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1. Introduction

One-carbon ring contractions—the six-to-five variant in par-
ticular—are mainstays of synthetic chemistry. Among the many
available protocols,! ring contractions of o-diazo (Wolff rear-
rangement)>? and «-halo (Favorskii rearrangement)*> cyclo-
alkanones are most commonly employed. Arenesulfonyl- and
fluoroalkanesulfonyl azide-mediated one-carbon ring contractions
of cyclic enoxysilanes have been known since 1973 (Eq. 1); how-
ever, such reactions frequently fail to give satisfactory yields, even
with the simplest of substrates.® Furthermore, fluoroalkanesulfonyl
azide-mediated ring contractions afford robust N-acyl fluo-
roalkanesulfonamides, the functionalization of which has not been
reported, to our knowledge.

oTMs o zng
N3SO,R ; (l)

then H,O

Enoxysilanes represent attractive starting materials for ring
contractions because they can be formed using well-established
regiocontrolled methods. For example, enoxysilanes may be gen-
erated regioselectively from simple ketones by hard or soft enoli-
zation techniques;’ from o,B-unsaturated ketones by tandem
Michael addition—enolate silylation;® from Birch reduction of aryl
silyl ethers:® or from Diels—Alder cycloaddition reactions,'® among
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other techniques. Realization of a practical method for ring con-
traction of enoxysilanes could exploit these synthetic methods and
provide a handle for regiocontrol in the rearrangement step.

Herein we report an efficient and practical method for the
perfluorobutanesulfonyl azide (nonaflyl azide, NfN3)-mediated ring
contraction of cyclic enoxysilanes. Nonaflyl azide is a nonvolatile
liquid prepared in one-step by the reaction of the inexpensive
commercial reagent nonaflyl fluoride with sodium azide.!’ Unlike
trifluoromethanesulfonyl azide (triflyl azide, TfN3),'> NfN3 may be
stored and handled safely as a neat liquid at room temperature.!!
Moreover, we report an improved synthesis of NfN3 that avoids
the use of halogenated solvents, thereby minimizing the risks as-
sociated with the synthesis of fluoroalkanesulfonyl azides.!># we
also report high-yielding procedures for the transformation of the
N-acyl sulfonamide functionality of the ring contraction product to
alcohol, ester, and carboxamide products.

2. Results and discussion

The mechanism of this ring contraction is proposed by Xu et al.
to proceed via aziridine intermediate 2,5° formed upon loss of
dinitrogen from either [3+2] cycloadduct 1a or 1b, depending on
whether electronic or steric effects predominate in the formation of
the triazoline (Scheme 1). While ring contraction is effected by alkyl
migration to open the aziridine, a competing pathway involves
aziridine opening without concomitant alkyl shift to afford a-
aminated products 4. Optimization experiments focused on maxi-
mizing the yield of ring-contracted product, utilizing the tetralone
derivative 5g as a model substrate (Table 1). We found that across
a range of solvents tested, the dielectric constant of the solvent
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Scheme 1. Aziridine-mediated ring contraction mechanism as proposed by Xu et al.

Table 1
Optimization of ring contraction conditions

OTMS O\ NHNF o
NgNF (1.1 equiv) NHNf
- . +

g o

59 Nf = SO,(CF,)sCF5 69 4g
Entry Solvent? Temperature Yield 6g>¢ Yield 4g®
1 CH5CN 60 °C 69% 7%
2 CH5CN 40 °C 72% 8%
3 CHs0H 40 °C 31% N.O.
4 CH,Cl, 40°C 70% 7%
5 PhCH3 40 °C 61% 9%
6 THF 40 °C 71% 11%
3 [5g]=0.3 M.

b Yields determined by 'H NMR analysis using anisole as an internal standard.
€ Yield represented as the sum of trimethylsilyl imidate and N-acyl sulfonamide
ring contraction products.

manifested little effect on the relative formation of ring contraction
and a-amination products (6g and 4g, respectively; '"H NMR anal-
ysis). This finding supports the suggestion that the reaction pro-
ceeds via an aziridine intermediate, rather than through concerted
migration—dinitrogen extrusion.®® While solvent polarity may be
expected to influence dipolar orientation of the reactants and thus
lead to differential formation of cycloadducts 1a and 1b, this in-
formation is lost upon extrusion of dinitrogen. The propensity of
the alkyl substituent to undergo migration and the developing ring
strain in the product thus govern the product distribution. For ex-
ample, attempts to carry out ring contraction on 1-(trimethylsiloxy)
cyclopentene gave the a-aminated product exclusively (70% yield).
In the absence of exchangeable protons, the immediate product of
ring contraction is the trimethylsilyl imidate 3, which is isolable by
direct concentration of the reaction mixture. Hydrolysis is observed
upon purification by silica gel flash-column chromatography,
yielding the N-acyl sulfonamide 6.

This ring contraction is relatively general in scope. The mild
reaction conditions (1.10 equiv perfluorobutanesulfonyl azide,
acetonitrile, 40 °C, 3 h) lead to broad functional group compatibility
(Table 2). In the case of the simple cyclohexanone-derived substrate
5a, the desired ring contraction product was isolated in near-
quantitative yield. Excellent site-selectivity was observed with
substrates bearing unfunctionalized alkenes (entries 3—6). The re-
action was not limited to six-membered carbocycle starting mate-
rials, as the enoxysilane 5h, derived from cycloheptanone, was
converted to 6h in 67% yield—a significant improvement over the
analogous arenesulfonyl azide-induced transformation reported by
Wohl (50%).52 Furthermore, more robust triisopropyl enoxysilanes
may be employed (entry 9).

