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ABSTRACT: Spirodioxyselenurane 4a and several substituted
analogs revealed unexpected 1H NMR behavior. The
diastereotopic methylene hydrogens of 4a appeared as an
AB quartet at low temperature that coalesced to a singlet upon
warming to 267 K, suggesting a dynamic exchange process
with a relatively low activation energy. However, DFT
computational investigations indicated high activation energies
for exchange via inversion through the selenium center and for
various pseudorotation processes. Moreover, the NMR behavior was unaffected by the presence of water or acid catalysts,
thereby ruling out reversible Se−O or benzylic C−O cleavage as possible stereomutation pathways. Remarkably, when 4a was
heated beyond 342 K, the singlet was transformed into a new AB quartet. Further computations indicated that a temperature
dependence of the chemical shifts of the diastereotopic protons results in convergence upon heating, followed by crossover and
divergence at still higher temperatures. The NMR behavior is therefore not due to dynamic exchange processes, but rather to
temperature dependence of the chemical shifts of the diastereotopic hydrogens, which are coincidentally equivalent at
intermediate temperatures. These results suggest the general need for caution in ascribing the coalescence of variable-
temperature NMR signals of diastereotopic protons to dynamic exchange processes that could instead be due to temperature-
dependent chemical shifts and highlight the importance of corroborating postulated exchange processes through additional
computations or experiments wherever possible.

■ INTRODUCTION
Cyclic seleninate ester 11 and spirodioxyselenurane 22 (Chart 1)
are highly effective catalysts for the reduction of peroxides with
thiols. This property makes them of interest as mimetics3 of
glutathione peroxidase (GPx), a selenoenzyme that plays a
critical role in mitigating the harmful effects of oxidative stress in
the cells of higher organisms.4 Since aromatic selenium
compounds tend to be less toxic than aliphatic analogues,3b,5

we also prepared the aromatic derivatives 3 and 46,7 of 1 and 2
and evaluated their GPx activity, which can be strongly enhanced
by the judicious choice of the substituent R. Our initial studies of
these compounds were also extended to the diaza species 5,8

which contains one covalent N−Se bond and displays
coordination between the selenium center and the carbonyl
oxygen atom of the second amide moiety. When treated with
potassium hydride in DMSO-d6, it was transformed into the
symmetrical spirodiazaselenurane dianion 6. Subsequent work
by Mugesh and co-workers9 demonstrated that the presence of
N-phenyl substituents results in the symmetrical diazaspirosele-
nurane 7, while Singh et al. reported structural studies of related
dioxy- and diazaselenuranes and related compounds.10

Spirodioxyselenuranes such as 2 and 4 are chiral. Stereo-
chemical and chiroptical studies of certain related selenuranes
have been reported,11 while several such compounds have been
resolved and their absolute configurations determined.12 Other
derivatives containing camphor moieties were obtained as pure

diastereomers.13 In the case of 4, the folded structure of the
molecule with respect to the central O−Se−O linkage creates
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distinct convex and concave surfaces, with each benzylic methyl-
ene moiety containing one proton that is oriented exo and one
that is endo. Consequently, the protons of each methylene group
are diastereotopic, leading to the expected appearance of AB
quartets in their 1HNMR spectra. Although this proved to be the
case for 4c−4e at room temperature, the methylene signals of 4a
and 4b were relatively sharp singlets under similar conditions.
These observations suggested the possibility that the diaster-
eotopic hydrogens of the latter were equilibrating rapidly on the
NMR time scale via dynamic exchange processes with relatively
low activation energies. We now report our investigation of the
low-temperature NMR properties of spirodioxyselenuranes 4a−
4e, as well as their unexpected behavior at higher temperatures.
Furthermore, computational studies of dynamic exchange pro-
cesses in spirodioxyselenuranes have not yet been reported.14We
therefore endeavored to gain further insight into the configura-
tional stability and possible exchange processes in these
compounds through a series of computational experiments. It
is also worth noting that chiral cyclic seleninate esters and
spirodioxyselenuranes are potential catalysts for the enantiose-
lective oxidations of various organic substrates with stoichio-
metric oxidants such as hydrogen peroxide.15 Such applications
would benefit from a clearer understanding of the configurational
stability of the catalysts.

