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Abstract. p-Carbonyl-substituted dihydropyrans are highly useful heterocyclic compounds showing
important application in organic synthesis. The increased susceptibility of the dihydropyran ring to the
action of various nucleophiles makes these compounds valuable building blocks for the synthesis of a wide
variety of hetero- and carbocyclic compounds. On the other hand, the presence of two non-equivalent
electrophilic centers poses the problem of selectivity of reactions involving nucleophiles. This chapter will
survey the reactivity of 5-formyl- and 5-acyl-3,4-dihydro-2H-pyrans and their annelated analogues with C-,
N- and some other mono- and binucleophiles.
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1. Introduction

5-Formyl- and 5-acyl-3,4-dihydro-2H-pyrans and their benzo-condensed derivatives are promising
starting compounds for the synthesis of a wide variety of heterocyclic systems. The presence of an oxyvinyl
moiety conjugated to the electron-withdrawing group makes them masked equivalents of highly electrophilic
B-ketoaldehydes. Since the majority of aldehydes of this type are unstable due to their high CH-acidity and
carbonyl activity, it is difficult to use them in organic synthesis. At the same time, B-carbonyl-substituted
dihydropyrans are stable compounds and retain a high reactivity.

The presence of two non-equivalent electrophilic centers in the structure of this type of heterocycles
determines their chemical potential in reactions with mono- and binucleophiles. Such dihydropyran
derivatives can be considered as push-pull compounds containing electron-donating and electron-
withdrawing groups at the opposite ends of a double bond and as Michael acceptors. In particular, they can
interact with various nucleophiles to form 1,4- and 1,2-addition products, which in the presence of the
second nucleophilic center in the starting material may undergo exo-trig cyclization to give condensed
heterocycles. If adducts of this type are unstable, they may further be subjected to recyclization with opening
of the dihydropyran ring (Figure 1).

It should be noted that dihydropyran skeleton constitutes a key structural element in many natural
compounds. Some examples of naturally occurring dihydropyrans bearing carbonyl group at C-5 position are
presented (Figure 2). Among them there are polyketide trichodermatide C (A),1 flavonoid
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4-O-epidesmoflorin (B),” monoterpene alkaloid alstoniaphylline A (C),* macroline type indole alkaloids
alstonerine (D)," alstophyllal (E),’ alstonisine (F)° and others.
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Figure 1. Reactivity of 5-formyl- and 5-acyl-3,4-dihydro-2H-pyrans and their benzo-condensed analogues.
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Figure 2. Selection of natural products containing carbonyl-substituted dihydropyran rings.

This chapter exclusively describes the transformations of dihydro-2H-pyrans and chromenes
containing formyl- or acyl group in the B-position in relation to the oxygen atom. We do not consider
2-alkoxy-5-acyl-3,4-dihydro-2H-pyrans, which are essentially cyclic acetals, since their chemical
transformations are largely different from dihydropyrans of above-mentioned type (Figure 3).
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Figure 3. Considered -carbonyl-substituted dihydropyrans and their benzo-condensed derivatives.

2. Reactions of 5-formyl- and 5-acyl-3,4-dihydro-2H-pyrans with nucleophiles

B-Carbonyl-substituted dihydropyrans are easily available compounds which can be prepared by
various methods and fairly convenient building blocks to prepare a variety of heterocyclic compounds.
Strong polarization of the C=C double bond in the pyran ring due to the presence of donor oxygen atom
linked to one double-bonded carbon atom and acceptor acyl or formyl group on the other determines their
synthetic potential in reactions with nucleophiles. The presence of two non-equivalent electrophilic centers
causes the possibility of an initial attack by the nucleophile of either the C-6 atom (1,4-addition) or the
carbonyl carbon atom (1,2-addition). Acyldihydropyrans like -alkoxy vinyl ketones can be considered as
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push-pull olefins, however, the presence of a six-membered ring significantly affects their reactivity in
comparison with acyclic analogs. For example, B-ethoxyvinyl trifluoromethyl ketone (EtOCH=CHCOCF3)
is readily hydrolyzed by dilute acids to form trifluoroacetylacetaldehyde and ethanol, while
5-trifluoroacetyl-3,4-dihydro-2H-pyran does not react even at 70 °C with conc. HCI for eight hours.”

2.1. C-Nucleophiles
2.1.1. Enolates and CH-acids

The reactions of acyldihydropyrans with C-nucleophiles (CH-acids and carbanionic reagents) as well
as with N-nucleophiles represent the most extensive class of transformations with their participation. The
reaction of B-difluoroacetyldihydropyran 1 with the enolate of the 1,3-dicarbonyl compound 2 leads to the
formation of the Michael adduct 3 which was treated with ammonium formate in a one-pot manner to form
2-difluoromethylpyridine 4 (Scheme 1).%
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Scheme 1. Synthesis of 2-difluoromethylpyridine 4.

Treatment of 1-(3,4-dihydro-2H-pyran-5-yl)-2,2,2-trifluoroethan-1-one 5, which is easily obtained by
reacting 3,4-dihydro-2H-pyran and ftrifluoroacetic anhydride in the presence of pyridine, with
1,3-bis(trimethylsilyl) ethers 6 in the presence of TiCly leads to 6-(trifluoromethyl)-3,4-dihydro-2 H-pyrans 7
(Scheme 2). This cascade process involves the conjugate addition of 1,3-bis(trimethylsilyl) ether through the
terminal carbon atom to dihydropyran, the subsequent opening of the pyran ring as a result of retro-Michael
reaction, intramolecular nucleophilic addition of the alkoxide oxygen atom to the carbonyl group and
dehydration. It should be noted that the compounds 7b-d exist in the enol form in solution CDCl;. For the
dihydropyran 7a, the ratio enol/ketone was 1:2. The synthesis of compound 7b is accompanied by the
formation of cyclohexenone 8 as a side product. It can be explained by the attack of the central carbon atom
of 1,3-dicarbonyl moiety on the trifluoroacetyl group in the intermediate G.’
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Scheme 2.TiCls-mediated recyclization of dihydropyran S with 1,3-bis(trimethylsilyl) ethers.

Trifluoroacetylated dihydropyran S by condensation with ethyl isocyanoacetate in the presence of
t-BuOK produces exceptionally the Knoevenagel condensation product. The treatment of the isonitrile with
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dilute hydrochloric acid leads to the corresponding formamides 9 (Scheme 3).10 A similar pattern is observed
in the case of acyclic a-substituted CF;-enones. However, acyclic a-unsubstituted CF3-enones 10 under the
same conditions are mainly converted into Michael adducts 11 with the elimination of the alkoxy group.
Apparently, in the case of cyclic enones, the B-position is sterically more hindered. As a result, the
nucleophilic attack of the enolate anion is directed toward the carbonyl group.

cocg. 1- CNCHZCOSEL (125 eq.), +BuOK (1.25 eq) & NHCHO
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; COEt
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Scheme 3. Reactions of B-trifluoroacetylated vinyl ethers with ethyl isocyanoacetate.

Treatment of 2-C-formyl glycals 12 with CH-acids in the presence of piperidinium acetate in boiling
toluene results in the stable Knoevenagel products 13 (Scheme 4).""'? In addition to piperidinium acetate,
Al,O3 in CH,Cl, and anhydrous AcONa in ethanol were successfully used as a catalyst for the Knoevenagel
reaction of formyl glycals with various CH-acids, to obtain exclusively E-isomers of 13."* Reaction of
malononitrile with 6-substituted 3,4-dihydro-2H-pyran-5-carbaldehyde 14 due to its lower carbonyl activity
requires more harsh conditions for formation of the Knoevenagel product 15 (boiling chlorobenzene, 2 h).14
The obtained Knoevenagel products may be easily converted to pyridine derivatives under the action of
ammonia or aromatic amines. Moreover, acetonedicarboxylic acid esters 16 as 1,3-C,C-binucleophiles react
with 2-formyl glycals 12a,b and 2-hydroxyisophthalic acid esters 17 are formed as a result of the
Knoevenagel condensation and Michael reaction (Scheme 4).11

The cascade reaction of dihydropyrancarbaldehyde 18 and 4-hydroxycoumarin 19a in the presence of
EDTA, including the Knoevenagel condensation and 6n-oxa-electrocyclization of the intermediate H, results
in the condensed coumarin 20, most of which undergoes methanolysis with the opening of the
tetrahydropyran ring under the reaction conditions (Scheme 5)."

Very recently Sagar and co-workers have described a microwave-assisted reaction of 2-C-formyl
glycals 12¢,d and 4-hydroxycoumarins 19 or 4-hydroxyquinolones 21 that leads to pyrano[3,2-c]pyranones
22'¢ or pyrano[3,2-c]quinolones 237 possessing, respectively, anticancer and selective antiproliferative
activities at micromolar levels. This cascade process proceeds via subsequent 1,2-addition of heterocyclic
enol to glycal carbonyl group, dehydration and further 6m-elecrocyclization of the 1-oxatriene intermediate
(Scheme 6).

