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ABSTRACT: The potential of the approach combining nuclear magnetic resonance (NMR)
spectroscopy, relaxed grid search (RGS), molecular dynamics (MD) simulations, and quantum
mechanical (QM) calculations for the determination of diastereomer configurations is demon-
strated using four diastereomers of a trisubstituted epoxide. Since the change in configuration of
the chiral center is expected to change the distribution of conformer populations (including
those of side-chain rotamers), changes in NMR parameters [chemical shifts, J couplings, and
nuclear Overhauser effects (NOEs)] are expected. The method therefore relies on (1)
identification of possible conformations in each diastereomer using relaxed grid search analysis
and MD simulations; (2) geometry optimizations of conformers selected from step (1),
followed by calculations of their relative energies (populations) using QM methods; (3)
calculations of averaged NMR parameters using QM methods; (4) matching calculated and
experimental values of NMR parameters of diastereomers. The diastereomer configurations
are considered resolved, if three NMR parameters different in nature, chemical shifts,

RRR, RSS, RRS, RSR

J couplings, and NOEs, are in agreement. A further advantage of this method is that full structural and dynamics characterization of
each of the diastereomers is achieved based on the joint analysis of experimental and computational data.

1. INTRODUCTION

One of the difficult structural problems in NMR spectroscopy
is the determination of the configuration of diastereomers.'
Theoretically, the change in the absolute configuration of one
of the chiral centers is expected to change the distribution of
conformer populations (including those of side-chain rotamers
and ring conformations), which in turn is expected to lead to
changes in NMR parameters. In practice, however, there are
usually a large number of possible conformers, and it is impos-
sible to predict their populations in advance without a detailed
computational analysis. The accuracy of quantum mechanical
(QM) methods in predicting relative energies (populations)”
and NMR parameters® of conformers has considerably im-
proved in recent years. Therefore, averaged NMR parameters
can be predicted for various combinations of absolute con-
figurations in compounds with two or more chiral centers using
QM methods. Comparison of the computed and experimen-
tally measured values of NMR parameters is expected to dis-
tinguish diastereomer configurations, and such a joint analysis
has been undertaken in this work.

Four diastereomers of a trisubstituted epoxide 1 were con-
sidered (Figures 1 and 2).> The absolute configuration of the
C3 atom of the five-membered ring was known in advance (3R;
note: arbitrary atom numbering is used). This leaves four possible
combinations of R- and S-configurations for chiral centers C8 and
C10, which are shown in Figures 1 and 2. In two of them, the two
alkynes are in a cis-configuration (denoted as c1 and c2), whereas
in the other two, they are in a trans-configuration (denoted as
tl and t2). While discrimination between cis- and trans-
configurations is relatively easy, distinguishing t1 from t2 or c1

-4 ACS Publications  © 2012 American Chemical Society

6290

Figure 1. Schematic presentation of four possible diastereomer
structures of 1.

from ¢2 is not straightforward. For example, the conformation of
the five-membered dioxolane is likely to change from one di-
astereomer to another, which in turn is likely to affect the
population of rotamers about the C3—C8 bond. Herein, we
show that the joint experimental—computational analysis is
capable of addressing this issue without a need for crystallo-
graphic measurements. An additional advantage of this
approach is that full structural and dynamics characterization
of each of the diastereomers is achieved based on the joint
analysis of experimental and computational data.®
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Figure 2. Lowest-energy geometries of the cis- (c1 and ¢2) and trans-isomers (t1 and t2) of 1 from the relaxed grid search analysis, together with the
atom numbering used (shown for 2). In c1 and t1, the O atom (red) of the three-membered ring is placed at the back of the C—C bond in the same
ring. In c2 and t2, the O atom of the three-membered ring is placed in front of the C—C bond in the same ring. The configurations are 3R,8S,10R in

c1; 3R,8R,10S in c2; 3R,85,10S in t1; and 3R,8R,10R in t2.

2. RESULTS AND DISCUSSION

One of the diastereomers of 1 was available in a pure form (1a),
whereas three others (1b, 1c, and 1d) were only isolable as a
mixture. The '"H NMR spectrum of the mixture of three di-
astereomers showed three distinct peaks for H2S; thus, the ratio of
isomers, 4.0:1.3:1.0 (1b:1c:1d), could readily be determined by
integration (Figure S1 of the Supporting Information). Except for
the known R-configuration of the C3 atom, the configurations of
chiral centers, C8 and C10, were unknown.

