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f his paper descr ibes the preparat ion and char-
I  acter izat ion of  several  n-alkyl( t r i - r -buty lphos-

phine)si lver( l )  complexes and an invest igat ion of  their
thermal decomposi t ion.  These substances were ex-
amined as part  of  a program explor ing the factors that
inf luence the thermal stabi l i ty  of  t ransi t ion metal  a lkylsa
and are of  part icular interest  because the most common
pathway for the thermal decomposi t ions of  organo-
metal l ic  compounds, the p el iminat ion of  metal  hydr ide,
is not important in their  decomposi t ion (uide inf 'a) .
Studies of  the thermal decomposi t ion of  substances
obtained by react ion between si lver sal ts and organo-
magnesiuf i l , " ' ' i  -boron,7 and - leadt reagents have been
reported previously:e organosi lver( l )  compounds have
been presumed to be intermediates in these react ions,
al though they have not been character ized. The resul ts
of  these studies are not consistent wi th one another,
and their  interpretat ion is compl icated by the fact  that
they involve heterogeneous react ion mixtures.  Our
efforts have concentrated on phosphine-complexed
pr imary alkyls i lver( l )  reagents,  s ince these substances
can be prepared and convincingly character ized and
since their  thermal decomposi t ion can be studied in
homogeneous solut ion.

Results and Discussion

The Yields of l-Butene and r-Butane Formed on
Thermal Decomposition of n-Butyl(tri-r-butylphosphine)-
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Abstract: Several primary and secondary alkyl(tri-n-butylphosphine)silver(I) compounds have been prepared by
reaction between the corresponding organolithium or -magnesium reagents and iodo- or bromo(tri-n-butylphos-
phine)si lver( l)  in diethyl ether at -78'.  The thermal decomposit ion of these substances occurs rapidly at tem-
peratures between -50 and 0o to yield hydrocarbon products derived from the alkyl group, si lver(0), and tr i-n-
butylphosphine. Examination of the hydrocarbon products of the thermal decomposit ion of n-butyl(tr i-n-butyl-
phosphine)si lver(I) ( l)  and comparison of these products with those obtained on photolyt ic decomposit ion of I  and
on thermal and photolyt ic decomposit ion of I  in the presence of 2,2,6,6-tetramethylpiperidoxyl radical (TMPO)
indicate that thermal decomposit ion takes place predominantly by a process in which carbon-carbon bond forma-
t ion, generating octane. is concerted with carbon-si lver bond breaking. Intermediate free n-butyl radicals and
si lver(I) hydride arc not important intermediates in this decomposit ion, although radicals are strongly implicated
in reactions of 1 in the presence of l ight or TMPO. The thermal decomposit ion of sec-butyl(tr i-n-butylphosphine)-
silver(I) occurs by a different path, possibly involving silver(l) hydride elimination.

silver(I) (l) Establish That These Products Arc Not
Formed Either by an Intermediate Silver(I) Hydride or
by Combination and Disproportionation of Free n-Butyl
Radicals.  Organosi lver reagents were prepared by
a l low ing  the  appropr ia te  a lky l l i th ium or  Gr ignard  re -
agent to react wi th one stoichiometr ic equivalent of
tetrakis(bromo- or iodo(tr i -n-butylphosphine)si lver( l ) )
a t  -78o in  d ie thy l  e ther :  reac t ions  were  rap id  and
quant i ta t i ve .  So lu t ions  o f  r i -a lky l ( t r i -n -bu ty lphos-
phine)si lver( l )  reagents werc color less when prepared
careful ly.  but  they discolorcd rapidly at  temperatures
above -50o and on exposure to oxygen. Character iza-
t ion was accompl ished by analysis of  their  solut ions for
the const i tuent components of  the organometal l ic
compounds fo l low ing  d ioxane prec ip i ta t ion  o f  l i th ium
ha l ide ,  us ing  tcchn iques  descr ibed in  the  Exper imenta l
Sec t ion  :  f c ' r r  r -bu ty l ( t r i -n -bu ty lphosph ine)s i l ver ( I )  (1 ) ,
the substance of  pr incipal  interest  in th is work,  these
analyses (normal ized to a valLre of  uni ty for  the butane
produced on hydrolysis)  indicated an empir ical  composi-
t ion  o f  (C 'Hr , ) t .n6Ago.s r1u . , (P(CrHn) r )u .u ,+0 . r ,  w i th  less
t h a n  3 . 5 f l l i t h i u m  i o n  r e m a i n i n g  i n  s o l u t i o n .

Thermal decomposi t ion of  a 0.10 1/  solut ion of  1 in
diethyl  ether was complete af ter  5 min at  20o, y ie ld ing
octane and smal l  quant i t ies of  butane and l -butene as
hydrocarbon products:  2-butene was not detected (eq I  ) .

2 0 o .  I , l r r O

rr-CrHoAgPBur ------> rr-CrHn f rl-C+Hro *
|  { i ,  m in  937 i  5%

1-C4H8 1 PBu: i  *  Ag(0) (1)

2t/; 94i4 92"4

Silver metal and unchanged tributylphosphine could
also be isolated. The octane, butane, and butene iso-
lated fol lowing thermal decomposi t ion of  1 containing
deuter ium in the t r i -n-butylphosphine l igands contained
no detectable deuterium; thus, the n-butyl groups of
the phosphine are not incorporated into the hydrocarbon
products.  Control  exper iments out l ined in the Exper i -
mental  Sect ion establ ished that no more than 2-3 % of
the observed butane, and none of  the 1-butene, could be
attributed to adventit ious hydrolysis of 1, or to hydro-
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carbons in the n-butyll i thium solution from which 1 was
prepared. The product distribution was insensitive to
a 40o change in the temperature at which the decomposi-
t ion was carr ied out,  to the presence of  l i th ium iodide
in the solution, or to /ow levels of ultraviolet and visible
l ight .

The observat ion that the y ie ld of  butene is much less
than that of  octane in the decomposi t ion of  I  is  suf f ic ient
evidence to exclude mechanisms that require the hydro-
carbon products to be generated ei ther by el iminat ion
and possible subsequent react ion of  s i lver( l )  hydr ide
(eq,2 and 3) or by combinat ion and disproport ionat ion

CrH,AgPBur ----) l -CaHs * HAgPBut (2)
1

HAgPBur f I  -> CnH'o * Ag(0), 1 2PBua (3)

of n-butyl radicals (.q 4 and 5). The former mechanism

I -----> CrHr. * Ae(0) 1 PBur e)

2C'He C'H, '  *  CrH'o  - l - -  C 'H '  (5)

c l ea r l y  l eads  t o  a t  l eas t  a  50 f l  y i e l d  o f  bu tene '10 -12
the la t ter  mechanism can be d iscounted because i t
would  requi re  that  the ra t io  o f  the ra te  constants  for
d ispropor t ionat ion and combinat ion o f  n-buty l  rad ica ls ,
k t lk " ,  be unreasonable  in  magni tude.  Th is  ra t io  was
cstab l ished exper imenta l ly  for  n-buty l  rad ica ls  in  d i -
e thy l  e ther  by examin ing the hydrocarbon products
formed on photo lys is  o f  d iva lery l  perox ide:  representa-
t ive resu l ts  are summar ized for  two temperatures in  eq
6.  Thcse exper iments  ind icate  that  k ,L lk , (30")  :  0 .20 +

o
( , -crH,,co , . . ,  

l i r "  2 ' i r :17 r , -crHrs 
*  , -crHro 1 l -CrHs (6)

I i t , O
' r 30 7s.1i
r - 78 77',.',.

l 8  7 ;
1 1 0 '

' 7  
5 a '

" " / O

l 0  q ;
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-----> C*Hr* * Ag(0). 0)

the thermal decomposi t ion of  v inyl ic and aromat ic
copper ( l )  compounds.  16 '  17  The second wou ld  invo lve
ini t ia l  homolyt ic scission of  a carbon-si lver bond with
format ion of  an ru-butyl  radical ,  fo l lowed by react ion of
th is  rad ica l  w i th  undecomposed s i l ver  compound to
yield octane (eq tl and 9;. The low 1,ield of hutane pro-

CaH,Agl 'Bu: ,  - - - - - *  C 'H, , .  *  Ag(0)PBu,r  (8)

