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18 ABSTRACT: The completely OH-selective Prins cyclization has been realized from the enantioselective ene reaction product. A
19 variety of 4-hydroxyl-tetrahydropyrans were exclusively generated via FeCl; catalyzed Prins reaction. Excellent stereoselectivities
20 (up to >99:1 dr and >99.5:0.5 er) were obtained for a remarkably broad substrates under mild reaction conditions. The control
experiments, including NOE effects and '*O-labeling studies, as well as DFT calculations were conducted to provide fundamental
21 vAb - ) - . > p
22 insights into the mechanism of the reaction. A different [2+2] cycloaddition process was suggested to rationalize the observed OH-
lectivit
23 se y.
24
25
26 A. Previous work
57 INTRODUCTION X
OH o N = 7
28 Substituted tetrahydropyrans represent a common structural /\)\w +R21LH cat, fj\ RQIO:\R1 RZ’:oj\w
29 motif featured in a large number of natural products and R2"S07 R! © ©
30 biologically active compounds.' In particular, chiral 4- Cat. = MX, or TMSX, X =F, Cl, Br, | Z'OX?'T'Q'COpe "'Ea"angemem
31 hydroxyl substituted tetrahydropyran derivatives play an Cat. = TFA or M(OTD, X = OH . gg:;",;‘;‘;;ﬁ"’“’"'a'c""e rearrangement
32 important role in therapeutic area. In virtue of the varied and * High catalyst loading
33 significant biological activities™ observed for such a class of B. This work
34 compounds, the development of catalytic asymmetric o RZ OH )
35 s;}llnth?fsis of 4-hydgoxy1ftetrahydropyrans is highly valuable. ZL/%' 1+R3 JJ\H FeCly. :gznﬁ;?zgﬁ)cﬁiee{eﬁgzngemem
Therefore, a number of reactions have been developed to R COR R3" N0~ “coR! * High drand er
g? approach to this target.” Among existing approaches, the Prins
cyclization, a coupling of a homoallylic alcohol with a affording a mixture of products in some case.'” Thus, the
gg carbonyl compound in the presence of an acid catalyst, stood development of catalytic methods that selectively produce
out as one of the most attractive.”"" However, the optically active 4-hydroxyl-tetrahydropyrans would be
40 enantioselective access to substituted tetrahydropyrans via the particularly valuable.
41 Prins cyclization was restricted to two of the problems ) ) ) ) ]
42 common to the typical Prins cyclization protocols: side-chain The design of practically simple and efficient organic
43 exchange and partial racemization by reversible 2-oxonia transformations is one of the main challenges of current
44 Cope rearrangement and solvolysis effect, which has been organic synthesis. The formation of multiple bonds through
45 demonstrated as a competitive process in Prins cyclization by sequ%ltial reactions constitutes one approach to achieving this
46 Rychnovsky and Willis (Scheme 1).* On the other hand, in goal. Cons.idering the fact that homoallylic alcphols achieved
47 previous works, the halogenated Lewis acid-promoted (such as by ene reaction are pivotal substrates for the Prins cyclization,
i izati - isioned that a stepwise catalytic asymmetric ene
48 MX, and TMSX) Prins cyclizations usually gave the halo we  cnvisione p Sy c ¢
49 substituted tetrahydropyrans as products, which formed as the reaction, followed by an intermolecular Prins cyclization
50 result of intermediate-trapping by halogen ion (most would produce optically active substituted tetrahydropyrans
51 commonly from the original acid MX, and TMSX). And (Scheme 2} Herem,. we report our investigations on
5o hydroxyl-substituted products were only obtained as the stereoselective synthesis of 4-hydroxyl tetrahydropyrans by
byproducts.” Although hydroxyl-added products could be S?qu?ntlal ene/P rns cyclization reactions. Chiral Ni(I)-N,N"-
gi achieved as the main products in the presence of TFA or dioxide complex ™" and FeCl; were used for the two processes,
M(OTY), (a Lewis acid with a non-nucleophilic anion), more respectively. None of 2-oxonia-Cope
gg generally, strongly acidic conditions and stoichiometric Scheme 2. Lewis acid catalyzed ene-Prins cyclizations
amounts of catalyst were required,
57 . . L.
Scheme 1. OH-Selective FeCl;-catalyzed Prins cyclization
58
59
60
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(1) Catalytic Asymmetric Ene Reaction

Jk 2 Ni(ll)-L O .
R (10 mol %) J\/Q\H O R~ RN0
_— e Ao
R? COR' N,/ O, N
% CHC 4 A’ H HO A
H)J\COR1 High yields and er’s L: Ar=2,6-iPraCels

1
(2) Catalytic Prins Reaction

RZ
OH o) &N
b 1 Lewis Acid 4
2 1+ N 6
R COR R H Nu rs? 07 YCOR!
4 3 5

rearrangement was observed in the reaction. This new
approach permitted an easy and straight route to a range of
optically active 4-hydroxyl-tetrahydropyrans with excellent
outcomes (up to 92% yield, >99:1 dr, >99:1 er) under mild
conditions. We also detailed mechanistic studies such as
control experiments, NOE effects, and Oxygen-18 labeling
studies, as well as computational calculation.

RESULTS AND DISCUSSION

Reaction Optimization.

