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1,5-Dioxaspiro[3.2]hexanes undergo ring-opening reactions with many heteroatom nucleophiles to
provide a-substituted-S'-hydroxy ketones. However, certain Lewis acidic nucleophiles provide 2,2-
disubstituted oxetanes. Herein, the results of reactions of 3-phenyl-1,5-dioxaspiro[3.2]hexane with
a variety of nitrogen-containing heteroaromatic bases are reported. There appears to be a correlation
between the pKj, of the nucleophile and the reaction outcome with more acidic nucleophiles providing
2,2-disubstituted oxetanes. Moreover, the mode of ring opening can be directed toward the
substituted oxetane by the addition of a Lewis acid. These results are rationalized by calculation
of stationary points on the potential energy surfaces for the various possible reaction pathways

using ab initio molecular orbital methods.

Introduction

We have been interested in the synthesis and exploita-
tion of novel, strained heterocyclic systems.!~> We devel-
oped the first general synthesis of 1,5-dioxaspiro[3.2]-
hexanes (e.g. 1),6 and initial exploration of the reactivity
of 1 revealed a dichotomy in reaction outcomes (Figure
1).” While neutral and anionic heteroatom nucleophiles
gave exclusively a-substituted-S'-hydroxy ketones 2,
DIBALH and MezAl provided the 2,2-disubstituted oxe-
tanes 3. The latter results were rationalized by invoking
the coordination of the Lewis acidic aluminum center to
the epoxide oxygen with possible participation of oxonium
ion 4. Subsequent reaction with the nucleophilic species
would provide the oxetane-intact products. TMSN; also
gave the corresponding 2,2-disubstituted oxetane 5 (see
Table 1). We postulated that silicon was serving as the
Lewis acidic center in this case. We have tried to gain a
greater understanding of factors that influence the reac-
tion pathway of the dioxaspirohexanes. Here we report
the trends seen in reactions with neutral, anionic, and
silicon-linked heteroaromatic compounds and with car-
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boxylic acids. Moreover, we try to rationalize reaction
outcomes by calculating the potential energy surfaces for
the possible reaction pathways in simple model systems
using ab initio molecular orbital methods.

Results and Discussion

Since TMSNj3; gave the oxetane-intact product 5 (see
Table 1), we decided to ascertain if other TMS-linked
nucleophiles would provide the same outcome. The first
compounds examined were 1-(trimethylsilyl)imidazole
and 1-(trimethylsilyl)-1H-benzotriazole. Imidazole itself
had given ring-opened product 6. Although TMS-benzo-
triazole gave the oxetane product 10, TMS-imidazole led
to the same result (6) as neutral imidazole. Initially, we
rationalized that the nucleophilicity of imidazole out-
weighed the potential for silicon to serve as a Lewis acid.
The importance of silicon as a Lewis acid was again called
into question when we discovered that benzotriazole itself
gave oxetane 10. When benzotriazole was deprotonated,
the ring-opened product 11 was the major one. We
decided to examine a range of heteroaromatic compounds
to see if any trends emerged. The results are shown in
Table 1.

Although pyrrole and indole did not react with 1,
pyrazole, 1H-1,2,4-triazole, and 1-(trimethylsilyl)-1,2,4-
triazole gave ring-opened products 7 and 8. However,
with the 1,2,4-triazoles, *H NMR of the crude reaction
mixtures revealed small amounts (~10%) of oxetane-
intact products. 1H-1,2,3-Triazole gave oxetane 9, al-
though, again, 'H NMR of the crude reaction mixture
showed a small quantity (<5%) of the alternate pathway
of complete ring opening. Tetrazole produced oxetane 12.
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FIGURE 1. Reactions of 1,5-dioxaspiro[3.2]hexanes.

TABLE 1. Reaction of 1 with Heteroatom Nucleophiles
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aThe relative stereochemistry of the oxetane-intact products is assigned on the basis of our prior studies (ref 7). ° Isolated yields.
¢ Yields in parentheses are isolated yields for reaction with TMS-linked nucleophile.

The yields in Table 1 are quite variable and deserve
some comment. The reaction of imidazole with 1 was as
clean, based on crude 'H NMR, as that of pyrazole.
Separation from unreacted imidazole was difficult. The
reactions of the two monocyclic triazoles and tetrazole
were relatively clean as judged by crude 'H NMR. There
were no other major dioxaspirohexane-related products.
Minor byproducts were sometimes seen, but none was
consistently apparent or isolable. The yields were based
on isolation of pure product, and in each case there were
some product containing fractions that were discarded
because they were not clean. The reactions with benzo-
triazole were less clean. In some reactions it appeared

that the C2 epimer of 10 was present, as well as an
unidentified ring-opened product. The minor products
could not be separated by column chromatography. On
the basis of crude 'H NMR, in some reactions, these
additional products may have represented up to 30% of
the material. The reactions with the deprotonated benzo-
triazole were always messy, based on crude 'H NMR,
whether the anion was generated with n-BuLi or LDA
and with a variety of solvents and reaction temperatures.
There was always some 10, but 11 was clearly the major
product. Other byproducts could not be identified.
From the results in Table 1, it is apparent that the
more acidic compounds provided oxetane-intact products.
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In addition, silicon does not appear to be an effective
Lewis acid for directing the formation of oxetanes.
Nevertheless, the results do not rule out silicon serving
as a Lewis acid in the cases where the oxetane remains.
Since silicon did not appear to be the optimum choice of
Lewis acid, other Lewis acids were examined.

