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Generai lntroduction  , . . ... . .
• ' ..

 Seleniurn and Tellurium belong to VIa group in the periodic

tabler as oxygen .and su.lfur.. For the cbemical utilization of .
                                                        '                                 tt                        tt t tt ttsulfur, a lot of studies have been made in organic chemistry and

                          t tt       tt tthave provided many useful. synVhetic reactions.... Xn contrast to .
                                                   '                      tt                                 tt                                       tt:;elE:nrd'eraPi)l;fat:On Of SeleMUM and tellur=uTn in organic reactions

                 '                '                  '       '                       '     Selenium was discovered in l817 and named from the Greek .
  '                                       tt '6EXnvn', the moon. With respect to its application in organic
chemistry, only dehydrogenationl of aliphatics with elemental '

selenium and oxidation2 with selenium dmoxide were available

un?il comparatively lately. .Puging a last few decadeS, hOWeVerr4

utilizatÅ}on oE elemental selenium and oTganic seleniurn compounds
                        ttÅ}n synthetic reactions have been investigated resu!ting in the
                                                                '                       'discovery of new organic reactions using selenium or its compounds
                 'as a new catalyst or novel organic reagents. . Most oÅí these

 t tti:,agi'::.S.axi ,gg:rn2ggx.. ii. ::]as,I: xl g:e.2I.!:ls:, k.but proceed

                                                        '                              '     Tellurium was recognized as an elemenb in l782, which mane .

was derived froTn the Latin i te21gs it the egrth. '. Until quite

                        tt t;e.:z2igK,'."}.gre.geg.::.i:::rg::i:,:ge,;i,l2:.el:mz::,i; :xga?Å}g '1

::,'e:i."r.n ;h.::l.::;y,.:t$::l:i:d. x23.i:v.g:tig:gi:g,ol.:.el.'yliyT.'•' •'i

-l-



        tt ttt tt tt t tt t tttt t ttt tt           tt tt ttt     Wi.th these background it contains great interest in making

                 tt                                                              'ipv.estigations on the cheptcal behavior of selenÅ}um and.tellurium.
                                             ttMoreover, on progressing down the chalcogen group, metal!ic

character ofi the elements gradually increases. /Therefore

unique reactivity couZd be expected for these two elements.'

     This thesis deals wÅ}th the results obtained frQm the research
                            '           '                   '                 '                                                 '::,:2.:i:M.i:gi,figag:,CgfiIZSIg:g.ii.:?ieniurn and teiiurium and it.

...,.fi)::t,ig.i.ig.:2,g:ei?eg.:,:gh. X2.2,"2g.gg.'i:gkg::,gg:aiy.zed ' • ..

Effects of the ternperature, ehe pressure of carbon monoxide,.

and a 9ditives gn this reaction are mentioned. A plausible

reaction path is a!so proposed. . . . . .. . '
'.• .'  In Chapter 2 is dealt novel reduction with hydrogen . '

telluride.. .Aromatic n itro. compounds and their related ..

compounds, carbonyl compounds, iminesr and enamines are examined.'
                                'This chapter also involves Fhe se!ective reduction of carbon- . .
              'ggr20:.g2.:gi;.g.02:,3g gsg[g:::lg:ag;d.g:ggo.ec.fompo.u ?ds as weii,

 ....Chapter 3 refers to the photoreduction oE carbonyls to . .. '•

gsl.21:;ig,wi$.zgg:ozg2.xikg"l,ge;6J..::g2igh.:y.:i.gg2".s:g,alk:g.

                                                  '                  ' t tt ttof photochemically generated 1,4--biradicals is stated.

-- 2 --



.. . Chapter 4 deals new synthesis of hydrogen selenide from

selenium, carbon monoxide, and water. As an application of

I2ieSnleuma:ptlOantl..aumn:XetaiiY:ttelsgggsi:ii:gdfeaction by use of ... .

                                            '                                          '                                                 '        t tttt t ttt tt ttt t
                                                       '                                                      tt                                           tt                  '                                            '                            '                          '                                    '                                '                    '                                                 '                                                          '                   ttReferences ' . '' "                                                       tt              tt                                                   '                                  '                                                  '                                                '                       '                                      '
 l o. Oiels, w. Gh'dke, and p. K6'rding, Ann., 459, l(l927); H.

     A. Szlverwood and M. Orchm, J. Org. Chem., 2:tLt 4591(.192.7)•

                                                  '                                                           '                                            '                                                              '           '     '
 2 N. Sonoda and S. TsutsumÅ}, Bull. Chem. Soc. Jpn., !}.Ltt 1440

     (l960); N. Sonoda and S. Tsutsumi, Bull. Chem. Soc. Jpn.,

     L8, 968(1965); M. A. Umbreit and K. B. Sharpless, J. Am.

     Chem. Soc., 99, 5526 (l977); G. Sosnovsky and J. A. Krogh,

     Synthesis, 1978, 703; J. Drabowicz and M. Mikolajczyk, ibid.,

     l978r 758•
                                                                 '                                                          '
                          '                                                            '                                      '                                                             '                                             '                                            '                                     tt                    tt                                                    '                          '
     N. Sonoda, T. Yasuhara, K. Kondo, T. Ikeda, and N. Sonoda, 3

     J. Am. Chem. Soc., 2-L3, 6344(1971); K. Kondo, N. Sonoda,

     and S. Tsutsumi,.Chem. Lett., l972, 373; K. Kondor N. .
             '
     Sonoda, and H. Sakurai, J. C. S. Chem. Cornmun., l973, 853;

     K. Kondo. N. Sonoda, and H. •Sakurait J. C. S. Chem. Commun.,

     l974, l60; K. Kondo, N. Sonoda, and H. Sakuraif tLLt, 108

      (i975). . .. ..... •
                   '
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lh-t.Pt g:.;.)::' i/iribllli..:ilgX.i'iiY..i,i.10.:Y,la.t.]"..li,[III.]e,.[.1].L'....

derivatives by use of s,i se,2.Fe(co.)s,3 AgoAc,4 and inorganic

oxidizind agents,5 have been known to proceed as stoichiometric

f6action. 'on the other hand, in order to carry out this .
                    '                            'carbonylation catalytically many studies have been done to s bow
                                  'the eff6ctiveness of se,2 transition metais and their cornplexes

of Hg,6 Mn,7 Fe,9. c.o,9 byi,l9.Rh,!1..?d,l2 w,!3 g.pd ?t.i6 .1'.'. . ,

. Carbonylation of amines .wSth carbon monoptde in the pre$ence
      '                               'of su!phur proceeds to give hydrogen sulfidel . a.nd corxesponding

urea derivatives( eq. 1 ). . / . ' . '
                                                    '                             '       '                                                              '                                                '               '   tt t ttt t tt                                                          '                                               '                           t tt                              '                                          '  '                                                              '                       tt   S. .l ..2 RNi21 •+ CO tH2s + (RFqH) 2co •. .. / (. 1 )

               '                               '                                           '                    'This reaction requires, hÅ}gh temperature and high pre$sure of
                                            ':.g.rb.;2.::20iid;l.p61gdt2Z Ihar.bi:I.i.a:g2:..:.f.ammonia in gas phase,.'.

     On.thg otber hanq, selenium reacVs with varigus amtpes and
                    t tt ttcarbon rn gnoxide at room ternperatuFe unqer atmospheric pressure

to yield selenol carbamate which Feacts with anines and gives
                                                   tt:ug:Y;ati'ge amounts of'hydrogen ,.selemde  and  urcea  derivatzves

-5-



  .. Se+..2 RNH2'+ CO ---L---4 H2Se +'(RNH)2CO '''/1 (2)
    ttt tttThus formed P\drogen se}g.pide is easUy reduced with oxygg.n tO 1,/

re genarate seleniun}, so that the co-presep.ge of oxygen in this .

ial:?"gl.7FiO"  SYSI.em ey.bi.es lhe.,ffaction to .pr?cr ef cataiytif. aii.

                                                           '              '     ?RNH2 4 CO + {lt02"' (RNH)2CO + H20 ..fi)

                                                         '                                                   '                        tt                     '                            '                                 '                                '                             'This reaction is considered to proceed via selenol carbarnic acid
  '                     '     1as Phe key intermediate. 'I.ts intermgdiacy wgs supported by the
                                        'successful isolation of selenol carbarnate from the reaction system
                    '       '          'by the evaporation of the solvent. '  Furthermore carbgnyl selenide

was obtained by acidiEying the reaction systern. ' F.rom these •.

. . .fsx ))311 .

                   ttcarbonylation catalyzed by tellurium.. It shouid be important

'

-6-



to clarify the chemical behavior of teZluriuTrt in the reaction of

g:i:.g:.W;t.: ,C:gbg:,::2.2Xi:2.i,g,:.rfer to open up its new appli-

                                   '                                               '     This chapter descrÅ}bes the novel carbonylation of amines with
  'carbon monoxide catalyzed by elemental tellurÅ}um.15 ' '1'.
                                                      '                                                      '                      tt                                                     '                           '                                      '                                                    '   tt tt ttt ttt tt t ttt                   '       '
l--2 General Reaction
  '    '             '

     Xn the presence of tellurium, reaction of n-butylamine with
      '                                                    'carbon monoxide under atmospheric pressure of carbon monoxide at

250C, the similar conditions as selenium-catalyzed carbonylationt

faÅ}led resulting in the recovery of the materÅ}als. But under

more severe conditions tellurium-catalyzed carbonylation of amines

with oarbon monoxide took place to yield urea derivativesr
    'hydrogen, and EormarnÅ}de derivatives ( eq. 4, Table l ).

                  '                                                   '     RNH2 + CO -' (RNH)2CO'+ H2 + RNHCHO (4)
                                          tt                      '                                                   '

                               tt                                               '                       '                                            '                  tt t                    '                                                         '    . n•-Butylamine, n-octylamine, cyclohexylamine, and benzylamine

were examined for this carbonylation reaction. -'  The equirnolar

amounts of ureas and moiecular hydrogen were obtained in any
                                                   '                    '                                  '                 'experÅ}rnents. . ThÅ}s point is the chracteristics oE the urea
                                                             '                                 t tt                                     tt                                                 '           '                          '                                                    'formation in thÅ}s carbonylation catalyzed by tellurium, and also
                                             t tt '
Å}s a important aspect since there has been no report dealing with

                    tt                                 'the exact Stoichiometry between the amounts of formed ureas and

---  7 -



that of molecular hydrogen.'•. Unless otherwise noted, 1 mmol of

teUurium was always used, and thus the values of yields of ..•

products ( in mmol ) corresponded to the turnover number. '
For any kinds of amines, the carbonylation reaction proceeded'

catalytically... The turn over number for the urea formation .

         tt tt tt tt ttLn Run 5 xn [Vable 1, for example, corresponded to 5 8 per hour.

 Table 1. Tellurium-Catalyzed Carbonylain'ona) oE Amines with CO

Run
 Amine Te • Time
( 100 inniol)(rrimol) ( h )

 Uscea
( mmol)

 H  2
( mmol)

     ' 'ForrnamÅ}de

 ( mmol)

l

2

3

4

5

6

7

8

9

10

ll

12

 n-BuNH2 l
 '
 n-BuNH2 1
 n-BuNH l       2
 '      ' n-BuNH2 l
 n-BuNH O.05       2
    ' n-BuNH2 1
            ' n-BuN}I2 O
 < >NH2 . 1

 eNI{2b) 1
ii TOetNH2' 1
nTOCtNH2C) 1

PhCH2NII2 l

lz

10
  tt
10

i:

10

IO
 '
72
  '
IO

72

10

 7.6 7
       ' 7.7 7
    '       ' 7.4 7 1• 7. 8' 7

 2.9 2
22.0 2!
   '     ' O.Ol O
   ' 4.1 3      '
l2.l l2
       ' 2.3 1

tt

   '
IO.O

 4.7 5

.l

.4

.o

.2

.9
 '
.o.

.04

.3

.2

.9

d) '

.o

10.

15.

12.

I7.

 1.

5L.

 o.
  '
 7.

37.

 1.

