
1842 Russian Chemical Bulletin, htternational Edition. Vet. 49, No. I1. November. 2000 

Organic Chemistry 

Oxidation of aliphatic alcohols with the lead tetraacetate--metal halide 
system under mechanical activation 
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The illcch;Inotzhcnlical oxidation of tt-pcntanol, n-hcx;mol, alld H-ochuiol ;~ith lhc 
Pb(OAc).:--M Hal :,,,stem (M = I,i. K: Hal = CI, Bf) in lilt absence ol'a sol,.cn| affords cslcrn. 
and secondary alcohols 'aith the composition CaN!7OII and CgI-IIgOH L-tire kcloncs. 
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Lead tctraacetalc is one o f  lhe most widely used 
oxidants  in organic chemistry.  Substances of many classes 
c m e r  into processes involving PbIOAc) 4. The reactions 
of  a l iphat ic  alcohols with Pb(OAc)  4 in solutions I ha~,e 
been studied in detail. Unbranched  primary alcohols  
with the composi t ion >_C 5 in non-polar  solvents {ben- 
zene,  heptane,  and cyc lohexane)  are oxidized to form 
mainly 2-alk,vt tetrahydroAtrans;  their cycl iza t ion  to 
2-a lkyhetrahydropyrans  occurs  in parallel with a very, 
insignificant  contribution.  Secondary  n-alkanols with the 
same composi t ion  are mainly  transformed into cyclic 
ethers  under  the same condi t ions.  The oxidation o f  
pr imary  and secondary n-a lkanots  in pyridine or in a 
neutral  solvent containing pyr idme affords carbonyl c o m -  
pounds,  vi~.. aldehydes and kctoncs. 

The  oxidat ion o f  pr imary  and secondary h igher  
alkanols  with the systems Pb(OAcl4- -Group  I or  11 

metal chlorides in benzene at SO ~ occurs in a differ-  
enl way. 2 Stlch systems oxid ize  a lcohols  to fo rm 
6-chtoroalkanols ,  and minor  products  are t '-chtoro-- 
alkanols and 2-alkyhetrahydrofurans. In the ca~e of 
secondaw alkanols bearing branching at the CI~ atom, 
the oxidation occurs with Cc,--C fi bond cleavage. It 
follows from these data that,  in the absence of  pyridine.  
in the first step of  oxidation involving Pb(OAc)4 or  the 
Pb(OAc)a - -me ta l  chloride s}stcm, alcohols genera te  
alkoxyl radicals, which are rearranged in a solution with 
1.5- and 1,6-hydrogen shift. The formation o f  alkoxyl 
radicals is confirmed by their  t rapping with the spin trap, 
C-phenyI-N-tert-butyhfitronc, and the spin-adducts  were 
identified z by ESR. The ca rbon-cen te red  radicals that 
appeared due to rem-rangcment and whose format ion  
was also confirmcd z by ESR.  are oxidized with the 
transfcr of  an electron or the ligand to lbrm cyclic ethers  
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and c h t o r o a l k a n o l s ,  rcspcc t ivc ly .  The  a l k o x y l  rad ica ls  
gene ra t ed  rrc, m ~ - b r a n c h c d  s e c o n d a r y  a l c o h o l s  u l ldc rgo  
~3-1ragnlcntation to be t r a n s l b r m e d  into  atkyl radicals  
and a ldehydes :  t he  la t ter  were ]dent] l ied in t he  r eac t i on  
products ,  z 

In the  p r e s e n t  work .  in a c o n t i n u a t i o n  o f  s tud ie s  o f  
the r eac t ions  o f  lead t e t raacc ta tc  wi th  o r g a n i c  c o m -  
pounds  u n d e r  m e c h a n i c a l  ac t iva t ion  w i t h o u t  a so lven t .  3 
'ac ox id ized  prima~T ( l a - - c )  and  s e c o n d a r y  ( 2 a - - c )  
alkanols  wi th  t h e  P b i O A c ) 4 - - M H a l  sy s t em (M = ki, K: 
t lal = e l .  Br). F x p c r i m c n t s  ~e] 'c car r ied  ou t  at 20 =C on  
vibrat ional  mi l l s  m c losed  stcct r eac to rs  f i l led wi th  steel  
balls. 

