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A hexafluoroisopropanol (HFIP)-catalyzed highly diastereoselective formal [4 + 2] cyclization between
ortho-hydroxyphenyl para-quinone methides and difluoroenoxysilanes is developed. This tandem protocol
provides a simple and straightforward approach to assemble diverse multiply functionalized difluorinated
chromans with high to excellent diastereoselectivity by employing difluoroenoxysilane as a new C2 syn-
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Chromans, especially multisubstituted chromans have received
great attention because of their widely distributed in numer-
ous natural products, pharmaceuticals and bioactive molecules [1].
Representative examples are myristinin A and B/C (potent DNA
damaging agents and DNA polymerase 8 inhibitors) [2], SERM and
therapeutic agent for breast cancer [3], NCS 381,582 (podophyllo-
toxin analogue, antimitotic agent) (Fig. 1) [4]. Owing to their great
value, much effort has been devoted to developing convenient
methodologies for the construction of highly functionalized chro-
mans [5,6]. On the other hand, it is well-known that the selective
incorporation of fluorine atoms or fluoroalkyl groups into organic
molecules can greatly change the physicochemical and biological
properties of the original compounds, such as GPR119 shows ago-
nist activity (Fig. 1) [7,8]. As a consequence, it is intriguing to de-
velop new protocols for the synthesis of structurally diverse flu-
orinated chromans. However, the developed synthetic strategies
for assembling difluorinated chromans are exceedingly rare and
still have a large gap compared with the various well-established
approaches for introducing gem-difluoromethylene units (-CF,-, a
bioisostere for oxygen or carbonyl group) into a ring-type struc-
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ture. To date, the conventional methods for the synthesis of di-
fluorinated chromans usually requires multi-step transformation
processes via the difluorination of chromone or its derivatives
(Scheme 1a) [9]. In view of the above, developing new efficient
strategies for facile synthesis of multiply functionalized difluori-
nated chromans is challenging but highly desirable.
Difluoroenoxysilanes, interesting fluorinated silyl enol ethers,
could be easily obtained by the reaction of Mg-mediated C-F
bond cleavage of trifluoromethyl ketones, and have been recog-
nized as versatile building blocks for the construction of diverse
o, «-difluoroketone-containing molecules [10,11]. Generally, the re-
actions of difluoroenoxysilanes mainly involve nucleophilic addi-
tion to unsaturated precursors such as aldehydes, ketones, imines
and olefins [12-16], nucleophilic substitution of alkyl halides, alco-
hols or substrates with other leaving groups [17-19], halogenations
[20], oxidative coupling [21] and rearrangement reactions [22] lead
to numerous «,x-difluoroketone derivatives (Scheme 1b). In spite
of elegant achievements, difluoroenoxysilanes usually act as C1
synthons to participate the rapid construction of functionalized
o,a-difluoroketones in these reported reaction patterns. There-
fore, it is highly desirable to develop new transformation mod-
els of difluoroenoxysilanes from the view of expanding the struc-
tural diversity of the designed molecules. In order to realize the
highly efficient construction of multiply functionalized difluori-
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Fig. 1. Representative multisubstituted chroman-containing bioactive molecules.

Scheme 1. State of the art for construction difluorinated multisubstituted chromans
and our work design.

nated chromans, we envisaged that the generated difluoroketone
carbonyl group could be further utilized as an electrophilic site
to facilitate the subsequent transformations to forge difluorinated
cyclic compounds despite its being rarely explored possibly due
to the low reactivity in previous studies [10,11]. Correspondingly,
difluoroenoxysilanes serve as C2 synthons in constructing CF,-
engineered chromans for this new reaction pattern. Concerning
the excellent performance of ortho-hydroxyphenyl para-quinone
methides (p-QMs) in cyclization reactions for synthesizing chro-
man derivatives [23-29] and our continued interest in developing
new catalytic routes to fluorine-containing molecules [16,18,19,22],
we herein reported a HFIP-catalyzed highly diastereoselective syn-
thesis of difluorinated multisubstituted chromans via the formal
[4 + 2] cyclization of ortho-hydroxyphenyl p-QMs with difluo-
roenoxysilanes (Scheme 1c). By taking advantage of this scheduled
procedure, a series of highly functionalized difluorinated chromans
were efficiently prepared in high diastereoselectivities.