Table 1. Examination of Lewis acid in the Prins
cyclization”

OH
P P i
Ph COEL | ewis acid b\ + b\
4a, 99:1 er —_—
CHCly, 10°C Ng CO,Et Nap” ~O~ “CO.Et

M
Ph CO,Et FeCl; (20 mol %)

Phﬂ\\\OH Ph
4a, 99:1 er Additives (x mol %! b\ . m
+o CHaClp, 10°C Ngp? ™07 YCOEt Nap” O~ “CO,Et
Nap)J\H 3n >gi-,n; 5dr (mixt:pe 1/1)
entry additive (moyi %) Eh) }Slile/l;lno(fo %) er of 5n°

1 TMSCI 20 6 <5/68 -
2 TESCI 20 6 18/62 99:1
3 TBSCI 20 12 92/<5 99:1
4 Ph;SiCl 20 24 84/10 99:1

5 TBSOTf 20 0.5 12/65 -

6 TMSOTf 20 0.5 <5/72 -
7 TBSCI 10 12 90/<5 99:1
8 TBSCI 50 12 92/<5 99:1
9 TBSC1 120 12 89/<5 99:1

10 NEt; 20 48 - -
11 H,O 120 32 89/<5 99:1
12 H,O 500 64 82/<5 99:1

13 TBSCI 20 48 - -

o ™ O
Nap)]\H ;:’.5)( =5 ng mixt::e 1M
3n 6n X =Cl
A T
(%)
1 TFA 300 mol % 24 36/42 98:2
2 In(OTY), 20 mol % 24 52/32 99:1
3 Sc(0OTf); 20 mol % 24 46/35 99:1
4 AlCl; 20 mol % 48 - -
5 SnCly 20 mol % 48 - -
6 InCly 20 mol % 48 - -
7 InBr; 20 mol % 48 - -
8 FeCls 20 mol % 24 72/12 99:1
9 FeBr; 20 mol % 24 63/22 98.5:1.5
10 anhlitijrlous ) 6 ) )

“ Unless otherwise noted, the crude product 4a (0.2 mmol)
obtained from asymmetric catalytic carbonyl-ene reaction was
added to a test tube with 2-naphthaldehyde 3n (0.24 mmol), acid
catalyst in CH,Cl, (1.0 mL) at 10 °C. ® Isolated yield. ¢
Determined by chiral HPLC.

Table 2. Examination of additives in the Prins cyclization’

¢ Unless otherwise noted, the crude product 4a (0.2 mmol) of
carbonyl-ene reaction was added to a test tube with 2-
naphthaldehyde 3n (0.24 mmol), FeCl; (20 mol %) and additive
(x mol %) in CH,Cl, (1.0 mL) at 10 °C. ® Isolated yield. °
Determined by chiral HPLC. ¢ The reaction was performed
without FeCl;. TBS = tert-butyldimethylsilyl, TES = triethylsilyl.

Initially, the chiral homoallylic alcohol 4a (99:1 er), generated
from chiral N,N'-dioxide L-Ni(II) complex catalyzed ene
reaction, was used for the Prins reaction with 2-
naphthaldehyde 3n. Various acidic catalysts, generally used in
Prins cyclization,”'’ were examined. To our surprise, 4-
hydroxy tetrahydropyran 5n was exclusively obtained no
matter what kind of Lewis acid was used. As shown in Table
1, with 3.0 equivalences of TFA, the Prins cyclization
proceeded at 10 °C to afford 4-hydroxyl-tetrahydropyran 5n in
36% yield with 98:2 er, and a 42% yield of dihydro-2H-pyran
derivatives 7n'"> (Table 1, entry 1). In the presence of 20
mol % catalyst of Sc(OTf); or In(OTf); (the Lewis acid with a
non-nucleophilic anion), the reactivity was slightly improved,
and the product Sn was obtained in 52% yield and 46% yield,
respectively (Table 1, entries 2-3). Interestingly, when
halogenated Lewis acids, which generally afforded 4-halo-
substituted products in previously related work, were tested in
the reaction, 4-hydroxy tetrahydropyran 5n rather than 4-halo
tetrahydropyran 6n was generated.” In the presence of 20
mol % of FeCl;, the unexpected hydroxyl-added product 5n
was generated in 72% yield and 99:1 er within 24 hours (Table
1, entry 8). Moreover, no competitive 2-oxonia Cope
rearrangement  and  side-chain  exchange  occurred.
Contrastingly, other

Table 3. Optimization of other reaction conditions”
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JJ\/Q\H
Ph

Ph Ph
COEL Fecl, (x mol %) wOH
4a, 99:1 er TBSCI (20 mol %
TBSCI (20 mol %), +
+ CH,Cl, Nap” 0~ “COEt Nap” ~O” ~CO,Et
5n 7n

o]
Nap)J\H >95:5dr (mixture 1/1)
3n
yield of
entry Conc.® (mo)i %) Eh) (5(;:)/)Zn gr of Sn
1 0.05 M 20 32 89/<5 99:1
2 0.1 M 20 24 90/<5 99:1
3 02M 20 12 92/<5 99:1
4 0.5M 20 10 90/<5 99:1
5 02M 10 24 89/<5 99:1
6 02M 50 4 <5/73 -
7 02M 100 1 <5/80 -
8¢ 0.2M 20 48 87/<5 99:1
9f 0.2M 20 24 92/<5 99:1
108 0.2M 20 4 <5/75 -

“ Unless otherwise noted, the crude product 4a (0.2 mmol) of
carbonyl-ene reaction was added to a test tube with 2-
naphthaldehyde 3n (0.24 mmol), FeCl; (x mol %) and additive
(20 mol %) in CH,Cl, at 10 °C.° With respect to 4a. ¢ Isolated
yield. ¢ Determined by chiral HPLC. ¢ The reaction was
performed at —20 °C./ The reaction was performed at 0 °C. € The
reaction was performed at 35 °C.

Lewis acids such as AICl;, SnCly, InCl;, and InBr; afforded no
products, reflecting the importance and particular
characteristic of metal iron (Table 1, entries 4-7 vs 8).
Changing the counterion of the iron(IIl) salt provided no
improvement in the reaction efficiency (Table 1, entry 9). The
anhydrous HCI was also used in the reaction, but no desired
product Sn was obtained, and the reaction only gave some
impurity with the same R, value, which were difficult to
separate via flash chromatography (Table 1, entry 10).

