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FURAN DERIVATIVES OF GROUP V ELEMENTS (REVIEW)

E. Lukevits and O. A. Pudova

Methods of synthesis, physical properties, chemical transformations, and biological activity data for the furan
derivatives of phosphorus, arsenic, and antimony are reviewed.

1. SYNTHESIS OF DERIVATIVES OF PHOSPHORUS, ARSENIC, AND ANTIMONY

Like the furan derivatives of elements of group IVB [1], the compounds of group VB can be divided into three main
types, i.e., compounds with a Cmry,-M (I) bond and compounds in which the element is separated from the furan ring by a

carbon chain (II) or a carbofunctional fragment (III). In the series of group VB elements, the compounds of phosphorus have
been studied most fully.
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1.1. Synthesis of Compounds of Type |

As in the case of the derivatives of group IVB, the lithium synthesis is a general method for the synthesis of the furan
derivatives of phosphorus and arsenic of type [. This method has been used more frequently than others for the production of
furyl-containing phosphines [2-9]. The reaction of 2-furyllithium and chlorophosphines was conducted in a mixture of ether
and hexane at 0 to —20°C. The yield of the furylphosphines is usually a little greater than 50%.
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The lithium method was used for the synthesis of 2,5-disubstituted furylphosphine [7], furylphosphines containing a
dimethylamino group in addition to the fury} substituent at the phosphorus atom [10], and diphenyl(2-furyl)arsine [11].
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In addition to furyiphosphines, furyl-containing phosphine oxides were obtained from 2-furyllithium and the chlorine
derivatives of pentavalent phosphorus [3, 10, 12]. Thus, the reaction of phosphoryl chloride Cl;PO and 2-furyllithium gave
tri(2-furyl)phosphine oxide with a low yield, amounting to 18.4% [12]. Phosphine oxide was obtained from optically active
2,2,3,4,4-pentamethyl-1-chloro-1-oxophosphetane by the lithium method with a 65% yield [10].
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Phosphorane with pentacoordinated phosphorus was synthesized with a 66% yield by the reaction of 2-furyllithium with
dibiphenylenephosphonium iodide at —20°C [13].

The chiorine atom in dialkylphosphorochloridates [2, 9] is also substituted by a furyl group during treatment with 2-
furyllithium. However, according to data in [9], the process is nonselective, and partial substitution of one alkoxy group is
observed. For instance, if R = Et the yields of the monofuryl and difuryl compounds are 57 and 18% respectively.
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There is very little information on the introduction of various hetercorganic groups into the furan ring without the use
of furyllithium.

The synthesis of diphenyl 2-furylphosphonate from diphenyl phosphorochloridate was realized with 2-furylmagnesium
iodide. The yield of the reaction product was small and amounted to 27.6% [14].

Tri(2-furyl)arsine was also obtained in the reaction of 2-furylmagnesium bromide with trichloroarsine, while 2-
furyldichloroarsine was formed in the reaction of equimolar amounts of 2-furylmercuric chloride and trichloroarsine {15]. Tri(2-
furyl)stibine was obtained by the condensation of 2-bromofuran with trichlorostibine in the presence of sodium [16].
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Furan and 2-methylfuran are phosphorylated by phosphorus tribromide under the influence of pyridine. 2-Methylfuran
reacts even at 20°C with the almost quantitative formation of (5-methyl-2-furyl)dibromophosphine. At higher temperatures it
is possible to obtain di(5-methyl-2-furyl)phosphine [17].
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Unsubstituted furan hardly reacts at all at 20°C. (2-Furyl)dibromophosphine and tri(2-furyl)phosphine were obtained
by heating a mixture of furan,tribromophosphine,and pyridine at 180°C. Di(2-furyl)bromophosphine is formed as impurity [17}].
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During electrochemical oxidation at a platinum [18, 20] or glassy graphite {19] electrode in a 10-30-fold excess of furan

in acetonitrile in the presence of sodium perchlorate or sodium fluoroborate, trialkyl(aryl)phosphines [18, 19] and the
corresponding arsines form furyl-containing phosphonium and arsonium salts.
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Sodium diethy! phosphite enters into an analogous reaction in a furan—phosphite ratio of 2.5-4:1 {21].
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5-Bromo-2-furancarboxylic acid does not undergo any changes when heated with triphenylphosphine in nitrobenzene,
dimethylformamide, p-xylene, or benzonitrile. However, simultaneous decarboxylation occurs when the reagents are heated
above 200°C without a solvent, and a triphenyl(2-furyl)phosphonium salt is formed with a 50% yield. It was possible fo retain
the carboxyl group in the furan ring by keeping 5-bromo-2-furancarboxylic acid and triphenylphosphine at 160-180°C for 3-5

h in the presence of nickel chloride [22].
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A diphosphonium salt was produced by heating a mixture of 2,5-diiodofuran and triphenylphosphine at 260-280°C [22].
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A furyl-containing phosphonate was synthesized by low-temperature UV photolysis of a mixture of 2-iodofuran with

an excess of trimethy! phosphite. The low yield of the reaction product (26%) was explained [23] by the photolytic instability
and also by the poor quality of the iodofuran (80% purity).
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2-Chlorotetrahydrofuran reacts with trimethyl phosphite and antimony pentachloride at low temperature (—78°C) with

the formation of (2-tetrahydrofuryl)trimethoxyphosphonium hexachloroantimonate, which is easily dealkylated to dimethyl 2-
tetrahydrofurylphosphonate [24].
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The phosphonium salt of tetrahydrofuran is easily formed during the treatment of a benzene solution of 2,3-
dihydrofuran with gaseous hydrogen chloride for 5-10 h at room temperature. The salt was then converted into the
corresponding 2-tetrahydrofurylphosphine oxide by reaction with a 3N solution of sodium hydroxide at boiling point [25].
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Without mention of the details of the synthes's or the yield of diphenyl(2-furyl)phosphine, it was stated in [26] that this
compound was the only product of the reaction of diphenylchlorophosphine and 2,5-dimethoxy-2,5-dihydrofuran.
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Diphenyl[2-(5-methoxy)tetrahydrofuryl]phosphine oxide was obtained with a 90% yield in the reaction of 2,5-
dimethoxytetrahydrofuran with diphenylchlorophosphine in dichloromethane at 0°C [26].
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An extremely interesting and quite widely studied method for the synthesis of various derivatives of 2,3-dihydrofuran
with a phosphorus atom at position 4 of the ring is the reaction of tetrahydrofuran compounds with phosphorus pentachloride
[27-31}. Thus, the reaction of tetrahydrofuran with phosphorus pentachloride in absolute benzene is exothermic and therefore
requires cooling to 5-10°C. The initially formed complex is decomposed by sulfur dioxide with the formation of 2,3-dihydro-4-
furylphosphonic dichloride [27] or is reduced by phosphine to 2,3-dihydro-4-furyldichlorophosphine [32].
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The reaction of phosphorus pentachloride with tetrahydrofuryl alcohol {28] probably takes place according to the

following scheme:
D = O 2= [0
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The product in the reaction of phosphorus pentachloride with y-butyrolactone in a ratio of 3:1 is 5-chloro-2,3-dihydro-
4-furylphosphonic dichloride {29].
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2,3-Dihydro-4-furylphosphonic dichloride and some of its 2-substituted derivatives were used successfully in the
synthesis of 3-furyiphosphonic compounds {28, 33]. It was found, for example, that the acid dichloride is easily brominated
at position 2 with bromine in carbon tetrachloride and also with bromosuccinimide. In turn, the obtained product is
dehydrobrominated during distillation, and 3-furylphosphonic dichloride is formed with a yield of 45% [33]. A similar reaction
was carried out with 2-chloromethyl-2,3-dihydro-4-furylphosphonic dichloride [28].
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The dehydrobromination of 2-bromomethyl-2,3-dihydro-4-furylphosphonic dichloride was also realized {28] with an
alcohol solution of potassium hydroxide. The reaction takes place according to the following scheme:

POCI, POCI, PO(OR),
KOH/ROH
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In a number of cases, cyclization has been used for the synthesis of 3-substituted furylphosphonates. Thus, the reaction
of 1,1-diacyl-3,3,3-trichloropropenes with triethyl phosphite in the presence of triethylamine led to the formation of 3-
furylphosphonates with yields of 60% or more. In addition to the phosphorylated furan, the formation of a noncyclic
phosphonate with yields of up to 25% was also observed [34].
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Trimethyl phosphite reacts with dibenzoylethylene in methylene chloride at room temperature [35]. A noncyclic
phosphonate is formed initially. When heated under vacuum it undergoes cyclization with the elimination of methanol.

OMe
PhCCH=CHCPh (MeO),P PhCCH,C=CPh 180°C (0. mm He )
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3-(2,5-Diphenylfuryl)phosphonic acid can also be obtained by the action of diethyl phosphonate in the presence of
dibenzoyl peroxide at 90-95°C or of phosphorus trichloride in acetic anhydride at 33-38°C on dibenzoylethylene, followed by
hydrolysis {36, 37].
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A method for the formation of the furan and dihydrofuran rings of benzofurylphosphonates was based on the cyclization

of o-substituted aroylphosphonic diesters with trialkyi phosphites [38].
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A furan ring with a phosphonate group was obtained by a retrodiene synthesis during the condensation of 4-methyl-5-
propoxyoxazole with diethy! 3-methyl-3-hydroxy-4-penten-1-ynylphosphonate at 100°C in an atmosphere of nitrogen for 64
h {39].
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A phosphorylated dihydrofuran was obtained by heating 2,5-bis(dimethylphosphino)hexane-2,5-diol in the presence of
catalytic amounts of sodium methoxide or diethylamine or without a catalyst. At the first stage the diol undergoes dissociation
into dimethy! phosphite and 2-dimethylphosphino-2-hydroxyhexan-5-one, for which ring—chain tautomerism with the formation
of a cyclic hemiacetal is possible; dehydration of the latter leads to the dihydrofuran derivative [40]:
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The reaction of allylcarbanions, produced from halogen-substituted allylphosphonates, with aldehydes gives a mixture
of linear and cyclic products, among which phosphorylated 2,3-dihydrofuran was detected (yield 35-65%) [41].
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At 50-60°C in the presence of sodium alcoholates, dialky! phosphonates react at the carbonyl group of levulinaldehyde
diethyl acetal with the formation of a-hydroxy compounds, which undergo cyclization as a result of the elimination of alcohol.
The yield of the tetrahydrofuran derivatives of phosphorus amounts to 35-40% [42].
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1-Bromo-4-pentanone reacts with triethyl phosphite when heated to 120-140°C and forms the rearranged product of
the Arbuzov reaction with a 79% yield [43]. |-Bromo-4-pentanone and 1-bromo-4-hexanone also form cyclic products with

sodium diethy! phosphite [43].
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1.2. Synthesis of Compounds of Type I1

Among the compounds of type 11, in which the phosphorus atom is separated from the furan ring by one carbon atom,
phosphonium salts have found greatest use in organic synthesis. They are usually obtained with high almost quantitative yields
by heating 2- and 3-furylmethyl chlorides [44-56], bromides [57-62], and iodides [63] with triphenyiphosphine in benzene,
toluene, and dimethylformamide. Compounds with various functional groups in the furan ring [46-53, 58-61, 63] and with twp
phosphonium groups in the molecule [54-56], compounds in which the furan ring is separated from the phosphorus atom by
several methylene groups [64], and derivatives of benzofuran [65], dihydrofuran {57]. and tetrahydrofuran [57] have been

obtained in this way.
A voPE /O\
o

R CH.X CH, PPh X

X = Cl R = H [44 - 47|, Me [46], NO, [47, 53], CHO [48 ~ 50}, COOMe {51, 52
X = Br: R = H 57}, COMe {58}, CH=CHCOAr {59}, NO, [60, 61]
X = 1. R = NO, [63]
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In addition to triphenylphosphine, 2-thenyldiphenyl- and benzyldiphenylphosphine were also used in the reaction with

furfuryl bromide [62].

o7 TCH,Br
R=PhCH.®
N7 CH,

A phosphonium salt was also obtained with a low yield (22%) from 5,5'-bifurfuryl alcohol and triphenylphosphonium
bromide [66, 67].

