for
leaving group ability, and the rate of deprotectidinis indicates that loss of the carboxylate
is the rate-determining step, which is consisteitt either an Ed or an E2 mechanism.
Further deconvolution of the mechanisms has nat beeomplished to date.

Table 4. Rates of deprotection of AzulE estersafa of the corresponding carboxylic
acid$

AzulE Deprotection rate pKa of
Ester *1000/L-mol*s!  carboxylic acid
1c 2.20+0.64 3.12
1b 148 £0.34 3.69
1d 1.12+£0.43 4.44
1j 1.15+0.26 4.9
1l 0.54 +0.15 6.99

@ Reactions were conducted with DBU (230 equivadatonitrile and monitored by visible
spectroscopy.

Following these favourable results, a two-step‘hwo-stage”, deprotection stratetyas
investigated for cases where the substrate woutkbsitive to the standard basic conditions.
Substitution of the azulene ring with an electrathdrawing group would activate the
protecting group towards deprotection, which cdbketefore be conducted with milder
conditions. Treatment of AzulE cinnamatall with oxalyl chloride, followed sequentially
by methanol and pyridine gave the orange-red ketpo@#n a near-quantitative yield
(Scheme 4). Subjecting this activated AzulE estdrase treatment led to deprotection and
isolation of the carboxylic acid (Table 5, entries). It is noteworthy that efficient
deprotection of the activated AzulE ester occuaeeh with the weak bases trimethylamine
and morpholine, which did not deprotect unactivaied|E esters\iz. Table 2).

Comparison of the results for the unactivated aitvated AzulE esters indicate a rate
acceleration between seven and eight orders of in@gn(see Supporting Information for
details). It was possible to perform the activat@onl deprotection in a single pot, without
isolation of the intermediat
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99%

Scheme 4. Two-step activation-deprotection sequence

Table 5. Deprotection of activated AzulE esier

Base CO,H
6 rt Ph—//_
Entry Bas¢ Time Conversior®
1 DBU <10 seconds 100%
2 Piperidine <25 minutes100%
3 NEg 5 hours 100%
4 DABCO <1 minute 100%
5 Morpholine  Overnight 97%
6 2,4,6- Overnight 0%

Collidine

7 Pyridine Overnight 0%

@ Reactions were conducted in acetonitrile at roemperature.

P Bases are listed in decreasing strengéhdecreasing pKa of the conjugate acid).

¢ Conversion was determined by integration of thevant signals in th&H NMR spectrum
of the crude reaction mixture.

Preliminary assessment of the compatibility of AzellE esters with other protecting groups
and various reactions was then undertaken. Fittsiyprthogonality of AzulE esters with
common alcohol and amine protecting groups wasuatedl. Selective removal of the AzulE
ester in the presence of the other protecting grangvice versawas sought. Conditions for
global deprotection were not considered a requirgrioe orthogonality, but nevertheless
would provide versatility benefits. In this studlye AzulE ester and other protecting group
were usually contained within separate moleculéties for simplicity of analysis. The
extent of deprotection of both species was asselseagh integration of the relevant peaks
in the'H NMR spectrum of the crude reaction mixture. FBS ether7,*® mildly acidic
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conditions (pyridiniunpara-toluenesulfonate) removed the silyl group onlyl{f€s6, entry

1), while mildly basic conditions (DBU) caused clage of only the AzulE estéd (entry

2). In contrast, the basic fluoride reagent TBAESzd global deprotection of both the silyl
ether and AzulE ester (entry 3). Similarly, metyrmethyl ethe8?® was selectively
deprotected under acidic conditions in the presehéeulE cinnamatel(d) (entry 4), while
the reverse was achieved with DBU, as expectedy(&ht The AzulE ester of Fmoc-
protected glycinel() provided a more challenging scenario, whereit Ipobtecting groups
are typically cleaved by bad®When treating with DBU, global deprotection wakiaeed
(entry 6). In contrast, use of the milder base piiee allowed selective Fmoc deprotection
(entry 7). In order to selectively cleave the Azgleup, the two-step activation-deprotection
methodology was invoked. To this end, protectgdigk 1i was treated with oxalyl chloride,
followed by methanol and pyridine to afford thedextterd. This activated the azulene ring
sufficiently for deprotection with morpholine. lhis way, the AzulE group was removed
although the Fmoc group was also partially clegesdry 8). Further study with this latter
case might allow determination of more orthogormedditions for the selective deprotection
of AzulE in the presence of Fmoc.

Table 6. Orthogonality of AzulE esters with othestpcting groups

0]
Q OTBS
@ﬂo O” MOMO~CgHss
1d 7 8

0]

o]
0 o~
0
FmocHN/\H/OAZUIE >—N{-|_<O OQ
o) (0]
1i O 9
Entry Other Mixture Reaction conditions Effect on Effect on other
PG AzulE? PG*
1 TBS 1d +7 PPTS, MeCN, reflux, None Deprotection
overnight
2 TBS d+7 DBU, THF, r.t., 7 hs Deprotection None
3 TBS 1d+7 TBAF, THF, r.t., 3.5 h Deprotection Deprotection
4 MOM  1d +8 PPTS, 3:1 None Deprotection
EtOH/MeCN, reflux,
overnight
5 MOM 1d +8 DBU, MeCN, r.t., Deprotection None
overnight
6 Fmoc 1i DBU, MeCN, r.t.,, 8h  Deprotection Deprotection
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7 Fmoc 1i Piperidine, MeCN, None Deprotection

r.t., 30 min

8 Fmoc 1i (COCl),, CH,Cl>, Deprotection  Partiél
MeOH, pyridine, 6C, deprotection
50 s; therd, NE8,
MeCN, @C, 3 h

4Determined by integration of the relevant peakth&tH NMR spectrum of the crude
reaction mixture.
P25% deprotection of Fmoc group.

Assessment of the compatibility of a protectingugravith a selection of salient and
representative reactions allows its utility in thieler context of synthetic chemistry to be
determined. The reactivity of the azulene ring engs risks for the AzulE esters that should
be evaluated. For instance, the 1-position of awule unusually nucleophilic for an aromatic
hydrocarbon and may react with strong electrophilEse base sensitivity of the protecting
group may also need to be factored into synthdgicmng.

The susceptibility of the AzulE ester to basic donds was explored first. Given the basic
deprotection conditions, it was a concern thatgeaeeral application of AzulE esters in
synthesis might be limited by their lability. Thiaght be particularly pronounced with the
strong bases used for reactions such as alkylatbefnations, alkynylations, aldol reactions
and ether formation (such as for base-promoteddxytigroup protection with MOM, PMB,
benzyl ethers, etc). A compatibility study to detame whether an AzulE-protected ester is
susceptible to cleavage by the moderately stroggroc base potassium
bis(trimethylsilyl)amide (KHMDS) was therefore umtéken. This was performed by adding
an excess of KHMDS to AzulE cinnamatfl) in dry THF at -78 °C and monitoring the
reaction by NMR analysis of aliquots over 90 misutgee Supporting Information). It was
found that, within 6 minutes, Azule cinnamate wab/fconverted to cinnamic acid and 6-
vinylazulene (Scheme 5). This experiment confithesincompatibility of this protecting
group with strong base and hence the need to apately adapt synthetic sequences to
avoid reaction of AzulE esters with strong bases.

KHMDS (3 equiv.) @—ﬂOH
x Q THF, -78 °C
1d
O

Scheme 5. Reaction of AzulE cinnamate with KHMDS
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Several representative reactions were selectegkfdorations with the AzulE protecting
group, including metal-catalysed cross couplindehl/de olefination, carbonyl reduction and
alcohol oxidation. For each reaction, two experitaevere performed in tandem on a model
substrate: one control reaction and one reactidkkegpvith AzulE benzoatelg). The

relative abundance of each species was assessedtifif NMR integration, and the effect
on the AzulE protecting group (as well as any impdi¢he protecting group on the reaction)
was determined (Table 7). The Suzuki reaction sedscted as a non-toxic and relatively
benign cross coupling. Investigation of Suzuki cross-coupling reactidesnonstrated that,
while the use of elevated temperatures causedis@mi amounts of deprotection (entry 1),
the reaction at room temperature with a mild baas sufficiently compatible with the AzulE
protecting group (entry 2). Wittig-type olefinat®are very broadly employed for
homologation of carbon chaif$the Horner-Wadsworth-Emmons varigrintroduces two-
carbon units in a manner that evokes polyketidéh®gis, and is widely used in target
synthesis. The basic conditions of the standanchéteWwadsworth-Emmons reaction were
expected to cause deprotection of the AzulE estde Supra), so Masamune-Roush
condition* were employed and found to be compatible (entry@}idation and reduction
processes are widely used synthetic operationsamcknowledge of the compatibility of the
new AzulE ester protecting group under typical tieacconditions is paramount. Sodium
borohydride reduction of benzophenone in the presehAzulE-benzoatelf) led to no loss
of AzulE ester (entry 4) and hence ketone/aldelmgdaction represents a compatible
reaction. As anticipated, Swern oxidafidoonditions elicited reaction at the azulene rifig o
the AzulE ester as well as performing the desitedn®l oxidation (entry 5). Similarly,
Dess-Martir° pyridinium chlorochromate (PC&)and TEMPO-BAIB® oxidation

conditions caused degradation of the azulene maisdylow yields of the oxidised product
(entries 5-8). Thus, oxidations with strongly &leghilic reagents or catalysts represent a
limitation of this protecting group. Encouragingtganganese dioxié&was compatible with
the AzulE esters and therefore oxidation of allgéind, presumably, propargylic) alcohols to
the corresponding aldehydes is possible in theepaesof an AzulE protecting group.
Further investigations into the scope of the maegarioxide oxidations will be conducted.
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Table 7. Compatibility of AzulE esters with Suzukiasamune-Roush, oxidation and

reduction reactions.

