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Abstract: The nucleophile-intercepted Beckmann fragmentation (NuBFr) has the potential to be broadly
applicable to the synthesis of indoline alkaloid based natural products. However, the reaction has not been
widely adopted, in part, because of limitations associated with the availability of appropriate promoter—Nu
reagents. We have devised a stereospecific Ag(I)-promoted reaction for functionalizing NuBFr products
to give novel compositions-of-matter that may be useful in synthesis and medicinal chemistry. With
unhindered amine nucleophiles, structurally unique [2.2.2]-bicycloamidines are generated. We also
disclose for the first time detailed density functional theory (DFT) studies which shed light on the
mechanism of the NuBFr and Ag-promoted substitution reaction that supports an unusual aziridinium ion

as a key intermediate.

INTRODUCTION
The Beckmann rearrangement depicted in Scheme 1 (path a) has been a mainstay of synthetic
chemists for many years. While in most instances, amides are produced as the target compounds, the

presence of beta hydrogens adjacent to the oxime can lead to elimination products (path b).! In contrast,
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the related fragmentation reaction that is accompanied by nucleophilic trapping has not been broadly
adopted (path c). The reason for its limited use is likely related to the scarcity of examples of these

transformations, which we will herein refer to as the nucleophile-intercepted Beckmann fragmentation

reaction (NuBFr).
_OH
Beckmann N Beckmann
R \N\ elimination R ‘ rearrangement /‘\
ﬂ + | -~ Me —— > Me N "Me
Me path b Me path a H
Nu: l path ¢

R Nu nucleophile-intercepted

W Beckmann fragmentation

Me (NuBFr)

Scheme 1. Variations of the Beckmann Rearrangement

The earliest instance of a NuBFr of which we are aware was described by Hassner and Nash
in which they converted ketoxime 1 to chloride 2 with ejection of acetonitrile (Figure 1, eq 1).2
Notably, there are no beta protons available, so elimination pathways were not possible. Kirihara
reported the Beckmann fragmentation of 3 with fluoride nucleophiles to give nitrile 4 (eq 2).> And
in the synthesis of biotin, Confalone et al. reported that treating oxime S with thionyl chloride
resulted in the unexpected formation of aziridine 7 (eq 3).*° The authors postulated that the reaction
proceeds through episulfonium intermediate 6 formed by neighboring group participation of sulfur.
Other instances of NuBFr reactions are similarly comprised of examples in which NuBFr products

are generated where Beckmann rearrangement products are desired. There are also a few reports
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Figure 1. Previous examples of the nucleophilic Beckmann fragmentation.



of photochemically-initiated single-electron transfer (SET) processes for inducing fragmentation of oximes
to give NuBFr-type products.®’

Recognizing the potential utility of the title reaction in synthesis, we recently reported that indole
oximes 8 undergo NuBFr to give products 10 (Figure 2).® The oximes are prepared by the dearomative
(3+2) annulation of 3-substituted indoles,>'° also reported by us, followed by treatment with
hydroxylamine HCIL. At the time, we had proposed that upon activation of the oxime by a promoter—Nu
reagent, the indole nitrogen lone pair initiates fragmentation to generate the aziridinium intermediate 9,
analogous to episulfonium 6 proposed by Confalone.*> Nucleophilic attack of 9 by the anionic species
released from the promoter furnishes the observed product 10. Double inversion at the carbon bearing the
nucleophile results in net retention at that stereocenter. Guided by this mechanistic hypothesis, we showed
in that paper that a wide range of promoters such as MsCl, MsBr, diphenylphosphoryl azide (i.e. DPPA,
Shiori’s reagent), Ms>O, TFAA, and PhNTT, were amenable to the reaction and could serve as precursors
for the various nucleophiles examined. Although the scope of the reaction with respect to the indoline
component is broad, in its current form, the NuBFr is limited to promoter—Nu combinations that are either

commercially available or readily prepared.
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Figure 2. Our previous findings on the NuBFr reaction, proposed strategy
for this work, and natural product targets.

Thus, we envisioned that treating the NuBFr product bromide 11 in Figure 2 with silver salts would
result in halide abstraction and recapitulation of the aziridinium intermediate 9 which may in turn be trapped
by a wider range of nucleophiles than previously reported. We anticipated that this process would also

proceed by double stereoinversion to give the predicted stereochemical outcome shown. Such products



=13 and koumine'+

may be useful intermediates en route to the synthesis of members of the akuammiline
17 alkaloids (Figure 2). Moreover, this method would provide an efficient means to access a collection of
novel compositions-of-matter with structural similarities to these natural products, which are reported to
possess inhibitory properties against the sodium-glucose co-transporters 1 and 2 (SGLT1 and SGLT2)'®
and have the ability to stabilize calcium levels in the endoplasmic reticulum (ER).!” Small molecules that
induce these phenotypes may be useful in targeting type 1 and 2 diabetes or diseases and disorders resulting
from ER dysregulation.

In the present study, we report: 1) full experimental results for the Ag(I)-mediated substitution
reaction with amines and other nucleophiles, 2) unexpected formation of [2.2.2]-amidine products, 3)
synthesis of intermediates that possess the ABCE rings corresponding to the aspidosperma and strychnos

alkaloids, and 4) detailed DFT studies to support the proposed mechanism of the NuBFr and Ag(I)-

promoted reactions.

RESULTS AND DISCUSSION
AgSbFs-Promoted Substitution Reactions

We began our studies by surveying the use of both AgOTf and AgSbF¢ in various solvents to
regenerate the key aziridinium ion. After extensive optimization, we discovered that for secondary amines
the addition of AgSbFs (2 equiv) to a mixture of indolinyl bromide 12 and an amine nucleophile 13 (3—4
equiv) in acetonitrile at 75 °C resulted in formation of the expected product 14 in overall good to excellent
yields (Table 1). As predicted, the relative stereochemical configuration of the carbon bearing the amine
was confirmed to be that shown. When unhindered primary amines were used, it was necessary to carry
out the reactions at either room temperature or with only slight heating (40 °C) in order to avoid the
formation of amidine products (vide infra). A broad range of nitrogen nucleophiles were amenable to the
reaction. These include primary and secondary amines that are allylic, alkyl, benzyl, aryl, indolinyl,
morpholine, thiomorpholine, N-phenylpiperazine, and azide. The use of meta- and para-

aminophenylboronic pinacol ester gave compounds 14i and 14j which can be further functionalized by



Table 1. Scope of the silver-promoted functionalization reaction with amines
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Reaction conditions: Indoline 12a (1 equiv), AgSbFg (2 equiv), 13 (4 equiv), [0.3] M. 21:1 separable mixture of diastereomers. PAgOTf (2 equiv) in place of
AgSbFg. ®Used indoline 12b. 9Used indoline 12¢. ®Used indoline 12d. ‘Conducted on 1.0 mmol scale.

means of transition metal-catalyzed cross-coupling reactions.

With L-leucine, we obtained an

approximately equal mixture of diasterecomers that were separable by silica gel chromatography. The fact

that highly sterically hindered amines such as #-butylamine and adamantylamine (14e and 14f) are

competent nucleophiles is consistent with conclusions gleaned from our DFT studies that indicate the

formation of the key aziridinium intermediate by halide abstraction is rate-limiting. The substituents at C3

of the indoline could also be varied and we were able to utilize indole starting materials derived from

tryptamine, N-methyl-3-isopropylindole, and tryptophol (14x, y, z). The use of NaN3 as a nucleophile also



worked well to give 14aa. It should be noted that starting with the corresponding indolinyl chloride resulted
in longer reaction times and reduced yields, which is also consistent with halide abstraction being the rate-
limiting step in the reaction.

With primary amine nucleophiles, the silver-promoted substitution reaction of bromide 12 at 75 °C
gave the unexpected amidine product 17 at shown in Table 2. We believe that this reaction proceeds
through the prototypical substitution product 16. But because of the smaller steric size of primary amines
and the cis stereochemical relationship of the relevant functional groups, nitrogen is appropriately
positioned for nucleophilic attack of the nearby nitrile to give the observed amidines. Notably, the parent
amidine 17f was made using hexamethyldisilazane (HMDS) as the nucleophile. Loss of both TMS groups
during the reaction resulted in formation of 17f. These unusual [2.2.2]-bicyclo-indolinyl amidines have not
previously been described in the literature. In a survey of the entire CAS registry, Lipkus discovered that
the majority of the structures are represented by only a small subset of frameworks.?® In a related study,

Ijzerman found that the NCI database of >250,000 compounds contained frequent fragment

Table 2. Amidine formation
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Reaction conditions: 12a (1 equiv), AgSbFg (2 equiv), amine nucleophile 15
(4 equiv), [0.3] M. @Used AgOTf (2 equiv) in place of AgSbFg. “Used HMDS
as nucleophile.



co-occurrences to which they refer as “chemical clichés”.?! Thus, the ability to rapidly and efficiently access
novel compositions-of- matter such as 17 is of high intrinsic value.

The title reaction is also amenable to the use of non-amine nucleophiles (Table 3). For instance,
carrying out the reaction in the absence of an amine resulted in the solvent, acetonitrile (for 18a, c) or
benzonitrile (for 18b), adding to the aziridinium intermediate in a Ritter-like transformation. Presumably,
hydration of the putative nitrilium ion intermediate leads to the formation of the observed products. The
use of potassium acetate, methanol, and water as nucleophiles resulted in the formation of compounds 18e—
g. Replacing AgSbFs with silver benzoate, silver trifluoroacetate, or silver nitrate as promoters led to the

formation of 18d, 18h, and nitrate ester 18i.2

Table 3. Scope of the nucleophiles
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Reaction conditions: 12a (1 equiv), AgSbFg (2 equiv), Nuc (4 equiv), [0.3]
M. @No added nucleophile. “Used benzonitrile in place of MeCN as solvent.
°Used Ag(l)-benzoate. YUsed KOAc as nucleophile. ®Used MeOH as
nucleophile. 'Used DI water as nucleophile. 9Used Ag(l)-trifluoroacetate.
hysed AgNO,.

We also showed that subjecting the minor regioisomeric product 19 (made during the NuBFr) to
the optimized reaction conditions results in stereoretentive substitution of bromide with the amine

nucleophile (eq 4). The success of this reaction is consistent with the proposed phenonium ion 20 being a



key intermediate in the formation of the minor regioisomeric product during the NuBFr reaction (vide

infra).
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We then examined the intramolecular variant of the silver-promoted substitution reaction using 23
(Scheme 2). This compound was made by phthalimide deprotection of 22, which was in turn produced as
the minor regioisomeric component of the corresponding NuBFr reaction. Thus, we hypothesize that
treatment of 23 with AgSbFs would generate the phenonium 24 which may be trapped intramolecularly by
the pendant amine nucleophile. Product 25 was obtained in 37% yield over two steps and maps on well to
the structures of both the strychnos and aspidosperma monoterpenoid indoline alkaloids.”* > We are
currently working on strategies to reverse the inherent regioselectivity of the NuBFr, which would offer the
opportunity for employing this method to prepare members of these two classes of natural products as well

as analogues for exploring their biology.
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Scheme 2. Synthesis of intermediate 25 related tot he Strychnos and
Aspidosperma alkaloids

DFT Studies
The mechanisms of the NuBFr reaction and following substitution were studied by DFT

computations within the Gaussian 16 program.2® Of particular interest were the selectivities for reaction



occurring proximal to the indole nitrogen and the stercoselectivity of nucleophilic attack. All structures
were optimized with the B3LYP-D3%"?° density functional with the 6-31G(d,p) basis set in solution using
the CPCM?**3! solvent model of dichloromethane. The reactant and transition state conformations were
located by first performing conformational searches for the reactants using Macromodel and the MMFF
force field, followed by re-optimization of low (<3kcal/mol) energy conformers with B3LYP-D3. The
vibrational frequency analyses were performed at the same level of theory to verify that minima have no
imaginary frequencies and each transition state has only one imaginary frequency, and to evaluate its zero-
point vibrational energy (ZPVE) and thermal corrections at 298 K. Single point energies were calculated
on these geometries with the M06-2X>*** functional with larger basis set of 6-311+G(d,p) and the CPCM
solvation model for dichloromethane. The formation of the major product 29 from the E-26 and the
formation of the minor product 27 from the Z-26 were studied (Figure 3). The rate-determining steps for
these two pathways are the formation of the aziridinium intermediate 28 from E-26 and the phenonium

intermediate 20 from Z-26. Calculations show that the former transformation requires a somewhat smaller
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Figure 3. Nucleophile-intercepted Beckmann fragmentation surface. Free energies in kcal/mol, calculated from M06-2X/6-
311+G(d,p)//B3LYP-D3/6-31G(d,p), CPCM (dichloromethane).



activation barrier (22.6 kcal/mol vs. 23.6 kcal/mol) and leads to a thermodynamically more stable
intermediate and final product, as observed experimentally.

We tested the energetics of these transformations with a variety of functionals, and the difference
in energy between TS-28 and TS-20 ranges from 0.9 to 2.1 kcal/mol with different methods (see SI-Table
1). The reactants are relatively rigid with conformational variability mainly in the leaving group. The M06-
2X geometries and relative energies of the low-energy conformers are shown in the SI-Figure 1. The
location of the transition states began from the reactant conformer with lowest energy.

We also studied the silver-promoted amine substitution starting from cyano bromide 12 (R' = Me)
formed by the NuBFr. The silver ion promotes ionization of the halide and formation of the aziridinium 28
(Figure 4). We studied the reactions of both an aliphatic and an aromatic amine to give products 14a and
14g, respectively. Both react readily with the aziridinium intermediate 28, and the stereochemistry of
nucleophilic attack explains the fact that relative stereochemical configuration of halide carbon is retained

in the amination.
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Figure 4. Amine attack on aziridinium with ring opening. Free energies
in kcal/mol, calculated from MO06-2X/6-311+G(d,p)//B3LYP-D3/6-
31G(d,p), CPCM (dichloromethane).



CONCLUSIONS

In summary, we have reported a method for the stereo-retentive, silver-promoted nucleophilic
substitution of indoline cyano bromides obtained from the NuBFr reaction. We provide numerous examples
utilizing a wide range of nitrogen- and oxygen-based nucleophiles. Mechanistic insights gleaned from in-
depth DFT studies of the both the NuBFr and silver-promoted reactions reveal the key role that aziridinium
and phenonium intermediates play in the transformation. With sterically unhindered primary amines, the
substitution products spontaneously proceed to the corresponding bicyclic amidines. We believe that the
NuBFr and subsequent silver-promoted substitution reactions are a powerful combination that may find
utility in the synthesis of the akuammiline, koumine, aspidosperma, and strychnos families of

monoterpenoid indoline alkaloids.

