# $ % &()F+# - I # 0
. 012 , . I3 '4 &)4* 00 5678#566( %
)9'4#:(8(

+

’ 0 << 30)0)< 3 )54
= 0<< 390)0)< 3 )(5(4>

2 $ -
0<< < <0 <58555<

;e ., $0 & *
7 $ 2 0 0,3 @ 3 -
0, 3 3 0
0 0O, O- 3% 0
-0 , #-#0 A 00
0 O 3 0% - 30
3% ,0 < 3 03 2

0 - 0, 3 2 -0

%eq Northumbria .

O]
. . . . [ J
University UniversityLibrary

[

CUSTOMER

SERVICE
EXCELLENCE


http://nrl.northumbria.ac.uk/policies.html

Pd-Catalyzed Cascade Reactions of Aziridines: Onstep Access
to Complex Tetracyclic Amines

-RQDWKDQ 3 AQRZOQ@DIK * A 6NdriatSGhwark, Francesca Latterand Kevin
|. BookerMilburn* -

, '6FKRRO RI &KHPLVWU\ 8QLYHUVLW\ RI ULVWRO &DQWRFN
A"HSDUWPHQW RI| $SROUMWHKXBEUHQFEQLYHUVLW\ 1HZFDVWOH XSR

S1



Table of Contents
General Information
ExperimentaProcedures
General Procedures

Additive Screen

Eyring Data

Synthesis of Dienes

Synthesis of Tethers

Synthesis of DielsAlder Products
Competition Experiment
Synthesis of Deuterated Labelled CompoufiddechanisticProbe
Functionalization of Products
Crystal Structure Data
References

NMR Spectra

0
8
9

2
3
S24

RBBRRRELLLLRLR



General Information
Unless otherwise statedh@micals were purchasém Sigma, Fluorochem or Alfand used without further purification.
Aziridines 2a-d were prepared as described previodg\Dry solvents were obtained by passage through a column of
anhydrous alumina using equipment from Anhydrd (QJLQHHULQJ 8QLYHUVLW\ RI %ULVWRO EDVHG
flasks fitted with a J. Youngs valve were used to collect anhydrous sdBawnents used for thed-catalyzed reactions were
degassed by bubbling witreNAIl other commerciallyavailable reagents were used as received. Reactions requiring anhydrous
conditions were performed under,Njlassware was flame dried immediately prior to use. Liquid reagents, solutions or
solvents were addada syringe through rubber septa; solid reagents were add&thlenk type adapters. Reaction mixtures
were stirred magneticallyJnless otherwise stateéactions carried out at RT varied betweer226°C depending on the
seasonThe heating of reactions wgerformed using an oil bath.
Flash column chromatography was performed on Aldrich silica gel:4280mesh (40 P $QDO\WLFDO WKLQ O
chromatography was performed on aluminium backed &0sHica plates. Visualisation was achieved by UV floresee
(254 or 365 nm) and/or staining with KMa®olution and heat. Extracts were concentrateechcuousing both a Heidolph
Hei-VAP Advantage rotary evaporator (bath temperatures up to 50 °C) at a pressure of 15 mmHg (diaphragm pump) and a
high vacuum lineat room temperature.
IH-NMR and3C-NMR spectra were measured at 25 °C in the solvent specified with Varian, Jeol or Bruker spectrometers
RSHUDWLQJ DW ILHOG VWUHQJWKYV OLVWHG &KHPLFDO VKLIWVdio ti@UH TXRWH!
residual solvent peaks. Coupling constadfsfe reported in Hz and are reported as an average. Multiplicities are abbreviated
as: s (singlet), d (doublet), t (triplet), g (quartet), gn (quintet), m (multiplet), br (broad), app (apparent)inations thereof.
Assignments ofH-NMR and**C-NMR signals were made where possible, using COSY, HSQC and HMBC experithents.
NMR yields used 1,3;fimethoxybenzene as the internal standard.
Melting points were determined from a recrystallized mdtesig Bibby Stuart SMP10 apparatus and are uncorrected.
Infra-red spectra were recorded in the range 4688 cm® on a Perkin Elmer Spectrum either as neat films or solids
compressed onto a diamond windand arerepatedto the nearest 1 cin
Mass spectra were determined by the University of Bristol mass spectrometry service by electrospray ionisation (ESI) mode
or electron ionisation (EI) modéligh resolution mass spectra (HRMS) were obtained on a Bruker Daltronics MicroTOF |l
(ESI) instrument. Molecular ion peaks are reported as [MeH]M+Na]*.
X-ray diffraction experiments décd were carried out at 100(2) kha Bruker APEX Il diffractometer using M¢ . radiation

c ,QWHQVLWLHYV ZH3lahd &0Qdnptiba tobréttiars baspd®s equivalent reflections were applied
using SADABS! The structure was solved using Shebdnd refined by fullmatrix least squares agairfstin ShelXLS7
using Olex2 All of the northydrogen atoms were refined anisotropicallyhile all of the hydrogen atoms were located
geometrically and refined using a riding model, apart from thé protons which were located in the difference map and
refined freely. Crystal structure and refinement data are given in B&blerystallograhic data for compounddcd have
been deposited with the Cambridge Crystallographic Data Centre as supplementary publication CCDC 2047771. Copies of the
data can be obtained free of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK)[1243 336033,
e-mail: deposit@ccdc.cam.ac.uk].



Experimental Procedures

General Procedures

The ketone and amide aziridirsystens 2b and2c underwent the cascade in refluxing THFe'Bu esteraziridinesystems
2arequired refluxing dioxane fdhe reaction to reach completidrhe unactivated allyl acetasgstem productaa, required
this for the IMDA, the otherfab-6ae for the TsujiTrost reaction.

General Proceduré\:: Ring-openingfsuji-Trost/Diels Alder Sequende THF

Pd(OAc} (0.1 equiv.), PPH(0.42 equiv.) anK2COs (1.3 equiv.) were stirred idegassedHF (0.03 M) for 10 min. The
appropriate aziridine (1 equiv.) THF (0.01 M) followed by thelesiredallyl acetate (1.2 equiv.) iIRHF (0.01 M) were added
to the stirred solution and the reaction was heateterreflux for 16 h. The reaction mixture was cooled to RT, filtered,
concentrateth vacuoand loaded directly on a prepacked S6lumn for purification.

General Procedur®: Ring-openingTsujiTrost/Diels Alder Sequende Dioxane

Pd(OAc} (0.1 equiv.), PPH(0.42 equiv.) andK2COs (1.3 equiv.) were stirred idegassedioxane, (0.03 M) for 10 min. The
appropriate aziridine (1 equiv.) idioxane(0.01 M)was added and the reaction was heateder reflux for 1.5h. The
appropriatellyl acetate (1.2 equiv.) idioxane(0.01 M)wasadded and the reaction was heataderreflux for a furtherl6
h. The reaction mixture was cooled to RT, filtered, concentiategicuoand loaded directly on a prepacked Si6Glumn for
purification.

The photochemically derivedijtyclic aziridinesubstrate®a-c were synthesiseas previously described

Additive Screen
Table S1 Effect of catalyst and additives on the ring opening/elimination sequence

Catalyst (5 mol%) 'BuO,C,
Additive >
R

BuO,C™ W THF, 70 °C
2a 13

Entry  Catalyst Additive?  Conversion (%)
1 Pd(OAcy/PPls  None 100
2 PdOAc)/PPh  K2COs 100
3 Pd(PPB)4 None 0
4 Pd(PPh)s AcOH 100
5 Pd(PPh)s PPR(O) O
6 Pd(PPb)a Ac;0 100°
7 Pd(PPh)s CsOAc 29
8 Pd(PPb)a BwNOAc 0
9 Pax(dbap/PPhy None 0
10 Pcb(dbay/PPh  PPh(O) <5

11 Pa(dbay/PPhy  AcOH 100

3Addedin an equimolar quantity to substraf®etermined by'H NMR after 45 min at 70 °C°A mixture of 13 and the
corresponding acetamide was formed.

Preliminaryexperimentsvere undedkento gainsome insight into thenechanism of the key diene formation staggng
aziridine 2a. With the original catalyst, diene formation is rapid, both in the presence or absence of potassium carbonate
(Entries 1 & 2)Use of Pd(PP{)4led to no detectable product within the samestperiod (Entry 3)Simple addition of AcOH

led to rapid reaction (Entry 4), whereas the presencesff{(Bhdid not (Entry 5). To explore this further, additional additives
were investigated using Pd(Pfh Ac20 reaction was complete after 45 min (Erfijly CsOAc led taa slower conversion

(29%, Entry 7), and acetate (BIOAc) proved ineffective (Entry 8). Similar results were obtained uie@d:(dbay/PPhs

catalytic systenwhere usingilone l& to no observed reactigintry 9),addition ofPhsP(O)againfailed to effect any reaction

(Entry 10) andaddition ofAcOH led to rapid reactiarThese results are consistent Wittactivation being key to the observed
reactivity, with this being achieved by protonation (AcOH), reactioth s electrophile (A©) or complexation to a
coordinating metal.



Eyring Data

CO,Bu PhMe CONHEt
s
- - N
N 6.8x 106 5" 55x 105 s
6aa 6ca
0.0026 0.0028 0.003 0.0032

-16

In(k/T}

-17

AHY=+77 £ 4 k) mol?
ASt=-125+ 101 K mol?
AGY .. =+121 k) mol?!

AH* = +57 £ 6 k) mol
AS*=-165 + 17 ) K mol!
s AGY5c = +114 k) mol !
1T /K1

Figure 1. Eyring plots and thermodynamic parameters for the Biler cyclisation to fornbaaand6ca

Table S2 Rate constants at different temperatures for subsatesnd6ca

Entry Temperaturé°C k/s!6aa k/s!6ca

1 55 - 1.41+0.01x 10°
2 60 - 2.41+0.01x 10°
3 65 - 2.78+ 0.03x 10°
4 70 - 3.73+ 0.07x 10°
5 75 6.78+ 0.09x 10° 55+ 0.1x10%
6 80 9.72+ 0.03x 10°% -

7 85 1.52+ 0.01x 10° -

8 90 2.10+ 0.01x 10° -

9 95 3.38+ 0.02x 10° -

10 100 3.98+ 0.03x 10° -

General Considerationsfor Kinetic Experiments

Rate constants were obtained usiitfNMR spectroscopyacquired on a 500 MH¥arian spectrometer. Aolution of
substrateand standard, 1,3fsimethoxybenzene, were dissolvad deuterated PhM€0.7 mL) and a RT*H-NMR was
obtained. The instrument waseth heated to the required temperatamed anotherspectrum was obtaine@pectra were
obtained every 20 minesfor between 12 to 20 houasd theH-NMR array data was processed using MestReN&wars
were calculated in Microsoft Excel via a leaguiares analysis.

RepresentativeKinetic Experiment

A standard solution of allylated dieBaa (10.4mg, 0.04mmol), 1,3,5trimethoxybenzenel(mg, 0.006 mmol) in PhMe 0.7
mL) was added intoraNMR tube, whichwas manually loaded into the NMR spectrometer widprobetemperatureet at
25 °C. A spectrum was obtained at this temperature) the probewasheated to B °C with the samm@ loaded within the
magret. The time taken to reacdhis temperature was recordégenerally~15 mins for the instrument to reach temperature)
andthenan arrayof experiments was startedjthout further tuning or shimmingcollecting spectra every 20 mifar 20
hours

Comparison of Literature Values

Enthalpies of activation in general are significantly lower than others reported, for instance our 8gsteing*=18.4 kcal

mol?) and6ca (0 #=13.6 kcal maol) compared withihe similarly unactivated dienophjlend cyclic diene component, with

a of (0 +A= 225 kcal mol® obtained from an Eyring plStExperimental values are also known for pentadienylacrylan(iges
activateddienophiley Z K H UAH 204 kcal mot, 10 a difference of 2 kcal maland 6.8 kcal mol increase compared to our
VIVWHPV &R P&K&¥ FoGIMDA reactions involving activatatienophilecyclopentenone (19.7 kcal mdland
cyclohexanone systems (21.5 kcal Malre also consistently largevith only cyclobutene (15.6 kcal mylsystems showing
comparable reactivity* Computed valuefr substituted vinylcyclohexadienes are also available, which are in the range of
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21.6 kcal mol to 31.5 kcal mot at 25 °C for activatedienophiles rising as high as 37.1 kcal midlor those &cking an
activating groug.

Synthesis of Dienes
(x)-tert-butyl (3aS,7aR)-1-(2-methylallyl) -1,2,3,3atetrahydro - 7aH-indole-7a-carboxylate 9
Pd(OAc),
PPh3 K,COs3, BuO,C
THF, A N
> H
A
2a OAc TMS ?
To a dried Schlenk tube under nitrogen were added palladium(ll) acetatagd601029 mmol), triphenylphosphine (30 mg,
0.11 mmol), potassium carbonate (48 mg, 0.35 mmol) and anhydrous THF (3 mL), the mixture stirred for 5 min and a solution
of substrate (60 mg, 0.27 mmol) andazetoxymethyl)allyltrimethylsilane (60 mg, 0.32 mijna anhydrous THF (1 mLyvas
added. The reaction was degassed by sparging with nitrogen and heated to 70 °C. After 14 h the reaction was cooled to rt and
evaporated. Purification by silica gel chromatography (EtOAc/petrol, 2:98 to 1:4 as eluent) aftfierdidd compound (26
mg, 35%) as a clear oily (400 MHz, CDC}$) 1.44 (9H, sMes3C), 1.60 (1H, dqg, J 11.8, 7.4 Hz, N&EHH), 1.66 (3H, s, Me),
2.28 (1H, dddd, J 11.4, 8.9, 6.8, 4.3 Hz, NCHH), 2.45 +2.58 (2H, m, N€12CH2), 3.12 (1H, d, J 13.3llylic CHH), 3.16
+3.23 (2H, m, allylic ®IH and CH), 4.73 (1H, ddd, J = 2.4, 1.6, 0.8 Hz, #(JH4.84 (1H, dd, J = 2.3, 1.2 Hz, HEl), 5.68
(1H, ddt, 3 =9.6, 4.1, 1.1 Hz, #CH), 5.84 +5.77 (2H, m, =@1-Cq and =®) and 5.95 (1H, ddd, J = 9.9, 5.2, B18, =CH);
lc (101 MHz, CDC4) 20.3 (Me), 28.2 MlesC), 32.7 (NCHCHz2), 42.0 (CH), 47.1 (NCh), 56.1 (allylic CH), 67.3 Ca-
COrtBu), 81.0 (MeCO), 111.3 (=CH2), 119.6 (=CH), 122.1 (=CH), 123.7 (=CH), 129GH<€H), 144.4 C=CH) and 173.5
(COztBu); HRMS (ESIY) m/z: [M+H]* Calcd forCi7H26NO2 276.1965 found276.1958.