First, ortho-hydroxyphenyl p-QM 1a and difluoroenoxysilane 2a
were chosen as the model substrates to examine the feasibility
of the envisaged formal [4 + 2] cyclization reaction (Table 1). It
was found that the common metal salt Lewis acid catalysts such
as Zn(OTf),, Cu(OTf),, Sc(OTf); and Fe(OTf); could promote this
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Table 1
Optimization of reaction conditions.?
o
tBu tBu
‘ . OTMS catalyst (10 mol%)
_—
| * Z "Ph solvent, r.t.
F
OH
1a 2a
Entry Catalyst Solvent Time (h) dr¢
1 Zn(O0Tf), DCM 12 21 >20:1
2 Cu(OTf), DCM 12 30 >20:1
3 Sc(OTf); DCM 12 37 >20:1
4 Fe(OTf); DCM 12 43 >20:1
5 B(CgFs)s DCM 12 26 >20:1
6 Tf,NH DCM 12 14 >20:1
7 TfOH DCM 12 23 >20:1
8 PTSA DCM 12 34 >20:1
9 PhCO,H DCM 12 trace -
10 HFIP DCM 10 84 >20:1
11 TFE DCM 10 38 >20:1
12 iPrOH DCM 24 0 -
13 H,0 DCM 24 0 -
14 HFIP DCE 10 68 >20:1
15 HFIP toluene 10 19 >20:1
16 HFIP MeNO, 10 73 >20:1

2 Conditions: p-QM derivative 1a (0.5 mmol), difluoroenoxysilane 2a (0.6 mmol),
and catalyst (10 mol%) in solvent (3.0 mL) at room temperature.

b Isolated yield.

¢ Diastereoselectivity was determined by NMR analysis of the crude product.

formal [4 + 2] cyclization reaction providing the desired highly
functionalized difluorinated chroman 3a with excellent diastereos-
electivity (entries 1-4, >20:1 dr). However much lower catalytic
efficiency of metal triflate catalysts were observed in these re-
actions compared with previous reported highly efficient Fe(III)-
catalyzed 1,6-conjugate addition of difluoroenoxysilanes to non-
ortho-hydroxyphenyl-substituted p-QMs [30], which clearly indi-
cated that the free phenolic OH had an important effect on the 1,6-
addition process (see the control experiments in for more details).
Based on these results, we turned our attention to different types
of Lewis acids or Brensted acids, such as B(CgFs)3, Tf,NH, TfOH,
PTSA and PhCO,H were evaluated but did not provide a better re-
sult (entries 5-9). Inspired by the superior catalytic performance
of HFIP for OH-containing substrates in the construction of fluo-
rinated molecules in our previous studies [18,19], HFIP was then
considered as a promising alternative to access the difluorinated
chroman products more effectively. As expected, the desired cy-
clization product 3a was obtained smoothly in high yield with ex-
cellent diastereoselectivity (entry 10, 84% yield, >20:1 dr). Further
investigations showed that the multiple fluorine atoms and the sol-
vent had a great influence on the reaction (entries 11-16). Thus the
optimal reaction conditions for the formal [4 + 2] cyclization reac-
tion were determined by using 10 mol% HFIP as the catalyst and
DCM as the solvent at room temperature.

With the optimized reaction conditions in hand, we next
investigated the substrate scope of ortho-hydroxyphenyl p-QMs
and difluoroenoxysilanes to probe the generality of this formal
[4 + 2] cyclization reaction (Scheme 2). First, ortho-hydroxyphenyl
p-QMs with both electron-donating and electron-withdrawing sub-
stituents at the 3-position of the phenol ring 1b-1f were em-
ployed. It was obviously found that ortho-hydroxyphenyl p-QMs
bearing electron-withdrawing groups afforded the desired difluo-
rinated chroman products (3d-3f) in a much higher yield than
the substrates bearing electron-donating groups (3b and 3c), which
was probably promoted by the relative fast proton-transfer pro-
cess with electron-withdrawing substituents at the ortho-position
of bottom phenolic OH group (see the proposed reaction mech-
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Scheme 2. Substrate scope. Reaction conditions: 1 (0.5 mmol), 2 (0.6 mmol), HFIP (10 mol%), DCM (3.0 mL), room temperature, 10-36 h. Isolated yield. Diastereomeric ratios

were determined by NMR analysis of the crude reaction mixture.

anism for details). For substrates with substituents at the 4-
position 1g-1i, the introduction of electron-donating groups also
gave a lower yield. While for substrates with substituents at the 5-
position 1j-1o, the introduction of a strong electron-withdrawing
group dramatically reduced the reaction yield (3m, 58% yield)
(maybe due to the weak nucleophilicity of the resulting phe-
nol ion in subsequent cyclization process). Then, the generality
of difluoroenoxysilanes was investigated. Aromatic difluoroenoxysi-
lanes with both electron-donating and electron-deficient groups
also gave corresponding difluorinated chroman products 3p—3w
in 64%-92% yields. However, almost no desired cyclization product
3x was detected for benzyl-derived difluoroenoxysilane. Finally, the
relative configuration of compound 3a was unambiguously deter-
mined by X-ray crystallography analysis (for details, see Supporting
information).

