1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Org Chem. Author manuscript; available in PMC 2020 March 15.

Published in final edited form as:
J Org Chem. 2019 March 15; 84(6): 3508-3523. d0i:10.1021/acs.joc.9b00105.

-, HHS Public Access
«

Sulfamate Esters Guide C(3)-Selective Xanthylation of Alkanes

Suraj K. AyerJ. L. Roizen”
Duke University, Department of Chemistry, Box 90346, Durham, North Carolina 27708—-0354,
USA

Abstract

Owing to the pervasiveness of hydroxyl groups in natural isolates, alcohol derivatives are alluring
directing groups. Herein, an alcohol-derived sulfamate ester guides the light initiated xanthylation
of primary, secondary, or tertiary centers. This process enables formal directed deuteration,
azidation, thiolation, and vinylation reactions.

Graphical Abstract

INTRODUCTION

Alkyl C-H functionalization reactions® enable pharmaceutical lead optimization.2 The
utility of these processes is limited by insufficient control over which C-H bond in a
molecule reacts, and over the types of functional groups that can be installed. To dictate the
site of functionalization, we recently identified sulfamate esters® as alcohol derivatives that
can direct chlorination of an unactivated alkyl C(3)-H centers.* To our knowledge, there are
no general strategies to target these centers for functionalization by exogenous atom-transfer
agents.>~’ To demonstrate the broad relevance of our approach,* we envisioned the
application of sulfamate esters to direct C—H xanthylation reactions.

Alkyl xanthates (dithiocarbonates)8—2 are ideal precursors to diverse small molecule libraries
because they are known platforms to affect formal deuteration, 1% hydroxylation,! thiolation,
10 trifluoromethylthiolation, 0 azidation,1! vinylation,12 or allylationl3 reactions (Scheme 1).
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Motivated by these applications, processes have been developed to enable xanthylation of
C(sp3)-H bonds that are etherial4 or unactivated, 192 yet sterically accessible and electron-
rich (Scheme 2A).10. 1d. 15 Recently, Alexanian and co-workers have disclosed a directed
C(4)-H dithiocarbamate-transfer reaction (Scheme 2B).16 Herein, we describe a reaction
with complementary position-selectivity: a sulfamate ester-guided light-initiated reaction to
xanthylate unactivated alkyl C(3)-H bonds (Scheme 2C). This approach enables generation
of molecular diversity based on guided functionalization of a single C(sp3)-H center, with
expected practical value to medicinal chemists.

The disclosed strategy for C(3)-xanthylation is informed by reinvigorated enthusiasm?7-18
for the Hofmann-Léffler-Freytag (HLF) reaction.19-20 Conventional HLF processes rely on
formation of an intermediate nitrogen-centered radical, which is poised to adopt a six-
membered transition state to affect C—H abstraction, and thereby dictate the position
selectivity of atom transfer.21-22 By contrast, we hypothesize that sulfamate esters are
geometrically predisposed to adopt rare23-24 seven-membered transition states for C—H
functionalization owing to elongated O-S and S—N bonds and compressed O-S—-N bond
angles.”@ To date, there are few reports that engage seven-membered transition states for C—
H abstraction with a removable linker,®? such as a sulfamate ester.25-26 |n the process
disclosed herein, sulfamate esters guide the generation of C(3)-centered radicals via 1,6-
HAT and the resultant carbon-centered radicals are captured to furnish alkyl xanthate esters.

RESULTS and DISCUSSION

We chose to access the key nitrogen-centered radical intermediates by using light to
homolyze the nitrogen—sulfur bonds of A~xanthylsulfamate esters 1. A-xanthylsulfamate
esters 1 can be prepared by initial oxidation of sulfamate esters 3 with trichloroisocyanuric
acid or fert-butyl hypochlorite. Subsequent treatment of A~chlorosulfamate esters with
potassium O-ethyl xanthate, 192 an inexpensive commercially available reagent, furnishes A-
xanthylsulfamate esters 1 (see supporting information for details). As expected, photolysis
of pentyl fert-butyl xanthylsulfamate ester 1a affects selective C(3)-xanthylation at a
methylene center in 91% vyield (Table 1, entry 1, C—H bond dissociation energy (BDE) ~ 98
kcal mol=1).27 In the absence of light, xanthate transfer does not proceed, so light is required
to initiate the transformation.

Xanthate transfer proceeds upon photolysis of pentyl A-fert-butyl-, N-ethyl-, N-methyl-, -
trifluoroethyl-, A-2-(pyridine-2-yl)isopropyl, N-cyclohexyl-, and A~pentylxanthylsulfamate
esters 1a—1g in acetonitrile at room temperature (Table 1). Resultant sulfamate esters 2a—2f
and 4 differ in terms of steric encumbrance about the N-H bond and the predicted acidity.28
Unless otherwise noted, the mass balance for these reactions can be accounted for
principally by recovered substrates 1, reduced sulfamate esters 3 and readily separable
desired products 2.

This directed xanthate-transfer reaction overrides inductive deactivation of C—H bonds to
oxidation, which is often used to induce site-selectivity in unguided transformations.
Reactions of A~xanthylated 1a—f furnish xanthylated alkanes 2a—f with exquisite C(3)-
selectivity (Table 1), even while functionalization of a more distal position, such as C(4),
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would be expected under conditions for the unguided xanthate-transfer process, which relies
on inherent selectivity (c.f. Scheme 2).

We anticipated that the ability to vary A-alkyl substituent of the sulfamate ester would afford
the opportunity to override this C(3)-selective functionalization process to engage a C(4’)-
C-H center. Interestingly, pentyl A-cyclohexylxanthylsulfamate ester 1f engages in C(3)-
xanthylation in lieu of remote transannular C—H functionalization at C(4"), which
presumably would require a relatively high-energy boat transition state for C—H abstraction.
By contrast A, O-dipentylxanthylsulfamate ester 1g undergoes selective xanthate transfer to
furnish alkyl xanthate 4 to engage the C(4’)-C-H center, exclusive of the C(3)-C-H bond,
presumably favoring a six- over a seven-membered transition state for C—H abstraction.

Xanthylation proceeds preferentially at methylene C(3)-H centers even when the C(3)-H
bond is significantly stronger than other available C—H centers (Table 2). For example, C(3)-
xanthate transfer proceeds without engaging the weak etherial C—H bond of silyl ether 1h
(BDE = 85 kcal mol1, entry 1), a C-H bond that is weakened by an ester (i.e. 1i, BDE ~ 96
kcal mol~2, entry 2), or the weak benzylic C-H bond in 1j (BDE ~ 90 kcal mol™1, entry 3).
21 Of course, the process remains effective even when the installed C-S bond is weakened
by an adjacent aromatic ring (entry 4).

Xanthylation proceeds preferentially at methylene C(3)-H centers even when the C(3)-H
bond is significantly stronger than other available C-H centers (Table 2). For example, C(3)-
xanthate transfer proceeds without engaging the weak etherial C—H bond of silyl ether 1h
(BDE ~ 85 kcal mol1, entry 1), a C-H bond that is weakened by an ester (i.e. 1i, BDE ~ 96
kcal mol™1, entry 2), or the weak benzylic C-H bond in 1j (BDE ~ 90 kcal mol~1, entry 3).
21 Of course, the process remains effective even when the installed C-S bond is weakened
by an adjacent aromatic ring (entry 4).

Surprisingly, this protocol can transform C(3)-H tertiary centers (BDE ~ 96 kcal mol~1)27 to
provide tertiary alkyl xanthates (Table 2, entries 5-6), which can be difficult to prepare
through other methods as they are prone to elimination.29-31 Moreover, the reaction remains
guided even in the presence of alternative tertiary C—H bonds that are innately more reactive.
For example, the C(3)-H bond of 3,7-dimethyloctanol-derived 1l is processed preferentially,
even though this bond is inductively deactivated to oxidation relative to the more distal
C(7)-H tertiary center3? (entry 5). Further, a sulfamate ester directs xanthylation to the
C(8)-H bond of menthol-derived 1m, though the electronically similar C(5)-H bond is often
oxidized preferentially in processes that rely on innate selectivity (entry 6).33 Analogous
position selectivity has been observed in intramolecular amination reactions, and in
sulfamate ester-guided halogen-transfer processes by White,”9 Che,’d Du Bois,3* Burns and
Zare, 20 and by our laboratory.#

A slight erosion of selectivity occurs when the only available C(3)-H bonds are stronger
primary centers (BDE ~ 101 kcal mol~21).27 Xanthyl transfer to propyl fert-butylsulfamate
ester 1n and (-)-borneol derivative 10 occurs principally through guided functionalization
(entries 7-8). This recapitulates the selectivity induced in White’s manganese-catalyzed
intramolecular amination with sulfamate esters’9 and our sulfamate ester-guided chlorine-
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transfer reaction.* Nevertheless, with each of these substrates, a single isomeric product can
be detected, evidencing a decrease in selectivity when the reaction is guided to a primary
center.

To our delight, the reactivity and site-selectivity observed with relatively simple substrates is
retained in more elaborate small molecules, which proceed with substrate-induced
diastereoselectivity (Table 2, entry 9). Oxidation of isosteviol derivative 1p generates
secondary xanthate ester 2p in 76% isolated yield of major diastereomer (entry 9).
Moreover, an even more challenging test of this method is betulinic acid derived 1q, which
incorporates C(3)-H methylene centers on both the five- and six-membered rings (Scheme
3). Upon exposure, C—H xanthylation proceeds to furnish 68% isolated yield of major
diastereomer of functionalized 2q. The relative stereochemistry of this isolable major
diastereomer has been confirmed single crystal x-ray diffraction.

Theoretically, this xanthate-transfer process could occur through a closed-cycle and/or a
radical chain propagation mechanism (Scheme 4). In these processes, light initiates N-S
bond homolysis® to convert A-xanthate 1a into a xanthate radical and sulfamyl radical 5.
This sulfamy! radical is poised for an intramolecular C-H abstraction through a seven-
membered transition state to produce carbon-centered radical 6, imparting position-
selectivity to this transformation. At this point, the proposed reaction pathways diverge. In a
closed process, alkyl radical 6 recombines with the xanthate radical to terminate the
reaction. By contrast, in a chain propagation mechanism, alkyl radical 6 reacts with another
substrate molecule to furnish alkyl xanthate 2a and another equivalent of sulfamyl radical 5,
which would then propagate this chain reaction.

These mechanistic hypotheses differ in terms of quantum yield (®), which is defined by
quantity of product formed per photon of light absorbed by the substrate. In the closed-
cycle, absorption of a single photon of light can produce a maximum of a single equivalent
of product (@< 1). By contrast, in the radical chain propagation mechanism, when the
substrate absorbs a single photon of light, multiple equivalents of alkyl xanthate can form (&
>1).

Quantum yield measurements demonstrate that the reaction proceeds through a light-
initiated chain propagation mechanism.3° In a common process, chemical actinometry using
potassium ferrioxalate can be used to determine the photon flux of a fluorimeter at 313 nm.
35-36 After 4 hours of irradiation of Atxanthylated 1a in acetonitrile at 313 nm,
alkylxanthate 2a can be isolated in 50-52% yield. This yield corresponds to 3 equivalents of
product formed per absorbed photon (@ = 3) and confirms that this reaction proceeds
through a chain propagation mechanism.

Produced alkyl xanthates can be employed in procedures for C(3)-thiolation, azidation,
deuteration, trifluoromethylthiolation, vinylation, or allylation. To highlight these
opportunities, we have converted alkyl xanthate 2a to thiol 7,10 azide 8,11
trifluoromethylthiol 9,10 deuterio D-3a,10 allyl 10,13 and vinyl 1112 (Table 3).

J Org Chem. Author manuscript; available in PMC 2020 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ayer and Roizen Page 5

In combination with known strategies to displace sulfamate esters with an iodide, 25 azide,
250 o acetate nucleophile (Table 4), xanthate ester diversification provides a powerful
strategy to access a broad variety of 1,3-difunctionalized small molecules.

CONCLUSION

In summary, we have developed a process to enable sulfamate esters as alcohol derivatives to
guide xanthate-transfer and furnish C(3)-functionalized products. The research confirms the
recently disclosed basic scientific insight that A~functionalized sulfamate esters can guide
position-selective C(sp3)-H functionalization, thereby suggesting that this may prove to be a
broadly applicable strategy to alter the site-selectivity of known HLF processes. This guided
reaction can be combined with known technologies to affect formal C(sp3)-H thiolation,
azidation, allylation, vinylation, trifluoromethylthiolation, or deuteration over multiple steps.
This approach enables the generation of molecular diversity based on guided
functionalization of a single C(sp3)-H center, with expected practical value to lead
optimization.

EXPERIMENTAL SECTION

General Information.

Moisture-sensitive reactions were performed using flame-dried glassware under an
atmosphere of dry nitrogen (N5). Air- and water-sensitive reactions, where noted, were
performed in an MBraun MB200 glove box held under an atmosphere of nitrogen gas
(working pressure 2—-6 mbar). Flame-dried equipment was stored in a 130 °C oven before
use and either allowed to cool in a cabinet desiccator or assembled hot and allowed to cool
under an inert atmosphere. Air- and moisture-sensitive liquids and solutions were transferred
via plastic or glass syringe or by stainless steel cannula. Chromatographic purification of
products was accomplished using Teledyne Isco CombiFlashR¢ system employing 12-220 g
Redi-Sep R¢ normal phase silica columns (particle size 40-63 pm, 230-400 mesh) or manual
flash chromatography using Alfa Aesar Florisil (100-200 mesh). Thin layer chromatography
was performed on EMD Millipore silica gel 60 F254 glass-backed plates (layer thickness
250 um, particle size 10-12 um, impregnated with a fluorescent indicator). Visualization of
the developed chromatogram was accomplished by fluorescence quenching under shortwave
UV light and/or by staining with p-anisaldehyde, or KMnOy, stains. Room temperature is

22 °C. NMR spectra were obtained at 20-23 °C on Varian iNOVA spectrometers operating
at 400, 500 or 700 MHz for 'H NMR, 101, 126, 176 MHz for 13C NMR, and 376 MHZ for
19F NMR, and are reported as chemical shifts () in parts per million (ppm). Spectra were
referenced internally according to residual solvent signals (*H: CDCls, 7.26 ppm; CD3CN,
1.94 ppm; 13C: CDCl3, 77.0 ppm, CD3CN: 118.3 ppm). Data for NMR spectra use the
following abbreviations to describe multiplicity: s, singlet; br s, broad singlet; d, doublet; t,
triplet; dd, doublet of doublets; td, triplet of doublets; tt, triplet of triplets; ddd, doublet of
doublet of doublets; dddd, doublet of doublet of doublet of doublets; ddt, doublet of doublet
of triplets; app dd, apparent doublet of doublets; m, multiplet. Coupling constants (J) are
reported in units of Hertz (Hz). IR spectra were obtained on a Nicolet 6700 FT-IR system.
Peaks are reported in cm~! with indicated relative intensities: s (strong, 0-33% T); m
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(medium, 33-67% T); w (weak, 67-95% T); and br (broad). High resolution mass spectra
(HRMS, m/z) were recorded on an Agilent LCMS-TOF-DART spectrometer using
electrospray ionization (ESI, Duke University Department of Chemistry Instrumentation
Center). UV-Vis spectra were obtained on an Agilent Cary 5000 UV-Vis-NIR
Spectrophotometer. GE helical 26W 1600 lumen compact fluorescent light bulbs (CFL) of
broad visible light spectrum were employed without filters. The microwave vials and
disposable crimp caps containing Teflon-lined septa were obtained from ChemGlass (Item
numbers CG-4920-01 and CG-4920-10, respectively). http://chemglass.com/microwave-
reaction-vials-complete-packages?sku=CG-4920

Preparation of Reagents.

(-)-16-acetoyxy-18-hydroxy-13-methyl-17-norkaurane (S2).—A flame-dried flask
with stirbar was charged with stevia extract (2.9 g, 3.6 mmol, 1 equiv) and deionized water
(115 mL). Upon dissolution of stevia extracts, concentrated HCI (2.5 mL) was carefully
added and the flask was fitted with a reflux condenser. The resulting clear solution was
refluxed for 2 hours upoon which the solution turned into an off-white suspension. The
suspension was extracted with EtOAc (4 x 50 mL). The combined organic layers were dried
with MgSOQy, filtered, and concentrated under reduced pressure. The crude isosteviol, a
brown solid, was used in the next step without further purification. The crude isosteviol,
dissolved in dry THF (60 mL), was added dropwise to a suspension of lithium aluminum
hydride (1.36 g, 35.8 mmol, 10 equiv) in THF (60 mL) that had been cooled at 0 °C in an ice
water bath. The reaction was left to stir at 0 °C for 15 minutes and then refluxed overnight.
The resulting grey suspension was carefully quenched with water until no effervescence was
observed. The off-white suspension was filtered through a pad of celite and the aqueous
layer was extracted with ether (3 x 50 mL). The combined organic layers were dried with
MgSQy, filtered, and concentrated under reduced pressure to afford crude diol as yellow
solid. The crude diol was used in the next step without further purification.The crude diol
was dissolved in anhydrous CH,Cl, (25 mL). To the clear yellow solution, acetic anhydride
(2.84 g, 27.8 mmol, 7.8 equiv), DMAP (43.5 mg, 0.36 mmol, 0.1 equiv), and triethylamine
(5.3 mL, 37.7 mmol, 10.6 equiv) were added in that order. The yellow solution was the
stirred at room temperature for 12 hours. The reaction was quenched with deionized water
(100 mL) and the resulting biphasic mixture was cooled to 0 °C using ice/water bath. The
solution was then acidified using 6.2 N HoSO,4 (18.6 mL) and extracted with CH,Cl, (3 x 50
mL). The combined organic layers were washed with sat. NaHCOs3 until pH 7 was reached.
Then, the organic layer was dried with MgSOy, filtered, and concentrated under reduced
pressure to afford crude bis-acetate as yellow oil. The crude oil was used in the next step
without further purification. The yellow oil was taken in MeOH (3 mL)/THF (12 mL) and
cooled to 0 °C in an ice/water bath. To the chilled solution, KOH (202 mg, 3.6 mmol, 1.0
equiv) was added and stirred for 30 min. The clear solution was then concentrated under
reduced pressure and diluted with deionized water (50 mL). The aqueous layer was extracted
with EtOAc (3 x 20 mL) and the combined organic layers were dried with MgSOy, filtered,
and concentrated under reduced pressure. The product was obtained as a white foam (530
mg, 46% yield, over four steps) following silica gel column chromatography with
hexanes:EtOAC (98:2). 1H NMR (700 MHz, CDCl3) & 4.72 (dd, /= 9.1, 6.1 Hz, 1H), 3.75
(d, /=10.9 Hz, 1H), 3.39 (d, /= 10.8 Hz, 1H), 2.06 (s, 3H), 1.80-1.76 (m, 4H), 1.68-1.63

J Org Chem. Author manuscript; available in PMC 2020 March 15.


http://chemglass.com/microwave-reaction-vials-complete-packages?sku=CG-4920
http://chemglass.com/microwave-reaction-vials-complete-packages?sku=CG-4920

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ayer and Roizen

Page 7

(m, 1H), 1.59-1.49 (m, 7H), 1.40-1.32 (m, 4H), 1.24-1.16 (m, 3H), 1.06-1.03 (m, 2H), 0.95
(s, 3H), 0.90 (s, 3H), 0.85 (s, 3H); 13C{1H} NMR (176 MHz, CDsCN) & 171.4, 81.7, 65.5,
56.9, 56.5, 55.0, 42.3, 41.7, 41.5, 40.8, 39.6, 38.5, 37.6, 35.4, 34.5, 27.1, 24.9, 21.2, 20.2,
20.0, 18.0, 15.5; IR (neat) v 3525 (br), 2924 (m), 2845 (w), 1737 (w), 1712 (m), 1451 (w),
1382 (w), 1369 (w), 1253 (m), 1206 (w), 1152 (w), 1056 (w), 1031 (m), 973 (w), 850 (w),
739 (w), 629 (w), 607 (W) cm™1; TLC R¢ = 0.22 (hexanes/EtOAc, 8:2), HRMS (ESI-TOF)
m/z: [M + K]* Calcd for CooH3503°K 387.2296; Found 387.2298.

