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A series of conformationally restricted-“furanosides” has been synthesized, where the carbons of the
tetrahydrofuran ring are kept in one plane by a rigid norbornane skeleton, permitting only the ring oxygen
to move above or below the tetrahydrofuran ring plane. This causes the substituents of the anomeric
carbon to occupy a pseudoaxial or a pseudoequatorial position. On protonation of these “norbornane-
furanosides” with trifluoromethanesulfonic acid, all three compounds exhibited decreasing coupling
constants for the anomeric proton, indicating a shift toward the pseudoaxial conformation. The coupling
constant measurements were supported by volume integration of NOESY cross-peaks, which also showed
a change toward the pseudoaxial conformation upon protonation of the nitrogen. These results provide
no evidence for the so-called reverse anomeric effect; on the contrary they are in full agreement with a
small normal anomeric effect.

Introduction ;86 ;:—85’

The anomeric effect, the preference for an electronegative (@ f:’"“‘\*"" r,f/f-hl
substituent at € of pyranose derivatives to adopt an axial ,L
position instead of the sterically more favored equatorial 8‘
orientation, is a well-established stereoelectronic effetThe (b) fjr \ AU 5 o
generalized anomeric effect is an extension to include acyclic "/7?‘* M
systems and rings other than six-membered ones. The anomeric X

effect has been observed in a number of structural types and isgiguRe 1. Anomeric effect, described by (a) unfavorable dipole
of highest importance for the conformational analysis of gipole interaction with equatorial substituents; (b) favorable overlap
biologically important molecules such as carbohydrates and between a filled ring oxygen lone-pair orbital and an emptyprbital.
nucleosides.

Two conceptually different theories have been proposed to substituents had to adopt axial orientatiénsThis phenomenon
account for the anomeric effect. Its origin may be found in the was first observed in glycosyl pyridinium ions and was attributed
destabilization of equatorial substituents due to unfavorable to a so-called reverse anomeric effect, indicating a stereoelec-
dipole—dipole interactions (Figure 1a). An alternative view is tronic origin. Fragments of the type-FO—C—N® are found in
stabilization due to a favorable overlap between one of the ring- a number of biologically important systems and would also be
oxygen lone pair orbitals and the antibondistgorbital of the important in glycosidic compounds complexed to Lewis acids,

axial substituent (Figure 1b). thus making the existence of a reverse anomeric effect highly
It was early recognized that some positively charged sub-

stituents at ¢ adopted an equatorial orientation, even if other  (4) Lemieux, R. U.; Morgan, A. RCan. J. Chem1965 43, 2205~

2213.
(1) Edwards, J. TChem. Ind. (London}955 1102. (5) Lemieux, R. U.Pure Appl. Chem1971, 25, 527-548.
(2) Lemieux, R. U.Explorations with Sugars-How Sweet It Was (6) Paulsen, H.; Gyrgydek, Z.; Friedmann, MChem. Ber1974 107,
American Chemical Society: Washington, DC, 1990. 1590-1613.
(3) Juaristi, E.; Cuevas, Oetrahedron1992 48, 5019-5087. (7) Finch, P.; Nagpurkar, A. GCarbohydr. Res1976 49, 275-287.
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/?;’/X /& FIGURE 3. Substituent R occupies either a pseudoaxial (pax) or a
G*

o) pseudoequatorial (peq) orientation in a conformationally restricted
X furanose molecule, where the ring carbons are locked in a planar
arrangement. The arrows show the dihedral angleHt that changes

FIGURE 2. Different interpretations of the anomeric effect in a system  \yhen going from the pseudoaxial to the psudoequatorial orientation.
with a cationic substituent: (a) favorable monopetipole interaction

with equatorial substituents; (b) favorable overlap between a filled ring f Simil . t inal imid | intin th
oxygen lone-pair orbital and an empts orbital of the axial cationic orms. similar experiments using imidazoles point in the same

substituent. direction6
NMR titrations were also used to measure differences in the