2.1.2. Organometallic compounds

The selectivity between 1,2- and 1,4-addition to o,p-unsaturated carbonyl compounds is often
explained by the concept of soft and hard acids and bases. As a rule, organolithium compounds as hard
nucleophiles react by 1,2-addition mechanism, and softer cuprate reagents give the Michael addition
products. The Grignard reagents lie somewhere between them. In reactions that proceed by kinetic control
with organometallic reagents having a highly localized negative charge, a charge-controlled 1,2-addition can
be expected. In contrast, in additions of nucleophiles having charge dislocalization where the reaction is
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frontier orbital controlled, a 1,4-addition is expected. Besides, the nature of the nucleophile, steric factor and
solvent can affect the regioselectivity of the process.

1 Conditions A:
CH acid (1.5-2.0 eq.), AcOH (0.5-2.0 eq.), piperidine (0.15-0.5 eq.)
PhMe A, 30-60 min (ref. 11,12,14)

1 Conditions B:
12 13 | CH-acid (1.1 eq.), Al203 (3 eq.), CHiCl, t., 5 h (ref. 13)
R =H, Me, CH,OBn 55-92% (conditions A) | ' Conditions C:
X=CN, Ac, COMe 40-51% (conditions B) | Ch.acid (1.1 eq.), AcONa (1.2 eq.), EtOH, rt., 3 h (ref. 13)

Y = CN, COzAlk, CONH; CONHAr 53-60% (conditions C)
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(ref. 14) (ref. 12) (ref. 13) (ref. 13) (ref. 14)
(ref. 14)
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Scheme 4. Reactions of formyl glycals with CH-acids.
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Scheme 5. Cascade reaction of dihydropyrancarbaldehyde and 4-hydroxycoumarin.

It was shown that pB-trifluoroacetyldihydropyran 5 with acetylenide generated in situ from
phenylacetylene and butyllithium gives the corresponding propargyl alcohol 24 through addition to the
carbonyl group (Scheme 7).'® At the same time, in the presence of anhydrous ZnCl, and Et;N, the initially
formed 1,4-addition product after hydrolysis turns into tetrahydropyranol 25 as a result of the opening of the
tetrahydropyran ring and the intramolecular 1,2-addition.

The addition of methyl bromoacetate or allyl bromide to 5-trifluoroacetyl-3,4-dihydro-2H-pyran S in
diethyl ether in the presence of zinc dust leads to the formation of tertiary alcohols 26 through the
intermediate generation of organozinc compounds (Scheme 8).""

The reaction of phenylmagnesium bromide with B-trifluoroacetyldihydropyran 5 in diethyl ether gives
cis-tetrahydropyran 27 and hemiacetal 28 as a minor product. The formation of the latter is explained by the
presence of an equilibrium between the initially formed enolate and its acyclic form, which can be attacked
by nucleophile on the carbonyl carbon atom. It is worth noting that a similar ratio of products is also
observed while using other aryl- and alkylmagnesium bromides, however the reaction with n-butyllithium
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proceeds differently and leads to the formation of a mixture of 1,4- and 1,2-addition products 29-31,
including alcohol 32 as the reduction product (Scheme 9).%°

OBn OH
BnO,,_A.__CHO NN
T +
BnO__ . o = X
18 (X=0)
12¢,d _
21 (X = NH, NMe) 22 (20 examples)
51-95% 61-71%
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BnO, * BnO, * BnO, ~ BnO_ <
BnO\\‘\ BnO\\‘. BnO\\\. BnO\\‘.
22a, dr> 99:1 22b, dr>99:1 MeO OMe 22¢, dr> 99:1 22¢, dr~1:1
93% (conditions A) 68% (conditions A) 77% (conditions A) 80% (conditions A) F
(ref. 16) (ref. 16) (ref. 16) (ref. 16)
OBn e} OBn e} OBn e} OBn e}
BnQ, BnO, BnQO, Me BnQ,

BnO__. OCF3 BnO__ . BnO__. BnO__ . NO,
23a, dr> 99:1 23b, dr> 99:1 OPh 23c, dr>99:1 23d, dr ~1:1
63% (conditions B) 69% (conditions B) 71% (conditions B) 62% (conditions B)
(ref. 17) (ref. 17) (ref. 17) (ref. 17)

Conditions A: 19 (1.2 eq.), PhMe-AcOH (1:0.01), uW, 80-120 °C, 10-20 min
Conditions B: 21 (1.2 eq.), pyrrolidine (0.5 eq.), EtOAc-AcOH (1:0.01), uW, 80 °C, 15-20 min

Scheme 6. Synthesis of pyranoquinolones and pyranocoumarins.
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Scheme 7. Reactions of B-trifluoroacetyldihydropyran with acetylenides.
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Scheme 8. 5-Trifluoroacetyl-3,4-dihydro-2H-pyran as a substrate in Barbier-type reaction.

It was described that the ketone S reacts with phenyl- and methylmagnesium bromides with the
formation of acyclic products 33.” These results are somewhat in contrast with the above-mentioned details.
The ketone 5 reacts with the excess benzylmagnesium bromide in THF or in a mixture THF-diethyl ether to
form mainly 1,4-addition product 34 and 35.%' At the same time, replacement of the solvent to ether leads to
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1,2-addition product 36, which can be converted into naphthalene derivatives 37 under action of
p-toluenesulfonic acid via diene intermediate I (Scheme 10).? Allylmagnesium bromide in diethyl ether was

attached exclusively by the carbonyl group (yield 82%).
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Scheme 9. Reactions of B-trifluoroacetyldihydropyran with organometallic compounds.
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Scheme 10. Reactions of B-trifluoroacetyldihydropyran with Grignard reagents.

For comparison, p-trifluoroacetyldihydrofuran 38 reacts with benzylmagnesium bromide less
selectively with the formation of three isomeric products 39—41. In addition, the spiro-product 42 was also
isolated with low yield as a result of the conjugate addition of enolate to the starting ketone and further
hemiketalization (Scheme 11).%!

The addition of (vinylsilyl)magnesium bromide 42, as well as o-lithiated difluorovinyl ether 43 to
dihydropyran-5-carbaldehyde 18 proceeds exclusively as 1,2-addition with the formation of secondary
alcohols 44,7 452 the oxidation of which provides substrates for the Nazarov cyclization reaction (Scheme
12).

In the reaction of bicyclic pyranoketone 46 with methyllithium, only the 1,2-addition product 47 was
isolated (Scheme 13).25 The reaction of ketone 48 with lithium dimethylcuprate proceeds as 1,4-addition.®
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Scheme 11. Reaction of B-trifluoroacetyldihydrofuran with benzylmagnesium bromide.
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Scheme 12. 1,2-Addition of organometallic compounds to dihydropyran-5-carbaldehyde.
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Scheme 13. Bicyclic pyranoketones in 1,2- and 1,4-addition reactions.

2.1.1. 1,3-C,N-Binucleophiles

Acid-catalyzed condensation of 3,4-dihydro-2H-pyran-5-carbaldehyde 18 with N-substituted
pyrazole-5-amines 50 leads to pyrazolo[3,4-b]pyridines S1a-d in good yields. The reaction does not proceed
at room temperature and the use of acetic acid as a solvent is accompanied by acylation of the hydroxyl
group (51d).”’ At the same time, the reaction of 2-C-formyl glycal 12e with aminopyrazoles 50 leads to the
corresponding pyrazolo[3,4-b]pyridines Sle-g in low yields; while conjugated with the pyridine ring
N-phenyl substituent makes the a-methoxy group of the side chain of the product a better leaving group,
which leads to its replacement with the ethoxy group from the solvent under the reaction conditions (51f,g).
Dihydropyrancarbaldehyde 18 reacts with 6-aminouracil 52, which can be regarded as heterocyclic enamine,
to form pyrido[2,3-d]pyrimidine-2,4-dione 53 by the related mechanism (Scheme 14).