CH, PPh sRBr

.
HO I \_J\ oy + PhHPBr  —e
0 0
- .-
——e  BPh,P / o\ /N PPh,Br

Treatment of 2-(2-propynyloxy)-4-methylenetetrahydrofuran with N-bromosuccinimide in methanol and then with
triphenylphosphine in dimethylformamide in an acidic medium gave 3-furylmethyltriphenylphosphonium bromide [68].

Br

OMe Ph.P
HC=C—CHy W HC‘C-‘CH’\O o TR
+ -
PPh,Br
/[ \
0

If furfurylpyridinium perchiorates are fused with triphenylphosphine (80°C), a triphenylphosphonium salt is formed

with a 98% yield [69].
R
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0”7 TCHN R

N/

R Clo,~

cH PPhx

clo,”

1-(5-Nitro-2-furyl)-2-bromoethylene [70], furyl [47, 58, 71, 72] and benzofury! [73] bromomethy! ketones, and ethyl
4-bromo-3-(2-furyl)but-2-enoate [74] quaternize triphenylphosphine just as easily and with high yields ( ~90%).

/@\ + PhP  —e A R {701

O,N (0] CH=CHBr O,N o) CH=CHPPh;Br
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Another method of obtaining phosphonium salts with several carbon atoms between the furan ring and the phosphorus

atom involves heating triphenylphosphoranes with an excess of methyl iodide without a solvent or in benzene. The yields of
the C-methylation products amount to 80-87% [64, 75].

s N—
CCH=PPh,

o] ( CHPPh\

O

PPh,
(_f\/\// '
/ \ +  Mel ——a / \ + PPhJ_l
o}

o]
In reaction with bromine in carbon tetrachloride, furoylmethylenetriphenylphosphorane forms a phosphonium bromide

with a quantitative yield [76].
BN o= LN e
cCl,

07 “CCH=PPh, 07 “CCHBrPPh,Br
0

The synthesis of 5-substituted furfurylphosphonates was realized by the Michaelis—Becker reaction from halogeno-
methylfurans and sodium diethy! phosphite by heating in benzene [77-82].

/@\ +  NaPO(OEN), -—= ﬂ
R” Mo”7 cH,x R Yo

X = Cl, Br: R = H [80. 81}, Me (77, 78, 82], COOE:t {77, 82}, ROCH, (R = Me, EL. Pr. Bu) [19],
RO(CH,),OCH, {78}, (RO),CH |78]

CH,PO(OEL),

In a number of cases, phosphorylation is accompanied by reduction of the bromomethyl group to a methyl group (5-
ethoxycarbonylifurfuryl bromide), and sometimes this process becomes the only process [78]. 5-Acetoxymethylfurfuryl chloride
reacts with sodium diethyl phosphite with substitution of the chlorine atom and the acetoxy group, but the monosubstitution

product was not isolated [79].
5 S 5 |
e ————
McﬁOHzC CH,CI (EtO)zﬁHzC o)

O CH:S’(OE‘)I

o o} 0

Furfurylphosphonates were obtained with small yields by the reaction of the acetates of furfuryl alcohols with sodium

diethyl phosphite [79].
D\ NaPO(OEt), 7\
R . R

o} CHzO‘ClM: R O CH,P(OEY),
o o
R = H, Me

In addition to the Michaelis—Becker reaction, the reaction of trialkyl phosphites with various halogen derivatives of
furans (the Arbuzov reaction) has been used for the synthesis of furfurylphosphonates [88, 83, 84], tetrahydrofurylphosphonates
{81], furoylmethylphosphonates [85-87], and furoylphosphonates {88, 89].

[N o - owow — [N o)
CH,Cl o

o CH,PO(OMe),
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TABLE 1. Yields of the 8-Ketophosphonate in Relation to the Halogen and the

Temperature
[Yield of | Yield of Yield of | Yield of
« T -ketophos-|  enol x T -ketophosY  enol
phonate. | shosphate I pho:alc phosphate
% Y
C 70 — 100 | 20 74 26
Br 20 68 32 | 50 94 6
Br 50 82 18 | 70 94 6
Br 70 84 16
ﬂ ST 1o D1 J— ﬂ 80}
ON" o7 CHLBr O.N CH.PO(OEL),
C)\ v (RO)P ()\ (81
07 CH,Br CH,PO(OE),
/@\ + RO — /) (88. 89
X~ No” “ea X~ S0 TCPO(OR),
o 0

The direction of the reaction of triethyl phosphite with 2-furyl halogenomethyl ketone is affected by the nature of the
halogen [85, 87]. Whereas chioroacetyifuran reacts with the quantitative formation of the enol phosphate, and bromoacetylfuran
gives a mixture of enol phosphate and B-ketophosphate, the iodine derivative mainly forms the 8-ketophosphonate (Table 1).

s+ 57 = O O

‘L‘CHIX CCH ,PO(OF ), 0 ﬁoPO(OEz)Z
o] CH,
Furfural and its S-substituted derivatives [90-99], and also methy! 2-furyl and phenyl furyl ketones [100], react with
the dialkyl phosphonate in an equimolar ratio in the presence of sodium ethoxide or methoxide with the formation of
furylhydroxymethylphosphonate esters with yields of 40-70%.

ﬂ + (RIOMPH —= A
R” “o” “CcHO 5 R 07 SCH—P(ORY,

OH O
R = H. Me. Br. NOy m-NOyC(H R = C,Hy, , ((n = 1..4,6..10, 12, 14, 16), CICH,CH,, CL,CCMe,

0 ﬁR C—-P(OR‘),
0 OHO
R = Me, Ph; R! = Me, Et
Ethyl 2-chlorocyclopentylphosphinate [101], dibenzylphosphine oxide [102], and 1,2-dimethyl-1H-1,3,2-benzodiaza-
phosphorin-4-one 2-oxide [103] also add at the carbonyl group of furfural when heated [101, 103] or under the influence of

an alkaline catalyst [102].
QPH(O)OE&

a @ OF:
o CH——P—Q

i

OH O

@
e et
o~ “cHo 07 CH—P(CH:Ph)
“‘ OH O
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Furfural acetals react with 2-chloro-1,3,2-dioxaphospholanes exothermically and with resin formation. The reagents
were therefore mixed with cooling, and the reaction products were quickly distilled. Under these conditions the yields of 2-

furylalkoxymethylenephosphonates amounted to 30-60%. In the reaction of dichlorophosphines with acetals, the tertiary
phosphine oxides were obtained [104].

0 1 ‘ 1
SRR Wy

0" TCH(OR), O’C”’

@ +  ELpC — O\
(6] CH(OR), CH—PU,
OR O

With dialkyl phosphonates in the presence of sodium ethoxide, furyl-containing azomethine bases form the products

from addition at the C==N bond [105-107].
+  (R'O),P(OIH ot @
(o} gH—ﬁ(OR')z

(_(}\CHzNR

NHR O
Me
"
R = Me [105], \:i {106}, @ {107
N Ph

. Furfural oxime reacts with triethyl phosphite when heated to 80°C. The reaction takes place at the C==N group and
is accompanied by the migration of a proton from the oxygen atom to the nitrogen [108].

DY owow 2

O CH=NOH

- @\CHP(O&) —. O\ @\ 0

0 CHP(OEt) 0 ?H-F‘(OE:)2
NH—O NHOE!

The phosphorylation reactions of various vinylfurans by diethyl phosphonate [109-113], diethyl thiophosphonate [114],
trialkyl phosphite [115, 116], ethyldichlorophosphine [117], trimethylsilyloxydiphenylphosphine [118], and hypophosphoric
acid [119] have been widely studied.

The addition of diethy! phosphonate to the esters and amides of 3-(2-furyl)acrylic acid [120-122], 3-(2-furyl)acrylonitrile
{111}, and 2-(2-furyl)vinyl methyl ketone {111] in the presence of sodium ethoxide (alkene—diethyl phosphonate—sodium
ethoxide ratios 1:1.25:0.05) takes place exclusively at the C=C double bond with the formation of substituted furfuryl-

LHCHR‘X

phosphonates:
ﬂ + HPO)XOE), — [)\
R o CH=CR!X
P(o)(cn«:x)2
= R! = H. Me; X = COOR’. CONRY,, CN, COMe: R'X = >, Q; R! = X = COOFt
o) o)

The yield of the reaction products depends on the structure of the initial furylalkene and decreases with the introduction
of a methyl group into the furan ring [111]. A reduction in the yield from 40-50 to 1-15% is also observed in the transition
from the esters to the amides of the furylacrylic acids. The yield is also small for compounds in which R! = H, e.g., for 2-
(1, 1-diethoxycarbonylvinyl)furan (32%) and 2-furylmethylenecyclohexan-2-one (40%) [112]. Derivatives of furylacrylic acid
with R! = Me do not enter into phosphorylation under the given conditions [110}.

The results from investigations into the addition of diethyl phosphonate to 2-(2-furyl)vinyl methyl ketone are
contradictory {109, 111, 113]. In the earlier paper [109] it was noted that the direction of the reaction is determined by the
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amount of the catalyst; in the presence of an equimolar amount of sodium methoxide, addition takes place at the C==C bond,
while a catalytic amount leads to the product from addition at the carbony! group. According to data from more recent papers
(111, 113}, phosphorylation takes place exclusively at the C=C bond. Diethyl phosphonate also adds to the double bond of
furfurylvinyl methy! ketone [123], and according to IR and PMR spectroscopy the product has an enolic structure stabilized
by a hydrogen bond.

