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Abstract
We report the synthesis of the first click-appended prodigiosene conjugates. Four prodigiosene
conjugates of estradiol functionalised at the 7a-position were prepared, as were three prodigiosene
conjugates of tamoxifen. The coupling between a prodigiosene and an 11-hydroxy estradiol derivative
via an ether linkage was investigated, as was the 11- and 7-functionalisation of the estradiol core. The
robustness of estradiol protecting groups was severely challenged by reactions typically used to equip
such frameworks for 11- and 7-functionalisation. Specifically, and important to synthesis involving
estradiol, TBS, TMS and THP are not useful protecting groups for the functionalisation of this core.
When the chemical features of the therapeutic agent limit the choice of protecting group (in this case,
prodigiosenes bearing aryl, NH, alkenyl and ester groups), click chemistry becomes an attractive
synthetic strategy. The anti-cancer activity of the seven click prodigiosene conjugates was evaluated.
Introduction
The conjugation of potent drugs to bioactive molecules (e.g. proteins,” lipids,” antibodies” and
biological polymers®) represents an effective and proven strategy for the treatment of cancer.”''
Conjugation allows specific tissues to be targeted to result in reduced toxicity towards healthy cells.'?
We herein report conjugation of prodigiosenes to moieties that target estrogen receptors. En route to
synthesising these conjugates, we discovered the surprising frailty of estradiol protecting groups. We
thus used click chemistry to ensure robust connectivity between the prodigiosene and the estradiol. The
first click-appended prodigiosene conjugates are reported herein, as are some tamoxifen-prodigiosene
conjugates, alongside methodology that will be of use in the conjugation of either prodigiosenes or

estradiols to other complex moieties.
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Prodigiosin is a tripyrrolic, red pigmented natural product produced by certain strains of

13, 14

Serratia and Streptomyces bacteria (Figure 1). Prodigiosin exhibits a multitude of biological

. o 15 . 116-19 . .20, 21
responses including immunosuppressive, ~ antimicrobial and anti-cancer properties™ ° through

several modes of action, e.g. H'/Cl' exchange,”” Cu-mediated DNA cleavage’® *’ and signal-

28-30

transduction interference. However, clinical applications have been limited due to poor selectivity.

Derivatives of prodigiosin, named prodigiosenes,”’ featuring various modifications on the

pyrrolyldipyrrin core of the natural product, have been shown to maintain the anticancer activity of the

parent compound, as well as result in a reduced toxicity profile.**™*!
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Figure 1: Structure of prodigiosin and some prodigiosene analogs.
We previously reported prodigiosenes 1a-¢ (Figure 2, top) conjugated to estrone, estradiol and

33. 36 .. . . .
**” These prodigiosene conjugates were designed to be delivered to cancerous

4-hydroxytamoxifen.
tissues that express estrogen receptors (ERs), thereby increasing the selectivity of these drugs towards
ER-positive breast cancer cells.'> **° As a proof of principle, these first conjugates were linked
through the readily accessible functionalities of the targeting moieties, even though those groups play a
fundamental role in binding the ER pocket (Figure 2, top).*® *’ Nevertheless, the conjugates exhibited
growth inhibition against breast cancer cells and some selectivity for ER-positive breast cancer cell

. 33,36
lines.”™
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Figure 2: Conjugation strategy for prodigiosene-estradiol and tamoxifen conjugates.

Herein, we report our investigations towards the synthesis of prodigiosenes conjugated to
estradiol derivatives at the 11- and 7-positions (Figure 2, bottom). Linkage at these positions would
allow the free hydroxyl moieties at the 3- and 17B3-positions of estradiol to bind ERs. Indeed, chemical
substitution at the 11B3- and 7a-positions of estrogens, although more synthetically challenging than the
3- and 17B-positions, has given drugs with high binding affinities and potent estrogenic or anti-
estrogenic activities.*** Adhering to this approach, 4-hydroxytamoxifen will be conjugated through
the amino side chain,” thereby situating the free phenolic group suitable for binding to ERs.*®*’
Results and Discussion
Synthesis
Cognisant that ethers are less reactive than esters,”® we targeted the synthesis of estradiol-prodigiosene

conjugates joined via an ether-linkage: a prodigiosene featuring a pendant alcohol on the C-ring would

be conjugated with an estradiol substituted with a hydroxyl group at 11a-position (Figure 3).
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Figure 3: Moieties required for the synthesis of ether-linked estradiol-prodigiosene conjugates.

In order to synthesise a prodigiosene bearing a pendant hydroxy group, the direct reduction of 2
was attempted. However, the use of LiAlH4 gave a complex mixture of prodigiosene derivatives, and
the use of BH3;eTHF afforded the reduced product in only very poor yields. Therefore, prodigiosene 2
was first protected as its Zn(II) dimer (3 in Scheme 1), whereupon reduction of the ketone, using
BH;eTHF, was followed by an acidic work-up that also effected decomplexation. It is significant,
particularly for those interested in the functional group manipulation of dipyrrins, that reduction of this
conjugated carbonyl group is feasible following N—N protection with Zn(II). Reduction of the ester (4),

using LiAlH4, provided 5 (Scheme 1).

Zn(OAc),,
NaOAc , EtO
CHCl3, MeOH
1%

1. BHa*THF
THF, it _Et
—

2.HCI
quant.

rt, 50%

Scheme 1. Synthesis of prodigiosene 5.
The synthesis of the requisite estradiol, functionalised with a hydroxyl substituent at the 11a-
position, began with the oxidation of estrone to give 6, alongside 10% recovery of the starting material

within an inseparable mixture (Scheme 2).>132

Reduction of 6 gave the alcohol 7, which was protected
with TBS to give 8. This protecting group was chosen to be stable to reaction conditions suitable for

the formation of esters involving prodigiosenes:*® choices for suitable protecting groups are severely
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limited by the presence of the various functionality embedded within the prodigiosene skeleton.
Hydroboration-oxidation of 8 gave the desired 11a-hydroxylated estradiol derivative 9(Scheme 2).
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Scheme 2. Synthesis of estradiol derivative 9.

The formation of the ether linkage was first attempted using prodigiosene 5 and estrone and 4-
hydroxytamoxiphen. Using Mitsunobu conditions,”* estrone was coupled with 5 to give 11a in
reasonable yield (Scheme 3). However, the use of these conditions gave rise to neither 11b (upon
reaction with 4-hydroxytamoxiphen) nor 11¢ (upon reaction with 9). The primary alcohol of
prodigiosene 5 was thus activated to give the tosylate 10, which was then reacted with estrone and 4-
hydroxytamoxiphen under Williamson ether conditions. However, conjugate 11a was obtained in only
17% yield, while 11b could not be adequately purified despite chromatography over both silica and
alumina. Use of the TBS-protected 11a-functionalised alcohol 9 was also unfruitful despite the fact
that, upon treatment with NaH in DMF, 9 was quantitatively recovered. Under the Williamson ether
synthesis conditions in the presence of tosylate 10, conjugate 11¢ was formed but could not be
extracted from DMF. Furthermore, the use of high temperatures, in order to remove DMF, led to
decomposition. The reaction was repeated in THF, but the desired product did not form. It is significant

that such robust reactions to form ethers fail with these bulky alcohols.
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Scheme 3. Attempts to synthesise ether-linked prodigiosene conjugates 11a-c.

Considering the challenges encountered in forming ether linkages (Scheme 3), we focused on
the introduction of a linker at the 1la-position of estradiol (Scheme 4) with the plan to subsequently
couple with prodigiosenes via either amide or ester linkages that had previous shown to be
forthcoming. However, Williamson synthesis using linker 12.>> whose azide could lead to an amine or
hydroxyl group later in the sequence, did not occur at the desired 11a-position (13) but instead at the
phenolic position, i.e. TBS-deprotection at the phenolic position occurred. The TBS-protected alcohol 9
and tosylate 10 thus seemed unable to tolerate clean reactivity at the 11a-hydroxy position (Scheme 3
and Scheme 4).
otes ”Sh& otes

12

TBSO NaH, DMF 1550
9 13
not observed

Scheme 4. Attempt to synthesise estradiol derivative 13.
Clearly, TBS is not a suitable protecting group for estradiol derivatives of this type. In contrast,

the TMS group survives the conjugation of prodigiosenes with estradiols functionalised in other

33, 35, 36

positions, and has been demonstrated to be compatible with the coupling conditions required to

form such esters, in contrast to the many protecting groups we evaluated. Furthermore, TMS can be

removed without hydrolysis of the ester bond. As such, we targeted estradiol derivative 15 (Scheme 5,

51-53

top and middle) protected with TMS groups at 3- and 17B-positions. Alcohol 7 was protected with
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TMS to afford 14. However, the TMS groups in 7 did not survive the hydroboration conditions

(Scheme 5, top). Evidently, the robustness of eastradiol protecting groups is far from established.
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Scheme 5. Synthesis towards TMS-protected functionalised estradiols
Consequently, we protected the hydroxyl groups at the 3- and 17B-positions as benzyl ethers,
and planned to exchange with TMS groups later in the sequence. We thus focused on the 2-
methoxyethoxymethyl ether (MEM) protecting group as it is stable to hydrogenolysis>® and it has been

3758 We evaluated the

removed, using Ph,BBr, in the presence of a TMS group on a beta-lactam.
protecting group orthogonality using readily available 20 (Scheme 5, middle). Benzyl protection of 7
gave the protected estradiol 16, along with ~10% of the saturated analogue that is carried from
incomplete oxidation of estrone (Scheme 2). Subsequent hydroboration-oxidation gave the 1la-

hydroxy derivative 17, and enabled separation of the saturated analogue.” MEM protection, followed

by hydrogenolysis and installation of TMS at the 3- and 17f3-positions yielded estradiol 20. Although
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removal of MEM in the presence of a TMS protecting group was previously reported,’” >®

attempted
deprotection of estradiol 20 using Ph,BBr resulted only in the decomposition of our material. Yet
again, a successful protection/deprotection strategy en route to estradiol-prodigiosene conjugates defied
the supporting evidence gained with model systems.

We turned our attention to the 7a-position of the estradiol backbone, given the challenging
issues with the synthesis of the required 11-substituted TMS and TBS derivatives. Conjugation at the
7a-position has been shown to provide structures with high binding affinity to ERs,”™ and potential
antagonist activity.”” Cognisant that the TMS protecting group is stable to our planned esterification
involving prodigiosenes,’® we focused on the preparation of 23a (Scheme 5, bottom). The free
hydroxyl groups of estradiol 21°° were TMS-protected to give 22a. However, debenzylation of 22a
using Pd/C at 1 atmosphere of hydrogen in ethanol occurred with the removal of the TMS groups, and
we attributed this phenomenon to the ready migration of silyl groups in protic solvents.®®
Furthermore, the use of THF at 3 bar of hydrogen for 24 h afforded only a small amount of the desired
alcohol. After repeating these conditions three times using the same material, 23a was isolated in
moderate purity and just 17% yield. As such, this route to TMS-protected functionalised estradiols was
also jettisoned. The THP-protected 22b was thus targeted (Scheme 3). However, when attempting the
hydrogenolysis of 22b, unexpected migration of the THP group at the phenolic position to the
deprotected primary alcohol was observed, with undesired 24 isolated as the major product. Again, the
fickleness of estradiol protecting groups is surprising.

As attempts to synthesise TBS-, TMS- and THP-protected estradiols were unyielding en route
to 11- and 7-functionalised derivatives, we turned our focus towards estradiols suited to Cu(I)-
catalyzed click chemistry with the goal of preparing the first click-appended conjugates of
prodigiosenes. Using this approach, we anticipated being able to use protecting groups not based on

silicon, as we would no longer be bound by the need to use esterification or etherification as a means of

joining the requisite halves of each conjugate. The methoxymethyl acetal (MOM) protecting group thus
8
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became available to us for this work. Our conjugates were designed to enable the bioevaluation of the
effect of linker chain lengths between the estradiol (25) and the prodigiosene moiety (26 and 27).
Furthermore, in order to appreciate the influence of the pK, of the prodigiosene moiety upon the
biological properties of the final conjugates,” prodigiosenes were designed to feature an azido group
linked via an ester (26) or an alkyl group (27) on the B-position of the C-ring. Prodigiosenes bearing
these two functionalities have been shown to exhibit quite different properties in terms of acidity.’®
Estradiol 28 was thus substituted with linkers 29a-b® to give 30a-b. Deprotection of the MOM
ethers, followed by reduction of the ketone, afforded the desired estradiol coupling partners 25a-b
(Scheme 6).

=
I F
OMOM \m/ OR OH

29a,n=3 P e
29b,n=9 BF(OEt, )
25n=2 kil S p
| o KOBu Et,SiH | A )
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MOMO™ RO (y7 CHllayo =
&t n

o
28 30a,n=3,R=MOM, 31% 25a,n = 3, 98%
30b, n = 9, R = MOM, 47% \HCI 25b,n =9, 87%
31a,n=3,R=H, 72%_/THF
31b,n=9,R=H, 93%

Scheme 6. Synthesis of protected estradiols bearing alkyne at 7a-position

Prodigiosene 26 was synthesised as shown in Scheme 7 (top). Coupling of pyrrole 32°* with the
linker 33% vyielded 34, which was subsequently condensed with pyrrolinone 35%* to give the
dipyrrinone 36. The activated bromo (37a) and triflate (37b) dipyrrins were obtained in 64% and 89%
yield, respectively. Both were subsequently subjected to Suzuki-Miyaura coupling conditions and (1-
(tert-butoxycarbonyl)-1H-pyrrol-2-yl)boronic acid to generate the key prodigiosene 26, the first of its
kind, bearing an ester-linked azide. Preparation of the prodigiosene 27, bearing an alkyl-linked azide,
commenced with the reduction of the methyl ester of pyrrole 38® to provide the alcohol 39 (Scheme 3,
bottom). Subsequent tosylation, followed by treatment with NaN; gave 41. Decarboxylation and
formylation provided 42. Mukaiyama-aldol type condensation between 42 and 35 gave the dipyrrinone

43,*' which was brominated in preparation for Suzuki-Miyaura coupling to provide prodigiosene 27.
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Scheme 7. Synthesis of ester- and alkyl linked prodigiosenes bearing azide