These results promoted us to carry out an exhaustive study to
find the optimal conditions for the formation of optically
active 4-hydroxy tetrahydropyran derivative Sn. Silicon Lewis
acids is an useful mediator in carbon-carbon bond forming
reactions.'® Inspired by previous works,” some acidic
compounds such as the TMSCI, TESCI, TMSOTT as additives
were examined to further improved the selectivity and activity
of reaction.”” As shown in Table 2, it was found that the
additives had a significant effect on the outcome of the ratio
between Sn and elimination product 7n. Excitingly, TBSCI
was found as the most effective additive, affording the product
5n/7n in 92% and <5% yield, respectively (Table 2, entries 1—
6). The enantiomeric excess of the product 5n was maintained.
However, when TMSCI or TESCI] was used, the amount of
byproduct 7n exceeded that of Sn (Table 2, entries 1-2).
TBSOTf and TMSOTf shorten the reaction time, but
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accelerated the generation of the byproduct 7n (Table 2,
entries 5—6). Moreover, varying the amount of TBSC1 (0.1-1.2
equiv) had no obvious effect upon the outcomes (Table 2,
entries 7-9). The use of base additive NEt; inhibited the
occurrence of Prins cyclization (Table 2, entry 10). The
reaction time prolonged with an increase of the amount of H,O,
but the elimination product somewhat decreased (Table 2,
entries 11-12 vs Table 1, entry 8)."® Additionally, in the
absence of FeCl;, no reaction was observed using TBSCI
alone (Table 2, entry 13).

With FeCl; and TBSCI identified as the optimized catalyst
system for the Prins cyclization, effects related to reaction
concentration, temperature and catalyst loading were next
examined. As shown in Table 3, a slight enhancement in
reactivity was observed when the concentration was increased
(Table 3, entries 1-4). It is worth pointing out that decreasing
the catalyst loading to 10 mol % resulted in a slightly reduced
yield of Sn (Table 3, entry 5). While, when large quantities of
FeCl; were present, the elimination product 7n was obtained
as the major product (Table 3, entries 6—7). Additionally,
decreasing the reaction temperature to 0 °C or —20 °C led to
no improvements (Table 3, entries 8-9). High temperature was
favorable for the formation of the product 7n, and only trace
of product Sn was obtained at 35 °C (Table 3, entry 10).

Substrate Scope. With the optimal reaction conditions estab-
lished, the substrate scope was extended. As summarized in
Table 4, the reaction displayed a broad scope for aldehydes,
and excellent levels of chemo- and stereoselectivity were
achieved. Aromatic aldehydes with either electron donating or
withdrawing substituents at the ortho-, meta-, or para- posi-
tions all performed well, furnishing the corresponding prod-
ucts with 68-90% yields, 80:20—>95:5 dr, and 98:2—>99:1 er
(Table 4, entries 2—12). In general, the reaction rate of the
Prins cyclization was higher with electron-rich aldehydes. For
example, methylbenzaldehydes and methoxylbenzaldehydes
underwent the reaction within 4—-6 hours (Table 4, entries 2—
7), whereas chloro-, fluoro-, and trifluoromethyl-substituted
benzaldehydes required 12-36 hours (Table 4, entries 8—-12). It
was noteworthy that the naphthaldehydes 3m, 3n, and the
heteroaromatic aldehydes 30, 3p also well tolerated, giving the
corresponding products in high yields with excellent stereose-
lectivities (Table 4, entries 13—16). Some representative ali-
phatic aldehydes were also evaluated. Excitingly, linear alde-
hydes, such as n-propanal, n-butanal, n-hexanal, 3-
phenylpropanal, cinnamaldehyde, and (E)-but-2-enal gave the
corresponding products with high yields within 3-8 hours
(Table 4, entries 17-18, 21, and 24-26). Comparatively, steric
bulkier aldehydes gave moderate yields with somewhat longer
reaction time (Table 4, entries 19—20 and 22-23). It suggested
that for the cyclization of aliphatic aldehydes, smaller steric
hindrance significantly benefited the reactivity.

Additionally, a series of alkenes were proven suitable for this
reaction as highlighted in Table 5. For the first step, the
asymmetric ene reaction of various alkenes (2b—2i)

Table 4. Substrate scope of aldehydes in the synthesis of 4-hydroxyl tetrahydropyrans’
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P 1/(\)/:'(//);1;/ FI0G FR;IC;(;S:;CI e 0 N N o) :
m e W ]
HJkCOzEt ' PhJL %’ VOH (x o %) fj\ ] 0‘/\ s N |
PH CH,Clp, 10°C  R3” "O7 YCOEt | A H HTAr|
1a 2a 4a 5a-5z L: Ar= 2,6-iPr,CqHs
entry 3, R’ x (mol %) t (h)° yield (%)° dr er °8
1 3a, C¢H; 20 12 Sa, 74 90:10 99:1
2 3b, 2-CH;C¢Hy 10 6 5b, 85 85:15 99:1
3 3¢, 3-CH5C¢Hy 10 6 5S¢, 83 90:10 98.5:1.5
4 3d, 4-CH;C¢H, 10 6 5d, 88 80:20 99:1
5 3e, 2-CH;0C¢H4 10 4 Se, 72 90:10 99:1
6 3f, 3-CH;0C4H, 10 4 5f, 82 85:15 99:1
7 3g, 4-CH;0C¢H, 10 4 5g, 90 80:20 98:2
8 3h, 4-FC¢H, 20 24 5h, 82 80:20 99:1
9 3i, 4-CIC4H, 20 24 5i, 81 80:20 99:1
10 3j, 3-BrC¢Hy 20 24 5j, 70 >95:5 99.5:0.5
1f 3k, 4-BrC¢H, 20 12 5k, 90 >95:5 99.5:0.5
12 31, 4-CF;C¢H,4 20 36 51, 68 >95:5 99:1
13 3m, 1-naphthyl 20 16 S5m, 87 85:15 97.5:2.5
14 3n, 2-naphthyl 20 12 5n, 92 >95:5 99:1
15 30, 2-furyl 20 12 50, 58 80:20 99:1
16 3p, 2-thienyl 20 12 5p, 80 90:10 99:1
17 3q, Et 10 5q, 88 99:1 99:1
18 3r, n-Pr 20 Sr, 85 99:1 99.5:0.5
19 3s, i-Pr 20 12 Ss, 84 99:1 98:2
20 3t, +-Bu 20 24 5t, 75 >99:1 97.5:2.5
21 3u, n-pentyl 20 8 Su, 88 >99:1 99:1
22 3v, c-hexyl 20 24 Sv, 73 99:1 99.5:0.5
23 /j}t 20 24 Sw, 68 99:1 98.5:1.5
3w,
24 3x Ph/\}‘i 20 6 5x, 80 >95:5 99:1
25 3y, Ph/\}‘i 10 3 5y, 92 90:10 99:1
26 3 N 20 8 52,76 99:1 98.5:1.5