OMe

: Br\©
+
B(OH),
S
L
B(OH),
(o]
|
iog
MeO

EtO”

Suzuki @ 111°C
Pd(PPhs),, K,CO;

OMe

toluene
reflux, 2 hours

Suzuki@r.t.
Pd(OAc),, K;CO5

MeOH
r.t., 3 days

Masamune-Roush

MeO

1}
P._COOEt
OEt

‘i‘
OH

THF
r.t., overnight

Reduction
NaBH,

MeOH
r.t., overnight

________________________________

Oxidation
Swern/
Dess-Martin/
PCC/
CisHz1  TEMPO-BAIB/ Ci5Ha4
MnO,
Entry  Reaction Conversion of  Conversion of 1a-  Effect on AzulE
control rxn? spiked reactiorf benzoate (14)
1 Suzuki @ 111°C  70% 45% 17% deprotection
2 Suzuki @ r.t. Quant. Quant 8% hydrolysis
3 Masamune-Roush Quant. Quant none
4 NaBH, reduction  Quant. Quant none
5 Swern oxidation  87% 75% degradation
6 Dess-Martin 93% 2% degradation
7 PCC oxidation 100% 31% degradation
8 TEMPO-BAIB 90% 68% degradation
9 MnQO, oxidation 98% 98% none

2 Determined through integration of the relevantqsda the'H NMR spectrum of the crude

reaction mixture.

Conclusion

A new carboxylic acid protecting group, the Azukie, has been developed that is
deprotected under basic conditions accompaniedvisitde colour change. The AzulE
esters display orthogonality with commonly useahtt protecting groups (TBS ether,

14



MOM ether) and partial orthogonality with the ampretecting group Fmoc. They are
stable under reduction, olefination and mild crosapling reaction conditions and in
oxidations with manganese dioxide. However, tleetebn-rich azulene is susceptible to
strongly electrophilic oxidation reagents. Thecteaty of this protecting group with base
also means it should be considered only for syeth@sthout such oxidation or strong bases.
Nonetheless, the convenience of the colour in tngckrotected material through various
laboratory manipulations should encourage consiieraf its use for target-based syntheses
requiring protection of carboxylic acids. Furthardies into the scope of this protecting
group through its inclusion in synthetic endeavareson-going in our laboratory.

Experimental Section

6-(2-Hydroxyethyl)azulene, 2** An LDA solution was prepared by mixing THF (6 nmand
diisopropylamine (0.18 mL, 1.27 mmol, 1.15 eq.)3°C (dry ice/ethylene glycol bath),
followed by addition oh-BuLi (0.71 mL of a 1.77 M in cyclohexane solutidn25 mmaol,
1.13 eq.). To this reaction mixture, a chilled)(®€) solution of 6-methylazuleh&(157 mg,
1.10 mmol, 1 eq.) in THF (3 mL) was added via cdanthe reaction mixture rapidly
changed colour from indigo to golden brown. A \dahtaining paraformaldehyde (129.5 mg,
4.3 mmol, 3.9 eq.) was heated to the point of sudition and formaldehyde gas was
transferred from this vessel into the reaction mtvia cannula, upon which the reaction
mixture returned to a blue colour. Water (3 mL) \mddged and the reaction was stirred for
one minute before workup. A separation was peréatusing CHCI,/H,0O and the organic
layer was washed with saturated aqueous brine @mzkatrated by rotary evaporation.
Column chromatography was performed on the residu® silica gel prepared with 2%
NEt; in pet. ether, delivering recovered starting mat€22.2 mg, 14%) by elution in 1:1 pet.
ether/CHCI,, and the title compoun2l(138.6 mg, 73% yield) as an indigo solid eluting in
1:2 pet. ether/EtOAc. mp 82.3-838 [lit.* mp 78-80°C]. IR (ATR): vmax3218, 2944, 2895,
1577, 1392, 1039, 822, 751, 744 tmtH NMR (500 MHz, CDCJ) 5 8.29 (d,J=9.5 Hz, 2H,
H-4,8), 7.87 (tJ=3.5 Hz, 1H, H-2), 7.39 (dI=3.5 Hz, 2H, H-1,3), 7.11 (d=9.5 Hz, 2H, H-
5,7), 3.96 (tJ=7.0 Hz, 2H, H-10), 3.05 (8=6.5 Hz, 2H, H-9)*C NMR (125 MHz, CDGJ)

6 148.9 (C, C-6), 139.0 (C, C-3a,8a), 136.3 (CH,)Ct35.9 (CH, C-4,8), 124.2 (CH, C-5,7),
118.3 (CH, C-1,3), 64.3 (GHC-10), 45.3 (Ch} C-9). HRMS:m/zCy,H150" [M+H]"
Calculated 173.0961, found 173.0964. THENMR data correspond with those reported
previously**

2-(Azulen-6-yl)ethyl benzoate (AzulE benzoate), 18enzoic acid (40 mg, 0.32 mmol, 1.01
eq.),2 (55 mg, 0.32 mmol, 1 eq.), DCC (77 mg, 0.37 mrhdl6 eq.) and DMAP (10 mg,
0.082 mmol, 0.26 eq.) were added together and ldesan CHCI, (6 mL). After 16 hours, a
separation was performed with gE,/H,O and the organic fraction was concentrated by
rotary evaporation. Column chromatography was peréal on the crude material using
CH.ClI, to obtainla (67 mg, 75% vyield) as an indigo semi-crystallioéds mp 119.6-120.0
C. Amax 566 nm. IR (ATR)vmax 3067, 2952, 1711, 1580, 1261, 1105, 835, 743 crot

'H NMR (500 MHz, CDCY) & 8.30 (d,J=10.0 Hz, 2H, H-4,8), 8.01 (d=7.0 Hz, 2H, H-13),
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7.87 (1,J=3.5 Hz, 1H, H-2), 7.56 (1=7.0 Hz, 1H, H-15), 7.43 (§=7.5 Hz, 2H, H-14), 7.38
(d, J=4.0 Hz, 2H, H-1,3), 7.18 (d=10.0 Hz, 2H, H-5,7), 4.65 (#=7.0 Hz, 2H, H-10), 3.27

(t, J=7.0 Hz, 2H, H-9)3C NMR (125 MHz, CDGJ) § 166.4 (C, C-11), 148.0 (C, C-6), 139.1
(C, C-3a,8a), 136.5 (CH, C-2), 135.9 (CH, C-4,88.0 (CH, C-15), 130.1 (C, C-12), 129.6
(CH, C-13), 128.4 (CH, C-14), 124.2 (CH, C-5,7)8 BL(CH, C-1,3), 65.7 (CH C-10), 41.3
(CH,, C-9). HRMS:m/zCygH170," [M+H] " Calculated 277.1223, found 277.1224.

