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F ~ R A N  D E R I V A T I V E S  O F  G R O U P  IV E L E M E N T S  ( R E V I E W )  

I~. Lukevi t s  and  O. A. Pudova  

Published data aml the results of persotuil in vestigatiotrY on the method7 of ,~,nthesis, chenucal am1 physical 

properties, and biological activi O, of the fi~ran derivatives of silicon, germanium, tin, lead, titanium, and 

zirconium are surnrtulrized 

I. DERIVATIVF;S OF SILICON, GERMANIUM, TIN, AND LEAD 

The furan derivatives of group IVB elements represent a fairly widely studied class of compound, among which it is 

possible to single out several main D'pes: Compounds in which the heteroorganic substituent is directly attached to the furan 

ring (I); compounds in which the heter~rganic substiment is separated from the ring by a hydrocarbon chain (II); compounds 

in which the element of group IVB is separated from the heterocycle by another heteroatom or carbofunctional group (III) 

I I 

) ( ) ( ) 

I 11 111 

The physicochemical characteristics and the methods of preparation differ substantially, depending on the type of 

compound 

1.1. Synthesis of Compounds of Type I 

1 . I . l .  Litlfium Method. A general method for the synthesis of the furan derivatives of silicon, germanium, tin, and 

lead of type I is the reaction of 2- and 3-furyllithium and also their derivatives with halogenosilanes [1-25], halogeno- 

germanes [3, 6-8, 15, 26-28], halogenostannanes [3, 6-8, 14, 15, 29, 30], and halogenoplumbanes [3, 6-8] 

cu,, 
M ~k ( i t  5 ,n  I~l~ I{ , , \ l k  \ r ,  n I 4 

The reaction is usually carried out by adding the chlorine derivative of the group IVB element to a solution of lithiofuran in 

ether, hexane, or tetrahydrofuran at 0-25°(7 The corresponding distannyl derivative was obtained from 2,5-dilithiofuran [31]. 
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TABLE 1. Reaction of 3-Trimethylsilyl-2,5-dihydrofuran with Dichlorocarbene 

under the Conditions of Phase-Transfer Catalysis 

Method 
of gener- 
ation 
of :CCt~* 

A 
B 
C 
D 

Temper- 
attire 
"C 

25 

25 

40 45 

63 

R e a c t i o n  

t ime ,  

h 

I 

5 

8 

55 

Product yields according to GLC 

S~b, l c  

23 

20 

21 

16 

S~Mc~ 

C I 2 1 | C ~ )  

17 

23 

31 

26 

('1 (7 

0 

44 

32 

32 

16 

*A) The action of a 50% aqueous solution of scMium hydroxide on chloroform in 

the presence of  PhCH2N + Bu3CI- .  

B) The action of  solid powdered sodium hydroxide on chloroform in the presence of  

(CgH 17)3 N + MeC1, 

C) The conditions of  method B without the catalyst but with ultrasonic treamlent. 

D) The thermaJ decomposition of scKlium trichloroacemte in the presence of  

PhCH2N + Bu3C1 - . 

By means of  the lithium synthesis it is possible to obtain compounds containing the most varied groups in the 
heterocycle [5, 7, 11-23, 27, 32-36]. 

?'.! : S~: R : Me [,1], CIt2(W. 2 {1I} Me?.;~ [4, 7] { R O ) : ( 7 t t  [ 1 2  V l  % ,:'1t= N{Ht  [14}, 

Me 

M~ 

M = (;e;  R = M%S, ,  M q ( } e  [71 (FI ( ) )2 (Tl l  {27} 

M = Sn; R = Me [371 , P h ( q t , C l t ,  137] Me~Si, M e ~ G e [ 7  I , ( R ( ) ) , C I I  [371 

"1) "l ~ Sdl: 

If~()* 

NMe2)  ? () ( ) P ( N M e 2 }  J 
II II 

I ~ () S l ' h  Me S~ ~ "{~ " S P h  

+ Bu~gn(  I ~ [33[ 

'Me ~$1 M c S ~ "  "* ~" "",n Bu ~ 
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Whereas the silylation of the lithium derivative of furfural diethyl acetal [34, 351 with trialkylchlorosilanes takes 
place without complications at -25 to -30°C in ether and hexane, the reaction with dimethylchlorosilane under the same 
conditions leads to the formation of a whole series of silylation products (341 

The silylation of the furan ring in 3-(trialkylsilyloxyn~ethyl)furans at -20°C in a mixture of hexamethylphosphoro- 
triarnide and dimethoxyethane or tetrahydrofuran by the action of butyllithium 125, 391 and of trialkylsilyl 3-furancarboxylates 
at -78°C in a mixture of hexamethylphosphorotriamide and tetrahydrofuran by the action of lithium diisopropylamide [40] 

takes place by an intramolecular mechanism of 1,4-O-+C silyl migration. 

In the case of 3-[dimethyl(isopropyl)silyloxymethyl]furan 2,5-bis[di1nethyl(isopsopyl)silyl]-3-hydroxymethyl~san was 
isolated in addition to the rnonosilyl product, while only 3-hydroxymethylfuran was obtained from 3-(trirnethylsilyloxy- 

rnethyl)furan [ 2 5 ] .  
A whole series of silicofunctional furylsilanes were also synthesized by the lithium method. Furylhydrosilanes were 

obtained by this method [4, 5 ,  8, 41, 421. On account of the high reactivity of the Si-H bond in furyhydrosilanes and the 

possible substitution of hydrogen by the organic radical during the action of organolithium reagents, the reaction is usually 
carried with cooling and with the addition of the furylliihiurn derivatives to the silane. 

However, under these cond~trons only d~methyichloro- and n~ethyldrchloros~lane form the cnrrespondrng furylllydrocrlanes 
~ t h  h ~ g h  y~elds 151, wh~le  in tr~chloros~lane further subst~tut~on of the hydrogen In the SI-13 bond occur5 even at -30°C 15, 

431, dnd tetra(2 turql)sdane, trr(2-furql)crlane, and dl(2-fury1)slldne are formed 111 ratlos of 11 9 1 1431 



The formation of the di(2-furyt)silane is due to the reduction of the intermediate di(2-furyl)chlorosilane by the lithium 

hydride formed under the reaction conditions. Representatives of  3-furylhydrosilanes were obtained [8] by the successive 
addition of methylmagnesium iodide and 3-furyllithium to methylchlorosilane. Methyltri(3-furyl)silane is not formed under 
these conditions [8]. 

M c M g l  
McSd 1(71, 

( ~ l  J 

n = l , 2  

() n 

Furylchloromethylsilanes [43-45] and furylvinylsilanes [45,461 are formed with high yields from 2-furyllithium and 

the corresponding chlorosilanes. 

| i  n 

R Clt2CI (ft=(117: n = 1, 2 

With the 2-furyllithium and chloromethyltrichlorosilane in a ratio of 2:1.17 a mixture of (2-furyl)chloromethyl- 

chlorosilanes was formed 143]. With ethanol in the presence of triethylamine they underwent alcoholysis 

(I~SI(7t|:,CI ~ ICI~ ~: I t~N I 

CI{ ('1 ('1t~(I fl n 

n :  I :, 

The main product from the reaction of 2-furyllithium with tetraethoxysilane at - 3 0 ° C  in tetrahydrofuran is 2 -- 

furyltriethoxysilane (9.8%). Small amounts of  di(2-furyl)diethoxysilane and tetra(2-furyl)silane were found among the 
reaction products. It was not possible to synthesize tri(2-furyl)ethoxysilane by this method. It was also not isolated with 

furyllithium and tetraethoxysilane in ratios of 2:1 and 3:1. "I~2m yields of  2-furyltriethoxy- and tetra(2-furyl)silanes were only 

increased under these conditions [47]. 

I~ "~'S (()Et)~ 2 

,1 

Pentamethyl(2-furyl)disiloxane was obtained with an 82% yield by opening the ring in cyclotrisiloxane with 2- 
furyllithium followed by treatment of the intermediate lithium silanolate with trimethylchlorosilane [481~ 

,. ~ Mc~g,(7 @ 

"1 i SiMc,()l. , Sd'vtc2OSiMc 
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T A B L E  4, C h e m i c a l  Shif ts  ~ IHsi .  8 170, and 8 29Si and  the S p i n - - S p i n  C o u p l i n g  

C o n s t a n t s  ( S i - - H )  of  Fu ry lhyd ros i l anes  (R = 2- fury l ,  R l = 3-furyl )  

Compound '3 q(s ,  ':3 29s' L/s'- }t (3 17o 
ppm ppm ppm ppm 

RSiltMe2 
R:SilIMc 
R2SItlEI 
R2SiHBu 
RI;,SIIIMc 
R~SIII 

4,41 
4,94 
4,86 
4,88 
4,84 
5.45 

-28,49 
-42.23 
-37,25 
-39,39 
-36.80 
-57,60 

195 ,0  

2 0 8 , 9  
206,0 
205,7 
198,6 
224,0 

253,0 
253,2 
253,6 
254.2 

250.2 
252,7 

T A B L E  5, C h e m i c a l  Shif ts  61H, 13C, and 

F u r y l a m i n o a l k o x y s i l a n e s  (R = 2- fury l )  [344] 

Compound 

RC(OEI)3 
RSi(OEI)3 
R1SI(OEI)2 
R35i{)1 I 
R(TII2S~(OEA) 
RCH~Clt2S~(()II~ 

RS* {)('?H D~N 

P.CI t ~S~( OCd f~) N 

R C I t f T I I , S f f ( ) ( , I I  a);N 

R{t IO)Si(OC21h)2NMe 
R2Si((}C2It412Nb,t{' 
RSi(OC2H4NMe2 3 

295i of  Fu ry l e /hoxys i l anes  and 

) 2 9  S ~  

ppm 

m 

-67,2 
-50,6 
43,9 
53.0 

I 
89.3  

73.4 

-68,0 

-80,5 
.... 69,4 
-66,4 

c(2) 

158,8 
151,9 
153,0 
153,5 
15I ,5 
158,1 

163 ,0  

1574 

161.5 JI 

158.1 
159.2 
151.6 

{3 13C. 

((3) 

117,9 
123.4 
124 ,0  

125,3 
I05,4 
I04,2 

117,9 

1038 

03.6 

19,3 
20,1 
24,1 

ppm 

c(.( 

9 12. 
4 09, 
3 09, 
3 10, 
4 10. 
"~ 10. 

9 09, 

104 

10,6 

09,3 
09.8 
I 0,0 

c(5) 

1464 
147,5 
147,9 
148.8 
140,4 
140.8 

144,6 

I39,3 

140,6 

145.4 
146,1 
148,0  

q~ ppm 

H(~ }t(4 H(5) 

7,19 6,52 { 7,59 
7,02 6,47 i 7.69 
6.94 &44 i 7,72 
7,00 647 i 7,77 

6,00 6,27 7.30 

6,04 6,30 7,56 

5,92 6,24 7,24 

5,96 6,2.5 7,27 

6,65 6,30 755 

6,89 6,38 7,66 

The  r eac t ion  o f  2 - fu ry l l i t h ium widl ch l o r om e t hy l t r i e t hoxys i l ane  takes place both  at the C - C I  bond  and at the S i - O  

bor~  [47]. 

CICtt:A~(()E~) 

I 

( .I I _,8+{ O[:t ) 

I 2 
Ol!t  

3-Fur31u ie lhoxys i l ane  was obta ined with a 255f yield fronl  3 fury l l i th ium and tetrachlor{>silanc fo l lowed by 

alcoholysis  wi th  e thanol  in the p r e sence  of  pyr id ine  [47] 

I ~ SKII~ S~{ ( ) t~ )  
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TABLE 7. 6170 Chemical Shifts of the Cartxmyl Group of 5-R-Substituted Furfurals 

in CD3CN 

t- gu 
Me 
II 

c~ 17o (c-o), 
_ _pprn ................ 

523~2 
521,7 
537.8 

MerGe 
Mc~i  

NO2 

170 ( C - O )  
ppm 

533.0 
537,1 
574.8 

The furylchlorosilanes were not isolated on account of their instability and were only used in the synthesis as 

intermediate products [43, 47]. At the same time, furylbromogermanes [28] were more stable and were isolated in the pure 

form. Thus, the reaction of  an ether solution of tetrabromogermane with 2-furyllithium in a ratio of  5:1 at - 3 5 ° C  gave a 

mixture of  2-furyltribromogermane, di(2-furyl)bromogermane, and tetra(2-furyl)germane. The use of an equimolar ratio of 

the initial substances also led to the indicated mixture of products, but the fraction of  the tribromo and dibromo products was 

greatly reduced [28]. 

)~I~ 

n =  1 4  

O ~  ] (}cBri ,: 

n 

In addition to the lithium derivatives of flxran, the lithium compounds of Vutenolides [49, 50], obtained during 

metallation with lithium diisopropylamide at low temperatures, were also used for the synthesis of silylfurans. 

Me() Me() I i NIc() ~IMe~ 

(~-Pr),NI i Mc,SiCI 

71 ; 

Me() 5;~Me~ Me( ) SiMe~ 

Me () 76)~ 0 

The organolithium method of synthesis is extremely useful for the pr(xluction of the organosilicon derivatives of 

benzofuran [51, 521, isobenzofuran [53-56], ruaphtho[1,2-c]furan [571 and 2,3-dihydrofuran [58-611, and also the organotin 

derivatives of 2,3<lihydrofuran [61, 62]. 

(()()1 (7OOII 

1 ,,, SJMe~ 
2 II~() + ~ ~() 

l ) SLb, tc ~ 

C~ () bic ~Sl(71 ,,,,- ~ ( )  

v 
I< Ft 

R Me 155I CIl,=( ' l l l( l l :)~15~,] 

I';l, 52t 

()I 

btc ~St( ?1 

S,Mc~ 

1% I 
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TABLE 8. Ionization Potentials (eV) of Furylsilanes 

Coml ~mnd IP l lP2 Reference 

~ M c  

~ S d t >  

~ ' S )  M%I I 

~ ' S d  t?l I 

~ S I , M c  < 

@ S I M %  

@ 5 ; i M e  ~ 

@ ( 7 1  I2S~Mc ~ 

2 

2 

() %n 1:~ 

8,37 

8,92 

8,62 

8,53 

8,62 

8,38 

8,44 

8,48 

8,53 

8,15 

816 

8,79 

8,71 

8,84 

8,60 

8,75 

q,23 

8,66 

8,33 

10,14 

10,40 

10,22 

10,14 

10,13 

10,08 

9,94 

I0.01 

10,07 

10,00 

9,67 

10,31 

) O, 20 

10,07 

10,18 

10,33 

10,07 

I0,20 

9,96 

14431 

14431 

14431 

14431 

[4431 

[4431 

[4451 

[4441 

[443] 

[4441 

[4451 

14431 

[4431 

1443] 

14431 

[4431 

14431 

14431 

14441 

5-(2,3-Dihydrofuryl)silanes and stamlanes were obtained with 65-80% yields by the treatment of 5-(2,3-dihydro- 

furyl)lithium with methylchlorosilanes [58] and stannanes [61] in tetrahydrofuran at - 2 0 ° C ,  - 

n 

1384 



A similar reaction m tetrahydrofuran [58] or in a mixture of ether and hexane [59, 63, 64] gave hydrosilanes 

containing the 5-(2,3-dihydrofuryl) group at the silicon atom. Under these conditions, however, not only the chlorine atoms 
but also the hydrogen of the S i - H  bond is substituted. Thus, 6% of dimethylbis[5-(2,3-dihydrofuryl)]silane was also isolated 

during the synthesis of  dimethyl[5-(2,3-dihydrofuryl)]silane, obtained with a yield of 50%. The yield of the hydrosilane with 

two dihydrofuryl groups amounted to 22% with an 18% yield of methyltris[5-(2,3-dihydrofuryl)]silane. By conducting the 

reaction with trichlorosilane even at - 7 0 ° C  it was possible to obtain a small yield (13 %) of tris[5-(2,3-dihydrofuryl)]silane, 
while the main product was tetra[5-(2,3-dihydrofuryl)]silane (45%) [63]. 

If the lithium derivative is kept at 25°C for 24 h before the addition of the chlorosilane, disilylketenes are formed in 
addition to the dihydrofurylsilanes on account of degradation of the 5-(2,3-dihydrofuryl)lithium [60]. 

I Bul~ 2.1h at 2.5 °C 

2 P, Mc,Si ( ' I  
S I M c  R ; "2 

R :~ [ t ,  Me 

+ ( R M ¢ ? S i ) , (  = C -  ()  

2-Furylmagnesitun iodide was also used for the introduction of a 2-furyl group [65], but 2-furylmercury chloride did 

not enter into reaction with chlorosilanes [66] and chlorostanmanes [67]. 

n = l . 2  

n 

Trimethyl- and tributyl(2-furyl)stam~anes react readily with lead tetraacetate (ratio 1: 1) in the presence of a catal3~ic 

amount of mercury(II) trifluoroacetate in deuterochloroform with the formation of triacetyl(2-t~ryl)plumbane [499]. 

SnMe~ ( C F ~ C O ( ) )  f lg  P b ( ( ) \ c ) ,  

1.1.2. Cyclization. Various types of cyctization reaction have been used for tile synthesis of  organosilicon furan 

compounds of type I. Of great practical interest is the unusual Die ls -Alder  retro-reaction between phenyloxazoles and silyl- 

or stannylacety, lene compounds [68-72], which takes place in sealed robes at elevated temperature and leads to 3,4- 

disubstimted furarks. 

Ph M e 3 S i ~ %  C==CSjMe ~ 

2 IO "{;=- O . ~  I ~,~ I 

9 5 :!.~ 

Me , S l - - ( 7 ~ (  7--Me/Si 

Ph 

= [:~,~- "7 I 

~X) '~(" R ( ) I{ 

:1t (~41 

I~ = R I I I  I ~. - M e  I{ ~ = I I  I ~- Me R , I) 

Ph M c ~ S n  S n M c  S n M c  

1385 



2-Substituted 4-trimethylsilylfurans can be obtained from silylenones by a two-stage synthesis [73, 74]: initially the 

double bond is el)oxidized by m-chloroperbenzoic acid, and the furan derivatives are then formed with 60-80% yields in 

reaction with lithium diisopropylamide [73, 74] or tert-butyllithium [74]. 

SIMc, O I (t-Pr),NLI M c , ~ S I  ( ~  m-CPBA ( ~  . 

CI l,Ch 2 It~O + 
R. SIMc~ ~ R "()" "R 

R = CsItll ,(71tls,c-Ctlll i , t-pr Ph, ~ , ~ , , ~  

Various furylsilanes were obtained by the cyclization of allene systems. Thus, it was established that the lithium 

derivative of l-trimethylsilyl-l-methoxyallene is transformed into 2-trimethylsilyl-5-alkylfurans in the presence of aliphatic 

aldehydes [75]  

011 

II ()Me RCftO R-7~  ()M,: / ~  \ ( ~ ( : ~ C  / / ll~() + 

/ \ \ I'?. SIMe~ 
1~ SiM% SiMex 

Me 
t-- 

() 

It was possible to increase the yield of 3-trimethylsilylfurans by substituting the lithium atom in 1-trimethylsilyl-l- 

lithio-3-methoxyallene by a diethylaluminum group by the action of diethylaluminum chloride on the lithium derivative at 

- 7 8 " C  [76]. Without the aluminum reagent the yield of 2-cyclohexyl-3-trimethylsilylfuran amounts to 30%, while in the 

presence of diethylaluminum chloride the yield is increased by more than twice (67%), 

/ - B u l  ~ 1 t I~Al( 1 
Me ~St--(?~( ('11,()Mc ,,,, Me ~Si--C~( ~C11()Mc 

I 2 R( It(~" 

Me3Si 
SiMc~ / . ~  
I l l~()* 

m RttC--(7=( ~-~-CItOMc 
I R 

O1t 

R = n ( ~ l l l e ,  c - ( ~ l t l l ,  Ph 

A furan ring is also formed in tile reaction of silylallenes with acyl ions, which are generated in the reaction of the 

acid chlorides with aluminum chloride in methylene chloride. Various tetrasubstituted furans were obtained with high yields 

by this method [77] 

t-BuMc,Si R e 
I! SiMc,Bu-t h ! .  ~/Q"-. \ / ' AICI~ 

,I 20 "(< I 
I( "I( I( ~) V, 

R P h ( ' l l  ~ (~11 ~, Mc t-l~u McX'=([f, I(  Mc R' - 11 I( = Ph, Mc I( / ~ ( ' ~ l l  I(' It 

Under the influence of silver nitrate in an inert atmosphere c~-silylallene alcohols undergo cyclization to 3- 

trimethylsilyl-2,5-dihydrofurarks with yields of 42-72%. In air the compounds with R = H undergo autooxidation to the 
corresponding 3-trimethylsilylfurans [78]  

1386 



Mc ~S, Mc ~S~ 

MCSxR ~ C = ( = C  II/IC 'gN()3 ~ R R  Prz R = H airR = --Me Me 
Prt / 

R* OII  

2 3 4 Trisubstimted furans were obtained by treating the silylalkyne complex of low valent tantalum synthesized 
from the silylalkyne tantalum pentachloride and zinc in a mixture of dimethoxyethane and benzene at 2 5 ° C  with aldehydes 

followed by the addition of an isocyanide [79 80] 

I la(I. Zn 
2 R?CII() 

Me 

~ N - = (  

Me 

p.: R z- -()- 

A II 

I? Si = Me3Si R I = n (7101171 Ph R 2 = Pr 

R S i = t  BuMeSi  R I = n  C m H z p P h  R z =  Pr 

The reaction with trialkylsilylacetylenes is highly regioselective, and the isomer A is mostly formed (94-98%) [79]. 
The hydromagnesiation of 3-trimethylsilylprop-2-yn-l-ol with isobutylmagnesium in the presence of a catalytic 

amount of dicyclopentadienyldichlorotitanium followed by treatment of the intermediate (Z)-vinyl Grignard reagent with 

nitriles gives 3-trimethylsilylfurans with yields of up to 88% [81,82] 

R Me~SI\ 
NIc v",; Lx I t 

I 21-HuMgf:tr / 1 R*CN Me ~St( ~(  --(7I tot I ('~C ...- s,,> / \ 2 I{~0 + (p?li(71> 25 ( 6~ BrMg ( t |P ,  R I-~ 
I 

OMg[/r 

R = lt, Pr; R l ,: Me, lit, t-Pr, Ph 

If ketones are used instead of nitriles in a similar reaction [83], (E)-but-2-ene-l,4-diols are fl)rmed with high yields 
as intermediate pr(x:lucts and are quickly dehydrated to 3-trimethylsilyl-2,5-dihydrofurans by the action of boron trifluoride 

etherate. 

Me~SJ 
Mc3SI \ tt Mc3St \ 1t R ~  / RRIC() / BF~" t t ?O 

C ~ C  " C ~ C  -~ 
/ \ 0 °(7 / \ CII-,CI, 

HrMg CII?OMgI~r R - 7 (  Cl t?OI |  " R 1 O 

IZ I OII 

3-Tributylstannylfuran was obtained by the addition of the stannyl cuprate reagent (Bu3SnCuMe2S'LiBr) to the triple 
bond of but-2-yne-l,4-diol in tetrahydrofuran, followed by the oxidation of 2-tributylstamlylbut-2-ene-l,4-diol with 

pyridinium chlorochromate in methylene chloride at 0°C [84]. 