■ RESULTS AND DISCUSSION
Dynamic NMR techniques have been successfully applied to the
study of numerous types of conformational and fluxional pro-
cesses, including bond rotations, inversions, racemizations, and
valence isomerizations.16 The properties of hypervalent organo-
chalcogen compounds17 have been subjected to numerous
investigations, and several studies of exchange processes in
dioxysulfuranes,18a tetraoxysulfuranes,18b dioxyselenuranes,19a

tetraoxyselenuranes,19b,c and tetraoxytelluranes19c have been
reported. Earlier NMR studies by Reich19a of selenuranes 8a−8c
revealed that 8a, containing diastereotopic methyl substituents,
was configurationally stable up to 200 °C. Moreover, di-
astereomers 8b and 8c interconverted relatively slowly at 120 °C to
give the corresponding equilibriummixture via a process that had
a minimum activation energy of 30.9 kcal mol−1. Related studies
of sulfuranes 9a and 9b by Adzima and Martin18a indi-
cated that the isomerization of 9a to 9b at 84 °C was also
associated with a relatively high activation energy of 30 kcal mol−1.

In contrast to the behavior of 8 and 9, 4a and 4b displayed
singlets assigned to the methylene protons at room temperature.
When the samples were cooled in toluene-d8, the singlets
separated into AB quartets. Reheating to room temperature
restored the original spectra, and coalescence temperatures (Tc)
of 267 and 218 K, respectively, were observed. These results
indicated the presence of the respective methylene protons in
distinct exo and endo environments at low temperature and their

rapid interconversion at room temperature, in turn suggesting an
exchange process with a relatively low activation energy. The
halo-substituted derivatives 4c−4e displayed the expected AB
quartets at room temperature, but heating in toluene-d8 resulted
in coalescence to singlets at temperatures of 325, 355, and 370 K,
respectively. Again, the process was reversible, and cooling
the samples back to room temperature regenerated the origi-
nal spectra. Thus, the electron-donating methyl group of 4b
decreased Tc, while the electron-withdrawing halogen sub-
stituents in 4c−4e increased it, relative to the unsubstituted
compound 4a. Other solvents that were investigated for 4a
included pyridine-d5, DMSO-d6, and 25% D2O−DMSO-d6,
which resulted in Tc values of 299, 347, and 368 K, respectively.
The values of Tc, Δν, and J for the signals of the methylene

protons of 4a−4e are provided in Table 1, and the variable-

temperature 1H NMR spectra of the unsubstituted analogue 4a
in toluene-d8 are shown in Figure 1. The full-width variable-
temperature spectra for 4a−4e are provided in the Supporting
Information.
To account for the apparent rapid equilibration of the

diastereotopic protons of selenuranes 4, we considered several
possible dynamic exchange mechanisms, including (1) direct
inversion through the selenium center, (2) Berry pseudor-
otation and related processes such as the Ugi turnstile
mechanism, (3) reversible dissociation of Se−O or benzylic
C−O bonds.
The inversion mechanism was previously considered by

Reich19a and by Adzima and Martin18a for selenuranes and
sulfuranes, in which the inversion of the lone pair through a
planar transition state results in enantiomerization. In the case of
spirodioxyselenuranes 4, such inversion would result in the
interchange of exo and endo positions of the diastereotopic
hydrogens (Scheme 1). Calculations on 4a and the correspond-
ing planar transition state 10a were then conducted using the
Gaussian 09 package,20 employing the B3PW91 hybrid DFT
exchange-correlation functional21 with the 6-31+G(d,p) Pople
basis set,22 for geometry optimizations and frequency calcu-
lations. This methodology was shown to be reliable for energy
and geometry calculations for selenium-containing com-
pounds.23 Single-point energies were also obtained at the
B3PW91/6-311++G(3df,3pd) andMP2/6-311+G(2d,2p) levels
of theory (for computational details, see the Experimental
Section and Supporting Information). The results indicated that
the difference in Gibbs free energy (ΔG298) between 4a and 10a
was 43.7 kcal mol−1 (Figure 2 and Table S1 in the Supporting
Information), effectively ruling out rapid exchange on the NMR
time scale by this mechanism to account for the observed coale-
scence of the AB quartet of 4a at the relatively low temperature of
267 K (in toluene-d8).