¢ Unless otherwise noted, the reaction was carried out with ethyl glyoxylate 1a (0.2 mmol), 2-phenylpropene 2a (2.0 equiv) and 10 mol %
of Ni(IT)-L in CH,Cl, (1.0 mL) at 35 °C for 48 hours. After flash column chromatography, the crude product 4a was added to a test tube
with aldehyde 3 (0.24 mmol), FeCl; and TBSCI in CH,Cl, (1.0 mL) at 10 °C. ? The reaction time of the Prins cyclization. © Isolated yield
on the basis of 1a.¢ Determined by "H NMR spectroscopy of the crude product and chiral HPLC analysis. ¢ Determined by chiral HPLC
analysis. " The absolute configuration of the product 5k was determined to be (25, 4S, 6R) by X-ray diffraction analysis.'” € For most
products the stereochemistry of the minor diastereomer were the same to the major diastereomer.”

Table 5. Substrate scope of alkenes in the synthesis of 4-hydroxyl tetrahydropyrans*
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R3CHO 3

2
o Ni(ll)-L EtO-C FeCly/TBSCI R
by - ) aomaw VOH (20 mol %) fl
H COzEt R CH2C|2 R2 CH20|2, 10 OC R3 O COZEt
1a 2 4 5aa-5ai
5 3 Product 4 Product 5
entry yield (%)° erd yield (%)°  dr (%) erd¢
1 2b, R?=2-CH;C¢H, R*=4-BrC¢H, 77 99.5:0.5 5aa, 50 99:1 98.5:1.5
2 2¢, R?=4-CH,C¢H, R*=4-BrC¢H, 95 99:1 Sab, 58 99:1 99:1
3 2d, R®=4-FC4H, R*=4-BrCH, 94 98.5:0.5 Sac, 58 90:10 98:2
4 2e, R?=4-CIC(H, R*=4-BrCH, 82 99:1 5ad, 62 80:20 99:1
5 2f, R*=4-BrC¢H, R*=4-BrC¢H, 90 99:1 5ae, 52 99:1 99:1
6 2¢, R?=4-CH,C¢H, R’=Et 95 99:1 5af, 63 99:1 99:1
7 2d, R*=4-FCgH, R*=Et 94 98.5:0.5 5ag, 76 99:1 98.5:1.5
8 2e, R?=4-CIC¢H, R®=Et 82 99:1 Sah, 72 99:1 99:1
9 2f, R?=4-BrC¢H, R®=Et 90 98.5:0.5 Sai, 75 99:1 98.5:1.5
10 2g, R*=4-CH;0C4H, R*=Et 95 99:1 - - -
11 R3=Et 96 99.5:0.5 - - -
2h,

12 @Eé RP=Et 9 99.5:0.5 ; ; ;
2i,

“ The procedure was similar to that in Table 4. * Isolated yield on the basis of 1a. ¢ Determined by "H NMR spectroscopy of the crude
product and chiral HPLC analysis. ¢ Determined by chiral HPLC analysis. ¢ The stereochemistry of the minor diastereomer is unknown.

Table 6. Substrate scope of glyoxal derivatives in the synthesis of 4-hydroxyl tetrahydropyrans”

; ReCHO 3 Ph._ OH
NI(II) -L o R FeCI3/TBSCI N
H /& __(10mol %)_ OH (20 mol %)
CH,Cl, CH,Ch, 10°C  R2
PH
1 2a 4 5aj-5at
Product 4 Product 5
entry R' R?
yield (%)° er! yield (%)° dr (%)° er 4¢

1 Ph 4-BrCeH, 98 >99.5:0.5 5aj, 65 99:1 >99.5:0.5
2 4-CH;C¢H, 4-BrCeH, 97 >99.5:0.5 5ak, 42 99:1 >99.5:0.5
3 4-CIC4H4 4-BrC¢H, 88 >99.5:0.5 5al, 48 99:1 99.5:0.5
4 Ph 2-naphthyl 98 >99.5:0.5 S5am, 56 99:1 98.5:1.5
5 Ph Et 98 >99.5:0.5 5an, 76 99:1 98.5:1.5
6 4-CH;C¢H, Et 97 >99.5:0.5 5a0, 52 99:1 >99.5:0.5
7 4-CH;0C4¢H, Et 99 99.5:0.5 5ap, 50 99:1 98.5:1.5
8 4-FC4Hy Et 92 >99.5:0.5 5aq, 58 >95:5 98.5:1.5
9 4-CIC¢H, Et 38 >99.5:0.5 5ar, 56 99:1 99:1
10 4-BrC¢Hy Et 95 99.5:0.5 Sas, 62 >95:5 98.5:1.5
11 2-naphthyl Et 93 99.5:0.5 5at, 58 99:1 97.5:2.5