We had previously found that when 2-methylene-
oxetane 13 was exposed to MgBr, f-bromo ketone 14 was
isolated in 85% yield.2 When dioxaspirohexane 15 was
treated with MgBr,, a 2:1 mixture of diastereomers 16
was observed by 'H NMR.® Consequently, a magnesium
salt with a nonnucleophilic counterion, Mg(OTf),, was
chosen. A mixture of dioxaspirohexane 1, 1,2 4-triazole
(which had given predominantly the ring-opened product
8), and Mg(OTf), provided oxetane 17 (45%), as a mixture
of diastereomers (2:1; major one shown). No ring-opened
product 8 was observed in a *H NMR of the crude reaction
mixture, demonstrating that reaction outcome can be
controlled.

o) 0 o
;& Br% ;k/o
Ph Ph Ph
13 14 15
N
Fa, S
OH (N
Ph PH

16 17

The result with tetrazole, a compound with a pKj,
similar to those of carboxylic acids, led us to examine
protic acids. Reaction of 1 with acetic acid gave a-acetoxy
ketone 19 (93%) in excellent yield. However, when a
reaction was run in an NMR tube in carbon tetrachloride,
the presence of some oxetane-intact product 18 (18:19 =
1:3) was evident at 5 min.’® Only ring-opened product
19 was observed at 15 min. Recognizing that intra-
molecular acyl transfer is likely responsible for the
conversion of 18 to 19, we decided to see if the rate of
transfer could be retarded by steric effects. Indeed, 0.5 h
after the addition of pivalic acid to a solution of dioxa-
spirohexane 1 in carbon tetrachloride, *H NMR showed
oxetane 20 and ketone 21 to be present in a 1:1 ratio.
After 4 h only ring-opened 21 was observed. These re-
sults support the intermediacy of an oxetane oxonium
ion and suggest that protic acids can also promote its

formation.
O+
|
P ):\/OH
(0]
h

—_—

o
):‘?/O RCOOH
Ph cCly h
L()@CR O,CR
2 2
- Ho/\HK/
Ph OH

P
19 R = CHj

21 R = C(CHg)s

18 R = CH,
20 R = C(CHg)s

In thinking about the overall reactivity observed with
the dioxaspirohexanes, it is not surprising that the ring-

(8) Wang, Y.; Bekolo, H.; Howell, A. R. Tetrahedron 2002, 58, 7101—
7107.
(9) Diastereomeric products 16 were too unstable to isolate.
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opening reactions occur exclusively at the oxirane ring.
In general, oxiranes are opened under less stringent
conditions than are oxetanes. Moreover, that dioxaspiro-
hexanes would open with greater facility than simple
epoxides is not surprising, especially given the well-
described chemistry of dioxaspiropentanes.*! The isola-
tion of oxetane-intact products was not anticipated.
Nevertheless, the results from these studies confirm that
oxetane products can be formed in a reasonably predict-
able fashion. However, in proton-transfer processes (e.g.
the conversion of 1 to 18), products that would appear to
result from protonation of the oxetane ring and sub-
sequent reaction are not observed, although simple
oxetanes are more basic than oxiranes (vide infra). Thus,
we decided to examine the possible pathways of reaction
with nucleophiles and upon protonation using ab initio
electronic structure calculations.

Given the limitations of current computer technology,
it was not feasible to perform electronic structure calcu-
lations that corresponded exactly to the experimental
reaction conditions, including all substituents, counter-
ions, and the solvent. However, we hoped to confirm our
essential understanding of the reactions by computing
the possible reaction pathways for simplified model
systems in the gas phase. Since our rationalization of the
experimental findings does not invoke solvent effects,
counterion effects, or substituent effects, these simple
model systems are in fact quite appropriate to examine.
For the substrate, we have used the parent 1,5-dioxaspiro-
[3.2]hexane 22. As a simple representative nucleophile
acting in the absence of an acid, we have chosen meth-
oxide ion. To study the consequences of proton transfer
from an acid, we have used protonated acetone as a
representative proton donor. While the latter might at
first seem an odd choice, it is necessary to choose a
relatively thermoneutral proton-transfer reaction in order
to have a chance of observing a transition state in the
gas phase, and the reaction with protonated acetone
meets this requirement.

The experimental results suggest that in the absence
of a suitable acid catalyst, nucleophilic attack occurs at
the less hindered carbon of the oxirane ring of 1,5-
dioxaspiro[3.2]hexanes such as 1, ultimately yielding
fully ring-opened products such as 2. To confirm this
hypothesis, the gas-phase reaction pathways of the
parent system 22 with methoxide ion as a representative
nucleophile were studied.

E)k/o

22

Table S1 in the Supporting Information lists the
energies of the structures corresponding to the stationary
points along the four possible trajectories for addition of
methoxide to 22. The two pathways corresponding to
attack at the spiro carbon, leading to cleavage of either
the oxirane or the oxetane ring (Figures S1 and S2 in

(10) The presence of oxetane products is easy to detect by 'H NMR.
The protons on C-2 of a dioxaspiro[3.2]hexane appear above 5.0 ppm
in oxetane-intact products and shift to below 5.0 ppm in ring-opened
products.

(11) Crandall, J. K.; Batal, D. J.; Sebesta, D. P.; Lin, F. J. Org. Chem.
1991, 56, 1153—1166.
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FIGURE 2. Nucleophilic attack of methoxide ion at the less hindered oxirane carbon atom of 1,5-dioxaspiro[3.2]hexane 22. The
energies shown are in kcal/mol and are calculated at the B3LYP/6-311+G(2df,p)//B3LYP/6-31+G** level, with the zero-point

energy correction included.

the Supporting Information), exhibit much higher bar-
riers (by 8—27 kcal/mol) than do the pathways corre-
sponding to attack at carbons 2 or 6.