(E)-(2-(ethylsulfonyl)vinyl)benzene (S3).—The compound was prepared according to a
modified literature procedure.3” A flame-dried flask with stir bar, fitted with a reflux
condenser, was charged with sodium ethyl sulfinate salt (2.32 g, 20 mmol, 3.0 equiv) and
sodium acetate (2.46 g, 30 mmol, 1.5 equiv) and the flask was evacuated and backfilled with
N». Acetonitrile (68 mL) was added via syringe followed by styrene (0.76 mL, 6.7 mmol,
1.0 equiv). lodine (7.61 g, 30 mmol, 1.5 equiv) was then added by briefly removing the
reflux condenser and adding the solid in a single portion. The reaction was then heated to
reflux for 1 h. After 1 h, the reaction was removed from heat and allowed to cool to room
temperature and quenched with 10% aqueous sodium thiosulfate. The reaction was then
diluted with saturated aqueous sodium bicarbonate solution (50 mL) and transferred to a
separatory funnel rinsing the flask with EtOAc (ca. 50 mL). An additional 50 mL EtOAc
was added and the organic phase was removed. The aqueous was extracted twice more with
EtOAcC (3 x 50 mL). The combined organic layers were dried with MgSQy, filtered, and
concentrated under reduced pressure. The product was obtained as a white solid (706 mg,
54% vyield) following silica gel column chromatography with hexanes:EtOAc (98:2). The
spectroscopic data was in accordance with that previously published in the literature.38 1H
NMR (400 MHz, CDClg) § 7.61 (d, J=15.5 Hz, 1H), 7.53 (d, /= 5.5 Hz, 2H), 7.46-7.43
(m, 3H), 6.81 (d, /= 15.5 Hz, 1H), 3.10 (q, J= 7.4 Hz, 2H), 1.39 (t, J= 7.4 Hz, 3H).

Preparation and Characterization of Triethylammonium Sulfamate Salts:

General Procedure A.—Sulfamic acid salts were prepared according to a modified
literature procedure.3 A round bottom flask equipped with magnetic stir bar was charged
with sulfur trioxide pyridine complex (SOsepyr, 1.0 equiv). Acetonitrile (0.33 M) was then
added in a single portion without taking any precautions to exclude air or moisture. The
suspension was stirred at 22 °C until all of the SO3epyr had dissolved. Upon complete
dissolution, the reaction flask was cooled at 0 °C in an ice water bath and capped with a
rubber septum fitted with a nitrogen inlet. Amine (R1-NH,, 1.0 equiv) was then added
dropwise via syringe. Following complete addition of amine, Et3N (1.1 equiv) was added
dropwise. The reaction was removed from the ice bath and stirred for 0.5 h. Upon
completion, the solvent was removed under reduced pressure to give a triethylammonium
sulfamate salt, which was used without further purification.

Triethylammonium cyclohexylsulfamate (S3f).: Prepared from sulfur trioxide pyridine
complex (3.18 g, 20 mmol) and cyclohexylamine (1.98 g, 20 mmol) following general
procedure A. The product was obtained as a yellow solid (5.16 g, 92% yield).H NMR (400
MHz, CDCl3) 6 10.17 (br s, 1H), 3.73 (br s, 1H), 3.20 (tt, /= 10.5, 4.0 Hz, 1H), 3.18-3.11
(m, 6H), 2.08 (dd, /= 12.1, 4.2 Hz, 2H), 1.67 (dt, /= 13.1, 4.0 Hz, 2H), 1.57-1.51 (m, 1H),
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1.35 (t, J= 7.3 Hz, 9H), 1.31-1.02 (m, 5H); 13C{1H} NMR (126 MHz, CD3CN) & 53.9,
47.1,34.6, 26.5, 25.8, 9.0; IR (neat) v 3261 (br), 2986 (w), 2929 (w), 2850 (w), 2692 (W),
1546 (w), 1478 (w), 1449 (w), 1393 (w), 1243 (w), 1219 (m), 1142 (m), 1095 (m), 890 (w),
865 (w), 799 (w), 609 (m), 590 (m), 553 (m) cm~L; HRMS (ESI-TOF) m/z: [M — HNEt3]~
Caled for CgH1oNO3S™ 178.0543; Found 178.0544.

Triethylammonium pentylsulfamate (S3g).: Prepared from sulfur trioxide pyridine
complex (3.18 g, 20 mmol) and pentylamine (1.74 g, 20 mmol) following general procedure
A. The product was obtained as a viscous yellow oil (5.15 g, 96% yield). 1H NMR (400
MHz, CDClI3) 6 10.14 (br s, 1H), 4.37 (br s, 1H), 3.19-3.12 (m, 6H), 3.05 (t, /= 7.4 Hz,
2H), 1.59-1.52 (m, 1H), 1.36 (t, /= 7.3 Hz, 9H), 1.32-1.28 (m, 4H), 0.89-0.85 (m, 3H);
13C{IH} NMR (126 MHz, CDCl3) 6 77.1, 46.3, 44.3, 29.3, 29.2, 22.4, 14.1, 8.7; IR (neat) v
3421 (br), 3265 (br), 2955 (w), 2931 (w), 2860 (w), 2708 (w), 1641 (w), 1467 (w), 1400
(w), 1219 (m), 1161 (s), 1061 (m), 1030 (s), 616 (M), 548 (m) cm~L; HRMS (ESI-TOF) m/z:
[M — HNEt3]~ Calcd for CgH1,NO3S™ 166.0543; Found 166.0540.

Preparation and Characterization of Sulfamate Esters:

General Procedure B.—Novel sulfamate esters were prepared according to a modified
literature procedure.3 A flame-dried round bottom flask equipped with magnetic stir bar was
charged with triphenylphosphine oxide (1.65 equiv) and fitted with a rubber septum. The
flask was evacuated and backfilled with N,. Anhydrous CH,Cl, (3.0 mL per mmol of
triphenylphosphine oxide) was added and the flask was cooled at 0 °C in an ice water bath.
Trifluoromethanesulfonic anhydride (1.5 equiv) that had been freshly removed from the
glovebox was then added to the cooled solution dropwise via syringe. The reaction was
allowed to stir at 0 °C in an ice water bath for 15 minutes. A solution of sulfamate salt (1.5
equiv) in CH,Cls (1.0 mL per mmol of sulfamic acid salt) was added to the solution of
triphenylphosphine ditriflate via cannula transfer. The flask was rinsed with an additional
CH>Cl, (ca. 0.5 mL per mmol of sulfamic acid salt) to achieve quantitative transfer. The
resulting colorless to pale yellow solution was stirred for 15 minutes at 0 °C. During this
time, a clean, flame-dried round bottom flask equipped with stir bar was fitted with a rubber
septum and subsequently evacuated and backfilled with N». This process was repeated two
more times. The flask was then charged with EtzN (3.0 equiv) and CH,Cl, (1.33 mL per
mmol of EtzN) and the mixture was cooled at —78 °C in an ‘PrOH/dry ice bath. The
sulfamate salt solution was transferred dropwise to the EtgN solution via cannula (during
which time a yellow to intense red color often developed), rinsing the flask with an
additional CH,Cl5 (ca. 0.5 mL per mmol of alcohol) to achieve quantitative transfer. The
resultant solution was stirred at =78 °C for 15 minutes. The alcohol (R2-OH, 1.0 equiv) was
then added as a solution in CH,Cl, (1 mL per mmol of alcohol) to the Et3N solution via
canula. The alcohol-containing flask was rinsed with an additional CH,ClI, (ca. 0.5 mL per
mmol of alcohol) to achieve quantitative transfer. Without removing the cooling bath, the
reaction was then stirred for 18 h, during which time no additional dry ice was added, and
the mixture warmed to room temperature. After 18 h, the reaction was diluted with 1 M HCI
(0.1 M) and H,0 (0.2 M). The biphasic mixture was transferred to a separatory funnel,
rinsing the flask with CH,Cl5 to achieve quantitative transfer. The organic phase was
separated and the aqueous was extracted with CH,Cl, (2 X 25 mL). The combined organic
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phases were dried with MgSOy, filtered, and concentrated. The resulting crude material was
then purified by silica gel flash chromatography by dry loading the samples and eluting with
hexanes:EtOAc as noted below. Deviations from the reported procedure are specified below.
The preparation and characterization of sulfamate esters 3a—e, 3h, 3k-I, and 3n-o0 have been
published previously.3

Pentyl cyclohexylsulfamate ester (3f).: Prepared from salt (S3f) (0.84 g, 3.0 mmol) and 7~
amyl alcohol (0.22 mL, 2.0 mmol) following general procedure B. The product was obtained
as a colorless oil (428 mg, 86% vyield) after silica gel column chromatography using
hexanes:EtOAC (9:1). 1H NMR (400 MHz, CDCl3) & 4.30-4.26 (m, 1H), 4.11 (t, J= 6.6 Hz,
2H), 3.35-3.26 (m, 1H), 2.04-1.98 (m, 2H), 1.75-1.69 (m, 4H), 1.64-1.55 (m, 1H), 1.40-
1.32 (m, 6H), 1.29-1.14 (m, 4H), 0.91 (t, /= 6.8 Hz, 3H); 13C{'H} NMR (126 MHz,
CDCl3) 6 70.5, 53.4, 33.5, 28.5, 27.6, 25.1, 24.6, 22.1, 13.8; IR (neat) v 3294 (br), 2930
(m), 2856 (w), 1451 (m), 1341 (w), 1301 (w), 1170 (S), 1080 (m), 965 (s), 912 (s), 887 (S),
842 (m), 808 (m), 758 (M), 724 (s), 579 (s) cm™L; TLC R = 0.20 (hexanes:/EtOAc, 9:1);
HRMS (ESI-TOF) m/z: [M + NH,4]* Calcd for C1H23NO3SeNH, 267.1737; Found
267.1742.

Pentyl pentylsulfamate ester (3g).: Prepared from salt (S3g) (0.81 g, 3.0 mmol) and
amyl alcohol (0.22 mL, 2.0 mmol) following general procedure B. The product was obtained
as a colorless oil (399 mg, 84% yield) after silica gel column chromatography using
hexanes:EtOAc (9:1).1H NMR (400 MHz, CDCls) & 4.29 (br s, 1H), 4.12 (t, J= 6.6 Hz,
2H), 3.12 (q, J= 7.4 Hz, 2H), 1.76-1.69 (m, 2H), 1.61-1.54 (m, 2H), 1.40-1.30 (m, 8H),
0.91 (td, J= 7.1, 2.1 Hz, 6H); 13C{1H} NMR (126 MHz, CDCl5) § 70.8, 43.9, 29.3, 28.7,
28.6,27.7,22.3,22.2, 14.0, 13.9; IR (neat) v 3303 (br), 2957 (w), 2931 (w), 2861 (w), 1428
(w), 1342 (m), 1169 (s), 1083 (m), 964 (m), 909 (M), 832 (m), 758 (w), 725 (m), 579 (m),
538 (m) cm~L; TLC R¢ = 0.43 (hexanes/EtOAC, 8:2); HRMS (ESI-TOF) m/z: [M + NH4]*
Calcd for C1gH3NO3SeNH,4 255.1737; Found 255.1737.

5-((tert-butyldimethylsilyl)oxy)pentyl tert-butylsulfamate ester (3h).: Prepared from
triethylammonium fer-butylsulfamate salt (0.76 g, 3.0 mmol) and 5-((fer+
butyldimethylsilyl)oxy)pentan-1-0l3° (0.44 g, 2.0 mmol) following general procedure B. The
product was obtained as a colorless oil (550 mg, 78% yield) after silica gel column
chromatography using hexanes:EtOAc (9:1). 'H NMR (400 MHz, CDCls) 6 4.30 (s, 1H),
4.11 (t, J= 6.6 Hz, 2H), 3.61 (t, /= 6.2 Hz, 2H), 1.78-1.71 (m, 2H), 1.58-1.49 (m, 2H),
1.49-1.42 (m, 2H), 1.35 (s, 9H), 0.89 (s, 9H), 0.04 (s, 6H); 33C{*H} NMR (126 MHz,
CDCl3) & 70.3,62.7,54.5,32.2, 29.6, 28.6, 25.9, 22.1, 18.3, -5.3; IR (neat) v 3295 (br),
2954 (m), 2972 (m), 2855 (m), 1496 (w), 1472 (w), 1394 (w), 1349 (m), 1255 (w), 1162 (s),
1096 (m), 1005 (w), 974 (w), 835 (m), 775 (m), 617 (w) cm~L; TLC R¢ = 0.25 (hexanes/
EtOAc, 9:1); HRMS (ESI-TOF) m/z: [M + H]* Calcd for C15H35NO4SSi 354.2129; Found
354.2136.

Methyl 6-hydroxyhexanoate tert-butylsulfamate ester (3i).: Prepared from
triethylammonium fert-butylsulfamate salt (1.91 g, 7.5 mmol) and methy! 6-
hydroxyhexanoate®? (0.73 g, 5.0 mmol) following general procedure B. The product was
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obtained as a colorless oil (1.29 g, 92% yield) after silica gel column chromatography using
hexanes:EtOAc (9:1). 1H NMR (400 MHz, CDCls) 6 4.33 (s, 1H), 4.11 (t, J= 6.5 Hz, 2H),
3.67 (s, 3H), 2.33 (t, J= 7.3 Hz, 2H), 1.78-1.70 (m, 2H), 1.69-1.63 (m, 2H), 1.49-1.40 (m,
2H), 1.35 (s, 9H); 13C{IH} NMR (101 MHz, CDCl5) 6 173.7, 69.6, 54.2, 51.3, 33.5, 29.3,
28.2,24.9,24.1; IR (neat) v 3294 (br), 2952 (w), 2871 (w), 1734 (m), 1435 (w),1394 (m),
1344 (m), 1229(m), 1156 (s), 1103 (w), 999 (m), 953 (m), 873 (m), 811 (m), 725 (m), 614
(m), 584 (m) cm™L; TLC R¢ = 0.24 (hexanes/EtOAc, 8:2); HRMS (ESI-TOF) m/z: [M +
NH,4]* Caled for C11Hp3NOsSeNH,4 299.1635; Found 299.1627.

5-phenylpentyl tert-butylsulfamate ester (3j).: Prepared from triethylammonium fer
butylsulfamate salt (1.9 g, 7.5 mmol) and 5-phenylpentanol*! (0.82 g, 5.0 mmol) following
general procedure B. The product was obtained as a colorless oil (1.20 g, 78% yield) after
silica gel column chromatography using hexanes:EtOAc (9:1). 1H NMR (400 MHz, CDCl5)
8 7.28-7.24 (m, 2H), 7.18-7.15 (m, 3H), 4.33 (s, 1H), 4.08 (t, /= 6.9 Hz, 2H), 2.61 (t, /=
7.6 Hz, 2H), 1.77-1.70 (m, 2H), 1.68-1.61 (m, 2H), 1.47-1.39 (m, 2H), 1.33 (s, 9H);
13C{1H} NMR (126 MHz, CDCl3) 6 142.2, 128.3, 128.3, 125.7, 70.2, 54.5, 35.7, 30.9, 29.6,
28.7, 25.2; IR (neat) v 3296 (br), 2972 (w), 2934 (w), 2858 (w), 1495 (w), 1452 (w), 1429
(w), 1393 (m), 1368 (w), 1341 (m), 1230 (w), 1157 (s), 952 (m), 875 (m), 800 (m), 746 (m),
698 (m), 614 (m), 583 (m) cm~L; TLC Ry = 0.54 (hexanes/EtOAc, 7:3); HRMS (ESI-TOF)
m/z: [M — H]~ Calcd for C15H24NO3S 298.1482; Found 298.1484.