C, ,H, .  *  C,H,Agl 'Bu,  - - - ->  C.H, ,  f  Ag(O)PBu,r  (9)

duced in the tht'rntctl clac'ompo.;itirtrt of I places an im-
portant l imilctt iort on t l t t ,  rL,u(t iott \  represenled hy eq 9,
u iz . .  that  rhc  ru IL , r t . f . reuLt ior r  hetv 'een the hut . r ls i luer
moiety  and the ht t t . t ' l  rud icu l  tnu. \ t  f ig ;p ,1 ' . t ' . fus t ,  i r t  order

for this reactiort to t lotnirtctt t '  t l t t '  rupid uh.ttrect ion of a
hydroger t  a tom f ront  d i t ' t l t . r l  t ' t l t t , r ' l , i  th r 'hut . r l  rad ica l . rs
Thus .  t he  cen t ra l  n r cchan i s t i e  c l i s t i nc t i t r n  t o  be  made
conce rn ing  t he  t he r rna l  c l cc t ' l n t n t r : i t i ( ) n  ( ) f  I  r cvo l ves  on
the quest ion o f  the in te  r rncc l iucr  o i  t ' rce r i -br r t r , ' l  rad ica ls .
r i ; . .  does thc convers ion r - r f  I  t r r  r )c t i . rnc  tukc p lace by a
mechanism in  which carbon curbt . r r . r  b t r11q1 f t t rnra t ion is
synch ronous  w i t h  ca rbon -s i l r c r  bond  h rc r i k i ng  (eq  7 ) ,
o r  does  i t  occu r  by  t  ( necessa r i l \  \ c r \  r l p i d ;  r eac t i o r r
be twccn  an  i n i t i a l l y  f o rmed  ru -bu t r l  n r t l i e l l  r i n t l  i r n  L l n -
decomposed  bu t y l s i l ve r  n i o i e t y  ( cq  I  l n t l  Q ) ' l

Stereochemical Tests and Free Radical Scavengers
Are Not Useful in Attempts to Detect Frec .{ lk1l Radi-
ca ls  in  the Thermal  Decomposi t ion o f  AIkr l ( t r i - i r -but1 l -
phosphine)si lver(I) Reagents. Attcnrpts to dctect a
f ree rad ica l  in termediate  in  the conr  ers i t ' r r  t r t  l i l ky  I -
s i l ve r  r eagen ts  i n to  coup led  hyd roca rbon  b r  c ran r i r r i nc
the s tereochemica l  course of  the cross d i r r - rer izat ion bc-
tween utdo-2-norborny l ( t r i -n-buty lphosphine)s i l rc ' r (  I  )
(endo-Z)  and rneth l , l ( t r i -n-buty lphosphine)s iher( I )  werc
f rust ra ted bv thc  observat ion that  2  eo imer ized at  a

[t'"" I
|  (Ag) :  I

1.,", J

0.01  and k , r i  k " ( -78" )  :  0 .25  +  0 .01 .  in  good agreement
with l 'a lues reported for re lated systems. i ' i -_r ;

With the two classes of  mechanisms represented by
eq l -4 el iminated as major contr ibutors to the thermal
decomposi t ion of  1,  two plausible al ternat ives remain.
The first generates octane in a formal four-center
transi t ion state by carbon-carbon bond format ion
between two butyl groups present in a silver cluster
(eq 7;. t0- ts This type of reaction has some precedent in

(10) G. M. Whitcs idcs,  J.  F.  Gaasch,  and E.  R.  Stedronsky,J.  Amer.
(  hent .  Soc. ,  94,52,sS 1 1972r,  and references c i tcd therein.

(11 )  G .  M.  Wh i t cs ides ,  E .  R .  S tcd ronsky ,  C .  P .  Cascy ,  and  J .  San
Fi l ippo,  Jr . ,  J .  Anter .  Chent.  Soc. ,92,  1426 (1970).

(12 )  J .  Cha t t ,  R .  S .  Co l ley ,  A .  Gough ,  and  D .  T .  Thompsor . r , . / .
Chem. Soc.  A,  190 (1968) '  R.  Cramer,  Accourt ts Chent.  Res. ,  1,  186
( 1 9 6 8 ) :  C .  A .  T o l m a n  a n d  J .  P .  J c s s o n ,  S c i e n c e , 1 8 1 , 5 0 l  ( 1 9 7 3 ) .

(13) W. E.  Morganroth and J.  G. Calvert ,  J .  Amer.  Chern.  Soc. ,
88,  5387 (1966):  P.  S.  Dixon,  A.  P.  Stefani ,  and M. Szwarc,  ib id. ,85,
2 5 5 1  ( l 9 6 3 ) .

(14) A.  P.  Stefani ,  J .  Amer.  Chent.  Soc. ,90,  1694 (1968).
(15 )  R .  A .  She idon  and  J .  I ( .  l ( och i ,  J ,  Amer .  Chem.  Soc . ,92 ,4395

(1e70).
(16) G. M. Whitesides,  C.  P.  Casey,  and J.  I ( .  I ( r ieger,  J .  Amer.

Chent.  Soc. ,93,  1379 (1971).
(17) A.  Cairr rcross and W. A.  Sheppard,  J.  Arner.  Chcm. Soc. ,90,

2186  (1968) :  93 ,247  (1971) ;  A .  Ca i rnc ross ,  H .  Omura ,  anc l  W.  A .
Sheppard,  ib id . ,  93 ,248 (197 l ) .

(18) This rcact ion could reasonably occur by migrat ion of  a lky l
groups across thc surfacc of  an alky ls i lvcr  aggrcgatc or  by a dispro-
port ior . rat ior-r  rcact ion.  L i t t le  is  known about the dctai ls  of  the struc-

[RAg( l ) ] :  .  
-  R,Ag( l l )  Ae(O) -- -> R-R * Ag(0)r

turcs of  orgar. rosi lvcr  compounds in solut ion;  aggregat ion is ,  howcver,
common in the sol ic l  :  . . / .  B.  W. R. Corf ic ld and H. M. M. Shcarcr ,
Acta.  Cr- t 's ta l logr, ,  20,  502 (1966);  F,  G. Mann, A.  F.  Wei ls,  and D.
Purd ie .  J .  Chem.  Soc . .  1828  (1937) .

A
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rate compet i t ive wi th i ts thermal decontposi t ion.
Simi lar ly,  at tcmpts to detect  radicals through the

(19) W, A.  Pr1"or,  "Frcc Radicals,"  McGrarv-Hi l l ,  Ncw York,  N.  Y. ,
1 9 6 6 :  C .  W a l l i n g ,  P u r e  A p p l .  C h e m . ,  1 5 , 6 9  ( 1 9 6 7 ) :  A .  L .  W i l l i a m s ,
E .  A .  Obbcr igh t ,  and  J .  W.  B rooks ,  J .  An te r .  Chern . .Soc . ,  78 ,  l l 90
(  1 9 5 6 ) .
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Figure l .  Spectra of  I  ( - ) .  DTBNO ( '  '  ' ) .  and a mixture of  I  and
DTBNO ( -- - ) in diethl' l ether solution at ca. - 70 

'. 
The nominal

concentrat ion of  l  and of  DTBNO in each spectrunl  was l0-4, \ .
Hou'ever.  loss of  organosi lver  reagent in handl ing at  these di lut ions
is such that  th is concentrat ion est imate is  onlv qual i tat ive.

character ist ic 1; ' : ' )  cycl izat ion of  5-hexenyl  radical  to
cy'c lopentylcarbinyl  radical  fa i led when i t  was estab-
l ished that 5-hexenyl( t r i -n-butylphosphine)si lver( l )  (3)
cycl ized to cyclopentylcarbinyl( t r i - r -buty lphosphine)-
s i lver(  I  )  (4)  at  a rate compet i t ive wi th i ts conversion to
hydrocarbon produc ts  (eq  1 l ) . t t

AgPBt r 1 1 1 )

I
+

h1 'd roca rbon  o roduc ts

Efforts to scavenge free n-butyl radicals from the
thermal decomposition of 1 directly also failed in their
primary objective. Chemically reactive scavengers
(iodine, oxygen, mercaptans, t in hydrides, and phenols)
react directly with the organosilver reagents. Chemi-
cally reactive hydrocarbons (styrene and butadiene) may
be capable of influencing the reactivity of the organo-
si lver compounds by coordinat ion or of  inducing radical
behavior.22

(20) J.  F.  Garst  and F.  E.  Barton,  TetrahedronLett . ,5ST (1969);  C.
Walling and A. Cioffari, J. Amer. Chem. Soc.,94,6059 (1972).

(21) The extent  of  isomerizat ion could be fo l lorvcd by quenching
solut ions contain i r - rg 3 and 4 wi th iodinc.  Interest ingly,  the dist r ibu-
tion of hydrocarbon products produced in the thermal dccomposition
of 3 is very scnsitive to the presence of magnesiur.tr salts, particularly
magnesium iodide;  l i th ium sal ts have l i t t lc  inf luence on the react ion
course.  This phenomenon, which has been evidcnt  in sevcral  othcr  of
our studies of  copper( I )  and s i lver( I )  organometal l ic  compounds,  may
underlie some of thc varriation in products rcportcd by dil lerent research
groups working (ostensib ly)  wi th thc same rcager l ts .  Detai ls  of  thcse
exper iments may be found in the Ph.D. thesis of  P.  E.  I (endal l ,  Massa-
chuset ts Inst i tute of  Technology,  1973.