Acyclic enoxysilanes undergo an analogous rearrangement, pro-
vided the migratory group is electron-rich (Table 3). Thus, the tri-
methylenoxysilane derived from 3’,4’,5'-trimethoxyacetophenone

Table 2
Substrate scope of the ring contraction

TMSO O\__NHNF o]
N N3Nf (1.1 equiv) NHNf
RT GH4CN, 3 h, 40 °C RT * RT
5 6 4
Entry Enoxysilane Ring-contracted product Yield 6° Yield 4°
OTMS O\ NHN
1 © 97% <1%
5a 6a
OTMS o
CHj CHg A NNt
2 84%¢ <1%
5b 6b
OTMS Oy Nt
3 @ 78% <1%
5¢ 6¢c
o OTMS o\\/,\“_mf
4 s CHy 74% 25%
>—'< >99:1 dr
CHs
5d CHs 6d
oTMS O%/NHNf
5 N 76% <1%
Z O—‘\\ 2:1dr
5e 6e
oTMS o}
NHNf
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CHs CH3
5f 6f

~
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OTMS O NHNF
Cg 87% 7%
69

OTMS o

8 @ O)LNHM 67% 32%
5h 6h

OTIPS

[0}
NHNf
H
] CHg o 8%
ch——0 0}/0 >99:1dr

9 CH3
* eH H
3 CHS™ Ty
5i 6i

2 Isolated yield after purification by flash-column chromatography.

b Yield of a-aminated product determined by 'H NMR analysis of the unpurified
product mixture.

¢ Theoretical yield 85%, based on isomeric purity of starting material.

4 [5f]=1.0 M.

¢ Inseparable mixture of diastereomers, relative stereochemistry not assigned.

(7a) formed the rearranged product 8a in 76% yield, with only 10%
yield of the corresponding «-aminated ketone 9a. As the electron
density of the arene is decreased (7b, 7c¢) the amount of z-amination
product increases (29% of 9b and 50% of 9c for enoxysilanes 7b and
7¢, respectively).
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Table 3
Electronic influence on aryl migration versus a-amination

OTMS (o]
N NgSO,(CF2)3CFs A NHNF N NHNf
RT CHCN,3h,40°C  RT ] ¢ RT _
7 8 9
Entry Starting material Yield 8* Yield 9°
OTMS
CH30.
1 CHO 76% 10%
OCHs
7a
OTMS
2 51% 29%
CH40
7b
oTMS
3 22% 50%
7c

2 Yields calculated by '"H NMR analysis using hexamethylbenzene as an internal
standard.

As expected, ring contraction was amenable to substrate-based
stereocontrol. Substrate 5d, derived from (S)-carvone, undergoes
rearrangement to provide the trans diastereomer, as established by
NOE analysis of the corresponding primary alcohol (Scheme 2).
Within the limits of detection ('"H NMR analysis) only a single di-
astereomeric product was formed. This stereochemical outcome is
likely a reflection of preferential triazoline formation at the un-
hindered (a) face of 5d, closure to the aziridine, and stereospecific
vinyl migration. Diastereoselectivity decreased as steric differenti-
ation at the allylic position of the enoxysilane diminished (compare
entries 5 and 6, Table 2).

OTMS
CH HO_ _NOE
3 1. N3SO,(CF,)3CF3, CH4CN, 40 °C Ny
H;C I H
CHy 2. LAH, E,0, 0 °C mm
5d 10

Scheme 2. Establishment of relative stereochemistry in the (S)-carvone system.

The synthetic utility of this transformation is enhanced by the
development of methods to convert the ring-contracted N-acyl
sulfonamide to common functional groups (Scheme 3). Reduction
of the ring contraction product 6g with lithium aluminum hy-
dride provided the alcohol 11 in 85% yield. Alternatively, the
carboxamide 12 was obtained in 96% yield by reduction with
samarium diiodide.”> Methanolysis could be effected by heating
under acidic conditions to provide the methyl ester 13 in 75%
yield.

3. Conclusions

In summary, we have developed a practical and versatile
methodology for the ring contraction of cyclic enoxysilanes. The
utility of this chemistry is twofold: First, the chemistry exploits the
manifold methods for regiocontrolled enoxysilane formation to
control selectivity in the bond-migration step. Second, our work

OH
LAH
_ 11 (85%)
Et,0, 20 min, 023 °C

o $O2CF2)sCFs o
NH NH,
Sml,
12 (96%)
THF, 30 min, 23 °C
0.
69 OCHs
HCI (0.3 M)
v 13 (75%)
20% CH30H-PhCH3

3h,110°C

Scheme 3. Functionalization of the N-acyl sulfonamide. Isolated yields shown.

shows that the perfluoroalkanesulfonyl products can be converted
to common functional groups (alcohol, amide, and ester) in one-
step and in high yield. We envision that the predictability, selec-
tivity, and mild, neutral character of the reaction make this a valu-
able addition to the synthetic repertoire.