2-(Azulen-6-yl)ethyl 1-naphthoate (AzulE 1-naphthote), 1b.1-Naphthoic acid (96 mg,
0.55 mmol, 1 eq.R (120 mg, 0.70 mmol, 1.25 eq.), EDCI (188 mg, 1r8oh 2.2 eq.) and
DMAP (12 mg, 0.094 mmol, 0.17 eq.) were added togrein a RBF and dissolved in QEl,
(4 mL). After 4 hours, a separation was performsdgi CHCl,/H,O and the organic
fraction was concentrated by rotary evaporation@uridied by column chromatography in
CH.ClI, to afford AzulE naphthoatkb (167 mg, 82% yield) as an indigo solid. mp 87.4388
°C. Amax 568 nm. IR (ATR)vmax 3052, 2949, 2890, 1701, 1575, 1393, 1234, 11980,11
1013, 778, 760 cth *H NMR (500 MHz, CDCJ) 6 8.78 (d J=8.5 Hz, 1H, H-19), 8.31 (d,
J=10.5 Hz, 2H, H-4,8), 8.12 (dd=7.5, 1.5 Hz, 1H, H-13), 8.01 (&:8.0 Hz, 1H, H-15),
7.88 (t,J=3.5 Hz, 1H, H-2), 7.87 (dI=6.5 Hz, 1H, H-16), 7.51 (m, 2H, H-17, H-18), 7.47
(m, 1H, H-14), 7.40 (dJ=3.5 Hz, 2H, H-1,3), 7.22 (d=10.5 Hz, 2H, H-5,7). 4.75 (#=7.0
Hz, 2H, H-10), 3.33 (1)=7.0 Hz, 2H, H-9)*C NMR (125 MHz, CDGJ) 6 167.4 (C, C-11),
148.0 (C, C-6), 139.1 (C, C-3a,8a), 136.4 (CH, C13p.9 (CH, C-4,8), 133.7 (C, C-15a),
133.4 (CH, C-15), 131.2 (C, C-19a), 130.2 (CH, ¢-128.5 (CH, C-16), 127.7 (CH, C-18),
127.0 (C, C-12), 126.2 (CH, C-17), 125.7 (CH, C;194.4 (CH, C-14), 124.2 (CH, C-5,7),
118.3 (CH, C-1,3), 65.9 (GHC-10), 41.2 (Ck| C-9). HRMS:m/zCy3H140," [M+H] "
Calculated 327.1380, found 327.1388.

2-(Azulen-6-yl)ethyl 2-furoate (AzulE 2-furoate), k. 2-Furoic acid (67 mg, 0.59 mmol, 1
eg.),2 (106 mg, 0.61 mmol, 1.03 eq.), EDCI (148 mg, Gr88ol, 1.6 eq.) and DMAP (25
mg, 0.2 mmol, 0.35 eq.) were added to a RBF argbhlisd in CHCI,(4 mL). After 4

hours, a separation was performed in,CH{H,O and the organic fraction was concentrated
by rotary evaporation. The crude mixture was subgeto column chromatography using
CH,CI; to obtain AzulE furoatéc (133 mg, 83% yield) as an indigo solid. mp 92.879€.
Amax 569 nm. IR (ATR)vmax 3131, 3117, 2984, 2946, 1703, 1571, 1472, 1398, 1B279,
1111, 792, 750 cth *H NMR (500 MHz, CDCJ) § 8.29 (d J=10.0 Hz, 2H, H-4,8), 7.87 (t,
J=4.5 Hz, 1H, H-2), 7.58 (app. s, 1H, H-15), 7.38JH#.0 Hz, 2H, H-1,3), 7.15 (m, 3H, H-
5,7, H-13), 6.50 (dd)=1.5, 0.5 Hz, 1H, H-14), 4.62 (7.0 Hz, 2H, H-10), 3.24 (§=7.0

Hz, 2H, H-9).2*C NMR (125 MHz, CDG)) § 158.5 (C, C-11), 147.6 (C, C-6), 146.4 (CH, C-
15), 144.5 (C, C-12), 139.1 (C, C-3a,8a), 136.5,(CF2), 135.9 (CH, C-4,8), 124.2 (CH, C-
5,7), 118.3 (CH, C-1,3), 118.1 (CH, C-13), 111.%{(C-14), 65.6 (Ch C-10), 41.2 (CH
C-9). HRMS:m/zC;7H1505" [M+H] " Calculated 267.1016, found 267.1016.

2-(Azulen-6-yl)ethyl E)-cinnamate (AzulE cinnamate), 1dCinnamic acid (161 mg, 1.08
mmol, 1 eq.), DMAP (23 mg, 0.18 mmol, 0.16 eq.),®@55 mg, 1.23 mmol, 1.14 eq.) and
6-(2-hydroxyethyl)azulene?) (207 mg, 1.20 mmol, 1.1 eq.) were added to a RiEF
dissolved in CHCI, (10 mL). After 3 hours, a phase separation wapaed with
H,O/CH,CI; and the organic fraction was concentrated by yatgaporation. Column

16



chromatography using GBI, wasperformed on the resulting product, eluting Azule
cinnamateld (305 mg, 93% vyield) as an indigo powder. mp 14#6:0°C. Amax 567 nm.
IR (ATR): vmax3079, 2944, 1710, 1633, 1562, 1307, 1168, 979, BRY, 740 crit. '*H NMR
(500 MHz, CDC}) & 8.30 (d,J=10.5 Hz, 2H, H-4,8), 7.87 (#=4.0 Hz, 1H, H-2), 7.68 (d,
J=16.0 Hz, 1H, H-13), 7.52 (m, 2H, H-15), 7.40-7(88mplex m, 5H, H-1, H-3, H-16, H-
17), 7.15 (dJ=10.5 Hz, 2H, H-5,7), 6.42 (dz16.0 Hz, 1H, H-12), 4.54 (8=7.0 Hz, 2H, H-
10), 3.21 (tJ=7.0 Hz, 2H, H-9)!*C NMR (125 MHz, CDGJ) § 166.8 (C, C-11), 148.0 (C,
C-6), 145.1 (CH, C-13), 139.1 (C, C-3a,8a), 13&H#l(C-2), 135.9 (CH, C-4,8), 134.3 (C,
C-14), 130.4 (CH, C-17), 128.9 (CH, C-16), 128.H(C-15), 124.2 (CH, C-5,7), 118.3
(CH, C-1,3), 117.8 (CH, C-12), 65.3 (gHC-10), 41.3 (Ck} C-9). HRMS:m/zC,1H140,"
[M+H]* Calculated 303.1380, found 303.1388.

2-(Azulen-6-yl)ethyl (£, 4E)-hexa-2,4-dienoate (AzulE sorbate), 1&orbic acid (44 mg,
0.39 mmol, 1.0 eq.), 6-(2-hydroxyethyl)azulene 7@ 0.41 mmol, 1.1 eq.), DCC (134 mg,
0.65 mmol, 1.7 eq.) and DMAP (13 mg, 0.11 mmol/Ce8.) were added to dry DCM (5
mL) under nitrogen and stirred overnight under mmosphere of nitrogen. An indigo
solution was obtained which was washed with destilvater. The aqueous layer extracted
with DCM (three times) and concentrated to drynester reduced pressure to yield an
indigo solid. Column chromatographic purificatiarsing silica as the solid phase and DCM
as the mobile phase afforded AzulE sorldaas an indigo oil (69 mg, 0.26 mmol, 66%).
Amax 568 nm. IR (ATR)vmax 1706, 1644, 1324, 1241, 1185, 1134, 1088, 993, B4A cn.
'H NMR (500 MHz, CDCY) § 8.27 (dJ = 10.5 Hz, 2H, H-4,8), 7.85 @d,= 3.5 Hz, 1H, H-2),
7.36 (d,J = 3.5 Hz, 2H, H-1,3), 7.23 (dd,= 15.5, 10.0 Hz, 1H, H-13), 7.12 @@= 10.5 Hz,
2H, H-5,7), 6.23 — 6.07 (complex m, 2H, H-14,15y5(d,J = 15.0 Hz, 1H, H-12), 4.45 (,
= 7.0 Hz, 2H, H-10), 3.15 (§,= 7.0 Hz, 2H, H-9), 1.85 (d,= 5.5 Hz, 3H, H-16)"*C NMR
(126 MHz, Chloroformd) 6 167.1, 148.1, 145.4, 139.7, 139.1, 136.4, 13%9,7,, 124.2,
118.6, 118.2, 65.0, 41.3, 18.7. HRMB/zCygH;40," [M+H]" Calculated 267.1380, found
267.1377.

2-(Azulen-6-yl)ethyl acetate (AzulE acetate), If: Acetic acid (0.034 mL, 0.60 mmol, 1.0
eq.), 6-(2-hydroxyethyl)azulene (114 mg, 0.66 mrdl, eq.), DCC (148 mg, 0.72 mmol, 1.2
eg.) and DMAP (15 mg, 0.12 mmol, 0.2 eq.) werealissd in dry DCM under N The
reaction mixture was allowed to stir at room temapane for 3 hours until complete according
to thin layer chromatographic analysis. The reactioxture was diluted with DCM and
washed with brine followed by water. The solvenswemoved under reduced pressure.
Chromatographic purification (petroleum ether/ethgétate, 1:1) yielded the protected
carboxylic acid, AzulE acetafd as an indigo oil (76 mg, 0.35 mmol, 59%). NMR (500
MHz, CDCk): 8.31 (d,J=10.5Hz, 2 H), 7.94 (1 = 4.0 Hz, 1 H), 7.44 (dl = 4.0 Hz, 2 H),
7.12 (dJ=10.5Hz, 2 H),4.43(@=7.0Hz,2H),3.14 (1=7.0 Hz, 2 H), 2.08 (s, 3 H).