N-Arylamides of cyanoacetic and acetoacetic acids or cyanoacetamide act as 1,3-C,N-binucleophiles
in the piperidinium acetate-mediated reaction with 2-C-formyl glycals 12 to form 2-pyridones 54. The
intermediate Knoevenagel adduct could not be isolated under reaction conditions.'"'** The reaction of
formyl glycals 12 with  2-cyanomethyl- and  2-nitromethylbenzimidazoles leads to
benzo[4,5]imidazo[1,2-a]pyridines 55. Due to the presence of two non-equivalent nucleophilic centers in
benzimidazoles (methylene carbon atom and endocyclic nitrogen atom), the first stage of heterocyclization
can be either the Knoevenagel condensation or nucleophilic addition of benzimidazole nitrogen to the
carbonyl group. However, in this case, the same product is formed regardless of the direction of the initial
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attack."' Using methanol as a solvent in the presence of MeONa leads to the product of the Knoevenagel
condensation 56, formation of which accompanies 1,6-addition of methanol (Scheme 15)‘28

- TSA/ELOH or R?2  51a,R'=R%?=Me, R®=H (71%)
CHO _AcOH,A, 247 RO A 51b, R' = Ph, RZ = Me, R®=H (72%)
« LN s1¢,RT=Pn R2= PMP. R® = H (65%)
N Nh1 51d, R' = Et, R2 = H, R®= Ac (85%)
pTsAEOH, MeO

51e, R! = R2=R* = Me (20%)
51f, R' = Ph, R? = Me, R* = Et (22%)
51g, R' = Ph, R? = PMP, R* = Et (24%)

(PMP = 4-methoxyphenyl)
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o
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Scheme 14. Reactlons of B-formyldihydropyrans with heterocyclic enamines.
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O
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Scheme 15. Reactions of B-formyldihydropyrans with methylene active N-nucleophiles.

2.1.1. Miscellaneous C-nucleophiles

Wittig olefination of the aldehyde 18 with methylene triphenylphosphorane gives an electron-enriched
diene 57, which easily reacts with electron-deficient carbo- and heterodienophiles (Scheme 16).29

The reaction of B-trifluoroacetyldihydropyran § with NaCN in aqueous alcohol leads to pyrrolidinone
64 as a result of subsequent Michael addition of cyanide ion, partial hydrolysis of the nitrile group of the
adduct 63 and nucleophilic 5-exo-trig cyclization of the formed amide fragment with the carbonyl group.*
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Under similar conditions, B-trichloroacetyldihydropyran 65 reacts with NaCN to produce both diastereomers
of 2-cyanotetrahydropyran-3-carboxylic acid 67 through the formation of the Michael adduct 66, which in
contrast to trifluoroacetyl adduct 63 undergoes subsequent haloform cleavage (Scheme 17).%!

conditions A: THF, 0°Ctort; 3hatrt.
Ph3PCH3 Br | (1.2eq) conditions B: HQ, PhMe, A, 10 h

_ LDA(4eq) N vy m i conditions C: HQ, EtOH, -10 °C to rt,; 2 days at rt

THE 0°Ctort [4+2] conditions D: DCM, 0 °C to r.t.
G ! conditions E: neat, 50 °C
57 (60%) 58-62 ! (HQ = hydroquinone)
(()\/QVCEN @Ph m “CO4Et © qoj%gféf t
NC CN NO, COzEt Ph
58 (33%) 59 (83%) 60 (82%) 61 (84%) 62 (94%)
(conditions A) (conditions B) (conditions C) (conditions D) (conditions E)

Scheme 16. Wittig synthesis of 5-vinyl-3,4-dihydropyran and its cycloaddition reactions
with electron-deficient dienophiles.

aq. NaCN

(2 eq. in 2 portions over 8 h) CFs HO o
. 3
COCFs  “MeOH or EtOH, rt, 16 h COCFs 11,0 &a
! 48% NH, - NH
o 0" CN o o
(ref. 30) i\
5 63 o |
stereoisomer
- ratio = 60:34:6
aq. NaCN HO (5
COCCl5 (2 eqg. in 2 portions over 30 min) COCCly _ (b . COM
(j/ THF, rt, 6 h (\/E S Scon| Ho (\/E
O 66% 0~ CN 07 eN - CHCly o eN
65 (ref. 31) 66 ] -
dr~3:1

Scheme 17. Contrasting behavior of 5-trifluoro- and 5-trichloroacetyl-3,4-dihydropyrans
toward aqueous NaCN.

Ring opening of the dihydropyran 68a catalyzed by Mn(II) as a Lewis acid and the nucleophilic attack
of the formed carbocation by indole lead to substituted acetylacetone 69 in high yield.* Similarly,
dihydropyrans 68 react with a-oxoketene dithioacetal 70 as a nucleophile to yield acetylacetone derivatives
71 (Scheme 18).%

indole (2.5 eq.)

HN
Ac  MnCly 4H,0 (20 mol. %) Ac
/@ MeNOy, A, 11 h ﬁ indole
PMP~ 0" “Me 91% PMP™ Q" Me PMP Ac
£ 32 !
68a (ref. 32) ‘A 69 Ac

71a, R = p-Tol (68%)

oSy Ph ST
A 70(1.2eq
/q i OMS (-2ea) oo s

Ac  Tib,R = PMP (92%
R” 707 "Me MnCly- 4H;0 (15 mol. %), R (92%)
o CuBry (5 mol. %), MeNOs, 50 °C, 11 h 1 Ao
(ref. 33)

Scheme 18. Manganese(II)-catalyzed synthesis of acetylacetone derivatives from
2-aryl-5-acetyl-3,4-dihydropyrans.
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2.2. N-Nucleophiles
2.2.1. Amines

The reaction of 3,4-dihydropyran-5-carbaldehyde 18 with ammonia is also accompanied with the
dihydropyran ring opening to give 3-amino-2-(3-hydroxypropyl)acrolein 72.>* Condensation of the aldehyde
18 with glycine esters proceeds similarly, resulting in the enaminal 73, which can also be converted into
substituted pyrrole 74 in one-pot manner.>> The reaction of related C-2-formyl glycals with primary amines
in methanol stereoselectively leads to the B-enaminals 75 with a ratio of £/Z-isomers in the range from 85:15
to 93:7.%° The above-described synthesis of p-enaminals 75 and their subsequent regioselective reduction
with sodium borohydride in acetic acid and acid-mediated cyclization may be considered as a convenient
and efficient sequence for the indirect deoxygenation of C-2-formyl glycals 12 to 3-deoxy-C-2-formyl
glycals 76 (Scheme 19).

RZHN___CO.R! cHo
CHO  conc. NH3 CHO  (1.25:2eq) R'ONa (1.5 eq.) T H—coaR!
S N gy g - B G -2 8 .
HO NH 78% neat, 100°C, 2h | HO N"CO,R' R'OH,A,2h  HO -
2 9) P R 74
72 (ref. 34) 18 (ref. 35) 73 R’
R'=Me, R?= H (11%)
R' = Et, R2= Me (29%)
R' = Et, R2= Bn (25%)
R* R*
1
R2 R R2 R2
> _A~._CHO S
R3—'@/ RONH, (11 ea) O NaBH, (1.0 eq) o OH  con Rs;@/CHO
4 T TEE—— oy P — yrer———
Rl MeOH, r.t.,, 10 min R'  AcOH, rt, 10 min 80°C, 20min Ry 0
(ref. 36) 5 5
12¢-f NHR NHR
ol _ D3 pd_ _ 75 (11 examples) (10 examples) 76 (9 examples)
1 3 4 2
(f: R"=R°=R*=0Am, R°=H) 87.95% 72-94% 95-97%

E/Z > 85:15
RS = Bn, n-Bu, n-CgHy7
Scheme 19. 3-Formyldihydropyrans ring opening in reactions with ammonia, amines and glycine esters.
Three-step 3-deoxygenation of C-2-formyl glycals.

B-Trifluoroacetyldihydropyran 5 reacted with aniline, morpholine and diethylamine in the same way
with the ring opening and formation of E-enaminoketones 77 (Scheme 20).” Compound 77¢ was unstable
and spontaneously converted into cyclic hemiketal 78 and hemiaminal ether 79 in the ratio 5:4 at room
temperature per week, and at 80 °C this process ended in 12 hours. In the case of reaction of pyran 5 with
2-aminoethanethiol, only FE-enaminoketone 80 was isolated in high yield. The condensation with
2-aminothiophenol led to cyclic hemiketal 81 along with 7% of di(2-aminophenyl)disulfide as a result of
oxidation of the starting 2-aminothiophenol.”’

(ref. 7) NEt
COCF4 rt., 7 days or Z COCF3
NHR'R? (1.0 eq) HO S 80°C, 12h OHH +
_— _—
CHyCly, rt, 2h R‘N " cr, 0~ "NEt,
R' 77 78 (45%) 79 (36%)
77a, NHR'R2 = aniline (87%)
77b, NHR'R? = morpholine (89%)
77¢, NHR'R2 = diethylamine (85%)
ref. 37
( ) Hs
.-
R e, 0
. KOH, EtOH, rt, 8 h PhMe, rt, 24 h P N
89% 70% o T-OH
80 COCF4 CF4
SH OH 81

Scheme 20. Reactions of 5-trifluoroacetyl-3,4-dihydro-2 H-pyran with amines.