Table 1. Variable-Temperature 1H NMR Data for 4a−4e

compd R solvent Tc (K) Δνa (Hz) |JAB|
a (Hz)

4a H toluene-d8 267 23.4 14.6
4a H pyridine-d5 299 15.6 15.6
4a H DMSO-d6 347 21.0 15.0
4a H 25% D2O−DMSO-d6 368 21.0 15.0
4b Me toluene-d8 218 17.4 14.7
4c F toluene-d8 325 19.1 14.9
4d Cl toluene-d8 355 23.0 14.9
4e Br toluene-d8 370 23.1 14.7

aMeasured at the lowest temperature.
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We next investigated the possibility that stereomutation by a
Berry pseudorotation,24 Ugi turnstile rotation,25 or a similar
process26,27 is implicated in the NMR behavior of spirodioxy-
selenuranes 4. Such pseudorotations are well-known in other
trigonal-bipyramidal species, including those where the
central atom is a chalcogen.17b,d Thus, Berry pseudorotation
of such structures results in interconversion of the two apical
substituents with two equatorial ones, while the remaining
substituent remains fixed in an equatorial position and
acts as a pivot for the process. In the present case, Berry
pseudorotation would require a differentially populated two-
site exchange (Scheme 2) between diastereomeric species
4 and 11, where the lone pair would serve as the pivot.
Selenurane 4 would be expected to be more stable than 11
because of the preference of electronegative atoms such as
oxygen to occupy apical positions in trigonal-bipyramidal
structures.28 Moreover, five-membered rings in such
structures are most stable when they bridge one apical and one
equatorial site.19a,28c The pseudorotation would therefore disrupt
this favored geometry, thereby increasing the energy difference
between 4 and 11. Furthermore, pseudorotation effected by
pivoting around a C−Se bond in 4 would place a carbon atom and
the lone pair in apical positions, again resulting in species of
considerably higher energy.19a Similar objections apply to the
stereomutation of 4 by the Ugi turnstile mechanism. Not
surprisingly, separate signals that could be assigned to 11a−11e
were not detected during the variable-temperature NMR
experiments conducted with 4a−4e. These considerations
argue against the mechanism in Scheme 2. On the other hand,

pseudorotations have been proposed for selenurane 12 and
tellurane 13, where all four substituents of the central chalcogen
atom are carbon atoms and the exchange process is fluxional.29

In terms of the overall transformation, Berry pseudorotations
and turnstile mechanisms are equivalent.27a,30 Moreover, for
perfect trigonal-bipyramidal structures, these processes proceed
via a common square-pyramidal intermediate known as the

Figure 1. (a) Room-temperature and (b) variable-temperature (213−291 K) 1H NMR spectra of 4a in toluene-d8.

Scheme 1

Scheme 2
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“effective monkey saddle point”.31 The geometry of 4a comprises
a distorted trigonal bipyramid (if the selenium lone pair is
considered as an equatorial substituent), and we attempted to
determine the lowest energy pathway for potential stereo-
mutations by means of DFT computations at the B3PW91/6-
31+G(d,p) level.20,21 The resulting profile is shown in Figure 2
and follows a path that more closely resembles a variation
proposed by Meutterties,26 instead of the classical Berry
pseudorotation or Ugi turnstile mechanism. Thus, the first
transition state 14withΔG298 = 32.8 kcal mol−1 relative to 4a, led
to a pseudo-square-pyramidal intermediate, 15 (ΔG298 = 19.9
kcal mol−1). A second step with a transition state, (ent)-16
(ΔG298 = 55.1 kcal mol−1), then afforded the enantiomer (ent)-
4a of the starting selenurane to complete the transformation.
When the latter product was treated similarly, the mirror image
pathway via the intermediate (ent)-15 regenerated the starting
material 4a (Figure 2). The interconversion of generic struc-
tures representing 4 via this pathway is further illustrated in

Scheme 3. These computations indicate that the modified
pseudorotation/turnstile mechanism comprises a relatively high

energy pathway with a second transition state that is even higher
(ΔG298 = 55.1 kcal mol−1 relative to 4a) than that of transition
state 10 encountered in the inversion process (ΔG298 = 43.7 kcal
mol−1 relative to 4a). Thus, neither mechanism provides a viable
exchange process for spirodioxyselenurane 4a at relatively low
temperatures. It is worth noting that enantiomerization by all
paths in Figure 2, except inversion through 10, involves only
chiral structures. Indeed, as far back as 1954, Mislow described
the possibility of enantiomerization without passing through an
achiral structure.32