4. Experimental
4.1. General

All reactions were performed in single-neck, flame-dried,
round-bottomed borosilicate glass flasks fitted with a rubber
septum under a positive pressure of argon, unless otherwise
noted. Air- and moisture-sensitive liquids were transferred via
syringe or stainless steel cannula, or were handled in a nitrogen-
filled drybox (working oxygen level <10 ppm). Organic solutions
were concentrated by rotary evaporation at 30—33 °C. Flash-
column chromatography was performed as described by Still
et al.'® employing silica gel (60 A, 40—63 pm particle size) pur-
chased from Silicycle (Quebec, Canada). Specific elution parame-
ters accompany each experimental. Analytical thin-layer
chromatography (TLC) was performed using glass plates pre-
coated with silica gel (250 pm, 60 A pore size) impregnated
with a fluorescent indicator (254 nm). TLC plates were visualized
by exposure to ultraviolet light (UV) and/or submersion in aque-
ous potassium permanganate solution (KMnO4) or ethanolic
phosphomolybdic acid solution (PMA), followed by brief heating
on a hot plate (120 °C, 10—15 s).

4.2. Materials

Commercial solvents and reagents were used as received with
the following exceptions. Toluene was purified according to the
method of Pangborn et al.”” Methanol was distilled from magne-
sium methoxide under an atmosphere of nitrogen immediately
before use. Acetonitrile was distilled from calcium hydride under
an atmosphere of nitrogen immediately before use. Enoxysilanes
5a—i and 7a—c were prepared according to published
procedures.%18

4.3. Instrumentation

Proton nuclear magnetic resonance ('H NMR) spectra were
recorded at 400 or 500 MHz at 24 °C unless otherwise noted.
Chemical shifts are expressed in parts per million (ppm, ¢ scale)
downfield from tetramethylsilane, and are referenced to residual
protium in the NMR solvent (CHCl3, 6 7.26; CHD,OD, ¢ 3.31;
CHD,S(0)CD3, 6 2.50). Data are represented as follows: chemical
shift, multiplicity (s=singlet, d=doublet, t=triplet, g=quartet,
quint=quintet, m=multiplet and/or multiple resonances, br=broad,
app=apparent), coupling constant in Hertz, and integration. Proton-
decoupled carbon nuclear magnetic resonance (>C NMR) spectra
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were recorded at 75, 100 or 125 MHz at 24 °C, unless otherwise
noted. Chemical shifts are expressed in parts per million (ppm,
o0 scale) downfield from tetramethylsilane, and are referenced to the
carbon resonances of the solvent (CDCl3, 6 77.16; CD30D, 6 49.00;
(CD3),S0, 6 39.52). Distortionless enhancement by polarization
transfer (DEPT-135) spectra were recorded at 100 or 125 MHz at
24 °C unless otherwise noted. '>C NMR and DEPT-135 data are
combined and represented as follows: chemical shift, carbon type
(obtained from DEPT-135 experiments). Fluorine nuclear magnetic
resonance ('°F NMR) spectra were recorded at 282 MHz at 24 °C
unless otherwise noted. Chemical shifts are expressed in parts per
million (ppm, d scale) downfield from CFCls. Data are represented as
follows: chemical shift, and integration. Attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectra were obtained using
a Thermo Electron Corporation Nicolet 6700 FTIR spectrometer
referenced to a polystyrene standard. Data are represented as fol-
lows: frequency of absorption (cm™!), and intensity of absorption
(s=strong, m=medium, w=weak, br=broad). High-resolution mass
spectrometry (HRMS) data were obtained on a Waters analytical
ultra high-performance liquid chromatography—mass spectrome-
try (UPLC/HRMS) instrument equipped with an electrospray ioni-
zation (ESI) mass spectrometry detector and photodiode-array
detector; otherwise, HRMS spectra were obtained by chemical
ionization (CI) at the W. M. Keck Foundation Biotechnology Resource
Laboratory at Yale University. In the first case, UPLC/HRMS samples
were eluted over a reverse-phase C-18 column (1.7 um particle size,
2.1x50 mm) with a linear gradient of 5% acetonitrile—water (v/v) to
95% acetonitrile—water (v/v) containing 0.1% formic acid over 3 min
at a flow rate of 0.8 mL/min.

4.4. Procedure for the preparation of perfluoro-n-butane-
sulfonyl azide (nonaflyl azide, NfN3)

A 50-mL round-bottomed flask was charged with a magnetic stir
bar, sodium azide (880 mg, 13.6 mmol, 1.00 equiv) and anhydrous
methanol (15 mL). To this mixture was added per-
fluorobutanesulfonyl fluoride (NfF, 4.10 g, 13.6 mmol, 1 equiv) and
the mixture was stirred for 18 h at 23 °C behind a blast shield. The
mixture was then passed over a fritted glass funnel to remove solid
precipitate. The filtrate was collected in a 75-mL pear-shaped flask,
and the filtrate was shaken with 20 mL of deionized water. The
fluorous phase was collected and passed over a plug of sodium
sulfate to afford neat nonaflyl azide as a colorless 0il (2.16 g, 49%). 1°F
NMR and IR spectral data were in agreement with those reported.!!

4.5. General procedure for the ring contraction of
enoxysilanes

A flame-dried 10-mL round-bottomed flask that had been fused
to a Teflon-coated valve was charged with a solution of per-
fluorobutanesulfonyl azide (44.9 mg, 138 pmol, 1.10 equiv) in ace-
tonitrile (420 pL). To this solution was added the enoxysilane
(126 pmol, 1 equiv) at 23 °C. The reaction vessel was then sealed
and heated for 3 h at 40 °C. The mixture was then cooled to 23 °C
and the solvent was removed by evaporation under a stream of
nitrogen gas. The residue obtained was purified by flash-column
chromatography (eluting with dichloromethane initially, grading
to 50% ethyl acetate—dichloromethane over two-steps). Fractions
containing product were identified using TLC (50% ethyl aceta-
te—dichloromethane, KMnOy4 stain). All N-acyl sulfonamide prod-
ucts thus afforded (6a—i; 8a—c) featured Ry values of 0.10—0.20 in
50% ethyl acetate—dichloromethane.