The cis- and trans-configurations of the two epoxy—diyne
pairs were determined by evaluation of the ¥ (C9,H25) coupling
in each diastereomer. Since the three-membered ring has a rigid
geometry, the dihedral angle H25—C10—C8—C9 is ~0° in t1 and
t2 and ~120° in c1 and c2. Therefore, based on the expected
Karplus-type relationship for 3Jcy; couplings,” the value of
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3T (C9,H25) is likely to be smaller in cis-isomers compared to
trans-isomers. The predicted values of these coupling constants,
determined using the lowest-energy geometries of the cis-
(c1 and ¢2) and trans-isomers (t1 and t2) of 1 from the RGS
analysis (Figure 2) at the B3LYP/6-311+G(2d,p) IEFPCM-
(CHCL,) level of theory, were 0.27 Hz (cl), 041 Hz (c2),
2.10 Hz (t1), and 2.40 Hz (t2). Additional B3LYP/EPR-III
IEFPCM(CHCL,) calculations of ] couplings were also carried
out, and the predicted values of *J (C9,H25) coupling constants
at the B3LYP/EPR-III level were 0.40 Hz (c1), 0.56 Hz (c2),
2.21 Hz (tl1), and 2.55 Hz (t2), which are in good agreement
with the results from B3LYP/6-311+G(2d,p) calculations.
The experimental values of the *J(C9,H25) coupling were
determined from the proton-coupled *C NMR spectra, which
were 0.92 Hz (1a), 2.20 Hz (1b), 0.93 Hz (1c), and 2.43 Hz
(1d). Based on the Karplus-type relationship between *Jcy
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couplings and the dihedral angle (H25—C10—C8—C9 in this
case), as well as the predicted values from B3LYP calculations,
relatively small values of the *J(C9,H25) coupling (~0.9 Hz) in 1a
and 1c are in favor of the cis-configuration of the two triple bonds.
Similarly, larger values of the *J(C9,H2S) coupling (~2.3 Hz) in
1b and 1d indicate the trans-configuration of the two triple bonds.

A detailed analysis of possible conformers of each diaste-
reomer of 1 is needed in order to distinguish between the two cis-
and trans-configurations (ie, between cl and c2 or t1 and t2
configurations). The relaxed grid search was used initially to
identify the most likely rotamers for each diastereomer c1, c2, t1,
and t2. From the RGS analysis, three possible conformations were
identified for each of diastereomers cl and c2, denoted as cla,
clb, and clc and c2a, c2b, and c2c, respectively (Figures S2 and
S3 of the Supporting Information). Five (tla—e) and seven
conformations (t2a—g) were found for t1 and t2, respectively
(Figures S4 and SS of the Supporting Information).

The main disadvantage of the RGS analysis is that the treatment
of cyclic systems is difficult since bond rotations are limited due to
constraints of the ring closure. MD simulations are capable of over-
coming this limitation. Additional 5 ys long MD simulations at
298 K were, therefore, carried out for each diastereomer of 1. Dis-
tributions of two dihedral angles, y; = 02—C3—C8—032 and y, =
02—-C3—C4—05, and two interatomic distances, doc = C7..C15
and dyy; = H16..H2S, were used to identify conformations for each
of the diastereomers cl, c2, t1, and t2 (Figures S6—S9 of the
Supporting Information). Initially, the dihedral angle, y; = C8—
C10—C14—CI1S5, was also examined. However, due to nearly flat y;
distributions (Figures S6—S9 of the Supporting Information), no
attempt was made to distinguish conformers based on this angle.
Ramachandran-type histograms for different combinations of y;, y,,
and d were also considered. An example of the (y,, y,)-histogram
revealing the presence of four conformations in t1 is shown in
Figure 3. Based on the analysis of one- and two-dimensional
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Figure 3. Ramachandran-type 2D histogram for y; = 02—C3—C8—
032 and y, = 02—C3—C4—05 dihedral angle distributions in the MD
GAFF simulation of t1.