The calculations also show a modest preference (2 kcal/
mol) for initial attack on the oxirane ring (Figure 2)
instead of on the oxetane ring (Figure 3). This preference
is in accord with the experimental observations for
conditions lacking a good Lewis acid.

The experimental evidence also suggests that, in the
presence of an acid, coordination to the oxirane oxygen
leads to formation of an oxonium ion, such as 4, and
ultimately to oxetane-intact products such as 3. To
explore this hypothesis, calculations were carried out on
the structures of oxirane, oxetane, 1,5-dioxaspiro[3.2]-
hexane 22, and their products of protonation. The results
are listed in Table 2. These calculations properly repro-
duce the greater basicity of oxetane compared to oxirane.
However, attempted protonation of 22 almost always led
to spontaneous ring opening. Protonation on the oxirane
oxygen invariably led to opening of the oxirane ring,
yielding one of several possible conformations of the
oxonium ion 27. Protonation of the oxetane oxygen
sometimes led to a stable structure 28, but at best only
a very small (<2 kcal/mol) barrier ever separated 28 from
ring opening to a conformation of oxonium ion 29. The
preferred reaction pathway of 22 under conditions of
protonation is thus likely governed by the relative
stabilities of the two possible ring-opened oxonium ions
27 and 29, of which 27 is more stable by fully 18.8
kcal/mol. This energy difference reasonably accounts
for the experimentally observed pattern, in which

reaction occurs via preferential opening of the oxirane
ring under conditions of protonation.

_H
(@)
Lo & E/
N
o [
27
,H
H o]
& -
0 °0
28 29

To further explore the reactivity of the parent 1,5-
dioxaspiro[3.2]hexane 22 with acids, the gas-phase reac-
tion pathways of 22 with protonated acetone were also
examined. Table S2 in the Supporting Information lists
the energies of the structures corresponding to the
stationary points along the trajectories for proton transfer
from protonated acetone to either the oxirane or the
oxetane oxygen of 22, as shown in Figures 4 and 5. In
both cases, the potential energy surface that connects the
reactant complex with the product complex has no barrier
whatsoever, according to B3LYP calculations, and at
most a very small barrier at the Hartree—Fock level.
However, proton transfer to the oxirane ring initiates a
strongly exothermic (—22 kcal/mol) reaction pathway
leading to 27, while proton transfer to the oxetane ring
initiates a nearly thermoneutral (=3 kcal/mol) reaction
pathway leading to 29. Again, the results are highly
consistent with acids demonstrating a strong preference
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FIGURE 3. Nucleophilic attack of methoxide ion at the less hindered oxetane carbon atom of 1,5-dioxaspiro[3.2]hexane 22. The
energies shown are in kcal/mol and are calculated at the B3LYP/6-311+G(2df,p)//B3LYP/6-31+G** level, with the zero-point

energy correction included.

TABLE 2. Relative Enthalpies at 0 K of Oxirane, Oxetane, 1,5-Dioxaspiro[3.2]hexane, and Their Protonation Products

(kcal/mol)
AH (0 K)

species HF/6-31G* 2 B3LYP/6-31+G** b B3LYP/6-3114+G(2df,p)° MP2/6-311+G(2df,p)° CBS-Q°
oxirane 0.0 0.0 0.0 0.0 0.0
oxirane-H* —186.7 —-182.7 —181.8 —178.9 —181.6
oxetane 0.0 0.0 0.0 0.0 0.0
oxetane-H™ —-198.9 -194.9 —-193.8 -191.1 —-193.3
22 0.0 0.0 0.0 0.0 0.0
27 —221.8 —216.2 —216.2 —208.2 —212.4
28 —193.0 —-192.1 —191.6 —187.3 —189.6
29 —-199.4 -196.7 —-197.4 —-192.2 —194.3

a Includes HF/6-31G* zero-point vibrational energy scaled by 0.893. © Includes B3LYP/6-314+G** zero-point vibrational energy scaled
by 0.97. ¢ The CBS-Q energies include a zero-point vibrational energy correction by definition.

for reaction at the oxirane oxygen, rather than at the
oxetane oxygen. This preference results from the fact that
subsequent ring opening is Kinetically facile in either case
but is thermodynamically far more favorable for the more
highly strained oxirane ring.

The behavior of the 1,5-dioxaspiro[3.2]hexane system
when treated with a nucleophile can thus be understood
on the basis of classical epoxide chemistry and the
chemistry of acetals. Under basic, or anionic, conditions,
nucleophilic attack occurs at the less substituted oxirane
carbon. The oxirane ring opens in preference to the
oxetane ring, due to the greater relief of strain in the
former case. Once opening is accomplished, the immedi-
ate product is the anion of a cyclic hemiacetal, and
further opening of the oxetane ring to yield an alkoxy
ketone is unavoidable.
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Under acidic, or cationic, conditions, on the other hand,
nucleophilic attack occurs at the acetal carbon, as would
be expected for any acetal. Once even partial protonation
occurs on either oxygen atom of 1,5-dioxaspiro[3.2]-
hexane, the highly stablized incipient carbocation at the
spiro (acetal) carbon is highly susceptible to nucleophilic
attack. Furthermore, calculations suggest that once an
acid begins to approach, virtually no barrier intervenes
between the initial complex and the final product corre-
sponding to opening of either the oxirane or the oxetane
ring. Consequently, the selection of a reaction pathway
is not affected by the relative basicity of isolated oxirane
and oxetane functionalities but is instead governed
simply by the overall thermodynamic favorability of the
various possible routes. The pathway in which the more
highly strained oxirane ring opens is thus favored again.
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FIGURE 4. Proton transfer from protonated acetone to the oxirane oxygen atom of 1,5-dioxaspiro[3.2]hexane 22. The energies
shown are in kcal/mol and are calculated at the B3LYP/6-311+G(2df,p)//B3LYP/6-31+G** level, with the zero-point energy
correction included. A transition state must exist between the reactant and product complexes, since the latter are both true
minima, but no transition state could be located at the B3LYP/6-31+G** level of theory. At the HF/6-31G* level of theory, a
transition state (30c) was found, but it was only slightly higher in energy (by 1.0 kcal/mol) than the reactant complex.