¥C NMR (500 MHz): 170.7, 147.7, 138.9, 136.3, 13373.9, 118.1, 65.0, 40.8, 20.7. The
'H NMR data were consistent with those reported ipresly **

2-(Azulen-6-yl)ethyl 5-bromopentanoate (AzulE 5-branovalerate), 1g.5-Bromovaleric
acid (70 mg, 0.39 mmol, 1.0 eq.), 6-(2-hydroxyetaztilene (74 mg, 0.43 mmol, 1.1 eq.),
DCC (100 mg, 0.48 mmol, 1.3 eq.) and DMAP (9 m@70nmol, 0.2 eq.) were dissolved in
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dry DCM (10 mL) and stirred overnight at room temgtere under an atmosphere of Nhe
reaction mixture was then diluted with DCM and wekwith brine followed by water. The
solvent was removed under reduced pressure. Chognagiic purification
(dichloromethane) yielded the protected carboxaticl 1g as an indigo oil (104 mg, 0.31
mmol, 80%) Amax 570 nm. IR (ATR)vmax 3080, 2955, 1729, 1579, 1395, 1168, 836, 751
cm™. *H NMR (500 MHz, CDCJ) § 8.28 (d,J=10.0 Hz, 2H, H-4,8), 7.86 (#=3.5 Hz, 1H,
H-2), 7.37 (d,J=3.5 Hz, 2H, H-1,3), 7.10 (d=10.0 Hz, 2H, H-5,7), 4.40 (§=7.0 Hz, 2H,
H-10), 3.33 (tJ=6.5 Hz, 2H, H-15), 3.13 (d=7.0 Hz, 2H, H-9), 2.32 (1=7.0 Hz, 2H, H-
12), 1.85-1.78 (m, 2H, H-14), 1.77-1.69 (m, 2H, 8)-1°C NMR (126 MHz, CDGJ) 5 173.0
(C, C-11), 147.9 (C, C-6), 139.1 (C, C-3a,8a), B3&H, C-2), 135.8 (CH, C-4,8), 124.1
(CH, C-5,7), 118.3 (CH, C-1,3), 65.2 (gHC-10), 41.1 (ChH C-9), 33.2 (CH, C-12), 33.0
(CH,, C-15), 31.9 (Ck C-14), 23.4 (Chl C-13). HRMSmM/zCy7H200.Br* [M+H]"
Calculated 335.0641, found 335.06501.

2-(Azulen-6-yl)ethyl (benzyloxy)acetate (AzulE bengoxyacetate), 1h2-Benzyloxyacetic
acid (0.060 mL, 0.42 mmol, 1.0 eq.), 6-(2-hydroxydXazulene (79 mg, 0.46 mmol, 1.1 eq.),
DCC (103 mg, 0.50 mmol, 1.2 eq.) and DMAP (15 m@20nmol, 0.3 eq.) were dissolved in
dry DCM (10 mL) and stirred overnight at room temgtere under an atmosphere of Mhe
reaction mixture was then diluted with DCM and wekwvith brine followed by water. The
solvent was removed under reduced pressure. Chognagihic purification (petroleum
ether/ethyl acetate, 5:1) yielded the protectedaaylic acidlh as an indigo oil (98 mg, 0.31
mmol, 73%) Amax 569 NM. IR (ATR)wvmax 3065, 3029, 2954, 2892, 1750, 1579, 1452, 1395,
1190, 1118, 836, 746, 697 ¢m*H NMR (500 MHz, CDGJ) & 8.25 (d,J=10.0 Hz 2H, H-

4.,8), 7.87 (t) = 4.0 Hz, 1H, H-2), 7.37 (d,= 4.0 Hz, 2H, H-1,3), 7.36-7.28 (complex m,
5H, H-15,16,17,18,19), 7.08 (@= 10.0 Hz, 2H, H-5,7), 4.58 (s, 2H), 4.49)t 7.0 Hz, 2H,
H-10), 4.08 (s, 2H, H-12), 3.15 (= 7.0 Hz, 2H, H-9)**C NMR (126 MHz, Chlorofornd)

6 170.3 (C, C-11), 147.5 (C, C-6), 139.1 (C, C-3p,837.0 (C, C-14), 136.5 (CH, C-2),
135.8 (CH, C-4,8), 128.5 (CH, C-15,19 or C-16,1&et7), 127.99 (CH, C-15,19 or C-16,18
or C-17), 127.96 (CH, C-15,19 or C-16,18 or C-124.1 (CH, C-5,7), 118.3 (CH, C-1,3),
73.3 (ChH, C-13), 67.1 (Chl C-12), 65.5 (CH C-10), 41.0 (CH C-9). HRMS:m/z

C21H2105" [M+H] " Calculated 321.1485, found 321.1491.

N-Fluorenylmethyloxycarbonyl glycine 2-(azulen-6-yl)éhyl ester (Fmoc-Gly-OazulE),

1i. Fmoc-Gly-OH (159 mg, 0.5 mmol, 1 ec®)(99 mg, 0.57 mmol, 1.07 eq.), DCC (149 mg,
0.72 mmol, 1.35 eq.) and DMAP (26 mg, 0.21 mmad@90q.) were added to a RBF and
dissolved in CHCI, (10 mL). After 3 hours, a separation was perfawih CH.CI,/H,0,
and the organic fraction was purified by columnothatography using 9:1 GBI./Et,O to
obtain AzulE-protected glycing (225 mg, 93% yield) as an indigo-coloured gummy oil
Amax 568 nm. IR (ATR)vmax3336, 3065, 3013, 2950, 1703, 1578, 1515, 14475,1B181,
1048, 1001, 737 cth *H NMR (500 MHz, CDC}) & 8.29 (d,J=10.0 Hz, 2H, H-4,8), 7.89 (t,
J=3.5 Hz, 1H, H-2), 7.79 (d=7.5 Hz, 2H, H-20), 7.62 (d=8.0 Hz, 2H, H-17), 7.47 (t,
J=8.0 Hz, 2H, H-19), 7.39 (d=4.0 Hz, 2H, H-1,3), 7.34 (§=7.0 Hz, 2H, H-18), 7.07 (d,
J=10.0 Hz, 2H, H-5,7), 5.30 (br. s, 1H, N-H), 4.48J€7.0 Hz, 2H, H-10), 4.43 (d=7.0 Hz,
2H, H-14), 4.25 (t)=7.0 Hz, 1H, H-15), 3.98 (d=5.5 Hz, 2H, H-12), 3.14 (8=7.0 Hz, 2H,
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H-9). *C NMR (125 MHz, CDGJ) 5 169.9 (C, C-11), 156.2 (C, C-13), 147.3 (C, C18)3.8
(C, C-16), 141.3 (C, C-21), 139.1 (C, C-3a,8a),.6836H, C-2), 135.9 (CH, C-4,8), 127.7
(CH, C-19), 127.1 (CH, C-18), 125.0 (CH, C-17), I24CH, C-5,7), 120.0 (CH, C-20),
118.4 (CH, C-1,3), 67.2 (GHC-14), 66.1 (Chl C-10), 47.1 (CH, C-15), 42.7 (GHC-12),
41.0 (CH, C-9). HRMS:m/zCygH,6NO," [M+H] " Calculated 452.1856, found 452.1875.

2-(Azulen-6-yl)ethyl cyclohexanecarboxylate (Azuleyclohexanecarboxylate), 1j.
Cyclohexanecarboxylic acid (41 mg, 0.32 mmol, 1 kgated to 32C and added as liquid),
2 (57 mg, 0.33 mmol, 1.02 eq.), DCC (73 mg, 0.35 mrhdl eq.) and DMAP (12 mg, 0.1
mmol, 0.3 eq.) were added together in a RBF argbtlisd in CHCI, (6 mL). The reaction
was stirred overnight. A separation was perforimedH,Cl,/H,O and the organic fraction
was concentrated by rotary evaporation. The cruideune was subjected to column
chromatography using GBI, to afford1j (70 mg, 77% yield) as an indigo crystalline solid.
mp 85.4-85.9C. Amax 571 nm. IR (ATR)vmax 3079, 2930, 2849, 1723, 1578, 1395, 1167,
1130, 839, 743 cth *H NMR (500 MHz, CDCY) & 8.28 (d,J=10.5 Hz, 2H, H-4,8), 7.87 (t,
J=3.5 Hz, 1H, H-2), 7.38 (d=3.5 Hz, 2H, H-1,3), 7.11 (d710.0 Hz, 2H, H-5,7), 4.39 (t,
J=7.0 Hz, 2H, H-10), 3.12 (§=7.0 Hz, 2H, H-9), 2.28 (tt=11.5, 3.5 Hz, 1H, H-12), 1.87
(dd,J=13.5, 2.5 Hz, 2H, H-13a), 1.74 (m, 2H, H-14a) 31(®, 1H, H-15a), 1.42 (qd=12.0,
3.5 Hz, 2H, H-13b), 1.25 (m, 3H, H-14b, 15B%C NMR (125 MHz, CDGJ) § 176.0 (C, C-
11), 148.2 (C, C-6), 139.1 (C, C-3a,8a), 136.4 (CF2), 135.8 (CH, C-4,8), 124.2 (CH, C-
5,7), 118.2 (CH, C-1,3), 64.9 (GHC-10), 43.2 (CH, C-12), 41.2 (GHC-9), 29.0 (CH, C-
13), 25.7 (CH, C-15), 25.4 (Ch} C-14). HRMSm/zCygH,30," [M+H]* Calculated
283.1693, found 283.1700.