(1D and 2D, respectively) histograms, several structures with distinct
values of y, y,, and dc were extracted from MD trajectories, and
together with the results from the relaxed grid search analysis a total
number of 54 structures of 1 were selected (13 structures of c1 and
tl, 14 structures of c2 and t2). Geometry optimizations and
frequency calculations were then carried out for all 54 structures
using M06-2X/6-31G(d,p) IEFPCM(CHCL;) calculations.
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The final optimized geometries, their relative energies, and
estimated populations are included in Figures S2—SS and Table
S1 of the Supporting Information. For each of the structures,
NMR parameters, spin—spin couplings and chemical shifts,
were calculated at the B3LYP/6-311+G(2d,p) level of theory
using M06-2X/6-31G(d,p)-optimized geometries. The MO06-
2X/6-31G(d,p)-predicted populations of conformers were used
in calculating the averaged values of NMR parameters for each
diastereomer. The calculated averaged *J(C10,H16) values
were 3.93, 1.00, 3.19, and 0.70 Hz in diastereomers cl, c2, tl,
and t2, respectively (Table S2 of the Supporting Information),
which are in good agreement with the experimentally measured
values of 3.70, 1.36, 2.80, and 1.32 Hz in diastereomers 1a, Ic,
1b, and 1d, respectively. Furthermore, the calculated values of
'H and *C NMR chemical shifts (Tables S3 and S4 of the
Supporting Information) were also in good agreement for the
cl/1a, c2/1¢, t1/1b, and t2/1d pairs. In particular, the largest
"H NMR chemical shift difference in diastereomers 1a and 1c
with the cis-configuration of two triple bonds is observed for
H16: 4.05 ppm in 1a and 4.30 ppm in 1c. The predicted values
at the B3LYP/6-311+G(2d,p) IEFPCM(CHCI,) level were
4.05 ppm in cl and 4.33 ppm in c2. Similarly, the experi-
mentally observed configuration dependence of the *C NMR
chemical shifts for C3 in diastereomers 1b (75.20 ppm) and 1d
(78.15 ppm) with the trans-configuration of two triple bonds is
reproduced by the B3LYP/6-311+G(2d,p) IEFPCM(CHCL,)
calculations: 75.53 ppm in tl and 79.20 ppm in t2. Thus, the
independent assignments of diastereomers relying on Joy
couplings and chemical shifts are in agreement.

Based on NOE measurements, selective irradiation of the
signal due to proton H2S leads to enhancements of the signal
due to H16 by 1.0 & 0.1% in 1a, 0.1 #+ 0.1% in 1b, 0.5 + 0.1%
in 1c, and 0.1 + 0.1% in 1d. Thus, the experimentally measured
ratio of NOEs is 10:5:1:1 for la:1c:1b:1d. In order to assign
diastereomers, we need to estimate the expected values of
conformationally averaged NOEs in diastereomers cl, ¢2, tl,
and t2 with known configurations (Figures 1 and 2). This in
turn requires knowledge of the distance between protons H16 and
H2S in each conformer of each diastereomer, as well as relative
populations of each conformer. For both parameters, we rely on
the M06-2X/6-31G(d,p)-predicted values (shown in columns 3
and 9 of Table S1 of the Supporting Information), the satisfactory
accuracy of which has been confirmed previously.*”*"** Assuming
a simple r® dependence of NOEs (where r is the distance
between protons),” averaged values of NOEs can then be calcu-
lated for each diastereomer as Y pi;°, where p; is the popula-
tion of conformer i and r; is the distance between protons H16
and H2S in conformer i (for full details of NOE calculations based
on QM data, see section 4.4). The calculated ratio is 6:3:1:1 for
cl:c2:t1:t2, which is in agreement with the assignment of
diastereomers based on J couplings and chemical shifts as 1a = c1,
lc =c2,1b =tl, and 1d = t2, since the experimentally measured
ratio of NOEs is 10:5:1:1 for 1a:1c:1b:1d. However, it must be
noted that diastereomers 1b and 1d cannot be distinguished based
on NOE measurements alone, as the experimentally measured
ratio of NOEs for these two diastereomers is 1:1.