(22) Tamura and l{ochi have presented data suggesting that styrene
is capable of intercepting alkyl radicals without reacting with organo-
si lver  compounds,5
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(TMPO)o/(/ )o

Figure 2. The products of reaction of 1 and TMPO in clieth_r-l ether
solution establish n-butvl radicals as intermediates.

The Products of Reactions of Nitroxl' l  Radicals with
1 Provide Evidence That Free n-Butt' l  Radicals Are Not
Intermediates in Its Thermal Decomposition. The stable
ni t roxyl  radicals 2,2,6,6-tetramethylpiper id ine- l -oxyl
(TMPO) and di- ter t -buty ln i t roxyl  (DTBNO) were
tested for possible use as a scavenger for  a lkyl  radicals
in the presence of  organosi lver reagents.  DTBNO
did  no t  reac t  w i th  1  a t  -78o fo r  ex tended per iods . t "
Moreover.  wi th in fa i r ly  broad exper imental  error,  the
opt ical  spectrLlm of  nt ixtures of  I  and DTBNO gave no
ind ica t ion  o f  a  dev ia t ion  f rom the  sum o f  the  ind iv idua l
components  (F igurc  l ; .  However .  when I  was  a l lowed
to  deconrposc  thern ta l l v  in  an  e ther  so lu t ion  conta in ing
TMPO.  rc la t i ve l l '  h igh  y ' ie lds  o f  bu tane and l -bu tene
were obscrved among the products (Figure 2).  The
var iat ion in the y ie lds of  these products,  part icular ly '
butane, wi th changes in the rat io [TMPo]gi [ l ]s  provides
convincing evidence that the react ion of  I  wi th ni t roxyl
radicals generates free n-butyl radicals (eq 12-11):; and,

1 + . o

1 +

_ +  { i l (  I l r t  r

C , H , '  +  A g r ( t ;  +  T M P O  ( l l b t

2 4 0

-fr
-\ , '

TMP( )

TN,IP0 +

i+-,1
+  l A u t t \  ) l

Ltj

+-^,
( '11{ , '  +  TMI 'O + ( ' 'H, ,ON.  

)*r-
5

(  1 ; l  )

( ' ,H, , '  + ( 'H,CH.OCI{,CH, ---  ( ' ,H, ' ,  + CHlt 'HOCHjCH, ( i '1)

by inference. that  the thermal decomposi t ion of  1 in
the absence of nitroxyl radicals does nor generate free
n-butyl radicals.

(23) Carbon s i lver  boncls could be assayed in mixturcs of  DTBNO
and 1 by brominat ion (see the Exper imental  Sect ion).  This assay does
not preclude revers ib le complcx format ion. ! t

(24) B.  M. Hoff r r ran ar . rc l  T.  B.  Eat .nes,  J.  Anter .  Chem. Soc' ,91,5168
(1969) ;  A .  H .  Cohen  and  B .  M.  Ho f f rna r -  i b id . ,95 ,2061  11973) ;  W.
Beck,  I ( .  Schmidtncr,  and H. J.  I (e l ler ,  Chem. Ber. ,  100,503 (1967);
W.  Beck  and  I { .  Schmic l tnc r ,  i b id . ,100 ,3363  (1967) .

(25) Ary loxyl  radicals havc bcen shown to react  wi th a lky l  organo-
metal l ics to g ive proclucts der ivcd f rom alkyl  radicals c. f  A.  Rickcr,
Angev, .  Chem.,  Int .  Ed.  Eng| . ,3,654 (1964):  A.  Riekcr,  E '  Mi- i l ler ,
and W. Beckcrt ,  Z.  l \ , la tur forsch.  B,  17 ,718 (1962).  Diphenyl  n i t roxide
reacts wi th Gr igrrard reagents in a s imi lar  fashion :  c f  l ( .  Maruyama,
Bu l l .  Chem.  Soc .Jap . ,37 ,  l 0 l3  (196 '1 ) ;  see  a l so  I ( .  U '  I ngo ld  and  B .  P .
Roberts,  "Free Radical  Subst i tut ion Rcact ions,"  Wi lcy,  New York,
N .  Y . ,  1 9 7 1 .



The high yield of butane observed at [TMPO]oi[1]o r.
0.5 can plausibly be explained by at tack of  r -buty l
radicals on diethyl ether or possibly on tri-n-butyl-
phosphine; butane is not generated by disproport iona-
tion of n-butyl radicals or by attack of butyl radicals on
1, since the yield of butene is always less than 5%.
Butyl radicals must, in turn, be produced by reaction
between 1 and TMPO. Whether this reaction involves
radical  d isplacement at  s i lver and generat ion of  a
transitory silver(I) tetramethylpiperidoxide (eq l2a) or
direct catalysis of the homolysis of the carbon-silver
bond of 1 by TMPO in some unspecified fashion (eq
l2b) is not evident f rom the avai lable data.  However,
i f  eq l2a is fo l lowed, the s i lver tetramethylpiper idoxide
must regenerate TMPO by decomposi t ion at  a rate
comparable to the rate of  conversion of  I  to products,
s ince  the  y ie ld  o f  5  i s  ca .65 f i fo r  ITMPO]0/ [1 ]o  :  1 .20 ,27

Thus, it appears that free butyl radicals are formed by
react ion of  1 and TMPO. At high concentrat ions of
TMPO. these radicals are scavenged with high efl iciency
and appear  as  5 ;  a t  low concent ra t ions  o f  TMPO,
some appear as 5 and some as butane. The inference
that butyl  radicals present in an ether solut ion of  1 can
abstract  hydrogen from some solut ion component other
than 1 is suf f ic ient  evidence to exclude a mechanism of
the type represented by eq B and 9 for thermal de-
composi t ion of  1 in the absence of  TMPO. Any
mechanism for th is thermal decomposi t ion that in-
voll 'es intermediate free butyl radicals can be reconciled
u' i th the observat ion that butane is a minor product
of  the decomposi t ion only by postulat ing that 1 is i tsel f
so reactive toward these radicals that they never have
the opportuni ty to at tack solvent.  The data of  Figure 2
establ ish that  th is hypothesis is untenable.  Hence eq
8 and 9 can be discarded as a descr ipt ion of  the thermal
decomposi t ion of  1,  and the remaining of  the two
nrechanisms, that  represented by eq 7 or some equivalent
process in which the carbon-carbon bond of  octane is
formed without a radical  intermediate.  must descr ibe
the decomposi t ion.

In an effort to clarify the process in which l reacts
with TMPO, the k inet ics of  thermal decomposi t ion of  1
were br ief ly examined, both alone and in solut ions
containing TMPO. These kinet ics suggested that de-
composi t ion in the presence of  TMPO occurred sl ight ly
faster than in i ts absence. However,  both react ions
yielded complex k inet ic data that  suggested that dist inct
react ions might dominant at  d i f ferent t imes dur ing the
decomposi t ions,  and these kinet ic prel iminar ies were
not pursued further.2s

Photoll 'sis of 1 Generates Free ir-Butyl Radicals. To
test the conclusion that the reactivity of 1 toward butyl
radicals is not sufficient to suppress their reaction with
ether, we wished to generate butyl radicals from 1 by
some route other than thermal reaction between 1 and
TMPO. For th is purpose we turned to the photolysis
of  1. :s Decomposi t ion of  an ethereal  solut ion or ig inal ly

(26)  An a l te rna t ive  a l though less  l i ke ly  poss ib i l i t y  i s  tha t  reduc t ivc
c l im ina t ion  o f  5  migh t  occur  f rom an organos i l vc r  c lus te r  con ta in ing
both  s i l ver  te t ramethy lp ipcr idox ide  and 1 .

(27)  Thermal  dccompos i t ion  o f  cc r ta in  copper ( l )  a lkox idcs  undcr
cond i t io l rs  s im i la r  to  those cncountc red  in  thc  reac t ion  o f  I  rv i th  TMPO
genera tcs  f ree  ar lkoxy l  rad ica ls  in  good y ic ld :  G.  M.  Whi tes idcs ,  J .  S .
Sadowsk i ,  and J .  L i lburn ,  J .  Amer .  Chem.  Soc . ,96 ,  2829 (1974) .