The Cu(I)-catalyzed azide-alkyne cycloaddition (CuACC)*® was then attempted using ester-
linked azido prodigiosene 26 and the estradiol derivative 25b as coupling partners. Although several
sets of conditions were used,’” ®® decomposition of the prodigiosene moiety was observed during the
reaction, presumably due to the complexation between the dipyrrinato and pyrrolic nitrogen atoms and
the copper species.”” The necessity to protect chelating ligands to enable CuACC has been previously
noted.” Consequently, we protected prodigiosene 26 as a zinc complex (45). Gratifyingly, the use of
Cul, tris(benzyltriazolylmethyl)amine (TBTA) and diisopropylamine in THF successfully promoted the
CuACC reaction between the prodigiosene zinc complex 45 and estradiols 25a-b, which, after zinc
decomplexation using aqueous HCI, afforded the prodigiosene-estradiol conjugates 46a-b. Similarly,
coupling estradiols 25a-b and the alkyl-linked azido prodigiosene zinc complex 47 returned the desired
prodigiosene-estradiol conjugates 48a-b (Scheme 7). In general terms, it is significant that the
dipyrrinato moiety was shown to undergo CuACC only when the N-N feature was protected. This
discovery will be of use in the synthesis of functionalised dipyrrins and their complexes such as those

. . . 0-75
used as probes or in optical devices.”®”

10
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Scheme 8. Synthesis of 1,2,3-triazole-linked prodigiosene-estradiol conjugates

Preparation of tamoxifen conjugates

With four prodigiosene-estradiol conjugates in hand, we expanded the series through synthesis of three
prodigiosenes conjugated to 4-hydroxytamoxifen. (Z2)-4-Hydroxytamoxifen metabolite accounts for the
anti-cancer activity of tamoxifen through its high binding affinity to ERs and antagonist activity. The E
isomer is, instead, weakly estrogenic with a low binding affinity for the receptor.”® However, the fact
that the E/Z mixture of 4-hydroxytamoxifen analogue 49’ exhibits potencies similar to tamoxifen
itself, as regards to ER affinity assays and ER antagonist activity,”’ prompted us to use that substrate to
build 4-hydroxytamoxifen conjugated to prodigiosenes la-c. The tamoxifen derivative 49 was thus
selectively protected with TBS at the phenolic position to give 50 (Scheme 8). Coupling of 50 with
prodigiosenes 1a-¢,” followed by deprotection, successfully afforded conjugates 51a-c.

|
I

HO NS
P P
SN | P i OR 1a-c ‘
1) HBTU, DMAP, DCM
S ] A 2) HCI, MeOH, CHCl5 7
oy

‘ 51a:n=2,61%
51b: n = 4,75%
51c:n =8, 84%

49, R = OH~ TBSCI, ImH
50, R = TBS, 85% < CH,Cl,, 0 °C

Scheme 9. Synthesis of prodigiosene-4-hydroxytamoxifen conjugates
Anti-cancer activity
The seven conjugates 46a-b, 48a-b and S1a-c were evaluated by the National Cancer Institute (NCI)
across sixty cell lines (NCI-60) representing nine types of cancer,’® and the activities were found to be

moderate. Growth inhibition results at 10 pM of prodigiosene-hydroxytamoxifen conjugates 51a-c

11
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against six human breast cancer cell lines, including MCF7 and T-47D (ER-positive cell lines) and
MDA-MB-231/ATCC, HS 578T, BT-549, MDA-MB 468 (ER-negative cell lines) are shown in the
Supplementary Information. Focusing on our goal to target breast cancer with conjugates that are
designed to target ER receptors, the results are compared to the previously synthesised conjugates,’
where the prodigiosene moiety is attached via the phenolic position of 4-hydroxytamoxifen that is
considered essential for binding. The chain length of the linker of conjugates 51a-c proved not to
influence the extent of growth inhibition, nor did the presence of the conjugated carbonyl moiety.
Unexpectedly, conjugates 51a-c, exhibiting the free phenolic group of tamoxifen are less efficient at
inhibiting breast cancer cell growth than those conjugates wherein the phenolic group is engaged in the
conjugation with the prodigiosene unit. In contrast, high activity is observed for conjugate S1a against
the ER-negative MDA-MB-231/ATCC cell line.

The anticancer activity of 1,2,3-triazole prodigiosene-estradiol conjugates 46a-b and 48a-b are
also provided in the Supplementary Information. The alkyl-containing 48a-b (higher pK,) displayed
enhanced growth inhibition compared to the ester-containing conjugates 46a-b (lower pK,), suggesting
that the pK, of the prodigiosene skeleton plays a role on the anti-cancer activity as a function of
enhanced transmembrane anion exchange rates, in line with previous work.’® Akin to the conjugates to
tamoxifen, the linker length is not significant upon growth inhibition suggesting that for prodigiosene
conjugates of this genre, alkyl linkers of any length are equally valid. However, compound 48b also
displayed unexpectedly high growth inhibition against the MDA-MB-231/ATCC cell line. The unusual
activity against MDA-MB-231/ATCC line for both 48b and 51a is intriguing, particularly in light of
the fact that this metastatic human mammary carcinoma cell line has been shown to display higher
TEA domain (TEAD) transcriptional activity than non-metastatic mammary carcinoma cell lines such
as MCF7.” TEAD plays a critical role in the function of YAP (yes-associated protein), a protein that
aids in cell proliferation and the suppression of apoptosis, and so the YAP/TEAD complex has been

suggested as a useful pharmacological target for the treatment of proliferative diseases.**™ Of

12
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relevance to the results described herein, protoporphyrin IX, hematoporphyrin and verteporfin have
been shown to inhibit the YAP/TEAD interaction, and thus suppress the oncogenic effects of YAP.®
Given the structural similarity of these three porphyrins to the tripyrrolic nature of the prodigiosenes
reported herein, the activity of 48b and 51a against MDA-MB-231/ATCC warrants further
investigation, including the potential for photodynamic therapy effects, now that a reliable synthetic
route is available for conjugates of this type.

Conclusions

In summary, the synthesis of estradiol-prodigiosene conjugates via an ether linkage, as a more stable
alternative than ester, has been attempted. The robustness of estradiol protecting groups has been
challenged by reactions typically used to equip such frameworks for 11- and 7-functionalisation.
Specifically, TBS, TMS and THP are not useful protecting groups for the functionalisation of estradiol.
When the chemical features of the therapeutic agent limit the choice of protecting group (in our case,
prodigiosenes bearing aryl, NH, alkenyl and ester groups), click chemistry becomes an attractive
synthetic strategy. We herein report the first click-appended prodigiosene conjugates: four prodigiosene
conjugates of estradiol, functionalised at the 7a-position, were prepared, as were three prodigiosene
conjugates of tamoxifen. The critical features of the targeting moieties were available for binding to
ERs, and the influence of such groups was assessed through evaluation of anti-cancer activity.
Unexpected growth inhibition activity was observed against the MDA-MB-231/ATCC cell line, which
evidently cannot be ascribed to targeting via the ER.

Experimental Procedures

All chemicals were purchased and used as received unless otherwise indicated. Moisture sensitive
reactions were performed in flame-dried glassware under a positive pressure of nitrogen or argon. Air-
and moisture-sensitive compounds were introduced via syringe or cannula through a rubber septum.
Flash chromatography was performed using ultra-pure silica (230-400 mm) or 150 mesh Brockmann

IIT activated neutral or basic alumina oxide as indicated. An automated system was employed for some

13
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chromatography, using pre-packed KP-Sil Silica SNAP cartridges. NMR spectra were recorded using
500 MHz or 300 MHz spectrometer instruments. Chemical shifts (8) are reported in parts per million
(ppm) using the solvent signals as reference (CDCl; 7.26 ppm for 'H, 77.16 ppm for >C while; MeOD
3.31 ppm for 'H, 49.00 ppm for >C; DMSO 2.50 ppm for 'H, 39.51 ppm for "*C). Coupling constants,
J, are reported in Hertz. Mass spectra were obtained using TOF and LCQ Duo ion trap instruments
operating in ESI” or ESI' mode. Compounds 1a-¢,” 2,°° 6-9,°'° 12, 16, 17, 21,” 28.% 29a,%* 32,*®
33, 35,% 38,% 497" were prepared following literature procedures.

Zinc complex of (Z)-ethyl 3-(2-((4-methoxy-1H,1'H-[2,2'-bipyrrol]-5-yl)methylene)-3,5-dimethyl-
2H-pyrrol-4-yl)-3-oxopropanoate (3)

To a solution of prodigiosene 2 (0.80 g, 1.88 mmol) in CHCl; (200 mL) was added a solution of
Zn(OAc),#2H,0 (1.03 g, 4.79 mmol) and NaOAc (0.42 g, 5.07 mmol) in MeOH (55 mL). After
stirring for 6 hours at room temperature, water (150 mL) was added and the crude mixture then
extracted with CH,Cl, (3 x 150 mL). The combined organic layers were washed with brine (150 mL)
and dried over Na,SO4. After evaporation of the solvent under reduced pressure, the crude solid was
purified using flash chromatography on Al,O; neutral Brockman III (EtOAc/hexanes 30/70, 40/60,
50/50 then 60/40) to give the title compound as a green-red solid (0.61 g, 71%). R¢ = 0.5 Al,O4
(EtOAc/hexane 70/30). Mp = 73 °C. 'H NMR (CDCls;, 500 MHz) 1.22 (t, J = 7.5 Hz, 3H), 1.65-1.67
(m, 8H), 2.16 (s, 6H), 2.31 (t, J = 7.0 Hz, 4H), 2.54 (s, 3H), 2.68-2.71 (m, 4H), 3.99 (s, 6H), 4.05 (q, J
= 7.5 Hz, 4H), 6.06 (s, 1H), 6.10-6.11 (m, 1H), 6.49-6.50 (m, 1H), 6.61-6.62 (m, 1H), 7.35 (s, 1H),
9.22 (s, 1H). °C NMR (CDCls, 125 MHz) 13.1, 14.4, 18.1, 23.8, 24.9, 34.4, 42.3, 58.5, 60.3, 96.1,
110.7, 114.4, 117.9, 123.1, 126.5, 126.9, 131.9, 133.1, 138.7, 155.5, 155.8, 167.0, 173.8, 197.3.
HRMS-ESI(m/z): [M+Na]" calcd. for C4sHssN¢NaOgZn: 931.3343; found 931.3320.

(Z2)-Ethyl 6-(2-((4-methoxy-1H,1'H-[2,2'-bipyrrol]-5-yl)methylene)-3,5-dimethyl-2 H-pyrrol-4-

yDhexanoate hydrochloride (4)

14
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To a solution of prodigiosene 3 (0.17 g, 0.18 mmol) in anhydrous THF (35 mL) was added BH;eTHF
(1 M, 0.75 mL, 0.75 mmol), under inert atmosphere. After stirring for 3 hours at room temperature, the
reaction was quenched through the addition of HCI (1 M, 35 mL) and extracted with CH,Cl, (3 x 50
mL). The combined organic layers were washed with brine (50 mL), dried over Na,SO4 and
concentrated under reduced pressure to give the title compound as a red solid (0.17 g, quant.), which
was used in the next step without further purification. R¢ = 0.40 Al,O3 (EtOAc/hexane 50/50). '"H NMR
(CDCl3, 500 MHz) 1.24 (t, J =7.5 Hz, 3H), 1.31-1.35 (m, 2H), 1.40-1.45 (m, 2H), 1.63 (quint., J = 7.5
Hz, 2H), 2.19 (s, 3H), 2.28 (t, J =7.5 Hz, 2H), 2.37 (t, J =7.5 Hz, 2H), 2.51 (s, 3H), 3.98 (s, 3H), 4.11
(q, J=7.5 Hz, 2H), 6.06 (s, 1H), 6.30-6.32 (m, 1H), 6.85-6.86 (m, 1H), 6.99 (s, 1H), 7.17-7.18 (m, 1H),
12.48 (bs, 1H), 12.51 (bs, 1H), 12.57 (bs, 1H). °C NMR (CDCl;, 125 MHz) 10.1, 12.6, 14.4, 24.0,
29.0, 30.0, 34.4, 58.7, 60.4, 92.7, 111.5, 113.1, 116.3, 119.7, 122.5, 124.4, 126.3, 126.6, 137.8, 146.7,
147.5,165.3, 173.8. HRMS-ESI(m/z): [M+H-HCI]" calcd. for C,4H3:N30;: 410.2438; found 410.2431.
(2)-3-(2-((4-Methoxy-1H,1'H-[2,2'-bipyrrol]-5-yl)methylene)-3,5-dimethyl-2 H-pyrrol-4-
yl)propan-1-ol hydrochloride (5)

To a suspension of LiAIH4 (0.085 g, 2.24 mmol) in anhydrous THF (10 mL) was added a solution of
prodigiosene 4 (0.50 g, 1.12 mmol) in anhydrous THF (40 mL) under inert atmosphere. After stirring
for 2 hours at room temperature, the reaction was quenched through the addition of a saturated solution
of Na,;SO4 (10 mL) and HCI 5% (50 mL). The mixture was extracted with CH,Cl, (3 x 50 mL). The
combined organic layers were washed with brine (50 mL), dried over Na,SO4 and concentrated under
reduced pressure. The crude mixture was purified using flash chromatography on Al,O3; Brockman III
neutral (EtOAc/hexane, 50/05 then 70/30) to give through the addition of as a red solid (0.26 g, 50%).
Rf=0.30 ALO; (EtOAc/hexane, 50/50). 'H NMR (CDCl3, 500 MHz) 1.29-1.38 (m, 4H), 1.39-1.45 (m,
2H), 1.55 (quint., J = 6.5 Hz, 2H), 2.19 (s, 3H), 2.36 (t, J = 6.5 Hz, 2H), 2.51 (s, 3H), 3.62 (t, J = 6.5
Hz, 2H), 3.97 (s, 3H), 6.05 (s, 1H), 6.29-6.30 (m, 1H), 6.84-6.85 (m, 1H), 6.99 (s, 1H), 7.16-7.18 (m,

1H), 12.45 (bs, 1H), 12.47 (bs, 1H), 12.51 (bs, 1H). *C NMR (CDCls, 125 MHz) 10.1, 12.6, 24.1,
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25.7,29.3, 30.3, 32.8, 58.7, 62.9, 92.7, 111.5, 113.1, 116.2, 119.7, 122.5, 124.4, 126.3, 126.9, 137.9,

146.6, 147.6, 165.2. HRMS-ESI(m/z): [M+H-HCI]+ calcd. for C2oH30N30,: 368.233; found 368.2314.
(2)-6-(2-((4-Methoxy-1H,1'H-[2,2'-bipyrrol]-5-yl)methylene)-3,5-dimethyl-2 H-pyrrol-4-yl) hexyl
4-methylbenzenesulfonate (10)