important® The term reverse anomeric effect has been used in PKa Of a- andf-glucosyl imidazoles. The results indicate that
many contexts, for example, to explain the participation of the protonated imidazolyl group has a greater preference for
solvents in glycosylation reactioh¥ and the configuration of ~ the axial orientation compared to the unprotonated fom.
anomeric amide&! Theoretical interpretations for a reverse A recentab initio study of methylated methylendiamines in
anomeric effect are, however, contradictory. The destabilization the gas phase as well as aqueous solution on the HF/6-31G**//
of equatorial electronegative substituents due to unfavorable HF/6-31G** level showed that less substituted derivatives (e.g.,
dipole—dipole interactions (as seen for a normal anomeric effect) methylenediamine anél-methyl-methylenediamine) adopted
would be diminished with the introduction of a positive charge. conformers related to the presence of an anomeric effect.
The equatorial conformation might in fact be slightly stabilized However, sterically crowded analogues (eNJN,N',N'-tetram-

by attractive electrostatic interactions with the positive charge €thyl-methylenediamine) adopted a reverse orientation, indicat-
closer to the negative end of the dipole (Figure 2a). Although ing tha_lt the origin for a reverse anomeric effect is due to steric
electrostatics give some support for a reverse anomeric effect,crowding.

molecular orbital interactions do not. The introduction of a  Finally, the reverse anomeric effect has been tested in an
positive charge makes the substituent even more electronegativeinnovatively designed conformationally locked azaadamantane
which would actually enhance a normal anomeric effect by System, which showed a clear preference for a conformation
lowering the energy of the antibonding orbital of the axial ~ favored by a normal anomeric effetz? .
substituent (Figure 2b). To conclude, there is no proof of a reverse anomeric effect.

The experimental support for a reverse anomeric effect derivesMOost experimental results can be explained by a normal
mainly from experiments using glycosyl imidazoles, where anomeric effect and increased steric bulk of the substituent due
protonation of the distant nitrogen was supposed not to changet0 solvation of the positive charge. HOWEVGT, the presence of a
the size of the substituehf:12 These experiments have lately ~reverse anomeric effect is _stﬂl_debat’é&. )
been re-examined, indicating a steric origin of the found  Most experimental investigations of a reverse anomeric effect
equatorial orientation of the imidazole moetfyAs a result of ~ have been performed with substituted pyranosides. Unfortunately
changes in the solvation shell, the repulsion from a protonated the number of protected or unprotected hydroxyl groups in the
imidazolyl substituent in the axial position of a cyclohexane investigated pyranosides makes it difficult to separate a possible
ring is greater, compared to the unprotonated f&tm. reverse anomeric effect from other effects active in carbohy-

A series 0fN_(4_tert_butylcyclohexy|)ani|ines was Compared drates. Because of the h|gher conformational erXIbIIIty of five-
with a series oN-(tetraO-methylglucopyranosyl)anilines using membered rings, furanosides have received much less attention

NMR titrations15 In both series there was a shift of the aniline regarding anomeric effects, compared to pyranosides.
group toward an equatorial orientation upon protonation. We have earlier used conformationally restricted “norbornane-

However, the shift was smaller for the glucosyl derivatives than furanosides” to demonstrate the existence of the anomeric effect
for the cyclohexylanilines, consistent with a normal anomeric in furanosides (Figure 3. The norbornane skeleton is highly

effect that counteracts the steric hindrance of the protonated'igid and keeps the furanoside ring carbons in one plane, thus
allowing only two envelope conformations, with the ring oxygen

@ H
X

(8) Perrin, C. L.Tetrahedron1995 51, 11901+11935.
(9) Schmidt, R. RChemical Synthesis of Sialylated Glycoconjugates (16) Perrin, C. L.; Fabian, M. A.; Brunckova, J.; Ohta, B. K.Am.
Kovac, P., Ed.; American Chemical Society: Washington, DC, 1994; Vol. Chem. Soc1999 121, 6911-6918.