=C

7\ MeONa /N HE=
+ (RO)P(O)H ———a _CH i

R CH,” N H

0”7 TCH.CH=CHCMc o
1 A=
o RO
OR

The reaction of diethyl phosphonate with certain conjugated and unconjugated diene derivatives of furan was studied
{111, 112]. In the case of the conjugated systems 1,4-addition occurs, and the reaction is stereospecific, since only the E isomer

is formed [112].
ﬂ + (EO)HP(O)H  — ﬂ %‘)
R

R 0 CH=CH—CH=CHR' 0O CHP(OF1),
; 2
C=C—H
/ \
H CH,R!
R = H, Me; R' = COMe, COOE!

However, if the double bonds are not conjugated, the products from addition at both double bonds are formed [111].

|\ +  (BORPOH  —e
R 07 CH=CHCCH=CMe,
0
7\ I\ PO(OEL),
— + 1
R” No” TCH—CH,COCH=CMe, R” ™o CH:‘-CH‘('ICHCHMcz
: ?
PO(OE), 0

The phosphorylation of 2-furylviny! methyl ketone by diethyl thiophosphonate in the presence of sodium ethoxide takes
place at the C=C double bond and not at the carbonyl group, whereas the product from addition at the carbonyl is formed with
furylacrolein [114].

EtONa
/B + (BO)PSH —— e [\
07 CH=CHCMe 07 CHP(S)(OE),
%) CH,COMe

BN - oo SO )
o CH:CH('ZHP(S)(OEl)z

o~ “CH=CHCHO
OH

The reaction of trimethyl phosphite with 1-(2-furyl)-2-nitroethylene in acetic acid takes place vigorously with the
formation of 1,2-bis(dimethoxyphosphoryl)-1-(2-furyl)ethane [115].

@\ +  (MeO),P + MeCOOH ————e

07 “CH=CHNO,

—t— @\ +  MeCOOMe
(!QHCHzP(O)(OMc):

O
P(O)(OMe),

The reaction of ethyldichlorophosphine with furylacrylic acid begins at 80°C. After treatment of the mixture with
ethanol ethy! furylacrylate and ethyl ethyl-1-[1-(2-furyl)-2-(ethoxycarbonyl)ethyl]phosphinate were isolated from the reaction
products [117].

510



@ + EtPQl, ——
CH=CHCOOH

(¢]
- EtOH
e (O O] =~
O CH=CHCOCI O ('IHPCIEk
CH,COoC!
— O D
O CH=CHCOOEt (s} CHPE(OEt)
CH,COOE

Intramolecular cyclization occurs in the reaction of ethyldichlorophosphine with 1-(2-furyl)but-1-en-3-one in acetic

anhydride [117].
7\ +  EPCl, /A
BN BN

O CH=CHCOMe (‘:H-—‘EH
Et—P CMe
AT
o O

The condensation of furfural with various types of organophosphorus compounds has been used very widely for the
synthesis of compounds in which the furan ring is separated from the phosphorus atom by one {120, 121], two [122, 124-128],
or a larger number [129] of carbon atoms. The phenylhydrazides of ethylthioalkylphosphinic acids react readily (20-30 min,
30-35°C, yields 71-74%) with furfural according to the following scheme {120]:

E

t\ ‘ o
@ + /PNHNHPh Q

o7 CHO RS CHNHNHPh

]
P(O)(SR)EL
R = Et, Bu
Phenyl(3-aminoethyl)phosphine enters into reaction with furfural with the formation of a linear intermediate product,

which then undergoes cyclization with the formation of furyl-substituted phosphazolidine [121]:

@\ +  PhPHCH,CH,NH, — @
0" "CHO 07 CHNHCH,CH,PHPh

OH
/\ Ph/

P

o} \>
HN

In the presence of various types of catalysts (pyridinium acetate, piperidine, titanium tetrachloride), furfural reacts with
the nitrile [122] and ester [124] of dialkoxyphosphorylacetic acid, bisdialkoxyphosphorylmethanol [124], and dialkoxy-
phosphoryimethy! pheny! ketone {125], i.e., with compounds containing a methylene group with mobile hydrogen atoms. The
yields of the reaction products amount to 80-90%.

@ + HzCi [ @ JP(O)OR),
0

CH=C
\
Rl
R = Et. R = CN: R = Et. R' = COOEL R = i-Pr, R' = C(O)(OPr-i); R = Et, R! = C(0)Ph
The condensation of furfural and S-nitrofurfural with diphenoxyphosphorylmethylenetriphenylphosphorane in benzene

with gentle heat (65-70°C) for 12-20 h also leads to furylvinylphosphonates (yields 74-80%).

/& +  Ph,Pz=CHP(O)}(OPh), ——e= ﬂ
CHO R (9}

R o CH=CHP(O)(OPh),
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The synthesis of |-acetyl-1-phenylcarbamoyl-2-(5-nitro-2-furyl)ethylenetriphenylphosphonium betaine was realized by
the reaction of S-nitrofurfural with 1-acetyl-1-phenylcarbamoyimethylenetriphenylphosphorane [127].

COMe
ﬂ\ +  Php=C — ﬂ (|30Mc
ON \

0~ "CHO CONHPh O,N" Yo tl?H-—v':——CONHPh
0~ *pph,
Furfural also forms a 1:1 adduct of the betaine type with tris(dimethylamino)phosphine [128].

O CHO CH-—-P—NMc,
o- "NMc,

The addition of ethy! diethoxyphosphorylacetate to 2-(2-furyl)vinyl methyl ketone takes place when they are heated in

a sealed tube at 130-135°C for 10 h in the presence of sodium ethoxide, and ethyl «-diethoxyphosphoryl-3-(2-furyl)-
acetobutyrate is formed [130].

@\ 4 (E10),PCH,CO0E — 0N @ P(O)(OEN),
07 “CH=CHCMe g 07 “CH—CHCOOE:
o CHyCMe
o

It was established that the various triphenylphosphoranes react with pyromucoyl chloride in benzene at room
temperature according to the following scheme {131-134].

. _
& o + PhP=CHR —e & +  [Ph,PCH,R] CI
o’ %

C—--L=PPh1
~c| I

R = MeCO, 1-BuCO [131}, COOEt [132}, Ph, (/;\)\ . (\}\ . Q;\>\ {133
Me

2-Furylmethylenephosphorane also enters into reaction with aroyl chlorides with the formation of 2-furyl(a-
aroyl)methylenetriphenylphosphoranes with high yields (70-90%) [133].

0”7 TCH=PPh, G—Car
PPh‘

wom OO D
Me

A compound in which the furan ring is separated from the arsenic atom by a benzene ring was obtained through a
diazonium salt of arsanilic acid [135-137]. The reaction between furan and the diazo compound takes place in acetone with the

vigorous release of nitrogen. In the opinion of the authors [136], the 2-substituted product is formed with greater probability,
but this was not strictly proved.

+ OH
[/ \5 + [(HO):A&—@-NEN} " - @_@_A’{_OH
9] fe) [¢) \O

2-Furyllithium reacts with 4-oxo-1,4-dihydroarsenine at the carbonyl group. In an acidic medium, the obtained hydroxy
derivative can be aromatized to an arsenine {138].

512



Q I '\ on o
0
L), - (“1 — (L = @_C
o AT R As” Sr T HO 0 \ /"
Ph Ph

The furan derivatives of phosphorus and arsenic, in which the heterocycle and the element are separated by a
carbofunctional chain (C) X(C),, (X = O, N), are very sparse and were synthesized by various methods. Thus, triphenyl-
methylenephosphoranes PhyP==CHR react with 2-furyl-, 5-nitro-2-furyl-, and 2-(5-nitro-2-furyl)vinyl isocyanates according
to the following scheme [139] (yields 65-75%).

X O (CH=CH) NCO \
A

X7 207 (CH=CH),NHE—C=pPh,
0 R
n = 0: X = H, NOx R = CN, COOEt, COC,H,Br-p, COPh. COMe;
a =1 X = NOy R = CN, COOFt

The condensation of furfural and S-nitrofurfural with derivatives of ortho- and para-substituted arsanilic acids gave

azomethine bases with antiparasitic activity [140].
o_ .0 o_ .0
X7 Y07 TCHO  HN Qe o X7 0”7 SCcH=N Q 0

»

In the reaction of 2,3-dihydrofuran with hydroxymethylphosphonates in the presence of a catalytic amount -of
concentrated hydrochloric acid, diatkoxyphosphoryl derivatives of tetrahydrofuran are formed [141].

{ \S + (RO)zﬁCHQOH — ()\
o] (o]

8] C)(:HZE(OR)2

]
R = Me, Et

1.3. Synthesis of Compounds of Type 111
Compounds in which the furan ring and the phosphorus atom are separated by an oxygen atom were obtained with 60-
65% vyields from 2(SH)-furanone by the action of phosphorus oxychloride in methylene chloride in the presence of

ethyldiisopropylamine at room temperature. The chlorine atoms of 2-furyl phosphorodichloridate are easily substituted during
reaction with an excess of dimethylamine in ether with cooling to —30°C [142].

0N, <22 O, 22
0 (i-Pr),NE( T mec

(0] o} O!F"Clz (e} O!Il’(NMcl)z
o] (o]
8%
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Tetrahydrofuran derivatives of type III have also been mentioned in the literature [143]. They were obtained in the
reaction of optically active tetrahydrofuran-3,4-diol with diphenylchiorophosphine or dipheny! phosphorochloridate in THF with
slight cooling in the presence of pyridine.

0 o
I 1
Ph,PO OPFPh, HO OH  (PhORPCI  (PhO),PQ OP(OPh),
H—Z—/("'“H Ph,PCI H-z—ij 0 H—bﬂ"ﬂ
e ]
o 0 0

Furyl thiophosphates and furyl selenophosphates were synthesized through lithium furyl sulfide and selenide, which
are formed in the reaction of 2-furyllithium with elemental suifur or selenium. Without isolation they react with dialkyl
phosphorochloridate and its thio analog [144, 145].

I3t

R (o} Li

D\ UP(OR % N\

R™ 07 TXP(ORY),

=H, Mc;R'=Me. E: X =85S Y =0.5§

Compounds with the Cg,;—N—P fragment are also sparse [146-148]. When treated with trimethyl phosphite at room
temperature, ethyl a-bromo-«-cyano-y-aryl-y-oxopropionates undergo cyclization with the formation of dimethyl (5-aryl-2-
-furylamino)phosphonates with yields of 66-70% [146].

i (Me0),P
ATCCH,CCOOE  ———+=  Ar—C=CH—C—COOE:  —=
CN OH ¢
L'v—ﬁ(om)z
0
COOE!t
— /\

Ar 0 NHPO(OMe),

Ar = Ph, p-CIC¢H,
2-Acetyl-5-azidofuran reacts with triphenylphosphine with the release of nitrogen and the formation of triphenyi{(2-
acetyl-5-furyl)imino]}phosphorane [147].