S n B u  
13uSn(Tu Me S" 1 H r I 

I I ( ) ( t l C ~ ( ( I I  ()11 ~ [ I O ( I I d l C ~ ( C I I d ) I I  
( 3  

5n Bu 
C N I I  (TI('r()~ 

( | l z ( I  2 0°(7 O 

81% 
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TABLE 9. Charge Transfer Frequencies in the Spectra of the Charge Transfer 
Complexes of Furan Derivatives RnMMe4_ n with TCE (R = 2-furyl [448], 3-furyl 
[4501) 

2-Furyl 
2-Furyl 
2-Furyl 
2-Furyl 

@ ( ' 1 1 ,  

@ C I t 2 C I I  2 

3-Furyl 
3-Furyl 
3-Furyl 
3-Furyl 

n 

I 

2 
3 
4 

- I  t,'cl, Clll 

M - C M - S~ M - ( i t  M Sn M I 'b  

19150 

204(~ 

20400 
20900 
22000 
22750 

18200 

19400 

21200 
2140'0 
21800 
22100 

20OOO 
20700 
21600 
222CR) 

20800 
21100 
21300 
214(X) 

19750 
19700 
21750 

204~ 
208{~0 
21 0(X) 
21 2(X) 

A mixture of isomeric 2- and 3-trimethylsilylbenzofurans [85] can be obtained by vacuum flash photolysis of o- 

trimethylsilylethynylphenol at 750°C. Furopyridines are formed with low yields from 3-iodo-2-pyridone, 2-iodo-3- 

hydroxypyridine, and 3-icudo-4-pyridone by heating in a sealed robe with trimethylethynylsilane in triethylamine under the 

influence of the palladium catalyst (Ph?P)2PdCI 2 and CuI [86] 

| |  

I A ( ) 1 f  

~ { ~ (  '11 

3a)G "~4 e:~ 

Mc3SiC~(t ! I,- ( ~ ) ~  

{pdl {gg,] 
StMc~ 

324~ 

b./c~S,C~CI ! ,. " ~  

[Pd} 1861 
SIN/c 

L~g~ 
() 

[Pdl " ~ ' " ~ "  ( ) ' ~ ' "  S t Mc 

I { 17<{  

P;~,I 

The formation of 3-trimethylsilyl-2,5-dihydrofurans during the cyclization of silylallenes [78] and the derivatives of 
2-trimethylsilylbut-2-ene-1,4-cliols [83] tins already been discussed above, The cyclization of the silyl derivatives of propargyl 
alcohol in the presence of Lewis acids [87, 88] and the dehydration of silyl- and germylbut-2-ene-l,4-diols [89-93] have 
become convenient methods for the synthesis of 3-silyl-2,5-dihydrofurans. 
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TABLE 10. Experimental and Calculated Parameters of the Stretching Vibrations of 

the Si - -H Bond in the IR Spectra of  Furylhydrosilanes (R = 2-furyl) 

C o m p o u n d  

R S i l I 3  

RSIItMe2 

RSIIIMel,;I 

RSilIEI~ 

RSIItBu2 

I.,{Nil I Me Ph 

lie Xp{ ' 

c m - I  

2177 

2141 

2137 

2 1 3 0  

2131 

2145 

/;calc - I;f:lpt, 
-1  cm 

12 

6 

7 

12 

I0 

15 

Compound 

R2SIH~ 

R2SIIIMe 

R2SilIEI 

R2SIIIBu 

R2Sill(CII2('I) 

R~Sill 

IJexp{, 

c m - I  

2174 

2158 

2152 

2152 

2184 

2173 

t~p = 

t,.,calc -- t,,expt , 

c m  I 

2 8  

25 

27 

26 

22 

4 3  

In the presence of  BF3 2Ctt3COOH in methylene chloride at - 5 ° C  the silyl derivatives of  propargyl alcohol give a 

mixture of  the allene formed as a result of  protodesilylation and the cyclization product 3-trimethylsilyl-2,5-dihydrofuran. The 

ratio of  these products depends on the ratio of  the propargyl compound and the complex of  boron trifluoride with acetic acid 

If the ratio of  M%SiCHMeC-= CCH2OH and BF3-2CH3COOtt is changed from 1:1 to 1:2, the yield of  the allene is reduced 

from 27% to < 5 % ,  while the yield of  3-silyb2,5-dihydrofuran is increased from 67% to 78%. Only the cyclic product is 

formed from 4-methyl-4-trimethylsilyl-l-trimethylsilyloxypent-2-yne under the influence of  BF3.2CH3COOH (1:1) with a 

yield of  82% [87]. 

BI;~ • 2 MeC()( ) I t  Me: 7 / ~  pSI ._____ 

M e , S i ( 3 I ( ~ - - - ( ( t I , ( ) I t  
I M e  ~ ) 

Me 

Me,S~ 

I:~I, " 2 M c C ( ) ( ) I I  . . . . ~ - ' ~  
Mc~SI__( M c z ( ~ C C I t z O S I M e  ~ ~ Me . . > , % / ,  

Mel 1 (7=C=(? f  ICI I,()1 t 

Under the influence of boron trifluoride etherate propargyltrimethylsilanes ttC -= CCHRSiM% enter into reaction with 

various acetals RIR2C(OR?)2, and as a result 3-trirnethylsilyl-2,5-dihydrofurans are formed in addition to the ethers 

containing an allene group [88]  The yield can be increased by using s i l ane -BF? 'Et20 -ace ta l  ratios of  1:2:1, and in the case 

of R = Me, R 1 = H, and R 2 = i-Bu, it amounts to 80% 

I I C ~ C (  ItRSiMe~ + RtR?C(OR~)? 

M%SI 

P;F~" l~ t?O.  IZ r ~ l  ~ I' 

The dehydration of silylbut-2-ene-l,4-diols, obtained during the hydrosilylation of but-2-yne-1,4-diols, in the presence 

of KftSO 4 and dithizone gives yields of 68-80%. In contrast to this the yield of  3-trimethylgermyl-2,5-dihydrofuran does not 

exceed 10% on account of cleavage of  the C - G e  bond. A milder dehydrating agent (a mixture of  triphenylphosphine and 

diethyl diazodicarboxylate) was therefore used to increase the yield to 50% [90]. 

MR,R 1 

I K I I S O  I 
I I O ( 1 1 , ( - - - ~ ( 1 | ( 7 l t , ( ) 1 |  

" d i th izone  ~ ) 

During opening of  the ring in cyclopropyl trimethylsilyl ketones by Lewis acids (SnCI 4, BF3.Et20, TiCI 4, HC1) 

under mild conditions at - 7 0 ° C  either linear products (3-chloropropyl trimethylsilyl ketones) or cyclic 2-trimethylsilyl-4,5- 

dihydrofurans are formed, depending on the substituents R, R 1 , and R 2. Cyclization with ring enlargement does not occur for 

cyclopropyl trimethylsilyl ketones with R = R 1 = R 2 = H; R = H and R I = R 2 = Me; and R = R 2 = Me and R 1 = H 

[94, 951 
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R: 
/ R It2 

A Lewis a c i d  ~ ~ f f . ~ ; ~ M c  ~ 
p, t ' = C I  

~ . ~ . . . . S ~ M c ~ "  or  HCI 
I p, I 0 

() 

R 2 

I %lMc~ 

R = R I = Me, p2 = II (74e~ SnCI4; 71% BF 3 " l']z() ) 

R = R 2 = It, R I = ['h ( 5 6 %  "1 iCl4; 70°fo H ~ )  

B-Trimethylsilyloxy ketones react with lithium derivatives of trimethylsilyldiazomethane and form 2-trimethylsilyl- 

4,5-dihydrofurans (yields 23-90%) [96]. 

R* p,2 

O OSIM¢ ~ Me ~SKT(I ON 2 ' ~ - - - ~ "  

p.l R ~ Mc~S+ ""~(" l" ) "/) ' '"  R ~ 
R 2 

R 1 = Me+ [{t, Pr: R 2 =-- | 1  Me: P.~ = Ph, n-Csl l l l ,  @ Q ' ~  

In methylene chloride at - 7 8 ° C  under the influence of titanium tetrachloride silylallenes undergo cyclization with 
aldehydes to 3-silyl--4,5-dihydrofurans. In many cases the reaction is stereoselective. For example, only one isomer was 
obtained from chiral oe-benzyloxyhexanal and 1-methyl-l-dimethyl(tert-butyl)silylallene. 1,3-Dimethyl-l-dimethyl(ter> 
butyl)silylallene reacts with achiral aldehydes with the preferential formation of the cis-substituted dihydrofurans [97] 

SiMe,Bu-I / 
K( 'II()  + I t , C = C = C  " \ 

Me 

%~Mc .,l~u 4 

R C ~ )  M f  

R = -C~JIII  (76~>',), I+h(71t2(It2 170k; ) 

5iMe.l:~uq 

+ I I , C = (  = C  \ 
OBn Me Me 

Ol in  

Mc SiMe,Bu+I Me StMe ,Bu+t 
Me \ /S iMc 'Bu ' t  ~ ~ ~ + 

RCIt()  + C = C = C  ~ + ! \ 
II Mc R Me }U + Mc 

R : Me(78%,  cts+trans - 14 :  1) 

R = c (7,dill (97q ~, cis: trans = 7 : 1) 
R = t-Bu (9 2% CiS) 

Diketene enters into cyclization with o~-silylstyrene under the influence of vanadium complexes VO(OR)CI 2 a{ 
- 7 5 ° C  As a result, their aromatization products are formed together with the 2-trim6thylsilyl-2-phenyl-5-methyl-3 
alkoxycarbonyl-2,3-dihydrofuran [98]. The yield of the furan conlpounds is increased if the reaction mixture is heated and 
also in the presence of oxygen. 

(7()( )P, COO P, 

i V()((ll()(+h 
+ I I , C m C  k M¢~Si + 

+ \ R ( ) I I  
I I z C  Ph Ph" " ( ) "  LMc I 'h  Mc 

20 54+>~ 21 49r~; 
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The rearrangement of the silyl ethers of  enols containing an oxirane ring (formed in turn in the reaction of the 

lithium derivative of  ethyl 2-bromo-4-silyloxycrotonate with aldehydes) at the double bond was used for the synthesis of  3- 
trimethylsilyl-2,3<lihydrofurans. The rearrangement takes place at - 7 8 ° C  under the influence of Me3SiI and (Me3Si)2NH 

[991. 

F;r 
(,J'r)~Nl.~ 

Mc ~SJ() (OOFI + R('tt() D, 

.qX\ 

[ t { ~ ( ' ( ) ( ) I  I ] 
R" ""c::=\OSi Me ~ J 

(26%) 

C o m p o u n d s  of  the s i ly l t e t rahydrofuran  series  were  also obta ined by the cyc l iza t ion  method  [100-104,  494].  

Ph 

~ 7  'X{ 0 
II 

)(7~l'MC + 
() 

Ph 

Me" "(}~ 

Sn(l  t 
I { ~(~=('I ICII2StMe ~ ~" 

7g '(" 

Ph 

. I x  
}l(} Mc 

g(P:~ 

R S,Mc~ 

R ~:=:::~ /(7()01I 

Mc,SICII!CO011 
2,2 eq. (i-Pr)!Nl ~ tl- 

~'7"~R (} 

(71 

~___2~ - - (  X)O t 

R _ 011 

"x~ . . [ / / co  ( ) 11 

S~Mc 

OIi 

R ~ 
• () Nq C 1."M 

SiMc~ 

'IsOl I 
D 

R O 

()II SiPh, S i P h ,  

Me Me M c  

%% 

[Io3l 

[4941 

1.1.3.  O t h e r  M e t h o d s  of  Syn thes i s .  A convenient  meth~M for tire prc~uct ion  of  3-s i lyl-subst i tuted furans is the 

reaction of  s i ly lbutenol ide ,  synthes ized f rom s i ly lcyclobutenone  and m-ch lo robenzo ic  acid,  with d i i sobu ty la luminum hydr ide  

in t e t rahydrofuran  at - 2 0 ° C  [ 105]  

('1 

_- M c j .  k-.  ("'°}:""' 
-20"C,R = I .  

Me,St c R" "¢)" xO 
77¢~ 
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TABLE 1 I. Isomer Shifts of  Furylstarmanes in the Mossbauer Spectra 

Compound 6, mm/sec Reference Compound 6, mm/sec Reference 

[ ~  ] 2 Sn(71~ 

;.- 

I, 10 

1,17 

I ,34  

114 

1,17 

1,23 

1111,1121 

1111,1121 

I l l l l  

1111,1121 

IIII,I121 

II1~1 

f4 

[4J 

4 

1 , 0 6  

1,14 

1,23 

112 

1,18 

1 ,()9 

14581 

llZ21 

I~121 

[~121 

11121 

lll21 

TABLE 12. Retention Parameters of  Silatranes [460] RS,(OCH:,(r~2)~N 

4) 
( ~ 1  "(  It 2 

~ S ~ M e 2 ( I I ~ C I t :  

] ~GIe( 1t2C112 

S~M%( I t ,(?11 :, 

() 

1996 

1980 

1963 

2020 

2132 

2473 

2778 

2032 

3317 

3029 

3097 

2953 

1324 

1139 

1134 

933 

2988 856 

3537 

4068 

3002 

1064 

t 1290 

970 

530 

420 

390 

350 

600 

/ 5 0  

60 

II11 

1190 

9I(? 

870 

620 

510 

350 

270 

4 2 0  

The silylation of  furan with tile trimethylsilyl cation Me3Si +. obtained by 7-radiolysis of  CH4/Me4Si  mixtures in the 
gas phase, in the presence of  triethylamine takes place selectively at position 2 of tile furan ring, but the yield of  2- 
trimethylsilylfuran by tiffs method is very small and does not exceed 3 % [106] 

0 S~Mc~ 
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TABLE 13. 

alkylsilanes 
Physiological Activity of the Hydrochlorides of Perhydroazepino- 

~ S i M e ! ( C I I z ) ~ N  ~ - 

"Rotating 
rod" 

9 
(6 15} 

6 
(4 8) 

14 

.............................. m . . . . . . . . . .  
mg/kg I 

1 78 
{58 I05~ 

2 72 
(38 137) 

3 70 
(64 77) 

Hc~ [441 

~_D so, mg/kg  

"Tube" 

9 
{6 15} 

6 
( 4  8 )  

13 

Hypothermia  

26 
I1 35) 

{7 28) (8 19) 
23 

14 39) 

As already mentioned above [28], furylbromogermanes can be obtained by means of the lithium synthesis, but the 
reaction is not selective and a mixture of mono-, di-, and trifurylbromogermanes and also tetrafurylgermane is formed. It is 

possible to obtain 2- and 3-furyltribromogermanes [107, 108] and 2-tetrahydrofurylchlorodibromogermane [107] by the 

insertion of germanium dibromide, generated from germanium dibromide dioxanate, at the C - B r  and C - C I  bonds of the 

halogen derivatives of  furan. The insertion product from 2-chlorotetrahydrofuran is formed even when the mixture of 

reagents is boiled in benzene. In the case of  bromofurark~ the reaction was conducted in a sealed tube at 130°C. 

O@Br GcBr 2 . (4118()2 ~ ~ ( ; e B r ~  

O 

~ )  ~"'( I (}eBr2 • ( 4t18()2 ~ ~ ' N ( i e (  IBr? 

3-Furyltribromogermane [109] and 2-furyltribromogermanes with an ester group in the heterocycle [110] can be 

synthesized from the corresponding bromofurans and tetrabromogermane in the presence of  copper powder. In the case of 3- 

bromofuran the reaction was conducted at 200°C in a sealed tube, while the esters of 5-bromo-2-furoic acids react in the 

boiling mixture. 2-Bromofuran, 2-bromo-5-nitrofuran, and 5-bromo-2-furancarboxylic acid do not enter into this reaction 

[i101. 

Br GeBr~ 

BrIG c 

Br C{)()R ('u Br d 3 e / @ . ( ? O ( ) | , (  

R : Me. I{ 

Furylhalogenostarmanes [111, 112] can be obtained very easily by the disproportionation of tetrafurylstannanes and 

[etrahalogenostannanes. The difuryl and trifuryl derivatives can be obtained depending on their ratio. 

Sn P 2 ";n X~ 

i 2 

3 Sn ,~ 4 SnX 

4 3 
X = CI, I}r,I 

It was not possible to synthesize 2,5-bis(trimethylstannyl)furan from 2-trimethylstannylfuran by the lithium synthesis 

on account of cleavage of the SN -Cfura n bond by the action of butyllithium. However, this compound is formed quickly and 
with a high yield (50-60%) in the reaction of 2,5-dibromofuran with trimethylstannyllithium [71 
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+ 2 Me3SnLI ~ . ~  
l ]r  l~r Me:~Sn SnMc 

It was not possible to hydrosilylate 2,3- and 2,5-dihydrofurans with alkylhydrosilanes in the presence of various 
catalysts (elements of group VIII), but trichlorosilane adds to the C-----C double bond of dihydrofurans with a high yield. In 

the presence of a palladium catalyst [PdCI(~r-C3Hs)]2 and (R)-2-methoxy-2'-diphenylphosphino-1, l'-binaphthyl, the reaction 
takes place with high regioselectivity (optical purity 95%) [113]. 

~ + IISKI, [Pd]~,. ~,. f SjCI~ 
40 *( ( ) 

D 
Z5 °(7 SiCI 3 

1.2. Synthesis of Compounds of TyI~ II 

Like compounds of the first t?T,e, the furan derivatives of group IVB elements of type II, in which the furan ring is 
separated from the metal atom by a carbon chain, can be obtained by the lithium synthesis [2-4, 35, 47, 114-117]. Thus~ 
furfuo, lsilanes [2-4,35,47] and 2-trimethylsilyhnethylbe~ofuran [116] were obtained during the reaction of the lithium 
derivatives and chloromethylsilanes. 

~ }  ... 4 ('I(7It,S~R m- ~D/~x.. 
l~ CtIeSiI~ ~ 

P. - Me Ill(, I I~ I41, Pt{) 1471 

(I t( ))zl f ( . ~ 1  + ('ICI IzSiMc ~ tf30; Me ,~Sil I2C ~ ' / ~ )  ('}t() {351 

l I ('It2StMc ~ 

An extremely convenient and simple meth{xl for the synthesis of furfuryltrimethylsilane is the catalytic conversion of 
furfuryl acetate by the action of hexamethyldisilane. At 140°C in the presence of tetrakis(triphenylphosphino)palladium, the 
reaction takes 2 h and gives a yield of 37% [1181 

(Ph J})~l'd @ . . , .  
()(TMc + M%StSIMc~ 

-.((x -....~ II ( It SLMe {} :,'" ' ' 

Furfurylchlorodibromogermane is formed with a 44% yield by the insertion of germanium dibromide at the C-CI  
bond of furfuryl chloride when the reaction mixture is heated in a sealed tube at 200°C [108]  

CIIX?I Cllz(iel}rzCl 
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[421, 476] and Furyl- 

analgesia 

TABLE 15. Physiological Activity of Furylsilatranes 

germatranes [108] 

RM(()C!t~CIt2) ~N 

9,3 
(8 II) 

>3 

M e ~  

~ C I  1~('!1: 

@ S i M e 2 C H ~ C }  t:~ 

2 

O 

C / ~ " (  ! 1 

75 
( 5 0  113) 

16,5 
9,4 28,9) 

160 
: 8 0 3 2 0 )  

120 
1 7 3  198) 

71 
(50 93) 

I00 

I O0 

TABLE 16. Antituinor Effect of  the Compound 

M % S ~ X  

t|(~N-IIN~ 

It 

CI | -NNHC(O)N| |2  
CIt-NNIIC(S) NIl2 
CII-NN(( lt2COOIt)C(O)NII2 

Clt=( 1t CII=N-IIN_ 

( ) ~ ( )  
II 

CI I- (11(7() ( )11 

Prolongation of life 
% 

Ehrlich's sarcoma 
ascitic 37 
tumor 

........ 4.5 

22 28 
{) 0 

26 ........... 
0 26 

20 

Retardation of tumor growth 
% 

:arcinoma-m~ela - i adeno- 
of the noma I car- 
lungs B l 6 c l n o m a  

__ _.__. ......... 75___ .5 ...................... 

23 45 

52 40 18 
33 40 ....... 
62 52 15 
4 5  3 2  - 

54 60 

A series of  compounds in which there is a functional group in the methylene group separating the metal from the 

heterocycle have also been synthesized. Thus, in recent years increasing attention has been paid to the chemistry of 

acylsilanes and stannanes on account of  the chemical transformations into which compounds of  this type enter. Trimethyl(2 ~ 

furoyl)silane and trinaethyl(2-furoyl)starmane can be obtained by the action of hexamethyldisilazane [119] and hexamethyl-di- 
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starmane [120, 121] on 2-furoyl chloride in the presence of palladium catalysts or (trimethylsilyl)lithium cuprate at low 

temperature [122], 

....(7/(" I + Me~IMMMc, [Pdl 
{'MMe~ 

II II 
O O 

M = Si ( 6 0 % ) ,  Sn ( 8 0 % )  

//... ~ / ~  * ( M e ~ S I ) l ( u l l  ~ ) ~  
{) (7/CI CSiM% 

II II 
O O 

83% 

In [123] it was suggested that furyl-containing acylsilanes are formed as intermediate products during the reductive 

silylation of ethyl 2-furancarboxylates and their 5-substituted derivatives with a mixture of trimethylchlorosilane and sodium 

in tetrahydrofuran. However, the reaction does not stop at this stage, and subsequent reduction and ring opening occur. 

( ~  2 Na, M%SiCI . / ~ ( ~ i M e  3 

R COOEI P, O • 
II 
O 

R ' ~ - - ~ O S i M e ~  

{ } "~'SiM% 

R C C t t = ( ' I { - - C ~ (  SiMe~ 
Me Si() ~ II 

O 

Na, Me3SiCI 

-----,'-- RCm-----(711--(7t t--C-~CSiMc ~ ~ R ('CII,CI I--(7~---CSiMe, 
I I II "1 
()SiMe~ SiMe~ () SINIc ~ 

The reaction of methylethynyl dimethyl(ten'-butyl)silyl ketone with 4-phenyloxazole takes place by a mechanism of 

the retrodiene synthesis type, and furyl silyl ketone is formed with a 39% yield [1241. 

O 
Ph Me "k~-SIMczl3u 4 

/ ~ ( ) ~  185 ~(. 
beleC~.~.CCSiMe213u4 + I,L 

II 
O 

Several possible methods for the synthesis of 2-furoylstanr~nes using trialkylstannyllithium have been described 
[125]. In the reaction with 2-furoyl chloride a large amount of side products is formed, and the yield of the furoylstannanes 

is considerably reduced. Better results were obtained in the reaction of tributylstarmyllithium with ethyl 2-furancarboxylate in 

the presence of boron trifluoride etherate or with phenyl 2-furancarbothioate. The reactions are usually conducted in 

tetrahydrofuran at - 7 8 ° C .  The optimum reagent ratio with tile use of ether corresponds to R3SnLi-ether-BF3"Et20 = 
2:1:2.4. The yield of tributyl(2-furoyl)stannane under these conditions amounts to 73%. The product yield in the reaction 

with the thioether is smaller (47%), but the catalyst is not required and an equimolar amount of stannyllithium is used [125]. 