(28) I( inetic studics of thcrmal dccomposit ion of organocopper(I)
compounds a lso  rcvca l  complex  behav io r :  c f .  I { .  Wada,  M.  Tamura .
and J .  I {och i ,  J .  An ter .  Chem.  9oc . .92 .  6656 (1970) .

(29)  I r rad ia t ion  o f  o rganometa l l i c  compounds prov ides  a  wc l l -
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0.1 1/ in l  occurs rapidly at  -60o on i r radiat ion wi th a
500-W medium-pressure Hanovia lamp (eq l5) .  This

1 --oo' t  l -CdH, (77) + CrH,o Ggi/ , )  +
l y ,  F l t : O

c,H,, (3571 + C4Hl'CH(CH' )OC'H , (t 7) ( I 5)

product distr ibut ion again qual i tat ively impl icates n-
butyl  radicals as intermediates.  The high yield of
n-butane produced. the observation that the yield of
l-butene generated is far short of that required to
account for  th is y ie ld of  butane by disproport ionat ion.
and the generat ion of  2-ethoxyhexane al l  point  to r t -
buty l  radicals as intermediares.  The signi f iance of  th is
impl icat ion for  the mechanism of the thermal de-
composi t ion of  1 is the same as that reached in consider-
ing the products of  the thermal react ion of  1 and TMpO:
uiz. ,  the photolysis of  I  appears to generate butyl
radicals,  and these butyl  radicals are not scavenged by l .

In an ef for t  to conf i rm the intermediacy of  a lkyl
radicals dur ing photolysis of  organosi lver compounds,
3 was i r radiated in diethyl  ether at  -78' .  Iodine
quenches at  part ia l  photolysis indicated that rearrange-
ment of 3 to 4 occurred faster than the photolysis of 3
to hydrocarbon products.  The photolysis of  1 in the
presence of 2 equiv of DTBNO was carried out in an
addi t ional  at tempt to examine the behavior of  buty l
radicals dur ing photolysis of  1 l  the product solut ion
was shown to contain s igni f icant amounts of  O-n-
butyl-N,1/-di-tert-butylhydroxylamine (eq I 6). In order

I , . t : O .  , , ,
1 + DTBNO - > l -C,H'  (5: ; )  + C,H,,  (207) +

[L, , , , ,nrr)  + ((cH,r) , ,c) :NocnH,,  (57, ' ,u)  ( r6)

to determine whether DTBNO was inducing radical
product ion f rom 1 under these condi t ions.  the inf luence
of DTBNO concentrat ion on the rate of  photolysis was
examined.  The ra te  da ta  ou t l ined  in  F igurc  3  es tab l i sh
qual i tat ively that  the presence of  DTBNO in solut ions
of 1 s igni f icant ly increases the rate of  photolysis of  th is
substance. The observat ion of  O- l -buty l - lV,N-di- ter t -
buty lhydroxylamine as a product in these react ions is
again compat ib le wi th the conclusion reached pre-
viously,  L iz. ,  that  buty l  radicals are produced on
irradiat ion of  1 but that  both ether and DTBNO com-
pete ef fect ively wi th undecomposed 1 in react ion wi th
these radicals.

Thermal Decomposition of . icc-Butl ' l(tr i-n-butylphos-
phine)silver(I) (6) Follows a Different Mechanism Than
Does Decomposi t ion of  1.  The thermal decomposi t ion
of 6, a representative sec-alkylsilver(l) reagent, was
examined br ief ly for  comparison with 1.  The thermal
stabi l i ty  of  6 is qual i tat ively lower than that of  1.  The
hydrocarbon products of  i ts  decomposi t ion.  and the
course of the reaction, differ qualitatively from those of
I  in several  respects.  First ,  unl ike those of  1,  the resul ts
of thermal decomposition of 6 proved very diff icult to
reproduce :  the products always contained I  -butene,

cis-  and trans-2-butene, and 3,4-dimethylhexane, but
the y ields of  these mater ia ls var ied substant ia l ly  in
exper iments carr ied out using apparent ly ident ical
procedures.  Equat ion 17 summarizes products and

cstabl ished mcthocl  of  gcncrat ing organic f rcc radicals:  J.  G. Calvert
and J.  N.  Pi t ts ,  "Photochcmistry,"  Wi lcy,  New York,  N.  Y. ,  1967.:  A.
Schcinberg,  "Preparat ivc Organic Photochemistry,"  Spr inger-Ver lag,
New York ,  N .Y . ,  1968 ,  pp  462-471 .

Whitesides, et al. i n-Alkvl(tri-n-burylphosphine)silcer(l) Reagents
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Figure 3. The rate of photolysis of I in ether solution is increased
by the presence of DTBNO: v and r, [l]o .r 0.020 N,. a, [l]6 :
0.02 N, DTBNO =/0.021N,' A, [ ] '  : .0.02 N, DTBNO --:0.0441/.

I . l t :o
6 ----> 1- and 2-CtH, * CrHro * 

1il1: 
,l71

(27-497) (16-31 7) (18-s3' / )

y ie lds obtained in a s ingle exper iment;  the data in
parentheses in th is equat ion are the ranges covered by
these yields over several  exper iments.  Second, and
again in contrast  wi th resul ts obtained with 1,  15-20%
more butenes than butane were always observed in the
products.

These product distributions are particularly interest-
ing in their  suggest ion that s i lver( I )  hydr ide el iminat ion;r0
may play a part  in the decomposi t ion of  6.  The yield
of butenes relat ive to butane is such that a quant i ty of
hydrogen equal  approximately to 0. I  equiv of  hydrogen
per equivalent of  6 is not accounted for in the hydro-
carbon products.  At tempts to detect  molecular hydro-
gen among the products of  the decomposi t ion were un-
successful ,  a l though smal l  amounts of  hydrogen could
be detected after treatment of fully decomposed solu-
t ions wi th acid.  Regardless of  present uncertaint ies
concerning the path of  the decomposi t ion of  6,  i t  is
evident that  th is decomposi t ion fo l lows a s igni f icant ly
different course than does that of 1.

Discussion

The evidence out l ined in th is paper indicates that the
thermal decom posi t ion of  n-butyl( t r i - r i -buty lphosphi  ne)-
s i lver( I )  (1)  takes place predominant ly by conversion to
n-octane, silver(0), and tri-r-butylphosphine by a process
involv ing a concerted carbon-si lver bond cleavage and
carbon-carbon bond formation, without prodr-rction of
intermediate i r -buty l  radicals.  The pr incipal  arguments
Ieading to th is conclusion are the fo l lowing. First ,

(30)  S i l ver  hyc l r idc  has  bccn c lc tec tcc l  in  the  vapor  phasc  and in fe r rec l
i n  s o l u t i o n :  B .  S i c g c l ,  J .  C h e m .  E d u c . , 3 8 , 4 9 6  ( 1 9 6 1 ) ;  J .  H a l p e r n ,
A c l L ' c t n .  C a t q l .  R c l a t .  S u b j . , l l .  3 0 1  ( 1 9 5 9 ) :  J ,  H a l p e r n ,  C .  C z a p s k i ,  J .
Jortncr, arrd G. Srein, l /n/rrre (London), 186. 629 (1960).
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the predominance of octane among the products, and
the very low yield of butene, exclude silver(I) hydride
el iminat ion as an important react ion (eq 2 and 3).
Second, the high ratio of octane to l-butene is in-
compatible with product formation by bimolecular re-
action of butyl radicals (eq 4 and 5). Third, the dis-
tribution of products observed in the thermal de-
composition of 1 in the presence of TMPO, and in the
photochemical decomposition of 1, both alone and in
the presence of DTBNO, all indicate that these reactions
do produce significant quantit ies of r-butyl radicals.
The response of the yield of butane to the ratio [TM-
POlg/Ul6 (Figure 2) establishes that 1 is not a particu-
larly effective scavenger for butyl radicals, i l  in fact, it
is a scavenger at all. Since very rapid reaction of butyl
radicals with 1, to the virtual exclusion of reaction with
ether, would be required to rationalize the low yield of
butane produced on thermal decomposition of 1 on the
basis of schemes represented by eq 8 and 9, mechanisms
based on radical-organosilver reactions may be dis-
carded. The most plausible remaining mechanism is
the concerted one (eq 7).  This conclusion is in accord
with that reached by Tamura and Kochi in a closely
related study. ;rt

This mechanist ic conclusion cannot be general ized
to other organosi lver( l )  reagents.  1-Propenyl-  and 2-
butenyls i lver( l )  and their  t r i -n-butylphosphine com-
plexes also decomposed by a concerted mechanism.16
However,  neophyl( t r i - l -buty lphosphine)si lver( l )3:  and
probably t r imethyls i ly lmethyls i lver( I )G generate f ree
radicals on decomposi t ion.  and 2-butyl( t r i - r -buty l -
phosphine)si lver( l )  decornposes by yet  another pathway,
possibly involv ing s i lver( l )  hydr ide el iminat ion.  The
factors that  determine whether concerted, radical ,  or
metal  hydr ide el iminat ion mechanisms dominant re-
main undef ined.