I\ + _—

(0] COMe Ph,P=N COMe

Triphenyliminophosphoranes can also be obtained by the reaction of triphenyldichlorophosphorane with various
derivatives of 2-amino-4,5-dihydrofuran in hexachiorohexane in the presence of triethylamine {148). The iminophosphoranes
in turn can be converted into phosphonium salts by the action of alkyl iodides [148].

R} X R} X
b EuN :
Rﬁ_ﬁ\ + Ph,PCl, ——-—‘——b- R'i—\ﬁ\ -A'—-
R} 07 TNH, R! 0”7 TN=PPh,

R} R

s X

— R~ s+ -
R! 07 TN—PPh,l

R = Me, E; R' = R* = R* = H, Me; X = COOFEt, CN
The compounds of the third type are represented most widely by the derivatives of tetrahydrofuryl alcohol [149-162],
the synthesis of which is usually achieved by treating tetrahydrofury! alcohol with various phosphorylating agents. As mentioned
in a series of papers [151, 155], the synthesis of the analogous compounds of furfuryl alcohol is accompanied by resin
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formation and by a substantial reduction of the yield [155]. Data on the direct introduction of a phosphorus and arsenic atom
into furfuryl alcohol are therefore extremely limited.

The transesterification of methylphosphonite, phenylphosphonite, and dipropylphosphonite esters by furfuryl alcohol
with heat was undertaken in [155). The product yields were high and amounted to 10-36%. Dipropyl(furfuryloxy)phosphine
is oxidized quantitatively to furfuryl dipropylphosphinate. Furfury! alcohol reacts with ethoxy(thio)phenylchlorophosphorus in
the presence of pyridine [163].

@ /O H

(o) CHZOP\
10% Me
OH
/
Na | McP
\
OFEt
Pr.POFE1 0O,
D 2 0, 2 0L
0 CH,OH O CH,0PPr, O CH,OPPr,

PhP(OEnCT % o
PhP(OE1), [: 100%

) o] CHZO[I"(OEI)Ph
19% 5
. Three different methods have been used for the synthesis of furfuryl arsinites. In the reaction of furfuryl alcohol with
trichloroarsine in the presence of a base in absolute ether, it was not possible to isolate furfuryl arsenites on account of resin
formation. A phenylarsonite ester was obtained with a good yield when furfuryl alcohol was heated with phenylarsine oxide

[164].
/A + Phas0 —e | \ .
QCHZOH [chzo ] e o

(e}
2

It is also possible to obtain arsonite and arsenite esters during the transformation of the acids of trivalent arsenic [164].

Y - rsom, — [@

o (,‘HzO} , AsR

07 CH,0H
0\
O, O — O
0" CH,0H 0 07 CHO—As] j
)

4-(2-BenzyDfurfuryl 2,2-dimethyl-3-(2-methyl-1-propenyl)cyclopropylphosphonate was synthesized with a very low
yield (2%) from 2-benzyl-4-furylmethy! chloride and silver phosphonate by heating in acetonitrile [165].

Me
CH,C1
Me O
N - § o age
PhH,C fo) 1
: Me Me OMe
l Me
(¢]
1} Me
CH,OP
e
/ \ ¢ Me
PhH, (e}
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In the reaction of alkali-metal dithiophosphates with 2-methoxycarbonyl-5-chioromethylfuran [166] or S-nitrofurfuryl
nitrate [167, 168] the corresponding O,0-dialkyl S-furfury! thiophosphates were obtained.

LY, o = )
" CH,SP(OR),

McOOC™ o7 TCH,O S Mc0OC™ “o
S

0,N" ~o” “CH,ONO, !;' O,N" ™o CHZSIE;(OR)z
S

R = Me, Et, Pr, {-Pr,i-Bu

The reaction between furfuryl chloride and dialkyl(isopropylamido)thiophosphate was used for the synthesis of
phosphoroamidothioates containing a furfurylthio group [169].

@\ +  (RO),PNHPri =t &
o “ C H,SPNHPr ¥

CH,CI

0,0-Diethy! S-furfuryl thiophosphate can be obtained under radical condmons during the ultraviolet irradiation of
sylvane and O,0O-diethyl S-chlorothiophosphate {170].

@ + (E:O)PSC! L Q
CH,SP(OE),

O Me

The tetrahydrofury! esters of trivalent and pentavalent phosphorus acids were synthesized either by transesterification
{150, 155] or by the reaction of the chiorine derivatives of phosphorus with tetrahydrofuryl alcohol in the presence of bases

(usually triethylamine) [149-161].
PhP(OR), [ ()\

()\ MeP(OH)(OEL) (}\
e eee—
o) 0" TCHO| _ pPh

CH,0PMe 07 “CH,OH
OH
l (EtO).P
QCHZO P
L 3
D
(o) CH,O p
L S
/ PCI,/Et,N
%PCI/EHN (RO)HPCl/EQN
5 St O N (N
o CH,OH CHZOS(OR)Z

CH,OPEr,

( o ELN POCI/EGN 0
[149) MePCL [150, 152, 153, 160}
T
0
{ {O\CHZO] , PO

O CHIO} ’ ﬁMc 0
O
[151] [159]

Tetrahydrofuryl alcohol also reacts with phosphorus pentasulfide. The obtained dithiophosphoric acid was isolated in
the form of the potassium salt [154].

K,COo,
+ PSSy e PSK
] CH,0H o CH,O g

2
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Apart from the substitution of a hydrogen atom in tetrahydrofuryl alcohol by the various phosphorus groups, other
extremely uncommon methods of synthesis have also been used. For example, the reaction of O-alkyl S, S-diaryl
dithiophosphates with tetrahydrofurfuryloxytriethylstannane gave high yields (67-80%) of the corresponding O,0O-dialkyl S-aryi

dithiophosphates [162].
Q + X-©~s POR  ——a
07 “CH,08nE:, [

[l
20

—~ .1
0 ano—s—s—Q_x
0

X = Me. CI: R = Et, c-C,H,,, Ph(CH,),

Unsymmetrical dialkyl phosphites are formed in a redistribution reaction. Ethyl tetrahydrofurfuryl phosphite was
obtainedwitha45 % yieldbyheating a 1:6 mixture of diethyl and ditetrahydrofurfuryl phosphites at 100-120°C for 10-15 h [171].

Q POH + (Et0),POH — (_>\
0 CH,0 , 0

Pyromucic acid and its salts were used for the synthesis of the furoate derivatives of phosphorus [172-174], antimony
[175], and bismuth [175].

_Tris(furoyloxy)phosphine is formed in the reaction of sodium pyromucate with trichlorophosphine in benzene solution
with slight cooling. The compound was used for the phosphorylation of alcohols [172].

D ™ (O]

CH,OP(OE{)OH

O COONa ¢}

Diethy! 2-furoy! thiophosphate was obtained with a very small yield (4%) in the reaction of pyromucic acid with O,0-
diethyl chlorothiophosphate in chlorobenzene solution by the action of pyridine [173].

7\ + (BO)pCl  ——e [\ S
O\ i (O)\‘ I

o7 TCOOH COP(OEN,
o
In reaction with triphenyldichlorophosphorane lithium 2-furancarboxylate gives a high yield of a carboxyphosphonium
salt, which gives a betaine and then a ketone when treated with a Grignard reagent [174].

Y. oo — () | o oo

o7 ~CooLi 0 ﬁopph,

0
@ ol; @\
o” ¢ ey 0”7 “CCH,CH,Ph
PhCH,H,C O~ y

The action of trialkyl- and triaryldihydroxyantimony and the corresponding derivatives of bismuth on 2-furancarboxylic
and 2-furylmethanecarboxylic acids gave the corresponding dicarboxylates of antimony and bismuth. It is possible to see a
substantial decrease in the yield of the dicarboxylate from 76-78% to 37-48% in the transition from the derivatives of
pyromucic acid to the compounds of furylacetic acid [175].
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0”7 MCH,),COOH o ’

(CH,),CO0 J
2

M =Sbin =0.R = Me. ¢-C,H,,, Ph, 4-FCH, 4-McOC(H . 2.4,6-Me,C H.:
n= 1. R = Me. Ph;
M = Bi;n = 0: R = Ph. &-MeC,H,;

n=1 R=Ph

A complex, which was used as a furoylating agent in reaction with pyrrole, was obtained when N,N-
dimethylpyromucamide was dissolved in phosphorus oxychloride in the absence of moisture {176].

n

0, N
Dhp ™ O] = OO
o 4

0 W\Mc 07 TCmNMe,
o+
0 0
~pci,
T
0

The reaction of furylglyoxal with trimethyl phosphite in a ratio of 2:1 at room temperature takes four days. The
obtained product, the hydrolysis of which gave 1,2-bis(2-furoyl)-1,2-dihydroxyethane, contains a 1,3,2-dioxaphospholane ring
{1771

(e} QCHO
@ (MeO),P @\ fe}
Q C—CH (o) C=CH
1 1 A
O O O\P/O
MeO”"| TOMe
OMe
~ 0
.. gLy = () LD
C—CH—CH——C CH CH C
\P O on OH
McO” ] TOMe
OMe

Organophosphorus derivatives of furfural oxime were synthesized by the action of hexamethylphosphorotriamide on
a solution of 2-(nitromethyl)furan in dichloromethane in an atmosphere of nitrogen [178] or on the unsubstituted oxime at
elevated temperature [179].

-

o7 TCH.NO, P(NMe,)
2NO, Me,),
s 0
e ——————
@ ]
@ 220°C 07 TCH=NOP(NMe,),

o} CH==NOH

The yield of the reaction product amounted to 50% in the first case and 39% in the second. It should be noted that the
derivatives of the oximes are unstable and are easily transformed into the corresponding nitriles. This was the reason for the
fact that a phosphorus-containing oxime could not be isolated in the reaction of furfural oxime with 2,2,4,4,6,6-hexachloro-
1,3,5,2\%,4A% 6X5-triazatriphosphorin, where the only isolated product of the reaction was 2-cyanofuran [180].

a,
P
NF N
@\ " ‘ ‘ 7 - @
07 cH=NOH R o7 TCN

The reaction of triphenylphosphine with various azides has been studied quite widely for the synthesis of
iminophosphoranes of the furan series {181-185]. The addition of triphenylphosphine to 3,4-dicyano-2,5-di(azidocarbonyl)furan
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in benzene solution is accompanied by the release of nitrogen and gives a high yield [181]. When heated, the obtained
diiminophosphorane loses one molecule of triphenylphosphine oxide. It was not possible to open the P==N bond at higher
temperature.

NC CN NC CN
A
M\ ' Ph‘P - /\
) - Ph,PO
NG ENy PhP=NC” “0” SCN=PPh, :
0 0 0 0
NC CN
NCT Ro” eN=Pph,
0

Various furylvinyl azides react with triphenylphosphine at room temperature {183, 184] or on cooling to 0°C [185].
The reaction usually takes 15-30 min, and the yield of the iminophosphoranes is greater than 90%.