EXPERIMENTAL SECTION

General Information

"H-NMR data were recorded on a Bruker Avance III 500 MHz spectrometer (TBI probe) and a
Bruker Avance I1I 600 MHz spectrometer (BBFO probe) with calibration of spectra to CDCls (7.26 ppm).
BC-NMR data were recorded at 150 MHz on a Bruker Avance 111 600 MHz spectrometer (BBFO probe) at
ambient temperature (unless otherwise stated) and are expressed in ppm using solvent as the internal
standard (CDCI; at 77.16 ppm). Two-dimensional NMR spectra, including COSY, HSQC, HMBC and
NOESY were recorded on a Bruker Avance III 600 MHz spectrometer (BBFO probe). Infrared spectra
were recorded on a JASCO FT/IRM4100 Fourier Transform Infrared Spectrometer. Electronic
Paramagnetic Resonance spectra was recorded on an Elexsys ES00 CW-EPR spectrometer. Chemical shift
values (8) are expressed in ppm downfield relative to internal standard (tetramethylsilane at 0 ppm).
Multiplicities are indicated as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet) and br s (broad
singlet). Coupling constants are reported in Hertz (Hz). Analytical thin layer chromatography (TLC) was

performed on SILICYCLE pre-coated TLC plates (silica gel 60 F254, 0.25 mm). Visualization was



accomplished with UV light and/or with ceric ammonium molybdate (CAM) or KMnO4 staining solutions.
Flash column chromatography was performed using a Biotage® Isolera System on Biotage® SNAP Ultra
columns (part No. FSUL-0442-0010 and FSUL-0442-0025). High resolution mass spectra were acquired
from the Mass Spectrometry Laboratory of University of Illinois (Urbana-Champaign, IL).

Reagents were used as received without purification unless stated otherwise. Tetrahydrofuran,
methylene chloride and dimethylformamide were dried and purified by solvent system using the Glass
Contour Solvent Purification System® (from Pure Process Technology, LLC) by passing the solvents

through two drying columns. The room temperature in the laboratory was measured at 20.0 °C.

General Procedure A — synthesis of 12a—d, 19, and 22: To a solution of oxime (1.0 equiv) in 1,2-
dichloroethane (0.20 M) was added 4-dimethylaminopyridine (0.05 equiv) and triethylamine (5.0 equiv)
and the reaction was cooled to 0 °C before phosphoryl bromide (1.0 equiv) was added. The reaction mixture
was warmed to room temperature and stirred until judged complete by thin layer chromatographic analysis
(hexanes/EtOAc). The reaction mixture was extracted three times with methylene chloride. The combined
organic layers were washed with brine and dried over anhydrous sodium sulfate. The crude material was
concentrated and purified by silica gel flash column chromatography (hexanes/EtOAc) to afford the desired

products.

(1S,4R,4aR, 9aS)-1-bromo-4a,9-dimethyl-2,3,4,4a,9,9a-hexahydro- 1 H-carbazole-4-carbonitrile (12a) and
(1S,4R,4aR,9aR)-4-bromo-4a,9-dimethyl-2,3,4,4a,9, 9a-hexahydro- 1 H-carbazole-1-carbonitrile (19) —
Following General Procedure A, a mixture of the corresponding oxime (1S,4R,4aR,9aR, E)-4a,9-dimethyl-
2,3,4,4a,9,9a-hexahydro-1H-1,4-methanocarbazol-10-one oxime (0.080 g, 0.330 mmol, 1 equiv), 4-
dimethylaminopyridine (0.002 g, 0.016 mmol, 0.05 equiv), triethylamine (0.230 mL, 1.650 mmol, 5 equiv),
and mesyl bromide (0.080 mL, 0.990 mmol, 3 equiv) in 1,2-dichloroethane (2.0 mL, 0.20 M) afforded a
mixture of major and minor reqioisomers (total yield 71%). The major product 12a was purified via silica
gel flash column chromatography (4:1 hexanes/EtOAc) as a pale yellow solid (0.047 g, 47% yield). R, =

0.38 in 7:3 hexanes/EtOAc. NMR data matches previously reported characterization data.® The minor



product 19 was purified via silica gel flash column chromatography (4:1 hexanes/EtOAc) as a pale yellow
solid (0.0245 g, 24% yield). R, = 0.29 in 7:3 hexanes/EtOAc. '"H NMR (600 MHz, CDCl;) § 7.27 — 7.25
(1H, m), 7.21 (1H, td, J = 7.7, 1.3 Hz), 6.86 (1H, td, /= 7.5, 0.9 Hz), 6.64 (1H, d, /= 7.9 Hz), 4.00 (1H,
dd, J=12.3,3.8 Hz), 3.34 - 3.30 (1H, m), 3.29 — 3.25 (1H, m), 2.71 (3H, s), 2.37 (1H, dtd, /= 13.6, 12.1,
4.1 Hz), 2.17 (1H, dq, J = 13.8, 3.8 Hz), 2.09 — 1.98 (2H, m), 1.73 (3H, s). BC{'H} NMR (150 MHz,
CDCl,): 6 150.4, 135.4,128.7, 123.7, 120.7, 119.9, 109.8, 74.9, 59.6, 47.7, 34.6, 29.7, 25.9, 25.3, 20.2. IR
(film, cm™): 2943, 2835, 2235, 1640, 1477, 1376. HRMS (ESI) calcd. for CisHsBrN, (m/z M+H+):

305.0653, found: 305.0651.

(1S,4R,4aR, 9aS)- I-bromo-4a-(2-(1,3-dioxoisoindolin-2-yl)ethyl)-9-methyl-2,3,4,4a,9, 9a-hexahydro- 1 H-

carbazole-4-carbonitrile (12b) and (1S,4R,4aR,9aR)-4-bromo-4a-(2-(1,3-dioxoisoindolin-2-yl)ethyl)-9-
methyl-2,3,4,4a,9,9a-hexahydro-1H-carbazole-1-carbonitrile (22) — Following General Procedure A, a
mixture of the corresponding oxime 2-(2-((1S,4aR,9aR E)-10-(hydroxyimino)-9-methyl-1,2,3,4,9,9a-
hexahydro-4aH-1,4-methanocarbazol-4a-yl)ethyl)isoindoline-1,3-dione® (0.435 g, 1.084 mmol, 1 equiv),
4-dimethylaminopyridine (0.006 g, 0.054 mmol, 0.05 equiv), triethylamine (0.755 mL, 5.422 mmol, 5
equiv), and phosphoryl bromide (0.310 g, 1.084 mmol, 1 equiv) in 1,2-dichloroethane (5.4 mL, 0.20 M)
afforded a mixture of major and minor reqioisomers. The major product 12b was purified via silica gel
flash column chromatography (4:1 hexanes/EtOAc) as a yellow solid (0.267 g, 53% yield). R,=0.30in 7:3
hexanes/EtOAc. '"H NMR (600 MHz, CDCl5) & 7.73 (2H, dd, J = 5.4, 3.1 Hz), 7.66 (2H, dd, J = 5.5, 3.0
Hz), 7.33 - 7.30 (1H, m), 7.04 (1H, td, /= 7.7, 1.2 Hz), 6.65 (1H, td, J= 7.4, 1.0 Hz), 6.56 (1H, d, J=7.9
Hz), 4.79 — 4.72 (1H, m), 3.94 — 3.85 (2H, m), 3.85 —3.77 (1H, m), 2.81 (3H, s), 2.77 (2H, t, J = 7.3 Hz),
2.64 —2.58 (1H, m), 2.31 — 2.23 (2H, m), 2.21 — 2.14 (1H, m), 1.85 (1H, d, J = 10.2 Hz). BC{H} NMR
(150 MHz, CDCl,): 6 168.2,133.9, 132.2,129.1, 123.4, 123.2, 122.4, 120.5, 119.9, 109.8, 71.0, 46.0, 45.9,
38.6,35.3,34.7,29.6,28.4,20.7. IR (film, cm™): 2948, 2871, 2236, 1773, 1710, 1481, 1397, 1375; HRMS
(ESI) calcd. for CosH23BrO:N3 (m/z M+HY): 464.0974, found: 464.0968. The minor product 22 was

purified via silica gel flash column chromatography (4:1 hexanes/EtOAc) as a pale yellow solid (0.044 g,



9% yield). R, = 0.24 in 7:3 hexanes/EtOAc. '"H NMR (600 MHz, CDCl;)  7.71 (2H, dd, J= 5.4, 3.1 Hz),
7.64 (2H, dd, J = 5.5, 3.0 Hz), 7.18 (1H, dd, /= 7.5, 1.3 Hz), 7.00 (1H, td, J = 7.7, 1.3 Hz), 6.56 — 6.51
(2H, m), 4.16 (1H, dd, J=11.1, 3.5 Hz), 3.87 (1H, d, J= 3.5 Hz), 3.80 (2H, ddd, /= 7.9, 6.0, 3.9 Hz), 3.16
(1H, d,J=4.2 Hz), 2.95 - 2.88 (1H, m), 2.81 (3H, s), 2.40 — 2.30 (2H, m), 2.10 (1H, dq, /= 13.3, 4.1 Hz),
2.04 (2H, h, J = 4.4 Hz). BC{'H} NMR (150 MHz, CDCl;): 8 168.3, 134.1, 133.8, 132.2, 131.3, 128.7,
123.7,123.1,120.7,119.4,109.7, 69.3, 59.6, 34.6, 34.4, 29.6, 26.3, 24.9. IR (film, cm™): 2947, 2857, 2253,

1709, 1400, 1398. HRMS (ESI) calcd. for C24H23BrOaN3 (m/z M+H+): 464.0974, found: 464.0974

(1S,4R,4aR, 9aS)- 1-bromo-6-chloro-4a-isopropyl-9-methyl-2,3,4,4a,9, 9a-hexahydro- 1 H-carbazole-4-
carbonitrile (12¢) — Following General Procedure A, a mixture of the corresponding oxime
(4R,4aR,9aR,7)-6-chloro-4a-isopropyl-9-methyl-2,3,4,4a,9, 9a-hexahydro-1H-1,4-methanocarbazol- 10-
one oxime (0.702 g, 2.304 mmol, 1 equiv), 4-dimethylaminopyridine (0.014 g, 0.115 mmol, 0.05 equiv),
triethylamine (1.606 mL, 1.116 mmol, 5 equiv), and phosphoryl bromide (0.661 g, 2.304 mmol, 1 equiv)
in 1,2-dichloroethane (11.5 mL, 0.20 M) afforded a mixture of major and minor reqioisomers. The major
product 12¢ was purified via silica gel flash column chromatography (9:1 hexanes/EtOAc) as a yellow solid
(0.224 g, 27% yield). R, = 0.33 in 4:1 hexanes/EtOAc. "H NMR (600 MHz, CDCl;) 6 "HNMR 8 7.10 (1H,
dd,/=8.3,2.1 Hz), 6.82 (1H, d, J=2.1 Hz), 6.28 (1H, d, /= 8.3 Hz), 3.90 (1H, ddd, /J=11.1, 6.8, 5.4 Hz),
3.71 (1H, d, J= 6.8 Hz), 3.32 (1H, t, J = 4.5 Hz), 3.02 (3H, s), 2.34 — 2.25 (1H, m), 2.25 — 2.12 (2H, m),
2.10-1.99 (2H, m), 1.68 — 1.58 (1H, m), 0.91 (3H, d, /= 6.8 Hz), 0.81 (3H, d, J = 6.8 Hz); *C{'H} NMR
(150 MHz, CDCl5): § 149.0, 129.2, 128.6, 123.3, 121.7, 120.6, 107.1, 75.3, 52.8, 37.3, 33.7, 33.0, 30.7,
25.6,18.3, 17.3. IR (film, cm™): 2962, 2937, 2871, 2234, 1601, 1491, 1273, 1175; HRMS (ESI) calcd. for

Ci7H2:BrCIN; (m/z M+H"): 367.0577, found: 367.0575.

(1S,4R,4aR,9aS)-4a-(2-(benzyloxy)ethyl)-1-bromo-9-methyl-2,3,4,4a,9,9a-hexahydro-1 H-carbazole-4-
carbonitrile (12d) — Following General Procedure A, a mixture of the corresponding oxime
(4R, 4aR,9aR, E)-4a-(2-(benzyloxy)ethyl)-9-methyl-2,3,4,4a,9,9a-hexahydro-1H-1,4-methanocarbazol-10-

one oxime® (0.423 g, 1.168 mmol, 1 equiv), 4-dimethylaminopyridine (0.007 g, 0.058 mmol, 0.05 equiv),



triethylamine (0.814 mL, 5.843 mmol, 5 equiv), and phosphoryl bromide (0.335 g, 1.168 mmol, 1 equiv)
in 1,2-dichloroethane (6.0 mL, 0.20 M) afforded a mixture of major and minor reqioisomers. The major
product 12d was purified via silica gel flash column chromatography (9:1 hexanes/EtOAc) as a white solid
(0.175 g, 35% yield). R, = 0.34 in 4:1 hexanes/EtOAc. "H NMR (600 MHz, CDCl;) § 7.33 — 7.28 (2H, m),
7.27-17.23 (6H, m), 7.20 (1H, td, /= 7.7, 1.3 Hz), 6.86 (1H, dd, J=7.4, 1.0 Hz), 6.60 (1H, d, /= 7.9 Hz),
4.61 (1H, d,J=3.2 Hz), 4.46 (2H, d, /= 2.4 Hz), 3.66 (1H, td, /= 9.3, 5.9 Hz), 3.52 — 3.42 (2H, m), 2.81
—2.75 (2H, m), 2.75 (3H, s), 2.74 — 2.69 (1H, m), 2.63 (1H, ddd, J=14.3, 9.3, 5.3 Hz), 2.26 (2H, ddd, J =
11.1, 6.2, 2.5 Hz), 2.18 (1H, dt, J = 7.5, 4.4 Hz), 1.87 — 1.79 (1H, m). BC{'H} NMR (150 MHz, CDCl,):
0 149.9, 138.5, 132.4, 129.1, 128.5, 127.6, 127.6, 122.7, 120.3, 120.2, 109.6, 73.0, 72.5, 67.1, 46.5, 46.4,
38.0,35.2,30.2,29.9,21.1. IR (film, cm™): 2961, 2865, 2360, 2336, 2253, 1481, 1096. HRMS (ESI) calcd.

for C23H26BrON; (m/z M+H+): 425.1229, found: 425.1219

General Procedure B — silver-promoted reactions: To a solution of bromide (1.0 equiv) in acetonitrile
(0.30 M) was added nucleophile (4.0 equiv) and AgSbFe (2.0 equiv), and then heated to the temperature
indicated using a modular heating block. The reaction mixture stirred until judged complete by thin layer
chromatographic analysis (hexanes/EtOAc). The crude reaction mixture was then concentrated and purified

by silica gel flash column chromatography (hexanes/EtOAc) to afford the desired products.