'BuO,C™ Y\

(2)-tert-Butyl (3aS,7aR)-1-allyl-1,2,3,3atetrahydro-7aH-indole-7a-carboxylate 12a

Allyl acetate BUO-C
~H  Pd(OAc),, PPh; 2
. — 3 N
BuO,C" N K,CO3, THF K\ H
2a 70 °C 12a

To a dried Schlenk tube under nitrogen were added palladium(ll) acetate (6.4 mg, 0.029 mmol), triphenylphosphine (30 mg,
0.11 mmol), potassium carbonate (48 mg, 0.35 mmol) and anhydrous THF (3 mL), the mixture stirred for 5 min and a solution
of aziridine2a (60 mg, 0.27 mmol) in anhydrous THF (1 mL) followed by allyl acetate (0.035 mL, 0.32 mms§dded.

The reaction was degassed by sparging with nitrogen and heated to 70 °C. After 14 h the reaction was cooled to rt and
evaporated. Purification by siicgel chromatography (EtOAc/petrol, 2:98 to 1:9 as eluent) afforded the title compound (62
PJ DV D F@akidnd RGP D{{480 MHz, CDC}$) 1.44 (9H, sMesC), 1.61

(1H, dq, J 12.1, 7.7 Hz, NGBHH), 2.31 (1H, dddd, J 11.9, 9.2, 6.9, 3.6 Hz, NCHH), 2.53 (1H, td, J = 8.3, 6.9 Hz,
NCHHCH,), 2.66 (1H, td, J 8.3, 3.6, N@HCH_), 3.13 £3.22 (2H, m, allylic CH{ and CH), 3.38 (1H, ddt, J 13.4, 5.6, 1.6

Hz, allylic CHH), 5.02 (1H, ddt, J 10.0, 2.2, 1.ZHCH=CHH), 5.14 (1H, dq, J 17.1, 1.7 Hz, CHHE), 5.70 (1H, ddt, J 9.6,

4.2,1.0 Hz, =G-CH), 5.77 £5.90 (3H, m, GI=CHz, =CHand =GH DQG + GGG - c(101 +] &+
MHz, CDCB) 28.2(MesC), 32.7(NCH2CHz2), 41.9(CH), 47.2(NCH), 52.8(allylic CHz2), 67.4(Cq-COtBu), 81.3(Me3CO),

116.1 (=CH), 119.4 (=CH), 122.2 (=CH), 123.6 (=CH), 129.CH-CH), 137.1 CH=CH) and 173.2CO:tBu); HRMS

(ESF) m/z:[M+H] * Calcd for C16H24NOz, 262.1801 Found262.1802.

(3)-1-((3aR,7a9)-1-allyl-1,2,3,3atetrahydro - 7aH-indol-7a-yl)ethan-1-one 12b

12b

Pd(OAc} (7 mg, 0.03 mmol), PR{29 mg, 0.11 mmol) ank2COs (48 mg, 0.35 mmol) were stirred in THF (2.5 mL) for 10

min. (£)1-((3'R,3a56a5)-1,3a,6,6aetrahydroazirino[2,3,1hi]indol-3}(2H)-yl)ethanl-one 2b (44 mg, 0.27 mmol) in THF

(2.5 mL) and allyl acetate (0.034 mL, 0.33 mmol) were added to the stirred solution and the reaction was heated to 30 °C for
5 h, at which point the reaction mixture wiltered and concentrateth vacuo. The crude material was purified by Siash
chromatography, eluting with-B0% EtOAc/petrol, to give a yellow oil (17 m§6% NMR,31%isolated. *H-NMR (400

MHz, CDCEk  / G G &= 1041, 5.3, 0.9 Hz,-CH),5.905.81 (m, 2H, GICHz2 and 5CH), 5.75 (ddt, 1HJ = 9.6, 4.9,
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1.0 Hz, 4CH), 5.65 (dt, 1HJ = 10.0, 0.8 Hz, €H), 5.18 (dq, 1HJ = 16.9, 1.8 Hz, CHAH), 5.07 (dq, 1HJ = 10.0, 1.4 Hz,
CHCHH) 3.36 (ddt, 1H,) = 13.7, 5.6, 1.6 Hz, NBH), 3.06 (ttt 1H,J= 6.8, 1.2 Hz, NCH), 3.032.96 (m, 2H, 1CH and 3

CH), 2.41 (app g, 1H,-CH), 2.282.23 (m, 1H, 2CH) superimposed on 2.22 (s, 3H, §HL.761.62 (m, 1H, 2CH); 13C-

NMR (125MHz, CDCk  / &2 CHCHz or 5CH), 129.8 (4CH), 125.9 (¥CH), 122.1 (6CH), 120.8 CHCH:

or 5CH), 116.3 (CKCH2), 73.1 (C), 53.0 (NCh}, 50.4 (1CHz), 41.4 (3CH), 33.3 (2CHy), 25.3 (CH); Imad/cnr! 2937.89,
2866.36, 1702.74, 1349.76, 1205.30, 1152.35, 1176.95, 1051.29, 713.52, 691.13, HRMSn(EJM+H]* Calcd for
Ci13H17NO 204.1388 Found204.1382

(3)-(3aR,7a9)-1-allyl-N-ethyl-1,2,3,3atetrahydro -7aH-indole-7a-carboxamide 12c

12¢

Pd(OAc} (7 mg, 0.03 mmol), PR{29 mg, 0.11 mmol) and2COs (48 mg, 0.35 mmol) werstirred in THF (2.5 mL) for 10

min. (x)}(3'R,3a56a5)-N-ethyk1,3a,6,6aetrahydroazirino[2,3/hi)indol-3'(2H)-carboxamide2c (52 mg, 0.27 mmol) in

THF (2.5 mL) and allyl acetate (0.034 mL, 0.33 mmol) were added to the stirred solution and the reaction was heated to 70 °C
or 2 h at which point the reaction mixture was filteredl @&oncentrateth vacuo The crude material wasigfied by SiQ

flash chromatography, eluting with@D% EtOAc/petrol to give a yellow oil (21 mg0% NMR,33%isolated. *H-NMR (400

MHz, CDCk  / EUV + 1+ J=9.63G Hz+#CH),5.965.80 (m, 2H, GICH2and 5CH), 5.59 (dd, 1H,
J=9.7,3.9 Hz, £CH), 5.51 (d, 1HJ = 9.7 Hz, 6CH), 5.18 (dg, 1HJ = 17.1, 1.7 Hz, CHEH), 5.08 (br d, 1HJ = 10.3 Hz,
CHCHH), 3.35 (ddt, 1HJ = 13.6, 5.5, 1.7 Hz, NBH), 3.3%3.20 (m, 3H, 3CH and CONHEl,), 3.0%3.02 (m, 1H, 1CH),

2.94 (brdd, 1H,J = 14.0, 7.2 Hz, NCH), 2.462.39 (m, 1H, 1CH), 2.182.08 (m, 1H, 2CH), 1.761.67 (m, 1H, 2CH), 1.12

(t, 3H,J = 7.2 Hz, CH); 13C-NMR (125MHz, CDCk  / &2  CHCH;or 5CH), 130.0 (4CH), 126.2 (7CH),

122.0 (6CH), 121.4 CHCH; or 5-CH), 116.4 (CHKCH2), 69.1 (C), 53.2 (NCLJ, 51.4 (:CHy), 43.4 (CONHCH>), 34.0 (3

CH), 32.1 (2CHy), 14.9 (CH); Imadcnr! 2932.65, 2869.95, 1657.80, 1504.88, 1449.25, 1150.03, 1106.86, 1050.81, 914.31,
691.11; HRMS (ES) m/z: [M+H]* Calcd forCiaH20N20 233.1654Found263.1639

(¥)-tert-Butyl (3aS,7aR)-1,2,3,3atetrahydro-7aH-indole-7a-carboxylate 13a

~H Pd(OAc),, PPhs BuO,C

tBuOZC\‘ N K2003, THF HN H

2a 13a

To a dried Schlenk tube under nitrogen were added Pdg@d®&)ng, 0.080 mmol), triphenylphosphine (84 mg, 0.32 mmol)
and dry THF (2 mL), the mixture stirred for 1 min, a solutiorazifidine2a (180 mg, 0.81 mmol) in dry THF (6 mlyas
added, the mixture sparged with nitrogen and the mixture heated towi€h°&irring. After 14 h the reaction was cooled and
evaporated. Purification by silica gel chromatography (EtOAc/petrol, 1:9 to 1:1 as eluent) afforded the title compound (149
mg, 83%) as éight-yellow oil. max/cnt? (film) 2974, 1719, 1454, 1393, 1360 QG  + (500 MHz, CDC#) 1.47 (9H, s,
MesC), 1.66 (1H, dtd, J 12.0, 8.2, 7.3, N&I}HH), 2.27 (1H, dddd, J 11.9, 8.6, 6.5, 4.2, NCHH), 2.73 (1H, ddd, J 9.7,

8.3, 6.5, NCHH), 2.79 (1H, dddd, J 9.7, 7.1, 4.1, 0.6, Ni©), 3.14 (1H, tdd, J 8.1, 4.2,8,.CH), 5.62 (1H, dt, J 9.6, 1.0, £

Cq), 5.79 (1H, ddt, J 9.6, 4.2, 1.1, CH), 5.87 (1H, dddd, J 9.6, 5.5,1.9,0.8,CH)an 595 + GG - c &+
(126 MHz, CDC}$) 27.9 MesC), 35.1 (NCHCH?>), 40.9 (CH), 42.0 (NCh), 66.2 Cq-CO2'Bu), 81.4 (MeCO), 119.6 (CH),

122.5 (CH), 126.2CH), 129.5 (CH) and 174.€02'Bu); HRMS (ESI) m/z: [M+H] * Calcd for C13H20NO2 222.1489 Found
222.1483

(¥)-1-((3aS,7aR)-1,2,3,3atetrahydro -7aH-indol-7a-yl)ethan-1-one 13b

MeOC
HN

13b

To a dried Schlenk tube under nitrogen were added Pd¢@@d)mg, 0.029 mmol), triphenylphosphine (30 mg, 0.11 mmol)
and dry THF (2 mL), the mixture stirred for 5 min, a solutioranifidine 2b (45 mg, 0.28 mmol) in driffHF (2 mL)was
added, the mixture sparged with nitrogen and the mixture heated to 70 °C with stirring. After 19 h the reaction was cooled to
rt and evaporated. Purification by silica gel chromatography (EtOAc/petrol, 9:1 to 1:0 as eluent) affordeddtepidund
PJ DV D \H&@mR4ZfilR) 2964, 1707, 1407, 1353 and 1178 (500 MHz, CDC}) 1.68 (1H, dtd, J 11.8,
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9.2, 6.8, NCHCHH), 2.21 (1H, dddd, J 11.7, 7.9, 5.9, 3.5, NCHH), 2.27 (3H, s, Me), 2.61 (1H, td, J 9.5, 5.8, N@H
2.74 £2.86 (2H, m, N&IH and NCH), 5.43 (1 H, dd, J 9.7, 1.0, #Cg), 5.87 +5.98 (2H, m, EI=CH-CH) and 6.03 (1H,
ddd, J 9.6, 5.2, 1.0,l=CH-Cq /(126 MHz, CDC}) 24.9 (CQMe), 36.2 (NCHCH>), 40.6 (CH), 41.9 (8H2), 71.3 Cq-

COMe), 120.2 (CHEH-), 123.1 CH=CH-Cq), 126.0 (€H-Cq), 129.0 CH=CH) and 208.6GOMe); HRMS (ESt) m/z:

[M+H]* Calcd forC10H14NO 164.107Q Found164.1075

(3)-(3aS,7aR)-N-Ethyl-1,2,3,3atetrahydro -7aH-indole-7a-carboxamide 13c

EtHNOC
HN

13c

To a dried Schlenk tube under nitrogen were added Pd¢@&\8)mg, 0.025 mmol), triphenylphosphine (26 mg, 0.10 mmol),
potassium carbonate (42 mg, 0.35 mmol) and dry THF (2 mL), the mixture stirred for 5 min, and a soh#ildiné2c (45

mg, 0.28 mmol) in dry THF (2 mlyasadded, the mixture sparged wittirogen and the mixture heated to 70 °C with stirring.
After 18 h the reaction was cooled and evaporated to give a yellow solid. Purification by silica gel chromatography (EtOH/aqg.
NHz in CH2Cl2, 1% to 5% as eluent) afforded the title compound (20 mg, 449V D \H Of&xRi@r Rilod 3326 (br),
2968, 1733, 1659, 1510, 1449, 1374 and 124X500 MHz, CDC}) 1.15 (3H, t, J 7.3VleCH2N), 1.63 (1H, dg, J 12.2, 7.1,
NCHzCHH), 2.23 (1H, dddd, J 12.3, 8.1, 6.9, 5.5, NCHH), 2.61 (1H, dt, J 10.7,.1, NCHHCHy), 2.81 (1H, dddd, J 10.7,
7.3,5.5, 0.8, NEHCH), 3.24 +3.33 (3H, m, N&I2Me and ®&), 5.56 (1H, dd, J 9.5, 0.9, #=Cq), 5.79 (1H, dd, J 9.6, 4.0,
=CH-CH), 5.90 (1H, dddd, J 9.6, 5.5, 2.1, 0.8J€CH-CH), 6.05 (1H, ddt, J 9.5, 5.5, 0.7HECH-C) and 7.64+7.74 (1H,

P 1+ c (126 MHz, CDC}) 14.9 (Me), 34.2 (XH2Me), 35.6 (NCHCH2), 41.7 (CH), 42.9 (RH2CHy), 67.4 Cq
CONHELt), 119.9 CH=CH-CH), 124.2 CH=CH-Cq), 125.8 £CH-Cq), 130.6 £CH-CH) and 175.3CONHEt); HRMS (ESt)
m/z: [M+H]* Calcd forCiiH17N20 193.1335Found193.1341

Synthesis of Tethers
M ethyl 2-(acetoxymethyl) acrylate5b

Py
Ho\)J\[(o\ AcCl o O
5 CH,Cl, 5 5
5b

To a stirred solution of methytgydroxymethyl) acrylate (0.89 mL, 8.6 mmol), d2yH2Cl2 (18 mL) and pyridine atl0°C
was added acetyl chloride (0.80 mL, 11 mmol) dropwise. The resulting solution was warmed to rt and stirred for 2 h. After
this time thereaction was cooled to 0°C and water (30 miascharged. The aqueous layer was extracted with EtOAc (30
mL x 3) and the resulting organics washed with water (30 mL), sat. NH4CI (30 mL) and brine (30 mL). The combined organics
were dried over magnesiumlifse, filtered and concentratéa vacua The crude product was purified over silica gel {10
30% EtOAc in petrol) to affor8b (1.1 g, 81%) as a paltHO O R Z R L & 2952 [bf nf;, B-H), 1740 (m, C=0), 1675 (m,
C=0), 1368 (m), 730 (M, =G + 105 0+] &'&0 /#=1.0HZ1H, CH), 5.83 (d,=1.4 Hz, 1H, CH),
4.79 (s, 2H, Ch), 3.77 (s, 3H, €l3), 2.08 (s, 3HCHx3). H-NMR data agrees wittheliterature!?