PPh
@\ M —e N\ N=PPh,

O C=C [o] Cz=C
/ A 14 A
H H H H
PPhy ’
O Cz==C [e) C=C
7/ AY / AY
H COOEL H COOE:

Derivatives of diazomethane with nitrofuryl and nitrofurylvinyl groups also react with triphenylphosphine at room
temperature in ether in 15-60 min. The yields of the diazo derivatives of phosphorus amount to 72-75% [186].

OZNM + PhyP

07 (CH=CH),CHN, ‘
OZN/(;\( CH=CH),CH=N—N=PPh,

n=10,1
The condensation of 5-substituted furfurals with diethyl hydrazinothiophosphate was used for the synthesis of
furfurylidenehydrazones with a phosphorus atom at the nitrogen [187, 188].

A + HoN=—NHP(S)(OEl), =t D\
X O CHO X O

X = NO,. Ar

CH==N—NHP(S)(OE),

2-Furonitrile reacts with 3,4-dimethyl-1-phenyl-1-oxo-1-phosphole deprotonated at the « position to the phosphorus
atom. Initially the anion attacks the carbon atom of the cyano group, and the nitrogen is then inserted into the ring with the
formation of 1-aza-2-phosphacyclohepta-4,6-diene [189] with a furyl group at position 7 of the ring (yield 36%).

Me Me Me
Me Me
0O 00— ey — 0D
: ") h ) 1 0
© o //P\ Me PeeN" 0 HN—p
O Ph AN I/
Ph O O Ph
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2. CHEMICAL PROPERTIES

The chemical transformations into which the furan derivatives of phosphorus and arsenic enter can be subdivided into
several types: Reactions taking place with cleavage of the C—P and C—As bonds; transformations affecting the furan ring and
organic substituents in it; transformations of the functional substituents at the element; transformations involving change in the
valence state of the phosphorus and arsenic.

2.1. Cleavage of the C—P and C—As Bonds

On account of the higher stability of the C,,;—M bonds for the compounds of phosphorus and arsenic of type I
compared with the analogous compounds of group IVB elements removal of the furan ring was not observed for certain types
of compound (phosphines, arsines, furylphosphonic acid). At the same time, cleavage of the P—C bond was observed in
furylphosphonium salts during alkaline hydrolysis in aqueous ethanol [2, 62, 190, 191].

[N ] b Do
[(—)\ 3 H,0/E1OH /N SRR ooy
o =0

0
R =Me X =1L R =PhCH, X = Br

NaOH
[[/ \g ] PMel s on [(/ \S } , PMe 191]
o 0
IZ/ \S ]PCH phBr- _ NOH {UJPO + {{ S PCH,Ph
HO/HOH o 3 /N )(5' (191]

O
3

3\
__NaOH _ (}\ Q
PPh,Br~
W ,O/E:OH pph2 {62}

Tri(2-furyl)- and tri(3-furyl)methylphosphonium iodides are hydrolyzed with the loss of furan and the formation of
difurylmethylphosphine oxides. Tri(2-furyl)benzylphosphonium bromide undergoes analogous changes, but in the case of tri(3-
furyl)benzylphosphonium bromide toluene is eliminated preferentially, and a 1:3 mixture of di(3-furyl)benzylphosphine oxide
and tri(3-furyl)phosphine oxide is formed. This fact and also the high rate of hydrolysis of the 2-furyl derivatives compared
with the 3-furylphosphonium salts demonstrate the high stability of the 2-furyl carbanion [190, 191]. Cleavage of the Cy, ., —P
and Cpigphene—P bonds is observed during the alkaline hydrolysis of (2-furyl)(2-thienyl)diphenylphosphonium bromide, and
as a result of the higher stability of the 2-thienyl carbanion the ratio of the furan and thiophene resulting from the reaction

amounts to 1:3 [62].
+
NaOH
CH,PPh,Br~ ,
(/ E‘ FENET Ho7Eon @'M': * PnPO

3:1

0
7\ NaOH I\ @
. —_— -+
07 CH,PPh,(CH,AnBr~  HO/EIOH 07 CH,PPh,
i
T ACHPPh, * @\ o AMe

O Me
Ar = Ph, (}\

During hydrolysis (2-urylmethyltriphenylphosphonium bromide and (3-furylmethyltriphenylphosphonium bromide
are transformed into triphenylphosphine oxide and the corresponding methylfurans, and here the 2-substituted derivative is
hydrolyzed 100 times faster than the 3-isomer [190, 192]. (2-Furyimethyl)(2-thienylmethyl)diphenylphosphonium bromide and
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(2-furylmethyi)benzyldiphenylphosphonium bromide give sylvane with 2-methylthiophene in a ratio of 1.3:1 and sylvane with
toluene in a ratio of 7:1 respectively [62].

The direction of the reaction between the furyl-containing phosphonium salts and carbonyl compounds in the presence
of sodium aicoholates in protic solvents is affected by the structure of the phosphonium ions. Thus, methyldiphenyl(2-
furyl)phosphonium {5, 193], methylphenyidi(2-furyl)phosphonium [5], and tri(2-furyi)phosphonium iodides {5, 193] and also
tert-butylbenzyldi(2-furyl)phosphonium bromide react with benzaldehyde without elimination of the furan ring and with the
formation of styrene in the case of the methyl-containing ions or stilbene in the case of the fert-butylbenzyl derivative.
However, the main product from the reaction of methyl(ferz-butyl)di(2-furyl)phosphonium iodide with benzaldehyde under the
influence of sodium ethoxide in the ethanol—terz-butyl(styryl)(2-furyl)phosphine oxide medium is formed by the loss of furan
from the vinylphosphonium intermediate {6, 193}:

+ u O
[&:] P-BuI” 4 phcHO .wa... @\H
5 | il)CH—CHPh

o " Me o
t-Bu
The vinylphosphonium ion, which is formed as intermediate product in the reaction of diphenyl(2-furyl)phosphine with
ethyl propiolate in the presence of water in tetrahydrofuran solution, readily forms the product from migration of the 2-furyl
group from the phosphorus to the neighboring carbon atom [194] during hydrolysis.

[N+ we=ccoom —2 Y, Q.
THF .

6] PPh, e} PPh,HC=CHCOOE! OH"
CH—PPh»

— X
CH ,COOEt

During hydrolysis by a water—dioxane solution of sodium hydroxide, tri(2-furylyphosphine oxide eliminates furan with
the formation of di(2-furyl)phosphinic acid [195]:

Ny = [ - O

H,0/ 0 ]
N

The best-studied reaction for phosphonium compounds of the second type with a furan ring and a phosphorus atom
separated by one methylene group or by a large number of carbon atoms, i.e., the Wittig reaction, also takes place with
elimination of the organophosphorus substituent. This reaction has been used for the synthesis of furyl-containing olefins by
the action of carbonyl compounds on alkylidenephosphoranes, which are in turn obtained by treatment of the phosphonium salts
with alkali-metal alcoholates in alcohol solution and are brought into the reaction without isolation. Various unsaturated
derivatives of furan were obtained by this method {44-57, 59-61, 63, 65-68, 71, 73, 74, 196-209].

R” “07 TCH,PPhX” R” ~o” TCH==PPh, R” Yo7 TCH==CR'R?

s NO,
~H:R'=H R @(Y:o‘s&) [44.45 R'=H,R>= ——® (a6}

R!= H, R*= Ph [S7): R', R? = (CH,)( [57). R = COOMe: R' = H, R? = XC.H, [51. 52, 199],

R = COOEL R' = H, R’ ON/@;\X (203]. R =NOyR'=R*=H 61, 202};

R' = H. R? = Ph, &‘MC/Q\B\‘&@'D?N@ ‘ (}\

(0]

2
(} @Cj\ (53.63,201); R'=H.R?= /(/—\)\ (61},
N N Ph” 0

R = ArC(HC=CH); R = H, R = p-0,NC(H, [59].
o

= rl = 1 / \ 207
R = (MeO),CH R! = H,R? = (McO)ZHCQCH___CH_ {207]
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+ —
7 PPh,X~ NaOEt CH=CHR
\ + reho — [ \

o (o]
Me
R = Me,C=CHCH,CH,C(Me)==CH [68]. @ {204
Me McH

As a rule, a mixture of the cis and rrans isomers is formed in the examples given above with yields of 60-70%. In
addition to the linear furyl-containing olefins, various cyclic products were obtained by the Wittig reaction. For this purpose
diphosphonium salts of furan [54-56, 66, 67, 196, 205] and also phosphonium salts of furfural {48, 49] were used as starting
compounds. The yield of the cyclic adducts is usually small, and it rarely exceeds 20%.

OHC, CHO

+ + 2/ \S
CI"Ph,P PPh,CI” o o %
/\ ” = =~

s
O CHO
CHO
Fe

(CO)3CH()
O 0
Sl S
Fe(CO),
26% [196] 15% (55
+ /@\ M + /@\A _—
CIPhyPCH;” 07 “CHPPR,CIE  OHC” Yo7 s o~ “CHo
B 7]
O O
—
N\ . 7
\ 7
10,1% (66, 67| ,

5 (30 5 ' C/@\ ﬂ N
Br-Ph,PH,C” o 07 TCHPPhB~  OH o7 7 Yo7 TcHo

B )
1.3% [66, 67)
OO e -
CI7Ph,PH, (o) ﬁ 0 CH,PPh,CI™ OHC X CHO
[o]
e

X = 0 (65%), X = NH (13,8%) [56}
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C1IPh,PH,C 0

Initially an ylide is formed during the treatment of 5-formylfurfuryltriphenylphosphonium chioride with lithium
ethoxide, and it then enters into self-condensation with the formation of a complex mixture, in which the linear condensation
products predominate (85%). The cyclic compounds with three-, four-, five-, and six-furanoid systems were isolated with very
low yields (0.8-0.07%) [48, 49].

Phosphonium salts of tetrahydrofuran {57}, benzofuran [65], furo[2,3-d]pyridazine [209], and various furoyl compounds
{71, 72, 197, 200, 208} have also been used for the synthesis of unsaturated derivatives of furan.

O\ + RR'CO  —— O\

CH, PPh;Br CH==CRR!

\ng\m PPh,CI” @E\\
— A\ 4
o cH=HC"N,
a
G T 3 U

Na o T CH,PPhBr 0,N7 ~p7 TCHO
a
Cl
N
— ‘
N CH==HC
Ci
+
{/ Scocnzpph}z@sr + RCHO - @coeu:am
0 o]
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2-Furoylmethylenetriphenylarsorane reacts with m- and p-substituted benzaldehydes stereoselectively with the formation
of the trans-products with yields of 96-99% {210].