TsCl (0.62 g, 1.63 mmol) and (iPr);EtN (1.13 mL, 3.26 mmol) were added to a solution of
prodigiosene 5 (0.60 g, 0.82 mmol) in anhydrous CH,Cl, (120 mL) at room temperature and under
inert atmosphere. The reaction mixture was stirred for 19 h, quenched through the addition of a
saturated aqueous solution of NH4Cl (80 mL) and extracted with CH,Cl, (3 x 50 mL). The combined
organic layers were washed with brine (50 mL), dried over Na,SO4 and concentrated under reduced
pressure. The crude mixture was purified using flash chromatography on Al,O; Brockman III neutral),
EtOAc/hexane, 40/60, 50/50 then 80/20) to give the title compound as a red solid (0.45 g, 53%). R¢:
0.37 (AL,O3, EtOAc/hexane 50/50). "H NMR (CDCls, 500 MHz) 1.14-1.19 (m, 2H), 1.22-1.27 (m, 4H),
1.57 (t, J=17.5 Hz, 2H), 1.71 (bs, 3H), 2.07 (s, 3H), 2.15 (t, /= 7.0 Hz, 2H), 2.41 (s, 3H), 3.97 (s, 3H),
3.98 (t,J= 7.0 Hz, 2H), 6.07 (s, 1H), 6.11 (s, 1H), 6.60 (s, 1H), 6.63 (s, 1H), 6.88 (s, 1H), 7.31 (d, J =
8.2 Hz, 2H), 7.76 (d, J = 8.2 Hz, 2H). *C NMR (CDCls, 125 MHz) 9.7, 10.6, 21.7, 24.1, 25.3, 28.9,
28.9, 30.5, 58.5, 70.8, 95.2, 109.9, 111.8, 113.4, 122.3, 122.7, 125.8, 128.0, 128.9, 129.5, 129.9, 133.3,
136.6, 144.7, 158.5, 168.6. HRMS-ESI(m/z): [M+H]" calcd. for CyH3sN304S: 522.2421; found
522.2412.
(135,145)-3-((6-((£)-2-((4-Methoxy-1H,1'H-[2,2'-bipyrrol]-5-y])methylene)-3,5-dimethyl-2 H-
pyrrol-4-yl)hexyl)oxy)-13-methyl-7,8,9,11,12,13,15,16-octahydro-6 H-cyclopenta[a]phenanthren-
17(14H)-one (11a)

To a solution of estrone (0.031 g, 0.11 mmol) in anhydrous DMF (3 mL) was added NaH (5.0 g, 0.11
mmol) at 0 °C and under inert atmosphere. The reaction mixture was stirred for 40 min at room
temperature then cooled down to 0 °C and a solution of prodigiosene 10 (0.05 g, 0.095 mmol) in

anhydrous DMF (1 mL) was added. The reaction was stirred overnight at room temperature, then
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quenched with 1% HCIL The reaction mixture was extracted with CH,Cl, (3 x 30 mL) and the
combined organic layers washed with water (2 x 30 mL) and brine (1 x 30 mL), then dried over
NaSO4 and concentrated under vacuum. The crude mixture was purified using flash chromatography
(AlL,O3 neutral type III, EtOAc/hexane, 40/60) then (SiO,, EtOAc/hexane, 40/60) to give the title
compound as a red film (17 mg, 17 %). R¢= 0.50 (AL,Os, EtOAc/hexane, 40/60). '"H NMR (CDCls, 500
MHz) 0.90 (s, 3H), 1.35-1.39 (m, 3H), 1.44-1.52 (m, 8H), 1.57-1.66 (m, 4H), 1.76 (quint., J = 6.5 Hz,
2H), 1.92-2.04 (m, 3H), 2.10-2.15 (m, 1H), 2.22 (s, 3H), 2.38-2.41 (m, 3H), 2.48-2.51 (m, 1H), 2.54 (s,
3H), 2.87-2.88 (m, 2H), 3.92 (t, J = 6.5 Hz, 2H), 4.00 (s, 3H), 6.08 (d, J = 1.5 Hz, 1H), 6.33-6.34 (m,
1H), 6.63 (d, J= 2.5 Hz, 1H), 6.70 (dd, J = 8.5 and 2.5 Hz, 1H), 6.88 (bs, 1H), 7.03 (s, 1H), 7.17-7.20
(m, 2H), 12.51 (bs, 1H), 12.56 (bs, 1H), 12.62 (bs, 1H). >C NMR (CDCl;, 125 MHz) 10.2, 12.7, 14.0,
21.7, 24.1, 26.0, 26.1, 26.7, 29.2, 29.4, 29.8 (2 C), 30.3, 31.7, 36.0, 38.5, 44.1, 48.1, 50.5, 58.7, 67.8,
92.7, 111.5, 112.2, 113.2, 114.6, 116.2, 119.7, 122.5, 124.4, 126.3, 126.4, 126.9, 132.0, 137.8, 137.9,
146.6, 147.7, 157.2, 165.2, 221.1. HRMS-ESI(m/z): [M+H]" calcd. for C4oHsoN303: 620.3847; found
620.3847.
(11R,135,14S,175)-3,17-Bis(trimethylsilyloxy)-11-((2-methoxyethoxy)methoxy)-13-methyl-
7,8,9,11,12,13,14,15,16,17-decahydro-6 H-cyclopenta[a]phenanthrene (14)

To a solution of 77 (400 mg, 1.48 mmol) in DMF (40 mL) was added imidazole (2.00 g, 29.6 mmol)
followed by TMSCI (1.80 mL, 14.8 mmol). After stirring at room temperature for 16 h, water (150 mL)
was added and the mixture was extracted with diethyl ether (3 x 50 mL). The combined organic layers
were washed with water (2 x 50 mL) and brine (50 mL), then dried (Na,;SO4). After evaporation of the
solvent under reduced pressure the crude material was purified using flash chromatography (SiO,,
EtOAc/hexane 1/9) to give a colorless oil (604 mg, 98% that contained 10% of the saturated analogue).
'H NMR (CDCls, 500 MHz): & 0.12 (s, 9H), 0.27 (s, 9H), 0.78 (s, 3H), 1.29-1.45 (m, 3H), 1.53-1.60
(m, 1H), 1.77-1.84 (m, 1H), 1.92-2.09 (m, 4H), 2.15-2.19 (m, 1H), 2.75-2.89 (m, 2H), 3.73 (t, J=5.1

Hz, 1H), 6.12-6.13 (m, 1H), 6.56 (d, J = 2.5 Hz, 1H), 6.64 (dd, J = 8.7, 2.5 Hz, 1H), 7.49 (d, J = 8.7
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Hz, 1H). °C NMR (CDCls, 125 MHz): & 0.4, 11.4, 24.2, 28.4, 30.1, 31.1, 39.1, 39.6, 41.8, 47.3, 81.9,

118.2, 118.3, 120.1, 125.1, 128.4, 1352, 137.6, 153.9. HRMS-APCI (m/z): [M+H]" calcd for
C24H390,S1,, 415.2483; found, 415.32483.
(11R,135,14S,175)-3,17-Bis(benzyloxy)-11-((2-methoxyethoxy)methoxy)-13-methyl-
7,8,9,11,12,13,14,15,16,17-decahydro-6 H-cyclopenta[a]phenanthrene (18)

To a solution of 17% (370 mg, 0.79 mmol) in CH,Cl, (8.0 mL) was added DIPEA (0.69 mL, 3.95
mmol) followed by MEMCI (0.23 mL, 1.97 mmol). After stirring at room temperature forl6 h, a
saturated solution of NH4Cl (30 mL) was added. The mixture was stirred for 15 min, and then extracted
with EtOAc (3 x 40 mL). The combined organic layers were washed with brine (50 mL), then dried
(NaxSOy4). After evaporation of the solvent under reduced pressure the crude was purified using flash
chromatography (Si0,, EtOAc/hexane 2/8) to give the title compound as a white solid (335 mg, 76%).
Mp 70 °C. '"H NMR (CDCl;, 500 MHz): § 0.84 (s, 3H), 1.27-1.33 (m, 3H), 1.35-1.46 (m, 2H), 1.57-
1.69 (m, 2H), 1.83-1.87 (m, 1H), 2.04-2.11 (m, 1H), 2.32 (t, J = 10.0 Hz, 1H), 2.64 (dd, J=12.2, 5.2
Hz, 1H), 2.78 (t, J = 6.7 Hz, 2H), 3.40 (s, 3H), 3.52 (t, J/ = 8.2 Hz, 1H), 3.56-3.62 (m, 2H), 3.75-3.82
(m, 2H), 4.14-4.19 (m, 1H), 4.57 (s, 2H), 4.90 (d, J = 6.7 Hz, 1H), 5.03-5.04 (m, 3H), 6.73 (d, J = 2.5
H, 1H), 6.77 (dd, J = 8.7, 2.5 Hz, 1H), 7.27-7.40 (m, 8H), 7.43 (d, J= 7.5 Hz, 2H), 7.63 (d, /= 9.0 Hz,
1H). C NMR (CDCls, 125 MHz): § 12.7, 23.2, 27.0, 28.1, 28.9, 37.4, 44.0, 44.3, 47.8, 49.9, 59.2,
68.0, 70.0, 71.8, 71.9, 77.8, 87.7, 94.7, 112.0, 114.5, 127.0, 127.5, 127.6, 127.9, 128.4, 128.7, 133.0,
137.5, 139.2, 139.5, 157.0. HRMS-ESI (m/z): [M+Na]" calcd for CssHiNa;Os, 579.3081; found,
579.3073.
(11R,135,14S,17S5)-11-((2-Methoxyethoxy)methoxy)-13-methyl-7,8,9,11,12,13,14,15,16,17-
decahydro-6H-cyclopenta[a]phenanthrene-3,17-diol (19)

To a degassed (bubbling with nitrogen for 3 min) solution of 18 (450 mg, 0.81 mmol) in a mixture of
THF/EtOH (15/20 mL) was added Pd/C 10% (50 mg) and 2 drops of triethylamine. The mixture was

then purged 3 times with 1 bar of hydrogen, then stirred at 3 bar of hydrogen for 18 h. The reaction
18
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mixture was degassed using nitrogen, then filtered through a pad of Celite® washing with MeOH. After
evaporation of the solvent under reduced pressure, the same procedure was repeated to obtain the title
compound as a colorless oil (260 mg, 85%). '"H NMR (CDCls, 500 MHz): & 0.73 (s, 3H), 1.21-1.26 (m,
3H), 1.35-1.42 (m, 2H), 1.46-1.53 (m, 1H), 1.63-1.67 (m, 1H), 1.79-1.84 (m, 1H), 2.07-2.13 (m, 1H),
2.28 (t, J = 10.0 Hz, 1H), 2.51 (dd, J = 12.0, 5.0 Hz, 1H), 2.70-2.72 (m, 2H), 3.41 (s, 3H), 3.57-3.64
(m, 2H), 3.73-3.77 (m, 2H), 3.79-3.83 (m, 1H), 4.12 (dt, J = 10.0, 5.0 Hz, 1H), 4.87 (d, J = 7.0 Hz,
1H), 5.00 (d, J=7.0 Hz, 1H), 6.39 (s, 1H), 6.56 (d, J = 2.8 Hz, 1H), 6.59 (dd, J= 8.5, 2.8 Hz, 1H), 7.49
(d, J= 8.5 Hz, 1H). "C NMR (CDCls, 125 MHz): § 11.9, 23.1, 26.9, 28.6, 30.3, 37.8, 43.2, 43.9, 47.6,
49.6, 59.1, 67.9, 71.9, 78.0, 81.3, 94.8, 112.5, 115.0, 126.9, 132.2, 139.6, 154.0. HRMS-ESI (m/z):
[M+Na]" caled for C2,H3,Na;Os, 399.2142; found, 399.2131.
(11R,135,14S,178)-3,17-Bis(trimethylsililoxy)-11-((2-methoxyethoxy)methoxy)-13-methyl-
7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta[a]phenanthrene (20)

To a solution of 19 (260 mg, 0.69 mmol) in THF (10 mL) was added Et;N (0.58 mL, 3.46 mmol)
followed by TMSCI 0.44 mL, 2.76 mmol). After stirring at room temperature for 16 h, water (30 mL)
was added and the mixture was extracted with EtOAc (3 x 40 mL). The combined organic layers were
washed with brine (50 mL), then dried (Na,SOy). After evaporation of the solvent the title compound
was obtained as a colorless oil (350 mg, 97%). "H NMR (CDCls, 300 MHz): § 0.10 (s, 9H), 0.25 (s,
9H), 0.72 (s, 3H), 1.17-1.61 (m, 6H), 1.61-1.69 (m, 1H), 1.79-2.01 (m, 2H), 2.29 (t, J = 10.0 Hz, 1H),
247 (dd,J=12.0, 5.1 Hz, 1H), 2.74 (t, J= 6.6 Hz, 2H), 3.41 (s, 3H), 3.58 (t, /=4.7 Hz, 2H), 3.65 (t, J
= 8.2 Hz, 1H), 3.74-3.82 (m, 2H), 4.14 (dt, /= 10.2, 5.1 Hz, 1H), 4.91 (d, /= 7.0 Hz, 1H), 5.03 (d, J =
7.0 Hz, 1H), 6.57 (d, J=2.7 Hz, 1H), 6.61 (dd, J = 8.5, 2.5 Hz, 1H), 7.52 (d, J = 8.5 Hz, 1H). °C NMR
(CDCls, 125 MHz): 6 0.3, 0.4, 12.2, 23.3, 27.1, 28.7, 31.0, 37.7, 43.6, 44.0, 47.9, 49.4, 59.1, 67.9, 71.9,
78.1, 81.2, 94.8, 117.0, 119.6, 126.7, 133.4, 139.4, 153.1. HRMS-ESI (m/z): [M+Na]" calcd for

C28H48N31058i2, 5432932, found, 543.2907.
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(((TR,138,148,17S)-7-(6-(Benzyloxy)hexyl)-17-((trimethylsilyl)oxy)-13-methyl-

7,8,9,11,12,13,14,15,16,17-decahydro-6 H-cyclopenta[a]phenanthren-3-yl)oxy)trimethylsilane
(22a)