3-(Hydroxymethyl)but-3-en-2-one S1

CH,0
tﬂ/ DABCO O\)jm/
I THF i

$1

To a stirred solution of methyl vinyl ketone (4.95 mL, 59 mmol), 37% ag. formaldehyde (4.5 mL, 71 mmol) and THF (30 mL)
at 0 °C was added DABCO (0.68 g, 5.9 mmol). The resufioigtion was allowed to warm to rt and stirred for 20 h. Brine
(30 mL) was added, the layers separated, and the aqueous layer extractegDA{Bx B0 mL). The combined organics were
dried over magnesium sulfate, filtered and concentriategcua Thecrude product was purified over silica gel-(80%

EtOAc in petrol)to affordS1 J DV D F R ORXW'G4#08 (br,Rr, GH), 2926 (w, GH), 1666 (s, C=0),

1367 (m), 1051 (m)i+ 105 0+] &'&0 /+(s, 1H, CH), 6.03 (tJ= 1.4 Hz, 1H, CH), 4.30 (d} = 5.9 Hz,

2H, CH), 2.36 (s, 3H, El3). 'H-NMR data agrees with the literature.



2-Methylene 3-oxobutyl acetate5c

Py
by e ey
CH,Cl,
(0] (6] (0]
S1 5¢

To a stirred solution of-hydroxymethyl)but3-en-2-oneS1 (2.6 g, 37 mmol), pyridine (3.9 mL, 48 mmol) and @#=Cl2

(65 mL) at 0°C was added acetyl chloride (3.4 mL, 48 mmol) dropwise. The resulting solution was allowed to warm to rt and
stirred for 20h. The reaction was quenched with 1M HCI (17 mL), the layers separated, and the aqueous layer extracted with
CH:Cl2 (1 x 30 mL). The combined organics were washed with Naki@® mL), dried over magnesium sulfafitered and
concentrateth vacua The crude product was purified over silica gel 80% EtOAc in petrol) to affor8c (1.8 g, 34%) as a

F R O R X U Gif6ni 2BA0Qor w, GH), 1741 (s, C=0), 1675 (s, C=0), 1369 (m), 1227%3)NMR (400 MHz, CDCI3)

[+ JG 1.0 Hz, 1H, CH), 6.00 (1= 1.5 Hz, 1H, CH), 4.78 (1= 1.5, 2H, CH), 2.35 (s, 3HCH3), 2.08 (s, 3HCH3).

IH-NMR data agrees with tHieerature!®

(Et0),0P_CN —— N

H,0 N
z s2

To a stirred solution of 37% aq. formaldehyde (5.5 mL, 74 mmol) and diethyl cyanomethylphosphon(&odtaid mmol)
was added saturatec®Os (4.0 mL, 32 mmol) dropwise over 30 min. The resulting solution was stirred atIri5for The
reaction was quenched with MEl (6 mL), the layers separated, and the aqueous layer extracted ¥@tk3Bt5 mL). The
combined organics were dried over magnesium sulfate, filtered and conceintreéedo The crude product was purified
over silica gel (10 30% EtOAc in petrol) to affor@5 J DV D FR ORI'GHLY {br,Rr, GH), 2988
(m, G+ P &A1 P -O), 948{m,&CH); 'H-NMR (400 MHz, CDC§ [+ J 3.8 Hz, 1H,
CH), 6.01 (tJ= 1.4 Hz, 1H, CH), 4.23 (df,= 6.2, 1.6 Hz, 2H, Ch). H-NMR data agrees with the literatufe

\)J\ DMAP
HO Ac,0 o\)K
S e TS

N
CH,CI
2l o 5d

2-(Hydroxymethyl)acrylonitrile S2

2-Cyanoallyl acetate5d

N
S2

To a stirred solution of -zhydroxymethyl)acrylonitrileS2 (0.59 g, 7.1 mmol) in dnCH2Cl2 (12 mL) was added acetic

anhydride (2.0 mL, 22 mmol), triethylamine (1.2 mL, 8.5 mmol) and DMAP (26 mg, 0.23 mmol)jediiiéng solution was

stirred at rt for 20 h. The reaction was quenched with MeOH (2 mL) and stirred for 10 mins, followed by sat. acg (daHCO

mL) and stirred for a further 10 min. The phases were allowed to settle and separated and the aquewinadesgeivith

CHzCl2 (2 x 6 mL). The combined organics were dried over magnesium sulfate, filtered and concentrated to almost dryness

in vacuowith low temperature and vacuum used to avoid evaporation of the volatile product. The crude progudfiegs

over silica gel (10 40% EtO in pentane) to affor8d J DV D FR ORd¥ra'@988 (br,Rr, €H), 1744

(m, C=0), 1375 (m), 1215 (s), 1043 (s@J; *H NMR (400 MHz, CDCG}  / V. + &+ J=1.5Hi1H, CH),

4.64 (s, 2H,CH), 2.10 (s, 3H, €Ei3). *H-NMR data agrees with the literatiife

Cinnamyl acetate5e
OCOCH,

l Grubbs Il
R —

Ph/\ . \H/OWPh

o}
OCOCH3 5e

To a stirred solution of styrene (0.83 mL, 7.2 mmal;1,4- diacetoxy2-butene (2.3 mL, 14 mmol) and d8H2Cl2 (20 mL),
under a nitrogen atmosphere, was added Grubbs catalyst 2nd generation (75 mg, 0.18 mmol) as a sol@idsdh (29
mL). After stirring at rt for 16 h the resulting solution was comeadin vacuoand purified over silica gel (1030% EtO
in petrol) to affordbe J DV D \H@/R 0TI GH), 1735 (s, C=0), 1226 (s), 1025 (m), 965 (H;
NMR (400 MHz, CDCY /  +7.22 (m, 5H, Ph), 6.66 (nd,= 5.9 Hz, 1H, CH), 6.29 (dd = 15.9, 6.5 Hz, 1H, CH), 4.73
(dd,J=6.5, 1.4 Hz, 2H, Ch}, 2.10 (s, 3H, CH).'H-NMR data agrees with the literatuife



3-(Hydroxy(phenyl)methyl)but-3-en-2-one S3

(0]
o, §§/Jk\ DABCO
THFE  pr” SoH
S3

To a stirred solution of methyl vinyl ketone (5.0 mL, 62 mmol) in THF (30 mL) at 0 °C under nitrogen was added benzaldehyde
(7.3 mL, 72 mmol) followed by DABCO (675 mg, 6.0 mmol) pamtvise. The reaction was allowed to warm to rt, stirred for

16 h and diluted with brine (30 mL). The mixture was extracted wi® E2 x 30 mL) and the combined organic phase dried
(MgSQy) and evaporated to give a yellow oil. Purification by silica ¢gebmatography (EtOAc/petrol, 1:9 to 3:7 as eluent)
afforded the title compound (1.48 g, 14%) as a cleattiNMR and**C-NMR data agrees with the literatui®e

2-Methylene 3-oxo-1-phenylbutyl acetate5f
CH20I2

To a stirred solution of substre®3(1.47 g, 8.4 mmol) and pyridine (1.6 mL, 20 mmol) in anhyd@HsCl2 (30 mL) at 0 °C

under nitrogen was added acetyl chloride (1.35 mL, 19 mmol) dropwise. The reaction was allowed to warm to rt, stirred for
13 h, diluted withCH2Cl2 (20 mL) and washed with 1 M HCI (20 mL) and sat. aq. Nakl(20 mL). Drying (MgSQ) and
evgoration gave an orange oil. Purification by silica gel chromatography (EtOAc/petrol, 1:9 to 1:4 as eluent) afforded the titl
compound (363 mg, 20%) as a clear $ikNMR data agrees with the literatiie

Synthesis of DielsAlder Products
()-tert-Butyl (3aR,4S,48S,7aR,8S,8aR)-1-allyl -5,7-dioxo-2,3,3a,4,4a,5,6,7,7a,8ecahydro-4,8-ethenopyrrolo[3,4-
flindole-8a(1H)-carboxyalte 14

12a \ 14

A stirred solution oflienel2a(29 mg, 0.11 mmol) and maleimide (15 mg, 0.15 mmol) in toluene (5 mL) was heated to 100
°C. After 14 h the reaction was cooled and evaporated. Purification by silica gel chromatographZkECl2, 1:4 to 1:0

then neat EtOAc as eluent) afforded interecollar DielsAlder productl4 (34 mg 77%) and intramolecular Dielslder
productl5 (2 mg, 7%) as a clear oll4 max/cm* ILOP DH@5B80 MHz, GDC#) 1.37 (1H,

ddt, J 12.7, 9.6, 7.6 NG&HH), 1.51 (8H, sMesC), 2.00 (1H, dddd, J 12.0, 9.2, 6.6, 2.4, NCHH), 2.55 (1H, td, J 9.0, 6.7,
NCHHCHz), 2.73 (1 H, ddd, J 9.5, 7.0, 2.6, CH), 2.#2.87 (2H, m, NEIHCHz and NHC(O)CH), 2.95 +3.04 (2H, m,
NHC(O)CH and allylic CHH)), 3.12 (1 H, dtd, J 6.1, 2.8, 1.4, CK)39 (1 H, ddt, J 14.0, 5.3, 1.7, allylidi€l), 3.60 (1 H,

ddd, J 6.5, 3.1, 1.4, CH), 5.04 (1 H, dd, J 10.1, 1.6,H¢H.14 (1 H, dg, J 17.1, 1.7, #&l), 5.75 (1 H, dddd, J 16.9, 10.1,

6.8, 5.2, GI=CHg), 6.12 (1 H, dd, J 8.9, 5.&H=CH), 6.17 (1 H,dddJ) 7.9,6.3,14,B &+ DQG + EUV 1+
(126 MHz, CDC4) 28.3 (MesC), 28.9 (NCHCHy), 36.9 (CH), 37.5 (CH), 41.9 (CH), 45.2 (CH), 47.0 (CH), 51.GKIXCHy),

52.1 (allylicCHy), 74.8 Cq-CO2tBuU), 81.9 (MeCO), 116.0 (€Hz), 129.5 (CH€H), 132.9 CH=CH), 136.4fz(CH=CHy),

171.4 (CQtBu), 178.6 (imideC=0), 178.8 (imide&C=0); HRMS (ESF) m/z: [M+H] * Calcd for C20H27N204 359.1965% Found
359.1961 Stereochemistry was proven by nOe interactioetsveen the alkenyl bridge hydrogens (6.12 and 6.17 ppm) and
the maleimide CH2.8 ppm)and NCHH (3.8 ppm) peaks adepicted aboveSeeS32 and S3%r spectra.

(#)-tert-Butyl (1S, 3'R,5aR,6S,8aR,9R)-1,4,5,5a,6,8ehexahydro-1,6-methanopyrrolo[3,2,1-hiJlindole-3'(2H)-
carboxylate 6aa(15)

CO,Bu
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A stirred solution of diene (40 mg, 0.11 mmol) in toluene (5 mL) was heated to 100 °C. After 18 h the reaction was cooled
andevaporated. Purification by silica gel chromatography (EtOH/MNICH2Cl2, 1% to 8% as eluent) afforded intramolecular
Diels-Alder productl5 PJ DV D FuxKDUfilR)L2034, 1721, 1546, 1367 and 113B-NMR (400 MHz,
CDCl) (500 MHz, CDCH) 1.38 +1.46 (11H, m, ®es and CHGH2CH), 1.56 (1H, dtd, J 12.9, 9.0, 3.9, N&HHH), 1.87
(1H, dg, J 8.0, 4.1, NCi&H), 2.01 (1H, dtd, J 13.2, 9.4, 2.8, N&EHH), 2.24 (1H, d, J 11.3, NGHCH), 2.28 +2.36 (2H,

m, NCHCH2CH and NCHCH.CHCH), 3.04 (1H, ddd, J 12.2, 9.1, 2.8, NBBH2), 3.24 (1H, ddd, J 5.9, 4.3, 1.2 Hz,
NCHCHCH), 3.39 (1H, dt, J 12.5, 9.1 Hz, MEICH), 3.51 (1H, dd, J 11., 4.3, NHBICH), 6.16 (1H, ddd, J 7.9, 6.5, 1.2 Hz,
=CH-CH-Cq) and 6.45 (1H, ddd, J 8.0, 6.5, 1.3 HzH=CH-CH- & T ¢ (126 MHz, CDC}) 28.0 CMez), 28.1 (NCHCH?>),
31.4 (CHCH2CH), 34.4 (NCHCH2CHCH), 34.8 (NCHCH), 44.9 CHCqCQ!'Bu), 49.7 (NCHCH.CH), 58.5 (NCH2CHy),
64.0 (NCH2CH), 80.4 (M&CO), 80.9 (G-CO»'Bu), 129.2 (€H-CH-Cq)), 137.5 (€H-CHCHCq) andL.74.0 CO2'Bu); HRMS
(ESF) 262.1802 (@H24NO2, [M+H]*, requires 262.1802)HRMS (ESF) m/z: [M+H]* Calcd for C16H2aNO2 262.1802
Found262.1802

()-tert-Butyl (1S, 3'R,5aR,6S,8aR,9R)-1,4,5,53a,6,8zhexahydro-1,6-methanopyrrolo[3,2,1-hi]indole-3*(2H)-
carboxylate 6aa

Allyl acetate
Pd(OAc),, PPhg
K,CO3, Dioxane

100 °C

BUO,C N

2a 6aa

According to general proceduBe Pd(OAc} (6.1 mg, 0.03 mmol), PR30 mg, 0.11 mmol) and3C0Os (49 mg, 0.35 mmol)

were stirred in dioxane (2.5 mL) for 10 min. {&)t-Butyl (3'R,385,6a9)-1,3a,6,6aetrahydroazirino[2,3hilindol-3'(2H)-
carboxylate2a (60 mg, 0.27 mmol) in dioxane (1.25 mL) was added to the stirred mixture and the reactiontes$ch&a0

°C. After 1.5 h allylacetate (81 mg, 0.81 mmol) in dioxane (1.25 mL) was added and the reaction mixture stirred for a further
16 h at the same temperature. The crude material was purified pffaStOchromatography (80L00% EtO in petrol+ 01%

NHz) to give a paleyellow oil (58 mg, 82%).