However, in the cationic route, the immediate product
is not a hemiacetal, so further opening of the oxetane ring
is blocked.

Conclusions

In summary, we have found that 1,5-dioxaspirohexanes
react with nitrogen-containing heteraromatic compounds
to give either a-substituted-3'-hydroxy ketones or 2,2-
disubstituted oxetanes. The more acidic aromatic com-
pounds and carboxylic acids provide the latter. Moreover,
reaction outcome can be directed toward the substituted
oxetane by the addition of an appropriate Lewis acid. Ab
initio calculations confirm that under anionic conditions,
the lowest barrier pathway yields substituted ketone
products. Under conditions of protonation, however,
calculations reveal that barriers are universally low or
nonexistent, and the alternative oxetane products are
easily rationalized on the basis of thermodynamic stabil-

ity.

Experimental Section

General. Tetrahydrofuran was distilled from a dark-colored
solution of sodium benzophenone ketyl. Deuterated chloroform
was dried over 3 A molecular sieves. Ethyl acetate and
petroleum ether were distilled from CaCl,. Methylene chloride
was freshly distilled from CaH,. The concentration of n-
butyllithium was determined using sec-butyl alcohol and 1,10-
phenanthroline as an indicator. All other reagents were used
without further purification. Compound 1 was prepared as
previously described.52

2-Azido-2-(hydroxymethyl)-3-phenyloxetane (5). Tri-
methylsilyl azide (0.22 g, 1.85 mmol) was added to a stirred
solution of 3-phenyl-1,5-dioxaspiro[3.2]hexane (1) (0.20 g, 1.23
mmol) in dry Et,O (2 mL). The reaction mixture was left to
stir overnight at room temperature. It was concentrated to
provide a colorless oil, which was then dissolved in dry THF
(5 mL). The mixture was cooled to 0 °C and tetrabutylammo-
nium fluoride (1 M in THF, 1.85 mL, 1.85 mmol) was added
dropwise. After 2 h, the reaction mixture was concentrated,
and the residue was purified by flash chromatography on silica
gel (petroleum ether/EtOAc 9:1 to 4:1). A white solid (0.14 g,
56%) was obtained. Recrystallization from EtOAc/petroleum
ether yielded white prisms: mp 37—38 °C; IR (CDCl;) 3441,
3062, 3031, 2971, 2903, 2116, 1590, 1493, 1452, 1257, 1048,
946 cm~1; *H NMR (400 MHz, CDCl3) 6 7.39 (m, 2H), 7.29 (m,
3H), 4.86 (dd, J = 6.2, 7.7 Hz, 1H), 4.80 (dd, J = 6.2, 8.8 Hz,
1H), 4.49 (dd, J = 8.3, 8.3 Hz, 1H), 3.53 (dd, J = 7.1, 12.5 Hz,
1H), 3.40 (dd, J = 6.8, 12.4 Hz, 1H), 1.52 (dd, J = 7.0, 7.0 Hz,
1H); *3C NMR (100 MHz, CDCls) 6 133.8, 128.8, 127.9, 127.6,
100.9, 67.2, 64.1, 48.3; MS (EI) m/z 177 (M — Ny), 159 (M+ —
N, — CH;0), 129, 120, 117 (100), 103, 90, 89, 77, 63, 51. Anal.
Calcd for C1oH11N302: C, 58.53; H, 5.40; N, 20.48. Found: C,
58.82; H, 5.09; N, 20.11.

4-Hydroxy-1-imidazol-1-yl-3-phenylbutan-2-one (6). Im-
idazole (0.10 g, 0.50 mmol) was added to a stirred solution of
3-phenyl-1,5-dioxaspiro[3.2]hexane (1) (0.046 g, 0.068 mmol)
in dry THF (2 mL). The mixture was stirred at room temper-
ature for 1 h and then concentrated. The orange residue was

(12) Compound 1 was isolated as a mixture of diastereomers (14:
1). The identity of the major diastereomer is not known. Evidence (see
ref 6) suggests that diastereoselectivity is largely sterically controlled.
It is noteworthy that the diastereomeric ratio is inconsequential for
the subsequent transformations of 1 in the applications described in
this paper.
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FIGURE 5. Proton transfer from protonated acetone to the oxetane oxygen atom of 1,5-dioxaspiro[3.2]hexane 22. The energies
shown are in kcal/mol and are calculated at the B3LYP/6-311+G(2df,p)//B3LYP/6-31+G** level, with the zero-point energy
correction included. A transition state must exist between the reactant and product complexes, since the latter are both true
minima, but no transition state could be located at the B3LYP/6-31+G** level of theory. At the HF/6-31G* level of theory, a
transition state (31c) was found, but it was only slightly higher in energy (by 2.8 kcal/mol) than the product complex. Also only
at the Hartree—Fock level, the initial product of proton transfer (31d) was a stable intermediate structure having both the oxirane
and oxetane rings intact. A second, very low energy transition state separated this initial product from the final product complex