(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl tert-butylsulfamate (3m).: Prepared from
triethylammonium fer-butylsulfamate salt (0.76 g, 3.0 mmol) and (-)-menthol (2.0 mmol,
312.5 mgq) following general procedure B. The product was obtained as a colorless oil (443
mg, 76% yield) after silica gel chromatography using hexanes:EtOAc (9:1).1H NMR (400
MHz, CDCl3) & 4.48 (br d, 1H), 4.37 (td, J=10.9, 4.5 Hz, 1H), 2.42-2.37 (m, 1H), 2.15
(qd, /=6.9, 2.4 Hz, 1H), 1.72-1.63 (m, 2H), 1.35 (s, 9H), 1.18 (g, /= 12 Hz, 2H), 1.09-
0.98 (m, 2H), 0.91 (t, J= 7.0 Hz, 6H), 0.87-0.83 (m, 1H), 0.81 (d, /= 6.8 Hz, 3H); 13C{1H}
NMR (126 MHz, CDCl3) & 83.2, 54.8, 47.7, 41.7, 33.9, 31.6, 29.8, 25.4, 23.0, 21.9, 20.9,
15.6; IR (neat) v 3288 (br), 2955 (w), 2870 (w), 1456 (w), 1433 (w), 1393 (w), 1368 (m),
1330 (m), 1233 (w), 1159 (s), 1003 (w), 942 (m), 907 (s), 873 (s), 799 (m), 639 (m), 620
(m), 594 (m), 575 (m) cm~1; TLC R¢ = 0.43 (hexane/EtOAc, 9:1); HRMS (ESI-TOF) m/z:
[M - H]~ Calcd for C14H2gNO3S 290.1795; Found 290.1799.

(=)-16-acetoxy-13-methyl-17-norkaurane tert-butylsulfamate (3p).: Prepared from
triethylammonium fert-butylsulfamate salt (303 mg, 0.89 mmol) and (-)-16-acetoyxy-18-
hydroxy-13-methyl-17-norkaurane (S2, 206 mg, 0.59 mmol) following general procedure B.
The product was obtained as a white foamy solid (234 mg, 82% yield) after silica gel
chromatography using hexanes:EtOAc (9:1). 1H NMR (400 MHz, CDCls) & 4.73 (t, J= 7.6
Hz, 1H), 4.27 (d, J= 9.3 Hz, 1H), 4.22 (s, 1H), 3.81 (d, J= 9.3 Hz, 1H), 2.06 (s, 3H), 1.82—
1.76 (m, 3H), 1.70-1.62 (m, 3H), 1.59-1.48 (m, 5H), 1.41-1.37 (m, 3H), 1.35 (s, 9H), 1.26—
1.17 (m, 3H), 1.07-1.01 (m, 3H), 1.00 (s, 3H), 0.90 (s, 3H), 0.87 (s, 3H); 13C{1H} NMR
(126 MHz, CDCl3) 6 171.2,81.4,72.9, 56.7, 56.3, 54.9, 54.4, 42.1, 41.4, 40.6, 39.1, 37.4,
37.0,35.5,34.3,29.8, 29.6, 27.4, 24.8, 21.1, 20.0, 19.9, 17.7, 15.4; IR (neat) v 3250 (br),
2929 (w), 2846 (w), 1716 (m), 1453 (w), 1438 (w), 1349 (m), 1285 (w), 1259 (m), 1157
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(m), 1051 (w), 1035 (w), 1008 (w), 983 (m), 966 (m), 935 (m), 875 (m), 852 (w), 825 (m),
713 (w), 671 (w), 598 (m), 547 (w), 531 (W) cm™1; TLC R¢ = 0.42 (hexanes:/EtOAc, 8:2);
HRMS (ESI-TOF) m/z: [M + CI]~ Calcd for CygHssNO5S+Cl 518.2713; Found 518.2718.

3B-acetoxydihydrobetulinic tert-butylsulfamate (3q).: Prepared from triethylammonium

tert-butylsulfamate salt (0.50 g, 2.0 mmol) and (-)-3p,28-diacetoxydihydrobetulin®? (0.63 g,
1.3 mmol) following general procedure B. The product was obtained as a white foamy solid
(502 mg, 62% yield) after silica gel chromatography using hexanes:EtOAc (9:1). IH NMR
(400 MHz, CDCl3) & 4.47 (dd, J=10.4, 5.8 Hz, 1H), 4.28 (d, /= 9.2 Hz, 1H), 4.20 (br s,
1H), 3.81 (d, /= 9.2 Hz, 1H), 2.04 (s, 3H), 1.92-1.83 (m, 3H), 1.74-1.45 (m, 12H), 1.42-
1.19 (m, 11H), 1.36 (s, 9H), 1.05 (s, 3H), 0.95 (s, 3H), 0.87-0.82 (m, 12H), 0.77 (d, /=6.7
Hz, 3H); 13C{*H} NMR (126 MHz, CDCls3) 6 171.0, 80.9, 69.0, 55.3, 54.6, 49.9, 48.1, 46.7,
445, 42.8, 40.9, 38.3, 37.8, 37.3, 37.0, 34.3, 34.1, 30.3, 29.7, 29.4, 27.9, 26.7, 26.7 23.6,
22.9,21.5,21.3,20.7,18.1, 16.5, 16.0, 16.0, 14.8, 14.6; IR (neat) v 3313 (br), 2949 (w),
2873 (w), 1743 (w), 1455 (w), 1427 (w), 1392 (w), 1368 (w), 1337 (w), 1235 (w), 1163 (w),
1082 (w), 1045 (w), 1012 (w), 977 (w), 958 (w), 934 (w), 876 (w), 821 (w), 613 (w), 604
(w), 595 (w), 558 (w) cm~L; TLC R = 0.55 (hexanes/EtOAc, 8:2); HRMS (ESI-TOF) m/z:
[M = H]~ C36HgaNO5S Calced for 620.4354; Found 620.4366.

Preparation and Characterization of N-Chlorosulfamate Esters:

General Procedure C.—A flame-dried round bottom flask equipped with magnetic stir
bar was charged with sulfamate ester (1.0 equiv), and the flask was evacuated and backfilled
with No. Anhydrous CH,Cl, (0.2 M) was then added followed by dropwise addition of fer#
butyl hypochlorite#3 (BuOCI, 2.0 equiv) or by single addition of trichloroisocyanuric acid
(TCICA, 1.2 equiv). The solution was stirred at 22 °C and monitored by TLC until complete
consumption of starting material was observed, (generally 1-2 hours, see below for specific
details). Upon complete consumption of starting material, all volatiles were removed under
reduced pressure. The resulting crude material was purified by silica gel column
chromatography, eluting with a hexanes:EtOAc solvent system as noted below. The A+
chlorosulfamate esters were stored in a freezer at —20 °C in the dark. Deviations from the
reported procedure are specified below. The preparation and characterization of N-
chlorosulfamate esters S1a, Slc-d, S1k-I, and S1n have been published previously.*

Pentyl ethylchlorosulfamate ester (S1b).: Prepared from pentyl ethylsulfamate (293 mg,
1.5 mmol) and fert-butyl hypochlorite (326 mg, 3.0 mmol) following general procedure C
with a 2 h reaction time. The product was obtained as a coloroless oil (225 mg, 74% vyield)
after silica gel flash column chromatography using hexanes:EtOAc (20:1). 'H NMR (400
MHz, CDCl3) & 4.37 (t, /= 6.5 Hz, 2H), 3.58 (g, /= 7.0 Hz, 2H), 1.82-1.75 (m, 2H), 1.43-
1.39 (m, 4H), 1.35 (t, J= 7.0 Hz, 3H), 0.92 (t, J= 7.0 Hz, 3H); 13C{*H} NMR (126 MHz,
CDCl3) § 75.1, 52.6, 28.5, 27.3, 22.0, 13.7, 12.3; IR (neat) v 2959 (w), 2935 (w), 2873 (w),
1461 (w), 1373 (m), 1184 (s), 1150 (w), 1040 (m), 951 (s), 915 (s), 856 (m), 808 (m), 781
(m), 724 (w), 618 (s), 587 (M), 555 (m) cm™L; TLC Ry = 0.42 (hexanes/EtOAc, 9:1); HRMS
(ESI-TOF) m/z: [M + NH,4]* Calcd for C;HgCINO3SeNH, 247.0878; Found 247.0876.
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Methyl 6-hydrohexanoate tertbutylchlorosulfamate ester (S1i).: Prepared from methyl 6-
hydroxyhexanoate fert-butylsulfamate ester (422 mg, 1.5 mmol) and trichloroisocyanuric
acid (418 mg, 1.8 mmol) following general procedure C with a 1.5 h reaction time. The
product was obtained as a colorless oil (473 mg, = 98% yield) after silica gel flash column
chromatography using hexanes:EtOAc (5:1). IH NMR (400 MHz, CDCl3) 6 4.30 (t, J= 6.2
Hz, 2H), 3.67 (s, 3H), 2.33 (t, /= 7.3 Hz, 2H), 1.82-1.75 (m, 2H), 1.71-1.64 (m, 2H), 1.50
(s, 9H), 1.50-1.43 (m, 2H). 13C{IH} NMR (126 MHz, CDCl5) § 173.8, 73.9, 67.5, 51.5,
33.7, 28.5, 28.5, 25.0, 24.3; IR (neat) v 2947 (w), 1734 (m), 1462 (w), 1436 (w), 1365 (s),
1235 (m), 1189 (s), 1164 (s), 1102 (w), 1060 (w), 1009 (w), 946 (m), 885 (m), 786 (w), 729
(W), 614 (s), 589 (m) cm™1; TLC R¢ = 0.37 (hexanes/EtOAc, 8:2); HRMS (ESI-TOF) m/z:
[M + NH4]* Calcd for C11H25CINO5SeNH,4 333.1246; Found 333.1247.

Preparation and Characterization of N-Xanthylsulfamate Esters.

General Procedure D.—Adapted from a procedure reported by Alexanian and coworkers.
10a 1 3 flame-dried round bottom flask, potassium ethyl xanthate (1 equiv) was dissolved in
anhydrous MeCN (42 mL per 1 mmol of potassium ethyl xanthate) and the flask was
wrapped with aluminium foil. To this yellow solution, a solution of A-chlorosulfamate ester
(1.0 equiv), in anhydrous MeCN (9 mL per 1 mmol of A~chlorosulfamate ester), was added
dropwise via cannula over 10 minutes. At this point, the solution turned to a cloudy white
suspension which was stirred at 22 °C and monitored by TLC until complete consumption of
starting material was observed (generally within 30 minutes, see below for specific details).
Upon complete consumption of starting material, the suspension was concentrated under
reduced pressure and then diluted with H,O (ca. 50 mL). The crude material was extracted
with dichloromethane (3 X 25 mL). The combined organic phases were dried over MgSQOy,
filtered, and concentrated under reduced pressure. The resulting crude material was purified
by silica gel column chromatography, eluting with a hexanes:EtOAc solvent system as noted
below. The N-xanthylsulfamate esters were stored in a freezer at —20 °C in the dark.
Deviations from the reported procedure are specified below.

General Procedure E.—A flame-dried round bottom flask equipped with a magnetic stir
bar was charged with sulfamate ester (1.0 equiv) and fitted with a rubber septum. The flask
was evacuated and backfilled with N». To the flask were added sequentially anhydrous
CH,Cl, (10 mL per mmol of sulfamate ester), and zert-butyl hypochlorite (‘BuOClI, 1.2
equiv, dropwise addition). The solution was stirred at 22 °C and monitored by TLC until
complete consumption of starting material was observed (generally 1-6 hours, see below for
specific details). Upon complete consumption of starting material, to the reaction flask was
added a suspension of potassium ethyl xanthate (1.5 equiv) in anhydrous CH,Cl, (50 mL per
1 mmol of potassium ethyl xanthate) dropwise via cannula over 10 minutes. A white
precipitate was observed at the outset of this transfer. The cloudy white suspension was
stirred at 22 °C. Upon complete consumption of starting material as judged by TLC
(generally within 30 minutes, see below for specific details), the suspension was
concentrated under reduced pressure and then diluted with H,O (ca. 50 mL). The crude was
extracted with dichloromethane (3 X 25 mL). The combined organic phases were dried over
MgSQy, filtered, and concentrated under reduced pressure. The resulting crude material was
purified by flash column chromatography on silica gel column, eluting with a
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hexanes:EtOAc solvent system as noted below. The A-xanthylsulfamate esters were stored
in a freezer at —20 °C in the dark. Deviations from the reported procedure are specified
below.

Pentyl tert-butyl((ethoxycarbonothioyl)thio)sulfamate (1a).: Prepared either according to
general procedure D or general procedure E. The compound was obtained as a colorless oil
after silica gel column chromatography using hexanes:EtOAc (99:1).

The compound was prepared from pentyl fert-butyl(chloro)sulfamate ester (0.89 g, 3.48
mmol) following general procedure D in 83% yield (0.99 g).

The compound was prepared from pentyl fert-butylsulfamate ester (112 mg, 0.50 mmol)
following general procedure E in 59% yield (102 mg).

The compound was prepared from pentyl tert-butylsulfamate ester (893 mg, 4.0 mmol)
following general procedure E in 65% yield (891 mg). 'H NMR (400 MHz, CDCl3) & 4.77-
4.71 (m, 2H), 4.24-4.19 (m, 1H), 4.12-4.07 (m, 1H), 1.74-1.69 (m, 2H), 1.52 (s, 9H), 1.49
(t, J= 7.2 Hz, 3H), 1.38-1.35 (m, 4H), 0.91 (t, J= 7.1 Hz, 3H); 13C{1H} NMR (126 MHz,
CDCl3) 6 213.1, 71.7, 70.4, 66.3, 29.7, 28.4, 27.5, 22.0, 13.8, 13.5; IR (neat) v 2958 (w),
2871 (w), 1465 (w), 1363 (m), 1245 (m), 1185 (m), 1162 (m), 1112 (w), 1032 (s), 997 (w),
962 (m), 942 (m), 918 (m), 876 (s), 822 (m), 761 (M), 724 (w), 660 (w), 628 (m), 580 (w)
cm™L; TLC R¢ = 0.49 (hexanes/EtOAc, 9:1); HRMS (ESI-TOF) m/z: [M + NH,4]* Calcd for
C1oH25NO4S3°NH,4 361.1284; Found 361.1286.

Pentyl ethyl((ethoxycarbonothioylthio)sulfamate (1b).: Prepared either according to
general procedure D or general procedure E. The compound was obtained as a colorless oil
after silica gel column chromatography using hexanes:EtOAc (99:1)

The compound was prepared from pentyl ethylchlorosulfamate ester (0.41 g, 1.75 mmol)
following general procedure D in 75% yield (0.41 g).

The compound was prepared from pentyl ethylsulfamate ester (100 mg, 0.51 mmol)
following general procedure E in 69% yield (112 mg).

The compound was prepared from pentyl ethylsulfamate ester (976 mg, 5.0 mmol) following
general procedure E in 71% yield (1.12 g).

1H NMR (400 MHz, CDCls) 6 4.74 (q, J= 7.1 Hz, 2H), 4.20-4.12 (m, 2H), 3.80 (q, /= 7.1
Hz), 1H), 3.77-3.60 (m, 1H), 1.76-1.69 (m, 2H), 1.48 (t, J= 7.1 Hz, 3H), 1.42-1.32 (m,
4H), 1.30 (t, J= 7.2 Hz, 3H), 0.91 (t, J= 6.9 Hz, 3H); 13C{*H} NMR (126 MHz, CDCl3) &
211.9,72.1,70.6, 50.5, 28.4, 27.5, 22.0, 13.9, 13.8, 13.6; IR (neat) v 2957 (w), 2933 (w),
2871 (w), 1462 (w), 1368 (m), 1246 (m), 1179 (s), 1111 (m), 1093 (m), 1033 (s), 997 (m),
959 (m), 917 (m), 878 (s), 822 (m), 767 (s), 725 (m), 675 (w), 647 (m), 579 (m), 530 (M)
cm~L; TLC R¢ = 0.44 (hexanes/EtOAc, 9:1); HRMS (ESI-TOF) m/z: [M + H]* Calcd for
C10H22N0O4S3 316.0706; Found 316.0706.
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Pentyl methyl((ethoxycarbonothioyl)thio)sulfamate (1c).: Prepared from pentyl
methylchlorosulfamate ester (3c, 0.52 g, 2.4 mmol) following general procedure D. The
compound was obtained as a colorless oil (412 mg, 57% yield) after silica gel column
chromatography using hexanes:EtOAc (99:1). 1H NMR (400 MHz, CDCl3) & 4.75 (q, J=
7.1 Hz, 2H), 4.16 (t, /= 6.6 Hz, 2H), 3.38 (s, 3H), 1.77-1.70 (m, 2H), 1.50 (t, /= 7.1 Hz,
3H), 1.42-1.33 (m, 4H), 0.92 (t, /= 7.0 Hz, 3H); 13C{1H} NMR (126 MHz, CDCl3) &
211.8,72.4,70.5,42.9, 28.4, 27.5,22.1, 13.8, 13.7; IR (neat) v 2957 (w), 2933 (w), 2871
(w), 1464 (w), 1368 (m), 1246 (s), 1171 (s), 1112 (m), 1089 (m), 1034 (s), 997 (m), 958 (s),
917 (m), 840 (s), 763 (m), 726 (M), 685 (W), 656 (s), 579 (M) cm™1; TLC Rf=0.34
(hexanes/EtOAc, 9:1); HRMS (ESI-TOF) m/z: [M + H]* Calcd for CgHpoNO,4S3 302.0549;
Found 302.0554.

Pentyl (2,2,2-trifluoroethyl)((ethoxycarbonothioyl)thio)sulfamate (1d).: Prepared from
pentyl (2,2,2-trifluorethyl) chlorosulfamate ester (3d, 1.10 g, 3.88 mmol) following general
procedure D. The compound was obtained as a colorless oil (312 mg, 22% yield) after silica
gel column chromatography using hexanes:EtOAc (99:1). This N-xanthate ester was used
immediately, as it was found to degrade even when stored at -20 °C in the dark. 'H NMR
(400 MHz, CD3CN) 6 4.76 (q, J= 7.1 Hz, 2H), 4.36 (br s, 2H), 4.25 (t, /= 6.5 Hz, 2H),
1.74-1.70 (m, 2H), 1.45 (t, J= 7.1 Hz, 3H), 1.38-1.32 (m, 4H), 0.91 (t, /= 7.0 Hz, 3H);
13C{IH} NMR (126 MHz, CD3CN) 6 211.5, 124.9 (q, J= 278.8 Hz), 75.1, 72.7, 55.7 (q, J
=34.6 Hz), 29.1, 28.1, 22.8, 14.2, 13.9; 1°F NMR (376 MHz, CD3CN) 6 — 71.89 (t, J= 8.7
Hz); IR (neat) v 2960 (w), 2934 (w), 2873 (w), 1466 (w), 1371 (m), 1311 (m), 1268 (s),
1155 (s), 1112 (m), 1034 (s), 952 (s), 921 (m), 809 (s), 764 (m), 727 (m), 710 (m), 651 (M),
572 (s) cm™L; TLC R¢ = 0.61 (hexanes/EtOAc, 8:2); HRMS (ESI-TOF) m/z: [M + H]* Calcd
for C10H19F3N0453 370.0423; Found 370.0423.