We o b t a i n e d  an  u n e x p e c t e d  result: u n d e r  t h e s e  c o n -  
di t ions,  a lkano l s  I are  t r a n s l b r m c d  into es te rs  3 (Table  I :  
the results o f  p r e v i o u s  s tudies  2 (ent r ies  4. O, a n d  /2) arc 
p rcscn lcd  lo t  c o m p a r i s o n ) .  

~ .  ( C H 2 ) n / - -A" - , . / /0  H Pb(OAc).,"TMHaI=_ 

l a - - c  

- " " - . , , / O  "-. ( C H ,  ) .. ~ , ~  ' ~ ( C H ~ ) , ,  , n+2 

O 

3 a - - c  

n = 1 {a), 2 / b )  4 ( c )  

S c c o n d a r ?  a lka no l s  2 give onl',, k c t o n c s  4, and  the 
b ranch ing  at the  C b q t o m  in 2 - m c t h y t o c t a n - 3 - o l  12b) 
has no effect  o]1 the  ox ida t ion  that  occur~  wi thou l  

C , - -CI~  b o n d  c leavage  (Table 2: the resu l t s  o f  prc, , ious 
studic~, a ( e n t r i e s  3. ?, S, and 12) arc  p r e sen t ed  for 
c o m p a r i s o n ) .  

OH 

R j R2 

2 a - - c  

a 

R I Me 

R 2 r?-C6Hi3 

O Pb(OAc)d.--MI4al 

FI ~ R 2 

4 a - - c  

b c 
Pr' iso-C,'5 H ~ T 

n-CsHI ~ Pr n 

Unl i ke  t r a n s f o r m a t i o n s  o f  p r i r n a r y  a n d  s e c o n d -  
are a l iphal ic  a l c o h o l s  induced  by PhJ, O A c )  4 and in t t lc 
P b ( O A c ) 4 - - M H : f l  sys t em in the  p r e s e n c e  o f  a sol-  
' ,cat ,  t rader  m e c h a n i c a l  ac t iva t ion ,  cyc l i c  e thers  a~;d 
& h a l o a l k a n o l s  are  virtually not fo rmed .  Th is  is the more  
so u n e ' , p c c t c d  that  the  oxida t ion  o f  t e r t i a ry  cycloalkanol: ,  
with ~tlc P b i O A c ) a - - M H a l  sv,;tcm bo th  in a so lu t ion  and 
unde r  m e c h a n i c a l  ac t ivat ion m the  a b s e n c e  o f  a s o h c n (  
resuhs in ring o p e n i n g  and fo rmat ion  o f  m-ha loa lkanoncs3 ;  
there fore ,  t he  ox ida t ion  follows tllc h o m o l y t i c  m e c h a -  
n ism inc lud ing  the  s tep  oI" alkoxyt radical  gene ra t ion .  

Based o n  the  previous  .tllld n e w e r  da t a ,  ;vc illay 
COnCltldc that  m e c h a n i c a l  ac t iva t ion  b r ings  abotN chan,..4cs 
i l l  the m c c t t a n i s m  o f  the ,nxJdal io l l  o r  p r i m a r y  am.I 
secondao '  a l c o h o l s  w i t h  the P b i O A c I a - - M H a l  ,,vstcm, 
In a so lu t ion  ( l lon-poi; . i r  :~olvclll. M H a t  = LiCI). the  
o n e - e l e c t r o n  p r o c e s s  with the g e n e r a t i o n  o f  alkox.,,l radi- 
cais occu r s  in t h e  first slep.  U n d e r  m c c h a l l i c a l  acl i , ,a t ion 
ill lhc a b s e n c e  o f  a solvent ,  the r e ac t i on  fo l lows  the tyro- 
e l ec t ron  h e t c r o l y t i c  m e c h a n i s m  to aI'J'ord a ldch , ,des  and 
kc toncs .  

