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A highly diastereoselective synthesis of trifluoromethylated 1,3-
dioxanes is described. The reaction proceeds by an addition/oxa-
Michael sequence and works efficiently under mild reaction con-
ditions, with a good substrate scope and acceptable to good
yields.

Trifluoromethyl-containing heterocycles and particularly oxy-
genated heterocyclic systems have attracted growing attention
in the last few years." They are currently investigated because
of their interesting applications in medicine, agriculture and
materials science, among others.” In spite of the continuous
growth in this field, the synthesis of 1,3-dioxanes remains
unexplored. Consequently, the development of new and
efficient synthetic methods for this kind of heterocyclic system
is at the same time a challenge and very desirable.

Since the seminal work published by Evans and Prunet in
1993,® the addition/oxa-Michael cascade has demonstrated to
be useful in the construction of protected syn 1,3-diols*
(Scheme 1). The reaction substrates are homoallylic alcohols
functionalised with a Michael acceptor. The most usual
reagent is benzaldehyde but there are several examples in the
literature where p-methoxy benzaldehyde has been used suc-
cessfully.” Concerning the Michael acceptor and the substi-
tution pattern the reaction has been explored with esters and
amides,’ sulfones® and sulfoxides,” and in very few cases with
substituents o to the Michael acceptor.®

Inspired by those previous results and by the need for a
simple method to synthesise CF;-containing dioxanes, we
decided to explore the intramolecular oxa-Michael reaction
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Scheme 1 Difference between the closest similar report and our work.

using trifluoroacetophenone and a homoallylic alcohol func-
tionalised with an ester as substrates (Scheme 1).

During our studies, a similar transformation on cyclic di-
enones in the presence of triethylamine was described by
Wang et al.’ Even if the yields were good, the selectivity was
moderate in most cases.

With our substrates, if the reaction is under thermo-
dynamic control as it is the case with benzaldehyde,® the
major diastereomer should have all the large substituents at
equatorial positions (the two alkyl chains and presumably the
trifluoromethyl group).

We started our investigation with the simple known ester
1a '® and explored the reaction under the conditions described
by Wang et al. (Table 1, entry 1). After 24 hours no reaction
was observed, and the starting material was recovered quanti-
tatively. The use of a larger quantity of a base and ketone or
the use of another weak base such as potassium acetate did
not afford better results (entries 2 and 3); therefore, we
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Table 1 Optimisation of the reaction conditions

Ph, CFs
OH 0 Base 020" O
/\)\/\/U\ /\)\/I\/U\
Ph N0~ THF0C ph Y o~
1a 2a

Entry Base (equiv.) PhCOCF; Time Yield (%) Selectivity”

1 Et;N (0.2) 1.2 equiv. 24h  — —

2 Et;N (0.4) 2 equiv. 12h . .

3 AcOK (0.4) 2 equiv. 12 h — —

4 (BuOLi (0.4) 2 equiv. 12h 49 80:20

5 BUOK (0.4) 2 equiv. 6h 84 88:12

6" tBuOK (0.3) 3.3 equiv. 2h  70° >98:2

7¢ fBUOK (0.3)  3.3equiv. =~ 6h 79 >98:2

“The reaction was performed making successive additions of the base
and the ketone every 15 min. ” Determined by 'H NMR of the crude
product. ©80% brsm.

decided to turn our attention to bases and reaction conditions
more familiar to us."

With ¢BuOLi and 2 equivalents of ketone (entry 4), the reac-
tion proceeded and the desired dioxane 2a was isolated in 49%
yield with a moderate selectivity, the major product has the
same stereochemistry in all cases (see below). The change of
the counterion to potassium provided much better results and
in 6 hours the product was isolated in 84% yield with good
selectivity (entry 5). Typically an intramolecular conjugate
addition reaction of this kind is performed using successive
addition of a base and carbonyl compound; it was demon-
strated that this serves to improve the selectivity and to
increase the reaction yield.> Hence, we used three additions of
1.1 equivalents of ketone and 0.1 equivalents of base, but after
2 hours the reaction was not complete and the product was
only isolated in 70% yield (80% brsm, entry 6); however after
6 hours the starting material was completely consumed and
the product was isolated in 79% yield (entry 7). In both cases
only one diastereomer was detected in the "H NMR spectrum
of the crude reaction mixture and after purification of the
product.

The stereochemistry of the major diastereomer remained
uncertain. We were confident about the cis stereochemistry of
the substituents at positions 4 and 6, but for position 2 the
configuration will be dependent on the relative steric hin-
drance of Ph and CF;. Fortunately, compound 2a was crystal-
line and X-ray crystallographic analysis provided its structure
(Fig. 1), showing that CF; is indeed at the equatorial position.