“ The procedure was similar to that in Table 4. ° Isolated yield on the basis of 1. ¢ Determined by 'H NMR spectroscopy of the crude
product and chiral HPLC analysis. ¢ Determined by chiral HPLC analysis. ¢ The stereochemistry of the minor diastereomer is unknown.

with ethyl glyoxylate could afford the corresponding enantioselectivities (in the range of 98.5:0.5-99.5:0.5 er). As
homoallylic alcohols 4 in high yields with excellent expected, for the following Prins cyclization, both aromatic
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aldehyde and aliphatic aldehyde reacted well with the
intermediate 4, affording the corresponding 4-hydroxyl
tetrahydropyrans with moderate to high yields, and excellent
stereoselectivities (50-76% yields, 80:20-99:1 dr, 98:2-99:1
er; Table 5, entries 1-9). The electronic nature of the aromatic
alkenes had little effect on the yields and stereoselectivities
except 4-MeO-substituted one (Table 5, entry 10). Both the
electron-donating substituted alkenes and the electron-
withdrawing substituted alkenes gave the desired products
with moderate yields and excellent stereoselectivities (Table 5,
entries 1-5). n-Propanal gave slightly higher yield compared
with the aromatic aldehyde (Table 5, entries 6-9 vs entries 1—
5). It is worth pointing out that although the ene reaction could
give the intermediates 4 with excellent outcomes, no
cyclization products were detected if the alkene 2g with a
methoxy group on the aromatic ring or benzocyclic alkenes 2h
and 2i was used as the starting materials (Table 5, entries 10—
12).

Following the studies of asymmetric ene/Prins cyclization
with various alkenes, we next examined the scope of the
glyoxal derivatives. Unfortunately, the reaction proceeded
sluggishly with aromatic aldehydes, and the desired 4-
hydroxyl tetrahydropyrans 5aj—5am were obtained in
moderate yields (Table 6, entries 1-4). We considered that the
steric hindrance effect between the aryl group of glyoxal
derivative 1 and the aryl group of the aldehyde 3 increased in
the Prins cyclization

Scheme 3. Substrate scope of ene/Prins cyclization in the
synthesis of multi-substituted tetrahydropyrans

OH
conditions, 48 h N
_conditions, 48h
COzEt Ph/\)LH 35% yield, 50:50 dr ™)
99:1 erq, 97:3er,  Ph™ X "07 YCO.Et
4u, 99:1 er 5au

O\/\ conditions, 48 h
CO4Et Ph H

38% yield, 50:50 dr
99:1 erq, 97:3 er,

4v, 99:1 er 3y

/(/\ )OL conditions, 48 h :fj\
CoEt © Nap” "H 439 yield, 90:10 dr ®

80:20 er

8,80:20 er 3n ) 1
Ph OH
0
PS conditions, 12 h
COEt * Nap” H — > 4
72% yield Nap” ~0”  Yco.Et 4
3n >95:5dr ()12
jj)\ conditions, 12 h
COEt *  Nap” H 65% yield ®)
3n >95:5dr

conditions: FeCIyTBSCI (1:1, 20 mol %), CHoCly, 10°C

process, and thus lowered the yield. Accordingly, n-propanal
was used to minimize this adverse effect. To our delight, the
corresponding product San was performed with 76% yield and
excellent enantiomeric excess (99:1 dr, 98.5:1.5 er; Table 6,
entry 5). Next, the substrate scope of glyoxal derivatives was
briefly examined. As shown in Table 6, the electronic nature

of the glyoxal derivatives had little effect on the reaction
activity and stereoselectivity (Table 6, entries 6—10). The
condensed-ring glyoxal also performed well, giving the
corresponding product in moderate yield with excellent er
ratio (Table 6, entry 11).

To further investigate potential utility of the reaction, we
chose different homoallylic alcohols as the substrates under
the standard Prins reaction conditions. The cyclization of
alkyl-substituted olefin was investigated. After optimizing the
conditions, the cinnamaldehyde 3y was used to react with
alkyl-substituted olefin 4u and 4v, and the corresponding
products with aliphatic group at the C4 of the THP were
obtained with 35—-38% yields within 48 hours (Scheme 3, eq.
1-2). Besides, the elimination products accompanied in the
reaction.”’ In addition, when the multisubstituted olefin 8-10
were treated with 2-naphthaldehyde 3n or n-propanal 3q under
the standard reaction conditions, the corresponding
tetrahydropyrans 11-13 with methyl substitutents at 3- or 5-
positions were obtained in 63—72% yields (Scheme 3, eq. 3-5).

Scheme 4. Asymmetric ene/Prins cyclization on a gram
scale

Ph
o g
2a . Ph OH
i 1.2 equiv, S
(2.0 equiv) Ni(ll)-L H™ "Et (1:2equiv)
u (10 mol %) FeCls / TBSCI
L CH.Cly, 35 °C (1:1,10 mol %) Et” "0~ “CO,Et
COEt  48nh CH,Cly, 10 °C 5q
1a 90% yield, 1.25 g

(5 mmol, 0.51 g) >95:5 dr, 99:1 er

For the purpose of examining the potential utility of this
methodology, a model reaction was carried out on a gram
scale. As shown in Scheme 4, the reaction took place smoothly
in the presence of 10 mol % of Ni(ID-L and 10 mol % of
FeCl;/TBSCI, affording a slightly better yield of the product
5q (90%) without any loss of the enantiomeric excess.