3 mmol scale

According to general proceduBs Pd(OAc} (67 mg, 0.3 mmol), PR{330 mg, 1.26 mmol) andK Oz (539 mg, 3.9 mmol)

were stirred in dioxane (50 mL) for 10 min. {gyt-Butyl (3'R,3a5 6&5)-1,3a,6,6&etrahydroazirino[2,3/hilindol-3'(2H)-
carboxylate?2a (664 mg, 3 mmol) in dioxane (2.5 mL) was added to the stirred mixture and the reaction was heated to 100 °C.
After 1.5 h allylacetate (360 mg, 3.6 mmol) in dioxane (2.5 mL) was added and the reaction mixture stirred for a further 16 h
at the same tempetaie. The crude material was purified by Sil@sh chromatography (80L00% E£O in petrol+ 0.1% NE)

to give a paleyellow oil (733 mg, 93%).

(2)-3*-(tert-Butyl) 1-methyl (1R, 3'R,5aR,6S,8aR)-5,5a,6,8atetrahydro -1,6-methanopyrrolo [3,2,1-hilindole-
1,3(2H,4H)-dicarboxylate 6ab

6ab

According to general proceduBe Pd(OAc} (6.1 mg, 0.03 mmol), PRI{30 mg, 0.11 mmol) and20s (49 mg, 0.35 mmol)
were stirred in dioxane (2.5 mL) for 10 min. {&)t-Butyl (3'R,385,6a9)-1,3a,6,6aetrahydroazirino[2,3hilindol-3'(2H)-
carboxylate2a (60 mg, 0.27 mmol) in dioxane (1.25 mL) was added to the stirred mixture and the reaction was heated to 100
°C. After 1.5 h methyl Zacetoxymethyl) acrylatés1 mg, 0.32 mmol) in dioxane (1.25 mL) was added and the reaction
mixture stirred for a furthet6 h at the same temperature. The crude material was purified bfl&&iOchromatography (60
Et0 in petrol) to give a palgellow oil (60 mg, 70%). ma/cntt 2972 (br, s, €H), 1725 (s, C=0), 1236n), 1162 (m), 1056

(m); 'H-NMR (400 MHz, CDC}  6.47 (dddJ = 7.9, 6.6, 1.2 HZ]H, 11-CH), 615 (ddd,J = 7.9, 6.4, 1.2 HZ]H, 12CH),

3.67 @d, 1H,J=11.2, 14 Hz, 8CH) superimposed on& (s, 3H, CH), 359 (dd,1H,J= 65, 1.3Hz, 6:CH), 342 (ddd,J
=12.6, 9.5, 8.1 HZAH, 2CH), 303 (dddJ=12.5, 9.2, 3.3 HZLH, 2CH), 247 (d,J= 11.2 Hz,1H, 8 CH) superimposed on
2452.39 (n, 1H, 16CH), 229-2.22(m, 1H, 4CH), 211-2.01 (m, 1H, 38CH), 180 (dtd,J = 137, 2.3, 1.5 Hz, 1H9-CH),

1.69 (dd, J=137, 3.1 Hz, 1H9-CH), 164-1.53 (m, 1H, 8CH), 142 (s, 9H,C(CHs)3); 3C-NMR (125MHz, CDCk  / 7
(CO), 1733(C0O), 1375(11-CH), 1285 (12-CH), 81.1(C), 809 (C), 668 (8-CH2), 587 (2-CHz), 521 (CHs), 50.9 (#C),496
(4-CH), 473 (6-CH), 355 (10-CH), 34.1 (9-CHy), 285 (3-CH2), 28.1 (C(CHz3)3); HRMS (ESI) m/z: [M+H]* Calcd for
C18H2sNO4 320.1856 Found320.1836

S11



3 mmol scale

According to general proceduBs Pd(OAc} (67 mg, 0.3 mmol), PR{330 mg, 1.26 mmol) andA&0s (539 mg, 3.9 mmol)

were stirred in dioxane (50 mL) for 10 min. {&yt-Butyl (3'R,3a5,6a5-1,3a,6,6&etrahydroazirino[2,3/hilindol-3'(2H)-
carboxylate2a (664 mg, 3 mmol) in dioxane (2.5 mL) was added to the stirred mixture and the reaction was heated to 100 °C.
After 1.5 h a methyl Zacetoxymethyl) acrylats69 mg, 3.6 mmol) in dioxane (2.5 mL) was added and the reaction mixture
stirred for a further 16 at the same temperature. The crude material was purified byl&® chromatography (60 £ in

petrol) to give a pakgellow oil (762 mg, 79%).

(#)-tert-Butyl (1S, 3'R,5aR,6S,8aR,9R)-1-acety}1,4,5,5a,6,8ehexahydro-1,6-methanopyrrolo [3,2,1-hi]indole-3'(2H)-
carboxylate 6ac

6ac

According to general proceduBe Pd(OAc} (6.1 mg, 0.03 mmol), PR30 mg, 0.11 mmol) and3COs (49 mg, 0.35 mmol)
were stirred in dioxane (2.5 mL) for 10 min. {€)t-Butyl (3'R,3a5 6a5)-1,3a,6,6aetrahydroazirino[2,3hilindol-3'(2H)-
carboxylate2a (60 mg, 0.27 mmol) in dioxane (1.25 mL) was added to the stirred mixture and the reaction was heated to 100
°C. After 1.5 h 2methylene3-oxobutyl acetat¢46 mg, 0.32 mmol) in dioxane @& mL) was added and the reaction mixture
stirred for a further 16 h at the same temperature. The crude material was purified tigs8i€hromatography (80100%
Et:0 in petrol+ 0.1% NH) to give a pale/ellow solid (51 mg, 62%)m.p.: 63 U &nadcmt 2935 (br, m, €H), 1722 (s,
C=0), 1699 (s, C=0), 1228 (m), 1157 &Y, NMR (400 MHz, CDC}  6.45 (dddJ=7.9, 6.7, 1.2 Hz, 1H,1-CH), 6.16
(ddd,J = 7.9, 6.4, 1.2 Hz, 1HL2-CH), 3.62 (dJ = 11.3 Hz, 1H8-CH), 3.54 (dd,) = 6.4,0.8 Hz, 1H,6-CH), 3.41 (dtJ =
12.6, 8.9 Hz, 1H2-CH), 3.04 (dddJ=12.5, 9.2, 3.1 Hz, 1F2-CH), 2.47 (dddJ = 6.7, 2.8, 1.2 Hz, 1H,0-CH), 2.42 (dJ =
11.3 Hz, 1H8-CH), 2.33+2.27 (m, 1HA-CH), 2.12 +2.02 (m, 1H3-CH), superimposed 08.08(s, 3H, (H3), 1.74 +1.55
(m, 3H,3-CH and9-CHy), 1.43 (s, 9H, GCHs)s); 23C NMR (101 MHz, CDG ¢ 208.7 (@), 173.3 (@), 137.4 (1-CH),
128.6 (2-CH), 81.3 (), 81.0 ), 66.1 8-CH2), 58.6 @-CHy), 57.8 {-C), 49.7 4-CH), 46.6 6-CH), 35.5 (0-CH), 33.5 ©-
CHy), 28.4 3-CHy2), 28.1 C(CHa)s3), 26.8 CHs); HRMS (ESt) m/z: [M+H] * Calcd forCisH2sNO3304.1907 Found304.1897

(#)-tert-Butyl (1R,3'R,5aR,6S,8aR)-1-cyano-1,4,5,5a,6,8ehexahydro-1,6-methanopyrrolo[3,2,1-hilindole-3(2H)-
carboxylate 6ad

6ad

According to general proceduBg Pd(OAc} (6.1 mg, 0.03 mmol), PRI{30 mg, 0.11 mmol) and4C0sz (49 mg, 0.35 mmol)

were stirred in dioxane (2.5 mL) for 10 min. {#)yt-Butyl (3'R,3a56a9-1,3a,6,6&etrahydroazirino[2,3/hilindol-3'(2H)-
carboxylate2a (60 mg, 0.27 mmol) in dioxane (1.25 mL) was added to the stirred mixture and the reaction was heated to 100
°C. After 1.5 h 2cyanoallyl acetaté41 mg, 0.32 mmol) in dioxane (1.25 mL) was added and the reaction mixture stirred for
a further 16 h at theamne temperature. The crude material was purified by f&i€h chromatography (20% 3:1 EtOAc:EtOH

+ 0.1% NHR in pentangto give a palg/ellow solid (59 mg, 76%)mn.p.: 74 U &madcnt 2972 (br, s, €H), 2884 (m, €

+ Z &A1 V 2§mj, 1125 (s)iH NMR (400 MHz, CDC4 W 6.60 (dddJ = 8.0, 6.7, 1.2 Hz, 1H,
11-CH), 6.22 (dddJ) = 7.9, 6.4, 1.2 Hz, 1H,2-CH), 3.68 (ddJ = 11.2, 1.4 Hz, 1H8-CH), 3.56 (ddJ= 6.4, 1.4 Hz, 1H6-

CH), 3.42 (ddd, J = 12.7, 9.6, 7.9 Hz, 1F2-CH), 3.02 (dddJ = 12.8, 9.3, 3.5 Hz, 1H2-CH), 2.62 (dJ = 11.4 Hz, 1H8-

CH), 2.49+2.42 (m, 1H10-CH), 2.29 £2.22 (m, 1HA-CH), 2.07 (dtd,J=13.1, 9.5, 3.5 Hz, 1H8-CH), 1.81 (ddJ) = 13.7,

3.0 Hz, 1H9-CH), 1.72 (dtd,) = 13.8, 2.3, 1.3 HZlH, 9-CH), 1.58 +1.48 (m, 1H3-CH), 1.41 (s, 9H, (CH3)3). 13C NMR

(101 MHz, CDC} ¢172.2 (®), 138.9 1-CH), 127.0 {2-CH), 122.3 (Q\), 81.5 (C), 80.3 (C), 66.8{CHz), 58.7 @-CH>),

49.1 @-CH), 48.6 6-CH), 37.3 {{-C), 35.8 8-CH>), 34.7 (L0O-CH), 28.2 3-CH>), 28.0 (GCHz3)3). HRMS (ESI) m/z: [M+H]*

Calcd forCi7H22N202 287.1754 Found287.1757
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(#)-tert-Butyl (1S,3'R,5aR,6R,8aR,9R)-9-phenyl-1,4,5,5a,6,8ehexahydro-1,6-methanopyrrolo[3,2,1-hilindole-3%(2H)-
carboxylate 6ae

PN
8 1 2
6ae
According to general proceduBs Pd(OAc}) (6.1 mg, 0.03 mmol), PR30 mg, 0.11 mmol) and4C0s (49 mg, 0.35 mmol)
were stirredn dioxane (2.5 mL) for 10 min. (#ert-Butyl (3'R,385,6a9)-1,3a,6,6aetrahydroazirino[2,3hilindol-3'(2H)-
carboxylate2a (60 mg, 0.27 mmol) in dioxane (1.25 mL) was added to the stirred mixture and the reaction was heated to 100
°C. After 1.5 h cinnamyl aceta{67 mg, 0.32 mmol) in dioxane (1.25 mL) was added and the reaction mixture stirred for a
further 16 h at the samiemperature. The crude material was purified by.$li@&sh chromatography (E) to give a pale
yellow oil (44 mg, 48%). madcnT! 2929 (br, s, €H), 2872 (m, CH), 1724 (s, C=0), 1165 (s), 700 (i} NMR (400 MHz,
CDCl) h 7.25 £7.18 (m, 2HArCH), 7.18 +7.11 (m, 1HArCH), 7.11 +7.01 (m, 2HArCH), 6.35 (dddJ= 7.9, 6.6, 1.2
Hz, 1H,12-CH), 6.14 (dddJ= 7.9, 6.5, 1.2 Hz,H, 11-CH), 3.62 +3.47 (m, 2H2-CH, 8-CH), 3.38 (dddJ = 6.6, 4.2, 1.2
Hz, 1H,6-CH), 3.16 (dddJ = 12.7, 9.3, 3.4 Hz, 1F2-CH), 2.77 (tJ = 2.5 Hz, 1H6-CH), 2.52 (dtJ = 6.4, 3.1 Hz, 1H10-
CH), 2.40 (d,J = 11.4 Hz, 1H8-CH), 2.35 +2.24 (m, 2H4-CH, 7-CH), 2.14 (dtdJ = 13.1, 9.6, 3.3 Hz, 1F8-CH), 1.87 +
1.76 (m, 1H3-CH), 1.45 (s, 9H, C14, C(CHs)3). 3C NMR (101 MHz, CDG ¢ 174.1 CO), 145.5 (1-CH), 134.7 (2-
CH), 130.5 ArC), 128.6 ArCH), 128.0 ArCH), 125.9 ArCH), 80.7 C), 80.7 (G, 64.7 8-CH>), 59.3 @-CH>), 50.3 @-CH),
47.3 @-CH2), 45.6 6-CH), 44.0 {{-CH), 43.1 (.0-CH), 28.4 3-CHy), 28.1 C(CHz3)3). HRMS (EST) m/z: [M+H]* Calcd for
C22H27NO2 338.2115 Found338.2108

(#)-((1S,3'R,52R,6S,8aR)-1,4,5,5a,6,8aHexahydro-1,6-methanopyrrolo[3,2,1-hi]indol -31(2H)-yl)ethan-1-one 6ba

1"
12

Allyl acetate 10DCOMe
\H  Pd(OAc),, PPhy H:_ 4
K,CO3, THF 7 9N5 3

MeOC' N 209G s 1 2
2b 6ba

According to general procedufe Pd(OAc} (7 mg, 0.03 mmol), PRK{29 mg, 0.11 mmol) ank2COs (48 mg, 0.35 mmol)
were stirred inTHF (2.5 mL) for 5 min. (&)1-((3'R,3&5,6&5)-1,3a,6,6aetrahydroazirino[2,3;hilindol-3'(2H)-yl)ethan1-
one2b (44 mg, 0.27 mmol) in THF (2.5 mL) and allyl acetate (0.03 mL, 0.33 mmol) were added to the stirred solution and
the reaction was heated to 70. The crude material was purified by Siash chromatography, eluting with-8% 1:8
NHs:EtOH/CH:CI2 to give a brown oil (41 mg, 75%-NMR (400 MHz, CDC} / -6.52 (m, 1H, 1iCH), 6.025.98 (m,
1H, 12CH), 3.64 (dd, 1HJ=11.7, 4.5 Hz, &H), 3.133.10 (m, 1H, 6CH), 3.042.90 (m, 2H, 2CHy), 2.622.57 (m, 1H, 4
CH), 2.432.39 (m, 1H, 16CH), 2.32 (d, 1HJ = 11.7 Hz, 8CH), 2.24 (s, 3H, CkJ, 2.021.97 (m, 1H, 7CH), 1.931.85 (m,
1H, 3-CH), 1.581.48 (m, 1H, 3CH), 1.451.37 (m, 2H, 9CHy); *C-NMR (125MHz, CDCk  / &2 -CH),
127.2 (12CH), 85.7(C), 63.6 (8CH2), 57.3 (2CHz), 46.2 (6CH), 45.2 (4CH), 35.4 (#CH), 33.9 (16CH), 312 (9-CHy),
27.7, (3CH2), 25.0 (CH); madcnT! 2938 (m, GH), 2865 (m, GH), 1702 (s, C=0), 1350 (w), 1051 (WWRMS (ESI) m/z:
[M+H]* Calcd forCisH17NO 204.1383Found204.1389