To demonstrate the synthetic utility of this HFIP-catalyzed for-
mal [4 + 2] cyclization reaction, a gram-scale synthesis was con-
ducted. As shown in Scheme 2, the desired difluorinated chroman
3a was obtained in a maintained level of yield and diastereose-
lectivity. Furthermore, the dehydroxylated structural product 3e’
which is widely exist in bioactive molecules showed in Fig. 1 could
also be smoothly obtained with high diastereoselectivity by re-
ductive dehydroxylation of 3e (Scheme 3a). Of particular interest,
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during the following investigations we found that these difluori-
nated hemiacetals were perfectly stable under acidic conditions,
which shows the great difference between fluorinated and non-
fluorinated hemiacetals (the relative configuration of compound
3e’ was determined by X-ray crystallography analysis and stud-
ies on the properties of difluorinated multisubstituted chromans,
see Supporting information for details). Subsequently, great efforts
had been made to developing a catalytic asymmetric variant of
this formal [4 + 2] cyclization reaction. It was found that prod-
uct 3k could be obtained in 19% yield with > 20:1 dr and 53%
ee with multiple attempts in the presence of heptafluoro-p-tolyl-
substituted chiral monophosphoric acid (Scheme 3b). Though the
result is not satisfactory, it also provided a new insight into the de-
velopment of asymmetric formal [4 + 2] cyclization reaction with
difluoroenoxysilanes. Further efforts are underway to develop the
catalytic asymmetric version of this reaction with newly designed
chiral fluoroalcohol catalysts and the results will be reported in
due course.

Control experiments were also carried out to gain insight into
the reaction mechanism of this cyclization process (Scheme 4).
The experiments with TBS-protected substrate 1k’ showed that the
densely functionalized difluorinated chromans were obtained via
a sequential 1,6-conjugate addition of ortho-hydroxyphenyl p-QMs
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Scheme 3. Synthetic transformation and preliminary investigations toward the catalytic asymmetric variant.

Scheme 4. Control experiments.

with difluoroenoxysilanes and subsequent hemiacetalization of the
resulting intermediates. Obviously quite different catalytic perfor-
mance of the used catalysts was observed in this stepwise conju-
gate addition process, which indicated that the OH group plays a
key role in the HFIP-catalyzed formal [4 + 2] cyclization reaction
of ortho-hydroxyphenyl p-QMs and the excellent diastereoselectiv-
ity of the final products was induced by the special skeleton of the
addition intermediates.

Based on these experiments results and related references [31-
37], a proposed mechanism is illustrated in Scheme 5 to ex-
plain the reaction process. First, the carbonyl group of ortho-
hydroxyphenyl p-QMs 1 is activated by HFIP through hydrogen-
bond interaction. On the other hand, the hydrogen-bond interac-
tion between phenolic OH of p-QMs and HFIP may help to im-
prove the reactivity of ortho-hydroxyphenyl p-QMs in 1,6-addition
process. Then, the 1,6-conjugate addition with difluoroenoxysilanes
2 smoothly affords the desired intermediate A. Finally, after a
proton-transfer process and subsequent hemiacetalization, the de-
sired difluorinated chromans 3 are obtained along with the release
of HFIP catalyst. It should be noted that the activation potential of
HFIP on difluoroenoxysilanes in this formal [4 + 2] cyclization reac-
tion should not be completely ruled out according to our previous
study [18].

In summary, an efficient direct formal [4 + 2] cyclization
of ortho-hydroxyphenyl p-QMs and difluoroenoxysilanes via HFIP
catalysis has been developed. This novel metal-free strategy pro-
vides a convenient method to access a variety of multiply func-
tionalized difluorinated chromans with high to excellent diastere-
oselectivities. By using this method we successfully demonstrated
that difluoroenoxysilanes can be commendably applied as C2 syn-
thons, which would bring new opportunities to access structurally
diverse cyclic difluorinated molecules efficiently.
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Scheme 5. Proposed reaction mechanism.
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