(1S,4R,4aR,9aS)-1-(allylamino)-4a,9-dimethyl-2,3,4,4a,9, 9a-hexahydro-1 H-carbazole-4-

carbonitrile (14a) — Following General Procedure B, a mixture of bromide 12a (0.0101 g, 0.030 mmol,
1.0 equiv), allyl amine (15 pL, 0.098 mM, 4 equiv), and AgSbFs (22.5 mg, 0.065 mmol, 2 equiv), in
acetonitrile (0.3 mL, 0.10 M) was stirred at room temperature and afforded 14a (6.5 mg, 71% yield) as a
white solid. R, = 0.29 in 1:1 hexanes/EtOAc. TH NMR (600 MHz, CDCl5): 8, ppm 7.28 (1H, dd, J = 7.4,
1.3 Hz), 7.18 (1H, td, /= 7.7, 1.3 Hz), 6.86 — 6.79 (1H, m), 6.61 (1H, d, J = 7.8 Hz), 591 (1H, ddt, J =
16.4,10.2, 5.8 Hz), 5.24 — 5.17 (1H, m), 5.13 (1H, dt, /= 10.3, 1.5 Hz), 3.37 - 3.29 (1H, m), 3.29 — 3.21

(2H, m), 2.84 (1H, d, J= 1.9 Hz), 2.71 3H, s), 2.53 (1H, dd, J = 12.9, 3.4 Hz), 2.10 (1H, qd, J = 12.7, 4.1



Hz), 1.79 — 1.66 (6H, m), 1.34 (1H, dd, J=7.8, 4.9 Hz); BC{'H} NMR (150 MHz, CDCL,): 5, ppm 151.2,
137.1, 136.3, 128.6, 122.3, 121.3, 119.6, 116.1, 109.3, 76.2, 50.5, 50.5, 43.1, 37.7, 34.8, 25.5, 20.0, 19.5.
IR (film, cm™): 2955, 2922, 2805, 2233, 1604, 1481, 1455; HRMS (ESI) calcd. for C1sHN; (m/z M+H"):

282.1970, found: 282.1960.

(1S,4R,4aR, 9aS)-4a,9-dimethyl-1-((2-methylallyl)amino)-2,3,4,4a,9,9a-hexahydro- 1 H-carbazole-4-

carbonitrile (14b) — Following General Procedure B, a mixture of bromide 12a (0.0100 g, 0.033 mmol, 1.0
equiv), 2-methylallylamine (12 pL, 0.131 mmol, 4 equiv), and AgOTf (0.0168 g, 0.065 mmol, 2 equiv), in
acetonitrile (0.1 mL, 0.3 M) was stirred at room temperature and afforded 14b (0.0044 g, 46% yield) as a
white solid. R, = 0.26 in 1:1 hexanes/EtOAc. '"H NMR (600 MHz, CDCl;) 4 7.29 (1H, dd, /= 7.4, 1.3 Hz),
7.18 (1H,td, J=7.7, 1.3 Hz), 6.83 (1H, td, /= 7.4, 1.0 Hz), 6.61 (1H, d, /= 7.8 Hz), 4.94 — 4.82 (2H, m),
3.27-3.13 (3H, m), 2.87 -2.80 (1H, m), 2.71 (3H, s), 2.53 (1H, dd, /= 12.9, 3.4 Hz), 2.16 — 2.07 (1H, m),
1.80 — 1.71 (8H, m), 1.71 — 1.64 (1H, m). BC{'H} NMR (150 MHz, CDCl,): § 151.2, 144.3, 136.3, 128.6,
122.3,121.4,119.6, 111.3, 109.3, 76.3, 54.1, 50.4, 43.1, 37.7, 34.8, 25.6, 20.9, 20.0, 19.5. IR (film, cm™):

2959, 2918, 2234, 1605, 1460; HRMS (ESI) calcd. for C19H26N3 (m/z M+H"): 296.2127, found: 296.2122.

(1S,4R,4aR, 9aS)- I-(isopropylamino)-4a, 9-dimethyl-2,3,4,4a,9, 9a-hexahydro-1 H-carbazole-4-carbonitrile
(14c¢) — Following General Procedure B, a mixture of bromide 12a (0.0535 g, 0.175 mmol, 1.0 equiv),
isopropylamine (60 uL, 0.701 mmol, 4 equiv), and AgSbFe (0.1200 g, 0.350 mmol, 2 equiv), in acetonitrile
(0.5 mL, 0.3 M) was heated to 75 °C and afforded 14c¢ (0.0384 g, 78% yield) as a pale yellow oil. R, = 0.16
in 4:1 hexanes/EtOAc. 'H NMR (600 MHz, CDCl,): 6 7.28 (1H, dd, J= 7.4, 1.3 Hz), 7.18 (1H, td, J= 7.7,
1.3 Hz), 6.82 (1H, td, J = 7.4, 1.0 Hz), 6.60 (1H, d, /= 7.8 Hz), 3.33 (1H, q, /= 2.9 Hz), 2.93 — 2.85 (1H,
m), 2.85-2.78 (1H, m), 2.73 (3H, s), 2.52 (1H, dd, J = 12.9, 3.4 Hz), 2.06 (1H, dd, /= 12.9, 3.5 Hz), 1.79
—1.66 (6H, m), 1.08 (6H, dd, J = 20.2, 6.3 Hz); *C{'H} NMR (150 MHz, CDCl;): § 151.2, 136.3, 128.6,

122.2,121.4,119.5, 109.2, 76.4, 47.9, 46.1, 43.0, 37.6, 34.8, 26.2, 23.9, 23.1, 20.0, 19.6. IR (film, cm™):



2959, 2857, 2360, 2236, 1604, 1481,1381, 1297; HRMS (ESI) calcd. for CisHasN3 (m/z M+H"): 284.2127,

found: 284.2120.

methyl ((1S,4R,4aR,9aS)-4-cyano-4a,9-dimethyl-2,3,4,4a,9,9a-hexahydro- 1 H-carbazol- 1-yl)leucinate
(14d) — Following General Procedure B, a mixture of bromide 12a (0.0503 g, 0.164 mmol, 1.0 equiv), L-
leucine (0.0787 g, 0.494 mmol, 3 equiv), and AgSbFs (0.1130 g, 0.329 mmol, 2 equiv), in acetonitrile (0.5
mL, 0.3 M) was heated to 40 °C and afforded a mixture of two diastereomers (resulting in an 89% overall
yield of both diastereomers) in a 1:1 ratio as determined by '"H NMR spectroscopy of the unpurified residue.
14d (less polar diastereomer) (R, = 0.26 in 4:1 hexanes/EtOAc) was purified via silica gel flash column
chromatography as a white solid (0.0270 g, 44% yield). '"H NMR (600 MHz, CDCl5): 6 7.28 (1H, dd, J =
74,13 Hz), 7.17 (1H, dd, J = 7.7, 1.3 Hz), 6.83 (1H, td, /= 7.4, 1.0 Hz), 6.60 (1H, d, J = 7.9 Hz), 3.73
(3H, s), 3.40 (1H, t, J= 7.3 Hz), 3.15 (1H, q, J=2.6 Hz), 2.72 (1H, t, /= 1.6 Hz), 2.68 (3H, s), 2.51 (1H,
dd, J=13.0,3.3 Hz), 2.11 (1H, dd, J = 13.1, 2.9 Hz), 1.88 (1H, dt, /= 13.5, 6.8 Hz), 1.77 — 1.72 (1H, m),
1.71 (3H, s), 1.67 — 1.53 (2H, m), 1.46 (2H, dd, J = 7.8, 6.5 Hz), 0.95 (6H, dd, J = 14.6, 6.6 Hz); *C{'H}
NMR (150 MHz, CDCly): 8 176.7, 151.1, 136.1, 128.7, 122.2, 121.3, 119.7, 109.4, 78.3, 57.1, 51.9, 49.2,
43.1, 43.0, 38.0, 34.9, 25.1, 24.1, 23.4, 21.7, 19.7, 19.5. IR (film, cm™): 2951, 2864, 2362, 2234, 1732,
1604, 1481,1302, 1263; HRMS (ESI) calcd. for C2H3 N3O, (m/z M+H"): 370.2495, found: 370.2493. 14d
(more polar diastereomer) (R, = 0.16 in 4:1 hexanes/EtOAc) was purified via silica gel flash column
chromatography as a clear oil (0.0262 g, 43% yield). '"H NMR (600 MHz, CDCl5): 6 7.29 (1H, dd, J = 7.4,
1.3 Hz), 7.18 (1H, td, J="7.7, 1.3 Hz), 6.83 (1H, td, /= 7.4, 1.0 Hz), 6.60 (1H, d, /= 7.9 Hz), 3.74 (3H, s),
340 (1H, t,J=7.2 Hz),3.04 (1H, dt, J=4.1, 2.4 Hz), 2.90 (1H, t, J = 1.5 Hz), 2.65 (3H, s), 2.51 (1H, dd,
J=12.9, 3.3 Hz), 2.12 — 2.04 (1H, m), 1.88 (1H, ddd, J = 14.1, 10.3, 3.7 Hz), 1.80 (1H, dt, J = 13.4, 6.7
Hz), 1.74 (3H, s), 1.73 — 1.66 (2H, m), 1.29 — 1.22 (2H, m), 0.91 (6H, dd, J = 19.5, 6.6 Hz); *C{'"H} NMR
(150 MHz, CDCl): 6 177.0, 151.3, 136.3, 128.6, 122.3, 121.2, 119.7, 109.4, 73.7, 58.1, 51.9, 49.6, 43.3,
43.0, 37.5, 34.7, 28.1, 24.7, 23.1, 22.1, 20.3, 19.4. IR (film, cm™): 2955, 2868, 2360, 2236, 1732, 1604,

1481,1381, 1261; HRMS (ESI) calcd. for CxHs N:O» (m/z M+H"): 370.2495, found: 370.2492.



(1S,4R,4aR, 9aS)- 1-(tert-butylamino)-4a,9-dimethyl-2,3,4,4a,9, 9a-hexahydro- 1 H-carbazole-4-carbonitrile
(14e) — Following General Procedure B, a mixture of bromide 12a (0.0522 g, 0.171 mmol, 1.0 equiv), tert-
butylamine (72 pL, 0.684 mmol, 4 equiv), and AgSbFs (0.1172 g, 0.342 mmol, 2 equiv), in acetonitrile (0.5
mL, 0.3 M) was heated to 75 °C and afforded 14e (0.0408 g, 80% yield) as a clear oil. R, = 0.16 in 4:1
hexanes/EtOAc. '"H NMR (600 MHz, CDCl,): & 7.29 — 7.27 (1H, m), 7.17 (1H, td, J= 7.7, 1.3 Hz), 6.82
(1H, td, J= 7.4, 1.0 Hz), 6.60 (1H, d, J= 7.9 Hz), 3.30 (1H, d, /= 3.0 Hz), 2.83 (1H, t, /= 1.7 Hz), 2.76
(3H, s), 2.48 (1H, dd, J=12.9, 3.4 Hz), 1.99 (1H, dd, J=13.2, 2.9 Hz), 1.86 — 1.79 (1H, m), 1.72 (1H, dd,
J=13.2,3.5Hz), 1.70 (3H, s), 1.60 (1H, ddd, J=13.7,3.4, 1.2 Hz), 1.10 (9H, s); *C{'"H} NMR (150 MHz,
CDCly): & 151.2, 136.4, 128.6, 122.2, 121.4, 119.5, 109.1, 78.5, 51.7, 44.7, 43.1, 37.3, 34.5, 29.8, 28.6,
20.3, 19.2. IR (film, cm™): 2962, 2857, 2358, 2237, 1601, 1481, 1378, 1263; HRMS (ESI) calcd. for

C1oH2sN3 (m/z M+H"): 298.2283, found: 298.2278.

(1S,4R,4aR, 9aS)-1-(((3R,5R, 7R)-adamantan- I-yl)amino)-4a,9-dimethyl-2,3,4,4a,9, 9a-hexahydro- 1 H-

carbazole-4-carbonitrile (14f) — Following General Procedure B, a mixture of bromide 12a (0.0549 g,
0.179 mmol, 1.0 equiv), adamantylamine (0.1088 g, 0.719 mmol, 4 equiv), and AgSbFs (0.1236 g, 0.361
mmol, 2 equiv), in acetonitrile (0.5 mL, 0.3 M) was heated to 75 °C and afforded 14f (0.0446 g, 66% yield)
as a white solid. R, = 0.19 in 4:1 hexanes/EtOAc. '"H NMR (600 MHz, CDCl;): 4 7.28 (1H, d, J= 1.3 Hz),
7.17 (1H, td, J=7.7, 1.3 Hz), 6.81 (1H, td, /= 7.4, 1.0 Hz), 6.59 (1H, d, /= 7.9 Hz), 3.44 (1H, q, J= 3.0
Hz), 2.81 (1H, t, J= 1.6 Hz), 2.76 (3H, s), 2.48 (1H, dd, J = 12.9, 3.4 Hz), 2.06 (3H, p, /= 3.3 Hz), 2.01
(1H, dd, J = 13.3, 2.9 Hz), 1.85 — 1.77 (1H, m), 1.71 (4H, s), 1.69 — 1.54 (13H, m); *C{"H} NMR (150
MHz, CDCly): 6 151.2, 136.4, 128.6, 122.1, 121.4, 119.4, 109.0, 78.8, 51.7, 43.8, 43.0, 42.5, 37.3, 36.8,
34.6,29.9,29.7,29.0,20.3, 19.3. IR (film, cm™): 2900, 2849, 2234, 1605, 1481, 1448; HRMS (ESI) calcd.

for C2sH3aN3 (m/z M+H"): 376.2753, found: 376.2748.

(1S,4R,4aR, 9aS)-4a,9-dimethyl-1-(phenylamino)-2,3,4,4a,9,9a-hexahydro- 1 H-carbazole-4-carbonitrile

(14g) — Following General Procedure B, a mixture of bromide 12a (0.0530 g, 0.173 mmol, 1.0 equiv),



aniline (65 pL, 0.694 mmol, 4 equiv), and AgSbF¢ (0.1190 g, 0.347 mmol, 2 equiv), in acetonitrile (0.5 mL,
0.3 M) was heated to 75 °C and afforded 14g (0.0391 g, 71% yield) as a white solid. R, = 0.22 in 4:1
hexanes/EtOAc. '"H NMR (600 MHz, CDCls): 8 7.28 (1H, dd, J = 7.4, 1.3 Hz), 7.24 — 7.17 (3H, m), 6.85
(1H,td, J=7.5, 1.0 Hz), 6.75 (1H, tt, J= 7.2, 1.1 Hz), 6.67 — 6.62 (3H, m), 4.02 (1H, q, J = 3.0 Hz), 3.72
(1H, s), 3.13 (1H, d, J = 2.3 Hz), 2.86 (3H, s), 2.64 (1H, dd, /= 11.5, 3.8 Hz), 2.05 — 1.91 (3H, m), 1.86
(1H, dt, J = 13.2, 4.2 Hz), 1.70 (3H, s); BC{'H} NMR (150 MHz, CDCl;): & 150.9, 146.6, 135.4, 129.7,
128.9, 122.2,120.9, 119.8, 118.3, 113.3, 109.4, 74.7, 47.0, 43.2, 36.9, 34.6, 25.4, 20.4, 19.6. IR (film, cm"
1): 3402, 2959, 2234, 1602, 1841; HRMS (ESI) calcd. for C21H24N3 (m/z M+H"): 318.1970, found:

318.1963.