(x)-Methyl (1R,3'R,5aR,6S,8aR)-3-acetyt3',4,5,5a,6,8ehexahydro-1,6-methanopyrrolo[3,2,1-hi]indole-1(2H)-
carboxylate 6bb

6bb

According to general procedufe Pd(OAc} (6.1 mg, 0.03 mmol), PRI{30 mg, 0.11 mmol) and4€Os (49 mg, 0.35 mmol)
were stirred in THF (2.5 mL) for 10 min. (#)}((3'R,3a5,6&9-1,3a,6,6aletrahydroazirino[2,3/hilindol-3%(2H)-yl)ethan 1-
one2b (44 mg, 0.27 mmol) in THF (1.25 mL) and methy{&etoxymethyl) acrylats1 mg, 0.32 mmol in THEL.25 mL)
were added and the reaction was heated to 70 °C and stirred for 16 h. The crude material was purifiedldsh SiO
chromatography5(- 20% 3:1 EtOAc:EtOH + 0.1% NHn pentangto give a colourless solid (58 mg, 82%).p.: 69+ U &
mafcnr 2951 (m, GH), 2874 (w, GH), 1729 (s, C=0), 1705 (s, C=0), 731 (f);NMR (500 MHz, CDCY) H 6.57 (td,J
=17.3, 6.8, 1.3 Hz, 1H1-CH), 6.01 (tt,J= 7.6, 1.0 Hz, 1H12-CH), 3.76 (dJ = 11.2 Hz, 1H8-CH), 3.68 (s, 3HOCHs),
3.45 (d,J=6.4 Hz, 1H6-CH), 3.02 (dd,J=9.0, 6.2 Hz, 2H2-CH), 2.62 +2.58 (m, 1H4-CH), 2.57 (dJ=11.3 Hz, 1H8-
CH), 2.51 (ddJ = 6.6, 3.1 Hz, 1H10-CH), 2.27 (s, 3H, CkJ, 1.94 (ddtJ=12.8, 9.3, 6.2 Hz, 1K8-CH), 1.86 +1.79 (m, 1H,
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9-CH), 1.76(dd,J = 13.7, 3.1 Hz, 1H9-CH), 1.63 +1.52 (m, 1H3-CH). 3C NMR (126 MHz, CDGJ) /c 211.0 (CO), 1745
(CO), 1391 (11-CH), 126.4 ((2-CH), 857 (5-C), 667 (8-CHz), 574 (2-CH2), 52.1 {-CH), 51.5 OCH3), 484 (6-CH), 45.0
(4-CH), 35.1 (L0-CH), 34.1 ©-CHy), 281 (3-CH2), 25.0 (GH3). HRMS (ESt) m/z: [M+H]* Calcd forCisHiiNOs 262.1438
Found262.1417

(#)-1,1-((1R,31R,5aR,6S,8aR)-5,5a,6,8atetrahydro -1,6-methanopyrrolo[3,2,1-hilindole-1,3(2H,4H)-diyl)bis(ethan-1-
one)6bc

According to general procedufe Pd(OAc) (6.1 mg, 0.03 mmol), PRI{30 mg, 0.11 mmol) and3C0s (49 mg, 0.35 mmol)
were stirred in THF (2.5 mL) for 10 min. (#}((3'R,3a5,6&9)-1,3a,6,6al etrahydroazirino[2,3 /hilindol-34(2H)-yl)ethan 1-
one2b (44 mg, 0.27 mmol) in THF (1.25 mL) andn2ethylene3-oxobutyl acetat¢46 mg, 0.32 mmol) in THF1.25 mL)
were added and the reaction was heated to 70 °C and stirred for 16 h. The crude material was purifiedldsh SiO
chromatographyl(0- 30% 3:1 EtOAc:EtOH + 0.1% NHn pentangandany product coeluting with triphenylphosphine oxide
was subjeed to another column with identical conditicesgive a yellow semsolid (49 mg, 74%) ma/cnt 2930 (br, w,
C-H), 2802 (w, GH), 1702 (w, C=0), 904 (s), 726 (84 NMR (500 MHz, CDC4 #6.51 (ddd,J = 8.0, 6.6, 1.2 Hz, 1H,1-
CH), 6.0L (ddd,J = 7.9, 65, 1.2 Hz, 1H,12-CH), 3.6 (dd, J = 113, 1.4 Hz, 1H8-CH), 3.3 (d, J = 66, 1H,6-CH), 3.07 +
2.91(m, 2H, 2-CHy), 2.8 (ddt,J = 9.3, 44, 23 Hz, 1H,4-CH), 2.57 £2.50(m, 1H, 10-CH), superimposed o8.51 (d, J =
11.2 Hz, 1H8-CH), 2.8 (s, 3H, CH), 207 (s, 3H, CH), 1.8 (dddd,J = 134, 94, 7.9, 4.0Hz, 1H,3-CH), 177 (dd,J = 134,

3.2 Hz, 1H,9-CH), 1.67 £1.49(m, 2H, 9-CH, 3-CH). 13C NMR (126 MHz, CDG ¢2109 (CO), 2084 (CO), 1387 (11-
CH), 127.1 (12-CH), 859 (5-C), 659 (8-CH>), 586 (7-C), 574 (2-CH>), 473 (6-CH), 453 (4-CH), 353 (10-CH), 341 (9-
CHy), 281 (3-CH2), 27.0 (CHa3), 25.1 (CHs). HRMS (EST) m/z: [M+H]* Calcd forCisH1aNO2 246.1489 Found246.1471

3mmol scale

According to general proceduse, Pd(OAc} (67 mg, 0.3 mmol), PRh(330 mg, 1.26 mmol) and XOs (539 mg, 3.9
mmolwere stirred in THF (50 mL) for 10 min. @@)((3'R,3a5,6a9-1,3a,6,6al etrahydroazirino[2,3/hilindol-3%(2H)-
yl)ethanl-one2b (489 mg, 3 mmol) in THF (2.5 mL) andriethylene3-oxobutyl acetat¢512 mg, 3.6 mmol) in THF (2.5
mL) were added and the reaction was heated to 70 °C and stirred for 16 h. The crude material was purifietlash SiO
chromatography30 - 40% 3:1 EtOAc:BDH + 0.1% NH in pentangto give a yellow semsolid (542 mg, 74%)

(£)-1,1-((1R,3'R,5aR,6S,8aR)-5,5a,6,8atetrahydro -1,6-methanopyrrolo[3,2, 1-hiJindole-1,3'(2H,4H)-diyl)bis(ethan-1-
one)6bd

According to general procedufe Pd(OAc) (6.1 mg, 0.03 mmol), PBK30 mg, 0.11 mmol) and4C0z (49 mg, 0.35 mmol)
were stirred in THF (2.5 mL) for 10 min. (}((3'R,3a5,6a9-1,3a,6,6aTetrahydroazirino[2,3;/hilindol-3*(2H)-yl)ethan 1-
one2b (44 mg, 0.27 mmol) in THF (1.25 mL) and &anoallyl acetat¢41 mg, 0.32 mmol) in THF (1.25 mL) were added
and the reaction was heated to 70 °C and stirred for 16 h. The crude material was purifiedflagtstbromatographyb(-
10% 3:1 EtOACc:EtOH + 0.1% Nkin pentangto give a yellow sermsolid (46 mg, 75%) mafcnr! 2953 (br, m, €H), 2875
(m, G+ Z &A1 vV & 2 IH RMR (400 MHz, CDC{ #6.68 (dddJ= 8.0, 6.5, 1.2 Hz,
1H, 11-CH), 6.08 (ddd,J = 8.1, 6.4, 1.1 Hz, 1H,2-CH), 3.77 (dd,) = 11.4, 1.3 Hz, 1H8-CH), 3.37 (dtJ = 6.4, 0.8 Hz, 1H,
6-CH), 3.12+2.97 (m, 2H2-CH), 2.71 (d,J = 11.4 Hz, 1H8-CH), 2.60 +2.49 (m, 2HA4-CH, 10-CH), 2.23 §, 3H, CH),
1.99 £1.82 (m, 2H3-CH, 9-CH), 1.78 £1.71 (m, 1H9-CH), 1.56 +1.45 (m, 1H3-CH). 13C NMR (101 MHz, CDC ¢
209.6 (@), 140.4 (@©), 125.3 (1-CH), 122.2 {2-CH), 84.9 -C), 66.5 B8-CH2), 57.6 @-CH2), 49.7 6-CH), 45.0 @-CH),
37.9 (7-C), 35.9 B-CHy), 34.6 (LO-CH), 27.9 B-CHy), 25.0 (GH3). HRMS (ESt) m/z:[M+H]* Calcd forCiaH16N20 229.1335
Found229.1333
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(#)-1-((1S,3'R,58R,6R,8aR,9R)-9-phenyl-1,4,5,5a,6,8ehexahydro-1,6-methanopyrrolo[3,2,1-hilindol -3'(2H)-yl)ethan-
1-one6be

According to general procedufe Pd(OAc) (6.1 mg, 0.03 mmol), PRI{30 mg, 0.11 mmol) and3C0s (49 mg, 0.35 mmol)
were stirred in THF (2.5 mL) for 10 min. (#}((3'R,3a5,6&9-1,3a,6,6al etrahydroazirino[2,3 /hilindol-34(2H)-yl)ethan 1-
one2b (44 mg, 0.27 mmol) in THF (1.25 mL) and@nnamyl acetaté57 mg, 0.32 mmol) in THF (1.25 mL) were added and
the reaction was heated to 70 °C and stirred for 16 h. The crude material was purified figsBi€hromatographyb(- 20%
3:1 EtOAC:EtOH + (L% NHs in pentangto give a pale yellow oil (37 mg, 49%madcntt 2942 (br, m, €H), 2870 (m, €
H), 1702 (s, C=0), 1351 (w), 700 (35 NMR (500 MHz, CDC4) h7.27 £7.20 (m, 2HArCH), 7.19 £7.12 (m, 1HArCH),
7.09 £7.04 (m, 2HArCH), 6.27 £6.14 (m, 2H,11-CH, 12-CH), 3.65 (ddJ = 11.5, 4.2 Hz, 1H8-CH), 3.21 (dddJ = 6.1,
4.3, 1.5 Hz, 1H6-CH), 3.13 (ddJJ = 9.0, 6.3 Hz, 2H2-CHy), 2.81 (t,J = 2.5 Hz, 1H9-CH), 2.63 (dtJ = 9.4, 3.3 Hz, 1H4-
CH), superimposed 02.61 +2.56 (m, 1H,10-CH), 2.48 (dJ=11.5 Hz, 1HB8-CH), 2.38 (td J= 4.2, 1.8 Hz, 1H7-CH), 2.27
(s, 3H,CH3), 1.99 (ddtJ = 13.5, 9.4, 6.2 Hz, 1H8-CH), 1.78 (ddtJ = 13.9, 9.3, 4.5 Hz, 1H8-CH). 13C NMR (126 MHz,
CDCls ¢ 2121 (CO), 1453 (ArC), 1363 (11-CH), 1286 (ArCH), 1286 (12-CH), 1280 (ArCH), 1260 (ArCH), 855 (5-
CH), 645 (8-CHy), 58.0 (2-CHy), 474 (9-CH), 471 (6-CH), 459 (4-CH), 447 (7-CH), 429 (10-CH), 28.0 3-CH>), 253
(CH3). HRMS (EST) m/z: [M+H]* Calcd forCigH22NO 280.1696Found280.1696 NOE enhancement betwealkenic CHs
and ortho Hs on phenyl ring confidthe equatorial stereochemistry conformati®ae S43 and S44 for spectra.

(#)-(1S,3'R,5aR,6S,8aR)-N-ethyl-1,4,5,5a,6,8zhexahydro-1,6-methanopyrrolo[3,2, 1-hiJindole-3*(2H)-carboxamide 6¢ca

According to general procedufe Pd(OAc} (7 mg, 0.03 mmol), PRK{29 mg, 0.11 mmol) ank2COs (48 mg, 0.35 mmol)
were stirred in THF (2.5 mL) for 5 min. (3'R,3a56a5-N-ethyl1,3a,6,6aetrahydroazirino[2,3/hilindol-3'(2H)-
carboxamid@c (52 mg, 0.27 mmol) in THF (2.5 mL) and allyl acetate (0.03 mL, 0.33 mmol) were added to the stirred solution
and the reaction was heated to 70 °C. The crude material was purified 4flaStiiCchromatography, eluting with1% 1:8
NH3:EtOH/E®O to give acolourless oil (33 mg, 52%)H-NMR (400 MHz, CDC}  / EU V + -451(m,1H,
11-CH), 6.146.10 (m, 1H, 12CH), 3.46 (dd, 1HJ = 11.4, 4.4 Hz, &H), 3.243.17 (m, 2H, EG2CHs), 3.022.94 (m, 2H, 2
CH2), 2.862.83 (app t, 1H,€H), 2.61 ¢gn, 1H,J=9.3, 2.0 Hz, 4CH), 2.412.38 (m, 1H, 16CH), 2.26 (d, 1HJ = 11.4 Hz,
8-CH), 1.921.83 (m, 2H, 3CH and ?CH), 1.571.48 (m, 1H, 3CH), 1.461.35 (m, 2H, 9CHy), 1.10 (t, 3HJ = 7.4 Hz, CH);
13C-NMR (125MHz, CDCk  / &2 (11-CH), 128.0 (12CH), 80.9 (C), 62.8 (&Hz), 56.9 (2CHy), 47.7 (6
CH), 47.0 (4CH), 36.0 (¥CH), 34.2 (16CH), 33.7 CH2CHa), 31.3 (9CHy), 27.9 (3CHy), 14.9 (CH); madcnT! 3340 (br,
w, N-H), 2933 (s, €H), 2868 (s, €H), 1660 (s, C=0), 1505 (s), 726 (m); HRMS (BSh/z: [M+H]* Calcd forCi4H20N20
233.1648 Found233.1646