560, pp 277296. (17) Fabian, M. A.; Perrin, C. L.; Sinnott, M. b. Am. Chem. S0&994
(10) Schmidt, R. R.; Behrendt, M.; Toepfer, 8ynlett199Q 694—696. 116 8398-8399.
(11) Chmielewski, M.; BeMiller, J. N.; Cerretti, D. B. Org. Chem. (18) Carballeira, L.; Pez-Juste, I1J. Comp. Chen2001, 22, 135-150.
1981 46, 3903-3908. (19) Jones, P. G.; Kirby, A. J.; Komarov, I. V.; Wothers, P.Chem.
(12) Vaino, A. R.; Chan, S. S. C.; Szarek, W. A,; Thatcher, G. R. J. Commun.1998 1695-1696.
Org. Chem.1996 61, 4514-4515. (20) Kirby, A. J.; Komarov, I. V.; Wothers, P. D.; Feeder, N.; Jones, P.
(13) Vaino, A. R., Szarek, W. Al. Org. Chem2001, 66, 1097-1102. G. Pure Appl. Chem1999 71, 385-391.
(14) Perrin, C. L.; Fabian, M. A.; Armstrong, K. B. Org. Chem1994 (21) Box, V. G. S.J. Mol. Struct.200Q 522 145-164.
59, 5246-5253. (22) Chandrasekhar, &rkivoc 2005 part xiii, 37—66.
(15) Perrin, C. L.; Kuperman, J. Am. Chem. SoQ003 125 8846- (23) Ellervik, U.; Magnusson, Gl. Am. Chem. S0d.994 116, 2340~
8851 2347.
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SCHEME 12 We have earlier shown, by a combination of molecular
H modeling, NOE measurements, and X-ray crystallography, that
s\/© the coupling constant 4+Hg of the O-furanoside (R= OBn),
0 which occupies the pseudoaxial conformation, was 0, whereas
the C-furanoside (R= CH,CH,Ph), which mainly occupies the
CHy 1 pseudoequatorial orientation, showed a coupling constant of
la,b 7.923The vicinal protor-proton coupling constants depend on
H several parameters. The most important is the torsional angle
o between the protons, which is described by the Karplus equation.
However, the substituent electronegativity is also an important
CHs contributor, and several generalized Karplus equations have been
proposed. The Haasnoeatde Leeuw-Altona equation is the
2:R= ‘HN\):) 74% most widely used with empirical group electronegativities
3:R= —HN @ 59% (described as substituent parametgy$>26 On protonation of
the NH, group thel; value is lowered by 0.28 units, thus making
4R= _N\>N 20% it almost as electronegative as an N&bstituen®’ By using
the Haasnootde Leeuw-Altona equation we estimate that the
2 Reagents and conditions: (a)BEZH,Clp, 0 °C, 15 min; (b) Amine, proton—proton coupling constants gHHg) of compound2—4
20°C,3-16 h. would increase by approximately 0.5 Hz as a result of the
changed electronegativity on protonation of the nitrogen. An
even further increased coupling constant upon protonation would
consequently indicate a change in the populations from the
pseudoaxial to the pseudoequatorial conformation, which would
show the presence of a reverse anomeric effect in this system.

Several different acids (i.e., trifluoroacetic acid, trichloroacetic
acid, dichloroacetic acid, angtoluenesulfonic acid) in a variety
FIGURE 4. Numbering system used for compouris4. of deuterated solvents (i.e., CRChcetoneds, DMSO-dg) were

used in attempts to perform the titrations of compouBetd.
either above or below the ring plane. The anomeric substituent|n gl cases the NMR signals were broadened and coupling
then occupies a pseudoaxial (pax) or pseudoequatorial (ped)constants could not be measured. However, addition of trifluo-
orientation. The sterical demand of the anomeric substituent is romethanesulfonic acid (TfOH) in carbon tetrachloride (§Cl
similar in the two conformers, thus separating stereoelectronic gave good results with measurable coupling constants. Since
effects from purely steric effects. the solubility of TfOH in CC} is low, a sonicated emulsion
was used. The TfOH/Cglstandard solution was sonicated

Results and Discussion ) o _ before each addition to maintain the same concentration of TfOH
Three norbornane furanosides with different nitrogen sub- throughout the experiment.

stituents were synthesized (Scheme 1). Compotndas Compound<2—4 were dissolved in CDG] the TFOH/CC
synthesized as descritiédind treated with bromine in dichlo- standard solution was added in 0.1 equiv increments, and the
romethane at6c to give _the corresponding anqmeric bromide, R spectrum was recorded. The coupling constants,tﬁf H
which was used immediately for the synthesis of compounds . \yere determined after each addition and plotted against the
2—4, as dgplcted in Scheme 1. Treatment of the bromide with addition of TfOH (Figure 5). The NMR titrations for compounds
benzylamine at room temperature overnight gave comp@und 3 4nq4 were discontinued after 0.6 equiv of TFOH because of
in 74% yield as an unseparable anomeric MXUWRESE.9:1). proadening of the NMR signals that made measuring of the
Reactllon of the bromide V.V'th amlme at_room temperature coupling constants impossible. Other coupling constants in
overnight gave compound in 59% yield. Treatment of the compounds2—4 were observed but showed no changes