24.
 '
 l.

o

3

5

3

3

8

3

2

l

o

8

1

a) Temp•: 14o6d, co : 3dkg/cm2. .
gl gy-gg2.h:X.Xl,:M.i?e,6.:5itG,l.IIYn9i,,(,,i,O,.Mi'k,,'6.

di  kgtOd[!I.!tOerlmOl,  fnend:OCtYlaMZne -WasS .reCOVered.
the reaction



. The reaction of. n-butylainine wl9h carPo? monoxide in Fhe

:r,gsigc.:,i[.ieli:r.{:.:.c2g#g{.:1..:zi.cgiiie:.;;g,:2:,i,ll:;s.;":e,g

                                                            '                  tt                      tt                          '                                      '                                              'io ::tlo-: gi i•;ggii2ee:,gil,:;d.2{.:gogsn..:;i.:ixlsi:gtory

                                              '               'cyclohexylarnine was also confirmed fairly good by duplica Fed
                         '                              tt       ttexperiments.' ,' In regard to the reproducibÅ}lity gf formamide
            '                               '                    'ddeerrXiVvaatti iVveeSs' atnhde iyiderlodgSen\arXed rnUCh more than those of the urea

                                 t tt                        tt tt     rn the reaction performed for 72 h, almost all n--butylamÅ}ne

was consumed to give .urea and formainide derivatives ( Run .6 ). •
                         tt                      'The material balance in the carbonylation of n-octylamÅ}ne was

con[irmed nearly IOO 06 (Run U).. •                                                          '                                           '                                     '                                                      '                                           '     From these results,.it coulq be supposed that the present
     '                                                       'carbonylation consists of two reactions, urea formation to produce
                                                        '                           '        '               '?.ffgirll.l.iiilmi.l."tlzoftiil'llllliilllasa"dhydroli.i:i:i.!..I,'.IldiliriiliiOl,

-! 9 ---



l-3 EEfect of Temperature and CO Pressure

     Thg temperature higher than 1000C was.required for the ...
eff6ctive'  performance 6f the cataiytid 'reaction.• ' IThe yieids

      tt tt   tt t tttt t tttof it3-di--n-butylurea increased as the temperature was elevated,

whereas plots of the yi glds of .hydrogen and n-butylformamide
                                               'showed the maxima around at l600C ( Table 2, Fig. 1 ).
                                                      '     '         '                     tttAt temperatures below 1600C, the amounts of ureas forrned were

equal to those of hydrogen.

Table 2. Effect of Temperature and CO Pressure

Run Temp.
(oC)

  co( kg/cm2 ) Urea H2( mmol > ( mmol)
Formamide
 ( mmol)

1

2

 3

 4

5

 6

 7

 8

9

10

100

l2Q

140

160

180

200

l40

l40

I40

l4e

30

30

30

30

30

30

10

50

70

90 •

 1.2

 3.l

 7.7

ll.8
 tt  '
12.2

17.3

 2.6

 8.5
   '
IO.7

12.0

 O.5

 2.l

 7.4

 9.9

 9.6

 5.i
    '  ' 2.8

 8.6

IO.O

IO.2

 O.9

IO.5
 'l5.3
   '
20.l

l2.7

10.4
tt

 O.7
 tt
29.2

32.4

45.4

Te : l mmol , n-BUNH2: IOOmmol, time : IO h:

'-  Å}o -



Yield

mmol

20

IS

16

14

12'

10

B

6

4

2

 /1

•7

n-BuNHCHO

   ktr-Ss               x              -              -             !            1           1           1          1         1         7U        1        1       /       '      /      1e     /    m/x
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FSg. I. Effect of CO pressure on telluriun-
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  ., .. Although no reXevant explanation has been made for the . .

••
 :ig:zagz.2:gr::gss:g,?f hydio,;:".,.a2• : ig::a:lg2,' ,gz:e.x2sg:kg-

                                                                  '                          tt     ttttt t t tt tt  speciept which.is.tentaPively cgnsideFed to be hydFogen tellu4de,

    t ttt  plays irnportant roles, and some reactÅ}on path for the consumption

  of hydrogen telluride takes place at temperatures higher than '
                                                       '                                                 '  l600C. 'Secondly, formamide might xeact with the precuscsor of'

  hydrogen, which would be hydrogen teUuride. . NeiYher .
  decorppopition of formed formamide nor consumption of mol.ecular

  hydrogen generated in the carbonylation reaction is likely.

   .. /Higher pressures of carbon monoxide were advantageous for

                        ttt  all the formations of l,3-di-n-butylurea, hydxogen, and n--butyl-

  formamide ( Talle 3, Fig. 2 ). But it should be noted that the
                                                 tt            t tt t tt t  i2X::llide fOrMatiOn was more sens2tive to the pressure than the

                                                         '                                                             '                                                '           '                                                         '               tt                                                                 '                    '   '                                                                '                      '                 '                                              '                                                                 '                          '                 '    '      '                                                      '                                                                '                                                             '                                                   '                  '               tt                                           '                               '  1-4 Effect of Aditives '.. .,. ... ..' '. '
                                                         tt     tt                                                     '                                            '                                                           '                       '                               '                                                    tt                                       '                                  '                                      '                             '                                              '                                           '                  tt tt tt t tl   1. As will be discussed in Chapter 2, aroraatic nitro compounds

  were found to be reduced with hydrogen tellurÅ}de to give ,.• . •'
  corresponding amÅ}no compounds.16. Evidentiy, the addition.of '

                                                     '                                                      tt                                '                                                   ',,., g;i:O.:e:::ge.Xi,l:e. ::e::n.g iill".Eiw.Ic.IIikgzi# :a,gbg:xÅ}:l!on

.. ,..

  iUPRPu:eiSl.flnT:gilhZ i?fMatiOn Of hydrogen and n-butyiformamide . .

-12-



Tab!e 3. Effect of Additives

Run Additive
( IO TTurlol )

Temp.
(oC)

(n-BuNH)2CO H2
  ( rnmoI)            ( mmol

 n--BuNHCHO
) ( mmol )

Reduced
' ( mmol

Prod.

)•
l

  a)2

3

 4 b)

5

6

  d)7

 8

 9

Å}o

ll

     tt PhN02
     tt

 phNO2
  '
PhqHCH2

(3]

'?hMeC= O

  02

  02

  se e)

72

72

40

40
 tt  '20
  '72'

22

24

10

10

10

22.

15.

I9.

 5.

16.

 c)

l9.

15.

 9.

 7.

I9.

o

9

9

2

1

9

8

o

6

l

 2LO
  1.3

 l6.7

  o.o

  6.8

 ll.5

   c)

  2.8

trace
  ' '
  7.l

 i4.5

51.8

 2.0
   '
33.rJ
  '    tt  '
 ' O.9
    '   tt
31.2

28.7

29.2
   '13.9
 '

 5.0

IO.I

28.7

PhNH2:9.0
 '

    •• -
       '  '       '
PhNH2:4.5
      '        ttt PhEt:1.3
 '    ' O :3.6

 PhEt:O.8

Te
a)
b)
c)
d)
e>

                               '        ': 1 mmol, n-BuNH' 2 : loo mmol, co : 3d kg/cm2,' temb.: l4oec.
Unreacted nitrobenzene was not detected after the reaction.
ANfotterdettheermZ,enaeCi.iOn 3.5 mmol of nitrobenzene remained.

?Kpgfi2.gt}gg.,alg.ohgl,wfu'.IO.t,fg.rM,.e.di.ft, .5. .sedi. '
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The value og tl}e Feactipn consFgr}.Yt p , of .the HgmiT}ett eguatlon

••

;.i,:2;.g;i:.g:gg:;,g:d,g:t!;g,gfi. :k;r;g2n.i:egs.l".g?: iel.il r-?ip. ,

.nyxPeFimeptal ).... Thege results qg pot cont.rgdict the assumptlbn

 that )\drogen .telluridg is the key intermediaFe botP in form\la-t .

                                                           'tion and in hydrogen formation. .. .Zn..the.presepcg gf p;tx.obe.nzen,e

tellurium--catalyzed carbonylation may be expressed by Scheme 2.

PhNH    2 Te RNH2 + CO

phN02

Scheme 2.

H2Te (RNH)2CO

     Forc the purpose of perforrning the concurrent reduction of
                                                             '                      '                                                 ' '                                  'organic compounds, styrene was added in the carbonylatÅ}on system.
          '                                                                  '                           '                                                               ':n this case only a small amount of ethylbenzene was produced, and
                                                           '                           '                                                    '                                         ' 'reductive dimerization of styrene predominated. rn order to '
                                     tt                                               '                 '           ttprevent the dimerization, cyclohexene was used and cyclohexane
                  '                                                          '                         '         'was produced in good Yield ( Run 7 in Table 3 ).'•.'.But olefins

                             tt                                         '                      t tttwere not . effective to suppress the formations of hydrogen and •'• .

                         t ttt tformamide i p cornparison with nitrobgnzene. ,.When the carbonyXation
                                                        '                '                      tt                                                              'was carrigd gut in the co-presence of gcgtophenong,.no suppression'
                                      '              '                      '                                   '                                                             '                                                       '                                     'of the fotri}.aFion of f.ormamidg wgF observed an.d c.ohdens.gd product

                tt ttof acetophenone with n-butylgmine ( PhMeC=NC4Hg ) veas obtained.

              t t ttt                 '                                                      '                           tt     tt tt tIn this reaction ct-phenethyl alcohol was not formed but a small

- Å}4 --



amgunt of' e.thylbenzene.:' .' This result rnight suggest the uni(lfue

reduting ability of hydrogen telluride or some compounds with '

hydrogen--tellurium bond toward carbonyl compounds. '' .'' - '
                                                         '     From the analogy of selenium-catalyzed urea forrnation

 ( eg. 3 )t the carbonylation by tellurium was carried out in

the presence of oxygen ( Table 3 ). ' .The suppressÅ}on of the

formations of hydrogen and formanide wa$ not drastic. In a
                                           '        'reaction caried out for 5 h, earbonylatÅ}on did not occur. Glpc

analysis of the reaction mixture showed the eomplex pattern.on

the chart. In the reaction performed for 10 h without teiluriumr
                           'similar chromatogram was obtained.. 'These results may indicate1

that tellurium-catalyzed carbonylation did not start until all

of the oxygen was consumed by some reactions with n-butylamine.

The oxidized producbs were considered to act as mild oxidizÅ}ng
          'agents. This assumptÅ}on accounts' for the evidence that the
                          'formations of hydrogen and formamide were suppressed to sorrte
                 'extent in the presence of oxygen. Addition of 5 mmol of water
                                  'into the carbonylation systern showed a little suppression on the

whole reaction to sorne extent. Formarnide formation was not
enhanced by waFgr• .;t is not likely Ehat water reactbd with

                                         '                                                     'tellurÅ}um and carbon monoxide under this condition to give ..
                   'hydrogen tellurÅ}de and carbon dioxide which was not detected

after the reaction. •
                            tt tt tt           t t tt ttt tt  . The addition of selenium accelerated the carbony!ation ' '..

effectively. .The following equations might be one of the
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     2 RNH2 .+ CO + Se -(RNH) 2CO + H2Se '' ( 7 )
                                 '                           '      '                  '                                                  '                                       '                                 '                                             '                                            tt                                                            '                  '              '                                               '                          '                            '           t t t tttt ttt tt                    '                       '       ttt         '                                                     '      'H2Se + Te -Se + H2[De ''(8)
                                                   '                                                             '                                           tt                                                   '                                                   '                                      '                   '                 tt t ttt tt t tttt ttt t tt t t t                      '           '                                     '        '                                  '                 '    ' 'plausible explanqtions for the selenium participation in this
                          '                              'reaction. ThÅ}s assuraption would be supported by the foÅ}lowing
                                                     '                                                          '          'evidences. Selenium-catalyzed urea synthesis much favorably
                                      'than gellurium. In the selenium-catalyzed carbonylation

reaction, molecular hydrogen was not produced and hydrogen
                                                     'selenide was the final product of the catalyst. ' .. Xt does
              'not seem unreasonabie to assume the presence of the equilibrium
                                                         '                    '                                                '        'between hydrogen selenide and hydrogen telluride ( eq. 8 ) in
                                                          '                                            'this carbonylatÅ}on system. . . • . ' .•

       tt     Tellurium was found to react with hydrazine under mild
conditions to give hydrogen teuuride and hydrogen diteuuride.17

In order to facilitate the reaction, teLlurium-catalyzed
               'carbonylation was carried out in the co-presence of hydrazÅ}ne.
          'Under severe conditions, no effect was caused by the addition
                                          '                  'of hydrazine. But in the reaction at 800C using hydrazine,

the initiation of the carbonylation was accelerated. ' At low
                          '                                       '                                            'teraperatunce the reaction was very slow, and it is one of the
                                           '       'Z:bd.]e.CXSilgO..be..XOdii"teign:? OrdeX to carry out this carbonyiati..