Table •. Oxidalion of  primary alk:mol:, i a - -c  with the Pb, ,OAcla-MHal  s~s]cm under  nlcchanical activation 

Alkamq Entry Molar  ratio M H a l  Con', ors]on I-'rod ucl ~r icld 
I " Pb(OAc) 4 Ml-t'd of  I I%1 or ploduc]'* i%1 

la  

Ih 

Ic 

I 
2 ~, 

g~ 

.,'5' 
7 
.3' 

f0 
11 

13 
14 
15 
I0 
17 
IS 

: 1 2  : 5 Li ( ' I  55 3a  .,',X,"69 
1.2 : 5 [.iCI 6i) 3a 40/67 

: 2 : 5 LiCI 6(, 3a 42/64 
: 2 : 5 t.iCI 67 4 -Ch to ropcn tan - l -o l  65/97 

: 1.2 : 5 LiBr 65 3a 41/63 
: I 2 : 5 LiB] 84 3a 64/76 
: 1.2 : 5 KBr 86 3a 67/78 

: 2 : 5 KBr 83 3a 7t/,'-;6 
: 2 : 5 K B r  I0 3a  3,/3 

: 1 . 2 : 0  -- 5 3a 3/60 

: 2 : 5 t_iCl 72 3b 49/6,'-; 
: 2 : 5 I_iCI 70 5-Chlorohcxan- l -o l  67 /% 
: 2 : 5 KBr ,',;7 3h 72/83 

: 1 . 2 : 0  --- 4 3h 2/50 
: 2 : 5 LICI 72 3c 4~/6;' 

: 1.2 : 5 KBr i~0 3c 50,'83 
: 2 : 5 KBr ,";5 3c 64/75 

: 1.2 : 0 - -  5 3c 4/80 

" l ' hc  yield was calculated with respect to the starnng/convcrlcd alkanol. 
'~ ]hc  ficqucncy of  vibr:Jlions wa~, 19 Hz. 
c I.iquid-phasr reaction in bcllzcnc ;It ,~0 ':C without mechanical acfi\'ation. 2 
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O H  O "  
#- pbiv - e . - H -  ~ ,- pbli I 

R 1 R 2 solvent 
R I R ? 

OH --2e, --2H ~ O 
-i- Pb iv ~" = Pb !! 

FI i R 2 mechanical 
activation R 1 R2 

R ~ = Atkyl. R 2 =' H, Alkyl 

Kctoncs arc the final products and are  not in,,olvcd 
m subseqticrtt t ranstbrmations,  whereas  aldehyde<~ arc 
rapidly oxidized under the reaction condi t ions  lo fl)rm 
esters 3. This process ',~as .,,imukned in a g]ass reactor 
without using a vibrational mill. n -Pen tano l ,  n-pentanal,  
Pb(OAc)4. and KBr were mixed in a molar ratio of  
I : I : 3 : 6. and after I(I rain the conversion of  the 
aldehyde and the alcohol was 88%. and the yield of  
pentyl pcntanoate  was 86q,s At longer  reaction time. the 
co l lvers . io i l  o f  the a l c o h o l  :rod the a l d e h y d e  ;.llld the y ie ld  

of the osier increased ip. equal proport ions,  i.e., the 
alcohol w.tls virtually not  oxidized in the presence ~I" the 
aldehyde :.llld only participated as tile csterificalion ;,igCllt. 
Probably, the aldehyde and lead tetraar form an 
oxattyi complex .  4 whose decompos i t ion  at'fords the e:,tcr. 

Mctai halide ix a necessaD: rcaclallt  in the oxidatioo, 
of :flkanols I to esters 3 and in the oxidati,.m of alkanols 
2 to kc io rcs  4. In the absence of  metal  halide, other  
conditic, n.-, being the same, lhe convers ion of  alkanols I 
:rod 2 and the yield of  producis 3 and 4 decrease 
t0--30-t\~ld, being only 7- -5% (see Table  I ,  carrie.,, t0 .  

Table 2. Oxida t ion  or  ,;ccondar) alkanols  2 a - - e  with lhc 
Pb(OkcJa- -Mt - la l  :,yslclll tlndc:r iTlechanical act ival iol l  at the 
n-iolar ia l io  atkallOl : Pb(OAc)a : M H a l  = I : 2 : 5 

,-'ttkanol Ent ry  M H a t  Con~crsicm Product Yield" 
o l 'Z  fc~) f%) 