447

However, the reaction of o-phenylenediamine with trifluoroacetyldihydropyran 5 gives a mixture of
benzimidazole (major product) and 2-trifluoromethylbenzimidazole (minor product).®® It is assumed that the
reaction proceeds through the formation of isomeric benzodiazepines, its hydrolytic opening followed by
intramolecular Michael addition and the decay of the adducts to yield the observed products. On the other
hand, the reaction of 2-C-trifluoroacetyl glycal 82 with o-phenylenediamine as 1,4-N,N-binucleophile stops
at the stage of benzodiazepine 83 (Scheme 21).%

HoN

0 [ |
L 0 Sy e )
EtOH, 70°C, 24 h FsCOC H 45% H

(ref. 38) FaC F3COC

5 R = (CHp)30H

HaN
]@ N oHc  HeN R HN
- . N
AR \ ]@ 0 Ry@ﬁ OHCJ%Q :@ RCH,CHO rod :©
EtOM, 70°C, 24 h N N FsC N 25% N
C H H H

(ref. 38) F<C H Fs
(ref. 39) OBn FC N
BnO\(j/COCH H2N EtOH, A, 24 h OBn Y7
| + o X_NH
BnO_ . o HoN 44% BnO Y
OH OBn

82
Scheme 21. Reactions of B-trifluoroacetyldihydropyrans with o-phenylenediamine.

The carbaldehyde 18 reacts with 1,2-diamines in a completely different manner. For example, the
reaction with diaminomaleonitrile leads to the azomethine 84 without pyran ring opening, while the reaction
with o-phenylenediamines proceeds via ring opening with the formation of macrocyclic
5,14-dihydrodibenzo[b, ][ 1,4,8,11]tetraazacyclotetradecine 85 (Scheme 22).3%

NC CN HoN___CN

84%
18 (ref. 34) O

R Nl(OAc)2 4H,0 Z N7 i
]@ (©05eq) SN
- — 7 i
solvent, A HoN R solvent, A - \
/@/ (ref. 34, 40) (ref. 34) /©/ N~

abs. EtOH, A, 24 h
R

R =H (32%, EtOH, 20 h) R =H (85%, EG, 3 h)

R =Me (34%, EtOH, 20 h) R = Me (85%, EG, 3 h)

R +R = 0O(CHO (12%, 1,4-dioxane, 20 h) R + R = O(CH2)O (40%, DMF, 3 h)
R +R = 0O(CH2)20 (19%, 1,4-dioxane, 20 h) R + R = O(CH3)0 (49%, EG, 3 h)

R + R = benzo (42%, n-BuCH, 12 h) €6 hyl iycol
= ethylene glycol

Scheme 22. Reactions of 3,4-dihydropyran-5-carbaldehyde with diaminomaleonitrile
and o-phenylenediamines.
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It should be noted that the yields of macrocycles can be significantly increased by using nickel(Il)
acetate due to the template effect.

However, various (2-benzimidazolyl)glycals 86 were obtained by the reaction of 2-C-formyl glycals
with aromatic 1,2-diamines in the presence of atmospheric oxygen under the action of the catalytic system
VO(acac),-Ti(OBu)4 as a result of two successive nucleophile additions of both 1,2-diamine nitrogens on the
exocyclic carbon of glycal, followed by oxidative aromatization (Scheme 23).41 In addition to
o-phenylenediamine, this protocol appeared suitable for its methylated analogs and pyridine-2,3-diamine,
but it led to unsatisfactory results when using o-phenylenediamines with electron-withdrawing acyl
substituents. The use of anhydrous CeCls as co-catalyst allowed to overcome this limitation and avoid the
use of stoichiometric amount of VO(acac),. The usefulness of Mo(IV) complex as catalyst was also shown
in this reaction.*?

HoN HoN
- R T OR HN— orR N~
CHO RO, A X RO RO |
| HaN iI\/j/\m | N @] | N
RO - | - —
TN RO Ng RO Ng RO N
12,R=Bn, Me 86

7 N\
OBn N oBn N—X
QBn N@ BrO, - '@ go. 21 Bo, = I =N
’ H BnO_
| H BnO__. BnO_ .. | NN
BnO_ 0" geb SN0T gee 86d

0o 86a

" 77% (10 h, conditions A) 64% (8 h, conditions A in THF) ~ /9% (7 h, conditions A)

73% (15 h, cond!t!ons A) 77% (8 h, conditions C) 71% (9 h, conditions B) gTTTTmmmT s mmm e N
76% (12 h, conditions B) ’ 1 N—NH :
79% (8 h, conditions C) Ph ! | '
OBn N/Q—§ : N7 !

OMe N/Q BnO, Ly o 0yt 0 :

MeO, = | y o | N : W 9\\0 |
] H N boH S NG

N 889 o 9
O 86e 13% (48 h, conditions A) 10% (48 h, cond!t!ons A) ' Ve H '

75% (7 h, conditions A) 62% (17 h, conditions B) 65% (12 h, conditions B) : 2N Mo(IV) catalyst !

Conditions A: 1,2-diamine (1.3 eq.), Oz (air), VO(acac), (100 mol. %), Ti(OBu) 4 (20 mol. %), MgSQy4, CH2Cl rt. (ref. 41)
Conditions B: 1,2-diamine (1.3 eq.), O, (air), CeCls (5 mol. %), VO(acac), (30 mol. %), Ti(OBu) 4 (10 mol. %), MgSQy,, THF, 55 °C (ref. 41)
Conditions C: 1,2-diamine (1.1 eq.), Oz (air), Mo(IV) catalyst (8 mol. %), MgSOy4, THF, rt. (ref. 42)
Scheme 23. Oxidative synthesis of glycal-based chiral benzimidazoles from 2-formyl glycals
and aromatic 1,2-diamines.

2.2.2. 1,2-N,N- and 1,2-N,O-Binucleophiles

The reactions of 5-formyl- and 5-acyl-3,4-dihydro-2 H-pyrans with unsubstituted hydrazine, alkyl- and
arylhydrazines, carbohydrazides as 1,2-N,N-binucleophiles usually result in pyrazole derivatives. In some
cases, the formation of regioisomers is possible.

The treatment of f-trifluoroacetyldihydropyran § with hydrazine hydrate in boiling ethanol gives
pyrazole 87 in almost quantitative yield (Scheme 24).** At the same time, the 1,2-addition of hydrazine to
dihydropyran 5 leading to hydrazone 88 was also described.” The treatment of p-trifluoroacetyldihydropyran
5 with phenylhydrazine in boiling ethanol leads to 5-trifluoromethyl-substituted pyrazole 89. The reaction
with tetra- and pentafluorophenylhydrazines stops at the stage of pyrazolines 90.* This fact can be explained
by the different basicity of hydrazines. In the latter case, the CF; group also appears in the fifth position.
Cyclocondensation of 5-trichloroacetyl-3,4-dihydro-2H-pyran 65 under the action of anhydrous hydrazine is
accompanied by the cleavage of haloform-type with the formation of 5-hydroxy-1H-pyrazole 91.*° The case
of hﬂoform cleavage is due to the greater stability of the trichloromethyl anion compared to trifluoromethyl
one.

Various formyl glycals 12 were introduced into this transformation in order to obtain substituted
pyrazoles 92 (Scheme 25). The reaction was carried out with hydrazine hydrate, methylhydrazine and
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arylhydrazines in different solvents at room temperature, under conventional heating or without solvent with
microwave activation.'>*”*’ Yields are usually above 70%. It is noted that the reaction time increases from
3-6 min to 6-9 h with conventional convective heating without solvent at 90 °C.% However, aryl hydrazines
are less reactive compared to hydrazine.”! In the case of trifluoroacetyl glycal 82 and phenylhydrazine, the
formation of two regioisomeric pyrazoles is possible, however, only the 3-CF;-derivative 93 was isolated.
This indicates that the initial attack of the nucleophilic nitrogen atom of the amino group is directed at the
carbonyl carbon atom.”

NaH, Hz0 (1 eq) )
CFs MeCN/H,0 (1:1) NZE:OFILZOA (?;’ ehq.) HO oF
NNH, rt, 2h
\ 80% 99%
(ref. 43)

O (ref. 7)
88
COCF3
ArNHNH, PhNHNH,
EtOH, A, 24 h EtOH, A, 24 h
\ (ref. 44) 36%

90 (ref. 44)

Arg= CeFs (46%)
Ar= 4-HCgF 4 (55%)

(ref. 45) HO
coccly NaHs (1.5eq)
MeCN, rt., 2 h
\ o, N
HO -

o - CHCly

85%
65 91

Scheme 24. Reactions of B-trihalogenacetyldihydropyrans with hydrazines.