                                tt                          '                                           '                                    '           '                           '                                '
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Table 4.
/

Effect of Hydrazine

Run
(

N2H4
mmol

  n-BuNH2 Soiv. Temp. Time Urea Formamide
) ( mmol ) ( IOml ) ( OC ) ( h ) ( mmol ) ( mmol )

1

2

3

4

o

2

o

28

 50

 50

IOO

100

THF

THF
   ' '

IOO
ttt

100

l40

140

20

20

72

72

 O.09

 O.34

22.9
   ' '
22.9

 O.Ol
 ' O.20
    tt  '
l3.9

13.3

Tellurium : l mmolt carbon menoxide : 3o kg/crn2.'

a) Arnorphous tellurium was used. •'

l-5  Carbonylation Usmg Tellurium  Dioxide  In .stead  of  Tellurium

                      '           '     Reaction of n-butylarnÅ}ne with carbon monoxÅ}de was carried
 '                              '                                                t tt ttout in the presence of tellurium dioxide ( Table 5 )... Xn the

reaction for 20 h at 2eOOC, tellurium dioxide ( white solid ).
                               ttwas re.duced to tellurium and a srnall arnount og urea was formed .

:g:.2,tl#C2,gf.[zr.:i:;d!g,Ig:lcati"g l:a:,gell:gl:.:.dlgx.i:fi.was .

                              t ttprolonged period, the product distrÅ}bution was similar to that in
                                                         'tellurium-catalyzed reaction' . . .' There{ore,. once tgUurÅ}urudÅ}gxide

::.gnr:g:igdptrOocgZXUrium' the same teiiurxum--cataiyzed carbonyia-
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Table 5. Carbonylation Using Tellurium Dioxide
Time

(h)
(n--BuNH) 2CO

  ( mmol )
n-BuNHCHO
 ( mmol )

 . H2
( mmol )

20

52

 l.O
    'i8.8

trace

 15.3

trace
    ttt   ' 16.7

     :1TeO   2
CO : 30

 mo1t
kg/cm

 n-BuNH
 t temp.:

: 100
 1400c

mmo1
   '  tt-•

( IO ml )r

il6 [OhMeP:;g:OFno:iia:2g#iYReSeacSt?gnSeienium and Teuunum in .

     Ca:bonylatlon reaction of amines in the presence of selenium

aEforded stoichiometric amounts of urea derivatives and hydregen

selenide. ./ ' By use of selenium under the typical reaction

condition, at l400C for 10 h, the carbonylation was caxried out

in gn auFoclave. This reaction gave the stoic4iometric amount.

of lr3-di-n-butylurea to the used selenium with little formation

o.f hydrogen. '• When this inserted glass tube was not used, more

than equi rpolar amount of urea to selenium catalysY was produced

with a small amount of hydrogen.. ThÅ}s result would be attributed

i'i::'i::':l.igEli:h:gt.g-i'f:'ei:ii.l::'ig":ii g'24tl:Z'P.i'ii iiig'II,i:igiilaX17. . ''

-l8-



9elluri.urn, .caP.alyzed the carbonylation .of amines wi.Fh. carbon

'::"gxgg ::e}l,ghe,[g:e:,l2g"I.:2i,g::g.apgg.:xkg:zQ:.ka:::.fs guch.

:igd;gli::•.:i.2:g:;:;g'...6wlig,iggigd.lz gh.:,geggti:2.Io::gxig?.s1

                         ttrnUder conditions than the other. At present selective formations

of urea derÅ}vatives ' ( eq. 5 ) by tellurium cataiyst are not •
                                                            '          ':i:VZIgg:Z:Zi,:gg.a.:ir.Igl:;il:(iq" 3m,.gt iy d tnwh ,

  ../. Tbere is T}ot enough evidence to propose the precÅ}se reaction
                                                        '            'path for this teUurium-catalyzed carbonylatÅ}on. . But from a
                                                               '           tt                                           'close analogy to the selenÅ}um chemistscy,2 teuurium-catalyzed

           'urea formation ( eq. 5 ), would be best explained by thg assump--
         'tion that it consists of two reactions: one, the stoichiometric

            tt ttreactÅ}on of amines, carbon monoxide, and tellurium to produce
                          '                   '      'ureas and hydrogen tellurÅ}de ( eq. 9 ); the other, the dehydro-

g"di :::i;um.7 .iE.io;i'h ..Ydgi i.::1,,..Ii :g.i'h ll,gg;
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The assumption of the intermediacy of .hydrogen te lluride in this
       '                                                         'reaction does not contradict the following evidences. .' i) Pure
                                              tt                                             '                                                         '         '   'hydrogen .telluride was prepareq by the reaction of aZu.minum
                                                tt       '                                            '                '              'telluride and water. Thus prepared hydrogen telluride was found
                                                         '              'to decompose quite readily to its cornponents, rnolecular hydrogen

and tellurium ( eg. 9 ). '  This may be due .to the weak bond ..
                                                             '                                  '                                            'energy betweeri hydrogen and tenurium reported as''64 kcal/mol.l8

Theacefore hydrogen telluride may well be the precursor of

molecular hydrogen and tellurium catalyst. ii) The eguimolar
                                                               '                                '                                                            ttformation of ureas and hydrogen shouid be weli accounted for by

egs. 9 and 10. ...iiV The formylation oE nitrogen--hydrogen
       '                                 'bond with carbon monoxide was also mentioned in the catalysis '
                                  '                                                  '                                                      '                                               '                              'by the trietylammonium salt of hydrogen selenide at elevated

temperature under CO pressure similar to the present reaction
      'conditions.l9 The formation of formamides was opserved
            '                                                          '                                                   '                              '                            ' in the telluriurn catalyst system ( Table 1 and eq. 4 ). '
                                                ' The results might be also due to the catalysis of hydrogen

                               tt                            ' telluride.' iv) There was Ebund a sirnilar tendency in the
                                      '                                    '                  '                                ' terapeucature effects in the yields of hydrogen and formamides
                                                    ' ( Fig. I ). The same species, which is supposed to be hydrogen
                                              '                                         ' telluride, rnight be responsible for it. v> The addi.tion ofi
                           tt nitrobenzene into the tellurium--catalyzed carbonylation system
                                                        '                                 ':a.g2 I' :eo.gt,igt.,regyil:.ag.:z2:.go2:d,,:.igza,gx'.:',:o. :.fl:zt,,:: t.2e

                                           '                                               '            '                                 ' molecular hydrogen and formamides, c) the production of aniline
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as the reduced form
      '               '             tt '.' In conclusion,'
         'represented as shown

of nitrobenzene.
     '          '                  tta plausible reaction
    '
 in Scheme 2.

path could be

     The

formamide

         H2 . Te
             '               tt        '                     '              '         tt                '                   '
     RNHCHO , H2Te
             '
              '       RDeti2 ' (H//'TeH)

            ' Scheme 2. . . ' .• ••
                    '
      '                 '      '
                     '              'intermediacy of tel!uroZ

 fo]rrnation reactÅ}on Å}s

  formic

still a

CO + RNH2
 '

(RNH)2CO

co

 acÅ}dr

subject

 P, 2o.
HCTeHr         in the

 to be solved.

1-8 Experimental

  tt tt               '

Instrument
                                            '        '. Melting points were measured with a Yanagirnoto Migro Melting

                       tt                    '                                                                ' '                                                    '                                        'Point apparatus. IR spectra were taken with a Shimadzu IR-400.
                                               'NMB spectra we.re recorded on a HÅ}tachi Mass Spectrometor, Model
                  '                                 '                                            'R"fU.-6E.. Analitical gas chroma.tography were peFformed with g .

    t ttt t t tt tt      tt tShimadzu 3BT wÅ}th thermal conductivity detector, Shirnadzu 3BF and

GC--6A both with Åílame ionization detector. •. • . ••. .•' .., ' ,'  •
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ARt2A!l9!llEIParatUS.. . .• •                   tttt t tt tt ttt t../1' All carbonylations were carried out using 50 ml stainless
                        '                                                    '                               '             'steei autoclaves ( SUS-304 ) manufactured by Taiatsu Glass Kogyo.

g:.O:d.er. tg2.2Å}i:tnba.tl.;2e.tggil.e[fi:Ct.'Gtg2I::;.g?actxons  were .carried

       '    'Materials . . .. .• n-Butylamine, cyclohexylamine, n-octylamine, and benzylamine .
    'were purchased from Nakarai Kagaku, and were purified by di$tÅ}lla-

tion from KOH just befiore use. Tellurium lump ( 99.999g ) was
obtained from Wako Junyaku... Tellurium was powdered by use of 1'.•

 agate mortar and pestle, and stored under dry nitrogen in the
       ' absence of light. The reactive gray tellurium had to be used
                     '         '                          ttwÅ}thin a few weeks, since it gradually turned blaek beeoming in•-

 active for the carbonylation under similar conditions. Amorphous
                                                    ' tellurium was prepared by the reduction of tellurium dioxide with
      ' sulfur dioxide.21 carbon monoxide ( gg.gg go ) w.as purchased from

 Neriki Gas in a syrinder and was used without any purification.
                                      tt     ' CO pressure values mentioned in this paper refer to those at room
                                               tt t                          ' temperature. . ... ,.. .. 1.1 .... 1 .. ..., ....,. ... ... ... . .- .. .

                                               ' Product Analyses . •                                              '                     '         '                                                              ' . .The. analysis oÅí the .ggs phase af.ter Vhe reaction wgg per- ... .
             '                                         '                                                     ' Åíormed with a Shimadzu 3BT gas chromatography us.ing a 3.3 m x 3 mm

 stainless steei column packed with 30-60 mesh Molecular Sieves 5A
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and nitrogen effluent gas at 1500C of the oven temperature. The
                                    '                         tt          '                            '                                          '                                'analytical error of hydrogen was less than 2 9.. •. 1,3-Di-n-but' yl-

urea was analyzed on a Shimadzu GC-6A using a 70 cm x 3 mm .glass
                                 ttt t ttcolumn packed with 3 e"o DEGS on acid-washed, base-treated, DMCS-
                                                               '                                     'treated, 80-100 mesh Shimalite W at 150eC of the oven temperature,
                                                  'apd diethyl phtha!atg was. used a$ an .internal standard. .
                               'Formamidesr nitrobenzenes, and anilines were analyzed on a

ShÅ}mazdu 3BF using a 3.3 m x 3 mm stainless steel eolumn packed
 tt                       'with 25 9o PEG-20M on acid-washed, 60-80 mesh ShÅ}malite W at 2000C

of the oven temperature, and n-dodecane was used as an internal
                                                          'standard. ... .1,3--Di-cyc!ohexylurea, l,3--di-n-octylurea, and
                                                     'l,3--dibenzy!urea were obtained after the removal of unreacted
                             'amines and formed formamides from the reaction mixbures under .

reduced pressure. Recrystallization frorn ethanol gave corre-
                      ttsponding urea$. Xdentification was made based on spectroscopic

data ( IR, NMR, and Mass measurements ). Melting points were
in good agreement with those22 of authent.Å}c pampies.

                                           '                       t tt t tt                                         '            ttt                                    '                                       '
Carbonylation of n-ButylarnÅ}ne ( Run 1 in Table l )'

, , ,fli:,f iO,,M:,S;.iini:Eg.:;2e.k#gt7Cla,ge.,W,e.ir ::a::d,;e:kgrk"m

magnetic stÅ}rrÅ}ng bar. .. The autoclave was flushed with carbon
monoxide three tim.gs and charged at 30 kg/crn2. . .The autoclave

         '                                     '   '                                      tt ttt ttt                       ttt twas sunk in an oil bath maintained at 1400C, and the reaction was

conducted for 10 h with magnetic stirring. After the reaction,
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the autoclave was immediately cooled to room temperature with cold

•-g.ag.erJ,. z22",,giz ie,g":xi"g.gai.::g io.i!gg:zd,.i2.t Iinag,sg:pief' i. ..'
,•

molecular .Pydrogen. The reaction mixture was transfgrr.ed into

         t tttt tt              tt:,:RO,,:S.[t:• !k.::, S.i #: ikig\gg.t:.C;:ga.:S,:g:h. :.i:,g;:, .2? mi""tes

Products were obtained after the removal oE deposited tellurium '
..