2a / L iCI 5<1 4a 42/7S 
2 KBr 78 4a 63,.",',; 1 
_7 I' t i C I  69 5-Chlolo- 65/94 

t )c la l l -2-oI  
4 -- 0 4a 3i50 
5 LiCI  72 4b 51/71 
6 Kgr 95 4b 79/83 
7 '~ LICI 63 1~- H cx:tll:il 60!95 
,S '!' K g r  8 4b 4/5 
9 --  4 4b 2/5O 
I0 I_ iCt 60 4c 43/72 
11 KBr  98 4c  ~,S/90 
12 s' l_iCl 27 7-Methyl-7- 2_;/85 

chlorooctan-4-ol 
1.7 --  5 4c 4/80 

2b 

2C 

~' "l'hc yield was calculalcd with respect to the startinglcolp,ericd 
alkanol.  
s, l . iqt i i t l -phasc reclction in bcliZCilC at g(J <C wi thout  mechanical 
;lclivtltioii. 2 

t4 ,  and  l &  T a b l e  2. en t r i es  4, 9, and  t3) .  T h e r e  arc  

strong grotmds to believe that under  mechanical  activa- 
tion. as has been mcntioncd previously, 5,~' metal halide 
and Pb(OAc)4 afford the salt I Pb(OAc)at-lal_,lM), which 
et l ic icnt ly  conducts  the oxidat ion proccss, being a stron- 
ger oxidant than Pb(OAc) 4 The conversion of  Pb(OAc)4 
over  the reaction time was; 100%. The convers ion o f  
alkanols  I and 2 ra,'gcs from 55 to 9,<,;% depending  on 
the nature of the racial halide, the anlOUllI o f  the 
oxidant ,  and the opcraling regime of ' the vibrational mill. 
The  selectivity of  the reactions with respect to thc alkar~c,] 
is 7 0 - - S 0 % .  

W h c n  the c o n t e n t  o f  P b ( O A c )  4 ix i nc reased  f r o m  1.2 

to 2.0 moles pcr moh: of  atkanols la  and Ic. the 
convers ion o1 alkanols and lhe yield of  esters 3a and 3r 
increased. However.  the theoret ical  yield of  ester 3 und 
ketone 4 requires only I molc o f  Pb(OAc) 4. It thus 
Ibllows tJl.'.lt a portion of  the oxidallt is con.,,urned in side 
intra- and intermoiccular  reactions. An incrca.-,c in thc 
f requency of  vibrations of  the vibrational mill from 12 to 
19 I--tz also increases the ef'l]cicncy of  the oxidat ion 
process (see Table I, entries / and 2, .5 and 6).  

U n d e r  rllcchanic:.l] a c t i va t ion ,  the ox ida t ion  o f  
:tlkanols I a u d  2 with the Pb iOAcIa- -MH:I I  system 
i n v o l ~ i n g  L i B r  al~d K lJr  is i ] l o re  r  l ha l l  tha t  w i t h  

[.iCl (see Tab le  1. ent r ies  1 alld 5. 2 alld [L .7 :.llld <7. 11 
and /.L / # a n d  I E  Table 2. entries / a n d  2. 5 a n d  6, /0 
and  / I L  However.  PhiOAc).l in combina t iou  wilt] Kgr  
is no t  e f l ] c i en t  in the l i q u i d - p h a s e  r e a c t i o n  w i l h o t l l  

mechanica l  activation tscc f a b l e  I. entry Q; Table 2. 
entry <~,'). The Ph(OAcL~--LiCI syslem cictivcly oxidizes 
alkanol ~, I and 2 urtdcr nlechanicat  act ivat ion both 
w i t h o u t  :t so l ven t  and in the l i q u i d - p h a s e  r e a c t i o n ,  but  

those proccsscs, :t~ has becll mcnlicmed above, give 
dif lcrcnt  products (scc Table 1, entries .?and 4, 11 and  
12; Table 2, entries / a n d  3, # and 7). Thus.  mccahnical  
act ivat ion changes the mcchau ism of  the oxidation of  
atkanols with the composi t ion >C 5 by the system mcn-  
i i tmcd.  As a restih, prmmry alkanols affl.~rd esters and 
sccondar3' alkanols give kctolles, wilerc;./s in the liquid-- 
phase procc:-;s prinl:lr3., and sccc, ridary alkanols at'lord 
6 - c h l o r o a l k a n o l s .  