2-(Azulen-6-yl)ethyl trichloroacetate (AzulE trichloroacetate), 1k.6-(2-
Hydroxyethyl)azulene (21.8 mg, 0.12 mmol, 1 eq.3wssolved in CKCl; (5 mL) and
trichloroacetyl chloride (0.07 mL, 0.62 mmol, 5)gas added, followed by pyridine (0.2
mL, 2.5 mmol, 20 eq.). After 3 hours a colour dj@towards maroon was observed. A
separation was performed with gH,/H,O and the organic fraction was concentrated by
rotary evaporation. The crude mixture was purifigccolumn chromatography with 1:1 pet.
ether/CHCI, to afford1k (22 mg, 53% yield) as an indigo il 568 nm.*H NMR (500
MHz, CDCk) § 8.28 (d,J=10.5 Hz, 2H, H-4,8), 7.88 (§=3.5 Hz, 1H, H-2), 7.39 (d=3.5

Hz, 2H, H-1,3), 7.12 (d}=10.5 Hz, 2H, H-5,7), 4.66 (§=7.0 Hz, 2H, H-10), 3.25 (§=7.0
Hz, 2H, H-9).1*C NMR (125 MHz, CDGJ) § 161.9 (C, C-11), 146.2 (C, C-6), 139.2 (C, C-
3a,8a), 136.8 (CH, C-2), 135.9 (CH, C-4,8), 12€H(C-5,7), 118.5 (CH, C-1,3), 89.7 (C,
CCI3), 69.8 (CH2, C-10), 40.7 (CH2, C-9). HRM8/zC;4H1,Cls0," [M+H]" Calculated
316.9897, found 316.9885.

2-(Azulen-6-yl)ethyl azulene-1-carboxylate (AzulE zulenecarboxylate), 11Azulene-1-
carboxylic acid §12) (43 mg, 0.25 mmol)2 (43 mg, 0.25 mmol, 1 eq.), DCC (76 mg, 0.37
mmol, 1.5 eq.) and DMAP (9 mg, 0.08 mmol, 0.3 @geje added to a RBF and dissolved in
CH.Cl, (6 mL). After 3 hours, further DMAP (41 mg, 0.34mul, 1.3 eq.) was added and the
reaction was heated at reflux overnight. A sepamatias performed in Ci€l,/H,O and the
organic fraction was concentrated by rotary evapmraThe crude mixture was subjected to
column chromatography using @El; to afford1l (64 mg, 78% yield) as a purple solid. mp
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116.5-117.4£C. Amax 514, 530 nm. IR (ATR)vmnax3068, 2956, 2928, 2850, 1660, 1574,
1392, 1224, 1136, 1006, 120, 754trtH NMR (500 MHz, CDCJ) § 9.56 (d,J=10.0 Hz,

1H, H-19), 8.45 (dJ=10.0 Hz, 1H, H-15), 8.35 (d=4.0 Hz, 1H, H-13), 8.32 (d=10.0 Hz,
2H, H-4,8), 7.87 (t)=4.0 Hz, 1H, H-2), 7.70 (§=10.0 Hz, 1H, H-17), 7.47 (8=10.0 Hz,

1H, H-18), 7.44 (t)=10.0 Hz, 1H, H-16), 7.39 (d=3.5 Hz, 2H, H-1,3), 7.29 (d=4.0 Hz,

1H, H-14), 7.24 (dJ=10.0 Hz, 2H, H-5,7), 4.71 (§=6.5 Hz, 2H, H-10), 3.32 (8=7.0 Hz,

2H, H-9).1%C NMR (125 MHz, CDGJ) § 165.2 (C, C-11), 148.7 (C, C-6), 144.8 (C, C-14a),
140.8 (C, C-19a), 140.2 (CH, C-13), 139.1 (C, (88p,139.0 (CH, C-17), 138.2 (CH, C-
15), 137.8 (CH, C-19), 136.3 (CH, C-2), 135.9 (@H4,8), 127.7 (CH, C-18), 126.8 (CH, C-
16), 124.4 (CH, C-5,7), 118.2 (CH, C-1,3), 117.H(C-14), 116.6 (C, C-12), 64.7 (GHC-
10), 41.6 (CH, C-9). HRMS:m/zCy3H140," [M+H] " Calculated 327.1380, found 327.1387.

Deprotection studies on AzulE cinnamate (general pcedure).AzulE (E)-cinnamate (10
mg, 0.03 mmol) was dissolved in solvent (3 mL) urmjgen air, and base (approx. 0.1 mL)
was added. The reaction was performed eithet. atreflux. The extent of reaction was
monitored qualitatively through observed colourrgi@and by TLC analysis and the
reaction was stopped once no evidence of SM remaoreotherwise after overnight
reaction. If the solvent and base were low boilthg, reaction mixture was concentrated by
rotary evaporation was employed to give the crieadetion residue. Otherwise, an agueous
separation was employed using £ and 10% aqueous HCI, followed by concentration of
the organic fraction by rotary evaporation to dgive crude residue. This residue was
subjected to quantitativé! NMR analysis and the principal peaks integratedetermine the
extent of reaction (see details in Supporting Imfation). The results are shown in Table 2.
In most deprotections, 6-vinylazulen® (vas generated as the by-product, but when using
piperidine as the base, piperidine adduatas obtained.

6-Vinylazulene, 41 A blue crystalline solid was obtained as a by-prtdii AzulE ester
deprotection, typically in yields correspondinghe extent of deprotection, and identified as
6-vinylazuleneima: 608 nm.*H NMR (500 MHz, CDGJ) & 8.31 (d,J=10.5 Hz, 2H, H-4,8),
7.85 (t,J=3.5 Hz, 1H, H-2), 7.36 (d=3.5 Hz, 2H, H-1,3), 7.31 (d=10.0 Hz, 2H, H-5,7),
6.92 (ddJ=17.5, 10.5 Hz, 1H, H-9), 5.97 (817.5 Hz, 1H, H-10b), 5.47 (d710.5 Hz, 1H,
H-10a).**C NMR (125 MHz, CDGJ) § 145.7 (C, C-6), 141.3 (CH, C-9), 139.3 (C, C-3p,8a
136.8 (CH, C-2), 135.6 (CH, C-4,8), 121.4 (CH, €)5118.4 (CH, C-1,3), 117.6 (GHC-

10). HRMS:m/zCy,H:1" [M+H]* Calculated 155.0855, found 155.0854.NMR data are
consistent with those reported previou$ly.

N-2-(Azulen-6-yl)ethylpiperidine, 5.An indigo oil, formed in Azul deprotections invohg
the use of piperidine, was obtained in quantit@scordant with the extent of deprotection
and identified as the title compound. This matevias contaminated with a small amount of
piperidine that was identifiable in the NMR spectig,: 562 nm*H NMR (500 MHz,

CDCl) 6 8.26 (d,J=10.5 Hz, 2H, H-4,8), 7.83 (=4.0 Hz, 1H, H-2), 7.35 (dI=4.0 Hz, 2H,
H-1,3), 7.09 (dJ=10.0 Hz, 2H, H-5,7), 3.00 (m, 2H, H-9), 2.67 (A, H-10), 2.50 (broad s,
4H, H-11), 1.64 (quinJ=6.0 Hz, 4H, H-12), 1.50-1.45 (m, 2H, H-13C NMR (125 MHz,
CDCl) 6 151.4 (C, C-6), 138.9 (C, C-3a,8a), 135.9 (CH,,854135.8 (CH, C-2), 124.2 (CH,
C-5,7), 117.9 (CH, C-1,3), 62.1 (GHC-10), 54.5 (CH C-11), 39.9 (CH C-9), 26.0 (CH,
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C-12), 24.3 (CH, C-13). HRMSm/zC;7H,,N* [M+H] " Calculated 240.1747, found
240.1751.