An alternative exchange mechanism could ensue from the
reversible dissociation of a Se−O bond in selenuranes 4. Similar
dissociations have been postulated in the pyrolyses of spiro-
dioxysulfuranes18a and in variable-temperature NMR studies of
spirotetraalkoxyselenuranes.19c In the presence of traces of water,
this could lead to enantiomerization via the achiral selenoxide 17.
Alternatively, under anhydrous conditions, dissociation accom-
panied by pyramidal inversion of the resulting selenonium ion
18,33 or by rotation of the benzyl alkoxide moiety prior to
reclosure, would also lead to enantiomerization (Scheme 4). The

formation of intermediate 18 would be consistent with the
substituent effects indicated in Table 1, as electron-donating
groups para to the selenium atom would stabilize the develop-
ment of its positive charge en route to 18, while electron-
withdrawing groups would be expected to destabilize the
intermediate and retard its formation. However, neither the

Scheme 3

Scheme 4

Figure 2. Potential energy surface (PES) for configurational inversion of
the aromatic spirodioxyselenurane 4a, as determined by the B3PW91/6-
31+G(d,p) method (ΔG298 in kilocalories per mole).
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use of rigorously dried toluene-d8 nor that of toluene-d8 saturated
with D2O had any significant effect on the coalescence tem-
perature in the variable-temperature NMR spectra of 4a,
indicating that hydrolysis does not play a role in this pheno-
menon. To test this possibility further, we repeated the variable-
temperature studies of 4a (Tc = 267 K in toluene-d8) in other
media, with the expectation that more polar solvents would
promote Se−O dissociation. Surprisingly, in pyridine-d5,
DMSO-d6, and 25% D2O−DMSO-d6, the coalescence temper-
atures actually increased to 299, 347, and 368 K, respectively (see
Table 1). Moreover, acid catalysis would be expected to promote
Se−Odissociation by initial protonation of an oxygen atom in 4a,
but no decrease in Tc was observed when catalytic amounts of
trifluoroacetic acid were added to 4a in toluene-d8. A related
mechanism involving dissociation of a benzylic C−Obond seems
equally unlikely for similar reasons and because of the relatively
high energy required for heterolytic cleavage of the C−O bond
(ΔHo = 91.2 kcal mol−1; see Table S1 in the Supporting
Information). Attempts to trap selenonium or benzylic cation
intermediates by heating 4a in methanol to afford 19 or 20,
respectively, resulted only in recovered starting material.
These experiments suggest that inversion, variations of

pseudorotation, nor Se−O or C−O bond cleavage provides a
satisfactory explanation for the NMR behavior of spirodioxy-
selenurane 4a, due to the high activation energies of all of these
pathways. A final hypothesis was based on the possibility of
temperature-dependent chemical shifts34 of the diastereotopic
exo and endo protons of selenuranes 4. In this scenario, we
envisaged the gradual convergence of their respective chemical
shifts with increasing temperature, resulting in the observed
coalescence of their low-temperature AB quartets to singlets.
Further heating could then be followed by crossover and con-
tinued divergence of their chemical shifts. To test this possibility,
we heated compounds 4a and 4b in toluene-d8 beyond their
coalescence temperatures and observed the gradual reappearance
of AB quartets at 342 and 316 K, respectively, consistent with this
hypothesis. Similar high-temperature AB quartets failed to
appear in the spectra of compounds 4c−4e, but this is attributed
to the inability to heat these samples sufficiently above their
initial coalescence temperatures in toluene-d8. The variable-
temperature 1HNMR spectrum of 4a above room temperature is
shown in Figure 3, while the full-width variable high temperature

spectra for 4a−4e are provided in the Supporting Information.
Variable-temperature 13C and 77Se NMR experiments with 4a
revealed no new signals or other unusual behavior, while the 1H
NMR spectra showed no significant concentration dependence,
thereby ruling out associative phenomena.
To confirm the hypothesis of temperature-dependent

chemical shifts of spirodioxyselenurane 4a, additional computa-
tions were carried out. The stationary average structure of
spirodioxyselenurane 4a has C2 symmetry with two equivalent
exo protons and two equivalent endo protons. At the vibrationless
minimum on the Born−Oppenheimer (B−O) surface, the
chemical shift difference ΔδAB between diastereotopic endo and
exo protons A and B, respectively, is given by ΔδAB = δA − δB =
5.4816− 5.4520 = 0.0296 ppm. The absolute calculated chemical
shift values are about 0.25 ppm higher than the experimentally
observed chemical shifts of ca. 5.2 ppm, but the calculated B−O
chemical shift difference is smaller than that observed at 220 K
(ca. 0.05 ppm) and larger than the value at 370 K (ca. 0.02 ppm).
Spirodioxyselenurane 4a has several low-frequency, high-