Åíollowed by the evaporation of the unreactd n-butyiamine. • '
                                                              '                                        tt:r.:1.,glzc,g"slgg:s.s,il.k-::g";iglx.i"ge,a,7:d,,:g2":y.gf2gT:rni:'Agreie

                   'tespectively. 1,9-Di--n-butylurea was purif.i.ed. by Fegxystal-

 lization from n-hexane and was iqentitied by compaFisop wÅ}th MR,
i:iLg:;i:.iZe.Clr,O:ig!il,::l.:P,6i.ih:i:h::l:g s,a:7ie ('7x"c r...22

                                                                 '
     In a 50 ml stainless steel autoclave were placed telurium

(1 mmol, 128 rng ), n-octylamine ( 60.2 mmol, 10 mJ ), and a ••
              '                            '              ':ggg:l.kg iXiggi2g,.2:rs.,' .-:.gp:a,rgg":,:gx,f.ius.hedrng\ ;#.gbof

                    tt                          ttreaction at l400C for IOh, the autoclave was allowed to cool to ..

room temperature, and the pressusce was released. ., Several ...• . '
   '                                             tt tt                               tt tportions of hot etbanol were poured ipto the autoclave and ,t.be. .

                t ttt tresulting mixture was transferred into a 200 ml flask.. Tellurium

was precipitated by air oxidation, and was tiltered oEf. 11' .1,3-

Di-n-octylurea was obtained as crystals in the yield of 2.48 g .
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(10.0mmol) after the evaporation of ethanol. ' .Th6n the
was fractiohated, and n-octyiforirtiamide' ( u4-i2ooc24 inrtiHg,

24.8 mmol ) and unreacted n--octylamine ( 54-570C/10 mmHg,

                                                '13.0 mmol ) were obtained. . '' • • ' '' '' ' ' '''
                                                '                                         tt         '                                                        '            '                                   t tt tt                                         '                         '                    '                   '                                                     '       '              '                                       'Carbonylation of n--Butylamine by Tellurium in the Presence

                                                    '

filtrate
  '
 3.90 g,
      'l" 68 gr

of Nitrobenzen
                                      '                '     In a 50 ml stainless steel autoclave, tellurium ( Å} mmol,

128 mg ), n-butylamine ( 100 mmol, 10 ml ), and nitrobenzene
                       '( IO mmol, 123 mg ) were placed with a magnetic stirring bar. The

autoclave was then flushed with carbon, monoxide three times and
charged at 3o kg/cm2. ' The reaction was conducted' at 1400C
              '                       '                            'for 72 h with vigorous stirring. After the reaction, resulting
                                             '             'gas was analyzed by vpc, and 1.3 mmol of hydrogen was found to

be formed. Glpc analyses of the reaction mixture, after the
     '
xemoval of tellurium as mentioned above, showed the formation

of 15.9 mmol of l,3--di-n-butylurea and 2.0 mmol of n-butyl- .

formamide. Neither 1-n-butyl-3-phenylurea nor 1,3-diphenylurea
         'was detected. '  React,lons using other additives except oxygen •

were performed in the szmilar way. .. . ..• .• ... . .'

                  '                 '                    '                                   '                                                          '         tt tt tt                                              '             tt t ttTellurium-Catalyzed Carbonylation in the Presence of Oxygen

    .In a 50 rn1 stainless steel autoclave were p!aced tellurium
                                                               tt(1 mmol, 128 mg ), n--butylamine ( 100 mmo!f l9 rn1 ), and a

                                          'magnetic stirring bar under nitrogen. .. The apparaÅíus was
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                            t t tt tt:2•::g2:.ggXh.g:g:lg."I.`,:g/::iai g':'..]g.::iygi l,a:d,,g:gttio"aiiy

;h.g,:2a,lttg;.wg:.:;:ggcg;d,:;.ig2ing:r,,de i.lf.,f.1 ,pig.i. i,ogi.(.. .1.?1 . ',1

Competitive Rediuction of Nitrobenzene and p-Nitrotoluene in

This CarbonylatÅ}on Systern .. . .. . . . .. .
     In a 50 ml stainless steel autoclave were placed telluriurn

( l mrnol, 128 mg ), n-butylamine ( 100 mmol, 10 ml ). nitrgbenzgne

(5 mmol, 615.mg ), and p-nitrotoluene (5 mmol, 685 mg ).' The
                             '       '                                                             '          '                                   tt                          '                                                    'apparatus was Elushed with carbon monoxide thrcee times and charged
at 30 kg/cm2•. ' After the reaction for 72 h at 140eC, deposited

tellurÅ}ura was rernoved by [iltration. . Glpc analyses of the' ''
                                  '                                          tt;ltioti:l:i:2Veea.igdfothr:etdi'48 mmOi of amline and i•si rnmoi of

                                        '                                                '            '                                '   '                                  tt                                       tt t                           '                                                            '                                                       '                                  '          '                     '                '                               '                  '         '           tt                                         '   '                                                          '                                                        '         'Carbonylation of n-Butylamine by Selenium usÅ}ng a Glass Tube

     Xnto a glass tube in the autociave were placed tellurium
                                                 '                                                      '(1 mmol, 128 mg ), n-butylamine ( 100 mmol, 10 ml ), apd a.. .
                '                                         tt t                    tt:ggg;lag ::g.ri:?•.g:is.•, .:::,gp,p:taigs.g:.g.si."ihg%\:: ::g.bon.

reaction at 1400C for 10 h, the autoclave was allowed to ceol to

r0 9M VeMPer9tUFer ..The FesulYing gas yfas collected.i.n a gfs
                                                          tt tt;gl:lgr' g:g il]tl:,#:o:2.;,:l.h::io:::.g:g.sggel,x:d. 2y,g:c.l"ai-
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flask and the oxidation with air at room temperature for 1 h

precipitated selenium. • Products were obtained by the rernoval
         '                                     'of seleniur p followed by the evaporation of the solvent. . Glpc
                         '                    ttanalyses of the products showed the formation of l.O mmol of
                                                            '                       'l,3-di--n--butylurea and 1.5 mmol of n--butylformamide. '  ••
   '                               '                                   '               '                          ttt t t        t tttt t tt                 t t ttt                                     '                      'Generation of Hydrogen.Telluride '
                                 '                                                '     !n a 100 ml three necked glass vessel equipped with a iO ml
     'dropping funnel, a stopper, and a connection tube to a trapping
              '                                                      'vessel maintained at -1960C, was placed powdered aluminum
                                                              'telluride ( 29 g, 66 rmol ) under nitrogen atmosphere. All.the
                      'apparatus was covered with aluminum foil to eliminate the effect
                                      '                          tt                                       '  '                            '         '                                         '             'of light. .Then, 10 ml of water was dropped very slowly into
                                                          'the reaction vessel over a period of 1 h. '  The reaction was
                                                 '     '                   '        'exothermic and the reaction vessel should be cooled with ice.

Hydrogen telluride was trapped at •-l960C as a white soUd. When
                                                               'warmed to -780C, hydrogen telluride began to decompose. ./ As the
                       '        '                                         'temperature was slowly elevated, hydrogen telluride completely
                                 'decomposed below its melting point of -40C and gray tellurium

                     'remained. . ' .                                                   '                     tt                             '                            '
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                               'In n-butylamine ( 20 ml ), recation of telluriurn ( 2 rrumol,
                                         '                                                           'O.256 g ) with hydrazine ( 20 mmol, O.64 ml ) was carried out
                                             'at reflux temperature. The solution turned to pale purple,
but rrtost of tellurium remained at the bottom of the flask.1

As soon as n-butyl iodtde < 4 mmol, Q.462 ml ) was introduced

at OOC into the resulting mixture, the color turned to green..

n-Bu2Te ( O.l rnrnol ) and n-Bu2Te2 ( O.3 rnmol ) were obtained
            'by column chromatography (Kieselgel 60, 70-230 mesh, hexane).
      '                            'M. Schmit, W. Siebertt and K. W. Bagnall,'The Chemistry of
                    '          'Sulphur, Selenium, Tel!urium, and Poloniurrt,' Pergamon Press,

New, York, 1973, p. 954. . . . . • .
               tt     'K. Kondo, N. SonQda, and H. Sakurai, J. C. S. Chem. Commun.r

1973, 853.
                      '    '                                                    '
In the triethylammonium salt of hydrogen selenide ( Et3N•H2Se )
                                                  'catalyzed formyiation of aromatic amines under simi)lax

reaction conditio ps asopresent o"es, the intermediacy of
seienol forrnic acÅ}d, He/SeH, was considered; see ref. 19.

                                  'M. Schntdt, W. Siebert, and K. W. Bagnall,' The Cliemistry of

:gjiP\g;{,S2]?:)"l): T,2,ii.Urium• and Poioniumr' pergamon pr...,.

ST R. Sandler and W. Karo,' .Organic Functional 9roup
                                      ';fePlasg7t)OnSr' VOI. .II, Academlc Press, New rork, lg71,
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'Chapter 2 New Reduction with Hydrogen Telluride

2--I Introduction .                          '                                              '                                 '                        '     In the cour$e of the study on tellurium-catalyzed dehydro-
                                                                 '           '                                          'genative carbonylationl as shown in chapter 1, the recognition of

        '            '                       'the importanee of tellurium-hydrogen bond led one to investÅ}gate
        '         '                     '                              '                                                          'the chemical behavÅ}or of hydrogen telluride and its application
                   '              tt                                                     ttin organic reactions. '' • ' '                                                              '       '    '                                              '     Reduction of aromatic nitro compounds to corresponding amino
                                                           'compounds with a variety of reducing agents has been investigated;
catalytic hydrogenations,2 ciemmensen type reductiohs,3 Birch
                    'reduction, reductions with hydrogen sulfide and its sodium salt,-
                            'with selenophenoi,6'and transition metal hydride reductions.7' '

Qn the gther hand, typieal hydride' reagents such as LiAIH4,8

LiAl(oR)3Hr8 NaBH4,9 are u$ually known to be sluggish.

            '                                                 '                         '                                           'Reaction of hydrogen telluride with aromatic nitro compounds and
                      '
their related compounds were tried and hydrogen telluride was
                'found to have a high reducing ability.IO '
                     '     Application of this reduction for carbonyl compoundsll

                '                                                        'revealed that aromatic aldehydes were reduced to correspondig
    ' ttalcoho!s quantitatively with hydrogen telluride under mild reac--
                    '                                                '                                       'tion conditions. A new rnethod for reductive deuteration was
            '                   '               '        tt               '          'g:gegg:e,g.?.x.eg:,2g.de"teit::,g.eig;gi'gg,[go,l.gi;m.g:g:,ge.ig;ride

  '     tt             '               tt                        '       '             '                                                      '                                                         '                                    'carbon--carbon double bond of ct,B•-unsaturated carbonyls was ''

successfuZly achieved. .'  ''• • . ''  .'                                               '
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                            '                                              '     Reaction of nitrcobenzene with hydrogen telluride was carried

out at room temperature by introducing gaseous hydrogen telluride '
                      '                          'into the THF solution of nitrobenzene.' After the fiitration of
                                                 '                              '                           ttt                                   tt                                               '                                                        '                                                              'deposited tellutium, glpc analysis of the reaction mixture showed
                                                                 '           '                                    '                                  '                                                                'that nitrobenzene was completeiy consumed and aniline was formed.''
                                          '              ttIn order to facilitate the reaction prcocedure, hydrogen telluride
                                                         '                     '                                   '             '                                                   '                                       t tttwas generated in pity by Phe. regction of aluFiinum tglluride. and

watgr. . Some results obtained from the reaction of nitrobenzene

and its derivatÅ}ves are shown in Table 6.' •
     THF and benzene were .good as the so}vent-. Higher the

temperature, higher the yie lds. .But in all gases, nitr.obgnzene
tt

did.not remain. From glpc analysi$, nitrosobenzene and/or
     '               '  '                                          '                                         '                                'phenylhydroxylamine were found to be forrned especially in the
                                                                 '           t tt t ttt t                                   '                    'gggfig,io2.cggs;gi:g.gt.go:,ge:2. iigt.g:gsi• ,.'!c:.fgxnl:.:f.ih:.2godygrs .

nitrobenzene and that oE formed antline. .. Xn addition to these

Pfr6,,O

r.

 :ggr/S  a  SMall  aMOUnts of  azobenzene and azoxybenzene were  //,/////.
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Table 6,
CoMpounds

         a) Reduction
with Aluminurn

of Some Arornatic Nitro
 Telluride and Water

Run ArNO    2 Temp.
(oC)

Solvent      b)ArNH    2(z)

1

2

3

4

5

6

7

 8

 9

IO

ll

l2

l3

   C6HsN02

    C6HsN02

    C6HsN02

    C6HsN02

    CH NO         2     65
    C6HsN02

    C6HsN02

    C6HsN02

p-MeC6H4N02

m-MeC6H4N02

p-clC6H4N02

p-BrC6H4N02

p-MeoC6H4N02

 66

 66

 66

 66

 40

 2e

  o

-15

 66

 66

 66

 66

 66

   THF

 Benzene

n-Hexane

   DMF

   THF

   [[]HF

   THIit

   THF

   THF

   THF

   [VHF

   THF

   THF

90

88

63

63

73

63

48

45

92

94

60

47

60

a)

b)

ArN02 :
solvent
Yield o-.

l mmOlr
: IO ml,
: based

Aki:g3, :12hilumo1, H2

on reactant used.