Experimental Section 3 3

Tetrakis(iodo(tr i-r-butylphosphine)si lver(I)) having mp 44' ( l i t .  t8

mp 43 ' )  was  preparec l  in  48  " ;  y ie ld  by  the  procedure  o f  Mann,
P u r d i e .  a n d  W e l l s .  t '

(31)  Thc  s ig r . r i f i ca r . rcc  o f  CIDNP and sp in  t rapp ing  cxpcr imcnrs  rc -
por tcd  by  Janzcn suggcs t ing  f rec  a iky l  rad ica l  in tc rmed ia tcs  in  thc  re -
ac t ion  o f  s i l vc r  n i t ra tc  u  i th  tc t rae thy l l cad  is  obscurc .  Our  work  does
t ro t  cxc ludc  s rna l l  con t r ibu t ions  f ro r .n  rad ica l  n rechan is r ls  in  thc  decom-
pos i t io t r  o f  1 .  A l te rna t ive ly ,  Janzcn 's  rcuc t ions  ml -v  gcncra tc  s i l ver
rcagcnts  tha t  d i l l c r  s ign i f i can t ly  in  the i r  decompos i t ion  f rom l  :  c f .
E .  G .  J a n z e n ,  A c c o u n t s  C h e m .  R e s . ,  4 ,  3 9  ( 1 9 7 1 ) ;  A b s t r a c t s ,  l 5 9 t h
Nat iona l  Mect ing  o f  the  Amer ican Chcmica l  Soc ie ty ,  Houston ,  Texas ,
Fcbruary  1970,  ORGN 20.  Our  e f fo r ts  to  c lc tec t  CIDNP s igna ls  dur ing
thcrmal  dccompos i t i c ln  o f  I  werc  unsuccess fu l ,  cxcept  in  one ins t lnce  in
wh ich  improper  c losure  o f  thc  r t rn r  tube a l lowed oxygen to  leak  in to  thc
samplc  dur ing  thc  thcrmolys is .

(32)  G.  M.  Whi tcs idcs ,  E .  J .  Panck ,  and E.  R.  S tcdronsky ,  J .  Amer .
C hem.  Soc . ,  94 ,  232 (191 2) .

(33)  A l l  rne l t ing  po in ts  and bo i l ing  po in ts  a rc  uncor rec tcd .  In f ra red
spec t ra  u 'c re  takcn  in  sod iu rn  ch lo r idc  ce l l s  on  a  Perk in -E lmcr .  Mode l
237,  g ra t ing  spcc t rophotor re te r .  N l r l r  spcc t ra  wcre  de tc rn t incd  on  a
Var ian  T-60  nmr  spcc t rometcr .  Chcr r ica l  sh i f t s  a rc  rcpor tcd  in  par ts
pcr  rn i l l i on  rc la t i vc  to  in tc rna l  tc t ra rnc thy ls i lanc  and coup l ing  cons tan ts
are in hcrtz. Mass spectr i l  were cl, ,- terr.r.r ir .recl on a Hitachi Pcrkin-Elmer
RMU-60 n lass  spcc t ro r r l c tc r .  Opt ica l  spec t ra  were  de tc rmi r rcd  on  a
Cary  Modc l  |  4  spcc t rophotometer .  Ana ly t i ca l  ann lyses  wcre  per -
fo rmcd by  Mic lwcs t  Mic ro lab ,  L td . ,  Inc l ianapo l is ,  Ind .  Samples  fo r
c lcmcnta l  anc i  spec t ra l  a r . ra lyscs  werc  pur i f i cc l  on  a  Hcwlc t t -Packard ,
Modc l  700,  thc r rna l  conc l r - rc t i v i t y  g . rs  chromatograph.  A t ra ly t i ca l
g lpc  ana lyscs  wcrc  pcr fo rmcc l  on  F  anc l  M Modc l  810 f lame ion iza t ion
ins t rumcnts ,  us ing  a  4 ' ;  Ap iezor r  N on  a lu rn i r . ra  co lumn fo r  Cr  hydro-
carbons  anc l  UC-W98 or  squa lanc  on  Chromosorb  fo r  h igher  r .no lccu la r
rveight r.r .ratcrials. AbsolLrtc yiclds of products were calculated from
pcak areas  us ing  i r r tc rna l  s tandard  tcchn iqucs ,  w i th  response fac to rs  ob-
ta incd  f rom authcnt ic  samplcs .  D ic thy l  c thcr  and te t rahydro furan
(THF)  wcre  c l i s t i l l cd  f rom l i th ium a luminum hvdr ide  under  a r - r  iner t
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Table I. Products Observed in the Thermal Decomposition of Mixtures of I and 2

l : 7

- - -Product vield"
Propene Propane I  -Butene n-Butane n-Hexane l-Heptane n-Octane

7  :93
7 : 9 3

50 :50 1 . 6

0 . 0
1 . 0
1 . 4

2 . 5
2 6
4 5

9 8 . . 1
9 1  . 4
3 1  21 5 3 1 .  6 o ' . /

" yields of propane, propene, and /Fhexane are given in percentages based on the amount of t-proptllilhium usecl in the preparation
yields of,l,buian;, l-butene, /Fheptane. and rFoctane are given in percentages based on the amount ofr-butlllilhium used in the paepaaation.

A blank in the tableindicates that the quantity was not measured.

Bromo(tri-r-butylphosphine)silver(I). Silver bromide (20.7 g.

0.110 mol)  was dissolved in 800 ml of  a saturated aqueous solu l ion

o f  po tass ium b romide .  T r i - r r -bu ty lphosph ine  (15 .8  g '  0 .077  mo l )

was dissolved in l5 ml  of  d iethyl  ether.  and the ether solut ion was

st i r red over the aclueous s i lver  bromide solut ion for  2zi  hr .  The

organic phase was separated.  washed wi th 20 ml of  a saturated

aqlreous solut ion of  potassium bromide,  and dr ied.  The ether was

removed at  0.01 Torr .  leaving the s i lver  bromide complex as a

r , ' i scous  o i l .  E thano l  (10  m l )  was  added  to  th i s  o i l  and  was  s t i r red

over the insolr . r t - r le s i lver  complex for  -5 min.  The etharrol  was t l ren

removed l ry decantat ion.  The resul t ing s i lver  complex was dr iecl

overnight  at  0.01 Torr  to g ive a c lear.  water-whi te.  v iscous oi l  which

was stored al  20'  under a n i t rogen atmosphere.
Anu l .  Ca lcd  fo r  Cr . :Hz ; [ 'AgBr :  C ,  36 .92 r  H ,  6 .93 .  Found :

c .  3 6 . 9 6 ' .  H , 7 . t 4 .
.\nal1'sis of Solutions of Butyll ithium for Cr and Cs Hydrocarbons.

Orre-mi l l i l i ter  a l iquots of  n-buty l l i th ium wcre quenched wi th bro-

mine and water.  respect ively.  and rr -pentane and rr -nonal le were

added to each solut ion as internal  g lpc standards.  The l r ronl i t rc
c luench was anal l 'zed for  l -butane.  and the watcr  c lL lencl t  lvas at la-
I , rzed for  l -butene and r t -octane.  T1'p ical l l ' .  I  ml  of  l i th ium rr , ' -

agen t  con ta incc l  1 .60  n rn to l  o f  l - t ru t y l l i t h ium.  0 .08  rnmo l  o f  r r -

l ru tanc .  0 .03  mmol  o f  l -bu tene .  and  0 .013  n tn to l  o f  i r -oc tane .
rr - l lu t .v- ' l ( t r i -n-but1 ' lphosphine)s i lver( l )  ( l ) .  A l2-ml centr i fugc

tu[ ' re calr ; lec i  iv i th a serum stopper was f lante dr ied under a t l i t rogen

a tn rosphc re  anc ' l  t e t rak i s ( rodo( t r i -n -bu ty lphosph i r re )s i l ve r ( l ) )  (0 . -136

g .  1 .0  mmol  o l  IAgPBur )  was  added .  The  t t rbe  was  f l r , r shed  w i th

ni t rogen lbr  5 min.  ancl  n-pentane and / t -nonane rvert  weigheci  in as
internai  standards.  Tl re tetrakis( iodo(tr i - r r -br-r ty lphosplr ine)s i lver-
( l ) )  r vas  d i sso lvec l  i n  8  m l  o f  c l i e th l , l  e the r .  anc i  t he  so lu t i on  was
cooiecl  in a Dry Ice -2- l t ropanol  bat l - r  uncler  n i t rogen. A solut ion
ol '  l -buty l l i th i l rm in hexane (  I  .60 ,V.  0.625 ml.  1.0 mntol)  was aclc lcd
by s1' r inge.  The solut ion was shaken wel l .  and then a solut ion of
d ioxane  in  d ie thy l  e the r  ( l . l  A - ,  1 .0  m l .  1 .10  mmol )  was  ac lded  by
s1'r inge to precip i tate the l i th ium iodic le.  The precip i tate u 'as

compacted by centr i fugat ion at  -  78 '  for  2 min.  a l td the sul lernatant
solut ion of  I  was t ransferred through a sta in less stecl  cant tu la t t t  a

dry,  oxygen-free centr i l 'uge tube at  -  78 ' .
Larger samples used in decomposi t ion condi t iot ' t  s t l td ies were

made in the same manner in 40-ml centr i fuge tubes.  Af ter  centr i f -
ugat ion.  l iquids were t ransferred into dry,  oxygen-1ree.  l2-ml
centr i fuge tubes.