Stereochemical Assignment. It is worth pointing out that in
most cases high diastereoselective products were obtained,
even single diastereomer for most substrates. The
stereochemistry of substituted tetrahydropyrans 5q, 5m, Sr
and 5u was confirmed by NOE studies,” which clearly
revealed that three bulky substituents at C-2, C-4 and C-6 on
the tetrahydropyranyl ring occupied equatorial positions. In
each case, an excellent degree of selectivity was observed for
the newly formed stereogenic centers at the 4-, and 6-positions
of the tetrahydropyran ring. These results were consistent with
Alder’s computational calculation and the previous works.**
Furthermore, the absolute configuration of the product Sk was
determined as (25, 4S5, 6R) by X-ray
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Figure 1. The X-ray crystallographic structure of the product
5k. The thermal ellipsoids’ level is 30% for the above crystal
structure.

180 st -—5i
5S¢ =— 5k
5d 5
e st 5p
140
Ph
E 120 ~ 4] OH
o
= 100 A B 2
=] . AP0 Lcoset
e B0 b \ ,o|~ll._ _-,-,;!
g 2 \ Br™ 5k
g w I ;/"“\1_' (25, 45, 6R)
o y

Wavelength

Figure 2. The selected CD (circular dichroism) spectra of a
part of the products.

crystallographic analysis (Figure 1)." The CD (circular
dichroism) spectra of products were measured in ethanol.
These of 4-hydroxyl tetrahydropyrans exhibited a similar (+)
Cotton effect in their CD spectra (as shown in Figure 2).

Mechanism Study. The unique chemoselectivity (completely
OH-selective) in the FeCls-catalyzed Prins cyclization of
aldehydes encouraged us to investigate the reaction
mechanism. Firstly, in order to verify whether the elimination
products 7 arose solely through eliminating water from
compounds 5 or they formed via eliminating hydrogen ion
directly from the carbocation intermediate. A careful
monitoring of the reaction under the standard conditions was
investigated. The reaction profile in Figure 3 clearly showed
the formation of the product 7q during the reaction course.
The amount of elimination products 7q increased sharply after
six hours along with the diminution of the product 5q. It
indicated that the product 7 formed more likely through
eliminating water from the precursor 5. In order to find out the
linchpin subject of the elimination process, the catalyst
components of Prins reaction were introduced to the isolated
product 5q (Scheme 5). In the presence of 1.2 equivalences of
TBSCI at 35 °C, 5q could not transform into 7q after 24 hours
(Scheme 5, eq. 1). However, the addition of 1.2 equivalences
of FeCl; led to a full conversion of 5q into 7q within 1 hour
(Scheme 5,

Journal of the American Chemical Society

100 =

80 07 NCO,Et

E)H Ph l/ 5q
x 60 PhJJv\COZEI
s 4a 07 CO,Et
(] 2!
= 40 1/ 7q\
== 4a
20 / -= 5q
. _— — 7q
. -
0o 2 6 12 20 32
Time, hours

Figure 3. Reaction profile of FeCls-catalyzed Prins
cyclization, picturing the formation and elimination of the
product 5q.

Scheme 5. Elimination reactions from the product Sq

Ph
TBSCI (120 mol %)
< N
CH,Cl,, 35°C, 24 h Q)

. 0~ YCO,Et
No reaction
7q
Ph
FeCl; (120 mol %) AN
T CH.CL 10°C 16 @
0
Ph. OH CH,Cl,, 10°C, 1 h 0~ ~Co,Et
>90% 79
mixture 1/1
0~ YCOEt
Ph
5q FeCl, (120 mol %)
TBSCI (20 mol %) vﬁj\
| Po TR R
CH,Clp, 10°C, 1h 0" CO,Et (3)
65% 7q
mixture 1/1
FeCl, (20 mol %) Ph
TBSCI (20 mol %)
| TR
CH,Cl,, 10°C, 48 h 0" COEt 4)
67% 7q
mixture 1/1

eq. 2). The elimination reaction were effectively suppressed
(65% yield of 7q in 1 h) when 20 mol % of TBSCI was added
in the reaction (eq. 3 vs. eq. 2). Expectedly, 5q was slowly
transformed into 7q under the standard reaction conditions
(eq. 4). These results indicated that FeCl; mediated both the
formation and elimination of the product 5q, and the formation
of the product 5q was prior to the elimination.”

We next tried to rationalize the phenomenon of excellent
stereoselectivity of the highly substituted tetrahydropyran
products.® Relative rates of Prins cyclization versus competing
oxonia-Cope rearrangement had a dramatic effect upon the
stereoselectivity. Stabilizing the tetrahydropyranyl cation
intermediate raised the transition state energy for ring-opening
and effectively eliminates oxonia-Cope rearrangement.™
Alder’s model had shown that
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®
/j\ ref. 22 racemization
AO
® (0]
14

+13.4 kJ/mol
®
ref. 8d
P O
Q 18
17 -40.9 kJ/mol
- @ -
\Ag CO,Et 07 YCO,Et 07 NCO,Et
21
19 0 -85.0 kJimol

Figure 4. Stabilization of tetrahydropyranyl cation.

Scheme 6. Control Experiments

FeCl; (20 mol%)
OH H O TBSCI (20 mol%) rl
— <
EOLC AN * g . )

P" H CH,Ch,10°c  Nap COLEt
22 3n 48 h 23, X =0H
No reaction 24, X =Cl
TBSCI (500 mol%) Ty OH
OH 0 0
J\A . ) FeCl@omory (2)
Ph CO,Et  Nap H  CHyCly, 10°C Nap COEt
4a 3n <1 h 5n
82% yield

oxocarbenium ion 14 is 13.4 kJ/mol stable than
tetrahydropyranyl cation 15. The activation barrier for the ring
opening of cation 15 to oxocarbenium ion 14 is only 1.9
kJ/mol.” Thus, the oxonia-Cope rearrangements were rapid
for monosubstituted olefins.