(31f) in which the oxetane ring is cleaved.

purified by flash chromatography on silica gel (CHCIs/MeOH
49:1 to 19:1). 4-Hydroxy-1-imidazol-1-yl-3-phenylbutan-2-one
(6) was isolated as a colorless oil (71 mg, 50%): IR (CDCls)
3346, 3121, 3035, 2918, 2843, 1731, 1598, 1507, 1447, 1238,
1063 cm™1; IH NMR (400 MHz, CDCls) ¢ 7.37 (m, 3H), 7.25
(m, 2H), 7.20 (m, 1H), 7.03 (s, 1H), 6.72 (s, 1H), 4.77 (d, J =
18.4 Hz, 1H), 4.71 (d, J = 18.3 Hz, 1H), 4.25 (dd, 3 = 11.0, 9.1
Hz, 1H), 4.01 (dd, J = 9.1, 4.6 Hz, 1H), 3.76 (dd, J = 11.1, 4.7
Hz, 1H), 2.95 (br, 1H); *C NMR (100 MHz, CDCls) 6 203.3,
138.0, 134.1, 129.4, 129.3, 128.4, 120.0, 63.8, 58.5, 55.1; MS
(El) m/z 200 (M — CH;0), 91 (100), 82, 81(M* — CH,C4H3N,),
65, 59; HRMS (FAB) calcd for Ci3H1sN,O, (M* + H) m/z:
231.1134. Found: 231.1144.

4-Hydroxy-1-pyrazol-1-yl-3-phenylbutan-2-one (7). Pyr-
azole (0.055 g, 0.80 mmol) in dry CH,ClI; (2.0 mL) was added
dropwise to a stirred solution under nitrogen of 3-phenyl-1,5-
dioxaspiro[3.2]hexane (1) (0.10 g, 0.62 mmol) in dry CH,CI,
(2.0 mL) at 0 °C. After 1 h, the reaction mixture was allowed
to warm to room temperature, then it was concentrated to
afford a yellow residue. Flash chromatography on silica gel
(CH2Cly/methanol 98:2) afforded 4-hydroxy-1-pyrazol-1-yl-3-
phenylbutan-2-one (7) as a light yellow oil (0.13 g, 90%): IR
(neat) 3349 (br), 1733, 1397, 1055 cm™%; *H NMR (400 MHz,
CDCls) ¢ 7.56 (d, J = 1.4 Hz, 1H), 7.33 (m, 3H), 7.21 (d, J =
2.2 Hz, 1H), 7.17 (m, 2H), 6.28 (m, 1H), 4.93 (d, J = 17.9 Hz,
1H), 4.90 (d, 3 = 17.9 Hz, 1H), 4.18 (dd, J = 8.5, 11.2 Hz, 1H),
3.96 (dd, J = 4.9, 8.5 Hz, 1H), 3.78 (dd, J = 4.9, 11.1 Hz, 1H),
2.34 (br s, 1H); 33C NMR (100 MHz, CDCl3) ¢ 204.1, 140.1,
134.3, 130.9, 129.2, 128.5, 128.1, 106.3, 63.8, 59.8, 58.0; MS
(El) m/z 212 (M* — H;0), 200 (M* — CH,0), 103 (100), 91, 81,
77. Anal. Calcd for C13H14N202: C, 67.81; H, 6.13; N, 12.17.
Found: C, 67.50; H, 6.50; N, 11.83.
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4-Hydroxy-1-(1,2,4-triazol-1-yl)-3-phenylbutan-2-one (8).
1-(Trimethylsilyl)-1,2,4-triazole (0.10 g, 0.62 mmol) was added
dropwise to a stirred solution of 3-phenyl-1,5-dioxaspiro[3.2]-
hexane (1) (0.087 g, 0.62 mmol) in CH.Cl, (1.5 mL) at 0 °C.
The temperature was maintained at 0 °C for 2.5 h, and then
the solvent was evaporated in vacuo. The residue was dissolved
in THF (3.0 mL) at 0 °C, and TBAF (0.62 mL, 0.62 mmol) was
added dropwise. The reaction mixture was stirred for 1 h and
then diluted with CH,Cl, (15 mL). The solution was washed
with saturated aqueous NH,Cl (3 x 3 mL) and dried, and the
solvent was removed in vacuo. Purification by flash chroma-
tography on silica gel (CH,Cly/methanol 98:2) provided 4-hy-
droxy-1-(1,2,4-triazol-1-yl)-3-phenylbutan-2-one (8) as a pale
yellow solid (78 mg, 55%). Recrystallization from ethyl acetate/
petroleum ether provided white needles: mp 125.5—-126.3 °C;
IR (KBr) 3409 (br), 3129, 2924, 1729, 1513, 1483, 1272, 1147
cm~%; TH NMR (400 MHz, CDCl3) 6 7.94 (s, 2H), 7.36 (m, 3H),
7.18 (m, 2H), 5.00 (d, J = 18.2 Hz, 1H), 4.96 (d, J = 18.2, 1H),
4.22 (dd, J = 8.6, 11.1 Hz, 1H), 4.02 (dd, J = 4.8, 8.6 Hz, 1H),
3.79 (dd, J = 4.8, 11.1 Hz, 1H), 2.74 (s, 1H); *C NMR (100
MHz, CDCls) 6 202.2, 152.0, 144.6, 133.7, 129.6, 128.6, 128.4,
63.7,58.6, 57.1; MS (El) m/z 213 (M* — H,0), 201 (M* —CH,0),
185, 131, 103 (100), 91, 77, 55. Anal. Calcd for C12H13N302:
C, 62.33; H,5.67; N, 18.17. Found: C, 61.94; H, 5.28; N, 17.80.