To conclude, the analysis based on four different NMR
parameters, ¥en couplings, '"H chemical shifts, *C chemical
shifts, and NOEs, confirms that the configurations of C8 and
C10 in diastereomers 1la, 1b, 1c, and 1d correspond to those
of c1 (3R8S,10R), t1 (3R,85,10S), c2 (3R,8R,10S), and t2
(3R,8R,10R), respectively.”
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3. CONCLUDING REMARKS

Since NMR spectroscopy provides a large pool of data such as
chemical shifts of various nuclei, homo- and heteronuclear |
couplings over a different number of bonds, and NOEs, it is
most likely that at least some of these parameters will exhibit
significant changes upon changing the configuration of diaster-
eomers, despite their structural similarity. The analysis of data
of different physical origin, therefore, increases the reliability of
the configuration assignments based on the joint analysis of
experimental and computational data. In particular, for four
diastereomers of 1 considered in this work, three NMR param-
eters different in nature, chemical shifts, J couplings, and NOEs,
were in full agreement in predicting diastereomer configurations.
The use of more stringent criteria, relying on three NMR param-
eters different in nature, is justified for conformationally hetero-
geneous systems, such as diastereomer c1 (1a), for which there is
no single predominant conformer and the QM-predicted popula-
tions of the most abundant 12 conformers vary between S and
11% (see Table S1 of the Supporting Information).

The results also confirm that the accuracy of computational
methods in predicting the relative stability of various possible
conformational states, their geometry, and NMR parameters
("H and "*C chemical shifts and *Jy; couplings in this work) is
satisfactory for successful stereochemical applications. These
methods, combined with the experimental NMR data, offer a
useful alternative to X-ray and neutron diffraction techniques.

4. EXPERIMENTAL SECTION

4.1. NMR Measurements. Solution 'H NMR spectra were
recorded on a 600 MHz NMR spectrometer equipped with a S mm
cryoprobe ('H 600.13 MHz and "*C 150.90 MHz). Data acquisition
and processing were performed using standard TopSpin (version 2.1)
software. "H and *C chemical shifts relative to TMS were calibrated
using the residual solvent peak ('H 7.26 ppm and C 77.15 ppm in
CDCL,)."® Uncertainties in measured values of 'H and *C chemical
shifts are typically +0.01 ppm. All spectra were recorded at 298 K.

Spin—spin couplings *Jc;; were measured using proton-coupled *C
spectra and selective heteronuclear 2D J-resolved (*H, *C) spectra
with an estimated uncertainty better than +0.05 Hz (Figure S10 of the
Supporting Information)."" NOE measurements (with an estimated
uncertainty of <0.1%) were undertaken for establishing spatial proxi-
mities of protons using a standard 1D NOESY sequence.’

4.2. Molecular Mechanics Calculations. Relaxed grid search
(RGS) analysis" was carried out for each diastereomer of 1 using PCMO-
DEL (version 8.5).** RGS is a systematic method, which involves creation
of a large number of starting configurations and mapping out the shape of
the potential energy surface. In this method the rotatable bonds of interest
are first identified. The calculation starts by evaluating the energy when all
the rotatable bonds are set to 180°. The bonds are then rotated seq-
uentially, and all the structures are minimized and sorted based on their
total energy, with any duplicate configurations removed. Since the total
number of energy evaluations can be very large (usually several hundreds or
thousands depending on the number of rotatable bonds), the energies of
conformers are calculated using the molecular mechanics method. The
MMX force field was used for energy evaluations."

4.3. MD Calculations. The lowest-energy geometries of cl, ¢2, t1,
and t2 from the RGS analysis (Figure 2) were selected for MD
simulations using AMBER (version 10)."> General AMBER force field
(GAFF)"® was used in these MD simulations for a single solute mol-
ecule (cl, c2, t1, or t2) with the standard pairwise generalized Born
solvation model for implicit solvent simulations'” in chloroform. As
shown previously,* GAFF MD simulations with explicit and implicit
solvation of a molecule in chloroform led to similar results, while the
implicit model is computationally efficient allowing long MD
simulations. The AM1-BCC derived charges were used in GAFF
MD calculations.'® Simulations were of the NVT type. The temperature
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was controlled to 298 K with the Langevin algorithm. The nonbonded
cutoff distance was set to 12.0 A in MD simulations, which is either
similar to or longer than those used previously.'® After a minimization
step and an equilibration for 340 ps, production runs were executed
for S ps with a time step of 2 fs.