With these promising results in hand, we started the study
of the reaction scope. All the starting materials 1 were obtained
by a cross metathesis reaction between the corresponding
homoallylic alcohol and methyl acrylate using the Grubbs II
catalyst (2.5% mol). These homoallylic alcohols were easily
prepared in one step from commercially available aldehydes
and allyl bromide using an aqueous Barbier reaction."”> Then
we applied the optimised conditions to all substrates 1 and we
found excellent diastereoselectivity in all cases (see Table 2).
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Fig. 1

X-ray structure of product 2a.

Table 2 Reaction scope?

OH o BUOK (0.3 equiv) "+ dPT0
0o

J\/\/U\ PhCOCF; (3.3 equiv.) 0
7
R0 - AL .

1 THF, 0°C

2
Entry R Product Yield® (%)
1 PhCH,CH, 2a 79
2 CeHis 2b 80
3 Isopropyl 2¢ 81
4 Chx 2d 82
5 CH;CHOBN 2e 70
6 Ph of 677
7 p-MeOPh 2g 70
8 p-ClPh 2h 63

“The reaction was performed making successive additions of the base
(0.1 equiv.) and the ketone (1.1 equiv.) every 15 min. ”Yields are
reported for pure compounds; the "H NMR spectra of the crude reac-
tion mixtures showed in all cases only one diastereomer. °This
product was obtained from enantiopure lactic acid and the anti dia-
stereomer from the cross metathesis reaction was isolated (see the
ESI). ¢ 80% brsm.

The use of simple aliphatic substrates afforded the best results
(entries 1 to 4); there is no noticeable effect induced by the chain
extension, or by the presence of aromatic rings in the aliphatic
chain (compare entries 1 and 2). The use of branched R groups is
also acceptable and there is no influence on the reaction
diastereoselectivity; in fact, as these groups are at the equatorial
position we indeed expected better selectivities with these bulkier
R groups. The reaction is also useful with aromatic R substituents
(entries 6 to 8); however, yields are somehow lower when elec-
tron-withdrawing groups are inserted (entry 8 vs. entry 7).

The reaction mechanism is shown in Scheme 2. We postu-
lated that this reaction is under thermodynamic control as it is
the case with benzaldehyde,® with a reversible oxa-Michael
reaction. So, it is to be expected that the use of a more electro-
philic carbonyl compound (trifluoroacetophenone) will cause
a better reaction with the alkoxide 3, favouring the formation
of hemiketal alkoxide 4. We hypothesise that this intermediate
is stabilised by the inductive effect of the CF; group, facilitat-
ing the reverse oxa-Michael addition and in consequence
improving the selectivity of the whole process.

This journal is © The Royal Society of Chemistry 2017
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Scheme 2 Reaction mechanism.

Table 3 Reaction with a-substituted substrates

. Ph F3
OH 0 tBuOK (0.3 equiv.)
0 /fo o}

PhCOCF; (3.3 equiv.)
R™Y7SN" 0R, RJ\/'\{M

R, R, THF, 0°C : ORs
Ry Rq
6 7

Entry R Ri R, R;  Product,yield Selectivity
1 PhCH,CH, H Me Et  7a, <27%" 82:18
2 PhCH,CH, H  OCb’ Et  7b, 54%° >98:2
3¢ PhCH,CH, Me OCb Et  7c, 90% >98:2
4° PhCH,CH, H NHCHO Me 7d,85% 82:18

“This value was calculated by analysis of the "H NMR spectrum; the
crude mixture also contained the intermediate hemiketal and the elimi-
nation product; a sample was purified for analytical purpose. ?Cb =
CON(iPr),. © 83% brsm. ¢ The reaction was performed using 4 additions
of a base and ketone. °The starting material was treated with 1.1
equivalents of base and ketone, and then consecutive additions of 0.1
equivalents of base and 1.1 equivalents of ketones were made.

The next step was the investigation of the effect of a substi-
tuent at the a position to the electron-withdrawing group®
(results in Table 3); for this purpose, we synthesised several
a-substituted substrates 6 (see the ESI} for the reaction
sequence). When the substituent at the o position was a
methyl group (entry 1), the outcome of the reaction was dis-
appointing. The product was observed in the 'H NMR spec-
trum along with the intermediate hemiketal and the elimin-
ation product. We were able to isolate the desired ketal with
acceptable selectivity but in low yield. On the other hand, the
reaction with product 6b works smoothly and the product was
isolated with excellent selectivity and in acceptable yield (entry
2); curiously the reaction was not complete after 12 hours and
some starting material was recovered. The introduction of a
methyl group y to the ester did not have a significant effect on
the selectivity (entry 3); in this case the reaction was pushed to
completion with 4 additions of a base and ketone to furnish
7c in 90% yield. It has to be noted that the reaction on a sub-
strate similar to 6¢ (with R = iPr) with benzaldehyde as the

This journal is © The Royal Society of Chemistry 2017
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electrophilic reagent furnished the corresponding product in
35% yield (53% brsm) with a 67 : 33 selectivity.*?