(1S,4R,4aR,9aS)-1-((2, 6-diisopropylphenyl)amino)-4a,9-dimethyl-2,3,4,4a,9,9a-hexahydro- 1 H-

carbazole-4-carbonitrile (14h) — Following General Procedure B, a mixture of bromide 12a (0.0524 g,
0.172 mmol, 1.0 equiv), 2,6-diisopropylaniline (0.129 mL, 0.683 mmol, 4 equiv), and AgSbFs (0.1177 g,
0.343 mmol, 2 equiv), in acetonitrile (0.5 mL, 0.3 M) was heated to 75 °C and afforded 14h (0.0382 g, 63%
yield) as a white solid. R, = 0.21 in 4:1 hexanes/EtOAc. '"H NMR (600 MHz, CDCl;): § 7.33 (1H, dd, J =
7.4,1.2Hz),7.22 (1H, td, J="7.7, 1.3 Hz), 7.14 —7.07 (3H, m), 6.86 (1H, td, /= 7.4, 1.0 Hz), 6.64 (1H, d,
J=17.8Hz),3.38 (1H, q,J=3.2 Hz), 3.29 - 3.25 (1H, m), 3.22 (2H, q, /= 6.8 Hz), 2.79 (3H, s), 2.64 (1H,
dd, J=12.6, 3.5 Hz), 2.10 (1H, dd, /= 13.4, 3.8 Hz), 1.92 — 1.84 (1H, m), 1.79 (3H, s), 1.71 — 1.57 (2H,
m), 1.25 (12H, dd, J= 6.8, 5.7 Hz); *C{'"H} NMR (150 MHz, CDCl5): § 150.9, 142.8, 142.3, 135.6, 128.9,
124.3,123.9,122.2,121.2, 119.7, 109.3, 78.3, 54.7, 43.3, 36.8, 34.5, 28.3, 24.5, 24.3, 24.2, 20.8, 19.3. IR
(film, cm™): 2959, 2865, 2234, 1605, 1481, 1456; HRMS (ESI) calcd. for C27H36N3 (m/z M+H"): 402.2909,

found: 402.2899.

(1S,4R,4aR,9aS)-4a,9-dimethyl-1-((4-(4,4,5,5-tetramethyl-1, 3, 2-dioxaborolan-2-yl)phenyl)amino)-
2,3,4,4a,9,9a-hexahydro-1H-carbazole-4-carbonitrile (14i) — Following General Procedure B, a mixture of

bromide 12a (0.0541 g, 0.177 mmol, 1.0 equiv), 4-(4,4,5,5-tetramethyl-[ 1,3,2]dioxaborolane-2-yl)aniline



(0.1554, 0.709 mmol, 4 equiv), and AgSbFs (0.1218 g, 0.355 mmol, 2 equiv), in acetonitrile (0.5 mL, 0.3
M) was heated to 75 °C and afforded 14i (0.0566 g, 72% yield) as a white solid. R, = 0.31 in 4:1
hexanes/EtOAc. '"H NMR (600 MHz, CDCl,): & 7.68 — 7.64 (2H, m), 7.27 (1H, d, J = 1.3 Hz), 7.20 (1H,
td, J=7.7, 1.3 Hz), 6.84 (1H, td, /= 7.4, 1.0 Hz), 6.65 — 6.59 (3H, m), 4.05 (1H, s), 3.95 — 3.84 (1H, m),
3.10 (1H, d, J = 2.3 Hz), 2.85 (3H, s), 2.68 — 2.59 (1H, m), 1.95 (3H, t, /= 2.2 Hz), 1.90 — 1.81 (1H, m),
1.67 (3H, s), 1.32 (12H, s); BC{'H} NMR (150 MHz, CDCl;): § 150.9, 149.0, 136.7, 135.2, 128.9, 122.2,
120.8, 119.8, 112.3, 109.4, 83.5, 74.7, 46.6, 43.3, 36.9, 34.6, 25.3, 25.0, 20.4, 19.7. IR (film, cm™): 3396,
2966, 2864, 2360, 1601, 1477, 1356, 1261; HRMS (ESI) calcd. for C27H3sBN3O; (m/z M+H"): 444.2822,

found: 444.2821.

(1S,4R,4aR,9aS)-4a,9-dimethyl-1-((3-(4,4,5,5-tetramethyl- 1,3, 2-dioxaborolan-2-yl) phenyl) amino)-

2,3,4,4a,9,9a-hexahydro-1H-carbazole-4-carbonitrile (14j) — Following General Procedure B, a mixture
of bromide 12a (0.0540 g, 0.177 mmol, 1.0 equiv), 3-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolane-2-
yDaniline (0.1550, 0.709 mmol, 4 equiv), and AgSbFe (0.1212 g, 0.355 mmol, 2 equiv), in acetonitrile (0.5
mL, 0.3 M) was heated to 75 °C and afforded 14j (0.0569 g, 73% yield) as a white solid. R, = 0.42 in 4:1
hexanes/EtOAc. '"H NMR (600 MHz, CDCl,): § 7.28 (1H, dd, J = 7.5, 1.3 Hz), 7.25 — 7.18 (3H, m), 7.11
(1H, d, J=2.6 Hz), 6.84 (1H, td, J=7.4, 0.9 Hz), 6.74 (1H, ddd, /= 7.8, 2.7, 1.4 Hz), 6.65 (1H, d, J="7.9
Hz), 4.04 (1H, d, /= 2.8 Hz), 3.84 — 3.57 (1H, m), 3.13 (1H, d, /= 2.2 Hz), 2.88 (3H, s), 2.66 — 2.59 (1H,
m), 2.01 — 1.92 (3H, m), 1.88 — 1.81 (1H, m), 1.69 (3H, s), 1.34 (13H, s); BC{H} NMR (150 MHz,
CDCly): 8 151.0, 146.0, 135.4, 129.1, 128.9, 124.6, 122.2, 120.9, 119.9, 119.7, 115.6, 109.4, 83.9, 74.8,
46.9, 43.2, 37.0, 34.6, 25.5, 25.0, 25.0, 20.4, 19.6. IR (film, cm™): 3396, 2977, 2864, 2358, 1604, 1481,

1357, 1266, HRMS (ESI) calcd. for C,7H3sBN3O0; (m/z M+H"): 444.2822, found: 444.2822.

(1S,4R,4aR,9aS)-4a,9-dimethyl-1-(naphthalen-1-ylamino)-2,3,4,4a,9,9a-hexahydro-1 H-carbazole-4-
carbonitrile (14k) — Following General Procedure B, a mixture of bromide 12a (0.0487 g, 0.159 mmol, 1.0

equiv), 1-napthylamine (0.0914, 0.638 mmol, 4 equiv), and AgSbFs (0.1094 g, 0.319 mmol, 2 equiv), in



acetonitrile (0.5 mL, 0.3 M) was heated to 75 °C and afforded 14k (0.0552 g, 94% yield) as a white solid.
R, = 0.43 in 4:1 hexanes/EtOAc. '"H NMR (600 MHz, CDCl;): & 7.85 — 7.78 (2H, m), 7.54 — 7.47 (2H, m),
7.35 (1H, t,J="7.8 Hz), 7.33 — 7.28 (2H, m), 7.22 (1H, td, J=7.7, 1.3 Hz), 6.86 (1H, td, /= 7.4, 1.0 Hz),
6.68 (2H, dd, J=17.7,4.1 Hz), 4.32 (1H, s), 4.24 (1H, s), 3.25 (1H, t, J = 1.6 Hz), 2.92 (3H, s), 2.70 (1H,
dd, J=12.5, 3.5 Hz), 2.20 - 2.07 (2H, m), 2.07 - 1.97 (1H, m), 1.90 (1H, dd, J = 13.5, 3.6 Hz), 1.80 (3H,
s); BC{'"H} NMR (150 MHz, CDCly): § 150.9, 141.5, 135.4, 134.7, 129.1, 128.9, 126.4, 126.2, 125 .4,
124.0, 122.2, 120.9, 119.9, 119.7, 118.5, 109.5, 104.9, 75.0, 46.7, 43.2, 37.2, 34.7, 25.2, 20.7, 19.7. IR
(film, cm™): 2959, 2926, 2853,1579,1481,1409; HRMS (ESI) calcd. for C2sHa6N3 (m/z M+H"): 368.2127,

found: 368.2117.

(1S,4R,4aR, 9aS)- 1-(diethylamino)-4a,9-dimethyl-2,3,4,4a,9, 9a-hexahydro- 1 H-carbazole-4-carbonitrile

(141) — Following General Procedure B, a mixture of bromide 12a (10 mg, 0.030 mmol, 1.0 equiv),
diethylamine (16.9 uL, 0.163 mM, 5 equiv), and AgOTf (0.0168 g, 0.065 mmol, 2 equiv), in acetonitrile
(0.3mL, 0.10 M) was heated to 75 °C and afforded 141 (0.0051 g, 52% yield) as a white solid. R, = 0.29 in
4:1 hexanes/EtOAc. "H NMR (600 MHz, CDCl5): § 7.15 (2H, t,J=7.1 Hz), 6.73 (1H, dd, /= 7.9, 6.9 Hz),
6.51 - 6.48 (1H, m), 3.17 (1H, d, J= 5.7 Hz), 2.91 (3H, s), 2.83 (2H, ddt, J = 8.2, 5.6, 3.2 Hz), 2.69 (2H,
dq, J=14.3, 7.3 Hz), 2.50 (2H, dq, /= 13.8, 7.0 Hz), 2.03 — 1.94 (1H, m), 1.79 — 1.69 (3H, m), 1.58 (3H,
s), 1.02 (6H, t, J= 7.1 Hz); *C{'"H} NMR (150 MHz, CDCl5): § 151.3, 134.6, 128.7, 122.0, 121.5, 118.2,
107.8, 72.7, 57.5, 44.9, 43.3, 35.2, 34.9, 23.0, 22.5, 19.4, 13.0. IR (film, cm™): 2965, 2926, 2871, 2234,

1604, 1488, 1452, 1382, 1255; HRMS (ESI) calcd. for C,oHsN; (m/z M+H"): 298.2283, found: 298.2276.

(1S,4R,4aR, 9aS)- 1-(diisobutylamino)-4a, 9-dimethyl-2,3,4,4a,9, 9a-hexahydro-1 H-carbazole-4-

carbonitrile (14m) — Following General Procedure B, a mixture of bromide 12a (0.0490 g, 0.160 mmol,
1.0 equiv), diisobutylamine (0.112 mL, 0.642 mmol, 4 equiv), and AgSbFe (0.1160 g, 0.329 mmol, 2 equiv),
in acetonitrile (0.3 mL, 0.5 M) was heated to 75 °C and afforded 14m (0.0419 g, 74% yield) as a white

solid. R, = 0.44 in 9:1 hexanes/EtOAc. "H NMR (600 MHz, CDCl3) 8 7.17 —7.12 (2H, m), 6.72 (1H, td, J



=7.4,1.0 Hz), 6.47 — 6.43 (1H, m), 3.19 (1H, d, /= 7.1 Hz), 3.04 (3H, s), 2.90 (1H, dd, /= 9.2, 6.8 Hz),
2.78 (1H, ddd, J=12.4, 7.1, 4.1 Hz), 2.24 (2H, dd, J= 13.0, 4.2 Hz), 2.13 (2H, dd, /= 13.0, 9.5 Hz), 2.07
—2.00 (1H, m), 1.92 — 1.85 (1H, m), 1.85 — 1.80 (1H, m), 1.74 — 1.68 (2H, m), 1.68 — 1.61 (1H, m), 1.54
(3H, ), 0.96 (6H, d, J= 6.5 Hz), 0.87 (6H, d, J= 6.7 Hz); *C{'H} NMR (150 MHz, CDCl3) 4 151.7, 133.6,
128.9, 122.5, 121.7, 118.0, 107.3, 72.9, 61.5, 60.5, 45.8, 35.6, 32.5, 27.1, 24.0, 23.2, 21.6, 21.6, 15.7. IR
(film, cm™): 2955, 2816, 2237, 1670, 1597, 1481, 1364; HRMS (ESI) calcd. for C,;H;5N; (m/z M+H"):

354.2909, found: 354.2899.

(1S,4R,4aR, 9aS)- 1-(diallylamino)-4a, 9-dimethyl-2,3,4,4a, 9, 9a-hexahydro- 1 H-carbazole-4-carbonitrile

(14n) — Following General Procedure B, a mixture of bromide 12a (0.0570 g, 0.186 mmol, 1.0 equiv),
diallylamine (95 pL, 0.746 mmol, 4 equiv), and AgSbFs (0.1240 g, 0.362 mmol, 2 equiv), in acetonitrile
(0.3 mL, 0.5 M) was heated to 75 °C and afforded 14n (0.0354 g, 64% yield) as a white solid. R,= 0.46 in
4:1 hexanes/EtOAc. '"H NMR (600 MHz, CDCls) 6 7.19 - 7.11 (2H, m), 6.75 (1H, td, J= 7.4, 1.0 Hz), 6.51
(1H, d, J= 7.8 Hz), 5.85 (2H, dddd, J=17.2, 10.2, 7.0, 5.8 Hz), 5.21 — 5.10 (4H, m), 3.39 — 3.30 (2H, m),
3.23 (1H,d,J=5.5Hz),3.10 (2H, dd, /= 14.7, 7.0 Hz), 2.96 (1H, dt, J= 7.4, 5.4 Hz), 2.89 (3H, s), 2.84 —
2.78 (1H, m), 2.00 (1H, ddd, J=10.7, 7.5, 6.1 Hz), 1.81 — 1.71 (3H, m), 1.60 (3H, s); BC{'"H} NMR (150
MHz, CDCls) 6 151.3, 135.8, 134.5, 128.7, 122.0, 121.4, 118.4, 117.5, 108.0, 72.4, 56.9, 52.8, 44.9, 35.3,
34.9, 22.7, 22.2, 19.4. IR (film, cm™): 3076, 2966, 2814, 2234, 1604, 1484; HRMS (ESI) calcd. for

CyyHysN5 (m/z M+HY): 322.2283, found: 322.2280.