2-(Hydroxymethyl)-3-phenyl-2-(1,2,3-triazol-2-yl)-2-
oxetane (9). A solution of 1H-1,2,3-triazole (0.043 g, 0.62
mmol) in dry CH.Cl; (2.0 mL) was introduced to a stirred
solution under nitrogen of 3-phenyl-1,5-dioxaspiro[3.2]hexane
(1) (0.10 g, 0.62 mmol) in dry CH,CI, (2.0 mL) at —78 °C. After
3 h at —78 °C, the reaction was allowed to warm to room
temperature, then the solvent was evaporated in vacuo. The
resultant oil was purified by flash chromatography on silica
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gel (CH.Cl./ethyl acetate 95:5). 2-(Hydroxymethyl)-3-phenyl-
2-(1,2,3-triazol-2-yl)oxetane (9) was isolated as a pale yellow
solid (0.076 g, 59%): mp 77.0—78.3 °C; IR (CDCIs) 3145, 3031,
2969, 1496, 1452, 1323, 1049 cm™%; *H NMR (400 MHz, CDCls)
0 7.82 (s, 2H), 7.41 (m, 2H), 7.35 (m, 3H), 5.41 (dd, J = 7.7,
8.2 Hz, 1H), 5.08 (dd, J = 6.0, 8.5 Hz, 1H), 4.98 (dd, J = 6.0,
7.0 Hz, 1H), 4.15 (dd, J = 7.6, 13.0, Hz, 1H), 4.10 (dd, J = 7.6,
13.0, 1H), 2.51 (t, J = 7.6 Hz, 1H); 13C NMR (100 MHz, CDCls)
0 135.3, 134.1, 128.8, 128.1, 128.0, 99.7, 68.5, 62.9, 47.9; MS
(El) m/z 200 (M* — CH;0), 185, 104 (100), 78. Anal. Calcd for
C12H13N302: C, 62.33; H, 5.67; N, 18.17. Found: C, 62.58; H,
5.30; N, 17.94.
2-Benzotriazol-2-yl-2-(hydroxymethyl)-3-phenyl-
oxetane (10). Benzotriazole (0.15 g, 1.3 mmol) in dry CH.Cl,
at 0 °C was added to a stirred solution of 3-phenyl-1,5-
dioxaspiro[3.2]hexane (1) (0.21 g. 1.3 mmol) in dry CH.CI, (4.0
mL) at 0 °C. The reaction mixture was left to stir for 3.0 h at
0 °C. It was then concentrated to provide a light brown oil.
The residue was purified by flash chromatography on silica
gel (petroleum ether/EtOAc 80:20). 2-Benzotriazol-2-yl-2-(hy-
droxymethyl)-3-phenyloxetane (10) was isolated as a white
solid (0.15 g, 41%): mp 119-123 °C; IR (film) 3437 (br), 3094,
3064, 2941, 1560, 1499 cm™1; *H NMR (400 MHz, CDCI;) ¢
7.95 (d, J = 8.1 Hz, 2H), 7.35 (m, 7H), 5.42 (dd, J = 7.0, 8.7
Hz, 1H), 5.20 (dd, J = 6.0, 8.7 Hz, 1H), 5.09 (dd, J = 6.0, 6.8
Hz, 1H), 4.25 (dd, 3 = 7.7, 13.0 Hz, 1H), 4.20 (dd, J = 7.0,
13.0 Hz, 1H), 2.6 (dd, J = 7.3, 7.3 Hz, 1H); **C NMR (100 MHz,
CDCls) 6 144.8,134.3, 129.3, 128.6, 128.5, 127.8, 119.1, 102.2,
69.8, 63.8, 48.8; MS (EIl) m/z 281 (M™), 251, 162, 104 (100),
91; HRMS (FAB) calcd for C16H16N3O, (M* + H) m/z 282.1242,
found 282.1248. Anal. Calcd for C16H15N3O2: C, 68.31; H, 5.37;
N, 14.94. Found: C, 68.13; H, 5.40; N, 14.97.
1-Benzotriazol-1-yl-4-hydroxy-3-phenylbutan-2-one (11).
n-Butyllithium (0.77 mL, 1.6 M in hexane, 1.2 mmol) was
added to a stirred solution of benzotriazole (0.15 g, 0.12 mmol)
in dry CH,Cl; (4.0 mL) at —78 °C. The mixture was left to stir
at —78 °C for 30 min. 3-Phenyl-1,5-dioxaspiro[3.2]hexane (1)
(0.2 g, 1.2 mmol) in dry CH,CI; (2.0 mL) was added dropwise
and the reaction was left to stir at —78 °C for 1.5 h. Saturated
NH,CI (5.0 mL) was added, and the organic layer was drawn
off, washed with brine (5.0 mL), dried (MgSO,), and concen-
trated. The residue was purified by flash chromatography on
silica gel (petroleum ether/EtOAc 80:20 to 75:25) to give
1-benzotriazol-1-yl-4-hydroxy-3-phenylbutan-2-one (11) as a
colorless oil (0.093 g, 27%): IR (film) 3300 (br), 1700, 1500,
1400, 1050 cm™2; 'H NMR (400 MHz, CDCls) ¢ 8.03 (d, J =
8.1, 1H), 7.38 (m, 4H), 7.16 (m, 2H), 7.06 (d, J = 8.0 Hz, 1H),
5.46 (d, J = 18.1 Hz, 1H), 5.40 (d, J = 18.1 Hz, 1H), 4.22 (dd,
J =28.8, 10.8 Hz, 1H), 4.11 (dd, J = 4.8, 8.7 Hz, 1H), 3.81 (dd,
J = 4.8, 10.8 Hz, 1H), 2.26 (br s, 1H); *C NMR (100 MHz,
CDCls) 6 202.1, 145.8, 133.6, 133.4, 129.5, 128.5, 128.4, 127.8,
124.3, 120.0, 109.0, 63.7, 58.5, 55.8; MS (El) m/z 251 (M* —