Pentyl 2-(pyridine-2-yl)propan-2-yl) ((ethoxycarbonothioyl)thio)sulfamate

(1e).: Prepared from pentyl 2-(pyridine-2-yl)propan-2-yl) sulfamate ester (3e, 430 mg, 1.5
mmol) following general procedure E. The compound was obtained as a yellow solid (421
mg, 69% yield) after silica gel column chromatography using hexanes:EtOAc (95:5). 1H
NMR (400 MHz, CDCl3) & 8.55 (dd, J=4.9, 1.5 Hz, 1H), 7.67 (app td, /= 7.9, 1.5 Hz, 1H),
7.48 (d, J=7.9 Hz, 1H), 7.18 (dd, J= 7.9, 4.9 Hz, 1H), 4.76 (g, /= 7.0 Hz, 2H), 4.3 (dt, J=
9.4, 6.6 Hz, 1H), 4.19 (dt, J= 9.4, 6.7 Hz, 1H), 1.96 (s, 3H), 1.82 (s, 3H), 1.73-1.65 (m,
2H), 1.54 (t, J= 7.1 Hz, 3H), 1.36-1.32 (m, 4H), 0.91 (t, J= 7.1 Hz, 3H); 133C{'H} NMR
(126 MHz, CDCl3) 6 213.2, 163.3, 148.5, 136.4, 122.2, 119.8, 72.3, 71.1, 70.4, 28.4, 28.0,
27.4,22.0,13.8, 13.6; IR (neat) v 2960 (w), 2925 (w), 2857 (w), 1588 (w), 1456 (w), 1434
(w), 1394 (w), 1364 (m), 1292 (m), 1276 (w), 1245 (m), 1176 (m), 1152 (m), 1122 (m),
1092 (w), 1035 (m), 958 (m), 942 (m), 918 (m), 878 (m), 820 (m), 784 (m), 764 (m), 745
(m), 728 (m), 657 (m), 622 (W), 585 (M), 567 (M) cm~L; TLC R¢ = 0.43 (hexanes/EtOAc,
8:2); HRMS (ESI-TOF) m/z: [M + H]* Calcd for C1gH»7N204S3 407.1128; Found
407.1122.

Pentyl cyclohexyl((ethoxycarbonothioyl)thio)sulfamate (1f).: Prepared from pentyl
cyclohexyl sulfamate ester (3f, 250 mg, 1.0 mmol) following general procedure E. The
compound was obtained as a colorless oil (237 mg, 64% yield) after silica gel column
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chromatography using hexanes:EtOAc (95:5). H NMR (400 MHz, CDCl3) 6 4.73 (q, J=
7.2 Hz, 2H), 4.21 (dt, J= 9.1, 6.6 Hz, 1H), 4.08 (dt, /= 9.6, 6.5 Hz, 1H), 3.92-3.86 (m, 1H),
2.01 (d, J= 11.3 Hz, 1H), 1.83-1.61 (m, 6H), 1.64-1.52 (m, 2H), 1.47 (t, J= 7.1 Hz, 3H),
1.40-1.31 (m, 6H), 1.09 (dd, J=13.0, 3.7 Hz, 1H), 0.91 (t, J= 7.1 Hz, 3H); 33C{*H} NMR
(126 MHz, CDCl3) 6 212.7, 72.0, 70.5, 62.8, 31.7, 31.0, 28.5, 27.5, 25.6, 25.4, 24.8, 22.1,
13.8, 13.6; IR (neat) v 2930 (m), 2856 (w), 1452 (w), 1369 (m), 1268 (m), 1247 (m), 1177
(s), 1155 (m), 1112 (m), 1031 (s), 990 (m), 962 (m), 914 (s), 868 (s), 845 (m), 820 (m), 761
(m), 728 (m), 705 (W), 625 (m), 593 (s) cmL; TLC R¢ = 0.59 (hexanes/EtOAc, 8:2); HRMS
(ESI-TOF) m/z: [M + H]* Calcd for C14H2gNO4S3 370.1175; Found 370.1178.

Pentyl pentyl((ethoxycarbonothioylthio)sulfamate (1qg).: Prepared from pentyl pentyl
sulfamate ester (3g, 356 mg, 1.5 mmol) following general procedure E. The compound was
obtained as a colorless oil (327 mg, 61% yield) after silica gel column chromatography
using hexanes:EtOAc (95:5). 1H NMR (400 MHz, CDCl3) & 4.74 (q, J= 7.1 Hz, 2H), 4.15
(brs, 2H), 3.58 (s, 2H), 1.76-1.66 (m, 4H), 1.48 (t, J= 7.1 Hz, 3H), 1.41-1.26 (m, 8H), 0.91
(td, J= 7.1, 2.9 Hz, 6H); 33C{*H} NMR (126 MHz, CDCl3) § 211.9, 72.1, 70.4, 55.3, 28.4,
28.3,28.1,27.4,22.1,22.0,13.8, 13.7, 13.6; IR (neat) v 2956 (w), 2931 (w), 2871 (w),
1465 (w), 1369 (m), 1246 (m), 1177 (s), 1113 (m), 1078 (w), 1034 (s), 997 (m), 959 (m),
917 (m), 883 (s), 821 (S), 762 (M), 726 (M), 677 (W), 646 (M), 563 (M) cm~L; TLC Rs = 0.43
(hexanes/EtOAc, 9:1); HRMS (ESI-TOF) m/z: [M + H]* Calcd for C13H,gNO4S3 358.1175;
Found 358.1174.

5-((tert-butyldimethylsilyl)oxy)pentyl tert-butyl((ethoxycarbonothioyl)thio)sulfamate
(1h).: Prepared from 5-((zert-butyldimethylsilyl)oxy)pentyl tertbutyl sulfamate ester (3h,
178 mg, 0.5 mmol) following general procedure E. The compound was obtained as a
colorless oil (142 mg, 60% yield) after silica gel column chromatography using
hexanes:EtOAc (99:1). 'H NMR (400 MHz, CDCls3) & 4.78-4.70 (m, 2H), 4.22 (dt, J= 9.5,
6.6 Hz, 1H), 4.10 (dt, /= 9.5, 6.5 Hz, 1H), 3.61 (t, /= 6.2 Hz, 2H), 1.78-1.71 (m, 2H),
1.58-1.41 (m, 4H), 1.51 (s, 9H), 1.49 (t, J= 7.1 Hz, 3H), 0.89 (s, 9H), 0.04 (s, 6H); 13C{*H}
NMR (126 MHz, CDCls3) § 213.2, 71.7, 70.4, 66.4, 62.7, 32.1, 29.8, 28.7, 25.9, 22.0, 18.3,
13.6, 5.3; IR (neat) v 2928 (w), 2855 (w), 1471 (w), 1364 (m), 1247 (w), 1186 (m), 1163
(m), 1093 (m), 1034 (s), 1003 (m), 939 (m), 880 (m), 831 (s), 773 (m), 733 (m), 660 (M),
629 (m), 581 (w) cm~1; TLC R¢ = 0.31 (hexanes/EtOAc, 95:5); HRMS (ESI-TOF) m/z: [M
+ Na]* Calcd for C1gH3gNO5S3Si*Na 496.1652; Found 496.1655.

Methyl 6-hydroxyhexanoate tert-butyl((ethoxycarbonothioyl)thio)sulfamate

(1i).: Prepared from methyl 6-hydrohexanoate fertutylchlorosulfamate ester (3i, 226 mg,
0.72 mmol) following general procedure D. The compound was obtained as a colorless oil
(210 mg, 73% vyield) after silica gel column chromatography using hexanes:EtOAc (95:5).
1H NMR (400 MHz, CDCl3) & 4.79-4.67 (m, 2H), 4.20 (dt, J= 9.6, 6.6 Hz, 1H), 4.09 (dt, J
=9.6, 6.5 Hz, 1H), 2.32 (s, 3H), 2.32 (t, /= 7.4 Hz, 2H), 1.77-1.71 (m, 2H), 1.70-1.62 (m,
2H), 1.50 (s, 9H), 1.47 (t, J= 7.2 Hz, 3H), 1.44-1.38 (m, 2H); 13C{IH} NMR (126 MHz,
CDCI3) 6 213.0, 173.6, 71.3, 70.4, 66.4, 51.4, 33.6, 29.7, 28.5, 25.0, 24.2, 13.5; IR (neat) v
2980 (w), 2948 (w), 1734 (m), 1462 (w), 1436 (w), 1363 (s), 1268 (m), 1246 (m), 1185 (m),
1160 (s), 1111 (m), 1031 (s), 997 (m), 941 (m), 876 (s), 824 (m), 730 (m), 660 (M), 628 (s),
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581 (m) cm™L; TLC Rf = 0.31 (hexanes/EtOAc, 8:2); HRMS (ESI-TOF) m/z: [M + NH4]*
Calcd for C14H27NOgS3eNH,4 419.1339; Found 419.1329.

5-phenylpentyl tert-butyl((ethoxycarbonothioyl)thio)sulfamate (1j).: Prepared from 5-

phenylpentyl fert-butyl sulfamate ester (3j, 300 mg, 1.0 mmol) following general procedure
E. The compound was obtained as a colorless oil (255 mg, 61% yield) after silica gel
column chromatography using hexanes:EtOAc (98:2). 1H NMR (400 MHz, CDCl3) & 7.28-
7.24 (m, 2H), 7.18-7.14 (m, 3H), 4.76-4.67 (m, 2H), 4.19 (dt, /= 9.6, 6.6 Hz, 1H), 4.08 (dt,
J=9.7,6.6 Hz, 1H), 3.61 (t, J= 7.7 Hz, 2H), 1.77-1.70 (m, 3H), 1.68-1.59 (m, 3H), 1.49 (s,
9H), 1.46 (t, J= 7.2 Hz, 3H); 133C{'H} NMR (126 MHz, CDCl3) 6 213.1, 142.0, 128.3,
128.3,125.7, 71.5, 70.4, 66.3, 35.6, 30.8, 29.7, 28.7, 25.1, 13.6; IR (neat) v 2979 (w), 2934
(w), 2857 (w), 1495 (W), 1453 (w), 1364 (m), 1267 (m), 1246 (m), 1185 (m), 1161 (s), 1112
(m), 1031 (s), 997 (m), 941 (m), 877 (s), 822 (m), 747 (m), 698 (m), 660 (m), 628 (s), 581
(m) cm~L; TLC R = 0.68 (hexanes/EtOAc, 8:2); HRMS (ESI-TOF) m/z: [M + H]* Calcd for
C1gH3pgNO4S3 420.1332; Found 420.1331.

(3-phenyl)propyl tert-butyl((ethoxycarbonothioyl)thio)sulfamate (1k).: Prepared from
(3-phenyl)propyl tert-butylchlorosulfamate ester (3k, 311 mg, 1.02 mmol) following general
procedure D. The compound was obtained as a colorless oil (295 mg, 74% yield) after silica
gel column chromatography using hexanes:EtOAc (95:5). 1H NMR (400 MHz, CDCl3) 6
7.34-7.28 (m, 2H), 7.23-7.18 (m, 3H), 4.77-4.68 (m, 2H), 4.23 (dt, J= 9.7, 6.3 Hz, 1H),
4.12 (dt, J=10.0, 6.4 Hz, 1H), 2.74 (t, /= 7.6 Hz, 2H), 2.09-2.00 (m, 2H), 1.51 (s, 9H),
1.47 (t, J=7.1 Hz, 3H); 13C{*H} NMR (126 MHz, CDCl3) 6 213.1, 140.3, 128.5, 128.4,
126.2,70.7,70.5, 66.5, 31.6, 30.5, 29.8, 13.6; IR (neat) v 3020 (w), 2992 (w), 2974 (w),
2940 (w), 2870 (w), 1495 (w), 1474 (w), 1453 (W), 1388 (w), 1359 (s), 1263 (s), 1184 (w),
1159 (s), 1074 (m), 1049 (m), 1027 (s), 997 (m), 963 (s), 936 (s), 916 (s), 872 (S), 844 (s),
812 (m), 802 (m), 752 (s), 700 (s), 628 (s), 594 (M), 574 (s), 554 (M) cm™L; TLC Rs = 0.53
(hexanes/EtOAc, 8:2); HRMS (ESI-TOF) m/z: [M + Na]* Calcd for C15Ho5NO4S3°Na
414.0838; Found 414.0834.

3.7-dimethyloctyl tert-butyl((ethoxycarbonothioyl)thio)sulfamate (11).: Prepared from
3,7-dimethyloctyl fert-butylchlorosulfamate ester (3, 180 mg, 0.55 mmol) following general
procedure D. The compound was obtained as a colorless oil (162 mg, 71% yield) after silica
gel column chromatography using hexanes:EtOAc (99:1). The IH NMR and 13C NMR data
listed for this compound were obtained at 80 °C. At 25 °C, the 1H NMR and 13C NMR
spectra indicated the compound exists as a mixture of rotamers. 'H NMR (500 MHz,
CD3CN, 80 °C) & 4.74-4.83 (m, 2H), 4.32-4.20 (m, 2H), 1.81-1.72 (m, 1H), 1.62-1.56 (m,
2H), 1.54 (s, 9H), 1.47 (t, J= 7.1 Hz, 3H), 1.38-1.30 (m, 4H), 1.23-1.18 (m, 3H), 0.95 (d, J
= 6.5 Hz, 3H), 0.91 (d, J= 6.6 Hz, 6H); 13C{*H} NMR (126 MHz, CD3CN, 80 °C) & 215.5,
72.2,72.1,67.9, 40.3, 38.0, 37.0, 30.7, 30.5, 29.0, 25.6, 23.3, 23.2, 20.1, 14.3.

1H NMR (500 MHz, CD3CN, 25 °C) & 4.81-4.68 (m, 2H), 4.28-4.15 (m, 2H), 1.76-1.72
(m, 1H), 1.60-1.51 (m, 2H), 1.50 (s, 9H), 1.35-1.29 (m, 4H), 1.181.13 (m, 3H), 0.91 (dd, J
= 6.5 Hz, 2.8 Hz, 3H), 0.88-0.86 (m, 6H); 13C{'H} NMR (126 MHz, CDsCN, 25 °C) &
214.7,71.8,71.4,71.3,67.2,39.7, 37.4, 37.4, 36.2, 36.2, 30.0, 30.0, 29.8, 28.5, 25.1, 25.1,
22.9,22.8,19.6,19.5, 13.8.
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IR (neat) v 2954 (w), 2926 (w), 2868 (w), 1463 (w), 1364 (m), 1267 (m), 1245 (m), 1186
(m), 1163 (m), 1112 (w), 1033 (s), 998 (w), 942 (m), 876 (s), 810 (m), 760 (M), 661 (W),
629 (m), 588 (w) cm™L; TLC R¢ = 0.55 (hexanes/EtOAc, 9:1); HRMS (ESI-TOF) m/z: [M +
NHg4]* Calcd for C17H35N04S3°NH,4 431.2067; Found 431.2070.

(1R, 2S, 5R)-2-isopropyl-5-methylcyclohexyl tert-
butyl((ethoxycarbonothioyl)thio)sulfamate (1m).: Prepared from (17, 25, 5R)-2-
isopropyl-5-methylcyclohexyl fert-butyl sulfamate ester (3m, 437 mg, 1.5 mmol) following
general procedure E. The compound was obtained as a colorless oil (284 mg, 46% yield)
after silica gel column chromatography using hexanes:EtOAc (95:5). By comparison to 11,
13C NMR spectral analysis suggests the compound exists as a mixture of rotamers at 25 °C.
Unlike 11, rotameric peaks did not coalesce when variable temperature NMR experiments
were performed. The NMR data listed below were obtained at 25 °C and are presumed to
characterize a mixture of rotamers. 1TH NMR (400 MHz, CDCl3) & 4.79-4.68 (m, 2H), 4.51
(m, 1H), 2.34 (app dd, J=38.8, 12.0 Hz, 1H), 2.18-2.09 (m, 1H), 1.74-1.65 (m, 2H), 1.53
(s, 9H), 1.49 (t, /= 7.3 Hz, 3H), 1.39-1.33 (m, 1H), 1.24-1.03 (m, 4H), 0.95-0.89 (m, 6H),
0.83 (app. ddd, /= 9.5, 6.9, 1.4 Hz, 3H); 133C{*H} NMR (126 MHz, CDCl3) & 213.6, 85.3,
85.2,70.4,70.3, 66.7, 66.6, 47.9, 47.8, 41.8, 41.4, 33.8, 31.6, 30.1, 25.6, 25.5, 23.0, 22.9,
22.0,21.9,20.9, 20.9, 15.8, 15.5, 13.6, 13.6; IR (neat) v 2955 (w), 2869 (w), 1455 (w),
1364 (m), 1266 (m), 1245 (s), 1186 (m), 1162 (m), 1112 (m), 1034 (s), 999 (m), 939 (m),
916 (m), 858 (s), 818 (m), 798 (M), 773 (m), 734 (w), 659 (M), 634 (m), 594 (w), 574 (m)
cm~L; TLC R¢ = 0.25 (hexanes/EtOAc, 95:5); HRMS (ESI-TOF) m/z: [M + H]* Calcd for
C17H34N0O4S3 412.1645; Found 412.1646.