(1S,4R,4aR, 9aS)- 1-(dibenzylamino)-4a,9-dimethyl-2,3,4,4a,9, 9a-hexahydro- 1 H-carbazole-4-carbonitrile

(140) — Following General Procedure B, a mixture of bromide 12a (0.0494 g, 0.162 mmol, 1.0 equiv),
dibenzylamine (0.124 mL, 0.647 mmol, 4 equiv), and AgSbFs (0.1109 g, 0.323 mmol, 2 equiv), in
acetonitrile (0.3 mL, 0.5 M) was heated to 75 °C and afforded 140 (0.0502 g, 74% yield) as a white solid.
R;=0.29 in 9:1 hexanes/EtOAc. "H NMR (600 MHz, CDCl3) § 7.32 (8H, m), 7.28 — 7.26 (2H, m), 7.15 —

7.08 (2H, m), 6.70 (1H, td, J= 7.4, 1.0 Hz), 6.36 (1H, d, /= 7.9 Hz), 3.87 (2H, d, J=13.7 Hz), 3.53 (2H,



d,J=13.7Hz),3.32 (1H, d, J = 6.5 Hz), 3.03 — 2.97 (1H, m), 2.84 (3H, s), 2.81 (1H, dd, /= 9.4, 5.9 Hz),
2.01 (1H, ddd, J=9.7, 7.5, 4.2 Hz), 1.93 — 1.86 (1H, m), 1.86 — 1.78 (2H, m), 1.56 (3H, s); *C{'H} NMR
(150 MHz, CDCL3) § 151.4, 139.2, 133.6, 129.3, 128.8, 128.5, 127.3, 122.3, 121.5, 118.1, 107.4, 72.9, 58.4,
54.6,45.5,35.1,33.0,23.6,22.8, 17.1. IR (film, cm™): 2959, 2853, 2236, 1604, 1481, 1119; HRMS (ESI)

calcd. for CyoH5,N; (m/z M+HY): 422.2596, found: 422.2588.

(1S,4R,4aR, 9aS)- 1-(isopropyl(phenyl)amino)-4a, 9-dimethyl-2,3,4,4a,9,9a-hexahydro-1 H-carbazole-4-

carbonitrile (14p) — Following General Procedure B, a mixture of bromide 12a (0.0465 g, 0.152 mmol, 1.0
equiv), N-isopropylaniline (88 pL, 0.609 mmol, 4 equiv), and AgSbFe (0.1047 g, 0.305 mmol, 2 equiv), in
acetonitrile (0.5 mL, 0.3 M) was heated to 40 °C and afforded 14p (0.0186 g, 34% yield) as a white solid.
R, =0.51 in 95:5 hexanes/EtOAc. '"H NMR (600 MHz, CDCl;):  7.27 (2H, d, /= 8.0 Hz), 7.21 (1H, dd, J
=7.3,1.3 Hz), 7.16 — 7.08 (4H, m), 6.76 (1H, td, /= 7.4, 1.0 Hz), 6.53 (1H, d, /= 7.9 Hz), 3.92 (1H, q, J
=3.5 Hz), 3.64 — 3.56 (1H, m), 3.04 (1H, d, /J=2.7 Hz), 2.66 (3H, s), 2.63 (1H, dd, /= 11.9, 3.8 Hz), 2.13
—2.02 (2H, m), 1.87 - 1.79 (1H, m), 1.73 (3H, s), 1.71 — 1.66 (1H, m), 1.05 (3H, d, /= 6.7 Hz), 0.94 (3H,
d, J=6.5 Hz); ®*C{'H} NMR (150 MHz, CDCl;): § 151.2, 145.5, 135.9, 129.0, 128.5, 128.3, 124.7, 122.0,
121.4, 119.3, 109.1, 72.4, 52.3, 47.5, 43.7, 37.4, 34.7, 23.8, 22.1, 20.6, 20.1, 17.2. IR (film, cm™): 2959,

2923, 2860, 2233, 1604, 1481; HRMS (ESI) calcd. for C,4,H3,N; (m/z M+H"): 360.2440, found: 360.2431.

(1S,4R,4aR,9aS)-1-(isopropyl(phenyl)amino)-4a, 9-dimethyl-2,3,4,4a,9,9a-hexahydro-1 H-carbazole-4-

carbonitrile (14q) — Following General Procedure B, a mixture of bromide 12a (0.0517 g, 0.169 mmol, 1.0
equiv), N-allylaniline (97 uL, 0.677 mmol, 4 equiv), and AgSbFs (0.1183 g, 0.345 mmol, 2 equiv), in
acetonitrile (0.5 mL, 0.3 M) was heated to 40 °C and afforded 14q (0.0466 g, 77% yield) as a white solid.
R; = 0.15 in 95:5 hexanes/EtOAc. '"H NMR (600 MHz, CDCl;): § 7.24 — 7.19 (2H, m), 7.17 (1H, td, J =
7.7, 1.3 Hz), 7.09 (1H, dd, /= 7.4, 1.2 Hz), 6.80 (3H, dd, /= 12.2, 7.5 Hz), 6.74 (1H, td, J= 7.4, 1.0 Hz),
6.47 (1H, d, J= 7.8 Hz), 5.87 (1H, ddd, J=11.8, 10.4, 5.2 Hz), 5.26 — 5.16 (2H, m), 3.98 — 3.88 (2H, m),

3.81 (1H, ddd, J=11.3,7.1, 4.3 Hz), 3.44 (1H, d, J = 7.1 Hz), 3.09 (1H, dd, /= 7.5, 5.0 Hz), 2.81 (3H, 5),



2.09 —2.00 (1H, m), 2.00 — 1.90 (1H, m), 1.90 — 1.79 (1H, m), 1.76 — 1.65 (1H, m), 1.55 (3H, s); *C{'H}
NMR (150 MHz, CDCLy): & 150.5, 148.4, 135.4, 133.3, 129.2, 129.0, 121.6, 121.2, 119.0, 118.1, 117.3,
116.9, 107.6, 71.9, 58.4, 49.7, 46.3, 34.4, 33.9, 25.2, 23.3, 22.5. IR (film, cm'): 2959, 2920, 2850, 2236,

1597, 1502; HRMS (ESI) calcd. for C,,H,4N5 (m/z M+H"): 358.2283, found: 358.2272.

(1S,4R,4aR, 9aS)-4a,9-dimethyl-1-(piperidin-1-yl)-2,3,4,4a,9,9a-hexahydro- 1 H-carbazole-4-carbonitrile

(14r) — Following General Procedure B, a mixture of bromide 12a (0.0505 g, 0.165 mmol, 1.0 equiv),
piperidine (50 pL, 0.474 mmol, 3 equiv), and AgOTf (0.0812 g, 0.316 mmol, 2 equiv), in acetonitrile (0.3
mL, 0.5 M) was heated to 40 °C and afforded 14r (0.0452 g, 88% yield) as a white solid. R, = 0.47 in 4:1
hexanes/EtOAc. "TH NMR (600 MHz, CDCl3) § 7.21 — 7.12 (2H, m), 6.76 (1H, td, J = 7.4, 1.0 Hz), 6.53
(1H,d,J=7.8 Hz), 3.19 (1H, d, J=4.7 Hz), 2.83 (3H, s), 2.76 (1H, dd, /= 10.4, 4.4 Hz), 2.59 — 2.48 (3H,
m), 2.44 (2H, s), 2.00 — 1.88 (1H, m), 1.88 — 1.78 (1H, m), 1.75 — 1.66 (2H, m), 1.63 (3H, s), 1.61 — 1.50
(4H, m), 1.46 (2H, q, J = 5.9 Hz); *C{'H} NMR (150 MHz, CDCls) § 151.3, 135.2, 128.6, 121.9, 121.5,
118.6, 108.4, 72.3, 60.4, 51.4, 44.4, 35.8, 34.8, 26.7, 25.0, 21.9, 21.9, 20.1. IR (film, cm™): 2930, 2849,

2234, 1604, 1484, 1452; HRMS (ESI) calcd. for C,,H,4N; (m/z M+H"): 310.2283, found: 310.2276.

(1S,4R,4aR,9aS)-4a,9-dimethyl-1-morpholino-2,3,4,4a,9,9a-hexahydro-1 H-carbazole-4-carbonitrile (14s)
— Following General Procedure B, a mixture of bromide 12a (0.0507 g, 0.166 mmol, 1.0 equiv), morpholine
(44 pL, 0.496 mmol, 3 equiv), and AgSbF¢ (0.1146 g, 0.334 mmol, 2 equiv), in acetonitrile (0.3 mL, 0.5
M) was heated to 75 °C and afforded 14s (0.0439 g, 85% yield) as a white solid. R, = 0.17 in 9:1
hexanes/EtOAc. '"H NMR (600 MHz, CDCls) § 7.23 (1H, dd, J= 7.3, 1.3 Hz), 7.18 (1H, td, J = 7.7, 1.3
Hz), 6.80 (1H, td, /= 7.4, 1.0 Hz), 6.58 (1H, d, /= 7.8 Hz), 3.78 — 3.70 (4H, m), 3.17 (1H, d, J= 3.5 Hz),
2.77 (3H,s),2.69 (1H, dd,J=11.4,4.1 Hz), 2.60 (1H, dt,J=5.2, 3.5 Hz), 2.57 (4H, d, /= 4.8 Hz), 1.96 —
1.88 (2H, m), 1.76 (1H, dd, J = 11.1, 3.5 Hz), 1.69 (4H, s); *C{'H} NMR (150 MHz, CDCls) § 151.1,

135.6,128.7, 122.0, 121.2, 119.3, 109.0, 71.7, 67.4, 59.1, 51.2, 44.0, 36.7, 34.9, 21.1, 21.1, 20.5. IR (film,



em'): 2959, 2853, 2806, 2236, 1604, 1481, 1120; HRMS (ESI) caled. for C,oHyN;O (m/z M+H"):

312.2076, found: 312.2072.

(1S,4R,4aR, 9aS)-4a,9-dimethyl-1-thiomorpholino-2,3,4,4a,9,9a-hexahydro- 1 H-carbazole-4-carbonitrile

(14t) — Following General Procedure B, a mixture of bromide 12a (0.3078 g, 1.009 mmol, 1.0 equiv),
thiomorpholine (0.301 mL, 3.025 mmol, 3 equiv), and AgSbFs (0.693 g, 2.017 mmol, 2 equiv), in
acetonitrile (2.0 mL, 0.5 M) was heated to 75 °C and afforded 14t (0.234 g, 71% yield) as a white solid. R,
=0.18 in 95:5 hexanes/EtOAc. '"H NMR (600 MHz, CDCl5): § 7.15 (1H, td, /= 7.6, 1.3 Hz), 7.10 (1H, dd,
J=1.5,12Hz),6.73 (1H, td, J=7.4, 1.0 Hz), 6.49 (1H, d, J= 7.8 Hz), 3.17 (1H, d, /= 6.3 Hz), 2.98 (2H,
ddd, /=119, 7.2, 2.8 Hz), 2.90 (4H, s), 2.78 — 2.71 (3H, m), 2.71 — 2.61 (4H, m), 2.56 — 2.50 (1H, m),
1.97 — 1.89 (1H, m), 1.78 — 1.69 (3H, m), 1.54 (3H, s); BC{'H} NMR (150 MHz, CDCl5): § 150.9, 134.0,
128.8, 121.7, 121.2, 118.3, 107.9, 71.9, 63.1, 52.2, 45.2, 35.1, 34.5, 29.9, 28.6, 24.0, 22.6, 18.8. IR (film,
cm™): 2948, 2810, 2234, 1604, 1485, 1118; HRMS (ESI) calcd. for C,oH,sN;S (m/z M+H"): 328.1847,

found: 328.1837.

(1S,4R,4aR,9aS)-1-((2S,6R)-2, 6-dimethylmorpholino)-4a,9-dimethyl-2,3,4,4a,9, 9a-hexahydro- 1 H-

carbazole-4-carbonitrile (14u) — Following General Procedure B, a mixture of bromide 12a (0.0475 g,
0.155 mmol, 1.0 equiv), cis-2,6-dimethylmorpholine (58 pL, 0.466 mmol, 3 equiv), and AgSbFs (0.1070
g, 0.312 mmol, 2 equiv), in acetonitrile (0.5 mL, 0.3 M) was heated to 75 °C and afforded 14u (0.0360 g,
68% yield) as a white solid. R, = 0.15 in 95:5 hexanes/EtOAc. '"H NMR (600 MHz, CDCl;): & 7.20 (1H,
dd,J=74,13Hz),7.17 (1H, td, J="7.7, 1.3 Hz), 6.79 (1H, td, /= 7.4, 1.0 Hz), 6.57 (1H, d, /= 7.8 Hz),
3.71 —3.61 (2H, m), 3.20 (1H, d, J = 3.8 Hz), 2.87 (1H, dt, J=11.2, 2.2 Hz), 2.82 (1H, dt, /= 10.9, 2.2
Hz), 2.78 (3H, s), 2.71 (1H, dd, J=11.0, 4.1 Hz), 2.55 (1H, dt, J = 5.6, 3.6 Hz), 1.98 — 1.81 (3H, m), 1.80
—1.68 (3H, m), 1.66 (3H, s), 1.21 (3H, d, J = 6.3 Hz), 1.15 (3H, d, J = 6.3 Hz); BC{'H} NMR (150 MHz,

CDClLy): & 151.2, 135.5, 128.7, 121.9, 121.2, 119.1, 108.8, 72.2, 71.8, 71.8, 59.1, 58.5, 55.1, 44.1, 36.5,



34.9,21.4,20.9,20.8, 19.5, 19.4. IR (film, cm™): 2966, 2930, 2857, 2817, 2236, 1673, 1604, 1481, 1451,

1375; HRMS (ESI) caled. for Cy,HsgN;O (m/z M+H"): 340.2389, found: 340.2381.