4.5.1. N-((Perfluorobutyl)sulfonyl)cyclopentanecarboxamide
(6a). White solid. 'TH NMR (500 MHz, CDs0D), § 2.69 (app quint,
J = 8.0 Hz, 1H), 1.86—1.74 (m, 4H), 1.72—1.64 and 1.59—1.53 (m, 4H).

13C NMR (125 MHz, CD30D), 6 186.0 (C), 50.0 (C), 31.4 (CHa), 26.9
(CH,). "°F NMR (282 MHz, CD30D), 6 —82.5 (3F), —114.0 (2F), —122.3
(2F), —127.2 (2F). FTIR (thin film), cm~': 3492.5 (br), 2959.4 (m),
2873.3 (w),1652.0 (s), 1620.5 (m), 1290.0 (s), 1189.7 (s). LC/HRMS-ESI
(m/z): [M+H]" calcd for C10H10FgNO3S, 396.0310; found 396.0311.

4.5.2. 1-Methyl-N-((perfluorobutyl)sulfonyl)cyclopentanecarboxamide
(6b). White solid. '"H NMR (400 MHz, CD30D), 6 2.21-2.14 (m, 2H),
1.68—1.61 (m, 4H), 1.40—1.35 (m, 2H).1.20 (s, 3H). >*C NMR (100 MHz,
CDs0D), § 189.2 (C), 54.0 (C), 39.0 (CHy), 26.2 (CH3), 26.0 (CHy). '°F
NMR (282 MHz, CDs0D), 6 —82.5 (3F), —114.5 (2F), —122.1 (2F),
—127.2 (2F). FTIR (thin film), cm~': 2961.7 (m), 2876.6 (W), 1641.7 (s),
1467.1 (w), 1195.1 (s), 1133.5 (s). LC/HRMS-ESI (m/z): [M+H]" calcd
for C11H12F9N03S, 410.0467; found 410.0465.

4.5.3. N-((Perfluorobutyl)sulfonyl)cyclopent-2-enecarboxamide
(6c). White solid. '"H NMR (400 MHz, CD30D), 6 5.80 (m, 1H), 5.76
(m, 1H), 3.48 (tdd, ]=8.8, 4.9, 2.4 Hz, 1H), 2.47—2.38 and 2.34—2.25
(m, 2H), 2.16—1.99 (m, 2H). '3C NMR (125 MHz, CD30D), 6 184.1 (C),
133.1 (CH), 131.9 (CH), 56.77 (CH), 33.20 (CH,), 27.88 (CH>). °F NMR
(282 MHz, CD30D), 6 —82.5 (3F), —114.0 (2F), —122.4 (2F), —127.2
(2F). FTIR (thin film), cm~': 3471.3 (br), 1605.3 (m), 1285.7 (s),
1194.5 (s), 1135.3 (s), 1010.1 (m). LC/HRMS-ESI (m/z): [M+H] " calcd
for C1oHgFgNOs3S, 394.0154; found 394.0160.

4.5.4. (1R,55)-2-Methyl-N-((perfluorobutyl)sulfonyl)-5-(prop-1-en-
2-yl)cyclopent-2-enecarboxamide (6d). White Solid. 'H NMR
(400 MHz, CD30D), 6 5.42 (br, 1H), 4.76 (br, 1H), 4.68 (br, 1H), 3.27
(app t,J=6.5 Hz, 1H), 2.57—2.49 and 2.24—2.17 (m, 2H), 1.71 (s, 6H).
13C NMR (75 MHz, CD30D), § 184.4 (C), 148.8 (C), 140.5 (C), 126.9
(CH), 110.0 (CH3), 64.6 (CH), 51.9 (CH), 37.9 (CH,), 20.7 (CH3), 15.4
(CH3). F NMR (282 MHz, CD30D), § —82.5 (3F), —113.9 (2F), —122.3
(2F), —127.3 (2F). FTIR (thin film), cm~': 3439.1 (br), 2979.1 (w),
1605.0 (s), 1299.7 (s), 1197.0 (s). LC/HRMS-ESI (m/z): [M+Na]* calcd
for C14H14F9NOsS, 470.0443; found 470.0439.