+ 13u~Snl~ " ,,,- 
C{)()II ('Sl~I~u~ 

II 
f) 

73~F 

+ I]u~Snl J P- 
( 7{ }SPh CSn llu 

II 
O 

47eY(, 
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During the silylation of 2-furylacrylamides in the 2M%SiCI-magnesium-he×amethylphosphorotriamide system, C- 

and O-silylation occur. After hydrolysis and reduction of the intermediates with lithium aluminum hydride, various c~- 
trimethylsilyl[3,-(2-furyl)propyl]amines were obtained [126]. 

~ C l t = C f t C N R ,  
II () 

+ 2 M¢,~Si(~I + Mg "~ 

~ C I t - - ( 7 1 1 = C - - N  R 
I I 
SiMt} ()SIMe., 

I 1,0 + 

~ ( 7 f  I--CI t ~CNR? 
I "11 
SiMe.~ () 

o•CItCttzCtl2Ntt: I 
SIM% 

Nit,~ = Nf!i,,~ NMePh NPh~,~ - - ~ ,  --N/~X(),~__,, 

I iAlll~ 

The hydrogermylation of derivatives of furylacrylic acid was realized with trichlorogermanium. It was found that the 

addition took place without a catalyst with cooling to - 1 0 ° C  and gave yields of 29-79%. In most cases the reaction is 

regioselective, and compounds in which d~e furan ring and the germanium atom are separated by one carbon atom are 

formed. Only during the hydrogermylation of methyl c,-ethyl-/3-furylacrylate (R = Et, R l = Me) were two isomers obtained 

[1271. 

~ / . . . ~  ( 1 ~( i<t I " [ [ \ \  
(1 1 - - (R(  OOR l "-( ) / ""- Ct l(Tt IR( '()( )R I 

I 
(}c( I~ 

tt It, C()()I I; It / ::: f t,('<,lll~ 

t •  ~ CI~Gclt ,,, ~ + 
C f t : (  CO()Mc CIt( I1EtCO()Mc Cff 2 

I I I 
[I Ge CI ~ / .CCOO Me 

Cldie I 
it 

Furan derivatives with a tributylstannylaminomethyl group at the ring can be obtained by the reaction of 

tributylstannyhnagnesium chloride Bu3SnMgCl with furfurylamine salts [128, 129]. Those with a tributylstannylalkoxymethyl 
group can be obtained by the reaction of 3-formylfuran and tributylstannyllithium followed by treatment with 1-chloroethyl 
ethyl ether [ 130] 

lh 

l~u ~5,n,Mg( I 

II 
(II0 ~ ( ) A O /  

+ llu~Snl ) + McCII,()CII( IM¢ ,. 

() 
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The lithium 1 1  171 and magnesium [4] methods were used for the synthesis of 0-(2-furyl)ethylsilanes, but the most 
convenient niethod is the hydrosilylation of 2-vinylfuran [2, 3 ,  41, 13 1 ,  1321. 

2-Furyllithium adds stereoselectively at the double bond of disubstituted vinylsilane [I  171. 

Trimethylsilylmethylmagnesiuni chloride reacts with furfuryl chloride readily and with high yield and forms 
uimethyl(2-furylethy1)silane. The reaction of the same magnesium reagent with furfural leads initially to the formation of 
furfuryl alcohol with a silyl group at the /3 position in relation to the furan ring, and this compound then undergoes 0- 
dissociation with the elimination of trimethylsilanol 141 

During investigation of the hydrosilylation of 2-vinylfuran it was established that the most varied alkyl-, alkoxy-, and 
chlorohydrosilanes add in the presence of chloroplarink acid at the double bond when heated in a glass autoclave with the 
preferential formation of the /3 isomer 12, 3, 1311. 

The reactivity of hydrosilanes in this reaction varies, Thus, trichlorosilane adds at the double bond when heated to 
80-85°C in an autoclave, and the yield of the products after heating for 18 h amounts to 60%. Methyldichloro- and 
ethyldichlorosilane react with 2-vinylfuran considerably more vigorously and give higher yields (70%). Triethylsilane exhibits 

the lowest reactivity, and the yield does not exceed 28% with the most diverse hydrosilylation catalysts (H2PtCI6.6H2O, 1 % 

PdlC, 1 % PtlC). Ethyldiethoxy- and triethoxysilane add to vinylfuran more readily than triethylsilane [131]. The main 
product from the reaction of tetraethyldisiloxane with 2-vinylfuran (ratio 1:2) in the presence of Speier's catalyst was a 1:2 
adduct (48%), and only a small amount (6%) of the 1 . 1  product, in which one Si-H bond is preserved, was isolated 11311 

Whereas the only isolated product from addition at the double bond of 2-vinylfuran in all the previous cases was the 
6 isomer, in the reaction of 2-vinylfuran with furylhydrosilanes [41,132] under the influence of g-i2PtC16.61f20 snlall amounts 
of the u isomers (6-16%) are formed. Their fraction in the reaction mixture decreases with increase in the number of fury1 
groups in the hydrosilane and amounts to 16, 10, and 6 %  for the hydrosilanes with n = 1 ,  2, and 3 respectively 



2-Furylethylsilanes can also be obtained by the cyclization of silicon-containing 1,4-dicarb£myl compounds in an 

acidic medium. However, this method is extremely restricted on account of the poor availability of the initial compounds 

[133]. 

CO()I t 
( } { ) , - . - - /  
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A compound in which the furan ring is separated from the tin atom by a vinyl group was synthesized with a 72% 
yield from furylvinyl phenyl sulfone and tributylstannane in boiling xylene [134], 

~ Z  * 2 ['/u,Snl t ~ 
(71 t ~(711 S()?Ph (71 1 ~(:1 tgn Bu 

The cross coupling of trimethylsilylacetylene with 2-bromofurane, which takes place quickly and with a g(x)d yield in 
pyridine in the presence of catalytic amounts of  tetrakis(triphenylphosphine)palladium and monovalent copper iodide, gave 2- 

furylethynyltrimethylsilane [135]. The latter lmlymerizes under the conditions of catalysis by the derivatives of  transition 

metals with the formation of a polymer containing a conjugated polyene system [1361. 

w, 
-~ 11( ~ ( ' % G tc  ('u/ " ( ' - - (  S]\le 

"" D; r .... : 

A series of  methods have been used for the synthesis of furan derivatives in which the furan ring is separated from 

the element by three carbon atoms [137-142], The electrophilic substitution of the hydrogen atom at the second position of the 

furan ring by a silylmethylallyl cation, obtained from silyl-substituted allyl trifluoroacetates, is interesting [137]. 

SGIe~ ¢ S h M e  ( ~ } 3  

z.clvt, /  
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Itowever, in addition to substitution of tile furan, stabilization of tile cation b) the elimination of a proton is also 

observed, and it also acts as a dienophile with respect to the furan. The ratios of the reaction products I, II, and Ill amount 
to 6:1:3 when R = tt and 2:1 '1 when R ..... Me. 

An organomagnesium synthesis was used for the pr{~uct ion of furyl-containing silicoalkynyl alcohols [1381 

@ )  ..... + Mc~Sl( ~ (  .MgBr ~- ( ~ ) ~ .  
( i f ( )  ( ' 1 1 ( ~ - - ( ~  'StMc.  

I 
( ) l l  

53% 

~tle condensation of furfural with trimethylcyclopentadienylsilane in ethanol under the influence of sodium ethoxide 
gave the corresponding organosilicon fhlvene [139]  
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l-Tributylstannyl-3-(3-furyl)prop-l-ene was obtained with a 73% yield from 3-bromomethylfuran by the cuprate 
method [140. 1411. 

SnBu~ 

/ ' ~ - "  SnBu 
I~(  'Ux 

('(V'\/ 

Furylpropylsilane [142] and furylbutylsilane [143-147] are also formed during the hydrosilylation of furyl-containing 

unsaturated compounds by di- and triorganosilanes in the presence of chloroplatinic acid, The product yields vary between 35 
and 90%, 

{) ( ' l l - - ( ' l  1--~( ' l t ,  ( ' I / ( ' I / , C l l  S,P,R 2" 
I I 
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Furylbutylsilanes containing a hydroxyl group or carbonyl oxygen atom at the c~-carbon atom of the chain are easily 

obtained by the reaction of silylpropylmagnesium chlorides with furfural [4] or 2-cyanofuran [148]. 

(1I ( }  "(11 (1 
I 

()11 

I,I  SIR~ 

* ( ' lN . lg ( ( ' l t . , )  Sl*~,lel i~ 

" " { ' N  ( ;I CI I ) ~StMe [:l 
II 
()  

The treatment of propargyl propenyl ether, containing a [rimethylsilyl group in the propargyl group and a furan ring 
in the propenyl group, with butyllithium at -78°C leads to a [2.3]~sigmatropic rearrangement, which takes place with high 

eO'dzro selectivity (95%) [149] 

i ~ { )  "-- . / /Q./{ }'._ S~Me, 

Bul l  ~ / / f -OX /~ .~ /  {}11 
7 8 " ( i  R t ( 7 ~ ( ? S i M c ~  
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Trimethylvinylsilane enters into 1,3-diDolar cycloaddition to 1,3-diols, generated in situ from 2-(2-nitroethyl)furans 
by the action of phenyl isocyanate in the presence of triethylamine [150]. 

G I'hNCO ~ I G  £f{) 

('1 I,('l I N() ll~N . 2; ~ CIt,Cll---- 
( ) C O N I I P h  

/ ~ 0  ~jL.,( H :,( . ~  N ..._4~ ( ) 

Mc~S~CII: ( It ~ _ g&.le 

If an acyclic aldehyde with a system of double and triple bonds and trimethylsilylethynyl groups is heated in benzene, 

cyclization is observed, and a 2,2'-bifuryl derivative is formed with a 67 % yield [151]. 

,' Bu "'-'( I l( ) S,Mc~ 
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III (, 
I 
S~Mc~ 

Compounds with a silyhnethyl R3SiCtt 2, silylmethylene R3S iCHz  [152-157], stannylmethyl R3SnCH 2, or 

stannyhnethylene R ? S n C l t =  group [158-160] in the dihydrofuran, tetrahydrofuran, or tetrahydrofuranone ring were obtained 

by cyclization. Thus, during the irradiation of ten-butyl trmmthylsilylethynyl ketone and 2,3-dimethylbut-2-ene in benzene the 

3-trimethylsilylmethyl derivative of 4,5-dihydrofuran is formed with a 68% yield together with a small amount of 2,2,3,3- 

tetramethyl-4-(ten-butyl)-4-trimethylsilyloxetane [152], 1-Ethoxy-34rimethylsilylprop -1-yne reacts with c~-halogeno ketones 

m the presence of titanium tetrachloride (ratios of silane, ketone, and titanium tetrachloride 4:4:3) and gives 2- 
trimethylsilylmethyl-3,4-dimethylbut-2-en-4-olides with 40-44% yields [153] 

hv 

II C~,I 1¢, ~ 
() 

5,te ~5;~('11 ,('~--~('--~ )[I 

[Z 
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III 
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12 e;~ 

I?,. = Me (44(~:,) I I  (4(Y?{) 

Trm~ethylallylsilane reacts with tributylstann>l iodoace{a{e under tile influence of azobisisobutyronitrile according t{~ 

tile following scheme [154]: 

M%S~Clt? | C = (  It :  + 1(71 (~C()()SnHu ~ 
0 (11 S Mc~ 
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Treatment of tile tributylstannylmethyl ethers of but-l-en-4-ols with an excess of butyllithium in tetrahydrofuran at 
- 7 8 ° C  gives the products from substitution of the stannyl group by lithium, which undergo stereoselective cyclization to 2- 
R4-methyltetrahydrofurans when heated to 0°C. 2-R-4-Tributylstannylmethyltetrahydrofurans, probably produced in the 
reaction of the lithium derivative with tetrabutylstannane, were also detected among the side products [158]. 

It )('1 I?SnFlu, R )(71t , I  i R O R 

R = n - ( 7 , 1 t l v  c-(7~ll~l 

(Z)-Triphenylstam~ylmethylenefurans [159, 160] were synthesized by the hydroslannylation of the derivatives of 
propargyl ethers in the presence of a catalytic amount of triethylborane in toluene at 25°C lollowed by cyclization, 

It 
( I ) )  I I  b', / 

('" % j .  ~--- Ph3Sn  2 \  P'g 

+ Ph:~Snf I _ _ , , , , -  

R {) 
R. ~ R:' 

R = t t ,  Bu;  R i :" R 2 : M e ;  R 1 = t l ,  R "z' = P r  

Various mefllods of synthesis were used in the production of the silylalkyl derivatives of furfurylamines [148, 161], 
azomethines [162-164], and alkylsilyl esters of furyl-containing acids [165, 166]~ Furfurylamine is alkylated by chloro- 

alkylsilanes when heated [148]. 

" N C l i p  t l ,  ( T I I I N t l ( ( : I I ? )  ,SIR{ 

n=l,3 

In the presence of H2PtCI6-6tt20, furfuryl(allyl)amines add hydrosilanes only at tile double bond. Reaction at the 
N - I t  bond was not observed [161]. 

, i t ' l l . , (  1 I = (  1f, (}  ( I t X l  CI  fN I  1(711 ,CI h C l  hSd~, ,1., ~ 
I I . . . .  
II  /; . i  

The reaction of trimethylsilylmethyliminotriphenylphosphorane, obtained in situ from trimethylsilylmethyl azide and 
triphenylphosphine, with furfural gave alter 2 h the corresponding trimethylsilylmethylimine with a 75% yield [162]. 

+ ,Mc,SICI 12N , ~ Ph i l '  ~ ~ ' ~ . . .  

" ( '1  I{ } (,1 t = N C I I z S I M c  t 

Effective antibacterial and antifungal compounds are formed during tile condensation of silylalkylamines with the 

derivatives of furfural [163] or 2-formylber~.ofuran [1(>4] after heating in benzene 

I~, ~ 
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Organosilicon esters were obtained when toluene or xylene solutions of  furancarboxylic acids were  boiled with 
chloromethyltrimethyl-,  chloromethylmethyldimethoxy- ,  chloromethylmethyldiethoxy-,  and chloromethyltrimethoxysilane in 

the presence of  triethylamine for 12-24 h [165]. 

.. * ( "I( '1 t [ - ; l I (  

( ( '1  f = (  I I )~( ' ( ) ( ) l  I 

n = 0 , 1  

1.3. Synthesis  of  C o m p o u n d s  of  Type  III 

Of the derivatives with a heteroorganic substituent at a heteroatom in the side chain of: furans (compounds of type 

Ill), the highly reactive trimethylsilyloxyfurans are widely used as intermediate products in organic synthesis. There are 
several methods for the synthesis of  these derivatives During the hydrosilylation of unsaturated ~f-lactones with 

alkylhydrosilanes in tile presence of  rh(~ium catalysts, 2-trialkylsilyloxyfurans were obtained with a yield of  10% in addition 

to the 1,4-addition pr(xtuct. When the PdCl 2 - p h S I t  system was used as catalyst, the yield was increased, but there were 

difficulties in the separation of  the reaction p>ducts  [1671 

( ) S I R  " ' (  )Sd~, ) / - 

Better results were obtained by treating the "~-lactones and their methyl derivatives with trimethylchlorosilane in the 

presence of  zinc chloride and triethylamine in tetrahydrofuran at 65°C [167]. 

M e  ~SflT1 
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R t e. = I t :  : 11, M e  

A similar pr¢mess was used for the pr¢yduction of silyloxyhirans with functional groups in tile %ran ring [168, 169], 
2,5-bis(trimethylsilyloxy)furans { 170, 1711, and 1,3-bis(trimethylsilyloxy)isobenzolurans [172]. 2,5-Bis(trimethylsilyloxy)- 
furans can [~ synthesized using a dif%rent silylating agent (trimethylsilyl triflate) in a mixture with triethylamine [173/ ila 
ether at 0 - 8 ° C  

I (~$1( '1 / I  t ~N 
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2-Trimethylsilyloxyfuran is formed with an 80% yield during the reaction of butenolide with N,N-diethylamino- 

trimethylsilane in ether, A small amount of T-(fl-diethylamino)butyrolactone is also formed in this reaction [174]. The 

addition of diethylamine {o the reaction medium reduces the yield of the silyloxyfuran ar~ increases the yield of the lactone 

EI,N 

+ I;II2NSIMc t -- I,. ~ . . .  ( ~ } / ~  
(> ( )S IMe  () 

The forniation of silyloxyfuran is also observed during the metallation of an unsaturated -y-lactone with butyllithium 

followed by treatment with trialkylchlorosilanes; the yield of the silylation prc, duct depends on the substiiuents at the silicon 

During the action of dimethyl(tert-butyl)chlorosilane, the yield is reduced to 209~ [175] 

M e ( )  M e ( )  

t Bul~ -~ /! ,  X/~. 

() 2 RNIe~%I(71 (). {)SGlc2I < 

1,'. Me (Sq~>b), ,'+Bu (20~7~) 

Similarly, metallation with lithium diisopropylamide but not with butyllithium, followed by reaction with dimethyl- 

(tembutyl)chlorosilane, gave a series of silyloxy derivatives of isoben~zofuran [176] 

{ ) O",l:Vle ,Bt>t 

() ; Me2(t-l]u)Si( I 

It R 

h was possible to synthesize 3-trimethylsilyloxyfuran by lithium synthesis with the c eavage of bis(trimethylsilyl) 

peroxide by 3-furyllithiunl [177] 
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() () 
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y-Butyrolactone and valerolactone are silylated by twice the amount of trimethylsilyl triflate not only at the oxygen 

atom but also at the c~-carbon atom with the formation of the C,O-disilyl derivative [178, 179]. 

SiMe~ 

+ I:~CSO~SIMc ~ ~ ~ )  

R () R ()SIMe~ 

R = It, Me 

Methyl l-O-methyl-3-O-tosyl-3-D-xyluronofuranose is silylated at the free OH group by dimethyl(terg-butyl)chloro- 
silane in the presence of  imidazole. Subsequent elimination of p-toluenesulfonic acid by the action of 1,8-diazabicyclo- 

[5.4.0]undec-7-ene leads to 3-silyloxy-substituted 2,3-dihydrofuran [180]. 

Me()( ) ( .  ( ~ ( ) M c  
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t-l/uMc,Sl(I 
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M e O ~ ( O O M e  

(2-Silyloxycyclopropyl)methanols containing the substituent PhHC~-~---CH at position 2 of the cyclopropane ring are 
oxidized by oxalyl chloride in the presence of triethylamine with the formation of the 2,3-dihydrofuran derivative [181]. 
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Dimethyl(terr-butyl)silyloxytetrahydrofuran and its derivatives can be obtained by the oxidative cyclization of 

monosilylated butanediols by the action of N-kxlosuccinimide [182]. 
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Valerolactone reacts with trimethylsilyhnethylnlagnesium chloride and trinlethylchlorosilane with the formation of the 
disilyl derivative of tetrahydrofuran [183]. 

Me~SKTIt2MgCI , 

Me () Me~SI(71 

The most general methods for tile synthesis of furfuryloxysilanes are the reactions of furfuryl alcohols with 
chlorosilanes in tile presence of amines, with ethoxysilanes, and with hydrosilanes m the presence of metallic sexlium or 
chloroplatinic acid. 

Furfuryl alcohol, its 5-substituted derivatives, and furylalkylcarbinols react with organochlorosilanes in tile presence 

of pyridine, triethylamine, or imidazole when heated in ether, hexane, dimethylformamide, or benzene [184-199], 
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In a highly dilute benzene solution, dimethyl- and dimesityldichlorosilane form a condensed bicyclic product with 

3,4-bis(hydroxymethyl)furan [200]: 

R R \ / 
S~ / ,, 

O O 

RtSl( 12 

/ () ) 

R = Me (51e>}), Mes (12c~;) 

A simple and convenient meth(xl for the pr{xluction of furfuryloxysilanes is the alcoholysis of alkoxysilanes by 

alcohols of the furan series [184, 201-207]. The reaction path is easily controlled by tile amount of alcohol distilled, but in 

some cases transetherification takes place slowly and is complicated by the formation of partially substituted products as 

Lmpurities, while prolonged heating leads to an increase in the yield of polymeric products. 

(71 lJ ) l l  CI |?O 

(•) \ ' R:N('II:~;t(()II)2 
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2 

Dehydrocondensation with hydrosilanes in tile presence of alkali metals [184, 208, 209] or chloroplatinic acid [5, 
185, 208, 210] has often been used for tile silylation of alcohols of the furan series Tile analogous process with triethylger- 
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mane was realized by the action of copper [21 l]. The rate of dehydrocondensation is determined by various factors (by the 

structure of the alcohol and hydrosilane, by the solvent). The reactivity of furylalkylcarbinols with respect to triethylsilane in 

toluene at 25°C decreases in the following order: 

> > , ¢ 7 > , , , , , ,  () (7 | |2C | |2 (7H20 |1  2 I 

The rate of the process is also affected by steric factors. Thus, a reduction in the reaction rate is observed with 

branching of the hydrocarbon radical of the alcohol. 

I I 
P, R 

The reaction of furfuryl alcohol with triethylsilane ira toluene is considerably faster than in dioxane. The reaction rate 

decreases particularly strongly in pyridine and dimethylformamide. This is probably due to the formation of complexes with 

hydrogen bonds [210]. 

In the reaction of hydrosilanes with furyl-containing unsaturated alcohols in the presence of Speier 's catalyst, 

competition is observed between dehydrocondensation and hydrosilylation, and the direction of the process is therefore 

determined by structural features of the reacting alcohols. Thus, 3-(2-furyl)allyl alcohol only enters into dehydrocondensation, 

whereas triethylsilane reacts with 4-(2-furyl)but-l-en-4-ol at the OH and CH--(2H 2 groups [208]. 

The furfuryloxy derivatives of silicon and tin can be synthesized from f\lrfuryl alcohol in reactions with silicon 

disulfide [212] or diorganotin oxides [213]. 

~ ' ' ' {  11 ~}II 2 , ~ O  ~ Z . ( . I  l :,( ) v~ 
4 

Furfuryloxysilanes and furfuryloxystamumes can also be obtained during the addition of hydrosilanes [214-221] or 

hydrostannanes [222-224] to the carbonyl group of aldehydes or ketones 

(1{{ 

M : St, Sa 

Various catalysts have been used in this reaction: Chloroplatinic acid [214], nickel chloride [216], colloidal nickel [217], 

various rhodium metal-complex catalysts [218], a 1:2 mixture of dibutyldiacetylacetonatostannane and dibutyldi(cyclo- 

hexyloxy)stanmme [224], and cesium and rubidium chlorides in the presence of 18-crown-6 [215, 221]. The yield of the 

products from the hydrosilylation of furfural by hydrosilanes R3SiH in the presence of chloroplatinic acid is low, and even 

after heating at 120°C for 78 h more than 50% of the initial reagents remain unreacted. The reaction with 2-acetylfuran takes 

place with even greater difficulty, and in this case only traces of the product were detected [2141, If nickel chloride or a 

mixture of nickel chloride with diethyl sulfide is used as catalyst, mixtures of mono- and disilyl products are formed in ratios 

of 34%:29% and 23~{ 57% respectively [216]~ Similar results were obtained in [217] 

t I ~5,1() ()Sil I~ 
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It was possible to increase the yield substantially and to avoid the side processes by conducting hydrosilylation under 

mild conditions at room temperature in methylene chloride in the presence of catalytic amounts of cesium chloride and the 

phase-transfer agent 18-crown-6 ether [215]. The yield of the products from hydrosilylation of furfural and 2-acetylfurfural 

by dimethylphenylsilane under these conditions amounts to 67 and 61% respectively. 