Est imat ion of  t l re concentrat ion of  l i th iurr t  icn in these samples
was accompl ished by al lowing the solut ion to decomposc.  extract lng
a 0.5-ml a l iquot  wi th 5 ml of  water .  and analyzing by atomrc
absorpt ion.  Si lver  metal  in the decomposed mixture was est i -
mated by f i l ter ing the react ion solut ion througl-r  a g lass l i i t  ancl
washing the s i lver  on the f i l ter  and on the wal ls  of  the t r - rbe sLrcces-
s ively wi th two l -ml  port ions of  a saturated solut ion of  protassium

iodide.  two l -ml  port iorrs of  d ist i l led water.  1 ml of  acetone.  ancl  I
ml  of  d iethyl  ether.  The remaining sol ids in the react ion tube and

atmospherc beforc usc.  Olcf ins wcre removcd f rom hydrocarbon sol-
vents by t reatmcnt wi th sul fur ic  acic i ,  and thc olef in- f rcc hydrocarbons
were pur i f icd by dist i l la t ion f ronr a suspcrrs iot- t  of  sodium benzophcnone
kcty l  before usc.  Dimethoxycthane (DME) was dist i l led f rom a solu-
t ion of  sodium benzophcnone c l ianior . r  beforc usc.  Methyl- ,  cyclo-
penty l -  and rr -buty l l i th ium rcagents wcrc suppl icc i  b1 '  Foote Mincral
Corp. ;  sec-buty l l i th ium was suppl icd by Al fa Inorganics,  I r rc.  Gr i -
gnard rcagcnt  solut ions wcre analyzed by t i t rat ion for  tota l  base,  arrd
l i th ium reagents were analyzcd by thc Gihnan c loublc t i t rnt iorr
method. r6 '  3r  Al l  react ions involv ing organomctal l ic  reagcnts $ 'cre
carr ied out  under prepur i f ied ni t rogcn,  using standarcl  incr t  atnrosphcrc
techniqucs.  rs

(34) H.  Gi lman, F.  I t .  Cart ledge, ancl  S.-Y.  Sim, J.  Orgsnontetql .
C h e m , , l , 8  ( 1 9 6 3 ) .

(35) D.  F.  Shr iver,  "The Manipulat iorr  of  Air -Scusi t ivc Compounds,"
McGraw-Hi l l ,  Ncw York,  N.  Y. ,1969, Chapter 7.

g lass f r i t  were dissolvecl  in concentrated ni t r ic  acic l .  The resr-r l t ing

solut ion was di lutecl  wi th d ist i l led rvater .  t reated wi th erces:  sodtunr

chlor ic le.  anr i  then boi lec l  to coagrt late the preci l t i tatcd s i lver

chlor ide.  Si lver  chlor ic lc  precip i tate was f i l tered f rom solut ion on

to a preclr ied and prerveighed glass-f ' r i t ted f i l ter .  washed wi th two

l-ml port ions ol '  vvater .  and c l r iec l  in at t  oven.  The f i l ter  was

rveighed ani l  s i Iver  chl t>r ic le c letermined by di f } -erence.
Thermal l )ecomposi t ion of  1.  Thermal decomposi t ron cf  I  was

accompl is l red l - r )  rentol ing the t r - rbe contain ing the solut ion of  I

f ronr the isol - r ro l ' r r la lct tht l l  -Dr," ' Ice l - rat l - r  and al lowing i t  t t l  rvarnt

to roont  temperatLtre t tpcler  anlb ient  l rght ing.  Deconl l ' ros i t iot r  vras

acconr l ' raniecl  [ ' r r  lbrntat t ion of  a r i lvcr  tn i r ror  on t l re rval l  of  thc

tut- rc anci  was comlt lete af ter  5 n l in at  room temperatLl re .  Simi lar

1 ' r roduct  d ist r rbLrt ions were obtainecl  lvhen the deconlposrt ion wat

ca r r i ec l  ou t  i n  the  da rk .  a t  0 ' .  a t  45  .  o r  under  i l l umrna t ion  f rom a

Minera l i gh t  LJVSI -02 -5  uv  lamp (365  nm) .  I f  t he  d ioxane  l . r r cc ip i ta -
t ion of  l i th iunr iodide n 'as ont i t ted.  the product  d ist r i t r r - r t ion was un-

c l ranged. Hy drocarbt tn prodt tcts iverc analyzed by glpc.

\naly'sis for Tri-n-butr' lphosphine in the Thermal Decomposition
Produc ts  o f  l .  A  so lu t i o t t  con ta i t r i ng  O. -58 ,5  g  o f  I  u 'as ; r r cpa re t l

r - r s i l g  c leu te r i r - rm- la$c lcd  te t rak i s ( i 6c lo ( t r i - r r - t ' r u t y lphosph ine )s i l ve r ( l ) )
(prel tarecl  f ront  r le utcratc( l  t r i - /1-ht t t , r  lp l tosphine l raving isotopic

compos i t i on  ( r0 . ,5 " , ' .  d , , .  |  1 .5 " ,  r / ' : .  16 . [ i " , ,  r / r .  i l nc l  l l . 2 :1 , ;  r1 , ; )  and  wa t

al lorved to c iccomposc thermal l ! .  Tr i - i r - [ rLr tv l l l l losphinc (0.0800 g.
( ) .396  mmol )  was  ac l c led  to  the  p rod r - t c t  m i r tu re .  anc i  t l r e  so lu t to t l

rvas concel l t ratcd to an oi l l  s lLrc lge c)n a rotar) ' '  eval lorator .  A mas:

spectrLrm (  l -s  c\ ' )  of  t r i - r -bt- t t - r ' lphosphine dist i l led f rom th is s ludgc
in the rnass s1-rectrometer indicatecl  that  at  least  0.5;19 mnlol  of  the

deuter ium-labelcci  phosl- rh ine (9, ,1o. , )  hacl  beerr  presel l t  in  t l te rcact i t rn

m ix tu re  a t  thc  c r tnc lus ion  o l ' t l t e  the rma l  decon lpos i t i on .
Demonstration that l-But1'l N{oieties I)o Not l '.xchange between

the Phosphine Ligand and the Si tver( l ) .  A solut ion contai r t i t rg
0.826 nrntol  of  1 \ !as prcparecl  t ts i r lg dct t ter iunr- labeled tetrakrs-
(  iodo(1r i -n-but)  l l thosphine)s i lver(  I  )  )  and w'as al lowed to decompose
thermal ly .  The l - t - rutetrc.  /1- l )L l ta l le .  and octane were pur i f ied Lr-r
g l l " rc"o ancl  analy 'zecl  at  low ioniz ing 'nol tage by mass spectroscopl .