@ﬁcr{zfxs?h; @ <_>\c—c--c

Q CHX
X = 4-NO,, 3-NO,, 4-Br, 4-CI

Furyl-containing phosphonium and arsonium salts and also alkylidenephosphoranes and alkylidenearsoranes have been
used not only in the synthesis of olefinic derivatives by the Wittig reaction. Alkylidenephosphoranes are easily oxidized by lead
tetraacetate [211] and ethyl nitrite {212] with the formation of the esters of 3-keto acids and (3-ketonitriles respectively.

o (MeCOO),Pb
. BN o
O

CH=CHCC==PPh, 0 CH=CHCCOOMe
i )
OMe 0
O (CH=CH),“(‘3CH=PPh3 0 (CH=CH)nﬁCN
[¢] 0

(2-Furoyl)methoxycarbonylmethylenetriphenylphosphorane was used for the production of 2-furylethynecarboxylic acid
[213] and its methy! ester [134]. The acid was synthesized with a yield of 48% in reaction with phosphorus pentachloride
followed by alkaline hydrolysis, while its ester was obtained by thermal cleavage of triphenylphosphine oxide with a yield of
75%.

PCl, NaOH
@ POCl; @\ : H;0

(o] ﬁ—“?:??h) (o) (l?=C'I—PPh3CI'
O COOMe Ct COOMe
— [\ —~
(8] CCl=CHCOQMe C=CCOCH
220..250 °C
0., 222 )
07 “C~C=Pph, o “=CCO0Me
O COOMe

The synthesis of 2-(2-furyl)indole was realized with a yield of 22.8% by the reaction of aniline with (2-
furoylmethyl)triphenylarsonium bromide at the carbonyl group followed by cyclization. 1-Aminonaphthalene enters into a

similar reaction [210].
@ + +  PhNH, —— / \ 74 l
07 TCCH,AsPh B¢~ o
oo N
0 H

Cleavage of the C—As bond and the formation of Z-triazene were observed during the reaction of phenyl azide with
arsenic imide in benzene [214].

[—B\ﬁm—mph: T (l\ [ )

C—CH—CL o
vnw::swpn
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The reaction of the dimethoxyphosphoryl derivatives of furan with aldehydes has been used for the synthesis of olefins
with the trans configuration at the double bond [83, 215-217]. The reaction of 2—methoxycarbonyI;B-dimethoxyphos-
phorylmethylfuran with 2 3-dimethylbenzaldehyde under the influence of sodium hydride with gentle heat gives low yields
(10%). Only with the addition of catalytic amounts of 15-crown-5 is the yield of trans-stilbene increased to 45% [215, 216].

PO(OMe),

(e} COOMe diglyme 00
Me Me 15-crown-5 0 Me

Me Me

Dimethy!l 3-furoylphosphonate reacts with aldehydes in tetrahydrofuran without the addition of crown ethers with
cooling to 0°C (yield 92%) [217].

o]

Me Me NaH
a
PO(OMc),
Y L. I~BUMC§IOWHO THF, 0°C
o Me o
o]
A Me
- [\ OSiMe,Bu-(
o Me

Me .

Reactions with the elimination of the phosphorus-containing groups from compounds of type III are extremely rare.
Carbodiimides were synthesized by the reaction of the iminophosphoranyl derivative of ethyl furylacrylate with aromatic
isocyanates with boiling in dry toluene {185].

N==PPh N=C=NA
m 3 = m r : Ph}pO
[o} # COOE O # COOE:!
2.2. Reactions Involving the Furan Ring and Organic Substituents

Alkylation [218], nitration {80}, and acylation {77, 82, 219, 220} were used for the synthesis of furfurylphosphonates
substituted in the furan ring. Diethyl furfurylphosphonate is alkylated by acrolein (16%), crotonaldehyde (39%), and mesi&l
oxide (44%) in the presence of sulfuric acid. The reaction takes place at position 5 of the furan ring by the usual mechanism
of electrophilic substitution {218].

@\ + RRIC=CHCOR e F}/@\

07 “CHy—P(OE), RﬁCHz? 07 “CHy—P(OEY),
0 R! o)
R =H Me:R! = H. Me o :

Acetic, propionic, butyric, and trifluoroacetic anhydrides were used as acylating agents in the reaction with
furfurylphosphonates, and 85% phosphoric acid was used as catalyst. The reaction was carried out at 90-130°C for the first
three anhydrides and at temperatures up to 43°C for trifluoroacetic anhydride. The molar ratios of phosphonate, anhydride,
and phosphoric acid were 1:4-6:0.2-0.3. During the acylation of diethyl furfurylphosphonate with acetic, propionic, and butyric
anhydrides the S-acy! derivatives were formed with 53-57% yields, while trifluoroacetic anhydride did not react under these
conditions [77, 82, 219]. The use of a small amount of perchloric acid as catalyst led to the appearance of the acyl derivative
in the reaction mixture, but strong resin formation was observed in parallel. A more effective catalyst in this case was tin
tetrachloride, although it was not possible to avoid the formation of resins. By conducting the reaction at 40-60°C for 5 h with
the phosphonate, trifluoroacetic anhydride, and tin tetrachloride in molar ratios of 1:2.4:0.02 it was possible to obtain the 5-
trifluoroacetyl derivative with a yield of 43% [220].
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0
The acylation of 5-methylfurfurylphosphonates takes place with considerably greater difficulty and requires the reaction
time to be increased to 12-14 h. The 4-substituted products are formed with yields of 20-40% [220].

RCO

. ﬂ ‘ (RCO),0 n

07 “CH—P(OR), Me™ 207 “CH—R(OR),

0 0
R = Me, Et, Pr

The nitration of furfurylphosphonate and 2-furoylmethyliphosphonate was realized successfully with acetyl nitrate (a
mild nitrating agent most suitable for furan compounds unstable toward acids) [80, 85]. S-Nitrofurylphosphonates are formed

with yields of about 60%.
@\ HNOy/Ac,0 /I

0" TCH,—F(OEY, O,N" o7 cH,—P(OE),
: s
@ HNO,/Ac,0 ﬂ\
—————
07 TC—CH,—R(OEn), 0.N7 N7 SC—CH,—P(OEL),
1] 1] - I L] <
o] O fe) e}

5-Acetylfurfuryltriphenylphosphonium bromide is easily brominated at the acetyl group, and the obtained 4-
bromoacetylfurfuryltriphenylphosphonium bromide serves as the starting material for the synthesis of the most varied derivatives
[58].

/""\
Br, - O

&_/
a5\
BrPh, PH ,C C—-Mc -

Br™Ph,PH,C 0 ﬁ—CHzBr

0.

.
= Br- PhlPHC o L;—~CH,—N/
i 2

|
908 ’
9%
BrPhPHC

G—CHyBr BrPhyPH,C” 07 SC—CH SMe,

0 .
Py 63% Br
I} | NaCto, d
+/ + ﬂ +
Ph PH,C/&C—-G% —N \> BrPhyPH,C” 07 SC—CH,PPhBr-

Qo o
%% 93%
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Dialky! furfurylphosphonates can be alkylated [221] and arylated [222] with alky] halides and aryl bromides respectively
in the presence of sodium amide in liquid ammonia. With equimolar ratios of the phosphonate, alkyl halide, and sodium amide,
alkylation only took place at the methylene group and gave 87-97% yields of the monoalkyl products [221].

NaNH, !
@ —* @- . — @\
0 CHﬁ(OR)2 Na CH—P(OR),

o CH:—S(OR)J o
o le} R! 0
R = Et,i-Pr; R! = {-Pr, Bu, PhCH,
“he yields of the arylation products under analogous conditions were considerably lower. Even with an excess of
sodium amide (reagent ratios 1:2:3) the yield of the acyl derivatives amounted to 27-37% [222].

& sl @

JEECHREEURE=ES

PhBr

O CH —P(OR), (o) ?H——S(OR):
O Ph O

1"-Hydroxyfurfuryiphosphonates are acylated by acid chlorides in the presence of triethylamine at room temperature
[223] or with gentle heat {224].

CHP(OR)Z

O (ITH—S(OR)z
OH O OCORl

R = Me. Et, Pr, i-Pr. Bu, /-Bu;  R'=Me, i-Pr,c-CiH,,

In the presence of such nucleophiles as alcohols or furan in an acidic medium, 5-methyl-1'-hydroxyfurfurylphosphonate
forms two types of products, the ratio of which depends on the reaction temperature. With heating to 75°C, preferential
substitution at the methyl group occurs [225].

R=HMe g P(OE),

(o]
A ﬁ RH R! ©
R™ “0” TCHP(OEnH, H*
] : R = Me 7\
OH = R! P(OE1),
¢! il :
R!'= AIKO, 4—\>\ ©
0

In order to remove the blocking 1-phenylcyclopentyl group from the nitrogen atom in the molecule of 1'-(1-phenyl-
cyclopentylamino)furfurylphosphonate, its hydrochloride was briefly heated in anhydrous formic acid [226].

0
B 0
07 NcHP(OEy, PCOOH @\ i

! b min o~ “CHP(OE),
NH, - HCI

NH-HCl

Ph 8%

2-Benzofuroyimethyltriphenylphosphonium bromide enters into condensation with p-nitrophenylhydrazine at the
carbony!l group when heated and forms phosphoniohydrazones with 60% yields [227].

A A —
CCHPPhBr™ 4 H,NHN NO,
i
0
- @—CCH PPh,Br

No2
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As mentioned earlier in section 1.2 during discussion of methods for the synthesis of phosphonium salts, furoylmethyl-
enetriphenylphosphorane reacts with methyl iodide [75] and bromine {76]. As a result, a-methyl- and a-bromo-substituted
phosphonium salts were obtained with high yields. The reactions of furoylmethylenetriphenylphosphorane with cyanogen
bromide [228], arenesulfenyl chlorides [229], and acetic anhydride [133] take place similarly.

Na\

O C—CH—PPh,Br~ i + O C—CH==PPh,
i : O~ "CCH,PPhBr” o
O ON - O CN
BrCN'
Ac,O
D 2 [0
O ﬁCH:PPh, o) ﬁ—?H—-—PPh;
O O COMe

R CH,C00~
)
- @” M
o

0
7\
+ CCH,PPh
Qccn:?m ro
7\ + ~ CH,CO0"
G—CH—PPh,CI !

© O 5
R
Q‘ g—_k—c—c-—:wh3
1 [e) n

R 0 COMe
0
NN
0

0
7\l T
* Q CCH,PPh,CI-

0" “CCH=PPh,

2.3. Chemical Transformations at the Element

Chemical transformations at the group V element can be divided into two types: Reactions taking place with change
of the coordination number of the element and transformations of the functional groups. Reactions of the first type include the

numerous transformations of furyl-containing phosphines. These compounds are easily quaternized by alkyl iodides and benzyl
bromide [2, 5, 6, 191] when heated in benzene.