O : 24 mmol '
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     Under the same
   'phenylhydroxylamine

Products are shown

 reaction condition, nitrosobenzener

, azobenzene, and azoxybenzene are examined.

in the following equations.

      PhN02 " PhNH2. •• 90 g.
                                   '     PhNHOH '------------'--I)" PhNH2• .96 9o
      PhNO ' ---------------.p-• PhNHNHph 63g
          '                                     '                                   '                 '    PhN=NPh N PhNHNHPh ' 97g
    '    PhN=gtPh N PhNHNHPh .86g
   'It is noteworthy that nitrosobenzene gave hydrazobenzene as a
           '                   '   ,ma]or product while phenylhydroxylarnine yields aniline
     '                                             '                                                           'quantitatively. This result might be taken to suggest that
                '      '                                          '           '  '                                           'nitrosobenzene Å}s not the intermediate in the reduction of

nitrbbenzene Vo aniline. But alternativeiy, the intermediacy of
               '    '                                     '           'nitrosobenzene in the reduction of nitrobenzene is accommodated
               '                                            'if transiently formed nitrosobenzene undergoes rapid further

                            tt treducti gn to giye phenylhydroxylaming before the condensation12

with phenylhydroxylar"ine.. .The reducefons of both azoxybenzene
                              '                                              '                                           '             tt                                                '                                                    '        'and azobenzene afford good yÅ}elds of hydrazobenzene, indicating
              'I.:al,geigh,::,:,g: ".;r.i:;gi.fi:::O.Y?IS iS the pr,obabie infermediate
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2-3  il,::;.e..i.Re.d.:C,.t;2.",.Oi.C,all20,".;i Compo""ds by the AÅ}d of

         '               '                   .;                                '                              '                      '                               '                        tt    '       ttt t2-3-1 Reduction oE Carbonyl Compounds

                                     '     The typical example is shown in the reduction of benzaldehyde
   '                  '                     '                       'with hydrogen tellurSde. The reduction proceeded at OeC under
                      '
nitrogen to produce benzyl alcohol according to the stoichiometry

shown in eq. Il.

            '
                                         OH                                      x! .'      N     HiC=O + H2Te rHF H.CNH + [Pe • (ll)
                 '                                        '                     '                                ttt t                            'The amount ( O.33 mmol ) of benzyl alcohol forrned was in good

agreeT"ent with that ( O.29 mmol ) of tellurium aeposited.

The reaction was not affected by roorg lÅ}ght.
                                                     '                                                          '     Since the use of thermaUy unstable, air and light sensitive,
                           'gaseous hydrogen telluride requires troublesome experimental .

procedures, principally similar and practically.more convenient

rnethod has been developed by the combined use of aluminum

telluride and water ( eq. 12 ).

                                                          tt                                                     '                                                      ' RR'C=O + Al2Te3 + H20 " RR'CHOH + Te + Al<OH)3 <• l2 )

  ' .• •-( D20). .( RRiCDoD ). . . , ••
                                                               '     tt tt tttt tt t ttt t tt t             '                           ttt         '                       '    '                            '                                                   '                                                     '       '                                                   ttt t tThe representative results are shown in Table 7. ... •1 .,•.•'
                                                                  '
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Table 7. Reduc-tion of Carbonyl COmpounds

Run Substrate
 ( 1 inLmol )

A12Te3
( rppu.ol )

Temp. Timte
( ec )( h )

Product Yield
              a)          ( 9o )

1

2

3

4

5

     '   O;c'Hb '

      '   C>-cp:6

   < rv:."O

n-C7Hls-CHO

     Go

2

2

1

2

6

o

o

o

o

66

2.5

2.5

2.5

2.5

5

n-C

         '@C.H20H.

     '        '       tt@CHDODC)
     '        tt        '  'QN!C.H20H

  ' '

7Hls-CH20H

  O<:-H

IOO

!oo

86

so

51

a) Isolated yield. b) D20 was used.

Benzaldehyde and its derivatives were reduced in excellent yields.
                          '                                                    'Octanal and cyclohexanone were also reduced and gave corresponding
        '                                      '                                           '                                                'alcohols, but their yields were not fair.
            tt     Zt should be important that water acts as the hydrogen source
           '                                                               'in the present reduction. Therefore the use of the deuterium

oxide instead of water enables t-he reductive deuteration of the
                                             tt                                                                '                                                           ' . .. .. . ..1 . .. .. .. .. ..carbonyl compounds. •'  '' •1

                                          tt                               '        '     rn the reduction o[ aromatic aldehydes, =eaction constant
                 '  '          '                   tt                          '                                'of Hammett equation was +i.6, suggestÅ}ng that the transition state

of this reaction have nucleophilic factor, that i$, hydride or '
                                                       '                        tt                           '                                                          '                                                             'electron transfer ( Table 8 ). ' . . .. ' . • •.. '• .
                                                         '                                                     '
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Table 8. Cornpetitive Reduction of Benzaldehyde

X-C6H4CHO
      X

X-C 6H 4CH 20H

 kx / kH

m-Cl

p-Cl

m-Me

p-Me

5. 5'

1.95

O.83

O.41

Aldehydes : l mmolt A12Te3 : 2 mmo!, H20 : 24'  mmol
THF : IO mlt temp.: OOC, time : l h.

Aromatic ketons such as acetophenone and benzophenone were

unreactive for this reducbion. Both cycioheptanone and

cycloctanone were sluggish, and the yÅ}elds of the correspondÅ}ng

alcohols were 4 k and 5 9., respectively.
        '
             '                                      '                                        '  '
                                '2-3-2 Selective ReductÅ}on of ct,B--Unsaturated Carbonyl Cornpounds

     This reduction system was applied for ct,B-unsaturated

carbonyl . compounds. . The reaction procee.ded wiYh high selective
manner to reduce carbon-carbon double bond ( eq. I3, Table g ).l3

                                  '                            'In the reductÅ}on Åíor prolonged perÅ}od using a large excess of the

re gle7tr.::r.i2e.li.ri[dlllilli:li:ll1UCedaiCOhOiWaSi:r,::1,i,li:".3''•.'•.Ik',
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Table 9. Selective Reduction of a, B-Unsaturated Carbonyls

Run Subs' trate
.( 1 mmol )

A12Te3
( mmol )

TemP•
( eC)

Time

(h)
Product Yield '      a}

 (2)

Ph- CH =CH-CHO

        o
ph- cH=cH- 6i --M.e

          '        ?l
Ph-CH=cH-c--ptfe

   '

       9i
Ph-CH=CH-C-Ph,

2

2

6

4

-IS ,

 e

 o

 o

O.3

1

5

6

Ph-CH2CH

Ph-CH2CH

Ph-CH2CH

Ph-CH2CH

      '
Ph-CH CH    2

2

2

2

2

2

--• CHO

   ' o
 E
-C-iMe

 ?/

-C-Me
 (i)H

-CHD4e

9,

-C-Ph

89(96)

75{go> b)

54

21

84
                                                         '                                                        '
       a) Isolated yield. Numbers in parenotHheses gre glpc yield.

       b).4-Phenyl-2-buianol( Ph-CH2CH2-6Htvle, 2'o') is also found by glpc•

                    '                         '                                               '                                              '                      '           tt tt                                                        '                                                           '                             t tt t               tt                    '      tt  '                                        '                                          '2-4 ApplicatÅ}on Åíor Other Compounds . •
                                           '
                             '                                             '

   . In addition to carbonyl compounds, imines and enandnes were

reduced in good yields as shown below. Epoxides did not give

the corresponding alcohois. Glpc analysis of the reaction

mixture showed the formations of corresponding olefins.

For example, styrene oxide and cyclohexene oxide gave styrene ... .

,:.llg i'.io()g:.lllY[li;iige.X.et".[Ii.< i6 e6 )t respectiveiy . sifnp}e.o.iefi..

..
 . . .. phcH.Nph .l!iEg!e.gLEI2[Pe3iH20  phcH2NH-ph /• ng • ' '..•. •

         '

...
 .. '  ... phcH.NEt Wi2Te3/H20  phcH2NHEt ' . 6og .. .'•

             '. . , QNc] IEI2!91LilzEl2Te3/H20 <>-tra ' Nlo6 ig ' •. '•

                                                  '          '                                                                    '                                          '                                                             '                                                                 ' t tt tt tt tt tt tt tt ttt t t tttt ttt
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2-5 Experimentai ,
                                                      ' '                                      '                                             'Reduction of Nitrobenzene .•. '  . ••/. ' ,                     tt tt                        tt t     Reduction oE aiuminum telluride ( 2 mmol,.674 mg ), stored'

under nitrogen in the dark, was added into the tetrahydrofuran
                                                           '.( TH?r l9 ml ) golution of nitrobeng.e.ne ( 1 mmol, 123 rng ) under .

nÅ}trogen at room ternperature. ' Then the temperature was elevated

to 660C. . Into the reaction rnixture was slowly introduced an '

excess amount of water ( 24 mmol, O.43 rn1 ) dropwise by a syringe

over a period of 40 minutes with vigorous stirring. '''  The reducti
                                                           '                                           '               '                                                                'on was conducbed at reflux for another 20 minutes. After a
                                                   '                     1'usual work--up, glpc, .H-NMR, and IB.analyses of the product

mÅ}xture showed the formation of anUine ( 90 9e ) with a trace of
          '                                                       'hydrazobenzene. Experiments in section 2-2 are carried out in
                           '                                                 'the same way. Xn a!l cases, no unreacted material was detected.

                 '                '     '                          '
Reduction of Benzaldehyde with Hydrogen Telluride
     Hydrogen telluride14 was generated in a separate flask by the

                                     tt                                                               'additÅ}on of a large excess of water (2 rn l ) to aluminum telluride

(5 mmolr ?.l9 g) at 259C. Thus formed hydrogen telluride was

introduced by a gentle flow of nitrogen into the reaction flask

eontaining benza!dehyde ( l mmoZ, I06 mg ) and tetrahydrofuran
               'F TTIFr.10 ml.,). at 9e9.•. .7]ellgrium beg.an to deposit immediately.

After 5 minutes, tellurium ( O.29 mmol ). was recovered by filPra-

tion, and the fUtrate was shown by glpc ( Shimadzu 3BF with flame

•- 39 -



ioniza 9ion detector using a 2..? m x 1.5. mm glass colurnn packeq

with 5 9. PE9-HT on 80-100 mesh Uniport HP, 1400C ) to gontain .

benzyl alcohol ( O 33 mmol ) and benzaldehyde ( O 67 mmol )i

Reduction of Carbonyl Compounds by Use .of Deuterium Oxide ..
                                               '.. .. Deuterium oxide ( 12 mmol,'  O.22ml ) was added at -780C to

i•i:•giil!?:lol:.ii:•ii#g!"eli:•;iiktii.i:•:iiil.il:mmi•k6iii..i•zwi;k:,T:r,

                                                          '           '                           '                       ttin 30 minutes and maintained for another 2 h.. FUtration of

the precipitates followed by evaporation of the solven " leaves '.

essentially pure PhCHDOD ( 110 mg, l.O mmol ) quantitatively.

The rgduction o.f gther carbonyl compounds were carried out under

the similar reaction conditions. . When necessary, isolation of

.t "e. gscoducts was madg by column chromafograghy. / , ./ •..'.

                                                         'Selective Reduction of ct,B-Unsaturated Carbonyl Compoun9s

 ....Water ( l2 mmol,. O.22 rn1 ) was added into the suspension of ,

benzalacetone ( PhCH=CHCODCe, l mmol, 149 mg ), aluminum.telluride

 (2 mmol, 876 mg ) and n-C17H36' ( internal standard ) in THF

;,ik:t.l.ax,I:sg:;..h.:h:.ge:xe,x:::,Ig,yasi i:.xgeg.x:.xg,lgfi g?

:?:z::lac,e,ge2e).iras monil;:r.2d,2I g.i,p.c.,i.iEIilgH,T.hk06".I]e:2.gO.'.iOO'

consumed, the reaction was quenched by the filtration of mixtures
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of precipitates which consisted of tellurium, aluminum hydroxide,

and exgess.alumingm.tel!uride. .... Quantitative apalysi.p b\ /.. .

glpc revealed that benzy!aceton g ( PhCH2CH.2COMe ).was #orrped
                                                     '                       '                                         '            '     'selectively in the yield of 90 9o....1'  In addition to the
main product, further reduced product, 4-phenyl-2-butanol ..'.