()-Methyl (1S,3'R,5aR,6S,8aR)-3'-(ethylcarbamoyl)-3t,4,5,5a,6,8ehexahydro-1,6-methano pyrrolo[3,2,1-hi]indole-
1(2H)-carboxylate 6¢b

According to general procedufe Pd(OAc} (7 mg, 0.03 mmol), PRH{29 mg, 0.11 mmol) anK2COs (48 mg, 0.35 mmol)

were stirred in THF(2.5 mL) for 5 min. (£)X3'R,3a56a)-N-ethyt1,3a,6,6aetrahydroazirino[2,3hilindol-3'(2H)-
carboxamidec (52 mg, 0.27 mmol) in THF (2.5 mL) and methy(&etoxymethyl)acrylate (52 mg, 0.33 mmol) were added

to the stirred solution and the reactionsweeated to 70 °C. The crude material was purified by f&i€h chromatography,
eluting with 01% 1:8 NH:EtOH/E:O to give a colourless oil (45 mg, 58%H-NMR (400 MHz, CDC$  / EU V +
NH), 6.55 (app t, 1H, XCH), 6.10 (app t, 1H, tZH), 3.70-3.66 (m, 1H, 8CH), superimposed on 3.62 (s, 3H, Of+8.24

3.17 (m, 3H, 6CH and @&2CHs), 3.092.94 (m, 2H, 2CHy), 2.61 (br d, 1H, = 7.8 Hz, 4CH), 2.50 (d, 2H,J = 11.5 Hz, 8

CH), 1.971.89 (m, 1H, 3CH), 1.831.69 (m, 2H, 9CHy), 1.661.51 (m, 1H, 3CH), 1.10 (t, 3H,) = 7.2 Hz, CH); 3C-NMR
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(125MHz, CDCk  / &2 &2 -CH), 127.0 (1CH), 81.1 (C), 65.6 (&Hz), 56.9 (2CHy), 52.1
(OCHg), 51.7 (C), 49.9 (&CH), 46.6 (4CH), 35.2 (16CH) 34.0 CH2CHs), 33.9 (9CH>), 27.9 (3CH2), 14.8 (CH); madcnT
13348 (br w, N-H), 2950 (s, €H), 2874 (m, GH), 1727 (s, C=0), 1664 (s, C=0), 1238 (s), 1509HEMS (ESH) m/z:
[M+H]* Calcd forCigH22N205 291.1703 Found291.1697

(£)-(1S,3'R,5aR,6S,8aR)-1-Acetyl-N-ethyl-1,4,5,5a,6,8ezhexahydro-1,6-methanopyrrolo[3,2,1-hilindole-3(2H)-
carboxamide6cc

According to general procedufe Pd(OAc} (7 mg, 0.03 mmol), PBH29 mg, 0.11 mmol) ani>COs (48 mg, 0.35 mmol)
were stirred in THF (2.5 mL) for 5 min. (#3'R,3&56&5)-N-ethyt1,3a,6,6&etrahydroazirino[2,3hilindol-31(2H)-
carboxamide2c (52 mg, 0.27 mmol) in THF (2.5 mL) andn2ethylene3-oxo butyl acetate (47 mg, 0.33 mmol) were added
to the stirred solution and the reaction was heated to 70 °C. The crude material was purifiegflagtSgBromatography,
eluting with 61% 1:8NHs:EtOH/EO to give a yellow oil (49 mg, 66%)-NMR (400 MHz, CDC}  / EUV + 1+
6.576.53 (m, 1H, 14CH), 6.176.13 (m, 1H, 12CH), 3.61 (d, 1HJ = 11.5 Hz, 8CH), 3.253.18 (m, 2H, ¢&2CHs), 3.13 (d,
1H,J=6.7 Hz, 6CH), 3.052.95 (m, 2H2-CHy), 2.64 (m, 1H, 4CH), 2.562.53 (m, 1H, 16CH), 2.47 (d, 1HJ = 11.5 Hz,
8-CH), 2.05 (s, 3H, Ch}, 1.991.91 (m, 1H, 3CH), 1.761.62 (m, 2H, 9CH2), 1.641.53 (m, 1H, 3CH), 1.11 (t, 3HJ=7.4
Hz, CHb); 13C-NMR (125MHz, CDCk  / &2 8(CO), 137.4 (11CH), 127.0 (12CH), 81.1 (C), 64.7 & H>),
58.5 (C), 56.9 (X°Hg), 49.0 (6CH), 46.8 (4CH), 35.3 (16CH), 33.9 CH2CHs), 28.0 (3CH), 26.8 (CH), 14.8 (CH);
maxfcnm! 3320 (br, w, NH), 2932 (br, w, @H), 1733 (m, C=0), 1662 (s, C=0), 1239 (s); HRMS (f81/z: [M+H]* Calcd
for C1sH26N204 335.1965 Found335.1963

(#)-(1R, 3'R,5aR,6S,8aR)-1-Cyano-N-ethyl-1,4,5,5a,6,8zhexahydro-1,6-methanopyrrolo[3,2,1-hi]indole-3'(2H)-
carboxamide 6cd

According to general procedufe Pd(OAc} (7 mg, 0.03 mmol), PBRH29 mg, 0.11 mmol) anK2COs (48 mg, 0.35 mmol)
were stirred in THF (2.5 mL) for 5 min. (3'R,3a56)-N-ethyl1,3a,6,6aetrahydroazirino[2,3hilindol-3'(2H)-
carboxamidec (52 mg, 0.27 mmol) in THF (2.5 mL) andc¥anoallylacetate (41 mg, 0.33 mmol) were added to the stirred
solution and the reactiomas heated to 70 °C. The crude material was purified by fi€h chromatography, eluting with
EtO to give a palgellow oil (40 mg, 58%)Recrystallisation through slow cooling of a saturated solution in refluxif@ Et
afforded material suitable fot-ray diffraction studiesMp. 104- 108 °C.*H-NMR (400 MHz, CDC}  / EUV + 1+
6.71-6.67 (m, 1H, 14CH), 6.236.19 (m, 1H, 12CH), 3.71 (d, 1HJ = 11.4 Hz, 8CH), 3.263.15 (m, 3H, 6CH and CHCHs),
3.132.98 (m, 2H, 2CHy), 2.69 (d, 1HJ = 11.4 Hz, 8CH), 2.62 (br d, 1H) = 8.8 Hz, 4CH), 2.562.53 (m, 1H, 16CH),
2.001.91 (m, 1H, 3CH), 1.881.84 (m, 1H, 9CH), 1.771.73 (m, 1H, 9CH), 1.571.48 (m, 1H, 3CH), 1.11 (t, 3HJI=7.6
Hz, CHb); 13C-NMR (125MHz, CDCk  / &138.9 (11CH), 125.8 (12CH), 121.9 (CN), 80.3 (C), 65.4 {8H>),
57.1 (2CHy), 50.9 (6CH), 46.5 (4CH), 38.0 (C), 35.8 (£H), 34.5 (16CH), 34.0 CH2CHzs), 27.6 (3CHy), 14.8 (CH);
madcn! 3351 (br, w, NH), 2935 (m, GH), 2875 (m, GH), 2235 (w, CA), 1664 (s, C=0), 1510 (sHRMS (EST) m/z:
[M+H]* Calcd forCisH19N3O 258.1603 Found258.1602

(#)-(1S, 3'R,5aR,6R,8aR,9R)-N-ethyl-9-phenyl-1,4,5,5a,6,8ehexahydro-1,6-methanopyrrolo [3,2,1-hi]indole-3}(2H)-
carboxamide6ce

According to general procedufe Pd(OAc} (7 mg, 0.03 mmol), PB{29 mg, 0.11 mmol) anl2COz (48 mg, 0.35 mmol)

were stirred in THF (2.5 mL) for 5 min. (&3'R,3a56a5)-N-ethyt1,3a,6,6aetrahydroazirino[2,3hilindol-3'(2H)-
carboxamide2c (52 mg, 0.27 mmol) in THF (2.5 mL) and cinnamyl acetate (58 mg, 0.33 mmol) were added to the stirred
solution and the reaction was heated to 70 °C. The crude material was purifigd:figs®h chromatography, eluting with

EtO to give a colourless oil (55 m§6%). tH-NMR (400 MHz, CDC$  / EU V + -TI.15(m,2H, ArCH), 7.17
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7.13 (m, 1H, ArCH), 7.09.06 (m, 2H, ArCH), 6.3%.32 (m, 1H, 12CH), 6.256.21 (m, 1H, 1iCH), 3.54 (dd, 1H,) = 11.6,
3.4 Hz, 8CH), 3.293.23 (m, 2H, G12CHs), 3.263.07 (M, 2H, 2CH), 3.0:2.98 (m, 1H, 6CH), 2.80 (br s, 1H,LH), 2.66
(dt, 1H,J = 9.5, 3.1 Hz, 4CH), 2.632.59 (m, 1H, 16CH), 2.43 (d, 1H,) = 11.6 Hz, 8CH), 2.332.31 (m, 1H7-CH), 2.06
1.97 (m, 1H, 3CH), 1.841.75 (m, 1H, 8CH), 1.13 (t, 3H,) = 7.3 Hz, CH); 3C-NMR (125MHz, CDCk  / &2
(ArC), 134.6 (11CH), 129.3 (12CH), 128.4 (ArCH), 127.8 (ArCH), 125.8 (ArCH), 80.6 (C), 63.4QB), 57.4 (2CHy),
48.4 (6CH), 47.6 (4CH), 47.0 (9CH), 45.0 (?CH), 43.0 (16CH), 33.8 CH2CHs), 28.0 (3CH2), 14.9 (CH); mavcnT! 3344
(br, w, N-H), 2930 (m, €H), 2870 (m, CH), 166s (s, C=0), 1504 (s), 700 (SRMS (ESI) m/z:[M+H] * Calcd forCzoH24N20
309.1961 Found309.1959

(2)-tert-Butyl (3aR,7aS)-1-(2-((E)-benzylidene}3-oxobutyl)-1,2,3,3atetrahydro-7aH-indole-7a-carboxylate 12af

According to general procedure Ay & dried Schlenk tube under nitrogen wadeled Pd(OAe)(6.4 mg, 0.028 mmol),
triphenylphosphine (30 mg, 0.11 mmol), potassium carbonate (48 mg, 0.35 mmol) and dry THF (3 mL), the mixture stirred
for 5 min, a solution ofzirdine2a (60 mg, 0.27 mmol) antether(77 mg, 0.35 mmol) in dry THF (1 mhyasaddedthe

mixture sparged with nitrogen and heated to 70 °C with stirring. After 13.5 h the reaction was cooled and evaporated.
Purification by silica gel chromatography (EtOAc/petrol, 5:95 to 15:85 as eluent) afforded the title compound (46 mg, 45%)
as a clearR L exx/cnmt (film) 2972, 1713, 1688, 1666, 1450, 1367 and 12BANMR (500 MHz, CDCh) M 7.53 (3H,dd, J

7.5, 1.51-CH, ArCH), 7.33 £7.39 (3H, mArCH), 6.05 #6.12 (2H, m.10-CH, 11-CH), 5.86 (1H, ddt, J 9.6, 4.2, 23-CH),

5.64 +5.71 (1H, m8-CH), 3.86 (1H, d, J 12.B-CH), 3.71 (1H, dd, J 12.2, 1.3;CH), 3.19 (1H, ddt, J 9.4, 6.4, 3DCH),

2.53 (1H, td, J 8.1, 2.8:CH), 2.44 (3H, sCHs) , 2.41 (1H, app q, J 8.5:CH) , 2.23 +2.33 (1H, m6-CH) , 1.57 #1.65 (1H,

m, 6-CH), 1.46 (9H, sMesC); 13C NMR (126MHz, CDCk ¢ 201.1 CO), 172.6 CO), 140.3 -CH), 139.8 (-CH), 135.4

(ArC), 130.7 8-CH), 130.0 ArCH), 128.6 ArCH), 128.3 ArCH), 123.4 (CH), 123.0 (CH), 118.9-CH), 81.5 C(CHa)3),

67.7 2-C), 45.5 p-CHy), 43.8 B-CH), 41.5 {{-CH), 32.1 6-CHy), 28.2 C(CH?3)3), 27.1 CHzs); HRMS (EST) m/z:[M+H]*

Calcd forCz4Hs0NOs 380.2220 Found380.2230

(3)-(E)-3-(((3aR,7aS)-7a-acetyl2,3,3a, 7atetrahydro -1H-indol - 1-yl)methyl)-4-phenylbut-3-en-2-one 12bf

According to general procedufe Pd(OAc} (6.1 mg, 0.03 mmol), PR30 mg, 0.11 mmol) and4&0Os (49 mg, 0.35 mmol)
were stirred in THF (2.5 mL) for 10 min. (#)((3'R,3a56a&-1,3a,6,6aletrahydroazirino[2,3/hilindol-3(2H)-yl)ethan 1-
one2b (44 mg, 0.27 mmol) in THF (1.25 mL) aneh2ethylene3-oxo-1-phenylbutyl acetaté’1 mg, 0.32 mmol) in THF were
added and the reaction was heated to 70 °C and stirred for 16 h. The crude material was purifiefidsi Sf@omatography
(50% EtO in petra) to give a yellow oil (40 mg, 46%)maxcnT? 3035, 2961, 1704, 1667, 1350, 1233;NMR (400 MHz,
CDCls #7.49 (s, 1H1-CH), 7.47 £7.42 (m, 2H ArCH), 7.41 £7.31 (m, 3H ArCH), 6.07 (ddd, J = 9.8, 5.5, 1.0 Hz, 110
CH), 5.86 £5.74 (m, 2H9-CH, 11-CH), 5.70 (ddt, J = 9.6, 4.4, 1.1 Hz, 18iCH), 3.85 (dd, J = 12.5, 0.7 Hz, 1B:CH), 3.60
(dd, J =125, 0.7 Hz, 1+8-CH), 3.06 (dddd, J = 8.7, 6.3, 4.3, 1.7 Hz,, THCH), 2.63 (ddd, J = 9.1, 7.0, 6.3 Hz, 1HCH),
2.45 (s, 3HCHg), 2.40 +2.32 (m, 1H 5-CH), 2.15 (s, 3HCH), 2.17 +2.07 (m, 1H 6-CH), 1.55 (ddt, J = 11.9, 7.3, 6.3 Hz,
1H, 6-CH)). 13C NMR (101 MHz, CDG  ¢210.8(C0), 201.1(CO0), 140.7(2-C), 140.2(1-CH), 135.5(ArC), 130.2(8-CH),
129.8(ArCH), 128.8(ArCH), 128.6(ArCH), 125.5(10-CH), 122.3(CH), 120.5(CH), 73.2(12C), 49.1(5-CHy), 43.8(3-CH>),
41.1 (7-CH), 32.9 (6-CHy), 27.0 (CHs), 26.0 (CHs). HRMS (ESI m/z: [M+H]* Calcd for C21H23NO2 322.1802 Found
322.1814
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(3)-(3aR,7a9)-1-(2-((E)-Benzylidene}3-oxobutyl)-N-ethyl-1,2,3,3atetrahydro - 7aH-indole-7a-carboxamide 12cf