(1S,4R,4aR, 9aS)- 1-(indolin-1-yl)-4a,9-dimethyl-2,3,4,4a,9,9a-hexahydro- 1 H-carbazole-4-carbonitrile

(14v) — Following General Procedure B, a mixture of bromide 12a (0.0529 g, 0.173 mmol, 1.0 equiv),
indoline (81 pL, 0.746 mmol, 4 equiv), and AgSbFs (0.1188 g, 0.347 mmol, 2 equiv), in acetonitrile (0.5
mL, 0.3 M) was heated to 75 °C and afforded 14v (0.0419 g, 71% yield) as a white solid. R, = 0.42 in 85:15
hexanes/EtOAc. '"H NMR (600 MHz, CDCl5): 8 7.18 (1H, td, J= 7.7, 1.3 Hz), 7.08 (2H, ddd, /= 7.5, 5.0,
1.3 Hz), 7.05-6.99 (1H, m), 6.75 (1H, td, J= 7.4, 1.0 Hz), 6.63 (1H, td, /= 7.3, 0.9 Hz), 6.49 (1H, d, J =
7.8 Hz), 6.34 (1H, d, J = 7.9 Hz), 3.65 (1H, td, J = 8.4, 5.0 Hz), 3.55 — 3.46 (2H, m), 3.42 (1H, ddd, J =
10.6, 9.6, 8.3 Hz), 3.14 (1H, dd, J=7.1, 4.8 Hz), 3.04 —2.97 (2H, m), 2.91 (3H, s), 2.05 (1H, dtd, /= 9.4,
7.0, 4.6 Hz), 1.98 — 1.84 (2H, m), 1.69 — 1.59 (1H, m), 1.55 (4H, d, J = 2.2 Hz); BC{H} NMR (150 MHz,
CDCl,): 6 150.5, 133.1, 130.2, 129.0, 127.4, 124.7, 121.5, 121.2, 118.1, 117.6, 107.7, 106.6, 71.6, 55.3,
47.7,46.0,33.9, 33.8, 28.5, 25.4, 23.6, 19.5. IR (film, cm™"): 2933, 2861, 2234, 1604, 1485, 1255; HRMS

(ESI) calcd. for CpsHy¢N; (m/z M+H): 344.2127, found: 344.2116.

(1S,4R,4aR, 9aS)-4a,9-dimethyl-1-(4-phenylpiperazin-1-yl)-2,3,4,4a,9,9a-hexahydro- 1 H-carbazole-4-

carbonitrile (14w) — Following General Procedure B, a mixture of bromide 12a (0.0490 g, 0.160 mmol, 1.0
equiv), N-phenylpiperazine (74 uL, 0.481 mmol, 3 equiv), and AgSbFs (0.1103 g, 0.321 mmol, 2 equiv),
in acetonitrile (0.5 mL, 0.3 M) was heated to 40 °C and afforded 14w (0.0448 g, 75% yield) as a white
solid. Ry = 0.23 in 95:5 hexanes/EtOAc. "H NMR (600 MHz, CDCl;): § 7.28 (2H, dd, /= 8.7, 7.2 Hz), 7.23
(1H, dd,J=7.3, 1.3 Hz), 7.19 (1H, td, /= 7.7, 1.3 Hz), 6.97 - 6.92 (2H, m), 6.88 (1H, tt, /= 7.3, 1.1 Hz),
6.81 (1H, td, J=7.4, 1.0 Hz), 6.59 (1H, d, /= 7.8 Hz), 3.22 (5H, dtd, /=179, 11.2, 3.5 Hz), 2.81 (3H, s),
2.74 (5H, dddd, J=13.2,9.8, 6.7, 4.5 Hz), 2.67 (1H, dt, J=5.7, 3.7 Hz), 2.03 — 1.91 (2H, m), 1.80 (1H, td,
J=10.7, 5.4 Hz), 1.77 — 1.70 (1H, m), 1.69 (3H, s); *C{'H} NMR (150 MHz, CDCl;): § 151.3, 151.2,

135.5,129.3, 128.7, 122.0, 121.2, 120.0, 119.1, 116.1, 108.8, 72.1, 59.0, 50.4, 49.6, 44.1, 36.5, 34.9, 21 .4,



21.0. IR (film, cm™): 2963, 2820, 2236, 1602, 1481, 1236; HRMS (ESI) calcd. for CpsHyoN, (m/z M+HY):

387.2549, found: 387.2537.

(1S,4R,4aR,9aS)-4a-(2-(1,3-dioxoisoindolin-2-yl)ethyl)-9-methyl- 1-morpholino-2,3,4,4a,9,9a-hexahydro-

1H-carbazole-4-carbonitrile (14x) — Following General Procedure B, a mixture of bromide 12b (0.0537 g,
0.115 mmol, 1.0 equiv), morpholine (40 pL, 0.462 mmol, 4 equiv), and AgSbFs (0.0792 g, 0.230 mmol, 2
equiv), in acetonitrile (0.3 mL, 0.3 M) was heated to 75 °C and afforded 14x (0.0382 g, 96% yield) as a
white solid. R, = 0.11 in 4:1 hexanes/EtOAc. '"H NMR (600 MHz, CDCl;): 3 7.29 (1H, dd, J= 7.4, 1.2 Hz),
7.19 (1H, td, J= 7.7, 1.3 Hz), 6.84 (1H, td, /= 7.4, 0.9 Hz), 6.61 (1H, d, /= 7.8 Hz), 4.36 (1H, d, J=3.0
Hz),2.97 (1H, d, J=2.5Hz),2.73 (3H, s), 2.55 (1H, dd, /= 12.8, 3.4 Hz), 2.19 - 2.09 (1H, m), 1.90 — 1.81
(2H, m), 1.75 (1H, dt, J = 13.3, 3.6 Hz), 1.71 (3H, s); *C{!H} NMR (150 MHz, CDCl;): § 151.0, 135.9,
128.7,122.3,121.1, 119.8, 109.3, 76.8, 64.8, 43.2, 37.2, 35.0, 28.3, 19.6, 19.2. IR (film, cm™): 3419, 2086,
1699, 1641, 1371, 1240, 1093; HRMS (ESI) calcd. for CisHioN2O (m/z M+H"): 243.1497, found:

243.1492.

(1S,4R 4aR, 9aS)-4a-isopropyl-9-methyl-1-morpholino-2,3,4,4a,9,9a-hexahydro- 1 H-carbazole-4-

carbonitrile (14y) — Following General Procedure B, a mixture of bromide 12¢ (0.0423 g, 0.115 mmol, 1.0
equiv), morpholine (40 uL, 0.435 mmol, 4 equiv), and AgSbFs (0.0745 g, 0.217 mmol, 2 equiv), in
acetonitrile (0.3 mL, 0.4 M) was heated to 75 °C and afforded 14y (0.0304 g, 71% yield) as a white solid.
R;=0.21 in 4:1 hexanes/EtOAc. '"H NMR (600 MHz, CDCl;):  7.07 (1H, dd, J = 8.3, 2.1 Hz), 6.75 (1H,
d,J=2.1 Hz), 6.20 (1H, d, J = 8.3 Hz), 3.79 — 3.64 (4H, m), 3.34 — 3.25 (2H, m), 2.96 (3H, s), 2.73 (2H,
ddd, J=11.8, 6.2, 3.2 Hz), 2.50 — 2.43 (2H, m), 2.29 (1H, dt, /= 9.1, 7.4 Hz), 2.19 (1H, p, J = 6.7 Hz),
2.00 (1H, dq, J = 13.7, 4.1 Hz), 1.69 — 1.62 (2H, m), 1.54 — 1.44 (1H, m), 0.90 (3H, d, J = 6.7 Hz), 0.76
(3H, d, J = 6.8 Hz).*C{'H} NMR (150 MHz, CDCl,): § 149.7, 128.9, 128.6, 123.3, 121.2, 120.4, 106.2,

68.9, 67.6,66.7,52.6,49.5,37.7,33.2,33.0, 24.1, 18.1, 17.0, 16.9. IR (film, cm™): 2959, 2937, 2882, 2853,



2813, 2234, 1714, 1601, 1495, 1386; HRMS (ESI) calcd. for C2;H29CIN3O (m/z M+H"): 374.1999, found:

374.1990.

(1S,4R,4aR,9aS)-4a-(2-(benzyloxy)ethyl)-9-methyl- 1-morpholino-2,3,4,4a,9,9a-hexahydro- 1 H-carbazole-
4-carbonitrile (14z) Following General Procedure B, a mixture of bromide 12d (0.0402 g, 0.095 mmol, 1.0
equiv), morpholine (36 uL, 0.409 mmol, 4 equiv), and AgSbFs (0.0728 g, 0.212 mmol, 2 equiv), in
acetonitrile (0.3 mL, 0.4 M) was heated to 75 °C and afforded 14z (0.0284 g, 70% yield) as a white solid.
R;=0.15 in 4:1 hexanes/EtOAc. "H NMR (600 MHz, CDCL): & 7.36 — 7.30 (2H, m), 7.30 — 7.26 (3H, m),
7.16 (1H,td, J="7.7, 1.3 Hz), 7.03 (1H, dd, J="7.3, 1.2 Hz), 6.72 (1H, td, /= 7.4, 1.0 Hz), 6.51 (1H, d, J =
7.8 Hz), 4.40 (2H, d, J = 1.9 Hz), 3.68 — 3.57 (4H, m), 3.43 (2H, t, J = 6.5 Hz), 3.33 (1H, d, J = 5.6 Hz),
3.07 (1H, dd, J= 8.9, 4.3 Hz), 2.87 (3H, s), 2.64 — 2.54 (2H, m), 2.52 — 2.42 (5H, m), 1.96 — 1.88 (1H, m),
1.81 (1H, dtd, J = 17.4, 8.5, 3.6 Hz), 1.75 — 1.63 (2H, m); *C{'H} NMR (150 MHz, CDCl,): § 151.2,
138.4,131.0,128.8, 128.5,127.8, 127.7,122.9, 121.3, 118.2, 108.3, 73.3, 68.9, 67.5, 67.4, 61.6, 50.4, 48.1,
35.5,34.9,32.7,22.3, 19.2. IR (film, cm™): 2951, 2922, 2853, 2809, 2234, 1673, 1601, 1477, 1455, 1401,

1364, 1273, 1117, HRMS (ESI) calcd. for C57H34N30; (m/z M+H"): 432.2651, found: 432.2643.

(1S,4R,4aR,9aS)- 1-azido-4a,9-dimethyl-2,3,4,4a,9,9a-hexahydro- 1 H-carbazole-4-carbonitrile (14aa) —
Following General Procedure B, a mixture of bromide 12a (0.0503 g, 0.165 mmol, 1.0 equiv), sodium azide
(0.0439 g, 0.675 mmol, 4 equiv), and AgSbFs (0.1157 g, 0.337 mmol, 2 equiv), in acetonitrile (0.3 mL,

0.50 M) was heated to 40 °C and afforded 14aa (0.0325 g, 74% yield) as a white solid. R, = 0.29 in 3:1

hexanes/EtOAc. NMR spectra matches previously reported characterization data.?

(1S,4R,4aR,9aS)-11-benzyl-4a,9-dimethyl-2,3,4,4a,9,9a-hexahydro-1H-1,4-(epiminomethano)carbazol-

10-imine (17a) — Following General Procedure B, a mixture of bromide 12a (0.0620 g, 0.203 mmol, 1.0
equiv), benzylamine (88 uL, 0.806 mmol, 4 equiv), and AgSbFs (0.1410 g, 0.412 mmol, 2 equiv), in
acetonitrile (0.5 mL, 0.3 M) was heated to 75 °C and afforded 17a (0.0367 g, 55% yield) as a white solid.

R;=0.16 in EtOAc. Note, that two amidine protons appear in the 1H NMR spectrum at 8.93 and 8.58 ppm



due to protonation. One of them disappears upon washing with aqueous 1M NaOH solution. '"H NMR (600
MHz, CDCl,): 6 8.93 (1H, s), 8.58 (1H, s), 7.45 — 7.34 (6H, m), 7.10 (1H, td, J= 7.7, 1.2 Hz), 7.02 (1H,
dd, J=7.3,1.2 Hz), 6.70 — 6.64 (1H, m), 6.32 (1H, d, /= 7.8 Hz), 4.90 (1H, d, J = 15.0 Hz), 4.69 (1H, d,
J=15.0Hz),3.77 (1H, d, J=4.2 Hz), 3.44 (1H, t, J= 2.8 Hz), 3.05 (1H, s), 2.68 (3H, s), 1.75 — 1.64 (1H,
m), 1.64 — 1.43 (3H, m), 1.32 (3H, s); *C{'"H} NMR (150 MHz, CDCl,): 4 169.7, 151.0, 133.0, 130.5,
129.5, 129.4,129.3, 129.0, 124.0, 118.3, 106.0, 73.4, 56.4, 52.4,47.8,44.2,33.2,29.1, 20.8, 19.5. IR (film,
cm): 3405, 3036, 2959, 1671, 1619, 1604, 1491, 1451; HRMS (ESI) calcd. for C2HaeN;3 (m/z M+H™):

332.2127, found: 332.2121.

(1S,4R,4aR, 9aS)-11-(2-(1H-indol-3-yl)ethyl)-4a, 9-dimethyl-2,3,4,4a,9,9a-hexahydro- 1 H-1,4-

(epiminomethano)carbazol-10-imine (17b) — Following General Procedure B, a mixture of bromide 12a
(0.0561 g, 0.183 mmol, 1.0 equiv), tryptamine (0.1178 g, 0.735 mmol, 4 equiv), and AgSbFs (0.1260 g,
0.367 mmol, 2 equiv), in acetonitrile (0.5 mL, 0.3 M) was heated to 75 °C and afforded 17b (0.0609 g, 86%
yield) as a white solid. R, = 0.16 in EtOAc. Note, that two amidine protons appear in the 1H NMR spectrum
at 8.58 and 8.33 ppm due to protonation. One of them disappears upon washing with aqueous 1M NaOH
solution. "H NMR (600 MHz, CDCl;): 8 8.58 (1H, s), 8.33 (1H, s), 8.19 (1H, s), 7.62 — 7.57 (1H, m), 7.39
(1H, dt, J=8.1, 1.0 Hz), 7.23 — 7.18 (2H, m), 7.15 (1H, ddd, /= 8.1, 7.1, 1.1 Hz), 7.05 (1H, ddd, /= 7.8,
6.3, 1.3 Hz), 6.92 (1H, dd, J = 7.4, 1.3 Hz), 6.62 (1H, td, /= 7.4, 0.9 Hz), 6.23 (1H, d, J = 7.9 Hz), 4.20
(1H, dt, J = 14.6, 6.0 Hz), 3.91 (1H, dt, J = 14.6, 6.9 Hz), 3.47 (1H, d, J = 4.2 Hz), 3.31 — 3.19 (3H, m),
2.51 (1H, dd, J=4.1, 1.3 Hz), 2.33 (3H, s), 1.44 (1H, t, /= 12.4 Hz), 1.37 — 1.22 (3H, m), 1.10 (3H, s);
BC{'H} NMR (150 MHz, CDCl,): § 169.3, 151.1, 136.5, 130.8, 129.1, 127.0, 124.0, 123.7, 122.3, 119.7,
118.2,117.7, 112.0, 110.8, 105.7, 72.8, 58.0, 49.4, 47.1, 44.3, 32.8, 29.8, 28.9, 23.4, 20.6, 19.5. IR (film,
cm): 3419, 3019, 2399, 1644, 1520, 1215; HRMS (ESI) calcd. for CosHxoNy (m/z M+H"): 385.2381,

found: 385.2392.