To a solution of 21°° (480 mg, 1.04 mmol) in DMF (25 mL) was added imidazole (2.94 g, 43.2 mmol),
followed by TMSCI (2.74 mL, 21.6 mmol). After stirring at room temperature for 16 h, water (100 mL)
was added and the mixture was extracted with diethyl ether (3 x 40 mL). The combined organic layers
were washed with water (2 x 40 mL), then brine (50 mL). After evaporation of the solvent under
reduced pressure the crude material was purified using flash chromatography (SiO,, EtOAc/hexane
1/9) to give the title compound as a colorless oil (415 mg, 66%). 'H NMR (CDCls, 500 MHz): & 0.10
(s, 9H), 0.26 (s, 9H), 0.75 (s, 3H), 0.98-1.05 (m, 1H), 1.14-1.20 (m, 3H), 1.26-1.35 (m, 6H), 1.44-1.50
(m, 2H), 1.56-1.62 (m, 4H), 1.71-1.73 (m, 1H), 1.81-1.85 (m, 1H), 1.89-1.96 (m, 1H), 2.26-2.30 (m,
2H), 2.68 (d, J=16.5 Hz, 1H), 2.84 (dd, /= 16.5, 5.2 Hz, 1H), 3.44 (t, /= 6.2 Hz, 2H), 3.65 (t,J=8.5
Hz, 1H), 4.49 (s, 2H), 6.54 (d, J = 2.5 Hz, 1H), 6.62 (dd, J = 8.5, 2.5 Hz, 1H), 7.13 (d, /= 8.5 Hz, 1H),
7.25-7.34 (m, 5H). C NMR (CDCls;, 125 MHz): § 0.4, 0.5, 11.5, 22.9, 25.7, 26.4, 27.4, 28.3, 29.9,
30.0, 30.5, 31.0, 33.4, 34.7, 37.4, 38.4, 42.1, 43.6, 46.3, 70.6, 73.0, 81.9, 117.2, 120.9, 126.8, 127.6,
127.7, 128.5, 132.8, 137.0, 138.8, 152.9. HRMS-ESI (m/z): [M+Na]" calcd for C3;HssNa;O;Si,,
629.3817; found, 629.3798.
6-((7R,138,14S,175)-13-Methyl-3,17-bis((trimethylsilyl)oxy)-7,8,9,11,12,13,14,15,16,17-
decahydro-6H-cyclopenta[a]phenanthren-7-yl)hexan-1-ol (23a)

To a degassed (bubbled with nitrogen for 3 min) solution of estradiol 22a (425 mg, 0.7 mmol) in THF
(25 mL) was added Pd/C 10% (300 mg) and 2 drops of triethylamine. The mixture was purged 3 times
with 1 bar of hydrogen, then stirred at 3 bar of hydrogen for 24 h. The reaction mixture was degassed
using nitrogen, then filtered through a pad of Celite® washing with CH,Cl,. This procedure was
repeated 3 times. After evaporation of the solvent under reduced pressure, the crude was purified using

column chromatography (SiO,, EtOAc/hexane 1/9 then 2/8) to give estradiol 23a (63 mg, 17%) as a
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colorless oil. '"H NMR (CDCls, 500 MHz): & 0.10 (s, 9H), 0.25 (s, 9H), 0.75 (s, 3H), 0.97-1.06 (m, 1H),

1.14-1.34 (m, 10H), 1.40-1.63 (m, 6H), 1.71-1.73 (m, 1H), 1.82-1.84 (m, 1H), 1.90-1.97 (m, 1H), 2.27-
2.30 (m, 2H), 2.68 (d, J=16.5 Hz, 1H), 2.84 (dd, J = 16.5, 5.5 Hz, 1H), 3.62-3.66 (m, 3H), 6.54 (d, J =
2.5 Hz, 1H), 6.61-6.63 (m, 1H), 7.12 (d, J = 8.5 Hz, 1 H). ’C NMR (CDCl;, 125 MHz): & 0.4, 0.5,
11.5,22.9, 25.7, 25.9, 27.4, 28.3, 29.9, 31.0, 32.9, 33.4, 34.8, 37.4, 38.4, 42.1, 43.6, 46.3, 63.2, 81.9,
117.3, 121.0, 126.8, 132.8, 137.0, 152.9. HRMS-ESI (m/z): [M+Na]" calcd for C3Hs;Na;O; Si,,
539.3347; found, 539.3330.
2-(((7R,13S5,145,17S5)-7-(6-(Benzyloxy)hexyl)-17-(cyclohexyloxy)-13-methyl-
7,8,9,11,12,13,14,15,16,17-decahydro-6 H-cyclopenta[a]phenanthren-3-yl)oxy)tetrahydro-2 H-
pyran (22b)

To a solution of 21”° (475 mg, 1.03 mmol) in CH,Cl, (47 mL) was added DHP (470 ¥ L, 5.13 mmol)
under nitrogen, followed by a catalytic amount of para-toluene sulfonic acid (2.0 mg, 1 mol %). The
solution was stirred at room temperature for 2 hours, then water (50 mL) was added and the reaction
mixture was extracted with CH,Cl, (3 x 40 mL). The combined organic layers were washed with brine
(50 mL), and then dried (NaySOy). After evaporation of the solvent, the residual oil was purified using
flash column chromatography (SiO,, EtOAc/hexane 1/9 then 2/8) to give the title compound as a
colorless oil (600 mg, 92%) as a 1:1 mixture of 2 diastereoisomers. '"H NMR (CDCls;, 500 MHz): &
0.79 (s, 3H), 0.81 (s, 3H), 0.97-1.06 (m, 2H), 1.14-1.21 (m, 4H), 1.26-1.78 (m, 44H), 1.83-1.92 (m,
8H), 1.97-2.10 (m, 4H), 2.27-2.33 (m, 4H), 2.73 (dd, J = 16.5, 6.5 Hz, 2H), 2.85-2.89 (m, 2H), 3.44 (t,
J=6.5 Hz, 4H), 3.48-3.54 (m, 4H), 3.58-3.60 (m, 2H), 3.72-3.75 (m, 2H), 3.86-3.94 (m, 6H), 4.49 (s,
4H), 4.64-4.68 (m, 2H), 4.95-4.96 (m, 2H), 5.38 (dt, J = 14.0, 3.0 Hz, 2H), 6.76 (d, J = 2.5 Hz, 2H),
6.84 (d, J = 8.5 Hz, 2H), 7.19 (t, J = 7.7 Hz, 2H), 7.27-7.28 (m, 2H), 7.33-7.34 (m, 8H). °C NMR
(CDCl, 125 MHz): 6 11.8, 11.9, 19.0 (2 C), 19.5, 19.9, 20.1, 22.7, 22.8, 25.4, 25.6, 25.7, 25.8, 26 .4,
27.0, 27.3, 27.4 (2C), 28.3, 28.9, 29.8, 29.9, 30.6 (2C), 30.8, 31.2, 33.3, 33.4, 34.8, 37.5, 38.1, 38.2

(20), 38.3(2C), 41.8 (2 C), 43.0, 43.6, 46.6 (2C), 61.9, 62.1, 62.2, 62.9, 63.1, 70.6, 72.9, 84.4, 86.7,
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94.8, 96.3, 96.6, 96.7, 99.5, 113.9, 114.0, 117.4, 117.5, 126.8, 126.9, 127.6, 127.7, 128.4, 133.1 (2C),

133.2, 133.3, 137.0 (2C), 138.8, 155.0, 155.1. HRMS-ESI (m/z): [M+Na]" caled for C4HssNa;Os,
653.4176; found, 653.4163.
6-((7R,135,14S5,175)-13-Methyl-3,17-bis((tetrahydro-2 H-pyran-2-yl)oxy)-
7,8,9,11,12,13,14,15,16,17-decahydro-6 H-cyclopenta[a]phenanthren-7-yl)hexan-1-ol (23b)

To a degassed (bubbled with nitrogen for 3 min) solution of estradiol 22b (400 mg, 0.63 mmol) in a
mixture of THF/EtOH (15/10 mL) was added Pd/C 10% (300 mg) and 2 drops of triethylamine. The
mixture was then purged 3 times with 1 bar of hydrogen, then stirred at 2.8 bar of hydrogen for 18 h.
The reaction mixture was then degassed using nitrogen, then filtered through a pad of Celite® washing
with CH,Cl,. After evaporation of the solvent under reduced pressure, the crude material was purified
using column chromatography (SiO,, EtOAc/hexane 4/6) to give estradiol 23b (75 mg, 22%) and
estradiol 24 (210 mg, 62%). Estradiol 23b: Ry = 0.44 (SiO,, EtOAc/hexane 4/6), 1:1 mixture of two
diastereoisomers. 'H NMR (CDCls, 500 MHz): § 0.79 (s, 3H), 0.81 (s, 3H), 1.00-1.03 (m, 2H), 1.18-
1.74 (m, 54H), 1.83-1.91 (m, 6H), 1.96-2.10 (m, 4H), 2.27-2.31 (m, 4H), 2.73 (dd, J = 16.5, 7.0 Hz,
2H), 2.85-2.89 (m, 2H), 3.48-3.50 (m, 2H), 3.58-3.62 (m, 6H), 3.72-3.76 (m, 2H), 3.89-3.97 (m, 4H),
4.65-4.68 (m, 2H), 5.38 (dt, J = 11.8, 3.2 Hz, 2H), 6.75 (d, J = 2.5 Hz, 2H), 6.84 (d, J = 8.5 Hz, 2H),
7.18 (t, J= 7.7 Hz, 2H). °C NMR (CDCls, 125 MHz): § 11.8, 19.0 (2C), 19.5, 20.1, 22.7, 22.8, 25.4,
25.7, 25.8, 25.9, 27.3, 27.4, 28.3, 28.9, 29.9, 30.6, 31.2, 32.9, 33.3, 33.4, 34.8, 37.5, 38.1, 38.2, 38.3
(2C), 41.8 (2C), 43.0, 43.6, 46.6 (2C), 61.9, 62.2 (2C), 62.9, 63.1, 65.5, 84.3, 86.7, 96.4, 96.6, 96.7,
99.5, 114.0 (20), 117.5, 126.9 (2C), 133.1 (2C), 133.2 (2C), 136.9, 155.0, 155.1. HRMS-ESI (m/z):
[M+Na]" caled for C34Hs;Na;Os, 563.3707; found, 563.3685.
(7R,135,14S8,175)-13-Methyl-17-((tetrahydro-2 H-pyran-2-yl)oxy)-7-(((tetrahydro-2 H-pyran-2-
yDoxy)methyl)-7,8,9,11,12,13,14,15,16,17-decahydro-6 H-cyclopenta[a]phenanthren-3-ol (24)

See procedure for compound 23b. 1:1 mixture of two diastereoisomers. Ry= 0.24 (SiO,, EtOAc/hexane

4/6). "H NMR (CDCls, 300 MHz): 5 0.80 (s, 3 H), 0.82 (s, 3H), 0.99-1.06 (m, 2H), 1.20-1.73 (m, 60H),
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1.84-1.92 (m, 4H), 1.98-2.08 (m, 4H), 2.25-2.28 (m, 4H), 2.67 (d, J = 16.5 Hz, 2H), 2.84 (d, J = 16.5,

2H), 3.49-3.53 (m, 2H), 3.61 (t, J = 6.6 Hz, 4H), 3.74 (t, J = 8.0 Hz, 2H), 3.90-3.96 (m, 2H), 4.68-4.71
(m, 2H), 6.54 (d, J = 2.2 Hz, 2H), 6.62 (dd, J = 8.4, 2.2 Hz, 2H), 7.11 (dd, J = 8.4, 3.3 Hz, 2H). "°C
NMR (CDCl;, 125 MHz): 6 11.8, 11.9, 19.3, 19.9, 22.7, 22.8, 25.6 (2C), 25.7, 25.9, 27.3, 27.4, 27.5,
28.2, 28.8, 29.8, 31.1, 32.7, 33.3, 33.4, 34.7, 37.5, 38.1, 38.3, 41.9 (2C), 43.0, 43.5, 46.5, 46.6, 61.9,
62.8, 63.0, 84.5, 86.9, 96.7, 99.5, 113.0, 116.3, 127.0, 131.6, 131.7, 137.0, 153.9 (2C). HRMS-ESI
(m/z): [M+Na]" caled for C34Hs,Na;Os, 563.3707; found, 563.3712.

11-Iodoundec-1-yne (29b): According to the literature procedure,” to a solution of undec-10-yn-1-ol
(1.00 g, 5.90 mmol) in CH,Cl, (20 mL) at 0 °C was added imidazole (483 mg, 7.10 mmol) and PPh;
(1.87 g, 7.10 mmol). Then, solid I, (1.8 g, 7.1 mmol) was added in portions. After stirring at room
temperature for 4 h, the reaction was quenched through the addition of a saturated solution of Na,S,03
(100 mL) and then extracted with CH,Cl, (3 x 50 mL). The combined organic layers were washed with
brine and then dried (Na,SO,). After evaporation of the solvent under reduced pressure, the crude
material was purified using flash chromatography (SiO, EtOAc/hexane 0.5/99.5) to give the title
compound as a colorless oil (1.54 g, 93%). "H NMR (CDCls, 500 MHz): & 1.30 (s, 6H), 1.37-1.40 (m,
4H), 1.52 (quint., J = 7.0 Hz, 2H), 1.82 (quint., J = 7.0 Hz, 2H), 1.94 (t, J = 2.5 Hz, 1H), 2.18 (dt, J =
7.0, 2.5 Hz, 2H), 3.19 (t, J = 7.0 Hz, 2H). °C NMR (CDCls, 125 MHz): § 7.5, 18.5, 28.6 (2C), 28.8,
29.1,29.4, 30.6, 33.7, 68.2, 84.9.
(78,135,145,175)-3,17-Bis(methoxymethoxy)-13-methyl-7-(pent-4-yn-1-yl)-
7,8,9,11,12,13,14,15,16,17-decahydro-6 H-cyclopenta|a]phenanthren-6-one (30a): According to the
literature procedure,” to a cold (0 °C) solution of estradiol 28 (500 mg, 1.33 mmol) in dry THF (15
mL) was added a solution of /BuOK in THF (1 M, 2.0 mL, 1.99 mmol) to give a yellow solution. After
stirring at 0 °C for 1 h, the reaction mixture was cooled to -78 °C and a solution of 5-iodopent-1-yne
29a (300 pL, 2.67 mmol) in anhydrous THF (5 mL), was added drop-wise. The reaction mixture was

stirred at 0 °C for 2 h, and then for a further 16 h at room temperature. The reaction was quenched
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through the addition of an aqueous saturated solution of NH4Cl (20 mL) and then extracted with
CHClI; (3 x 50 mL). The combined organic layers were washed with brine and then dried (Na;SOy).
After evaporation of the solvent under reduced pressure, the crude material was purified using an
automated chromatography system (SiO,, EtOAc/hexane 5/95 for 5 min then EtOAc/hexane 5/95 to
40/60 for 40 min) to provide the title compound as a colorless oil (183 mg, 31%). '"H NMR (CDCl;,
500 MHz): 6 0.79 (s, 3H), 1.31-1.39 (m, 2H), 1.45-1.61 (m, 6H), 1.65-1.69 (m, 1H), 1.76-1.89 (m, 1H),
1.90 (t, J = 2.5 Hz, 1H), 1.98-2.02 (m, 1H), 2.05-2.10 (m, 2H), 2.14-2.24 (m, 2H), 2.35-2.38 (m, 1H),
2.45-2.48 (m, 1H), 2.70 (dt, J = 11.5, 4.5 Hz, 1H), 3.36 (s, 3H), 3.46 (s, 3H), 3.64 (t, J = 8.5 Hz, 1H),
4.64 (dd, Jag = 10.0, 6.5 Hz, 2H), 5.18 (s, 2H), 7.18 (dd, J = 8.5, 2.7 Hz, 1H), 7.31 (d, J = 8.5 Hz, 1H),
7.66 (d, J= 2.7 Hz, 1H). >C NMR (CDCl;, 125 MHz): § 11.6, 18.1, 22.3, 22.4, 25.9, 26.7, 28.0, 37.1,
37.5,42.3, 43.1, 45.4, 48.0, 55.3, 56.2, 68.8, 84.1, 86.4, 94.6, 96.2, 114.2, 122.5, 127.3, 132.3, 139.8,
155.9, 200.4. (ESI): [M+Na]" calcd for C7H3sNa Os, 463.2455; found, 463.2440.