Propyl tert-butyl((ethoxycarbonothioyl)thio)sulfamate (1n).: Prepared from propyl fert
butylchloro sulfamate ester (3n, 750 mg, 3.26 mmol) following general procedure D. The
compound was obtained as a colorless oil (744 mg, 72% yield) after silica gel column
chromatography using hexanes:EtOAc (95:5). TH NMR (400 MHz, CDCl3) & 4.78-4.70 (m,
2H), 4.19 (dt, /= 9.5, 6.6 Hz, 1H), 4.07 (dt, /= 9.5, 6.5 Hz, 1H), 1.76 (qdd, /=9.5, 6.6, 7.2
Hz, 2H), 1.52 (s, 9H), 1.49 (t, J= 7.2 H, 3H), 1.00 (t, /= 7.4 Hz, 3H); 13C{1H} NMR (126
MHz, CDClI3) 6 213.0, 73.0, 70.3, 66.1, 29.5, 22.1, 13.4, 10.0; IR (neat) v 2976 (w), 2938
(w), 2880 (w), 1463 (w), 1363 (s), 1266 (m), 1245 (s), 1185 (m), 1162 (s), 1112 (m),
1031(s), 874 (m), 941 (s), 874 (s), 839 (s), 741 (m), 659 (M), 627 (s), 578 (M) cm™L; TLC R¢
= 0.43 (hexanes/EtOAc, 9:1); HRMS (ESI-TOF) m/z: [M + NH4]* Calcd for
C10H21NO4S3*NH,4 333.0971; Found 333.0972.

(1R, 25)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-yl tert-butyl((ethoxycarbonothioyl)thio)
sulfamate (10).: Prepared from (1R, 25)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-yl fert-butyl
sulfamate ester (30, 434 mg, 1.5 mmol) following general procedure E. The compound was
obtained as a colorless oil (209 mg, 34% yield) after silica gel column chromatography
using hexanes:EtOAc (95:5). By comparison to 11, the 13C NMR spectral analysis suggests
the compound exists as a mixture of rotamers at 25 °C. Unlike 1l, rotameric peaks did not
coalesce when variable temperature NMR experiments were performed. The NMR data
listed below were obtained at 25 °C and are presumed to characterize a mixture of rotamers.
1H NMR (400 MHz, CDCls3) 8 4.75 (m, 3H), 2.39-2.28 (m, 1H), 1.88-1.81 (m, 1H), 1.77-
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1.70 (m, 2H), 1.54 (s, 9H), 1.49 (t, J= 7.1 Hz, 3H), 1.43-1.36 (m, 2H), 1.33-1.29 (m, 1H),
0.93 (d, J= 4.9 Hz, 3H), 0.88 (s, 6H); 13C{1H} NMR (126 MHz, CDCl5) & 213.5, 89.7,
89.3,70.4, 66.7, 66.5, 49.7, 49.7, 47.7, 47.6, 44.7, 44.6, 36.2, 35.6, 30.1, 30.0, 27.93, 27.9,
26.7,26.6, 19.7, 18.8, 13.6, 13.4, 13.1; IR (neat) v 2956 (w), 2875 (w), 1453 (w), 1365 (m),
1326 (w), 1266 (w), 1246 (m), 1187 (m), 1158 (m), 1112 (m), 1034 (s), 1003 (m), 985 (m),
941 (m), 917 (m), 862 (s), 836 (m), 807 (m), 780 (w), 736 (s), 661 (m), 632 (m), 593 (w),
565 (m) cm™L; TLC R = 0.43 (hexanes/EtOAc, 9:1); HRMS (ESI-TOF) m/z: [M + NH4]*
Calcd for C17H31NO4S3*NH,4 427.1754; Found 427.1750.

(=)-16-acetoyxy-13-methyl-17-norkaurane tert-butyl((ethoxycarbonthioyl)thio)
sulfamate (1p).: Prepared from 3p (265 mg, 0.55 mmol) following general procedure E.
The compound was obtained as a white foamy solid (100 mg, 30% vyield) after silica gel
column chromatography using hexanes:EtOAc (98:2). The NMR data listed below were
obtained at 25 °C and are presumed to characterize a mixture of rotamers. 1H NMR (400
MHz, CDCl3) 6 4.72-4.62 (m, 3H), 4.32 (d, /= 9.2 Hz, 0.5H), 4.17 (d, /= 9.4 Hz, 0.5H),
3.86 (d, /=9.2 Hz, 0.5H), 3.71 (d, /= 9.4 Hz, 0.5H), 2.00 (s, 3H), 1.73-1.69 (m, 4H), 1.63-
1.60 (m, 2H), 1.51-1.44 (m, 5H), 1.44 (s, 9H), 1.42 (t, J=7.2 Hz, 3H), 1.33-1.25 (m, 3H),
1.21-1.08 (m, 3H), 1.00-0.93 (m, 3H), 0.92 (s, 3H), 0.84 (s, 3H), 0.80 (s, 3H); 13C{1H}
NMR (126 MHz, CDCls3) 6 213.4, 171.3, 81.5, 74.6, 74.5, 70.5, 70.5, 66.5, 56.7, 56.4, 55.0,
424,415,415, 40.7, 40.7, 39.2, 37.5, 37.3, 37.3, 35.7, 35.6, 34.4, 30.0 27.4, 27.3, 24.9,
21.2,20.1,20.0,17.8,17.7, 15.6, 15.5, 13.6; IR (neat) v 2923 (w), 2848 (w), 1729 (m),
1455 (w), 1440 (w), 1381 (m), 1365 (m), 1272 (m), 1243 (m), 1186 (m), 1164 (m), 1115
(w), 1035 (m), 954 (m), 884 (m), 853 (m), 713 (w), 672 (w), 634 (w), 598 (m), 565 (w)
cm~L; TLC Ry = 0.42 (hexanes/EtOAc, 9:1); HRMS (ESI-TOF) m/z: [M + Na]* Calcd for
CpgH49NOgS3°Na 626.2614; Found 626.2615.

3p-acetoxydihydrobetulinic tert-butyl((ethoxycarbonthioyl)thio) sulfamate

(1q).: Prepared from 3q (200 mg, 0.32 mmol) following general procedure E. The
compound was obtained as a white foamy solid (57 mg, 24% yield) after silica gel column
chromatography using hexanes:EtOAc (98:2). The NMR data listed below were obtained at
25 °C and are presumed to characterize a mixture of rotamers. IH NMR (400 MHz, CDCl5)
& 4.80-4.69 (m, 2H), 4.50-4.47 (dd, J=10.1, 6.0 Hz, 1H), 4.37 (d, /= 9.3 Hz, 0.5H), 4.21
(d, /=9.1 Hz, 0.5H), 3.94 (d, /=9.3 Hz, 0.5H), 3.80 (d, /=9.1 Hz, 0.5H), 2.04 (s, 3H),
1.92-1.78 (m, 3H), 1.74-1.45 (m, 9H), 1.52 (s, 9H), 1.49 (t, /= 7.1 Hz, 3H), 1.43-1.20 (m,
12H) 1.03 (s, 3H), 0.94 (s, 3H), 0.86-0.82 (m, 12H), 0.76, (d, J= 6.7 Hz, 3H); 33C{1H}
NMR (126 MHz, CDCls3) § 213.3, 171.0, 80.9, 70.5, 66.4, 55.3, 49.9, 48.2, 48.1, 46.9, 46.8,
44.5,44.4,42.8,40.9, 40.9, 38.3, 37.87 37.3, 37.0, 34.3, 34.3, 34.1, 34.0, 30.3, 29.9, 29.4,
29.3,29.3,27.9, 26.7, 23.6, 22.8, 21.5, 21.4, 21.3, 20.7, 18.1, 16.5, 16.1, 16.0, 15.9, 14.8,
14.6, 13.6; IR (neat) v 2945 (w), 2868 (w), 1730 (w), 1653 (w), 1559 (w), 1540 (w), 1507
(w), 1457 (w), 1364 (w), 1242 (w), 1186 (w), 1163 (w), 1112 (w), 1035 (w), 966 (w), 881
(w), 835 (w), 657 (W), 633 (w), 594 (w) cm~1; TLC R¢ = 0.40 (hexanes/EtOAc, 9:1); HRMS
(ESI-TOF) m/z: [M + H]* Calcd for C3gHggNOgS3 742.4203; Found 742.4194.
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Preparation and Characterization of Alkylxanthate Sulfamate Esters:

General Procedure F.—In a flame-dried microwave vial equipped with magnetic stir bar
and sealed with a disposable crimp cap containing a Teflon-lined septum, A-
xanthylsulfamate ester (0.28 mmol, 1.0 equiv) was dissolved in anhydrous MeCN (4.0 mL,
0.07 M) under a nitrogen atmosphere. The vial was then placed in between two 26W CFL
bulbs (ca. 3 cm away from each light source) and irradiated until complete consumption of
starting material was observed by TLC (generally 12—-24 hours, see below for specific
details). Upon consumption of starting material as judged by TLC, the reaction solution was
transferred to a round-bottomed flask rinsing the microwave vial with CH,ClI, (ca. 4 mL) to
achieve quantitative transfer. Volatiles were removed under reduced pressure. The resulting
crude material was purified by flash column chromatography on silica gel column or manual
flash chromatography using Florisil, eluting with a hexanes:EtOAc solvent system as noted
below.

3-((ethoxycarbonothioyl)thio)pentyl tert-butylsulfamate (2a).: Prepared from A-
xanthylsulfamate ester 1a (96.2 mg, 0.28 mmol) following general procedure F. After
irradiating for 12 h, the product was obtained as colorless oil (87.6 mg, 91% yield) following
purification by silica gel flash chromatography using hexanes:EtOAc (90:10). *H NMR (400
MHz, CDClI3) 6 4.68-4.60 (m, 2H), 4.30 (s, 1H), 4.23 (t, /= 6.6 Hz, 2H), 3.83-3.76 (m,
1H), 2.20-2.11 (m, 1H), 2.08-1.99 (m, 1H), 1.81 (ddd, J=14.6, 7.3, 5.7 Hz, 1H), 1.68-1.76
(m, 1H), 1.43 (t, J= 7.1 Hz, 3H), 1.36 (s, 9H), 1.02 (t, J= 7.4 Hz, 3H); 13C{1H} NMR (126
MHz, CDCl3) 6 213.4, 69.8, 67.4, 54.5, 48.7, 32.7, 29.4, 27.1, 13.6, 11.0; IR (neat) v 3296
(br), 2968 (w), 1428 (w), 1393 (w), 1344 (m), 1291 (w), 1211 (m), 1159 (s), 1110 (m), 1042
(s), 1002 (m), 974 (s), 898 (m), 873 (m), 804 (m), 770 (M), 614 (m), 587 (m) cm~L; TLC R¢
=0.15 (hexanes/EtOAc, 9:1); HRMS (ESI-TOF) m/z: [M + Na]* Calcd for
C1oHo5NO4S3°Na 366.0838; Found 366.0836.

3-((ethoxycarbonothioyl)thio)pentyl ethylsulfamate (2b).: Prepared from N-
xanthylsulfamate ester 1b (88.3 mg, 0.28 mmol) following general procedure F. After
irradiating for 24 h, the product was obtained as colorless oil (69.1 mg, 78% yield) after
silica gel column chromatography using hexanes:EtOAc (90:10). 1H NMR (400 MHz,
CDCl3) 6 4.65 (g, /J=7.1 Hz, 2H), 4.27 (s, 1H), 4.26 (dd, /= 7.1, 6.0 Hz, 3H), 3.85-3.78
(m, 1H), 3.20 (qd, /= 7.2, 5.7 Hz, 2H), 2.21-2.13 (m, 1H), 2.08-1.99 (m, 1H), 1.84-1.68
(m, 2H), 1.43 (t, J= 7.1 Hz, 3H), 1.23 (t, J= 7.3 Hz, 3H), 1.03 (t, J= 7.4 Hz, 3H); 13C{1H}
NMR (126 MHz, CDCls3) § 213.8, 70.0, 67.9, 49.0, 39.0, 32.9, 27.4, 15.1, 13.7, 11.1; IR
(neat) v 3299 (br), 2964 (w), 2923 (w), 1427 (w), 1344 (m), 1289 (w), 1212 (m), 1170 (s),
1109 (m), 1041 (s), 979 (m), 952 (m), 899 (m), 785 (m), 583 (m) cm~L; TLC Rf=0.11
(hexanes/EtOAc, 9:1); HRMS (ESI-TOF) m/z: [M + H]* Calcd for C1gH,,NO4S3 316.0706;
Found 316.0709.

3-((ethoxycarbonothioyl)thio)pentyl methylsulfamate (2c).: Prepared from N-
xanthylsulfamate ester 1c (84.4 mg, 0.28 mmol) following general procedure F. After
irradiating for 12 h, the product was obtained as colorless oil (65 mg, 77% yield) after silica
gel column chromatography using hexanes:EtOAc (90:10). 1H NMR (400 MHz, CDCls) &
4.65 (q, J= 7.1 Hz, 2H), 4.36 (br s, 1H), 4.26 (t, J= 6.5 Hz, 3H), 3.85-3.78 (m, 1H), 2.82 (d,

J Org Chem. Author manuscript; available in PMC 2020 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ayer and Roizen

Page 20

J=5.3 Hz, 3H), 2.22-2.14 (m, 1H), 2.09-2.00 (m, 1H), 1.85-1.67 (m, 2H), 1.43 (t, J= 7.2
Hz, 3H), 1.03 (t, J= 7.3 Hz, 3H); 13C{*H} NMR (126 MHz, CDCl5) & 213.8, 70.0, 68.0,
49.0, 32.9, 29.8, 27.4, 13.7, 11.1; IR (neat) v 3309 (br), 2964 (w), 2932 (w), 1459 (w), 1411
(w), 1343 (m), 1290 (w), 1212 (s), 1171 (s), 1145 (m), 1110 (m), 1040 (s), 974 (s), 899 (M),
853 (s), 756 (m), 580 (m) cm~L; TLC R¢ = 0.10 (hexanes:EtOAc, 9:1); HRMS (ESI-TOF)
m/z: [M + NH,4]* Calcd for CgH19NO4S3*NH, 319.0815; Found 319.0819.

3-((ethoxycarbonothioyl)thio)pentyl (2,2,2-trichloroethyl)sulfamate (2d).: Prepared from
N-xanthylsulfamate ester 1d (90.8 mg, 0.28 mmol) following general procedure F. After
irradiating for 20 h, the product was obtained as colorless oil (52 mg, 57% yield) after silica
gel column chromatography using hexanes:EtOAc (95:5). 1H NMR (400 MHz, CDCls) &
4.90 (brs, 1H), 4.65 (q, /= 7.1 Hz, 2H), 4.31 (dd, J= 7.1, 5.9 Hz, 2H), 3.84-3.72 (m, 3H),
2.22-2.14 (m, 1H), 2.09-2.00 (m, 1H), 1.83-1.68 (m, 2H), 1.42 (t, /=7.1 Hz, 3H), 1.01 (t, J
= 7.4 Hz, 3H).

13C{1H} NMR (126 MHz, CDCl3) 213.8, 70.2, 69.1, 49.0, 45.1 (q, /= 36.0 Hz), 32.8, 27.5
13.7, 11.1 [full quartet from CF group was not detected]: 1°F NMR (326 MHz, CDCl53) & —
72.72 (t, J= 8.4 Hz); IR (neat) v 3298 (br), 2966 (w), 2923 (w), 2852 (w), 1641 (w), 1459
(w), 1363 (m), 1273 (m), 1218 (m), 1153 (s), 1112 (m), 1044 (m), 962 (s), 915 (m), 856 (m),
736 (m), 702 (m), 664 (m), 560 (m) cm~L; TLC R¢ = 0.38 (hexanes/EtOAc, 8:2); HRMS
(ESI-TOF) m/z: [M + NH,4]* Calcd for C1gH1gF3NO4S3°NH,4 387.0688; Found 387.0687.

3-((ethoxycarbonothioyl)thio)pentyl 2-(pyridine-2-yl)propan-2-yl) sulfamate

(2¢e).: Prepared from A-xanthylsulfamate ester 1e (114 mg, 0.28 mmol) following general
procedure F. After irradiating for 16 h, the product was obtained as colorless oil (84 mg,
74% yield) after silica gel column chromatography using hexanes:EtOAc (90:10). 1H NMR
(400 MHz, CDCl3) & 8.52 (dd, /= 4.8, 1.6 Hz, 1H), 7.74 (id, J= 7.7, 1.7 Hz, 1H), 7.39 (d, J
= 7.8 Hz, 1H), 7.25-7.19 (m, 1H), 4.62 (q, /= 7.0 Hz, 2H), 4.24-4.15 (m, 2H), 3.78-3.71
(m, 1H), 2.12-2.04 (m, 1H), 2.02-1.93 (m, 1H), 1.80-1.64 (m, 2H), 1.73 (s, 6H), 1.41 (t, J=
7.1 Hz, 3H), 0.98 (t, /= 7.4 Hz); 13C{H} NMR (126 MHz, CDCl3) 6 213.5, 162.9, 147.7,
137.4,122.3,118.8, 69.9, 67.4, 58.9, 48.8, 32.9, 28.3, 28.3, 27.2, 13.7, 11.0; IR (neat) v
3260 (br), 2967 (w), 2933 (w), 1592 (w), 1573 (w), 1462 (w), (1433 (m), 1401 (w), 1380
(m), 1341 (m), 1293 (w), 1212 (m), 1171 (s), 1111 (m), 1042 (s), 978 (s), 918 (m), 825 (M),
785 (m), 748 (m), 655 (m), 622 (m), 591 (m), 559 (s) cm~L; TLC R¢ = 0.20 (hexanes/EtOAC,
8:2); HRMS (ESI-TOF) m/z: [M + H]* Calcd for C1gH27N204S3 407.1128; Found
407.1123.

3-((ethoxycarbonothioyl)thio)pentyl cyclohexylsulfamate (2f).: Prepared from N-
xanthylsulfamate ester 1f (103 mg, 0.28 mmol) following general procedure F. After
irradiating for 12 h, the product was obtained as colorless oil (85 mg, 82% yield) after silica
gel column chromatography using hexanes:EtOAc (90:10). 1H NMR (400 MHz, CDCl3) &
4.64 (q, J= 7.1 Hz, 2H), 4.28 (d, J= 7.0 Hz, 1H), 4.24 (t, J= 6.5 Hz, 2H), 3.84-3.77 (m,
1H), 3.35-3.26 (m, 1H), 2.20-2.12 (m, 1H), 2.08-1.99 (m, 3H), 1.84-1.68 (m, 4H), 1.62—
1.57 (m, 2H), 1.43 (t, J= 7.1 Hz, 3H), 1.36-1.15 (m, 5H), 1.02 (t, /= 7.4 Hz, 3H); 13C{1H}
NMR (126 MHz, CDCl3) § 213.7, 70.0, 67.7, 53.5, 49.0, 33.6, 32.9, 27.3, 25.1, 24.6, 13.7,
11.1; IR (neat) v 3294 (br), 2930 (m), 2854 (w), 1450 (m), 1342 (m), 1299 (w), 1211 (m),
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1171 (s), 1147 (m), 1110 (m), 1043 (s), 977 (s), 914 (m), 887 (m), 842 (m), 803 (m), 782
(m), 757 (m), 678 (w), 579 (m) cm~L; TLC R¢ = 0.20 (hexanes/EtOAc, 9:1); HRMS (ESI-
TOF) m/z: [M + Na]* Calcd for C14H,7NO4S3°Na 392.0994; Found 392.0999.