R1
(ref. 12,47-51) OR? HO OR®
R?0 CHO
i RNHNH, R
—_— )
R TO [ N
12 92 N
R
(ref. 39)
0Bn QH oBn OH OBn \1
BnO._~_ _COCF; PhNHNH, BnO _ | = R
U/ EtOH, A, 24 h 5 N-Ph B0 “Neph |
BnO. .. B BnO =N ' - AR
0Ny o FiC | 6Bn =\ 3
82 93 A notobserved .

Scheme 25. Synthesis of pyrazoles from glycals and hydrazines.

N-Unsubstituted pyrazole 96 is formed in the reaction of p-trifluoroacetyldihydropyran § with
bromodifluoroacetic acid hydrazide in boiling ethanol (Scheme 26). It can be explained either by elimination
of the carboxylic acid from pyrazoline 94 and the subsequent hydrogen schift, or by dehydration of
pyrazoline 94 followed by hydrolysis of N-acylpyrazole 95. However, perfluorobutanoic acid hydrazide
under the mentioned conditions gives pyrazoline 97. The resulting pyrazolines can be dehydrated into
pyrazoles by the action of P»Os or PCl; in chloroform or SOCI, in the presence of pyridine.**

The reaction of bicyclic pyranoketones 98 with phenylhydrazine and N-methyl-N-phenylhydrazine
hydrochlorides under the conditions of the Fischer indole synthesis proceeds completely differently with the
formation of pyranocarbazoles 99 through the hydrazone stage (Scheme 27).%
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(e} HO CF3 FaC
BrCF,CONHNH, 0 (CH2)30H y (CHp)30H
‘ CFg ——————— = M . N
EtOH, A, 24 h BIF,C = - CF2BICO.H N

N
o7 5 61%
94
CsF7CONHNH,
EtOH, A, 24 h -H0 1,3-H]
47%
FaC FsC
0 O™ GHason O (CHy5OH HO )j/(CHZhOH
}N?ﬁ/ PN - CF,BICO,H AN,
CoF7 NT BrF,C N N
97 95 96

Scheme 26. Reactions of B-trifluoroacetyldihydropyran with carboxylic acid hydrazides.
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Scheme 27. Synthesis of 1,2,3,11-tetrahydropyrano[3,2-a]carbazoles.

It has been shown that the nature of the solvent and the possibility of the formation of intermolecular
hydrogen bonds can significantly influence the regioselectivity of the interaction of acyldihydropyrans with
methylhydrazine.* In aprotic dipolar solvents, the regioisomer 101a is predominantly formed, whereas only
the product 102a was isolated in protic solvents. In non-polar toluene, the reaction almost does not proceed
(Scheme 28). One of the reasons for this behavior may be a change in the sterical availability of electrophilic
centers in acetyldihydropyran 100 due to the formation of an intermolecular hydrogen bond.

The treatment of B-trifluoroacetyldihydropyran 82 with an ethanolic solution of hydroxylamine leads
to dihydroisoxazole 103, the dehydration of which gives 5-trifluoromethylisoxazole 104.* In the reaction of
dichloromethylketone 105 with conc. aqueous solution of hydroxylamine,
5-hydroxy-5-dichloromethyl-4,5-dihydroisoxazole 106 was isolated. It undergoes intramolecular
dehydration under the action of conc. H,SO, at 30 °C with the formation of bicyclic dihydroisoxazole 107.
Besides, tetrahydropyran-3-carbonitrile 108 was obtained at a higher temperature as a result of the
protonation of the isoxazole oxygen, cleavage of C—O bond and formation of the corresponding oxime. Then
the carbonyl group of this oxime is attacked by the hydroxyl group of the side chain and, finally, closure of
the pyran ring and dehydration lead to nitrile 108 (Scheme 29).**

It was shown that dihydropyrans 5 and 65 under the action of hydroxylamine hydrochloride in aqueous
pyridine turn into a mixture of similar products with a predominance of the derivatives of tetrahydropyran
110 at a higher temperature (Scheme 30).%

The addition of hydroxylamine to a carbonyl carbon was described,’ whereby using of hydroxylamine
hydrochloride leads exclusively to oxime 111, while when adding potassium hydroxide to hydrochloride
2-hydroxy-2-(trifluoromethyl)tetrahydro-2 H-pyran-3-carbonitrile 112 was also isolated in 34% yield
(Scheme 31). The authors explain the formation of the latter product either by conjugate addition of NH,OH
with subsequent opening of the pyran cycle, hemiketalization, isomerization to the oxime and its dehydration
to the nitrile, or by addition of hydroxide anion, hemiketalization, isomerization to the aldehyde, formation
of the oxime and its dehydration.

The reaction of the enaminone 100 with hydroxylamine in aqueous DMF at 100 °C leads to the
regioselective formation of 3-arylaminoisoxazoles 113. The reaction in water, ethanol or methanol proceeds
much slower. At the same time, carrying out the reaction in water in the presence of KOH and
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tetrabutylammonium bromide (TBAB) provides access to 5-arylaminoisoxazoles 114. In the presence of
KOH, deprotonation of hydroxylamine occurs and it reacts as O-nucleophile with attack of the -position of
the enaminone. 5-Arylamino-substituted isomers 114 are formed as a result of vinyl nucleophilic substitution
SnVin, intramolecular cyclization and dehydration. In the absence of KOH, a stronger nucleophilic center in
hydroxylamine is a nitrogen atom (Scheme 32).%

Solvent | Yield, %2
101a; 102a
0 HO HO MeNO, | 69 |12
NHPh MeCN | 76 :10
solvent \ DMSO 81 't

Qﬁk L MeNEN e DMF | 85 | trace
0~ >NHPh (Beq) 80°C, 5-6 h N’ N i trace
| ‘ PhMeP | trace! trace

100a 101a 102a Ho0¢ 0 594

MeOH | 0 191

EtOH 0 E 87

+BuOH | trace: 84

2 |solated yields.
b Recovered 84% of unreacted 100a.
¢ In the presense of TBAB (10 mol. %).

O NHNHMe _ MeNHNH, CHK __ MeNHNH, | - NHMe
MNHAr T owF hydratatlon - 1,2-addition-

(CH2)30H 1,4-addition- ; \ ellmmatlon o NHAr
ellmlnatlon Ho ,/
7 l
H
HO(HZC)iz_( HO(HAC)3
[ T
N AN N
| |
101, 78-91% 102, 83-91%
Scheme 28. The regioselectivity of the interaction of a-phenylamino-B-acetyldihydropyran
with methylhydrazine.
(ref. 39)
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(ref. 54)
HO(H2C)s
CHCl,  NH,0H-HCIH,0, Py \ 96% H,SO \
o 50°C, 48 h cHc © 30°C, 56 h CILHC
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Scheme 29. Synthesis and transformations of 5-hydroxy-4,5-dihydroisoxazoles.



452

Q HOH2C)s
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o 3-7 days X< © 9] cXs
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X=Cl 0% 80% (> 65 °C) (+20% 65)
20% 60% (25 °C) (+20% 65)
0% 5% (0 °C) (+95% 65)

Scheme 30. Competition between dihydroisoxazole and tetrahydropyran formation.
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Scheme 31. Reaction of [3-triﬂuoroacetyldihydropyran with hydroxylamine.
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Scheme 32. Synthesis of 3- and 5-arylaminoisoxazoles.

2.2.3. 1,3-N,N-Binucleophiles

Condensation of 2-aminobenzimidazole 115 hydrobromide with B-trifluoroacetyldihydropyran S in
boiling toluene in the presence of EtN leads to the regioselective formation of
2-trifluoromethylpyrimido[1,2-a]benzimidazole 116 (Scheme 33). The authors believe that triethylamine
hydrobromide formed in situ facilitates dehydration at the last stage of heterocyclization.” The interaction of
S-trichloroacetyl-3,4-dihydro-2 H-pyran 65 with 2-aminobenzimidazole or its hydrobromide is accompanied
by cleavage of the trichloromethyl group. In the «case of the free base,
pyrimido[1,2-a]benzimidazol-2(1H)one 117 is formed, and only
tetrahydrobenzo[4,5]imidazo[1,2-a]pyrano[3,2-e]pyrimidinone 118 was isolated while using hydrobromide.
Carbaldehyde 18 reacts with 2-aminobenzimidazole in the presence of p-TSA to give
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benzo[4,5]imidazo[1,2-a]pyrimidine 119.7 2-C-Formyl glycals react with 2-aminobenzimidazole in the

presence of NaH in boiling THF in the same way.