With unsaturated furan aldehydes and ketones under the influence of Speier's catalyst, trialkylsilanes react considerably 

more readily than furfural [214], and they add to 3-(2-furyl)acrolein and furfurylideneacetone at positions 1,4. 

~ " C I  I=('1 I('1t() + R~Silt ~ ( Q ~ )  " \ (  711 flTt t =Cl  t( )Sd#. ~ 

{) ( l l~ (+ l l (  ()Me () ( ' l l  ( ' l l = (  ()Sd{~ 

Apart from hydrosilanes, trimethylcyanosilane [225-229], trimethylsilylthiazole [230], 2-(trifluoromethyl)- 

allyltrimethylsilane [231], N,N-bis(trimethylsilyl)vinylamines [232], triethylaziridinosilanes [233], triethylstannylacetone 

[234], and ethyl triethylstannylacetate [235] also add to the carbonyl group of aldehydes and ketones. All these reactions take 

place at room teml~rature in most cases with a high yield and, as a rule, in the presence of catalysts. Trimethylcyanosilanes 

add at the carbonyl group under the influence of zinc iodide, triethylazidinosilanes react in the presence of a few drops of an 

aqueous solution of alkali, while the reactions with trimethylsilylthiazole, 2-(trifluoromethyl)allyltrimethylsilane, N,N- 

bis(trimethylsilyl)vinylamine, and ethyl triethylstannylacetate require the presence of tetraalkylammonium fluorides (M%NF, 

Bu4NF). 
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Various furfuryloxysilanes and furfuryloxystannanes with functional substituents at the ~ position of the side chain are lk:)rmed 

in these reactions. 

Furyl ketones are starting compounds in the synthesis of the trimethylsilyl ethers of enols, They react readily and 

with high yields with trimethylsilane in the presence of triethylamine in dimethylformamide [236-239] 

D 

P. ( { ) ~M c I:,: ( z (  I I 
I 

()siMc~ 

l-(2-Furyl)(l-trimethylsilyloxy)-3-methylthio-l,3-butadiene was obtained selectively and with a high yield in file 

reaction of 2-furyl 1, l-dimethylthiovinyl ketone with trimethylsilylmethylmagnesium chloride in dm presence of cupric iodide 
[2401. 
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Stlyl ethers wtrh the stlyloxy group separated from the furan rtng were obtatned from the carbonyl dertvattves bv 
varlous methods by the actton of lrthtum dttgopropylarntde and chloro\tlanes at -78°C tn a mixture of hexaniethyl 

phosphorotrtamtde and tetrahydrofuran [241], by treatment of a furyl-containtng ketone w ~ t l i  tr~methylstlyl trtflare In the 
presence of tr~ethylamrne 12421 or  trtmerhylchlorostlane by the actron of 71nc c h l o r ~ d e  and trtethylan~rne [243], by the 
catalyt~c condensatton of furfural wtth stlyl ethers (BujSnF and [(o-MeC6FI,),PjzPdCl2) 12441 

Another m e h d  for the synthesrs of the stlyl ethers of  cnols 1s based on the addtttcln of furan to enone5 under the 
tnfluence of trirnethyltudosrlane In niethylene chloride at -78°C 12451 

Furfural reacts wtth propargyl brorn~de In the lead/Bu4NBrlMqStClldtmetl~ylformamrde system at room temperature 
After treatment of the reactton mlxture wtth s o d ~ u m  btcarbonate In ethyl acetate, a 9 1 rnlxture of the stlyl ethers of the 

propargyl and allene dertvattves IS formed w ~ t h  a yield of 83% 72461 The role of the tetrabutylammontum bromtde 15 

tmportatlt bur obscure, ~t m y  proniote the generatton of an ~riterniedtate orgarlolend ~ o n i p o u n d  



Pb/llu~Nnr/Mc,Si(I 
+ 11(7~('('ll,Nr ---" 

(71t{) 

I I 
{ } S I M c - ,  ( ) S i M e  ~ 

Furfuryl acetates react with trimethylsilane and carbon monoxide under mild conditions (25°C, 1 atm, CO) in the 

presence of  dicobalt octacarbonyl with the formation of  the silyl ethers of  2-furylethyl alcohols with yields of  75-90% [247], 

Me,Sill + C{) 
{}At - ~-x L /~ ' - .  

(7{~:( ('O)~ {)" m ()SGlc 
/ 

R R 
R = II Me II Bu 

Trmlethylazidosilane opens the three-membered ring of (2-furyl)oxiranes in the absence of  catalysts, and only one 

isomer is formed as a result of the reaction [248]. 

) 
P, N~ 

The lithium method has extremely limited use for the synthesis of the silyl ethers of furylalkanols [249-251]. 

Mc 

M e ' ~ t ) ~ l E  

Mc 

()SiMc,Bu4 Me 

{)It {)SIMed~u4 
Me 

Oft OSiMe2Bu-t 

I;: / " Q  / ' X \  J l + /-l~uMe?SiO(l t2CII{) ,,. R # / L ( . I { }  
I(1 

I 
OIl 

| , ( ) S i M e  >ltu-t  

+ I(('II~)~()S~M{ ,l~u4 
" ~ " (  ('I I ) ~( )SGIe ?Bu 4 

Furoyloxysilanes are formed during the reaction of pyromucic acid with silicon tetrafluoride [252, 253]. With an 

excess of the acid it is possible to obtain tetra(2-furoyloxy)silane, which is used as a turoylating agent without isolation [254]. 

It is also foNned as a result of disproportionation during the storage of 2-furoyloxytrichlorosilane [253]. 

( " { ) 0 1 1  ( ( ) ( ) S i {  71 ~ ( "( }(  ) 
4 
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In the presence of Speier's catalyst, furancarboxylic acids react with trialkylsilanes with the release of hydrogen and 

the formation of trialkyl(2-furoyloxy)silanes [214]. 

(('ll2)n('()OII 1(71{?)~C()()SIR ~ 

Under analogous conditions 2-furylacrylic acid gives the silyl esters of the saturated acid [214]. They are formed 
either on account of dehydrocondensation with simultaneous hydrogenation of the C---(7 double bond by dm released 

hydrogen or as a result of  the addition of the trialkylsilanes at px)sitions 1,4. 
A very convenient method for the prcvduction of trimethyl(2-furoyloxy)silane is the reaction of methyl 2-furan- 

carboxylate with trimethylicxtosilane, which takes place quantitatively in 7 h in deuterochloroform with gentle heating [255] 

"Nf ' ( ) ( )Me ('()()%l\tc~" 
M c l  

The trimethylsilyl esters of 2-methyl-3-medlylcarboxyfuran were syndlesized from the silylenol ethers of furfuryl 

alcohol by a [3,3]-sigmatropic rearrangement. The transformation takes place under mild conditions in 5-22 h in tetra- 

hydrofuran at room temperature or on boiling [256]. 

( )gtNIc ++ 

[( ( )S iMct ]  R 

Furoyloxystannanes were synthesized f'rom 2durancarboxylic acid [257-262] and its 5-substituted nitro derivative 

[263] by the action of various organotin agents (triphenylstannane [257], dialkyltin oxkle [258, 259, 2611, hexaalkyl- 
distannoxane [259 260, 262], or trialkylstannanol [263] 

I I,u,gn(J ~ ~ + ( 2  71 ', 

[ ~ " " (  ( )0] %nl]u, 

2 

"I/~I!~'C{)()SnPh'] 2 
q 

() ('()()SrH~u 

The o r g a n o t m  d e r i w t t i v e s  of 2-furylacrylic acid were obtained by the action of d i m e t h y l -  and d i b u t y l t i n  o×ide [2()4] 

"~"( --~-( C(){ l l l  ""~ (11: (  I 1( { >{ ) 
%nil 

2 

Another meth(xt for the synthesis of furoyloxystannanes is the reaction of s,:Mium 2-furancarboxylate with variou:~ 

chlorostannanes [265, 266], The yield of the pr~Mucts ,,vas high and amounted to 75-90% 

(+(}{)Na ((){ }SnR 

I( - Me ,  I ' r  Ilu Ph 

( ( ) (  )N~l ( + ~+ l~n l{u  

12+}5 ] 

h+ 12(;.6 I 

2 
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Lead furoates and furylacrylates were obtained with yields of more illan 50% by the action of various lead derivatives 
on the acids [267]. 

!q/PhO1 | f ~ l  x" |{llPl', D 
(()()PbI•i~ COOII ('()OPbl i, 

""(711=(71 t(7001 t CI t ~,..-~- (71 t C O O  Phi ~l 

Difuroyldiphenyl- and furoyltriphenylplumbanes are formed in the reaction of 2-furancart×~xylic acid with diphenyl- 

dichloroplumbane and triphenylchloroplumbane, In the first case triethylamine was used as hydrogen chloride acceptor [268]. 

It ~N "C()OI I "(7( )( )Phl'h 

Silylated oximes of furfural were obtained by the action of trialkylchlorosilanes in the presence of triethylamine or of 

trialkylsilanes in the presence of chloroplatinic acid on the oxime [148]• The yield of the desired pnxluct was lower in the 

,~cond case, and this was due to reduction side processes, which took place with cleavage of the N - O  bond. 

( I t - - N ( ) I t  R~SIIf I 

The organotin derivatives of furfural oximes were obtained with ahnosl~ quantitative yields by the action of hexa- 

alkyldistarmoxanes [269, 270], 

C~ '~(71t--- -N()II  (R~Sn) ( L  ( ~ - ~ )  " " f l  f = N( ) ~ n t-t 

Furfuryl hydrosulfide does not react with triethylsilane in the presence of chloroplatinic acid, but it reacts slowly with 

dimethylchlorosilane in the presence of pyridine (as hydrogen chloride acceptor) giving a small yield (16 %) of dimethyldi(2- 

furfurylthio)silane. It was possible to increase the yield of furfurylthiosilanes a little (30-35%) in the reaction of alkyl- 

chlorosilanes with s(xlium furfuryl sulfide [148]. 

Mc,S~( I ,  " ",~Xlc 

" ' (  11,5,11 ('1125; 
2 

" ( ! I , £ N a  ( I I  '-,Sd{ 

In the reaction of triethylsilane w.iUl furyl-containing 1,2-dithiole%thione in die presence of zinc chloride, tile sulfur- 

containing ring is cleaved [271]. 

I~II " ~  /n(l (~)-...( ....%SII I 1 

It 
CI I( "I I ~5;v;d u 

S 
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Triethyl(2-furfurylthio)germane was obtained by heating furfuryl hydrosulfide with triethylgermyl acetate [272]. 

~ C I I , S l i  + Mc('OO(id{t~ -"- ~CI I :SGci ! , ,  

The sodium salt of  furyl-substituted benzothiazoline reacts with dimethylchlorostannane, and compounds with five- 

coordinated (1:1) or six-coordinated (2: 1) tin atoms, depending on the ratio of  the reagents, are formed [273]. 

-,,,•le,,!,, 

5, = I 1 ( ' ~ (  

Sn.~ 
--*" ', Me 

( ' I { = N  v 

( I  
Me.  I / ( ' 1  ~,>n\ 

( I  I ~ N  S 

A c o m ~ u n d  of the 2,3-dihydrofuran series was synthesized by reductive cyclization of the acetylene derivative of  S- 
methyl dithiocarbonate with tributylsmnnane in the presence of azobisisobutyronitrile [274], which takes place according to 

the following scheme: 

II P,u ~%rit I F;u ~Sn 
P h - - ( ' - ~ (  - - (  I l~ ( ' l t , ( ) (%Mc - .-~ t ~_ 

< (  ,/~LSSnf~u ' 

/~---F'h 
l~u~Sn| S 

Ph 

Compounds in which the bis(trilnethylsilyl)amino group is attached to tile furan ring were obtained with a yield of 

about 70% by the cyclization of N,N-bis(trimethylsilyl)ynanfines with methyl acetylenedicarboxylate in a ratio of  1:2 at 

- 7 8 ° C  in THF. Tile furylcyclopropenes formed during the reaction, the structure of which was established by x-ray 
crystallographic analysis, react with a further equivalent of N,N-bis(trimethylsilyl)ynamine and are converted into bissulfuryl 

derivatives of dimethyl fumarate [275], 

( ' ( ) (  )".t : 

Me()( ) ( ,  ~ 

R( "~( N(SiMc ~), ~ Me( )0( ' ( :~( ' (7()~ )Me ~ Mc(){) t., 
\ - . ( ) /  " C Z "'-.. ]c(  ( )  * x f % t N t c  ) 

R(7~(:N( SiMc t)2 

Mc %I),"~.. () /()Me 
~ .  (/(:()()Mc 

- -  I t  

Me()()(? 

~1¢( ) "()~ "N(~iNtc ~ ) ,  ) 
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A general method for the synthesis of furfurylaminosilanes is the reaction of chlorosilanes with furfurylamine, which 
gives a yield of 60% 11481. I t  was not possible to achieve the dehydrocondensation of triethylsilane with furfurylamine by the 
action of Speier's catalyst, but it did take place in the presence of potassium 2-furfurylamide 11481. 

N,N-Bis(trir~~ethylsilyl)furfurylamine was obtained with an 81 % yield by the lithium method from 2-furyllithium and 

N,N-bis(trin~erhylsilyl)rnerhox~ethylamiie in the presence of anhydrous magnesium bromide in ether at room temperature 
12761. 

2-Furancarhoxamide is silylated very easily with hexan~ethyldisilazane 11481 

N-(Furfuryl1dene)tr1methy1~1lylarn1ne IS formed as intermed~ate product durlng the action of I~thiurn triethoxy- 
alummum hydr~de and then trunethylchloros~lane on 2-cyanofuran [277-2791 

The hydroplumbatmn of furfurylidenemalonorl~tr~le w ~ t h  tr~butylplumbane takes place at posrtlons 1,4 12801 

The silyl derivatives of furan of type 111 have found widespread use in organic synthesis [166-169, 174-179, 188-190, 
197, 199, 242-244, 248, 256, 277-279, 281-2911, This is due to the ease of introduction of trialkylsilyl groups into the 

molecules of alcohols, acids, and amines and their subsequent elimination. In a number of cases silylation makes it possible 
to conduct chemical transformations regioselectively and stereospecifically. The chemical characteristics of this type of 
compound will be discussed later in greater detail. 

2. CHEMICAL CHARACTERISTICS 

The var ious chemical transfc7rmatlons in wh~ch the furan derivatives, of group IVB elements participate can he dlvlded 
1lltO several types Keact~ons takmg place with removal of the organonletall~c group, transformations affectmg the furan ring 
a n d  the functional groups in i t ,  the chemical transformations of funct~onal substituents at the metal atom 



2 . 1 .  D e m e t a l l a t i o n  

Compounds of the first type, containing a Cfury I -  M bond, are demetallated when treated with reagents of oxidizing, 

electrophilic, and nucleophilic character. In a number of cases this process is a side process, e.g., during the metallation of 

the furan ring of furylsilanes, furylgermanes, and furylstannanes with butyllithium or during chemical transformations at 

functional groups at the metal or heterocycle. However, demetallation was also used successfully for the synthesis of new 

types of compounds and for regioselective reactions. Thus, the oxidation of furylsilanes and furylstannanes makes it possible 

to introduce oxygen selectively into the furan ring and to obtain high yields of butenolides [32, 75, 76, 292-304]. Singlet 

oxygen (produced by the action of catalytic amounts of bengal rose on molecular oxygen at - 7 8 ° C  or by irradiation) [75, 

292-298], m-chloroperbenzoic acid [76], peracetic acid [32, 299, 303] and its sodium salt [1300], and dimethyldioxirane [3011 

were used as oxidizing agents 

17Sl 

-oS,st~,B0-,  [ ( )1  ~ O S ~ M % B u - t  
12921 

()~ "()" -()1I 

( )Ac ()Ac 

tZ~M "()" ()~ "()~ "()11 
12931 

RvM = Mc~'-h, t-BuMc~SI, Bu~Sn 

The yields of the hydroxybutenolides were high and usually exceeded 90%. 

2-Trimethylsilylfuran~s [32, 299, 303] are oxidized by peracetic acid to the corresponding butenolides in methylene 

chloride. In most cases the yields of the products fluctuate in the range of 60-80%. However, some of the compounds, e.g., 

butyl 5-trm~ethylsilyl-2-furancarboxylate, could not be oxidized under these conditions. 

po:H 

Me( ()d I J, ~ . , ~ ' ~ %  ( ) SI M e ? I ~,J z 

"(/ "c) 
1321 

13031 

\ 1c~%) /~(>  "'X Me(f)dl ~ () { ~ @ )  "X 12'~)1 

X ( , I I  , (84 ~ )~ - l ' r ( l l : ( l l , ( 7~ ; ' ,  i (11,:(11(('11~ ~(~,~: ) , ( I I ( ) )X I I ( ' I t ~ ( I I~ (7 ' , : 4 ) ,  

(HII~('II(()II)(< ~)(7~),('~lll~(ll(()S~M%llu4) ((~4q),(~ltlT('ll(()Ac) (traces) 

During the photooxidation of 5-[3-(2-furyl)propyl]-2-(trimethylsilyl)furan in chloroform, the obtained endo-peroxide 

rearranges to the cis-'T-keto-c~d3-unsaturated silyl ether, which undergoes partial cyclization during photolysis, T r e a ~ e n t  of 

the reaction mixture at 20°C for 20 h with zinc chloride gives a 58% yield of the cyclic adduct as a single diastereomer 

13051, 
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5-Substituted tributylstannanes also undergo oxidative substitution after 32 h under the influence of an equimolar 

amount of lead tetraacetate in boiling methylene chloride in an inert atmosphere [37]. 

,+(oAt}: 

F O x .  
P, i t  Me Ph(lf2Cltl ,  L / / C I I  

0 

The transformations of trimethyl(5-methyl-2-furyl)silane and trimethyl(5-methyl-2-furyl)germane [306] during vapor- 

phase oxidation by atmospheric oxygen at the catalyst V2Os-MoO3-Ag?O (V:Mo:Ag = 1:1:0.02) at 300-450°C were 

investigated. It was not possible to achieve selective oxidation of the methyl group to aldehyde, and the yields of the silyl- 

and germylfurfural were not higher than 75{,. Under these conditions the initial compounds underwent demetallation and were 

converted into various products containing a five-membered ring (furan, sylvane, furfural, maleic anhydride), siloxanes or 

germoxanes, and the products from more extensive oxidation (CO, CO 2, H20). 

The action of various halogenating agents (sulfuryl chloride, bromine, iodine monochloride) on 5-trimethylsilyl-2- 

furancarboxylic acid [307], its ethyl ester [308], and 2-trimethylsilyl-3,4-bis(methoxycarbonyl)furans [309] led to electrophilic 

substitution of the silyl group. Cleavage of the Si-Cfury q bond in 5-trimethylsilyl-2-furoic acid and its ester with bromine+ 

gave a high yield (more than 80%) both in carbon tetrachloride [307-309] and in acetonitrile [308], but demetallation of the 

ethyl ester [308] by sulfuryl chloride with the formation of the corresponding chlorine derivative (yield 82%) was only 

observed in acetonitrile. In the same solvent iodination by iodine monochloride took place smoothly at room temperature 

[308]. Treatment of ethyl 5-trimethylsilylfurancarboxylate with iodine chloride in carbon tetrachloride gave a mixture of the 

chlorine and iodine products (15 and 85% respectively). 

Mc St  ( "( )01 ;l Me( +N ('1 ( ( 1{ )[ 'I 

.•O,.•.." I~r~ 

M%Si COOR M<:fN or (+(1~ 

R :: 1t I t  

+ I ~ { ' {  }[}1 
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Desilylation products were also obtained from 2-trimethylsilyl-3,4-bis(metho×ycarbonyl)furan in acetonitrile by the 

action of sulfuryl chloride, bromine, and iodine monochloride. However, in the reaction with sulfuryl chloride, 2,5-dichloro- 

3,4-bis(metho×ycarbonyl)furan was obtained in addition to /he usual product from substitution of the silyl group. The 

introduction of a methyl group at position 5 of the ring in 2-trimethylsilyl-3,4-bis(methoxycarbonyl)furan increased the 
reaction time, and the yields of  the chlorine, bromine, and iodine products amounted to 73, 68, and 74% [309]. 

McO()(7 (;()()Me MeOOC (;{)()Me 

Mc-~Si R MeCN, R = I~' ('I () 

liar 2 MeCN A l e ~  

M e ( ) ( ) (  ( ' ()()Me Me()(}() ( { ) ( ) M e  

Mc()OC C{}(}Mc 
\ / 

( "1 { / / ~ }  ( I  

The Sn-Cfur) q bond in 2-methyl-5-trimethylstannylfuran is very easily broken by the action of iodine [31]. 

Mr. Sn / /~{}X/XxM c I ~  i / . ~ / ) x , M ~  

From 2-furyl trimethylsilylmethyl ketone [310] b) the action of bromine in carbon tetrachloride or of sulfllryl 
chloride in methylene chloride the corresponding halogenomethyl ketones ~ere obtained. 

13r2/CC1~ or 
b 

"( ( '11  S i M +  S()~C],I('II,CI, () ({ It X ) 2 '  '~ . . . . . . .  x . II II 
(} ( ) 

The reaction of furylsilanes with compounds that are sources of fluoride ions is often used for the elimination of the 

silyl group [18, 25, 38, 68, 76, 311], since the fluoride ion is the most suitable nucleophile for the silyl group. 
Tetrabutylammonium fluoride is most often used as fluorine-containing compound. 

( { ) ( } l l  ({)( )11 

ID 
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1t ~g CI I It ( I  t I '~, 
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When heated with tetrabutylammonium fluoride in acetonitrile 2-dimethylaminomethyl-5-trimethylsilylmethylfuran, in 

which the silyl group is separated from the furan ring by a methylene group, is simultaneously desilylated and deaminated, 
giving a small yield of furanophane as a result of subsequent dimerization. The yield can be increased to 73% by conducting 
the reaction in a sealed tube at 110°C [312]. 

Me ,SI I I 1(7 1 ~ )  CI I 2N Me ]1 B%NI; ~- | I , C ~ C I  1! 

The acid removal of the trimethylsilyl group in methanol was investigated [313, 314], and it was established that the 
protodesilylation of 2-trimethylsilylfuran with perchloric acid takes place instantly; 3-trimethylsilylfuran is less reactive [313]. 

Opening of the furan ring probably competes with the cleavage of the S i - C  bond in furylsilanes by hydrogen chloride in 
glacial acetic acid [9]. 

Bond cleavage by hydrogen chloride in tri(p-methox)~henyl)(2-furyl)plumbane and di(p-methoxyphenyl)di(2-furyl)- 

plumbane [65] stops at the formation of di(p-metboxyphenyl)dichloroplumbane. 

I ICI 
p-Me()( I ? }b('l. 