4.4. Quantum Mechanical Calculations. All quantum mechan-
ical calculations were carried out using Gaussian 09.°° Geometry
optimizations were carried out using the MO06-2X method*' and
6-31G(d,p) basis set.”> The M06-2X method is based on the density
functional theory (DFT) and belongs to the Minnesota family of
density functionals.”® It has been shown to reproduce experimentally
measured thermochemical parameters with satisfactory accuracy,”">*
including relative stabilities of conformers in solutions. The MO06-
2X/6-31G(d,p) calculations also perform satisfactorily in reproducing
experimentally known molecular geometries of cyclic organic
molecules.* The “nosymm” keyword of Gaussian 09 was employed
to carry out QM calculations with the symmetry of molecules disabled.
For DFT geometry optimizations, the ultrafine numerical integration
grid (with 99 radial shells and 590 angular points per shell) was used,
combined with the “verytight” convergence condition (requesting the
root-mean-square forces to be smaller than 1 X 107° hartree Bohr™").
Additional frequency calculations were also undertaken in order to
verify that the optimized geometries correspond to true minima, as
well as for calculations of stretching frequencies and the AG; = G; — Gy,
values, where AG; is the relative sum of electronic and thermal free
energies and G; and G, are the sum of electronic and thermal free
energies of conformer i and the lowest energy conformer, respectively
(all at 298.15 K). The AG; value for each conformer i was used to
estimate its population p; using

p= pmaxe—AGl/RT

(1)
where R is the universal gas constant, T is the absolute temperature
(298.15 K), and p,,,,, is the population of the most populated conformer.

NMR chemical shieldings and ] couplings were computed at the
B3LYP/6-311+G(2d,p) and B3LYP/EPR-III levels using the GIAO
method.** Chloroform solvent effects were used in all the quantum
mechanical calculations using the reaction field method, IEFPCM.*®
The satisfactory accuracy of the selected methods for the grediction of
NMR parameters has been demonstrated previously.>*%*

Conformationally averaged nuclear Overhauser effects (NOEs) from
the QM calculations were determined in the following manner: (i) inter-
nuclear distances (r;) for pairs of hydrogen atoms were calculated in each
conformer j; (ii) a quantity equal to 7;® was calculated as a measure of the
expected NOE in each conformer, 1;° (iii) the sum of P8 was used as a
measure of the conformationally averaged NOE, where values of
populations, p, were estimated using QM-predicted AG; values (see
eq 1 above).

Ramachandran-type histograms for MD simulations were built by
using 0.5° X 0.5° bins for two dihedral angles or by using 0.025 A X
0.5° bins for an interatomic distance and a dihedral angle. The
fractional population (p;) of each bin was calculated as the number of
structures in this bin divided by the total number of structures (py)
and multiplied by 1000.

4.5. General Experimental. All reactions were conducted in
flame-dried round-bottom flasks and under a positive pressure of argon
unless otherwise stated. Commercial reagents and solvents were used
as received unless otherwise stated. THF was dried by being passed
through a column of dry alumina. (R)-1-(2,2-Dimethyl-1,3-dioxolan-4-
yl)-3-(trimethylsilyl)prop-2-yn-1-one (1) was synthesized using the
method of Baker and Caddick (Scheme 1).° Thin layer chromatog-
raphy was performed on aluminum plates precoated with silica gel 60
F,s4 and developed by exposure to a UV or potassium permanganate,
or dinitrophenol, solution followed by heating. Flash chromatography
was carried out on silica gel (32—70 pm). Proton and carbon NMR
spectra were obtained at 600 and 151 MHz, respectively. Chemical
shifts (5) are expressed in parts per million and are referenced to the
residual solvent peak. The following abbreviations are used to describe
the multiplicities: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet.
Gaussian resolution enhancement and zero filling were used for accurate
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Scheme 1. Synthesis of (R)-4-3-(but-1-yn-1-yl)-2-(ethynyloxiran-2-yl)-2,2-dimethyl-1,3-dioxolanes 1a, 1b, lc, and 1d

AgBF,, acetone, 0 °C;
1-bromo-2-pentyne,
0°Ctort

SPh,

Et

+
/\S_th

BF,

LHMDS, THF, -78 °C;

0}
0 X
N o 0
><O])J\TMS 0

THF, -78 °Cto -10 °C;

K,CO3, -10 °C // \\
Et
la,1b,1c,1d

measurements of iy couplings and for the analysis of overlapping
signals. Low- and high-resolution mass spectra were recorded on a double
focusing magnetic sector mass spectrometer. Infrared spectra were
recorded on a spectrometer operating in ATR mode. All melting points
are uncorrected.

Pent-2-yn-1-yldiphenylsulfonium Tetrafluoroborate.