(7S,13S5,14S,17S)-3,17-Bis(methoxymethoxy)-13-methyl-7-(undec-10-yn-1-yl)-

7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta|a]phenanthren-6-one (30b): According to the
literature procedure,” to a cold (0 °C) solution of estradiol 28 (520 mg, 1.38 mmol) in dry THF (15
mL) was added a solution of /BuOK in THF (1 M, 2.1 mL, 2.10 mmol) to give a yellow solution. After
stirring at 0 °C for 1 h the reaction mixture was cooled to -78 °C, and a solution of 11-iodoundec-1-yne
29b (770 mg, 2.76 mmol) in anhydrous THF (5.0 mL), was added drop-wise. The reaction was stirred
at 0 °C for 2 h, and then stirred for a further 16 h at room temperature. The reaction was quenched
through the addition of an aqueous saturated solution of NH4Cl (20 mL) and then extracted with
CHClI; (3 x 50 mL). The combined organic layers were washed with brine and then dried (Na;SOy).
After evaporation of the solvent under reduced pressure the crude material was purified using an
automated chromatography system (SiO,, EtOAc/hexane 7/93 for 5 min then EtOAc/hexane 7/93 to
60/40 for 40 min) to give the title compound as a colorless oil (338 mg, 47%). "H NMR (CDCls, 500

MHz): & 0.80 (s, 3H), 1.16-1.42 (m, 16H), 1.47-1.63 (m, 6H), 1.93 (t, J = 2.7 Hz, 1H), 2.00 (dt, J =
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12.0, 3.0 Hz, 1H), 2.10-2.12 (m, 2H), 2.17 (dt, J = 7.0, 3.0 Hz, 2H), 2.35-2.39 (m, 1H), 2.45 (dt, J =

11.5, 3.0 Hz, 1H), 2.70 (dt, J = 11.0, 5.0 Hz, 1H), 3.37 (s, 3H), 3.48 (s, 3H), 3.65 (t, J = 8.5 Hz, 1H),
4.66 (dd, Jag=10.0, 6.5 Hz, 2H), 5.20 (s, 2 H), 7.19 (dd, J = 8.5, 3.0 Hz, 1H), 7.32 (d, /= 8.5 Hz, 1H),
7.67 (d, J= 3.0 Hz, 1H). >C NMR (CDCls, 125 MHz): § 11.7, 18.5, 22.4, 23.8, 26.7, 27.4, 28.0, 28.6,
28.8,29.2, 29.6, 29.8, 37.1, 37.5, 42.4, 43.1, 45.4, 48.8, 55.3, 56.3, 68.2, 84.9, 86.5, 94.6, 96.2, 114.2,
122.4, 127.3, 132.5, 139.8, 155.8, 200.9 (1 carbon unaccounted for). HRMS-ESI (m/z): [M+Na]" calcd
for Cs3HasNa;Os, 547.3394; found, 547.3400.
(78,135,14S5,175)-3,17-Dihydroxy-13-methyl-7-(pent-4-yn-1-yl)-7,8,9,11,12,13,14,15,16,17-
decahydro-6H-cyclopenta[a]phenanthren-6-one (31a): According to the literature procedure,” to a
solution of 30a (180 mg, 0.41 mmol) in THF (2.6 mL) at 0 °C was added 6 M HCI (2.6 mL). The
resulting solution was stirred at room temperature for 20 h, and then water (50 mL) was added. The
reaction mixture was then extracted with EtOAc (3 x 50 mL). The combined organic layers were
washed with brine and then dried (Na,SO4). After evaporation of the solvent under reduced pressure,
the crude material was purified using flash chromatography (SiO, EtOAc/hexane 5/5). The obtained
solid contained 5% of the epimer, according to analysis using NMR spectroscopy, and was dissolved in
hot Et,O (15 mL). A solid was precipitated through the addition of pentane. Isolation of the solid via
filtration, followed by washing with pentane gave the title compound as a white solid (104 mg, 72%,
single isomer according 'H and >C NMR spectroscopic analysis). Mp 174 °C. "H NMR (CDCl;, 500
MHz): & 0.79 (s, 3H), 1.32-1.39 (m, 3H), 1.47-1.61 (m, 5 H), 1.64-1.79 (m, 1H), 1.79-1.84 (m, 1H),
1.91 (t, J = 2.5 Hz, 1H), 1.97 (dt, J = 12.5, 3.5 Hz, 1H), 2.08-2.25 (m, 5H), 2.38-2.47 (m, 1H), 2.46-
2.49 (m, 1H), 2.71 (dt, J=11.5, 4.7 Hz, 1H), 3.73-3.80 (m, 1H), 5.67 (s, 1H), 7.04 (dd, J = 8.2, 2.7 Hz,
1H), 7.31 (d, J = 8.2 Hz, 1H), 7.57 (d, J = 2.7 Hz, 1H). >C NMR (CDCls, 125 MHz): § 11.0, 18.2,
22.4, 22.6, 26.0, 26.8, 30.6, 36.6, 37.5, 42.7, 43.5, 45.5, 48.1, 68.9, 81.8, 84.1, 113.6, 121.6, 127.6,
132.3, 138.7, 154.7, 201.2. HRMS-APCI (m/z): [M+H] calcd for Cy3HyOs, 353.2111; found,

353.2103.
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(78,135,175)-3,17-Dihydroxy-13-methyl-7-(undec-10-yn-1-y1)-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthren-6-one (31b): According to the literature procedure,” to a
solution of compound 30b (340 mg, 0.77 mmol) in THF (5.0 mL) at 0 °C was added 6 M HCI (5.0
mL). The solution was stirred at room temperature for 20 h, then water (50 mL) was added. The
reaction mixture was extracted with EtOAc (3 x 50 mL). The combined organic layers were washed
with brine and then dried (Na,SO4). After evaporation of the solvent under reduced pressure a white
solid was obtained (260 mg, 93%) that was engaged in the next step without purification. Mp 170 °C.
'H NMR (CDCls, 500 MHz): & 0.78 (s, 3H), 1.14-1.39 (m, 16H), 1.43-1.61 (s, 6H), 1.84 (br s, 1H),
1.93 (t,J=2.5 Hz, 1H),1.96-1.98 (m, 1H), 2.08 (dt, J=11.0, 3.5 Hz, 1H), 2.13-2.17 (m, 3H), 2.37-2.40
(m, 1H), 2.44-2.47 (m, 1H), 2.69 (dt, J=11.5, 4.5 Hz, 1H), 3.79 (t, J = 8.5 Hz, 1H), 6.76 (s, 1H), 7.07
(dd, J = 8.5, 2.7 Hz, 1H), 7.28 (d, J = 8.5 Hz, 1H), 7.62 (d, J = 2.7 Hz, 1H). *C NMR (CDClL, 125
MHz): 6 11.0, 18.5, 22.4, 23.9, 26.7, 27.4, 28.6, 28.8, 29.2, 29.5, 29.8, 30.4, 36.6, 37.4, 42.8, 43.4,
45.4,48.9, 68.2, 81.8, 85.0, 113.6, 121.7, 127.5, 132.2, 138.5, 154.9, 202.2 (1 carbon unaccounted for).
HRMS-ESI (m/z): [M+Na]" calcd for Co0H4oNa 03, 459.2870; found, 459.2854.
(7R,13S,17S)-13-Methyl-7-(pent-4-yn-1-yl)-7,8,9,11,12,13,14,15,16,17-decahydro-6 H-
cyclopenta[a]phenanthrene-3,17-diol (25a): According to the literature procedure,’ to a suspension
of 31a (100 mg, 0.28 mmol) in dry CH,Cl, (8.0 mL) at 0 °C was added HSiEt; (1.30 mL) followed by
BF;°OEt; (8.0 mL). The reaction mixture was stirred at room temperature for 12 h, and then for a
further 4 h at 40 °C. The reaction mixture was then carefully quenched at 0 °C through the addition of a
10% solution of potassium carbonate (20 mL), and extracted with CH,Cl, (3 x 20 mL). The combined
organic layers were washed with brine and dried (Na,SO,4). After evaporation of the solvent under
reduced pressure, the crude material was purified using flash chromatography (SiO,, EtOAc/hexane
4/6) to give the title compound as a white solid (93 mg, 98%). Mp 78 °C. 'H NMR (CDCl;, 500 MHz):
0 0.79 (s, 3H), 1.10-1.13 (m, 1H), 1.24-1.39 (m, 4H), 1.42-1.52 (m, 4H), 1.56-1.72 (m, 3H), 1.76-1.79

(m, 1H), 1.89-1.93 (m, 2H), 2.10-2.16 (m, 3H), 2.28-2.34 (m, 2H), 2.68 (d, J = 17.0 Hz, 1H), 2.89 (dd,
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J=17.0,5.5 Hz, 1H), 3.76 (t, J = 8.5 Hz, 1H), 4.77 (br s, 1H), 6.54 (d, J = 2.5 Hz, 1H), 6.63 (dd, J =

8.5,2.5 Hz, 1H), 7.15 (d, J = 8.5 Hz, 1H). >C NMR (CDCl;, 125 MHz): § 11.2, 18.8, 22.8, 25.0, 27.3,
27.4,30.7, 33.0, 34.6, 37.0, 38.2, 42.1, 43.6, 46.6, 68.4, 82.2, 84.7, 113.1, 116.3, 127.3, 132.0, 136.9,
153.6. HRMS-APCI (m/z): [M+H]" calcd. for Co3H3,0,, 339.2319; found, 339.2314.
(7R,135,178)-13-Methyl-7-(undec-10-yn-1-y1)-7,8,9,11,12,13,14,15,16,17-decahydro-6 H-
cyclopenta[a]phenanthrene-3,17-diol (25b): According to the literature procedure,” to a suspension
of 31b (50 mg, 0.11 mmol) in dry CH,Cl; (3.0 mL) at 0 °C was added HSiEt; (0.5 mL) and BF;°OEt,
(2.0 mL). The reaction mixture was stirred at room temperature for 5 h and then carefully quenched at
0 °C through the addition of a 10% solution of potassium carbonate (20 mL), and extracted with
CHClI; (3 x 20 mL). The combined organic layers were washed with brine and then dried (Na;SOy).
After evaporation of the solvent under reduced pressure, the crude material was purified using flash
chromatography (SiO,, EtOAc/hexane 4/6) to give the title compound as a white solid (40 mg, 87%)).
Mp 119 °C. '"H NMR (CDCl;, 500 MHz): & 0.78 (s, 3H), 0.98-1.05 (m, 1H), 1.17-1.54 (m, 20H), 1.58-
1.64 (m, 3H), 1.72-1.74 (m, 1H), 1.89-1.92 (m, 1H), 1.94 (t, J = 3.0 Hz, 1H), 2.10-2.19 (m, 3H), 2.28-
2.33 (m, 2H), 2.71 (d, J = 16.5 Hz, 1H), 2.86 (dd, J = 16.5, 5.5 Hz, 1H), 3.75 (t, J = 8.5 Hz, 1H), 4.77
(s, 1H), 6.55 (d, J = 2.5 Hz, 1H), 6.63 (dd, J = 8.5, 2.5 Hz, 1H), 7.15 (d, J = 8.5 Hz, 1H). °C NMR
(CDCls3, 125 MHz): 6 11.2, 18.5, 22.8, 25.7, 27.4, 28.3, 28.6, 28.9, 29.2, 29.6, 29.8, 30.1, 30.7, 33.3,
34.7,37.0,38.2,42.1, 43.5, 46.6, 68.2, 82.2, 85.0, 112.9, 116.3, 127.2, 132.1, 137.3, 153.5. HRMS-ESI
(m/z): [M+Na]" calcd for CooH4Na; O,, 445.3077; found, 445.3080.

2-Azidoethyl 5-formyl-2,4-dimethyl-1H-pyrrole-3-carboxylate (34): To a stirred solution of 5-
formyl-2,4-dimethyl-1 H-pyrrole-3-carboxylic acid (32,”® 1.60 g, 9.60 mmol) in dry CH,Cl, (35 mL)
was added DMAP (1.30 g, 10.6 mmol) and EDCI (1.64 g, 10.6 mmol), followed by 2-azidoethanol (33,
925 mg, 10.6 mmol) and the resulting solution was heated at reflux temperature for 2 days. The
reaction mixture was then cooled to room temperature and water (50 mL) was added. The reaction

mixture was extracted with CH,Cl, (3 x 40 mL). The combined organic layers were washed with brine
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(50 mL), then dried (Na;SO4). After evaporation of the solvent under reduced pressure the crude
product was purified using flash chromatography (Si0,, EtOAc/hexane 4/6) to give the title compound
as a white solid (1.29 g, 57%). Mp 98°C. '"H NMR (CDCl;, 500 MHz): § 2.57 (s, 3H), 2.59 (s, 3H),
3.61 (t, J = 5.0 Hz, 2H), 4.41 (t, J = 5.0 Hz, 2H), 9.63 (s, 1H), 9.82 (br s, 1H). *C NMR (CDCl;, 125
MHz): § 10.8, 14.6, 50.3, 62.1, 113.5, 128.5, 136.0, 143.7, 164.6, 177.5. HRMS-ESI (m/z): [M+Na]"
calcd for CioH 2N4Na; O3, 259.0802; found, 259.0802.