(1S,4R,4aR,9aS)-11-(furan-2-ylmethyl)-4a,9-dimethyl-2,3,4,4a,9,9a-hexahydro-1H-1,4-

(epiminomethano)carbazol-10-imine (17¢) — Following General Procedure B, a mixture of bromide 12a
(0.0581 g, 0.190 mmol, 1.0 equiv), furfurylamine (67 pL, 0.758 mmol, 4 equiv), and AgSbFs (0.1305 g,
0.380 mmol, 2 equiv), in acetonitrile (0.5 mL, 0.3 M) was heated to 75 °C and afforded 17¢ (0.0511 g, 84%
yield) as a white solid. R,=0.18 in EtOAc. Note, that two amidate protons appear in the 1H NMR spectrum
at 9.95 and 9.55 ppm due to protonation. One of them disappears upon washing with aqueous 1M NaOH
solution. "H NMR (600 MHz, CDCl;): § 9.95 (1H, s), 9.55 (1H, s), 7.39 (1H, dd, J= 1.9, 0.8 Hz), 7.10
(1H,td, J=7.7, 1.2 Hz), 7.02 (1H, dd, /= 7.4, 1.2 Hz), 6.81 (1H, d, /= 3.3 Hz), 6.64 (1H, td, /= 7.4, 0.9
Hz), 6.42 — 6.29 (2H, m), 5.23 (1H, d, J = 16.0 Hz), 4.84 (1H, d, J = 16.0 Hz), 3.94 (1H, d, J = 3.6 Hz),
3.51(1H,d,/J=3.0Hz),3.23 -3.16 (1H, m), 2.79 (3H, s), 1.73 (1H, s), 1.47 (3H, t,J=12.0 Hz), 1.27 (3H,
s); BC{'"H} NMR (150 MHz, CDCl;): § 169.0, 151.2, 147.3, 143.3, 130.8, 129.1, 124.0, 117.9, 111.6,
111.2, 105.8, 73.3, 57.3, 47.6, 45.6, 43.8, 33.2, 29.2, 20.5, 19.4. IR (film, cm™): 3373, 1685, 1626, 1278,

1164, 1034; HRMS (ESI) calcd. for C20H23N30 (m/z M+H"): 322.1919, found: 322.1915.

(1S,4R,4aR,9aS)-11-allyl-4a, 9-dimethyl-2,3,4,4a,9,9a-hexahydro- 1 H- 1,4-(epiminomethano)carbazol- 1 0-

imine (17d) — Following General Procedure B, a mixture of bromide 12a (0.0620 g, 0.203 mmol, 1.0 equiv),
allylamine (39 puL, 0.515 mmol, 4 equiv), and AgOTf (0.0884 g, 0.344 mmol, 2 equiv), in acetonitrile (0.5
mL, 0.3 M) was heated to 75 °C and afforded 17d (0.0367 g, 76% yield) as a white solid. R, = 0.15 in
EtOAc. Note, that two amidate protons appear in the 1H NMR spectrum at 8.82 and 8.26 ppm due to
protonation. One of them disappears upon washing with aqueous 1M NaOH solution. '"H NMR (600 MHz,
CDCl,): 6 8.82 (1H, s), 8.26 (1H, s), 7.13 (1H, td, /= 7.7, 1.3 Hz), 7.04 (1H, dd, J= 7.4, 1.3 Hz), 6.69 (1H,
td, J=7.4,1.0 Hz), 6.37 (1H, d, J= 7.9 Hz), 5.84 (1H, ddt, /= 16.7, 10.1, 6.4 Hz), 5.48 (1H, dq, J = 17.0,
1.3 Hz), 5.41 (1H, dq, J=10.1, 1.1 Hz), 4.30 (1H, ddt, /= 15.7, 6.4, 1.3 Hz), 4.21 (1H, ddt, J = 15.7, 6.6,
1.3 Hz), 3.84 (1H, td, J = 3.8, 1.7 Hz), 3.47 — 3.37 (2H, m), 2.84 (3H, s), 1.86 — 1.79 (1H, m), 1.58 (1H,
ddd, J=12.3, 7.4, 2.7 Hz), 1.53 — 1.44 (2H, m), 1.36 (3H, s); *C{'H} NMR (150 MHz, CDCl;): § 169.7,

151.1, 130.4, 129.3, 128.8, 124.0, 121.7, 118.3, 106.0, 73.5, 57.2, 51.6, 47.7, 43.8, 33.3, 29.1, 20.6, 19.7.



IR (film, cm™): 3323, 3188, 1685, 1496, 1383, 1030; HRMS (ESI) calcd. for CisHxuN; (m/z M+H"):

282.1970, found: 282.1967.

(1S,4R,4aR, 9aS)-4a,9-dimethyl-11-(prop-2-yn-1-yl)-2,3,4,4a,9, 9a-hexahydro-1H-1,4-

(epiminomethano)carbazol-10-imine (17e) — Following General Procedure B, a mixture of bromide 12a
(0.0561 g, 0.183 mmol, 1.0 equiv), propargyl amine (47 uL, 0.733 mmol, 4 equiv), and AgSbFe (0.1260 g,
0.367 mmol, 2 equiv), in acetonitrile (0.5 mL, 0.3 M) was heated to 75 °C and afforded 17e (0.0474 g, 92%
yield) as a white solid. R, = 0.16 in EtOAc. '"H NMR (600 MHz, CDCL;):  7.11 (1H, td, J=7.7, 1.3 Hz),
7.05 (1H, dd, J = 7.3, 1.2 Hz), 6.64 (1H, td, /= 7.4, 0.9 Hz), 6.35 (1H, d, J= 7.9 Hz), 4.70 (1H, dd, J =
18.3,2.5 Hz), 4.51 (1H, dd, J=18.3, 2.5 Hz), 4.09 (1H, td, /= 3.9, 1.7 Hz), 3.53 (1H, dd, /= 4.2, 1.4 Hz),
3.36 (1H,t,J=2.9 Hz), 2.85 (3H, s), 2.47 (1H, t, J= 2.5 Hz), 1.78 (1H, ddd, J = 14.3, 10.8, 7.5 Hz), 1.69
—1.57 (1H, m), 1.53 (2H, ddd, J = 9.7, 5.9, 2.9 Hz), 1.36 (3H, s); *C{'H} NMR (150 MHz, CDCl;): &
169.6, 151.2, 130.6, 129.2, 124.0, 118.0, 105.9, 75.5, 75.1, 73.3, 57.6, 47.8, 44.6, 38.6, 33.2, 29.1, 20.7,
19.5. IR (film, cm™): 3449, 2959, 2852, 1685, 1627, 1265, 1167, 1032; HRMS (ESI) calcd. for CisH»N;

(m/z M+H"): 280.1814, found: 280.1815.

(1S,4R,4aR, 9aS)-4a,9-dimethyl-2,3,4,4a,9,9a-hexahydro- 1 H- 1,4-(epiminomethano)carbazol- 1 0-imine

(17f) — Following General Procedure B, a mixture of bromide 12a (0.0499 g, 0.163 mmol, 1.0 equiv),
hexamethyldisilazane (0.136 mL, 0.654 mmol, 4 equiv), and AgSbFs (0.1120 g, 0.326 mmol, 2 equiv), in
acetonitrile (0.5 mL, 0.3 M) was heated to 75 °C and afforded 17f (0.0301 g, 76% yield) as a white solid.
R;=0.10 in EtOAc. Note, that two amidate protons appear in the IH NMR spectrum at 9.34 and 8.29 ppm
due to protonation. One of them disappears upon washing with aqueous 1M NaOH solution. '"H NMR (600
MHz, CDCl;): 6 9.34 (1H, s), 8.29 (1H, s), 7.86 (1H, s), 7.15 (1H, t, J=7.8 Hz), 6.96 (1H, d, /= 7.3 Hz),
6.69 (1H, t,J=7.4 Hz), 6.39 (1H, d, /= 7.9 Hz), 4.02 (1H, d, /= 4.8 Hz), 3.51 —3.39 (1H, m), 3.02 (1H,
q,J=2.5Hz), 2.85 (3H, s), 1.88 — 1.76 (1H, m), 1.66 — 1.59 (2H, m), 1.56 — 1.42 (2H, m), 1.36 (3H, s);

BC{'H} NMR (150 MHz, CDCl;): 8 172.6, 151.3, 129.9, 129.6, 123.5, 117.9, 106.1, 73.6,49.7, 47.5, 43 3,



33.0, 29.2, 20.5, 19.7. IR (film, cm™): 3325, 3188, 3017, 2954, 2867, 1685, 1494, 1363, 1035; HRMS

(ESI) calcd. for C;sH N3 (m/z M+H"): 242.1657, found: 242.1656.

N-((1S,4R,4aR,9aS)-4-cyano-4a,9-dimethyl-2,3,4,4a,9,9a-hexahydro-1 H-carbazol-1-yl)acetamide (18a) —
Following General Procedure B, a mixture of bromide 12a (10 mg, 0.03 mmol, 1.0 equiv), AgSbFs (22.5
mg, 0.065 mmol, 2 equiv), in acetonitrile (0.3 mL, 0.10 M) was heated to 75 °C and afforded 18a (8.5 mg,
92% yield) as a white solid. R;0.30 in 1:1 hexanes/EtOAc. "H NMR (600 MHz, CDCl,): 8, ppm 7.25 (1H,
d,J=1.2Hz),7.19 (1H, dd, J=7.7, 1.3 Hz), 6.84 (1H, td, /= 7.4, 0.9 Hz), 6.62 (1H, d, /= 7.9 Hz), 5.58
(1H, d,J=7.5 Hz), 4.55 - 4.45 (1H, m), 3.04 — 2.96 (1H, m), 2.81 (3H, s), 2.60 (1H, dd, J=12.3, 3.5 Hz),
2.04 (3H, s), 1.95 — 1.86 (2H, m), 1.85 — 1.77 (2H, m), 1.64 (3H, s); “C{'H} NMR (150 MHz, CDCl;): 3,
ppm 169.5, 150.9, 134.8, 129.1, 122.0, 120.7, 119.7, 109.5, 75.1, 43.6, 43.0, 36.8, 34.7, 25.2, 23.7, 20.8,
19.8. IR (film, cm™): 3419, 2940, 2252, 1652, 1546, 1477, 1372, 1255, 1233; HRMS (ESI) calcd. for

C17H22N30 (m/z M+H"): 284.1756, found: 284.1763.

N-((1S,4R,4aR,9aS)-4-cyano-4a,9-dimethyl-2,3,4,4a,9,9a-hexahydro-1 H-carbazol- 1-yl)benzamide (18b) —
Following General Procedure B, a mixture of bromide 12a (0.0502 g, 0.164 mmol, 1.0 equiv), AgSbFs
(0.0214 g, 0.062 mmol, 2 equiv), in benzonitrile (0.30 mL, 0.50 M) was heated to 75 °C and afforded 18b
(0.0173 g, 33% yield) as a yellow solid. R;0.30 in 1:1 hexanes/EtOAc. "H NMR (600 MHz, CDCl,): 3,
ppm 7.77 (2H, dd, J=17.5, 1.4 Hz), 7.55 (1H, t, J=7.4 Hz), 7.48 (2H, dt, J= 8.3, 7.0 Hz), 7.28 (1H, dd, J
=74,12Hz), 721 (1H,td, J=7.7, 1.3 Hz), 6.85 (1H, td, J= 7.4, 0.9 Hz), 6.65 (1H, d, /= 7.9 Hz), 6.27
(1H,d,J=7.1 Hz), 4.75 - 4.67 (1H, m), 3.15 (1H, d, J= 2.3 Hz), 2.88 (3H, s), 2.67 (1H, dd, J=12.0, 3.4
Hz), 2.04 — 1.98 (1H, m), 1.98 — 1.86 (3H, m), 1.71 (3H, s); BC{'H} NMR (150 MHz, CDCl,): 8, ppm
167.0, 151.0, 134.8, 134.3, 132.1, 129.1, 129.0, 126.9, 122.1, 120.7, 119.8, 109.6, 75.1, 44.0, 43.1, 36.8,
34.7,25.2,20.9, 19.9. IR (film, cm™): 3420, 2944, 2250, 1634, 1579, 1477, 1261; HRMS (ESI) calcd. for

C22H24N30 (m/z M+H"): 346.1919, found: 346.1919.



N-((1S,4R,4aR,9aS)-4-cyano-4a-(2-hydroxyethyl)-9-methyl-2,3,4,4a,9,9a-hexahydro- 1 H-carbazol-1-

yl)acetamide (18¢) — A mixture of bromide 12d (0.0200 g, 0.047 mmol, 1.0 equiv) in ethanol (0.5 mL, 0.10
M) and 10% palladium on carbon (0.0005 g) was stirred under a balloon of H, gas at atmospheric pressure
until the reaction was judged complete by thin layer chromatographic analysis (hexanes/EtOAc). The crude
mixture was then filtered over Celite, concentrated, and used without further purification. Following
General Procedure B, a mixture of the debenzylated intermediate (0.0245 g, 0.071 mmol, 1.0 equiv),
AgSbFs (0.0500 g, 0.146 mmol, 2 equiv), in acetonitrile (0.20 mL, 0.30 M) was heated to 75 °C and afforded
18¢ (0.0164 g, 72% yield) as a white solid. R,=0.21 in 4:1 EtOAc/hexanes. '"H NMR (600 MHz, CDCL):
o, ppm 7.40 (1H, s), 7.24 — 7.18 (1H, m), 7.12 (1H, d, J = 7.4 Hz), 6.84 (1H, t, J= 7.4 Hz), 6.65 (1H, d, J
=7.9 Hz), 5.12 (1H, s), 4.31 (1H, s), 4.05 — 3.95 (1H, m), 3.78 (1H, t, /= 10.0 Hz), 3.34 (2H, d, /= 9.8
Hz), 2.76 (3H, s), 2.71 — 2.62 (2H, m), 2.35 — 2.20 (2H, m), 1.98 (3H, s), 1.89 (2H, qd, J = 13.3, 3.1 Hz),
1.80 — 1.68 (2H, m); *C{'H} NMR (150 MHz, CDCl5): 3, ppm 170.8, 151.6, 132.2, 129.2, 122.1, 120.7,
119.8, 109.8, 70.8, 58.8, 46.4, 44.7, 37.5, 34.7, 31.0, 24.3, 23.5, 20.4. IR (film, cm™): 3280, 2963, 2930,
2864, 2813, 2236, 1652, 1601, 1550, 1481, 1455, 1371; HRMS (ESI) calcd. for CisH24N30, (m/z M+H"):

314.1869, found: 314.1862.