Deprotection of AzulE esters (optimised procedure)lhe AzulE ester (0.5 mmol) was
dissolved in MeCN (3 mL), DBU (0.2 mL) was added &ime reaction mixture stirred, open
to the air, for the time shown in Table 3. Afthisttime, a colour change from indigo to blue
was observed. Then HCI (2 mL, 10% ig®) was added and a phase separation was
performed using CKCl, and HO. The aqueous layer was washed three times witCGH
then twice with EtOAc. The organic phase was tharcentrated by rotary evaporation. The
crude mixture was purified by gradient column chatography whereby 6-vinylazulene
eluted with pet. ether and the deprotected carlioagid was obtained by elution with a
mixture of pet. ether/ethyl acetate (typically 2/%). Occasionally a green tint remained in
the product from degraded azulene material; this avaery minor impurity and could be
removed by filtering through a silica plug. Thelgis of the carboxylic acids are shown in
Table 3; all of these (artidvalerolactone) are commercially available.

2-(1-(2-Methoxy-2-oxoacetyl)azulen-6-yl)ethylE)-cinnamate, 6.AzulE cinnamateXa)

(79 mg, 0.26 mmol, 1 eq.) was dissolved in,CH (3 mL). Oxalyl chloride (0.1 mL, 1.16
mol, 4.5 eq.) was added, followed 20 seconds atenethanol (0.3 mL, 7.4 mmol, 28 eq.)
and after another 40 seconds by pyridine (0.4 mn®ol, 19 eq.). Immediately, this reaction
mixture was subjected to workup using ££/H,0 and the organic fraction was
concentrated by rotary evaporation and purifieddymn chromatography in 2:1 pet.
ether/ethyl acetate to give activated spe6ias an orange-red oil (99 mg, 98% yielgd)ax

505 nm. IR (ATR)wmax 3002, 2950, 1732, 1710, 1623, 1409, 1305, 117@, B50 crit. *H
NMR (500 MHz, CDC4) 6 9.79 (d,J=10.5 Hz, 1H, H-8), 8.45 (d=10.0 Hz, 1H, H-4), 8.40
(d,J=4.0 Hz, 1H, H-2), 7.70 (dI=10.0 Hz, 1H, H-7), 7.66 (d=16.0 Hz, 1H, H-13), 7.58 (d,
J=10.5 Hz, 1H, H-5), 7.50 (m, 2H, H-15), 7.39-7.87, BH, H-16, H-17), 7.26 (d=4.0 Hz,
1H, H-3), 6.39 (dJ=16.0 Hz, 1H, H-12), 4.56 (§=7.0 Hz, 2H, H-10), 3.99 (s, 3H, O-Me),
3.31 (t,J=6.5 Hz, 2H, H-9)}°*C NMR (125 MHz, CDGJ)) 5 180.6 (C, C-18), 166.7 (C, C-19),
164.8 (C, C-11), 152.1 (C, C-6), 146.1 (C, C-3dh.5 (CH, C-13), 142.3 (CH, C-2), 141.8
(C, C-8a), 138.9 (CH, C-8), 138.1 (CH, C-4), 1341 C-14), 132.4 (CH, C-7), 131.0 (CH,
C-5), 130.5 (CH, C-17), 128.9 (CH, C-16), 128.2 (@H15), 120.9 (C, C-1), 119.4 (CH, C-
3), 117.4 (CH, C-12), 64.7 (GHC-10), 52.6 (CH O-Me), 41.1 (CH, C-9). HRMS:m/z
C24H2105" [M+H] ™ Calculated 389.1384, found 389.1386.

Deprotection of activated AzulE cinnamate (genergbrocedure). Deprotection of

activated AzulE cinnamat&was conducted in acetonitrile with bases as desdrin Table

5. Reaction completion was determined by NMR spscbpic analysis of the crude reaction
mixture (see details in Supporting Information).

Deprotection of activated AzulE cinnamate (optimisé procedure). Activated AzulE
cinnamates (16 mg, 0.041 mmol) was dissolved in acetoni(i@enl) and treated with
morpholine (0.1 mL, 1.2 mmol). The reaction mietuvas stirred for 19 hours before
evaporation under reduced pressure to afford tindecproduct mixture as an orange oil.
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Column chromatography (DCM) provided cinnamic aasca pale orange oil (6 mg, 0.04
mmol, 99%).

AzulE — O-TBS competitive deprotection studiesCyclohexanemethykert-
butyldimethylsilyl ether 7) and AzulE cinnamate were used in the followingexriments.
The extent of reaction was measured through cosmaof'H NMR integration of the
starting materials and the products (see detafBupporting Information).

Selective O-TBS deprotection in the presence of Alitiester.11 mg of a mixture of

AzulE cinnamateXd) and TBS-protected cyclohexanemeth&hats added to a flask
[equivalent to AzulE cinnamatéd) (0.029 mmol, 1.4 eq.) arti(0.021 mmol, 1 eq.)], PPTS
(85 mg, 0.33 mmol, 16 eq.) was added and the mrawatas dissolved in MeCN (3 mL) and
heated at reflux overnight open to air. A separatias performed with Ci€l,/H,O and the
organic phase was concentrated by rotary evapar@aéing care not to subject the mixture
to prolonged vacuum to avoid loss of cyclohexanaarail) and this mixture was subjected
to NMR analysis (see details in Supporting Inforiora@t This indicated that the deprotection
of the TBS-ether proceeded to completion withotgriierence of the AzulE ester.

Selective AzulE deprotection in the presence of OBS. AzulE cinnamatel(d) (10.1 mg,
0.033 mmol, 1 eq.) and TBS-protected cyclohexankeamet ¢)*° (8.4 mg, 0.037 mmol, 1.07
eg.) were dissolved in THF (3 mL), and DBU (0.1 Al§7 mmol, 18.5 eq.) was added.
After stirring overnight, a phase separation wasgpmed using HO/ELO and the separated
organic phase was washed four times wit®HTI' he organic phase was reduced via rotary
evaporation under low vacuum. The aqueous phas¢reatsd with 3 mL HCI (10% ag.) and
washed twice with CkCl,. This organic fraction was concentrated by rowargporation.
NMR analysis of these fractions indicated the degmtion of AzulE cinnamate proceeded
cleanly to completion without interference from tTBS-ether (see details in Supporting
Information).

Deprotection of TBS ether and AzulE EsterAzulE cinnamateXd) (8.3 mg, 0.027 mmol,

1 eq.) and TBS-protected cyclohexanemethaRd! (6.2 mg, 0.027 mmol, 1 eq.) were
dissolved in THF (3 mL), and TBAF (0.4 mL of a 19dlution in THF, 0.4 mmol, 15 eq.)
was added. A colour change was visible after 1Qutes After 70 minutes, 1 mL of 10% aq.
HCl was added and a phase separation was perfamitie €H,Cl,/H,O. The organic fraction
was concentrated by rotary evaporation and theecmidture submitted for NMR analysis.
This indicated that full deprotection had occurfeee details in Supporting Information).

AzulE — O-MOM competitive deprotection studies.A standardised mixture of AzulE
cinnamate 1d) (69.7 mg, 1 eq.) and MOM-protected cetyl alco#f8i(71 mg, 1.07 eq.), was
made for use in the following experiments. The eixtd reaction was measured through
comparison ofH NMR integration of the starting materials [Azutinamate 1d) and cetyl
MOM ether8] and the products [6-vinylazulen)( cinnamic acid and cetyl alcohol].

Selective O-MOM deprotection in the presence of A2k ester. The standardised MOM
deprotection mixture [43 mg, equivalent to 0.070@hArzulE cinnamatel(d) and 0.076
mmol MOM-protected cetyl alcohoBf?®] and PPTS (73 mg, 0.29 mmol, 4.1 eq.) were added
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to a RBF fitted with condenser and dissolved iraeth (3 mL) and MeCN (1 mL). The
reaction was heated at reflux overnight. A sepamnatias performed using G@l,/sat. aqg.
NaHCG; and the organic layer was submitted for NMR anslfgee details in Supporting
Information). This indicated that the deprotectadthe MOM ether proceeded to
completion without interference from the AzulE este

Selective AzulE deprotection in the presence of O-®@IM. The standardised MOM
deprotection mixture [16 mg, equivalent to 0.025ehArzulE cinnamatel(d) and 0.027

mmol MOM-protected cetyl alcohoB)?’] was dissolved in THF (3 mL), and DBU (0.1 mL,
0.66 mmol) was added under open air. The reactamstirred for 19 hours. 10 drops of 10%
HCI (ag.) were added to the reaction mixture, asdgaration was performed in

CH.CI,/H,0. The organic layer was concentrated by rotarpesaion and submitted for
NMR analysis. This indicated that the deprotecodAzulE cinnamate proceeded cleanly to
completion without interference from the MOM etligee details in Supporting Information).