3-((ethoxycarbonothioyl)thio)pentyl pentylsulfamate (4).: Prepared from A-
xanthylsulfamate ester 1g (100 mg, 0.28 mmol) following general procedure F. After
irradiating for 18 h, the product was obtained as colorless oil (85.2 mg, 85% yield) after
silica gel column chromatography using hexanes:EtOAc (90:10). IH NMR (400 MHz,
CDCl3) & 4.64 (q, J=7.1 Hz, 2H), 4.40 (br s, 1H), 4.13 (t, /=6.6 Hz, 2H), 3.75 (q, /=6.8
Hz, 1H), 3.17 (app g, /= 6.3 Hz, 2H), 1.78-1.68 (m, 6H), 1.42 (t, /= 7.1 Hz, 3H), 1.39 (d, J
=6.9 Hz, 3H), 1.37 -1.32 (m, 4H), 0.91 (t, /= 7.0 Hz, 3H); 13C{1H} NMR (126 MHz,
CDCl3) § 214.2,70.8, 69.7, 45.2, 43.3, 32.8, 28.5, 27.6, 26.9, 22.1, 20.3, 13.8, 13.7; IR
(neat) v 3300 (br), 2956 (w), 2931 (w), 2870 (w), 1427 (w), 1345 (m), 1291 (w), 1209 (m),
1169 (s), 1109 (m), 1043 (s), 962 (m), 911 (m), 830 (m), 758 (m), 724 (m), 580 (m) cmL;
TLC R¢ = 0.19 (hexanes/EtOAc, 9:1); HRMS (ESI-TOF) m/z: [M + Na]* Calcd for
C13H27NO4S3°Na 380.0994; Found 380.0998.

5-((tert-butyldimethylsilyl)oxy)-3-((ethoxycarbonothioyl)thio)pentyl tert-
butylsulfamate (2h).: Prepared from A-xanthylsulfamate ester 1h (133 mg, 0.28 mmol)
following general procedure F. After irradiating for 18 h, the product was obtained as
colorless oil (98 mg, 74% yield) after silica gel column chromatography using
hexanes:EtOAc (90:10). 1H NMR (400 MHz, CDCl3) & 4.64 (q, J= 7.1 Hz, 2H), 4.30 (br s,
1H), 4.24 (t, J= 6.7 Hz, 2H), 4.01-3.94 (m, 1H), 3.74 (t, J=6.1 Hz, 2H), 2.28-2.19 (m,
1H), 2.15-2.06 (m, 1H), 1.96-1.87 (m, 2H), 1.42 (t, /= 7.1 Hz, 3H), 1.35 (s, 9H), 0.88 (s,
9H), 0.04 (s, 6H); 13C{IH} NMR (126 MHz, CDCls) 6 213.3, 70.0, 67.7, 60.1, 54.8, 44.4,
36.6, 33.7, 29.7, 25.9, 18.2, 13.8, 5.4; IR (neat) v 3295 (br), 2953 (w), 2927 (w), 2855 (w),
1470 (w), 1392 (w), 1348 (m), 1291 (w), 1250 (m), 1211 (m), 1160 (s), 1108 (m), 1043 (s),
1004 (m), 977 (m), 932 (m), 876 (m), 833 (s), 809 (m), 773 (s), 662 (w), 615 (m), 587 (m)
cm~L; TLC Ry = 0.44 (hexanes/EtOAc, 8:2); HRMS (ESI-TOF) m/z: [M + Na]* Calcd for
C1gH39NO5S3Si*Na 496.1652; Found 496.1652.

Methyl 4-((ethoxycarbonothioyl)thio)-6-hydroxyhexanoate) tert-butylsulfamate

(2i).: Prepared from N-xanthylsulfamate ester 1i (112 mg, 0.28 mmol) following general
procedure F. After irradiating for 18 h, the product was obtained as colorless oil (93.4 mg,
83% yield) after silica gel column chromatography using hexanes:EtOAc (80:20). 1H NMR
(400 MHz, CDClI3) & 4.64 (q, J=7.1 Hz, 2H), 4.37 (s, 1H), 4.25 (t, /= 6.2 Hz, 2H), 3.92-
3.85 (m, 1H), 3.68 (s, 3H), 2.51-2.47 (m, 2H), 2.20-2.04 (m, 3H), 2.02-1.91 (m, 1H), 1.43
(t, J= 7.1 Hz, 3H), 1.36 (s, 9H); 13C{'H} NMR (101 MHz, CDCl3) & 212.8, 173.1, 70.2,
67.2,54.7,51.7, 46.9, 33.5, 31.1, 29.6, 29.5, 29.4, 13.7; IR (neat) v 3293 (br), 2975 (w),
1734 (m), 1435 (m), 1393 (w), 1346 (m), 1290 (w), 1211 (s), 1158 (s), 1110 (m), 1043 (s),
974 (s), 873 (m), 773 (m), 734 (m), 613 (M), 586 (m) cm™L; TLC R¢ = 0.22 (hexanes/EtOAc,
8:2); HRMS (ESI-TOF) m/z: [M + NH,4]* Calcd for C14H»7NOgS3eNH, 419.1339; Found
419.1332.
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5-phenyl-3-((ethoxycarbonothioyl)thio)pentyl tert-butylsulfamate (2j).: Prepared from

N-xanthylsulfamate ester 1j (118 mg, 0.28 mmol) following general procedure F. After
irradiating for 18 h, the product was obtained as colorless oil (94 mg, 80% yield) after silica
gel column chromatography using hexanes:EtOAc (90:10). 1H NMR (400 MHz, CDCl3) &
7.31-7.27 (m, 2H), 7.22-7.17 (m, 3H), 4.64 (9, J= 7.1 Hz, 2H), 4.25-4.22 (m, 3H), 3.90-
3.83 (m, 1H), 2.81-2.73 (m, 2H), 2.23-2.17 (m, 1H), 2.13-1.99 (m, 3H), 1.42 (t, /=7.1 Hz,
3H), 1.35 (s, 9H); 13C{1H} NMR (126 MHz, CDCl3) & 213.2, 140.9, 128.5, 128.4, 126.1,
70.1, 67.5, 54.8, 47.1, 36.5, 33.5, 33.0, 29.6, 13.7; IR (neat) v 3294 (br), 2975 (w), 2934
(W), 1495 (w), 1453 (w), 1428 (w), 1392 (m), 1344 (m), 1290 (w), 1212 (w), 1159 (s), 1110
(m), 1043 (s), 973 (m), 906 (m), 875 (m), 809 (m), 779 (m), 747 (m), 698 (m), 613 (m), 584
(m) cm™L; TLC R = 0.53 (hexanes/EtOAc, 8:2); HRMS (ESI-TOF) m/z: [M — H]~ Calcd for
C1gHogNO4S3 418.1186; Found 418.1178.

3-((ethoxycarbonothioyl)thio)-3-phenylpropyl tert-butylsulfamate (2k).: Prepared from
N-xanthylsulfamate ester 1k (109 mg, 0.28 mmol) following general procedure F. After
irradiating for 26 h, the product was obtained as colorless oil (83 mg, 76% yield) after silica
gel column chromatography using hexanes:EtOAc (90:10). 'H NMR (400 MHz, CDCl3) &
7.34 (d, J= 4.3 Hz, 2H), 7.32-7.27 (m, 3H), 4.89 (dd, /=9.1, 6.6 Hz, 1H), 4.60 (q, /=7.1
Hz, 2H), 4.23 (s, 1H), 4.16-4.10 (m, 1H), 4.04-3.98 (m, 1H), 2.55-2.47 (m, 1H), 2.37-2.28
(m, 1H), 1.39 (t, /= 7.1 Hz, 3H), 1.33 (s, 9H); 13C{*H} NMR (126 MHz, CDCl3) & 212.0,
139.2,128.8, 127.9, 127.9, 70.1, 67.2, 54.8, 50.2, 34.9, 29.6, 13.7; IR (neat) v 3296 (br),
2976 (w), 1492 (w), 1468 (w), 1452 (w), 1427 (w), 1392 (w), 1345 (m), 1290 (w), 1265 (w),
1219 (m), 1159 (s), 1110 (m), 1089 (w), 1041 (s), 981 (s), 908 (m), 812 (w), 782 (m), 734
(s), 697 (s), 613 (M), 584 (m) cm™L; TLC R¢ = 0.32 (hexanes/EtOAc, 8:2); HRMS (ESI-
TOF) m/z: [M + Na]* Calcd for C1gH5NO4S3°Na 414.0838; Found 414.0834.

3-((ethoxycarbonothioyl)thio)-3,7-dimethyloctyl tert-butylsulfamate (21).: Prepared from
N-xanthylsulfamate ester 11 (116 mg, 0.28 mmol) following general procedure F. After
irradiating for 12 h, the product was obtained as colorless oil (71 mg, 61% yield) after
Florosil column chromatography using hexanes:EtOAc (90:10). 1H NMR (400 MHz,
CDCl3) 6 4.66 (g, J= 7.1 Hz, 2H), 4.29 (br s, 1H), 4.24 (t, J= 7.4 Hz, 2H), 2.38 (dt, J =
14.6, 7.3 Hz, 1H), 2.29 (dt, /= 14.5, 7.4 Hz, 1H), 1.80 (ddd, J=13.9, 11.2, 5.7, 1H), 1.67-
1.61 (m, 1H), 1.57-1.51 (m, 2H), 1.46 (t, /J=7.2 Hz, 3H), 1.43 (s, 3H), 1.35 (s, 9H), 1.18-
1.15 (m, 3H), 0.87 (d, /= 6.6 Hz, 6H); 13C{H} NMR (101 MHz, CDCl3) & 212.8, 69.6,
67.2,56.8, 54.7, 40.2, 39.0, 37.9, 29.6, 27.7, 25.2, 22.5, 22.5, 21.8, 13.7; IR (neat) v 3297
(br), 2954 (w), 2929 (w), 2868 (w), 1465 (m), 1393 (w), 1348 (m), 1226 (m), 1160 (s),
11128 (m), 1040 (m), 972 (m), 881 (m), 776 (m), 737 (m), 703 (W), 675 (W), 614 (m) cmL;
TLC R¢ = 0.15 (hexanes/EtOAc, 9:1); HRMS (ESI-TOF) m/z: [M + NHg4]* Calcd for
C17H35NO4S3°NH,4 431.2067; Found 431.2063.

(1R, 2R, 5R)-2-(2-(ethoxycarbonothioyl)thio)propan-2-yl)-5-methylcyclohexyl tert-
butylsulfamate (2m).: Prepared from A-xanthylsulfamate ester 1m (115 mg, 0.28 mmol)
following general procedure F. After irradiating for 18 h, the product was obtained as
colorless oil (73.8 mg, 64% yield) after silica gel column chromatography using
hexanes:EtOAC (90:10). 1H NMR (400 MHz, CDClg) & 4.73-4.65 (m, 2H), 4.57 (td, J=
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10.8, 4.4 Hz, 1H), 4.34 (s, 1H), 2.52-2.49 (m, 1H), 2.37-2.31 (m, 1H), 2.12-2.08 (m, 1H),
1.74-1.71 (m, 1H), 1.67 (s, 3H), 1.47 (s, 3H), 1.47 (t, J= 7.0 Hz, 3H), 1.38 (s, 9H), 1.23 -
1.10 (m, 4H), 0.94 (d, J= 6.5 Hz, 3H); 13C{*H} NMR (126 MHz, CDCl3) & 213.9, 82.3,
69.3, 58.4, 55.3, 48.6, 42.3, 34.3, 31.4, 29.9,27.8, 26.7, 25.2, 21.6, 13.9; IR (neat) v 3301
(br), 2956 (w), 2925 (w), 2870 (W), 1458 (w), 1391 (w), 1335 (m), 1264 (m), 1225 (m),
1159 (m), 1040 (s), 1002 (m), 972 (w), 946 (m), 872 (m), 809 (m), 724 (s), 702 (M), 641
(W), 620 (W), 572 (m) cm~L; TLC Rf = 0.32 (hexanes/EtOAc, 9:1); HRMS (ESI-TOF) m/z:
[M + Na]* Calcd for C17H33NO,S3*Na 434.1464; Found 434.1462.

3-((ethoxycarbonothioyl)thio)propyl tert-butylsulfamate (2n).: Prepared from A-
xanthylsulfamate ester 1n (88.3 mg, 0.28 mmol) following general procedure F. After
irradiating for 15 h, the product was obtained as white solid (42.6 mg, 48% yield) after silica
gel column chromatography using hexanes:EtOAc (95:5). Note. 2-
((Ethoxycarbonothioyl)thio)propy! tert-butylsulfamate was formed as a byproduct (16.1 mg,
18% yield) from the xanthyl transfer of N-xanthyl sulfamate ester 11. The characterization
data is listed below. TH NMR (400 MHz, CDCl3) & 4.64 (q, J= 7.1 Hz, 2H), 4.49 (s, 1H),
4.20 (t, J= 6.0 Hz, 2H), 3.23 (t, J= 7.1 Hz, 2H), 2.14 (it, J= 7.1, 6.1 Hz, 2H), 1.42 (t, J=7.1
Hz, 3H), 1.36 (s, 9H); 13C{1H} NMR (126 MHz, CDCl3) 6 214.1, 70.1, 68.4, 54.8, 31.8,
29.6, 27.9, 13.7; IR (neat) v 3302 (br), 2968 (w), 2924 (w), 2899 (w), 1470 (w), 1428 (w),
1392 (w), 1369 (w), 1351 (m), 1292 (w), 1172 (m), 1160 (m), 1110 (m), 1046 (m), 1034 (s),
1013 (s), 989 (m), 921 (m), 868 (m), 774 (m) 774 (m), 653 (M), 617 (M), 584 (m) cm™L;
TLC R¢ = 0.16 (hexanes/EtOAc, 9:1); HRMS (ESI-TOF) m/z: [M + H]* Calcd for
C10H2oNO4S3 316.0706; Found 316.0706.

2-((Ethoxycarbonothioyl)thio)propyl tert-butylsulfamate (S4a).: The compound was
formed as a minor byproduct from the xanthyl transfer of A-xanthyl sulfamate ester 1n. The
compound was isolated as an colorless oil (16.1 mg, 18% yield) after silica gel column
chromatography using hexanes:EtOAc. 1H NMR (400 MHz, CDCls) & 4.65 (q, /= 7.0 Hz,
2H), 4.37 (dd, /= 9.3, 4.0 Hz, 1H), 4.30 (br s, 1H), 4.12-4.07 (m, 1H), 4.07-4.00 (m, 1H),
1.45 (d, J= 7.0 Hz, 3H), 1.43 (t, /= 7.0 Hz, 3H); 13C{1H} NMR (126 MHz, CDCl3) &
212.6,71.8,70.2,54.9,43.4, 29.6, 16.3, 13.7; IR (neat) v 3297 (br), 292975 (w), 2929 (w),
1442 (w), 1394 (m), 1348 (m), 1212 (m), 1161 (s), 1111 (m), 1051 (m), 1016 (m), 966 (s),
873 (m), 813 (m), 709 (w), 614 (m), 578 (m) cm™L; TLC R = 0.2 (hexanes/EtOAc, 9:1);
HRMS (ESI-TOF) m/z: [M + H]* Calcd for C1gH,,NO4S3 316.0706; Found 316.0701.

(1S, 2S)-1-(((ethoxycarbonothioyl)thio)methyl)-7,7-dimethylbicyclo[2.2.1]heptan-2-yI
tert-butylsulfamate (20).: Prepared from A-xanthylsulfamate ester 1o (115 mg, 0.28 mmol)
following general procedure F. After irradiating for 18 h, the product was obtained as
colorless oil (53 mg, 46% yield) after silica gel column chromatography using
hexanes:EtOAc (95:5). Note: (IR, 2R, 3R)-3-((ethoxycarbonothioyl)thio)-1,7,7-
trimethylbicyclof2.2.1]heptan-2-yl tert-butylsulfamate was formed as a byproduct (33 mg,
29% yield) from the xanthyl transfer of N-xanthyl sulfamate ester \m. The characterization
data is listed below. 'H NMR (400 MHz, CDCl3) 6 4.91 (dt, J= 9.9, 2.7 Hz, 1H), 4.65 (q, J
= 7.1 Hz, 2H), 4.34 (s, 1H), 3.39 (d, /= 13.6 Hz, 1H), 3.28 (d, /= 13.6 Hz, 1H), 2.38 (ddd, J
=14.1, 9.8, 4.3 Hz, 1H), 2.00 (ddd, J=13.5, 9.7 Hz, 4.4, 1H), 1.86-1.78 (m, 1H), 1.72 (t, J
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=4.5Hz, 1H), 1.59-1.49 (m, 3H), 1.42 (t, /J=7.1 Hz, 3H), 1.38 (s, 9H), 1.00 (s, 6H);
13C{IH} NMR (126 MHz, CDCls) 6 214.9, 85.1, 70.0, 55.1, 52.2, 48.9, 45.4, 36.5, 36.1,
29.8,27.7, 25.0, 20.4, 19.5, 13.8; IR (neat) v 3292 (br), 2957 (w), 1428 (w), 1392 (m), 1368
(w), 1340 (m), 1305 (w), 1266 (w), 1161 (m), 1110 (m), 1046 (s), 985 (m), 964 (m), 938
(m), 890 (m), 844 (m), 800 (m), 784 (m), 731 (m), 616 (M), 566 (m) cm~L; TLC R¢=0.37
(hexanes/EtOAc, 9:1); HRMS (ESI-TOF) m/z: [M + Na]* Calcd for C17H31NO4S3*Na
432.1307; Found 432.1311.