(1S,4R,4aR, 9aS)-4-cyano-4a,9-dimethyl-2,3,4,4a,9,9a-hexahydro- 1 H-carbazol-1-yl  benzoate (18d) -
Following General Procedure B, a mixture of bromide 12a (0.0351 g, 0.115 mmol, 1.0 equiv), silver
benzoate (0.1053 g, 0.459 mmol, 4 equiv) in acetonitrile (0.5 mL, 0.3 M) was heated to 75 °C and afforded
18d (0.0350 g, 88% yield) as a white solid. R,= 0.25 in 9:1 hexanes/EtOAc. "H NMR (600 MHz, CDCl;):
0 8.11 —8.03 (2H, m), 7.65 — 7.58 (1H, m), 7.54 — 7.47 (2H, m), 7.33 (1H, dd, /= 7.4, 1.2 Hz), 7.22 (1H,
td,J=7.7,1.3 Hz), 6.87 (1H, td, J= 7.4, 1.0 Hz), 6.66 (1H, d, /= 7.9 Hz), 5.66 (1H, d, /= 2.8 Hz), 3.14 —
3.08 (1H, m), 2.84 (3H, s), 2.64 (1H, dd, J=12.9, 3.4 Hz), 2.19 — 2.05 (2H, m), 2.02 — 1.84 (2H, m), 1.75
(3H, s); *C{'H} NMR (150 MHz, CDCl;): § 165.7, 151.0, 135.4, 133.6, 130.0, 129.7, 129.0, 128.8, 122.4,

120.8, 120.1, 109.7, 74.3, 67.4,43.2, 37.2, 35.1, 25.6, 20.5, 19.0.IR (film, cm™): 3057, 2969, 2813, 2358,



2237, 1717, 1604, 1481, 1273, 1109; HRMS (ESI) calcd. for C2:H23N>O, (m/z M+H"): 347.1760, found:

347.1748.

(1S,4R,4aR, 9aS)-4-cyano-4a,9-dimethyl-2,3,4,4a,9,9a-hexahydro- 1 H-carbazol-1-yl  acetate (18¢) —
Following General Procedure B, a mixture of bromide 12a (0.0399 g, 0.130 mmol, 1.0 equiv), potassium
acetate (0.0513, 0.522 mmol, 4 equiv), and AgOTT (0.0896 g, 0.261 mmol, 2 equiv), in acetonitrile (0.5
mL, 0.3 M) was heated to 75 °C and afforded 18e (0.0271 g, 73% yield) as a white solid. R,= 0.25 in 9:1
hexanes/EtOAc. "TH NMR (600 MHz, CDCls): 6 7.29 (1H, dd, J = 7.3, 1.2 Hz), 7.20 (1H, td, J = 7.7, 1.2
Hz), 6.86 (1H, td, J=7.5, 1.0 Hz), 6.63 (1H, d, /= 7.9 Hz), 5.39 (1H, q, /= 2.9 Hz), 2.97 - 2.90 (1H, m),
2.77(3H,d,J=0.9 Hz), 2.56 (1H, dd, /= 12.9, 3.3 Hz), 2.12 (3H, d, /= 0.9 Hz), 2.07 — 1.90 (2H, m), 1.90
—1.77 (2H, m), 1.65 (3H, s); *C{'H} NMR (150 MHz, CDCl5): 6 170.1, 150.9, 135.5, 128.9, 122.3, 120.8,
120.0, 110.1, 109.6, 74.1, 66.8, 43.2, 37.0, 35.0, 25.4, 21.4, 20.3, 18.7. IR (film, cm™): 2966, 2809, 2360,

2339, 1736, 1481, 1240, HRMS (ESI) calcd. for Ci7H21N20; (m/z M+H"): 285.1603, found: 285.1602.

(1S,4R,4aR, 9aS)- 1-methoxy-4a,9-dimethyl-2,3,4,4a,9, 9a-hexahydro- 1 H-carbazole-4-carbonitrile (18f) —
Following General Procedure B, a mixture of bromide 12a (0.0300 g, 0.098 mmol, 1.0 equiv) and AgSbFs
(0.0510 g, 0.198 mmol, 2 equiv) in methanol (0.98 mL, 0.1 M) was heated to 75 °C and afforded 18f (0.0242
g, 96% yield) as a white solid. R,= 0.46 in 4:1 hexanes/EtOAc. '"H NMR (600 MHz, CDCl;): 4 7.28 (1H,
dd,J=74,13Hz),7.19 (1H, td, J="7.7, 1.3 Hz), 6.84 (1H, td, /= 7.4, 1.0 Hz), 6.61 (1H, d, /= 7.9 Hz),
3.72 (1H, q, J = 2.8 Hz), 3.39 (3H, s), 3.03 (1H, dd, /= 2.7, 1.3 Hz), 2.72 (3H, s), 2.53 (1H, dd, /= 12.8,
3.4 Hz),2.07 - 1.94 (2H, m), 1.72 — 1.65 (2H, m), 1.64 (3H, s); *C{"H} NMR (150 MHz, CDCl;): § 151.2,
136.1, 128.7, 122.3, 121.2, 119.8, 109.3, 74.3, 73.8, 57.0, 43.3, 37.3, 34.9, 24.2, 19.9, 18.7. IR (film, cm"
1): 2940, 2879, 2813, 2239, 1604, 1481, 1455, 1385, 1261, 1099. HRMS (ESI) calcd. for C16H21N>O (m/z

M+H"): 257.1654, found: 257.1649.

(1S,4R,4aR, 9aS)- 1-hydroxy-4a,9-dimethyl-2,3,4,4a,9, 9a-hexahydro- 1 H-carbazole-4-carbonitrile (18g) —

Following General Procedure B, a mixture of bromide 12a (0.0506 g, 0.165 mmol, 1.0 equiv), de-ionized



water (12 pL, 0.667 mmol, 4 equiv), and AgSbFs (0.1137 g, 0.331 mmol, 2 equiv), in acetonitrile (0.3 mL,
0.30 M) was heated to 75 °C and afforded 18g (0.0382 g, 95% yield) as a white solid. R, = 0.11 in 4:1
hexanes/EtOAc. '"H NMR (600 MHz, CDCl,): 6 7.29 (1H, dd, J= 7.4, 1.2 Hz), 7.19 (1H, td, J= 7.7, 1.3
Hz), 6.84 (1H, td, J= 7.4, 0.9 Hz), 6.61 (1H, d, J= 7.8 Hz), 4.36 (1H, d, /= 3.0 Hz), 2.97 (1H, d, J= 2.5
Hz), 2.73 (3H, s), 2.55 (1H, dd, /= 12.8, 3.4 Hz), 2.19 - 2.09 (1H, m), 1.90 — 1.81 (2H, m), 1.75 (1H, dt, J
=13.3,3.6 Hz), 1.71 (3H, s); *C{'H} NMR (150 MHz, CDCl5): 4 151.0, 135.9, 128.7, 122.3, 121.1, 119.8,
109.3, 76.8, 64.8, 43.2, 37.2, 35.0, 28.3, 19.6, 19.2. IR (film, cm™): 3419, 2086, 1699, 1641, 1371, 1240,

1093; HRMS (ESI) calcd. for CisHioN,O (m/z M+H"): 243.1497, found: 243.1492.

(1S,4R,4aR, 9aS)-4-cyano-4a,9-dimethyl-2,3,4,4a,9,9a-hexahydro- 1 H-carbazol-1-yl 2,2, 2-trifluoroacetate
(18h) — Following General Procedure B, a mixture of bromide 12a (0.0327 g, 0.107 mmol, 1.0 equiv) and
silver trifluoroacetate (0.0947 g, 0.428 mmol, 4 equiv), in acetonitrile (0.3 mL, 0.3 M) was heated to 75 °C
and afforded 18h (0.0141 g, 39% yield) as a white solid. R, = 0.19 in 4:1 hexanes/EtOAc. "H NMR (600
MHz, CDCl,): §, ppm 7.31 (1H, d, J=7.2 Hz), 7.23 (1H, d, J=7.7 Hz), 6.89 (1H, t, J= 7.5 Hz), 6.66 (1H,
d, J=8.2 Hz), 5.58 - 5.53 (1H, m), 3.02 - 2.99 (1H, m), 2.80 (3H, s), 2.61 (1H, dd, /= 3.5, 12.3 Hz), 2.09
-1.97 (3H, m), 1.93 - 1.86 (1H, m), 1.66 (3H, s); *C{'"H} NMR (150 MHz, CDCl,): 8, ppm 156.7 (q, J =
42.3 Hz), 150.5, 135.0, 129.2, 122.4, 120.6, 120.2, 114.6 (q, J = 285 Hz), 109.9, 73.6, 71.8, 43.3, 36.9,

35.2,25.1,20.0, 18.4. NMR data matches previously reported characterization data.*

(1S,4R,4aR, 9aS)-4-cyano-4a,9-dimethyl-2,3,4,4a,9,9a-hexahydro- 1 H-carbazol-1-yl  nitrate ~ (18i) -
Following General Procedure B, a mixture of bromide 12a (0.0353 g, 0.115 mmol, 1.0 equiv) and silver
nitrate (0.0786 g, 0.462 mmol, 4 equiv) in acetonitrile (0.3 mL, 0.30 M) was heated to 75 °C and afforded
18i (0.0187 g, 56% yield) as a white solid. R, = 0.25 in 3:1 hexanes/EtOAc. '"H NMR (600 MHz, CDCl;):
07.31(1H,d,J=7.4Hz),7.23 (1H,td, J=7.8, 1.4 Hz), 6.89 (1H, t,J = 7.5 Hz), 6.66 (1H, d, J=7.9 Hz),
5.50 (1H, d, J=2.7 Hz), 3.07 (1H, d, J = 2.5 Hz), 2.81 (3H, s), 2.62 — 2.54 (1H, m), 2.16 — 2.08 (1H, m),

2.02—1.93 (2H, m), 1.87 (1H, dt, J= 7.0, 3.8 Hz), 1.66 (3H, s); *C{'H} NMR (150 MHz, CDCL,): § 150.5,



135.0,129.2, 122.5, 120.6, 120.2, 110.0, 76.1, 72.8,43.2, 36.9, 35.2, 24.4, 20.2, 18.5. IR (film, cm™): 2955,

2922, 1626, 1481, 1279; HRMS (ESI) calcd. for CisHsN3O3 (m/z M+H"): 288.1348, found: 288.1342.

(1S,4R,4aS,9aR)-4a,9-dimethyl-4-morpholino-2,3,4,4a,9,9a-hexahydro-1H-carbazole-1-carbonitrile (21)
— Following General Procedure B, a mixture of bromide 19 (0.1103 g, 0.361 mmol, 1.0 equiv), morpholine
(0.124 mL, 1.44 mmol, 4 equiv), and AgOTTf (0.1850 g, 0.720 mmol, 4 equiv) in acetonitrile (2.0 mL, 0.20
M) was heated to 75 °C and afforded 21 (0.0743 g, 66% yield) as a white solid. R, = 0.15 in 4:1
hexanes/EtOAc. "TH NMR (600 MHz, CDCl,): 67.38 (1H, dd, J = 7.3, 1.3 Hz), 7.15 (1H, td, J = 7.7, 1.4
Hz), 6.80 (1H, td, /= 7.4, 1.0 Hz), 6.61 (1H, d, /= 7.8 Hz), 3.72 — 3.59 (4H, m), 3.26 — 3.20 (1H, m), 3.15
(1H, t, J=1.7 Hz), 2.67 (5H, s), 2.20 (3H, dt, /= 14.8, 7.4 Hz), 2.12 — 2.07 (1H, m), 2.01 — 1.94 (1H, m),
1.88 — 1.78 (2H, m), 1.57 (3H, s). BC{'H} NMR (150 MHz, CDCl,): § 150.2, 137.4, 127.8, 123.6, 121.3,
119.4,109.2, 75.6, 67.7, 67.4, 48.2, 34.8, 26.0, 25.0, 18.5, 18.1. IR (film, cm™): 2955, 2930, 2857, 2809,
2241, 2190, 1717, 1667, 1481; HRMS (ESI) calcd. for CioH26N3O (m/z M+H"): 312.2076, found:

312.2071.

(3aR,6S,6aR,11bS)-7-methyl-2,3,3a,4,5,6,6a,7-octahydro-1H-pyrrolo[2,3-d]carbazole-6-carbonitrile (25)
— To a solution of bromide 22 (0.0650 g, 0.140 mmol, 1.0 equiv) in ethanol (0.7 mL, 0.20 M) was added
hydrazine hydrate (14.9 uL, 0.307 mmol, 2.2 equiv). The reaction was heated to 50 °C and stirred until
judged complete by thin layer chromatographic analysis (EtOAc/MeOH). The reaction mixture was cooled
to room temperature, concentrated, and diluted with aqueous 1M NaOH and extracted with EtOAc. The
combined organic layers were washed with brine and dried over anhydrous sodium sulfate. The crude
material (1S,4R,4aR,9aR)-4a-(2-aminoethyl)-4-bromo-9-methyl-2,3,4,4a,9,9a-hexahydro-1H-carbazole-
1-carbonitrile (23) was used in the next reaction without any further purification. Following General
Procedure B, a mixture of bromide 23 (0.0350 g, 0.105 mmol, 1.0 equiv) and silver(I) hexafluoroantimonate
(0.0720 g, 0.210 mmol, 2 equiv), in acetonitrile (0.3 mL, 0.30 M) was heated to 75 °C and afforded 25

(0.0097 g, 37% yield) as a white solid. R, = 0.29 in 3:1 EtOAc/hexanes. "H NMR (600 MHz, CDCl;): &



7.16 (1H, td, J=7.7, 1.3 Hz), 6.99 (1H, dd, /= 7.3, 1.3 Hz), 6.78 (1H, td, J= 7.4, 1.0 Hz), 6.55 (1H, d, J =
7.8 Hz), 3.56 (1H, d, J = 5.1 Hz), 3.31 — 3.25 (2H, m), 3.16 (1H, dd, J = 8.2, 4.7 Hz), 2.88 (3H, s), 2.86 —
2.83 (1H, m), 2.45 (1H, ddd, J = 14.0, 8.1, 6.3 Hz), 2.03 — 1.96 (2H, m), 1.85 (1H, ddt, J=13.2, 9.3, 3.5
Hz), 1.82 — 1.74 (2H, m), 1.68 — 1.63 (1H, m); *C{'H} NMR (150 MHz, CDCL,): § 150.1, 128.5, 121.8,
121.4, 119.3, 108.3, 70.6, 60.9, 43.8, 36.9, 34.3, 29.9, 27.5, 24.8, 21.9. IR (film, cm™): 3312, 2951, 2922,
2853,2820,2237, 1667, 1604, 1554, 1484, 1448, 1375, 1298, 1214, 1153; HRMS (ESI) calcd. for C16HaoN3

(m/z M+H"): 254.1657, found: 254.1648.
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