none showecl  evic lence o1'deute r i i t r t l  incorporat ton.
Control experiments to establish the influence of adventitious h1'-

drolysis on the yield of butane in the decomposition of 1 were carried

out br 'pre;rar ing a smal l  c luant i t ) 'o f  r r -prop1' ' l ( t r i - r r -bt t t ) ' lphosphine)-
s i l ve r ( l ) (7 )  i n  the  l l ask  i n  wh ich  the  samp le  o f  I  was  to  be  decon l -
posed and al lo* ing the 7 to scavenge mater ia ls that  might  have re-

acted w i th l .  T1 pical ly .  a solut ion of  tetrakis( iodo(tr i - r r -but-v- l -
phosphine)sr lver(  l ) )  in ethcr  u 'as prepared.  as descr ibed in the
prepara t ion  o f  l .  A  so lu t i on  o f  r r -p ro1 l1 ' l l i t h ium in  decane  (0 .06

ml.  0.07 mmol)  was added t ' rc  syr inge.  The solut ion was shaken

wel l  and cooled to -78 A solut ion of  r r -buty ' l l i th ium in decane
( 1.96 , \ ' .  0. -18 rn l .  0.93 mnlol )  was added by syr inge.  Tl lermal

c lecontposi t ions were carr icd out  immecl iate ly wi thout  removal  of

the l i th ium iodic lc.  Representat ive resul ts of  these exper iments.
g iven in Tal- r le I .  inc l icate that  the y ie ld of  RH from RAgl 'Bu,r  ma) '

fa l l  below 3 " ,1.
Divalen'l Peroxide. Divalerl l peroxide was prepared from

valery l  chlor ide and hldrogen peroxide according to the procedure

o f  She ldon  and  Koch i . l t  The  d iacy l  pe rox ide  was  no t  i so la ted  bu t

was  usec l  as  an  e the r  so l t t t i on .  T i t ra t i on  rv i th  sod ium iod ide  as

descr ibed by Hart  anci  Chloul- rek" i  showed the ether solut ion to be

0 . 3 5  M i n  p e r o x i d e .
Photol l 's is  of  Divaler l ' l  Peroxide.  A knowrl  amount of  the 0.35

M peroxide solut iot - t  descr ibecl  above was added to a quartz tube

contain ing 20 ml of  d ist i l lcd c l iethyl  ether.  A Dewar condenser

(36) Expcr imcrr ta l  techr. r iqucs usccl  for  thcse analyscs arc dcscr ibecl
in the Ph.D. Thcsis of  E.  R.  Stcdronsk- ' - ,  Massachusct ts Inst i tute of
Techno logy ,  Cambr idgc ,  Mass . ,  1971 .

(37 )  H .  Har t  and  F .  J .  Ch loupck ,  " I .  Amer .  Chem.  Soc ' ,85 .  1155
(  1  9 6 3 ) .

Whitesides, ct al. r n-Alkvl(tri-n-butvlphosphine)silt 'er(l) Reagent s
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Figure 4. The single-chamber photolysis apparatus. All un-
labeled dimensions are centimeters. All tubing dimensions are
given as millimeters in outside diameter.

Table II. Products from the Photolysis of Divalerll Peroxide

with the addi t ion of  0.1 ml of  bromine.  The extent  of  decomposi-
tion was monitored by glpc by measuring the amount of n-butyl
bromide.

Thermolysis of Mixtures of Methyl- and 2-Norbornyl(tri-n-butyl-
phosphine)silver(I). Bromo(tri-n-butylphosphine)silver(l) (0.a1 60 g,

1.07 mmol)  and rr -octane (0.0679 g,0.829 mmol)  were dissolved in
8 ml of  d ieth i , l  ether.  and the solut ion was cooled to -78' .  Nor-
bo rny l  Gr ignard  reagen t l0  (1 .13  ,V ,63? i  endo ,0 .468  m l ,0 .53  mmol )
or  pure endo-epimer,ar  and methyl l i th ium (1.45 l / ,  0.340 ml,  0.53
mmol)  were added by syr inge,  and the solut ion was shaken at  -  78 ' .
The resulting mixture of alkylsilver(l) reagents was allowed to
decompose thermal ly  by warming the solut ion to room temperature.
Analysis followed techniques described previously. 12

Epimer izat ion of  2.  Solut ions contain ing 2 or  mixtures of  2 and
methyl( t r i -n-buty lphosphine)s i lver( l )  were al lowed to stand for  a
known per iod of  t ime at  a known temperature then quenched at
-78'  wi th anh-v-drous DCl.  The resul t ing deuterated norbornane
was purified Lry glpc and the stereochemistry of the C D bond estab-
l ished by compar ing the rat io of  the 2185- and 2170-cm-1 bands wi th
a calibrated curve obtained from mixtures of ertdo- and ero-
norbornane-2-d of  known composi t ion. la Resul ts of  representa-
t ive exper iments are stereochemistry 1 i l "  endo) o l  the 2-norbornyl-
magnesium bromide used to prepare 2,  stereochemistry (9 j  endo)
of  2 inferred f rom the DCI quenching exper iments.  temperature,
and t ime (minutes) that  the solut ion was al lowed to stand before
q u e n c h i n g :  7 0 , 7 1 .  - 7 8 ' .  - 5 :  9 6 .  9 4 ,  - 7 8 " ,  5 ;  9 3 .  8 6 .  - 7 8 ' .  3 0 ;
96,  67,  quenched at  room temperature short ly  af ter  decomposi t ion
had begun.

5-Hexenyl(tri-rr-hutylphosphine)silver(I) (3) was prepared from
5-her l lnragnesiunr l r romicle ( tvpical ly  contaminated wi th 5 ' ) i  of
cyclopent l ' lcar t - r iny lmagncsiunt  bromide) and thermal ly  decom-
posed using procedures analogous to that  descr ibed for  1.  I ts
isomerizat ion to 4 was fo l lowed by querrching sanrples wi th iodine
and analyzing the resul t ing solut ions for  l - iodo-5- l rexene and iodo-
nrethylc) 'c lopentaue .  The -r  ie ld of  the lat ter  conrpound increased
from l .5 l ;  (based on 3 and corrected for  4 present or ig inal ly  before
the rma ldecompos i t i on  had  begun)  to  \2o . ;a f te r  8  m in  a t  20 ' .

Photoll 'sis of l. Two lrlrotochemical reactors were destgned for
the low-te nrpcratLrrc i r racl iat ion of  a i r -  and rvater-sensi t ive solut iot ' ts
carr ied out  as a part  of  these studics.  The f i rs t  (Figure 4)  was used
for  cxper iments in which onl ,v 'one solut ion was i r radiated at  a t ime:
the  recon t l  {F ig r r r c  5 )  uas  r r sed  fo r  k ine t i cs  expc r imen ts  requ i r i ng
simul taneous i r radiat ion of  several  samples.  Bcth rvere constructed
of  P-vrex and w'ere designed for  use wi th a 550-W Hanovia medium-
pressurc mercur) ,  arc lamp; r" ' i th th is lamp, the sample cel ls  are

1-rosi t ionecl  in t l rc  region of  maxinrum luminosi ty.  A tota l  th ick-
ness of  6 mnr of  P1'rer  l ies betrveen the lamp and the sample solu-
t ions.  The lanr l r  wel l  is  coolecl  by a water jacket .  The sample
chambers are cooled ou the outs ide surface by the cold bat l i  in  whic l t
the apparatus is  inrnrersed ancl  on the inside surface by a stream of
cold n i t rogen.

The appropr iate apparatus was dr iecl  immediately pr ior  to use by
washing the sample c l . ramber(s)  wi th methyl l i th ium and r ins i r - rg wi th
dry d iet l ry l  ether.  The apparatus was then placed in a large dewar
that  a lso held the cool ing coi l  for  the ni t rogen stream (4 i t  of  0.25 in.
copper t r - rb ing).  The apparatus was held in posi t ion by styrofoam
blocks posi t ioned betweerr  the dewar wal l  and the apparatus.  The
clewar was l l l lcc l  wi t l i  an 2-propanol  -Dry Ice bath.  Cold ni t rogen
gas was passed througlr  the apparatus at  a rate of  ct t .  I  .4 l . /min.
The apparatus rccl l r i red 1-5 min of  precool ing before s i lver  reagents
cor-r ld be placed in the chambers.  A copper <ot tstant in thermo-
coLrple immersed rr r  the sample c lur ing photolys is showecl  that  a
temperature below *55" was maintained.  The apparatus was
remover l  f rom t l re colc l  bath immediately on complet ion of  the
ir radiat ion ancl  a l lowed to warm to 20' ' .  The samples were

(.10) 2-Norborrrr '1 Gr igrrard reagent was prcpared f rom 2-brorrro-
norbornane {1 usi t rg utrexcept ional  proccdurcs.  I ts  stcreochcmistry was
assayed by corrvcrs ion to 2-rr rcthyl t rorbornane.{ :

(41 )  J .  D .  Ro l - r c r t s .  E .  R .  T run rbc l l ,  J r . ,  W.  Bcnnc t t ,  anc l  R .  A r r r -
s t r o r . r g ,  J .  A m e r .  C h e m .  5 o c . , 7 2 , 3 1 l 6  ( 1 9 - \ 0 ) .

(42 )  G .  M.  Wh i t cs idcs  anc l  P .  E .  I { cnc la l l ,  J .  Org .  Chem. ,37 ,3718
/1972).