( PhCH2CH2CHOHMe ), was formed as a minor product ( 2 O-. ).. '  /

            ttt tt t t tUnreacted benzalacetone ( 2 9. ) was also detected. . AIipost..
                                 tt tt tidentical procedures were applied for the selective reduction

7fpiit:e.g:ggSilh\ee ( PhCH=CHCHo ) and benzaiacetophenone . .. ./......
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Chapter 3 Photoreactzon of Carbonyls with Hydrogen Selen-de

            '                                     '                                  '                                                        'ill-iPhlXOtrreoddUuCcttlOonn Of CarbOnYi COMPounds wxth Hydrogen seienide

       '                                                              '                                                           '                                    '                                          '                                                   '    t ttt tttt t tt t       tt                  '  '
''  . Arnong various photoreactionsl of carbonyl compounds,

photoreduction of aldehydes and ketones is very cornmoniy
                                                         '                                                           '
encountered and one of the best understood of all photoreactions.
in this reaction, corresponding pinacol derÅ}vative2 Å}s usualiy3 '

obtained as a single product.. .. .. '.' . . .. .
     The photoreaction of carbonyl compounds and hydrogen selenÅ}de

was investigated and it was [ound that hydrogen selenide had a
                                  'high reducÅ}ng abiUty toward photoexcited carcbonyl compounds to
                                                4give corresponding carbinols instead of pinacols. The scate

constant for the photoreduction of acetophenone in THF was esti-

                    -1-1 5 . •mated as 4.7xlo8Ms.. . .. ,.
                                      '
                                 '  '                                          '3-1-2 Photoreduction oE Ketones and Aldehydes

                                              tt t                                                                '            '                  tt     'The reductÅ}on was achieved by irradiation of the substrates
                                                    'in tetrahydrofuran ( [VHF ) by use of pyrex =eaction tube aY 15?C
                                     '                                         ttuhder. nitrog'eh atmosphere. , The Fesults o.f the photglecluctior}

of carbon\1 compounds are li.sted in Table 10. '.The redyction.of

 aryl substituted carbonyl compounds proceeded more rapidly than
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that oÅí alkyl substiFuteq.carb.onyl compounqs. /'. Th'6.follopg'ipg two

                              tt tttt2::e,s::".ig gr,e.g:.:o;g:2I,ig.reiail12n,,ro,;::.:2.ch:2:.s:,gi t,:e...•

hgs very weak absorption band in the region X>300 nm ( Xmax =.1
                           tt                                '                                            tt                                           '           'r213 pm ), and irradiation of hydrogen selenide in =he absence of

g:.rbt.O".gg..CtOIZ:"2::.gg X2e.:paM.:..reta.Cht:.O"g.?gparatus used for the //

Table IO. PhotoreductÅ}on of Carbonyls with H2Se

Run Substrate Mme Alcohol ( e6 )
a)

1

2

3

4

5

6

7

Ph

Ph
Ph

Me
Ph

 H

>xc=o

  '
N c=o-    '  '
 '
x c=o-

C.d-,.

      '
   \9xc=o
     /•   Me
  a.c-o

    H.oo.c!6
   Me

 2'

20

30

18

27

13

 '

 3

h

min

rnin

h

h

h

h

   b)78

98

92

93

81

80
 tt

ttt

 '

70

Substrate : O.25 mmol,
15eC, pyrex filtert
a) Based on'sub$trate
b) Benzpinacol ( 7 9. )

 42Se : O•45 mmol,
helg2,?ressure Hg

was formed. ' .' .'

 THF
lamp.

: 3 ml,
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Secondly, in the reaction of acetophenone, the addition of
      'diphenyl as a tripiet quencher resulted in retarding the rate of

the reduction.• It should be noted that 2-acetonaphthone, which
is known to give T--T*triplet on i?hotoexcitation,.3'7 is red}iced to

form raethyl--2-naphthylcarbinol in the yield of 70 O-.. ' ''. •

                 t tt t tt                     '                                                   '
     The success of the reduction may be attributed to high
 '   '
hydrogen donating ability of hydrogen selenide. Carbinol

formation should result from the rapid reaction of kethyl radical

with hydrogen selenide than its coupling. . . . . •.'•

                                        '             tt                       '                                                '                           '                      '                                              '                                       '                    ' tt t31i"'3 g; X!g,i:g."l:n..gf.t?e }ate Co?slgnt. for t?e.photofe.d.yctÅ}gn

    '     '
                      '                                                      '                                            '                                                                '
  .. The rate constant kr fox the reduction of acetophenone

 ( eq. 14 ) was estimated by a Stern-Volmer treatment.

                                                               '     ph8cH + H2se "ph6HcH3 + se (i4j
              '                              '                                             '                                        tt                                                '          tt                                 '              '                         tt                                                '                                                          '                                                         '                                         '                                           t ttttA relevanF reaction mechanism for the photoreduction of aceto-
         'phenone with hydrogen selenide is shown in Scheme 3t where K '
                                                          tt             tttt trepresents acetophenone, the superscripts 1 and.3 correspond to .

               tt tt::.;kg:S,Slgglel.:,;S.:rt:.i:[.gl7teS' r;:ze;t,:geigA.:::.Q,.g.;p:e.gents

            tt                                            'dreepaCretisgnattggnb;fKqH3:sillith hYdrOgen seiemde by some znteractLon xs

                                                        '                      '                                                                 '                                                tttt
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A

K +

IK

3K

hv -looe.. tr.. IK

=.,ll,-Etu.E-O02 3K

  k•   d

1!O

40

30

20

10

slope -- 92

intercept = 2.5

oLL-r--"---=:-p- [Q]

         O.l O.2 O.3 O.4 O.5
Figure 3. Stern-Volmer plot for
reductlon of acetophenone( O.1 M
hydrogen selenide ( O.21 M ) aV
employing biphenyl as a triplet
at 200C in THF.• '

 M
 the
 ) with
313 nm
quencher,Q J

3K
+ Q

  ksg quenching

3
 K

         kH.2Se

+ H2Segquenching

3
 K'

          k
+ H2Se "-LL--)..-

Scheme 3.

carbinol .ipe/Åë

  20

10

o

slope

[Q]

O.1 O.2 O.3 O.4 O.5 M
Figure
are the

4. Stern-Volmer plot.
 same as in Figure 1.

Condltions
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Thus the quantum yield, Ot for ct-phenethyl alcohol formation is

 L• •gxven as

o=
kr[H2Sel

kd + kg [Q] + ( kqH2Se + kr )[H2Se] (l5)

Stern-Volmer plots feil on strait lines as shown in Figs. 3 and 4.
The' quenching rate eonstant kq is ' estimated to be ' g.l x lo9 M-ls-l 8

  'and .kd is mudh snialler9 t4an.(.kqH2.Se + kr )[ H2'se ],'therefote'kd'

l.7,19•F;' 'l.;lti,:.i.se..iY'ltS21•hii•:wiioi. i:•x,lto.ns a."d.rata. fr7r Figs .: ::d,

                          tt                '                     '   •• kH2Se .rt 6.'7 x'io8-M-ls-i '. '. .• '( i7)
                                                   '
                                     '  '                                         '       '                             '          '                                                              '                       t tt                                                                 '          tt       '    '                                         '              '                                   '                         '  '        '                                               'These values lead to ep= O.41 from.eq. I5, which is in good .
                                    '                             ttagreement wh th the quantum yield ( O.40 ) estimated from the vaXue

of the inteFceptin Fig. 3,. • The rate constant thus obtalned is
                                  '':xgg.kgrgi :.t:lg.g::::l? • ::2. git:g.iol .t:e..p'zo.gg;'eg",cig:".2,f,sc,ftg:

 •' '., This result is one of the supporFing evidepce Eor the high.
                                                         '                      tt                           tt                                                     tt                                             '2Y.drtOhge"..d.Ok":ytdi".g.g.ab.t.i.ilg.2,C.hYbd.ggY;2 Seienide which might be due
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 ...31114....g:i:g.tyi\ecgmhpoot.o.rdeg"ction of or,B-unsatu..t.d ... .

 •'i/ . Photoreduction of ct,B--unsaturated carbonyl compounds with ..
                                          '

2gg.rg .gg".::,i2 .g.gsz gag: :lxgia$,:gib.o.:yi,.g?::ov?ds..i.i..lif .ilit?. .e.i. '

             ttt t        '          '  RRtc=stH-co--R" + H2se :-l!tYESiilS}!!I}II!.>H:OOnM RR'cHcH2ELco-R + RR'cHeH2--stHoH-R + se ( 18 )

                        '                 '     '                      '                   '                                                                      '                                              '                        '  tt t The selective reduction of 4--phenyi-3--Puten-2-one ( Ltt O•17 M )
                                                         ' in THF with hydrogen selenide ( O.2 M ) shows the typical exarnple.

 Irradiation of this mixture with high pressure mercury lamp .'

g,3g.O[.W.g.g,Or,g,g.:",g\r9XM;::,::,:dgge,.:l::sg.:ga:gÅ}gg,tgg:,a:2"nt

 the bottorn of the pyrex reaction tube. Results obtained from
               '. several  enones under  the  similar  conditions  are  shown in  Table  ll..

Tablell. Photoreduction of a,B--Unsaturated Carbonyls with Hydrogen Selenide. .

RR'C=CH-CO-R"

R R' R" .],.

        '

(Cone

   H2Se
.) (Conc .

)

Tir"e RRil.9HCH

     '    '

 --CO--R"2
Yield ''

RR'CHCH
'' 3

 -     '

 -CHOH-R,t2

Yield .'

la)

ph H H ..EL-t

ph H Me liLt
      '
ph H Ph l-.
       ' tt
Me Me Me 4Lt

o

o

o

o

.l7M
 '

.I7M

l7M

.07M

o.

o

o

o

2M

2M
tt

2M

5M

2h

?h

2h
  tt '    tt
10 min

2a

at

2c

2d

49

92

70

73

g

g

g

z

3a

3b

Å}.

3d

12

 2

24

'. 5

g

g

g

g

L.

Lt

L.

Lt

lo g

 6t
  b)

 og

a) Unreacted enones. b} Not determined.
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li #,.:.agg.g:.sg .:. I .gige.gi::.g,";o.::gfgtfd,isggc,:,sllg. g2r T"{.

benzilideneacetophenone lc in the presence of hydrogen selenide

'for 1.5 h gave almost quantiVative amounts .of ketone 2Et, which .

                          t tt tt ttt tthen underwent further reduction to Lt.. •The photoreduction of
 4-methyi'3Lpenten-2-one !LLt with' hydrogen selenide for IO nin was

found to afford 22 9. yield of acetone as a by-product.• This .
                                                            '                                                  '                         '                             tttresult may suggest that the formed saturated ketone gEt4, which has
              '      tty--hydrogen to the carbonyl group, would suffer Norrish type IX
       '                                     ttreaction. But at present it is still in question whether the
                                  t. ..:g,OSgc.tt:n..31.c:i2t",21.gt'.•ki l2:g;.g2,:::.eirec l...ifgyctio" ..1 f. g4d.

                     '      '                           ' '                            '                         tt                                                 '                                                             'II:-,Rel:I.i::.![,.".YdrOge" Seie"ide wi"h photogenerated R.d...,.

•.  ..Since the photolysis of dibenzyl ketone has been well knowp
              'Ifi.u:ge,ggg :,p:d,,::g.ris2.ig:i.,l :::clk3g.'.lg2,g2gt2,:eg'igl;",gf. ..

examine the chemical behavior of hydrogen .selenide in this '

                          tt t:.2.2gO.lggC;.i:2,:gSi2.:A5.T22,:r::gf,g.:";ly,;i:,#go\,;r..;?gg,.e,;gr:ge.".

ii:eZ'l,:g,2.[.li'.s'.Fg:2:g:;:z.c2e.::.geg,sgpping of photoinduced
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ilil%,lh;X:r,ia.[lgl:.:f.ii:i,:.Zil,iel::e..giih,7::o:e?::::?tgf. ,

by9rogen selenide (.O:. 2.1 M ) was carrieq out ;n .THF ,usip.g pyrex..

,li.:,l,2,,li•i•:",gtlili/iiill}ililllsX]ii,1/2,t,:,;ih,.7rOd.",1.IS.,•l/:".,,;,h:i:;,,:".tz,i/iti:hrw,:.,:;,,t.:.:

 '(loO.OoV4MIOptk •' . ...1 . . 11UrnOl ' 8vmol s4vinol lo7pr.nol .

              t tt tt t                                tt                            '                                         'The formation of dibenzylcarbinol suggests that the reduetion of
                                                           '                                           tt         'photoexited dibenzyl ketone14 in singlet and/or triplet states

   '                                                           '                                             '        ttwith hydrogen selenide competed with or-cleavage. Ther gfore .
 'the rate constant for the photoreduction of dÅ}benzyl kebone with

:\:r:g2",,s:i•2",ig?...pighl-::.:gli:l":d,.gt,.leilt.g:.ig2.ggd:g :l .''