(Z£)-2-Azidoethyl 5-((3-methoxy-5-0x0-1H-pyrrol-2(5H)-ylidene)methyl)-2,4-dimethyl-1 H-pyrrole-
3-carboxylate (36): To a solution of 35** (659 mg, 5.83 mmol) in dry CH>CL, (190 mL) was added
triethylamine (2.2 mL, 15.9 mmol) followed by TMSOTTf (1.45 mL, 7.95 mmol) at 0 °C. After 20 min,
a solution of 34 (600 mg, 2.65 mmol) in dry CH,Cl, (40 mL) was added at 0 °C. The reaction mixture
was stirred at this temperature for 4 hours. The reaction was quenched through the addition of
phosphate buffer (pH = 7, 100 mL). The solution was extracted with CH,Cl, (3 x 100 mL). The
combined organic fractions were washed with brine, then dried (Na,SO4). After evaporation of the
solvent, the resulting brown oil was dissolved in THF (230 mL) and concentrated aqueous HCI (580
pL, 6.89 mmol) was added. After a few minutes the reaction was quenched through the addition of
saturated aqueous NaHCOj3 (200 mL), then extracted with CH,Cl, (3 x 100 mL). The combined organic
extracts were washed with water (2 x 100 mL). After concentration of the organic fraction under
vacuum, the resulting suspension was washed with water and hexane, then hot methanol using
filtration, to give a yellow solid (360 mg, 41%). Mp 229 °C. 'H NMR (CDCls, 500 MHz): & 2.37 (s,
3H), 2.64 (s, 3H), 3.60 (t, J = 5.0 Hz, 2H), 3.84 (s, 3H), 4.39 (t, J = 5.0 Hz, 2H), 5.02 (s, 1H), 6.32 (s,
1H), 10.64 (s, 1H), 11.00 (s, 1H). °C NMR (CDCl;, 125 MHz): § 11.5, 14.3, 50.5, 58.4, 61.7, 90.3,
99.6, 111.8, 122.7, 123.8, 128.3, 142.2, 165.3, 168.2, 173.6. HRMS-ESI (m/z): [M+Na]" calcd for
Ci5sH17NsNa;O4, 354.1173; found, 354.1175.

(Z£)-2-Azidoethyl 2-((5-bromo-3-methoxy-1H-pyrrol-2-yl)methylene)-3,5-dimethyl-2 H-pyrrole-4-

carboxylate (37a): To a stirred solution of 36 (390 mg, 1.18 mmol) in dry CH,Cl, (20 mL) was added
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POBr; (670 mg, 2.35 mmol). The resulting solution was heated at reflux temperature under nitrogen for
17 h, then more POBr; (200 mg, 0.70 mmol) was added. The resulting solution was heated at reflux
temperature under nitrogen for 6 h, then was cooled to room temperature. A saturated aqueous solution
of NaHCO; (30 mL) was added and the reaction mixture was extracted with CH,Cl, (3 x 20 mL). The
combined organic fractions were washed with brine, then dried (Na,SO,) and the solvent evaporated in
vacuo. The crude product was purified using flash chromatography (Al,O3 basic, Brockman III,
CH,C1,100%) to give the title compound as a yellow solid (300 mg, 64%). Mp 116°C. 'H NMR
(CDCl3, 500 MHz) 2.41 (s, 3H), 2.61 (s, 3H), 3.59 (t, J = 5.0 Hz, 2H), 3.85 (s, 3H), 4.39 (t, /= 5.0 Hz,
2H), 5.59 (s, 1H), 6.93 (s, 1H). °C NMR (CDCls, 125 MHz) 11.7, 15.2, 50.4, 58.7, 61.9, 100.2, 113.2,
115.7, 126.6, 133.9, 139.5, 144.4, 147.6, 164.9, 167.5. HRMS-ESI (m/z): [M+H] calcd for
Ci5Hi6Br1N50O3, 394.0509; found, 394.0490.

(Z£)-2-Azidoethyl 2-((3-methoxy-5-(((trifluoromethyl)sulfonyl)oxy)-1H-pyrrol-2-yl)methylene)-3,5-
dimethyl-2H-pyrrole-4-carboxylate (37b): To a suspension of 36 (280 mg, 0.84 mmol) in dry CH,Cl,
(40 mL) at 0 °C was added, drop-wise, Tf,0 (400 pL, 2.38 mmol). After stirring at this temperature for
4 h, the reaction was quenched through the addition of a saturated solution of NaHCO3 (70 mL), then
extracted with CH,Cl, (3 x 50 mL). The combined organic layers were washed with brine and then
dried (Na,SO,). After evaporation of the solvent under reduced pressure, the crude material was
purified using flash column chromatography (SiO,, EtOAc/hexane 2/8 then 3/7) to give the title
compound as a yellow solid (348 mg, 89%). Mp 117 °C. '"H NMR (CDCls, 500 MHz): § 2.43 (s, 3H),
2.59 (s, 3H), 3.60 (t, J = 5.0 Hz, 2H), 3.90 (s, 3H), 4.40 (t, /= 5.0 Hz, 2H), 5.43 (s, 1H), 7.12 (s, 1H),
11.03 (br s, 1H). °C NMR (CDCls, 125 MHz): § 11.7, 15.1, 50.3, 59.0, 62.0, 87.7, 113.4, 118.8 (q, J'c-
r=2319 Hz), 119.0, 126.2, 133.7, 135.2, 145.0, 162.1, 164.7, 168.3. HRMS—ESI (m/z): [M+Na]" calcd
for Ci6H16F3Ns Na;O6S1, 486.0666; found, 486.0678.

(Z2)-2-Azidoethyl 2-((4-methoxy-1H,1'H-[2,2'-bipyrrol]-5-yl)methylene)-3,5-dimethyl-2 H-pyrrole-

4-carboxylate (26): 37b (117 mg, 0.25 mmol) was dissolved in DME (4.0 mL), then LiCl (31 mg, 0.75
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mmol) and boronic acid (63 mg, 0.30 mmol) were added. The solution was degassed by bubbling with
Na. Pd(PPh3)s (29 mg, 10 mol/%) was then added. A degassed 2 M solution of Na,CO; was added (0.5
mL, 1.00 mmol) and the suspension was stirred at 85 °C for 18 h. After cooling to room temperature,
the solution was poured into water (15 mL) and extracted with CH,Cl, (3 x 20 mL). The combined
organic layers were washed with brine (40 mL) and then dried (Na,SO4). After evaporation of the
solvents under reduced pressure, the crude material was purified using flash chromatography (Al,Os
basic Brockman III, EtOAc/hexane 1/9 then 2/8) to give the title compound as a red film (40 mg, 42%).
Following the same procedure and starting from 37a, prodigiosene 26 was isolated in 37% yield. Mp
77 °C. '"H NMR (CDCls, 500 MHz): & 2.22 (br s, 3H), 2.40 (s, 3H), 3.55 (t, J = 4.7 Hz, 2H), 3.98 (s,
3H), 4.33 (t, J = 4.7 Hz, 2H), 6.06 (s, 1H), 6.21 (s, 1H), 6.73 (d, J = 4.0 Hz, 1H), 6.76 (br s, 1H), 6.93
(br s, 1H). °C NMR (CDCl;, 125 MHz): § 11.7, 13.3, 50.4, 58.7, 61.6, 96.2, 110.8, 112.3, 112.8,
113.8, 123.3, 126.3, 128.3, 131.6, 140.5, 143.7, 161.0, 165.0, 169.2. HRMS-ESI (m/z): [M+H]" calcd
for C19H21N¢O3, 381.1670; found, 381.1674.

Tert-butyl 4-(3-hydroxypropyl)-3,5-dimethyl-1H-pyrrole-2-carboxylate (39): To a solution of 38%
(2.00 g, 7.11 mmol) in anhydrous THF (70 mL) was added BH3*THF (1 M in THF, 15.6 mmol) at 0
°C. The reaction was stirred at room temperature for 16 h, then was quenched through addition of 1 M
HCI (50 mL) at 0 °C. The reaction mixture was extracted with EtOAc (3 x 50 mL). The combined
organic layers were washed with brine (40 mL) and then dried (Na,SO4). After evaporation of the
solvents under reduced pressure, a white solid was obtained (1.80 g, quant). It was used without further
purification. '"H NMR (CDCls, 500 MHz): & 1.55 (s, 9H), 1.70 (quint., J = 6.9 Hz, 2H), 2.20 (s, 3H),
2.24 (s, 3H), 2.45 (t, J = 6.9 Hz, 2H), 3.64 (t, J = 6.9 Hz, 2H), 8.62 (br s, 1H). °C NMR (CDCls, 125
MHz): § 10.8, 11.6, 20.4, 28.7, 33.7, 62.6, 80.3, 118.3, 121.2, 126.3, 129.0, 161.4. (ESI): [M+Na]"
calcd for C14H»3NNa; 03, 276.1570; found, 276.1557.

Tert-butyl 3,5-dimethyl-4-(3-(tosyloxy)propyl)-1H-pyrrole-2-carboxylate (40): To a solution of 39

(1.80 g, 7.10 mmol) in anhydrous CH,Cl, (70 mL) was added triethylamine (2.5 mL, 17.7 mmol) and
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then pTsCl (1.50 g, 7.80 mmol). The resulting solution was stirred at room temperature for 16 h and
then quenched with water (50 mL). The reaction mixture was extracted with CH,Cl, (3 x 50 mL) and
the combined organic layers washed with brine (40 mL) and then dried (Na,SO,). After evaporation of
the solvent under reduced pressure, the crude product was purified using flash column chromatography
(S10,, EtOAc/hexanes 2/8 then 3/7) to give the title compound as a white solid (2.80 g, 97%). Mp 101
°C. 'H NMR (CDCls, 500 MHz): § 1.54 (s, 9 H), 1.75 (quint., J = 6.8 Hz, 2 H), 2.13 (s, 3 H), 2.16 (s, 3
H), 2.40 (t, /= 6.8 Hz, 2 H), 2.44 (s, 3 H), 4.00 (t, /= 6.8 Hz, 2 H), 7.33 (d, /=8.0 Hz, 2 H), 7.78 (d, J
= 8.0 Hz, 2 H), 8.58 (br s, 1 H). °C NMR (CDCls, 125 MHz): § 10.7, 11.5, 19.9, 21.7, 28.7, 29.9, 70.0,
80.3, 118.4, 119.8, 126.1, 128.0, 129.1, 129.9, 133.4, 144.8, 161.3. (ESI): [M+Na]" calcd for
C21H20NNa; 055, 430.1659; found, 430.1652.

Tert-butyl 4-(3-azidopropyl)-3,5-dimethyl-1H-pyrrole-2-carboxylate (41): To a solution of 40 (2.80
g, 6.90 mmol) in anhydrous DMF (50 mL) was added triethylamine (10 drops) and then NaN3; (3.90 g,
20 mmol). The resulting solution was stirred at room temperature for 16 h, and then quenched with
water (150 mL). The reaction mixture was extracted with EtOAc (3 x 50 mL) and the combined
organic layers washed with water (40 mL), brine (40 mL) and then dried (Na,SO,). Evaporation of the
solvent under reduced pressure gave a white solid (1.6 g, 84%) that was used without further
purification. Mp 68 °C. "H NMR (CDCls, 500 MHz):  1.56 (s, 9H), 1.71 (quint., J = 7.1 Hz, 2H), 2.19
(s, 3H), 2.24 (s, 3H), 2.45 (t, J = 7.1 Hz, 2H), 3.25 (t, J = 7.1 Hz, 2 H), 8.46 (br s, 1H). °C NMR
(CDCl3, 125 MHz): 6 10.7, 11.6, 21.1, 28.7, 29.7, 50.8, 80.4, 118.5, 120.3, 126.2, 128.9, 161.3. (ESI):
[M+Na]" calcd for C4H25N4Na,0,, 301.1635; found, 301.1637.
4-(3-Azidopropyl)-3,5-dimethyl-1H-pyrrole-2-carbaldehyde (42): To a stirred solution of 41 (540
mg, 1.90 mmol) in CH,Cl, (25 mL), was added TFA (3.8 mL, 52.0 mmol) at 0 °C. The reaction
mixture was stirred for 1 h at room temperature, then TMOF (1.9 mL, 17.1 mmol) was added at 0 °C.
After stirring for a further 20 min at room temperature, the reaction was quenched through the addition

of water (10 mL) and NaHCOs solid until gassing stopped. The reaction mixture was then extracted
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with CH,Cl, (3 x 30 mL) and the combined organic layers washed with brine (30 mL) and then dried
(NaxSOy4). After evaporation of the solvent under reduced pressure the crude material was purified
using flash column chromatography (SiO,, EtOAc/hexanes 2/8 then 3/7) to give the title compound as a
white solid (270 mg, 70%). Mp 50 °C. '"H NMR (CDCls, 500 MHz): & 1.73 (quint., J = 7.2 Hz, 2H),
2.26 (s, 3H), 2.27 (s, 3H), 2.47 (t, J = 7.2 Hz, 2H), 3.27 (t, J = 6.5 Hz, 2H), 9.48 (s, 2H). °C NMR
(CDCls, 125 MHz): § 8.9, 11.8, 20.8, 29.5, 50.8, 121.5, 128.2, 132.1, 135.5, 176.0. (ESI): [M+Na]"
caled for CioH14N4NaOy, 229.1060; found, 229.1062.
(£)-5-((4-(3-Azidopropyl)-3,5-dimethyl-1H-pyrrol-2-yl)methylene)-4-methoxy-1H-pyrrol-2(SH)-
one (43): To a solution of 35 (1.00 g, 9.07 mmol) in dry CH,Cl, (300 mL) was added triethylamine
(3.4 mL, 24.7 mmol) and TMSOTT (2.25 mL, 12.4 mmol) at 0 °C. After 20 min, a solution of 42 (850
mg, 4.12 mmol) in dry CH,Cl, (60 mL) was added at 0 °C. The reaction mixture was stirred at this
temperature for 4 hours and then quenched through the addition of phosphate buffer (pH = 7, 100 mL).
The mixture was extracted with CH,Cl, (3 x 100 mL). The combined organic fractions were washed
with brine and then dried (Na,SO4). After evaporation of the solvent the resulting brown oil was
dissolved in THF (230 mL) and concentrated aqueous HCI (900 pL, 10.7 mmol) was added. After a
few minutes the reaction was quenched through the addition of saturated aqueous NaHCO3 (200 mL),
then extracted with CH,Cl, (3 x 100 mL). The combined organic extracts were washed with water (2 x
100 mL). After concentration of the combined organic fractions under vacuum, the resulting
suspension was washed with water and hexane to give the title compound as a yellow solid (1.00 g,
80%). Mp 202 °C. '"H NMR (CDCl;, 500 MHz): & 1.74 (quint., J = 7.1 Hz, 2H), 2.12 (s, 3 H), 2.35 (s,
3H), 2.48 (t, J= 7.1 Hz, 2H), 3.27 (t, J = 7.1 Hz, 2H), 3.90 (s, 3H), 5.10 (d, J = 1.0 Hz, 1H), 6.36 (s,
1H), 10.20 (br s, 1H), 10.86 (br s, 1H). °C NMR (CDCls, 125 MHz): § 9.7, 11.5, 21.3, 29.7, 50.9, 58.3,
89.8, 100.6, 119.6, 121.9, 122.0, 125.6, 132.4, 168.0, 173.3. (ESI): [M+Na]" calcd for C;5H;9NsNa,0,,