(1R, 2R, 3R)-3-((ethoxycarbonothioyl)thio)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-yI
tert-butylsulfamate (S4b).: The compound was formed as a byproduct from the xanthyl
transfer of A-xanthyl sulfamate ester 10. The compound was isolated as a colorless oil (33
mg, 29% yield) after silica gel column chromatography using hexanes:EtOAc (95:5).1H
NMR (400 MHz, CDCl3) & 4.69 (d, J= 4.5 Hz, 1H), 4.66-4.59 (m, 2H), 4.36 (s, 1H), 3.84
(d, /= 4.6 Hz, 1H), 1.97-1.89 (m, 3H), 1.61-1.54 (m, 2H), 1.41 (td, /=7.1, 1.3 Hz, 4H),
1.34 (s 9H), 0.97 (s, 6H), 0.89 (s, 3H); 13C{H} NMR (126 MHz, CDCl5) 6 213.5, 89.4,
70.1, 56.7, 55.0, 52.6, 50.8, 47.1, 29.6, 29.1, 25.9, 20.5, 19.5, 13.8, 13.0; IR (neat) v 3302
(br), 2957 (w), 2923 (w), 2853 (w), 1434 (w), 1393 (w), 1345 (m), 1304 (w), 1291 (w), 1209
(m), 1159 (m), 1111 (m), 1092 (w), 1052 (s), 1010 (m), 985 (m), 968 (m), 917 (m), 877 (m),
852 (m), 788 (m), 724 (w), 668 (m), 616 (M), 589 (w), 567 (m) cm™L; TLC Rf=0.34
(hexanes/EtOAc, 9:1); HRMS (ESI-TOF) m/z: [M + NHy4]* Calcd for C17H31NO4S3NH,4
427.1754; Found 427.1754.

(1R,3aS,5aS,5bS,7aS,9R,11aS,11bS,13aS,13bS)-3a-(((N-(tert-
butyl)sulfamoyl)oxy)methyl)-3-((ethoxycarbonothioyl)thio)-1-isopropyl-5a,5b,8,8,11a-
pentamethylicosahydro-1H-cyclopentala]chrysen-9-yl acetate (2p).: Prepared from A-
xanthylsulfamate ester 1p (60.4 mg, 0.1 mmol) following general procedure F. After
irradiating for 18 h, the product was obtained as white foamy solid (46 mg, 76% yield) after
silica gel column chromatography using hexanes:EtOAc (95:5). Note: The characterization
data listed below is of major diastereomerH NMR (700 MHz, CDCl3) & 4.72 (dd, /= 9.9,
5.4 Hz, 1H), 4.64 (q, J= 7.1 Hz, 2H), 4.42 (d, /=9.6 Hz, 1H), 4.40 (br s, 1H), 4.28 (m, 1H),
3.87 (d, = 9.6 Hz, 1H), 2.17-2.11 (m, 1H), 2.05 (s, 3H), 1.82-1.76 (m, 3H), 1.57-1.52 (m,
5H), 1.42 (t, /= 7.2 Hz), 1.37 (s, 9H), 1.35-1.32 (m, 1H), 1.29-1.18 (m, 5H), 1.14 (s, 3H),
1.12-1.04 (m, 3H), 0.90 (s, 6H); 13C{*H} NMR (126 MHz, CDCl3) 6 213.7, 171.3, 81.4,
72.6,70.0,56.1,54.9,54.5,42.0,41.4,41.4, 41.1, 40.6, 37.4, 34.8, 34.3, 29.8, 25.2, 24.8,
23.8,21.2,19.9, 19.6, 15.8, 13.7; IR (neat) v 3285 (br), 2929 (w), 2847 (w), 1735 (w), 1713
(w), 14.39 (w), 1391 (w), 1351 (w), 1238 (w), 1207 (m), 1161 (m), 1110 (w), 1045 (m), 964
(m), 873 (w), 832 (w), 811 (w), 749 (W), 727 (W), 672 (w), 616 (W) cm~L; TLC R =0.16
(hexanes:EtOAc, 9:1); HRMS (ESI-TOF) m/z: [M + H]* Calcd for CogH5gNOgS3 604.2795;
Found 604.2796.

(35.4R.4aS,6aS,8R,9R,11aR,11bS)-4-(((N-(tert-butyl)sulfamoyl)oxy)methyl)-3-
((ethoxycarbonothioyl)thio)-4,9,11b-trimethyltetradecahydro-6a,9-
methanocyclohepta[a]lnaphthalen-8-yl acetate (2q).: Prepared from A-xanthylsulfamate
ester 1q (74.2 mg, 0.1 mmol) following general procedure F. After irradiating for 18 h, the
product was obtained as white foamy solid (50.4 mg, 68% yield) after silica gel column
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chromatography using hexanes:EtOAc (95:5). Note: The characterization data listed below
is of major diastereomer only. *H NMR (400 MHz, CDCl3) 8 4.67-4.57 (m, 2H), 4.47 (dd, J
=10.9, 5.2 Hz, 1H), 4.36 (d, /= 9.8 Hz, 1H), 4.30 (s, 1H), 3.97-3.90 (m, 2H), 2.04 (s, 3H),
1.95-1.81 (m, 4H), 1.70-1.45 (m, 15H), 1.41 (t, J= 7.2 Hz, 3H), 1.40 (s, 9H), 1.33-1.23 (m,
6H), 0.86 (d, /= 6.6 Hz, 3H), 0.86 (s, 3H), 0.84 (s, 3H), 0.83 (s, 3H), 0.81 (d, /= 6.6 Hz,
3H); 13C{1H} NMR (126 MHz, CDCls) 6 216.1, 171.0, 80.8, 69.6, 67.9, 55.7, 55.3, 55.0,
51.0,50.3, 49.8, 45.0, 44.8, 41.2, 38.3, 37.7, 37.0, 37.0, 35.8, 34.0, 33.5, 29.8, 29.7, 29.4,
27.9,26.4,23.6,22.8,21.3,21.2, 20.6, 18.0, 16.4, 16.1, 14.9, 13.8; IR (neat) v 3290 (br),
2952 (w), 2869 (w), 1732 (w), 1448 (w), 1392 (w), 1367 (m), 1243 (m), 1209 (m), 1162
(m), 1111 (m), 1047 (m), 1011 (m), 973 (m), 916 (w), 875 (m), 814 (m), 732 (m), 647 (w),
614 (m), 591 (w) cm~L; TLC R¢ = 0.20 (hexanes/EtOAc, 9:1); HRMS (ESI-TOF) m/z: [M +
H]* Calcd for C3gHggNOgS3 742.4203; Found 742.4198. Crystals suitable for single crystal
X-Ray diffraction were grown by dissolving in CHClI3 and layering pentane (ca. 1:3
CHCl3:pentane).

Further Transformation of Alkyl Xanthates.

3-mercapto pentyl tert-butylsulfamate (7).—Thiolation was performed using
modified literature procedure.198A flame-dried microwave vial with magnetic stir bar was
charged with 3-((ethoxycarbonothioyl)thio)pentyl fert-butyl sulfamate (34.4 mg, 0.1 mmol,
1.0 equiv). The vial was capped with a crimp cap and evacuated and backfilled with N, three
times. Absolute ethanol (0.5 mL, 0.2 M) and 4-methylpiperidine (0.05 mL, 0.4 mmol, 4.0
equiv) were then added sequentially. The reaction was left to stir at 21 °C for 24 h. After 24
h, the yellow solution was transferred to a scintillation vial rinsing the reaction vial with
CH,Cl, (5 mL) to ensure quantitative transfer. The reaction solution was then concentrated
under reduced pressure. The product was obtained as a colorless oil (20.7 mg, 81% yield)
following silica gel column chromatography using hexanes:EtOAc (90:10). 'H NMR (400
MHz, CDCl3) & 4.37-4.26 (m, 3H), 2.90-2.81 (m, 1H), 2.19-2.11 (m, 1H), 1.79-1.70 (m,
2H), 1.61-1.50 (m, 2H), 1.37 (s, 9H), 1.03 (t, J= 7.3 Hz); 13C{1H} NMR (126 MHz,
CDCl3) & 68.0, 54.8, 38.8, 37.6, 32.1, 29.7, 11.4; IR (neat) v 3296 (br), 2967 (w), 2923 (w),
2875 (w), 2853 (w), 2572 (br)1462 (w), 1429 (w), 1393 (w), 1342 (m), 1231 (w), 1210 (w),
1158 (s), 1086 (w), 1041 (w), 976 (s), 916 (m), 874 (m), 771 (m), 750 (w), 616 (M), 587 (m)
cm~1; TLC Ry = 0.52 (hexanes/EtOAc, 7:3); HRMS (ESI-TOF) m/z: [M + H]* Calcd for
CgH2oNO3S, 256.1036; Found 256.1041.

3-azido pentyl tert-butylsulfamate (8).—Azidation was performed using modified
literature procedure.198 A flame-dried microwave vial with stir bar was taken into the
glovebox and charged with 3-((ethoxycarbonothioyl)thio)pentyl zertbutyl sulfamate (44.6
mg, 0.13 mmol, 1.0 equiv), ethyl sulfonyl azide!1P (55 mg, 0.4 mmol, 3.0 equiv), and
dilauroyl peroxide (5.4 mg, 0.013 mmol, 0.1 equiv). Anhydrous chlorobenzene (0.5 mL,
0.26 M) was added. The vial was sealed with a rubber septum and removed from the
glovebox. The reaction was then heated in a pie block set at 100 °C. After stirring for 0.5 h,
an additional 0.1 equiv of dilauroyl peroxide was added by briefly removing the septum and
adding the dilauroyl peroxide in a single portion. An additional 0.1 equiv of dilauroyl
peroxide was added every 0.5 h until a total of 0.6 equiv had been added. At the time when
the next dilauroyl peroxide addition would have occurred, the reaction was removed from

J Org Chem. Author manuscript; available in PMC 2020 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ayer and Roizen

Page 26

the heating block and allowed to cool to room temperature. Once cool, the reaction solution
was transferred to a scintillation vial rinsing the reaction vial with CH,Cl, (5 mL) to ensure
quantitative transfer. The reaction solution was then concentrated under reduced pressure.
The product was obtained as a colorless oil (27.1 mg, 79% yield) following silica gel
column chromatography using gradient from hexanes (100%) to hexanes:EtOAc (90:10). 1H
NMR (400 MHz, CDCl3) & 4.39 (s, 1H), 4.22 (dd, J=7.6, 5.1 Hz, 2H), 3.48-3.42 (m, 1H),
1.96 (dtd, /= 14.7, 7.4, 3.8, 1H), 1.75 (ddt, /= 14.7, 9.9, 5.1 Hz, 1H), 1.68-1.59 (m, 2H),
1.37 (s, 9H), 1.02 (t, J= 7.4, 3H); 13C{1H} NMR (126 MHz, CDCl5) & 66.9, 60.4, 54.8,
33.3,29.6, 27.6, 10.3; IR (neat) v 3298 (br), 2971 (w), 2930 (w), 2095 (m), 1465 (w), 1429
(w), 1394 (w), 1341 (m), 1232 (m), 1159 (s), 1043 (w), 979 (s), 915 (m), 872 (m), 814 (w),
771 (m), 746 (w), 615 (m), 589 (m) cm~L; TLC R¢ = 0.38 hexanes/EtOAc, 8:2); HRMS
(ESI-TOF) m/z: [M — H]~ Calcd for CgH19N403S 263.1183; Found 263.1179.

3-((trifluoromethyl)thio) pentyl tert-butylsulfamate (9).—Trifluoromethylthiolation
was performed using modified literature procedure.102 A flame-dried microwave vial with
stir bar was taken into the glovebox and charged with 3-((ethoxycarbonothioyl)thio)pentyl
tertbutyl sulfamate (46.4 mg, 0.14 mmol, 1.0 equiv), ((2-phenylpropan-2-yl)oxy)
(trifluoromethyl)sulfane* (95 mg, 0.4 mmol, 3.0 equiv), and dilauroyl peroxide (25 mg,
0.07 mmol, 0.5 equiv). Anhydrous chlorobenzene (6.8 mL, 0.02 M) was added. The vial was
sealed with a rubber septum and removed from the glovebox. The reaction was then heated
in a pie block set at 100 °C. After stirring for 0.5 h, an additional 0.5 equiv of dilauroyl
peroxide was added by briefly removing the septum and adding the dilauroyl peroxide in a
single portion. An additional 0.5 equiv of dilauroyl peroxide was added every 0.5 h until a
total of 4.0 equiv had been added. At the time when the next dilauroyl peroxide addition
would have occurred, the reaction was removed from the heating block and allowed to cool
to room temperature. Once cool, the reaction solution was transferred to a scintillation vial
rinsing the reaction vial with CH,Cl, (5 mL) to ensure quantitative transfer. The reaction
solution was then concentrated under reduced pressure. The product was obtained as a
colorless oil (33.2 mg, 76% yield) following silica gel column chromatography using using
gradient from hexanes (100%) to hexanes:EtOAc (90:10). 1H NMR (400 MHz, CDCl3) &
4.39 (s, 1H), 4.28 (t, /=7.0 Hz, 2H), 3.27-3.21 (m, 1H), 2.19-2.11 (m, 1H), 2.04-1.95 (m,
1H), 1.82 (dt, /= 14.4, 7.3 Hz, 1H), 1.72 (dt, J= 14.6, 7.4 Hz, 1H), 1.36 (s, 9H), 1.02 (dd, J
=7.3, 7.3 Hz, 3H); 13C{IH} NMR (126 MHz, CDCl5) 6 130.9 (q, /= 306.5 Hz), 67.0, 54.9,
44.5,34.0,29.6, 28.3, 10.7; 19F NMR (376 MHz, CD3CN) & —38.71; IR (neat) v 3298 (br),
2972 (w), 2924 (w), 1465 (w), 1431 (w), 1394 (w), 1345 (m), 1232 (w), 1157 (s), 1106 (s),
1041 (w), 978 (m), 901 (m), 771 (m), 755 (m), 616 (M), 588 (w) cm~1; TLC R¢=0.32
(hexanes/EtOAc, 8:2); HRMS (ESI-TOF) m/z: [M — H]~ Calcd for C1gH1gF3NO3S,
322.0764; Found 322.0757.

3-ethylhex-5-en-1-yl tert-butylsulfamate (10).—Allylation was performed using
modified literature procedure.198 A flame-dried microwave vial with stir bar was taken into
the glovebox and charged with 3-((ethoxycarbonothioyl)thio)pentyl zertbutyl sulfamate
(44.6 mg, 0.13 mmol, 1.0 equiv), allyl ethyl sulfone*® (52.3 mg, 0.4 mmol, 3.0 equiv), and
dilauroyl peroxide (5.4 mg, 0.013 mmol, 0.1 equiv). Anhydrous chlorobenzene (0.5 mL,
0.26 M) was added. The vial was sealed with a rubber septum and removed from the
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glovebox. The reaction was then heated in a pie block set at 100 °C. After stirring for 0.5 h,
an additional 0.1 equiv of dilauroyl peroxide was added by briefly removing the septum and
adding the dilauroyl peroxide in a single portion. An additional 0.1 equiv of dilauroyl
peroxide was added every 0.5 h until a total of 0.6 equiv had been added. At the time when
the next dilauroyl peroxide addition would have occurred, the reaction was removed from
the heating block and allowed to cool to room temperature. Once cool, the reaction solution
was transferred to a scintillation vial rinsing the reaction vial with CH,Cl, (5 mL) to ensure
quantitative transfer. The reaction solution was then concentrated under reduced pressure.
The product was obtained as a colorless oil (21.2 mg, 62% yield) following silica gel
column chromatography using gradient from hexanes (100%) to hexanes:EtOAc (90:10).1H
NMR (400 MHz, CDCl3) § 5.79-5.69 (m, 1H), 5.06-5.01 (m, 2H), 4.30 (s, 1H), 4.14 (t, J=
7.0 Hz, 2H), 2.14-2.01 (m, 2H), 1.72-1.66 (m, 3H), 1.57-1.51 (m, 2H), 1.36 (s, 9H), 0.88 (t,
J=7.2, 3H); 13C{1H} NMR (126 MHz, CDCl5) 6 136.3, 116.5, 68.7, 54.6, 37.3, 35.4, 31.9,
29.7, 25.6, 10.7; IR (neat) v 3297 (br), 2965 (w), 2923 (w), 2875 (w), 1466 (w), 1394 (w),
1346 (w), 1231 (w), 1161 (m), 1042 (w), 972 (m), 915 (m), 879 (w), 809 (w), 773 (w), 618
(w), 588 (W) cm™L; TLC R¢ = 0.36 (hexanes/EtOAc, 8:2); HRMS (ESI-TOF) m/z: [M - H]~
Calcd for C1oH24NO3S 262.1482; Found 262.1486.