"() Pb(C~II{()Mc-f) }~ 

[ ~  ] Pb((,If,{)Me r : 
ftCI 

(1)-Mc()Cetll).Pb(71: 

The electrophilic substitution of the trimethylsilyl [315-318] and trimethylgermyl [315] groups in 2-trimethylsilyl- 

furan, 2-trimethylsilylbenzofuran, and 2-trimethylgermylfuran was studied. 
During the alkylation of 2-trimethylsilyl- and 2-trimethylgermylfurans by terr-butanol in the presence of Amberlist 15 

ion-exchange resin, the silyl and germyl groups and not the hydrogen of the ring underwent electrophilic substitution [315], 

and the silyl group was substituted more easily than the germyl group. 

~ _ . . .  z.BuOIt ~ 

,NtMe~ C}i-'SOdt Bu / 

M : ~1. (it 

[Hydroxy(tosyloxy)iodo]benzenes react with 2-trimethylsilylfuran when boiled in an acetonitrile-methanol mixture 
in a ratio of 1:1 and form low yields (9-20%) of the respective aryl(2-furyl)i¢x]onium tosylates. Higher yields (61-74%) of the 
products were obtained from 2,5-bis(trimethylsilyl)furan, for which substitution of one silyl group is observed under these 
conditions [316]. 

Mc~SF., { ~ )  ~1 ( + 
) ( ) l ~  D I s ( )  

R = I !  M c  MP~%J 

1419 



Electrophilic attack by the cation of the iron-containing complex [Fe(CO)3(C6H7)] + BF 4 - on 2-trimethylsilylfuran in 

nitromethane also leads to ipso substitution of the silyl group [317]. 

,+ 

The acylation of 3,4-bis(trimethylsilyl)- and 2-methyl-3,4-bis(trimethylsilyl)furans by benzoyl chloride with aluminum 

chloride takes place with simultaneous desilylation and the formation of a mixture of two isomers (yields 56 and 40% 

respectively). The formation of the products from ipso substitution of the silyl groups was not observed [69]. 

Mc ~S, S~Me ~ S~Me ~ Me ~S~ 

+ PhCO(71 ~,, + 

0 b~ P h C  l~. Ph(7 1¢ 
II II 
() ( )  

R = M e  1 : 3 ) , 1 t  (1 : 1) 

2-Trimethylsilylbenzofuran reacts very quickly with acid chlorides in the presence of titanium tetrachloride at - 7 8 ° C  

with the formation of the respective 2-acylbenzofurans. As well as substitution of the silyl group, acylation occurs to a small 

degree (up to 5%) at position 3 of the benzofuran [318]. 

"~':>"/" . . . . .  >,IMc ~ ' " ~ - J ~ " "  ¢ ) ' / * " ' "  ( 7 ( ) 1¢ " - "  ( )  "q, INIe 

The intramolecular cycloalkylation of conjugated dienones containing trimethylsilylfuryl substituents by the action of 

Lewis acids (FeC13, BF3.Et20 ) with cooling to - 7 8 ° C  proved an extremely useful method for the synthesis of condensed 

tricyclic compounds with yields of 85-96%. It should be noted that removal of the Me3Si group was observed for 2- and 5- 

silylfurans, while in the case of the 3-silyl derivative the S i - C  bond was stable under the given conditions. At room 

temperature only rapid desilylation occurred not only in the 2- and 5-silyl-substituted furarts but also in the 3-substituted 

isomer [319]. 

' /~" Lewis acid 
{) D () 

~ '  S~ x~..~) Lewis acid 

() 25 ( 

I~, ~ 

I ( M c ~ E )  I (  I (  ~ , I I ,  I (  ~ Mc~SI ,  I (  = I (  I I  l (  ~ = Mc~SI ,  I (  = I ( '  ~ I I  

In the presence of CsF, KF/18-crown-6 [119], and Bu4NCN [320] furoyltrimethylsilane reacts with various 

electrophiles with cleavage of the S i - C  bond, i.e., furoylsilane can be regarded as a nucleophilic acylating agent in these 

processes. 
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{SiMc ~ K F / 1 8-crown-6 {7(711 ,I'h 
II II 

, ~ . C . O C \ \ ~  0 ~ : ' / :  Or . {) 

II "11 II I II 
0 (} 0 OII  0 

(~8~ 30% CsF 
M)O~ B u ~ N C N  

In the presence of palladium catalysts 2- and 3-substituted furylstannanes [133, 72, 321-333] enter into cross-coupling 
with triflates [323], alkenyl halides [33, 72], allyl halides and carbon monoxide [324, 325], aryl bromides [30, 72, 326-328] 
and aryl iodides [72, 329], acid chlorides [72, 330], octyl chloroformate [331], carbamoyl chlorides [3311, bromine and 
iodine derivatives of nitrogen-containing heterocycles [328, 332, 333,493], and bromophosphorinanes [497]~ 
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The method is distinguished by high yields, regioselectivity, and stereospecificity. I t  can be used for dihydro- 
furylstannanes [334] and benzofurylstannanes 13351 and also for compounds in which the furan ring and the tin atom are 
separated by an alkenyl chain 1140, 1411. 



3 + . 
I*(I 

() 

i i,d ] 
+ RII('=CItX i,,. IB~I 

Snl!~u ~ {71 I=(I IP, 

By the action of trimethylsilyl chlorosulfonate on 2-tributylstannylfuran it was possible to substitute the tributylstannyl 

group selectively. The reaction was realized under mild conditions at rc×~m temperature without a catalyst, and the 2- 

furylsulfonate was obtained with a 95% yield after only 1 h [495]. 

~ 1 Mc~SISO (I O / Q .  
2 II,O/Nall('(  )~ {) nBt 

tt?o 

7 ° The reaction of 5-phenyl-2-tributylstannylfuran with an equimolar amount of CuCI 2 at 6 C gives a mixture of two 
products 5,5'-diphenyl-2,2'-bifuran (21%) and 5-phenyl-2-chlorofuran (73%). In contrast to the oxidative coupling of the 

analogous lithiofurans, the product from substitution of the stannyl group by chlorine is formed preferentially [496]. 

ph./~/~...S<~ ' {,,('n__ p l , ~ ~ . . . . p n  + I'~"@"<, 

2-Tributylstamlylfuran reacts with aryl isocyanates under mild conditions (20°C) in the presence of aluminum 

chloride. This method is convenient for the synthesis of the arylamides of furancarboxylic acid [336]. 

Q /N('( ) AI(I~ ~ ~ x . l j / -  - - - ~ )  

{ ~ } / ~ ' " S n t } v  + NI f 

X O X 
X = If. (71 

Unlike stannylfurans, silylfurans proved completely unreactive in cross-coupling reactions with aryl and alkenyl halides 

in dm presence of palladium catalysts. It was found that the silyl group of 3,4-bis(trimethylsilyl)furan could only be substituted 

by the action of a strong Lewis acid --  boron trichloride and the palladium catalyst (Ph3P)4Pd [70]. 

Me ,S~ S~ble ~ Me sS L B¢], 

. . (Phd')4Pd'- blc()lt /PhMe 
(} 

S~Me S~bte~ 

X B / O ~ . I t /  
I I 
O-. B/(} 

In methylene chloride and l,l,2,2-tetrachloroethane, the platinum complexes [Pt(cod)Cl2], [Pt(nlxl)CI2] [337], and 
[(PhMe2P)Pt(cod)CI]BF 4 [338] react with 2-trimethylstannylfurane [338] and 2-trimethylstannylbenzofuran [337, 338] with 

substitution of one or two chlorine atoms by the heteroatomic group. The Sn-Cruel  bond is easily cleaved by the action of 
the platinum complexes, and the yields of the reaction products amount to 70-90% On the other hand, after 40 h at 30°C in 
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methylene chloride 2-trimethylgermylbenzofuran and the complex [Pt(nt~)CI2] in a ratio of 4:1 only form the monoaryl 

complex with a yield of 10% [337]. 

I,~.SnMc ~ + Pl l  C1, 

I{ : O ~ " - .  ' Q ~ .  

2 R S n M q  + I'~( cod ) ( ' l ,  ,,- 

RPll ( 1  

I~ = c o d  nbd 

R2Pffc{*J ) 

= [ (PhMe: ,P)  2 - ( ' ~ l l g )  l ' t(cc, d) l l : l l "  ~ 

Removal of the trimethylstannyl group is also observed during the action of telranitromethane on derivatives of  2- 

trimethylstannylbenzofuran in dimethyl sulfoxide. Tlfis reaction makes it possible to realize nitration regioselectivity at 

position 2 of benzofuran [339]. 

R R 

SnMc %(), 

The action of a thienyl-containing cuprate on tributyl[2-(3-carboxymethyl4,5-dihydrofuryl)]stannane gives a low yield 

(15%) of a dimeric pr{:xtuct [340]. 

"%nl;lu~ 7E 0 '(7 \ (  ) 

Nie( )( )( 

Reactions involving file removal of a silyl group by the action of an aqueous alcohol solution of potassium hydroxide 

[341] and of amines in tile presence of catalytic amounts of alkali metals [24, 44, 3421 are known. The rate constants for the 

demetallation of  furylsilanes, furylstannanes, benzofurylsilanes, benzofurylgermanes, And benzofurylstannanes by sodium 

methoxide in methanol at 50°C were measured [343]. It was established that the stannyl group is removed most easily. In the 

series of 2-substituted benzofurarks, the trimethylsilyl group is 1300 times more reactive than the trimethylgermyl g r o u p  The 

rate of  desilylation also depends on the alkyl substituent at tile silicon atom. Thus, lhe ArSiMe 3 compounds are demetallated 

130-190 times more quickly than ArSiEt~ [343]. 

Attempts to obtain 2-furylsilatrane from 2-furyltriethoxysilane and triethanolamme in the pr-esence of  basic catalysts 

(sodium hydroxide, metallic scx:lium) did not lead to the desired results, since removal of the furyl group and the formation 

of  ethoxysilatrane were obsevved under these conditions [344] 

{ l i t ) (  II~{ I I , / " .  

~) 

..~ I II}'-,~{I){ I{ C I I , )  \ 

The action of  a methanol solution of  sodium methoxide [116] or an ethanol solution of  sodium hydroxide [151] led to 

the desilylation of  furan derivatives containing silicon in the side chain. 

Butyllithium can react with the furan derivatives of group IVB elements in two directions, i.e., metallation of the 

furanring or cleavage of the M-Cfu<,  I bond [7, 31, 43, 84]. Thus, for trimeth~l{2-furyl)silane, desilylation (yield 50%) takes 
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place in addition to metallation of the ring by the butyllithium (yield 35%) [7]. Trimethyl(2-furyl)stannane reacts with 

butyllithium in the range between - 7 0  and 0°C with cleavage of the Sn-Cfury I bond [7]. In a series of papers, this property, 

was used to obtain lithium derivatives of furan [31, 84], including compounds containing the lithium atom in the side chain 

[1301. 

Snl~u~ I~ 

+ Bu4Sn 

Mc~Sn SnMe~ Mc~Sn I* 

ISal 

Cleavage of the S i - C  and G e - C  bonds was observed in the reacuon of dimethyl(2-furyl)- and dimethyldi[2-(4,5- 

dihydrofuryl)]silanes and dimethyldi[2-(4,5-dihydrofuryl)]germane with organolithium compounds. The reactions were usually 

conducted with equimolar amounts of the reagents in a mixture of THF and hexane (8:1) at - 3 0 ° C  (30 min), and the 

temperature was then raised to room temperature. Among the employed organolithium compounds the most active was 

butyllithium, which reacts with the above-mentioned furan compounds more selectively with the formation of only the 

monosubstituted pr~xlucts and with a high degree of conversion (67-89%). In the reaction with the lithium derivatives of 

heterocycles, the degree of conversion was lower (35-60%), and the amount of tile pr<Mucts from exhaustive substitution of 

the heterocycles in the initial furylsilanes and furylgermanes was small (3-12%). Phenyllithium proved unreactive and only 

reacted with the most reactive dimethyldi[2-(4,5-dihydrofuryl)]silane [345]. 

RII ~ ) / ~  
S~Mc, ",' 

SiMe P, 2 

MMc, " 
"MM%R 

5,1 'q< R = C ~ . . .  . ,  ~ , Ph, 1~* 

R ,S~Me, 

+ P.,MMe, 

Lithium alummun~ hydride was used for the cleavage of tile Si---C and G e - C  bonds in the flJryl and dihydrofuryl 

derivatives of silicon and germanium [346-3481. The hydride ion substitutes the heterocyclic group in dimethyldi(2-furyl)-, 

dimethyl(2-furyl)morpholinomethyl-, dimethyldi[2-(4,5-d ihyd ro furyl)]-, dimethyl[2-(4,5-dihydro furyl)] morpholinomethyl-, and 

dimetbyl(2-tetrahydrofuryl)silanes and dimethyl[2-(4,5-dihydrofuryl)]germane. For tile compounds containing heterocyclic 

substituents at the element the reaction m diethyl ether takes place selectively with the substitution of one heterocycle, while 

in the more polar tetrahydrofuran dimethylsilane and dimethylgermane are formed exclusively [346]. 
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Methyltris[2-(4,5-dihydrofuryl)]silane and methyltris[2-(4,5-dihydrofuryl)]germane lose the dihydrofuryl group 

more readily than the bisdihydrofuryl analogs, and as a rule exhaustive substitution is observed in ether and tetrahydro- 

furan. Methyl(2-furyl)silane can be obtained under the mild conditions of phase-transfer catalysis in benzene, pentane, or 

he xane: 

I zAIIt~ 
MMc ~ It~MMc 

i @ )  or T I fF  

S*Mc 
l IAItt 4 1  ~ 5 ~  

pentane ,  8 < r o w n - 6  S,II Me 
? " 

Trimethyl(2-furyl)-, trimethyl[2-(4,5-dihydrofuryl)]-, trimethyl(2-tetrahydrofuryl)silanes and trimethyl[2-(4,5-dihydro- 

furyl)]germane, containing three alkyl substituents at the metal atom, are stable to the action of lithium aluminum 

hydride, and substitution of the heterocycle is not observed even after prolonged boiling in THF [347]. The results from 

investigations into the reaction of heterylsilanes and heterylgermanes with lithium aluminum hydride showed that their 

reactivity, depended on the number of heterocycles, increasing in the order: 

I<>.12 
During the action of sodium hydride on 2-trialkylsilyl-3-hydroxynledL,,lfurans in Tt tF  and DMFA 1 , 4 - C - O  silyl 

migration is observed, and this results in cleavage of the S i - C  bond and the simultaneous silylation of the hydroxy- 

methyl group [349] 

R R 
~ P " '  ( ) I I / Nail ~ ~ ' ' (  )SIR I F" 2U" ~ 

--. )z- "-.,.v,~ i~, i i~ ~i, t () 

7(} )It< 

Of compounds of wpe 11I, silyloxyfurans have Ken  used most widely in organic synthesis; by their desilylation 

with various agents it is possible to obtain the most varied furan derivatives [350-375]. Compounds of this type are 

extremely active in reactions with bromine [167, 175, 177], and the reactions give high yields and are highly regio- 

specific. 
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Lead tetrnacetate reactr wrth 2-trrmethyls1lyloxy-3-methoxyfuran wrth an 85% yreld of butenolrde, contarnrng an 
acetoxy group at positron 5 11751 

2-1 rrniethylrllyloxyfuran reacts wit11 brorno- dnd rcrcfoalkenes under the rnfluen~r of zilver trrfluoro,icetate 1350- 
3521 The yreldr amount to 95%,  and the alkylatron 15 regloselectrve 

I i  = Ii, R '  = I l c  f'h, K = R '  = Me 

The oxrdatlon of 2-tr~methyls~lylnryfuran wrth ~odosohemene rn the presence of nucleophrles under the rrlfluence 
of boron trrfluorlde etherate in methylene chlorlde at room temperature gave 5-substituted 2(5H)-furans 13531 

The reactions of silyloxyfurans with carbonyl-contarning compounds are most often used in organic synthesis. 
They take place in the presence of the following catalysts, TiCI,, SnCl,, ZnBr,, BF,.Et,O, Bu,NF [167, 168, 171, 174, 
175. 178, 354-362, 4981. 
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In analogous processes 2,5-bis(trimefllylsilyloxy)furan forms dilactones with yields of 66-72% [171, 358]. 

( )-"e. "( )'--, ~P" 

+ 2 P, CR I ~ I{, 
() ( )b iMe  II 

ktc ~S~ () ~ {) 1¢ () 

In methylene chloride at low temperatures ( - 7 8  to -60°C) ,  4-substituted 2-silyloxyfurans and also 2,5-bis(tri- 

methylsilyloxy)furan react with acetals [168, 173], ortho esters [175], N,O-acetals [363], and nitrones [364] under tile 

influence of the following catalysts: ZnBr 2 [175], TiCI 4 [168], BF3Et20 [168, 363], and F3CSO3SiMe 3 [173, 364]. 

Benzaldehyde dimethyl acetal reacts with 4-trifluoromethyl-2-trinlethylsilyloxyfuran m methylene chloride in the presence 

of titanium tetrachloride at - 7 8 ° C .  Under these conditions 4-trifluoromethyl-5-phenyl(methoxy)methyl-2(SH)-ff~ran is 

formed selectively with a yield of 26% after 15 rain. If the reaction time and temperature are increased and the catalyst 

is changed (boron trifluoride etherate), the yield is increased to 36-62%. However, the selectivity is lost, and the 3- 

isomer is R~rmed in addition to the 5-substituted product. The ratio of the isomers depends on the process conditions and 

varies between 4:1 and 1:2 [168] 

O M c  
I 

I :~( I:~C F~C C l t P h  

()SiMc~ PhllC ~{) () 
I 

()Me 

The products from the reaction of 2 5-bis(trimethylsilyloxy)furan with acetals and ortho esters are bissubstituted 

derivatives of succinic anhydride [173]. 

()R I O R  i 
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The addition of 2-trimethylsilyloxyfuran and 2-(tert-butyldimethylsilyloxy)-3-methylfuran to the cyclic N-acyliminium 

ion obtained during the treatment of l-benzyloxycarbonyl-2-ethoxypyrrolidine with boron trifluoride etherate leads to a mixture 

of threo/eo, thro isomers in ratios of  85:1 and 6:1 respectively [365]. 

R ~ R 

()St|,{~ 01!1 - 78 ~'c 0 

I 
C O O B n  COOBn 

In the reaction of benzylimine derivatives with trimethylsilyloxyfuran in the presence of boron trifluoride 

etherate, the 5-substituted 2(5H)-furanones are formed as a 11 mixture of the two epimers at C(4 ) [366, 367]. 

N t t B n  

Silyloxyfurans enter into the Diels-Alder  reaction with maleic anhydride [167, 177], ethyl acrylate [170], and 

dimethyl acetylenedicarboxylate [368], 
O 
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011 
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0 t t  
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Ott  

011 

~ I ~ C ( ) ( ) M c  
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() 011 

The alkylation of silyloxyfurans by the acetylene complexes of cobalt was investigated 1369], The reaction of 

silyloxyfuran with the propynyl cationic complexes in methylene chloride at 45°C is complete in 10 rain The cationic 

complex with the positive charge delocalized at the allylic system forms a mixture of two isomers 

R 
+ ÷ >C( ~---CR BI:~ 

() "" (TR ('c,~((()) 
( o,{( ()}, 

"°" ) \ (t 5, Ic lil t  
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+ ~ " L  ( ,,,(U()) 
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Trimethylsilyloxyfuran can also be used as a siiylating agent in reaction with the lithium derivative of pyridine 
13701. 

2-Trirnethylsilylo~y4~5-drhydrnfurans have properties characteristic of s~lyloxyfurans rhey react with lead tetra- 

acetate and tetrabemoate (3761, aldehydes and ketones 1377-3801, and diacetalc [381j Therr transformations under the 

influence of acetyl chloride 13821, methyllrthrum and d~methylmethyleneammoniun~ trifluoroacetate 13833, aromatic nltro 
compounds [384, 3851, and I -acetoxy- 1 -ferrocenylethane [386] were also invest~gated 

In add1t1011 to s~lyloxyfurarv, the trunethyls~lyl ethers of furyl-contarn~ng 
1236-239, 387, 3881 Some lransfornlat~ons of 2-(l-tr1methylsrly1oxyv1ny1)furdn 

enols are also used 111 organlc synthesr\ 
were investigated Thus, when treated 

wlth sliver oxide, 11 gave 1,2-b1~(2-furoyl)ethane, which In turn underwent cyclmtron to terfuryl with an overall yreld of 
65% 13261 The reaction with [hydroxy(tosyloxy)~odo]benzene at room terllperature was used for the productrort of 

tosyloxy ketones 12381 The srlyl ether acts ds a drenr toward K-phenylmalelniide 13871 

2.2. Reactions Involving the E'uran Ring a i d  the 

Functional Groups  of the Organic Substituents 

The reaction of trialkylfurylsilanes and their derivatives with butyllithiunl results in metallation of the furan hetero- 

cycle 11-4, 7, LO, 18, 25,  30, 38, 302, 349, 389-3923. This process is widely used for the introduction of various 
functional groups into the furan ring of silylfurans 
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F t o w e v e r ,  as a l r e ady  m e n t i o n e d  in Sec t i on  2 .1 ,  du r ing  tile ac t ion  o f  bu ty l l i th ium des i ly l a t ion  o c c u r s  ira add i t ion  to 

l i thiation [7, 43].  S o m e t i m e s ,  me ta l l a t ion  o c c u r s  not at the furan  but at a m e t h y l e n e  g r o u p  in the func t iona l  subs t i tuents  [396].  
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Trimethyl(2-furyl)germane also undergoes metallation with butyllithium [7, 315] with the formation of 

trimethyl(5-1ithio-2-furyl)germane, which is used as the starting compound in the synthesis of 2,5-disubstituted furans. 

P, ul i . ~  Mc ~MCI 

Me~(;e lJ 

I Cu('l? 

Mc ~( ie ~ (  ie Me 

M = Si, (;c+ Sn 

For stannylfurans, cleavage of the Sn-Cfur>, I bond by the action of butyl-- and n~ethyllithium is tile main process 

[7, 31, 841. 
Trimethyl(2-furyl)silane is acylated with a small yield (25%) by acetic anhydride in the presence of ic, dine [307], 

and the obtained ketones are easily oxidized by sc, dium hypoiodite NaIO or selenium dioxide [307, 397]. 

SIMs: ~ 1, Me3S i ('Me NaOII Me~S~ CO()It 
II 
() 

I ~:l), 

Me" S i / ~  /~;"'( ( I1(~ a () 
II 
() 

In [70] the possibilities of acylation of 3,4-bis(trimethylsilyl)furan were investigated. The Friedel-Crafts reaction 
with dichloromethyl methyl ether under the influence of titanium tetrachloride gave after hydrolysis 2-foNnyl-3,4-bis(tri- 
methylsilyl)furan. During formylation by the Vilsmeier methc, d and acylation with acetyl chloride (titanium tetrachloride) 
the products from desilylation at position 3 were also formed, in addition to the products from substitution at position 2 

of the furan ring. The reaction of bis(trimethylsilyl)furan with benzoyl chloride in the presence of aluminum chloride 
leads to simultaneous acylation at position 2 and desilylation of one of the trimethylsilyl groups. 

\L 
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Functionalization of position 5 of the ring in trimethyl(2-furyl)silane can be achieved by photolysis with phenacyl 
sulfides [398]. 
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The acylation of triethyl(2-furyl)germane with trifluoroacetic anhydride is not accompanied by cleavage of the 

G e - C  bond. The only product triethyl(5-trifluoroacetyl-2-furyl)germane (64%) was obtained as a result of electrophilic 
substitution [315]. 