[ QJ nPR3_,, +ORIX [ @] n.;)R.‘-nR\X'

R! = Me, Et, CH.Ph: R = Me, Ph
(2-Furyl)diphenylarsine is less active in reaction with methyl iodide. The production of (2-furyl)methyldiphenylarsonium
iodide requires prolonged boiling in nitromethane and also an excess of methyl iodide {11]. The quaternization of (2-
furyl)diphenylphosphine with 2-bromothiophene was realized with a 40% yield under more rigorous conditions by heating to
160-170°C in the presence of anhydrous nickel dibromide [62].

[\
0~ “Pph, g PPh,Br
e
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The furylphosphine complexes of chromium {4], molybdenum [4], tungsten {230], rhodium {7], and platinum [231]
were synthesized. (n-Bicyclo[2.2.1]}hepta-2, 5-diene)tetracarbonylchromium reacts with methyl(2-furyl)- and phenyldi(2-
furyl)phosphine in hexane solution with the elimination of bicyclo[2.2. 1 Jhepta-2,5-diene. The complexes with phosphine ligands,
formed with 35 and 40% yields, have the trans configuration [4].

[Q\Jfa + @c«cou " lrans- [[Q\] 2PRJ Cr(CO),

2

The reaction of tri(acetonitrile)tricarbonylchromium with rerr-butyldi(2-furyl)phosphine with boiling for 15 h in
tetrahydrofuran leads to substitution of two acetonitrile ligands by phosphine and one by carbony! [4]

[[(}\J PBu-t + (CH,CN)LCr(CO); —a= Irans- [[@\] pBu_,J Cr{CO),
3 O 2
2 2

Hexacarbonylmolybdenum and tetrahydrofurfuryldiphenylphosphine in methyicyclohexane solution after 16 h at room
temperature give a low yield (20.7%) of the complex tetrahydrofurfuryldiphenylphosphinepentacarbonylmolybdenum [4].

0" CH,PPh, 07 T CH,PPh,"Mo(CO),

Furfuryldiphenyl-, difurfurylalkyl-, difurfurylaryl-, and trifurfurylphosphines substitute a molecule of tetrahydrofuran
in the complex (tetrahydrofuran)pentacarbonyltungsten. Irradiation of ether solutions of the obtained pentacarbonyl complexes
leads to the formation of tetracarbonyl derivatives of tungsten [230].

hy
Do =% O
CH,PPh, W(CO),

07 “CH,PPh, 07 TCH,PPh,W(CO), O
@ pr * THF:-W(CO); - & ;] PR - W(CO); —
07 TCHy, 0" euy ,
L @ PR - W(CO),
07 TCHy ,
R = Me, 1-Bu, Ph, MeS§, @CHZ

2,5-Bisdiphenylphosphinofuran reacts with bisbicyclo[2.2.1]hepta-2,5-dienerhodium tetrafluoroborate in methylene
chioride. According to x-ray crystallographic analysis, the obtained binuclear complex has a centrosymmetric structure with
two rhodium atoms attached to a pair of cis-located ligands [7]. In cold methanol, bicyclo[2.2.1]hepta-2,5-diene is eliminated
from the obtained complex, and a tetrahydride complex with the trans structure is then formed after hydrogenation with
hydrogen.

thpﬂ * (GHg)RNBF, —

07 PPh,

Ph,P
+ 2 07 PpPh
— -~ Tt
Rh ~ MeOH
~ Rh IBF,” eVt MeOH
g PhsP O _ppny” ! H
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2,5-Bisdiphenylphosphinofuran forms a series of isomers with tetracarbonyl-u-dichlororhodium. The main product has
the trans structure and can be carbonylated in the presence of silver fluoroborate [7].

o TN
pph,
.CO
ﬂ O ORRCCO), T Rh

Ph,P” C0” TPPh, oc/ | CI/
Ph, PUPPM
N A
o
¢ co legBF,
Ph, P pph, thi’/((}\?l’hz
oc, ,, Q oc 1, .co I, co o
Rh‘ BF,” Rb SR |2 BF,
oc/ oc/ oc”|  oc”| Nco
Ph, PU/PPh, Ph,P 0 PPh,

‘A ‘ vacuum
Ph, /O\PPh, Phlp/[c}\m\2

oc, |+ | .co | .co
Rh Rh BF,” Rh Rh
/ Cl/ ! OC/! Oc/l
Ph,P O Pth Ph,P O PPh,
A

The complexes of platinum with phosphine ligands were obtained in the reaction of a heated solution of the phosphine
in ethanol with a cold solution of potassium chloroplatinate in water {231].

{ﬁ\} PPh,_ +  KPtCly - [/ \ } PPh,_, PtCi,
&) n (e} a

Furyl-containing phosphine oxides can be obtained not only by lithium synthesis [10, 12] or as side products in the
Wittig reaction [5] but also by direct oxidation of the phosphines with hydiogen peroxide in acetone [5, 6] or with m-
chloroperbenzoic acid in chloroform [232].

N 2 [0 -

O

n=1.3 o
K] O
e

Tertiary phosphines react easily with sulfur {232] and selenium [231] when heated in chloroform.

N

(o]
o7 I,
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The furyl and dihydrofuryl derivatives of phosphorus with a P—halogen bond react readily with secondary amines.
The reaction takes place without complications and with fairly high yields in the case of the compounds both of trivalent [17,
32] and of pentavalent [28] phosphorus.

[ ﬂ} PBr,_, * HNMey, — ﬂ P(NMe,), . [17]
Me 6} no Me O

n

n=12
PCl, P(NEL,),
{ \E + HNEl, ey { \S ) (32]
o] (o]
P(‘i, P(NRﬁ)a
BrH,C (0] BrH,C [o)

The analogous reaction with alcohols in the presence of triethylamine was conducted for the derivatives of pentavalent

h 7- .
phosphorus [27-30, 33} rel,

P(OR):
(/ \So « ron —N (/ \So

(o]
R = Me, Et, Pr, Bu, i-Bu

POC, P(OR),
{ \E ROH \ N

¢} (¢}
POCI, PO(OR),
ROH -
\ — [\
0 Ci (o) OR

However, it was not possible to obtain phosphonites by such a method on account of their oxidation under these
conditions [32, 233]. The best method for the synthesis of phosphonites was alcoholysis of the previously prepared amides {10,

17, 32].
@ MtZC(CHIOH), O‘ M
{4
o P(NMe,), 100 C. 3 days :><
oH | 100 ¢ Mooy 3%
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0 N Me
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The hydrolysis of derivatives of furyl- and furfurylphosphonic acids was undertaken {14, 81, 100]. During a kinetic
investigation of the alkaline hydrolysis of furyl- and furfurylphosphonates by the action of a water—dioxane solution of sodium
hydroxide it was established that monoesters are formed as a result of the reaction. Here the rate of hydrolysis of the 2-
furylphosphonate is seven times higher than that of the furfurylphosphonate [14].

OEt

@ NaOH M\
N
? (CHz)nﬁ(OE”! H0/0_0 Q(CH,) pC
-'n ”\ I
o n=01 o
Resinification of the reaction mixture was observed during the acid hydrolysis of diethyl furfurylphosphonate, whereas
the phosphonate, analyzed in the form of the barium salt, was obtained during hydrolysis with aqueous alkali [81]. The
hydrolysis of hydroxyfurfurylphosphonates takes place similarly [100].

H.O/0OH"™ Ba(OH),
N s N (S W
(6] 'Clﬂl:—-ﬁ(()l?,t)2 O )

07 TCH, 'r;—o} Ba

CH:—ﬁ(OH)z
s) 0 0 2
H,0/OH"
D 20 O
0 (l?Mc—ﬁ(OMt); s} CMc—ﬁ(OH)g
OH O (')H 0

4-(2,3-Dihydrofuryl)dichlorophosphine oxide is hydrolyzed by water with the formation of phosphonic acid, identified
in the form of the anilinium salt [27].

The transalkylation of dimethyl tetrahydrofurfurylphosphonate with 1,2-dibromoethane was realized, and ammonolysis
of the bromoethyl ester with trimethylamine gave the phosphorus derivative of choline with a yield of 70% {160].

O\ +  BrCH,CHBr —a & ome T
O CH,—P

07 CHy—R(OMe),

* 1 OCH,CH,Br
0 0
Me N
/O‘
0" cH,—pZ +
* INOCH,CHNMe,

Compounds with a P—H bond can add at the C=C double bond of unsaturated compounds [234, 235]. Thus,
silylaikylphosphines were obtained by the photochemical addition of phenyl(tetrahydrofurfuryl)phosphine to allyl- and

hexenylsilanes {234].
hy Ph
Q + H,C=CH(CH,), 8iX,Me,_, —e (}\ |

o) CH,P(H)Ph 0 CH,P(CH,),,SiX Me,_
n=13m=14 X=C(Cl.MO

Ditetrahydrophosphonate reacts at the C=C double bond of acrylamide in the presence of sodium tetrahydrofurfuryl
oxide. The direction of the reaction depends substantially on the amount of the catalyst, the reagent ratio, and the presence of
a solvent. In the presence of a small amount of the catalyst, a polymeric product is formed. With the reagents in an equimolar
ratio and with an excess of sodium tetrahydrofurfuryl oxide and without a solvent, the yield of di(tetrahydro-
furfuryljphosphorylpropionamide amounted to 40%. It was possible to increase the yield to 75% by using a twofold excess of
ditetrahydrofurfury! phosphonate in dioxane [235].

()\ PH + H,C=CHCNH, — O\ PCH,CH,CNH,
o” Scupol, ! I cuof, & - 0T

0 0 O 50 0
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TABLE 2. Data from the PMR Spectra of Derivatives of Tri(3-furyl)phosphine

[d} PX in CDCI,
0 3
« S'H. ppm 5. Hz

"2 Heay Hs) Me J24 115 Jas
0 7.739 6.576 7.568 0.85 1,56 1.87
S 7.745 6,576 7.556 0.88 1.56 1.87
Mel 8.392 6,993 7.777 3,23 0.96 1,46 2,02
Mel* 8.051 6.827 7.870 2,66 0.99 1.45 2,06

*In CF,COOH.

TABLE 3. 'P and 7’Se NMR Spectra of Furylphosphines, Their Selenides, and
Their Platinum Complexes

Rap R3P R3P Se (R3P 2P 1Cly
31
&'P, ppm| 8°*1p, ppm| 077se. ppm| J75.—31p. Hz 63[P‘ppl’n1!l95p!»—31p Hz
@ -26.6 1
0 prh, . 6.9 -300 754 | 1.5 3665
[&} PPh -50,8 2,0 -334 774 | -18.3 3698
0 2
/
[Q\ P -76.4 | 22,1 -354 793 | -36.3 3716
3
{(/ \§ P
o |, -81.9 | -20.3 -270 745 | 421 3649

The potassium thiophosphates [236] and thiophosphonates [237] substitute the halogen during reaction with alkyl
chlorides [236] and chlorostannanes [237].