3-ethylhex-5-en-1-yl tert-butylsulfamate (11).—Vinylation was performed using
modified literature procedure.192 A flame-dried microwave vial with stir bar was taken into
the glovebox and charged with 3-((ethoxycarbonothioyl)thio)pentyl zert-butyl sulfamate
(59.1 mg, 0.17 mmol, 1.0 equiv), styrl ethyl sulfone (S3, 102 mg, 0.51 mmol, 3.0 equiv.
Anhydrous chlorobenzene (2.7 mL, 0.06 M) was added. The vial was sealed with a crimp
cap and removed from the glovebox. Di-fert-butyl peroxide (0.02 mL, 0.017 mmol, 0.1
equiv) was then added via Hamilton syringe. The reaction was then heated in a pie block that
had been preheated 130 °C. After stirring for 6 h, an additional 0.05 equiv of di-fert-butyl
peroxide was added added via Hamilton syringe. An additional 0.05 equiv di-zert-butyl
peroxide was added every 6 h until a total of 0.3 equiv had been added. Following the final
di- tert-butyl peroxide addition, the reaction was left to stir at 130 °C for an additional 12 h.
The reaction was then removed from the heating block and allowed to cool to room
temperature. Once cool, the brown reaction solution was transferred to a scintillation vial
rinsing the reaction vial with CH,Cl, (5 mL) to ensure quantitative transfer. The reaction
solution was then concentrated under reduced pressure. The product was obtained as a pale
yellow oil (40.4 mg, 73% yield) following silica gel column chromatography using using
gradient from hexanes (100%) to hexanes:EtOAc (90:10). 1H NMR (400 MHz, CDCl3) &
7.36-7.20 (m, 5H), 6.40 (d, J=15.8 Hz, 1H), 5.91 (dd, /= 15.8, 9.1 Hz, 1H), 4.19-4.06 (m,
3H), 2.29-2.20 (m, 1H), 1.99-1.91 (m, 1H), 1.73-1.69 (m, 1H), 1.57-1.49 (m, 1H), 1.47-
1.34 (m, 1H), 1.34 (s, 9H), 0.91 (t, J= 7.3 Hz, 3H); 13C{1H} NMR (126 MHz, CDCl3) &
137.3,133.0, 131.3, 128.5, 127.2, 126.1, 68.7, 54.6, 41.4, 34.1, 29.7, 28.2, 11.7; IR (neat) v
3296 (br), 3026 (w) 2963 (w), 2926 (w), 2874 (w), 1493 (w), 1450 (w), 1431 (w), 1393 (w),
1345 (m), 1231 (w, 1161 (m), 1045 (w), 967 (m), 907 (w), 876 (w), 812 (w), 747 (m), 694
(w), 617 (w), 589 (W) cm™L; TLC R¢ = 0.40 (hexanes/EtOAc, 8:2); HRMS (ESI-TOF) m/z:
[M + Na]* Calcd for C17H,7NO3S*Na 348.1604; Found 348.1602.
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3-deuterio pentyl tert-butylsulfamate (d-3a).—Deuteration was performed using
modified literature procedure.19¢ A flame-dried microwave vial with stirbar was rinsed with
(3 x 2 mL) trimethylsilyl chloride (TMSCI) and then filled half-volume (5 mL) with TMSCI.
The vial was sealed with rubber septum with a small needle for air flow and kept in the
vacuum desiccator overnight. The vial was then taken inside glovebox where it was charged
serially with alkyl xanthate (37.8 mg, 0.11 mmol, 1.0 equiv), BEt3 (1.0 M in THF) (0.56
mL, 0.5 mmol, 5.0 equiv), dodecanethiol (2.2 mg, 0.011 mmol, 0.1 equiv), ds—
dichloroethane (0.4 mL), and D,0O (0.2 mL). The vial was sealed with crimp cap and
removed from the glovebox where the biphasic solution was sparged with oxygen for 30
seconds. The flask was then equipped with oxygen balloon and stirred at room temperature
for 48 h. After 48 h, the mixture was diluted with dichloromethane (2 mL) and passed
through a short silica plug, rinsing with 10% ethyl acetate in hexanes (2 x 5 mL) followed
by ethyl acetate (2 x 5 mL). The crude was concentrated under reduced pressure and purified
by silica gel flash chromatography using hexanes:EtoAc (95:5) to furnish the deuterated
product as colorless oil (17.2 mg, 70% yield). HRMS analysis revealed 93% deuterium
incorporation (average of two runs). HRMS analyses were performed using an Agilent 6224
TOF LC/MS with a Dual ESI Source. Samples were introduced by flow injection from an
Agilent 1200 HPLC using a 50:50 water: acetonitrile mobile phase at a flow rate 0.35 pL/
min. Mass spectra were collected in negative-ion mode from 110-1700 m/z using a capillary
voltage of 3500 V, fragmentor voltage of 120 V, sheath gas temperature of 320 °C, sheath
gas flow of 11 L/min, and nebulizer pressure of 33 psi. Isotopic purity was calculated based
on %-area from extracted ion chromatograms for the labeled and unlabeled compounds. An
Agilent isotope distribution calculator was used to correct for the contribution that the
unlabeled compound made to the signal of the isotopically-labeled compound. 1H NMR
(400 MHz, CDCl3) & 4.24 (br s, 1H), 4.11 (t, /= 6.7 Hz, 2H), 1.74-1.68 (m, 2H), 1.39-1.31
(m, 3H), 1.36 (s, 9H), 0.91 (t, /= 7.1 Hz); 13C{IH} NMR (126 MHz, CDCl3) 6 70.4, 54.6,
29.6, 28.4, 27.3 (t, J=19.5 Hz), 22.0, 13.8; IR (neat) v 3297 (br), 2960 (w), 2932 (w), 2874
(w), 1467 (w), 1431 (w), 1394 (w), 1342 (m), 1230 (w), 1159 (s), 1043 (w), 970 (w), 908
(w), 874 (m), 804 (m), 616 (m), 584 (m) cm™1; TLC R¢ = 0.12 (hexanes/EtOAc, 9:1); HRMS
(ESI-TOF) m/z: [M — H]~ Calcd for CgH19gDNO3S 223.1232; Found 223.1236.

Nucleophilic Displacement of Sulfamate Anion.

3-((ethoxycarbonothioyl)thio)pentyl (tert-butoxycarbonyl)(ethyl)sulfamate (S5).
—Following the procedure reported by Du Bois, Zare and coworkers,2%° a flame-dried
round bottom flask with stir bar was charged with 3-((ethoxycarbonothioyl)thio)pentyl
ethylsulfamate (416 mg, 1.3 mmol, 1.0 equiv). The flask sealed with a rubber septum and
evacuated and backfilled with N, three times. Anhydrous CH,Cl, (14 mL, 0.09 M) was
added. Di-fert-butyl dicarbonate (403 mg, 1.85 mmol, 1.4 equiv) and 4-
(dimethylamino)pyridine (177 mg, 1.45 mmol, 1.1 equiv) were added then sequentially by
briefly removing the septum and adding each reagent in a single portion. The resulting pale
yellow solution was stirred at 21 °C for 1 h. After 1 h, the solution was concentrated under
reduced pressure. The product was obtained as a colorless oil (462 mg, 84% yield) following
silica gel column chromatography using hexanes:EtOAc (90:10). IH NMR (400 MHz,
CDCl3) 6 4.64 (q, /J=7.1 Hz, 2H), 4.39 (t, /= 6.6 Hz, 2H), 3.77 (app q, /= 7.0 Hz, 3H),
2.22-2.13 (m, 1H), 2.11-2.04 (m, 1H), 1.85-1.68 (m, 2H), 1.53 (s, 9H), 1.43 (t, /=7.1 Hz,
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3H), 1.27 (t, J= 7.0 Hz, 3H), 1.03 (t, /= 7.4 Hz, 3H); 13C{*H} NMR (126 MHz, CDCls3) &
213.3, 150.3, 84.3, 70.4, 69.9, 48.8, 44.4, 33.0, 27.8, 27.0, 14.6, 13.6, 11.1; IR (neat) v 2976
(W), 2935 (w), 1731 (m), 1458 (w), 1369 (m), 1332 (w), 1284 (m), 1253 (m), 1215 (m),
1194 (s), 1111 (m), 1044 (s), 1002 (m), 953 (m), 917 (m), 843 (m), 769 (m), 727 (m), 648
(m), 620 (m), 571 (m) cm™1; TLC Rf = 0.64 (hexanes/EtOAc, 8:2); HRMS (ESI-TOF) m/z:
[M + NH4]* Calcd for C15HogNOgS3*NH, 433.1495; Found 433.1502.

O-ethyl (1-iodopentan-3-yl) carbonodithionate (12).: Following the procedure reported by
Du Bois, Burns, Zare and coworkers, 2" a flame-dried microwave vial with stir bar was
charged with 3-((ethoxycarbonothioyl)thio)pentyl (fert-butoxycarbonyl)(ethyl)sulfamate (S5,
100 mg, 0.24 mmol, 1.0 equiv) and sodium iodide (120 mg, 0.79 mmol, 3.3 equiv) and taken
into the glovebox. Anhydrous acetone (2.0 mL, 0.12 M) was added and the vial was capped
with a disposable crimp cap containing a Teflon-lined septum and removed from the
glovebox. The reaction was then heated in a pie block set at 35 °C for 6 h. After 6 h, the
bright orange solution was transferred to a separtory funnel, rinsing the reaction vial with
diethyl ether (ca. 5 mL). An additional 15 mL of diethyl ether was added and the organic
phase was washed with DI water (20 mL). The organic phase was dried with MgSQOy,
filtered, and concentrated under reduced pressure. The product was obtained as a colorless
oil (55 mg, 72% yield) following purification by silica gel column chromatography using
100% hexanes.!H NMR (400 MHz, CDCl3) & 4.65 (q, J= 7.1 Hz, 2H), 3.77 (it, /= 7.8, 5.6
Hz, 1H), 3.30-3.23 (m, 2H), 2.27-2.13 (m, 2H), 1.81-1.65 (m, 2H), 1.44 (t, J= 7.1 Hz, 3H),
1.02 (t, J= 7.4 Hz, 3H); 13C{'H} NMR (126 MHz, CDCls) 6 213.8, 70.0, 53.3, 37.9, 27.0,
13.8,11.1, 2.3; IR (neat) v 2963 (w), 2930 (w), 1613 (w), 1441 (w), 1381 (w), 1361 (w),
1289 (w), 1206 (s), 1145 (m), 1108 (w), 1040 (s), 928 (m), 854 (w), 798 (m), 678 (w), 598
(w) ecm~1; TLC Rf = 0.54 (hexanes:EtOAc, 9:1); HRMS (ESI-TOF) m/z: [M + H]* Calcd for
CgH1610S, 318.9682 Found 318.9675.

(1-azidopentan-3-yl) O-ethyl carbondithioate (13).—Following the procedure
reported by Du Bois, Burns, Zare and coworkers,2%? a flame-dried microwave vial with stir
bar was charged with 3-((ethoxycarbonothioyl)thio)pentyl (fert-butoxycarbonyl)
(ethyl)sulfamate (S5, 100 mg, 0.24 mmol, 1.0 equiv) and sodium azide (51.8 mg, 0.79
mmol, 3.3 equiv) and taken into the glovebox. Anhydrous dimethyl sulfoxide (2.0 mL, 0.12
M) was added and the vial was capped with a disposable crimp cap containing a Teflon-
lined septum and removed from the glovebox. The reaction was then heated in a pie block
set at 35 °C for 6 h. After 6 h, the yellow solution was transferred to a separatory funnel,
rinsing the reaction vial with diethyl ether (ca. 5 mL). An additional 45 mL of diethyl ether
was added along with DI water (50 mL). The organic phase was separated and then washed
with DI water (2 x 25 mL). The organic phase was dried with MgSQy, filtered, and
concentrated under reduced pressure. The product was obtained as a yellowish oil (36.2 mg,
65% yield) following purification by silica gel column chromatography using gradient from
hexanes (100%) to hexanes:EtOAc (99:1). 1H NMR (400 MHz, CDCl3) & 4.65 (q, J= 7.2
Hz, 2H), 3.82-3.75 (m, 1H) 3.46-3.4 (m, 2H), 2.02-1.86 (m, 2H), 1.83-1.66 (m, 2H), 1.43
(t, J= 7.1 Hz, 3H), 1.02 (t, J= 7.4 Hz, 3H); 13C{’H} NMR (126 MHz, CDCl5) 6 214.0,
70.0, 50.0, 49.0, 33.0, 27.4, 13.8, 11.2; IR (neat) v 2965 (w), 2930 (w), 2874 (w), 2091 (m),
1456 (w), 1365 (w), 1207 (s), 1145 (m), 1109 (m), 1041 (s), 854 (w), 811 (w), 675 (w), 555
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(w) cm™L; TLC R¢ = 0.52 (hexanes/EtOAc, 9:1); HRMS (ESI-TOF) m/z: [M + H]* Calcd for
CgH15N30S, 234.0729; Found 234.0727.

3-((ethoxycarbonothioyl)thio)pentyl acetate (14).—A flame-dried microwave vial
with stir bar was charged with 3-((ethoxycarbonothioyl)thio)pentyl (fer&-butoxycarbonyl)
(ethyl)sulfamate (S5, 50 mg, 0.12 mmol, 1.0 equiv) and lithium acetate (26.5 mg, 0.4 mmol,
3.3 equiv) and taken into the glovebox. Anhydrous dimethyl sulfoxide (1.0 mL, 0.12 M) was
added and the vial was capped with a disposable crimp cap containing a Teflon-lined septum
and removed from the glovebox. The reaction was then heated in a pie block set at 40 °C for
18 h. After 18 h, the yellow solution was transferred to a separtory funnel, rinsing the
reaction vial with diethyl ether (ca. 5 mL). An additional 20 mL of diethyl ether was added
along with DI water (25 mL). The organic phase was separated and then washed with DI
water (2 x 25 mL). The organic phase was dried with MgSOy, filtered, and concentrated
under reduced pressure. The product was obtained as a yellowish oil (23.5 mg, 78% yield)
following purification by silica gel column chromatography using gradient from hexanes
(100%) to hexanes:EtOAc (95:5). 1H NMR (400 MHz, CDCl3) & 4.62 (q, J= 7.1 Hz, 2H),
4.16 (t, J=6.6 Hz, 2H), 3.80-3.74 (m, 1H), 2.04 (s, 3H), 2.05-1.91 (m, 2H), 1.82-1.65 (m,
2H), 1.41 (t, J= 7.1 Hz, 3H), 1.00 (t, J= 7.3 Hz, 3H); 13C{*H} NMR (126 MHz, CDCl5) &
214.3,171.0, 69.9, 62.0, 49.6, 32.7, 27.3, 21.0, 13.8, 11.2; IR (neat) v 2964 (w), 2930 (w),
2874 (w), 1738 (m), 1456 (w), 1365 (m), 1223 (s), 1111 (m), 1040 (s), 853 (w), 809 (w),
731 (W), 676 (w), 635 (w), 605 (W) cm™L; TLC R¢ = 0.42 (hexanes/EtOAc, 9:1); HRMS
(ESI-TOF) m/z: [M + H]* Calcd for C1gH1903S, 251.0770; Found 251.0770.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 3.
Xanthate Transfer to Betulinic Acid Derivative
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Table 1.
. a
Xanthate-transfer Robust to A-Alkyl Variations
(o} s
WAy
R. .S
N ~o TN K hv (CFL) 0 0 SJ\OEt
—-- N/
5 OEl R.‘ ,S /\‘)\
\n/ CH,CN [}| ~07y - 3 Et
s 1 H 2
. b
predicted pKa~ for
Ny
R\ /S’\. /CSHH
N o ) yield
H 3 time c
entry R substrate  (h)  product (%)
1 Bu 12.74 la 12 2a 91
2 Et 12.76 1b 24 2b 91
3 Me 12.65 1c 12 2c 77
4 CH,CFs3 9.18 1d 18 2d 57
B
/
Me
Me
5 11.05 le 18 2e 74
Products derived from substrates that incorporate 5’-1,5-HAT sites
" jL H
Hot s L Sl
o0 87 TOEt ""’:"’,- P L]
O\,- S i e 1;;;\: 4
h s
.o d -l
2f, 82% yield 4, 85% yield

aGeneraI reaction conditions: 1.0 equiv A-xanthylsulfamate ester 1, CH3CN (0.07 M), 22 °C, irradiated with compact fluorescent lights
(CFLs).

bAqueous ionization pKy values have been predicted using SPARC.23

Clsolated yield.
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Xanthate-Transfer Proceeds with High Position Selectivity at Tertiary, Benzylic or Secondary Centers®

Table 2.
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S 7 H
t duct time (h) yield
entr’ roduc ime
y p % )b
9.0 SCSOE
’5“~H-5~0/\/1\/\ms
1 2h 18 74
g 0 SCSOEL
Hu., Sio OMa
/\/J\/ﬁéf -
2 2i 18 83
0,0 SCSOEL
'Bu‘H,S?.,D/\)\/\Q
3 2j 18 80
qv{c SCSOEt
'Bu\H,SWO/\/KQ
4 2k 26 76
9,0 Me SCSOEt Me
‘"“H’s“o (] 7 He
5 2l 12 61
*BU\N:\SO\
H
SCSOEt
6 2m 16 64
%f
a"‘ﬂ’s‘o’r\‘q/;;‘scsos:
7 2n 15 48°¢
oo Me
Ry 3 _a
’Bu‘N,S\G S Me
H 1
SCSOE d
8 20 19 46
9 2p 18 76¢
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aGeneraI reaction conditions: 1.0 equiv Axanthylulfamate ester 1, CH3CN (0.07 M), 35—38 °C, irradiated with compact fluorescent lights

(CFLs).

blsolated yield. € C(2)-alkyl xanthate (not depicted) isolated in 18% yield.
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dC(4)—aIkyI xanthate (not depicted) isolated in 29% yield.

e . -
Isolated yield of major diastereomer.
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Table 3.

Alkyl Xanthates are Precursors to Diverse Small Molecule Libraries”

iy
s” “oEt R
O\\ fP conditions 0\\ IP
—’.,.
EBU“T’S“O/\)\’HE ’Bukl}l,sﬁ_o/\/l\,me
H 22 H
. a . a
entry R yield (%) entry R yield (%)
1 SH 7 812 4 D d3a 81°f
2 N, g8  79° 5 10 6
3 SCF; 9 767 6 u 739

alsolated yield.

b4-MethyIpiperidine, EtOH, 21 °C.

cEthyI sulfonyl azide, dilauroyl peroxide, PhCI, 100 °C.
d((Z—PhenyIpropan—2—y|)oxy)(trif|uoromethyl)sulfane, dilauroyl peroxide, PhCI, 100 °C.
eBEtg (1.0 M in THF), dodecanethiol, d4-DCE:D20 (2:1), O2, 21 °C.

I:AIIyI ethyl sulfone, dilauroyl peroxide, PhCI, 100 °C.

Istyryl ethyl sulfone, Bu0OBu, PhCI, 130 °C.
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Table 4.

. . . a
Alkyl xanthates are precursors to diverse small molecule libraries

OSO,NHEt X

ent X i CTAY:]
1. Boc,0, DMAP Y :;eld (f)
1 | 72
Me  g4o yield Me
S\¢® S\ 2 N3 13 65°
Y 2. nucleophilic Y
OEt displacement OEt 3 OAc 14 789
2b

alsolated yield.
b3.3 equiv Nal, acetone, 35 °C, 6 h.
3.3 equiv NaN3, DMSO, 35 °C, 6 h.

d3.3 equiv LiOAc, DMSO, 40 °C, 18 h.
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