4.5.5. trans-N-((Perfluorobutyl)sulfonyl)-2-vinylcyclopentanecarbo-
xamide and cis-N-((perfluorobutyl)sulfonyl)-2-vinylcyclopentane-
carboxamide (trans-6e and cis-6e, inseparable mixture). trans-6e:
'H NMR (500 MHz, CDs0D), 6 5.81 (ddd, J=17.4, 10.3, 7.2 Hz, 1H),
5.01 (app d, J=17.2 Hz, 1H), 4.89 (dd, J=10.5, 2.0 Hz, 1H). 2.78 (m,
1H), 2.44 (app q, J=8.7 Hz, 1H), 1.99—1.39 (m, 6H). 3C NMR
(100 MHz, CD30D), § 185.9 (C), 142.7 (CH), 113.8 (CH,), 56.6 (CH),
49.61 (CH), 33.7 (CH,), 32.1 (CHy), 25.4 (CH>). '°F NMR (282 MHz,
CD;0D), 6 —82.5 (3F), —114.3 (2F), —122.2 (2F), —127.2 (2F). FTIR
(thin film), cm™': 3478.9 (br), 2956.0 (m), 1638.3 (s), 1351.4 (m),
1209.2 (s). LC/HRMS-ESI (m/z): [M+H]" calcd for C12H12F9NOsS,
422.0467; found 422.0461. cis-6e: 'H NMR (500 MHz, CD30D),
05.90(ddd, J=17.2,10.2, 8.1 Hz, 1H), 5.01 (app d,J=17.2 Hz, 1H), 4.88
(app d, J=10.3 Hz, 1H), 2.84 (app q, J=7.6 Hz, 1H), 2.78 (m, 1H),
1.99—1.57 (m, 6H). *C NMR (100 MHz, CD30D), 6 184.4 (C), 140.6
(CH), 114.7 (CHy), 54.6 (CH), 49.2 (CH), 33.0 (CHy), 29.3 (CH,), 24.9
(CHa). "F NMR (282 MHz, CD30D), 6 —82.5 (3F), —114.3 (2F), —=122.2
(2F), —127.2 (2F). FTIR (thin film), cm~!: 3478.9 (br), 2957.0 (m),
1638.3 (s), 1351.4 (m), 1209.2 (s). LC/HRMS-ESI (m/z): [M+H]* calcd
for C12H12FoNO3S, 422.0467; found 422.0461.

4.5.6. 2-Methyl-N-((perfluorobutyl)sulfonyl)-2-vinylcyclopent-anec-
arboxamide (6f, inseparable mixture, stereochemistry not determined,
* designates other diastereomer). "H NMR (400 MHz, CD30D), 6 6.02
(dd, J=10.7,17.5 Hz, 1H, 1H*), 4.99 (dd, J=1.2, 17.5 Hz, 1H*), 4.98 (dd,
J=1.32,17.5 Hz, 1H), 4.91 (dd, J=1.6, 10.8 Hz, 1H), 4.90 (dd, J=14,
10.7 Hz, 1H*), 2.59 (app t, J=8.1 Hz, 1H), 2.49 (app t, J=8.1 Hz, 1H*),
2.06—1.42 (m, 6H, 6H*),1.22 (s, 3H*), 1.06 (s, 3H). 3C NMR (100 MHz,
CD30D), 6 183.9 (C), 183.8 (C*), 149.1 (CH), 145.0 (CH*), 111.7 (CHy),
110.6 (CHy*), 60.8 (CH), 58.7 (CH*), 40.5 (CHy), 40.0 (CHy*), 29.8 (C),
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29.6 (C), 29.1 (CHy), 28.8 (CHy*), 26.7 (CH3), 23.3 (CHy), 23.1 (CHy*),
21.3 (CH3*). 'F NMR (282 MHz, CD30D), 6 —82.5 (3F), —114.2 (2F),
—122.1 (2F), —127.2 (2F). FTIR (thin film), cm™~': 3554.8 (br), 2971.1
(W), 2159.4 (W), 2020.7 (s), 1637.9 (s), 1196.6 (s). LC/HRMS-ESI (m/z):
[M+H]" calcd for C13H14F9NO3S, 436.0623; found 436.0629.

4.5.7. N-((Perfluorobutyl)sulfonyl)-2,3-dihydro-1H-indene-1-
carboxamide (6g). White solid. 'TH NMR (400 MHz, CDs;OD),
67.38—7.36 (m, 1H), 7.18—7.17 (m, 1H), 7.13—7.07 (m, 2H), 3.95 (app t,
J=7.4 Hz, 1H), 3.09—3.02 (m, 1H), 2.88—2.80 (m, 1H), 2.42—2.33 (m,
1H),2.29—2.20 (m, 1H). 3C NMR (100 MHz, CD30D), § 183.8 (C), 145.6
(C),144.2 (C),127.9 (CH), 127.0 (CH), 125.8 (CH), 125.2 (CH), 56.3 (CH),
32.8 (CHa), 30.6 (CH>). '°F NMR (282 MHz, CD;0D), 6 —82.5 (3F),
—1141 (2F), —122.3 (2F), —127.2 (2F). FTIR (thin film), cm™: 3464.1
(br), 2948.1 (w), 1609.3 (s), 1294.2 (s), 1135.3 (s). LC/HRMS-ESI (m/z):
[M-+H]" calcd for C14H1oFgNO3S, 444.0310; found 444.0299.

4.5.8. N-((Perfluorobutyl)sulfonyl)cyclohexanecarboxamide
(6h). White solid. 'TH NMR (400 MHz, CD30D) 6 2.17 (tt, J=114,
3.3 Hz, 1H), 1.85 (app d, J=12.8 Hz, 2H), 1.76—1.73 (m, 2H), 1.66—1.64
(m, 1H), 1.43—1.18 (m, 5H). 3C NMR (75 MHz, CD30D), é 186.3 (C),
495 (CH), 30.9 (CHy), 27.2 (CHa), 26.9 (CHa). '°F NMR (282 MHz,
CD30D), 6 —83.0 (3F), —114.5 (2F), —122.8 (2F), —127.7 (2F). FTIR (thin
film), cm™': 3543.2 (br), 2936.1 (w), 2158.7 (m), 2020.9 (m), 1640.9
(m), 1159.8 (s). LC/HRMS-ESI (m/z): [M+H]" calcd for C11H12FgNOsS,
410.0467; found 410.0465.