To provide insight into the tetrahydropyranyl cation stability
in this case, DFT (B3LYP/6-31G*) calculations were
performed (Figure 4). In contrast, tetrahydropyran cation 21
was stabilized due to the delocalization of the phenyl group at
4-position, which is 85.0 kJ/mol lower in energy than
oxocarbenium ion 19. In addition, the oxocarbenium ion
resulting from the hypothetical rearrangement was also
destablized. The results were similar to Rychnovsky’s report,
in which the tetrahydropyranyl cation with a methyl group at
4-position 18 is 40.9 kJ/mol lower in energy than

. . 8d . . . .
oxocarbenium ion 17.”" Therefore, cyclization was irreversible,

and the 2-oxonia Cope rearrangement was disfavored than the
nucleophilic capture. As a result, oxonia Cope rearrangement
mediated racemization was ruled out.

With an initial survey of reaction stereoselectivity, our
attention turned to the chemoselectivity of the reaction that 4-
hydroxyl-tetrahydropyran 5 rather than 4-chloro-substituted
one was observed in the FeCl;-catalyzed Prins cyclization. The
monosubstituted olefin 22 was used as the substrate to react
with 2-naphthaldehyde 3n under the FeCl;/TBSCI conditions,
but no cyclization

Scheme 7. Oxygen-18 labeling studies of the FeCl;-
mediated Prins cyclizations and “C NMR spectra of the
corresponding product

a) The Prins cyclization with '®0-labeled aldehyde

J\/Qj
P COqEr Phison PR oH
. ! .

FeCly/TBSCI
+ 1:1, 20 mol % +
180 CH,Cl,, 10°C  Ph” 07 “CO,Et Ph” 180" “CO,Et
Ph)J\H 5a, 74% Not observed
3a ca. 72% ®0

ca. 95% %0

Ph 1BOH
~ -4

Phjl LCO Et r

ca. 72% 80

e e et N et e o

7
a8 3.8 e .0 rZs 2e 7ia ez - )

0.7
024,

b) The Prins cyclization with additional H,'%0

Ph

18,
OH 0 12equivH," 0 S OH
= —_——
J\A’ N FeCl4/TBSCI
Ph” “H 3
Ph CO,Et PO

(1:1, 20 mol %) CO,Et
4a 3a  CH,Cl, 10°C 5a, 70%

ca. 29% 80

I P“X“?on
4 ca

}l 4
a
P 0 S eo,E '

ca. 29% '80

T T T T T T T T T 1
736 734 732 73.0 72.8 26 T2 T2.2 720 71
(@ef

=l

¢) The Prins cyclization with 180-Jabeled 3a and naphthaldehyde 3n

Jj\/Q\H
H 18, Ph 1a
Ph CO,Et FeClyTBSCI fj(iH OH

180 4a 0 (1 1, 20 mol %)
+ “CHaCh, 10°C
on )J\H Nap)k 2Ch, Ph COzEt Nap 0" NCOLE
3a 74% 180-labeled 5a 180-labeled 5n
ca. 95% '°0 3n Observed ca. 50% 180 ca. 5% 150

(4a:3a:3n=1:1:1)

d) The "®0-labeling experiment with the product 5a
Ph

fgi“
Ph” Y07 YCO,E

180-labeled 5a

1.2 equiv H,'0

Ph on )
fj\ FeCly/TBSCI (1:1, 20 mol %)
PR N0 CH,Cl,, 10°C, 48 h

CO,Et

5a Observed
ca. 50% 80
Ph
| nolom |
|
Ph”” ~0~ YCO,Et '
PPV WGP SRS ) S . W

738 736 73a 732 730 728 726 724 722 720 718 716 kel

(ol
3ls
=
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product was observed with the starting materials being apparently a small upfield shift (ca. § 0.02 ppm) of the signal,
recovered quantitatively after 48 hours (Scheme 6, eq. 1). The assigning to C-4 in each case as a result of the a-isotope effect
results indicated that the substituent at the C4 position played (Scheme 7, a). The result indicated that the oxygen atom of the
an important role for the formation of the 4-hydroxyl hydroxy at C4 position of products was transformed from the
tetrahydropyran. Whereas, for the initial substrate 4a, no trace aldehyde 3a. In contrast, when the 1.2 equivalences of H,"*O
of chloro-added product was detected even the amount of were added under the standard conditions, the 4-hydroxyl-
TBSCI was increased to five equivalences. Interestingly, the 4- tetrahydropyran 5a was formed with ca. 29% '*O-labeled
hydroxyl-tetrahydropyran Sn was obtained in 82% yield (Scheme 7, b). We also found that the '*O-labeled product 5n
within 1 hour (Scheme 6, eq. 2). These results indicated that was observed excepted for the '*O-labeled product 5a, when
the nucleophile concentration (C1 or OH ) did not affect the olefin 4a was added to the mixture of the '*O-labeled
selectivity of the reaction. TBSCl might assist the FeCl;- benzaldehyde 3a and '°O-labeled naphthaldehyde 3n with the
mediated Prins reaction. catalyst FeCly/TBSCI (Scheme 7, c¢).** Moreover, the '“O-
To further verify the generation of the reactive hydroxyl labeled product 5a (50% 180-.labeled) was a}so observed Wkllfn
nucleophile, as well as the OH-trapped product 5 via solely a the product Sa was treated with the 1.2 equivalences of H, O
direct intramolecular or an intermolecular process, the isotopic under the standard reaction conditions (Scheme 73 d). These
labeling experiments were performed. As shown in Scheme 7, results suggested that the products 5 were more likely to be
the '"®O-labeled aldehyde 3a was used under the standard formed .tk.lrougl.l an mtramolecul?r way. Thc? hydroxyl group at
cyclization conditions, and the product was analyzed by "“C C4 position might exchange with the OH" from the reaction
NMR spectroscopy and ESI-MS. It was found that 130 1abeled .systfam unde.r the standard reaction conditions via carbonium
product 5a was formed with ca. 72% "*O-labeled solely at 4- ion intermediate.