The reaction of tributyl[2-(4,5-dihydrofuryl)]stannane with trichloroacetyl chloride in the presence of H,iinig's base gave 

3-irichloroacetyl-2-tributylstannyl-4,5-clihydrofuran with a 65% yield. In reaction with a methanol solution of triethylamine, 

the product was converted into a carboxymethyl derivative [399]. 

( ' ( ) (X "1 ~ ( X)( )Mc 

SnBu~ "()  Snl~u~ SnBu 

"I-lae usual method of nitration with acetyl nitrate is unsuitable for furylsilanes and furylgermanes on account of 

strong resinification of the reaction mixture. Resinification is also observed in the presence of the neutral nitrating agent 

nitronium tetrafluoroborate, but the corresponding 5-nitro-substituted derivative was obtained with a small yield (10%) 

from triethyl(2-furyl)germane [315]. 

( ~ 4() ' (  " N (  I : 1  " : [l-~(i,. N()  I c ( )  ( )  ) , • 

Under analogous conditions, trimethyl(2-furyl)silane forms about 4% of the nitration prcuJuct. A small amount of 

5-nitrofuran was formed as a result of desilylation and degermylation [3151. 

Whereas the bromination of triethyl(3-bronlo-2-furyl)germane with dioxane dibromide takes place exclusively as 

lpso substitution, triethyl(3-bromo-2-furyl)germane was obtained with a 43% yield by the action of N-bromosucciniinide 

in the presence of benzoyl peroxide under radical conditions [315]. The chlorination of furylgermane was realized with 

Chloramine T in the two-phase chloroform-water  system with sodium picrate as catalyst. The main reaction product was 

triethyl(3-chloro-2-furyl)germane (35%), and the 5-substituted isomer and dichloro-substituted furylgermane were also 
formed [315]. 
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The various chemical transformations of the aldehyde group m 5-trimeihylsilylfurfural [4(X)-402] and 5- 

Irimethylgermylfurfural [27, 221], obtained by hydrolysis of the corresponding acetals, have been widely investigated. 
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During the condensation of equimolar amounts of malonic acid with silyl- or germylfurfiirals in the presence of 

pyridine 5-substituted furylacrylic acids are formed with yields of 63 and 73%. 

~ ,  + It?C (7(}{)ll), --- / J ~  /X~.x" 
\lc M ""( '~ 1} il{) McxM {} ( II-'=~( It( { }{}1 

M = S~, (}c 

The oxidation of the aldehyde group by freshly precipitated silver oxide or potassium permanganate in an 

alkaline medium resulted in the formation of silyl- and germylfurancarboxylic acids [27, 401]. 5- 

Trimethylgermylfurancarboxylic acid in turn was transformed by the action of thionyl chloride into 5- 

trimethylgermylfuroyl chloride with an 86% yield Treatment of the latter with an aqueous solution of ammonia or with 

an excess of diethylamine gave the corresponding amides [110]. 
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When 5-trimethylsilylfurfural was heated with hydroxylamine hydrochloride in the presence of pyridine and acetic 

anhydride, 5-trimethylsilyl-2-cyanofuran was formed with an 85% yield. The product was easily reduced to 5- 

trimethylsilyl-2-furfurylamine with lithium aluminum hydride in ether [401]~ 

N/,: ,s, ~'<}/X"(~l!{) 
NIt,()II l l (I  .- ~ {  )/~..~ I.~AI[ t~ 

(Ac())() ,  C 2 N  Mc ,S, ('-~-~N 

The condensation of the silyl and germyl derivatives of furfural with aminohydantoin, semicarbazide, and 

semicarbazidoacetic acid on heating in an alcohol or aqueous alcohol medium was investigated. Removal of the 

trimethylsilyl or trimethylgermyl group was not observed under these conditions, and the azomethine derivatives were 
formed with yields of 60-90% {27, 4(}0] 

: 

\ 

{) , (} ' 

I! 

NII({}NII, NII('SNII~, N ('11 C()()II)({)NII> M S,. (ic 

The enantioselective synthesis of 5-trimethylsilylfurfuryl alcohols by the asymmetric addition of diethylzinc to 5 
tri-methylsilylfurfural in the presence of the chiral amines 1-4 was investigated [402], 
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Trimethylsilyloxyfuran can also be used as a silylating agent in reaction with the lithium derivative of pyridine 
13701. 

2-Tr1methyls1lyioxy4,5-d1hydrnfurans have properties character~stlc of s~lyloxyfurans rhey react with lead tetra- 

acetate and tetrabemoate (3761, aldehydes and ketones 1377-3801, and diacetalc [381] Therr trancformat~onc under the 

influence of acetyl chlor~de [382], methyll~th~um and dlmethylmethyleneammon~un~ trifluoroacetare 13833, aromatlc nltro 

compounds [384, 3851, and I -acetoxy- 1 -ferrt>cenylethane 13861 were also tnvestlgated 

In addltlori tu s~lyloxyfura~v, the trunethyls~lyl ethers of furyl-contatnlng 
1236-239, 387, 3881 Some lransfornlat~ons of 2-(l-tr1methy~si1y1oxyv1ny1)furdn 

enols are also used 111 organlc synthes~s 
were rnvest~gatctd Thus, when treated 

with s~lver oxlde, it gave 1,2-bls(2-furoyl)eitrane, which In turn underwent cycliwtion to terfuryl wtth an overall yield ot 
65% 13263 The reaction with (hydroxy(tosyloxy)1odo]be11~e11e at room temperature was used for the pruductron oi 

tosyloxy ketones 12381 The silyl ether acts as a dienr toward N-phenylmale~nlide 13871 

2.2. Reactions Involving the Furan Kir~g  and the 

Functional Groups  of the Organic Substituents 

The reaction of trialkylfurylsilanes and their derivatives with butyllithiunl results in metallation of the furan hetero- 

cycle 11-4, 7, 10, 18, 25, 30, 38, 302, 349, 389-3921. This process is wldely used for the introduction of various 
functional groups into the furan ring of s~lylfurans 



Chemical transformations of the furan ring, including opening, were observed under the influence of a series of 

reagents (hydrogen, oxidizing agents, dichlorocarbene, lithium cuprates) and also under the conditions of irradiation and 
vacuum flash pyrolysis. The treatment of 2-cyclohexyl-3-trimethylsilylfuran with m-chloroperbenzoic acid in methylene 

chloride takes place in two directions, depending on the ratio of  the initial reagents [76]. 

CI CI 

I t l l (  +, ( )  I t i t ( "  ~ I 1 0  "0" " ( )  

If peracetic acid is used as oxidizing agent, it is possible to achieve successful conversion of 2,5-dialkyl-3- 

trimethylsilylfurans in methylene chloride at 0°C into cis-l,2-diacetylethylenes with high yields (70-90%). Thus, the 

reaction does not stop at the formation of butenolides, but complete opening of the heterocycle occurs [404]. 

M¢3Si Me,Si 

" ~ R I t  I 

It I:~ 0 () 

if?, ,: Me ,  Pr;  R i : [ i ,  Pr, Ph 

the presence of the chiral diisopropyl tartrate catalyst, 

furylcarbinol [4051. 

Kinetic resolution, based on the different epoxidation rates of the R and S isomers of terg-butyl hydroperoxide in 

was used to pr(xtuce an optically active silicon-containing 

/-l}u()()ll 
('~-~-( 'Si M c O-Pr())4"I i 

L-(+)-diisopropyl urtrate 
()ll  

~ k , . . ,  / (  _~( "SIMc 

()1 I 
4 

I I O  C:-~-(TSIMc ~ 
It 

The S enantiomer is oxidized preferentially under these conditions to 2H-pyran-3(6H)-one, while the R 
enantiomer reacts more slowly. It was therefore isolated with a yield of 38% (optical purity 88%). 

Cleavage of the furan ring was observed during the irradiation of 2-trimethylsilylfuran and 2,5- and 2,4-bistri- 

methylsilylfurans in pentane at - 7 8 ° C  or 0°C. Together with the initial compounds, the reaction mixtures contained 

various silylallene compounds [406]: 

() II 

""5;1M c 78 <'('~ 1( \ SiMc 

() 

/ O ~ .  I I IC  
h i  ~ ) i1, 

M e  5;i / 'qiMc 78 ' ("  I I S l M c  

Si,Mc ~ l) 

hi, * -  I t  ( 7 = C = ( "  

Me ~5;i () 0 ' (  M¢,Si/  \NIMc ~ 

S~?vlc ~ / 

i / \ " h M c  
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o Under the conditions of  vacuum flash photolysis at ('~) C, tile conversion of  2-methyl-3-trimethylsilylfuran does not 

exceed 55%. 2-Trimethylsilyl-4,5-dihydrofuran is less stable, and its conversion at 650°C is greater than 85% [85]. 

SIMe 

/ 

C~(7~---C + Me vSiC~---Cl2i 
\ 

Stc It / SiMe~ 
9 %  5 r}{ 

I t  I t  
\ / 

+ (7~---(7 + ! \ 
MeCm~-'( OSiMc~ 

I t  ( . )S iM¢ ~ 
\ 
(7~-.-~-(7 

! \ 
M e C ~ ( 7  I I 

15% 15% 

Nte3Si \ 

+ I I( ~ ( ' C I  f ,CI  I,(-)SiMe + ( 7 = ( ? = < )  ~ 1 1 , ( 7 ~ (  I t - - C ~ ( ' I I ,  

Si Nlc ~ I I / ( ) S i M e  
49'~7~ 33% 5<J{ 

The photochemical  cycloaddition of  aldehydes to silyl- and starmyl-substituted furans was studied [407]. 

It  
t l  R ~ 

R I C | i (  ) 
O 

h v, (7~,I t ~, 
MR~ R , M  II 

In all cases a mixture of  two isomers is formed as a result o f  addition of  the aldehydes at tile C(2)-C(3 ) and 

C(43-C(5 ) bonds of  the furan ring. However,  the isomer with the silicon or tin atom attached to the acetal carbon atom is 

unstable and is always a minor component of  the reaction mixture. Among the silylfurans the tri(isopropyl)silyl group helps 

to increase the selectivity of  the reaction. In the reaction of  [2-tri(isopropyl)silyl]furan with benzaldehyde, the ratio of  the 

isomers is > 20: 1. 

The addition of  dichlorocarbene, produced by various versions of two-phase catalysis, to trimethyl(2-furyl)silane and 
trimethyl(2-furyl)germane and also to 3-trimethylsilyl-2,5-dihydrofuran and 2-trimethylsilyl-4,5-dihydrofuran was studied 

[315,408] .  In the reaction of  trimethyl(2-furyl)silane with dichlorocarbene, generated by the action of  solid sodium hydroxide 
on methanol-containing chloroform in the presence of  a phase-transfer catalyst, 6-trimethylsilyl-3-chloro-2-methoxy-2H-pyran 
is formed. Under similar conditions trimethyl(2-furyl)germane is converted into the corresponding germyl derivative [315]. 

: C(71~ ~ CI 

MMe~ CI \ iMc~  I M M e ,  

k te ( ) l  1 J, M e (  ( ' i ' ~  

I |"  "()~ -MMe < 

M -- SL (ic 

Thus, in the given reaction dichlorocarbene adds at tile ('(4)---C(5) bond of tile furan ring with subsequent 

isomerization of  tile bicyclic adducts to 2H-pyrans and substitution of  tile chlorine atom at tile second position by a methoxy 
group Dichlorocarbene adds to the carbon analog of  trimethyl(2-furyl)silane and trimethyl(2-furyl)germane, i .e. ,  2-ter~- 
bury furan at the C(2)---C(3 ) bond of the furan ring [315]. 

In the reaction of  3-trimethylsilyl-2.5-dihydrofuran with dichlorocarbene, both possible isomers of  the product from 
insertion of  :CCI 2 fit the C - |! bonds of  the ring at positions 5 find 2 and tile pr(xtuct from addition of  the carbene at the C = C  
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bond are formed with an overall yield of ~ -80%.  The ratio of the insertion and addition products is determined by the 

method of generation of the :CCI 2 [408] (Table 1). 

(71 (I 
StMc~ S~Mc~ SiMc~ "x~ S~Mc 

() ( I1('1 ( hit(" () 

Substantial differences are observed in the reaction of 2-trimethylsilyl-4,5-dihydrofuran with dichlorocarbene. If 

commercial chloroform, containing 1% of ethanol, is used, 2-trimethylsilyl-2-ethoxy-3-chloro-5,6-dihydro-2H-pyran is 

formed as the main product [408]. This indicates that the reaction takes place through the bicyclic product from addition of 

the dichlorocarbene, which then isomerizes with ring enlargement. 

(I  
S~Mc~ SiMe~ Me 3. () SiMc~ 

The addition of dichlorocarbene to 2-methyl-5-trimethylsilyloxyfuran was studied. Initially, the products from 

addition at the C(2)---C(3 ) and C(4)~--~-C(5 ) bonds are formed, and they eliminate trimethylchlorosilane when heated with the 

simultaneous transformation of the bicyclic system [167]. 

(?I (71 1 ( I " I~{ ~/jz:::~ 

3,4-Bis(trimethylsilyl)furan [302, 389], 2,5-bis(trimethylgermyl)furan 17], and 3-trimethylgermylfuran [409] enter 

into the Die ls -Alder  reaction under mild conditions 

Mc(1()(7(7~( ( ' 0 0 M e  /// 
75 ~(7 

SAc , S ~ . ~ I  ~ . . . ~ l / (  "{ ){ )Me 

MexSl"" " ' @ /  "~(1)I)NIc 

1 
Mc()()C (~ 1()5.1: 

() 

73:; 

( } 

i) (~ 
(, M c ~ S I " - . v ~ / ~ [ " - . , ~ /  

() 
20 ,(, 40~ 7 

(}cMe~ 

6 . 

icMc 

() 

() 

/ ( N / , ( = C { ( ~ N } ,  -----~ 

( k: Me 

( N  

( N  

Me ~(ic 

() 
M c ~ ( i c ~  
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5-Substituted trimethyl(2-furyl)silanes also act as dienes toward dimethyl acetylenedicarboxylate. [n benzene or xylene 

their reaction leads to a bicyclic adduct, which decomposes when heated to 200°C into acetylene and 2-trimethylsilyl-3,4- 

bis(methoxycarbonyl)furans [310]. If the reaction is conducted with heat and without the solvent, it is not possible to detect 

the bicyclic adduct on account of its rapid decomposition [410]. 

R Me()()( COOMc 

~ C O O M ¢  ~ 0 ~ ( / ~ )  Me()()(X;~CCOOMc A 

P, S~Mc~ ( ~1|¢, "[/ "(7()()Me R SIMc~ 
! 
SiM¢~ 

MeO()CC~-..~-CCOO Me 
without solvent 

R : tl Me, ('II3()SIMc~ 

The catalytic hydrogenation of trimethyl(2-furyl)silane and a series of furylgermanes over Raney nickel and platinum 

and palladium black in the liquid phase and over Pd/C in the gas phase was investigated. However, platinum and palladium 

black in the liquid phase and Pd/C in the gas phase proved unsuitable for fuD'lsilanes and furylgermanes on account of the 

low activity of the first two catalysts and the removal of the MMe 3 group during vapor-phase hydrogenation over Pd/C. 

When the reaction was carried out at Raney nickel, it was possible to hydrogenate the furan ring. ttowever, in the case of 

trimethyl(2-furyl)germane, for which the degree of transformation after 10 h amounts to 73%, cleavage of the G e - C  bond 

and the formation of tetrahydrofuran (22%) and hexamethyldigermane (10%) were also observed [411J. 

[t~ C/~,, .  ~ 

SINI~ '-;i NIc ,~ 

+ (Me~(ie e 

Triethyl(2-furyl)germane is hydrogenated slowly but selectively with the formation of triethyl(2-tetrahydro- 

fupyl)germane. The transformation of dimethyldi(2-furyl)germane under the conditions of hydrogenation at Raney nickel leads 

to hydrogenation of one of the two furan rings with the formation of 10% of dimethyl(2-tetrahydrofuryl)(2-furyl)germane. 

Dimethyl(2-furyl)germane, dimethyl(2-tetrahydrofuryl)germane, and tetrahydrofuran were also found in the reaction mixture 

[412]. 

12 
/ 1  

M'z((ieMe?) lIit + ~ ~ G e M e ? I  

Tile catalytic hydrogenation of 3-silyl- and 3-germyl-substituted 2,5-dihydrofurans was realized in ethanol at room 

temperature in tile presence of metallic palladium on a support (Pd/C, Pd/AI203). Dehydrogenation of the 3-substituted 2,5- 

dihydrofurans to the corresponding furans and also isomerization of the initial compounds to the 3-(4,5-dihydrofuryl) 

derivatives and 2,3-dihydrofurylgermane were observed in parallel with the formation of the tetrahydrofurylsilanes and 

tetrahydrofurylgermanes. The isomeric products are converted under the hydrogenation conditions into the tetrahydrofuryl 

derivatives [901 

1439 



M I ~, 

MR ~ MMe~ 

() 

/ 

M Me 
/ 

0 

Depending on the structure of MR 3, tile hydrogenation rate decreases in the following order: GeM% > PhSiMe 2 > 
SiM% > SiEt 3. 

Trimethyl[2-(4,5-dihydrofuryl)]silane and trirnethyl[2-(4,5-dihydrofuryl)]germane are transfl)rmed selectively at 5% 

Pd/AI203 in ethanol under mild conditions (25°C, 1 am1 It2) into tetrahydrofuryl compounds, and the germane in hexane is 

hydrogenated considerably more slowly than the silane [413, 414]. 

~ M M e ~  ll2/Pd ~ ~ M M e ~  

M ,: Si, (ic 

The transformations of trimethyl[2-(4,5-dihydrofuryl)]silane at the palladium catalyst are more complicated in nature, 

and a mixture of trimethyl(2-tetrahydrofuryl)- and trimethyl(2-furyl)silanes in a ratio of 17:83 is formed. 

"SiMc SGlc SGIc~" , ,~ , , 

A series of products were obtained during tile hydrogenation of dimethylt)is[2-(4,5-dihydrofuryl)]silane in hexane at 

5% Pd/AI203, i.e., dimethyl[2-(4,5-dihydrofuryl)](2-tetrahydrofuryl)silane, dimethyl(2-furyl)(2-tetrahydrofuryl)silane, di~ 

methyl(2-furyl)[2-(4,5-dihydrofuryl)]silane, and dimethyldi(2-furyl)silane. 

2 

~ S * N I c 2 ~  

With increase in the amount of catalyst, the dimethylbis[2-(4,5-dihydrofuryl)lsihme carl be converteci into dimethyl- 
bis(2-tetrahydrofuryl)silane. 

Dimethyl[2-(4,5-dihydrofuryl)]silane is hydrogenated quickly and quantitatively under mild conditions (20°C, 1 arm 

H 2, 5% Pd/Al203) to the corresponding tetrahydrofuryl derivative. After complete conversion of tile initial compound, this 
rearranges into 2,2-dimethyl- 1-oxa-2-silacyclohexane [59]. 

~ S I M c ~ I  I I l jPd P ( ~ )  ~SiMc,It or Pd Ib.tc ~ 
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Opening of the heterocycle is observed during the treatment of trimethyl[2-(4,5-dihydrofuryl)]stannane with the 

lithium cyanocuprate Bu2Cu(CN)Li 2 [62], This reaction can be used for the stereoselective synthesis of acyl cyanocuprates. 

+ l+u:( u ( C N ) I  +2 "-""4"- 

SnMc~  l ) 0  

i i + ) ~  ~'~" 
2.3. Reactions of Functional Substituents at Elements of Group  IVB 

The functional groups at the metal atom in the furan derivatives of group IVB elements can undergo various chemical 

transformations. 
The most widely studied are the properties of furylhydrosilanes. These compounds enter readily into dehydro- 

condensation with various hydroxyl-containing compounds in the presence of chloroplatinic acid or organic bases. Most often 

these reactions take place readily and give good yields. 

+ l [ , ( )  ,,,- [5] 
S ,Et2I  t d i o x a n e  S i t ! t ? ) I t  

S i l l  * I t ( ) l t  - '  S~() lq  [471 

The effects of the structure of the alkanol, ttle basicity of the catalyst, and the nature of the solvent on the rate of 

dehydrocondensation of methyldi(2-furyl)silane with alcohols were investigated, and it was established that the reaction rate 

increases with increase in the electron-accepting power of the substituents in the alcohol molecule. The dehydrocondensation 

of ethanol with methyl(2-furyl)silane did not take place under the influence of pyridine and N,N-diethylaniline. Very slow 

release of hydrogen was observed in the presence of N-allylmorpholine. With further increase in the basicity of the amine the 

reaction rate increased, and it was highest under the influence of piperidine [415]. The reaction of methyl(2-furyl)- and 

methyl(3-furyl)silanes with amino alcohols is autocatalytic [416]. It was shown in the case of the reaction with 2-diethyl- 

aminoethanol that dehydrocondensation is accelerated with increase in the dielectric constant and the dipole moment of the 

solvent; the highest reaction rate was observed in dimethylformamide [416]. 

Methyldi(2-furyl)silane also reacts with acetophenone oxime [417] and acetic acid [418] in the presence of piperidine. 

9 M c  

+ M e (  I )( )l ] ~ "- .  I 

Mc  

hwestigation of tile kinetics of dehydrocondensation of methyl(2-furyl)hydrosilanes with aminoalkanols showed [419] 

that tile reactivity in the RnSiMe3_nH series increases with increase in the number of furyl groups R in the molecule. For 

alkyldi(2-furyl)silanes the reactivity decreases with increase ill the alkyl substituent (Me > Et > Bu), and methyldi(2- 

furyl)silane reacts more quickly than methyldi(3-furyl)silane [419] 
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Furylhydrosilanes exhibit high reactivity in the hydrosilylation reactions of unsaturated compounds in the presence of 
chloroplatinic acid [5, 34, 41, 44, 59, 132,420, 421]. The reactions with vinylsilanes [5, 132,421],  styrene [59], allylamines 

[34, 41, 44, 132,420],  and acetoxime allyl ether [41] take place with the formation of only the B-products with yields of 60~ 
80%. 

+ 1t:(7=CIISd [~ -, 
Sd:l,II Sdl . ,UI l , {71 .  I ) S i I l ~  

[ ( ~ ]  SiNtc, 811 

i1 

} I 
II~( -----CtISI(()( 21 I,)~N 

'"(3-- 
n =  I B 

} I 
S,Mc ,~( 'l 1 , ( ]  teSi(O(721t4) ~N 

n = I, 2 N R ,  = N I t , ,  N i t , , - -  , - -  , - - N  ()  - -  X_..._/ 

[• ] SIMcI_~II + 1 t,( ~.('11(71 1 ,()N----~( Me, 
" -  \ 

[&] 
~ - " " S i M c ? l  

~ " ' S ~ M % I I  + 

Phl t (T: (  I t ,  ~- 

Pht l (=(Tt t  

%~NIc; ~( II,CIt,(Ttt-,(}N~-(Me, 

n 

~ ' ~ , ; X l c - , (  ] f2,(l I,l'h 

~ " ' S ~  M c :,( 711p( t / 21'h 

2-Vinylfuran is hydrosilylated by furylhydrosilanes in several minutes with yields of 80-85%. In this case, however, 
a mixture of two isomers, i.e., the products from oe- and/3-addition of the silyl group, is formed [41, 132]. 