(ref. 57)
HBr
COCF, N EtsN, PhMe, 4, 60 h FsC _N__N
| + HN— LY
0 N 65% RN
5 115-HBr 16
R = (CHp)40H
o}
H
coccl
g R S
0" "N" N MeCN, EtsN, A, 8 h (12%) 0 MeCN, EsN, A, 1h - N\©
@ PhMe, Et3N, 4, 72 h (25%) 65 60% "7
18 R = (CH2)30H
(ref. 27) i (ref. 48)
H OBn
¢ R Z R2 Rt ANaoN
cHO NN oas CHO 115 J RS
O Ay Sy B0
o EtOH, A, pTSA RN : o NaH, THF, A I
B n
87% 119 i 12ab 120
18 R = (CHp)5OH : &

R' = H, R?= OBn (40%)
R'=0OBn, R2=H (55%)

Scheme 33. Reactions of B-acyldihydropyrans with 2-aminobenzimidazole and its hydrobromide.

In the condensation of dihydropyrancarbaldehyde 18 or 2-C-formyl

glycals 12a,e with

5-aminopyrazoles, pyrazolo[1,5-a]pyrimidines 121 were obtained both under the catalysis of p-TSA and in

the presence of NaH (Scheme 34).

Despite

the possibility of the formation of isomeric

[1,2,4]triazolo[4,3-a]pyrimidines 122 and [1,2,4]triazolo[1,5-a]pyrimidines 123 only the latter have been

isolated in the reaction with 3-amino-1,2,4-triazole.*%
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121d (ref. 27) or AcOH, A R=PMP Rl = H, X = CH (62%)
R = p-Tol, X = CH (24%) (ref. 27) R =H, R'= OAc, X = CH (52%)
R=H, R'= 0OAc, X =N (62%)
(PMP = 4-methoxyphenyl)
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N
/ \N ’_\\N
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HO AN NaH, THF BnO,, A_CHO NaH, THF, 4  HO Z N’N\>
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121e-h CO,Et (ref. 58) S
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R = NHBn (47%) : A~ |
R = NHPMP (55%) 3 HO/Y\(\)'L N
R = NH(4-BrCgHy) (61%) Dgog OBM OSSN
not formed :

Scheme 34. Reactions of B-formyldihydropyrans with 5-aminopyrazoles and 3-amino-1,2,4-triazole.
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The reaction of O-benzylated 2-formyl-L-arabinal 12a with thiourea in the presence of NaH leads to
pyrimidine-2-thione 124. Pyrimidin-2-one 125 was isolated in moderate yield in the reaction of 12a with

cyanamide as a result of attack of the cyanamide amino group on the carbonyl carbon atom, hydrolysis of
nitrile group to amide and intramolecular vinyl substitution SyVin (Scheme 35).%®

OBn QBn )SJ\ (:)Bn
o - HoNCN BnO,,. (TCHO HaN NHa HO/Y\(\NH
s A NaH THF, 4,30h NaH, THF, 0-22°C, 40 h NP
N0 30% o 38% NS
125 12a 124

Scheme 35. Synthesis of pyrimidine-2-thiones.

It was shown that the ratio of pyrano[2,3-d]pyrimidin-4-ols 126, 127 and pyrimidines 128, 129 as

products in the reaction of amidines and trifluoroacetyldihydropyran 5 strongly depends on the conditions
and the nature of the amidine (Scheme 36).
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Scheme 36. Synthesis of dihydropyrimidines and tetrahydropyrimidines.
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The condensation was carried out either under the action of a 1M aqueous NaOH or with an alcohol
solution of sodium alkoxide, and proceeds with almost a complete predominance of aromatic pyrimidines in
alcohol reaction media.> B-Trichloroacetyldihydropyran 65 in the reaction with benzamidine hydrochloride
in aqueous NaOH gives dihydropyrimidine 130 in good yield as a result of subsequent Michael addition,
intramolecular cyclization and elimination of trichloromethyl group. In fact, the last two stages of this
cascade process are a type of haloform cleavage in the intramolecular version.®” The presence of two non-
equivalent N-nucleophilic centers in 1,2-dimethylisothiourea leads to the fact that in reaction with
B-alkoxyvinyl  trihalomethyl  ketones  both  N-methyl-2-methylthiotetrahydropyrimidines  and
N-methyl-2-methylthiodihydropyrimidines may be formed primarily depending on the nature of the
halogen.®' In the case of B-trifluoroacetyldihydropyran 5, the C-6 position is attacked by the nitrogen atom
linked to the methyl group (path a); an attack by a nitrogen atom of an unsubstituted imino group (path b) is
observed for trichloroacetyl derivative 65, followed by haloform cleavage in both cases. Dihydropyrans 5,
65 react with 4-(trichloromethyl)-2-guanidinopyrimidine 133 similarly with diastereoselective formation of
dipyrimidin-2-ylamines 134, 135 (Scheme 36).*

The reaction of the ketone 5 and guanidine hydrochloride in aqueous NaOH passes predictably and
yields 4-trifluoromethyl-2-aminopyrimidine 136.* A large series of pyrimidines 137 was obtained from
2-C-formyl glycals and salts of substituted benzamidines, guanidines and trifluoroacetimidate in the
presence of a base (K,COs, n-BuLi).”' Both mono- 139 and bipyrimidines 140 may be obtained from
1,2-bis(3,4-dihydro-2 H-pyran-5-yl)ethane-1,2-dione 138 and benzamidine depending on the reaction
conditions (Scheme 37).%

(ref. 63)
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Scheme 37. Synthesis of pyrimidines from 2-C-formyl glycals or 3-acyldihydropyrans.

Lim and Park described new molecular frameworks 141-143 which contain both fused triazoles from
one side of a single molecule and pyrazole, pyrimidine or pyrazolopyrimidine scaffolds from another side as
two distinct privileged substructures connected with a stereochemically enriched vicinal diol linker,*’ which
was further utilized for the expansion of molecular-shape diversity, from 2-C-formyl glycals and
1,3-binucleophiles on the first stage. Among described intermediates pyrimidines with excellent antimalarial
potency and high selectivity were identified (Scheme 38).%

A special case is the condensation of the aldehyde 18 with (triphenylphosphanylidene)benzimidamide
144 to form pyrimidine 145. The authors believe that the mechanism of the process includes the aza-Wittig
reaction, the 6m-electrocyclization of the azatriene intermediate, the opening of the tetrahydropyran ring, and
the dehydrogenation of dihydropyrimidine (Scheme 39).%
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Scheme 38. Construction of molecular frameworks based on reactions of 2-C-formyl glycals

and 1,3-N,N-binucleophiles.
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Scheme 39. B-Formyldihydropyran in cascade aza-Wittig reaction/6m-electrocyclization.

2.3. Miscellaneous nucleophiles

In the reaction of p-trifluoroacetyldihydropyran S with an excess of ftriethylphosphite,
cyclophosphorane 146 is formed as a product of the formal [4+1]-cycloaddition.” The reaction of
B-trichloroacetyldihydropyran 65 with triethylphosphite also proceeds through
[1,2]oxaphospholo[3,4-b]pyran 147, which is revealed by the C—P bond with the elimination of chloride ion,
followed by dealkylation of formed diene 148 which in turn yields phosphate 149 (Scheme 40).*” This
transformation is related to the Perkow reaction.
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R i SN o . | i, e | T
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© % 07 "P(OBYs e er ©
65 (ref. 67) 147 148 149

Scheme 40. Reactions of carbonyl-substituted dihydropyrans with triethylphosphite.

Bicyclic acyldihydropyrans 150 react with benzyl mercaptan in the presence of triethylamine to form
Michael adducts 151.% In the reaction with sodium thiophenolate, the carbon atom bonded to the bromine
acts as the center for the nucleophilic attack in bromodifluoroacetyldihydropyran 152. The reaction proceeds
via the Sgx1 mechanism and involves the stage of one-electron transfer (Scheme 41).%
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Scheme 41. Reactions of carbonyl-substituted dihydropyrans with benzyl mercaptan and thiophenols.

Heating of B-acyldihydropyranes S, 65 in boiling benzene in the presence of aqueous KOH leads to the
product of the haloform cleavage 3,4-dihydro-2H-pyran-5-carboxylic acid 154. Carrying out the reaction in
ethanol in addition to haloform cleavage is accompanied by the 1,4-addition of ethanol (compound 155). In
aqueous acetonitrile, initially formed Michael adduct underwent further recyclization to form
tetrahydro-2H-pyran-2-ol 156.”7° Using of methanol as a solvent for haloform cleavage with various bases
leads to methyl 3,4-dihydro-2H-pyran-5-carboxylate 157 (Scheme 42).”!
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Scheme 42. Products of haloform cleavage of B-acyldihydropyrans.

The reduction of B-carbonyl-substituted dihydropyrans with NaBH, in methanol selectively proceeds
as 1,2-addition without using CeCl; to form the corresponding allyl alcohols 158.”* The 2-C-hydroxymethyl
glycals obtained in this way are valuable substrates for the chemistry of carbohydrates with enormous
synthetic possibilities, which were described in detail in the recent review (Scheme 43).”*

e} OH

R R
X@)L NaBHy, MeOH x@%
o R=H, Me o
158

Scheme 43. Reduction of B-carbonyl-substituted dihydropyrans with NaBH,.