+
/\gphz
Et BF,

1-Bromo-2-pentyne (2.0 mL, 19.6 mmol) was added to a solution
of silver tetrafluoroborate (3.6 g, 18.4 mmol) and diphenyl sulfide
(20.0 mL, 119.5 mmol) in dry acetone (6 mL) in the dark at 0 °C. The
reaction mixture was stirred at 0 °C for 5 min and at room tem-
perature for 2 h. The reaction mixture was allowed to warm to room
temperature, and then it was filtered and solid washed with CH,Cl,
(20 mL). The filtrate was concentrated in vacuo, Et,O (80 mL) was
added, and the mixture was sonicated for 5 min. The solution was
filtered through a plug of Celite and the solvent removed in vacuo to
produce a yellow oil. Et,0 (80 mL) was added, and the mixture was
sonicated for S min to produce pent-2-yn-1-yldiphenylsulfonium tetra-
fluoroborate as a white solid (5.46 g, 16.0 mmol, 88%). Mp: 82—
84 °C. 'H NMR (CDCL,): 6 7.89—7.91 (4H, d, ] = 7.8 Hz), 7.76 (2H,
t,J = 7.4 Hz), 7.70 (4H, m), 4.98 (2H, t, ] = 2.4 Hz), 2.11 (2H, qt, ] =
7.5, 2.4 Hz), 0.96 (3H, t, ] = 7.5 Hz). ®*C NMR (CDCL,): § 134.9
(CH), 1314 (CH), 131.0 (CH), 123.3 (C), 96.1 (C), 66.0 (C), 38.7
(CH,), 13.0 (CHj;), 12.6 (CH,). IR (neat): 3099, 3064, 2976, 2933,
2315, 2243, 2014, 1985, 1903, 1820, 1686, 1583, 1481, 1448 cm™".
LRMS (CI): 253 (21%, [M — BE,]*), 187 (100), 186 (29). HMRS
(CI): caled for C,,H;,S 253.1051, [M — BE,]" 253.104S observed.

(R)-4-3-(But-1-yn-1-yl)-2-(ethynyloxiran-2-yl)-2,2-dimethyl-1,3-di-
oxolane (1).

[ONe]
O

7\

Et

Lithium bis(trimethylsilyl)amide (800 uL, 0.80 mmol, 1 M solution
in THF) was added dropwise to a suspension of pent-2-yn-1-yldiphenyl-
sulfonium tetrafluoroborate (272 mg, 0.80-mmol) in THF (0.9 mL) at
—78 °C. The reaction mixture was stirred for 15 min at —78 °C, and a
solution of (R)-1-(2,2-dimethyl-1,3-dioxolan-4-yl)-3-(trimethylsilyl)prop-
2-yn-l-one (119 mg, 0.53 mmol) in THF (1 mL) was added. The
reaction mixture was stirred for 30 min at —78 °C. MeOH (1.9 mL) was
added, and reaction mixture was allowed to warm rapidly to —10 °C.
Potassium carbonate (155 mg, 1.12 mmol) was added, and the reaction
mixture was stirred for 3 h at —10 °C. The reaction was quenched with
saturated NH,Cl at —10 °C and the mixture allowed to warm to room
temperature. The aqueous phase was extracted with Et,O (three times);
the combined organic phases were washed with brine (one time), dried
(MgSO,), and filtered, and the solvent was removed in vacuo to produce
(R)-4-3-(but-1-yn-1-yl)-2-(ethynyloxiran-2-yl)-2,2-dimethyl-1,3-dioxolanes
1a, 1b, 1c, and 1d as a 10.8:3.1:1.2:1 mixture of stereoisomers. Purifica-
tion by column chromatography (0—5% Et,O/petroleum ether)
produced the major product, 1a, as a single isomer and 1b, 1c, and 1d
as an inseparable 4.0:1.3:1.0 mixture of stereoisomers.
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Data for 1a. 'H NMR (CDCL): § 420 (1H, dd, ] = 8.6, 6.8 Hz,
OCHH), 4.09 (1H, dd, ] = 8.6, 6.2 Hz, OCHH), 4.05 (1H, t, ] =
6.4 Hz, OCHCH,), 3.62 (1H, t, ] = 1.6 Hz, OCH), 2.50 (1H, s,
CCH), 2.26 (2H, qd, ] = 7.5, 1.6 Hz, CH,CHj,), 1.46 (3H, s, CH;C),
1.35 (3H, s, CH,C), 1.15 (3H, t, ] = 7.5 Hz, CH,CH,) (see also Table
S3 and Figure S11 of the Supporting Information). *C NMR (CDCL): §
111.03 (C), 89.60 (C), 77.54 (C), 75.98 (CH), 7548 (CH), 73.12 (C),
66.95 (CH,), 57.79 (C), 50.11 (CH), 26.16 (CH;), 25.27 (CH;), 13.57
(CHj;), 12.68 (CHs,) (see also Table S4 and Figure S12 of the Supporting
Information). IR (film): 3278, 2984, 2938, 2358, 2244, 2125, 1457 cm ™.
LRMS (EI): 205 (100%, [M — Me]*), 161 (26), 91 (22), 81 (40), 66
(21), 65 (35), 63 (27), 59 (21), 53 (71), 52 (33), 51 (47). HRMS (EI):
caled for C,,H;;05 205.0865, [M — Me]* 205.0870 observed.