                                   t tt forrned by tbe reduction of phenyl.ace8alde.h\de produced by..the

I,rgzpl";.:.f,l::.ilc.yi l7:lgil,g.i2g:Kg'A.'.g:n:g:tgg,gg,g2r:.igh

 toluene was formed'. '.These results suggest that benzyl radical

               tt tt ttt tt t ttwastrappedmuch faster than its coupling. ..Mhe photoreduction
i1rneili'/2./llgell9111ililiiiliillliliecit,t,i.1/:,S.go,,e.i;Wt2on:7,?li:,/r,/r,"ig.Y)Y:,:z..:,do"t""dertht,•s•'.s.
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3-2-3  Chem-cal Trappxng of  l,4--Bidadicals
 ... .

   . .Photorgagtiop oE but.\rophenone tLt, valerophenone ,fLtt and

IIM.gXohYilVStilXOg.heod"Oy"ei.ft/.Wit.hq?ySio??" seienide gave correspondzng

              tt                                    '                                 '            '                          '                    '   'ph.2iicti2cH2cptR'i ..'. ' '1 H299 ..''' '.'phcOiHHcHi6H2ckRRt ' '.'( 2i )

                    tt tt t t                                                       '                   '                           '           '   . .••.•, . ' .' R' Ri'yieldg                   ttt t      ttt                  '                                                   '                                            '         '   tt                                                      '                                                        '                                                    '                  '          t t tt tt tt       '•.'• • . •'.. .5a H'.H 82 '•                                      -•                                   tt tt                 '  /.• ••. ' .• 5bH Me 66 '                          '                    ' t ttt tt t t tt tt tt tt T t tt t t t                                              ttt                    '  •'•' '1'• '' .' ',1 . /ELt. Me Me 81 .• '.•
                  '                             tt    tt ttt tt                                         '     '         '           '                                             '       '            ttt                                                '                               ttt t           '                                                      ' tt        'We can postulate two plausible reaction paths, $uch as, by dÅ}rect
                       'phptorgduction of excited carbonyls and by chemical txapping of

1,4--biradic .als derived from intramolecular y-hydrogen abstxaction
                                                     '                   '                      tttt ttof photoexcited triplet carbonyls. .• In oacder to elucidate the
                                                        '                                               'g::Ct]i:,Pgg.ht.:h,:XOSY.igfi,gg Y,Irn:gh,Klxgle.g;p?eggn.e,:a?.carrzed

  P,

PhCCH2CH2CHMe2
     '    L.

D2Set hv> 300 nm OD
1•---------- PhCDCHMeOD

 CH22
Lt

CDMe    2 (22)
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The corresponding aicoholt. SLd. was obtained in the yÅ}eld of 53 9o,

and NMR analysis showed that deuterium incorporation at original

carbonyl carbon was 98 e-. and that at y-carbon to the original ' ''

carbonyl group was 83 06. T 4is result indieates that the reaction

t tt tt tt t t tttt t t                                 ttof lr4-biradicals with deuterium selenide was predominant in this
                                   '                       t ttt t tsys Fern• At high concentration of deuterium selenide as in this

reaction, Type II reaction was almost cornpletely suppressed. '

   •..A kinetÅ}c study was performed by rnonitoring the formatÅ}ons of

                 tt                         '       'corresponding carbinols.i, acetophenone and ct-phenetbyl alcohol in
                                                   '                        '             '                     tttFhe photoreducti6n of three keto.nes f! wÅ}.th hydrogen selenide in .

                       tt ttt t tMgFhanol. The latter two products are formed by Type II reaction

and further reduction of foxrned acetophenone, respectively.
                                 '                                       '                             'The ratios oE the amounts of corresponding carbinols :1 to those of
                     '       '              t tttacetophenone and ct-phenethyl alcohol were constant for each ke Yone
                                              '                          '                                                         'at any stages oE conversion, and correspond to ratios of quantum
   '              'yieldsr Åër/O]! r where Åër represent quantum yields for forrnatiops

                                  'of coscresponding a].cohols S and.O]I for Type II reaÅëtion ( Table
                                                 '                    tt t1.2 ). ... Tb.e values og fpr/Åër[ . are similar for.diff.erent .ketones.

And the tendency of the variation of the vaZues was sÅ}milar to
                              '                                      '   tttPat of.;ifetimes. of.",4-bir.adicalF, but wgs different to tPat .

                    t ttof lifetirnes oÅí the triplet ketones. . This acesult suggests that

:lg2•2:l .fgr :gi2:ftlig:PiXe,g.\igh,.:gyg iZ .xe::ti:". gi:.a.i'`- ?..i-. '' '

buFyrophenonet tlie reacVion o# tl}.e triplet ]<e.tone with hydrogen

      t . .. . .. ... ..                                   t t tttselenide : the direct reduction of the photoexited carbonyl : can
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not be FuleCl out because of its long lifetime. ./ •'Indedd, thg

                       t tt tt                                                              tt:g:•l:•ieli:bigi:.:.iiglfi::•g!i•xigi.-)•i•r:•l2.;l:gig.2oo.lepi.g7?eii.l?r.t.lr71

't6,,,ig.tg: e21::g;,g.f.2gd::Ze:.:g.i:".gd2.qg?:g":.y:2.ig,g:g.:gpe ii

               t tttThereEore the rate constant for trapping of the l,4--biradical from
valerophenone with hydrogen selenide is galculated as 1.3 Å~ 108

DETIs'-l.l6 ivhis value would correspond to the rate constant for

                         tt t t                      t tt                               'the reaction of alkyl radicals with hydrogen selenide and is much
largex than those wzth mercaptans17 or trialkylstannanes.18 1'

  ../. Successfui trapping of 1,4-biradical is attributed to high

hYdr.O.g,e ," .1,O,"rtin.g,.a.b.[.i.iiY,.O.f,,hi.d,rO.g,en,r,e-i.e.l.X.d.e,.'L,.'t,kri.s's.'i'i'''

        'K' L--lt2i:..,.V 1<* ---.--.-BR
kr

k
 [[

Alcohol

Type ll Product

Substrate
  TK

( n sec

     TBR

.) (n sec.)

          b)Åëk r •rfp ll ( M- ls-1 )

Butyrophenone 279
                        '       '                       'Vale' rophenone i.6 a)
                       '  t tt tt ty-Methylvalerophenone 4.7

   157 Å} 79
     '      '       a>'   102 .
a) g' 7 a ).

             '              85.47 2.44 X IO
2•27 Ls6 x lo 8

        tt2•5i l.si x lo8

 Substrate : O.05 M, H2Se : O.IO M, solv.: MeOH, hv>300 nm,200C.
.I,' IR:lsi,r,D3g2•:g•l•i•;'.Kl•I8,a:g l8 :I,:Clgl":l,"1.igik,Chell'i.' ''

   cfr P. J. Wagner., J. Am.Chem.Soc. e-Lt., 5898(1967)r.
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3-3 Experimental

             ' t tt      '  '    ttPhotoreduction of Acetophenone with Hydrogen Selenide
                                                               tt  . Well degassed THF solution ( 3 ml ) of acetophenone ( O.25

mmol, 30 mg ) in a pyre i. reaction tube was irradiated by high ..

pressure mercury lamp ( 300-W ) Å}n the pFesence. of hydFggen •/.•
   'selenide ( O.45 mmol ). • Metallic selenium started to deposÅ}t

              t tttimmediateiy. .After irradiaVÅ}on for 29 minuFes gol!owed by

oxidation of remaining hydrogen selenide by introducing air into
                                                                '                                                              '                              '                                           'the reaction Tnixtures, meta!lic selenium was Åíiltered off., The

glpc and iH-NMR analyses of the reaction products showed that

                                    '                                                      '                      tt tt tor--phenethyl alcohol was formed in the yield of 98 9o with 2 2 of
                                                        '                                                             '                                                                '    '                                                     '                       ttunreacted acetophenone. No dimerized product, ( PhMeCOH .>2, vyas.

fo y.nd.. Reduction ofi the other carbonyl compounds was carried

out sÅ}mUarly. • . .                                            '                       '                                       '                             '                                              '                                         '          t tt tt           '                      '           '                                    '                       ttt tEstimation of the Rate Constant . .•.•..
1. .The (;[uantum yield for the Eorrnation of ct-phenethyl alcohol

was determined at 3.13,nmr Absolute light intensity was .. .

determined .by detecting the gormation of. acetone .Erom 2-pentgnone.

;z:.l'gi:x gg".,r,g.e,g#:.go!.:::l.:izh. :xgsi:.i:.:?rfiyr;.lglp.g.sl:i..

g".2:.s,".R.il[.f i",?lgm:t?i, k.g:2t,g.i"i22.:\,g.s7igrl2".(,i'.g.:V gf .

biphenyl ( O, O.OIO, O.50, O.10, O.50 M) were mounted on a ..'''
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i.2t.:g:,::,gxr?g:blz'.:,:::g.8,c:.!g9:l:2,igl:.'..,h6?X,k"?,t::.•'••,

                       tt t ttreaction solutions were maintained at 200C by cooling with wate' r.

Cl [fir.l Ce.i2agi,iggl. ,l:m:g21:i .:y:i:g:",,:2122ig2,yas oxidxzef.. •, ., .

                                                                 '                        ttct-Phenethyl alcohol was analyzed by glpc using a 4 rn x 3 mm giass

column.packed with 5 06 PEG-Hre on 8e-IOO.mgsh Uniport HP at l800C..
                  'of the oven temperature. . coversions of a6etophenone were o.og4

                                                       'tO l.88 e-.. .• • .. '. .. ....... . .
                                             ttt               tt                                                          '                                                              '                                          '                                           '                                    '                 t tt     'ttt  tttt t  tl tt ttt tt                    '               ttt tt t                                                       ttt                                     t tt       tt                                  '                           '      '                                                        '                                               '                                                     'Selective Reduction of Benzalacetone '  '1 . ..•. . ' .. .. '.

' '  THF solution (3 ml ) of benzalacetone ( O.l7 M) and

                   t tthydrogen. selenide (O..20 M) was irradiated in pyrex reac 9on. .
          tttt ttube ( IO mm in diarneter )... The formation of benzylacetone and

th g consumption of benzalacetone were monitored by glpc ( OV-17,'
  '5 9e, 2mt 1400C ). In 2 h, benzalacetone was almo$t converted to
                                                                 '        '                                   '                                         '                        ttbenzylacetone and a small amount of 4-phenyl-2.-butanol was .#ormed.

After the reaction, remaining hydrogen selenide was oxidi2ed by

                                                                '                         tt                                                          '                                              '             'air oxidation and depo$ited selenium was fUtered off. . Products

1':al'ill•:Sili;:.il.:IP:,[:t:.:lih.il.Yi:il:ili.aS t7e intercnai '"// ////, ///J

     rn .a pyrex react.ion tuber y--metPylvaleFgphenone .( O.39 M )

                                               '                                  tt tt                                                'and deuterium selenide ( D2Se, O.50 M ) in MeOD were irradiated
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i02.I,ii•g:oiii?ti2i.Il•:;rgii2,i,lig:D;•Z,li•"ll:ig•:•lei.li.25igtS;Jigi:•i•:•i/

  't ttt t  tti:r:m?logrgp?K..gsKe.:r.l;ilgagiy,:gr;.ggg2:ol,gt/.Åíg:iag2g,z;i:'

                                                            '                                                          '                                                   'incorporation at original carbonyl carbon is.98 9o and that at. .
                   '             '                                ' tt                                            'y-carbon to original carbonyl group was 83 Ot... In this reaction

little  of  acetophenone or  y-phenethylalcohol was formedr ... . //

                                                 '                                  tt                                                          '       '                       '                                           ttKinetic Experiment for the Chemical Trapping of 1,4-BiradicaZs

    .MethanoZ solutiop ( 3.ml ) of butyrophenone ( O.050 M ) and
                                                     'hydrogen selenide ( H2Se, O.10 M ) was iyradiated in. a pyrex
                                           '                                            'reaction tube wÅ}th the htgh pressure mercurcy lamp. The gormation
                                                  'of 1-phenyZbutanol, acetophenone, and ct-phenethyl alcohol were

;g::zd,,2x glp:-B,!gG,I::t.:.i",g :A..lgog: is6,.;h,2.g:gi'z.gf.f?g '

                                                           'a--phenethyl alcohol, which was formed by the photoreduction of
        '                                                               '                  tt                       tt                                       'acetophenone with H2Se, showed the constant value at any stages .'

i]iyt:ZÅ}ii:"\:igl.Op"A.....Re..agty-O-i]gt:;iS.:.ar.ggiig..O.".t.z" the ident-cai
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314 Rg f.grerces. gf}g No tes . . .. .. . .. .... .. . . . ., ..