amplitude vibrational modes that would be significantly excited in the
temperature range of the present study (Table 2). The vibrational
energy levels of each of the modes are populated on the basis of
Boltzmann’s distribution. The resulting NMR spectrum is therefore
the Boltzmann-averaged sum of the contributions of each of the
vibrational modes and combinations thereof. It is important to note
that vibrational modes with a1 symmetry preserve the equivalence of
the two endo protons, but vibrationalmodes with a2 symmetry render
them nonequivalent with respect to chemical shifts. The same is true
of the two exo protons.Wewill refer to the chemical shifts of the endo
and exo protons as the simple average of the corresponding non-
equivalent chemical shifts.
If δ(Rq) is the calculated chemical shift of a particular proton at

geometry Rq, where Rq is a displacement along a normal mode q
with nuclear wave function Φ(Rq), then the contribution to the
observed chemical shift due to normal mode q is the integrated
average ⟨Φ(Rq)|δ(Rq)|Φ(Rq)⟩. In the case of a harmonic normal
mode, the classical turning points for a particular excitation level
n of normal mode q with frequency νq, Rqn

+, and Rqn
− are points

where the B−O energy is equal to (n + 1/2)νq. This is
approximately true in the case of anharmonic motion as well. We
approximate the integrated average as the weighted average of
the chemical shifts calculated at the two classical turning points,

Figure 3. (a) Room-temperature and (b) variable-temperature (316−377 K) 1H NMR spectra of 4a in toluene d8.
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namely, δ(q,n) ≈ wn
+δ(Rqn

+) + wn
−δ(Rqn

−), where wn
+ and wn

−

are the normalized fractions of the square of the nuclear wave
function that are at the isoenergetic points Rqn

+ and Rqn
−,

respectively, on the potential curve. The observed chemical shift
will be the sum over all normal modes and all excitation levels,
weighted by the Boltzmann factor, exp(−nνq/kT). In the case of
a highly harmonic mode, wn

+≈ wn
− = 1/2 for all vibrational levels

(Figure 4a), little temperature dependence is expected unless the

variation of the chemical shift, δ(Rq), is itself asymmetric (i.e.,
δ(Rqn

+)≠ |δ(Rqn
−)|) along the reaction coordinate. In such a case,

temperature dependence of the chemical shift will arise as higher
vibrational levels are populated. Temperature dependence is
also expected if the particular normal mode is significantly
anharmonic, such as a Morse potential, where wn

+≠ wn
−, and the

difference between wn
+ and wn

− will increase for higher excitation
levels (Figure 4b).

To investigate the hypothesis that the observed tempera-
ture dependence of the endo and exo protons arises from
anharmonicities in the vibrational normal modes or non-
linearities of δ(Rq), the calculated vibrational modes 1−7 were
considered, since these will have at least one excited level that
may be populated significantly at our highest temperature
of 370 K.
The classical turning points, where the energy is equal to (n +

1/2)ν, were located for each vibrational mode, for all energy
levels populated by at least 90% according to the Boltzmann
distribution (see Table S2 in the Supporting Information). As the
temperature increases, higher vibrational levels can be populated,
and this contribution is significant for low-frequency vibrational
modes such as mode 2.
Plots of the vibrational modes (Figure 5; see the Experimental

Section for computational details) revealed that only one mode,

q = 2 (a1 symmetry), shows significant anharmonicity of the
potential energy curve. We note that this fact by itself does not
imply that the chemical shifts will be temperature dependent,
since the NMR instrument will only record the average of the
positive and negative values. However, in the case of mode 2, the
anharmonicity will ensure that one side will be weighted more
than the other and the balance will shift as higher vibrational
modes become populated at higher temperatures. All other
vibrational modes investigated were harmonic but demonstrated
nonlinearity of the chemical shift for the endo and exo protons
(see Figure S22 in the Supporting Information).
Figures 5 and 6 illustrate that vibrational mode 2 is lower on

the negative side, such that wn
− > wn

+, and the weighting to the
negative side will be higher for higher levels. We note also that
the calculated chemical shift difference between endo and exo
protons (designated A and B, respectively), ΔδAB = δA − δB, is
negative on the negative side and positive on the positive side and
that the averaged value of δAB is positive for the lowest vibrational
level (for which wn