The content of the fi isomer increases with increase in the number of furyl groups in the hydrosilane and amounts to 
84, 90, and 94% for n = 1, 2, and 3 respectively. 

[c;.] , , ,  . . . . . . .  , ,  
('11--('11 

- -  ! 11 

Acetylene is very active in hydrosilylation Thus, the reaction between acetylene and methyldi(2-furyl)silane m the 
presence of Speier's catalyst begins at room temperature and takes place exothermically [41, 1321. The main pr(xluct is a 
derivative of bissilylethane~ 

2 M c 
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The addition of dimethyl[2-(4,5-dihydrofuryl)]- and dimethyl(2-tetrahydroflaryl)silane to the C = C  triple bond of 
phenylacetylene in the presence of chloroplatinic acid leads to the formation of two isomers (fl-trarts and ~), the yields of 
which amount to 77 and 9% for dihydrofurylsilane and 62 and 25% for tetrahydrofurylsilane [59], 

S~Me z /11 

~-  k ',- I'h ('------CI t ----,,,~ C = C  \ 
() S~Mc It 1t / Ph * 2 

SiMe, \ 
+ C~(?I  l, 

/ 

Ph 

The dichlorocarbene generated from sodium trichloroacetate under the conditions of phase-transfer catalysis enters at 
the S i - H  bond of dimethyl(2-furyl)silane with the formation of dimethyl(dichloromethyl)(2-furyl)silane (yield 42%) [422]. 

~ .  C( 13():)()Na 
IlL 

S,McJ I 18-crown-6 Sib/le,('('l I| 

It was found that furylhydrosilanes have high reactivity in reaction with dmaethyl sulfoxide in the presence of Speier's 
catalyst. Tt~e reaction can be used for the synthesis of siloxanes under conditions requiring the absence of moisture [423]. 

v,  

n n 2 

n = 2 ,  ~, 

Methyl(2-furyl)dichlorosilane is hydrolyzed by the action of an aqueous solution of potassium carbonate with the 

formation of cyclotri-, cyclotetra-, and cyclopentasiloxanes [424]. 

qiMc(I, SiMe() n 

n 3 5  

Furyloxysilanes, obtained by the lithium synthesis from 2- and 3-furyllithium and chlorosilanes, were subjected 
without isolation to alcoholysis with ethanol for the synthesis of furylethoxysilanes [43, 47] 

SI ( I  S l ( O l t l  

S~('|1,(71 
I 

n ('I,. 

S t ( ' l  I , (  '1 
I 

n ( ( ) |  t)~ ,~ 

Furylbromogerlnanes also enter into a similar reaction [108, l l0J. The action of methylmagnesium icxtlide on these 

COml~3unds leads to substitution of the bromine by a methyl group [28, 110]. 

(h:l~r lI()[I (Jc(~)lil)  
m,, 

) I I N  () 

(I t())~(;c ('(.~()l I 
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2 II~O + Mc~Gc CO()I 

2-Furylbromogermanes are reduced to the corresponding hydrogermanes by lithium aluminum hydride in nonpolar 

solvents (benzene, toluene, hexane) with ultraviolet irradiation [28] or under the influence of phase-transfer catalysts [425]. 

, ,A, , , , . , , , ,  
(}cl:]r,~ n ; G e l l ~  , 

- o r  t h N C l t T P k  CI  

i<1 n 

The reduction is conducted at room temperature or with gentle heat. The yield is high and is in a number of cases close to 

quantitative. 

The reduction of ethoxysilanes with lithium aluminum hydride was used for tile synthesis of 2-furylsilane and 

furylsilanes containing a chloromethyl group and a hydrogen atonl at the silicon atom. In order to avoid cleavage of ti~e 

S i - C  bond, the lithium aluminum hydride was added to an ether solution of the silane, cooled to - 2 5 " C ,  in an inert 

atmosphere. However, the yield of 2-furylsilane was small (35%) even under these conditions, and in the case of the 

chloromethyl derivatives reduction of the chloromethyl group also occurred [43] 

....., 1 iAJ l {~  

S i ( ) t t ) ,  S , I t~  

Ie -I '""" IC " 
n CI I ,CI  n (Tit,(TI " n Me 

Dimethyl[2-(4,5-dihydrofuryl)]methoxysilane and dimethyl(2-tetrahydrofuryl)methoxysilane were reduced quantita- 

tively by lithium aluminum hydride in deuterocyclohexane after 2-3 h at 25°C under the influence of ultrasonic radiation 

[4261. 

The transetherification of furylethoxysilanes and furylethoxygermanes with triethanolamine was studied [108, 110, 

344, 427]; the most varied silatranes and germatranes were obtained by tiffs meth(x:l. The reaction conditions are determined 

by the structure of die heterocyclic substituent at the silicon atom. 2-Furyltriethoxysilane reacts with triethanolamine without 

a catalyst with the formation of 2-furylsitatrane with a yield of 76%. With chloroplatinic acid as catalyst it was possible to 

increase the yield of 2-furylsilatrane by 12%. In tim presence of the hydroxides of alkali metals (the usual catalysts for 

transetherification), tile reaction of 2-furyl- and 5-methyl-2-furyltriethoxysilanes took place with cleavage of file S i - C  bond 

and the formation of ethoxysilatrane. Silatranes in which the silicon atom was separated from the heterocycle by one or two 

methylene groups and also was intrcxluced at position 3 of the furan ring were only obtained during transetherification in die 

presence of basic catalysts [344]. The transetherification of furyltriethoxygermanes with triethanolamine does not require a 

catalyst and gives a yield of 54-64 % [108, 110]. 5-Ethoxycarbonyl-2-furylgermatrane was obtained both in the reaction of the 

corresponding triethoxygermane with triethanolamine [108] and in the reaction of 5-mhoxycarbonyl-2-furyltribromogernlane 
with silylated triethanolamine [428]. 

(11()( I1,( II )~N D, 
~.) () 
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2-Furyltriethoxysilane and di(2-furyl)diethoxysilane react with N-methyldiethanolamine with the formation of cyclic 
aminoalkoxysilanes. The yield of the product with the ethoxyl substituent at the silicon atom is lower (38%) than with furyl 
(72%), since significant amounts of polymeric products are formed in the former case [344]. 

~ , / ~  + (I/OCH2(TII2)zNMe ~ ~ , .  . .O( I lzl t,C.. ̀  
St(()Ut)~, "O" "Si ~ NM¢ 

I "OCI |2HzC j~ 
R R 

R = t ! lO 

2-Furylphenylsilylene is formed during the photolysis of 2-(2-furyl)-2-phenylhexamethyltrisilane. In reaction with 
2,3-dimethylbutadiene it forms both a cyclic product and the product from insertion of the methyl group into the C - H  bond 

0 Si(StMc ) () St:  

Ph II 'C ( I t2  ~ Me 

| t  Me 

[429, 430]. 

When heated at 70°C in tetrahydrofuran for 5 h [44], dimethyl(2-furyl)vinylsilane enters into reaction with secondary 
heterocyclic amines in the presence of catalytic amounts of metallic lithium with the formation of fl-substituted 
arninoethylsilanes. 

+ F.?Nft 

S~Mcl(Tlt=Ctt, StMe2('H:(II2NR ? 

NR~ = - -  , - -  , - - N  O , - -  

The yield of the aminoethylsilanes amounts to 25%, and the highest yield (65%) is observed during the addition of 
pi~ridine. The reaction of amines with methyldi(2-furyl)vinylsilane takes place in a more complicated manner. As well as 
the addition of the amine at the double bond, the elimination of one or two of the furan rings is observed. 
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Methyldi(2-furyl)- and dimethyl(2-furyl)vinylsilane polymerize by 60 and 20%, respectively, under the influence of 

ethyllithium after 2 h at room temperature. (According to the IR spectra, polymerization takes place at the vinyl group [46]). 

Furylaminomethylsilanes were obtained with yields of  50-80% during the alkylation of secondary amines in hexane 

[44] or without a solvent [348]. The reaction requires a large amount of heat (70°C). 
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3. PHYSICOCItEMICAL PROPERTIES 

In connection with the electronegativity of group IVB elements compared with the carbon atom, the trimethylsilyl. 

trhnethylgermyl, and trimethylstannyl groups are electron donors. However,  the uniqueness of  these groups lies in the fact 

that in compounds of the Me?SiX type, where X is an atom with an unshared electron pair or a ?c system, electronic effects 

not corresponding to the simple induction effect operate. 

Since the ?c-electronic system of furan is extremely sensitive to the action of the substituents, furylsilanes. 

furylgermanes, and furylstannanes are suitable subjects fi)r the study of the electronic effects of  heteroorganic groups by 

various physicochemical methods. 

3.1. NMR Spectroscopy 

The general nature of the NMR spectra of turan derivatives is determined by the d o n o r - a c c e p t o r  effect of the 

substituents. The NMR methc,,d has dmrefore been widely used for the investigation of" the electronic effects of  heteroorganic 

groups with reference to the ?c-electronic system of tile heterocycle in RnMM % n compounds (R = 2-furyl, 3-furyl, 2-(4,5- 

dihydrofuryl), M = Si, Ge, Sn, Pb, n - 1-4) [7, 8, 58, 431-439]  In spite of the lower electronegativity of  group IVB 

elements compared with carbon, in the direct bond with the ring they behave as electron acceptors [8, 433, 434] (Table 2L 

since the chemical shifts of the protorks of the heterocycle in the spectra of 2- and 3-substituted heteroorganic furan 

compounds are downfield from the carbon analogs. In the PMR spectrum of trimethyl[2-(4,5dihydrofuryl)]silane, 6H(3 ) also 

shows a downfield shift of 0.23 ppm in relation to 2,3-dihydrofuran, whereas the methyl group in 2-methyl-4,5-dihydrofura~ 

shifLs the t{(3 ) signal upfield by 0.39 ppm [58]. A downfield shift of the signals fi)r the protons of the ring and the methyl 

groups in all the types of compounds presented in Table 2 is observed with increase in the number of  heterocyclic 
substituents at the element. 

As in the case of PMR, the terf-butyl group differs qualitatively from the heteroc)rganic group in its effect on the 13C 

chemical shifts of the r ing  In the series of 2- and 3-substituted furans, the heter~u:)rganic substituents shift all the 613C signals 

downfield in relation to unsubstituted furan, whereas the 2-terf-butyl group screens the C(3 ) and C(5 ) nuclei and the 3-ten- 
butyl group screens the C(2 ), C(4 ), and C(5 ) nuclei [8, 4341 

Increase in the number of furyl groups leads to screening of the carbon atom to which the heteroorganic substituen{ 

is attached and to descreening of the other carbon atoms. 
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Substitution of the methyl group in tetramethylsilane, tetramethylgermane, tetramethylstannane, and tetramethyl- 

plumbane by 2-furyl, 3-furyl, or 2-(4,5-dihydrofuryl) leads to an upfield shift of the silicon, germanium, tin, and lead signals. 

This shows that these elements have an accepting effect on the x-electronic system of furan. With increase in the number of 

heterocyclic groups, a linear increase is observed in the screening of the silicon, germanium, and tin atoms. Here the 

electronic interaction between the group IVB element and the r-electrons of the ring decreases in the order 2-furyl > 2-(4,5- 
dihydrofuryl) > 3-furyl [8, 58, 434, 438]. 

The 13C, 29Si, and ll9Sn chemical shifts of the substituents MMe 3 [7, 434] (Table 3) in the spectra of the 2,5- 

disubstituted furans differ little from the corresponding shifts of the monosubstituted compounds, while the chemical shifts of 
the C(2) and C(5 ) nuclei are shifted downfield 

The effect of the structure of furylhydrosilanes on the chemical shift of the proton of the S i - H  bond, the spin-spin  

coupling constant 1Jsi_tt , and the chemical shift of the oxygen and silicon nuclei was investigated (Table 4). As in the series 

of furylalkylsilanes, increase in the number of furyl groups leads to an upfield shift of the 829Si signals, while the ~;H(si) 
sign~als are shifted downfield [419]. 

According to the NMR data, t)le silicon-containing substituents at the heterocycle in furylalkoxy- and furylamino- 

alkoxysilanes also act as electron acceptors in relation to the r-electronic system of furan [344] (Table 5). This effect 

decreases in the order Si(OEt)3 > EtOSi(OCH2CH2)2NMe > Si(OCHeCH2)3N on account of the increase of the competing 

interaction between the silicon and the functional groups With increase of n in the RnSi(OEt)4_n series (R = 2-furyl) the 

signals of the H(4 ) and H(5 ) protons and also of the C(2), C(3 ), C(4), and C(5 ) carbon nuclei are shifted downfield, while the 
dependence of the chemical shifts of the silicon 829Si on n is parabolic in nature with a minimum at n = 3. The introduction 

of one furyl substituent into tetraethoxysilane gives rise to a downfield shift of ~529Si by 14.4 ppm, which shows that the r -  

electronic system of the furan makes a smaller contribution to the screening of the silicon than the ethoxy group [344]. 

According to PMR spectroscopy, the bromogermyl groups in the series of furylbromogermanes (2-furyl)nGeBr 4-n (n 
= 1-3) have r-accepting activity in relation to the furan heterocycle [28]. 

During investigation of the spin-spin  coupling constants 1J(29si_ 13cc 0 in the furyl derivatives of silicon, it was found 

that in (2-furyl)vinylsilanes they differ substantially lbr the o<-carbon of the furan ring and the vinyl group [78.0 and 69.0 Hz 

respectively in dimethyl(2-furyl)vinylsilane and 853 and 73.4 Hz in methyldi(2-furyl)vinylsilane] [440], in spite of the 

formally identical state of hybridization of these carbon atoms. Such a difference in the spin-spin  coupling constants cannot 

be due to differences in the induction effects, since the positive charge at the silicon atom must have an identical effect on the 

values of these corkstants. A relation was established between the spin-spin  coupling constants and the sum of the induction 

constants of the substituents or" at the silicon atom (the spin-spin coupling constants of other furylsitanes were also used): 

Ij(29Si--13CG~) = 69,0 + 6,5Ya" 

Electron-withdrawing groups (carboxyl, aldehyde, oxime, and cyano) at Ix)sition 5 of trimethyl(2-furyl)silane and 

trimethyl(2-furyl)germane descreen the H(3 ) and H(4 ) protons and the C(3 ) and C(4 ) carbon nuclei (Table 6) [401, 441,442]. 

For the 5-trimethylsilyl 2-carbofunctional derivatives of furan the contributions of the trimethylsilyl and functional groups to 

the change in the screening of the carbon nuclei of the furan, ring in 5-trinlethylsilylfurfural and 5-trimethylsilyl-2- 

cyanofuran, calculated by the LCAO CNDO/2 MO methcxt, are additive [401]. 

The ~5170 chemical shifts of file carbonyl group in 5-substituted furfurals were investigated. In this series 5- 

nitrofurfural has the largest 8170 shift, since the nitro group polarizes the r-electronic system of the furan and thereby 

weakens the conjugation. The methyl and tert-butyl groups have the opposite effect. It could be expected that the 

heter~x)rganic substituents SiMe 3 and GeMe 3 would screen the carbonyl oxygen more than methyl. How'ever, the observed 

shifts with reference to furfural are only - 0 . 7  and - 4 8  ppm for the silyl and germyl derivatives ( -  16 ppm for 5-methyl- 

furfural). This may be due to the r-accepting effect of the silicon and germanium atoms (Table 7). 

3.2, Photoelectron Spectroscopy 

In order to study the electronic interactions between the x-system of furan and the silicon [443-447] and tin [444] 

atom, the photoelectron spectra were recorded for monofuryl- and difurylhydrosilanes [443], trimethyl(2-furyl)silane [443- 

445], trimethyl(2-furyl)stannane [444], trimethylfurfurylsilane [444], and 2,5-bis(trimethylsilyl)furan, and quantum-chemical 
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calculations were made by the CNDO/2 [443] and CNDO/S [445] methods with and without allowance for the d orbitals. 

The experimental data are given in Table 8. 
Analysis of the correlations between the experimental ionization potentials and the energies of the a-~ and ~2 

orbitals, calculated in the sp and spd basis sets, showed that the best agreement was obtained in the spd set [443]. 

However, according to published data [445], the ionization potentials calculated with and without allowance for the d 

orbitals differed little. 

In 2-furylsilane and trimethyl(2-furyl)silane, high stabilization of the ~r I and ~r 2 molecular orbitals is observed in 

comparison with the carbon analogs. This shows that the silyl group has an accepting effect in relation to the furan 

system. A comparative analysis of the first two ionization potentials of 2-furylsilanes RSiHnM%_ n shows greatest 

stabilization of tile molecular orbitals in 2-furylsilane Replacement of the hydrogen atoms by methyl groups leads to a 

decrease of the ionization potentials and, consequently, to destabilization of the molecular orbitals [443]. 

3.3. UV Spectroscopy of Charge-Transfer  Complexes 

The electronic spectra of tile charge-transfer complexes (CTC) of the heterc, organic derivatives of furan with 

tetracyanoethylene (TCE), which are complexes of tile ~-,a- type, were investigated [448-452]. 

The long-wave band in the spectra of the charge-transfer complex shows the highest sensitivity to the effect of the 

substituents. 
The introduction of electron-withdrawing substituents into tile furan ring leads to a reduction in the energy of the 

highest occupied molecular orbital and to an increase in the difference between the energy of this orbital and tile lowest 

unoccupied orbital of TCE. Experimentally this shows up as an increase in the charge transfer frequency (~'ct). 

In the transition from 2-tert-burylfuran and 3-tert-butylfuran to the corresponding trimethylfurylsilanes and 

trimethylfurylgermanes (Table 9) the ~'ct values in the spectra of the CTC increase, which demonstrates tile accepting 

action of the heteroorganic substituents. On the whole a systematic increase in tile frequency is observed with the 

introduction of a furyl group into the molecule. The separation of the trimethylsilyl group from the furan ring by one or 

two methylene groups is accompanied by a decrease of t, ct and by loss of the accepting ability of the trimethylsilyl group. 

A comparison was made of the effects of the substituents in a series of furylsilanes and furylgermanes in tile 

ground and excited states [451]. IR spectroscopy of a 7 r - " H - O  hydrogen bond with phenol was used to study the "rr° 

electron-donating capacity of the furan ring in the ground state, and tile parameter characterizing the effect of the 

substituent was the shift of the frequency ,St, for tile stretching vibration I,o_ H of the phenol during the formation of tile 

complex. It was established that a linear relation between t,ct and £xv is observed for furan and its derivatives. 

There is also a linear relation between tile charge transfer frequency of the complexes of furan derivatives with 

TCE and the op + constant for substituents in the benzene series [452]. However, this relation is not observed for all the 

compounds. For example, 2-trinlethylsilyl-5-trimethylgernlylfuran (t, ct = 17,700 c m - l )  and 2-dimethylsilyl-5- 

trimethylgermyl-furan (t, ct = 18,200 cm - I )  are characterized by anomalously low ~'ct values and by the absence of a 

correlation. 

3.4. Vibrational Spectra 

The 1R absorption spectra and also the Raman spectra of 2-furylsilanes, 2-furylgermanes, and 2-furylstatmanes 

[453-456], furylhydrosilanes [453, 4541, furfuryloxysilanes [453], silyl 2-furancarboxylates [453], and N-silyl-2- 

furancarboxamides [453] were studied. The frequencies and the forms of the normal vibrations were calculated for the 

molecules of trimethyl(2-furyl)silane, trimethyl(2-furyl)gernaane, and trimethyl(2-furyl)stannane, and tile absorption atld 

Raman spectra of RnMMe4_ n (R = 2-furyl) were interpreted [4561. 
Ttn-ee very weak signals, belonging to the stretching vibrations of the C - H  bonds in the ring, were recorded i~ 

the short-wave region of tile IR spectra. Their intensity increases with increase in the number of furyl groups in tt~e 

molecule. The corresponding lines in the Raman spectra are fairly strong. Within the experimental error limits, the 

frequencies for the stretching vibrations of the C - H  bond for 2-furylsilanes, 2-furylgermanes, and 2-furylstannanes 

coincide [456]. The bands at 2962 and 2902 c m -  1 in the spectrum of trimethyl(2-furyl)silane belong to tile stretching vibra ~ 
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tions of the methyl C - H  bonds. Their intensity decreases with decrease in the number of methyl groups. In trimethyl(2- 

furyl)germane and trimethyl(2-furyl)stannane, these frequencies are 10-20 c m - I  and 7-25 c m - I  respectively higher than in 

the silane. 

The deformation vibrations of the methyl groups due to the change in the HCH angles have a frequency of 1410 

c m - I  in the IR spectrum. In the region of 1252-1260 c m - I  the IR spectrum of trimethyl(2-furyl)silane contains two strongly 

overlapping bands, which also belong to the deformation vibrations of the methyl groups. The analogous vibrations in the 2- 

furylgermanes are in the regions of 1410-1420 and 1240-1250 cm - I .  

The bards at 1555, 1462, 1362, 1204, I150, 1109, 1074, 1008, 902, and 887 cm - I  in the IR spectrum of 

trimethyl(2-furyl)silane belong to the planar vibrations of the furyl fragment. Of the analogous bands that appear in the region 

of 880-1560 cm -1 in the IR spectrum of trimethyl(2-furyl)germane, only the band of a complex vibration, in which 

practically all the bond lengths of the ring (breathing vibrations) vary, at 1093 cm -1 is shifted strongly (Av = 16 cm - l )  

toward the long-wave region compared with the silane. The shift in the same direction for the other bands does not exceed 7 

cm-  l The same tendency is observed for the planar vibrations of the furan ring of trimethyl(2-furyl)starmane [456]. 

The rocking vibrations of the methyl groups appear in the region of 880-800 c m -  1 in the form of strong and broad 

hands, where they overlap with the band for the out-of-plane vibrations of the ring. In the Raman spectrum the rocking 

vibrations are either inactive or appear in the form of very' weak depolarized lines. 

The stretching vibrations of the M-Cfury I bonds in the IR spectra of trimethyl(2-furyl)silane and trimethyl(2- 

furyl)germane appear at 416 and 320 cm -1 respectively. The broad polarized line at 267 cm -1 in the Raman spectrum of 

trimethyl(2-furyl)stannane was also assigned to the stretching vibration of the Sn-C.fury I bond [456]. 

On account of the highly characteristic nature of the S i - H  stretching vibrations, an important source of information 

on the nature of the electronic interactions in the molecules of hydrosilanes can be the frequencies and intensities of the 

absorption bands for the v S i - H  stretching vibrations in the IR spectra [453, 454] (Table 10). The frequencies of the S i - H  

vibrations of furylhydrosilanes calculated from the Taft induction constants differ substantially from the experimental values. 