Experimental  

G L C  was pcrthrmcd on :m L K h M - 8 0  chromatograph using 
a f l u m c - h m i z a t i o n  detector  and analy t ica l  glass co lumns 
3 nl • ,3 mm packed with 5% SE-31) end 5% XE-60  on 
Chrorna ton  N - A W - I t D M S  (0,16--O.20 ram). IR spectra were 
recorded on a Perk in - -Ehncr  577 spectrometer  in a thin layer 
~t-I and I.;C N M R  sp~.'cira were obta ined (m a Brukcr AC-250P 
�9 .;pcctromcter under standard com.lition:.; in CDCI; The stmlh~g 
primary I l) :.llld %ccood;ir} (2) uliphatic alcohol,,, In-penku'a~l, 
n-hcxano l ,  n-octam)l ,  oc ,an-2 -o l .  2 -mc thy toc tan -3 -o l .  al ld 
7 -methyk )c tan -4 -o l )  arc commerc ia l ly  available: they were dis- 
t i l led before use. [.cad iemlacclatu (pure grade) ',',':is washed 
wi th glacial AcOFI and dried m va, cuo o,,cr KOt  I. C o m m c r d a l l }  
available LiCI. LiBF, and Klh v, erc dried in a do, locater 
bc (,,.:, r~ use. 
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Oxidation of primary and secondary aliphatic alcohols with 
the Pb~OAc)a--MHal system (general procedure). Mechanical  
acliw.ll ion 8 f  :i reset!oil l l l i x tu ie  comprJsi0g till a l iphat ic  a lcoho l  
{4.1) nlmc, ll, l}bt(),%c)4. ;l i ld nlclal  h;ilidc { lolal  weighl - -1--2 g) 
Was pcrl 'ori l lcd ;it all in i l ia l  temperature o f  -20 "C oi l  :l 
vibration mill with a frcqtmncy ofvibrations of 12 Hz and au 
: ln lpl i ludc o[" I I  I11111 in a hermclicall'+ :,caled Mecl --,<~(}-ClY II 
rcnc!ol. Stoot blll lx wit l l  a alia!lictor o f  123 111111 i l l ld ~.t tOl;_it 
Wclghi o f - 1 5 l )  ~. '~clc used ~.i.,-; lhe activali l lg packi l lg. The 
duraliOll of the illcch:.lllic:JI lrc;.ttlllCnl was 4 h. DtlrJllg this 
lime. the reaction temperature increased by 10--15 "C. After 
rnr trca!lnr th,2 reaction mzxturc (:l baked gray ma,-,s) 
was cxlr:tcted from the reactor  ,Mth dicthyl ether 12• r'nLt 
and chlorotT.irlll {2 x 25 Ill!.). To isolate the rc:lclion products,  
!he combined cxtl;Ic!:, were \~ashed with 3% HCI and an 
;3qtlcoux solu!ion of Na t ICO 3, dried *~ilh N:-12SO 4, ;irld dis- 
fi l led. l"hc ~truclurc o f ! h e  synthesized compounds was estab- 
lished tlSitlg IR mid IH al?d I;C NMR spcclroscopy. Thu 
convcl-sion o f  alkanols and the yield o f  the react ion products  
~r dclernl int 'd by GI_C using all i l l lcrnal SRlildard (sr162 
Tables I di ld 2). I'll!=' conve fs i o l l  ! i f  Pb I'~ Wil~ t]~tillt| 
iodomci r ica l l )  7 to bc It}O%. 

n-Penly l  pel l laAoaie (3a).  bp .  31)]--204 ~ (@ Ref. ~: b.p. 
204 ~ ~1.1 N M R  (C'DCI3), ~5: 09{} If. (~ I-I, CHI, J = 6.b l l z ) ;  
1.35 Ira, 6 H, C1"t,); 1.63 Ira, 4 II. CH , I :  2.37 ( i .  2 H, 
C I I , C O O .  Y ~ 74 Hzl :  4.09 {i. 2 H, CI-t~OCO. J = 6.6 Hz) 
I ~ C " N M R  ICI)CI~) ,  6: 13.65, 13.91 fCl-t~t; 22.24,, __.48.)~ ' 
27[14. 38.03. 2~.2~ {C1-t_~i: 34.tl8 { C t l 2 C ( ) O , I  64.42 
C(_H_,OCOt; I L l  17 I c e } .  