+ ≈ wn
−). The chemical shift difference will

shift from positive to negative as higher levels are populated.
Specifically, if the weight wn

− increases linearly from w0
− = 0.5 to

w5
− = 0.65, the Boltzmann-averaged chemical shift changes from

δAB = +0.0032 ppm at 220 K to δAB = −0.0021 ppm at 370 K and
is zero at 295 K.
Thus, consideration of thermal excitations of only one mode,

q2, illustrates that vibrational motion along an anharmonic mode
may result in the reversal of the signs of the chemical shift
difference of diastereotopic protons and therefore the reappear-
ance of an AB coupling pattern above the apparent coalescence

Table 2. Vibrational Modes 1−7 of Spirodioxyselenurane 4a
with the Corresponding Frequencies and Energy Levels

vibrational
mode frequency ν (cm−1) symmetry energy level (kcal mol−1)

1 46.02 a1 0.069
(0.138 kcal mol−1) 0.207

0.345
0.483
0.621
0.759

2 57.33 a1 0.086
(0.172 kcal mol−1) 0.258

0.430
0.602
0.774
0.946

3 103.18 a2 0.150
(0.310 kcal mol−1) 0.465

0.775
1.085

4 138.93 a2 0.210
(0.417 kcal mol−1) 0.417

5 185.01 a1 0.280
(0.560 kcal mol−1) 0.560

6 215.11 a2 0.311
(0.622 kcal mol−1) 0.622

0.933
7 221.72 a2 0.321

(0.641 kcal mol−1) 0.641
0.962

Figure 4. (a) Graphical representation of the harmonic potential.
(b) Graphical representation of the Morse potential.

Figure 5. Energy at the classical turning points for mode 2 (tilted
squares) superimposed on the harmonic potential (line).
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temperature. The actual calculated values are smaller than those
observed. This may be the result of inaccuracies in the com-
putational methods, and/or it may be due to the fact that
combination modes such as q1 + q2 would also be populated as
the temperature is raised. If multiple modes are simultaneously
excited, the mapping of the geometry dependence of the
calculated chemical shifts becomes a multidimensional problem
of considerably greater complexity.
Once the potential energy surfaces (PESs) for vibrational

modes 1−7 were compiled, NMR calculations were conducted at
each classical turning point along the PES, and the chemical shifts
for the diastereotopic protons were plotted against the fraction of
displacement (Figures 5 and 6, and Figure S22 in the Supporting
Information). As illustrated by Figure 6 for the first three
vibrational modes, the chemical shifts of the diastereotopic
protons are almost equivalent at the Born−Oppenheimer mini-
mum and cross as the geometry changes along the PES in either
direction. This is in accordance with the observed experimental
1H NMR spectra. All seven vibrational modes investigated
demonstrate the crossing of the chemical shifts of the diastereo-
topic protons to some extent (for vibrational modes 4−7, see
Figure S22 in the Supporting Information). This correlation
between chemical shifts and contributions from different vibra-
tional modes results in the temperature dependence of the
chemical shifts observed in the experimental NMR spectra. In
other words, as the temperature rises, higher vibrational levels in
the low-frequency vibrational modes become more populated

and contribute increasingly to the overall motion of themolecule.
This impacts the electronic environment surrounding the di-
astereotopic protons and results in the type of NMR temperature
dependence observed with the spirodioxyselenurane 4a.