Data for 1b, 1¢, and 1d. '"H NMR (CDCl,), mixture of 3 diaste-
reomers with the ratio of 4.0:1.3:1.0 (1b:1c:1d): 1b, § 422 (1H, dd, ] =
8.7,6.2 Hz, OCHH), 4.18 (1H, dd, ] = 8.7, 6.5 Hz, OCHH), 4.10 (1H,
t, ] = 6.3 Hz, OCHCH,), 3.74 (1H, t, ] = 1.7 Hz, OCH), 2.38 (1H, s,
CCH), 2.25 (2H, qd, ] = 7.5, 1.7 Hz, CH,CH,), 1.54 (3H, s, CH,C),
1.39 (3H, s, CH,C), 1.15 (3H, t, J = 7.5 Hz, CH,CH,); 1¢, § 4.30 (1H,
t, J = 6.3 Hz, OCHCH,), 4.19 (1H, dd, ] = 8.7, 6.6 Hz, OCHH), 4.06
(1H, dd, J = 8.7, 6.0 Hz, OCHH), 3.65 (1H, t, ] = 1.6 Hz, OCH), 2.49
(1H, s, CCH), 2.26 (2H, qd, ] = 7.5, 1.6 Hz, CH,CHj,), 1.37 (3H, s,
CH;C), 1.34 (3H, s, CH,C), 1.16 (3H, t, ] = 7.5 Hz, CH,CH,); 1d, §
422 (1H, dd, J = 8.5, 6.9 Hz, OCHH), 4.12 (1H, t, ] = 7.0 Hz,
OCHCH,), 4.01 (1H, dd, J = 8.5, 7.3 Hz, OCHH), 3.68 (1H, t, ] =
1.7 Hz, OCH), 2.39 (1H, s, CCH), 222 (2H, qd, ] = 7.5, 1.7 Hz,
CH,CH,), 1.53 (3H, s, CH,C), 1.40 (3H, s, CH;C), 1.13 (3H, t, ] =
7.5 Hz, CH;CH,) (see also Table S3 and Figure S13 of the Supporting
Information). *C NMR (CDCl,): 1b, § 110.86 (C), 90.36 (C), 78.67
(C), 7520 (CH), 73.59 (CH), 72.04 (C), 66.79 (CH,), 55.84 (C), 52.72
(CH), 26.30 (CH,), 25.50 (CHj,), 1343 (CH,), 12.69 (CH,); 1¢, § 110.96
(C), 8920 (C), 78.03 (C), 75.36 (CH), 75.18 (CH), 73.34 (C), 66.38
(CH,), 57.13 (C), 4920 (CH), 25.81 (CH,), 25.80 (CH,), 13.64 (CH;),
12.68 (CH,); 1d, 6 110.88 (C), 89.98 (C), 78.15 (CH), 78.09 (C), 73.82
(CH), 72.13 (C), 66.13 (CH,), 5622 (C), 50.30 (CH), 2636 (CH,),
25.76 (CHj), 1343 (CHs), 12.57 (CHs) (see also Table S4 and Figure S14
of the Supporting Information). IR (film): 3279, 2984, 2934, 2882, 2239,
2124, 1740, 1457 cm™'. LRMS (EI): 205 (100%, [M — Me]*), 133 (43).
HRMS (EI): caled for C,H;305 205.0865, [M — Me]* 205.0869 observed.
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Further results of NMR measurements (tables including exper-
imentally measured chemical shifts and J couplings, 1D and 2D
NMR spectra), MD simulations (distributions of torsional angles
and interatomic distances), and QM calculations (tables including
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