AzulE — Fmoc competitive deprotection studiesExtent of reaction was measured through
comparison ofH NMR integration of the starting material, Fmocy@AzulE (i), and the
products, 6-vinylazulenel), H-Gly-OAzulE, dibenzofulvene, 1-(fluoren-9-
ylmethyl)piperidine*®

Deprotection of NH-Fmoc and AzulE Ester Fmoc-Gly-OAzulE i) (23 mg, 0.05 mmol, 1
eg.) was dissolved in THF (3 mL) and DBU (0.1 mlg@mmol, 13 eq.) was added. After 9
hours, the reaction mixture had changed colour fircdigo to blue. HCI (1 mL, 10% aqueous
solution) was added and a phase separation wasmed with CHCI./H-O, followed by
rotary evaporation of the organic fraction. Thederumixture was submitted for quantitative
NMR analysis (see details in Supporting Informatidrhis indicated that complete
deprotection of both the Fmoc and the AzulE grocguoaed.

Selective NH-Fmoc deprotection in the presence ofzAIE ester.Fmoc-Gly-OAzulE 1i)

(36 mg, 0.079 mmol, 1 eq.) was dissolved in MeCMh(3 and piperidine (0.1 mL, 1 mmol,
13 eq.) was added to this mixture. After 30 minuties reaction was complete by TLC. The
reaction mixture was concentrated by rotary evapmrand the crude mixture submitted for
guantitative NMR analysis (see details in Suppgrtifformation). This indicated that
complete and selective Fmoc deprotection was aetiev

AzulE deprotection in the presence of NH-FmocAzulE-protected Fmoc glycini (189

mg, 0.42 mmol, 1 eq.) was dissolved in£CH (4 mL) and oxalyl chloride (0.2 mL, 2.3
mmol, 5.5 eq.) was added af®, followed 20 seconds later by MeOH (0.4 mL, 9/90h

23 eq.) and another 30 seconds later by pyridireer(f,, 6.2 mmol, 15 eq.). A phase
separation was performed using £LH/H,O, and the organic fraction was concentrated by
rotary evaporation. The crude material was puribgadolumn chromatography in ethyl
acetate to afford activated specess an orange-red solid (209 mg, 92%). mp 63.6-85.7
Amax 507 nm. IR (ATR)vmax3355, 3040, 2951, 1720, 1621, 1395, 1255, 11828,1183 cm
! H NMR (500 MHz, CDCJ) 6 9.77 (d,J=10.0 Hz, 1H, H-8), 8.42 (d=10.5 Hz, 1H, H-4),
8.40 (d,J=4.5 Hz, 1H, H-2), 7.76 (d=7.5 Hz, 2H, H-20), 7.63 (d=10.0 Hz, 1H, H-7), 7.58
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(d,J=7.5 Hz, 2H, H-17), 7.51 (d=10.0 Hz, 1H, H-5), 7.40 (§=7.5 Hz, 2H H-19), 7.31 (t,
J=7.5 Hz, 2H, H-18), 7.25 (d=4.5 Hz, 1H, H-3), 5.22 (tI=5.5 Hz, 1H, N-H), 4.51 (d,
J=7.0 Hz, 2H, H-10), 4.40 (d=7.0 Hz, 2H, H-14), 4.22 (§=7.0 Hz, 1H, H-15), 3.99 (s, 3H,
O-Me), 3.96 (dJ=5.5 Hz, 2H, H-12), 3.26 (§=7.0 Hz, H, H-9)!°C NMR (125 MHz,

CDCls) § 180.6 (C, C-22), 169.8 (C, C-11), 164.7 (C, C-2%p.2 (C, C-13), 151.3 (C, C-6),
146.0 (C, C-3a or 8a), 143.7 (C, C-16), 142.4 (CF2), 141.8 (C, C-3a or 8a), 141.3 (C, C-
21), 138.8 (CH, C-8), 138.1 (CH, C-4), 132.2 (CH7)Z130.9 (CH, C-5), 127.7 (CH, C-19),
127.1 (CH, C-18), 125.0 (CH, C-17), 120.9 (C, C4P0.0 (CH, C-20), 119.6 (CH, C-3),
67.2 (CH, C-14), 65.6 (Chi C-10), 52.6 (Ckl O-Me), 47.1 (CH, C-15), 42.7 (GHC-12),
40.8 (CH, C-9). HRMS:m/zCsHsNO;* [M+H]* Calculated 538.1860, found 538.1876.

Activated ketoester compou®d38 mg, 0.07 mmol, 1 eq.) was dissolved in MeCM(3 at
0°C. NEg (0.1 mL, 0.7 mmol, 10 eq.) was added and the i@atft to stir for 3 hours at 0
°C. The reaction mixture was concentrated by ro¢agporation at r.t. and the crude mixture
was submitted for quantitative NMR analysis (seitkein Supporting Information). This
indicated full AzulE deprotection, accompanied layt@l (25%) Fmoc deprotection.

Compatibility of AzulE with strong base. KHMDS (0.79 mL of a 0.5 M in toluene

solution, 0.40 mmol, 3 eq.) was added dropwisedtireed solution of AzulE cinnamate (40
mg, 0.13 mmol, 1.0 eq.) in dry THF (6 mL) at -48 under an atmosphere of argon. Aliquots
(0.25 mL) were taken at 0 minutes (before KHMDSitola), and subsequently at 6, 31, 61,
90 and 180 minutes. Each aliquot was treated vii# dqueous HCI solution and extracted
with ethyl acetate before concentrating to drynexter reduced pressure and analysing by
NMR spectroscopy (see details in Supporting Infaromd. This indicated that the
conversion of AzulE cinnamate into cinnamic acid &rvinylazulene was complete within 6
minutes.

Compatibility of AzulE with Suzuki cross-coupling a reflux. Phenylboronic acid (69 mg),
palladium tetrakis[triphenylphosphine] (65 mg), gaadassium carbonate (131 mg) were
added together and the powders mixed thoroughly avgpatula. This mixture was
partitioned into two portions — the control (135)nagd the AzulE benzoate-containing
sample (129 mg). To the control sample (contaiairmglculated 1.2 eq. phenylboronic acid,
0.11 eq. Pd(PRJy and 2 eq. KCOg), toluene (3.2 mL) and 2-bromoanisole (0.03 mR40.
mmol, 1 eq.) were added, and the reaction vessefittead with a reflux condenser and
heated at reflux for 2 hours, during which time tbaction mixture changed colour from
yellow to red to brown. A phase separation wasqguaréd with CHCI,/H,O and the organic
fraction was concentrated by rotary evaporationsrgjected to NMR analysis (see details
in Supporting Information and results in TableFQr the spiked reaction, to a flask
containing AzulE benzoatdd) (71 mg, 0.25 mmol, 1.06 eq.) and the powderedumix
described above (containing a calculated 1.15 eenydboronic acid, 0.11 eq. Pd(RRhand
1.9 eq. KCO3), toluene (3.2 mL) and 2-bromoanisole (0.03 mkegl) were added, and the
reaction vessel was fitted with a reflux condersset heated at reflux for 2 hours, during
which time a colour change from indigo to purple éack to indigo was observed. A phase
separation was performed with gE,/H,0, and the organic fraction was concentrated by
rotary evaporation and subjected to NMR analyss @etails in Supporting Information and
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results in Table 7). These indicated that thistiea is not compatible with AzulE
protection.

Compatibility of AzulE with Suzuki cross-coupling & ambient temperature.

Phenylboronic acid (72 mg), palladium acetate (19, priodonitrobenzene (108.6 mg) and
potassium carbonate (158 mg) were added togetldemated as powders with a spatula.
This mixture was partitioned into two portions, ttantrol (185 mg) and the AzulE benzoate-
spiked sample (168 mg). To the control sample @aimtg a calculated 1.34 eq.
phenylboronic acid, 0.16 eq. palladium acetatey.p-@odonitrobenzene, and 2.6 eq.
potassium carbonate), methanol (3 mL) was addedhemnceaction was left to stir at r.t.
under open air for three days. A separation wa®pred using CkHCI,/H,0O, and the

organic layer was concentrated by rotary evaparaimal submitted for NMR analysis. For
the spiked reaction, to a RBF containing AzulE loate (a) (75 mg, 0.27 mmol, 1.3 eq.)
and the powdered mixture described above (con@gimicalculated 1.34 eq. phenylboronic
acid, 0.16 eq. palladium acetate, 1 ggpdonitrobenzene and 2.61 eq. potassium carbgnate)
methanol (3 mL) was added and the reaction wasdedtir at r.t. under open air for three
days. A separation was performed usingCIkIH,O, and the organic layer was submitted
for NMR analysis (see details in Supporting Infotima and results in Table 7). These
indicated that this reaction is compatible with Az protection.