n-Ilexy! hexanoate {3b), b.p. 125--126 +C 120 f o r r )  I t !  
Rcf. 9: b p  246 >Ci. IR. V/CIYi-I; 1740 { O - C = ( ) ) .  I l l  NMP,  
I C D C I ; i .  8 :0 .$8  It, 0 H. C H >  J = 6.7 Hzt: 1.38 ~ n, I{} H, 
C1-10; 1.6t (m..4. H, C1-12}: 2.30 It, 2 I-I. C H } C O O ,  J = 
7 5 Hz); 4.06 (i, 2 H. C H , O C O ,  J = 6.7 Hz}. 13C N M R  

"~'~ -~ i C D C I O .  & 1394 iCi ly,  i: 22.]3 . . . . .  4, 24.71 25.60. 2,S.60, 
31 32. 31.42 (CH2): 34.38 {Qt-I,COO); 64.41 C_+H2OCO); 
174.{18 {CO). 

, -Octy l  oc lan .a le  (3c). b . p  3(}4-.-3l}5 <'C fcyl Rel. lie b.p. 
300 "C). IR, v/cn'~-;: 1745 (O--C=O) .  Ill NMR IC[.)CI3), 
8: 0.8, v, H. 'h H. CH> J = 6.5 HzL 1.29 {m. IS H. CI-tQ: 1.62 
{m. 4 H, Cl.l_,l: 2.3!) (t, 2 H, CH-,COO. J = 7.5 Hz); 4.06 ~t. 
2 H. CH,OCO.  J = 0.7 Hzj. I.;(, NMR l ( l ) C l o .  8 :14 .07  

- "~ 2S.92. 29. {CLIO: 22,62. 25.02, __~,9,_, 28.63, 29.04. 19. 29.38, 
29.69, 31.65, 31.77 {CH2J; 34.39 {_(=H_,COO} 64.40 
CII ,OCO):  174.<17 {COL 

{}ei '~.-!-one {4a), h.p+ 173 ~C {c/2 Ref. fl:  b.p. 171 ~ 
IR. v,.'mn~- I; 1715 IC=O}. IH N,MR (CI)CI~). 8T 0.81 (i, 3 H, 
C1-1> J = 6.3 Hz); 1.2U {m, 6 H. CH2); 1.49 (in, 2 It. 
CU_2CtI?CO); . )6 Is, 3 H, CHjCO);  2.35 iF, 2 H. C F h C O ,  
J = 7,4 FIz}. I;C" NMR {CDCI3}, 82 13.99 {CH]): 22.46, 23.79, 
28.82. 31.56, 43.80 (CH2}: 29..32 {C,H)COi: 209.44 ( C = O ) .  

2-Methyloctan-3-one {4b). b p. 183 "C ~r Ref. 12: b.p 
184 ~Ci. IR. v l c m - I :  1710 {C=O) .  IH N M R  ( C D ( ' I O ,  & 0.$9 
(!. 3 H. CH r J : 6.7 Hzj: t.o9 {d. 6 tt, (11.~. d = 6.9 Hz): 1.26 
{m. 4 1-1. C14-,}: 157 Ira. 3 H. CI:I2CH2CO): 2.44 {t. 2 H. 
( ' t I ,CO.  J ~ 7-.3 IIz): 2.60 fro. I /'t. Ct.IL I~C N M R  ~C'DCI,L 
8:13149 <Ctl3): 1S.22 (('I-I;CH_Ct4 O 22.44.33.44. 31 45.4i}.v3 
{CH+}:402~ [ ( ' I t ) ;  215,20lC=.O). 

7-Methytoctan- l -one  (4c).  b.p. 175 ~ (~js Rot'. I3: b.p. 
177 "('j. IR. V!Cill-12 1705 <C=O}. iH NMR {CI)CI.:), & ().9{) 
{m, 9 H, CH3): 1.53 (m, 5 It. C[ICH_2CH_,COCH_,CI.!,): 238 
{t, 4 H. C1-12COCIt 2. J -- 7.4 ttz). I;C NMR (CDCI3J. 6 :1377 
{CI-I;): 1v.32, 32.06, 4086,  44.68 (CH,) :  22.34 {_CIFt;CH(,~Hh; 
27.73 ICH): 2 1 1 . 7 2 ( C = O I  

This  work  was f inancia t l?  s u p p o r t e d  by' t h e  Russ ian  
F o u n d a t i o n  f o r  Basic Resea rch  ( P r o j e c t  N o .  97-03-  

32921a). 
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