3. Reactions of carbonyl-containing 4H-chromenes and their annelated analogs with nucleophiles

Despite the fact that chemical properties of 3-acyl-4H-chromenes seem similar in shape to those of
well studied 3-formylchromones™ and 3-acylchromones,” their chemistry is represented in only a few
papers. At the same time, the transformations of 3-trifluoroacetyl-4H-chromenes and their annelated
analogues have not been studied at all before our works.

Due to the low availability of 4H-chromenes 159 and 1H-benzo[f]chromenes 160 containing a
carbonyl group in the B-position to the oxygen atom of the pyran cycle, their properties have been studied to
a much lesser extent. The presence in their structure of two electron-deficient fragments (a-carbon atom of
dihydropyran cycle and carbonyl carbon atom) allows to consider them as 1,3-bielectrophils, but the
conjugation of the carbonyl group with the oxygen atom of the heterocycle reduces its electrophilic activity.
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In recent years, however, a number of effective approaches to 4H-chromenes 159, 160 containing
formyl and various acyl (such as trifluoroacetyl, aroyl, cynnamoyl) substituents at the C-3 position have
been developed™ based on cycloaddition between highly  polirized (push-pull)
a-amino-B-carbonyl-substituted ethylenes and in situ generated o-quinone methides”” with subsequent
elimination of amine from intermediate 2-aminochroman (Scheme 44).

0o

LG R J)Lx R O R O

Z R? 7 z X Z X
N-"NoH  -HLG 0 [4+2] N0 NR, - HNR, 0
o-quinone methide 159, 160

R'= Alk, Hal, EDG, EWG, (hetiareno; R2 = H, (het)aryl; LG =Cl, OH, NMey; X = H, Ar, (E)-(CH=CH)—Ar, CF3
Scheme 44. Synthesis of -carbonyl-substituted 4H-chromenes.

It was found that 3-formyl- and 3-acyl-4H-chromenes 159, 160 react with
1,1,3,3-tetramethylguanidine (TMG) at room temperature with the opening of the pyran ring and formation
of 2-(3-oxoprop-l-en-1-yl)guanidines 161, 162 through successive aza-Michael addition and
retro-oxo-Michael reaction (Scheme 45).78 This transformation imposes a limitation on the use of TMG as
an organic base in the presence of 3-carbonyl-substituted 4H-chromenes.

0
X
MezN NMe, R! R'=R?2=R%=H,X=Ph (51%)
R'=Me, R?=H, R®=1-Ad, X = CF3 (81%)
MeCN or EtOH, r.t., 1h R2 NMe, R'=R2=Me, R3=H, X = CFs (71%)
R® 461 NMe,  RIZRE=RO=H X=4CCeH,  (65%)
R O,
X R=H,X=H (51%)
Me,N NMez R=H,X=CF3 (45%)
R =tBu, X = CF3 (93%)
MeCN or EtOH, r.t., 1 h OH ™ Ny NMe; g - Br, X = CF5 (73%)
162 NMe, R=H.X=4-CiCeH, (85%)

Scheme 45. Reactions of 3-formyl- and 3-acyl-4H-chromenes with 1,1,3,3-tetramethylguanidine.

It should be noted that there is no information in the scientific periodicals about reactions of
3-acyl- and 3-formylchromenes with simple nucleophiles such as amines and ammonia, but only reaction of
2-cinnamoyl-1H-benzo[f]chromene 163 with 4-halobenzylamines, in which
N-(4-halobenzyl)-2,3-dihydropyridin-4(1H)-ones 164 are formed as a result of the double Michael addition
of the amine to the cross-conjugated dienaminone fragment and the opening of the pyran ring (Scheme

46).7%
HoN O
MeCN A 2h OH NH MeCN A,22h
R =Br(a), F (b)
R

NO2 a (40%), b (in situ) 164a (47%), 164b (63%)
Scheme 46. Interaction of 3-(3-nitrophenyl)-1-(1H-benzo[f]chromen-2-yl)prop-2-en-1-one
with benzylamines.

163

The reaction of carbonyl-substituted 4H-chromenes with 1,2-binucleophiles opens the way to
2-hydroxybenzylated five-membered heterocycles (Scheme 47). For example, 2-benzoyl- and
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2-trifluoroacetyl-1H-benzo[f]lchromens 160 in the reaction with hydrazine hydrate and hydroxylamine as
1,2-binucleophiles give substituted pyrazoles 165 and isoxazole 166 in good yields. The reaction of
chromenes with methylene-active nitriles allows to obtain 2-hydroxybenzylated pyridine derivatives. In
particular, the reaction of 2-trifluoroacetyl-1H-benzo[flchromen 160a with malononitrile or
cyanothioacetamide in the presence of DABCO leads to cyanopyridone 167 and cyanopyridinethione 168 in
good yields through a series of transformations involving the Dimroth rearrangement.”®

A NoHg H20, A, 1h NH0H /
| N MeOH, A, 1h o
oH NH oH N

165
10/
R = CF (75%), Ph (76%) 166 (80%)

CH,(CN),, DABCO

MeCN, A, 7 h for X= O (69%) O CFs4
or
CFs3 O Z>NH
NH,
NC
/\[sr , DABCO OH Ny X
160a MeCN, 4, 3 hfor X = S (63%) 167,168 N

Scheme 47. Reactions of 2-acyl-1H-benzo[f]chromenes with binucleophiles.

The reaction of carbonyl-substituted 4H-chromenes with various amidines, guanidine and
amidinothiourea as 1,3-binucleophiles leads to 5-(2-hydroxybenzyl)pyrimidines 169 (Scheme 48).79

R! 0 Jﬂ* R! X R! X
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Entry R® X yield 169 (%)
1 R1=R2=RP=R*= H: 1-Ad Ph 77
2 Ph Ph 68
3 Ph CF; 65
4 R'=R=H R2=RY= Me: 4-MeCgHy CFs 68
5 1-Ad CF; 48
6 NH, CF, 74
7 R'=R®=H,R2=Me, R*= 1-Ad:  1™Ad CFs 90
8 NH, CFs 86
9 Ph H 74
10 Ph 4-CICgH, 89
1" Ph CF3 64
12 R'+R2 = benzo, R3 = R* = H: NH, H 48
13 4-MeCgHy CFs 70
14 1-Ad CF3 71
15 NH(C=S)NH, CFs 39
16 NH, CFy 48
Conditions: amidine hydrochloride (1 eq.), DBU (1.1 eq.), MeCN, A, 6 h (entries 1-5, 7, 9-11, 13, 14)
guanidinium carbonate (2 eq.), Py, A, 8h (entries 6, 8, 12, 16)
amidinothiourea (1.14 eq.), MeCN, A, 12h (entry 15)

Scheme 48. Recyclization of carbonyl-substituted 4H-chromenes and 1H-benzo[f]chromenes
by the action of amidines and guanidine.
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It was found that 6-amino-1,3-dimethyluracil and 6-aminothiouracil as 1,3-C,N-binucleophils react
with 3-trifluoroacetyl-4 H-chromenes 161 to give 7-trifluoromethyl-substituted
pyrido[2,3-d|pyrimidine-2,4-diones 162 and 163 containing
2-hydroxybenzyl or 2-hydroxynaphthalen-1-ylmethyl unit in the C-6-position (Scheme 49).% The reaction
proceeds in regioselective manner with the bond formation between the a-carbon of 4H-chromens and the
nucleophilic C-5-carbon of 6-amino(thio)uracils due to the Michael reaction with subsequent disclosure of
the pyran ring and nucleophilic addition at the carbonyl group.

R FC R CFs4
2 0] R2
r DMF, A, 7 h R ‘ NHa ‘ SN
,& R OH X o R OH Y /i
R R
159, 160 o x/gv 170,171 O~ X 7Y
170, X=NMe, Y=0: R'=R3=H, R2=Me, R*= 1-Ad (64%) [171, X=NH,Y=5: R'=R*=H,R2=R®= Me (62%)
R'=R*=H, R2=R®= Me (61%) R" + R? = benzo, R®*=R*=H (59%)
R'=R¥®=R*=H,R?= NO, (73%)
R'+R2=benzo,R®*=R*=H (68%)
R' + R2 = 6-(1-Ad)benzo, R®=R*=H (72%)

Scheme 49. Reactions of trifluoroacetylchromenes with 6-aminouracils: synthesis
of pyrido[2,3-d]pyrimidines.