./i,. .,g..iil;,,igi,r:.'l,:;g:I.:,Y:;;gylar P?otochg-,stry',. Be.e],amtnef. . .

2 il,gl?r.iCil?:?d.lt,Ziie:r.1 .B?ri.1 itiki.:lgil9R?',7"g.fl8.l.539

                        ttt tt t    J. M. Patterson, G. Recktenwald,. and R. B. Martin, J. Arn.
             '                                                          '    Chem. Soc., S!tL, I068(195.9); W. M. Moore., G. S. Hammond, and

    R. P. Foss, ibid., S-L3i 2789(l961);. G. S. Harnmond,• W. P. .
                                                  '    :a.gkgf'.g;:.:; \".21Z?rk.ig:3'g'.gtl; g,S]?55:igZ6,,,5.' B:fk21.t.'

    Yang and S. Murov, J. AiR. Chem. Soc., l}Lt, 2852(l966). ',' '•

                  tt                                                         '                                                    '           '               tt tt 3 Zn a few cases carbinols have been obtained ; W. E. Backmann,

    J. Am. Chera. Soc.r llLL5, 391(l933);. S. G. Cohen and W. V.

    tt                                                       '                                             '    Shermanr lbid•r e-Ltt. i642(1963); G. S. Harnmond and P. A.

    Leermakers, ibid.,.&4, 207(i962). .. '
                                      '           '                   tt                                                          ' 4. N. Kgmber K. Kondo, S. Murair and N. Sonoda, Angew..chem.,

    2.L2, xxx(1980); Angew. Chem. Int. Ed. Engl., !Lt, xxx(1980).
  '                                                   '              ' 5 N. Kambe, K. Kondo, and N. Sonoda, Chem. Lett.,.}980, 1629:

 6 photolysis of hydrogen selenide in THF by high pressuuce 1/.

    :i::•g:y.ial: :gi:g,gg:i:: ::g:.tt:: ::ge.g2g:i s.t?e.gego..m.go-.

    Z:b,:l 2,i,F3.C5,J:TegA.:1,Sg,llglrilil,Y,s,gl.Gr"ii"1.t ai.9, ?1. Il '

 7 S. G. Cohen,.G. A. Davis,• and W. D. K. Ciark. J. Arn. Chem,
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     SOC•, 2.ltH, 867(l972). ... . .. ... .. .., ,.. i ,.
8i•l27i,"rEi•i•2.aliw,.I,li:•7.,l,i/lii-I'i••:1'i,il•IieX'l•i'i•i•fl:•!'tiii'iill:zSi•ltli.s:1'i,,

                                                        tt     quenching is assumed to .be solely dependent on the viscosity
     of the solvent, kg in TKF is calcuiated as g.l x lo9 M-ls-1...

 9 Reported lifetimes of the trip!et excited state oE aceto-h '.
                                                              '     phenone in benzene and in 2Tprcopanol. were .3.5 and O.41 vsec,

     liZ.S:2C,tBg:2.l :8.k.::O\61,ia:lb:?k of phgtochemistryi'

                               tt10 ihyLYtgA.ill.,lltla6,Dgll:llgll2)ireheret, and L Lindqvist, J.

Il The bond energy of hydrogen-seleniura bond was described as

     73 kcal/rno! ; S. R. Gunn, J. Phys. Chern., S!8L, 949(l964);•
                  '          '                                           '     M. Schmidt, W. Siebert, and K. W. BagnaU,' The Chemistry of

     Sulphur, Selenium, Tellurium, and Polonium,' Pergamon Pressr

     :?W,X::',g!li'.:.,lg%.:..\',Y,e\;;;li,g::.J• c• scaigno•. •

                                                             '                       tt t12 It is noteworthy that under the present reaction conditions
                                                     tt ttt     hydrogen selenide did not give the Michael addition products

     :tligrUi:[l(:l]2:?i' J GOSSe!ck and E, woiters, z Naturforsch,/.

i3  :8rKglllZei;.c:Lig:?dOt and N• Sonodat Angew. chem..,.submitted .' /
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15

16

17

18

'ii:i/'l::,i!:•i•I,ll/?k'm.i.Z.I2il.i:.il•i:/1iX:,ilal/gE,:{,ig?,i.;gg:isg:;"ei"

i':II'fiil'i'l'i'!i?:;ii•g\lii:Sl/illl3I,f,21•{;i•l,l•;•llE,l•:g:s?ri•i:M,.:OC.

H. G. KuivUa, Accounts. Chem. Res. !, 299 (1968); D. J. .

Carlson, K. U. Ingold, J. Am. Chem. Soc..Xt, 1055(1968). '
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i]iPi:I.i,.ill:':'eReac:lo:YdrOg " Seien de and N.. ..,.. ..f

     t tt ttt tt t tt ttt tt tt t , /.One of the.striking applica.tions gf carPon monoxide in both

                  t ttttorganic'' and Å}norganic chemistry is its use as an reducing agent.
 '                       '                                             ttThere has been Å}ncreasing interest in developing catalysts active

at low ternperature for the water gas shift reaction, and in '•' 1.

    tt                    '                 '                  tt       t ttestablishing a convenient homogeneous hydrogenation system using
          '     '                                               'cgrbon monoxide and wa.ter.1 , buring the cour.se of s'fudies on 'the

                 'se lenium-catalyzeq carbonylation of various compounds with carbon
                            '     ttmonoxide,2 metauic seleniurn wds found to be redticed' to hydrogen

selenide by carbon monoxide and water in the presence of base '
                                        '           '                                                             '                                                                'under mUd conditions. .. Furthermore the co-presence of platinum
                         '     'black in this reaction enab!ed the establishment of the effective
                                                             '                       '                  '                         ':y.:r:g:.".f:g:alk2?,s\$2m,.gxo.m carb?.niro."gx-le 1"1 1.1.fg.r' thii ii. .

              ttt ttt tt.` .li..i:•:.el."!h.I:IS.if.iY,I.ile.IS:.ii,"i.de.i.r:.M,g.aib:.",M::,Oiilrrll.

procee.ded at 250C . und grc a.tmospheric.prgspure of carP.o.n monoxipter .

but was accelerated at high t6mperature ' hnd' high pressure ' ( eq. 23
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. .,' f../•.'•'c6 '1. •''HSo L2.}ASf2-Ll,j.-ase il,s6' +'lcf),11 (23)

i'ili.ioil.ig"l",f.iOi"i"il.i.iil•ile;.i,rE•!i.i,1.i'ii•llzi.f.ll'iL'll'I/iikg.i•ii/ie.I,:l;'i•l/k.IL.ii'i.i.i:arg.'.'..i

( e' g.T2Z4SJ:aCtZOn WaS COnS-dered to proceed vza carbonyl selemde

Se +  CO .Se=CurO .[HSeCOOff]-------i-,  H2Se +  CO?. / /( 2i.)..

        tt tt tt tt t t/ t t4-3 New Water Gas Shift Reaction Catalyzed by Selenium and P!atinum

   ' The success of new hydrogen selenide synthesis6 from carbon .

monoxide and water led one to investigate the catalytic decompo-

sition of hydrogen selenide Åíor the purpose of the development of
new wateac gas shift reaction system.7 Among the various cata!ysts,

ii,.t.:.i;.i.lZii.=tli,Il:lliiiililllkliloiiil:i.:l.2o:lll:,::d.it.].k:qs,gi,i.zl'LL''Lit211n'i1,1

- 62 --



The representative results are

 Table l3. Water Gas Shift

shown in Table l3.

  '  t tt tt t t tt tt      '  tt Reactiona') datalyzed by Se/p't

Run Se Pt H2 C02

!

2

3

4

s

6

7

l

1

1

l

O.l

O.l

o

o

o.

o.

i

o.

1

l

Ol

1

ll-

 O.1
  ' ttt
'1.6

 5.7

21.1

 21  .

12.1

 O.9

 1.

 2.

 5.

20.

 2.

12.

 o.

o

3

9

8

o

o

9

a) co : 3o kd/cm2r H20 '

   Data are shown in mmol
!o

-•

Mlr 2000Cr 20 h.

Thzs :e.acti2 coul:.b:l,Irllillilllll:-ill-.Xlr.e-iS,ldbY Iie fOi;Wi"g iilltiO" ////f,,,

                '                             'i•gS.i:'i!':•ni:.:t\:c,ia;igAet\•:guCin:)'I•i:i::gl:'gl:i:'::gi.;:i'i;'l.liii':.l":,

:•li:ilG:l#i•i,,i::.igi.Sigigiigiiai.3ewg:g;fhio::gr2g.s2:g:g:2 og, /
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4--4

tt '
    '  '

New

 Experimental
 ttt ttt         '       ..1             tt  ttt
   tt     'Synthesis of Hydrogen Selenide

     Metallic. selenium ( O.40 g, 5 rnmol ), water .( 10 g ), anq.

                                         tt                                                    'N-methylpyrrolidine ( 1.04 ml, 10 mmo.1 .) are placed with a... '  .

magnetÅ}c stirring bar in a 50 ml stainless steel autoclave, and

Phe appargtus was flushed several tirnes with earbop rnonoxide .and.
finally charged at 5 kg/cm2.. . . The reactÅ}on was carried out at 60ec

                                                    '      '    ttfor 7 h wlth vigorous stirring. ''  On completion of the reaction
                                      '                         '             '                       '                                       tt::2 ieigl:l:: gis.g:: g.sll:s.res.;".l :gs,s:m,el:E,a:g,r2ag.ied. by.

Carbon dioxide was foun q to be formed in the yieid of 4.5 mmol.
              '       'Causious addition of well degassed aqueous sulfuric acid ( 10 Nt
                      tt        tt                                 'IO mlt ca. 50 mmol ) to t4e solidi#ied reaction mixture at --78"C
                 'g:;gg::s ?.x,gi:t#:stk::..ig::.gh:,a:l;gi2V:.eg -,j3;.;g:eg.l.O.II•:,."g

                                                      '             'containing carbon dioxide. Trap-to-tr gp disti11ation at -41 to

-390C under atmospheric pressure afforded pure hydrogen selenide

( bp = -41.3 OC ).. . ,The yield ( 82 9o ) was by gravirnetry after
the oxidat' ioh of hydrogeh ' seienide with oxygen ' at roorn ' {emperature

in the presence of triethylamine ( 2.02 g, 20 mmoX ) in THF ' •

       t t t tt tt        tt ttl.!g.:g.],l:.g]ie.j:l:",l.UM,l,g.i.ig!i;,:.i.i,i,l,:2:water .

     Hydrogen selenÅ}de ( O.162 g, 2 mmol ), platinum black ( O.195
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g, 1 mmol >, and water ( 10 ml ) were placed in the 50 rn1 . , .

autoclave at room ternperature under nitrogen... The re4ction was
       t tt tt tt t t t tt tt t ttt t                                      tt tcarried out gnder .30 3g/crn2 og nitrogen at 2ooOc for 20 h.r' .. v?c.

g?akgig.s.:g.t:e,,:a.:.:hg:z.geg:ai:g.g:g.t :l:g:i.,gu:2t.iiglkg2 amount

( Molecular Sieves 5 A, mesh 30/60, 3 3 rn, N2 1 kg/cm2, 1500c ).

Water Gas Shift Reaction Catalyzed by Selenium ... '  ' / . '
 .' Metallic selenium ( O.079 g, 1 mmol ), platinurn black ( O.195

gr 1 mmol )r and water ( 10 ml ) were placed with a magnetic /''
                                                               'stirring bar in a glass tube mounted in t.he sFainless steel ,1
 '                        'autoclave, and the apparatus i.s then flashed severa! times .with .
                                 'carbon monoxide and einally charged at 30 kg/cm2 at 250C. ' 4fter
                                                             '                                 '           'the rceaction at 2eOOC for 20 h, the resulting gas was collected.

Å}n a gas sampler. Analysis of t .he resulting gas by vpc revealed
                               '         'that it consi$ted of carbon monoxide ( 27.7 rnmol ), carbon dioxide

.(  20. .9.mrftgi.)t. and moiecuiauc hydrogen ( 2i l mmol)r '. . /' ... .'

Water Gas Shift Reaction Using Hydrogen Selenide ' . . ..
    . In.the.sarne appancatufi hydrggen selepÅ}de ( O•16? .g, 2 mmgl...)

and platinum black ( O.l95 g, l mmol >, and water < IO ml ) were

:•:i:lel•tlE.:o:igiili,iill/l•iilS:ll•l;..,i53i8Z.2i,It2iS::•i•S:Eiag{;,2:out

i2?6ai IOAg2;Srglp2Z::.:geiny.and carbon monoxide were 32.4 mmoi and ..
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