According to general procedufe Pd(OAc} (6.1 mg, 0.03 mmol), PR30 mg, 0.11 mmol) and4 0z (49 mg, 0.35 mmol)
were stirred in THF (2.5 mL) for 10 min. @3'R,3a56a5)-N-Ethyl-1,3a,6,6aetrahydroazirino[2,3;hi]indol-3Y(2H)-
carboxamidec (52 mg, 0.27 mmol) in THF (1.25 mL) aneh2ethylene3-oxo-1-phenylbutyl acetaté/1 mg, 0.32 mmol) in
THF were added and the reaction was heated to 70 °C and stirred for 16 h. The crude material was purifiefiabip SiO
chromatography (80%100% E$O in petro) to give a palg/ellow oil (27 mg, 29%). ma/cn 3300, 2967, 2873, 1656, 1514,
1233;H NMR (400 MHz, CDC} 4 8.27 brs, 1H NH), 7.62 (s, 1H1-CH), 7.43 +7.29 (m, 5H ArCH), 6.04 (ddtJ= 9.7,
5.4, 0.7 Hz, 1H10-CH), 5.78 (dddd,) = 9.7,5.5, 2.3, 0.8 Hz, 1HO-CH), 5.48 (ddtJ = 9.6, 3.6, 1.0 Hz, 1H3-CH), 5.46 +
5.37 (m, 1H 11-CH), 3.66 (ddJ=12.4, 1.3 Hz, 1H3-CH), 3.57 (dJ=12.4 Hz, 1H3-CH), 3.33+3.28 (m J=7.3, 5.7 Hz,
3H, CH2CHs, 7-CH), 2.76 (dddJ = 8.8, 6.7, 2.2 Hz, 1H5-CH), 2.50 (s, 3KICHg), 2.28 +2.19 (m, 1H 5-CH), 1.97 (dddd)
=12.1, 10.5, 8.4, 6.7 Hz, 1#-CH), 1.63 +1.53 (m, 1H 6-CH), 1.20 (t,J = 7.3 Hz, 3H CH:CHs). 1*C NMR (101 MHz,
CDCls ¢ 201.0(CO), 176.0(CO), 142.4(1-CH), 140.6(2-C), 135.1(ArC), 130.5(8-CH), 129.5(ArCH), 129.0(ArCH),
128.6 (ArCH), 126.2(10-CH), 122.4(11-CH), 121.6(9-CH), 69.4(12-C), 51.5(5-CHy), 44.8(3-CH), 43.1(7-CH), 34.4
(CH2CHg), 31.8(6-CH2), 26.7(CHs), 14.9(CH2CHs). HRMS (ESI*) m/z: [M+H]* Calcd forCz2H27N202 351.2067 Found
351.2082 Stereochemistry was proven by the nOe interactions depicted abov®5Band S53pectra.

Competition Experiment

To a dried Schlenk tube undepasitive pressure of nitrogen were added Pd(@A&c3 mg, 0.033 mmol), triphenylphosphine

(34 mg, 0.13 mmol) and anhydrous THF (2 mL). The mixture was stirred at rt for 5 min and a solution of sQsirai&g

(68 mg, 0.31 mmol, 3:1 H/D b\H NMR) in anhydrous THF (3 mL) was added. The mixture was degassed by sparging with
nitrogen and heated to 50 °C with stirring. The reaction was sampled by removal of a 150 pL aliquot after 15 min, 25 min, 35
min, 45 min and 56 min. The aliquot was passed throu@b (&tOAc elution) and evaporated priortd NMR analysis in

CDCls containing 1,3,8rimethoxybenzene (0.03 M) as internal standard. Total starting material concentration was assessed
through the integration dH environmentA (5.79ppm); total product@ncentration was assessed through the integration of

IH environmentC (5.61 ppm); and nedeuterated starting material concentration was measured by integratith of
environmenB. Errors were calculated in Microsoft Excel via a least squares andlyfis.~ 1. /4 (500 MHz, CDC#) 1.40

+1.55 (9H, sMesC), 1.65 (1H, dq, J 11.9, 7.8, N@EHH), 2.18 +2.32 (1H, m, NCHCHH), 2.72 (1H, ddd, J 9.7, 8.3, 6.5,
NCHH), 2.78 (1H, ddd, J 10.8, 7.1, 4.2, NB), 3.14 (1H, tdd, J 8.0, 4.2, 1.9H{; 5.61 (1H, d, J 8, =CH-Cg), 5.79 (0.75H,

ddt, J 9.6, 4.1, 1.1, #@D=CHy), 5.84 + + P &+ DQG + GG ¢(126 MHz, CI2CH) 270

(MesC), 35.1 (NCHCH2), 40.8 (Chhinor), 40.9 (Chhajo), 42.023 (NCH2), 66.2 2 (C-CO2Bu), 81.4 (MeC), 119.424
(=CHminor), 119.565 (=Chiajor), 122.515 (=CH), 126.0 (=CH), 129.1 (t, J 24.8, =CD), 129.5 (=CH) and 17d06%Bu).
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k2a=6.8+0.5 x 10s?
ki7=6.0+0.4 x 10s?
kn/ko=1.1+0.1

Synthesis of Deuterated Labelled Compounds &lechanistic Investigations
()-tert-Butyl (3aS,7aS)-5-acetoxy-1,2,3,3a,4,5hexahydro-7aH-indole-7a-carboxylate 16

To a stirred solution of substra2a (120 mg, 0.54 mmol), Btba} (15 mg, 0.016 mmol) and triphenylphosphite (0.036 mL,
0.14 mmol) in dryCHzCl2 at rt under nitrogen was added AcOH (0.15 mL). After stirring for 16 h the reaction was poured
onto sat. ag. NaHCGO(15 mL) and extracted wit@HzCl2 (2 x 10 mL). Drying (MgS@ and evaporation gave a grey oil.
Purification by silica gel chromatography (EtOAc as eluent) afforded the title compound (86 mg, 578ghtagedow oil.
IH-NMR and**C-NMR data agrees with the literatifre

(M ethyl-13C-ds)triphenylphosphonium iodide S4

To a stirred suspension of triphenylphosphine (11.8 g, 45 mmol) in anhydrous THF (55 mL) at rt were-iatttadethane
(5.5 g, 35.9 mmol) andset*C-iodomethane (1.06 g, 7.26 mmdiopwise. The reaction was sealed and stirred at 60 °C for 3
h, cooled to rt, stirred for 14 h and filtered. The solid was washed with(Etx 15 mL) and dried to afford the title compound
(18.15 g, 99%) as a white soliflpectral properties were idergido those reportet.

But-3-en-4,4-d>-1-ol S6

To a stirred suspension of phosphonium S4l(13.8 g, 33.9 mmol) in anhydrous THF (120 mL) at 0 °C under nitrogen was
added KOtBu (4.00 g, 35.7 mmol) portionwise over 5 min. The resulting yellow solution/suspension was warmed to rt, stirred
for 90 min, cooled t660 °C and a solution @& (tertbutyldimethylsloxy)propioraldehyde (6.45 g, 34 mmol) in anhydrous

THF (15 mL)wasadded dropwise over 10 min. The reaction was allowed to warm to rt, stirred for 14 h, diluted with petrol
(250 mL) and cooled tel0 °C. The mixture was stirred for 15 min, fite, and the solid washed withe@Ipentane (1:9, 100

mL) and the resulting solution evaporated to give an orang8®ilo a stirred solution of substra®® (<34 mmol) in THF

(8 mL) at rt was added 3 M ag. HCI (4 mL, 12 mmol) dropwise. The reaction was stirred for 2 h, diluted with brine (4 mL)
and extracted with (4 x 5 mL). Drying (MgS®@ and careful concentration to ca. 7 mL gave a clear solution wiash

diluted with pentane (7 mL) and passetbtigh a silica plug (E0/pentane, 1:4 to 3:2 as eluent). Partial evaporation gave a
clear oil (2.32 g)H NMR suggested 1.75 mmol product, 5% over two stepich was used directly in the next step
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1-(1-(But-3-en-1-yl-4,4-d2)-1H-pyrrol -2-yl)-2,2,2trichloroethan -1-one S7

To a stirred solution of triphenylphosphine (524 mg, 2.00 mmol) in anhydrous THF (10 a8 4€ under nitrogen was

added DIAD (0.405 mL, 2.06 mmol) dropwise. The yellow reaction was stirred for 1 h and a solution of s8bgttats

mmol) in anhydrousTHF (2 mL) was added dropwise to the resulting suspension. After stirring for a further 1 h 2
(trichloroacetyl)pyrrole (425 mg, 2.00 mmol) was added in one portion. The reaction was stirred for 90 min and warmed to rt.
After stirring for a further 21 h thmixture was evaporated and the resulting yellow oil trituratecb®/trol (2:3, 10 mL)

at-10 °C. Filtration and evaporation gave a yellow oil which was purified by silica gel chromatogragiipéEl, 2:98 to

3:97 as eluent) to afford the titllRRP SR X Q G PJ D W (IDORVIBIH OMCER2LSA (21, q, J 7.0, NCITH?),
441 (2H, t, J 7.1, NB), 5.04 +5.11 (0.4H, m, residual #D), 5.78 (1H, m, €EI=CDy), 6.24 (1 H, dd, J 4.4, 2.4, pyrrole
CH),7.02(1H,t,J2.0,pyrroleCH)and7.56 + GG - S c12RMHE GDEY) 36.3 (g, J 6.2, NCECH?2),

50.1 (NCH), 96.5 (CC}), 108.9 (pyrrole CH), 117.3 (pent, J 23.8, =(;0117.5 (t, J 23.8, =CHD), 117.8 (s, H), 121.0
(Cq), 124.7 (pyrrole CH), 133.2 (pyrrole CH), 1338334.1 (m .CH=) and 172.6 COCCB).

(%)-tert-Butyl 1-(but-3-en-1-yl-4,4-d2)-1H-pyrrole -2-carboxylate S8

To a stirred solution opyrrole S7 (238 mg, 0.89 mmol) in THF (2 mL) at rt was added 2 M aq. NaOH (2 mL, 4 mmol)

dropwise. The reaction was stirred for 14 h, cooled to 0 °C, dilutedGtCl2 (7 mL) and 3 M aq. HCI (2 mLyvasadded

dropwise. The phases were separated, the aqueous ptraseevithCHzCl2 (10 mL) and the combined organic phase dried

(MgSQy) and evaporated to givepaleyellow oil which solidified on standinglhis wasdissolvedin anhydrousCHzClz (5

mL) at 0 °C under nitrogeandoxalyl chloride (100 pL, 1.16 mmolyasaddeddropwise over 3 min. The reaction was warmed

to rt, stirred for 1 h and cooled to 0 °C. Potassiaributoxide (295 mg, 2.63 mmol) was added portionwiger 2 min, the

reaction warmed to rt, stirred for 3.5 h and quenched with water (20 mL). The mixture was extrad@b@i{2 x 15 mL)

and the combined organic phase washed with brine (15 mL), dried (M@B8@evaporated to give a brown oil. Pusfion

by silica gel chromatography @ SHWURO WR DV HOXHQW DIIRUGHG WKH WLWOH FRPSI

(500 MHz, CDC#) 1.58 (9H, sMesC), 2.44 £2.59 (2H, m, NCHCH2), 4.36 (2H, t, J 7.2, NCH), 4.97 +5.09 (0.4H, m,

residual €HD), 5.77 (1H, m, G&=CD), 6.10 (1H, dd, J 3.9, 2.5, pyrrole CH), 6.79 (1H, dd, J 2.5, 1.9, pyrrole CH) and 6.90
+ GG - S\&(12R @HE, &BCH) 28.4 (MeC), 35.83£35.89 (m NCHCH_), 48.7 (NCH), 80.2 CMes),

107.4 (pyrrole CH), 1.5 (pent, J 23.9,GD>) 116.8 (t, J 23.8,EGHD), 117.1 (€H2), 117.9 (pyrrole CH), 123.(pyrrole G),

1282 (pyrrole CH), 134.2+134.9 (m,CH=CD) and 160.6 (C@Bu).

(2)-tert-Butyl (31S,3aR,6aR)-1,3a,6,6atetrahydroazirino[2,3,1-hilindole-3*(2H)-carboxylate-6,6-d2 17

A stirred solution of substrat®8 (120 mg, 0.54 mmol) in EtOA¢70 mL) and cyclohexane (400 mL) was degassed and
transferred to a photochemical reactor under nitrogen. The solution was irradiated with a 36 W UVC lamp (approx. 50%
immersion) for 70 min with stirring and evaporated to givigght-yellow oil. Purificaion by silica gel chromatography
(EtOAc/petrol, 1:9 to 1:1 as eluent) afforded the title compound (39 mg, 33%pésyellow R L @500 MHz, CDC}) 1.41

+1.57 (10H, mMesC and NCHCHH), 1.89 +1.94 (0.2H, m, residual allylic D), 2.27 +2.32 (0.2H,m, residual allylic

CDH), 2.49 £2.62 (2H, m, NCHCHH and NCHHCH), 2.86 (1H, dd, J 3.9, 1.2, NCH), 3.18.27 (2H, m, NGIHCH:z and
CH2CHCH_), 5.81 (1H, dt, J 10.0, 3.2, #=CH.) and 6.2146.26 (1H, m, GBi=CH-CH2 /(126 MHz, CDC}) 28.1 MesC),

28.802 (pent, J 19.5, =GP 29.2 (t, J 19.5, =CHD), 29.6 (s, =@H33.14 £33.56 (m, CHCHCHy), 33.404, 41.07+41.27

(m, NCH.CH?2), 43.5 (app t, J 3.2, NCH), 49.9@N2), 52.4 Cq-CO:tBu), 81.226 (MeCO), 120.68+120.84 (m, €H-CD),

134.82 ¥135.11 CH=CH-CD;) and 171.7CO2'Bu).
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Functionalization of Products
(2)-tert-Butyl (4R,4aR,4a'R,9S,9aS)-2-benzyldecahydro4atH-4,9-methanoazepino[3,4,5gh]pyrrolizine -4a’-
carboxylate 21

N-methyl morpholine Noxide (0.070 g, 0.6hmol, 1.5 eq.) and potassium osmate (VI) dihydrate (2.9 mg, 2 mol%) were added
to a solution of terbutyl 1,4,5,5a,8,8&exahydre5,8methanopyrrolo[3,2hilindole-3%(2H)-carboxylate (0.104 g, 0.4
mmol, 1 eq.) in acetone (4 mL) and® (0.4 mL). The mixire was stirred vigorously for 16 h. Sat. ag. sodium sulfite solution
(5 mL) was added and acetone removed under reduced pressure. The mixture was extractéClyith x 5 mL) and the
combined organic layers were dried over Mg®@d concentrated under reduced pressure. The crude diol was dissolved in
CHzCl2 (0.8 mL) and HO (2 mL) under a nitrogen atmosphere. To thiBBNCI (5 mg) and Nal®©(0.090 g, 0.42 mmol,

1.05 eq.) were added and the resulting mixture was stirred for 1 h. Then the layers were separated and the aqueous layer was
extracted withCHzCl2 (3 x 3 mL). The combined organic layers were dried ovelSRaand concentrated under reduced
pressure to a vome of about 5 mL. To this solution of crude dialdehyde was added benzylamine (0.052 mL, 0.48 mmol, 1.2
eg.) under a nitrogen atmosphere. The mixture was stirred for 15 min, then NaBk(@2&6% g, 1.2 mmol, 3 eq.) was added
and the reaction was stirréat a further 1.5 h. The reaction was quenched by addition of sat. #8ONsolution (ca 10 mL).