A number of unique transformations of trifluoroacetylchromenes in reactions with some other
binucleophiles related to the specific nature of the trifluoroacetyl group was also discovered. One of these
transformations was found in the reaction of trifluoroacetylchromenes as structural analogues of
B-alkoxyvinyl trifluoromethyl ketones with o-phenylenediamine as a 1,4-binucleophile. Instead of
trifluoromethyl-substituted benzodiazepines, 2-(trifluoromethyl)chroman-2-ols 172 and
2,3-dihydro-1H-benzo[f]chromen-3-0ols 173 along with benzimidazole were isolated. In this case,
trifluoroacetylchromenes play the role of 1,1-bielectrophiles rather than 1,3-bielectrophiles (Scheme 50).%!
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Scheme 50. Rearrangement of trifluoroacetylchromenes in trlﬂuoromethylchromenols

The proposed rearrangement mechanism includes the following steps: aza-Michael reaction/addition of
one of the o-phenylenediamine amino groups to chromene, a retro-oxa-Michael reaction/opening of
dihydropyran ring, repeated aza-Michael reaction, a retro-Mannich reaction accompanied by elimination of
benzimidazole, and intramolecular addition at the carbonyl group (hemiketalization). In addition, it was
noted that the use of ethylenediamine instead of o-phenylenediamine leads to a complex mixture of products
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containing chromanols 172, 173 as the main component. Reaction of chromenes 159, 160 with
o-aminothiophenol in the presence of air also results in chromanols in low vyields along with
bis(2-aminophenyl)disulfide as the product of oxidative dimerization of o-aminothiophenol.

Another recently reported rearrangement was found in the reaction between equimolar amounts of
benzo[f]chromens 160 and homopiperazine in methanol at room temperature or under short-term heating,
which resulted in 3-(1,5-diazabicyclo[3.2.1]octan-8-yl)-3~(trifluoromethyl)-2,3-dihydro-1H-
benzo[f|chromen-3-ols 174 (Scheme 51).*> Homopiperazine can also be considered as a 1,4-binucleophile,
which produces two C—N bonds with the former a-carbon of benzo[f]chromen with the formation of a
1,5-diazabicyclo[3.2.1]octan skeleton due to the double aza-Michael addition; subsequent hemiketalization
leads to the formation of the dihydropyran ring in the final product. The reaction of homopiperazine with
6-nitro-3-trifluoroacetyl-4 H-chromene 159a or 6,8-dibromo-3-trifluoroacetyl-4H-chromene 159b in a ratio
of 2:1 under similar conditions leads to 2-(2-1,5-diazabicyclo[3.2.1]octan-8-yl)ethyl)phenols 175.
Presumably, acid-type cleavage under the action of the second equivalent of homopiperazine occurs instead
of intramolecular nucleophilic addition due to the reduced nucleophilicity of the hydroxyl group caused by
the acceptor nature of the substituents. In the case of the use of mentioned 3-trifluoroacetyl-4H-chromenes
and homopiperazine in an equimolar ratio, only the mixture of unreacted starting chromene and
1,5-diazabicyclo[3.2.17octan derivative was isolated. Similar results were also obtained using
2,2,3,3,3-pentafluoro-1-(6-nitro-4 H-chromen-3-yl)propan-1-one 159¢. To the best of our knowledge, these
transformations are the first examples of 1,5-diazabicyclo[3.2.1]octan core construction using double
Michael addition sequence.
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rt., 2 days for R = H (60%), Br (68%)
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Scheme 51. Reactions trifluoroacetylchromenes with homopiperazine.

R!

The reaction of benzo[f]chromenes 160 with 2-naphthols as 1,3-binucleophiles in the presence of DBU
leads to benzo[f]chromen-3-ones 176 that do not contain trifluoromethyl group (Scheme 52).** A similar
transformation was also observed in the reaction of 6-bromonaphthalen-2-ol  with
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1-(6,7-dimethyl-4 H-chromen-3-yl)-2,2,2-trifluoroethan-1-one 159a, for which the reaction mechanism is
presented below. Firts, the deprotonation of 2-naphthol by DBU takes place, the formed naphtholate then
adding to trifluoroacetylchromene with ist a-carbon as a soft nucleophilic center in a Michael type reaction.
Subsequent rearomatization of naphthol moiety, intramolecular ring closure followed by haloform-type
elimination of trifluoromethyl group and dihydropyran ring opening lead to 3H-benzo[f]chromen-3-ones
177.

R?=H, R%=H (52%)

R?=H, R%=1-Ad (78%)

Oy, CFs3 R?=H, R%=Br (70%)

RZ=Br, R%=H (72%)

o OH  pau R2=Br, R®=Br (67%)

o + - R?=tBu, R®=Br (69%)

OO g3 MeCN, 4, 4 h R2-Br RO-tBu  (75%)

R? R' RZ=1-Ad, R®=H (78%)
160

R'=tBu: R?=tBu, R®=H (31%)

>©ﬁ/cocF3 ‘ ‘ _OH DBU, MeCN, A, 4 h
+ |O
0 Br 3%

159a
DBU | - DBUH*

Fic 0 o

Scheme 52. Synthesis of benzo[f]coumarins from 2-trifluoroacetyl-1H-benzo[f]chromenes
and 2-naphthols.

An interesting example is the solid-phase synthesis of 9H-xanthene 180 starting from the polymer-
supported 3-hydroxypyridine which is further quaternized with bromoacetone. Under the action of base on
the prepared pyridinium salt, ylide 178 is generated which underwent the Michael addition to give
3-(4-methoxybenzoyl)-4H-chromene 179 (Scheme 53). Subsequent intramolecular aldol condensation and
cleavage of the hydroxypyridine fragment lead to 9 H-xanthene 180.%

Tetrahydroxantenones can be considered as condensed 3-acyl-4H-chromenes, however, as a rule,
publications are devoted to their synthesis in various modifications without studying their synthetic potential
in further transformations. It was described only a few examples of the reactions of tetrahydroxantenones as
Michael acceptors. When treating tetrahydroxantenone 181 with trimethylsilyl cyanide (TMSCN) in the
presence of Cu(OTY),, a 1,4-addition of cyanide ion occurs and then the opening of the oxygen-containing
cycle. Under the action of cuprate reagent, it is possible to introduce the propenyl fragment preapare
cyclohexenone 182 in moderate yield. At the same time, the reduction of tetrahydroxantenone with sodium
bor%lslydride proceeds as 1,2-addition with preservation of the xanthene system (compound 183) (Scheme
54).

12-Aryl-8,9,10,12-tetrahydrobenzo[a ]xanthen-11-ones 184 react with Lawesson's reagent in boiling
toluene to form the corresponding xanthen-11-thiones 185.% It should be noted that this transformation
failed under the action of P,Ss. The reaction with thiosemicarbazide also proceeds as 1,2-addition with the
formation of thiosemicarbazones 186 (Scheme 55).%
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Scheme 55. 1,2-Addition reactions of tetrahydrobenzo[a]xanthen-1 1-ones.

4. Conclusion

As summarized in this chapter, f-carbonyl-substituted dihydropyrans and 2-C-formyl/2-C-acyl glycals
that are particulary significant for carbohydrate chemistry, are highly reactive electrophiles. The presence of
the 1-oxabutadiene unit in their structure determines their ability to react with nucleophiles both by
conjugate addition to the a-carbon atom of the pyran ring, and to the carbonyl group. The reaction pathway
with nucleophiles primarily depends on the nature of the substituent at the carbonyl group. In the case of
3,4-dihydropyran-5-carbaldehydes, as a rule the 1,2-addition products are formed as main products, whereas
for more polarized 5-trifluoroacetyl-3,4-dihydropyrans, the formation of conjugate addition products
predominantly takes place. Moreover, these Michael adducts tend to reactions accompanied by the pyran
ring opening. However, the formation of a mixture of isomers is often observed. Reactions involving
S-trichloroacetyl- and more rarely 5-trifluoroacetyl-3,4-dihydropyrans in some cases are accompanied by
haloform-type cleavage. The important difference between trifluoroacetyldihydropyrans and their non-
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fluorinated analogues is their ability to form products with stable hemiketal fragment [-C(CF3)(OH)-O-] in
their structure. Both nucleophilic centers can be involved in the reactions of dihydropyrans with
binucleophiles, which lead to the formation of carbo- and heterocyclic compounds. In general, the steric
factor favors the nucleophilic addition to the carbonyl group.

At the same time, 4H-chromenes and their benzo-fused analogues containing a carbonyl group in the
B-position with respect to the oxygen atom remain poorly studied. In addition, known transformations are
fragmentary and cover a rather narrow range of nucleophiles. This does not allow to have an overall picture
of their reactivity and a priori predict the direction of the initial nucleophilic attack with sufficient accuracy.
However, this also allows us to hope to see new works in the near future describing the unique reactions of
this interesting class of compounds. This line of research, as well as the creation of new methods for
obtaining and studying transformations of other six-membered heterocycles, are actively developing in our
research group.®®
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