CH;0), 132 (M+ — CH,CsH4Ns3), 104, 91, 77 (100); HRMS
(FAB) calcd for Ci6 H16N3O, (Mt + H) m/z 282.1243, found
282.1252.
2-(Hydroxymethyl)-2-tetrazol-2-yl-3-phenyloxetane (12).
1H-Tetrazole (0.078 g, 1.1 mmol) in dry THF (2.0 mL) was
added dropwise to a stirred solution under nitrogen of 3-phen-
yl-1,5-dioxaspiro[3.2] hexane (1) (0.15 g, 0.94 mmol) in THF
(2.0 mL) at 0 °C. The reaction mixture was stirred for 1 h and
then concentrated. The resultant yellow oil was purified by
flash chromatography on silica gel (CH,Cl./methanol 100:0 to
98:2) to provide 2-(hydroxymethyl)-2-tetrazol-2-yl-3-phenyl-
oxetane (12) as a pale yellow oil (0.090 g, 42%): IR (CDCls)
3436 (br), 2916, 1319, 1054, 953 cm™*; *H NMR (400 MHz,
CDCls) 0 8.70 (s, 1H), 7.42 (m, 5H), 5.37 (dd, J = 6.9, 8.6 Hz,
1H), 5.16 (dd, J = 6.1, 8.6 Hz, 1H), 5.08 (dd, J = 6.2, 6.2 Hz,
1H), 4.21 (dd, J = 7.5, 13.5 Hz, 1H), 4.17 (dd, J = 7.4, 135
Hz, 1H), 1.86 (dd, J = 7.4, 7.4 Hz, 1H); 3C NMR (100 MHz,
CDCls3) 6 153.1, 133.2, 129.1, 128.5, 128.1, 100.9, 69.6, 62.6,
47.8; MS (El) m/z 204 (M* — Ny), 185 (M* — CN), 173 (M* —
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CH,0OH), 104 (100), 91, 78. Anal. Calcd for C1;H12N4O;: C,
56.89; H, 5.21; N, 24.12. Found: C, 56.76; H, 5.14; N, 23.78.
2-(Hydroxymethyl)-2-(1,2,4-triazol-1-yl)-3-phenyl-
oxetane (17). A solution of magnesium triflate (0.40 g, 1.23
mmol) in dry THF (5.0 mL) was introduced to a stirred solution
at room temperature of 3-phenyl-1,5-dioxaspiro[3.2]hexane (1)
(0.20 g, 1.23 mmol) in THF (2.0 mL). The temperature was
then lowered to 0 °C, and a solution of 1H-1,2,4-triazole (0.22
g, 1.48 mmol) in THF (10 mL) was added dropwise. The
reaction mixture was stirred at 0 °C for 2.5 h, warmed to room
temperature, and stirred for an additional 3 h. Then, the
mixture was concentrated to provide a yellow oil, which was
purified by flash chromatography on silica gel (CHCI./
methanol 99.5:0.5 to 99:1). 2-(Hydroxymethyl)-2-(1,2,4-triazol-
1-yl)-3-phenyloxetane (17) was isolated as a 2:1 mixture of
diastereomers (0.13 g, 45%): IR (film) 3403, 2903, 1499, 1279,
702 cm™%; 'H NMR (400 MHz, CDCl3) major, 6 8.18 (s, 1H),
8.11 (s, 1H), 7.40 (m, 5H), 5.11 (m, 1H), 5.06 (m, 1H), 4.74
(dd, J = 8.4, 16.3 Hz, 1H), 3.94 (d, J = 12.8 Hz, 1H), 3.83 (d,
J = 12.8 Hz, 1H); minor, 6 8.42 (s, 1H), 7.67 (s, 1H), 7.12 (m,
5H), 5.11 (m, 1H), 5.06 (m, 1H), 4.74 (dd, J = 8.4, 16.3 Hz,
1H), 4.75 (d, J = 12.8 Hz, 1H), 4.31 (d, J = 12.8 Hz, 1H); 13C
NMR (100 MHz, CDClI3) major, 6 133.3, 129.0, 127.9, 127.7,
127.4,127.4,98.5, 68.9, 63.7, 48.7; minor, 6 133.3, 129.0, 127.9,
127.7, 127.4, 127.4, 98.5, 70.6, 67.2, 45.8; MS (El) m/z 167,
149 (100), 71; HRMS (FAB) calcd for Ci2H14N3O, (M* + H)
m/z 232.1086, found 232.1101.
1-Acetoxy-4-hydroxy-3-phenylbutan-2-one (19). A solu-
tion of glacial acetic acid (105 mg, 1.74 mmol) in dry CH,Cl,
(2 mL) was added dropwise to a stirred solution of 3-phenyl-
1,5-dioxaspiro[3.2]hexane (1) (0.20 g, 1.23 mmol) in dry CH.CI,
(5 mL) at —78 °C. The mixture was stirred (2 h) and then left
to warm to room temperature over 12 h. The reaction mixture
was then concentrated, and the orange oil was purified by flash
chromatography on silica gel (petroleum ether/EtOAc 9:1 to
4:1to 3:2) to give 19 as a colorless oil (0.26 g, 93%): IR (CDCls)
3450, 3061, 3030, 2928, 1751, 1729, 1495, 1375, 1227, 1050
cm~1; 'H NMR (400 MHz, CDCl3) 6 7.35 (m, 3H), 7.22 (m, 2H),
4.71(d,J=17.1Hz, 1H),4.57 (d, I = 17.1 Hz, 1H), 4.19 (ddd,
J =5.8, 8.5, 11.4 Hz, 1H), 3.99 (dd, J = 4.9, 8.5 Hz, 1H), 3.78
(ddd, 3 =4.9,7.8,11.4 Hz, 1H), 2.22 (dd, J = 5.8, 7.8 Hz, 1H),