position. The corresponding "C NMR spectrum illustrated

Stage 1: [2+2] cycloaddition step Stage 2:0-migration step Stage 3:H-migration step
AG : §e0|3 ,
: 5 : FeCl
kJ/mol L | PR OQﬂ : eCls
' \\ ' OH +
OH '
COOEt ' Ph
JFeCl3 FeCl; Js3 5 oon FeCly-CI-TBS
Ph S : / Vo e OH *
— 1 Ph C,o : ',(105.3) - FeCl /(92.1)
OH &/ : / Vo %> H / Ph
OH | ! Lo KON / o}
COOEt COOEt ' 5 Ve o O/\\/ |M/1-’4-TBSC| 50 COOEt
FoCl, 5 / i Ph /(263) .-~
eCly == TS-2 : | \ | e = (32.9)
/ \ —_— . : COOEt Iy
0 / (27.3) N IM1 (19.8) : ! 4 ,TS—_4 //’ FeCl; CI-TBS
aa+ M/ — Z ! A /(136)  FeCly
H/ (114) Fec, NI A ARG AN Y om
— _OQ’ \\:\ IM'2 ‘, | \‘ // \\ OH // II
(0.0 + e PV IM-3 S N // Ph
Ph H 6.7 | — Pht o 0
OH (-6.7) (-8.9) oy COOEt
COOEt o FeCly &FeClg . COOEt s

Ph 0 N _IM-4 /
% Ph% (-37.1)
COOEt COOEt
Figure S. Gibbs free energy diagram and the proposed entire reaction mechanism of the FeCl;-catalyzed Prins cyclization
of —OH in 5q comes from acetaldehyde and H from 4a,
To provide further insight into the observed OH-selective respectively. It also showed that the release of FeCls,

process of 4-phenyl tetrahydropyran catalyzed by FeCl;, DFT corresponding to IM4 to FeCl;+5q, must over a significant
(B3LYP(PCM,CH2C12)//B3LYP/6-31G**) calculations were large energy barrier of ca. 140 kJ/mol, which is comparable to

performed.”® A different Prins cyclization mechanism was the barrier of RDS. This means that the catalytic cycle would
suggested. The results of calculations related to the entire be hindered in Fhf? step of recovery of FeCl; if no other
reaction mechanism were illustrated in Figure 5. It shown that auxiliary reagent is involved.

the entire catalytic cycle contains three successive stages: (1) However, when TBSCl is considered, DFT calculation
stepwise [2+2] cycloaddition reaction via TS1 and TS2; (2) predicted that TBSCI might coordinate to the FeCl; with the
migration of O atom of acetaldehyde to 4a with the cleavage formation of TBSCI-FeCl; species form IM4, resulting the

of C-O bond of the carbonyl group via TS3; (3) migration of yield of 5q with a smaller energy barrier of 70.0 kJ/mol.
H of -OH in 4a via TS4, leading to the formation of 5q. PCM Therefore, the existence of TBSCl might facilitate the

calculation placed the largest barrier in Gibbs free energy to be formation of 5q and exert positive effect on the present FeCl,
112.0 kJ/mol, which corresponds to the step from IM2 to TS3 catalytic systems.” This theoretical prediction is in agreement
in stage 2. This step is rate-determining in the entire reaction with the present experimental observation. In previous works,
process. Moreover, the calculation predicted that the O atom the general mechanism of Lewis acid catalyzed Prins
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cyclization is that the key intermediate is an oxocarbenium ion,
which generated from a hemiacetal. Then the oxo-carbenium
ion could be captured with a large array of nucleophiles to
afford substituted tetrahydropyrans. The nature of such a
difference between the two mechanisms is not yet clear at
present. It might be due to the variation of catalysts as well as
the homoallylic alcohols used in the reactions.

CONCLUSION

In conclusion, we have established a general method for the
completely OH-selective sequential ene/Prins cyclization by
using Ni(II)-N,N'-dioxide complex and FeCl; as the catalysts,
respectively. The method enabled an efficient access to
optically pure 4-hydroxyl-tetrahydropyran derivatives. The
extremely high enantiomeric excess, broad substrate scope,
facile procedure, and mild reaction conditions showed the
potential of the catalytic system for practical synthesis. This
method will be a valuable complement to the existing arsenal
of the enantioselective  synthesis of  4-hydroxyl
tetrahydropyrans via Prins cyclization. Moreover, mechanistic
investigations including control experiments, NOE effects,
Oxygen-18 labeling studies, DFT calculations were also
investigated to gain insights into the mechanism of the
reaction. Additional investigations aimed at expanding the
scope of the application are underway.

EXPERIMENTAL SECTION

Typical experimental procedure for the sequential
ene/Prins reaction: The mixture of N, N'-dioxide L (12.8 mg,
0.02 mmol) and Ni(BF,),:6H,0 (6.8 mg, 0.02 mmol) in
CH,CI, (1.0 mL) were stirred at 30 °C for 30 min. Then, the
ethyl glyoxylate 1a (0.2 mmol) and 2.0 equiv of 2-
phenylpropene 2a was added at 35 °C and being stirred for 48
hours. After flash column chromatography, the crude product
of the carbonyl-ene reaction was added into the test tube with
1.2 equiv of 2-naphthaldehyde 3n (0.24 mmol), 20 mol % of
FeCl; and 20 mol % of TBSCI in CH,Cl, (1.0 mL) at 10 °C.
After being stirred at 10 °C for 12 hours, the reaction mixture
was directly purified by column chromatography on silica gel
(ethyl acetate : petroleum ether = 1 : 8) to afford the
corresponding product Sn in 92% yield as a colourless liquid.
The enantiomeric excess of 5n was determined by using chiral
HPLC analysis.
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Ry value. And the mixture of 5a and Sn were analyzed by ESI-
MS.
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