■ CONCLUSIONS
Spirodioxyselenuranes 4 display unusual variable-temperature
NMR behavior, in which their diastereotopic methylene protons
appear as expected AB quartets at low temperature, coalesce
to singlets upon heating, and finally, in the case of 4a and 4b,
regenerate new AB quartets at still higher temperature.
Computational studies suggest that inversion through selenium,
Berry pseudorotation, and turnstile rotation all proceed by
relatively high energy pathways that are inconsistent with the
observed coalescence of the low-temperature AB quartets to
singlets through such exchange processes. Alternatively,
reversible Se−O hydrolysis to produce achiral selenoxide
intermediates or heterolytic cleavage to the corresponding
selenonium species, followed by their pyramidal inversion, might
account for the rapid exchange of the diastereotopic protons in
the NMR spectra of 4. However, these possibilities, as well as that
of benzylic C−O cleavage, are ruled out by the lack of significant
solvent effects and the negligible effects of added water and acid
catalysts. Furthermore, and most important, none of these alter-
natives provide a satisfactory rationale for the highly unexpected
reappearance of a newAB quartet at still higher temperatures that
were observed for 4a and 4b. Finally, additional computations on
4a revealed that the anharmonicity of the PES of low-frequency
vibrational modes possessing vibrational energy levels that
become populated with increasing temperatures causes con-
vergence of the chemical shifts of the diastereotopic protons.
Thus, with increasing temperature, the collapse of the AB
quartets to singlets is the result of coincidental equivalence.
Further heating results in crossover and divergence of the
chemical shifts, which manifests itself in the appearance of new
AB quartets. To our knowledge, this phenomenon has not been
previously observed in spirodioxyselenuranes or in other classes
of trigonal-bipyramidal compounds. Our results also suggest that
caution must be exercised in attributing coalescence of NMR
signals of diastereotopic protons in variable-temperature experi-
ments to dynamic exchange processes, as temperature-depend-
ent chemical shifts that can lead to coincidental chemical shift
equivalence may be a more widespread phenomenon than is
generally recognized. A prudent test when such behavior is
observed, providing that the sample under scrutiny is thermally
stable and low barriers are not expected, is to heat as far beyond
the coalescence temperature as possible to determine whether
resolution of the collapsed singlet into a new multiplet occurs.

■ EXPERIMENTAL SECTION
Compounds 4a−4e were prepared as described previously.6 Variable-
temperature proton NMR experiments were carried out at 300 MHz on
a spectrometer equipped with a compressed gas heat exchanger for
higher temperatures and a liquid nitrogen evaporator for low tem-
peratures. Temperature calibration of the controller was carried out
using the temperature-dependent chemical shifts of methanol (low
temperature) and ethylene glycol (high temperature).35 Samples were
prepared by dissolving 0.018 mmol of the compound in 0.5 mL of
deuterated solvent. Complete variable-temperature proton NMR
spectra of 4a−4e in toluene-d8 with expansions near coalescence are
contained in the Supporting Information, along with similar spectra for
4a in pyridine-d5, DMSO-d6, and 25% D2O/DMSO-d6.

All calculations were performed using the Gaussian 09 package.20

Geometry optimizations were performed with the B3PW91 hybrid DFT

Figure 6. Overlay of the energy and harmonic potential for Hexo and
Hendo in vibrational modes 1−3.
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functional, composed of Becke’s three-parameter exchange functional21a

and the correlation functional proposed by Perdew and Wang.21b The
6-31+G(d,p) Pople basis set22 was employed as it was shown to be
reliable for the prediction of organoselenium geometries and ener-
getics.23 Transition states were located with Schlegel’s synchronous transit-
guided quasi-Newton (STNQ) method36a,b and were linked to the
reactants and products by intrinsic reaction coordinate calculations.36c,d

Frequency calculations were performed on all optimized structures at
the same level of theory to confirm whether the structure was a local
minimum or first-order saddle point. Single-point energy calculations
were also completed for all systems at the B3PW91/6-311++G-
(3df,3pd) and MP2/6-31+G(2d,2p) levels of theory.
Chemical shifts along specific vibrational modes were calculated

using the B3LYP/6-311+G(2d,p) level of theory using the gauge includ-
ing atomic orbitals (GIAO) formalism.37 Medium effects were not
investigated.
The intramolecular PESs corresponding to individual vibrational

normal modes were calculated as follows: fractions of the displacement
coordinates were added or subtracted from the standard orientation
coordinates, and single-point calculations of the Born−Oppenheimer
energy were carried out at each point.38 These calculations permitted an
estimate of the degree of anharmonicity of each mode and the location
of classical turning points based on the frequency of the vibrational
mode. Classical turning points are geometries along the normal mode on
either side of the minimum where the energy is equal to (nij + 1/2)νi,
where νi is the vibrational frequency, estimated here as the harmonic
frequency of the ith normal mode, and nij is its excitation level.
Chemical shift calculations were conducted at points along the

normal mode which corresponded to the classical turning points. In this
study, the first seven vibrational modes given in the Gaussian output
were investigated. This cutoff was taken from Boltzmann’s distribu-
tion, which suggested that any vibrational modes above the seventh
would not be significantly populated within the given temperature range
(ca. 210−380 K).
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