(43) cndo-2-Norbontylrnltgttesittrn brorrriclc wtls ltrcparccl by thc
nrethocl  of  F.  R.  . lc t rsct . t  ancl  I { .  L.  Nakarnal 'c , .1 .  Amar.  Chcm. Soc. ,  88,
3437 (1966).  Rcfcrcncc 4l  dcscr ibcs detai ls  of th is procedurc.

(1q A.  Nikon anci  J.  H.  Hamnrons,  J.  .4mer.  Chem. Soc. ,  86,  3322
(1964) :  G .  M.  Wh i t cs i c l cs  and  J .  Sar r  F i l i ppo ,  J r . ,  i b id . ^92 .6611  (1970) .
An inclcpcndcnt r r rcthocl  of  analysis based on i r  techniques has bcen de-
vclopccl  by Profcssor J.  I ( .  St i l le :  wc thank Profcssors Nikon and St i l lc
for  orovic l ine us u ' i th detai ls  of  their  rvork.
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" A quench of the divaleryl peroxide with tri-r-butylphosphine at
the indicated tentperatLtre gave no detectable prodr,rct by glpc.
b Only the re lat ive amounts of  butane.  I  -butene,  and octane were

determined. 'This value was not determined.

containing Dry lce-2-propanol and a Dry lce-2-propanol trap
were connected to the photolys is tube to t rap any volat i le  products.

The photolysis was carried out for 2 hr at 30 or for 6-8 hr at -78

In the lat ter  case.  the photolys is apparatus was immersed in a
quartz bath containing Dry lce-2-propanol. The sample was ir-
radiated with 2537-4 light in a Rayonet photoreactor and analyzecl
by glpc fo l lowing destruct ion of  any unphotolyzed peroxide by
react ion wi th t r i -n-buty lphosphine.  Data f rom these erper iments
are summarized in Table II.

O-tt-B;utyl-2,2,6,6-tetramethylpiperidyloxyl (5) was prepared

following a reported procedure'i8 from n-butylmercuric bromide.
NaBHn, and TMPO.3e

Qualitative Rate Studies of the Thermolysis of l. Preliminarl '
s tudies,  using solut ions of  1 prepared as descr ibed above.  showed
that  taking al iquots dur ing the decomposi t ion of  1 gave unrel iat . r le
resul ts,  presumably because of  t l iermal  decomposi t ion of  1 in the
handling procedures. Consequently, a solution of I prepared at
-78" was t ransferred to a ser ies of  centr i fuge tubes at  -78'  by
forced siphon with a cannula. Samples that had been transferred
without  any v is ib le decomposi t ion were Lrsed in the rate studies.
This ser ies of  centr i fuge tubes rvas then placed in a -40 Dr1' lce
dichloroethylene bath and samples were quenched at  var ious t intcs

(38 )  C .  L .  H i l l  and  C .  M.  Wh i tes idcs ,  J .  Amer .  Chem.  Soc . ,96 .870
(1974).

(39) T.  Toda, E.  Mor i ,  and I ( .  Mukayamu, Bul l ,  Chent.  Soc.  Jctp. ,
1904 (1972).

Journal of rhe American Chernical Society I 96:9 i Mav I, 1971



2813

transferred to storage vessels, and the sample chambers were
washed in succession with water, concentrated nitric acid, water, a
saturated aqueous solution of potassium iodide, water, acetone. and
ether in order to remove silver metal and silver salts from the system.

Photolyses of 1. A solution of 1 (1 mmol), containing internal
glpc standards, was prepared and transferred to the precooled
single-chamber photolys is apparatus.  In certa in exper iments,
an ether solution containing a weighed quantity of di-terl-butyl
nitroxide was then transferred into the apparatus. The remaining
volume of the sample chamber was fi l led by diluting the solution of
1 with cold diethyl ether. The resulting solution of I was irradiated
for 4 hr, and the product solution was analyzed.

Ethyl 2-hexyl ether was prepared in 25 "l yield by reaction of
iodoethane and sodium 2-hexoxide in d iethyl  ether:  bp l3 l -134'
( l i t .ns bp 124-126" (747 Torr)) ,  and nmr (CClr)  6 3.0-3.6 (m,3),
0 .8 -1 .5  (m,  15 ) .

Optical spectra at -7O' were run on a Cary 14 spectrophotome-
ter whose sample chamber was swept with a rapid stream of cold
nitrogen; the temperature of the chamber was regulated by con-
troll ing the rate of the nitrogen stream. A copper-constantin
thermocouple, taped to the cell holder directly over the sample cell,
was used with a Digitec Digital thermometer to indicate the sample
chamber temperature. The chamber could be cooled to tempera-
tures as low as -  100";  temperature var iat ion wi th in the chamber,
after equilibration, was cct. *2". Spectra of organosilver solutions
were run at -70". Troublesome frost formation on the lamp lens
was observed at this temperature after several hours of operation.
It proved helpful to use a beam attenuator in the rel-erence optical
trains to compensate lbr frost in the sample beam. Frost formation
on the sample cel l  was not  observed.

Samples of organosilver reagents were prepared by volumetric
dj lut ions of  a stock solut ion at  -78' ' .  A solut ion of  l  was pre-
pared in a l2-ml graduated centrifuge tube, and its concentration
rvas calculated.  One mi l l i l i ter  of  th is solut ion was t ransferred into
a 12-ml graduated centr i fuge tube contain ing 7 ml of  d iethyl  ether
at  -78' .  Simi lar  d i lut ions were cont inued r , rnt i l  a sample which
was calculated to be cn.  1 X 101 N was obtained.  The quartz
sample cel l .  f i t ted wi th a serum cap. was then purged wi th n i t rogen
and placed in a d iethyl  ether-  Dry lce bath.  The sample was
transf-erred into the quartz cel l  through a cannula,  and the cel l  was
rapidly p laced in the cold sample chamber of  the spectrophotometer.

Rate Studies for the Photolysis of 1. [n ltreliminary experiments.
the f ive sample chambers of  the mul t ichamber photolys is apparatus
were calibrated by comparing the rates of plrotolysis of a solution
of  azoisopropanea6 in each.  Five solut ions of  1 ( l  mmol,  -0.1 N),
each contain ing internal  g lpc standard,  were prepared indepen-
dently and transf'erred to the sample chambers of the precooled
multichamber photolysis apparatus. The remaining volume of
each of the sample chambers was fi l led by diluting the solution of 1
wi th cold d iethyl  ether.  I r radiat ion was begun. and at  intervals
the total content of a sample chamber was transferred to a clean,
dry,40-ml centr i fuge tube and was quenched wi th 0.1 ml of  bro-
mine.  Each of  the f ive quenched solut ions obtained was analyzed
for octane and l -bromobutane by glpc.

(45) M. F.  Shostakovski i  and M. R. I {u l ibekov,  Zh.  Obshsh. Khim.,
28 ,578  (1958) ;  Chem.  Abs t r . , 52 ,  18285  f  (1958) .

(46) R.  Renaud and L.  C.  L i tch,  Can. J.  Chem.,32,545 (1954).
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Figure 5.  The mul t ichamber photolys is apparatus.  Al l  un-
labeled dimensions are cent inreters.  Al l  tubine dimensions are
given as mi l l imeters for  out isde diameter.

.x,c-Butyl(tri-rr-hutylphosphine)silver(I) was prepared from .scr.-
buty l l i t l i ium using proccdures analogous to those descr ibed for  l .
Glpc anal1, 'ses for  -1.4-dimethylhexane were carr ied out  on an 8- f t ,
20i ;  UC-W98 column at  I  l0  .  us i r rg nol tane as internalstandard.

Analysis for Hydrogen. Analysis for hydrogen was carried out
by  g lpc .  on  a  l / s - i n . .23 - f t , , 1 i ;  Ap iezon  N  on  a lumina  co lumn a t
room temperature.  using methane as the internal  standard.  A
thermalconduct iv i ty  detector  was used. wi th n i t rogen as the carr ier
gas.  The response f -actor  o1'  hydrogen relat ive to methane was
measured by rn ject ing known volumes ol '  each gas into a l2-ml
centr i fuge tube contain ing 6 ml o l '  d iet l ry l  ether.  The observed
molar resl lonse l 'actor  of  0.27 6 was a funct ion of  the re lat ive volumes
of l iquid and valror  l rhases and is  not  considerecl  to be more accurate
t h a n  + 5 0 [ .

Acknowledgment. A number of the techniques de-
scr ibed in th is study for the synthesis and examinat ion of
alkyls i lver reagents were devcloped by Dr.  C. P. Casey;
we wish to thank him for his contr ibut ions to th is work.
Dr.  Erwin Stedronsky provided deuterated compounds
used in prepar ing deuterated tr i - r -buty lphosphine.
Compound 5 was f i rst  prepared in our laborator ies by
Dr.  Terry Newir th.
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