bromide with imidazole 0 3 h at room tem_pera})ure_ and  comparable to those of+Hs. On protonation of compounds
subsequent ﬁeparatlon of the dlastereomﬁrSQWQO/;) y'ﬁld 2—4 with trifluoromethanesulfonic acid, all compounds exhib-
(RIS 9:1) The structures and stereochemistry of all New joq jecreasing coupling constants (924 Hz) of the anomeric

g%n’lsr;;)ul\rllgsESv:(ere gﬁg?ggﬁj _Pﬁ’ r’:“\gR anal)t/sis, incIt;Jdi.ng proton, indicating a shift toward the pseudoaxial conformation.
' » an - the hydrogen atom umberng =, 4 qdition to the study of spinspin couplings we also

used is shown in Figure 4. . - . . ) - .
. . studied the change in 1H dipetgipole interactions in2
To find low energy conformers, the conformational space of throughout a titration with TFA using the NOESY technique.

compound2 was investigated with the MMFF molecular Five interproton distances in the norbornane skeleton were
mechanics force field and with the AM1 semiempirical method. rive Interproton di ! . - ron wi
identified as suitable for the evaluation of NOE interactions and

Both methods only yielded envelope conformers with the ben-
zylamino group in pseudoaxial position. Therefore a simplified
methylamino analogue was used for the modeling. Four con-  (24) Jaguar, version 6.5 and Macromodel, version 9.1; ‘Siihger,
formers were constructed to be in accord with the expectations L(cz's)'\'He;"azr?ég’t‘zco_og_' G. De Leeuw, F. A. A. M.; Altona, Tetrahedron
of the exo-anomeric effect, and each was geometry optimized 198q 36, 2783-2792.

at the B3LYP/6-3%G** level of theory, both in gas phase and (26) Navarro-Vaquez, A.; Cobas, J. C.; Sardina, F.JJ.Chem. Inf.

; ; ; Comput. Sci2004 44, 1680-1685.
solvated with carbon tetrachloridé.The envelope with the (27) Altona, C.- Francke, R.. de Haan, R.: Ippel, J. H.: Daalmans, G. J.:

methylamino group in equatorial position was found to be more psekzema, J. A, W.: van Wijk, Magn. Reson. Chen1994 32, 670—
stable by 0.66 kcal/mol, both with and without solvation. 678.
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FIGURE 5. Coupling constant (k-He, Hz) versus addition of TfOH
(equiv) for compounc® (M), compound3 (®), and compound! (4).

The titrations were performed at least three times for each compound.
The error bars show standard deviations.

TABLE 1. Calculated Interproton Distances (A) in Pseudoaxial
(pax) and Pseudoequatorial (pex) Orientation

conformation
proton distance pax peq
Hza—H; 2.46 2.63
Hs—Hs 2.83 3.01
Hs—H7 2.49 2.65
Hs—Hio0a 2.83 2.35
H3za—H1o0a 2.67 2.19
Hi0s—Hiop 1.78 1.77

the distance khs—Hion, Which was expected not to vary with

JOC Article
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FIGURE 6. Volume integrals of NOESY cross-peaks (%) between
Hza—H1 (.), Hs—H+ (.), Hs—He (‘), Hsa—Hio0a (D), and H—Hioa (O)
versus addition of TfOH (equiv) for compouritd The integrals are
normalized toward the volume integral of the correlation betweggH
H10b Which is considered constant despite conformational changes.

of Br, in CH.CI, (1.50 mL, 0.5 M) was added, and the solution
was allowed to reach room temperature in 15 min. Benzylamine
(0.44 mL, 4.0 mmol) was added, and the mixture was left overnight
protected from light. The mixture was chromatographed £{Si0:1
toluene/acetone) to giv@ (154 mg 74%) as an unseparable
diastereomeric mixture (R:S 5.9:1). An analytical sample was
recrystallized from heptane at25 °C. [a]?% —58.5 (c 1.0,
CHCl3); mp 72-73.5°C.™H NMR (CDCl): 6 7.23-7.41 (m, 5H,
ArH), 4.41 (d, 1H,J = 4.2 Hz, H-5), 4.03, 3.82 (ABq, 1H each,