/ \

D (O — O

- SnCl

07 CH,0P—sK CHzoP—SSnPO:‘
N)

O\ P+ acHCHSEL —e (3\

CH:OE-—-SK CH, OP—-SLH ,CH,SEt
(o]

3. PHYSICOCHEMICAL PROPERTIES

A series of furyl-containing derivatives of phosphorus have been investigated by 'H [232, 238-240], 13C [241 2421,
and 3P [2, 133, 231, 243] NMR spectroscopy.

In the PMR spectra of tri(2-furyl)phosphine [239], tri(S-methyl-2-furyl)phosphine [240], tri(2-furyi)phosphine oxide
(238], and dimethyl 2-furylphosphonate [238], the signals of the H 3, and H s, protons are shifted downfield in relation to
unsubstituted furan, indicating descreening of the furan ring in these compounds by the phosphorus atom. The PMR spectra
of derivatives of tri(3-furyl)phosphine with the general formula (3-furyl);PX (X = O, S, Mel) were analyzed [232].
Descreening of all the ring protons of methyltri(3-furyl)phosphonium iodide downfield in relation to tri(3-furyl)phosphine oxide
and its sulfur-containing analog was observed (Table 2). The authors [232] attribute this to the ionic nature of the phosphonium
compound. The effect of the solvent (deuterochloroform, trifluoroacetic acid) on the proton shifts and the spin—spin coupling
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TABLE 4. 83!P Chemical Shifts of Acylmethylenetriphenylphosphoranes

O 0
R 0" ¢-C-R 0" C—G-R
QO PPh, PPhy O
Ph -17.§ -17.6
N
Me
S
AN
O -19,1 —

TABLE 5. pK, Values of Furfurylphosphonates

FaX

X707 “CH,PO(OEL),

X S(cyzp ). PPM pKa (DMS) pKq (P rOH)
H 3,10 26,8
Me 3,02 ~27 20,5
MeCO 3,30 20,0 18,2
E100C 3,26 20,9
CHO 3,36 ~18
NO:z 3,42 ~17
CH,PO(OEt),
2,95 22,3
7\
EtQOC™ "o c

constants of methyltri(3-furyl)phosphonium iodide was investigated. The spin—spin coupling constants differ little, but the
chemical shifts of the protons of the furan ring and the methyl groups differ substantiaily.

Some parameters of the spectra of the heavy nuclei of furylphosphines [231, 244], their selenides {231, 244], and their
platinum complexes [231, 244] are given in Table 3.

Replacement of the phenyl group in triphenylphosphine (83'P = —4.7 ppm) by a furyl group leads to an upfield shift
of signal for the phosphorus nucleus {231, 244], and the screening of the phosphorus is increased additively with increase in
the number of furyl substituents. Similar data were obtained for the selenides R;PSe and for the platinum complexes
(R4P),PtCly; it is possible to see only a decrease in the contribution from the furyl group to the &P chemical shift in
compounds of this type in comparison with furylphosphines.

The quaternization of tri(2-furyl)phosphine with methyl iodide [5°!P (2-furyl)3PMel = 15.4 ppm] and benzyl bromide
[83!P (2-fury!);PCH,PhBr = 12.8 ppm] is accompanied by a strong downfield shift of the *'P signal [2].

The effect of aromatic substituents on the size of the 83! P chemical shift in various acylmethylenetriphenylphosphoranes
was studied (Table 4) [133]. The screening of the phosphorus atom increases a little in the series of R: Ph < 2-(N-
methylpyrrolyl) < 2-thienyl < 2-furyl.

Investigations into the physicochemical characteristics of the furan derivatives of phosphorus by UV methods are also
extremely uncommon [12, 77, 82]. Thus, the equilibrium CH acidity of furfurylphosphonates was determined by
spectrophotometry in absolute propanol with sodium propoxide as base {82] and in dimethy! sulfoxide by transmetallation [77].
The obtained pK, values are given in Table 5. However, a series of furfurylphosphonate anions with a methyl, formyl, and

nitro group at position 3 of the furan ring proved unstable in dimethy! sulfoxide, and their spectral characteristics were therefore
determined with insufficient accuracy [77].
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To a first approximation, the conduction of the effect of substituents in the furan ring from position 5 to position 2 was
close to that of benzene in the case of p substituents. However, the furfurylphosphonates are 1-2 pK, units stronger CH acids
than the benzy! analogs [77].

The effect of aryl substituents on the position of the frequency of the stretching vibration of the carbonyl group was
investigated in a series of aroylmethylenetriphenylphosphoranes, including 2-furoylmethylenetriphenylphosphorane [245], for
which v in the crystalline state is 1536 cm™!. ‘

The position of the P==S vibration frequencies in dithiophosphates was determined in [246].

In the derivatives of tetrahydrofuryl alcohol (1 and 2) v amounts to 660-680 cm~!.

(—)\ P(S)COMe
CH,0
2

o]
1

[—1\ P(S)SC(CH,),CSP(S) ﬂ
o ciLo , s 3 OILC .

2

An x-ray crystallographic analysis of certain furan derivatives of phosphorus was undertaken [4, 7, 245]. In tri(2-
furyhphosphine selenide, the phosphorus atom has a disordered tetrahedral configuration with average < S8ePC and <CPC
angles of 114.9 and 103.4° respectively. The average lengths of the P—C (1.778 ‘A) and P—Se (2.094 A) bonds are
significantly shorter than in arylphosphine selenides. The furyl groups are directed in space in such a way that the average
O---Se distance is 3.577 A [245].

. In trans-di[tert-butyldi(2-furyl)phosphine]tetracarbonylchromium, the chromium atom has an octahedral environment
[4] with trans-located phosphine ligands (< PCrP! = 180°). The phosphorus atoms are tetracoordinated, and the substituents
have a strongly distorted tetrahedral environment. All the <Cg PC angles are reduced compared with the tetrahedral values
and amount to 100.1-101.2°, while the <CrPC angles are increased to 116.9-117.5°. No departures from the norm are
observed in the geometry of the furan ring, but the length of the Cp,—P bond is 1.809 A, which is longer than in tri(2-

furyl)phosphine selenide.
O~ O,z
; oC €O ;
2,309 N/
)
0 o

/
Bu OC CO Bu-t

In [7], x-ray crystallographic analysis was only used to obtain evidence for the structure of the binuclear rhenium
complex, and its structural parameters were not given in detail.

4. BIOLOGICAL ACTIVITY

One of the most important types of modern pesticides is the organic compounds of phosphorus, in which substances
with various types of biological activity have been found (acaricides, insecticides, nematocides, herbicides). Various forms of
pesticidal activity in furan and tetrahydrofuran derivatives have been investigated in this connection.

In the series of O,0-dialkyl S-(5-nitrofurfuryl) thio- and dithiophosphates [167, 168], the compounds with methyl and
ethyl substituents (R = Me, X = O; R = Et, X = O, §) exhibited insecticidal activity comparable with malathion toward
Musca domestica L. [167] and acaricidal activity almost three times the activity of malathion toward Tetranychus urticae Koch.
All the compounds were ineffective against Calandra granaria L., Macrosyphoniella sanborni Theorb., and Aphis fabae Scop.

[167].
0.

O,N fo) Cstﬁ\OR)l

X = 0, §; R = Me, Et, Pr, i-Pr, i-Bu

535



TABLE 6. Insecticidal Activity of Phosphates Against Granary Weevils

(.

07 “CH,0P(OR),

(o]
J Mortality Mortality
R Concentratio of granary % iIConcentration  of granary
of substance | Weevil in of substance | weevil in
7 days, % 7 days, %
Et 0,01 49 i-Pr 0.1 54
0,02 44 0.5 76
0,05 58 1,0 94
0.1 76 Bu 0,5 72
0.5 100 (3 cym) 1,0 72
1.0 100 (1 cym)

Phosphate {150] and thiophosphate [237] esters containing a tetrahydrofurfuryl substituent also exhibit insecticidal
activity. In this case the compounds with ethyi substituents are more effective than the isopropyl and butyl analogs against

granary weevils [150] (Table 6).
Chrysanthemate esters form a well-known class of natural and synthetic pesticides. However, replacement of the ester

group in the synthetic pyrethroid resmethrin (chrysrone, synthrine), used as an insecticide, by phosphoryl leads to almost
complete loss of activity against Musca domestica and Lasioderma serricorne [165].

COOH,C ¥ —on,C
j :

) SR EN
07 "CHyPn 07 TCH,Ph
Resmethrin

According to data in {169], dialkyl isopropylamidothiophosphates exhibit strong nematocidal activity.
Ny
0 Cstlll’NHPm‘
0
Diethy!l 2-(5-nitrofurfurylidene)hydrazinothiophosphate is a coccidiostat and is effective against Eimeria tenella.
Addition to chicken feed at the rate of 0.022% protects against infection with Eimeria tenella by 75% [187].

I3\

0,87 o7 “CH=NNHP(S)(OE),

Azomethine bases of furfural and nitrofurfural containing spiroarsorane fragments are new types of substances with
antiparasitic properties [140].

]

[\

X7 o CH:.-_-N—QO
i

O---As.O

\
(0]

X = H. NO,

-
OBN/Q\CHZN—-QZ—){Z
A

These compounds in vitro exhibit antifilariasis activity against Molinema dessetae.
The antimicrobial [70, 119, 184, 247] and fungicidal [70] activity of some furan compounds of phosphorus were
studied. During comparison of the antimicrobial activity of 5-styryl-2-furoylmethylitriphenylphosphonium bromides and the
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corresponding triphenylphosphoranes, it was established that the activity of the ylides against the Gram-positive microorganisms
S. aureus and B. subtilis (MSC = 250-500 pg/ml) is 24 times lower than that of the phosphonium salts (MSC = 62.5-125
pg/ml) [247]. (MSC is the minimum suppressing concentration.)

The inhibiting concentrationof {[2-(5-nitro-2-furyl)vinyl}imino} triphenylphosphorane against the Gram-negative bacteria

Escherichia coli is 50 pg/ml [184].
)

O,N (0] CH==CH—N==PPh,

The antimicrobial activity of the organophosphorus derivative of the product from hydrolysis of the antibiotic rifamycin
S with an unpaired electron at the oxygen atom of the aromatic ring at position 1 is significantly lower than that of the antibiotic
itself. The MSC is 0.3-0.5 ug/ml for staphylococcus, 50-100 ug/ml for Escherichia coli, and 100 ug/ml for Proteus [119].

The data examined above show that furylphosphines and furylarsines are convenient models for studying the effect of
the heterocycle on the cleavage of the Cspz—M bond (M = P, As). Furylphosphonium salts can be used successfully in the
Wittig reaction for the synthesis of various furylalkenes and cyclic compounds with three, four, five, and six furan rings in
a macrocycle. Tris(3-furyl)phosphine favorably replaces triphenylphosphine as ligand in a number of reactions. Representatives
of various types of organophosphorus derivatives of furan exhibit insecticidal, antiparasitic, and antibacterial properties.
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