Compatibility of AzulE with Masamune-Roush reaction A solution of
triethylphosphonoacetate (0.2 mL), triethylamin28mL) in THF (4 mL) was prepared and
divided into two portions. For the control reaati@ mL of the above solution (containing a
calculated 1 eq. triethylphosphonoacetate and RIEg) was added to a RBF containing
LiBr (108 mg, 1.24 mmol, 2.5 eq) and left to stir BO minutes. Anisaldehyde (0.24 mL,
0.98 mmol, 2 eq.) was then added and the reactamleit to proceed overnight. A
separation was performed using £LH/H,0, and the organic layer was submitted for NMR
analysis. For the AzulE benzoate-spiked reacianL of the above solution (containing a
calculated 1 eq. triethylphosphonoacetate and RIE$}) was added to a RBF containing
LiBr (102 mg, 1.18 mmol, 2.4 eq.) and AzulE benegdi05 mg, 0.38 mmol, 0.32 eq.) and
left to stir for 30 minutes. Anisaldehyde (0.24 ndL98 mmol, 2 eq.) was then added and the
reaction was left to proceed overnight. A sepamatias performed using GBI,/H,O, and

the organic layer was submitted for NMR analysee(details in Supporting Information and
results in Table 7). These indicated that thistiea is compatible with AzulE protection.

Compatibility of AzulE with NaBH 4 reduction. Benzophenonél46 mg) and NaBk(86

mg) were added together and mixed as solids. Thikire was partitioned into two portions,
the control (112 mg) and the AzulE benzoate-spdaadple (120 mg). To the control sample
(containing a calculated 1 eq. benzophenone and2.BaBH), methanol (2 mL) was added
and the reaction was allowed to stir for 5 hourseparation was performed using
CHCI,/H,0, and the organic layer was submitted for NMR ysial For the spiked reaction,
to a sample containing AzulE benzoate)((112 mg, 1.04 eq.) and the mixture described
above (containing a calculated 1 eq. benzophenoth@ 8 eq. NaBk), methanol (2 mL) was
added and the reaction was allowed to stir for &r$10A separation was performed using
CH.CI,/H,0, and the organic layer was submitted for NMR ysial(see details in
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Supporting Information and results in Table 7).e3éindicated that this reaction is
compatible with AzulE protection

Compatibility of AzulE with Swern oxidation. DMSO (0.5 mL), (COCh (0.2 mL) and
CH,Cl, (5 mL) were added together at -*t8 and left for 30 minutes. For the control
reaction, cetyl alcohol (54 mg, 0.22 mmol, 1 ecaswlissolved in THF (4 mL) at -7&, and
the above oxidising mixture (2 mL, containing accédted 4.2 eq. chlorodimethylsulfonium
chloride) was added. The solution became cloudierAwo hours, NEt(0.3 mL, 2.15

mmol, 9.7 eq.) was added and the reaction was eiaét at -78C for a further 30 minutes
before allowing it to warm up to r.t. over an houimL 10% HCI (aq.) was added to the
reaction mixture, followed by water and a separatias performed using GBI,/H,0, and
the organic layer was submitted for NMR analysw. the AzulE benzoate-spiked reaction,
AzulE benzoatel@) (52 mg, 0.19 mmol, 0.94 eq.) and cetyl alcoh8lifdg, 0.2 mmol, 1 eq.)
were mixed in THF (4 mL) at -78C, and the above oxidising mixture (2 mL, contagnén
calculated 4.6 eq. chlorodimethylsulfonium chlojidas added. The indigo reaction mixture
rapidly became magenta. Triethylamine (0.3 mL, 2ritbol, 10.8 eq.) was added after 130
minutes, and the reaction was kept at%Z&or a further 30 minutes before being allowed to
warm up to r.t. over an hour. 1 mL 10% HCI (aq.swaded, followed by water and a
separation was performed using £LH/H,0, and the organic layer was submitted for NMR
analysis (see details in Supporting Information eesilts in Table 7). These indicated that
this reaction is not compatible with AzulE protecti there was evident degradation of the
AzulE protecting group and most of the colour (amel material) remained in the aqueous
layer during phase separation.

Compatibility of AzulE with Dess-Martin oxidation. Cetyl alcohol (18 mg, 0.072 mmol,

1.0 eq.) was dissolved in dry DCM (2 mL) and adtted solution of DMP (38 mg, 0.089
mmol, 1.2 eq.) in dry DCM (2 mL) under argon gad &t to stir. After 4 hours the reaction
mixture was diluted with diethyl ether (4 mL) anauped into a solution of saturated aqueous
NaHCG; (6 mL) containing Ng5,03.5H,0 (180 mg, 0.72 mmol, 10 eq.). The organic layer
was separated and extracted with saturated aqiNatd€Q; (6 mL), then distilled water (6
mL), before drying over MgS£OThe organic layer was concentrated to drynessmund
reduced pressure and the white solid reaction mtoglibjected toH NMR analysis (see
details in Supporting Information and results iblEa7). These indicated that this reaction is
not compatible with AzulE protection.

Compatibility of AzulE with pyridinium chlorochroma te oxidation. For the control
reaction, cetyl alcohol (18 mg, 0.072 mmol, 1.0 &as dissolved in dry DCM (2.5 mL) and
added quickly to an orange solution of PCC (25 @316 mmol, 1.6 eq.) dissolved in dry
DCM (2.5 mL) under argon gas. The reaction wastéefitir and the colour changed to brown
over time. At 2 hours, the reaction mixture wasitgitl with DCM (10 mL) and filtered
through a sintered funnel containing a Celite palibwed by washing with diethyl ether.

The reaction mixture was concentrated to drynedgmureduced pressure to recover a crude
mass of 16.5 mg, as an off-white solid, which watsnsitted for NMR analysis. For the
spiked reaction, cetyl alcohol (18 mg, 0.074 mrd), eq.) and AzulE benzoate (20 mg,
0.073 mmol, 1.0 eq.) were dissolved in dry DCM (&b) and added quickly to an orange
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solution of PCC (25 mg, 0.116 mmol, 1.6 eq.) in BGM (2.5 mL) under argon gas. The
reaction turned to a dark murky brown colour and Vedt to stir for 2 hours, by which time it
had changed to a dark muddy green. The reactiotureixvas diluted with DCM (10 mL)

and filtered through a sinter funnel containingedit€ pad, washing with diethyl ether. The
filtrate was concentrated to dryness under redpeesisure to afford a dark green solid. This
was submitted to NMR analysis (see details in Sttpmgpinformation and results in Table

7). These indicated that the PCC oxidation iscootpatible with the AzulE protecting

group.

Compatibility of AzulE with TEMPO/BAIB oxidation. Cetyl alcohol (18 mg, 0.072 mmol,
1.0 eq.), BAIB (26 mg, 0.080 mmol, 1.1 eq.) and TEM(1 mg, 0.0072 mmol, 0.1 eq.) were
dissolved in dry DCM (2 mL) and left to stir openthe atmosphere. After 3.5 hours the
reaction mixture was diluted with DCM (5 mL) andthis a saturated aqueous solution of
NaS,03 (10 mL) was added. The mixture was stirred forib before extracting with DCM
(4x5 mL). The combined organic extracts were washigd saturated aqueous NaHE®

mL), then brine (5 mL) before being dried overn,8@, and concentrated to dryness under
reduced pressure to recover a crude mass of 17.asawhite solid. The same experimental
procedure was followed for the spiked reactionArulE benzoate (20 mg, 0.072 mmol, 1
eg.) was additionally dissolved with cetyl alconRBEMPO and BAIB in dry DCM (2 mL) to
produce an indigo solution. After dilution, work-apd concentration to dryness under
reduced pressure an indigo solid was obtained. NikiRysis of both reaction mixtures (see
details in Supporting Information and results ifbl€a7) indicated that the TEMPO-BAIB
oxidation is not compatible with the AzulE protectigroup.

Compatibility of AzulE with activated MnO ». For the control reactiofs-non-2-en-1-ol (21
mg, 0.148 mmol, 1.0 eq.) in dry DCM (2 mL) was aditie activated Mn@(129 mg, 1.484
mmol, 10.0 eq.) in dry DCM under argon gas andttefttir. After 23 hours the reaction
mixture was filtered through a sinter funnel witiCalite pad before being concentrated to
dryness under reduced pressure to recover a crade of 21 mg, as a yellow oil. For the
spiked reaction, the same experimental procedusgfoli@wed but AzulE benzoate (40 mg,
0.145 mmol, 1 eq.) was additionally dissolved viithon-2-en-1-ol in dry DCM (2 mL).
After filtration and concentration to dryness undettuced pressure a crude mass of 59 mg,
as an indigo solid, was recovered. NMR analysisabiii reaction mixtures (see details in
Supporting Information and results in Table 7) aadéd that manganese dioxide oxidations
of allylic alcohols are compatible with the AzulEopecting group.
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