324.1431; found, 324.1441.
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(2)-2-((4-(3-Azidopropyl)-3,5-dimethyl-2 H-pyrrol-2-ylidene)methyl)-5-bromo-3-methoxy-1H-

pyrrole (44): To a stirred solution of dipyrrinone 43 (500 mg, 1.66 mmol) in dry CH,Cl, (30 mL) was
added POBr; (950 mg, 3.32 mmol). The resulting solution was heated at reflux temperature under
nitrogen for 17 h, and then more POBr3 (950 mg, 3.32 mmol) was added. The resulting solution was
heated at reflux temperature under nitrogen for an additional 20 h, and then was cooled to room
temperature. A saturated aqueous solution of NaHCO; (30 mL) was added and the reaction mixture
was extracted with CH,Cl, (3 x 20 mL). The combined organic fractions were washed with brine, dried
(NaSO4) and the solvent evaporated in vacuo. The crude product was purified using flash
chromatography (AlOj; basic, Brockman III, EtOAc/hexanes 1/9) to give the title compound as an
orange solid (310 mg, 51%). Mp 72 °C. '"H NMR (CDCl;, 500 MHz): & 1.72 (q, J = 7.0 Hz, 2H), 2.14
(s, 3H), 2.29 (s, 3H), 2.46 (t, J = 7.0 Hz, 2H), 3.26 (t, J = 7.0 Hz, 2H), 3.83 (s, 3 H), 5.58 (s, 1H), 6.88
(s, 1H). C NMR (CDCl;, 125 MHz): § 9.6, 12.4, 21.1, 29.5, 50.8, 58.5, 99.4, 116.3, 121.9, 126.5,
131.4,137.0, 137.4, 144.1, 166.9. (ESI): [M+H]" calcd for C;sH;oBrNsO;, 364.0767; found, 364.0.757.
(£)-5-((4-(3-Azidopropyl)-3,5-dimethyl-2 H-pyrrol-2-ylidene)methyl)-4-methoxy-1H,1' H-2,2'-

bipyrrole (27): The bromo-dipyrrin 43 (310 mg, 0.85 mmol) was dissolved in DME (14 mL). LiCl
(107 mg, 2.55 mmol) and boronic acid (215 mg, 1.02 mmol) were added. The solution was degassed by
bubbling with N,. Pd (PPhs)4 (98 mg, 10 mol/%) was then added. A degassed 2 M solution of Na,COs
was added (1.7 mL, 3.40 mmol) and the suspension was stirred at 85 °C for 18 h. After cooling to room
temperature, the mixture was poured into water (15 mL) and extracted with EtOAc (3 x 20 mL). The
combined organic layers were washed with brine (40 mL) and then dried (Na,SO,). After evaporation
of the solvent under reduced pressure, the crude material was purified using flash chromatography
(Al,O3 basic Brockman III, EtOAc/hexane 0.5/9.5, 1/9 then 2/8) to give the title compound as a red
film (110 mg, 37%). Mp 70 °C. '"H NMR (CDCls, 500 MHz): § 1.62 (quint., J = 7.0 Hz, 2H), 1.69 (s,
3H), 2.13 (s, 3H), 2.32 (t, J = 7.0 Hz, 2H), 3.16 (t, J = 7.0 Hz, 2H), 3.99 (s, 3H), 6.11-6.13 (m, 2H),

6.59 (s, 1H), 6.67 (d, J = 3.0 Hz, 1H), 6.93 (s, 1H). °C NMR (CDCl;, 125 MHz): § 9.7, 10.1, 21.1,
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29.5, 50.8, 58.5, 95.5, 109.8, 112.2, 113.2, 121.0, 122.7, 125.6, 128.8, 129.5, 136.8, 137.3, 159.2,

168.9. HRMS-ESI (m/z): [M+H]" calcd for C19H,3N4O,, 351.1928; found, 351.1924.

Zinc complex 45: To a solution of prodigiosene 26 (195 mg, 0.51 mmol) in CHCI; (55 mL) was added
a solution of Zn(OAc);°2 H,O (280 mg, 1.28 mmol) and NaOAc+3H,O (188 mg, 1.38 mmol) in MeOH
(14 mL). After stirring at room temperature for 16 h, water (50 mL) was added and the solution was
extracted with CH,Cl, (3 x 50 mL). The combined organic layers were washed with water (20 mL) and
brine (20 mL), and then dried (Na,SOs). After concentration of the solvent under reduced pressure, the
residue was triturated in MeOH, the solid isolated via filtration (Millipore™), and the solid then washed
three times with MeOH to produce the desired compound as a dark red solid (127 mg, 60%). Mp 238
°C with decomposition. 'H NMR (CDCl3, 500 MHz): § 2.18 (s, 6H), 2.56 (s, 6H), 3.54 (t, J = 5.0 Hz,
4H), 3.98 (s, 6H), 4.31 (t, J = 5.0 Hz, 4H), 6.05 (s, 2H), 6.10-6.11 (m, 2H), 6.50 (s, 2H), 6.61 (s, 2H),
7.34 (s, 2H), 9.21 (br s, 2H). °C NMR (CDCls, 125 MHz): § 12.3, 17.1, 50.4, 58.5, 61.5, 96.1, 110.7,
114.4, 116.1, 118.0, 123.1, 126.4, 132.0, 133.0, 141.0, 155.7, 156.6, 165.3, 167.1. HRMS-APCI (m/z):
[M+H]" calcd for C3sH39N,06Zn1, 823.2402; found, 823.2398.

Zinc complex 47: This compound was obtained following the procedure above, using prodigiosene 27.
After concentration of the solvent under reduced pressure the residue was dissolved in Et,O. The
desired compound was precipitated by the addition of hexanes and then isolated, as a red solid, via
filtration (Millipore®) (81 mg, 68%). Mp 102 °C. 'H NMR (CDCls, 500 MHz): & 1.64 (quint., J = 7.0
Hz, 4H), 1.87 (s, 6H), 2.23 (s, 6H), 2.39 (t,J = 7.0 Hz, 4H), 3.12 (t, /= 7.0 Hz, 4H), 3.95 (s, 6H), 6.04-
6.05 (m, 4H), 6.39 (s, 2H), 6.48 (s, 2H), 7.20 (s, 2H), 9.25 (br s, 2H). °C NMR (CDCl;, 125 MHz): §
10.1, 14.5, 21.7, 29.3, 50.8, 58.2, 95.0, 109.7, 111.4, 117.5, 121.2, 126.4, 127.5, 128.5, 134.2, 136.8,
151.2, 154.4, 165.0. HRMS-ESI (m/z): [M+Na]" calcd for CisH4»Ni2Na;O.Zn;, 785.2737; found,
785.2743.

General procedure 1 (GP1) for the CuACC reaction:* To a solution of estradiol 25a or 25b (0.028

mmol) in a mixture of a CH,Cl,/MeOH (1/0.4 mL) was added sodium ascorbate (0.028 mmol),
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prodigiosene complex 45 or 47 (0.028 mmol) and TBTA (10 mol%), followed by CuSO4*5 H,0O (0.028

mmol). After stirring at room temperature for 2 days, water (20 mL) was added and the reaction
mixture was extracted with CH,Cl, (3 x 20 mL). The combined organic layers were washed with HCI 1
M (50 mL) and brine, and then dried (Na,SO4). After evaporation of the solvent under reduced pressure
the crude material was purified using flash chromatography.
(£)-3-(4-(3-((7R,135,14S5,175)-3,17-Dihydroxy-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-
6H-cyclopenta[a]phenanthren-7-yl)propyl)-1H-1,2,3-triazol-1-yl)propyl  2-((4-methoxy-1H,1'H-
[2,2'-bipyrrol]-5-yl)methylene)-3,5-dimethyl-2 H-pyrrole-4-carboxylate (46a): Obtained using GP1,
estradiol 25a and prodigiosene complex 45 (27 mg, 0.032 mmol). The crude material was purified
using flash chromatography (Al,O3 neutral Brockman III, EtOAc/hexane 5/5, then CH,Cl,/MeOH 99/1
to 90/10) to give the title compound as a red glass (26 mg, 55%). '"H NMR (CDCls, 500 MHz): § 0.75
(s, 3H), 1.09-1.32 (m, 9H), 1.47-1.63 (m, 4H), 1.67-1.79 (m, 1H), 1.86 (d, J = 13.0 Hz, 1H), 2.10-2.17
(m , 4H), 2.24-2.28 (m, 2H), 2.34 (s, 3H), 2.50-2.56 (m, 1H), 2.61 (d, J = 16.0 Hz, 1H), 2.74-2.84 (m,
2H), 3.72 (t, J = 8.5 Hz, 1H), 3.97 (s, 3H), 4.57-4.63 (m, 4H), 6.01 (s, 1H), 6.26-6.27 (m, 1H), 6.53 (br
s, 1H), 6.58 (d, /= 5.0 Hz, 1H), 6.79 (br s, 1H), 6.90 (s, 1H), 6.94 (br s, 1H), 7.04 (d, J = 8.0 Hz, 1H),
7.19 (s, 1H). >C NMR (CDCls, 125 MHz): § 11.3, 11.6, 14.2, 22.8, 25.6, 26.2, 27.4, 28.3, 29.8, 30.7,
33.5, 34.8, 37.1, 38.7, 42.3, 43.6, 46.7, 49.4, 58.8, 61.7, 82.1, 95.4, 111.3, 112.0, 112.8, 114.0, 115.4,
117.1, 121.2, 125.0, 125.8, 125.9, 127.3, 130.6, 136.7, 148.6, 155.3, 164.7, 168.4 (3 carbons
unaccounted for). HRMS-ESI(m/z): [M+H]" calcd for C4,Hs;N¢Os, 719.3915; found, 719.3908.
(£)-3-(4-(9-((7R,135,14S5,175)-3,17-Dihydroxy-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-
6H-cyclopenta[a]phenanthren-7-yl)nonyl)-1H-1,2,3-triazol-1-yl)propyl 2-((4-methoxy-1H,1'H-
[2,2'-bipyrrol]-5-yl)methylene)-3,5-dimethyl-2 H-pyrrole-4-carboxylate (46b): Obtained using GP1,
estradiol 25b and prodigiosene complex 45 (27 mg, 0.032 mmol). The crude material was purified
using flash chromatography (Al,O3 neutral Brockman III, EtOAc/hexane 5/5, then CH,Cl,/MeOH 99/1

to 90/10) to give the title compound as a red glass (30 mg, 57%). '"H NMR (CDCls, 500 MHz): & 0.76
35



Prodigiosenes conjugated to tamoxifen and estradiol
(s, 3H), 0.84-0.92 (m, 1H), 0.97-1.02 (m, 1H), 1.14-1.47 (m, 22H), 1.56-1.63 (m, 4H), 1.68-1.70 (m,

1H), 1.88 (d, J=12.5 Hz, 1H), 2.08-2.12 (m, 1H), 2.26-2.27 (m, 3H), 2.30 (s, 3H), 2.64-2.70 (m, 3H),
2.81(dd, J=16.5, 5.0 Hz, 1H), 3.72 (t, J = 8.5 Hz, 1H), 3.96 (s, 3H), 4.62-4.66 (m, 4H), 6.02 (s, 1H),
6.26 (br s, 1H), 6.54 (d, J = 2.5 Hz, 1H), 6.63 (dd, J = 8.5, 2.5 Hz, 1H), 6.75 (br s, 1H), 6.88 (s, 1H),
7.10 (d, J = 8.5 Hz, 1H), 7.31 (s, 1H). C NMR (CDCls, 125 MHz): & 11.2, 11.7, 13.8, 22.8, 25.4,
25.6, 27.4, 27.8, 29.1, 29.2 (2C), 29.5, 29.6, 29.8, 30.7, 32.1, 33.5, 34.9, 37.1, 38.4, 42.2, 43.5, 46.7,
49.4,58.7,61.7,82.1,95.9,111.0, 111.1, 112.0, 112.5, 113.3, 114.4, 116.4, 121.3, 123.9, 126.3, 127.1,
127.7, 128.1, 129.2, 131.3, 137.0, 148.7, 154.4, 164.8, 168.8. HRMS-ESI (m/z): [M+H]" calcd for
CasHg3NgOs, 803.4854; found, 803.4818.
(7R,135,148,175)-7-(3-(1-(3-((£)-2-((4-Methoxy-1H,1'H-[2,2'-bipyrrol]-5-yl)methylene)-3,5-
dimethyl-2H-pyrrol-4-yl)propyl)-1H-1,2,3-triazol-4-yl)propyl)-13-methyl-
7,8,9,11,12,13,14,15,16,17-decahydro-6 H-cyclopenta|a]phenanthrene-3,17-diol (48a): Obtained
using GP1, estradiol 25a and prodigiosene complex 47 (25 mg, 0.032 mmol). The crude material was
purified using flash chromatography (Al,O; basic Brockman III, EtOAc/hexane 3/7 up to 100% EtOAc
with increments of 10%, then CH,Cl,/MeOH 98/2 up to 95/5) to give the title compound as a red glass
(26 mg, 58%). '"H NMR (CDCls;, 500 MHz): § 0.75 (s, 3H), 0.83-0.94 (m, 1H), 1.04-1.12 (m, 1H),
1.18-1.32 (m, 4H), 1.39-1.48 (m, 2H), 1.54-1.62 (m, 2H), 1.74 (s, 4H), 1.85-1.94 (m, 3H), 2.04-2.07
(m, 4H), 2.17 (s, 3H), 2.26-2.27 (m, 4H), 2.55-2.64 (m, 2H), 2.72-2.78 (m, 1H), 2.83 (dd, J = 16.7, 4.2
Hz, 1H), 3.69 (t, J = 8.5 Hz, 1H), 3.97 (s, 3H), 4.14-4.15 (m, 2H), 6.05 (s, 1H), 6.18 (br s, 1H), 6.52-
6.54 (m, 2H), 6.69 (br s, 1H), 6.74 (br s, 1H), 6.89 (s, 1H), 7.01-7.04 (m, 2H). °C NMR (CDCl, 125
MHz): 6 9.8, 11.3, 14.3, 21.0, 22.8, 25.3, 26.0, 27.4, 28.0, 30.6, 30.8, 31.0, 33.5, 34.8, 37.0, 38.4, 42.2,
43.6, 46.6, 49.6, 58.6, 82.1, 95.1, 110.3, 112.9, 113.1, 113.7, 116.8, 120.6, 120.9, 123.1, 125.8, 127.1,
128.1, 130.7, 136.6, 148.3, 155.1, 168.3, 207.0 (3 carbons unaccounted for). HRMS-ESI (m/z): [M+H]"

calcd for C4Hs53N¢O3, 689.4174; found, 689.4164.
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(7R,135,145,175)-7-(9-(1-(3-((Z)-2-((4-Methoxy-1H,1' H-[2,2'-bipyrrol]-5-yl)methylene)-3,5-