= 13.2 Hz, H-11), 3.70, 3.56 (ABq, 1H each= 9.0 Hz, H-3),
2.21 (bd, 1HJ = 4.0 Hz, H-7), 1.92 (bd, 1HJ = 3.5 Hz, H-1),
1.81 (dp, 1H,J = 10.4 Hz, 1.9 Hz, H-10a), 1.521.63 (m, 2H,

conformational changes, was used as reference for normalizatiory-g, H-9), 1.29-1.39 (m, 1H, H-9), 1.25 (dd, 1H,= 4.0 Hz, 1.4

of the NOESY correlations (Table 1). Decreasing NOEs from
Hsa—H31, Hs—Hs, and H—H>7 and increasing NOEs fromg+
Hioaand from Hs—Hiodupon protonation of the nitrogen would
indicate a change in the populations from the pseudoaxial to
the pseudoequatorial conformation, which would show the
presence of a reverse anomeric effect.

Compound2 was dissolved in CDG] TfOH was added in
0.5 equiv increments, and qualitative NOEs were determined
from volume integrals of NOESY cross-peaks normalized
toward the cross-peak ofibi—Hion The integral values were
then plotted against the addition of TfOH (Figure 6). The cross-
peaks from Hi;—Hi, Hs—Hs, and H—H; increased upon
protonation of the nitrogen, whereas the cross-peaks frgm H
Hi0aand Ha—Hipa decreased, which indicates a change in the
populations from the pseudoequatorial to the pseudoaxial
conformation.

Conclusions

On protonation of compoundd—4 with trifluoromethane-
sulfonic acid, all compounds exhibited decreasing coupling
constants of the anomeric proton, indicating a shift toward the
pseudoaxial conformation of the substituent. The coupling
constant data were confirmed by a study of NOE interactions.
Altogether, these results show no evidence for a reverse
anomeric effect. Instead, they are in full agreement with a small
normal anomeric effect.

Experimental Section

(—)-(1S,2R,5R,6R, 7S)-5-(N-Benzylamino)-2-methyl-4-oxatri-
cyclo [5,2,1,6:9-decane (2).Compoundl?® (220 mg, 0.8 mmol)
was dissolved in CkCl, (12 mL) and cooled to OC. A solution

Hz, H-6), 1.18 (s, 3H, Ch), 1.06-1.15 (m, 2H, H-8, H-10b)13C
NMR (CDCly): 6 128.8, 128.64, 128.62, 127.3, 97.6, 78.7, 62.7,
50.2, 49.6, 45.8, 41.4, 36.0, 28.3, 24.5, 24.1. HRMS calcd for
C17/H2eNO (M + H) 258.1858, found 258.1866.

(—)-(1S,2R,5R,6R, 79)-2-Methyl-5-(N-phenylamino)-4-oxatri-
cyclo [5,2,1,6:9-decane (3).Compoundl? (64 mg, 0.23 mmol)
was dissolved in CkCl, (3 mL) and cooled to OC. A solution of
Br, in CH,CI, (0.470 mL, 0.5 M) was added, and the solution was
allowed to reach room temperature in 15 min. Aniline (0.110 mL,
1.2 mmol) was added, and the mixture was left overnight. The
mixture was concentrated, and the residue chromatographeg (SiO
10:1 heptane/EtOAc and ADs, 20:1 heptane/EtOAcC) to give(33
mg 59%). An analytical sample was recrystallized from heptane at
—25 °C. [a]?®%5 —159.2 (c 0.9, CHCE); mp 92-94 °C.1H NMR
(CDCly): 6 7.18-7.24 (m, 2H, Ar), 6.76-6.84 (m, 3H, ArH), 5.00
(d, 1H,J = 3.8 Hz, H-5), 4.29 (bs, 1H, NH), 3.75, 3.63 (ABq, 1H
each,J = 9.1 Hz, H-3), 2.27 (bd, 1H] = 4.4 Hz, H-7), 1.98 (bd,
1H,J = 3.9 Hz, H-1), 1.95 (dp, 1H) = 10.3 Hz, 1.9 Hz, H-10a),
1.57-1.68 (m, 2H, H-8, H-9), 1.351.44 (m, 1H, H-9), 1.33 (dd,
1H,J = 3.6 Hz, 1.4 Hz, H-6), 1.25 (s, 3H, G{ 1.12-1.22 (m,
2H, H-8, H-10b).13C NMR (CDCk): ¢ 129.7, 119.2, 114.6, 92.2,
79.1, 63.6, 49.8, 45.9, 41.4, 36.1, 28.4, 24.5, 23.9. HRMS calcd
for Ci6H21NO (M) 243.1623, found 243.1629.