We were also curious about the reactivity of a substrate with
a nitrogen substituent at the o position. Depending on the
substitution pattern of the nitrogen atom, the compound can
have an enamine character or the N-H group can be acidic
enough to be deprotonated before the alcohol.

We were able to synthesize compound 6d by a Horner—
Wadsworth-Emmons reaction.” As expected an extra equi-
valent of base was needed in order to completely deprotonate
the NH group (entry 4). It is remarkable that this reaction pro-
ceeded giving very good yield and good selectivity, even if the
deprotonation of the nitrogen can induce a nucleophilic char-
acter to the carbon at the p position to the ester. It is worth
noting that in all the cases described in Table 3, the reported
selectivity corresponds to the position of R,; the reaction pro-
ceeds with complete selectivity for the oxygen addition.

Fortunately, the stereochemistry of the substituent at the «
position could be determined by X-ray crystallographic analysis
of compound 7d as shown in Fig. 2. Comparison of NMR
signals and coupling constants for the H-5 proton in 7d and
7b allowed us to define the configuration at C5 for compound
7b as shown in Scheme 3. The stereochemistry at C5 of 7¢ M
was assumed to be the same as that of 7b.

Some additional experiments were carried out in order to
illustrate the generality of our method. First, other Michael

Fig. 2 X-ray structure of product 7c.

Ph, ,CFs Ph, ,CFs
AL AL
00 O 00 O
Ph Y OMe Ph S oMe
NHCHO NHCHO

7dM, J,5=2.1Hz
Structure determined by X-Ray
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Ph, ,CF Ph, ,CF,
P A
0) (0] 0 (0] (0] (0]
Ph 7O 0E Ph 7 OEt
OCb . 0Ocb

7O M, J,5=33Hz 7cM, J,5=16Hz

Scheme 3 Stereochemistry for major (M) and minor (m) diastereomers.
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Scheme 4 Weinreb amide and sulfone as Michael acceptors.
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Scheme 5 Reaction using m-nitrotrifluoroacetophenone.

acceptors such as Weinreb amides or sulfones were explored.
The cited literature®® shows that the reactivity of the Michael
acceptors does not have a great influence on the yield of the
oxa-Michael reaction. The main difference is the
diastereoselectivity.

In consequence, we were curious to see if in our case
Weinreb amides or sulfones are desirable substrates and if the
selectivity is comparable to that obtained with esters.

As shown in Scheme 4 the results are very good, the reac-
tion yields are comparable to those obtained with simple
esters and in both cases, Scheme 4a and b, there was only one
diastereoisomer visible by 'H NMR of the crude reaction
mixture and isolated products 9 and 11. The stereochemistry
of these compounds was assigned by comparison with that of
the esters.

We also decided to use another trifluoromethyl ketone;
we speculated that, if the ketone was more electrophilic than
trifluoroacetophenone, the hemiketal alkoxide 4 would be less
nucleophilic and so the reaction would be more difficult.
Thus, if the reaction worked with a ketone substituted in the
aromatic ring by a strong electron withdrawing group, then it
would be predictable than the reaction could be extended to
the use of almost any trifluoromethyl ketone. Scheme 5 shows
the result of the reaction using m-nitro-trifluoroacetophenone
as the electrophilic reagent. In this case the reaction proved to
be more difficult; four additions of a base and 16 hours were
needed to complete the reaction; however, product 13 was iso-
lated in good yield and the reaction proceeded with complete
diastereoselectivity.

In summary, the additional experiments allow us to con-
clude that different Michael acceptors and other trifluoro-
methyl ketones can be used, thus making the method very
general.
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Finally, computational studies oriented to propose an expla-
nation for the difference in reactivity and selectivity between
the substrates, as well as additional experiments to increase
even more the reaction scope are currently under investigation
in our laboratory. The results will be reported in due course.

In conclusion, we have described a useful methodology for
the synthesis of CF;-containing 1,3-dioxanes with excellent
diastereoselectivity in most cases. We also reported our pre-
liminary conclusions about the reaction mechanism based on
literature reports and experimental observations. The stereo-
chemistry of the products was established by X-ray crystallo-
graphic analysis and extrapolation.
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