4.5.9. (3aS,5R 6aR)-3a-Ethyl-2,2-dimethyl-N-((perfluorobutyl) sulfo-
nyl)tetrahydro-3aH-cyclopenta[d][1,3]dioxole-5-carboxamide
(6i). White solid. 'TH NMR (500 MHz, CD30D) ¢ 4.31 (d, J=4.3 Hz,
1H), 3.04 (app tt, J=12.1, 6.3 Hz, 1H), 2.02 (ddd, J=13.6, 5.7, 1.9 Hz,
1H), 1.95 (ddd, J=13.6, 6.9, 1.9 Hz, 1H), 1.83 (dq, J=14.7, 7.4 Hz, 1H),
1.77—1.71 (m, 1H), 1.70—1.60 (m, 2H), 1.40 (s, 3H), 1.31 (s, 3H), 0.99 (t,
J=7.4Hz, 3H).13C NMR (125 MHz, CDs0D), 6 184.2 (C), 86.5 (CH), 47.7
(CH), 42.6 (CHy), 38.1 (CHy), 33.6 (CHy), 27.9 (CH3), 27.0 (CH3), 9.1
(CH3). '°F NMR (282 MHz, CDs0D), 6 —82.5 (3F), —114.2 (2F), —122.3
(2F), —127.2 (2F). FTIR (thin film), cm~!: 3549.1 (m), 3496.5 (m),
2985.8 (w), 2160.4 (m), 2017.6 (s), 1619.4 (s), 1173.2 (s). LC/HRMS-ESI
(m/z): [M+Na]" calcd for C15H1gFgNOsS, 518.0654; found 518.0650.

4.5.10. N-((Perfluorobutyl)sulfonyl)-2-(3,4,5-trimethoxyphenyl)
acetamide (8a). White solid. 'TH NMR (500 MHz, CD;0D) § 6.61 (s,
2H), 3.82 (s, 6H), 3.73 (s, 3H), 3.47 (s, 2H). '*C NMR (125 MHz,
CD30D), ¢ 180.9 (C), 154.1 (C), 137.6 (C), 133.9 (C), 107.8 (CH), 61.1
(CHs), 56.4 (CH3), 47.8 (CH,). '°F NMR (282 MHz, CD30D), 6 —82.5
(3F), —114.1 (2F), —122.3 (2F), —127.2 (2F). FTIR (thin film), cm™:
1629.9 (s), 1593.2 (m), 1310.1 (s), 1195.0 (s), 1116.6 (s). LC/HRMS-ESI
(m/z): [M+H]" calcd for C;5H14F9NOgS, 508.0471; found 508.0473.

4.6. Reduction of N-acyl sulfonamide 6g to afford alcohol 11

A solution of lithium aluminum hydride in tetrahydrofuran (1 M,
271 puL, 271 pumol, 4.00 equiv) was added to a stirred solution of N-
acyl sulfonamide 6g (30.0 mg, 67.7 umol, 1 equiv) in ether (1.50 mL)
at 0 °C. After the addition, the resulting mixture was warmed to
23 °C and stirred for 20 min, after which TLC analysis (50% ethyl
acetate—dichloromethane, KMnOy4 stain) indicated full conversion
of starting material. The reaction mixture was then cooled to 0 °C,
and distilled water (14 pL), 15% aqueous sodium hydroxide solution
(14 pL), and additional distilled water (30 pL) were sequentially
added. The resulting mixture was diluted with ethyl acetate (5 mL)
and was filtered over Celite, rinsing the reaction vessel and Celite
pad with additional ethyl acetate (2x5 mL). The filtrate was dried
over sodium sulfate and was concentrated to dryness; the residue
obtained was purified by flash-column chromatography (eluting
with 0%—10% ethyl acetate—dichloromethane) to afford 1-

indanmethanol (11, 8.5 mg, 85%, colorless oil). 'H and *C NMR
spectra were in agreement with those reported.!®

4.7. Reductive desulfonylation of N-acyl sulfonamide 6g to
afford carboxamide 12

Adapted from Ankner and Hilmersson.”” In a nitrogen-filled
drybox, a flame-dried 10-mL round-bottomed glass flask fitted
with a rubber septum and Teflon-coated magnetic stir bar was
charged with a solution of samarium diiodide in tetrahydrofuran
(0.1 M, 3.38 mL, 338 umol, 6.00 equiv). To this solution was added
a solution of N-acyl sulfonamide 6g (25.0 mg, 56.4 pmol, 1 equiv) in
tetrahydrofuran (300 pL). The resulting mixture was stirred for
30 min at 23 °C. The reaction mixture was then removed from the
drybox, and 1 mL of saturated aqueous sodium bicarbonate solu-
tion was added with stirring. The resulting mixture was then
concentrated to dryness under reduced pressure, was suspended in
5 mL of methanol, and was filtered over a Celite pad, rinsing the
reaction vessel and Celite pad with additional methanol (2x5 mL).
This filtrate was concentrated to dryness, and the residue obtained
was purified by flash-column chromatography (eluting with ethyl
acetate) to afford indan-1-carboxamide (12, 9.0 mg, 96%, white
solid). R=0.70 (15% methanol—ethyl acetate; UV, PMA). H NMR
(500 MHz, (CD3),S0) 6 7.56 (br s, 1H), 7.27—7.26 (m, 1H), 7.23-7.21
(m, 1H), 7.16—7.14 (m, 2H), 6.96 (br s, 1H), 3.84 (app t, J=7.6 Hz, 1H),
2.98 (app ddd, J=14.8, 8.8, 5.3 Hz, 1H), 2.82 (app dt, J=15.8, 7.8 Hz,
1H), 2.26—2.11 (m, 2H). 13C NMR (125 MHz, (CD3),S0), 6 174.85 (C),
143.9 (C), 142.9 (C), 126.8 (CH), 126.0 (CH), 124.3 (CH), 124.0 (CH),
50.4 (CH), 31.6 (CH>), 28.47 (CHy). FTIR (thin film), cm~': 3357.5 (s),
3174.5 (s), 2159.9 (s), 2022.3 (s), 1646.9 (s), 1425.9 (s). HRMS-CI (m/
z): [M+Na]" calcd for C1oH11NO, 184.0733; found 184.0732.