2.12(s, 3H); 13C NMR (100 MHz, CDCls) 6 204.0, 170.1, 134.3,
129.3,128.5, 128.2, 67.6, 64.0, 57.7, 20.3; MS (El) m/z 204 (M*
— H;0), 192 (M* — CH,0), 162 (M* — AcOH), 150, 131, 121
(M* — COCH,0ACc), 104 (100), 103, 101 (COCH,0Ac"), 91, 77
(Ph™), 73, 65, 51. Anal. Calcd for C1,H1404: C, 64.85; H, 6.35.
Found: C, 64.62; H, 6.10.
4-Hydroxy-3-phenyl-1-(dimethylpropionyl)butan-2-
one (21). Trimethylacetic acid (0.069 g, 0.68 mmol) was added
to a stirred solution under nitrogen of 3-phenyl-1,5-dioxaspiro-
[3.2]hexane (1) (0.10 g, 0.62 mmol) in dry CH.CI, (5.0 mL).
The mixture was stirred at room temperature for 12 h, then
the solvent was evaporated in vacuo to afford a pale yellow
residue. Purification was performed by flash chromatography
on silica gel (petroleum ether/EtOAc 9:1 to 3:2) to give
4-hydroxy-3-phenyl-1-(dimethylpropionyl)butan-2-one (21) as
a white solid (0.11 g, 68%): mp 94.5—-95.0 °C; IR (KBr) 3555
(br), 2968, 1740, 1287, 1727, 1161 cm™%; H NMR (400 MHz)
0 7.35 (m, 3H), 7.26 (m, 2H), 4.67 (d, J = 16.9 Hz, 1H), 4.57
(d, 3 = 16.9 Hz, 1H), 4.19 (ddd, d, 3 = 5.8, 8.3, 11.3 Hz, 1H),
3.98 (dd, J = 4.9, 8.3 Hz, 1H), 3.80 (ddd, J = 4.9, 7.8, 11.3 Hz,
1H), 2.26 (dd, J = 5.9, 7.6, 1H) 1.22 (s, 9H); *C NMR (100
MHz) 6 204.2, 177.8, 134.5, 129.3, 128.6, 128.2, 67.6, 64.2, 57.7,
38.7, 27.1; MS (El) m/z 234 (M* — CH0), 143, 121, 104, 85,
77, 57 ((CH3)3C)* (100). Anal. Calcd for CisH2004: C, 68.16;
H, 7.63. Found: C, 67.81; H, 7.84.
Computational Methodology. Both ab initio (HF and
MP2) and density functional calculations were carried out with
the Gaussian 98 package,® using standard Pople basis sets.**
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The density functional calculations employed the B3LYP
functional,*®> which consists of Becke’s three-parameter hybrid
exchange functional in conjunction with the correlation func-
tional of Lee, Yang, and Parr.'517 The stationary points located
were identified as minima or as transition states via calcula-
tion of vibrational frequencies. Symmetrical structures that
were found to have undesired imaginary frequencies were
reoptimized in lower symmetry. Transition state geometry
optimizations were in most cases carried out using Schlegel’s
synchronous transit-guided quasi-Newton method (QST2 and
QST3 procedures).'® Zero-point vibrational energy correc-
tions were scaled by 0.8934 at the HF/6-31G* level'® and by
0.97 for the B3LYP calculations.?’ Single-point B3LYP/6-
311+G(2df,p), MP2/6-31+G**, and MP2/6-311+G(2df,p) ener-
gies were calculated at the B3LYP/6-31+G**-optimized ge-
ometries.
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Protonation energies of oxirane, oxetane, and 1,5-dioxaspiro-
[3.2]hexane 22 were additionally calculated using the CBS-Q
procedure of Petersson and co-workers.?* The CBS-Q energies,
which include by definition a zero-point vibrational energy
correction, are expected to be the most accurate of those
presented in Table 3. Examination of Table 3 shows that the
CBS-Q proton affinities agree particularly closely with the
results of the B3LYP/6-311+G(2df,p)//B3LYP/6-31+G** cal-
culations. For this reason, and also because the large basis
set DFT calculations are expected to be more reliable than
either the HF calculations or the DFT calculations using
smaller basis sets, the discussion in the text is based upon
the B3LYP/6-311+G(2df,p)//B3LYP/6-31+G** energies. This
level of theory should provide a representative and reliable
picture. However, the discussion would not be substantially
changed if any of the other sets of energies were used instead.
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