This is due to the effect of conjugation between the r-electronic system of the furan and the silicon atom, which operates in 

the opposite direction to the - I  effect of the furan ring. The value of ,Sv = Vcalc - -  V e x p t  increases with increase in the 

number of furan substituents at the silicon and amounts to 12, 28, and 43 cm -I  for 2-furyl-, di(2-furyl)-, and tri(2- 

furyl)silanes respectively. 
IR spectroscopy of the hydrogen bond in complexes of the 7 r . . .H-O type, where the electron acceptor is phenol, was 

used to study the r-electron-donating power of the furan derivatives of group IVB elements [451, 457]. A parameter that 

characterizes the r-donating properties, i.e., reflects the effect of the substituents in the furan ring, is the shift of the 

frequency (,Sv) for the stretching vibration uOH of phenol during the formation of the H complex. If the frequency shifts Av 

of 2-silylfuran (A~, = 48 cm - l )  and 2-trimethylsilylfuran (k~, = 67 cm - I )  are compared with the shifts of their carbon 

analogs (66 and 72 cm -1 respectively), it is possible to see the strong a--donating ability of the furan ring in alkylfurans. 

3,5. M6ssbauer Spectroscopy 

A series of 2-fury'l- and 3-furylstarmanes were studied by M6ssbauer spectroscopy [111, 112, 260, 458] (Table 11). 

A considerable shift was observed in the isomer shifts of furylstarmanes compared with phenylstannanes (e.g., for 

tetraphenylstarm~ane 6 = 1.26 mm/sec). This may be due either to increase in the induction effect of the heterocycle, which 

reduces the s-electron density at the tin atom, or to interaction between the tin atom and the furan r-system. The isomer shift 

of tributylstarmyl 2-furoate is 1.48 mm/sec [260]. 

3.6. Chromatographic  Investigations 

During chromatographic investigation of 2-furylsilanes, 2-furylgermanes, and 2-furylstannanes, it was established that 

the retention indices (I) increase sharply with increase in the number of furan rings in the molecule, while increase in the 

mass of the atom M in RnMMe 4_n compounds (R = 2-furyl) has a lesser effect on the value of I. The difference between the 

retention at polar and nonpolar stationary phases (AI) also depends strongly on the number of heterocycles and depends little 
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on the nature of the element [6] The successive replacement of the methyl groups by furyl groups probably leads to an 

increase in the role of induction and orientation forces in the overall chromatographic retention. 

During investigation of furylsilatranes [459, 460] it was shown that their thermal stability and vapor pressure are 

fairly high. The compounds can therefore be chromatographed on polar and nonpolar stationary phases, deposited on silylated 

Chromosorb. 

The difference between the retention indices at the polar and nonpolar stationary phases for the various furylsilatranes 

amounts to 600-1300 units (Table 12) and considerably exceeds the values for such chromatographic polarity standards as 

butanol, nitropropane, and pyridine. 

Additive calculation of the indices of the silatranes leads to low values compared with the experimental values. The 

difference between the experinaental and calculated values of the retention indices is determined by the presence of the 

silatrane fragment with a transannular N ~ Si bond, and depends on the nature of the substituent R in the molecule of the 

silatrane RSi(OCH2CH2)3N. This is supported by the fact that, m spite of the large molecular weight, 2-(2-furyl)-2-ethoxy-6- 

methyl-l,3-dioxa-6-aza-2-silacyclooctane and B-(2-furyl)ethylsilatrane are eluted 9.6 and 4.4 times respectively more quickly 

than (2-furyl)silatrane. 

The AI and 61 values decrease with increase in the chain of atoms between the furan ring and the silicon of the 

silatrane skeleton. 

3.7. Ma~ss-Spectrometric Investigations 

Mass-spectrometric dissociation under electron impact has been studied for various furan derivatives of silicon: 

laurylhydrosilanes [43], furylalkylsilanes [43], 2,5-bis(trimethylsilyl)furan [461], furylethoxysilanes [462,463], furylsilatranes 

[464], and 2-carbofunctional 5-furylsilanes [34]. 

The mass spectra of monofurylhydrosilanes are characterized by a wide range of molecular ion stability (4-95 % of 

the maximum peak). The common dissociation process of these compounds is homolytic cleavage of the S i - a lky l  bond. If 

there are various alkyl substituents at the silicon, the bulkier one is removed preferentially. As a result of possible 

delocalization of the charge in the conjugated system of the furan ring, the removal of the furyl radical is energetically 

unfavorable. The (M - -  R) + ion then eliminates a molecule of acetylene and a molecule of the alkane in parallel [43]. 
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An exception from the general schenie is the dissociation of dibutyl(2-furyl)silane. In this case after initial removal of 

the butyl radical, a molecule of olefin is eliminated, but degradation of the furan ring and the ejection of an alkane molecule 
are not observed. 
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The dissociation of difurylhydrosilanes, like the dissociation of monofurylsilanes, begins with homolytic cleavage of 

the S i - R  bond. The parallel elimination of furan, acetylene, and carbon monoxide molecules then occurs and is followed by 

skeletal rearrangement and by the formation of a tropylium ion [43]. 
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The introduction of a second furyl substituent into the molecule stabilizes the molecular ion as a result of 

delocalization of the unshared electron pair among the two furan rings, as indicated by the intensity ratio of the molecular ion 

and the (M - -  R) + ion. With identical alkyl substituents, the IM/IM_ R ratio is higher for the difuryl derivatives than for the 

monofurylsilanes [43]. 

The mass-spectrometric dissociation of tri(2-furyl)silanes also includes initial removal of the substituent R. With the 

introduction of a third furan ring into the molecule, two competing factors begin to operate: On the one hand, the 

delocalization of the charge among the three furan rings stabilizes the molecular ion; on the other, tile presence of the three 

bulky substituents in the molecule assists removal of the substiment R, thereby increasing the intensity of the signal of (M --  

R) + . 

The intensity ratios IM/I(M_R) for compounds of the (2-furyl)nSiH4_ n type (n = 1-4) indicate that the stability,' of the 

molecular ion increases with increase in the number of furyl groups. The dependence of the IM/I(M_R) ratio on n is described 

by the equation: 

Ig IM/I{MP.I = -0,44 + 0,46 n 

The steric hindrance of the trifurylsilanes favors the occurrence of specific skeletal rearrangements - -  the elimination 

of water and glyoxal molecules from the (M - -  R) + ion [43]. 
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Analysis of the mass spectra of the furylgermanes (2-furyl)nGeX4. a (X = H, Me, Br) showed that their frag- 

mentation is similar in character to the fragmentation of furylsilanes. The main direction in tile dissociation of the molecular 

ions is the removal of the substituent X [281. 

During comparison of the mass spectra of (2-furyl)hydrosilanes and 2-(4,5-dihydrofuryl)hydrosilanes RnSiltMe3_ n it 

was shown that the stability of the molecular ions of the furylsilanes is higher than that of the dihydrofurylsilanes. This is due 

to tile reduced possibility of delocalization of the positive charge in the transition from the furyl systems to the less 

conjugated dihydrofuryl systems [63]. The main process in the dissociation of 2-(4,5-dihydrofuryl)silanes during electron 

impact involves cleavage of the S i - C  bond and removal of the methyl and dihydrofuryl radicals followed by cleavage of the 

dihydrofuran ring and elimination of the neutral C2H 4 and CH20 molecules. 

The mass-spectrometric transformations of 2-carbofunctional 5-furylsilanes were studied [34]. The introduction of the 

trimethylsilyl group at position 5 of 2-substituted furans substantially alters the fragmentation path of the compounds. System- 
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atic treatment of the obtained results is hindered by the many types of the functional groups and by the equally probable 

cleavage of the bonds, accompanied by the large number of rearrangements. The fragmentation characteristic of the nonsilyl 

derivatives with cleavage of the furan ring and the ejection of CO and cyclopropylene shows up little in the furylsilyl 

compounds. This is clearly due to the stabilizing effect of the silyl group. 

3.8. Structural Investigations 

The molecular structure of some furan derivatives of group IVB elements was investigated by electron diffraction 

[465] and x-ray crystallographic analysis [261, 275, 466-472]. The structural parameters of the 2-furylsilane molecule in the 

gas phase were obtained during calculation of the electron-diffraction data on the assumption that the furan ring is planar and 

has C2v symmetry, while the Slit 3 group has C3v symmetry, and that one of the SitI 3 groups lies in the plane of the furan 

ring. The length of the S i - C  bond is 1.871 ,~,, the SiCC bond angle is 127.8 °, and the SiCO angle is 121.2 °. In the 

transition from 2-furylsilane to di(2-furyl)- and tri(2-furyl)silane, some shortening of the S i - C  bond to 1.869 and 1.857 t~ 

respectively is observed• The molecule of tri(2-furyl)silane has the form of a propeller, in which each ring forms an angle of 

38.6" with the HSiC plane [465]. 

According to the data from low-temperature x-ray crystallographic analysis, weak intramolecular S i O f u r y  q 

interaction (2.795 ,~.) is observed for di(2-furyl)- and tri(2-furyl)silanes. In di(2-furyl)silane both furyl groups are included in 

this interaction, whereas in tri(2-furyl)silane one of the groups does not participate in this interaction for steric reasons. The 

SiCC bond angle is 12-16 ° smaller than SiCC for the furyl substituents included in additional coordination [466]. 

The probable conformations of the furylsilanes RnSiI{4_ n (R = 2-furyl) in solution were determined during 

comparison of the experimental and calculated values of the Kerr constants and dipole moments [1473]. 

According to the data from x-ray crystallographic analysis [467], the furan rings in the molecules of (2-furyl)- and (3- 

furyl)silatrane are planar. Except for a slightly increased C(2) -O bond length (1.39 /k), the interatomic separations in (2- 

furyl)silatrane correspond to those in crystalline furan. "lhe heterocycle in (3-furyl)silatrane is characterized by a large spread 

in the bond lengths, but they do not tMI outside the familiar limits for substituted furans. The silicon atom in silatranes is 

pentacoordinated and has a trigonal-bipyramidal envirolunent. The length of the transannular N -,. Si bond in (2-furyl)- and 

(3-furyl)silatranes is 2. 112 and 2. 170 ~, respectively. Tbe S i - C  distances in these compounds are 1.894 and 1.859 .A. The 

electronic structures of 2-fury/silatrane and 2-furyltriethoxysilane (the charges at the atoms, tim additive populations of the 

atomic orbitals, and the multiplicities of the chemical bonds) were analyzed by the CNDO/2 LCAO MO method [474]. 

The furan ring in (5-ethoxycarbonyl-2-furyl)germatrane is also planar, and the coordination polyhedron of the 

germanium atom (like that of the silicon atom in silatranes) is a trigonal bipyramid with an N - G e  distance of 2.165 /~ [428] 

The structure of the pentacarbonyl chronlium complex, in which the tris(trimethylsilyl)silyl group is separated from 

the furan ring by a C - O  fragment, was determined by x-ray crystallographic a~lysis.  The central silicon atom has a 

distorted trigonal-bipyramidal environment with the O{1 t atom and two silicon atoms in the equatorial plane, while the oxygen 

of the furyl group and the third silicon atom ~x:cupy axial positions. It should, however be noted that the Si ( l )Ofu ry  

distance is fairly large and equal to 2.92 A [468] 

,,), 

v " ' S ~ M c  

The complex of tri(2-furyl)stannyllithiun~ widl dioxane has an ionic structure [470] 

2 f )  ( )  
\,___/ 
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The length of the S n - C  bond ill the anion is 2. 188 ~, while tile Li-Ofura n distances are nonequivalent. The average 

length of the Li -Oax bond (2.29 /k) is larger than that of Li-Oeq (2.06 ~). 

In the crystalline state, trimethylplumbyl furoate RCOOPbMe 3 (R = 2-furyl) forms chains through intermolecular 

interaction between the lead atom and the oxygen of the carbonyl group [r(Pb"-O) = 3.17 ~]. For this reason the lead has 

a trigonal-bipyramidal environment with the methyl groups in the equatorial positions and the oxygen atoms in the axial 

positions. Interaction with the oxygen atom of the furan ring is also observed, and the Pb"-Ofura n distance is 3.55 /k. The 

bond lengths and angles in the furan ring differ very little from those in 2-furancarboxylic acid [472]. 

4. B I O L O G I C A L  ACTIVITY 

Compounds possessing physiological activity have been found among the furan derivatives of silicon and germanium. 

The psychotropic activity of furylaminoalkylsilanes and their hydrochlorides [44,420, 475] and of furylsilatranes [421,476] 

and furylgermatranes [ 108,477] has been studied most comprehensively. In the series of furylaminoalkylsilanes, the effect of 

such factors as the nature of the substituents at the silicon and nitrogen atoms and the length of the carbon chain between 

them on the biological effects was analyzed. 

All the investigated aminoalkylsilanes with a furyl group at the silicon [44, 420, 475] have psychotropic activity of 

the decalming type. Here there is a definite relationship between the appearance of the decalming effect, the toxicity, and the 

chemical structure of the compounds (Tables 13 and 14). 

The acute toxicity has a tendency to increase with increase in the length of the chain between the silicon and the 

nitrogen, although tile difference is statistically insignificant. The highest activity in the "tube" and "rotating rod" tests is 

found in the furyl derivative of perhydroazepinoalkylsilane with a methylene bridge consisting of two CH 2 groups (Table 13). 

In tile series of 2-furyl--y-(N-methylpiperazino)propylsilanes, the replacement of the methyl groups by ethyl groups 

leads to some decrease in the decalming activity with the exception of the "tube" test. The acute toxicity' indices in both 

compounds do not differ with statistical reliability. The replacement of one methyl group by butyl slightly reduces both the 

acute toxicity and the pharmacological activity, whereas the introduction of a dodecyl group increases the decalming activity' 

by 10-18 times (Table 14). On the whole, analogous relationships are observed in the series of 2-furyl-~r'-(morpho - 

lino)propylsilanes; the dodecyl derivative showed the strongest decalming effect. It should also be noted that the derivatives 

of morpholinopropylsilane are less toxic than the corresponding derivatives of perhydroazepino- and N-methylpiperazino- 

propylsilanes [44, 420]. 

The introduction of a second furyl group into the molecule of N-methylpiperazinopropylsilane leads to an increase in 

the acute toxicity, as also in the case of methyldi(2-furTl)-).-aminopropylsilane [420]. In the corresponding morpholinopropyl 

compounds, the toxicity does not differ reliably [475]. 

The results from an experimental trial on furylsilatranes and furylgermatranes in female mice of the BALB/c strain 

with intraperitoneal administration are given in Table 15. With the exception of (2-furyl)silatrane and/3-(2-furyl)ethylsilatrane 

all the compounds in the table exhibit neurotropic activity of the decalming type. The most toxic among the furylsilatranes is 

3-fuDdsilatrane, and the lethal dose for the 2-isomer is 8.6 times larger. If the 2-furyl radical is removed from the silatrane 

skeleton and also if a methyl group is intr~xluced at position 5 of the furan ring, the toxicity of the compounds is substantially 

reduced. Analogous relationships are observed for furylgermatranes, the toxicity of which is very low 

Tile antitumor activity of the various derivatives of 5-trinlethylsilylfurfural [4()~1 (Table 16) and 5-trimethyl 

germylfurfural [271 was investigated. The most clearly defined antitumor activity amorlg the compounds examined in the table 

is observed in Lewis carcinoma of the lungs and melanoma BI6, the growth of which is retarded to (X)-62% Ehrlich's ascitic 

tumor and sarcoma 37 proved less sensitive to the compounds [400] The germyl derivatives were even less active toward 

lmwis carcinoma of the lungs (48%) and melanoma BI6 (43%) [27]. 

The cytotoxicity of 5-trimethylsilylfurfural and some of its derivatives was studied on a culture of melanoma BI6 cells 

[4781. The strongest cytotoxic activity was found in 5-trimethylsilylfurfural (ECso = 18, 3.8/~g/ml)~ In the transition to the 

diethyl acetal, tile cytotoxicity was reduced to less than a third, and replacement of the diacetal group by 1,3-dioxolane 

further reduced the activity to a third The cytotoxicity of 5-trimethylsilylpyromucic acid (10 #g/ml) is three times higher 

than that of the carbon analog and lower than that of 5-trimethylsilylfurfural. 

The thiosemicarbazones of 5-silyl-substituted furfural exhibit cytotoxic activity of the decalming type [479]. 
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During investigation of the cardiovascular action of 2,6-dimethyl-3,5-bis(methoxycarbonyl)-4-(5-trimethylsilyl-2- 

furyl)-l,4-dihydropyridine it was established that it reduces the blood pressure. With oral administration to rats at a dose of 

10 mg/kg, it reduces the cystolic pressure by 21%. The blood pressure remains reduced by 17% after 24 h, whereas 

nifedipine is already ineffective after this time [480]. Moreover, the toxicity of the silylfuryl derivative (LDso > 1003 

mg/kg) in experiments on mice is considerably lower than that of nifedipine (185 mg/kg). The replacement of the 

trimethylsilyl group by trimethylgermyl leads to a threefold reduction of the toxicity [481]. 

COOMe 

Nlll l 
Me()()('" "l ~ N 

/ 

Me 

M = 5;,. Gc 

The derivatives of 6-aminopenicillanic acid containing 5-trmmthylgermylfuryl substituents have some bacteriostatic 

activity on the gram-positive bacteria &aphylococcus aureus (1.5 and 12.5 #g/ml for compounds A and B respectively) and 

are inactive toward the gram-negative bacteria Es'cherichia coli (>  2{)0/~g/ml). 

COOI 1 

' \  Mc~(,e / ( ()NII~ITIt( ONIt / - S .  ~Me 

~ " ' ~  , {)()It () 
B 

The silylamides of 5-nitrofurylacrylic acid (R = 5-nitro-2-furyl, R 1, R 2 = Alk) RCt t=CH-CONH(CH2)3SIRIR22 do not 

exhibit bacteriostatic and fungistatic activity [482]. 

Organosilicon derivatives of the (2-furyl)CIt2Ntt(CH2)mSiRRI 2 type (m = 1, 3) suppress many strains of pathogenic 

fungi extremely effectively. (During analysis of the activity the strongest antibacterial and antifungal effect was predicted for 

the compound with R = Me, R l = Bu, and m = 3 [483].) 

The insect-repellant activity of N-furfurylaminomethyltriethoxysilane [484] was also investigated with respect to an 

insect strain of the flea X. cheopsis. The coefficient of the repellant activity of the compound amounted to 82, 79, and 89% 

at concentrations of 5, 20, and 40 g/m 2 respectively. The duration of the activity was identical and amounted to 4 days both 

at 20 g/m 2 and at 40 g/m 2. 

Dkmethyl(2-furyl)(7-aminopropyl)silane exhibits weak activity toward rust in wheat (reduction of infestation 50%), 

phytophthora infection in tomatoes (8%), and powdery mildew in cucumbers (67~.) [485]. 

5. DERIVATIVES OF TITANIUM AND ZIRCONIUM 

Investigations in the region of the furan derivatives of titanium and zirconium are few. The first compound with a 

C fu~ l -Z r  bond was obtained with a 74% yield by a lithium synthesis in the reaction of bis(,q-cyclopentadienyl)zirconium 

dichloride with 2-furyllithium. Compounds with one furyl group at the zirconium atom were obtained similarly [487]. 

C p : 7 r ( ' l ,  

('p~TrRCI ~ @ " ~ 7  r I~.(~p, 

R = Me. M%S, 
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The substitution of one of the phenyl groups of diphenylzirconocene by 2-furyl by the action of a 10-fold excess of 

furan at 90°C was used to obtain phenyl(2-furyl)zirconocene [4871. In the opinion of the authors the reaction takes place 

through the formation of an intermediate complex of zirconium with dehydroben~zene. 

ph!Zr( p2 ~ b- 
- Phil 

Bis(2-furyl)zircon(x:ene is fairly thermally stable and only rearranges quantitatively to zirconooxacyclohexadiene at 

185°C. The rearrangement of  other 2-furylzirconocenes CP2ZrR(2-furyl) also takes place as insertion of the CP2Zr group into 

the C ( 2 ) - O  bond of the furan ring and migration of the substituent R from the zirconium to the carbon atom of the 

zirconaoxacyclohexadiene system. The temperature at which the reaction occurs is determined by the substituent R and 

amounts to 200°C (Me), 185°C (2-furyl), and < 0 ° C  (SiM%) [487, 488]. 

P. 

R : Me @ . , M % S ~  

The zirconaoxacyclohexadiene with R = 2-furyl reacts with dimethoxycarbonylacetylene in toluene at 105°C after 18 

h and forms a furyl-substituted phthalate [486] 

CO()Me 

("p ,Z[" ~"1 + Me()()( ' (?~CC( ()Me 
f 

~ \ ~ . /  Cp.?Zr--( ) 

M c( )O(  C()OMc 

3-(2-Furyl)-2,2-di(r/-cyclopentadienyl)-l-oxa-2-zirconacyclohexadiene was characterized by x-ray crystallographic 

analysis. The compound is monomeric in the crystalline state, and the central s ix-membered heterocycle is nonplaru'm The 

furyl group is turned so that the oxygen is directed toward the zirconium atom. All the bond lengths and angles in the furan 

ring have the usual values: C(2)-C(3 ) = 1.360 A, C ( 3 ) - C ( 4  ) = 1.408 ,/~, C(4)-C(5 ) - 1.330 ,~, C ( 2 ) - O  = 1.379 /k, and 

C(5 t -O = 1.352 /k; bond angle C(2 ) = 107,7 °, C(3 ) = 107.8 °, C(4 ) = 106.3 °, C(5 ) = 111.0 °, and O = 107.1 ° [488]. 

The other compounds of this type are derivatives of tetrahydrofurfuryl alcohol [489], 2-furancarboxylic acid [490, 

4911, and furfural semicarbazone [492]. In the reaction of tetrahydrofurfuryl alcohol with titanium tetrachloride in anhydrous 

carbon tetrachloride in an atmosphere of nitrogen, depending on the reagent ratio, tetrahydrofurfuryloxytrichlorotitanium and 

di(tetrahydrofurfuryloxy)dichlorotitanium were obtained with yields of 91 and 88% [4891, 

" (  I1 ()11 \ )/,A,~(,II~()I,(,I 

~"~( I I ,()1 I "( I 1!O 

The furoyloxy derivative of  trivalent titanium was synthesized by the reduction of cyclopentadienyltrichlorotitanium 

with s~lium borohydride in tetrahydrofuran followed by treatment with 2-furancarboxylic acid at 20°C in benzene [ 4 ~ ] ,  
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Tetraisopropoxyzirconmm reacts with 2-furancarboxylic in anhydrous benzene. Depending on the ratio, it forms a 

series of carboxylate derivatives in which the COO group is bonded symmetrically to the zirconium atom [491]. 

11 

n =  1 t  

In reaction with furfural semicarbazone (ratio 11) in tetrahydrofuran at room temperature in the presence of 

triethylamine dicyclopentadienyldichlorotitanium forms the product from substitution of one T i - C I  bond [492]. 

(?I t  ' ' ~ N N t I ( ' N t l ,  O ( I I ~ N N C N I I  2 
II I 
( ) I f f l ( p ,  

CONCLUSION 

While summarizing the published results and the results of our own investigations, among the furan derivatives we 

note that the methods of synthesis and the chemical properties of silylfurans have been investigated most comprehensively. 

Furylsilanes, furylgermanes, and furylstannanes have proved extremely convenient models for the investigation of the 

electronic effects of heteroorganic substiments by various physicochemical methc, ds The varieB, of chemical transformations, 

the high regioselectivitT, and the stereospecificity of the reactions of silyl- and silyloxyfurans open up broad possibilities for 

their use in organic synthesis. Compounds with high biological activity have been found among the aminoalkylsilylfurans, 
furylsilatranes, and furylgermatranes. 
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