4.8. Methanolysis of N-acyl sulfonamide 6g to afford methyl
ester 13

A flame-dried 10-mL round-bottomed flask that had been fused
to a Teflon-coated valve was charged with N-acyl sulfonamide 6g
(30.0 mg, 67.7 pmol, 1 equiv), which was dissolved in methanol
(135 pL) and toluene (540 pL). A solution of hydrogen chloride in
diethyl ether (1 M, 203 pL) was added and the reaction vessel was
sealed. The resulting mixture was heated to 110 °C for 3 h, and then
was cooled to 23 °C. The solvent was removed under reduced
pressure and the residue obtained was purified by flash-column
chromatography (eluting with 15% ethyl acetate—hexanes) to af-
ford methyl indane-1-carboxylate (13, 8.8 mg, 75%, white solid). 'H
and 13C NMR spectral data were in agreement with those reported.°

Acknowledgements

Financial support from Yale University, National Institute of
General Medical Sciences (R01GMO090000), the Yale Science
Scholars Program (summer stipend to M.J.M.), and Haverford Col-
lege (KINSC summer stipend to Z.A.K.) are gratefully acknowledged.

Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.tet.2013.04.027.

References and notes

1. For a review, see: Silva, L. Tetrahedron 2002, 58, 9137.

2. (a) Wolff, L. Liebigs Ann. Chem.1902, 325; (b) Wolff, L. Liebigs Ann. Chem. 1913, 394.

3. For reviews of the Wolff rearrangement, see: (a) Meier, H.; Zeller, K. P. Angew.
Chem. 1975, 14, 32; (b) Gill, G. B. In The Wolff Rearrangement in Comp. Org.
Synth.; Trost, B. M., Ed.Fleming, 1., Ed.; Pergamon: Oxford, UK, 1991; 3, p 887; (c)
Kirmse, W. Eur. J. Org. Chem. 2002, 2193.


http://dx.doi.org/10.1016/j.tet.2013.04.027
http://dx.doi.org/10.1016/j.tet.2013.04.027

10.

M,J. Mitcheltree et al. / Tetrahedron 69 (2013) 5634—5639

. (@) Favorskii, A. J. Russ. Phys.-Chem. Soc. 1894, 26, 559; (b) Favorskii, A. J. Prakt.

Chem. Chem. Ztg. 1895, 51, 533.

. For reviews of the Favorskii rearrangement, see: (a) Kende, A. S. Org. React.

1960, 11, 261; (b) Mann, J. In The Favorskii Rearrangement in Comp. Org.
Synth.; Trost, B. M., Fleming, 1., Eds. The Favorskii Rearrangement in Comp.
Org. Synth.; Pergamon: Oxford, UK, 1991; Vol. 3, p 839.

. (a) Wohl, R. Helv. Chim. Acta 1973, 56, 1826; (b) Xu, Y.; Xu, G.; Zhuy, G.; Jia, Y.;

Huang, Q. J. Fluorine Chem. 1999, 96, 79.

. For examples of hard or soft enolization-based regiocontrol, see: (a) Stork, G.;

Hudrlik, P. E. J. Am. Chem. Soc. 1968, 90, 4462; (b) Rubottom, G. M.; Mott, R. C,;
Kueger, D. S. Synth. Commun. 1977, 7, 327; (c) Negishi, E.; Chatterjee, S. Tetra-
hedron Lett. 1983, 24, 1341; (d) Corey, E. J.; Gross, A. W. Tetrahedron Lett. 1984,
25, 495; (e) Cazeau, P.; Duboudin, F.; Moulines, F.; Babot, O.; Dunogues, J. Tet-
rahedron 1987, 43, 2075; (f) Cazeau, P.; Duboudin, F.; Moulines, F.; Babot, O.;
Dunogues, ]. Tetrahedron 1987, 43, 2089.

. For examples of tandem Michael addition—enolate silylation, see: (a)

Boeckman, R. K. J. Am. Chem. Soc. 1974, 96, 6179; (b) Patterson, ]J. W.; Fried,
J. H. J. Org. Chem. 1974, 39, 2506; (c) Stork, G.; d’Angelo, J. J. Am. Chem. Soc.
1974, 96, 7114; (d) Binkley, E. S.; Heathcock, C. H. J. Org. Chem. 1975, 40,
2156.