dimethyl-2H-pyrrol-4-yl)propyl)-1H-1,2,3-triazol-4-yl)nonyl)-13-methyl-
7,8,9,11,12,13,14,15,16,17-decahydro-6 H-cyclopenta|a]phenanthrene-3,17-diol (48b): Obtained
using GP1, estradiol 25b and prodigiosene complex 47 (25 mg, 0.032 mmol). The crude material was
purified using flash chromatography (Al,O3 basic Brockman III, EtOAc/hexane 2/8 up to 100% EtOAc
with increments of 5%, then CH,CL/IPA 99/1 up to 90/10) to give a red glass (23 mg, 46%). "H NMR
(CDCl3, 500 MHz): & 0.77 (s, 3H), 0.85-0.90 (m, 1H), 0.98-1.04 (m, 1H), 1.16-1.40 (m, 18H), 1.43-
1.50 (m, 2H), 1.56-1.65 (m, 4H), 1.68-1.71 (m, 1H), 1.83-1.90 (m, 3H), 1.94-1.98 (m, 2H), 2.09 (s,
4H), 2.26-2.30 (m, 4H), 2.64-2.69 (m, 3H), 2.82 (dd, J = 16.7, 4.7 Hz, 1H), 3.73 (t, J = 8.5 Hz, 1 H),
3.96 (s, 3H), 4.22 (t, J= 6.7 Hz, 2H), 6.05 (s, 1H), 6.17 (br s, 1H), 6.57 (s, 1H), 6.62-6.72 (m, 3H), 6.89
(s, 1H), 7.09 (d, J = 8.5 Hz, 1H), 7.18 (s, 1H). °C NMR (CDCls, 125 MHz): § 9.8, 11.0, 11.3, 21.2,
228,254, 256,274,278, 29.1, 29.2, 29.3, 29.4, 29.6, 29.8, 30.7, 31.0, 33.5, 34.9, 37.1, 38.4, 42.3,
43.6, 46.7, 49.8, 58.5, 82.2, 95.1, 110.3, 112.7, 113.2, 113.6, 116.7, 120.7, 120.9, 123.0, 125.9, 127.0,
128.1,129.2, 130.9, 136.9, 148.4, 155.0, 168.4 (3 carbons unaccounted for). HRMS-ESI (m/z): [M+H]"
calcd for C4gHgsNeO3, 773.5113; found, 773.5108.
N'-(2-(4-(1-(4-((Tert-butyldimethylsilyl)oxy)phenyl)-2-phenylbut-1-en-1-yl)phenoxy)ethyl)-N',N*-
dimethylethane-1,2-diamine (50): Compound 49’" (500 mg, 1.16 mmol) was dissolved in anhydrous
CH,Cl; (50 mL). TBSCI (440 mg, 2.8 mmol) and imidazole (340 mg, 5.6 mmol) were added and the
reaction mixture was then stirred at room temperature for 24 h, before being quenched with water (50
mL) and extracted with CH,Cl, (3 X 50 mL). The combined organic layers were washed with brine (50
mL) and then dried (Na,SO,). After evaporation of the solvent under reduced pressure, the crude
mixture was purified using flash chromatography (SiO,, CH,Cl,/MeOH 9/1 + 2% Et;N) to give the title
compound as a yellow oil (540 mg, 85%) of two diastereoisomers. 'H NMR (CDCls;, 500 MHz): & 0.10
(s, 6H), 0.22 (s, 6H), 0.91-0.94 (m, 15H), 1.00 (s, 9H), 2.30 (s, 3H), 2.37 (s, 3H), 2.42 (s, 3H), 2.46-

2.50 (s, 6H), 2.58 (t, J = 5.5 Hz, 2H), 2.63-2.67 (m, 4H), 2.73 (q, J = 5.5 Hz, 4H), 2.83 (t, J = 5.5 Hz,
37



Prodigiosenes conjugated to tamoxifen and estradiol
2H), 3.92 (t, J = 6.0 Hz, 2H), 4.08 (t, J = 6.0 Hz, 2H), 6.47 (d, J = 8.5 Hz, 2H), 6.53 (d, J = 9.0 Hz,

2H), 6.70 (d, J = 9.0 Hz, 2H), 6.76 (d, J = 9.0 Hz, 2H), 6.81 (d, J = 8.5 Hz, 2H), 6.88 (d, J = 9.0 Hz,
2H), 7.08-7.18 (m, 14H). °C NMR (CDCl;, 125 MHz): § -4.3, -4.2, 13.8, 18.3, 25.8, 29.0, 29.2, 36.3,
36.4,43.2,49.3,49.4, 56.4, 56.5, 57.0, 57.1, 65.9, 66.2, 113.4, 114.1, 119.1, 119.6, 126.0 (2 C), 127.8,
127.9, 129.8, 130.7 (2 C©), 132.0, 132.1, 136.1, 136.5, 136.6, 136.9, 138.0, 138.1, 141.1, 141.2, 142.7,
142.8, 153.6, 154.4, 156.7, 157.5. HRMS-ESI (m/z): [M+H]" calcd for C34HiN,0,Si;, 545.3558;
found, 545.3539.

General procedure 2 (GP2) for amide coupling: Compound 50 (75 mg, 0.14 mmol) was dissolved in
anhydrous CH,Cl, (15 mL). DMAP (16 mg, 0.14 mmol), HBTU (50 mg, 0.14 mmol) and prodigiosene
la-c (0.11 mmol) were added. After stirring at room temperature for 18 h, water (30 mL) was added to
the reaction mixture, which was then extracted with CH,Cl, (3 % 25 mL). The combined organic layers
were washed with brine (50 mL), and then dried (Na,SO,). The crude mixture was concentrated and
purified using column chromatography on Brockman III neutral alumina (EtOAc/hexane 6/4). The
orange film obtained was dissolved in a mixture of MeOH/CHCl; (3/3 mL) and concentrated HCI (15
eq.) was added. The reaction mixture was stirred for 8 h and then a saturated solution of NaHCO; was
added and the mixture extracted with CH,Cl, (3 x 25 mL). The combined organic layers were washed
with brine (50 mL), and then dried (Na,SO,). The crude mixture was concentrated and purified using
column chromatography on Brockman III neutral alumina (EtOAc/hexane 6/4, then CH,Cl,/MeOH
9/1).
N-(2-((2-(4-(1-(4-Hydroxyphenyl)-2-phenylbut-1-en-1-yl)phenoxy)ethyl)(methyl)amino)ethyl)-4-
(2-((4-methoxy-1H,1'H-[2,2'-bipyrrol]-5-yl)methylene)-3,5-dimethyl-2 H-pyrrol-4-yl)-N-methyl-4-
oxobutanamide (51a): Obtained using GP2 and prodigiosene 1a. Orange glass (32 mg, 61%). Formed
as 1:1 mixture of E and Z isomers: '"H NMR (CDCls;, 500 MHz): 8 0.87-0.92 (m, 6H), 2.21-2.25 (m,
4H), 2.31 (s, 2H), 2.34 (s, 2H), 2.38-2.40 (m, 8H), 2.44-2.48 (m, 4H), 2.55-2.76 (m, 10H), 2.81-2.86

(m, 4H), 2.89 (s, 1H), 2.93 (s, 1H), 2.97-3.02 (m, 6H), 3.05 (s, 2H), 3.43 (t, J = 6.2 Hz, 2H), 3.47 (t, J =
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7.0 Hz, 2H), 3.87 (t, J= 5.7 Hz, 2H), 3.91 (t,J = 7.0 Hz, 1H), 3.95 (s, 3H), 3.97 (s, 3H), 4.03 (t, J=5.7

Hz, 1H), 4.06 (t, J = 5.7 Hz, 1H), 6.03-6.05 (m, 2H), 6.23-6.25 (m, 2H), 6.42 (t, J = 8.5 Hz, 2H), 6.47-
6.50 (m, 2H), 6.62-6.65 (m, 2H), 6.69 (t, J = 8.5 Hz, 2H), 6.75-6.77 (m, 4H), 6.80-6.83 (m, 4H), 6.92
(d, J= 9.5 Hz, 2H), 7.00 (t, J = 8.5 Hz, 2H), 7.06-7.10 (m, 8H), 7.12-7.15 (m, 4H). °C NMR (CDCl;,
125 MHz): 6 12.6, 13.7, 13.8, 14.9 (2C), 26.8, 26.9, 27.4, 29.0, 29.1, 29.2, 29.8, 34.3, 34.4, 36.2, 37.7,
37.8, 38.8, 43.2, 43.5, 43.6, 46.0, 46.1, 48.4, 54.9 (2C), 55.6, 55.7, 56.3, 56.4, 56.7, 56.8, 58.7, 65.7,
65.9, 66.2,95.7, 111.0 (2C), 112.2, 112.3, 113.4, 114.1, 114.7, 115.5, 115.6, 125.9, 127.9 (3C), 129.8,
130.7 (20), 130.8, 132.0, 132.1, 132.2, 135.3, 135.5, 136.1, 136.2, 136.6, 136.7, 138.1 (2C), 140.6,
140.7, 142.8, 142.9, 154.5, 154.6, 155.6, 155.7, 156.7, 157.4, 157.5, 168.6, 172.3, 172.5, 172.6, 196.1.
HRMS-ESI (m/z): [M+H]" calcd for C4sHs4NsOs, 780.4119; found, 780.4124.
N-(2-((2-(4-(1-(4-Hydroxyphenyl)-2-phenylbut-1-en-1-yl)phenoxy)ethyl)(methyl)amino)ethyl)-6-
(2-((4-methoxy-1H,1'H-[2,2'-bipyrrol]-5-yl)methylene)-3,5-dimethyl-2 H-pyrrol-4-yl)-N-methyl-6-
oxohexanamide (51b): Obtained using GP2 and 1b. Orange glass (70 mg, 75%). Formed as 1:1
mixture of E and Z isomers: '"H NMR (CDCls, 500 MHz): & 0.88-0.93 (m, 6H), 1.64-1.69 (m, 8H),
2.25-2.28 (m, 8H), 2.31-2.44 (m, 14H), 2.49-2.54 (m, 4H), 2.69-2.75 (m, 8H), 2.83-2.85 (m, 2H), 2.89-
2.99 (m, 6H), 3.31-3.50 (m, 4H), 3.85-3.88 (m, 2H), 3.96 (s, 3H), 3.97 (s, 3H), 4.01-4.04 (m, 2H), 6.04
(d, J=17.5 Hz, 2H), 6.26 (br s, 2H), 6.42-6.49 (m, 4H), 6.64-6.94 (m, 14H), 7.02 (t, J = 8.0 Hz, 2H),
7.07-7.15 (m, 12H). °C NMR (CDCl;, 125 MHz): § 12.5, 13.8, 14.4, 24.0, 24.1, 25.0, 25.3, 29.1, 29.2,
32.9, 33.0, 33.6, 34.1, 34.2, 36.3, 36.4, 42.6, 43.1 (2C), 43.3, 45.7, 45.8, 48.4, 55.1, 56.0, 56.1, 56.4,
56.5, 56.7, 56.8, 58.7, 65.7, 65.8, 66.0, 66.1, 95.9, 110.9, 112.2, 113.3, 114.0, 114.7 (2C), 115.5, 123 .4,
123.5, 123.6, 125.9, 126.3 127.9, 129.8, 130.6, 130.7, 130.8, 132.0, 132.1, 135.1, 135.5, 136.1, 136.3,
136.6, 136.8, 138.1 (2C), 140.6, 140.7, 140.8, 142.8, 142.9, 154.6, 154.7, 155.7, 156.5, 156.7, 157.3,
157.5, 168.8, 173.1, 173.2 (2C), 173.3, 197.6, 197.8. HRMS-ESI (m/z): [M+H]" calcd for CsoHssNsOs,

808.4432; found, 808.4422.
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N-(2-((2-(4-(1-(4-Hydroxyphenyl)-2-phenylbut-1-en-1-yl)phenoxy)ethyl)(methyl)amino)ethyl)-10-

(2-((4-methoxy-1H,1'H-[2,2'-bipyrrol]-5-yl)methylene)-3,5-dimethyl-2 H-pyrrol-4-yl)-N-methyl-

10-oxodecanamide S1c: Obtained using GP2 and le. Orange glass (70 mg, 84%). Formed as 1:1
mixture of E and Z isomers: 'H NMR (CDCls;, 500 MHz): & 0.89-0.93 (m, 6H), 1.26-1.27 (m, 16H),
156-1.63 (m, 8H), 2.19-2.28 (m, 10H), 2.32-2.33 (m, 4H), 2.39-2.41 (m, 8H), 2.47 (quint., J = 7.4 Hz,
4H), 2.56-2.61 (m, 2H), 2.62-2.68 (m, 6H), 2.73-2.76 (m, 2H), 2.83-2.87 (m, 2H), 2.89-3.01 (m, 6H),
3.34-3.51 (m, 4H), 3.71 (s, 1H), 3.86-3.91 (m, 2H), 3.97 (s, 3H), 4.02-4.07 (m, 2H), 6.03-6.04 (d, J=5
Hz, 2H), 6.24 (br s, 2H), 6.45-6.50 (m, 4H), 6.56-6.68 (m, 2H), 6.72-6.75 (m, 4H), 6.79-6.84 (m, 6H),
6.92-7.03 (m, 2H), 7.12-7.15 (m, 14H). °C NMR (CDCl;, 125 MHz): § 12.5, 13.8, 14.4, 24.4 (2C),
25.1 (2C), 25.6, 29.1, 29.2, 29.4, 29.5 (2C), 33.0, 33.1, 33.6, 33.7, 34.1 (2C), 36.4 (2C), 36.5, 42.8,
43.1 (2C), 43.4, 45.8 (2C), 48.5 (20), 55.1, 56.0, 56.1, 56.5, 56.6, 56.8, 56.9, 58.7, 65.5, 65.8, 65.9,
66.0, 66.1, 67.2, 96.0, 110.9, 112.2, 113.3, 114.0, 114.7 (2C), 115.4, 115.5, 123.5, 125.9, 126.1, 127.9,
129.8, 130.7, 130.8, 132.0, 132.1 (2C), 132.2, 135.1, 135.2, 135.4, 135.5, 136.1, 136.4, 136.6, 136.8,
138.1 (2C), 140.7, 140.8 (2C), 140.9, 142.5, 142.8, 142.9 (2C), 154.6, 154.7, 155.6, 155.7, 156.5,
156.7, 157.3, 157.5, 168.9, 173.4, 173.5, 173.6 (2C), 198.5 (2C). HRMS-ESI (m/z): [M+H]" calcd for

C54H66N505, 8645058, found, 864.5046.
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