(—)-(1S,2R,5R,6R,7S)-2-Methyl-5-(N-imidazolyl)-4-oxatricy-
clo [5,2,1,6-9-decane (4) and ()-(1S,2R,5S,6R,7S)-2-Methyl-
5-(N-imidazolyl)-4-oxatricyclo[5,2,1,9-decane (4S)Compound
123 (64.5 mg, 0.235 mmol) was dissolved in g, (3 mL) and
cooled to 0°C. A solution of Bg in CH,Cl, (0.470 mL, 0.5 M)
was added, and the solution was allowed to reach room temperature
in 15 min. Imidazole (80 mg, 1.17 mmol) was added, and the
mixture was stirred for 3 h. The product was concentrated, and the
residue was chromatographed (8i30:5:1 toluene/MTBE/EN)
to give an anomeric mixture (28.5 mg 56%). The mixture was then
separated by preparative, centrifugally accelerated, radial thin-layer
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chromatography (20:5:3 25:15:2 toluene/MTBE/EN) to give
4 (10.2 mg 20%, R:S 9:1) andiS (10.0 mg 19%). An analytical
sample o#4Swas crystallized from heptane a25 °C. Compound
4: [0]?% —47.8 (¢ 0.9, CHCE); 'H NMR (CDCly) 6 7.63 (s, 1H,
H-11), 7.10 (s, 1H, H-12), 7.02 (s, 1H, H-13), 5.48 (d, TH; 2.5
Hz, H-5), 3.86, 3.80 (ABg, 1H eacld,= 9.1 Hz, H-3), 2.31 (bd,
1H,J = 4.6 Hz, H-7), 2.05 (bd, 1H]) = 4.7 Hz, H-1), 1.851.91
(m, 2HJ = 4.9 Hz, 2.2 Hz, H-6, H-10a), 1.581.69 (m, 2H, H-8,
H-9), 1.35-1.45 (m, 1H, H-9), 1.24 (s, 3H, Gj 1.14-1.30 (m,
2H, H-8, H-10b);3C NMR (CDCk) ¢ 135.9, 130.4, 117.0, 93.8,
81.9, 62.6, 50.2, 46.7, 41.9, 35.7, 28.0, 24.4, 22.9. Compd&nd
[0]?% —54.9 (c 0.9, CHCE); mp 99-100°C; *H NMR (CDCl)
0 7.66 (s, 1H, H-11), 7.10 (t, 1Hl = 1.0 Hz, H-12), 7.03 (t, 1H,
J=1.2 Hz, H-13), 5.84 (d, 1H] = 6.2 Hz, H-5), 3.95, 3.72 (ABq,
1H eachJ = 9.2 Hz, H-3), 2.08 (bd, 1H] = 3.6 Hz, H-7), 1.86
1.91 (m, 1H, H-10a), 1.72 (dd, 1H,= 6.2 Hz, 1.7 Hz, H-6) 1.65
(bd, 1H,J = 4.5 Hz, H-1), 1.55-1.62 (m, 1H, H-8), 1.441.52
(m, 1H, H-9), 1.3%+1.40 (m, 1H, H-9), 1.23 (s, 3H, Gj§§ 1.11-
1.16 (m, 1H, H-10b), 1.001.07 (m, 1H, H-8);3C NMR

(CDCly): 6 135.9, 129.5, 177.4, 90.8, 80.8, 60.1, 50.3, 47.3, 38.1,

36.9, 28.4, 245, 22.6. HRMS calcd fori#1gN.O (M + H)
219.1497, found 219.1498.

NMR Titrations of Compounds 2—4. Compound®—4 (0.023
mmol each) were dissolved in 0.7 mL of CR@h an NMR tube.
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A standard solution of TfOH in C¢I(0.226 mol/L) was prepared,
and 0.010 mL (0.1 equiv) of the standard solution was added each
time to the sample, which was thoroughly mixed to give a clear
solution. The TfOH/CCJ standard solution was sonicated before
each addition. The NMR spectrum was recorded, and the coupling
constants were measured.

NOESY Experiments. The protor-proton NOE interactions of
compound? were measured as the volume integrals from NOESY
experiments. The NOESY experiments were performed at 500.20
MHz proton resonance frequency and with a sample temperature
of 25 °C. Details on the NOESY experiments can be found in
Supporting Information.
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