. For examples of enoxysilanes obtained by Birch reductions, see: (a) Macdonald,

T. L. J. Org. Chem. 1978, 43, 3621; (b) Rabideau, P. W.; Marcinow, Z. The Birch
Reduction of Aromatic Compounds In Organic Reactions; Paquette, L. A., Ed.;
John Wiley &amp; Sons: 1992; Vol. 42, p 17; (¢) Woo, C. M.; Lu, L.; Gholap, S. L.;
Smith, D. R.; Herzon, S. B. J. Am. Chem. Soc. 2010, 132, 2540.

For a review of enantioselective Diels—Alder reactions, see: Corey, E. ]. Angew.
Chem., Int. Ed. 2002, 41, 1650.

11.

12.
13.

14.

19.

5639

Zhu, S.-Z. J. Chem. Soc., Perkin Trans. 1 1994, 2077.

Cavender, C. ].; Shiner, V. ], Jr. J. Org. Chem. 1972, 37, 3567.

For a discussion of the hazards associated with the use of sodium azide in the
presence of halogenated solvents, see: Conrow, R. E.; Dean, W. D. Org. Process
Res. Dev. 2008, 12, 1285.

For a safe preparation of triflyl azide using toluene as a nonvolatile, inert sol-
vent, see: Titz, A.; Zorana, R.; Schwardt, O.; Ernst, B. Tetrahedron Lett. 2006, 47,
2383.

. Ankner, T.; Hilmersson, G. Org. Lett. 2009, 11, 503.
. Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923.
. Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J.

Organometallics 1996, 15, 1518.

. Enoxysilanes 5a, 5b, 5g, and 7a—c were prepared according to Ref. 7e. For the

synthesis of 5c, see: (a) Romanski, S.; Kraus, B.; Guttentag, M.; Schlundt, W.;
Riicker, H.; Adler, A.; Neudorfl, J.-M.; Alberto, R.; Amslinger, S.; Schmalz, H.-G.
Dalton Trans. 2012, 41, 13862 For the synthesis of 5d, see: (b) Hong, S. P.;
Lindsay, H. A.; Yaramasu, T.; Zhang, X.; McIntosh, M. C. J. Org. Chem. 2002, 67,
2042 For the synthesis of 5e, see: (c) Chen, Y.; Huang, J.; Liu, B. Tetrahedron Lett.
2010, 51, 4655 For the synthesis of 5f, see: (d) Rafferty, R. ].; Williams, R. M. J.
Org. Chem. 2012, 77, 519 For the synthesis of 5h, see: (e) Huang, L.; Zhang, X.;
Zhang, Y. Org. Lett. 2009, 11, 3730 For the synthesis of 5i, see: (f) Woo, C. M.;
Gholap, S. L; Lu, L.; Kaneko, M.; Li, Z.; Ravikumar, P. C.; Herzon, S. B. . Am. Chem.
Soc. 2012, 134, 17262.

Siqueira, F. A.; Ishikawa, E. E.; Fogaca, A.; Faccio, A. T.; Carneiro, V. M. T.; Soares,
R.R. S.; Utaka, A.; Tébéka, I. R. M.; Bielawski, M.; Olofsson, B.; Silva, L. F. J. Braz.
Chem. Soc. 2011, 22, 1795.

20. Katz, C. E.; Aubé, J. . Am. Chem. Soc. 2003, 125, 13948.



	A practical method for regiocontrolled one-carbon ring contraction
	1. Introduction
	2. Results and discussion
	3. Conclusions
	4. Experimental
	4.1. General
	4.2. Materials
	4.3. Instrumentation
	4.4. Procedure for the preparation of perfluoro-n-butanesulfonyl azide (nonaflyl azide, NfN3)
	4.5. General procedure for the ring contraction of enoxysilanes
	4.5.1. N-((Perfluorobutyl)sulfonyl)cyclopentanecarboxamide (6a)
	4.5.2. 1-Methyl-N-((perfluorobutyl)sulfonyl)cyclopentanecarboxamide (6b)
	4.5.3. N-((Perfluorobutyl)sulfonyl)cyclopent-2-enecarboxamide (6c)
	4.5.4. (1R,5S)-2-Methyl-N-((perfluorobutyl)sulfonyl)-5-(prop-1-en-2-yl)cyclopent-2-enecarboxamide (6d)
	4.5.5. trans-N-((Perfluorobutyl)sulfonyl)-2-vinylcyclopentanecarboxamide and cis-N-((perfluorobutyl)sulfonyl)-2-vinylcyclopentanec ...
	4.5.6. 2-Methyl-N-((perfluorobutyl)sulfonyl)-2-vinylcyclopent-anecarboxamide (6f, inseparable mixture, stereochemistry not determi ...
	4.5.7. N-((Perfluorobutyl)sulfonyl)-2,3-dihydro-1H-indene-1-carboxamide (6g)
	4.5.8. N-((Perfluorobutyl)sulfonyl)cyclohexanecarboxamide (6h)
	4.5.9. (3aS,5R,6aR)-3a-Ethyl-2,2-dimethyl-N-((perfluorobutyl) sulfonyl)tetrahydro-3aH-cyclopenta[d][1,3]dioxole-5-carboxamide (6i)
	4.5.10. N-((Perfluorobutyl)sulfonyl)-2-(3,4,5-trimethoxyphenyl) acetamide (8a)

	4.6. Reduction of N-acyl sulfonamide 6g to afford alcohol 11
	4.7. Reductive desulfonylation of N-acyl sulfonamide 6g to afford carboxamide 12
	4.8. Methanolysis of N-acyl sulfonamide 6g to afford methyl ester 13

	Acknowledgements
	Supplementary data
	References and notes