The layers were separated and the aqueous layer was extract@He@a (5 x 10 mL). The combined organic layers were
dried over MgS®@and concentrated uedreduced pressurghe crude product was purified over silica g&lo(1:8 NH:EtOH

in CH2Cl>) to give a pale yellow oil (89 mg, 60% over 3 stepsy/cnm! 2923, 2865, 1720, 1454, 1365, 1254, 1X6DNMR

(400 MHz, CDCt W 7.28 (d,J = 4.4 Hz, 4H ArCH), 7.25 £7.19 (m, 1H ArCH), 3.66 (d,J = 13.3 Hz, 1H PhCH, 3.50
(ddd,J=11.1, 5.4, 1.3 Hz, 1HB-CH), 3.32 (d,J = 13.3 Hz, 1H PhCH, 3.08 +2.96 (m, 3H 2-CH, 4CH, 12CH), 2.91

2.75 (m, 3H 2-CH, 6:CH, 11-CH), 2.51 (ddJ = 12.2, 1.6 Hz, 1H12CH), 2.20 #2.09 (m, 2H 3-CH, 7-CH), 2.06 (dJ=11.1

Hz, 1H 8-CH), 2.03 £1.95 (m, 1H 9-CH), 1.91 (ddJ = 10.9, 1.3 Hz, 1H11-CH), 1.75 #1.54 (m, 3H 3-CH, 9-CH, 16CH),

1.50 (s, 9HC(CHb)3). 1*C NMR (101 MHz,CDCl ¢ 173.7(CO), 139.6(ArC), 128.8(ArCH), 128.3(ArCH), 126.9(ArCH),
80.3(C(CHa)3, 78.6(5-C), 64.7(8-CHy), 63.9(11-CHy), 63.1(PhCH), 54.5(2-CHy), 53.5(12-CH>), 46.1(6-CH), 44.1(4-

CH), 36.9 (7-CH), 35.1 (9-CHz), 34.4 (10-CH), 31.9 (3-CHg), 28.3 (C(CHa3)s). HRMS (ESt) m/z: [M+H]* Calcd for
Ca3H33N202 369.2537 Found369.2549

(#)-(1R,3'R,5aR,6S,8aR)-N*-benzyFN3(4-methoxybenzyl}5,5a,6,8atetrahydro -1,6-methanopyrrolo[3,2, 1-hiindole-
1,3%(2H,4H)-dicarboxamide 22

LiOH (0.029 g, 1.2 mmol, 2 eq.) was added to a solution of substrate (0.192 g, 0.6 mmol, 1eq.) in 1Z0TE@FMH). The

reaction was stirred at RT for 16 h. The mixture was neutralized with 1M HCI (1.2 mL) and concentrated under reduced
pressure. Any remainingz20 was removed by repeatedeeaporation with toluen€HzCl> was added to the residue and the
mixture was filered through Celite® and evaporated to drymesscuo.The crude acid was dissolved in @iHCl2 (6 mL)

under a nitrogen atmosphere and DIPEA (0.209 mL, 1.2 mmol, 2 eq.) and HATU (0.228 g, 0.6 mmol, 1 eq.) were added. The
mixture was stirred for 5 min before adding benzylamine (0.072 mL, 0.66 mmol, 1.1 eq.) and stirring for a furth#d 6 h. H
(10 mL)was added, the layers were separated and the aqueous layer was extracZe#@ittd x 10 mL). The combined
organic layers were washed with 1N HCI (20 mL) and the aqueous layer back extract&Hy@Gth (2 x 10 mL). The
combined organic layers were sveed with brine (30 mL), dried over Mg®@nd concentrated under reduced pressure. The
residue was dissolved in CHGR mL) and the precipitate filtered offhe crude product was purified over silica get 836

1:8 NHz:EtOH in CH2Cl2) and any remainingetramethylurea removed by repeatedegaporation with toluene, to give a
colourless solid (0.152 g, 64%h.p.: 131+ U &nadent! 3307, 2966, 2859, 1717, 1642, 1552, 1292, 1233, 1464;

NMR (400 MHz, CDC} # 7.35 +7.23 (m, 3H ArCH), 7.23 +7.15 (m, 2H ArCH), 6.58 (ddd,J= 8.0, 6.6, 1.2 Hz, 1HL1-

CH), 6.23 (dddJ = 7.8, 6.4, 1.2 Hz, 1H12-CH), 5.73 (br s, 1HHNH), 4.38 (d,J = 5.6 Hz, 2H PHCH), 3.76 (ddJ = 11.5,

1.5 Hz, 1H 8-CH), 3.48 (ddJ = 6.4 1.2 Hz, 1H 6-CH), 3.42 (dtJ = 12.6, 8.9 Hz, 1H2-CH), 3.06 (dddJ = 12.5, 9.1, 3.1

Hz, 1H, 2-CH), 2.55 (d,J = 11.6 Hz, 1H8-CH), 2.52 2.45 (m, 1H 10-CH), 2.31 #2.23 (m, 1H 4-CH), 2.07 (dtdJ = 12.7,

9.4, 3.2 Hz, 1H3-CH), 1.84 (ddJ = 13.7, 3.1 Hz, 1H9-CH), 1.70 +1.53 (m, 2H 3-CH, 9-CH), 1.42 (s, 95C(CHb)3). 13C
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NMR (101 MHz, CDC4 ¢ 174.3(CO), 173.3(CO), 139.2(11-CH), 138.4 (ArC), 128.9(ArCH), 128.4(12-CH), 127.6
(ArCH), 81.7(C(CHs)s), 81.1(5-C), 66.7(8-CH), 58.7(2-CHz), 51.2(7-CH), 49.6(4-CH), 46.7 (6-CH), 43.5(PhCH), 36.0
(9-CHy), 35.8(10-CH), 28.3(3-CHy), 28.1(C(CH3)3). HRMS (ESF) m/z: [M+H]* Calcd for C2aH21N203 395.2329 Found
395.2343

The substrate (0.100 g, 0.25 mmol, 1leq.) was dissolved in TFA (1.5 mL), the solution stirred for 4 h and the reaction
concentrated under reduced pressure. The crude acid was dissolve&€hie@ly(2.5 mL) under a nitrogen atmosphere and
DIPEA (0.088 mL, 0.51 mmol, 2 eq.) and HATU (0.106 g, 0.28 mmol, 1.1 eq.) were added. The mixture was stirred for 5 min
before adding 4nethoxybenzylamine (0.040 mL, 0.30 mmol, 1.2 eq.) and stirring for a fudhier O (5 mL) was added,

the layers were separated and the aqueous layer was extract€&Ha@lh (4 x 5 mL). The combined organic layers were
washed with 1N HCI (10 mL) and the aqueous layer back extractedOWi@l2> (2 x 5 mL). The combined organiaylers

were washed with brine (20 mL), dried over Mg®@d concentrated under reduced presdure.crude product was purified

over silica gel $% 1:8 NH:EtOH in CHzCl2) and any remaining tetramethylurea removed by repeategtaqgoration with
toluene, tagive a colourless solid (0.085 g, 73%n).p.: 191+ O &nadcnil 3289, 2925, 2832, 1647, 1509, 1303, 1243;

IH NMR (400 MHz, CDC§ 4 8.02 (brt, J=5.8 Hz, 1H NH), 7.37 £7.23 (m, 3H ArCH), 7.23 +£7.11 (m, 4H ArCH), 6.91

+6.81 (m, 2HArCH), 6.70 (dddJ=7.9, 6.6, 1.3 Hz, 1HL1-CH), 6.25 (dddJ=7.8, 6.4, 1.2 Hz, 1H, 22H), 5.80 (btt, J=

5.8 Hz, 1H NH), 4.42 #4.23 (m, 4H 2 uPhCH), 3.80 (s, 3HHOCHs), 3.77 (dJ = 13.1 Hz, 1H8-CH), 3.14 (ddJ=6.4, 1.2

Hz, 1H 6-CH), 3.02 (ddtJ = 18.1, 12.9, 9.1 Hz, 2t2-CHy), 2.70 £2.49 (m, 3H 4-CH, 8CH, 10CH), 2.04 £1.83 (m, 2H

3-CH, 9-CH), 1.69 +1.50 (m, 2H 3-CH, 9-CH) 3C NMR (101 MHz, CDG ¢ 174.2(CO), 174.0(CO), 159.0(ArC), 139.5
(11-CH), 138.4(ArC), 130.8(ArC), 129.0 (ArCH), 128.8(ArCH), 127.5(ArCH), 127.5(12-CH), 127.5(ArCH), 114.2

(ArCH), 81.7(5-C), 65.3(8-CHy), 57.2(2-CH), 55.4(OCHs), 52.1(7-CH), 49.4(6-CH), 47.1(4-CH), 43.4PhCH), 42.8
(PhCH), 36.3(9-CHz), 35.9(10-CH), 28.1(3-CHz). HRMS (ESI) m/z: [M+H]* Calcd for C2sHz2N3Os 458.2438 Found
458.2446

Crystallographic Data
Table S3 Crystallographic Data dcd (thermal ellipsoid is set at 50% probabi)ity
Recrystallisatiorwas achievethrough slow cooling of a saturated solution in refluxingOEt
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Empiricalformula CisH19N3O

Formula weight 257.33
Temperature/ K 100(2)
Crystalsystem monaclinic
Space Group P21/n
alA 11.5420(4)
b/A 9.81874)
o A 12.5471(5)
z 90
z 111.549(2)
z 90
VolumeA3 1322.549)
z 4
!cal(g/C[T? 1.292
PP 0.083
F(000) 552.0
Crystal size/mrh 0.444 x 0.378 x 0.332
Radiation OR..
UDQJH IRU GDWD FR 4.104 to 55.896
- K"
Index ranges - "N
- "o "
Reflections collected 11836
Independent reflections 3160 [Rnt = 0.0343, Rgma= 0.0309]
Data/restraintparameters 3160/0/177
Goodnesof-fit on P 1.044
JLQDO 5 LQGH[HV >,! R1=0.0399, wR = 0.0969
Final R indexes [alflata] R1=0.0517, wR=0.1041
Largest diff. peak/holes A3 0.35£0.22
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IHNMR, 400 MHz, CDCI
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H-NMR, 400 MHz, CDCI

BGNMR, 100 MHz, CDCI
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IH-NMR, 400 MHz, CDCI

1I3GNMR, 100 MHz, CDCI
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IH-NMR, 400 MHz, CDCI

13GNMR, 100 MHz, CDCI
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IH-NMR, 400 MHz, CDCI

BBGNMR, 125 MHz, CDCI
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IH-NMR, 400 MHz, CDCI

BBGNMR, 125 MHz, CDCI
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IH-NMR, 400 MHz, CDCI

BBGNMR, 125 MHz, CDCI
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IH-NMR, 400 MHz, CDCI

BBGNMR, 125 MHz, CDCI
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NOENMR, 400 MHz, CDCI
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IH-NMR, 400 MHz, CDCI

B3GNMR, 125 MHz, CDCI
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IHNMR, 400 MHz, CDCI

3GNMR, 125 MHz, CDCI
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HNMR, 400 MHz, CDCI

I3GNMR, 100 MHz, CDCI
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IH-NMR, 400 MHz, CDCI

B3GNMR, 100 MHz, CDCI
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IH-NMR, 400 MHz, CDCI

B3GNMR, 100 MHz, CDCI
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IH-NMR, 400 MHz, CDCI

B3GNMR, 125 MHz, CDCI

S38



IH-NMR, 400 MHz, CDCI

B3GNMR, 125 MHz, CDCI
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H-NMR, 400 MHz, CDCI

B3GNMR, 125 MHz, CDCI
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H-NMR, 400 MHz, CDCI

ISGNMR, 100 MHz, CDCI
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IH-NMR, 400 MHz, CDCI

BBGNMR, 125 MHz, CDCI
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NOENMR, 400 MHz, CDCI
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IH-NMR, 400 MHz, CDCI

1I3GNMR, 125 MHz, CDCI

S44



!HNMR, 400 MHz, CDCI

BBGNMR, 125 MHz, CDCI
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IH-NMR, 400 MHz, CDCI

BBGNMR, 125 MHz, CDCI
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IH-NMR, 400 MHz, CDCI

3GNMR, 100 MHz, CDCI
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HNMR, 400 MHz, CDCI

BGNMR, 100 MHz, CDCI
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H-NMR, 400 MHz, CDCI

B3GNMR, 100 MHz, CDCI
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IH-NMR, 400 MHz, CDCI

B3GNMR, 100 MHz, CDCI
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IH-NMR, 400 MHz, CDCI

3GNMR, 100 MHz, CDCI
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NOENMR, 400 MHz, CDCI
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IH-NMR, 400 MHz, CDCI

B3GNMR, 125 MHz, CDCI
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IH-NMR, 400 MHz, CDCI

BBGNMR, 125 MHz, CDCI
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IHNMR, 400 MHz, CDCI

3GNMR, 125 MHz, CDCI
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IH-NMR, 400 MHz, CDCI

B3GNMR, 125 MHz, CDCI
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IH-NMR, 400 MHz, CDCI

B3GNMR, 100 MHz, CDCI
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HNMR, 400 MHz, CDCI

3GNMR, 100 MHz, CDCI
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IH-NMR, 400 MHz, CDCI

B3GNMR, 100 MHz, CDCI
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